Rewriting in a more suitable form gives

R R 2
i’.‘.Gf - 21.\6?[_. = -RTeﬁn[(y{:HgP)/(‘szp) ]

CH,, Hy

But the change in Gibbs free energy for the reaction is given by

- 2AG3

AG = AGZ ¢

f

CH, Hy

and the definition of Kp is given by
£nKp = ~4G/RT,

and so we get

(¥or P)
K o —CHy -

Py P

which is precisely the expression for Kp given by Equation (3.2-14}. 1If
all the A's were eliminated in Equations {3.2-16) to 3.2-24) and the
definition of K were used, we would get the conventional equilibrium
equations of the form of Equations (3.2-14). Clearly the two methods
are completely equivalent.

As we have discussed earlier, the effective enthalpy of the coal
is obtained by using the Dulong approximation to give the coal composition
in terms of fixed carbon (C), hydrogen (Hz), water vapor (HZO), nitrogen

(Nz), and sulfur (52). The weight fraction of Tiquid water and ash in

the ¢pal remains unchanged. Let wgj be the weight fraction of species i
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in the coal after application of the Dulong approximation, where i takes

on values 1 to 7 as shown in Table 3.2-5., Simiiarly, let V43 be the

molecular weight of species i, where i again is defined by Table 3.2-5.
Table 3.2-5

Meaning of the Subscripts Applied to Coal after
Application of Dulong Approximation

Subscript (di) Species
dl ¢
d2 Ho
d3 H20(a)
d4 My
d5 Ss
d6 Ho0(L)
d7 &sh

The first law of thermodynamics may now be written for the gasifier:

(TP ) + ¢

Matc wd?(Tc = Trep) W (T sP ) v, # ans + wsh

5 s
Pash aa*'a>a’’"a

= Nghg(TgsPy) + cpash”d?(Tash‘Tref) " (3.2-25)

where the subscripts are defined as follows: ‘'afc' denotes ash-free
coal, ‘a' air, ‘c' coal with ash, and ‘g' gasifier outlet gas. The
enthalpy of the ash-free coal (based on a unit mass of coal with ash)

at temperature T. and pressure P_ is denoted by h (TC,PC), and the

afc

heat added to the gasification process per unit mass of coal is Dgas’

whi]e'ﬁa(Ta,Pa) and'ﬁg(Tg,Pg) are the enthalpy per mole (or molar
enthalpy) of air and product gas, respectively, at the indicated

temperatures (T} and pressures (P). Finally ¢ is the specific

Pash
heat of the ash (assumed to be constant), Taep 15 the ash discharge
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temperature, and Tref i3 an arbitrary reference temperature which cancels
out of the final form of the energy eguation.

The enthalpy of the ash free coal, h_._., per unit mass of coal is

afec
given by
é

Myge(TeiPe) = 151 (”di/“di)hdi(Tc’“diPc)‘

where F&i is the molar enthalpy of species 1 at a specified temperature
Tc and pressure Pc and e is the mole fraction of species i basad on the
Dulong apprdximation. it is tacitly implied by the nomenclature E;(Tg,Pg)
and ha(Ta,Pa) that the composition of the gas indicated by the subscript
{s an argument of the enthalpy function. For conciseness, we do not

write this explicitly. The enthalpy of the air, ha‘ per unit mass of air

is given by
L‘ .
ha(TasPy) = 12 (“ailvai)hai(Ta'”aiPa)
=]

where Mag is the mole fraction of species i for the air. On a basis of
a unit mass of coal, the enthalpy of tha air is waha, since there are Wy
unit masses of air per unit mass of coal. Similarly, the enthalpy of the
steam used in the gasification process is simply wshs(Fs,Ts) where h_ is
specific enthalpy of steam and Wy is the mass of steam required per unit
mass of ceal. Clearly, the subscript 's' denotes that the fluid is steam
or water. Finally, the enthalpy of the gaseous products per unit mass of

coal is given by
10

Nghg(Tg.Pg) = izx n

AT ,u_.P
gi"gi (TgrHgiPq)
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where Bgi is the mole fraction of species i for the power gas. Again note
that the enthalpy has an implied mole fraction dependency. It should be
noted that when a summation occurs, one should use the appropriate table
to get the correspondence between subscripts ci, af, g¢i, and di and the
corresponding species. Before substituting all these expressions into
Equation 3.2-25, let us divide it first by Ng since again we prefer to
work with mole fractions instead of mole numbers. The final form of the

energy equation for the gasifier then becomes:

6

T (/v (T ousP ) +c
§=1 di 31 di*'c’"di ¢ Pash

M igl (w5793 0055 (Tyaug57)

md?(Tc - Tash) + wshs(Ts’ps)

R

3.2-26
ans Ewclfvcl)(y92 " Y93 ¥ Ygs ’ ygsﬂ ( )

10

1—51 Ygi"gi (Tg¥gi%g!

In this equation, the y_. are unknown along with LA and w ATl other

01 s’
parameters are either specified in the input to this model or are calcu-
lated directly from the input.

We have thus jdentified sixteen equations which we may use to solve
for the sixteen unknowns. We complete the model by noting that the mass
flow of the product gas Hy per unit mass flow of coal is given by

=1 + W o=
wg wa s C7

and it is a trivial matter to get the curresponding mole flows., Finally,

the higher and Jower heating values of the power gas can be computed since



we know the gas composition, after we solve for the ygi's. Wle get
conservatively low estimates for the heating values by assuming only
HZ’ €0, and CH, contribute to the heating values of the power gas.

In summarizing, we have jdentified sixteen unknown parameters: the
ten mole fractions, the four Lagrange multipliers (which have no obvious
physical significance), the steam flow, and the air flow. Fortunately
sixteen equations in these same variabies have also been identified: six
mass balances, nine equilibrium equations, and the eneray equation. The
method of solution is presented in Section 3.2.2

Now we can readily see why the endothermic gasificr model is a
special case of the one above. Ue have already agreed that for endo-
thermic gasification, we want to gasify the coal with steam only; that
is, the air flow, Wy is zero. Setting W equal to zero in the six mass
balance equations and nine equilibrium equations and solving the resuiting
system of fifieen equations gives values to the fifteen unknowns. The
energy equation is then solved for the amount of heat, ans’ needed to
allow gasification of coal without any air. Again the method of salution
given in Section 3.2.2 easily accommodates this mode of gasifier operation.

Before leaving this model, a subtle point should be made with regard
to the temperature Te used in the nine equilibrium equations and the
temperature Tg used in the energy equation. While these should be equal
to be consistent with our assumption of thermodvnamic equilibrium, the
provision has been made to allow for them to be different. This was done
to allow for the possibility of "freezing" the reactions at a certain

temperature which is sometimes done or implied in the literature.



3.2 - 7 7 iooor Model

w e » in the gasifier model, we must have provisions for
twe o~ ° e - .as of operation. One mode allows the combustor putiet
tempera.ure Lo be specified and the other allows the excess ajr to be
specified. These parametev~ will become apparent in the development of
the combustor model. The method of solution for each of these modes is
presented in Section 3.2.2. The basic rehction for the combustor is

Fuel - Mr -+ Products,

We normalice the calculation by assuming a mole of gaseous fuel, not a
unit mass ¢ - =’ as was the case in the gasifier model.

Let us .- ~ume that the composition of the gaseous fuel by mole
fraction uey .o specified along with {ts pressure Pf and temperature Tf.
Again Table 3.2-3 must be used to correlate the subscript § with a parti-
cular chemical species. Let us further assume that the air composition

by weight fraction w_ . is specified, where Table 3,2-2 provides the meaning

ai
of the subscript ai. This composition by weight fraction can easiiy be

converted to one by mole fraction Haf where again Table 3.2-2 is applicable.

Let us also assume the pressure Pa and temperature Ta of the air entering

the combustor are specified. Denoting the number of moles of stoichiometric

air per mole of fuel as 8 and the excess air fraction as £, the number of
moles of air per mole of fuel becomes g(1+g). Finally, let n he the
number of moles of species 1 in the product gas per mole of fuel, where
species i is identified in Table 3.2-6. From this table, we see that the
following species are assumed to be present in the product gas: carbon

dioxide (CD,), water vapor (H,0), nitrogen (N2}, oxygen (92}, argon {Ar},
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nitric oxide (NO), carbon monoxide (€O}, monatomic hydrogen (H}, monatomic
oxygen (0}, hydroxyl (OH), hydrogen (H,), nitrogen dioxide (N0,), sulfur
monoxide (S0), sulfur dioxide {S02), and sulfur trioxide ($05).
Table 3.2-6
Meaning of Subscripts Applied to Products

of Combustion

Subscript (pi) Species in Gas

p1 C0-
pe HzO(g)
p3 Nz
p4 02
p5 Ar
p6 NO
p7 Co
p8 H
pg 0
pi0 OH
pT'l Hz
pl13 S0
pld SC,
915 503

Let the pressure of the product gas be Pp, which is presumably specified,
and the temperature be Tp’ which may be either an unknown or is assumed
to be specified. We will eventually get an expression for 8 which will
depend on known parameters, and £ is either an unknown (Tp must be
specified) or is specified (Tp is then one of the unknowhs).

