The Carnot Gas Power Cycle

Gas POWGI' CYC].GS @ 1 — 2 : Reversible, isothermal expansion at Ty
@ 2 — 3 : Reversible, adiabatic expansion from Ty to T},
@ 3 — 4 : Reversible, isothermal compression at 77,
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Cycles for Engines Cycles for Engines
Air-Standard Cycle Assumptions Review of Air Standard Gas Model
@ 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. © PV =mRT
@ The combustion process is replaced by a heat-addition process 0 u(Ty) —u(Ty) = cu(Tor — Th)
from an external source. 0 h(Ty) —h(Th) = cp(To— TY)
HEAT T
AIR ) 0 s(To,v3) —s(Ty,v1) =cyln (ﬁ)+Rln (Z—f)
Combustion COMBUSTION AIR Heating AIR
.| chamber PRODUCTS section 0 (T, Py)—s(T1,P1)=cpln (%) —RIn (%)
1303 FUEL 224
(a) Actual . . (b) 1deal T . (k—1) P (k—1)/k
@ The exhaust process is replaced by a heat-rejection process that ) ﬁ = (U—;) = <P—i)
restores the working fluid to its initial state. &
i ] ] @ Pv” = constant
@ Air has constant specific heats determined at room temperature.
= A cycle for which the air-standard assumptions are applicable is g« Pt
frequently referred to as an air-standard cycle. s s
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Cycles for Engines

Overview of Reciprocating (R/C) Engines

Spark plug or

Cycles for Engines

Otto Cycle

The Otto Cycle: Ideal Cycle for SI Engines

fuel injector End of
) nd o
P combustion
» Exhaust Air—fuel
W, = MEP(V,, — Vyin) gases mixture
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dead center volume %’% Exhaust valve q 4 r
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Sk Cylinder b= i1 i1 U
troke all G L b
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motion , , Compression Power (expansion) Exhaust Intake
Vi v v TDC BDC v stroke stroke stroke stroke
TDC BDC (a) Actual four-stroke spark-ignition engine
Crank mechanism P @in 4 Dot
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= AIR AIR AIR
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motion i
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@ TDC = Top Dead Centre, BDC = Bottom Dead Centre
. R v, \% - ) “ - (O]
@ Compression Ratio = r = {me = JBDC 1
p Vinin Vrpe i U i
@ Displacement Volume = V; = % x 8 X B% = Vinaz — Vinin ; , ) Isentropic V= const. Isentropic v=const. :
w, TDC BDC v ompression heat addition expansion heat rejection
@ Mean Effective Pressure = MEP = ?':’ (b) 1deal Otto cycle
T228
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Cycles for Engines Otto Cycle

@ 1 — 2: Isentropic compression
@ 2 — 3 : Reversible, Constant-volume heat addition

@ 3 — 4 : Isentropic expansion

@ 4 — 1: Reversible, Constant-volume heat rejection

o Isentropic processes: 1 -2 & 3 — 4. Also, Vo=V3 & V,=V;

k—1 k—1
n _ (¥ —_ (¥ _ Ty I _ k-1 T3 _ Ty
- _< ) _<V4) =TT =T &Tz_Tl

9 in = Uz — Up = Cy( T3 — T?) Qout = Us — Uy = Cy(Tu — T1)

® Mmoo =t =1- G =1- Rmg = 1-F =1- gk
Neh,otto = 1 — 1

r = compression ratio, _

k = ratio of specific heats, c;/c, @
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Cycles for Engines

A
0.7
0.6
05l Typical '
] compression
S 04} ~— ratios for
g .
0al gasghne
engines
02F
0.1
I} 1 1 1 >
2 4 6 8 10 12 14
Compression ratio, r
T230

Thermal effictency of the ideal Otto
cycle as a function of compression
ratio (k = 1.4).
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The thermal efficiency of the Otto
cycle increases with the specific heat

ratio, k of the working fluid. ﬁ}
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Cycles for Engines Otto Cycle

> Example: Otto cycle:
P; =0.1 MPa, Ty =300 K, r =10, g, = 1800 kJ/kg.

