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In-Text Concept Questions
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2.a
Make a control volume around the turbine in the steam power plant in Fig. 1.1 and
list the flows of mass and energy that are there.

Solution:

We see hot high pressure steam flowing in
at state 1 from the steam drum through a
flow control (not shown). The steam leaves ‘ .
at a lower pressure to the condenser (heat ‘ |:F>WT
exchanger) at state 2. A rotating shaft gives

a rate of energy (power) to the electric L J
generator set. 2

L——

2.b
Take a control volume around your kitchen refrigerator and indicate where the
components shown in Figure 1.6 are located and show all flows of energy transfer.

Solution:

The valve and the [ Q jeak (.Q The black grille in
cold line, the — Y the back or at the
evaporator, is [I bottom is the
inside close to the condenser that
inside wall and gives heat to the
usually a small room air.

blower distributes
cold air from the

freezer box to the
refrigerator room.

The compressor
sits at the bottom.

le =

V
|]
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2.c

Why do people float high in the water when swimming in the Dead Sea as compared
with swimming in a fresh water lake?

As the dead sea is very salty its density is
higher than fresh water density. The
buoyancy effect gives a force up that equals
the weight of the displaced water. Since
density is higher the displaced volume is
smaller for the same force.
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2.d

Density of liquid water is p = 1008 — T/2 [kg/m3] with T in °C. If the temperature
increases, what happens to the density and specific volume?

Solution:
The density is seen to decrease as the temperature increases.
Ap= —AT/2
Since the specific volume is the inverse of the density v = 1/p it will increase.
2.e
A car tire gauge indicates 195 kPa; what is the air pressure inside?

The pressure you read on the gauge is a gauge pressure, AP, so the absolute
pressure is found as

P=P,+ AP =101 + 195 = 296 kPa

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

2.f
Can I always neglect AP in the fluid above location A in figure 2.12? What does that
depend on?

If the fluid density above A is low relative to the manometer fluid then you
neglect the pressure variation above position A, say the fluid is a gas like air and the
manometer fluid is like liquid water. However, if the fluid above A has a density of
the same order of magnitude as the manometer fluid then the pressure variation with
elevation is as large as in the manometer fluid and it must be accounted for.

A U tube manometer has the left branch connected to a box with a pressure of 110
kPa and the right branch open. Which side has a higher column of fluid?

Solution:
Box

Since the left branch fluid surface feels 110 kPa and the P,
right branch surface is at 100 kPa you must go further
down to match the 110 kPa. The right branch has a higher
column of fluid.
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Concept Problems
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2.1
Make a control volume around the whole power plant in Fig. 1.2 and with the help
of Fig. 1.1 list what flows of mass and energy are in or out and any storage of
energy. Make sure you know what is inside and what is outside your chosen C.V.

Solution:
Boiler Smoke
building stack

Coal conveyor system Storage
gypsum

cb Coal

t
l fAge| Storase
Turbine house I

. Combustion air Flue gas
Underground Welectrical J_L {}
WV
power cable Ej m  Storage for later lr-ln
District heating transport out:

Coldreturn === _1m Gypsum, fly ash, slag | Coal

]
Hotwater <= | | m
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2.2
Take a control volume around the rocket engine in Fig. 1.12. Identify the mass flows
and where you have significant kinetic energy and where storage changes.

) )
S — We have storage in both
tanks are reduced, mass

Oxydizer Fuel flows out with modest
velocities.
Control and mixing Energy conversion in the

combustion process.
Combustion
gas at high pressure
expands towards lower
Nozzle pressure outside and thus
accelerates to high
velocity with significant
kinetic energy flowing
out.

High speed flow out
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Make a control volume that includes the steam flow around in the main turbine loop
in the nuclear propulsion system in Fig.1.3. Identify mass flows (hot or cold) and
energy transfers that enter or leave the C.V.

Solution:

—

g)t steam from generator 1

'Y 1

T

Electric

power gen. O
electrical 13
5 —_— T4
-« Condensate
to steam gen. /\/\/\/
celd Lo LAY 4

ACooling by seawater 1

4

The electrical power
also leaves the C.V.
to be used for lights,
instruments and to
charge the batteries.
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2.4
Separate the list P, F, V, v, p, T, a, m, L, t, and V into intensive, extensive, and non-

properties.
Solution:

Intensive properties are independent upon mass: P, v, p, T
Extensive properties scales with mass: V,m
Non-properties: F,a, L, t,V

Comment: You could claim that acceleration a and velocity V are physical
properties for the dynamic motion of the mass, but not thermal properties.
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2.5

An electric dip heater is put into a cup of water and heats it from 20°C to 80°C.
Show the energy flow(s) and storage and explain what changes.

Solution:
Electric power is converted in the heater V.V
: . . electric
element (an electric resistor) so it becomes
hot and gives energy by heat transfer to
the water. The water heats up and thus
@ B

stores energy and as it is warmer than the
cup material it heats the cup which also ‘ ‘
stores some energy. The cup being

warmer than the air gives a smaller ‘ ‘

amount of energy (a rate) to the air as a ‘ éloss

heat loss. 1)
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2.6

Water in nature exists in different phases such as solid, liquid and vapor (gas).
Indicate the relative magnitude of density and specific volume for the three phases.

Solution:

Values are indicated in Figure 2.7 as density for common substances. More
accurate values are found in Tables A.3, A.4 and A.5

Water as solid (ice) has density of around 900 kg/m3
Water as liquid has density of around 1000 kg/m3
Water as vapor has density of around 1 kg/m3 (sensitive to P and T)

Ice cube Liquid drop o* o

* Steam (water vapor) can not be seen what you see are tiny drops suspended in air from
which we infer that there was some water vapor before it condensed.
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2.7
Is density a unique measure of mass distribution in a volume? Does it vary? If so, on
what kind of scale (distance)?

Solution:

Density is an average of mass per unit volume and we sense if it is not evenly
distributed by holding a mass that is more heavy in one side than the other.
Through the volume of the same substance (say air in a room) density varies only
little from one location to another on scales of meter, cm or mm. If the volume
you look at has different substances (air and the furniture in the room) then it can
change abruptly as you look at a small volume of air next to a volume of
hardwood.

Finally if we look at very small scales on the order of the size of atoms the density
can vary infinitely, since the mass (electrons, neutrons and positrons) occupy very
little volume relative to all the empty space between them.
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2.8
Density of fibers, rock wool insulation, foams and cotton is fairly low. Why is that?

Solution:

All these materials consist of some solid substance and mainly air or other gas.
The volume of fibers (clothes) and rockwool that is solid substance is low relative
to the total volume that includes air. The overall density is
- m Mgolid T Mgy
P7V ™ Voolia * Vair
where most of the mass is the solid and most of the volume is air. If you talk
about the density of the solid only, it is high.
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2.9
How much mass is there approximately in 1 L of engine 0il? Atmospheric air?

Solution:

A volume of 1 L equals 0.001 m?>, see Table A.1. From Table A.4 the density is
885 kg/m3 so we get

m = pV = 885 kg/m> x 0.001 m> = 0.885 kg
For the air we see in Figure 2.7 that density is about 1 kg/m3 so we get
m=pV =1 kg/m> x 0.001 m> = 0.001 kg

A more accurate value from Table A.5is p=1.17 kg/m3 at 100 kPa, 25°C.
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2.10
Can you carry 1 m3 of liquid water?

Solution:

The density of liquid water is about 1000 kg/m3 from Figure 2.7, see also Table
A.3. Therefore the mass in one cubic meter is

m=pV =1000 kg/m3 x 1 m> = 1000 kg

and we can not carry that in the standard gravitational field.
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2.11

A heavy cabinet has four adjustable feet on it. What feature of the feet will ensure
that they do not make dents in the floor?

Answer:
The area that is in contact with the floor supports the total mass in the
gravitational field.

F=PA=mg

so for a given mass the smaller the area is the larger the pressure becomes.

2
2
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2.12
The pressure at the bottom of a swimming pool is evenly distributed. Suppose we
look at a cast iron plate of 7272 kg lying on the ground with an area of 100 m2. What
is the average pressure below that? Is it just as evenly distributed as the pressure at
the bottom of the pool?

Solution:
The pressure is force per unit area from page 25:

P =F/A =mg/A = 7272 kg x (9.81 m/s?) / 100 m? = 713.4 Pa

The iron plate being cast can be reasonable plane and flat, but it is stiff and rigid.
However, the ground is usually uneven so the contact between the plate and the
ground is made over an area much smaller than the 100 m2. Thus the local
pressure at the contact locations is much larger than the quoted value above.

The pressure at the bottom of the swimming pool is very even due to the ability of
the fluid (water) to have full contact with the bottom by deforming itself. This is
the main difference between a fluid behavior and a solid behavior.

— I
Iron plate
Ground
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2.13
Two divers swim at 20 m depth. One of them swims right in under a supertanker; the
other stays away from the tanker. Who feels a greater pressure?

Solution:
Each one feels the local pressure which is the static pressure only a function of

depth.

Pocean= PO + AP = P0 + pgH

So they feel exactly the same pressure.
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2.14
A manometer with water shows a AP of P,/10; what is the column height difference?

Solution:
AP =P /10 =pHg

101.3 x 1000 Pa
10 x 997 kg/m> x 9.80665 m/s>

H=P,/(10p g)=
=1.036 m
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2.15
A water skier does not sink too far down in the water if the speed is high enough.
What makes that situation different from our static pressure calculations?

The water pressure right under the ski is not a static pressure but a static plus
dynamic pressure that pushes the water away from the ski. The faster you go, the
smaller amount of water is displaced but at a higher velocity.
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2.16
What is the smallest temperature in degrees Celsuis you can have? Kelvin?

Solution:
The lowest temperature is absolute zero which is RN

at zero degrees Kelvin at which point the
temperature in Celsius is negative

Ti = 0K =-273.15°C
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2.17
Convert the formula for water density in In-text Concept Question “e” to be for T in
degrees Kelvin.

Solution:
p=1008 - Tc/2 [kg/m?]

We need to express degrees Celsius in degrees Kelvin
Tec=Tg—273.15
and substitute into formula
p=1008 — T/2=1008 — (Tg —273.15)/2 = 1144.6 — T/2
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2.18
A thermometer that indicates the temperature with a liquid column has a bulb with a

larger volume of liquid, why is that?

The expansion of the liquid volume with temperature is rather small so by having
a larger volume expand with all the volume increase showing in the very small
diameter column of fluid greatly increases the signal that can be read.

4
20

0
20

o
L— M = ]
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Properties and units
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2.19

An apple “weighs” 60 g and has a volume of 75 ¢m? in a refrigerator at 8°C.
What is the apple density? List three intensive and two extensive properties of the

apple.
Solution:
m 0.06 kg kg
== =800
P~V 70.000075 3 3
Intensive
k 1 3
=800 2 ; v=""=0.001 25~
m P g
T= 8°C; P =101 kPa
Extensive

m=60g=0.06 kg
V =75cm?=0.075 L =0.000 075 m3
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2.20

A steel cylinder of mass 2 kg contains 4 L of liquid water at 25°C at 200 kPa.
Find the total mass and volume of the system. List two extensive and three
intensive properties of the water

Solution:

Density of steel in Table A.3: p = 7820 kg/m>

: o 2kg 3
Volume of steel: V=m/p 7820 ke/m?3 0.000 256 m
Density of water in Table A.4: p =997 kg/m3
Mass of water: m = pV =997 kg/m> x0.004 m> = 3.988 kg
Total mass: m = Mggee] T Myguier = 2 + 3.988 = 5.988 kg
Total volume: V = Vgieel T Vwater = 0.000 256 + 0.004

=0.004 256 m3=4.26 L

Extensive properties: m, V
Intensive properties: p (orv=1/p), T, P
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2.21
A storage tank of stainless steel contains 7 kg of oxygen gas and 5 kg of nitrogen
gas. How many kmoles are in the tank?

Table A.2: My, =31.999 ; My, =28.013

_ 1 84

5

N =Ny + 0y =0.21876 +0.17848 = 0.3972 kmol

\
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2.22
One kilopond (1 kp) is the weight of 1 kg in the standard gravitational field. How
many Newtons (N) is that?

F=ma=mg

1kp=1kgx9.807 m/s2=9.807 N

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

Force and Energy
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2.23
The “standard” acceleration (at sea level and 45° latitude) due to gravity is

9.80665 m/s2. What is the force needed to hold a mass of 2 kg at rest in this
gravitational field? How much mass can a force of 1 N support?

Solution:

ma=0=>F=F-mg
F =mg =2 kg x 9.80665 m/s% = 19.613 N
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2.24
A steel piston of 2.5 kg is in the standard gravitational field where a force of 25 N
is applied vertically up. Find the acceleration of the piston.

Solution:

L
Fyp =ma=F-mg -
=% ~9.807 m/s?
=0.193 ms2 .
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2.25
When you move up from the surface of the earth the gravitation is reduced as g =

9.807 — 3.32 x 1070 z, with z as the elevation in meters. How many percent is the
weight of an airplane reduced when it cruises at 11 000 m?

Solution:

g,=9.807 ms
gy = 9.807 ~3.32 x 10 x 11 000 = 9.7705 ms™
Wo=mg, ; Wy=mgy

9.7705

Reduction =1 — 0.9963 = 0.0037 or 0.37%

i.e. we can neglect that for most applications.
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2.26
A model car rolls down an incline with a slope so the gravitational “pull” in the
direction of motion is one third of the standard gravitational force (see Problem
2.23). If the car has a mass of 0.06 kg find the acceleration.

Solution:

ma= > F=mg/3
a=mg/3m=g/3
=9.80665 (m/s?) /3
=3.27 m/s?

This acceleration does not depend on the mass of the model car.
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2.27
A van drives at 60 km/h and is brought to a full stop with constant deceleration in
5 seconds. If the total car and driver mass is 2075 kg find the necessary force.

Solution:

Acceleration is the time rate of change of velocity.

_dV 60 x 1000

= — 2
dt ~ 3600x5 o33 ms

a

ma=) F;
Fnet = ma = 2075 kg x 3.333 m/s? = 6916 N
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2.28
An escalator brings four people of total 300 kg, 25 m up in a building. Explain what
happens with respect to energy transfer and stored energy.

Solution:

The four people (300 ‘

kg) have their potential
energy raised, which is
how the energy is

stored. The energy is
supplied as electrical
power to the motor that
pulls the escalator with a
cable.
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2.29
A car of mass 1775 kg travels with a velocity of 100 km/h. Find the kinetic
energy. How high should it be lifted in the standard gravitational field to have a
potential energy that equals the kinetic energy?

Solution:

Standard kinetic energy of the mass is

100 x 1000)2
KIN =Y m V2 =1 x 1775kgx(x—) 22

3600
=1 x 1775 x 27.778 Nm = 684 800 J
=684.8 kJ
Standard potential energy is
POT = mgh

634 800 Nm
1775 kg x 9.807 m/s

h=%mV?/mg = 5=393m
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2.30

A 1500-kg car moving at 20 km/h is accelerated at a constant rate of 4 m/sZ up to
a speed of 75 km/h. What are the force and total time required?

Solution:

v ~20) 1
V_Av AV (75-20)1000

A7 4t T At a 3600 x 5

= 3.82 sec

F = ma = 1500 kg x 4 m/s? = 6000 N

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

2.31
On the moon the gravitational acceleration is approximately one-sixth that on the
surface of the earth. A 5-kg mass is “weighed” with a beam balance on the
surface on the moon. What is the expected reading? If this mass is weighed with a
spring scale that reads correctly for standard gravity on earth (see Problem 2.23),
what is the reading?

Solution:
Moon gravitation is: g =g, +,/6
. .
Beam Balance Reading is 5 kg Spring Balance Reading is in kg units
This is mass comparison Force comparison length oc F oc g
5
Reading will be 6 kg
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2.32
The escalator cage in Problem 2.28 has a mass of 500 kg in addition to the people.

How much force should the cable pull up with to have an acceleration of 1 m/s? in
the upwards direction?

Solution:

The total mass moves upwards with an ‘ F
acceleration plus the gravitations acts
with a force pointing down.

ma=2 F=F-mg

F=ma+mg=m(a+g)
= (500 + 300) kg x (1 +9.81) m/s?

= 8648 N ’ g
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2.33
A bucket of concrete of total mass 200 kg is raised by a crane with an acceleration

of 2 m/s? relative to the ground at a location where the local gravitational
acceleration is 9.5 m/s?. Find the required force.

Solution:
Fup
F=ma=F;, - mg
Fyp=ma+mg=200(2+95)=2300N g
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2.34
A bottle of 12 kg steel has 1.75 kmole of liquid propane. It accelerates horizontal

with 3 m/s2, what is the needed force?
Solution:

The molecular weight for propane is M =44.094 from Table A.2. The force
must accelerate both the container mass and the propane mass.

M = Mgee] + Mpropane = 12 + (1.75 x 44.094) = 90.645 kg

ma=>.F = -

F = ma = 90.645 kg x 3 m/s> =271.9 N
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2.35
A 15-kg steel gas tank holds 300 L of liquid gasoline, having a density of 800

kg/m?. If the system is decelerated with 2g what is the needed force?

Solution:

M= Mgk ¥ Moasoline
=15 kg + 0.3 m? x 800 kg/m?>
=255kg

F =ma =255 kg x 2 x 9.81 m/s2
=5003 N
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2.36
A power plant that separates carbon-dioxide from the exhaust gases compresses it

to a density of 110 kg/m3 and stores it in an un-minable coal seam with a porous
volume of 100 000 m3. Find the mass they can store.

Solution:
m=pV=110kg/m3 x 100000m3=11x10° kg

Just to put this in perspective a power plant that generates 2000 MW by burning
coal would make about 20 million tons of carbon-dioxide a year. That is 2000
times the above mass so it is nearly impossible to store all the carbon-dioxide
being produced.
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2.37
A 1 m3 container is filled with 400 kg of granite stone, 200 kg dry sand and 0.2

m? of liquid 25°C water. Use properties from tables A.3 and A.4. Find the
average specific volume and density of the masses when you exclude air mass and
volume.

Solution:

Specific volume and density are ratios of total mass and total volume.

— - - 3 3
my, = Vliq/Vliq = Vliq Pliq = 0.2 m’ x 997 kg/m’ = 199.4 kg

Mror = Myone ¥ Mygng T Myq = 400 +200 +199.4 =799.4 kg
V., =mv=m/p=400kg/ 2750 kg/m> = 0.1455 m3

stone

V_ . =mv=m/p=200/1500=0.1333 m>

TOT Vstone + Vsand

sand

\% +V

lig
=0.1455+0.1333 + 0.2 = 0.4788 m°>

_ — - 3
V=Vior/ Mg = 0.4788/799.4 = 0.000599 m~/kg

= = = = 3
p = 1/v=mp Voo = 799.4/0.4788 = 1669.6 kg/m

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

2.38
One kilogram of diatomic oxygen (O molecular weight 32) is contained in a 500-
L tank. Find the specific volume on both a mass and mole basis (v and V).

Solution:
From the definition of the specific volume
vV 05
= = = 3
V=0T 0.5 m°/kg
A\ \Y
=T =M - MV=32x0.5=16 m3/kmol
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2.39
A tank has two rooms separated by a membrane. Room A has 1 kg air and volume

0.5 m>, room B has 0.75 m? air with density 0.8 kg/m3. The membrane is broken
and the air comes to a uniform state. Find the final density of the air.

Solution:
Density is mass per unit volume

m=mA+mB=mA+pBVB=1+O.8><0.75=1.6kg

V=VA+Vg=0.5+075=125m3

m 1.6
=T .= _ _ = 3
P=V =125 1.28 kg/m

ch
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2.40
A 5 m3 container is filled with 900 kg of granite (density 2400 kg/m3 ) and the
rest of the volume is air with density 1.15 kg/m3. Find the mass of air and the

overall (average) specific volume.

Solution:

. Meranite

Mair =P V = Pajr ( Vot — o )
900
=1.15[5 —m] =1.15 x4.625=5.32 kg
\Y 5
_v_ 5 3

V=117900+532 0.005 52 m°/kg

Comment: Because the air and the granite are not mixed or evenly distributed in
the container the overall specific volume or density does not have much meaning.
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Pressure
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The hydraulic lift in an auto-repair shop has a cylinder diameter of 0.2 m. To what
pressure should the hydraulic fluid be pumped to lift 40 kg of piston/arms and 700
kg of a car?

Solution:
Force acting on the mass by the gravitational field

Fl = ma = mg = 740 x 9.80665 = 7256.9 N = 7.257 kN

Force balance: FTZ(P-PO)AZFi => P=P0+F~L/A
A=nD2(1/4)=0.031416 m2
7.257 kN
= +—:
P =101 kPa 0.031416 2 332 kPa
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2.42

A valve in a cylinder has a cross sectional area of 11 cm? with a pressure of 735
kPa inside the cylinder and 99 kPa outside. How large a force is needed to open

the valve?
Fﬂet - PinA o PoutA L L

=(735-99) kPa x 11 cm? p
cyl
= 6996 kPa cm?

= 6996 x k—l\; x 10" m2
m

=700 N o
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2.43
A hydraulic lift has a maximum fluid pressure of 500 kPa. What should the
piston-cylinder diameter be so it can lift a mass of 850 kg?

Solution:
With the piston at rest the static force balance is

FT=PA=Fl=mg
A=nr?=nD%4

4
PA=PrD¥4=mg = D2=—0&

. [mg 850 kg x 9.807 m/s2
D= 2\/1:: - 2\/500 kPa x 7 x 1000 (Pa/kPa) _ 0-146 M
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2.44
A laboratory room keeps a vacuum of 0.1 kPa. What net force does that put on the
door of size 2 m by 1 m?

Solution:

The net force on the door is the difference between the forces on the two sides as
the pressure times the area

F:PoutsideA_PinSideA:APAZO'IkPaxszlmZZOON

Remember that kPa is kN/m?.

AP =0.1 kPa
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245

A vertical hydraulic cylinder has a 125-mm diameter piston with hydraulic fluid
inside the cylinder and an ambient pressure of 1 bar. Assuming standard gravity,

find the piston mass that will create a pressure inside of 1500 kPa.

Solution:

Force balance:
FT=PA=Fl{=PA+ m,g:
P0 =1 bar = 100 kPa

A = (n/4) D? = (1/4) x 0.125% =0.01227 m?

P

e

cb

A 0.01227
my, = (P~ Pg) s = (1500 - 100) x 1000 x 5'gccs= 1752 kg
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2.46

A piston/cylinder with cross sectional area of 0.01 m? has a piston mass of 100 kg
resting on the stops, as shown in Fig. P2.46. With an outside atmospheric pressure
of 100 kPa, what should the water pressure be to lift the piston?

Solution:

The force acting down on the piston comes from gravitation and the
outside atmospheric pressure acting over the top surface.

Force balance: FT=Fl=PA= my,g tPyA

Now solve for P (divide by 1000 to convert to kPa for o term)

o mg 100 x 9.80665
P=Py+— =100kPa+= === kPa -

=100 kPa + 98.07 kPa = 198 kPa
Water
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A cannon-ball of 5 kg acts as a piston in a cylinder of 0.15 m diameter. As the
gun-powder is burned a pressure of 7 MPa is created in the gas behind the ball.
What is the acceleration of the ball if the cylinder (cannon) is pointing
horizontally?

Solution:

The cannon ball has 101 kPa on the side facing the atmosphere.
ma=F=P; xA-PogxA=([P;—-Pyp)xA
=(7000—-101) kPa x = ( 0.15% /4 ) m?=121.9 kN
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2.48
Repeat the previous problem for a cylinder (cannon) pointing 40 degrees up
relative to the horizontal direction.

Solution:

ma=F= (P -PO)A-mgsin400
ma = (7000 - 101 ) kPa x & ><(O.152/4)m2 -5x9.807 x 0.6428 N
=121.9kN -31.52 N=121.87 kN

F  121.87kN

_ _ 2
a= = 5 kg =24 374 m/s
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2.49
A large exhaust fan in a laboratory room keeps the pressure inside at 10 cm water
relative vacuum to the hallway. What is the net force on the door measuring 1.9 m
by 1.1 m?

Solution:

The net force on the door is the difference between the forces on the two sides as
the pressure times the area

F=Poutside A — Pinside A = AP x A
=10cmH,Ox19mx1.1m

= 0.10 x 9.80638 kPa x 2.09 m?
= 2049 N

Table A.1: 1 m H,O is 9.80638 kPa and kPa is kN/m?.
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2.50

A tornado rips off a 100 m2 roof with a mass of 1000 kg. What is the minimum
vacuum pressure needed to do that if we neglect the anchoring forces?

Solution:

The net force on the roof is the difference between the forces on the two sides as
the pressure times the area

F = Pinside A — PoutsideA = AP A
That force must overcome the gravitation mg, so the balance is
AP A =mg
AP = mg/A = (1000 kg x 9.807 m/s2 )/100 m? = 98 Pa = 0.098 kPa

Remember that kPa is kN/m?.
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A 2.5 m tall steel cylinder has a cross sectional area of 1.5 m2. At the bottom with
a height of 0.5 m is liquid water on top of which is a 1 m high layer of gasoline.
This is shown in Fig. P2.51. The gasoline surface is exposed to atmospheric air at
101 kPa. What is the highest pressure in the water?

Solution:

The pressure in the fluid goes up with the depth as

P=P,, +AP=P_ +pgh

Gasoline

and since we have two fluid layers we get

_ '
P= Ptop + [(ph)gasoline +(p h)water] g

The densities from Table A.4 are:

= 3. _ 3
Pgasoline 750 kg/m; p . =997 kg/m
9.807
P =101 +[750 x 1+ 997 x 0.5] 750 = 113-2 kPa
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2.52
What is the pressure at the bottom of a 5 m tall column of fluid with atmospheric
pressure 101 kPa on the top surface if the fluid is
a) water at 20°C b) glycerine 25°C or ¢) gasoline 25°C

Solution:

Table A.4: P20 = 997 kg/m3 ; Palyc = 1260 kg/m3 ;' Pgasoline = 750 kg/m3

AP = pgh P:Ptop+AP

a) AP = pgh=997x 9.807x 5 = 48 888 Pa
P =101 +48.99 = 149.9 kPa

b) AP =pgh=1260x 9.807x 5=61 784 Pa =
P=101+61.8 =162.8 kPa

c) AP =pgh=750x9.807x5=36 776 Pa
P=101+36.8 =137.8 kPa
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2.53

At the beach, atmospheric pressure is 1025 mbar. You dive 15 m down in the
ocean and you later climb a hill up to 250 m elevation. Assume the density of

water is about 1000 kg/m3 and the density of airis 1.18 kg/m3. What pressure do
you feel at each place?

Solution:
AP = pgh,
Units from A.1: 1 mbar =100 Pa (1 bar =100 kPa).

Pocean= Po T AP =1025 x 100 + 1000 x 9.81 x 15

=2.4965 x 10° Pa =250 kPa
Ppiip = Po - AP = 1025 x 100 - 1.18 x 9.81 x 250

=0.99606 x 10° Pa =99.61 kPa
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2.54

A steel tank of cross sectional area 3 m? and 16 m tall weighs 10 000 kg and it is
open at the top. We want to float it in the ocean so it sticks 10 m straight down by
pouring concrete into the bottom of it. How much concrete should I put in?

Solution:

The force up on the tank is from the water
pressure at the bottom times its area. The
force down is the gravitation times mass and
the atmospheric pressure. Ocean

Air

FT= PA=(p, ., 2h + P)A

g+ B A

occan

F\L - (mtank + mconcrete

The force balance becomes

FT=Fl=(p_..gh+Py)A=(m m

tank + gt P0A

ocean concrete)

Solve for the mass of concrete

hA-m, ) =997 x 10 x 3 10 000 = 19 910 kg

m =
concrete (pocean

Notice: The first term is the mass of the displaced ocean water. The net force
up is the weight (mg) of this mass called bouyancy, P, cancel.
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2.55
A piston, mp= 5 kg, is fitted in a cylinder, 4 = 15 cm?, that contams a gas. The
setup is in a centrifuge that creates an acceleration of 25 m/s? in the direction of

piston motion towards the gas. Assuming standard atmospheric pressure outside
the cylinder, find the gas pressure.

Solution:
Force balance: FT=Fl= PyA +m g =PA Py i
_ Mpg
P=Po+7p g gas
B 5x25  kPakgm/s?
~ 10132549600 0.0015 ~ Pam?
=184.7 kPa
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2.56
Liquid water with density p is filled on top of a thin piston in a cylinder with
cross-sectional area 4 and total height H, as shown in Fig. P2.56. Air is let in
under the piston so it pushes up, spilling the water over the edge. Derive the
formula for the air pressure as a function of piston elevation from the bottom, 4.
Solution:
Force balance
Po Piston: FT =F{ PA
PA =P A+ My 08
— P=P,+ mHZOg/A
H P
L ¢ | O —
P =P+ (H-hpg bV
_
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Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

2.57
You dive 5 m down in the ocean. What is the absolute pressure there?

Solution:

The pressure difference for a column is from Eq.2.2 and the density of water is
from Table A 4.

AP = pgH
=997 kg/m>x9.81 m/s2 x 5m
=48 903 Pa = 48.903 kPa

Pocean: P0 +AP

=101.325 +48.903
=150 kPa
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2.58
A barometer to measure absolute pressure shows a mercury column height of 725

mm. The temperature is such that the density of the mercury is 13 550 kg/m3.
Find the ambient pressure.

Solution:

Hg: L =725 mm=0.725 m; p=13550 kg/m3

The external pressure P balances the column of height L so from Fig. 2.10

P=pLg =13550 kg/m3 x 9.80665 m/s2 x 0.725 m x 107 kPa/Pa
=96.34 kPa

pointer

spindle

lever

vacuum chamber

This is a more common type that
does not involve mercury as the
wall mounted unit to the left.
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2.59
The density of atmospheric air is about 1.15 kg/m3 , which we assume is constant.
How large an absolute pressure will a pilot see when flying 2000 m above ground
level where the pressure is 101 kPa.

Solution:

Assume g and p are constant then the pressure difference to carry a
column of height 1500 m is from Fig.2.10

AP = pgh = 1.15 kg/m> x 9.807 ms~2 x 2000 m
=22 556 Pa=22.6 kPa

The pressure on top of the column of air is then

P=P,—AP=101-22.6 =78.4 kPa
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2.60
A differential pressure gauge mounted on a vessel shows 1.25 MPa and a local

barometer gives atmospheric pressure as 0.96 bar. Find the absolute pressure
inside the vessel.

Solution:

Convert all pressures to units of kPa.

Pgauge = 1.25 MPa = 1250 kPa;

P0 =0.96 bar = 96 kPa

P= Pgauge +P,=1250 + 96 = 1346 kPa
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2.61
A manometer shows a pressure difference of 1 m of liquid mercury. Find AP in kPa.

Solution:

Hg: L =1m; p=13580 kg/m3 from Table A.4 (or read Fig 2.8)

The pressure difference AP balances the column of height L so from Eq.2.2

AP=p gL =13 580 kg/m> x 9.80665 m/s2 x 1.0-m x 107 kPa/Pa
~133.2 kPa
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2.62

Blue manometer fluid of density 925 kg/m> shows a column height difference of
3 cm vacuum with one end attached to a pipe and the other open to P = 101 kPa.

What is the absolute pressure in the pipe?

Solution:
Pipe
Since the manometer shows a vacuum we have Py
Ppipg = Py - AP

AP = pgh =925 x 9.807 x 0.03
=272.1 Pa=0.272 kPa

P 101 - 0.272 =100.73 kPa

PIPE
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2.63
What pressure difference does a 10 m column of atmospheric air show?

Solution:
The pressure difference for a column is from Eq.2.2

AP = pgH
So we need density of air from Fig.2.7, p=1.2 kg/m3
AP=12kg/m’> x9.81 ms? x 10 m=117.7 Pa=0.12 kPa
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2.64
The absolute pressure in a tank is 85 kPa and the local ambient absolute pressure

is 97 kPa. If a U-tube with mercury, density 13550 kg/m3 , s attached to the tank
to measure the vacuum, what column height difference would it show?

Solution:
AP =P - Py =pg H

H=(Py- Py )/ pg=1[(97-85)x 1000 ]/ (13550 x 9.80665)
=0.090 m = 90 mm
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2.65
The pressure gauge on an air tank shows 75 kPa when the diver is 10 m down in
the ocean. At what depth will the gauge pressure be zero? What does that mean?

Ocean H,0 pressure at 10 m depth is

997 x 10 x 9.80665
1000

Pater = Po + pLg = 101.3 + =199 kPa

Air Pressure (absolute) in tank

Pk = 199 + 75 = 274 kPa

Tank Pressure (gauge) reads zero at H»0 local pressure

997 x 9.80665
1000

274=101.3 +

L=17.66 m

At this depth you will have to suck the
air in, it can no longer push itself
through a valve.
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2.66
An exploration submarine should be able to go 4000 m down in the ocean. If the

ocean density is 1020 kg/m3 what is the maximum pressure on the submarine
hull?

Solution:

Assume we have atmospheric pressure inside the submarine then the pressure
difference to the outside water is

AP = pLg = (1020 kg/m> x 4000 m x 9.807 m/s2) / 1000
=40 012 kPa ~ 40 MPa
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2.67
A submarine maintains 101 kPa inside it and it dives 240 m down in the ocean

having an average density of 1030 kg/m3. What is the pressure difference
between the inside and the outside of the submarine hull?

Solution:

Assume the atmosphere over the ocean is at 101 kPa, then AP is from the 240 m
column water.

AP =pLg
= (1030 kg/m3 x 240 m x 9.807 m/s2) / 1000 = 2424 kPa
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2.68

Assume we use a pressure gauge to measure the air pressure at street level and at
the roof of a tall building. If the pressure difference can be determined with an
accuracy of 1 mbar (0.001 bar) what uncertainty in the height estimate does that
corresponds to?

Solution:
Pair = 1.169 kg/rn3 from Table A.5 BE“"'“E‘_E' imb

AP =0.001 bar =100 Pa

1020
1021 [ 1017 ]
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2.69
A barometer measures 760 mmHg at street level and 735 mmHg on top of a

building. How tall is the building if we assume air density of 1.15 kg/m3?

Solution:
AP = pgH
— mmHg 133.32 P
H = AP/pg = 760 — 735 g 133.3 a:295m

~ 1.15 x 9.807 kg/m2s2 mmHg
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2.70
An absolute pressure gauge attached to a steel cylinder shows 135 kPa. We want
to attach a manometer using liquid water a day that P,;,, = 101 kPa. How high a

fluid level difference must we plan for?

Solution:

Since the manometer shows a pressure difference we have
AP=PcyL - Pam= pL g
(135-101) kPa 1000 Pa
997 kg m™ x 10 x 9.807 m/s2  kPa

L =AP/pg=

=3.467 m
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2.71
A U-tube manometer filled with water, density 1000 kg/m3, shows a height
difference of 25 cm. What is the gauge pressure? If the right branch is tilted to
make an angle of 30° with the horizontal, as shown in Fig. P2.71, what should the
length of the column in the tilted tube be relative to the U-tube?

Solution:

Same height in the two sides in the direction of g.

AP =F/A =mg/A = Vpg/A = hpg

=0.25 m x 1000 kg/m> x 9.807m/s2
=2452.5Pa
=2.45 kPa

30° .
s h=H x sin 30°

= H =h/sin 30° =2h =50 cm
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2.72
A pipe flowing light oil has a manometer attached as shown in Fig. P2.72. What
is the absolute pressure in the pipe flow?

Solution:
Table A.3:  py; =910 kg/m?; Pwater = 997 kg/m’

Paor = Py + Pwater & Hiot = Py + 997 kg/m® x 9.807 m/s2 x 0.8 m
=P, +7822 Pa

PPIPE = PBOT — Pwater 8 H1 — Poit & Ha
:PBOT_ 997 x 9.807 x 0.1 — 910 x 9.807 x 0.2
= PBOT_ 977.7 Pa — 1784.9 Pa

P =P, +(7822—977.7—1784.9) Pa

=P, +5059.4 Pa=101.325+5.06 =106.4 kPa

PIPE
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2.73
The difference in height between the columns of a manometer is 200 mm with a
fluid of density 900 kg/m3. What is the pressure difference? What is the height
difference if the same pressure difference is measured using mercury, density
13600 kg/ m3, as manometer fluid?

Solution:

AP = p gh, =900 kg/m? x 9.807 m/s x 0.2 m = 1765.26 Pa = 1.77 kPa

900
hyye = AP/ (Png 8) = (P1 gh1) / (Prg &) = 73600 * 0-2

=0.0132 m =13.2 mm
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2.74

Two cylinders are filled with liquid water, p = 1000 kg/m3 , and connected by a
line with a closed valve. A has 100 kg and B has 500 kg of water, their cross-
sectional areas are 4, = 0.1 m? and Ag =025 m? and the height % is 1 m. Find

the pressure on each side of the valve. The valve is opened and water flows to an
equilibrium. Find the final pressure at the valve location.
Solution:
VAZVHzomAZmA/pZO.l =Ah, = h,=1lm
Vg = VH,0Mp = mg/p=05=Aghy => h;=2m
Py =Py * pg(hg+tH) = 101325 + 1000 x 9.81 x 3 =130 755 Pa
Py, =P, +pgh, =101325+ 1000 x 9.81 x 1 =111 135 Pa

Equilibrium: same height over valve in both

h, A, +(hgtH)AL
A, T Ag

Py, =P+ pgh, =101.325 + (1000 x 9.81 x 2.43)/1000 = 125.2 kPa

Vit=Va+Vg=hA, +(h,-HA = h, = =243 m
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Two piston/cylinder arrangements, A and B, have their gas chambers connected
by a pipe. Cross-sectional areas are 4, = 75 cm? and A = 25 cm? with the piston
mass in A being m, = 25 kg. Outside pressure is 100 kPa and standard
gravitation. Find the mass mp so that none of the pistons have to rest on the

bottom.
Solution:
B P B Force balance for both pistons: ~ FT=FJ
0 ) A: mp,g+P)A, =PA,
— o B:  mppg+P A =PA,
Same P in A and B gives no flow between them.
11 ch) m,, g m,,.g
PA PB
+P, = +P
A, 0 Ay 0

=my, A,/ Ay =25 x25/75=8.33 kg

== Mpp =Mp, Ap/ Ap
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2.76
Two hydraulic piston/cylinders are of same size and setup as in Problem 2.75, but
with negligible piston masses. A single point force of 250 N presses down on
piston A. Find the needed extra force on piston B so that none of the pistons have
to move.

Solution:

A, =75cm?;

A
= 2
AB 25 cm

No motion in connecting pipe: P, =Py

Forces on pistons balance

PA=P0+ FA/AA=PB=PO+FB/AB

>

CF B 050x22-8333N

F
B TATA, 75
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2.77
A piece of experimental apparatus is located where g = 9.5 m/s? and the
temperature is 5°C. An air flow inside the apparatus is determined by measuring
the pressure drop across an orifice with a mercury manometer (see Problem 2.79

for density) showing a height difference of 200 mm. What is the pressure drop in
kPa?

Solution:

AP = pgh ; o 13600 kg/m3

PH
AP =13 600 kg/m3 x 9.5 m/s% x 0.2 m = 25840 Pa = 25.84 kPa

Air

> >
! J.
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Temperature
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2.78
What is a temperature of —5°C in degrees Kelvin?

Solution:

)

The offset from Celsius to Kelvin is 273.15 K,
so we get

Tg =Tc+273.15=-5+273.15
=268.15K

{

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

2.79
The density of mercury changes approximately linearly with temperature as

PHg = 13595 -2.5T kg/ m> 7T in Celsius

so the same pressure difference will result in a manometer reading that is
influenced by temperature. If a pressure difference of 100 kPa is measured in the
summer at 35°C and in the winter at —15°C, what is the difference in column
height between the two measurements?

Solution:
The manometer reading h relates to the pressure difference as
AP=pL = L= AP
pLg og

The manometer fluid density from the given formula gives
Pgy = 13595 - 2.5 x35=13507.5 kg/m?

Py = 13595 - 2.5 x (-15) = 13632.5 kg/m’

The two different heights that we will measure become

___100x10°>  kPa (Pa/kPa)
SU” 135075 x 9.807 (kg/m?) m/s2

___100x10°>  kPa (Pa/kPa)
W 13632.5 x 9.807 (kg/m>) m/s2

L =0.7549 m

L =0.7480 m

AL = LSu - Lw =0.0069 m = 6.9 mm
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2.80

A mercury thermometer measures temperature by measuring the volume
expansion of a fixed mass of liquid Hg due to a change in the density, see
problem 2.35. Find the relative change (%) in volume for a change in
temperature from 10°C to 20°C.

Solution:

From 10°C to 20°C
At10°C:  pug =13595-2.5x10=13570 kg/m’
At20°C:  pug = 1359525 x20 = 13545 kg/m’

The volume from the mass and density is: 'V =m/p

Vao—Vio _ (m/pyp) - (m/p1p)
Vio m/pyg

P10 13570
= oo 1= 13545 ~ 1=0.0018 (0.18%)

Relative Change =
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2.81
Density of liquid water is p = 1008 — T/2 [kg/m3] with T in °C. If the temperature
increases 10°C how much deeper does a 1 m layer of water become?

Solution:

The density change for a change in temperature of 10°C becomes

Ap = — AT/2 = -5 kg/m3
from an ambient density of
p = 1008 — T/2 = 1008 — 25/2 = 995.5 kg/m3

Assume the area is the same and the mass is the same m=pV =pAH, then we
have

Am=0=VAp+pAV = AV=-VAp/p

and the change in the height is

AV _HAV -HAp -1 x(-5)

AH= " ="y =7 ~9955

=0.005 m

barely measurable.
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2.82
Using the freezing and boiling point temperatures for water in both Celsius and
Fahrenheit scales, develop a conversion formula between the scales. Find the
conversion formula between Kelvin and Rankine temperature scales.

Solution:

=09C= . — O _
TFreezing_O C=32F; TBOﬂing_loo C=212F

AT=100°C=180F = Tor=(Tg-32)/1.8 or Tp=18Toc+32

For the absolute K & R scales both are zero at absolute zero.
TR =1.8 x TK
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2.83
The atmosphere becomes colder at higher elevation. As an average the standard

atmospheric absolute temperature can be expressed as Ty, =288 - 6.5 x 1073 2,

where z is the elevation in meters. How cold is it outside an airplane cruising at
12 000 m expressed in Kelvin and in Celsius?

Solution:

For an elevation of z=12 000 m we get
Tom =288 -6.5x 102 z=210 K

To express that in degrees Celsius we get
To=T-273.15=-63.15°C
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2.84
Repeat problem 2.77 if the flow inside the apparatus is liquid water, p = 1000
kg/m3, instead of air. Find the pressure difference between the two holes flush
with the bottom of the channel. You cannot neglect the two unequal water

columns.

Solution: Balance forces in the manometer:
P, i P, (H-hy) - (H-h))=Ahy =h, -h,
l . T hz

u hy PA+ szOhlgA + pHg(H -h))gA

=P,A+ szthgA + pHg(H - h))gA
=P =Py =py,olhy -hg+ pyylhy -hy)g
P1 - P2 = pHgAhHgg - pH2OAhHgg =13600x0.2x9.5-1000x0.2x9.5

=25 840 - 1900 = 23940 Pa = 23.94 kPa

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

2.85
A dam retains a lake 6 m deep. To construct a gate in the dam we need to know
the net horizontal force on a 5 m wide and 6 m tall port section that then replaces
a 5 m section of the dam. Find the net horizontal force from the water on one side
and air on the other side of the port.

Solution:

Ppot = Py + AP
AP = pgh = 997x 9.807x 6 = 58 665 Pa = 58.66 kPa

Neglect AP in air
Fret= Fright —Flet = Pavg A - P()A

Pavg =P, +0.5AP  Since a linear pressure variation with depth.
Fpet=(Py+0.5 AP)A - PjA =0.5 AP A =0.5 x 58.66 x 5 x 6 = 880 kN
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2.86
In the city water tower, water is pumped up to a level 25 m above ground in a
pressurized tank with air at 125 kPa over the water surface. This is illustrated in
Fig. P2.86. Assuming the water density is 1000 kg/m3 and standard gravity, find
the pressure required to pump more water in at ground level.

Solution:

AP=pLg
= 1000 kg/m> x 25 m x 9.807 m/s>
=245 175 Pa=245.2 kPa

= Ptop + AP

=125+245.2
=370 kPa

Pbottom

cb
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2.87
The main waterline into a tall building has a pressure of 600 kPa at 5 m elevation
below ground level. How much extra pressure does a pump need to add to ensure
a water line pressure of 200 kPa at the top floor 150 m above ground?

Solution:

The pump exit pressure must balance the top pressure plus the column

AP. The pump inlet pressure provides part of the absolute pressure.

Pafter pump — Ptop + AP

AP = pgh = 997 kg/m> x 9.807 m/s? x (150 + 5) m
=1515525Pa=1516 kPa

Patter pump = 200 + 1516 = 1716 kPa

APyump = 1716 — 600 = 1116 kPa
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2.88
Two cylinders are connected by a piston as shown in Fig. P2.88. Cylinder A is
used as a hydraulic lift and pumped up to 500 kPa. The piston mass is 25 kg and
there is standard gravity. What is the gas pressure in cylinder B?

Solution:
Force balance for the piston: ~ PpAg + myg +Py(A, -Ap) =P, A,
A, = (m4)0.12=0.00785 m% Ay = (m/4)0.025% = 0.000 491 m*

PBAB:PAAA'm

b2 - (A, - Ag) = 500x 0.00785 - (25 x 9.807/1000)

- 100 (0.00785 - 0.000 491) = 2.944 kN
Py =2.944/0.000 491 = 5996 kPa = 6.0 MPa

B
GAS
PO
‘ cbl
' P
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2.89
A 5-kg piston in a cylinder with diameter of 100 mm is loaded with a linear
spring and the outside atmospheric pressure of 100 kPa as shown in Fig. P2.89.
The spring exerts no force on the piston when it is at the bottom of the cylinder
and for the state shown, the pressure is 400 kPa with volume 0.4 L. The valve is
opened to let some air in, causing the piston to rise 2 cm. Find the new pressure.

Solution:

A linear spring has a force linear proportional to displacement. F =k x, so
the equilibrium pressure then varies linearly with volume: P =a + bV, with an
intersect a and a slope b = dP/dV. Look at the balancing pressure at zero volume
(V ->0) when there is no spring force F=PA =P,A + m,g and the initial state.
These two points determine the straight line shown in the P-V diagram.

Piston area = A, = (1/4) x 0.12=0.00785 m?

mpg 5 x 9.80665
a=P,+ =100 kPa+ — 0oz Pa
; 0" Ap 0.00785
2 2 =106.2 kPa intersect for zero volume.
400 1
V,=0.4+0.00785 x 20 = 0.557 L
106.2 dp
P,=P + v AV
400-106.2
v = 400 + W (0.557 - 0.4)
0 0.4 0.557 — 5153 kPa
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In-Text Concept Questions
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3.a

If the pressure is smaller than P, at a given T, what is the phase?

Refer to the phase diagrams in Figures 3.6 AInP S

and 3.7. For a lower P you are below the

vaporization curve and that is the superheated

vapor region. You have the gas phase. L . Critical Poin

S Vapor
-
T

3.b

An external water tap has the valve activated by a long spindle so the closing
mechanism is located well inside the wall. Why is that?

Solution:

By having the spindle inside the wall the coldest location with water when the valve
is closed is kept at a temperature above the freezing point. If the valve spindle was
outside there would be some amount of water that could freeze while it is trapped
inside the pipe section potentially rupturing the pipe.
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What is the lowest temperature (approximately) at which water can be liquid?

Look at the phase diagram in Fig. 3.7. At the
border between ice I, ice III and the liquid region
is a triple point which is the lowest T where you
can have liquid. From the figure it is estimated to

be about 255 K i.e. at -18°C.

T~255K~-18°C

InP
A

-lowest T liquid
CR.P.
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3.d
Some tools should be cleaned in water at a least 150°C. How high a P is needed?

Solution:
If I need liquid water at 150°C I must have a pressure that is at least the saturation
pressure for this temperature.

Table B.1.1: 150°C, P, =475.9 kPa.
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3.e
Water at 200 kPa has a quality of 50%. Is the volume fraction V4/Viq < 50% or

> 50%7?

This is a two-phase state at a given pressure without looking in the table we know
that v¢ is much smaller than v,,.
From the definition of quality we get the masses from total mass, m, as

my = (1 -x) m, mg =X m
The volumes are

Ve=meve=(l-x)mve, Vy=mgvy=xmv

g8 g

So when half the mass is liquid and the other half is vapor the liquid volume is
much smaller that the vapor volume.
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3.f
Why are most of the compressed liquid or solid regions not included in the printed
tables?

For the compressed liquid and the solid phases the specific volume and thus
density is nearly constant. These surfaces are very steep nearly constant v and there
is then no reason to fill up a table with the same value of v for different P and T.

3.g
Why is it not typical to find tables for Ar, He, Ne or air like an Appendix B table?

The temperature at which these substances are close to the two-phase
region is very low. For technical applications with temperatures around
atmospheric or higher they are ideal gases. Look in Table A.2 and we can see the
critical temperatures as

Ar: 150.8 K He: 5.19K Ne: 444K

It requires a special refrigerator in a laboratory to bring a substance down
to these cryogenic temperatures.
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3.h
What is the percent change in volume as liquid water freezes? Mention some effects
in nature and for our households the volume change can have.

The density of water in the different phases can be found in Tables A.3 and A.4
and in Table B.1.

From Table B.1.1  vp=0.00100 m>/kg
From Table B.1.5  v; =0.0010908 m>/kg

Vi~V 0.0010908 —0.001
Percent change: 100 —— f_ 100 x = 9.1 % increase
\% 0.001

Liquid water that seeps into cracks or other confined spaces and then freezes
will expand and widen the cracks. This is what destroys any porous material exposed
to the weather on buildings, roads and mountains. It can burst water pipes and crack
engine blocks (that is why you put anti-freeze in it).
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3.
How accurate is it to assume that methane is an ideal gas at room conditions?

From Table A.2: T,=1904K, P.=4.60MPa

So at room conditions we have much higher T > T, and P << P so this is the
ideal gas region. To confirm look in Table B.7.2

100 kPa, 300 K, v=1.55215 m’/kg

Find the compressibility factor (R from Table A.5) as

100 kPa x 1.55215 m’/kg
0.5183 kJ/kg-K x 300 K

Z =Pv/RT = =0.99823

so Z is 1 with an accuracy of 0.2% better than most measurements can be done.
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3.j
I want to determine a state of some substance, and I know that P = 200 kPa; is it
helpful to write PV = mRT to find the second property?

NO. You need a second property.

Notice that two properties are needed to determine a state. The EOS can give you a
third property if you know two, like (P,T) gives v just as you would get by entering a
table with a set (P,T). This EOS substitutes for a table when it is applicable.
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3.k
A bottle at 298 K should have liquid propane; how high a pressure is needed? (use
Fig. D.1)

To have a liquid the pressure must be higher than or equal to the saturation pressure.
There is no printed propane table so we use the compressibility chart and Table A.2

Propane Table A.2: T.=369.8K, P.=4.25MPa

The reduced temperature is:

for which we find in Fig. D.1: P, 4, =0.25

P =P, P.=0.25 x 425 MPa = 1.06 MPa
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3.1
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A bottle at 298 K should have liquid propane; how high a pressure is needed? (use

the software)

To have a liquid the pressure must be higher than or equal to the saturation pressure.
There is no printed propane table but the software has propane included

Start CATTS3, select cryogenic substances, propane

select calculator, select T, x = (25C, 0) = P =10.9518 MPa

B Computer-Aided Thermodynamic Tables 3

BEX)

File Edit Tables/Substances Options Help

HEE T-5 Diagram
~Propane Properties T
T 25 s i
P 0.9518 MPa R
L 0.00203 mafky ?
U 35.83 bty 7
H -33.9 kdikg u
5 4.501 krkafi 2
pd 0
Fhase Saturated Liquid Lt Al 22 £l 213
Enthropy
Type Temp Pressure Specific Internal S pecific Specific Quality Phase
Yolume Energy Enthalpy Enthropy
> & MPa m3skg kdfka kdikg k kadk :
|| 1. Prapane 25 09518 0.00203 -35.83 -334 4501 0 Saturated Liquid

\Water {Refrigerants jCryogenics A sldeal Gases Campressibility {Psychrometrics [
[values: 5=6.3218; T =-155.34 i
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Concept Problems
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3.1
Are the pressures in the tables absolute or gauge pressures?

Solution:
The behavior of a pure substance depends on the absolute pressure, so P in the tables
is absolute.
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3.2
What is the minimum pressure for which I can have liquid carbon dioxide?

Look at the phase diagram in Fig. 3.6. The minimum P in the liquid phase is at the
triple point. From Table 3.2 this is at 520 kPa (a similar around 4-500 kPa is seen in
Fig. 3.6).
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3.3
When you skate on ice, a thin liquid film forms under the skate. How can that be?

The ice is at some temperature below the freezing temperature for the
atmospheric pressure of 100 kPa = 0.1 MPa and thus to the left of the fusion line in
the solid ice I region of Fig. 3.7. As the skate comes over the ice the pressure is
increased dramatically right under the blade so it brings the state straight up in the
diagram crossing the fusion line and brings it into a liquid state at same temperature.

The very thin liquid film under the skate changes the friction to be viscous rather
than a solid to solid contact friction. Friction is thus significantly reduced.

Comment: The latest research has shown that the pressure may not be enough to
generate the liquid, but that such a liquid layer always exist on an ice surface, maybe
only a few molecules thick (dependent upon temperature).
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34
At a higher elevation like in mountains the pressure is lower, what effect does that
have for cooking food?

A lower pressure means that water will boil at a lower temperature, see the
vaporization line in Fig. 3.7, or in Table B.1.2 showing the saturated temperature as
a function of the pressure. You therefore must increase the cooking time a little.
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3.5

Water at room temperature and room pressure has v~ 1 x 10" m> /kg what is n?

See Table B.1.1 or B.1.2 to determine it is in the liquid phase
(you should know this already).

Table A.4 or from B1.1 at 20°C: =-3 (v=0.00100 m3/kg)

3.6
In Example 3.1 b is there any mass at the indicated specific volume? Explain.

This state is a two-phase mixture of liquid and vapor. There is no mass at the
indicated state, the v value is an average for all the mass, so there is some mass at
the saturated vapor state (fraction is the quality x) and the remainder of the mass is
saturated liquid (fraction 1-x).
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3.7
Sketch two constant-pressure curves (500 kPa and 30 000 kPa) in a T-v diagram and
indicate on the curves where in the water tables you see the properties.

MPyP gy . 30 MPa
30 + C_P A B.1.3
B o B
" B.13 1 500 kPa
4
051 4 [B11 \Bl13
B12\\
1
|
Bl I'B.15 v

The 30 MPa line in Table B.1.4 starts at 0°C and table ends at 380°C, the line is
continued in Table B.1.3 starting at 375°C and table ends at 1300°C.

The 500 kPa line in Table B.1.4 starts at 0.01°C and table ends at the saturated
liquid state (151.86°C). The line is continued in Table B.1.3 starting at the saturated
vapor state (151.86°C) continuing up to 1300°C.
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3.8

If I have 1 L ammonia at room pressure and temperature (100 kPa, 20°C) how much
mass is that?

Ammonia Tables B.2:
B.2.1 Py, =857.5 kPaat 20°C so superheated vapor.

B.2.2 v=1.4153 m3/kg under subheading 100 kPa
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3.9

Locate the state of ammonia at 200 kPa, -10°C. Indicate in both the P-v and the T-v
diagrams the location of the nearest states listed in the printed Table B.2

P T
A L cr

200 kPa
0 1 150

2909t -10 T
-18.9 kPa

200 T
\%

| »V
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3.10
Why are most of the compressed liquid or solid regions not included in the printed
tables?

For the compressed liquid and the solid phases the specific volume and thus
density is nearly constant. These surfaces are very steep nearly constant v and there
is then no reason to fill up a table with the same value of v for different P and T.
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3.11
How does a constant v-process look like for an ideal gas in a P-T diagram?

For an ideal gas: Pv =RT so then P=R~)T

Constant v is a straight line with slope (R/v) in the P-T diagram
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3.12
If v =RT/P for an ideal gas what is the similar equation for a liquid?

The equation for a liquid is: v = Constant = v,

If you include that v increases a little with T then: v=v,+C (T -T,)
where C is a small constant.
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3.13
How accurate (find Z) is it to assume propane is an ideal gas a room conditions?

The propane table is not printed in appendix B so to get this information we either
must use the computer software or the generalized charts.

From Table A.2 P, =4250kPa, T,=370K

101 293
The reduced properties: Pr=75:7=0.024, T,= 370~ 0.792

4250
From Fig. D.1:  Z=0.98

So it is an ideal gas within 2% accuracy.

A modest pressure natural
gas container.
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3.14
With Ty = 0.80 what is the ratio of vy/v¢ using Fig. D.1 or Table D.4

Since the two specific volumes are at the same P and T we have

Pvp=Z¢RT and Pv,=Z,RT
so the ratio is

=}
|

Zs ’

\Z N 04

g
S}
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3.15
To solve for v given (P, T) in Eq 3.9 what mathematical problem do you have?

From Eq. 3.9 you notice it is non-linear in specific volume. Multiplying through
with the common denominator we get an equation cubic in v. We thus have to
find the roots for a cubic equation (zero points in a polynomial of order three). If
you have ever seen the exact solution to that you realize it will be easier to solve
by trial and error and select the proper root(s) (it cannot be negative).
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Phase Diagrams, Triple and Critical Points
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3.16
Carbon dioxide at 280 K can be in different phases. Indicate the pressure range
you have for each of the three phases (vapor, liquid and solid).

Look at the P-T phase diagram in Fig. 3.6 at 280 K:

All’l P
P < 4000 kPa vapor L
4000 kPa <P <400 MPa liquid S —
400 MPa <P solid
I \Y
-
280K T
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3.17
Modern extraction techniques can be based on dissolving material in supercritical
fluids such as carbon dioxide. How high are pressure and density of carbon
dioxide when the pressure and temperature are around the critical point? Repeat
for ethyl alcohol.

Solution:
C02 .

Table A.2: P,=7.38 MPa, T.=304K, v,=0.00212 m’/kg
pe = 1/, = 1/0.00212 = 472 kg/m>
C,H50H:
Table A.2: P,=6.14 MPa, T.=514K, v, =0.00363 m’/kg

pe = 1/v, = 1/0.00363 = 275 kg/m>
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3.18

The ice cap on the North Pole could be 1000 m thick with a density of 920 kg/m3 .
Find the pressure at the bottom and the corresponding melting temperature.

Solution:
prce = 920 kg/m’
AP = pgH = 920 kg/m> x 9.80665 m/s> x 1000 =9 022 118 Pa
P=P,+ AP =101.325 + 9022 = 9123 kPa
See figure 3.7 liquid solid interphase => Ty g=-1°C
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3.19
Find the lowest temperature at which it is possible to have water in the liquid
phase. At what pressure must the liquid exist?

Solution:

There is no liquid at lower temperatures
than on the fusion line, see Fig. 3.7,
saturated ice III to liquid phase boundary is
at

lowest T liquid
CR.P.

T ~ 263K ~ - 10°C and -
P ~210 MPa T
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3.20

Water at 27°C can exist in different phases dependent upon the pressure. Give the
approximate pressure range in kPa for water being in each one of the three phases
vapor, liquid or solid.

Solution:
A InP S
The phases can be seen in Fig. 3.7, a sketch —
of which is shown to the right. L
T=27°C=300K CR.P.
From Fig. 3.6: S Vv
PyL~4 x 1073 MPa =4 kPa,
P, =10° MPa -

0<P< 4kPa VAPOR
0.004 MPa <P <1000 MPa  LIQUID
P>1000 MPa  SOLID (ICE)
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3.21
Dry ice is the name of solid carbon dioxide. How cold must it be at atmospheric
(100 kPa) pressure? If it is heated at 100 kPa what eventually happens?

Solution:

The phase boundaries are shown in Figure 3.6
At 100 kPa the carbon dioxide is solid if T <190 K
It goes directly to a vapor state without becoming a liquid hence its name.

In P
A

The 100 kPa is below
the triple point. S

1004 \
kPa
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3.22
What is the lowest temperature in Kelvin for which you can see metal as a liquid
if the metal is a. silver b. copper

Solution:

Assume the two substances have a phase diagram similar to Fig. 3.6, then
we can see the triple point data in Table 3.2

T, =961°C=1234K

Ty, = 1083°C = 1356 K
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3.23

A substance is at 2 MPa, 17°C in a rigid tank. Using only the critical properties
can the phase of the mass be determined if the substance is nitrogen, water or

propane?
Solution:
Find state relative to critical point properties which are from Table A.2:
a) Nitrogen N, : 3.39 MPa 126.2 K
b) Water H,O : 22.12 MPa 647.3 K
c) Propane C;3Hg : 4.25 MPa 369.8K
State is at 17 °C =290 K and 2 MPa <P, Aln P
for all cases:
Liquid Cr.P.
Ny : T >>T.  Superheated vapor P <Pc ;
: <<T,; <<
H,O : T T.; P P. b Vapor
you cannot say.
CHg: T <T.,; P < P, youcannotsay - T

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



38 Borgnakke and Sonntag

3.24
Give the phase for the following states.

Solution:
a. CO, T=40°C P=0.5MPa Table A.2
T>T,=> also P << P,
superheated vapor assume ideal gas Table A.5

b. Air T=20°C P=200KkPa Table A.2
superheated vapor assume ideal gas Table A.5

c. NH; T=170°C P=600kPa Table B.2.2 or A.2
T>T,=> superheated vapor
A cr AT

a,b,c

P = const.
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General Tables
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3.25
Give the phase for the following states.

Solution:
a. H,O T=260°C P=5MPa Table B.1.1 orB.1.2
B.1.1 For given T read: Py, = 4.689 MPa
P> Pgat => compressed liquid
B.1.2 For given P read: Tgyt = 264°C
T <Tgyt => compressed liquid
b. HyO T=-2°C P=100kPa Table B.1.1 T < Ty;pie point
Table B.1.5 at -2°C read: Pg,=0.518 kPa

since P > P, =>  compressed solid
A" cr Al cp
a a

Note state b in P-v, see the
3-D figure, is up on the P = const.
solid face. T

»V b ¢ »V

e
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3.26
Determine the phase of the substance at the given state using Appendix B tables
a) Water 100°C, 500 kPa
b) Ammonia -10°C, 150 kPa
c)  R-410a 0°C, 350 kPa
Solution:

a) From Table B.1.1 P, (100°C) = 101.3 kPa
500 kPa > P, then itis compressed liquid

OR from Table B.1.2  Tg,(500 kPa) = 152°C

100°C < T, then it is subcooled liquid = compressed liquid
b) Ammonia NHj :

Table B.2.1: P <Pgy(-10 °C) =291 kPa

Superheated vapor
c) R-410a
Table B.4.1: P <P,(0 °C) = 799 kPa

Superheated vapor.

Cr.P.
The S-L fusion line goes slightly to the
left for water. It tilts slightly to the right
for most other substances.
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3.27
Determine whether water at each of the following states is a compressed liquid, a
superheated vapor, or a mixture of saturated liquid and vapor.

a.  P=10MPa, v=0.003m/kg b. 1 MPa, 190°C
c.  200°C,0.1 m/kg d. 10 kPa, 10°C
Solution:

For all states start search in table B.1.1 (if T given) or B.1.2 (if P given)

a. P=10MPa, v=0.003 m3/kg so look in B.1.2 at 10 MPa
vp=0.001452; v, =0.01803 m’/kg,

=> vp<v<vy, => so mixture of liquid and vapor.

b. 1MPa, 190°C : Only one of the two look-ups is needed
B.1.1: P <Py, =1254.4 kPa so it is superheated vapor

B.1.2: T>Tg,=179.91°C so it is superheated vapor
c. 200°C,0.1 m’/kg:  look inB.1.1
vp =0.001156 m3/kg ; vg =0.12736 m’/kg,

=> vg <v<v, =>  somixture of liquid and vapor.
d. 10kPa, 10°C : Only one of the two look-ups is needed

FromB.1.1:  P>P,=1.2276 kPa so compressed liquid
From B.1.2: T < T, =45.8°C so compressed liquid

AP cp AT C.P.

States shown are P = const.

placed relative to the
two-phase region, not d,
to each other.
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3.28
For water at 100 kPa with a quality of 10%, find the volume fraction of vapor.

This is a two-phase state at a given pressure:
Table B.1.2: vp=0.001 043 m’/kg, vg = 1.6940 m’/kg

From the definition of quality we get the masses from total mass, m, as

my= (1 -x)m, mg =X m

The volumes are

Vf:mef:(l—X)me, Ve=mg,V

g~ Mg Vg = XMVg
So the volume fraction of vapor is

\Y% \Y XxXmv
- _ 8 g  _ g
Fraction =7y Vgt Ve xmvg+ (1 -x)mvg
0.1 x 1.694 0.1694

T0.1x 1.694+ 0.9 x 0.001043  0.17034 09945

Notice that the liquid volume is only about 0.5% of the total. We could also have
found the overall v =v¢+ xvg, and then V=mv.
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3.29
Determine whether refrigerant R-410a in each of the following states is a
compressed liquid, a superheated vapor, or a mixture of saturated liquid and
vapor.
Solution:
All cases are seen in Table B.4.1
a. 50°C,0.05m’kg  From table B.4.1at 50°C  vg =0.00707 m/kg
since v > v, we have superheated vapor
b. 1.0 MPa, 20°C From table B.4.1 at 20°C P, =909.9 kPa
since P <P, we have superheated vapor
c. 0.1 MPa, 0.1 m3/kg From table B.4.1 at 0.1 MPa (use 101 kPa)
vp =0.00074 and v, =0.2395 m¥/kg
as vg<v <v, we have a mixture of liquid &
vapor
d -20°C, 200 kPa superheated vapor, P <P, =400 kPa at -20°C
3.30

Place the states in Problem 3.29 in a sketch of the P-v diagram.

AF CPp
States shown are
placed relative to the a, b
two-phase region, not
to each other. C
T
AR
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3.31
Refer to Fig. 3.18. How much is the change in liquid specific volume for water at

20°C as you move up from state i towards state j reaching 15 000 kPa?

State “1”, here “a”, is saturated liquid and up is then compressed liquid states

a Table B.1.1:  v¢=0.001 002 m>/kg at  2.34kPa
b Table B.1.4:  v¢=0.001 002 m’>/kg at 500 kPa
c Table B.1.4:  v¢=0.001 001 m*/kg at 2000 kPa
d Table B.1.4:  v¢=0.001 000 m’>/kg at 5000 kPa
e Table B.1.4:  vp=0.000 995 m’/kg at 15000 kPa
f Table B.1.4:  v¢=0.000 980 m’/kg at 50 000 kPa

Notice how small the changes in v are for very large changes in P.
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3.32
Fill out the following table for substance ammonia:
Solution:
P [kPa] T[°C] v [m3/kg] X
a) 1200 50 0.1185 Undefined
b) 2033 50 0.0326 0.5
a) B.2.1 v>v, => superheated vapor LookinB.2.2
b) B.2.1 P =Py, =2033 kPa
V=vg +X v =0.001777 + 0.5 x 0.06159 = 0.0326 m3/kg
3.33

Place the two states a-b listed in Problem 3.32 as labeled dots in a sketch of the P-
v and T-v diagrams.

Solution:
A" cr A\ cr
P = const.
00 | a
T b 4
T 50 + .
»V »V
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3.34
Give the phase and the missing property of P, T, v and x.

a.  R-134a T=-20°C, P=150kPa
b.  R-134a P=300kPa, v=0.072 m’/kg

Solution:
a)B.5.1 P>Pg, =133.7kPa = compressed liquid
v ~ vg=0.000738 m>/kg
x = undefined
b) B.5.2 v > v, at 300 kPa = superheated vapor
0.072-0.07111 \ _ .
T=10+20-10) (gg7431-0.07111) = 127°C
x = undefined
A’ A\ cr.
- b P =const.
b ]
i T a
»V »V
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3.35
Fill out the following table for substance water:
Solution:
P [kPa] T[°C] vmlkg]  x
a) 500 20 0.001002 Undefined
b) 500 151.86 0.20 0.532
c) 1400 200 0.14302 Undefined
d) 8581 300 0.01762 0.8
a) Table B.1.I P> P, so itis compressed liquid => Table B.1.4
b) TableB.1.2 vg<v<v, sotwophase L+V
V-V
X = =(0.2-0.001093) /0.3738 = 0.532
Vfg
T=Tg,=151.86°C
¢) Only one of the two look-up is needed
Table B.1.1  200°C P<Pg= =>superheated vapor
Table B.1.2 1400 kPa T > Ty, = 195°C
Table B.1.3  sub-table for 1400 kPa gives the state properties
d) Table B.1.1 since quality is given it is two-phase
V=vpt X x v = 0.001404 + 0.8 x 0.02027 = 0.01762 m’/kg
3.36

Place the four states a-d listed in Problem 3.35 as labeled dots in a sketch of the
P-v and T-v diagrams.

