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ME 221 - Applied Thermodynamics
Course Structure - Fall 2010

Instructor: Professor Jim Drallmeier owcswt use blavkhoacd
127 Toomey Hall
341-4710; drallmei@mst.edu
Office Hours: Atany time by appointment (i.e. to ensure I am there)

Schedule: Lecture: 1:00 - 1:50 MWE
Prerequisite: ~ Thermodynamics (ME 219, Grade of “C” or better)

Grading: 4 exams 20% each, 80% total
Approximate timing:
e Exam 1- week of 9/20
o Exam 2 - week of 10/18
o Exam 3 -week of 11/15
o Exam 4 - week of 12/13 (final exam week)

Homework 20% total

Final grades are curved. Approximate breakdown:
B-C cutoff at class mean score.
A: above 1 standard deviation from mean
D: below 1 standard deviation from mean
F: below 2 standard deviations from mean

I will provide you with your standing and current class statistics at any time in the semester upon
request.

Exam dates are chosen by the class. Makeup exams will rarely be given. Vacations or lack of
preparation are not valid reasons. If you are very ill, contact me before the exam so we can discuss
options. Ifyou contact me after the exam, you will receive a zero for that exam. If you require extra
accommodations for exams, the exam must still be taken on the same day beginning at the scheduled .
class time. If you feel you have a justifiable conflict with the exam date chosen by the class (e.g.
interview trip for a co-op), visit with me at least one week in advance to discuss options. No extra
credit is available.
Homework:
Homework will be assigned each class (typically 2 problems), due at the beginning of the next class.
Typically, only one of the assigned problems will be collected.
No late homework is accepted. However, the two lowest homework scores are dropped.
Solutions to all problems will be posted, after homework is collected, outside of room ME 170.
Solutions to my problems will be put on electronic reserve before exams (http://web.mst.edu/~lib-
circ/ ). My solutions to book problems can only be posted in paper form.
A problem session will be scheduled. Attendance is voluntary.
Strategy for success: Review your solution with the posted solution immediately...not just before

exam.

Class Notes:
Given in class is an outline format.

Essential to success on exams.
Strategy for success: Review the problem examples provided in class before doing HW.

Thermodynamics — Cengel and Boles, Sixth Edition
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Test Notes -- Hour Exam II

Ideal Gas Relations:

Pv=RT,R=R /MW (R=8314 kJ/kmol - K, MW=molecular weight)
kJ

kJ
=1.0035——— : =0.287
Cp. AR ke K R AR ke K
kJ
=0.7165
Cv.ar kg K

h,u,¢,, c,=functions of temperature only

du(T)=¢,(T)dT, dh(T)=¢,(T)dT (any process)

$2-S1=5T2 - S%‘I'Rln(&J
P

s2-s1=c,In (%}Rln (%) (constant specific heats)
1

1

=cvln(&j+Rln [&J (constant specific heats)
T Vi

Isentropic Processes (constant specific heats):

Pv* = Constan t
K k. k-1 k-1 1 1
P> Vi T» ’ T» Vi P, V) Ti P,

Polytropic Processes:

Pv" = constant { Wy = (%j(n T )
[ !
N A I |
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)\\.jiv,‘\\x (o o | )
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Fixed Mass Systems:

0Q-0W=dE 1Q,- 1W2=E,-E,
E=1/2my*+mgz+U W=[PdV

o
S2 - S lzTQ"'"SGEN

x=@u-u,)+P (v-v,)-T (s-s,)
Weey =m(X, —X,)

Open Systems:

B _ 2 v? v?

—==Q.. -We, tihi| h+t—+272 | -meu| h+t—+gz
dt ch WeeTm ( 2 . ]in . t( 2 ‘ joul
if isentropic: W=[vdP
CiTS:_v: Z Ihin Sin~ Z moul Sout + Z%+ SGEN
in out i

y=(h-h,)-T,(s=s,)+1/2V?

WREV = ZmiWi - Zme\"e

Brayton Cycle:

k-1)/k

1 ; : . . .

n,=1- (w/o regeneration, constant specific heats, isentropic devices)

th P / P
2 1

Efficiencies:
_ W
Mo = —Q:ET
_ Wacr _ (hi-ha)acr no=n.= Ws _ (hi - h2)s
! WS (hl -h2 )S b ¢ WACT (h] —hZ)ACT
cop, =L , cop,=3u : I ton =3.52 kW

w W



w=(h-h,)-T,(s-s,)+1/2V?

WREV = ZmiWi -2 my,

Id el Gas Mixtures:

0= Zciui ; h =Zci h,

6v = Zyl év,i > Cp :‘ Zyl 6p,i

8 = Zyi s; where s; =s(T, P)

AT =3 [y, T(T) -y, T(T)] ; Ab=3 [y, A(T,) -y, h(T,) ]

As = Z[y2 S(L, By) -y, 5(T;, P, ]i

Psychrometrics:

=h, +oh, (kJ /kg dry air)

Q
_Aa“ctual

B
A stoichiometric

Ist law for Open Reacting Systems (Control Volume)
Q- szni(ﬁ? + Aﬁ)i 'Zni(ﬁg + AH),‘
1st Law for Close(}; Reacting Systemz (Fixed Mass)
Q-W=>"n,(hf +Ah-RT), - > n,(hf + Ah - RT),
P R

SYST

Combustion:
S S

Heating Value
HV =- Q :Zn;(ﬁg)f 'Zni(H?)i
R P
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Test Notes -- Hour Exam IV

Ideal Gas Relations:

Py=RT,R=R / MW (R=8314 kJ/kmol - K, MW=molecular weight)

o] 0o P
S2-S1=ST2 - STI” Rln[ 2)
P,

s2-s1=cpln (%)-Rln (%J (constant specific heats)
1 1

—cvln(Tz]JrRln (1’/2] (constant specific heats)
1 1

Isentropic Processes (constant specific heats):

Pv* = Constant
k k-1 e 1

K X k-1 k-1 1
T )
P2 Vi T» , T Vi P> ’ V2 Ty Py

Fixed Mass Systems:

0Q-6W=dE 1Q,- 1W2=E2-E;
E=1/2mvy*+mgz+U wW=[PdV
2
.[2 Q+SGEN

x=@u-u)+P (v-v,)-T,(s—s,)

Wiey =m(X; —X,)

Open Systems:

dEw _ » v? v?
i = + thin h+—+gz - Mou h+ +
dt ch ch m ( 2 g Jin - t( 2 gZ ]out

if isentropic: W=[vdP

ds Q.
d :v Z ml n Sin "~ Z moul Sout + Z + SGEN
in out
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NAME: __ Dogrd Malawse, \C\ o, ME221
/ / " Exam III
" Fall 2010

o Drallmeier

(20 pts) 1. A Smx 5m x 3m room contains air at 20°C and 100 kPa. The relative humidity is 75%. Find:

(5 pts) a) The partial pressure of dry air (kPa)

s Py 2
= 5w b oA = B g e
“
(5 pts) b) The specific humidity 1,159
Py B 61 \OOA]"QQH

w= 617 ( (:g,u

= pts) ¢) The masses @and @E{_\fi@r)in the room (kg)

PR A LD SR ety
T (ame)(zay b

lza\

kY N

AT ) T 2
— . >
n, T (Hers X2
(5 pts) d) The window@t which moisture in the air will start to condense on the inner window surface.
‘[/0\‘).‘ 9\/: QS@ 'l/\)r(/rpc\ﬂ\*«; /(1%"1 —'706\5> &+ = li)ffa(‘ L
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30 pts) 2. Two insulated (adiabatic) tanks, A and B, are connected by a valve. Tank A has a volume of 1 m® and
p LS, A die D 5 _
__initially contains O, at 300 kPa and 20°C. \Tank B has a volume o& 2m énd initially contains CO, at 250
¢_kPaand 50°C.)The valve is opened andremains open until the resu ting gas mixture comes to a uniformly

mixed state.

For this problem assume constant specific heats. Y, 200 (1)

™ = it -
5 pts a) Find the number of kmoles of O, and the number of kmoles of CO,. Or RT ¢ M‘\j 1‘1 >
p - ;
n=\2 D) 30 Kjpvd L~ ¢
o, W7 mo ]
7 2 I_}L‘ -

92500 2) [2
1889 (323) r“m‘l

<0, ,
(5 pts) b) Find the average molecular weight of the final mixture. = H.097

, | 4301 () _ e

- CmWy L SCi¢(3Y) + 4% =(37.16 kg
MW= <y = | L/“”’\

~I'L'SZ . 5—-65‘6 ‘ /

1o, = (1231 ' O\ g/

B .o‘(?‘ B ,‘43 04 / o

Y ¢o. = Yy =

(
(5 pts) c¢) Find the mass fractions of O, and CO, in the final mixture.

3 44\

= N ,/
M(m T (3444 vtT) Mg—i}’ L=, /
M B a0 = ‘;‘0‘177 /
{:CQL - \/ ‘

(10 pts) d)  Find the final mixture temperature.

