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’ B e= Lhermal Enginee s Pevsrmanca of 1C 1, wyries
, ) Since 1) nd y are proportional to BP and IF, the mechanical efliciency ce
- i : e s o : ) Cal
NPy ! s of bral e thennal and indicated thermal efficiencies. 3
o ‘ M Ehanical o B.Th.E _
1 «chanica o= e A by
! me ol q d - ;: E | i
] ! . . :
TICEU TN = ! T.v Relative efficiency ?=_n_r=n< ratio) : Itis defined as the ratio o\::u actual thermal
' i elficiency to the ideal efficiency of the engine. The ideal efficiency of the engine is also refarred as
LR R _, air standard ¢} ciency ol the ¢ <. le e.::u_ow‘.na BT .
- : , " ] et ' | !
' ’ " ' i ._F::g_ efficiency R
- . “ ainstandard efficiency
- 3 .
R [ N . brake thermal efficiency
v R \ Relative elliciency = "2 ndand efficiency E "
. ", | N
, , |
~ ] Relative ellici ey based on |,
. % _ — indicated thermal efficiency
_ Ralalive elliciencyy = air standard efficiency ;
; = (d) Volumetric efficiency : Itis defined as the ratio of the uctual volume of chaige taken
e ' into the engine cylinder during suction stroke at NTP to the stroke volume (swept volume).
) ) volume of charge admitted at NTP
Volumetric elhiciency = -
strake volume
Engine capacity i Ay related to <o_ metric efficiency. The lower the volumetric cificiency,
vi) dadicated thermal efficieney @ Indicated thermal efficienc i the less powr an engine can develop. This is because with lower volumetrie efficiency less fue
amal e v : Indice fliciency may be ed as
w A sitled (0 produce swer 10 heat supplied s mAgbe defingdias he taken in and burnt which results less power. Thus, the pawer ancr_oﬂra by an engine can be
s 7 W  neal s yoed, .
increased if its volumetric efficiency is _:::ocom
h olP e : . . .
B Example 6.1 : During a trial of a \o:_‘ stroke diesel engine the following obseruations were "
L = . . recorded : [ : /70.
] H > & & 1 2 Y
— e ) ) Arca of indicator diagram = 475 mm*® B o\ 4,
i _ \ 4
) . Lenath of indicator diagram = ;62 mm JJ - 7V n-~ V..)u Q
B, o Spring numbe = 1.1 bar/mm , - o\ﬁ
7. g dor ol o . e\ ™ 7u
| Dicineter of the piston = 100 mm * -
. B _ WS W
1D < wid Lemth of stroke = 180 mm ¢ 0
Engme REM was = N
W ot aaecus fued supphed per minute, miiky Determme : (@) i.m.e (b) indicaied power in kW :
Ciae! b | [INTU AprilMay 2008, 2005]
i AER tue!. KJm |
i -
e, o s e B 1 Tt S S 2 v et b o e 1 e o com o g o o T e e S ot B, saa e ne s 2 ROPALE 1
ERa L
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Example 0.3

T . . B i 2:.:::\N.\.:,E_zﬁ.:‘:...\

) Laia an JX OSN3 T 135 2o e

tor o}

_ .
mgme has a compression ratio of 10to 1. The

aaluc of the fuel . is 44000 kltkg Caleylate

d el ¢ i eney

specific fuel

1 14 Wer effrciensy
taie o the constant polwne cyele and take » = 1.4 for air. [INTU]
{ Coannvyatey = ()
SO B o ne 006 kark W
B .
duv ol fael ol = d1000 Kk h
2 e cuele Crilo eyl
i Lad eilicsen M.,w.. r_.l._..v,

[1-03%8]<100 = 60.2%,

" IP % 3600

m (m N i+ my = CV
[-L|<cv
| ?:\
1+ 3600 1+ 2600 v L my
[my T 0.6+ 44000 %100 p =3/
| - i —t cv *
N
13.63% Ans. o -
HIL€ o Ml Y A
[ Th.E 0.13637
Tw” ASE = | 0602 )* 100 :

= 22.64% Ans, .

/ c . 1 ;g
S Example 6.5 ¢ 7 cylinder 4-strobe peirol engine fiaving bore 6 cni and stroke 10°cm develops

G Jy

forre w000 JEPML Fiedd the juel consumption of the engine in kglhr and brake

f.xrﬁ::.ﬁéu_@wQ:anc:ma:::::m_\mmogm.ﬂnrm
7

ALf by [JNTU - H, April/May -2011]

TP ¢ .‘\‘..w. .”
2 rav4 5
ey uing, b, = AL .‘.w@iaummm.z em® = 2.827%107* m?
- . T

P .
4 m \ . * Cie e
i 1 »_
1 1
£ f ﬂ
L :
Testing and Perpormance of' L C Lcines : i ke ’ ’ ﬂ
A O Y U A S 15 N

i

' [ i

65N = 0.065KNM 4
20U TP P

7 NE WSE AN uOS X .. sof

; ..
"N

-0

) _ 2aNT  9x»3000-0.065 .
Fiake power, B2 = = o~ = 200,42 kW
60 [118] - :
Compression ralic, Lo kR R )
Ug ¥ U meﬂ& 60 s -
r =z ~ T = ¢¢|I "m.s\w‘ y SEL 2o P
U pit o OO _w
“or petrc L {Oto cycle) engine, d 2 :
. i 1 g 1
ASE = 1 = ~— = 1 = ——= = 0.502 ¥
) 57194
- o _ BThE
Relative Afliciercy, v, = ASE
sThE = m,, % ASE

= 0.5 % 0502 = 0.251 =25.1%

Fuel consumpis i per hour ?:1 :
o BP £ 3600 i
B - :_\xﬁ.’\
20.42 « 3600

or dy = Go8] XAC.CCQ = 7.32 kg/kh Ans.

Brake i an efiectve pressure (p, )

Koplalh M2

P =
€0 )
20.42 « 60 12252 it
P = G72.827710% 2 3000/2 = 16062 = 1223 Vm

= 7.223 bar Ans.
Example 6.6 : A 6 cylinder, §-stroke petrol engine consumcs 0.4 kaimin fuel

i g ~ i LG
running at 400:1 RPM. Bore is 8 cimi | Stroke is 10 cin Clearance volume is 65 en”. The torgue

developed = 1! 0 Mrn. Coleulure BF, BMEP M, i esmat und L Y

o= 40 Mlikg :
[INTU - H, ApriliMoy - 2011}
Solution :
Bore, d = Bem
Strok., | = 10cm

Clerance volume, v = o5 em?
2 ,
Sooke vol _ W.l:.‘imvmxwa
Sucks volume, v, = |73 3
- 3 c C(& 3
= 502.65cm” = 50205 % 0" m
e e = mm 2= == = == ACAIPNIES
G e mm i s  EERES SR LN IT SIS S SEESE S TS
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Note |

Saolution

. ) o (heEm METR TN
" . e ko
W\ 0 L 2600
RRTT
EREN Y
OO
) -]
§ o VNN A,
.1, 14.68
i 18823 KW A,
A ~
.1/. Y
. = 0.848 bar Ans.
CONSWHRPLOT :
.

) 4 N

. 1S aus 0.718 kg'kWh Ans.

. 1 CPHOIeTCY
. ;
Y 325 - 5000 100 = 2545
{ e — X U= A8% 5y
3~ 59000 ) 48% Ans

S S I il

0 2998
x 100 = 37.48
08 .
4.:.:@ 1.C engine 12 cm bore and 15 em stroke has a piston
eue :auv 48 kW BP end has mechanica! efficiency of 75%. The
The m..mnih juel consumption is 0.25 kg per kW of BP hour. If

elermime

Y Ans.

,.‘:.e.».n Or four LIroke enging

ency
i = 15an =0.15m. BP r.f,c
bor = 442 kN/m*. bsfc = G.25 K rE: = 42000 kdikg
60 kKW

i i } !
t {
LR R 5 119
| B
i _w ;
1] N H
Whoes = jmber ol ,,,.__:9,_7, ={ ,; m_ ! :
toos b nbworking strokes per miniite s
o R RO 0 S : %
60 | : X
:: so0xd,
N = ) TUUTETTTTUTTT e KX
0~ 442 % 20A2FIN0.05 = V0
v et working strokes pet min = S0
Al IN Ha
N d80 R
i " K.M:M. 1000 RPM
N
SICy = b g loursstroke engine.
{b) Brake v eemual ofnicienicy -
3 i
. 5 3600 1x 3600 1% 3600 i
{3l = = = X = 3¢ Y .
> .;u.. x Of\ :: /c O”wmw % &MDOO X mco rw &.Nm Y s/-—v.
i [ CV

8P |
lK::::a 0.5 1 cvfindes destroke petrol engine develops 40 kW ai 40 RPs.

The meepen

8&:35; ithe :Fr:.:,_r,:r&_n.e:rc 1is80%. Caleulate the diameter and stroke of ».,.;.:
culinder if streeto ? reratiols 1.5, Caleulate BSFC if iake thermal efficiency is 24%. CV of put
is44 My [INTUH - April/May, 2012)
Solution : 3
BlL= QOKN N = 4ORPS, w = 80%. = 8 bar = 800 kN/m?
: 1P 30
| = . = e = B rrc R
08
Also I = k. p a.l. N i
nm ' 4
g (d? w
Dore o~ 800 X .Aa : 1.5d x 40 (- {=1584)
Joo= 0008 m = 09 mm
and ! 15~ 09 = 103.5 m Ans.
G 3000
B i OV
13000
. T 20,397 ka'kwt
SRR T I
Bshe = 0,341 kg/kWh >:r..,,
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123 = o= = \.M.‘ZSL: foalirny bl i ais me = nem o S R ek Ed
Trob = o~ ASE =055 < 05116 = 02814 = 28.14% Aus. Exumple o.13 1 :Inctestwitha \.o:\_,n :mm. four v:crr petrol eryine, the [ollowing results are - -
; . Articular sefting and speed. _
! i 1 cutineers worki Co= P40 kRW i
o wilN =4 x 360 G:Nw..- - B8 s/ & Iall culinder E.:r_:mw m ..H.Q kW | ! .
3 i b der cutoff i | = 162 kW El :
P YAl N P N T i -
22 QLW i-+ for 2 - stroke engine n = N) | mw BI" wi h No.2 eylinder cutoff | 11 = 16.7 kW i
; i .mu 817 with No.3 cylinder cutoff L= 168 kW :
, il [ 22 9 <3600 ) .w h Nod culinder cutoff | _~ = 173 kW CANCH .
' ' o ] |92~ 33000 100 = 20. 36% >:u._ WM st the II” o) the engine end its mechanical cfficiency. Ly Fo
o m_..w ” | :23 s:::zé mccu 302
i e » y . | IR S (A
Chs - Z=— £ 100 = 72.35% . , b Solution s P P i . . :
02314 : » Ans | _, B 240 KW B, = 16.2KW. B, = 16.7 kW. B, = 168k B, = 173 W T
1 ' o o
. ! 1- 2600 13000 _ inder Ne 1 = BBy = 24.0-162 = T8I 7 . .
= T e« CV e eyhinder No 22 24.0-167 = 1.3 KW :
L5 XV 1P ot eglinder No.3 = 24.0-168 = 7.2 kW
\ '}
’ | P ol eylinder Nad = B -B,=240- 17.3 = 6.7 kW
i o 3600 - 1x3600 1P ol ragme = (7.8 +.7.3 + 7.2 +6.7) = 29.C0 kW Ans.
TRE~CV 0281444000 | . gp [24.0 & il .
= o.acoq kg/kWh, based on IP Ans. Mechani al efficiency = 75 =590 % 100 = 82.75% Ans. 2
Nute ! e also b lows Example 6.14 : A four cylinder fonr stroke petrol engine of 6. 35 cm bore and 8.9 cm stroke was
tested at jull throttle and constant speed. The fuel supply was fixed at 0 064 kg/min and the plugs of
229 31.6 KW the cylinders un re short circuived without change of speed, the brake SS:m being no:‘mmto:&_:m?
07235 7O kv adjusted. the power measurenients were as follows : 3 i
With oIl cylinders = 12.3kW i :
o 9 With « ylinder No.1 cutout = 8.90 kW
: I - 0.2907 ka/kWh A ith « ylinder No. I cutou 8. )
) L 3165 s boAns. Wit cylinder No.2 cutout = 8.80 kW i
fxample .13 der engine running e 2 20 RPS guue 19 kW of brake power. The average With cylinder No.3 cutout = 8.70 kW !
2 1¢ vt Oft was 103 Nim. Caleulate the indicated thermal efficiency i With «ylinder No4 cutour = 8. 85 kW i ;
. e Cusen U39 kg of pertrol per kWh of brake power : Estimute he indicated power of the ‘engine under these cot ditions. Find indicated thermal
'~ [JNTUH - April/May 2012} efficiency of th engine i the calorific value of fuel used is 43680 kt:ikg. © n::nm.‘m this u::._r:n«.
Solution with the air star. tard value, if cleurance: volume of one cylinder is 70 3 em’
. e 18 . , [N TU- AprillMay 2003] -
094 . 19 ! Solution : P :
: \.. - - 1.79 x 107> kg's d = G:5em, | =8Yem; :J = (0.064 rm:.:_: O< 43630 kd/kg P wer ot
yolbil e
| B o= 17 3 kW, 18, = 3.9 kW, G. 8.8 kW. m 7KW “a.u = 8.85 kW g
or Na 'l UIIV _mwlm,uuwb
i (Mon s 3-8, =123-88=35
RRL A r-.f:ﬁuxm
e les Pt i :.:.;..E.uxmm
Do 2 ZARW (33 w3e el :
d i - :: | 13.95 « 06 )
L ( : o s 104G |
o okl LT, 00 = 5064 43650 F ¢ Y o
4L 10 NI L2994 m/:.ﬁm. L R
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Testind atnd Percorminee ol CE

