Internal Combustion Engines

L Wb,

Vl

Vl

Compression Ratio, r, = —
V2

Bottom Top

Dead Dead
Center Center

BDC TDC



& Lenoir Cycle 1860
J_UJ- J.BJJ.

nil J_U_/L

Intake Combustion i
TDC 0-1 1-2 POZ\Z?; EXga(;JSt TDC
‘ p=constant  v=constant Q=0 p—c;)nstant ‘

[« one revolution =‘

QN Air Standard
p| v=c Q=0 Lenoir Cycle
0
- 4| 3
1 Ql p=C




Air Standard Lenoir Cycle

Closed Thermodynamic System — quantity of mass
g=Au+w

2 —3 Combustion Process
VvV =constant =>w =0

g=u,—-u,

2 — 3 Expansion Process, Power Stroke
q = 0, adiabticprocess

K k-1
o)
TZ pZ Vl

W =—(U2 _U3)

3—1Exhaust Process

p=c

g=Au+w

gq= (ul_u3)+ p3(V1 _V3) = hl_h3
W:q3l_(u3_u1)



OTTO CYCLE , 2 Revolutions/cycle

J.UJ.

|

Compression Combustion Power
1-2 2-3 3.4
TDC
%: revolution 1 T
/ ;
OTTO CYCLE P
spark ignition, Sl
fuel injection + Sl 2 4
O _«— 1
—

I

l
il

J.U\

Exhaust Exhaust Intake
4-1 1-0 0-1
BDC TDC BDC
revolution 2 s
|
4



4 CYCLE, 2 REVOLUTIONS

End of

combustion

PA

&
[ntake Uy

Exhaust
valve
opens

valye opens &“"On
\ l:'xl;ausl
am| g »
Intake
1 1
TDC BDC v

Exhaust
2a808
= 9 = [
| | &
MW
s et e
| |
L L)
Air=fuel 1 1 t
muxture
-
D:a: i ECH:
Compression Power (expansion) Exhaust
stroke stroke stroke

(a) Actual four-stroke spark-ignition engine

%in
AlIR Alg AlIR

(2) (2)-(3) (3)
“ 1

ﬂ:ﬂ: @ - ()
U

Isentropic L = const. [sentropic
compression heat addition expansion

F—————

(b) Ideal Otro cycle

Air—fuel
mixture

=

Intake
stroke

! 9out

AIR

]? $)-(1)

U = const,
heat rejection

’47 Revolution 1 Revolution 2



Air Standard
Otto Cycle
Closed System-
a guantity of mass

adiabatic and
Isentropic

exhaust opens

1= =@ = — - — - - - - - - - - - atmospheric pressure

N
intak ens T :
take op W / intake closes
exhaust closes

Vv



AIR STANDARD OTTO CYCLE, 2 Revolutions/cycle

Qi . Quu

X y=c

V=c
Win/ i - - Exhaust
Compression Combustion Expansion Xnaus
1-2 2-3 Power 4-1
3-4
P ¥ adiabatic

isentropic




"COLD” Compression1 —>2,As=0,pv* =c, =0, w=Au
Air Standard Otto Cycle PV, =PV,

y k-1
T2 ) Tl (1)
V2

Wy, = Au = U, U, = Cv(Tz _Tl)

Combustion 2 —» 3,v=c,w :_[pdv =0, q=AU
d, 3 =Au=U;-U, :Cv(T3 _Tz)

Expansion3 > 4,As=0,pv* =c,q=0, w=AU

W3 4 =Au= U, —u, = Cv(T3 _T4)

CLOSED SYSTEM Exhaust4 >1v=c, W= j pdv=0, q=AU
q=Au+Ww g, =Au=u,-u,=c,(T,-T,)
"COLD"= Cycle

constantc, ¢, at T,. Yo _q_Yaa _q_

nc cle -
& Uin U3, Cv(T3 _Tz) ’



“COLD”AIr Standard Otto Cycle

n " CLOSEDSYSTEM, Q=AU+W
COLD"= Compression1 — 2,As=0,Q =0, W =AU

constantc, ¢, at T; Combustion2—3,v=c,W = [pdv=0,Q =AU
Expansion3—4,As=0,Q=0, W =AU