AE =0

M u + W - L) = W\O‘l U\oL/.L a

™A Colu Q21
/
0, ~ O 01 ey
7 /

P

=

¢ L - 243 L{_o‘ﬂ(,@%’ﬁx T, - 3Z3> - —
394 2 (,65' )(‘r 493) + [iy

— AL “
S 7,2 3983 '56.30:«_& (O/

(5 pts) e)  Find the final pressure (kPa).

sauy( 298 ) —+ Hoa1( sy ) 3043

ATy I e (e

L <M>+<V/ h N 3w
A 0

L
[ g ’///,
/ ‘//
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(50 pts) 3. The figure below shows a compressor followed by an aftercooler. Atmospheric air at 100 kPa, 30°C and a

relative humidity of 75% enters the compressor with a volumetric flow rate 01{0 0472 m%/s of dry duJ The
moist air exiting the compressor at 680 kPa, 200°C flows through the aftercooler, where it is cooled at

constant pressure, exiting at 40°C. Condensate also exits the aftercooler at 40 °C. Consider the compressor to
be adiabatic.

Refngerant circulating
in a coaling coil

y 4

: 3
e P3=P2

rz-j Air-water vapor
mixture
Tcondensate = 400C
T, =200°C
Power in fz P2 = 680 kPa
m— & /7
- / 3085
Tl = 30°C L.) - b) = . 6 Ll <)00‘ 3\&() —
P, = 100kPa L
d)] =75%
(10 pts) a) Find the humidity ratio after the compressor, o, ) _p
SN - _ (s \ul) = 385 efe
= .c21<Pi> b= 25 reswo g By =l >
P =Py )
° V\/\ ?&; - L'C
MV‘ = —J' - ,6TL <)m- ?.)w> = 08
Mo

My = Mg ( ozoﬂl) @01076 l43/

(10 pts) b) Find the mass flow rate of dry air through the system (kg/s)

Py = 1T , \

\/ = T i 'LS_TO< '30:}) ) .(;"‘{ 31 ™ /‘Lﬂ
P~ (100kPa- 315 e ols | A
Rﬂr-ﬂ’g——‘ — ‘<7/ dl‘\ OI)“/\
NN IFEES RV '
M, = ' y =

(10 pts) ¢) Find the compressor work required (kW)

== é‘b"““ 2 ,.,\.IJ,,>.,,,,._:‘,,,, L’)_,_,)_:/\’\\ = N“ C(JO\ ( T,- f\ ) t Y"’\\/ (\/\1‘ \/\\) ‘ A

.,/"‘

WL-—Q a4l LIz \(iwne oy ST ) \y
e wo 2™ - 241¢) i

05 Tef=uR)( mo) +—0 0

Yz\\{\dz\\i\ ~ skl o
4\\‘:‘\\\‘[*0\0 6 7'( )/ﬁ)/ \.\\ .

= 0526(1 00 )( 200-30) + (Loool¢ ( 27197 - 1536)

2.
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(10 pts) d) Find the mass flow of liquid water condensate out of the aftercooler (g/s).

Py = Po (w0) = 7738%

)

M

L = W\JL- ™3

i, =y, = 01076 g/ /

My
7.2%S \ \
¥ y ¢lL = 0003sT Y
My, = 3 Mg = (,0526)'F ( (RD-1395 ) /

o - “‘f e ¢
M= o106 WIS = @.mm” €5/¢

(10 pts) e) Find the rate of heat transfer from the moist air to the refrigerant in the aftercooler kW).

&‘)ﬁ = Mg () (T3=Ta) Mv3 v, *‘M&\\Q A

/S S

. 6 214 2)
= (,_0314/)(1,ao<j(qa-zoo )7{0005«\11@711) + 1crss(,o0oM7) _(Dmml

°

[ —_— /
\ / i .
Q= MK ) ok aot ol weid Y
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Molar mass, gas constant, and critical-point properties

Critical-point properties

Gas

Molar mass, constant, Temperature, Pressure, Volume,
Substance Formula M kg/kmol R kilkg - K* K MPa m3/kmol
Air —_ 28.97 0.2870 132.5 3.77 0.0883
Ammonia NH, 17.03 0.4882 405.5 11.28 0.0724
Argon Ar 39.948 0.2081 151 4.86 0.0749
Benzene CeHe 78.115 0.1064 562 4,92 0.2603
Bromine Br, 159.808 0.0520 584 10.34 0.1355
n-Butane C4H 1o 58.124 0.1430 425.2 3.80 0.2547
Carbon dioxide Co, 44.01 0.1889 304.2 7.39 0.0943
Carbon monoxide CcO 28.011 0.2968 133 3.50 0.0930
Carbon tetrachloride CCly 153.82 0.05405 556.4 4.56 0.2759
Chlorine Cl, 70.906 0.1173 417 7.71 0.1242
Chloroform CHCI, 119.38 0.06964 536.6 5.47 0.2403
Dichlorodifluoromethane (R-12)  CCI,F, 120.91 0.06876 384.7 4.01 0.2179
Dichlorofluoromethane (R-21) CHCIF 102.92 0.08078 451.7 5.17 0.1973
Ethane C,He 30.070 0.2765 305.5 4.48 0.1480
Ethy! alcohol C,H;OH 46.07 0.1805 516 6.38 0.1673
Ethylene CoH,4 28.054 0.2964 282.4 5.12 0.1242
Helium He 4.003 2.0769 5.3 0.23 0.0578
n-Hexane CeH14 86.179 0.09647 507.9 3.03 0.3677
Hydrogen (normal) H, 2.016 4.1240 33.3 1.30 0.0649
Krypton Kr 83.80 0.09921 209.4 5.50 0.0924
Methane CH, 16.043 0.5182 191.1 4.64 0.0993
Methy! alcohol CH30H 32.042 0.2595 513.2 7.95 0.1180
Methyl chloride CH4ClI 50.488 0.1647 416.3 6.68 0.1430
Neon Ne 20.183 0.4119 44.5 2.73 0.0417
Nitrogen N, 28.013 0.2968 126.2 3.39 0.0899
Nitrous oxide N,O 44,013 0.1889 309.7 7.27 0.0961
Oxygen 0, 31.999 0.2598 154.8 5.08 0.0780
Propane Cs3Hg 44.097 0.1885 370 4,26 0.1998
Propylene C3Hg 42.081 0.1976 365 4,62 0.1810
Sulfur dioxide SO, 64.063 0.1298 430.7 7.88 0.1217
Tetrafluoroethane (R-134a) CF3CH,F 102.03 0.08149 374.2 4.059 0.1993
Trichlorofluoromethane (R-11) CCIsF 137.37 0.06052 471.2 4.38 0.2478
Water H,0 18.015 0.4615 647.1 22.06 0.0560
Xenon Xe 131.30 0.06332 289.8 5.88 0.1186

*The unit kJ/kg - K is equivalent to kPa - m3/kg - K. The gas constant is calculated from

mass.

Source: K. A. Kobe and R. E. Lynn, Jr., Chemical Review 52
Society of Heating, Refrigerating and Air-Conditioning Engine

R = R,IM, where R, = 8.31447 kJ/kmol - K and M is the molar

(1953), pp. 117-236; and ASHRAE, Handbook of Fundamentals (Atlanta, GA: American
ers, Inc., 1993), pp. 16.4 and 36.1.



'deal-gas specific heats of various common gases

.d) At 300 K

Gas constant, R Cp 6y
Gas Formula kd/kg - K kdlkg - K kl/kg - K k
Air — 0.2870 1.005 0.718 1.400
Argon Ar 0.2081 0.5203 0.3122 1.667
Butane CsHio 0.1433 1.7164 1.5734 1.091
Carbon dioxide Co, 0.1889 0.846 0.657 1.289
Carbon monoxide CO 0.2968 1.040 0.744 1.400
Ethane C,Hg 0.2765 1.7662 1.4897 1.186
Ethylene CoH, 0.2964 1.5482 ©1.2518 1.237
Helium He 2.0769 5.1926 3.1156 1.667
Hydrogen H, 4.1240 14.307 10.183 1.405
Methane CH, 0.5182 2.2537 1.7354 1.299
Neon Ne 0.4119 1.0299 0.6179 1.667
Nitrogen N, 0.2968 1.039 0.743 . 1.400
Octane CgHig 0.0729 1.7113 1.6385 1.044
Oxygen 0, 0.2598 0.918 0.658 1.395
Propane CsHg 0.1885 1.6794 1.4909 1.126
Steam H,0 0.4615 1.8723 1.4108 1.327

Note: The unit kJ/kg - K is equivalent to kJ/kg - °C.

Source: Chemical and Process Thermodynamics 3/E by Kyle, B, G., © 2000. Adapted by permission of Pearson Education, Inc., Upper Saddle River, NJ.



= 5

=7/

-
¥ Co 3 4

e # - //7{,7 i 1S
Sy ey - . g

+ U, Z y 523)

] |
|
|

(t
&N
\j\

S0

G

\‘XN\

NV



NAME: D owd Malawer, ME221
[ Exam II
Spring 2010
Drallmeier
(25 pts) 1. A steam power system operates using a Rankine cycle with reheat. The steam leaves the boiler at 4 MPa,
400 °C and expands isentropically to 0.4 MPa where it is reheated at constant pressure to 400 °C. The

steam is further expanded to 10 kPa at which point it enters the condenser. Assume a xsémepm pump and
@@nd saturated liquid entering the pump. You may also assume a constant pressure boiler and

condenser.

