REVIEW THERMODYNAWICS |

Conceptual questions properties of pure substances

- Sketch the variation in the saturation pressure of a pure substance as a function of the
saturation temperature

- What is difference between saturated vapor and superheated vapor?
- Explain the difference between the critical point and the triple point?

- Consider a pure water in the saturated liquid-vapor mixture phase, is each of the
following combinations of properties enough to fulfill the state postulate:

i) Temperature and pressure

ii) Temperature and quality

iii) Pressure and specific volume

iv) Temperature and specific volume
v) Specific volume and quality

Consider 1 kg of compressed liquid water at a pressure lower than 4 MPa (< 5 MPa)
and a temperature of 100°C, its thermodynamic properties are obtained using:

i) Superheated vapor table considering the same temperature
i) Saturated liquid-vapor tables considering the same pressure
iii) Saturated liquid-vapor tables considering the same temperature

- Is it possible to have water vapor at 20°C?

- A renowned chef participates a cooking contest where he needs to cook ratatouille in
15 minutes. Should he use a pan that is a) uncovered, b) covered with a light lid or c)
covered with a heavy lid to make sure he can finish his desk within this short period?
Why?

-Does the amount of heat absorbed as 2 kg of saturated liquid water boils at 100°C and
normal pressure have to be equal to the amount of heat released as 2 kg of saturated
vapor condenses at 100°C and normal pressure?

- Does the latent heat of vaporization changes with pressure? Does it take more energy
to vaporize 1 kg of saturated liquid water at 100°C than it needs at 150°C?

- What is vapor quality?

- The is a point in p-v-T space where solid, liquid and gas phases can
coexist.

- Given two data point (x1, y1) and (x2, y2), write down the equation of line y = f(x). Using
this equation, perform a linear interpolation to determine u [kJ/kg] at x = 270 K if the two
points are given as (250, 2723.5) and (300, 2802.9).
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1.1. (Tutorial) Compute the following properties table for: Note: cells in gray will be used
for self-evaluation

Water
T[°C] P [kPa] x u [kJ/kg] Phase type
300 1332.0
150 1595.63
250 0.6
600 3477.0
60 200 --
370 1200 -
Refrigerant-134a
T[°C] P [MPa] v [m’/kg] h [kJ/kg] Phase type
-20 0.30
40 147.0
90 0.0046
30 0.24
0.80 292.0

1.2. A piston-cylinder device initially contains 0.30 kg of Nitrogen at 130 kPa and 190°C,
which is now allowed to expand isothermally to a final pressure of 75 kPa. Compute the
boundary work, in kJ.

I.3. A piston-cylinder device initially contains 0.20 kg of Air at 2.5 MPa and 350°C. The
gas first expanded isothermally to a pressure of 600 kPa, and then compressed
polytropically with n = 1.2 back to the initial pressure, and finally compressed at
constant pressure to the initial state. Calculate the boundary work, in kJ, for each
thermodynamic process and find the net work for the cycle.

1.4. i. A single cylinder in a car engine has a maximum volume of 5x104 m3 (before the
compression stroke). After the compression process, the gas has been compressed to
one-tenth of its initial volume where the temperature is 1500°C and the pressure is 60
atm. What is the mass of gas (approximate as pure air and ideal gas) inside the
cylinder? (Note: 1 atm = 101 kPa and specific gas constant for air Rs is 0.287 kJ/kg-K)

ii. This hot, compressed gas then expands and does work on the piston until the volume
is brought back to its initial value of 5x10* m3. The boundary work produced by this
expansion is transmitted by the connecting rod from the piston to the crankshalf which
converts the up and down motion of the piston into the rotary motion of the crankshalf
that eventually turns the wheels of your car.

It is know that the pressure and the volume follow the polytropic relation throughout the
expansion process:

PV" = constant
where n is the polytropic coefficient. If n = 1.4, find the pressure after expansion and the
total amount of boundary work produced during this expansion process.
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flii. What is the final temperature in the cylinder and by how much did the internal energy
decrease? Was any heat lost by the hot gases in the cylinder during the expansion?
(assume constant specific heat cv = 0.7175 kJ/ kg-K)

1.5. A cylinder device fitted with a piston contains initially argon gas at 100kPa and 27°C
occupying a volume of 0.4 m3. The argon gas is first compressed while the temperature
is held constant until the volume reaches 0.2 m3. Then the argon is allowed to expand
while the pressure is held constant until the volume becomes 0.6 m3. Determine the
total amount of net heat transferred to the argon in kJ.

1.6. Steam is flowing steadily into an adiabatic turbine. The inlet conditions of the steam
are 6 MPa, 400 °C and 90 m/s, and the exit conditions are 40 kPa, 90% quality and 55
m/s. The mass flow rate of the steam is 18 kg/s. Determine the change in kinetic
energy, the power output and the turbine inlet area.

