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1.1

ABSTRACT

This report describes a comprehensive computer simulation program that
predicts the performance of coal Tiquefaction preheater and reactor. The
simuTator is interactive and allows the user to input any Tinear kinetic
network by specifying the reaction paths. The user must also specify the
operating conditions and the physical dimensions of the units. The
simulator will then provide detailed information on the performance of
each unit, the characteristics of each flow stream, and an overall summary
of the products leaving each unit. The simulator also provides graphical
(pictorial) outputs of the results. The input/output results are stored
in a database for any future processing.

Included 1in this report are model development, descriptions of the
mathematical procedures used to predict the performance of the units,
source code of the program, instructions for its use, and.a sample problem
showing both the input data and the resulting output, both in tabular and
graphical form.

" e e
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INTRODUCTION

Various processes are used for direct coal.liquefaction (Whitehurst, et
al., 1980; Shah, 1981). A typical coal Tiquefaction unit consists of a
preheater and a reactor., Coal is mixed with recycle solvent and fed with
hydrogen into a preheater, where the temperature of the mixture is raised
to around 673 K. It is then fed into a reactor (dissolver), wherein the
reaction is allowed to proceed. Recenily, Albal et al., 1983, have
qualitatively examined the performance of such preheaters and reactors.

This report describes a comprehensive computer program that allows the
user to simulate the performance of coal liquefaction preheater and
reactor units. The program is flexible 1in the sense that it can
accommodate any reaction network as long as the reactions follow first
order kinetics. The program is interactive and allows the user to execute
it either in batch or time sharing mode.

The simulation program +is written in modular form using the FORTRAN
language. It can be implemented on virtually any large, scientific
computer, though some customization may be required to ensure
machine/language compatibility. The coda has been developed on a DEC
System-10 computer at the University of Pittsburgh. The programs
necessary to convert the output from this simulator into a graphical form
and to store it in a database, have been developed on a PDP-11/70 computer
at Schneider Consulting Engineers, Bridgesviile. These programs require
the use of IGDS (Interactive Graphics Design System) and DMRS (Data
Management -and Retrieval System) software packages, developed by
Intergraph Corporation, Huntsville, Alabama. The programs to dispiay
graphical outputs can only be wused on computers supported by the
Intergraph software.

Included in this report are a 1listing of the computer programs,
instructions for its use and representative sample output, in addition to
the general description of the methods used to carry out the simulation.

Schneider
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HMODEL DEVELOPMENT

The direct coal Tiquefaction involves a three phase reaction mixture,
wherein the hydrogen from the gas phase is absorbed into the liquid phase
and reacts to form various products. The Tiquid phase consists of a
mixture of coal and the solvent. The necessary equations to predict the
thermal behavior of the preheater and reactor, include the material
balance for hydrogen in the gas and Tiquid phases and-the heat balances
Tfor both preheater and reactor. The heat generation in the dissolver is
assumed to bé proportional te the hydrogen consumption.

The mass and‘heat balance equations for the preheater can be derived with
the assumption of plug flow condition. This assumption is justified
considering that preheaters employed for coal liguefaction are usually in
the Torm of coils with a length to diameter ratio of more than 100. In
the reactor, the gas phase is assumed to flow in a plug flow, while
standard axial dispersion model, with cTosed-closed boundary conditicns is
used to model Tiquid phase hydrogen balance and the energy balance
equations. Other simplifying assumptions made in development are as
follows:

1. Reactions occur in the bulk slurry phase only.

2. Mass transfer of hydrogen from gas phase to Tiquid phase is
controlled by the Tiquid side mass transfer resistance.

3. The reactor operates under isobaric conditions. This assumption is
Justified since the pressure drop is not significant as compared to
the actual pressure anywhere in the reactor.

4. The three phases are at the same temperature at any axial position.

5. The gas holdup is constant all along the preheater, and all along the
reactor.

v T
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3.2

MODEL DEVELOPMENT (Continued)

6.

A.

Tne physical and thermal properties of the gas and the slurry (except
the viscosity of the slurry), the mzss transfer coefficient, gas
liquid interfacial area, and the heats of reaction and dissolution
are independent of the temperature and conversion.

Henry's law is applicable. The rate constant for hydrogen
consumption and the Henry's constant are temperature dependent
according to

k = Eexp(~E/RT) (1)

and

H = Hexp(-aH,/RT)

(2)

As a consequence of assumption (6), the heat transfer coefficient can
be obtained as a function of viscosity as

b_ﬁ“(o)-aloﬂ (3)

where h = heat transfer coefficient; /3 = constant depending on the
coal, type of solvent and the coal to solvent ratio;}1(0)= viscosity,
a function of temperature.

