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2. SUMMARY 

A mathematical model describing the heat transport in regenerative 

heat exchangers is presented. 

Solution of the set of equations by the method of successive over

relaxation results in the gas and material temperature along the height 

of the regenerator during the heating and cooling period. So the 

temperature of the argon gas leaving the heater is also found. Calculations 

are made for heat exchangers filled with spheres and for heaters filled 

with cored bricks. In the first computations the entering temperature 

and composition of the combustion gas is taken constant. Axial heat 

conduction is assumed to be negligible. Radiative heat transfer from the 

combustion gas is included in the model. The results of this study are 

in qualitative agreement with experimental data. A quantitative comparison 

between this theory and experiments was hampered by the lack of information 

regarding the burner settings during the heating period. 
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Nomenclature (if no different definition is given then) 

c 

d 

dt 

dx 

specific heat of the storage material 

(in appendix 1 with subscript i, specific heat of i-th 

component of the combustion gas) 

diameter of spheres or channels at a pebble bed or cored 

bricks regenerator respectively 

length of time step 

length of longitudinal step 

f known function, in time, of the inlet temperature of 

the gas 

fk corrective factor of the emissivity interaction of CO
2 

and H20 

g known distribution of the temperature of the material by 

the start of a period 

h 

h 
c 

h 
r 

k 

coefficient of heat transfer 

coefficient of convective heat transfer 

coefficient of radiative heat transfer 

thermal conductivity of the gas 

k thermal conductivity of the material 
mat 

k 
v 

m 

p 

q 

t 

v 

w 

coefficient of heat loss out of the isolation 

total mass of the storage material 

pressure of argon 

the amount of heat exchanged per unit of time 

time 

velocity of the gas 

flow rate of the gas 

x fraction of component of combustion 

density of gas 

density of gas at 1 bar and 

coefficient of viscosity of 

E emissivity 

E C radiative coefficient 
w z 

2730K 

gas 

kJ/kgK 

m 

s 

m 

K 

K 

kw/m
2

K 

kw/m2K 

kw/m
2

K 

kW/mK 

kW/mK 

kW/mK 

kg 

bar 

kW 

s 

mls 

kg/s 

2 4 
w/m K 
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A heat exchanging area 

Af free cross-sectional area 

A cross-sectional area of the storage material 
mat 

o diameter storage material 

L height storage material 

M molar weight 

S specific heat of the gas 

Tb ambient temperature 

Tg temperature of the gas 

T.m temperature of the material 

Re Reynolds number 

Pr Prandl number 

Subscripts 

i point at t-coordinate 

j pOint at x-coordinate 

m mean value of the combustion gas components 

Matrix analysis 

Ai, known matrix 

L'': lower matrix 

} I identity of Ai, 

U:'; upper matrix 

x unknown vector 

b known vector 

B over-relaxation factor 

2 
m 

2 
m 

2 
m 

m 

m 

kg/mol 

kJ/kgK 

K 

K 

K 
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3. Introduction 

This study is performed as a part of the design of the 5 MWth blow-down 

experiment which is a part of the MHD research program of the Eindhoven 

University of Technology. This experimental MHD-generator to be tested 

requires an argon mass flow of 5 kg/s at a stagnation pressure of 8 bar 

and a stagnation temperature of 2000 K. The argon flow duration is 60 s. 

Given the required temperature a regenerative heat exchanger seems at 

present the only possibility. For the ceramics to be used in the heater 

one can think of spherical pebbles or cored bricks [3.1]. 

A typical experiment will consist of the heating period, in which the 

heater will be fired during several hours and the blow-down period in 

which the argon flows through the bed during one minute. After the 

initial heating period from room temperature several experimental runs 

can be made, in so-called cyclic operation, in which the bed is only 

heated to recover from the enthalpy loss during blow-down. 

First the theoretical model and necessary equations and method of 

solution will be presented for the "simple ll case i.e. no axial heat 

conduction and constant properties of the combustion gas at the entrance 

during the heating period. To evaluate the importance of radiative 

transport, one solution without radiation taken into account will be 

presented. 

Next the assumption of negligible axial conduction will be reviewed. 