1.7. Steam flows steadily into a turbine at 10 MPa and 500 °C and leaves at 10 kPa with
a quality of 88%. The turbine is assumed to be an adiabatic turbine without losses.
Neglecting the changes in kinetic and potential energies, determine the mass flow rate
required for a power output of 5.8 MW.

1.8. An adiabatic compressor is used to compress 8 L/s of air at 120kPa and 22 °C to
1000 kPa and 300 °C. Determine the work required by the compressor, in kJ/kg, and
the power required to run this air compressor, in kW.

1.9. Argon gas flows steadily with a velocity of 50 m/s into an adiabatic turbine at 1500
kPa and 450°C. The gas leaves the turbine at 140 kPa with a velocity of 140 m/s. The
inlet area of the turbine is 55 cm?2. The power output of the turbine is measured to be
180 kW. Determine the exit temperature of the argon.

1.10. A compressor is used to compress Helium gas from 120 kPa and 300K to 750 kPa
and 450 K. A heat loss of 18kJ/kg is found during the compression process. Neglecting
kinetic energy changes, compute the power input required to maintain a mass flow rate
of 88 kg/min.

1.11. Air initially at 1400 kPa and 500°C is expanded.through an adiabatic gas turbine to
100 kPa and 127°C. Air enters the turbine at an average velocity of 45 m/s through the
0.18 m? opening, and leaves through a 1-m? opening. Determine the mass flow rate of
air through the turbine and the power produced by the turbine.

1.12. Steam enters a two-stage steady-flow turbine with a mass flow rate of 22 kg/s at
600 °C, 5 MPa. The steam expands in the turbine to a saturated vapor at 500 kPa
where 8% of the steam is removed for some other use. The remainder of the steam
continues to expand all the way to the turbine exit where the pressure is now 10kPa and
quality is 88%. The turbine is assumed to be adiabatic. Compute the rate of work done
by the steam during the process. Neglect the change in kinetic energy.
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1.13. (Tutorial) Steam expands through a turbine with a mass flow rate of 25 kg/s and a
negligible velocity at 6 MPa and 600 °C. The steam leaves the turbine with a velocity of
175 m/s at 0.5 MPa and 200 °C. The rate of work done by the steam in the turbine is
measured to be 19 MW. Determine the rate of heat transfer associated with this
process.

1.14. Consider the throttling valve shown on Fig. 5.20. The valve is crossed by a gas
with an inlet pressure of 1.2 MPa and inlet temperature of 20°C. Assuming that the
outlet pressure is 100 kPa and the velocity at the inlet and at the outlet remain the
same, determine the exit temperature and the ratio between the inlet and exit areas.

Fig.5.20

1.15. Consider an adiabatic throttling valve with water entering at pressure of 1.6 MPa, a
temperature of 250°C and a velocity of 4.5 m/s. If the exit pressure is 300 kPa,
determine the velocity at the exit.

1.16. Two kg/s of water are condensed from 50 kPa and 300°C to saturated liquid. For
this purpose, cooling water enters the condenser at 20°C and leaves at 35°C.
Determine the required mass flow rate of the cooling water.

1.17. (Tutorial) The exhaust gases of a car are to be used to heat up water. 0.5 kg/s of
hot gases enter the heat exchanger at a temperature of 250°C and leave at a 150°C. If
0.5 kg/s of water enter the heat exchanger with an inlet temperature of 20°C, determine
the temperature of the water at the exit.

Assume Cp for the hot gases and for the water to be 1.08 and 4.186 kJ/kg K,
respectively.

1.18. A car engine produces 30 hp while rejecting 35 kW to the atmosphere. Determine
its thermal efficiency.

.19. The average winter low temperature in winter in Montreal is around -13°C.
However, far enough below the ground, the temperature can remain above zero and
reaches around 10°C. If you want to design a heat engine using this difference in
temperature, what will be its maximal efficiency?

1.20. (Tutorial) An inventor was invited to the show ‘Dragon’s Den’ on CBC and claims
that she/he developed an innovative design for a heat engine capable of receiving 300
KW of heat from a reservoir of 1000 K and rejecting 100 KW to a reservoir of 400 K.
The inventor asks for a million dollars investment for 20% of his company. As an
engineer you are asked to give your opinion on the invention to one of the Dragons,
what will be your advice and why?
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This is a steady-flow process. Potential energy changes are negligible. The device is
adiabatic and thus heat transfer is negligible.