Because it is shown in Section 5.5, that a nitric oxide (30}
emission problem exists for the waste heat combined cycle configurations,
flue gas recirculation is used as a means to reduge the amount of NO

which goes up the stack and into the atmosphere. In othar words, a
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certain fraction, p. of the flue gas at near atmospheric pressure is

compressed, ceoled to a specific temperature, Tr’ and fed into the com- S
bustor at pressure Pr' The combustor model then must include a provision

for flue gas recirculation. With this modification, the basic reaction

in the combustor becomes
Fuel + o(Products) + Air » Products

and we are now in a position to develop the mass balance equations.
First, we do a mass balance on carbon (C). By referring to Table

3.2-2 for the species in the air, Table 3.2-3 for the Specfes in the

fuel, and Table 3.2-6 for the species in the product gas, the first

mass balance on carbon becomes

+ +pn_ =n_ *+n

s * + + n
b Mey T Mg T Mfg Py P7 P Py

(4

or

+ + + = (1- .2- S
He, T Peg T s T e (T-a)lny, +0y.) (3.2-27) o

Similarly, a mass balance on H, 0, N, S, and Ar gives the following

five relationships

zufl + 4?f3 + 2ufk + zufa + 3uf1G + 28(1+E)uah

= {{= 2 + + + . (3.2.28)
(102 an nDa n910 2“911)

Mf, toup ¥ 2ufs gy (2ua2 + uak)(1+E)B =

= (1-0)(2np1 + o, + Enph g, + Ny ¥ My (3.2-29)

+n +2n +n + 2n + 3 ,
P10 P12 P13 Piy nDls)
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Zug ¥ he ot 23(1+E)ual = (1—p)(2np3 tng oty ), (3.2-30)

+ = (1- + + . -
Mg ¥ gy T (medlay rng e ) (3.2-31)
and
+ + = (1~ : -
ue, * 8(rhu, = ( p)lng ), (3.2-32)
respectively,

Again we prefer to work with mole fractions, ypi’ instead of mole

numbers, n Dividing Equation {3.2-27) by Nc, where

pir

and solving the resulting equation for N. gives

NS * e, * Moo "y
¢ 1- +
( p)(ypl yp7)

N (3.2-33)

pi
balance equations (3.2-28 to 3.2-32) by N. and using Yoi = npi/."iC gives

where y . = npich has been used. Mow dividing each of the remaining mass

the following relations where the factor (1-5) has been divided from both

sides and, therefore, no longer appears in the mass balances

[ ) Y1 ¥ Ypy
2u, v, 4 Zp. +2u. + 3y + 23{1+¢)u J ~
f1 3 fy fa f1o a “£, + v, * Mf, + Be
= 2 + v + + 2
o2 " ¥os Y e Y11 (3.2-34)
Y. +v
e toue F2u. ot a. + (2u. o+ oy )(T+€)% —F1 27
= 2y +y + 2y +y +y +y .
P1 B2 Pu Pa P7 Py (3.2-35)
+ + 2 + + 2 + 3
ypzo yplz yDIB yplh ypls
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(2, +u. 2s{1+g}u J B =2y +y +y
L fe Tf1o .a Me, Fup, tup Foug Ps  “Pg P12
- y. ty (3.2-36)
Hrg ”fg Py - ry oty

= e, + Ve, + M toue Pi3 Piy P1s (3.2-37)
- yp + yp

we + 8 {148)u ] - L Z = 3.2-38
T2 a3 Mg, + Me, + Me, + Mg s ( )

Like the gasifier model, the sixth equation is provided by the fact that

the sum of the mole fractions must be unity:

15
Iy
i=1

oi 7 1 (3.2-39)

It is important to remember that it is the y § and possibly £ that are

p
the unknowns in the Tast six equations. An expression for 8, the number

of moles of stoichiometric air per mole of fuel, may now be developed.

The following species, present in the gaseous fuel, are capable of
combustion with the oxygen in the air: hydrogen (H,)}, carbon monoxide (CO),
methane (CH,), hydrogen sulfide (H,S), carbonyl sulfide {C0S), and ammonia
{NH3). The number of moles of oxygen (0;) required for complete com-
bustion of each of the above constituents is easily determined from the

following balanced chemical equations:

Hz + 1/2 02 -+ H20

O + 1/20, + €O,

CHy + 20, - CO0, + 2H,0
HoS + 3/2 0, = H,0 + 50,
Cos + 3/2 0, » CO, + S0,
MH3 + 3/4 0, - 3/2 H0 + 1/2 N,
3-24
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From the first reaction, we see thaﬁ 1/2 mole of Oy is requfréd for each
mole of My, but there are ke moles of H, per mole of fuel, so there are
1/2 R moles of 0 required per mole of fuel due to the Ho only. A

similar 1ine of reasoning results in the following 0, requirements in

moles of 0, per mole of fuel: T/2uf2 due to the-CO, pra due to the CHy,
‘ 3/2ufa due to the HZS,-BIZﬁfg“due to the C0S, and 3/4uf1Q due to the NHs.
The total oxygen requirement is clearly the sum of these. But there are

. moles of O, per mole of air, so

]/Eufl + 1/2uf2 + Zuf3 + 3/2uf8 + 3/2"fg + 3/4uf10

g = W (3.2-40)

2

which 1s the theoretical air requirement in moles of atr per moie of fuel.
Clearly, the number of moles of air per mole of fuel actually used depends
on the excess air fraction £ and is equal to B(1+£). This fact has heen
used in the derivation of the mass balance equations. Note that {n Equa-
tion (3.2-40) since all the parameters on the right<hand side are known,

g can be readily calculated.

Before writing the equilibrium equations, nine independent reactions
among the gaseou$ species may be identifled. One should clearly under-
stand, however, that identification of these reactions is not necessary
to the Lagrange multiplier approach. One possible set of reactions is

as follows:
0 + /20, % €0s

Hy + 1/2 05 ¥ H0
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My + D2 T 2NO
Hz A 2 H
0y T 20

H,Q + 1720, ¥ 2 OH

N, + 20 T 2N
0+ 1/20, + S0,
S0+ 0y 503

Now the equilibrium equations may be written using Equation (3.2-15)
applied to the combustor product gas (after changing Te to Tp and dividing
by RTp). The ajk matrix is given in Table 3.2-7, The subscript i on the

Assignment of Yalues to the agy
for the Combustor Model

Element {K)
Species i c{1) H(2} 0(3) N(4) S{%)
€0 1 1 0 2 0 0
H, 0 2 0 2 1 0 0
Ny 3 0 0 0 2 0
0, 3 0 0 2 0 0
Ar 5 0 0 0 ¢ 0
NO 6 it 0 i 1 0
co 7 1 Q0 i 0 G
H 8 0 1 0 0 0
0 9 0 0 1 0 0
OH 10 o 10 0 0
Hy 1 ¢ 2 R ;
50 13 o o T S T
50, | 14 0 0 2z o8 1 s
503 15 0 0 3 ¥ L f
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ypi now correspond, of course, to those in Tables 3.2-6 or 3.2-7,

following equilibrium equations are to he satisfied:

AGY (T MRT + fu(y_ & :
Tooap /Mo ¥ Hlrp 8 Pp) + AG/RT, + 2ag/RT,

c0o,

AG2 (T )/RT
szop p
462 {T _}/RT
sz p P

a6 (T
foé p}/RTy

AG% (T _)/RT
fug PP

a62 {1 )/RT
fco p p

863 (Tp)/RTp

H

Gﬂ
A fo(TPJ/RTp

AG2 (T )/R
foé o) /AT,

aG; {7

A o) /BT

AG% (T )/RTp

+

+

+

+

.'.

+

-+

+

+

n
o

1
o

n - -
(yp2¢p2Pp) + ZAH/RTp + xO/RTp

+
1
o

nly, 45,70 2y /RT,

W
[ ]

£n(ypu¢ ka) + ZAO/RTp =

P

{
Lot |

IZICA + =
(yp6¢p8Pp) AO/RTp + AN/RTD

1
(=}

&1 -—
(y P.) + AC/RTP + AO/RTp

P7¢D7 P

il
Lo

Laly ¢ P )+ =
n(ypa¢pa p) aH/RTP

1
o

En(yp9¢ngp) + J.O/RTp =

-~

¢Dlopp)

+
[l
o

£ -
n{ AHfRTp + AO/RTp

yPlG

-~

£
n(y911¢lepD)

+

ZAH/RTD =0

-~

£n P
(yP12¢P12 p

)

+

EAO/RTP + AN/RTp =0

R

g F
P13 P13 P

-+

Znly RO/RTp + ASXRTP =

Zaly

5 P T =
D151 P) * ZAO/R p * AS/RTP 0

The

(3.2-41)
(3.2-42)
(3.2-43)
(3.2-44)
(3.2-45)
(3.2-46)
(3.2-47)
(3.2-48)
(3.2-49)
(3.2-50)
(3.2-51)
(3.2-52)

(3.2-53)



y RT_ + ¢ - - .
&Gfsézp)/ T Kn(yp15¢p15Pp) + ng/RT, Ag/RTy = 0 (3.2-54) R

Note that for the combustor model, e is not necessarily zero and that, as
was the case with the gasifier model, no equilibrium equation fs written
for argon, since it is inert.

The total number of equations for the combustor model is now twenty:
six mass balances and fourteen equilibrium equations. But there are now
twenty-one unknowns: the fifteen mole fractions, the five Lagrange multi-
pliers, and either the excess air fraction £ or the combustor outlet
temperature Tp. Again, the energy equation provides the final necessary

relationship to completely define the model.