® Py/P; =7r* — P, =2511 MPa

® Ty/Ty=rF1— T, =753.6 K

@ v=RT/P = v =0.861 m3/kg, v, = 0.0861 m3/kg
9 cp—cy =R~ c, =5 =0.7175 kI /kgK

@ gin=cy(Ts— Ty) = Ts =3261.4 K

@ Uy = U3, Ug = Vg

o T, =Ty (%)

@ Wnet = Gin — Qout = 1083.4 kJ/kg

=12984 K

Cycles for Engines Diesel Cycle

The Diesel Cycle: Ideal Cycle for CI Engines

P T
Spark Fuel
Spark Fuel
plug ‘ ‘lnjcclm
= AIR
Air-fuel
mixture Fuel spray
Gasoline engine Diesel engine . v 5
T232 = (a) P- v diagram (b) T-s diagram
192 T233 T275

9 Isentropic processes: 1 — 2 & 3 — 4.
@ Cut-off ratio, r. = %, and Vy = V7.

o Qin:hS_}Q:Cp(TS_T2) QOut:u4_u1:Cv(T4_Tl)

41 ] _ Wpet 1 Qowt 1 __ To [T3/T2—1 4 1 rk-1
9 Nin, 010 = 1 it =0.602 < @ Nth,Diesel = qj: - Tin kT1 [Ta/Th—1] — 1 rk-1 k(irl)
— _Wnet . W
o MEP = ;- —1.398 MPa < et 11 [k iy
Nth,Diesel = 1 = 75T | Fre=1) L7
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Cycles for Engines Diesel Cycle Cycles for Engines Diesel Cycle
> Example: Diesel cycle:
ol o P, =0.1 MPa, Ty =300 K, r =20, g; = 1800 kJ/kg.
0.6 o P2/P1:T'k — P, = 6.629 MPa
3 05f o For same 7: M, 0tto > Mtk, Diesel- 0 To/Ti=r"1— T,=9043 K
2 04 . . .
S Typical o Diesel engines operate at much higher @ v=RT/P = v; =0.861 m3/kg, v, =0.0430 m3/kg
3 compression . .
ratios for diesel compression ratios, and thus are
02 engines P . ’ . 9 gin = cp(T3 - T2) — T3 =2785.6 K
o1l usually more efficient than SI-engines.
T T S T I S T S R B °P2:P3H’U3:’U2%”U4:’Ul
2 4 6 81012141618202224
Compression ratio, r v -1
1234 0o Ty =T =1270.0 K
Uy
' Dual Cycle: © Wnet = Gin — Qout = 1104.5 m>/kg
. — Wnet
@ Two heat transfer processes, one at ® Nth Dieset = g = 0.613 «
constant volume and one at constant @ 7. =u3/Uy = 2.80
ressure. k_1
P @ M¢h, Diesel = 1— ,rlcl—l [k—{;cflj] =0.613 «
Hiy F Y
W/ o MEP = = — 1355 MPa W/
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Cycles for Engines

Stirling & Ericsson Cycles

@ Stirling and Ericsson cycles involve an isothermal

Working fluid

—_

REGENERATOR

Energy

Energy [}

T276

Stirling cycle is made up of four totally reversible processes:

© D

Regenerative Cycles

heat-addition at Ty and an isothermal heat-rejection
at Ty. They differ from the Carnot cycle in that the
two isentropic processes are replaced by two
constant-volume regeneration processes in the
Stirling cycle and by two constant-pressure
regeneration processes in the Ericsson cycle.

Both cycles utilize regeneration, a process during
which heat is transferred to a thermal energy storage
device (called a regenerator) during one part of the
cycle and is transferred back to the working fluid

during another part of the cycle.

1 — 2: Isothermal expansion (heat addition from the external source)

2 — 3: Isochoric regeneration (internal heat transfer from the working fluid to

the regenerator)

3 — 4: Isothermal compression (heat rejection to the external sink)

J.-I;

4 — 1: Isochoric regeneration (internal HT from regenerator back to fluid) *

r. Md. Zahurul Haq (BUET)

Gas Power Cycles

ME 203 (2017) 13 / 25

T236

© Dr. Md. Zahurul Haq (BUET)
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Regenerative Cycles
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(a) Carnot cycle

(b) Stirling cycle

Gas Power Cycles

(c) Ericsson cycle
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Cycles for Gas Turbines

Brayton Cycle: Ideal Cycle for Gas Turbines

Fuel
Combustion

chamber

@ Fresh Exhaust
air gases
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An open-cycle gas-turbine
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A closed-cycle gas turbine
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Cycles for Gas Turbines

Gin = ha — hy = cp(T3 — T)
Gout = ha — hy = cp( Ty — T1)

