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CONCEPT-STUDY GUIDE PROBLEMS

6.1

6.2

6.3

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).

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.

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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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=vmh
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).
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6.6

6.7
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How does a nozzle or sprayhead generate kinetic energy?

7

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.

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:  heyijt + 5 Vyit + 8Hexit =hp +5 V5, + gHp

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—Hep)=gH =>

Vi =\2gH =1/2 x 9.807 x 15 m2/s2 = 17.15 m/s

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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6.8
If you throttle a saturated liquid what happens to the fluid state? If it is 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.
6.9
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=h¢=241.79 kl/kg
At the lower temperature it becomes two-phase since the throttle flow has
constant h and at —10°C: h, = 392.28 kl/kg
P =Py =210.7 kPa
6.10

Air at 500 K, 500 kPa is expanded to 100 kPa in two steady flow cases. Case one
is a throttle and case two is a turbine. Which has the highest exit T? Why?

1. Throttle.

In the throttle flow no work is taken out, no kinetic energy is generated and we
assume no heat transfer takes place and no potential energy change. The energy
equation becomes constant h, which gives constant T since it is an ideal gas.

2. Turbine.
In the turbine work is taken out on a shaft so the fluid expands and P and T drops.
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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?

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 so the flow leaves at low
pressure and low velocity.
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6.12
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.
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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.

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

l’i’li = ﬁle =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= 15001043

=1624 m/s

To accelerate the flow up to that speed you need a large force ( APA )soa
large pressure drop is needed.
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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
CHAMBER
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6.16
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.: m; =m3 and 1y =1y
Energy Eq.6.10: myh; + myh, = hy + Myhy
Same exit T: hy =hy = [th;hy + myhy] / [My + my]
Using conctant specific heat
m; m,

1 2
T3=Ty=——"— T; +—— T, =3x500+3x 300 =367 K
m; + iy m; + iy

# q4 3004 T, §
cb >
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6.17
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;chgir in + Myaterhwater in = Mairhair out ™ MwaterDwater out

ri”‘lair[hair in = Dair out] rhwa‘cer[hwater out — hwater in]

Table B.1.2: hyater out — Bwater in = 2675.46 — 83.94 =2591.5 kJ/kg
Table A.7.1: hyipin - hair out = 607.32 —374.14 = 233.18 kJ/kg
Solve for the flow rate of water from the energy equation

. . hair in - Nair out 233.18
Myyater — Myir h =3 x 75915 =0.27 kg/S

water out ~ hwater in

AN Air
% out
Air
in =Pz cb
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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.: Thliqhi + Q = ﬁlliqhe = 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.:  mgeamhi = Q + Mgegmhe = Q = mgeam(h; — he)

For the steam look in Table B.1.3 at 500 kPa
Ahgeam = hj —he =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
msteam / mllq = Ah]lq / Ahsteam = 3 1553 = 0.795

Hot 4 water out

<=
Steam Stea}nm
out
<&

Cold water in
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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 kg/s x5 (5002 - 20?) (m/s)? 000

(KW/W) = 624 KW

|:> o ——

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.: myuy, —0=mh; +Q-W=mh; +0-0
Final state: u =h; & P, =P;

T, >T; and it does not depend on V




6.21

Sonntag, Borgnakke and van Wylen

A cylinder has 0.1 kg air at 25°C, 200 kPa with a 5 kg piston on top. A valve at
the bottom is opened to let the air out and the piston drops 0.25 m towards the
bottom. What is the work involved in this process? What happens to the energy?

If we neglect acceleration of piston then P = C = Peqyilibrium
W=PAV

To get the volume change from the height we need the cylinder area. The force
balance on the piston gives
myg my,g 5 x9.807
— —_pb> __p> _
P=Pot7x" =  A=Pp_~100x 1000

= 0.000 49 m?

AV = - AH = -0.000 49 x 0.25 = -0.000 1225 m’
W =P AV =200 kPa x (-0.000 1225) m> = -0.0245 kJ

The air that remains inside has not changed | m |
state and therefore not energy. The work lg
leaves as flow work Pv Am. =

AIR

Pcyl >—e|—>
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Continuity equation and flow rates

6.22
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=100 % 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
VvV _ 0.015
m="T"=0¢a04" 0.0178 kg/s
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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

Ae> vem/V, =0.07166 x /20 =4.98 x 10 m? = 50 cm?

3600

Exit

Superheated vapor
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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
dmg, . :
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,, . .
gt Mi-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
-2 -

0 + + L .
0O 10 20 min 0 10 min
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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 0001963 109 mis
RT. 0.2968 x 288.2
Ideal gas: v, = P %= 170 =0.5032 m3/kg
c
Mve  0.05 x 0.5032
Ve="A =7 0.001963 128 m/s

o\
a [X]|_6
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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=AVHv
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

n

mve 0.1 kgfs x 004945 m¥kg , o2
=0.000706 m” = 5 Dy

AMIN - VMAX B 7 m/s

DMIN =0.03 m =30 mm

— Exit
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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.: mj = V; / v; = mg = A V/ve

RT; 0.287 x 290 3

m
Ideal gas: v; = = =0.83237 -
eal gas: v; P, 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,=



6.28

Sonntag, Borgnakke and van Wylen

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.

Solution:
Inlet flow : m;=V/v=5/0.09936=5032kg/s  (Table B.1.3)
Extraction flow : rhe =0.15 rhi =7.55kg/s; v=0.35202 m3/kg
Vey = 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=433m

Inlet 1 Extraction flow

flow

= Wy
3

Exit flow
LP section

HP
section
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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. rhi = rhe =AV/v
Ideal gas v =RT/P

Area: A=2p2=L0752 = 0442 m2

4 4

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; |5, 0287 x (22 +273) _
Pive 7 98x0.8091

V=V, x (vj/ve) =V, x

1.6 m/s
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Single flow single device processes

Nozzles, diffusers

6.30

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.

Energy Eq.6.13:

Inlet \ o
|:> (s

Low V / HiV
HiP, A LowP, A

1.2
h1+® :hz +5V2

V3=2(hy-hy) =2 Cpy, (T;—Ty)=2x 1.042 (400 — 330)
— 145.88 kJ/kg = 145 880 J/kg
= V,=381.9 m/s
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6.31
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 klJ/kg
State 2:  Table B.1.3  h, =3167.65 kJ/kg

Then from the energy equation

TV3=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
|:> (s

Low V / HiV
HiP, A Low P, A
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Superheated vapor ammonia enters an insulated nozzle at 20°C, 800 kPa, shown
in Fig. P6.32, 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.