From the steam tables

Py =6 MPa
P, =6 MPa ) v, =0.047420 m*/kg T =400°C
T, =400°C | h =3178.3kJ/kg V1=90 m/s
and l
P, =40kPa

hy =h, +x,h, =317.62+0.90x 2392.1 = 2470.5 kl/kg
x, = 0.90

(a) The change in kinetic energy is determined from
2 _12 2 2
npe 2TV (55 m/s )’ — (90 mJs) lkJ/kzg |- —2.54kdikg
2 2 1000 m*/s
P> =40 kPa
. . . o x2=0.90
(b) There is only one inlet and one exit, and thus 7y =, =m. V2 =55 m/s

We take the turbine as the system, which is a control volume
since mass crosses the boundary. The energy balance for this
steady-flow system can be expressed in the rate form as

é%—vfcmi(h + VA2 +,gé,-)—me(he+ V2 +g2,)=0

m, =m, =m

W, +m(h, + V212)=r(h + V;}12) (since Q=Ape= 0and adiabatic)

2 _yr2
Ws =_’h[hz—hl +V2_2V_1J

Then the power output of the turbine is determined by substitution to be
W, = —(18 kg/s )(2470.5 - 3178.3 - 2.54)kT kg = 12,786 kW =12.79 MW

(¢) The inlet area of the turbine is determined from the mass flow rate relation,

e Ly g 2T _08 kg/s)(0.047420 m

3
e) _ 0.00948 m®
v, v 90 m/s
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This is a steady-flow process. Kinetic and potential energy changes are negligible. The
device is adiabatic.

Properties From the steam tables

1
P, =10 MPa
h, =3375.1kl/kg l
T, =500°C
P,=10kP
0.8 a}hz =h, +x,h, =191.81+0.88x 2392.1 = 2296.9 kl/kg Hz0
x, =0.

There is only one inlet and one exit, and thus 7y =i, =m. We

take the turbine as the system, which is a control volume since 2

mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

'5%7éwwmm+5%27%iMﬂ4/ﬁz+eﬁo

m, =m, =m

W, +rh, = mh,  (since Ake = Ape=0)
W, =k ~hy)

Substituting, the required mass flow rate of the steam is determined to be
+ 5800 kl/s = m(3375.1-2296.9) kI/)kg—>m =5.38 kg/s

!

Positive because it is work output from the turbine.




This is a steady-flow process. Kinetic and potential energy changes are negligible. Air is
an ideal gas with constant specific heats.

The constant pressure specific heat of air is determined at the average temperature ¢, =
1.018 kJ/kg'K. The gas constant of air is R = 0.287 kPa-m’/kg-K.

There is only one inlet and one exit, and thus sy =m, =i . We take the compressor as the
system, which is a control volume since mass crosses the boundary.

The energy balance for this steady-flow system can be expressed in the rate form as

/"‘57’=Q/—W,+mi(hi vy %)—me(hn;fz/z +g7.)=0

m,=m,=m

W, +h, =mh, (since Ake = Ape = 0) ;(?(/)I‘?g
Ws = ’h(hl _hz)

I

Compressor

W, =il ~ b)) =ric, (I, = T)

Thus,
w, =c,(1; -T,)=(1.018kJ/kg - K)(295-573)K = -283.0 kJ/kg 22°C
Negative to denote dork input 8 Lis

The specific volume of air at the inlet and the mass flow rate are

__RT, (0.287kPa-m’/kg-K)(22+273K)
P, 120 kPa

y 3
= 008mE 01134 kgs
v, 0.7055m’/kg

Then the power input is determined from the energy balance equation to be
W, =nmw, =-3.21kW

1

=0.7055m’/kg



S ow

This is a steady-flow process. Potential energy changes are negligible. The device is
adiabatic. Argon is an ideal gas with constant specific heats.

The gas constant of Ar is Rs = 0.2081 kPa.m*/kg.K. The constant pressure specific heat of
Aris ¢, =0.5203 kJ/kg'K

There is only one inlet and one exit, and thus 7 =71, = m. The inlet specific volume of
argon and its mass flow rate are

_RT, _(02081kPa-m*/kg K)723K) _ 01003 m° kg 4 _ 55 o
‘ 1= cm

—

P, 1500 kPa
P1=1500 kPa
Thus, T1=450°C
=t a¥, =——L  (0.0055m? )50 mis)= 2.742kg/s V1= 50 ms
v, 0.1003 m*kg l
. L. Argon :I

We take the turbine as the system, which is a 180 kW
control volume since mass crosses the

boundary. The energy balance for this
steady-flow system can be expressed in the

rate form as
P; =140 kPa

%%-Wﬁmi(h, + V22 +g/)—me(he+ V22 +§,z{)=0 V2 =140 m/s

m;,=m,=m

il + V2 12) =W, +m(h, +V}12) (since O = Ape= 0)
2 _yr2
vf@=—m[h2—la+—V22—V‘]

Substituting,

+180 kl/s = —(2.742 kgfs)| (0.5203 kJ/kg - K)(T, — 723K) +
( g )[( g - K)(T; ) 5 1000 m2 /<2

(140 m/s)? — (50 m/s)z[ 1k)/kg H

It yields
1> = 580.4K



This is a steady-flow process. Kinetic and potential energy changes are negligible.
Helium is an ideal gas with constant specific heats.