3

Boiler
Reheater 4 L

2y
<

5

Condenser

Pump

—

~ {Yq = q991 <«

¢
e,
ERMTAYN
ko= 1S0Y

: (R N |y
Sod Yl | e=umia | e P= M Pe
(oLPa i T-H00 ¢ h-2€86
- S 62U
. N = GS +\y (5.6
)(L[1 7 3\1 359 3 gf}"?\“\ = L7 ‘1( 1\)
o1 4 (A1) 1Y = 26386
\/\\,\ = 6 i — )
. . = 1400 = LMLt Xg (m396) = %, = (.,%663 \ (e
yG._ S5¢ = 29 o

W= 19081 + (5668) 2352 = 291

\'\2: IS
hg = 324

(5 pts) b) Find the specific pump work (kJ/kg)
_\'\L b V(P\~pl\

L,-),L = \f\|
-, o[ R~ 4IW)

[




<)

(10 pts) d)h. Find the net specific work from the system (kJ/kg)

| uJ
VJM,\-‘ Wy b Py My
5 o s oG
;/ - .
2\'\)% - L‘%”L\“f W = =103 +32198 -2686 + 3174 ’-'Lf"(
D,z -\ ' —
g A S 4 . s |
| o= 07 Tk
'l

|0



(30 pts) 2.

A power plant operates on a Rankine cycle with a boiler output of 20 kg/s of steam at 2 MPa. The

condenser operates at a temperature of 50 °C. As shown below there is onelopen feed water heater with

extraction steam from the turbine (i.e. staf§ - 6) at 600 kPa and 400 °C[" The exit of the FWH, state 3, is

3 < s,agg;"_eged.\A\ sume an adiabatic feedwater heater and the specific wo
2) is 0.595 kl/kg. Also assume a saturated liquid leaving the condenser (i.

Boiler

Feedwater
heater

@
N9

rk into pump 1 (between states 1 and

(S pts) a)

T /]

i i
; ; Pum
L Wy TP

Pump%-d
Wi

Sketch the T-S diagram, labeling the states. Points will be given based on the clarity of your sketch.

1

1:60°¢
s = 1710
W=1440

73
: : . . o . m
(15 pts) b)  Find the fraction of steam extracted for the FWH relative to the steam in the boiler (ie. =% ).
7
go
P- '2%%1\ P< (o0 Sac QAC\ P=2mpo -P-_é,oﬁk()q
T=6Go"C S=103% P= 600 a T=4200° ¢
= 1038 - - A = ~ )
i PP GSRAAIN I L i) Cho= 3270
— 104.: o
S = 77’0
2
_ anyd
L‘\L:\'\I x W *\\"
\ul - ooz (.35~ £od) = .57 ‘
¢ 9 70 .4~ 2.9
= 209.47 — = —
! 321 = 20% 9
= IISDL’ -
E




(10 pts) c¢)

-

The condenser dumps energy into ariver. Ifthe river water should not be heated more than 5 °C, how
much water should be pumped from the river to cool the condenser? (kg/s) (Note that the specific

heat of liquid water is rougfily 4.18 kJ/kgK):

— ’\‘AY - 06,3 — 144

io\/\ - 7l‘
2
s g 5 7 . ¥ Z i
= =11 [K—/\ e 1

S
Dl v >~

5°¢ 3G k) CpB= r

N ( o )
' ! =\ 2230 = LB leq )
| (j_s;\) &Z \,‘\\( 2809, ) (ﬂ/ 5%

we (L \

!
418



(15 pts) 3. Refrigerant 134a is used in a non-ideal vapor compression refrigeration cycle. The refrigerant enters
the compressor at 100 kPa, -10 °C and leaves at 1.2 MPa, and 100 °C. Note that the compressor is

@w@omplesml but can be assumed adiabatic. The refrigerant leaves the condenserat 1.19
MPa and 44 °C. The expansion valve can be assumed to be adiabatic.

>

(5 pts) a) Find the specific compressor work. (kJ/kg) / N

S = h-hy = Ay — 3321 - U521

(5pts) b) Find the specific heat into the evaporator. You may need to make an approximation with the tables
given the measured states. Clear state that approximation. (kJ/kg)

q - K - Lﬁf L\" b= e 3 >/ ot

Yo S
L. N J@"é’
W, -Wny srplsk ke @ L}/
PP i S :
“7_’1"{4’3 —
q = 1H14G —1183 o \ Z ,,,//
“a) . 4

_ = 0.3 & ‘HI\\IQ "’1\/\\)u\0‘ (Akl\’\w\)\\d\ \’)'\, \f\}/!\\ I\:_\//T:

—

(5pts) c¢) Find the coefficient of performance

qL - 398 /’//‘ . f 7"
Cov = — = : A~ 6714 ‘
. N - 6.1 i. ,



(30 pts) 4. Air enters the compressor of an ideal air-standard Brayton cycle at 100 kPa and 288 K. The compressor

pressure rati The turbine inlet temperature is 1373 K. Assume isentropic compressor and turbine,
the regenerator is ideal and thﬁiﬂ’@swme constant specific heats (i.e. C, = 0.717 kl/kgK, C, =
1.004 kJ/kgK, k =1.4). T
Yy = Ty
® -
Fegonsrtol| O I by
[T ] chamber

(5 pts) a) Find the temperat}l)'e after the compre Sor (K
7, - 2¢ r =T < Pi) s L&S/ -
| {
J J Y ’
(5pts) b) Find the specific compressor work (kJ/kg) J J -

(5pts) ¢ Find the temperature after the turbine (K) Ty = R Ty Joves J
B, = ‘J T
\'\ 1 {

T : \/ , nHon  Q Ne
Py= P J ‘3 ok Al / ( ) ) Semtl ‘),’/)\C (dahish G)
3~ ’ '

(5 pts) d) Find the net specific work from the system (kl/kg)
= w L _ — =
W vt ’{‘){1/ = C(,< T =Ty + 1q — Ty /
¢ 4 v 12~

(10 pts) e) Find the thermal efficiency of the system

J

\/\Lﬁlr et
/Y} Fa i o - - / p /
9]‘\,\ C{’ ( ] 3 «‘\’X\> .,.// //,
I 7
lrl{ 2

Y l.
~ 4

C
&
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Do & Mal ww@\(

D) e ah
: E"‘;G M, L\‘ PO T P B
g
. . , I
y\’\é L‘\‘ + (V"‘%-Y\/\é>\/\l = Mg ™3
Mé ‘f‘( * V"\y"’\t ’V;é\r\l = V\'ng\"‘z,
iy (e =hy) = g hg=va)
il ( "‘3‘L‘“LB
\ - e
“ 7 Tret)
So2 77710 = 703g b x_’ 7.327) ’:>>(7: ‘qc)\jg"
i.ﬂ . - R o
N
U 8 ] 4 |
\aaw{ Ps1.am Pu P 1TMP e P=123fe
-10°L T=1% 6 T=y4°C T- -0t
“ M7 M4 = 3317

2.5

\_”-N‘()o\
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o oy )_F + X
7. 9002 =

i = 0.6992 + xo (74996
55 ,{\/(—)z = (*-J—-l, (’Pl‘”?

\
-

°

AT g P, =i0h Pg
S LR "I oo SN e
0001010 e,

5/
7 T 1.0z /x 2
yo = rer | e ();)\} - , (‘/,7 ¥ K 7
) = + ) W = .
¢) Muer = W)ﬂ:., Lp =
) | B L
wl—fp - 3V o ("3

| l S

i

= Go4y, 66 + (0.97

d -
\ s a5 2

S22 2132, 4)
J<)j‘n—!

,L\,c./ = l«_g T Xy A.\E,; !

= 32145~ 2662 = §28.°
btp =




- . m 1«4
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NAME: WWM/%MMJ UT ME221
/ Exam 1
Fall 2010
Drallmeier

(20 ptsttl) 1. Anideal Stirling cycle uses air as the working fluid. The isothermal compression brings air from
100 kPa, 25° C to 600 kPa. The expansion takes place at 1200 K. For the calculations below

“assume constant specific heats. S
(5 pts) a) Sketch the cycle-on-a-T-S-diagram. Give the assumptions for each processes. /

([ - 1) 150 H—ﬂ{‘ ol Cj)v;w‘qlr/i e

T? . (1-3) wnst ¥ i 7
(3-+) inth. et = s

(-9 oywst \/‘10“‘ N

D ol
T= 298k
@ P= ¢kl
T= 2981

®

(12 pts) b) Find the work and the heat transfer during compression. (kJ/kg)
qQ - W = U g~ u = / /'/}"{\
| s ! z ! e “
i
e = ha-hy /= (n-1) = //'
// /\/ L4 L-’

Y - )y/ = (6)} )
v 2

- (3 pts) ¢)  When does the efficiency of an ideal Stirling cycle equal that of the Carnot cycle?

whow He ﬁzﬁwﬁor y&)ﬂ? oot

>

T



(I5pts)  2) Heated, high pressure air is the result of an industrial process. It is proposed to use this
air to drive a steady flow turbine to extract power. This air, with a mass flow rate of
2kg/s, enters the turbine at 1200 K, 3000 kPa and exits at 800 K, 100 kPa. The ambient
temperature is 298 K. What is the maximum power that could be extracted out of this

turbine? (kW). Assume ideal gas behavior but do not assume constant spec1f1c heats

(i.e. use variable specific heats). Note: Ra,r O 287 kl/kgK _—
M | kg /¢ © 200K @ . qopn amo, 196k
3000 Lo,