2 2
Energy Eq.6.13: q+h; + \A /2=hg+ Ve/2,

Process: q=0, V;=0
Table B.2.2: h; = 1464.9 = h, + 450%/(2x1000) = he = 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 \ B
|:> | ———

Low V / Hi V
HiP A Low P, A
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6.33
In a jet engine a flow of air at 1000 K, 200 kPa and 30 m/s enters a nozzle, as
shown in Fig. P6.33, 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

V.2 =% V2 +h; -h, R
1

(30)2 + 1046.22 — 877.4
0 =>

200
V.  =(2000 x 169.27)1/2 =581.8 m/s %

=0.45+168.82=169.27 kJ/kg
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6.34
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, =
Energy : i (h; + %V;2) = ta(hg+ %V, 2)
Due to the high T we take the h value from Table A.7.1
he = hi + 1 Viz - l/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 :> == y)kpa

200 kPa .
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6.35
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; =h, 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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6.36
A diffuser, shown in Fig. P6.36, 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, = A V/ve,

. 1 1
Energy Eq.(per unit mass flow)6.13: h; + EViZ =h, + zVez

h, - h; =3 x200%/1000 — 3 x20%/1000 = 19.8 kl/kg
Te=T; + (hg - hy)/C, = 300 + 19.8/1.004 = 319.72 K

Now use the continuity equation and the ideal gas law

Aeve Aeve
Ve = Vi Aivi = (RTi/Pi) W = RTe/Pe
To) ( AV 319.72) (100 x 200
P, =P, (TJ (Aeve =100 ( 300 ) [860 » 20) = 123.92 kPa
i / Exit
D> | |::>
Hi v Low V
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6.37
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 ~Cy(Te—Tj)=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 ="73753=596 Te=306K
30.938
Nitrogen C,=1.042klJ/kg K; AT = 1042 — 29.7 Te=330K

Inlet "_’//-—-—-—/::I Exit

——— |:>
HiV \ Low V
Low P, A

HiP, A
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6.38
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% +gZ1=hy +%V§ + g7,
Process: Z,=2, and V,=0

hy =hy + %V?
T,=T) + 3% (V;/Cp)

=300 +3 x 3002 / (1.004 x 1000) = 344.8K

Inlet / Exit
[ 1 |:>

HiV Low V
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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;=m, = (AV/v)

. 1,2 « 1,2
Energy Eq.6.12: m (h; + zVi)=m(5Ve+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 =279 = Te=-5+279=229°C
Now use the continuity eq.:
V;/ Ve / [Aev‘j
AVi/vi=A Ve = Ve = Vj
iVi/Vi~ AeVe Ve e Vil AV,
0.8 x 80
Ve = Vi X7 XZSO =vj x 0.256

Ideal gas: Pv=RT => veg=RTe/Pe=RT;x0.256/P;
Pe =P; (Te/T 1)/0.256 = 50 x 296/268 x 0.256 = 215.7 kPa

E><Fan
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Throttle flow

6.40
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,=Z,
Energy Eq.6.13:  h;=h,, Ideal gas => T;=T,=20°C

. AV .
m=pr/p But m,V,Tareconstant => P;A; =P A,

D, (Pj\172 (1.2)\1/2
= Diz(Pe] =(0.1) =3.464

=] b
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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; + 7V +gZ,=hy +5V, +gZ,

Process: Z,1=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

_ _ (1)
T2=0+107095 40001 = 76°C
1 (] T
— —— 500 kPa
i N h=C
200
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6.42

Saturated liquid R-12 at 25°C is throttled to 150.9 kPa in your refrigerator. What
is the exit temperature? Find the percent increase in the volume flow rate.

Solution:
Steady throttle flow. Assume no heat transfer and no change in kinetic or

potential energy.

he = hi = hfZSOC =59.70 kJ/kg = hfe + Xe hfg e at 150.70 kPa

From table B.3.1 we get T, =T, ( 150.9 kPa ) =-20°C

Che—hee 597-17.82
%7 hye 16092

Ve = Vi + X, Vi = 0.000685 + x,, 0.10816 = 0.0288336 m’/kg

=0.26025

Vi = Vg450c = 0.000763 m3/kg
V = mv so the ratio becomes

Ve mve Ve 00288336
=% = 0.000763 3779

Vi mv;

So the increase is 36.79 times or 3679 %
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6.43
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.: rill = rhz

Energy Eq.6.12: rhlhl + Q = rhzhz +W

Process: Throttling

—|—>i ——— 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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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? +gZ1=hy +%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

Xy = (hy '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
. f: valve. The liquid drops
to the bottom.

[ -
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6.45
Water at 1.5 MPa, 150°C, is throttled adiabatically through a valve to 200 kPa.
The inlet velocity is 5 m/s, and the inlet and exit pipe diameters are the same.

Determine the state (neglecting kinetic energy in the energy equation) and the
velocity of the water at the exit.

Solution:
CV: valve. m=const, A =const By /’:>I<:‘\ D
= Ve = Vi(ve/Vy) —

Energy Eq.6.13:
1.2 1.2 1.2 |(Vel
hj+5V; =7V, +he or (he-h)+ 5V, v -1]=0
1

Now neglect the kinetic energy terms (relatively small) from table B.1.1 we
have the compressed liquid approximated with saturated liquid same T

h,=h;j=632.18 kl/kg ; v;=0.001090 m3/kg
Table B.1.2: h,=504.68 + x, x 2201.96,
Substituting and solving, x, = 0.0579

Ve =0.001061 + x,, x 0.88467 = 0.052286 m3/kg
V. = Vi(vo/v;) = 5 m/s (0.052286 / 0.00109) = 240 m/s
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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 (Dgy/Dj,) so the velocity stays constant.

Solution:

Energy Eq.6.13: h; + %V?%—ng =h, +%V§+gZz

Process: Z1=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 gy = 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 /A =vy /vy =(Dy/Dy)

0.5 0.5
(Do/Dy) = (v5/vy) ~=(0.0318/0.000829) ~ = 6.19
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6.47
Methane at 3 MPa, 300 K is throttled through a valve to 100 kPa. Calculate the

exit temperature assuming no changes in the kinetic energy and ideal gas
behavior. Repeat the answer for real-gas behavior.

C.V. Throttle (valve, restriction), Steady flow, 1 inlet and exit, no q, w
Energy Eq.: h;=h, => Idealgas T;=T,=300K

h; =h, =598.71] Table B.7
Real gas P.=0.1 MPa | T.=13.85°C (=287K)
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Turbines, Expanders

6.48

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, x = 1 and very low velocity. Find the specific work
and the power produced.