The constant pressure specific heat of helium is given as ¢, = 5.1926 kJ/kg-K

There is only one inlet and one exit, and thus 7y =, = .

We take the compressor as the system, which is a control
volume since mass crosses the boundary. The energy
balance for this steady-flow system can be expressed in the

rate form as P, =750 kPa

ddz; =Q-W, +mm + V2% gZ )—m(h, + Wﬁo Ty =450 K

m,=m, =m

Helium | ]
W,—Q=r(h, —h,) (since Ake = Ape=0) 88 kg/min i
W}s=’h(h1_hz)+Q‘=’hcp(T] —T2)+Q T
Py=120kPa
In=300K
Thus,

W,=Q+mc,(T,-T;)
= (88/60 kg/s)(-18 kJ/kg) + (88/60 kg/s)(5.1926 kl/kg - K)(300—450)K
=-1168.8 k

Work input Heat loss



M

This is a steady-flow process. The turbine is well-insulated, and thus adiabatic. Air is an
ideal gas with constant specific heats.

The constant pressure specific heat of air at the average temperature of (500+127)/2 =
314°C = 587 K is ¢, = 1.048 kJ/kg-K. The gas constant of air is Rs = 0.287 kPa-m’/kg-K

There is only one inlet and one exit, and thus 7, =m, =m. We take the turbine as the

system, which is a control volume since mass crosses the boundary. The energy balance
for this steady-flow system can be expressed in the rate form as

d .
S=-W, +mh + V12 +g7)—n + V22 + =0
Zg P10, b, + V212 +gZ) =i+ V. 74)

m,=m, =m
. A 4 - 1.4 MPa
m(h,+7]_m(h2+—2— +W, 500°C

4
v _p? J 5 m/s

2 _p2
Wszrh(h,—-h2+ 4 2V2

]:m(cp(r, ~T,)+

The specific volume of air at the inlet and the mass flow rate are
v = RT,  (0.287kPa-m*/kg-K)(500+273K)

Turbine 1

: =0.1585m*/kg
P 1400 kPa 100 kPa
2 127°C
e AV, _(0.18m )(435m/s) _51.1kgls
v, 0.1585m/kg
Similarly at the outlet,
RT. . -m’/kg -
v, =8 _ (0.287 kPa-m”/kg -K)(127+273K) 1.148m’/kg
P, 100 kPa
> 3
v, = mv, _(51.1 kg/s)(1.1248m kg = 58.66m/s
A, Im

(b) Substituting into the energy balance equation gives

. v:-v}
Ws=m(c,,(T1—Tz)+ : 5 2]

=(51.1 kgs){(l 048 kJ/kg - K)(773 - 400)K + 22 m/s)” — (58.66 m/s)” ( 1kJ/kg )]

2 1000 m?/s?
=19,939kW



' =

This is a steady-flow process. Kinetic and

potential energy changes are negligible. The 5 MPa
turbine is adiabatic. 600°C
22 kg/s
From the steam tables l/
P, =5MPa l
e }h, = 3666.9 kl/kg — ]
= Steam
1 22 kg/s [
H=05MPal, stk
x, =1 2 = SRR I r In
P,=10kPa )k =h, +xh, l|\
x, = 0.88 =191.81 +(0.88)(2392.1) = 2296.9kJ/kg " v Pa
l x=0.88
We take the entire turbine, including the 0.5 MPa
connection part between the two stages, as the sat. vap.

system, which is a control volume since mass
crosses the boundary. Noting that one fluid
stream enters the turbine and two fluid
streams leave, the energy balance for this
steady-flow system can be expressed in the
rate form as

/‘%J_Ws + Y i (h, +W)—Zmeme+W)=o

m, = m, + m; (conservation of mass)

by =, h, +msh, +W',s
W, = i, (h, —0.08h, — 0.92h,)
Substituting, the power output of the turbine is
W, = rin,(h, —0.08h, — 0.92h,)
= (22 kg/s)(3666.9 — 0.08 x 2748.1 — 0.92 x 2296.9) kI kg
=29,346 kKW



VD emmany

Steam expands through a turbine with a mass flow rate of 25 kg/s and a negligible
velocity at 6 MPa and 600 °C. The steam leaves the turbine with a velocity of 175 m/s at
0.5 MPa and 200 °C. The rate of work done by the steam in the turbine is measured to be
19 MW. Determine the rate of heat transfer associated with this process.

