PART IIA 2005

" 3A5: Energy and power gencration (double module)
Principal Assessor: Prof HP Hodson/ Dr N
Swaminathan

Datasheet: None
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Part 3AS- Energy and Power Generation

®

Cc; )

Heat transferred

e the ‘pinch-point’ temperature difference AT, = (Ts—7,) must be maintained positive - for
a given heat transfer coefficient, AT, controls the physical size of the HRSG and cannot -
be less than about 10 °C

(b). To find the ratio of mass flows ’n'ig /g in the cycle, we apply the SFEE to the hotter .pvan of
. the HRSG

&—’L) ms(hd—hc) = Ing(h4_—h§) = mg Cpg(T4_‘T5)
where ¢, is an average value of ¢, for the gas stream. Thus,

mg_ (hyg—hs) _ pg(T4—T5)

mg (hy —h,) (hg —h.)

f From tables:

\’\c, - \'\5, (4O ".%r} = \037;3’ ETG: 250 25 SC’I
b= W (s, @obu) 2,5(0-2
T = T.+25% 2775 %

a i’m,/,ﬂﬁz g ($30-215-35) [ 45604 - 10875) = O-i4i )
U \) The stack temperature can then be obtained by a further application of the SFEE to the cooler
- part of the HRSG,
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I’i’ls(hf“hb) = mg(hﬁ-h6) = mg Cpg (T5~T6)
- giving,

e Vo= 1T¢ %5 - 0. 1416(16878 -1259) 1 = seié‘t/

145

 Ideally, the stack temperature T should be as low as possible to reduce
o the exhaust exergy loss
e but also T6 is limited by
e the ‘pinch-point’ temperature difference
e the risk of acidic corrosion in the HRSG
e stack temperature > dew point temperature
e 80°C for sulphur-free fuels
e 135°C fuels with sulphur (the dew-point of HSOj4 is around 130 °C).
e typical boiler efficiencies are around 95%.
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Part 3A5- Energy and Power Generation

2 (a) The choice of fuel directly affects the amount of CO, produced. Natural gas produces about
- half the CO; of coal for the same heat transferred. Oil lies about halfway between these two.
- Therefore, switching to natural gas reduces emissions

' Renewable fuels (e.g. wood or bio fuels) produce no net CO,. Therefore, using these fuels
- reduces emissions.

Natural gas (& oil) can be used in CCGTs which have a higher efficiency than gas turbines or
- steam cycles. This has been a major contribution to the reduction in CO; emissions in the UK
 during the 1990s.

The efficiency of basic gas turbines can be improved using water/steam injection in such as the
HAT and STIG cycles. Steam cycles can be improved if supercritical pressures are employed. In

. both cases, the efficiency will not reach that of existing CCGTs.

Nuclear Power, wind power, hydroelectric power do not produce CO, but there are other
environmental costs.

CO; can be captured and sequestered. This adds cost to the process but is technically viable.

Qi from combustion gas

0o 0 A |

. ! 1 4
W J——»@— condenser [

|
| |
: | | steam generator 3 |
; |
D2 |
| |
WPZ_J_, feed :
: pump 2 steam |
| f turbine |
| b :
feedheater - ‘
! |
|
|
|
|
|
|
|

Qou 10 cOOling water

3




QLL)‘L e~ \% Cus LMlo-t:vs \-’\/\A!'\Aj\« lOD-L\JJ‘ R 3\/\#@5

185 Rlig K
‘/\.r‘\\\/\b +Q“w\\\m = \/\.s—. \"b =2

- I = \x/\{,“\v\\ = @'.‘qu‘{”
\’\\.3'*‘1{\‘ ‘

ﬁ;‘?’ Por ey e by He bolr, 2RE 4.
LU‘) Whap +WiLe = 6/\%\\4*,3 A /\\“WS (\"b—(/\q.\

o Ly, - oas (s a0

= 28886 vl
S = (n S 3 led 55),, = 035 (84T o (0w

= 12465 ‘aﬁT/lA,sl:’(

Y;U‘-/v\ d\m\ﬂ\' (TM Mpw rst_m:.au /bj_.,\
7.98  lafl

I

h = 2685 1T i,k 2y =

(@SO’LW ’25853 + (14:)-!4*7?) (26¥§—Zl’iﬁ\)