Sz’g,; S:’L- gar B ‘ZQ}V\( 1'
e sl
~ 2.8 - 3079 — 281

M 7): B o I

(ON] =
Max - =~ 631.¢ !(7/
S



i,

(35 pts ttl) 3.) An engine is to be modeled using a diesel cycle WI\Ih air as the working fluid. At the
beginning of compression, T = 300 K, P =200 kPal After combustion (heat addition) is
complete the temperature and pressure are detelmmed to bg T =2000 K and P = 7.
respectively. Assume ideal gas behavior and constant specific heats:———

(5 pts) a) Sketch the P-V diagram for this cycle. Give the assumptions for each pro;\_;%,,)

Pk ,:Q
ARV } /‘k G) T= 300 /
[ / L‘ >
; T ;
\ ; . /,/ ((' 23 lS&m’Vngwo Cl)W\()N;S/M\« ,%//,f
z-3 3 /
) | ¥ wéh l P / wns+ ¢ C?tv\
| w 19 f’ , b (g 1) |Se,v\&(opb w() / | /
| 1
:' - L o (Lf\_D C/)v\\\ \j CI 0\)3v /
v S
(5 pts) b) Find the compression ratio, r. .
N / ) K o, = o (T T)
re U/ N2) et 3. A a
V2
= ,087
Pz P'J
v \g( Fa 9,
v AR
Yoo 1% | :
\JL TZ F{ - - ‘287( :L_gg
, Fa = = = 032
(10 pts) g) Find the temperature after expansion. (K) Vg
k- "
T, = 7T \{} .
Y 3 "
L’ /
T N /Z/
v V'L & [
Vs = 7y e Wi T
Yy T,



(5 pts)

(10 pts)

d)

e)

Find the enérgy input into the cycle (kJ/kg)

\

-0
\

Find the thermal efficiency &
g L8
G C)(m ¥

e (;_21? W
q\‘“‘ 2 3‘-/

3T 3L
\I\S‘L\L /

4
C(:)(T?,JT‘L)



(30 pts ttl) 4.) A cycle has been suggested that would extend the expansion process with hopes of gaining more
work out. As shown in the P-V diagram below, the only difference of this proposed cycle with an
Otto cycle is the constant pressure heat rejectlon process to extend the length of the expanswn
stroke. For this problem assume(Tl 300K and P, = 100 kPa nd the working fluid is air. The
compression ratio i§ 9 (i.e. V;/V, ) and the heat addition 151\\0 kJ/kg.\ Assume a fixed mass
cycle, air with ideal gas behavior and constant specific heats.

G-
( v
(5 pts) a) Find T,. (K) - oM — ' ( B
T, =7 (!) = 3@0(%5 Toe722.6T |k )
v, S 3 '
(5 pts) b) Find Ts. (K) s
< i e — " »
qu /; - G (T3-Te) 1500 + 722.5 :ﬁ; - zsat{j \ —
118
10 pts) c) Find Ty. (K)
~ AL P RT; o
= S e 7 - 4 hace V, -V
"1 3/ P14 ) ke ’ \7; white 3 L
"
D

(10 pts) d) Find the heat rejected for the cycle (kJ/kg) (Note: if you we unable to find Ty,\use 800 K) \/
’ q
/( - W, = G (T -T) Vo= g o

,Tont = Lﬁ'. s Gy LT, ‘TH> ({/\uﬂ (v A = 920§ ‘d/l’

V e ——————————— e d’f . 1
oW = (,\) ( (|“”’\{) e n '\4 \\,\) ) w
L\Ci | Yy ) \)U‘\\ o\ ~a ) C £ \}g { \ ;
‘ ¢ - - : ~ 3302 - $21.9
T = U, - Tyt L\w) = ‘f - \'\‘ .\,\Li (
T y !
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Table 2.1 Strucrure and general properties of lighter members of hvdrocarbon series

Carbon '
.

number 1 2 3 4 5 6
Paraffins H H H )
?ﬁfﬁﬂ H—#—H H~¢—5—H C-C-C C-C-C-C C-C—C-C-C C—-C-C-C-C=C—ete,
n 3404 T4 H H I‘li « - )
methane ethane ©  propane ‘n-butane n-penmﬁe n-hexane

Saturated (single C—C bonds); hence stable in storage. High H content: henea high calorific value. Poor
spark-knock resistancs unless transformed to branched-chain isomers.

Q
3 Olefins — H P'i H I‘{ H C=C-C-C
g (alkenes) (J:: ~ CL:C—C,—H but-l-ene
C CHy, | }j{ (( | [ or — etc.
= H 5 H (ol g ol
° but-2-ene
O
& ethene propene
= ethylene)
:3 Unsaturated (C=C bonds) hence unstable (‘oil-forming’). Not naturally occurring; formed during re
<
Alkynes C=C-C-C
(acetylenes) but-1-yne
CpH,y,_> — HC=CH HC=C-CH or —- etc.
C=C=C-C
acetylene prooyne but-2-yne
(ethyne) ’
Unsaturated (triple C=C bonds) hence highly unstable, Stored in acetone solution. Hizh combusticn
temperature and flame speed.
. ) H, C_CH’I C - ,
Napnth:‘nes Eé- T L e e \C C/ \C / :
o (cycianes) VAR H, C_‘—H} \ / 1 I, S
= Cn Hln - - H, C—CHT_ C=C (’\ /'L -/
& - 4
5 lohex
~ cyclopropane cyciobutane cyclopentane cyclonexane
< 108
Saturated (hence stable), but some.ring strain in first two members.
O o=
~ Carbon 7 8
O  number 6
>-.
Q . H H;
©  Aromatics H E{B C3 I
S CiHan_s €
= e 7N H - - CH, /Ty
G HC N £ N Mot
P . | ' \_7/ \\-/ CH3
= HC H \
O N4
= C H
5 =3
S H ortho mera para
E toluene xylenes

benzene . o
N >ty ; > e icn k
i & ific va gh freezing points. Good sSpark-x:
Stable, but high C content; hence smoke and low calorific value. High freezing p

resistance.

{ i § hi T wards.
Nore: In general. carbon skeletons only shown from third member onw
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combustion
P |
| expansion
|
I
|
.'
: exhaust
! [’valve
intake 1compression open
valve/“\L exhausty ——
open : < 4—_intake
g 'Cg: - TS T valve
ecgla\l/%st J koA : closed
closed
TDC BDC
Vv
all valves exhaust

' closed valve
- ) open )

connecting
rod

(3) (4)

Figure 9.3 Four-stroke IC engine: (1) intake stroke; (2) compression
stroke; (3) power stroke; and (4) exhaust stroke. :



A Combustion
(heat in)
Ignition
NN
a, Expansion
2
b=
a
o
[a
Exhaust opens
Compression
) Exhaust stroke
Atmospheric e
ressure
press 0 S~ Intake stroke
Volume V
Clearance—
volume Displacement———
TDC BDC
TDC = Top dead—center
L—Intake valve BDC = Bottom dead—center
e ool s L7 77777777 7 77 7777777777 7777,
-
.i\\:‘\‘-‘k\ LALARRRARRRRRRRRNN ~
k | \1-/ | |
* V%\ LALALALAAANRNANNNY
\ L7 7777 777777 77 77 7 77 7 7 77 7777777
l Exhaust valve .

FIGURE 3.3 Actual P-V diagram showing the deviation from the ideal
cycle and the loss due to pumping for a four-stroke-cycle engine.
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178 Engines, Compressors, and Turbines 3.2

H

p Reéer_lerator
Ty T,
@
il
— /
=— (@
T
Ty } T,
Ty © @ =
Q, ' == )
\ Q
H L
® © o
Qr Qr \77 —_—
12 - @ EL=
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FIG. 3.27 An idealized Strirling cycle engine.



3.2 Reciprocating Compressors and Engines 179

D BDC Power piston
@ TDC Displacer piston
@ TDC Power piston
@ BDC Displacer piston

Pressure——p

Cooling

Volume ——»
Actual p-v diagram

Hot
combustion
gases

-
e

Displacer
piston

l
l
l
l
l

space

drive

Two pistons closest Two pistons farthest
together apart

FIG. 3.28 A practical Stirling cycle engine.
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FIG. 4.6 A typical p-h diagram for a refrigerant with the ideal vapor-compression cycle

shown.
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II. Exergy Analysis
D) Examples

Given:

Air in an insulated tank with a stirrer.

Tambient =21°C

0 [ YW, m,;,; = 0.91kg

T, =21°C (294 K)
P, =138 kPa T,= 54°C (327 K)

Note that this is a fixed mass system.

a)  Calculate the actual W, into the gas:

/Q - W = U2- Ul
1* Jaw: Q =0, adiabatic
-W=mC (T,-T)) (Ideal Gas)

W=mC (T,-T,)
= (0.91kg)(0.718 kJ/kgK)(294 - 327)
= —21.56 kJ
T

Yin"

ME221



b)

Calculate the “minimum” work needed into system:

The minimum work needed to move the system from state 1 to
state 2 would correspond to the change in exergy.

By definition of exergy:

W

min

=X, - X,

X = (U-U,) + P(V-V,) - T,(S-S,)

X =u-u, +Pvv, )O- T, (s-s,)

W,

min

=m(x,X,)
=mC, (T,-T,) - mT,(5,-s,)

For an ideal gas:

S,- S, =CvlnL +RInZ

Tl 1
{,

1 0, same V and m

(o~ 1 V50 This on D
) Poct 4
W =(0.91 kg)(0.718 kJ/kgK)294 K-327 K)
- (0.91 kg)(294 K)((O.718 kJ/kgK)(ln—iz—j)]

W

min

= 21.56 kJ - (-20.44 kJ) =-1.12 kJ



¢)  Find the exergy destroyed:
From earlier , X rorrovep = T, Sqen
2" Law:

20
_[ +Seen = 5,75,

y/

0, adiabatic
S,-S; =m(s,-s,)
" Xpestroyep = MT, (s,-s,) = 20.44 kJ from above calculation

Does this make sense with our exergy balance?