Solution:

1.,2
Energy Eq.6.13: h; + %V? +gZ1=hy+57V,+gZ, +wr
Process: Z,=2, and V,=0
Table B.1.3: h; =3157.65kl/kg, hy=2675.46 kl/kg

2
wr=h; + 3V} —hy=3157.65+ 15 /2000 — 2675.46 = 482.3 kJ/kg

Wrp=m X wp =2 x 482.3 = 964.6 kKW .
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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 kJ/kg

W=mwp = m=W/wp=0.1/80.3 =0.00125 kg/s

really adiabatic.

s
The dentist’s drill has a [: ];’
small air flow and is not ;'./;,
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6.50
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; + 5V +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 hy =83.94 (which is at 2.3 kPa so we

should add APv =97.7 x 0.001 to this)
2
wr=h +%V? —h, =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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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, - €Zey = 9.807 X 200/1000 = 1.961 kl/kg

1300x103 kW

. _ . _ 1OUUAIU 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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6.52
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. l’i’li = rhe =m
Energy m (h; + WV2 + gZ) = ﬂl(heJr V2 +gZ.) + w

Process information: W = Iill/zviz x 0.4

m = pAV =AV, /v;

T2 a2 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 = 8.3333 s

m= AV, /v; = 706'%58§§i3 333 _ 7096 ke/s

V2 =Y 833332 m%/s2 =34.722 J/kg

W =0.4m% V2 =0.4 x7096 x 34.722 = 98 555 W
= 98.56 kW
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A small turbine, shown in Fig. P 6.53, 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; =h, =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=458C, x3=0.959
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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

= 0.05x 5.193 (300 - 550) + 55
—_64.91 +55=-9.9 kW
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Compressors, fans

6.55
A compressor in a commercial refrigerator receives R-22 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; =7,

From Table B.4.1 : h; =239.92 kJ/kg
From Table B.4.2 : h, =274.24 kJ/kg

Energy Eq.6.13 reduces to
we =hy - hy =(239.92 - 274.24) = -34.3 kJ/kg
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6.56
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 V;j=0 so using constant Cpg from A.5

90)?
-w = Cpo(Te - T;) + V,2/2 = 1.004(430 - 20) + OO _ s kl/kg
Polte™ i)™ Ve 2 x 1000

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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6.57

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

m = (Q - W(h, - hy)
Look in table B.5.2
h; =393.84 kl/kg, h, =426.84 kl/kg

. 40— (-150)
M= 77684 393.84  >-333 ke/s
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6.58
An ordinary portable fan blows 0.2 kg/s room air with a velocity of 18 m/s. 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 kJ/kg

~W = —mw = 0.2 kg/s x 0.162 kJ/kg = 0.032 kW
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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 é cool

Compressor

-We

Compressor section Cooler section

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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A 4 kg/s steady flow of ammonia runs through a device where it goes through a
polytropic process. The inlet state is 150 kPa, -20°C and the exit state is 400 kPa,

80°C, where all kinetic and potential energies can be neglected. The specific
work input has been found to be given as [n/(n-1)] A(Pv).

a) Find the polytropic exponent n

b) Find the specific work and the specific heat transfer.
Solution:

C.V. Steady state device. Single inlet and single exit flows.

Energy Eq.6.13: h; + %V? +gZ1+q=hy +%V§ + g7, +wW

Process: Pv"=constant and Z;=Z,, V;=V,=0
State 1: Table B.2.2 v;=0.79774, h; = 14229
State 2: Table B.2.2 v,=0.4216, h,=1636.7

From the polytropic process equation and the two states we can find the
exponent n:

2 400 079774
n=imp Ay T M50 ™M 0.4216

=1.538
Before we can do the heat transfer we need the work term
W= —ﬁ (Pyvy — Pyvy) =-2.8587(400x0.4216 — 150x0.79774)

=-140.0 kJ/kg
q=hy, +w—h; =1636.7—-140.0 — 1422.9 = 73.8 kJ/kg
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6.61

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= % D2

Now the velocity is found
o T Doy — T 2
\' —mRT/(4 D<P)=2.5x0.287 x 293.15/( 4% 0.44x98)=17.1 m/s
The kinetic energy out is

1.2 1
7 V5= % 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 6.29?
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. ri’li = rhe =AV/v

Ideal gas v =RT/P
. I T 2 2
Areca: A= 4 D+ = 4% 0.75 =0.442 m

V.= AV, =0.442 x1.5 = 0.6627 m’/s

~ RTe 0.287 x 296
Ve™ P, T 105

=0.8091m>/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) = Ve 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) +~5500

=-0.81 kW

] =0.819 [ -1.004 + 0.000155]



Sonntag, Borgnakke and van Wylen

Heaters/Coolers

6.63

Carbon dioxide enters a steady-state, steady-flow heater at 300 kPa, 15°C, and

exits at 275 kPa, 1200°C, as shown in Fig. P6.63. 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,

Table A.8: q=he - h; =1579.2 —204.6 = 1374.6 kJ/kg
(If we use CpO from A.5 then q=0.842(1200 - 15) =997.8 kl/kg)

Too large AT, Tgye to use Cp0 at room temperature.
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A condenser (cooler) receives 0.05 kg/s R-22 at 800 kPa, 40°C and cools it to 15°
C. There is a small pressure drop so the exit state is saturated liquid. What cooling
capacity (kW) must the condenser have?

Solution:

C.V. R-22 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; =274.24 kl/kg,
Exit state: Table B.4.1 h, =62.52 kJ/kg

Process:  Neglect kinetic and potential energy changes.

Cooling capacity is taken as the heat transfer out i.e. positive out so

Oout = m (hy- hy) = 0.05 kg/s (274.24 — 62.52) kl/kg
— 10.586 kW = 10.6 kW

1 ﬁ Q cool )
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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: dout = 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 = M qout = 2.5 x 62.96 = 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 (Tj-Te)
=4.18 (20— 5) = 62.7 kl/kg

Qout =M qoyt = 2.5 x 62.7 = 156.75 kKW

1 ﬁ Q cool )
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Saturated liquid nitrogen at 500 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 500 kPa where it
exits at 500 kPa, 275 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

Q boiler

Table B.6.1: h; =-87.095 kl/kg, h, =86.15 kl/kg,
Table B.6.2: h; =284.06 kl/kg
Energy Eq.6.13:  qpoijer = hp —h; = 86.15 - (- 87.095) = 173.25 kJ/kg

Qboiler = M19boiler = 0-005 x 173.25 = 0.866 KW

C.V. Superheater (same approximations as for boiler)
Energy Eq.6.13:  Qgup heater = h3 —hp =284.06 —86.15 = 197.9 kJ/kg

Qsup heater = Ii7‘2‘:lsup heater = 0-005 x 197.9 = 0.99 kW
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6.67
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 = Vj/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]

126.862 - 4.24%
=3.0 [3117.8 - 13486 + 75 1000 }z 8973 kW

Steam exit
as

£ g
% out
Typically hot
combustion —= cb

as in o .
& liquid water in
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6.68
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: dout = hj — he
Use constant heat capacity from Table A.5 (T is around 300 K)
Qout =hj —he = Cp (Ti = Te)

=1.004 =

feK X (30— 10) K =20.1 kl/kg

Qout =m dout = 0.5 x 20.1 =10 kW
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6.69
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 9 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/(he-hy) =
m = Q/Che - ) Cgly (Te - Th)
From table A4 Cgjy =2.42 kJ/kg-K

9

Mm=324295-60) 0.106 kg/s

Air intake filter =~ Fan Radiator

= ) A
Shaft )

air
power
<: cb

Exhaust flow

‘B

T

Coolant flow
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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
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Pumps, pipe and channel flows

6.71

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 Z1 =100 m

State 2: At the bottom just before impact, Zy =0
State 3: At the bottom after impact in the pool.

