THERMODYNAMICS 2
Problem Session — I

Gas Power Cycles



Air-standard assumptions:

1.

The working fluid is air, which
continuously circulates in a closed loop
and always behaves as an ideal gas.

All the processes that make up the
cycle are internally reversible.

The combustion process is replaced by
a heat-addition process from an
external source.

The exhaust process is replaced by a
heat-rejection process that restores the
working fluid to its initial state.

Cold-air-standard assumptions: When
the working fluid is considered to be air
with constant specific heats at room
temperature (25°C).

Air-standard cycle: A cycle for which the
air-standard assumptions are applicable.
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Isentropic (s = constant) Relations for Ideal Gas:

For Otto & Diesel;
B=0"
() =)

For Brayton,

k-1
E=G)"
T, Py
where k is always a constant!

Change in Entropy for Ideal Gas:

with constant specific heats:
T Uy T )

S,—S;=¢C In=4+RIn—= or s,—s;=c In=—RIn-=
27 51= Cyave M7 + o 27 51 = Cpave N7 P,

with variable specific heats: Everything (u, h, v, s°, etc.) is from Tables (Table A - 17 for air)

P
S —$1 =53 —s; —RIn_? wheres; and s; are from the Tables
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I[sentropic compression

2-3  Constant-volume heat addition

Isentropic expansion

4-1 Constant-volume heat rejection

1-2 Isentropic Compression
mBE: m; =m,
EBE: mquy + Wy = myu,

U +we =1u,
EnBE: myS; + Sgen = M3S;

S1 + Sgen =Sy
ExBE:mqex; + W, = myex, + Exp
exq + We = €eX; + eéXp

2-3 Constant-volume heat addition

mBE: m, = m3

EBE: myu, + Qi = m3us
Uz + qin = Us

EnBE: mys, + Qi

in _

T +Sgen= M3S3
din _
S +?S+Sgen = S3

ExBE:m,ex, + Ex%n = mgex; + Ex)

ex, + ex?in = ex; + exp

3-4 Isentropic Expansion

T A

9in

A Jout

-y

mBE: M3 = My

EBE: mzuz = myuy + W,
Uz = Uy + W,

EnBE: m3s3 + Sgen = MySy
S3 + Sgen = Sy

ExBE:mgzex; = myex, + W, + Exp

exs = exy + w, + exp

4-1 Constant-volume heat rejection

EnBE: m4S4+Sgen= mq8q + Qout

mBE: my, = my
EBE: myuy, = myuq + Qoue

Uy = Ug T+ Gout

Tp
dout

SatSgen=S1 + T,

ExBE:myex, = m?exl + ExQout + Exp,
ex, = ex; + ex%ut + ex),

ExD = Tosgen
ex; = (u; — ug) — To(s; — So) + Po(v; — 1)

. T
ExQn = (1 - T_O)Qin
H

T
ExQout = 1- _O)Qout
Ty



The compression ratio of an air-standard Otto cycle is 9.5. Prior to the isentropic
compression process, the air is at 100 kPa, 35°C, and 600 cm3. The temperature at

the end of the isentropic expansion process is 800 K. Using specific heat values at
room temperature, determine

(a) the highest temperature and pressure in the cycle
(b) the amount of heat transferred in, in kI

(c) the thermal efficiency and the thermal efficiency of a Carnot cycle operating
between the same temperature limits
(d) the mean effective pressure.

Solution:

Assumptions

1 The air-standard assumptions are applicable.

2 Kinetic and potential energy changes are negligible.
3 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kI'’kg'K. ¢, = 0.718 kl’kg’K. R =
0.287 kl/’kg'K. and £=1.4 (Table A-2).



Using specific heat values at room temperature

Analysis (a) Process 1-2: 1sentropic compression.

Y.
T, =r1| il —(308K)9.5)°* =757.9K
'.__ {f‘rj ]
5 (7579 K ) ;
By, Ry ;.p,,:u_li 1:(9,5*&“]001@3):3533 kPa
I, T v, T 308K |

Process 3—4: 1sentropic expansion.
k-1
=(800 K)9.5)"* =1969 K

i V4
Vs )
Process 2-3: v= constant heat addition.