Solution:
e d Al cp
8581 C 300 1+ P = const.
1400 T e 200 +
T

500 1 a' 152 "a

b 20 +

| - [ -
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3.37
Determine the specific volume for R-410a at these states:

a. —15°C, 500 kPa
b. 20°C, 1000 kPa
c. 20°C, quality 25%

a) Table B.4.1: P >Pg,,=480.4 kPa, so compressed liquid.
v = vp=0.000815 m3/kg

b) Table B.4.1: P <P, = 1444 kPa, so superheated vapor
Table B.4.2: v =0.02838 m3/kg

C) Table B.4.1:  v¢=0.000815 m3/kg, Vg = 0.01666 m3/kg SO

V=vpt X ve = 0.000815 +0.25 x 0.01666 = 0.00498 m3/kg
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3.38
Give the missing property of P, T, v and x for CHy at:
a. T=155K, v=0.04 m3/kg
b. T=350K, v=0.25m3/kg

a) B.7.1 v <vg =0.04892 m*/kg —  2-phase
V-Vr (.04 -0.002877
X= N 004605 0806

P =P, = 1296 kPa

b) B.7.1 T>T, and v>>v, = superheated vapor B.7.2
located between 600 & 800 kPa
P =600 + 200 0.25-0.30067_ _ 734 kPa

0.2251 - 0.30067

P = const.
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3.39

Give the specific volume of carbon-dioxide at -20°C for 2000 kPa and repeat for
1400 kPa.

Table B.3.1:  -20°C  Pg, = 1969 kPa,
at 2000 kPa state is compressed liquid: v =v¢=0.000969 m3/kg
at 1400 kPa state is superheated vapor: v =10.0296 m3/kg

Ah’l P
The 2000 kPa is above and
the 1400 kPa is below L
the vaporization line. S [ a
] b Vv
- T
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3.40
Calculate the following specific volumes
a. CO, 10°C, 80% quality
b. Water 4 MPa, 90% quality

c. Nitrogen 120 K, 60% quality
Solution:

All states are two-phase with quality given. The overall specific
volume is given by Eq.3.1 or 3.2

V=vit X Ve = (1-X)ve T x Vg

a. CO,y 10°C, 80% quality in Table B.3.1
v=0.001161 +x x 0.00624 = 0.006153 m3/kg

b. Water 4 MPa, 90% quality in Table B.1.2
v =0.001252(1-x) + x x 0.04978 = 0.04493 m>/kg

c. Nitrogen 120 K, 60% quality in Table B.6.1
v=0.001915 + x x 0.00608 = 0.005563 m3/kg
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3.41
Give the phase and P, x for nitrogen at:

a) T=120K, v=0.006 m3/kg
b) T=140K, v=0.002 m3/kg

Solution:

a) Table B.6.1 v <vy,=0.00799 m3/kg so state is two-phase L + V
P =P, =2513 kPa

V-Vr

X =

Vi =(0.006 —0.001915)/0.00608 = 0.6719
g

b) Table B.6.1 T>T,=126.2K so go to B.6.2 superheated vapor.

Look at any entry for 140 K then you see a too large v meaning P is
higher. Last one
P=10 000 kPa, x = undefined

AP \b AT *b

P = const.
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3.42
You want a pot of water to boil at 105°C. How heavy a lid should you put on the
15 cm diameter pot when P, = 101 kPa?

Solution:
Table B.1.1 at 105°C P, = 120.8 kPa
A =%D2 =%0.152 =0.01767 m>

Frot = (Psat —Paem) A = (120.8 - 101) kPa x 0.01767 m?
=0.3498 KN =350 N

Fret =mjig 8

350
myig = Fpe/2 = g g7 = 35.7 kg

Some lids are
clamped on, the
problem deals with
one that stays on due
to its weight.
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3.43

Water at 120°C with a quality of 25% has its temperature raised 20°C in a constant
volume process. What is the new quality and pressure?

Solution:
State 1 from Table B.1.1 at 120°C

V=g +x Vg, =0.001060 +0.25 x 0.8908 = 0.22376 m’/kg

State 2 has same v at 140°C also from Table B.1.1
V-Ve  0.22376 - 0.00108

TN  oso777 04388
P =Py, =361.3 kPa
A" ocr A cr
3613t 1 T 140+
198.5 + / 120C 120 A
»V »V
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3.44

A sealed rigid vessel has volume of 1 m3 and contains 2 kg of water at 100°C.
The vessel is now heated. If a safety pressure valve is installed, at what pressure
should the valve be set to have a maximum temperature of 200°C?

Solution:
Process: v =V/m = constant

State 1: v, =1/2=0.5 m3/kg AT C.P.
500 kPa
from Table B.1.1 400 kP
itis 2-phase a
State 2: 200°C, 0.5 m3/kg ] ' \100 C
Table B.1.3 between 400
\4
and 500 kPa so interpolate ——
0.5-0.53422

P =400+ 52505053473 X (500 - 400) =431.3 kPa
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3.45
Saturated water vapor at 200 kPa is in a constant pressure piston cylinder. At this
state the piston is 0.1 m from the cylinder bottom. How much is this distance and
the temperature if the water is cooled to occupy half the original volume?

Solution:
State 1: B 1.2 v|=v, (200 kPa) = 0.8857 m’/kg, T,=120.2°C
Process: P = constant =200 kPa
State 2: P, v, =v,/2=0.44285 m’/kg
Table B.1.2 v, <v, sotwo phase Tp =Ty, =120.2°C

Height is proportional to volume
hy=h; x vp/vi=0.1 x0.5=0.05m

A" ce A\ cr.

P =200 kPa

200 T T 120 L
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3.46
Saturated liquid water at 60°C is put under pressure to decrease the volume by 1%
keeping the temperature constant. To what pressure should it be compressed?

Solution:

State 1: T=60°C, x=0.0; Table B.1.1: v=0.001017 m3/kg
Process: T = constant = 60°C

State 2: T, v=10.99 x v¢ (60°C) = 0.99x0.001017 = 0.0010068 m3/kg
Between 20 & 30 MPa in Table B.1.4, P =23.8 MPa

AP 30 MPa
T
2¢ C.P. A 20 MPa
T 2
1
1
| .V | A/
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3.47

Water at 200 kPa with a quality of 25% has its temperature raised 20°C in a constant
pressure process. What is the new quality and volume?

Solution:

State 1 from Table B.1.2 at 200 kPa
v=vs +Xx Vg = 0.001061 +0.25 x 0.88467 = 0.22223 m3/kg

State 2 has same P from Table B.1.2 at 200 kPa

Ty = Tga + 20 = 120.23 + 20 = 140.23°C
so state is superheated vapor

x = undefined

_ 20 3
vy =0.88573 + (0.95964 — 0.88573)150 212023 0.9354 m”/kg

Interpolate between the saturated vapor state (the first entry in table B.1.3 for 200
kPa) and the 150°C superheated vapor state also at 200 kPa.

A" cr A ce
200 kPa
140 +
T 120 T
200 + 1202 C
»V »V

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



60 Borgnakke and Sonntag

3.48
In your refrigerator the working substance evaporates from liquid to vapor at -20
°C inside a pipe around the cold section. Outside (on the back or below) is a black
grille inside which the working substance condenses from vapor to liquid at +40
°C. For each location find the pressure and the change in specific volume (v) if
the substance is ammonia.

Solution:
The properties come from the saturated tables where each phase change takes
place at constant pressure and constant temperature.

Substance TABLE T Py, kPa | Ay = Vi m3 /ke
Ammonia B.2.1 40 °C 1555 0.0814
Ammonia B.2.1 -20°C 190 0.622
A" ce A cr.
1 Il 40 I
4 NG
| \‘V 20l
] 2 /I 1 2
»V »V
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3.49
Repeat the previous problem with the substances
a) R-134a b) R-410a

In your refrigerator, the working substance evaporates from liquid to vapor at -20
°C inside a pipe around the cold section. Outside (on the back or below) is a black
grille inside which the working substance condenses from vapor to liquid at +40
°C. For each location find the pressure and the change in specific volume (v).

Solution:
The properties come from the saturated tables where each phase change takes
place at constant pressure and constant temperature.

Substance TABLE T Py, kPa | Ay = Vi m3/ke
R-134a B.5.1 40 °C 1017 0.019
R-134a B.5.1 -20°C 134 0.146
R-410a B.4.1 40 °C 2421 0.00865
R-410a B.4.1 -20°C 400 0.064

A" ce A cr.
1 Il 40 S
4 NG
- \‘V 20l
] 2 /[ 1 2
»V »V
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3.50
Repeat Problem 3.48 with CO,, condenser at + 20°C and evaporator at -30°C.

Solution:
The properties come from the saturated tables where each phase change takes
place at constant pressure and constant temperature.

Substance TABLE T Py, . kPa Av = vg,
CO, B.3.1 20 °C 5729 0.00386
CO, B.3.1 -30 °C 1428 0.026
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3.51
A glass jar is filled with saturated water at 500 kPa, quality 25%, and a tight lid is

put on. Now it is cooled to —10°C. What is the mass fraction of solid at this
temperature?

Solution:

Constant volume and mass = v|=v,=V/m

From Table B.1.2: v; =0.001093 + 0.25 x 0.3738 = 0.094543
From Table B.1.5: v, =0.0010891 + x5 x 446.756 = v| = 0.094543
= Xp = 0.0002 mass fraction vapor
Xgolid =1 - X =0.9998  or 99.98 %
end A cr
1
T 1
IR )
- 142 R
P
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3.52
Two tanks are connected as shown in Fig. P3.52, both containing water. Tank A is at

200 kPa, v=10.5 m3/kg, VA = 1 m? and tank B contains 3.5 kg at 0.5 MPa, 400°C.
The valve is now opened and the two come to a uniform state. Find the final specific
volume.

Solution:
Control volume: both tanks. Constant total volume and mass process.

=\
I )
A B
sup. vapor
State Al: (P, v) m, =V,/v,=1/05=2kg

State BI: (P, T) TableB.1.3 vg= 0.6173 m/kg

= Vg =mgvy =3.5x0.6173 = 2.1606 m

Final state: my . =m, +mg=5.5kg

— — 3
Vo=V + Vi = 3.1606 m

tot
Vy = Vio/Myog = 0.5746 m*/kg
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3.53
Saturated vapor R-134a at 50°C changes volume at constant temperature. Find the
new pressure, and quality if saturated, if the volume doubles. Repeat the question
for the case the volume is reduced to half the original volume.

Solution:

I: (T,x) BAl: vi=v,=001512 m¥kg, P;=Pgy =1318kPa

2: vy =2v;=0.03024 m3/kg superheated vapor
Interpolate between 600 kPa and 800 kPa

0.03024 — 0.03974
P, =600 + 200 x 002861 —0.03974 — 771 kPa

3: v3=v/2=0.00756 m3/kg <V, : two phase
_V3-Vf 0.00756 —0.000908

37Ty, | 00142 04678
Py =P, — 1318 kPa

e d A cr

P=1318 kPa
1 2
1 2
1318 . . 2
- -
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3.54

A steel tank contains 6 kg of propane (liquid + vapor) at 20°C with a volume of
0.015 m3. The tank is now slowly heated. Will the liquid level inside eventually rise
to the top or drop to the bottom of the tank? What if the initial mass is 1 kg instead

of 6 kg?
Solution:
V_0015m’
Constant volume and mass v, = v, =— === _ (0025 m3/kg
2 1 m 6 kg
T . — 3
A C.P. A2: v,=0.00454 m°/kg>v,
Lig. Vapor eventually reaches sat. liquid.
= level rises to top
- - 3
< 20°C Ifm=1kg = v, =0.015m’/kg>v,
/ a|b then it will reach saturated vapor.
v = level falls
A%
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3.55
Saturated water vapor at 60°C has its pressure decreased to increase the volume
by 10% keeping the temperature constant. To what pressure should it be
expanded?

Solution:
Initial state: v=7.6707 m’ /kg from table B.1.1
Final state: ~ v=1.10 x v, = 1.1 x 7.6707 = 8.4378 m3/kg

Interpolate at 60°C between saturated (P = 19.94 kPa) and superheated vapor
P =10 kPa in Tables B.1.1 and B.1.3

8.4378 — 7.6707

P=19.941+(10-19.941) 52— - =189 kPa
A" cr ) cr
P=10kPa
10 kPa
| SV [ \ v

Comment: T,v = P =18 kPa (software) v is not linear in P, more like 1/P,
so the linear interpolation in P is not very accurate.
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3.56
Ammonia at 20°C with a quality of 50% and total mass 2 kg is in a rigid tank
with an outlet valve at the bottom. How much liquid (mass) can you take out
through the valve assuming the temperature stays constant?

Solution:

The bottom has liquid until the state inside becomes saturated vapor.

V=mv, =2x 0.5 (0.001638 + 0.14922) = 0.15086 m’
m, = V/v, = 0.15086 m/ 0.14922 m’/kg = 1.0198 kg

m=m, ~m,=2- 10198 = 0.989 kg
AP cr AT cr.
P =857 kPa
T
| -V | AR
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3.57

A sealed rigid vessel of 2 m? contains a saturated mixture of liquid and vapor R-
134a at 10°C. If it is heated to 50°C, the liquid phase disappears. Find the
pressure at 50°C and the initial mass of the liquid.

Solution:
Process: constant volume and constant mass.
P State 2 is saturated vapor, from table B.5.1
P, =P,(50°C) =1.318 MPa

2 State 1: same specific volume as state 2
v, =V, =0.015124 m3/kg

1 v, =0.000794 + x, x 0.048658

v = x,=0.2945

m = V/v, =2/0.015124 = 132.24 kg; Myjq = (1-x,)m=93.295 kg
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3.58
A storage tank holds methane at 120 K, with a quality of 25 %, and it warms up
by 5°C per hour due to a failure in the refrigeration system. How long time will it
take before the methane becomes single phase and what is the pressure then?

Solution: Use Table B.7.1
Assume rigid tank v = constant = v,
v, =0.002439 +0.25 x 0.30367 = 0.078366 m3/kg
We then also see that v, > v_=0.00615 m3/kg

All single phase when v = Vo = T = 145K

AT 145-120

At= (5°C/h) = 3 =Shours P=P__.=824kPa

sat
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3.59

Ammonia at 10°C and mass 0.1 kg is in a piston cylinder with an initial volume of 1
m3. The piston initially resting on the stops has a mass such that a pressure of 900
kPa will float it. Now the ammonia is slowly heated to 50°C. Find the final pressure
and volume.

Solution:
C.V. Ammonia, constant mass.

Process: V= constant unless P = Py,

vV 1
. T =100 N - _ 3
State 1: T=10"C, v|= —10—0.1m/kg la 5

From Table B2.1 vy <v<v, 2

P 4|1
V-V 0.1-0.0016 |
X177y, T 020381 04828

V.

State 1a: P =900 kPa, v=v;=0.1 m3/kg <v
This state is two-phase T, =21.52°C

o at 900 kPa

Since T, > T, then v, > vy,

State 2: 50°C and on line(s) means

P> =900 kPa which is superheated vapor.
Table B.2.2 : v, =0.16263 m’/kg
V, =mv, = 1.6263 m>
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3.60

A 400-m3 storage tank is being constructed to hold LNG, liquified natural gas,
which may be assumed to be essentially pure methane. If the tank is to contain
90% liquid and 10% vapor, by volume, at 100 kPa, what mass of LNG (kg) will
the tank hold? What is the quality in the tank?

Solution:
CH4 is in the section B tables.

From Table B.7.1: ve=0.002366 m3/kg, (interpolated)
From Table B.7.2: vg=0.55665 m’/kg  (first entry 100 kPa)
Viig 0.9 x 400 Vyap 0.1 x 400

Miiq ="y, = 0.002366 152 155.5kg; my,,= vy 055665 =71.86 kg

= = — -4
my o, = 152227 kg, Xx=my,,/m.=472x10
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3.61

A boiler feed pump delivers 0.05 m>/s of water at 240°C, 20 MPa. What is the mass
flowrate (kg/s)? What would be the percent error if the properties of saturated liquid

at 240°C were used in the calculation? What if the properties of saturated liquid at
20 MPa were used?

Solution:

State 1: (T, P) compressed liquid seen in B.1.4: v =0.001205 m3/kg
= V/v = 0.05/0.001205 = 41.5 kg/s

Vi (240°0) = 0.001229 m3/kg = m=40.68 kg/s error 2%

V(20 MPa) — 0.002036 m3/kg = m=24.56 kg/s error 41%

V(20 MPa) — 0.002036 m3/kg = m=24.56 kg/s error 41%

AF cr

T e

AR
- I -

The constant T line is nearly vertical for the liquid phase in the P-v diagram.
The state is at so high P, T that the saturated liquid line is not extremely steep.
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3.62
A piston/cylinder arrangement is loaded with a linear spring and the outside
atmosphere. It contains water at 5 MPa, 400°C with the volume being 0.1 m?>. If the
piston is at the bottom, the spring exerts a force such that P, =200 kPa. The system

now cools until the pressure reaches 1200 kPa. Find the mass of water, the final state
(T, v,) and plot the P—v diagram for the process.

Solution:
P 1: Table B.1.3 = v,=0.05781 m’/kg
5000 —+ 1 m= V/V1 =0.1/0.05781=1.73 kg
Straight line: P=P,+Cxv
2 P,-P
1200 Vv, = v 5> = 0.01204 m%/kg
200 ¥ a
I v
0 ? 0.05781

Vv, < Vg(1200 kPa) so two-phase T, =188°C
= X, =(v,-0.001139)/0.1622 = 0.0672
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3.63
A pressure cooker (closed tank) contains water at 100°C with the liquid volume
being 1/10 of the vapor volume. It is heated until the pressure reaches 2.0 MPa.
Find the final temperature. Has the final state more or less vapor than the initial

state?
Solution:
State 1: Ve=mgve=Vy/10 =mgv,/10 ;
Table B.1.1: v¢=0.001044 m3/kg, vy =1.6729 m3/kg
o omg  10mgve/ve  10vy 001044 0.0062
1T mg+mp met 10mpve/ vy 10vptvg  0.01044 +1.6729

v, =0.001044 + 0.0062x1.67185 = 0.01141 m3/kg

State 2: v, =v, =0.01141 m3/kg <Vg(2MPa) from B.1.2 so two-phase

| P Atstate 2: v, = Vet X, Vg
0.01141=0.001177 + x, x 0.09845
2 = x,=0.104

More vapor at final state
T, =T,1(2MPa) =212.4°C

P—

I.
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3.64

A pressure cooker has the lid screwed on tight. A small opening with A =5 mm?2

is covered with a petcock that can be lifted to let steam escape. How much mass

should the petcock have to allow boiling at 120°C with an outside atmosphere at
101.3 kPa?

Table B.1.1.:  Pg,=198.5 kPa

F=mg=AP x A
m=AP x A/g
~ (198.5-101.3)x1000x5x10-6
9.807
=0.0496kg=50¢g
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Ideal Gas Law
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3.65
What is the relative (%) change in P if we double the absolute temperature of an
ideal gas keeping mass and volume constant? What will it be if we double V
having m, T constant.

Ideal gas law: PV =mRT

State 2: P2V = mRT2 = mR2T1 = 2P1V = P2 = 2P1
Relative change = AP/P; =P /P =1=100%

State 3: P3V3 = mRTl = PIVI = P3 = PIVI/V3 = P1/2
Relative change = AP/P; = -P{/2P| =-0.5 = -50%

AP
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3.66
A 1-m?3 tank is filled with a gas at room temperature 20°C and pressure 100 kPa.
How much mass is there if the gas is a) air, b) neon or ¢) propane ?

Solution:

Use Table A.2 to compare T and P to the critical T and P with
T=20°C=293.15K; P=100kPa<<P, for all
Air: T>>Teng; Teor=154.6K so ideal gas; R=0.287 klJ/kg K
Neon: T>T.,=444K so ideal gas; R = 0.41195 klJ/kg K
Propane: T < T,=370K, but P <<P,=4.25 MPa
so gas R =10.18855 kJ/kg K

All states are ideal gas states so the ideal gas law applies

PV = mRT
PV 100 x 1
) M=RT=0287x293.15 1189k
100 x 1
D) M=01195 x 293,15 0-828 kg
100 x 1
¢) m= = ~1.809 kg

0.18855 % 293.15
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3.67
Calculate the ideal gas constant for argon and hydrogen based on table A.2 and
verify the value with Table A.5

argon: R=R/M=8.3145/39.948 =0.2081 same as Table A.5

hydrogen: R=R/M=8.3145/2.016 = 4.124256 same as Table A.5
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3.68
A pneumatic cylinder (a piston cylinder with air) must close a door with a force of

500 N. The cylinder cross-sectional area is 5 cm? and its volume is 50 cm3. What
is the air pressure and its mass?

F=PA-PA =
500 N
0.0005 m?2 x 1000 N/kKN

~P1Vi 1100 kPa x 0.00005 m3
MTRT, ™ 0.287 kJ/kgK x 298 K

P=P,+F/A =100 kPa+ =1100 kPa

=0.00064 kg = 0.64 g

Comment: Dependent upon your understanding of the problem you could also have
neglected the atmospheric pressure to get 1000 kPa and 0.58 g for answers.
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3.69

Borgnakke and Sonntag

Is it reasonable to assume that at the given states the substance behaves as an

ideal gas?

Solution:
a) Oxygen, O, at 30°C,3 MPa
b) Methane, CH, at 30°C, 3 MPa
c) Water, HZO at 30°C, 3 MPa

d) R-134a at 30°C, 3 MPa
e) R-134a at 30°C, 100 kPa

All’l P

Ligq.

Ideal Gas (T » T, = 155 K from A.2)
Ideal Gas (T » T, =190 K from A.2)
NO compressed liquid P> P, (B.1.1)

NO compressed liquid P> P, (B.5.1)
Ideal Gas Pislow <P, (B.5.1)

c, d
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3.70
Helium in a steel tank is at 250 kPa, 300 K with a volume of 0.1 m°. Tt is used to fill
a balloon. When the pressure drops to 150 kPa, the flow of helium stops by itself. If
all the helium still is at 300 K, how big a balloon did I get?

Solution:

State 1: m=V/v assume ideal gas so
cb

PV 250x0.1
M7 RT, ~2.0771 x 300

=0.0401 kg

State 2:  Same mass so then (T, = Ty)
mRT2 PIVI RT2 Pl
V2=7p, “TRT;P, V1D,
2 1+2 2

ne o8B —0
OB =z

1250 3
=0.1 150—0.16667 m

The balloon volume is
Vialloon = V2 — V1 = 0.16667 — 0.1 = 0.06667 m>
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3.71
A hollow metal sphere of 150-mm inside diameter is weighed on a precision
beam balance when evacuated and again after being filled to 875 kPa with an
unknown gas. The difference in mass is 0.0025 kg, and the temperature is 25°C.
What is the gas, assuming it is a pure substance listed in Table A.5 ?

Solution:

Assume an ideal gas with total volume: V = %(0.15)3 =0.001767 m>

MRT  0.0025 x 8.3145 x 298.2
M=y =" g75x 0001767 4009 ~ My,

=> Helium Gas
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3.72

A spherical helium balloon of 10 m in diameter is at ambient T and P, 15°C and
100 kPa. How much helium does it contain? It can lift a total mass that equals the
mass of displaced atmospheric air. How much mass of the balloon fabric and cage
can then be lifted?

We need to find the masses and the balloon volume

v=_p3=Z103=523.6m>

60" =6
V PV 100kPax523.6m’
Mye =PV =3 = RT ~2.0771 kl/kgK x 288 K~ 57> K8

_ PV 100 kPa x 523.6 m’
air - RT  0.287 kJ/kgK x 288 K

m =633 kg

My =M. —my_ =633-87.5=5455kg

air
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3.73
A glass is cleaned in 45°C hot water and placed on the table bottom up. The room

air at 20°C that was trapped in the glass gets heated up to 40°C and some of it
leaks out so the net resulting pressure inside is 2 kPa above ambient pressure of
101 kPa. Now the glass and the air inside cools down to room temperature. What
is the pressure inside the glass?

Solution:
L air: 40°C, 103 kPa Slight amount
.. 0
2air: 20°C, ? of liquid water
seals to table top
Constant Volume: V,=V,, /

Constant Mass m; = m,
Ideal Gas P1V1 = l’anTl and P2V2 = mlRTz
Take Ratio

T 20 + 273

Py= Py, = 103 x 35575 = 964 kPa

This is a vacuum relative to atm pressure so the glass is pressed against table.
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3.74

Air in an internal combustion engine has 227°C, 1000 kPa with a volume of 0.1 m’>.
Now combustion heats it to 1500 K in a constant volume process. What is the mass
of air and how high does the pressure become?

The mass comes from knowledge of state 1 and ideal gas law

PV 1000 kPa x 0.1 m3
_ _ = 0.697 kg
RT; ~ 0.287 kJ/kgK x (227 +273) K

The final pressure is found from the ideal gas law written for state 1 and state 2 and
then eliminate the mass, gas constant and volume (V, = V) between the equations

P1 V1 =mRT1 and P2 V2=mRT2

1500
P, =P, x T,/T, = 1000 x < o = 3000 kPa

500
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3.75
Air in an automobile tire is initially at —10°C and 190 kPa. After the automobile is
driven awhile, the temperature gets up to 10°C. Find the new pressure. You must
make one assumption on your own.

Solution:

Assume constant volume and that air is an ideal
gas

P2 = P1 X TZ/TI
283.15
263.15

=190 x =204.4 kPa
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3.76

A rigid tank of 1 m3 contains nitrogen gas at 600 kPa, 400 K. By mistake
someone lets 0.5 kg flow out. If the final temperature is 375 K what is then the

final pressure?
Solution:
PV 600 x 1
M = RT = 0.2968 x 400 _ 074 ke

m, =m- 0.5 =4.554 kg

moRT, 4,554 x 0.2968 x 375
P, = 2\/ 2 _ X 1 *212 _506.9 kPa
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3.77
Assume we have 3 states of saturated vapor R-134a at +40 °C, 0 °C and -40 °C.
Calculate the specific volume at the set of temperatures and corresponding saturated
pressure assuming ideal gas behavior. Find the percent relative error = 100(v - vy)/vg
with v, from the saturated R-134a table.

Solution:
R-134a.  Table values from Table B.5.1 = Pgyq, vo(T)

Ideal gas constant from Table A.5: Rp_134, = 0.08149 kJ/kg K

T Py, kPa Vg viD.Gg. = RT /Py | error %
40 °C 51.8 0.35696 0.36678 2.75
0°C 294 0.06919 0.07571 9.4
40 °C 1017 0.02002 0.02509 25.3

|’ {
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3.78
Do Problem 3.77, but for the substance R-410a.
Solution:
R-410a.  Table values from Table B.4.1 Py, vo(T)

Ideal gas constant from Table A.5: Rg_410, = 0.1146 kl/kg K

T P, , kPa A viD.G. = RT / Pgye | error %
40 °C 175.0 0.14291 0.1527 6.8
0°C 798.7 0.03267 0.03919 20
40°C | 2420.7 0.00967 0.01483 53.3
T
} !
3 3
2
2 1
1
- -
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3.79
Do Problem 3.77, but for the substance ammonia.
Solution:
NH3. Table values from Table B.2.1 P, Vg(T)

Ideal gas constant from Table A.5: R,monia = 0.4882 kl/kg K

T P, , kPa A viD.G. = RT / Pgye | error %
40 °C 71.7 1.5526 1.5875 2.25
0°C 429.6 0.28929 0.3104 7.3
40 °C 1555 0.08313 0.09832 18.3
T
} !
3 3
2
2 1
1
- -
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3.80
A 1 m? rigid tank has propane at 100 kPa, 300 K and connected by a valve to

another tank of 0.5 m? with propane at 250 kPa, 400 K. The valve is opened and
the two tanks come to a uniform state at 325 K. What is the final pressure?

Solution:
Propane is an ideal gas (P <<P_.) with R =0.1886 kJ/kgK from Tbl. A.5

_PAVA_ 100 x 1

MA = "RT, ~0.1886 x 300 1-/074ke
_ PBVB _ 250 X 05 N
MB = "RT, ~ 0.1886 x 400 _ 1-0704 kg

V, =V +Vg=15m?

my =my + mp = 3.4243 kg

p - MaRTy 3.4243 x 0.1886 x 325
27V, 1.5

=139.9 kPa
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3.81
A vacuum pump is used to evacuate a chamber where some specimens are dried at
50°C. The pump rate of volume displacement is 0.5 m3/s with an inlet pressure of

0.1 kPa and temperature 50°C. How much water vapor has been removed over a 30-
min period?

Solution:
Use ideal gas since P <<lowest P in steam tables.
From table A.5 we get R =0.46152 kl/kg K
m=m At with mass flow rate as: ™= V/v =PV/RT (ideal gas)

0.1 x 0.5 x30x60
(0.46152 x 323.15)

— m=PVAYRT = =0.603 kg
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3.82
A 1-m3 rigid tank with air at 1 MPa, 400 K is connected to an air line as shown in
Fig. P3.82. The valve is opened and air flows into the tank until the pressure
reaches 5 MPa, at which point the valve is closed and the temperature inside is
450K.
a. What is the mass of air in the tank before and after the process?

b. The tank eventually cools to room temperature, 300 K. What is the pressure
inside the tank then?

Solution:
P, T known at both states and assume the air behaves as an ideal gas.
PV 1000 x 1

Myt “RT, 0287 x 400 711 KS
PV
Y 5000 x 1
My “RT, 0287 x 450 2o 1> ke

Process 2 — 3 is constant V, constant mass cooling to T,

P, =P, x (T,/T,) = 5000 x (300/450) = 3.33 MPa
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3.83
A cylindrical gas tank 1 m long, inside diameter of 20 cm, is evacuated and then

filled with carbon dioxide gas at 20°C. To what pressure should it be charged if there
should be 1.2 kg of carbon dioxide?

Solution:
Assume CO, is an ideal gas, table A.5: R =0.1889 kl/kg K

T
Ve =AxL =2(02° x 1=0.031416 m’

mRT
P V=mRT = P=75
1.2k x 01889 ki/kg K x (273.15 + 20 K _
=P 0.031416 m3 ~ 2115 kPa
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3.84
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Ammonia in a piston/cylinder arrangement is at 700 kPa, 80°C. It is now cooled at
constant pressure to saturated vapor (state 2) at which point the piston is locked with
a pin. The cooling continues to —10°C (state 3). Show the processes 1 to 2 and 2 to 3

on both a P—v and 7—v diagram.
Solution:

State 1: T, P from table B.2.2 this is superheated vapor.

State 2: T, x from table B.2.1
State 3: T, v two-phase

700 2 .1 80T
/ 14 L
290
/ 10|
-y

Vs
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Compressibility Factor
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3.85
How close to ideal gas behavior (find Z) is ammonia at saturated vapor, 100 kPa?
How about saturated vapor at 2000 kPa?

Table B.2.2: vi = 11381 m’/kg, T;=-33.6°C, P;=100kPa
vy = 0.06444 m3/kg, T,=49.37°C, P,=2000 kPa
Table A.5: R = 0.4882 kl/kg K

Extended gas law:  Pv=ZRT so we can calculate Z from this

Pyvy 100 x 1.1381
Z1=RT, 04882 x (273.15-33.6) 0973
Povy 2000 x 0.06444

Z2=RT, ~ 04882 x (273.15 + 49.37)  0-8183

So state 1 is close to ideal gas and state 2 is not so close.
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3.86

Carbon dioxide at 60°C is pumped at a very high pressure 10 MPa into an oil well
to reduce the oil viscosity for better oil flow. What is its compressibility?

Table B.3.2: v =0.00345 m’/kg

10 000 kPa x 0.00345 m>/kg 0.55
0.1889 kl/kg-K x333K

Z =Pv/RT =
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3.87
Find the compressibility for carbon dioxide at 60°C and 10 MPa using Fig. D.1

Solution:

Table A.2 CO2: T,=304.1K P.=7.38 MPa
T,=T/T,=333/304.1 = 1.095
P.=P/P,=10/7.38 =1.355
From Figure D.1: 7.~ 0.45

Compare with table B.3.2:  v=10.00345 m3/kg

10 000 kPa x 0.00345 m’/kg
0.1889 kl/kg-K x 333 K

Z =Pv/RT = =0.55
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3.88
What is the percent error in specific volume if the ideal gas model is used to
represent the behavior of superheated ammonia at 40°C, 500 kPa? What if the
generalized compressibility chart, Fig. D.1, is used instead?

Solution:
NH, T=40°C=313.15K, T, =405.5K, P.=11.35 MPa from Table A.1

Table B.2.2: v =0.2923 m3/kg
RT 0.48819 x 313
Ideal gas: v= P - TOX =0.3056 m3/kg = 4.5% error
. 313.15 0.5
Figure D.1: T, = 2055 0.772, P.= 1135 0.044 = Z2=0.97
ZRT

v="p"=02964 m’kg = 1.4% error

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



103 Borgnakke and Sonntag

3.89
A cylinder fitted with a frictionless piston contains butane at 25°C, 500 kPa. Can
the butane reasonably be assumed to behave as an ideal gas at this state ?

Solution
Butane 25°C, 500 kPa, Table A.2: T,=425K; P.=3.8 MPa
25+273 0.5
T.= 475 =0.701; r_3.8_0'13
Look at generalized chart in Figure D.1
Actual P,>P, o, =0.1 => liquid!! not a gas

The pressure should be less than 380 kPa to have a gas at that T.
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3.90
Estimate the saturation pressure of chlorine at 300 K.

Solution:
We do not have a table in the B section for Chlorine so we must use the generalized
chart.
Table A.2: P.,=7.98MPa, T.=4169K
T,=T/T.=300/416.9=0.7196
Figure D.1: P, =0.13 (same estimation from Table D.4)

P=P.P, =798 x0.13 =1.04 MPa

If you use the CATT3 program then you will find P, ¢,y = 0.122 and P = 973 kPa
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3.91
A bottle with a volume of 0.1 m3 contains butane with a quality of 75% and a
temperature of 300 K. Estimate the total butane mass in the bottle using the
generalized compressibility chart.

Solution:
We need to find the property v the massis: m=V/v
sofindvgivenT; and x as: v=vi+xvg
Table A.2: Butane T, =4252K P. = 3.8 MPa = 3800 kPa
T, =300/425.2=0.705 =>

From Fig. D.1 or table D.4: Z¢~0.02; Z,~0.9; Pt =0.1

V4

P =P, =P, o x P, = 0.1x 3.80 x1000 = 380 kPa
ve=ZRT/P = 0.02 x 0.14304 x 300/380 = 0.00226 m3/kg
vg = ZgRT/P = 0.9 x 0.14304 x 300/380 = 0.1016 m3/kg

v =0.00226 + 0.75 x (0.1016 — 0.00226) = 0.076765 m3/kg

\Y 0.1

m =1"=0076765 1303 kg
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3.92
Find the volume of 2 kg of ethylene at 270 K, 2500 kPa using Z from Fig. D.1

Ethylene Table A.2: T.=2824K, P.=5.04 MPa
Table A.5: R =0.2964 kl/kg K

The reduced temperature and pressure are:

Enter the chart with these coordinates and read: Z =0.76

v o MZRT _ 2k x0.76 x 0.2964 ki/kg-K x 270K _ 0o 3

P 2500 kPa
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3.93
With T, = 0.85 and a quality of 0.6, find the compressibility factor using Fig. D.1

For the saturated states we will use Table D.4 instead of the figure. There
we can see at T, = 0.85
Z;=0.062, Z,=0.747
Z=(1-x)Z¢ +xZz=(1-0.6)0.062 + 0.6 x 0.747 = 0.473

Z

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



108 Borgnakke and Sonntag

3.94
Argon is kept in a rigid 5 m3 tank at —30°C, 3 MPa. Determine the mass using the
compressibility factor. What is the error (%) if the ideal gas model is used?

Solution:
No Argon table, so we use generalized chart Fig. D.1
T,=243.15/150.8 =1.612, P.=3000/4870=0.616 => Z=0.96
PV 3000 x 5
ZRT 0.96 x 0.2081 x 243.2
Ideal gas Z =1

m =308.75 kg

m=pr= 296.4kg 4% error
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3.95
Refrigerant R-32 is at -10 °C with a quality of 15%. Find the pressure and specific
volume.

Solution:

For R-32 there is no section B table printed. We will use compressibility chart.
From Table A.2: T.=3513K; P.=578MPa;

From Table A.5: R =0.1598 klJ/kg K
T,=T/T,=263/351.3 =0.749

From Table D.4 or Figure D.1,  Z¢ =0.029; Z,~0.86; P;g~0.16
P =P, P.=0.16 x 5780 = 925 kPa
V=vet X Vg =(Zg +x X Zgp) RT/P
=[0.029 +0.15 x (0.86 — 0.029)] x 0.1598 kJ/kg-K x 263 K/ 925 kPa
=0.007 m3/kg

V4

Tr: 0.7

0.1
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3.96

Borgnakke and Sonntag

To plan a commercial refrigeration system using R-123 we would like to know how
much more volume saturated vapor R-123 occupies per kg at -30 °C compared to the
saturated liquid state.

Solution:
For R-123 there is no section B table printed. We will use compressibility chart.
From Table A2 T.=4569K; P.=3.66MPa; M=152.93

T, = T/T, = 243/456.9 = 0.53

R =R/M =8.31451/152.93 =0.0544
The value of T, is below the range in Fig. D.1 so use the table D.4

Table D4,  Z,=0979  Z;=0.00222
Zgy =0.979 - 0.0022 = 0.9768; P, =P, =0.0116

P =P, x P =42.5kPa

Vig = Zgy RT/P = 0.9768 x 0.0544 x 243 / 42.5 = 0.304 m3/kg

Comment: If you check with the software the solution is off by a factor of 6. The
linear interpolation is poor and so is the approximation for P, ¢, so the real

saturation pressure should be 6.75 kPa. Also the very small value of Z¢ is
inaccurate by itself, minute changes in the curve gives large relative variations.
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3.97
A new refrigerant R-125 is stored as a liquid at -20 °C with a small amount of vapor.
For a total of 1.5 kg R-125 find the pressure and the volume.

Solution:
As there is no section B table use compressibility chart.
Table A.2: R-125 T,=339.2K P.=3.62 MPa

T,=T/T,=253.15/339.2=0.746

We can read from Figure D.1 or a little more accurately interpolate from table
D.4 entries:

Proar=0.165 Z;=0.86;  Zp=0.029

P =P, o P.=0.16 x 3620 kPa = 579 kPa
Viiq = Zgmyjg RT/P = 0.029 x1.5 kg x 0.06927 kJ/kgK x 253.15 K/ 579 kPa

=0.0013 m>

Z sat vapor

Ty=0.7

sat liq.

0.1 1 InP,
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Equations of State

For these problems see appendix D for the equation of state (EOS) and chapter 14.
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3.98

Determine the pressure of nitrogen at 160 K, v =0.00291 m3/kg using ideal gas,
van der Waal Equation of State and the nitrogen table.

Nitrogen from table A.2: T, =126.2K, P.=3390 kPa,

Heal oae: p KT 0:2968 x 160 ki/ke-K x K
calgas: B=7"=770.00291 ke

=16 319 kPa

For van der Waal equation of state from Table D.1 we have

1 RT, 0.2968 x 126.2
b=g P =0.125 x 3390

=0.001 381 m’/kg,

a=27b? P, =27 x (0.001 381)% x 3390 = 0.174 562 kPa (m>/kg)*

RT a 0.2968 x 160 0.174 562

The BOSis: P =0 = 1270.00201 - 0.001 381 ~ 002912 _ 10 444 kPa

Table B.6.2: P =10 000 kPa.
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3.99

Determine the pressure of nitrogen at 160 K, v =0.00291 m3/kg using Redlich-
Kwong Equation of State and the nitrogen table.

Nitrogen from table A.2: T, =126.2K, P.=3390 kPa,
T,=T/T,=160/126.2 = 1.26783

For Redlich-Kwong EOS we have the parameters from Table D.1

b =0.08664 li,TCC =0.08664 x 0'296383;0126‘2 =0.000 957 3 m’/kg,
R2T° 2 2
a= 042748 T, =5 = 0.42748 x 2B A202_ ) 157 1) kpa (m/kg)?
c 1.267812 x 3390
The equation is:
p— RT _a
v—b vZ+bv
_0.2968 x 160 0.157122
~0.00291 - 0.000 9573~ .002912 + 0.000 9573 x 0.00291
= 10 357 kPa

Table B.6.2: P =10 000 kPa.
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3.100

Determine the pressure of nitrogen at 160 K, v =0.00291 m3/kg using Soave
Equation of State and the nitrogen table.

Nitrogen from table A.2: T, =126.2K, P.=3390kPa,
T,=T/T,=160/126.2 = 1.26783

For Soave EOS see Appendix D (very close to Redlich-Kwong)
RT a

v-b v2+bv
where the parameters are from Table D.1 and D.4
®=0.039

£f=0.48 + 1.5740 — 0.1760> = 0.54112

P:

8o = 042748 [1 + (1 -T. ) ]12=0.371184
RT, 0.2968 x 126.2 3
b=0.08664 75—~ = 0.08664 x == 3355 =0.000 957 3 m’/kg,
RZTi 0.2968% x 126.2?
a=0371184 5 =0371184 x =20 =0.153 616 kPa (m’/kg)
C
p— RT a
v—b VvZ+bv
__02968x160 0.153 616
0.00291 - 0.000 9573 0.002912 + 0.000 9573 x 0.00291
= 10 669 kPa

Nitrogen Table B.6.2: P =10 000 kPa.
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3.101

Carbon dioxide at 60°C is pumped at a very high pressure 10 MPa into an oil well
to reduce the oil viscosity for better oil flow. We want to find its specific volume
from the CO, table, ideal gas and van der Waals equation of state by iteration.

Table B.3.2: v =0.00345 m>/kg.

Ideal eas: _ RT 0.1889 x (60 +273.15) kJ/kg-K x K
cal gas: v="p = 10 000 o

=0.006 293 m>/kg

Carbon dioxide from table A.2: T,=304.1 K, P.=7380 kPa,

For van der Waal equation of state from Table D.1 we have

1 RT, 0.1889 x 304.1
=8P, 01277350

b =0.000 972 98 m’/kg,

a=27b? P, =27 x (0.000 972 98)> x 7380 = 0.188 6375 kPa (m>/kg)”

RT
The EOS is: P= — %
v—-b v

Since it is nonlinear in v we use trial and error starting with the Table entry.

0.1889 x333.15 0.188 6375

v=0.00345: P=0"0345_0.000972 98 ~ 0.003452 9557.8 kPa low
0.1889 x 333.15 0.188 6375 .

v=0.003 P= 0.003-0.00097298 ~ 0.0032 10 086.8 kPa high

v=0.00307: P 0.1889 x 333.15 0.188 6375:9995.4 OK.

= 0.00307 - 0.000 97298 ~ .003072
v =10.00307 m3/kg
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3.102
Solve the previous problem using the Redlich-Kwong equation of state. Notice
this becomes trial and error.

Carbon dioxide from table A.2: T, =304.1 K, P.= 7380 kPa,
T,=T/T,=333.15/304.1 = 1.09553
For Redlich-Kwong EOS we have the parameters from Table D.1

b = 0.08664 I;TCC = 0.08664 x 0‘188793203 04-1_ 0,000 6744 m3/kg,
R2T? 2 2
a= 042748 T, > =2 = 042748 x o0 0L 1936) kpa (mY/kg)?
¢ 1.0955312 x 7380
The equation is:
p— RT _a
v—-b vZ+bv
0.1889 x 333.15 0.18262
10000 =770.000 6744 121 0,000 6744 x v
Trial and error on v (start guided by Table B.3.2):
v=00035m’kg = P=9772.8kPa so v smaller
v=0.0033 m3/kg = P=10044.7 kPa so v larger
v=0.0034m’kg = P =9906.5 kPa

linear interpolation gives
v=0.00333m3kg =  P=10002.7kPa OK.
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3.103
Solve Problem 3.101 using the Soave equation of state, ® = 0.239. Notice this
becomes trial and error.

Carbon dioxide from table A.2: T,=304.1 K, P.=7380kPa,
T, =T/T, =333.15/304.1 = 1.09553

For Soave EOS see Appendix D (very close to Redlich-Kwong)
RT a
v-b vZ+bv
where the parameters are from Table D.1 and D.4
o =0.239

£=0.48 + 1.574m — 0.1760> = 0.84613
ag = 0.42748 [1 + £(1-T%) 12 = 0.394381

r

P:

RT, 0.1889 x 304.1

_ _ _ 3
b=0.08664 5= 0.08664 x ~— 73557 = 0.000 6744 m*/kg,
RT, 0.18897 x 304.17
a=0.394381 = =0.394381 x = 30 =0-176 342 kPa (m’/kg)?
C
The equation is:
p— RT a
“v—b VvZ+bv
10 000 %1889 x333.15 0.176 342

v-0.000 6744 2 4 0,000 6744 x v
Trial and error on v (start guided by Table B.3.2):

v =0.0035 m3/kg = P=10202kPa sov larger
v=0.0036 m3/kg = P=10051 kPa sovclose
v=0.00363 m3/kg = P= 10006 kPa OK
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3.104

Borgnakke and Sonntag

A tank contains 8.35 kg methane in 0.1 m3 at 250 K. Find the pressure using ideal
gas, van der Waal EOS and the methane table.

The state is given by (T=250K, v=V/m=0.1/8.35=0.011976 m3/kg)

AP

Table A.2 or B.7.2:

T.=1904K, . CH4
Crit.P.
P, = 4600 kPa T " state
Liquid v
T 250 S apor
T, =7 =Tona= 1313
r T, 1904
= T
RT 0.5183 x 250
Ideal gas model: P= v = 0011976 10 820 kPa

For van der Waal equation of state from Table D.1 we have

_1RT, 0.5183 x 190.4
~8 P, 4600

b =0.125 x =0.002 681 64 m3/kg,

a=27b? P, =27 x (0.002 681 64)% x 4600 = 0.893 15 kPa (m>/kg)?

RT a 0.5183 x 250 0.89315
v—b vZ 0.011976-0.002 68164 (0119762

The EOSis: P= = 7714 kPa

Locating the state in Table B.7.2: P =8000 kPa, very close
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3.105
Do the previous problem using the Redlich-Kwong equation of state.

The state is given by (T=250K, v=V/m=0.1/8.35=0.011976 m3/kg)

Table A.2 or B.7.2: A P

TC =190.4 K, . CH4

Crit.P.
P, = 4600 kPa N state
Liquid v
T 250 S apor
TrZT—szz 1.313
= T
RT 0.5183 x 250

Ideal gas model: P= v = 0011976 10 820 kPa

For Redlich-Kwong equation of state we have the parameters from Table D.1

b =0.08664 l;];c — 0.08664 x 22 185630190'4 =0.001 858 7 m’/kg,
R2T 2 2
a=042748 T, 2 =S = 042748 x I 799509 kpa (m¥ke)?
c 1313172 x 4600
The equation is:
RT a
P= v-b vZ+bv
0.5183 x 250 0.789809
~0.011976 - 0.0018587 ~ 0.0119762 + 0.0018587 x 0.011976
= 8040 kPa

Locating the state in Table B.7.2: P =8000 kPa, very close
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3.106
Do Problem 3.104 using the Soave EOS.

A tank contains 8.35 kg methane in 0.1 m? at 250 K. Find the pressure using ideal
gas, van der Waal EOS and the methane table.

The state is given by (T =250 K, v=V/m=0.1/8.35=0.011976 m3/kg)

Table A.2 or B.7.2:

T.=1904 K, A P
P.=4600 kPa Crit.P. «CH4
state
_ T 250 _ Liquid
T =T7."7904 = 1313 S Vapor
- T
RT 0.5183 x 250

Ideal gas model: P=—"="("r1107- = 10820kPa

v 0.011976

For Soave EOS we have the parameters from Table D.1 and D.4
®=0.011

f=0.48 + 1.5740 — 0.1760% = 0.49729
8o = 042748 [1+ (1 -T. )12 =0.367714

RT, 0.5183 x 190.4 3
b =0.08664 P = 0.08664 x 2600 =0.001 8587 m’/kg,
2
RT 0.5183% x 190.42
_ C _ . . N 3 2
a=0.367714 P - 0.367714 x 1600 =(.778 482 kPa (m’/kg)
The equation is:

p— RT a

T v—=b v2+bv

_ 0.5183 x 250 - 0.778 482

0.011976 - 0.001 8587  (.011976% + 0.0018587 x 0.011976
= 8108.7 kPa

Locating the state in Table B.7.2: P =8000 kPa
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Review Problems
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3.107
Determine the quality (if saturated) or temperature (if superheated) of the
following substances at the given two states:
Solution:

a) Water, H,O, use Table B.1.1 or B.1.2

1) 120°C, 1 m>/kg  v>v, superheated vapor, T =120 °C

g
2) 10 MPa, 0.01 m3/kg => two-phase v <v,

x=(0.01-0.001452)/0.01657 = 0.516

b) Nitrogen, N,, table B.6

1) 1 MPa, 0.03 m3/kg => superheated vapor since v > v,

Interpolate between sat. vapor and superheated vapor B.6.2:

0.03-0.02416
T=103.73 +(120-103.73) x 0.03117-0.02416 117 K

2) 100 K, 0.03 m> /kg => sat. liquid + vapor as two-phase v <v,
v=10.03=0.001452 + x x 0.029764 = x=0.959

AP cp
States shown are A
placed relative to the al, bl
two-phase region, not m
to each other. T
>V
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3.108
Give the phase and the missing properties of P, 7, v and x.

Solution:

a.R-410a T=10°C  v=0.01 m’/kg

Table B4.1 v <vy=0.02383 m/kg

sat. liquid + vapor. P =P, =1085.7 kPa,

X = (v - vp)/vgy = (0.01 - 0.000886)/0.02295 = 0.2713
b.H,0 T=350°C v=02m’kg

Table B.1.1 at given T: v > v, = 0.00881 m3/kg

sup. vapor P = 1.40 MPa, x =undefined
c.R-410a T=-5°C  P=600kPa

sup. vapor (P <P, =678,9 kPa at -5°C)

Table B.4.2:

v=0.04351 m’/kg at -8.67°C

v =0.04595 m/kg at 0°C

=>  v=0.04454 m’/kgat -5°C

d.R-134a P=294kPa, v=0.05m>/kg

Table B.S.1: v <v,=0.06919 m’/kg

two-phase T=Tg = 0°C

X = (v - vp)/vgy = (0.05 - 0.000773)/0.06842 = 0.7195

P
States shown are A CP

placed relative to the
two-phase region, not
to each other.
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Find the phase, quality x if applicable and the missing property P or 7.

125
3.109
Solution:
a. H20
b. H,O
C Hzo

T=120°C v=0.5m/kg

Table B.1.1 atgiven T: v < v, =0.89186
sat. liq. + vap. P =P, = 198.5 kPa,

X = (v - vp)/vgg = (0.5 - 0.00106)/0.8908 = 0.56
P=100kPa v=1.8md/kg

Table B.1.2 at given P: v > vy =1.69%4

sup. vap., interpolate in Table B.1.3
1.8 —1.694

T=103636 - 1694 (150 —99.62) +99.62 = 121.65 °C

T=263K v=02m/kg

Table B.1.5 atgivenT=-10°C: v < Vg =466.757

sat. solid + vap., P =Pg, = 0.26 kPa,
X = (V - v{)/Vjg = (200 - 0.001)/466.756 = 0.4285

A" CP. A\ cr.
States shown are b P = const.
placed relative to the 4 L
two-phase region, not
to each other. T
I C o >V I Ce N\ \Y4

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



126 Borgnakke and Sonntag

3.110
Find the phase, quality x if applicable and the missing property P or 7.

Solution:

a. NH; P=800kPa v=02m’/kg;
Superheated Vapor (v > v, at 800 kPa)
Table B 2.2 interpolate between 70°C and 80°C
T=171.4°C
b. NH; T=20°C  v=0.1m’kg
Table B.2.1 at given T: v < vy =0.14922

sat. liq. + vap., P =Py, = 857.5 kPa,
X =(v-vp/veg=(0.1-0.00164)/0.14758 = 0.666

[ ]
A" cr Al cp a
a
o P = const
b
T b
»V »V
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3.111
Give the phase and the missing properties of P, 7, v and x. These may be a little
more difficult if the appendix tables are used instead of the software.

a)R-410aat T'=10°C, v=0.02 m3/kg: TableB4.l1 v> vg at 10°C

=> sup. vap. Table B.4.2 interpolate between sat. and sup. both at 10°C

0.036-0.03471
P =680.7 + (600 - 680.7) 0.04018-0 03471 661.7 kPa

b)H,0 v=02md/kg, x=0.5: Table B.1.1
sat. liq. + vap. v =(1-x) vp+x vy => vp+ v, =04 mikg
since vy is so small we find it approximately where v, = 0.4 m3/kg.

vetve=0.39387 at 150°C,  vg+ v, =0.4474 at 145°C.

An interpolation gives T=149.4°C, P =468.2 kPa
¢)H,0 T=60°C, v=0.001016 m3/kg: Table B.1.1 v <vp=0.001017
=> compr. liq. see Table B.1.4

v=0.001015 at 5 MPa so P =0.5(5000 + 19.9) =2.51 MPa
d)NH; T=30°C, P=60kPa: Table B.2.1 P <P,
=> sup. vapor interpolate in Table B.2.2
60 - 50
75 -50

v is not linearly proportional to P (more like 1/P) so the computer table

v =2.94578 + (1.95906 - 2.94578) =2.551 m3/kg

gives a more accurate value of 2.45 m3/kg
e) R-134a v=0.005m3/kg, x=0.5: sat.lig. + vap. Table B.5.1
v=(1-x)vp+xvg => vp+vy=0.01 m¥kg

g
Vgt vg =0.010946 at 65°C, Vet vg = 0.009665 at 70°C.
An interpolation gives: T = 68.7°C, P =2.06 MPa
AT cp

States shown are
placed relative to the
two-phase region, not
to each other.
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3.112
Refrigerant-410a in a piston/cylinder arran%ement is initially at 50°C, x = 1. It is
then expanded in a process so that P= Cv  to a pressure of 100 kPa. Find the final
temperature and specific volume.
Solution:

State 1: 50°C, x=1 Table B.4.1: P1 =3065.2 kPa, v, = 0.00707 m3/kg
Process: Pv=C=P vy; => Py = C/vy=Pvi/vy
State 2: 100 kPa and v, =v,P /P, =0.2167 m’/kg

V, < Ve at 100 kPa, T2 =~ -51.65°C from Table B.3.2

Notice T is not constant

(P '

The first part of the process may be in the sup. vapor region.
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3.113
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Consider two tanks, A and B, connected by a valve, as shown in Fig. P3.113.

Each has a volume of 200 L and tank A has R-410a at 25°C, 10% liquid and 90%

vapor by volume, while tank B is evacuated. The valve is now opened and

saturated vapor flows from A to B until the pressure in B has reached that in A, at

which point the valve is closed. This process occurs slowly such that all
temperatures stay at 25°C throughout the process. How much has the quality
changed in tank A during the process?

Solution:

State Al:

State B2:

State A2:

H

X

A B
vacuum

TableBA.1  vp=0.000944 m’/kg, vy =0.01514 m’/kg

Vg1 . Vvapl  0.1x0.2  0.9x0.2

m,, = = +
Al Veosoe Vg 259C 0.000944 ~ 0.01514
=21.186 + 11.889 =33.075 kg
11.889
XA1 733,075~ 03594
Assume A still two-phase so saturated P for given T
Vv
B 0.2
my, = = =13.210kg
B2 Vg 25°C 0.01514
mass leftis ~ m,,=33.075-13.210 = 19.865 kg
0.2
VA2 =19865 0.010068 = 0.000944 + x , , x 0.01420
X, = 0.6425 Ax =0.283
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3.114
Water in a piston/cylinder is at 90°C, 100 kPa, and the piston loading is such that
pressure is proportional to volume, P = CV. Heat is now added until the temperature
reaches 200°C. Find the final pressure and also the quality if in the two-phase

region.
Solution:
Final state: 200°C , on process line P = CV
P
3 State I:  Table B.1.1: v, =0.001036 m’/kg
P, =P,v,/v, from process equation
Check state 2 in Table B.1.1
1
v Vg(Tz) =0.12736; Pg(Tz) =1.5538 MPa

Ifv,= Vg(Tz) = P,=123 MPa> Pg not OK

If sat. Py =Py(T,) = 1553.8 kPa = v,=0.0161 m’kg < v, sat. OK,

g
P, =1553.8 kPa, X, =(0.0161 - 0.001156) / 0.1262 = 0.118
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3.115

A tank contains 2 kg of nitrogen at 100 K with a quality of 50%. Through a volume
flowmeter and valve, 0.5 kg is now removed while the temperature remains constant.
Find the final state inside the tank and the volume of nitrogen removed if the
valve/meter is located at

a. The top of the tank
b. The bottom of the tank

Solution
Table B.6.1:

vi =0.001452 + x; x 0.029764 = 0.016334 m’/kg
Viank = Mqvy = 0.0327 m’

my =mj - 05=1.5 kg

vy = Viank/mp = 0.0218 < v,(T)

0.0218-0.001452
X2=0.031216-0.001452 ~ 0-6836

Top: flow out is sat. vap. v, =0.031216 m’/kg, Vout = Mgyvg = 0.0156 m’

Bottom: flow out is sat. liq. vy=0.001452 Vout = Mgyutve = 0.000726 m’
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3.116

A spring-loaded piston/cylinder contains water at 500°C, 3 MPa. The setup is
such that pressure is proportional to volume, P = CV. It is now cooled until the
water becomes saturated vapor. Sketch the P-v diagram and find the final
pressure.

Solution:

State 1: Table B.1.3: v, =0.11619 m’/kg

Process: mis constantand P = COV = Com v=Cv

P=Cv = C=P /v, =3000/0.11619 = 25820 kPa kg/m’

State 2: x, =1 & P, =Cv, (on process line)

P | Trial & error on TZSat or PZSat:
Here from B.1.2:
2 at 2 MPa Vg =0.09963 = C=20074 (low)
2.5 MPa Vg =0.07998 = C=31258 (high)
2.25 MPa Vg =0.08875 = C=25352 (low)
v

Interpolate to get the right C = P, =2270 kPa
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3.117
A container with liquid nitrogen at 100 K has a cross sectional area of 0.5 m?2.
Due to heat transfer, some of the liquid evaporates and in one hour the liquid level
drops 30 mm. The vapor leaving the container passes through a valve and a heater

and exits at 500 kPa, 260 K. Calculate the volume rate of flow of nitrogen gas
exiting the heater.

Solution:
Properties from table B.6.1 for volume change, exit flow from table B.6.2:

AV = AxAh=05x0.03=0.015m>

Ampi =-AVAp  =-0.015/0.001452=-10.3306 kg
Amy,o= AV/vg  =0.015/0.0312 = 0.4808 kg
my,, = 10.3306 - 0.4808 = 9.85 kg

_ 3
Vexit = 0.15385 m/kg

V =ty = (9.85/1h)x 0.15385 m’/kg
=1.5015 m’/h = 0.02526 m*/min
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3.118

For a certain experiment, R-410a vapor is contained in a sealed glass tube at 20°C. It
is desired to know the pressure at this condition, but there is no means of measuring
it, since the tube is sealed. However, if the tube is cooled to —20°C small droplets of
liquid are observed on the glass walls. What is the initial pressure?

Solution:
Control volume: R-410a fixed volume (V) & mass (m) at 20°C

Process: cool to -20°C at constant v, so we assume saturated vapor
State 2t V3 = Vg i pgec = 0-06480 m’/kg
State 1: 20°C, v{ = v, = 0.06480 m>/kg

interpolate between 400 and 500 kPa in Table B.4.2
=> P;=485kPa

T
(f A 300kPa_p
20Ct 250 kPa
20C4 )
»’ -
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3.119
A cylinder/piston arrangement contains water at 105°C, 85% quality with a
volume of 1 L. The system is heated, causing the piston to rise and encounter a
linear spring as shown in Fig. P3.119. At this point the volume is 1.5 L, piston
diameter is 150 mm, and the spring constant is 100 N/mm. The heating continues,
so the piston compresses the spring. What is the cylinder temperature when the
pressure reaches 200 kPa?

Solution:
P, =120.8 kPa, v, = v¢+x vg =0.001047 +0.85%1.41831 = 1.20661
_ __0.001 4 P
v, =v, (V,/ V)= 120661x 1.5=1.8099 200 ’1_2// 3
&P=P =1208kPa (T,=203.5C) y
P,=P,+ (kS/Apz) m(v3-vy) linear spring 1 15 liters

Ap = (n/4) x 0.15%=0.01767 m* ; k=100 kN/m (matches P in kPa)

200 = 120.8 + (100/0.01767 2 ) x 8.288x10(v3-1.8099)
200 = 120.8 +265.446 (v3—1.8099)=>  v3=2.1083 m’/kg
T3 =600 + 100 x (2.1083 —2.01297)/(2.2443-2.01297) = 641°C
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3.120
Determine the mass of methane gas stored in a 2 m3 tank at —30°C, 2 MPa. Estimate
the percent error in the mass determination if the ideal gas model is used.
Solution:

Table B.7
Methane Table B.7.1 at —=30°C =243.15K> T =190.6 K, so superheated
vapor in Table B.7.2. Linear interpolation between 225 and 250 K at 2 MPa.

243.15-225
250-225

m = V/v=2/0.05848 = 34.2 kg

= v=0.05289 + x(0.06059 - 0.05289) = 0.05848 m3/kg

Ideal gas assumption

CRT_ 0.51835 x 243.15
V> p ~ 2000

v 2
v 006302 SL74ke

=0.06302 m’/kg

m=

Error:
Am=246kg; 7.2% too large

Comment: The compressibility of the methane Z = 0.93.
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3.121

A cylinder containing ammonia is fitted with a piston restrained by an external force

that is proportional to cylinder volume squared. Initial conditions are 10°C, 90%
quality and a volume of 5 L. A valve on the cylinder is opened and additional
ammonia flows into the cylinder until the mass inside has doubled. If at this point
the pressure is 1.2 MPa, what is the final temperature?

Solution:
State 1 Table B.2.1: v, = 0.0016 + 0.9(0.205525 - 0.0016) = 0.18513 m3/kg

P, =615kPa; V,=5L=0.005 m3
m, = V/v=0.005/0.18513 = 0.027 kg
State 2: P, = 1.2 MPa, Flow inso: m,=2m, =0.054 kg

. P — 2 _ — _ 2 _ - 2
Process: PistonF, =KV*=PA => P=CV® =>P,=P  (V,/V,))

From the process equation we then get:

1/2 1200 1/2 3
V, =V, (P)/P)) " =0.005(5) = 0.006984 m

_ ~0.006984 3
v, =V/m =7 0054 0.12934 m°/kg

At P2, Vy! T2 =170.9°C
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3.122

A cylinder has a thick piston initially held by a pin as shown in Fig. P3.122. The
cylinder contains carbon dioxide at 200 kPa and ambient temperature of 290 K.
The metal piston has a density of 8000 kg/m3 and the atmospheric pressure is 101
kPa. The pin is now removed, allowing the piston to move and after a while the
gas returns to ambient temperature. Is the piston against the stops?

Solution:
Force balance on piston determines equilibrium float pressure.

Piston m, = Ap xIxp = 8000 kg/m?

Ppiston
My Ap x 0.1 x9.807 x 8000
=P+ =101 + 2
exton CO, 0 Ap Ap x 1000

P =108.8 kPa

Pin released, as P, > P, ( piston moves up, T, = T, & if piston at stops,
then V,=V, xH/H =V, x150/100
Ideal gas with T, =T, then gives

100
= P,=P, le/V2=200xﬁ=133kPa > Poxt

= piston is at stops, and P, =133 kPa
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3.123

What is the percent error in pressure if the ideal gas model is used to represent the

behavior of superheated vapor R-410a at 60°C, 0.03470 m3/kg? What if the
generalized compressibility chart, Fig. D.1, is used instead (iterations needed)?

Solution:
Real gas behavior: P =1000 kPa from Table B.4.2
Ideal gas constant: R =R/M =8.31451/72.585 =0.1146 kJ/kg K

P=RT/v=0.1146 x (273.15 + 60) / 0.0347
=1100 kPa which is 10% too high
Generalized chart Fig D.1 and critical properties from A.2:
T,=333.2/(273.15+71.3) =0.967, P.=4901 kPa
Assume P=1000kPa => P,=0204 = Z=0.92

v=ZRT/P=0.92 x 0.1146 x 333.15 /1000 = 0.03512 too high
Assume P=1050kPa => P,=0.214 == Z=0.915

v=ZRT/P=0.915 x 0.1146 x 333.15/ 1050 = 0.03327 too low

0.03470 — 0.03512
1000) % 03327~ 0.03512

P = 1000 + ( 1050 — =1011 kPa 1.1 % high
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3.124

An initially deflated and flat balloon is connected by a valve to a 12 m3 storage
tank containing helium gas at 2 MPa and ambient temperature, 20°C. The valve is
opened and the balloon is inflated at constant pressure, P, = 100 kPa, equal to
ambient pressure, until it becomes spherical at D1 = 1 m. If the balloon is larger
than this, the balloon material is stretched giving a pressure inside as
55

P=P,+Cl1-p7|p
The balloon is inflated to a final diameter of 4 m, at which point the pressure
inside is 400 kPa. The temperature remains constant at 20°C. What is the
maximum pressure inside the balloon at any time during this inflation process?
What is the pressure inside the helium storage tank at this time?

Solution:
At the end of the process we have D =4 m so we can get the constant C as

1.1
P=4OO=PO+C(1—Z)Z=100+C><3/16 => (C=1600kPa
The pressure is: P =100+ 1600 ( 1 —X_l)X_l; X=D/D,

dP - _
Differentiate to find max: d—DZC(-X P 42X )/D;=0
= X2 +2X7=0= X=2

at max P => D=2D1=2m; V=%D3=4.18m3
1 1
Pmax =100 + 1600(1—5)52500 kPa

PV 500 x4.189
RT ~ 2.0771 x 293.15

Helium is ideal gas A.5: m= =344 kg

PV 2000 x 12
MTANK 1= RT = 2.0771 x 293,15 >2-410kg

mrank, 2= 39.416 —3.44 =35.976 kg
PT2 = mTANK’zRT/V = ( IMTANK, 1/ mTANK’z) X Pl = 1825.5 kPa
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3.125
A piston/cylinder arrangement, shown in Fig. P3.125, contains air at 250 kPa,
300°C. The 50-kg piston has a diameter of 0.1 m and initially pushes against the
stops. The atmosphere is at 100 kPa and 20°C. The cylinder now cools as heat is
transferred to the ambient.
a. At what temperature does the piston begin to move down?
b. How far has the piston dropped when the temperature reaches ambient?

Solution:
Piston Ap =7 x 0.12=0.00785 m? P
Balance forces when piston floats: 1
3
B mpg 50 x 9.807
Pfloat =Po A 7= 190 500785 < 1000 P2 2
=162.5 kPa=P2=P3 \;/ -
To find temperature at 2 assume ideal gas: stop
P 162.5
T2 = T1 X P, =573.15 x 250 3725 K

b) Process 2 -> 3 is constant pressure as piston floats to T, =T =293.15K

V,=V,= Ap x H=0.00785 x 0.25=0.00196 m®> = 1.96 L

T3 293.15
2%, = 196X 375 =

AH = (V5 -V3)/A = (1.96-1.54) x 0.001/0.00785 = 0.053 m = 5.3 cm

Ideal gas and P, =P, => Vy=V 1.54 L
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Linear Interpolation
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3.126
Find the pressure and temperature for saturated vapor R-410a with v =0.1 m’ /kg

Solution:

Table B.4.1 Look at the saturated vapor column v, and it is found between —35°

g
C and —30°C. We must then do a linear interpolation between these values.