wering- \

126 ) e e i g _.. - = 2i wa i
Y Example 617 u o four streke petrol engine. Air-fuol catio by Mm i) Boreand Stroke : i '
L et kJrkg, mechanical efficiency = 82%, & m = 0.00533 % 60 = 0.3198 kg/r
AT ve effi g . volumetric efficiency = 78" strokelhore ﬁ ! ' :
ratis = 125 feon comdiwions = | ber 2570 2400, power at brakes = 72 &\ f M m, ) 2
MR [ Compression rato = (m + :\cv 3.\ m; =m (AFR +~ w_v m
q Indicated thermal efficiency ! _ i d __ ] St
) Brake specific fuel consumpt:on _ . = 0.3198 (16 +.,t = 5.4366 kg/min . o
. 0y Bore and stroke i " [INTU] Also. p = 1bar = 1 x 102 KN/m?, T = 25 + 273 = 298 K, assume R = 0.287 kJ/kg K .
olution : i L i _ i. .

- Voluine of charge (air-fuel :.:xE:t .
mRT 5. pwm.m 0.287 x 298 y 2
Vs p - _ HxHOm (B i 2

volume 'of charge supplied

oo Volumetiic elficiency = swept volume \vm.,_
Ee fo— ! 0152 46497 ; m o
R e 1~ N . Seeptvolume = oq wnm.wmu m3/min _ w P e P
i _
: Ay 3 i Qm“ N ’ .n 3
7 = 048 or M= 048 Also wept volume = K. ua ARy , | ;3
1 -
d? N
5 5961 = 4 x =~ x 1.25d. &
I _ = _ = 6.2 Ans. AH 2
1045 ) 3
nd*” 2400
(i) atedhonnal effiaency 5961 = 4 x v x 1.25 x 2
N 5961 = 4712.389 d°
n, ]
. , , | 5961 ' 4
« Ly, o, =107 x0.52] % 100 = 36.4% Ans. or d = uwﬂmwm =0.108 m I gy =i :
(i) Brake specnc fuel cons .:...:v:o: 4 : i 3
| = 125%0.108 =0,135m
' Jare = 108 mm 4 __ :
s | Shoke = 135 mm Ans. !
’ . - 1G.82 ¥ ) 264) x 10 9 85%, .
o 2N, = 10820 Gd] x 100 +29.85 Example 6.1 : A4-stroke gasoline engine develops a brake power of 4110 kW. ,;m m:msmnc:m::.&
o 9 120 kg of fir! ui one hour and the air consumption is 40 kg/min. If the imechanical efficiency is 877
. = = l%ﬁdlm i vo:n and the fuct 1 ting value is 13000 kdikg, determine the following
' \ 1, = DL '
o fil 0 fuelrano H
~ % licated and brake thermal efficiencies |, [INTU].
. ' i
I 19, 1&3 [ ! . o . .. i
e T T2 _ ool = .:: KW, = 120 é.: mn, = 40 kg/min

2666 ka'kWh Ans

e e B Lo var nes R ; [N AU S SRR RN W BT T
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Table 0.1
ENERGY \HEAT) BALANCE SHEET

f139

?2::.. E:\ \...3 wieanee of : 5 ngtes_ L o e

d h».:_:..?. 6.23 : \single cylinder r:m:_m :5;:5 on 4 - stroke cycle has a hore of 110 mm und

_. B¢ stroke 130 mm and runs at 690 RPM: The mean effective pressure is 0 'bar. It consumes 10 cc of
98 seconds The diescl oii used is :ac.:m a C.Vof42000 kd/kg and specific gravity of 0.85.

Scanned by CamScanner

Ns

, T.:,TJ ::T:_...L _ r,_y .,_Hs_:;_, .hn.... ﬁ Ener _I.. : i el in
. m - ~ — iei il = ® %‘“‘m brake wheel Jiameter is 850 nun and %tm diameter is 20 mm. The net lood on the brake is
i : A
' (s ™ » 11 kN. Calculatc P -
ar Lty N ) Encrgy to L ¥ ol BV 0. Vo x .
\ “ m HECSRUISES ™ = 100 {a)I.P  (b)B.P (c) Mechanical efficiency (d) Indicated thermal efficiency
subphed i i ! '
e H_ = :i-m (e) Brake thermal efficiency 3 -k
N | : ; ] . !
_ | {ii) Energy to cooling xn W x 100 b . Solution : B . e
I et —— e . i .
” , : X d = 0llm;I=013m;p, = mo bar = 600 kN/m?, N = 600 ypm,
| i il Enerci T , A3 . , 4 s
i « i S (i EnetgyIoNxia R e Vu X #=L0D Fuel consuniption = 10 cc _ | m
1 i’ ( —— | : 1 v
_ OV E { ic gravit = 0.85 .
[ i u (iv) Energy to surroundings xu W x 100 Specific gravity ] _
P _ “ (by difference) * 10 b
- C N =—Ti%g o Massof fuel = 5o x 0.85 = 0303 gms _
. ..ﬂm,.f Cnegy : balance can also be represented graphically or by a sankey diagram as shown i = 0.000303 rw\m h ~
i Net brake load, (W-8S) = o.:. __AZ il i .
1o | ! ! {
e ..xr. 10 /iz_?}c.zc ..:.. O mrv +0. Ow ' _ ” M 5
= ] Mean vadius R, = ) = 0.435m : ,
: m-J»cV- M - .
T ;_ ‘ N s00x[ ™00 ) 01360072 :
WM ,of;; 1 ein .a.l. l.v; . " _ q ;
.r.r -mv | P = - ||OTII.I = " OO B . , : :

! 4 ENERGY (U .t ~u
RS- J“ oL 100% ENERGY = 3.706 kW Ans. i i, FEe ok
w,f - i r. - 3 3 9 (] FROM FUEL . ¢
(ay Grapniee! represeriation (b) Sankey diagram 5 b) .BP = - -S)R,,.2nN = Lt o.bwm.mmux 20
_ ;= 60 b -

Fig. 6.11 Heat Balence Diagrams

Pertormance curves : = 3 006 kW Ans.
‘arfonmence curves are graphical representation of engine characteristics. They are cga_:ma K

wults The typical curves for variatie speed test are shown Um_oi.

" o BP 3.006
E Mdchanicai fliciéncy.” = 75 =

Irom the testre

” s N
Cd = 81.12% Ans.
\ P 3.706 .
A & - = 100
| 5 (d) N = «CV = |0.000303x42000 ]
’ “ m = 29.12% Anus. t7
. B.P 3.006 Pt
‘ fe) Braketl = oV = —‘o 500303 xaNOOOQ x 100
MEAY ELEY SVEED O APM BEST SHLED \ : » (e
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Seolation -

= 275 kN‘m*, N

The

1 =031 m, =280 mm =028 m

= 350 RPM

D
(-8 =820N=062kN,R_= =
] .../.,H,w,a,
Po= ———— =0.03402 m®
t
FadN 2755028 x 0.03362 % 350
, ﬂ - 60
13.535 KW Auws.
¥ <~ SIR,, 22N 0.62x0.5x2xx350

p—

=05m

= 13.73 kd/s
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o143

mx,::t? 6.26 : A six 2.;_:&3 four stroke ncn?. marine oil m:w_.: has eylinder diameters of

610 mm and a puston stioke of 1250 mm, ” When the engine speed is 120 rpm it uses 340 kg of fuel
Loil of calorific v, lue 4.2 MJikyg in one :E: The cooling water amounts to 19200 kg/h, entering at
15°C and leaning at 63VC. The torque :n:m:::m& at the engine couplings is 108 k N-nv and the

indicated mean 2ffective pressure is 775 KPa. Determine i

(a) the ip, “m _

(b} the bp, ” '

(c) thc mechanical effiiency, !

(d) buep ’ ,

() brike thermal efficiency _

(f) the percentage of energy m:vh:ma per kg of fuel lost No the cooling water ;

(g} the fuel used per k\Wh on a brake power basis. [INTU, b:lene ,meﬂm

Dizimeter, d 610 mm = o 61m v, % R
Stroke, | = 1250 mm ={1.25 m M :
o | . ~
Enginespeed, N = 120RPM;p, =775kPa* . _ :
: Torque, T = Homr”Z.B f- . !
The indicated power: ' T H . i
\ 2 o ' . __ o]
. D kppalN/2 ' 6x775x(0.61)2 /4 x 1.25 x120/2
B 60 | 60
= 1698.68 kW Ans. : : A :
The brake power : :
2xNT  21x120x108 .
S = 357.17 k e
BP = — =1357.1 Y
The mech.mical efficiency : . w
1
BP L (135717 - : ;
e = | 7p7) X 100 = H%w.mL *300. vy m :

79.89% Ans.

