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I ABSTRACT

I Computer models have been developed for evaluating conceptual designs of integrated

coal gasification combined cycle power plants. An overall system model was developed for

I performing thermodynamic cycle analyses, and detailed models were developed for predict-

I ing performance characteristics of fixed bed coal gasifiers and hot gas clean up subsystem
components. The overall system model performs mass and energy balances and does chem-

I ical equilibrium ar,.alyses to determine the effects of changes in operating conditions, or to
evaluate proposed design changes. An existing plug flow model for fixed bed gasifiers known

I as the Wen II model was revised and updated. Also, a spread sheet model of a zinc ferrite
sulfur sorbent regeneration subsystem was developed. Parametric analyses were performed

I to determine how performance depends on variables in the system design. The work was
done to support CRS Sirrine Incorporated in their study of standardized air blown coal

I gasifier gas concepts.
turbine
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I 1 INTRODUCTION

I There is a need for cost effective and environmentally acceptable power generation
systems that can utilize our nations vast coal resources. Thus, integrated coal gasification

I combined cycle (IGCC) power plants are now under intense study because of their potential

for accomplishing clean and cheap conversion of energy in coal. IGCC systems that burn low

I BTU coal gas produced in air blown fixed bed gasifiers appear to have economic advantages.

The hot pressurized coal gas from the gasifier is cleaned prior to combustion in a gas turbine.

I The volume of the coal gas that is cleaned is much less than the volume of the stack gases

I that must be cleaned in a conventional plant. Also, the sulfur in the coal gas is in the form
of hydrogen sulfide which can be removed more efficiently than can sulfur dioxide in flue

I gases. The overall efficiency of the combined cycle plant is expected _o be in exc_s of 40%.
Thus, carbon dioxide emissions as well as sulfur dioxide omissions will be reduced.

I Research and development on IGCC systems has been in progress for the last two

decades, and several demonstration plants have been built. The demonstration plants in the

I United States have operated on medium BTU gas produced by oxygen blown entrained flow

i gasifiers. Plants are now being designed to burn cheaper low BTU gas from air blown fixedbed gasifiers, and a demonstration plant that will process about 1000 tons of coal per day

I will be built near Tallahassee Florida in the early 1990's.

The work documented in tb_s report was done in support of a larger study conducted

I by CRS Sirrine Incorporated for the United States Department of Energy on low cost stan-

dardized IGCC systems designs. Our work is concerned with the development of computer

I models. We have developed an overall IGCC system model for performing thermodynamic

cycle analysis, and have also worked towards the development of detailed computer models

I of two of the major components in th_ IGCC system.

I The overall system model is useful for evaluating the effects of changes in operating

conditions or of changes in subsystem designs on the net plant efficiency and power output.

I We have revised and updated an existing Fortran model of a fixed bed coal gasifier to gain a

I 1
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I better understanding of the gasification process and to determine the effects of variations in

coal properties such as moisture content and particle size on the plant performance. We have

I also developed a new spread sheet model for analyzing the regeneration and sulfur recovery
process in a hot gas cleanup sy_stem that employs zinc ferrite to remove hydrogen sulfide

from the coal
gas.

i Two computer models have been developed for analyzing the coal gasifier. One modelsimulates the detailed processes that occur within the gasifer. It contains chemical reaction

I rate equations, conservation equations, heat transfer correlations, a devolatilization model,
and other information needed for analyzing the gasifier from basic principles. It is useful

I for predicting local temperatures within the gasifier, carbon conversion efficiency, product
gas composition, and other dctailed information about the gasification process. This model

I originated at West Virginia University. We have made extensive modifications in the present
work. A second computer model of the coal gasifier was developed for evaluating IGCC

I designs. This model performs and balances, and is ofsystem capablemass energy predicting

the product gas composition based on chemical equilibrium assumptions. It can also accept

I experimentally determined gas cx_mpositions as input. It is useful for predicting how the

gasifier operating conditions affect the overall system performance. For example, it could be

I used to determine how the overall power plant efficiency changes when the steam flow to the

i g_ifier is reduced.
Hot gas cleanup will contribute to the success of the IGCC. Conventional processes for

I removing gas must operate at temperatures, plant cycleimpurities from coal low and the

efficiency would suffer if the gas had to be cooled for cleaning before it is burned in the

I combustor. The zinc ferrite sorbent hot gas cleanup system is a promising alternative to

conventional scrubber technology. However, the zinc ferrite is expensive and must be regen-

I crated when it becomes charged with sulfur. The sorbent regeneration process and sulfur

recovery subsystem should be integrated into the overall plant design. We have developed a

I computer model to gain an understanding of how this should be done, and have done para-

metric analysis to determine how l_herequired gas flows depend on variables in the subsystem

I design.

II
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I 2. IGCC POWER PLANT SIMULATION

I This section provides a description a computer was developed
detailed of model that

for evaluating the overall performance of integrated coal gasification combined cycle (IGCC)

I plants. The model is useful for evaluating the effects of changes in the system configura-

tion (or of improvements in individual component performance) on the net cycle efficiency

I and power output. It performs thermodynamic analysis of the individual components of

the system and accounts for mass and energy balances. Also, in the gasifier and combustor

I where chemical reactions occur, the model can perform chemical equilibrium calculations

I to determine the composition of the product gas streams. It does not account for reactionkinetics, but gives the user the option of inputting the product gas composition when chem-

I ical equilibrium calculations are not acceptable. Whether the product gas compositions are
computed by the model or provided by the user, the model computes product gas flows and

I temperatures to insure that mass and energy are conserved.

The IGCC plant employs a fired heat recovery steam generator (HRSG) which provides

I low pressure steam for the coal gasification and high pressure steam for the Rankine cycle

power plant. The computer model contains steam tables and source code for analyzing the

I HRSG and Rankine cycle plant.

!
2.1 IGCC Plant Description

!
An Integrated Gasification Combined Cycle Power Plant using a GE MS7001 EA gas

I turbine utility power plant computer model is illustrated in Figure 2.1. Air flows into the
gas turbine compressor at a mass flow rate of about 600 lbm/sec. The air is pressurized in

I the compressor to a pressure of about 200 psi, temperature to
and the increases around 800°

F. This compressedair is divided into three streams. About 5 percent of the air by-passes

I the combustor and is used for cooling purposes in the turbine. About 9 percent of the air is

sent to a booster compressor for use in the gasification process. The remaining air is sent to

I the combustor.

I 3
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I The air that is sent to the gasifier is increased in to 300 psi, and increased inpressure

temperature to 1070 °F. In the gasifier, coal, steam, water, and air are mixed and react to

I produce a low BTU gas that will be burned in the gas turbine combustor. This raw gas

leaving the gasifier is purifed in a hot gas cleanup unit before it is throttled to the pressure

I of the combustor. The hot gas cleanup unit is described in detail in Section 4. Our model

contains an optional turbine that could derive power from the high pressure coal gas that

I flows from the gasifier. This turbine will not be employed in the actual IGCC system. It

was included in the model so that we could make computations to determine how the overall

I system efficiency is affected by the throttling of the high pressure coal gas.

I fuel is mixed with air and burned in the turbine combustor.
The low BTU gaseous gas

The mass flow rate exiting the combustor is about 600 lbm/sec and 2100 °F. The pressure at

I this location is close to 175 psi. These gases now expand through the turbine area creating

power.

!
Our model contains equations for a fired heat recovery steam generator. Originally,

I this component was added to the model so that we could evaluate the eftect of burning coal
fines. It appears that this is undesirable because of the sulfur in the fin_3. However, it may

I be to burn clean coal in the heat steam Weprove to advantageous gas recovery generator.

have arbitrarily made example computations for the case when the exhaust gas is heated to

I 1250 F before it is used to raise steam. In this case the mass flow rate of the exhaust gas is

ahnost 650 lbm/sec. This flow is sent to the heat recovery part of the Integrated Gasification

I Combined Cycle.

!
2.2 Combustor Model Using Equilibrium Constants

I The computer model of the combustor determines the firing temperature and the com-

I bustor product gas composition for given fuel gas properties and fuel flow rates. It can
make calculations based on complete combustion while accounting f_r combustor losses, or

I it can do chemical equilibrium calculations to determine the equilibrium fractions of carbon
monoxide, hydroxyl, nitric oxide, and other radicals in the combustor product gases. One

!
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I way of determining the combustion temperature is to use an energy balance of the products

and reactants coupled with equilibrium equations that allow the extent of reaction to be

I as a temperature.
determined function of

I For example, Figure 2.1 shows that the reactants for the combustor are the products
of the gasifier from stage 12 and the air from compressor 1 at stage 14. Consequently, a

I straight forward calculation can be performed. Below is the complete combustion equation
for the reaction of N2, 02, C02, CO, H20, H2, CH4, C2H6, H2S, and S02.

!
I nN2N2 + nco2C02 + ncoCO + nlt2H2 + nH2oH20+

nCH_CH4 + nso_S02 + nc2m C2H6 + nH2sH2S+

I Z x 02 + Z x 3.77 x NAIR X Ns _ (nilus + nso2)S02+

I (nco2 +nco + ncm + 2nc2He)C02 + (Z x 3.77 x NAIR + nN2+
(Z - 1/2 nco- 1/2 nil2 -- 2 riCH, -- 7/2 nc2ge -- 3/2 nH2S)02+

I (nil2 + nil20 + 2riCH4 + 3nC2He + nH2s)H20 (2.1)

I In the _bove equation "NAIR" may be chosen to be either one or zero. If the user

chooses one, the computer model simulates the combustion of the products with air. If the

I _ser chooses zero for this parameter the computer model simulates the combustion with pure

i oxygen.
The extent of the reaction that will occur for each of the products can be determined

I l','om chemical Below the for the reactionsequilibrium analyses. equilibrium equationsare

in the combustor.

I Balancing Constant Equation

I xi 2C02 _ 2C0 Jr 02 (2.2)

I x2 2S02 -t-2H20 ¢=_ 2H2S + 302 (2.3)
x3 2H20 _=_ 2H2 -t- 02 (2.4)

!
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I x4 2H20 ¢=_ 1-12+ 20H (2.5)

xs N_ -I- 02 ¢=_ 2NO (2.6)

I xs C02 + 2H20 ¢=_ 202 + CH4 (2.7)

i xr 2C02 + 3H20 ¢=_ 7/202 + C2H6 (2.8)
where 'xN' represents the extent of reaction that each of the above equations will experience

I at The reaction equation for incomplete combustion is:givena temperature.

I nN2N2 + nco2C02 + ncoCO + nmH2 + nmoH20+

nem CH4 + nso2S02 + nc2H6C2H6 + nmsH2S+

I Z x 02 + Z x 3.77 x NAIR × N2 _ (nH2s + ns02 -- 2z2)S02+

I (nco2 + nco+ ncH4 + 2nC2H6-- -- x6- 2xr)CO2+2xi

II (Z x 3.77 x gain -!-nN2 -- xb)N2 + (2z,)CO + (2x2)H_S + (2z4)og+
I

(nil2 + nt-ho + 2ncH, + 3noaH6 + nH2S -- 2X2 -- 2Xa -- 2Z4--

I 2XS -- 3xr)H20 + (Z - 1/2 nco - 1/2 nH_ -- 2 nell4 -- 7/2 nC2Hs-

i 3/2 nH2S + xi + 3x2 + xs -- x5 + 2x6 + 7/2 xr)02 + (2xs)go+
(2Xz + x4)H2 + (xs)CH, + (xr)C_H_ (2.9)

I The extent of each reaction may be calculated at any temperature and pressure by

I solving equilibrium equations. In general, for the equation

i vAA + vBB ¢==_vaC + voD (2.10)

i The equilibrium equation can be written as:

i (YcP/Po)"D(YoP/Po) _D = vcGc + vDGD -- vAGA -- vsGs (2.11)_n
(YAP/ Po)"A(YsP/ Po)_s RT

I the for combustion problem, obtain the follow-By writing equilibrium equations our we

ing:

I
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I For equation 2C02 ¢==>2C0 + 02"

I (Y_,oP.IOO)2(Yo2P/IO0) 1 2Gvo2 - 2Gvo - Go_in (2.12)
(Yvo2 P[ l O0)2 RT

I For equation 2S02 + 2H20 ¢==>2H2S + 302 •

I (Yn2sP/lOO)2(Yo2P/lO0) 3 2Gso2 + 2GH2o -- 2GH2s -- 3Go2 (2.13)
tn (Yso2P/lOO)_(yH2oP/lO0)2 = RT!

For equation 2H20 ¢==>2H2 + 02:

I
P/loo/_(Yo_P/lOo)_ 2aH,o - 2am - ao, (2.14)

I In (YH_ (YH, oP/IO0) 2 =
RT

m

i For equation 2H20 ¢==_H2 + 2OH:

| (YH2P/IOO)I(YoHP/IO0) 2 = 2GH2o - 2GH2 -- 2GOH (2.15)In
0 (Yn_oP[lO0) 2 RT

I For equation N2 + 02 ¢==>2NO"

I (YNoP/IO0) :_ GN_ + Go, - 2GNoin (2.16)
(YN2P/ IOO)' (Yo_P.IO0 )_ RT

I For equation COs + 2H20 *==>202 + CH4:

I (Yo2P/IOO)2(Ycn_P/IO0) _ Gco2 + 2Gn2o - 2Go2 - GCH4 (2.17)
£n (yco2P/lOO),(yn_oP/lO0)2 = RTI

For equation 2CO2 + 3II20 e=, 7/202 + C2It6:

!
(Yo, P/IOO)TI2(Yo2neP/IO0)_ 2Gco, + 3GH2o - 712Go_ -Gc, He (2.17)

I in (yco2P/lOO)2(yn_lP/lOO)a = RT

!
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I An energy balance was used to determine the combustion temperature. This balance in-

cluded the enthalpies of the reactants, enthalpies of the products, and a combustion efficiency

I parameter.

I Because the combustion temperature is a function of the extent of reaction which isin turn a function of temperature, a Newton-Raphson iterative process is used. With the

I Newton-Raphson method accurate solutions can be obtained with as few as five iterations.

Although the above analysis is included in our model, and is useful for determining

I amounts of disassociation that may occur within a combustion process, it is not actually

needed for determining the temperature of the reaction, the main objective of this part of

I the program. There is excess air in the gas turbine combustor, and the firing temperatures

i are low enough that little dissociation occur. Thus it is acceptable to assume that com-plete combustion occurs. For this reason later versions of this program only calculated the

I complete combustion temperature, which was found to be extremely close to temperatures
calculated in the analyses using equilibrium equations.

I lt should be noted that the overall system model described here assumes that the com-

bustor design is adequate for accomplishing complete combustion of low BTU coal gas.

I Separate computer models which account for turbulent mixing of the fuel and air, chemical

kinetics, radiation heat transfer, and other details of reacting flows are needed to predict

I whether a combustor design is indeed adequate. Two computer models of gas turbine com-

i bustors were evaluated in a separate task of the IGCC system study.

I 2.3 Gasifier Model Using Equilibrium Constants

I A detailed model of a fixed bed coal gasifier was developed separately, and is described
in Section 3. It is useful for predicting allowable coal feed rates for given gasifier dimensions,

I local temperatures within the gasifier (which is needed to predict
whether ash fusion is

a potential problem), carbon conversion efficiency, and other specific information about

I the coal gasifier. A less detailed model is needed for the overall system analysis. Tile

m 9
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I requirements in this case are that the model must conserve mass and energy, and must

account for the chemical composition of the coal gas. Chemical equilibrium analysis are not

I as useful for predicting gas compositions in the gasifier as they are in the combustor because
temperatures are lower in the gasifier. Chemical equilibrium may not be approached because

I the reaction rates are slow.

" I lt was also found that equilibrium analysis tended to under predict the amount of heavier
II hydrocarbons in the coal gas. The result of this is that the model tended to underpredict

I tile heating value of the coal gas and overpredicted the gas exit temperatures. The model
predicted that too little of the energy originally in coal remained as stored chemical energy

I ii_ the product gas and that too much was stored as sensible energy in the gas.

• Nevertheless, the model predictions base oil equilibrium analysis are adequate for tile

- I pllrpose of the study. For example, based on chemical equilibrium analyses, the model
l

i predicted that the lower heating value of the dry product &;asesis 163 BTU/scf. Based on
<<perimental gas compositions, the heating value is 168 B rl_/scf. To compensate for this

I error, the model predicted that the gas temperatures for the chemical equilibrium case is
I I

about 300 °F higher than for the case with experimental gas composition. The user has the

I c;_)tion of inputting the experimental gas composition when it is known.

The first step in developing the equation for the chemical equilibrium analysis is to

I , r<:ate a complete gasification equation from the known reactants. The equation is:

I lr ,IIT
rtcC + n.H_ti2 + no_02 4- nN=:\2 4- ns'S -4-z11t'_0 + z2(02 + 3.77z2N2) I__,

I (nc - 2z_ - 2no_)CO + (2z2 + 2no2)C0_ + (nil2 + r_c -- ns)tI2 -_.(z, -- ric)H20+

(3.77z_+ nN_)N2+ 7_sIt_S (2.19)

I
The next step is to write the important equilibrium equations needed to determine the

I a_aounts of 02, N_, CO, C02, H_, H2, CH2, 6'2H6, H20, S02, H2S as a
and function of

t_.mperature and pressure. The reactions that are considered are:

I xi H2 + C02 *==_ H20 + CO (2.20)

z2 CO + 3H2 *=:* CH4 + H20 (2.21)

II



!
i x3 2C0 nt- 5H2 _===I>C2H6 nt- 2H20 (2.22)

x4 H,2S + 2H20 e:_ S02 + 3H2 (2.23)

I wttere xi, x2, x3, and x4 signify the extent of the reaction of each of the above equations.

l']_ese equations can now be combined with equation 19 to give:

!
neC + nH_H2 + no2 + nN2 + nsS + zlH20 + z2(02 + 3.77z2N2) ---,

I (nc- 2z2 - 2no2 + x_ - x2 - 2z3)C0 + (,2z2 + 2no_ - xx)C02+

I (r_H 2 + nc - ns - x_ - 3x2 - 5xa + 3x4)H2 + (zx -nc + x_ + x2 + 2xa - 2x4)H20+

I (3.77z2 Jr nN2)N2 nt- (ns -- x4)h2S -t- x2CH4 + xaC2H6 + x4S02 (2.24)

Equation 24 is simply a balanced reaction equation in which all of the components that

I _'e of significance in the coal gas appear as products. The values of xi through x4, which

i s[_ecify tile amount of each component, are obtained by minimizing the Gibbs energy of the
p_oduct gas mixture. The following equations establish the conditions for which the Gibbs

I dG DG dG dG
CIIeF_N is & minimum:

dxl - dx2 - dx3 - dx4 = 0 (2.25)

I t3v writing an equation for the Gibbs energy of the mixture of produced gases in Equation

'2.24 and differentiating with respect to xi through a4 we obtain the following:

I gn (YH2°P/P°)l(Yc°P/e°)x = GH2 + Gco2 - GH2O -- Gco (2.26)
(Ym P/ P° )_(Yco2P/ P° )_ RT

!
(})H,P/P°)X(YH:oP/P°) x Gco+ 3am - Gcre- amo (2.27)

en (Ycop/po)_(yH_P/po)a = RT
I

in (ycop/po)2(yH2P/po)5 = RT
(Yc:_H.P/P°)_(YH2oP/P°) _ 2Gco + 5GH2 -- Gc2H6 -- 2GH20 (2.28)

I (Yso, P/P°)_(YH2P/P°) a GH2S + 2GH2o -- Gso2 - 3GH2 (2.29)

I The mole fractions of the product gases may be expressed in terms of xx through x4

using Equation 2.24. A Newton Raphson search procedure is then employed to solve Equa-

l tion 2.26 through Equation 2.29 for xi through x4. However a fifth variable (temperature)

I 11
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I must be considered because the Gibbs energies in Equation 2.26 through Equation 2.29 are

temperature dependent.

I The product gas temperature may be determined from the energy equation which is

i written below in terms of the enthalpies of the gaseous components, heat losses, change of
energies of the ash, and the heat of formation of the coal.

I n,,_rhair + nliq waterhliq water _" nstreamhstr,am + m¢oath! coa_=

I gto,, + _ n_odh_.ol + m_,h(Ea,h *2 -- Ea,h ,1) (2.30)

Once again, a Newton-Raphson method was used to solve the five non-linear equations.

I However, the solution to the equations for the gasifier is not as straight forward as the

I solution to the equation for the gas turbine combustor. The gasification process is at alower temperature with much smaller amounts of oxygen. Convergence was much more

I difficult. In particular, determining the values of xi through x4 was very tedious. Because
the gasification reactions are done in an oxygen poor environment, the amount of oxygen in

I the product gas is extremely low. Consequently, while iterating towards the solution, the
amount of oxygen might be temporarily calculated to be less than zero. However, before

I another iteration could compensate for this error, the program would crash. For the above
reason, initial guesses in the Newton Raphson search could not be totally random.

I
2.4 Compressor and Turbine Model

!
Standard equations for the compressor and the turbine are used in the computer model.

I The work needed for the compressors or the work produced by the turbines are calculated

i using the following equations:
Compressor Work = thai, * Cpair , Delta Temp (2.31)

I Turbine Work = rhprod_ao* Cpprodua, * Delta Temp (2.32)

I The following axe the compressor and turbine equations used to determine exiting tem-

peratures given a prescribed pressure ratio.

| 12
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I For the Turbine:

[turbine ef f * (k,_od -1)]
I kpro d

, (P°""_ (2.33)
To_t= Ti_ \ p_ /!

For the Compressor:

I [. _(k,,,,.- 1) ]
Lc°mpress°r e]'] • kaeri .

I To,, = T,,_ /'P°"'_ (2.34)• kPi,,/

!
2.5 Computer Model of Heat Recovery Cycle

!
The gas turbine exhaust is at a low pressure (approximately atmospheric) but at a high

I temperature (approximately 1000 *F). By using exchangers gas
heat to cool the exhaust

while heating water to make steam, waste energy in the low pressure exhaust gas can be

I rendered into useful energy in high pressure steam.

I For the heat recovery steam generator (HRSG) and bottoming cycle, the pressures at
every point in the cycle are set to optimize the cost and efficiency of the overall plant. Other

I knowns include the temperature of the exhaust gas entering the HRSG, the mass flowrate
of the exhaust gas, the heat exchanger sizes, and the turbine and pump efficiencies. The

I of the the is set by the of the exhausttemperature steam leaving superheater temperature

gas. From ali the given information, the properties and mass flow rates at each point on the

I cycle can be determined.

I In our bottoming cycle model, the starting and ending point for the calculations is at the
condenser. First, the properties of water leaving the condenser are determined at saturated

I conditions. Equations for the pumps are then solved to determine the properties of the
feedwater entering the boiler. An iterative process is u._ed to determine both the properties of

I the and steam either side of the superheater and the high boiler/economizer.gas Oil pressure

Finally, the properties of the steam returning to the condenser are determined by solving

| "
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l equationsfortheturbines.The calculationsforeachseparatecomponent ofthesystemare

describedindetailbelow.

I
2.5.1 Pumps

I
The knowns for the pump calculations are the pump efficiency, the pressures on both

l sidesofthepump, and thepropert:esofthewaterenteringthe pump. Assuming incom-

pressibleflow,thefollowingformulaisusedto determinethe amount ofwork done by the

I pump per kilogram of feedwater.

I1 Wp.,_p = v. (e._i,- P..t.r)7/p

I Also, the enthalpy of the exiting water is determined using the following formulas.

1 h_.,, - Wp,,,.,.,p+ h_,.,t_r (2.36)
I

The above procedure is repeated for each of the three pumps.

!
i 2.5.2 Boilers/Economizers and Superheaters

The knowns for the models of the boilers/economizers are the inlet exhaust gas temper-

I ature, the size of the boilers, and the inlet and exit properties of the steam.

I In model, the overall UA for the boiler is divided into two the preheatregions,our

region and the boiling region. Since the steam leaving the boilers is saturated at the design

I pressure, the properties for steam are known for both the entrance and the exit of the boiler.

Also since the exhaust gas exit temperature is not known, the overall UA is written in terms

I of steam temperatures, and mass flow rates only. An energy balance is performed for each

of these regions yeilding the following energy equations.

I
ql = (m%)g:o (Tat- Ta2) = (UA)IATM1 (2.37)

I

II q2 = (rh%)9.° (TG1 - Tat) = (UA)2ATM2 (2.38)

| 14
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I where ATM is the logarithmic mean temperature for the region. Equations 2.37 and 2.38

are solved for their respective UA values, and are added together to give one equation for

I the overall UA value for the boiler/economizer.

[ 1 lm 1I Ts2 - Ts, TGI -- TSl TGZ -- Ts2
UA

i- TaI-TG,

I where:

I Ts, = Exhaust gas inlet temperature (known)

Taz --- Exhaust gas temperature at interface of regions (unknown)

I Ta2 = Exhaust gas outlet temperature (unknown)

Tsl "- Water inlet temperature (known)

I Ts2 - Steam outlet (known)temperaure

The overall steady state energy equation for both regions is solved for the exhaust gas exit

I temperature, TG2.

(¢n%),_.t_,. ((thc.v)g,,. c_,_,,.t.ht"'-_-g) (2.40)I Ta2 = TG1 -- Ts2 - Tsl +

i where h/g is the heat of vaporization for water. Also, an energy balance for the preheatregion when solved for the exhaust gas boiling interface temperature provide the following

I equation. Ts2- Tsl
Taz = Ta2 + R (2.41)

I where:

(dncp)g.o (2.42)

I Equations 2.40 and 2/41 may be solved for the exhaust gas boiling interface temperature,

i Tc1. 1 hfg

TGZ = TG, + R%,,,,,., (2.43)

I Equations 2.39, 2.49, and 2.43 are combined to give a single equation for the overall UA.

/ /I Ta, - Ts2 + R cv,,,.,,

UA 1 In 1 (h/9 +Ts2-Ts,)(rh%)9., = I_- R Ta, - Ts, - _ %,,,=,,,

| 15
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m

+In 1 hfg

m Ta, - Ts2 + R c_,,o_t_r

I In Eqn. 2.44 the only unknown is R, given by Eqn. 2.42. R is determined using the
Newton-Raphson method, which means two trial values for R are required. To find these two

m trial values, the critical values for Eqn. 2.44 are determined. These critical values of R are
defined as the values that make the denominators of either of logrithmic terms equate to zero.

m these denominators to the following expressions for R determined.By equating zero, are

Ts2 - Ts, H hsg

m (2.45)
RGRIT,1 -" TG1 -- Tsl

m h.tg
c_,_.t_, (2.46)RGRIT.2 -" Ta1 - Ts2

m The trial values of R must be larger than either of the critical values. R ° is defined the
as

target of the two RvmT values. R" is used in the following equations to determine the trial

m values for R.

R"

i =l-exp (rh%)g=,
UA

m R2 = RI+ [(rh'_g_,] [R1-R'] (2.48)

m Once Eqn. 2.44 is solved for R, the flowrate of feedwater is determined from Eqn. 2.42. Thefeedwater flowra_e is needed to compute the power produced by the Rankine cycle.

!
2.5.3 Turbines

m The knowns for the turbine calculations are the turbine efficiency, the properties of

I steam entering the turbine, and the pressure drop across the turbine. The properties of
steam are calculated at the outlet pressure and tb.e inlet entropy. The work for the turbine

m is then calculated the formula.using following

m w,= fit (h_,,t_. - h._it,io_,_t,.o_) (2.49)
m

16
m
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I The actual exit enthalpy is then calculated using the following formula.

I hezit,actual- henter- WTURBINE (2.50)

The properties of the exhaust steam are re-calculated using the exit pressure and the above

I enthalpy.

! 2.5.4 Steam Tables

!
The steam table subroutine calculates the properties of steam from saturated liquid to

I superheated steam. The method used here is the one described in Reynolds [1] and Keenan
[2]. A listing of the subroutines that make up the steam tables is included in the appendices.

!
2.6 Simulation Results

!
Five initial test cases were run to predict the overall system performance for the com-

I puter model. The Rankine bottoming cycle and heat recovery steam generator, which are

described in Reference 1, were added to the model after the initial test cases were run. Sep-

i arate cases were run to determine the performance of the combined cycle plant. The results

i of the initial test cases are summarized in Table 2.1 through Table 2.5.
As a first case the gas turbine was operated with methane fuel. A second run was made

I a coal gas when composition was determined experimentally. Table 2.1 shows that
with fuel

the cycle thermodynamic efficiency dropped from 32.14 % for methane fuel to 30.00 % for

I the coal gas fuel. Much of the loss in efficiency is due to the throttling of the high pressure

coal gas as it flows from the gasifier to the combustor. This may be seen from the results

I of Table 2.3 in which a turbine was added to the system to replace the throttle valve. The

_:fficiency improved to 31.45 % with the optional turbine. Two additional cases were run to

I establish the errors introduced by having the model compute the composition of the coal gas

from equilibrium analysis. The results show that there is a negligible effect on the predicted

I overall system performance.

| 17
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I The overall system model is written such that it runs in an interactive mode. It prompts

the user for needed information (such as the ultimate analysis of the coal), and provides a

I printout of the input data and the computed 2.6 a typical
results. Table showsthe results of

run. It may be seen from the results in Table 2.6 that the fired HRSG and bottoming cycle

I increases the net shaft power by about 65 % and increases the thermodynamic efficiency

i (based on the lower heating value of the coal fed to the gasifier) to more than 41%.

!
|
!
!
!
!
|
!
!
!
!
!
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I
I Table 2.1

I

I Pteue _ the _r or Letter of the ver|_teyou u|sh to _ _ PRESSENTER.
el nile Ileeeo ee e lel_lnleliOl OeOllOe le_lee llOle

(T_LE VALES)

I 1) Fuel _ In po_r s_tea_T_NE
eeeee_eeelleOOeleeeelelOOlOe_eloeeeeeeeee ecel

(XNPUT VALUES)

I 3) T_rmture of mtr at inlet (Location 1) ...... _.15 K4) Pr_lure of atr at inlet (Locati_ 1) ......... 101.32 KPA
5) Mass fLot_ rate of air at |htgr (Location 1)... 287.13 KG/SEC
6) Fraction of air _ to ¢_L bL_ ............ 050

7) Eff|c|Mlcy Of air compreslorl .................. 860
8) Eff|c|ency of gas turbines ..................... 920
9) Eff|ctency of combustor ........................ 950
A) Efftc|ency of pipes ............................ 950

n 8) Efficiently of generator and drive .............. 960
! ) STATISTICS

(Amounts in moles - DRY& SuLfur FREE)
C_ ..... 00000
CO...... 00000

H2...... 00000CH4.... 1.00000
CnNa.... 00000
N2...... 00000

I
I
I
I
I
I
I
I
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I

ENGL| SH UNl TS
tocation degrees F psi ti_Vsec

I 1 76.67 14.69 633. O02 76.58 14.68 633. O0
• 3 719.52 171.80 633.00

4 719.52 163.21 633.00

i 11 80.00 21.75 11.01
12 300.20 155.05 11.01
13 719.52 163.21 601.35
14 719.52 155.05 601.35

i 15 2023.24 155.05 612.36
16 1614.37 70.84 612.36
17 1570.39 70.84 64J_.01
18 956.83 14.79 (_4.01

I METRICUNITS
Location degrees K KPA kg/sec

1 298.15 101.32 287.13

i 2 298.10 101.27 287.133 655.29 1184.81 287.13
4 655.29 1125.57 287.13

11 300.00 150.00 4.99

I 12 422.33 1069.29 4.9913 655.29 1125.57 272.77 w
14 655.29 1069.29 272.77
15 1379.58 1069.29 277.77

I 16 1152.43 488.57 277.77
17 1128.00 488.57 292.12
18 787.13 102.00 292.12

I
I
I
I WORKINPUT/OUTI:qJT(Kki)

Work of FIRST COMPRESSOR......... > 106878.3
Work of SECOM)CCNPRESSOR........ > 2019.9
Work of FIRST TURBINE ............• .0

i Work of SEC:OW)TURBINE........... • 190480.8
TOTALOUTPUT(incLuding generator Losses) --> 80258.4

(BASEDON LOkERHEATINGVALUE)
Efficiency ---> 0.321420931316001370

m Heat Rate .... > 10618.4746152843030

I
I

i 2O

I



I
I Table 2.2

I
I v.D _NO _NU tR

Plemse type the number or Letterof the vmrimbLe

i you wish to change and PRESSENTER.
................................ w...eog.......

(TOGGLEVALUES)
1) Fuel used in power system

COALGAS

I 2) Method of finding products leaving 9ssifterEXPERIHENTAL
eeeeeeeoemoeeeeeeeeeeqse eeaeeleme eeQme ooeeee ee

( INPUT VALUES)

I 3) Temperature of air at inlet (Location 1) ...... 298.15 K6) Pressure of sir at inlet (Location 1) ......... 101.32 ){PA
5) Mass flow rate of sir st inlet (Location 1)... 287.13 KG/SEC
6) Fraction of sir used to coal blades ............ 050

I 7) Efficiency of air compressors .................. 860
8) Efficiency of gas turbines ..................... 920
9) Eff|ciency of ccmdpustor........................ 950
A) Effic|ency of pipes ............................ 950

B) Efficiency of generator end drive .............. 960
C) Efficiency of gasifier ......................... 960
O) Pressure in 9asifier .......................... 2068.43 KPA
E) Fraction of air sent to 9asifter ............... 085
F) COALSTATI STI CS

(Amounts in MASSFRACTIONS)Carbon.... 81.300
Hydrogen... 5.300
Oxygen.... 9.800

I Nitrogen... 1.700Sulfur .... 1.900
Heat ing value of coal... 33725.0

Percent WATERin coal as received .... 100

I Percent ASH in cost ms received .... 100
G) Amour of water added per male of dry coal ..... SO0
! ) PRODUCTSTATI STI CS

(Amounts in moles m ORY& Sulfur FREE)

I C02..... 10300
CO...... 21200
H2...... 20100
CH4..... O4600

i CnHm.... 00300
H2...... 43500

J) AUXILIARY TURBINESTATUS

i --'> THROTTLE<''"

I
I

i 21
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ENGLISN UN! TS

B tocation degrees F iii tbm/sec1 76.67 !4.69 633. O0
2 76.58 14.68 633.00
3 719.52 171.80 6.33.00

I 4 719.52 163.21 633.00
5 719.52 163.21 53.80
6 719.52 155.05 53.80
7 1008.05 315.71 53.80

i 8 1008.05 299.92 53.80
9 1089.33 299.92 91.01

10 1089.33 284.93 91.01
11 1089.33 163.21 91.01
12 1089.33 155.05 91.01

I 13 719.52 163.21 547.5414 719.52 155.05 547.54
15 2017.80 155.05 638.56
16 1616.27 70.84 638.56

I 17 1573.92 70.84 670.2118 968.13 14.79 670.21
20 76.67 299.92 23.15
21 571.67 299.92 10.48

I 22 76.67 299.92 5.89
23 1340. O0 299.92 2.31

NETRIC UNITS

i Location degrees K KPA kg/sec
1 298.15 101.32 287.13
2 298.10 101.27 287.13
3 655.29 1184.81 287.13
4 655.29 1125.57 287.13

I 5 655.29 1125.57 24.416 655.29 1069.29 24.41
7 815.58 2177.29 24.41
8 815.58 2068.43 24.41

I 9 860.74 2068.43 41.2810 860.74 1965.01 41.28
11 860.74 1125.57 41.28
12 860.74 1069.29 41.28

i 13 653.,,_ 1125.57 248.37
14 655.2_" 1069.29 248.37
15 1376.56 1069.29 289.65
16 1153._1 488.57 289.65

i 17 1129._'6 4&5.57 304.01
18 793.41 102.00 304.01
20 298.15 2068.43 10.50
21 573.1! 2068.43 4.75
22 298.15 2068.43 2.67

I 23 1000. O0 2068.43 I. 05

I
I
I
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I
I
I
I
i WORK INI_JT/OUTPUT (1_)

Work: of FIRST COMPRESSOR......... > 106878.3
Work of SECOND COMPRESSOR......... > /*242.5
Work of FIRST TURBINE ............ > .0
Work Of SECOMOTURBINE ........... • 196625.5

I TOTAL OUTPUT (incLuding _rmtor toBlleB) --> 82084.6
HIGHER HEATING VALUES

KJ/KG BTU/SCF

DRY BASIS 7129.39 189.78WET BASIS 6445.80 166.35

LCA,JER HEATING VALUES

I KJ/KG BTU/SCF
DRY BASIS 6310.69 167.99
WET BASIS 5705.60 147.25

I HEAT RATES & EFFICIENCIES
(HIGHER HEATING VALUES)

COAL EFFICIENCY .......... • .2897
COAL HEAT RATE ........... > 11779.5
GAS EFFICIENCY ........... • .3085

I GAS HEAT RATE ............ • 11064.3(LOUER HEATING VALUES)
COAL EFFICIENCY .......... • .3000
COAL HEAT RATE ........... • 11375,4

I GAS EFF'.CIENCY ........... • .3485GAS HEAT RATE ............ • 9793.8

RELATIVE FLOWS

I LBN STE._q / LM COAL .... • .4527
LBN STE_IJ,_,WATER/ LBM COAL • .7073

LNB AIR / LM COAL ---• 2.3243
66.1660 STD FT'3 GAS OUT / LBM COAL

i .01221 LGN HZ0 / STD FT^3 GAS OUT
.47499 STD FT'3 AIR / STD FT^3 GAS

I
I
I
I
I
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I Table 2.3

QQ _,e_i_Dt'_Ht'9_ _ Wltlt_ gtWQ** CCIeIAMI)HENU **

I Ptelle type the ruder or teLLer of the variableyou wilh to change and PRESSENTER.
e e_elme_i. _ _ e lm o. e also alum i e O_ e O eels e ees e e e e

(TCX_GLEVALUES)

I I) Fuel used In po_er system
COALGAS

2) Nethod of finding productl Leaving gasifier
EXPERIHENTAL

I ( INPUTVALUES)3) Temperature of air at inlet (Location 1) ...... 298.15 K
4) Pressure of air at inlet (Location 1) ......... 101.32 OA
5) Hess fto_ rate of air st inlet (Location 1)... 287.13 KG/SEC

I 6) Fraction of air used to cool blldel 0507) Efficiency of air compressors .................. 860
8) Effic|ency of ges turbines .....................
9) Efficiency of combustor........................ 950

A) Efficiency of pipes ............................ 950B) Efficiency of generator and drive .............. 960
C) Efficiency of gslifter ......................... 960
D) Pressure in gasifter .......................... 2068.43 OA

l E) Fraction of a4r sent to gasifier ............... 088F) COALSTATI STI CS
(Amounts in MASSFRACTIONS)

Carbon.... 81.300

I Hydrogen... $ .300
Oxygen.... 9.800

Nitrogen... 1.700
SuLfur .... 1.900

i Heating value of coal... 33725.0
Percent WATERIn coat as received .... 100
Percent ASH in coal es received .... 100

G) Amount of water added per mote of dry coat ..... 500
! ) PRODUCTSTAT!ST1CS

I (An_Jnts in moles - DRY& Sulfur FREE)C02..... 10300
CO...... 21200
H2...... 20100

l CH4..... 04600CnHm.... 00300
N2...... 43500

I J) AUXILIARY TURBINESTATUS
"--> AUXILIARY TURBINE<---

I
I
I
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I

ENGLISHUNITS

I Location dltlrm F 13111 tbnVzec1 7'6.67' 14.69 633.00
2 7'6.58 14.68 633.00
3 7,19.52 17,1.80 633. O0

i 4 719.52 163.21 633.00
5 7,19.52 163.21 55.70
6 7,19.52 155.05 55.70
7' 1008.05 315,7,1 55.70
8 1008.05 299.92 55.70

I o 1089.33 299.92 94.2210 1089.33 284.93 94.22
11 914.88 163.21 94.22
12 914.M 155.05 94.22

I 13 719.52 163.21 545.6514 7,19.52 155.05 545.65
15 2024.98 155.05 639.87'
16 1622.86 70.84 639.87'

I 17 1580.28 70.84 67,1.5218 973.39 14.79 67,1.52
20 7'6.67 299.92 23.97
21 57,1.67 299.92 10.85

i 22 7'6.67 299.92 6.10
23 1340.00 299.92 2.40

METRIC UNITS
[.cat fort degrees K KPA kg/sec

I 1 298.15 101.32 287'.132 298.10 101.27 28;'. 13
3 655.29 1184.81 287.13
4 655.29 1125.57, 287'. 13

I 5 655.29 1125.57 25.27'6 655.29 1069.29 25.27'
7' 815.58 2177.29 25.27,
8 815.58 2068.43 25.27'

I 9 860.7'4 2068.43 42.7410 860.7'4 1965.01 42.7'4
11 763.82 1125.57, 42.7'4
12 7'63.82 1069.29 42.7'4

I 1:3 655.29 1125.57, 247.51
14 655.29 1069.29 247.51
115 1380.54 1069.29 290.25
16 1157.14 488.57' 290.25
17' 1133.49 488.57' 304.60

I 18 796.33 102 O0 304 6020 298.15 2068.43 10.87'
o

21 573.15 2068.43 4.92
22 298.15 2C)68.43 2.77

i 23 1000.00 2068.43 1.09

I
I
I
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I
I _

I
I blOitK INPUT/OUTPUT(I(W)Work of FIRST CCMPttESSOIt......... > 106878.3

Work of SECCIiOCCMPRESSCIt........ • 4392.2
Work of FIRST TIJMINE ............ • 6,372.2

I Work of SECONDTUIUliI_ ........... > 197676.5TOTALOUTPUT(|nctud|n8 germrltor Losses) --• 89067.1

HIGHERHEATINGVALUES

KJ/KG BTU/SCFDRYBASIS 7129.39 189.78
_T 8ASIS 6_5.80 166.35

LOI_R HEATI NGVALUES
KJ/KG BTU/SCF

DRYBASIS 6310.69 167.99
WETBASIS 5705.60 147.25

HEATRATES/, EFFICIENC|ES(HIGHER HEATINGVALUES)
COALEFFICIENCY .......... • .303?
COALHEATRATE ........... • tdl_l_2

GASEFFICIENCY ........... • 3233GASHEATRATE ............ •
(LOWERHEATIliG VALUES)

COALEFFICIENCY .......... • .3145

COALHEATRATE ........... •GASEFFICIENCY ........... • .3652
GASHEATRATE ............ •

RELATIVE FLOWS
LM STEAM/ LBN COAL.... • .4527

LBMSTEAM/,WATER/ LBMCOAL• .7073
LMilAIR / LM COAL ---• 2.3243

66.1660 STD FT"3 GASOUT / LBMCOAL
*.01221 LIkqHL)/),/ STO FTA3 GAS(]JT
.47499 STD FT"3 AIR / STO FT"3 GAS

I
I
I
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I
I Table 2.4

l.I Ct:eOtAHOMNU **

i PLease type the nuldmr or Letter of the variable
you wish to change and PRESSENTER.

e efe eleo4m4eeie e e e4me 4i eeeeeee e _e o ooe oeoeoeeo o eo_ee_

i (TOGGLEVALUES)
1) Fuel used in power system

COALGAS
2) Method of finding products Leaving pstf|er

i THEORETICAL") (EOUILIBIIIUIq)

.....,m.o.e... ee_ eeeQ.*mt*_ o*,e,.*.._ B *..is*m.ees

( INPUT VALUES)
3) Temperature of air at inlet (Location 1) ...... 298.15 K
4) Pressure of air at inLet (Location 1) ......... 101.:32 KPA

i §) Nasa flow rate of air at inlet (Location 1)... 287.13 KG/SEC6) Fraction of air used to cooL bLades............ 050
7) Efficiency of air compressors.................. 860
8) Efficiency of ges turbines ..................... 920

i 9) Efficiency of combustor........................ 9S0A) Efficiency of pipes ............................ 950
B) Efficiency of generator and drive .............. 960
C) Efficiency of gesifiar ......................... 960

i I)) Pressure in 9asifter .......................... 2068.43 KPA
E) Fraction of air sent to pstftar ............... 085
F) COALSTATl ST! CS

(Amounts in HASS FRACTIONS)

i Carbon.... 81.300
Hydrogen... S.300
Oxygen.... 9.aO0

Nitrogen... 1.700
SuLfur .... 1.900

i Heating value of coaL... 337'25.0Percent WATERin coal as received .... 100
Percent ASH in coal ms received .... 100

G) Amount of _.ater added per moLe of dry coaL..... 500

!
i
I
I
I
I
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I
GASI FI ER PRCOUCTS

i CO,?............ • .2659543
CO ............ • .2940301
H2 ............ • .3370807
eH4 ........... • .1290221,
C2H6 .......... • .0000098

I H2 ............ • .8167270H20 ........... > .2370967
H2S ........... • .0045_)322

I
i ENGLI SH UNI TS

Location degrm F pel tbo/s_
1 76.67 14.69 633.00

I 2 76.58 14.68 633.00
3 719.52 171.80 633. O0
6 719.52 163.21 633.00
5 " 719.52 163.21 53.80

I 6 719.52 155.05 53.80
7 1008.05 315.71 53.80
8 1008.05 299.92 53.80
9 1391.71 299.92 91.01

i 10 1391.71 284.93 91.01
11 1391.71 163.21 91.01
12 1391.71 155.05 91.01
13 719.52 163.21 547.56
14 719.52 155.05 547.54

I 15 2013.36 155.05 638.5616 1612.49 70.8/, 638.56
17 1570.32 70.84 670.21
18 %5.52 14.79 670.21

I 20 76.67 299.92 23.15
21 571.67 299.92 10.48
22 76.67 299.92 5.89
23 13A0.00 299.92 2.31

I METRIC UNITSLocation degrees _ r#A kg/ee¢
1 298015 101.32 287.13
2 298.10 101.27 287.13

i 3 655.29 1184.81 287.134 655.29 1125.57 287.13
5 655.29 1125.57 24.41
6 655.29 1069.29 24.41

I 7 815.58 2177.29 24.418 815.58 2068.43 24.41
9 1028.73 2068.43 41.28

10 1028.7"5 1%5.01 41.28

I 11 1028.73 1125.57 41.2812 1028.7"5 1069.29 41.28
13 655.29 1125.57 248.37
14 655.29 1069.29 248.37

I 15 1374.09 1069.29 289.65
16 1151.38 688.57 289.65
17 1127.% 488.57 304.01
18 701.% 102.00 304.01

i 20 298.15 2068.43 10.50
21 573.15 2068.43 4.75
22 298.15 2068.43 2.67
23 1000.00 2068.43 1.05

I
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I
I
I

WORKINPUT/OUTPUT(1_)

Work of FIRST CONPRESSON......... > 106878.3
Work of SECOND(:CNPRESSOR........ • 4242.5
Work of FIRST TUqlIINE ............ • .0
Work of Sl[CaiO TURBINE ........... • 196258.1

TOTALOUTPUT(intruding Oenerator tolseB) --• 81731.8

HIGHERHEATINGVALUES
KJ/KG ITU/SCF

DRYBASIS 6734.40 185.53

I bET BASIS 6159.65 164,44
LOiRR HEATINGVALUES

KJ/KG BTU/SCF

I DRYBASIS 5928.52 163.33
bET BASIS 5422.55 1_.76

HEATRATES& EFFICIENCIES

(NIGHE;I HEATINGVALUES)
COALEFFICIENCY .......... • .2885
COALHEATRATE ........... > 11829.9
r-_S EFFICIENCY ........... • .321/,
GASHEAT RATE ............ • 10618.7

(LONERHEATI NGVALUES)COALEFFICIENCY .......... • .2988
COALHEAT RATE ........... • 11/,24.0
GASEFFICIENCY ........... • .3651

I GASHEATRATE ............ • 9348.0
RELATIVE FLOUS

LM STEAM/ LM COAL .... • .4527

LBHSTEN41_ATER/ LEU¢COAL• .7073
LNB AIR / LBNCOAL ---• 2.32_.

64.2324 STD FT"3 GASOUT / LBH COAL
.01258 LB/4H20 / STD FT"3 GASOUT

.48931 STD FT"3 AIR I STO FT"3 GAS

I
I
I
I
I
I
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I
I Table 2.5

_' _ NEI#J *"

I PLease type the number or Letter of the variable
you wish to change end PRESSENTER. •

(TOGGLEVALUES)

i 1) Fuel uved in power system
COALGAS

2) Method of ftrdtng products Leaving gaatfler
THEORETICAL-:_ (E_JILIBRIUN)

o...,,.o,.oo.....,..,.e, o .0o....,eo.oo..e o... -e-- -

I (INPUT VALUES)3) Temperature of air at inlet (Location 1) ...... 298.15 K
4) Pressure of air at inlet (Location 1) ......... 101.32 KPA
5) Nasa flow rate of atr mt inlet (Location 1)... 287.13 KGISEC

I 6) Fraction of air used to coot blades ............ 050
7) Efficiency of air compressors .................. 860
8) Efficiency of gas turbines ..................... 920
9) Efficiency of combmtor ........................ 950

I A) Efficiency of pipes ............................ 950
B) Efficiency of generator and drive .............. 960
C) Efficiency of gesifter ......................... 960
O) Pressure in gesifier .......................... 2068.43 KPA

i E) Fraction of air se_t to gesifter ............... 088
F) COALSTATISTICS

(Amounts in HASSFRACTIONS)
Carbon.... 81.300

Hydrogen... 5.300

I Oxygen.... 9.800Nt t rogen... 1.700
Sut fur .... 1.900

Heating value of coaL... 33725.0

i Percent WATERin coal as received .... 100
Percent ASH in coal as received .... 100

G) Amount of water added per male of dry coal ..... 500

I
I
I
I
I
I
I
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I
GASIFIER PROOUCTS

I C02 ........... • .2659543
CO ............ • .2940301
H2 ............ • .3370807
CN4 ........... • .1290224

I C2H6 .......... • .0000098
N2 ............ • .8167270
H20 ........... • ,2370947
H2S ........... • .0060322

!
i ENGL!SH UNI TS

Location degrees F psi Lbm/eec
1 76.67 14.69 633.00

i 2 76.58 14.68 633.003 719.52 171.80 633.00
4 719.52 163.21 633.00
5 719.52 163.21 55.70

I 6 719.52 155.05 55.70
7 1008.05 315.71 55.70
8 I008.05 299.92 55.70
9 1391.71 299.92 94.22

i 10 1391.71 284.93 94.22
11 1190.21 163.21 94.22
12 1190.21 155.05 94.22
13 719.52 163.21 545.65
14 719.52 155.05 545.65

I 15 2014.61 155.05 639.8716 1614.10 70.84 639.87
17 1571.94 70.84 671.52
18 967.4_ 14.79 671.52

I 20 76.67 299.92 23.9721 571.67 299.92 10.85
22 76.67 299.92 6.10
23 1340.00 299.92 2.40

I HETRIC UNITS
tocat _on degrees K KPA kg/sec

1 298.15 101.32 287.13

i 2 298.10 101.27 287.13
3 655.29 1184.81 287.13
4 655.29 1125.57 287.13
5 655.29 1125.57 25.27
6 655.29 1069.29 25.27

I 7 815.58 2177.29 25.278 815.58 2068.43 25.27
9 1028.73 2068.43 42.74

10 1028.73 1965.01 42.74

I 11 916.78 1125.57 42.7412 916.78 1069.29 42.74
13 655.29 1125.57 267.51
14 655.29 1069.29 247.51

I 15 1374.78 1069.29 290.24
16 1152.28 488.57 290.24
17 1128.85 488.57 304.60
18 793.02 102.00 304.60

I 20 298.15 2068.43 10. 87
21 573.15 2068.43 4.92
22 298.15 2068.43 2.77
23 1000.00 2068.43 1.09

I
I
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I
I
I
I
I NORKINPUT/OUTPUT(K1J)York of FIRST COMPRESS_II......... • 106878.3

Uork of SECONDCOMPRESSOR........ • 4392.2

I Nork of FIRST TURBINE ............ • 7377.8
Vork of SECONDTUIIBINE ........... • 196842.9

TOTALOUTPUT(|nctud|rt 9eneretor tosses) --> 89232.2

HI GHERHEATING VALUES

I KJIKG BTU/SCFDRYBASIS 67'34.40 185.53
VET BASIS 6159.65 164.44

I LOWERHEATINGVALUESKJIKG BTU/SCF
DRYBASIS 5928.52 163.3,3
VET BASIS 5422.55 144.76

I HEATRATES& EFFICIENCIES
(HIGHER HEATINGVALUES)

COALEFFICIENCY .......... • .3042

I COALHEATRATE ........... • 11217.9
GASEFFICIENCY ........... • .3389
GASHEAT RATE ............ • 10069.4

(LOWERHEATINGVALUES)
COALEFFICIENCY .......... • .3151

I COALHEATRATE ........... • 10833.1GASEFFICIENCY ........... • .3850
GASHEATRATE ............ • 886&.4

I RELATIVE FLOklSLBH STEAM/ LBMCOAL.... > .4527
LBNSTEN4/,klATER/ LBMCOAL> .7073

LNB AIR / LBN COAL ---> 2.32_

I .......64.2324 STO FT^3 GASOUT / LBMCOAL
-.:" °01258 LBN H20 / STD FT'3 GASOUT

.48931 STD FT^3 AIR / STD FT^3 GAS

!
I
I
I
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N Table 2.6 IGCC System Computer Model Sample Run

N ************************ C01_ID MENU **
**********************

N Please type the number or letter of the variable

N you wish to change and PRESS ENTER.
(TOGGLE VALUES)

N 1) Fuel used in power systemCOALGAS

2) Method of finding products leaving gasifier

N THEORETICAL-> (EQUILIBRIUM)o.m

(INPUT VALUES)

N 3) Temperature of air at inlet (Location 1) ...... 298.15 K4) Pressure of air at inie% (Location 1) ......... 101.32 EPA

5) Mass flow rate of air at inlet (Location 1)... 287.13 KG/SEC

N 6) Fraction of air used to cool blades ............ 050
7) Efflclency of air compressors .................. 860

8) Efflclency of gas turbines ..................... 920

N 9) of combustor 950
Efflclency

A) Efflclency of pipes.. .......................... 950

N B) Efflc_ency of generator and drive .............. 960C) Eff_clency of gasifier ......................... 960

D) Pressure in gasifier .......................... 2068.43 EPA
E) Fraction of air sent to gasifier ............... 085

N F) COAL STATISTICS
(Amounts in MASS FRACTIONS)

N Carbon .... 81.300Hydrogen... 5.300

Oxygen .... 9.800

N Nitrogen... 1.700Sulfur .... I.900

Heating value of coal... 33725.0

N Percent WATER in coal as received 100
Percent ASH in coal as received .... i00

G) Amount of water added per mole of dry coal ..... 500

N H) Amount of air added per mole of dry coal ....... 215

N J) AUXILIARY TURBINE STATUS---> AUXILIAKY TURBINE <---

N .....> INPUT SELECTION <.....