Furthermore the effect of changes in the temperature, mass flow and 

composition of the combustion gas during the heating period will be 

investigated. Results from cold starts and cyclic operation for various 

cases of combustor power and regenerator dimensions will be presented. 

The coefficients used for the spherical pebbles and cored bricks matrices 

are given in appendix 1. 

The employed computer programs with input parameters are collected in 

appendix 2. 
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4. Basic equations 

A run is defined as the total process of one heating period immediately 

followed by one blow-down period with argon. Cyclic operation means 

several runs, heating and blow-down periods, performed without delay. 

The equations are valid under the assumptions, which will be specified 

1. the temperature of the gas entering the regenerator is known in 

relation to time (boundary condition) . 

2. the temperature along the height of the storage material is known 

before the start of a run (initial condition). 

3. the mass flow of the gas is constant over one period. 

4. the gas and material temperatures are taken as the averages over the 

cross section of the heater and vary only with the height in the 

bed. 

5. the coefficient of the heat transfer is evaluated at the filmtemperature 

i.e. the average of gas and material temperature at the wall. 

6. the heat capacity of the gas is small compared with the heat capacity 

of the ceramics. 

7. axial heat conduction is neglected. 

8. the velocity of the gas in the bed is in dependant of the radius. 

9. some properties of used gases and materials are known with the temperature. 

Given these assumptions the change of the temperature of the gas and 

ceramic material in relation to time and height in the bed has to be solved. 

One can write for a volume element with height dx (fig.4.1): 

• dx 

Fig.4.1 volume-element 

a. the change of the enthalpy of the 

gas per unit of time is: 

dTg dq = - pA dx S = f· • dt 

b. the related amount of energy 

transported from the gas to the 

storage material is: 

dq hA (Tg - Tm) .dx 
L 

(4.1 ) 

(4.2) 
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c.so the material receives an energy equal to dq.dt which causes an 

increase in temperature, dTm, in time interval dt, furthermore some 

heat is lost to ambient: 

dqdt -- m ~c dTIn + k (TIn Ta) dx dt L V-

From equations (4.1), (4.2) and (4.3) two differential equations 

result: 

wS ( ;:g + ~ ~) at 
hA 
L 

(TIn - Tg) 

aTIn hA 
mc ~ '" L (Tg - TIn) - kV (TIn - Ta) 

with boundary and initial conditions 

Tg (O,t) '" f (t) 

and TIn (x,D) '" 9 (x) 

The coefficients for Tg and TIn for spherical pebbles and cored 

bricks are given in appendix 1 both for argon and combustion gas. 

5. Method of solution [5.1] 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

According to the method of characteristics, the hyperbolic differential 

equations (4.4) and (4.5) turn into 

wS 

mc 
L 

dTg '" 
dx 

dTIn 
dt 

hA 
L (TIn - Tg) 

hA 
L (Tg - TIn) - kV (TIn - Tb) 

for the characteristics 
dx dx 
- '" v and - '" 0 respectively dt dt 

with boundary and initial conditions 

Tg (O,t) '" f (t) and TIn (x,D) '" 9 (x) 

(5.1) 

(5.2) 

(5.3), (5.4) 
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The characteristic curves are shown in figure 5.1. 

Fig.S.l characteristic curves 

To determine the spatial temperature distribution at a given instant 

the calculation proceeds as illustrated in figure 5.2. 

Three stages can be distinguished: 

stage 1: the gas enters the regenerator for the first time (interval a 

in figure 5.2); the spatial distribution of the material 

temperature is known. 

stage 2: heating or cooling of the storage material (interval b in 

figure 5.2) 

stage 3: the gas leaves the regenerator at the finish of a period 

(interval c in figure 5.2) 

X-J4X 
, I 

f 1 I I 

/ I I / 
/ / I / 

J / / / 
b 

c -I 
Fig.5.2 : network used for calculations 

Since stage 3 has only a minor influence on the resulting temperature 

of the bed, the calculations are terminated after completion of stage 2. 