0.1 -0.11582
0.09470 — 0.11582

=-35+5x0.749 = -31.3°C

T=-35+[-30—(-35)]

P=218.4+(269.6 —218.4) x 0.749 = 256.7 kPa

AP AT

2
2 30 | 9
269.6
. ‘ | - [
218.4 35 1 1
A% A"
P
0.09470 ° 0.11582 0.09470 0.11582
0.1 ' 0.1

To understand the interpolation equation look at the smaller and larger
triangles formed in the figure. The ratio of the side of the small triangle in v as
(0.11582 - 0.1) to the side of the large triangle (0.11582 — 0.09470) is equal to
0.749. This fraction of the total AP =269.6 —218.4 or AT =-30 - (-35) is
added to the lower value to get the desired interpolated result.
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3.127
Use a linear interpolation to estimate properties of ammonia to fill out the table
below
P [kPa] T[°C] vmlkg]  x

a) 550 0.75

b) 80 20

c) 10 0.4
Solution:

a) Find the pressures in Table B.2.1 that brackets the given pressure.
550 -515.9 o
T=5+(10-35) 75, s159=5+5x0341=6.7°C

ve=0.001583 + (0.0016 — 0.001583) 0.341 = 0.001589 m3/kg

vg =0.24299 + (0.20541 — 0.24299) 0.341 = 0.230175 m3/kg
v =vg+xve =0.001589 +0.75(0.230175 — 0.001589)

=0.1729 m’/kg
b) Interpolate between 50 and 100 kPa to get properties at 80 kPa
80 — 50
v =2.8466 + (1.4153 — 2.8466) 100 = 50
=2.8466 + (—1.4313) x 0.6 = 1.9878 m3/kg
x: Undefined
c) Table B.2.1: v > v, so the state is superheated vapor.

Table B.2.2 locate state between 300 and 400 kPa.
0.4 - 0.44251
P'=300+(300-300) 535701 — 0.44251
=300+ 100 x 0.368 =336.8 kPa
x: Undefined
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3.128
Use a linear interpolation to estimate Tsat at 900 kPa for nitrogen. Sketch by hand

the curve Psat(T) by using a few table entries around 900 kPa from table B.6.1. Is
your linear interpolation over or below the actual curve?

Solution:
The 900 kPa in Table B.6.1 is located between 100 and 105 K.

900 — 779.2
T=100+(105-100) Toea ¢ 779 3

=100+5x0.3955=102 K

The actual curve has a positive second derivative (it curves up) so T is
slightly underestimated by use of the chord between the 100 K and the 105 K
points, as the chord is above the curve.

1467.61

1084.6 1
900 1
779.2 1
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3.129
Use a double linear interpolation to find the pressure for superheated R-134a at

13°C with v = 0.3 m’/kg.
Solution:

Table B.5.2: Superheated vapor
At10°C, 0.3 m%/kg

0.3 - 0.45608
P =50+ (100 - 50) x 535557 - ¢ 45608 = 53-8 kPa
At20°C, 0.3 m’/kg
0.3 - 0.47287
P =50+ (100 — 50) x =86.2 kPa

0.23392 - 0.47287

Interpolating at 13°C,
P =283.8+(3/10) x (86.2 — 83.8) = 84.5 kPa

This could also be interpolated as following:
At 13°C, 50 kPa, v =10.45608 + (3/10) x 0.0168 = 0.4611 m3/kg
At 13°C, 100 kPa, v =0.22527 + (3/10) x 0.0087 = 0.2279 m3/kg
Interpolating at 0.3 m3/kg.

0.3-0.4611
P =50+ (100 — 50) x

0.2279 - 0.4611

=84.5 kPa
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3.130
Find the specific volume for CO, at 0°C and 625 kPa.

Solution:
The state is superheated vapor in Table B.3.2 between 400 and 800 kPa.

625 - 400
v =0.12552 + (0.06094 — 0.12552) 800 — 400

=0.12552 + (- 0.06458) x 0.5625 = 0.0892 m>/kg

AV
0.12552
4_
0.06094 o
> P
400 625 800
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Computer Tables
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3.131

Use the computer software to find the properties for water at the 4 states in
Problem 3.35

Start the software, click the tab for water as the substance, and click the
small calculator icon. Select the proper CASE for the given properties.

CASE RESULT
a) 1(T,P) Compressed liquid, x =undefined, v =0.001002 m3/kg
b) 5(P,v) Two-phase, T =151.9°C, x =0.5321
c) 1(T,P) Sup. vapor, x = undefined, v=0.143 m3/kg
d) 4(T,x) P =P, = 8581 kPa, v=0.01762 m>/kg
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3.132

Borgnakke and Sonntag

Use the computer software to find the properties for ammonia at the 2 states listed
in Problem 3.32

Start the software, click the tab for cryogenic substances, and click the tab
for the substance ammonia. Then click the small calculator icon and select the
proper CASE for the given properties.

CASE RESULT
a) 2(T,v) Sup. vapor, x = undefined, P = 1200 kPa
b)  4(T,x) Two-phase, P = 2033 kPa, v = 0.03257 m’/kg
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3.133

Use the computer software to find the properties for ammonia at the 3 states listed
in Problem 3.127

Start the software, click the tab for cryogenic substances, select ammonia
and click the small calculator icon. Select the proper CASE for the given

properties.
CASE RESULT
a)  8(P,x) T =6.795°C, v=0.1719 m’/kg
b) 1(T,P) Sup. vapor, x = undefined, v=1.773 m3/kg
C) 2(T,v) Sup. vapor, x = undefined, P =330.4 kPa
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3.134
Find the value of the saturated temperature for nitrogen by linear interpolation in
table B.6.1 for a pressure of 900 kPa. Compare this to the value given by the
computer software.

The 900 kPa in Table B.6.1 is located between 100 and 105 K.

900 — 779.2
100) 1084.6 — 779.2
=100+ 5x0.3955=101.98 K

The actual curve has a positive second derivative (it curves up) so T is
slightly underestimated by use of the chord between the 100 K and the 105 K
points, as the chord is above the curve.

From the computer software:

CASE: 8 (P,x) T=-171°C=102.15K
So we notice that the curvature has only a minor effect.

T =100+ (105 —

P

1467.61

1084.6 1
900 T
779.2 1
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3.135
Use the computer software to sketch the variation of pressure with temperature in
Problem 3.44. Extend the curve a little into the single-phase region.

P was found for a number of temperatures. A small table of (P, T) values were
entered into a spreadsheet and a graph made as shown below. The

superheated vapor region is reached at about 140°C and the graph shows a
small kink at that point.

430

380 —J

330 '/

280 i”/,
P 230 ‘///

180 2
130 o

80
100 110 120 130 140 150 160
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4.a

The electric company charges the customers per kW-hour. What is that in SI
units?

Solution:

The unit kW-hour is a rate
multiplied with time. For the
standard SI units the rate of
energy is in W and the time is
in seconds. The integration in
Eq.4.21 becomes

mi

1 kW- hour = 1000 W x 60h—nhour « 60 ——=13 600 000 Ws
our min

=3600000J=3.6 MJ

4.b
Torque and energy and work have the same units (N m). Explain the difference.

Solution:

Work = force x displacement, so units are N x m. Energy in transfer
Energy is stored, could be from work input 1J=1Nm
Torque = force x arm static, no displacement needed
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4.c
What is roughly the relative magnitude of the work in the process 1-2¢ versus the
process 1-2a shown in figure 4.8?

By visual inspection the area below the curve 1-2c¢ is roughly 50% of the
rectangular area below the curve 1-2a. To see this better draw a straight line from
state 1 to point f on the axis. This curve has exactly 50% of the area below it.

4.d

Helium gas expands from 125 kPa, 350 K and 0.25 m?> to 100 kPa in a polytropic
process with n = 1.667. Is the work positive, negative or zero?

The boundary work is: W= f PdVv
P drops but does V go up or down?
The process equation is: PV"=C
so we can solve for P to show it in a P-V diagram P
P=CV™" 1
as n = 1.667 the curve drops as V goes up we see 2
V,>Vy giving dV>0 W v
and the work is then positive. —

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

4.e

An ideal gas goes through an expansion process where the volume doubles.
Which process will lead to the larger work output: an isothermal process or a
polytropic process with n = 1.25?

The process equation is: PV =C

The polytropic process with n = 1.25 drops the pressure faster than the isothermal
process with n = 1 and the area below the curve is then smaller.
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Concept Problems
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4.1

A car engine is rated at 160 hp. What is the power in SI units?
Solution:

The horsepower is an older unit for power
usually used for car engines. The
conversion to standard SI units is given in
Table A.1

1 hp=0.7355kW=7355W
1 hp =0.7457 kW for the UK horsepower

160 hp =160 x 745.7 W =119 312 W = 119.3 kW
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4.2
Two engines provide the same amount of work to lift a hoist. One engine can
provide 3 F in a cable and the other 1 F, What can you say about the motion of the
point where the force F acts in the two engines?

Since the two work terms are the same we get

W=[Fdx=3Fx =1Fx,
X2=3X1

so the lower force has a larger displacement.
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4.3

Two hydraulic piston/cylinders are connected through a hydraulic line so they
have roughly the same pressure. If they have diameters of D| and D, = 2D,

respectively, what can you say about the piston forces F and F,?

For each cylinder we have the total force as: F=PA. =P D%/4

2
Fl = PACyl 1= Pr D1/4

Fy=PAyy2=PrnDy4=Pr4Dy/4=4F,
N N F The forces are the total force
F2 acting up due to the cylinder
pressure. There must be other
forces on each piston to have a
2 force balance so the pistons do
i N —is not move.
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4.4

Normally pistons have a flat head, but in diesel engines pistons can have bowls in
them and protruding ridges. Does this geometry influence the work term?

The shape of the surface does not influence the displacement
dV=A, dx

where A, is the area projected to the plane normal to the direction of motion.
Ay =Agy = n D4

Work is
dW=Fdx=PdV=PA,dx =P A,y dx

and thus unaffected by the surface shape.

X
Semi-spherical A
head is made to Ridge
make room for I—/\\B(&f | normal plane
larger valves.

Piston
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4.5

CV A is the mass inside a piston-cylinder, CV B is that
plus the piston, outside which is the standard atmosphere.

Write the process equation and the work term for the two
CVs.

Solution:

C.V.A: Process: P=P,+myg/A.;=C,
1W2 = J.P dv :Pl J.de :le(szVl)
C.V.B: Process: P=P,=C,

1 Wy = J.Po dv =P0dev =P.,m(vy) —vy)
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4.6

Assume a physical set-up as in Fig. P4.5. We now heat the
cylinder. What happens to P, T and v (up, down or constant)? P

What transfers do we have for Q and W (pos., neg., or zero)?

Solution:
Process: P =P, + myg/A,=C

Heat in so T increases, v increases and Q is positive.

As the volume increases the work is positive. W, = _[ Pdv
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4.7

For a buffer storage of natural gas (CHy) a large bell in a container can move up and

down keeping a pressure of 105 kPa inside. The sun then heats the container and the
gas from 280 K to 300 K during 4 hours. What happens to the volume and what is
the sign of the work term?

Solution
The process has constant pressure
Ideal gas: PV=mRT as T increases then V increases

|Wh = j PdV >0 so positive.
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4.8
A drag force on an object moving through a medium (like a car through air or a
submarine through water) is F3=0.225 A pVZ. Verify the unit becomes Newton.

Solution:
Fq=0.225 A pV?

Units = m? ><(kg/m3)x(m2/52)=kgm/52=N
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4.9
The sketch shows a physical situation, show the possible process in a P-v diagram.
a) b) c)
L o J]
1 C
m,,
R-410a
AP A” Ar
1
P T 1
1
P 1
1 Pt
\V4 1
A% . > A%
: — \4 t —
Vstop Vl VStOp
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4.10

For the indicated physical set-up in a-b and ¢ above write a process equation and the
expression for work.

a) P=P; and V2V, or V=Vop and P<P
1Wa=P1(V2-Vy) [P} =Poat ]

b) P=A+BV; Wy = %(Pl +Py)(Va—Vy)

C) P=P; and VSVStop or V=Vst0p and P>P,

1Wo=P1(V,-V) [P =P ]

a) b) c)
L o ]
| C
My,
R-410a
AP AP Ap
P 1
T 1
1
P 1
1 Pl_-
Vv
A\ v g \Y
+ — + +
Vstop 1 Vl VStOp
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4.11
Assume the physical situation as in Fig. P4.9b; what is the work term a, b, ¢ or d?

a: (wp=Py(vy—vy) b: ywy =vi(Py-Py)

| |
c: Wy =75 (P +Py)(vy—vy) d: gwy =5 (P —Py)(vy +vy)

Solution: work term is formula ¢ the area under the process curve in a
P-v diagram.
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4.12

The sketch in Fig. P4.12 shows a physical situation; show the possible process in a
P-v diagram.

a) b) Q)
Po
R-410a
Solution:
AP AP Ar
PL
1 1
P A 1 PT 1
1 1
\% v A
T T > T » +
Vstop Vi V stop
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4.13

What can you say about the beginning state of the R-410a in Fig. P4.9 versus the
case in Fig. P4.12 for the same piston-cylinder?

For the case where the piston floats as in Fig. P4.9 the pressure of the R-410a
must equal the equilibrium pressure that floats (balance forces on) the piston.

The situation in Fig. P4.12 is possible if the R-410a pressure equals or exceeds
the float pressure.
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4.14

Show how the polytropic exponent n can be evaluated if you know the end state
properties, (P, V) and (P, V5).

Polytropic process: PV" =C

Both states must be on the process line: PZV; =C= PlVll1
: Pr (V)

Take the ratio to get: P, |V,

and then take In of the ratio

Py A \p)
In P, =In v, =nln Vv,

now solve for the exponent n

INEINC
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4.15
A piece of steel has a conductivity of k = 15 W/mK and a brick has k =1 W/mK.
How thick a steel wall will provide the same insulation as a 10 cm thick brick?
The heat transfer due to conduction is from Eq. 4.18

. dT AT

For the same area and temperature difference the heat transfers become
the same for equal values of (k / Ax) so

k k
(Ax Jbrick = (A Isteel

k 15
steel _ 0 1 m x=>=15m

AXgteel = AxXprick Kprick
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4.16

A thermopane window, see Fig. 4.27, traps some gas between the two glass
panes. Why is this beneficial?

The gas has a very low conductivity relative to a liquid or solid so the heat
transfer for a given thickness becomes smaller. The gap is furthermore made so
small that possible natural convection motion is reduced to a minimum. It
becomes a trade off to minimize the overall heat transfer due to conduction and
convection. Typically these windows can be manufactured with an E-glaze to
reduce radiation loss (winter) or gain (summer).

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

4.17

On a chilly 10°C fall day a house, 20°C inside, loses 6 kW by heat transfer. What

transfer happens on a 30°C warm summer day assuming everything else is the
same?

The heat transfer is Q = CA AT where the details of the heat transfer is in the
factor C. Assuming those details are the same then it is the temperature difference
that changes the heat transfer so

. kW
Q=CAAT=6kW =CA (20-10) => CA=O.6—K
Then

. kW .
Q=CAAT= 0.6?X(20—30)K=—6kW (it goes in)
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Force displacement work
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4.18

A piston of mass 2 kg is lowered 0.5 m in the standard gravitational field. Find
the required force and work involved in the process.

Solution:
F = ma =2 kg x 9.80665 m/s> = 19.61 N

W= [Fdx =F [dx =F Ax=19.61 N x 0.5 m = 9.805 J
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4.19

A hydraulic cylinder of area 0.01 m? must push a 1000 kg arm and shovel 0.5 m
straight up. What pressure is needed and how much work is done?

F =mg = 1000 kg x 9.81 m/s>
=9810 N=PA

P=F/A =9810 N/ 0.01 m?
= 981 000 Pa = 981 kPa

W= [Fdx=FAx=9810N x 0.5 m = 4905 J
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4.20

An escalator raises a 100 kg bucket of sand 10 m in 1 minute. Determine the total
amount of work done during the process.

Solution:
The work is a force with a displacement and force is constant: F =mg

W= [Fdx =F [ dx=F Ax =100 kg x 9.80665 m/s x 10 m = 9807 J
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4.21

A bulldozer pushes 500 kg of dirt 100 m with a force of 1500 N. It then lifts the
dirt 3 m up to put it in a dump truck. How much work did it do in each situation?

Solution:
W=]Fdx=F Ax
= 1500 N x 100 m
=150 000 J =150 kJ

W=|Fdz=]mgdz=mgAZ
=500 kg x 9.807 m/s® x 3 m
=14710J=14.7kJ
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4.22

A hydraulic cylinder has a piston of cross sectional area 15 cm? and a fluid
pressure of 2 MPa. If the piston is moved 0.25 m how much work is done?

Solution:
The work is a force with a displacement and force is constant: F =PA

W= [Fdx = [ PA dx =PA Ax

=2000 kPax 15x 104 m2x 0.25m =0.75 kJ
Units: kKPam?m=kNm?Zm?m=kNm=kJ
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4.23
A linear spring, F'= k (x — x,)), with spring constant £, = 500 N/m, is stretched

until it is 100 mm longer. Find the required force and work input.

Solution:
FZkS(x-xO)ZSOOXO.l =50N

W= I Fdx = [ ky(x - xo)d(x - x) = ky(x - x0)/2

N
=500 x (0.1%2) m*=2.5J
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4.24
Two hydraulic cylinders maintain a pressure of 1200 kPa. One has a cross

sectional area of 0.01 m? the other 0.03 m?. To deliver a work of 1 kJ to the
piston how large a displacement (V) and piston motion H is needed for each
cylinder? Neglect P,.

Solution:

W=[Fdx=/PdV =]PA dx =PA* H=PAV

w1k
AV ="p"=1200 kPa

Both cases the heightis H=AV/A
~0.000833
1= 0.01

0.000833
Hy =703

= 0.000 833 m°>

=0.0833 m

=0.0278 m
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4.25
Two hydraulic piston/cylinders are connected with a line. The master cylinder has

2

an area of 5 cm” creating a pressure of 1000 kPa. The slave cylinder has an area

of 3 cm2. If 25 J is the work input to the master cylinder what is the force and
displacement of each piston and the work out put of the slave cylinder piston?

Solution:
W=[F,dx=/Pdv=/PAdx =P A Ax

N W 25
master ~ PA T 1000x5x1074

AAX = AV =5 x107*x 0.05=2.5 x10° m=AVj,o =A Ax >
AXglave = AV/A = 2.5 x 107 /3 x10™* = 0.0083 33 m

Fooaster = P A = 1000x 5 x107* x10% = 500 N

Fyave =P A=1000x10%x 3 x10*=300 N
Wlave = F Ax =300 x 0.08333 =25 J

Master Slave
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4.26

The rolling resistance of a car depends on its weight as: F =0.006 m g. How long
will a car of 1400 kg drive for a work input of 25 kJ?

Solution:
Work is force times distance so assuming a constant force we get

WZdeXZFXZO.O%mgX

Solve for x

W 25KkJ
®70.006 mg ~ 0.006 x 1400 kg x 9.807 m/s2

= 303.5m
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Borgnakke and Sonntag

The air drag force on a car is 0.225 A pVZ. Assume air at 290 K, 100 kPa and a

car frontal area of 4 m” driving at 90 km/h. How much energy is used to
overcome the air drag driving for 30 minutes?

The formula involves density and velocity and work involves distance so:

1 P 100 kg
P=V=RT 0287 x200 12015 3
K 1000
- =25 mfs

V=907"=9 %3600 s

Ax =V At =25 m/s x 30 min x 60 s/min =45 000 m
Now

F=0.225ApV>=0.225x4 x 1.2015 x 257

k 2
= 675.8 m2 =5 x = 676 N
m S

W=FAx =676 N x 45 000 m =30 420 000 J = 30.42 MJ
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Boundary work simple 1 step process
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4.28

The R-410a in Problem 4.12 ¢ is at 1000 kPa, 50°C with mass 0.1 kg. It is cooled
so the volume is reduced to half the initial volume . The piston mass and
gravitation is such that a pressure of 400 kPa will float the piston. Find the work
in the process.

If the volume is reduced the piston must drop and thus float with P =400 kPa.
The process therefore follows a process curve shown in the P-V diagram.

Table B.4.2:  v;=0.03320 m3/kg Ap
Wy = deV = area P .
1
= Pfioat (V2= V1) = —Pfroar V1/2 4004 2
— 400 kPa x 0.1 kg x 0.0332 m3/kg /2 .
\
=-0.664 kJ
Vi stop
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4.29

A steam radiator in a room at 25°C has saturated water vapor at 110 kPa flowing
through it, when the inlet and exit valves are closed. What is the pressure and the
quality of the water, when it has cooled to 25°C? How much work is done?

Solution: Control volume radiator.
After the valve is closed no more flow, constant volume and mass.
l:x;=1,P;=110kPa = v; =v,=1.566 m3/kg from Table B.1.2

2: T, =25°C, 2
Process: vy = vy = 1.566 m3/kg = [0.001003 + x, x 43.359] m3/kg
1.566 —0.001003
Xy =335 = 0.0361

State 2: T, X, From Table B.1.1 P, =Psat=3.169 kPa

Wy = [PAV=0 .~ ) ) §§

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

4.30

A constant pressure piston cylinder contains 0.2 kg water as saturated vapor at
400 kPa. It is now cooled so the water occupies half the original volume. Find the
work in the process.

Solution:
Table B.1.2  v;=0.4625m3/kg  V;=mv; =0.0925 m3
vy =vy/2=0.23125 m3/kg V, =V /2=0.04625 m3

Process: P =C so the work term integral is

W= _[ PdV = P(V,-V) = 400 kPa x (0.04625 — 0.0925) m3 = -18.5 kJ

AP cp. A cr

P =400 kPa

400 1

T 144
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4.31

Find the specific work in Problem 3.47.
Solution:

State 1 from Table B.1.2 at 200 kPa

v=vp +x v =0.001061 +0.25 x 0.88467 = 0.22223 m3/kg
State 2 has same P from Table B.1.2 at 200 kPa

Ty = Tyt +20 = 120.23 + 20 = 140.23°C

so state is superheated vapor

_ 20 3
vy =0.88573 + (0.95964 — 0.88573)150 212023~ 0.9354 m°/kg

Process P = C: Wy = I Pdv= P;(vy—v))
=200 (0.9354 — 0.22223)
=142.6 kJ/kg
A" cp A ce
200 kPa
140 1
T 120 T
200 + / 1202 C
»V »V
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4.32

A 400-L tank A, see figure P4.32, contains argon gas at 250 kPa, 30°C. Cylinder B,
having a frictionless piston of such mass that a pressure of 150 kPa will float it, is
initially empty. The valve is opened and argon flows into B and eventually reaches a

uniform state of 150 kPa, 30°C throughout. What is the work done by the argon?

Solution:

Take C.V. as all the argon in both A and B. Boundary movement work done in
cylinder B against constant external pressure of 150 kPa. Argon is an ideal gas, so
write out that the mass and temperature at state 1 and 2 are the same

Py 1Va=muRT, =m,RT, =P,(V, +Vp,)
_ _250x0.4 _ 3
=> VB2 = 150 -0.4=0.2667m

2

{Wa = [ PeydV = Pey(Vy, - Vi) = 150 kPa (0.2667 - 0) m® = 40 kJ
1

Bl)

P, i PB
Argon g 1 2
B
A I VB
—|_>
X
&/

Notice there is a pressure loss in the valve so the pressure in B is always 150 kPa
while the piston floats.
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4.33

A piston cylinder contains 1.5 kg water at 200 kPa, 150°C. It is now heated in a

process where pressure is linearly related to volume to a state of 600 kPa, 350°C.
Find the final volume and the work in the process.

AP CP
Take as CV the 1.5 kg of water. 5
my)=mp=m; 6007 |
Process Eq.: P=A+ BV (linearly in V) 200 T T

State 1: (P, T) => v;=0.95964 m3/kg,

State 2: (P,T) => v, =0.47424 m3/kg, V, =mv, =0.7114 m3
From process eq.:
[ m
1W2 =) PdV=area= D) (Pl + Pz)(Vz - Vl)

1.5
= kg (200 + 600) kPa (0.47424 — 0.95964) m3/kg = ~291.24 kJ

Notice volume is reduced so work is negative.
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4.34

A cylinder fitted with a frictionless piston contains 5 kg of superheated refrigerant
R-134a vapor at 1000 kPa, 140°C. The setup is cooled at constant pressure until
the R-134a reaches a quality of 25%. Calculate the work done in the process.

Solution:
Constant pressure process boundary work. State properties from Table B.5.2
State 1: v =0.03150 m3/kg ,
State 2: v =0.000871 + 0.25 x 0.01956 = 0.00576 m3/kg
Interpolated to be at 1000 kPa, numbers at 1017 kPa could have
been used in which case: v =0.00566 m3/kg

1Wa = I PdV =P (V,-V]) =mP (v-v})
=5 1000 (0.00576 - 0.03150) = -128.7 kJ

A" cr Al cr
P = 1000 kPa
140 1
10001 1
39 1
2
\%
-
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4.35

A piston cylinder contains air at 600 kPa, 290 K and a volume of 0.01 m3. A

constant pressure process gives 54 kJ of work out. Find the final volume and
temperature of the air.

Solution:
W=[P dV = PAV

_ _54 3
AV =W/P =255=0.09 m

V, =V, +AV=0.01+0.09=0.1m>
Assuming ideal gas, PV = mRT, then we have

P2 V2 P2 V2 V2 0.1
T="0R ~p,v, T1= v, T1= o1 ¥ 290 =2900K
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4.36

A piston/cylinder has 5 m of liquid 20°C water on top of the piston (m = 0) with

cross-sectional area of 0.1 m?, see Fig. P2.56. Air is let in under the piston that rises

and pushes the water out over the top edge. Find the necessary work to push all the
water out and plot the process in a P-V diagram.

Solution:

Pl =P0+ ng

=101.32+997 x 9.807 x 5/ 1000 = 150.2 kPa
AV=HxA=5x01=05m>

1Wy =AREA =[P dV =" (P; + Py )(Viax -V1)

=14 (150.2 + 101.32) kPa x 0.5 m>
=62.88 kJ
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4.37

Saturated water vapor at 200 kPa is in a constant pressure piston cylinder. At this
state the piston is 0.1 m from the cylinder bottom and cylinder area is 0.25 m2.
The temperature is then changed to 200°C. Find the work in the process.

Solution:
State 1 from B.1.2 (P, x):  vj =v,=0.8857 m3/kg (also in B.1.3)
State 2 from B.1.3 (P, T): v, = 1.0803 m3/kg

Since the mass and the cross sectional area is the same we get

) 1.0803
hy =37 xh1 =3 8857

Process: P =C so the work integral is

0.1=0.122m

W= _[ PdV = P(V2 - Vl) =PA (h2 - hl)
W =200 kPa x 0.25 m2 x (0.122 - 0.1) m= 1.1 kJ

AT cp. AT cp

1 2 200 T

200 T
T 120
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4.38

A piston cylinder contains 1 kg of liquid water at 20°C and 300 kPa, as shown in
Fig. P4.38. There is a linear spring mounted on the piston such that when the
water is heated the pressure reaches 3 MPa with a volume of 0.1 m>.

a) Find the final temperature
b) Plot the process in a P-v diagram.
c¢) Find the work in the process.

Solution:
Take CV as the water. This is a constant mass:
m,=m;=m;
State 1: Compressed liquid, take saturated liquid at same temperature.
B.1.1: v{=v{20)=0.001002 m3/kg,
State 2: vy =V,/m=0.1/1=0.1 m3/kg and P = 3000 kPa from B.1.3

=> Superheated vapor close to T = 400°C
Interpolate: T, = 404°C

Work is done while piston moves at linearly varying pressure, so we get:
1
Wy =[P dV =area =Py, (Vo = Vi) = 5 (P + P))(V2- V)
=(0.5 (300 + 3000)(0.1 — 0.001) =163.35 kJ

A" cr A\ cr
2 2
I 300 kPa
1 T
300 50 11
»V »V
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4.39
Find the specific work in Problem 3.53 for the case the volume is reduced.

Saturated vapor R-134a at 50°C changes volume at constant temperature. Find the
new pressure, and quality if saturated, if the volume doubles. Repeat the question
for the case the volume is reduced to half the original volume.

Solution:
R-134a 50°C
Table B.4.1: v;=vy=0.01512m3/kg, vy =v;/2=0.00756 m3/kg

W, = [ PV = 1318.1 kPa (0.00756 — 0.01512) m3/kg = -9.96 kd/kg

AP cr A cr

P=1318 kPa

13187
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4.40

A piston/cylinder contains 1 kg water at 20°C with volume 0.1 m3. By mistake
someone locks the piston preventing it from moving while we heat the water to
saturated vapor. Find the final temperature, volume and the process work.

Solution
l: vi=V/m=0.1 m>/1 kg=0.1 m3/kg (two-phase state)
2: Constant volume: v, =v, =V
V,=V;=0.1m’
W, =[PdV=0
State 2: (v, xp=1)

0.1-0.10324
0.09361 - 0.10324

Ty=Tg =210+5 =211.7°C
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4.41

Ammonia (0.5 kg) is in a piston cylinder at 200 kPa, -10°C is heated in a process

where the pressure varies linear with the volume to a state of 120°C, 300 kPa.
Find the work the ammonia gives out in the process.

Solution:
Take CV as the Ammonia, constant mass.
Continuity Eq.: my=m;=m ;
Process: P=A+BV  (linearin V)
State 1: Superheated vapor v; =0.6193 m3/kg
State 2: Superheated vapor v, = 0.63276 m3/kg

Work is done while piston moves at increasing pressure, so we get
1
1Wy = f PdV =area= Pan (Vo,=V) = > (P + Py)m(vy — vy)

=1(200 + 300) x 0.5 (0.63276 — 0.6193) = 1.683 kJ
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4.42

Air in a spring loaded piston/cylinder has a pressure that is linear with volume, P
= A + BV. With an initial state of P =150 kPa, V =1 L and a final state of 800
kPa and volume 1.5 L it is similar to the setup in Problem 4.38. Find the work
done by the air.

Solution:

Knowing the process equation: P=A + BV giving a linear variation of
pressure versus volume the straight line in the P-V diagram is fixed by the two
points as state 1 and state 2. The work as the integral of PdV equals the area
under the process curve in the P-V diagram.

State 1: P;=150kPa V,=1L=0.001 m? ‘ P
State 2: P,=800kPa V,=1.5L=0.0015m3 2
Process: P=A + BV linear in V
2 P +P
= W= [PdV = (T)(V2 -V)) 1 fw v
1 —

1
=3 (150 +800) kPa (1.5 - 1) x 0.001 m = 0.2375 kJ
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4.43

Air, 3 kg, is in a piston cylinder similar to Fig. P.4.5 at 27°C, 300 kPa. It is now
heated to 500 K. Plot the process path in a P-v diagram, and find the work in the
process.

Solution:
Ideal gas PV =mRT
State 1: ~ T|,P; ideal gasso P;V;=mRT;
Vi =mR T;/P; =3 x0.287 x 293.15/300 = 0.8413 m3
State 2: T, P, =P; andideal gasso P,V, =mRT,
V,=mR T, /P, =3 x 0.287 x 600/300 = 1.722 m3

W, = [PdV =P (V,-V))=300 (1.722 - 0.8413) = 264.2 kJ

A’ A"

600 + 2
300 + 2
! T 300 kPa
2 1
T 293 T
»V »V
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Find the work for Problem 3.62.
A piston/cylinder arrangement is loaded with a linear spring and the outside

atmosphere. It contains water at 5 MPa, 400°C with the volume being 0.1 m>. If the
piston is at the bottom, the spring exerts a force such that Pj;i = 200 kPa. The system

now cools until the pressure reaches 1200 kPa. Find the mass of water, the final state
(75, v) and plot the P—v diagram for the process.

Solution :

P 1: 5 MPa, 400°C = v;= 0.05781 m’/kg
m = V/v; =0.1/0.05781 = 1.73 kg
Straight line: P =P, +Cv

2 P,-P
1200 va=vip . = 0.01204 m¥/kg
200 ¥7 La

)
[EEN

5000 -

! \

0 ? 0.05781 v, -0.001139

= X2=7 01622 0.0672

t vy < Vg(1200 kPa) so two-phase T, = 188°C

The P-V coordinates for the two states are then:
(Py=5MPa, V;=0.1m%),  (P,=1200kPa, V,=mv,=0.02083 m>)

- 1
Pvs. Vislinearso (W, = [PdV = 5 (P +Py)(Vy-Vy)

1
=5 (5000 + 1200)(0.02083 - 0.1) kPa-m’
=-245.4kJ
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4.45

Heat transfer to a block of 1.5 kg ice at -10°C melts it to liquid at 10°C in a
kitchen. How much work does the water gives out?

Work is done against the atmosphere due to volume change in the process.

State 1: Compressed solid, B.1.5, v;=0.0010891 m3/kg
State 2: Compressed liquid B.1.1 v, = 0.001000 m3/kg
W, = [PdV=P, (V- V))=Pym (v, - v})

=101.325 kPa x 1.5 kg x (0.001 — 0.0010891) m3/kg
=_0.0135kJ

Notice the work is negative, the volume is reduced!
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4.46

A piston cylinder contains 0.5 kg air at 500 kPa, 500 K. The air expands in a
process so P is linearly decreasing with volume to a final state of 100 kPa, 300 K.
Find the work in the process.

Solution:
Process: P =A+ BV (linear in V, decreasing means B is negative)

From the process: W, = f PdV = AREA = % (P; +P)(V,-V))

V| =mR T/ P; = 0.5 x 0.287 x (500/500) = 0.1435 m3
V, =mR T,/ P, = 0.5 x 0.287 x (300/100) = 0.4305 m>

1
W, =7 x (500 + 100) kPa x (0.4305 - 0.1435) m3 = 86.1 kJ
p T
A A
500 & 1 500 + o
T, | T
| 2
100 300 + 2
ch »V »V
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Polytropic process
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A nitrogen gas goes through a polytropic process with n = 1.3 in a piston/cylinder. It
starts out at 600 K, 600 kPa and ends at 800 K. Is the work positive, negative or zero?

The work is a boundary work so it is
W = [PdV = [ Pmdv = AREA

so the sign depends on the sign for dV (or dv). The process looks like the following

P p=Cy-13 T
The actual ) T=cCv93
process is on a T, ’
steeper curve
thann = 1. rv>T1 \L
-
v v

As the temperature increases we notice the volume decreases so
dv<0 = W<0
Work is negative and goes into the nitrogen gas.
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4.48

Consider a mass going through a polytropic process where pressure is directly
proportional to volume (n = — 1). The process start with P =0, "= 0 and ends with P
=600 kPa, = 0.01 m3. Find the boundary work done by the mass.

Solution:

The setup has a pressure that varies linear with volume going through the
initial and the final state points. The work is the area below the process curve.

P
‘ W = [ PdV = AREA
600 T
1
=72 (P +Py)(Vy-Vy)
1
W v =72(P,+0)(V;-0)
1 1
0 . o1 — =3P, V, =3 %600 x 0.01 =3 kJ
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4.49
Helium gas expands from 125 kPa, 350 K and 0.25 m?> to 100 kPa in a polytropic

process with n = 1.667. How much work does it give out?
Solution:
Process equation: PV" = constant = PlVrl1 = Png

Solve for the volume at state 2

125)0.6
Vy =V, (Py/Py) ™ =0.25 x (—j - 0.2852 m’

100
Work from Eq.4.4
PoVo-P1 Vi 100x 0.2852 - 125x 0.25 3

The actual process is
on a steeper curve
thann = 1. )
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4.50

Air at 1500 K, 1000 kPa expands in a polytropic process, n = 1.5, to a pressure of
200 kPa. How cold does the air become and what is the specific work out?

Process equation: PV" = constant = PIVII1 = PZVIZ1

Solve for the temperature at state 2 by using ideal gas (PV = mRT)
T, PV, Py (P 1jl/n (sz(n-l)/n

Ty PV PPy Py
; 200 \(1.5-1)/1.5
T, =T, (Po/P)"™ ™ = 1500 x (W) ~877.2K
Work from Eq.4.5
Pyvy-Prvp R(P,-Ty)
W2~ I-n ~ In
0.287(877.2 - 1500
= ( )_ 357.5 kJ/kg
1-1.5
. P
The actual process is 1
on a steeper curve
thann=1. w 2 L=1
-
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4.51
The piston/cylinder shown in Fig. P4.51 contains carbon dioxide at 300 kPa,
100°C with a volume of 0.2 m>. Mass is added at such a rate that the gas

compresses according to the relation PV'2 = constant to a final temperature of
200°C. Determine the work done during the process.

Solution:

From Eq. 4.4 for the polytopic process PV" =const (n# 1)

2 P,V, - PV
2V2 1V1
W, :deV=—1 o
1
Assuming ideal gas, PV = mRT
mR(T, - Ty)
W2 = I-n ’
P1Vi 300x 02 kPam3
But mR= T, =7373.15 K 0.1608 kJ/K
~0.1608(473.2-373.2) kI K
1W2 - 1 _ 1.2 K - -8004 kJ
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4.52

Air goes through a polytropic process from 125 kPa, 325 K to 300 kPa and 500 K.
Find the polytropic exponent n and the specific work in the process.

Solution:
n n n
Process: Pv" =Const=Pv, =P, v,

Ideal gas Pv=RT so

_RT_ 0.287 x 500
V27 P T 300

From the process equation

(Py/ Py)=(v{/vy)" => In(Py/ P{)=nIn(v{/v,)

In2.4
In1.56 1969

The work is now from Eq.4.4 per unit mass

Povp-Pivi R(Tp-Ty)  0.287(500 - 325)
™2= T 1 - I 11969 l8klkg

=0.47833 m>/kg

n=In(Py/ Py) / In(vy/ v,) =
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4.53
A gas initially at 1 MPa, 500°C is contained in a piston and cylinder arrangement

with an initial volume of 0.1 m>. The gas is then slowly expanded according to the
relation PV = constant until a final pressure of 100 kPa is reached. Determine the
work for this process.

Solution:

By knowing the process and the states 1 and 2 we can find the relation
between the pressure and the volume so the work integral can be performed.

Process: PV=C = V,=P;V{/P,=1000x0.1/100=1m3
For this process work is integrated to Eq.4.5

W,=]Pdv=Scvlav=Cinvyv) P 1
Vs
1W2:P1V1 lnv_l 2
w v
=1000 kPa x 0.1 m3 x In (1/0.1) —
~2303 kJ
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4.54
A balloon behaves so the pressure is P =C, \AGH C, =100 kPa/m. The balloon

is blown up with air from a starting volume of 1 m> to a volume of 3 m3. Find the
final mass of air assuming it is at 25°C and the work done by the air.

Solution:
The process is polytropic with exponent n = -1/3. P
2
P, =Cy V3 =100 x 1" = 100 kPa
1
P,=C, V3=100 x 313 = 144.22 kPa
W 4
—
P,V,-P.V
2°2 171
Wy =] Pav =——— (Equation 4.4)

14422 x3-100x 1
= - 3 =
1-(-173) kPa-m-° = 249.5 kJ

~PVy 14422 x3  kPa-m3
M= RT, = 0.287x298 klkg

=5.056 kg
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4.55

A piston cylinder contains 0.1 kg nitrogen at 100 kPa, 27°C and it is now
compressed in a polytropic process with n = 1.25 to a pressure of 250 kPa. What
is the work involved?

Take CV as the nitrogen. m=m;=m ;

Process Eq.: Pv" = Constant  (polytropic)

From the ideal gas law and the process equation we can get:
n-1 0.25

State 2: T, =T, (P, /) ™ =300.15 ( % )25 _360.5K

From process eq.:

m mR
1 Wy :_[ P dV =areca= Ton (Pyvy — Pyvy) =1a (T, —Ty)
0.1 x 0.2968
= li—l 75 (360.5 —300.15) =-7.165 kJ
P P:CTS P P:CV—I.ZS T
2 2 T=C V-O.ZS
Vi 3 2
1 T \\J__
> - -
T \%
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4.56

A piston cylinder contains 0.1 kg air at 100 kPa, 400 K which goes through a
polytropic compression process with n = 1.3 to a pressure of 300 kPa. How much
work has the air done in the process?

Solution:
Process: Pv" = Const.

1/
Ty =T, (Py Vo /PV)) =T (Py/ PP /Py) "

=400 x 300100 "1 = 5154

Work term is already integrated giving Eq.4.4
1 R
W, = 1-n (P, Vo, - P}V = % (T, =Ty Since Ideal gas,

_ 0.1x0.287

13 x(515.4-400)=-11kJ
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4.57

A balloon behaves such that the pressure inside is proportional to the diameter
squared. It contains 2 kg of ammonia at 0°C, 60% quality. The balloon and
ammonia are now heated so that a final pressure of 600 kPa is reached.
Considering the ammonia as a control mass, find the amount of work done in the
process.

Solution:
Process : P oc D%, with V oc D this implies P« D? o V3 50
pv 23 = constant, which is a polytropic process, n =—2/3
From table B.2.1: V, =mv, =2(0.001566 + 0.6 x 0.28783) = 0.3485 m>

P32
2 600 32 3
V,=V, [PJ = 0.3485 (429_3) =0.5758 m

P,V,-P

1-n

IVI

W,=]Pdv = (Equation 4.4)

_ 600 x 0.5758 - 429.3 x 0.3485

3_
-3 kPa-m> = 117.5 kJ

—
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4.58

Consider a piston cylinder with 0.5 kg of R-134a as saturated vapor at -10°C. It is
now compressed to a pressure of 500 kPa in a polytropic process with n = 1.5. Find
the final volume and temperature, and determine the work done during the process.

Solution:
Take CV as the R-134a which is a control mass. m, =mj;=m
Process: Pv'~ =constant until P =500 kPa
1: (T, x) v, =0.09921 m/kg, P= P, =201.7kPa from Table B.5.1

2: (P, process) vy =vy (P{/P5) (1/1.5)

~0.09921x (201.7/500)>" = 0.05416 m/kg
Given (P, v) at state 2 from B.5.2 it is superheated vapor at T, = 79°C

Process gives P=C v 13 , which is integrated for the work term, Eq.(4.4)

W= pav =215 (Pava - Pyvp)

2
=55 ke x (500 x 0.05416 - 201.7 x 0.09921) kPa-m*/kg

=-7.07 kJ
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4.59

A piston/cylinder contains water at 500°C, 3 MPa. It is cooled in a polytropic
process to 200°C, 1 MPa. Find the polytropic exponent and the specific work in
the process.

Solution:
Polytropic process: Pv"=C
Both states must be on the process line: szrzl =C= Plvrl1

P (Vo)
Take the ratio to get: Nl O
2 \4!

Pl V2 n V2
and then take In of the ratio: In|g|=In|—| =nln|—

now solve for the exponent n

P v
n=In (_1} /i (—ﬂ L0986, 919

P, vy) 0.57246

Table B.1.3  v;=0.11619 m’ kg,  v,=0.20596 m’/kg

Pv,-Pvy

IWZZIPdV: I-n

(Equation 4.4)

1000 x 0.20596 - 3000 x 0.11619
B 1-1919

=155.2 kJ/kg

kPa-m’ /kg
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4.60

A spring loaded piston/cylinder assembly contains 1 kg water at 500°C, 3 MPa.
The setup is such that the pressure is proportional to volume, P = CV. It is now
cooled until the water becomes saturated vapor. Sketch the P-v diagram and find
the final state by iterations and the work in the process.

Solution :
State 1: Table B.1.3: v, =0.11619 m’/kg
Process: m s constantand P = CoV=Cymv=Cv
polytropic process with n = —1
P=Cv = C=P/v;=3000/0.11619 = 25820 kPa kg/m3
State 2: x5 =1 & P, =Cv, (on process line)

‘P | Trial & error on Ty, Or Py o
Here from B.1.2:
2 at 2 MPa vy =0.09963 = C = P/v, =20074 (low)
2.5 MPa vy =0.07998 = C=P/v,=31258 (high)
C v 2.25 MPa v, =0.08875 = C =P/vy =25352 (low)
—

Now interpolate to match the right slope C:

25 820 — 25 352

Py =2250 +250 37555 55 355 = 2270 kPa,

vy = P5/C = 2270/25820 = 0.0879 m3/kg

P is linear in V so the work becomes (area in P-v diagram)

1
1Wa = [pav= m5(Py + Py)(vy - vy)

1
= 1 kg x 5 (3000 +2270)(0.0879 - 0.11619) kPa-m3
=_74.5KkJ
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4.61

Consider a two-part process with an expansion from 0.1 to 0.2 m?> at a constant
pressure of 150 kPa followed by an expansion from 0.2 to 0.4 m> with a linearly
rising pressure from 150 kPa ending at 300 kPa. Show the process in a P-V
diagram and find the boundary work.
Solution:
By knowing the pressure versus volume variation the work is found. If we
plot the pressure versus the volume we see the work as the area below the
process curve.

300
150
2 3
(W3 =W, +,W3 = [PdV + [ PdV
1 2

1
=P (V2= V) +5 Py + P3)(V3-V3)

1
= 150 kPa (0.2 — 1.0) m? +3 (150 + 300) kPa (0.4 — 0.2) m’
= (15 +45) kI = 60 kJ
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4.62

A helium gas is heated at constant volume from a state of 100 kPa, 300 K to 500
K. A following process expands the gas at constant pressure to three times the
initial volume. What is the specific work in the combined process?

AP

The two processes are: P 2 3
1 ->2: Constant volume V, =V, 21
2 ->3: Constant pressure Py =P,

P T 1

V.

Use ideal gas approximation for helium.
State 1: T, P = V1= RTI/PI

State 2: V2 = Vl => P2 = Pl (T2/Tl)
State 3: P3 = P2 => V3 = 3V2; T3 = Tz V3/V2 =500x3=1500K
We find the work by summing along the process path.

1W3 = Wy w3 = w3 =P3(v3 - vp) =R(T3 - Ty)

=2.0771 kl/kg-K x (1500 - 500) K = 2077 kJ/kg
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4.63
Find the work in Problem 3.59.

Ammonia at 10°C with a mass of 10 kg is in a piston cylinder arrangement with
an initial volume of 1 m3. The piston initially resting on the stops has a mass such
that a pressure of 900 kPa will float it. The ammonia is now slowly heated to
50°C. Find the work in the process.

C.V. Ammonia, constant mass.
Process: 'V = constant unless P =Py,

vV 1
. — 100 - 3
State 1: T=10°C, vy =7 =77=0.1 m¥/kg la 2
From Table B.2.1 vy <v<v, P T \
X = (v - vp/vgg = (0.1 - 0.0016)/0.20381 N
— 0.4828 YRR
cb

V-

State la: P =900 kPa, v=v;=0.1 <v, at 900 kPa
This state is two-phase Ty, =21.52°C

Since T, > Ty, then v, > vy,

State 2: 50°C and on line(s) means 900 kPa which is superheated vapor.
From Table B.2.2 linear interpolation between 800 and 1000 kPa:

v, =0.1648 m3/kg, V,=mv,=1.648 m3
(W= [P dV =Py (V5 - Vi) =900 kPa (1.648 - 1.0) m3
= 583.2kJ
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4.64

A piston/cylinder arrangement shown in Fig. P4.64 initially contains air at 150 kPa,
400°C. The setup is allowed to cool to the ambient temperature of 20°C.

a. Is the piston resting on the stops in the final state? What is the final
pressure in the cylinder?
b. What is the specific work done by the air during this process?
Solution:
State 1: Py =150kPa, T{=400°C=673.2K
State 2: T, =Ty=20°C=2932K

For all states air behave as an ideal gas.
a) Ifpiston at stops at 2, V, = V//2 and pressure less than Pj; = Py

Vi T, 293.2
:>P2=P1><V—2><T—1=150kPax2x =130.7 kPa <P,

673.2

= Piston is resting on stops at state 2.
b) Work done while piston is moving at constant Po,; = Py.

1 1
1Wa = J-Pext dV=P; (V-V) ; V=5V =5m RT/P

1 1
W2 =1 Wo/m=RT; (5—1)=-5x0.287kl/kg-K x673.2K

— ~96.6 kJ/kg
| 4 AT
la 1 T 1
p L T
5 C 1 . la
la|
Pt 2 T, T+ 2
2 vV 2 v
L L
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A cylinder containing 1 kg of ammonia has an externally loaded piston. Initially the
ammonia is at 2 MPa, 180°C and is now cooled to saturated vapor at 40°C, and then
further cooled to 20°C, at which point the quality is 50%. Find the total work for the
process, assuming a piecewise linear variation of P versus V.

Solution:
P
State 1: (T, P) Table B.2.2
2000 0.10571 m/k
0 vy =VU. m
1555 180°C 1 g
" 40°C State 2: (T, x) Table B.2.1 sat. vap.
857 P, = 1555 kPa,
20°C 3
v, =0.08313 m°/kg
A\

State 3: (T, x) P3=857kPa, v3=(0.001638 +0.14922)/2 = 0.07543 m’/kg
Sum the work as two integrals each evaluated by the area in the P-v diagram.

3 P, +P, P, + P3
(W3= [PAdV~(—5 " )m(va-v)+(— 5 )m(v3-vo)
1

2000 + 1555
=== —"kPax 1 kg x (0.08313 - 0.10571) m*/kg

1555 + 857
+ =5 kPax 1 kg x (0.07543 - 0.08313) m*/kg

=-494 kJ
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A piston cylinder has 1.5 kg of air at 300 K and 150 kPa. It is now heated up in a
two step process. First constant volume to 1000 K (state 2) then followed by a

constant pressure process to 1500 K, state 3. Find the final volume and the work
in the process.

Solution:
AP
The two processes are: 2 3
1 ->2: Constant volume V, =V, P2 T
2 ->3: Constant pressure Py =P,
P T 1 v

Use ideal gas approximation for air.
State I: T,P => V;=mRT/P; = 1.5x0.287x300/150 = 0.861 m3
State 2: V,=V; => P, =P, (T,/T;)=150x1000/300 = 500 kPa
State 3: P3=P, => V3=V, (T3/T,)=0.861x1500/1000 = 1.2915 m3
We find the work by summing along the process path.
1W3 =Wy + W3 =,W3=P3(V3-Vy)
=500 kPa x (1.2915 - 0.861) m3 = 215.3 kJ
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4.67

The refrigerant R-410a is contained in a piston/cylinder as shown in Fig. P4.67,
where the volume is 11 L when the piston hits the stops. The initial state is —30°C,
150 kPa with a volume of 10 L. This system is brought indoors and warms up to

15°C.

a. Is the piston at the stops in the final state?

b. Find the work done by the R-410a during this process.
Solution:

Initially piston floats, V < V4, so the piston moves at constant Py, = Py until it
reaches the stops or 15°C, whichever is first.

a) From Table B.4.2: v; =0.17732 m3/kg,

m=V/v= 001(7);(3)2 =0.056395 kg
—L Po J P
2
i Py 1 la
R-410a -
Vstop

Check the temperature at state 1a: Py, = 150 kPa, v=V,,/m.

0.011
Via = V/M=57056305

Since T, > Ty, then it follows that P, > P, and the piston is against stop.

=0.19505 m3/kg => T,,=-94°C &T,=15°C

b) Work done at constant P, = P;.

Wy = P dV =P (Vy - Vy) = 1500011 - 0.010) = 0.15 kJ
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4.68

A piston/cylinder contains 1 kg of liquid water at 20°C and 300 kPa. Initially the
piston floats, similar to the setup in Problem 4.67, with a maximum enclosed
volume of 0.002 m3 if the piston touches the stops. Now heat is added so a final
pressure of 600 kPa is reached. Find the final volume and the work in the process.

Solution:

Take CV as the water which is a control mass: mp=mj;=m;

Table B.1.1: 20°C => P_ =2.34kPa

State 1: Compressed liquid v =v{20)=0.001002 m’ /kg

State la: vy, = 0.002 m>/kg , 300 kPa

to

State 2: Since P, = 600 kPa > P.. then piston is pressed against the stops

vy=v_ =0.002 m3/kg and V=0.002 m’

v
stop
For the given P : v <v < Vg S0 2-phase T =Tgy=158.85°C

Work is done while piston moves at P, = constant = 300 kPa so we get

Wy = ,[ P dV=mP..(vs-v|) =1kgx 300 kPa x (0.002 — 0.001002) m>
=0.30 kJ

L
cb 2
1
H,0
\%
-
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4.69

A piston/cylinder contains 50 kg of water at 200 kPa with a volume of 0.1 m?.
Stops in the cylinder restricts the enclosed volume to 0.5 m3, similar to the setup
in Problem 4.67. The water is now heated to 200°C. Find the final pressure,
volume and the work done by the water.

Solution:

Initially the piston floats so the equilibrium P

lift pressure is 200 kPa

1: 200 kPa, v{=0.1/50 = 0.002 m3/kg, . 2

2: 200°C, on line Py la

Check state 1a: : »V
Vstop = 0.5/50 =0.01 m3/kg Vistop

=>

Table B.1.2: 200 kPa , v¢ <V, < Vg

State la is two phase at 200 kPa and T, ~ 120.2°C soas Ty > Ty, the
state is higher up in the P-V diagram with

V2 = Vgop < Vg = 0.127 m3/kg (at 200°C)
State 2 two phase => P, = Py,(T;) = 1.554 MPa, V, =V, = 0.5 m3
[ W) = | Wop = 200 KPa x (0.5 — 0.1) m3 = 80 kJ
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4.70

A piston/cylinder assembly (Fig. P4.70) has 1 kg of R-134a at state 1 with 110°C,
600 kPa, and is then brought to saturated vapor, state 2, by cooling while the
piston is locked with a pin. Now the piston is balanced with an additional constant
force and the pin is removed. The cooling continues to a state 3 where the R-134a
is saturated liquid. Show the processes in a P-V diagram and find the work in
each of the two steps, 1 to 2 and 2 to 3.

Solution :
CV R-134a This is a control mass.
Properties from table B.5.1 and 5.2

State 1: (T,P) B.5.2 => v=0.04943 m3/kg
State 2: given by fixed volume v =v; andx, =1.0 so from B.5.1

vy =V =vg=0.04943 m3/kg => T=10°C
State 3 reached at constant P (F = constant) vz = vp= 0.000794 m3/kg

‘P

Since no volume change from1to2 => {W2=0
TW3 = [Pdv = P(V3-V,) =mP(v3 -vj) Constant pressure

= 415.8 kPa x (0.000794 - 0.04943) m3/kg x 1 kg
=-20.22 kJ
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Find the work in Problem 3.84.
Ammonia at 10°C with a mass of 10 kg is in a piston cylinder arrangement with

an initial volume of 1 m3. The piston initially resting on the stops has a mass such

that a pressure of 900 kPa will float it. The ammonia is now slowly heated to
50°C. Find the work in the process.

C.V. Ammonia, constant mass.
Process: 'V = constant unless P =Py,

vV 1
. T —10° _Y_ 1 _ 3
State 1: T=10"C, v;=_-=7,=0.1m kg la )
From Table B2.1 vy <v<v, P2 T \
X1 = (v - vp)/lvgg = (0.1 - 0.0016)/0.20381 N\
=0.4828 Pl-- 1 e
cb

V.

State la: P =900 kPa, v=v;=0.1 <v, at 900 kPa
This state is two-phase Ty, =21.52°C

Since T, > Ty, then v, > vy,

State 2: 50°C and on line(s) means 900 kPa which is superheated vapor.
From Table B.2.2 linear interpolation between 800 and 1000 kPa:

v, =0.1648 m3/kg, V,=mv,=1.648 m3
(W= [P dV =P, (V5 - V{) =900 kPa x (1.648 - 1.0) m}
=583.2 kJ
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4.72

10 kg of water in a piston cylinder arrangement exists as saturated liquid/vapor at
100 kPa, with a quality of 50%. It is now heated so the volume triples. The mass
of the piston is such that a cylinder pressure of 200 kPa will float it, see Fig.
P4.72.

a) Find the final temperature and volume of the water.
b) Find the work given out by the water.

Solution:
Take CV as the water mp =mj = m;

Process: v =constant until P =P};s then P is constant.
State I: vy =vp+x v, = 0.001043 + 0.5 x 1.69296 = 0.8475 m’/kg
State 2: vy, Py <Pip => vy =3x 0.8475=2.5425 m’/kg;
T,=829°C; V,=mv,=25425m>
1W2 =Jpav= Pjigg x (V2 - Vy)
=200 kPa x 10 kg x (2.5425 — 0.8475) m’/kg = 3390 kJ

H20

V.
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4.73
A piston cylinder setup similar to Problem 4.72 contains 0.1 kg saturated liquid and
vapor water at 100 kPa with quality 25%. The mass of the piston is such that a

pressure of 500 kPa will float it. The water is heated to 300°C. Find the final
pressure, volume and the work, ;W».

Solution:
Take CV as the water: my) =mj =m AP
Process: v = constant until P = Pj; la 2

P

lift |
To locate state 1: Table B.1.2

v1 =0.001043 + 0.25x1.69296 = 0.42428 m3/kg P 1y
la: vy, =v;=0.42428 m3/kg > v, at 500 kPa

Y-

so state la is superheated vapor Ty, =200°C

State 2 is 300°C so heating continues after state 1a to 2 at constant P =>
2: Ty, Py =Pj;3=500 kPa => Table B.1.3 v, =0.52256 m3/kg ;
V5 = mvy = 0.05226 m3
1W2 = Pjift (V5 - V1) =500 kPa x (0.05226 - 0.04243) m3 = 4.91 kJ
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4.74

A piston cylinder contains air at 1000 kPa, 800 K with a volume of 0.05 m>. The
piston is pressed against the upper stops and it will float at a pressure of 750 kPa.
Then the air is cooled to 400 K. What is the process work?

We need to find state 2. Let us see if we proceed past state 1a during the cooling.
T1a="T Pgoat/ P1 =800 x 750 / 100 = 600 K

so we do cool below T,. That means the piston is floating. Write the ideal gas

law for state 1 and 2 to get

V. — mRT, P;ViT, 1000 x 0.05 x 400
2= Pz N P2T1 B 750 x 800

=0.0333 m>

Wy =1.Wy = IP dV =P, (V,-Vy)
=750 kPa x (0.0333 — 0.05) m> = -12.5 kJ

Y P
mp, .
2
Air P la
2 Vv
-

Vstop
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4.75

Electric power is volts times ampere (P = V 1). When a car battery at 12 V is
charged with 6 amp for 3 hours how much energy is delivered?

Solution:

W= [ Wdt=WAt=Viat "jl\

=12V x6 Amp x 3 x 3600 s
=777 600J=777.6 kJ

Remark: Volt times ampere is also watts, 1 W=1V x 1 Amp.=1J/s
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4.76

A copper wire of diameter 2 mm is 10 m long and stretched out between two
posts. The normal stress (pressure) o = E(L — L,)/L, , depends on the length L

versus the un-stretched length L, and Young’s modulus E = 1.1 x 10° kPa. The

force is F = Ac and measured to be 110 N. How much longer is the wire and how
much work was put in?

Solution:
F=As=AEAL/L, and AL =FL, /AE
A =%D2 =% % 0.0022 =3.142 x10 m2

Lo 110 x10
3.142x107° x1.1 x10° x103

=0.318 m

iWy= JFdx=JAsdx=[AE] dx
(0]

AE
ZL_Ol/zX2 where x=L - L,
©3.142x10 “ x1.1 x10° x10°
- 10

x % 03182 =17.47J
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4.77

A 0.5-m-long steel rod with a 1-cm diameter is stretched in a tensile test. What is
the required work to obtain a relative strain of 0.1%? The modulus of elasticity of

steel is 2 x 108 kPa.

Solution :
AEL
0
Wy =5 @7 A=5(0.01)2=7854x 100 m?
78.54x100 x 2x108 x 0.5 32
-1 Wy = 5 m“-kPa-m (1077)

=393J
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4.78

A soap bubble has a surface tension of S =3 x 10™* N/cm as it sits flat on a rigid
ring of diameter 5 cm. You now blow on the film to create a half sphere surface of
diameter 5 cm. How much work was done?

(W, =[F dx =[S dA =SAA

~2xSx(5D2-4D?)

n
2

=2 x3x 10 N/em x 100 cm/m x 5 0.052 m? (1-0.5)

—1.18x 10 J
Notice the bubble has 2 surfaces.

A =3D2,

A2 =1/27'ED2
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4.79

A film of ethanol at 20°C has a surface tension of 22.3 mN/m and is maintained
on a wire frame as shown in Fig. P4.79. Consider the film with two surfaces as a
control mass and find the work done when the wire is moved 10 mm to make the
film 20 x 40 mm.

Solution :
Assume a free surface on both sides of the frame, i.e., there are two surfaces
20 x 30 mm

W =—[5dA=-22.3x10"> N/m x 2 (800 — 600) x10™0 m?

— 8.92x10701=-8.92 W
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4.80
Assume we fill a spherical balloon from a bottle of helium gas. The helium gas

provides work ,[ PdV that stretches the balloon material ,[ S dA and pushes back

the atmosphere I P, dV. Write the incremental balance for dWyg[iym = AWtreteh
dW ¢, to establish the connection between the helium pressure, the surface
tension S and P, as a function of radius.

Wye=[PdV = [SdA +[P,dV
dWy. =PdV=SdA+ P,dV
dv=d( Zp3)=Zx3D%*dD

6 6
dA=d (2 x n x D¥) =2n (2D) dD

n

2

n

P5D?dD =S (4m)D dD + P, 5 D> dD

Divide by g D? to recognize

S
Pue=P,+83
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4.81

Assume a balloon material with a constant surface tension of S =2 N/m. What is
the work required to stretch a spherical balloon up to a radius of r=0.5 m?
Neglect any effect from atmospheric pressure.

Assume the initial area is small, and that we have 2 surfaces inside and out

W=-JSdA=-S (A, —A))
——S(Ay) =-S(2x 7 D3)

= 2N/mx2xntx1lm?=-12.57]
Wi, =-W=12.57J
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4.82
A sheet of rubber is stretched out over a ring of radius 0.25 m. I pour liquid water

at 20°C on it, as in Fig. P4.82, so the rubber forms a half sphere (cup). Neglect the
rubber mass and find the surface tension near the ring?

Solution:
FT=F! ; FT=5SL

The length is the perimeter, 2nr, and there is two surfaces

1 2
S x 2 x2mr =myyp, &= PH2o V&= PH2oX 5 T (21) 3g=PHzoX7’~'§r3

1
S=pH0gr g

1

=997 kg/m’® x ¢ x 0.25% m* x 9.81 m/s”

=101.9 N/m
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4.83
Consider a window-mounted air conditioning unit used in the summer to cool
incoming air. Examine the system boundaries for rates of work and heat transfer,
including signs.
Solution :
Air-conditioner unit, steady operation with no change of temperature of AC unit.

Cool side Hot side
Inside Outside

25°C

15C

- electrical work (power) input operates unit,

+Q rate of heat transfer from the room which actually is room air being
cooled,

a larger -Q rate of heat transfer (sum of the other two energy rates) out to
the outside air.
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4.84

Consider a light bulb that is on. Explain where we have rates of work and heat
transfer (include modes) that moves energy.

Solution:

Electrical power comes in, that is rate of work.

In the wire filament this electrical work is converted to internal energy so the wire
becomes hot and radiates energy out. There is also some heat transfer by
conduction-convection to the gas inside the bulb so that become warm.

The gas in turn heats the glass by conduction/convection and some of the
radiation may be absorbed by the glass (often the glass is coated white)

All the energy leaves the bulb as a combination of radiation over a range of
wavelengths some of which you cannot see and conduction convection heat
transfer to the air around the bulb.

\i/
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4.85
Consider a household refrigerator that has just been filled up with room-
temperature food. Define a control volume (mass) and examine its boundaries for

rates of work and heat transfer, including sign.
a. Immediately after the food is placed in the refrigerator
b. After a long period of time has elapsed and the food is cold

Solution:

I. C.V. Food.
a) short term.: -Q from warm food to cold refrigerator air. Food cools.

b) Long term: -Q goes to zero after food has reached refrigerator T.
II. C.V. refrigerator space, not food, not refrigerator system
a) short term: +Q from the warm food, +Q from heat leak from room into
cold space. -Q (sum of both) to refrigeration system. If not equal the
refrigerator space initially warms slightly and then cools down to preset T.
b) long term: small -Q heat leak balanced by -Q to refrigeration system.

Note: For refrigeration system CV any Q in from refrigerator space plus
electrical W input to operate system, sum of which is Q rejected to the room.
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A room is heated with an electric space heater on a winter day. Examine the
following control volumes, regarding heat transfer and work , including sign.

a) The space heater.

b) Room

c) The space heater and the room together
Solution:
a) The space heater.

Electrical work (power) input, and equal (after system warm up) Q out to the
room.

b) Room

Q input from the heater balances Q loss to the outside, for steady (no
temperature change) operation.

c) The space heater and the room together
Electrical work input balances Q loss to the outside, for steady operation.
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4.87

A 100 hp car engine has a drive shaft rotating at 2000 RPM. How much torque is
on the shaft for 25% of full power?

Solution:
Power = 0.25 x 100 hp =0.25 x 73.5 kW (if Sl hp) = 18.375 kW =T
o = angular velocity (rad/s) =RPM 2 n /60

power X 60 18.375 kW x 60 s/min
RPM x2n 2000 x 2r rad/min

T = Power/o = =87.73 Nm

We could also have used UK hp to get 0.25 x 74.6 kW. then T = 89 Nm.
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4.88

A car uses 25 hp to drive at a horizontal level at constant 100 km/h. What is the
traction force between the tires and the road?

Solution:
We need to relate the rate of work to the force and velocity

dw . dx
dW=Fdx => G-=W=F3 =FV
F=W/V
W =25 hp = 25 x 0.7355 kW = 18.39 kW
1000
V=100 x 3¢50 =27.78 mis
. 18.39 kW
F=W/V=75770"-=0.66 kN

Units: kW / (ms_l) =kWsm '=ks'sm'=kNmm ™' =kN
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4.89

An escalator raises a 100 kg bucket of sand 10 m in 1 minute. Determine the rate
of work done during the process.

Solution:
The work is a force with a displacement and force is constant: F =mg

W= JFdx =F [ de=F Ax = 100 kg x 9.80665 m/s? x 10 m = 9807 J
The rate of work is work per unit time

W 98077

T At 60s =163 W
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4.90

A crane lifts a bucket of cement with a total mass of 450 kg vertically up with a
constant velocity of 2 m/s. Find the rate of work needed to do that.

Solution:
Rate of work is force times rate of displacement. The force is due to gravity (a
=0) alone.
W =FV=mgxV=450kg x 9.807 ms > x 2 ms~ = 8826 J/s
W = 8.83 kW
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4.91
A force of 1.2 kN moves a truck with 60 km/h up a hill. What is the power?

Solution:

W =FV=12kN x 60 (km/h)

° o) ——o
12 % 10 x 60 x s N2 @ @

3600 s
=20000 W =20 kW
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A piston/cylinder of cross sectional area 0.01 m? maintains constant pressure. It

contains 1 kg water with a quality of 5% at 150°C. If we heat so 1 g/s liquid turns
into vapor what is the rate of work out?

Vyapor = Myapor Vg > Viig = Miig Vf
my,; = constant = Myapor Miig
Viot = Vvapor T Viig

Myt =0=myypo t Mg = Myjq = -Myzpor

Viot = Vvapor T Viig = MyaporVg T MyigVr

vapor (Vg™ V£) = Myanor Veg

W =PV =P mypo Vi

= 475.9 kPa x 0.001 kg/s x 0.39169 m>/kg = 0.1864 KW
=186 W
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Consider the car with the rolling resistance as in problem 4.26. How fast can it
drive using 30 hp?

F=0.006 mg
Power =F xV =3th=W

W 30 x0.7457 x1000
0.006 mg  0.006 x1200 x9.81

V=W/F= =271.5m/s

Comment: This is a very high velocity, the rolling resistance is low relative to the
air resistance.
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Consider the car with the air drag force as in problem 4.27. How fast can it drive
using 30 hp?
1 P 100

Drag force:  Fype =0.225 A p V2
Power for drag force: Wdrag =30 hp x 0.7457 = 22.371 kW

Wirag = Farag V = 0.225 x4 x 1.2015 x V?
V3 = Wgpag /(0225 x 4 x 1.2015) = 20 688

3600
V =27.452 m/s =27.452 x 1000~ 98.8 km/h
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4.95
Consider a 1400 kg car having the rolling resistance as in problem 4.26 and air
resistance as in problem 4.27. How fast can it drive using 30 hp?

Fiot = Frolling + Fair = 0.006 mg + 0.225 ApV?
m= 1400 kg, A =4 m>
p =P/RT = 1.2015 kg/m’
W =FV = 0.006 mgV + 0.225 pAV>

Nonlinear in V so solve by trial and error.
W =30 hp = 30 x 0.7355 kW = 22.06 kW

=0.0006 x 1400 x 9.807 V + 0.225 x 1.2015 x 4 /3

=82.379V + 1.08135 V3
V=25m/s = W=18956 W
V=26m/s W=21148 W
V=27m/s W=23508W
Linear interpolation
V =26.4 m/s =95 km/h

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

4.96

A current of 10 amp runs through a resistor with a resistance of 15 ohms. Find the
rate of work that heats the resistor up.

Solution:

W=power=Ei=Ri2=15x 10 x 10 = 1500 W

P
A\
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4.97

A battery is well insulated while being charged by 12.3 V at a current of 6 A.
Take the battery as a control mass and find the instantaneous rate of work and the
total work done over 4 hours.