2§ 4 Exhause 2 —>3,v=c,W = [ pdv=0,Q =AU

1 ASy 3 =0s, 1.0 1.0

i ' cVInLLJ—R In 3j:cvln[L}—R In 4}

V2 Vl T2 2 Tl Vl

L_T
Compression Ratio = r, v . T
2 Vo k-1
r]:].— Qin_Qout —1— Qout %—Zt%j
Qin Qin ? .
1 1 1

r]:]_——u4_u1 =1- CV(T4_T1) n=1- T =L — g~ 1— (r)k—l

u,—u, CV(T3 _Tz) v, compression

v, ratio
-1 W et = Prnean X(VZ _Vl)
-1 T4_T1 —1— T1

-1 (V1_V2) d

T
T
B 1 Mean Effective P __ W
L-T, T,(T, ean Effective Pressure (mep) = ———
T2



What is the thermal efficiency

of a COLD air standard Otto cycle
operating between 2800 F and

100 F with a compression

ratio of 6?

Closed System
Q=AU+W
Compression1l— 2,As=0,q=0, w=Au

Combustion 2 —»> 3,v=c,w :jpdv =0, q=Au
Expansion3—4,As=0,9=0, w=Au
Exhaust2—>3,v:c,W:jpdv:O, q =AU

3
2800 F
D W
7
>
2 4 o
W
1
100F

k-1
T, = T{ﬁ] ~550.7x6% =1146°R
V2

W,y =U, Uy = Cv(Tz _Tl)

w, , =.171x(1146-559.7)=100.3BTU/Ib

O3 =U;—U,

g, =.171x(3259.7-1146)=361.4BTU/Io

k-1 4

V3 1 0

T, :T{—] :3259.7(-] =1591.9°R
Vv, 6

W3, =U;—U,

w, , =.171(3259.7-1591.9) = 285.2BTU/Ib

0,3=U,—U;

0, =.171(1591.9-559.7)=176.5BTU/Ib

r]cycle = W = (2852_100:))] =51.1%
ai, 361.4

1 =1- L =51.1%

k-1 1.4-1
V1 6
V2

r]cycle =1-



AIR TABLE - Tables A-22, A-22E
specific heats are integrated as variables of T- page 113, 230

1) Tablebase 0°F, 0°C 5) Entropy-ideal gas
s,—s,=¢,In T +RIn| Lz

2)  lsentropic Process, T, v

vk = constant

P S,—S;=C,In T “RiIn| P2

pl — (pr)l T]_ pl

P, (Pr). Entropy - Using Table A—22and Table A 22E,

V1 — (Vr)l

v, ), s=c,(T) —+ R In (volume ratio)
3) Enthalpy S= _[ ¢,(T)——RIn (pressure ratio)

h=|c, (T)dT
I i s, —s, =5"(T,)—s(T,) +R In(vzj
Vl

4) Internal Energy 0
_g =g _g0 _ L3
uzjcV(T)dT s,—S, =S (T,)-s (T,))—R In( j .

1



@ 300°K, v,=621.2, u,=214.07
v, = RT _ .286x 300 _ 858 m,/kg 0
p 100

Ve Y2y —v | Y2 |=621.2/8.5=73.08
r2 rl
n Vi Vi

'

T v u
75.5 496.62
73.08 503.06 kJ/lg=u,
72.56 504.45

73.08-7256 .52
755-7256  2.94
Q., =Uu,—u, =1400 kJ/kg

u, =1400-503.6 =1903.06 kJ/kg
InterpolateTableA —22 near u, =1903.6 kJ/kg
v, =1.9176

interpolation ratio = =.1769

v, = vr{ﬁ] ~1.9176x8.5=16.3
V3

Interpolate TableA —22 near v,, =16.3
u,=888.32 kd/kg
Q,, = (u,~u,)=(888.32—214.07)= 674.25kJ/kg

3 9.1
1400 r=8.5
kJ/kg
5 4
1
100 kPa
V 300 K

a) W=Q. —Q_, =1400-674.25
W = 725.75kJ/kg

b) n :1—(%J _1- 1215 51 80

Q.. 1400
W W
C) mep= =
V-V, ( v, j
v,[1-—*=
Vl
mep == 5.0 _ 958.7 psi




The initial temperature and pressure of
air inan ideal Cold Otto cycle having a
compression ratio of10, is 60 F and 14.7 psia
respectively. Heat isadded in the constant
volume process at arateof 800 BTU/Ibm.
Consider air to be an idea gas.