1 2
hy +0+gZ1=hy+5V,+0=h3+0+0
Properties: hy=hy sameT,P

1.2
=> §V2=g21

V,=1[2gZ; =2 x 9.806 x 100 = 44.3 m/s

Energy equation from state 1 to state 3
hy=hy +¢gZ;
use Ah = Cp AT with value from Table A.4 (liquid water)

T3 =Ty +821/Cp
=20+ 9.806 x 100 /4180 =20.23 °C
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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 = rhex =m
Energy Eq.6.12:
m(hj, + (1/2)Viy? + g2,) =

M(hex + (1/2) Vey + g7e) + W
States: h;, =hey same (T, P)

W =m g(z;, - Zey) = 5 % 9.807 x (0 - 20)/1000 = —0.98 KW
LLE. 0.98 kW required input
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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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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.

Energy Eq.6.13: hj+ %Viz +gZi=he + %Vez + 870 +w
With the same u the difference in h’s are the Pv terms
Wb -he + 3 (V2 - V) + g (7 Zo)
=Pjvi—Peve + g (Zi— Z¢)

=600 x 0.001 — 200 x 0.001 + 9.806 x (-5-150)/1000
=04-152=-1.12kl/kg

W =mw =10 x (-1.12) = -11.2 KW
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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:
. . . . E 2 E 2 -5
Continuity Eq.: mj=mg=AV/v; A=7,D, =7, x0.017=7854x10
1.2 1 2
Energy Eq.6.13: h; + Evi +g8Zi=he + Eve +gZe+w
Properties:  hj=uj+Pjvi=hg=ue +Peve ; Pj=Pe; vi=ve
1 2 o1 2 1 3
w=-5V, = -W=m(; V) =Ax5V. /e

2 Wve \15 2% 1000 x 0.001001
Ve = ) _(

1/3
n - esan10 S ) " =29.43 m/s

M =AVe/ve = 7.854x 10 > x 29.43 /0.001001 = 2.31 kg/s
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6.76
A cutting tool uses a nozzle that generates a high speed jet of liquid water.

Assume an exit velocity of 1000 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

4
Assume Z;j=Ze=0, ueg=uj andV;=0 P =100 kPa (atmospheric)

m=AV/v= % D? V/v=70.002% x 1000/ 0.001002 = 3.135 kg/s

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,

=0.001002 x (200 — 100) — 0.5 x (10002 / 1000)
=0.1002 — 500 = —500 kJ/kg

W = mw = 3.135 (-500) = —1567.5 kW
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6.77

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

. Q. -500x1073 05
M= h.-h; 0-6298 6298

0.007 94 kg/s
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Multiple flow single device processes

Turbines, Compressors, Expanders

6.78

A steam turbine receives water at 15 MPa, 600°C at a rate of 100 kg/s, shown in

Fig. P6.78. 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: 1’;’11 = l’i’lz + l’il3 ; => 1’;’13 = 1’;’11 - 1’;’12 =80 kg/S

Energy Eq.6.10: Iillhl = WT + rhzhz + 1h3h3

Table B.1.3  h; =3582.3 kJ/kg, 1 )
h, = 3137 kl/kg
Table B.1.2: h3 =hf+ x3hgp = 384.3 +0.95x2278.6 =[>WT
=2549.1 kl/kg 3

From the energy equation, Eq.6.10

=> WT = l’i’llhl — l’i’lzhz — l’i’l3h3 =91.565 MW
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6.79
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: 1h; +1hy =1th 3 =5+ 15=20 kg/s

Energy Eq.6.10:  1hyhy + 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 =21990 kW =22 MW
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Two steady flows of air enters a control volume, shown in Fig. P6.80. One is
0.025 kg/s flow at 350 kPa, 150°C, state 1, and the other enters at 450 kPa, 15°C,
both flows with low velocity. 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.

> W
.

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.

Qloss

Continuity Eq.6.9: m +my = mj = 0.025 + m,

Energy Eq610 l’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 m,.

. 4.0+ 1.0+0.025 x 1.004 x (233.2 — 423.2)
my = 1.004 (288.2 - 233.2)

Solving, m, = 0.0042 kg/s
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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 kl/kg

—>w
.

Qloss

v3=0.00105 + 0.8 x 1.15825 = 0.92765 m’/kg
Continuity Eq.6.9: m;+ my =mj3 =2 + 0.5= 2.5 kg/s = (AV/v) = (W/4)D*V/v
Energy Eq.6.10: l’i’llhl + 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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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. P6.82 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: rill = rilz + 1";13

Energy Eq.6.10: QCV + fhlhl = rilzhz + rh3h3 + WT ;

Supply state 1: 20 kg/s at 10 MPa, 500°C ! o)

Process steam 2: 5 kg/s, 0.5 MPa, 155°C,
Exit state 3: 20 kPa, x=0.9 =[>WT
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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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:

C.V. Compressor, steady state, single inlet and
exit flow. For this device we also have an air
flow outside the compressor housing no
changes in kenetic or potential energy.

Continuity Eq.: ri’lz = rill

Energy Eq. 6.12: Ii’llhl + Win + Ihairh?) = Iilzhz + rilairh4
Ideal gas for air and constant heat capacity: hy - h3 ~C, 4, (T4 -T3)

My, = [my (hy —hy) + Wiy, 1/ Cp iy (T4 —T)

©0.1(393.84-420.25)+3  0.359
- 1.004 (25-20) s

=0.0715 kg/s
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Heat Exchangers

6.84

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:  meooihag + Mp,0h300 = Meoolhso + M, oht, 10 kpa

300°C sat. liq.
M 601 30°C 20°C

Table B.1.1:  hyy=83.96kl/kg, hyy=125.79 ki/kg
Table B.1.3: h300, 10kPa = 3076.5 kJ/kg, B.1.2: hf, 10 kPa = 191.83 kJ/kg

. _ . h3o0-hgiokpa . 3076.5-191.83
Meool “MH0  hy0-hyy  ° 125.79 - 83.96

=69 kg/s
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6.85
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:

Cooler section Mixing section
C.V. Cooler section (no W)
Energy Eq.6.12: rhhl = rilhz + Qcool

Qeool = m(hy - hy) = m Cp (T - 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: rhzhz + rh3h3 = rh4h4
my =m, +m3=0.5+0.25 = 0.75 kg/s
myhy = (m, + m3)hy = myhy + m3hy
my (hy - hy) + mj (hy - hy) = O

my Cp (Tg - Ty) +m3 Cp (Ty - T3) = O

T, = (my / my) T, + (m3 / my) T3 = 5(0.5/0.75) + 20(0.25/0.75) = 10°C
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6.86
A heat exchanger, shown in Fig. P6.86, 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 thzo/fhair

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 = Ihairhz + 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  822.20-360.86
Mi1,0/Majr = h,-h;  2675.5-62.99

=0.1766
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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 o)
. . 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. L

Energy Eq.6.10: 0 hz + myj hy = My, hy + myir hy
Process:  Constant pressure in each line.