Recall for a fixed mass system:
2 To '
[ (1-:}36 - [W-R,(V,-V))] - TSy = X,-X,

o
T Soen =20.44 kJ

0~ GEN
X, -X,=1.12kJ

= -W=1.12kJ +20.44 kJ
W =-21.56 kJ



NOTE: If could put in 21.56 kJ into system reversibly, would require
less work-in, e.g.:

21.56 kJ

Reversible

Heat Pump Wiey, in=1.12kJ

Qin=20.44 kJ (From ambient at 21°C)



Given: An insulated steam turbine receives 30 kg of steam per second at 3 MPa,
350°C. At the point in the turbine where the pressure is 0.5 MPa, steam is bled
off for processing equipment at the rate of 5 kg/s. The temperature of this steam
is 200°C. The balance of the steam leaves the turbine at 15 kPa, 90% quality.
Determine the exergy per kilogram of the steam entering and at both points at
which steam leaves the turbine, the isentropic efficiency and the second-law

efficiency for this process.

30 kg/s
3 MPa, 350°C ® 4 Control
T ,/ surface
~ ! ]
| [Turbine Wey.
~N
N
5 kg/s g kg/S
0.5 MPa, 200°C

15 kPa, 90% quality

Solution:

The exergy at any point for the steam entering or leaving the turbine is given by:

2

x=y=(h-h)-T, (S—SO)+%+g(Z—ZO)
Neglecting changes in kinetic and potential energy
I,V:(h—ho)—To(s—so) \/ P

For the ideal isentropic turbine, 5 redetves P
\1 I “Z’

Cdidoatt, » Q=0
s, —s.=0 S, =8, =§ '\ P
e, Si T 3, — 92, =9 / 3
[ !

W, = il —hyy) = iyh, —riyhy — iy / 3% 3\

For the actual turbine,

| ,J/ Q=? €

55 s date
W = riyhy — ninhy — i hy
At the pressure and temperature of the surroundings, 0.1 Mpa, 25°C, the water is
a slightly compressed liquid, and the properties of the water are essentially equal

to those for saturated liquid at 25°C.,

hy =104.9kJ/ kg 5o =0.3674kJ/kg K



Therefore,

v, =(3115.3-104.9) - 298.15(6.7428-0.3674) =1109.6 kJ/kg
W, = (2855.4—104.9)—298.15(7.0592—0.3674) =7553 kJ/kg
78 :(2361.8—104.9)—298.15(7.2831—0.3674):195.0 kJ/kg
Change in y : (which is equal to the W, )
1y, — iy, — 1y, =30(1109.6) - 5(755.3)—25(195.0) = 24, 637 kW
For the ideal isentropic turbine,
$,, =0.7428 =1.8606 + x, x 4.9606 (at 0.5 MPa)

x, =0.9842
h, =640.21+0.9842 x 2108.47=2715.4

5;, =6.7428 = 0.7549 + x, x 7.2536

x, =0.8255

hy, =225.9+0.8255 x 2373.1=2184.9

W, =30(3115.3)~5(2715.4)—25(2184.9) = 25260 kW
For the actual turbine,

Wier =30(3115.3)~5(2855.4)—25(2361.8) = 20137 AW

The isentropic efficiency is

_Wyer _20137

| =LA =0.797
W, 25260



and the second-law efficiency is

n = WACT __ Wier _ 20137
2nd law Wyee MW, —mgy, 24637

=0.817

Note that isentropic efficiency is lower, but not all the isentropic work shown is
available.,

Note that a typical 1* law efficiency that would be applied here is:

77 _ WACT
Ist Law Enel”gy Flow In
WACT _ 20,137

=21.5%
ik, 30(3115) ’
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Applied Thermodynamics

Ideal Steam Rankine Cycle

Ty
v

ST
Bolox

V.Jp ’i:\n*-i & W[

A W q
va
T,

S
BOILER P CONDENSER P SUPERHEAT

P,=10kPa, T,=350 C P,=3.5MPa, T,=350C Py=3.5 MPa, P,=10 kPa
Py(MPa) m, (%) x4(%) P, (kPa) mny, (%) x4(%) | T.(C) Na (%)  x4(%)

1.0 28 89 J 36 78 243 33 73
3.5 34 80 10 34 80 350 34 80
6.0 36 76 50 29 86 500 36 87

10.0 38 71 100 26 88 800 41 97




ME221
Applied Thermodynamics

Steam Power Cycles

Ty
T4 8 MPa * :
- UV
295 :
W,
U e—
40 + QL
T,
S
Cycle Carnot Rankine Carnot Rankine
a’b’c’d’a’ w/o superheat | w/superheat w/superheat
abc’d’a a’b’cda’ abceda
w, (kJ/kg) 970 970 1452 1452
W, 323 8 323 8
Whet 646 961 1129 1444
du 1441 ~ 2581 2325 3465
q. 795 1620 1197 2021
T, 40 40 40 40
Ty 295 295 600 600
N (%) 45 37 49 42
Mmax | 45 45 64 64
~ Wier
Mo =
u
T
L
Mvuax = 1~

—
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FIGURE 8.11 Regenerative vapor power cycle with one closed feedwater heater.
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FIGURE 8.9 Regenerative vapor power cycle with one open feedwater heater.



ME 221 APPLIED THERMODYNAMICS

RANKINE CYCLE EXAMPLE

D. Example

Given:

Consider a combined reheat and regenerative cycle utilizing steam as the working fluid.
Steam enters the high pressure turbine at 3.5 MPa, 350° C, and is extracted for purposes of feedwater
heating at 0.8 MPa. The remainder of the steam is reheated at this pressure to 350°C and fed to the
low pressure trubine. Steam is extracted from the low pressure turbine at 0.2 MPa for feedwater
heating. The condenser pressure is 10 kPa and both feedwater heaters are open heaters. Calculate

the cycle thermal efficiency and the net work per kilogram of steam.

ey :
: HE | e >
—+ BOILER INE—V: | INE
1
y'y hp p
) B 4
, CONDENSER
10 g
v v Q.
LP PUMP

12 11
PUMP | — PUMP |
‘ N W W
A HEATER | 9 8 HEATER | 6 5



Find: my,, Wpom (Kl/kg)

Assumptions: Isentropic Pumps & Turbines

SOLN|

Draw T-S Diagram:

P, = 3.8 MPa , T, =350°C

Py = O.QuwAPA ,T5 = 350°C,

Note: Actual position of points 2, 10, 7 and 4 with respect to dome are unknown.

o Need mass flow distribution through system. Lets assume 1, = 1 kg/s and find final
answer on a per kg basis.

HP Turbine m, =, +m, = 1kg/s
Wi = i hy - mygh), -mph, 5 hy = hy, Q=0
WHpt - rhl(hl —hz)



h, = h(P,,T;) = 3104 kl/kg
Isentropic L8 = 8,= 8

s, = s, (P,, T,) = 6.6578 kJ/kg K

s, = 8¢ +%, (8g,)
with P, = 0.8 MPa ; S = 2.0461 , Sg, = 4.6166

n X%, = 0.9989 (just inside dome)

h, = hg +x, (hg )
= 721.1 +(0.9989) (2048) = 2766.8 kJ/kg

& Wy = 1 kg/s (3104 -2767) = 337 kJ/s

LP Turbine i, = 1, = m, +m,

Wip = tiyhy -1, —diyh, Q=0

h, = hy(T,,P,) = 3162 kJ/kg

Isentropic = s; =8, = s,

s; = 8, (T,,P,) = 7.4089

3:

S = 5¢ T Xy (ng,,)
with P, = 10kPa, s, = 0.6492, s, = 7.5010

= x, = 0901 = h, = hf4 +X, (hfg4) = 2348 kJ/kg



5, =5, =5, = 7.4089
with P, = 0.2MPa =  must be superheated

(s,(@P = 0.2 MPa) = 7.1271)

» with P, & s, : T, = 178.5°C, h, = 2827 kl/kg

but need m,, m, & m,

Pump 5-6:  1h, = i,
v‘vP =t (h, - hy)

But for a steady, adiabatic pump:

W=j;ivdp

vs ~ Vg = 0.001010 m*/kg at 10 kPa
«. tag(hg - h,) = my (vs(Ps-P,))

hy = hy (P, %, = 0) = 191.83kJ/kg

— h, = 191.83 +0.001010 (200 - 10)
h, = 192 kJ/kg

Still need g for Wp

LP Feedwater: m, = m, + g
0 = th, +tih, —th, ; W=0;Q =0
Know he, h,

hy = h(P,, x, = 0)= 504.7 kI/kg



Pump 8-9: r'n8 = m,

W, = iy (hg -~ hy) = tig vy (Pg - P,)
vg = 0.001061 m’/kg @ 200 kPa
505.3 kJ/kg

1l

= hy = vg (Py ~Pg) +hy

HP Feedwater: m, + 1, = m;; = 1 kg/s

W=0;Q=0;0-= tiyhy + 1, hy, - iy by
h, = h, = 2766.9 kl/kg

h, = h(P,;,x = 0) = 721.11kJ/kg

(1kg/s) (721.11 kI/kg) = iy (505.3) + 1, (2766.9)

along with my +m,, = 1kg/s

Gives: my, = 0.0955 kg/s ; m, = 0.9045 kg/s = 1,

Then with; mghy = mche +moh, & g = Mg +m,

Gives: i, = 0.1074 kg/s
m, = M, = m, = 0.7972 kg/s
i, =, = m, = 0. 9045 kg/s
iy, =y, = 1 kg/s