33
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I
I (ENTER -> 0 <- TO CONTINUE ONWARD)

I GASIFIER PRODUCTSC02 ........... > .3129231
CO ............ > .2153383

I H2 ............ > .2888830CH4 ........... > .1607398

C2H6 .......... > .0000127

I N2 ............ > .8167270H20 ........... > .1511596

I H2S ........... > .0060322
ENGLISH UNITS METRIC

I UNITS
POINT DEGREES F PSI LBM/SEC l DEGREES K KPA KG/SEC

I 1 76.67 14.69 607.04 I 298.15 101.32 275.352 76.58 14.68 607.04 I 298.10 101.27 275.35

3 812.16 192.41 607.04 I 706.76 1326.98 275.35

I 4 812.16 182.79 607.04 I 706.76 1260.63 275.355 812.16 182.79 51.60 I 706.76 1260.63 23.41
6 812.16 173.65 51.60 I 706.76 1197.60 23.41

I 7 1067.99 315.71 51.60 I 848.88 2177.29 23.418 1067.99 299.92 51.60 I 848.88 2068.43 23.41
9 1311.50 299.92 87.28 I 984.17 2068.43 39.59

I 10 1311.50 284.93 87.28 I 984.17 1965.01 39.59
11 1160.88 182.79 87.28 I 900.49 1260.63 39.59

12 1160.88 173.65 87.28 I 900.49 1197.60 39.59

I 13 812.16 182.79 525.09 I 706.76 1260.63
238.18

14 812.16 173.65 525.09 I 706.76 1197.60 238.18

I 15 2037.61 173.65 612.37 I 1387.56 1197.60 277.7716 1615.06 76.40 612.37 I 1152.81 526.92 277.77
17 1577.14 76.40 642.72 I 1131.75 526.92 291.54

I 18 946.16 14.79 642.72 I 781.20 102.00 291.5419 1249.64 14.79 646.32 I 949.80 102.00 293.17

20 76.67 299.92 22.20 I 298.15 2068.43 10.07

I 21 571.67 299.92 10.05 I 573.15 2068.43 4.5622 76.67 299.92 5.65 I 298.15 2068.43 2.56

23 1340.00 299.92 2.22 I 1000.00 2068.43 1.01

I 24 1043.10 14.79 642.72 I 835.06 102.00 291.5425 423.05 14.79 642.72 I 490.58 102.00 291.54

26 370.77 14.79 642.72 I 461.54 102.00 291.54

I 98.67 I 318.96 10.00 44.76
27 114.13 1.45

28 114.22 20.30 107.95 I 319.01 140.00 48.97

I 29 228.43 20.30 120.85 i 382.46 140.00 54.82
34
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I 30 233.08 910.02 111.50

385.04 6276.00 50.58

31 533.13 910.02 111.50 551.74 6276.00 50.58
32 1049.66 910.02 108.15 838.70 6276.00 49.06

I 33 1044.26 864.52 108.15 835.70 5962.20 49.06
34 810.61 314.94 108.15 705.90 2172.00 49.06

I 35 810.61 314.94 98.10 705.90 2172.00 44.5036 678.89 166.26 98.10 632.72 1146.65 44-.50
37 652.07 166.26 107.17 617.82 1146.65 48.61

I 38 231.18 21.37 107.17 383.99 147.37 48.6139 228.43 20.30 12.90 382.46 140.00 5.85
40 231.18 21.37 94.27 383.99 147.37 42.76

I 41 114.13 1.45 94.27 318.96 10.00 42.7642 114.13 1.45 9.28 318.96 10.00 4.21

43 114.13 1.45 107.95 318.96 10.00 48.97

I 175.01 9.35 382.91 1207.00 4.24
44 229.24

45 370.52 175.01 9.35 461.40 1207.00 4.24
46 370.52 175.01 9.07 461.40 1207.00 4.11

I 47 366.37 166.26 9.07 459.09 1146.65 4.11
48 533.13 910.02 3.34 551.74 6276.00 1.52

I 49 370.52 175.01 .28 461.40 1207.00 .1350 76.67 14.69 4.12 298.15 101.32 1.87
51 1249.64 14.79 .51 949.80 102.00 .23

I TURBINE PRODUCTS

N2 --> 8.85554941

I 02 -' > 1.54963079C02 > .68902643
CO .........> .00000000

I H20 ........ > .76759235H2 ........ > .00000000

CH4 ........ > .00000000

I C2H6 ........ > .00000000
SO2 ........ > .00603224

i H2S ........ > .00000000OH ........ > .00000000

NO ........> .00000000

I WORK INPUT/OUTPUT (KW)

I WORK FROM MAIN GAS TURBINE (GE MS7001 HEAVY DUTY)Work of FIRST COMPRESSOR ......... > -117956.9

Work of SECOND COMPRESSOR > -3621.5

I Work of FIRST TURBINE .............> 5065.8
Work of SECOND TURBINE (optional)-> 196727.5

!
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!
l TOTAL OUTPUT OF GAS TURBINE (GE MS7001)--> 77006.3

Net Work of RECOVERY TURBINES ....... > 49874.5

I ******* TOTAL OUTPUT OF SYSTEM ***_'**_'-> 126880.8
HIGHER HEATING VALUES

l KJ/KG BTU/SCFDRY BASIS 6442.68 183.34

WET BASIS 6082.97 169.14

I LOWER HEATING VALUES

KJ/KG BTU/SCF

I DRY BASIS 5709.15 162.46WET BASIS 5390.40 149.88

I HEAT RATES &
EFFICIENCIES

GAS TURBINE EFFICIENCIES

I (HIGHER HEATING VALUES)
COAL EFFICIENCY .......... > .2835

I COAL HEAT RATE ........... > 12040.9GAS EFFICIENCY ........... > .3198

GAS HEAT RATE ............ > 10673.5

I (LOWER HEATING VALUES)COAL EFFICIENCY .......... > .2935

COAL HEAT RATE ........... > 11627.8

l GAS EFFICIENCY ........... > .3608GAS HEAT RATE ............ > 9458.3

l COMBINED CYCLE EFFICIENCY

(HIGHER HEATING VALUES)

I COAL EFFICIENCY .......... > .3978
COAL HEAT RATE ........... > 8578.7

l (LOWER HEATING VALUES)COAL EFFICIENCY .......... > .4120

COAL HEAT RATE ........... > 8284.4

I RELATIVE FLOWS

LBM STEAM I LBM COAL ....> .4527

l LBM STEAM&WATER / LBM COAL > .7073I/MBAIR / LBM COAL ---> 2.3244

60.1027 STD FT'3 GAS OUT / LBM COAL

l .01178 LBM H20 / STD FT'3 GAS OUT
•52293 STD FT'3 AIR / STD FT"3 GAS

!
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I 2.7 Parametric Analysis

There areseveralparametersinthemodel (suchasthecompressorand turbinesmall

stageeffciencies)forwhichexactnumericalvaluesareunavailable.Also,some parameters

I such as the percent moisture in the coal change on a day to day basis. Therefore, parametric

i analysis were performed to determine the effects of changes in several of the design variableson the overall system performance. Gas turbine stage efficiency, booster compressor stage

I efficiency, gasifier pressure, percent moisture in coal, and percent ash in coal were varied
over a reasonable range. The results of the parametric analyses are discussed below with the

I following coal as input:

Table 2.7

I COAL STATISTICS

(Amounts in MASS FRACTIONS)Carbon.... 81.300

Hydrogen... 5.300

Oxygen.... 9.800Nitrogen... 1.700
Sulfur.... 1.900

Heating value of coal... 33725.0

I 2.7.1 Turbine Isentropic Efficiency

I The small of the turbine found to have considerable effectstage efficiency gas Was a

on the exhaust temperatures and the turbine output power. Although this parameter is

I somewhat given for an existing turbine, it is easy to see how a high efficiency turbine is

of the utmost importance. Figure 2.2 illustrates how the temperatures at locations 16, 17,

I and 18 are changed over a range of turbine efficiency. As the efficiency of the gas turbine

increases, ali three of these temperatures decrease. This is due to the fact that more energy

I is converted into usable work. Figure 2.3 shows how the turbine output sharply increases as

i the turbine efficiency increases. Although a certain amount of work can be regained at latersteam turbine sections of the IGCC plant, the net affect of a decrease in turbine efficiency

I is still a loss in the overall power plant efficiency.
37
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!
I 2.7.2 Booster Compressor Isentropic Efficiency

I A change in the efficiency of the booster compressor altered the temperature after the

i compressor, which also changed the gasifter outlet temperature. Figure 2.4 illustrates thecffect of these two temperatures as the efficiency of the compressor increases. However,

Figure 2.5 shows that the turbine output is only slightly changed over a wide range of

I booster compressor efficiency.

!
2.7.3 Pressure in Gasifier

|
The pressure within the gasifier was found to greatly influence the temperatures before

I gasifier as as output. Figure 2.6 illustrates temperature changes
and after the well turbine the

around the gasifier. The temperature before the gasifier becomes higher at higher gasifier

I pressures as a result of the work input at the booster compressor. Consequently, the product

gas temperature also increases in as the pressure in the gasifter is increased. Figure 2.7 shows

I that the turbine output slightly increases as the gasifier pressure increases.

I 2.7.4 Percent Water in Inlet Coal

I The percent water in the inlet coal greatly affected gasifier temperatures, needed inlet

I coal mass flow rates, and of course turbine output work. Figure 2.8 shows how the gasifier
exit temperature drops with an increase in percent water in the coal. In fact, Figure 2.9

I shows that the temperature had even dropped although the coal mass flow rate had increased.
Figure 2.10 illustrates how the turbine output decreases with an increase in the amount of

I moisture in the coal.

I 2.7.5 Percent Ash in Inlet Coal

I The percent ash in the coal was found to have effects similar to the percent water in

the coal. Figure 2.11 illustrates how the gasifier exit temperature slightly decreases as the

!
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I percent ash is increased. Energy was lost in this system when the hot ash left without

contributing in a positive way. Figure 2.12 illustrates the increase in the feed of the coal.

I Because the computer model was designed to work with a certain prescribed turbine output,

more coal was needed when there were large losses due to the percent water or percent ash

I in the coal. Figure 2.13 shows how the ash flow rate increases as the percent ash in the

coal becomes l,xrger. It should not be a surprise to find that this relation is almost linear.

I Even though more coal was added to the system when the percent ash increased, there still

existed turbine output losses. Figure 2.14 illustrates how the turbine output decreases as

I the percent ash in the coal increases.

!
!
!
!
!
!
!
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I 3. FIXED BED COAL GASIFIER COMPUTER MODEL

I A computer code, known as the Wen II model developed by Wen, Chen, and Onozaki
[3] has been modified and applied to predict the performance of fixed bed gasifiers for the

I Standardized Air Blown Coal Gasifier/Gas Turbine Concept study. A copy of the source code
was provided by the Morgantown Energy Technology Center (METC). Engineers at METC

I cautioned that the code employs several approximations that affect A METC
accuracy.

report [4] documents work done to evaluate the limitations of the model, and improved

I computer models of fixed bed gasifiers are now being developed under METC sponsorship.

However, METC believes that the Wen II model is probably the best that is currently

I available.

I Following a briefing at METC on limitations of the Wen II model, we studied the source
code in detail, and ran several test cases to determine how model predictions compare to

I measurements. A decision was made to modify the Wen II code as described below before
we made additional computer runs to predict gasifier performance.

!
1) The program would be modified to correct unrealistic calculations of quan-

I tities of tar and produced in the devolatilization of coal. The Wen IIgas
model contains equations for pulverized coal with particle diameters less
than 0.01 centimeters. It predicts unrealistic results (such as negative mass

I flux) when applied at conditions needed for the present work. A decision
was make to remove approximations in the model made to simplify math-

i ematics, and to include effects such as temperature gradients within thesolid that become important when the particle diameter is greater than 0.0 !
centimeters. The program would also be modified to account for energy

I needed to dry moisture from the coal prior to devolatilization.

!
!
!
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I 2) The Wen II program would be modified so that it computes separate tem-peratures for the solid and gaseous phases. The model assumes that the

solid and gas are at the same temperature. This permits a considerable sim-

I plification in mathematics. However, several investigations have expressedconcern that this assumption may lead to serious errors in calculations for
fixed bed gasifiers. Although it is expected that the temperatures of the

I solid and gas will be nearly the same at most locations in the gasifier, small
difference may be important because reaction rates are very sensitive to
temperature. The temperature differences may be significant in fixed bed

I particles are relatively large, consequences ofgasifiers because the coal The

the assumption have not been previously investigated, Therefore a decision
was made to program separate energy equations for the solid and gaseous

I phases into the Wen II model so that differences in the temperatures of
the two phases could be taken into account.

I The modifications to the Wen II program were made so as to minimize the effects on the

I program structure. This was done so that a person who is familiar with the program would be
able to recognize immediately where changes have been made, and could easily check to see

I whether the changes have been programmed correctly. When programming new equations,
we used the same nomenclature that is in the original program, and tried to introduce as

I few new terms as possible. When describing the program modifications below we shall begin
by describing the way that calculations were made in the original program, and shall then

I program We discovered a few errors in the original
describe how the has been modified.

program which we shall also discuss below when describing the program modifications.

!
i 3.1 GAS AND SOLID PHASE TEMPERATURE CALCULATIONS

i 3.1.1 Method Before Modifications

I The Wen II program assumes that the gas and solid are at the same temperature. Thiscommon temperature is calculated by solving the following steady state energy equation:

= A __, H,P_ + h_rD(T,,, - T) (3.1)i-I

!
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I The equation states that the increase in sensible energy in the gas and solid comes

from energy released in chemical reactions and heat gain from the walls of the gasifier. Hl

I is the heat of reaction "i" in (chi/mole), 1_ is the rate of the reaction per unit volume
(moles/sec/cm_), A is the cross sectional area of the gasifier (cm2), and D is the diameter of

I the gasifier(cm).

We believe,however,thatthereisan errorinthe way thatEqn. 3.1was programmed

I intheWen IImodel.The errorinvolvesthesignof(rhcv),o_id.The signshouldbe positive

i asitisinEqn. 3.1when theflowofthesolidand gasisparallel.Inthiscase(dT/dz)wouldbezerowhen thereareno chemicalreactionsand no heattransferfrom thewall.However,

I thesignof(rhc_)ao_dshouldbe negativewhen thesolidand gas areincounterflowasthey
areina fixedbed gasifier.

= A __, H,P_ + h_rD(T,. - T) (3.2)i----1

I With counterflow, (dT/dz) does not have to zero right equation
be when the hand side of the

vanishes. The gas and solid can change temperatures by transferring heat to each other.

I Also, the heat of reaction causes the gas temperatures to increase as the gas flows upwards,

and the solid temperature to increase as the solid flow downwards. This sign error has

I probably not been detected earlier because (rh%)°_l_d is small in comparison to (rh%)g_,.

However, the term is not negligible. The sign error would affect the gas exit temperature

I and other calculated performance parameters, such as carbon conversion, which depend on

i temperature.

I 3.1.2 METHOD AFTER MODIFICATIONS

I This section will address the modifications to the program concerning gas and solid
phase temperature calculations. In addition, a small change was made to incorporate the

I devolatilization time of the coal. Wen II that the devolatilization time is negligible
assumes

in comparison to the gasification time. This assumption is true for very small coal particles

I (.01 cm), but for larger particles (2 to 5 cm), the devolatilization time is not negligible.
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I We have deleted the single energy equation and now solve two energy equations to

determine the individual temperatures of the solid and gas. The energy equations that are

I solved in the modified version of the Wen II program are:
. dTg

II
+hrD(T_ - Tg) + hcA--_(1 - e)(T, -- Tg) (3.3)

--y

I
. dTo

-(1 - f)A (_"_ P_H, + nco.,C_,, (To - Tg)) + hcA-_(16 _ e)(To - Tg) (3.4)

I where f is the fraction of the energy released in chemical reactions that goes directly into the

gas phase, (6 + Dp)(1 - e) is the surface area of the solid phase per unit volume, and hc is

I the heat transfer coefficient betwcen the gas and solid. The heat transfer coefficient should

account for the thermal resistance of the ash layer that separates the gas and the reacting

I solid.

I The actual value f is It probable nearly unity since most of the
of unknown. is that f is

reactions occur at the surface of the solid or in the gas phase. However, the effects of the

I ash layer, and of reactions that occur within the pores of the solid will cause f to be less

tllan one. Parametric analysis indicate that the computed temperatures are not strongly

I dependent on the value of f.

I In the revised program, rates for all reactions that invloved the char are computed at
the average temperature of the solid and gas. Gas phase reactions rates are computed at the

I gas temperatures.

I An iterative procedure is used to solve Eqn.'s 3.3 and 3.4. The iterative solution is
necessary because the gas inlet temperatures is prescribed at the bottom of the gasifier

I while the solid temperatures is prescribed at the top. Equation 3.3 is solved first to obtain
preliminary gas temperatures by integrating upwards though the gasifier and assuming that

I the solid temperature is the same as the gas temperature. Equation 3.4 is then solved
t,o obtain preliminary solid temperatures by integrating downwards from the top of the
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I " gasifier. Equation 3.3 is then solved a second time to obtain corrected gas temperatures.

In the second solution of Eqn. 3.3, heat transfer between the gas and solid is computed

I based on the corrected gas temperature and the preliminary solid temperature. The solid
temperature is then corrected by solving Eqn. 3.4. The procedure is repeated until the

I updated temperatures agree with the temperature from the previous iteration.

i Our experience indicates that convergence always occurs within a few iterations. Weinitially tried an iteration procedure that was very unstable. The unstable solution technique

I was one in which we attempted to guess the solid outlet temperature so that Eqn.'s 3.3 and
3.4 could be solved simultaneously. We anticipated that we could correct the assumed value

i of the solid outlet temperature until the computed solid temperature at the top of the gasifier
matched the known solid inlet temperature. However the solution proved to be extremely

I sensitive to the assumed value of the solid outlet temperature. Underflows and overflows of
exponents occurred for very reasonable trial values.

I The heat transfer coefficient is computed using a correlation from the literature [8] for

I flow in packed beds. k 4_5 3_

h, - 2.06. _Re" Pr" (3.5)

I This correlation does account for the thermal resistance of the ash
not layer. By using a

shape factor for conduction through a spherical shell [9], the heat transfer coefficient can be

I modified to compensate for the ash layer. The conduction heat transfer' coefficent for t'le

ash layer is given by:

h,,h = 2. k,,h ro (3.6)
Dp 1 - r_

i where:

k_ah -- Conduction Heat transfer coefficient for the ash layer.

I Dp - Diameter of the coal particle.

ri -- Kadius of the coal particle.

I - Kadius of the coal particle plus the ash layerro
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i The overall heat transfer coefficient is given by:
1

i ho_r_U- 1 1 (3.7)h-:+

I Since the surface of the solid is large, the calculated values ef the solid and
aro__ very

gas temperatures axe nearly equal throughout most of the gasitler. Near the top, the gas

I temperature is greater than the solid temperature, gasifier,
Near the bottom of the the solid

temperature is greater that the gas temperature.

!
I 3.1.3 Programming the Changes

I The solution to the energy equation for the gas phase is obtained by employing a nu-mericaI non-linear differential equation solver as in the original Wen II model. However, a

I semi analytical method was used to solve the solid phase energy equation. The numerical
differential equation solver would have required small step sizes for this equation because

I (rhc_),oud is small. The solids energy equation, Eqn. 3.4, is rewritten in the following form.

dto heA h_A _ 1 - f A (3.8)

| +(m+)-----:T.= +(m+)oZ,
The solution to this non homogeneous differential equation contains two parts, the comple-

I mentary solution and the particular solution. The solution to the homogeneous equation is:

I T,,,o,,_p- Cexp(-- (rhc:,),h*Az) (3.9)

I To obtain a particular solution, we assumed that the gas temperature could be represented
by a linear function of x over small distances. The particular solution is"

I Tg,j - Tg,i-1To,p = A + z (3.10)
xj -- xj_x

I where A is a constant. Differentiating, we get:

m dTo,_...£= Tg,j - Tgj_, (3.11)
| dr. x.i -- xi-1
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i Substituting Eqn.'s 3.10 and 3.11 into Eqn. 3.8, we get:

(I- f)_Ha (rh%).[Tg,j- Tg,j_,r,0 + (3.12)
hcA hcA [ xi-xi_,

I Adding the complementary and the particular solution, Eqn.'s 3.9 and 3.12 and solving for

the integration constant, we get:

To./-, - Tg,i-, + | z,J-.__!- Tg,i (rh%). (1 - f) E HR
\ zj_, - zj h_A h_A

I T'd Tg'i + k zi-x - :tj hcA h,A/

-
This equation may be used to determine the solid temperature T_,i_, given T°d and Tg. The

I solid temperature at the top of the gasifier, which is needed to initialize the solutic_n of Eqn.

3.13, is obtained from an energy balance of the devolatilization zone. The heat transfer from

I the gas in the devolatilization zone is given by:

mma

I Q = DTAR" [hyJarv - hl,tarl-J-%,tar (Ts --To)]

I +DGAs" [hl,g.,. - hf,,..l + cp,g.° (:lE -- To)]

"Jc'DMoIST " [h]g -lt- cp,tools t (TE - To )]

I + (COAL - DrAn -- DGAS -- DMOIST)" Cp,solid (Tc - To) (3.14)

I also,

= GAS.cpu., (TF - Ts) (3.15)

I where:

I To - Temperature entering gasifier
of the coal the

Tc - Temperature of the char leaving the devolatilization zone

I TR -- Temperature of the coalgas entering the devolatilization zone
TE = Temperature of the coalgas leaving the gasifier

i h.tg = Heat of vaporization for waterGAS = The gas flowrate into devolatilization zone

DTAn = The aznount of tar generated during devolatilization

I DGAS -- The amount gas generated during devolatilization
of

DMOZST -- The amount of moisture generated during devolatilization
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I A third equation is needed since there are three unknowns, (_, TE, andTc in Eqn.'s 3.14 and

3.15. The additional equation describes the way that heat transfer depends on the difference

I between the solid and gas temperatures. Here it is convenient to employ the concept of heat
exchanger effectiveness.

I Tc -To+e(Tf-To) (3.16)

In counterflow heat transfer the effectiveness, e, is given by

I 1-F

e = 1 - C. r (3.17)

I where:

!
F = exp((C- 1).N) (3.18)

--I C = (_nc_),olid (3.19)(m ) oo
hA

I N = (_nc_).o,,d (3.20)

and where hA is the overall conductance in the devolatilization zone. Equations 3.14 through

I 3.16 were solved simultaneously to obtain a single expression for the gas exit temperature,

T_. After some algebraic manipulation the equation for the gas exit temperature, TE, can

I be written in the following form.

I (rhcr)g_,TF - A1 + C1. TcTE = B1 + (rhcp)g_,
(3.21)

I where:

A1 = DTAn "(h/,,_,,v - hf.,_,,l - %.,_,To)

I +DaAs" (hl.g_, - h1,,_ ,, - %.9_,To)

I +DMoIST" (hl.g - c_.,,_To)
+ (DTAR + DGAS + DMOIST -- COAL) c,,.,o_To (3.22)

I BI = DTAR'C_,tar + DGAS'Cpaa, + DMOIST'C-_,,team (3.23)

i C1 = (COAL- DTAR- DGAS- DMOIST)cp,,olid (3.24)
and COAL is the coal feed rate into the top of the gasifier.
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i The overall conductance (hA) depends on the height of the devolatilization zone. Also,the height of the devolatilization zone must be subtracted fl'om the gasifier height to obtain

I the effective column height for conversion of char to gas. The height of the devolatilization
zone depends on the devolatilization time and the coal feed rate. An iterative procedure

I is employed in the revised program to calculate the devolatilization time. Initially the de-
volatilization time and the height of the gasifier column required for devolatilization are

I neglected. Preliminary gas temperatures and compositions at the top of the column are
then computed assuming that the entire column height is available for conversion of char to

I These preliminary temperatures and compositions are then used to estimate the de-
gas. gas

volatilization time. The effective height of the gasifier column is then recalulated accounting

I for the column height needed for devolatilization, and all of the calculations are repeated.

I 3.2 DEVOLATILIZATION CALCULATIONS

I The subroutines of the Wen II program that compute quantities of tar and gas formed

i during the devolatilization of coal were rewritten to remove approximations in mathematics
and to account for effects such as temperature gradients within the solid which become

I importa_ as the particle diameter increases. These changes were necessary because the
original model predicted unrealistic results for conditions needed in the present work.

I Devolatilization has been studied in great depth in recent years, and new theories and

models have been developed. References [5] and [6] discuss recent studies. The Wen II

I program should eventually be revised to incorporate the new knowledge. However, new

i devolatilization theory has not been added to the model in the present work. We have only
refined the mathematics in Wen's original model.

I In the Wen II model coal devolatilizes to form tar and char:

I Coal _ X_ tar q- (1 - X_).char (3.25)

where X1 is the mass fraction of the coal that forms tar. The model accounts for subsequent

I cracking of the tar, and also accounts for the fact that some of the tar reverts back to char in a

II
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I
I process called deposition. Thus the amount of tar produced during the devolatilization of coal

is less than X_ and the amount of char remaining after devolatilization is greater than (1 -

I X1). The net amount of tar produced depends on differences in the rates of devolatilization,
cracking, and deposition. Thus it changes with temperature, particle diameter, and other

I properties of coal. However, in the Wen II model, the net amount of char remaining after
devolitalization is not a variable. It is a constant that is specified by the user, depending on

I the type of coal being fed into the gasifier. For example, when the coal is Illinois #6, the
user should specify that 91.6% of the volatile matter is released during devolatilization. The

I net amount of char remaining after devolatilization is from the proximate
then determined

analysis of the coal.

I char - 100- 0.916 x VM- MOISTURE- ASH (3.26)

I
In this way the program permits experimental data to be incorporated into the devoli-

I talization model. However, the user is also required to provide the value of the parameter
X1 in Eqn. 3.25. Default values of X1 are included in the model for various coal types.

I One problem with the model user specified or value of X1 may not be
is that the default

consistent with the user specified value of char remaining after devolatilization. The Wen II

I program corrects for this problem as follows:

I 1) The amount of char remaining after devolatilization is calculated the
as

sum of (1 - X1) and the amount of char depositied within the pores of
the coal particle during the devolatilization process. The quantity of

I deposited char depends on the rate of deposition and the time required
for devolatilization.

I 2) If the calculated amount of char remaining after devolatilization is lessthan the user specified value, the program assumes that its devolatiliza-

tion calculations were incorrect. It reduces the amounts of tar and gas

I formed so that more of the devolatilization mass appears in the formof char.

3) If the calculated amount of char remaining after devolatilization is

I than the user specified amount, the excess char is assumed togreater
react with hydrogen gas to form methane.

I
C -t-2H2 _ CH4 (3.27)
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I This correction sometimes leads to unrealistic results. The amount of hydrogen needed

for the reaction may exceed the amount that is available is the gas stream. In this case

I the program predicts negative mass fractions of hydrogen and excessive mass fractions of
methane in the product gas stream.

I In the revised program, the value of X1 is calculated internally, lt is not specified

by the user. The program adjusts X1 until the calculated amount of carbon remaining

I after devolatilization agrees with the user specified amount. In this case corrections to the

I devolatilization calculations are not required.

I 3.3 TAR CALCULATIONS

I The Wen II program calculates the quantity of tar produced by integrating rate equa-
tions. The net amount of tar produced is calculated as the amount devolatilized from the

I coal minus the amount lost and deposition. Thus, since the ratethrough cracking equations

for devolatilization, cracking, and deposition depend on temperature, the quantity of tar

I produced from a given coal changes with the operating conditions. The model predicts that

less tar will be produced when the coal particle diameter increases because the devolatiliza-

I tion process takes longer, and more time is thus available for cracking and deposition of tar.

However, mathematical approximations are made in the model which limit the accuracy of

I the predictions.

I Some boundary conditions not satisfied when differential cal-
were solving equations to

culate the mass of tar and gas evolved during devolatilization. Because of this, the calculated

I amount of tar flowing from the surface of the coal particle is not the same as the net amount

generated within the particle after accounting for cracking and deposition. The discrepancy

is signigicant as shown in Figure 3.1. The program has now been modified so that boundary

conditions are satisfied and consistent results are obtained. This required extensive revision

I of the devolatilization subroutines. These revisions are described in detail below.

!
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I We have also revised the subroutines to account for temperature gradients within the

solid. Experiments indicate that devolatilization occurs in a relatively thin layer. The layer

I forms at the outside surface, which is heated first, and moves inwards as the temperature
within the particle increases. The Wen II model, which was developed for pulverized coal

I assumes that the temperature within the particle is uniform. Thus, devolatilization occurs at
the same time throughout the particle. No film develops. We have modified the program to

I for within the particle. Figures 3.2 and 3.3 show some typical
account temperature gradients

transients temperature profiles computed by the revised program. The energy equation

I solved to obtain these profiles accounts for heat needed to vaporize tars and gases. The

program changes are documented below.

I Initial results from the revised program i,,.dicated that very little tar was being formed in

I coal particles having diameters greater than 0.25 inches. The time required for devolatiliza-
tion of these particles is sufficiently long that the program calculated that ali of the tar

I cracked. We believe that the rate constant for cracking is too high. This constant was deter-
mined from experimental data for pulverized coal. Very high rates axe required if cracking is

I to have any effect at ali in this case. rate constants sources
We have substituted from other

[7], and the results are much more reasonable.

!
!
!
!
!
!
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I
I 3.3.1 METHOD BEFORE MODIFICATIONS

I This section provides details of the way that the Wen II model accounted for the pyrolysis
of coal. This will provide a starting point for discussing the program modifications. The

I Wen II model assumed that the three key reactions are: coal converted to tar and char,
tar converted to product gas, and tar converted to char. These reactions were modeled

I using first order rate equations to give the reaction rates at various temperatures. Using
conservation of species equations, both mass flux and species concentrations were calculated

I using a non- linear differential equation solver. These mass fluxes and concentrations were
used in an overall energy equation and in coal particle weight loss calculation for each time

I interval.

I The model bases the devolatilization of the coal particle on three reactions which occur
simultaneously within the coal particle. The three reactions axe devolatilization, cracking,

I and depostion.

*Devolatilization:

!

Rate = km . ezp \ RgT ]" Cc°al (3.29)

I *Cracking:

! k2
Tar _ product gas (3.30)

|
g Rate- k2o .ezp _, R9 T ]. Cta r (3.31)

I *Deposition:

I Tar --_ char (3.32)

[-E,o_
I Rate = k3o .exp \ RgT ] "Ctar (3.33)



!
I The products of pyrolysis are tar, char, and product gas. Char is the undistillable

m_terial whic_ _rnains in solid form; tar is material with a molecular weight greater than

I C6, and ar ,_:_: in i_ke vapor form; gas is material with a molecular weight ligher than C'8,
i.e. CO, : _LL_?(._:_ //20, etc., and appears in the vapor form. The rates of formation for

I tar, produc_ _i_d the inert can be expressed in the following equations:gasq _

I Rtar= X_. ka.Ccoal- (k2+ k3).Ctar (3.34)

I Rgas = k2. Ctar (3.35)

i Rinert gas = 0 (3.36)

The coal particle is considered to be a porous sphere which retains its integrity during

I pyrolysis. The conservatiou equation that is solved for the gaseous species, is:

! 1 0

r-_• a-_ (r 2. Ni) -" Pq (3.37)

I where Ri is the rate of generation of the species i due to chemical reactions.

I Ni is the molecular flux of the species and can be expressed as the sum of the rate of
diffusion in the radial direction plus bulk flow through the pores.

!
OCi +

I Ni = -Deff'i"_r Wi" _j Nj (3.38)

Wi, which is the weight fraction of species i, can be expr_sed in the following equation:

I Ci- (3.39)

I Wi = ]Ej C_

The following equation is solved to determine the solid concentration.

!
dC---L= Rx (3.40)
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I Finally, the flow of the gaseous species i across the gas film is given by:

I N i = kgi" Ici, s - Ci,b] (3.41)
where:

!
I Ci,s - concentration of the gas species i at the surface.

Ci,b - concentration of the gas species i at the bulk gas stream.

I kgi - is the mass-transfer coefficient across the film which can be estimated
gas

from an apropriate mass-transfer correlation.

!
Equations 3.37 and 3.38 are coupled first order differential equaitons. One of the required

I boundary conditions is provided by Eqn. 3.41. The second boundary condition is Ni = 0 at

i r = 0. In the Wen II program, the second boundary condition is not enforced. The coupleddifferential equations are solved by integrating numerically from the outside of the particle

I inwardly to r = 0. Thus, both boundary conditions are needed at the outside radius. The
Wen II model estimates the unknown boundary condition for Ni at the surface, so that the

I integration can be performed, but does not correct the trial value so that Ni --- 0 at r = 0.
As a result, the program predicts inconsistent and erronous values for the mass flux. The

I _et amount of tar produced inside the particle accounting for cracking and deposition is not
the same as the amount of tar flowing through the surface of the particle. Figure 3.4 which

I graphs the tar mass flux predicted by the Wen II model, shows that the mass flux does not
approach zero at the center of the particle.

!
i 3.3.2 METHOD AFTER MODIFICATIONS

i The first item that was changed was the conservation equation for the gaseous species, i.The previous conservation equation neglected the amount of mass stored inside the particle.

i By neglecting the storage term, the conservation equation became an ordinary differential
cquation (ODE) which could be solved with a standard ODE solver. Including the storage
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I
term in the gaseous species conservation equation results in the following partial differential

I equation:

!
1 0 OCi

r'_ " 0-_ (r2" Ni) + 0-_ = Ri (3.42)
i

A finite difference approach was employed to solve the partial differential equation.

I After the coal particle was divided into shells, appropriate equations for species conservation

and mass flux were derived for each shell. The concentration of species, i, is calculated at

I the midpoint of the shell and the mass flux of the species is calculated at the shell boundary.

I Equations are programmed for three types of nodes. The node equations are for the
center shell, the middle shells, and the outer shell. Starting with a mass balance, the rate

I of devired; and then Fick's law, the subsequent mass-fluxstorage equations usingwere

equations were derived. The following equations were developed in this manner.

I For Node # I:

I N_.4rr_=(Rl' _dC'dt)._rr 14 3 (3.43)

I C_ - C_ 3N I= R, (3.44)
A_ rl

_ c_)'Ec,+ _ c_

I For Node # ifor 1 < i < N:

I (N_. 4_rr_ - N'_,. 4_rr__,) = [R_ dC{]

'- , - M_,r_._ (3.47)_t =Ri-3 r_-rL1

I , ( - ') , E N, (3.48)N; = -D./! O'+IArC_ + (C_+ C_+I)•E C,+ E C,+,

!
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I
I For Node # N:

I (N_" 47rr2N-- NtN_t •47rr_N_,) -- RIN dt

I c_,- cN (_v_,-,,,-'_ _'-'"_'-') (3._o)At = R_v - 3 r_v _ r3v_1

N'N = kg . [C_ - CB] -tr,Ck, E NN (3.51)

I r+c,,
These equations are the governing mass-flux and concentration equations used to de-

l termine the amount of tar and g_s generated during devolatilitization. They were solved

implicitly using a tridiagonal matrix solver as described below. It should be noted that

I Eqn. 3.51, which prescribes the molecular flux at the boundary, is different from Eqn. 3.41,

which is the corresponding equation in the Wen II model. The Wen II model neglects the

I bulk flow out of the particle surface.

I The energy equation solved to determine the temp_ ures inside the particle accounts

for energy transfer due to conduction, convection, and heats of reaction. A finite difference

I energy equation was generated for a sperical control volume. The general equation is:

I

-+(,,,,+ (+
I +<,,,,,,+,,,,,,.,_.,,.,,++,,.,+,,_(""('_-'_-,>):,<3+2,
I

where:
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!

i _ The shell of the particle number

I j E Species type; tar, gas, or inertsM - Species mass flux

R --- Species rate of generation

I H! =_ Enthalpy of formation

I
The above equation applies to all of the shells except for the last one which is in contact

I with the ambient gas. The only change to the above equation for the final shell is the deletion

I of the positive (+) conduction term and the addition of the following convection term:

+ h. (Too - TJ)4rr_v (3.53)
I

Equation 3.52 with Eqn. 3.53 as a boundary condition determines the temperature profile

I across the particle. This equation was solved using the same tridiagonal matrix solver used
for solving the species concentration equations.

I The convective heat transfer coefficient in Eqn. 5.53 is computed from a correlation in

I the heat transfer literature [8] for flow in packed beds which is the same correlation that
appears as Eqn. 3.5. The correlation requires average thermal properties for the gas mixture.

I A new subroutine (CONV) was written to calculate the heat transfer coefficient based on
the average properties of the gas, the temperature, and the diameter of the particle.

!
3.1 PROGRAMMING THE CHANGES

!
This section converts the equations listed above into FORTRAN programming lines.

I lt also discusses the changes to the affected subroutines called by the devolatilization sub-

routine. During the modification process, new subroutines were written to replace the de-

l volatilization subroutine. The new subroutines are included in the appendices of this report.

I The mass-flux and rate of storage equations were combined to get an overall conservaton
equation in terms of the old and new concentrations. Each shell had its own conservation
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!
I equation in terms of Ci-,, C_, and Ci+l. This series of equations was then supplied to the

t,ridiginal matrix solver (TRIDI) which produces the new values for concentrations• The

I species mass-fluxes are then determined given these new concentrations. The next three
equations are the general species conservation equations for nodes 1, i, and N.

!

| c_-c, =p,
At

| ,._,_,._,_. -D.:,_ 7x; +(c_+c,+,)._ c,+z_c,+,

| ck,- c,,,=R,,,r.... kg.(C_- C_)+C_r .

I Ar E_CN + Ej CN__
-+

N-- N-1

These equationswerethenused tocalculatedthe speciesconcentrationsfortar,gas,and

I inerts and subsequently the mass fluxes for each.

I TRIDI solves a matrix in the following form:

I b, cl "'" C_ di
0

a_ b2 c2 0 ... C_ d2
0 a3 b3 c3 0 .....

| • ._ a' e t, ° °.o °o ° t'a.

. • • x = (3._7)
• 0 aN-2 bN-2 CN-2 0

! •
: 0 aN-1 bN-1 CN-1 0__1 dN-1

: 0 aN bN GIN dN

!
In the above matrix equation, the a's are the coefficents of the terms containing Ci-_;

I the b's are the Ci terms; c's are the Ci+,; and the d's contain everything else. For the particle

energy equation the C's are changed to T's.
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I
I Since certain expressions appeaxed thoughout the equations for a, b, c, and d, the

following constants were defined for the ease of programming (assume ro = 0):

I
3. At

I gl, = r_ - r__, (3.58)

Z2, = r_ (3.59)

I Yll + Y2_ + Y3_

K3_ = Y4_-_ Y5_ + Y6(+ Y4_+1 + YS_+z + Y6_+z (3.60)

I YI_-I + Y2_-I + Y3_-1 (3.61)K4_ = Y4i + Y5i + Y6i + Y4i-z + Y5_-1 + Y6i-z

Ks, = 3 (3.62)

I K6, = (Y1,.%,,.,2 + Y2,.%,,ao2 + Y3, .cp,,_.,,.)2 K2,At (3.63)

I g7_ = (RATE, a, + RATEg.o).c_,,a,. gs_ (3.64)

I K8_ = (Yli" H/,,a,,_ + Y2_. H/,oao + Y3_. H/,_,_,,o) _;'2_At (3.65)

I K9_ = (RATEta, + RATEgao). Hy,tarj" K5_ (3.66)

kco.t . At. K5_

! ,K10_ = Ar (3.67)

I The following equations define the a's, b's, c's, and d's which were sent to TRIDI to
find the new concentrations and temperatures. The equations will be grouped in 4's, the

I set were applied tar concentrations, were applied to gas concentrations,
first to the second

the third were applied to inerts concentrations, the forth and final set were applied to the

I temperatures.

I
{D*1fAr+ K4,) (3.68)ata, = -KI_K2_-z'\

II
I



I
m
m + (CK2_ + CK3_). At (3.69)

I +-
m dt°_ = x1 •CKI_. CCOAL_At + Y4i (3.71)

\(De)fAr+ K4,) (3.72)m ag_, = -K liK2__, •

m dg,, = CK2_. Y4_At + Y5i (3.75)

a_,,t,t, - -KI_K2__I. ( D'ff + K4i) (3.76)- \ /Xr

I
\ Ar Ar

I
ci,,,t, = KliK2_ (-D_y! +-K3i) (3.78)\ Ar

m

m d_,,r,° = Y6i (3.79)

m ate,rtr = -K6__1 - K10__I (3.80)

m btt,,zp =
Cp,coal" K5_

At + K6_ - K6i-1 - KTi + KlOi + KlOi- 1 (3.81)

m cfc,hp = K6i - KlOi (3.82)
m

m d_,, v = %,_o_. K5i. Y7 _ K8i + K8__1 + K9_ (3.83)
At

m where:

m CK2 Rate constants for devolatilization, crackingCK1,

Y1,Y2, Y3 - Mass flux of tar, gas, inerts
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!
i Y4, Yh, Y6 - Concentration of tar, gas, inertsY7 - Temperature of particle

I The above equations apply for nodes greater than one and less than N. The equations for
nodes i and N, which are listed in the source code in Appendix A, were obtained by only a

I variation of these equations.slight

I In order to calculate an appropriate heat transfer coefficient, values for Prandtl Number,
conductivity, specific heat, and viscosity were needed. These values were determined for each

I individual gas, C02, H2,..., and then averaged to obtain one value for each constant at the
specified temperature. The Wen II program contained a subroutine to calulate the specific

I heats at a given temperature. In the new subroutine, CONV, Prandtl Numbers for each
individual gas were averaged to obtain the Prandtl Number for the collective gas mixture.

I The conductivities for each were determined by using the following formula:gas

k, = A + B. T (3.84)
I

The A's and B's were obtained by a curve fit to experimental data. The conductivities of

I individual gases were then averaged to an conductivity gas
obtain effective of the mixture.

The following equations were used to determine the heat transfer coefficient:
m

_,aVg

I Re = _i_=' rhi. Dp (3.86)
A._

2.06Re.425'pr .3_
I Nu = (3.87)bed voidage

I h = Nu. k_,g (3.88)
Dp

where:

I Dp - The diameter of the particle

I A - The cross-sectional area of the gasifier

I In test cases, we observed that the particle was still heating up when the tar production
approached zero. Since the convergence criteria in the Wen II model was based on the tar
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I and gas generation during devolatilization, the subroutine would stop prematurely. We now

base the convergence criteria on temperature only, such that the subroutine will stop when

I the temperature at the center of the coal particle is within 1 *C of the gas temperature
entering the devolatilization zone.

!
3.4 Comparisons of Results

!
Below we discuss the results of several test cases that were run to assess the accuracy of

I the computer model predictions, and to determine how the gasifier performance depends on

input parameters such as coal particle size and gasifier bed height. We also ran several test

I cases to determine the effects of injecting water into the inlet air stream. Water injection

i would cool the air and reduce the amount of steam needed in the gasification process. Thefirst two cases were run to compare the results of the orignial Wen II code and the modified

I code. The last ten cases were run to determine how the gasifier performance depends on
input parameters and to determine the effects of water injection into the air stream.

!
3.4.1 Computer Model Predictions

!
In cases 1 and 2, experimental data from Ref. [7] are compared to the model predictions.

I The original was run using input data prescribed in [7], and the results were
model the Ref.

compared to results from the modified model and to the experimental data. Table 3.1 lists

I the input parameters for the two cases, with Table 3.2 listing the results.

I As seen in Table 3.2, a discrepancy exists between calculated values of methane, hydro-
gen, tar production, and gas exit temperature. In the Wen II model most of the methane is

I produced during the devolatilization process, by hydrogasification according to Eqn. 3.27.
The value of X1 in Eqn. 3.25 can be adjusted to make the model predictions agree with

I measurements.In the modified the value of is thatX1 computedprogram internally SO IlO

hydrogasification occurs during the devolatilization process. The value of X1 could easily be

I set by the model so that any prescribed amount of methane is formed by hydrogasification.
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I Table 3.1 Input Data for Cases 1 and 2

I Coal Feed Rate, lbs/hr 8058.00

Proximate Analysis of Pittsburgh #8 Coal, Wt %

I Moisture 4.58 Volatile matter 37.37Ash 7.74 Fixed Carbon 50.3i

I Ultimate Analysis of Pittsburgh #8 Coal, Wt %

III

I N2 1.4 S 2.5 H20 4.58Ash 7.74

I Heating Value of Coal, Btu/lb-wet coal 13441.80Steam Feed Rate, lbs/hr 26145.00

Oxygen Feed Rate, lbs/hr 5005.00

I Oxygen Content, mole ratio 0.94Temperature of Coal, °F 77.00
Temperature of Steam, °F 700.00

I Temperature of Oxygen, °F 700.00
Temperature of Wall, °F 700.00
Pressure, psig 350.00

I Bed Diameter, ft
10.00

Bed Height, ft 10.00

i Initial Coal Particle Size, in 0.79Heat Transfer Coefficient, Btu/(ft 2. hr.°R) 30.00
Bed Voidage 0.40

!
However, it is expected that most of the hydrogasificaton will occur following devolatiliza-

I tion. Other process are probably responsible for methane formation during devolatilization.

Alternative methods for methane formation in the devolatilization will need to be addressed

I in future model developement.

I The differences in the tar production are due to tar cracking rate constants.
the The

rate constant could be adjusted to make the model predictions agree with the experiraental

I data. It should be noted that the Wen II model changes the coal particle diameter from

0.79 inch to 0.01 centimcter to obtain the results in Table 3.2. The Wen II model predicts

I zero tar production when the particle diameter is 0.79 inch. The modified code does not
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I arbitrary change the particle diameter.

The gas outlet temperature depends on the heat transfer coefficient at the water cooled

I waUs of the gasifier. The heat transfer coefficient specified for Table 3.2is h = 30 Btu/(hr ft 2 OF).

This value appears to be too high because the heat loss to the walls is greater than is typical

I o["fixed bed gasifiers. In additional test cases discribed below for a Lurgi Mark IV gasifier,

we found that a heat transfer coefficient of hc = 17 Btu/(hr ft 2 °F) resulted in the correct

I heat loss to the water jackets. This value would raise the gas outlet temperature in Table

I 3.2. However we have not attempted to fine tune the model to match experimental results
in Cases 1 and 2. We only wish to show the effects of the program modifications.

!
Table 3.2 Comparison ofResults to Experimental Data for Cases 1 and 2

I Original Modified
Experimental Code Code

i Results Results ResultsTotalGas Output,Ibsmole/hr 771.0 859.56 690.39
ProductGas Composition,mole%

l CO 16.8 15.54 16.83CO2 31.3 30.01 30.34
H2 39.2 44.52 49.82

I CH4 10.3 7.63 0.40N2 1.6 1.57 1.95
H2S 0.7 0.73 0.91

I Exit Steam Rate, lbs moles/ht 1189.0 1140.8 1250.9
Amount of Tar, lbs/hr 425.0 453.1 227.2
Temperature of Exit Gas, °F 1196.0 1208.5 1069.0

I Maximum Temperature, °F - 1942.0 1978.0
Carbon Conversion, % 98.9 98.5 99.1

I Heating Value of Dry Gas, Btu/SCF 285.0 264.8 220.8Heat Loss, 106 Btu - 74.2 70.8

I Figures 3.5 through 3.11 are a direct comparison of temperature and methane, carbon

I monoxide, carbon dioxide, hydrogen, water/steam, and oxygen molecular fluxes respectively.
The original and modified versions produced very simular results. The gasification maximum

I temperature was slightly higher and the gas exit temperature was slightly lower than that
of the original version.
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!
i Figures 3.12 through 3.15 show the total net t_r plots and the instantaneous net tar

generation plots for both versions. These plots compare the tar flow through the surface to

I the tar generated inside the particle. The original version of Wen II has a large discrepancy
between the tar generated in the particle and the flow through the surface. Figures 3.14 and

I 3.15, which are the plots for the modified version, show very good agreement between the
tar generated in the particle and tar flow through the surface.

I Figures 3.!6 through 3.27 show the tar, gas, and inerts mass fluxes and concentraions

i at various times for both versions. As seen in these figures, the time for devolatilization inthe modified version is much longer than that of the original version. This time difference

I can be attributed facts the modified version used the actual coal diameter and accounted
for coal particle heat up. As seen in Figure 3.25, the tar generation becomes zero in about a

I fourth of the time that it takes the particle to heat up to the gasification temperature. This
time used in the heating of the particles affects the overall performance of the gasifier.

!
!
!
!
!
!
!
!
!
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I 3.4.2 GASIFIER PERFORMANCE

i In Cases 3 through 12, an air-blown Lurgi Mark IV gasifier was modeled using Illinois3 as the feed coal. These cases were run as a parametric study on the effect of feed coal

I size, gasifier bed height, air inlet temperature, and steam inlet temperature. Table 3.3 lists
the common input data for Cases 3 to 12, specific to a Lurgi Mark IV and Illinois #6 coal.

!
Table 3.3 Coal Input Data for Cases 3 through 12

I Coal Feed Rate, Ibs/hr 24981.07

I Proximate Analysis of Illinois #6 Coal, Wt %Moisture 10.23 Volatile matter 34.70
Ash 9.91 Fixed Carbon 45.97

I Ultimate Analysis of Illinois #6 Coal, Wt %
C 64.2 H2 4.3 O2 8.1

I N2 1.2 S 2.8 H20 10.23

I HeatingValueof Coal,Btu/Ib-wetcoal 12397.00
Oxygen Content,mole ratio 0.21

I Temperature of Coal, °F 70.00Temperature of Wall, °F 700.00
Pressure, psig 300.00

I Bed Diameter, ft 12.40Heat Transfer Coefficient, Btu/(ft 2 • hr.°R) 17.00

Bed Voidage 0.40_

!
I In Cases 3 to 7, the input parameters for steam feed rate in Table 3.4 were provided by

our sponsor, CRS Sirrine, specific to their IGCC system. The inlet temperature of the steam

I is the saturation temperature at 300 psig, and the inlet air temperature was determined as if
the air were compressed from atmospheric pressure to 300 psig with no intercooling. Table

I :_.4listtheresultsofthisparametriccasestudy.

i InTable3.5itisworthnotingthatthesizeofthecoalparticlehas a directimpacton
theamount oftarproduced.The largerparticlesofcoalproducedlesstarthanthesmaller
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Table 3.4 Input Data for Cases 3 through 7

l Steam Feed Rate, Ibs/hr 36472.36Air Feed Rate, Ibs/hr 48713.09
Temperature of Steam, °F 420.00

I Temperature of Air, °F 900,00CASE NUMBER

PARAMETERS 3 4 5 6 7

l CoalParticleSiz,_,in 0.50 1.00 1.00 1.00
Initial 1.50

Bed Height,ft 8.5 8.5 8.5 7.0 I0.00

I
ones. A reason for this effect is that the larger coal particles take longer to heat up, and more

tar cracking occurs. Also, the size of the coal particles affects the heating value of the gas.

The larger particles increased the heating value of the coalgas a_ an effect of the reduced tar

l production.However,thelargerparticlesreducedtheamount ofcarbonconversionforthe

gasifier. The larger particles take longer to heat up to the gasification temperatures, allowingless time for the gasification process to occur. The larger coal particles reduce the effective

height of the gasifler. Table 3.Sshows how the column height needed for devolatilization
depends on the pra'ticle size. The additional time for the larger particles to devolatilize

reduces the effective height of the gasifier. The devolatilization time will also be affected by
the amount of moisture in the coal; i.e. wet coal will take longer to heat up than will dry

I coal.

The bed height affects the amount of carbon converted to coalgas and the amount of

tar produced. The larger bed heights give the coal a longer time to react with the steam

i and airtoproducethecoalgas,increasingthecarbonconversionefficiency.The amount of
tarproducedisrelatedtothetemperatureinthedevolatilizationzone.Forhigherbeds,the

I gashasmore timetocoolbeforereachingthiszone,causinglesstartobe crackedintogas.

InCases8 to 12,theinputdatawas modifiedtosimulatewaterinjectionintotheair

I stream. The effect of the water injection is to cool the inlet air/steam mixture into the

bottom of the gasifier. However, the inlet temperature can not be lowered below the dew

I point.InCases8 to 12theinlettemperatureisabout i0°F above theminimum allowable
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I Table 3.5 Comparison of Results Cases 3 through 7

I COMPARISON PARAMETERS CASE NUMBERProduct Gas Composition, mole % 3 4 5 6 7
CO 9.78 10.90 11.80 11.40 10.46

I CO2 8.92 9.13 8.97 8.69 9.47
H2 18_36 20.66 21.81 20.42 20.77
CH4 0.07 0.06 0.05 0.05 0.07

I H20 34.34 31.43 29.99 31.69 31.32
N2 28.08 27.38 26.94 27.31 27.46

i H2S 0.46 0.44 0.44 0.44 0.45Amount of Tax, lbs/hr 5444.84 4224.20 3277.89 4002.66 4420'93
Temperature oi Exit Gas, oF 1068.15 1108.92 1148.71 1137.76 1089.25

I Maximum Temperature, oF 1964.03 1961.63 1946.60 1958.75 1964.06Carbon Conversion, % 95.72 95.96 94.93 95.15 96.45
Heating Value of Dry Gas, Btu/SCF 143.16 151.19 156.27 152.84 149.62

I Heating Value of Wet Gas, Btu/SCF 94.70 104.29 109.80 104.91 103.03Heat Loss, 106 Btu 4.11 3.81 3.40 3.15 4.45

Devolatilization Length, in 2.96 10.14 i8.98 10.05 10.43

I Devolatilization Time, rain 4.47 I5.31 28.64 15.17 15.74

I temperature at 300 psig at which the air would be saturated. These cases were run making

no additional changes to the input data in Cases 3 to 7. The steam flowrates were adjusted

I tiz_til the maximum temperature within the gasifier in this run was same as that of Case

I _t. The air flow rate was adjusted ur,til the carbon conversion was also nearly the same.Yhe adjusted values appear in Table 3.6as the input data for Cases 8 to 12. The primary

purpose of Cases 8 to 12 was to investigate the possibility of reducing the amount of steam

I introduced into the system.

I As seen in comparing Table 3.7 with Table 77, the results indicate that water injection

does decrease the steam requirements, and also increases the heating volue of the wet gas.

I The carbon conversion can be increased by increasing the air flow.

!
!
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I Table 3.6 Input Data for Cases 8 through 12

I Steaxn Feed Rate, lbs/hr- 27479.18
Air Feed Rate, lbs/hr 51960.63
Temperature of Steam, °F 365.00

I Temperature of Air, °F 365.00
CASE NUMBER

I PARAMETER3 8 9 ! I0 II 12InitialCoalParticleSize,in 0.50 1.00 1.50 1.00 1.00

Bed Height_ft 8.5 8.5 8.5 _0 I0.00

!
3.5 Suitability of Model for Predicting Lurgi Gasifier Performace

!
Inthissectionwe shalldiscusssome ofthelimitationsofthecurrentcomputermodel

I with regards to its ability to provide accurate and relevant information needed to design

an IGCC power plant. We shall begin by reviewing some specific information about a

I commercialfixedbed coalga.sifier,known as the LurgiGasifier.An airblown Lurgiwill

i probably be employed in the forthcoming IGCC demonstration plant. By reviewing the
design of this gasifier, we wish to better define the requirements of the computer model

I and to point out potential problem areas which our computer model will not be capable of
analyzing.

I The Lurgi Gasifier reportedly [10 - 13] will take all types of coal feedstock, but requires

an agitator and/or increased steam rate for strongly caking coals. The size of the coal is

I uormally from 0.125 to 2.0 inches in diameter with up to 10% coal fines. The coal feed rate

i is in the range of 100 to 400 lb/hr-ft 2. Crushing and sizing may be required depending ont.he coM, and drying may be required to reduce the moisture content. Partial oxidation of

I II_efeed coal may also be required for strongly caking coals.

In ox_'gen-blown operation, 1.01 to 3.24 kg of steam per kg of coal are required, while as

I little as 0.6 kg of steam/kg- coal are required for air-blown operation° The gasifier requires

from 0.23 to 0.61 kg of pure oxygen/kg-coal or from 1.3 to 1.9 kg of air/kg-coal for operation.

!
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I Table 3.7 Comparison of Results Cases 8 through 12

I COMPARISON PARAMETERS CASE NUMBERProductGas Composition,mole % 8 9 I0 Ii 12
CO 11.32 12.65 13.59 13.13 12.17

I C02 9.24 9.43 9.31 9.03 9.76
H2 18.68 21.31 22.67 21.15 21.34
CH4 0.08 0.07 0.06 0.05 0.08

I H20 27.53 24.33 22.75 24.52 24.32
N2 32.66 31.72 31.14 31.63 31.83

I H2S 0.50 0.48 0.47 0.48 0.49Amount of Tar, lbs/hr 5289.96 4051.60 3115.67 3835.77 4253.83
Temperature of Exit Gas, oF 1056.18 1100.09 1141.47 1123.14 1079.46

I Maximum Temperature, .F 1990.97 1991.29 1986.60 1995.11 1986.41Carbon Conversion, % 95.45 96.08 95.37 95.44 96.50
Heating Value of Dry Gas, Btu/SCF 139003 148.04 153.30 149.55 146.36

I Heating Value of Wet Gas, Btu/SCF 101.33 112.42 118.72 113.26 111.19
, Heat Loss, 10° Btu _ 4.15 3.81 3.34 3.14 4.50

!
Ttle coal residence time in the gasifier is approximately one hour. The operating pressure

I varies from 2.1 to 3.2 MPa with normal operating conditions of 2.1 MPa for air-blown and
3.0 MPa for oxygen-blown. The gas outlet temperature varies from 644 to 866 °K with a

I llormal gas exit temperature 744 °K [1].
of

The Lurgi Gasifier reportedly has many advantages. It can accept either caking or rmn-
N

caking coals and use either oxygen or _r as the oxidation media. The high pressure of the

I Lurgi favors the formation of methane in the gasifier, and high pressure is very advantageous
tbr IGCC applications. The gasifier is highly developed and ha.* been operated for many

I years.

i 0n the other hand, the Lurgi Gasifier also has some disadvantages which become majorconcerns when we consider it for use in an IGCC system. One omcern is the effect of the by-

product tars and oils on the hot gas cleanup system, on gas turbine parts, and on components
used for handling the by-products. The tars, which contain nitrogen, are also expected to

I contribute significantly to air pollution. The computer model described above does predict =
the amounts of tar produced depending on the coal properties and the gasifier operating

I II0
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I conditions, ttowever, the model predictions have not been checked against experimental

data. We expect that the present model will have very limited value for defining problems

I (lue totarintheproductgas.

A secondconcernistheabilityofthegasifiertooperatewithcakingcoals,ltisknown

I thatthecoalfeedratemustbereducedforcakingcoal mad thatan agitatormay berequired.

IIoweverwe arenotabletopredictquantitativelyhow theswellingindexofthecoalaffects

I thegasifiersperformance.Our computermodel doesnotevenconsidertheswellingindexof

I t.he coal.