The exponent of the viscosity 1is 1in accordance with the Sieder-Tate
equation (Shah, 1981) for heat transfer.

Based on the above assumptions, the following equations can be derived,

PREHEATER
1.  Hydrogen Balance
(a) Gas Phase

da; H
= Ri(ma-al) -0 ()

Schnelder
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3.3

i0DEL DEVELOPMENT (Continued)

where
Rl klaL'H! (5)
1 U;
H = Hexp (-AHZ/(1 + 8))
(6)
and
AHZ = AHs/RT! : (7)
ay=1 atx' =0 (8)
(b) Slurry Phase
da, R (H R
;j—ﬁ—fﬁ;(gqa},—a;)+7—fexp(-s=/u +6)a} -0 (9)
where
ol (10)
T == -
Uy
R’ - ——_l-_"'
Ve
and
E® =« E/RT!
(12)
Equation (9) is subject to the boundary condition
a=0atx'=0 | (13)

=
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3.4

MODEL DEVELOPMENT (Continued)

2. Energy Balance

In the preheater, the heat input is largely by the external
heating and some by heat of reaction and heat of dissolution.

The governing heat balance equation can be expressed as
dg'
Z"-

aw(8) 246, — 0') + RENfod~E*/(1 + 6Y)a) + R (-}-{’-’7 d\ - a',) (14)

where
(15)
m-8-L
as TP(3peCa iB:Cs)
o C:,-u;-AHx (16)
* T T ,Crp + v} BIC)
and
r' C:, . V: . AHS
s= Ti{(v} p,C,; + vi PiCit) (17)

Here Iu(S), viscosity is obtained from a fitted equation that
accounts for the change in viscosity as a function .of the
temperature. Equation (14) is subject to the boundary condition

6'=0 atx'=0 (18}

3. Chemical Species Balance

dc; z
- - - = s o=t 9
T ,QQ_J © i U=t.H- (19)
where
r =~ . K
-~ J . — EY « '
an.J = CJ T____z.( _;Z J = 1, Ng (20)
A
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3.5

MODEL DEVELOPMENT (Continued)

The boundary condition for Equation (19) is

G = <. at xic : oy=tiNe (o

B. REACTOR |
1. Hydrogen Balance
(a) Gas Phase

da" H
;E-f; + R} (F,' ay - a;') -0 (22)
where
kaL"H!
R - ! !
t U:‘ (23)

The Boundary condition for Equation (22) is
a;' Magr = a;' !x"-O' (24)

(b) Slurry Phase

diah i i D _
where
o (26)
" - ;f _
v - L" (@)
Pe, = 5)
(28)

®(1 - ML
Dd“i—'ﬁ?__'

Vg
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MODEL DEVELOPMENT (Continued)

The boundary conditions for Equation (25) are

1 da)
= Pe, dx"

‘[)_0-

1"
aj' lereo- = ai' leveor

and

da!!
dx"

2. Energy Balance

3.6

(29)

(30)

I 4% gt H
+ RI'TY (F’ ay - a}') + DaTQHi'UFéE‘/(l +8alt-0 (31)

Pe, (dx"): ~ dg"

where
Pe, = (¢ 0,C,p + vf’b'fw) - LY
] DH

CL - o . aH,
T:(l':‘]pgcp‘ + U;lEiCﬂ)
! 1

2 - C‘, . U‘ . MR
T:(":xpgcn + L’:lﬁicp})

rl.’ -

Boundary conditions for Equation (31) are

el

1 (d8"
1 My e —
é Lu_a -f I; -0 Pe_, (dx")

and
dell
e

w
x!lno

3. Chemical Species Balance

]I -
Lt A -~ I
Lodey EEEJ + N o = 1,MNg
2_2- _'-'I ~ - ¢ J . S
PQL ax ol\
where _
Y I '_‘- ':‘ . al -
!J\aJ = = J= tods
\.";_—
L
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(34)

(35)

(36)

(37)

(38)




MODEL DEVELOPMENT (Contiriued)

The boundary conditions for Equation (37) are

3.7

CZF — C.ZZ} ! {;? |
T R e R
¥ - X = ¥ 3
and
des
a0 (40)
= - S ——
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4.1

SIMULATION TECHNIQUES

The hydroprocessing of coal involves a series of reactions, both
homogeneous and he*erogeneous. The consumption of hydrogen gas and coal
conversion to soluble products occur simultaneously. Hence the equations
described in the earlier section (plug flow equations for the preheater
and axial dispersion equations for the reactor) are coupled and have to be
solved simultaneously. The consumption of hydrogen is, however, generally
used as a measure of the heat generation. This allows the uncoupling of
the hydrogen balance equations {both gas and Tiquid phasés) and energy
balance equation from the chemical species balance equation. In this
simulator, therefore, the hydrogen and energy balance equations are first
solved simultaneousily and the resulting temperature profile is
superimposed on the chemical species balance equation.