This is a steady-flow process since there is no change with time. Kinetic and potential
energy changes are negligible.

From the steam tables
P, =6 MPa
T, =600°C
P, =0.5MPa
T, =200°C

}hl =3658.8kI/kg

}hz =2855.8kl/kg

We take the turbine as the system, which is a control volume since mass crosses the
boundary. Noting that one fluid stream enters and leaves the compressor, the energy
balance for this steady-flow system can be expressed in the rate form as

T =0+ V12 g2 S+ V112 50

m =nm, =m

. VY . Vi . . i 25 kg/s
”{hl +_21._}=m[h2 +—:;—\]+Ws —Q (since Ape=0) 6 MPa
- 600°C
S . V, -
=W, +m[h2 hy + 5 J Turbine [ 1]
Substituting,
S 0.5 MPa
Q:VK+m[h2—h1+—2 . lj 200°C

(175-0m/s)? ( 1kJ/kg )
2 1000 m?*/s®

= (+19,000 kW) + (25 kg/s)[(zsss.s —3658.8)kJ/kg +

=-692.2 kW

T

Negative for heat loss.
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STEAM POWER CYCLES: SIMPLE RANKINE CYCLE

[I.1. (Tutorial) Determine the thermal efficiency of a simple Rankine cycle operating
under the following conditions:

- Condenser exit temperature: 45°C

- Boiler exit pressure: 4 MPa

- Maximal temperature: 500°C

[I.2. (Tutorial) Determine the thermal efficiency of the simple Rankine cycle in problem
I1.1 knowing that the isentropic efficiencies of the pump and the turbine are 85% and
90%, respectively.

[1.3. (Tutorial) Consider a simple Rankine cycle with the following operating conditions:
- Condenser exit temperature: 45°C

- Boiler exit pressure: 3 MPa

- Maximal temperature: 600°C

- Mass flow rate: 40 kg/s

a) Determine the power output produced by this cycle.

b) Assuming a cooling water, entering at a temperature of 10°C and leaving at 17°C, is
used to condensate the steam in the condenser, determine the required mass flow rate
for this cooling water. Cp (cooling water) = 4.18 kJ/kg K.

Page 1 of 1
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STEAM P WER CYCLES: SIMPLE RANKINE REHEAT CYCLE

AR BRIy e — S el i —— - —== - P T —

lll.1. Consider a simple Rankine cycle with a reheat process. Steam enters the turbine
at a temperature of 600°C and a pressure of 3 MPa and leaves at temperature of 45°C.
The reheat process is perform at 500 kPa and brings the steam to a temperature of
400°C.

- Sketch the T-s diagram for this cycle.
- Determine the thermal efficiency of this cycle.

lll.2. Consider a simple Rankine cycle with a reheat process. Steam enters the turbine
at a temperature of 400°C and a pressure of 3 MPa and leaves at a pressure of 10 kPa.
The reheat process is perform at 800 kPa and brings the steam to a temperature of
400°C.

- Sketch the T-s diagram for this cycle.
- Determine the thermal efficiency of this cycle.

ll.3. (Tutorial) Consider a simple Rankine cycle with a two reheat processes. Steam
enters the turbine at a temperature of 400°C and a pressure of 3 MPa and leaves at a
pressure of 10 kPa. A first reheat process is perform at 1200 kPa and brings the steam
to a temperature of 400°C. Then a second reheat process is perform at 800 kPa and
brings the steam also to a temperature of 400°C

- Sketch the T-s diagram for this cycle.
- Determine the thermal efficiency of this cycle.

Page 1 of 1
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STEAM POWER CYCLES: REGENRATIVE RANKINE CYCLE

IV.1. (Tutorial) In an ideal regenerative Rankine cycle, the maximal pressure and the
maximal temperature reach 10 MPa and 550°C, respectively. Steam is extracted from
the turbine at 1 MPa and the condenser operates at a pressure of 10 kPa.

- Determine the cycle efficiency assuming the cycle uses a closed FWH (Fig 1V.1).

- Determine the cycle efficiency assuming the cycle uses now an open FWH.

| Steam
I |generator
1
|

Tin ||

Figure IV.1
hi | closedFWH: 762.6 kJ/kg h2 | 3501.9 kJ/kg
openFWH: 772.6 kJ/kg
hs | 2856.9 kJ/kg ha | 2139.3 kJ/kg
hs | 191.8 kJ/kg he | closedFWH: 201.9 kJ/kg
openFWH: 192.8 kJ/kg
hz | 762.5 kJ/kg

IV.2. Consider the ideal reheat-regenerative Rankine cycle sketched in Figure (IV.2).