-10-

S.l.Stage 1: the gas enters the regenerator 

x 

f 
T1.j 

(1."-1) 1 

-t 

Fig.5.3 stage 1 

Tm1 . is known for j = l/ .•. /m. Solution 
,J 

of (5.1) results in values for Tg
1 

' 
,J 

The difference equation of (5.1) can be 

written as 

{ 
wS 

( fix )l,j + + 

This equation can be solved using the Newton-Raphson method [5.1) 

Assume the equation reads 

h (x) = 0 
o 

then the solution , X, results from the iterative process 

(k) (k-1 ) h (x(k-1)) 
0 x = x 

h (x(k-1)) 
1 

;)h 
(0) 

where hI 
0 and the initial approximation, from ax x (5.1) 

5.2.Stage 2: heating or cooling 

X Tg, 1 is known for i = 1, ...•• n and 
1, 

f serves as a boundary condition. 

From (5.2) Tm, 1 is then found again 
1. 

(5.5) 

(5.6) 

(5.7) 

with Newton-Raphson. using the difference 

--- i-I.I i.l 
~ - equation. 

---t 

Fig.5.4 start of stage 2 
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(5.8) 

and initial approximation from (5.2). 

The determination of the spatial distribution of the temperature at 

a certain instant in time means that Tg and Tm have to be determined 

in point i,j for j = 2, •••• ,m by integration along the appropriate 

paths indicated in figure 5.5. 

The values at i, j can be found frOD 

the difference equations (5.1) and 

(5.2) and the values at 0 and 1 

(figure 5.5). These values are 

.{ 1-1.J I.J determinated by linear interpolation 

i-1.i-1 

I· dt 

Fig.5.5 stage 2 

o t i.i-1 
1_ A :1 

in between (i-l,j) and (i,j). 

This results in a set of non-linear 

equations: 

{ ( ~s ). . + ( ~xS ) 0 + (hAL l. .}Tg. . = {( "x 1,)" 1,] 1,) 

wS ) - + 
t:.x i, j 

t S
) _ (hA) }Tg 

t:.x 0 L 0 0 

(5.9) 

{ ( mL:t ). . + (m: ) 1 + (hAL ). . + kv} Tm. . = 
Ll 1 , ] Lut 1, J 1. , ) 

hA 
+ (-L ) .. Tg .. + ( 

1,J 1.,J 
hA -) Tg 
L 1 1 

(5.10) 



{ 
wS wS 

( ~x In+1,j + ( Z; 

-13-

I + (-I ,T , hA } 
n+1,j-1 L n+1,J gn+1,J 

= 

= {( 
wS 
~x In+1,j 

hA } I - (-) 
n+1,j-1 L n+1,j-1 Tgn + 1 , j-1 

hA 
+ (L )n+1,j Tmn + 1 ,j 

hA 
+ ( L )n+1,j-1 Tmn +1 ,j-1 

{( me me hA 
L~t )n+1,j + ( L~t )n,j + ( L ) l' + k}Tm 1 ' n+ I J V n+ I J 

= 

+ (hAL ) l' Tg 1 ' + (hAL ) ,Tgn,J' + 2 kv Tb n+ ,J n+, J n, J 

(5.16) 

(5.17) 

This set of equations can be solved using the Newton-Raphson method with 

initial approximations from (5.1) and (5.2) under the condition 

Tg 1 1 = Tg 1 and Tm 1 = Tm n+ I n, n+l, nil 

and a time increment for step j equal to 

j -1 

dt = E 

k=l 

~x -A
f 

w - p (Tgn+1 ,k) 

5.4. Determination of the increment in time. 

(5.18) 

(5.19) 

From equation (5.12) the time increment for step i can be determined 

from the information obtained in step i-I and j = 1,2, •..• ,m according 

to 

dt ={mc dTm L • 
hA 

(Tg-Tm) - k 
L v 

if the following conditions are met: 

(Tm-Tb) 
} 

-1 
(5.20) 
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dt - lit 
= Tg, 1 . + dt 

~- , ] Tg. . - Tg. 1 .) 
~/J 1- ,J 

(5.11) 

dt - lit 
'I'm. 1 . + dt 1- , J TIn .. - TIn. 1 .) 