State 1: Table B.1.2 T3 =212.42°C, h3 =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, =T5+20=232.42°C=505.57K

5.57
A.7: hy=503.36 t*50 (523.98 - 503.36) = 509.1 kl/kg

From the energy equation we get
Majr / My,0 = (hy - h3)/(hy - hy)
=2.5(3357.48 —2799.51) / (1277.81 — 509.1) = 1.815 kg/s
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6.88
An automotive radiator has glycerine at 95°C enter and return at 55°C as shown
in Fig. P6.88. 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: Iilhi + (—Q) = rilhe

Table A.4: Myl = hfhi = CglyE%-Ti) =51 (5255 ~55) = 0258 kgs
Air mh;+ Q = mh,

Table A.5: Mgy = he(? h - Cair(%:-Ti) =700 4?255 20y~ 498 ke/s

RT; 0.287 x 293

L - B 3
V=mv;; v;= P, - 100 =0.8409 m”/kg

Vi = mv; = 4.98 x 0.8409 = 4.19 m/s

Air intake filter

—»@ Atm,
Shaft air
power | E ;
0)

Exhaust ﬂowC001ant flow 55 C

HH
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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. P6.86. 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

Qout =my Cp (Ty - Ty) = 1x1.042 (1500 - 600) = 937.8 kKW

CV The whole heat exchanger: No external Q, constant pressure in each line.

mih; +mghg =mihy + mzhy  =>  hy=hg+my(h; - hy)/my
hy=2743+1053.5/2=801 kJ/kg < hy, => 2-phase
x4 = (hy - hp)/ hg, = (801 - 208.25) / 1165.2 = 0.43147

V4 = Vp+ X4 vy = 0.001658 + 0.43147x0.12647 = 0.05623 m’/kg

T4 = T3, =25°C This is the boiling temperature for 1003 kPa.

A’ 2

4
3a 4 - |
29871 |
N2 3 NH,
g
2931 €3 X
>
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6.90
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, + my;p by gip = mgy he oy + myi he 451
Mgy (he —hy)ey = myir(h —he )air

My Cey (Te = Tj ey = My;p Cp air Te = Tj air

Heat capacities from A.3 for copper and A.5 for air

MairCp air 1.5 x1.004
(Te—Ti)eu :—L(Te_Ti)air: 395w 0an 20-60)=-573.7K
. 0.25 x0.42
My Coy

Te=T;-573.7=1000 - 573.7 = 426.3 K

©) =
Air == > |
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Mixing processes

6.91

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

_'_’: CHAMBER

b

Continuity Eq.6.9: rhl + rilz = riq3

Energy Eq610 l’i’llhl + 1’;’121’12 = l’i’l3h3 = (1’;’114‘ I’ilz)h?,
State 1: Table B.1.1 h=he=188.42kl/kg at45°C
State 2: Table B.1.3  hy =2974.33 kl/kg
State 3: Table B.1.2 h3=hs=417.44 kJ/kg at 100 kPa
. . h-hs 188.42 — 417.44
My =My Thy, 4% 417.44 2297433~ 0358 kefs
AT P
100 kPa
2 2
173 S
1 v \%




6.92

Sonntag, Borgnakke and van Wylen

A desuperheater mixes superheated water vapor with liquid water in a ratio that
produces saturated water vapor as output without any external heat transfer. A
flow of 0.5 kg/s superheated vapor at 5 MPa, 400°C and a flow of liquid water at
5 MPa, 40°C enter a desuperheater. If saturated water vapor at 4.5 MPa is
produced, determine the flow rate of the liquid water.

Solution:

i Sat
\7ﬁ ‘ at. vapor

Continuity Eq.:  mj + m, = mj3

Energy Eq6 10: I'i’llhl + Ii’lzhz = l’i’l3h3
Table B.1

0.5 x 3195.7 +1hy x 171.97 = (0.5 + mhy) 2797.9

=> m, = 0.0757 kg/s
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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 EX\
1
Energy rhlhl + rilzhz = rh3h3 — _3|_>
= (rhl + rhz)h3 Mixing section

my (h3 -hy) +my (h3 -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

M= 08400 - 18927 mp == 13575 = 1.4733

mj = m;+ my = 2.6625 kg/s
1.1892 1.4733

T3=36625 20 "2 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
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6.94
A mixing chamber with heat transfer receives 2 kg/s of R-22 at 1 MPa, 40°C in one
line and 1 kg/s of R-22 at 30°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 P
Mixer

Heater 13

\'%

-

Continuity Eq.6.9: m;+my,=m3;  => my=2+1=3kg/s

Energy Eq.6.10:  myhy + myhy + Q = m3h;
Properties: Table B.4.2: hy =271.04 kJ/kg, hy=286.97 kl/kg
Table B.4.1:  h, =81.25+0.5 x 177.87=170.18 kJ/kg

Energy equation then gives the heat transfer as

Q =3x286973-2x271.04—-1 x170.18 = 148.66 kW
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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 = m;y

Energy Eq.6.10: mh; + mohy = m3hs = (m;+ my)h;

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 =M Thy 1 %72760.95 - 419.32

=0.0638 kg/s
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6.96
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. 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;
. . . 1.2
Energy Eq.6.10:  mjh; + myh, =m3(h3 +5 V5 )

: 1.2 . 1.2
my (hy ~h3 -3 V3 )=my (h3 +3 V3 —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 rilz

1 202

—483.36]/[287.79 — 419.54 — 271000

1
1000
=2 % (-63.82+0.2)/(-131.75 - 0.2) = 0.964 kg/s

Notice how kinetic energy was insignificant.

my =2 x [419.54 +3 202 x
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6.97
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=35kg/s
Energy Eq.6.10: rhlhl + rhzhz = rh3h3

hs = (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
PR . .
\i\2_
Q 3

Mixing section
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6.98
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=my => my=2+15=35kg/s
Energy Eq.6.10: myhy + myhy = m3hs

hy = (myhy +myhy) /1y ;
Using A.7 we look up the h at states 1 and 2 to calculate h;

m m 2 1.5
hs :.—1h1 +.—2h2 — 35 2251.58 + 37 503.36 = 1502 k/kg
mj3 mj

Now we can backinterpolate to find at what temperature do we have that h

1502 — 1455.43

T3=1350 + 50757527 1455.43 ~ 1389K

This procedure is the most accurate.

Mixing section
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Multiple Devices, Cycle Processes

6.99
The following data are for a simple steam power plant as shown in Fig. P6.99.
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?