\l‘/\'/l'-'\r""\"\JLP =
= 12328 UT [l

LeOte W [s

; . 2
. A xi““ \;,- == { .,D KLO
Lo A ~ I
!’2—’2)3“2 '
. AN 7
V <7 [ 'Lf;é* ”Q 54:;'\ ‘\,:l,,\ - 11 7
Q ) i Sarbr X2 T J
R A, AP C"a
T L0’ L.y 8/ ’\w*‘“ ¥

] -~ 3 AY .
= Tl M\T"\D



@ §

2LSDL — 2\8%-8 bk
252 — \ L\ -ty

’\7/ - \/\//\/e"r“ P \/\3*\/\4.* -

’éﬁj% - Pawes Qg »Lg( WA Vo DSt s

Q’) o el R wa .
Lol Prrnr = Lot 3328-90) (2 = L= 5, ems,])

- 1.
- Lok, 202 (1530 ~{folnas) ot

= 12374 W

—

e e e &

(.:_\— - te C\Q\AK‘



Part 3AS- Energy and Power Generation
4 (@) () The half-life Ty, is the time at which the number of radioactive atoms

present (or equivalently the source activity or RTG power) drops to half its initial value.
Hence when 1 =T,
P =1 Py = Pyexp(-ATy;)

In2
1n(—) = —An/z = T1/2 = /1
NTI/2 NT|/2

1
(ii) P =—— |Pdt = Py exp(—=At)dt
mean NTl/z ) T1/2 6[

mean

By Py 1
1- —ANT, = 1- Nln2)]= l—
/1N T, [1-exp(-ANTy,)] = Nin 2[ exp(-=Nln2)] = Nin 2[ ZN}

(b) The energy in MeV released is 9314 where 4 is the change in mass (in u).
Hence
E =931x[209.9829 ~205.9744 — 4.0026] = 931x0.0059 = 5.493 MeV

E=5493x16%x10"13 =8.789x107 13 J

(¢) An a-emitter is a good choice because a-particles are very easy to stop and
therefore their energy (which is the majority of that released in the decay reaction) is
readily recovered.

Other considerations:

> suitable half-life — too long gives low activity and therefore low power

density, too short and the source may not last the mission;

> decay should not produce too much y-radiation — represents energy loss and,

depending on the application, a potential health hazard;

» cost should be reasonable.

(d) (@) If the power after three half-lives is P, the initial power is

(ii) The recoverable energy per decay =5.493-0.802 = 4.691 MeV
=4.691x1.6x107"% =7.506x107" J

3
Initial activity for required power Ay = _ﬁ_l_{)__ﬁ- =2.665x10" Bq
7.506 <10~
Ay = AN, where N is the number of 1% atoms initially present.

_In2 In2

= = =5797x107 8 g7
Ty, 138.4x24%3600

Ay 2. 15
NO:_O:_G_@(_LO_

A 5797%1078
The mass of *'°Po initially present

=4.597 %1022 atoms

2 XP=8P,ie 8x250=2000W=2kW.. ... - B
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4.597x10% atoms
Mgy =

= - %210 kg kmol ! = 0.016 kg
6.022 % 102%° atoms kmol !

(¢) Over the mission power drops to 1/8" its initial value = 7/8™ of the *'°Po
atoms initially present decay.

Number of decays =%NO :%x 4.597%10% =4.022x10%?

This is the number of “He atoms released.

22
Number of mols of “He released = 4.022x107" atoms =0.0668 mols

6.022x10% atoms mol

Using the perfect gas equation pV = nRT
Ve nRT _0.067x8.314x523

p 100x10°

=2904%107 m?>
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Enthalpy-Entropy Diagram for Steam

Plotted from the [APWS equations http://www.iapws.org (Duncan A. Simpson (2002))
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5 (a) Flammability limits are the limits in equivalence ratio (given also in’

terms of fuel to air ratio) between which a mixture can sustain a self-propagating flame.
The lean limit is the smallest possible fuel to air ratio. The existence of the flammability
limit is due to the low temperature as the mixture becomes leaner, which leads to a
dominance of chain-terminating reactions over chain-propagating ones. A rule of thumb
is that this happens at around 1500 K: for hydrocarbon flames at atmospheric pressure. -

See Lecture Notes, Chapter 2 (for a discussion on the reactions) and Lecture 6

(for a definition of flammability). See also experimental handout (which I tell the
students is examinable material).