1,) 1- IJ 
(5.12) 

dx 
from the characteristic curve dt = v, follows 

lIx 
lit = - = 

v 

A f.p.lIx 
w 

(5.13) 

Tg
o 

and TIna are calculated like Tg 1 and TInl would be calculated 

for step j-l 

The method of successive over rel·axation (S.O.R.) following Carre 

[5.2] leads to the solution of this set. which can be written as 

A"x = ( L" + I + U'\ ) X = b (5.14) 

and iterated following 

( SL'\+ I ) x(k+l) = - ( SU* + (i-S) I)x(k) + b (5.15) 

The initial approximations follow from (5.1). (5.2). (5.11) and 

(5.12) for a certain time interval. dt. and an optimum over relaxation 

parameter S. 

x 

t 

-t 

Fig.5.6 stage 3 

5.3. Stage 3: the gas leaves the 
regenerator. 

After having calculated n steps in 

stage 2. then in stage 3 where the gas 

leaves the regenerator, the values at 

n + 1.j for j = 2 •....• m will have to 

be determined with the initial value at 

(n + 1.1) = (n ,1). The difference 

equations may be found again from (5.1) 

and (5.2) 
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1. take the maximum temperature difference between gas and material out 

of the series i-l,j and j = l,2, .... m so 

dgm = max 
j 

Tg. 1 . - Tm. 1 . I 
~-,J ~-,J 

(5.21) 

we assume the maximum occurs for meshpoint i-1,k 

2. specify the relative rise or decline in material temperature, dv, 

under the condition that this is smaller than a given maximum, dmax: 

dTm = dv.Tmi _1 ,k (5.21) 

for the case dv.Tm
i

_
1 

k > dmax then , 

dTm dmax (5.22) 

3. check if the material temperature gradient for step i exceeds the 

gradient for step i-1, if this is the case correct the value of dt 

in a way that the just mentioned gradients are equal. 

4. apply a correction to the value of dt if the resulting values 

violate the limit i.e. the entrance temperature of the gas. 

6. Results of the "simple case" 

Fig.6.1 configuration of 

the regenerator 

Calculations have been made for the 

configuration according to figure 6.1. 

The storage material (matrix), spherical 

pebbles or cored bricks, is surrounded 

by three layers of insulation. The 

matrix is heated by a specified enthalpy 

of the combustion gas. TWO mass flows and 

entrance temperature have been chosen: 
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1. 1433 kW, mass flow 0.49 kg/s, 

entrance temperature 2100 K, 

values found by an initial estimate made for this type of 

regenerator. 

2. 734 kW, mass flow 0.25 kg/s 

entrance temperature 2000 K 

estimate from a candidate manifacturer of this heater [6.1] 

To guarantee total combustion we assume 5% excess of air. Results of the 

.calculations are shown in figures 6.2 to 6.8. The coefficients used in 

these calculations are presented in appendix 1. 

Figure 6.2 and 6.3 show the temperature of the storage material along 

the height of the bed after one hour heating at both flow rates, and the 

resulting temperature after one minute blow-down with 5 kg/s argon; 

results both for cored bricks and spherical pebbles are presented. In 

figure 6.4 the decrease of the argon temperature in time is given for the 

above mentioned cases. Figure 6.5 shows the spatial distribution of cored 

brick temperature after one hour heating with 734 kW followed by the one 

minute blow-down in case radiative heat transfer from the combustion gas 

is included or neglected. Figure 6.6 shows the temperature distribution 

at the top of the regenerator in detail for those cases. Figure 6.7 shows 

the decline of the argon temperature with and without the radiative heat 

transfer term. 

The results, presented in those figures are in qualitative agreement with 

theory. No attempt has been made to model published experimental results 

because the input variables were not sufficiently specified, especially the 

loss of heat in the combustion chamber, the enthalpy of the combustion gas 

and the used configuration. 

Up to now the calculations have only been performed for maximum flow rate 

and inlet temperature (0.49 kg/s, 2100 K or 0.25 kg/s, 2000 K) the next 

step is to start at lower temperature and after some time change to 

maximum temperature keeping the same flow rate. 

Two cases have been calculated: 

1. starting a heating period of two hours at 1500 oK and then change to 

2000 oK. 