The Lurgi Gasifier also has problems processing coal fines. The fines are swept out of

I thegasifierwiththeproductgasand alsotendtoblocktheflowofgasesthroughthebed of

thegasifier,particularlywhen cakingcoalsareused.Our computermodel doesnotaccount

I forfinesinthecoal.ltassumesa constantcoalparticlediameterand uniformflowlhrough

thegasifierbed.

|
The discussionabovehelpstodefinetheway thatthepresentcomputermodel may be

I usedintheIGCC study.Computer models becoming useful
system design are increasingly

tor systems evaluation, but it is recognized that they have limitations. Operating experience

I oftenrevealstheimportanceofsimplifyingassumptionsinthemodels.Inthe caseofthe

fGCC system,itisprobablethatcoalswillhavetobeselectedsothatcakingisnota problem,

I ,,ldsizedsothatfinesarekeptatan acceptablelevel.The overallsystemdesignwillhave

Iobe suchthatitcan accomodatetarsintheproductgas.The computermodelsmay still

I be valuableeventhoughtheydo notaccountforsome veryimportanteffects.However,the

l currentgasifiermodelu_ds tobe improvedinseveralimportantareas.The devolatilizationmodel needsupdating.New rateequationsshouldbe programmed intothemodel sothatit

I predicts quantities of methane and tar accurately. The model should account for more than
one coal particle diameter.

I
!
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i 4. Hot Gas Cleanup Model

I 4.1 Desulfurization Background

I Zincferriteisformedby heatinga mixtureof zincand ironoxide.Both zincoxide
and ironoxidehavelonghistoriesofremovinghydrogensulfidefrom gas streams.Alone,

I iron oxide works well for hydrogen sulfde concentration above 150 parts per million, and is
very easy to regener_.te [14,15]. Zinc oxide by itself can perform to as low as 2 parts per

I miUion[14,16]but ismore dimculttoregenerate.However,togethertheycombinethehigh
sulfuraffinityofzincoxidewiththegood regenerabiEtyofironoxide[14,17].Zincferriteis

I a primarycandidateforhot desulfurizationintheintegratedgasificationcombinedcycle
gas

system[_8].The followingarethegoverningchemicalreactions:

I Sulfidation,

I 3ZnFe204 + H2 _ 3ZnO + 2Fez04 + H20 (4.1)

Fe304 + 3H2S + H2 _ 3FeS + 4H20 (4.2)

I ZnO + g_s _ ZnS + g20 (4.3)

I Regeneration,

I + 7/202 ---, Fe203 + 2S02 (4.4)
2FeS

ZnS + 3/202 _ ZnO + $02 (4.5)I

ZnO + Re203 ----* ZnFe_O, (4.6)

I It is important to operate zinc ferrite at the proper temperatures. Although the sulfida-

i tion temperature limitations are not agreed upon exactly, the general consensus is that the
.:orbent is most effective between 1000 °F and 1200 °F [14,19]. Within this range, magnetite

I (Fe304) is formed from the zinc ferrite and the sulfidation continues very weil. Outside of the
prescribed temperature range, species other than magnetite (iron/iron carbides or wustite)

I will be formed in the absorption bed, creating adverse effects. The sulfidation reaction is
slightly exothermic and therefore will cause a rise in temperatures.
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i The regeneration is done by mixing air with the sorbent. This process is extremely

e×othermal and may be the cause of problems [14,19]. If the reaction is performed with

I [Jure air (21% oxygen), temperatures may reach as high as 1700 °F. This is unacceptable
because temperatures above 1500 °F will cause sintering of the sorbent, resulting in the

I loss of reactivity. This will render the sorbent potentially unusable for multi-cycles. There
also exists a minimal temperature below which other unwanted process take place. At

I temperatures below 1200 °F considerable sulfate formation will occur. If the sulfate is not
removed, a sulfidation cycle will start which emits high sulfur levels and contaminates the

I absorption cycle.

I For the above reasons it is important to restrict the temperatures within 1200 °F and
1500 °F. This can be done by applying strict control to the stream of gases that react with

I _he sorbent during the regeneration process. Inlet temperature, mass flow rate, and oxygen
mole fraction of the reacting gases affect the temperatures in the regeneration cycle. Thus,

I these variables can be controlled to keep the reaction temperature within usable limits.

I 4.2 Regeneration Cycle System Design

I The General Electric Company has developed [20,21] a system to provide oxygen in

,:oatrolled amounts for proper regeneration of zinc ferrite. Figure 4.1 is a schematic of the

I _vstem.

I The General Electric design involves a three zone chamber. In the first zone 30 percent
of the oxidation reaction that regenerates the sorbent is expected to occur. Oxygen levels in

I _his 1 when the sorbent has been and then increases to about
zone start at percent loaded,

'2.5percent to keep the reaction at 1250 °F. Although there is considerable sulfate formation

I la this zone, higher temperatures in the following zone will remove the sulfate. Gas inlet

i temperatures in this area range from 750 °F to 900 °F.
The second zone is where the completion of the reaction takes place. In this region a

I stream with 4 to 5 percent oxygen is input, allowing the reaction temperatures to be
gas
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I kept at 1450 °F. This allows any sulfates created in the first zone to be destroyed without
sintering the sorbent. Gas inlet temperatures are also kept between 750 °F and 900 °F in

I this zone. The flow rates are controlled so as to keep the excess oxygen to under 1 percent
after exiting this area.

I The purposeofthethirdzoneistocooltheregeneratedsorbenttobetween800 °F and

i I000°F,whileensuringcompleteregeneration.Thisisdone by introducingair(21percent
oxygen)at600°Fto800°F inthebottomofthereactor,thereforepurginganysulfurdioxide

I fromthesystem.Mass flowratesinthisareaarecontrolledtoensuretheneededsorbent
exitingtemperature.The followingisa summary ofinletstreamconditionsrequiredforthe

I G E regenerationcycle.

I Table 4.1 Inlet Conditions for GE Regeneration Cycle

I PercentOxygen Inlet Ga_ Inlet Reaction_}i

Zone I 1 -2.5% 750- 900 F 1250F

I Zone 2 4 5% 750 900 F 1450 F
4D

Zone 3 21% 600 - 800 F N / A

!
The flow system in Figure 4.1 provides the inlet streams at the conditions prescribed in

I the Aircontainingoxygen regeneration zinc iscompressedtoabout
table. for of the ferrite

20 atmospheresincompressori.Inan IGCC systemthisairwould probablybe bledfrom

I tileoutletlineoftheboostercompressorsothatcompressor1 would not be required.The

airispreheatedatheatexchanger2 usingwasteheatfrom theexothermicreactioninthe

I regenerator.The airismixed withrecirculatinggasestoprovideoxygen concentrationsat

theinletportsasspecifiedintheabovetable.Heat exchanger1 preheatstherecirculating

I gases.The temperaturecontrollerinsuresthatthegastemperaturesremainwithinthelimits

i prescribed,butisnotrequiredundernominaloperatingconditions.Heat exchanger3 cools
theexhaustgasestothetemperaturesrequiredforthesulfurrecoveryprocess.Ifa direct

I sulfur recovery system is employed, heat exchanger 3 is not required. A filter and/or heat
exchanger to cool the gases may be required upstream of compressor 2, which is needed to
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offset friction in the flow passages. Heat exchanger 4 cools the air entering the final stage of

I the regenerator.

!
4.3 Computer Model

!
A computer code was written for analyzing the requirements and performance of the

I in 4.1. The determines flows in ali of the branches of thesystem Figure requiredprogram

system, heat exchanger effectiveness requirements, and temperatures. The model incorpo-

I rates energy balances, overall flow balances, and elemental component balances. It does not

calculate pressure losses due to friction. Therefore, the requirements of compressor 2 can

I only be estimated.

I The programisusefulfordetermininghow tilesystemrequirementsdependon variables

intheregenerationcycle.One variableistheconcentrationofS02 intherecirculatinggases.

I The optimum concentration changedepending the designof the sulfur
slay on recovery

system.A secondvariableistheamount ofsulfurloadedinthezincferritesorbent.This

I may change with the operating conditions of the gasifier and with the age of the sorbent.

Fluid temperatures such as the temperatures at A7 and the temperatures at $5 are variables

I Lhat can be changed by sizing the heat exchangers or by adjusting the by-pass flow. It is

important to know how the system requirements depend on the design variables since the

I system must function properly over a wide range of operating conditions. The computer

model makes it easy to study the effects of changes in the operating conditions.!
Parametric analysis described below were made for nominal gasifier operating condi-

I tions. In ali the flow of sorbent into the is calculated based thecases, regenerator followingon

ga.sifter parameters:

!
!
!
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I Table 4.2 Conditions for Parametric Analysis

, II7,258Ib/hrSulfurinCoal
I 644,108 lb/hr Hot Gas

The input to the model can be easily adjusted to account for variations in the coal gas

l flowand composition.

!
4.4 Parametric Analysis

!
A parametric study was performed to determine the effects of the temperature at A7,

I thetemperatureat $5, SO2 at $5, percent
the mole fraction and the of reactedsorbent

attheregeneratorinlet.Flow ratesand/ortemperatureswereadjustedtoensurethatthe

reactorzonetemperatureswerekeptat 1250°F (zonei)and 1450°F (zone2).

I 4.4.1 S02 Mole Fraction / 02 Mole Fraction at $5

I The percentage of S02 in the sulfur rich stream became an important parameter for

I _/nalysis because of the coupled relationship with the oxygen in the loop. From Figure 4.2 wecan see that as the amount of oxygen decreases the amount of sulfur dioxide increases. This

I is due to the fact that sulfur dioxide is composed of oxygen. However, less obvious is the
fact that a 13.2% increase in sulfur dioxide (.114 % _ .129 %) results in a 63.6% decrease

I in oxygen (.0360% _ .0131%). This relatively large change in oxygen can have a sizable
effect on flow rates and required heat exchanger effectiveness.

I From Figure 4.3 it can be seen that ali the mass flow rates, with the exception of Al5,

I increase as S02 mole fraction increases. Again, this is because higher S02 levels result in
lower oxygen levels. These lower oxygen levels result in larger flow rates simply to allow the

I appropriate oxygen needed to complete the reaction. Also note that the flow rates Al0, Sl,
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I and $6 increase at an increasing rate. Flow rates as high as 60 kg/sec can be very costly

when considering compressor needs and therefore should be cautioned against. Mass flow

I rate A15 remains constant because it is used as a cooling stream and does n_t contribute to
the oxidation reaction.

I Figure 4.4 illustrates the change in effectiveness (i.e. size) of heat exchangers 1, 2, and 3

as the S02 mole fraction at $5 is varied. Heat exchanger 1 increases in needed effectiveness

I as the SOs mole fraction increases. This is mostly due to the increase in temperature of the

i S10-S13-S15-A10 stream needed to keep the first zone at 1250 °F. At an SOs mole fraction of.114, the temperature needed at Al0 is 654.60 °F whereas an SOs mole fraction of .129 needs

I a temperature of 1036.60 °F. In the first case a lower temperature was needed to counter
the effect of a higher O2 mole fraction concentration (low S02 level). The lower needed

I temperatures consequently did not require the larger heat exchangers that would be needed
for higher temperatures.

I Intheshadowofthesame argument,heatexchanger2 increasesatan increasingrateas

i theS02 molefractionat$5increases(reducingO2).As mentionedearlier,atlowerSOs molefractionshighertemperaturesareneededinthe$10stream.Thesehighertemperaturescause

I thetemperatureat$2 tobe reduced.However,a setamount ofheatmust be transferredin
hcatexchanger2toincreasethetemperatureofA7 totheintendedtemperature.Therefore,a

I lower$2temperaturewillcauseheatexchanger2 toincreaseinsizetomeet thetemperature
nceds.Under theseconditionsitcan be seenthatSO2 mole fractionshigherthan 12.6%

I may notbe possiblewithoutreducingtheloadofheatexchanger1 (i.e.addingheatinthe
S1I-$12stream).

I Unlikeheatexchangers1 and 2,heatexchanger3 slightlydecreasesineffectivenessas

I theSO2 molefractionincreases.Thisisdue tothedecreaseintemperatureatthe$3 location
by theabovearguments.

I Finally,asseeninFigure4.5,a changeintheS02 molefractionwas alsofoundtocause

a changeintheamount ofexcessoxygenattheend ofzone2.As themole fractionofSO2

I increased (02 at $5 decreased), the amount of excess oxygen at the end of regeneration zone

I 120



I

I , I i I , I i I ,
t g'O 9"0 Iz'O _'0 0

|
121

!



!
!

I 122

!
U



!
I 2 decreased. Note that the General Electric design called for about 1 percent excess oxygen

at this location. Tables 4.3 through 4.8 show how variations in the SO2 concentration at $5

I affect flow variables at their locations in the system.

I 4.4.2 Percent Sorbent Reacted

I A second parameter that was analyzed was the "percent of the sorbent reacted". This

i parameter is defined in the following equation:
ZnFe20, _ =ZnS zr 2zFeS Zr (1 - x)ZnFe20, (4.7)

I where 'x' represents the percent of the sorbent reacted. If x equals zero there will be only

I ZnFe204. If x equals 1, there will be only ZnS and FeS entering the regeneration system.
Note that this is written with respect to a sorbent with no inert binding material. The

I percent of the charged sorbent in Figure 4.6, 4.7, and 4.8 is related to 'x' by:

| %Ch  g dSo b .t = + % (4.8)

I Figure 4.6 illustrates that the flow rates generally decrease as the percent sorbent reacted
increases. This is largely due to the fact that less flow is needed to cool the reaction to _he

I intended 1250 °F or 1450 °F because the mass flow rate of the sorbent is less. The flow rate
of the sorbent is less because there is a larger percent of reacted sulfur. The flow rate of

I the Al0 stream was unchanged, however. This is because the rate of this flow is dictated
by a mandatory 30 percent reaction in zone 1. In the computer model this is found to be a

I function of the amount of inlet sulfur, is a constant.
which

I Figure 4.7 shows the required heat exchanger effectiveness verses the percent of sorbent
reacted. There does not exist the extreme changes in heat exchanger effectiveness as found

I in the S02 mole fraction variations. However, it can be seen that the required effectiveness
of heat exchanger 1 and 2 decrease as the percent of sorbent reacted increases. Conversely,

I the effectiveness of heat exchanger 3 increases as the sorben_ has a larger percent of sulfur.
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Table 4.3

I 802 Mole Fraot_.on
at B5

(y 802 = o114)

!
I

Mdot Tamp Press Cp 02 N2 S02

i kg/8 dee F psi K3/Kg=KAZ 7.77 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.77 426.18 67.93 1.0164 0.2100 0.7900 0.0000

i A3 7.77 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.77 451.36 314.00 1.0264 0.2200 0.7900 0.0000
A5 0.00 451.36 310.00 1.0264 0.2100 0.7900 0.0000
A6 7.77 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.77 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A8 7.77 770.00 310.00 1.0164 0.2100 0.7900 0.0000A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 12.80 654.60 310.00 1.0097 0.0360 0.8500 0.1140
A11 3.92 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A12 21.54 675.61 310.00 1.0211 0.0707 0.8381 0.0913A13 7.77 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A14 3.85 770.00 310.00 1.0164 0.2200 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2200 0.7900 0.0000

I Sl 38.49 1423.71 306.00 1.0097 0.0360 0.8500 0.1140S2 38.49 1076.14 302.00 1.0097 0.0360 0.8500 0.2140
53 38°49 1011.40 298.00 1.0097 0.0360 0.8500 0.1240
S4 38.49 200.00 294.00 1.0097 0.0360 0.8500 0.1140

I $5 8.07 200.00 294.00 1.0097 0.0360 0.8500 ().1140
$6 30.42 200.00 294.00 1.0097 0.0360 0.8500 0._40
S7 30.42 200.00 294.00 1.0097 0.0360 0.8500 0.2240
$8 30.42 224.75 314.00 1.0097 0.0360 0.8500 0.1_40

i S9 30.42 214.75 314.00 1.0097 0.0360 0.8500 0.1140
S10 30.42 654.60 310.00 1.0097 0.0360 0.8500 0.1140
$11 0.00 214.75 324.00 1.0097 0.0360 0.8500 0.1140
$12 0.00 214.75 310.00 1.0097 0.0360 0.8500 0.1140
S13 30.42 654.60 310.00 1o0097 0.0360 0.8500 0.1140

I 514 17.62 654.60 310.00 1.0097 0.0360 0.8500 0.1140S15 12.80 654.60 310.00 1.0097 0.0360 0.8500 0.1140
WI 60.00 70.00 NC No Gas
W2 60.00 80.75 NC "

I W3 745.00 80.13 NC "
W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "

I Z1 4.89 1000.00 310.00 "ZIA 17.69 1249.93 314.00 0.9313 0o0000 0.7966 0.1270
ZIB 39.23 1249.93 314.00 0.9805 0.0436 0.8222 0.1050
ZIC 39.23 1449.87 314.00 0.9911 0.0138 0.8425 0.1261
ZID 0.74 1449.87 314.00 0.9911 0.0138 0.8425 0.1261

I Z2 4.58 900_00 314.00 Percent of Complete Reaction
Compressor 1: 0.500

First Stages 0.850 N/A Mass Flow Rate of Sulfur

m Last Stages 0.850 N/R 7258 lb/hrCompressor 2 0.850 N/A

Intercooier N/A 0.958 Errors: 8.88E-16 S balance
Heat Exchanger 1 N/A 0.364 -0.00000 0.00000 -0.00000

I Heat Exchanger 2 N/A 0.510 0.00000 -0.00000 0.00000Heat Exchanger 3 N/R 0.862 -0.00000 0.00000 -0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.4

I BOa Mole 7_a_tion at SS(y 802 : .117)

I
I

Mdot Temp Press Cp 02 N2 S02
kg/m d®g F psi K3/KgzK

l A1 7.58 70.00 14.70 1.0164 0.2100 0.7900 0,,0000
A2 7.58 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.58 85.00 67.93 1.0164 0.2100 0.7900 0.0000

I A4 7.58 451.36 314.00 1.0164 0.2100 0.7900 0.0000AS 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.58 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.58 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A8 7.58 770.00 310.00 _.0164 0.2100 0.7900 0.0000A9 0.00 770.00 310.00 _.0164 0.2100 0.7900 0.0000
AIO 14.71 731.00 310.00 1.0096 0.0314 0.8516 0.1170
Al1 3.74 770.00 310.00 1.0164 0.2100 0.7900 0.0000

i A12 22.89 737.37 310.00 1.0108 0.0635 0.8406 0.0960A13 7.58 770.00 310.00 1.0164 0.2100 0.7900 0o0000
A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310_00 1.0164 0.2100 0.7900 0.0000

i $1 41.75 1425.23 30_,00 1.0096 0.0314 0.8516 0.1170
52 4X.75 1006.54 302.00 1.0096 0.0314 0.8516 0.1170
S3 41.75 948.27 298.00 1.0096 0.0314 0,8516 0.1170
54 41.75 200.00 294,00 1.0096 0.0314 0.8516 0.1170
55 7.89 200.00 294.00 1.0096 0.0314 0.8516 ').1170

I 56 33086 200.00 294.00 1.0096 0.03_4 0.8516 0.117057 33.86 200.00 294.00 1.0096 0.0314 0.8516 0.1170
S8 33.86 214.75 314.00 1.0096 0.0314 0.8516 0.1170
59 33.86 214.75 314.00 1.0096 0.0314 0.8516 0.1170

I 510 33,56 731.00 310,00 _.0096 0.0314 0.8516 0._170511 0.00 214.75 314.00 1.0096 0.0314 0.8516 0.1170
512 0.00 214.75 310.00 !.0096 0.0314 0.8516 0.1170
513 33.86 731.00 310.00 1.0096 0.0314 0.8516 0.1170

I S14 19.15 731,00 310.00 1.0096 0.0314 0.8516 0.1170515 14.71 731.00 310.00 1.0096 0.0314 0.8516 0o1170
H1 60.00 70.00 _C No Gas
W2 60,00 80.49 NC "

i W3 745,00 80.13 NC "
H4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Zl 4.89 1000.00 310.00 "

I ZIA 19.60 1249.25 314.00 0.9406 0.0000 0 8045 0.1283ZIB 42.49 1249.25 314.00 0.9827 0.0381 0.8261 0.1089
ZlC 42.49 1449.24 314.00 0.9925 0.0106 0.8448 0.1284
ZID 0.74 1449.24 314.00 0.9925 0.0106 0.8448 0.1284

I Z2 4.58 900.00 314.00 Percent oF Complete Reaction
Compressor 1: 0.500

Flr3t Stages 0.850 N/A Mass Flow Rate of Sulfur

l Last Stages 0.850 N/A 7258 1b/htCompressor 2 0.850 NIA

Intercooler NIA 0.958 Errors: O.00E+O0 $ balance
Heat Exchanger 1 N/A 0.426 -0.00000 0.00000 -0.00000

i Heat Exchanger 2 NIA 0.574 0.00000 -0.00000 0.00000Heat Exchanger'3 N/A 0.852 -0.00000 0.00000 -0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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m Table 4.5

t 802 Kole fraction at B5(y 802 = .120)

I

I Mdot Temp Press Cp 02 N2 502
kg/8 deg F psi K3/KGzK

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000

I A5 0.00 461.36 310.00 1.0164 0.2100 0.7900 0.0000A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007

A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
51 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200

S2 45.82 934.15 302.00 1.0094 0.0268 0.8532 0.1200
53 43.82 082.28 298.00 1.0094 0.0268 0.8532 0.1200
$4 45.82 200.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

S6 38.11 200.00 294.00 1.0094 0.0268 0.8532 0.1200
57 38.11 200.00 294.00 1.0094 0.0268 0.8532 0.1200
58 38.11 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$9 38.11 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$10 38.11 808.00 310.00 1.C094 0.0268 0.8532 0.1200

511 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200$12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200

S15 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200_1 60.00 70.00 NC Na Gas
_2 60.00 80.25 NC "
W3 745.00 80.14 NC "

W4 745.00 70.00 NC "
_5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

ZIA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296
ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129
ZIC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
Z2 4.58 900.00 314.00

Percent of Complete ReactionCompressor 1: 0.500
First Stages 0.850 N/A Mass Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 lb/hr

Compressor 2 0.850 N/AIntercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.489 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/A 0.660 0.00000 -0.00000 -0.00000

I Heat Exchanger 3 N/A 0.840 -0.00000 0.00000 0.00000Heat Exchanger 4 NIA 0.000 0.00000 above error
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I Table 4.6

B02 Mo're fraction mt B5

I (y 802 = 123
)

m

I Mclot Temp Presm Cp 02 N2 S02
kg/m deg F psi K3/KgzK

14.70 1.0164 0.2100 0.7900 0.0000
A1 7.24 70.00

A2 7.24 426.18 67.93 1.0164 0.2200 0.7900 0.0000
A3 7.24 85.00 67.93 1.0164 0.2100 0.7900 0.0000

i A4 7.24 452.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451,36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.24 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.24 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.24 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000AIO 20.89 885.00 310.00 1.0092 0,0222 0.8548 0.1230
A11 3.39 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 26.00 869.99 310.00 1.0103 0.0494 0.8454 0.1052

I A13 7.24 770.00 310.00 1.0164 0.2100 0.7900 0.0000A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
51 51.04 1430.03 308.00 1.0092 0.0222 0.8548 0.1230

I $2 51.04 858.89 302,00 1.0092 0.0222 0.8548 0.1230$3 51.04 813.36 298.00 1,0092 0.0222 0.8548 0.1230
$4 51.04 200.00 294,00 1.0092 0.0222 0.8548 0.1230
$5 7.55 200.00 294.00 1.0092 0.0222 0.8548 0.1230

I $6 43.49 200.00 294.00 1.0092 0.0222 0.8548 0.1230
$7 43.49 200.00 294.00 1.0092 0.0222 0.8548 0.1230
$8 43.49 214.75 314.00 1,0092 0.0222 0.8548 0.1230
S9 43.49 214.75 314.00 1.0052 0.0222 0.8548 0.1230

i $10 43.49 885.00 310.00 1.0092 0.0222 0.8548 0.1230
511 0.00 214.75 314.00 1.0092 0.0222 0.8548 0.1230
$12 0.00 214.75 310.00 1.0092 0.0222 0.8548 0.1230
S13 43.49 885.00 310.00 1.0092 0.0222 0.8548 0.1230
S14 22.61 885.00 310.00 1.0092 0.0222 0.8548 0.1230

I $15 20.09 885.04) 310.00 1.0092 0.0222 0.8548 0.1230W1 60.00 70.00 NC No Gas
W2 60.00 80.02 NC "
W3 745.00 80.15 NC "

i W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

I ZIA 25.78 1249.83 314,00 0.9596 0.0000 0.8207 0.1309ZIB 51.78 1249.83 314.00 0.9874 0.0271 0.8343 0.1168
ZIC 51.78 1449.50 314.00 0.9954 0.0047 0.8495 0.1327
ZID 0.74 1449.50 314.00 0,9954 0.0047 0.8495 0.1327
Z2 4.58

i Percent of Complete Reaction

9O0.00 314.00

Compressor 1: 0.500
First Stages 0,850 N/R Ma8s Flow Rate of Sulfur
Last $tagem 0.850 N/A 7258 lb/hr

i Compresmor 2 0.850 N/AIntercooler N/A 0.958 Errors: O.OOE.O0 $ balance
Heat Exchanger 1 N/A 0.552 0.00000 -0.00000 0.00000
Heat Exchanger 2 N/A 0.782 -0.00000 0.00000 -0.00000

i Heat Exchanger 3 N/A 0.825 0.00000 -0.00000 0.00000Heat Exchanger 4 N/A 0.000 0,00000 above error

m 127

|
|



I Table 4.7

i 802 Xole 7]:aation at: 85(y 802 : .126)

I

Hdot Temp Press Cp 02 N2 S02
kg/s deg F ps£ K3/KgsK

A1 7.08 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.08 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.08 85.00 67.93 1.0264 0.2100 0.7900 0.0000

I A4 7.08 451.36 314.00 1.0164 0.2100 0.7900 0.0000_5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.08 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.08 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A8 7.08 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 26.38 961.10 310.00 2.0090 0.0176 0.8564 0.1260
Al1 3.23 770.00 310.00 1.0164 0.2100 0,7900 0.0000

i A12 27.29 938.45 310.00 1.0100 0.0430 0.8476 0.2094
R13 7.08 770.00 310.00 1.0164 0.2200 0.7900 0,0000
R14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0,7900 0.0000
51 57.83 1432.85 306.00 1.0090 0.0276 0.8564 0.1260

I $2 57.83 781.85 302.00 1.0090 0.0176 0.8564 0.1260$3 57.83 742.54 298,00 1.0090 0.0176 0.8564 0.2260
$4 57.83 200.00 294.00 1.0090 0.0176 0.8564 0.1260
55 7.39 200.00 294°00 1.0090 0.0176 0.8564 0.1260

I S6 50.44 200.00 294.00 2.0090 0.0176 0.8564 0.1260S7 50.44 200.00 294.00 1.0090 0.0176 0.8564 0.1260
$8 50.44 214.75 324.00 1.0090 0.0176 0.8564 0.1260
S9 50.44 214.75 314.00 1.0090 0.0176 0.8564 0.1260

I S10 50.44 961.10 310.00 1.0090 0.0176 0.8564 0.1260Sll 0.00 214.75 314.00 1.0090 0.0176 0.8564 0.1260
$12 0.00 214.75 310.00 1.0090 0.0176 0.8564 0.1260
S13 50.44 961.10 310.00 1.0090 0.0176 0.8564 0.1260

i 514 24.06 961.10 310.00 1.0090 0.0176 0.8564 0.1260
S15 26.38 961.20 310.00 1.0090 0.0176 0.8564 0.1260
W1 60.00 70,00 NC No Gas
W2 60.00 79.79 NC "
W3 745.00 80.27 NC "

I _4 745.00 70.00 NC "W5 1.80 70.00 NC "
_6 1.80 70.00 NC "
11 4.89 1000.00 310.00 "

I ZIA 31.27 1249.92 314.00 0.9693 0.0000 0.8292 0.1322ZIB 58.56 1249.92 314.00 0.9898 0.0217 0.8384 0.1207
ZIC 58.56 1449.95 314.00 0.9969 0.0020 0.8519 0.1347
ZID 0.74 1449.95 314.00 0.9969 0.0020 0.8519 0.1347

I Percent of Complete Reaction

Z2 4.58 900.00 314.00

Coffipressor 1: 0.500
First Stages 0.850 N/A Hakim Flo_ Rate of Sulfur

i Last Stages 0,850 N/R 7258 Ib/hr
Compressor 2 0.850 N/A

Intercooler N/A 0,958 Errors: 8.88E-16 S balance
Heat Exchanger 1 N/R 0.613 0.00000 0.00000 -0.00000

m Heat Exchanger 2 N/A 0.964 -0.00000 -0.00000 0.00000
Heat Exchanger 3 N/R 0.807 0.00000 0.00000 -0,00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.8

B02 Nole 7raation at 85

(y 802 = .129)

1

Mdot Temp Press Cp 02 N2 S02
kg/s deg F psi K3/Kg=K

I 14.70 1.0164 0.2100 0.7900 0.0000
A1 6.93 70.00
R2 6.93 426.18 67.93 1.0164 0.2100 0.7900 0.0000
R3 6.93 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 6.93 451.36 314.00 1.0164 0.2100 0.7900 0.0000

I RS 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000R6 6.93 451.36 314.00 1.0164 0.2200 0.7900 0.0000
R7 6.93 770.00 310.00 1.0164 0.2100 0.7900 0.0000
R8 6.93 770.00 310.00 1.01,64 0.2100 0.7900 0.0000

I R9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000RIO 35.73 1036.60 310.00 1.0089 0.0131 0.8579 0.1290
Rll 3.08 770.00 310.00 1.0164 0.2100 0.7900 0.0000
R12 27.25 1006.44 310.00 1.0098 0.0379 0.8494 0.1127

I R13 6.93 770.00 310.00 1.0164 0.2100 0.7900 0.0000R14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Al5 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Sl 67.14 1435.30 306.00 1.0089 0.0131 0.8579 0.1290

I $2 67.14 702.03 302.00 1.0089 0.0131 0.8579 0.1290
S3 67.14 668.89 298.00 1.0089 0.0131 0.8579 0.1290
$4 67.14 200.00 294.00 1.0089 0.0131 0.8579 0.1290
55 7.24 200.00 294.00 1.0089 0.0131 0.8579 0.1290

S6 59.90 200.00 294.00 1.0089 0.0131 0.8579 0.1290
57 59.90 200.00 294.00 1.0089 0.0131 0.8579 0.1290
$8 59.90 214.75 314.00 1.0089 0.0131 0.8579 0.1290
S9 59.90 214.75 314.00 1.0089 0.0131 0.8579 0.1290
510 59.90 1036.60 310.00 1.0089 0.0131 0.8579 0.1290

511 0.00 214.75 314.00 1.0089 0.0131 0.8579 0.1290$12 0.00 214.75 310.00 1.0089 0.0131 0.8579 0.1290
513 59.90 1036.60 310.00 1.0089 0.0131 0.8579 0.1290
$14 24.17 1036.60 310.00 1.0089 0.0131 0.8579 0.1290

515 35.73 1036.60 310.00 le0089 0.0131 0.8579 0.1290W1 60.00 70.00 NC No Gas
N2 60.00 79.58 NC "
W3 745.00 80.20 NC "

_4 745.00 70.00 NC "MS 1.80 70.00 NC "
_6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

ZIR 40.62 1249.85 314.00 0.9792 0.0000 0.8375 0.1336
ZIB 67.87 1249.85 314.00 0.9924 0.0163 0.8426 0.1246
ZIC 67.87 1449.95 314.00 0.9984 -0.0006 0.8542 0.1366
ZID 0.74 1449.95 314.00 0.9984 -0.0006 0.8542 0.1366
Z2 4.58 900.00 314.00

Complete React/on
Percent of

Compressor 1: 0.500
First Stages 0.850 N/R Mass Flow Rate of SuLfur
Last Stages 0.850 N/R 7258 ib/hr

Compressor 2 0.850 N/RIntercooIer N/A 0.958 Errors: 0.OOE+O0 S balance
Heat Exchanger 1 N/R 0.673 -O.00000 0.00000 -0.00000
Heat Exchanger 2 N/A 1.271 0.00000 -0.00000 0.00000

I Heat Exchanger 3 N/A 0.783 -0.00000 0.00000 -0.00000Heat Exchanger 4 N/R 0.000 0.00000 above error
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I The excess amount of at the end of zone 2 verses the percent of sorbent reacted

oxygen

can be seen in Figure 4.8. In this illustration the excess amount of oxygen increases at

I a decreasing rate as the percent sorbent reacted increases. Note excess amount
that the

of oxygen falls below zero when the percent sorbent reacted is around 0.36. This should

I not be taken as a limit due to the fact that many other parameters can also affect the

percentage of excess oxygen. The purpose of this illustration is to analyze the results of a

I parameter change while ali other independent variables are held constant. By changing other

parameters, scenarios may be obtained that show excess oxygen at less than 0.30 percent

I sorbent reacted. Tables 4.9 through 4.12 show how the system flow variables depend on the

I percent of sorbent reacted.

I 4.4.3 Temperature at A7

I The temperature at A? is also a parameter that can influence the heat exchanger effec-
tiveness and mass flow rates through the regeneration system. In Figure 4.9 it can be seen

I that the heat exchanger at exchanger greatly as temperature
effectiveness heat 2 increases the

at A7 is increased. However, heat exchangers 1 and 3 remain generally unchanged.

I Figure 4.10 illustrates the changes in mass flow rates of important streams. It can be

I seen that the flow of stream Al0 remains constant. Onceagain, this is due to the fact that
the flow rate of this stream is dictated by oxygen requirements. The mass flow rates of

I streams Al2 and Al5 are slightly increased as the temperature of A7 increases. This is due
to a more difficult job of cooling the reaction zones to 1250 °F and 1450 °F. The higher the

I inlet the larger the flow that is needed for cooling Finally, higher
temperature, purposes.

flow rates at streams Sl and $6 are a consequence of the higher flow rates needed earlier in

I the system. Tables 4.13 through 4.18 provide additional detailed information.

!
!
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I Table 4.9

I Pe:oent Ilo:bent Resoto43O

I

I Hdot Temp Press Cp 02 N2 S02
kgta deg F ps1 K3/KgzK

I A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

m A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
AS 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Ab 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

i A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
_10 17.27 844.00 310.00 1.0094 0.0268 0.8532 0.1200
All 1.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 25.13 841.06 310.00 1.0097 0.0349 0.8504 0.1147

I A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A14 6.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 6.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
S1 49.12 1414.23 306.00 1.0094 0.0268 0.8532 0.1200

S2 49.12 883.81 302.00 1.0094 0.0268 0.8532 0.1200$3 49.12 835.42 298.00 1.0094 0.0268 0.8532 0.1200
$4 49.12 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

I $6 41.40 200.00 294.00 1.0094 0.0268 0.8532 0.1200
S7 41.40 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 41.40 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$9 41.40 214.75 314.00 1.0094 0.0268 0.8532 0.1200

i $10 41.40 844.00 310.00 1.0094 0.0268 0.8532 0.1200
$11 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
$13 41.40 844.00 310.00 1.0094 0.0268 0.8532 0.1200

m $14 24.13 844.00 310.00 1.0094 0.0268 0.8532 0.1200
$15 17.27 844.00 310.00 1.0094 0.0268 0.8532 0.1200
Wl 60.00 70.00 NC No Gas
_2 60.00 80.25 NC "
W3 745.00 80.12 NC "

I _4 745.00 70.00 NC "_5 1.80 70. O0 NC "
W6 1.80 70. O0 NC "
Z1 7.95 1000.00 310.00 "

m ZIA 25.22 1249.99 314.00 0.9290 0.0000 0.7945 0.1267ZIB 50.35 1249.99 314.00 0.9755 0.0201 0.8267 0.1198
ZlC 50.35 1449.85 314.00 0.9840 -0.0046 0.8434 0.1373
ZID 1.23 1449.85 314.00 0.9840 -0.0046 0.8434 0.1373

I Percent of Complete Reaction

Z2 7.64 900.00 314.00

Compressor 1: 0.300
First Stages 0.850 N/A Hass Flow Hate of Sulfur

m Last Stages 0.850 N/A 7258 lb/hr
Compressor 2 0.850 N/A

Intercooler N/A 0.958 Er:r'ors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.525 0.00000 -0.00000 -0.00000
Heat Exchanger 2 N/A 0.737 -0.00000 0.00000 0.00000

m Heat Exchanger 3 N/A 0.830 0.00000 -0.00000 -0.00000Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.10

Percent Sorbent Reacted

I 40

I
I Mdot Temp Press Cp 02 N2 S02

kg/8 dog F psi K3/KgIK

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000R2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000

I A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000AIO 17.27 822.00 310.00 1.0094 0.0268 0.8532 0.1200
All 2.60 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.63 816.51 310.00 1.0102 0.0483 0.8458 0.1059

A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A14 4.81 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 4.81 770.00 310.00 1.0164 0.2100 0.7900 0.0000
$1 47.01 1422.87 306.00 1.0094 0.0268 0.8532 0.1200

$2 47.01 915.25 302.00 1.0094 0.0268 0.8532 0.1200
$3 47.01 864.70 298.00 1.0094 0.0268 0.8532 0.1200
54 47.01 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

$6 39.30 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$7 39.30 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 39.30 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$9 39.30 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$10 39.30 822.00 310.00 1.0094 0.0268 0.8532 0.1200

I $11 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200$12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
$13 39.30 822.00 310.00 1.0094 0.0268 0.8532 0.1200
$14 22.03 822.00 310.00 1.0094 0.0268 0.8532 0.1200

$15 17.27 822.00 310.00 1.0094 0.0268 0.8532 0.1200W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 80.13 NC "

W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 6.04 1000.00 310.00 "

ZIA 23.31 1250.00 314.00 0.9420 0.0000 0.8057 0.1285
ZIB 47.94 1250.00 314.00 0.9814 0.0279 0.8288 0.1155
ZIC 47.94 1449.94 314.00 0.9901 0.0029 0.8457 0.1331
ZID 0.92 1449.94 314.00 0.9901 0.0029 0.8457 0.1331
Z2 5.73 900.00 314.00

Percent of Complete ReactionCompressor 1: 0.400
First Stages 0.850 N/A Mass Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 lb/hr

Compressor 2 0.850 N/AIntercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.503 -0.00000 -0.00000 0.00000
Heat Exchanger 2 N/A 0.687 0.00000 0.00000 -0.00000

Heat Exchanger'3 N/A 0.836 -0.00000 -0.00000 0.00000Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.11
Peraent: 8orbent; Roaat;ed

I SO

I •

I Mdot Temp Press Cp 02 N2 S02
kg/s dog F psi K3/Kg=K

_1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000

A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 008.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Sl 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200
S2 45.82 934.15 302.00 1.0094 0.0268 0.8532 0.1200

I S3 45.82 882.28 298.00 1.0094 0.0268 0.8532 0.1200S4 45.82 200.00 294.00 1.0094 0.0268 0.8532 0.1200
S5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200
56 38.11 200.00 294.00 1.0094 0.0268 0.8532 0.1200

I S7 38.11 200.00 294.00 1.0094 0.0268 0.8532 0.1200S8 38.11 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S9 38.11 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S10 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

I Sll 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
S13 38.11 808.00 310.00 1.0094 0.0268 0.0532 0.1200
S14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$15 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200

I _ W1 60.00 70.00 NC No
Gas

N2 60.00 80.25 NC "
W3 745.00 80.14 NC "
W4 745.00 70.00 NC "

I N5 1.80 70.00 NC "W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

ZIA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296

ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129Z1C 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
12 4.58 900.00 314.00

I Percent of Complete Reaction
Compressor 1: 0.500

First Stages 0.850 N/A Mass Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 lb/hr

I Compressor 2 0.850 N/A
Intorcooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.489 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/A 0.660 0.00000 -0.00000 -0.00000

i Hoa_ Exchanger 3 N/A 0.840 -0.00000 0.00000 0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.12

Peraent _orbtnt Reaate4

60

I

I Mdot TemD Press CP 02 N2 S02
kg/s deg F psi K31Kg,K

A1 7.41 70.00 14.70
1.0164 0.2100 0.7900 0.0000

A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
AS 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.4_ 451.36 314.00 1.0164 0.2100 0.7900 0.0000
R7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000AIO 17.27 799.90 310.00 1.0094 0.0268 0.8532 0.1200
All 4.20 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Al2 24.27 794.72 310.00 1.0107 0.0617 0.8412 0.0971

A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000R14 3.21 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.21 770.00 310.00 1.0164 0.2100 0.7900 0.0000
$1 45.05 1431.76 306.00 1.0094 0.0268 0.8532 0.1200

I S2 45.05 946.80 302.00 1.0094 0.0268 0.8532 0.1200
$3 45.05 894.04 298.00 1.0094 0.0268 0.8532 0.1200
$4 45.05 200.00 294.00 1.0094 0.0268 0.8532 0.1200
S5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

S6 37.34 200.00 294.00 1.0094 0.0268 0.8532 0.1200
57 37.34 200.00 294.00 1.0094 0.0268 0.8532 0.1200
58 37.34 214.75 314.00 1.0094 0.0268 0.8532 0.1200
59 37.34 214.75 314.00 1.0094 0.0268 0.8532 0.1200

510 37.34 799.90 310.00 1.0094 0.0268 0.8532 0.1200
Sll 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
513 37.34 799.90 310.00 1.0094 0.0268 0.8532 0.1200
$14 20.07 799.90 310.00 1.0094 0.0268 0.8532 0.1200

$15 17.27 799.90 310.00 1.0094 0.0268 0.8532 0.1200W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 80.14 NC "

W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC *
Z1 4.13 1000.00 310.00 "

ZlR 21.40 1249.93 314.00 0.9554 0.0000 0.8172 0.1303
ZIB 45.67 1249.93 314.00 0.9875 0.0357 0.8311 0.1111
ZlC 45.67 1449.98 314.00 0.9964 0.0107 0.8482 0.1288
ZID 0.61 1449.98 314.00 0.9964 0.0107 0.8482 0.1288
Z2 3.82 900.00 314.00

Percent of Complete ReactionCompressor 1: 0.600
First Stages 0.850 N/A Mass Flow Rate of Sulfur
Last Stages 0.850 N/R 7258 lb/hr

Compressor 2 0.850 N/RIntercooler N/_ 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/M 0.481 -0.00000 -0.00000 0.00000
Heat Exchanger 2 N/R 0.643 0.00000 0.00000 -0.00000

Heat Exchanger 3 N/R 0.842 -0.00000 -0.00000 0.00000Heat Exchanger 4 NIA 0.000 0.00000 above error
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I Table 4.13

i TelPeratur@ at A7(TA7=7_ 0 _)

I
m

Hdot Temp Press Cp 02 N2 S02
kg/m deg F pal KJ/KgzK

I AI 7.41 70.00 14,70 1.0164 0.2100 0.7900 0.0000A2 7.41 426.18 67.93 1.0164 O.;;_AO0 0.7900 0.0000
_3 7.41 85,00 67.93 1.0164 0.2100 0,7900 0.0000

I A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.3& 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.42 &_1.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I A8 7.41 77u.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0,0000
R12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007

R13 7.41 770.00 310.00 1,0164 0.2100 0.7900 0.0000A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Sl 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200

i $2 45.82 934.15, 302.00 1.0094 0.0268 0.8532 0.1200S3 45.82 882.28 298.00 1.0094 0.0268 0.8532 0.1200
S4 45.82 200.00 294.00 1.0094 0.0268 0,8532 0.1200
S5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

56 38.11 200.00 294.00 1.0094 0.0268 0.8532 0.1200
S7 38,11 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 38.11 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S9 38.11 214.75 314.00 1.0094 0.0268 0.8532 0.1200

S10 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
Sll 0.00 214.75 314.00 1.0094 0.0268 0,8532 0.1200
512 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
S13 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

i S14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
S15 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 HC No Gas
W2 60.00 80.25 NC "
W3 745.00 80.14 NC "

I W4 745.00 70.00 NC "W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

I ZIR 22._6 1249.36 314.00 0.9500 0.0000 0.8126 0.1296ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129
ZIC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0,8472 0.1306

I Percent of Complete Reaction

Z2 4.58 900.00 314.00

Compressor 1: 0.500
FLrat Stages 0.850 N/R Haas Flow Rate of Sulfur

I Laat Stagea 0.850 N/A 7258 lOht
Compreasor 2 0.850 N/A
Zntercooler N/R 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger I N/A 0.489 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/_ 0.660 0.00000 -0.00000 -0.00000

I Heat Exchanger 3 N/R 0.840 -O.00000 0.00000 0.00000Heat Exchanger 4 NIR 0.O00 0.00000 above error
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I Table 4.14

I Tempernture at _,7(TAT=800 or)

I
I

Mdot Temp Press Cp 02 N2 $02
kg/s deg F ps1 K3/Kg*K

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.42 85.00 6;'.93 1.0164 0.2100 0.7900 0.0000

I A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 45i.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 800.00 310.00 1.0164 0.2100 0.7900 0.0000

A8 7.41 800.00 310.00 1.0164 0.2100 0.7900 O.OCO0
A9 0.00 800.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.70 310.00 1.0094 0.0268 0.8532 0.1200
All 3.33 800.00 310.00 1.0164 0.2100 0.7900 0.0000

A12 24.60 807.52 310.00 1.0104 0.0542 0.8437 0.1021
A13 7.41 800.00 310.00 1.0164 0.2100 0.7900 0.0000
A14 4.08 800.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 4.08 800.00 310.00 1.0164 0.2100 0.7900 0.0000
S1 46.26 1427.72 306.00 1.0094 0.0268 0.8532 0.1200

I 52 46.26 932.82 302.00 1.0094 0.0268 0.8532 0.1200S3 46.26 876.60 298.00 1.0094 0.0268 0.8532 0.1200
$4 46.26 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

S6 38.54 200.00 294.00 1.0094 0.0268 0.8532 0.1200$7 38.54 200.00 294.00 1.0094 0.0268 0.8532 0.1200
58 38.54 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$9 38.54 214.75 314.00 1.0094 0.0268 0.8532 0.1200

S10 38.54 808.70 310.00 1.0094 0.0268 0.8532 0.1200511 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
513 38.54 808.70 310.00 1.0094 0.0268 0.8532 0.1200

I $14 21.27 808.70 310.00 1.0094 0.0268 0.8532 0.1200
515 17.27 808.70 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "

W3 745.00 80.15 NC "
W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

I Z1A 22.16 1249.93 314.00 0.9500 0.0000 0.8126 0.1296ZIB 46.76 1249.93 314.00 0.9851 0.0314 0.8306 0.1136
ZlC 46.76 1449.47 314.00 0.9939 0.0065 0.8476 0.1313
ZID 0.50 1449.47 314.00 0.9939 0.0065 0.8476 0.1313

I Percent of CompZete Reaction

Z2 4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Hass Flow Rate of Sulfur

Last Stages 0.850 N/A 7258 Zb/hr
Compressor 2 0.850 N/A
Zntercooler N/A 0.958 Errors: O.OOE+O0 S baZance
Heat Exchanger 1 NIA 0.490 -0.00000 0.00000 -0.00000

I Heat Exchanger 2 NIA 0.724 0.00000 -0.00000 0.00000
Heal Exchanger 3 N/A 0.839 -0.00000 0.00000 -0.00000
Heat Exchanger 4 NIA 0.000 0.00000 above error

I 138

I
....



I Table 4.15

i Temperature at A7(TA7=830 °F)

I

Mdot Tamp Press Cp 02 N2 S02
kg/s deg F psi K3/Kg*K

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
_3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Ab 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 830.00 310.00 1.0164 0.2100 0.7900 0.0000

R8 7.41 830.00 310.00 1.0164 0.2100 0.7900 0.0000
_9 0.00 830.00 310.00 1.0164 0.2100 0.7900 0.0000
RIO 17.27 808.76 310.00 1.0094 0.0268 0.8532 0.1200
All 3.06 830.00 310.00 1.0164 0.2100 0.7900 0.0000

A12 24.72 811.39 310.00 1.0104 0.0519 0.8445 0.1035
A13 7.41 830.00 310.00 1.0164 0.2100 0.7900 0.0000
A14 4.35 830.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 4.35 830.00 310.00 1.0164 0.2100 0.7900 0.0000
$1 46.64 1428.11 306.00 1.0094 0.0268 0.8532 0.1200

52 46.64 932.35 302.00 1.0094 0.0268 0.8532 0.1200S3 46.64 871.79 298.00 1.0094 0.0268 0.8532 0.1200
54 46.64 200.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

I $6 38.93 200.00 294.00 1.0094 0.026_ 0.8532 0.1200$7 38.93 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 38.93 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S9 38.93 214.75 314.00 1.0094 0.0268 0.8532 0.1_00

$10 38.93 808.76 310.00 1.0094 0.0268 0.8332 0.1200511 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 214o75 310.00 1.0094 0.0268 0.8532 0.1200
$13 38.93 808.76 310.00 1.0094 0.0268 0.8532 0.1200

S14 21.66 808.76 310.00 1.0094 0.0268 0.8532 0.1200
$15 17.27 808.76 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC NO Gas
W2 60.00 80.25 NC "
W3 745.00 80.16 NC "

W4 745.00 70.00 NC "W5 1.80 70.00 NC •
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 °

ZlA 22.16 1249.98 314.00 0.9500 0.0000 0.8126 0.1296ZIB 46.88 1249.98 314.00 0.9851 0.0302 0.8311 0.1145
Z1C 46.88 1449.90 314.00 0.9939 0.0053 0.8481 0.1321
ZID 0.24 1449.90 314.00 0.9939 0.0053 0.8481 0.1321

Percent of Complete Reaction

Z2 4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Ma_s Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 lb/hr

0.850 N/R
Compressor 2

Intercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.490 0.00000 0.00000 -0.00000

Heat Exchanger 2 N/A 0.787 -0.00000 -0.00000 0.00000
Heat Exchanger 3 NIA 0.838 0.00000 0.00000 -0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.16

I T_pe=nture at &71TA7=860 o_1

I Hdot Temp Press Cp 02 N2 S02
kg/s deg F psi K3/KgsK

I R1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000R2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2200 0.7900 0.0000

I AA 7.41 451.36 314.00 1.0164 0.2200 0.7900 0.0000
AS 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Rb 7.41 451.36 314.00 1.0164 0.2200 0.7900 0.0000
A7 7.41 860.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 860.00 310.00 1.0164 0.2100 0.7900 0.0000

A9 0.00 860.00 310.00 1.0164 0.2100 0.7900 0.0000AIO 17.27 808.78 310.00 1.0094 0.0268 0.8532 0.1200
All 2.76 860.00 310.00 1.0164 0.2100 0.7900 0.0000
A12" 24.84 814.47 310.00 1.0103 0.0494 0.8454 0.1052

I A13 7.41 860.00 310.00 1.0164 0.2100 0.7900 0.0000R14 4.65 860.00 310.00 1.0164 0.2200 0.7900 0.0000
A15 4.65 860.00 310.00 1.0164 0.2100 0.7900 0.0000
51 47.06 1428.08 306.00 1.0094 0.0268 0.8532 0.1200

I S2 47.06 931.42 302.00 1.0094 0.0268 0.8532 0.1200$3 47.06 866.65 298.00 1.0094 0.0268 0.8532 0.1200
S4 47.06 200.00 294.00 1.0094 0.0268 0.8532 0.1200
S5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0._200

I S6 39.35 200.00 294.00 1.0094 0.0268 0.8532 0.12_0
57 39.35 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 39.35 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S9 39.35 214.75 314.00 1.0094 0.0268 0.8532 0.1200

I $10 39.35 808.78 310.00 1.0094 0.0268 0.8532 0.1200
Sll 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
S12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
$13 39.35 808.78 310.00 1.0094 0.0268 0.8532 0.1200
$14 22.08 808.78 310.00 1.0094 0.0268 0.8532 0.1200

I S15 17.27 808.78 310.00 1.0094 0.0268 0.8532 0.1200W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 80.27 NC *

I M4 745.00 70.00 NC "W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

I ZZA 22.16 1249.99 314.00 0.9500 0.0000 0.8126 0.1296
ZIB 47.00 1249.99 314.00 0.9850 0.0287 0.8317 0.1154
Z1C 47.00 1449.92 314.00 0.9939 0.0039 0.8486 0.1330
Z1D -0.06 2449.91 314.00 0.9939 0.0039 0.8486 0.1330

I Percent of Complete Reaction

Z2 4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Haas Flow Rate of Sulfur

i Last Stages 0.850 N/R 7258 1b/ht
Compressor 2 0.850 N/A
Intercoolor N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.490 0.00000 0.00000 -0.00000
Heat Exchanger 2 N/A 0.851 -0.00000 -0.00000 0.00000

I Heat Exchanger'3 N/A 0.837 0.00000 0.00000 -0.00000Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.1T

I Temperature et 17(TA7_890 °F)

I

I Mdot Temp Press Cp 02 N2 502
kg/s deg F psi K3/KgzK

I 14.70 1.0164 0.2100 0.7900 0.0000
A1 7.41 70.00

Ag 7.41 426.18 67.93 1.0164 0.2100 G.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

i A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Ab 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 890.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 890.00 310.00 1.0164 0.2100 0.7900 0.0000

I A9 0.00 890.00 310.00 1.0164 0.2100 0.7900 0.0000AlO 17.27 808.78 310.00 1.0094 0.0268 0.8532 0.1200
All 2,41 890.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.93 816.64 310.00 1.0101 0.0465 0.8464 0.1071

I A13 7.41 890.00 310.00 1.0164 0.2100 0.7900 0.0000A14 4.99 890.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 4.99 890.00 310.00 1.0164 0.2100 0.7900 0.0000
51 47.50 1427.95 306.00 1.0094 0.0268 0.8532 0.1200

I 52 47.50 930.39 302.00 1.0094 0.0268 0.8532 0.1200
53 47.50 861.51 298.00 1.0094 0.0268 ' 0.8532 0.1200
54 47.50 200.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

i 56 39.79 200.00 294.00 1.0094 0.0268 0.8532 0.1200
57 39.79 200.00 294.00 1.0094 C.0268 0.8532 0.1200
$8 39.79 214.75 314.00 1.0094 0.0268 0.8532 0.1200
59 39.79 214.75 314.00 1.0094 0.0268 0.8532 0.1200

i $10 39.79 808.78 310.00 1.0094 0.0268 0.8532 0.1200
$11 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
513 39.79 808.78 310.00 1.0094 0.0268 0.8532 0.1200
$14 22.52 808.78 310.00 1.0094 0.0268 0.8532 0.1200

I S15 17.27 808.78 310.00 1.0094 0.0268 0.8532 0.1200W1 60.00 70.00 NC NO Gas
W2 60.00 80.25 NC "
W3 745.00 80.19 NC "

I W4 745.00 70.00 NC "W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
ZZ 4.89 1000.00 310.00 "

I ZlA 22.16 1249.99 314.00 0.9500 0.0000 0.8126 0.1296ZIB 47.09 1249.99 314.00 0.9850 0.0271 0.8322 0.1165
ZIC 47.09 1449.84 314.00 0.9938 0.0022 0.8492 0.1341
ZID -0.41 1449.84 314.00 0.9938 0.0022 0.8492 0.1341
Z2

I Percent of Complete Reaction

4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Mass Flow Rate of Sulfur

m Last Stages 0.850 N/A 7258 ib/hr
Compressor 2 0.850 NIA

ZntercooZer N/R 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 NIA 0.490 -0.00000 -0.00000 0.00000
Heat Exchanger 2 N/A 0.916 0.00000 0.00000 -0.00000

I Heat Exchanger 3 N/A 0.836 -0.00000 -0.00000 0.00000Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.18

T_permture mt &7

I 1TA7=920 °irl

I

Mdot Temp Press Cp 02 N2 S02
kg/s dsg F psi K3/Kg*K

AI 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
R2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

A4 7.41 451.36 314.00 1.0264 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 920.00 310.00 1.0164 0.2100 0.7900 0.0000

R8 7.41 920.00 310.00 2.0164 0.2200 0.7900 0.0000
A9 0.00 920.00 310.00 1.0164 0.2100 0.7900 0.0000
A10 17.27 808.78 310.00 1.0094 0.0268 0.8532 0.1200
A11 2.01 920.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.97 817.74 310.00 1.0100 0.0432 0.8475 0.1092

A13 7.41 920.00 310.00 1.0164 0.2100 0.7900 0.0000A14 5.40 920.00 310.00 1.0164 0.2100 0.7900 0.0000
R15 5.40 920.00 310.00 1.0164 0.2100 0.7900 0.0000
S1 47.94 14_7.95 306.00 1.0094 0.0268 0.8532 0.1200

$2 47.94 929.51 302.C0 1.0094 0.0268 0.8532 0.1200$3 47.94 856.58 298.00 1.0094 0.0268 0.8532 0.1200
$4 47.94 200.00 294.00 1.0094 0.0268 0.8532 0.1200
S5 7.71 200.00 294.00 1.0094 0.0268 0.8532 0.1200

I $6 40,22 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$7 40.22 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 40.22 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$9 40.22 214.75 314.00 1.0094 0.0268 0.8532 0.1200

i S10 40.22 808.78 310.00 1.0094 0.0268 0.8532 0.1200
511 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200
$13 40.22 808.78 310.00 1.0094 0.0268 0.8532 0.1200

i $14 22.95 808.78 310.00 1.0094 0.0268 0.8532 0.1200
S15 17.27 808.78 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 80.21 NC "

I M4 745.00 70.00 NC "W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

ZZA 22.1& 1249.99 324.00 0.9500 0.0000 0.8126 0.1296ZIB 47.13 1249.99 314.00 0.9849 0.0251 0.8329 0.1178
ZlC 47.13 1449.95 314.00 0.9937 0.0002 0.8498 0.1354
ZID -0.81 1449.95 314.00 0.9937 0.0002 0.8498 0.1354

Percent of Complete Reaction

Z2 4.58 900.00 314.00

CompTessor 1: 0.500
First Stagos 0.850 N/R Mass Flow Rate of Sulfur

m Last stages 0.850 N/R 7258 lb/hr
Compremmor 2 0.850 N/R
Intsrcooler N/R 0.958 Errors: O.OOE+O0 S balance
Heat Exchmnger 1 N/A 0.490 0.00000 0.00000 -0.00000

Heat Exchanger 2 N/R 0.980 -0.00000 -0.00000 0.00000
Heat Exchanger 3 N/A 0.835 0.00000 0.00000 -0.00000
_at Exchanger 4 N/A 0.000 0.00000 above error
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!
I 4.4.4 Temperature at $5

I Figure4.11 illustrates the needed heat exchangereffectiveness as the temperature of
the $5 stream is allowed to increase. As will be seen later, it is desirable to maintain

I higher temperatures at the $5 bleed stream. However, be in Figure 4.1 this is
as can seen 1,

highly desirable with respect to heat exchangers. Heat exchangers 1, 2, and 3 decrease in

I (i.e. size) as the temperature of increases. Note that heat exchanger
needed effectiveness $5

1 decreases at a increasing rate and that at $5 temperatures higher than 780 °F a heat

I exchanger may not even be necessary. Note also that at this temperature heat exchangers

2 and 3 have effectiveness of only 32.6% and 45.6% respectively. Tables 4.19 through 4.31

I provide additional information.