"y

P Pyu, T ( ‘
Vs _ 2% s P, =—_P, :‘ OR (2338 kPa)=6072 kPa
T, T, 1, 7 | 7579K
PV, 100 kPa )|0.0006 m’
o  m=iY_ 200006 m’) - =6.788%10 kg
RT; (0287 kPa-m*/kg K308 K)

2-3 Constant-volume heat addition
mBE: m, = mgy =m = 6.788 X 10" *kg
EBE:mu, + Q;, = mus

Qin = m(uz — uy) = mc, (T3 — T3)

Qin = (6.788 x 10~*kg) (0.718 k‘;—]K) (1969 — 757.9)K = 0.59K]




4-1 Constant-volume heat rejection

mBE: my, =m; =m = 6.788 X 10™* kg

EBE:muy = muq + Qout

Qout = m(ug —uy) = mey(Ty — T1)_

Qour = (6.788 x 10~*kg) (0.718 k‘;—’K) (800 — 308)K = 0.24k]

=0, — Oyt =0.590-0.240=0.350kJ

Woetour 0.350KkJ

- = =59.4%
e 0.  0.590KkJ °
T; 308 K
th.c :l_T—Zl_ = 0.844 = 84.4%
H 1969 K
(ﬂr} Umm = Uj — Um
-
MEP = W'nft.om _ W'nft_mrr _ 0.350 kT

Vi—V»  Va-1/7) (0.0006 m® J1-1/9.5)!

‘ kPa-m"°

|_ 652 kPa



Fuel
injector

Fuel spray

Gasoline engine Diesel engine

1-2 isentropic compression

2-3 constant-pressure heat addition
3-4 isentropic expansion

4-1 constant-volume heat rejection.

2-3 Constant-pressure heat addition

mBE: my, = m5

EBE: myh, + Qi = m3h;
hy + qin = h3

EnBE: mys, + QTﬁ +Sgen=

Sy +?'S+sgen = S5
ExBE:myex, + Ex%n = myex; + Exp
ex, + ex®n = ex; + ex)
ex; = (hi—ho) — To(Si — So) 10

in

=

(b) T-s diagram



An ideal diesel engine has a compression ratio of 20 and uses air as the working
fluid. The state of air at the beginning of the compression process is 95 kPa and
20°C. If the maximum temperature in the cycle is not to exceed 2200 K,
determine (a) the thermal efficiency and (b) the mean effective pressure.

Assume constant specific heats for air at room temperature.

P A
Solution:

Assumptions 1 The air-standard assumptions are
applicable. 2 Kinetic and potential energy changes are

negligible. 3 Air is an ideal gas with constant specific
heats.

Properties The properties of air at room temperature are ¢, = 1.005 kl'’kg'K. ¢, = 0.718 kl'’kgK. R =
0.287 kl/kg'K. and £ =1.4 (Table A-2).

Analysis (a) Process 1-2: isentropic compression.

y 5 =1
T, = I1| % = (293 K)20)°* =971.1K
V2 )

11



Process 2-3: P = constant heat addition.

PV, BV, V; I; 22
3V3 _ HhY, Vi _ 4 2200K L

I, T, v, T, 97LIK

£

Process 3-4: isentropic expansion.

F 1-.‘:;-'_]. Ky '.I k_]. r .'. k—l I_z -_I 0_4
T, =T, L3 X 2.265V = r; 2.205 | =(2200 Kl 22091 _9206K
V. | . ) L 20 )

4 ) . .
G =h3 =l =c, (T3 -T,)=(1.005 kI/kg-K)2200-971.1)K =1235 ki/kg

gy —1y =c,(Ty —T,)=(0.718 kI/kg - K )920.6 - 293 )K = 450.6 kl/kg
— oy =1235—450.6 =784.4 kl/kg

Gout =

Whetout = Yin
D = Woetout 784.4 kl/kg
’ i 1235 kl/kg

Tin

=63.5%

RT, _ (0287kPa-m’/ke KJ293K) _ oo s ez v
— VL0 FAs T Ymax

(5)

{f"l =
2 95 kPa
v
uﬂ']iﬂ = Uj = &
-
MEPD = __ tet.out Woet out 784.4 kl/kg " kPa- 1113 ‘ — 933 P2

vi-v, u(-1/7) (0.885 1113..-"1<gX1—1.-"'2[}) K
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1-2 Isentropic compression (in a compressor)
2-3 Constant-pressure heat addition

3-4 Isentropic expansion (in a turbine)