Calculate: a) The change in internal
energy per pound of air
during the compression process.
b) The maximum temperature and

ressure of the cycle
k=14 P y

¢, =.171BTUB-R
¢, =.24BT U/lbaR

3

Expansion

Exhaust
1 14.7 psia
F20R

AxV, V,

Process1-2
isentropic adiabaticwith pv* = constant

T, =T, x (i
V2
a)
AU =c (T, -T,)=.17x(1305-520) =134.2BTU/Ib
b)
CombustionHeat,Q=c, (T, -T,)

800 =.17 x(T, —1305)

T, =5893°R

SinceV, =V,, fromtheidealgaslaw Pv=mRT,

p_pL
3 2.|.2

Sincel-2 is isentropicand adiabatic,

k-1
J =520x10* =1305°

k
P, = p{%} =14.7 x10** =367psia

2

p; =367 x o983
1305

j =1685psia



A 265 cubic in V8 gasoline engine
runs at 4600 rpm. Compression work
is 1200 ft-l1b, expansion work is

1500 ft-1b and heat input is 1.27 BTU
per piston per cycle. The atmosphere
is 14.7 psia and 70 F. The air fuel
ratio is 20:1. The heating value of
gasoline is 18,900 BTU/Ib. Find

a) indicated HP b) thermal efficiency
¢) gasoline consumption per hr

d) specific fuel consumption.

14.7 psia/
70 F

Q=1.27

Wc=1200

265cu in

We=1500

a)

Hp — (1500 —1200) BTU/power stroke/cylinder x8 cylinders x 4600 rpm

550 ft — Ib/HP x 2 rev/ power stroke x 60 sec/min
HP =167.3 HP

b)
W (1500 —1200) _30.4%
ai, 1.277 x 778
c)
Fuel — 1.27 BTU/power stroke/cylinder x8 cylinders x 4600 x 60

18,900 x 2 rev/power stroke
Fuel =74.18lb/hr
d)
74.18 Ib/hr

167.3 HP
Specific Fuel Consumptio n =.44lb fuel/HP hr

Specific Fuel Consumptio n =

Compression -_ D

---1st Revolution
[

4—

Power

Exhaust

---2nd Revolution



2 CYCLE, 1 Revolution/cycle

]
Compression Ignition Power Exhaus Intake
1-2 2-3 3-4 4-1 1
3
P
5 4
1 15




Diesel Cycle

Compression - isentropic, Q=0
Combustion -constant pressure
Expansion - isentropic, Q=0
Exhaust - constant volume

\NHZZAU
Closed system Q , s =OH

QLnZAU

Compression ratio, r=—=

2

<

Cut off ratio, r.=—

C

I
r]cycle_ (r)k_l k(rc _1)

16



What is the thermal efficiency
of a COLD air standard diesel
cycle operating on 14.7 psia air
at 75 F? The temperature of the
air before and after heat addition

are 750 F and 2900 F respectively.