The first law of thermodynamics for the combustor may be written as

helTesPe) + g{t+e)h, (T,.P,) + chhp(TP,Pr) + Qg = Nchp(Tp,Pp)

{3.2-55) o
where the subscript “f" corresponds to the fuel, "a" to the air, "r" to

the flue gas recirculation inlet flow, and "p" to the products of com-

bustion. The variable n{T,P) has the same meaning as in Section 3.2.1.1,

and Q is heat added to the combustion process per mole of fuel (if

cmb
heat is removed, Qcmb is negative). A1)l other variables have praviously
been defined. Again it is tacitly implied by the nomenclature, h(T,P),
that the composition of the gas is also part of the argument since the
partial pressure is really the pressure for which h is to be evaluated

and the partial pressure of species 1 in a gaseous mixture is given by

p,iP.
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Since the composition of the fuel is specified by the mole fractions,

Mess the enthalpy of the fual per mole of fuel fs simply
10

he(TesPe) = ig‘ Hpihes (TeaneiPo) (3.2-56)

where 1 denotes the particular species shown in Table 3.2-3.with fi

replacing gi. The enthalpy of the incoming air is similarly written
I

B(1+6)h (T,.P,) = 8(1+g) ]
1=1

ai a1(Ta’"a1Pa) (3.2-57)

For the product gas at Tr and P

15
p(Tr P} = 11 Ypi pI(Tl,.ylﬂf’,.) (3.2-58)
and at Tp and Pp,
15
h(T P)Y= [ y (T .y P ). (3.2-59)

P PP =1 pi Pl pPpiTp
It is to be understood that the partial pressure arguments above are to
be deleted for those spacies which are assumed to be ideal gases {all
but Hp0, CHy, and C0p}. Using the expression for N, from Equation
(3.2-33), and Equations (3.2-56) te (3.2-59), Equation {3.2-55) becomes

b ; i u : :U i

=1
g
* B(T+£)_Z Hai a1rTa'“a1Pa) Qemb
11
15 15
= z y ) -0 E ¥ (T.ypiP)
pi p1 p Ypi pi 91 pi r
(3.2-60)
Ja40<
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This is the final form of the enerqy eguation for the combustor. In this
model, unlike the gasifier model, the temperature used in the equilibrium
equations is the same as that of the product gas leaving the combustor,
uFpreezing” of the NO producing reaction 13 handled in a simpler way and
is explained in Section 4.6. Equation (3.2-60) provides the twenty-first
equation thus enabling a unique solution for the twenty-cne unknowns.
Three {mportant points should be made with respect to the flue gas
recirculation. The first is that the flue gas recirculation parameter p
appears only in the energy equation, since we elected to work in terms
of mole fractions instead of mole numbers. Secondly, when no recircula-

tion is assumed, Equation {3.2-60) reduces to the correct form of the

first law of thermodynamics for a combustor without recirculation; that
is, the enthalpy of the fuel, plus that of the air, plus the heat added
must équa] the enthalpy of the product gas. Finally, if the temperature
of the recirculation gas Tr equals the combustor exit temperature Tp
{and Pr=Pp)' then a factor of (1-p} may be divided from both sides of
Equation (3.2-60) and the penefit associated with flue gas recirculation
in reducing NO effluents is lost. We shall see in Chapter § how this
affects the power plant efficiency.

We have identified twenty-one equations which we may use to solve
for the twenty-one unknawns. We complete the madel by noting that the
mass flow of air Wy into the combustor (per unit mass of coal into the

gasifier) is given by

Wy = s(1+g)uawf/vf

Jii<
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where v, and ve are the molecular weights of the air and fue) respaectively
and We is mass flow of fuel (per unit mass of coal). A mass balance on

the entire combustor gives

wf+w

+ =
a pwp W

p

where wp is the mass flow of product gas from the combustor {per unit
mass of coal). The last equation may be solved for W, as
W, = T Y .
p - T T
This completes the combustor model. In the next sectiocn, we shall
see how a solution to these systems of non-Tinear equations for the

gasifier and combustor model can be obtained.

3.2.2 Method of Solution

As we have seen, a system of non-linear algebraic equations results
when the steady-state thermodynamic models for the gasifier and com-
bustor are developed. One method of solution is brute force. Osterle,
Impink, and Lipner!? have succeeded in reducing the gasifier eguations
to two equations in two unknowns {with no COS or NH; assumed to be
present in the power gas)., The resulting equations, although compli-
cated, are solved using a search routine. The chief disadvantage of
this approach arises when one wants to add more species to the model
or otherwise change the model, since the algebraic exercise must be
repeated, An approach which can easily accommodate changes in the

model was sought,

343<
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A multi-dimensional Newton-Raphson jtarative method of solution
provides such a solution. The system of equations can be “stored" in
a computer subroutine practically in the form in which we wrote them.
Changing the model means changing the affected equations and not redoing
the algebra. Also, as we shall see, it is a trivial matter to accommo-
date the two gasifier modes and the two combustor modes. The general
method will be developed with its application to the two mathematical
models then indicated.

Consider a system of n general non-linear algebraic equations of

the form

u
[o=]

f]_(X]_, xz, -y Xn)

fl‘(xls X2y evry xn)

Y

fx1s X2s «oes X} = 0

where the xj are the unknowns and the usual functional notation is

employed. This may be represented more concisely as
Fx) =3 (3.2-61)

where vector notation is now indicated by the overscript {+}. A more
general form of Taylor's Theorem may be applied to the left-hand side

of Equation (3.2-61) to gjve
Bk o+ a%) = F(X) + [F(X)1ax (3.2-62)

. - - . . . - -
where the gradient of the vector £(x) is indicated by 9f{x)} and ax is

-»
an incremental change in the vector X, Now let us associate the k-th set



of values for the vector x by ;k; that is, the k-th iteration. For this

> >

particular interation, BXp = Xpyy - ;k and Equation {3.2-62) bacomes

- - > - - -

f(xk‘l'l) = f(xk) t [Vf(xk)](xk‘i‘l - ka- (3.2-63)
But we would Tike the k+1-th set of values for x to he close to the

solution if convergence is to take place or ;(§k+1) = 0. Indeed let

>
us force f(xk+1) to be zero and see if the resulting condition is
capable of converging te the solution. S$o, solving Equation (3.2-63)
- —_
for x,., after setting F(xk+1) equal to zero gives
-> -

Xeos © % - [T F () (3.2-64)

where the inverse of the gradient matrix is indicated. Hote that if

$(;k) =0 (that is, the ;k are a solution}, then X = }k as it should,

k+1
We see that the correction vector AX, to the previous iteration [;k) is

> S - >
= - -1 -
ax, [Vf(xk)] 'F(xk). (3.2-65)
The meaning of v%kzk) s evident from the fallowing matrix representation
-
(36, of, 3
Xy X, 3xp,
3f2 3f2
. ax; axn
vf(xk) =
of,  of, af,
X1 Xy %
~ 2 B

where each entry is to be evaluated for values of x at the k-th Tteration.

However, since the computer will be used to get a solution, this gradient
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matrix may be approximated to a high degree of accuracy by using a
central difference approximation to each partial derivative indicated.
This eliminates the need to provide the computer with these partial
derivatives. In fact, it is impossible to generate explicit formulas
for some of the derivatives anyway; for exampie, the mole fraﬁtion of
water vapor appears as an argument in the enthalpy function.

One more point should be made regarding Equations (3.2-64) and
(3.2-65) before we apply this method te our two mathematical models.
During the implementation of this scheme, it often happened that the
next value for a particular unknown would become negative. This is

disastrous if the unknown happens to be a mole fraction, since we must

take the natural logarithm in the equilibrium equation for that species.
This problem must be avoided if we are to use this method. The fol-
Towing slight modification happens to solve the problem. Let us
concentrate on only one of the unknowns x (x could ba X1, X2, OF X,

and may represent a mole fraction). Let the correction to X be -given
by & [provided by Equation {3.2-65}1, and let x! be the value of x

at the next iteration. Then
x1 = x+38

and dividing by x gives

8
— += -
X ! X

Now assuming that |8/x|<< 1, and using the fact that 2n{1 + &/x} = &/x,
we can take the natural logarithm of both sides of the last eguation to

give
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en{x1/x) = &/x
or

xl = xed/* | (3.2-66)

Note if we are at the solution (§=0), then xlax as it should. Whenever
& particular variable (unknown) must remain positive, Equation {3.2-86)
1s used in the iteration to get the next value for the unknown. QOther-
wise, Equation (3.2-64) is used directly.

Now we apply this solution method to the mathematical models of
the gasifier and combustor. The adiabatic gasifier will be discussed
first. The tirst ten unknowns are taken to be the mole fractions of
the ten species indicated in Table 3.2-3, where the reason for numbering
the species is now apparent. The next four unknowns are AH/RTe, AOIRTE,
M/RTy, and Ao/RT, respectively. The fifteenth unknown is the steam
flow and the sixteenth one is the air flow. By including RTe in the
terms containing the Lagrange multipliers, we get a much better condi-
tioned gradient matrix which ensures a well-behaved matrix inversion.
This scaling was crucial to the success of this method of sclution.
Without this simple modification, the iteration would not converge
properly. A typical case takes seven iterations to get five signifi-
cant figures on each mole fraction.

As mentioned during the development of the gasifier model, the
endothermic gasifier is a special case of the adiabatic gasifier.
By setting the sixteenth unknown, W s equal to zero (zero air flow)

and sclving the first fifteen equations, a unigque solution is obtained.
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Then the energy equation {s used to calculate the amount of heat, ans'
which is required. Note that f; to fg are the mass balance equations,
f, to fi5 are the equilibrium equations, and fg s the energy equation.
Thus, the two gasifier modes are easily accommodated.