- Write the expression of the work the turbine.

- Use the 15t law of thermodynamics to derive the expression for y1 and y2 as a function
of enthalpies.




[

1} Steam
1} generator
|

1

——

b o e o o e o e J
Boundary J

Figure IV.2
IV.3. (Tutorial) Consider the ideal regenerative Rankine cycle sketched in Figure (1V.3).
- Write the expression of the work of the turbine.

- Use the 1%t law of thermodynamics to derive the expression for y1, y2 and yz as a
function of enthalpies.

r ml
| Steam Turbine i
I | generator 1
. |
Ut L |
/r .u: |
l .
: % Wnel
1
I 1 .
! b
I t—— | .
: Condenser _'*" Qo
-
: 1 Condensate :
! 7 1
: Closed !
| heater :
! |
. X D |
[ Trap Trap 1
1 '
Lo e o m o e e a
Boundary T

Figure IV.3
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STEAM POWER CYCLES: COGENERATION CYCLE

e

e e S S e S 05 =i e
ot e E = =

V. A client of your engineering consulting company plans to build a cogeneration power plant
running under the following conditions:

- Total mass flow rate of 30 kg/s
- Maximal pressure of 7 MPa and a maximal temperature of 500°C.
- Condenser pressure of 7.5 kPa

- 10 kg/s steam extracted from the turbine to the process heat at a pressure 500 kPa. The exit of
the process heat is a saturated liquid at a pressure of 100 kPa.

- Determine the power output for the turbine and the process heat transfer.
hi= 168.79 ki/kg

h,= 168.88 kl/kg

hs= 3410.3 kl/kg

he= 2738.6 ki/kg

hy= 2119 ki/kg

hs= 417.6 ki/kg

GAS POWER CYCLES: OTTO CYCLE

VI.1. In an ideal gasoline engine, the inlet air pressure and temperature are 95 kPa and 300 K.
The engine has a compression ratio of 8 and requires 1500 kJ/kg of heat per cycle.

- Determine the maximal temperature for this cycle.
- Determine its thermal efficiency and the corresponding Carnot efficiency.

VI.2. A four stroke, four cylinders gasoline engine running at 2000 rpm has a compression ratio
of 10. The total displacement volume is 2.5 L. Air enters the engine at a pressure of 70 kPa and a
temperature of 280 K. 1800 kJ/kg of heat is added per cycle, through a combustion process.

- Determine the power produced by the engine.

k=1.4; C,=0.717 kJ/kg K; R= 0.287 kl/kg K
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GAS POWER CYCLES: BRAYTON CYCLE

I. (Tutorial) 15 kg/s of air enters an air-standard Brayton cycle at 100 kPa, 20°C. The pressure
ratio is 12 and the maximal temperature in the cycle is 1100°C. , and the pressure ratio across the
compressor is 12:1. The maximum temperature in the cycle is 1100°C. Determine the
compressor power, the turbine power, and the thermal efficiency of the cycle.

Cp=1.004 kJ/kg K

ILa. Air enters the compressor of a gas turbine at 27°C and 100 kPa. The pressure ratio is 10,
and the maximum temperature at the exit of the combustion chamber is 1350 K.

- Determine the pressure and temperature at each state in the cycle

- Determine the work of the compressor and the work of the turbine.

- Determine the thermal cycle efficiency per kilogram of air.

ILb. Consider the isentropic efficiencies of the compressor and the turbine are 85%.

Determine the new thermal efficiency.

Cp=1.0047 ki/kg K

IIL. (Tutorial) An ideal regenerator is incorporated into the ideal air-standard Brayton cycle of
Problem I. determine the new thermal efficiency for the cycle.

Assume now a regenerator with an efficiency of 75%. Determine the new thermal efficiency for
the cycle.
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GAS POWER CYCLES: JET ENGINES

I. (Tutorial) A jet aircraft is flying at a speed of 280 m/s at an altitude where the atmospheric
pressure is 55 kPa and the temperature is -18°C. The compressor pressure ratio is 14 and the
maximal temperature at the inlet of the turbine is 1450 K. At the inlet of the jet engine, a diffuser
increases the pressure and brings the relative air velocity, relative to the aircraft, to zero.

Determine:
- The temperature and pressure at the inlet of the compressor
- The exit velocity.

I1. An afterburner is used to increase the temperature and pressure after the turbine exit. Assume
the pressure and temperature at the exit of the turbine to 250 kPa and 800 K. Assume also that
the afterburner increases the pressure while keeping the specific volume constant. Assume the
additional combustion resulting from the afterburner adds 450 kJ/kg of energy.