Vs =mvs/As =25 x 0.061 63 /0.031 42 = 49 m/s
he =191.83 +0.92 x 2392.8 = 2393.2 kl/kg

1 2 2
WT:hs-h6+§(V5-V6)
= 3404 - 2393.2 + (49% - 2007 )/(2 x 1000) = 992 kJ/kg

W = twr = 25 x 992 = 24 800 KW

Remark: Notice the kinetic energy change is small relative to enthalpy change.
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6.100
For the same steam power plant as shown in Fig. P6.99 and Problem 6.99, 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 — 200% )/(2x1000) = ~2245.2 kJ/kg

Qconp = 25 X (—2245.2) = —56 130 kW

This rate of heat transfer is carried away by the cooling water so

~Qconp = Mu,0(hout — hin)H,0 = 56 130 kW

56 130

=> MH,0=7049-63.0 1339.6 kg/s
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6.101
For the same steam power plant as shown in Fig. P6.99 and Problem 6.99,
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, =D5/4 = 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 kl/kg

Orcon = Mapcon = 25 (550.0) = 13 750 kW

Generator Ay = nD/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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6.102
A somewhat simplified flow diagram for a nuclear power plant shown in Fig. 1.4
is given in Fig. P6.102. 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:

a) Moisture Separator, steady state, no heat transfer, no work
Mass: m3=my+mg,  Energy: msh3y=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.:  myhy = mshs + mghg+ Weyp)

WeyLp) = tghy - 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.: 1’i’12h2 = 1’h3h3 + l’hlzhlz + rh17h17 + WCV(HP)
Wy mp) = hgh - m3hs - myshyp - my7hyy

=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
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6.103
Consider the powerplant 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.: myg=my; Qcy =157 MW 21
) ) , Q 19
Energy Eq.6.12: Qcy +mygphy = my hy;
157 000 + 1386 x 1221 = 1386 x hy; 20
hy; =1334.3 =1282.4 + x5, x 1458.3
=> X271 = 0.0349

b) C.V. Reactor feedwater pump

Cont. I’illg = l’i’lzo Energy Eq612 l’i'llghlg = 1’;’1191’120 + WCV,P
Table B.1: hjg=h(277°C, 7240 kPa) = 1220 ki/kg, hy, = 1221 ki/kg

Wy, p = myg(hyg - hyg) = 1386(1220 - 1221) = -1386 kW
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A gas turbine setup to produce power during peak demand is shown in Fig.
P6.104. The turbine provides power to the air compressor and the electric
generator. If the electric generator should provide 5 MW what is the needed air
flow at state 1 and the combustion heat transfer between state 2 and 3?

Solution:
1: 90kPa,290K ; 2: 900 kPa, 560 K ; 3: 900 kPa, 1400 K
4: 100 kPa, 850K ;

We in = hy —h| = 565.47 — 290.43 = 275.04 kJ/kg
Wroye = h3 - hy=1515.27 — 877.4 = 637.87 ki/kg
qy=hs—hy=1515.27 — 565.47 = 949.8 kl/kg

Wiy = mwp— tw,

C 5000
m=Wg/(Wp-w.)= 637.87 - 275.04 — 13.78 kg/s

Qy =mqy = 13.78 x 949.8 = 13 088 kW =13.1 MW
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A proposal is made to use a geothermal supply of hot water to operate a steam
turbine, as shown in Fig. P6.105. 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:

H,0
Separation of phases in flash-evaporator
constant h in the valve flow so

Table B.1.3: h; = 763.5 kl/kg
hy =763.5=604.74 +x x 2133.8

2 Sat. vap.

= x=0.07439= I’i’lz/l’hl
Table B.1.2:  h, =2738.6 kJ/kg;

h; =191.83 + 0.9 x 2392.8 =2345.4 kJ/kg
Energy Eq.6.12 for the turbine

. 1000
M =5738.6-23454

W=ry(hy-h3)  =>

=2.543 kg/s

= my =my/x =34.19 kg/s = 123 075 kg/h
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A R-12 heat pump cycle shown in Fig. P6.71 has a R-12 flow rate of 0.05 kg/s
with 4 kW into the compressor. The following data are given

State 1 2 3 4 5 6
P kPa 1250 1230 1200 320 300 290
T°C 120 110 45 0 5
h kJ/kg 260 253 79.7 - 188 191

Calculate the heat transfer from the compressor, the heat transfer from the R-12 in
the condenser and the heat transfer to the R-12 in the evaporator.

Solution:

CV: Compressor

Qcomp = m(hy - he) + Weomp
=0.05(260-191) - 4.0 =-0.55 kW
CV: Condenser

QCOND = Ii’l (h3-h2) =0.05 (797 - 253) =-8.665 kW
CV: Evaporator  hgq = h3 =79.7 kl/kg (from valve)

Opyap = M (hs- hg) = 0.05 (188 - 79.7) = 5.42 kW
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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.6.107. 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 kJ/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 + % Vs
Y Vs = hy - hs = 933.15 — 649.53 = 283.62 kl/kg
Vs =[2(h;—hg) ] 2 =(2x283.62 x1000 ) /2 = 753 m/s
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Transient processes

6.108

A 1-m3, 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: m, - m; =m;

Energy Eq.6.16:  (mpup - myu)ar + mgr(up - uy)st = mih; +1Q;
PV 500 x 1

M AR =RT, ~0.287 x 2932~ >4 kg
PV 1500 x 1
M2 AIR =RT, = 0.287 x 3082 16-96 kg

m; = (my - my)ag = 16.96 - 594 =11.02 kg
The energy equation now gives
1Q2 = (mpuy - myuy)AR + mgr(uy - up)gt - Mihy
=m(uy - up) + my(uy - u; - RTy) + mgrCqr(T, - Ty)
=mCy(T - Ty) + mj[Cy(Ty — Ty) - RTj] + mgpCop(T — T)
=5.94 x0.717(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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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:
T, =(Cp/Cy) Tj =kT;=1.4 x298.2=4175K

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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6.110

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; = m;, ;

Energy Eq.6.16: myuy, —mju; =-m;, h;,

State 1: m;=0 => mp=m;, and up = hy,

Line state: Table B.1.3:  h;, =3161.68 kJ/kg

State 2: Py = Pjjp = 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

1
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A 25-L tank, shown in Fig. P6.111, 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, = mj 1
Energy Eq.6.16: mpu, = myh; { TANK }
Table A.7: u,=h;=293.64 kl/kg
=T,=410.0K

P2V 600 x0.025 01275 K
M2 =RT, ~ 0.287 x 410~ ™ g

Assuming constant specific heat,
hi =W + 1{T1 =up, RTI =U-u = CVO(T2 - Tl)

CPo
CyoTr =(Cyo +R)T; =Cp,T; , Tr= (Cvoj T, =kT;

For T; =293.2K & constant Cp,, T, =1.40%x293.2=410.5K
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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.: Up -Uj =1Qp-1W3

Process Eq.: P=100+CV
State 1: Pl’ Tl, Vl

State 2: Py, Ty, Vo =?
Ideal gas:

P, Vo, =mRT, =mRT, =P;V;
V5, =V(P;/Py) =0.1x (250/150) = 0.16667 m>
Va1 = V2 -V =0.16667 — 0.1 = 0.06667 m>

(W, =[PdV =AREA =% (P;+P,)(V,-V;)
= 15(250 + 150) x 0.06667 =13.334 kJ
Upy—Up =1Q- 1 Wo=m(u—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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A rigid 100-L tank contains air at 1 MPa, 200°C. A valve on the tank is now
opened and air flows out until the pressure drops to 100 kPa. During this process,
heat is transferred from a heat source at 200°C, such that when the valve is
closed, the temperature inside the tank is 50°C. What is the heat transfer?

