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MODELING LARGE TEMPERATURE SWINGS IN HEAT REGENERATORS

USING ORTHOGONAL COLLOCATION

INTRODUCTION

Heat regenerators have found extensive use, e.g. in the metallurgical

and glass industries, in coal-burning electric power plants, and when storage

of thermal energy is needed. In metallurgical processes, heat is recovered

from very large amounts of gas, making heat recuperators (exchangers)

uneconomical because of the large required heat transfer area. In glass

making, the gases are too hot or reactive, making recuperators impractical. In

coal-burning electric power plants, the gases to be treated are particulate-

laden and would plug ordinary heat exchangers. In thermal energy storage

systems, the demand and availability of thermal energy do not coincide

chronologically and heat is therefore temporarily stored in the heat

regenerator's solid structure.

Heat regenerators are classified in two major types: fixed solid devices

and well-mixed solid devices. In the first class are the randomly packed bed

units, and units with geometric p.acking such as monolith, checkerwork,

parallel plates and hollow cylinder structures. The much smaller rotary

(Ljungstrom) units also belong in the first class. The second class

encompasses single and multi-stage fluidized beds.

Heat regenerators are usually operated in a two-step manner: First, an
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initially cold bed is heated up by a hot gas that is blown through the bed for

a certain period of time; next the hot bed gives up its heatto a cold gas

stream. When both hot and cold streams must be treated at the same time,

two units are needed. This way the units may be operated in a continuous,

cyclic manner.

The purpose of this work is to analyze the effects of variations of

physical properties of the gas for situations where the temperature differences

between the gas and the solids (the bed) are quite significant, such as those

that would be encountered in the REGAS process (Levenspiel, 1988). This

process, short for REgenerator- GASifier, uses heat regenerators for producing

Synthesis Gas from coal. In short, heat regenerators are used as chemical

reactors, in which thermal coupling of exothermic and endothermic reactions

takes place. The production of synthesis gas from coal is an endothermic

process, therefore the heat necessary to carry out this gasification reaction

would be provided by the packing in a heat regenerator. This heat in the

packing would be in turn provided by the simple combustion of coal (a highly

exothermic reaction). By periodically exchanging heat in the REGAS process,

synthesis gas undiluted with nitrogen can be produced without the

requirement for an oxygen plant. Preliminary calculations indicate that the

adiabatic flame temperature of the combustion reaction is about 2400 K. In

order to achieve high thermodynamic efficiencies, the gases should leave the

regenerator at temperatures as close to room temperature as possible, say 400

K. Thus, this process involves a six-fold temperature variation, and therefore

the effects of such large variations in the temperature profiles must be

understood.
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This work is concerned mainly with predicting temperature profiles in

single blow operation, i.e., determining the breakthrough curves, or the

temperature profiles obtained when a bed, initially at uniform temperature, is

either heated or cooled due to the inlet fluid experiencing a step change in its

temperature. The approach chosen to numerically solve the model equations

is the method of lines (MOL) in which the spatial derivatives are discretized

by making use of the method of orthogonal collocation, developed by

Villadsen and Stewart (1967), and the resulting set of ordinary differential

equations is integrated with the DASSL package (Petzold, 1983) which uses

implicit methods to solve the differential equations. Finlayson (1980) has

compared several numerical techniques to solve boundary value problems.

The method of orthogonal collocation was found to be efficient and in general

it resulted in higher accuracy for the same number of discretization "points".

In Chapter 1 we briefly review the most pertinent literature for heat

regenerators. In Chapter 2 the method of orthogonal collocation is presented.

Chapter 3 presents the models studied in this work. In Chapter 4 the

convergence of the method of orthogonal collocation is investigated and

results obtained with the different models are compared and analyzed.

Chapter 5 presents the conclusions and presents suggestions for further

research. Appendix A contains details of the rationale behind the method of

orthogonal collocation and presents the recursion formulas for the Legendre

Polynomials used in this work. Appendix B briefly discusses a model in

which dispersive effects are taken into account. Appendix C contains listings

of the driver FORTRAN programs used in simulating each of the three

models, of the program representing the case when an analytical solution

exists and of the two libraries of support subroutines.
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CHAPTER 1

LTi'ERATURE SURVEY

Attempts to describe the performance of heat regenerators began in the

late 1920's and early 30's. The great interest in the theory of heat regenerators

in this period seems to be credited to the economic crisis that Germany

underwent following World War I. Several analytical solutions were

developed, there were even more than one solution form presented to the

same problem. The first solution, in the form of integral equations, was

presented by Anzelius, in 1926. He considered the single-blow case in which

the initial temperature of the bed was uniform and inlet gas temperature

remained constant with time. Nusselt derived a more general solution form

in 1927. His solution was presented as sums of modified Bessel functions,

and can be applied to any arbitrary initial temperature distribution and is

therefore capable of predicting temperature profiles in periodic operations.

Other solutions were presented by Hausen and by Schumann. Jacob (1957),

presents a quite thorough study of these solutions discussing, in detail the

analytical solutions of Nusselt, Schumman and Hausen.

Due to the energy crisis of the 1970's the study of these devices once

again became popular and many papers and even books on the subject

appeared. All studies developed until the late 70's have been summarized in

a monograph by Schmidt and Willmott (1981). This book devotes but one

chapter for the packed bed regenerator, in which only linear problems are

considered. The bulk of the book considers other fixed solid devices such as
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the monolith, hollow cylinders and checkerwork structures. The methods

presented in this volume for solving non-linear problems rely heavily on finite

differencing schemes and, as stated by Ramachandran and Dudukovi6 (1984),

are not completely satisfactory. Bae (1987) also presents a quite complete

literature survey, focusing his study on rotary heat regenerators.

Levenspiel (1983) presents a method for determining the performance

(temperature profiles as well as thermal efficiencies) of heat regenerators in

single blow, co-current and countercurrent operations based upon the axial

dispersion model used to characterize the non-ideal flow of fluids. This

model describes the characteristics of the temperature fronts as a function of

three mechanisms of heat transfer: film heat transfer, axial dispersion of gas

and conduction into partides. The method makes use of the variance (a2) of a

Gaussian distribution curve to characterize the spreading of the temperature

fronts and to calculate the regenerator efficiency. In the heating of an initially

cold bed, he defines the efficiency of heat capture by the solids over a period

of time t as the actual heat taken up by the cold solids over the maximum

possible take-up or the efficiency of heat removal from the gas as the heat lost

by the hot gas in this same period t over the maximum possible heat loss.

Similarly, in the cooling of a hot regenerator over a time period t he defines

these efficiencies as the actual heat lost by the solids over the maximum

possible heat loss and as heat gained by cold gas over the maximum possible

heat gain in this period of time t, respectively.

In periodic operation of heat regenerators, the thermal efficiency is one

of the most important quantities to be determined and analyzed. Dudukovi6

and Ramachandran (1985), based on the argument that Levenspiel's paper
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lacked mathematical basis, developed approximate methods for evaluating the

thermal efficiency of heat regenerators of any type that use the gamma

probability function. Similar to Levenspiel's approach, the method assumes

the three mechanisms of heat transfer (particle conduction, gas-solid film and

eddy dispersion) are additive (Sagara et al., 1970) and requires that the model

be linear, i.e., the physical properties are assumed invariant with temperature.

The resultant formulae can be solved analytically, providing a means for

quickly assessing how the changes in the system parameters affect the

efficiency of the regenerator.

Ramachandran and Dudukovie (1984) developed a method for

simulating the periodic operation of heat regenerators which uses an

algorithm based on triple Collocation. The governing differential equations are

solved by applying orthogonal collocation in two space variables (axial

direction and particle radius) and in time. This method, which represents the

state of the art in simulation of heat regenerators, bypasses the disadvantages

of the numerical methods proposed earlier, but relies on the assumption of

constant physical properties.

In the search of a quick yet accurate method for evaluating heat

regenerator performance Lai et al. (1987) developed a cells-in-series method,

in which the system is described by a number of algebraic equations

representing backmixed cells in series, in contrast to the frequently used

differential equation formulation. This method too relies on the assumption

of constant physical properties.
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CHAPTER 2

THE METHOD OF ORTHOGONAL COLLOCATION

The method of Orthogonal Collocation is one of several weighted

residuals methods that can be used to approximate the solution to a

differential equation. Other such methods are the Galerkin method, the

Rayleigh-Ritz method, the collocation method, finite elements methods etc. In

all of these methods, the solution is expanded into a series of known functions

with unknown coefficients. These functions are usually polynomials, which

are then evaluated at some points along the domain. A representation of this

trial solution, using polynomials as the base functions is:

yn =a1Pp + a2P1 + a3 P2 +...+a
n
Pn-1

(2-1)

where n is the number of polynomials in the expansion. The n coefficients ai

in this expansion are determined in order to satisfy the differential equation at

the selected n points along the domain according to a specified criterion.

Details of the criterion used for orthogonal collocation are given in Appendix

A. It suffices to say here that the error in the approximate solution usually

decreases as more collocation points are used and the rate of this convergence

is better when orthogonal collocation versus simple collocation is used.

In the method of orthogonal collocation, originally developed by

Villadsen and Stewart (1967), the trial functions are a series of orthogonal
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polynomials, namely the Jacobi polynomials. Recursion formulas in this work

were obtained from Villadsen and Michelsen (1978) and are presented in

Appendix A. As pointed out by Finlayson (1980), the method of orthogonal

collocation has three major advantages over the standard collocation method.

The first of them is that the n points at which the trial function is evaluated

are the roots of next polynomial (Pa) in the series, meaning they are selected

automatically to prevent possible poor choices. Second, the error usually

decreases much faster as the number of terms (collocation points) increases.

Finally, the dependent variables can be the solution values at the collocation

points instead of the coefficients in the trial solution. In this form the

orthogonal collocation method is sometimes referred to as the method of

ordinates.

Eq.(2-1) can be rewritten as

n-1

y. = E bi
i.0

(2-2)

For two-point boundary-value problems, we add two points to the

expansion in Eq.(2-2). Given a collocation point x1, the solution at this point

will then be obtained by

E d ix Ji-i (2-3)

The first and second derivatives at the N (n interior plus 2 boundary)

collocation points are obtained by differentiating Eq.(2-3) once and twice,

respectively



dv
(X.)=E

dx

and d2y (x.) = E
dx2

(2-4)

(2-5)

In this work we represent matrices in bold-face capital letters and

vectors in bold-face small letters. Thus, recalling that in general x.A = AT.x,

we write Eqs.(2-3), (2-4) and (2-5) in matrix notation

where

y = Qd , dY = Cd and d2Y = Dd
dx dx2

(Q.

I
=x.i-1, C. . = i-1)x.' and D. = (i-1)(i -2)x.1-3

18

Solving the first of these equations for d, the first and second

derivatives can be rewritten as

dy dY Dcry By
dx dx2

(2-6)

(2-7)

(2-8)

9

where A and B are the so called N x N collocation matrices, used for

representing the first and second derivatives at any collocation point,

respectively. From the above equations, it is easily seen that the derivatives at

any collocation point can be expressed in terms of the value of the function at

the collocation points.
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CHAPTER 3

MODELING HEAT REGENERATORS

The simplest way of analyzing the progress of the temperature fronts in

a heat regenerator is the flat front model (Levenspiel, 1983). This model

assumes ideal plug flow of gas and immediate equalizing of gas and solid

particles temperatures in the bed. Thus, at any point and time the gas and

solids have the same temperature, which is either the "high" or the "low"

value, of a step change in inlet gas conditions. The time needed to completely

heat an initially cold bed (tch) or to completely cool an initially hot bed (tcc) is

called the characteristic time and obtained by a simple heat balance (Levenspiel,

1983). In this work we use the same notation (tc) for both heating and cooling

periods. The characteristic time (te) is given by

L
t =p 2C-L'(1-e)
` psCp4 u

(3-1)

where ps and Cp, are the density and the heat capacity of the solids, pg and CM

are the equivalent properties of the gas (at inlet conditions), c is the void

fraction of the packed bed, L is the length of the bed and u is the superficial

velocity of the gas entering the bed. Because the heat capacities of cold and

hot streams differ, heating and cooling periods will, in general, have different

characteristic times and thus the separate notation used by Levenspiel (tell and

tcc, respectively).
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Due to the several resistances to heat transfer, an actual gas or solid

temperature profile will be spread instead of being flat. Thus, the time to heat

up (or cool down) the whole bed is actually longer than tc. Figure 3-1 depicts

typical profiles obtained for both gas and solids temperatures from a more

rigorous analysis (Anzelius' solution, see Chapter 4) than the flat front model.

Here it is seen that as time progresses, the fronts move through the bed.

When an initially cold bed is being heated, the temperature of the solids

always trail that of the gas. When it is being cooled, the same takes place, as

seen in Figure 3-2.

In this work, three models with different levels of complexity were

developed to determine the temperature profiles resulting from different

fluids, packings and geometric characteristics (c, dp, L), that lead to different

temperature profiles and different characteristic times. In general, all of these

models are concerned with determining the resulting gas and solid

temperature profiles in single-blow operation. The programs developed for

simulating these models (Appendix C) can be easily adapted to simulate

periodic operation.

3.1 GENERAL ASSUMPTIONS

In the derivation of the three models studied in this work, the

following general assumptions were made:

Adiabatic Heat Regenerators There is no heat transfer (loss) through the

walls of the regenerator, i.e., the regenerator is perfectly insulated.
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Negligible Radiation The models assume that there is negligible heat transfer

via radiation.

Constant Solids Properties All models consider that the properties of the

solids used (density and heat capacity) are invariant with temperature.

Negligible Pressure Drop The pressure drop along the packed bed is

negligible and therefore the pressure of the gas is taken as a constant at all

positions in the regenerator.

Negligible Radial Effects The models assume that there are negligible radial

gradients of all quantities, e.g. gas velocity, gas temperature, solids

temperature.

Negligible Axial Dispersive Effects All three models studied assume that

there is neither axial dispersion of energy nor of matter. An additional

model, HRDISP - presented in Appendix B, was initially used to investigate

the reasonableness of this assumption. This assumption was found to hold for

most packed beds because the Peclet number (Pe, a measure of the intensity

of dispersion) for these devices is very often greater than 100. Experiments

made by Gunn et al. (1971) for a packed bed show that PeM1, the quantity

that represents the dispersion of mass, is between 0.8 and 2 times the bed

length per particle diameter ratio L/dp for a wide range of packings. PeH, the

1 One should mention that Pe is not a satisfactory notation since Pe is
already used for another meaning in heat transfer. Many authors proposed that
the inverse of PeM be called the Levenspiel number (L) due to Levenspiel's
extensive work in the area of deviation from ideal plug flow.
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equivalent to PeM for heat dispersion, was reported to be smaller (Villadsen et

al., 1978), but of the same order of magnitude. This implies that for most

commercial heat regenerators, neglecting the axial dispersion effects is

certainly reasonable.

Negligible Temperature Gradients Within Solid Particles All models

developed in this work are lumped models, that is they assume that there are

no temperature gradients within the solid particles because there is negligible

resistance to heat transfer within a particle. This assumption holds for

situations were the Biot (Bi) number, which is a measure of the ratio of the

internal resistance (conductive) to heat transfer to the external resistance

(convective) is less than 3 (three) as shown by Ramachandran and Dudukovie

(1984). This is not always a good assumption, but considering that in this

work we are mainly concerned with temperature effects on the gas density,

velocity and heat capacity, neglecting these effects does not pose a problem.

Negligible Conduction of Heat in the Direction of Flow The conductive heat

transfer between the particles in the axial direction is assumed to be negligible

compared to the heat transfer between gas and solids.