I 4.5 Direct Sulfur Removal

Research Triangle Institute (RTI) has been working on direct sulfur recovery under

I contract with the Department of Energy at Morgantown Energy Technology Center. Their

i work centers around tail-gasses produced by the regeneration of metal oxide sorbents (ie.Zinc Ferrite). Figure is a schematic of the system. Although experimental tests were

I preformed on gas streams with S02 concentrations around 1%-3%, not 10-13%, there appear
to be only benefits when considering the more concentrated streams. In addition, RTI

I found that the yield of sulfur increased as temperatures were increased or when pressures
increased [22]. Both of these facts are extremely beneficial to the General Electric design

I under consideration. Below are a few results obtained from the RTI experiments:
Table 4.32

!
At Constant Temperature (650 C)

I Pressure Percentage Sulfur Removal

1 atm (14.7 psi) 20%

I 10 atm (147.0 psi) 60%

20 atm (294.0 psi) 90 %

I 40 atm (588.0 psi) 95%
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I Table 4.19
Temperature at BS

m (T_=200 °r)

m "

i Mdot Temp Pre88 Cp 02 N2 S02
kg/8 dog F PSi K3/Ko_K

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000

i A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000

A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000AO 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A? 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200

I A11 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000Al2 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000

m Al5 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
51 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200
s2 45.82 934.15 302.00 1.0094 0.0268 0.8532 0.1200
$3 45.82 882.28 298.00 1.0094 0.0268 0.8532 0.1200

m $4 45.82 200.00 294.00 1.0094 0.0268 0.8532 0.1200
$5 7.71 2OO.QO 294.00 1.0094 0.0268 0.8532 0.1200
$6 38.11 200.00 294.00 1.0094 0.0268 0.8532 0.1200
57 38.11 200.00 294.00 1.0094 0.0268 0.8532 0.1200

m s8 38.11 214.75 314._0 1.0094 0.0268 0.8532 0.1200
59 38.11 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$10 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
511 0.00 214.75 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 214.75 310.00 1.0094 0.0268 0.8532 0.1200

i $13 38.12 808.00 310.00 1.0094 0.0268 0.8532 0.1200$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$15 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC NO Gas

i W2 60.00 80.25 NC "H3 745.00 80.14 NC "
_4 745.00 70.00 NC "
_5 1.80 70.00 NC "

i W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "
ZIA 22.16 1249.36 .314.00 0.9500 0.0000 0.8%26 0.1296
ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129

m ZlC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
z2 4.58 900.00 314.00

Percent of Complete Reaction

i Compreseor 1: 0.500
Flrmt Stage8 0.850 N/A Has8 Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 lb/hr

Compressor 2 0.850 N/A
Intercooler N/A 0.958 Errors: O.OOE+O0 S balance

m Heat Exchanger 1 N/A 0.489 -0.00000 0.00000 0.00000Heat Exchanger 2 N/A 0.660 0.00000 -0.00000 -0.00000
Host Exchanger 3 N/A 0.840 -0.00000 0.00000 0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.20

i Tmtperat.ure at. BS

I .

Mdot Tamp Press Cp 02 N2
502

kg/s deg F psi K3/KgsK

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000

A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
AS 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000

A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000

AlO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 O.OGO0
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
51 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200
$2 45.82 976.67 302.00 1.0094 0.0268 0.8532 0.1200

53 45.82 924.79 298.00 1.0094 0.0268 0.8532 0.1200
54 45.82 250.00 294.00 1.0094 0.0268 0.8532 0.1200
$5 7.71 250.00 294.00 1.0094 0.0268 0.8532 0.1200
$6 38.11 250.00 294.00 1.0094 0.0268 0.8532 0.1200
57 38.11 250.00 294.00 1.0094 0.0268 0.8532 0.1200

I $8 38.11 265.87 314.00 1.0094 0.0268 0.8532 0.120059 38.11 265.87 314.00 1.0094 0.0268 0.8532 0.1200
510 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
511 0.00 265.87 314.00 1.0094 0.0268 0.8532 0.1200

I 512 0.00 265.87 310.00 1.0094 0.0268 0.8532 0.1200513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$15 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200

W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 80.03 NC "
W4 745.00 70.00 NC "

W5 1.80 70.00 NC "
W6 1.80 70.00 NC *
11 4.89 1000.00 310.00 "

ZIA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296
ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129

ZIC 46.56 1449.31 314.00 0.9939 0.0076 0.8472
0.1306

ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
Z2 4.58 900.00 314.00

Percent of Complete Reaction

Compressor 1: 0.500First Stages 0.850 N/A Mass Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 1b/ht

Compressor 2 0.850 N/_

Intercoolsr N/A 0.958 Errors: O.OOE+O0 S balanceHeat Exchanger 1 N/A 0.467 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/A 0.607 0.00000 -0.00000 -0.00000
Heat Exchanger 3 N/A 0.789 --0.00000 0.00000 0.00000

Heat Exchanger 4 N/A 0.000 0.00000 above error
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m Table 4.21

Temperature at BS

m (Tss=300 OF)
t

!

Mdot Temp Press Cp 02 H2 S02
kg/s deg F psi K3/KgsK

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

I A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000

Al2 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Al4 3.05 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Al5 3.85 770.00 310.00 1.0164 0.210G 0.7900 0.0000
$1 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200

S2 45.82 1019.18 302.00 1.0094 0.0268 0.8532 0.120053 45.82 967.31 298.00 1.0094 0.0268 0.8532 0.1200
$4 45.82 300.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 300.00 294.00 1.0094 0.0268 0.8532 0.1200

I S6 38.11 300.00 294.00 1.0094 0.0268 0.8532 0.120057 38.11 300.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 38.11 316.99 314.00 1.0094 0.0268 0.8532 0.1200
S9 38.11 316.99 314.00 1.0094 0.0268 0.8532 0.1200

I $10 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
511 0.00 316.99 314.00 1.0094 0.0268 0.8332 0.1200
$12 0.00 316.99 310.00 1.0094 0.0268 0.8532 0.1200
513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

514 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
515 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
Wl 60.00 70.00 NC No Gas
_2 60.00 80.25 NC "
W3 745.00 79.92 NC "

_4 745.00 70.00 NC "W5 1.80 70.00 NC *
_6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

I ZlA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129
ZlC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

Percent of Complete Reaction

Z2 4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Mass Flow Rate of Sulfur

l Last Stages 0.850 N/A 7258 lb/hr
Compressor 2 0.850 N/A

Intercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger I N/& 0.442 -0.00000 0.00000 0.00000

i Heat Exchanger 2 N/A 0.561 0.00000 -0.00000 -0.00000
Heat Exchanger 3 N/A 0.744 -0.00000 0.00000 0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.22

T_pe_&ture at 85

I 1T_:350 °F)

I

Mdot Tamp Press Cp 02 N2 S02
kg/s deg F psi K3/KgfK

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
R2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 802.45 310.00 1.0105 0.0563 0._430 0.1007

I A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
S1 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200

52 45.82 1061.69 302.00 1.0094 0.0268 0.8532 0.1200S3 45.82 1009.82 298.00 1.0094 0.0268 0.8532 0.1200
S4 45.82 350.00 294.00 1.0094 0.0268 0.8532 0.1200
$5 7.71 350.00 294.00 1.0094 0.0268 0.8532 0.1200

$6 38.11 350.00 294.00 1.0094 0.0268 0.8532 0.1200S7 38.11 350.00 294.00 1.0094 0.0268 0.8532 0.1200
S8 38.11 368.11 314.00 1.0094 0.0268 0.8532 0.1200
S9 38.11 368.11 314.00 1.0094 0.0268 0.8532 0.1200

$10 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
Sll 0.00 368.11 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 368.11 310.00 1.0094 0.0268 0.8532 0.1200
$13 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$15 17.27 808.00 310.00 1.009_ 0.0268 0.8532 0.1200
W1 60.00 70.00 NC No GaS
W2 60.00 80.25 NC "
W3 745.00 79.80 NC "

_4 745.00 70.00 NC "W5 1.80 70.00 NC "
_6 1.80 70.00 NC "
11 4.89 1000.00 310.00 "

ZIA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296Z18 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129
ZIC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

Percent of Complete Reaction

Z2 4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Mass Flow Rate of Sulfur

m Last Stages 0.850 N/A 7258 Ib/hr
Compressor 2 0.850 N/A

Intercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.415 -0.00000 0.00000 0.00000

m Heat Exchanger 2 N/A 0.522 0.00000 -0.00000 -0.00000
Heat Exchanger'3 N/R 0.702 -0.00000 0.00000 0.00000
Heat Exchanger 4 NIA 0.000 0.00000 above error
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I Table 4.23

Tumpe=ature at SS

I (Tss=400 °F}

I
Mdot Temp Press Cp 02 N2 502
kg/s deg F psi KJ/KgsK

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000

I A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AlO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
51 45.82 J427.53 306.00 1.0094 0.0268 0.8532 0.1200
S2 45.82 1104.20 302.00 1.0094 0.0268 0.8532 0.1200

I 53 45.82 1052.33 298.00 1.0094 0.0268 0.8532 0.120054 45.82 400.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 400.00 294.00 1.0094 0.0268 0.8532 0.1200
S6 38.11 400_00 294.00 1.0094 0.0268 0.8532 0.1200

57 38.11 400.00 294.00 1.0094 0.0268 0.8532 0.120058 38.11 419.22 314.00 1.0094 0.0268 0.8532 0.1200
59 38.11 419.22 314.00 1.0094 0.0268 0.8532 0.1200
$10 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

511 0.00 419.22 314.00 1.0094 0.0268 0.8532 0.1200
512 0.00 419.22 310.00 1.0094 0.0268 0.8532 0.1200
513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
515 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200

W1 60.00 70.00 NC No GasW2 60.00 80.25 NC "
W3 745.00 79.69 NC "
_4 745.00 70.00 NC "

W5 1.80 70.00 NC "_6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "
ZlA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296

Z1B 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129Z1C 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
Z1D 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
Z2 4.58 900.00 314.00

Percent of Complete Reaction
Compressor 1: 0.500

First Stages 0.850 N/_ Mass Flow Rate of Sulfur
Last Stages 0.850 N/R 7258 lh/ht

Compressor 2 0.850 N/A
Intercooler N/A 0.958 Etl"ors: O.OOE+O0 5 o_lance
Heat Exchanger 1 N/A 0.386 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/A 0.488 0.00000 -0.00000 -C.O0000

Heat Exchanger 3 N/A 0.664 -0.00000 0.00000 0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4°24

i TmlP_rature at B5

I

Mdot Temp Pros8 C_ 02 N2 502
kg/s dog F psi K3/Kg*K

14.70 1.0164 0.2100 0.7900 0.0000
A1 7.41 70.00

A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Ab 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000AlO 17.27 808,00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007

A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
$1 45.82 1427,53 306.00 1.0094 0.0268 0.8532 0.1200

J $2 45.82 1146.72 302.00 1.0094 0.0268 0.8532 0.120053 45.82 1094.85 298.00 1.0094 0.0268 0.8532 0.12_0
S4 45.82 450.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 450.00 294.00 1.0094 0.0268 0.8532 0.1200

i $6 38.11 450.00 294.00 1.0094 0.0268 0.8532 0.1200
57 38.11 450.00 294.00 1.0094 0.0268 0.8532 0.1200
58 38.11 470.34 314.00 1.0094 0.0268 0.8532 0.1200
S9 38.11 470.34 314.00 1.0094 0.0268 0.8532 0.1200

510 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$11 0.00 470.34 314.00 1.0094 0.0268 0.8532 0.1200
512 0.00 470.34 310.00 1.0094 0.0268 0.8532 0.1200
513 38,11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200

515 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 79.58 NC "

W4 745.00 70,00 NC "
W5 1.80 70.00 NC •
W6 1.80 70.00 NC "
Zl 4.89 1000.00 310.00 °

ZIA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296ZIB 46.56 1249.36 314.00 0.9850 0°0326 0.8302 0.1129
ZlC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306Z2 4.58

Percent of CompZete Reaction

900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Mass Flow Rate of Sulfur
Last Stages 0.850 N/R 7258 Ib/hr

CompresSor 2 0,850 N/AIntarcooler N/A 0.958 Errors: 0.00E+00 S balance
Heat Exchanger 1 N/A 0.353 -0.00000 0.00000 0.00000
Heat Exchanger 2 NIA 0.458 0.00000 -0.00000 -0.00000

Heat Exchanger 3 N/A 0.629 -0.00000 0.00000 0.00000Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.25

m Temperature at aS(TssffiS00 °r)

I
I

Mdot Tamp Press CP 02 N2 502
kg/s deg F psi KJ/KgsK

I A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Ab 7.41 451.36 314.00 1.0_64 0.2100 0.7900 0.0000
A7 _ 7.41 770.00 310.00 1.0164 0.2100 0.7_00 0.0000

A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
hl3 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Al4 3.05 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Al5 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000

S1 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200
$2 45.82 1189.23 302.00 1.0094 0.0268 0.8532 0.1200
$3 45.82 1137.36 298.00 1.0094 0.0268 0.8532 0.1200
$4 45.82 500.00 294.00 1.0094 0.0268 0.8532 0.1200
$5 7.71 500.00 294.00 1.0094 0.0268 0.8532 0.1200

m sb 38.11 500.00 294.00 1.0094 0.0268 0.8532 0.1200$7 38.11 500.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 38.11 521.46 314.00 1.0094 0.0268 0.8532 0.1200
59 38.11 521.46 314.00 1.0094 0.0268 0.8532 0.1200

510 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200Sll 0.00 521.46 314.00 1.0094 0.0Z68 0.8532 0.1200
512 0.00 521.46 310.00 1.0094 0.0268 0.8532 0.1200
S13 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

I 514 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200SIS 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC NO Gas
W2 60.00 80.25 NC "

W3 745.00 79.47 NC "
_4 745.00 70.00 NC "
W5 1.80 70.00 NC "
_b 1.80 70.00 NC "

Z1 4.89 I000.00 310.00 "
Z1A 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296
Z1B 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129
ZlC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

I Percent of Complete Reaction
Z2 4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Mass Flow Rate of Sulfur

I Last Stages 0.850 N/A 7258 IblhrCompressor 2 0.850 N/A
Intercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger I N/A 0.316 -0.00000 0.00000 0.00000

J Heat Exchanger 2 N/A 0.432 0.00000 -0.00000 -0.00000
Heat Exchanger 3 N/A 0.597 -0.000_0 0.00000 0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.26

Temperature at B5

I (T55=550 OF)

I

I Mdot Temp Press Cp 02 N2 S02
kg/s dsg F psi KJ/KgzK

I A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

i A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

i A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 e02.45 310.00 1.0105 0.0563 0.8430 0.1007

A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A14 3.85 770.00 310.00 1.0164 0.2200 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
51 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200

I $2 45.82 1231.74 302.00 1.0094 0.0268 0.8532 0.120053 45.82 1179.87 298.00 1.0094 0.0268 0.8532 0.1200
54 45.82 550.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 550.00 294.00 1.0094 0.0268 0.8532 0.1200

$6 38.11 550.00 294.00 1.0094 0.0268 0.8532 0.1200
57 38.11 550.00 294.00 1.0094 0.0268 0.8532 0o1200
58 38.11 572.58 314.00 1.0094 0.0268 0.8532 0.1200
59 38.11 572.58 314.00 1.0094 0.0268 0.8532 0.1200

510 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
511 0.00 572.58 314.00 1.0094 0.0268 0.8532 0.1200
512 0.00 572.58 310.00 1.0094 0.0268 0.8532 0.1200
513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200

515 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 79.36 NC "

W4 745.00 70.00 NC "W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Zl 4.89 1000.00 310.00 "

ZIA 22.16 1249.36 314.00 0._500 0.0000 0.8126 0.1296ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129
ZIC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

Percent of Complete Reaction

Z2 4.58 900.00 314.00

Compressor 1: 0.500
First Stages 0.850 N/A Mass Flow Rate of Sulfur

Last Stages 0.850 N/A 7258 lb/hr
Compressor 2 0.850 N/A
Intercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.275 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/A 0.408 0.00000 -0.00000 -0.00000

I Heat Exchanger 3 N/A 0.568 -0.00000 0.00000 0.00000Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.27

I Telperature at S$(T_=_00 °F)

I

Mdot Tamp Press Cp 02 N2 S02
kg/s deg F psi K3/Kg.K

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000
A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000

A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
A6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

l A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000

Al2 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
Al3 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Al4 3.85 770.00 310.00 1.0164 0,2100 0.7900 0.0000
Al5 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
Sl 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200

I 52 45.82 1274.26 302.00 1.0094 0.0268 0.8532 0.120053 45.82 1222.38 298.00 1.0094 0.0268 0.8532 0.1200
$4 45.82 600.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 600.00 294.00 1.0094 0.0268 0.8532 0.1200

I $6 38.11 600,00 294.00 1.0094 0.0268 0.85,32 0.120057 38.11 600.00 294.00 1.0094 0.0268 0.8532 0.1200
58 38.11 623.70 314.00 1.0094 0.0268 0.8532 0.1200
59 38.11 623.70 314.00 1.0094 0.0268 0.8532 0.1200

510 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200$11 0.00 623.70 314.00 1.0094 0.0268 0.8532 0.1200
S12 0.00 623.70 310.00 1.0094 0.0268 0.8532 0.1200
513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

514 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200515 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
WI 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "

W3 745.00 79.25 NC "
W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

Z1A 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296ZIB 46.56 1249.36 314.00 0,9850 0.0326 0.8302 0.1129
Z1C 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

Z2 4.58 900.00 314.00 Percent of Complete ReactioT
Compressor 1: 0.500

First Stages 0.850 N/A Mass Flow Rate of Sulfur

Last Stages 0.850 N/A 7258 Ib/hr
Compressor 2 0.850 N/A

Intercooler N/A 0.958 Errors: O.OOE+O0 S baZance
Heat Exchanger 1 N/A 0.229 -0.©0000 0.00000 O.OOOO0

Heat Exchanger.2 N/A 0.387 0.00000 -0.00000 -0.00000Heat Exchanger 3 N/A 0.540 -0.00000 0.00000 0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.28

I Tomporaturo at B5(Tss=6s0 _)

I
I

Hdot Temp Press Cp 02 N2 S02

i kg/s dog F psi KJ/KgzKA1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000

A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Ab 7.41 45i.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AlO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007A13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I S1 45.82 1427053 306.00 1.0094 0.0268 0.8532 0.1200
$2 45.82 1316.77 302.00 1.0094 0.0268 0.8532 0.1200
$3 45.82 1264.90 298.00 1.0094 0.0268 0.8532 0.1200
S4 45.82 650.00 294.00 1.0094 0.0268 0.8532 0.1200

$5 7.71 650.00 294.00 1.0094 0.0268 0.8532 0.1200
$6 38.11 650.00 294.00 1.0094 0.0268 0.8532 0.1200
S7 38.11 650.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 38.11 674.82 314.00 1.0094 0.0268 0.8532 0.1200

i S9 38.11 674.82 314.00 1.0094 0.0268 0.8532 0.1200
$10 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
Sll 0.00 674.82 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 674.82 310.00 1.0094 0.0268 0.8532 0.1200
513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200

$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200515 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "

W3 745.00 79.14 NC "W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "

Zl 4.89 1000.00 310.00 "ZlA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296
ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129
ZlC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

Z2 4.58 900.00 314.00 Percent of Complete Reaction
Compressor 1: 0.500

First Stages 0.850 N/A Hass Flow Rate of Sulfur

Last Stages 0.850 N/A 7258 1b/htCompressor 2 0.850 N/A
Intercooler N/A 0.958 Errors: O.OOE+O0 S balance
Heat Exchanger 1 N/A 0.177 -0.00000 0.00000 0.00000

Heat Exchanger 2 N/A 0.368 0.00000 -0.00000 -0.00000Heat Exchanger 3 N/A 0.515 -0.00000 0.00000 0.00000
Heat Exchanger 4 N/A 0.000 0.00000 above error
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I Table 4.29

I T_pereture at 85

I
I

Mdot Temp Press Cp 02 N2 S02

I kg/_ deg F psi K3/KgtKA1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
R2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000

I R3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
R6 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000

j A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
AIO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
Rll 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000

J A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007R13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
_14 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000

I 51 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200S2 45.82 1359.28 302.00 1.0094 0.0268 0.8532 0.1200
S3 45.82 1307.41 298.00 1.0094 0.0268 0.8532 0.1200
S4 45.82 700.00 294.00 1.0094 0.0268 0.8532 0.1200

S5 7.71 700.00 294.00 1.0094 0.0268 0.8532 0.1200S6 38.11 700.00 294.00 1.0094 0.0268 0.8532 0.1200
S7 38.11 700.00 294.00 1.0094 0.0268 0.8532 0.1200
58 38.11 725.93 314.00 1.0094 0.0268 0.8532 0.1200

I S9 38.11 725.93 314.00 1.0094 0.0268 0.8532 0.1200
SlO 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
511 0.00 725.93 314.00 1.0094 0.0268 0.8532 0.1200
S12 0.00 725.93 310.00 1.0094 0.0268 0.8532 0.1200

i S13 38.11 808.00 310.00 1.0094 0.0268 0.8,532 0.1200
S14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
S15 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC NO Gas
W2 60.00 80.25 NC "

I W3 745.00 79.03 NC "W4 745.00 70.00 NC "
W5 1.80 70.00 NC "
W6 1.80 70.00 NC "

I Z1 4.89 1000.00 310.00 "ZlA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296
ZIB 46.56 1249.36 714.00 O.S950 0.0326 0.8302 0.1129
Z1C 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
Z2 4.58 900.00 314.00

Percent of Complete Reaction
Compressor 1: 0.500

First Stages 0.850 N/A Mass Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 Ib/hr

Compressor 2 0.850 N/R
ZntercooZer N/R 0.958 Errors: O.OOE+O0 S balance

Heat Exchanger 1 N/R 0.117 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/R 0.351 0.00000 -0.00000 --0.00000
Heat Exchanger 3 NIR 0.491 -0.00000 0.00000 0.00000
Heat Exchanger 4 N/R 0.000 0.00000 above error
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m Table 4.30

i Tomperature at; 8S(Tss=_ SO °F)

I

I
i Mdot Temp Press Cp 02 N2 S02

kg/s dog F pal K3/Kg,K

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000
A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000

A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000
Ab 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000

I A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000
RlO 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200

I All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000A12 24.40 002.45 310.00 1.0105 0.0563 0.8430 0.1007
R13 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
R14 3.85 770.00 310.00 1.0264 0.2200 0.7900 0.0000

i A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000
51 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200
$2 45.82 1401.79 302.00 1.0094 0.0268 0.8532 0.1200
$3 45.82 1349.92 298.00 1.0094 0.0268 0.8532 0.1200

i $4 45.82 750.00 294.00 1.0094 0.0268 0.8532 0.1200
55 7.71 750.00 294.00 1.0094 0.0268 0.8532 0.1200
$6 38.11 750.00 294.00 1.0094 0.0268 0.8532 0.1200
57 38.11 750.00 294.00 1.0094 0.0268 0.8532 0.1200
$8 38.11 777.05 314.00 1.0094 0.0268 0.8532 0.1200

I 59 38.11 777.05 314.00 1.0094 0.0268 0.8532 0.1200SIO 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
511 0.00 777.05 314.00 1.0094 0.0268 0.8532 0.1200
$12 0.00 777.05 310.00 1.0094 0.0268 0.8532 0.1200

i 513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200$14 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
515 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
W1 60.00 70.00 NC No Gas

I _2 60.00 80.25 NC "
W3 745.00 78.91 NC "
_4 745.00 70.00 NC "
W5 1.80 70.00 NC •

ld6 1.80 70.00 NC "
Z1 4.89 1000.00 310.00 "

ZlA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296
ZlB 46.56 124P.36 314.00 0.9850 0.0326 0.8302 0.1129
ZIC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306

ZID 0.74 1449.31 314.00 0.9939 0.0076 0.8472
0.1306

Z2 4.58 900.00 314.00

Percent of Com_lete Reaction
Compressor 1: 0.500

m First stages 0.850 N/A Mass Flow Rate of SulfurLast Stages 0.850 N/A 7258 ib/hr
Compressor 2 0.850 N/A

Intercooler N/A 0.958 Errors: O.OOE+O0 $ balance

I Heat Exchanger 1 N/A 0.048 -0.00000 0.00000 0.00000Heat Exchanger 2 N/A 0.335 0.00000 -0.00000 -0.00000
Heat Exchanger 3 N/A 0.469 -0.00000 0.00000 0.00000
Heat _xchanaAr 4 N/A O.OOO 0.00000 above error
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I
Table 4.31

I T_perature at B$
(T_=780.27 =r)

!
I

Mdot Temp Press Cp 02 N2 S02kg/s deg F psi K31KgzK

A1 7.41 70.00 14.70 1.0164 0.2100 0.7900 0.0000

A2 7.41 426.18 67.93 1.0164 0.2100 0.7900 0.0000A3 7.41 85.00 67.93 1.0164 0.2100 0.7900 0.0000
A4 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A5 0.00 451.36 310.00 1.0164 0.2100 0.7900 0.0000

I Ab 7.41 451.36 314.00 1.0164 0.2100 0.7900 0.0000
A7 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A8 7.41 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A9 0.00 770.00 310.00 1.0164 0.2100 0.7900 0.0000

ilo 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200
All 3.56 770.00 310.00 1.0164 0.2100 0.7900 0.0000
A12 24.40 802.45 310.00 1.0105 0.0563 0.8430 0.1007
A13 7.41 770.00 310o00 1.0164 0.2100 0.7900 0.0000
Al4 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000

A15 3.85 770.00 310.00 1.0164 0.2100 0.7900 0.0000Sl 45.82 1427.53 306.00 1.0094 0.0268 0.8532 0.1200
52 45.82 1427.53 302.00 1.0094 0.0268 0.8532 0.1200
$3 45.82 1375.66 298.00 1.0094 0.0268 0.8532 0.1200

I $4 45.82 780.27 294.00 1.0094 0.0268 0.8532 0.1200$5 7.71 780.27 294.00 1.0094 0.0268 0.8532 0._200
$6 38.11 780.27 294.00 1.0094 0.0268 0.8532 0.1200
57 38.11 780.27 294.00 1.0094 0.0268 0.8532 0.1200

I 58 38.11 808.00 314.00 1.0094 0.0268 0.8532 0.1200S9 38.11 808._0 314.00 1.0094 0.0268 0.8532 0.1200
$10 38.11 808.00 310:00 1.0094 0.0268 0.8532 0.1200
Sll 0.00 808.00 314.00 1.0094 0.0268 0.8532 0.1200

512 0.00 808.00 310.00 1.0094 0.0268 0.8532 0.1200
513 38.11 808.00 310.00 1.0094 0.0268 0.8532 0.1200
514 20.84 808.00 310.00 1.0094 0.0268 0.8532 0.1200
$15 17.27 808.00 310.00 1.0094 0.0268 0.8532 0.1200

W1 60.00 70.00 NC No Gas
W2 60.00 80.25 NC "
W3 745.00 78.85 NC '
W4 745.00 70.00 NC "
W5 1.80 70.00 NC "

W6 1.80 70.00 NC "Z1 4.89 1GO0.O0 310.00 "
ZIA 22.16 1249.36 314.00 0.9500 0.0000 0.8126 0.1296
ZIB 46.56 1249.36 314.00 0.9850 0.0326 0.8302 0.1129

I ZlC 46.56 1449.31 314.00 0.9939 0.0076 0.8472 0.1306Z1D 0.74 1449.31 314.00 0.9939 0.0076 0.8472 0.1306
12 4.58 900.00 314.00

Percent of Complete Reaction

Compressor 1: 0.500
First Stages 0.850 NIA Mass Flow Rate of Sulfur
Last Stages 0.850 N/A 7258 lb/hr

Compressor 2 0.850 N/A

Intercooler N/A 0.959 Errors: O.OOE+O0 S balance
Heat Exchanger I N/A 0.000 -0.00000 0.00000 0.00000
Heat Exchanger 2 N/A 0.326 0.00000 -0.00000 -0.00000
Heat Exchanger 3 N/A 0.456 -0.00000 0.00000 0.00000

Heat Exchanger 4 N/A 0.000 0.00000 above error161

|
I



I Experimental tests at RTI indicate that over 90 percent of the direct sulfur removalcan
be achieved with this procedure. Higher percentages may be obtained by placing this system

I in series. For if 99% removal is beexample, desired, two systems placedmay together.

I Under Research Triangle Institute's design, stoichiometric conditions are favorable for
the best sulfur producing reaction. As an example [22].

I S02 + 2H2 ---, 21120+ S, (4.9)

i SO2 + 2C0 _ 2CO2 + S, (4.10)
SOz + 2HaS ----, 2HaO + 3S, and (4.11)

I H2S+ (1/2)O2 _ gao + S (4.12)

I Therefore, a reducing stream of coal gas will be needed for these reactions. With a

sulfur percentage of about 4.04 % weight in the inlet coal, about 4.68% of the gasification

I gas (3.80 kg/sec) will need to be sent to the first direct sulfur recovery unit in order to

achieve stoichiometric conditions. If two consecutive units are placed in series to achieve the

I 99 percent removal goal, a secondary stream of coal gas may need to be bled off. However,

i this stream should be at least an order of magnitude less than the first.

Table 4.33 is an example of flow rates and mole fractions that may occur in one stage

I of a direct sulfur recovery plant. Again, it can be seen that a mass flow rate of 3.8 kg/sec

of coal gas is needed for a 12% S02 stream at 7.71 kg/sec. This preliminary direct sulfur

I recovery balance is done assuming that the reactions are thermally neutral.

!
|
!
!
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I Table 4.33

I Di=eor Sul£ur Reoove_

I
I
I Coal Gas

S5 Stream S16 517 S18 W7 W8
Mass Flow Rate

(kg/sec) 7.71 3.80 11.51 11.51 10.66 NC NC

i Temp (F) 780.27 1020.00 859.40 320.00 320.00 70.00 NC
Pressure NC NC NC NC NC NC NC

y S 0.000043 Psat Q 320 F / P
Mole Fraction

02 0.0268 0.0000 0.0158 0.0158 0.0169

I N2 0.8532 0.3851 0.6599 0.6599 0.7064502 0.1200 0.0000 0.0071 0.0071 0.0076
CO 0.0000 0.1393 0.0057 0.0057 0.0061
H2 0.0000 0.2003 0.0082 0.0082 0.0088

m C02 0.0000 0.1134 0.0976 0.0976 0.1044 "H20 0.0000 0.1215 0.1256 0.1256 0.1345
CH4 0.0000 0.0333 0.0136 0.0136 0.0146
C2H6 0.0000 0.0008 0.0003 0.0003 0.0003

I H2S 0.0000 0.0063 0.0003 0.0003 0.0003Ele S 0.0000 0.0000 0.0659 0.0659 0.0001
Mass In one Hole (kg)

02 0.8576 0.0000 0.5054 0.5054 0.5410

l N2 23.9067 10.7905 18.4912 18.4912 19.7942
S02 7.6872 0.0000 0.4528 0.4528 0.4847
CO 0.0000 3.9019 0.1594 0.1594 0.1707
H2 0.0000 0.4038 0.0165 0.0165 0.0177

l C02 0.0000 4.9908 4.2942 4.2942 4.5968
H20 0.0000 2.1889 2.2634 2.2634 2.4229
CH4 0.0000 0.5342 0.2183 0.2183 0.2337
C2H6 0.0000 0.0241 0.0098 0.0098 0.0105
H2S 0.0000 0.2147 0.0088 0.0088 0.0094

m Total: 32.4515 23.0490 26.4200 26.4200 28.2816Mole FIP_ Rate (mole/see)
02 0.0064 0.0000 0.0064 0.0064 0.0064
N2 0.2028 0.0635 0.2663 0.2663 0.2663

I S02 0.0285 0.0000 0.0029 0.0029 0.0029CO 0.0000 0.0230 0.0023 0.0023 0.0023
H2 0.0000 0.0330 0.0033 0.0033 0.0033
C02 0.0000 0.0187 0.0394 0.0394 0.0394

I H20 0.0000 0.0200 0.0507 0.0507 0.0507
CH4 0.0000 0.0055 0.0055 0.0055 0.0055
C2H6 0.0000 0.0001 0.0001 0.0001 0.0001
H2S 0.0000 0.0010 0.0001 0.0001 0.0001

I Ele S 0.0000 0.0000 0.0266 0.0266 0.000043
Total: 0.2377 0.1649 0.4036 0.4036 0.3770

Sulfur Removed

m Elemental Balance Check (Error) 0.0266 mole/set
S -8.3E-19 0.8517 kg/sec
0 -8.7E-19
C -8.7E-19 Sulfur NOT Removed
H -1.7E-18 0.095980 kg/se,:

l 89.87161 Percent Efr.

N m5 .6E_17
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I APPENDICES- FORTRAN PROGRAM SOURCE CODES

!
I A) IGCC System Model

B) Graphics Program

I C) Fixed Bed Coal Gasifier Model
D) Coal Gasifier Devolatilization Subroutines

I E) Tridiagonal Matrix Solver Subroutine

F) Par_kedBed Convective Heat Transfer Coefficient Subroutine

I G) HRSG Bottoming Cycle Subroutines

I
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I
!
I
I
I
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I
I
I A) IGCC System ModelC

C
C

C NORTHCAROLINASTATEUNIVERSITY
C
C

C ** INITIALIZE VARIABLES**

DOUBLEPRECISIONT(60),NDOT(60)oP(60),V(60),CPA|R,CPPROO,KAIR,

I & KPRCO,TAJ4B,PAJ4B.NDOTAIR.VINLET,PiPEFF(30),NPC1,NPC2,NPTI,NPT2,
& P3P2.MSFRACT,PRESSGAS,UCCMP1,UCGI4P2,WTURB1.CVPRCO,NPRCO,RPRGO,
& ID(12),A(12). S(12). H298(12),S298(12),N(12), CP(12). NN2,NO2,
& NC02.NCO#NH20,NH2,NCH4,NC2HG,NS02.NH2S.NNO,NOH.PRESS,TAIR,

I & TREACT,TPROD,Z, 10TUORI(.VTURB2,PEFF,TCEFFC| TCEFFT,FCCOL,EFF,Hl,
& HHVCOAL,HC.MH2,MO2.MN2.NS,PERH20,PERASH,NL|OH20,TLIq, NCO2G,
& NSTEAM,TSTEAM.GASEFF,Z1,MCOAL,NC1,N021,NN21,NH21.NS1,SUMN,Z2.
& LHVCOAL,HHVGAS.LHVGAS.EFFCOAL.HRCOAL.LHV,CCNEFF.TAVG.CP1.CP2,
& HHV'_),LHV20,M_, HHVPD,LHVPO,HHVPPO,LHVPPO,N1D.HHV2W,LHV'_I,I_.U,

I & HHVPU.LHVPU.HHVPPU.LHVPPU.M1U,MDOTASH,Ig)OTH20.GENEFF.MGAS,CPA,& MASSGAS.HASSCOAL.MASSAIR,MASSH20,RGAS,LVGAS,LVAIR,V1.V2,V3,
& NASH,MH20,EFFGASU.HRGASU.EFGASU,CV,ICA,NCOG,NH2G.NCH4G. NC2HGG,
& HRGV,EFCOAL,HRC,tdTURB2|, b'TUNB22,O.N,FLAG,EXit*f,NM2G.NH2QG,COUNTR

I DOUBLEPRECISIONNH2SG,ICPAIR. ilCAIR,ITAMS,IPP.MII.HHVC.D!FFH,& IHOOTAIR,IVINLET, i TCEFFT..|TCIEFFC,IPEFF, I CCMEFF,1GASEFF,
& IGENEFF,IMSFRACT,I FCOOL,IPRESSGAS,INC, IMH2,IN02, IHN2, IMS,
& ! HHVCOAL,!PERH20,IPERASH,I Zl, IZ2, INN2, |MC02,INCO,|MH2,

I & 1NCH&,INC2H6eMDOTAI2I,RPM,X,Y,XO,NDOTTI2I,DI FF2121, ICT,WTURBR,
& NCF.NH2F,HO2F.MN2F.MSF,RAT(2),NAIR,PEREXTRAS,MFINES,MEXTRAS.
& MC1,MH21.M021.MN21,HS1,NN2S,NO2S.NCO2S_NCOS,NH2OS.NHZSE.NCH4S.
& NC2H6S,NSO2S,NH2SS,NNOS,NOHS,D! FFY(2), 14lET,WPtJ4PR1, I,/PUMPR2,

I & UPUI4PR3,UTURBR1, UTURBR2,UTURBR3,UTURBR4,QSUPER.QHPIK)1L.
& OCONDENSER.QPI PELOSS,QLPBOIL, TOT1UORK.TOT21dORI(.EFFGASW1,
& HRGASU1.EFFCOAL1.EFF1. HRCOAL1.HR1,EFGASUI,HRGU1.EFCOAL1.HRC1.
& EFFGASU2.HRGASU2,EFFCOAL2.EFF2.HRCOAL2.HR2.EFGASU,?..HRGU2.
& EFCOAL2,HRC2.EFFGAS_. HRGASk_.EFFCOAL3.EFF3. HRCOAL3.HR3.

I & EFGASU3,HRGU3,EFCOAL3,HRC3,EFFGASld&,HRGASU&,EFFCOAL4,EFF_,& HRCOAL4.HR4,EFGASU4,HRGU&.EFCOAL_.HRC/_,MDOTASH2.MOOTH2O2,
& XHASS,TOT4bK1RK,TOT31,10RK,INH2S, INH20, IN02, IMS02

INTEGERI ,J,TEST,FLAG2,L,K,TFACT. |TEST, I FLAG2,ITFACT,|2,COUNT2,

I & I FLAG,TEST2CHARACTER.rtLIEST*I,OS*l
C Set CompoundConstants

A( 1)m32.gol

I A12)u36.SSW
A(3)u60.329
A(4)'33.672
A(5)1_2.020

I A161=30.131
A(7)_6.86&
A(8)-152.Sq6
A(9)u61.390
A(10)u42.020

I A(11 ),,29.895A(12)-34.671
O(1)-1_3_. 17
B(2)'L?521.26

I B13)=7_BS.M
16T
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I B(4)'169S.05
B(5)=3050.70
B(6)w&13.611

I |(7)=15214.7
t(8)=2g_5.7

• B(9)=TAA1.58
B(10)-3050.70

i B(ll)_9.A481
11(12),,1823.27.
H296(1)'<)
H298(2)'0
H298(3)--393522

I H298(4)-- 110529H296(5)=-241827
H298(6)'d)
IIL_78(7),,-7_73

I H2M(8)--66667H2gG(9)=- _68&7
HL_j)8(lO)=-20142
H2M(11 ),,3W,4_

I H296(12)890592
$296(1 )=191.611
S296(2)=205.142
SL.78(3)=213.795

I S_M(4)=197.653
S298(S)-lM.633
S2_(6)=130,686 r
S_(7)=186._)6
S2M(6)'?.29-602

I S2M(9)'2_IS._8S2M(lO)'205-609
S2M(11 )-183.703
S2_(12)"210.761

I 14(1)'26-01314(2)-32.000
I1(3),_.0_0
M(A),,28.010

I M(5).,18.015
M(6),,2.016
M(7)s16.0&]
M(8)-28.054

i M(9)-6&.066
M(lO)-2r_.o?6
14(11),17.oo7
M(t2)-:3o.oo6

i c _s
c

c 1 N2
c 2 o2

i ¢ 3 co2
c & co
C 5 H20
C 6 H2
C 7 CH4

I C 8 C2H6C 9 SO,?.
C 10 H2$
C 11 OH

I C 12 NO
C
C
C

I cCC
i 168
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C

I ° DO 10 JR1,12
ID(J)aJ

10 CONTINUE

I ° OPEN(UN| Ts13, F|LE" *DATA*, STATUS"oUNKNOUK_
ITFACT81
_TEST80

I ICPAIR"1.0035IKAIR81 .&O0
I TNbiau298.15
IPNqa8101.325

i IMDOTAIRn633.*.&536
IVINLETnlO.
ITCEFFT'.92
ITCEFFC8.86

I IPEFF'.g5
ICCNEFFm,9S
IGASEFFs.96
IGENEFF'.96

i INSFUCTm.088
, I FCDOL'.OS

I PRESSGAS82068.428
lNC41.3dO
IMZe5.3dO

i IH02"9.6_0!NN2sl. 7dO
INS,,1.gdO r
INNVC:OALs33725.OCK)

I !PERN20".lOdO
IPERASN8.lOdO
I FLAG2nO
!Z1".5

i 17.2".215
INN2".&35dO
INC02". 103d0
INCOu.212c10
INN2".2OldO

m iNCN4n.o&6c_INC2_.OO3dO
c
98 CONTINUE

i DO ?99 K81,2IF(K.EQ.1) L"6
I F(K.EQ.2) L_13
DO 97 1"1,8

i IdtlTE(L,*) * o
97' COUTINUE

kit i TE( L, *) o ***. _._..=_.amm_*****,
bltITE(L,*) o ** C_IfJUiD NENU ***

i _ITE(L,*) * mt****m*********,
bIRITE(L,*) * *
WRITE(L,*) * PLease type the number or Letter of the variable'
IJITE(L,*) * you wish to chlurqleand PRESSENTER.*

i IdtiTE(L,*) * ............................................. *
URITE(L,*) * (TOGGLEVALUES)*
tdRITE(L,301)
i F(ITEST.EQ.O) THEN

klRITE(L,*) * COALGAS0

i END1FIF(ITEST,EO.1 ) THEN
bIITECL,*) * METHANE*
INSFRACTsO.

i INC02"0.
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I
IMCO"O.

i [MH2-O.IMCM4"I.
INC21M,_.
IMH20'-O+

i IMN2eO.INM2SsO.
IMSO?.mO.
IMO2eO.

i ENOIF
IF(ITEST.EQ.O) THEM

WRITE(L,302)
i F(IFLAG2.EO.O) THEN

WRITE(L,*) I EXPERIN_NTAL*

i ENOIFi F(IFLAG2.EQ. 1) THEN
IdlITE(Lt*) , THEORETICAL-:* (EQUILIBRIUM)t

EMDIF

I EMOIFWAITE(LwlJ,)I ............................................. I
WRITE(L *) , (INPUT VALUES)I
IdRiTE(L,303) ITAII

i WRITEIL,30&) IPAH8kqtITE(Lw30S) INDOTAIR
WRITE(L,306) I FCOOL
kqtI TE(L,_K)7) ITCEFFC

i WRITEIL,308) ITCEFFT
kt i TE(L,]09) ICONEFF
tatlTE(L,310) IPEFF
WRITE(L,311) IGEMEFF

i I F(ITEST.EQ.O) THEN
WRITE(L,GOl) IGASEFF
klRITE(L,402) IPRESSGAS
taIITE(L,403) INSFRACT
kitlTE(L,*) * F) COALSTATISTICSj

i WRITE(L,*) * (Amounts in MASSFRACTIONS)'kit] TE(L,&O&) INC
WRITE(L,605) IMH2
WRITE(L,606) 11402

WRITEIL,407) 11012k_i TE(L,608) INS
kIRITE(L,409) i HHVCOAL
URITE(L,610) !PERH20

i VRITE(L,611) IPERASH
kqtlTE(L,612) IZl

EHi)IF
I F(I FLAG.EO.O) THEM

i MRITE(L,*) * _) PRGOUCTSTATISTICS'
WRITE(L,*) * (Amounts in moles - DRY& SuLfur FREE)'
WRITE(L,416) IMCO2
WRITE(L,415) IMCO
klRITE(L,416) IMH2

m kiltlTElL,6171 INCH4WRITE(L,418) IMC2H6
klfllTE(L,619) IMM2

EHI)IF

I I F( 1FLAG.EQ.1) THENIdtlTE(L,613) 122
EMDIF
IF(ITEST.EO.O) THEN

I WR|TE(L,*) * *
tdtITE(L,505)
I F( ITFACT.EQ.1) THEM

IdtlTE(L,._07)

i Ell)IF
170
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I I F( ITFACT.EO.O) THEN

UIIITE(L,506)
ENDIF

I C EMD|F
C
301 FORMAT(54H I) Fuel used in IDower system )

I 302 FOMAT(54H 2) Method of finding products Leaving gas|fief )303 FORHAT(S4H 3) Teq=erature of air at inlet (Locetio_ 1) ...... ,
& FG.2,2H K)

FORMAT(S4H4) Pressure of air at inlet (Location 1) ......... ,

I & F6.2,4H KPA)
30S FOIUMT($3N 5) Mass flow rate of air at inlet (Location 1)... ,

& fT.2,YN i(G/SEC)
306 FORIMT(S4H 6) Fraction of air used to cool blades ........... ,

I & FS.3)
307 FOflNAT(54H 7) Efficiency of air compressors................. ,

& F5.3)
308 FOIUMT(S&H 8) Efficiency of gas turbines .................... ,

& F5.3)

I 309 FOIUMT(S4H 9) Efficiency of coll/bustor....................... ,& F5.3)
310 FORMAT(S&HA) Eff|ciency of pipes ........................... ,

& F5.3)

I 311 FOflNAT(S&H8) Efficiency of 9ermrator and drive ............. ,& F5.3)
/,01 FOIINAT(S&HC) Efficiency of gastfter ........................ ,

& F5.3)

I &02 FORNAT(S2HD) Pressure in 9asifiar .......................... ,
& F9.2,4H lO)A)

403 FOIINAT(S4H E) Fraction of air sent to gas|fief .............. ,
& F5.3)

i &04 FOItIMT(33H Carbon.... , F7.3)
40S FOIINAT(_H Hydrogen.... F7.3)
406 FOIUiAT(33H Oxygen.... , F7.3)
407 FGRNAT(33H Nitrogen... ,F7.3)
408 FORNAT(]3H SuLfur .... ,F7.3)

I 409 FORNAT(41H Heating value of coat... ,F7.1)410 FORNAT(49H Percent WATERin coal as received... ,
& F5.3)

411 F(NU4AT(4_H Percent ASH in coal as received... ,F5.3)

I 412 FOIUMT(S4H G) Amountof water octdedper eole of dry coal .... ,& F5.3)
413 FORMAT(S4HH) Amountof air added per note of dry coal ...... ,

& F5.3)

I 414 FOflMAT(31H C02.... , F8.5)
415 FOItlMT(31H CO..... ,FS.S)
416 FORNAT(31H H2..... ,F8.5)
417 FOIINAT(31M CI_ .... , F8.5)

I 418 FORflAT(31H Crd_... ,F8.5)
419 FGlINAT(31H N2..... ,F8.5)
503 FOIImT(40H PLease inl=_t the new value ..... )
505 FOIUMT(&IH J) AUXILIARY TURBINESTATUS)
506 FOIUMT(41N "") THROTTLE<"" )

I 507 FoRIqAT(4_H ---) AUXILIARYTURBINE<--- )URITE(L,*) ' '
URITE(L, t) ' ..... _ INPUT SELECTION ¢..... '
URITE(L, t) ' (ENTER "_ 0 <" TO CONTINUEC_IWARD)'

I IJITE(L,*) ' '
799 CONTlilLE

READ(5,'(A1)') QUEST
IF(QUEST.EO.'O') GOTO 96

I |F(QUEST.EQ.'1 ' ) THEN
EXIT'O
IF(ITEST.EQ.O) THEN
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I |TESTs1

EXIT"I
ENDIF

I | F(|TEST.EQ. 1.AND.EXIT-EQ'O) THEN
ITESTIO

ENOIF
EliOIF

I |F(OUEST.EG.'2') THEN
EXIT-O
IF(|FLAG2.EO.O) THEN

| FLAG2"1
EX|T'I

I END|FI F(I FLAG2.EQ.1.AIID.EXIT-EO'O) THEN
I FLAG2sO

ENDIF

i ENDIFIF(QUEST.EQ.*]') THEN
blRITE(6,,S03) -
READ(S,*) |TAMB

m EHI)IF
IF(CIUEST.EO.'&') THEN

URITE(6,SG3)
READ(S,*) IPN41i

i ENDIF
IF(GUtST.EQ. ,§l ) THEN

URITE(6,S03) r
READ(S,*) IMDOTAIR

ENOIF

i IF(CRJEST.EQ.16') THENURITE(6,S03)
REND(S,*) ! FCQOL.

ENOIF

i IF(QUEST.EQ. '7' ) TI_.NbiP.ITE(6,S03)
REN)(S,*) ITCEFFC

ENOIF

i IF(GUEST.EQ.'81 ) THEN
bNIITE(6,S03)
READ(§,*) |TCEFFT

EHI)IF
IF(QUEST.EQ.'9' ) THEN

I bD.ITE(6,S03)READ(S,*) iCC/4EFF
EHD| F
IF(QUEST.EQ.'A' ) THEN

I UItlTE(6,S03)READ(S,*) IPEFF
ENDIF
IF(QUEST.EQ.'i1' ) THEN

I UlUTE(6,S03)READ(Sm*) IGENEFF
ENDIF
IF(QUEST.EQ. 'C' ) THEN

i UlUTE(6,503)
READ(S,*) IGASEFF

EHI)IF
1F(QUEST.EQ.'D') THEN

URITE(6,503)

i REN)(5,*) IPRESSGASENDIF
IF(QUEST.EQ.'E' ) THEN

blR|TE(6,S03)

i READ(S,*) INSFRACTEHDIF

i 172
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|FCQUEST.EQ.mFm)THEN

I WRITE(6,*) ° Input the new mount of CARBON..... *
READ(S,*) lHC
URITE(6,*) ° Xr_t the new mount of HYDROGEN...*
READ(S,*) XNH2
ktlTE(6,*)* Input the new ulourlt of OXYGEN..... ,

I READI5,*) 11402• Mt|TE(6,*)* iqput the new amount of NITROGEN...*
READ(S,*) |NN2
URiTE(6,e) m input the new •no_'_ of SULFUR..... *

I READI5,*) IMS
END|F
|F(QUEST.EQ.*Gm) THEN

WRITE(6,§03)

I READIS,*) |Zl
END|F
|F(QUEST.EO.°H0) THEN

URITE(6,503)

i READ(5,*) 172
ENDIF
|F(QUEST.EO.*| ° ) THEN

MtlTE(6,*)* Input the new mount of C02.... *
READ(5,*) |NC02

I blt|TE(6,*)* Input the new amount of CO ,READ(5,*) INCO
URITE(6,*)' inlet the _ •mount of H2..... '
READ(S,*) XNH2

I I_ITE(6,*) ° |r_t the new Mlount of CH4.... 0READ(5,*) |NCH4 t
URITE(6,*), input the new mmunt of CnHm...,
READ(S,*) |NC2H6

I URITE(6,*)* Input the new amount of H2..... ,
READ(S,*) |NN2

ENDIF
|F(QUEST.EQ.*d*) THEN

EX|TsO

I IF(ITFACT.EQ.O) THENITFACT=I
EXIT=I

EIIOIF

I l F( I TFACT.EQ.1.AND.Ell T.EQ.O) THEN| TFACT=O
EHI)IF

EHD|F

I GO T098
96 CONT!HUE

WRITE(6,*) 'Is • desulfurization plant in*
READ(5e'(A1)') GS

I C COUNT2=1MI)OTA(1) u633.*. 4536". G;_)
NDOTA(2)'633.*.6536

I 992 COUNT2,,CO_T2+I
IX) 901 12"1,2
TFACT=| TFACT
TESTm|TEST
CPAIR=ICPAIR

I KAI_=IT.AIRTANBm_'_T_*_
PAHE=IPAHB
NDOTAiRadCOOTA(12)

I VINLET=IVIIILET
TCEFFT=ITCEFFT
TCEFFC=ITCEFFC
PEFF=IPEFF
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I
CCIGFFm|CCNEFF

I CIAIEFFIIGASEFFGEMEFF+IGEIIEFF
NSFRACTIINSFRACT
FCOOLIIFCOOL

i IqlEssGAss! PRESSGAS
NCIINC
MHEIIMH2
MO?.IIM02

i 1112"114112
NSIIMS
IIIIVCOALI IIHIIVCOAL
PERII20I!PERIl20
PERASIIIIPERASII

I FLAG2uI FLAG?.ZlmiZl
_=!_
NM2=IM2

I MCO?,"IMC3D2
IKX)slMCO
IIH2"IMH2
IICN&mlMCN&

m MC2116llMC2H6
111120,,,0.
MH?.SIO.
MS02IO.

i 110210.C v.b PARAHETERASSIGNMENTo* e

PIPEFF(1)IPEFF

i PIPEFF(2)IPEFFPIPEFF(3)IPEFF
PIPEFF(6)IPEFF
PlPEFF(S)IPEFF

i PIPEFF(6IIPEFF
NPCIITCEFFC
MPC2ITCEFFC
MPTIITCEFFT*TFACT

I MPT2ITCEFFT
P3P2"11.7

C t1_ _. = &_. ¢. ¢.&,?.¢._._. ¢,4k1_

C ** MAIMSYSTEM
C ,I,_ = _ _,_, + _. = _._. _.Irqlrl,tt

I C --) IMPUTI_.ITIAL CGNI)ITIONS<--T( 1) "TAM8
P(1)sPAN8
MOOT(1)IMDOTA1R

I C "'> 1 TO 2 (ADJUSTIIIG FORIliCREASE111SPEEDOF GAS) <-"V(2)IVIMLET
T(2)sT(1 )" (V(2Y'D2./(2000.*CPA I R))
P(2)IP( 1)*(T (2)/T ( 1))** (KAIR/(KA1R-1. ) )

m NDOT(2)INDOT( 1)
C "') 2 TO ] (ACROSSFIRST COMPRESSOR)<--

RPNI3600.
XIII)OTA( 12)/122.55

I YIaPWlRPM/.99791
XO,,2.33*Y**3.
P3P2I 1.+7. §* (X/Y)*'2. - (X/(Y*Y ) )**6.
NPCII. 5125005"( 1. +. 25*DEXP("25.*(Y- .9)*'2. )+.S*

I & DEXP("50 ." (X"XO)**2. ) )
V(3)IV(2)
T(3) IT (2)*P3P2** CCEAI R"1. )/(IIPCI*KAIR ) )
DO589 Is1,3

I TAVGs(TC:))+T(3))/2.
174
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I
CP1"32.901" lA3&.1T/TAVG

I CP2m36.599"2S21.26/TAVG
CPA'(CP2+3.77*(:P1)/(&. 77e28.97)
CV-CPA-.287
IMmCPA/CV

I T($)'T (2)_P3P2_t ((KA- 1. )/(NPCI*KA) )
UCONP1,4g)OT(2)*CPA* (T (2)- T(3))

589 C_T INUE
P(3)sP3P2_(2)
NDOT(3),4_DOT(2)

I C --) 3 TO & (PRESSURELOSS IN PIPES) <--V(4)-V(3)
T(&)"T(3)
P(4)JPIPEFF(1)*P(3)

I Iq)OT(4)ml4DOT(3)C --2 4 TO 13 (DIVISION OF STEN¢TO CCMUTON) <--
V(13)-V(6)
T(13)-T(4)

I P(1]I,,P(4)
Ig)OT(l$)s(1. -MSFRACT-FCOOL)*I4X)T(A)

C --2 13 TO lA (PRESUE LOSS IN PIPES) <'"
V(14)mV(13)

I T(14)"T(131
P(14)"PI PEFF(6)*P(13)
MOOT(14)aMDOT(13)

C m branch ***
IF(TEST.EQ.1) GOTO 14

I C --2 4 TO S (DIVISION OF STEAMTO SECONDCCI4PRES_R),c--V(S)-V(4).
T(§)"T(4)
P(5)'_°(4)

I ig)OT(5)_NS FRACT_g)OT(4)C --2 5 TO6 (PRESSURELOSS IN PIPES) <'"
V(6),,V(5)
T(6)'T(5)

I PI6le_PIPEFFI2I*P(S)
Ig)OT(6)_tX)T(S)

C --2 6 TO 7' TO 8 (ACROSSSECONDCOMPRESSOR& LOSS IN PIPES) <--
P(8)spRESSGAS

I p(7'IsPI8I/PIPEFF(3)
V(7')'V(6)
T(7)=T (6)*(P(7,)/F (6))**( (ICAI R- 1. )/ (NPC2*ICA1R) )
DO588 1-1,3

TAVGs(T(6)+T (7'))/2.