Broke meun efjective pressure (p,):

K ppul@)hN/2 o 6x £(0.61)° /4 x1.25x120/2

s — = B
ol 60 ) - 60
1357.17 = 2.192p, 7
P, = J@Mwml 619.2 kN/mm* Ans,
= vw o e G A M < L ad= Sy JuE WAS % wmdt” Laprerd)
e : S - S L i

O A 1 Sl £ 5 NSy T o
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ng cooling water
= 20 % 4.18 (55
to exhaust gases
= 134272 + 3260.4) = 3603.12 kJ/min
C, - (t,=1)
=12 x 4,18 (70 - 16)

(Heat e surrounding (By difference)

= 10.320 - (2827 .44 + 3603.12 + 2708 .64)

= 1180 8 k)/min .

ninute basis)

- 16) = 3260.4 kJ/min

Heat to cooling water =

= 2708.64 kJ/min

‘ “Thermal Engine ering-l

ﬁtn .,_1_.(.% ..:_H._.l__rf.m. Ju\w_:: _ Feat distribution kd/min
; Heat i tuel 10,320 h (i) Heat to BP 2827.44
[ i) Heat to exhaust gases 3603.12
‘ ‘ (iif) Heat to cooling water 2708.01
' |

N ) ! | (iv) Heat to surroutling

| _ | unaccounted losses by

| ) , _ (difference) 1180.8

h g 10,320 | 10320.00

Example 6.28 : A tuo stroke diese! engine was motored when meter reading was 1.5 kW. Thenthe

test on the: engine wes carried with following results :

Brake torgue = 120 Nan, RPM = 600; fuel used = 2.5 kg, CV of fuel = 41 kJ/kg; cooling
1= 820 ky. Rise in cooling water temperature is 10°C. Exhaust « gas temperature = 350°C

: RBoo tenperature = 25°C A F = 32 : 1 ; Caleulate BF, IF, Mechanical and indicated thermal
[UNTU - H, April/May - 2011)

water usec

¢fficiencics and heat balance on percentage vn&m.

Soalution :

.T= 120NM = 0.12 kNm

= 600 RPM
oo 25NT 23x600x0.12
o 0 60

I

7 54 kW Ans.
[P = 754 +1.5=9.04 kW Ans.

[ BP 7.54 !
Mechanical efiicienny = A w ﬁgﬂv x 100 )
= 83.4% Ans.

4 {
e | “
3 | 5z |ssaa o |
; _ * A (iv) Heatto s surrounding ¥
4 v.. = ‘laﬂh H ! ! : . HM«. 5

{ 98 42 i p
#0000 | a7 100 M 2847 [ 100 i

W..Ms.@.w.l.f‘., £ \.p\lm:w.:: : ..;u. i ,\ ;.;.H,.n.ﬁ P o e 64 v e v e e e ‘& w
- P % 3600 !
ilhh= e t 1
25241000 ,> ume m, = 2.5 k)
[ ©.04 » 3600 - : ‘
2 —....wmvk.«mcﬁc 3 = 31.75% Auav. . i 1N A Sy
Heat balanc: hicet (peicentaye basis) ;
m { , 4
Heaot i buel = ”sl...m.n ~CV
3600
252410
o Z22AL000 o s = 100%
3600
Heat distriliots. n i :
. = = 7.54
(HHet o BP = 754105 = o 2 x 100 = 26 .48%
2847
fit) Hieat to exhawss gagy
M55 of exbsust Guases
. 251324 1)
me= mAFR + 1) = 3600~ 0.0229 kys
Heat 1o exbus s gAses oot
= 2 P.. ﬁ., =)= 00229x :umctva
= T4dkls = 26,13%
’
fealio cocling water ¥
e 820 .
=m xC, m.utﬁ & 600 %418 (J0)
= 952k =33 4%
(iv) Heot 1o sunoundin 3 (By difference)
¥ - ,s 2 g1 _”
= 2847 -1(754 4+ 7.44 + 9.52) H ,
1 4 ' H H :
= 3.97 ks = 13.95% . ST
I».:.N.u.m:? shee: {percentzge basis) ; , .
Heat ed e T = - e e :
ion..w__. ied | " Heat distribution 1 wdss M Y% ] .
_a(-: 1§1] :_ i | | OO i) Heat to Bp 5" onag T .\V
m 160 ! (i) Heat 1o Hp 4 7.54 | 2048 %

26,13 i
43.44

{ii} Heal to exhzust gaszs | 7.44

(1) ileat o coplingwater | 9,52

(By diffesence) 297 95

sasomd

S e et s s amd RS
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ma waler

frat supplied

O Teot = 19125 kd/min

4 i o aetinags (b difterence) 1.
| (L5250 4+ 1738 8 + 1912.9) H
:.sp '} kdimun j ) (a)
* Table Ao.w
HEAT BALANCE SHEET ™
L leat supplivd .nwca L.ny..a.* Distribution -Jul. kd/min. % age ]
it ing ! ! 100 | (a) Heat to BP 28236 | 369 K
; (b) Heat to exhaust gases 1738.8 22.73
_ | _ . (¢) Heat to cooling water 1912.5 250
; . i (d) Heat to surroundings 1175.1 15.37
, (By difference) . (c)
100 T Rmo 100 | .

! 3 ‘
.h_..,.::.:l ,:‘;,: 1 el = 500 N, imep = 3 bar, oil consumption =5 kalh; 3

&_. 55 ER T TTI T ' jacket water flow rate = 7 kg/min ; Air-fuel ratio by
_ ,. o et .:., ¢ temperalure = 550°C ; Room temperature = 259C ; Atmospher
e s ; Shnden dimeter = 22 cm ; stroke = 28 cm ; brake diameter = 1.6 3.
e = 2000 kJikg _ _
, ;

o in fuel = 15%
1.0 kd/kg K
2.0 kd/kgK

rof dry sigam g _

Prrop. ot ol Jvdragen L

I

[N

¢ clry exhaust gases

Il

jaj the 1sedie ated thermal efficiency
s1ic jiaed consunmiphion

(b} sprecdpit

i) Lroalugnietric i

[row upe Hie 1ol balunce sheet.

Solution :

1.6 =
W.5) = SO0N= 05kN; R = .Ml = 0.8 m; N = 500 pm

{W
[P Chor, d = 022, 1= 0.28 m, E\ =5 kg/h, eV = 42000 kJ/kg

¢ ::;:Dri on 2-stroke engine and Smao:os_:m results weré

i

I 3 it \:_.:: Y

| = W= w en me e e L
i = ct . Ai T:. NHQ. s 0.5x% o .8 « 23t x 500 _
G e
o = kW ——
= sitisls :,\. _ \wxhc x 7 (0.22)° 14 xo.mvxzcc
?: Cpl

= Zh.ul kv
Indicatcd thermal efficiency | _
|
)

1P 3600 6.61x 3600 ]

= iy xCV u_r 15 x 42000
Yo P:... :

= 45.6]
Specific uel constnption :
niy 5
bsfe = L = —>
BP 20,94
= 0.2887 kg/kWh Ans.
Volumetiic efficiency : ;

.I_xHoo

; w
Swept volume = .|m||;.2 E ”ﬁoammv x (.28 x 500
P!
= 53218 m¥min !
my, = 30 v
Somass of air m = kol = m 5 kg/min
: 60
Density of air, * p = Lu,l = 1x10” —
0 RT — 0.287x(25+273)
= 1.169 kg/m®
v
ng 25
Volume of ait = — = ——— = 2,1386 m%mi
. | Pe 1169 .1386 m*/min m
g v, _ﬂ Y ¢ :
oo Volumeofsir = SHRL Zoxpcouxcl
p i 100 |
Volumelric efficiency = volume of air aa:::ca 2.1386
swept volume - B wmwm
_ :
= 40, :w.x_ >=v.

= 2.1356 m¥min
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(iv) Minimu: erosion and corrosion,
(v) the easy to generate peak load and
(vi) Ease in operation

6.5. Fluidized Bed Boilers.
The efforts to minimize the PO

plants and to have efficient us€ of low gra

boiler in which steam is generated by utilising_ : in th
The detailed analysis of f%uidized bed combustion has been discussed in tne chapter.

Solid (coal) particles when subjected t0 8 sﬁrea{n of air mfa{hbe Ei::ﬂ\‘/:lllo(c? u“,affected if
the air velocity is below 2 certain value Of (ii) air born® 1 “e a]'d ity is above g
certain value. Between the lim d of small SOt particles of fairly

its of velocity, @ t')e _ :
uniform size will not become fully air-borne but will have their reduced effective density
and will move about in the bed as 1

f bed is fluid. BY proper regulation of air velocity the
solid particles can be burnt in the combustion cham

ber almost as easily as if they are fluid.
The critical velocity i called the minimum fluidization velocity at which the bed is said to
be incipiently fluidized

with the further increase in velocity, the particles are buoyed up
and imparted a voilently turbulent fluid like motion. The mixing is rapid and equilibrium
between gas and particles is rapidly established which i called a fluidized bed. There are
two types of fluidized bed boilers. They are-

(i) Bubbling fluidized bed (BFB) boilers

(ii) Circulating fluidized bed (CFB) boilers

Both boilers may be operating at atmospheric pressure or ﬁressurized condition.

6.5.1. Bubbling Fluidized Bed Boiler (BFB). Fig. 6.28 shows a schematic of a
bubbling fluidized bed boiler working under atmospheric condition. Crushed coal having
the size 6 to 20 mm is injected into the fluidized bed along with limestone through the feed
hopper just above an air-distribution grid at the bottom of the bed. In some cases, coal.
and limestone are subjected into the lower section of the furnace from bottom. The air
flows upwards through the grid from the air plenum into the bed, which now becomes the
furnace where combustion of the swirling mixture takes place. The products of combus-

ing i tional steam
. resulting 1N from cqnven am power
Jlution de fuels led to the d:sc_ox_rery of fluidized beg
the techniqueé of fluidized bed combustion,

Flue gas and dust to
particulate removal system

/

Qrid plate Bed drain tube

brum - Convective — o 5
>
FurnacEI!IWater 3 <\t‘Ube bank o ¢ | RH
walls rimary
i ts%bmm e 1{/ , cyclone E:SH
f oal and limastong_>° DX ~>* 7 g Cyclone fines
66d hoppor\ Hot gas recyyzle e o 9————» ECO
Transpo —g——— )
nupm; Jl\nlr‘ —h —_ I("éuldl?d t?ed "T%k
W = T4t ombustion ota
Alr fnn\ _l ? i j--- “‘B z0ne)
(—— |G Plenum N/ A
> «
;J | chamber

Plg, 628, Bubbling Fluldized Bed (RER) Boiler.
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jon leaving the bed contain a large proportion of unburned particles that are collected ina
cvclone separator, which separates these particles from the gas by imparting centrifugal
scceleration into the mixture, These separated unburned particles are returned back to the
fuidized bed to c.omplc-ate their combustion. The boiler water tubes are located in the
furnace. Finer solid residues (ash and Spent sorbents) generated during combustion and
Jesulphurization leave the furnace escaping through the cyclones, but they are collected
by a bag-house or electrostatic precipitator. The most important advantage of fluidized bed
combustion lies in the concurrent removal of the sulphur dioxide that results normally
from the combustion of sulphur content of the coal. Desulphurization takes place by the
addition of limestone directly to the bed together with the crushed coal. The combustion
emperature is low (800- 900°C). Due to low combustion temperature, inferior grades of
coal can be used without slagging problem and there is no Sormation of NO . The other
advantage of low combustion temperature is the use of cheaper alloy material which
results in economical construction. Since there is no pulverizer, so further economy is
achieved. Further, a fluidized-bed combustor can be designed to incorporate the boiler
within the bed, resulting in volumetric heat transfer rates that are 10 to 15 times_higher -
and surface heat transfer rates that are 2 to 3 times higher than a conventional boiler. All
these make the boiler more compact.

Economisers, superheater, reheaters, preheaters, bag-house or electrostatic precipitator,
ID fan, stack, etc are used like conventional boiler.

