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Abstract---Most mathematical models of a thermal regenerator incorporate the assumption that the 
residual gas in the regenerator packing is ejected at the end of a period of operation and the regenerator 
is refilled with new gas before the next period begins. It is further assumed that this idealised evacuating 
and refilling of the channels of the packing at each reversal causes no change in the packing temperature. 

This paper describes a model of the regenerator in which a representation of gas carryover is attempted. 
The effect of the carryover predicted by this model is presented. 

NOMENCLATURE 

heating surface area of regenerator packing 

[m’]; 
specific heat of matrix [kJ/‘kg”C] ; 
heat-transfer coefficient between gas and 
solid [W/m’ “C] ; 
length of regenerator [m] ; 
mass of packing [kg] ; 
mass of gas resident in channels of packing 

[kg1 : 
length of period [s] ; 
isobaric specific heat of gas [kJ/kg”C]; 
temperature of packing [“Cl; 
gas temperature [“Cl; 
hot period inlet gas temperature [“Cl ; 

cold period inlet gas temperature [“Cl ; 
hot period exit gas temperature [“Cl; 

cold period exit gas temperature [“Cl; 
chronological mean exit gas temperature, 
hot period [“Cl; 

chronological mean exit gas temperature, 

cold period [“Cl ; 
mass flow rate of gas [kg/s]; 

distance from entrance down the length of 
regenerator [ml. 

Greek symbols 

dimensionless distance; 
dimensionless time; 

thermal ratio calculated with effect of carry 
over incorporated [dimensionless]; 
thermal ratio. carryover ignored 

[dimensionless]; 
reduced length [dimensionless]; 
reduced period [dimensionless]; 
ratio M/m [dimensionless] ; 

*Present address: Division of Mechanical Engineering, 
Commonwealth Scientific and Industrial Research Organ- 
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0, ratio C/S [dimensionless] ; 
0, time [s]. 

Superscripts 

,, 
refers to hot period; 
refers to cold period. 

INTRODUCTION 

THE BEHAVIOUR of a regenerator can be idealised by 
a model in which a gas enters at constant temperature 

at one end of a heat storing packing, loses or retrieves 
heat as it passes through the channels of the packing 

before departing with a varying exit temperature. This 
gas is then shut off at the end of the period and in 

most models it is assumed that all the residual gas is 
ejected from the matrix channels. In this paper it is 

assumed that the residual gas is pushed out by the 
other gas which enters at the opposite end of the 
packing at the start of the next period. No mixing is 
assumed to occur between the residual and the in- 
coming gases. The effect of finite reversal time is 

neglected. After a sufficiently large number of cycles, 
the temperature behaviour of the regenerator becomes 
periodic. 

This idealisation also embodies further assumptions 
specified by Willmott [l] which imply the simplest 

linear model of the regenerator, for which, for the case 
where the effect of the carryover is ignored, several 
methods of solution have been proposed (for example, 
Hausen [2], Iliffe [3], Willmott [4] and Nahavandi 

and Weinstein [S]). However, the purpose of this 
paper is to atiempt an estimate of the possible effect of 
gas carryover at the regenerator reversals upon thermal 
effectiveness. Although it is idealised that the gas left in 
the regenerator does not mix with the new incoming 
gas at the=start of the next period, in practice some 
mixing will occur. These assumptions may seem fairly 
restrictive in present day research and computing 
capability. However, the model should predict the cir- 
cumstances under which the effect of gas carryover 
might be important and should be included within 
more complicated non-linear models. 
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hlATHER1ATICAL MODEL 

The temperature behaviour of the eas and solid 
packing can be represented by the differential equations 

c’r 
-= T-r, 
(7’ 

(1) 

These equations were established by Hausen [6] and 
Nusselt [7]. The dimensionless measures of distance < 

and time rl arc defined: 

(3) 

(4) 

In these equations one or two primes are inserted 

against the various symbols corresponding to the hot 
or cold period respectively. Hausen [6] proposed a 

pair of dimensionless parameters for each period of 
operation namely 

12,4 
A = iv7 (Reduced length), (5) 

(Reduced period). (6) 

The term ~IJ/WL can be called the “gas heat storage 
term” and represents the effect of the heat capacity of 
the gas resident in the regenerator at any instant. This 
is illustrated in Fig. I 

I- ~~~~~~~ , --I 8 
P' --t--- P" 

Hot period 
I 
I Cold period 

F‘rc;. 1. Representation by model of regenerator behaviour. 
Triangles A and C represent the ejection of gas left resident 
in the packing at the end of the previous period. Triangles 
Band D represent the accumulation of gas in the regenerator 
packing at the end of the hot and cold periods respectively. 