3.2 DEVELOPMENT

In order to derive the three models considered in this work, we first

write general energy balances for the gas and solids phases in a packed bed

heat regenerator, and then further tailor the obtained equations to each model

according to the appropriate assumptions.
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Figure 3-3 represents a differential element of a packed bed heat

regenerator. Setting up an energy balance for the gas phase:

IN: (NH)lx A = (puH) Ix A

OUT: (puH) I + h ap(Tg-Ts)A ix

d(M
g

H)
= e

d(pH)
ACCUM:

dt dt

where N is the mass flux of material into the differential segment, u is the

superficial velocity, p is the gas density, H is the enthalpy of the gas per unit

mass, A is the cross-sectional area, h is the heat transfer coefficient between

the gas and solid, obtained by one of the accepted correlations in the

literature, ap is the surface area (per unit volume) to heat transfer and Mg is

the mass holdup of gas within the differential element. Throughout this work

h is taken as a constant and is determined by the following correlation

Nu =
hd

= 2 + 1.8Re1/2Pr1/3
k
g

(3-2)

where dp is the diameter of the solid particles comprising the bed, kg is the

thermal conductivity of the gas, Re is the Reynolds number based on the

particles diameter and Pr is the Prandtl number. Assuming that the particles

are spherical, the particle surface area ap is calculated as

6(1-e)
P d

P

a = (3-3)
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Carrying out the above balance (dividing by the control volume, AAx

and letting 6x-40), we arrive at the general equation representing the

conservation of energy in the gas phase

- a(PuTh - ha p(T
e

a(pH)
ax

An energy balance for the solids gives:

IN: hap(Tg-Ts)A dx

OUT: 0

d(MH) dT

dt
ACCUM: s

S = ps(1-e)A&C" d;

which yields

where

dT

dt g
= K (T -T )

18

(3-4)

(3-5)

K =
ha

(3 -6)
s (1 e)p Cps

We now are in position to further develop Eq.(3-4), according to the

additional assumptions that characterize each model.
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3.2.1 HRKDV (Heat Regenerator with Constant Density and Velocity)

In addition to the general assumptions, in this first model (HRKDV) we

assume that the density and velocity of the gas are constant, independent of

temperature. In other words, this model assumes that the fluid passing

through the regenerator acts like an incompressible liquid.

In general the enthalpy is given by

H = Ho + fCp(T)dT
T.1

(3 -7)

Thus we need a relationship that describes the effect of temperature on

the heat capacity of the gas. In general, we use an empirical correlation for

the appropriate range such as

Cp(T) = a +bT +cr + dT3

Then, Eq.(3-4) becomes

Td

a[1-10+1Cp(T)R]

-pu
ax

hap(Tg-Ts) = ep

Use of the chain rule yields

T,

a [Ho + fCp(T)dT]
T,,,

at

(3-8)

(3-9)



aT aT
-puC

P
(T )

aX
ha

P

(T
g

-T ) = epCP(Tg)
at

which on rearrangement gives

where

aT aT

at k az cpag) g

ha PL

Z= and K = P._
eL L pu
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(3-10)

(3-11)

(3-12)

If we wish to further simplify this model, we assume that the heat

capacity of the gas is also constant, its value being that at the entrance

conditions to the regenerator. Eq.(3-11) then becomes

where

aTg
[
aT

St(T -Ts)]
k az g

ha L
St = P

puCprg

(3-13)

(3-14)

Eq.(3-5), which describes the variation of the temperature of the solids

with time and position, is used in this and all other models in this study. The

boundary condition and initial conditions that complete this set of equations
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(3-15)
Tg(0,t) = = Tg,in

Tg(Z,O) =To (3-16)

Ts(Z,O) = To (3-17)

where Ton is the temperature of the gas at the entrance of the heat regenerator

and Ts,0 is the uniform temperature of the solids and gas at the beginning of a

heating or cooling period.

Applying the orthogonal collocation method to Eqs. (3-11) and (3-5)

yields the set of equations to be solved:

dT .

dtv "Ei=i AiiTg4+ C(TTv Ts.0)(-4)1p

dTs4
K (T

dt

(3-18)

(3-19)

For constant gas heat capacity, we replace Eq.(3-18) with the following

form of Eq.(3-13)

dT .

= Kk AijTgi + St(TA-Td] (i=2,3,....,N)
dt .1

In these equations, i represents the collocation point at which the

(3-20)
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equation is to be satisfied and Aij is the collocation matrix used to

approximate the first derivative, as developed in Chapter 2.

Either of the above sets of (2N-1) ordinary differential equations may

now be integrated by any ordinary differential equation solver. In this work,

systems of ordinary differential equations are solved by Subroutine DASSL

(Petzold, 1983). This code uses backward differentiation formulae of orders

one through five to approximate the time derivative, and uses predictor-

corrector formulae to obtain the solution at the next time step. This leads to a

system of nonlinear algebraic equations which is solved by Newton's method.

DASSL also has capabilities of solving implicit type equations of the form

g(t,y,y') =0 (3-21)

but these were not called upon in this work. Brenan et. al (1989) present an

extensive treatment on the algorithms implemented in DASSL and of this

code's capabilities.

3.2.2 HRVDV (Heat Regenerator with Variable Density and Velocity)

In this model we relax the assumptions of constant gas velocity and

density made in the previous model. As a consequence, one needs additional

relationships in order to fully describe the dependence of all states with

position and time. One of these relationships is the continuity equation from

a mass balance in the gas phase and the other one is the result of the use of

the ideal gas law.



A mass balance on the gas phase of differential element in Figure 3-3

gives:

IN: NIx A = (pu) Ix A

OUT: N jx.ax A = (pu)lx.A. A

ACCUM:
dM

= A,Ax e
dp

dt dt

and carrying this out

a(pu) ap
ax at

or
a (pu) =Leap
az at
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(3-22)

(3-23)

Recalling the ideal gas law, in terms of mass density, and with the

assumption of constant pressure:

PM _K
P RT T

(3-24)

To write the energy balance for the gas phase, start with Eq.(3-4),

expand its terms in partial fractions, make use of the equation of continuity,

Eq.(3-23) and substitute Eqs.(3-7) and (3-8) to obtain



Kd craTg K_[u
aT

Cpg(T ) P
gat

1
where Ki"=

L
and Kd = ha pL
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(3-25)

(3-26)

Once again, the equation representing the energy balance on the solids

remains the same as Eq.(3-5). In order to obtain the gas velocities at each

point along the bed, Eq.(3-23) is used in conjunction with Eq.(3-25), to give

Kd (T -T )
dZ Cpg(Tg) Kg g

(3-27)

In addition to the boundary conditions used in HRKDV, we introduce

the following entrance condition

T.
u(0,t) = u =

1 T u
base

base

(3-28)

where u is the velocity of the gas at a base temperature Tom, say 1 m/s at

400K. This is, in essence, a way of setting the mass flux into the bed.

In collocation representation, these equations take the following form:

N

C
(Td (Tgj Ti)]

j=1 pg g,1 I

(3-29)



dTs4
Ks(T 4)

dt
(i=1,2,...,N)

=

A..u. d (T -T .) Az .1U1

j Cp,g(Tg,i) Kg gA
1

(i=2,3,...,N)
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(3-30)

(3-31)

The gas densities required are found simply from the ideal gas law

K

g,i

(i=1,2,...,N) (3-32)

Eqs.(3-29)-(3-32) represent a total of (4N-2) equations in (4N-2)

unknowns. Again, the set of (2N-1) differential equations is integrated by

DASSL, and the (N-1)x(N-1) linear system arising from the continuity equation

is solved by Lower-Upper (Ill) decomposition of the A matrix. When LU

decomposition is elected to solve a system of equations, the left-hand side

matrix must be first factorized and the obtained triangular system solved by

backsubstitution. The LU algorithm used in this work follows closely the one

presented in Press et al. (1986). Because this is a linear system, matrix A

needs to be factorized only once (at the first time step), and therefore only the

backsubstitution needs to be done at each time step, so that the linear system

(referring to the gas velocity u) is solved. Finally, the N unknowns of

Eq.(3-32) are explicit and independent of the other unknowns, thus

straightforwardly obtained.

For constant heat capacity, Cp(Td is simply replaced by Cp4 in the

above relationships.
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3.2.3 HRASO (Heat Regenerator with Accumulation in Solids Only)

This model is a simplification of HRKDV in that the accumulation term

on the left side of Eq.(3-11) is assumed to be small, with the intent of possibly

reducing the effort spent in determining the states Ts and Ts. Thus, Eq.(3-11)

becomes

dT
(T -T)

dZ CPC'S)

and when the gas heat capacity is taken as constant

dT
= -St(Tg-T)

dZ

(3-33)

(3-34)

The rationale behind these simplifications is that since the rate of mass

accumulation (HRVDV) was found to be completely negligible (see Chapter

4), it was felt worthwhile studying the effects of neglecting the accumulation

of energy in the gas phase to possibly propose cheaper methods to predict the

temperature profiles.

This leads to two different situations. Whereas Eq.(3-33) leads to a

nonlinear algebraic system of collocation equations in Tg, Eq.(3-34) results in a

linear set, which is much simpler (and faster) to solve.

Let us first concentrate on the solution of Eq.(3-34) together with

Eq.(3-5). The N ordinary differential equations corresponding to the energy

balance written for the solids (Eq.(3-19)) are integrated by DASSL, and the



vector Tg is obtained by solving the following (N-1)x(N-1) linear system of

collocation algebraic equations at each time interval

E A..T = - St(Tgi-T s,i) AilT81 (i =2,3 N)
j=2

or, in matrix form:

where
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(3-35)

STg = r (3-36)

S = A.. if i*j

S = Ai/ + St Ts,/ if i=j
11

and r . = St Ts,i A ilTg,1

The above linear system is again solved by performing an LU

decomposition on the S matrix, and since this is a linear system, the

decomposition itself needs to be done only once.

(3-37)

(3-38)

For the case of temperature dependent C Eqs.(3-33) and (3-5) result in

N ordinary differential equations related to T, which are solved by DASSL

and (N-1) nonlinear algebraic equations related to Tg, which must be solved at

each time step. In this case, the collocation algebraic equations are



E A..T + (T -T .) = 0 (i=2,3,...,N)" Cp,g(Ts,i) "

which are of the general form

f(x) = 0

and were solved using the Newton-Raphson method

where

r = 13.
1.1
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(3-39)

(3-40)

(3-41)

afi
a.. and 13i -fi (3-42)

ax.

and xr. = xicdd ox. (3-43)

to obtain the states Tg at each time step. This is an iterative technique, and

thus initial guesses must be provided and the iterations are performed until a

convergence criterion is met. In this work, the iterations were stopped in any

of the following cases: maximum allowed number of iterations (NITER)

achieved, summed (absolute) function values smaller than specified tolerance

(TOLF) or summed variable increments smaller than specified tolerance

(TOLX). The initial guesses provided at each time step were the solutions

from the previous time step.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 CONVERGENCE OF THE NUMERICAL SOLUTION METHOD

In this section the accuracy of the method of lines with spatial

discretization by orthogonal collocation is discussed. Fortunately, the set of

equations for model HRASO can be solved analytically for the case where the

gas heat capacity is taken as constant. As Dudukovk and Ramachandran

point out, there are even several alternatives that can be used, the first of

which was developed by Anzelius, in 1926. Anzelius' solution is in the

following form:

egh (Y/T) M. e-stY [1+ 5 Sty e'll(2,Fit)dt]
t

(4-1)

where 0 gh is the dimensionless temperature for a heating period, y is the

dimensionless position, I, is the modified Bessel Function of the first kind of

order one and t is the dimensionless time defined by

t = K, t Stor t=t t
c

(4-2)

The Stanton (St) number is defined as in Eq.(3-14) and it can be seen as

the ratio of gas-to-particle film heat transfer to the convective heat flow

through the regenerator. The constant K5 is defined as in Eq.(3-5).



The dimensionless gas temperature is defined as:

h
Tg -T

s,0

g g. -T,:n s,0

30

for a heating period (4-3)

T -T .

and 9 c= g g'in for a cooling period
g T8,0-Tg,in

Similarly, the dimensionless solid temperature is defined as:

89h-
T

s
.

T
0

s -T,tn 5,0

(4-4)

for a heating period (4-5)

T-T
inand 0 ' = for a cooling period (4-6)

s

s g,

Ts,0-Tg,in

The several physical parameters (densities, heat capacities, gas velocity,

bed geometry etc.) that appear in the equations of Chapter 3 can all be

collapsed into two quantities that characterize the temperature profiles,

namely the Stanton number and the characteristic time. In general, the

Stanton number is related to the "shape" of the profiles. On presenting the

results for the models developed in Chapter 3, we compare them at a

percentage of the characteristic time, say at 50 and at 100% of the

characteristic time. Given two beds of different characteristic times but equal

Stanton numbers, the temperatures (of both solids and gas) at the same

fraction of the characteristic time are exactly the same. Obviously this is not
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true for the same "elapsed" time, for a bed with bigger t, takes longer to heat

up or cool down. Figure 4-1 demonstrates this idea.

4.1.1 ANALYTICAL RESULTS

Figure 4-2 depicts the temperature profiles obtained by Anzelius'

analytical solution when the Stanton number is equal to 10, 20 and 30. From

it we learn that the higher the Stanton number, the higher the gas-to-solids

film heat transfer to convective heat flow through the regenerator ratio and

accordingly, the closer we are to the flat front idealization.

4.1.2 COLLOCATION CONVERGENCE

In Figures 4-3 and 4-4, we compare the resulting gas temperature

profiles obtained by Anzelius' analytical solution and by the collocation

solution with various numbers of collocation points at the characteristic time

(tc). From these figures we learn that in general the method of orthogonal

collocation performs very well, but for a steeper the profile (higher Stanton

number) more collocation points are needed to match the analytical solution.

Sharper profiles apparently require more "fitting" points near the region where

significant changes take place. In Figures 4-5 and 4-6 we compare the profiles

obtained at early times equivalent to only 50% of the characteristic time and

again the steeper the profile, the more collocation points are needed. The

error in the numerical solution is not only a function of the number of

collocation points used but also of the time and position in which the

comparison is being made.
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Figures 4-7 and 4-8 are plots of the error of the numerical solution at

the regenerator exit (Z=1) and evaluated at t=0.5 t, and t=1.0 t, respectively.

These figures demonstrate that usually a solution for higher Stanton number

will have larger errors when the same number of collocation points is used.

They also illustrate the fact that in general this error can be reduced by

increasing the number of collocation points used.

4.2 COMPARISON OF MODELS

We first analyze the results of the three models when the gas heat

capacity is taken as constant. In Figures 4-9, 4-10 and 4-11 models HRKDV,

HRVDV and HRASO are compared at different Stanton numbers. The

purpose of comparing these three methods is to analyze the effects of varying

gas velocity and density on the resulting temperature profiles. The

comparisons are made at times equivalent to 50 and 100% of the characteristic

time. From them we learn that no matter what properties of materials or bed

geometry we use, all models predict essentially the same values of

temperature. In other words, the effects of temperature on gas velocity and

density combined are completely negligible. This is so because even though

in a process with large temperature changes like REGAS; with initial and final

mass holdups in the regenerator differing by a factor of 5, on the time scale of

completely heating or cooling a bed (approximately one characteristic time)

the actual rate of accumulation is negligible, i.e., little error is introduced in

the temperature profile if the mass flux, p.u, is assumed constant. Thus there

is little motivation to model these variations and the flow can be considered

incompressible. We similarly find that the same happens when we neglect the
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rate of accumulation of energy in the gas phase (HRASO). Considering that

the three models give virtually the same values for the temperature profiles,

we elect the HRASO model to represent the behavior of heat regenerators,

since it is the simplest to solve. When the gas heat capacity is considered

temperature dependent, as in Figure 4-12, we again see that all three models

give essentially the same temperature profiles.

We now compare results from model HRASO for the cases when the

gas heat capacity is constant and when it is a function of the gas temperature.

Figure 4-13 contains the temperature profiles obtained with HRASO for four

cases: when the heat capacity is constant at a "low" temperature value (400 K),

at a "high" temperature value (2400 K), at the average temperature (1400 K)

and when it varies continuously with the gas temperature. Figure 4-13

shows that different values of (constant) gas heat capacity lead to curves of

different shapes. This effect is equivalent to using different values of the

Stanton number, as was shown in Figure 4-2. Moreover, we find that simply

taking the heat capacity at the average temperature value still leads to a

different temperature profile than the one obtained using a temperature

dependent heat capacity.