A very similar approach is taken to cbtain a solution fo the
combustor equations. Now the first fifteen unknowns are taken to be
the mole fractions of the fifteen species indicated in Table 3.2-6.

The next five unknowns are AC/RTP, kH/RTp,_AOIRTp, AN/RTP, and lS/RTp.
The twenty-first and final unknown is either the excess air fraction ¢
{with Tp specified) or the product gas exit temperature Tp (with &
specified). When the endothermic gasifier mode is needed in a cycle,
the heat which mu;t be supplied to the gasifier comes from the come
bustor so Qcmb = -qgastﬂ where No..& represents the number of moles of
clean power gas produced per pound of coal (after the desulfurization
process). Note now that f, to fg are the mass balance equations, f; o~
to fpg; are the equilibrium equations, and fz; 15 the energy equation. |

Convergence to five significant figures on the mole fractions usually

occurs within afight {terations.

3.3 Waste Heat Boiler

The waste heat boiler is composed of three sectfons: an economizer
(EC), an evaporator (EV), and 2 superheater (SH}. The economizer sec-
tion acts essentially as an additional stage of feedwater heating
where the relatively hot combustion gases provide the necessary heat

instead of steam extraction from the steam turbine., Without the
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economizer, more energy would be 10st through the stack as sensible heat.
The evaporator Section is self-descriptive. The slightly subcooled
water which enters the boiler is evaporated to dry saturated steam by
the heat provided by the hot combustion gases. Finally, the super-
heater section superheats the steam. A schematic representation of

the waste heat boiler is shown in Figure 3.3-1.

It is instructive to construct a T-Q or temperature-heat flow
diagram. This is shown in Figure 3.3-2 not necessarily to any scale,
The upper unbroken line represents the flow of the hot product gases
from the entrance to gas-side of the boiler, through the superheater,
evaporator, and economizer sections respectively, and finally to the
stack. The lower broken line represents the flow on the water side of
the boiler. Feedwater enters the water-side of the economizer section
in a counterflow arrangement, boils in the evaporator section, and
finally ic superheated in the superheatar section again in a counter-
flow arrangement.

The temperature nomenclature at key points in the boiler for both
the steam- and gas-sides is indicated on Figure 3.3-2. The same sub-
scripts will be used for the other properties {(enthalpy and pressure)
for these points. The pressure is denoted by the symbol P, while the
molar enthalpy is represented by i and specific enthalpy by h, Further-
more, let Mo represent the number of moles of product gas and wg the
mass flow of steam generated in the waste heat bailer. Let us further
define the pinch point temperature difference ATPP to be the minimum

temperature difference between the gas-side and water-side of the
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boiler. e do not know a priori if this {s TG1 - TS4' TGB - TSBg' or
TG4 - Tgy. The determination of where the actual pinch point occurs
makes this model somewhat interesting.

Before explaining how the pinch point is found, it is aporopriate
now to mention the variables which we assume to have knawn values. As
in all the models, the pressures at sach point are specified: PG1,
Paz» Pg3s Pear P51 Poao Pgygs and Pg,. Both the number of moles of
gas, Me, and the composition of this gas are presumably known (from
prior component calculations). While the composition dependency on
enthalpy for the gas is not explicity written, it is implied; for
examie, hGS is written with the understanding that the pressure PGE’
the temperature TG3’ amd the mole fractions are all implied arguments.
The temperatures TG1 and TS4 are assumed to be known. However, we
shall see very shortly that it may become necesséry to lower TS4.

Finally, the pinch point temperature difference AT = and the degrees

PP
of subcooling of the inlet fluid to the evaporator section aTsc are
also presumably specified. A1l other temperatures, enthalpies, mass
flows, and heat flows are calculated. One more restriction, however,
must be imposed: the stack gas temperature T54 must be above the dew
point temperature. This ensures that the water vapor in the gas does
not condense, thus avoiding possible corrosion problems in a real
plant.

Now the solution strategy can be discussed. First, the possible
pinch point between Tp, and Tg, must be checked to ensure that the

difference TGI - TS4 is greater than or equal to anp. f it is not,

the input value of ng is modified according to
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Ts4 = TG] - ﬂTp (3.3"‘1)

pl
Otherwise, Ts4 is unchanged. In any event, the next step is to assume
a location for the actual pinch point. From Figure 3.3-2, this can be

either betwaen TG3 and T53 or hatween T64 agnd TST' The latter is

g
assumed first and all caleulations proceed on this basis. This assumpe
tion is checked by calculating TG3 - Ts3g and verifying that this

difference is Targer than AT If it 1s not, then the pinch point

PR’
is assumed to be between TG3 and TS3g with the calculations proceeding
on this basis. (A redundant check is provided by checking to see if

Teg = Tgy 1s greater than AT 3 at this point, it must be or there is

pp
no solution.} After the pinch point has been located, the remaining
unknown parameters can be calculated.

No matter where the pinch point occurs, TSBf 15 immediately known
since P53f ts specified and the water is in the saturation state.
Also, TSSg = Ts3f’ since we further assume no pressure drop in the
saturation portion of the evaporator section; that is, PSSQ = P53f.

Then T52 is also easily cafculated from

Teo = Tgae - 8T, {3.3-2)

As mentioned above, T54 either is a specified input or is modified

according to Equation (3.3-1).
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3.3.1 Pinch Point between TG4 and Ts1

By assumption _ —

and since PG1’ TGT and Pag> TG4 (and the gas composition) all have known
values, Fé1 and 554, respectively, are obtained via the property relations.
Similarly, hS] and hS4 are also easily determined from the steam tables
since PS?’ TS] and PSd’ TS&’ respectively, are known. An energy balance

on the entire waste heat boiler gives
Wglhgg = hgq) = mglhgy - hgy)

which may be solved for the steam flow,

et

he, - h
g1 ~ g4
We = T {3.3-3}
S T6\hgy - fgy

Because Tsz, PSZ are known, hsz is known and an energy balance on the

superheater and evaporator sections taken together gives

wglhgy = hgp) = melhey - hes)

which may be solved for hG3 as -

- _S _ _
hag = hgy - mG(hS4 heo) (3.3-4)

Now since PG3 and E&a {and the gas composition} are known, Tés is Tound

from the property relations. If TG3 - T¢3g is greater than or equal
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to AT . then the correct pinch point has been assumed. Otherwise, the

pinch point must be between TG3 and TS3g‘

3.3.2 Pinch Point between TG3 and Tsag

By assumption, PG3 is known and

Teq =T T

G3 S3g +a ]

from which EbB may be found from the property relations. MNow an energy

balance on the superheater and evaporator sections taken together gives
Wlhgy = hgp) = mglhigy - Rigy)
which may be solved for the corrected steam fiow, or
Ry =
G} G3
We = Maf g {3.3-5)
S Tehgy - P
Now an energy balance on the entire boiler gives
Wglhgg = Ngy) = Melhgy = Rigy)
from which Hb4 may be obtained,
Ys
Rgs = Pgr - mg\Msd - hey) (3.3-6)

where wg is provided by Equation {3.3-5). Since ﬁb4 and P., are known,
T64 is obtained via the property relations and TG4 - TS1 must be greater
than AT_. or else no solution is possible, This fact is used to provide

ep
a check, since physically a solution must exist.
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3.3.3 Check of Dew Point Temperature
Let the mole fraction of water vapor in the gas be denoted by #HZD' o

Then the partial pressure of the water vapor Pu.0 in the stack is given
2
by

p

PH,0 T MH,0 "G4

From the steam tables, we can obtain the saturation temperature
corresponding to pH20 which is, by definition, the dew point temper-
ature, TDP' If TG4 is not greater than TDP’ the analyst is alerted
(by an appropriate message in the corresponding computer subroutine).

However, the calculations described in Section 3.3.4 still proceed.

3.3.4 Calculation of Remaining Unknown Paramsters
Since PS3g and TSBg are known, hS3g is readily determined from

the gas tables, and an energy balance on the superheater gives ””“3
Wglhey = hgan) = melhgy - Rgy)

which may be solved for Eéz as

— —

Ys
- m_é(hsal - hSEg)‘
Since PGZ is also known, TGz may be obtained from the property relations,
It should be noted that the proper relation for Wg must be used in
Equation (3.3-7} depending on the Tocation of the pinch point. Llet

the amount of heat transferred in the economizer, evaporator, and
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superheater sections be Qps, Qpy» and Qg respectively. It immediately
follows that

Qee =

Qpy = wglhgzg = hga)s

Qgy = wglhgg = hgg ).

For completeness, hS3f is easily obtained from the steam tables since

T is known.

S3f
This completes the derivation of the mathematical model for the

waste heat bgiler.

3.4 Supercharged Boiler

Like the waste héat boiler, the supercharged boiler is composed of
three sections: an economizer {EC}, and evaporator (EV), and a super-
heater (SH). These serve the same purpose as in the waste heat bailer
and the discussion at the beginning of Section 3.3 will not be repeated

here. A schematic¢ representation of the supercharged boiler {is shown

in Figure 3.4-1. Note that we shall include the gas turbine as part
of the model. The reason for doing this will become apparent when we
develop the governing equations.

As mentioned in Section 2.1, the path of the gases in the super-
charged boiler is different than that in the waste heat boiler. In

the latter, the gas which is exhausted from the gas turbine enters the
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superheater, evaporator, and economizer sections in that order before
exiting the system through the stack. In the former, the hot gas directly
from the combustor first enters the evaporator and then the suparheater.
The exhaust gas from the superheater enters the gas turbine where useful
work is obtained from the fiuid. The exhaust gas from the tﬁrbine then
enters the economizer before exiting the system through the stack.