Determine:

- The relative increase in exit velocity due to the afterburner
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GAS POWER CYCLES: BRAYTON CYCLE WITH INTERCOOLING AND REHEAT

I. (Tutorial) An ideal gas-turbine has two stages of compression and two stages of expansion.
The pressure ratio across each stage, for both the compressor and the turbine is 8. The inlet
conditions for first compressor are 20°C and 100 kPa. The temperature at the entrance of the
second compressor is also 20°C. The temperature entering each turbine is 1100°C. In order to
optimize the thermal efficiency of the cycle, an ideal regenerator is installed at the exit of the
second turbine.

Determine:
- The compressor work.
- The turbine work.

- The thermal efficiency of the cycle.

Cp= 1.004 ki/kg K
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REFRIGERATION CYCLES
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l. An ideal refrigerator uses R-12 as the working fluid. It is designed to operate between
a minimum temperature of —10°C and a highest pressure of 1 MPa. Determine, heat
extracted from the cold space; the heat rejected to the surroundings and its coefficient of
performance.

ll. A commercial refrigerator is designed to keep the temperature as low as -15°C while
the outside temperature is on average 20°C. For this purpose it extracts 5 kW from the
cold space. Determine the mass flow rate of R-12 refrigerant required.

lll. A refrigerator using R-12 as the working fluid is designed to operate between a
minimum temperature of -10°C and a maximum pressure of 1 MPa. The actual
temperature measured at the exit of the compressor is 60°C. Determine the heat
extracted from the cold space, the coefficient of performance and the isentropic efficiency
of the compressor.

IV. Consider an air conditioner unit in a car. The compressor power input is 1.5 kW
bringing the R-134a from 201.7 kPa to 1200 kPa by compression. The cold space is a
heat exchanger that cools atmospheric air from the outside 30°C down to 10°C and blows
it into the car. What is the mass flow rate of the R-134a and what is the low temperature
heat transfer rate.

V. A small ammonia absorption refrigeration cycle is powered by solar energy. Saturated
vapor ammonia leaves the generator at 50°C, and saturated vapor leaves the evaporator
at 10°C. Assuming 7000 kJ/kg of heat is required in the generator (solar collector,
determine the overall performance of this system.

V1. An ideal regenerator (heat exchanger) is added into an ideal air-standard refrigeration
cycle. The working conditions are so that:

At the inlet of the compressor: T1 =15°C; P1 =100 kPa

At the exit of the compressor: P2 = 1.4 MPa
At the inlet of the turbine: Ts = -50°C

Determine the coefficient of performance for the cycle.
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GAS MIXTURES AND AIR-VAPOR MIXTURES

GAS-MIXTURES

I. An analysis of the exhaust gases of you engine give the following molar composition:
CO2 =10.2%, CO =0.4%, H20 = 14.3%, O2 = 1.9%, and N2 = 73.2%.
Determine the molecular weight of the products and the mass fraction of each component.

Il. (Tutorial) A storage tank at 180 K and 2 MPa includes two kilograms of a mixture of 50%
argon and 50% nitrogen by mole. Determine the volume of the storage tank using (a) ideal gas and
(b) Kays rule.

AIR-VAPOR MIXTURE

I11. An air-vapor mixture at a temperature 38°C is stored in a tank with a volume of 96 m3. The
pressure in the tank is 101 kPa and the relative humidity is 70%. Now, the temperature in the tank
is reduced to 10°C at a constant volume.

Determine for both the initial and final states: 1) the humidity ratio; 2) the dew point temperature;
3) the mass of the air and the mass of the vapor. Determine also the heat extracted from the tank.

IV. (Tutorial) Determine the exit temperature, the exit relative humidity and the exit velocity of
the cooling section sketched below

* _120()‘ kJ/minT

D=0.4 m"2
32°C

D 30% — — (2
18 m/s 1 atm AIR

V. (Tutorial) Determine the rate of heat transfer and the mass flow rate of condensate water in the
air conditioner unit sketched below.

Volumetric flow rate: 1000 m~3/min J

Cooling coils

3 Ty =30°C
Ty =25°C MQQQMMMQQQ o

b - Ty, =25°C
Td 2 = 6.5°C b 4 » wbl
’ b0 i b *—Condensate P=98 kPa

Condensate

25°C ) )
removal


kadem
Typewritten Text
D=0.4 m^2

kadem
Typewritten Text
Volumetric flow rate: 1000 m^3/min 
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14-69 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The
exit temperature, the exit relative humidity of the air, and the exit velocity are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during
the entire process (m,, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential

energy changes are negligible.