When the gas heat capacity depends on temperature, the Stanton

number is no longer constant throughout the regenerator, and its association

with the maximum steepness of the temperature profile must be modified.

We introduce the "entrance" Stanton number in order to compare the effects of

the gas heat capacity. The entrance value of heat capacity is used to define

the Stanton number. Using this definition, the same characteristic time is

obtained for both constant and variable heat capacity cases and curves at the
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same characteristic time are also at the same actual "elapsed" time. In Figure

4-14 we plot the dimensionless gas temperatures at 20, 40, 60, 80 and 100%

ofthe characteristic time. In general, the heat capacity increases as the gas

temperature increases. Thus, when heating an initially cold bed, the varying

heat capacity model always uses lower values of gas heat capacity (except at

Z=0, where the values are the same) than the one that assumes this quantity

to be a constant, at a high temperature value. The results show that the

former model always predicts lower temperature values during solids heating

than the latter. This is so because given a certain amount of heat exchanged,

the lower the gas heat capacity the faster the gas temperature drops.

Figure 4-15 is similar to Figure 4-14, except the regenerator is being

cooled. In this case, the varying heat capacity model always uses a higher

value of gas heat capacity (except at Z=0) than the constant heat capacity

model. Thus with variable heat capacity, a smaller temperature increase

represents the same amount of heat exchange. Again the model that includes

a varying gas heat capacity always predicts lower temperatures than the

model with a constant value.

Finally, in Figure 4-16 we consider the effects of having larger mass

fluxes through the regenerator. This is accomplished by selecting a higher

base velocity (u) at the base temperature (T ). It is seen that an increase in

the superficial mass velocity (flux) is equivalent to a decrease in the Stanton

number, causing the profiles to be farther apart.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE WORK

From the analysis made in this work we conclude that for the big

temperature swings that are encountered in certain processes (e.g. REGAS) the

heat capacity of the gas must be considered temperature dependent. Taking

the heat capacity as a constant, even at an average value, leads to quite

significant errors in the temperature profiles resulting from any combination

of materials and geometry. Considering that chemical reactions are

exponentially dependent on temperature, wrong temperature profiles may

well preclude the correct determination of conversion (and consequently

temperature) profiles in simulations of processes in which heat regenerators

are used as chemical reactors (e.g. REGAS). Throughout this work, the film

heat transfer coefficient was taken as a constant, even though it is a function

of temperature. The variation of the heat capacity over the temperature range

studied (an increase of about 40% on the heat capacity) incurs in only a 10%

increase on the value of the heat transfer coefficient, and therefore it was felt

that this assumption would not affect much the results. Nonetheless, the

programs listed in Appendix C can be very easily changed to account for the

dependence of h with temperature.

Another conclusion that arises from this work is that the rate of mass

accumulation in heat regenerators is completely negligible, that is, the amount

of gas fed to the regenerator is essentially the same as the one withdrawn
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from it. Therefore there is no point in considering the variations of gas

velocity and density with temperature for these effects cancel each other,

reinforcing that the models present in the literature are satisfactory. In

addition, the models studied show that the rate of accumulation of energy in

the gas phase is also negligible, for the difference between the initial and final

energy in the gas phase is very small compared to the total energy input to

the regenerator, reducing significantly the effort in determining the states.

One should state that although HRASO by far gave the fastest

execution times (about 3 times faster than HRKDV and 5 times faster than

HRVDV, on average) for simulations where the gas heat capacity was taken as

a constant, this was not true for varying heat capacity simulations, where

HRKDV was a slightly faster than HRASO. This suggests that the extra effort

in solving the nonlinear algebraic equations does not justify neglecting the

accumulation term in the gas phase energy balance. It is also possible that

had we chosen other method than the plain vanilla Newton-Raphson to solve

the sets of nonlinear algebraic equations (e.g. Broyden, Wegstein, or use

DASSL's capabilities) this situation would be reversed. Westerberg et al.

(1979) present an excellent review of candidate methods for solving sets of

nonlinear equations.

The method of orthogonal collocation proved well suited to the task of

solving the several models studied here. Nonetheless, for the desired cases

that approach the flat front model (high Stanton numbers) an excessive

number of collocation points may be needed in order to reduce the error of

the numerical solution. For these situations, one possible approach would be

to implement a moving finite element collocation method for transient problems
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with steep gradients, such as that developed by Ramachandran and

Dudukovie (1984) in the developed FORTRAN subroutines. In this method,

the collocation points are shifted as time progresses so that there is always a

bigger number of points in the vicinity of the front, resulting in much better

approximations to the solution.

Finally, the high temperatures resulting from the REGAS process

certainly require that two additional considerations be made to the models

studied. The first refers to the materials of which the packing is made,

probably some high temperature ceramics. The thermal conductivity of these

materials as well as practical packing sizes (particle diameter) may well result

in significant resistance to heat transfer within the particles. Temperature

gradients within the particles would then be significant, invalidating the

lumped model approach used in this work. Secondly, for the high

temperatures studied 2400 K) radiation effects might be quite significant

and should therefore be included in any future work considering large

temperature differences at high temperatures.
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NOMENCLATURE

a vector of unknown coefficients in approximation, (-)

a specific surface, ni1

A cross-sectional area, m2

A collocation matrix of the first derivative, (-)

b vector of unknown coefficients in approximation, (-)

B collocation matrix of the second derivative, (-)

C matrix defined in Eq.(2-7), (-)

Cmg specific heat of the gas, J Kg-1 K-1

Cps specific heat of the solid, J Kg-1 Kt

d vector of unknown coefficients in approximation, (-)

dp diameter of solid particles, m1

D matrix defined in Eq.(2-7), (-)

h convective heat transfer coefficient, J m2 K-1 s-1

H gas enthalpy, J Kg1 K-1

Ho enthalpy at the reference temperature, J Kg-1 K-1

Hs enthalpy of solids, J Kg-1 K-1

Il modified Bessel function of the first kind of order 1

constant defined in Eq.(3-12)

Kd constant defined in Eq.(3-26)

kg gas thermal conductivity, m2 s-1

Kg constant defined in Eq.(3-24)

Kk constant defined in Eq.(3-12)

ks thermal conductivity of the solids, m2 s-1

K, constant defined in Eq.(3-6)
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K., constant defined in Eq.(3-26)

L lenght of the bed, m

M molecular weight of gas, Kg mo1-1

Mg mass of gas within differential element, Kg

Ms mass of solids within differential element, Kg

n number of interior collocation points

N total number of collocation points

N mass flux (superficial mass velocity), Kg rn-2 s-1

P absolute pressure within the bed, Pa

Q matrix defined in Eq.(2-7), (-)

R ideal gas constant, Pa m3 mai K'

S matrix defined in Eq.(3-37), (-)

t time, s

t, characteristic time, s

t: characteristic time for a cooling period, s

tch characteristic time for a heating period, s

Tws, base gas temperature, K

Tg gas temperature, K

T inlet gas temperature, K

T, solids temperature, K

Ts,0 initial temperature of the bed, K

Tref enthalpy reference temperature, K

u superficial gas velocity, m s-1

u base (superficial) gas velocity, m s'

x axial position, m

y dimensionless position in Eq.(4-1)

Z dimensionless axial position, (-)
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Greek symbols

Ax differential element for making balances, m

e bed void fraction, (-)

aax effective thermal dispersion coefficient, J ni1

y gas viscosity, Kg

p mass gas density, Kg ni3

ps density of solids, Kg m-3

dimensionless time defined by Eq.(4-2)

gh dimensionless gas temperature for heating period, Eq.(4-3)

0 dimensionless gas temperature for cooling period, Eq.(4-4)

0sh dimensionless solids temperature for heating period, Eq.(4-5)

0 dimensionless solids temperature for cooling period, Eq.(4-6)

Dimensionless Groups

Bi Biot number for heat transfer, (hdp)/(61s)

Nu Nusselt number, (11cld/kg

Pe Peclet number, (uLpCps)/k.

Pr Prandtl number, (Cp4.11)/kg

Re Reynolds number, (u.dp.p)/y

St Stanton number for heat transfer, (h.ap.L)/(p.Cp,g)
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APPENDIX A

DETAILS OF THE ORTHOGONAL COLLOCATION METHOD

Once a trial function yN such as Eq.(2-3) is chosen, it is substituted into

the differential equation to be solved and the residual is defined as:

R(x,yN) = f(x,yN,yN,yZ...) (A-1)

Next the weighted residual is defined, and it is required to be "zero" in

the sense that

fWk R(x,yN) dx =0
0

(A-2)

In collocation methods, the weighting function Wk(x) is taken as the

delta dirac function, thus requiring that the differential equation be satisfied at

the collocation points.

Wk = 8(X -Xd (A -3)

iWkR(x,yN)dx = R(xk,yN) = 0
0

(A-4)

Conceptually as more collocation points are used in the approximation,

yN approaches the exact solution because the residual approaches zero.



In this work, the collocation points are taken as the roots of the

Legendre polynomials, i.e., the Jacobi polynomials for which a = 13 = 0. In.

general, the Jacobi polynomials satisfy the recursion formula

where

60

Pn = [x-gn(n,a,13)]Pn_1 -hu(n,a,13)Pn_2 (A-5)

13+1

a+l3+2

gn= 1[1 - "2-132 ] for n>1
2 (2n +a +13 -1)2 -1

(a+1)(13+1)
= 0, h2=

(a+f3 +2)2 (a +13 +3)

(n-1)(n+a-1)(n+P-1)(n+a+13-1)

(2n +a +13 -1)(2n +a +13-2)2(2n +a +13-3)

(A-6)

(A-7)

(A-8)

for n>2 (A-9)

The evaluation of Eq.(A-5) for Pn starts with n = 1 and with

Po(xk) =1, P_1(xk) = arbitrary, but bounded (A-10)

The Jacobi are orthogonal in the following sense:



1

ix° (1 x)aP k(a4(x) p`'4)1'4) (x) dx =0 (Ic*1)

0

and

5(1 x)axP [P k(c'E')(x)]2>0 (k =l) (A-12)
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APPENDIX B

MODEL HRDISP (Heat Regenerator with Dispersion)

This fourth model is an extension of HRKDV used to perform initial

studies with a model that accounts for axial dispersion of energy. As pointed

out in the discussion preceding the derivation of models HRKDV, HRVDV

and HRASO in Chapter 3, significant dispersion effects are not the usual

situation for packed beds. Therefore we will only present the final equations

with the appropriate boundary conditions, derived in direct analogy from

those presented by Wehner and Wilhelm (1956), for completeness. An energy

balance in the gas phase yields:

where

1 a2T DT eL aT
,g St (T -T) = g

Pe az- az g
8 u at

Pe =
ax

uLpCps,

and ?ax is the effective axial thermal dispersion coefficient, an empirical

quantity.

(A-13)

(A-14)

Eq.(3-5) again represents the energy balance on solids. In this model,

we have two boundary conditions as well as two initial conditions which are:
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Tg(Z,O) = T (A-15)

T(Z,O) = Ts,0

1 aTg =(4) T -TZ =0
Pe aZ g g,sn

aT
@z=1

az
i. = o

(A-16)

(A-17)

(A-18)

As in model HRASO, neglecting the accumulation term in the gas-

phase energy balance results in virtually the same results, but the

computational effort is greatly reduced. This is, in fact, the equation used by

Ramachandran and Dudukovie (1984), and they report that appreciable

dispersion effects are present only at values of Pe number lower than 10. As

the Pe number increases, the second order term in Eq.(A-13) becomes

insignificant and Eq.(A-13) becomes first order in Z. Therefore the only

boundary condition needed to specify the problem is that at Z=0 (bed

entrance).

Transforming Eq.(A-13), Eq.(A-17), Eq.(A-18) and Eq.(3-5) to orthogonal

collocation,



E B ..T . E A ..T . - St (T
Pe pd g'' J.1 "il

N
EAR. = T -T

Pe J.1 1 ki ki

E Ajm = o
1.1

dTsj

dt
Ks(T sj)
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= 0 (i=2,3,...,N-1)

(i=1)

(i=N)

(A-19)

(A-20)

(A-21)

(A-22)
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APPENDIX C

COMPUTER PROGRAMS

In Appendix C we present listings of all programs and subroutines

used and developed for solving the several models studied in this work. The

following programs and libraries of support subroutines are presented:

Program/Library Page

HRKDV 66

HRVDV 74

HRASO - constant heat capacity only 83

HRASO - constant or variable heat capacity 90

COLOC 97

MATRX 100

ANZEL 103
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HRKDV

$debug

PROGRAM HRKDV

C
C This program solves model HRKDV (sec. 3.2.1)
C
C - The equations represent a lumped model, with
C ROG and U constant throughout
C
C The gas heat capacity may be taken as constant or as CPg = f(Tg)
C
C integration of the ODE's is done by DASSL
C
C - INPUT:
C via data file DATA.DAT which contains:
C
C L = length
C DP = diameter of particles
C TGI = inlet gas temperature
C TSI = initial temperature of solids & gas
C ROS = density of packing
C CPS = heat capacity of packing
C
C and call to subroutine INPUT
C
C FREQ = number of results reported per
C characteristic time
C NTC = number of TCs to go
C IRES = solutions presented @ collocation points ( =0)

C or at Lagrange interpolated points (=1)
C ICP = heat capacity taken as constant (=0) or as
C function of temperature.
C
C - OUTPUT:
C
C values reported to CRT are always 'raw' (absolute) results
C via flags specified in INPUT
C
C RG.DAT contains 'raw' results
C TGN.DAT contains dimensionless gas temperatures
C TSN.DAT solid
C DDX.DAT the derivatives of TG w.r.t. X
C
C
C

IMPLICIT REAL*8(A-H2O-Z)
PARAMETER(NMAX=20,NMX=20,NSH0=10,NEQ=2,LEN=NMAX*NEQ,MAXORD=5)
PARAMETER(LRW=40+(MAXORD+4)*LEN+LEN**2,LIW=20+LEN)
EXTERNAL RESID, JAC
REAL*8 KG,KS,KC,KK,L
DIMENSION X(NMAX)
DIMENSION Y(LEN),YPRIME(LEN)
DIMENSION INFO(15),RWORK(LRW),IWORK(LIW)
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /TEMP/ TG(NMX),TS(NMX)
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)
COMMON /CONST/ KK,KC,KS
COMMON /NCOLL/ N,KBC
COMMON /FLAGS/ ICP,IRES,IFIL
COMMON /INIT/ TGI,TSI

DATA PM,PRESS,R,CONDG,VISC /0.0289D0,1.175,8.314D0,.026D0,1.8D-5/

OPEN(1,FILE='DATA.DAT',STATUS='OLD')
OPEN(2,FILE='RG.DAT',STATUS='UNKNOWN')
OPEN(3,FILE='DDX.DAT',STATUS='UNKNOWN')
OPEN(4,FILE='TGN.DAT',STATUS='UNKNOWN')
OPEN(5,FILE='TSN.DAT',STATUS='UNKNOWN')
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C parameters for DDASSL

DO 77 K = 1,15
INFO(K) = 0

77 CONTINUE

ATOL = 1.D-4
RTOL = 1.D-4
T = 0.00
TOUT = 0.D0

C input of simulation parameters

CALL INPUT(FREQ,NTC,IRES,IDT,IDX,IFIL,INORM,UBASE,ICP)

READ(1,*) DP, L, TGI, TSI
READ(1,*) ROS, CPS
CLOSE(1)

C determine heat transfer coefficient

KG = PRESS*PM/R
ROG = KG/TGI
U = UBASE/400.*TGI
CPG = CP(TGI)
VOID = 0.5D0
AP = 6*(1-VOID)/DP
RE = (DP*U*ROG)/VISC
PR = 0.7

H = (CONDG/DP)*(2+1.8*(RE**(1./2))*(PR**(1./3)))

ST = H*AP*L/(U*ROG*CPG)
WRITE(*,'(/1X,A,F9.3)')' St @ entrance conditions = , ST

C determine other constants

KK = (U/(L*VOID))
KC = ST*CPG
KS = H*AP/((l-VOID)*ROS*CPS)

C determine characteristic time

TC = (ROS*CPS/(ROG*CPG))*(1-VOID)*L/U
WRITE(*,'(/1X,A,F8.1,A)')'The Characteristic time : ',TC,' s'

C determine the Xi collocation points
C get A & B discretization (collocation) matrices B is not needed

CALL ABX(N,X,A,B)

C determine Lagrange Multipliers for each equally spaced point

IF (IRES.EQ.1) CALL LAGMUL(N,NSHO,NMX,DX,X,RLM)

C set initial conditions

KBC = 1
NEQS = N*NEQ KBC
DO 100 I = 1,N

TG(I) = TSI
TS(I) = TSI

100 CONTINUE
TG(1) = TGI
CALL LOAD(Y,TG,TS)

C get initial YPRIME

CALL YPIC(TG,TS,YPRIME)

IF (IDT.EQ.1) THEN
PRINT*, INITIAL CONDITIONS & INITIAL YPRIMEs '

CALL DDT(TG,TS,YPRIME)
PAUSE

END IF
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C integrate in time

IK = 0
TSTEP = (TC/FREQ)

11 CONTINUE
TOUT = TOUT + TSTEP
IK = IK+1

CALL DDASSL(RESID,NEQS,T,Y,YPRIME,TOUT,INFO,RTOL,ATOL,IDID,
RWORK,LRW,IWORK,LIW,RPAR,IPAR,JAC)

CALL UNLOAD(Y,TG,TS)

C any problems ?