Solution :
Battery thermally insulated = Q=0
For constant voltage FE and current i,
Power=Ei1=123x6=73.8 W [Units V x A =W]

W= _[ power dt = power At
=73.8x4x60x60=1062720J=1062.7 kJ
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4.98

A torque of 650 Nm rotates a shaft of diameter 0.25 m with © = 50 rad/s. What
are the shaft surface speed and the transmitted power?

Solution:
V=or=0D/2=50x0.25/2=6.25 m/s
Power = Tw = 650 x 50 Nm/s =32 500 W = 32.5 kW

Recall also Power =FV=(T/r) V=T Vir=To
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Air at a constant pressure in a piston cylinder is at 300 kPa, 300 K and a volume
of 0.1 m3. It is heated to 600 K over 30 seconds in a process with constant piston
velocity. Find the power delivered to the piston.

Solution:
Process: P = constant :
Boundary work: dW=PdvV => W=PV
V,=V;x(T»/T;) = 0.1 x (600/300) = 0.2 m3
. AV 0.2-0.1 m3
W=P At:300>< 30 kPa S =1KkW

Q
=) »

—>

Vv

Remark: Since we do not know the area we do not know the velocity
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A pressure of 650 kPa pushes a piston of diameter 0.25 m with V =5 m/s. What is
the volume displacement rate, the force and the transmitted power?

T
4

V = AV = 0049087 m? x 5 m/s = 0.2454 m°/s
F=P A =650 kPa x 0.049087 m? = 31.9 kN
W = power =F V=P V = 650 kPa x 0.2454 m’/s = 159.5 kW

A =~D?=0.049087 m?
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4.101
Assume the process in Problem 4.61 takes place with a constant rate of change in
volume over 2 minutes. Show the power (rate of work) as a function of time.
Solution:
W= I PdV since 2 min =120 sec
W =P (AV / At)
(AV / At) = 0.3 m>/ 120 s = 0.0025 m’/s
AP kw A W
3 3
300 0.75
1 2 1 2
150 0.375
\Y% \Y
- -
0.1 0.2 0.4 0.1 0.2 0.4

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

Heat Transfer rates

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

4.102
Find the rate of conduction heat transfer through a 1.5 cm thick hardwood board,
k=0.16 W/m K, with a temperature difference between the two sides of 20°C.

One dimensional heat transfer by conduction, we do not know the area so
we can find the flux (heat transfer per unit area W/mz).

Ao AT W 20 K 2
q=QA=k 3= =016 X 5015 m = 213 W/m
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4.103

A pot of steel, conductivity 50 W/m K, with a 5 mm thick bottom is filled with
15°C liquid water. The pot has a diameter of 20 cm and is now placed on an
electric stove that delivers 250 W as heat transfer. Find the temperature on the
outer pot bottom surface assuming the inner surface is at 15°C.

Solution :

Steady conduction through the bottom of the steel pot. Assume the inside
surface is at the liquid water temperature.

. AT .
Q=k A °— = AT=QAx/kA

AX
AT =250 W x 0.005 m /(50 W/m-K x 3 x 0.2% m?) = 0.796 K
T =15+ 0.796 = 15.8°C
J
b cbS
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4104

The sun shines on a 150 m? road surface so it is at 45°C. Below the 5 cm thick
asphalt, average conductivity of 0.06 W/m K, is a layer of compacted rubbles at a
temperature of 15°C. Find the rate of heat transfer to the rubbles.

Solution :
This is steady one dimensional conduction through the asphalt layer.

O

: AT
Q=kA
45-15 K
— 2 A
=0.06 = x150 m? x 5=
= 5400 W
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4.105
A water-heater is covered up with insulation boards over a total surface area of 3

m?. The inside board surface is at 75°C and the outside surface is at 18°C and the
board material has a conductivity of 0.08 W/m K. How thick a board should it be
to limit the heat transfer loss to 200 W ?

Solution :

Steady state conduction through a single layer
board.
AT

Qcond:kAE = AXZkAAT/Q

B W » 75-18K
AX—0.0S—meSm X 7500 W

AAAAAA.

=0.068 m
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4.106

A large condenser (heat exchanger) in a power plant must transfer a total of 100
MW from steam running in a pipe to sea water being pumped through the heat
exchanger. Assume the wall separating the steam and seawater is 4 mm of steel,
conductivity 15 W/m K and that a maximum of 5°C difference between the two
fluids is allowed in the design. Find the required minimum area for the heat
transfer neglecting any convective heat transfer in the flows.

Solution :
Steady conduction through the 4 mm steel wall.
. AT .
Q=k A N A =QAx/KkAT

A=100x10° W x 0.004 m/ (15 W/mK x 5 K)
= 480 m?

Sea
water
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4.107

A 2 m? window has a surface temperature of 15°C and the outside wind is
blowing air at 2°C across it with a convection heat transfer coefficient of h = 125
W/m?K. What is the total heat transfer loss?

Solution:

Q=hAAT =125 Wm?K x2m? x (15-2) K =3250 W

as a rate of heat transfer out.

15¢C

\-

2oc M
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4.108

You drive a car on a winter day with the atmospheric air at —15°C and you keep
the outside front windshield surface temperature at +2°C by blowing hot air on
the inside surface. If the windshield is 0.5 m” and the outside convection

coefficient is 250 W/m?K find the rate of energy loos through the front
windshield. For that heat transfer rate and a 5 mm thick glass with k =1.25 W/m
K what is then the inside windshield surface temperature?

Solution :

The heat transfer from the inside must match the loss on the outer surface
to give a steady state (frost free) outside surface temperature.

Qeonv=h A AT =250 x 0.5 x [2 — (—15)]
=250x0.5%x17=2125W
This is a substantial amount of power.

S AT _Q

Qcond_kA Ax = AT—kAAX
2125 W

AT

=1.25 WimK x 0.5 m2 < 0-005m=17K

Tin = Tout + AT =2+ 17 =19°C
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4.109
The brake shoe and steel drum on a car continuously absorbs 25 W as the car
slows down. Assume a total outside surface area of 0.1 m? with a convective heat

transfer coefficient of 10 W/m? K to the air at 20°C. How hot does the outside
brake and drum surface become when steady conditions are reached?

Solution :
. Q
Q=hAAT = AT—hA
25 o
AT:(TBRAKE_zo)ZIOXOIZZS C

TBRAKE =20+ 25=45°C
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4.110

Due to a faulty door contact the small light bulb (25 W) inside a refrigerator is
kept on and limited insulation lets 50 W of energy from the outside seep into the
refrigerated space. How much of a temperature difference to the ambient at 20°C

must the refrigerator have in its heat exchanger with an area of 1 m? and an
average heat transfer coefficient of 15 W/m? K to reject the leaks of energy.

Solution :

Qo =25+50=75W to go out
O=hAAT=15x1xAT=75W
JRSS N~ A

OR T must be at least 25 °C

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

4.111
The black grille on the back of a refrigerator has a surface temperature of 35°C with a
total surface area of 1 m?. Heat transfer to the room air at 20°C takes place with an

average convective heat transfer coefficient of 15 W/m? K. How much energy can be
removed during 15 minutes of operation?

Solution :
Q=hAAT; Q=QAt= hA AT At
Q=15 W/m? K x 1 m? x (35-20) K x 15 min x 60 s/min
=202 500 J=202.5kJ
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4.112

A wall surface on a house is at 30°C with an emissivity of € =0.7. The
surrounding ambient to the house is at 15°C, average emissivity of 0.9. Find the
rate of radiation energy from each of those surfaces per unit area.

Solution :
Q/A=c0ATY, 6=5.67x10"° Wm*K*

a) O/A=0.7x5.67 x 10° x (273.15 + 30)* =335 W/m>

b) O/A=0.9x5.67 x 10* x 288.15% = 352 W/m?
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4.113

A radiant heating lamp has a surface temperature of 1000 K with € = 0.8. How
large a surface area is needed to provide 250 W of radiation heat transfer?

Radiation heat transfer. We do not know the ambient so let us find the area
for an emitted radiation of 250 W from the surface

O = ecAT? w N
g 250 w
A= Q4: 3 R ~
eoT* 0.8 x5.67 x 10° x 1000* W/m
2 ~
=0.0055 m
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4.114

A log of burning wood in the fireplace has a surface temperature of 450°C.
Assume the emissivity is 1 (perfect black body) and find the radiant emission of
energy per unit surface area.

Solution :
Q /A=1xc T
=5.67 x 10 *x (273.15 + 450)*
=15 505 W/m>
=15.5 KW/m>
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4.115
A radiant heat lamp is a rod, 0.5 m long and 0.5 cm in diameter, through which
400 W of electric energy is deposited. Assume the surface has an emissivity of
0.9 and neglect incoming radiation. What will the rod surface temperature be ?

Solution :
For constant surface temperature outgoing power equals electric power.

_ 4 _
Q= eoAT' =Q =
T = Q, / ecA =400/ (0.9 x 5.67 x10 * x 0.5 x 1 x 0.005)
=99803 x10""K* = T=1000K OR 725°C
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4.116
A nonlinear spring has the force versus displacement relation of F'=k, (x — xo)n.

If the spring end is moved to Xy from the relaxed state, determine the formula for
the required work.

Solution:
In this case we know F as a function of x and can integrate

n Kns n+1
W= dex = fkns(x -X) d(x-x) = o+l (X1 -X,)
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A vertical cylinder (Fig. P4.117) has a 61.18-kg piston locked with a pin trapping
10 L of R-410a at 10°C, 90% quality inside. Atmospheric pressure is 100 kPa,
and the cylinder cross-sectional area is 0.006 m?. The pin is removed, allowing
the piston to move and come to rest with a final temperature of 10°C for the R-
410a. Find the final pressure, final volume and the work done by the R-410a.

Solution:
P, State 1: (T, x) from table B.4.1
vy =0.0008 + 0.9 x 0.03391 = 0.03132 m3/kg
mMp cb—l m=V;/v; =0.010/0.03132 =0.319 kg
1}1-!\ l g  Force balance on piston gives the equilibrium pressure
Py =Py + mpg/ Ap =100 6L18 x9.807 200 kPa

770,006 x 1000

State 2: (T,P) in Table B.4.2 v, =0.13129 m3/kg
V5 =mv, = 0.319 kg x 0.13129 m3/kg = 0.04188 m3 = 41.88 LL

{Wa = [Pequil AV = Po(V2-V)) = 200 kPa (0.04188- 0.010) m3 = 6.38 kJ
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Two kilograms of water is contained in a piston/cylinder (Fig. P4.110) with a
massless piston loaded with a linear spring and the outside atmosphere. Initially
the spring force is zero and Py = P = 100 kPa with a volume of 0.2 m3. If the

piston just hits the upper stops the volume is 0.8 m> and 7= 600°C. Heat is now
added until the pressure reaches 1.2 MPa. Find the final temperature, show the P—
V' diagram and find the work done during the process.

Solution:

State 1: vi=V/m=0.2/2=0.1 m3/kg

Process: 1 ->2—>3 or 153
State at stops: 2 or 2’

V2= Vgiop/m = 04 m/kg & T, =600°C

Table B.1.3 = P =1MPa <P,

stop

since P <Pj3 the processisas1 -2 —>3

stop

State 3: Py = 1.2 MPa, v; =v, = 0.4 m3/kg = T3=770°C

1
Wiz =W+ Wo3 =5 +Pp)(V,- V) +0

1
=5(100 +1000) kPa x (0.8 - 0.2) m?
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A piston/cylinder contains butane, C4H;,, at 300°C, 100 kPa with a volume of
0.02 m3. The gas is now compressed slowly in an isothermal process to 300 kPa.

a. Show that it is reasonable to assume that butane behaves as an ideal gas
during this process.

b. Determine the work done by the butane during the process.

Solution:
a) T, = Tlc = 547235"125 =1.35; P :P%: 318% =0.026
From the generalized chart in figure D.1 Z;=0.99
Ty = Tlc = 547235'_125 =1.35; Py :P%: % =0.079

From the generalized chart in figure D.1  Z,=0.98
Ideal gas model is adequate for both states.

b) Ideal gas T = constant = PV = mRT = constant

P 100
W= [PdV=PV, In 5. = 100kPa x 0.02 m? x In 30

=-22KkJ
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Consider the process described in Problem 3.116. With 1 kg water as a control mass,
determine the boundary work during the process.

A spring-loaded piston/cylinder contains water at 500°C, 3 MPa. The setup is such
that pressure is proportional to volume, P = CV. It is now cooled until the water
becomes saturated vapor. Sketch the P-v diagram and find the final pressure.

Solution :
State 1: Table B.1.3: v, =0.11619 m’/kg

Process: mis constantand P = COV = Com v=Cv

P=Cv = C=P/v{=3000/0.11619 = 25820 kPa kg/m3
State 2: x5 =1 & P, =Cv, (on process line)

AP 1 Trial & error on TH ., Or Py o
Here from B.1.2:
2 at 2 MPa v, = 0.09963 = C = P/vg = 20074 (low)
2.5 MPa vy =0.07998 = C=P/v,=31258 (high)
C v 2.25 MPa v, =0.08875 = C =P/vy =25352 (low)
—

Now interpolate to match the right slope C:
P, =2270 kPa, v, =P,/C=2270/25820 = 0.0879 m3/kg

P is linear in V so the work becomes (area in P-v diagram)

1
W2 = Jpav= 5P+ Pp)(va-vy)

1
= 5 (3000 +2270)(0.0879 - 0.11619) =-74.5 kd/kg
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A cylinder having an initial volume of 3 m3 contains 0.1 kg of water at 40°C. The
water is then compressed in an isothermal quasi-equilibrium process until it has a
quality of 50%. Calculate the work done in the process splitting it into two steps.
Assume the water vapor is an ideal gas during the first step of the process.

Solution: C.V. Water

State 2: (40°C,x=1) TblB.1.1 =>P, =7.384kPa, v,=19.52 m3/kg
State I: v, =V /m=3/01=30m’kg (>v;)
so H,O ~ ideal gas from 1-2 so since constant T

v
G 19.52
3. =7.384 x 30

1

P, =P = 4.8kPa

G

V,=mvy=0.1 x 19.52 = 1.952 m*

AF cpr

738 1 1

Process T=C: andideal gas gives work from Eq.4.5

2 \p) 1.952
Wy =[PdV =PVl v, = 48x3.0xIn—3
1

=—-6.19kJ

v3=0.001008 + 0.5 x 19.519=9.7605 => V;=mv3=0.976 m’

P=C=P,: This gives a work term as

3
aW3 = [ PAV =P, (V3-V,) = 7.384 kPa (0.976 - 1.952) m® = ~7.21 kJ
2

Total work:

1W3 = 1W2 + 2W3 =—-6.19-721=-134KkJ
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A piston/cylinder (Fig. P4.72) contains 1 kg of water at 20°C with a volume of

0.1 m>. Initially the piston rests on some stops with the top surface open to the
atmosphere, P, and a mass so a water pressure of 400 kPa will lift it. To what

temperature should the water be heated to lift the piston? If it is heated to
saturated vapor find the final temperature, volume and the work, | W.

Solution:
(a) State to reach lift pressure of P =400 kPa, v=V/m=0.1 m3/kg
Table B.1.2:  vp< v <v,=0.4625 m3/kg
=> T=T g =143.63°C
(b) State 2 is saturated vapor at 400 kPa since state 1a is two-phase.

B
la 2
H,0 1
A%
-

Vo=V = 04625 mikg, Vo = mv,y=0.4625m’,
Pressure is constant as volume increase beyond initial volume.
(W =] PaV =P (V3 V) =Py (V2 - V)

= 400 kPa (0.4625 — 0.1) m® = 145 kJ
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Find the work for Problem 3.112.

Refrigerant-410a in a piston/cylinder arrangement is initially at 50°C, x = 1. It is then
expanded in a process so that P= Cv  to a pressure of 100 kPa. Find the final
temperature and specific volume.

Solution:
Knowing the process (P versus V) and states 1 and 2 allows calculation of W.

State 1: 50°C,x =1 Table B4.1: P, =3065.2 kPa, v, =0.00707 m>/kg
Process: Pv=C=P vy; = Py =C/vp=Pyvi/vy
. — — 3
State 2: 100 kPa and v, =v P /P,=0.2167 m”/kg
V, < Ve at 100 kPa, T2 =~ -51.65°C from Table B.3.2

Notice T is not constant. It is not an ideal gas in this range
The constant C for the work term is P{v| so per unit mass we get

A\ 0.2167
1wy = Py In 7= 3065.2 x 0.0707 x In 77 = 242.7 kg
P T
A A
1 1
2
2
> >
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A cylinder fitted with a piston contains propane gas at 100 kPa, 300 K with a
volume of 0.2 m>. The gas is now slowly compressed according to the relation

PV'! = constant to a final temperature of 340 K. Justify the use of the ideal gas
model. Find the final pressure and the work done during the process.

Solution:

The process equation and T determines state 2. Use ideal gas law to say

T, L 340 11
P, =P, (T—Z)n-l =100 (350)%1 =396 kPa

1/ 1/1.1
v, ( ) " 109 =0.0572 m3

2 (396)

For propane Table A.2: T,=370K, P.=4260kPa, Figure D.1 gives Z.
T, =0.81, P,;=0.023 == Z;=0.98
T, =092, P»,=0.093 = Z,=0.95

Ideal gas model OK for both states, minor corrections could be used. The
work is integrated to give Eq.4.4

PoVa-P1Vi (396 x 0.0572) - (100 x 0. 2)
1-n 1-1.1

m3

W,=]Pdv =
— 267 kJ
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Consider the nonequilibrium process described in Problem 3.122. Determine the
work done by the carbon dioxide in the cylinder during the process.

A cylinder has a thick piston initially held by a pin as shown in Fig. P3.122. The
cylinder contains carbon dioxide at 200 kPa and ambient temperature of 290 K. The
metal piston has a density of 8000 kg/m?> and the atmospheric pressure is 101 kPa.
The pin is now removed, allowing the piston to move and after a while the gas returns
to ambient temperature. Is the piston against the stops?

Solution:
Knowing the process (P vs. V) and the states 1 and 2 we can find W.
If piston floats or moves:
P =Pjj =Py + pHg=101.3 + 8000 x 0.1 x 9.807 / 1000 = 108.8 kPa

Assume the piston is at the stops (since P; > Py;g piston would move)

Vo=V, x 150 /100 = (n/4) 0.12 x 0.1x 1.5 = 0.000785x 1.5 =0.001 1775 m’

For max volume we must have P > P; so check using ideal gas and constant
T process: P, =P; V{/ V,= 200/1.5 =133 kPa > Pj; and piston is at stops.

1W2 = J. Plift dVv = Plift (VZ —Vl) = 108.8 kPa (0001 1775 - 0.000785) 1’1’13
=0.0427 kJ

Remark: The work is determined by the equilibrium pressure, Pj;, and not the

instantaneous pressure that will accelerate the piston (give it kinetic energy). We
need to consider the quasi-equilibrium process to get W.
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The gas space above the water in a closed storage tank contains nitrogen at 25°C,
100 kPa. Total tank volume is 4 m3, and there is 500 kg of water at 25°C. An
additional 500 kg water is now forced into the tank. Assuming constant
temperature throughout, find the final pressure of the nitrogen and the work done
on the nitrogen in this process.
Solution:

The water is compressed liquid and in the process the pressure goes up

so the water stays as liquid. Incompressible so the specific volume does

not change. The nitrogen is an ideal gas and thus highly compressible.

State 1: V1,0 1 =500x0.001003  =0.5015 m3
= = 3
VN2 | =4.0-0.5015 =3.4985m
State 2: VN2 7 =4.0-2x0.5015=2.997 m3
Process: T =C gives PV, =mRT=P,V,

3.4985
PN2 > =100 x 2097 = 116.7 kPa

Constant temperature gives P =mRT/V i.e. pressure inverse in V for which
the work term is integrated to give Eq.4.5
2
Wy Ny = fl PN,dViN, =P1Vi In(Va/Vy)

2.
7 _ -54.1 kJ

=100 x 3.4985 x In 34985
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Consider the problem of inflating the helium balloon, as described in problem
3.124. For a control volume that consists of the helium inside the balloon
determine the work done during the filling process when the diameter changes
from 1 m to 4 m.

Solution :
Inflation at constant P =Py =100 kPa to Dy =1m, then

* 1 * ) *

P=P,+C(D " -D ™), D =D/Dy,
to Dy =4 m, P, =400 kPa, from which we find the constant C as:
400 =100+ C[ (1/4) - (1/4)2 ] = C=1600kPa

The volumes are: V =%D3 = V;=0.5236m3; V,= 33.51m?

2
Wey = JPdV
1
2

= Py(V,-Vp+S e 1 -D" 2y
1

T T2 TS3p*2 0
= 3 = =
V=¢D3, dv=5D"dD = 7D;°D “dD
*
Dz =4
f * *
= Wey = Pg(V2 - V) +3CV, (D -1)dD
Dl*zl
D,*2.p,*2 4

1 * *
= Po(V2= V) £ 3CV [T, -0

16-1
=100 x (33.51 ~ 0.5236) + 3 x 1600 x 0.5236 [—5— — (4-1)]

=14 608 kJ
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Air at 200 kPa, 30°C is contained in a cylinder/piston arrangement with initial

volume 0.1 m> . The inside pressure balances ambient pressure of 100 kPa plus an
externally imposed force that is proportional to 0->. Now heat is transferred to
the system to a final pressure of 225 kPa. Find the final temperature and the work
done in the process.

Solution:
C.V. Air. This is a control mass. Use initial state and process to find T,

P, =Py+CV"%  200=100+C(0.1)!, C=316.23=>
225=100+CV,"? = V,=0.156 m3
P1Vi
Psz = I’IIRTZ :T—TZ =
1
Ty = (P,V, / PyV) Ty =225 x 0.156 x303.15 / (200 x0.1) = 532 K = 258.9°C
Wi, =lpav = | (py+cvi2)av
2
=Py (V,-V)+C x3x (V23/2 - V13/2)

=100 (0.156 — 0.1) + 316.23 x % x (0.156%2 —0.13/2)
=56+6.32 =11.9kJ
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Two springs with same spring constant are installed in a massless piston/cylinder
with the outside air at 100 kPa. If the piston is at the bottom, both springs are
relaxed and the second spring comes in contact with the piston at ¥ =2 m3. The
cylinder (Fig. P4.129) contains ammonia initially at —2°C, x = 0.13, V=1 m3,
which is then heated until the pressure finally reaches 1200 kPa. At what pressure
will the piston touch the second spring? Find the final temperature and the total
work done by the ammonia.

Solution :

State 1: P=399.7kPa Table B.2.1
v=0.00156 +0.13x0.3106 = 0.0419

At bottom state 0: 0 m3, 100 kPa

State 2: V=2 m" and on line 0-1-2
Final state 3: 1200 kPa, on line segment 2.

Slope of line 0-1-2: AP/ AV = (P, - P)/AV = (399.7-100)/1 =299.7 kPa/ m>
Py =P; +(V, - V))AP/AV =399.7 + (2-1)x299.7 = 699.4 kPa

State 3: Last line segment has twice the slope.
P3; =P, +(V3-V,)2AP/AV = V3=V,+(P3-Py)/(2AP/AV)
V3 =2+(1200-699.4)/599.4 = 2.835 m3
v3=v1V3/V;=0.0419x2.835/1 =0.1188 = T=51°C

1 1
1W3 =Wy +,W3=5 (P +P)(Va- V) +5 (P53 +Py)(V3-V3)
=549.6 +793.0 =1342.6 kJ
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A spring-loaded piston/cylinder arrangement contains R-134a at 20°C, 24% quality
with a volume 50 L. The setup is heated and thus expands, moving the piston. It is
noted that when the last drop of liquid disappears the temperature is 40°C. The
heating is stopped when 7'= 130°C. Verify the final pressure is about 1200 kPa by
iteration and find the work done in the process.

Solution:
C.V. R-134a. This is a control mass.

P State 1: Table B.5.1 =>
P, + 3 vi =0.000817 + 0.24*0.03524 = 0.009274
P, =572.8 kPa,
BT 2 m=V/v;=0.050/0.009274 = 5.391 kg
Process: Linear Spring
P+ 1 P=A+Bv
v

State 2: x,=1,T, = P, =1.017 MPa, v, =0.02002 m3/kg
Now we have fixed two points on the process line so for final state 3:
Py-Py

P;=P; + W (v3-vy)=RHS Relation between P3 and v3
State 3: T3 and on process line = iterate on P5 given T3

at P3=1.2 MPa => v3=0.02504 =>P;-RHS =-0.0247

at P3 =14 MPa => v3=0.02112 =>P;3-RHS=0.3376
Linear interpolation gives :

0.0247
P3=1200 + 03376 + 0.0247 (1400-1200) = 1214 kPa

0.0247
03376 + 0.0047 (0-02112-0.02504) = 0.02478 m3/kg

v3 =0.02504 +

1 1
Wia=lPav =1@ +Pyvs- v =L@y Py m vy - v)
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In a complete cycle what is the net change in energy and in volume?

For a complete cycle the substance has no change in energy and therefore no storage,
so the net change in energy is zero.

For a complete cycle the substance returns to its beginning state, so it has no change in
specific volume and therefore no change in total volume.

Explain in words what happens with the energy terms for the stone in Example 5.2. What
would happen if it were a bouncing ball falling to a hard surface?

In the beginning all the energy is potential energy associated with the gravitational
force. As the stone falls the potential energy is turned into kinetic energy and in the
impact the kinetic energy is turned into internal energy of the stone and the water. Finally
the higher temperature of the stone and water causes a heat transfer to the ambient until
ambient temperature is reached.

With a hard ball instead of the stone the impact would be close to elastic transforming
the kinetic energy into potential energy (the material acts as a spring) that is then turned
into kinetic energy again as the ball bounces back up. Then the ball rises up transforming
the kinetic energy into potential energy (mgZ) until zero velocity is reached and it starts
to fall down again. The collision with the floor is not perfectly elastic so the ball does not
rise exactly up to the original height losing a little energy into internal energy (higher
temperature due to internal friction) with every bounce and finally the motion will die
out. All the energy eventually is lost by heat transfer to the ambient or sits in lasting
deformation (internal energy) of the substance.
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S.c
Make a list of at least 5 systems that store energy, explaining which form of energy.

A spring that is compressed. Potential energy (1/2)kx2

A battery that is charged. Electrical potential energy. V Amp h

A raised mass (could be water pumped up higher) Potential energy mgH
A cylinder with compressed air. Potential (internal) energy like a spring.
A tank with hot water. Internal energy mu

A fly-wheel. Kinetic energy (rotation) (1/2)1032

A mass in motion. Kinetic energy (1/2)mV2

S.d

A constant mass goes through a process where 100 J of heat transfer comes in and 100
J of work leaves. Does the mass change state?

Yes it does.
As work leaves a control mass its volume must go up, v increases

As heat transfer comes in an amount equal to the work out means u is constant
if there are no changes in kinetic or potential energy.
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5.e

Water is heated from 100 kPa, 20°C to 1000 kPa, 200°C. In one case pressure is raised
at T = C, then T is raised at P = C. In a second case the opposite order is done. Does
that make a difference for {Q, and {W,?

Yes it does. Both {Q, and | W, are process dependent. We can illustrate the
work term in a P-v diagram.

Cr.P.
\Y%
1000 1 2
100 N T
f f -
20 200
1553 kPa
) 1000
all 200 T b
10001 200 Cb 100
1007, 20 C 180 C a
< 20T 1
»V »V

In one case the process proceeds from 1 to state “a” along constant T then from
“a” to state 2 along constant P.

The other case proceeds from 1 to state “b” along constant P and then from “b”
to state 2 along constant T.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or
instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any other
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 United States
Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

5.f

A rigid insulated tank A contains water at 400 kPa, 800C. A pipe and valve connect this
to another rigid insulated tank B of equal volume having saturated water vapor at 100
kPa. The valve is opened and stays open while the water in the two tanks comes to a
uniform final state. Which two properties determine the final state?

Continuity eq.: mp—mjp—mg=0 = m, =mjp +myp
Energy eq.: mouy —myaujpa —mgug=0-0
Process: Insulated: {Q, =0,

Rigid: V,=C=Vp,+Vp = Wy =0

F tinuit d vy Vymy =2y DB
rom continuity eq. and process: v = Va/my =" Fvia T "ViB
; | _mia o mip
rom energy €q.: Uy m2 WA m2 UB

Final state 2: (v,, uy) both are the mass weighted average of the initial values.
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5.g
To determine v or u for some liquid or solid, is it more important that [ know P or T?

T is more important, v and u are nearly independent of P.

5.h
To determine v or u for an ideal gas, is it more important that I know P or T?

For v they are equally important ( v = RT/P), but for u only T is important. For an
ideal gas u is a function of T only (independent of P).
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I heat 1 kg of substance at a constant pressure (200 kPa) 1 degree. How much heat is
needed if the substance is water at 10°C, steel at 25°C, air at 325 K, or ice at —10°C.

Heating at constant pressure gives (recall the analysis in Section 5.5, page 141)
1Q2 =Hy —Hj =m(hy; —hj) *m C, (T, - Ty)

Forall cases: 1Q;=1kgxCx1K

Water 10°C, 200 kPa (liquid) so A.4: C=4.18 klJ/kg-K, 1Q2,=4.18kJ
Steel 25°C, 200 kPa (solid) so A.3: C=0.46 kJ/kg-K 1Q,=0.46kJ
Air 325 K, 200 kPa (gas) so A.5: Cp=1.004 kJ/kg-K 1Q, =1.004 kJ
Ice —10°C, 200 kPa (solid) so A.3: C=2.04 klJ/kg-K 1Q,=2.04KkJ

Comment: For liquid water we could have interpolated hy — h; from Table B.1.1 and
for ice we could have used Table B.1.5. For air we could have used Table A.7.
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Concept Problems
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5.1
What is 1 cal in SI units and what is the name given to 1 N-m?

Look in the conversion factor table A.1 under energy:

1 cal (Int.) =4.1868 J = 4.1868 Nm = 4.1868 kg m%/s2

This was historically defined as the heat transfer needed to bring 1 g of liquid water
from 14.5°C to 15.5°C, notice the value of the heat capacity of water in Table A.4

IN-m=1J or Force times displacement = energy = Joule
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5.2
Why do we write AE or E, — E| whereas we write |Q, and {W,?

AE or E, — E; is the change in the stored energy from state 1 to state 2 and
depends only on states 1 and 2 not upon the process between 1 and 2.

1Q, and W, are amounts of energy transferred during the process between

1 and 2 and depend on the process path. The quantities are associated with
the process and they are not state properties.

53
If a process in a control mass increases energy E, — E{ > 0 can you say anything about

the sign for ;Q, and {W,?

No.
The net balance of the heat transfer and work terms from the energy equation is
Ey—E1=1Q— W, >0

but that does not separate the effect of the two terms.
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5.4

When you windup a spring in a toy or stretch a rubber band what happens in terms of
work, energy, and heat transfer? Later, when they are released, what happens then?

In both processes work is put into the device and the energy is stored as potential
energy. If the spring or rubber is inelastic some of the work input goes into internal
energy (it becomes warmer or permanently deformed) and not into its potential energy.
Being warmer than the ambient air it cools slowly to ambient temperature.

When the spring or rubber band is released the potential energy is transferred back
into work given to the system connected to the end of the spring or rubber band. If
nothing is connected the energy goes into kinetic energy and the motion is then
dampened as the energy is transformed into internal energy.
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5.5
CV A is the mass inside a piston-cylinder, CV B is that
plus the piston outside, which is the standard atmosphere.
Write the energy equation and work term for the two CVs
assuming we have a non-zero Q between state 1 and state
2.

CV A: Ey—Ei=mp(e; —e)) =mp(uy —uy) = 1Q — WA,
(WA, =[P dV =P(V,-V))

CVB: Ey —E| =mp(ey —ep) + myigey — 1) = mp(up — uy) + mp(8Z, — gZ4)
=1Q2-1WB;
(WB, =[P, dV =P,(V,-V))

Notice how the P inside CV A'is P =P, + mp;g /Acyy .. the first work term is
larger than the second. The difference between the work terms is exactly equal to the potential
energy of the piston sitting on the left hand side in the CV B energy Eq. The two equations
are mathematically identical.

1WAy =P(Vy = V)= [Py + mpigig /Acy1 ] (V2 — V) = {WBy + mpigig(Vo = Vi)/ Ay
=1 WBy + my,8(Zy - Zy)
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5.6

Saturated water vapor has a maximum for u and h at around 235°C. Is it similar for other
substances?

Look at the various substances listed in appendix B. Everyone has a maximum u and h
somewhere along the saturated vapor line at different T for each substance. This means
the constant u and h curves are different from the constant T curves and some of them
cross over the saturated vapor line twice, see sketch below.

A cp AT cr

c
Il
@

Constant h lines are
similar to the constant
u line shown.

Notice the constant u (or h) line becomes parallel to the constant T lines in the
superheated vapor region for low P where it is an ideal gas. In the T-v diagram the
constant u (or h) line becomes horizontal in the ideal gas region.
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5.7

Some liquid water is heated so it becomes superheated vapor. Do I use u or h in the
energy equation? Explain.

The energy equation for a control mass is: m(uy —uy) =1Q, — {W>

The storage of energy is a change in u (when we neglect kinetic and potential energy
changes) and that is always so. To solve for the heat transfer we must know the work
in the process and it is for a certain process (P = C) that the work term combines with
the change in u to give a change in h. To avoid confusion you should always write the
energy equation as shown above and substitute the appropriate expression for the
work term when you know the process equation that allows you to evaluate work.
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5.8

Some liquid water is heated so it becomes superheated vapor. Can I use specific heat
to find the heat transfer? Explain.

NO.

The specific heat can not give any information about the energy required to do the
phase change. The specific heat is useful for single phase state changes only.
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5.9
Look at the R-410a value for ug at -50°C. Can the energy really be negative? Explain.

The absolute value of u and h are arbitrary. A constant can be added to all u and h
values and the table is still valid. It is customary to select the reference such that u for
saturated liquid water at the triple point is zero. The standard for refrigerants like R-

410a is that h is set to zero as saturated liquid at -40°C, other substances like
cryogenic substances like nitrogen, methane etc. may have different states at which h

is set to zero. The ideal gas tables use a zero point for h as 25°C or at absolute zero, 0
K.
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5.10

A rigid tank with pressurized air is used to a) increase the volume of a linear spring
loaded piston cylinder (cylindrical geometry) arrangement and b) to blow up a
spherical balloon. Assume that in both cases P = A + BV with the same A and B.
What is the expression for the work term in each situation?

The expression is exactly the same; the geometry does not matter as long as we have
the same relation between P and V then

(W, =[PdV=[(A+BV)dV

=A(V,-V))+05B (V; - V%)

= A(Vy— V) +0.5B (Vo + V)) (Vo — V})
—05[A+BV,+A+BV](Vy-V))
=05 +Py) (Vo-V))

Notice the last expression directly gives the area below the curve in the P-V diagram.
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5.11
An ideal gas in a piston-cylinder is heated with 2 kJ during an isothermal process.
How much work is involved?
Energy Eq.: uy—-u;=1qp—wp=0 since U, = uy (isothermal)
Then
1Wo=m wy=1Q;=mQ;=2kJ
5.12

An ideal gas in a piston-cylinder is heated with 2 kJ during an isobaric process. Is the
work pos., neg., or zero?

As the gas is heated u and T increase and since PV = mRT it follows that the volume
increase and thus work goes out.

w>0
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5.13
You heat a gas 10 K at P = C. Which one in Table A.5 requires most energy? Why?

A constant pressure process in a control mass gives (recall Eq.5.29)

1q2=u2—u1+1W2=h2—h1szAT

The one with the highest specific heat is hydrogen, H,. The hydrogen has the

smallest mass, but the same kinetic energy per mol as other molecules and thus the
most energy per unit mass is needed to increase the temperature.
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5.14

A 500 W electric space heater with a small fan inside heats air by blowing it over a
hot electrical wire. For each control volume: a) wire only b) all the room air and c)
total room plus the heater, specify the storage, work and heat transfer terms as +
500W or -500W or 0 W, neglect any Q through the room walls or windows.

Storage Work Heat transfer
Wire ow -500 W -500 W
Room air 500 W oW 500 W
Tot room 500 W -500 W oW
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Kinetic and Potential Energy
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5.15

A piston motion moves a 25 kg hammerhead vertically down 1 m from rest to a
velocity of 50 m/s in a stamping machine. What is the change in total energy of the
hammerhead?

Solution: C.V. Hammerhead

The hammerhead does not change internal energy (i.e. same P, T), but it does have
a change in kinetic and potential energy.

Ey— Ey = m(uy — up) + m[(1/2)V, % — 0] + mg (Z, - 0)

= 0+25kg x (1/2) x (50 m/s)> + 25 kg x 9.80665 m/s® x (-1) m
=31250J—245.17J = 31005 ] =31 kJ
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5.16

A steel ball weighing 5 kg rolls horizontal with 10 m/s. If it rolls up an incline how
high up will it be when it comes to rest assuming standard gravitation.

C.V. Steel ball.
Energy Eq E2*E1 = 1Q2*1W2:O*0:0

E{=mu; + mgZ; + 0.5 mv?

E, =mu, + mgZ, + 0
We assume the steel ball does not change temperature (u, = u;) so then the energy
equation gives

mu, + mgZ, —mu; —mgZ; - 0.5 mV2 =0

mg (Z, - Z;) =0.5 mV?>

Zy—7,=05V?/g=0.5x 10> (m%/s%) / (9.81 m/s?) =5.1 m
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5.17

A 1200 kg car accelerates from zero to 100 km/h over a distance of 400 m. The road at
the end of the 400 m is at 10 m higher elevation. What is the total increase in the car
kinetic and potential energy?

Solution:

AKE =Y m (V5 - V)

100 x 1000
3600 WS

V, =100 km/h =
=27.78 m/s

AKE = Y x1200 kg x (27.78% — 0%) (m/s)* = 463 037 ] =463 kJ

APE =mg(Z, — Z;) = 1200 kg x 9.807 m/s> (10-0)m= 117684 J = 117.7 kJ
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5.18

A hydraulic hoist raises a 1750 kg car 1.8 m in an auto repair shop. The hydraulic
pump has a constant pressure of 800 kPa on its piston. What is the increase in
potential energy of the car and how much volume should the pump displace to deliver
that amount of work?

Solution: C.V. Car.
No change in kinetic or internal energy of the car, neglect hoist mass.
E,—E{=PE,-PE;=mg(Z,-Z)
=1750 % 9.80665 x 1.8 =30 891 J

The increase in potential energy is work into car
from pump at constant P.

W=E,-E;=/PdV=PAV =

E, - E; 30891
AV=""5""=300 x 1000

=0.0386 m3
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5.19

The rolling resistance of a car depends on its weight as: F =0.006 mg. How far will a
car of 1200 kg roll if the gear is put in neutral when it drives at 90 km/h on a level
road without air resistance?

Solution:

The car decreases its kinetic energy to zero due to the force (constant) acting over the
distance.

m (1/2V5 ~1/2V3) = W5 = - F dx =-FL

km 90 x1000
Vy=0, V=90 == ms =25 ms’!

-1/2 mV’ = -FL =- 0.006 mgL

2
C05Vy  05x252  m%s?
~0.0006g  0.006x9.807 m/s2

> L =5311m

Remark: Over 5 km! The air resistance is much higher than the rolling resistance so
this is not a realistic number by itself.
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5.20

A 1200 kg car is accelerated from 30 to 50 km/h in 5 s. How much work is that? If you
continue from 50 to 70 km/h in 5 s; is that the same?

The work input is the increase in kinetic energy.
2 2
E,—E =(1/2)m[V;-V{]= W,

2
= 0.5 x 1200 kg [50% — 30?] (kTm)

1 2
000 m) — 740741 ="74.1kJ

3600 s

The second set of conditions does not become the same

=600 [ 2500 — 900 ] kg(

=111 kJ

1000 m)z
3600 s

E,—E; = (1/2)m[V; - V:] = 600 [ 70* - 502 ] ke (
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5.21

Airplane takeoff from an aircraft carrier is assisted by a steam driven piston/cylinder
device with an average pressure of 1250 kPa. A 17500 kg airplane should be
accelerated from zero to a speed of 30 m/s with 30% of the energy coming from the
steam piston. Find the needed piston displacement volume.

Solution: C.V. Airplane.
No change in internal or potential energy; only kinetic energy is changed.
E,—E;=m(12) (Vﬁ - 0) = 17500 kg x (1/2) x 30% (m/s)?
=7875000J=7875kJ
The work supplied by the piston is 30% of the energy increase.

W =[P dV=P,, AV=030(E,-E)
=0.30 x 7875 =2362.5kJ

W 23625 kI
Pag 1250 kPa

AV = =1.89 m3

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or
instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any other
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 United States
Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

5.22

Solve Problem 5.21, but assume the steam pressure in the cylinder starts at 1000 kPa,
dropping linearly with volume to reach 100 kPa at the end of the process.

Solution: C.V. Airplane.

P
E,—E;=m (1/2) (V22 - 0) 1000T pl
— 17 500 kg x (1/2) x 30° (m/s)? ,
= 7875 000 J = 7875 kJ 100
W =0.30(E, — E) = 0.30 x 7875 =2362.5kJ -

W =[P dV = (1/2)(Pveg + Pend) AV | [—

\Y 2362.5 kJ

_ _ 3
Pavg  1/2(1000 + 100) kPa — 429 M

AV =
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5.23

A 25 kg piston is above a gas in a long vertical cylinder. Now the piston is released
from rest and accelerates up in the cylinder reaching the end 5 m higher at a velocity
of 25 m/s. The gas pressure drops during the process so the average is 600 kPa with an
outside atmosphere at 100 kPa. Neglect the change in gas kinetic and potential energy,
and find the needed change in the gas volume.

Solution:
C.V. Piston

(E5— E)pist. = m(uz — up) + m{(1/2)V5 — 0] + mg (Hy —0)

=0+25x(1/2) x 25% + 25 x 9.80665 x
=7812.5+1225.8=9038.3J=9.038 kJ
Energy equation for the piston is:

E,-E| = Wgas - Watm = Pavg AVg.as —Po AVg.'sls

(remark AVaim = — AV gag s0 the two work terms are of opposite sign)

9.038 kI

= = 3
AVeas =200~ 100 Tpa = 0-018 m

Y,
p
1

p
° H
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5.24
A piston of 2 kg is accelerated to 20 m/s from rest. What constant gas pressure is
required if the area is 10 cm?2, the travel 10 cm and the outside pressure is 100 kPa?

C.V. Piston
2
(Ex = EppisT. = m(uz —up) + m[(1/2)V, — 0]+ mg (0 0)

— (122) m V5 = 0.5 x 2 kg x 20% (m/s)> =400 J
Energy equation for the piston is:
(E2 —E1) P1ST. = Wgas - Watm = Pavg AVgas — Po AVgas
AVgas=A L =10 cm? x 10 cm = 0.0001 m?
Pavg AVgas = (E2 —E1)PIST. + Po AV gas
Pavg = (Ey — E1)PIST. / AVgas + Po

=40017/0.0001 m> + 100 kPa
= 4000 kPa + 100 kPa = 4100 kPa
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Properties (u, h) from General Tables
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5.25

Find the phase and the missing properties of T, P, v, u and x for water at:
a. 500 kPa, 100°C b. 5000 kPa, u = 800 kJ/kg
c. 5000 kPa, v=0.06 m3kg  d. -6°C, v=1md/kg

Solution:

a) Look in Table B.1.2 at 500 kPa
T<Tg=151°C => compressed liquid
Table B.1.4: v=0.001043 m3/kg, u=418.8 ki/kg

b) Look in Table B.1.2 at 5000 kPa
u<uy =1147.78 kJ/kg =>  compressed liquid
Table B.1.4:  between 180°C and 200°C

B 800 -759.62 _ o
T =180+ (200 - 180) 248 08 - 759 62 — 180 +20x0.4567 = 189.1°C
v=0.001124 + 0.4567 (0.001153 - 0.001124) = 0.001137 m3/kg

c) Look in Table B.1.2 at 5000 kPa
v>v,=0.03944 m3/kg =>  superheated vapor
Table B.1.3:  between 400°C and 450°C.

B 0.06 - 0.05781 _ o
T=400+ 505339 05781 — 400 +50%0.3989 = 419.95°C
u=2906.58 + 0.3989 x (2999.64 - 2906.58) = 2943.7 kl/kg

d) B.l5 vi<v<vy,=33414 m3/kg => 2-phase, P =P, = 887.6kPa,
X=(v-vj/vg =(0.01-0.000857)/0.02224 = 0.4111
u=uj +Xug=248.34+0.4111x148.68 = 309.46 kl/kg

5.26
AT cp

States shown are placed
relative to the two-phase

. c
region, not to each other. [b- :

[
[ - "
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5.27
Find the phase and the missing properties of P, T, v, u and x
a. Water at 5000 kPa, u = 3000 kJ/kg

b. Ammonia at 50°C, v = 0.08506 m3/kg
c. Ammonia at 28°C, 1200 kPa
d. R-134a at20°C, u =350 kl/kg

a) Check in Table B.1.2 at 5000 kPa: u>ug =2597 kl/kg
Goto B.1.3 it is found very close to 450°C, x = undefined, v = 0.0633 m3/kg
b) Table B.2.1 at 50°C: v > v =0.06337 m3/kg, so superheated vapor
Table B.2.2:  close to 1600 kPa, u=1364.9 klJ/kg, x = undefined
c¢) Table B.2.1 between 25 and 30°C:  Wesee P>Pg;= 1167 kPa (30°C)

We conclude compressed liquid without any interpolation.

28 -25
5

v=vs=0.001658 + (0.00168 — 0.001658) = 0.00167 m3/kg

282
5

d) Table B.5.1 at20°C: 227.03 =up<u< ug =389.19 kl/kg so two-phase

5
(320.46 — 296.59) = 310.91 kJ/kg

u=ur=296+

_u-up 350-227.03
*Tup 16216

V=Vt X Ve =0.000817 +x x 0.03524 = 0.02754 m3/kg

=0.7583, P=P, =572.8kPa

AP

relative to the ] ¢

all states are

two-phase
region, not to
each other

»V
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5.28
Find the missing properties and give the phase of the ammonia, NHj.
a. T=65°C, P=600 kPa u=? v=72?
b. T=20°C, P=100 kPa u=? v=? x=7

c. T=50°C, v=0.1185 m/kg u=? P=? x=?

Solution:
a) Table B.2.1 P <Psat => superheated vapor Table B.2.2:

v =0.5x0.25981 + 0.5 x 0.26888 = 0.2645 m?/kg
u=0.5x1425.7 + 0.5 x 14443 = 1435 kJ/kg

b) Table B.2.1: P < Psat => x = undefined, superheated vapor, from B.2.2:
v=14153m%kg; u=1374.5kJ/kg

c) Sup. vap. (v>vy) Table B.2.2. P =1200 kPa, x = undefined
u= 1383 kJ/kg

AT cp. A\!
1200 kPa
States shown are c 00 kPa
placed relative to the a
two-phase region, not .b
to each other.
I SV
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Find the missing properties of (u, h, and x)

H,0 T=120°C,v=0.5m’kg

a.

b.  H,0 T=100°C,P=10MPa
c. N, T=100K,x=0.75

d N, T=200K,P=200kPa
e.  NH; T=100°C,v=0.1 m’kg
Solution:

a) Table B.1.1: vp <v< Vg => L+V mixture, P = 198.5 kPa,
x =(0.5-0.00106)/0.8908 = 0.56,
u=>503.48 +0.56 x 2025.76 = 1637.9 kJ/kg

b) Table B.1.4: compressed liquid, v=0.001039 m3/kg, u=416.1 kJ/kg

c) Table B.6.1: 100 K, x=0.75
v=10.001452 + 0.75 x 0.02975 = 0.023765 m3/kg
u=-74.33+0.75 x137.5 = 28.8 kJ/kg

d) Table B.6.2: 200 K, 200 kPa

v=0.29551 m¥kg ; u=147.37kJ/kg
e) Table B.2.1: v>v, => superheated vapor, x = undefined

0.1-0.10539

g

B.2.2: P=1600 + 400 x =1694 kPa

0.08248-0.10539

P = const.
States shown are

placed relative to the
two-phase region, not
to each other.
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5.30
Find the missing properties among (T, P, v, u, h and x if applicable) and indicate the
states in a P-v and a T-v diagram for

a. R-410a P =500 kPa, h =300 kJ/kg

b. R-410a T=10°C, u=200 kl/kg

c. R-134a T = 40°C, h = 400 kJ/kg
Solution:

a) Table B.4.1: h>h, => superheated vapor, look in section 500 kPa and
interpolate

300 — 287.84
306.18 — 287.84

v=0.05651 + 0.66303 x (0.06231-0.05651) = 0.06036 m3/kg,
u=259.59+0.66303 x (275.02 — 259.59) = 269.82 kJ/kg

T=0+20x =20 x0.66303 =13.26°C,

b) Table B.4.1: u<u, =255.9kJ/kg => L+V mixture, P =1085.7 kPa

Cu-up 200 -72.24
T ug T 183.66

=0.6956,

v =0.000886 + 0.6956 x 0.02295 = 0.01685 m3/kg,
h=73.21+0.6956 x 208.57 = 218.3 kJ/kg

c¢) Table B.5.1: h<h, =>two-phase L +V, look in B.5.1 at 40°C:

_h-hy 400 -256.5
*“ hy 1633
v=0.000 873 + 0.87875 x 0.01915 = 0.0177 m*>/kg

u=255.7+0.87875 x 143.8 = 382.1 kJ/kg

=0.87875, P =P, = 1017 kPa,

AT cp

States shown are
placed relative to the
two-phase region, not
to each other.
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5.31
Find the missing properties.
a.  H,0 T=250°C, v=0.02 m3/kg P=?u="?
b. N, T=120K, P=0.8 MPa x=?h="?
H,0 T=-2°C, P =100 kPa u=7v="2
d.  R-134a P =200 kPa, v=0.12 m3/kg u=? T="2
Solution:

a) Table B.1.1 at 250°C:  vg<v<v, = P=Psat=3973 kPa
X = (v - vp)/ vg = (0.02-0.001251)/0.04887 = 0.38365
u=ug+xug =1080.37 +0.38365 x 1522.0 = 1664.28 kJ/kg

b) Table B.6.1 P is lower than P so it is super heated vapor

=> x = undefined and we find the state in Table B.6.2
Table B.6.2: h= 114.02 kJ/kg

c¢) Table B.1.1 : T <Tyjpie point => B.1.5: P>Pgy; so compressed solid
u=u; =-337.62kd/kg v=v; =1.09x10~ m¥/kg

approximate compressed solid with saturated solid properties at same T.

d) Table B.5.1 V>vg superheated vapor => Table B.5.2.
T ~32.5°C =30+ (40 -30) x (0.12-0.11889)/(0.12335 - 0.11889)
u=403.1+(411.04 — 403.1) x 0.24888 = 405.07 kJ/kg
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5.32

Find the missing properties of (P, T, v, u, h and x) and indicate the states in a P-v and
T-v diagram for

a. Water at 5000 kPa, u = 1000 kJ/kg (Table B.1 reference)

b. R-134a at 20°C, u =300 kl/kg
c. Nitrogen at 250 K, 200 kPa

Solution:

a) Compressed liquid: B.1.4 interpolate between 220°C and 240°C.
T =233.3°C, v=0.001213 m’/kg, x = undefined

b)  TableB.5.1: u<u, => two-phase liquid and vapor
x = (u - upugy = (300 - 227.03)/162.16 = 0.449988 = 0.45
v =10.000817 + 0.45%0.03524 = 0.01667 m3/kg

c) TableB.6.1: T > T, (200 kPa) so superheated vapor in Table B.6.2

x = undefined
v =0.5(0.35546 + 0.38535) = 0.3704 m3/kg,
u=0.5(177.23 + 192.14) = 184.7 kJ/kg

AT cp

States shown are a

placed relative to the
two-phase region, not ‘T
to each other.
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5.33
Find the missing properties for CO, at:
a) 20°C,2MPa  v=? and h=2
b) 10°C,x=0.5 P=? u="?
c) 1MPa,v=0.05 m3/kg, T=7? h=7?

Solution:
a) Table B3.1 P <Py, =5729 kPa so superheated vapor.

Table B.3.2: v =0.0245 m3/kg, h=368.42 kl/kg

b) Table B3.1 P =P, =4502kPa
u=up+x ug, = 107.6+ 0.5 x 169.07 = 192.14 kl/kg

c) TableB.3.1 v>v,~0.0383 m3/kg so superheated vapor

Table B.3.2: Between 0 and 20°C so interpolate.

0.05 —0.048
0.0524 —0.048

h=361.14+(379.63 —361.14) x 0.4545 = 369.54 kJ/kg

T=0+20x =20 x 0.4545 =19.09°C
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5.34

Saturated liquid water at 20°C is compressed to a higher pressure with constant
temperature. Find the changes in u and h from the initial state when the final pressure
is a) 500 kPa, b) 2000 kPa

Solution:
State 1 is located in Table B.1.1 and the states a-c are from Table B.1.4

State  u[kikg] h[klkg] Au=u-u, Ah=h-h A(PY)

1 83.94 83.94
a 83.91 84.41 -0.03 0.47 0.5
b 83.82 85.82 -0.12 1.88 2

For these states u stays nearly constant, dropping slightly as P goes up.

h varies with Pv changes.
A T

b,a,1
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Energy Equation: Simple Process
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Saturated vapor R-410a at 0°C in a rigid tank is cooled to -20°C. Find the specific heat
transfer.

Solution:
C.V.: R-410a in tank. mp =m, ;

Energy Eq.5.11: (up-uy)=,q, - W,

Process: V = constant, V)=V = Vim => W= 0

Table B.4.1: State 1: u, =253.0 kl’kg

State 2: -20°C, v,=v,=V/m, look in Table B.4.1 at -20°C

_V2-Vp 0.03267 - 0.000803
27 v 0.06400

U =up + X2 Ufg2 =27.92+ Xs x218.07 =136.5 kJ/kg

=0.4979

From the energy equation
192 = (le - ul) = ( 136.5 -253.0 ) =-116.5 kJ/kg
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5.36
A 100-L rigid tank contains nitrogen (N,) at 900 K, 3 MPa. The tank is now cooled to
100 K. What are the work and heat transfer for this process?

Solution:

C.V.: Nitrogen in tank. mj=m, ;

Energy Eq.5.11:  m(uy -u))=,Q,- W,

Process: V = constant, V)=V = Vim => 1W2 =0

Table B.6.2: State 1: v, =0.0900 m3/kg => m=V/v,=1111kg
u, =691.7 kl/kg

State 2: 100 K, V=V, = V/m, look in Table B.6.2 at 100 K

200 kPa: v=0.1425 m3/kg; u="71.7klJ/kg
400 kPa: v=0.0681 m3/kg; u=69.3 kl/kg

so a linear interpolation gives:
P, =200 +200 (0.09 — 0.1425)/(0.0681 — 0.1425) = 341 kPa

0.09 — 0.1425
Uy = 717 +(69.3 - T1.7) 50681 - 0.1425

1Q, =m(u, - u;) = 1.111 kg (70.0 — 691.7) kJ/kg = ~690.7 kJ

=70.0 kl/kg,
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5.37
Saturated vapor carbon dioxide at 2 MPa in a constant pressure piston cylinder is
heated to 20°C. Find the specific heat transfer.

Solution:
C.V.CO2: m, =m; =m;

Energy Eq.5.11  (u,-u)) =9, - W,
Process: P = const. = ,w, = deV =PAv="P(v,-v))
State 1: Table B3.2 (or B3.1)  h, =323.95kJ/kg
State 2: Table B.3.2  h, =368.42 kl/kg
19 =,y -u) +,w, =(u,-u) +P(v,-v,)=(h,-h)
19, = 368.42 —323.95 = 44.47 kJ/kg

Ap
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5.38

Two kg water at 120°C with a quality of 25% has its temperature raised 20°C in a
constant volume process as in Fig. P5.38. What are the heat transfer and work in the

process?
Solution:
C.V. Water. This is a control mass p j]@]
Energy Eq.:  m(uy —u; ) =1Q—W;
Process : V = constant
> (W= [Pdv=0 00000
State 1: T, x; from Table B.1.1
V1 = Vet xp v =0.00106 +0.25 x 0.8908 = 0.22376 m3/kg
up =upt X ug =503.48 +0.25 x 2025.76 = 1009.92 kl/kg
State 2: Ty, v = vi< Vg =0.50885 m3/kg so two-phase
V2-Vp  0.22376 - 0.00108
T v 050777 048

U =up + Xy ufg2 =588.72 + Xo x1961.3 = 1448.84 kJ/kg
From the energy equation
1Qr =m(up —u;) =2 (1448.84 — 1009.92 ) =877.8 kJ

AT cr A\ cr.
140 C
361.3“ 1 140--
198.5 / 120C 120 +
»V »V
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5.39

Ammonia at 0°C, quality 60% is contained in a rigid 200-L tank. The tank and
ammonia is now heated to a final pressure of 1 MPa. Determine the heat transfer for
the process.

Solution:
C.V. NH3
A P
2
1
v
-
Continuity Eq.: m,=m =m;
Energy Eq.5.11: m(u, -u;)=,Q,-,W,
Process: Constant volume = Vy =V, & 1W2 =0

State 1: Table B.2.1 two-phase state.
v, =0.001566 + x, x 0.28783 = 0.17426 m3/kg
u; =179.69 + 0.6 x 1138.3 = 862.67 kl/kg
m=V/v, =0.2/0.17426 = 1.148 kg
State 2: P, , v, =v, superheated vapor Table B.2.2
= T,=100°C, u,= 1490.5 kl/kg

So solve for heat transfer in the energy equation
1Q, =m(u, - u)) = 1.148(1490.5 - 862.67) = 720.75 kJ
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5.40

A test cylinder with constant volume of 0.1 L contains water at the critical point. It
now cools down to room temperature of 20°C. Calculate the heat transfer from the
water.

Solution:
C.V.: Water

m,=m; =m; AP 1
Energy Eq.5.11:  m(u, -u;)=,Q,- W,
Process: Constant volume = Vy =V,
Properties from Table B.1.1
State 1: v) = v, =0.003155 m3/kg,

u, =2029.6 kl/kg

m=V/v, =0.0317 kg

State 2: T2, Vo=V = 0.001002 + Xy X 57.79

X, = 3.7><10'5, u, = 83.95 + Xy % 2319 =84.04 kJ/kg
Constant volume => 1W2 =0

1Q, = m(u, - u;) = 0.0317(84.04 - 2029.6) = -61.7 kJ
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5.41

A rigid tank holds 0.75 kg ammonia at 70°C as saturated vapor. The tank is now
cooled to 20°C by heat transfer to the ambient. Which two properties determine the
final state. Determine the amount of work and heat transfer during the process.

C.V. The ammonia, this is a control mass.

2
Process: Rigidtank V=C => v=constant & W, = f PdV =0
1

Energy Eq.: Uy —Uj;=1Qy—1W2=1Qy,

State 1:  v| =0.03787 m’/kg, f P
u; = 1338.9 kl/kg 70 C
1
State 2: T,v => two-phase (straightdownin 3357
P-v diagram from state 1) N
858
2 -V

Xy = (v~ vp)/vgy = (0.03787 — 0.001638)/0.14758 = 0.2455
up = up+ X) ugy = 272.89 + 0.2455 x 1059.3 = 532.95 kl/kg

1Qy =m(uy — uy) = 0.75 (532.95 — 1338.9) = -604.5 kJ
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5.42
A cylinder fitted with a frictionless piston contains 2 kg of superheated refrigerant R-

134a vapor at 350 kPa, 100°C. The cylinder is now cooled so the R-134a remains at
constant pressure until it reaches a quality of 75%. Calculate the heat transfer in the
process.

Solution:

C.V.:R-134a m, =m, =m;
Energy Eq.5.11  m(u, -u))=,Q,- W,

Process: P = const. = ‘W, = deV =PAV=P(V,-V,)=Pm(v,-v))

Ap

AY/
»V -

State 1: Table B.5.2  h, =(490.48 + 489.52)/2 = 490 kl/kg

State 2: Table B.5.1  h, =206.75 + 0.75 x194.57 = 352.7 kJ/kg (350.9 kPa)
1Q, =m(u, -u)) + W, =m(u, -u;) + Pm(v, - v)) =m(h, - h))
1Q, =2 %(352.7 - 490) = -274.6 kJ
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5.43

Water in a 150-L closed, rigid tank is at 100°C, 90% quality. The tank is then cooled
to —10°C. Calculate the heat transfer during the process.

Solution:
C.V.: Water in tank. m, =m, ;

Energy Eq.5.11: m(u, -u;) =,Q, - | W,

Wy =0

State 1: Two-phase L + V look in Table B.1.1
v, =0.001044 + 0.9 x 1.6719 = 1.5057 m3/kg
u; =418.94 + 0.9 x 2087.6 = 2297.8 kl/kg

Process: V = constant, Vo=V,

State 2: T,, v, =v, = mix of saturated solid + vapor Table B.1.5
v, =1.5057=0.0010891 + x, x 466.7 => x,=10.003224
u, =-354.09 +0.003224 x 2715.5 = -345.34 kl/kg
m = V/v, =0.15/1.5057 = 0.09962 kg
1Q, =m(u, - u,) =0.09962(-345.34 - 2297.8) = -263.3 kJ

AT cp

P = const.
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5.44

A piston/cylinder contains 50 kg of water at 200 kPa with a volume of 0.1 m’. Stops
in the cylinder are placed to restrict the enclosed volume to a maximum of 0.5 m?>. The
water is now heated until the piston reaches the stops. Find the necessary heat transfer.

Solution:
C.V.H,0 m = constant
Energy Eq.5.11: m(e, —e,) =m(u, —u)=,Q, - W,
Process : P = constant (forces on piston constant)
= W,=[PdV=P (V,-V)
Properties from Table B.1.1

State 1: v, =0.1/50 = 0.002 m3/kg => 2-phase as v, <V

1 g

Vi—VE  0.002 - 0.001061
vig | 0.88467

h =504.68 +0.001061 x 2201.96 = 507.02 kJ/kg

X, = =0.001061

State 2: v,=0.5/50 =0.01 m3/kg also 2-phase same P

V2—Vvf 0.01 -0.001061

27 v ossae7 001010

, =504.68 +0.01010 x 2201.96 = 526.92 kJ/kg

h

Find the heat transfer from the energy equation as
1Q2 = m(u2 - ul) + W, = rn(h2 - hl)
1Q, =50 kg x (526.92 —507.02) kJ/kg = 995 kJ
[ Notice that | W, =P, (V,-V,)=200x(0.5-0.1)=80kJ ]

1 2
L Ty

+ . .
0.1 0.5
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5.45
Find the heat transfer for the process in Problem 4.33

AP CP
Take as CV the 1.5 kg of water. my =m; =m; i 5
Energy Eq.5.11 m@uy —up) = Qy— W, 000 |
Process Eq.: P=A+BV (linearlyinV) 200 T T
State 1: (P,T) => v;=0.95964 m3/kg,
u; = 2576.87 kJ/kg |

State 2: (P, T) => v, =0.47424 m3/kg, u,=2881.12 kl/kg

From processeq.: (W, = _f P dV =area= % (P +Py)(vy—vy)

1.5
= kg (200 + 600) kPa (0.47424 - 0.95964) m3/kg

=-291.24kJ
From energy eq.: 1Q2 =m(uy —uy) + W, =1.5(2881.12 — 2576.87) — 291.24
=165.14 kJ
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5.46

A 10-L rigid tank contains R-410a at —10°C, 80% quality. A 10-A electric current
(from a 6-V battery) is passed through a resistor inside the tank for 10 min, after
which the R-410a temperature is 40°C. What was the heat transfer to or from the tank
during this process?

Solution:

C.V. R-410a in tank. Control mass at constant V. A P

Continuity Eq.: m,=m, =m;

Energy Eq.:  m(u,-u,)=,Q,-,W,

Process: Constant V.= v, =v, .
=> no boundary work, but electrical work y
-

State 1 from table B.4.1

v, = 0.000827 + 0.8 x 0.04470 = 0.03659 m’/kg

u; =42.32+0.8 x 207.36 = 208.21 kJ/kg

m=V/v=10.010/0.03659 = 0.2733 kg
State 2: Table B.4.2 at 40°C and v, = v, =0.03659 m3/kg

=> superheated vapor, so use linear interpolation to get
P, =800 + 200 x (0.03659 — 0.04074)/(0.03170 — 0.04074)
=800 + 200 x 0.45907 = 892 kPa
u, = 286.83 +0.45907x (284.35 — 286.83) = 285.69 kl/kg
W5 jee = —POWer x At=—Amp x volts x At =— 10x 6130100 X060 _ -36 kJ

1Q, =m(u,y —u))+ W, = 0.2733 ( 285.69 - 208.21) - 36 = ~14.8 kJ
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5.47

A piston/cylinder contains 1 kg water at 20°C with volume 0.1 m3. By mistake
someone locks the piston preventing it from moving while we heat the water to
saturated vapor. Find the final temperature and the amount of heat transfer in the
process.

Solution:
C.V. Water. This is a control mass

Energy Eq.: m(uy —u; ) =1Q;— W,
Process : V =constant > ;W,=0

State 1: T,vi=V{/m=0.1 m3/kg > v so two-phase

_Vi-Yf _0.1-0.001002
T vy, T 577887

up = up+ x) ugy = 83.94 + x| x 2318.98 = 87.913 k/kg

=0.0017131

State 2: vp=v;=0.1&x, =1
- found in Table B.1.1 between 210°C and 215° C
0.1-0.10441
T,=210+5x =210+ 5 x 0.4584 =212.3°C

0.09479-0.10441
uy =2599.44 + 0.4584 (2601.06 — 2599.44) = 2600.2 kl/kg
From the energy equation
1Q2 =m(up —u;) =1(2600.2 — 87.913) = 2512.3 kJ

\8}
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A piston cylinder contains 1.5 kg water at 600 kPa, 350°C. It is now cooled in a
process where pressure is linearly related to volume to a state of 200 kPa, 150°C. Plot
the P-v diagram for the process and find both the work and the heat transfer in the
process.

Take as CV the 1.5 kg of water. AP p
my=mp=m; N\
1 1
Energy Eq.5.11: m(up —uy)=1Qy — W, 600
Process Eq.: P=A+BV (linearly in V) 200 T T
State I: (P,T) => v;=0.47424 m3/kg,
u; =2881.12 kl/kg | gV

State 2: (P, T) => v,=0.95964 m3/kg, u, =2576.87 kl/kg

From processeq.: (W, = ,[ P dV =area= % (P; +Py)(vy —vy)

1.5
=5 kg (200 + 600) kPa (0.95964 — 0.47424) m3/kg

=291.24 kJ
From energy eq.: 1Q =m(uy —uy) + W, =1.5(2576.87 — 2881.12) + 291.24
=-165.14 kJ
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Two kg water at 200 kPa with a quality of 25% has its temperature raised 20°C in a
constant pressure process. What are the heat transfer and work in the process?

C.V. Water. This is a control mass
Energy Eq.:  m(uy —u; ) =1Q;— W,
Process : P=constant > [W,= f PdV=mP (v, —v))

State 1: Two-phase given P,x so use Table B.1.2
vi =0.001061 + 0.25 x 0.88467 = 0.22223 m3/kg
u; = 504047 + 0.25 x 2025.02 = 1010.725 kJ/kg

T =T+20=120.23 +20=140.23
State 2 is superheated vapor

x (0.95964 — 0.88573 ) = 0.9354 m>/kg

20
vy = 0.88573 + 150-120.23

20
u, =2529.49 + 150-120.23 (2576.87- 2529.49) = 2561.32 kJ/kg

From the process equation we get
{Wr=mP (v —v;)=2x200(0.9354 - 0.22223) = 285.3 kJ
From the energy equation
1Q2 =m (up —up) +;W;
=2(2561.32-1010.725 ) + 285.3
=3101.2 +285.27 =3386.5 kJ
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5.50

A water-filled reactor with volume of 1 m? is at 20 MPa, 360°C and placed inside a
containment room as shown in Fig. P5.50. The room is well insulated and initially
evacuated. Due to a failure, the reactor ruptures and the water fills the containment
room. Find the minimum room volume so the final pressure does not exceed 200 kPa.