The program code is written in a modular form for easy modification. For
example, separate modules have been set up to calculate the gas holdups
and viscosity (as function of temperature) in the preheater and reactor.
Procedure for modification of these modules is explained in Section 6.

1. MNumerical Solution of Hydrogen and Energy balance equations:

The preheater is assumed to be plug flow and therefore the equations
are coupled first order differential equations [Equations (4), (9)
and (14)] with initial corditions [Equations (8), (13) and (18)].
These equations are solved simultaneously by using fourth-order
Runge-Kutta method of integration (Carnahan et al., 1969).

The gas in the reactor is assumed to be plug flow. This results in
one first order differential equation [Equation (22)] with an initial
condition [Equation (24)]. The axial dispersion model is used to
model the slurry phase in the reactor. This results in two second
order differential equations [Equations (25) and (31)], with four
boundary conditions [Equations (29), (30), (35) and (36)]. Again all
the reactor model equations are coupled. The second order equations
are also non-linear. A shooting technique s required to solve this
boundary value problem. The problem is first converted to an initial

m
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4.2

STMULATION TECHNIQUES (Continued)

value problem by guessing the concentration of hydrogen and the
temperature 1in the phase at the reactor entrance. Again the
Runge-Kutta fourth-order technique s used to intergrate the
equations. The method of intervai-halving is used to refine the
guesses at the reactor inlet so as to satisfy the exit boundary
conditions.

Numerical solution of chemical species balance equations:

Equation (19) describes a set of equations for the chemical species
balances in the preheater. These equations along with the set of
boundary conditions [Equation (21)] are solved by the same technigue
as used above.

Equation (37) with boundary conditions (39) and (40) are a set of
equations for chemical species balance in the reactor. Initially a
computer code similar to the one used to solve the hydrogen -and
temperature balance equations, was developed to solve these
equations. The computation time required to arrive at the fina]
solution increased exponentially with the number of species.
Computation time of the order of one hour was required to solve the
equations -for three (3) species, on the DEC-10 computer at the
University of Pittsburgh. As the computation time was prohibitively
high, it was decided to develop a code for solving coal liquefaction
reaction networks invelving only first order reactions. This code is
used for simultanecus solution of coupled linear equations.

The code takes advantage of the fact that a linear combination of
several sofutions of a differential equation, obtained for different
initial conditions, is alsc a solution of the differential equation,
if the differential equation is Tinear in the dependant variable.
For example, if_C1 and C2 are two independent solutions of a second
order Tinear differential equation, then C = 5‘1C1 + é;ZCZ is also &
solution of the differential equation. The coefficients é?l and 572
can be caiculated so as to satisfy the boundary conditions.

b2 et —— rmre——
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4.3

SIMULATION TECHNIQUES (Continued)

L —m
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The computer code developed makes ZNS (NS = number of species)
independent guesses, at the reactor inlet, and performs the
integration using Runge-Kutta fourth-order technique. The
independent guesses are made by using a random number generation
routine. The coefficients é? are calculated by matrix inversion
(Gerald, 1978), so as to satisfy the required initial and boundary

conditions.

Computer programs to generate graphical outputs were developed on
the PDP-11/70 computer at Schreider Consulting Engineers,
Bridgeville, Pennsylvania. IDGS and DMRS software developed by
Intergraph Corporation, Huntsville, Alabama was used 1in these
programs.