2. change from 1500 K to 2000 K after 
o 

three hours heating at 1500 K. 
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Figure 6.8 shows the results of those cases after the initial heating period 

and after a succeeding heating period of 60 and 90 minutes at 2000 K. 

From this results it can be concluded that the temperature distribution 

at the top of the bed, which strongly influences the decline of the 

argon temperature, depends on the total heating time at maximum 

temperature and that this distribution although it is influenced by 

the radiative term (see figure 6.6), is little affected by the preceeding 

history when the temperature steps are large. 

So it seems to be necessary to deal with a heating process, starting 

at a certain inlet temperature of the combustion gas and increasing 

up to the maximum value by small steps, taking into account the connection 

between the composition, the inlet temperature and -enthalpy of the 

combustion gas at a constant flow rate. This will be treated in chapter 8. 

7. The longitudinal heat conduction 

Given the results of chapter 6, showing a steep gradient of the 

temperature of the storage material along the direction of the gas flow 

it is usefull to consider the effect of heat conduction along this 

(longitudinal) direction. For a pebble bed matrix this conduction only 

occurs within the pebbles and at contact spots between the spheres so it 

can be assumed that the amount of heat, per unit of volume and time, 

transported by the conductive effect is negligible to the total heat 

that will be transported per unit of volume and time, from gas to material. 

For cored bricks the effect seems to be larger. Equation (4.5) turns into 

mc aTm 3 aTm --- + A - (k 
L at mat ax mat ax 

hA 
L (Tg - Tm) - kv (Tm - Ta) 

with the conductive term 

A a (k ~ ) 
mat a; mat ox 

where A 
mat 

k 
mat 

cross sectional area of the storage material 

thermal conductivity of the storage material 

(7 • 1 ) 

(7.2) 



Some results of chapter 6 (figure 6.3) are used to compare the 

longitudinal conductive part (7.2) to the total amount of heat exchanged, 

both per unit of volume and time. 

It appears that the effect of the longitudinal conductive heat transfer 

is less than 0.1 per cent of the total heat transferred. So for cored 

bricks this effect can be neglected also. Furthermore if this term is 

included in the model the nature of the set of partial differential 

equation will change considerably. 

8. The correlated coefficients of the combustion gas 

Up to now calculations have only been made for constant flow rate and 

composition of the combustion gas and for some cases a change (of one 

step) of the inlet temperature. To deal with a more realistic model of 

the heating period the method is extended by taking the inlet temperature 

variable for a constant flow rate. Because this temperature and 

consequently the enthalpy depends on the amount of gas which is burned 

and the excess of air which determine the composition of the combustion 

gas, this correlation will be defined.If the fuel is propane the equation 

for the reaction between x kg propane and air, with an excess of air of 

y kg is 

(8.1) 

~ 3x CO
2 

+ 1.6364x H
2
0 + (11.9636x + 0.767y) N

2
+O.233y 02 

The sum of these fractions equals the total flow rate 

w = 16.6x + y 

The heat created will be transported by the combustion gas so it 

equals the total enthalpy of the gas 

T T 4 4 
T 

xH f wc d, = f w 1: fr.C.d' 1: f wfr.c.d, 
i=l ~ ~ i=l 

~ ~ 

T T 
T 

0 
0 0 

(8.2) 

(8.3) 
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For a given value of the flow rate, W, and temperature, T, x and 

y can be estimated so the composition and consequently the enthalpy 

of the combustion gas is determined; H is the heat of combustion of 

propane. This extended model has been run several times for a step

wise increasing inlet temperature of the combustion gas. 

Results for two cases are shown in figures 8.1 to 8.5: 

1. for the interval 1500 K to 2000 K every 15 minutes an increase 

of 50 K (figure 8.1). 

2. for the interval 1000 K to 2000 K every 15 minutes an increase 

of 100 K (figure 8.2). 

Figure 8.3 shows the longitudinal temperature distribution of the 

storage material for case 1 after 15 and 30 minutes of heating at 

maximum temperature and the respectively resulting temperatures after 

one minute blow-down with argon. Figure 8.4 presents the same curves 

for case 2 after 15, 30 and 45 minutes heating. Figure 8.5 shows 

the decline in time of the argon temperature for those five cases. 