I CPls32.901 - 14_. 17/TAVGCP2s36.599- 2S21.7.6/TAVG
CPAz(CP2+]. 7"_CP1) / (4.77*28.97')
CVaCPA-.287

I KAsCPA/CVT( 7,)"T( 6)* (P(7)/P(6))**( (rA- 1. )/(NPC2°I(A) )
klCOMP2_IX)T(6)*CPA* (T(6) - T(7) )

588 CONTINUE

I ICDOT(7,),4eOT(61
V(8)'V(7')
T(8)'1(7')
Ig)OT(8)_4DOT(7)

i C --2 8 TO 9 (GASIF/ER) <--
V(9)'V(8)
TAIRsT(8)
TLIOs2S.clO
TSTEAM-STS.1,_dlO

I HOOT(21),,. 08374&*ZI*MI)OT(8)/Z,?.mOT(22)-. 5_5*MI)OT(21 )
l F(FLAG2.EQ.O) THEN

CALLGASTEHP(NC,MH2.NO2,NN2,MS,PERH20,PERASH,HHVCOAL,NN2_IK)2,
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& NCX_,NCO,NN20,NN2,IOCH4,NC2H6,HS02,NH2S,NOH,NNO,NL| QH20,

I & TL|QwNSTEAN,TSTEAN,6ASEFF,TPROOuZ1,Z2eTA|ReNASH,NH20)
EIIOiF
|F(FLA62.EQ. 1) THEN

CALLGASIFIER(NC,MH2.NO2,NN2.MS.PERH20.PERASH,HHVCOAL,NH21H02,
& MC02.NCO,NH20_MH2,NCH4,NC2H6,NS02,NH2S,NOH,NNO,NL/OH20,

I & TLlO, NSTEAN,TSTEAM.GASEFF,TPRCO,Zl .Z2,TA|R.NASH,MH20)EllOIF
NCO2G_IC02
NCOG-MCO

i NH2G'dIH2
NC_CN&
NC2H6G.dOC2H6
NN26uNN2

i NH2OG.MH:)0
MH2SG_IIHES
T(203"25.0
T(21 )'TSTEAN

I TlE2)"TL/O
T(9)'TPROD
NCl•NC/12.01
NH21ulqH2/2.016
N021,4402/32.000

i MN21uNN2/28.013NSluNS/3?..06
SUNN,dlC1.NH21.NO21+NN21+NS1
NCluMC1/SlJW

i NH21sNH21/SUNN
MO21_.1/SUMM t
NN21uMN21/SUNN
NSluMSllm

i NCOAL"NCl*12.011+NH21"2.016_N021"31•999"NN21"28.013+NS1"32.064
LHVCOAL"HHVCOAL-(NH21"NS1)'44000./NCOAL
NGAS'(NCOe28.011.MC02"44.01+NH2"2.016+MH20"18.015+NN2"28.013.

& NH2S'34.07_NCH4* 16.043+NC2H6*]O.070.NS02"64.0588 ) /

i & ( MCO_NCO2+MH2.NH20_NN2.NH2S.NCH4.NC2H6+NS02)
NASSGASuMCOeZS.011+NCO2W44.01+HH2*2.016_NH20118.015+NH2*28.013+

& NH2S'34.0760+NCH4*16.043+HC2H6*30.070+NS02"64.0588
NASSCOALuNCOAL44qASH+NH20
NASSAl R"Z2* (3.77*28.013+32 •0)

I NASSH20uZ1*18.015RGASs1545•/HGAS
LVGAS'(RGAS*536.67)/( 14.6959"144. )
LVAIR'(53.3*536.67)/( 14.6959"144. )

i Vls(LVGAS*HASSGAS)/MASSCOALV2uIMSSH20/(LVGAS_qASSGAS)
V3e(LVAiR_qASSA1R)/(LVGAS*IqASSGAS)
LHVCOAL'HHVCOAL-NH21e44011/NCOAL

I NDOT(20)=IqCOAL*NOOT(8)/(137.56"Z2)
DO 11 I"1,12

CP(1)'A{ | )-O( 1)1900.
11 CONTINUE

CALL GASPROP(HC02,H:_),MH2,HCH4,HC2H6,NH20,NN2,HH2S,HS02, NO2

i & . CPPROD,NPROD,RPRCO,CVPRCI),KPRCO,CP)NH_ • (NClt4*((o74873)-(-393522)-
& 2.*(-285838))+HC2H6*((-84667)-2.*(.393522)-3.*(-285838))+
& _IHZ*(O.-(-285838)).HC0"((- 110529)- (- 393522))+

I & NH2S*((-201421- (- 2858381-1- 2968471) )/(NCH4.NC2H6+& HH2+HCO+HH2S+NCO2+NN2)
HHVGASsHHVGAS/MPROD
LHVGAS• (NCH4*(( -74873)- ( -393522)-

i & 2.*('241827))+NC2H6*((-84667)-2.*(-3935221-3.*(- 241827) 1+& NH2*(O." ('241827))+NC0"((- 110529)- ( -393522) )+
& NH2S*(('20142)-('241827)-(-296847)))/(NCH4.NC2H6+HH2+HCO+
& NH2S.NCO2+NN2)
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I
LINGA_LHVGAS/NPImD
NHV2D-ICOe28Z_3._1N2"2858_. qtCl_*SgO322. +NC2H6*1559881. *

m & NHZS*562543._ H20"46000.LNV2D'melCOe282993._H2_241827'.'t41CH4*802310.._lr..7.H6*1427844. +
& NH2Se518543.
NIDm(NCOO28.014.NCO2e44.01.HH2e2.016.NCH4*16.043441C2H6"30.07'.

I & NN2eU. 013+NH2Se34.22)N29_I1D/(IICO_NCO2+NH2+NCH4_IC2H6+NN2.NH2S)
HNVIPD"HHV21)/M1D
LHVPOsLHV2D/N1D

I NWPPO"(1.1127_)'3 )*N29*HHVP9
LINPPg"( 1.11279"3)_429*LHVP9
HHV2W"4iCOe282993..NH2t285838.44tCH&*SVO322.+NC2H6*1559881.+

& l N2S*a.t_u._.rl,Lu_1_.¢_tN20e440¢X).

I L_282_P3.'oNH2t241827'._IICH&*802310. +NC2H6*1427844.+
& NH2St'518543.
N1W,,(NCOe28.01.NCO2e&&.01+lIH2"2.016_IICH&*16. O&3+NC21_*30.07+

& NN2e28.01344iH20e18.01S.HH2SO34.22)
N2U'N1UI(NCOqlCO2+NH2qlCHA*NC2116qINZc41N20*IIH2S)

m NHVIPWmHHV2W/M1WLHVIPWmLHV2W/M1U
HHVIPPWu(1. 11271)'3)_¢2VeHHVPU
LHVPPWu(1• 1127D"3)*M2VOLHVPW

m P(9),d_ESSGASNDOTASHa((PEI_SH_DOT( 20 ) )/ ( 1. - PERASH). ( PERASH*PERH2OV_g)OT( 20 ) ) /
& ((1. -PERH20)*(1. -PERASH)))/(1. - ((PERASH*PERH20)/((1. -PERASH)*
& (1 .-PERH20))))

I NDOTH20"(PERN2OVWDOT(20)+PERH2OeNDOTASH)/(1. - PERH20)
NDOT(23).44DOTASH t
NDOT(9)_E)OT (8)_DOT (20)+NDOT(21 )44®0T(22)qqDOTH20
NDOT(20)_DOT (2O)+NDOTASH+NDOTH20

I C '-> 9 TO 10 (PRESSURELOSS iN PIPES) <--
V(lO)'V(9)
T(IO)mT(9)
P(IO)mpIPEFF(4)*P(9)
m)OT(IO)"NDOT(9)

I C --> 10 TO 11 TO 12 (ACROSSFIRST TURBINE& LOSS IN PIPES) ¢--P(12)mp(14)
P(11)mP(12)/PIPEFF(S)
V(11)mY(10)

I T(11)'T(lO)*(P(11)/P(10))tre((NPT1*(I(PRO0-1. ))/I(PROD)
NDOT(11),ml_T(10)
k'TURB1_M)01( 11)*CPPROO*(T(10) "T( 11) )
V(12)"V(11)

I TC12)'T(11)
NDOT(12)'4¢DOT(11)

C "'> 12 & 14 TO 15 (THROUGHCCNSUS;OII)<'"
ZatlX)T( 13)*(NC0"28.011_iC02"4& .01.NH2"2.016+NH20"18. 015+

I & NN2"28.013+NH2S'3_. 07'60+NCH4*_6.043+HC21M*30.070+
& HSO2*6&.0588)/( 137'.61*ICDOT(11) )

XlmSi;"(NCO*?.8.011+NCO2*&&.01_IIH2"2.016+NH20"18.015.
& NN2"28.813+NH2S*_K*.0760*NCH4*16.O&3.HC2116*30.070+
& HS02"66.0S88)

I 14 IF(TEST.EQ. 1) THEMZ,'6.37'
P(12)mP(14)
P(11)m150.

I T111)m]O0.
V(ll)"V(2)
MDOT(11) eMDOT( 13)*. 1166/Z
DO 13 181,12

J CP(I )mA(I )'S( i )/450.
13 CONTINUE

CALLGASPROP(NC02,NCO,NH2,NCI_, NC2H6,HH20,NN2,NH2S,NS02,NO2
& , CPPlK)O.NPROD,RPROD,CVPRO0,KPROD,CP)
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I
V(12),,V(11)

I T(12)-'T(11)*(P(1Z)/P(11))ev'((KPRO0-1. )/(.9_KPRCO))IPmOT(12)leqDOT(11)
UCCNP2,4¢DOT(12) *CPPIK)D*(T ( 11)- T(12))

ENBIF

I TAlhTll&)• TREACT"T(12)
PItESS_(14)
LHViLHVGAS

I IFITEST.EQ.1) THEM
LHWSO010.

EMl)IF
IF(GS.EG. IyI .OIt.QS.EQ.*y' ) HH2SqIH2S*.OSO

i CALLOOHIIUSTOA( NN2,Z, NC02,NCO,NH20,MH2,NCH4,NC2H6,
& MGO2,HH2S,TAIR,TREACTwTPRCO,PRESS,N,NO2,LHV,COMEFF)

V(15 )sV(1&)
T( 1S)sTPROD
P(15)uP(14)

I Ig)QT(15)nl)WOT( 14).HG)OT(12)U,,?
C "') 15 TO 16 (ACROSS SEO01IOTURBINE)

DO 12 !m1,12

I CP(I )"A( I )'II( I )/1200.12 CONTIIKIIE
CALLGASPROP( HCO2, HCO,MH2,NCH&,NC21MINH20,MN2,NH2S,HSO2,N02

& ,C:PPRQD,HPItOO,RPRCO,CVPROD,KPROO,CP)

I Pl 1818102.000P(16),,(P(18)/P(15))**.3333333333*P(15) r
I(T'(277.7"_(T(15)e*.5))/P(15)
NDOTT(12)"((KT*P(15))/(T(15)**.5))

I DI FF2(; 2)qqDOTT(12) -NDOT(15)
901 CONTINUE

NDOTA(2)n(NDOTA(2)*DI FF2(1)-IqDOTA(1)*DI FF2(2))/
& (DIFF2(1)-DIFF2(2))
lE)OTA(1)'.99eNDOTA(2)

I TEST2uAIIS(D! FF2(2) )IF(TEST2.GT..O01) GOTO 902
P(17)adD(16)
V(16)'V(15)

I T(16)sT(15)*(P(16)/P(15))**((NPT2t(KPROO - 1. ))/rJqio0)
NDOT(16),4¢DOT(15)
UTURi121ulOOT( 16)tCPPRO0*(T ( 15)- T(16))
Ig)OT(17),4qDOT(16)+NDOT(A)"FCOOL

I T( 17)8(FO00LeNDOT(4)*T (&)+NDOT(16)*T _16))/( FO00L_OOT(lo)+
& MDOT(16))
V( 17)-V(16)
V( 18)-V(17)
T(18)-T(17)*(P(18)/P(17) pre((MpTZe(KPROD.1. ))lKPR00)

I NDOT(18)sNDOT(17)UTURB22nHDOT(17)*CPPRO0*(T (17)- T(18))
VTUH?._ITUII821¢_1,mil22

C ,re SEC(NIOCCNBUSTCIte,D

I IIAT( 11".020ILAT(2)8.018
829 COUNTIt,_XXJNTR+I.

00 8&9 !'1,2

I HINCsHHVCOALTREACTzT(18)
TPROD"O.
PRESSuP(18)

I flCluCqCtRAT( I )/12.01
MH21uMH2*RAT( I )/2.016
NO_luMO2eRAT( l )/32.000
lOI21ui4N2*RAT( l )128.013

I MSlelCSeItAT( 1)/32.06
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I
NCF,41¢I

i l12F_4H21
MI_F,qlI_I

NSFI41S1

NN2Oq_NZO

I NN2SEqN2_N6
N(2N61_MC_N6
NSO_S,,USO?.

i NNaSS,mHZS

NFINES_NCF*12.01I*NNIF*2.016*NO2F*31.999*NNlF*28.013.

I & mF*]2.06&
ImAIqlN2S*U. 013qiO2r32. O00_NC02S*_. 0104tlC0S*28.010+

& NH20S'18.015*NN?.SE*2.016_ICH&S*16.O&3*_lC2H6S_28.OS&.
& NSO25*61,.O66,W12Sr3&.O76+NOItS*17.OOT+MtOS*30.O06

i PEREXTRAS_qERH204_PIERASH
NEXTRASm(PEREXTRAStHFtNES) / ( 1. - PEREXTRAS)
NASN'(PI_RASH/PEREXTRAS)*I_XTRAS
_(PERH20/PEREXTRAS)_(EXTRAS
NH2OSmNH_QS_NH20/18.015

I NA][RmNGAS*FCQOL*II)OT( &)/4DOT( 15)
lP

NO2S,,NO2S,HM1R/137.56
NNZS,_I?.S¢4MIR*3. TT/137.56
CALLCONB_TOfl2(NN2S,N02S,NC02S,NCOS,NH20S,NH2SS,NCWtS,NC2HGS,

I L NS02S,NH2SSwNNOSwNOHS,liCF,NH2F,NO2F,NN2FoNSF,HHVCtNASH,& TREACT,TPROD,PRESS,COHEFF,,NF/NES,D| FFN)
DI FFY(I)nOI FFH

849 COIlTtIAE

i RAT(2)m(ItAT(2)tDI FFY(1)-UT(1 )*OI FFY(2))/(D! FFY(1)-OI FFY(2))
RAT(1)81. os'qLRT(2)
TEST2,QUIS(DI _FY(2))
IF(TEST2.GT.._) GOTO 829
NDOT(50)'NDOT ( 15)*NF! NES/NGAS

I T1501-298.15P($0)'101.325
MDOT(51)_NDOT(15)tMASH/MGAS
T(S1)sTPROD

I P(51 ),,PRESSNDQT(19)aqDOT(SO)_DOT(18)-NDOT(51)
TC19)sTPRGO
P(19)sP(18)

I NDQTASH21((PERASH_I)OT(SO))/( 1. - PERASH).(PERASH*PERH20_qDOT(SO))/
& ((1.-PERH20_*(1 .-PEP.ASH)))/(1 .- ((PERASH*PERH20)/((1 .-PERASH)*
& (1 .-PERH20))))
NDQTH2021(PERH2OeN)OT(SO)+PERH2Q_iDQTASH2)/(1. - PERH20)

I IF (TEST.EO.1) THEN

¢

TOT21K)flKaqdTURB2*klCClIP1
TOTI4)RK'TOT2UORK

i ENOIF
|F (TEST.EO.O) THEN

TOT11,IORKstdTURBl_/TURB2+UCOMP1+t_OI4P2
TOT21_ORK,_TURB244K_MPI+UCOHP2
IF(TFACT.EQ.O) THEN

I TOTUORKmTOT21_RKENDIF
| F(TFACT.EQ.1) THEN

TOTUORK'TOT1UORK
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m EUDIF
T(Z3)slO00.

m PIZO)_(S)
P(Z1)IP(8)
P(_)-P(8)
P(Z3)_P(8)

EIIDIF

m T(20)sT(20)+27_. 1§T(_)mi (22)+273.15
TOTIdWW'TOTIdOIUC*6EII£FF
TOT1UOI_aTOTlldOIUC_ENEFF

m C TOT21dI_KmTOT2MmlI(_EItFF
CALLGASPI_P( NCO2.NCO. WI2.NCIM,IIC2116,RII_O, II_ , NH2S.U_O2, U02

L .CPPED,_.RPI_,C14H_.I(PROO.CP)

m CALLNEATRECOUERT(T.P.IQ)T,ILNET.IdPUNPR1.ILUEHI2,1LPtNHQ,& IdTIJIUIR1.IdTUIRM2,VTWM3,VTURM&.QSUPER,ONIHIOiL, 0LPOOiL,
& (ICOIIDEMliFJ,QPII_LOSS. CPPIK]O)
klTUUUI=W¢_

m TOT]I4_aTOT 1MOIU(,o,MTtJRM
TOT4AdORICmTOT2MOIU(4MTURBR

C
C _r. GASTURBINE- THROTTLEAFTERGASIFIER

EFFGASId_TOT2MOI_I(/(NDOT(9)*LHVPU) .

m HRGASM2,,3&13.lE FFGASM2EFFCOAL2-TOT2UORI(/((NDOT(20)-i_OOTASN- NDOTH20) *LHVCQAL)
EFF2eTOT2UORi(/(14)OT(12)'50010)
HitCOAL2s3413./EFFCOAL2

m HRla]&13./EFF2 eEFGASM2,,TOT2U_IC/(NI)OT(9)*HNVICM)
HRGVZs$613./EFGASV2
EFCGM._TOT2MORi(/((I_OT(20)- NDOTASH-IQOTH20)*HHVCQAL)

m NRC2:3&13./EFCOAL2
EFF,,E_'F2
mt,_.2

C

m c t. GASTURBINE- RECOVERYTURIIliE - THROTTLEAFTERGASIFIER **
EFFGASi_mTOT4UORI(/(NDOT(9)_LHVPU)
HRGASU&s3413./EFFGASI_
EFFCQAL4"TOTAUORK/((NDOT(20)"HDOTASH'NIX)TH2Oc4iDOT(50)"NDOTASH2-

& NDOTH202)*LHVCOAL)

m EFF4aTOT4M)RK/(NDOT(121"S00101HRCOALAm3413./EFFCOAL4
HR4m3&13./EFF4
EFGASU4mTOT6UORK/(NDOT(9)*HHVPU)

m HRGU4m_13./EFGASU4EFCOAL&"TOT/ddQRK/((M)OT(20)-NDOTASH-NDOTH2Oc4¢DOT(SO)-NI)OTASH2-
& NDOTH292)*HHVCOAL)

HRC&m3_13./EFCOAL4

I °C .v, GASTURBIME" TURBINEAFTERGASIFIER **
EFFGASUI,,TOT1UORK/(MDOT(9)*LHVPU)
lUlGASUl"3413./EFFGASU1
EFFCGALlmTOT1UORK/((NDOT(20)-NDOTASH-NDOTH20)*LHVCOAL)

m EFFlmTOT1UORK/IHDOT(12)'50010)NRCOAL1m3413.IEFFCOAL1
lIRl"3413./EFF 1
EFGASUI"TOT1UORK/(IOOT(9)*HHVPU)

I Nt6Ul-3413./EFGASldlEFCOAL1"TOTI klORK/((NDOT(20)-NDOTASH-NOOTH20)*HHVCOAL)
HRCl"3413./EFCOAL1

C

m c ** GASTURBINE" RECOVERYTURBINES- TURBINEAFTERGASIFER**EFFGASU3"TOT31dORK/(NDOT(9)*LHVPU)
HRGASk(_3413./EFFGASld_
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I
EFFCOAL_TOT_IOIUU((liDQT(20)'NDQTASH'NDOTN2OtNDOT(50) -HOOTASH2"

& 100TN20?.)eLHVCOAL)

I |FF_T_(Ig)OT(12)'50010)INICQAL_3413. lE FFCOAL3
_13./1[FF3
EFGASU_TOT3UOtK/(HOOT(9)*NNVPU)

I HilGId_3613./EFGASU3EFCQAL_TOT3MXIR/((HOOT(20) -HOOTASH-HOOTH20+I¢DOT(50) -NI)OTASH2-
& NI)OTN202)*HINCOAL)
NRC.3a3A13. IEFCOAL3

I °¢C ---;---=-_-_'_---_-
C e, PRINTING

i C ;"_ ;'-__-_";';"'" ;"
O0 797 1(#1,2
IF(K.EQ.1) L=6
t F(K.Eg._) L"13
IF(FLAG2.EQ.1) THEN

i VRITE(L,*) * *UR/TE(L *) o GAS/F|ER PRODUCTS*
ssulPNCO2G+NCOG_HN2G+NCH4G+NC2HGG+NN2G+NH2OG+NH2SG
MItITE(L,701) Nco2G/eeul

i URITElL,702) NCOG/seumVRITE(L,703) NH2G/ssum
WRITE(L, 704) NCH4G/os_I
UItITE(L,70S) iIC2H6G/ssIJn

i UR]TE(L, ?06) NN2G/su
VRITE(L, 707) NH2QG/SSUll r
VRITE(L,708) NH2SG/ssml

701 FORIMT(27H CO?............ • ,F9.7)

i 702 FORNAT(27H CO ............ ) , F9.7)
FORHAT(27H H2 ............ ) .F9.7)

70& FCIUiAT(27H Cl_ ........... ) , F9.7)
705 FORHAT(27H C2H6 .......... • , F9.7)
706 FOItNAT(2?H N2 ............ • ,F9.7)

i 707 FORNAT(27X H20 ........... • , F9.7)708 FORMAT(27H H2S ........... • ,F9.7)
ENDIF
URITE(L,*) I *

i MtlTE(L,*) * ENGLISHUNITS*VRfTE(L,*) _Location degrees F I=I| Lbm/sec*
DO 20 I"1,51

VRITE(L,32) I, (T(;)'1.8"460.), (P(l)_'. 145),

i & (HOOT(! )*2.204585538)
20 CONTINUE

VRITE(L,*) * *
URITE(L,*) * NETRICUNITS*
WRITE(L,*) * Location degrees K KPA kg/sec*

i DO 21 1#1,51_ltITE(L,3 :)) ],T(I),P(!),HOOT(I)
21 CONTINUE
32 formt(2x, |4,5x, fS.2,Sx, f8.2,Sx, fS. 2)

i VR|TE(L,*) * *URITE(L,*) * CONSUSTOR1 PRCOUCTSI
|SStai_N2_IO2.NCO2+NCII+NHZO+NH2+NCH4+NC2H6+NSO2+NH2S+NOH+NNO
bBtITE(L,601) NN2/ssmJn

i VRITE(L,602) iOZ/sestJVRITE(L,603) NCO2/SSslJII
VRITE(L,6U6) NCO/SISLim
WRI TE(L, 605) iX;)O/sssua

i VRITE(L,606_ NH2/sssun
VR! TE(L, 607) NCH4/sssIJ
VRITE(L,608) iCZH6/sssum
VRITE(L,609) NSO2/ssstm
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I
5111TE(L,610) IIH2Slssman
IllITE(L,611) MOHlUIIJI

i MtITE(L,612) MNO/usulURITE(L,*) I I
UR|TE(L,*) * CCNBUSTQR2 PRCOUCTS*
_2S+NO2S+NCO2S.NCOS.NH2OS.M H2S+NCH&S+

i + NC2H6S+NSO2S¢4iH2SS44iOIiS+NNOSURITE(L,601 ) d2S/esse_m
URiTE(L,602) NO2S/sssstm
tJiTE(L,603) MCO2S/ssssue

i VRITEIL,(d)&) MCOS/sssslJa
UIIITE(L,_)5) MH2OS/sssmal
URITE(L,606) MH2SIf_sm,an
14IITE(L,_)7) MCI_Slsssu

i UflITEIL,608) NC21MS/SSSSlm
UIIITE(L,_)9) MSO2S/ssssua
IJITE(L,610) MM2SS/ssss_
illITE(L,611 ) MOHS/ssss_
VllITE(L,612) llliOS/ssssum

i 601 FORHAT(27H M2 ........ • ,Fl1.5)602 FORNAT(27H 02 ........ • ,F11.S)
603 FOflNAT(27H CO?. ........ • ,Fl1.5)
604; FOIUMT(27H CO ........ • ,Fll.S)

i 605 FOIU4AT(27H M20 ........ • ,Fl1.5)606 FOIUMT(27H H2 ........ ), ,Fl1.5)
607 FORNAT(27H CH4 ........ • ,Fll.5)
608 FORNAT(27H C?.H6........ • ,Fll.S)

i 609 FORNAT(2?H SO?. ........ • ,Fl1.5) e
610 FORNAT(27H ii2S ........ • ,Fl1.5)
611 FORNAT(27H OH ........ • ,Fl1.5)
612 FOItNAT(2?H NO ........ • ,F11.S)

i UlUTE(L,*) ' *
IJlTE(L,*) ' ttORKINPUT/OUTPUT(I(U)*
IllITE(L,*) * '
idllTE(L,*) * blORKFROMNAIM GASTURBIHE (GE NS7001 HEAVYDUTY)'
MIITE(L,621 ) UCI3NP1

i UlUTE(L,_.2) UCOiP2UIIITE(L ,&23) I/TURI1
1411TE(L,_.4) UTURI2
MUTE(L,*) * '

i klUTEIL,_.6) TOTUORKURITE(L,625) UTUROll
klIITE(L,627) (WTUIIH+TOTI_II()

621 FOIUMT(41H Uork of FIRST COHPRESSOil......... • ,F9.1)

i 622 FORIMT(41H Uork of SECONOCOHPRESSOR........ • ,F9.1)
623 FORNAT(41H Uork of FIRST TURBINE............ • ,F9.1)
624 FORIMT(41N Uork of SECONDTURBINE(optionaL)-• ,F9.1)
62S FORNAT(41H Met Uork of RECOVERYTURMIMES....... • ,F9.1)

i 626 FORNAT(&6H TOTALOUTPUTOF GASTURBINE(GE N571001)--)_ ,F9.1)
627 FORNAT(&6H _ TOTALCUTPUTOF SYSTEH*vr**v,_ .• , F9.1)

IF(TEST.EQ.O) THEN
UiUTE(L,*) ' *
klRITE(L,*) * HIGHEFoHEATINGVALUES'

i VlUTE(L,*) I KJ/i(G BTU/SCF*t411TE(L,631) HHVPO,NHVPPO
tliU TE(L, 6._?.)HNVPV,HHVPPV

631 FOIIHAT(2X,IOHHY BASIS ,4X,FZ.2,11X,F6.2)

i 632 FORNAT(2X,IOIIMET BASIS ,4X,FT.2,11X,F6.2)MUTE(L,*) * *
MIIITE(L,*) I LOUERHEATINGVALUES'
URITE(L,*) I ICJ/KG BTU/SCFI

I tllllTElL,_3) LHVPD,L_
MIITE(L,_) LHVI_,LNVPPU
FORHAT(2X,IOKDRYBASIS ,4X,FP.2,11X,F6.2)

634 FORNAT(2X,IOHWETBASIS ,4X,F7.2,11X, FG.2)
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IL u

I
I blRITE(L,*) * '

14riTE(L,*) * HEAT RATES& EFFICIEIICIEG*
IF(TFACT.EQ.O) THEN
IdtlTE(L,*) , I
IdRITE(L,,) I GASTURBINE'THROTTLEAFTERGASlFIERe

I biRITE(L,*) * (HIGHER HEATINGVALUES)*. kIIITE(L,641) EFCOAL2
URITE(L,642) HRC2
MUTE(L.6_3) EFGASU2

I URITE(L,6_) HRGU2WRITE(L,*) * (LGkMRHEATINGVALUES)°
URITE(L,641) EFFCOAL2
klRITE(L,642) HRCOAL2

I MRITE(L,6&3) EFFGASW2
MIITE(L,64&) HRGASM2
W|TE(L,*) t *
IJlTE(L,*) * *

I biRITE(L,*)*GAS TURBINE'RECOVERYTURBINE'THROTTLEAFTERGASIFIERI
URITE(L ,) I (HIGHER HEATINGVALUES)t
WlTE(L,641 ) EFCOAL/*
kMITE(L,6&2) HRCA
URITE(L,*) * (LQUERHEATINGVALUES)*

I MUTE(L,641) EF_:COAL4URITE(L,6&2) HRCOAL4
URITE(L,*) * *
EliDIF

I i F(TFACT.EQ.1) THENURITE(L,*) * * t
URITE(L,*) * GASTURBINE'TURBINEAFTERGASIFIER*
URITE(L,*) o (HIGHER HEATINGVALUES)*

I i_ITE(L,641) EFCOAL1
bMITE(L,6_) HRC1
URITE(L,643) EFGASU1
URITE(L,6_) HRGU1
URITE(L,*) * (LOWERHEATINGVALUES)*

I kMITE(L,641) EFFCOAL1URITE(L,6_) HRCOAL1
URITE(L,6&3) EFFGASU1
I_ITE(L,6_) HRGASU1

I URITE(L,*) * *URITE(L,*) * t
URITE(L,*)*GAS TURBINE'RECOVERYTURBINE'TURBINEAFTERGASIFIER*
URITE(L,*) * (HIGHER HEATINGVALUES)*

I URITE(L,6&I) EFCOAL3
URITE(L,64 :)) HRC3
URITE(L,*) * (LOUERHEATINGVALUES)*
kMITE(L,641) EFFCOAL3

I URITE(L,642) HRCUAI.3
WRITE(L,*) * *
EtiOlF
URITE(L,*) * RELATIVE FLOUS*

I URITE(L,645) (flDOT(21)/14DOT(20))
URITE(L,646) ((HDOT(21)*JI)OT (22))/HDOT (20))
MIiTE(L,647) (HDOT(8)/MDOT(20))
URITE(L,648) Vl
UlUTE(L,649) V2

I URITE(L,6SO) Y5641 FOMMT(30N COALEFFICIENCY .......... > ,FS.A)
642 FORMAT(30HCOALHEATRATE ........... • ,F7.1)
643 FORNAT(30H GASEFFICIENCY ........... > ,FS.4)

I 644 FORNAT(30H GASHEAT RATE ............ • ,F7.1)645 FOiUMT(30H LBlqSTEAM/ LBMCOAL.... • ,F7.4)
6/6 FGRNAT(30HLBMSTEAM&MATER/ LBN COAL> ,F7.4)
647 FORMAT(30H UCBAIR / LBMCOAL -"> ,F7.4)

I 648 FORIMT(FB.A,30H STD FT*3 GASOUT / LBNCOAL)
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I 649 FQRNAT(F8.S,3GH LBN H20 / STD FT'3 GASOUT )

650 FQ_AT(FS.S,3_)H STO FT'3 AIR / STO FT'3 GAS)
EHDiF

i IF(TEST.EQ-1) THEli
blITE(L,*) ' *
URITE(L e) , (USED ONLOVERHEATINGVALUE)'
t4tlTE(L,*) ' Eff|ctencY-"> ',EFF
kgttTE(L,*) i Heat Rate .... ) ',HR

i EliOIF797 CONTINUE
CLOSE(13)
BiO

DOUBLEPRECISION IICO_,n_u,nn'_..,..'CP.lZ )GO CttlqUJu,s_'suu, •

I & CPPItOO,_, ItPR , ...... 4.44iHEO*CP(§)441H2*CP(_)+cm_0os(,Nz'c_(1).,cos'cP(_)?__"_'_'-':.'_'.'.:._.._,,1o),_)z.cp(z))/
........ •.. _.._.,L.Cp (8)+US_-1.r' I,ya",, ..... _ _

& XCX4-_.rsra"m,''" ._NC2116,*4tSOZ'_IIOZ)
¢ (NCO,IICO2.NH2_iH20_IN2.NX2S_CI__....... ,* 015_iN2"28.013.
"lw_s(ICO*28 011.liCOZ*4&.01_ttHZ"Z.OlO'mn=v-"u"v_".... ,,..,._,

I i""- ;m.._:on,o.uc_,.,16.0,,:s.,.,_.:so.o_,'-o_'o"-'_o°""& 31.999 ) i (NCO_NCO?..NH2.tiH20+tiN2+NH2S44iCi_4iC2H6_4iS02.It02)
CPPROO-CPPI_/W_O
RPItOOIS.31&&/14PROO

m C_mO,CPPROD-I_RO0ICPROO,QPItOO/CVI_tOO
ItETU;tli
E_O

I C SUOROIJTINE GASIFI ER(NC,NH2,NO2,flN2,flS,PERH20'PERASH'HHV'MN2'ft02'
MC02,NCO,flH_O,NH2,NCH&,NC2H6,NSO2'NH2S'flOH'NNO'HLIOH20'TLIG'

& ,TPROD,Z1,Z2,TAIR,flASH,NH20)& XSTF.Mq,TSTFJ_,GASEFF

I OQUBLEPRECISIONNCO2,MCO,MN2,NHO,& A(11),B(_ 1),T(2),X(S), H(11),S(11),G(ll),ECOliST(S)'
& Di FF(3) ,NClt_,liC2H6,1t$02,NH2$,NC,lIS'Zl 'Z2' IO(11) ' il298(11 )'
& S296(11),N(11),NLIOH20, HAIR,TLIQ' TSTEN4'TAIR'NC1,NH21,fl021,
& MS1,SUNN,NSTEAN,NN21,flC.NH2,HO2,flN2,MS,MH20,MH2,H02' HHV'

I & DiF1,D1F2,OIF3,DI F4,D 1FS,DI F6'NCOAL'HASH'PERASH'& PERH20,MH20,NEXTRAS_PEREXTRAS,MFACT,
& 6ASEFF,liOH,TPItOO,D1FT,SUN1,P

INTEGER! ,J,TEST,COUHT

I OPEN(UNIT'I 1. FILEs 'DATA1' ,STATUSs'UNKHQUM*)O0 10 Jsl,10
READ(11,*) ID(j),A(j),B(J),H298(J),S298(J),M(J)

10 CONTINUE

m CLOSE(li)T(1)slO00.
T(2)s860.
IIFACTsl

I COUNT'4)•
C m, ;Mill LOOP_
C "_""";""""-" :""- """__"_

I p_ZO.*101.325
N¢,4_¢/12.01
liH2_44H212.016
NO2,4t02132.000
N12-_2/28.013

m Ns, ws/_2.06su_siic_tN2,4102_lN2_4is
SUNlasuNN

I lICl,,ICNH2,,x,21sum
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I NH21uNH2
UO2=UOZ/m

I M021,4002
HMN21SUNN
H21,,NN2
NSlq$1SIJNN
NSluNS

I NAIRuZ2NLIQH20u.36:IOtZl
NSTF.AI_(1.0dO", ]6dO)*Z 1
MCOAL"NC_12,011+NH2t2.016_102"31. q_P_lN2°28.013+NS*32.064

i PEREXTRAS_PERH20+PERASH|F(PEREXTRAS.|O.O) GO TO 25
NEXTRASu(PEREXTRASVNCOAL)/ ( 1. OdO- PEREXTRAS)
NASHu(PEPJtSHIPEREXTRAS)*MEXTRAS

i NH2Ou(PERH20/PEREXTRAS)eMEXTRAS
ZlnZ144qH20118.

25 CONTINUE
20 COUNTsCQUNT*I.

I DO did)i'1,2
DO30 J'l, 12

H(J)mH298(J).A ( J)*(T( I )- 298. ) -II(J )*DLO(_(T( I )/298. )
S(J)sS296(J).A(J)*DLOG(T( | )/298. ).ll(J)*(1 ./T( ! )'1 ./298. )
G(J)sH(J)-T(I)*S(J)

m 30 CONTINUEECONST(1)u((G(6)+G(3)-G(5)-G(&))/(8.3143&eT(l)))
ECONST(2)=((G(4)+3*O(6)-G(7)-G(5))/C8.31&34*T(I)))
ECONST(3)8((rG(&).SeG(6)-G(8)-2.VG(5))/(8.31&34*T(1)))

I ECOIIST(&)u((G(lO).Z*GC_)-G(9)-3*G(6))I(8.3143&*T(I))) eCALLEGL/IL(ECONST,PwXwZl _Z2,NC1,NH21wN021,NN21ellS1_T( | ) mNFACT)
MCO=41Cl-2.*Z2-2.*I;O21.X(1)-X(2)-2.*)((3)
NCO2s2*Z2.ZeMO21-X(1)

I NH2,41H21441C1-NS1-X( 1)°3 .*X (2)- 5.*XC3)+3.*X(4)
NM20-Z1-NCl.X(1)+X(2).2.*X(3)-2.*XC4)
MM2uNFACT*3.77eZ2.NN21
NH2SwJiSl-X(&)

I NCH&"X(2)
HC2H6=X(3)
NSO?,"X(4)
NO2,,O.00
Di F18"(1. "GASEFF)*NCOAL*HHV

I D! F2m(MLiOH2G_H20118. )* ( - :_85838.+( 72. L_815"( TL!Q-25 )+& .026086" (TL IO**:). -625. )))
DI F3-NSTEAM*( -2&1827_2.02* (TSTEAN+298o) -

& 3050.7_9LOG(TSTEAM/298.))

i D! F48(MC1*(-393522)+NH21"( -285838).NS 1"(- 2968&7)+& HHVe(NC1*12.011.MH21*2.016+N021"31.999+NN21"28.013+
& NS1"32.06))

D! FS"'(NCOeH(&)+NCO2OH(3)+NHZ*HC6)+NH20*H(S)+NN2*H(1)+

i & MH2S*H(IO)+NCH4*HCT)+N_2H6*HI8)+NSO2*H(9))
DI F6='NASH*I. 100"(1000-298.15)
DI FTsNAIR*(O. +A(2)*(TA |R-298. )" 11(2)*I)LOG(TAIR/298. ))+

& 3. Tr*NAIIt*(O..A(I)*(TA I R-298. )-iI(1)*DLOG(TAI R/298. ))

i DIFF( ! )uDI FI_P! F2*O!F3*DI F4+DIFS*DIF_O I FT
CONTINUE
T(2)8(T(2)*D ! FF(1 )'TC 1)*Di FF(2) )/(DI FF(1 )'OI FF(2) )
TESTuAIIS(DI FF(2) )
|F(TEST.GT..1) GOTO 20

I TPIIOOuT(2)RETURN
EHD

C

I SIAIROUTIME EOUIL(ECONST,P,X,Zl ,Z2,NC1,MH21,N021,NN21,NS1,T,MFACT)D(XJMLEPRECISIONECONST(4),X(4)eA(&e4)fB(&),F(4),FO(4),
& DX(&),Z1, Z2,MC1,NH21,N021,NN21,NS1,T, NFACT,ACON,BCOM,
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I
& Nll22,NN202,P,DELX

I 1NTEGERJ, TEST,||F(T.GT.9SO. ) THEN
ACOO_.77528D"1
DCOW,-9.97,MAO-1

i X(1 )sACONv_XP("ECOUST( 1)*BCON)
ACON'3.27707D- 1
IICCqln"2.18632D" 1
X(2)_kCON_)EXP(-ECONST(2)*DCON)

I A_ms4.4712_O-&
DCONm-1.99_)_" 1
X(3)uACON*I)EXP("ECONST(3)*BCON)
AtONal. 1817'6D"7'
BCONu'4.247600"1

i Xl4luACQN*DEXP("ECOIiSTI&I*iICON)EIIDIF
IF(T.LE.gSO) THEN

ACmU,,2.16083D-1

I ICON--6.724_M0-1X(1 )uACON*I)EXP(-ECONST( 1)*BI:ON)
ACOI_..4166W)- 1
lCm_. lOTrSO-2

I X(2)aACON*OEXP(-ECONST(2I*BCON)
ACON'3.4132&D'5
NCONsS.61858D'3
X(3)_ACON*DEXP(-ECONST(3)*BCC_I)

i ACON,_.S63129-8
iCOb-3.80S230-1
X(&)sACON*OEXP("ECONST(&)*BCON) r

ENOIF

i 10 CALLKU(X,P, FO,Z1,Z2, NC1,HH21_NO21,NN21,NS1,NFACT)
DO 30 Iu1,&

DELXs.01*X( ! )
X( l )'X( I )+(DELX
CALLKU(X,P, F.Z1, Z2, NC1,NH21,10021,NN21,HS1,NFACT)

i DO 20 Jul,&A(J, I )'(F(J)" FO(J))/DELX
20 CGIiTINUE

X( | )-X( | )-DELX

i B(I )sECOilST( 1)" FO(I )
30 CONTINUE

CALLGAUSS(A,DX,B,4)
TESTuO.

I DOLd) !"1,4
X(I)=X(I)*OX(I)
TEST=TEST+ABS(DX(I )/rX( I ) )

40 CONTINUE

i NH22_H21+NC1-HS1-X(1 )-3.*XC 2)-S .*X (3).3.*X (4)
HH202uZ1-NCI+X( 1)+X(2)+2.*X(3)- 2.*X(4)
1F(NH22.LT.O) THEN

X(Z)-(-.O1+NH22+3.*X(2))/3.
ENDIF

i I F(NN202.LT.O) THENX(1)-.O1-Z1-NC1-XC2)-2.*X(3)+2.*X(4)
EW)IF
IF(TEST.GT.O.O0001) GO TO 10

i .wEND
C

SUR_UTI HE KU(X, P, F,Z1, Z2,NC1, NH21,N021 ,NN21,NS1, HFACT)

i DOUBLEPRECISIONX(&), F(4),Z1 ,Z2,NC1,NN21,11021,NN21,NS1, NFACT,
& YCO,YC02,YH2,YH20,YN2,YH2S,YCH&,YC2HO,YS02,SUMN,p
SUNN,4tCl"2.*Z2-2 .*NO21.X( 1) "X(2) "2.*X(3).2.*Z2+2.*N021 -X( 1)+HH21+

& NCI-NS1-X(1)-3.*X(2)-S.*X(3)+3.*X(&).ZI-NCl.X(1)+X(2)+2**X(3).

i & 2.*X(4)+NFACT*3.7'7*Z2+NN21+NSl-X(4 ).X(2).X(3)+X(4 )
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I
YCOs(NC1-2.*Z2-2.*NO21.X(1 )-X(2)-2.*X(3))/SUflN
YC:O2u(2.*Z2.2.*N021 -X( 1) )/SLaiN

I YH2u(NN21*#IC1-NS1-X( 1)-3. *X(2) -5 .*X(3)+3.*X(&) )/SUIOIYN2Ox(Zl-NCI.X(I)+X(2)+2.*X(3)-2.*X(4))/SUml
Yil2R(NFACT*3.?7*Z2.NM21)/SUM
YH2_(NSI-X(&))/SUNN

I YCH4_X(2)/Sl3401
YC2H6"X(3)/SUNN
YSO2mX(4)/SUNN
F(1 )_OLOG(((YH2OOP/1QO.)*(ycoeP/lO0. ))/

I & ( (YN2eP/IO0o)*(YCO2*P/IO0. ) ))
F(2),4)LOG(( (YCH4*P/100. )* (YH20*P/100. ) )/

& ((YCOeP/IO0.)*(YH2*P/IO0. )*'3. ))
F(3)aOLO6(( (YC21M*P/100. )*( YH20*P/IO0. )*'2. )/

& ((YCOeP/100. )**2.* (YH2eP/100. )**S. ))

I F(4)_OLOG(((YSO2*P1100. )t (YH2*P/IO0.)*e3. )1& ((YN2S_/IO0.)*(YH20*P/IO0. )**2. ))
RETUIUI
END

i _OR_JT|E COHUTOR(NN2,Z,NCO2,NCO,NH20,NH2,NCH4,NC2HG,

C

& NSO2,NH2S,TA|II, TREACT,TPRGO,P, N,NO2,HHV,I_CNEFF)
D(XJSLEPREC|S|CN NCO2,NCO,NH2,NCI_,NC.2H6,NIf20,NN2,NH2S,NS02,

i & NO2,NNO,NOtI,A(121,Ii(121, T12),X(71, H(12) r,& S(12),G(12),ECCIiST(12),D iFF(2), 1D(12), H298(12), S298(12),
& N(12), TAl R,TIIEACT,TPRCO,NCO,?.I,NC01,NH21,NCH41,NC2H01,
& NH201,NN21,NH2S1,NS021,N021,NNO1,NOHI,DI F1,DI F2,DI F3,D/F4,

i & NFACT,P, HR(121, HA(12), TR,TA,Z,CGNEFF,HHV,NPROO
|NTEGERN,TEST, ] ,COUNT,J
OPEN(UNiTsl2, FI LEmIDATA1a, STATUSi8UNKIKN_o)
DO 10 Ju|,12

RUD(12,*) tD(J) iA(J),li(J ), H296(J), S298(J),N(J)

i 10 CONYINLECLOSE(12)
NN21uNN2
MCO21,,,NC02

I NCO|,,NCO
NH2OI=NH20
NH21_IIH2
NCH&I.41CH&

i NC2H61,,NC21M _
NSO21-US02
NH2Sl=NH2S
NFACTml.OdO

i DO 12 J"1,12
TR=TREACT
TAmTA|R

"R(J)=H_._ J).A(J)*(TR-298. )- B(J)*OLOG(TR/298. )
HA(J)mH296(J)+A(J)_(TA" 298. )- B(J)*DLOG(TA/298. )

i 12 CO01TINUET(1)u12_)O.
T(2)-1350.
NPItODu(NCO*28.011+NC02"_.01+NH2"2.016+NH20"18.015+NN2-28.013+

i & IIH2S*3_. 0760_NC1_'16. O_3+NC2H6*30.070+NSO_6&.0588+N02"& 31.9_JP)/(NCO_CO2+NH2'_IH20'_IN2+NH2S+NCH6+NC2H_NSO2.N02)
NHV__
Ct_UNT,d).

i C ****eeeev_nmeee
C ** MAIN LOOP
C ;;:::-:------;.;.

20 COUNTa<_i31T.I.

i DO4,0 1"1,2
DO30 as1,12

N(J )mH298(J).A(J)*(T(! )'298. )'B(J)*I)LOG(T( 1)/298. )
S(J)uS298(J ).A(J )*DLOG(T(! )/298. )+B(J)*{ 1./T( ! )" 1•/298. )
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I
G(J)xH(J)" T( I )*S(J)

30 CONTINUE

I ECONST(1)-(2.*G(3)-2.*G(4)-G(2))/(8.31&2K_*T(|))ECONST(2)x(2.*G(9).2.*G(S)-2.*G(10)-3.*G(2))/(8.3142K_*T ( ! ))
ECOOiST(3)s(2.*G(S)-2.*G(6)-G(2))/(8.31&3&*T(l))
ECONST(A)-.(2.*G(S)-6(6)-2.*G(11))/(8.3142_*T(I ))

I ECONST(S)-(G(1)+G(2)- 2.*G(12) )/(8.31&3&*T ( ! ))• ECCNST(6)8(G(3).2.*G(5) "2.*6(2) "G(7) )/(8.31&2K,*T( i ) )
ECONST(7)x(2.*G(3).3.*G(5)-3.5*G(2)-G(8))/(8.3142_*T(i ))

• !el)sO.

I X(21"O.
X(3),4).
X(4)80.
X(5)-O.
X(6)..O.

I 1171,,4).iN_hmZ*3.77_NFACT+NN21• X(5)
NO2eZ-.5*NC01-. 5*NH2_- 2. *NCH&I"3.5*NC2H61- 1• 5*NH2SI+X( 1)+

& 3.*X(2).X(3)-X(S).2.eX(6).3.5*X(7)

I IIGOZ,,#ICO21.IICO1+IICH&1.2.*#C2H61-2.,_X( 1) -X(6) -2 .*X(7)NC0,,2.'1((1 )
NH20"NH21441H201+2.*NCHAl.3.*ItC?.OM1¢41H2S1.2.ex(2).2.,X(3).

& 2.tX(4)'2.*X(6)'3.*X(7)

I NH212._XI3I+X(4)
NCH4aX(6)
NC2H6"X(7)
IISO2'dIH2St.NS021"2.*X(2)

i NH2S:2.*X(2)
IION:2.*X(6) f
NNO"2.*X(5)
Di FI"(CONEFF-1. )*HHV
Di F2'41CO21*HR(3)_NCOI*HR(&)+IIH2I*HR(6).NCH&I*HR(7)+

I & MC2H61*HR(Slc_tH201*HR(5).NN21*HR(1 )+NH2SI*HR(10)+& NSO21*HR(9)_MO21*HR(2).NND1*IIR( 12)¢410H1*HR(11)
D!F3xZ*3.77_HA(1).Z*HA(2)
DI F48- (NCOeH(4)+NCO2*H(3)+NH2*H(6)+NH20t H(5)+NN2*H ( 1)+

I & NH2SeH(10)_NCH4*H(7)+NC2H6*H(8I.NSO2*H 19)_NNOOH(121+& NOH*H(I_)+NO2*H(2))
DI FF(! )801F1401F2+D!F3+I)i F4

40 CONTINUE

I T(2)n (T (2)*01FF( 1)'T( 1)*O | FF(2) )/(Di FF(1) "DI FF(2) )
T(1):.95*T(2)
TEST_OS(Di FF(2))
IF(TEST.GT..1) GOTO 20

i 50 TPRCO:T(2)
RETURN
END

C

SUSROUTiltE CCI¢iKJSTOR2(NN2,NO2,NC02,NCO,NH20,NH2,NCH4,NC2H6,

I & NSO2,NH2S,NNO,IIOH,NCF,MH2F,NO2F,NN2F,NSF,HHVC,MASH,TREACT,& TPROD,P, CCI_FF,MFINES,Di FF)
DOUBLEPRECISIONNCO2,NCO,NH2,NCHA,NC2H6,NH20,NH2,NH2S,NS02,

& NO2,NNO,NON,A(12),B(12),X(7), H(12),MF INES,

I & S(121, G(12), ECONST(12),DlFF, iD(121, H298(121, S298112),& N(12),TAiR,TREACT,TPR(X),NCO21,NCO1,NH21,NCH41,NC2H61,
& NH201,NN21,NH2S1,NSO21,N021,NNO1,NOfll,D!F1,Di F2,Di F3,DI F4,
& P. HR(12). TR,COMEFF.HHVC.MPRO0,TEMP,NC.NH2.NO2.MN2,MH201.

I & HS,NC1,MH21,14021,MN21,NS1,MASH,14CF,MH2F,1402F,MN2F,NSF
iNTEGERTEST,1. J
OPEN(UNI Tsl2. FiLE" *DATA1*. STATUS:'UNI(NOUNJ )
DO 10 J:l, 12

I READ(12,'1 ID(J ),A(J ),Ú(J 1, H298(J), S298(J),M(J)
10 CONTINUE

CLOSE(12)
TEMPs9&9.8167
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I
m21nuld2

I NO21NK)2_I-UCX_

I #H21,,CU_
NCH61,,_H6
NC2H61,,_C21M
NSO21_USGZ

NN2SlmdlN2S

I NNOI'NNO
ElINCF
NH214H2F

I IqO21uNO2FNN21nNN2F
NSl_MSF

C

i DO 12 dulwt2
TR'TREACT
HR(d)si1296(J).A(J )*(TR- 298. )- B(J)*OLOG(TR/298. )
H(J)-i12_(J)+A(J)*(TEMP'298.)'iI(J)*DLOG(TEMP/296.)

i G(JI_H(JI-TENPuSIJ)
12 CONTINUE

C
ECGti$T(1)..(2.*G(3)-2.*G(,_,).G(2))/(8.$1&31,*TB_)

i ECONST(2)s(2.eG(9).2.*G(5)'2.*G(10)'3.tG(2))/(8.$143&*TEMP)
ECOIIST(3)u(2. *G(S)'2.*G(6)'G(2) )/(8.31434*TENP)
ECONST(&)"(2.eG(S)'G(6)'2.*G(11))/(8.31&3&eTF.NP ) r
ECONST(S)s(G(I)_6(2)" 2. *G(12))/(8.31&34"TF.NP)
ECONST(6)e(G(3).2.*G(S)'2.*G(2)'G(7))/(8.31434*TEIqP)

I ECONST(7)s(2.tG(3).$°*G(S)'3.S*G(2)'G(8))/(8.3143J**TEMP)XK1)sO.
X(2)'O.
XC3)nO.

i X(4)lO.X(5)'O.
X(6)sO.
X(7)'O.

I NN2_IN21*MN21-X(51
N02_li021_021 -. StNC01-2.*NCH41"3.5*NC2H61" 1. S*NH2S1-. 5"NH21-

& M¢1-.S*MH21-NS1*X(1)+3.*X(2).X(3)-X(S)+2.*X(6)+3. S'X(7)
NCO?.mNCO21qlCOt+NCH&1"2 .*NC2H6141_;C1"2.*X( 1)-X(6) -2.*X(7)

i NCOu2._((l)
NH20uNH21_ilH201+2.*NCH41+3.*NC2H61.NH2S1*f4H21*MH201"2.*X(2)

& -2.*X(3)-2.*X(4)'2.*X(6)'3.*X(7)
HH2,,2.eX(3).X(&)
MCH4sX(6)

m NC2H61X(T)N$O2ultH2S1_1S02l_lS 1"2.*X (2)
HH2Su2.*X(2)
liOill2.*X(4)

m NNO_..*X(S)Di FI'(C(MEFF- 1• )*MFI NES*HWC
DIF2_ICO21*NR(3)*NCO1*HR(4)+NH21*HR(6)+NCI_ I*HR(7)+

& NC21MI*NIt(8)4_iH201*HR(5)_NN21*HR( 1)_IH2SI*HR( 10).

i & N$O21*Hfl(9)_IgO21*HR(2)+NNOI*HR( 12)_IOH1*HR(11)
O| F_- (NCOeH(4)+NCO2*H(3)+NH_H(6).NH20*H(S)+flN2*H ( 1)+ -_

& NH2S°H(10)*NCH&*H(7).NC2HO*H(8)+NSO2tH(9)+NNO*H(12) .
& NOH*H(11)+NO2*H(2))
DI F&s-MASH*I.100"(949.8-298.15)

i Di FFuOiFI+D1F2+D1F3+DIF6TPRCX)_9,8
RETURN
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C

i SUBRQUTI MEGAUSS(A,X,B,H)
DOUBLEPRECISIONA(N,M),X(N),II(N),T
IHTEGERI ,N, JwNN,H,I(PfK
lilb41"1
DO20 K'I,IM

I I0_(.1DO20 I-KP,H
TsA(I, K)/A(K, K)
IX) 10 dq(,ll

I 10 Al I,JI-A{ I,J)-T*DIK)
20 I1(! )ell( I )" Till(K)

X(N)=II(U)/A(N,N)
1(,,41

I DO 44) I¢=l,Nfl
Kq('l
KP_.I
XKK)4KK)

i DO 30 JsKPiH
30 X(K)-X(K)-A(K, J )oX( J)
40 X(K)sX(K)/A(K,K)

RETURN
ENO

i SUBROUTINE6ASTEIP(NC,NH2,PIOE,NN2,NS,PERH20,PERASH,HHV,NN2IN02,

C

& IOC02,HCO,HH20,HH2,HCH&IHC2i46f NS02wHH2S,NOH,HNOeHLIGH20,TLIQ,
& HSTEA/4,TSTEAMi GASEFF,TPRCO,Zl ,Z?.,TAIR,NASH,NH20)

I DOUBLEPRECIS/ONNC,HH2,W)2,NN2,NS,PERH20,PEAASH,HIIV,HH2,N02,& HC02,HCO,NN20,MH2,HCH4,HC2H6,NSO2,HH_J;,NOH,HNO,HL|OH20, TL| Q, •
& HSTEN4,,TSTEN4,T(2 ) wNCOAL,PEREXTRAS,NEXTRAS,NASH,NH20,GASEFF,
& NCl,HH21,HO21,NN21,NS1,DIF1,DIF2,O|F3,DIF4,D|FS,DIF6,DIFF(2),

I & TEST,TPRCO,N4OUNTC,RATlO,D| F7, ID(12),A(12),II(12), H296(12),
& S298(12),M(12), H(12), TAIR,Z1,Z2,NAI R,SUNH

INTEGERCOUHT,I,J
OPEN(UNIT" 11, FI LEe IDATA11,STATUS= 'UNKIIOIdNI )
O0 10 Jsl,10

I RF.AD(ll,t) IDIJI,AIJ ),Bl J), H298(JI,S296(JI,N(J)10 CONTINUE
CLOSE( 11)
T(1)=800.