Solution:
C.V.: Containment room and reactor.
Mass: m, =m; =V .../, =1/0.001823 = 548.5 kg
Energy: m(u,-u)=,Q,-,W,=0-0=0
State 1: Table B.1.4 v, =0.001823 m3/kg, u, =1702.8 kl/kg
Energy equation then gives  u, =u, =1702.8 kJ/kg
State 2: P, =200 kPa, u, <u, => Two-phase Table B.1.2
X, = (u, - ug)/ Ugg = (1702.8 — 504.47)/2025.02 = 0.59176
v, =0.001061 +0.59176 x 0.88467 = 0.52457 m3/kg

V,=m, v, = 548.5 x0.52457 = 287.7 m*

1 1
200 kP
. \.2 0& a
/I v\u = const
\Ys
o
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5.51

A 25 kg mass moves with 25 m/s. Now a brake system brings the mass to a complete
stop with a constant deceleration over a period of 5 seconds. The brake energy is

absorbed by 0.5 kg water initially at 20°C, 100 kPa. Assume the mass is at constant P
and T. Find the energy the brake removes from the mass and the temperature increase
of the water, assuming P = C.

Solution:

C.V. The mass in motion.
E,-E,=AE=0.5mV’ =0.5 x 25 x 257/1000 = 7.8125 kJ
C.V. The mass of water.
m(u, - uy) g,0 =AE=7.8125k]  => u,-u; =7.8125/0.5=15.63 kl/kg

u, = u, +15.63 = 83.94 + 15.63 = 99.565 kl/kg

Assume u, =u, then from Table B.1.1: T, = 23.7°C, AT =3.7°C

We could have used u, -u, = CAT with C from Table A.4: C=4.18 kl/kgK
giving AT = 15.63/4.18 = 3.7°C.
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5.52
Find the heat transfer for the process in Problem 4.41

Solution:

Take CV as the Ammonia, constant mass.

Continuity Eq.: m,=m;=m ;
Energy Eq.: m(uy —up) = 1Qy — | W>
Process: P=A+BV  (linearin V)

State 1: Superheated vapor v; =0.6193 m3/kg, u; = 1316.7 kl/kg
State 2: Superheated vapor v, = 0.63276 m3/kg, u, = 1542.0 kl/kg
Work is done while piston moves at increasing pressure, so we get
[ W, =[P dV =area=Pyyy (Vo — V1) = 5 (P + Pym(vy - vy)

= 15(200 + 300) kPa x 0.5 kg (0.63276 — 0.6193) m3/kg = 1.683 kJ

Heat transfer is found from the energy equation
1Q2 =m(up —uy) + W, =0.5kg (1542.0 — 1316.7) kl/kg + 1.683 kJ
=112.65+1.683=1143 kJ

Pz T / 2’
1
P+ .
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5.53

A piston/cylinder arrangement has the piston loaded with outside atmospheric
pressure and the piston mass to a pressure of 150 kPa, shown in Fig. P5.53. It contains
water at —2°C, which is then heated until the water becomes saturated vapor. Find the
final temperature and specific work and heat transfer for the process.

Solution:

C.V. Water in the piston cylinder.

Continuity: m, =m,,
Energy Eq. per unit mass: U, -u; = ,q, - W,
2
Process: P = constant = P, = W, = flP dv="P(v,-v))

State 1: T1 , P1 => Table B.1.5 compressed solid, take as saturated solid.
v, =1.09x107 m’/kg, u, =-337.62 kl/kg
State 2: x =1, P, =P, =150 kPa due to process => Table B.1.2
v, = Vy(Py) = 11593 m’/kg, T,=1114°C; u,=2519.7kl/kg
From the process equation
Wy =P (v, -v)=150(1.1593 -1.09X10'3) =173.7 kJ/kg

From the energy equation
19y =y -uy T W, =2519.7-(-337.62) + 173.7 = 3031 kJ/kg
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5.54

A constant pressure piston/cylinder assembly contains 0.2 kg water as saturated vapor
at 400 kPa. It is now cooled so the water occupies half the original volume. Find the
heat transfer in the process.

Solution:
C.V. Water. This is a control mass.

Energy Eq.5.11: m(u, —u))=,Q,— W

172

Process: P =constant => 1W2 = Pm(v2 — Vl)
So solve for the heat transfer:

1Q, =m(u, -u)) + W, =m(u, -u;) + Pm(v, - v)) =m(h, - h))
State 1: Table B.1.2 v, =0.46246 m’/kg; h, =2738.53 ki/kg
State 2: Vy =V, /2=0.23123 = Vet x Vo from Table B.1.2

Xy = (V2 - Vf) / Vig = (0.23123 - 0.001084) / 0.46138 = 0.4988
h2 = hf+ X, hfg =604.73 +0.4988 x 2133.81 = 1669.07 kJ/kg
Now the heat transfer becomes

1Q2 =0.2 (1669.07 —2738.53) =-213.9 kJ

A cr Al cp
P = 400 kPa
2 \U
400 1
/ T 1441
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5.55

A cylinder having a piston restrained by a linear spring (of spring constant 15 kN/m)
contains 0.5 kg of saturated vapor water at 120°C, as shown in Fig. P5.55. Heat is
transferred to the water, causing the piston to rise. If the piston cross-sectional area is
0.05 m2, and the pressure varies linearly with volume until a final pressure of 500 kPa
is reached. Find the final temperature in the cylinder and the heat transfer for the

process.

Solution:

C.V. Water in cylinder.

Continuity: mp=mj;=m;

Energy Eq.5.11: m(uy - uy) = 1Q,-1W3

State 1: (T, x) Table B.1.1 => v =10.89186 m3/kg, u; =2529.2 kl/kg

p p,=P +ksm( )= 1985+ 203 0.89186)
rocess: = —5(Vy-v))=1985+——"—5 (v, -0.

2ha2 (0.05)> 2

State 2: P, =500 kPa and on the process curve (see above equation).

=> vy = 0.89186 + (500 - 198.5) x (0.05%/7.5) = 0.9924 m’/kg
(P,v) Table B.1.3 => T,=803°C; u,=3668kl/kg

The process equation allows us to evaluate the work
Py +P,
1W2=deV=( 5 jm(vz-vl)

198.5 + 500
_ (f) x 0.5 x (0.9924 - 0.89186) = 17.56 k]

Substitute the work into the energy equation and solve for the heat transfer

1Qy =m(uy - uy) + {W, = 0.5 x (3668 - 2529.2) + 17.56 = 587 kJ

A? AT
2
ksm - 2
A2
1 p - 1
\'% [ \'%
> >
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A piston cylinder arrangement with a linear spring similar to Fig. P5.55 contains R-
134a at 15°C, x = 0.6 and a volume of 0.02 m3. It is heated to 60°C at which point the
specific volume is 0.03002 m3/kg. Find the final pressure, the work and the heat
transfer in the process.

Take CV as the R-134a.
my=m;=m ; m(uy —up) =1Q2- | W
State 1: Ty, x; => Two phase so Table B.5.1: P =Py, =489.5 kPa
V] = Vg T X1 Vg = 0.000805 + 0.6 x 0.04133 = 0.0256 m3/kg
up =ugp + X ug =220.1+0.6 x 166.35=319.91 kl/kg
m =V /vy =0.02 m3/0.0256 m3/kg = 0.78125 kg
State 2: (T, v) Superheated vapor, Table B.5.2.
P, = 800 kPa, v, =0.03002 m3/kg, u,=421.2kl/kg
V5, =mv, =0.78125 x 0.03002 = 0.02345 m3
Work is done while piston moves at linearly varying pressure, so we get
Wy =[P dV =area =Py, (V2 - V1) =0.5(Py + P)(Vy - V))
=0.5 x (489.5 + 800) kPa (0.02345 — 0.02) m3 = 2.22 kJ

Heat transfer is found from the energy equation
1Q2 =m(up —u;) + W, =0.78125 x (421.2-319.91) +2.22 = 81.36 kJ

AP

R-134a " v
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A closed steel bottle contains CO, at —20°C, x = 20% and the volume is 0.05 m3. It

has a safety valve that opens at a pressure of 6 MPa. By accident, the bottle is heated
until the safety valve opens. Find the temperature and heat transfer when the valve
first opens.

Solution:
CV..CO,: m)=m;=m;
Energy Eq.5.11: m(uy - up) = 1Qy - (W5 AP
Process: constant volume process = W, =0 (M
State 1: (T, x) Table B.3.1

v1 =0.000969 + 0.2 x 0.01837 = 0.004643 m’/kg 2
= m=V/v; =0.05/0.004643 = 10.769 kg 1 \

Uy =39.64 + 0.2 x 246.25 = 88.89 kJ/kg -

State 2: P, , v, =v, => very close to saturated vapor, use 6003 kPa in Table
B.3.1: T =22°C, x,=(0.004643 —0.001332)/0.00341 =0.971

u, =142.03 +0.971 x 119.89 = 258.44 kJ/kg
1Q =m(u, - u;) = 10.769 (258.44 — 88.89) = 1825.9 kJ
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5.58

Superheated refrigerant R-134a at 20°C, 0.5 MPa is cooled in a piston/cylinder
arrangement at constant temperature to a final two-phase state with quality of 50%.
The refrigerant mass is 5 kg, and during this process 500 kJ of heat is removed. Find
the initial and final volumes and the necessary work.

Solution:
C.V. R-134a, this is a control mass.
Continuity: my=m; =m;
Energy EqSll m(u2 -ul) = 1Q2 - 1W2 =-500 - 1W2
State 1: T; , Py Table B.5.2, v; =0.04226 m3/kg ; up =390.52 kl/kg
= V;=mv; =0.211 m>
State 2: T, ,xo = Table B.5.1
uy, =227.03 +0.5 x 162.16 = 308.11 kJ/kg,

v, =0.000817 + 0.5 x 0.03524 = 0.018437 m’/kg => V, =mv, = 0.0922 m>
Wy =-500 - m(uy - uj) =-500 - 5 x (308.11 - 390.52) = -87.9 kJ

A" .
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5.59

A 1-L capsule of water at 700 kPa, 150°C is placed in a larger insulated and otherwise
evacuated vessel. The capsule breaks and its contents fill the entire volume. If the final

pressure should not exceed 125 kPa, what should the vessel volume be?
Solution:
C.V. Larger vessel.
Continuity: my=m;=m=V/v; =0.916 kg
Process: expansion with jQ, =0, W, =0
Energy:  m(up -up) =1Qy- W2=0 = uy=uy
State 1: v = vg=0.001091 m’/kg; u; =ur=631.66 kl’kg

631.66 —444.16
State 2: P, uy = xp= 2069.3

vy =0.001048 + 0.09061 x 1.37385 = 0.1255 m3/kg

=0.09061

V,=mv, =0.916 x 0.1255=0.115m> = 115L

__1
200 kP
. \g 0& a
/I v\u = const
A
o
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5.60

A piston cylinder contains carbon dioxide at -20°C and quality 75%. It is compressed
in a process where pressure is linear in volume to a state of 3 MPa and 20°C. Find the
specific heat transfer.

CV Carbon dioxide out to the source, both {Q, and W,
Energy Eq.5.11: m(uy —uy) =1Qy — Wy
Processs P=A+BV => |W,=|/PdV=%mP;+Py)(vy-V|)

State 1: Table B.3.1 P =1969.6 kPa
v1 =0.000969 + 0.75 x 0.01837 = 0.01475 m3/kg,

uy =39.64 +0.75 x 246.25 = 224.33 kl/kg,
State 2: Table B3 v, =0.01512m’/kg, u,=310.21kJ/kg,
(W =15 (P +Ps )(vy - vi) = ¥ x(1969.6 + 3000)( 0.01512 — 0.01475)

= 0.92 kJ/kg
190 = Uy —uy + 1wy =310.21 — 224.33 + 0.92 = 86.8 kd/kg
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5.61
A rigid tank is divided into two rooms by a membrane, both containing water, shown
in Fig. P5.61. Room A is at 200 kPa, v= 0.5 m3/kg, Va=1 m3, and room B contains
3.5 kg at 0.5 MPa, 400°C. The membrane now ruptures and heat transfer takes place
so the water comes to a uniform state at 100°C. Find the heat transfer during the

process.

Solution:

C.V.: Both rooms A and B in tank. A B
Continuity Eq.: m,=m,, +mg,;

Energy Eq.: My, - My U,y - Mgy =,Q, -\ W,

State 1A: (P, v) Table B.1.2, m,, =V,/v,, =105=2kg

_V-Vf 0.5-0.001061
Al v 0.88467

= 0.564

X

U, =uptxug =504.47 + 0.564 x 2025.02 = 1646.6 kl/kg

. — _ _ _ 3
State 1B: Table B.1.3, Vg = 0.6173, Ug) = 2963.2, VB = =2.16 m

My Vg
. _ _ 3 _
Process constant total volume: Vtot =V A + VB =3.16 m” and 1W2 =0

- - = _ _ 3
m,=m,, +mg, =55kg => v,=V, /m,=0.5746 m”/kg

State 2: T, , v, = Table B.1.1 two-phaseas v, < v,

_ V2—VE  0.5746 —0.001044

T v Lerigs 03

U, =upt X ug =418.91 +0.343 x 2087.58= 1134.95 kJ/kg

Heat transfer is from the energy equation

lQ2 =m,U, -Mm, U, -MgUg, = -7421 kJ
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5.62

Two kilograms of nitrogen at 100 K, x = 0.5 is heated in a constant pressure process to
300 K in a piston/cylinder arrangement. Find the initial and final volumes and the total
heat transfer required.

Solution:
Take CV as the nitrogen.
Continuity Eq.: m,=m;=m ;
Energy Eq.5.11: m(uy —uy) =1Qy - W
Process: P = constant = W, = f PdV =Pm(v, - v,)
State 1: Table B.6.1
v, =0.001452 + 0.5 x 0.02975 = 0.01633 m’/kg, 'V, =0.0327 m*
h, =-73.20 + 0.5 x 160.68 = 7.14 kl/kg
State 2: (P =779.2 kPa , 300 K) => sup. vapor interpolate in Table B.6.2
v, =0.14824 + (0.11115-0.14824)x 179.2/200 = 0.115 m3/kg, V,=0.23 m>
h, =310.06 +(309.62-310.06) x 179.2/200 = 309.66 kl/kg

Now solve for the heat transfer from the energy equation
1Q, =m(u, -u,) + W, =m(h, - h)) =2 x(309.66 - 7.14) = 605 kJ

Ar
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5.63

Water in a tank A is at 250 kPa with a quality of 10% and mass 0.5 kg. It is connected
to a piston cylinder holding constant pressure of 200 kPa initially with 0.5 kg water at
400°C. The valve is opened and enough heat transfer takes place to have a final
uniform temperature of 150°C. Find the final P and V, the process work and the
process heat transfer.

C.V. Water in A and B. Control mass goes through process: 1 ->2

Continuity Eq.: mp—-mp;—mp;=0 = mp=mu; +mg;=05+05=1kg

Energy Eq.: Uy -U;=,Q;— W,

State Al: v =0.001067 +x51 x 0.71765 = 0.072832; V| =mv = 0.036416 m3
upg =535.08 + 0.1 x 2002.14 = 735.22 kl/kg

State B1: vgy = 1.5493 m3/kg; ug] = 2966.69 kl/kg

=> VBl =mpgiVg] = 0.77465 m3

State 2: If V, >V, then P, =200 kPa that is the piston floats.
For (T, Py) = (150°C, 200 kPa) => superheated vapor u, =2576.87 kJ/kg

v =0.95964 m3/kg  V,=myvy =0.95964 m3 >V, checks OK.

The possible state 2 (P,V) A P

combinations are shown. State a
is 150 C

v 1] 2
200 kPa, v, =~ = 0.036 mke o]

and thus two-phase
T,=120°C < T,

v

-

Process: | Wy =P, (V, — V) = 200 (0.95964 — 0.77465 — 0.036416) = 29.715 kJ
From the energy Eq.:
1Q2 =mpuy —mpjup; —mprugy + (W)
=1x2576.87—0.5 x 735.222 — 0.5 x 2966.69 + 29.715
=1755.63 kJ
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5.64

A 10-m high open cylinder, A¢y] = 0.1 m2, contains 20°C water above and 2 kg of
20°C water below a 198.5-kg thin insulated floating piston, shown in Fig. P5.64.
Assume standard g, Po. Now heat is added to the water below the piston so that it
expands, pushing the piston up, causing the water on top to spill over the edge. This
process continues until the piston reaches the top of the cylinder. Find the final state of
the water below the piston (7, P, v) and the heat added during the process.

Solution:
C.V. Water below the piston.
Piston force balance at initial state: FT =F{ =P AA= Mg +mpg +PpA

State 1, g: Comp. Lig. = v=vp=0.001002 m’/kg; u,, = 83.95 ki/kg

Va1 =mpvag =0.002 m’; Mot = Vior/V = 1/0.001002 = 998 kg
mass above the piston ~ mp; = m¢y - mp = 996 kg

(198.5 + 996) x 9.807
0.1 x 1000

Pa1 = Pg+ (m, + mp)g/A = 101325+ =218.5 kPa

myg
State 2: Ppy=Pg+——=120.8KkPa ; voy = Vio/ ms=0.5 m¥/kg

xa2 =(0.5-0.001047)/1.4183 =0.352; T, =105°C
up, =440.0 +0.352 x 2072.34 = 1169.5 kl/kg

Continuity eq. in A: mpy =my P

Energy: mp(u; -up) =1Qy - W3

Process: P linear in V as my is linear with V
|

1Wy = [PV =2(218.5 + 120.82)(1 - 0.002) . .

=169.32 kJ v

1Qp = mu(ug - up) + Wy =2170.1 + 169.3 = 2340.4 kJ
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Assume the same setup as in Problem 5.50, but the room has a volume of 100 m’.
Show that the final state is two-phase and find the final pressure by trial and error.

C.V.: Containment room and reactor.
Mass: mp =my =V, .4.,/V1 = 1/0.001823 = 548.5 kg

Energy: 1’1’1(112 - ul) = 1Q2 - 1W2 =0-0=0=> U =uy = 1702.8 kJ/kg

Total volume and mass => v, =V /my =0.1823 m>/kg

room

State 2: uy , vo Table B.1.1 see Figure.

Note that in the vicinity of v =0.1823 m3/kg crossing the saturated vapor line the
internal energy is about 2585 kJ/kg. However, at the actual state 2, u = 1702.8
kJ/kg. Therefore state 2 must be in the two-phase region.

AT

Trial & error v =v¢+ XV ; U= Up+ Xugy 1060 kPa
Vo - Vf
=uy =1702.8 =up + ug, _
g =2585
Vig 1060 kPa [\—
Compute RHS for a guessed pressure P5:
sat vap
-
0.184 v

0.1823-0.001101
0.31457

0.1823-0.001097
0.34159

P, =600 kPa: RHS = 669.88 + x 1897.52=1762.9 too large

P, =550 kPa: RHS =655.30 + x 1909.17 = 1668.1  too small

Linear interpolation to match u = 1702.8 gives P, =568.5 kPa
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5.66

A piston cylinder has a water volume separated in V, = 0.2 m3 and Vg =0.3 m3 by a

stiff membrane. The initial state in A is 1000 kPa, x = 0.75 and in B it is 1600 kPa and
250°C. Now the membrane ruptures and the water comes to a uniform state at 200°C.
What is the final pressure? Find the work and the heat transfer in the process.

Take the water in A and B as CV.

Continuity: mp-myp-mg=0

Energy: myu) - MyAUA - MgUg = 1Q2 - W2

Process: Py =Py = constant = Py 5 as piston floats and my, P, do not change

State 1A: Two phase. Table B.1.2
via =0.001127 +0.75 x 0.19332 = 0.146117 m3/kg,

ujp =761.67+0.75 x 1821.97 = 2128.15 kl/kg
State 1B: Table B.1.3 v;g = 0.14184 m3/kg, u;g = 2692.26 kl/kg
=> mya=Via/via=13688kg, mp=Vpg/vig=2.115kg
State 2: 1000 kPa, 200°C sup. vapor => v, = 0.20596 m3/kg, u, = 2621.9 kl/kg
m, =ma +mg=3.4838 kg => V,=myv, =3.4838 x 0.20596 = 0.7175 m3

So now
1Wy = I Pdv = Peq (V,-V)=1000 (0.7175-0.5) =217.5 kJ

1Q2 =mpuy - myauy A - migug + W
=34838 x2621.9-1.3688 x2128.15-2.115x2692.26+217.5=T744 kJ

cb mp
A:H20

[0 |
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Two rigid tanks are filled with water. Tank A is 0.2 m3 at 100 kPa, 150°C and tank B

is 0.3 m?3 at saturated vapor 300 kPa. The tanks are connected by a pipe with a closed

valve. We open the valve and let all the water come to a single uniform state while we
transfer enough heat to have a final pressure of 300 kPa. Give the two property values
that determine the final state and find the heat transfer.

State Al: u=2582.75 kl/kg, v = 1.93636 m3/kg
=> mu; = V/v=0.2/1.93636 = 0.1033 kg

State B1: u=2543.55 kJ/kg, v = 0.60582 m3/kg
=>mpg; = V/v=0.3/0.60582 = 0.4952 kg
The total volume (and mass) is the sum of volumes (mass) for tanks A and B.
m, =mpuq + mpgy =0.1033 +0.4952 = 0.5985 kg,
V2=Vu 1+ Vg =02+03=05m’
=> vy = Vy/m, = 0.5 /0.5985 = 0.8354 m3/kg
State 2: [P,, vo] =[300 kPa, 0.8354 m3/kg]
= T, =274.76°C and u, =2767.32 kl/kg

The energy equation is (neglecting kinetic and potential energy)
my U —mpus; —mpugy = 1Qy =1 W2 =1Qy
1Q2 = 0.5985 x 2767.32 — 0.1033 x 2582.75 — 0.4952 x 2543.55
=129.9kJ
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Energy Equation: Multistep Solution
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5.68

A piston cylinder shown in Fig. P5.68 contains 0.5 m? of R-410a at 2 MPa, 150°C.
The piston mass and atmosphere gives a pressure of 450 kPa that will float the piston.
The whole setup cools in a freezer maintained at -20°C. Find the heat transfer and

show the P-v diagram for the process when T, = -20°C.

C.V.: R-410a. Control mass.

Continuity: m = constant,

Energy Eq.5.11: m(u, -u))=,Q,-,W,
. R - Po
Process: Fl=FT=PA= PiAt FStop
ifv< Vstop = Fstop =0

This is illustrated in the P-v diagram shown below. R-410a

State 1: v, =0.02247 m/kg, u, =373.49 ki/kg
= m=V/=22252kg

State 2: T, and on line = compressed liquid, see figure below.
vy = v=0.000 803 m’/kg = V5, =0.01787 m>; u, =up =27.92 kl/kg
Wy = [PV =Pp;(V, - V) =450 (0.01787 - 0.5) = -217.0 kJ ;

Energy eq. =
1Q7 =22.252(27.92 - 373.49) — 217.9 = -7906.6 kJ

A P AT P =2 MPa
2MPa + 1 315(3) 1 | !
T=-204 P =450 kPa
-168 L
450 kPa T v T2 < v
A 220
2/ - >
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5.69

A setup as in Fig. P5.68 has the R-410a initially at 1000 kPa, 50°C of mass 0.1 kg.
The balancing equilibrium pressure is 400 kPa and it is now cooled so the volume is
reduced to half the starting volume. Find the work and heat transfer for the process.

AP

Take as CV the 0.1 kg of R-410a.
Continuity Eq.: mp)=mj;=m; 10007 \/
2

Energy Eq511 m(u2 - ul) = 1Q2 - 1W2 400 T
Process Eq.: P=Pqoat or v=C=vy, /
State 1: (P, T) => v;=0.0332 md/kg, -V

u; =292.695 kl/kg
State 2: (P,v) => v,=v1/2=0.0166 m3/kg< Vg, 50 it is two-phase.
Xy = (v — vg) /Vgg = (0.0166 — 0.000803)/0.064 = 0.2468
U = upt Xy Uy = 27.92 + x, 218.07 = 81.746 kl/kg

From processeq.: (W, = ,[ P dV =area= mP, (v, —v})
= 0.1 x400 (0.0166 — 0.0332) =-0.664 kJ
From energy eq.: 1Q2 =m(uy —uy) + Wy =0.1x (81.746 — 292.695) - 0.664
=-21.8kJ
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5.70

A vertical cylinder fitted with a piston contains 5 kg of R-410a at 10°C, shown in Fig.
P5.70. Heat is transferred to the system, causing the piston to rise until it reaches a set
of stops at which point the volume has doubled. Additional heat is transferred until the
temperature inside reaches 50°C, at which point the pressure inside the cylinder is 1.4

MPa.

a. What is the quality at the initial state?

b. Calculate the heat transfer for the overall process.
Solution:

C.V. R-410a. Control mass goes through process: 1 ->2 ->3
As piston floats pressure is constant (1 -> 2) and the volume is constant for the
second part (2 ->3). So we have: v;=v,=2xv,

State 3: Table B.4.2 (P,T) v;=0.02249 m3/kg, uy =287.91 kl/kg

AP

E% J \.3

[ I~
R-410a 1 2
A%
L -

So we can then determine state 1 and 2 Table B.4.1:
v, = 0.011245 =0.000886 + X, X 0.02295 => X, = 0.4514

b) u, =7224+0.4514 x 183.66 = 155.14 kl/kg
State 2: v, = 0.02249 m3/kg, P, =P =1086 kPa this is still 2-phase.

We get the work from the process equation (see P-V diagram)

2
(Wy= W, = [[PdV =P (V,-V,) = 1086 x 5 (0.011245) = 61.1 kJ
1

The heat transfer from the energy equation becomes
1Q3 =m(us-u ) + W, =5(287.91 - 155.14) + 61.1 = 725.0 kJ
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Find the heat transfer in Problem 4.68.

A piston/cylinder contains 1 kg of liquid water at 20°C and 300 kPa. Initially the
piston floats, similar to the setup in Problem 4.64, with a maximum enclosed volume
of 0.002 m? if the piston touches the stops. Now heat is added so a final pressure of
600 kPa is reached. Find the final volume and the work in the process.

Solution:

Take CV as the water. Properties from table B.1
my=m;=m; m,-u)=,Q,- W,
State 1: Compressed lig. v =v¢(20) = 0.001002 m3/kg, u= up= 83.94 kl/kg
State 2: Since P> P o then v = vy, =0.002 and P =600 kPa
For the given P : Vp<v<vg S0 2-phase T = Tgy=158.85°C

v=0.002=0.001101 +x x (0.3157-0.001101) => x=0.002858
u=669.88 + 0.002858 x1897.5 = 675.3 kl/kg
Work is done while piston moves at P|..= constant = 300 kPa so we get
W =[PdV=m Pl (v2 -vy) = 1x300(0.002 - 0.001002) = 0.299 kJ
Heat transfer is found from energy equation
1Q2 =m(uy -uy) + Wy =1(675.3 - 83.94) + 0.299 = 591.66 kJ

L, d
2
1
H,0
y
-
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10 kg of water in a piston cylinder arrangement exists as saturated liquid/vapor at 100
kPa, with a quality of 50%. It is now heated so the volume triples. The mass of the
piston is such that a cylinder pressure of 200 kPa will float it, as in Fig. 5.72. Find the
final temperature and the heat transfer in the process.

Solution:

Take CV as the water.
Continuity Eq.: mpy=m;=m ;
Energy Eq.: m(up —up) = 1Qy — W2
Process: v = constant until P = Py;5 , then P is constant.
State 1: Two-phase so look in Table B.1.2 at 100 kPa
u; =417.33 + 0.5 x 2088.72 = 1461.7 kl/kg,

vy =0.001043 + 0.5 x 1.69296 = 0.8475 m3/kg
State 2: vy, Py <Ppigy => vy =3 x 0.8475 =2.5425 m3/kg ;
Interpolate: T, =829°C, u, =3718.76 kl/kg
=> V,=mv, =25.425 m3

From the process equation (see P-V diagram) we get the work as
1W5 =Py;p(V, —V1) =200 x 10 (2.5425 — 0.8475) = 3390 kJ

From the energy equation we solve for the heat transfer
1Qy =m(uy; —u;) + Wy =10x(3718.76 — 1461.7) + 3390 = 25 961 kJ

_ _ ‘ p
P0
2
b P, +
_JC T 2

H20

Pl- 1 ¢ v

b —
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5.73

The cylinder volume below the constant loaded piston has two compartments A and B
filled with water. A has 0.5 kg at 200 kPa, 150°C and B has 400 kPa with a quality of
50% and a volume of 0.1 m>. The valve is opened and heat is transferred so the water
comes to a uniform state with a total volume of 1.006 m>.

a) Find the total mass of water and the total initial volume.

b) Find the work in the process

c) Find the process heat transfer.

Solution:
Take the water in A and B as CV.
COHtiHUit}’I I’l’lz - mlA - mlB = 0

Energy:  myu; - mjpu5 - mgujg = 1Qz - W2
Process: P = constant =P, if piston floats

(V 5 positive) i.e. if V5>V =0.1 m3
State Al: Sup. vap. Table B.1.3 v =0.95964 m3/kg, u=2576.9 kl/kg

=> V=mv=0.5%0.95964 = 0.47982
State B1: Table B.1.2 v =(1-x) x 0.001084 + x x 0.4625 = 0.2318 m3/kg
= m=V/v=04314kg

u=604.29 + 0.5 x 1949.3 = 1578.9 kl/kg

State 2: 200 kPa, v, = Vo/m = 1.006/0.9314 = 1.0801 m3/kg

Table B.1.3 => close to T, =200°C and u, = 2654.4 kl/kg

So now
V;=0.47982 + 0.1 = 0.5798 m3, m; =0.5+0.4314=0.9314 kg

Since volume at state 2 is larger than initial volume piston goes up and the pressure
then is constant (200 kPa which floats piston).

(Wo =[P dV =Py (Vy- V) =200 (1.006 - 0.57982) = 85.24 kJ

1Q2 =mpuy - mypuy A - migug + W
=0.9314 x2654.4 - 0.5 x2576.9 - 0.4314 x 1578.9 + 85.24 = 588 kJ
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5.74
Calculate the heat transfer for the process described in Problem 4.65.

A cylinder containing 1 kg of ammonia has an externally loaded piston. Initially the
ammonia is at 2 MPa, 180°C and is now cooled to saturated vapor at 40°C, and then
further cooled to 20°C, at which point the quality is 50%. Find the total work for the
process, assuming a piecewise linear variation of P versus V.

Solution:
C.V. Ammonia going through process 1 - 2 - 3. Control mass.
Continuity: m = constant,
Energy Eq.5.11: m(u; -u)=,Q;- W,
Process: P is piecewise linear in V
State 1: (T,P) Table B.2.2: v;=0.10571 m3/kg, u, =1630.7 kl/kg

State 2: (T, x) Table B.2.1 sat. vap. P, = 1555 kPa, v, = 0.08313 m3/kg

P
2000
1555 180°C
" 40°C
857 o
20°C
\%

State 3: (T, x) Py =857 kPa,
v3=(0.001638+0.14922)/2 =0.07543  uy =(272.89 + 1332.2)/2 = 802.7 kJ/kg

Process: piecewise linear P versus V, see diagram. Work is area as:

3 P, +Py P2 + P3
Wiz= [PdV = (—5 ) m(vy-v)) + (T 5 ) m(v3-vy)
I
2000 + 1555 1555 + 857
= > 1(0.08313 - 0.10571) + - 5 1(0.07543 - 0.08313)
— 494 kJ

From the energy equation, we get the heat transfer as:
Q3 =m(uy -uy) + W, =1x(802.7 - 1630.7) - 49.4 = -877.4 kJ
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5.75

A rigid tank A of volume 0.6 m?> contains 3 kg water at 120°C and the rigid tank B is

0.4 m> with water at 600 kPa, 200°C. They are connected to a piston cylinder initially
empty with closed valves. The pressure in the cylinder should be 800 kPa to float the
piston. Now the valves are slowly opened and heat is transferred so the water reaches

a uniform state at 250°C with the valves open. Find the final volume and pressure and
the work and heat transfer in the process.

CV.. A+B+C. c

Only work in C, total mass constant.

my-m;=0 => my=my+mg
Uy -Up=1Qy- Wy
Wy = [PAV =Py (V5- V))

1A: v=0.6/3=0.2 m3/kg => xA1=1(0.2-0.00106)/0.8908 = 0.223327
u=>503.48 +0.223327 x 2025.76 = 955.89 kl/kg
IB: v=0.35202 m3/kg => mpg; =0.4/0.35202=1.1363 kg ; u=2638.91 kl/kg
m, =3+ 1.1363=4.1363 kg and

VZZVA+VB+VC:1+VC ‘ p
Locate state 2: Must be on P-V lines shown la )
State 1a: 800 kPa, b, +
VAV
Vg =" =0.24176 m’/kg | ‘

m v

800 kPa, vi, => T=173°C too low. -
Assume 800 kPa: 250°C => v=0.29314 m3/kg > v;, OK

V, =m,v, = 4.1363 kg x 0.29314 m>/kg = 1.21 m®
Final state is : 800 kPa; 250°C => u,=2715.46 kl/kg
W =800(0.29314 - 0.24176) x 4.1363 =800 x (1.2125-1)=170 kJ
Q = myu; - myuy + Wy =myuy - myjup g - mpjugy + ;W)
=4.1363 x 2715.46 - 3 x 955.89 - 1.1363 x 2638.91 + 170
=11232-2867.7-2998.6 + 170 =5536 kJ
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5.76
Calculate the heat transfer for the process described in Problem 4.73.

A piston cylinder setup similar to Problem 4.?? contains 0.1 kg saturated liquid and vapor
water at 100 kPa with quality 25%. The mass of the piston is such that a pressure of 500
kPa will float it. The water is heated to 300°C. Find the final pressure, volume and the

work, | 5.
Solution:
Take CV as the water: my =m; =m AP
Energy Eq.5.11: m(uy -up) =1Q,- W, P la 2
1
Process: v = constantuntil P = Py
To locate state 1: Table B.1.2 P 'y v
cb -

vy =0.001043 + 0.25x1.69296 = 0.42428 m3/kg
u; =417.33 +0.25x2088.7 = 939.5 kl/kg

State la: 500 kPa, v, = vy = 0.42428 > v, at 500 kPa,
so state la is superheated vapor Table B.1.3  T;,=200°C
State 2 is 300°C so heating continues after state 1a to 2 at constant P = 500 kPa.
2: Ty, Py =Pz =>TblB.1.3 v,=0.52256 m3/kg; u,=2802.9 kl/kg
From the process, see also area in P-V diagram
1Wy =Py m(vy - vy) =500 x0.1(0.5226 - 0.4243) =4.91 kJ

From the energy equation
1Qr =m(uy -uy) + W, =0.1(2802.9 - 939.5) + 4.91 = 191.25 kJ
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5.77

A cylinder/piston arrangement contains 5 kg of water at 100°C with x = 20% and the
piston, mp = 75 kg, resting on some stops, similar to Fig. P5.72. The outside pressure
is 100 kPa, and the cylinder area is 4 = 24.5 cm2. Heat is now added until the water
reaches a saturated vapor state. Find the initial volume, final pressure, work, and heat
transfer terms and show the P—v diagram.

Solution:
C.V. The 5 kg water.
Continuty: my=m; =m; Energy:  m(up-up) =1Qy- W

Process: V = constant if P <Pj;s otherwise P = Pj;5 see P-v diagram.

75 x 9.807
P3 :Pz :Plift:PO +mp g/Ap =100 + 0.00245 x 1000 =400 kPa

p P,
2 S 1a3°C 5
\/ 100°C H,0
cb 1 t Vv

State 1: (T,x) Table B.1.1
v; =0.001044 + 0.2 x 1.6719, V{=mv; =5 x0.3354 =1.677 m3
u; =418.91 + 0.2 x 2087.58 = 836.4 kl/kg
State 3: (P, x=1) Table B.1.2 => v3=0.4625> v, u3=2553.6 kl’kg
Work is seen in the P-V diagram (if volume changes then P = Py;¢)
1W3 =9W3 =Paxim(vs - v5) =400 x 5(0.46246 - 0.3354) =254.1 kJ
Heat transfer is from the energy equation
1Q3=5(2553.6 - 836.4) + 254.1 = 8840 kJ
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I have 2 kg of liquid water at 20°C, 100 kPa. I now add 20 kJ of energy at a constant
pressure. How hot does it get if it is heated? How fast does it move if it is pushed by a
constant horizontal force? How high does it go if it is raised straight up?

a) Heat at 100 kPa.
Energy equation:
Ey—E;=1Q—1W2=1Q - P(V, - V) =H; - Hi=m(hy —hy)
hy, =h; + ;Qy/m = 83.94 + 20/2 = 94.04 kl/kg
Back interpolate in Table B.1.1: T, =22.5°C
[We could also have used AT = {Q,/mC =20 / (2*4.18) = 2.4°C]

b) Push at constant P. It gains kinetic energy.

2
0.5m V2 = IWZ

V,=4/2 {Wy/m =\/2 x 20 x 1000 J/2 kg = 141.4 m/s
c) Raised in gravitational field

mg7Z,=1W,
20000 J
WM 8 = 9.807 m/s2

Z,= =1019 m

Comment: Notice how fast (500 km/h) and how high it should by to have the same
energy as raising the temperature just 2 degrees. I.e. in most applications
we can disregard the kinetic and potential energies unless we have very
high V or Z.
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5.79

A copper block of volume 1 L is heat treated at 500°C and now cooled in a 200-L oil
bath initially at 20°C, shown in Fig. P5.79. Assuming no heat transfer with the
surroundings, what is the final temperature?

Solution:
C.V. Copper block and the oil bath.
Also assume no change in volume so the work will be zero.
Energy Eq.: Uj - U = Mpeq(U - Up)mer + MUz - Ui = 1Q2 - W2 =0
Properties from Table A.3 and A.4
Mo = Vp = 0.001 m> x 8300 kg/m> = 8.3 kg,
mg; = Vp =02 m> x 910 kg/m> = 182 kg
Solid and liquid Eq.5.17: Au=Cy, AT,

kJ kJ

Table A.3 and A 4: Cy met = 0.42 kg K’ Cyoii=1.8 kg K

The energy equation for the C.V. becomes
MyetCy met(T2 = T1,met) T MoitCy 0il(T2 = T 0i) = 0
8.3 x 0.42(T, — 500) + 182 x 1.8 (T, —20)=0
331.09 T, — 1743 - 6552 =0
= Tp=25°C
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5.80

Because a hot water supply must also heat some pipe mass as it is turned on so it does
not come out hot right away. Assume 80°C liquid water at 100 kPa is cooled to 45°C
as it heats 15 kg of copper pipe from 20 to 45°C. How much mass (kg) of water is
needed?

Solution:
C.V. Water and copper pipe. No external heat transfer, no work.
Energy Eq.5.11: U, -U; =AU, + AUHZO =0-0

From Eq.5.18 and Table A.3:

k
AU, =mC AT = 15 kg x 042k K < (45-20)K=157.5kJ
From the energy equation

mHZO =- AUcu / AquO

157.5
mHZO AUCU / CH20( ATHzO) m =1.076 kg
or using Table B.1.1 for water

157.5
M0 AUcu/ (U1-02) =3377941gg 41 ~ 1076 kg

Cu pipe The real problem involves a
e — flow and is not analyzed by this
simple process.
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5.81

In a sink 5 liters of water at 70°C is combined with 1 kg aluminum pots, 1 kg of

flatware (steel) and 1 kg of glass all put in at 20°C. What is the final uniform
temperature neglecting any heat loss and work?

Energy Eq.: Up - Uy =Y mj(up - uy); = 1Qy - (W2 =0
For the water: vp=0.001023 m%/kg, V=5L=0.005m>; m=V/v=4.8876kg
For the liquid and the metal masses we will use the specific heats (Tbl A.3, A.4) so

> mi(up - up); = > miCy (Ty - Tp)y = T miCy = 3 miCy Ty
noticing that all masses have the same T, but not same initial T.
> mC, ;=4.8876 x4.18 +1x0.9+1x0.46 + 1 x 0.8 =22.59 kI/K
Energy Eq.:  22.59 T, =4.8876 x4.18 x70+ (1 x09+1x0.46 +1 x0.8) x 20
=1430.11 +43.2
T, = 65.2°C
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5.82

A house is being designed to use a thick concrete floor mass as thermal storage
material for solar energy heating. The concrete is 30 cm thick and the area exposed to
the sun during the daytime is 4 m x 6 m. It is expected that this mass will undergo an
average temperature rise of about 3°C during the day. How much energy will be
available for heating during the nighttime hours?

Solution:

C.V.: Control mass concrete.

V=4x6x03=72m>

r 2224
—~ -

1.

Concrete is a solid with some properties listed in Table A.3
m = pV =2200 kg/m> x 7.2 m> = 15 840 kg
Energy Eq.: m(up -uy) =1Q2- Wy =1Q;
The available heat transfer is the change in U. From Eq.5.18 and C from table A.3

k
AU=mCAT =15 840ng0.88kg—JK><3K=41818kJ=41.82MJ
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5.83

A closed rigid container is filled with 1.5 kg water at 100 kPa, 55°C, 1 kg of stainless
steel and 0.5 kg of PVC (polyvinyl chloride) both at 20°C and 0.1 kg of air at 400 K,
100 kPa. It is now left alone with no external heat transfer and no water vaporizes.
Find the final temperature and air pressure.

Energy Eq.: Uy -Up =Y mj(up - up); =1Qy - (W2 =0
For the liquid and the metal masses we will use the specific heats (Tbl A.3, A.4) so
D mj(uy - up); =Y miCy i (To - Ty = T) miCy i — > miCy Ty

noticing that all masses have the same T, but not same initial T.
> miCyi=1.5x418+1x0.46+0.5x0.96+0.1 x0.717 = 7.282 kJ/K
Energy Eq.: 7.282 T, =1.5x4.18 x55+ (1 x 0.46 + 0.5 x 0.96) x 20
+0.1 x0.717 x (400-273.15) =372.745kJ
T, =51.2°C

The volume of the air is constant so from PV = mRT it follows that P varies with T
Py =Py Tp/Ty iy = 100 x 324.34 / 400 = 81 kPa
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5.84

A car with mass 1275 kg drives at 60 km/h when the brakes are applied quickly to
decrease its speed to 20 km/h. Assume the brake pads are 0.5 kg mass with heat
capacity of 1.1 kJ/kg K and the brake discs/drums are 4.0 kg steel. Further assume
both masses are heated uniformly. Find the temperature increase in the brake
assembly.

Solution:
C.V. Car. Car loses kinetic energy and brake system gains internal u.
No heat transfer (short time) and no work term.

m = constant;
1.2 .2
Energy Eq.5.11: Ey-E1=0-0= mg, 5(V, = V)) + mpape(upy —uy)

The brake system mass is two different kinds so split it, also use C,, from Table
A.3 since we do not have a u table for steel or brake pad material.

1000\?
Mygeel Cy AT +mp,q Cy AT = mey, 0.5 (60% —20%) (M) m?/s2

kJ
(4% 046 +0.5x 1.1) 72 AT = 1275 kg x 0.5 x (3200 x 0.077 16) m?/s?

=157406J=157.4kJ
=> AT =65.9 °C
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5.85
A computer CPU chip consists of 50 g silicon, 20 g copper, 50 g polyvinyl chloride

(plastic). It heats from 15°C to 70°C as the computer is turned on. How much energy
does the heating require?

Energy Eq.: Uy -Uj =Y 'mj(up - uy); = 1Qp - W,

For the solid masses we will use the specific heats, Table A.3, and they all have the
same temperature so

> mj(uy - up); =Y miCy i (To - Ty); = (T - TP miCy
Zmicv ;=0.05x0.7+0.02 x 0.42 + 0.05 x 0.96 = 0.0914 kJ/K

U, -U;=0.0914 x (70 — 15) =5.03 kJ
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5.86

A 25 kg steel tank initially at —10°C is filled up with 100 kg of milk (assume
properties as water) at 30°C. The milk and the steel come to a uniform temperature of
+5 °C in a storage room. How much heat transfer is needed for this process?

Solution:

C.V. Steel + Milk. This is a control mass.

Energy Eq.5.11: Uy, —-U;=1Q;—1W5=1Q,

Process: V = constant, so there is no work
W, =0.

s

Use Eq.5.18 and values from A.3 and A.4 to evaluate changes in u

1Q2 = Mgiee) (U2 - Upsteel T Mpik(U2 - U milk
kJ kJ
=25 kg x 0.466 —kg K> [5—(-10)] K+ 100 kg x4.18 —kg K> (5-30)K

= 172.5-10450 =-10277 kJ
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5.87

A 1 kg steel pot contains 1 kg liquid water both at 15°C. It is now put on the stove
where it is heated to the boiling point of the water. Neglect any air being heated and
find the total amount of energy needed.

Solution:
Energy Eq.: U —U;=1Q; — W3

- The steel does not change volume
and the change for the liquid is
minimal, so {W, = 0.

State 2: T, = Ty (1atm) = 100°C
Tbl B.1.1 :u; =62.98 kl/kg, u,=418.91 kl/kg
Tbl A3 : Cy =0.46 kl/kg K
Solve for the heat transfer from the energy equation
1Q2 =Up = Uy =mg (U — uy)g + mppo (U2 — upm20
=myCqy (To—Ty) + mygpe (U — 2o

kJ
1Q2 = 1 kg x 046 1 x(100 — 15) K + 1 kg x(418.91 — 62.98) kl/kg
=39.1+355.93 =395 kJ
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5.88
A piston cylinder (0.5 kg steel altogether) maintaining a constant pressure has 0.2 kg

R-134a as saturated vapor at 150 kPa. It is heated to 40°C and the steel is at the same
temperature as the R-134a at any time. Find the work and heat transfer for the process.

C.V. The R-134a plus the steel. Constant total mass
m=m;=m ;
Uy = Up = mRj34a(U2 — UpR134a + Mgteet(Uz —up) = 1Q2 — 1 W2
State 1: B.5.2 sat. vapor vy =0.13139 m3/kg, u; = 368.06 kJ/kg
State 2: B.5.2 sup. vapor v, = 0.16592 m3/kg, u, = 411.59 kl/kg
Vi =mv; =0.2x0.13139 = 0.02628 m3
V, =mv, =0.2 x 0.16592 = 0.03318 m3
Steel: A3, Cge = 0.46 kJ/kg-K
Process: P =C for the R134a and constant volume for the steel =>
(W, =[P dV =P (V,— V) =150 kPa (0.03318 — 0.02628) m3
=1.035 kJ

1Q2 = mR 34, (U2 —up) + Mygee (up —uy) + W3
= MR (34 (U — ) + Mygee]Cypeel (T2 —T1) + 1 W3
= 0.2 x (411.59 — 368.06) + 0.5 x 0.46 x [40 — (—17.29)] + 1.035
=8.706 +13.177 + 1.035=22.92 kJ
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An engine consists of a 100 kg cast iron block with a 20 kg aluminum head, 20 kg

steel parts, 5 kg engine oil and 6 kg glycerine (antifreeze). Everything begins at 5°C
and as the engine starts we want to know how hot it becomes if it absorbs a net of
7000 kJ before it reaches a steady uniform temperature.

Energy Eq.: U - Uj=1Q— W3
Process: The steel does not change volume and the change for the liquid is minimal,
SO 1W2 = 0.

So sum over the various parts of the left hand side in the energy equation

Mg, (up —up) +mpp (ug —up)ag+ mg (U —uyp)g

+mg; (U — )i T Mgpy (Uy —up)gly = 1Q2

Table A3: Cge=0.42,Cx;=0.9,Cg =0.46 all units of klJ/kg K
Table A4: Cgyji=1.9, Cqy=2.42 all units of kJ/kg K

So now we factor out T, —T| as uy —u; = C(T, —T)) for each term

[ MEeCre + mpICAL + myCopt M Cojp + mgpyCopy 1 (To —T1) = 1Q2

T, -T;=1Qy/ Zm; C;

B 7000

~100x 0.42 + 20x 0.9 + 20x 0.46 + 5 x1.9 + 6 x2.42
7000

=932 - 7PK

T,=T,+75=5+75=80°C

Air intake filter =~ Fan Radiator

—( D) Atm.
Shaft & air
power

Exhaust flow Coolant flow 0

HHH
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Properties (u, h, Cy and Cp), Ideal Gas
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5.90

Use the ideal gas air table A.7 to evaluate the heat capacity C,, at 300 K as a slope of
the curve h(T) by Ah/AT. How much larger is it at 1000 K and 1500 K.

Solution :
From Eq.5.24:
Cp= g? ﬁ % ~ 1.005 kJ/kg K
1000K Cp=2= hllg;g 22500 HEAB DM _ 1140 kIkg K
100K C,= ﬁ? TSSSSS 111:;500 1696'4150'01575‘4 ~ 121 kJ/kg K

Notice an increase of 14%, 21% respectively.

Ah

Cp 1500

Cp 300

T

300 1000 1500

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or
instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any other
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 United States
Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

5.91
We want to find the change in u for carbon dioxide between 600 K and 1200 K.
a) Find it from a constant C,,, from table A.5

b) Find it from a C,, evaluated from equation in A.6 at the average T.
c¢) Find it from the values of u listed in table A.8

Solution :
a) Au = C,, AT = 0.653 x (1200 — 600) = 391.8 kJ/kg

1 T 900
b)  Tavg=7 (1200 +600)=900, 6 =T555=T000 = -9

Cpo = 0.45+ 1.67 x 0.9 - 1.27 x 0.9% + 0.39 x 0.9° = 1.2086 kl/kg K
Cyo = Cpo— R = 1.2086 — 0.1889 = 1.0197 kl/kg K
Au=1.0197 x (1200 — 600) = 611.8 kJ/kg

C) Au=996.64 —392.72 = 603.92 kJ/kg

Au

Y1200

—

Y600

300 600 1200
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5.92

We want to find the change in u for carbon dioxide between 50°C and 200°C at a
pressure of 10 MPa. Find it using ideal gas and Table A.5 and repeat using the B
section table.

Solution:
Using the value of C,, for CO, from Table A.S,

Au = C,, AT = 0,653 x (200 — 50) = 97.95 kJ/kg

Using values of u from Table B3.2 at 10 000 kPa, with linear
interpolation between 40°C and 60°C for the 50°C value,

Au = g - usp = 437.6 —230.9 = 206.7 kd/kg

Note: Since the state 50°C, 10 000 kPa is in the dense-fluid supercritical region, a
linear interpolation is quite inaccurate. The proper value for u at this state is
found from the CATT software to be 245.1 instead of 230.9. This results is

Au = U0 - Us0 = 437.6 —245.1 =192.5 kJ/kg
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5.93

We want to find the change in u for oxygen gas between 600 K and 1200 K.
a) Find it from a constant C,,, from table A.5

b) Find it from a C,, evaluated from equation in A.6 at the average T.

¢) Find it from the values of u listed in table A.8

Solution:
a) Au = C,, AT = 0.662 x (1200 — 600) = 397.2 kJ/kg
1 T 900
b) Tavg=§(1200+600)=900 K, Ozm:mzo‘g

Cpo = 0.88 = 0.0001 x 0.9 +0.54 x 0.92-0.33 x 0.9 =1.0767
Cyo=Cpo — R = 1.0767 — 0.2598 = 0.8169 ki/kg K
Au=0.8169 x (1200 — 600) = 490.1 kJ/kg

C) Au = 889.72 — 404.46 = 485.3 kJ/kg

Au

U200

!

Yso0 T

300 600 1200
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5.94

Estimate the constant specific heats for R-134a from Table B.5.2 at 100 kPa and 125°
C. Compare this to table A.5 and explain the difference.

Solution:
Using values at 100 kPa for h and u at 120°C and 130°C
from Table B5.2, the approximate specific heats at 125°C are

Ah  521.98-511.95

Cp = AT © 130-120 1.003 kJ/kg K
compared with 0.852 kJ/kg K for the ideal-gas value at 25°C
from Table A.5.

Au  489.36 - 480.16
C, = AT 130 - 120 = 0.920 kJ/kg K
compared with 0.771 kJ/kg K for the ideal-gas value at 25°C
from Table A.5.

There are two reasons for the differences. First, R-134a is not exactly an ideal gas at
the given state, 125°C and 100 kPa. Second and by far the biggest reason for the
differences is that R-134a, chemically CF3;CHj, , is a polyatomic molecule with
multiple vibrational mode contributions to the specific heats (see Appendix C), such

that they are strongly dependent on temperature. Note that if we repeat the above

approximation for C,, in Table B.5.2 at 25°C, the resulting value is 0.851 kJ/kg K.
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5.95

Water at 150°C, 400 kPa, is brought to 1200°C in a constant pressure process. Find
the change in the specific internal energy, using a) the steam tables, b) the ideal gas
water table A.8, and c) ~the specific heat from A.5.

Solution:
a)
State 1: Table B.1.3 Superheated vapor u; = 2564.48 kl/kg

State 2: Table B.1.3 u, =4467.23 klJ/kg
Uy - uy =4467.23 - 2564.48 = 1902.75 kJ/kg
b)
Table A.8 at423.15K: u; =591.41 klJ/kg
Table A.8 at 1473.15K: up =2474.25 kl/kg
up - up =2474.25 - 591.41 = 1882.8 kJ/kg
C) Table A.5: C,,=1.41kJ/kgK

uy - ug = 1.41 kJ/kgK (1200 — 150) K = 1480.5 kd/kg

Ao

Notice how the
average slope from :
150Ct01200Cis 1200 ~ Slopeat
higher than the one at 25C
25C (=Cyp)

Y150

V-

25 150 1200
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5.96
Nitrogen at 300 K, 3 MPa is heated to 500 K. Find the change in enthalpy using a)
Table B.6, b) Table A.8, and c) Table A.S.

B.6.2  hy—h; =519.29—304.94 = 214.35 kl/kg
A8 hy —h; = 520.75 — 311.67 = 209.08 kl/kg
A5 hy —hy = Cpo (T~ Ty) = 1.042 kJ/kg-K (500 —300) K = 208.4 kl/kg

Comment: The results are listed in order of accuracy (B.6.2 best).
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5.97
For a special application we need to evaluate the change in enthalpy for carbon

dioxide from 30°C to 1500°C at 100 kPa. Do this using constant specific heat from
Table A.5 and repeat using Table A.8. Which is the more accurate one?

Solution:
Using constant specific heat:
Ah = Cp,AT = 0.842 (1500 - 30) = 1237.7 kd/kg

Using Table A.8:

3.15
30°C=303.15K => h=214.38 +50 (257.9-214.38) =217.12 kl/kg

1500°C =1773.15 K =>

3.15

73.
h=1882.43 * 00 (2017.67 — 1882.43) = 1981.36 kJ/kg

Ah=1981.36 —-217.12 =1764.2 kJ/kg

The result from A.8 is best. For large AT or small AT at high T,,, constant specfic
heat is poor approximation.
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5.98
Repeat the previous problem but use a constant specific heat at the average
temperature from equation in Table A.6 and also integrate the equation in Table A.6 to
get the change in enthalpy.

Tave =3 (30 + 1500) +273.15 = 1038.15K; 0 ="T/1000 = 1.0382

Table A.6 = Cp=1.2513 kl/kg-K
Ah = Cpo ave AT = 12513 x 1470 = 1839 kd/kg

For the entry to Table A.6:
30°C=303.15K == 0;=0.30315

1500°C = 1773.15 K => 8, = 177315
Ab=hy-hy =] C o dT

—[0.45 (05 - 0)) + 1.67 x3 (6,2 - 0,)

| |
127 %3 (0% - 0,%) +0.39x 7 (8, - 0,)] = 1762.76 kl/kg
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5.99
Reconsider Problem 5.97 and examine if also using Table B.3 would be more accurate
and explain.

Table B.3 does include non-ideal gas effects, however at 100 kPa these effects are
extremely small so the answer from Table A.8 is accurate.

Table B.3. does not cover the 100 kPa superheated vapor states as the saturation
pressure is below the triple point pressure. Secondly Table B.3 does not go up to the
high temperatures covered by Table A.8 and A.9 at which states you do have ideal gas
behavior. Table B.3 covers the region of states where the carbon dioxide is close to the
two-phase region and above the critical point (dense fluid) which are all states where
you cannot assume ideal gas.
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Water at 20°C, 100 kPa, is brought to 200 kPa, 1500°C. Find the change in the
specific internal energy, using the water table and the ideal gas water table in
combination.

Solution:
State 1: Table B.1.1  u; =us=83.95 kl/kg
State 2: Highest T in Table B.1.3 is 1300°C
Using a Au from the ideal gas tables, A.8, we get
u;s500 = 3139 kl/kg U300 = 2690.72 kl/kg
Uj500 - U1300 = 448.26 kl/kg

We now add the ideal gas change at low P to the steam tables, B.1.3, uyx =
4683.23 kJ/kg as the reference.

up -up = (up - ugpg. + (ux - up)
=448.28 + 4683.23 - 83.95 = 5048 kJ/kg
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An ideal gas is heated from 500 to 1500 K. Find the change in enthalpy using constant
specific heat from Table A.5 (room temperature value) and discuss the accuracy of the
result if the gas is

a. Argon b. Oxygen c. Carbon dioxide
Solution:
T, =500K, T, =1500 K, Ah=Cpy(T-T})
a) Ar: Ah=0.520(1500-500) = 520 kJ/kg
Monatomic inert gas very good approximation.
b) O, : Ah=0.922(1500-500) = 922 kJ/kg
Diatomic gas approximation is OK with some error.
c) CO,: Ah=10.842(1500-500) = 842 kJ/kg
Polyatomic gas heat capacity changes, see figure 5.11

See also appendix C for more explanation.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or
instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any other
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 United States
Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

Energy Equation: Ideal Gas
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Air is heated from 300 to 350 K at V = C. Find ;q,. What if from 1300 to 1350 K?

Process: V=C 2> 1W,=0

Energy Eq U —u = 1(12*0 9 192 = Uy — U

Read the u-values from Table A.7.1
a) 1qp =Uupy—u; =250.32-214.36 = 36.0 kJ/kg

b) 1qp =y —uy = 1067.94 — 1022.75 = 45.2 kJ/kg

case a) C, = 36/50=0.72 kJ/kg K , see A.5

case b) C, = 45.2/50 = 0.904 kJ/kg K (25 % higher)
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A 250 L rigid tank contains methane at 500 K, 1500 kPa. It is now cooled down to 300
K. Find the mass of methane and the heat transfer using ideal gas.

Solution:
Ideal gas, constant volume
P, =Py x (T, /Ty) =1500 % 300/ 500 =900 kPa

1500 x 0.25

m=P;V/RT, = 0.5183 % 500 1.447 kg

Use specific heat from Table A.5
u -uy =C, (T, —T;)=1.736 (300 — 500) = -347.2 kl/kg
1Qr =m(u, - uy) = 1.447(-347.2) = -502.4 kJ
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A rigid tank has 1 kg air at 300 K, 120 kPa and it is heated by an external heater. Use
Table A.7 to find the work and the heat transfer for the process.

CV Air in tank, this is a C.M. at constant volume.
This process is a constant volume process so {W, = 0 and ;Q, comes in.

Energy Eq:  m(up; —up)=1Q— W =1Q;

Process & ideal gas: V,=V; P;V;=mRT;, P,V, =mRT,
P2 = Pl T2 /Tl =120 x 1500/ 300 = 600 kPa

Solving using Table A.7 gives:
1Q2 =m(up —uy) =1(1205.25 - 214.36) = 990.89 kJ
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A rigid container has 2 kg of carbon dioxide gas at 100 kPa, 1200 K that is heated to
1400 K. Solve for the heat transfer using a. the heat capacity from Table A.5 and b.
properties from Table A.8

Solution:

C.V. Carbon dioxide, which is a control mass.

Energy Eq.5.11: Uy—U;=mup-uy)=1Q; — W,

Process: AV=0 =  W,=20

a) For constant heat capacity we have: uy-u; = C,, (Tp- T;) so
1Q2=2mC,, (To- T{) =2 x 0.653 x (1400 —1200) = 261.2 kJ

b) Taking the u values from Table A.8 we get
1Qy=m (up-uy) =2 x (1218.38 — 996.64) = 443.5 kJ

AL
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Do the previous problem for nitrogen, N, gas.

A rigid container has 2 kg of carbon dioxide gas at 100 kPa, 1200 K that is heated to
1400 K. Solve for the heat transfer using a. the heat capacity from Table A.5 and b.
properties from Table A.8

Solution:

C.V. Nitrogen gas, which is a control mass.

Energy Eq.5.11: Uy —-U;=m(u-uy) =1Q— W,

Process: AV=0 = W,=10

a) For constant heat capacity we have: uy-u; =C,, (T, - T;) so
1Q2 =mC,,, (To- T{) =2 x 0.745 x (1400 — 1200) = 298 kJ

b) Taking the u values from Table A.8, we get
1Qr =m (uy-uy) =2 x (1141.35-957) = 368.7 kJ

AL
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A tank has a volume of 1 m3 with oxygen at 15°C, 300 kPa. Another tank contains 4

kg oxygen at 60°C, 500 kPa. The two tanks are connected by a pipe and valve which
is opened allowing the whole system to come to a single equilibrium state with the

ambient at 20°C. Find the final pressure and the heat transfer.

C.V. Both tanks of constant volume.

Continuity Eq.: my —myjp —mg=0
Energy Eq.:  mpup; —mjaujp —mygug=,Q, - W,
Process Eq.: V=V, + Vg =constant, W,=0
P1aVa 300 kPa x 1 m3

State 1A: Mo ="pr "~ =02598 ki/kg-K x 288.15 K~ +007 kg

mgRT|g 4 kg x 0.2598 kJ/kg-K x 333.15K 3
State 1B: Vg = Pilg 500 kPa =0.6924 m
State 2: (T,,v,=V,/m) V=V +Vg=1+0.6924=1.6924 m’

my =mj +mg=4.007 +4=8.007 kg
P _ moRT) _ 8.007 kg x 0.2598 ki/kg-K x 293.15 K
20V, 1.6924 m3
Heat transfer from energy equation
1 Q, =mouy —myaujp —mygug =mya(uy —ujp) + myp(uy —ug)

=mpCy (T —Tya) +myg Cy (T2 - Typ)

= 4.007 kgx0.662 kl/kg-Kx(20 —15) K + 4 kgx0.662 kJ/kg-K (20 —60) K

=-92.65kJ

=360.3 kPa
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Find the heat transfer in Problem 4.43.

A piston cylinder contains 3 kg of air at 20°C and 300 kPa. It is now heated up in a
constant pressure process to 600 K.

Solution:
Ideal gas PV =mRT
State 1: T, Py

State 2: T,, P, =Py
Psz = I’IIRTZ Vz =mR Tz / Pz =3x0.287x600 /300 =1.722 1’1’13
Process: P = constant,

W, = f PdV =P (V,-V,)=300(1.722 - 0.8413) = 264.2 kJ

Energy equation becomes
Uy-Up=,Q,- W, =m(u; - uy)

1Q,=Uy- Uy + W, =3(435.097 - 209.45) + 264.2 = 941 kJ

AT AT
600 +
300 11

1
T 293 +
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A 10-m high cylinder, cross-sectional area 0.1 m2, has a massless piston at the bottom

with water at 20°C on top of it, shown in Fig. P5.109. Air at 300 K, volume 0.3 m? ,
under the piston is heated so that the piston moves up, spilling the water out over the
side. Find the total heat transfer to the air when all the water has been pushed out.

Solution:

Po A P
1
P 1
2
ch b7 \%
air N —
Vl Vmax

The water on top is compressed liquid and has volume and mass
Vi1,0 = Viot - Vair =10 x 0.1-0.3=0.7 m’
my,0 = VH20/Vf: 0.7 /0.001002 = 698.6 kg

The initial air pressure is then

698.6 x 9.807
Py =Py +my,0g/A=101.325+"5" 7000 — 109-84 kPa
169.84 x 0.3
and then  mgi =PV/RT = 0287 x 300 — 0-592 kg

State 2: No liquid over piston: P, =Py =101.325kPa, V,=10x0.1=1 m’

T1P,Vy  300x101.325x1
PV, ~  169.84x0.3

State 2: P2, V2 = T2 = =596.59 K

The process line shows the work as an area
1
Wy = deV = % (Py+Py)(Vy - Vi) =75 (169.84 + 101.325)(1 - 0.3) = 94.91 kJ
The energy equation solved for the heat transfer becomes
1Q2 =m(uy - uy) + Wy =2mCy(T, - Tp) + W,
=0.592 x 0.717 % (596.59 - 300) +94.91 = 220.7 kJ

Remark: we could have used u values from Table A.7:
Uy -uy =432.5-214.36=218.14 kl/kg versus 212.5 kl/kg with C,,.
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A piston cylinder contains air at 600 kPa, 290 K and a volume of 0.01 m>. A constant
pressure process gives 18 kJ of work out. Find the final temperature of the air and the
heat transfer input.

Solution:

C.V AIR control mass

Continuity Eq.: my —m; =0
Energy Eq.: m (uy —up) =1Qy - Wy
Process: P=C so (W,=[PdV=P(V,-V))

1:P;, T,V 2:P=P,,?
m; = P;V{/RT; = 600 x0.01 / 0.287 x290 = 0.0721 kg
Wy =P(V, - V|)=18kI >
V,—V,=W,/P=18kJ/600 kPa=0.03 m
V=V + W, /P=0.01+0.03=0.04 m

Ideal gas law : P,V, = mRT,

PV T, 004
PV, 117001

T2=P2V2/mR= x 290 =1160 K

Energy equation with u’s from table A.7.1
1Q=m (uy —uy )+ W;
=0.0721 ( 898.04 —207.19 ) + 18
=67.81 kJ
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An insulated cylinder is divided into two parts of 1 m?> each by an initially locked
piston, as shown in Fig. P5.111. Side A has air at 200 kPa, 300 K, and side B has air at
1.0 MPa, 1000 K. The piston is now unlocked so it is free to move, and it conducts

heat so the air comes to a uniform temperature 7o = 7R. Find the mass in both A and
B, and the final 7' and P.

C.V.A+B Force balance on piston: PAA = PgA

So the final state in A and B is the same.
State 1A: Table A.7 upg =214.364 kl/kg,

mp =PA1VA1/RT A1 =200 x 1/(0.287 x 300) = 2.323 kg
State 1B: Table A.7 ug; = 759.189 kl/kg,
mp = Pp; Vg 1/RTg; = 1000 x 1/(0.287 x 1000) = 3.484 kg
For chosen C.V. {Q, =0, W, =0 so the energy equation becomes
ma (uy - up)p + mp(uy - up)g =0
(mp + mp)uy =mpupg + mpup)
=2.323 x214.364 + 3.484 x 759.189 = 3143 k]
u, =3143/(3.484 +2.323) = 541.24 kJ/kg

From interpolation in Table A.7: = T,= 736 K

x 736 K/ 2 m> = 613 kPa

kJ
P = (mp + mp)RTH/Vior = 5.807 kg x 0.287 ke K
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Find the specific heat transfer for the helium in Problem 4.62

A helium gas is heated at constant volume from a state of 100 kPa, 300 K to 500 K. A
following process expands the gas at constant pressure to three times the initial
volume. What is the specific work in the combined process?

Solution :
C.V. Helium. This is a control mass.

Energy Eq.5.11: u3- u; =q3- w3

The two processes are: p 2 3
1 ->2: Constant volume V, =V, 2]
2 ->3: Constant pressure P3 =P,
P 1T 1 v

Use ideal gas approximation for helium.
State 1: T,P => v =RT,/P,
State 2: V,=V; => P, =P (Ty/T)
State 3: P3=P, => V3=3V,y; T3=T,v3/vp=500x3=1500K
We find the work by summing along the process path.
W3 = Wy + W3 = W3 =P3(v3-v) =R(T3 - T)
=2.0771(1500 - 500) = 2077 kl/kg
The heat transfer is from the energy equation
143 =u3 - U+ w3 =Gy (T3 =T) + W3
=3.116 (1500 —300) + 2077 = 5816 kJ/kg
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A rigid insulated tank is separated into two rooms by a stiff plate. Room A of 0.5 m’

contains air at 250 kPa, 300 K and room B of 1 m?> has air at 500 kPa, 1000 K. The
plate is removed and the air comes to a uniform state without any heat transfer. Find
the final pressure and temperature.

Solution:

C.V. Total tank. Control mass of constant volume.

Mass and volume: m, =mpy +mg; V=Vp,+Vg=15 m’
Energy Eq.: Uy—-U;=mpuy —mpup; —mgug; =Q-W=0
Process Eq.: V =constant = W =0; Insulated = Q=0

Ideal gasat 1:  mp =PpVA/RTA| =250 x 0.5/(0.287 x 300) = 1.452 kg
u o= 214.364 kJ/kg from Table A.7
Ideal gasat2:  mp = Pg|VR/RT g1= 500 x 1/(0.287 x 1000) = 1.742 kg
upg;=759.189 kl/kg from Table A.7
my, = my +mg=3.194 kg

| MmpUup| T MBUR; 1452 x 214.364 + 1.742 x 759.189
W= m, - 3.194
=> Table A.7.1: T, =698.6 K

P>, =my RT, /V =3.194 x 0.287 x 698.6/1.5 = 426.9 kPa

=511.51 kl/kg

ch
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A cylinder with a piston restrained by a linear spring contains 2 kg of carbon dioxide
at 500 kPa, 400°C. It is cooled to 40°C, at which point the pressure is 300 kPa.
Calculate the heat transfer for the process.