6.5.2. Circulating Fluidized Bed (CFB) Boilers. Fig. 6.29. shows a second genera-
tion CFB boiler. The whole system is divided into two-sections namely solid fuel circula-
tion loop and back- pass loop. The first section comprises of furnace or fast fluidized bed,
cyclone (gas-solid separator), solid recycle device, (loop seal or L-valve) and external hzat
exchanger (optional). Similar to pulverized coal-fired (PC) boiler, the furnace enclosure is-
generally made of water tubes. In the a by-pass section, the remaining heat from the flue

To SH —_— »
Drum (- Cyclone
From l T{:heater
S €0
ECO  { l G
_sﬁ%erheater
<0 Stack
Water @ | Back pass
walls —
g B ﬁ _E)o nomiser
Refracto co
ry N Y —<€0
ke,
Coal \
limestone™ ©)
Grid ‘f ir External heat
Fluiding exchange
(Primary) air

Fig. 6.29. Circulating Fluidized Bed (CFB) Boiler.
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gases is absorbed by the superheaters, reheaters, economisers and air- preheater surfaceg,

In the first section, the furnace walls are lined with refractory upto the level of secqp.
dary air entry and beyond this furnace walls are generally cooled by evaporative super-
heater or reheater surface. The cyclone dust collector and the non-mechanical valves are
also lined with refractory. Coai/limestone are injected into the lower section of the furnaegs
through hopper system. There happens to be a loop furnace in which the recycled yp-
burned coal particles are burned. The fluidizing (primary) air is fed to the furnace through
an air distributor or grate and the secondary air is admitted at some height above the grate
to complete combustion. With the injection of primary and secondary air the bed is
fluidized, combustion takes place resulting in lower temperature of the gas (800 to
900°C). The ash from the bed falls down. The cyclone separator, the course sorbent
(limestone) and coal particles which are recycled back near the base of the furnace while -
the finer solid residues (ash and spent sorbents) after passing over superheaters, reheaters
economisers, air preheaters get captured by bag house or electronic precipitator and go
finally to atmosphere via stack. The flow regimes are (i) turbulent fluidized bgd, (ii) fast
fluidized bed, (iii) swirl flow, (iv) moving packed bed, (v) bubbling fluidized bed, (vi)
pneumatic transport.
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as 'a workmg fluid in thermal power plant to
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1 | : ~ Heat Powe, -
22 ﬂwdesiredpfessmandwmm. Fig. 2 lillustrage . "™
at ‘ 2

snction of @ boiler. The steam can be supplied from, Ihx: :\Qn

tclglnstant pressure by maintaining the steam generatiop ., T
L . \.' '!,!

steam flow 1266 eqttal. 4 28 38 5 %

Steam generatmg unit :

Combination of apparatus for producing the heat and transf,..

available heat to water 1S called steam generating 1n;; +.

clements of steam generating unit are boiler drum, Sllp;g;r; :
economiser and air pre-heater. ‘

Requirements of good boiler :
The primary requirements of a boiler or steam generating |, it 4
~ It should be capable of producing maximum amo ey

4

| unt of st
- Tt should be occupy | 3
Lo / wssgace and should be capable o Quick
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B,;oii.m installed in power plants and industrial units
Mobile boilers
= Marine boilers and locomotive boilers

I
e

IN OF BOILER :

actors are to be considered while selecting the boiler

e
Pt s

ating pressure
generating rate

1SEC

C

e of the load on the boiler

rfactau which dictate the selection of boilers
> and steam rate. Fire tube boilers can be used
tons/hr capacity. Above this range water tube

s |
g '
(PA™

yrnace is generally located inside the boiler
flue gases are led through the flue tubes
Fig. 2.2 shows the essential features

large tube.

g a single
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/ FIRE GRATE — FIRE TUBE

&

Fig. 2.2 FIRE - TUBE BOILER

The boiler shell contains water and steam under pressure. The ;
tube contains the grate. The water level is at B, the space above
being filled with steam. Air for combustion of fuel flowing bemm‘
the grate moves upwards through the fire bars. Burnt flue gases pass
along the fire tube to the exit. The water surrounding the tube '
evaporates with the heat of flue gases. Super heater tubes are
generally placed in the path of the flue gases at the exit side.

Fire tube boilers are suitable for capacity upto 10000 kg/hr and
low pressure i.¢, upto about 20 bar. |

ages of fire tube boiler :
ire tube boiler offers the following advantages :

— Simple des:gn and more accessible for repairs

. Easy maintenance

—  Low initial cost

— Large water content provides safety in operation
— Suitable for fluctuating loads.

However it has the following ;. sadvarztages

Rate of evaporation is low ang suitable for only km
— Bigger in size. A

~ Lower efficiency.

— Suitable for only low pressures

‘cwnﬂi WKW){ .

‘:E‘r-t.(
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! TUBE BOILER :

'*ggzsbg;:dt::hmcﬁ is liocatecl optgide the drum, apd the
B e aestial foatures o?w tltl es containing the water. Fig. 2.3
o 1 PR rallel tubes comaii ter tube boiler. It consists of a la‘rge
iyt BN caders: Food ng \yater an_d connected to boiler
p drmﬂnowaugltelrﬂ < . Wat.er is supplied to the drum. From
BRI Scr Tlo $ Into the tubes via down-take header. Evaporation
takes place in the tubes due to heat of flue gases. The steam formed

is returned to the drum through up-take head >aves
" through a B vate: p eader, and steam leaves the

Because ct)f smaller dm water tube boiler is suitable for high
pressure steam generation, and less time is required to raise the steam.

BOILER DRUM STEAM
e D—:_ —
- - ¥ N
\
UP-HEADER—~_ A
N
N
\
§
N
E/— DOWN HEADER

N
N
FURNACE BED \
3 N

CHAIN GRATE N DAMPER

STOKER S

.
o

/' Fig. 2.3 WATER TUBE BOILER
Advantages of water tube boiler :
The advantages of water tube boiler are :
— Suitable for high pressure and high capacity
—  Quick starting
~ —  Smaller in size for a given output

~ — Higher efficiency

~ — Suitable for power plant.

lvantages of water tube boiler :

iges of water tube boiler are as under
cost

design and difficult to inspect

irty water is not suitable as feed water

e causes the danger of explosion

COODOGLOT HSEEEIIGOCORIES (Ch‘ﬂtﬂf—2)
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M N Sseet Po 4
| (ube and fire tube boilers s 11!5:1
arison of water of botlers 15 surmmar , aa*
Comp ison of two types
Thc szlcz.l . ) ‘55’\:”;
= /—" Nater t i Pgé,,( GE
T Fire tube boiler - ' | s
ot gases flow insidc 2 ' NHOLE
f hot gascs tubes. g2 MA
mdfeedwa by | OUlsICE
o nace| Fumacewillbewithin | Furnace = R —
0 e e ) : ¢
Location the boler shell (:13,.\'4- he ﬁwfo
% ¥ . 4 ﬁxglvm 3 W IMA3iicr 1n s al
Floor area Bigger in 51Z¢ | e | PLUS
1 output; requires large | ‘5“"’“" e -
floor area | floor arca MBI ySTION
Capfcity Slowevaporatiq}. The : xl"d : *; - WBER
maximumcapaatymgcs ! cmaxnmum c = S
from 9000 kg/hrto | isabout 0000 -
10000kg/hr |
Pressure range Operate pressure range is | Operate pressurc
; from 15 bar to25 bar isfrom 165 bar 1o -
Efficiency Lower efficiency(80%) | High efficiency, (.
Safety aspect Large water content Small water content
and low steam generation | large steam general v
: provide safety Causes dangers of ¢ OFF
g sion. Thus requires ¢ port | ;
o< ‘ attention. "

A 27 COCHRAN BOILER :

Cochran boiler is a vertical,
tube boiler. Boiler may be coal

nternally fired,

; fired or o
:) t::rimal :ﬂicxency of 70% and oil;::d ’1’5"/'.‘:")al firedboilcrs hay
gn features (constryct; ' :
ction deta

natural cireulation fire
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The advantages of this boilerare = 3
_ Compact design and occupies less space
~ Cost of construction is Jow
~ Easy to instal and transport

However its capacity is less and often presents gifs;.

cleaning and inspection. 'y
The particulars relating to cochran beiler are given belo,

Shell diameter ~~ =2m

Shell height =442m

Grate area =2nF

Number of tubes = 165 . ' .
Diameter of tubes = 60 mm
Evaporative capacity = 34

orking pressure = 6.5 blf(!ﬂt.me =15 bar
BABCOCK L sy =
AND WII.COX_: PUILER :

circulation and stationa; :
TY type of
by George Babcock ang Sz:;m

Design features -
Babcock angd Wilcox bojler onsi

and steam, The '
headaatmeﬁg;‘:mn
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. “" solid fuels in the pulverised form

es and limitations of high pressure boiler :
H‘ig:mme boilers offer the following advantages

— The efficiency and capacity of the plant can be increased

— The forced circulation of water provides freedom n the
' dcsip of furnace and tubing, and tendency of scale
ation is reduced

_ Parts are uniformly heated which prevent the danger of

“_J'r_-l S A

- MWss,andﬁglnerferagfmou@m
— Can meet rapid fluctuations of load without additional control
they have the following limitations.

 Water should be free from dissolved solids which will be

_overtoalhmanddmmgeﬂxnnhm:
"hnghsemﬂweeemmls

2.9;_ | l‘ﬂl‘o ar Y i

trod: ﬁylaM‘xnin 1925. Itis a water tube, high
~ulation boiler. Forced circulation is achieved by
which is driven by a steam turbine. It deals with

water at high pressure “and the high rate of heat

be e by creain h vl of vt
through ec omi » = ”a— - d
<?_ T . *
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ceater which is of he convective fype. Superp.,
meiéczd h of ;:;m, and steam flowing thro“-":’-*;rt:
placed i the pzth Wbyabgorbmg heat .of ﬂg{_. s
superheater mube 13 high temperature is delj,..
Fimally, theiupu’wma‘ 9‘ "eTed g

Prime MOver.

‘ boiler.
Fig, 1.6 shows various cams af La Mont boiler

Fig. 2.6 LA MONT BOJ
The level of water in the drum is maint;
feed water equal to the steam drawn off,
m‘muf“ﬂ”ﬂiﬂgmﬂw O ._,

air jmproves the combustion efficiency.
The La Mont boiler is designed to prog

La Mont boiler has the following advantag
- Lighter in weight for a given output
- Smaller drum makes boiler comy
~  No overheating of the 1

(Chapter- 2] (AR AR RIS IO CAICHAAHL
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e casily eliminated and water transforms into
o .W(mhmmmm),mmmm
1 in 1927 in West Gernuny.