(b) Energy balance for the reactants from the inlet to just before the flame;
and for the flame products from the flame to the exit, gives: '

(1) me,(Tp = Tyy) =me,(Tr =T,y )
Energy balance across the flame is

2)  mc,(Ty—Tg)=mYp,0

With T,,~1000 K and 7=1600 K, Eq. (1) gives that 7x=900 K. Then, Eq. (2) gives that

the fuel mass fraction in the reactants is 1.2 x (1600-900)/50000 = 0.0168.

quel a- quel) .
quel,st a- quel)st

Equivalence ratio ¢ = . From the complete combustion equation for

2 2%0.79

methane CH, +UE(0‘2102 +0.79N, )= CO, +2H,0 + N,, we get that

16 1

~

=0.0583 = .
2%¥32+2%79/21*28 17.167

Y fuel,st =

Hence, the leanest equivalence ratio of operation before the flame temperature drops
below 1600 K is 0.293. ‘ : :

(c) At these low temperatures, we do not expect thermal NO to be created.

Since we are burning methane, we do not expect fuel-bound NO. Hence the only NO
that can appear is the prompt NO (Lecture 2).
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6 (a) In the flame, chemical kinetics dominates so there is no eqhilibn’um.

After the flame, equilibrium will be approached relatively slowly.

(b) The combustion reaction is

15 7 |
C10H20 +"¢—(02 +%2—?N2) - bICOZ +b2CO+b3H20+b4H2 +b5N2

The atom conservation equations become:
For O: 30/¢= 2b;+ by +b;
ForC: 10=5b;+b,
For H: 20 = 2b3+ 2b,4
2-0.79 _ b
$0.21 .
We have five unknowns and four equations, so we need one equilibrium reaction. As

this is rich combustion, we take the water gas shift reaction CO + H,0 = CO, + H,
(Reaction 8 in Thermofluids Tables). Hence

For N:

x _ Peor | PO)(Pyy IP°) _ (by )by /n) (PIPOYPIPY) _ by
P (Pop 1 POY(Ppyap 1 PY)  (by/n)(By/n) (P/POYPIPY) byby

From Tables, In(Kj) = ~1.091 (at 1600 K), hence K, =0.33588. Algebraic manipulation
of the conservation equations for ¢=2.5 and substitution in the K, formula gives:

_ (b -8,
P (18-b4)(10~by)

The final solutions are:

b1=0.5421

b,=9.4579

b3=1.4579

b4=8.5421

bs=22.5714 , .
Using n= by+ by+ byt bat bs, the mole fractions (X=b;/n) can be calculated:

XC02=0-0127

XCQ=O.2221

XH2020.0342

XH220.2006

XN2=O.5302

Which are equal to the volume fractions
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expected to be produced.

(d) No. Since Zui =0 for the reaction

yielding the X,, relation, there is no
impact of the pressure in both cases. ‘ .
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3A5 Energy and power gencration (double module)

Principal Assessor: Prof H P Hodson/ Dr N
Answers Swaminathan

L @) he—h1=—35 (p2—p), s2—s1=—RIn(2) - (p, — p1)
(b)) 4.523 kg/s, 1495.4kw, 4264.7 kw
(i) 760.1 kw, 1079.6 kw
(iii) 5.986 Mw

(iv) 986 kw - high because of exergy loss during heat addition

2 (b)(i) 0.142
(i) 156.85°C
(c) 194.8 kJ/kg 53.18 kJ/kg - use multiple pressure levels

3 (b)(ii) 0.1495
(iii) 404 kg/s
(iv) 41.3% with feed heating and 38.8% without feed heating
(v) 1374 Mw 1.1%

4 (@)@) Ty = th2
(b) 8.789x10713J
(d)3d) 2.0kw
(i) 0.016 kg

() 2.904x10~5m?
5 (b) 0.293
6 (b) Xco, = 0.0127, Xco = 0.2221, Xiy,0 = 0.0342, Xy, = 0.2006, Xy, = 0.5302

7 (d) 58.5%, 17.84 MPa

CwamiNATHAN .
2o es



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