_ P Ty (k1)/E_ Ty
=TT =T =T,

Typical pressure
ratios for gas-
turbine engines

I
5 10 15 20
Pressure ratio, r,,

25

2
AN

w net,max

» Ty(Ta/Tyi—1
Nth, Brayton = 1— % =1- % 02
01
Nth,Brayton = 1-— W
Tp
T240
Wnet = Cp (T3 — T4) + (T1 — T2)] !
Tnax
. wcL:t — T {1_ Tp(k—lll/k:|+T1 [1 _,rzgkfl)/k] 1000 K
For max. work: —aé"rm =0:
i3
T k/2(k—1)
Tp = (ﬁ) : for max. wpet ,
If T3 =1000 K, T; =300 K = 7, = 8.2.
T241
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Cycles for Gas Turbines

T 3/

Ty= 1400K—p—

> [Moran 9.4, 9.6]: a) Nisen = 1.0, b) Nisen = 0.8

a) rp = 10, N4sen = 1.0
@ Toy =5434 K, Ty, =T17.7T K

0 w,; = 244.6 kJ/kg, w; s = 585.2 kJ/kg

= T, =300K

@ gin, = 760.2 kJ/kg, 1y = 0.448 4

T626

'11=I-10(1K—}— a) Tp = 10, TMNisen = 0.8:

O M= Yo~ Tam Ty . Who o T3=Tu

Wea — To—Th wis ~ Ta—Ta,
@ T, =604.3 K, Ty, =834.1 K
® w, =305.7 kl/kg, w;, =468.1kJ/kg
o gin = 699.0 kJ/kg, N = 0.232 <

_&< 7 _
:
627 e
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Cycles for Gas Turbines

Brayton Cycle with Regeneration

y Regenerator

“—+{ Combustor

Turbine [ ==
W,

Cycle

T628

9 Qregen,act = he — hy Qregen,maz = hy — hy

1 —_ QTegen, act __ hm —hz Tz — T2
o = = ~
Effectiveness, € p—— T T

k—1)/k e,
° Nth,regen = 1-— (%) 7‘;(7 /
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Cycles for Gas Turbines

> [Moran 9.7]:

Ty= 1400 K
|

I}
|
= !
T, =300 K )
Py =100 kPa s

T629

0 e= Jrmet o Bl o Ty = e(Ty— To) + To = T455 K
® Wnet = Wi + We = (ha — ha) + (h1 — hp) = Cpl(T3 — Ty) + (T1 — T2)]
= Wpet= 427.4 kJ/kg

® gin = (ha—hy) = Cp(Ts — T,) = 753.2 kJ/kg

0 n == =56.7%
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Cycles for Gas Turbines

Turbines with Reheat, Compressors with Intercooling

e 2 T

Reheat
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Cycles for Gas Turbines

> [Moran 9.9]:

P> = 1000 kPa

A

[ Tntercooler
i
VUVUVUVY

7,=300K

@ hy = k(100 kPa,300 K), s; = s(100 kPa, 300 K)
@ h. = h(300 kPa, s1), hg = h(300 kPa,300 K)

@ We = We1 + We2 = (A1 — he) + (hg — ha) = -234.9 kI kg«
If single stage compression is done:
@ hy = h(1000 kPa, s1)
@ w, = (hy — hy) =-280.1 kJ/kg« @
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Cycles for Gas Turbines

Brayton Cycle with Intercooling, Reheating & Regeneration
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Cycles for Gas Turbines

> [Cengel 9.8]: GT with reheating & intercooling: 7, = 8, TNisen = 1.0, € = 1.0.

7K 4 i i
reheat @ In case of staging, for min. compressor

1300 work or for max. turbine work:
Dprimary

9 Pz: Pmianaz

® Wiyt = (he — h7) + (hs — ho)
® Weomp = (h2 - hl) + (h4 - hS)

300

Weomp

@ Wnet = Wiyrh — W bwr =
1251 . ne; ur compy Weary

@ Without regen: wiy,» = 685.28 kJ/kg € Weomp = 208.29 kJ/kg «
@ gin = (he — ha) + (hs — hy) = 1334.30 kJ /kg <
= 1w = 0.358 €4 bwr = 0.304 «
@ With regen: turbine and compressor works remains unchanged.
@ gin = (he — hs) + (hs — hy) = 685.28 kJ /kg <
— M = 0.696 €4 bwr = 0.304 «
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Cycles for Gas Turbines

Jet Propulsion

VS

I Diffuser T

Gas generator Nozzle

T632
Turbojet engine schematic and accompanying tdeal T-s diagram.
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Cycles for Gas Turbines

Fan T/VBypass flow
——

=

—=

] '—/—\\ E Basic engine-core

Propeller

(b)

Nozzle

Flame holder

(©)

T633

Other examples of aircraft engines. (a) Turboprop. (b) Turbofan. (c) .
Ramget iy
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