FD FAN

—@- FEED PUMP

e ECONQMISER

TRANSITION SECTION

* SUPER HEATER

: T —» TQ PRIME MOVER

RADIANT PARALLEL
TUBE SECTION

SN

-
CC;__ e FURNACE 4

 Fig. 2.7 BENSON BOILER

'w the drum is completely elinunated. It employs a
; ) and steam is generated in a single pass. Thus, it 1s
e-through boiler takes boiler feed water in at one end
'mmhutedsteamanheothermd.'mefeed
ress nscnmnlatedthroughecononnser The water
i through radiant parallel tbe section to evaporate
r and steam ﬂnnmvetotheu'ansnsec 0 where
ato steam. The steam is then passed througl ;he
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It has the ollowing advantages: . =
Light in weight and mcupiﬂw Janay

Can be started very quickly % ilcf ;'
juces the cost of bo @ |
a
b . 1 b@ WT :
Steam at supcrcrmcul pressure cat :

not severe

Flimination of drum rec

Fixplosion hazards are ;
‘ CESSORIES 3

BOILER MOUNTINGS AND ACCE
2.10-BOILER MOUNTINGS : !
. o for adequate control and operation, ang

\ Mountings such as press
c. are essential devi

Boilers need various devic
d Mountings.

such devices are calle
safety valve ¢l

¢l indicator,

gauge, waler lev '
fety of operation.

fitted on the boiler for sa
The important botler mountings are

|. Pressure gauge - to indicate the pressure of steam genera ~;

¢ . : Nani
2. Water level indicator - 10 indicate water level in the boiler

3. Safety valve - to allow the steam 10 escape if the steam
pressure exceeds the safe valve

4. Fusible plug - safety device to protect the boiler from

r

heating

5. Feed check valve - non return valve which allows the
water to enter the boiler ;

< 6. Blow off cock - for removal of sediments
\{_Z. Stop valve - 1o regulate the steam flowing out of the boil i

8. ; |
Man hole - door to enter the boiler for inspection

0.1

Pressure Gauge :

The function of pressure
inside the boiler. It is ys

drum, The Bourdon e
used.

gauge is to indicate the steam Pfes-'
ually mounted on the front top of the ,j-
essure gauge (Fig, 2.8) is most oM™

,._ !._,' . *
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The common types of safety valves are
| 1 ‘Dead weight safety valve ;
2. Lever safety valve
3. Spring loaded safety valve
4. High steam and low water safety valve
Dead weight safety valve :

Fig. 2.10 shows a dead weight safety valve. A valve having a conical
bottom rests on the top of the steam pipe and close it. A weight carrier
hangs vertically over the steam pipe and the dead weights are placed
over the weight carrier.

RADIAL
SLOTS
VALVE

STEAM
LIFT PIPE
d
SET
SCREW
DEAD
WEIGHTS

CASTING
WEIGHT
CARRIER

p i

Fig. 2.10 DEAD WEIGHT SAFETY VALVE

When the steam pressure in the boiler exceeds the safe working
pressure, the valve along with carrier lifted up from the seat agains't
downword thrust of the dead weights and allows the excess steam
10 escape through radial slots. The lift of the valve is regulated by the

set screw.

The dead weight safety valve is suitable for stationary boilers |
because it is affected by vibrations. It is not suitable for high pressure
boilers as it requires large amount of dead weight.
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Lever safety valve i
e Mi! R 2L It maintaing ¢, "
| AWS:&&V:E' beﬁ" 'ﬁm vaive is loaded by mean. " ar
: Mchishin:sedﬂw“’ mdttthtotherand itearries ; A weiph, l
w hich is odintthOdY The lever wiy, |

m?ﬁ!ﬁt’lx‘mt Oﬁ valve, When the pressure (o

::ert othe safe Jimit ﬂ% ord thrust of steam raiscs ), 'vm
from its seat. This allows lb‘: team to escape Ull the pressy ¢, g
back to its normal value. The valve then returns back (o i1, Oiging

POBINOD .., i it b
 The ﬂd\'ﬂﬂfﬂg‘ﬂf{m, [ "‘Ar_il that 1t (‘1()0.5‘ NOt requipg
~ heavy wesght.ﬂut,mie itable for ﬂ,m boilers only as | i

affected by vibration. ..

HINGED
STRUT

-

FULCRUM

B — — ——
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LINK

SHACKLE

SPRING TIGHTENING
NUT

-BODY

NG LOADED SAFETY VALVE
Water safety valve :

steam when the steam pressu‘re in the
le value. It is also permits the escape of
ise when the water level in the boiler falls
Thus it warns the boiler attendant about the
boﬂef' Since it serve as a safety device
w water level, it is called as high steam

. It is generally mounted on fire tube
OGN 3 ¥ J,{ :

RE Sy
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; tween the Plug
" .‘pfesﬂurc.
nto the furnac. ang
W of the furnace
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s g Sy,

r n:
g s g
"; ]

110 oamns the steam to pnmemover It
' Qf steam from the boiler.

NC; Of the plant are known as boiler accessories.
ssories are more commonly employed in steam

136 force the feed water into the boiler
- - to increase the temperature of feed water
er - to increase the temperature of steam above
point
r - to increase the temperature of air entering into
1stion chamber
 to drain away the condensed steam from the

eratiEoaes 2o oot <

SUPER HEATED STEAM
> TO ENGINE/TURBINE

COLD FEED
WATER AT
HIGH PRESS COLD FEED
|'_“< : >—“ WATER AT
SUPE LOW PRES
Rewis R |l ecnomiser | FEED PUMP

uIREETNE
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i
s formed on the surface of the tubes,
oups. The adjacent groups of scrapers are
s over the pulley. The pulleys are driven
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mnsnsts of a sg of

ASes Pass over gy,

st SINg the hegy

S | ] ‘-1 mncreased abow

. bf.,a_'superheatcr IS

ilising the heat of fluc

a'&)- | ;“-. also reduce the
R i

- One end of the wbe i

L connected to outlk
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derived by using superheater are

¢ the steam comumpti(m per given output

» Eﬁmmtes the erosion of steam turbine blades due to absence
| of moisture.

se overall cycle efficiency
s of superheaters :
Wtets are classified as
- 1. Convection superheater
2. Radiant superheater, and
3. Combined type superheater.

Convection superheaters are located away from the furnace and
exposed only to the hot gases. They are not in contact with the flame
and the heat of hot gases is transferred to surface of superheater tubes
by convection.

Radiant superheaters are located on the furnace walls and heat from
furnace walls is transferred to superheater tubes by the radiation.

Cﬂ(buled npe superheater receives heat by convection as well as
m .

2.1 Igﬂr Preheater :

Steamboilers are provided withair preheater to increase the temperature
of a * used for combustion. In air preheater, the exit gases heat the
ing air for combustion and it saves the fuel. It is located

en the economiser and chimney.

s are classified into two types

RO (Chaptof-zj ._
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v'mmtl’lp is to drain away the condensed steam from
s, It does not allow the steam to escape with the condensate
: Wkﬂ type steam trap is most common (Fig. 2.18).

: ‘m can‘ies valve rod. The water formcd due to condensation of
~ steam in the pipe line flows into the trap due to gravity.

WATER

WATER OUTLET

INLET

-t VALVE
+——CONTROL TUBE

= VALVE ROD

s frioe (BUCKET
| #——— OUTER VESSEL

e~ DOOR

Fig. 2.18 Steam Trap

At normal condition valve is closed. When sufficient water is
collected, the water level in the vessel rises and over flows into the
bucket. Due to increased weight bucket sinks down the valve is open.
- The water is forcedup through the control tube. The door provided
at the bottom of the trap is used to remove sediments and dust

deposited periodicall,
2, 11.5 Steam Separator :

Tﬁi use of wet steam in steam engine and steam turbine produces

W disadvantages. A steam separator is placed near to the engine
on the main steam pipe line leading from the boiler to engine. The
on of steam separator is to remove the water pamcles carried

am separator is shown in Fig. 2.19. The steam enters at inet and
ly strikes the buffle plates and gets deflected upwards and
in the direction of arrows, steam leaves the separator at outlet,
ier weight water particles thrown down into the bottom

ted at the bottom is dmcharged through cock. A glass

R EHO0O0BBHOBBOO00000 (Chaptarsdiih.
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1 of economuser) kJ kg

Mcc!lcmﬁm (h-h )
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-
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water to form into steam is

@Mby feed

. For boilers using the same fuel, a higher boiler
higher equivalent evaporation.
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; 2.32 | IGOGORIAIITTOUOOLODEE. Heat Power l.nginmn.,,g

incomplete combustion of fuel

’

pressure of moisture in the fuel

heat in the ash

s

radiation and convection ete.

2.15 BOILER H.P :

The capacity to evaporate 15.653 kg of water perhour from gy,
100" C is called one boiler H.P. ;

m, (h, =hy)

Boiler HP = 5015 653

Example 2.1 :

A boiler producing steam which is 0.95 dry at the rate of 5 kg/s.
water entering the boiler has a temperature of 50°C and specific he
capacity 4.2 kJ'kg K. The steam leaves the boiler with a pressup C

20 bar. Assuring there are no losses, determine the energy requi
from the fuel.

Solution
Rate of steam generated, m,_ = 35 kg/s.
Feed water temperature, . i B
The energy required from fuel = m_(h, -2

Where h

2 enthalpy of steam generated

=
If

% enthalpy of feed water
Enthalpy of steam,

h, =hy +xh,. at20bar, h =908.6 kike,

h, = 1888.7 ki/kg
= 908.6+0.95 (1888.7) = 2702.86 ki/kg
Enthalpy of feed water, h, = mec dt=1x42

= 210 ki/kg ' o8
- Energy required from fuel = 5 (2702.86 - 210)

12464.3 kJ/kg Ans:
Y t@a’matnz} \
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pressure of 1.4 MN/m? evaporates 9 kg of water

ﬂ"”" feed water supplied at 45°C. The steam
Zﬁ’J’ Find the equivalent evaporation from and at

f steam generated, m = 9 kg/kg fuel

e, p= 1.4 MN/m? = 14 bar

ater temperature, = 45°C

= 830.1 kl/kg, hy = 1957.7 ki/kg

hy, + X, ., = 830.1 +0.95 (1957.7) = 2689.9 ki’kg

2 _mh, ~hy) 926899 - 188.36)
% hgio 2256.9

= 9.975 kg/kg of fuel Ans.

itation in a 3 hours have the following results.
80,000 kWh
= 401onnes

= 33000 kikg

18

e s Sl

B

¢ = mxCV=(40x1000)33000
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o (272374 1739)

OV

B 22569 ~
100.9 Ke/hr from and at 100°C ..\ns‘

DN

S X “’ :
PO NN RN
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onnalsobeexp:modldlkaofcoal

b 'm" 0 8.0597 kg/kg of coal

&0‘597 (272374~ 1739)
| 22569
= 9106 kg/kg. of coal Ans.

mr at 30° C. Calculate the boiler hp and

.‘i
A‘

'?l"

hAtld A {E 2l bl

; 30521 ;@_} A lemnsE L)
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R 237

am, m, = 17250 kg

feed water = 44°C

" = 908.6 ki’kg:

b, = 18887 Wik

325°C,h,, = 308138 Wik

b corresponding to 44°C = 184.2 kilkg

B _“_h(hz"hn’
my » CV

17250(3081.8 - 134.2)
‘ 0,757 42.5%10°
= 1568.1 kg/hr Ans.

12 SUPER HEATED
"""" STEAM

Fig. 2.2
ner heater per kg, of steam

 + 0,95 x 1888.7)]
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‘ ons were made on a boiler plant during

. 20 bar
o = 260°C
= 37500 kg

entering the economiser = 1 WC

or leaving the economiser = 90°C
of. fuel = 30000 kJ/kg
ration per kg of fuel
of the plant
e heatenergy ofthe fuel utilisedbythe economiser.
5 kg and 8t 90°C Iy = 3762 ke |
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following data were recorded
our = 2710 kg

40° C

11.5 bar

0.9

330 kg

29120 kJ/kg

10 kg/kg of coal

1.05 kJ/kg K

350°C

SR C

ivalent evaporation from and at 100° C

are condygyg
rded Then ¢

up heat balance per kg of coal

. 2710
d/kg of coal m = .
/= 8212 kelkg of coal
89.9 kike : Lf'hzf 1991.4 klkg
+ x;hfgz
9+ 0.9 (1991.4)
582.16 Kl kg
57.5 kl/kg
m (h, = hy)
e hfg.lOO
8.212 (2582.-16 -167.5)
o 22569
= 8786 ke/kg of coal Ans.
= m xCV
1 x29120
29120 ki/kg of coal
L ssanoooOOSChE

pﬂl'm
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xmcn:mvmxmm.,: 2.43
gases per kg of oil ;
= 17.05 kg
gases leaving the boiler = 3500 C
dry flue gases . g 7
: = 1.05 kl/kg K
perature =250¢C
superheated steam = 21 kikg K
2 (o
of steam (vapour) in flue gases = .08 bar

e heat balance sheet and calculate the boiler
alent evaporation per kg of oil.