4-1 Constant-pressure heat rejection

T A

Gout

=Y

(b) P-vdiagram



Balance Equations

1-2 Isentropic compression (in a compressor)
2-3 Constant-pressure heat addition

3-4 Isentropic expansion (in a turbine)

4-1 Constant-pressure heat rejection

T A

]

e\
F = ":D“

=y

(a) T-s diagram

quul

<Y

(B) P-v diagram

1-2 Isentropic Compression
mBE: m; =m,
EBE: m h, + W, = m,h,

hy +we = h,
EnBE:1ys; + Sgen = 11,5,

S1 t Sgen = S2
ExBE:mjex; + W, = myex, + Exp

ex; +we = ex, +exp

ExD = TOSgen

2-3 Constant-pressure heat addition
mBE mz = mg
EBE:mzhz + Qin = Ti'l3h3

hy + qin = h3
EnBE: mzsz + % + Sgen = Th3S3
S
qi
S +T;S”+sgen = S3

. . . To. .
ExBE:thyex; + Ex¥n = tigexs + Exp  Ex%n = (1 -0
ex, + ex?in = ex; + exp s

3-4 Isentropic Expansion

mBE:m3; = my

EBE:13hs = tiigh, + Wy
h; = hy +wrp

EnBE: 1353 + Sgen = My,

S3 + Sgen = sf} .

ExBE:mgex; = myex, + Wy + Exp
ex3 = exy + wr + exp
4-1 Constant-pressure heat rejection
mBE:m, = m,
EBE:1i hy = 1t hy + Qoye
hy = hi + qoue
ENBE: 11,5, + Sgen = 15y + 22
b

_ dout
SatSgen= 51+ Ty,

. . . Ty .
ExBE:1i,ex, = miex, + Ex%ut + Exp,  Ex%ut = (1 = —2)0pue
_ Q Tp

ex, = ex; + ex%out + ex

ex; = (h; — hg) — To(s; — So)



A simple Brayton cycle using air as the working fluid has a pressure ratio
of 8. The minimum and maximum temperatures in the cycle are 310 and
1160 K. Assuming an isentropic efficiency of 75 percent for the
compressor and 82 percent for the turbine,

Take Toyrce= 1700K, Ty ingar,=306K and Ty=298K and determine
(a) the air temperature at the turbine exit,

(b) the net work output,

(c) entropy generation

(d) exergy destruction

(e) the thermal efficiency, and

(f) exergy efficiency.



Assumptions

TA 1 Steady operating conditions exist,
1160 K 2 The air-standard assumptions are applicable,
3 Kinetic and potential energy changes are negligible,
4 Air is an ideal gas with variable specific heats.
310K h =310.24 kI /kg
S h=30k == p 15546
P, = %Prl =(8)(1.5546)=12.44 —— h, =562.58 kJ/kg and T,, =557.25K
1
hy, —h hy. —h
}7(“: 2s 1 >h2:h1+ 2s 1
- hy—hy Ne
591310, . : e
31024+ 562.58—-310.24 _ 646.7 kl/kg Assuming an isentropic efficiency
0.75 of 75 percent for the compressor



310 K7

T, =1160 K —>

P

Nr =

Ty

turbine exit (T,),

Assuming an isentropic efficiency
of 82 percent for the turbine

hy =1230.92 kl/kg

P, =2072
P
?“ 3 =&J(207.2)=25.90 — hy, =692.19 kJ/kg and T, =680.3K
e
> hy = hy =7 (hy —hy,
Iy — . 4 3 ’7?( 3 45)

=1230.92-(0.82)(1230.92-692.19)
— 789.16 kI/kg Thus,

(a) the air temperature at the

Iy = 770.1 K



310K

1-2 Isentropic Compression

EBE:Thlhl + VVC = mzhz
hl + We = hz

3-4 Isentropic Expansion

EBE:mshs = myhy + Wy
h3 = h4_ + Wr

b) the net work output (W,_,)=?
Whee = Wr — W
Wnet = Wr — W¢

WC=? WT=?

h1=31024k.]/kg hl + We = hz
h, =646.7kl/kg we =336.36 kl/kg
h3=123092kJ/kg h3 = h4 + Wr
h, =789.16kl/kg Wy =441.76 ki/kg

Whet = Wr — W=105.4kl/kg



Compressor
EnBE Thlsl + Sgen = mzsz

$,° = 1.73498 kJ /kgK
5,0 = 2.47319k] /kgK
Sy —S; = 5,° — 5, — RlnP—2
1
Sgen,compressor = (2.47319 — 1.73498)kj /kgK — (0.287k] /kgK)In8
Sy — S1 = Sgen = 0.141 kj/kgK