Also:

= 337 kJ/s - W, = 684 kJ/s

b

WHP(
Wos g = ~0.136 ks ; Wy ¢ =70.543 kI/s 3 W,, ,, = -3.01 kIfs
Wypr = 337 +684 - 0.136 - 0.543 - 3.01 = 1017 kJ/s



Condenser: W=0 ;- QL = myh, - mh

Q, = m,(h, -h,) = - 1719 kl/s

Wier Wier 1017 kJ/s

= M T Qy T QW " 1719 K/s + 1017 KI/s

Ny = 0372 = 372 %



100,000%#

o538 0008 To Air Heater
2415 p T OOGE 178.0 p 5.022.4004
1461.2 B 1385.0 B
4 23,480 Kw
BFP 4
|'-H.P. Turbine—l I. P. Turbine b L.P. Turbine L.P. Turbine 494,900
Kw Kw
N
6,318,000# 603.8p] 3600 rpm | ) ~1800mpm
1318.5B p A 4.122,690# | :gllxn}l:;g
5,751,270# 556 p | VI ey §a\= '
\ o ’ #1 Jo X I
1000F 1518.0 B s s ] I
2 ] = & -
I} o o
of £ wi Q Condenser
* ” 5 o 3 li ter
S M;l(l)(:up Evaporator > & cooling; wa
1 N G - —_—————
ol —— 100,000# from air
2] = # [ heater
Boiler Efficiency o ‘ % ;
89% #* g B I =I= |= @ e =
— ™ - o~ 0 o (=)}
1 ¥ 1. 3 o3 < = 2 9L7F
8 e 8 4 Cond. | & N = S Hot well 27 B
Q Deaerators pumps #
4 Lr 173.7p {T A . §
. p: 3 [
O N
— =1 NS —
489.0F '\524.6 p \2‘78.8 p o IS \6‘1.3 p 22.6 p ,\9;.09 p \2.60 p ,\' .
: 101.4F
69.48B
o 294.1F
Y - 263.5 B 234.5F 132.7F
~
Heater(_h.f N © 202.8 B 156.6 B
condensate [:( ) Boiler feed Heater
pumps pumps 300.1F 269.7 B condensate
Diagram simplified: ; pumps
Shaft seal and other minor extractions and returns # -Pounds per hour, F -Fahrenheit.

not shown; thus mass rates do not balance exactly. p -psia, B -Btu per pound,

FIG. 1.21 Heat balance. Ravenswood No. 3 Steam Power Plant. Nominal rating: 1000 MW.

Data from Consolidated Edison Co. of New York [A. 4]. ,
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Exam II
Fall 2008
, Drallmeier
25 pts) 1. i ine dri

In a turboprop engine, the turbine drives a propeller as well as the compressor. Air enters the diffuser with a
mass flow rate of 45 kg/s at 40 kPa, 240 K and a velocity of 180 m/s. The compressor pressure ratio is 10
and assume the compressor is isentropic. The turbine inlet temperature is 1140 K and assume the turbine is
isentropic. The turbine exit pressure is 50 kPa. Neglect kinetic energy except at the diffuser inlet and
nozzle exit. Assume constant specific heats. (i.e. C, = 0.717 kJ/kgK, C, = 1.004 kJ/kgK).

(5 pts) a) Sketch the T-s diagram for the cycle. iabel the states entering the diffuser, compressor, combustor

turbine and nozzle. ] e b R Srame w N
Cra-ct ! 5\*:&:;( 2 /r /| ' : e ———— - )

e o @i ) ‘/‘ o / 7 = (Y p= ool {0 B :”'L'{QJ)
ff <> k'/ .V §Z9 ) " o~ ‘0, = ! ? o &O lV.‘po- I =cloV P
' : ¢

e T
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: k c2°3) comiT W preAT A0 (LeenitEe )
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% A~ N2 e
(5 pts) b) Find the compressor finlet pressure (kPa)
e QOTPe T 2l V7D LR W= ?

- P
= Z 6 —~ = I0

b, S’"D

(10 pts) ¢) Find the power delivered to the propeller (kW)

o (b - /u,/j = [P(”H'Tu\ e e =Y ey (-T2 = lp(Ts

|(i ( L (

o SN g el V= o, (77,575
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— 2 7’/ i B ¢ i P (\-—L— ?gg Q 3
Ta- ya3.87 e

Lo, ~ Mg(/.aoq\ (H73.67-255-8

P4

,} V‘)/ = 0,70 bW 5@/

(5 pts) d) Find the velocity at the nozzle exit (m/s) ’ .
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J/

// (20 pts) 2. A steam power generation system operates using a Rankine cycle. The water leaves the boiler as a
‘ saturated vapor at 3.5 MPa. The working fluid leaves the turbine and enters the condenser at 10 kPa. The

pump has an isentropic efficiency of 80% and the turbine has an isentropic efficiency of 85%. Both can be
considered adiabatic. You may assume a constant pressure boiler and condenser.

(5 pts) a) Find the actual specific pump work. (kJ/kg)

——— T e g
?:’0;2:7@ ?ﬂ %@Oi’l‘)‘*‘
o108

V=.ooto(

= £4 ’\7 o )
ST AT Qe NS PN
I;’/ e S s : .

(10 pts)b) Find the actual specific turbine work (kJ/kg)

sl S
-

P 56 MO Q=10 Pa

Y% P ¥ = b 12Ul = AL

T g9

hezgonn? A

e 7%

& ‘\s" M9+ 73 (23920
by =198 2 -
. Lh-/LI‘(g < 20l - 3B = gUEST br]lc‘g

? Mg

37 - () -

[ e 7dp2s e = W0

TUCRNE ”
B |
(5 pts) ¢) Find the actual specific heat rejected from the condenser (kJ/kg)
I P N Wy = 0027 — (734 .92y
?LIJL(A = L‘é’" b i W= by 3 HA 1 ‘e ( . \)

L\,l =20L 7 B\/
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/ (35pts) 3.  Anideal (i.e. isentropic pump and turbine) steam regenerative cycle has steam entering the turbine at 3.5
MPa and 400 °C and entering the condenser at 10 kPa. A portion of the steam is extracted from the
turbine at 0.8 MPa for use in a closed feedwater heater. Assume an ideal feedwater heater where the
feedwater leaving to enter the boiler is equal in temperature to the saturated liquid leaving the heater to

< enter the condenser (i.e. T3 =T;) Condensate from the feedwater heater is drained through the trap to the
condenser. Assume saturated liquid entering the pump.
: q

F »rt § AT b
O s SO RofLEm. - graTed [T - P kil
/' -"?’T:V\OI\ ('y \i — B P 3.5 M (7{' & ofa P: lO L ‘?
/ Wa F 987 7 { e = ¥ e
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(5 pts) a) Sketch the T-S diagram, labeling the states.

(5 pts) b) Find the quality of the flow which leaves the turbine and enters the condenser (xs).
Su §(/ = 0. gel2 g, .
LB T (o7
Y, = é e /
) o 79 ‘>
T,X’ % f’)? < 7 /( /
(5 pts) c) Find the temperature of the flow which leaves the FWH and enters the boiler (T3). (K)
; 5 = ng'@: L0t ( ¢O—’ss’00>-= - 3.977 \N‘/Q‘"
(0©
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T (’ A Vo o -
'T;A,vr 242 S lp 2 = ‘l'- ¢, T o7 . & - ) y
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Find the ratio of the mass flow extracted from the turbine for the FWH to the mass flow

(10 pts) d)
m
through the pump. (i.e. — ). Do NOT give a numerical answer. Leave the answer as a
m;,
ratio of enthalpies but clearly show at what state the enthalpies are evaluated. Show work
y
{ =
Lot [ o
’ Fool B
\
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(10 pts) €) Find the specific turbine work for the entire turbine (i.¢. - Leave answer only as an
expression which includes the flow ratio of part d) and alpies. Show work and clearly
_ indicate the state at which the enthalpies should be calculated.
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/ (20 pts) 4.

The air conditioner in your car is modeled with a vapor compression refrigeration cycle using R-134a.
Refrigerant enters the compressor at 200 kPa and is compressed to 1200 kPa, 60°C. Note that the

compressor can be considered adiabatic but not reversible. The required compressor input is 1.5 kW.
Assume saturated vapor entering the compressor and a saturated liquid leaving the condenser.