= 097

- = 9.487 gauge
= 9.487+1.013
10.5 bar abs
= .65"C
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v MO A5

n process in a furnace can take place only
es steady flow of air and the combustion g \L‘y
rgmoved. This is achieved by the boiler \h:\.u \l\\\
of fuel burning is also depends on 11‘\c u;nr
the grate. Therefore, a pressure difference
ace and the surrounding should exist so that
will flow into the furnace and the product of
n (hot gasses) will flow out of the furnace
imney. This pressure difference causing the air

aught.
o boiler draught :

difference between absolute gas pressure
flow passage and the ambient atmospheric

! . .
BED... < Pos and negative if Py > Pas

] - It is the
s flow path.

pressure difference between

ii!}e loss caused by friction between tWo
ow path is known as draught 108s.

quate supply of air for complete

: % through the syst™
h the chimney-

o atmosphere throug
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L M s
of combustion S &

lity of fuel can be used
fer and complex 1o maintain
nical draught :

ght produced by fan may be furtl
y be further clas

himney. A i,
) 1 13
,lgh lk’ll\pc,:

“Uﬂ It may be
an (FD fan) v located before the furnace

se of the boiler. It discharges air undes
ace and on 1o the chimney. In forced
is higher than atmospheric
fired boilers. The principle

puch higher 1y
density of ot
side. The
the outside
of air into
chimney

= —

it has the
L s TO CHIMNEY

& ; p;,_ J

pressure (p)
4 in small oil
shown in Fig. 2.23

‘?RCED DRAUGHT

@ ,

(1D fan) is located
ce. It induces th

into the furnace.

‘Jower than atmospheric Pr

1 be high and this leads 10 reduction

more power to drive the fan.
pruvidcd with

for the boilers
The principle f induced draught

near the pase of
¢ vaceum 10 the
In induced
gssure.
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m with Solutions

ate: 6200 kg of steam per hour a1 9 bar
ater at 38°C, when using 315 ,.,.‘.‘F,J

c value of 31000 kJ/kg Dete noa

etermine the

[March/April 2006

5
qiori

g% 053 (2029.5) = 2630.035 ke
b, ~ 1545 Wke
m, (b, —bo)
m; % CV

| em0s0ms 1585
825 » 31000

-

~"“./o Ans.

ym at a pressure of 14 bar. ha\mgadnne;s
rated at the rate of 8 kg per kg of coal
lue of coal fired is 35,000 kJ/kg and

is 45°C, calculate the thermal
{Oct./Nov. 20081

g by, = 19577 Wikg

....
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were obtained during a trial on @ steam

, natural drought -

lied — 6750 kg

ter Supp
_ 10 bar (abs)

. Heam ai 12 bar 3
BII0CC Rare,, g water - 70" €
088 27.500 111, .o am — 0.95

: Det./Nov. 2047 3 _Zj%by e
- 2047 B ool _ 39480 kJ/kg

‘? kJ/kg of cod
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)(mx(r;;,ngnwyntlx4. e

steel shell in which steam is generated
boiler, the hot gases pass through 1h
by water
boiler, water is made to pass through 1k
which the hot gases flow
characteristics of high

253
SUMMARY

nre
pr

tion 1s emploved wher
| 1 mmllandm CeriaIn cases. It is completely

d of heating by providing large heating

gd on boiler for safety and proper operation arc

4 with the boiler for proper operation and
efficiency are called sccessones

o,

r

"

called factor of evaporation

g % factor of evaporation

DO
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$ M)

m 1$ gcncratcd at high pressure
mﬂp‘ﬂdcd in aprime mover 1o obtair
sansion, heat has 10 be rejected at lower
Wtouhighef efficiency. This 15 achieved
H ina closed vessel, called
mportant equipment 11 po
e of the condensing 1yPe:
ensing ones.

(lllh/t'll\i‘f i
wer plant All
and are more

18 cmdcnscd (o water at @
s effected due to

jating

which steam
here. Condensation

m by using circt
y @ heal exchangcr,

d 1o the circulating

ym exhaust sted
is pasicall

nd in refrigeration

wer plant @
gerant into liquid

re vapour refri
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V_.,‘Ob~~v!'1

o remove the condensate from the

pump *
for circulating the cooling water-

condensate.
culating water when there is

water pump

] to receive the

» tower for cooling cir
supply of water.

or clements 2F€ shown ig

O~
ut of these accessories ¢

drop.
Thus the speciiic

o1 to the boiler %
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'&n‘bemedascoolingmediwﬁ-

atively less, hence Jess power isv“ eq

ated and costly

cost

lating water.
4 Surface Condensers :

| surface condensers are

nts. In surfac
Therefore they
nsers.

of steam wil
passed 0ve
d The stear
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ter and Steam ar
i.n t contact
t: quantity of ¢q);
1S required. ing

tenance cog
more space.

connected 108
of steam and
ified a5

mbo,twmand

¢ no[in 3
mp to lift water,
due to pressure

are mixed which results in th nsatior
, mixture (condensate and water) is extracted
discharged to the hot-well. It

boiler feed water if the cooling water is free

hown in Fig. 5.4. It does not

because it flows upwards
It is provided with dry
de the shell to facilitate

et condenser is s

difference.
t air and baffle plates insi
of steam and water.

EXHAUST
STEAM
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antages :

ixire condensate pump.
can be reused as feed water if cooling water is

‘ impurities.

circulating pump to lift cooling water to the top of

lenser. AIR

low-level
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FICIENCY ¢

sy indicate the effectiveness of heat exchange
n and cooling water, Due to presence of
in the condenser is less than saturation

eorresponding 1o absolute pressure in the

ore, the outlel temperature of cooling water 1§

he ratio of the actual rise i

siency is defined as t
ter to the maximum

(1, ~ t,) of the cooling wi
10 a standard barometyy ) -
mcﬁint‘idcs wi ; V.WG rise . (L |
PeCt 10 standarg % ¥ E
B ‘Condenser N = | -

iﬂot temperature of cooling water

léNIl pressure =
ed pressure (et temperature of cooling water

e Tig saturation temperature at abs. pressure

sed absolute '
jnd-icawd by ; iRy A (IR y

iio of nctual
obtainuble

Scanned by CamScanner



i SEICICIL I I I IO ST A AN
DOt 5,17

scific heat of water, = 4.189 ki/kg K

Saturation temperature

densate temperature

ity Then heat removed /min = m, (x.h )

cooling water/min = m.C. (1, - 1)

mass of cooling water, kg / min.

specific heat, ki’kg K
rise in temperature of cooling water
m, [(th =G (L~ t)]

holds good for surface as well as jet

is 690 mm Hg. When the barometer
is 30" C.

condensate temperature
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X OODO0COHODCOGOA00O00 5.19
= ‘ﬁ,WSbu(&omstenmtablw)
55.31 mm Hg

40°C = 19.546 mkg

Ui e
= 0.1134-0.07375-
= 0.03965 bar Ans.
Actual vacuum 1.925

67
i = = =0.9575
i Ideal vacuum 757-55.31

o

= 95.75% Ans.

10° x0.03965%19.546
0.287x313
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:xm(m;w::c-; OGO 5 21
. C.dt = m.xh_

(.: t — t )
x42x 10 = 1200 x 0.9 x 2403

1200x0.9 x 2403 2
42x10

m =
= 61796.6 kg'hr
ling water = 61796.6 kg/hr Anps,

e mass of injection water per kg of steam condensed
steam is at 0.15 bar abs and has g dryness fraction
perature of injection water at inlet js 20°C. Allow
cooling. Take specific heat of water as 4.2 ki/kg

= 226 kJ/kg, hfs = 2373.2 kl/kg
d the condensg :
ure. The pressup
oling water fly
voling water g

4.2 kllkg
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also be obtained by using the equation

0 Heat Power fing!
= Jo'c noeriy
= 700 mm Hy 3 fa +C (t“ e e m.C. & = t)
= 76 36800
S mm 11y 418 (35 -39 "0 418 # 12.5
L x = 0.846

—4

5 bl /5.’ /!g//.,wiv‘
me of condenser

= 36800 kg/py
7 2.5°C
ion of steam ay j, “nte

s th

mnt/m" of volu
PY,

10° % 00,030471
“ 02887 (273+35)
= .0343 kg/m' of condensate Ans.

Actual vacuum
. 22—
{deal vacuurm

e _,Jﬂ-——}nm
T es- a8

= 968% ANS.

at /m’ v
olume of con o !

3 ]

P (765 ~ 700)
- 65"];"”“
= 0.0866 bar

=% ,,Wmacondcmmmm
~7wmﬁgmwmﬂmb
mwmksrﬂmﬂ?""f“"”

.....
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OO R

at 36'C p = 0.0594 bar

525

P~ 0.08 - 0.0594
L
w 0.0206 bar
4 kg'hr
36 + 273
39K
m RT
P.

4% 0287 %309

10" % 0.0206
1722 m'/hr
el
density
12000

12w
« vol of air + vol. of condensate

17122+ 12
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.,”.-‘,..q...,..nn ‘
- Heat gained by cooling water
= mC(t,-t)
3,2 ki/kg, h,=173.9 ki/kg,
34 kl/kg
9 - 134)] 1000 x 4.18 (30 - 20)
(2090 - 39.9)
= (.853 Ans.

(under-cooling) of condensate
e temperature - hotwell temp.
= 3°C Ans. '
e/kg of steam condensed :
25.245 m'/kg
=V, =25245m
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head which facilitate forcing
above the piston. When the
exceeds that of ﬂm

opens automatically
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Heat Power Engineer ng4

3

5.30

€

@ (ondenser: o, :
A device in which steam is condens

atmosphere. :
ctions of condenser : e
5 :m:iecrease the exhaust pressure below the atmosp
: ler
To provide hot feed water 10 the boi

t a pressure less thag

of condensers : g ' |
@ "][‘ypes densers : Cooling water is in direct contact with exhayg
1. Jet con
steam. r | |
2. Surface condensers : Cooling water and exhaust steam do not mjy
together

actual vacuum _ Poar — P
Vacuum efficiency = Tqea) vacuum  Ppar — Ps
absolute pressure in the condensate temperature

Where p =
p. = partial pressure of steam at condensate temperature
L

p,, = atmospheric pressure, recorded by barometer.

~ 1

—_—

# Condenser efficiency = 7 %
b

where t = inlet temperature of water

t, = outlet temperature of water

t, = saturation temperature at abs. pressure (condenser
pressure).

@ Cooling water : Cooling water . ' '
3 . requi -
the relation, quired may be estimated by using

Heat gained by water = heat lost by exhaust steam
mC.(t,~t) = ms [xh + (h - h,)]

Wher h =
e hx: ﬁnthaiﬁyﬁf Waier of condenser pressure

o didt ?LJ
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UNIT -5

RANKINE CYCLE:

A Rankine vapour cycle is based on a modified carnot cycle to overcome its
limitations. It consists of four steady flow processes as in figure

Turbine work

output
Steam o
turbine —OE> W,

e

Exhaust _@
@ qu
6 _ Heat rejected

add\_Heat input

Boiler feedwater

Temperature, T

0

Condensate

19 ®

% Pump work v~ N Specific entropy, s
W input

o WK
(@ (b)

Fig.1 Schematic layout of Rankine cycle
Process 4-1:

Heat is added in the boiler to the BFW, which is a constant pressure process
generating a dry, saturated steam at saturation temp. corresponding to the boiler
operating pressure,

Q add = m(hy - hs)
Process 1-2:
The steam is reversibly and adiabatically expanded in the turbine.
So, turbine work input = We =m (hz - h2)
Process 2-3:

Constant pressure heat rejection in the condenser. The cooling water extracts
the latent heat of condensation from the exit steam exhausted to the condenser. The
condensation is complete. The entire vapour is converted into a condensate.