Once again it is useful to construct a T-Q or temperature-heat flow
diagram, which is shown in Figure 3.4-2, again not necessarily to any
scale. The upper line represents the flow of the hot gas as it is
cooled in the boiler. The drop in temperature of the gas between the
superheater and economizer sections'is due to the presence of the gas

turbine at this point. The lower broken, dashed line represents the

flow on the water side of the boiler. Feedwater enters the water-side
of the economizer in a counterflow arrangement, boils in the evaporator
section, and finally is superheated in the superheater section again

in a counterfiow arrangement.

The temperature nomenclature at key points in the boiler for both
the steam- and gas-sides 15 indicated in Figure 3.4-2. Again, these
same subscripts will be used for the sother properties (pressure and
enthalpy) for these points. The pressure is once again denoted by P,
the molar enthalpy by b, and the specific enthalpy by h. Once more,
let m, represent the number of moles of product gas and W the mass
flow of steam generated in the supercharged boiler. Again we define

the pinch point temperature difference ATPP as in Section 3.3, but now

we do know where this will occur in the boiler, Because of the magni-

tudes of the temperatures at each of these points (see Chapter 5},
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the pinch point will invariably occur at the exit of the stack. However,
for this model, we shall see that T52 is not simply calculated as it was
for the waste heat boiler but rather has a value which depends on the
energy balances as shown below,

The following variables are assumed to have known values. As in

all the models, the pressures at each point are specified: P p p

GI*> "G2* "G3°
PG4’ PGS’ P51, PSZ’ P53f’ and PS4‘ Again both Mg and the gas composition

are presumably known, as well as the temperatures T nd T

g1 T3> Tg1» and Tgye

The minimum pinch point temperature difference ATpp and the minimum num-
ber of degrees of subcooling of the inlet fluid to the evaporator section

AT are aliso assumed to be specified. Because the gas turbine is

min
included in the model, we assume 2lso that the gas turbine efficiency
is specified. (See Section 3.10). If the dewpoint temperature Top Of
the stack gas is reached, then the stack gas temperature is raised
appropriately, increasing the effective pinch point temperature differ-
ence. We shall see shortly that the effective QTpp at the stack may

be increased for another reason.

Now we are in a position to discuss the solution strateqy. First,

the dew point temperature Tp, must be found to ensure that T is

greater than Tgp. Let H4,0 be the moie fraction of water vapor in
the stack gas. The partial pressure of the water vapor pH20 in the

stack gas is then given by

PH,0 = PH,0 Pas (3.4-1)
now from the steam tables, we can obtain the saturation temperature
corresponding to szo which is, by definiticn, the dew point temperature
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TDP' If Tpp = TS} is greater than AT __, then T55 1s taken to be equal

PP

to TDP’ Otharwise, TGS {s taken to be equal to TST + AT Next, since

pp’
the gas turbine efficiency is specified, along with PG3, TG3’ PG4' and
the gas composition, the gas turbine model described in Section 3.10
gives values for Tg, Hba, and Eé4 (as well as the work done per unit
mass of fluid). Because PS4' T54 and PST‘ TS! are Kknown, h54 and hST
are determined from the steam tables. Similarly, PG? and TGl (and the
gas compesition) uniquely determines ﬁb] from the gas table preoperty
relatfons. It {s assumed that PSSg a Pssf and s0 it follows that
Ts3g . TSSf where Tsz is the saturation temperature corresponding to
PSaf from the steam tables., Similarly we get hs3f and hSSg'

Using the value for TG5 as described above with that for PGS' we
can get hGs from the gas tables. B8y defining ¢ to be the following
ratio

., -
« Jas ~ "gs (3.4-2)

Ve T
g1 T 163

whare a1l the R's now have known values, we can show that ng 1s than

given by
hey + ¥h
gp * Ty (3.4-3)

Note that 2711 the parameters on the right-hand side are known. Then
P52 and hSz may be used to get T52 from the steam tahlas, If the dife
derence betwaen Tsaf and T52 s not greater that 4T,. ., then Tng is
increased by 10 degree Fahrenheit increments and the calculation begin-

ing with Equation (3.4-2) is repeated until To3¢ = Top 15 greater than
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&Tm{n‘ In any event, once hsz is known, the steam flow We may he found

by the f6110w{ng anergy balance on the aconomizer

Wslhsp = hgy) = melRigy - Figg) (3.4-4)

which may be solved for W 35

Bag = B,
G4 55
V. = m o 3.4-5
S G( $2 ° S'I) ( )

An energy balance on the superheater gives

R,

Wslhgq = hgay) = mg(figy - Fipg)

which may be solved for Hb? as
— - ‘Ns
g2 ™ Mea * 7 (1se - Mgg): (3.4-6)

This result and the known value for PGz determines TGZ' Finally, the
amount of heat transferred in the economizer, evaperator, and super-

heater sections are

Qge = wlhgy = Ngy) | (3.4-7)
Oy * ¥slhs3g - hsa)s (3.4-8)
and
Qgy = vislhgg = hgaods
respectively,

Equation (3.4-3) will now be justified. An energy balance on the

evaporator and superheater taken together gives
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wg(hgy = hgp) = mglhgy - hes )
which when considered with Equation (3.4-4), may be solved for hSZ as

_— heq - figs .
S1. " \hg - hgaf 3%

Rop =
52 (3.4-3a}
K. -
1+ ( 64 es)

g1 - Pg3

which is Equation (3.4-3) with the term in the parentheses being ¢ defined
by Equation (3.4-2). In retrospect, it probably would have been better
to specify Te, (or 8Tee fnstead of AT . with Tgp = ST aTSC) which
along with PSZ would establish hSZ' Then Equation (3.4-3a) could have
been solved for Eés which with Py would establish Toc. The pinch point
temperature difference ATpp would then only be used as a check to ensure
that this minimum difference is not violated. This alternate approach
would yield a value for T within 10 degrees Fahrenheit of that from
the original formulation. This difference is not significant and,
furthermore, the amount of subcooling is somewhat arbitrary anyway.

This completes the derivation of the mathematical model for the

supercharged boiler.

3.5 Air and Gas Compressar

Consider the adiabatic compression of a mole of 2 gaseous fluid
{air or another gaseous mixture) from pressurs P; to pressure Py
in a steady~-flow process for which the kinetic and potential energy

changes are negligible. A schematic representation of such a device
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is shown in Figure 3.5-1. Because there are irreversibilities associated
with the compression process, the molar entropy 5 must increase since we
already assumed the process to be adfabatic. The irreversible process is
shown in Figure 3.5-2 in temperature-entropy coordinates as a dashed line
since the path is not really known. The isentropic compression from Py
to P, is shown as a solid 1ine on the same figure.

For this type of process, we use the usual definition for the

efficiency g which i3 defined to be the ratio of the isentropic work

required W; . to the actual work required .. both defined here on
a mole basis,
)
R (3.5-1)
act .

Denoting the properties at the end of the isentropic process by the prime
{“) and those at the end of the actual process without the prime, we may

write from the first law. .

Wisen = F2° - B
and
Wact = Hz " Fl . (3.5"2)

where the h;, hy, and h;” are molar enthalpies. Therefore, the definition
of compressor efficiency then becomes

RIYEAT

¢ TRy T 3.5-3)

n

The following parameters are assumed to be known: the gas or air com-

position, the pressure Py and P,, the temperature T,, and the efficiency
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Ne The state at the end of the actual process is to be determined as well

as the amount of work required during the process. T
Since Py, T;, and the gas or air composiftion are known, fhe state at

the beginning of the process is completely specified. From the gas tables

we may get both E} and E} where § denotes the molar entropy. IBut by

definition s.” = 5; which considered with P, completely specifiés the

state at the end of the isentropic process. Therefore, E}‘ is determined.

Now Equation {3.5-3) may be solved for h, as

hy = hy + =——r (3.5-4)
n
c
The actual work required wact per unit mass is then given by
wact = (ﬁ_z - Hl)/\l
where v is the molecular weight of either the air or gas under consider- T

ation. We have, thersfore, determined the work done during the process

and the state of the fluid at the end of the irreversible process.

3.6 Condenser

Let us consider the condensation of wet steam to a saturated liquid
condition on the shell-side of a condenser by the transfer of the latent
heat to a secondary water stream on the tube-side. To be more general we
allow for a second inlet stream on the steam-side to the hotwell, since we
anticipate that the condensate from the feedwater heater closest to the
condenser will be flashed through a throttle valve and finally through
a return line into the hotwell., A schematic representation of the
condenser is shown in Figure 3.6-1.
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It is convenient to assume that the following parameters are specified:
the temperature THT and pressure PH} of the cooling water inlet; the pres-
sure PN2 of the cooling water outlet; the temperature rise of the cooling
water &TH; the pressure PS1’ the quality Xg1s and the mass flow of steam-
water mixture Weq into the condenser {from the steam turbine); the pressure
F'S2 of the saturated liquid condensate; and, finally, the pressure PR' the
quality Xps and the mass flow Wn for the return-line.

In practice, PR is generally equal to PSI since a throttie valve is
used in the return line to make these pressures compatible. Also, since
no pressure drop is assumed on the shell-side, then P52 is egual to PS}.
Furthermore, the fluid at the shell-side outlet is assumed to be saturated
liquid water. The temperature-heat flow diagram is shown in Figure 3.6-2.
The condensing steam line in this figure is horizontal since the saturation
temperature is constant for a constant pressure.