1210 R 3360 R
2 3
4
1
75 F
14.7 psia
\

, _RT, _5335x535
" op,  14.2x144

K1 2.5
v2=v1[T1] =13.94(%] =1.812 ft’/Ib

=13.94 ft*/Ib

v, =v,| 2 |- 1.812(@j ~5.032 ft*/Ib
T, 1210
k-1 4
T, =T, 2| = 3360(—5'032j - 2235°R
Vv, 13.94

Qi = ¢, (T, T,) =.241(3360 ~1210)
q;, =518.15 BTU/Ib
Qowe = C, (T, —T,)=.171(2235 - 535) =
Qou = 290.7 BTU/Ib

O~y _ 518.15-290.7

oye g 518.15




AIR STANDARD DUAL CYCLE

4 . \Y;
> Cut off ratio, r, :74
adiabatic and 3
Isentropic _ _ Y,
Compression ratio, r=—%
2 V,
2 W, , =U,—U, q, =0
1 WZ_)BZUZ U3 q3—>4 :u3_u2
Closed System 34 p( 4 3) 9., 3 4
—quantity of mass Wy s =U, —Us Uys =
q=Au+w Wg = ., =Us—=U,
Wp:constant — p(AV)

= Ah

q p=constant

18



Stirling and Erickson Cycles

§ = const.

(a) Carnot cycle

(b) Stirling cycle (¢) Ericsson cycle

=¥

19



1. , 2
T 1 4
44 ‘3
/ Regenerator
~— ] 1%y —3 ?tate
..
«9— Ty 3 gtate
Wout

P — 15 — — gtate
Ca— T; = itate

qout

W.

In

Stirling Cycle, Closed System
Process 1 — 2
g, at conatant T,,, v increases
V2
W, = RTlln(VJ
Process 2 —3
V = constant
=Au
Process 3—>4
q,,at conatant T,,, v decreases

w, =RT, |n(V4J
V3

Process 4 > 1
V = constant
=AU

q regenerator

g regenerator
20



Simple Brayton, Gas Turbine, Cycle

Qin

Net
Work
Output

compressor

compressor

Compressor, Combustion,and Turbine are
Open Thermodyanic Systems

Steady Flow Energy Equation Form of First Law

Q=A(h+KE)+W,_,

combustor T

p=C

As =0, isentropic
Q =0, adiabatic
pv¥ = constant
reversible



Propulsion Gas Turbine

T

le

oo

*3

Diffuser Compressor

Burner section Turbine Nozzle



—

W

net output

—>
_ >
—>
—>

«—

w =W

compressor  turbine

Gas Power
Generator Turbine

Aero-derivative Gas Turbine

23



Figure 9.4 Air Standard Brayton Cycle

Qirl T 3/
T, = 1400 K—p—

P10 ====g====1  Ty=1400K
Heat exchanger

Heat exchanger

=
|
1
|

T e’ PE——— I

T, =300 K Cou

24



Brayton Cycle with Real Compression and Expansion

Turbine Efficiency

_actual work
" isentropic work

h,-h,

h; —hy

Compressor Efficiency

__Isentropic work

~actual work
h,.—h

e = hzzs— hll

Ny =

c

3/
Ty= 1400 K—g—
\
\

1ltﬁturbine

combustor \3@
Q
O




Bl — Combustion
p Wnet
Compressor b Turbine I

Fresh Exhaust
ol ' ;[@

Air Standard Actual

Process Process

Steady Flow, Open System - region in space
Steady Flow Energy Equation
2

Q=mxA(u+ pv+V7+pgh)+Wshaft
Compression Process,Q =0, W =m(h, —h,)
Combustion Process, W =0,Q =m(h,—h,)
Expansion Process, Q=0, W =m(h,—h,)
Exhause Process, W =0, Q=m(h, —h,)

Brayton Air Standard Cycle

2

(b) P-u diagram



In an air COLD standard gas
turbine, 60 F and 14.7 psia air is
compressed through a pressure
ratio of 10. Air enters at 1540 F
and expands to14.7 psia. If the
isentropic efficiency of the
compressor and turbine are 83%
and 93% respectively. What is the
thermal efficiency of the cycle?