5.1

USE OF SIMULATOR

To use the simulator, the following information must be provided:

Fiow rate of gas to preheater, (cms/s)
Flow rate of slurry to preheater, (cm3/s)v-
Length of preheater, (cm)
Length of reactor, (cm)
Diameter of prehedter, (cm)
Diameter of reactor, (cm)
InTet temperature of slurry to preheater, (°C)
Operating Pressure, (atm)
Mole fraction of hydrogen in gas to preheater, (d1mens10n1ess)
Temperature of furnace, (°C)
Heat capacity of gas, (cal/gm°C)
Heat capacity of slurry, (cal/gm°C)
Arrhenius frequency factor for hydrogen consumption kinetics, (s~ 1)
Activation energy for hydrogen consumption kinetics, (ca1/gm01)
Heat of reaction of hydrogen, (cal/gm)
Heat of dissolution of hydrogen, (cal/gm)
Solubility constant, [(gm/cm31)/(gm/cm g)]
Diffusivity of the gas, (cm /s)
Surface tension of the slurry, (gm/cmB)
Total number of chemical species
Name and code number of each species
Total number of non-zero rate constants
For each rate constant:
Code of reacting species
Code of product species
Arrhenius frequency factor, (s'l)
Activation energy, (cal/gmol)
For each species:
Initial concentration, (gm/gmtota1)

Schnaidar '
Consulting Enginoors iI-D~-15



“
.
N

USE OF SIMULATOR (Continued)

The input data is entered interactively by executing a program
"SIMDAT.FOR". This program prompts the user for the input information.
The data are stored in a file 'SIM.DAT'. The main simulator program
'SIM.FOR' can next be executed either in batch or time sharing mode.

Qutput 1is contained in the following files:

Output Summary SUMRY.DAT
Preheater:
Temperature Profile PTEMP.DAT
Hydrogen Profile (Gas Phase) PHYGAS.DAT
Hydrogen Profile (Liquid Phase) PHYLIQ.DAT
. Viscosity Profile PVISCO.DAT
Species Concentration Profile PCONC.DAT
Reactor:
Temperature Profile RTEMP.DAT
Hydrogen Profile (Gas Phase) RHYGAS .DAT
Hydrogen Profile (Liquid Phase) RHYLIQ.DAT
Species Concentration Profile RCONC.DAT

Graphical output can be obtained on the PDP-11/70 computer at Schneider
Consulting Engineers.

The simulation program has been written in standard FORTRAN (except for
programs needed to cbtain the output in a graphical form).

The program typically requires about one to one and a half minutes of
computation (CPU) time on a large computer.

A representative set of output data is shown in Appendix B.

- - R
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6.1

SIMULATOR MODIFICATION

+ The simulator has been written in a modular form so as to allow easy

L

modification.

The viscosity in the gel region is a strong function of the type of coal,
type of solvent and the coal to solvent ratio. In the present simulator,
the viscosity of the coal-oiil s1urry is calculated from a equation fitted
to data reported for 35 wt % Kentucky No. 9 coal with Wilsonville recycle
solvent (McNeese, 1980). A separate function subroutine VISCOS has been
written to calculate the viscosity as a function of temperature. The user
need only modify this function routine to incorporate different viscosity
dependence on temperature. |

Similarly, a separate function routine FEG has been written to calculate
the - gas hold up in preheater and reactor. Presently correlations
suggested by Akita (Akita and Yoshida, 1973) have been incorporated in the
simulator to calculate the gas-hold up. If the user desires to use some
other correlations, he need only modify the routine FEG.

Schasidor _
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7.1

CONCLUSIONS AND RECOMMENDATIONS

The simulation program described in this report is a convenient tool for
analyzing the performance of coal liquefaction plants. It could assist a
decision maker in arriving at optimum equipment sizes and operating
conditions.

Additional features can be added to this simulator to enhance its value,
The following additions are recommended.

1. The simulator in its present state is not limited to the type of
process,(SRC-1, SRC-II, EDS or H-Coal), as long as the processes have
only one preheater and one reactor. The simulator should be modified
to include two and more stage processes.

2. The simulator requires the user %o input data, such as hydrogen
conversion and coal liquefaction kinetics, physical properties, etc.
In many cases, the user will be unaware of these data. A numerical
database of the required data should be developed to assist the user
in selecting the input data. At least some default values for these
data should be set up in case the user has no idea about the range of
the input data.

3. Coal conversion reactions are exothermic and they are carried out in
adiabatic partially backmixed bubble columns. Such reactors can
exhibit multiple steady states. (Nunez et al., 1982). In the
present state, the simulator converges to one steady state and has no
way of determining whether other steady states exit. Nunez et al.
have presented graphs showing regions of multiple steady states for
various operating conditions. This  information should be
incorporated in the simulator and if the user input data results in
the reactor operation in the multiple steady states region,
appropriate messages should be relayed to the user.

4. Subroutines should be developed to permit non-linear kinetics and
also rate expression of other than the Arrhenius form.