Therefore heat rejection = m (hz - h3)



Process 3-4:

Pump work. This work must be apportioned from the turbine output.
Wp =m(hs - hz)

Net work output, Wnet = We - Wp

Therefore, efficiency.

n— Wnet
1= Qadd

_ We—-Wp
" Qadd

_ m(h1—h2)—m(h4—h3)
- m(h1—h4)

RANKINE CYCLE WITH SUPERHEATED STEAM:
If the heating of the working fluid (BFW) is continued beyond the dry
saturation point, i.e well into superheat regime before feeding it to the turbine, i.e;
state instead of state 1 , the amount of heat added increase bringing about an
incipient increase in the work output

(A.Woutput = areal1l —1"— 2" — 2)

So, superheating begets a higher cycle efficiency.

Increase in
174
net

Temperature, T’

Specific entropy, s

Fig.2 Rankine cycle for Super heated Steam



CONCEPT OF MEAN TEMPERATURE OF HEAT ADDITION:

Fig.4 Mean Temperature of Heat Addition

Note:

If Tm is the mean temperature of heat addition as shown in the above figure, so that the

area under curve 2-3 is equal to area under curve 5-6, then heat added.



Ql — A — (113 - 112) = Tm(53 - S’_))

. (113 - 112)

T
" (s3 - s2)

If Q2 = heat rejected = (hy -h;) = Tpn (54 -51) = Toin (53 = 52)

1 =1 Q’) Tmm(53 - S'))
s e ey
S Q Tp(s3 - S9)
iE;
Neankine = 1 - %

METHODS TO IMPROVE CYCLE PERFORMANCE:
There are three ways to increase the efficiency of the simple ideal Rankine cycle.

1. Decreasing the condenser pressure:

The effect of lowering the condenser pressure on the Rankine cycle efficiency is illustrated on a T-s
diagram on the left. Steam exits as a saturated mixture in the condenser at the saturation temperature
corresponding to the pressure in the condenser. So lower the pressure in the condenser, lower the
temperature of the steam, which is the heat rejection temperature. The blue area is the net work increases

due to the decreasing of the condenser pressure.



v

Fig.5 The Effect of Lowing the Condenser Pressure
2. Superheating the steam to a high temperature:

The effect of superheating the steam to a high temperature on the Rankine cycle efficiency is illustrated on
a T-s diagram on the left. By superheating the stream to a high temperature (from state 3 to state 3'), the
average steam temperature during heat addition can be increased. The blue area is the network increased

due to superheating the steam to a high temperature.

L §

Fig.6 The Effect of Superheating the Steam to a Higher Temperature
3. Increasing the boiler pressure:

The effect of increasing the boiler pressure on the Rankine cycle efficiency is illustrated on a T-s diagram
on the left. If the operating pressure of the boiler is increased, (process 2-3 to process 2'-3"), then the
boiling temperature of the steam raises automatically. For a fixed inlet turbine temperature, the blue area is

the network increased and the gray area is the network decreased. Also, the moisture content of the steam
6



increases from state 4 to state 4', which is an undesirable side effect. This side effect can be corrected by

reheating the steam, and results in the reheat Rankine cycle.

T % Net work Py
increase P3
)(\3 3 Met work
- ecreased
g

Fig.7 The Effect of Increase the Boiler Pressure

REHEAT CYCLE:
« The efficiency of the Rankine cycle can increase by expanding the steam in the turbine in two stages, and

reheat it in between.

* In other words, modify the simple ideal Rankine cycle with reheat process.

* Reheating is a practical solution to the excessive moisture problem in turbines, and it is commonly used

in modern steam power plants.
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Fig.8 Schematic of Reheat cycle

The processes of reheat rankine cycle are explained below using the enthalpy-entropy diagram.
A 1 3

L]

Enthalpy (/)

Y

Entropy (s)

Fig.9 h-s Diagram of Reaheat cycle

Process 1-2
This process is known as high pressure turbine.



Obtain the work-done by turbine using enthalpies of inlet and exit.
Wy =h—h
Where, hy is the enthalpy for inlet state 1 and hy is the enthalpy for outlet state 2.
To find the values of hy and hy, use the given values of pressure and temperature at point 1 to calculate first
entropy at state 1(S1) and enthalpy (hz1) from the superheated steam table.
Next to find the variable is dryness fraction to calculate the value of entropy at exit state 2 (S2) with the
given formula.
$; =8§,
=S5, + X8,
Write the formula for enthalpy at exit state 2.
hy=h, +xh,
Process 2-3
This process is known as boiler.
In this process calculate the values of hz and Sa.
Process 3-4
This process is known as low pressure turbine.
In this process calculate the values of hs and Sa.
Where, S4 is the entropy at state 4.
Process 4-5
This process is known as condenser.
In this process calculate the heat expelled from condenser.
Qr = hy — h
Process 5-6
This process is known as pump.
In this process work done is calculated by the pump.
W, =hs—h
Where, he is the enthalpy at state 6.
Process 6-1
This process is known as boiler.

In this process obtain the heat supplied.



O.=h-h,
=(h—h-W,)]

Where, hs is the enthalpy at state 5.

RANKINE CYCLE WITH REGENERATION:

Internal heat is exchanged between the expanding fluid (steam) in the turbine and compressed fluid
(water) before heat addition. The aim is to increase the cycle efficiency .Heat exchanged in turbine is not
practical, hence feed water heating. The compressed water out of the pump is heated in a number of steps
rather than continuously, by steam bled from the turbine at selected stage .These heat exchangers are
called feed water heaters (F.W.H).

TYPES OF F.W.H:

1) Open or direct contact F.W.H.

2) Closed with drains cascaded backward.
3) Closed with drain pumps forward.

A careful examination of the T-s diagram of the Rankine cycle redrawn in Fig below reveals that
heat is transferred to the working fluid during process 2-2' at a relatively low temperature. This lowers the
average heat addition temperature and thus the cycle efficiency.

To remedy this shortcoming, we look for ways to raise the temperature of the liquid leaving the
pump (called the feedwater) before it enters the boiler. One such possibility is to transfer heat to the
feedwater from the expanding steam in a counterflow heat exchanger built into the turbine, that is, to use
regeneration. This solution is also impractical because it is difficult to design such a heat exchanger and
because it would increase the moisture content of the steam at the final stages of the turbine.

A practical regeneration process in steam power plants is accomplished by extracting, or
“bleeding,” steam from the turbine at various points. This steam, which could have produced more work
by expanding further in the turbine, is used to heat the feedwater instead. The device where the feedwater
is heated by regeneration is called a regenerator, or a feedwater heater (FWH).

Regeneration not only improves cycle efficiency, but also provides a convenient means of
deaerating the feedwater (removing the air that leaks in at the condenser) to prevent corrosion in the boiler.
It also helps control the large volume flow rate of the steam at the final stages of the turbine (due to the

10



large specific volumes at low pressures). Therefore, regeneration has been used in all modern steam power
plants since its introduction in the early 1920s.
A feedwater heater is basically a heat exchanger where heat is transferred from the steam to the feedwater

either by mixing the two fluid streams (open feedwater heaters) or without mixing them (closed feedwater

heaters).
A Steam exiting
boiler
Low-temperature 3
heat addition =
Steam entering
boiler
4 \

Fig.10 T-S diagram of Regeneration cycle
Advantages of Regenerative cycle over Simple Rankine cycle :
1. The heating process in the boiler reduced.
2. The thermal stresses set up in the boiler are minimized. This is due to the fact that
temperature ranges in the boiler are reduced.
3. The thermal efficiency is improved because the average temperature of heat
addition to the cycle is increased.
4. A small size condenser is required.
Disadvantages:
1. The plant becomes more complicated.
2. Because of addition of heaters greater maintenance is required.
3. The heaters are costly and the gain in thermal efficiency is not much in comparison
to the heavier costs.

Rankine cycle with Open Feed water Heaters:

11



An open (or direct-contact) feed water heater is basically a mixing chamber, where the steam extracted
from the turbine mixes with the feed water exiting the pump. Ideally, the mixture leaves the heater as a
saturated liquid at the heater pressure. The schematic of a steam power plant with one open feed water
heater (also called single-stage regenerative cycle) and the T-s diagram of the cycle are shown in Fig. 11.
In an ideal regenerative Rankine cycle, steam enters the turbine at the boiler pressure (state 5) and expands
isentropically to an intermediate pressure (state 6). Some steam is extracted at this state and routed to the
feed water heater, while the remaining steam continues to expand isentropically to the condenser pressure
(state 7). This steam leaves the condenser as a saturated liquid at the condenser pressure (state 1). The
condensed water, which is also called the feed water, then enters an isentropic pump, where it is
compressed to the feed water heater pressure (state 2) and is routed to the feed water heater, where it mixes
with the steam extracted from the turbine.

The fraction of the steam extracted is such that the mixture leaves the heater as a saturated liquid at
the heater pressure (state 3). A second pump raises the pressure of the water to the boiler pressure (state 4).
The cycle is completed by heating the water in the boiler to the turbine inlet state (state 5).

In the analysis of steam power plants, it is more convenient to work with quantities expressed per
unit mass of the steam flowing through the boiler. For each 1 kg of steam leaving the boiler, y kg expands
partially in the turbine and is extracted at state 6. The remaining (1 - y) kg expands completely to the
condenser pressure. Therefore, the mass flow rates are different in different components.

If the mass flow rate through the boiler is m, for example, it is (1 - y)m through the condenser.
This aspect of the regenerative Rankine cycle should be considered in the analysis of the cycle as well as
in the interpretation of the areas on the T-s diagram. In light of Fig. 11, the heat and work interactions of a
regenerative Rankine cycle with one feed water heater can be expressed per unit mass of steam flowing
through the boiler as follows:

gin = hs — hy,
Do = (1 — y)(h7; — h,y)
(hs — he) + (1 — y)(he — h7)

Wiurb.out

wpun)p.in - (1 _ )”)Wplnnp Lin iy Wpulnp I1,in
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Fig.11 The ideal regenerative Rankine cycle with an open feedwater heater.

Where,
Y = nig/ms (fraction of steam extracted)
w,pump Lin VI (P2 _ Pl)
w‘pump ILin — V3(P4 _ P?)

The thermal efficiency of the Rankine cycle increases as a result of regeneration. This is because
regeneration raises the average temperature at which heat is transferred to the steam in the boiler by raising
the temperature of the water before it enters the boiler. The cycle efficiency increases further as the
number of feed water heaters is increased. Many large plants in operation today use as many as eight feed
water heaters. The optimum number of feed water heaters is determined from economic considerations.

The use of an additional feed water heater cannot be justified unless it saves more from the fuel costs than

its own cost.
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BOILERS:

< A boiler (or steam generator) is a closed vessel in which water, under pressure, is converted into steam.
The heat is transferred to the boiler by all three modes of heat transfer i.e. conduction, convection
and radiation.
« Major types of boilers are: (i) fire tube boiler and (ii) water tube boiler
Based on Pressures of operation: (i) High Pressure boiler and (ii) Low Pressure boiler
« Generally water tube boilers are used for electric power stations.

Differences Between Low Pressure boiler, High Pressure boiler:

S.NO HIGH PRESSURE BOILER LOW PRESSURE BOILER

In this type of boilers, steam pressure is
above 15 psi.