1
60 F «

14.7 psia

S
Check: ) w=>g
213.59-139.92 = 215.26-142.33
73.67=72.93

k-1
Kk
( j =(460+60)x10**" =1003.9R

n _ deal — 2|s hl CP (TZiS _Tl) — 83
compressor W h2 _ hl Cp(T2 —Tl)

actual

T 10099520y 00

T,=T+

0,5= h3 - hz = Cp(T3 _Tz)

0,., =.2412000-1103.0) = 215.26 BTU/Ib

Wy, = hz - h1

W, , =C,(T, —T,)=.2411103.01-520)=139.92BTU/Ib

k-1

p K 1 .2857
T, :T{—“j = 2000{_) ~1035.9R
Ps 10

n Wactual h3 h4 (T3_T4) _ 19597_T4 _

YO Wiew  hp—hy  C,(T,—T,) 1959.7-1029.5
T, =T,-.92x(T, - T,,)=2000-.93x(2000-1035.9)=1113.03R
w, , =h, —h, =.2412000-1110.03 = 213.59BTU/Ib
., =h,—h, =.241T,-T,)=.2411113.03-520.)=142.33BTUIb
o =1 h,—h, _, 111803-520 ., o0,

h,—h, = 2000-1103.01

215.26-139.92

Weet _ ~33.9%
di, 215.26

r]cycle =

7-23



In an air standard gas
turbine, 60 F and 14.7 psia air is
compressed through a pressure
ratio of 10. Air enters at 1540 F
and expands to 14.7 psia. If the
isentropic efficiency of the
compressor and turbine are 83%
and 93% respectively.What is the
thermal efficiency of the cycle?

60 F
14.7 psia

at520°R, p,, =1.2147, h, =124.27 BTU/Ib

T P,

pr2is - prlip2iS j - 12147)(10 = 12147

1

h,, =240.48 BTU/Ib

h

980 10.61 236.02
998 12.147 240.48
1000 12.30 240.98

Wigear _ N2is =1y 17
== =83 o = -
r]compressor Wactua| hz—hl ratio 169 .1006
h, =h, +hz_;hl 10497, 240.48-124.27

h, = 264.28 BTU/Ib

At2000°R, p,=174., h,=504.71

Prais = pr{p““ j =174.x1/10=17.4

P
by interpolation at p,,, =1.74, h,, =265.99 BTU/Ib
r]turbine = Wactual = hS — h4 = 93
Vvideal hs o h4i

h,=h,—.92x(h, —h,, )=282.7BTUI/lb

g, =h,—h, =504.7-264.28=240.42BTU/Ib

Q. =N, —h, =282.7-124.27=155.43BTU/Ib
Qun _,_ 15543

n=1-—b -

=35.3% 28
Q,,  240.42




Regenerated Brayton Cycle

[;} Regenerator
| |
A

Combustion T
‘ 1 [ é) chamber (%_L ‘@

Compressor

Turbine

—

Actual HeatTransfer

Regenerator Effectiveness =
Ideal Heatr Transfer

Regenerator Effectiveness = LEZ
4112

: h, —h,

Regenerator Effectiveness = P
4112

net

5
Regeneratio
: /(
9saved = qregen
1 9out
5



Regenerator

10

W
AAYAY:
5
L J
Combustion
chamber Reheater
k 7 8 9 6
4 6 r
xl‘-‘-
- ‘ - W,
Compressor | Compressor : il o
I i | —
2
3
AV T c

Intercooler

Brayton Cycle with:
Intercooling
Regeneration 3
Reheat -

30



A gas turbine cycle operates with 2 stages of inter-cooled compression, a regenerator, and two stages of
expansion with reheat between them. Air enters the compressor at 100 kpa, 300 K at a volume flow of 5
cubic meters/ sec. The turbine and compressor stages have an equal pressure ratio, isentropic efficiencies
of 80 % and the overall cycle pressure ratio is 8. The regenerator effectiveness is 80%. Turbine inlet
temperature is 1400 K. Determine:

a) the cycle efficiency.