These re~ults show that the derivative of the temperature of the 

material along the height of the regenerator is smoother when heating 

with step wise increasing inlet temperature (small steps) of the 

combustion gas instead of starting at full power. This relaxes the 

assumption of neglecting the longitudinal heat conduction even more 

and the thermal stresses within the storage material will become smaller. 

Important however is that even with small step operation the temperature 

distribution at the top, which affects the decrease of the argon 

temperature during blow-down, is determined mainly by the part of the 

heating period succeeding the last step (to maximum). 

9. Cyclic operation 

Considering the long initial heating period it is usefull to run such 

an installation cyclic which means that an initial heating period followed 

immediately by a blow-down period will be succeeded by several runs of 

alternating heating and blow-down periods. 

To simulate such a process, four calculations have been made with an 

heating period of 15 minutes each followed by an one minute blow-down, 

starting with the results of figure 8.3. Figure 9.1 shows the 

longitudinal temperature distribution of the storage material at the 

• 
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end of every period. Figure 9.2 presents the decline of the argon 

temperature during every blow-down period. From the results it can 

be concluded that the theoretical equilibrium at cyclic operation 

[4.1, 4.2] cannot be achieved due to the difference between the 

temperatures at top and bottom of the matrix and the respective inlet 

temperatures of the gas. 

10. Conclusions 

From this study the following conclusion can be drawn: 

- the mathematical model used, produces results which are qualitative 

in good agreement with experiments and the analytical model [4.2]. 

However a quantitative comparison with published experimental results 

is hampered by the lack of information about necessary input data 

[10.1, 10.2, 10.3]. 

- in spite of the imperfection of neglecting the heat loss of the 

combustion chamber, it is possible to check whether or not a certain 

configuration will come up to the requirements especially the small 

decrease of the argon temperature during blow-down. 

- the model proves the influence of the radiative heat transfer on the 

shape of the temperature distribution of the material at the top of 

the bed and so the influence on the decline of the argon temperature. 

- the longitudinal heat conduction can be neglected for the considered 

geometries. 

it is important to proceed with a step wise increase of the inlet 

temperature of the combustion gas in small increments, to avoid a 

steep gradient of the temperature of the storage material and 

consequently thermal stresses. 

- to ensure a small decrease of argon temperature during blow-down it 

is necessary to heat the bed a relatively long part of the initial 

period at maximum temperature. 
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Appendix 1 The coefficients 

Definitions of the formulae used in the model of the temperature 

dependent coefficients. 

1. For the heating period with combustion gas 

Defined as a function of the combustion gas, with the assumption that 

the components of this gas are CO2 , H
2
0, N2 and 02 corresponding to the 

subscripts 1,2, 3 and 4 respectively and that the value for the mixture 

has the subscript m, the mean value la.1]: 

1- the density l: 273 
Pm : Pm = }\Pnmi --

i Tg 

2. the specific heat 
l: 

c c = x,c, 
m m i 1 1 

3. the viscosity coefficient n : 
m 

l: 
x./M. i ni 1 1 

nm l: 
x./M. i 1 1 

4. the thermal conductivity k 
m 

= (0.3 + O.4x
1

) L x,k. + 
i ~ ~ 

0.7 - 0.4x. 
1 

l: 
i 

The approximation for each component are,with xi the fractional amount 

of component i : 

ad.2. the specific heat (kcal/kg K) [a.2] 

c 1 = 0.140285 . ~&OO + 0.39429 

c
2 

= 0.2949 . (~)0.3 if Tg ~ 1000 K 
1000 

= 0.2949 . ( ~&OO )0.15 if Tg > 1000 K 

c
3 

= 0.2789 . (~&OO )0.15 
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c
4 

= 0.2605 • (~)0.15 
1000 

ad.3. the viscosity coefficient (kg/ms) [a.l] 

-9 
n

1 
= (36.875 Tg - 1341.75) • 10 if Tg >273 K 

if Tg ,,273 K 

~2 4.9 . (~)0.7 
1273 

. 10-5 

n3 = 4.61 (:EL)O.65 
• 1273 " 