Hot water pressure always exceeds 260 psi

Temperature will always be greater
than 2500C2500C

For the safety due to high working pressures,
these boilers are required to be monitored all
the time.

Applications involve production of steam in
industries and in power plant

For similar size, the output is relatively high.

High maintenance is required

Operating costs are relatively higher
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In this type of boilers, steam pressure
never exceeds 15 psi.

Water pressure never exceeds 260 psi

Temperature will never be greater
than 2500C2500C.

Since these boilers work on low working
pressure, they don’t need continuous
monitoring.

These are used for water heating and
steam from it used to heat rooms.

For similar size, the output is relatively
less.

Low maintenance required

Operating costs are relatively low.



BOILER MOUNTINGS AND ACCESSORIES:

Boiler Mounting:

Boiler Mountings are the components generally mounted on the surface of the boiler to have safety during

operation. These are the essential parts of the boiler, without which the boiler operation is not possible.

The following are the important mountings of the boiler:

1.

2
3
4.
5
6

Water level indicator
Safety valve
Pressure gauge
Steam stop valve
Feed check valve
Main hole

1. Water level indicator: this device indicates the exact level of water in the boiler tube.

2. Safety valve: it is a mechanical device used to safeguard the boiler, in case the pressure inside the boiler

rises above its normal working atmosphere.

3. Pressure gauge: the pressure gauge commonly used is the bourdon pressure gauge mounted on the front

top of the boiler shell.

4. Steam stop valve: the function of the steam stop valve is to stop or open the steam supply from the

boiler to the point of application.

5. Feed check valve: a valve placed at the boiler end to regulate the flow of water.

6. Main hole: it is the opening provided of cleaning or inspection.

Boiler Accessories:

These are those devices which are installed with a boiler and its neighbouring area to increase the

efficiency of the boiler. These are not the essential part of the boiler and thus without installing these

devices, the boiler operation can be accomplished though at a lower efficiency. The following are the

important accessories of the boiler are:

1.

2
3
4.
5

Feed water pump
Injector

Pressure reducing valve
Economiser

Air pre heater
15



6. Super heater
7. Steam drier or separator
8. Steam trap

1. Feed water pump: the feed water pump is used to feed water to the boiler.

2. Injector: function of the injector is the same as that of feed pump i.e.; to deliver feed water to boiler
under pressure.

3. Pressure reducing valve: the function of the pressure reducing valve is to maintain constant pressure on
its delivery side of the valve irrespective of fluctuating demand of steam from the boiler.

4. Economiser: a considerable quantity of heat of the plant is carried away by flue gases, so to utilise these
waste heat. An economiser is placed in the path of the flue gases to preheat the feed water.

5. Air pre — heater: the function of the pre- heater is to heat the air before it enters the combustion
chamber.

6. Super heater: super pre-heater is used for stationary boiler. The function of the super heater is to convert
dry saturated steam into super-heated at the desired temperature.

7. Steam drier: the function of the steam drier or separator is to separate water particles from steam before

it is supplied to the point of application.

DRAUGHT:
» The combustion in the boiler requires supply of sufficient quality of air and removal of exhaust gases
» The Circulation of air is caused by difference of pressure is known as draught. Thus draught is the
differential in pressure between the two points.
A draught tube may be
1. Natural Draught
2. Mechanical Draught
Natural Draught:
» A natural Draught is provided by the chimney or stack.
» Natural draught has its limitation. Modern plants has high rate of heat transfer and Draught losses are
very high. In view of this Natural draught is used only for small boilers.

Mechanical Draught:

16



Modern large size plants use very large size of boilers of capacity above 1000,000 kg per hour.
Such boiler needs tremendous volume of air (around 200000 m3) per minute. A Chimney provides this.
Therefore mechanical draught is used.

» In a mechanical draught the system the movement air is due to the action of fan. A Mechanical Draught
consists of forced Draught or induced draught or both.

» In forced draught system the fan is installed near the boiler .the fan force the air through the furnace,
economizer, air preheater and chimney. The pressure of air, throughout the system, is above
atmospheric and air is forced to flow through the system.

» In an induced draught system the, the fan is installed near the base of the chimney .The burnt gases are
sucked out from the boiler, thus reducing the pressure inside the boiler. To less than atmosphere. This
induces fresh air to enter the furnace.

» A mechanical Draught need additional capital investment and maintenance. But it required for proper
operation of modern power plant. In super thermal power plant, each boiler may use two forced fans

and two induced fan.
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STEAM NOZZLES AND TURBINES

Flow of steam through nozzles :
- The flow of steam through nozzles may be regarded as adiabatic expansion.
- The steam has a very high velocity at the end of the expansion, and the enthalpy decreases
as expansion takes place.
- Friction exists between the steam and the sides of the nozzle; heat is produced as the result
of the resistance to the flow.
- The phenomenon of super saturation occurs in the flow of steam through nozzles. This

is due to the time lag in the condensation of the steam during the expansion.

Types of Nozzles:
1. Convergent Nozzle
2. Divergent Nozzle
3. Convergent-Divergent Nozzle

Convergent Nozzle
A typical convergent nozzle is shown 7
: ; Entrance Exit
in the Fig.106.1. In a convergent nozzle, — —_
the cross sectional area decreases - R
continuously from its entrance to exit.
It 1s used in a case where the back
pressure is equal to or greater than the
critical pressure ratio (which will be defined later).

Divergent nozzle
The cross sectional area of divergent 7
nozzle increases continuously from Entrang; M E,:,
its entrance to exit. It is uscq in a : -
case where the back pressure is less WW

than the critical pressure ratio.
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Convergent-Divergent Nozzle

In this case, the cross sectional area first decreases from its entrance to
throat and then increases from throat to exit. This case is also used in the
case where the back pressure is less than the critical pressure. Also, in
present day application, it is widely used in many types of steam turbines.

Entrance W__ﬁ‘_—- Exit

— e

TN T 7777

ConvE‘rruenl Il_" Divergent
region regkon

- Throat

Supersaturated flow or Metastable flow in Nozzles :

As steam expands in the nozzle, its pressure and temperature drop, and it is expected
that the steam start condensing when it strikes the saturation line. But this is not always the
case. Owing to the high velocities, the residence time of the steam in the nozzle is small, and
there may not sufficient time for the necessary heat transfer and the formation of liquid droplets.
Consequently, the condensation of steam is delayed for a little while. This phenomenon is
known as supersaturation, and the steam that exists in the wet region without containing
any liquid is known as supersaturated steam.

The locus of points where condensation will take place regardless of the initial temperature and
pressure at the nozzle entrance is called the Wilson line. The Wilson line lies between 4 and 5
percent moisture curves in the saturation region on the h-s diagram for steam, and is often
approximated by the 4 percent moisture line. The supersaturation phenomenon is shown on the

h-s chart below:

19



i

\, -\/
- Saturation

" line

Wilson line
(x=10.96)

- v

The h-s diagram for the isentropic
expansion of steam in a nozzle.

Effects of Supersaturation:
The following are the effects of supersaturation in a nozzle.

(a) The temperature at which the supersaturation occurs will be less than the
saturation temperature corresponding to that pressure. Therefore, the den-
sity of supersaturated steam will be more than that of equilibrium condi-
tion which gives the increase in the mass of steam discharged.

(b) Supersaturation increases the specific volume and entropy of the steam.

(c) Supersaturation reduces the heat drop. Thus the exit velocity of steam is
reduced.

(d) Supersaturation increases the dryness fraction of the steam.

Critical Pressure Ratio:
The critical pressure ratio is the pressure ratio which will accelerate the flow to a velocity equal
to the local velocity of sound in the fluid.
Critical flow nozzles are also called sonic chokes. By establishing a shock wave the sonic choke
establish a fixed flow rate unaffected by the differential pressure, any fluctuations or changes in
downstream pressure. A sonic choke may provide a simple way to regulate a gas flow.
The ratio between the critical pressure and the initial pressure for a nozzle can expressed as pc/
pr=(2/(n+ 1))
where
pc = critical pressure (Pa)
p1 = inlet pressure (Pa)
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n = index of isentropic expansion or compression — or polytropic constant
For a perfect gas undergoing an adiabatic process the index — n — is the ratio of specific heats — k

= cp/ cv. There is no unique value for — n. Values for some common gases are

o Steam where most of the process occurs in the wet region : n =1.135
e Steam superheated : n = 1.30
e Air:n=14
e Methane:n=1.31
e Helium:n=1.667
Effect of Friction on Nozzles:

1) Entropy is increased.

2) Available energy is decreased.

3) Velocity of flow at throat isdecreased.

4) Volume of flowing steam is decreased.

5) Throat area necessary to discharge a given mass of steam is increased.

Most of the friction occurs in the Saturation
diverging part of a convergent- line
divergent nozzle as the length of
the converging part is very small.
The effect of friction is to reduce
the available enthalpy drop by
about 10 to 15 per cent. The
velocity of steamn will be then
V,=44724/K(H,-H,) where K
is the coefficient which allows for
friction loss. It is also known as
nozzle efficiency (n,) Entropy (@) —

V, =44,72[(H, - Hyn,

Enthalpy (H) —=
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Velocity of steam at nozzle exit:

Vi=2000(H, - H)+V? - V,=V2000(H,-Hy)+V}

As the velocity of steam entering the nozzle is very small, V, can be neglected,

V, = \2000(H, - Hy) = 44.72\(H, - H,) m/s

- If frictional losses are taken into account then

V,=44.72(H, - Hym, m/s

Mass of steam discharged through a nozzle:
—
Asl

! sl
m=4"\| 0" (Bf ()"
n-1 v P\,
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Condition for maximum discharge through nozzle:

The nozzle is always designed for maximum discharge

1
P . 3
2=/ 20002 x| (P2} (P2
A n-1 Vi PI PI

The mass flow per unit area will be maximum at the throat because the throat
area is minimum.
It is seen from the above equation that the discharge through a nozzle is a

function of ;: only, as the expansion index is fixed according to the steam

supplied to the nozzle.

Therefore, E is maximum when

1 n+l

P, '_ P, " | is minimum
P ) (P

23



Values for maximum discharge:

1 #al

P H T
m=A"\[ 2000——x—|[ £ _[ P2
n-1 Vi P] Pl

P, 2 -t
we know Fl_(n+l)

P‘
Putting the value of IT: in the above equation
!

Ll
V P, ( 2 )‘T‘
m..=A™\[ 1000n x— x
vy n+l

Where Py is the initial pressure of the steam in kpa and v is the specific volume
of the steam in m%/kg at the initial pressure.
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Sample Problems on Steam Nozzle:

1.Steam at pressure of 1.5 Mpa and temperature of 260°C expands
isentropically in a steam nozzle to a pressure 500 kPa with an actual enthalpy
drop of 200 Kj/kg. If the nozzle outlet area is approximately 4 cm? and mass
flow rate is 10 kg/s, calculate the number of nozzles required and adjust the
outlet dimensions to suit this number.

2.Dry saturated steam at 10 bar pressure enters a convergent nozzle which is
having 10mm throat diameter and 12 mm divergent portion length. Determine
the diameter at the nozzle exit and cone angle of the divergent portion so that
the steam may leave at 1 bar pressure. Assume the effects of Friction are
negligible.

3.Steam at pressure of 22 bar and temperature 300°C is supplied to a group of
five nozzles at the rate of 4.5 kg/s. The exit pressure of steam is 3 bar.
Determine the following:

i. The dimensions of the nozzles of rectangular cross section with an
aspect ratio of 3:1. Neglect the friction effect and assume the
expansion is metastable.

ii. Degree of Under cooling and Supersaturation.

iii. The loss in available heat drop due to irreversibility

iv. Change in entropy
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