The sama subscrint designation will also be applied to the specific
enthalpies, thus defining hs1, hSZ’ hR, hw], and hNZ' From the steam
tables we immediately can determine values for hS]‘ hR’ and “w1 since the

corresponding states are completely specified. Clearly,

Tz = Tur * 8Ty (3.6-1)

by definition, which with sz, completely specifies the state of the
cooling water at the exit; therefore, hw2 is determined from the steam
tables. Because the condensate leaving the hotwell is assumed to be in
a saturated liquid condition and the pressure at this state is known,

we determine T52 from the steam tables as the saturation temperature
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corresponding to Psz,and hSZ is also easily determined. From cdntinuity

of mass, we must have ‘“‘3

for the sheli-side of the condenser. Now an energy balance on the entire

condenser gives
Wylhyp = hyp) = Wophgy + wphp - Wgohy
which we may solve for the cooling water flow W, as

_ ¥sifigy * wphp - Wsphs

W (3.6-3)
“ Mz = M
The amount of heat rejected Qw is then obviously
Q = wylhys = ) | (3.6-4) -

For completeness, Tp {s also determined since PR is known and the fluid

1§ a saturated steam-water mixture.

3.7 Deaerator

Many times a deasrator is referred to as an open feedwater heater.
These two terms can be used interchangeably. In order to aveid corrosion
problems in the heat transfer devices, it is necessary to remove the
entrapped air in the feedwater. This is most commonly done by using an
open feedwater heater. For our purposes, we do not have to actually
model the air ejection,since this is not relevant to our problem. There-

fore, we shall treat the deaerator as a simple open feedwater heater.

363< 352




A schematic representation is shown in Figure 3.7-1. Again we include
the possibility of a return line for a reason similar to that cited in
the development of the condensar model in Section 3.6.

We assume the following parameters are specified: the pressure PLI
and temperature TL} of the feedwater into the deaerator; the outlet
pressure PL2 and the outlet flow W 53 the pressure PR, the quality Xps
and the mass flow wp of the saturated steam-water mixture in the return
line; the pressure PS and either the quality Xg (if'saturated) or the
temperature Tq (if superheated) of the extraction fluid, By definition
of an open feedwater heater, the mass flows into the heater intimately
mix, producing one outlet flow Stream in a saturated Tiquid condition.

As is the usual case, the same subscript designations will be
applied to the specific enthalpies, thus defining hS’ hR’ hLI’ and h

L2*
From the steam tables, we can immediately determine values for h

s* fgo
and hLT since the corresponding states are completely defined. If the
extraction fluid is saturated, then specifying PS fixes T5 as the
saturation temperature corresponding to PS; if superheated, Xg is no
longer meaningful., The temperature TL2 at the feedwater outlet is also
easily obtained from the steam tables as the saturation temperature
corresponding to pressure PLZ' and hL2 s simply the saturated 1iquid
enthalpy of the outlet fluid. Because the return flow fluid is saturated,
TR is the saturation temperature corresponding to PR'

Now with all the appropriate enthalpies at each state point specified,

an energy balance on the deaerator will give an expression for the extrac-

tion flow Wg as follows. The energy balance yields
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Wiphpp * Wshg * viphg = ¥ ohy (3.7-1)
which when the mass baTance equation

{s considered to eliminate the unknown mass flow Wy 4 between Equations

{3.7-1) and (3.7-2) we may solve for wg as

wplhg - hyy) +wplhy, - )
N = Ry

We (3.7-3)

Now with vg known, Equation (3.7-2) may be solved for the unknown feedwater

inlet flow as

Mt e T s T YR (3.7-4)
Thus, the states and mass flows of the four flow streams are completely e
spacified. '

One may ask why W 2 is considered to be a known while W3 1s unkonwn.
This 1s most simply answered by referring to Figures 2.3-1, 2,3-2, 2.3-3,
or 2.3-4., When we add feedwater heaters later the last component in the
feedwater train will be a deaerator. Since the steam flow to the steam
turbine 1s presumed to be known at this paint in the ¢ycie calculation,
1t is easily seen in these figures that W o is precisaly equal to steam
turbine inlet flow which it known from a prior component calculation,
namely the waste heat or supercharged boiler calculations discussed in
Sections 3.3 and 3.4, respectively, This kind of reasoning is used
throughout the model development and has resulted in simplifying the
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complexity of the mode] input and output considerably. In rare cases where
an assumed input parameter {s not really known, an {terative procedure

using the model as developed could be easily implemented.

3.8 Closed Feedwater Heater

A closed feedwater heater is a heat exchanger in which steam extracted
from a steam turbine provides the heat necessary to raise the temperature
of the feedwater, A schematic representation {is shown in Figure 3.8-1,

As we have dene in the condenser and deaerator models, we shall allow for
more flexibility by inc¢luding a return Tine from a downstream feedwater
heater to the shell side of the feedwater heater under consideration.

Now it is convenient to assume the following parameters are specified
from the cutset: the pressure PL1. the tempefature TLI’ and the mass flow
Wy of the feedwater into the heater; the pressure Pey and either the
quality Xgy OF temperature Ts1 of the steam extraction fluid; the pres-
sure PR' the quality xp, and the mass flow Wp of the fluid entering the
shall-side through the return lina; tha pressure PL2 of the feedwater
outlet flow; and, finally, the terminal temperature diffarence 8Trrp
betwean the shell-si{de temperature TS] (or TSz or TR) and the temperature
T o 0f the feedwater cutlet.

As in the condenser model, tha return line pressure PR is 1n general
equal to F51. Also, since no pressure drop 1s assumed on the shell-side,
then PS2 is equal to PS1' Furthermore, the fluid at the shell-side out-
let is assumed to be saturated liquid water. The temperature-heat flow
diagram is shown_1n Figure 3.8+2, where the terminal temperature dfffer-

ence aTrp, 18 ndicated. The condensing steam line in this figure is
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horizontal since the saturation temperature is constant for a constant
pressure.

We note that the model allows for specification of the state of the
steam extraction fiuid by either PS1’ Xg1 if saturated or PSI' TS1 if
superheated. It is a simple matter to then determine T51 in the former
as the saturation temperature corresponding to PS]' If the fluid is
superheated steam, then X1 is not meaningful. In any event, the specific
enthalpy hs1 is also easily obtained from the steam tables. Figure 3.8-2
is valid only if the steam extraction fluid is in a saturated state,
which is the usual case in practice.

The steam tables once again provide us with the enthalpies of the
states which are completely specified by the variables assumed to be known.
First, PL]' TL] determine hLi‘ Since we assume the shell-side outlet
fiuid to be saturated water, then T52 is the saturation temperature cor-
responding to the pressure PSz which is taken to be equal to PSl‘ Clearly,
this is also fixes hSZ' Then from the definition of the terminal temper-

ature difference,

T (3.8-1)

1z ® Ts2 = ¢¥ype

This with PL2 fixes hy 5, since we have a subcooled liquid state. Finally,
PR and xR completely fix hR‘ Mow with all the enthalpies known, the

energy balance equation for the entire heater 1s

Wi oh o = W g = Wgylgy * wWehp - Wephes (3.8-2)
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But by conttnuity of mass on the tube-side, we have

M2 =Yg (3.8-3)
and on the shell side,

Wgp T Vg1 * Wg (3.8-4)

Using Equations (3.8-4) and (3.8-3) in Equation (3.8-2) and solving for

Wy W get

Wl = hp) - wplhp - he,)
Wg1 = Rew = B
51 - Psg

{3.8-5)

With the steam extraction flow Wey» fixed by Equation (3.8-5), the shell-
‘side outlet fiow is given by Equation {3.8-4). We have thus detarmined

all the remaining unknown parameters,

3.9 Gas Cooler

This model is especially simple since the main purpose is to cé1cu1ate
the amount of heat which is discarded. Because the rejected heat 1s not
used, this represents a heat loss from the cycle in which such a component
is used but does not necessarily lower cycle performance. This particular
component may be part of an intercooled compressor as mentioned in Section
3.1 or, as we shall see later, it may be used to cool the gas before the
sulfur removal process,

It is convenient to assume the following parameters are known in

the model: the gas composition, the pressure P, and temperature T, at the
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inlet, the pressure P, and temperatura T, at the qutlet, and the number
of moles, m, of gas passing through the intercocler. Figure 3.8-1 shows
the schematic reprasentation of a gas cooler, which may.at times be

referred to as an intercoglier, The heat removed Q from the gas is then

simply
Q= m{hy - hy)

where T; is assumed to be greater than T,, and ﬁl and Fé are the molar

enthaipies of the inlet and outlet fluids respectively.