Integration along the lines corresponding to constant 
values of ye, for example ‘1’ = 0 or $’ = n”, represents 
the following of the temperature history of a gas 
molecule as it moves down the regenerator. Thus the 
gas heat storage term causes a time delay, which in- 
creases along the length of the regenerator. in the 
manifestation of changes in both solid and gas tem- 
perature predicted using a zero gas heat storage (nz = 0) 
model. Clearly. the greater the value of the flow rate W, 

the sooner the influence of the gas cntcring lhc r-c- 

generator will bc felt. and thus the smaltcr the gas Ilc;~t 
storage term. 

For the reversing rrgcnerator. the triangles marked 
A. B. C and D on Fig. I may become important. 1 is 
the time~~space area representing the expulsion 01‘ gas 

which enters but does not leave the rcgcncrator in the 

time-space area D. Similarly triangle C. rcprcscnts the 

expulsion of gas which enters but does not tea\c the 
regenerator in the times space area B. 

The reversal boundary conditions cmbodq the 
assumption that the gas and solid tcmperaturcs at tho 
end of the hot,‘cold period are equal to those at the 

beginning of the cold,hot period, and are written as: 

7”(J!. P’) = T”(L-J,. 01. /‘(F. P’) = r’,(L-.l*. 0). 17) 

T”(J,, P”) = T’(L-y.0). f’l,l,. P”) = ,‘(I,-,I..()) (X) 

or in terms of the dimensionloss parameters for the 

solid temperatures: 

7-‘(<‘, rl! + i”, /I’“‘) 

= T”( A”( I - ;“A’), - A”( I - .j’ A’) /I”““). (9) 
y(;“. ,u + ~~~;‘I’“~~~ ) 

= T’(A’(I -,-“/A”,. -A’(1 -&y/l”) p’o’). (IO) 

In the hot period m;\z.’ is the time(s) and A’, bc’cr’ is 

the corresponding reduced time for the regenerator to 
be expelled of all the gas left in the regenerator at the 

end of the previous cold period. 171’:k is also the time 
during which gas enters but does not leave the re- 

generator at the end of the hot period. It is convenient 
to define ;irII’ and (WI” by 

nn’ = A’ ‘~(‘fl’. (III 

(jn” = A’l,lc”U”, (17) 

The differential equations (1) and (2) have been solved 

by the finite difference method described by Willmott 
[4]. expanded to facilitate integrations over the tri- 

angles ,4, B, C and D, Fig. 1. 
In the times- space triangle representing the expulsion 

ofgas at the start of the period (see Fig. 2). the number 
of space and time steps are set equal where 

A: = Arrt. 

Along the line .dB. that IS at positions (I’. PFI-Y). 
r=0,1,2 )..., VI, the initial conditions arc prescribed 
by the gas and solid temperatures at the end of the 
previous period. The gas at position m- I moves to the 
exit in time Aq. The expulsion of this gas effects a 
change in the solid temperature at the exit and the 
modified temperature is computed together with the 
temperature of this gas at the exit. Meanwhile the gas 
at position m-k moves to nz-k + I (k = 3, 3. . tn) 

and the effect upon solid and gas temperatures is cal- 
culated. The process is repeated over the remaining 
time as this carryover gas leaves the regenerator. The 
simulation of the main part of regenerator operation 
then proceeds. 

At times greater than rf > fI, the regenerator admits 
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FIG. 2. Space-time grid for finite difference 
solution of partial differential equations 
for ejection of residual gas at the start of a 

period. 

gas which does not leave the channels of the packing. 
The temperature behaviour of both gas and solid as 
this gas accumulates in the packing is calculated in 
an exactly analogous manner to that employed for the 

expulsion of gas at the start of the period. 
This procedure is applied to the next period of the 

cycle. The regenerator is simulated in this way until 
cyclic equilibrium is attained. 

EFFECT OF GAS CARRYOVER UPON 
THERMAL PERFORMANCE 

Two measures of the effectiveness of regenerator 
performance are given by the thermal ratios r&, 

r&c. Consideration here is restricted to the symmetric 
case where A = A’ = A” and II = II’ = II” in which 
case the two thermal ratios are the same and equal 

to VREG. 