Solution:
C.V. The carbon dioxide, which is a control mass.

Continuity Eq.: my—m; =0

Energy Eq.: m (uy —up) =1Q2-1Ws

Process Eq.: P=A+BV (linear spring)

1
Wy = [PV =3(Py + Py)(V, - Vy)
Equation of state: PV =mRT (ideal gas)
State 1:  V; =mRT;/P; =2 x0.18892 x 673.15 /500 = 0.5087 m>

State 2: V= mRT,/P, =2 x 0.18892 x 313.15 /300 = 0.3944 m’

| W =3(500 + 300)(0.3944 - 0.5087) = -45.72 kJ

To evaluate u, - u; we will use the specific heat at the average temperature.
From Figure 5.11: Cpo(Tyyg) =45/44=1.023 = Cy(=083=Cp,-R
For comparison the value from Table A.5 at 300 K is Cyo = 0.653 klJ/kg K
1Q2 =m(uy - uy) + Wy =mCyo(Ty - Ty) + W3
=2x0.83(40 - 400) - 45.72 = -643.3 kJ

O, >

Remark: We could also have used the ideal gas table in A.8 to get u, - uj.
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A piston/cylinder has 0.5 kg air at 2000 kPa, 1000 K as shown. The cylinder has stops
50 Vpnin = 0.03 m3. The air now cools to 400 K by heat transfer to the ambient. Find

the final volume and pressure of the air (does it hit the stops?) and the work and heat
transfer in the process.

We recognize this is a possible two-step process, one of constant P and one of
constant V. This behavior is dictated by the construction of the device.

Continuity Eq.: my —m; =0

Energy Eq.5.11: m(uy - u;) =,Q,- W,

Process: P =constant=F/A=P; if V> Vmin
V =constant=V, =V, 1if P<P

State 1: (P, T) V|, =mRT;/P; =0.5 x0.287 x 1000/2000 = 0.07175 m>

The only possible P-V combinations for this system is shown in the diagram so both
state 1 and 2 must be on the two lines. For state 2 we need to know if it is on the
horizontal P line segment or the vertical V segment. Let us check state 1a:

State la: P12,=P1, Via=Vnin

0.07175

Via
Ideal gas so TlaZTIV—IZIOOOX =418 K

We see that T, < Ty, and state 2 must have V, =V, = V,;;;, = 0.03 m’.

Vi 400 0.07175
=2000 %7600~ 0.03

T,
Py=Pyx g Xy = 19133 kPa

The work is the area under the process curve in the P-V diagram

(Wa= [2PdV = Py (Vi,— V) =2000 kPa (0.03 - 0.07175) m’ = - 83.5 kJ

Now the heat transfer is found from the energy equation, u’s from Table A.7.1,
1Q2 =m(uy -uy) + Wy =0.5(286.49 - 759.19) — 83.5 =-319.85kJ

| 4 AT
la 1 . 1
- C AT ' 1a
T
PZ“ 2 v T2“ 2 v
o L
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A piston/cylinder contains 1.5 kg of air at 300 K and 150 kPa. It is now heated up in a
two-step process. First constant volume to 1000 K (state 2) and then followed by a
constant pressure process to 1500 K, state 3. Find the heat transfer for the process.

Solution:
C.V. Helium. This is a control mass.

Energy Eq.5.11: Uz - U;=,Q3- ;W3

The two processes are: 2 3
1 ->2: Constant volume V, =V, P2 T
2 ->3: Constant pressure Py =P,

P T 1

L

Use ideal gas approximation for air.
State 1: T,P => V;=mRT;/P;=1.5x0.287x300/150 = 0.861 m3

State 2: V,=V; => P, =Py (T,/T)=150x1000/300 = 500 kPa
State 3: P3=P, => V3=V, (T3/Ty)=0.861x1500/1000 = 1.2915 m?3
We find the work by summing along the process path.
1W3 =1 Wy + W3 =,W3=P3(V3-Vy)
=500 kPa (1.2915 - 0.861) m3 = 215.3 kJ
The heat transfer is from the energy equation and we will use Table A.7 for u
1Q3=Uz - U+ W3 =m(uz —uj) + ;W3
=1.5(1205.25-214.36) + 215.3 =1701.6 kJ

Comment: We used Table A.7 due to the large temperature differences.
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Air in a rigid tank is at 100 kPa, 300 K with a volume of 0.75 m3. The tank is heated
400 K, state 2. Now one side of the tank acts as a piston letting the air expand slowly

at constant temperature to state 3 with a volume of 1.5 m3. Find the pressures at states
2 and 3, Find the total work and total heat transfer.

100 x 0.75 kPam3
0.287 x 300 klJ/kg

Process 1 to 2: Constant volume heating, dV=0 = ;W,=0
P, =Py T,/ T; =100 x 400/ 300 = 133.3 kPa
Process 2 to 3: Isothermal expansion, dT=0 => u3=u, and

P;=P,V,/V3=1333x0.75/1.5=66.67 kPa

State 1: m=P,;V,/RT, = =0.871 kg

V3
2W3= [3PdV=PV;In (,)= 1333 %075 In(2) = 69.3 kI

The overall process:
1W3 =W, +,W3=,W3=69.3kJ
From the energy equation
1Q3 =m(uz — up) + W3 =mC, (T3 =T + W3

=0.871 x 0.717 (400 — 300) + 69.3 = 131.8 kJ
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5.118

Water at 100 kPa, 400 K is heated electrically adding 700 kJ/kg in a constant pressure
process. Find the final temperature using

a) The water tables B.1 b) The ideal gas tables A.8
c¢) Constant specific heat from A.5
Solution :
Energy Eq.5.11: uy- uy=1qy - 1wy
Process: P=constant == (w,=P(vy- vy)
Substitute this into the energy equation to get
192 =hy - hy
Table B.1:

hy = 2675.46 + e so2 (277638 ~2675.46) = 2730.0 kl/kg

hy = hy + g = 2730 + 700 = 3430 kl/kg

430 -3278.11
T =400 + (500 — 400 ) x T2l — 472.30C

Table A.8:
hy, =hy + 19, =742.4 + 700 = 1442.4 kl/kg

1442.4 - 1338.
Ty =700 + (750 — 700 ) X Tameab 0 — 749 5 K = 476.3°C

Table A.5
hy - hy=Cp (T, -Ty)
Ty=T| + 14y / Cpo =400 + 700 / 1.872 = 773.9K = 500.8°C
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5.119

Air in a piston/cylinder at 200 kPa, 600 K, is expanded in a constant-pressure process
to twice the initial volume (state 2), shown in Fig. P5.101. The piston is then locked
with a pin and heat is transferred to a final temperature of 600 K. Find P, T, and 4 for
states 2 and 3, and find the work and heat transfer in both processes.

Solution:
C.V. Air. Control mass my=mj3=m;
Energy Eq.5.11: U -u;=1qr-1W2;
Process 1to2:  P=constant => wp= j P dv="P(vy-v{) =R(T, -T})
Ideal gas Pv=RT = T, =T vy/vi =2T; =1200 K
P, =P;=200kPa, ;w,=RT;=172.2kJ/kg
Table A.7 h, =1277.8 kJ/kg, h3z=h;=607.3 kJ/kg
192 =up -uy + 1wy =hy -h; =1277.8 - 607.3 = 670.5 kJ/kg
Process 2—53: vz3=vp=2v; = ,w3=0,
Py =P,T3/T, =P;T;/2T| =P;/2=100 kPa
2q3 =Uuj3 - uy =435.1-933.4 =-498.3 kJ/kg

P T
B L2 :

200 -——————] 1200 ‘/////]
100 3 600 1 1 3

Air - -
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A spring loaded piston/cylinder contains 1.5 kg of air at 27C and 160 kPa. It is now
heated to 900 K in a process where the pressure is linear in volume to a final volume
of twice the initial volume. Plot the process in a P-v diagram and find the work and
heat transfer.

Take CV as the air.
my =m;=m ; m(uy -up) = 1Qy - W3
Process: P=A+BV => W, =[P dV =area=0.5P; +P,)(V,-V))
State 1: Ideal gas. V| =mRT;/P; = 1.5% 0.287 x 300/160 = 0.8072 m3
Table A.7 u; =u(300) =214.36 kl/’kg

State 2: PV, = mRT), so ratio it to the initial state properties

P,V, /P;V; =P,2 /P =mRT, /mRT{ =T, /T; =>

P> =Py (T, /T )(1/2) =160 x (900/300) x (1/2) = 240 kPa

Work is done while piston moves at linearly varying pressure, so we get
W5 =0.5(P; + Py)(V,-V;)=0.5%(160 + 240) kPa x 0.8072 m’ =161.4 kJ
Heat transfer is found from energy equation
1Q2 =m(up -uy) + Wy = 1.5%(674.824 - 214.36) + 161.4 = 852.1 kJ
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Energy Equation: Polytropic Process
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A helium gas in a piston cylinder is compressed from 100 kPa, 300 K to 200 kPa in a
polytropic process with n = 1.5. Find the specific work and specific heat transfer.

Energy Eq.:  uw;—u; =192 — W2
Process Eq.: Pv" = Constant  (polytropic)

We can calculate the actual specific work from Eq.4.5 and heat transfer from the
energy equation be first finding T, as:

(=]
()]

n-1

Process: T, =T; (P,/P)) ™ =300 (2) !> =377.98K

1 R
Wo=1_,Pova—Pv)=7__(T, -Ty)

2.0771

=775 (377.98 - 300) = -323.9 ki/kg

Uy —u; = CV(T2 - Tl) =242.99 kJ/kg,

Energy Eq.:  qp =up —u; + ;wp =-80.9 kl/kg

P T Helium Table A.5
k=vy=1.667 son<k

T@m=1)
s q C, =3.116 kI/kgK,
4>

> R=2.0771 klkgK
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5.122
Oxygen at 300 kPa, 100°C is in a piston/cylinder arrangement with a volume of 0.1
m3. It is now compressed in a polytropic process with exponent, n = 1.2, to a final
temperature of 200°C. Calculate the heat transfer for the process.

Solution:
Continuty: m, = my
Energy Eq.5.11: m(uy —uy) =1Qy — W,

State 1: T , Py & ideal gas, small change in T, so use Table A.5
PiVi  300x0.1m’

= M=TRT, ~025983 x 373.15 _ 0309 ke
Process: PV™ = constant
1 mR 0.309 x 0.25983
1Wo=1,@2Vo-P V) =7"(T,-T)) = 1-12  (200-100)

=-40.2 kJ
1Q2=m(uy -uy) + Wy = mCy(Tp - Ty) + W,
=0.3094 x 0.662 (200 - 100) - 40.2 =-19.7 kJ

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or
instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any other
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 United States
Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

5.123

A piston cylinder contains 0.1 kg air at 300 K and 100 kPa. The air is now slowly
compressed in an isothermal (T = C) process to a final pressure of 250 kPa. Show the
process in a P-V diagram and find both the work and heat transfer in the process.

Solution :

Process: T =C & ideal gas = PV =mRT = constant

Py

RT \&
1Wo ZdeV=JdeV =mRTan—1 =mRTlnP—2

=0.1 x0.287 x 300 In (100 /250 ) =-7.89 kJ
since T1 =T, = u) =1uj
The energy equation thus becomes
1Qy=mx (uy-uy)+ Wy =W, =-7.89 kJ

p P—CV'1 T
2 T=C
2 |
1 r—
>
v \Y%
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5.124
A piston cylinder contains 0.1 kg nitrogen at 100 kPa, 27°C and it is now compressed
in a polytropic process with n = 1.25 to a pressure of 250 kPa. Find the heat transfer.
Take CV as the nitrogen. mp,=m;=m ;
Process Eq.: Pv" = Constant  (polytropic)
From the ideal gas law and the process equation we can get:
L 250 eH
. - n _ IV N1.25
State 2: T, =T (P /P) " =300.15 (55)" =3605K
From process eq.:
R
1W2 = J- PdV =area= % (P2V2 - PlVl) :% (T2 - Tl)
0.1 x 0.2968

=" 1-125 (360.5—-300.15)=-7.165 kJ

From energy eq.:
1Q2 =m(up —ug) + Wy =mCy(Tp — Ty) + | W,
=0.1 x 0.745(360.5 —300.15) — 7.165 = -2.67 kJ
Pp=CT5 P p=cv-125 T
5 ) T=cCv025
1 2 .
T ]
- : - -
T v
v
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Helium gas expands from 125 kPa, 350 K and 0.25 m?> to 100 kPa in a polytropic
process with n = 1.667. How much heat transfer is involved?

Solution:
C.V. Helium gas, this is a control mass.
Energy equation: m(up —up) = 1Q, — Wy

. n n
Process equation: PV" = constant = PV, =PV,

125 x 0.25
Ideal gas (A.5): m=PV/RT = 20771 350 0.043 kg
Solve for the volume at state 2
125)0.6
Vy =V, (Py/Py) ™ =0.25 x (Wj - 0.2852 m’
100 x 0.2852

T2 = Tl P2V2/(P1V1) =350 = 3194 K

125 x 0.25
Work from Eq.4.4

W PoVo-P1 Vi 100x 0.2852 - 125x 0.25
2= 1 7 1-1.667

kPam? =4.09 kJ

Use specific heat from Table A.5 to evaluate u, —u;, C, =3.116 kJ/kg K
1Q2 =m(uy —up) + Wy =mCy (T = T1) + Wy
=0.043 x 3.116 x (319.4 — 350) + 4.09 = -0.01 kJ
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5.126
Find the specific heat transfer for problem 4.52

Air goes through a polytropic process from 125 kPa, 325 K to 300 kPa and 500 K.
Find the polytropic exponent n and the specific work in the process.
Solution:

n n
Process: Pv'=Const=P;v; =P, v,

Ideal gas Pv=RT so

~RT 0.287x325 3
VI =T 125 0.7462 m”/kg
_RT 0.287 x 500 3
Va=Tp =7 300 047833 m /kg

From the process equation
(Pz/ Pl) = (Vl/ V2)n => ln(Pz/ Pl) =n ll’l(Vl/ V2)

In2.4
n=1In(Py/ Py) / In(vy/ vg) =15 = 1.969

The work is now from Eq.4.4 per unit mass

Povo-Prve R(Tp-Ty)  0.287(500 - 325)
ln I-n 1-1.969

The energy equation (per unit mass) gives
192 = (W -up) + Wy = Cy(To - Tp) + 1wy
=0.717 (500 - 325) - 51.8 = 73.67 kJ/kg

1Wo = =-51.8 kJ/kg
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5.127

A piston/cylinder has nitrogen gas at 750 K and 1500 kPa. Now it is expanded in a
polytropic process with n = 1.2 to P = 750 kPa. Find the final temperature, the specific
work and specific heat transfer in the process.

C.V. Nitrogen. This is a control mass going through a polytropic process.

Continuty: m, =my
Energy Eq.5.11: m(uy —uyp) =1Qy — W,
Process: Pv™ = constant

Substance ideal gas: Pv=RT
= 75013
T, =T, (Py/P)) ™ =750 (ij — 750 x 0.8909 = 668 K

The work is integrated as in Eq.4.4

1 R
Wa = JPdv=T7_-(Pyvy-Pyv) =7 (T2-T))

~0.2968
S1-1.2

The energy equation with values of u from Table A.8 is
192 =Up -uy + Wy =502.8 - 568.45 + 121.7 = 56.0 kJ/kg

(668 - 750) =121.7 kJ/kg

If constant specific heat is used from Table A.5
192 = Cy(T5 - T)) + 1wy = 0.745(668 — 750) + 121.7 = 60.6 kJ/kg
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5.128
A gasoline engine has a piston/cylinder with 0.1 kg air at 4 MPa, 1527°C after
combustion and this is expanded in a polytropic process with n = 1.5 to a volume 10
times larger. Find the expansion work and heat transfer using Table A.5 heat capacity.
Take CV astheair. my=m;=m ;
Energy Eq.5.11 m(u —up)=1Q, — W,
Process Eq.: Pv" = Constant  (polytropic)
From the ideal gas law and the process equation we can get:
-n -1.5
State 2 P, =Py (vy/v;) =4000x10 ~=126.5kPa
126.5 x 10
Ty=T; (Pyva/Pyvy) = (1527 +273) ~ o= 5693 K
R
From processeq.: (W, = _[ PdV = % (Ppvy = Pyvy) = % (T, =Ty)
0.1 x 0.287
=SS (569.3 — 1800) = 70.64 kJ
From energy eq.: 1Q=m(up —uy) + W =mC(T, - T)) + W,
=0.1 x0.717(569.3 — 1800) + 70.64 = —-17.6 kJ
P p=cT3 P p=Cvy-l5 T
1 T=C V'0 5
1
, T 1
T N~
> > >
T \%
A%
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5.129
Solve the previous problem using Table A.7
Take CV astheair. mpy=m;=m ;
Energy Eq.5.11 m(uy —uy)=1Qy — W,
Process Eq.: Pv" = Constant  (polytropic)
From the ideal gas law and the process equation we can get:
-n -1.5
State 2: P,=P; (vy/v{) =4000x10 ~=126.5kPa
126.5 x 10
Ty=T; (Pyvy/ Pyvy) = (1527 +273) oo —=569.3 K
R
From process eq.: Wy = ,[ PdV = % (Ppvy —Pyvy) = % (T, -Ty)
0.1 x 0.287
=SS (569.3 — 1800) = 70.64 K
From energy eq.: 1Q2 =m(up —up) + W
=0.1(411.78 —1486.33) + 70.64 = -36.8 kJ
The only place where Table A.7 comes in is for values of u; and u,
P p=CT13 P p=Cv-lS T
1 T=C V'O'5
1
, T 1
T N~
- ; - -
1 v
v
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5.130

A piston/cylinder arrangement of initial volume 0.025 m3 contains saturated water
vapor at 180°C. The steam now expands in a polytropic process with exponent n = 1

to a final pressure of 200 kPa, while it does work against the piston. Determine the
heat transfer in this process.

Solution:

C.V. Water. This is a control mass.
State 1: Table B.1.1 P =1002.2 kPa, v, = 0.19405 m3/kg, u, = 2583.7 kl/kg,
m = V/v, =0.025/0.19405 = 0.129 kg
Process: Pv=const. =P,v, =P,v,; polytropic process n=1.
= v, =v,P,/P,=0.19405 x 1002.1/200 = 0.9723 m3/kg
State2:  P,,v, = TableB.1.3 T,=155°C,u,=2585kl/kg

v
_ _ Y2 _ 3, 09723
W, =JPdV=P V, In v, = 10022 kPa x 0.025 m” In 75455

=40.37kJ

1Qy =m(u, - u)) + W, = 0.129(2585 - 2583.7) + 40.37 = 40.54 kJ

P . Sat vapor line T

Notice T drops, it is not an ideal gas.
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5.131
A piston/cylinder in a car contains 0.2 L of air at 90 kPa, 20°C, shown in Fig. P5.131.
The air is compressed in a quasi-equilibrium polytropic process with polytropic
exponent 7 = 1.25 to a final volume six times smaller. Determine the final pressure,
temperature, and the heat transfer for the process.

Solution:

C.V. Air. This is a control mass going through a polytropic process.

Continuty: m, =m;y
Energy Eq.5.11: m(uy —up)=1Q, — W,
Process: Pv" = const.

P vt =Pyv," = Py =P(v{/vy)? =90 x 6'*° = 845.15 kPa
Substance ideal gas: Pv=RT
Ty =T (Povo/Pyvy) = 293.15(845.15/90 x 6) = 458.8 K

p T
2 1.25
P=C T=c 02
2
! S
> .
v A4

PV 90x0.2x1073
M7 RT ~0.287 x 293.15

The work is integrated as in Eq.4.4

—2.14x10% kg

1 R
Wy = JPdv=T7_-(Pyvy-Pyv)) =7 (T2-T))

0.287

1.1 25(458.8 -293.15) =-190.17 kl/kg

The energy equation with values of u from Table A.7 is
192 =Uup -uy + {wp =329.4 -208.03 — 190.17 = -68.8 kJ/kg

1Q2 =m ;qp =-0.0147 kJ (i.e a heat loss)
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A piston/cylinder has 1 kg propane gas at 700 kPa, 40°C. The piston cross-sectional
area is 0.5 m2, and the total external force restraining the piston is directly
proportional to the cylinder volume squared. Heat is transferred to the propane until its
temperature reaches 700°C. Determine the final pressure inside the cylinder, the work
done by the propane, and the heat transfer during the process.

Solution:
C.V. The 1 kg of propane.

Energy Eq.5.11: m(uy -uy) =1Qy-1W>
Process: P =Pext= Ccv? = Ppvi- constant, polytropic n=-2

Ideal gas: PV = mRT, and process yields

n
— 700+273.15\2/3
P, = P(T,/Tn-1 =700 (—40 +273.15) =1490.7 kPa

The work is integrated as Eq.4.4

2 P,V,-P;V, mR(T,-T)
2V2 1V1 2 1
1W2:deVZ l-n ~ 1-n
1

~ 1x.0.18855 x_(700 — 40)
B 1-(-2)

The energy equation with specific heat from Table A.5 becomes
1Q2 =m(uy - up) + Wy =mCy(T, - Ty) + W,
=1 x1.490 x (700 - 40) + 41.48 =1024.9 kJ

=41.48kJ
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5.133

A piston cylinder contains pure oxygen at ambient conditions 20°C, 100 kPa. The
piston is moved to a volume that is 7 times smaller than the initial volume in a
polytropic process with exponent n = 1.25. Use constant heat capacity to find the final
pressure and temperature, the specific work and the specific heat transfer.

Energy Eq.. up —u; =192 - W2

n 1.25
Process Eq: Pv' =C; P,=P; (vi/v,) =100(7) =1138.6kPa
From the ideal gas law and state 2 (P, v) we get

1138.6
100

T, = T1( Py/P|)(v{/V) = 293 x x (1/7) = 476.8 K

n-1
We could also combine process eq. and gas law to give: T, =T (v{/vy)

1 R
Polytropic work Eq. 4.5: ywy =7 (Povy —Pyvy) = 7. (T, - T))
02598 kI
W27 1.1.25 kgK
12 =u—up+ Wy =Cy (T =T + 1wy
=0.662 (476.8 —293.2) — 190.88 = —69.3 kJ/kg

x (476.8 —293.2) K =-190.88 kJ/kg

The actual process is P P 2
on a steeper curve 2
thann = 1. 1
100 n=
w
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5.134

An air pistol contains compressed air in a small cylinder, shown in Fig. P5.134.
Assume that the volume is 1 cm3, pressure is 1 MPa, and the temperature is 27°C
when armed. A bullet, m = 15 g, acts as a piston initially held by a pin (trigger); when
released, the air expands in an isothermal process (7 = constant). If the air pressure is
0.1 MPa in the cylinder as the bullet leaves the gun, find

a. The final volume and the mass of air.
b. The work done by the air and work done on the atmosphere.
c. The work to the bullet and the bullet exit velocity.
Solution:
C.V. Air.

Air ideal gas: mg;r = P;V{/RT; = 1000 x 107%/(0.287 x 300) = 1.17x10> kg
Process: PV =const=P,V;=P,V, = V,=V,P;/P, =10 em’

1V1
Wy = [PdV = |~ dV =PV In(Vy/V|) = 2.303J

1WoatMm = Po(V2 - V) =101 x (10 - 1) x 10 kI =0.909 J

1 2
Woullet = 1W2 - 1IW2,a1m = 1.394 ] =5 mpyjjet(Vexit)

Vexit = @Whylletmp) /% = (2 x 1.394/0.015)"2 = 13.63 m/s
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Calculate the heat transfer for the process described in Problem 4.58.

Consider a piston cylinder with 0.5 kg of R-134a as saturated vapor at -10°C. It is now
compressed to a pressure of 500 kPa in a polytropic process with n = 1.5. Find the
final volume and temperature, and determine the work done during the process.

Solution:

Take CV as the R-134a which is a control mass
Continuity: my=m;=m; Energy: m(u, -uy) =1Q, - W
Process: Pv'” = constant. Polytropic process with n=1.5

1: (T,x) P=Psat=201.7 kPa from Table B.5.1

vy =0.09921 m’/kg, u;=372.27 kl/kg
2: (P, process)

vy = vy (P1/P2) M =0.09921x (201.7/500)™%" = 0.05416 m>/kg

=> Table B.5.2 superheated vapor, T, =79°C, V, =mv, = 0.027 m’
u, =440.9 kJ/’kg
Process givesP=C v €19 Which is integrated for the work term, Eq.4.4
W, =[P dV =m(P,v, - Pyv{)/(1-1.5)
=-2x0.5x (500x0.05416 - 201.7x0.09921) =-7.07 kJ
1Q2 =m(uy -u;) + W, =0.5(440.9 - 372.27) + (-7.07) = 27.25 kJ
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5.136
A crane use 2 kW to raise a 100 kg box 20 m. How much time does it take?

. L
Power =W =FV =mgV = mg -

,_mgl _ 100 kg 9.807 m/s? 20 m

=981s
W 2000 W
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5.137

A crane lifts a load of 450 kg vertically up with a power input of 1 kW. How fast can
the crane lift the load?

Solution :
Power is force times rate of displacement d\\
W=FV-= mg-V T
' 1
\'} _W___1000__W_ 0.227 m/s
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5.138

A pot of 1.2 kg water at 20°C is put on a stove supplying 1250 W to the water. What
is the rate of temperature increase (K/s)?

dEW&tGI‘ dUwater

Energy Equation on a rate form: a - dt Q -W= Q -PV
. dUwater . deater dTwater
=" dt +PV = At T mwateGCT
dT .
g—taterz Q /My, Cp = 1.250 /(1.2 x4.18)=0.2492 K/s
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5.139

The rate of heat transfer to the surroundings from a person at rest is about 400 kJ/h.
Suppose that the ventilation system fails in an auditorium containing 100 people.
Assume the energy goes into the air of volume 1500 m3 initially at 300 K and 101
kPa. Find the rate (degrees per minute) of the air temperature change.

Solution:
Q=nq= 100x 400 = 40 000 kJ/h = 666.7 kJ/min

dEair . dTair

dt N7 m,;; Cy dt
m,;= PV/RT =101 x 1500/ 0.287 x 300 = 1759.6 kg
dTair

5 =Q/mC,=666.7/(1759.6 x 0.717) = 0.53°C/min
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5.140

A pot of water is boiling on a stove supplying 325 W to the water. What is the rate of
mass (kg/s) vaporizing assuming a constant pressure process?

To answer this we must assume all the power goes into the water and that the
process takes place at atmospheric pressure 101 kPa, so T = 100°C.

Energy equation
dQ =dE +dW =dU + PdV = dH = hg, dm

dg_, dm
dt — g dt

dm Q  325W

dt ~hg, 2257 kirkg 014488

The volume rate of increase is

dV  dm

G0 = qp Vie = 0144 ¢/s x 1.67185 m’/kg

=024 %102 m3/s=024L/s
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5.141

A pot of 1.2 kg water at 20°C is put on a stove supplying 1250 W to the water. After
how long time can I expect it to come to a boil (100°C)?

dEW&tGI‘ _ dUwater

Energy Equation on a rate form: i - dt Q -W= Q -PV
° dUwater ° deater dTwater
=Tt TPV T T a T MwaeGp T g

Integrate over time
Q=QAt= AH=my,er (hp —hy) = MyyaterCp (T, = Ty)

At = myaeer (hy —hy)/ Q ~ mwatercp (T =T/ Q
=1.2(419.02 - 83.94)/1.25 ~ 1.2 x4.18 (100 —20)/1.25
=321.7s = 5.5min

Comment: Notice how close the two results are, i.e. use of constant Cp 1s OK.
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5.142
A mass of 3 kg nitrogen gas at 2000 K, V = C, cools with 500 W. What is dT/dt?

Process: V=C > 1Wo=0

dE dU dU dT . .
EzazmaszVEZQ—WZQZ-SOOW

du Au Wi00-Y1900 1819.08 -1621.66

Cv2000 =47~ AT~ 2100-1900 200 = 0987 kl/kgK
dT Q500w P
dt ~mCy 3% 0987 kK 17

Remark: Specific heat from Table A.5 has C,, 3¢ = 0.745 kJ/kg K which is nearly
25% lower and thus would over-estimate the rate with 25%.
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A computer in a closed room of volume 200 m3 dissipates energy at a rate of 10 kW.
The room has 50 kg wood, 25 kg steel and air, with all material at 300 K, 100 kPa.
Assuming all the mass heats up uniformly, how long will it take to increase the
temperature 10°C?

Solution:
C.V. Air, wood and steel. my =m; ; no work
Energy Eq.5.11: U, -U;=1Qy= QAt
The total volume is nearly all air, but we can find volume of the solids.
Viood = M/p =50/510 = 0.098 m3 ; Vteel = 25/7820 = 0.003 m?3
Vi = 200 - 0.098 - 0.003 = 199.899 m3
mgjr = PV/RT =101.325 % 199.899/(0.287 x 300) = 235.25 kg
We do not have a u table for steel or wood so use heat capacity from A.3.
AU = [myjr Cy + Myg0q Cy + Mygee) Cy JAT
=(235.25x0.717 + 50 x 1.38 +25 x 0.46) 10
=1686.7 +690 +115=2492 kJ = Q X At=10 kW x At
=> At =2492/10 = 249.2 sec = 4.2 minutes
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A drag force on a car, with frontal area A =2 m2, driving at 80 km/h in air at 20°C is
Fq4=0225A pairV2 . How much power is needed and what is the traction force?

W =FV
ookm_ 1000 ’
V=280 h —80x3600ms =22.22 ms
P 101

Fq=0.225 ApV? =0.225 x 2 x 1.2 x 22.22% = 266.61 N
W =FV =266.61 N x 22.22 m/s = 5924 W = 5.92 kW
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5.145

A piston/cylinder of cross sectional area 0.01 m? maintains constant pressure. It

contains 1 kg water with a quality of 5% at 150°C. If we heat so 1 g/s liquid turns into
vapor what is the rate of heat transfer needed?

Solution:
Control volume the water.
Continuity Eq.: My = constant = my,p., + myjq

onarate form: myy, =0= Mygpor T Mjjg =

dE d ) ) ..
Energy Eq.: dt = a(mvaporug + mliquf) = mvapor( Ug = up) = Myaporlfg = Q-W

Myjq = -Myzpor

Vyapor = Myapor Vg > Viig = Miiq Vf 3 Viot = Vvapor T Viig
\.]tot = \.lvapor + \.fliq = ri'lvaporVg + rhliqvf - rhvapor (Vg' vg) = rhvapor Vg
W=PV =P myyyor Veg
Substitute the rate of work into the energy equation and solve for the heat transfer
Q = myyporlifg T W = Myanotify + P Mygnor Vg = Mygpor heg
=0.001 x2114.26 = 2.114 kW

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or
instructional purposes only to students enrolled in courses for which this textbook has been adopted. Any other
reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 United States
Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

5.146

A small elevator is being designed for a construction site. It is expected to carry four
75-kg workers to the top of a 100-m tall building in less than 2 min. The elevator cage
will have a counterweight to balance its mass. What is the smallest size (power)
electric motor that can drive this unit?

Solution:
m=4x75=300kg; AZ=100m; At=2 minutes

AZ 300 x9.807 x 100
At 1000 x 2 x 60

W = APE = mg =2.45 kW
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The heaters in a spacecraft suddenly fail. Heat is lost by radiation at the rate of 100
kJ/h, and the electric instruments generate 75 kJ/h. Initially, the air is at 100 kPa, 25°C
with a volume of 10 m3. How long will it take to reach an air temperature of —20°C?

Solution:

CM. Air

dM
Continuity Eq: T 0

W
Energy Eq: di Qel - Qrad PE

Il
S OO

Qrad

E=U= Qel . Qrad = Qnet = Up-Up=m(uy-up)= Qnet(tZ -t)

Heat aae: - PLVI_ 100 x10
cal gas: m ="pT "~ 0.287 x 298.15

m(uy - u) =m Cy((T, — Ty) = 11.688 x0.717 (-20 - 25) = —377.1 kJ
ty-t; =m (uy - uy)/Qpet = (=377.1 kJ) /(-25 kI/h) = 15.08 h

= 11.688 kg
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5.148

A steam generating unit heats saturated liquid water at constant pressure of 800 kPa in

a piston cylinder. If 1.5 kW of power is added by heat transfer find the rate (kg/s) of
saturated vapor that is made.

Solution:
Energy equation on a rate form making saturated vapor from saturated liquid
U=@mu=mAu=Q-W=Q-PV=Q-PmAv
Rearrange to solve for heat transfer rate
Q = m(Au + AvP) = m Ah = m hg
So now
m = Q/ hgy = 1500 / 2048.04 = 0.732 Kg/s
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5.149

As fresh poured concrete hardens, the chemical transformation releases energy at a
rate of 2 W/kg. Assume the center of a poured layer does not have any heat loss and
that it has an average heat capacity of 0.9 kJ/kg K. Find the temperature rise during 1
hour of the hardening (curing) process.

Solution:

I.JZ(rﬁu):mCVT:Q:mc.l
T=q/Cy =2x102/0.9
=2.222 % 1073 °C/sec
AT = TAt =2.222 x 10 x 3600 = 8 °C
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5.150
Water is in a piston cylinder maintaining constant P at 700 kPa, quality 90% with a

volume of 0.1 m>. A heater is turned on heating the water with 2.5 kW. What is the
rate of mass (kg/s) vaporizing?

Solution:
Control volume water.

Continuity Eq.: mtot = constant = Vapor +myjq
on a rate form: mtot 0= m\,apor + mhq = Myjg = -Mygpor
Energy equation: U=0Q-W= mvapor uf =Q-P mvapor Vig

Rearrange to solve for my,p;

Myapor (ufg +Pveg) = Mygpor hfg =Q

25 kW

Myapor Q/hfg 20663 kJ/kg =0.0012 kg/s
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5.151
A 500 Watt heater is used to melt 2 kg of solid ice at —10°C to liquid at +5°C at a
constant pressure of 150 kPa.
a) Find the change in the total volume of the water.
b) Find the energy the heater must provide to the water.
c) Find the time the process will take assuming uniform T in the water.

Solution:
Take CV as the 2 kg of water. m=m;=m ;
Energy Eq.5.11 m(uy —uy) =1Qy — W,

State 1: Compressed solid, take saturated solid at same temperature.
v =vj(-10) = 0.0010891 m3/kg, h =h;=-354.09 kJ/kg

State 2: Compressed liquid, take saturated liquid at same temperature
v=v=0.001, h=h=20.98 kl/kg

Change in volume:

Vs, =V =m(vy —v)=2(0.001 —0.0010891) = 0.000178 m3
Work is done while piston moves at constant pressure, so we get
1 W, :I P dV =area=P(V, - V{)=-150 x 0.000178 =—-0.027 k] =27

Heat transfer is found from energy equation

1Q2 = m(u2 - ul) + 1W2 = m(h2 - hl) =2 X [2098 - (—35409)] =750 kJ

The elapsed time is found from the heat transfer and the rate of heat transfer

t=1Q,/Q = (750 kJ /500 W) x 1000 J/kJ = 1500 s = 25 min

cp. APcp A! cr

P = const.
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5.152

Consider Problem 5.57 with the steel bottle as C.V. Write the process equation that is
valid until the valve opens and plot the P-v diagram for the process.

Process: constant volume process
constant mass
V=mv=C = vy=v
IWZ = ,[ PdVv=0
State 1: (T, x) so two-phase in Table B.3.1
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5.153

Consider Problem 5.50. Take the whole room as a C.V. and write both conservation of
mass and energy equations. Write some equations for the process (two are needed) and
use those in the conservation equations. Now specify the four properties that
determines initial (2) and final state (2), do you have them all? Count unknowns and
match with equations to determine those.

C.V.: Containment room and reactor.

=m, =V

Mass: m =0 ; m, 1 react01/ Vi

2-1’1’1

1

Energy: m(u,-u)=,Q,-,W,

Process: Room volume constant V=C = W,=0
Room insulated = ,Q,=0

Using these in the equation for mass and energy gives:
m, =V,/v,=m;; mu,-u)=0-0=0

State 1: Pl’ T1 so Table B.1.4 gives Vi Wy = m,

State 2: P2, ?

We do not know one state 2 property and the total room volume

Energy equation then gives ~ u, =u, (a state 2 property)

State 2: P2, u, = Vv

2 2

Now we have the room volume as

Continuity Eq.: m, =V/v,=m, so V=m v,
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5.154

Take problem 5.61 and write the left hand side (storage change) of the conservation
equations for mass and energy. How do you write m; and Eq. 5.5?

C.V.: Both rooms A and B in tank. A B
Continuity Eq.: m,-—m,, —mg, =0;
Energy Eq.: m,u, —m, u,; — Mg Ug, = 1Q2— 1W2

Notice how the state 1 term split into two terms

m =] pdv=](mdv=V, v, + Vg =m, +m

Al B1

and for energy as

mu = [ pudv=] @) dV= (v, IV, + g VgV

=My Uy T Mg UG,
Formulation continues as:
Process constant total volume: Vtot =V AT VB and 1W2 =0

m

y =My tmg == vy =V /m,

Al

etc.
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5.155

Consider Problem 5.70 with the final state given but that you were not told the piston
hits the stops and only told Vi, =2 V. Sketch the possible P-v diagram for the

process and determine which number(s) you need to uniquely place state 2 in the
diagram. There is a kink in the process curve what are the coordinates for that state?
Write an expression for the work term.

C.V. R-410a. Control mass goes through process: 1->2 ->3

As piston floats pressure is constant (1 -> 2) and the volume is constant for the
second part (2 ->3). So we have: v;=v,=2xv,

State 2: V2=Vst0p = V,=2xv,=vyand P,=P, = T,=..

State 3: Table B.4.2 (P, T) CompareP, > P, andT; > T,

v3=0.02015 m3/kg, u, = 248.4 ki/kg

W=[PdV=P(V,-V)=Pm(v,-v,)

AP

L .
b T~
R-410a 1 2
| -’
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Look at problem 5.115 and plot the P-v diagram for the process. Only T, is given,

how do you determine the 2™ property of the final state? What do you need to check
and does it have an influence on the work term?

Process: P = constant = F/A = P, if V> Vmin
V=constant=V, =V, 1If P<P

State 1: (P, T)  V; =mRT,/P; = 0.5 x 0.287 x 1000/2000 = 0.07175 m’

The only possible P-V combinations for this system are shown in the diagram so both
state 1 and 2 must be on the two lines. For state 2 we need to know if it is on the
horizontal P line segment or the vertical V segment. Let us check state la:

\Y
State 1a: P1a=P1,Via=Vpmin, Ideal gasso TlaZTIV—lla

We see if T, < T, then state 2 must have V, =V, =V .;, =0.03 m>. So state 2 is
T Vi
known by (T,, v,) and Py =P ;x T_l X V_2

If it was that T, > T, then we know state 2 as: T,, P, =P; and we then have

T,

V2:V1XT_1

The work is the area under the process curve in the P-V diagram and so it does make a
difference where state 2 is relative to state 1a. For the part of the process that proceeds
along the constant volume V,,;,, the work is zero there is only work when the volume

changes.
(Wa= [2PdV = Py (Vi;-V))

| 4T AT
la 1 . 1
| C Pl_ 1 la
T;
P 2 o Toroe2 y
g o
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5.157
Ten kilograms of water in a piston/cylinder setup with constant pressure is at 450°C

and a volume of 0.633 m°. It is now cooled to 20°C. Show the P—v diagram and find
the work and heat transfer for the process.

Solution:
C.V. The 10 kg water.

Energy Eq.5.11: m(u,-u)=,Q,— W

1772

Process: P=C = W, =mP(v, -v,)

1

State 1: (T, v; =0.633/10 = 0.0633 m3/kg) Table B.1.3
P,=5MPa, h =3316.2kl/kg

State 2: (P =P =5 MPa, 20°C) = Table B.1.4
v,=0.000 999 5m¥kg;  h,=88.65kl/kg

2[\ 1
\ 5 MPa

R

v
|

The work from the process equation is found as

W, =10 %5000 %(0.0009995 - 0.0633) = -3115 kJ
The heat transfer from the energy equation is

1Q, =m(u, -u) +,W,=m(h, -h))

1Q, =10 x(88.65 - 3316.2) = -32276 kJ
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5.158
Ammonia, NH3, is contained in a sealed rigid tank at 0°C, x = 50% and is then heated
to 100°C. Find the final state P,, u, and the specific work and heat transfer.

Solution:

Continuity Eq.: my=m;j ;

Energy Eq.5.11:  Ep-E;=1Qy;  (1W2=0)

Process: Vo =V| = vy =v;=0.001566 + 0.5 x 0.28783 = 0.14538 m3/kg
Table B.2.2: v, & T, = between 1000 kPa and 1200 kPa

0.14538 —0.17389

P, =1000 + 200 014347017389 1187 kPa

AP

uy = 1490.5 + (1485.8 — 1490.5) x 0.935

= 1485.83 kJ/kg
up = 179.69 + 0.5 x 1138.3 = 748.84 kl/kg

\%
-

Process equation gives no displacement: ;jw, =0 ;

The energy equation then gives the heat transfer as
192 = Uy - uy = 1485.83 — 748.84 = 737 kJ/kg
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5.159
Find the heat transfer in Problem 4.122.
A piston/cylinder (Fig. P4.122) contains 1 kg of water at 20°C with a volume of 0.1

m’. Initially the piston rests on some stops with the top surface open to the
atmosphere, P, and a mass so a water pressure of 400 kPa will lift it. To what

temperature should the water be heated to lift the piston? If it is heated to saturated
vapor find the final temperature, volume and the work, ;| W,.
Solution:

C.V. Water. This is a control mass.

my=m =m; m,-u)=,Q,-,W,

B
la 2
H,O 1
\Y
-

State 1: 20 C, v;=V/m=0.1/1=0.1 m3/kg
x=(0.1-0.001002)/57.789 = 0.001713
u; =83.94+0.001713 x 2318.98 = 87.92 kl/kg

To find state 2 check on state 1a:

P =400 kPa, v=v;=0.1 m3/kg

Table B.1.2:  v¢< v <v,=0.4625 m3/kg
State 2 is saturated vapor at 400 kPa since state 1a is two-phase.
v =vy=04625m/kg, V; = mvy=0.4625m’, uy=u,=2553.6 kl/kg
Pressure is constant as volume increase beyond initial volume.
1W, = ,[ PAV=P(V,-V)) =P, (V2 V) =400 (0.4625-0.1) = 145 kJ
1Qy=m(uy -uy) + W, = 1(2553.6-87.92) + 145 =2610.7 kJ
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5.160

A piston/cylinder contains 1 kg of ammonia at 20°C with a volume of 0.1 m3, shown
in Fig. P5.160. Initially the piston rests on some stops with the top surface open to the
atmosphere, Po, so a pressure of 1400 kPa is required to lift it. To what temperature
should the ammonia be heated to lift the piston? If it is heated to saturated vapor find
the final temperature, volume, and the heat transfer.

Solution:
C.V. Ammonia which is a control mass.
my=m;=m; m(uy -up) =1Qy - Wy

State 1: 20°C; v, =0.10 < Vg = X = (0.1 —0.001638)/0.14758 = 0.6665

u; =uptx, Ugy = 272.89 + 0.6665 x1059.3 = 978.9 kl/kg
Process: Piston starts to lift at state 1a (Pjif, Vl)

State 1a: 1400 kPa, v; Table B.2.2 (superheated vapor)

0.1 — 0.09942 .
Ta =50 +(60-50) 570423 — 0.09942 ~ 91-2°C

A* A!

la la
1400 t -
1200 T 2 T 2
857 + 1 i 1
\ v
- o

State 2:x = 1.0, v, =v, => V,=mv,=0.1m’
T, =30+ (0.1 -0.11049) x 5/(0.09397 - 0.11049) = 33.2 °C

u, = 1338.7 kJ/kg; 1W2 =0;

1Qy=m,q, =m(u, —u,)=1(1338.7 - 978.9) = 359.8 kJ/kg
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5.161

Consider the system shown in Fig. P5.161. Tank A has a volume of 100 L and contains
saturated vapor R-134a at 30°C. When the valve is cracked open, R-134a flows slowly
into cylinder B. The piston mass requires a pressure of 200 kPa in cylinder B to raise the
piston. The process ends when the pressure in tank A has fallen to 200 kPa. During this
process heat is exchanged with the surroundings such that the R-134a always remains at
30°C. Calculate the heat transfer for the process.

Solution:
C.V. The R-134a. This is a control mass.
Continuity Eq.: m,=m;=m ;
Energy Eq.5.11: m(uy —uy) =1Qy - W

Process in B:  If V>0 then P= Proat (piston must move)

= W= I Pfioat 4V = Phogm(v, - vy)
Work done in B against constant external force (equilibrium P in cyl. B)
State 1: 30°C, x =1. Table B.5.1: v, =0.02671 m>/kg, u, =394.48 kl/kg
m=V/v,=0.1/0.02671 =3.744 kg
State 2: 30°C, 200 kPa superheated vapor Table B.5.2
v,=0.11889 m’/kg, u,=403.1kl/kg

From the process equation
| W, =Py gm(v, - v)) =200%3.744x(0.11889 - 0.02671) = 69.02 kJ

From the energy equation
1Q, =m(u, -u,) + W, =3.744 x(403.1 - 394.48) + 69.02 =101.3 kJ

P, i P B
Tank gl .1 ,2
B
A I VB
4|_>

2\
X
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5.162

Water in a piston/cylinder, similar to Fig. P5.160, is at 100°C, x = 0.5 with mass 1 kg
and the piston rests on the stops. The equilibrium pressure that will float the piston is

300 kPa. The water is heated to 300°C by an electrical heater. At what temperature
would all the liquid be gone? Find the final (P,v), the work and heat transfer in the
process.

C.V. The 1 kg water.
Continuty: my=m;=m; Energy: m(uy-uy)=1Q;- W
Process: V = constant if P <Pj;s otherwise P =Pj;s see P-v diagram.
State 1: (T,x) Table B.1.1

v; =0.001044 + 0.5 x 1.6719 = 0.83697 m3/kg

u; =41891+0.5 x2087.58 =1462.7 kJ/kg

State 1a: (300 kPa, v = vy > Vg 300 kpa = 0.6058 m3/kg) so superheated vapor
Piston starts to move at state la, |W;,=0, u;,=2768.82kJ/kg
1Q1a=m(u—u)=1(2768.82 — 1462.7) = 1306.12 kJ

State 1b: reached before state 1a so v=v; =v, see thisin B.1.1

g
Tip =120+ 5 (0.83697 — 0.8908)/(0.76953 — 0.8908) = 122.2°C

State 2: (T, >T;,) Table B.1.3 => v, =0.87529, u,=2806.69 kl/kg
Work is seen in the P-V diagram (when volume changes P = Py;p)
1Wo =1,Wy =P, m(v; - vi) =300 x 1(0.87529 - 0.83697) = 11.5 kJ

Heat transfer is from the energy equation
1Q7,=1(2806.69 - 1462.7) + 11.5=1355.5kJ

la 2 P0

1b -
0,
—& |_100C 0

b -V
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A rigid container has two rooms filled with water, each 1 m’ separated by a wall (see
Fig. P5.61). Room A has P = 200 kPa with a quality x = 0.80. Room B has P =2 MPa
and T =400°C. The partition wall is removed and the water comes to a uniform state,
which after a while due to heat transfer has a temperature of 200°C. Find the final
pressure and the heat transfer in the process.

Solution:

C.V. A + B. Constant total mass and constant total volume.

=0 - — — 3
-mp,=0; V,=V, +Vy=2m

—m Bl

Continuity: m Al

2
Energy Eq.5.11: U, -U, =myu, —m,u,, —m,u,,=,Q,—,W,=,Q,

Process: V= VA + VB = constant => W, =0

172
State 1A: Table B.1.2  u, = 504.47 + 0.8 x 2025.02 = 2124.47 kl/kg,
V= 0.001061 + 0.8 x 0.88467 = 0.70877 m*/kg
State 1B: Table B.1.3  u,=2945.2, vg,=0.1512

m, = 1/v, = 1411 kg my = l/vg,=6.614 kg

State 2: T,, v, =V,/m ,=2/(1.411 +6.614) = 0.24924 m3/kg
Table B.1.3 superheated vapor. 800 kPa <P, <1 MPa
Interpolate to get the proper v,

N 0.24924-0.2608
0.20596-0.2608
From the energy equation

1Q, =8.025 x 2628.8 — 1.411 x 2124.47 - 6.614 x 2945.2 =-1381 kJ

P, =800 x200=842kPa  u,=2628.8 kJ/kg

2
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5.164

A piston held by a pin in an insulated cylinder, shown in Fig. P5.164, contains 2 kg
water at 100°C, quality 98%. The piston has a mass of 102 kg, with cross-sectional
area of 100 cm2, and the ambient pressure is 100 kPa. The pin is released, which
allows the piston to move. Determine the final state of the water, assuming the process
to be adiabatic.

Solution:

C.V. The water. This is a control mass.

Continuity Eq.: my=m;=m ;
Energy Eq.5.11: m(up —uy) =1Qy - W
Process in cylinder: P =Pg,at (if piston not supported by pin)
102 x 9.807
P, =Pgoat=Po mpg/A 100 100x10-% x 103 200 kPa

We thus need one more property for state 2 and we have one equation namely the
energy equation. From the equilibrium pressure the work becomes

W)= J Pfloat 4V =Py m(v, - vy)

With this work the energy equation gives per unit mass
Uy —up = 1qp - W2 = 0-Py(vy -vy)

or with rearrangement to have the unknowns on the left hand side
Uy FPyvy =hy =u; Py,

h, =u, +P,v, =2464.8 + 200 x 1.6395 = 2792.7 ki/kg

2
State 2: (Py,hy)  Table B.1.3 => T,=161.75°C
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A piston/cylinder arrangement has a linear spring and the outside atmosphere acting
on the piston, shown in Fig. P5.165. It contains water at 3 MPa, 400°C with the
volume being 0.1 m3. If the piston is at the bottom, the spring exerts a force such that
a pressure of 200 kPa inside is required to balance the forces. The system now cools
until the pressure reaches 1 MPa. Find the heat transfer for the process.

Solution:
C.V. Water.
Continuity Eq.: m=m;=m ;
Energy Eq.5.11: m(uy —uy) =1Qy - Wy
AP 1 State 1: Table B.1.3
3 MPa v, =0.09936 m/kg, u, =2932.8 kl/kg
2 _ _ —
| MPa m = V/v, =0.1/0.09936 = 1.006 kg
200 kPa &V Process: Linear spring so P linear in v.
0 Vo Vi P= PO + (Pl - PO)V/VI
(P> - Po)vi (1000 - 200)0.09936 3
= = =0.02839 m’/k
V27 p, - P, 3000 - 200 g

State 2: P, vy = Xy = (v - 0.001127)/0.19332=0.141, T, =179.91°C,
uy = 761.62 + x, x 1821.97 = 1018.58 ki/kg

1
Process => W)= deV =;m(Py +P,)(vy-vy)

1.006 (3000 + 1000)(0.02839 -0.09936) = -142.79 kJ

N [—

Heat transfer from the energy equation
1Q2 =m(uy - uy) + {W, =1.006(1018.58 - 2932.8) - 142.79 = -2068.5 kJ
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5.166
A piston/cylinder, shown in Fig. P5.166, contains R-410a at — 20°C, x = 20%. The

volume is 0.2 m?. It is known that Vstop = 0-4 m?, and if the piston sits at the bottom,
the spring force balances the other loads on the piston. It is now heated up to 20°C.
Find the mass of the fluid and show the P—v diagram. Find the work and heat transfer.

Solution:
C.V. R-410a, this is a control mass. Properties in Table B.4.
Continuity Eq.: my =m;y

Energy Eq.5.11: Er,-Ey=m(up -uy)=1Q,- W,
Process: P=A +BYV, V<O.4m3, A=0 (atV=0, P=0)
State 1: v =0.000803 + 0.2 x 0.0640 = 0.0136 m3/kg
u; =27.92+0.2 x218.07="71.5 kl/kg
m=m; =V;/v; =14.706 kg
A

P

System: on line (\ ,

V S Vstop; 2P | :\
! ~ N°
P; =399.6 kPa 1 Tstop 0°C
P 1
Pgiop = 2P =799.2 kP
stop 1=799 a . | -
Vstop = 2V1 = 0.0272 m3/kg 0 02 04
State stop: (P,v) = Tyop=0°C  TWO-PHASE STATE

Since Ty > Tgtop = V2 = Vggop = 0.0272 m’/kg
State 2: (T, , vp) Table B.4.2: Interpolate between 1000 and 1200 kPa
P, =1035kPa; u,= 366.5kl/kg

From the process curve, see also area in P-V diagram, the work is
(W5 = fPAV =3 (P} + Pyio)(Veiop - V1) =73 (399.6 +799.2)0.2 = 119.8 kJ

From the energy equation
1Qr =m(uy -uy) + W, =14.706(266.5 — 71.5) + 119.8 = 2987.5 kJ
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Consider the piston/cylinder arrangement shown in Fig. P5.167. A frictionless piston
is free to move between two sets of stops. When the piston rests on the lower stops,
the enclosed volume is 400 L. When the piston reaches the upper stops, the volume is
600 L. The cylinder initially contains water at 100 kPa, 20% quality. It is heated until
the water eventually exists as saturated vapor. The mass of the piston requires 300 kPa
pressure to move it against the outside ambient pressure. Determine the final pressure
in the cylinder, the heat transfer and the work for the overall process.

Solution:
C.V. Water. Check to see if piston reaches upper stops.
Energy Eq.5.11: m(uy -uy)= Qs — Wy

Process: If P<300kPa then V=400L, line 2-1 and below
If P>300kPa then V=600L, line 3-4 and above
If P=300kPa then 400L <V <600L line 2-3

These three lines are shown in the P-V diagram below and is dictated by the
motion of the piston (force balance).

=1.178 kg

0.4
State 1: v, =0.001043 +0.2x1.693 =0.33964; m =V /v, = 033964

=417.36+0.2 x 2088.7 = 835.1 kl/kg

State 3: v3= 10138 0.5095 <vg=0.6058 at P35 =300 kPa
= Piston does reach upper stops to reach sat. vapor.
State 4:  v4 =v3=0.5095 m’/kg = vg at P4 From Table B.1.2
=> P,=361kPa, uy=2550.0kl/kg
Wy =Wy +,W3 +3W,=0+,W;5+0
1W4=P5(V3-V,)=300x (0.6-0.4) =60 kJ

1Qq =m(uy - up) + Wy = 1.178(2550.0 - 835.1) + 60 = 2080 kJ

Water
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5.168

A spherical balloon contains 2 kg of R-410a at 0°C, 30% quality. This system is heated
until the pressure in the balloon reaches 1 MPa. For this process, it can be assumed that
the pressure in the balloon is directly proportional to the balloon diameter. How does
pressure vary with volume and what is the heat transfer for the process?

Solution:
C.V. R-410a which is a control mass.
m,=m;=m;
Energy Eq.5.11: m(uy -up) =1Qy - W5
State 1: 0°C, x = 0.3. Table B.4.1 gives P, =798.7 kPa

v, =0.000855 + 0.3 x 0.03182 = 0.01040 m’/kg
u; =57.07+0.3 x 195.95 = 115.86 kl/kg
Process: PocD, VocD? => PV 13- constant, polytropic n=-1/3.
=> V,=mv,=V, (P,/P, ) =mv, (P,/P )
v, =v, (P, /P, )>=0.01040 x (1000 / 798.7)> = 0.02041 m’/kg
State 2: P, =1 MPa, process : v, =0.02041 — Table B.4.2, T, =7.25°C (sat)

vp=0.000877, v, = 0.02508 m’/kg, up= 68.02, u, = 187.18 ki/kg

fg
X, = 0.7787, u, = 213.7 kJ/kg,

Pova-Prvi 1000 x 0.02041 - 798.7 x 0.0104

\Q, = m(u,-u) + W, =2 (213.7 - 115.86) + 18.16 = 213.8 kJ
P
2
l‘ R410a 1 sat.
vapor
W line

v

—\

Notice: The R-410a is not an ideal gas at any state in this problem.
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A 1 m’ tank containing air at 25°C and 500 kPa is connected through a valve to
another tank containing 4 kg of air at 60°C and 200 kPa. Now the valve is opened and
the entire system reaches thermal equilibrium with the surroundings at 20°C. Assume
constant specific heat at 25°C and determine the final pressure and the heat transfer.

Control volume all the air. Assume air is an ideal gas.

Continuity Eq.: my—mp; —mg; =0
Energy Eq.: Uy = U =mpuy —myjup; —mpjugy =1Qa - 1Wa
Process Eq.: V =constant = 1Wr=0
State 1:
Pa1Var (500 kPa)(1m3)

MAL="RT,, —(0.287 kI/kgK)(298.2K) ~ >-34ke

_mpiRTR1 _ (4 kg)(0.287 kI/kgK)(333.2 K)

_ 3
VBI=" p,, (200 kN/m2) 191 m
State 2: T2 = 2OOC, \ V2/m2
my = MA g + mp; = 4+ 5.84=9.84 kg
V,=Va + Vg =1+191=291m’
myHRT
P, — 2872 (9.84 kg)(0.287 kJ/kgK)(293.2 K) — 284.5 kPa

2 V, 291 m3
Energy Eq.5.5 or 5.11:
1Q2 = Uy = U =mpup —mpjup| —mpjug)
=mp (uy —upp) ¥ mpy(uy —ugy)
=mp1Cvo(Ty = Tap) + mpCoo(T, - Tgy)
= 5.84 x 0.717 (20 — 25) + 4 x 0.717 (20 — 60) = —135.6 kJ
The air gave energy out.

%
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Ammonia (2 kg) in a piston/cylinder is at 100 kPa, -20°C and is now heated in a
polytropic process with n = 1.3 to a pressure of 200 kPa. Do not use ideal gas
approximation and find T,, the work and heat transfer in the process.

Take CV as the Ammonia, constant mass.

Energy Eq.5.11: m(uy —uy) =1Q, - W

Process: Pv" =constant  (n=1.3)
State 1: Superheated vapor table B.2.2.

vy =12101 m¥kg, u;=1307.8 kl/kg
Process gives: v, = vy (P1/Py)/"=1.2101 (100/200) /13 =0.710 m3/kg
State 2: Table B.2.2 at 200 kPa interpolate: u, = 1376.49 kl/kg, T, =24°C

Work is done while piston moves at increasing pressure, so we get
2
W) =T (Pavy - Pvy) = T 5(200%0.71 — 100x1.2101) = -139.9 kJ
Heat transfer is found from the energy equation

1Q2 =m(u; - up) + ;W AP
2(1376.49 — 1307.8) — 139.9

-2.52 kJ P2
1
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A piston/cylinder arrangement B is connected to a 1-m3 tank A by a line and valve,
shown in Fig. P5.171. Initially both contain water, with A at 100 kPa, saturated vapor

and B at 400°C, 300 kPa, 1 m3. The valve is now opened and, the water in both A and
B comes to a uniform state.

a. Find the initial mass in A and B.
b. If the process results in 79 = 200°C, find the heat transfer and work.
Solution:
C.V.: A + B. This is a control mass.
Continuity equation: m, -(m,, +mg,)=0;

Energy:  m,u, -m,u,, -mgug, =,Q, -, W,

System: if V520 piston floats = P =Py, = const.

B1
if V=0 then P, <Py and v=V,/m . seeP-V diagram

Wy = JPgdVp =P (V, - V) =P (V- Vo),

State Al: Table B.1.1, x =1 A?

Va = 1.694 mi/kg, u,  =2506.1kl/kg
a 2
m,, =V,/N,, =05903 kg Por T
State B1: Table B.1.2 sup. vapor
vgy = 1.0315 m¥/kg, up, =2965.5 ki/kg v
2
my, = VBI/VBl =0.9695 kg .

m, =mpqp = 1.56 kg

* At(T,,Pg)) v,=0.7163 > v, =V,/m . =0.641 soVy,>0
SO now state 2: P2 = PBl =300 kPa, T2 =200 °C

=> u,=2650.7kl/kg and V,=m,v,= 1.56x0.7163=1.117 m’

(we could also have checked T, at: 300 kPa, 0.641 m3/kg => T =155 °C)
(W, =Py (V,-V,)=-264.82 kJ

1Q2 =m,u, -M, U, - Mgy, + 1W2 =-484.7 kJ
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A small flexible bag contains 0.1 kg ammonia at —10°C and 300 kPa. The bag material
is such that the pressure inside varies linear with volume. The bag is left in the sun
with with an incident radiation of 75 W, loosing energy with an average 25 W to the

ambient ground and air. After a while the bag is heated to 30°C at which time the
pressure is 1000 kPa. Find the work and heat transfer in the process and the elapsed
time.

Take CV as the Ammonia, constant mass.

Continuity Eq.: m=m;=m ;

Energy Eq.5.11: m(upy —up) =1Qy — W

Process: P=A+BV  (linearin V)

State 1: Compressed liquid P > Pg,,, take saturated liquid at same temperature.
Vi = Vi_10 = 0.001534 m3/kg, u; =ug= 133.96 kJ’kg

State 2: Table B.2.1 at 30°C: P <P, so superheated vapor

vo =0.13206 m3/kg, u, = 1347.1 kl/kg, V5 =mv, = 0.0132 m3
Work is done while piston moves at increacing pressure, so we get

1 W5 ="(300 + 1000)*0.1(0.13206 — 0.001534) = 8.484 kJ
Heat transfer is found from the energy equation

1Q2 =m(up —uy) + W, =0.1(1347.1 — 133.96) + 8.484

=121.314 +8.484=129.8 kJ

Quet =75 — 25 =50 Watts

Assume the constant rate Qnet =dQ/dt = 1Q, / t, so the time becomes

. 129800
t=1Q2/ Quet=""55 = 2596 s =43.3 min

P T
<§;:j A CP , A cr

NH3 1000 + 301
I
v

300 1 qol !
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In-Text Concept Questions
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6.a
A mass flow rate into a control volume requires a normal velocity component.
Why?

The tangential velocity component does not bring any substance across the
control volume surface as it flows parallel to it, the normal component of velocity
brings substance in or out of the control volume according to its sign. The normal
component must be into the control volume to bring mass in, just like when you
enter a bus (it does not help that you run parallel with the bus side).

\Y
ﬂ Vtangential

v

normal

6.b
Can a steady state device have boundary work?

No. Any change in size of the control volume would require either a
change in mass inside or a change in state inside, neither of which is possible in a
steady-state process.
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6.c

Can you say something about changes in m and \Y% through a steady flow device?

The continuity equation expresses the conservation of mass, so the total

amount of m entering must be equal to the total amount leaving. For a single flow
device the mass flow rate is constant through it, so you have the same mass flow
rate across any total cross-section of the device from the inlet to the exit.

The volume flow rate is related to the mass flow rate as

V=vm
so it can vary if the state changes (then v changes) for a constant mass flow rate.

This also means that the velocity can change (influenced by the area as V= VA)
and the flow can experience an acceleration (like in a nozzle) or a deceleration (as
in a diffuser).

6.d
In a multiple device flow system, I want to determine a state property. Where
should I be looking for information—upstream or downstream?

Generally flow is affected more by what happened to it which is upstream
than what is in front of it. Only the pressure information can travel upstream and
give rise to accelerations (nozzle) or decelerations (stagnation type flow). Heat
transfer that can heat or cool a flow can not travel very fast and is easily
overpowered by the convection. If the flow velocity exceeds the speed of sound
even the pressure information can not travel upstream.
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6.e
How does a nozzle or sprayhead generate kinetic energy?

&
By accelerating the fluid from a high pressure —
towards the lower pressure, which is outside the

nozzle. The higher pressure pushes harder than

the lower pressure so there is a net force on any

mass element to accelerate it.

6.f
What is the difference between a nozzle flow and a throttle process?

In both processes a flow moves from a higher to a lower pressure. In the
nozzle the pressure drop generates kinetic energy, whereas that does not take
place in the throttle process. The pressure drop in the throttle is due to a flow
restriction and represents a loss.
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6.g

If you throttle a saturated liquid what happens to the fluid state? What if this is
done to an ideal gas?

The throttle process is approximated as a constant enthalpy process.

Changing the state from saturated liquid to a lower pressure with the same h gives
a two-phase state so some of the liquid will vaporize and it becomes colder.

1 2 p

If the same process happens in an ideal gas then same h gives the same
temperature (h a function of T only) at the lower pressure.
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6.h
A turbine at the bottom of a dam has a flow of liquid water through it. How does
that produce power? Which terms in the energy equation are important if the CV
is the turbine only? If the CV is the turbine plus the upstream flow up to the top of
the lake, which terms in the energy equation are then important?

The water at the bottom of the dam in the turbine inlet is at a high
pressure. It runs through a nozzle generating kinetic energy as the pressure drops.
This high kinetic energy flow impacts a set of rotating blades or buckets, which
converts the kinetic energy to power on the shaft and the flow leaves at low
pressure and low velocity.

CV Turbine only.

The high P in and the low P out shows up in the (h =u + Pv) flow terms of the
energy equation giving the difference in the flow work terms Pv in and out.

CV Turbine plus upstream flow.

For this CV the pressures in and out are the same (1 atm) so the difference is in
the potential energy terms (gz) included in hy.
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If you compress air the temperature goes up, why? When the hot air, high P flows
in long pipes it eventually cools to ambient T. How does that change the flow?

As the air is compressed, volume decreases so work is done on a mass
element, its energy and hence temperature goes up. If it flows at nearly
constant P and cools its density increases (v decreases) so it slows down

for same mass flow rate ( m= pAV ) and flow area.
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A mixing chamber has all flows at the same P, neglecting losses. A heat
exchanger has separate flows exchanging energy, but they do not mix. Why have
both kinds?

You might allow mixing when you can use the resulting output mixture,
say it is the same substance. You may also allow it if you definitely want the
outgoing mixture, like water out of a faucet where you mix hot and cold water.
Even if it is different substances it may be desirable, say you add water to dry air
to make it more moist, typical for a winter time air-conditioning set-up.

In other cases it is different substances that flow at different pressures with
one flow heating or cooling the other flow. This could be hot combustion gases
heating a flow of water or a primary fluid flow around a nuclear reactor heating a
transfer fluid flow. Here the fluid being heated should stay pure so it does not
absorb gases or radioactive particles and becomes contaminated. Even when the
two flows have the same substance there may be a reason to keep them at separate
pressures.

MIXING

2
"—’6—@— CHAMBER
An open mixing chamber A closed tube in shell heat exchanger.
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6.k

An initially empty cylinder is filled with air from 20°C, 100 kPa until it is full.
Assuming no heat transfer is the final temperature larger, equal to or smaller than

20°C? Does the final T depend on the size of the cylinder?

This is a transient problem with no heat transfer and no work. The balance
equations for the tank as C.V. become

Continuity Eq.: m, — 0 =m;
Energy Eq.: mpu) — 0= m;h; + Q- W=m;h; +0-0
Final state: u, = h; =u; + Pyv; & Py =P;

T, >T; and it does not depend on V

X
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Concept-Study Guide Problems
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6.1

A temperature difference drives a heat transfer. Does a similar concept apply to m?

Yes. A pressure difference drives the flow. The fluid is accelerated in the
direction of a lower pressure as it is being pushed harder behind it than in front of
it. This also means a higher pressure in front can decelerate the flow to a lower
velocity which happens at a stagnation on a wall.

F1= PIA F2= P2A

= —
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6.2
What kind of effect can be felt upstream in a flow?

Only the pressure can be felt upstream in a subsonic flow. In a supersonic
flow no information can travel upstream. The temperature information travels by
conduction and even small velocities overpowers the conduction with the
convection of energy so the temperature at a given location is mainly given by the
upstream conditions and influenced very little by the downstream conditions.

6.3
Which one of the properties (P, v, T) can be controlled in a flow? How?

Since the flow is not contained there is no direct control over the volume
and thus no control of v. The pressure can be controlled by installation of a pump
or compressor if you want to increase it or use a turbine, nozzle or valve through
which the pressure will decrease. The temperature can be controlled by heating or
cooling the flow in a heat exchanger.
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6.4
Air at 500 kPa is expanded to 100 kPa in two steady flow cases. Case one is a
nozzle and case two is a turbine, the exit state is the same for both cases. What
can you say about the specific turbine work relative to the specific kinetic energy
in the exit flow of the nozzle?