3.10 Gas Turbine

Now we consider the reverse of the process described in the air and
gas compressor models. We want to model the adiabatic expansion of a
mole of a mixture of gases from a pressure P; to a pressure P, in a
steady-flow process. Again we neglect the changes the kinetic and poten-
tial energy and heat losses. A schematic representation of the gas
turbine is shown in Figure 3.10-1. Like the compression process we have
irreversibilities associated with the expansion process. Thus the molar
entropy § must increase during the process. bde show the irreversible
process in Figure 3.10-Z on temperature-srntropy coardinates as a dashed
line since the path is not really known. The isentropic expansicn from

Py to P, is shown as 3 solid line on the sama Tigure.
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Now we define the efficiency of the gas turbine nr to be the ratic of

the actual work produced wact to the isentropic work produced wisen’ both
defined here on a mole basis, or
W .
act (3.70-1)
¥isen

Following our convention of denoting the state at the end of an

isentropic process by a prime (“}), we can write from the first Taw that

Nisen = h1 - hz’ (3.]0-2)

and

0w = Py - Py | (3.10-3)

where the h's are all molar enthalpies at the states indicated by the sub-

scripts. So the efficiency becomes

= F] - FZ
nr = Y (3.10-4)

N

For convenience, we assume the foliowing parameters are known: the
gas composition, the pressures Py and Py, and temperature T, , and the
efficiency nye We want to determine the state of the gas mixture at the
end of the expansion and the actual amount of work produced on & mass
basis, wact‘

Since the gas composition, Py, and T; are known, the state at the

beginning of the process is completely determined. Uue get both ﬁ} and g}
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from the gas table properties. Then by definition, 5, = 53, and with P,

fixed, we have established hp”. S$olving Equation (3.10-4) fér h, gives

hy = hy - nT(EE - h2*). {3.10-5)
1f we denote the molecular weight of the gaseous mixture as v, then the
actual work produced on a pound basis is given by

W= (hy = hg)/y (3.10-6)

act

With T, and P, fixed, we can easily get the temperature T, of the fiuid

at the end of the actual expansion, as well as any other property.

3.11 Gas-to=Gas Counterflow Heat Exchanger

The concept of heat exchanger effectiveness may be used to advantage
in a thermodynamic analysis of any power cycle in which heat exchangers
may be required. Earlier we have recognized the fact that we are limiting
this modeling effort to the thermodynamics of the processes only. We
agread that for our purposas 1t 1s not necessary to know how large 2
particutar component would have to be. But the very concept of a heat
exchanger entails considering such factors as heat transfer coefficients,
heat transfer areas, and so forth, which all depend on the geomeiry of
the device. We shall see below how our using the effectiveness e, definad
to be the ratio of the actual heat transfer to the maximum possible,
sufficiently characterizes the heat exchanger to enable us to retain our

thermodynamic approach. We further 1imit this model to gas-tc-gas heat
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exchange in a counterflow arrangement because in Chapter 5 we shall see
that this particular component will improve the cycle performance signif-
jcantly.

A schematic representation of the gas-to-gas counterflow heat exchanger
is shown in Figure 3.17-1. Because we shall use this device to regenerate
heat from one fluid to another, we may also refer to this component as a
regenerator. Let us assume the following parameters are specified from
the outsat: the effectiveness ¢; the molar flows of the hot and cold fluids,
M and My respectively; the pressures at inlet to and outlet from the hot
side or Ph1 and th, respectively, and at the inlet to and outlet from
the cold side or Pcl and Pc2 respectively; the temperatures at the inlet
to both the hot and c¢old sides or Th] and Tc], respectively; and finally,
the composition of the gases on both sides. |

Depending on the relative heat capacities which is the product of the
molar flows and molar specific heats, we may get two different temperature~

heat flow diagrams as shown in Figure 3.11-2. In Figure 3.11-2(a}, the

hCpn 1S
Tess than mcE;c whera Ebh and Ebc are the molar specific heats of the hot

hotter fiuid is assumed to have the smaller heat capacity or m

and cold fluids, respectively. In Figure 3.11-2{b), we assume rncE'PC is
less than thbh._ These devices are usually well insulated and so it is
reasonable to assume no heat loss, An eneray balance on entire regenerator

then gives

mccPc(TCE b Tcl) = mthh(Th1 - Thz) (3.11-1)

From this equation, we see that the difference between Th] and Th2 must

be larger than that between Too and T.1 when M. Cpy is less than M.Coeo
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and vice versa. Based on our definition of effectiveness, we can get
two different expressions depending on which fluid has the minimum heat

capacity. If the hot fluid is assumed, then

T, -1 ‘
¢ = ilﬂ*—~ﬁiﬁi (3.11-2a)
hl ~ ‘el

but if the cold fluid is assumad, then

T.-T
c2 c)
€= T —7 (3.11-2b}
Th] (o

We must be careful, therefare, in choosing the correct defining equation
for the effectiveness.

Because we prefer to werk with enthalpies rather than specific¢ heats,
an alte;nate equivalent approach will be taken. We shall first assume
the hot fiuid has the minimum heat capacity and use Equation (3.11-2a)
to solve for Th2’ Then an energy balance will give Tcz‘ The amount of
heat transfér is then readily calculated. Then, we shall assume the
cold fFiuid has the minimum heat capacity and use Equation (3.11-2b) to
solve for Tc2' Now the energy balance will give Th2 and again the
amount of heat transfer may be calculated. The minimum fluid must be
the one which, when assumed as above, results in the smaller amount of

heat transfer, since the heat transfer Q is given by?2C

Q= elmp)pin Ty - Ter!

where (mCP)min is the smaller of m_Co. and M Cop
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First, we assume that the hot fluid is the minimum one. Then

Equation (3.11-2a) is salved for Thz as

The = Thy = =Ty = Tgy) (3.11-3)

With ThZ fixed by Equation {3.11-3) and with thknown {the gas composition

1s also known), we c¢an get hh2 from the property tables. Similarly Pats

Topand Py, Ty fix 5;] and Hh1. The energy balance in terms of the

entahlpies becomas

mh(hhT - hhz) = mc(hc2 - hc]) (3.11-4)
which may be solved for 5;2 as

- - - -

hc2 = hc1 + ﬁ: (hh1 - hhz)- (3-1]‘5)

Since Pcz (along with the gas composition) is known and Eéz is Fixed by
Equation (3.11-5), we can obtain Tc2 from the property tables., The heat

transfar QH' 1f the hot fluid is the minimum one, may then be given as
QH = mh(Fhl . th) (3.11-5)

Next, we follow a similar procedure by now assuming the cold fluid

is the minimum one. Now Equation (3.11-2b) is solved for Teo as

Tcz = Tc] + E(Th-l - Tc-l)u (3.]]"'?}

We then get ;’-cz from the gas tables, which we use in Equation (3.11-4)

which we solve for hhz to get
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This fixes Th2' Now the heat transfer QC may be taken as
Qc = mh(hh] - hhz)- (3.1]-9)

If QH is greater than QC’ then the cold fluid has the minimum heat capacity
and we use Equations {3.11-7)to (3.11-9) to describe the heat exchanger.
If Q. is greater than QH, then Equations {(3.11-3} to (3.11-6) are used.

3.12 Steam Generator

The steam generator provides the steam needed by the coal gasifier
by utilizing the sensible heat in the gasifier power gas. A schematic
representation 1 shown in Figure 3.12-1. The model for the steam gener-
ator appears on the surface to be identical to that of the waste heat '
boiler. However, they are quite different since the parameters which
are known are different. For exampie, in the waste heat boiler model
we had to determine the steam flow using the fact that the minimum
pinch point temperature difference was to be respected. Here, the
steam flow is known (fixed by the gasifier model) with the pinch point
temperature difference being used only to determine if, in fact, it
is even possible to raise the required amount of steam. Fortunately,
in every case of practical interest, we are able to do this.

It is convenient to assume the following parameters are fnitially
known: the pressure PL and temperature TL of the water flowing into the
steam generator; the pressure PS and temperature T5 of the superheated

steam; the mass flow of steam We s the pressure PG] and temperature TG]

bl L g
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of the power gas flowing into the gas-side; the molar flow of power gas
me and the gas composition (which, as usual, is needed to determine the
enthalpies); the pressure P53 of the gas flowing out of the gas-side;
the pressure PG2 of the gas at the intermal pinch point shown in
Figure 3.12-2; and, finally, the minimum pinch point temperature
difference ATpp. |

The temperature-heat flow diagram is shown in Figure 3.12-2 for
the steam generator. From the steam tables we may immediately obtain
the specific enthalpies hs and hL. The required amount of heat is

then given by

Qgg = ws(ng - by ). (3.12-1)
Since .we assume no heat losses, this also must be equal to

Qgg * mglhgy - hgs) (3,12-2)

whare Eﬁ? is the molar enthalpy from the gas tables since the corre-
sponding state is specified. Equating the right-hand sides of Equations
(3.12-1) and (3.12-2}, we may then solve for Fﬁ3 as

W

S
th = hGT - ﬁa-(hs - hL) (3.12-3)

which, with PG3' fixas TGE‘ An energy balance on the section in the
steam generator betwaen TGZ and TGa gives an expression which may he
solved for th as

W
- = S
th = hsz + EE (hLS - hL) {3.12-4)
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where N ¢ is the saturated Tiguid enthalpy for water at pressure P, ¢
which is taken to be equal to P, . From the steam tables we also get T ¢
which is the saturation temperature corresponding to PLS' With Héz
fixed by Equation (3.12-4) and Pao known, we get T., from the gas table
properties.

e complete the model by checking to make sure that TG1 - TS‘

TGz - TLS’ and TG3 - TL are all greater than AT If this were not

pp’
the case, then it would be impossible to raise the required amount of
steam by this method and an alternative method would have to be found,

Fortunately, this is not the case as we shall see in Chapter 5.

3.13 Steam Turbine

The steam turbine model is very similar to the gas turbine model.
There are two key differences, however, The first is thé fact that
the inlet fluid to the turbine may be superheated steam or a saturated
steam-water mixture, making the model more complicated. The second,
which simplifies the model, is that we have only one species to consider,
namely Ho0.