IF (IDID.LT.0) THEN
PRINT*,' OH OH TROUBLE --> IDID = IDID
PRINT*,' refer to DASSLs manual to find out what went wrong'
STOP

END IF

C report values

CALL RESULTS(N,X,TG,TS,TOUT,TC)
IF (INORM.EQ.1) CALL TNORM(X,TG,TS)
IF (IDT.EQ.1) CALL DDT(TG,TS,YPRIME)
IF (IDX.EQ.1) CALL DDX(X,A,TG)

C are we done?

IF (IK.LE.(NTC*FREQ-1)) GOTO 11

END

SUBROUTINE INPUT(FREQ,NTC,IRES,IDT,IDX,IFIL,INORM,UBASE,ICP)

C
C select desired input for simulation
C

IMPLICIT REAL*8(A-H2O-Z)

WRITE(*,'(/1X,A,$)')'How many values/Tc (output) do you want ? :

READ*, FREQ
WRITE(*,'(/1X,A,$)')'How many TC do you wanna go : '

READ*, NTC
WRITE(*,'(/1X,A,A,$)')'How do you want to see the results ?',

(0 = COLL, 1 = INTERP) : '

READ*, IRES
WRITE(*,'(/1X,A,A,$)')'Do you want to save RAW RESULTS in file ?',

(0 = NO, 1 = YES) : '

READ*, IFIL
wRITE(*,'(/1X,A,A,$)')'Do you want to SAVE NORMALIZED values ?

(0 = NO, 1 = YES) : '

READ*, INORM
WRITE(*,'(/1X,A,$)') 'Enter BASE velocity @ 400 K : '

READ*, UBASE
WRITE(*,'(/1X,A,A,$)')'Do you want Cp = f(Tg) ?',

(0 = NO, 1 = YES) : '

READ*, ICP
WRITE(*,'(/1X,A,A,$)')'Do you want to SEE TIME derivatives ?',

(0 = NO, 1 = YES) :

READ*, IDT
WRITE(*,'(/1X,A,A,$)')'Do you want SAVE SPACE derivatives ?',

(0 = NO, 1 = YES) : '

READ*, IDX

RETURN
END

SUBROUTINE JAC(N,T,Y,PD,NO)

C
C Jacobian Matrix - required by DASSL
C

C this model does not require this subroutine
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RETURN
END

SUBROUTINE USRFUN(X,ALPHA,BETA)

C
C provides LHS & RHS for solving nonlinear algebraic eqns. with MATRX
C

C this model does not require this subroutine

RETURN
END

SUBROUTINE LOAD(Y,TG,TS)

C
C put vectors in order needed by DDASSL
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
DIMENSION Y(LEN),TG(NMX),TS(NMX)
COMMON /NCOLL/ N,KBC

C fill in vector of unknowns ( Y vector )

DO 100 K = 1,(NEQ*N-KBC)
IF (K.LE.N-1) THEN

I = K
Y(K) = TG(I+1)

ELSE
I = K-(N-1)
Y(K) = TS(I)

END IF
100 CONTINUE

RETURN
END

SUBROUTINE UNLOAD(Y,TG,TS)

C
C reset vectors' order retrieve values from Y vector
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
DIMENSION Y(LEN),TG(NMX),TS(NMX)
COMMON /NCOLL/ N,KBC

C retrieve values from vector of unknowns

DO 100 K = 1,(NEQ*N-KBC)
IF (K.LE.N-1) THEN

I = K
TG(I+1) = Y(K)

ELSE
I = K-(N-1)
TS(I) = Y(K)

ENDIF
100 CONTINUE

RETURN
END

SUBROUTINE RESID(T,Y,YPRIME,DELTA,IRES,RPAR,IPAR)

C
C provide residuals for DDASSL
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
REAL*8 KK,KC,KS
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DIMENSION Y(LEN),F(LEN),DELTA(LEN),YPRIME(LEN)
COMMON /CONST/ KK,KC,KS
COMMON /MAT1/ A(NMX,NEX),B(NMX,NMX)
COMMON /TEMP/ TG(NMX),TS(NMX)
COMMON /NCOLL/ N,KBC

CALL UNLOAD(Y,TG,TS)
C gas temperatures & deltas

DO 100 K = 1,(N -1)
I = K+1
DTGDX = 0.
DO 50 J = 1,N

DTGDX = DTGDX + A(I,J)*TG(J)
50 CONTINUE

F(K) = KK*(DTGDX + KC/CP(TG(I))*(TG(I)-TS(I)))
DELTA(K) = YPRIME(K) - F(K)

100 CONTINUE

C bed temperatures & deltas

DO 200 K = N,(2*N-1)
I = K-(N-1)
F(K) = KS*(TG(I)-TS(I))
DELTA(K) = YPRIME(K)-F(K)

200 CONTINUE

RETURN
END

SUBROUTINE YPIC(TG,TS,YPRIME)

C
C get initial value of YPRIME vector
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
REAL*8 KK,KC,KS
DIMENSION YPRIME(LEN)
DIMENSION TG(NMX),TS(NMX)
COMMON /CONST/ KK,KC,KS
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /NCOLL/ N,KBC

C related to GAS temperatures

DO 100 K = 1,(N -1)
I = K+1
DTGDX = 0.
DO 50 J = 1,N

DTGDX = DTGDX + A(I,J)*TG(J)
50 CONTINUE

YPRIME(K) = KK*(DTGDx + KC/CP(TG(I))*(TG(I)-TS(I)))
100 CONTINUE

C related to BED temperatures

DO 200 K = N,(2*N-1)
I = K-(N-1)
YPRIME(K) = KS*(TG(I)-TS(I))

200 CONTINUE

RETURN
END

SUBROUTINE LAGMUL(N,NSHO,NMX,DX,X,RLM)

C
C get Lagrange Multipliers
C

IMPLICIT REAL*8 (A-H2O-Z)
DIMENSION X(NMX),DX(NSH0+1),RLM(NMX,NSH0+1)
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C determine equally spaced points

DO 444 I = 1,NSH0+1
K = I-1
DX(I) = REAL(K)/NSHO

444 CONTINUE

C determine Lagrange Multipliers

DO 100 K = 1,NSH0+1
DO 100 I = 1,N

RLM(I,K) = 1.
DO 100 J = 1,N

IF(J.NE.I) RLM(I,K) = RLM(I,K)*(DX(K)-X(J))/(X(I)-X(J))
100 CONTINUE

RETURN
END

REAL*8 FUNCTION CP(T)

C
C determine heat capacity as a function of the temperature
C

IMPLICIT REAL*8 (A-H2O-Z)
COMMON /FLAGS/ ICP,IRES,IFIL

C define constants (valid for 273 < Tg < 2000)
C from Smith & Van Ness, 4th ed. pg. 109

IF ((NCAL.EQ.0).OR.ICP.EQ.1) THEN
R = 8.314D0
PM = 0.0289D0
A = 3.355D0
B = .575D-3
C = 0.D0
D = -.016D5
CP = R*(A+ B*T + C*T**2 + D*T**(-2))
CP = CP/PM
CPO = CP

ELSE
CP = CPO

END IF
NCAL = NCAL+1

RETURN
END

SUBROUTINE RESULTS(N,X,TG,TS,TOUT,TC)

C
C print results as desired
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX=20,NEQ=2,NSH0=10)
DIMENSION X(NMX),TG(NMX),TS(NMX),TGN(NSH0+1),TSN(NSH0+1)
COMMON /FLAGS/ ICP,IRES,IFIL
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)

PTC = TOUT/TC*100
WRITE(*,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME = ',TOUT,' (',PTC,' % Tc)'
WRITE(*,*) X TG TS '

IF (IRES.EQ.1) THEN
DO 777 I = 1,NSH0+1

TGN(I) = O.
TSN(I) = O.
DO 777 K = 1,N
TGN(I) = TGN(I) + RLM(K,I)*TG(K)
TSN(I) = TSN(I) + RLM(K,I)*TS(K)

777 CONTINUE
DO 333 I = 1,NSH0+1
WRITE(*,'(10X,F4.2,5(4X,F8.3))') DX(I),TGN(I),TSN(I)

333 CONTINUE
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IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME ',TOUT,

' (',PTC,' % Tc)'
WRITE(2,*) ' X TG TS '

DO 500 I = 1,NSH0+1
WRITE(2,'(10X,F4.2,5(4X,F8.3))') DX(I),TGN(I),TSN(I)

500 CONTINUE
END IF

ELSE
DO 1001 I = 1,N

WRITE(*,'(10X,F4.2,5(4X,F8.3))') X(I),TG(I),TS(I)
1001 CONTINUE

IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME = ',TOUT,

' (',PTC,' % Tc)'
WRITE(2,*) ' X TG TS '

DO 401 I = 1,N
WRITE(2,'(10X,F4.2,5(4X,F8.3))') X(I),TG(I),TS(I)

401 CONTINUE
END IF

END IF

RETURN
END

SUBROUTINE TNORM(X,TG,TS)

C
C save normalized Gas Temperature values if desired
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20)
DIMENSION X(NMX),TG(NMX),TS(NMX)
COMMON /NCOLL/'N,KBC
COMMON /INIT/ TGI,TSI

DO 77 I = 1,N
IF (TGI.GT.TSI) THEN
GN = (TG(I)-TSI)/(TGI-TSI)
SN = (TS(I)-TSI)/(TGI-TSI)

ELSE
GN = (TG(I)-TGI)/(TSI-TGI)
SN = (TS(I)-TGI)/(TSI-TGI)

END IF
WRITE(4,'(2X,F6.4,2X,F9.6)') X(I), GN
WRITE(5,'(2X,F6.4,2X,F9.6)') X(I), SN

77 CONTINUE

RETURN
END

SUBROUTINE DDT(TG,TS,YPRIME)

C
C print TIME derivatives
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX.20,NEQ=2,LEN=NEQ*NMX)
DIMENSION TG(NMX),TS(NMX),YPRIME(LEN)
CHARACTER*10 VAR
COMMON /NCOLL/ N,KBC

PRINT*
DO 24 I = 1,N

VAR = 'Tgas'
IF (I.EQ.1) THEN

IGAS = LEN
ELSE

IGAS = I-1
END IF
PRINT 44, VAR, I, TG(I), YPRIME(IGAS)

24 CONTINUE
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DO 26 I = 1,N
VAR = ' Tbed'
IBED = I+(N-1)
PRINT 44, VAR, I, TS(I), YPRIME(IBED)

26 CONTINUE
44 FORMAT(1X,A,2X,I2,2X,F9.3,2X,E10.3)

RETURN
END

SUBROUTINE DDX(X,A,TG)

C
C save SPACE derivatives
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX=20)
DIMENSION X(NMX), A(NMX,NMX), TG(NMX)
COMMON /NCOLL/ N,KBC

DO 99 I = 1,N
TGDER = 0.
DO 98 J = 1,N

TGDER = TGDER + A(I,J)*TG(J)
98 CONTINUE

WRITE(3,'(1X,F5.3,2(1X,E12.5))') X(I),TGDER
99 CONTINUE

RETURN
END
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HRVDV

$debug

PROGRAM HRVDV

C
C This program solves model HRVDV (sec. 3.2.2)
C
C The equations represent a lumped model
C
C ROG and U are both functions of temperature
C
C The gas heat capacity may be taken as constant or as CPg = f(Tg)
C
C - integration of the ODE's is done by DASSL
C
C - INPUT:
C via data file DATA.DAT which contains:
C
C L = length
C DP = diameter of particles
C TGI = inlet gas temperature
C TSI = initial temperature of solids & gas
C ROS = density of packing
C CPS = heat capacity of packing
C
C and call to subroutine INPUT
C
C FREQ = number of results reported per
C characteristic time
C NTC = number of TCs to go
C IRES = solutions presented @ collocation points (=0)
C or at Lagrange interpolated points (=1)
C ICP = heat capacity taken as constant (=0) or as
C function of temperature.
C
C OUTPUT:
C
C values reported to CRT are always 'raw' (absolute) results
C via flags specified in INPUT
C
C CRG.DAT contains 'raw' results
C CTGN.DAT contains dimensionless gas temperatures
C CTSN.DAT solid
C DFLDX.DAT derivatives of FLUX w.r.t. X
C DTGDX.DAT TG
C UN.DAT contains 'relative' values of velocities
C ACCUM.DAT contains the flux @ exit so that one can
C calculate the accumulation (In-Out) must integrate
C
C

IMPLICIT REAL*8(A-H2O-Z)
PARAMETER(NMAX=20,NMX=20,NSH0=10,NEQ=2,LEN=NMAX*NEQ,MAXORD=5)
PARAMETER(LRW=40+(MAXORD+4)*LEN+LEN**2,LIW=20+LEN)
EXTERNAL RESID, JAC
REAL*8 KD,KS,KV,KG
DIMENSION X(NMAX)
DIMENSION RHS(NMAX)
DIMENSION Y(LEN),YPRIME(LEN)
DIMENSION INFO(15),RWORK(LRW),IWORK(LIW)
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /MAT2/ V(NMX,NMX),INDX(NMX)
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)
COMMON /TEMP/ TG(NMX),TS(NMX),U(NMX),ROG(NMX)
COMMON /CONST/ KV,KD,KS,KG
COMMON /NCOLL/ N,KBC,NI,NF
COMMON /FLAGS/ ICP,IRES,IFIL
COMMON /INIT/ TGI,TSI

DATA PM,PRESS,R,VISC,CONDG /0.0289D0,1.D5,8.314D0,1.8D-5,.02600/
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OPEN(1,FILE='DATA.DAT',STATUS='OLD')
OPEN(2,FILE='CRG.DAT',STATUS.'UNKNOWN')
OPEN(3,FILE='DTGDX.DAT',STATUS='UNKNOWN')
OPEN(4,FILE='DFLDX.DAT',STATUS='UNKNOWN')
OPEN(5,FILE='CTGN.DAT',STATUS='UNKNOWN')
OPEN(6,FILE='CTSN.DAT',STATUS='UNKNOWN')
OPEN(7,FILE='UN.DAT',STATUS='UNKNOWN')
OPEN(20,FILE='ACCUM.DAT',STATUS='UNKNOWN')

C parameters for DDASSL

DO 88 I = 1,15
INFO(I) = 0

88 CONTINUE

ATOL = 1.D-4
RTOL = 1.D-4
T = 0.00
TOUT = 0.00

C input simulation parameters

CALL INPUT(FREQ,NTC,IRES,IDT,IDX,IFIL,INORM,
IACUM,TOL,UBASE,ICP)

READ(1,*) DP, L, TGI, TSI
READ(1,*) ROS, CPS
CLOSE(1)