I T(21=900.NC1=44C/12.01
HH21=MH2/2.016
NO21q402/32.000

I NN21glq2128.013
NS1-HS/32.06
SUIGI,,NC1+NH21+N021+NN21+NS1
NCl,_Cl/Stm

i tiH21=4iH21/SUMfl
NO21"NO211SUIll
NN21,,mI21/SUIm
IIS1,41SIlSUNN
AHOUMTCs4ICO2+tlCO_CH4.2.*NC2H6

i PATiO_ICll4HOIJIOITCHH2qH2_,flATlO
IIC02,dlCO2eitATI0
HCOoelCOtRATI0

i HH2_IH_RAT|0HCH4_ICH4eRATI0
NC2H6=NC2H6*RATI0
HH2SsNS1

I Z2=lNl12"NN21113.77
_.IR=Z2
NLIQHEO=.36*ZI
HSTEAN=(1." •36)*Z 1
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I
NCOAL'NC1*12.011+NH21"2.016+N021"31• 999_N21"28.013+HS1"32.064

I PEREXTRASsPI_RH20,PERASHIF(PEREXTRAS.EG.O)GOTO 25
NEXTRASI(PEREXTRAS*MCOAL)/( 1. "PEREXTRAS)
NASNn(PERASH/PEREXTRAS)_IEXTRAS

i T_IH2OJ(PERH20/PEREXTRAS)*MEXTRASZ1"Z1_NH20/18.
NH20_H21+Zl "NH2"2.*NCH4"3.*NC2H6"NSl

25 COUTfNUE

i 20 COUIIT,CtXMT+I.O0 40 i=1,2
IX) 30 J'1,12

H(J)eH296(J)+A(J )*(T( ] )'298. )'6(J )*DLOG(T( | )/298. )

I 30 CONTINUE
D| FI,,- ( 1. - GASEFF)*NCOAL*HHV
Di FE-(NL IQH20*NH20/18. )*( - 285838o+(Y2.8815*(TL 1Q-25)*

& •026086"(TL 10"2. -625. )) )

i DI F3_ISTEN_(- 241827_2.02t (TSTEN4-296.)-
& 3050.7vq)LOG(TSTEAM/2gG..1)

Di F4=(NCl*(-393522)+NH21*(-285838)+NSl*(-296647')+
& HNVO(NCl*12.01lqN21*2.016+N021"31.999+NN21"28.013+
& NSI*_.. 06))

I DI[FS'" (NCO*H(4).NCO2*H(3)+NH2*H( 6)_iH20*H ($).NN2*H ( 1)+& NH2StH(IO)+NCH&*H(7)+NC2H6*H(8)+NSQ_H(9))
D1F6=-NASH*1.100"( 1000"298.15 )
DiFT_IA| R*(O. +A(2)*(TA 1R-298. ) "B(2)*OLOG(TA1R/298. ) )+

i & 3.77_NAI R*(O.+A( 1)*(TA ! R-298. )'B( 1)*OLOG(TA!R/298. ))DIFF_l )=DIF1401F2_OIF3+DiF4401FS*OIF6_OIF7
40 CONTINUE r

T(2)'(T (2)tD ! FF(1)" T( 1)tD ! FF(2) )/(D I FF( 1) "DI FF(2) )

i T( 1)'1 • 05"T(2)
TEST=AGS(DIFF(2))
|F(TEST.GT..1) GOTO 20
TPIK)O'T(2)
RETURN

C ENO

SUBROUTINEHEATRECOVERY(T,P,MDOT,MIET,WqJMPR1,NPtJ4PR2,t_UHPR3,
& UTURBR1,VTURBR2,NTURBR3,UTURBR4,QSU_.R,QHPBOIL,QLPISOIL,

& O¢OIiOENSER,QPI PELOSS,¢PPRO0)DOUBLEPRECISIONNN_T,TA1,TA_.,TA3,TA4,P1,P2,P3,P4,p§,p6,PT, P8,P9,
& PlO,P11,P12,P13,P14,P1S, P16,
& CPAIR,NDOTAIR,NP,NT,

I & MDOTGAS,CP_TER, CPSMTER1, CI_4TER2,UASOiL1, UASOIL2, WTURBR1,UA1,& k'TURDR2,i4TURH3,WTL_DR4,VTURB,_, 5PU_I, NPUHP2,MptJMp3,C1,C2,
& DI FFA3,DIFFA4,RCR/T1,RCR1T2,RCRI T3, RCR|T4wR1, RZ,,R3, R4,HDOTB1,
Jr, NDOTB2,NDQTF,

& COUNTA2,COUNTA3,COUNTA4,VF1,VG1, HF1,HG1,SF1, SG1,VF3,VG3,HF3,
& HG3wSF31SG3,VFSoVGS,HFS,HGS,SFS,SGS,UA2,RSTAR1,RSTAR2,V6, H6,S6,
& V12, H12,S12,VF12,V612, HF12, HG12,SF12,SG12,VlO, HIO,SIO,VFIO,
& VGIO,HFIO,HGIO,SFIOI SGlO,XlO,V16, H16,S16,VF16, VG16,HF16,HG16,

& SF16,SG16,H2, H4,VT',HT,S7, T12T,T16T,HS,$8, H9,$9, Hll, Sll,
& TESTA2,TESTA3,TESTA4,D1FFA2,UASUPER,DTNFJUI,TA2PRIHE,VF15, VG15,
& HF15,HG15,SF15,SG15,H13,SI3,H14,QIH, T1,T2,T3, T4,TS,T6, T7, T8, T9,
& TIO, Tll, T12, T13, T14,T1S,T16,NDOTGASE,W_fPELOSS,NDOT,T, p,QREJ,
& CPPROD,GCQIIOENSER,QSUPER,GHPSO|L,QLPBQf L,NTURB1,NTURB2,WTURB3,

i /, UTURB&,MUPR1,NPU_R2, NPUNPR3,QGAS,QW)INTEGERI

DIMENSIONC1(2),D i FFA_(2), C2(2),D I FFA4(2),I_OT(60), T(60), P(60)
PI=IO.ODO

I P2=140.000
P3"140.000
P4"6276.000
PS_P4

I P6_P4
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I
P14"1207.000

i PT". 9rjOO*P6PSu2172.000
Pg,,P16*.gSO0
P10+P1&*.Q_DO

I Pl 1"140.900/.9500P1211&O.O00
P13"10.000
P1S'Pt&

i P16,,P1&*°9500
TAl"T(19)
T6"838.7000
TT"T6"3.000

I NPu.61)O
NT'.75DO
UAOOfL1"1082.?00
UAilOi L2uTO0.000
NDOTAi R'. 98500*N)OT(19)

i NDOTGAS,qDOT(221CPAiR_.PPRO0
CIq,IATER,,4.16700
CALLDSAT(T1,Pl ,VF1 ,VG1,HF1,HG1,SF1 ,$G1,2)

i kPUMP18VFl*(P2-P1)/NPT2"taqJNP1/CPt_TER+T1
H2,,*JPUNPI.HF1
CALL DSAT(T3,P3, VF3,VG3,HF3,HG3,SF3,SG3,2)

i kPtJNP28VF3*(P&'P3)/NP
T4"UPUNP2/CPUATER.T3
H4q4qJEP2+HF3 P
WPUNP3aVF3*(PI4- P3)/NP

i T14,,WPtJqP3/ClqdATER+T3
H14utaqJqP3+HF3
TA2ut,80.000+273.15D0
CALLDSAT(T5,PS,VF5, VGS,HFS,HGS,SF5,SGS,2)
CALLDSUPER(T6,P6,V6,H6,S6,1)

i COUNTA,?...O.00010 ¢OUIiTA2,,COUNTA2.1.000
CQUNTA3:0.000
CIq,IATERI,,(HF3-H4)/(TS- T4)

i lCR 1TI'(HGS-HFS)/CPIMTER1/(TA2- T5)
RCRIT2mCPUATER1(TA2-T&)/(HGS-HFS.CPUATER1(TS-T4))
1F(RCR1T1.GE.RCRIT2)THEN

RSTARI,,RCRIT1

i ELSE
RSTARI"RCRiT2

ENOIF
RI'RSTAR1/(1 .DO'DEXP('UASOIL1/IOOTAIR/CPAIR))
R2"RI+(UABOIL1/MDOTAI R/CPA]R)*(R1 "RSTAR1)

I C1( 1)"I/R 1C1(2)"1/R2
20 CCUITA3"C(XJNTA3+I.OOO

DO 30 !"1,2

i UAI,,Ig)OTAI R*CPAIR*( C1( I )/(Cl ( i )- 1. O00)*DLOG((TA2- T5-C1( I )*(HGS-& HF§)/CPWATF.R1)/(TA2-T4-C1( I )*((HGS- HF§)/CPUATERI+TS-T4)) )+
& DLOG((TA2-TS)/(TA2- TS-C1( I )*((HG5- HFS)/CPUATER1))))

30 DiFFA3(I )_JA1-UAEOIL1

i TESTA3,,OABS(DI FFA3(2) )C1(2)'(C1 (2)*C ; FFA3(1) "C1( 1)'1) 1FFA3(2) )/(D 1FFA3(1) "D! FFA3(2) )
Cl ( 1)=. 97"Cl (2)
IF(COUNTA3.GT.20.OOO)GOTO 99

i 1F(TESTA3".1)40,40,20
40 HOOTBI=CI(2)*CPAI R/CPUAT,_RI*MOOTA!R

TA3sTA2"C1( 2)* ( TS-T4. ( HGS- HFS)/CPI_TER1)
TA?PR! HE"TA1-. 9?0Q*MDOTB1* (H6- HGS)/CPA| R/HI)OTA1R

i Oi FFA28TA2"TA2PR1Mi[
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I
I TESTA2s4)AItS(D;FFA2)

TA2:( TA2+TAZPRIHE)/2. ODO
IF(CI_INTA2.GT.90.ODO)GOTO 99
[ F( TESTA,?.-.1DO)50,50,10

50 OTNEAlla(TA1-T6-TA2+TS)/DLOG((TAI"TG)/(TA2-TS))

i UASUPER_IX)TAIReCPAI R*(TA1"TA2)/DTNEANCGJUTA4-O.OOO
CALLDSAT(TIS,P15,VF1§,VGIS, HF1S,HG1S,SFIS, $G15,2)
CPI4ATER28(HF15- H14)/(T 15"T14)

I lCR !T3"(H615" HF15)/CPI_TER2/(TA3" T15)RCRIT4a,CPUATER2*(TA3"T14)/(HG15- HF15+CI_ATER2*(T1§"T14) )
I F(RCR!T3.GE.RCI_;T&)THEII

RSI'AR2,dICR!T3

I ELSE
RSTAII2,d_CR;T&

ENOIF
UgllSTAll2/( 1. ODO-DEXP(-LiAIIO! L2/CPA!R/NDOTAIR) )
R4_I3+(UAilO!L2/14)OTAiR/CPA! R)*(R_ - RSTAR2)

I C2(1)'1/It3C2(2)'1/Rt,
60 CtXINTA&'_.(XmTA4+1.000

i DO 70 1"I,2
UA2'44DOTA[ R*CPA1R* (C2( Z)/(C2( I )" 1•000)_OLOG((TA3"T15"C2(1)*( HGI$

& - HFI$)/CP_TER2)/(TA3- T14-C2( I )*( (HG15-HF15)/CPVATER2+T15-
& T14)))+OLOG((TA3- ( |5)/(TA3-T15-C2( 1)*((HG1S-HFI_)/
& CPUATER2))))

I 70 Dl FF_(I ):UA2-UABOIL_TESTA4:OABS(D1FFA4(2) )
C2(2) - (C2(2)*t) i FFA4(1) -C2( 1)'I)| FFA4(2) )/(D ! FFA4(1)-D 1FFA4(2) ) e
C,?.(1)8.971)0"C2(2)

I I F(COUNTA4.GT.90.DO)GOTO 98
1F(TESTA4-.1)80,80,60

80 IOOTB2q_.(2)*CPA1R/CPUATER2*NIX)TA!R
TA4sTA3-C2.(2)*(T1S-T14+(HG15-HF15)/CgVATER2)

I CALLDSUPER(T7,PT',VT,H'f, S7,1 )
CALLDTURIII liE(liT, PT',PS,TT,TS, HT',148,S7, $8, VTUIt61)
CALl. DTUR$|IIE(IIT,P8,PQ,T8, T9, HS,H9,$8, $9, vruRil2)
CALLDSAT(T16T,P16,VF16,VG16,HF16,HG16,SF16,S616,2)
T16,,T15-3.0DO

I ! F(T16. GT.T16T)THENCALLDSUPER(T16,P16,V16,H16,S16,1)
ELSE

CALLDSAT(T15,P16,VF16,VG16,HF16,HG16,SF16, SG16,2)

m H16_HG16$16,_G16
END IF
H10,,( (. 97DO*W)OT81- NDOTGAS)*H9+.97DO*NDOTB2*H16)/(. 971)O*NDOTB1+

I & .97_YNDOT8,?."NDOTGAS)
CALLDSAT(TIO,PIO,VFIO,VGIO, HF10,HGIO,SF10, SGIO,2)
l F(HIO.GT. HGIO)THEII

CALLDSUPER(TIO,PIO,VIO, HIO,S10,3)

I ELSE
XI(h'(HIO- HFIO)/(HGIO- NFIO)
SlOsXIO*SGIO+(1.000- XlO)*SF 10

EHI) IF
CALL(_TUIIBIIIE(IIT,PIO,Pll, TIO, T11, HIO,H11,SlO,S11 oVTURB3)

I CALLDTURBIIIE(II_,Pll ,P13,T11 ,T13,H11 ,H13,S11, S13,krrUR84)CALLDSAT(T12T,P12,VF12,VG12,HF12,HGlZ,SF 2,SG12,2)
! F(T12.GT.T12T)THEli

CALLDSUPER(T12,P12,V12, H12,$12,1)

I ELSEH12-HG12
S12-SG12
T12"T12T

I EliD IF
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I
MDOTF-CMIX)TIII,_g)OTB2)*(HF3- H2)/(H 12- H2)

I UTUlU_.971)O_g)OTIII_rURB 1.(. 97DOeNDOTII1-NDOTGAS)*UTURB2+(.971)0"
& IQOTBI+. 97_O*NDOTB2-NDOTGAS)_ITURB3+(. 97_OV_DOTB1.. 9 rDO*MDOTB2-
& IgX)TGAS-NDOTF)_/TURi_
MqJIg_(NDOTBl+NDOT62- WX)TF) *UPUI4Plq4DOTBI*UPUI4P2+W)OTB2_IMP3

I UNETsUTUfllI-UPUNP
IE)OT(39)_qDOTF
mOT(24),dCDOT(18)
NDOT(25)_E)OT(18)
MDOT(26),4gX)T(18)

I NDOT(27):. 97DO_OOTBl+.971)0"14)0TB2-NDOTF-NDOTGASMOOT( 28 ),4¢OOTB1.'_qOOTit2-NDOTF
Ig)CIT(29) adOOT(28)+MDOT(39)
NDOT(30),44DOTB1

I NDOT(311,400TB1IOOT(32)x.971)O*tg)OTB1
NDOTC33)qqDOT(32)
NDOT(3&),4¢DOT(33)

I MDOT(3$)nlg)OT(34)'NDOT(21)
NOOT(36)_DOT(35)
NDOT(37),4¢DOT(36)_ .9790'_DOTB2
NDOTC38),4¢DOT(37)

I NDOT(40)xlgX)T (38) -NDOT(39)
NDOT(41),4¢DOT(&O)
MDOT(42)-. 034)O*_.,oTr_+. 03d)O*IOOTB2+MDOTGAS
NDOT(43) _gX)T( 27)¢4g)OT(42)
MDOT(/_),4¢DOTB2

I MOOT(45)_DOTB2HOOT(46) x. 97DO*Iq)OTB2 t
ND¢)T(47)n4¢DOT(A6)
MDOT(48)x. 03DO*NDOTB1

I MDOT(49 Ix. 0300_¢DOTB2P(27)sP1
P(28)xP2
P(29)xP3

I Pl3Olad_4
P(31)xP5
P(32)_o6
P(33)_o7

i Pl_)xP8
PC35)mP8
P(36)-P9
P(37)tPlO
P(38)xPl 1

I P(39)-P12P(40)xPl 1
P(41 )"P13
P(42)spl

I P(43),r_1P(44)xP14
P(4§)xP15
P(46)_15

I P147)xP16
P(48)_5
P(49)_o15
P(24)_o(18)

I P(25)nP( 181
P(26)sP(18)
T(24)xTA2
T(_XS)xTA3
TC26)zTA4

I T(27)mT1T(28)sT2
T(L'_9)sT3

I TI30)'TA

I
I



I
I T(31 )mT§

TC32)mT6
T(33)mT7
T(34)mT8
T(3§)mT8

I T(36)mT9T(37)mT10
T(38)mT11
T(39)mT12

i T(40)mT11
T(A1)'T13
T(42)mT1
T(A])mT1

i T(44)mT14
T(4§)mTI§
T(46)mT15
T(47)mT16

i T(4_JlmT§
T(49)mT15
UTUfllWlmNDOT(33) _'TURB1
UTUlUlR2'4_X)T(35) _lJRik?.
UTURiW3aNDOT( 37)*UTURiL_

I UTURBR4_41)OT( 60 ) gG;TURBAUPUMPRlmMOOT(28)*14q,l¢P1
UPUMPR2,41DOT(30)*VPUMP2
_T(44)I_PUlCP3

I QREJ'(. 9?DO*flDOTII1.. 9?I)O*NDOTB2"ll)OTF'NDOTGAS)*H13& -(.97DO_DOTiI1..97DO*MDOTB2-MDOTF-NDOTGAS)*NF1 r
QCONOENSER_REJ
QODm.03DOVNDOTilI*(HGS-HF1).. 0300_q)OTB2*(HGI§- HF1)

I GGASmNDOTGASt(H8- HF1)-NDOTGA_(HT-HS)
QPtPELOSSm.97DOVl)OTlI__(H6- HT)*.97DO_4)OTB2*(HGl§- H16)
Q| N_IDOTA| RtCPA|Rt (TA1- TA4)
QSUPERmNDOT(24)*(T (18) -T(24) )tCp&| R
QHPgO|LINDOT(25)*(T (24)-T (2S))*CPA IR

I QLPBOIL_g)OT(26)*(T125)- T(26))*C:PAI RRETURN
98 URITE(6,e)*THE TA3 |S URONGFORSOMEREASON*

bir! TE(6,119)TA3, TA3E

i 119 FORNAT(IX,°TENPOF AIR AT 80|LER #2 IS °,6X,FIO.3,1X,*Ko,IX,*I ',&lX, F10.3, lX, ' Fo)
RETURN

99 Mt!TE(6,*)'GIJESS ANOTHERTA2°

I RETURN
ENO

C
C

I SUBRCUT! HE DTURB! NE( NT,PEHTER,PEX! T, TENTER,TEX! T, HENTER,HEX!T,
&SENTER,SEX! T, UORKTURB)
DOUBLEPREC! S!ON MT,PENTER,PEX! T, TENTER,TEX! T, HENTER,HEX! T,

& SENTER,SEX_T,

i & UORKTURB,XS,XR,VFX,VGX,HFX,HGX,SFX,SGX,TXS,VXS,HXS,VEX| T
CALLDSAT(TEX!T, PEX!T,VFX, VGX,HFX,HGX,SFX,SGX,2)
! F(SENTER.GE.SGX)THEN

CALLDSUPER(TXS,PEX1T,VXS,HXS,SENTER,2)
UORKTURiI'n41T*(HENTER"HXS)

i HEX! T'HENTER'UONKTURBCALLDSUPER(TEX!T,PEX!T,VEXXT,HEX! T, SEX|T,3)
ELSE
XSm(SENTER'SFX)/(SGX'SFX)

I NXSmXStHGX+{1. CIDO-XS)*HFX
UORI(TURB,dlT*(HENTER-HXS)
HEX! TsHENTER-UOItKTIJRB
XRm(HEX!T- HFX)/(HGX-HFX)

i SEX! T"XR*SGX+(1. OOO"XR)*SFX
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I ENDIF

RETURN
EHD

C
C

I C SATURATEDAND SUPERHEATEDSTEAMTABLESC
C

subroutine dtook(xl ,x2,yl,y2,m,n,prop)

I impttcit double precision (a-h,o-z)d|mne|on prc_S),prc_(5)
countmO.

10 countscount+ 1

I cell daupmrproiXxt, x2, propO)
blmyl -propO(m)
b2my2-propO(n)
dx=.Oldo*xl

m xl=xl+dx
cat t dauperproiXxl,x2,prop)
ml1-(prop(m)-propO(m) )/(Ix
aQl-(prolX n)- propO(n) )/dx
xlmxl-dx

I dxm.Oldoex2x2-x2+clx
cat t dauperproTKxl ,x2,prop)
a12-(prq;Xm)-propO(m))ldx

m a22-(proiXn)-propO(n))/dxx2-x2-dx
dx2m(b2"m21*bl/m11 )/(a22- a21*a12/m11 ) t
dxlm(bl "mlZedx2)/al 1

m testmdabs(dx2/x2)+dabs(dxl/xl )
x2mx2+dx2
xlmxl+dxl
|f(count.gt.lO.dO) go to 20
|f(test.gt..OOOOldO) 90 to 10

m 11oto3020 uri ta(6,600) xl,x2
600 format( m no converge, t-",e14.7," rhom-,e14.7)
214) caLL dauperprop( xl, x2, prop)

n returnend
function drhoz(tr,pr)
implicit dmAbte prec(sion (a-h,o-z)

m |f(tr-l.do) 20,10,1010 x-(pr/trn3)**2
z-1 .dO-x*(1.289dO/t r -. 532dO*tr'x)
ga to 30

m 20 z=l .dO- .TdOt(pr/tr)*t2
30 drhoz-73 .Q4_lOtpr/z/t r

return
end

m subroutine dsatprop(t,p,dpdt, that )
implicit do, bLe precision (a-h,o-z)
dimension d(8), f(83
data (d(i), lm1,8)/3.6711257, -28.512396,222.652/,, -882.43852,

t2000.276, "2612.2557,1829.7674, - 533.5052/

m data(f( i ), lm1,8)1- 7.41924,. 29721, -. 1155286,8.6854k35e-3,* 1. OQ40qSe-3, -4.3QgQ3e-3,2.520658e-3, -5.218684e-4/
data m,tp, tc,pc,rhoc/.01,338.15,647.286,22089. ,317./
xma*(t - Lp)

m y:f(1)+xt(f(2)+x*(f(3)+x*(f(4)+x*(f(S)+xO(f(6)+x*(f(7)+"x'f(8)))))))
dydx-f(2)+x*(2.*f(3)+x*(3.*f (43+x*(4.*f (53+x*(5 .*f(63+

*x*(6.*f(7)+x*7.*f(8))))))

m pmpcedexp(( telL. 1. )*y)
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dixJl:ap* ( -y'telL/t.( tclt- 1. )*dyUx*e)

I Xe(1 "tiLe)lr*(1./3.)X3"X*X*X
rhot srhoc*( 1. .x*(d( 1).x3* (d(4)+d(7)*x3).x*(d(2)+x3*(d(S)+

*d(8)tx3).x*(d(3)+d(6)*x3) )) )

I returnend
subroutine dmit(t, p, rf, vg, hf, hg, sf, sg,n)
implicit double precision (e-h,o-z)

I if(n-l) 10,10,2010 ceLL dutprop(t, p, dlxlt, rhoL )
go to 30

20 t=4900./(17. $72-dLog(p))

I count,<).
25 countscount.l

ceLL dutprop(t, pO,dpclt, rhot )
t-t.(IPpO)/dpdt

i erredIbl((p-pOl/p)
| f(count.gt.lOdO) go to 26
if(err.gt..OOOOldO) 9o to 25
go to 30

26 write(6,610) t

I 610 forlmt( m no converge et tsetm-,e14.7)30 rf-1 ./rhot
cat t dsuper(t,p, vg,hg,s9,1)
hfg-t*(vg-vf )*dpdt

I hfshg-hfgsf-l_g-hfg/t
return r
end

I subroutine dsuper (t,p,v,h,s,n)
implicit double precision (e-h,o-z)
dimension prcp(S),x(2),di rf(2)
pr-p/22089.

I tr(n-2) 10_20,30
10 t r=t/6/_7.29d0

x(1)w:lrhoz(tr, pr)
x(2)-.98*x(1 )
count=O

,! IS coun_scount.l

• do 16 1"1,2
ceLL ds_erprop( t, x( i ),prop)

16 di rf(| )sproi_(3)-p

I x(2)s(x(2)*d{ ff(1 )'x(1 )*di ff(2))/(di ff(1 )-di ff(2))
x( 1)-. 98"x(2)
if(count.gr.lO) 9o to 17
testada_s(d| ff (2)/p)

I |f(test.gt..OOOOldO) Smto 15
h-prop<4)

d s-prop(5)
0o to 40

i 17 wri te(6,(K)O) t,p
forlit(" did not converge et t=",e14.7," p=",e14.7)
go to_)

20 b-8.57- e- ._lS*dL og(p/101.35)
cs-. 2652- .&61S'pr

-! Xi-( - b4_lsqrt Limb-. 8136"c) )/.4086
t r-x |**.33333
tstr*_7.29

rho_:lrhoz( tr, pr )

I ysl ./rhoceLL dLook(t,rho,p,s,3,S,prop)
t =prop( 1)
h=prop(4)

I go to 40
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i 30 b.3072.3-h

c8-418.2119epr - 130.2
xtm( "I_daqr t (b'b- 1210.6"c) )/605.3
tr-x|_.4
tmtr*647.29

I rhoedrhoz(tr, pr)v-1 ./rho
cart dt oak(t, rho,p,h,3,4, prop)
t-prqX 1)

I s_x'op(5)40 v-1 ./prop(2)
return
end

I subroutine dauperprelXt, rho,prop)
implicit doubts precision (a-h,o-z)
dimension prqD(§),a(lO,7),rhoa(7),c(7),g(6),cp(7),h(7),ht(7)
data(a( i, 1)o lm1,10)/2.9492937e- 2, -1.3213917e-4,2.7464632e- 7,

I *- 3.6093828e- 10,3.4218431e- 13, - 2.4450042e- 16,1.5518535e- 19,
"5.97284JlTe- 24, -. 4103084JI,"4.1605860e-4/

data(a( ! ,2), icl, 10)/'5.198586e-3,7. Tr?9182e-6, -3.3301902e-8,
*- 1.6254622t- 11, - 1.7731074o- 13,1.2748742e- 16,1.3746153e- 19,
"1.5597836e- 22,. 3373118, *2.0988866e-4/

I data(a( i ,3), i-1,10)/6.8335354e-3, - 2.614_75 le- 5,6.532639e-8,* -2.6181978e- 11,0. ,0. ,0. ,0., -1.3746618e- 1, - 7.3396848e-4/
data(e( _,4), i-1,10)/- 1.5641040e-4, - 7. 2546108e- 7, -9.2734289e- 9,

"4.3125840e-12,0. ,0. ,0. ,0., 6.7874983e-3,1.0401717e-5/

I data(a( i ,5), t-1,10)/-6.3972405e-3,2.6409282e- 5, -4. T/'40374e-8,"5.63?.313Ge- 11,0. ,0., 0. ,0.,. 13687317, 6.4581880e- 4/
data(a( i ,6), |-1,10)/-3.9661401e-3,1.5453061e- 5, -2.9142470e-8, r

"2.956879641-11,0. ,0. ,0. ,0., 7.9847970e- 2,3.9917570e- 41

I data(a( t, 7), i-1,10)/-6.9048554e- 4,2.7407416e-6, -5.1028070e-9,
"3.9636085e- 12,0. ,0. ,0. ,0., 1.3041253e-2,7.1531353e- 5/
data( rhoa( j ), j-1,7)/634., 10000,1000., 1000., 1000., 1000., 1000. /
data(i( | ), in1,6)14.6a4,1.011249e3,. 83893, -2.19989e-4,

i *2.46619e- 7, -9.7047e- 11/
data e, ta,m, tc, pc, rhoc, tO/. 0048,1000., 18.016,647.286,22.089,

"317. ,273.16/
r-8314.34/xm
s:6696.5776- g( 1)/t+g(2)*dtog( t/t0)+t*(g(3)+t*(g(4)/2 .+t*(g(5 )/3.

I *+t*0(6)/4. ) ) ).g( 1)/tO- t0*(g(3)+t0* (0(4)/2. +t0*(g(S)/3. +t0*g(6)*/4.)))

u'2373020.7+g(1 )*dr og(t/t0)+t*(g(2)+t*(g(3)/2.+t*(g(4)/3.+t*(
*g(5)/4.+t*g(6)/5. ))))- t0*(g(2)+t0*(g(3)/2.+t0*(g{4)/3. +t0*

I *(g(5)/4.+t0*g(_)/5. ))))
taumta/t
taucmta/tC
c(1)-ret

I C(2)8¢( 1)* (taU- taUC)
cp(l )-r
tmr*tau
cp(2).c(2)/t- tem

i do 10 t'3,7
c(i)'c(i" 1)*(tau'2.5)
cp( i )-c( i )/t- tem*( tau- 2.5+ ( ! -2)*( tau- tauc))

10 tempmtemp*(tau-2.5)
te-daxp(-e*rho)

I do 40 j81,7t emp,rho- rhoa( j )
h(j)-a(1, j)+a(2, j)*(temp+rho)
hi (j)zrho*(a(1, j)+8(2, j)*temp)

I do 30 |'3,8h( j )zh( j )+a( |, j )*temp* ( rho- rhoa( j )+( J- 1. )*rho)
t eq_t emp_( rho- rhoa( j ) )

30 hJ(j)xh| (j)+a(|, j)*rho*temp

I h( j )mh(j )+(a(9, j )+rho*(2.*a( 10, j ) - e'a(9, j )-e'a( 10, j )*rho) )*te
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I 40 iPr.homrelhth( J)sh( J)*l'h°*r'h°(j )m*ht ( j )'o'r'hot(In(9, j ).al( 10, J)*rho) wte

do 50 j-1,7

I 50 IP_P_(Juq_lcleq.ctp(jjl*hl).t'cp( j))*hl,htj ( J11 |( j )
s=s-r*dtoo(rho)

i prol)(3),_/lO00.Prop(2).rhOprq_(4),qj/1000.+prop(3) /rhoPrOp(1)-t
prop(S)-s/lO00.

I endreturn

!
I
i f

I
I
I
I

I
I
I
I
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I Graphicm Program Listing

l PROGUNGUPH3
INTEGERliAR
PARN)IETER(HARs20000)

| °
C ** Progrm VariabLes **

I REALXLOCAL(20),YLOCAL(20),XNi li, XNAX,YNIN,YHAX,PO[NTS(NAR,3),+ X(NAIt), Y(IMR),XHORZ(2), YHatZ(2),XVERT(2),YVERT(2),
+ ORIG(MNt, 4), THAT(4,4), TEHP(IIM,/,), TEST1(2,2), TEST2(2,2),
+ THAT1(4,4), TNAT2(4,4), TKAT3(4,&), TIMT4(4,4), TNATS(4,4),

I + THAT6(4,4), THATT(4,4), THATS(4,4), ZLOCAL(2O),PLOTlliAR,4),
+ PROd(4,4), PLOTI(NAR,4), PLOT2(WUt,4),ZCN|NuZCNAX,CLOU(255),
+ CHIGH(2§5), CFRACT,COLOR(255),PLOT3(ILAR,4), PLOT4(NAR,4),
+ XSPOT,YSPOT,DELTAY,DELTAX,VAL2,VAL3,VAL4,VAL,PERCENT,DX,DY,

I + VAL1, VALS,XCNili,XCKAX,YCIMX,AVGXY,YCNIN, FACTOR,SCFACT,ANGLE,
+ BSHEAR,CSHEAR,DSHEAR,FSHEAR,HSHEAR,1SHEAR,IU4AT,QHAT,NHAT,
+ LNAT,PtlAT,NNAT

INTEGERICONPNUH(NAR),IF|RST, ILAST, IDSEQ_iiUN(NAR),CH,COL,LEG,
+ IDSEQ(IIAR) ,OLD,HORZ_PTS,VERTPTS, IPO|liT HUN,FU, NUNCOLOR,

I + PRI, BX,li, i ,H, P, FLAG2,L, J, FLAG1,U_DSEG, NUH_CCNPS,PLT1, PLT2CHARACTERQLEST*32,QUEST2*32,HF.N)ER_CORD*32,CHAR*9,T |TLE*SO,
. HF.ADER._DSEQ*32,FI LE1*32, F! LE2"32, QUEST3*32,QUEST/**32,
+ TEXT*32,XAXI S'S0, YAXI S'50, QUESTS*32,QIJEST6*32

C ** LOADIN COLORDATA**

OPEN(UN! TmlI, F! LEm'COtor. chit*, STATUS=*OLD* )

i REN)(11,*) NUNCOLOR
DO 10 i-I,IIUNCOLOR

RUD(11,*) COt.OR(I)
10 CONTINUE

CLOSE(li)

I C.... > ln|ttat settingsFOUR.JAR
CIImO
COL_O

! °
C ** Prompts for different functions **

I 100 DO /*2 Nml,8
blRITE(6,*) * *

42 CONTINUE
tatlTE(6,*) ' WOULdyou Like to ..... '

i WltITE(6,*) * '
MtITE(6,*) ' A) Load object from files'
bltlTE(6,*) ' B) Nodify object*
WRITE(6,*) ' C) Adjust wind_'

I MtITE(6,*) ' D) CoLor option'
UR_.TE(6,*) ' E) Viev/Prtnt objects,
biltlTE(6,*) ' *
WRITE(6,*) ' (Or "qUIT" to exit program)'
DO/*3 Nml,8

I _ITE(6,*) * '43 CONTIlliJE
REN)(5, *(A32)*) QUEST

C

I C t/_llriN_tt/_/l_/)/i_lk/I_t/)/)ll)_/MrIMt_/Ir et _ _

2OO
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I
i C ** Get point8 entered from m file **IF (QUEST.EG.'A' .OR.QUEST.EO.'e' ) THEM

SD& IdltlTE(6,*) o ,
bIRITE(6,*) * Ir_ the Coordtrmte FiLe .... ,

i WItITE(6,*) , ExmNDte: NDUSE.COIt9,RF-4D(S,°(A.32) * ) F/LE1
OPEM(UIi! T810, FI LEmFi LE1,STATUS8*OLD,, ERRnSO&)
RF.AD(IO,' (k32)') HEADERCOm)

i RF..4D(10,'1 liUM¢CNPSDO200 i'I,NUN_CCNPS
READ(lO,t) SCCNP_MUN(I ),XLOCAL(I ), YLOCAL(S), ZLOCAL(I )

20O CONTIUUE

i REND(lO,*) IFIRST, ILAST
DO210 181FIRST, ILAST

READ(lO,*) IPOINT_NUN,POINTS(!, 1), POINTS(I, 2),
. POINTS(! ,3), !CCNPJAJN(I)

210 ¢OflTIIMJIE

i CL_E(IO)505 WRITE(6,*) * *
kMITE(6,*) ' Input the Sequence Ft Le*
kMITE(6,*) * ExampLe: HOUSE.D$1[G*

i READ(S,'(A37.)') FILE2OPEN(UNITs11, F1LEmFI LE2,STATUSm,OLD,,ERRsSOS)
RF.AD(11,'(A32)' ) HEADER..DSEQ
READ(li,*) U DSEO

I DO 220 I'I,IIUN_DSEOIIUD(11 ,*) IDSEQNIJN(I ), IDSEO(! )
7.20 CONTINUE

CLOSE(11)

i C ce...) BECAUSEA DAYAPOINT IS REQUIIIEDTO lie IN THE FORM
C [X,Y,Z,1] AMDU DATAIS IN THE FGMN(X,Y,Z,CG_NTdf],
C THELIST OF POINTSMUSTlie CONVERTED.

DO 81 lmlFIRST,ILAST

i ORIG(i, 1)mPOiNTS(1,1 ).XLOCAL(!CONP_NUN(I ) )
011i G(I, 2),d)Oi NTS(i, 2)+YLOCAL( I CCNPMUM(I ))
CMIG(1,3 ),_POIiTS( I, 3)+ZLOCAL( i ¢CMPNUN(i ) )
OIUG(I, 4)"1
TEMP(I, 1),,POINTS(I, 1)+XLOCAL( ICCMP_MJN(i ))

I TENP(I, 2)81)O111TS(I, 2)+YLOCAL( ! CCIlPIAJN(i ) )TEMP( !, 3)_mO!MTS(!, 3) .ZLOCAL( I CIMIPNUN(I ) )
TEMP(1,4)'1

81 CONTINUE

I FLAG1=1C ** FIND LIMITS lm

I XI3MX-- 1000000000
XCMIN=+,IO00000000
DO 20 lmIFIRST,ILAST

! F(ORIG(I, 1) .GT.X(3MX) XCNAXnOR/G([,1)
I F(Oiti_( I, 1).LT.XCMIN) XC:NIN_OItIG(I, 1)

i 20 CONTINUEYCIMX=- 1000000000
YCNIMm'lO00000000
DO 23 I'IFIIIST, II.AST

i IF(OlUG(1,2).GT.YC:NAX) YOUU(nOItlG(l,2)IF(GMIG(I,2).LT.YCMIM) YCMIMs(MIG(I,2)
23 CONTINUE

ZCMAX"-1000000000

i ZCNiM_ 1000000000
DO 22 I"IFIRST,ILAST

IFTOilIG(1,3).GT.ZDMX) ZCNAX_ItIG(1,3)
! F(ORIG(1,3). LT.ZCNIN) ZCNIN'_IIG(1,3)

i 22 CONTINUE
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I
IdlIITE(6,*) ' Do you uiih to input your olm color L|mits?'

i URITE(6,*) ' (Y or i)'READ(S,, (#_),) QUEST6
IF (GUEST6.EG.:Y* .OR.QUEST6.EQ.ly,) THEN

URITE(6,*) 'ProNe input the NINiu Z vetue ...'

I READ(S,*) ZCNIMMIITE(6, +) 'Ptemee input _:hoNAXiu Z vaLue ...'
READ(S,*) ZOMX

ENOIF

C ,..---_-_._.-._a.
C ** SCALEZ AXIS *ni
C **_--_------_-----

AVGXY'(YCNAX.XCIMX"YCMIN"XCNIN)/2.

FACTOR".2t ( AVGXY/ZCNAX)
DO 24 ilIFIRST,ILAST

ORIG(| _3)_R ! G( I, 3)*FACTOR
TEMPtI, 3)"TEMPt !, 3)*FACTOR

24 CONTINUE

C --_"_: ___";"__'-- _"_";"_";":"_";":"C _ SET COLORRANGE**
C _ _ _"_ _"_ _"_"_"_"_"_' _"_"_"_"_"

CFRACT=(ZCNAX-ZCNIN)/NUNCOLOR

_ DO 30 I=I,NUNCOLORCLObI(1)IZCNIN.( ( I "1)*CFRACT)
CNIGH(! )IZCNI M.(I*CFRACT)

30 CONTINUE

C ** SET INITIAL WIND(_ SIZE i.i

)(Nii" .5

I XIq_"2
YNIM='I
YIMX'.5

EMOIF
C

C ** Object NocUftClttOn **

IF (QUZST.EO.*I*.OR.QUEST.EQ.*b*) THEM

IF (FLAGI.NE.1) THENMIITE(6,*) * *
URITE(6,*) ' You have attempted to nmko axial*cations*
tAUTE(6,*) *to in object. However, beclulo no object is'

WRITE(6,*) 'In lamry, you ,itt be sent beck to the*
blRITE(6,*) 'lain lanu.*
URITE(6,*) * '
URITE(6,*) _ (PRESSRETURNTO CONTINUE)'

RENPl5,*)
FLAG211

Ell)IF
IF (FLAG2.EQ.1) GOTO21
tAtlTE(6,*) : MODIFY0EJECT:

URITE(6,*) * 'WIIITE{6,*) l You have chosen to lake modif|catiorm to*
WRITE(6,*) *the object in lemOry. Ptealo aotect the,
idlIITE(6, _) :type of nmdification to be clone..... :

URITE(6,*) * :IAtiTE(6,*) ' A) Local Scattng*
URITE(6,*) ' S) Overmtt Scaring*
URITE(6,*) : C) Shear*

URITE(6,*) : D) Rotation*
URITE(6,*) : E) Reftection*
WRITE(6,*) ' F) Trarmtation*
laIITE(6,*) ' G) Projection'

blRITE(6,*) * *
202
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I WRITE(6,*) ' I

REN)(5, '(A32)') CUEST2
C
C :::::::::::::::::::::
C "0 LocaL ScaLing 00

IF (CIJEST2.EQ.*Aa.OR.QUESTE.EQ.II* ) THEN
• CALL IDENT(TNAT1,4)

UR/TE(6,*) , I

l URITE(6,*) ' "") LOCALSCALING4...,km|TE(6,*) ' I
WR|TE(6,,o) ' With|n Local scaling, objects can be

+ ltretchad (scaLed) in either the X, Y or Z axis. PLease enter

+ the axis £o which you wish to scale...'
WRITE(6,*) ' '
WltlTE(6,*) ' (NOTE: a value of zero wiLL lke no change),
WRITE(6,*) ' t

i biltlTE(6,*) o (PLeue type "X-, "Y", or "Z")'
READ(S,* (A32) ' ) QUEST3
IF (GUEST3.EQ.*X' .O_.GUEST3.EQ.*X*) THEN

bltITE(6,*) * '
URITE(6,*) ' What is the acmte factor?*

READ(6,*) S_FACTTHAT1(1,1 )=SCFACT
ENOIF
IF (GUEST3.EQ.oyo.OR.QUEST3.EQ.0yO) THEN

URITE(6,*) ' olallTE(6,*) ' What is the scale factor?'
REN)(6,*) SCFACT t
THATI(2,2)I$CFACT

l ENDIF
IF (QUEST3.EQ.'Z ° .OR.QUEST3.EQ.°Z°) THEN

WRITE(6,*) ' o
WRITE(6,*) ' tdhat is the scale factor?'

I REN)(6,*) SCFACT
THAT1(3,3_ISCFACT

ENDIF
CALLTYPE(QUEST&)
IF (QUEST&.EQ.OA*.OR.QUEST4.EQ.'a* ) THEN

l CALL IDENT(TNAT,4)CALLCCNVERT(ORIG,FOUR,&,TENP,FOUR,&)
CALLHULT(TEHP,FOUR,4,THAT1,4,4)

ENDIF

IF (QUEST4.EQ.ºB' .OR.OUEST4.EQ.ob' ) THENCALLNULT(TENP,FGUR,4,THAT1,4,4)
EHOIF

CALLHULT(THAT,4,4,THAT1,4,4)

CALLNORNAL(TEHP,FOUR,&)
ElK)iF

C
C .meeee,vee_e_HMPeeettm

C "' Overet t Scat ing **IF (OUEST2.EQ.°B' .OR.QUEST2.EQ.Ob') THEN
CALL |DENT(THAT2,4)
WRITE(6,*) ' ,

WRITE(6,*) ' "''> OVERALLSCALING<"''WRITE(6,*) ' '
WRITE(6,*) ' Within overaLL scaling., objects csn be

+ stretched (scaLed) in the X, Y, _cl Z axis at the same time.

l + PLease en:sr the constant to which you wish to scale.., l
WRITE(6,*) o ,
READ(6,*) SCFACT
SCFACT=I.O/SCFACT

l THAT2(4,4)=SCFACT

2O3
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I CALL TYPE(gUESTG)

XF (WJEST&.EQ.'A' .OR.QUEST&.EQ.'e' ) THEN
CALL IDENT(TNATe4)
CALLCG_fERT(OR|GwFOUflw4oTENP,FOUR,4)
CALLNULT(TEI4P,FOUR,A,TNAT2,A,A)

I END|FIF (QUEST&.|Q.obe.OR.OiJEST4.EQ.°be) THEN
CALLNULT(TEMP,FU, 4, THAT2,4,4)

ENDIF

U CALLNULTITNAT,4,4, THAT2,4, &)
CALLNQIUIAL(TEKP,FOUR,A)

ENDiF
C

C ** Sheering _r*

IF (QUEST2.EO,°Ce.OIt.QUEST2.EQ.°c° ) THEN
CALL |DENT(TNAT3,4)

I VlRITE(6,*) o oURITE(6,*) o ""> SHEARING<'"'
MUTE(6,*) ' '
URtTE(6,*) ' v|thtn sheer|no, objectm cim be distorted

I + hl|rh respect to the X, Y, or Z axis. These _:ormtimts are |n the+ fern.., o
URITE(6,*) o o
WRITE(6,*) ° 1 B C 0 o

I blRITE(6,*) * D 1 F 0 '
WltlTE(6,*) o H I 1 0 *
UItlTE(6,*) ° 0 0 0 1 ' r
WRITE(6,*) ' *

I URITE(6,*) ' (NOTE: a vntue of zero uiLt rake no change.)'
WltITE(6,*) o o
UlUTE(6,*) ' Whet is the nev "i" value*
RE_(S,*) BSNEAR
UlUTE(6,*) ' Whet ii the nmd "C" value*

I ItF..4D(5,* ) ¢SHEARWRITE(6,*) ' _mt is the hey "9" vmLue*
RUD(5,*) OSHEM
URITE(6,*) ' t_et is the new HF" vaLue'

n RF.ADIS,*) FSHEAIIklRIIE(6,*) * Uhmt is the new "N" value*
READ(S,*) HSHF.AR
WRITE(6,*) ' Whet is the new "I" value'

I RUDI5,*) I SHEARTHAT3(1,2)sil=HF.Ait
THAT3(1,3)"C:SHEAR
THAT3(2,1)"OSHEAR

I THAT3(2,3) •FSHEAR
THAT3(3,1)xNSHEAR
THAT3(3,2)" | SHEAR
CALLTYPE(QUGST&)
IF (QUEST4.EQ.'A o.OR.OUEST4.EQ.°ao ) THEN

I CALL IDENT(THAT,4)CALL COIIVERT(ORIG,FOUR,/*,TEHP,FOUR,4)
CALL NULT(TEMP,FOUR,4,THAT3,4,4)

ENOIF

I IF (QUEST&.EQ.'B* .OR.OUEST4.EQ.°b' ) THENCALLHULT(TEMP,FOUR,4, THAT'4;,4,4)
Ell)IF
CALLNULT(TNAT,4,4, THAT3,4_4)

U CALLNORIMLITEMP,FOUR,4)
ENDIF

C
C ******.1..,******

I C ** Rotat|119
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IF (GUEST2.EO.'O' .911.QUEST2.EO.ld* ) THEN

CALL IDENT(TNAT4,&)
MIITE(6,*) ' '
UII|TE(6e*) , ""> ROTATING<...i

I URiTE(6,*) , ,URITE(6,*) ' PLease enter the lucia to uhtch you uish
. to rotate _ (T_I_ NXN# NyN or NZN)I

UIITI_(6,*) o o

I READ(S,I(A._.)*) OUES13URITE(6,*) ' PLease enter the angle (in degrees) to
+ vhtch you want to rotmte this object...'

URITE{6,*) ' '

I UR|TE(6,*) 'NOTE: ii poesitive m_llte uitt result tn a
+ counter-ctockvise rotation. ALso, • value of zero Hill mike
+ no ohm.*

IIUTE(6,*) * I

i READ(5,*) ANGLE
ANGU[,,ANGLE*(3.14159/186)
IF (GUEST3.EQ.*X* .OR.CIUEST3.EQ.*x*) THEN

TNAT4(2,2)lCOS(ANGLE)
TNAT4(2,3)let N(ANGLE)

I TINT&(3,21w- SI N(ANGLE)TNAT4(3,3) _COS(ANGLE)
EHDIF
IF (IUEST3.EQ. 'Y' .III.QUEST3.Ell. 'y') THEM

I TNAT&(1,1 )_OS(ANGLE)TINT&(1,3)s-SIN(A)IGLE)
TNAT4(3,1 )eel N(ANGLE) t
TNAT4(3,3)ICOS(ANGLE)

I ENDIF
iF (¢UEST3.EII. 'Z I .OII.GUEST3.EQ.'Z') THEN

TI_T4( I, I )lCI_(ANGLE)
THAT4(1,2) lS l N( ANGLE)

i TNAT4(2,1 )='SiN(ANGLE)
THAT4(2,2)ICOS(ANGLE)

ENDIF
CALLTYPE(GUEST&)
IF (GUEST4.EQ.'A'.QR.QUEST4.EO.'a I) THEN

I CALL IDENTITNAT,&)CALLCONVERT(ORi G,FOUR,4, TEHP,FOUR,4)
CALLNULT(TF.NP,FOUR,&,TNAT&,4,4)

ENDIF

I IF (QUEST4.EQ.*l* .OI.QUEST&.EG.*b* ) THENCALLIgJLT(TENP,FOIAt,&, TNAT&,4,4)
ENDIF
CALLNULT(TNAT,4,4, THAT&,&,&)

i CALLNQflNAL(TENP,FOUR,4)
ENDIF

C
C ,t_t_te

C ** Reflection e,

C *'-----------'";'-IF (QUEST2.EQ.*El .O_.QUESTZ.EQ.le* ) THEN
CALL |DENT(TIMTS,4)
WRITE(6,*) i ,

kqlITE(6,*) * ""> REFLECTION<'"*talITE(6,*) ' _
taIITE(6,*) * Uithin reflection, objects cen be

• reflected in either the X axis, Y axis, or Z axis. Please enter

+ the u|s to which you uish to reflect about...'
URITE(6,*) * '
UtlTE(6,*) ' (Please type "X", "Y", or "Z")'
READ(S,'(A32) I ) QUEST3

1F (QUEST3.EQ.'X' .OR.QUEST3.EQ.'X' ) IHAT5(1,1 )-'1
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B XF (¢KJEST3.EQ.*Y* .ON.QUEST3.EQ.'y* ) THATS(2,2)8"l

IF (QUEST3.EQ.eZ*.ON.QUEST3.EQ.eZ*) THATS(3,3)s'I
CALLTYPE(QLEST&)
IF (QUEST&.EQ.*Am.OR.QUEST4.EQ.la* ) THEN

CALLIDENT(TNAT,4)

i CALLCOtIVERT(OR| G,FOUII,&,TENP,FOUR,4)CALL14JLT(TEHP,FOUR,4, TI4AT§,&,4)
ENOIF
:F (QIJEST4.EQ.allm.OR.QUEST4.EO.lbl) THEN

I CALLNULT(TENP,FOUR,&,TNATS,4,41ENOIF
CALL10JLT(TNAT,&,4, TNAT5,4,4)
CALLNORNAL(TENP,FOUR,4)

i ENOIF
¢

C ** TransLation **

IF (IMEST2.EO.*F'.OR.QUEST2.EO.*f*) THEN
CALL |DENT(THAT6,&)
t_iTE(6,*) * *
WRITE(6,*) * ---_ TRANSLATION<'"*

WRITE(6,*) ' *bIRITE(6,*) ' bitthtn translation, objects can be
+ mvecl up, clotm, right, or Left. The relative constants are
+ in the form...*

I WR|TE(6,*) ' *
WR|TE(6,*) ' 0 1 0 0 I
t4t|TE(6,*) * 1 0 0 0 _'

• f

tm|TE(6,*) * 0 0 1 0 *
WRITE(6,*) ' L N N 1 *

I , ,
WRITE(6,*)
WRITE(6,*) ' (NOTE: a value of zero wiLL rake no change.)'
WRITE(6,*) * *
WRITE(6,*) * Whet _.s the new "Lm value*

I RE_(S**) LNATbiRITE(6,*) * Uhet is the new "14N value'
RUD(§,*) NNAT
WRITE(6,*) * What is the new NNMvalue*

RUD(5,*) NNATTHAT6(4,1):LIMT
TNAT6(4,2):44HAT
THAT6(4,3):NIMT

I CALLTYPE_QUEST4)
IF (QiJEST4.EQ.*A* .OR.QUEST&.EQ.*m*) THEN

CALL |DENT(THAT,4)
CALL¢ONVER¥(OR|G, F(]UR,&,TEMP,FOUR,4)

I CALLNULT(TEHP,FOUR,4, THAT6,4,4)
ENOIF
IF (QUEST4.EQ.*Bm.OR.QUEST/t.EQ.*b* ) THEN

CALL14JLT(TENP,FOUR,&, TI4AT6,&, 4)
EIdDIF

CALLNJLT(THAT,4,4, THAT6,4,4)CALLNOiU4AL(TEHP,FOUR,4)
EHDIF

C

i C ,s_,_t-es_tete*****C ** Projection **

IF (QUEST2.EO.*G' .OR.QUEST2.EQ.*g* ) THEN

CALL IDENT(TNATT,4)WRITE(6 *) * ,
Wlt|TE(6,*) 1 --'> PROJECTION<...I
MiITE(6,*) ' *

I WRITE(6,*) * Within projection, the object can take
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i + on • variety of sceved Looks. These constants are in

+ the form... '
WtlTE(6,*) * '
Mt|TE(6,*) * i 1 2 0 P *

I latlTE(6,') ' II °1°0'
WR|TE(6,*) I 0 0 1 R *
URITE(6,*) I 0 0 0 1 *
_ITE(6,*) * *
URITE(6,*) * (NOTE: a voLue of zero uiLL make _ change.) _

I WR|TE(6,*) * 'I;RITE(6,*) * Whet iii the new .P" vaLue*
REN)(5,*) P_'_T
la|lTE(6,*) * hlhat iii the eev _" vaLue*

i RUDIS,*) QMATlatITE(6,*) ' qhet iii th£ hey .Rm value*
READ(S,*) RNAT
THAT7(1,4)sPlMT

I TMATTI2,4I_MAT
THAYT(3,4)WBiAT
CALL TYPE(GUEST4)
IF (QUEST4.EQ.IAI .OR.qUEST4.EQ.III* ) THEN

i CALL |DENTITKAT,4)
CALLCONVERT(ORIG,FOUR,4,TEHP,FOUR,4)
CALLHULT(TEMP,FOUR,4, TI4ATT,4,4)

EMDIF
IF (QUEST4.EQ.iii I .OR.QUEST4.EQ.*bi) THEN

I CALLNULT(TEMP,FOUR,4,TMATT,4,4)ENDIF t
('ALL NULT(TNAT,_,/_, THATT,J;,4:
CALLIIOiUML(TEI_, FOUIt,4)

I ENDIF
21 FLAG2uO

ENDIF
C

C ** Chm Window **

IF (QtEST.EQ. *C' .OR.QUEST.EQ.*C*) THEN

390 WRITE(6,*) * *
WRITE(6,*) * The present values of the worLd coordinates*
URITE(6,*) 'in t,_e form (1,XNIN,XMAX,YMIN,YHAX) ere...'
WRITE(6,*) * XHINm*,)(NIM
WRITE(6,*) I X_Xl* ,XIMX

I URITE(6,*) * YNiH'* ,YMINURZ1E(6,*) 1 YIMXI* ,YHAX
MtITE(6,*) * *
URITE(6,*) ' Voutd you Like to change these ?_

I WRIIE(6,*) * (Type.."Y" for yes or "N" to exit)*
REN)(S, ' (A32) *) OUEST2
IF (OUEST2.EQ.*Y* .OR.QUEST2.EQ.'y* ) THEN

UItITE(6,*) I *

I URITE(6,*) ' Uhlt is the eev "X]qIN" value'
REN)(S,*) XFIIN
URITE(6,*) I _het iii the heu "XPJU("vaLue'
REN)(S,*) XMAX

i URITE(6,*) ' Whet is the new "YMIN" value'
READ(5,*) YMIN
latITE(6,*) ' What is the new "YIqAX"viitue*
READ(S,*) YHAX

ENDIF

I IF (OUEST2.EQ.IN* .OR.OUEST2.EQ.'n') GOTO400GOTO390
400 ENDi F
C

I C **t_r,t_mm_s_met
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I C ** COLOROPTION**

C *:_-;::_-:::_:;;;-
CH'O
IF (GUEST.EO.'O'*.OR.QIJEST.EQ.*d* ) THEN

1F(COL.EQ.O) THEN

i WIIITE(6,*) ' COLORIS NOWON*COLa1
CHI1

ENI)IF

i [ FCCOL.EQ.1.ANO.CH.EQ.O) THENURITE(6,*) ' COLORIS NOWOFFI
COL'O
CH'I

I Ell)IF
CHmO

EHi)IF
C

C ** Drying of objects and Text .t

IF (QUEST.EQ.*E* .OR.QUEST.EQ.'e' ) THEN
WRITE(6,*) ' *

i I_ITE(6,*) ' 'IJlTE(6,*) * *
gRITE(6,*) ' PLease enter the way in _hich you wish to

+ vieu this object...'