Pt T p () h

1 300 100 1.386 300.19
2s  403.29 283 3.920 404.31
2 283 430.34
3 300 100 1.386 300.19
3s 403.29 283 3.920 404.31
4 283 430.34
5 800 1061.2
6 1400 800 450.50 1515.42
7s 11059 283 159.3 1144.73
7 283 1218.9
8 1400 800 450.50 1515.42
8s 11059 283 159.3 1144.73
9 283 1218.9
10 100 588.05




Point1
v = RT/p =.287 x300/100 = .861 kg/sec
m = 5m®/sec/v =5.81kg/sec
Table A—22@ T =300, h = 300.19 kJ/kg, (p,,) =1.386
Point 2s
stage pressure ratio=p, xp, =8, pr=2.83
(Pros) = (Prss ) P, =3.92
@ (p,,.)=3.92, h, =404.31
Point 3
h, = h, +(h,, —h,)/.8 = 430.34 T
Point 6
TableA —22 @ T =1400, h =11414.42 kJ/kg, (p,,)=450.5
(pr7s) = (prGS)/pr =159.3
@ (p,,.)=159.3,h =1144.73, T =1105.9
h, =hg —(hs =, )..8=1218.9 kJ/kg
Recuperator Energy Balance
— Qactual _ hs - h4 _ h9 — th

B Qmax - hg_h4 - hg_h4
Point5
hy =h, +&ex(hy —h,)=1061.2 ki/kg
Point10

hy, = hy —€x(h, —h,)=1588.05kl/kg 32




Quu —1— (hlo _ h1)+ (hz _ hs)

Qin (ha_h5)+(h2 _hs)
combustor + reheat

~ exhaust + intercooling

no —1- 288.05+130.15
oele 454.22 + 296.52

r]cycle =1-

r]cycle -

=44.3%

W = Turbine Work — Compressor Work

W = mx[(hG_h7)+(h8 _hg)_(hz _hl)_(h4 _hs)]
W =5.81x2x[(1515.42-1218.9) — (430.34 ——300.19)]

W =5.81x 2 x [(296.52) — (130.15)]
W =1921.6 kd/sec =1921.6 KW

Back Work Ratio=W. /W

compressor turbine

Back Work Ratio =130.15/296.52 =.438

33



single
stage

discharge

' inlet
pressure

S

discharge

inlet
1 pressure

Intercooled Compression

Wy, = hz _hl

d,,3=h,—h;
W, ,, =h,—h,
k-1
K
T2is :Tl &
P

34



Compare compression over
a pressure ratio of 4 from 2
14.7 psia, 530 R with
compression in two
stages of equal pressure
ratio intercooled
to 510 R. The
efficieny of
all stages

is 80%

single
stage

k-1

Kk
Ty = T{&j —530(2)* = 646°R
P,

T,=T,+ Tos =Ty g Ty _5gg, 0467530 QSSO =675°R

wy, =, (T, - T,)=.24x(675-530) = 34.80BTU/ Ib
053 =C, (T, — Ty)=.24x(646 —530) = 32.64 BTU/Ib

k-1

Kk
T, = T{&j —510(2)"" = 621.69°R

Ps
T, =T, p =T gTs =510+ 621'698_510 =649.61°R

W, =¢,(T,—T;)=.24x(649.61-510)=33.51BTU/Ib
W, . =34.8+33.51=68.31BTU/lb

inter
cooled

k-1

ko
T2is single - T{pz single / plj = 530X (4).2857 = 787560 R
stage stage

T2is single Tl

Tonge = T1 + S‘agg =851.95°R

single
stage

Wge = C, (T, — T;)=.24x(851.95-530)=77.68 BTU/Ib
stage 35
11.4% higher




INTEGRAL GEAR
CENTRIFUGAL COMPRESSOR

Cross Sectional View
of a Typical 3-rotor
Process Gas Compressor

01: One, two or three rotors
up to B-stages per gear box

02: Horizontal splitline(s) for
easy access to parts

02: Engineered seal designs
04: NACE compliant scrolls and inlets

may be manufactured from
steel or stainless steel




Supercharger

H}@

]

Intercooled Supercharger

HD_C]

v
Q ]

/

T

3

Turbocharger

1]
2

s

A

*—>r
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Air Standard Otto Cycle
with a Turbocharger

Turbocharger
1 4
o H engine
2 combustion / power
—J_—J_—B v=constant stroke
T
| engine —

compression
stroke




ProCharger Supercharger

39



TurboCharger

Compressed
Air to Engine

Engine
Exhaust

40