C determine heat transfer coefficient

KG = PRESS*PM/R
ROIG = KG/TGI
UB = UBASE/400.*TGI
DLU = L/UB
CPG = CP(TGI)
VOID = 0.5D0
AP = 6*(1-VOID)/DP
RE = (DP*UB*ROIG)/VISC
PR = 0.7D0

H = (CONDG/DP)*(2+1.8*(RE**(1./2))*(PR**(1./3)))

ST = H*AP*L/(UB*ROIG*CPG)
WRITE(*,'(/1X,A,F5.2)')' St a entrance = , ST

C determine other constants

KD = H*AP*L
KV = - 1./(VOID*L)
KS = H*AP/((l-VOID)*ROS*CPS)

C determine characteristic time

TC = (ROS*CPS/(ROIG*CPG))*(1-VOID)*L/UB
WRITE(*,'(/1X,A,F8.1,A)')'The Characteristic time : ',TC,' s'

C determine the Ni collocation points
C get A & B discretization (collocation) matrices B is not needed

CALL ABX(N,X,A,B)

C determine Lagrange Multipliers for each equally spaced point

IF (IRES.EQ.1) CALL LAGMUL(N,NSHO,NMX,DX,X,RLM)

C let LHS be the A matrix, call it Vij because A would be 'destroyed'

DO 90 I = 2,N
DO 90 J = 2,N

V(I,J) = A(I,J)
90 CONTINUE

C decompose V (LU factorize it)

NI = 2
NF = N
CALL FACTOR(V,N,NMAX,INDX,D,NI,NF)
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C set initial conditions

KBC = 1
NEQS = N*NEQ-KBC
DO 100 I = 1,N
TG(I) = TSI
TS(I) = TSI

100 CONTINUE
TG(1) = TGI
DO 101 I = 1,N
U(I) = TG(I) * UBASE/400.
ROG(I) = KG/TG(I)

101 CONTINUE

C load vector of unknowns (Y vector)

CALL LOAD(TG,TS,Y)

C get initial YPRIME

CALL YPIC(TG,TS,U,ROG,YPRIME),

IF (IDT.EQ.1) THEN
PRINT*, INITIAL CONDITIONS & INITIAL YPRIMEs '

CALL DDT(TG,TS,YPRIME)
PAUSE

END IF

C integrate (in time)

TSTEP = TC/FREQ
IK = 0

11 CONTINUE
IK = IK+1
TOUT = TOUT + TSTEP

CALL DDASSL(RESID,NEQS,T,Y,YPRIME,TOUT,INFO,RTOL,ATOL,IDID,
RWORK,LRW,IWORK,LIW,RPAR,IPAR,JAC)

C determine algebraic relationships linear system

CALL UNLOAD(Y,TG,TS)
DO 55 I = 2,N

RHS(I) - KD/(KG*CP(TG(I)))*(TG(I)-TS(I)) A(I,1)*U(1)
55 CONTINUE

CALL SOLVE(V,N,NMAX,INDX,RHS,NI,NF)
DO 66 I = 2,N
U(I) = RHS(I)

66 CONTINUE
DO 77 I = 2,N
ROG(I) = KG/TG(I)

77 CONTINUE

C any problems ?

IF (IDID.LT.0) THEN
PRINT*,' OH OH TROUBLE --> IDID = IDID
PRINT*,' refer to DDASSLs manual to find out what went wrong'
STOP

END IF

C report values

CALL RESULTS(N,X,TG,TS,U,ROG,TOUT,TC)
IF (INORM.EQ.1) CALL TNORM(X,TG,TS)
IF (INORM.EQ.1) CALL UNORM(X,TG,U,UBASE)
IF (IDT.EQ.1) CALL DDT(TG,TS,YPRIME)
IF (IDX.EQ.1) CALL DDX(X,TG,ROG,U)
IF (IACUM.EQ.1) CALL ACCUM(N,ROG,U,TSTEP,TOL)

C are we done?

IF (IK.LE.(NTC*FREQ-1)) GOTO 11
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SUBROUTINE INPUT(FREQ,NTC,IRES,IDT,IDX,IFIL,INORM,
IACUM,TOL,UBASE,ICP)

C
C select desired input for simulation
C

IMPLICIT REAL*8(A-H2O-Z)

WRITE(*,'(/1X,A,$)')'How many values/Tc do you want reported ? : '

READ*, FREQ
WRITE(*,'(/1X,A,$)')'How many TC do you wanna go : '

READ*, NTC
WRITE(*,'(/1X,A,A,$)')'How do you want to see the results ?',

(0 = COLL, 1 = INTERP) : '

READ*, IRES
WRITE(*,'(/1X,A,A,$)')'Do you want to save RAW results ?',

(0 = NO, 1 = YES) : '

READ*, IFIL
WRITE(*,'(/1X,A,A,$)')'Do you want to save NORMALIZED

(0 = NO, 1 = YES) : '

READ*, INORM

values ?

WRITE(*,'(/1X,A,$)') 'Enter BASE VELOCITY @ Tg = 400 K : '

READ*, UBASE
WRITE(*,'(/1X,A,A,$)')'Do you want Cp = f(Tg)

(0 = NO, 1 . YES)
?',
: '

READ*, ICP
WRITE(*,'(/1X,A,A,$)')'Do you want to see the TIME derivatives ?',

(0 = NO, 1 = YES) : '

READ*, IDT
WRITE(*,'(/1X,A,A,$)')'Do you want to save SPACE derivatives ?',

(0 = NO, 1 = YES) : '

READ*, IDX
WRITE(*,'(/1X,A,A,$)')'Do you want to keep track of ACCUM ?',

(0 = NO, 1 = YES) : '

READ*, IACUM
IF (IACUM.EQ.1) THEN
wRITE(*,'(/1X,A,W)'what is the desired TOL in ACCUMULATION : '

READ*, TOL
END IF

RETURN
END

SUBROUTINE JAC(N,T,Y,PD,NO)

C
C Jacobian Matrix
C

C this model does not require this subroutine

RETURN
END

SUBROUTINE USRFUN(X,ALPHA,BETA)

C
C provides LHS & RHS for solving nonlinear systems with MATRX
C

C this model does not require this subroutine

RETURN
END

SUBROUTINE LOAD (TG, TS, Y)

C
C put vectors in order needed by DDASSL
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
DIMENSION Y(LEN),TG(NMX),TS(NMX)
COMMON /NCOLL/ N,KBC,NI,NF
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C fill in vector of unknowns ( Y vector )

DO 100 K = 1,(NEQ*N-KBC)
IF (K.LE.(N-1)) THEN

I = K
Y(K) = TG(I+1)

ELSE IF (K.LE.(2*N-1)) THEN
I = K-(N-1)
Y(K) = TS(I)

ENDIF
100 CONTINUE

RETURN
END

SUBROUTINE UNLOAD(Y,TG,TS)

C
C reset vectors' order
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
DIMENSION Y(LEN),TG(NMX),TS(NMX)
COMMON /NCOLL/ N,KBC,NI,NF

C retrieve values from Y vector

DO 100 K = 1,(NEQ*N-KBC)
IF (K.LE.(N-1)) THEN

= K+1
TG(I) = Y(K)

ELSE IF (K.LE.(2*N-1)) THEN
I = K-(N-1)
TS(I) = Y(K)

ENDIF
100 CONTINUE

RETURN
END

SUBROUTINE RESID(T,Y,YPRIME,DELTA,IRES,RPAR,IPAR)

C
C provide residuals for DDASSL
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
REAL.8 KD,KS,KV,KG
DIMENSION Y(LEN),F(LEN),DELTA(LEN),YPRIME(LEN)
DIMENSION RHS(NMX)
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /MAT2/ V(NMX,NMX),INDX(NmX)
COMMON /TEMP/ TG(NMX),TS(NMX),U(NMX),ROG(NMX)
COMMON /CONST/ KV,KD,KS,KG
COMMON /NCOLL/ N,KBC,NI,NF

CALL UNLOAD(Y,TG,TS)

C determine algebraic relationships

DO 55 I = 2,N
RHS(I) = - KD/(KG*CP(TG(I)))*(TG(I)-TS(I)) A(I,1)*U(1)

55 CONTINUE
CALL SOLVE(V,N,NMX,INDX,RHS,NI,NF)
DO 66 I = 2,N

U(I) = RHS(I)
66 CONTINUE

DO 77 I = 2,N
ROG(I) = KG/TG(I)

77 CONTINUE
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C gas temperatures & deltas

DO 100 K = 1,(N-1)
I = K+1
DTGDX = 0.
DO 50 J = 1,N

DTGDX = DTGDX + A(I,J)*TG(J)
50 CONTINUE

F(K) = KV*(U(I)*DTGDX + KD/CP(TG(I))*(TG(I)-TS(I))/ROG(I))
DELTA(K) = YPRIME(K) - F(K)

100 CONTINUE

C bed temperatures & deltas

DO 200 K = N,(2*N-1)
I = K-(N-1)
F(K) = KS*(TG(I)-TS(I))
DELTA(K) = YPRIME(K)-F(K)

200 CONTINUE

RETURN
END

SUBROUTINE YPIC(TG,TS,U,ROG,YPRIME)

C
C get initial value of YPRIME vector
C

IMPLICIT REAL*8 (A -H,0 -Z)
PARAMETER(NMX=20,NEQ=2,LEN=NEQ*NMX)
REAL*8 10D,KS,KG,KV
DIMENSION YPRIME(LEN)
DIMENSION TG(NMX),TS(NMX),U(NMX),ROG(NMX)
COMMON /CONST/ KV,KD,KS,KG
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /MAT2/ V(NMX,NMX),INDX(NMX)
COMMON /NCOLL/ N,KBC,NI,NF

C related to GAS temperatures

DO 100 K = 1,(N -1)
I = K+1
DTGDX = O.
DO 50 J = 1,N

DTGDX = DTGDX + A(I,J)*TG(J)
50 CONTINUE

YPRIME(K) = KV*(U(I)*DTGDX+KD/CP(TG(I))*(TG(I)-TS(I))/ROG(I))
100 CONTINUE

C related to BED temperatures

DO 200 K = N,(2*N-1)
I = K-(N-1)
YPRIME(K) = KS*(TG(I)-TS(I))

200 CONTINUE

RETURN
END

SUBROUTINE LAGMUL(N,NSHO,NMX,DX,X,RLM)

C
C get Lagrange Multipliers
C

IMPLICIT REAL*8 (A -H,0 -Z)
DIMENSION X(NMX),DX(NSH0+1),RLM(NMX,NSH0+1)

C determine equally spaced points

DO 444 I = 1,NSH0+1
K = I-1
DX(I) = REAL(K)/NSHO

444 CONTINUE
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C determine Lagrange Multipliers

DO 100 K = 1,NSH0+1
DO 100 I = 1,N

RLM(I,K) = 1.
DO 100 J = 1,N

IF(J.NE.I) RLM(I,K) = RLM(I,K)*(DX(K)-X(J))/(X(I)-X(J))
100 CONTINUE

RETURN
END

REAL*8 FUNCTION CP(T)

C
C determine heat capacity as a function of the temperature
C

IMPLICIT REAL*8 (A-H2O-Z)
COMMON /FLAGS/ ICP,IRES,IFIL

C define constants (valid for 273 < Tg < 2000)
C from Smith & Van Ness 4th ed. p.109

IF ((NCAL.EQ.0).OR.ICP.EQ.1) THEN
R = 8.314D0
PM = 0.0289D0
A = 3.355D0
B = .575D-3
C = 0.D0
D = -.016D5
CP = R*(A+ B*T + C*T**2 + D*T**(-2))
CP = CP/PM
CPO = CP

ELSE
CP = CPO

END IF
NCAL = NCAL+1

RETURN
END

SUBROUTINE RESULTS(N,X,TG,TS,U,ROG,TOUT,TC)

C
C print results as desired
C

IMPLICIT REAL*8 (A -H,0 -Z)
PARAMETER (NMX=20,NEQ=2,NSH0=10)
DIMENSION X(NMX),TG(NMX),TS(NMX),U(NMX),ROG(NMX)
DIMENSION TGN(NSH0+1),TSN(NSH0+1),UN(NSH0+1),ROGN(NSH0+1)
COMMON /FLAGS/ ICP,IRES,IFIL
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)

PTC = TOUT/TC*100
WRITE(*,'(/1X,A,F9.2,A,F6.2,A)'PQ TIME = ',TOUT,' (',PTC,' % Tc)'

'ROG','FLUX'

IF (IRES.EQ.1) THEN
DO 777 I = 1,NSH0+1

TGN(I) = O.
TSN(I) = O.
UN(I) = O.
ROGN(I) = O.
DO 777 K = 1,N
TGN(I) = TGN(I) + RLM(K,I)*TG(K)
TSN(I) = TSN(I) + RLM(K,I)*TS(K)
UN(I) = UN(I) + RLM(K,I)*U(K)
ROGN(I) = ROGN(I) + RLM(K,I)*ROG(K)

777 CONTINUE
DO 333 I = 1,NSH0+1
WRITE(*,'(5X,F4.2,3(2X,F8.3),2(2X,F7.5))') DX(I),TGN(I),TSN(I),

UN(I),ROGN(I),UN(I)*ROGN(I)
333 CONTINUE
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IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F6.2,A)')'@ TIME = ',TOUT,

(',PTC,' % Tc)'
WRITE(2,'(/1X,6X,A,6X,A,8X,A,10X,A,7X,A,5X,A)')'X','TG','TS',

'U','ROG','FLUX'
DO 500 I = 1,NSH0+1

WRITE(2,'(5X,F4.2,3(2X,F8.3),2(2X,F7.5))') DX(I),TGN(I),
TSN(I),UN(I),ROGN(I),UN(I)*ROGN(I)

500 CONTINUE
END IF

ELSE
DO 1001 I = 1,N
WRITE(*,'(5X,F4.2,3(2X,F8.3),2(2X,F7.5))') X(I),TG(I),TS(I),

U(I),ROG(I),U(I)*ROG(I)
1001 CONTINUE

IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F6.2,A)')'@ TIME = ',TOUT,

(',PTC,' % Tc)'
WRITE(2,'(/1X,6X,A,6X,A,8X,A,10X,A,7X,A,SX,A)')

'X','TG','TS','U','ROG','FLUX'
DO 401 I = 1,N

WRITE(2,'(5X,F4.2,3(2X,F8.3),2(2X,F7.5))') X(I),TG(I),
TS(I), U(I),ROG(I),ROG(I)*U(I)

401 CONTINUE
END IF

END IF

RETURN
END

SUBROUTINE TNORM(X,TG,TS)

C
C save normalized Gas Temperature values if desired
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20)
DIMENSION X(NMX),TG(NMX),TS(NMX)
COMMON /NCOLL/ N,KBC,NI,NF
COMMON /INIT/ TGI,TSI

DO 77 I = 1,N
IF (TGI.GT.TSI) THEN
GN = (TG(I)-TSI)/(TGI-TSI)
SN = (TS(I)-TSI)/(TGI-TSI)

ELSE
GN = (TG(I)-TGI)/(TSI-TGI)
SN = (TS(I)-TGI)/(TSI-TGI)

ENDIF
WRITE(5,'(2X,F6.4,2X,F9.6)') X(I), GN
WRITE(6,'(2X,F6.4,2X,F9.6)') X(I), SN

77 CONTINUE

RETURN
END

SUBROUTINE UNORM(X,TG,U,UBASE)

C
C save 'normalized' Gas Velocities values if desired
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20)
DIMENSION X(NMX),TG(NMX),U(NMX)
COMMON /NCOLL/ N,KBC,NI,NF

DO 77 I = 1,N
UN = U(I)/(TG(I)*UBASE/400.)
WRITE(7,'(2X,F6.4,2X,F9.6)') X(I), UN

77 CONTINUE

RETURN
END
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SUBROUTINE DDX(X,TG,ROG,U)
C
C save SPACE derivatives
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX.-20)
DIMENSION X(NMX),TG(NMX),U(NMX),ROG(NMX)
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /NCOLL/ N,KBC,NI,NF

DO 99 I = 1,N
TGDER = 0.
FLUXDER = 0.
DO 98 J = 1,N
TGDER = TGDER + A(I,J)*TG(J)
FLUXDER = FLUXDER + A(I,J)*(ROG(J)*U(J))