For these single flow devices let us assume they are adiabatic and that the turbine
does not have any exit kinetic energy then the energy equations become:

Energy Eq.6.13 nozzle: h+ %V? +gZ,=hy + % Vg +eZ,
Energy Eq.6.13 turbine: h;+ %V? +gZi=hy+ gZ,+wr

. 1.,2 . .
Comparing the two we get 5V, = wr so the result is that the nozzle delivers

kinetic energy of the same amount as the turbine delivers shaft work.
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6.5
Pipes that carry a hot fluid like steam in a power plant, exhaust pipe for a diesel
engine in a ship etc. are often insulated. Is that to reduce the heat loss or is there
another purpose?

You definitely want to insulate pipes that carry hot steam from the boiler to the
turbines in a power plant and pipes that flows hot water from one location to
another. Even if the energy in the flow is unwanted the pipes should be insulated
for safety. Any place that people could touch a hot surface there is a risk of a burn
and that should be avoided.

Pipes for district heating with hot water.
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6.6
A windmill takes a fraction of the wind kinetic energy out as power on a shaft. In
what manner does the temperature and wind velocity influence the power? Hint:
write the power as mass flow rate times specific work.

The work as a fraction f of the flow of kinetic energy becomes

. . « 1,2 1.,2
W= mw=mf5V, =pAV;, {5 V.
so the power is proportional to the velocity cubed. The temperature enters through
the density, so assuming air as ideal gas

p=1/v=P/RT
and the power is inversely proportional to temperature.

A windmill farm west of Denmark in the North Sea.
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6.7
An underwater turbine extracts a fraction of the kinetic energy from the ocean
current. In what manner does the temperature and water velocity influence the
power? Hint: write the power as mass flow rate times specific work.

The work as a fraction f of the flow of kinetic energy becomes

. . s 12 1.,2
W= mw=mf5V, =pAV;, {5 V.

so the power is proportional to the velocity cubed. The temperature enters through
the density, so assuming water is incompressible density is constant and the
power does not vary with the temperature.

A proposed underwater tidal flow turbine farm. Each turbine is for | MW with a
diameter of 11.5 m mounted on the seafloor.
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6.8
A liquid water turbine in the bottom of a dam takes energy out as power on a
shaft. Which term(s) in the energy equation are changing and important?

The water at the bottom of the dam in the turbine inlet is at a high
pressure. In a standard turbine it runs through blade passages like a propeller
shown below to the left. In this case the inlet high pressure is used directly to
generate the force on the moving blades.

For the Pelton turbine shown below it runs through a nozzle generating
kinetic energy as the pressure drops. The high kinetic energy flow impacts a set of
rotating blades or buckets and converts the kinetic energy to power on the shaft so
the flow leaves at low pressure and low velocity.

A Pelton turbine above and insert on left.
A blade type turbine to the left. The
pressure drop and flow rate determine
which one is best for the given case.
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6.9
You blow a balloon up with air. What kind of work terms including flow work do
you see in that case? Where is the energy stored?

As the balloon is blown up mass flow in has flow work associated with it. Also as
the balloon grows there is a boundary work done by the inside gas and a smaller
boundary work from the outside of the balloon to the atmosphere. The difference
between the latter two work terms goes into stretching the balloon material and
thus becomes internal energy (or you may call that potential energy) of the
balloon material. The work term to the atmosphere is stored in the atmosphere
and the part of the flow work that stays in the gas is stored as the gas internal
energy.
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6.10
A storage tank for natural gas (NG) has a top dome that can move up or down as
gas 1s added or subtracted from the tank maintaining 110 kPa, 290 K inside. A
pipeline at 110 kPa, 290 K now supplies some NG to the tank. Does it change
state during the filling process? What happens to the flow work?

As the pressure inside the storage tank is the same as in the pipeline the state does
not change. However the tank volume goes up and work is done on the moving
boundary at the 110 kPa so this work equals the flow work. The net effect is the
flow work goes into raising the dome.
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Continuity equation and flow rates
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6.11

Carbon dioxide at 200 kPa, 10°C flows at 1 kg/s in a 0.25 m? cross sectional area
pipe. Find the velocity and the volume flow rate.

m=AV/v=V/iv

v =RT/P = 0.1889 kl/kg-K x 283.15 K/ 200 kPa = 0.267 m’/kg
V=vm=0267x1=0267m’/s
V=V/A=0267(ms)/0.25m?=1.07 m/s

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.12
Air at 35°C, 105 kPa, flows in a 100 mm x 150 mm rectangular duct in a heating

system. The volumetric flow rate is 0.015 m>/s. What is the velocity of the air
flowing in the duct and what is the mass flow rate?

Solution:

Assume a constant velocity across the duct area with
A=100x 150 x10°® m?>=0.015 m?

and the volumetric flow rate from Eq.6.3,
V=mv=AV

V. 0.015m’/s
A 0.015m?

Ideal gas so note:

=1.0 m/s

_RT 0.287 x308.2 3
V=" =" 105 0.8424 m’/kg
vV 0.015
m="T"=0¢a4" 0.0178 kg/s
>
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6.13
An empty bathtub has its drain closed and is being filled with water from the
faucet at a rate of 10 kg/min. After 10 minutes the drain is opened and 4 kg/min
flows out and at the same time the inlet flow is reduced to 2 kg/min. Plot the mass
of the water in the bathtub versus time and determine the time from the very
beginning when the tub will be empty.

Solution:
During the first 10 minutes we have
dm, . :
dt =m; = 10 kg/min, Am=m At; =10 x 10 =100 kg

So we end up with 100 kg after 10 min. For the remaining period we have

dm,, . .
qt CMi-me=2-4=-2 kg/min

. A
Amy = g Aty > Aty =———=-100/-2 = 50 min.

Mpet
So it will take an additional 50 min. to empty

Atyog = Aty + Aty = 10 + 50 = 60 min.

kg ‘ m A M
100 + 10
t 0T t
0 t + L -2 o
0 10 20 min 0 10 min
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Saturated vapor R-134a leaves the evaporator in a heat pump system at 10°C,
with a steady mass flow rate of 0.1 kg/s. What is the smallest diameter tubing that
can be used at this location if the velocity of the refrigerant is not to exceed 7
m/s?

Solution:

Mass flow rate Eq.6.3: m=V/v=AVN
Exit state Table B.5.1: (T =10°C, x=1) => v=v,=0.04945 m3/kg

The minimum area is associated with the maximum velocity for given m

mv, 0.1 kg/s x 0.04945 m3/kg

Ao n
MIN_VMAX B 7 m/s

_ 2_ T2

DMIN =0.03 m =30 mm

—— Exit
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6.15
A boiler receives a constant flow of 5000 kg/h liquid water at 5 MPa, 20°C and it
heats the flow such that the exit state is 450°C with a pressure of 4.5 MPa.
Determine the necessary minimum pipe flow area in both the inlet and exit pipe(s)
if there should be no velocities larger than 20 m/s.

Solution:
Mass flow rate from Eq.6.3, both V <20 m/s

.. 1
m; =m, = (AV/V) ;= (AV/v) . =5000 3~ kg/s

3600
Table B.1.4 v;=0.001 m’/kg,
Table B.1.3 Ve = (0.08003 + 0.00633)/2 = 0.07166 m’/kg,
: 5000
A2 vim/V;=0.001x 305/ 20 = 6.94 x 10 m* = 0.69 cm’
: 5000

/20=14.98 x 10~ m? = 50 cm?

Ae> vem/V, =0.07166 x

3600

Exit
Superheated vapor
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6.16
A hot air home heating system takes 0.25 m>/s air at 100 kPa, 17°C into a furnace
and heats it to 52°C and delivers the flow to a square duct 0.2 m by 0.2 m at 110

kPa. What is the velocity in the duct?
Solution:

The inflate flow is given by a fni

Continuity Eq.: m; = V; / v; = mg = A V/ve

RT; 0.287 x 290 m’
Ideal gas: v; =~ = =0.8323 7~
eal gas: v; 2 100 ke
~ RT.  0.287 x (52 +273)
Ve™ p, ~ 110
=0.8479 m’/ kg

m; = V;/v; = 0.25/0.8323 = 0.30 kg/s

0.3 x 0.8479 m/s
02x02 2 o30ms

V.=mv,/A,=
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6.17
A flat channel of depth 1 m has a fully developed laminar flow of air at P, T,

with a velocity profile as: V=4V, (1 —x/H)x/H, where V., is the velocity on the

center-line and x is the distance across the channel as shown in Fig. P6.17. Find
the total mass flow rate and the average velocity both as functions of V and H.

m=AV/N=V/v

Since the velocity is distributed we need to integrate over the area. From Eq.6.2
V= [ Vigea dA = [ V(x) W dx
where W is the depth. Substituting the velocity we get

V= [4V, (x/H) (1 - x/H) W dx

1

=4V, WH [z (1-2)dz (z=x/H)

0

1 1 1 2 2
=4V, WH(GZ-32°| = SV, WH=3V A

: 2
V=V/A=3V,

.o 2
m=V/v=3V, WH/v
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6.18
Nitrogen gas flowing in a 50-mm diameter pipe at 15°C, 200 kPa, at the rate of
0.05 kg/s, encounters a partially closed valve. If there is a pressure drop of 30 kPa
across the valve and essentially no temperature change, what are the velocities
upstream and downstream of the valve?

Solution:
Same inlet and exit area: A= % (0.050)% = 0.001963 m?
RT; 0.2968 x 288.2
Ideal gas: v;= P_l = 200 =0.4277 m3/kg
1
From Eq.6.3,
mv; 0.05 x 0.4277
Vi="A =7 0001063 109 mis
RT. (.2968 x 288.2
Ideal gas: = == = = 0.5032 m3/k
838 Ve™ p_ 170 &
Mve  0.05 x 0.5032
Ve="A =7 0.001963 ~ 12-8m/s

o
a (X6
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6.19
A household fan of diameter 0.75 m takes air in at 98 kPa, 22°C and delivers it at
105 kPa, 23°C with a velocity of 1.5 m/s. What are the mass flow rate (kg/s), the

inlet velocity and the outgoing volume flow rate in m>/s?
Solution:

Continuity Eq. rili = rhe =AV/v
Ideal gas v =RT/P

T

2 0.752 =0.442 m?

T
. = 2:
Area : 4D

V. =AV, = 0.442 x1.5 = 0.6627 m>/s

~ RT.  0.287 x (23 +273)
Ve™ p, ~ 105

=0.8091 m’/kg

m; = V /v, = 0.6627/0.8091 = 0.819 kg/s

AVi /Vi = Ihi = AVe / Ve

RT, N
i, 0.287x(22+273)

V=V, x (vj/ve) =V, x AR T 98 x 0.8091

1.6 m/s
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Single flow single device processes

Nozzles, diffusers

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.20
Liquid water at 15°C flows out of a nozzle straight up 15 m. What is nozzle V;;?

1.2 1.,2
Energy Eq.6.13:  heyjt + 5 Vi T 8Hexit =hp +5 'V, + gHj

If the water can flow 15 m up it has specific potential energy of gH, which must

. .. 2
equal the specific kinetic energy out of the nozzle V,; /2. The water does not
change P or T so h is the same.

2
Vexit/ 2=g(Hy—Hexip) =gH =>

Vi =\2gH =1/2 x 9.807 x 15 m%/s2 = 17.15 m/s
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6.21

Nitrogen gas flows into a convergent nozzle at 200 kPa, 400 K and very low
velocity. It flows out of the nozzle at 100 kPa, 330 K. If the nozzle is insulated
find the exit velocity.

Solution:

C.V. Nozzle steady state one inlet and exit flow, insulated so it is adiabatic.

Inlet Exit
|:> ———
Low V Hiv
Hi P, A Low P, A
1.2
Energy Eq.6.13: hj+& =hy, +5V,

V§=2(h1 -hy ) =2 Cpy, (T1—Ty)=2x1.042 (400 - 330)
= 145.88 kl/kg = 145 880 J/kg
= V,=381.9m/s
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6.22
A nozzle receives 0.1 kg/s steam at 1 MPa, 400°C with negligible kinetic energy.

The exit is at 500 kPa, 350°C and the flow is adiabatic. Find the nozzle exit
velocity and the exit area.

Solution:

1.,2 1.,2
Energy Eq.6.13: hj+ 5V, +gZ=h, +5V, +¢gZ,
Process: Z,=2,
State 1:  V; =0, TableB.1.3  h;=3263.88 kJ/kg
State 2:  Table B.1.3  h, =3167.65 kJ/kg

Then from the energy equation

IV3=h; —hy = 3263.88 — 3167.65 = 96.23 ki/kg

V; =1/2(h; - hy) =1/2 x 96.23 x 1000 = 438.7 m/s
The mass flow rate from Eq.6.3
m=pAV =AV/v

A=mmv/V=0.1 057012 /438.7=0.00013 m’= 1.3 cm*

Inlet \ Exit
|:> [———

Low V / HiV
HiP, A Low P, A
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6.23
In a jet engine a flow of air at 1000 K, 200 kPa and 30 m/s enters a nozzle, as
shown in Fig. P6.23, where the air exits at 850 K, 90 kPa. What is the exit
velocity assuming no heat loss?
Solution:
C.V. nozzle. No work, no heat transfer

Continuity — m; =m, =1

Energy : i (h; + 4V;2) = ta(hg+ %V, 2)
Due to high T take h from table A.7.1

V2 =% V2+h; -h, %

1
=5——(30)% + 1046.22 — 877.4

2000 ¢ (——
=0.45 + 168.82 = 169.27 kJ/kg

V.,  =(2000 x 169.27)12 =581.8 m/s y
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6.24
In a jet engine a flow of air at 1000 K, 200 kPa and 40 m/s enters a nozzle where
the air exits at 500 m/s, 90 kPa. What is the exit temperature assuming no heat
loss?

Solution:
C.V. nozzle, no work, no heat transfer

Continuity  m; =m,=m

Energy : i (h; + %V;2) = t(hg+ %V, 2)

Due to the high T we take the h value from Table A.7.1
he = hi + 1 Viz - 1/2Ve2
=1046.22 + 0.5 x (40% — 5002) (1/1000)
=1046.22 — 124.2 =922.02 kl/kg

Interpolation in Table A.7.1

922.02 - 877.4

Te=850+50933715 8774

=890 K

4 500 m/s
0 ms |:|,> == 4)pa

200 kPa >
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6.25
Superheated vapor ammonia enters an insulated nozzle at 20°C, 800 kPa, shown
in Fig. P6.25, with a low velocity and at the steady rate of 0.01 kg/s. The
ammonia exits at 300 kPa with a velocity of 450 m/s. Determine the temperature
(or quality, if saturated) and the exit area of the nozzle.

Solution:

C.V. Nozzle, steady state, 1 inlet and 1 exit flow, insulated so no heat transfer.
Energy Eq.6.13: q+h; + Vi2/2 =h,+ V§/2,

Process: q=0, V;=0

Table B.2.2: h; =1464.9 =h, + 4502/(2><1000) =  h,=1363.6 kl/kg
Table B.2.1: P, =300 kPa Sat. state at —9.2°C :

he = 1363.6 = 138.0 + x, x 1293.8,
= x,=0.947,  v,=0.001536 +x, x 0.4064 = 0.3864 m’/kg

A, =1hv/V, =0.01 x 0.3864 / 450 = 8.56 x 10~6 m2

Inlet \ Bt
|:> ———

Low V / Hi V
HiP. A Low P, A
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6.26
Air flows into a diffuser at 300 m/s, 300 K and 100 kPa. At the exit the velocity is
very small but the pressure is high. Find the exit temperature assuming zero heat

transfer.
Solution:
Energy Eq.: h; + %V% +gZ;=hy +%V§ + g7,
Process: Z,=2, and V,=0

hy =hy + %V?
T,=T) + 3% (V;/Cp)

=300+ 3 x 300/ (1.004 x 1000) = 344.8K

Inlet | Exit
Hi Vv Low V
Low P, A Hi P, A
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6.27
A sluice gate dams water up 5 m. There is a small hole at the bottom of the gate

so liquid water at 20°C comes out of a I cm diameter hole. Neglect any changes
in internal energy and find the exit velocity and mass flow rate.

Solution:

1,2 1.,2
Energy Eq.6.13: h;+ 5V, +gZ=h, +5V, +¢gZ,

Process: h; =hy both at P =1 atm
Vl =0 Zl = ZZ +5m
w [ §

1,2
V=821 -2y

V, =~[2¢(Z; - Z) =~[2 x 9.806 x 5 =9.902 m/s

= pAV = AV/v =3 D? x (V,/v)

=73 % (0.01)2 x (9.902 / 0.001002) = 0.776 Kgs
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6.28
A diffuser, shown in Fig. P6.28, has air entering at 100 kPa, 300 K, with a

velocity of 200 m/s. The inlet cross-sectional area of the diffuser is 100 mm?. At

the exit, the area is 860 mmz, and the exit velocity is 20 m/s. Determine the exit
pressure and temperature of the air.

Solution:

Continuity Eq.6.3: m; = A;V/v; =m, = AV /v,

Energy Eq.(per unit mass flow)6.13: h; + %Viz =h,+ %Vez
h, - h; =3 x200%/1000 — 3 x20%/1000 = 19.8 kl/kg

Te =T; + (he - h;)/C, =300+ 19.8/1.004 = 319.72 K

Now use the continuity equation and the ideal gas law

A€V€ ACVC
Ve = Vi [Aivi] = (RTi/Pi) (W = RTe/Pe

Te) ([ AV; 319.72) (100 x 200
P, =P, (TJ (Aeve =100 ( 300 j (860 » 20) = 123.92 kPa

Exit

Low V
HiP, A
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6.29
A diffuser receives an ideal gas flow at 100 kPa, 300 K with a velocity of 250 m/s
and the exit velocity is 25 m/s. Determine the exit temperature if the gas is argon,
helium or nitrogen.

Solution:

C.V. Diffuser: l’i’li = rhe & assume no heat transfer =

1.2 1_2 1.2 1.2
Energy Eq.6.13:  hj+5V,; =5V, +he = he=hj+5V, -5V,

1
1 2 2 1
he—hj ~Cp (Te—Ti)=7(V;-V,)=5(250%-25%)
=30937.5 J/kg = 30.938 kl/kg

Specific heats for ideal gases are from table A.5

30.938
Argon Cp=052kl/kgK; AT= 052 ~ 295 Te=3395K
. _ ' - 30.938 _
Helium  C,=5913kl/kgK; AT ="3793=596 Te=306K
30.938
Nitrogen C,=1.042klJ/kg K; AT = 1042 — 29.7 Te=330K

Inlet L__///] Exit
—— |:>
LowP, A

HiP, A
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Borgnakke and Sonntag

The front of a jet engine acts as a diffuser receiving air at 900 km/h, -5°C, 50 kPa,
bringing it to 80 m/s relative to the engine before entering the compressor. If the
flow area is reduced to 80% of the inlet area find the temperature and pressure in
the compressor inlet.

Solution:

C.V. Diffuser, Steady state, 1 inlet, 1 exit flow, no q, no w.
Continuity Eq.6.3:  m;=me = (AV/v)

. 1,2 c 1,2
Energy Eq.6.12: m(hj+ 5V, )=m(§Ve+he)

(900 x 10002
2

he —hj= Cp(Te Ti)= 3600 - 7 (80)

= 28050 J/kg = 28.05 kl/kg
AT =28.05/1.004=27.9 = Te=-5+27.9 =22.9°C

Now use the continuity eq.:

Aeve
AViVi=AeVe Ve = Ve =Vi| AV,

0.8 x 80
Ve T ViT 1 %250
Ideal gas: Pv=RT => veg=RTe/Pe=RT;x0.256/P;

Pe =P; (T/T 1)/0.256 = 50 x 296/268 x 0.256 = 215.7 kPa

E><Fan

=vj x 0.256
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Throttle flow
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6.31
Carbon dioxide used as a natural refrigerant flows out of a cooler at 10 MPa,

40°C after which it is throttled to 1.4 MPa. Find the state (T, x) for the exit flow.

C.V. Throttle. Steady state,

Process with: q=w=0; and V;=V,, Z,=Z,
Energy Eq.6.13:  h;=h,,

Inlet state: Table B.3.2 h; =200.14 kJ/kg

Exit state: Table B.3.1 since h <h, =323.87 kl/kg

Interpolate: T =-30.6°C, hg=19.2, hg, =304.67 kl/kg
X =(200.14 - 19.2) / 304.67 = 0.594
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6.32
R-134a at 30°C, 800 kPa is throttled so it becomes cold at —10°C. What is exit P?

State 1 is slightly compressed liquid so
Table B.5.1: h=hg=241.79 kl/kg

At the lower temperature it becomes two-phase since the throttle flow has
constant h and at ~10°C: hg = 392.28 kl/kg

P =P, =201.7 kPa
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6.33

Helium is throttled from 1.2 MPa, 20°C, to a pressure of 100 kPa. The diameter of
the exit pipe is so much larger than the inlet pipe that the inlet and exit velocities
are equal. Find the exit temperature of the helium and the ratio of the pipe
diameters.

Solution:
C.V. Throttle. Steady state,
Process with: q=w=0; and V=V, Z;=7Z,
Energy Eq.6.13:  h;=h,, Ideal gas => T;=T,=20°C

. AV .
m=2Tp But m, V, T are constant => P;A; = P.A,

D, (Pi\172 (1.2)\1/2
= Di:(Pj :(0.1) =3.464

(S

& X
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6.34
Saturated vapor R-134a at 500 kPa is throttled to 200 kPa in a steady flow
through a valve. The kinetic energy in the inlet and exit flow is the same. What is
the exit temperature?

Solution:
Steady throttle flow

Continuity m; =m,=m

1,2 1,2
Energy Eq.6.13: h; + 5V +gZ,=hy +5V, +gZ,

Process: Z,=2, and V,=V;
= hy=h;=407.45klJ/kg from Table B.5.2
State 2: P,&h, = superheated vapor

Interpolate between 0°C and 10°C in table B.5.2 in the 200 kPa subtable

407.45 — 400.91
T2 =0+107005_-400.91

=17.6°C

500 kPa

200
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6.35

Solution:
Steady throttle flow. Assume no heat transfer and no change in kinetic or

potential energy.

Borgnakke and Sonntag

Saturated liquid R-410a at 25°C is throttled to 400 kPa in your refrigerator. What
is the exit temperature? Find the percent increase in the volume flow rate.

he = hi = hfZSOC =97.59 kJ/kg = hfe + Xe hfg e at 400 kPa

_he—hee 97592824
%7 hye | 24365

=0.28463

From table B.3.1 we get T, =T, (400 kPa ) =-20°C

Ve = Vi + X, Vi = 0.000803 + x,, 0.064 = 0.01902 m’/kg

Vi = Vg250c = 0.000944 m/kg

V =mv so the ratio becomes

Ve mve Ve o 0.01902
= TV, T 0.000994 ~ 2023

Vi myv;

So the increase is 19.23 times or 1923 %
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6.36

Carbon dioxide is throttled from 20°C, 2 MPa to 800 kPa. Find the exit
temperature assuming ideal gas behavior and repeat for real-gas behavior.

C.V. Throttle (valve, restriction), Steady flow, 1 inlet and exit, no q, w
Energy Eq.6.13: h;=h,

Ideal gas: same h gives T;=T,=20°C
h; =h, =368.42 kJ/kg| Table B.3.2
Real gas : P~ 0.8 MPa Te=53°C (=278 K)
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6.37

Liquid water at 180°C, 2000 kPa is throttled into a flash evaporator chamber
having a pressure of 500 kPa. Neglect any change in the kinetic energy. What is
the fraction of liquid and vapor in the chamber?

Solution:

Energy Eq.6.13: h; + %V? +gZ;=h, +%V§ + g7,

Process: Z,=7y and V=V,
= hy=h;=763.71 kl/kg from Table B.1.4
State 2: P,&h, = 2 —phase

h2 = hf + Xy hfg
763.71 — 640.21

X2:(h2 -hf)/hfg: 2108.47 =0.0586
Fraction of Vapor: x5, =0.0586 (5.86 %)
Liquid: 1 - x5 = 0.941 (94.1 %)

> Two-phase out of the

— valve. The liquid drops
to the bottom.

[ e
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6.38

R-134a is throttled in a line flowing at 25°C, 750 kPa with negligible kinetic
energy to a pressure of 165 kPa. Find the exit temperature and the ratio of exit
pipe diameter to that of the inlet pipe (Dg,/Dj,) so the velocity stays constant.

Solution:

Energy EQ.6.13:  hy+ 3V +gZ =hy +3 V5 + gZ,

Process: Z,1=2, and V,=V;

State 1, Table B.5.1: h; =234.59 kJ/kg, v{ = vy =0.000829 m3/kg

Use energy eq.: = hy=h; =234.59 kl/kg

State 2: P &h, = 2-phase and T, =T, (165 kPa)=-15°C

h2 = hf+ X2 hfg =234.59 kJ/kg
x; = (hy - hg) / hg,= (234.59 — 180.19) / 209 = 0.2603

V) = Vg +Xp X vgy = 0.000746 +0.2603 x 0.11932 = 0.0318 m’/kg
Now the continuity equation with V, =V gives, from Eq.6.3,

m=pAV = AV/v = AV /v = (A V) /vy

2
(Ay /Ay =vy /vy =(Dy/Dy)

0.5 0.5
(Do/Dy)=(v5/v{) ~=(0.0318/0.000829) ~ = 6.19
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6.39
Water flowing in a line at 400 kPa, saturated vapor, is taken out through a valve
to 100 kPa. What is the temperature as it leaves the valve assuming no changes in
kinetic energy and no heat transfer?
Solution:

C.V. Valve. Steady state, single inlet and exit flow
Continuity Eq.: rhl = rhz

Energy Eq.6.12: rhlhl + Q = rhzhz +W

Process: Throttling

=) —— Small surface area: Q = 0;

No shaft: W =0

Table B.1.2: hy =h; =2738.6kl/kg = T,=131.1°C
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Turbines, Expanders
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6.40
A steam turbine has an inlet of 2 kg/s water at 1000 kPa, 350°C and velocity of

15 m/s. The exit is at 100 kPa, 150°C and very low velocity. Find the specific
work and the power produced.

Solution:

1,2 1,2
Energy Eq.6.13: h; + 5V +gZ;=hy +5V, +gZ, +wr

Process: Z,1=2, and V,=0

Table B.1.3: h; =3157.65 kl/kg, h,=2776.38 kl/kg
) 15

wr=h;+ 5V, —hy, =3157.65 + 5000 — 2776.38 =381.4 kJ/kg

(remember to convert m?/s? = J/kg to kJ/kg by dividing with 1000)

W =m x wr =2 kg/s x 381.4 kl/kg
=762.8 kW
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6.41
Air at 20 m/s, 260 K, 75 kPa with 5 kg/s flows into a jet engine and it flows out at
500 m/s, 800 K, 75 kPa. What is the change (power) in flow of kinetic energy?

. <1 2 2
m AKE =m5 (V,-V,)
1

= 5 kefs x5 (5007 - 20%) (m/s)* To05

(KW/W) = 624 KW

O0—

= =H =
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6.42
A liquid water turbine receives 2 kg/s water at 2000 kPa, 20°C and velocity of 15

m/s. The exit is at 100 kPa, 20°C and very low velocity. Find the specific work
and the power produced.

Solution:

1,,2 1,2
Energy Eq.6.13: h; + 7V +gZ;=hy +5V, +gZ; +wr

Process: Z,=2, and V,=0
State 1: Table B.1.4 h; =85.82 kJ/kg
State 2: Table B.1.1 h, =83.94 (which is at 2.3 kPa so we

should add APv =97.7 x 0.001 to this)
2
wr=hy +%V? —hy, =85.82+ 15 /2000 — 83.94 = 1.99 kJ/kg

W =m X wp =2 x 1.9925 = 3.985 kW

Notice how insignificant the specific kinetic energy is.
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6.43
A windmill with rotor diameter of 30 m takes 40% of the kinetic energy out as

shaft work on a day with 20°C and wind speed of 30 km/h. What power is

produced?
Solution:
Continuity Eq. rhi = rhe =m
Energy m (h; + BV2 + gZ)) = ﬂl(heJr V2 +gZ.) + w

Process information: W = Iill/zviz x 0.4

m = pAV =AV, /v;

T2 _Taa2 2
A 4D 430 706.85 m

0.287 x 293

vi=RTyP; = —=575 = 0.8301 m/kg
30 x 1000

Vi =30 km/h = =5 o = 8.3333 ms

m= AV, /v; = 706'%58§§i3 333 _ 7096 ke/s

V2 =Y 833332 m%/s2 =34.722 J/kg

W =0.4mY% V2 =0.4 x7096 x 34.722 = 98 555 W
= 98.56 kW
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6.44
Hoover Dam across the Colorado River dams up Lake Mead 200 m higher than

the river downstream. The electric generators driven by water-powered turbines
deliver 1300 MW of power. If the water is 17.5°C, find the minimum amount of
water running through the turbines.

Solution:

C.V.: H,O pipe + turbines,

Continuity: rhin = ri’lex;

Energy Eq.6.13: (bt V2/2 + gz);,, = (ht V22 + gz)oy + W
Water states:  h;; =hey 5 Vip = Vex

Now the specific turbine work becomes

W = 8Zip, - ey = 9.807 X 200/1000 = 1.961 kl/kg

1300x103 kW

. _ . _ 1OUUATIU KW 5
m = Wp/wp = 1.961 ki/kg =6.63 <10~ kg/s

V=mv=6.63x10° x 0.001001 = 664 m>/s
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6.45

A small expander (a turbine with heat transfer) has 0.05 kg/s helium entering at
1000 kPa, 550 K and it leaves at 250 kPa, 300 K. The power output on the shaft is

measured to 55 kW. Find the rate of heat transfer neglecting kinetic energies.
Solution:

C.V. Expander. Steady operation
Cont. m; =m,=m

Energy mh; + Q = mh, + W

Q= (he - hy) + W
Use heat capacity from tbl A.5: C g =5.193 kl/kg K

Q=mC, (T,-T) + W
=0.05 x 5.193 (300 - 550) + 55
=-64.91 +55=-9.9 KW
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6.46
A small turbine, shown in Fig. P 6.46, is operated at part load by throttling a 0.25
kg/s steam supply at 1.4 MPa, 250°C down to 1.1 MPa before it enters the turbine
and the exhaust is at 10 kPa. If the turbine produces 110 kW, find the exhaust
temperature (and quality if saturated).

Solution:

C.V. Throttle, Steady, q =0 and w = 0. No change in kinetic or potential
energy. The energy equation then reduces to

Energy Eq.6.13: h; =hy, =2927.2 kJ/kg from Table B.1.3

110
C.V. Turbine, Steady, no heat transfer, specific work: w = 025~ 440 kl/kg

Energy Eq.: h;=hy=hy+w=2927.2 klJ/kg T
= h3=2927.2 - 440 =2487.2 kJ/kg

State 3: (P, h) Table B.1.2 h<h,
2487.2 =191.83 + x5 x 2392.8

= T=458°C, x3=0.959
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6.47
A small, high-speed turbine operating on compressed air produces a power output
of 100 W. The inlet state is 400 kPa, 50°C, and the exit state is 150 kPa, —30°C.
Assuming the velocities to be low and the process to be adiabatic, find the
required mass flow rate of air through the turbine.

Solution:
C.V. Turbine, no heat transfer, no AKE, no APE
Energy Eq.6.13: hjy, = hex + W

Ideal gas so use constant specific heat from Table A.5
W = hjj - hex = Cp(Tin - Tex)
=1.004 (kJ/kg K) [50 - (-30)] K =80.3 kl/kg

W=mwp = m=W/wp=0.1/80.3 =0.00125 kg/s

really adiabatic.

[~
The dentist’s drill has a ;
small air flow and is not gfb./;’
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6.48
A compressor in a commercial refrigerator receives R-410a at -25°C, x = 1. The

exit is at 800 kPa, 40°C. Neglect kinetic energies and find the specific work.

Solution:

C.V. Compressor, steady state, single inlet and
exit flow. For this device we also assume no
heat transfer and Z;=Z,

From Table B.4.1 : h; =269.77 kl/kg
From Table B.4.2 : he =319.42 kl/kg

Energy Eq.6.13 reduces to
we =h;—hg=(269.77 - 319.42) = -49.65 kJ/kg
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6.49
A refrigerator uses the natural refrigerant carbon dioxide where the compressor

brings 0.02 kg/s from 1 MPa, -20°C to 6 MPa using 2 kW of power. Find the
compressor exit temperature.

Solution:

C.V. Compressor, steady state, single inlet and
exit flow. For this device we also assume no
heat transfer and Z;=Z7,

From Table B.3.2 : h; =342.31 kl/kg
Energy Eq.6.13 reduces to

W=mw,=m (h;—h) = h,=h;— W/m
he = (342.31 — (=2)/0.02) = 442.31 kl/kg
From Table B.3.2 :
T, =100 + 20 (442.31 — 421.69)/(445.02 — 421.69) = 117.7 °C
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6.50

A compressor brings R-134a from 150 kPa, -10°C to 1200 kPa, 50°C. It is water
cooled with a heat loss estimated as 40 kW and the shaft work input is measured
to be 150 kW. How much is the mass flow rate through the compressor?

Solution:
C.V Compressor. Steady flow.
Neglect kinetic and potential energies.

Energy : mh; +Q=rh, + W

= (Q - W)/(h, - hy)

Look in table B.5.2

h; = 393.84 kl/kg, h, = 426.84 kl/kg
. 40— (-150)
M= 7684 393.84  >-333 ke/s
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6.51
An ordinary portable fan blows 0.2 kg/s room air with a velocity of 18 m/s (see
Fig. P6.19). What is the minimum power electric motor that can drive it? Hint:
Are there any changes in P or T?

Solution:

C.V. Fan plus space out to near stagnant inlet room air.
Energy Eq.6.13: q+h+ Vi2/2 =h, + VeZ/Z +w
Here q=0, Vi=0 and h;=h, samePandT
~w = V2/2 = 18%/2000 = 0.162 kl/kg

~W = —mw = 0.2 kg/s x 0.162 kJ/kg = 0.032 kW
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The compressor of a large gas turbine receives air from the ambient at 95 kPa,
20°C, with a low velocity. At the compressor discharge, air exits at 1.52 MPa,
430°C, with velocity of 90 m/s. The power input to the compressor is 5000 kW.
Determine the mass flow rate of air through the unit.

Solution:

C.V. Compressor, steady state, single inlet and exit flow.
Energy Eq.6.13: q+h+ Vi2/2 =h, + Vez/2 +w

Here we assume q=0 and Vj=0 so using constant Cp, from A.5

90)2
W = Cpo(Te - Ty) + Vo2/2 = 1.004(430 - 20) + % =415.5 kl/kg

Notice the kinetic energy is 1% of the work and can be neglected in most
cases. The mass flow rate is then from the power and the specific work

We 5000
m= " = 415.5212.0 kg/s
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6.53

A compressor in an industrial air-conditioner compresses ammonia from a state of
saturated vapor at 150 kPa to a pressure of 800 kPa. At the exit the temperature is

measured to be 100°C and the mass flow rate is 0.5 kg/s. What is the required
motor size (kW) for this compressor?

Solution:
C.V. Compressor. Assume adiabatic and neglect kinetic energies.
Energy Eq.6.13: wc=h;—hy
States: 1: B.2.2: h; = 1410.9 kl/kg
2:B.1.3 hy 5 =1670.6 kl/kg

Energy equation:
—wc=hy, —h; =1670.6 - 1410.9 = 259.7 kJ/kg

W = 0.5 kg/s x 259.7 kl/kg = 129.8 kW

2 ac
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6.54

An air compressor takes in air at 100 kPa, 17°C and delivers it at 1 MPa, 600 K to
a constant-pressure cooler, which it exits at 300 K. Find the specific compressor
work and the specific heat transfer in the cooler.

Solution
C.V. air compressor q =0

Continuity Eq.: rhz = rhl
Energy Eq.6.13: h; +we;=hy

1 ﬁ Qcool
2 g” A/ A ﬁ 3

Compressor section Cooler section

_WC

Table A.7:
W¢ in=hy -h; =607.02 - 290.17 = 316.85 kJ/kg
C.V.cooler w=0

Continuity Eq.: rh3 = rhl
Energy Eq.6.13:  hy =qgyut + h3
dout = hp - h3 =607.02 - 300.19 = 306.83 kJ/kg
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6.55

An exhaust fan in a building should be able to move 2.5 kg/s air at 98 kPa, 20°C
through a 0.4 m diameter vent hole. How high a velocity must it generate and how
much power is required to do that?

Solution:

C.V. Fan and vent hole. Steady state with uniform velocity out.

Continuity Eq.:  m = constant = pAV = AV / v =AVP/RT
Ideal gas : Pv=RT, andareais A= % D?

Now the velocity is found

V = m RT/(} D?P) = 2.5 x 0.287 x 293.15 / (74 x 0.4% x 98) = 17.1 m/s
The kinetic energy out is

1.,2 1

7 V5= 7% 17.12/1000 = 0.146 kl/kg

which is provided by the work (only two terms in energy equation that does
not cancel, we assume V| = 0)

Win=m 3 V5 = 2.5 x 0.146 = 0.366 KW
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How much power is needed to run the fan in Problem 6.19?
A household fan of diameter 0.75 m takes air in at 98 kPa, 22°C and delivers it at
105 kPa, 23°C with a velocity of 1.5 m/s. What are the mass flow rate (kg/s), the

inlet velocity and the outgoing volume flow rate in m>/s?
Solution:

Continuity Eq. Il"li = rhe =AV/v
Ideal gas v =RT/P

Area: A=2D2=2,0.752 =0.442 m?

4 4

V.= AV, =0.442 x1.5 = 0.6627 m’/s

_ RTe 0.287 x 296
Ve™ P, © 105

=0.8091 m’/kg

m; = V/ve = 0.6627/0.8091 = 0.819 kg/s

AVi /Vi = I.Ili = AVe / Ve

0.287 x (22 + 273)
98 x 0.8091

Vi = Ve X (Vi / Ve) = \Ie X (RTl)/(PIVe) =1.5x

= 1.6 m/s

m (h; + V%) = m(h+ %V,2) +W

W= m(h; + 4V —he = 15V2) = m [Cp (Ty-Te) + 1 Vi2 = 14V, ]

1.6%-1.52

=0.819 [ 1.004 (-1) + ~5555"] =0.819 [ -1.004 +0.000155]

=-0.81 kW
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6.57
A compressor in an air-conditioner receives saturated vapor R-410a at 400 kPa

and brings it to 1.8 MPa, 60°C in an adiabatic compression. Find the flow rate for
a compressor work of 2 kW?

C.V. Compressor. Assume adiabatic and neglect kinetic energies.

Energy Eq.6.13: w=h;-hy
States: 1: B.4.2 h; =271.9 klJ/kg
2:B.4.2 h, =323.92 kl/kg

~we=hy—h; =323.92-271.9 = 52.02 kl/kg

W=mwe = m=W/wc=2kW/52.02kl/kg=0.038 kg/s
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Carbon dioxide enters a steady-state, steady-flow heater at 300 kPa, 300 K, and
exits at 275 kPa, 1500 K, as shown in Fig. P6.58. Changes in kinetic and potential
energies are negligible. Calculate the required heat transfer per kilogram of
carbon dioxide flowing through the heater.

Solution:
C.V. Heater Steady state single inlet and exit flow.
Energy Eq.6.13: q+h;=h,

J
Y
>
]

Table A.8: q=h,-h;=1614.9 —214.4 = 1400.5 kJ/kg
[If we use C,,p from A.5 then q=0.842(1500 - 300) = 1010.4 kJ/kg]

Too large AT, Tyye to use Cp at room temperature.
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A condenser (cooler) receives 0.05 kg/s R-410a at 2000 kPa, 60°C and cools it to

15°9C. Assume the exit properties are as for saturated liquid same T. What cooling
capacity (kW) must the condenser have?
Solution:

C.V. R-410a condenser. Steady state single flow, heat transfer out and no
work.

Energy Eq.6.12: mhy =mhy + Quyt
Inlet state: Table B.4.2 h; =320.62 kJ/kg,
Exit state: Table B.4.1 h, =81.15 kJ/kg (compressed liquid)

Process: Neglect kinetic and potential energy changes.

Cooling capacity is taken as the heat transfer out i.e. positive out so

Qout = ™ ( hy- hy) = 0.05 kg/s (320.62 — 81.15) ki/kg
=11.9735 kW = 12 kW

1 ﬁ Q cool )
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Saturated liquid nitrogen at 600 kPa enters a boiler at a rate of 0.005 kg/s and
exits as saturated vapor. It then flows into a super heater also at 600 kPa where it
exits at 600 kPa, 280 K. Find the rate of heat transfer in the boiler and the super
heater.

Solution:
C.V.: boiler steady single inlet and exit flow, neglect KE, PE energies in flow

Continuity Eq.:  m; =my = mj

Super
heater

Qboiler

Table B.6.1: h; =-81.469 kJ/kg, h, =86.85 kJ/kg,
Table B.6.2: hj3 =289.05 kJ/kg
Energy Eq.6.13:  Qpojjer = hp —h; = 86.85 - (- 81.469) = 168.32 kJ/kg

Qboiler = M1dboiler = 0-005 x 168.32 = 0.842 kW

C.V. Superheater (same approximations as for boiler)
Energy Eq.6.13: qgyp heater = 13 —hy =289.05 — 86.85 =202.2 kJ/kg

Qsup heater = rhzqsup heater = 0.005 x 202.2 = 1.01 kW
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6.61
The air conditioner in a house or a car has a cooler that brings atmospheric air

from 30°C to 10°C both states at 101 kPa. If the flow rate is 0.5 kg/s find the rate
of heat transfer.

Solution:
CV. Cooler. Steady state single flow with heat transfer.

Neglect changes in kinetic and potential energy and no work term.

Energy Eq.6.13: Qout = hj — he
Use constant heat capacity from Table A.5 (T is around 300 K)
dout = hj —he = Cp (T; —Te)

= 1.004 x (30 — 10) K = 20.1 kl/kg

kg K

Oout =M qoye = 0.5 x 20.1 = 10 kKW
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6.62
A chiller cools liquid water for air-conditioning purposes. Assume 2.5 kg/s water

at 20°C, 100 kPa is cooled to 5°C in a chiller. How much heat transfer (kW) is
needed?

Solution:

C.V. Chiller. Steady state single flow with heat transfer. Neglect changes in
kinetic and potential energy and no work term.

Energy Eq.6.13: Qout = hj — he
Properties from Table B.1.1:
h; =83.94klJ/kg and he =20.98 kl/kg

Now the energy equation gives
Qout = 83.94 —20.98 = 62.96 kl/kg

Qout = Ih Jout = 2.5 x62.96 =157.4 kW

Alternative property treatment since single phase and small AT
If we take constant heat capacity for the liquid from Table A.4
dout = hj —he ;Cp (Ti-Te)
=4.18 (20-5) =62.7 kl/kg

Oyt = M Goug = 2.5 % 62.7 = 156.75 kW

ﬁécool
1 ~ 2
J
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6.63
Carbon dioxide used as a natural refrigerant flows through a cooler at 10 MPa,

which is supercritical so no condensation occurs. The inlet is at 200°C and the

exit is at 40°C. Find the specific heat transfer.

C.V. Cooler. Steady state single flow with heat transfer. Neglect changes in
kinetic and potential energy and no work term.

Energy Eq.6.13: 0=h;—h.+q
Properties from Table B.3.2:
h; =519.49kJ/kg and h, =200.14 kJ/kg

Now the energy equation gives
q=200.14 — 519.49 = -319.35 kJ/kg
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6.64
A flow of liquid glycerine flows around an engine, cooling it as it absorbs energy.

The glycerine enters the engine at 60°C and receives 19 kW of heat transfer.
What is the required mass flow rate if the glycerine should come out at maximum

95°C?

Solution:
C.V. Liquid flow (glycerine is the coolant), steady flow. no work.

Energy Eq.: rhhi + Q = rhhe

¢ __—Q
m = Q/Che - ) _Cgly (Te - Th)

From table A4 Cgyjy =2.42 kJ/kg-K

. 19

Mm=342(95-60) 0.224 kg/s

Air intake filter = Fan Radiator

-~ gam

Shaft air
power -
<::| i
b e
i

Exhaust flow 0

Coolant flow
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6.65
In a steam generator, compressed liquid water at 10 MPa, 30°C, enters a 30-mm
diameter tube at the rate of 3 L/s. Steam at 9 MPa, 400°C exits the tube. Find the
rate of heat transfer to the water.

Solution:

C.V. Steam generator. Steady state single inlet and exit flow.

Constant diameter tube:  A;=A,= % (0.03)? = 0.0007068 m>

Table B.1.4  m =V/v;=0.003/0.0010003 = 3.0 kg/s

V; = V/A; = 0.003/0.0007068 = 4.24 m/s

Exit state properties from Table B.1.3
V.=V, x v/v; =4.24 x 0.02993/0.0010003 = 126.86 m/s

The energy equation Eq.6.12 is solved for the heat transfer as

Q=1[(h,-h)+(V.2- V) 2]
126.86% - 4.24%
2 x 1000

=3.0 [3117.8- 134.86 + }28973 kW

Steam exit

£ gas
> out
Typically hot
combustion — cb

as in . .
& liquid water in
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6.66
In a boiler you vaporize some liquid water at 100 kPa flowing at 1 m/s. What is
the velocity of the saturated vapor at 100 kPa if the pipe size is the same? Can the
flow then be constant P?

The continuity equation with average values is written

m; = m, =m = pAV = AV/v = AV)/v; = AV, /v,

From Table B.1.2 at 100 kPa we get
vp=0.001043 m’/kg; vy =1.694 m’/kg

1.694

Ve=ViveVi= 157001043

= 1624 m/s

To accelerate the flow up to that speed you need a large force (APA )soa
large pressure drop is needed.

—> P, < P,
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6.67
A cryogenic fluid as liquid nitrogen at 90 K, 400 kPa flows into a probe used in
cryogenic surgery. In the return line the nitrogen is then at 160 K, 400 kPa. Find
the specific heat transfer to the nitrogen. If the return line has a cross sectional
area 100 times larger than the inlet line what is the ratio of the return velocity to
the inlet velocity?

Solution:
C.V line with nitrogen. No kinetic or potential energy changes

Continuity Eq.: m = constant = m, = m; = AV/ve = AVi/v;
Energy Eq.6.13: q=h.—h

State i, Table B.6.1: h, =-95.58 ki/kg, v;=0.001343 m’/kg
State e, Table B.6.2: h,=162.96 kl/kg, v, =0.11647 m3/kg

From the energy equation
q=h, —h; =162.96 — (-95.58) = 258.5 kJ/kg
From the continuity equation

1 0.11647

VeVi= Ai/Ae (VeV) =700 0.001343

=0.867

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

Pumps, pipe and channel flows
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6.68
A steam pipe for a 300-m tall building receives superheated steam at 200 kPa at
ground level. At the top floor the pressure is 125 kPa and the heat loss in the pipe
is 110 kJ/kg. What should the inlet temperature be so that no water will condense
inside the pipe?

Solution:

C.V. Pipe from 0 to 300 m, no AKE, steady state, single inlet and exit flow.
Neglect any changes in kinetic energy.

Energy Eq.6.13: q+h;=h,+gZ,
No condensation means: Table B.1.2, h, = h, at 125 kPa = 2685.4 kl/kg

9.807 x 300
1000

At 200 kPa: T ~170°C Table B.1.3

h;=he + gZ - q=2685.4 + - (-110) = 2810.1 kJ/kg
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A small stream with 20°C water runs out over a cliff creating a 100 m tall
waterfall. Estimate the downstream temperature when you neglect the horizontal
flow velocities upstream and downstream from the waterfall. How fast was the
water dropping just before it splashed into the pool at the bottom of the waterfall?

Solution:

CV. Waterfall, steady state. Assume no Q nor W

1
Energy Eq.6.13: h+ §V2 + gZ = const.

State 1: At the top zero velocity Z; = 100 m
State 2: At the bottom just before impact, Zy =0
State 3: At the bottom after impact in the pool.

1_2

272
Properties: h;=zh, sameT,P
1.2
== P V2 = g7

V,=~[28Z1 =42 x 9.806 x 100 = 44.3 m/s

Energy equation from state 1 to state 3
hy=h; + g7,
use Ah = C,, AT with value from Table A.4 (liquid water)

T3 =T1+gzl/Cp
=20+ 9.806 x 100 /4180 =20.23 °C
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An irrigation pump takes water from a river at 10°C, 100 kPa and pumps it up to

an open canal, where it flows out 100 m higher at 10°C. The pipe diameter in and
out of the pump is 0.1 m and the motor driving the unit is 5 hp. What is the flow
rate neglecting kinetic energy and losses?

C.V. Pump plus pipe to canal.

This is a single steady flow device with atmospheric pressure in and out.

Energy Eq.:  0=h;+0+gZ;+w, i, —he—0-gZ,
Wp in = 8(Ze — Zj) = 9.81 m/s® x 100 (m/s)* = 0.981 ki/kg

W, in =5 hp = 5 hp x 0.746 kW/hp = 3.73 kW

Find the flow rate from the work

=W,y in/ Wpin =3.73/0.981 = 3.8 ke/s
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Consider a water pump that receives liquid water at 15°C, 100 kPa and delivers it
to a same diameter short pipe having a nozzle with exit diameter of 1 cm (0.01 m)
to the atmosphere 100 kPa. Neglect the kinetic energy in the pipes and assume
constant u for the water. Find the exit velocity and the mass flow rate if the pump
draws a power of 1 kW.

Solution:

Continuity Eq.: m;=m,=AV/v; A= % Dz = % x 0.012 = 7.854x 107> m?

Energy Eq.6.13: h; + %Viz +gZ;=h,+ %Vez +gZ.+w

Properties:  hj=u;+Pjvi=h.=u, +Peve ; P;=P.; vi=v,
w=-3V. D WG V) =Axg Vo

2 W, )1/3 _ (210000001001

Ve =( )" = 2043 ms
=\~ A = . m/s
¢ A 7.854x10 =

M= AV,/v, = 7.854x 10 7> x 29.43/0.001001 = 2.31 kg/s

Small water pump for a washing
machine. Notice the very simple
impeller.
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6.72
A cutting tool uses a nozzle that generates a high speed jet of liquid water.

Assume an exit velocity of 500 m/s of 20°C liquid water with a jet diameter of 2
mm (0.002 m). How much mass flow rate is this? What size (power) pump is

needed to generate this from a steady supply of 20°C liquid water at 200 kPa?
Solution:
C.V. Nozzle. Steady state, single flow.

Continuity equation with a uniform velocity across A
T

m=AV/v= % D*V/v=70.002% x 500 /0.001002 = 1.568 kg/s

Assume Z;j=Ze=0, ue=uj andV;=0 P =100 kPa (atmospheric)

2
Energy Eq.6.13: hj+ O+ 0 =he + %Ve+®+w

2
e

1.2 1
thi_he_EVe:ui_ue+PiVi_PeVe_§V

12
=(Pi -Pe) vi—3V,

5002 m?/s?

= 3 - -
0.001002 m>/kg x (200 — 100) kPa — 0.5 x 1000 J/kJ

=0.1002 - 125 = -125 kl/kg

W = tw = 1.568 kg/s (—125 kl/kg) = =196 kW

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.73
A small water pump is used in an irrigation system. The pump takes water in from

ariver at 10°C, 100 kPa at a rate of 5 kg/s. The exit line enters a pipe that goes up
to an elevation 20 m above the pump and river, where the water runs into an open

channel. Assume the process is adiabatic and that the water stays at 10°C. Find
the required pump work.

Solution:

C.V. pump + pipe. Steady state , 1 inlet, 1 exit flow. Assume same velocity in
and out, no heat transfer.

Continuity Eq.: rhin =Mgy = m

Energy Eq.6.12:

m(hy, + (12)Vi2 + g2i) =

M(hex + (1/2) Vey + g7e) + W
States: h;, =hey same (T, P)

W =m g(zi, - Zey) = 5 % 9.807 x (0 - 20)/1000 = —0.98 kW
LLE. 0.98 kW required input
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The main waterline into a tall building has a pressure of 600 kPa at 5 m below
ground level. A pump brings the pressure up so the water can be delivered at 200
kPa at the top floor 150 m above ground level. Assume a flow rate of 10 kg/s

liquid water at 10°C and neglect any difference in kinetic energy and internal
energy u. Find the pump work.

Solution:

C.V. Pipe from inlet at -5 m up to exit at +150 m, 200 kPa.
1 1

Energy Eq.6.13: hj+ §V12 +gZi=he + §Ve2 + 876 +wW

With the same u the difference in h’s are the Pv terms
1
w=hj-he +5 (Vi2 - V2) + g (Zi- Ze)
= Pjvi—Peve + g (Zi - Ze)

=600 x 0.001 — 200 x 0.001 +9.806 x (-5 - 150)/1000
=04-152=-1.12 kl/kg

W =mmw =10 x (-1.12) = -11.2 KW
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6.75

A pipe flows water at 15°C from one building to another. In the winter time the
pipe loses an estimated 500 W of heat transfer. What is the minimum required

mass flow rate that will ensure that the water does not freeze (i.e. reach 0°C)?

Solution:

Energy Eq.: Ihhi +Q= rhhe
Assume saturated liquid at given T from table B.1.1

QO  -500x103 05

M=h.-h,~ 0-62.98 ~ 62.98

= 0.007 94 kg/s
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Multiple flow single device processes

Turbines, Compressors, Expanders

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.76
A steam turbine receives steam from two boilers. One flow is 5 kg/s at 3 MPa,

700°C and the other flow is 15 kg/s at 800 kPa, 500°C. The exit state is 10 kPa,
with a quality of 96%. Find the total power out of the adiabatic turbine.

Solution:

C.V. whole turbine steady, 2 inlets, 1 exit, no heat transfer Q =0

Continuity Eq.6.9: 1hy +hy =1hy =5+ 15 =20 kg/s

Energy Eq.6.10:  thyhy + tinh, = thghy + Wy

Table B.1.3: hy =3911.7 kl/kg,
h, = 3480.6 kJ/kg
Table B.1.2: h3; =191.8+0.96 x 2392.8
=2488.9 kl/kg

WT =5x3911.7+ 15 x 3480.6 — 20 x 2488.9 =21 990 kW =22 MW
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6.77
A compressor receives 0.05 kg/s R-410a at 200 kPa, -20°C and 0.1 kg/s R-410a at

400 kPa, 0°C. The exit flow is at 1000 kPa, 60°C as shown in Fig. P6.77. Assume
it is adiabatic, neglect kinetic energies and find the required power input.

C.V. whole compressor steady, 2 inlets, 1 exit, no heat transfer Q =0

Continuity Eq.6.9: rh; + 1hy =1h3=0.05+ 0.1 =0.15 kg/s
Energy Eq.6.10:  thyhy + fiuhy — We = mhshy
Table B.3.2: h; =278.72 kJ/kg,

h, =290.42 kJ/kg
Table B.3.2: h3 =335.75 kl/kg

WC =0.05 x278.72 + 0.1 x 290.42 — 0.15 x 335.75 =-7.385 kW

Power input is 7.4 kKW
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6.78

Two steady flows of air enters a control volume, shown in Fig. P6.78. One is
0.025 kg/s flow at 350 kPa, 150°C, state 1, and the other enters at 450 kPa, 15°C,
state 2. A single flow of air exits at 100 kPa, —40°C, state 3. The control volume
rejects 1 kW heat to the surroundings and produces 4 kW of power. Neglect
kinetic energies and determine the mass flow rate at state 2.

Solution:

C.V. Steady device with two inlet and one
exit flows, we neglect kinetic energies. Notice
here the Q is rejected so it goes out.

—>w
_|3_>

Qloss

Continuity Eq.6.9: m; +my = mj = 0.025 + m,

Energy Eq6 10: I’i’llhl + l’ilzhz = 1’h3h3 + WCV + QIOSS

Substitute the work and heat transfer into the energy equation and use
constant heat capacity

0.025 x 1.004 x 423.2 + my x 1.004 x 288.2
=(0.025 +m,) 1.004 x 233.2 +4.0+ 1.0

Now solve for my,.

. 4.0+1.0+0.025 x 1.004 x (233.2 —423.2)
= 1.004 (288.2 - 233.2) =0.0042 kg/s
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6.79
A steam turbine receives water at 15 MPa, 600°C at a rate of 100 kg/s, shown in

Fig. P6.79. In the middle section 20 kg/s is withdrawn at 2 MPa, 350°C, and the
rest exits the turbine at 75 kPa, and 95% quality. Assuming no heat transfer and
no changes in kinetic energy, find the total turbine power output.

Solution:

C.V. Turbine Steady state, 1 inlet and 2 exit flows.
Continuity Eq.6.9: r.nl = rhz + ﬁ13 ; => r.n3 = rill - 1’;’12 =80 kg/s

Energy Eq.6.10: rillhl = WT + rhzhz + ri13h3

Table B.1.3  h; =3582.3 kJ/kg, 1 )
h, =3137 kl/kg
Table B.1.2: h3 =hf+x3hfy =384.3 + 0.95x2278.6 :|>\3VT
=2549.1 kl/kg 3

From the energy equation, Eq.6.10

== WT = l’illhl — l’ilzhz — l’il3h3 =91.565 MW
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6.80
Cogeneration is often used where a steam supply is needed for industrial process
energy. Assume a supply of 5 kg/s steam at 0.5 MPa is needed. Rather than
generating this from a pump and boiler, the setup in Fig. P6.80 is used so the
supply is extracted from the high-pressure turbine. Find the power the turbine
now cogenerates in this process.
Solution:

C.V. Turbine, steady state, 1 inlet and 2 exit flows, assume adiabatic, QCV =0

Continuity Eq.6.9: ﬁll = rilz + 1’;13
Energy Eq.6.10: QCV + fhlhl = rilzhz + rh3h3 + WT ;
Supply state 1: 20 kg/s at 10 MPa, 500°C 1 )

Process steam 2: 5 kg/s, 0.5 MPa, 155°C,
Exit state 3: 20 kPa, x=0.9 Dw
Table B.1.3: h; =3373.7, h,=2755.9 kl/kg, 3

Table B.1.2: hy=251.4+0.9 x 2358.3
=2373.9 kl/kg

HP LP

WT =20x3373.7 -5 x27559 - 15 x2373.9 = 18.084 MW
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6.81
A compressor receives 0.1 kg/s R-134a at 150 kPa, -10°C and delivers it at 1000
kPa, 40°C. The power input is measured to be 3 kW. The compressor has heat

transfer to air at 100 kPa coming in at 20°C and leaving at 25°C. How much is the
mass flow rate of air?

Solution:

ﬁﬁirﬁ

C.V. Compressor, steady state, single inlet and exit

flow. For this device we also have an air flow 2
outside the compressor housing no changes in :>
kenetic or potential energy. W
C
Aj
ir

Continuity Eq.: rhz = rhl

Energy Eq. 6.12: rhlhl + Win + I’i’lairh?, = rhzhz + rilairh4
Ideal gas for air and constant heat capacity: hy - hy ~C, 4, (T4 -T5)

ri’lair = [ml (hy —hy) + V'vin 1/ Cp air (T4 —T3)

©0.1(393.84-420.25)+3  0.359
- 1.004 (25-20) s

=0.0715 kg/s
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6.82
A large expansion engine has two low velocity flows of water entering. High
pressure steam enters at point 1 with 2.0 kg/s at 2 MPa, 500°C and 0.5 kg/s
cooling water at 120 kPa, 30°C enters at point 2. A single flow exits at point 3
with 150 kPa, 80% quality, through a 0.15 m diameter exhaust pipe. There is a
heat loss of 300 kW. Find the exhaust velocity and the power output of the
engine.

Solution:

C.V.: Engine (Steady state)

Constant rates of flow, Qloss and W

State 1: Table B.1.3: h; =3467.6 kl/kg
State 2: Table B.1.1: h, =125.77 klJ/kg
h; =467.1 + 0.8 x 2226.5 = 2248.3 kJ/kg

—> W
| .

Qloss

v3=0.00105 + 0.8 x 1.15825 = 0.92765 m’/kg
Continuity Eq.6.9: m;+ my =m; =2 + 0.5= 2.5 kg/s = (AV/v) = (W/4)D*V/v
Energy Eq.6.10: ﬁllhl + rhzhz = rh3(h3 +0.5 V) + Qloss +W
V=myvs/ [% D?]=2.5x 0.92765 / (0.7854 x 0.15% ) = 131.2 m/s
0.5V2=0.5x 131.2% /1000 = 8.6 kJ/kg ( remember units factor 1000)

W =2 x3467.6 +0.5 x125.77 - 2.5 (2248.3 + 8.6) — 300 = 1056 kW
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Heat Exchangers
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6.83
A condenser (heat exchanger) brings 1 kg/s water flow at 10 kPa from 300°C to
saturated liquid at 10 kPa, as shown in Fig. P6.84. The cooling is done by lake
water at 20°C that returns to the lake at 30°C. For an insulated condenser, find the
flow rate of cooling water.

Solution:

C.V. Heat exchanger

Energy Eq.6.10:  meoothag + Mp,0h300 = Meoolh3o + Mp,0hy, 10 kpa

300°C sat. liq.
1 kg/s ——TVWVNVNVNVNT—
o AN~
cool 30°C 20°C

Table B.1.1:  hy; =83.96 kJ/kg, h3zy=125.79 kl/kg
Table B.1.3: h300’ 10kPa = 3076.5 kJ/kg, B.1.2: hf’ 10 kPa = 191.83 kJ/kg

- h300‘hf,1OkPa_1X3O76.5-191.83
Mool “MHY0  hy-hy, 125.79-83.96

=69 kg/s
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6.84
In a co-flowing (same direction) heat exchanger 1 kg/s air at 500 K flows into one
channel and 2 kg/s air flows into the neighboring channel at 300 K. If it is
infinitely long what is the exit temperature? Sketch the variation of T in the two
flows.

C.V. mixing section (no W, Q)
Continuity Eq.: my =13 and 1y =1y
Energy Eq.6.10: myh; + myhy =m;hy + mphy
Same exit T: hy =hy = [myhy + myhy] / [y + hy]

Using conctant specific heat

1 2
T3=Ty=——— T|+—— T, =3x500+5x300=367K
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6.85
A heat exchanger, shown in Fig. P6.85, is used to cool an air flow from 800 K to

360 K, both states at 1 MPa. The coolant is a water flow at 15°C, 0.1 MPa. If the

water leaves as saturated vapor, find the ratio of the flow rates Itho/Ihair

Solution:

C.V. Heat exchanger, steady flow 1 inlet 4 2

and 1 exit for air and water each. The - |

two flows exchange energy with no heat | air

transfer to/from the outside. 3 water
—+—

Continuity Egs.:  Each line has a constant flow rate through it.

Energy Eq.6.10: rhairhl + th20h3 = rhairhz + th20h4
Process:  Each line has a constant pressure.
Air states, Table A.7.1: h; =822.20 kJ/kg, h, =360.86 kJ/kg
Water states, Table B.1.1: hy =62.98 kl/kg (at 15°C),

Table B.1.2:  hy =2675.5 kJ/kg (at 100 kPa)

) hy-hy 82220 -360.86
Mi1,0/Majr = hy-h;  2675.5-62.99

=0.1766

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.86
Air at 600 K flows with 3 kg/s into a heat exchanger and out at 100°C. How much
(kg/s) water coming in at 100 kPa, 20°C can the air heat to the boiling point?

C.V. Total heat exchanger. The flows are not mixed so the two flowrates are
constant through the device. No external heat transfer and no work.

Energy Eq.6.10:  my;hgir in + Myaterhwater in = Mairhair out T MwaterNwater out

My ater Dywater out — Dwater inl

Table B.1.2: hygrer out — Dwater in = 2675.46 — 83.94 = 2591.5 kl/kg
Table A.7.1: hyi iy - hyir out = 607.32 — 374.14 = 233.18 kl/kg

ri'lair[hair in~ hair out]

Solve for the flow rate of water from the energy equation

hair in = Dair out 233.18

=3 x
water out ~ hwater in 2591.5

4} Air
> out
Air
in == cb

My gter = Mair I =0.27 kg/s
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6.87
An automotive radiator has glycerine at 95°C enter and return at 55°C as shown
in Fig. P6.87. Air flows in at 20°C and leaves at 25°C. If the radiator should
transfer 25 kW what is the mass flow rate of the glycerine and what is the volume
flow rate of air in at 100 kPa?

Solution:
If we take a control volume around the whole radiator then there is no external

heat transfer - it is all between the glycerin and the air. So we take a control
volume around each flow separately.

Glycerine: rhhi +(-Q) = r'nhe

Table A.4: Mypy = hfhi = Cg1y£e-Ti) =7 42('5255 ~g5) = 0258 kes

Air mh.+ Q = mh,

Table A.5: Ihair = he(? h; = Cair(ge'Ti) = 1.0045255 20) 4.98 kg/s
Verv; vi= RPTii - 223 ) 8409 mke

Vi = mv; = 4.98 x 0.8409 = 4.19 m%/s

Air intake filter

—
oD ot o Am
Shaft air
0

power
&=

Exhaust flow Coolant flow 58 C

HHH
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A superheater brings 2.5 kg/s saturated water vapor at 2 MPa to 450°C. The
energy is provided by hot air at 1200 K flowing outside the steam tube in the
opposite direction as the water, which is a counter flowing heat exchanger. Find

the smallest possible mass flow rate of the air so the air exit temperature is 20°C
larger than the incoming water temperature (so it can heat it).

Solution:

C.V. Superheater. Steady state with no )
. . 4
external Q or any W the two flows - |
exchanges energy inside the box. Neglect la
kinetic and potential energies at all 3 water
states. T

Energy Eq610 thzO h3 + Mgir hl = thzO h4 + Mgir h2

Process:  Constant pressure in each line.
State 1: Table B.1.2 T3 =212.42°C, hy=2799.51 kl/kg

State 2: Table B.1.3 hy =3357.48 kl/kg

State 3: Table A.7 h; =1277.81 kl/kg
State 4: Ty=T;+20=23242°C=50557K
5.57

A7: hy,=503.36 +i_0 (523.98 — 503.36) = 509.1 kl/kg

From the energy equation we get

Mair / Myg0 = (hy - h3)/(hy - hy)
—2.5(3357.48 - 2799.51) / (1277.81 — 509.1) = 1.815 kg/s
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6.89
A cooler in an air conditioner brings 0.5 kg/s air at 35°C to 5°C, both at 101 kPa

and it then mix the output with a flow of 0.25 kg/s air at 20°C, 101 kPa sending
the combined flow into a duct. Find the total heat transfer in the cooler and the
temperature in the duct flow.

Solution:

B TR\

~

— —|—>4
J L
Cooler section Mixing section
C.V. Cooler section (no W)
Energy Eq.6.12: ﬁlhl = rhhz + Qcool

Qeool = M(hy - hy) = m C, (Ty - Ty) = 0.5 x 1.004 x (35-5) = 15.06 kW
C.V. mixing section (no W, Q)
Continuity Eq.: rhz + rh3 = rh4
Energy Eq.6.10: myhy +mj3h; =myhy
my =m, +mj3=0.5+0.25 = 0.75 kg/s
myhy = (m, + m3)hy = myh, + mshy
my (hy - hy) +mj (hy - h3) = O
my Cp (T4 - Ty) +m3 Cp (Ty - T3) = @

T, = (my / my) T, + (m3 / my) T3 = 5(0.5/0.75) + 20(0.25/0.75) = 10°C
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Steam at 500 kPa, 300°C is used to heat cold water at 15°C to 75°C for domestic
hot water supply. How much steam per kg liquid water is needed if the steam
should not condense?

Solution:
C.V. Each line separately. No work but there is heat transfer out of the steam flow
and into the liquid water flow.

Water line energy Eq.: rhliqhi + Q = rhliqhe = Q = rhliq(he —h))
For the liquid water look in Table B.1.1
Ahjjq =he —h; = 313.91 - 62.98 =250.93 kl/kg

(=Cp AT =4.18 (75 15) =250.8 ki/kg )

Steam line energy has the same heat transfer but it goes out

Steam Energy Eq.:  mgeamh; = Q + mgeqhe = Q = myggeqm(h; —he)

For the steam look in Table B.1.3 at 500 kPa
Ahgeam = hj —h, =3064.2 —2748.67 = 315.53 kl/kg

Now the heat transfer for the steam is substituted into the energy equation for the
water to give

. . 250.93
Mgteam / Mmyjq = Ahliq ! Ahgieqm = 31553 0.795

Hot 4 water out

<=
Steam Steagln
out
<&

Cold water in
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A two fluid heat exchanger has 2 kg/s liquid ammonia at 20°C, 1003 kPa entering
state 3 and exiting at state 4. It is heated by a flow of 1 kg/s nitrogen at 1500 K,
state 1, leaving at 600 K, state 2 similar to Fig. P6.85. Find the total rate of heat
transfer inside the heat exchanger. Sketch the temperature versus distance for the
ammonia and find state 4 (T, v) of the ammonia.