(4 pts) a)

On the axis below, sketch the T-S diagram for this cycle, labeling the states and giving the

assumptions for each of the four processes.

i T g
P, =X \2 P

€¢ (0w » Qe

¢ 7= 2.0 e S D

Find the mass flow rate of the refrigerant. (kJ/kg)

Find the capacity of the system (i.e. the heat transfer rate through the evaporator) and the

coefficient of performance. (kW)
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he energy content of the universe is constant, just as its
content is. Yet at times of crisis we are bombarded with
ipeeches and articles on how to “conserve” energy. As engi-
gmeers we know that energy is already conserved. What is not
iWnserved is exergy, which is the useful work potential of the
-t:'exgy. Once the exergy is wasted, it can never be recovered.
tien we use energy (to heat our homes for example), we are
0t destroying any energy; we are merely converting it to a
é@$useful form, a form of less exergy.
'iffThe useful work potential of a system at the specified state
gljjcéllled exergy. Exergy is a property and is associated with
i state of the system and the environment. A system that is
tiequilibrium with its surroundings has zero exergy and is
id to be at the dead state. The exergy of heat supplied by
tmal energy reservoirs is equivalent to the work output of
Cmnot heat engine operating between the reservoir and the
{evironment.
.f?(eversible work W, is defined as the maximum amount
afuseful work that can be produced (or the minimum work
{0t needs to be supplied) as a system undergoes a process
flween the specified initial and final states. This is the use-
I'work output (or input) obtained when the process between

Jg initial and final states is executed in a totally reversible

Mer. The difference between the reversible work W,
lind the useful work W, is due to the irreversibilities present
ring the process and is called the irreversibility I. It is

ivalent to the exergy destroyed and is expressed as

=1y Sgen = W,

rev,out

- “/ll.nllt

=W,

wmn

&p - ‘/Vrcv.in

},re Sea 18 the entropy generated during the process. For a
lily reversible process, the useful and reversible work
are identical and thus exergy destruction is zero.
‘,érgy destroyed represents the lost work potential and is
@called the wasted work or lost work.

’The second-law efficiency is a measure of the performance
i ia device relative to the performance under reversible con-
ions for the same end states and is given by

I

Chapter 8 4719

for heat engines and other work-producing devices and

W,

rev

CcoP
COP,, W,

Ui

for refrigerators, heat pumps, and other work-consuming
devices. In general, the second-law efficiency is expressed as

Exergy recovered

Exergy destroyed

U Exergy supplied

exergy supplied
The exergies of a fixed mass (nonflow exergy) and of a flow
stream are expressed as

2

V2
Nonflow exergy: ¢ = (u - ) + Po(v = vp) = To(s — 5,) + Tt ez

= (e~ ey) + Po(v— ) — Ty(s = 50)

v2
(h = hy) = Ty(s — s) + g

<

-

<

Flow exergy: =

Then the exergy change of a fixed mass or fluid stream as it
undergoes a process from state 1 to state 2 is given by

AX:XZ_Xl =m(d, — ¢))
= (E, - E) + Py(Vy, — V) - (S — S))
= (U = U)) + Py(Va = V) = Ty(S, — Si)
Vi-y?
tm—————+mg(z, — z;)
2
Ay =y, —y, = (hy — h) = Ty(s, — 51)
Vi-v?
et z)

Exergy can be transferred by heat, work, and mass flow, and
exergy transfer accompanied by heat, work, and mass transfer
are given by

Exergy 7
transfer X, = (l == ?)Q
= M W by heat:
. nlh‘re\' Wn;v
E'\‘w‘g:" . W — W, (for boundary work) where . y
;;,\m:\({jl’\ reh T lw (for other forms of work) Xpew = (1 = T/T)Q
X\\'urk = ‘;vuxcrul %

Exergy ) . 2
transfer X = mys X imass = MY

by mass:

The exergy of an isolated system during a process always
decreases or. in the limiting case of a reversible process,
remains constant. This is known as the decrease of exergy

principle and is expressed as

AXn'ul:ucd = (Xl

- ’\/l)imlulcd =0

Exergy balance for any system undergoing any process can

be expressed as

‘< .
General: Xm - Xnul - X destroyed T AXS)’SIL‘III
— gt g e
Net exergy transfer Exergy Change
by heat. work. and mass destruction inexergy
> ; y s
General X n qul X((c.\(m)'cd - dx.\y,\lcm/d[
ene ' —_— e St
I’[II("‘f()I‘IHJ Rate of net exergy transfer Rate of exergy Rate of change
by heat, work, and mass destruction mnexergy
GL’II(’)'{I[. ("-m - '\-nu() - -tdcs(m_vcd = Ax,\_\',\lcm

unit-mass basis:

i

3
For a reversible process, the exergy destruction term Xdescwi’
drops out. Taking the positive direction of heat transfer to bely
the system and the positive direction of work transfer to hi
from the system, the general exergy balance relations cant_i_j
expressed more explicitly as y

1
2 <] - J)Qk - [W - PU(VZ - VI)]
T
+ E”“r// - 2”“/’ - Xdcslmycd = X2 - Xl

(1-3)

+ EHHI/ - E"“// - X«]mnuycd =

n out

Ty
O —

T
dX oy
dt



" The second law of thermodynamlcs leads to the definition of

a new property called entropy, which is a quantltatlve mea-
sure of microscopic disorder for a system. Any quantity
whose cyclic integral is zero is a property, and entropy is

defined as
as = ( )
intrev

For the special case of an internally reversible, isothermal
process, it gives

aQ

T

The inequality part of the Clausius inequality combined with
the definition of entropy yields an inequality known as the
increase of entropy principle, expressed as

Seen = 0

en 18 the entropy generated during the process.
Entropy change is caused by heat transfer, mass flow, and
irreversibilities. Heat transfer to a system increases the
entropy, and heat transfer from a system decreases it. The
effect of irreversibilities is always to increase the entropy.

The entropy-change and isentropic relations for a process
can be summarized as follows:

1. Pure substances:

where S

As =5, — 5

Any process:
Isentropic process: S =8,
S

ilsentropic process:

i

&

& Ps
e —§—=—F—+R-In——
LS P
&

“f <P2> Pr?.

{8 b - -

i P[ s=consl. Prl

E ( V2> Yn

# — ===

) VI s=const. 1z

A
B

swhere P, is the relative pressure and v, is the relative spe-
j:cific volume. The function s° depends on temperature only.
e

£ .

iThe steady-flow work for a reversible process can be

%‘xpressed in terms of the fluid properties as

S

s

Weey = —f vdP — Ake — Ape
I

or incompressible substances (v = constant) it simplifies to
v(P, — P;) — Ake — Ape

e work done during a steady-flow process is proportional
¢ specific volume. Therefore, v should be kept as small
possible during a compression process to minimize the
input and as large as possible during an expansion
ess to maximize the work output.

iThe reversible work inputs to a compressor compressing an
gas from T}, P, to P, in an isentropic (Pv* = constant),
ytmpic (Pv" = constant), or isothermal (Pv = constant)
er, are determined by mtegranon for each case with the
owmg results:

Wy = T

_kR(T:—T|) _ kRT, [(Pa)(‘ 0 1J
“’comp.in = =0 = k=1 Pl = 77«\\
- _nR(T, = T,) _nRT, [( )(n 1)/n 1] \
JRIODIC: Woompin = a1 a1 P,
P:)_ N
othermal: W.onn:o = RTIn —

Entiopy —

2. Incompressible substances Chapter 7
[ -
Any process: S5 — 8= G I (7 2%
1
[sentropic process: L =T

3. Ideal gases:
a. Constant specific heats (approximate treatmenl):t

Any process:

A
)
I

L V2
S2 7 85 T Cuavg In F + R1n 7] / R
1 / e
Tz P2 R =
$3 = 8] T Cpayg In T~ RIn P o
|
-
Isentropic process: Qint rov §,°Tds
TZ — Vl = avg ( S 2 < 5,

(&
(E

Ty
Py

)s—cons(,

)::consl,

< > >k
Pl s=const.

b.~Variable specific heats (exact treatment):
Any process:

Fusiow /Q,\/c\p

S= mS r

Yy

(_

Va

Py
— Rln ==
nP1

The work input to a compressor can be reduced by using
multistage compression with intercooling. For maximum sav-
ings from the work input, the pressure ratio across each stage
of the compressor must be the same.

Most steady-flow devices operate under adiabatic condi-
tions, and the ideal process for these devices is the isentropic
process. The parameter that describes how efficiently a
device approximates a corresponding isentropi¢ device is
called isentropic or adiabatic efficiency. 1t is expressed for
turbines, compressors, and nozzles as follows:

_Actual turbine work W, hy — hy,
= Isentropic turbine work I = hy = hy,

_ Isentropic compressor work  w, Ay — h,
e Actual compressor work B E - hy, — hy

_ _Actual KE at nozzle exit V3, _hy =y,
T = Isentropic KE at nozzle exit V2, h, — hy,

In the relations above, h,, and h,, are the enthalpy values at
the exit state for actual and isentropic processes, respectively.

The entropy balance for any system undergoing any
process can be expressed in the general form as

Sin - Sout + Sgen = ASsyslem
— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
or, in the rate form, as
Sin - Soul + Sgcn = dSsyslcm/dt
—_————
Rate of net entropy Rate of entropy Rate of change
transfer by generation in entropy
heat and mass

For a general steady-flow process it simplifies to

E m eSe ZNIS QL

T;

gen



second law of thermodynamics states that processes
in a certain direction, not in any direction. A process
not occur unless it satisfies both the first and the second
‘of thermodynamics. Bodies that can absorb or reject
{iﬁ te amounts of heat isothermally are called thermal energy
oirs or heat reservoirs. '

hout

0'}2
1%law,

Work can be converted to heat directly, but heat can be
converted to work only by some devices called heat engines.
The thermal efficiency of a heat engine is defined as

i o

netout
o

On

g S, neat Pow ps

Chapter 6

Th =

where W, . is the net work output of the heat engine, Oy is
the amount of heat supplied to the engine, and Q, is the
amount of heat rejected by the engine.