98 CONTINUE
WRITE(3,'(1X,F5.3,2(1X,E12.6))') X(I), TGDER
WRITE(4,'(1X,F5.3,2(1X,E12.6))') X(I), FLUXDER

99 CONTINUE

RETURN
END

SUBROUTINE DDT(TG,TS,YPRIME)
C
C print TIME derivatives
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX=20,NEQ=2,LEN=NEQ*NMX)
DIMENSION TG(NMX),TS(NMX),YPRIME(LEN)
CHARACTER*10 VAR
COMMON /NCOLL/ N,KBC,NI,NF

PRINT*
PRINT*,' T dT/dt'
DO 24 I = 1,N

VAR = 'Tgas'
IF (I.EQ.1) THEN
IGAS = LEN

ELSE
IGAS = I-1

END IF
PRINT 44, VAR, I, TG(I), YPRIME(IGAS)

24 CONTINUE
DO 26 I = 1,N

VAR = ' Tbed'
IBED = I+(N -1)
PRINT 44, VAR, I, TS(I), YPRIME(IBED)

26 CONTINUE
44 FORMAT(1X,A,2X,I2,2X,F9.3,2X,E10.3)

RETURN
END

SUBROUTINE ACCUM(N,ROG,U,TOL,TSTEP)
C
C save flux 4 exit so that one can calculate the accumulation
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX=20,NEQ=2,LEN.NEQ*NMX)
DIMENSION ROG(NMX),U(NMX)

POINTS = POINTS + 1
FLUX2 = FLUX2 + ROG(N)*U(N)
WRITE(20,*) ROG(N)*U(N)
ERR = ABSHROG(N)*U(N)-ROG(1)*U(1))/(ROG(1)*U(1)))
IF (ERR.LT.TOL) THEN
WRITE(20,*) POINTS,TSTEP,FLUX2
STOP

END IF

RETURN
END
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HRASO - Constant Heat Capacity ONLY

$debug
PROGRAM HRASOS

C
C This program solves model HRASO (sec. 3.2.3) CONSTANT Cp ONLY
C
C. The equations represent a lumped model, with
C ROG and U constant throughout
C
C neglects accumulation of energy on gas phase, Pseudo Steady State
C
C The gas heat capacity IS ALWAYS CONSTANT
C
C - integration of the ODE's is done by DASSL
C
C INPUT:
C via data file DATA.DAT which contains:
C
C L = length
C DP = diameter of particles
C TGI = inlet gas temperature
C TSI = initial temperature of solids & gas
C ROS = density of packing
C CPS = heat capacity of packing
C
C and call to subroutine INPUT
C
C FREQ = number of results reported per
C characteristic time
C NTC = number of TCs to go
C IRES = solutions presented @ collocation points (=0)
C or at Lagrange interpolated points ( =1)

C ICP = heat capacity taken as constant (=0) or as
C function of temperature.
C
C OUTPUT:
C
C values reported to CRT are always 'raw' (absolute) results
C via flags specified in INPUT
C
C RGNA.DAT contains 'raw' results
C TSNAN.DAT contains dimensionless gas temperatures
C TSNAN.DAT solid
C
C

IMPLICIT REAL*8(A-H2O-Z)
PARAMETER(NMAX.20,NMX=20,NSH0=10,NEQ=1,LEN=NMAX*NEQ,MAXORD=5)
PARAMETER(LRW.40+(mAXORD+4)*LEN+LEN**2,LIW=20+LEN)
EXTERNAL RESID, JAC
REAL*8 KG,KS
DIMENSION X(NMAX)
DIMENSION RHS(NMAX)
DIMENSION Y(LEN),YPRIME(LEN)
DIMENSION INFO(15),RWORK(LRW),IWORK(LIW)
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /MAT2/ V(NMX,NMX)
COMMON /TEMP/ TG(NMX),TS(NMX),INDX(NMX)
COMMON /CONST/ ST,KS
COMMON /NCOLL/ N,NI,NF
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)
COMMON /FLAGS/ IRES,IFIL
COMMON /INIT/ TGI,TSI

DATA PM,PRESS,R,CONDG,VISC /0.0289D0,1.D5,8.314D0,.026D0,1.8D-5/

OPEN(1,FILE='DATA.DAT',STATUS='OLD')
OPEN(2,FILE='RGNA.DAT',STATUS='UNKNOWN')
OPEN(3,FILE='TGNAN.DAT',STATUS='UNKNOWN')
OPEN(4,FILE='TSNAN.DAT',STATUS='UNKNOWN')
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C parameters for DDASSL

DO 77 I = 1,15
INFO(I) = 0

77 CONTINUE

ATOL = 1.D-4
RTOL = 1.D-4
T = 0.D0
TOUT = 0.

C data input

CALL INPUT(FREQ,NTC,IRES,IFIL,INORM,UBASE)

READ(1,*) DP, L, TGI, TSI
READ(1,*) ROS, CPS
CLOSE(1)

C determine heat transfer coefficient & Stanton number

KG = PRESS*PM/R
ROG = KG/TGI
U = UBASE/400.*TGI
CPG = CP(TGI)
VOID = 0.500
AP = 6*(1-VOID)/DP
RE = (DP*U*ROG)/VISC
PR = 0.7D0

H = (CONDG/DP)*(2+1.8*(RE**(1./2))*(PR**(1./3)))

ST = H*AP*L/(U*ROG*CPG)
WRITE(*,'(/1X,A,F5.2)')' St @ entrance = , ST

C determine other constants

KS = H*AP/((l-VOID)*ROS*CPS)

C determine characteristic time

TC = (ROS*CPS/(ROG*CPG))*(1-VOID)*L/U
WRITE(*,'(/1X,A,F8.1,A)'P The Characteristic time : ',TC,' s'

C determine the Xi collocation points
C get A & B discretization (collocation) matrices - B is not needed

CALL ABX(N,X,A,B)

C determine Lagrange Multipliers for each equally spaced point

IF (IRES.EQ.1) CALL LAGMUL(N,NSHO,NMX,DX,X,RLM)

C define V matrix (L.H.S. matrix) & decompose it

DO 88 I = 2,N
DO 88 J = 2,N

V(I,J) = A(I,J)
IF (I.EQ.J) V(I,J) = V(I,J) + ST

88 CONTINUE

NI = 2
NF = N
CALL FACTOR(V,N,NMAX,INDX,D,NI,NF)

C set initial conditions

NEQS = N*NEQ
DO 100 I = 1,N
TG(I) = TSI
TS(I) = TSI

100 CONTINUE
TG(1) = TGI
CALL LOAD(TS,Y)

C get initial YPRIME

CALL YPIC(TG,TS,YPRIME)
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C integrate in time

TSTEP = (TC/FREQ)
IK = 0

11 CONTINUE
TOUT = TOUT + TSTEP
IK = IK+1

CALL DDASSL(RESID,NEQS,T,Y,YPRIME,TOUT,INFO,RTOL,ATOL,IDID,
RWORK,LRW,IWORK,LIW,RPAR,IPAR,JAC)

CALL UNLOAD(Y,TS)

C solve linear system

DO 55 I = 2,N
RHS(I) = ST*TS(I) - A(I,1)*TG(1)

55 CONTINUE
CALL SOLVE(V,N,NMAX,INDX,RHS,NI,NF)
DO 66 I = 2,N

TG(I) = RHS(I)
66 CONTINUE

C any problems ?

IF (IDID.LT.0) THEN
PRINT*,' OH OH TROUBLE --> IDID IDID
PRINT*,' refer to DDASSLs manual to find out what went wrong'
STOP

END IF

C report values

CALL RESULTS(N,X,TG,TS,TOUT,TC)
IF (INORM.EQ.1) CALL TNORM(X,TG,TS)

C are we done?

IF (IK.LE.(NTC*FREQ-1)) GOTO 11

END

SUBROUTINE INPUT(FREQ,NTC,IRES,IFIL,INORM,UBASE)

C
C select desired input for simulation
C

IMPLICIT REAL*8(A-H2O-Z)

WRITE(*,'(/1X,A,$)')'How many values of output do you want ? : '

READ*, FREQ
wRITE(*,'(/1X,A,$)')'How many TC do you wanna go :

READ*, NTC
WRITE(*,'(/1X,A,A,$)')'HOW do you want to see the results ?',

(0 = COLL, 1 = INTERP) : '

READ*, IRES
WRITE(*,'(/1X,A,A,$)')'Do you want to SAVE RAW results ?',

(0 = NO, 1 = YES) : '

READ*, IFIL
WRITE(*,'(/1X,A,A,$)')'Do you want to save NORMALIZED values ?

(0 = NO, 1 = YES) : '

READ*, INORM
WRITE(*,'(/1X,A,$)') 'Enter BASE velocity @ 400 K : '

READ*, UBASE

RETURN
END

SUBROUTINE JAC(N,T,Y,PD,NO)

C
C Jacobian Matrix
C

C this is DUMMY for now
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RETURN
END

SUBROUTINE USRFUN(X,ALPHA,BETA)

C
C provides LHS & RHS for solving nonlinear system with MATRX
C

C this model does not require this subroutine

RETURN
END

SUBROUTINE LOAD(TS,Y)

C
C put vectors in order needed by DDASSL
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX.20,NEQ=1,LEN=NEQ*NMX)
DIMENSION Y(LEN),TS(NMX)
COMMON /NCOLL/ N,NI,NF

C fill in vector of unknowns ( Y vector )

DO 100 I = 1,N
Y(I) = TS(I)

100 CONTINUE

RETURN
END

SUBROUTINE UNLOAD(Y,TS)

C
C reset vectors' order
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=1,LEN=NEQ*NMX)
DIMENSION Y(LEN),TS(NMX)
COMMON /NCOLL/ N,NI,NF

C retrieve values from Y vector

DO 100 I = 1,N
TS(I) = Y(I)

100 CONTINUE

RETURN
END

SUBROUTINE RESID(T,Y,YPRIME,DELTA,IRES,RPAR,IPAR)

C
C provide residuals for DDASSL
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=1,LEN.NEQ*NMX)
REAL*8 KS
DIMENSION Y(LEN),F(LEN),DELTA(LEN),YPRIME(LEN)
DIMENSION RHS(NMX)
COMMON /CONST/ ST,KS
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /MAT2/ V(NMX,NNX)
COMMON /TEMP/ TG(NMX),TS(NMX),INDX(NMX)
COMMON /NCOLL/ N,NI,NF

CALL UNLOAD(Y,TS)

C gas temperatures
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DO 55 I = 2,N
RHS(I) = ST*TS(I)-A(I,1)*TG(1)

55 CONTINUE
CALL SOLVE(V,N,NMX,INDX,RHS,NI,NF)
DO 66 I = 2,N

TG(I) = RHS(I)
66 CONTINUE

C bed temperatures & deltas

DO 100 I = 1,N
F(I) = KS*(TG(I)-TS(I))
DELTA(I) = YPRIME(I)-F(I)

100 CONTINUE

RETURN
END

SUBROUTINE YPIC(TG,TS,YPRIME)

C
C get initial value of YPRIME vector
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=1,LEN=NEQ*NMX)
REAL*8 KS
DIMENSION YPRIME(LEN)
DIMENSION TG(NMX),TS(NMX)
COMMON /CONST/ ST,KS
COMMON /NCOLL/ N,NI,NF

C relative to bed temperatures

DO 100 I = 1,N
YPRIME(I) = KS*(TG(I)-TS(I))

100 CONTINUE

RETURN
END

SUBROUTINE LAGMUL(N,NSHO,NMX,DX,X,RLM)

C
C get Lagrange Multipliers
C

IMPLICIT REAL*8 (A-H2O-Z)
DIMENSION X(NMX),DX(NSH0+1),RLM(NMX,NSH0+1)

C determine equally spaced points

DO 444 I = 1,NSH0+1
K = I-1
DX(I) = REAL(K)/NSHO

444 CONTINUE

C determine Lagrange Multipliers

DO 100 K = 1,NSH0+1
DO 100 I = 1,N
RLM(I,K) = 1.
DO 100 J = 1,N

IF(J.NE.I) RLM(I,K) = RLM(I,K)*(DX(K)-X(J))/(X(I)-X(J))
100 CONTINUE

RETURN
END

REAL*8 FUNCTION CP(T)

C
C determine heat capacity as a function of the temperature
C
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IMPLICIT REAL*8 (A-H2O-Z)

C define constants (valid for 273 < Tg < 2000)
C from Smith & Van Ness, 4th ed. p.109

R = 8.314D0
PM = 0.0289D0
A = 3.355D0
B = .575D-3
C = O.DO
D = -.016D5
CP = R*(A+ B*T + C *T * *2 + D*T**(-2))
CP = CP/PM

RETURN
END

SUBROUTINE RESULTS(N,X,TG,TS,TOUT,TC)

C
C print results as desired
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX=20,NEQ=2,NSH0=10)
DIMENSION X(NMX),TG(NMX),TS(NMX),TGN(NSH0+1),TSN(NSH0+1)
COMMON /FLAGS/ IRES,IFIL
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)

PTC = TOUT/TC*100
WRITE(*,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME = ',TOUT,' (',PTC,' % Tc)'
WRITE(*,*) ' X TG TS '

IF (IRES.EQ.1) THEN
DO 777 I = 1,NSH0+1

TGN(I) = 0.
TSN(I) = 0.
DO 777 K = 1,N

TGN(I) = TGN(I) + RLM(K,I)*TG(K)
TSN(I) = TSN(I) + RLM(K,I)*TS(K)

777 CONTINUE
DO 333 I = 1,NSH0+1
WRITE(*,'(10X,F4.2,5(4X,F8.3))') DX(I),TGN(I),TSN(I)

333 CONTINUE
IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME = ',TOUT,

' (',PTC,' % Tc)'
WRITE(2,*) ' X TG TS '

DO 500 I = 1,NSH0+1
WRITE(2,'(10X,F4.2,5(4X,F8.3))') DX(I),TGN(I),TSN(I)

500 CONTINUE
END IF

ELSE
DO 1001 I = 1,N
WRITE(*,'(10X,F4.2,5(4X,F8.3))') X(I),TG(I),TS(I)

1001 CONTINUE
IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME = ',TOUT,

' (',PTC,' % Tc)'
WRITE(2,*) ' X TG TS '

DO 401 I = 1,N
WRITE(2,'(10X,F4.2,5(4X,F8.3))') X(I),TG(I),TS(I)

401 CONTINUE
END IF

END IF

RETURN
END

SUBROUTINE TNORM(X,TG,TS)

C
C save dimensionless Temperatures if desired
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20)
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DIMENSION X(NMX),TG(NMX),TS(NMX)
COMMON /NCOLL/ N,NI,NF
COMMON /INIT/ TGI,TSI

DO 77 I = 1,N
GN = (TG(I)-TSI)/(TGI-TSI)
SN = (TS(I)-TSI)/(TGI-TSI)
WRITE(3,'(2X,F6.4,2X,F9.6)') X(I), GN
WRITE(4,'(2X,F6.4,2X,F9.6)') X(I), SN

77 CONTINUE

RETURN
END
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HRASO - Constant or variable heat capacity

$debug

C
C This program solves model HRASO (sec. 3.2.3) ANY HEAT CAPACITY
C
C The equations represent a lumped model, with
C ROG and U constant throughout
C
C neglects accumulation of energy on gas phase, Pseudo Steady State
C
C The gas heat capacity may be taken as constant or as CPg = f(Tg)
C
C integration of the ODE's is done by DASSL
C
C INPUT:
C via data file DATA.DAT which contains:
C
C L = length
C DP = diameter of particles
C TGI = inlet gas temperature
C TSI = initial temperature of solids & gas
C ROS = density of packing
C CPS = heat capacity of packing
C
C and call to subroutine INPUT
C
C FREQ = number of results reported per
C characteristic time
C NTC = number of TCs to go
C IRES = solutions presented @ collocation points ( =0)

C or at Lagrange interpolated points (=1)
C ICP = heat capacity taken as constant ( =0) or as

C function of temperature.
C
C OUTPUT:
C
C values reported to CRT are always 'raw' (absolute) results
C via flags specified in INPUT
C
C RGNA.DAT contains draw' results
C TGNAN.DAT contains dimensionless gas temperatures
C TSNAN.DAT solid
C
C

IMPLICIT REAL*8(A-H2O-Z)
PARAMETER(NMAX.20,NMX..20,NSHO=10,NEQ=1,LEN=NMAX*NEQ,MAXORD=5)
PARAMETER(LRW=40+(MAXORD+4)*LEN+LEN**2,LIW=20+LEN)
EXTERNAL RESID, JAC
REAL*8 KG,KS,KC
DIMENSION X(NMAX)
DIMENSION Y(LEN),YPRIME(LEN)
DIMENSION INFO(15),RWORK(LRW),IWORK(LIW)
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /TEMPI/ TG(NMX)
COMMON /TEMP2/ TS(NMX)
COMMON /NLE/ NTRIAL,TOLX,TOLF
COMMON /CONST/ KS,KC
COMMON /NCOLL/ N,NI,NF
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)
COMMON /FLAGS/ ICP,IRES,IFIL
COMMON /INIT/ TGI,TSI

DATA PM,PRESS,R,CONDG,VISC /0.0289D0,1.D5,8.314D0,.026D0,1.8D-5/

OPEN(1,FILE."DATA.DAT',STATUS.'OLD')
OPEN(2, FILE= 'RGNA.DAT',STATUS= 'UNKNOWN'.)
OPEN(3,FILE='TGNAN.DAT',STATUS='UNKNOWN')
OPEN(4,FILE= 'TSNAN.DAT',STATUS= 'UNKNOWN')
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C parameters for DDASSL

DO 77 I = 1,15
INFO(I) = 0

77 CONTINUE

ATOL = 1.D-4
RTOL = 1.D-4
T = 0.00
TOUT = 0.