I WRITE(6,*) * *WRITE(6,*) I ,
MRITE(6,*) * A) Front V|ew'
MRITE(6,*) * B) Top Vise'

I WRITE(6,*) ' C) Right Side Vise*
klRITE(6,*) ' D) Dtmetric Vteu*
WRITE(6,*) * E) lsmetric Viev*
liltlTE(6,*) ' *

i klRITE(6,*) ' '
gRITE(6,*) t ,
REWD(5,*(A32)* ) QUEST3
CALL IDENT(PROJ,4)
CALL¢ONVI[RT(ORIG,FOIJR,4,PLOT1,FOUR,4)

i CALLCONV[RT(TEHP,FOUR,&,PLOT2,FOUR,4)IF(QUEST3.EQ.lA1.0R.QUEST3.EQ. 'S* ) THEN
PROJ(1,1 )zO
PLT1:2

I PLT2:3
ENDIF
[F(OUEST3.EO.*B*.OR.OUEST3.EQ.*b* ) THEN

PROJ(3,3):O

i PLT1=2
PLT2:1
DO 501 iul,ILAST

PLOT1( |, 1)=*PLOT1( 1,1 )
PLOT2(!, 1):'PLOT2( !, 1)

i 501 CONTINUEENOIF
I F(QIJEST3.EQ.lC' .OR.OIJEST3.EQ.,¢, ) THEN

PROJ(2,2):O

i PLT1:1PLT2z3
DO 502 1:1, ILAST

PLOT1( l, 1)z'PLOT1( I, 1)

I PLOT2(l, 1):'PLOT2( I, 1)
502 CONTINUE

ENDI F
IF(QUEST3.EQ.*D' .OR.QUEST3.EQ.*d* ) THEN

i PROJ(1,1 ):.9428
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PROJ(1,2)-.2425

I PROJ(1,3)-- .2287PROd(2,1 )-- .2357
PROJ(2,2)-.9701
PROJ(2,3)-.O572

I PROJ(3,1 )-.2357PROd(3,3)=.9718
PLT1,Q
PLT2=3

i ENI)IF
I F(QUEST3.EQ.'E' .OR.QUEST3.EQ.'e' ) THEN

PROJ(1,1)".577
PROJ(1,2)'.T07

i PROJ(1,3)".4a8
PROJ(2,1 )'" .STr
PROJ(2,2)'. 707
PROJ(2,3)'._8
PROJ(3,1 )'.577

i PROJ(3,3)'.816PLT1"2
PLT213

ENDIF

I PRIMOURITE(6,*) ' DO you want to pr|nt this out?'
URITE(6,*) ' (Y or t)*
READ(S,' (A32) ' ) QLEST4

I /F(QUESTA.EQ.tyt .OR.QUEST4.EQ.'y' ) THEN
PRI"I
UIIITE(6,*) 'PLmme input the TITLE _ r
READ(S,*(A/A))*) TITLE
URITE(6,*) 'PLelme input the X-Axis LabLe*

i REND(S,'(A40)*) XAXISURITE(6,*) 'PLease input the Y-Axis tabLe,
REN)(5, * (A40)') YAXlS
WRITE(6,*) 'Do you want the BOXdrmm?'

i UItITE(6,*) ' (Y OR N)*READ(S,*(A32) ' ) GUEST5
SX'O
! F(QUESTS.EQ.*N* .OR.OUESTS.EQ.'n' ) THEN

| ENDIF

IF(QUIESTS.EQ.'Y' .OR.QUEST$.EQ.'y' ) THEN
BX'I

i ENDIF
ENOIF
I F(QUEST&.EQ.'N* .OR.QUEST/*.EQ.*n* ) THEN

PRI"O
EMOIF

i c WRITE(6,*) ' Do you want the Z-Ax|s drmm?,c tatiTE(6,*) , (Y or ii),
C READ(S,' (A32) ' ) QUEST/*
C I F(QUIEST/*.EQ.'N' .OR.OUEST/*.EQ.'n' ) THEN

i c ZA,,Oc ENDIF
c |F(QLEST/*.EQ. ,yt .OR.OUEST/*.EQ.*y* ) THEN
c ZA=I

i c ENDIF
CALLNULT(PLOTI,FOUR,/*,PROJ,/*,/*)
CALL ILILT(PLOT2,FOUR,/*,PROJ,/*,/*)
CALL NOIU_L(PLOTI,FOUR,/*)

i CALL NOiLqAL(PLOT2,FOUR,/*)
CALL¢ONVERT(PLOT2,FOUR,/*,PLOT3,FOUR,/*)
CALL CONVERT(PLOT2,FOUR,/*,PLOT/*,FOUR,/*)

C tt__._._._.;.

i C ** PRINT **
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IF (PItI.E(I.1) THEM

CALLPGSEGIN(O,'poet.pe/pG' ,1,1)
1F(BX.EO.O) THEM

CALL PGENV(XNIM,XIMX,YNIM,YNAX,I,'2)

I ENDIFIF(BX.EQ.1) THEN
CALL PGENV(XNIN,XNAX,YNIN,YNAX,1, O)

ENDIF

I CALL PGSCH(1.5)
XSPOT..()Oq! N+)OMX)12.0
YSPOT'YIMX+.0"_ (YNAX"YNI M)
CALLPGPTEXT(XSPOT,YSPOT,O.O,O.§,T|TLE)

I CALLPGSCH(1.0)
XSPOT=)Oq|M-.O5*(XNAX'XNIM)
YSPOT'(YNAX+YN!M)/2.0
CALLPGPTEXT(XSPOT,YSPOT,gO.o,o.s,YAXiS)

i XSPOT'(XNI N+XNAX)/2.0
YSPOT'YN/N".1I*(YMAX'YN/N)
CALLPGSCH(1.0)
CALL PGPTEXT(XSPOT,YSPOT,O.O,O.S,XAX|S)
CALLPGSCI(1)

I CALLPGSHLS(1,100., 1.,1.)OLDsO

DO509 |ml,NUN DSEQ
X( Z"OLD) =PLOT&(ASS([DSEQ(l ) ), PLT1)

I Y( | "OLD)uPLOT&(ABS(|DSEQ([ ) ) ,PLT2)
| F( |DSEQ(14'1) .GT.0..OR. |DSEO(| ) .EQ.O. ) GOTO509
CALL PGL|NE((/'OLD),X,Y) r
OLD"I

I 509 CONTINUE
CALLPGENO

ENOIF
C

I C _ OPENPLOTT|NGPACKAGE**
CALLPGSEGIN(O,'/X',1,1)
1F(BX.EQ.O) THEN

i CALLPGENV()OqIN,XNAX,YNZN,YHAX,1. "2)ENOIF
1F(BX.EQ.1) THEN

CALLPGENV(XN|N,XNAX,YN[N,YNAX,1,0)

i ENO|F
i F(PR| ._O.1) THEN

CALLPGSCH(1.S)
XSPOTu(XIq!N+XIqAX)/2.0

I ySl;_DTaYMAX+.07_( YMAX.yMIN)
CALLPGPTEXT(XSPOT,YSPOT,O.O,O.S,T|TLE)
CALLPGSCH(1.0)
XSPOTuXNiN- .OS*(XNAX'XNIM)
YSPO'ru(YNAX+YHI N)/2.0

I CALLPGPTEXT(XSPQT,YSPOT,90.O,O.S,YAXIS)XSPOT'(NN!N+XMAX)/2.0
YSPOTuYN| N-. 1I*(YHAX'YN| N)
CALLPGSCH(1.0)

I CALLPGPTEXT(XSPOT,YSPOT,O.O,O.S,XAXlS)ENDiF
C

I C ** Graphics part of the program **
IF(COL.EQ.O) THEN

CALL PGSC!(1)

i CALL PGSHLS(1,100., 1., 1. )
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I OLD-O

DO 508 I-I,IAJM DSEQ
X( I -OLD)sPLOT3(ABS(IDSEQ(I ) ) ,PLT1)
Y( I -OLD)sPLOT3(AILS(XDSEO(I )), PLT2)
IF( IDS_O(I+1 ).GT.O..OR. IDSEG(! ).EO.O. ) GOTO508

I CALLPGLINE((I-OLDI,X,Y)OLDmi
508 CGMTINUE

EHf)IF

I 1FICQL.EQ.11 THEMWRITE(6,e) '0o you wish to use the LEGENO?'
URITE(6,*) o (y OR N)O
REN)(S, ' (A32) ' ) OUEST5

I ! F(OI.tESTS.EQ.' No.OR•QUESTS.EQ.' no) THEN
LEGsO

EHi)IF
IF(GUESTS.EQ.,yo .OR.QUESTS.EO.lyJ ) THEN

I LEG,,1
ENDIF
IF(LEG.EO. 1) THEN

C
C I.D LEGENO"t'

CALL PGSLkI(2)
DELTAXsXMAX'XiqI N
DELTAYmYHAX'YN!N

I DX'4)ELTAX*.05PERCENT'.3
DY-(DELTAY-PERCENTWDELTAY)/IAJMCOLOR
DO 60 181 ,IAICOLOR

I Y( 1)-(YNAX-. 5al_RCENT°DELTAY)-( ! - 1)*DY
Y(2)s(Y_-. 5*PERCENTtOELTAY)-( I "1 )*9Y
Y(3)'(YNAX". 5tlDERCENTWDELTAY)" ( I )*9Y
Y(&)'(YNAX" •5*PERCENT*DELTAY)"( ! )_q)Y

I X( 1)-XNAX-. 2*DELTAX
X(2)m)O4AX-.2*DELTAX*OX
X(3)sXl4AX-.2*DELTAX_)X
X(&)sXl4AX-.2*DELTAX
L,qMJMCOLOR+1- I

m VAL5,CCX.OR(L)CALLPGSHLS(L,VALS,.5,1.0)
CALLPGSCl(L)
CALLPGSFS(1)

I CALLPGPOLY(4,X,Y)CALLPGLINE(4,X,Y)
MtITE(CHAR,'(F8.3)' ) CHIGH(L)
VALlmX(2)..S*DX

I VAL28Y(2)" •2*DY
CALLPGSCH(.8)
CALLPGTEXT(VAL1,VAL2,CHAR)

60 CGUTINUE

I WRITE(CHAR,°(F8.3)') CLOY(L)
VAL18X(2)..S*DX
VAL2-Y(3) -. 3*DY
CALLPGTEXT(VAL1,VAL2,CHAR)

l ENI)IF
C __-_
C ** DRAWING*o

L-2

I CALLPGSCI(2)CALLPGSLkI(1)
CALLPGSHLS(2,IOU., 1., 1.)
OLO-O

I IX) 507 1-1 ,NUN..OSEO
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I X( I -OLD)uPLOT2(ABS(IDSEQ(I )), PLT1)

Y(I-OLD)_PLOT2(ABS(IDSEQ(! )), PLT2)
! F( IDSEG(1+1) .GT.0..OR. ;DSEQ(I ) .EQ.O. ) (;{)TO507
I F(L.GT.2SO) L82
VALluOiIIG(NiS(IDSEO(I'3)),3)

I VAL2uOItl G(ABS(IDSEQ(1-2) ) ,3)VAL3uOIII G(ABS(10SEG(I - 1)) ,3)
VAL4_uQIII G(ABS(1DSEO(! )) ,3)
VAL•(VAL1+VAL2+VAL]+VAL4)/(4.*FACTOR)

I DO SO J-1,NUNCOLOIIF (VAL.LE.CHIGH(J) .AND.VAL.GT.CLOU(J))
+ VALSuCOLOIt(J)

50 CONTINUE

I CALLPGSHLS(L,VALS,.S, 1.0)
CALLPGSCI(L)
CALLPGSFS(1)
CALLPGPOLY((I-OLD),X, Y)

I CALLPGLINE((I'QLDI,X,Y)
L=L+I
OLD'!

507 CONTINUE
EHDIF

C *r* CLOSEPLOTTINGPACKAGE

CALLPGEND

I ENDIFIF (QUE.ST.EO.°QUITS.OR.QUEST.EQ.°quitl) IX)TO999
GOTO100 w

999 END

! °C ** Subrout ines **

I SUBROUTINEIDENT(NATRIX,SIZE)

C

INTEGERSIZE, l,a
REALNATRIX(SIZE,SIZE)
DO 10 i=I,SIZE

I IX) 20 J=I,SIZEMATRIX(;, J)80
20 CONTINUE
10 CONTINUE

I IX) 30 I=I,SIZENATRIX(I, I)=I
30 CONTI NUE

RETURN

I C END
SUBRGUT!NE TYPE(TYPE_MOD)
CHARACTERTYPENCX)*32

I 10 WIIITE(6,*) ' I
WRITE(6,*) *Do you wish to .... '
kMITE(6,*) ' A) Nodify original object'
blRITE(6, e) ' B) Nocl|fy current edited object'

i IdtiTE(6,*) ' a
RE,qD(5,e(A32)' ) TYPE_NOD
IF (TYPE_NOI).EQ.'AI .OR.TYPE_MOD.EQ.laa) RETURN
IF (TYPE MOI).EQ.lbl .OR.TYPE_MOD.EQ.Ib° ) RETURN
WRITE(6,*) 'Something other then aA" or "B" his been entered.'

I tAtlTE(6,*) ' PLease try again .... 'CK)TO10
EHD

C

I SUBROUTINENULT(FIRST,RC_I,COLI,SECONO,ROU2,COL2)
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i INTEGERROUl,ltOd2, COL1,COL2,i, J, K

REALFi RST(RO511,COL1), SEC:C_(RO_, COL2),THIRD(_:_)000,&)
DO50 i-l,Radl

DO60 J-1,COL2
THIRD(I ,d)80

I 60 CONTINUE50 CONTINUE
IF (COL1.ME.ROU2)GOTO10
DO20 K=I,COL1

I DO30 I"I,ROW1DO ld) J"l ,COL2
THIRD(!, J)zTHIRD( !, J)+FIRST( I, K)*SECCXiD(K, J)

40 CONTINUE

i 30 CGNTINUIE
20 CONTINUE

DO70 l'l,ROIdl
DO80 J'leCOL2

FIRST( I, J)'TH! RD(l, J)

i ilo CONTINUE70 CONTINUE
RETURN

10 WRITE(6,*) ' ,

i WRITE (6,*) * Because the Length of cottmn 1 does not equal the+ Length of row 2 these two metric|es can not be muttiptied
+ together !

WRITE(6,*) , ,

i 51RITE(6,*) * FATALERRORI*
END

C

SUBRCUTI NE PRARR2(PO!NTS,ROU,C:OL)

i INTEGERROId,COL,!,J
REALPOINTS(Rad,COL)
DO 10 I'I,RObl

DO 20 d:l ,COL
biltiTE(6,*) * RObI*,I, * COL*,J

I bIRITE(6,*) POINTS(I J)
j,

WRITE(6,*) ' :
20 CONTINUE
10 CONTINUE

I RETURN
EHI)

C

SUBROUTINECQNI/ERT(FIRST,ROW1,COL1,SEC:ONO,ROb_,COL2)

i INTEGERIKN1,¢0L1 ,IliOn, COl.2,I ,JREAL Fi RST(ROi41,,COL1), SECONO(RObl2,¢OL:_)
DO 10 I=I,ROU1

DO 20 J'I,COL1

I SECGNO(I, J)'F IRST( I, J)
20 CONTIIBJE
10 CONTINUE

RETURN
ENO

I SUWtGUTi NE NOIUML(NAT,ROrd,COL)

C

INTEGERROId,COL,i, J
REALNAT(ROU,COL)

i DO20 I"1,ROWDO30 Jul,COL
IF (NAT(I,COL).NE.O) THEN

NAT(I, J)sMAT(I, J)/HAT( ! ,COL)

I ENOIF
30 CONTI HUE
20 CONTINUE
10 RETURN
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I C) Fixed Bed CoM G_ifier Model

MAIN PROGRAM

!
C

LOGZCLLDlm, MOll, OE, FPLOT, TPLOT

! c
CO)O(Oll/ D1,-/ ILqOZST. VM, FZIC, L.qH
COMMOll/ D2' / FC, ltE, FO, Fll, FS, F/tSH

I COMMOll/ D3 / COAL, STIM/l, AZR, OAZIL, TCOLL, TSTI_q, TAnCO)toOl / D4 / z]m, mpl
COMMON/ DS / IIVOOAL,P, DZA. DP, VMD, PA

I CON)lOll/ De / SP, rrc, TWCO)mOll / U / U_Ce)
co)moll / zz / xco, xc02, lo2, xi2, zcs4, za20, zcJ3, xJ.qs

I CO)mOll / ee / F(8). J3zkCO)mOll / mt / sC9). cp(9)
co)moll I HO / II_OC

I CO)mOll / lD / C, CCOM,AC, 13UB_t
CO)mOll / Dn / .OE, DSm, MOll, FPLOT, TPLOT, IqXTBOD
CO)mOll / PPP / Fll2

I CO)mOll / DK / _ lqL DH DIISO CPP DI_kl CPV HOVW
B I P | t | I

CO)mOll / DV / DGA.q,l[FfLltV, EFr/3/., EPGJt3,¢PTLlt,CPGLq,Dv'rl_, HOV
ZlqPLZCI"TREAL*8 (A-B,O-Z)

I CE/3_CTI_ XCllAIL*7n]]ll_SXOll Z1(360) ,13(350) ,Z4(350) ,U(3SO) ,X6(360), XT(360) ,Z8(350)
DZ_I]lSZOll T1C3SO), ZCS._(7), Z_OC3SO)

I DZMIISXOll PGAS(8), CS(3SQ, IO), !V(6), TAit(3), al(6)
D]:M]lSZOll DF(8), Xl1(360), X12(350)

C

I DATA (ZCBAR(Z),Z-1,7) / '3333' '4444' '5666' '6666' '77TT' '8888'
I I I I I I

& 'TT'rr' /
DATA DZ, 'rB, llSF, ZSV, li', 11164 /1.0, 0.0, 3, 2, 8, 180 /

I DATAPZ ii / 3.14159 82 057 /
t I

DATA EV / 67636.0, 0.0, 0.0, 57798.0, 191759.0, 0.0 /
ZZ,,O

I C 1 " T 2 " C 3 " CO 4 • C02 5 • 02C 6 • !i2 ? • CE4 8 • B20 9 • ]12
C

I lrPLOT• 0ZRT " 0
111 ZB,T - IRT + 1

I Ze ( ZRT .(;T. I ) STOPCALL 13PUT

ze ( Dea ) ;n_zTe (6,68)

! o
C COI_F_ZON OF UNITS TO CGS SYSTEM
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I

C

COLT.• COLL , 483.6 / 3600.0AIR = AZR , 453.6 / ( 3600.0 * ( ( 1.0 - (]AZR) * 28.0 +
+ OAZR* 32.0 ) )

STEJU(- ST]ULM• 463.6 / ( 3600.0 • 18.0 )TC(]LL : ( TC(]LL + 480.0 ) / 1.8
TSTEJ,q = ( TSTIUm + 460.0 ) / 1.8

I TA]:_ = ( TlZa . 460.0 ) / 1.8
,, ( TW + 480.0 ) / 1.8

P - ( P + 14.7 ) / 14.7

I BTC = ETC • 252.0 * 1.8 / ( 3600.0 * 30.48 * 30.48 )DP = DP * 2.54

MILZTE(6,1)COLL,AZI,STEAM,TCOLL,TSTEAM,TAZIL,TW,P,HTC,DP

I ' COLL,AZIL,STEAM,TCOLL,TSTEJLM,T£IIL, TW,P, HTC,DP' ,
1 FO_,AT ( //, SZ,

1/, 5Z, 5G12.4,/, EZ, 5G12.4)
C

I ZP ( DEB ) WRITE (6,10) CO&T., STF.J_, AZB,, TCOJLL,TSTEJJ(, TAZR,+ P, ETC, TW
C

I C TO EVLLUATE(]THF,R CONSTANTSC
LR_ = DZA * DZA * 30.48 * 30.48 * pT / 4.0

I CIR ,' Pl * DIA * 30.48AC : ( 100.0 - VM * VMD- RMOIST - ASH ) / ( 100.0 * FC )
FISH = ASH / 100.0

! ° ZF ( DF.B) k3.ZTE (6,12) LBF.JL,CT.R, £C
C

I DTTOP = O.ODODEVOLL= O.ODO
C

I C DO 2 ITERATIONS :C FIRST ASSUMe.THE DEVOLATILIZATIONLENGTH= O. 0 CN
C SECONDUSE THE VALUEFOR DEV(]L LENGTHOBTAINEDIN THE FIRST CASE

! °
DO 550 Z])Elr=l,2
C • COAL * FC

I _ = COLL • FASHCCOM= AZR * OAZB,* 12.0
CC = C * AC

I FN2 : /,ZR * ( 1.0 - O£ZR )IF ( Z]_D .Eq. 1 ) lC : PA

ZF ( IND .EQ. 2 ) HT : PA * 30.48

I Z¥ ( ZII) .VQ. 2 ) XC : 0.99C
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I

C INLET GJ3 TEMPE]U,TURE

! ° CALLCPH ( 9, "fair )
CALL CPH ( 5, TAIR )

I CLLL CPB ( 8, TSTEJM )C

CPGIN = ( 1.0 - 0AIR ) • CP(9) + 0lIE • CP(S)

I CPMGIN = A_£ * CPGIN + STFJ_q • CP(8)
TGDJ - ( AIR * CPGIN • TAIR + STEAM• CP(8) • TSTE/U4 ) / CPMGIN

C

I IF ( DEB ) WRITE (8.18) TGINC
C INITILLIZATION

! °
C

I C BEG_JNING OF OUTERLOOP OF LDJUSTING lCC
100 lT - lT + 1

! °C DO THREE _TIONS ON THE GAS-SOLID TFJ_PF,KATUREDIPYF£ENCE
C

I DO 496 1C"1,3TMIX = 0.0
TIlL = 0.0

I ISO.0J"l

com' = c • ( 1.o - zc )

I RTG = 0.0RTS = 0.0

C

I _(1) = TGISF(2) . C0UT
F(3) = 0.0

I F(4) = o.oF(6) = AI,D, • OAIK

F(8) = o.o

I F(7) = o.oFCa) = STEAM
FRAC -- 1.0DO

I Sbl_R=O.0C

IF ( MON ) WRITE (6,20) IT , IC

m IF ( DEB ) WRITE (8,32) PIC
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n

C GRLPH:I:CLLAND Ti.BLE OUTPUT

I C SUMG= AXlt + STlrJ.q
Tl(J) = 0.0

I Xl(J) :, TQXNxscJ) .., o.o
zacJ) -- o.o
zsCJ) = FCs) / suM(;

I xeCJ) . o.o
zTcJ) ,, o.o
xscJ) = s_,kq I suMa

I c_ - FC2)
CPS = CPSOL (TGTN,CF,,/tF)

i CLLL CONVCTQTN,DP,HC)][11 (J) =HC,6. ODO,(1. OD0- F.P),LR_/DP/CPS/(CF+LF)
Z12(J)- ( 1. ODO-FB£C),SUMHR/CPS/(CF+J_)

I C DO 120 K = 2, 8
120 CS(J,](:) - F(K) • 3600.0 / 453.6

csCj,1) . FCt) • 1.8- 4eo.oCSCJ,IO) ,, 110(3) • 1.81)0 -460.0D0
140 CJLLLRUNG][( 8, F, DF, Z, DZ, KEY )

TF( I_Y._.I ) GO TO 340I c
C TOTLL G£S FLOWRATE

i C SUMG= FN2
C

n DO 160 K : 3, 6ZF C FCK) .LT. 1.0E-10 ) FCK) : 0.0
zeo s_ : slma + FCK)
C

XF (F(8) .LT. 1.0E-I0 ) FC8) : 0.0
St_Q : SUMQ+ FC7) + F(8)

C

I C MOLEFgJtCTXONOF GJ3
C

ICO : e(3) / SUM(;xco2 : FC4) / suH_
xo2 = F(s) / stma

zx2 = FCe) / su_XCH4 = F(7) / SUHG
zz2o = FCa) / sting

I °C TOT,U. SOLXDFLOWBATE
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SUMS,, ALF+ F(2)I °
C PdLSSFB£CTZONOF SOLT.D
C

I ZC_ = F(2) / SUMS
Z4SH - _LF/ SUMS

C

E C e VLLUATEBJI,T1ECONSTANTS
C

T = F(1)

I ZJ - (J-i)*DZ
TC - IlO(J)+(Z-XJ)*(XlO(J+l)-llO(J))/nZ
zr(zc.zo. 1)TC-T

I CJLL B4TES1 ( TC , T)
C

i no 180 K = 1, 2180 ZF (B£TE(K) .LT. 0.0 ) BATE(K) -. 0.0
DO 200 E = 4, 6

200 ZF (B4TE(X) .LT. 0.0 ) BATE(K) = 0.0I c
C C02
C

I T4 = 0.0
T.F (BJLTE(3) .LE. 0.0 ) T4 =-BJLTE(3)

I TEST4 = (BATE(S) + T4 ) * JLRF,£* DZZF ( TEST4 .LE. F(4) ) GO TO 220
ZF ( TEST4 .LZ. 0.00001 ) gO TO 220

i BATEC5) = BATEC5) • FC4) / TEST4( Ta .ZO. o.o ) ao TO220
BATE(3) = - T4 • F(4) / TEST4

C

I C 52
C

I 220 TEST6 ,- ( T4 + BJLTE(4) + 2,0 • IULTE(6) ) • /LREA• DZZF C T_TS .LE. FCe) ) (;0 TO240
1"17( TEST6 .LE. 0.00001 ) GO TO 240

i BATE(4)= BATE(4) • F(6) / TEST6BATE(e)= BATE(s),F(6) / 'tESTS
ZF ( T4 .GT. 0.0 ) BJLTE(3) = BATE(3) • F(6) / TESTSC

I C COC

i 24.0 TF.,ST3 = BATE(3) • JLREJL• DZZF ( TEST3 .LE. F(3) ) GO TO 260
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zF (TESTS .XR. 0.00001 ) dOTO260
azTeCs) . rCs) • azTeCs) I TESTS! o

! °260 TESTS = (azTE(2) + IrATe(3) ) , AREA • DZ
zF ( TXST8.LZ. F(8) ) 40 TO280

i _ ( TLqT8.LZ. O.O000X) dO TO280azTe(2) • F(8) • RITR(2) / TESTS
azTe(3) = F(8) • R£TE(3) I TEST8

C

I C 02
C

I 280 RATIO ,, 1.0AS - ( azT]:O + 2.0 ) / ( 2.0 + 2.0 * azTIO )
TESTS • ( £5 , azTe(1) + azTE(4) 1 2.0 ) *AREA, DZ

i Y3 (TESTS .LE. F(S) ) dO TO300D_ ( T_TS .LZ. O.O000t ) dO TO300
azTeC1) n R_TJ[C1) * FCS) / T_STS

azTeC4)• azTeC4)• FCs) / T_TS! o
C EPECIPIC HEATOF COIL
C

I 300 CP(2) • 2.673 + 0.002617 • T - 116900.0 / ( T • T )
H(2) • 2.673,(T-298.) + O.O02617*(T,T-298..298.)/2.

+ + 116900./T - 116900./298.! o
C CPMG= SUMOF ( MOLARFLOWKATE * CP )
C

I caM. cpr ( 9, T )
CPMG• CP(9) • FN2

C

I DO 320 K = 3, 8
CALL CPH ( K, T )

CPMG = cPMa + CP(X) • F(K)

m 20 coFr]]uE
C

C HF,AT OF RF.ACTIOM

I °
RATIO • 1.0

_(1) • (RC4) + RC3) • _TZO - RCn)• ( 1.0 + _TZO/2.))
+ / ( 1.o + azTZO) - RC2)
nZtC2)= RC3)+ RC6) - w(8) - RC2)

fmC3) = RC4) + RC6) - RC3) - HC8)mtC4) • RCn) - RCn) / 2.0 - aCs)
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I

IERC5) - 2.0 • H(3) - H(4) - HC2)

I H_(6) - HCT)- 2.0 • HC6) - HC2)C

C DF

! ° :_F(2) = U._ • (_T_(1) + P.ATE(2)+ _TECS) + P.ATZ(6)) • 12.0
DF(3) = AREA • (RATZC1) • RATIO / ( i.0 + RATI0 ) + RATE(2)

I + - P.ATZ(3)+ 2.0 • P.ATE(6))
DFC4) = AREA• (RATE(1) / ( 1.0 + RATZ0 ) + RATE(3)

+ - _TECS) )

I DrCS) - _ • ( - RATZ(1)• C 1.0 + P._TZO/ 2.0 ) / C 1.o+ + _TZO ) - _:zC4) / 2.0 )
Dr(6) = AREA • (RATZ(2) + ILATE(3) - BATE(4) - 2.0 • RATE(6) )

I Dr(7) ,, _ • _:ZCS)
Dr(8) = AREA , (P.ATZC4) - I_TE(2) - B£TE(3) )

C

I C HF.J.TGENT.,B.ATZONC

z8. (-H_C1) • _C1) - H_C3) • _C3) - H_CS)• _Cs) )

I +*AREA

AlO =- .'.(4) • aATl(4) •

! °C HF,AT LOSS
C

I HLOS : HTC • CIR * ( T - TW )zr ( I[LOS .LT. 0.0 ) 111,0S: 0.0
C

I C SPECZFIC HEAT OF SOL'tDC

cr - Y(2)

I CPS : CPSOL (T,CF,AF)C

C OVERALLHEAT'I'XLNSFF,R COF._ICTF.NT

! ° CALLCONV(T,DP,HC)

HASH=2.ODO,THK/DP,(YNUMBF,R/(1. ODO-YNUMBER))

I EAC:1. ODO/ ( 1. ODO/HC+1. ODO/HASH)
FI'_JLNS : BAC*6.0D0*(1.0D0-EP),ARF.A/DP_(T-TC)

C

I CDF (1)C

SUlqlm : A8 + A9 +AIO

I TF,R.q : DF(2)*CPS*(TC-T)SUtaiR : SUlqHR+ TERM
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I

DF(1) • ( -HTR_S - HLOS+ FII£C • SUN_) / CPMG

m _o TO 14o340 HLOS£m HTC * CIR • (F(1)-'Z_d) . -
= Till,+ (BTC • CIR • (FC1)-TW)) , DZ

I ° J=J+l

Zll (J) =l_tC*6. ODO*(1. ODO-F,_)*A_,£1DPISUNSICPS

I C Z12 (J): (1. ODO-FR£C),SU_R/SUNS/CPS
C DEBUGGING

! ° 'rF ( .NOT. DF.,B) GO TO 360
_raZTZ(6,a8) J, z

I t_LZTE (6,86) ILkTE_.x_ (e,e4) mt
VBITE(6,92) F

! °C TOTAL(/£S FLOWR3i.TIE
C

I 360 SUM(]= FN2DO 380 K = 3, 0

XP (F(K) .LT. 0.0 ) F(K) : 0.0

I 380 SUNG= SUNG + F(K)C

T = FCI)

I IF ( T .GT. TN_ ) TMJL_- TVF,L = SUNG * 22400.0 _. T / ( P * 273.0 • JL8_ )
B.TG= OZ / VF..L+ RTG

! °C TOT/J, SOLID FLOWR£T2
C

I SUPS = aF + F(2)rF,J, = SUMS / ( ILI]OC• ( 1.0 - EP ) • I_.JL )
RTS = OZ / _ + RTS

! °C FOILGRAPHICAl.OUTPUT
C

I 400 YI(J) = Z / 30.48C

XICJ) = T

I z3CJ) = eC3) / SUMGZ4(J) = F(4) / SUNG
zsCJ) = FCs) / suM_

I xe(J) = F(e) / SUMGZT(J) = F(7) / suMa
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!

zsCJ) = _Cs) / s_a
C

I TABLE OUTPUT
C
C

DO 420 K - 2, 8

I 420 CSCJ,K) : FCK) • 3600.0 / 453.6
C

csCj,z) . FCt) • t.6 - 460.0

I CSCJ,lO)= IlOCJ) • 1.8D0- 460.0D0C

ZF ( J .LT. 348 ) GO TO 460

I c
C IqLXZMUMLENGTHEZCEEDED
C

I s Z / 30.48
Z

T_ITE C6, S6) Z

IF ( MOS) _ZTZ (6,60)
I i_.Z'1_ (6,22) F

WRZTE(6,24_ J, Z, SUNG, RTS_ RTG, THL, TK_
C

m Go TO
111

c

c TEB.M'rNATZONCRZT_ZON

! c
460 IF C ZND.EO. 2 ) 40 TO460

IF (F(2) .LT. CC ) 40 TO 14_)

I 40 TO
SO0

C

480 TESTZ=(IIT-DEVOLL-Z)/DZ

,5)GO TO 140
ZP(TF.STZ.GT.
JS:J

IIOCJ)=II(J)-DTTOP

TEBHI: (Ill(J) +II1(J-1) )*DZ/2. ODO
490

TEBH2=(I1 ( J- 1)-II(J) )/TEB_I- (112 (J) +112 (J- 1) )/2. ODO

ZIO(J-1) = I1(J-1)'TE_2+CIIO(J)-II(J)+TE_2)/DF.Zp(TE_I)

k_ZTEC6,e),-"lOCJ-1) = , I10(1-1)
C

Jr J-1

ZFCJ.GT.1)40 TO490

I J:JS
495 COF/'ZNUE

k_LZTE(6,,) ZT

lc
C END OF Z_fER LOOP
C

C DEBUGGZNG
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I C

500 IF ( .SOT. MO]; ) (:0 TO 520

I k_I'TE (6,22) F
k'RZTE (6,24) J, Z, SUMG, RTS, RTG, THL, TP.AZ
k'ltZ'XZ (6,23) CO ,F(2)

! °
C TERM]]ATXONCR_ON FOK OUTERLOOP
C

I 520 TF(Z]ID.EQ.1) GO TO 540
n - cc - PC2)
Z_ ( _O]r) V_TZ (e,3s) ZT, XC, n

I GOTO s¢o
IFCLBSCF£) .LT. 1. O)
CALL CBa,CT ( zr, :rc, I_ )
IF ( .NOT. OK ) GO TO 111

I ( _o_ ) tmzrz (e,2e) zc
T.F ( ZT .LT. lS ) GO TO 100
k3lT_ (6,40) IT

I TO 111
GO

C
C F.ND OF OUTERLOOP

! °C DEVOL,tTZLIZATION
C

I * F(4) + 32.0 * Y(S) + 2.0 * F(6) +
S40 k'MI s 28.0 F(3) + 44.0

+ 16.0 * F(7) + 18.0 * F(8) + 28.0 * FN2
k_I = k_I / SU)((:

I ]_ ( MOI ) V_ZrZ C s2) _I
6, T,

C

CALL DEV01 ( k_Z, T, CI_'T, DCO, DC02, DH2, DCH4, DH20, DN2,

I + DH2S DTJLB TJLK COO]lT)
I

IF ( COUNT .GT. 10.0 ) GO TO 111
IF ( nON ) t_RI'TE (6,18) DCO, DC02, DH2, DCH4, DH20, DN2,

I DH2S, DT/.B.,
4" Till

DMOIST= COLI. • B.IqOZST/ ( 100.0 • 18.0)
DCJLDO: ( DCO + DC02 + DCH4 ) * 12.0

I lLlql/,,78.0C
C (:JLSFLOWBATE AT TOP OF (:JLSIFID.

! °
F(3) = F(3) + DCO

F(4) = F(4) + DC02

I FCa) F(6) DH2
sn +

F(7) = F(7) + DCH4

F(8) = F(8) + DMOXST+ DH20

I F(2) : F(2) + DCJ3.BO + TJLB(1) + ClOT • 12.0
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C

I cC G£S EXIT TEMPERITURE
C

I CF=CCPS = CPSOL ( TCOLL, CP, £P )
C

I CaLL CPH ( 9, T )CPMG= CP(9) • ( FN2 + DN2 )
DO 580 E .. 3, 8

I CalL CPH ( K, T )580 CPMG= CPMG+ F(K) • CP(K)
TO " TCOLL

I TF=THPG = 578.0D0

Call CPH( 8, TO )

I CPH20 = CP(8)/18.0DODMOIST = LMOIST • COLL/iOO.ODO
/LI = DTIR •(HFrIRV-HlrrIRL-CPTIR•TO) + DG£Se(HYG£S-HFI'kRL-CPGIS•TO)

I & + DMOIST•(HYG- CPH20 • TO) + (DTAB, + DG£S + DMOIST - COAL)k • CPS • TO
B1 : DTAR•CPTLK . DGAS•CPG£S + DMOTST•CPH20

I C1 = (COAL - DTI£ -DGkS - DMOIST ) • CPSDEVOLL" COAL• DVTIME / AREA
Ht. = 6.0DO • DEVOLL• £RF.,£ • (1.0DO - F.,P) • HOV / DP

I CC = (CF+_)sCPS/CPMGZIITU = KA/CCF +LF)/CPS
GJU_ - DF.,XP( (tC- 1. ODO)•ZNTU)

I F,F¥ = (1. ODO- GA,q£)/ (1. ODO-CC,GJM,£)TC'TOP = TO - EFF • (TO -'IF)

'lE = (CPMG • 'rp' -I.I-ClsTCTOP)/(BI+CPMG)

! °
C

I DTTOP = TF-TCTOP
WRZTEC6,e)'DVTI_ = ',DVTTME,'SEC COLT, : ',COLT, ,'GM PFR SEC'

i 'K TE = ' ,TE 'K'

VB,I_(6,•)'TO = ' ,TO ,
'K "IF = ' ,TF 'K'WRITE(6, •) ' TCTOP = ', TCTOP .

k'B.ITE(6,e)'DEVOLL = ' ._EVOLL. 'CM DTTOP = ' ,DTTOP, 'DELTA K'
550 CONTINUE

! °
OPEN(UNTT=22. FILE: 'NEk'TEMP'. STATUS:' NEW')

I J'_=J+ 1TDEVOLL= DEVOLL/30.48DO
Y1(JTF,RP):Y1 (3) +DEVOLL
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DO 543, Z=I,J
Zl (]:)=Xi (Z) *1.8-460. ono

I 543 IlO(Z) =110 (Z) *1.8-460. ono
k'RZTE(22,e)JTERp,, t 1;enpezal;uzes _ F'
DO 841 Z : 1,J

I 641 WRZTE(22, ,)Yl(Z),, ' ,XI(Z)
TF,XZT : 'lE *l.8DO - 460.0D0
WRITE(22, ,) Y1(jTE3_p) ,, ,, TBZZT

I _(22,.) JTF,RP
DO 542 l:l,J

' ' 110(I)

542 b'RZTE(22. ,) Yl(l). ,
TENTER : TO "1.8D0 - 460.0D0

k'RZTE(22, ,) Y1(jTEB_),, ,TENTER
CLOSE(22)

CI c
SONG = FN2 + nN2 + DH2S + DT£R / 4/4W

DO 560 K : 3, 8
560 S_a " SmOG+ F(;O

F(1) = TZ

I T=TEC

C GBJLPHZCLLOUTPUT

I c J=J_ 1

Yl(J) : ( Z + DEVOLL) / 30.48

I c
SUMG= SUNG - DTLR / DIT#
Xl(J) : T " 1.8 - 460.0

I 13(2) = F(3) / SUMG
x4(J) : F(4) / SUMG
xsCJ) : FCS) / s_Q

x6(3) : FCC)/ s_
x?(j) = F(?) / SUMQ
xeCJ) : FC8) / SOMa

I °C TABLE OUTPUT
C

I DO 660 K = 2, 8
660 CS(J,K) = F(K) e 3600.0 / 453.6

C CS(J,1) = T ,,, 1.8 -460.0
C EVLLUATZONOF EFFZCZENCY,ETC.
C

STDE : 1.0 - ( F(8) - DHOZST - DH20 ) / STEJ_
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C

i SUMG- SUMG- F C8) + 9TLB /HVG= ( 94062.0 , TLR(1) + 67798.0 • TJJL(2) ) / C SUMG, LMW )
DO 680 X = 1, 6

i 680 HVG = HVG + RV(K) • F(K+2) / SUMGHVG = HVG • 637.0 / ( 262.0 • 0.791 , 520.0 )
C

i RVQ1 = RVG • SUMQ/ ( SUMG+ FC8) )SUMG= SUMG- DTJLR/ Jd_ + FC8)
DO 70O K = 1, 6
PQ£S(K) = FCK+2) • 100.0 / SUMG

700 CO]ITZIR_I c
I P(]J3(7) = ( FN2 + DN2 ) • 100.0 / SUM(]P(]J3(8) = DH2S * 100.0 / SUM(]

C

C CPS = CPSOL ( T(]IN )

I c
SUM(]= SUM(]• 3600.0 / 453.6
SOOT = ( COOT+ J_ ) , 3600.Q / 453.6

I CO£L ,, COLL • 3600.0 / 453.6
TEL = THL * 3600.0 / 252.0
T = T * 1.8 - 460.0

I T(]ZN = T(]Z]; * 1.8 - 460.0
TM£X - TM£X• 1.8 - 460.0

COLDE= RV(] • SUM(] • 347.46 • 100.0 / ( HVCOLL, COLI. )

I DO 720 X = 1, 4
720 TJ£(K) = TJ£(K) • 100.0 / DTJL_

nTkK = nT£R • 3600.0 / 453.6

IF ( Z_D .EO. 1 ) aT - Z / 30.48
SEZZT = ILO(1) • 1.8 - 460.0

C

I C OUTPUTC

_I"_ Ce,ce)

I m_z_ (e,_)C

IF ( .NOT. TPLOT ) GO TO 146

I OPEN(UNIT= 11, FILE= +NEWCO', ST£TUS=' NEW')
OPEN(UNIT= 12, FILE= ' NEWC02', STATUS=' NEW' )

OPEN(UNIT= 13, FILE= ' NEW02' , STATUS,,' NEW' )OPF.N(UEZT=14, FILE=' NEk'H2', ST£TUS= ' NEW' )
OPEN(UNIT= 16, FILE= ' NEWCH4', STATUS=' NEW')
OPFJI(UNIT=16,FILE=+NEk_20',STITUS='NEW')

k3.1_(11,,), ,,j
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_rrE(12o_), :.j
I_..-'TI( 13, e), , ,j

I _LZTE(14o,), , jD

I_LZTEC16,e), , ,j
I_ITE(16, *) _ ' oJ

1 °
DO 741 K-t,J,1

VB.ITE(11.144)TI (K) ,CS(Ko3)

nrrz(t2, t44)Tt (K) .CS(K.4)
nz_(13, t_)Tt(K) ,CS(K,S)
l_Lrtz(14,144) ¥1(K) .CS(K,6)

mtz_ ( is, 1,_ ) Tx(K). cs (K. 7)
741 k_rl_ (16,144)T1(K), CS(K, 8)
144 eoLv_T(lX.re. 3,4z._o. e)1 °

CLOSe-(ii)
CLOSe-(t2)

CLOSE(13)
CLOSe.(14)
CLOSE(16)

C CLOSE(le)

145 DO 740 K : 1, J, 6

I _ (e,4e) Yt(K)
_zzz (e,48) (CS(K,M), _ : 1, 8 )

740 CONTZNUE

I c
IF ( K .EQ. J ) GO TO 760
vazze (e,4e) Yt(j)

I vazze (0,48) (cs(j,M), M : 1, 8 )C

760 WRITE (6,60) PG3LS

i_LZ'I_ (6,54) TAR
I_.l'l"E (6,62) SUMG, KVG, _TG1, T, DTLIL, SOUl', SF.,ZZT, THL,

+ COIJ)E, STDe,

Zr ( Z_D .EQ. I ) _ZZZ (6,68) aT
ze (zm) .eq. 2 ) nz_ (0,04) xc

c

_ ( NPLOT .NE. 1 ) GO TO 780C

c VRZTZ(6,70)

C CLLL FPPLOT ( Xi. Yl. J, ZCB£R(7), 1, J )
C vRrl_ (6,72)

I C CALL FPPLOT ( Z3. Y1, J, ZCKJi£(1), 1, J )C WRITE (6,74)
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C CALL PPPLOT ( 14, Y1, J, IClU_(2), 1, J )
c tatrrz (6,7a)

I C£LL YPPLOT ( Irs, Y1, J, ICH£R(3), 1, J )
C

c k'lz'n[ (6,78)
C CALL FPPLOT ( Z6, ¥1, J, ZCH/_(4), 1, J )

m VRlTZ (s,82)
C

C CALl, YPPLOT ( ZT, T1, J, ZCHLR(6), 1, J )
c kRITZ (6,80)

I CALL FPPLOT ( X8, Yi, J, ICH/_(6), 1, J )
C
C

780 GO TO 111

I (' COAL, STEAM, AIR, TCOLL, TSTEAM, TAZR '/
J.O FORMAT

+ li, 6V'20.6 / ' P, HTC, TW- ', 3E20.6 )
12 FORMAT(' AREA, CIR, AC m 3F.20 6 )

| ' .16 FORM£T (' TGZN- ' E20 6 )• | •

18 FORKAT (' DEVOI_TZLZZATIONRESULT - CO, C02, H2, CH4, H20,',

i ' TAR, C, H, O, S '/ 6E16.6 )

+ ' N2, H2S '/ TE16.6 / 27Z,

20 FORJ_T (/'OUTER LOOP ZTEB_TZON,,ZS,4Z, 'TEHPF.B_TO3EITERATION , Zl)
22 FORMAT(' F ', 8E1"6.6 )

23 FO2MIT ( 'CCu ' E16.6,10Z,'F(2): ',E15.6 )! '24 FORM£T (' J, Z, SUMG, RTS, RTG, THZ,, TMIZ' / IS, 6E15.fl )
26 FORM£T( ' UPDATEDXC = ', E15.6 )
32 FORM£T(' PI ' 8E16 6 )

| ' .38 FORMAT( ' OUTERLOOP ITERATION - IT, lC, _ ', 16, 2E16.6 )
40 FORM4T ( // ' OUTERLOOP LIMIT OF ', I6, ' ITERATIONSEZCKEDED' )

FORMAT(/' PROFILES OF FLOWRATES AND TEMPERATDRES'

! .+ '(UNITS ARE F (1), LB/HR (2), LBMOLe-/HR(3-8)) , /
+ SZ, 'Z', 11Z, 'T', 19Z, 'C', 18X, 'CO', 1TZ, 'C02' /
+ 16Z, '02', 18Z, '52', 17][, 'CB4a, 1TZ, 'H20' )

I 46 FO_i£T (li F6.
3 )D

48 FORINT (lSZ, 4.E20.6 / 6Z, 4E20.6 )

60 FORMAT(/' PERCENTAGEOF GAS PRODUCT'/ 4/, 'CO',

I 'C02', 81, '02', 81, 'H2' 7Z, 'CH4' 7X, 'H20' 8Z 'N2'
4. 7Z,

I) D D I) I)

+ 71, 'H2S' / 8F10.6 )

S2 FORMAT(/' TOTALGAS OUTPUT : ' E16 6 ' LBMOLE/HR' /

I | • |
+ ' HZATZ'NGVLLUE OF GAS (DRY) = ', E16.6, ' BTU/SCF' /

+ ' HZ4TZNGVLLUZ OF GAS (WET) = ', E16.6, ' BTU/SCF' /
+ ' GJ.SEZI"T "L']U(P]Uti,'L'O_ : ' E16.6 ' F' /

| ' .+ ' AMOUNTOF TI$. : ', E15.6, ' LB/HR' //
+ ' TOTAL SOLID OUTPUT = ', E16.6, ' LB/HR ' /
+ ' SOLID EXIT TFJ_ = ' E15 6, ' F ' //

| ' .+ ' TOTALHEAT LOSS -- ', E16.6, ' BTU/fiR ' I
+ ' THEBYj_ F-_FICZF._CY = ', E16.6, ' PERCENT' //

i + ' STEAMDECOMPOSITION = ' E16 6 /

B • |

+ ' HJLZIHI/HTEMPF,B_TITB_ = ', E15.6, ' F' // )
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I 54 FORMAT( / J PEIL_AGE OF TAR PRODUCTJ / 4Zo 'C' 9Z, 'H'lp |

+ 9Z. °0'o 91, 'N J / 4_10.4 )

I $6 FORMAT( // ' l_IlqDlq LENGTH OF ' F6 1 ' FT EXCEEDED• '
P " D |

+ 'INCREASE BED DILMETER OR DECREASE CARBONCONVERSION',
+ 'AND THT AGAIN• ' )

I SO FORMAT ( ' BED HEIGHT = ', E15•6, ' HT ' )60 FORMAT(' THE FOLLOWINGSLPR THE VALUESAT THE LAST COMPARTMENT')
62 FORMAT ( ' DEVOLATILIZATION - T, WMI = ', 2E15•6 )

i 64 FORMAT( ' CARBONCONVERSION ' SlS 6 )
----" • •

66 FOP.qAT( / lX. 11(',') II 11. 'OUTPUTDATA' I/ 11. 11(',') ii )
68 FORMAT( // 1X, 9(',') // lT, 'DEBUGGING' // 1Z, 9(',') // )

I To FOr,taT< ISI,2OX, 'TH_EEaTU_ (F)VS. DISTANCE(FT)' )72 FOBJ(AT( 1E1, 2OX, 'HOI_ FR£CTION OF CO VS. DISTANCE (FT) ' )
74 FORMAT( 1H1, 2OX, 'HOLE FB_CTION OF C02 VS. DISTANCE (FT) ' )

I 76 FORMAT( 1H1 20X 'HOLE FE_CTION OF 02 VS DISTANCE (FT) ' )
I

78 FOBXAT ( £Hi, 2OX, 'HOLE FRACTION OF H2 VS. DISTANCE (FT) ')
80 FORM£T ( IHI, 20X, 'HOLE FRACTION OF E20 VS. DISTANCE (FT) ')

I 82 FORMAT ( 1H1, 20X, 'MOLEFRACTION OF CH4 VS. DISTANCE (FT) ' )64 FOEHAT ( ' _ ' 6E15 6 )
86 FORMAT( ' RATH •, 6E15.6 )

I 88 FORMAT( ' 3 ' IS, ' Z ' E18 8 )92 FORMAT( ' F',SEIS.6 )
C

I -
I
I
I
I
I
I
I
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i . ORIGINAL DEVO SUBROUTINE

SUBROUTINE DEVO ( WMI, T, CP,ST, DCO, DC02, DH2, DCH4, DH20, DN2,

I + DH2S, DTIR, TIR )C

LOGICLLOK. DEBi NON. TPLOT. FPLOT

I DIMENSIONTIR(3)COMMON/ D1 / RMOIST, VM, FIZC, ASH
COMMON/ D2 / PC, FH, FO, FN, FS, F£SH

I COMMON/ D3 / COIL, STEAM, AIR, OLIg, TCOIL, TSTEIIq, TLIRCOMMON/ Fr / FCa)
COMMOM/ Pl) / C, (:COM, AC

I COMMON/ DEB / OK, DEB, MON, FPLOT, TPLOT, METHODIMPLICIT RELL*8 (A-H,O-Z)
C

I TO " TCOLLTT-T

IF ( FPLOT .OR. TPLOT ) THEN

I WRZTE(6,$) J CLLLING DEVOLPJCLLL DEVOLP ( WMI, T, TO, DTL_, DGJ3 )
ELSE

I k_ITE(6,*) _ CLLLING DEVOLCJ£L DRVOL ( WMI, T, TO, DTLR, DGIS )
FJ;DIF

I C DTLR-O.2
C DG£S=O.5

I T=TT1_ = ( VM + FIIC ) / 100.0
DGAS = DGI_ * AMY• COAL

I DT/£ = DTLR * AMP * COLLTOTAL= DG£S + DTIR
C

I CDEVOL,, TOTAL - ( FH + FO + FN + FS ) * COALCMETz ( 1.0 - £C ) * FC * COIL - CDEVOL
IF ( _ .GZ. 0.0 ) GOTO100

I DGIS - ( TOTAL + CMET) * DG£S / TOTALDTAR z ( TOTAL+ CMET) * DTkR / TOTAL
TOTAL= TOTAL+ CMET

I CMET= 0.0GO TO 200
C

I 100 CNET " CMET / 12.0rC7)= F(7)+ C_T
FC6)= FCS)- c_T • 2.0
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C

I 200 GIN - Fir * COAL
C

TOTAL= DTAR/ ( FC + FH + FO )

I TAR(l) = FC * TOTAL
T/_,(2) = FH * TOTIL
TAR(3) = FO • TOTAL

! °
DN2 " Gill / 28.0
DH2S - FS * COAl, / 32.0

! o
GH - FH * COLI, - TJLR(2) - 2.0 * DH2S
GOZY- FO • CO/J, - TLK(3)

I GC " DG&S - GOXT- GH - DN2 * 28.0 - DE2S * 34.0
C

K: dc / C _(3) + F(4) + FCT) )

I KaR/ 12.0
DCO : F(3) * lt
DC02 - F(4) • R

I DCH4 - F('r) , R
DH20 : GOZY / 18.0 - DCO- I_C02 * 2.0
DH2 - ( GH - 2.0 • DH20 - 4.0 • DCH4 ) / 2.0

I °
END

I
I
I
I
I
I
I
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i D) Coal Gasifier Devolatilization Subroutines

MODIFIED DEVO SUBROUTINE

I SUBROUTZNltDgV01 ( T_4Z, T, CMET, DCO, DC02, DH2, DCH4, DH20, DN2,
+ DH2S, DT&R, TAR, COUNT)

! ° DZ_.SSZOST_(3). xC2). DZFF(2)
ZMPLZCZTRF.LL,8 (A-H, O-Z)

I LOGZCLL OK, DP'.B, MON. FPLOT, TPLOTCOMMON/ D1 / RMOIST, VM, FTXC, ASH
COMMON/ D2 / FC, FH, FO, FN, FS, FASH

I COMMON/ D3 / COLL, S_, AtR, O£ZR, TCOLL, TS_, TArRcoMMox/ p,p'/ lr(8), ,[ev.A
COMMON/ IU) / C, CCOlq, AC, YNUMBn

I COMMON/ ROLL/ NDX
COMMON/ DEB / OK, DEB, MON, P'PLOT, TPLOT, METHOD

COMMON/ DV / DDGAS,HFTARV,HP'TARL,HP'GAS,CPTAR,CPGASoDVTZMZ,HOV

C NDZ= 10
TO = TCOLL

I TT=TLDZVOL : (1.0DO - AC)*P'C*COM,
X(1) : 1.3DO*VM/(VM+P,C)+.O26DO

I X(2) : .95DO,X(1)COUrL' : O. ODO

5 COUNT: COUNT+ 1.0DO

I c
CALL DEVOL1 C WMZ, T, TO, DTJLR, DGAS, XCZ) )C

I T=TT= ( VM + P'ZXC) / 100.0
DGAS : DGAS * AMP , C0£L

I DDG£S : DDG£S , AMP'• CO£LDTJil m DTAR * &MP'* COAL
TOTAL= DG£S + DTAR

I CDEVOL: TOTJL - ( P'H + P'O + P'N + IrS ) * COALC

10 DZP'P'(Z) : CDgVOL - LDZVOL

I X(2)ffi (X (2),DZI_T (1) -X ( 1),DZP'P'(2)) / (Dip,p,(1) _Drp'p,(2) )X(1)=.geDO,X(2)
lP' (COUNT.GT. 10) GO TO 20

I THST=D&BS(DZP'P'(2))/JLDEVOLTF(TEST.GT.1D-4)GO TO 6
C

I 200 GJi.N= P'N * COM.,C
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TOTAL -. DTI£ / ( FC + FH + FO )

I TJJI,(1) - FC ,o, TOTAL
TU(2) - FH • TOTAL

TJUI,(3) n FO * TOTAL

! o
DN2 " GJ3 / 28.0
DB2S " FS * COLT, / 32.0

! °
GB " FH * COLT, - TIK(2) - 2.0 * DH2S
GOXY - FO * COAL - TLK(3)

U GC ,, DGAS - GOXY - GH - DN2 * 28.0 - DH2S , 34.0C

lt - GC / C FC3) + F(4) + FCT) )

n IL-R/ 12,0
DCO -F(3) • R

DC02 - F(4) • lt

m DCH4 - FC7) • R
DE20 - GO,IT / 16.0 - DCI:) - DC02 • 2.0

DE2 - ( GH - 2.0 • DE20 - 4.0 • DCH4 ) / 2.0

| °
GO TO 30

20 varrE(8,3oo)

300 FOKI4ATC3X, Jb'NIBLE TO FIND SUZTABLE ll IN SUBKOUTZNE DEVO')

!
I
I
U
I
I
I 233

I



I
i

MODIFIED DEVOL SUBROUTINE

I
SUBROUTZ_ DZVOL(MMS,TEMF,TEMO,_V, _G, ll)

i LOGICLLDEB, OK, MON, FPLOT, TPLOTIMPLICIT RELL*8 (I-H,O-Z)
RW.LL*8 YT(1) ,TWLVVV1(20), Tk'LVVV2(20) ,TIMZ(20) ,B2(11) ,B3(11)

i _,s _:1(11)._(11).K3(ll).K4(ll).AC:L1).Sl(11) .KG_.LL_,8 C(11) ,D1(11) oD2(11) ,D3(11) ,R(11) ,RICll) ,R2(11) ,B3Cl1)
B.l_,.,8 Tl(ll),Y2(ll),Y3(ll),T4(ll),T6(ll),T6(11)

I IU_L,8 QRTP(11), QYPC7,11) ,T_LVVV3C20) ,TMLVVV4(20) ,CCOLL(11)_,e KSC_I),T7Cll) ,A4Cll),naC11),caCll),DaC_l),cK1(11)
U.LL,e CK2Cll).CK3(11).Ke(11).x7Cll) .KS(11).K9Cll) .KIOC_I)
COMMON/ D1 / RMOZST, VH£, FZZC, ASH

I com4oN/ D4 / Jim, ZTTFe
COMMON/ D6 / HVCOLL, P, DZ£, DPI, VMD, PA

i COMMON/ De. / THK, FR, DH, DENSO, CP, DF.NW,CPM, HOVMCOMMON/ CC / DP
COMMON/ DF,B / OK, DF.,B, MON, FPLOT, TPLOT, METHOD
co_os / ItOLL/ _DX