N — -
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7.2

CONCLUSIONS AND RECOMMENDATIONS (Continued)

5. Similar programs should be developed for other unit operations, such
as coal preparation, separation units, etc. In some cases such as
coal preparation, simulation programs already exist (Gottfried,
et al., 1982). Software should be developed to depict the output
from such simulators in pictorial/graphical form to enhance their
value to the user.

Schaoldar T=-D=-19
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8.1

NOMENCLATURE
ag dimensionless concentration of hydrogen in gas phase (Cg/C'gi)
3y dimensionless concentration of hydrogen in liquid phase

(Cq/H;C o)
3

C concentration of hydrogen, g/cm

Cp specific heat, cal/g K

Gb weighted average specific heat, cal/g K

c dimensionless concentration of chemical species, {gm/gm)
D diameter, cm

Da Damkohler number, defined in Equation (28)

D, thermal dispersion coefficient, cal/em s K

D] mass diffusivity, cm2/s

E activation energy, cal/gmol K

g* dimensionless activation energy, defined in Equation (12)

H Henry's law constant

H pre-exponential factor in Equation 2

h heat transfer coefficient, cal/cmzs K

z:;HR heat of reaction, cal/gmol
JANLR heat of dissolution, cal/gmol

zﬁ;Hg dimensionless heat of}disso1uticn, defined in Equation (7)

k rate constant, 5!

k Arrhenius frequency factor, 571

k1a volumetric 1iquid phase mass transfer coefficient, s"1
L length, cm |

Ns number of chemical species

Pep Peclet number for heat, defined in Equation (32)

Pe1 Peclet number for mass, defined in Eguation (27)

Schnelder
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NOMENCLATURE (Continued)

R gas law constant, cal/gmol K
R, dimensionless parameter, defined in Equations (20) and (38)
R-I dimensionless parameter, defined in Equations (5) and (23)
Rp dimensionless parameter, defined in Equation (11)
'ﬁ rate of generation of chemical species, s'1
T temperature, K
v superficial velocity, cm/s
X dimensionless axial distance, (Z/L)
axial distance, cm
Gresk Symbols
P dimensionless parameter, defined in Equation (15)
‘3 constant in Equation (3)-
) coefficients of solutions of differential equations
ﬂl dimensionless parameter, defined in Eduaffons‘(l&) and (34)
. dimensionless parameter, defined in Equations}(17) and (33)
ft viscosity, g/cm s |
€' density, g/cm3
g weignted average density, g/cm3
G dimensionless temperature
ES gas hoidup
Y dimensioniess parameter, défined in Equations (10) and (26)
Superscripts
i in preheater
II in reactor
Schnowdor I-D-21
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NOMENCLATURE (Continued)
Subscripts

g gas phase'

i inlet condition

J chemical species number
o outlet condition

1 liquid phase

W wall condition

L ——
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APPENDIX A

This section includes the program source code and a
simulator block diagram.

m
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SUBROUTINE/FUNCTION

NAME PURPQOSE
INPUT 1 Reads input data: viz. coal conversion kinetics
INPUT Reads 1input data: viz. Physical dimensions of the

units, physical and thermal properties and hydrogen
consumption kinetics

PHEATR: Simulates preheater performance: Thermal and hydrogen
consumption only

REATEM: ' Simulates reactor performance: Thermal balance only

CHEM1: Initializes simulation of preheater: Chemical species

- conversion

CHEM2: Initializes simulation of reactor: Chemical species
conversion

CUTPUT: Prints output

HYDRO: Calculates hydrodynamic parameters

RUNGE: Runge-Kutta féufth-order integrator

PHEATC: Simulates preheater performance: Chemical species
conversion '

EQTNS: Calculates chemical species conversion rates

REATC: Simulates reactor performance: Chemical species
conversion

INTHAL : Interval halving program to solve implicit equations

VISCOS: Calculates viscosity of coal slurry in preheaters

LUDCMP: Calculates lower and upper triangular matrices

SOLVLU: Finds solution of matrix AX=B, after finding its LU
equivalent matrices

RAN: Random numbers generator

FUNC: Function routine that calls REACTR and FEG

REACTR: Si?ulates reactor parformance: Hydrogen consumption
only.

APVT: Finds largest element for pivot and performs inter-
changes

FEG: Provides equations for calculation of gas holdup .

o}
Schnelder
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PROGRAMS TO GENERATE GRAPHICAL QUTPUT
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PLOT.FTN
(SOURCE PROGRAM)
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