C data input

CALL INPUT(FREQ,NTC,IRES,IFIL,INORM,UBASE,ICP)

READ(1,*) DP, L, TGI, TSI
READ(1,*) ROS, CPS
CLOSE(1)

C determine heat transfer coefficient & Stanton number

KG = PRESS*PM/R
ROG = KG/TGI
U = UBASE/400.*TGI
CPG = CP(TGI)
VOID = 0.5D0
AP = 6*(1-VOID)/DP
RE = (DP*U*ROG)/VISC
PR = 0.7D0

H = (CONDG/DP)*(2+1.8*(RE**(1./2))*(PR**(1./3)))

ST = H*AP*L/(U*ROG*CPG)
WRITE(*,'(/1X,A,F5.2)')' St B entrance = , ST

C determine other constants

KC = ST*CPG
KS = H*AP/ ( (1-VOID) *ROS*CPS)

C determine characteristic time

TC = (ROS*CPS/(ROG*CPG))*(1-VOID)*L/U
WRITE(*,'(/1X,A,F8.1,A)'PThe Characteristic time : ',TC,' s'

C determine the Xi collocation points
C get A & B discretization (collocation) matrices B is not needed

CALL ABX(N,X,A,B)

C parameters for MATRX

NTRIAL = 5
NI = 2
NF = N
TOLX = 1.D-1
TOLF = 1.D-1

C determine Lagrange Multipliers for each equally spaced point

IF (IRES.EQ.1) CALL LAGMUL(N,NSHO,NMX,DX,X,RLM)

C set initial conditions

NEQS = N*NEQ
DO 100 I = 1,N

TG(I) = TSI
TS(I) = TSI

100 CONTINUE
TG(1) = TGI
CALL LOAD(TS,Y)

C get initial YPRIME

CALL YPIC(TG,TS,YPRIME)
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C integrate in time

TSTEP = (TC/FREQ)
IK = 0

11 CONTINUE
TOUT = TOUT + TSTEP
IK = IK+1

CALL DDASSL(RESID,NEQS,T,Y,YPRIME,TOUT,INFO,RTOL,ATOL,IDID,
RWORK,LRW,IWORK,LIW,RPAR,IPAR,JAC)

CALL UNLOAD(Y,TS)
C solve nonlinear system with Newton's method
C guess = results from previous time step

CALL MNEWT(NTRIAL,TG,N,NI,NF,TOLX,TOLF)

C any problems ?

IF (IDID.LT.0) THEN
PRINT*,' OH OH TROUBLE --> IDID = IDID
PRINT*,' refer to DDASSLs manual to find out what went wrong'
STOP

END IF

C report values

CALL RESULTS(N,X,TG,TS,TOUT,TC)
IF (INORM.EQ.1) CALL TNORM(X,TG,TS)

C are we done?

IF (IK.LE.(NTC*FREQ-1)) GOTO 11

END

SUBROUTINE INPUT(FREQ,NTC,IRES,IFIL,INORM,UBASE,ICP)

C
C select desired input for simulation
C

IMPLICIT REAL*8(A-H2O-Z)

WRITE(*,'(/1X,A,$)')'How many values/Tc (output) do you want ? : '

READ*, FREQ
WRITE(*,'(/1X,A,$)')'How many TC do you wanna go : '

READ*, NTC
WRITE(*,'(/1X,A,A,$)')'HOW do you want to see the results ?',

(0 = COLL, 1 = INTERP) : '

READ*, IRES
WRITE(*,'(/1X,A,A,$)')'Do you want to SAVE RAW results ?',

(0 = NO, 1 = YES) ; '
READ*, IFIL
WRITE(*,'(/1X,A,A,$)')'Do you want to save NORMALIZED values ?

(0 = NO, 1 = YES) : '

READ*, INORM
WRITE(*,'(/1X,A,$)') 'Enter BASE velocity @ 400 K :

READ*, UBASE
WRITE(*,'(/1X,A,A,$)')'Do you want Cp = f(Tg) ?f,

(0 = NO, 1 = YES) :

READ*, ICP

RETURN
END

SUBROUTINE JAC(N,T,Y,PD,NO)

C
C Jacobian Matrix
C

C this model does not require this subroutine

RETURN
END
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SUBROUTINE USRFUN(TG,ALFA,BETA)

C
C provides LHS & RHS of nonlinear system of eqns.
C

PARAMETER(NMX=20)
IMPLICIT REAL*8 (A-H2O-Z)
REAL*8 KS,KC
DIMENSION TG(NMX),ALFA(NMX,NMX),BETA(NMX)
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /TEMP2/ TS(NMX)
COMMON /CONST/ KS,KC
COMMON /NCOLL/ N,NI,NF

DO 100 I = 2,N
DTGDX = 0.
DO 50 J = 1,N

DTGDX = DTGDX + A(I,J)*TG(J)
50 CONTINUE

BETA(I) = DTGDX + KC/CP(TG(I))*(TG(I)-TS(I))
BETA(I) = BETA(I)
DO 100 J = 2,N

ALFA(I,J) = A(I,J)
IF (J.EQ.I) ALFA(I,J) = A(I,J) + KC/((CP(TG(I)))**2)*

(CP(TG(I)) - DCP(TG(I))*(TG(I)-TS(I)))
100 CONTINUE

RETURN
END

SUBROUTINE LOAD(TS,Y)

C
C put vectors in order needed by DDASSL
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=1,LEN=NEQ*NMX)
DIMENSION Y(LEN),TS(NMX)
COMMON /NCOLL/ N,NI,NF

C fill in vector of unknowns ( Y vector )

DO 100 I = 1,N
Y(I) = TS(I)

100 CONTINUE

RETURN
END

SUBROUTINE UNLOAD(Y,TS)

C
C reset vectors' order
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=1,LEN=NEQ*NMX)
DIMENSION Y(LEN),TS(NMX)
COMMON /NCOLL/ N,NI,NF

C retrieve values from Y vector

DO 100 I = 1,N
TS(I) = Y(I)

100 CONTINUE

RETURN
END

SUBROUTINE RESID(T,Y,YPRIME,DELTA,IRES,RPAR,IPAR)

C
C provide residuals for DDASSL
C
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IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=1,LEN=NEQ*NMX)
REAL*8 KS,KC
DIMENSION Y(LEN),F(LEN),DELTA(LEN),YPRIME(LEN)
COMMON /CONST/ KS,KC
COMMON /MAT1/ A(NMX,NMX),B(NMX,NMX)
COMMON /TEMPI/ TG(NMX)
COMMON /TEMP2/ TS(NMX)
COMMON /NLE/ NTRIAL,TOLX,TOLF
COMMON /NCOLL/ N,NI,NF

CALL UNLOAD(Y,TS).

C gas temperatures - obtained by solving nonlinear system of eqns.
C initial guess = result from previous time step

CALL MNEWT(NTRIAL,TG,N,NI,NF,TOLX,TOLF)

C bed temperatures & deltas

DO 100 I = 1,N
F(I) = KS*(TG(I)-TS(I))
DELTA(I) = YPRIME(I)-F(I)

100 CONTINUE

RETURN
END

SUBROUTINE YPIC(TG,TS,YPRIME)

C
C get initial value of YPRIME vector
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20,NEQ=1,LEN=NEQ*NMX)
REAL*8 KS,KC
DIMENSION YPRIME(LEN)
DIMENSION TG(NMX),TS(NMX)
COMMON /CONST/ KS,KC
COMMON /NCOLL/ N,NI,NF

C relative to bed temperatures

DO 100 I = 1,N
YPRIME(I) = KS*(TG(I)-TS(I))

100 CONTINUE

RETURN
END

SUBROUTINE LAGMUL(N,NSHO,NMX,DX,X,RLM)

C
C get Lagrange Multipliers
C

IMPLICIT REAL*8 (A-H2O-Z)
DIMENSION X(NMX),DX(NSH0+1),RLM(NMX,NSH0+1)

C determine equidistant points

DO 444 I = 1,NSH0+1
K = I-1
DX(I) = REAL(K)/NSHO

444 CONTINUE

C determine Lagrange Multipliers

DO 100 K = 1,NSH0+1
DO 100 I = 1,N

RLM(I,K) = 1.
DO 100 J = 1,N

IF(J.NE.I) RLM(I,K) = RLM(I,K)*(DX(K)-X(J))/(X(I)-X(J))
100 CONTINUE

RETURN
END
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REAL*8 FUNCTION CP(T)

C
C determine heat capacity as a function of the temperature
C

IMPLICIT REAL*8 (A-H2O-Z)
COMMON /FLAGS/ ICP,IRES,IFIL

IF ((NCAL.EQ.0).OR.ICP.EQ.1) THEN
R = 8.31400
PM = 0.0289D0
A = 3.355D0
B = .575D-3
C = 0.00
D = -.016D5
CP = R*(A+ B*T + C*T**2 + D*T**(-2))
CP = CP/PM
CPO = CP

ELSE
CP = CPO

END IF
NCAL = NCAL+1

RETURN
END

REAL*8 FUNCTION DCP(T)

C
C determine heat capacity as a function of the temperature
C

IMPLICIT REAL*8 (A-H2O-Z)
COMMON /FLAGS/ ICP,IRES,IFIL

IF (ICP.EQ.0) THEN
DCP = O.

ELSE
R = 8.314D0
PM = 0.0289D0
A = 3.355D0
B = .575D-3
C = 0.00
D = -.01605
DCP = R*(B + 2*C*T -2*D*T**(-3))
DCP = DCP/PM

ENDIF

RETURN
END

SUBROUTINE RESULTS(N,X,TG,TS,TOUT,TC)

C
C print results as desired
C

IMPLICIT REAL*8 (A -H,0 -Z)
PARAMETER (NMX=20,NEQ=2,NSH0=10)
DIMENSION X(NMX),TG(NMX),TS(NMX),TGN(NSH0+1),TSN(NSH0+1)
COMMON /FLAGS/ ICP,IRES,IFIL
COMMON /LAGR/ DX(NSH0+1),RLM(NMX,NSH0+1)

PTC = TOUT/TC*100
WRITE(*,'(/1X,A,F9.2,A,F5.1,A)'P@ TIME = ',TOUT,' (',PTC,' % Tc)'
WRITE(*,*) ' X TG TS '

IF (IRES.EQ.1) THEN
DO 777 I = 1,NSH0+1

TGN(I) = O.
TSN(I) = O.
DO 777 K = 1,N
TGN(I) = TGN(I) + RLM(K,I)*TG(K)
TSN(I) = TSN(I) + RLM(K,I)*TS(K)

777 CONTINUE
DO 333 I = 1,NSH0+1
WRITE(*,'(10X,F4.2,5(4X,F8.3))') DX(I),TGN(I),TSN(I)

333 CONTINUE
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IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME = ',TOUT,

' (',PTC,' % Tc)'
WRITE(2,*) ' X TG TS '

DO 500 I = 1,NSH0+1
WRITE(2,'(10X,F4.2,5(4X,F8.3))') DX(I),TGN(I),TSN(I)

500 CONTINUE
END IF

ELSE
DO 1001 I = 1,N

WRITE(*,'(10X,F4.2,5(4X,F8.3))') X(I),TG(I),TS(I)
1001 CONTINUE

IF (IFIL.EQ.1) THEN
WRITE(2,'(/1X,A,F9.2,A,F5.1,A)')'@ TIME = ',TOUT,

' (',PTC,' % Tc)'
WRITE(2,*) ' X TG TS '

DO 401 I = 1,N
WRITE(2,'(10X,F4.2,5(4X,F8.3))') X(I),TG(I),TS(I)

401 CONTINUE
END IF

END IF

RETURN
END

SUBROUTINE TNORM(X,TG,TS)

C
C save normalized Gas Temperature values if desired
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20)
DIMENSION X(NMX),TG(NMX),TS(NMX)
COMMON /NCOLL/ N,NI,NF
COMMON /INIT/ TGI,TSI

DO 77 I = 1,N
IF (TGI.GT.TSI) THEN
GN = (TG(I)-TSI)/(TGI-TSI)
SN = (TS(I)-TSI)/(TGI-TSI)

ELSE
GN = (TG(I)-TGI)/(TSI-TGI)
SN = (TS(I)-TGI)/(TSI-TGI)

END IF
WRITE(3,'(2X,F6.4,2X,F9.6)') X(I), GN
WRITE(4,'(2X,F6.4,2X,F9.6)') X(I), SN

77 CONTINUE

RETURN
END
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COLOC

SUBROUTINE ABX(NT,ROOT,A,B)

C
C this subroutine determines vector of collocation points (ROOT)
C as well as the A & B collocation matrices by calling
c subroutines POINTS and ABMAT
C
C the variables in the argument list are:
C
C NT = total number of collocation points = Ni+2 (output)
C ROOT = vector containing the collocation points (output)
C A = collocation matrix of the first derivative (output)
C B = " second derivative (output)
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMAX=20)
DIMENSION ROOT(NMAX),A(NMAX,NMAX),B(NMAX,NMAX)

5 WRITE (*,10)
10 FORMAT(/1X,'Enter TOTAL number of COLLOCATION PTS

/1X,' (MAX=20) --> Ni+ 2 = ',$)
READ(*,*,ERR=5) NT
WRITE(*,'(2X,/)')
IF ((NT.GT.20).0R.(NT.LT.1)) GOTO 5

C boundary values always included
C for simplicity ALFA= BETA =O (Legendre polynomials)

NO = 1
Ni = 1
ALFA = 0
BETA = 0
NI = NT-NO-N1

CALL POINTS(NMAX,NI,NO,N1,ALFA,BETA,ROOT)
CALL ABMAT(NT,NMAX,ROOT,A,B)

RETURN
END

SUBROUTINE POINTS (ND,N,NO,N1,AL,BE,ROOT)

C
C determines collocation points The roots of
C Jacobi Polynomials P_N (alpha,beta) - uses recursion
C formulas 3.13-3.15 in Villadsen & Michelsen
C
C variables in argument list defined as:
C
C ND = physical (maximum) size of vector ROOT (input)
C N = number of interior collocation points used (input)
C NO = flag indicating if X=0 is to be included (=1) or not (=0)
C N1 = same as above, with respect to X=1 (input)
C AL = constant used in defining polynomial (input)
C BE = same as AL
C ROOT = vector containing the collocation points (output)
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NMX=20)
DIMENSION DIF1(NMX),DIF2(NMX),ROOT(ND)