Analysis (a) The amount of moisture in the air remains constant (@1 = w») as it flows through the cooling
section since the process involves no humidification or dehumidification. The inlet state of the air is
completely specified, and the total pressure is 1 atm. The properties of the air at the inlet state are
determined from the psychrometric chart (Figure A-31) to be

h, =55.0 kJ/kg dry air

o, =0.0089 kg H,0O/kg dry air (= »,) 1200

v, = 0.877 m*/ kg dry air T o T
The mass flow rate of dry air through the

cooling section is 32°C
L @ 3% — — @
m, =—V; A 18 m/s 1 atm AIR
Vi
=+(18 m/s)(z x0.4%/4m?)
(0.877m® / kg)
=2.58kg/s

From the energy balance on air in the cooling section,
_Qout =y (hy —hy)
—1200/60 kJ /s =(2.58 kg /s)(h, —55.0) kJ / kg
h, =472 kJ/ kg dry air

The exit state of the air is fixed now since we know both h, and @,. From the psychrometric chart at this
state we read

T, =24.4°C
(b) @, = 46.6%

v, = 0.856 m* / kg dry air
(c) The exit velocity is determined from the conservation of mass of dry air,


kadem
Highlight

kadem
Highlight


S vV, V, V,A  V,A
Mg =Myy —> —=——"">——=——

Vi Yy ViV
\ .
V, =—2V, = 0.85% (18 m/s) =17.6 m/s
v, 0.877

14-91 Air flows through an air conditioner unit. The inlet and exit states are specified. The rate of heat
transfer and the mass flow rate of condensate water are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during
the entire process (m,, = m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential

energy changes are negligible.

Analysis The inlet state of the air is
completely specified, and the total

pressure is 98 kPa. The properties Y Ju
of the air at the inlet state may be Cooling coils
determined from (Fig. A-31) or

using EES psychrometric functions Too = 250C WMM Tap1 =30°C
to be (we used EES) dbz ~ -— <—— Tp1 =25°C

Tap2 = 6.5°C LRI
h, = 77.88 ki/kg dry air 2 08y =—Condensate. P =98 kPa
o, =0.01866 kg H,0/kg dry air @ g @
¢ =0.6721 l
: : . Condensate
The partial f wat t the exit stat 0
€ partial pressure or water vapor at the exit state IS 25°C removal

Py» = Pagesc =0.9682kPa  (TableA-4)

The saturation pressure at the exit state is

Py2 = Pagasc =3-17kPa  (TableA-4)

Then, the relative humidity at the exit state becomes
P, 0.9682

=2 =0.3054
72 P, 317

Now, the exit state is also fixed. The properties are obtained from EES to be
h, =40.97 ki/kg dry air
@, =0.006206 kg H,O/kg dry air
v, =0.8820m3/kg
The mass flow rate of dry air is
m, = Va _ M =1133.8 kg/min
vV, 0.8820m°/kg
The mass flow rate of condensate water is
M, =M, (@, — @,) = (1133.8 kg/min)(0.01866 - 0.006206) =14.12 kg/min = 847.2 kg/h
The enthalpy of condensate water is
hyo =Ni@osc =104.83kJ/kg  (Table A-4)
An energy balance on the control volume gives
myhy = Quu +Myh, +my by,
(1133.8 kg/min)(77.88 ki/kg) = Q. + (1133.8 kg/min)(40.97 kJ/kg) + (14.12 kg/min)(104.83 ki/kg)
Qout = 40,377 ki/min = 672.9 kW



CHEMICAL REACTIONS AND COMBUSTION

I. (Tutorial) A fuel oil is burned with 50% excess air, and the combustion characteristics of
the fuel are similar to C12Hos.

Determine the air/fuel ratio, the molar analysis of the products of combustion and the dew
point temperature of the products.

I1. An unknown hydrocarbon fuel, burned in air, has the following molar analysis: 12.5% CO.,
0.3% CO, 3.1 O, and 84.1% No.
Determine the mass air/fuel ratio and the percentage of theoretical air.

I1l. Propane, C3Hs, undergoes a steady-state, steady-flow reaction with atmospheric air.
Determine the heat transfer per mole of fuel entering the combustion chamber. The reactants and
products are at 25°C and 1 atm pressure and the water in the products is in a liquid phase.

IV. (Tutorial) A diesel engine uses dodecane, C..H, «), for fuel. The fuel and air enter the
engine at 25°C. The products of combustion leave at 600°K, and 200% theoretical air is used.
The heat loss from the engine is measured at 232 000 kJ /kgmol fuel.

Determine the work for a fuel flow rate per kmol/h.

V. (Tutorial) Propane at 25°C and 1 atm is burned with 400% theoretical air at 25°C and 1
atm. The reaction takes place adiabatically, and all the products leave at 1 atm and 942 K. The
temperature of the surroundings is 25°C.

Compute the entropy change and the irreversibility.
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