Solution:
1 : 1 MPa, 200°C, m; =P;V;/RT| = 1000 x 0.1/(0.287 x 473.1) = 0.736 kg
2:100 kPa, 50°C, my = P,V,/RT, = 100 x 0.1/(0.287 x 323.1) = 0.1078 kg
Continuity Eq.6.15: mgy, =m; —my = 0.628 kg,
Energy Eq.6.16: myly — MU = - Mgy hey +1Q>
Table A.7: u; =340.0 kJ/kg, u, =231.0 kl/kg,

he ave = (hy +hp)/2 =(475.8 +323.75)/2 = 399.8 kl/kg

1Q2=0.1078 x 231.0 — 0.736 x 340.0 + 0.628 x 399.8 = +25.7 kJ
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6.114

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
mp jq2 = 0.5/0.001658 = 301.57 kg, myapy =0.5/0.12813 =3.902 kg
my =305.47 kg, X, =myppy/my=0.01277,
From continuity equation
m; =m, - my =304.42 kg
Table B.2.1: u, =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 =myuy - myu;
Qcy =305.47 x309.9 - 1.047 x 1380.6 - 304.42 x 1553.3 =-379 636 kJ

line

ey A—
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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:  mjuy — 0 = mjh; = mjhyjpe
Table B.5.1:  hyje = 200.0 kJ/kg, Pjine =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;0 = 294 kPa and T, = 0°C

CUp-up 200 —199.77
27 g T 17824

=0.00129

V5 =0.000773 + x5 0.06842 = 0.000861 m>/kg
m, = V/v, = 0.01/0.000861 = 11.61 kg

At20°C:  v¢=0.000817 m3/kg <v, so still two-phase
P =P, =572.8 kPa



Sonntag, Borgnakke and van Wylen

6.116

A piston cylinder contains 1 kg water at 20°C with a constant load on the piston
such that the pressure is 250 kPa. A nozzle in a line to the cylinder is opened to
enable a flow to the outside atmosphere at 100 kPa. The process continues to half
the mass has flowed out and there is no heat transfer. Assume constant water
temperature and find the exit velocity and total work done in the process.

Solution:
C.V. The cylinder and the nozzle.

Continuity Eq.6.15: m, - my =—mg
Energy Eq.6.16: mpuy - myuy = - me(he + %Vz ) -1 W,
Process: P=C => W= [PdV=P(V,-V))

State 1: Table B.1.1,20°C => v, =0.001002, u; = 83.94 kl/kg
State 2: Table B.1.1,20°C => v, =v}, uy =uy;
my,=m;/2=05kg => V,=V,/2
Wy =P(V,-V)=250(0.5-1)0.001002 =-0.125 kJ
Exit state: Table B.1.1, 20°C => he = 83.94 kJ/kg

Solve for the kinetic energy in the energy equation

1.2
5V, = [mu; - myu; - mehe - W5 ]/mg

=[1 % 83.94-0.5 x 83.94-0.5 x 83.94 +0.125] / 0.5
=0.125/0.5 = 0.25 kl/kg
V =42 x 0.25 x 1000 = 22.36 m/s

All the work ended up as kinetic energy in the exit flow.

A

cb

AIR
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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:  vj = vp+ X vy, = 0.001043 + 0.01x1.69296

=0.01797 m’/kg
up = up+ xqug = 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 = Vp+ X3V = 0.001177 +0.9x0.09845 = 0.8978 m*/kg
u3 = ugp+ X3up, = 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 kJ/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; +meh
=2.23 x2430.88 — 11.13 x 438.22 + 8.90 x 2799.51
=25459 k] =25.46 MJ
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6.118
A 100-L rigid tank contains carbon dioxide gas at 1 MPa, 300 K. A valve is
cracked open, and carbon dioxide escapes slowly until the tank pressure has
dropped to 500 kPa. At this point the valve is closed. The gas remaining inside the
tank may be assumed to have undergone a polytropic expansion, with polytropic
exponent n = 1.15. Find the final mass inside and the heat transferred to the tank
during the process.

Solution:

Ideal gas law and value from table A.5

PV 1000x0.1
MIZRT, ~0.18892 x 300

1.764 kg

Polytropic process and ideal gas law gives

Py

1000

P\(n-1)/n 0.15/1.15
T2=T1(2j( ) —300(500)( ) _amxk

PV 500 %0.1
M2 7 RT, ™ 0.18892 x 274

= 0.966 kg

Energy Eq.6.16:
Qcv = myuy - myuy + meh, avg
=myCyoTy - mCyoTy + (m) - my)Cpy(Ty + Ty)/2
=10.966 x 0.6529 x 274 - 1.764 x 0.6529 x 300
+(1.764 - 0.966) x 0.8418 %(300 +274)/2 =+20.1 kJ
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6.119
A nitrogen line, 300 K and 0.5 MPa, shown in Fig. P6.119, 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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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?
New fig.
Solution:
Ppot = Pair T ngliq

For the air PV =mRT

Pair =mRT/Vyip 5 Viir = ALy = A( H-Liiq )

P — myR, Ty N L= Pa1Val +on ol =PalLal tor ole >

bot A(H-Ly;q) P Lt A(H-Ly;q) Pliq 8-f = "H.L, * Pliq 8-f =

PO

Solve for Ljjq 5 piig= 1/(vp) = 1/0.0021002 = 998 kg/m3
Py Lar tpgLe(H-Lg)2 P(H-L¢)
(pgH + Py ) Lg— pgl2p=Po H+Pyy Loy 20

Put in numbers and solve quadratic eq.

POH'PalLal
L= (H+(Py/pg) ) Lyt = =0

pg
L2~ 12.217 L+ 10217=0
I m
100 kPa m’ §3
(Po/P) =598 0 807 kgm 10217 m
1
PoHPailal _ 1002 _ oo "

pg ~ 998x9.807

12217 12217° 12217
Lp=—"5x [ -=5112=6.1085 x 5.2055

=>11.314 or 0.903m

Verify
P, =P, =2 00— —_o1.158kp
a2~ Fal'HoLe™ 'Y 2-0.903 7' a

pgLe= 998 x 9.807 x 0.903 = 8838 Pa = 8.838 kPa
Ppoi = Pyp + peLe=91.158 + 8.838 = 99.996 kPa OK
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A 2-m’ insulated vessel, shown in Fig. P6.121, 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(hg-ug)
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, =10.7936
=my = V/vy =12.94 kg, m, = 27.24 kg

Sat. vapor
out

Vapor

Liquid

cb
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A 750-L rigid tank, shown in Fig. P6.122, 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: my—-mj; = —mg
Energy Eq.6.16: mjuy; — mju; = Qcy — mehe
0.375 0.375