C evaluate coefficients in recursion formulas
C coefficients are stored in DIF1 and DIF2

AB = AL + BE
AD = BE AL
AP = BE * AL
DIF1(1) = (AD/(AB+2)+1)/2
DIF2(1) = O.
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IF (N.GE.2) THEN
DO 10 I = 2,N

Z = AB+2*(I-1)
DIF1(I) = (AB*AD/Z/(Z+2)+1)/2
IF (I.EQ.2) THEN

DIF2(I) = (AB+AP+(I-1))/Z/Z/(Z+1)
ELSE

Z = Z*Z
Y = (I-1)*(AB+(I-1))
Y = Y*(AP+Y)
DIF2(I) = Y/Z/(Z-1)

END IF
10 CONTINUE

END IF

C root determination by Newton's Method with suppression
C of previously determined roots

X = O.
DO 20 I = 1,N

25 XD = O.
XN = 1.
XD1 = O.
XN1 = O.
DO 30 J = 1,N

XP = (DIF1(J)-X)*XN - DIF2(J)*XD
XP1 = (DIF1(J)-X)*XN1 - DIF2(J)*XD1 - XN
XD = XN
XD1 = XN1
XN = XP
XN1 = XP1

30 CONTINUE
ZC = 1.
Z = XN/XN1
IF (I.NE.1) THEN
DO 22 J = 2,1

ZC = ZC-Z/(X-ROOT(J-1))
22 CONTINUE

END IF
Z = Z/ZC
X = X - Z
IF (DABS(Z).GT.1.D-09) GOTO 25
ROOT(I) = X
X = X + 0.0001D0

20 CONTINUE

C add eventual interpolation points @ X=0 or X=1

NT = N + NO +N1
IF (NO.NE.0) THEN
DO 31 I = 1,N

J = N+1-I
31 ROOT(J+1) = ROOT(J)

ROOT(1) = O.
END IF

35 IF (N1.EQ.1) ROOT(NT) = 1.

RETURN
END

SUBROUTINE ABMAT(NT,NMAX,X,A,B)

C
C determines A & B collocation matrices
C
C variables in argument list defined as:
C
C NT = total (actual) number of collocation points (input)
C NMAX = maximum (physical) size of X, A and B
C as defined in calling subroutine (input)
C X = vector containing the collocation points (input)
C A = collocation matrix of the first derivative (output)
C B = collocation matrix of the second derivative (output)
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER(NMX=20)
DIMENSION X(NMAX),C(NMX,NMX),D(NMX,NMX),

Q(NMX,NMX),A(NMAX,NMAX),B(NMAX,NMAX)
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C get C and D matrices, as defined in Finlayson p. 77

DO 50 J = 1,NT
DO 50 I = 1,NT

IF ((X(J).EQ.0).AND.((1-1).EQ.0)) THEN
Q(J,I) = 1.
C(J,I) = 0.
D(J,I) = 0.

ELSE IF ((X(J).EQ.0).AND.((I-2).EQ.0)) THEN
Q(J,I) = 0.
C(J,I) = (I-1)
D(J,I) = 0.

ELSE IF ((X(J).EQ.0).AND.((I-3).EQ.0)) THEN
4(J,I) = 0.
C(J,I) = 0.
D(J,I) = (I-1)*(I-2)

ELSE
Q(J,I) = X(J)**(I-1)
C(J,I) = (I-1)*(X(J)**(I-2))
D(J,I) = (I-1)*(I-2)*(X(J)**(I-3))

ENDIF
50 CONTINUE

C invert the Q matrix use MATRX (library for matrix problems)

NI . 1
NF = NT
CALL INVR (Q,NT,NMAX,NI,NF)

C finally, determine A & B.

DO 100 I=1,NT
DO 100 J=1,NT

DO 100 K=1,NT
A(I,J) = A(I,J) + C(I,K)*Q(K,J)
B(I,J) = B(I,J) + D(I,K)*Q(K,J)

100 CONTINUE

RETURN
END
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MATRX

SUBROUTINE FACTOR(A,N,NP,INDX,D,NI,NF)

C
C performs LU decomposition of matrix A i.e. LU = A
C adapted from Numerical Recipes
C
C variables in argument list:
C
C A = matrix to be factorized (input)
C N = actual size of the matrix (input)
C NP = physical size of the matrix (input)
C INDX = permutation vector (output)
C D = determinant of matrix A (output)
C [NI-NF] = initial and final indexes in vector of unknowns
C NI = initial row to be operated on (input)
C NF = final row to be operated on (input)
C

IMPLICIT REAL*8 (A -H,0 -Z)
PARAMETER (NMAX=100,TINY=1.0E -20)
DIMENSION A(NP,NP),INDX(N),VV(NMAX)

D = 1.
DO 12 I = NI,NF

AAMAX = 0.
DO 11 J = NI,NF

IF (ABS(A(I,J)).GT.AAMAX) AAMAX = ABS(A(I,J))
11 CONTINUE

IF (AAMAX.EQ.O.) PAUSE 'Singular matrix.'
VV(I) = 1./AAMAX

12 CONTINUE
DO 19 J = NI,NF

IF (J.GT.NI) THEN
DO 14 I = NI,J -1

SUM = A(I,J)
IF (I.GT.NI) THEN
DO 13 K = NI,I -1

SUM = SUM - A(I,K)*A(K,J)
13 CONTINUE

A(I,J) = SUM
ENDIF

14 CONTINUE
ENDIF
AAMAX = 0.
DO 16 I = J,NF

SUM = A(I,J)
IF (J.GT.NI) THEN
DO 15 K = NI,J -1

SUM = SUM - A(I,K)*A(K,J)
15 CONTINUE

A(I,J) = SUM
ENDIF
DUM = VV(I)*ABS(SUM)
IF (DUM.GE.AAMAX) THEN

IMAX = I
AAMAX = DUM

ENDIF
16 CONTINUE

IF (J.NE.IMAX) THEN
DO 17 K = NI,NF

DUM = A(IMAX,K)
A(IMAX,K) = A(J,K)
A(J,K) = DUM

17 CONTINUE
D = -D
VV(IMAX) = VV(J)

ENDIF
INDX(J) = IMAX
IF (J.NE.NF) THEN

IF (A(J,J).EQ.0.) A(J,J) = TINY
DUM = 1./A(J,J)
DO 18 I = J+1,NF

A(I,J) = A(I,J)*DUM
18 CONTINUE

ENDIF
19 CONTINUE
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IF (A(N,N).EQ.O.) A(N,N) = TINY

RETURN
END

SUBROUTINE SOLVE(A,N,NP,INDX,B,NI,NF)

C
C solves LUx = b by backsubstitution
C adapted from Numerical Recipes
C
C arguments in variable list:
C
C A = matrix that has been factorized by FACTOR (input)
C N = actual size of matrices (input)
C NP = physical size of matrices (input)
C INDX = permuation vector defined in FACTOR (input)
C B = vector containing the solution to the matrix problem (output)
C NI = initial index in vector of unknowns (input)
C NF = final index in vector of unknowns (input)
C

IMPLICIT REAL*8 (A-H2O-Z)
DIMENSION A(NP,NP),INDX(N),B(N)

II = 0
DO 12 I = NI,NF

LL = INDX(I)
SUM = B(LL)
B(LL) = B(I)
IF (II.NE.0) THEN
DO 11 J =

SUM = SUM - A(I,J)*B(J)
11 CONTINUE

ELSE IF (SUM.NE.0.) THEN
II = I

ENDIF
B(I) = SUM

12 CONTINUE
DO 14 I = NF,NI,-1

SUM = B(I)
IF (I.LT.NF) THEN
DO 13 J = I+1,NF

SUM = SUM - A(I,J)*B(J)
13 CONTINUE

ENDIF
B(I) = SUM/A(I,I)

14 CONTINUE

RETURN
END

SUBROUTINE INVR(Q,N,NP,NI,NF)

C
C inversion of matrix Q
C
C arguments defined as in FACTOR and SOLVE
C

IMPLICIT REAL*8(A-H2O-Z)
PARAMETER(NMX=20)
DIMENSION Q(NP,NP),INDX(NMX),YID(NMX,NMX)

DO 100 I = 1,N
DO 50 J = 1,N

YID(I,J) = 0.
50 CONTINUE

YID(I,I) = 1.
100 CONTINUE

CALL FACTOR(Q,N,NP,INDX,D,NI,NF)

DO 200 J = 1,N
CALL SOLVE(Q,N,NP,INDX,YID(1,J),NI,NF)

200 CONTINUE

DO 300 I = 1,N
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DO 300 J = 1,N
Q(I,J) = YID(I,J)

300 CONTINUE

RETURN
END

SUBROUTINE MNEWT(NTRIAL,X,N,NI,NF,TOLX,TOLF)

C
C solves nonlinear system of equations by Newton's Method,
C adapted from Numerical Recipes
C
C variables in argument list:
C
C NTRIAL = maximum number of iterations to be done (input)
C X = contains initial guess on input and solution on output
C NI, NF = defined as in FACTOR and SOLVE
C TOLX = desired tolerance in the solution to the problem
C TOLF = in absolute value of functions
C
C additional comments:
C user must supply subroutine USRFUN that contains the
C jacobian matrix as well as the nonlinear functions themselves
C where: alpha(i,j) = d(fi)/dxj and
C beta(i) = - f(i)
C

IMPLICIT REAL*8 (A-H2O-Z)
PARAMETER (NP=20)
DIMENSION X(NP),ALPHA(NP,NP),BETA(NP),INDX(NP)

DO 13 K = 1,NTRIAL
CALL USRFUN(X,ALPHA,BETA)
ERRF = 0.
DO 11 I = NI,NF

ERRF = ERRF + ABS(BETA(I))
11 CONTINUE

IF (ERRF.LE.TOLF) RETURN
CALL FACTOR(ALPHA,N,NP,INDX,D,NI,NF)
CALL SOLVE(ALPHA,N,NP,INDX,BETA,NI,NF)
ERRX = 0.
DO 12 I = NI,NF

ERRX = ERRX + ABS(BETA(I))
X(I) = X(I) + BETA(I)

12 CONTINUE
IF (ERRX.LE.TOLX) RETURN

13 CONTINUE

RETURN
END
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ANZEL

PROGRAM ANZEL

C
C analytical solution of regenerator by ANZELIUS
C

PARAMETER(NMX=20)
IMPLICIT REAL*8(A-H2O-Z)
REAL*8 INTEGR,KG,KS,L
DIMENSION X(NMX),A(NMX,NMX),B(NMX,NMX)
DIMENSION THETA(NMX)
COMMON /PARAM/ ST,Y
EXTERNAL ARG

DATA CONDG,VISC / 0.026D0,1.8D -5 /

OPEN(1,FILE='DATA.DAT',STATUS='OLD')
OPEN(2,FILE='THETA.DAT',STATUS='UNKNOWN')

C data input

READ(1,*) DP, L, TGI, TSI
READ(1,*) ROS, CPS
CLOSE(1)

wRITE(*,'(/1X,A,W) 'How many values of output do you want ? :

READ*, FREQ
WRITE(*,'(/1X,A,$)') 'How many Tc do you want to go : '

READ*, NTC

C determine heat transfer coefficient

PM = 0.0289D0
R = 8.314D0
PRESS = 1.D5
KG = PRESS*PM/R
CPG = CP(TGI)
ROG = KG/TGI
U = 1./400.*TGI
VOID = 0.5D0
AP = 6*(1-VOID)/DP
RE = (DP*U*ROG)/VISC
PR = 0.7

H = (CONDG/DP)*(2+1.8*(RE**(1./2))*(PR**(1./3)))

ST = H*AP*L/(U*ROG*CPG)
WRITE(*,'(/1X,A,F5.2)'). St = , ST

C determine characteristic time

TC = (ROS*CPS/(ROG*CPG))*(1-VOID)*L/U
WRITE(*,'(/1X,A,F8.1,A)')'The Characteristic time : ',TC,' s'

C determine KS

KS = H*AP/((l-VOID)*ROS*CPS)

C determine the Xi collocation points - so that can compare solutions
C use COLOC library

CALL ABX(N,X,A,B)

C calculate THETA @ each time and position

IK = 0
TSTEP = (TC/FREQ)
TOUT = 0.

11 CONTINUE
IK = IK+1
TOUT = TOUT + TSTEP
TAU = TOUT*KS
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WRITE(*,'(/1X,A,F9.5,A,F8.2,A)') ' @ TAU = ',TAU,' or TIME =
TOUT,' s'

XA = 0.
XB = TAU
DO 33 I = 1,N
Y = X(I)
CALL QGAUS(ARG,XA,XB,INTEGR)
THETA(I) = DEXP(-ST*Y)*(1.+INTEGR)
WRITE(*,'(1X,2(A,F7.4))') 'X = ',X(I),'

33 CONTINUE

DO 44 I = 1,N
WRITE(2,'(2X,F6.4,2X,F8.6)') X(I),THETA(I)

44 CONTINUE

IF (IK.LE.(NTC*FREQ-1)) GO TO 11

END

REAL*8 FUNCTION ARG(T)

THETA = THETA(I)

C
C the function under the Integral in Anzelius' solution
C

IMPLICIT REAL*8 (A-H2O-Z)
COMMON /PARAM/ ST,Y

ARG = DSQRT(ST*Y/T) * DEXP(-T) * BESSI1(2*DSQRT(ST*Y*T))

RETURN
END

REAL*8 FUNCTION BESSI1(X)

C
C Calculates the Modified Bessel Function of order 1
C from Numerical Recipes
C

IMPLICIT REAL*8 (A-H2O-Z)

DATA Pl,P2,P3,P4,P5,P6,P7/0.5D0,0.87890594D0,0.51498869D0,
* 0.1508493400,0.2658733D-1,0.301532D-2,0.32411D-3/
DATA Q1,Q2,Q3,Q4,Q5,Q6,Q7,Q8,Q9/0.39894228D0,-0.3988024D-1,

* -0.362018D-2,0.163801D-2,-0.1031555D-1,0.2282967D-1,
* -0.2895312D-1,0.1787654D-1,-0.420059D-2/

IF (DABS(X).LT.3.75) THEN
Y = (X/3.75)**2
BESSI1 = X*(Pl+Y*(P2+Y*(P3+Y*(P4+Y*(P5+Y*(P6+Y*P7))))))

ELSE
AX = DABS(X)
Y = 3.75/AX
BESSI1 = (DEXP(AX)/DsQRT(AX))*(41+Y*(42+Y*(Q3+Y*(Q4+

Y*(Q5+Y*(Q6+y*(Q7+Y*(Q8+Y*Q9))))))))
ENDIF

RETURN
END

SUBROUTINE QGAUS(FUNC,A,B,SS)

C
C performs 10 point GAUSS INTEGRATION
C from Numurical Recipes
C

IMPLICIT REAL*8 (A-H2O-Z)
DIMENSION X(5),W(5)

DATA X/.1488743389,.4333953941,.6794095682,.8650633666,.9739065285
*/

DATA W/.2955242247,.2692667193,.2190863625,.1494513491,.0666713443
*/
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XM = 0.5*(B+A)
XR = 0.5*(B-A)
SS = 0.
DO 11 J = 1,5

DX = XR*X(J)
SS = SS + W(J)*(FUNC(XM+DX)+FUNC(XM-DX))

11 CONTINUE
SS = XR*SS

RETURN
END

REAL*8 FUNCTION CP(T)

C
C determine heat capacity as a function of the temperature

C

IMPLICIT REAL*8 (A-H2O-Z)

C define constants - for Air (valid for 273 < Tg < 2000)

C from Smith & Van Ness, 4th ed. p.109

R = 8.314D0
PM = 0.028900
A = 3.35500
B = .575D-3
C = 0.D0
D = -.016D5
CP = R*(A+ B*T + C*T**2 + D*T**(-2))
CP = CP/PM

RETURN
END

SUBROUTINE USRFUN(X,ALPHA,BETA)

C this subroutine is not needed in this model

RETURN
END