Solution:
CV: Nitrogen flow line, steady rates of flow, Q out and W =0

Continiuty: m; =m,=1kg/s; Energy Eq:  mjh; =myh, + Qg
Tbl. A.8: h; =1680.7 kJ/kg;  hy, =627.24 kl/kg

Qout =my(hy -hy) =1 (1680.7 —627.24) =1053.5 kW
If Tbl A.5 isused: Cp=1.042 klJ/kg K

Qgut =My Cp (T} - T) = 1x1.042 (1500 - 600) = 937.8 KW

CV The whole heat exchanger: No external Q, constant pressure in each line.

mih; +mzhg =mihy + mzhy  =>  hy=hg+my(h; - hy)/my
hy=2743+1053.5/2=801 kJ/kg < h, => 2-phase
x4 = (hy - hp)/ hg, = (801 - 208.25) / 1165.2 = 0.43147

Va = v+ x4 Vg = 0.001658 + 0.43147x0.12647 = 0.05623 m*/kg
T4 =Tz, =25°C This is the boiling temperature for 1003 kPa.

A’ 2

4
3a 4 - |
208 T
Ny 3 NH 4
——
2031 @3 X
L
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6.92
A copper wire has been heat treated to 1000 K and is now pulled into a cooling

chamber that has 1.5 kg/s air coming in at 20°C; the air leaves the other end at
60°C. If the wire moves 0.25 kg/s copper, how hot is the copper as it comes out?

Solution:
C.V. Total chamber, no external heat transfer

Energy eq.:  mg, h o, + mg;p by gip = mgy he oy + myr he 451
Mgy (he —hy)ey = myir(hj —he )air

Mgy Cey (Te = Tj ey = My;p Cp air Te = Ti air

Heat capacities from A.3 for copper and A.5 for air

My Cp air 1.5 x1.004
(Te—Ti)eu :—L(Te_Ti)air: 395w« 0an (20-60)=-573.7K
. 0.25 x 0.42
My Coy

Te=T;—-573.7=1000 - 573.7 = 426.3 K

O Ei:\'> Air
- (Cu
Air == > |
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Mixing processes
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6.93
Two air flows are combined to a single flow. Flow one is 1 m>/s at 20°C and the
other is 2 m?/s at 200°C both at 100 kPa. They mix without any heat transfer to

produce an exit flow at 100 kPa. Neglect kinetic energies and find the exit
temperature and volume flow rate.

Solution:
. . . 2
Cont. m; =mg,=m E&\
1
Energy  myhy +myhy = m3hy — —3|->
= (rhl + rhz)h3 Mixing section

my (h3 -hy) +my (hs -hy) =0

m; Cp ( T3-Ty) + myCp( T3-T) =0

T3 = (my/m3)/T; + (my/m3)T,
We need to find the mass flow rates

v{ = RT{/P; = (0.287 x 293)/100 = 0.8409 m>/kg

vy = RTy/P, = (0.287 x 473)/100 = 1.3575 m’/kg

Vi1 ke - V2 2 ke
my == 08400 1.1892=2 my =Y, 13575 1.4733

my = m;+ my = 2.6625 kg/s
1.1892 1.4733

T3=76625 202 6625
RT3 0.287(119.6 +273) _

— 3
V3= P 100 =1.1268 m’/kg

x 200 =119.6° C

V3 =m3 vy =2.6625 x 1.1268 = 3.0 m’/s

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.94
A de-superheater has a flow of ammonia 1.5 kg/s at 1000 kPa, 100°C which is

mixed with another flow of ammonia at 25°C and quality 25% in an adiabatic
mixing chamber. Find the flow rate of the second flow so the outgoing ammonia
is saturated vapor at 1000 kPa.

C.V. Desuperheater.
MIXING

No external Q or W 2 CHAMBER

b

Continuity Eq.6.9: ﬁll + rhz = 1’;13
Energy Eq.6.10: mh; + m,yhy = m3hs = (m;+ my)h;

State 1: Table B.2.2 h; =1664.3 kJ/kg
State 2: Table B.2.1 hy =298.25 +0.25 x1165.2 = 589.55 kl/kg
State 3: Table B.2.2 hy=1463.4 kl/kg

. . h-hs 1664.3 — 1463.4
My =M Th, 19 X 1463.4 589,55~ V-34S kefs
P
2 \3 !
A%
-
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6.95
An open feedwater heater in a powerplant heats 4 kg/s water at 45°C, 100 kPa by

mixing it with steam from the turbine at 100 kPa, 250°C. Assume the exit flow is
saturated liquid at the given pressure and find the mass flow rate from the turbine.

Solution:

C.V. Feedwater heater.

No external Q or W MIXING

N CHAMBER

b

Continuity Eq.6.9: rhl + rhz = rh3

Energy Eq.6.10: ﬁllhl + rhzhz = 1’;13h3 = (ri11+ I‘i’lz)hg,
State 1: Table B.1.1 h=he=188.42kJ/kg at45°C
State 2: Table B.1.3  hy =2974.33 klJ/kg
State 3: Table B.1.2  h3=hy=417.44 kJ/kg at 100 kPa
. . h-hs 188.42 — 417.44
my = myX T, T4 X%17.44 297433~ 0358 kefs
AT P
100 kPa
2 2
173 S
1 v
- -
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6.96
A flow of water at 2000 kPa, 20°C is mixed with a flow of 2 kg/s water at 2000
kPa, 180°C. What should the flowrate of the first flow be to produce an exit state
of 200 kPa and 100°C?

Solution:

C.V. Mixing chamber and valves. Steady state no heat transfer or work terms.

Continuity Eq.6.9: m; +my = m;y

Energy Eq610 l’i’llhl + 1’;’121’12 = l’i’l3h3 = (1’;’114‘ l’ilz)h_o,

Properties Table B.1.1: ~ h; =85.8 klJ/kg; h3=419.0 kl/kg
Table B.1.4:  h, =763.7 kl/kg

L ol _ 5, 16374190
ME=M2% hohy 7 419.0-85.8

=2.069 kg/s
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6.97
A mixing chamber with heat transfer receives 2 kg/s of R-410a at 1 MPa, 40°C in
one line and 1 kg/s of R-410a at 15°C, quality 50% in a line with a valve. The
outgoing flow is at 1 MPa, 60°C. Find the rate of heat transfer to the mixing
chamber.

Solution:

C.V. Mixing chamber. Steady with 2 flows in and 1 out, heat transfer in.

1 Ap

Mixer
Heater i 13
Q
v
-
Continuity Eq.6.9: m; +my=m3;  => my=2+1=3kg/s

Energy Eq610 I';fllhl + Ii’lzhz + Q = Ii’l3h3
Properties: Table B.4.2:  h; =316.05 kJ/kg, hy=335.75klJ/kg
Table B.4.1:  h, =81.15+ 0.5 x201.64 = 181.97 kJ/kg

Energy equation then gives the heat transfer as

Q=3 x 335.75-2x316.05—-1 x 181.97 =193.18 kW
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6.98
An insulated mixing chamber receives 2 kg/s R-134a at 1 MPa, 100°C in a line
with low velocity. Another line with R-134a as saturated liquid 60°C flows
through a valve to the mixing chamber at 1 MPa after the valve, as shown in Fig.
P6.97. The exit flow is saturated vapor at 1 MPa flowing at 20 m/s. Find the flow
rate for the second line.

Solution:
C.V. Mixing chamber. Steady state, 2 inlets and 1 exit flow.
Insulated q =0, No shaft or boundary motion w = 0.

Continuity Eq.6.9: m; +my=mj3;
Energy Eq.6.10:  myhy +mohy =ms(hs +3 V3 )

. 1_2 . 1_2
my (hy —h3 -5 V3 )=m; (h3+3V; —hy)
1: Table B.5.2: 1 MPa, 100°C, h;=483.36 kl/kg

2: Table B.5.1: x=,60°C, h,=287.79 kl/kg
3: Table B.5.1: x=1,1MPa, 20 m/s, hy=419.54 kJ/kg

Now solve the energy equation for rhz

' 1 1 1 207
my =2 x [419.54 +7 202 x 7500 — 483.36] / [287.79 - 419.54 -5 110561

=2 x [-63.82 +0.2] / [-131.75 — 0.2] = 0.964 kg/s

Notice how kinetic energy was insignificant.
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6.99
To keep a jet engine cool some intake air bypasses the combustion chamber.
Assume 2 kg/s hot air at 2000 K, 500 kPa is mixed with 1.5 kg/s air 500 K, 500
kPa without any external heat transfer. Find the exit temperature by using
constant heat capacity from Table A.S.

Solution:
C.V. Mixing Section
Continuity Eq.6.9: m;+my=m3 => m3=2+15=3.5kg/s
Energy Eq.6.10: rhlhl + rhzhz = rh3h3

h3 = (m;h; + myhy) / s ;

For a constant specific heat divide the equation for hy with Cj; to get

m m 2 1.5
Ty=— T, +—2T2=§2000+§500=1357K
s . .
W_
Q 3

Mixing section
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Solve the previous problem using values from Table A.,7

To keep a jet engine cool some intake air bypasses the combustion chamber.
Assume 2 kg/s hot air at 2000 K, 500 kPa is mixed with 1.5 kg/s air 500 K, 500
kPa without any external heat transfer. Find the exit temperature by using values

from Table A.7.

Solution:
C.V. Mixing Section
Continuity Eq.6.9: my+my=m3 => m3=2+15=35kg/s
Energy Eq.6.10: ﬁllhl + rhzhz = 1";13h3

h3 = (l’i’llhl + 1’;’121’12) / 1’i’13 ,
Using A.7 we look up the h at states 1 and 2 to calculate h;

m; m, 2 1.5
hy=—hy +—hy =35 2251.58 + 3 503.36 = 1502 kl/kg
ms ms

Now we can backinterpolate to find at what temperature do we have that h

1502 — 1455.43
1515.27 — 1455.43

This procedure is the most accurate.

Ty = 1350 + 50 = 1389 K

Mixing section
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6.101
Two flows are mixed to form a single flow. Flow at state 1 is 1.5 kg/s water at

400 kPa, 200°C and flow at state 2 is 500 kPa, 100°C. Which mass flow rate at
state 2 will produce an exit T3 = 150°C if the exit pressure is kept at 300 kPa?

Solution:

C.V. Mixing chamber and valves. Steady state no heat transfer or work terms.

Continuity Eq.6.9: m; +my = mjy

Energy Eq.6.10: rhlhl + rhzhz = rh3h3 = (rh1+ rhz)h3

Properties Table B.1.3: h; =2860.51 kl/kg; hy=2760.95 klJ/kg
Table B.1.4:  h, =419.32 kJ/kg

hy - h3 2860.51 — 2760.95

my =My Thy 19 %2760.95 - 419.32

=0.0638 kg/s

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

Multiple Devices, Cycle Processes

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.102
A flow of 5 kg/s water at 100 kPa, 20°C should be delivered as steam at 1000
kPa, 350°C to some application. Consider compressing it to 1000 kPa, 20°C and

then heat it at constant 1000 kPa to 350°C. Which devices are needed and find the
specific energy transfers in those devices.

To raise the pressure of a liquid flow requires a pump which delivers the

difference between the flow work going out and in. Constant pressure heating is a
simple heater (or heat exchanger).

Inlet state: B.1.1: h; =83.94 kl/kg, v{ =0.001002 m3/kg

State 3: hy =3157.65 kl/kg
The pump delivers the difference between the flow work out and flow work in.
Pump: ~wp = (P —P)vy = (1000 — 100 ) kPa x 0.001002 m3/kg

=0.9 kJ/kg.

Heater:q =hy —hy = hy — (h; —wp)
=3157.65—-(83.94+0.9) = 3072.8 kJ/kg
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6.103
The following data are for a simple steam power plant as shown in Fig. P6.103.
State 1 2 3 4 5 6 7
P MPa 6.2 6.1 5.9 5.7 55 0.01 0.009
T°C 45 175 500 490 40
h kJ/kg - 194 744 3426 3404 - 168

State 6 has xg = 0.92, and velocity of 200 m/s. The rate of steam flow is 25 kg/s,

with 300 kW power input to the pump. Piping diameters are 200 mm from steam
generator to the turbine and 75 mm from the condenser to the steam generator.
Determine the velocity at state 5 and the power output of the turbine.

Solution:

Turbine As = (1/4)(0.2)> = 0.031 42 m?, v5 = 0.06163 m>/kg

Vs =rvs/Ag =25 kg/s x 0.061 63 m>/kg / 0.031 42 m? = 49 m/s
hg =191.83 +0.92 x 2392.8 = 2393.2 kl/kg

1 2 2
WT:hs-h6+§(V5-V6)
= 3404 - 2393.2 + (492 - 200% )/(2 x 1000) = 992 kJ/kg

W = wr = 25 x 992 = 24 800 KW

Remark: Notice the kinetic energy change is small relative to enthalpy change.
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6.104
For the same steam power plant as shown in Fig. P6.103 and Problem 6.103,
assume the cooling water comes from a lake at 15°C and is returned at 25°C.
Determine the rate of heat transfer in the condenser and the mass flow rate of
cooling water from the lake.

Solution:

Condenser A~ = (1/4)(0.075)% = 0.004 418 m?, v, =0.001 008 m>/kg

V5 =1v,/A7 =25 x 0.001 008 / 0.004 418 = 5.7 m/s
he = 191.83 +0.92 x 2392.8 = 2393.2 ki/kg

12 2
qconp =h7-hg +5(V5-Vy)
— 168 — 2393.2 + (5.72 — 2002 )/(2x1000) = —2245.2 kJ/kg

OcoND = 25 X (=2245.2) = —56 130 kW

This rate of heat transfer is carried away by the cooling water so

~QcoND = Mu,0(hout = hin),0 = 56 130 kW

56 130

=> MH,0=7049-63.0 1339.6 kg/s
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6.105
For the same steam power plant as shown in Fig. P6.103 and Problem 6.103,
determine the rate of heat transfer in the economizer, which is a low temperature
heat exchanger. Find also the rate of heat transfer needed in the steam generator.

Solution:

Economizer A; = nDo/4 = 0.004 418 m2, v;=0.001 008 m’/kg

V, = V5 =tv,/A; =25 x 0.001 008/0.004 418 = 5.7 m/s,
V3 = (v3/vy)V, = (0.001 118 /0.001 008) 5.7 = 6.3 m/s ~ V,

so kinetic energy change unimportant
qecoN = h3 -hy =744 - 194 =550.0 kJ/kg

Qrcon =Mapcon = 25 (550.0) = 13 750 kW
2
Generator Ay =7D,/4 =0.031 42 m?, v4=0.060 23 m/kg

V4 =1vy/Ay =25 % 0.060 23/0.031 42 = 47.9 m/s
qGEN = 3426 - 744 + (47.9% - 6.3%)/(2x1000) = 2683 kl/kg

OGeN = MAGEN = 25 X (2683) = 67 075 KW
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6.106
A somewhat simplified flow diagram for a nuclear power plant shown in Fig. 1.4
is given in Fig. P6.106. Mass flow rates and the various states in the cycle are
shown in the accompanying table. The cycle includes a number of heaters in
which heat is transferred from steam, taken out of the turbine at some
intermediate pressure, to liquid water pumped from the condenser on its way to
the steam drum. The heat exchanger in the reactor supplies 157 MW, and it may
be assumed that there is no heat transfer in the turbines.
a. Assume the moisture separator has no heat transfer between the
two turbinesections, determine the enthalpy and quality (%4, x4).
b. Determine the power output of the low-pressure turbine.
c. Determine the power output of the high-pressure turbine.
d. Find the ratio of the total power output of the two turbines to the total power
delivered by the reactor.

Solution: 2 3 5

a) Moisture Separator, steady state, no heat transfer, no work
Mass: m3=my+mg,  Energy: mshy=myhy+mghg ;
62.874 x 2517 =58.212 x hy + 4.662 x 558 = hy=2673.9 kl/kg
hy =2673.9 =566.18 + x4 X 2160.6 => x4 =0.9755

b) Low Pressure Turbine, steady state no heat transfer
Energy Eq.: Ii’l4h4 = Ii’l5h5 + l’hghg‘i‘ WCV(LP)

Wey(Lp) = tighy - mshs - mghg
=58.212 x 2673.9 - 55.44 x 2279 - 2.772 x 2459
=22 489 kW = 22.489 MW

c¢) High Pressure Turbine, steady state no heat transfer

Energy Eq.: Ii’lzhz = Ii’l3h3 + rhl2hl2 + Ii117h17 + WCV(HP)

Weymp) = tghg - m3hs - myshyp - my7hy
=75.6 x 2765 -62.874 x 2517 - 8.064 x 2517 - 4.662 x 2593
=18 394 kW = 18.394 MW

d) n=(Wgp + WL p)/Qreact = 40.883/157 = 0.26

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

6.107
Consider the power plant as described in the previous problem.
a. Determine the quality of the steam leaving the reactor.
b. What is the power to the pump that feeds water to the reactor?

Solution:

a) Reactor: Cont.: My =ryy; Qcy = 157 MW 21
. . Q 19
Energy Eq.6.12: Qcy +myghy = myhy;
157 000 + 1386 x 1221 = 1386 x hy; 20
hy; =1334.3 =1282.4 + x5, x 1458.3

=> X21 = 0.0349

b) C.V. Reactor feedwater pump

Cont. l’illg = l’i’lzo Energy Eq612 l’i'llghlg = 1’;’1191’120 + WCV,P
Table B.1: hyg = h(277°C, 7240 kPa) = 1220 kl/kg, hyy= 1221 kl/kg

Wy, p = myg(hyg - hyg) = 1386(1220 - 1221) = -1386 kW
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6.108
A R-410a heat pump cycle shown in Fig. P6.108 has a R-410a flow rate of 0.05
kg/s with 5 kW into the compressor. The following data are given

State 1 2 3 4 5 6
P, kPa 3100 3050 3000 420 400 390
T, °C 120 110 45 -10 -5
h, kJ/kg 377 367 134 - 280 284

Calculate the heat transfer from the compressor, the heat transfer from the R-410a
in the condenser and the heat transfer to the R-410a in the evaporator.

Solution:

CV: Compressor

Qcomp = m(hy - hg) + Weomp = 0.05 (377 - 284) - 5.0 = -0.35 KW
CV: Condenser

Qconp = m(h; - hy) = 0.05 kg/s (134 - 367) kl/kg = -11.65 KW
C.V. Valve:

hy =h; = 134 kl/kg
CV: Evaporator

Qgyap = M (hs- hy) = 0.05 kg/s (280 - 134) kl/kg = 7.3 kKW

o 2 el
0SS =
=i ai i 3
W [ 2
C Condenser
- ®
Evaporator
cb
6 5 .
QL
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6.109
A modern jet engine has a temperature after combustion of about 1500 K at 3200
kPa as it enters the turbine setion, see state 3 Fig. P.6.109. The compressor inlet is
80 kPa, 260 K state 1 and outlet state 2 is 3300 kPa, 780 K; the turbine outlet state
4 into the nozzle is 400 kPa, 900 K and nozzle exit state 5 at 80 kPa, 640 K.
Neglect any heat transfer and neglect kinetic energy except out of the nozzle. Find
the compressor and turbine specific work terms and the nozzle exit velocity.

Solution:
The compressor, turbine and nozzle are all steady state single flow devices
and they are adiabatic.

We will use air properties from table A.7.1:
h; =260.32, hy, =800.28, hy =1635.80, hy =933.15, h5 = 649.53 kl/kg

Energy equation for the compressor gives

We in = hp —h; =800.28 —260.32 = 539.36 kJ/kg
Energy equation for the turbine gives

wr =hy —hy =1635.80 —933.15 = 702.65 kJ/kg
Energy equation for the nozzle gives

hy=hs + 1 Vs
Vs Vs = hy - hs = 933.15 — 649.53 = 283.62 kl/kg
Vs =[2(h;—hg) ] 2 =(2x283.62 x1000 ) /2 = 753 m/s

o-

= = =
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6.110
A proposal is made to use a geothermal supply of hot water to operate a steam
turbine, as shown in Fig. P6.110. The high-pressure water at 1.5 MPa, 180°C, is
throttled into a flash evaporator chamber, which forms liquid and vapor at a lower
pressure of 400 kPa. The liquid is discarded while the saturated vapor feeds the
turbine and exits at 10 kPa, 90% quality. If the turbine should produce 1 MW,
find the required mass flow rate of hot geothermal water in kilograms per hour.

Solution:
| | 1 @
Separation of phases in flash-evaporator
constant h in the valve flow so 2 Sat. vapor
Table B.1.3: h; = 763.5 ki/kg IPIL AT

h; =763.5=604.74 + x x 2133.8

4 Sat. liquid
= x=0.07439 = I’i’lz/l’hl out

Table B.1.2:  h, =2738.6 kJ/kg;

V=

h3; =191.83 + 0.9 x 2392.8 =2345.4 kJ/kg
Energy Eq.6.12 for the turbine

. 1000
M =5738.6-23454

W=rmy(hy-hy) => =2.543 kg/s

= my =my/x =34.19 kg/s = 123 075 kg/h
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Transient processes
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6.111

An initially empty cylinder is filled with air from 20°C, 100 kPa until it is full.
Assuming no heat transfer is the final temperature larger, equal to or smaller than

20°C? Does the final T depend on the size of the cylinder?

This is a transient problem with no heat transfer and no work. The balance
equations for the tank as C.V. become

Continuity Eq.: my — 0 =m;
Energy Eq.: mouy —0=mh; + Q-W=mjh; +0-0
Final state: u =h; & P, =P;

T, >T; and it does not depend on V

X
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6.112
An evacuated 150-L tank is connected to a line flowing air at room temperature,
25°C, and 8 MPa pressure. The valve is opened allowing air to flow into the tank
until the pressure inside is 6 MPa. At this point the valve is closed. This filling
process occurs rapidly and is essentially adiabatic. The tank is then placed in
storage where it eventually returns to room temperature. What is the final pressure?

Solution:

C.V. Tank:

Continuity Eq.6.15: m;=mj

Energy Eq.6.16: mjh;=myu, => uy=h

Use constant specific heat Cp, from table A.5 then energy equation:
Ty, = (Cp/Cy) T =kT;= 1.4 x298.2=417.5K

Process: constant volume cooling to Tj:

Py =P, x Ty/T, = 6.0 x 298.15/ 417.5 = 4.29 MPa

line

B
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6.113
A 2.5-L tank initially is empty and we want 10 g of ammonia in it. The ammonia
comes from a line with saturated vapor at 25°C. To end up with the desired amount
we cool the can while we fill it in a slow process keeping the can and content at
30°C. Find the final pressure to reach before closing the valve and the heat
transfer?

Solution:

C.V. Tank:

Continuity Eq.6.15:  m;=m,

Energy Eq.6.16: mju; — 0 =m;h; + ;Q,

State 2: 30°C, v, = V/m, = 0.0025/0.010 = 0.25 m’/kg

From Table B.2.2 we locate the state between 500 and 600 kPa.

0.25 — 0.28103
P, =500 + (600 - 500)553 157 0 53103 = 562-7 kPa

u, = 1370 kJ/kg,
State 1 Table B.2.2:  h; = 1463.5 kJ/kg

Now use the energy ewquation to solve for the heat transfer
1Q2 = myuy — mih; = my(u; — hy)
=0.01 x (1370 — 1463.5 ) =-0.935 kJ

line

B
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A tank contains 1 m® air at 100 kPa, 300 K. A pipe flowing air at 1000 kPa, 300
K is connected to the tank and it is filled slowly to 1000 kPa. Find the heat
transfer to reach a final temperature of 300 K.

Q
1 A\ L
C.V. The tank volume and the compressor. TANK
This is a transient problem (filling of tank). I

Continuity Eq.6.15:  my —m; =m;,
Energy Eq.6.16: myuy —myu; = 1Qy — Wy + my hy,
Process: Constant volume (W,=0,
States: uy;=up=u;, =u3zg99 ; h;, =u;, + RT;,

m; =P{V/RT; =100 x 1/(0.287 x 300) = 1.1614 kg

m, = P,V,/RT, = 1000 x 1/(0.287 x 300) = 11.6144 kg
Heat transfer from the energy equation

1Q = mpup — myuy —myphy, = (M) +my,) ug — myuy —mypug, —mRT;,
=myuy - myug e myply - My — mipRT, = —miRT,

= (11.6144 — 1.1614) kg x 0.287 kJ/kg-K x 300 K =-900 kJ
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An initially empty canister of volume 0.2 m? is filled with carbon dioxide from a
line at 800 kPa, 400 K. Assume the process runs until it stops by itself and it is
adiabatic. Use constant heat capacity to find the final temperature in the canister.

C.V. Canister and valve, transient process with no heat transfer or work.

Continuity Eq.6.15: mp - m; =m;, ;

Energy Eq.6.16: mpuy —mju; =-mj, hj, + Q- {W»
Process: 1Q, =0, V= constant so {W, =0

State 1: m =0 = my = m;,

State 2: Py =Pjjpe =800 kPa,  one more property

Energy Eq.:  up =hj; =uj, +RTy, = Cyo To = Cyg Tip + RT, = Cp Tipy
Ty = (Cpy/Cyo) Tin =k x Tj, = 1.289 x 400 K =515.6 K
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6.116
Repeat the previous problem but use the ideal gas Tables A.8 to solve it.

C.V. Canister and valve, transient process with no heat transfer or work.

Continuity Eq.6.15: mp - m; =m;, ;

Energy Eq.6.16: myuy —myu; = - my, hj, +1Q, - |W>
Process: 1Q2 =0, V= constant so {W, =0
State 1: m =0 => my = m;,
State 2: Py =Pyj,e = 800 kPa, one more property
Energy Eq.:  uy =h;,=303.76 kl/kg from A.8

back interpolate for uy: T, = 4959 K
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An initially empty bottle is filled with water from a line at 0.8 MPa, 350°C.
Assume no heat transfer and that the bottle is closed when the pressure reaches
the line pressure. If the final mass is 0.75 kg find the final temperature and the
volume of the bottle.

Solution;

C.V. Bottle, transient process with no heat transfer or work.
Continuity Eq.6.15: m - m; =my, ;

Energy Eq.6.16: myuy, —mju; =-m;, h;,

State 1: m;=0 => mp=m;, and up = h;,

Line state: Table B.1.3:  h;, =3161.68 kJ/kg

State 2: Py = Pj;p = 800 kPa, uy, =3161.68 kJ/kg  from Table B.1.3

T, =520°C and v, =0.4554 m’/kg
Vy = myvy = 0.75 x 0.4554 = 0.342 m>

line

B
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A 1-m?> tank contains ammonia at 150 kPa, 25°C. The tank is attached to a line
flowing ammonia at 1200 kPa, 60°C. The valve is opened, and mass flows in until
the tank is half full of liquid, by volume at 25°C. Calculate the heat transferred
from the tank during this process.

Solution:

C.V. Tank. Transient process as flow comes in.
State 1 Table B.2.2 interpolate between 20 °C and 30°C:

v =0.9552 m’/kg; uy = 1380.6 kl/kg
m; = V/vy =1/0.9552 = 1.047 kg

State 2: 0.5 m> liquid and 0.5 m’ vapor from Table B.2.1 at 25°C
ve=10.001658 m3/kg; v =0.12813 m’/kg
myp jq2 = 0.5/0.001658 = 301.57 kg, myapy =0.5/0.12813 =3.902 kg
m, =305.47 kg, X, =myppy/my=0.01277,
From continuity equation
m; =m, - my = 304.42 kg
Table B.2.1: 1, =296.6 +0.01277 x 1038.4 =309.9 kJ/kg
State inlet: ~ Table B.2.2  h; =1553.3 kl/kg
Energy Eq.6.16:
Qcy + mjhj =mpuy - myu;
Qcy =305.47 x309.9 - 1.047 x 1380.6 - 304.42 x 1553.3 =-379 636 kJ

line
' d
i
|
Q i
Y )
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6.119
A 25-L tank, shown in Fig. P6.119, that is initially evacuated is connected by a
valve to an air supply line flowing air at 20°C, 800 kPa. The valve is opened, and
air flows into the tank until the pressure reaches 600 kPa.Determine the final
temperature and mass inside the tank, assuming the process is adiabatic. Develop
an expression for the relation between the line temperature and the final
temperature using constant specific heats.

Solution:
C.V. Tank:

Continuity Eq.6.15: m, =m; |

X

Energy Eq.6.16:  myu, = mjh;
Table A.7: uy=h;=293.64 kl/kg
= T, =410.0 K

TANK

PV 600 x 0.025 01275 K
M2 =RT, ~ 0.287 x 410 8

Assuming constant specific heat,
hi =W + 1{T1 =up, RTI U -u = CVO(T2 - Tl)

CPo
CyoT2=(Cyo + R)Tj=CpeTj , Ty = (C_voj Ty =kT;

For T; =293.2K & constant Cp,, T, =1.40%x293.2=410.5K
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A 200 liter tank initially contains water at 100 kPa and a quality of 1%. Heat is
transferred to the water thereby raising its pressure and temperature. At a pressure
of 2 MPa a safety valve opens and saturated vapor at 2 MPa flows out. The
process continues, maintaining 2 MPa inside until the quality in the tank is 90%,
then stops. Determine the total mass of water that flowed out and the total heat
transfer.

Solution:
C.V. Tank, no work but heat transfer in and flow sat vap .—0
out. Denoting State 1: initial state, State 2: valve
opens, State 3: final state.

Continuity Eq.: m3-m;=-m,
Energy Eq.: m3u3 —mju; =—mgh, + Q3

State 1 Table B.1.2: v} = vp+xvgy = 0.001043 +0.01x1.69296
=0.01797 m’/kg

up = up+ xpug = 417.33 +0.01x2088.72 = 438.22 ki/kg
m; = V/v; =0.2 m>/(0.01797 m’/kg) = 11.13 kg

State 3 (2MPa): V3 = Vgt X3vee = 0.001177 +0.9%x0.09845 = 0.8978 m’/kg
u3 = up+ x3ug, = 906.42 +0.9x1693.84 = 2430.88 kl/kg
mj3 = V/v3 = 0.2 m>/(0.08978 m>/kg) = 2.23 kg

Exit state (2MPa):  he =h, =2799.51 kl/kg

Hence: m, =m; —m3=11.13 kg —2.23 kg = 8.90 kg

Applying the 1st law between state 1 and state 3
1Q3 = m3u3 —mju; +mehg
=2.23 x2430.88 — 11.13 x 438.22 + 8.90 x 2799.51
=25459 k] =25.46 MJ
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Helium in a steel tank is at 250 kPa, 300 K with a volume of 0.1 m>. Tt is used to
fill a balloon. When the tank pressure drops to 150 kPa the flow of helium stops
by itself. If all the helium still is at 300 K how big a balloon did I get? Assume
the pressure in the balloon varies linearly with volume from 100 kPa (V = 0) to
the final 150 kPa. How much heat transfer did take place?

Solution:

Take a C.V. of all the helium.

This is a control mass, the tank mass
changes density and pressure.

Energy Eq.: Uz - Ul = 1Q2 - 1W2 (I: 11;
Process Eq.: P=100+CV r e
State 1: Pl’Tl’Vl 3 ;1
State 2: Pz, Tz, Vz =7 S O

Ideal gas:

P> Vo, =mRT, =mRT; =PV,
V5, =V(P;/Py) =0.1x (250/150) = 0.16667 m’
Vial = Vo =V =0.16667 — 0.1 = 0.06667 m’

(W, =[PdV =AREA =% (P;+P,)(V,-V;)
= 14(250 + 150) x 0.06667 = 13.334 k]
Uy-Up =1Qy- 1 Wyr=m(uy—u)=mC, (T,-T;)=0
so 1Qy=1W; =13.334kJ

Remark: The process is transient, but you only see the flow mass if you
select the tank or the balloon as a control volume. That analysis leads to
more terms that must be elliminated between the tank control volume and
the balloon control volume.
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6.122
An empty cannister of volume 1 L is filled with R-134a from a line flowing

saturated liquid R-134a at 0°C. The filling is done quickly so it is adiabatic. How
much mass of R-134a is there after filling? The cannister is placed on a storage

shelf where it slowly heats up to room temperature 20°C. What is the final
pressure?

C.V. cannister, no work and no heat transfer.
Continuity Eq.6.15: my =m;
Energy Eq.6.16:  myuy — 0 = mjh; = mjhyjpe
Table B.5.1:  hjj,e =200.0 k/kg, Pjipe =294 kPa
From the energy equation we get
uy = hyje =200 kJ/kg >up=199.77 kl/kg
State 2 is two-phase P, = Pj;o = 294 kPa and T, = 0°C

CUp-up 200 —199.77
27 uy, T 17824

=0.00129

V5 =0.000773 + x5 0.06842 = 0.000 861 m>/kg
m, = V/v, = 0.01/0.000861 = 11.61 kg

At20°C:  v¢=0.000 817 m3/kg <v, so still two-phase
P =P, =572.8 kPa
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6.123
A nitrogen line, 300 K and 0.5 MPa, shown in Fig. P6.123, is connected to a

turbine that exhausts to a closed initially empty tank of 50 m>. The turbine
operates to a tank pressure of 0.5 MPa, at which point the temperature is 250 K.
Assuming the entire process is adiabatic, determine the turbine work.

Solution:
C.V. turbine & tank = Transient process
Conservation of mass Eq.6.15: mj=m; = m
Energy Eq.6.16:  mjh; = mpuy + Wey 5 Wey =m(h; - uy)
Table B.6.2: P;=0.5MPa, T;=300K, Nitrogen; h; =310.28 kJ/kg
2:P,=0.5MPa, T,=250K, u,=183.89 kl/kg, v,= 0.154 m’/kg
my = V/v, =50/0.154 = 324.7 kg
Wey =324.7 (310.28 - 183.89) =41 039 k] = 41.04 MJ

TANK

We could with good accuracy have solved using ideal gas and Table A.5
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6.124

A 750-L rigid tank, shown in Fig. P6.124, initially contains water at 250°C, 50%
liquid and 50% vapor, by volume. A valve at the bottom of the tank is opened,
and liquid is slowly withdrawn. Heat transfer takes place such that the
temperature remains constant. Find the amount of heat transfer required to the
state where half the initial mass is withdrawn.

Solution:

C.V. vessel
Continuity Eq.6.15: mp—mj; = —mg
Energy Eq.6.16: myuy; — mju; = Qcy — mehe
0.375 0.375

State 1:  my g1 =5 g01251 — 299-760 kg: myap1 =( 95013 = /48 ke
myuy =299.76 x 1080.37 + 7.48 x 2602.4 =343 318 kJ
m; =307.24kg; me=my=153.62kg
0.75
State 2: vy =753 g5 = 0.004882 =10.001251 + x; x 0.04888
Xy =0.07428 ; u, = 1080.37 + 0.07428 x 1522 = 1193.45 kl/kg

Exit state: h, =hy=1085.34 kJ/kg
Energy equation now gives the heat transfer as
Qcy = mpup - myuy + mehe
=153.62 x 1193.45 - 343 318 + 153.62 x 1085.34 = 6750 kJ

Vapor
Liquid

Sat. liq.
out
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Consider the previous problem but let the line and valve be located in the top of
the tank. Now saturated vapor is slowly withdrawn while heat transfer keeps the
temperature inside constant. Find the heat transfer required to reach a state where
half the original mass is withdrawn.

Solution:

C.V. vessel
Continuity Eq.6.15: mp —mj; = —mg
Energy Eq.6.16: myuy; — mju; = Qcy — mehe

0.375 0.375
State 1:  my Q1 =3 g01251 — 299-70 kg:  myap1 =( 95013 = /48 ke

mju; =299.76 x 1080.37 + 7.48 x 2602.4 =343 318 kJ
m; =307.24kg; me=my=153.62kg

0.75
State 2: vy = 153.60 0.004882 = 0.001251 + x5 x 0.04888

Xy =0.07428 ; u, = 1080.37 + 0.07428 x 1522 = 1193.45 kl/kg
Exit state: he =h, =2801.52 kl/kg
Energy equation now gives the heat transfer as
Qcv = myuy - myu;y + mehe
=153.62 x 1193.45 —343 318 + 153.62 x 2801.52 =270 389 kJ

Sat. vapor
out

Vapor
Liquid
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A 2-m’ insulated vessel, shown in Fig. P6.126, contains saturated vapor steam at
4 MPa. A valve on the top of the tank is opened, and steam is allowed to escape.
During the process any liquid formed collects at the bottom of the vessel, so that
only saturated vapor exits. Calculate the total mass that has escaped when the
pressure inside reaches 1 MPa.

Solution:
C.V. Vessel: Mass flows out.
Continuity Eq.6.15: me =mj - my

Energy Eq.6.16: mpuy - mju; = - (mj-mp)h, or my(he-uy) = mj(he-u;)
Average exit enthalpy h, = (hg;thgy)/2 =(2801.4+2778.1)/2 =2789.8
State 1:  m; =V/v; =40.177 kg, my =V/v,

2
Energy equation = -(2789.8-uy) = 40.177(2789.8-2602.3) = 7533.19

But v, =.001127+.193313x, and u,=761.7+1822x,
Substituting and solving, x, =0.7936
=my = V/vy =12.94 kg, m, = 27.24 kg

Sat. vapor
out

Vapor

Liquid

cb
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6.127
A 2 m tall cylinder has a small hole in the bottom. It is filled with liquid water 1
m high, on top of which is 1 m high air column at atmospheric pressure of 100
kPa. As the liquid water near the hole has a higher P than 100 kPa it runs out.
Assume a slow process with constant T. Will the flow ever stop? When?
Solution:
Ppot = Pair + pgLs

For the air PV = mRT and the total heightis H=2 m

Pair = mRT/Vyip 5 Voir =A Lyir =A (H-Lg)

myR, Ty Pa1Val Pailal
Ppot = A(H-Ly) +tpgly = A(H-Lp +prely = H-L; +prely 2P,

Solve for Ly ; pg= 1/(vg) = 1/0.0021002 = 998 kg/m3
Pai Lt T prgLe(H-Lg) > Py (H—-Ly)
(png+Po)Lf_pfgL2f:PoH'Pal Ly 20

Put in numbers and solve quadratic eq.

POH - PalLal _

L% —[H+(Py/pg) ] Ly + ot
100 kPa m° s°
(Po/P) =598 %0 807 kgm 10217 m

PoH-Pyila1 100 (2-1)
pg ~998x9.807

=10.217 m

L% — 12217 L+ 10217=0

12.217 12.217% 12217
Le="" J_r\/ 4 -4 =6.1085+52055

=>11.314 or 0.903m so the second root is the solution

Verify

Laj 1
al- H_sz 100 2-0903 " 91.158 kPa

pgLe=998 x 9.807 x 0.903 = 8838 Pa = 8.838 kPa
Ppor = Pan + pgLe=91.158 + 8.838 = 99.996 kPa OK

PaZZP
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Review Problems
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6.128
A pipe of radius R has a fully developed laminar flow of air at P, T, with a

velocity profile as: V=V [l —(1/R) 2], where V.. is the velocity on the center-

line and r is the radius as shown in Fig. P6.128. Find the total mass flow rate and
the average velocity both as functions of V; and R.

m=AV/v=V/

Since the velocity is distributed we need to integrate over the area. From Eq.6.2
V= J Vigca dA = J V(1) 27r dr

where W is the depth. Substituting the velocity we get
V= [V.2nrr[l- @R dr

1
=2nVcR2fz(l-22)dz

0
=2nV,R2 G257 g= TV RP =3V A
V=V/A=3V,
K

m=Viv=7 VR
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Steam at 3 MPa, 400°C enters a turbine with a volume flow rate of 5 m/s. An
extraction of 15% of the inlet mass flow rate exits at 600 kPa, 200°C. The rest
exits the turbine at 20 kPa with a quality of 90%, and a velocity of 20 m/s.
Determine the volume flow rate of the extraction flow and the diameter of the
final exit pipe.

Inlet flow : m;=V/v=5/0.09936=50.32kg/s  (Table B.1.3)

Extraction flow : rhe =0.15 rhi =7.55kg/s; v=0.35202 m/kg

Vex = MgV = 7.55 x 0.35202 = 2.658 m*/ s

Exit flow : m=0.85m;=42.77 kg /s
Table B.1.2 v=0.001017 + 0.9 x 7.64835 = 6.8845 m3/kg

m=AV/v= A= (n/4) D? =1 v/V=42.77 x 6.8845/20 = 14.723 m>

=D=4.33m

Inlet 1 Extraction flow

flow

—> W
3

Exit flow
LP section

HP
section
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6.130
In a glass factory a 2 m wide sheet of glass at 1500 K comes out of the final
rollers that fix the thickness at 5 mm with a speed of 0.5 m/s. Cooling air in the

amount of 20 kg/s comes in at 17°C from a slot 2 m wide and flows parallel with
the glass. Suppose this setup is very long so the glass and air comes to nearly the
same temperature (a co-flowing heat exchanger) what is the exit temperature?

Solution:
Energy Eq.: mglasshglass 1t Myichyir 2 = mglasshglass 3t Myithair 4
My = pV = pAV = 2500x 2 x0.005x 0.5 = 12.5 kg/s

rhglasscglass (T3-Ty)+ Majr CPa (T4—TH)=O

Ty =Ts , Cyae =080 kI/kg K, Cp, =1.004 ki/kg K
. M, assCalass 11 T MairCpa T2 12.5%0.80x1500 + 20x1.004x290
Y o s o 125x080+20x1.004
mglass glass M,ir~Pa
= 6923 K

We could use table A.7.1 for air, but then it will be trial and error
2
Qﬁ . 4
Air
VO >
== N oo0oo0o00000
1 3

e
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6.131
Assume a setup similar to the previous problem but the air flows in the opposite
direction of the glass, it comes in where the glass goes out. How much air flow at

17°C is required to cool the glass to 450 K assuming the air must be at least 120
K cooler than the glass at any location?
Solution:

Energy Eq.: l’i’llhl + I’il4h4 = l’i’l3h3 + l’ilzhz

T4 =290 K and T3 =450K

= pV = pAV = 2500x 2 x0.005x 0.5 = 12.5 kg/s

m
glass

T2 < T1—120K:1380K
. hy-h;
I P

Let us check the limit and since T is high use table A.7.1 for air.

hy =290.43 kl/kg, hy = 1491.33 kl/kg

. . . hl-h3 . CglaSS(Tl'T?))

s 0.8 (1500-450)
m=12.9"1491.33-290.43

R 4
5 &
?L@—o—o—o—o—rm?

= 8.743 kg/s
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6.132
Two kg of water at 500 kPa, 20°C is heated in a constant pressure process to
1700°C. Find the best estimate for the heat transfer.
Solution:
C.V. Heater; steady state 1 inlet and exit, no work term, no AKE, APE .

Continuity Eq.: rilin = rilex =m,
Energy Eq.6.13: q+hj,=hsy = q=he-hjy
steam tables only go up to 1300°C so use an intermediate state at lowest
pressure (closest to ideal gas) hy(1300°C, 10 kPa) from Table B.1.3 and table
A.8 for the high T change Ah from 1300°C to 1700°C.

hey - hjp = (hex - hy) + (hy - hyp)

=(4515.55-3416.77) + (5409.7 - 83.96) = 6424.5 kJ/kg
Q=m(hgy - hj)) =2 x 6424.5 =12 849 kJ
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6.133
A 500-L insulated tank contains air at 40°C, 2 MPa. A valve on the tank is
opened, and air escapes until half the original mass is gone, at which point the
valve is closed. What is the pressure inside then?

Solution:

2000 x 0.5
State 1: ideal gas ~ m; =P V/RT| =57 7373 5= 11.125 kg

Continuity €q.6.15: me=mj - mp, my =m;/2 = me =my = 5.5625 kg
Energy Eq.6.16: myly - myuy =-mghe AV

Substitute constant specific heat from table A.5 and evaluate the exit enthalpy
as the average between the beginning and the end values

5.5625%0.717 Ty - 11.125%0.717%x313.2 = - 5.5625%1.004 (313.2 + T,)/2
Solving, T, =239.4 K

myRT, 55625 x (0.287 x 239.4
Py="Vv = 0.5 =764 kPa
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6.134
Three air flows all at 200 kPa are connected to the same exit duct and mix without
external heat transfer. Flow one has 1 kg/s at 400 K, flow two has 3 kg/s at 290 K
and flow three has 2 kg/s at 700 K. Neglect kinetic energies and find the volume
flow rate in the exit flow.

Solution:
Continuity Eq Ii’l1+ Ihz + Iil3 = Ii’l4h4

Energy Eq.: mjh; + myhy = mshg +myhy

\.74:1’i1V4
m m m 1 3 o)
hy=—"hy +—hyt —hy =7 x 401.3 + % x 20043 + x 713.56
hy gy
— 449.95 kl/kg
449.95 - 441.93
T, =440 +20 > s = 447.86 K

v4=RT, /P, = 0.287x447.86/200 = 0.643 m>/kg

V, = thyvy = 6 x 0.643 = 3.858 m’/s

NN
A
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6.135
Consider the power plant as described in Problem 6.106.
a. Determine the temperature of the water leaving the intermediate pressure
heater, T’ 13 assuming no heat transfer to the surroundings.

b. Determine the pump work, between states 13 and 16.

Solution:
a) Intermediate Pressure Heater
Energy Eq.6.10: myhyy +myphyy +myshys = myzhy3 +mighyy
75.6x284.6 + 8.064%x2517 + 4.662x584 = 75.6xh 3 + 12.726%349
h;3=530.35 - T3 =126.3°C
b) The high pressure pump

Energy Eq612 Ii’l13h13 = Ii’l16h16 + WCV,P

Wy, p = my3(hy; - hyg) = 75.6(530.35 - 565) = -2620 kW
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Consider the powerplant as described in Problem 6.106.

a. Find the power removed in the condenser by the cooling water (not shown).
b. Find the power to the condensate pump.

c. Do the energy terms balance for the low pressure heater or is there a

heat transfer not shown?
Solution:

a) Condenser:
Energy Eq.6.10:  Qcy + mshs + mjghyo = mghg
QCV +55.44 x 2279 +20.16 x 142.51 =75.6 x 138.3

Qcy = -118 765 kW = -118.77 MW
b) The condensate pump

Wy, p = mg(hg - h7) = 75.6(138.31 - 140) = -127.8 kW

c) Low pressure heater =~ Assume no heat transfer

mjgh14 + mghg + m7h7 + mghg =mjph1g + mj1hyg
LHS = 12.726x349 + 2.772x2459 + 75.6x140 + 4.662x558 = 24 443 kW

RHS = (12.726 + 2.772 + 4.662) x 142.51 + 75.6 x 284.87 = 24 409 kW
A slight imbalance, but OK.
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6.137

A l-m’, 40-kg rigid steel tank contains air at 500 kPa, and both tank and air are at
20°C. The tank is connected to a line flowing air at 2 MPa, 20°C. The valve is
opened, allowing air to flow into the tank until the pressure reaches 1.5 MPa and
is then closed. Assume the air and tank are always at the same temperature and
the final temperature is 35°C. Find the final air mass and the heat transfer.

Solution:

Control volume: Air and the steel tank.

Continuity Eq.6.15: mp - m; =m;

Energy Eq.6.16:  (mau; - mjup)aR + mgr(uy - up)gt = mih; +1Q;

PV 500x1
MIAR ™ RT; ™ 0.287 x 293.2

=594 kg

PV 1500 %1
M2 AR RT, ™ 0.287 x 308.2

m; = (M - my),;, = 16.96 - 5.94 =11.02 kg

=16.96 kg

The energy equation now gives
1Q2 = (mguy - myuy )pir + mg(uy - up)gg - Mih;
=my(u - uy) + my(uy - uj - RTy) + myCy(T, - Ty)
=mCy(T, = Ty) + m[C(T, - Ty) - RTj] + myCy(T, - Ty)
=5.94 x 0.717(35 — 20) + 11.02[0.717(35 — 20) — 0.287x 293.2]
+ 40 x 0.46(35 — 20)

= 63.885 - 808.795 + 276
=—-468.9 kJ
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6.138
A steam engine based on a turbine is shown in Fig. P6.138. The boiler tank has a
volume of 100 L and initially contains saturated liquid with a very small amount
of vapor at 100 kPa. Heat is now added by the burner, and the pressure regulator
does not open before the boiler pressure reaches 700 kPa, which it keeps constant.
The saturated vapor enters the turbine at 700 kPa and is discharged to the
atmosphere as saturated vapor at 100 kPa. The burner is turned off when no more
liquid is present in the boiler. Find the total turbine work and the total heat
transfer to the boiler for this process.

Solution:

C.V. Boiler tank. Heat transfer, no work and flow out.

Continuity Eq.6.15: mp -m; =—mg

Energy Eq.6.16: mpuy - myuy = Qcy - mehe

State 1: Table B.1.1, 100 kPa => v =0.001 043, u; =417.36 kl/kg
=>my = V/v; =0.1/0.001 043 =95.877 kg

State 2: Table B.1.1, 700 kPa => v, =vg =0.2729, up =2572.5 kl/kg
=>  my=V/vg=0.1/0.2729 = 0.366 kg,

Exit state: Table B.1.1, 700 kPa => h, =2763.5 kl/kg

From continuity eq.: me =m; - mp =95.511 kg

Qcv = myuy - myu; + mehe

=0.366 x 2572.5 - 95.877 x 417.36 + 95.511 x 2763.5
=224 871 kJ =224.9 MJ

C.V. Turbine, steady state, inlet state is boiler tank exit state.
Turbine exit state: Table B.1.1, 100 kPa => he =2675.5 kl/kg

Wiurh = Me (hip- hey) = 95.511 X (2763.5 - 2675.5) = 8405 kJ

1] W

d, >

ALLRD
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6.139

An insulated spring-loaded piston/cylinder, shown in Fig. P6.139, is connected to
an air line flowing air at 600 kPa, 700 K by a valve. Initially the cylinder is empty
and the spring force is zero. The valve is then opened until the cylinder pressure
reaches 300 kPa. By noting that uy = ujj,e + Cy(Ty — Tyipe) and hyjpe — Ujipe =

RTjipe find an expression for T, as a function of Py, P, Tjjpe- With P = 100 kPa,
find Tz.

Solution:
C.V. Air in cylinder, insulated so Q=10

Continuity Eq.6.15: my - my = my,
Energy Eq.6.16: myuy - myuy = mMyphjipe - |Wo

1
my =0 = my, =my; myuy =mphjjpe -5 (Pg + Pr)mpvy
1
=  ut5(Po+Pyvy=hijpe
Use constant specific heat in the energy equation

1
Cy(T3 - Tline) + uline +5 (Po + P2)RT,/P; = hjine

1P+ P,

vty P, R [Ty = (R + Cy)Tline

R+ Cy
with #'s: Tp =5 Tline; Cy/R=1/(k-1), k=14

§R+CV

k-1+1 3k

To=5 5 Tline =5y + 1 Lline = 1.105 Tjine =773.7K
gk-§+1
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6.140
A mass-loaded piston/cylinder, shown in Fig. P6.140, containing air is at 300 kPa,

17°C with a volume of 0.25 m3, while at the stops V=1 m>. An air line, 500 kPa,
600 K, is connected by a valve that is then opened until a final inside pressure of
400 kPa is reached, at which point 7= 350 K. Find the air mass that enters, the
work, and heat transfer.

Solution:

C.V. Cylinder volume.

Continuity Eq.6.15: mp - my = m;,

Energy Eq.6.16: myuy - My = Miphjine + Qcv - 1W2
Process:  Pj is constant to stops, then constant V to state 2 at P,

PV 300x0.25
MI7RT, ~ 0.287 x 290.2

State 1: Py, Ty =0.90 kg

State 2: _|:I Er

Open to P, =400 kPa, T, =350 K

400 x 1
my =550 350 = 3982 ke AIR

m; = 3.982 - 0.90 = 3.082 kg

Only work while constant P
Wy =P (Vs - V) =300(1 - 0.25) =225 kJ
Energy Eq.: Qcv * mjhj = mpuy - myuy + Wy
Qcy =3.982 x0.717 x 350 - 0.90 x 0.717 x 290.2 + 225
- 3.082 x 1.004 x 600 =-819.2 kJ

We could also have used the air tables A.7.1 for the u’s and h;.
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6.141

A 2-m’ storage tank contains 95% liquid and 5% vapor by volume of liquified
natural gas (LNG) at 160 K, as shown in Fig. P6.62. It may be assumed that LNG
has the same properties as pure methane. Heat is transferred to the tank and
saturated vapor at 160 K flows into a steady flow heater which it leaves at 300 K.
The process continues until all the liquid in the storage tank is gone. Calculate the
total amount of heat transfer to the tank and the total amount of heat transferred to
the heater.

Solution:
CV: Tank, flow out, transient.
Continuity Eq.: mj - m| =-m,
Energy Eq.:

QTank = maup - myuy + meh,

At 160 K, from Table B.7:

0.95x2 0.05 x2

m; =642.271kg,  my=Vivg, =2/0.03935=50.826 kg
myqu; = 639.73(-106.35) + 2.541(207.7) = -67507 kJ

me =my - my = 591.445 kg
QTank = 50.826 x 207.7 - (-67 507) + 591.445 % 270.3

=+237931 kJ
CV: Heater, steady flow, P=Pg 40K = 1593 kPa

QHeater = Me Tank(he - hi)Heater
=1591.445(612.9 - 270.3) =202 629 kJ
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Heat transfer problems

6.142

Liquid water at 80°C flows with 0.2 kg/s inside a square duct, side 2 cm insulated
with a 1 cm thick layer of foam k =0.1 W/m K. If the outside foam surface is at

25°C how much has the water temperature dropped for 10 m length of duct?
Neglect the duct material and any corner effects (A = 4sL).

Solution:
Conduction heat transfer
. dT AT
Qout = kA = k4 sL Ax 0.1x 4x0.02x10x(80-25)/0.01 =440 W
Energy equation: mhy=mh, + Quy

he— h; = -Q/th = - (440/0.2) = -2200 J/kg = - 2.2 kl/kg
he=h; -2.2 kl/kg = 334.88 — 2.2 = 332.68 kl/kg

_ 22 o
Te=80-331738313.01 0~ /948°C
AT = 0.52°C

We could also have used h—h; = C,AT

-+— O —>

2 ,/L/
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6.143
Saturated liquid carbon dioxide at 2500 kPa flows at 2 kg/s inside a 10 cm outer

diameter steel pipe and outside of the pipe is a flow of air at 22°C with a

convection coefficient of h = 150 W/m? K. Neglect any AT in the steel and any
inside convection h and find the length of pipe needed to bring the carbon dioxide
to saturated vapor.

Solution:

Energy Eq. water: Q =m (he —h) = m he,
Table B.3.1:  hg, =263.65 kl/kg, T="Tg = -12°C and

The energy is transferred by heat transfer so

Q= hAAT=haDLAT

Equate the two expressions for the heat transfer and solve for the length L

Lo QO mhp 2%263.65x 1000
" hnDAT haDAT 150 x t x 0.1 x(22 - (-12))
-329m

p— L [

/f

.
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A counter-flowing heat exchanger conserves energy by heating cold outside fresh
air at 10°C with the outgoing combustion gas (air) at 100°C. Assume both flows

are 1 kg/s and the temperature difference between the flows at any point is 50°C.
What is the incoming fresh air temperature after the heat exchanger? What is the
equivalent (single) convective heat transfer coefficient between the flows if the

interface area is 2 m%?

Solution:

The outside fresh air is heated up to T4 = 50°C (100 — 50), the heat transfer
needed is

Q=mAh =mC,AT =1 kg/s x 1.004 3= x (50 — 10) K = 40 kW

kJ
kg K

This heat transfer takes place with a temperature difference of 50°C throughout

Q40000 W a0
CAAT 2x50m2K T m2K

Q=hAAT = h

Often the flows may
be concentric as a Hot gas

smaller pipe inside a |I> Heat transfer |2>
larger pipe.

I

Wall fresh air
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6.145
A flow of 1000 K, 100 kPa air with 0.5 kg/s in a furnace flows over a steel plate
of surface temperature 400 K. The flow is such that the convective heat transfer
coefficient is h = 125 W/m? K. How much of a surface area does the air have to
flow over to exit with a temperature of 800 K? How about 600 K?
Solution:
Convection heat transfer

Q=hA AT
Inlet: AT, = 1000 - 400 = 600 K

a)
Exit: AT, =800 - 400 =400 K,
so we can use an average of AT =500 K for heat transfer
Q= m, (h; — hy) = 0.5(1046.22 — 822.2) =112 kW
~Q 112x1000 )
ATHAT  125x500  L79m
b)

Q =1, (h; — hy) = 0.5 (1046.22 — 607.32) = 219.45 kW
Exit: AT, =600 -400=200K,

so we have an average of AT =400 K for heat transfer

Q21945 %1000
~hAT 125 x 400

1000K | air > T .
exit

[1_TI] [ — [l Q '
VOO V4ORKY VWV from air to steel

A = 4.39 m?
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In-Text Concept Questions
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Electrical appliances (TV, stereo) use electric power as input. What happens to
the power? Are those heat engines? What does the second law say about those
devices?

Most electric appliances such as TV, VCR, stereo and clocks dissipate
power in electrical circuits into internal energy (they get warm) some power goes
into light and some power into mechanical energy. The light is absorbed by the
room walls, furniture etc. and the mechanical energy is dissipated by friction so
all the power eventually ends up as internal energy in the room mass of air and
other substances.

These are not heat engines, just the opposite happens, namely electrical
power is turned into internal energy and redistributed by heat transfer. These are
irreversible processes.
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7.b
Geothermal underground hot water or steam can be used to generate electric
power. Does that violate the second law?

No.

Since the earth is not uniform we consider the hot water or steam supply
as coming from one energy source (the high T) and we must reject heat to
a low temperature reservoir as the ocean, a lake or the atmosphere which
is another energy reservoir.

Iceland uses a
significant amount
of steam to heat
buildings and to
generate
electricity.
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A windmill produces power on a shaft taking kinetic energy out of the wind. Is it
a heat engine? Is it a perpetual machine? Explain.

Since the wind is generated by a complex
system driven by solar heat input and
radiation out to space it is a kind of heat
engine.

Within our lifetime it looks like it is perpetual. However with a different
time scale the climate will change, the sun will grow to engulf the earth as it
burns out of fuel. There is a storage effect and a non-uniform distribution of states
in the system that drives this.
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7.d

heat engines and heat pumps (refrigerators) are energy conversion devices
altering amounts of energy transfer between Q and W. Which conversion

direction (Q — W or W — Q) is limited and which is unlimited according to the
second law.

The work output of a heat engine is limited (Q to W).

You can transform W to Q unlimited (a heat pump that does not work well
or you may think about heat generated by friction).

7.e

Ice cubes in a glass of liquid water will eventually melt and all the water approach
room temperature. Is this a reversible process? Why?

There is heat transfer from the warmer ambient
to the water as long as there is a temperature
difference. Eventually the temperatures
approach each other and there is no more heat
transfer. This is irreversible, as we cannot
make ice-cubes out of the water unless we run
a refrigerator and that requires a work from the
surroundings, which does not leave the
surroundings unchanged.
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7.f
Does a process become more or less reversible with respect to heat transfer if it is

fast rather than slow? Hint: Recall from Chapter 4 that Q =CA AT.

If the higher heat transfer rate is caused by a larger AT then the process is more
irreversible so as the process would be slower due to a lower AT then it
approaches a reversible process. If the rate of heat transfer is altered due to the
factor CA with the same AT then it is irreversible to the same degree.
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7.g
If you generated hydrogen from, say, solar power, which of these would be more
efficient: (1) transport it and then burn it in an engine or (2) convert the solar
power to electricity and transport that? What else would you need to know in
order to give a definite answer?

Case (1):

First there is a certain efficiency when converting solar power to hydrogen. Then
the transport and packaging of hydrogen has some energy expenditures associated
with it. The hydrogen could be compressed to a high pressure (typically 70 MPa)
which is expensive in terms of work input and then stored in a tank. One
alternative would be to cool it down to become a liquid to have a much smaller
volume but the temperature at which this happens is very low so the cooling and
continued cooling under transport requires a significant work input also. Certain
materials like metal-hydrides, boron salt slurries and nano-carbon fibers allows
storage of hydrogen at more modest pressures and are all currently under
investigation as other alternative storage methods. After the hydrogen is
transported to an engine then the engine efficiency determines the work output.

Case (2):

If the solar power is located where there is access to electrical transmission lines
then it can be used in solar panels, solar heating of water or other substance to run
a heat engine cycle like a power plant to generate electricity. To make new
transmission lines is costly and has an impact on the environment that must be
considered.

You also need to look at the time of day/year at which the power is required and
when it is available. The end use also presents some limitations like if the power
should be used for a car then the energy must be stored temporarily like in a
battery.
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Concept Problems

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

7.1
Two heat engines operate between the same two energy reservoirs and both
receives the same Qp. One engine is reversible and the other is not. What can you

say about the two Qy ’s?

The reversible heat engine can produce more work (has a higher efficiency) than
the irreversible heat engine and due to the energy conservation it then gives out a
smaller Q; compared to the irreversible heat engine.

Wiev=QH-QLrev > Wirrev = Qn - QL irrev

= QL rev < QL irrev
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7.2
Compare two domestic heat pumps (A and B) running with the same work input.
If A is better than B which one heats the house most?

The statement that A is better means it has a higher COP and since
Qua=COPA, W > Qup=COPgW

it can thus provide more heat to the house. The higher heat comes from the higher
Qq itis able to draw in.
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7.3

Suppose we forget the model for heat transfer as Q = CA AT, can we draw some
information about direction of Q from the second law?

One of the classical statements of the second law is the Clausius statement saying
that you cannot have heat transfer from a lower temperature domain to a higher
temperature domain without work input.

The opposite, namely a transfer of heat from a high temperature domain towards a
lower temperature domain can happen (which is a heat engine with zero
efficiency).
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7.4
A combination of two heat engines is shown in Fig. P7.4. Find the overall thermal
efficiency as a function of the two individual efficiencies.

The overall efficiency
NH = Waet/ Q= (Wi + W) /Qu=n1 + W,/Qy
For the second heat engine and the energy Eq. for the first heat engine
Wr=m,Qu=m2(1-1) Qy

so the final result is
Nty ="n1 t N2 (1 -np)
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7.5
Compare two heat engines receiving the same Q, one at 1200 K and the other at
1800 K; they both reject heat at 500 K. Which one is better?

The maximum efficiency for the engines are given by the Carnot heat
engine efficiency as
. . T
NTH = Whet/ Q=1 _T_H

Since they have the same low temperature the one with the highest Ty will have a
higher efficiency and thus presumably better.
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7.6
A car engine takes atmospheric air in at 20°C, no fuel, and exhausts the air at —

20°C producing work in the process. What do the first and the second laws say
about that?

Energy Eq.: W =Q; — Q; = change in energy of air. OK

2" Jaw: Exchange energy with only one reservoir. NOT OK.
This is a violation of the statement of Kelvin-Planck.

Remark: You cannot create and maintain your own energy reservoir.
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7.7
A combination of two refrigerator cycles is shown in Fig. P7.7. Find the overall
COP as a function of COP| and COP;.

The overall COP becomes
Q QO W W |
cop=p=—t-=—t —L_cop,—t=cop,————
Wiot Wi Wit Wiot 1+ Wy/W,y

where we used Wtot = Wl + Wz. Use definition of COP, and energy equation for
refrigerator 1 to eliminate QM and we have

W, = Qy/ COP, = (W, +Qp) / COP,
so then

W, / Wy =(1+Q/W;)/COP, =(1+COP;)/COP,
Finally substitute into the first equation and rearrange a little to get

COP, COP,
COP=B=C0p, + COP, + 1
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7.8
After you have returned from a car trip the car engine has cooled down and is thus
back to the state in which it started. What happened to all the energy released in
the burning of the gasoline? What happened to all the work the engine gave out?

Solution:

All the energy from the fuel generates heat and work out of the engine. The heat
is directly dissipated in the atmosphere and the work is turned into kinetic energy
and internal energy by all the frictional forces (wind resistance, rolling resistance,
brake action). Eventually the kinetic energy is lost by braking the car so in the end
all the energy is absorbed by the environment increasing its internal energy.

A\
(=]
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7.9
Does a reversible heat engine burning coal (which, in practice, cannot be done
reversibly) have impacts on our world other than depletion of the coal reserve?

Solution:

When you burn coal you form carbon dioxide CO, which is a greenhouse gas. It

absorbs energy over a wide spectrum of wavelengths and thus traps energy in the
atmosphere that otherwise would go out into space.

Coal from various locations also has sulfur and other substances like heavy metals
in it. The sulfur generates sulfuric acid (resulting in acid rain) in the atmosphere
and can damage the forests.

clearn flue gas
to stack

rmist eliminator

mist-eliminator
washywater

~

-

scrubbing slurry

scrubber .|

il sludge to
/}ﬁa‘ disposal
clear liguid return

flue gas I
ground limastone shurry

eontaining M S 1
sulfur ’
dioxide
effluent hold tank
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7.10
If the efficiency of a power plant goes up as the low temperature drops, why do

power plants not just reject energy at say —40°C?

In order to reject heat the ambient must be at the low temperature. Only if
we moved the plant to the North Pole would we see such a low T.

Remark: You cannot create and maintain your own energy reservoir.
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7.11
If the efficiency of a power plant goes up as the low temperature drops why not

let the heat rejection go to a refrigerator at, say, —10°C instead of ambient 20°C?

The refrigerator must pump the heat up to 20°C to reject it to the ambient. The
refrigerator must then have a work input that will exactly offset the increased
work output of the power plant, if they are both ideal. As we can not build ideal
devices the actual refrigerator will require more work than the power plant will
produce extra.
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7.12

A coal-fired power plant operates with a high T of 600°C whereas a jet engine has
about 1400 K. Does that mean we should replace all power plants with jet
engines?

The thermal efficiency is limited by the Carnot heat engine efficiency.

That is, the low temperature is also important. Here the power plant has a
much lower T in the condenser than the jet engine has in the exhaust flow so the
jet engine does not necessarily have a higher efficiency than the power plant.

Gas-turbines are used in power plants where they can cover peak power

demands needed for shorter time periods and their high temperature exhaust can
be used to boil additional water for the steam cycle.

QH from coal

QLto ambient
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7.13

A heat transfer requires a temperature difference, see chapter 4, to push the Q
What implications do that have for a real heat engine? A refrigerator?

This means that there are temperature differences between the source of
energy and the working substance so Ty is smaller than the source temperature.

This lowers the maximum possible efficiency. As heat is rejected the working

substance must have a higher temperature Ty than the ambient receiving the QL:
which lowers the efficiency further.

For a refrigerator the high temperature must be higher than the ambient to

which the QH is moved. Likewise the low temperature must be lower than the

cold space temperature in order to have heat transfer from the cold space to the
cycle substance. So the net effect is the cycle temperature difference is larger than
the reservoir temperature difference and thus the COP is lower than that estimated
from the cold space and ambient temperatures.
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7.14
Hot combustion gases (air) at 1500 K are used as heat source in a heat engine
where the gas is cooled to 750 K and the ambient is at 300 K. This is not a
constant T source. How does that affect the efficiency?

Solution:
If the efficiency is written as | m )
W/ Q=1 ok o
NrH = Whet/ Qu=1-7T GE\“:> o
then Ty is somewhere between 1500 K l .
and 750 K and it is not a linear average. /T—K

After studying chapter 8 and 9 we can solve this problem and find the
proper average high temperature based on properties at states 1 and 2.
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Heat Engines and Refrigerators
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7.15
A gasoline engine produces 20 hp using 35 kW of heat transfer from burning fuel.
What is its thermal efficiency and how much power is rejected to the ambient?

Conversion Table A.1: 20 hp =20 % 0.7457 kW = 14.91 kW

. . . 14.91
Efficiency: NTH = Wou/Qu ="35 = 043

Energy equation: QL = QH - Wout =35-14.91=20.1 kW
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7.16
Calculate the thermal efficiency of the steam power plant cycle described in
Example 6.9.
Solution:

From solution to Example 6.9,

W= Wit w,=0640.7-4

net
= 636.7 kl/kg
qy = qp = 2831 kl/kg
6367

N1y = Wnet/dH = 5g37 — 0-225

Notice we cannot write Wyt = qy — qr, as there is an extra heat transfer |Q,

as a loss in the line. This needs to be accounted for in the overall energy
equation.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Borgnakke and Sonntag

717
A refrigerator removes 1.5 kJ from the cold space using 1 kJ work input. How

much energy goes into the kitchen and what is its coefficient of performance?

C.V. Refrigerator. The energy Qg goes into the kitchen air.

Energy Eq.: Qu=W+Q =1+15=25kJ
Q

COP: B=vy=15/1-15
The back side of - T f Air out, 4 ?
the refrigerator +H— >
has a black grille 1 < >
that heats the c >
kitchen air. Other < 3
models have that c >
at the bottom S 5
ZVl'th 21 }1:an j[O —

rive the air over .

i f Air in, 3f
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