10-5 

~4 5.59 (~)0.65 
1000 

. 10-5 

ad.4. the thermal conductivity (kcal/ms K) [a.l] 

kl = (24.18 Tg - 3557.9) • 10-9 if Tg > 473 K 

7 8802 (Tg) 1.3 • 10-6 
• • 473 

k2 = (17.67 Tg - 1242.24) • 10-
9 

= 3.5872 . (~?3 ) 1.35 . 10-6 

k4 = 20.54 ( ~ )0.8 • 10-6 
1273 

if Tg ,,473 K 

if Tg > 273 K 

if Tg " 273 K 
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5. The coefficient of heat transfer, h, of gas to the material is 

equal to the sum of the coefficient of convection, h , and c 
radiative, h , heat transfer 

r 
h = h + h 

c r 

- the convective term as a function of film temperature, Tg ; Tm , is 

a. for spherical pebbles [a.3] 

h 
c 

0.7 0.3 k 
0.58 Re Pr 

b. for cored bricks [a.4] 

if Re ~ 2320, laminar flow, 

d 
0.068 RePr T 

1 + 0.045 (Repr 

if Re > 2320 turbulent flow 

d 

hc = 0.116 ~ prO. 33 (Re°. 67 
- 125) {1 + ( i )0.67} 

with Reynolds number Re 

Prandl number Pr nc 
k 

- contribution to the radiative term only occurs from CO
2 

and H
2

0 

and is for both spherical pebbles and cored bricks. 

h = 
r 

c 
Tg - Tm 

-11 2 4 
with c = 1.2873.10 kcal/m s K 

the emissivity £1 and interaction term fk 
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The emissivity for 00
2 

I £2' is 

and a. = 
l 

3 
L 

i=O 

b. 
l 

c. 
l 

for T = 

n. 
(ps2 ) 

l (a'" 
l + 

(ps2) n i d. + 
l 

The emissivity for H
2
0, £3' is: 

1273 - x 
1000 

b. ) (ps2 ) -
l 

(ps2 ) 
m. + l 

m. 
l 

= (0.747 _ 0.168 

1000 
x ) {1 - exp (-Lg)} 

f ps3 (1.875 -ps3 (0.039 - 0.2436ps3» 

0.11923 
0.99 

g = 1 + 
0.137 +(PS3)0.79 

{ 
x - 273 

1000 0.495 + (ps3) 4 

for both ps is the product of the partial pressure times the thickness 

of the gas layer: ps2 for CO
2 

and ps3 for H
2
0. 

This thickness is defined 
4V 

a. for spheres: 0.9 . ~ = 0.3836 

b. for cored bricks: 0.95 

The correction term fk is: 

d 
channel 

d 
sphere 

= 1 + 0.25 • ps3 
fk 0.11 + Ps2 + ps3 

1 ( ps2 ) • n 
ps2 + ps3 

2. For the cooling period with argon 

As function of the temperature are defined: 

1. the desi ty p (kg/m3
) : p = p • p • 

n 
273 
Tg 

P pressure of argon in bar 
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2. the viscosity coefficient (kg/ms) [a.5] 

n={1.1. ~ )1.5 
2500 

2740 } 
Tg + 240 '10-4 = 2.4112 

3. the thermal conductivity k (kcal/ms K) [a.5] 

k = 0.185904 n 

1.5 
Tg 

'10 -6 
Tg + 240 

4. the radiative term can be neglected so the coefficient of hedL: 

transfer from material to gas equals the coefficient of convective 

heat transfer which as a formula is identical to the one for co::-cbust.ion 

gas 

3. Constant coefficients 

All other quantities, especially those of the materials, which have 

not been mentioned previously are taken constant; approximative values 

which are used for the calculations are given in table a.l 
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Table a.l 

List of required input data 

1. for the heating period for cored bricks (successively) 

n number of time-steps 

m number of points in longitudinal direction 

al number of layers of the insulation 

tyd time limit for c.p.u. time (in min.) 

tol relative deviation for iteration 

ja if 1 then radiative terms will be considered 

if 0 then radiative terms are neglected 

ponsen if 1 then last results will be punched (to continue at that point 

without repeting the preceeding calculation especially when 

time limit was exceeded) 

if 0 no punched output will be produced 

tr if 1 then interim results will be given 

if 0 no interim results will occur 

sr 

tvar 

conv 

cycle 

if 1 then performance with S.O.R. 