We find it convenient to assume the following parameters are
initially known: the pressures P, and P, at the inlet and outlet of
the steam turbine; the efficiency ny defined similarly to that in
Section 3.10 for the gas turbine; and finally either the temperature
T, or guality x; of the jnlet fluid. A schematic representation of

the steam turbine is shown in Figure 3.13-1.
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To get a multi-stage steam turbine with steam extraction for
feedwater heating we simply connect as many of these single-stage models
in serjes as are required. This approach allows much flexibility in
the use of this single model. If we were to try to actually model a
mutti-stage steam turbine with extraction, we would see that the feed-
water heater models are coupled to the steam turbine model through the
extraction flows, We avold this complication by obeying our general
rule to model each process via a single component model where possible.

The solution procedure is similar to that of the gas turbine mecdel.
First, we construct the temperature-entropy diagrams shown in Figure
3.13-2. In Figure 3.13-2(a}, the fluid is assumed to be initially in
a superheated state and in Figure 3.13-2{(b) a steam-water saturated
state., The final state is shown in the saturation region but we shall
aliow in our model for the final state to be either superheated steam
or wet steam. For the case shown in Figure 3.13-2(a), we define the
initial state by P, and T, since these properties are independent.

For that shown in Figure 3.13-2(b}, the initial state is defined by

Py and x;, where x is used to denote steam quality. In any event, we
can easily obtain the specific enthalpy h; and specific entropy s; from
the steam tables. Again we denote the states at the end of the isen~
tropic process by the prime (°), so by definition sp° = s;. But P,

is known so, h,” may be found from the steam tables. But ny is defined

by
h, - h
= 12 -
1) Sl v et (3.13-1)
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which we may solve for h, as

hp = hy - nphy = hy”). (3.13-2)

The work done by the fluid on a unit mass basis wact is then

Hyep = h1 - by | (3.13-3)

IT the state at the end of the expansion process turns out to be in
saturated region, the quality X, can be easily caiculated. The temper-
ature T, is also now fixed since P,, hy specify the state at the end

of the actual expansion process.

3.14 Gas Cleanup System

The purpose of the gas cleanup system is to remove a significant
amount of the undesirable species in the power gas produced in the
coal gasifier. For example, as we shall see in Chapter 5, most of
the sulfur in the coal combines with some of hydrogen present to form
hydrogen sulfide, HyS, with a smaller amount combining Qith carbon
and oxygen to form carbonyl sulfide, COS. Fortunately, as we saw in
Chapter 2, there are many well-known processes which are designed to
remove H,S from a gas to just about any desired purity., In fact, as
we have discussed in Section 2.2, this is one of the motivating reasons
for gasifying the coal in the first place. A schematic representation
is shown in Figure 3.14-1,

1t is convenient to assume that the following parameters are

known: the compasition of the power gas into the gas cleanun system
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on a mole fraction basis By 1 the pressure PG] and temperature TG? of
the dirty power gas; the pressure PGz of the clean power gas; the mass
flow ey of the dirty power gas: and finally the removal efficiencies
of the hydrogen sulfide, carbonyl sulfide, carbon dioxide, and ammonia
vapor or .5+ Mcos? "co,* and N, * respectively.

Given the gas composition into the system on a mole fraction basis
M 3 it is simple to convert it to a composition on a weight fraction
basis Wi q Having done this, we can get the mass flow of the waste

product stream "ups from

aps = Werlny,sen,s 1+ Neasticos, 1 * Mco,c0,,1 sy, 1)
(3.14-1)

where, as above, the removal efficiencies n; are defined to be the ratio
of the mass of species i removed per unit mass present. The weight
fractions Wy o of the gas leaving the system may now be adjusted by

defining @ as

ic
Q= ) (1-ny oy ; (3.14-2)

i=1
where the n; are zero for those species which are not H;S, C0S, C0;, or
MH3. Table 3.2-3 defines the species associated with each subscript i.

Now we get the composition of the gas wj o ON a weight fraction basis

leaving the cleanup system as

Mi ’2 = m.i ’-I/Q (3.]4'3&)
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for all species but HaS, C0S, CO,, and NH3 and as

UJ.i ’2 = (]'rl.-l)(ﬁ.i"]fg (3.]4"3b)

for these species. The molecular weight of the gas Va2 out -of the system

is given by
lo 0 5
“Gz = Z _-\.J-?_ (3;]4'4)
j=1 1

where the v; are the molecular weights of the individual species. The
outlet gas composition u; p 0N 3 mole fraction basis becomes

“i,2

¥i,2 T Vg2 v; (3.14-5)

for each of the ten species in Table 3.2-3. The moTe flow of gas mg,

out of the system becomes

Mo = (Wgy = Wyns)/vgy (3.14-6)

At this point, we restrict our model to those sulfur removal processes
which use water as the solvent. The gas leaving the cleanup system is
then assumed to he saturated with water vapor. We further assume that
TGZ is equal to TG1' So the mole fraction of water vapor in the clean
gas YREQ is given by

p

_ _sat
UREQ = P—G'z"" (3.14-7)
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where Psat is the saturation pressure corresponding to temperature TGZ'
The number of moles of H,0, mHzo, required to saturate the gas can be

shown to be given by

_ Mgo{upeq - ip0,2)

My, 0 T - (3.14-8)
and so the mass of water szo which i1s required is

The actual mass flow of clean saturated gas wGE out of the system is
at

sat

The mole fractions of the saturated gas ﬁi 2 must be-adjusted by

sat
Merls
T (3.14-11)
dat G2 TH0
Finally, the mole filow of clean saturated gas Meo is given by
sat
WGéat ( )
m = : 3.14-12
Ggat V&2

It is then a simple matter to get the corresponding composition of the

clean saturated gas on a mass fraction basis.
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3.15 Throttle Valve

The throttle valve is a very simple component which is used to
reduce the pressure of the incoming flyid. A schematic representation
is shown in Figure 3.15-1. B8y neglecting changes in kinetic¢c and poten-
tial energy and heat losses, we see that the first law of thermodynamics

for this steady-flow process reduces to

hy = hy (3.15-1)

where the specific enthaipies are denoted by h and the subscripts, 1 and
2, correspond to the incoming fluid at pressure Py and praessure P,,
respectively.

Rather than combining the two passible fluids that we need to

consider into one model, we shail develop one model for gas and cne
for steam. As one might expect, however, the calculations involved

are very simple,

3.15.1 Throttle Valve for Hixture of Gases

In this model, we assume that the pressure P, and temperature T;
of the incoming fluid are known, as well as the downstream pressure Pj
and the gas composition. From this information, the molar enthalpy E}
for the incoming gas is easily obtained from the gas tables. Equation

{3.15-1) may be written in terms of molar enthalpies h as

hy = hy {3,15-2)

So the final state is completely specified by P,, hy, and the gas compo-

sition. The temperature T, of the gas at the end of the throttling
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process may then be obtained from the gas tables. It is this temperature
T, that we need to know, since it inevitably will provide an input to

another component model in our cycle.

3.15.2 Throttle Valve for Steam

We now assume that the pressure Py and the temperature T, {if super-
heated or subcooled) or steam quality x; (if saturated) for the incoming
fluid are known, as well as the downstream fluid pressure P,. If the
state of the incoming fluid is superheated or subcooled, we use Py and
Ty to determine hy, However, if the incoming fluid is saturated, we use
Py and x; to determine h;. Ir any event, by Equation (3.15-1), we take h,
to be equal to hy;. Then with Py and hs fixed, we can with the help of
the steam tables determine T,. Again, it is important to know the vaiue
of T,, since this temperature is inevitably an input (along with Pz} to

another component model in the cycle.

3.16 Water Pump

The primary purpose of a water pump is to raise the pressure of the

subcooled water by doing work on the fluid. If we assume the changes

in kinetic and potential energy during the process and the heat Jopss
from the fluid are negligibie, then the first law for this steady-flow

process reduces to

Waer = Pz = Py (3.16-1)
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where h; and h, are the specific enthalpy of the fluid into and out of the
pump, respectively, and wact is the work reguired per unit mass of water.
A schematic representation is shown in Figure 3.16-1

Again we denote the end of the isentropic process shown in Figure
3.16-2 by the prime (“) and using a definition of efficiency hp similar
to that of the air or gas compressor, we write

hz’ B hl

R T (3.16-2)

_we find it convenient now to assume the following parametars are
known: the pressure Py and temperature T; of the subcooled inlet to the

pump, the outlet pressure P,, and the pump efficiency Np-

Since we have a single species fiuid, we may write

dh = v dP + T ds (3.16-3)

from elementary thermodynamics, where v is the specific volume and T is
the temperature of the fluid and dh, 4P, and ds are infinitesimal changes
in specific enthalpy, pressure, and specific entropy, respectively. But

for an isentropic process,

ds = 0

Hi

and s0

dh” = v dp | (3.16-4)

which may be integrated between the two states to give

I~
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Py

hy” - hy = J v dp. (3.16-5)
Py

So Equation (3.16-1) becomes with the help of Equation (3.16-2) and the

Tast equation

p (P2 '

W = ——-f v dP (3.16-8)
act nP Pl

Furthermore, since subcooled water is practically incompressible, we may

approximate Equation (3.16-6) by taking the specific volume v in the

integrand to be v;, a constant, and get
U, . o= 1P, - py) (3.16-7)
act np 2 1 :

We then get h, from Equation {3.16-1) or

hy = hy + W, (3.16-8)

The solution procedure is obvious by now. We get v, and hy from
the steam tables using Py and T, to define the state. We compute Nact

according to Equation (3.16-7) and then h, from Equation (3.16-8). Then

T2 may be determined from the steam tables since P, and hy define this
state. The appropriate conversion factors, of course, must be used to

make the units consistent.
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