State 1:  myjq1 =3 g01251 — 299-70 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: my —mj; = —mg
Energy Eq.6.16: myuy; — mju; = Qcy — mehe

0.375 0.375
State 1:  my g1 =5 g01251 — 299-70 kg: myap1 =( 95013 = /48 ke

myu; =299.76 x 1080.37 + 7.48 x 2602.4 =343 318 kJ
m; =307.24kg; me=my=153.62kg

075
V2715362

Xy =0.07428 ; u, = 1080.37 + 0.07428 x 1522 = 1193.45 kJ/kg
Exit state: he =h, =2801.52 kl/kg

State 2: 0.004882 = 0.001251 + x5 x 0.04888

Energy equation now gives the heat transfer as
Qcy =mypup - myu; + 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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Review Problems

6.124
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.: rhin = l’;’lex =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

hey - hijy = (hex - hy) + (hy - hyp)

= (71423 -51 629)/18.015 + 5409.7 - 83.96 = 6424.5 kJ/kg
Q=m(hgy - h;,) =2 x6424.5=12 849 kJ
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6.125

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

1hgletsscglass, (T3-Ty)+ Majr CPa (T4—-TH)=O
Ty =T3 , Cyppe =080 ki/kg K, Cp =1.004 ki/kg K

glass
. My tassCtass 117 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
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6.126
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 + I’ilzhz
T4 =290 K and T3 =450 K

= pV = pAV = 2500x 2 x0.005x 0.5 = 12.5 kg/s

m
glass

T2 < T1—120K:1380K
.- h;-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, h, = 1491.33 kl/kg
=t = e = hy-h; o Cglass(Tl_T?’)
4 2 1 hy-hy 1 hy-hy

s 0.8 (1500-450)
m=12.9"1491.33-290.43

= 8.743 kg/s
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6.127
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 Ih1+ l’hz + Ih3 = Iil4h4

Energy Eq.: mjh; + myhy = mshg +myhy

\.74=I’ilV4
m m m 1 3 o)
hy=—hy +— hyt —hy =7 x 401.3 + % x 20043 + x 713.56
By gy
— 449.95 ki/kg
449.95 - 441.93
T, =440 +20 J > ror = 447.86 K

v4=RT, /P, = 0.287x447.86/200 = 0.643 m>/kg

V, = thyvy = 6 x 0.643 = 3.858 m’/s
OV,
::|——>
—
2.
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6.128
Consider the power plant as described in Problem 6.102.
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: mythyy + mpphyp + myshys = myzhy3 + myzhiy
75.6x284.6 + 8.064%x2517 + 4.662x584 = 75.6xh 3 + 12.726%349
hy3 = 530.35 = Ty 3 = 126.3°C
b) The high pressure pump

Energy Eq612 Ii’l13h13 = Ii’116h16 + 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 6.102.

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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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 73735 = 11.125 kg

Continuity €q.6.15: me=m; - mp, my =m;/2 = me =my = 5.5625 kg
Energy Eq.6.16: mply - 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 T, - 11.125%0.717x313.2 = - 5.5625%1.004 (313.2 + T,)/2
Solving, T, =239.4 K
~ mMRT, 55625 x 0.287 x 239.4

Py="v = 0.5 =764 kPa
r |
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A steam engine based on a turbine is shown in Fig. P6.131. 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 as 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 -mj =—mg

Energy Eq.6.16: mpuy - myuy = Qv - mehe

State 1: Table B.1.1, 100 kPa => v =0.001 043, u; =417.36 klJ/kg
=>m; = V/v; =0.1/0.001 043 =95.877 kg

State 2: Table B.1.1, 700 kPa => v, =vg=10.2729, 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 =mypup - 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

] w

. D>
N0000
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An insulated spring-loaded piston/cylinder, shown in Fig. P6.132, 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, Tjj,e. With P = 100 kPa,
find T».

Solution:
C.V. Air in cylinder, insulated so Q=10

Continuity Eq.6.15: my - my = my,

Energy Eq.6.16: mpUy - myuy = miphyipe - {W»
1
my =0 = my, =my; myuy =mphjjpe -5 (Po + 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

1Po+ P,
Cv+3y P, RT; = (R + Cy)Tjine
R+Cy
with #s: Ty =5 Tjine; Cy/R=1(k-1), k=14
5 R+ CV
k-1+1 3k
To=5 5 Tline = 3p + 1 Lline = 1.105 Tjine =773.7K

Tk-5+1

373
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A mass-loaded piston/cylinder, shown in Fig. P6.133, 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: my - my = m;,

Energy Eq.6.16: mauy - My = Miphjine + Qcv - 1W2
Process:  P; is constant to stops, then constant V to state 2 at P,

PV 300x0.25
M7 RT, ~ 0.287 x 290.2

State 2: _|:I Er

Open to P, =400 kPa, T, =350 K

State 1: Py, Ty =0.90 kg

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 * mjh; = 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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6.134

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. P6.65. 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 the 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 = mup - myuy + mehe

At 160 K, from Table B.7:

0.95x2 0.05 x2

m; = 642.271 kg, my = V/vy, =2/0.03935 =50.826 kg
myuy = 639.73(-106.35) + 2.541(207.7) = -67507 kJ
me =mj - 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

6.135

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 kJ/kg = 334.88 — 2.2 =332.68 kl/kg
2.2
Te=80-33488313.01
AT = 0.52°C
We could also have used h—h; = C,AT

5=79.48°C

- n—>

- /
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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

.. . kJ
Q=mAh= mCpAT =1 kg/s x 1.004 ke K

This heat transfer takes place with a temperature difference of 50°C throughout

x (50 — 10) K = 40 kW

Q40000 W a0
CAAT 2x50m?2K T m2K

Q=hAAT = h

Often the flows may
be concentric as a Hot gas

smaller pipe inside a |I> Heat transfer |z>
larger pipe.

o

Wall fresh air
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Saturated liquid water at 1000 kPa flows at 2 kg/s inside a 10 cm outer diameter
steel pipe and outside of the pipe is a flow of hot gases at 1000 K 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 water to
saturated vapor.

Solution:

Energy Eq. water: Q =m (he —hy) = m he,
Table B.1.2:  hg, =2015.29 kI/kg, T =Ty = 179.91°C=453.1K

The energy is transferred by heat transfer so

Q= hAAT=hnaDLAT

Equate the two expressions for the heat transfer and solve for the length L

Lo O mhp 2%2015.29 x 1000
“haDAT haD AT 150 x 7t x 0.1 x(1000 - 453.1)
—156.4 m

— L [
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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 =, (h;— hy) = 0.5 (1046.22 — 607.32) = 219.45 kW

Exit: AT __ =600-400=200K,
out

so we have an average of AT =400 K for heat transfer

Q. 219.45 x 1000
~ hAT 125 x 400

A — 4.39 m?2

[ [ [ _
VO VIOKY VvV L2 from air to steel
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