Refrigerators and heat pumps are devices that absorb heat
from low-temperature media and reject it to higher-temperature
ones. The performance of a refrigerator or a heat pump is
expressed in terms of the coefficient of performance, which is
defined as ‘

COP;, = O _ l

T Woein  Qu/QL— 1
COP,,p = Ou_ _ l

" Woein 1 — Q1/Qn

The Kelvin—Planck statement of the second law of thermo-
dynamics states that no heat engine can produce a net amount
of work while exchanging heat with a single reservoir only.
The Clausius statement of the second law states that no
device can transfer heat from a cooler body to a warmer one
without leaving an effect on the surroundings.

Any device that violates the first or the second law of ther-
modynamics is called a perpetual-motion machine.

A process is said to be reversible if both the system and
the surroundings can be restored to their original conditions.
Any other process is irreversible. The effects such as friction,
non-quasi-equilibrium expansion or compression, and heat
transfer through a finite temperature difference render a
process irreversible and are called irreversibilities.

The Carnot cycle is a reversible cycle that is composed of
four reversible processes, two isothermal and two adiabatic.
The Carnot principles state that the thermal efficiencies of all
reversible heat engines operating between the same two reser-
voirs are the same, and that no heat engine is more efficient

Qu

copP,

Ke

\‘/jfl v, A

than a reversible one operating between the same two
voirs. These statements form the basis for establishing a
modynamic temperature scale related to the heat transf
between a reversible device and the high- and low-temperdl§
-

0

reservoirs by
< Ql. )rcv B

Therefore, the Q,/Q, ratio can be replaced by T,/T; 1

reversible devices, where T, and T are the absolute temp
tures of the high- and low-temperature reservoirs, respecti)

A heat engine that operates on the reversible Carnot cyck

Ty
T,

i

[

=] - —

77111.n:v
TH

i
: 4
between two reservoirs at temperatures Ty, and T, can hayg

The COPs of reversible refrigerators and heat pump:

given in a similar manner as

1

COPp oy B
R T/ T, — 1

and

1

COPuprev = — 7
HP.re 1 — T[_/TH

=3



E}‘he conservatlon of mass principle states that the net mass
ftxansfer to or from a system during a process is equal to the
qe! change (increase or decrease) in the total mass of the sys-
tem during that process, and is expressed as

My = Moy = and m, — = dMgyem/dt

{where Anygem = Mg — My 18 the change in the mass of
ithe system during the process, 1, and i, are the total rates
liof mass flow into and out of the system and dmg,,/dt is the
éfmte of change of mass within the system boundaries. The
mlallons above are also referred to as the mass balance and
i applicable to any system undergoing any kind of process.
éﬁ]’he amount of mass flowing through a cross section per
{init time is called the mass flow rate, and is expressed as

m = pVA

Ar Msysiem

(1\"

tiwhere p = density of fluid, V = average fluid velocity nor-
MIOA and A = cross-sectional area normal to flow direc-
hon The volume of the fluid flowing through a cross section

prunit time is called the volume flow rate and is expressed as
V=VA=nm/p

ii!.The work required to push a unit mass of fluid into or out
acontrol volume is called flow work or flow energy, and is
5 ressed as Wy, = PV. In the analysis of control volumes,
1s cconvenient to combine the flow energy and internal

unsteady-flow processes. During a steady-flow process, the
fluid flows through the control volume steadily, experiencing
no change with time at a fixed position. The mass and energy
content of the control volume remain <constant during a
steady-flow process. Taking heat transfer fo the system and
work done by the system to be positive quantities, the conser-
vation of mass and energy equations for steady-flow
processes are expressed as

Em = 2'71

out

. v?
Q'—W=21h<h+—2*+gz>

out

-(; AL )
zm 1 > 8z

in

for each exit for each inlet

These are the most general forms of the equations for steady-
flow processes. For single-stream (one-inlet-one-exit) sys-
tems such as nozzles, diffusers, turbines, compressors, and

pumps, they simplify to

. . 1
m =m, — VIVIA' = 72V2A2

vi-v?
+—2—+g(zz

[SYNY

Q- W=rmlh—h - 2z)

"L\;ﬂwf:)\/: (owtrol \(0[\);‘\1,3 Chapter 5

energy into enthalpy. Then the total energy of a flowing fluid
is expressed as

9

%
9=h+ke+pe=h+7+g2

The total energy transported by a flowing fluid of mass m
with uniform properties is mf. The rate of energy transport
by a fluid with a mass flow rate of » is mf. When the kinetic
and potential energies of a fluid stream are negligible, the
amount and rate of energy transport become E, .= mh and
E, ..« = mh, respectively.

The first law of thermodynamics is essentially an expres-
sion of the conservation of energy principle, also called the
energy balance. The general mass and energy balances for

any system undergoing any process can be CXpl‘CSSCd as

Ey, — Eo = AE

in
Changes in internal, kinetic,
potential, etc., energies

system

-
Net energy transfer
by heat, work, and mass

It can also be expressed in the rate form as

Ein - Euu( = dEsyslcm/dt
Rate of net energy transfer Rate of change in internal, Kinetic,
by heat, work, and mas} potential, ete., energics
Thermodynamic processes involving control volumes can
be considered in two groups: steady-flow processes and

In these relations, subscripts 1 and 2 denote the inlet and ¢
states, respectively.

Most unsteady-flow processes can be modeled as a umfo‘
flow process, which requires that the fluid flow at any inlet
exit is uniform and steady, and thus the fluid properties do
change with time or position over the cross section of an i
or exit. If they do, they are averaged and treated as cons
for the entire process. When kinetic and potential ener
changes associated with the control volume and the fl A}
streams are negligible, the mass and energy balance relau
for a uniform-flow system are expressed as

Miy = Moy = A’nsyxlem

Il

th = zmh + (mguy — My )sysen

out

where O = Q,.iin
w.

0—-Ww

Qin — Qo is the net heat input ag
W= Wiou = Wou — W, is the net work output. ;

When solving thermodynamic problems, it is recol
mended that the general form of the energy balan
E,— Egy= AEgymm be used for all problems, and simply
it for the particular problem instead of using the specific relg

tions given here for different processes.

Potentiol ene gy !

.K\'V\c b \,\/\Q_,f\j\/(
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Work is the energy transferred as a force acts on a system
through a distance. The most common form of mechanical
work is the boundary work, which is the work associated
with the expansion and compression of substances. On a P-V

diagram, the area under the process curve represents the
Various

boundary work for a quasi-equilibrium process.
forms of boundary work are expressed as follows:

2
(1) General W, = J PdV
1

(2) Isobaric process ( surravwdint

W, = Py(V, — V}) (P, = P, = P, = constant)
(3) Polytropic process
PV, = PV,
= — 12 L (n# 1) (PV"= constant)
= i

Vionsy

(4)(Isothernal process of an ideal gas

V. %
W, = P\V, ln — = mRTyIn T/E (PV=mRT, = constant)
The first law of thcrmodynamlcs is essentially an expression
of the conservation of energy principle, also called the energy
balance. The general energy balances for any system under-

going any process can be expressed as

The amount of energy needed to raise the temperature of a
unit mass of a substance by one degree is called the specific
heat at constant volume c,, for a constant-volume process and
the specific heat at constant pressure c, for a constant-
pressure process. They are defined as

]
- ) and ¢, = (
v

5= (37
For@aig@u, h, ¢, and c, are functions of temperature
alone. The Au and Ak of ideal gases are expressed as

oh
oT

- f CAT)dT = cong(Ts — T})
1

= /

Energy Closed Systewm
= Nefgy O L_Q Chapter 4
Ein Eou( = AEsyslcm (kJ)
Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potentjal, etc., encrgies
It can also be expressed in the rate form as
Eiy — Ey dEsyslem/dt (kW)

e s
Rate of change in internal,
kinetic, potential, etc., cnergies

-
Rate of net energy transfer

by heat, work, and mass
Taking heat transfer ro the system and work done by (i
system to be positive quantities, the energy balance for (}
closed system can also be expressed as 4

O — W= AU + AKE + APE |

(kJ) ;
where ;

W= Wyper + W, ;

AU = m(uy— u,) :

AKE = im(V3 — V?)

APE = Zy)

For a constant-pressure process, W, + AU = AH. Thus,
0 - = AH + AKE + APE (kJ)

mg(z, =

uher

where R is the gas constant. The specific heat ratio k is
defined as

For incompressible substances (liquids and solids), both the
constant-pressure and constant-volume specific heats are
identical and denoted by c: :

(kJ/kg - K)

G, =C,=¢C

The Au and Ah of imcompressible substances are given by

Au=u; — u, 2
du= [ eMar=cpn-T) ()
2 1
Ah=hy = hy = f cp(T)AT = Cpae (T = T) Ah = Au + VAP (k/kg)
For ideal gases, ¢, and c, are related by
¢=c,+R  (K/kg-K) At Yucbine Isentiopic
P v
' - L E.. = Eout
[sothermal = T-wnst- ) 1 L
i Vo e Wo
Aot Aransf ] atferndings Ny 7)ot )
AQ Wat v /\«';\/u,& <,>_»\\t/ Tenp chavgy e

m Al = M¢, (67)
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