Heat Exchanger or Combustion Chamber
EnBE: 1it,s, + 42

S

s,% =2.47319 kl/kgK
539=3.13916 kJ/kgK

h, + qin = h; = q;, = 584.22 Kkj/kg
S3 — Sy =530—520—Rln§ , P; =P,
2

assuming T, = 1700 K
Sgen = 0.322 k] [kgK



Turbine
EnBE: Th3s3 + Sgen = Tfl3S4

539=3.13916 kJ/kgK
5,9=2.67601 kJ/kgK

4
Sy —S3 = 5,° —53° —RIn—

' 1
Sy — S3 = 5,° —53°2 —0.287 <_]K> lng = 0.1339 = sgen

Heat Exchanger (in Closed Cycle)

Qout

EnBE: m4S4 + Sgen = Thlsl +

dout
Ty

S4+Sgen= S1 +
5,°=2.67601K] /kgK
5,0 = 1.73498 k] /kgK

sl—s4=510—s40—Rln—1 ) P, =P,
Py
hy = h; + QOutacIout = 479-36k]/kg
T; = 310K
T, = 298K
assuming T, = 306K

dout _ () 636Kk] /kgk

b



Exergy Destruction (Ex;, ex;,)

EXD = Tosgen

exp compressor = 298K X 0.141kJ/kgK = 42.018k] /kg
eXp,combustion chamber = 298K X 0.322k[/kgK = 95.956k]/kg
exp rurbine = 298K X 0.1339k] /kgK = 39.902k] /kg
eXp heat exchanger = 298K X 0.636kJ/kgK = 189.53k] /kg



d) the thermal efficiency, and
e) exergy efficiency.

Wpee 1054

_ = 189
Gin  584.22 /o

Ntn =

_ Wpee 1054

— — — 0
Mex exQ%n  631.806 16.68%




@ Regenerator
| |

Ta

Gsaved = Hregen

=Y



An ideal Brayton cycle with regeneration has a pressure ratio of 10. Air
enters the compressor at 300 K and the turbine at 1200 K. Account for
the variation of specific heats with temperature. If the effectiveness of
the regenerator is 100 percent, determine

a) the net work output,
b) the thermal efficiency of the cycle,
c) exergy efficiency of the cycle

d) entropy generation in combustion chamber

Take T,=300Kand T 1500 K

source =



Assumptions

1 The air standard assumptions are applicable.

2 Air is an ideal gas with variable specific heats.

3 Kinetic and potential energy changes are negligible.

hy, =300.19 kl/kg

=300R == p 1386

T

R

P = ?ZP,,I =(10)(1.386)=13.86 —— h, =579.87 kl/kg 1200 K.
1

hy =1277.79 kl/kg

T, =1200K —> P —238

i 300 K-
P =—P = (EJ(Z%): 23.8 —> h, =675.85 kl/kg >




1-2 Isentropic Compression

3-4 Isentropic Expansion
mBE: m; = m, mBE: m3 = my
EBE: mihy + W; = myh, EBE: mghy = myhy + Wy
hi +w¢c = h, hs = hy +wyp

WC:hZ_hl h3—h4:WT

Wein =Hhy —hy =579.87-300.19 =279.68 kJ/kg
Wi out =My —hy =1277.79-675.85 =601.94 kl/kg
Thus,

Woet =W out — Wein = 001.94-279.68 = 322.26 kJ/kg



Combustion Chamber Also,
mBE'": Th5 = Th3
EBE:m5h5 + Qin == Th3h3

hs + qin = h and

qin = hz — hs
EnBE:mgss + % + Sgen = M3S3

S5 +—— qm + Sgen = S3
ExBE:msexs + Eme msexs + Exp

exs + ex?in = ex; + ex
Nex

. To
exin = | 1 — 7 | din =

322.26
481.55

nex

= 0.

e=100% —— hy=h, =675.85k]/kg
qin =h; —hs =1277.79-675.85=601.94 kl/kg

’;
N = et 2226 KIke _ <3 sus
7 601.94 kl/kg
w
— net =?
erin

1399 601,94 = 481.55 k7 /k
1500 ) 00194 = 481.55 K/ kg

67 (67%)
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