if 0 then calculation following Gauss-Seidel 

if 1 then performance with a variabel time-step 

if 0 then calculation with a constant time-step 

convergence limit for the estimation of the matrix 

if 1 then cyclic operation is calculated 

if 0 initial start 

inversion 

verder if 1 then continue period at point the program stopped 

if 0 initial start or changing of period 

kmax iteration limit 

nv, mv end points preceeding run if verder = 1 

1,1, if verder = 0 

ivar if 1 the estimation with variable inlet temperature of combustion gas 

if 0 then constant inlet temperature 

istap number of changes of inlet temperature if ivar = 1 

dv relative increase of the temperature of the material if ivar = 1 

dmax maximum increase of the temperature of the material if ivar 

tmax maximum allowed temperature of the material (=maximum Tgas) 

bstart initial value of over-relaxation factor (=1) 

ts if tvar 1 initial value of time step 

o value of constant time step 

dx magnitude of longitudinal step 

db diameter of storage material 

= 1 (oK) 

(OK) 

( s) 

(s) 

(m) 

(m) 



hb 

db 

sm 

cp 

wg 
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height of storage material (hb = (m-1) • dx) 

diameter of channels in cored bricks 

specific density storage material 

specific heat storage material 

flow-rate combustion gas 
-11 2 4 

cz coefficient of emissivity (= 1.2873 • 10 kcal/m s K ) 

pres pressure of combustion gas 

wm[1:4] molar weight of components of combustion gas 

hi coefficient 

regeneretis 

dl, kl [1 :al] 

of free convective heat transfer 
1 13 At L 2 

wall ( = -!.- ( - ) .. kal/m sk) 
3600 d 

at the outer 

diU] 

klLi] 

outer diameter of the i-th layer of the isolation 

thermal conductivity of the i-th layer 

itijd, itemp [l:istap] 

itijd 

}
if ivar 

inlet temperature of combustion gas 

point of time itemp starts 
1 

itemp 

itijd 

itemp }
'f 

inlet temperature of combustion gas ~ 
o 

ivar = 0 

hs heat of combustion of propane 

pb, pc, paa, ni, mi [0: 3] constants of emissivity 

pb pc pd paa ni 

0 0.1166 0.04 0.477 0.252 0.802 

1 0.0658 0.0245 1.712 0.01 0.715 

2 -0.0535 0.013 0.115 -0.0955 1.076 

3 0.0806 0.0816 0.691 -0.0303 0.495 

tm [1,1] initial temperature of the ~aterial at the top 

tb 

mi 

1. 542 

0.25 

2.45 

0.13 

tmin minimum value of the temperature of gas or material for 

approximation 

Added to this list are: 

the punched output of the preceeding estimation if verder = 1 

- and if verder = 0 and cycle = 1 

(m) 

(m) ., 
(kg/m~ ) 

(kcal/kgK) 

(kg/s) 

(ata) 

(kcal/kg) 

(k) 

(k) 

the distribution of the temperature of the material at the end of a 

blow-down period. 
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2. for the cooling period for cored bricks (successively) 

n, ffi, al, tijd, tol, ponsen, tr, sr, tvar, verder, kmax, nv, rnv, 

dv, dmax, tlow, bstart, ts, dx, db, dh, dk, sm, cp, wa, hI, P, dl, 

kl, [1:al], which are idential to the preceeding coefficients except: 

tlow minimum temperature of the material (= inlet temperature of 

wa 

p 

the argon) 

flow-rate of the argon 

pressure of the argon 

completed with 

tm [1:m]distribution of the temperature of the material at the 

end of the heating period 

tg [1,I]inlet temperature of the argon 

tb 

tmin minimum temperature of gas or material by 

the approximation 

enlarged by the output of the preceeding estimation of verder = 1 

,', RC-information 17 

(k) 

(kg/s) 

(ata) 

(k) 

(k) 

(k) 
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no 
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no 
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input data 
preceeding step 



stage 1: 

stage 2: 

appiCixTmahon and 

first"correction 

for tg [O,j] 
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