I COMMON/ DV / DDGAS,HFTAILV,HFTIRL,IIFGAS,CPTLB,CPG£S,DVTDIE,HOV
C
C CONSTANTSFOR TEMPERATUREPROFILE

! o
HF(_£S" -940.46
HFTkRV = -1429.£

I _"l'Ji3Z, = -1497.9
BFZNF,RT = -86.41
CPTLIL= O. 98D0

I CPG£S = 0.98D0
CPZNF,RT = 0.27D0
COLT,K=6.2D-4

I DP = DP1
vM = vM1/ ( wl + _zxc )

C

C INZTZJLT,ZZ CONSTANTS
C

NDXP=NDX+I

DO 1 I=I,NDIP
KI(T)=O.ODO

X2(Z)=O.ODOK3(Z)-O. ODO
K4(Z)=O.ODO

K6(I)=O.ODOKS(Z)=O.ODO
K7(Z);O.ODO
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KS(Z)mO.ODO

I Kg(zI-O.ODO1 KIO(Z)-O.ODO
C

i TEI_V = ( TEMO+ TEll)/2. ODOCALL CONT( TEI_V, nP, HOV)
STEP = DP/IOO.ODO/HOV

C

I SZGI(=I. 365D- 12
nEFF-5. OD-3

CNSTW-HOVW/CPW/DF..NW

I COkLO'I. ODO
WGB=O.ono
WB=O. ODO

I MTS'O.ODO
MGS=O.ODO

5_'2. ODO+6.0243)0"DP**0.5DO

I DEML=7.2D-2
KG=DIDIL*SEN/DP

DZ=DP/ 2. ODO/PLOAT(RDZ)

I vza-p, ma/a2.06DO/Te_
R(1)=DT/2.0DO
R(IfDZP) _,DP/2. ODO

I K1( 1) :3. ODO,STEP/R ( 1) ** 3. ono
K2(1)=R(1)**2.0DO
K5(1)= (R(1),R(1),R(1))*STF_/3. ODO

I DO 46 Z=2,)H)Z
4s aCZ)=aCZ-1)+DZ

nO 451 Z=I,_IDZP

I 461 qe.Te(Z) =aCZ)
DO 40 Z=2,SDZP

K1(T) =3. ODO,ST_/(R (Z)**3. ODO-R(Z- 1),,3. ODO)

I K2(Z)=R(Z)**2. ODO
40 KS(Z):(R(Z)**3.0DO-R(Z-1)**3.0DO),STEP/3.0DO

DO 41 Z:I,RD,TJP
CCOLL(Z)-COD.O
YI(Z)=O.ODO
Y2(Z)=O.ODO

I T3(l):O. ODO
T4(Z)=O. ODO

i YS(Z)=O.ODOYe(z):wza
41 Y7(Z) :TF.MO

i TWLV=O.0_I.G=O. 0
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TEMI_-O. 0

I TE_=T_OCILL CONST][I(]:TYPE,CKIO, CK20,CK30,E1, E2, E3)
C]_O = 2.9D12

I F,2 = 49200.0D0CK30 = CK20
E3 " E2

I DO 3 3=1 1000
P

TmS'I3_*FLO£T(J)
DO 990 Z=I,_DIP

I CK1(Z) =CKIO*DEXP(-El/1.987/¥7 (X))CCOAL(Z)=CCOLT.(Z),D_P (-CK1(Z),STEP)
CK2(Z) =CK20_,DF.XP(-E2/1.987/Y7 (T))

I 990 CK3(Z) =CK30,DEIP (-E3/1.987/Y7 (X))K3(1) =(Y1(1) +T2(1)+Y3(1)) / (Y4(1)+Ys(1)+Y6(1)+
& ¥4(2)+YS(2)+Y6(2))

I K4(1)=O.ODOno 421 Z=2,NDI
K3(1)= (Y1 (T) +Y2(X) +Y3(1)) / CT4(I) +Y6(Z) +Y6(1) +

I & Y4(1.1) +Y6(1+1) +Y6(1+1))K4(I) =(Y1(Z- 1)+Y2(Z-1)+Y3(Z- 1)) / (Y4(Z) +Y6(Z) +Ye(Z) +
& Y4(1-1) +YS(1-1) +Y6(1-1))

l 421 CONTXWUEx3Cm)xe)=CYiCSD_)+Y2CSDxe)+Y3Cm)xp))/CYaCm)Xe)+YsC_)ze)+
Ye(_DXP))

K4(NDIP)=(Y1 (NDI) +Y2(NDI) +Y3(b'Dl)) / (Y4 (_DZP)+YS (_TDIP)+Y6(_DIP)+k Y4(]l])I) +Y6(lfl)l) +Y6(N1)I))
C

I A(1)=O.ODOB1(1)=1.ODO+(CK2(1) +CK3(1)) ,ST_+K1(1) ,K2(1) • (DUF/DI+K3(1))
C(1) =K1(1),K2 (1)* (-DF._F/DY+K3(1))

D1(1) =X1,CK1 (1) ,CCOAL(1) eSTEP+Y4(1)DO 43 1=2,ND1
a(Z) --K1 (Z),K2 (X-1), (DEFF/DZ+K4(X))

Bl(Z) =1. ODO+KI(Z)*K2 (X), (DEFF/DI+K3 (X))-KI(X)*K2(X-1)a , (-DEFF/DX+K4 (Z)) +(CK2(T) +CK3(X))*STEP
c(Z) =K1(Z),K2(Z), (-DUe/DI+K3(Z))

I 43 DI(Z) =II,CKI(Z),CCOLL (T),STEP+Y4(Z)k(_XP)=-KI(_XP)*K2(_DI),(DUe/DZ+K4(NDXP))
B1(Irl)XP) =1. ODO+KI(NDIP)* (KG*K2(NDIP) -X2 (_TDI)* (-DEFF/DZ+K4 (NDXP)) )

I & + (CK2(NDIP) +CK3(_DIP) ) • STEP+I(1(NDIP) eK2(NDIP) ,K3 (NDIP)C(nZP)=O.ODO
DI(NDIP)=I1,CK1 (_TDIP),CCOLL(NDIP),STEP+Y4(NDZP)+KI(_DIP)

I & *K2 ()ft)XP) *_VB* KGC
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CALL T_INT (£,Bi,C,Di,Y4,NDIP)

! °C B£TES FOR _F.££TUH EQUATIONS
C

DO 436 I..I.NDIPR1(Z) =XJ.*CK1(Z) *CCO_ (I) -(CK2(T) +CK3(T))*Y4(I)
_.(Z)-CK2(Z)*T4(Z)

I 436 R3(I)=O. ODOC
C

B2(1)--1. ODO+Kl(1),K2(1)* (DEFWDI+K3 (1))B3(1):B2(1)
D2( 1) :CK2( 1) 4,_4(1) t,STEP+Y6(1)

D3(1)=,I6(1)DO 436 Z"2,IDI
B2Cl)=1.ODO+KI(T),K2(Z)*CDEFF/DX+K3(I))-Kt(l)_K2(1-1)

• •(-DEIrF/DI+K4(1))B3(I)=B2(I)
D2(Z)--CI(2(I),Y4(I),STI_P+IB(I)

I 436 Db(I)-Y6(I)B2(NDIP)-I. ODO+K1(NDXP)• (KG,K2 (IrDIP) -K2 (_I) • (-D_/DI+K4 (_IP) ) )
+Kt(niP),K2(_IP),K3(]rDIP)

I B3(]_IP) =,B2(_)IP)D2(I_IJP) ,,C_ ( )lD]LP) mY4()¢DI.P),STI_P+Y6()IDXP)+K1(NDI.P)*K2 (IrDXP) •
WGBeKG

I D3(NDI.P)=T6 (I¢DI.P)+K1()CD]LP),K2 (IrDXP),WIB,KGC

CALL TILINZ (A,B2,C,D2,T6,IrDI.P)

I CAI.t _I (£,B3,C,D3,Y6,1rDI.P)C

DO 44 l=l,_I

Y1(I) =-DI_W* (Y4 (I+1)-Y4 (I))/DI+ (Y4 ('r+l) +Y4(Z))*K3 (I)I2 (I) =-DFJ_, (Y6 (I+ 1) -Y6 (I))/DI+ (TS (Z+l) +Y6(I)),K3 (I)
44 Y3(I) --DEll, (Y6 (I+l)-Ye (I))/DI+(YB(I+I)+Y6 (I))*K3 (I)

Y1(IrDCP)-KG,(Y4(IDIP)-WTB)+T4 (_])IP),K3CB]LP)T2(IDcP)-KG,(TS(_IP) -WQB) +TS(n_P) ,K3(rDI_P)
¥3 (NgXP)zKQ, (T6 (NDI3P)-WIB) +Y6()iDXP),K3 ( )igI.P)

! °C TE_._A_'B.E
C

DO 441 I=I,NI)IPK6(T) =YI(I) *CPT£1i/2. O+Y2(I)'CPGAS/2 •0D0+¥3 (I) *CPI_JLT/2 • ODO
K6(Z) -K6(I),K2 (I),ST_

ICT(Z)=(RI(Z) +R2(I) ),CPT_JLK7(z) =KT(Z) ,KS(T)
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I K8(Z) ,,y£ (X) eHYTJLRV+Y2CI) *HYG£S+YS( $ ) eHFZNF.£T

i K8(l) =K8CZ),K2CZ),STEPKSCZ)" CR1CZ).L2CZ) ) *HFTAB.L
KSCZ)-KSCZ)*xsCz)

i 441 KIOC]:)sCOJ_.KeK2CT) ,STEP/DX
£4 (I)mO.ODO

B4C1)-cPeK5 C1)/STF..P+K6( 1 ),KIO ( 1)-K7 ( 1 )
C4Ct)-KeCt)-KlO(Z)

I DaCt)-CP*KSCt)/STF..P,¥7 Ct)-K8 (1) +KS(1)
DO 442 Z"2,r/)X

Aa(z)"-K6 (Z-t)-KIO (]:-1)

I B4(Z) =CP,K6(]:)/STF.P+K6 CZ)-K6 CI-1)-K7 (Z) +XlO(Z) +KIO(Z_I)
C4(I)=K6(I)-KIO(I)

I 442 D4CZ)=CP*KSCZ)/STZP,¥7 CZ)-K8 CT) +KSCT-1)+K9 (Z)A4an)Xe)--IC6CNDZ)-KIOCm)X)
B4(NDIP) -CPeKBCNI)XP)/ STEP+2. ODO.K6(Iri)XP) -KS(NDZ) -KT(NDIP) +

• KiO(NI)Z) +Hor.K2 (KDIP) • STEP

I C4(EDZP)=O.ODO
D4(NDIP)-CP,K6 (NDIp)/STEPeY7 (NDIP)--K8 (NDIP) +KS(NDI) +KS(NDIp)

& +HOV*TF.I_,STF.P,K2(NI)lp)I c
CLLL TRI:NI CA4,B4, C4, D4, Y7, NDIp)

C

I k'I.V=K1(1) • (RC1) ) **3. ODO/(DPe¢3. ODO/8. ODO)
k'I.GsK2C1), (RC1) ),eS. ODO/(DPe,3. ODO/8. ODO)
DO 991 ]:-2, NI)XP

WLW,,R1CZ)• (R (Z) ce3. ODO-R( T- 1) ee3. ODO)/ (DPe, 3. ODO/ 8. ODO)
k'I,GV-R2(Z) • (R(Z) *,,3. ODO-R(Z-1) e,3. ODO)/ (DPca,3.ODO/8.ODO)
WI,V-WLV+k'LW

I 991 WLGmWLG+k'L(;V
37 TWLV'-TWLV+k'LV
66 TWLG:TWLG+k'LG

I _L: CTirLG+TIF..V)*STEP
k'VS:k'LV,DP/6. O*DP/DF.J_/SHN+WVB
WGS=k'I.G,DP/6.O*DP/DF-.qL/SHN+WGB

I k'LR:,WLV+k_,G
ZFCTEM]F-TT( 1)-1. ODO)88,88,3

3 CO]ITZlmE

I 88 TTk'LV-STF.P*TgI.V
'rT_G:s'rEPeT_G
DVTTME: T

IF (DEB) WRITE (6,10) T,TT',_V,TTVLG,TWL
B.ETOI_

10 FORKkTC//,4Z, JTZMEFOR PYROLYSIS : ',FIO 3,

• ' SEC'

• /,4.Z, 'k'EZGHTLOSS OP'TJ.B." ' FIO 4, ' FB.J.CTIONOF OK'rGINLLWEIGHTD •
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*OF COAL',

I ' FILILCTZONOF ORZGZNJLI,WEZGHT
*/,4.I,'k'ZZG_I' LOSS OF GJLS= ',FlO.4,

*OF COAL',
*/,4Z,'TOT,LL WEZGIITLOSS OF COAL =',F10.4, ' FRACTIONOF ORZGZNAL

I *I_ZGHT OF COAL')END

!
!
!
!
!
!
!
!
!
!
!
!
!
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TRIDIAGONAL MATRIX SOLVER SUBROUTINE

I SUBILOUT_rlTR]]I (A, B, C, D, T, N)
SAVI

I RILL,8 £CN) .BCN) ,C(N) ,DCN) .YCN) ,BZTAC50). GIMACSO)
srrtC_.)-sC1)
at_.tCX)-eCX)/srrtCx)

I DO 10 Z'2,11n_tCZ):S(Z)-t (Z),c(z-1)/BZTtCZ-1)
10 GAMA(X)" (D(Z) -t (X)*GAMA(X- 1) )/BETA (T)

n TCI)'_CU)
DO 20 X'2,M

M-l-I+1

I 20 YCMI-a_C_I-CC_I,YCM+I)/BZTA(M)
RZTURM

I
I
I
I
I
I
I
I
I
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i HEAT TRANSFER COEFFICIENT SUBROUTINE

¢

C CONVECTIONHEkT TRANSFERCOEFFICIENT SUBROUTINE

! °
SUBI_OUTINECONV( TEMPC, DP, HC)
IMPLICIT RELL*8 (A-H,O-Z)

I COMMON/ HE / HC9), CPC9)
com4ol / _ / _C8), u.ea
DXmSZ0];XXC9), PRC9),DIC9)

I COMMON/ PPP / FN2
DATAPR / 0.0,0.0,.71,.71,.74,.66,.70,1.0,.7 /
DATA ZM / 0.0,0.0,28.,44.,32.,2.,16.,18.,28. /

I ZX(3) :4.3+0 •0635_TFJ_C
XI((4)--19.62+. 0934eTFJ4PC
XK(5) :5.6+. 0636*TEMPC

I Y_(6)-51.6+ •397_TENPC
XX(7)--21.17+. 193:TEMPC
zX(8)--7.0+. 0828,I7_c

I 11[(9)-6.7+. 0575*TENPC
XKIV-FN2*IX (9)
IPR£V-FN2ePR(9)

I SUNGaFN2
SU)04-FN2*D4(9)
CPAVzFN2*CP(9)

DO 10 I:3,8
SUMG" SUMG+ F(I)
SUMM - SUMM + F(I),XM(I)

I CPAV = CPAV+ F(I),CP(I)
L_V = ZKAV+ FCz),xxCx)

10 PRAV= PR£V + FCI),PR(I)

I CPAV-CPAV/SUMM
XI_VzXI_V/SUMG/418680. ODO
PR£VzPR£V/SUMG

I IMUAV,,PB£V*XKAV/CPAV
RE-SUIqM,DP/£REA/llqUiV
XNU-2.06*RE** (. 425)*PB£V** (1/3)/. 4

I HCnXNU*X_V/DP
RZTUB3

I
i 241

I



I
I
i HEAT RECOVERY CYCLE SUBROUTINE

¢

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC! o
C HEATRECOVERYSUBROUTINE

! °C POINT LOCATI0W
C 1 SATUR£TEDWATZRLEAVINGTHE CONDENSER

t C 2 COMPRESSEDWATERLEAVINGPUMP81C 3 COMPRESSEDWATERLEAVINGTHZ FEEDWATI_I_TER
C 4 COMPRESSEDWATERLEAVINGPUMP82

I C 5 SATO_.ATEDSTEAMLEAVIIIGHP ECONOMIZERC 6 SUPl3LHEATEDSTEAMLEAVINGTHE SUPER_TER

C 7 SUPERHEATEDSTEAMENTERING TURBINE 81 (PIPE LOSS CORRECT)

m c 8 SUPERHEATEDSTEAMFJfT_G TURBINE 82C 9 SATURATEDSTEAMLEAVINGTURBINE 82
C 10 S/,,TUIULTEDSTEJ.qEIITER_G TURBTJrEt3

I C 11 SA_'l'V-D STE£H F.,N'Z3_ING'ro'B_]31B84C 12 SATURATEDENT_G FEEDWATERHF.iTER
C 13 SATUR£TEDSTE£N _G Ta1 CONDENSER

I C 14 COMPR/LqSEDWATERLEAVING PUMP83C 15 SATURATEDSTEAMLEAVINGLP ECONOMIZER
C 16 SUPnuF,,aTED STEAMMIXING WITHSTEAMLEAVINGTURBINE 82

! °C V_I£BI_:
C

I C COUNT£2 - COUNTSTHE NUMBEROF ITERATIONSFOR CLLCULATINGTA2C COUNT£3 " COUNTSTHZ NUMBEROF ITERATIONS FOR CALCULATINGTA3
C COUNTA4 = COUNTSTHE ]RJMBEROF ITERATIONSFOR CALCULATINGTA4

I C CPAIR : TEl CP FOR THZ PRODUCTS_ING THZ HZ£TEXCH£NGERSC CPPROD = THE CP FOR THE PRODUCTSENTERINGTHZ HEATEZCH/NGERS
C CPWATER - THE CP FOR gATE1

I C CPWATER1- THE CP FOR WATERIN THE HIGH PRESSUREHCONIMIZERC CPWATER2- TEE CP FOR WATERIN THE LOWPRESSUREECONIMIZER

C DIFF£2 = TR DIFFERENCESBE'rgEEN TO VALUESFOR TA2

I C DT_ : THX LOG MEAMTEMPERATUREDIFFERENCEIN THE SUPF_TC Ht ,, THE ENTHALPYAT THE ABOVEAPPLICABLE POINTS
C HF8 " TEE LIQUID _T AT TEE ABOVEAPPLICABLE POINTS

I C HG8 : THE GASEOUSENTBJLLt_YAT THE ABOVELPPLICABLE POINTSC MDOTAIR : THE M/SS FLOWHATE 0F GAS THROUGHTHE HEATEZCHANGER

C MDOTBi : THE MASS FLOg RATE OF WATERTHROUGHTHE HP ECONIMIZER

I C MDOTH2 : THE MASS FLOg BiTE OF WATERTHROUGHTHE LP ECONIMIZERC MD0"I"F : THE MASSFLOg HATE 0F WATER/STED4TO FEEDWATERHEATER
C MDOTGAS " THE MASS FLOWRATE 0F STEAMTO THE GASIFIER
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C rP = THE LvFICZENCY OF THE PUMPS

I C Fr u THZ EFFICIENCY OF THE TURBINESC PS " THZ PBY.SSUEEAT EACH OF THE ABOVEPOINTS
' C QBD " HEATLOSS THROUGHSTEAMBLOWDOWN

I C QCONDENSER,, HEATREJECTIH)OUT OF THE CONDENSERC QGAS = HEATLOSS WHENSTEAM GOES TO THZ GASX_IER

C QHPBOIL . HEATTRJLNSIr/_ TO THZ WATERIN THZ HP ECONIMIZ_

i C QZN -- H_T LDDEDTO Tail SYSTEMFROMTHE PRODUCTGASC QLPBOrL = HEATTRANSFEREDTO THE WATERIN THE LP ECOMIMIZER
C QPZPELOSS • HXATLOSS DO PZPE LOSSES

i C QSUPER = HEATTRANSFFA_-DTO THZ STEAM IN THZ SUPERHEATERC RCILTT1 = CRITICAL VALUEUSED TO HELP DETI[RMTJ_Cl
C RCRXT2 =' CRITICAL VALUEUSED TO HELP DETnJqINE C1

i C RCILTT3 = CRITICAL VALUEUSED TO HELP DETELql3_ C2C RCRIT4 = CRITICAL VALUEUSED TO HELP DETDdq:wE C2
C RSTARX = EITHFJI RCRIT1 OR RCKZT2 WHICHIS GRZATF_

i C RSTIR2 = EZ'/_ RCRIT3 OR RCRZT4 WHICHIS GRi_T_C al - THE n_SE OF C1(1)
C R2 - THE _JflFI_LSEOF C1(2)

I C R3 " THE INVERSE OF C2(1)C R4 : THE INVERSE OF C2(2)

C S8 : THE DFrRoPHY AT THZ ABOVEAPPLZCABLEPOINTS

i C SF# ,, THE LIQUID ENTROPHTAT THE ABOVEAPPLICABLEPOINTSC SG# = THE GASEOUSENTROPHYAT THE ABOVEAPPLICABLEPOINTS
C T8 " THZ TEMPERATUREAT EACHOF THE ABOVEPOINTS

I C TA1 ,, THE TEMPERATUREOF THZ GAS ENTERINGTHE SUPW_u_,ITERC TA2 = THE TudqPERITUREOF THE GAS ENTFAZNGTHZ HP BOILER
C TA2PRZME,, THE TEST VALUe-FOR TA2

I C TAB ,, THE T_J4PEg.ATU_OF THE GAS ENTER_G THE LP BOILERC TA4 =, THE TYJ(PEE_TU_ OF THE GAS LEAVING THE LP BOZLER
C TESTA2 = THE ACCURACYCHECKFOR TA2

I C TESTA3 = THE ACCURACYCHECKFOR T£3C TESTA4 = THZ ACCURACYCHECKFOR T£4

C T12T : TRZAL VALUEFOR THE TEMPERATUREAT POINT 12

I C T16T ,, T_T_L VALUEFOR THE TEMPERATUREAT POI3T 16C UABOZLX - THE HEAT TRANSFERCOEFICZF_T FOR ECONZMZZER#1
C UABOZL2 ., THE HEAT TRANSFERCOEFZCZENTFOR ECONZMZZER#2

i C UASUPER - THE HEATTIL_SFER COEFZCIENTFOR THE SUPERH_TERC UA1 I, THE UA FOR ECONZMZZER#1 AT A TRIAL TEMPERATURE
C UA2 = THE UA FOR ECONLqIZER#2 AT A TRIAL TE,MPEILATURE

i C V# - THE VOLUVEAT THE ABOVEAPPLICABLEPOINTSC VF# = THE LZQUZDVOLUMEAT THE ABOVEAPPLICABLEPOINTS
C VG# = THE GASEOUSVOLUMEAT THE ABOVEAPPLZCABLEPOINTS

i C _ :, THE NET WORKOF THE HEATRECOVERYSYSTEMC k'PUMPR1 =. THE WOBXOF HEITILECOVERYPUHP #1
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C k'PUNPI2 - THE WORKOF HEATRECOVERYPUMP12

I C i_:qll_il,3 " THZ WOilXOF HXATRECOVERYPUMP 83C WPUMP1 - THZ WORKOF HEATRECOVERYPUlqP Sl PElt KZLOGB3Lq
C WPUMP2 " THE WORKOF B_LTRECOVERYPUMP #2 PER KILOGBJI,M

t C WPUMP3 - THE WOBXOF HEATRECOVERYPUMP#3 PER KZLOGR4MC VTURBR1 : THE WORKOF HEATRECOVERYPUMP #1
C w'rURBB2 = THE WORKOF HE/,TILECOVERlrPUMP t2

i C _,BR3 - THE WORKOF HEATRECOVEB,Y PUMP83C b'TURBR4 a THE WORKOF HF._TRECOVERTPUMP #4

C k"ruRB1 - _ WORKOF HE£TRECOVERYPUMP#1 PER KZLOGB£1q

I C _rURB2 : THE WORKOF HE/LTRECOVERYPUMP 82 PER KZLOGR4MC t_'rURB3 = THE WOBXOF HE,/LTRECOVERYPUMP 13 PER KZLOGR/H
C I_PORB4 : THE WOBXOF HEJLTILECOVERTPUMP t4 PER KZ'LOGBJUq
C Z8 : QUALITY,/LTTHE ABOVEAPPLICABLEPOZNTS! o
C AB.RAYS:
C

I C C1(2) : CONSTANTSUSED TO DETEB,MZNEUAZ
C C2(2) = CONSTArl'S USED TO DETERMZNEUA2

I C DZP'P'A3(2) : DZFF_CF.S IN TWOTR_ V£I,UF_ OF T13C DIFF£4(2) = DIFFFJ_CES ZN TWOTRZ£L VALUES OF T£4

C MDOT(60) = THE M£SS FLOWRATES AT F£CH POINT OF THZ MA_ SYST_

I C P(60) - TEE PRESSURESAT EACHPOINT OF T/_ MAINSYSTEMC T(60) : THE TF-_F._TURES AT F£CH POINT OF THE M£ZN SYSTEM
C

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC! o
C

I SUBROUTZNEIIF..ATRECOVERT(T, P, MDOT,k'NET,1MrPUMPR1, VPUMPIL_.,WPUMPB.3,k _'URBR1 , WTURBII2,k'TUB.BK3,k'TURBR4,QSUPEB.,QHPBOTL,QLPBOIL,
k QCONDENSER,QPIPELOSS,CPPROD)

I REAL*8 t_IET,TL1,TL2,TL3,TA4,P1,P2,P3,P4,PS,P6,pT,p8,pg,p£o,p££,ft P12, P13, P14, P15, P16, CPAIR, MDOTAZB.,Np, NT, MDOTGAS,CPW£TER,
k CPWATElil,CPWATER2,UABOZL1, ULBOZL2, WTUR.BR1,U£1, k'TURBIC?.,_.URBI_3,

I 41: WTURBB.4,WTURB,WPUMP,WPUHPl,k'PUMP2,k'PUM.P3,C1, C2, DZFFA3,DTYFA4,k IICRZT1, RCIIZT2, RCR.TT3,RCB.TT4,R1, B.2,R3, It4, MDOTB1, MDOTB2,MDOTF,
t COUNT.t2,CoUFrA3, COUNTA4,VF1, VGl,HF1, HG1,SF1, SG1, VF3, VG3,HF3,

i • HG3,SP3, SG3, V_'5, VG5,HF5, HG5,SF5, SG5, U£2, RSTAB.1,RSTAR2,V6, H6, $6,k V12,H12, $12, VF12,VG12, HI+12,HG12,SF12, SG12, VIO,HIO, 510, VFIO,
& VGIO,HI_IO, HGIO,SFIO, SGIO,IIO. V16, H16, $16, VF16,VG16, HF16, HG16,

I & SF16, SG16, H2,H4, VT,HT, $7, T12T, T16T,H8, $8, H9, $9, Hll, $11, TESTA2,k TESTL3,TESTL4,DZFFL2,UASUPER,DTME_,TL2PRZME,VF15,VG£5,HF15,
k HG15,SF:I.S,SG15,H13, $13,H14, QTN,T1 oT2,T3,T4,TS,T6,TT,T8,T9,TIO,

I k Tll, T12, T13, T14, T15, T16,MDOTGASE,QPTPF..LOSS,MDOT,T, p, QREj,t CPPB.OD,QCOgDENSER,QSUPEB.,QHPBOZL,QLPBOIL,WTURB1,WTURB2,WTURB3,
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WTU]_4, VPUIqPR1,VPUKPIt2,WPUKPK3,QGLS,QBD

I I
IIITlZGD.,
DINI_gSION C1(2) ,DIFFL3(2), C2(2) ,DZFFL4(2) ,NDOT(60) ,T(60) ,P(60)
P1-10. ODO

I P2=140.
ODO

P3=140. ODO
P4-6276. ODO

I PE=P4P6=P4
P14=1207. ODO

I P7=. 95DOeP6P8=2172. ODO
P9=P14*. 95D0

I P10=P14*. 95D0
Pl1=140. ODO/. 95D0
P12=140. ODO

I P13=10. ODOP15mP14
P16=P14*. 95D0

I TLl=T(19)T6=838.70DO
T7=T6-3. ODO

I NP= 6DOFr=. 76D0

UkBOILl=1082.7DO

I UABOIL2=700. ODONDOTATR=.985DOelqDOT(19)
NDOTGASaNDOT(22)

I CPLIR=CPPRODCPWLTF.£:4.167D0

CkLL DSLT(TI,P1, VFI,VG1,HF1,HG1, SF1, SG1,2)

I WPUMPI:VFI* (P2-Pl)/NPT2=WPUMP1/CPWLT_+T1
H2=WPUMPI+HF1

I CLLL DSAT(T3 P3 VF3 VG3 liP3 HG3 SF3 SG3 2)
I o l | D I iP

WPUKP2"-VI_3*(P4-P3)/SP
T4-b'PUHP2/ CPWATEK+T3

I H4=k'PUNP2+HP3
_PUNP3=VF3*(P14-P3)/NP
T14=WPUMP3/CPWL_+T3

I H14=k'PUMP3+HF3TL2=480.0D0+273 • 15D0

C.tTL DSAT(TS, PS, VF5, VG5, HFS,HG5,SF5, SG5,2)

I C£LL DSUPF,R(T6, P6, V6, H6, $6,1)
C01nlTL2=0.ODO
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10 Cou/rI'_mCOUIIT_I_+1. ODO

I COU_rl'13"OODOCPWATnl=(ees-s4) / (TS-T4)
• C_T1=(aGs-mTs)/ CPWAT_I/ (TA2-TS)

I RCRZT2zCPWATIULI,(TJL2-T4)I (HGS-H_S+CPVAT_X,(TS-T4))IF (B.CL-T1.GE.RCII"T2)
2.STI£1:RCRZT1

RSTIXX=KCRZT2
EXD]:F

I 61,,RSTJI_11(1. DO-DEXP(-U, LB0IL 1/ KDOTJLTI/CPA]],))e:.RI+ (uAaozL1/m)OTL_/CP,ZS) • (RI-_T_)
C1(1)--1/K1

I c1(21:1/a220 COUNTA3-COUFI'A3+I.ODO

DO 30 Z=1,2

I UA1-NDOTI,Z2,eCPI,IR, (Cl (Z) / (C1 (l)- 1. ODO),DLCG( (TI2-T6- C1(l), (HGS-
HFS)ICPWLTER1)ICTI2-T4-CICZ),((gGS-_FS)ICPW,ILTEILl+TS-T4)))+

lt DLOG( r,TJi.2-T6) / (TI2-TS-C I(Z), ((HGS-2Y5)/cpi_Ji.'r_.l) ) ) )

I 30 DI:,ek3(z) =uA1-uaaoD.._TESTJL3:DLBS(D ZI_A3 (2))
C1C2),, (C1 (2) ,DIFPI.3 C1) -C1 (1) *DZFFA3(2) ) / (DZPI;'Ji.3(1) - DDL_£3(2))

I C1(I)-. 97*C1(2)Z]F(COUNTJL3.GT.20.ODO)GO TO 99
ZF(TESTI3- . 1)40,40,20

I 40 MDOTBI,,C1(2) *CPJLZR/CPWJLTERleMDOT,tLZILTA3,,TI2-C1 ( 2 ) • (TS-Ta,+ (HG6-I11_6)/ CPWATER1)
TI2PB_TME=TA1-.97DOeMDOTB1,(H6-HG6)/CPJLZR/IqDOTJi.ZIL

I DZF/_/2:TA2 - T/_PlLI_ETESTA2-DI2S (DZFF/L2)
TJL2=(TI2+TA2PILTME)12. ODO

I ]:_'(CO_J,2.GT.90.ODO)GO TO 99ZF(TESTI2- . 1D0)50,60,10
60 D_- (T.Ji.I-T6-TI2+TS)/DLOG(CTI.1-T6) / CTA2-TS) )

I UJLSUPEII,'MDOTI]],eCPJi,ZR*(TJi,I-Tt,2)/DTHELNCOU]ITA4,,O.ODO

CLLL DSAT(T16,P16, VP15, VG16,1_16, HG15,SF16, SG16,2)

I ce'dli.'rER2=(2Y 15-H14) / (TIe-T14)RCLI:T3=(HG15- Hl_16) / CPWTn2/(TJL3-T 15)
KCT.ZT4=CPgATER2,(T,IL3-T14) / (HG15-IIP 15+CPWI.TER2,(TlS-T14))

I I'P (KCKZT3. GE.RCKZT4)_RSTLR2aRCRZT3
ELSe.

m RSTLIL2=KCRZT4yJn)l"v
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R3aRST£R2/( 1. ODO-DF,XP(-ULBOZL2/CP£ZR/MDOTAIR))
R4-R3+ (U£BOIL2/MDOTAZR/CPAIR), (R1-BSTJ32.)

I c2C1)-1/_
C2(2):1/R4

i 60 COUNTA4:COUNT£4+I.0DODO TO Z=1,2

U£2:MDOT£ZR*CPIZR*(C2(Z)/CC2(Z)-1.0DO)_DLOGCCT£3-T15-C2(Z),(HG15

I k -HFIE)/CPVITER2)/(T£3-TI4-C2(1),((HGIE-EFIE)/CpvI_+T15_k TI4)))+DLOGCCTI3-TZS)/CT£3-TIS-C2(Z),((HG15-EF15)/
t cpvaTra2))))

I TO DZI_I4(Z):UI2-U£BOZL2T_TA4-DABS(DIFFA4(2))

C2(2)'(C2(2)eD]:I_A4(1)-C2(1),DIFFA4(2))/(DZFFA4(1)-DIFFA4(2))

i C2(1):.9TD0,C2(2)IF(COUNT£4.GT.90.DO)GO TO 98

$F(TESTI4-.1)80,80,60

i 80 MDOTB2:C2(2)*CPIZR/CPWITER2_I(DOTAZRTI4"T£3-C2(2)*(T15-T14+(HGIS-KFIS)/CPW£TER2)
CLLL DSOPER(TT,PT,VT,H7,S7,1)

i CLLL DTURB]NE(NT,PT,P8,TT,T8,HT,H8,37,S8,k'TURB1)CJLL DTURBINE(NT,PS,P9,T8,Tg,H8,H9,S8,S9,k-TURB2)
CLLL DS£T(T16T,P16,VF16,VG16,Hl_16,HGi6,SF16,SQi6,2)
T16"T15-3.0DO

I ZF(T16.GT.T16T)_
CLLL DSUPER(T16,P16,V16,H16,S16,1)

ELSE

I CLLL DS£T(T16,P16,VF16,VG16,HF16,HG16,SF16,SG16,2)
H16:HGi6
516:5G16

I END ZF
HlO:((.97DO*MDOTBl-KDOTG£S)eHg+.97DOeMDOTB2eH16)/(.97DOeRDOTBl+

i & .97DO*MDOTB2-MDOTG£S)CLLL DSIT(TiO,PIO,VFIO,VGIO,HFIO,HGIO,SFIO,SGIO,2)
ZF(HIO._T.HGIO)TBY._

CJLI,L DSUPER(TIO,PIO,VIO,HIO,SIO,3)

I ELSE
XlO'(HlO-_lO)/(H_lO-_lO)
SIO=XIOeSGIO+(1.0DO-IIO),SFIO

I END IF

CLLL DTURBZNE(NT,PlO,Pll,TlO,Tll,HlO,HllDSlO,Sll,k, TURB3)

i CJLL DTURBINE(NT,P11,P13,T11,T13,H11,H13,S11,S13,WTURB4)C_J_LDS£T(T12T,P12,VF12,VG12,HF12,HG12,SF12,SG12,2)
IF(T12.GT.T12T)THEN

CJLLLDSUP,:-_(T12,P12,V12,H12,S12,1)
I ELSE
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!
I
i H121BG12S12"SG12

T12"T12T

_Do_- C_OTB1+_0_2) • (_3-H2) / CH12-H2)
_rl_-. 97DO,MDOTB1,_rrolB 1+ C. 97DO,MDOTE1-MDOTGA5),_IlLB2+ (. 97D0,

MDO_I+. 97DO,KDOTB2-MDOTGJLS),_I_JM3+C. 97DO,MDOTBl+.97DO,MDO_2-

I _t IqDOTGAS-IqDOTI_)*I_/1/RB4
k'PUMP:(IqDOTBI+Iq])OTB2-MDOTI_)* k'PUMPl+lqDOTBI*k'PU)_2+MDOTB2*k'PU;(P3
VJrETsk"ruRB-k'PUMP

I IqDOT(39)=MDOTI_
MDOT(24)=I(DOT(18)

i _OTC2S)-m)OTCle)MDOTC2S):MDOT(18)
MDOT(27) :. 9700,MDOTB1+.9700,MDOTB2-MDOTI_-14DOTGJ3
l(I)OTC28)-MDOTB1+MI)OTB2-MDOTF

I IqDOT(29) =MDOT(28) +l_DOT(39)
MDOT(30):MDOTB1
)(!)0T(31) :HDOTB1

I MDOT(32)=. 97DO,MDOTB1
MDOTC33)-MDOT(32)
MDOT(34)-HDOT(33)

I IqDOT( 35) ,-MDOT(34) -IqDOT(21 )
!(I)0T(36) :IqDOT(36)
_I)OT(37) :MDOT(36) +. 97DO,IqDOTB2

I )[!)0T(38) :MDOT(37)
MDOT(40)zMDOT(38)-MDOT(39)
MDOT(al)--MDOT(40)

I I(DOT(42) :. 03DO,MDOTBI+.03DO*MDOTB2+MI)OT(;AS
MDOTC43 ) :MDOT(27) +MDOT(42)
!_)0T(44) =MDOTB2

I HDOTC46):HDOTB2
MDOT(46):. 97DO,IqDOTB2
HDOTC47):HDOTC46)

I MI)OT(48) -. 03bOeMDOTB1
MDOT(49)-. 03DO*MDOTB2
P(27)=P1

I P(28):P2
P(29)-P3

i p(3o):e4P(31)=P6
P(32)=e6

i P(33):P7P(34)zP8
P(36)=P8
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1

P(36)'P9

P(37)-PlOP(38)mP11
P(39)IP12

I P(40)=PllP(41)nP13
P(42)npl

I P(43)-p_P(44)'P14
P(46)-P16

I P(46)-PI5P(47)-P16
P(48)aP6

I P(49)-P16P(24)-P(18)
P(26)=P(18)

I P(26)-P(18)T(24)mTI2
T(26)'T13

I T(26)uTA4T(27)=T1
T(28)-T2

I T(29)sT3T(30)-T4

I T(32)-T6T(33)=T7

T(34)-T8

I T(36)=T8T(36)=T9
T(37):TlO

I T(38)-TllT(39)nT12
T(40):T11

I T(41)-TI3T(42)=T1

T(43)-T1

I T(44)-T14T(aE)-T15
T(46)=TI6

I T(47)=T16T(ae)=T6
T(49)=T15

I _R1:I(DOT(33),k"ro]I31MTUR,BR2=)lDOT(36),k'TUBB2
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I

k'TOUU=HDOT (37) *k_'ORB3

I WTlYU_,4,.I(DOT(40) *_4
k'POIqPRI:,I(DOT(28) * k'PO)IP1
k_POtlPR2:,I(DOT( 30) * k_POXP2

I WPID4Pn3-14DOT(44)
*WPOH1:3

I_RF.3:(. 97DOeHDOTBl+.97DOeH])OTB2-H])OTIz-)lDOTGaS)ew13
k - (. 97DO*I(])OTBl+. 97DOel(DO'I'B2-)IDO'I'F-l(DOTGJiS)eH111

I QCOI1)DS_-Q]IJL;
QBD".03DOslIDO'rB1,(HGS-KP1) +. 03DOeHDO'EB2s(HGIS-]/P1)
QG£S-.)IDOTGJ3¢(H8-HlZl)-HDOTG£S* (wT-wS)

97DOelIDOTJB1,*(H6-H7) +. 9'rDOeHDO'I'B2e(HG16-H16)
qPIPeTOSS-.
QTe-KI)OTJLY£,CPJLZ£,(T£1-T£4)
I;)SOPF.£,,HDOT(24) • (T (18) -T (24)) 4,CPl,]],

I QIEPBOZL-MDOT(26).CT(24)-T(26)) .CP£Z2,
I;)I,PBOZL-14DOTC26). CT(26) -T (26)).CPkZR

I 98 k'KZTEC6,e)"f_ TJL3ZS WRONGFOB. SOI(Z RF,JLSO]I'
I_Jl,Z'l_ (6,119) T£3

119 I;'OKI_'I'(IZ, 'TEI_ OF AIR Ji,T BOZLF_ 82 'rs ' ,6'r,FlO.3,1Z, 'K _)

99 WRI"I_(6,*)JGUF.3S £NO't3_ T£2'

! -
I
I
I
I
I
I
I
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J.) STEAM TURBINE SUBROUTINE
!

C

I CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C STEAMTURBI_ FOR HEAT_C0VF.,RT SYSTEMSUBKOUTINE

I C FOR METRICUNITS AND IN DOUBLEPEECISIONC
C V/£IABLES:

! °C _ = ENTH£LPTOF STEAMENTF£ING THE TURBINE
C HEXIT : _T OF STEAMLEAVINGTHE TURBINE

I C BYZ : _Y 0F SATUR£TEDSTEAM(LIQ) AT EXIT PRESSUREC HGZ : _T 0F S£TURATED STEAM(GJF) AT EXIT PRESSURE
C HIS 8 ENTH£LPT0Y STEAMFOR ISENTROPIC TURBINE

I C NT = EFFICIENCY 0F THE TURBINEC PENTD. = PRESSUREOF STEAMENTEKZNGTHE TURBINE
C PExrr - PRESSUREOF STEAMF,ISTIlJG THE TURB_

I C SKNTER : EFrKOPHT 0F STFJdq ENTERING THZ TURBINEC SEX.lT " ErrRoPHT OF STEAMEXITING THE TURBZIZ

C SFZ " EIlTROPHT0F SATURATEDSTEAM (LZ_) lT EXIT PRESSURE

I C SGZ : ENTROPHY0F SATURATEDST_LM (GAS) AT FlIT PRESSUREC TENTER : TID_ERATU_ OF STEAMENTERINGTHE TURBINE
C TEXZT, : TERPEE/kTUEE0Y STEAMEXITING THE TURBINE

I C TXS " ISENTROPIC TURBINE EXIT _ERATn.EC VEXIT : THE SPECIFIC VOLUMEOF STEAMEll"riNG THE TURBINE
C VPZ = THE SPECIPIC VOLUME_ SATURATEDSTEAM(LIQ) £T

m C FlIT PRESSUREC VGl = THE SPECIFIC VOLUMEOF SATUR£TEDSTEAM(GAS) AT
C FlIT PRESSURE

I C WOBXTURB" TKE TURBINE gOBX PER UNIT MASSC XK : THE RELL QULLTrT OF STEAMEzrr]]G THE TURBINE
C IS : THE ISENTROPIC QUALITY0Y STEAMEZITING THE TURBINE

! °CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

I SUBKOUTI_fEDTURBINE(Fr,PENTER,PEXIT,TENTER,TEXIT,KENTER,KEXIT,

C

&sEFr_, SEXIT, go.crux)

I REkL,8 lfr, PENTER, PEXIT, TENTER,TEXIT, HENTER,HEXIT, SENTER,SEXIT,t WORKTURB,ZS, ZR, VFI, VGl, HFI, HGZ,SFX, SGZ,TZS, VZS, HIS, VEZIT
CALL DSAT(TEXIT, PEZIT, VFX,VGl, HFZ,HGZ,SFZ, SGI, 2)

I IFCSENTEK.GE.SGZ)THENCALL DSUPEK(TZS,PEZIT, VXS,KIS, SE,qTER,2)
WO_KTU_:IIT, CHElrl"_-EIS)
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!

BU_I'T=HDrrF£-W0IJ_f1:mJB

I CALLDSUPI_ (TZll_I', PF.lIT, VEIIT, KF-J_IT,SF.lIT, 3)
F.LSE
xs. (sv_rrn-SFX) / (SGX-SFX)

I HZS-ZS,HGZ+ (1. ODO-ZS)*HPl
woo-Fr, (_JHqm-LT_)

I Xa=(nxxrr-m=x) I (nGx-m_x)
SLXZT=IR*SGI+ (1. ODO-IIt)*SFI

F.MDIF

!
!
!
!
!
!
!
!
!
!
!
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I

K.) STEAM TABLES SUBROUTINES

I c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

! °
C SUBROUTINESUPER CLLCULITESTHE PROPERTIESOF STEIM GIVEM
C EZTHERTEMPERATUREANl) PRESSUREOR PRESSUREAND ENTHALPYOR

I C PRESSUREAND ENTROPY.C

C N - 1 GIVH TEMPERATUREAND PRESSURE

I C S = 2 GIVEN PRESSURE Lk'D ENTH/.LPYC N = 3 GIVEN PRESSUREAND ENTROPY
C

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC! c
SUBIOUTINE SUPn (T,P,V,H,S,N)

I REAL*8 T'P, V, S,H,PKOP,X,DII_, PR, TR,B, C,ZT,RHO, RHOZ,TEST]_TEGER N,COUNToI

DZIINSION PROP(S) ,Z(2) ,DZFF(2)

I PR=P/22089.ZFCN-2) 10,20,30
10 TR-T/647.29

I XC1):UOZC_,PR)X(2)-.gsex(1)
COUMT=O

I 15 COUNT:COUNT+1DO 16 ];=1,2

CALL SOPD.PROP(Z. Z(Z). PROP)

I 16 DII_ (I):PROP (3)-Pz(2)=(z(2),DZee(_)-z(_),DZee(2))/(Dzee(_)_Dzee(2))
1(1)-.98,1(2)

I IF (COUNT.GT. 10) GO TO 17TEST:LBS(DTFF (2)/P)
ZeCTEST.aT.. oooot) QoTo ts

I H=PROP(4)s=eeoP(s)
GO TO 40

I 17 VRITE(6,600) T,P
600 FORMAT(" DID NOT CONVERGEAT T=",E14.7," P-",E14.7)

GO TO 40

I 20 B=8.67-S-. 4616*LLOG(P/101.35)C=-. 2662-. 4615*PR

XI: (-B+SQRT (B,B-. 8136.C) )/.4086

I TR=lice. 33333T=TR*647.29
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I
I

RH0oHOZ('rI.PI)

I V'I •/RHO
CLLL LOOK(T,RHO,P,S, 3.5,PROP)
T-PKOP(1)

m H-PlOP(4)
GO TO 40

30 B,,3072.3-H

I Cs-418.2119ePR-130.2
ZT: (-B+SQRT(BeB- 1210.6*C) )/605.3
Tll.-ZZe* .4

I TaTlI.*647.29
RHO,,HOZ(TR,PR)
V"l./RHO

I CALL LOOK(T,RHO,P,H, 3,4,PROP)
T,,PROP(1)
S,,PP,OP(8)

I 40 V-1./PROP(2)
RETUJ3
DD

I c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

I ¥OK SUPER HEATEDPKOPERTZESGZVEN
C SUBiiOUTZliELOOKLOOKS
C TEE DIDISZTTAND THE TI[I(PERATUILE
C

I CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

SUBKOUTZIIELOOK(ZI,Z2,Y1 ,T2,M,N,PKOP)

I REALe4 Zl, ][2, Y1, Y2, PKOP,DI, B1, B2, DZ1, , , , , , ,
TEST PKOPO DX2 AI 1 A12 A21

k A22

ZBTEGi_ N,M, COUNT

I DZMXIISZONPKOP(6) .PeOPO(6)
C0uFr=0

10 C0UNTsCOUNT+I

I CALL SUPEBPROP(X1,Z2,PROPO)
BI=YI-PKOPO(M)
B2-T2-PII, OPO(B)

I DZ'. 01DOel1
ZlsZI+DZ

CALL SUPERPlLOP(Zl, X2, PROP)

I 1.11- (PROP(M) -PROP0(M))/DI
A21- (PKOP()I)-PKOP0 (N))/DZ
IlsI1-DI

I DI:. 01DOeZ2
Z28Z2+DZ
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I

CALL SUPERPKOPCZ1,Z2,PKOP)

I &12=(PIU3P(M)-PROPO(M))/DZA22-(PROP(N)-PROPO(N))/DX
X2-I2-DX

I DZ2-(B2-A21*B1/A11)/(A22-A21*A12/£11)
DZl-(B1-A12*DZ2)/111
TEST-LBSCDX2/Z2)+J3S(DZ1/Z1)

I Z2=Z2+DZ2ZI=ZI+DZ1
ZF(COUFr.GT.IO)GO TO 20

I IP(TEST.GT..O0001) GO TO 10GO TO 30
20 k_ZTE(6,6OO)XI,X2

I 600 FOKMAT(' NO CO--GE, T=J,E14.7,_ LEO'',E14.7)30 CALL SUPF.,B_ROP(XI,X2,PROP)

CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccccc_cccccccccc

! °C FUNCTION_Ut0Z
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC! c

IzU]ICTIONRHOZ(TR,PR)

I REAL*4 "/3.,PR,Z,X,B30ZIF(TR-I.0)20,ZO,IO
10 Z-(PR/'/3.ee3.0)*e2.0

I Z=1.0-X*(X.289/TK-.532*TK*I)GO TO 30
20 Z=I.0-.7,(PR/TB,)ee2.0

I 30 ILEOZ-73.94*PR/Z/'I'K

E]H)

! °CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

I C SUBROUTINESUPERPROPCALCULATESTHE SUPERHEATEDSTEAMPKOPEKTX'ESC GIVFJ[ THE TEMPERATUREAn DENSITY OF THE STEAM
C

I CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

SUBROUTINESUPERPROP(T,B.HO,PKOP)

I KELL*4 T,B.H0,PKOP,A,B.HOA,C,G,CP,H,HI,E,TA,XM,TC,PC,R.HOC,T0,R,S,
& U,TAU,TAUC,TEMP,P,TE
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I
I

ZNTEGERZ, 3

I DIMENSIONPROP(S),A(IO,7),ILBOACT),C(7),G(6),CPCY),HCT),HI(7)
DATA(A(Z,1),ZeI,10)/2.949293TE-2,-1.3213917E-4,2.T464632E-7,

e-3.6093828E-10,3.4218431E-13,-2.4460042E-16,1.SS18535E-19,

I *6.gT2848TK-24,-.41030848,-4o1606860E-4/DATA(A(Z,2),I-l,lO)/-S.19es86E-3,7.TT79182E-6,-3.3301902E-8,
,-l.6264622E-11,-1.TT31074E-13,1.2748742E-16,1.3746153E-19,

I ,l.66978361-22,.3373118,-2.0988866E-4/DAT&(A(X,3),X-1,10)/6.8335354E-3,-2.61497611-E,6.532639E-8,
-2.6181978E-11,0.,O.,O.,O.,-1.3746618E-1,-7o3396848K-4/

I DAT£(A(Z,4),I-1,10)/-1.5641040E-4,-T.2646108E-7,-9.2734289E-9,s4.3126840K-12,0.,O.,O.,O.,6.T874983E-3,1.040171TE-6/
DATA(&(Z,E),X-1,10)/-6.3972405E-3,2.6409282E-E,-4.TT40374K-8,

I ,6.6323130E-11,0.,O.,O.,O.,.13687317,6.4681880E-4/DATA(A(Z,6),Z:l,10)/-3.9661401E-3,1.5453061E-5,-2.9142470E-8,
e2.9568796E-11,0.,O.,O.,O.,7.9847970E-2,3.9917570E-4/

I DAT£(A(I,T),I=l,lO)/-6.9048664Z-4,2.7407416E-6,-5.1028070K-9,e3.9636085E-12,0.,O.,O.,O.,1.3041263E-2,T.15313531-5/
DATA(RHO£(3),3,1,7)/634.,1000.,1000.,lO00.,lO00.,1000.,1000./

I DATA(G(Z),Z-1,6)/4.6E4,1.011249E3,.83893,-2.19989E-4,e2.46619E-7,-9.7047E-11/
DATA E,TA,DI,TC:PC,RHOC,TO/.O048,1000.,18.016,647.286,22.089,

I ,31T.,273.16/R-8314.34/XM
S:6696.5776-G(1)/T+G(2)eLLOG(T/TO)+Te(G(3)+Tt(G(4)/2..Te(G(6)/3.

I ,+TeG(6)/4.)))+G(1)/TO-TOe(G(3)+TO,(G(4)/2.+TOe(G(6)/3.+TOeG(6),/4.)))
Ua2376020.T+G(1)*LT, OG(T/TO)+T*(G(2)+T*(G(3)/2.+T*(G(4)/3.+T*(

I *G(6)/4.+T*GC6)I6.))))-TOe(G(2)+TOe(G(3)/2.+TOe(G(4)/3.+TO,eCG(S)/4.+TOeG(6)/6.))))
TAU-TAIT

I TAUC-TA/TCC(1)-R,T
C(2)-C(1),(TAU-TAUC)

I cP(ll=aTEMP-R*TAU
CP(2)sC(2)/T-TEHP

I DO 10 I"3,7C(Z)'C(Z-1)*(TAU-2.5)
CP(Z)=C(Z)/T-TEMP*CTAU-2.S+(Z-2)*(TAU-TAUC))

I 10 TF.KP'T_IP*(TAU-2.5)

DO 40 3=1,7

I Te._-ImO-HOA(3)HCJ)=aCl,_)+aC2,3),(_..'_+e30)
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r

I
H'rcJ)-HO,o,CA(1,3).1C2,J),'l'D_)

I D0 30 1'-3,8
HCJ)-HCJ)+ACZ,J),TE_,(_0-HOACJ) +(Z-1. ),U0)

I 30 H'r(J)-H'r (J) +£('r, J) ,H0eTE]_
H(J)-,H(J)+(A(9,J)+HOe(2. eA(IO,J)-EeA(9,J)-E,A(IO,J)*BIO))eTF,
HCJ)-HCJ),BIO,B.HO

I 40 HZCJ) =H'r(J) +B.HO,(AC9,3) +AC10, J) *B.HO)*TE
P,.B,HOeReT
D0 SO J-1,7

I P,,P+C(J)*ll(J)u-u+CcC.1)-T,Ce(J)),HzCJ)
so s-s-cpcJ),Hz(J)

I S-S-it,LLOG(H0)
PROP(1)-T
PROPC2)-KH0

I PROP(3)=P/IO00.
PROP(4) aU/1000. +PR0P(3)/RHO
PROP(5),,S/1000.

C

I CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C SUBKOUTZNESAT CLLCULI,TES THE S£TUBJLTZONPB,OPEKT'rEsFOB,STED!

I C FOR • GIVEN TFdqPF.££TUn AND PRESSUREC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

! °
SUBKOUTZNESAT(T, P, VF,VG,HF,HG,Sl?, SG,N)
RELL,4 T, P, VI_,VG,HI_,HG,SF, SG,DPDT,RHOL,PO,ERR,HFG

m ZNTEGEKN, COUNT
IFCN-1) 10,10,20

10 CALL SATPKOP(T, P, DPDT,BJIOL)

I GO TO 30
20 T-49GO. / (1"/'. 572-LLOG(P))

C0UNT=0

I 25 C0UFI'=COUFr+I
CALL S/,TPKOP(T, PO, DPDT,R.HOL)
T=T+(P-PO)/DPDT

I F.3a=LSS(CP-P0)/P)
IIz(COUFI'. GT. 10) GO TO 26
ZFCF.,B£.GT.. 00001) GO TO 25

m Go To 30
26 WRZTZC6,610) T
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I
I

810 FORKkT(°' II0 CONVIDLGE/LTTS•T=",E14.7)

I 30 VF=I •/gOL. CLLL SUPER(T,P, VG,HQ,SG, 1)
HPG'T*(VG-VF) *DPDT

i HF"HG-DGS¥'SG-HFG/T
ILETUB3

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

! °C SUBROUTINESATPD,OP CLLCULATESTHE SATUR£TTONPROPERTIESFOB.

C STEAMGIVEN THE TEHPER£TURE,PRESSURE, CHANGEIN PRESSURE WITH

I C RESPECTTO TEHPER£TURK,LND THE DENSITYC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

I SUBKOUTINES£TPROP(T, P, DPDT,KHOL)
C

KEIL*4 D, F,T,P, DPDT,B.HOL,£,TP, TC, PC,B.HOC,Xj Y, DYDZ,X3

I IFFEGER ZDIXHSZ0a DC8) ,FCel
DATA (D(I), I=1,8)/3.8711257, -28.51:33981222.65241-662.43852,

I e2000. 278, -2612 • 255?, 1829. 7874, -533.5052/DAT£(F (Z) , l:1,8)/-'r. 41924, . 29721, -. 1155286,8.685635][-3,
• 1.0940981_-3, -4.39993K-3,2.520658E-3, -5.218684E-4/

I DATA•, TP, TC, PC,KEOC/.01,338.15,64T. 286,22089. , 31T. /Z-AeCT-TP)
TnF(1)+Xe(FC2)+Z*CFC3)+ZrCFC4)+Z,(F(5)+Z,(F(6)+Xr(F(7)+

I ,zrrCe)))))))DYDI-F(2)+Zr(2.*F(3)+Z*(3.*F(4)+I*(4.,F(_)+l*(5.rF(8)+
•le (8.,F(I')+Z*7.*F(8))))))

I P-PCeEIP ( (TC/T- 1. )*Y)DPDT:P*(-Y,TC/T/T+(TC/T- 1. )*DYDZ*•)
X-(1. -T/TC) ,, (1./3. )

I X3=XeXrXHOL-HOC* ( 1. +XeCD(1) +X3*CDC4) +DC7) rX3) +Xr CD(2) +X3, CDC5)+
• D(8) eZ3) +Xe(n (3) +n(8) eZ3) ) ) )

I
I
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