If thx (Q) and tcx (Q) are the time varying exit gas 
temperatures in the hot and cold periods respectively, 
and thm and tcm are their chronological means: 

1 

J 

‘P’ 
thm = F 

0 

thx(Q) dQ, tcm = f 
J 

‘P” 
tcx(Q) dQ, 

0 

then 

&EC = 

thi - thm 

thi - tci 

tcm - tci 

r&G = -. 
thi - tci 

In the model in which gas left in the regenerator is 

driven out by the incoming gas, thx (Q) records initially 
the exit temperature of this residual gas as’it is expelled. 
The observed thermal ratio is therefore modified and 
we have elected here to measure the effect of gas carry- 
over by the ratio of the thermal ratio r#& where the 
gas carryover is incorporated into the model, to the 
thermal ratio ~/aEc computed when this effect is ignored. 
For the symmetric case &t& is the same for both hot 

and cold periods. 
The ratio &i$G/~REc has been computed over the 

range 0 < ?iII/fI < 0.4 for 0.33 6 A < 9.00 and for 

II = 1, 2 and 3. The ratios are displayed in Figs. 3(a), 

3(b) and 3(c). 

INTERPRETATION OF THE EFFECT OF CARRYOVER 

The greater the proportion of each of the periods 
required to expel the residual gas at the start of each 
of these periods, the more marked is the effect of 
carryover. 

At the end of a period gas enters the regenerator 
with constant inlet temperature but is prevented from 
leaving the regenerator by the occurrences of a reversal. 
This same gas is driven out of the regenerator in the 
opposite direction, losing or recovering some of the 
heat it gained or lost in the packing when it was 

admitted initially. This gas leaves the regenerator at a 
temperature approaching that with which it entered. 

Where the exit gas temperature for the remainder of 

the period, once the residual gas has been expelled, 
also approaches the inlet gas temperature of the 
previous period (high value of thermal ratio), the 

reversals have little effect upon regenerator behaviour. 
For A greater than about 3.5, for the values of II we 
have considered, a slight deterioration of thermal ratio 
is observed, and this deterioration increases with 
reduced length. 

For small values of reduced length, the thermal ratio 
is relatively small. The expulsion of hot gas at the start 

of the cold period, for example, significantly improves 
the thermal ratio, since a relatively cool exit tempera- 
ture during the main part of the period of operation 
must be chronologically averaged with the expelled 
hotter gas to yield a higher thermal ratio &T(;: indeed 
for A < 3, r&r& increases very rapidly by between 2: 

and 18% for small changes of ;ifI/fI from 0 to 2”;,. 
VJ$;~EG continues to rise, but less rapidly for 6IJII > 2”;, 
the rate of increase of ~$7~ rising with decreasing 

reduced length. 
Granville et ul. [S] attempted a comparison between 

experimental thermal ratios of packed regenerators and 
thermal ratios predicted by models which excluded the 
effect of the gas carryover. They concluded that for 

A/II > 2, good agreement between experiment and 
prediction is likely but that for A/II < 2 actual thermal 

ratios obtained in practice may be greater than those 
predicted theoretically. Granville el ul. interpreted this 

discrepancy in terms of the thermal capacity of the 
walls of the regenerator, and specified that the reduced 
length A should be modified. However the heat capacity 
of a regenerative system is usually incorporated within 
the dimensionless parameter reduced period lI. which 
they did not modify. 

In Fig. 4 is reproduced the graphical presentation 
of the experimental results set out by Granville et ul. 
Our model predicts this same deterioration in the 
correlation between the thermal ratio predicted with 
and without the effect of carryover being considered 
for AjfI < 2. However Granville rt ul. found that in all 
cases, the predicted thermal ratio was less than that 
observed experimentally, whereas our model predicts 
thermal ratios greater than that computed using a con- 
ventional model in some cases, smaller in others. 
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FIG;. .3(b). EfIect of carry over upon ther- 
mal ratio (II = 2). 
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FIG 3(c). Effect of carry over upon thcr- 
ma1 ratio (Cl = 3). 

Banks and Ellul [9] predicted the effects of by-pass 
flows upon the performance of rotary regenerators 
using a simple heat balance method. They considered 
the general case where carryover from one side of the 
regenerator to the other could be caused by leakage 
but not by the residual gas in the regenerator being 

ejected at the start of the period. Nevertheless their 
conclusions for leakage effects coincided with ours for 
carryover, for low values of thermal ratio qnEG. and 
implicitly for low values of A/n. 

CONCLUSIONS 

Traditional models of the thermal regenerator ignore 
the effect of gas carryover and this assumption is 
certainly justified for ranges of operation where 
A/n > 2 and 6CI/n < 40”,,. Our calculations suggest 
at worst a 2-3”/, deterioration in thermal ratio caused 
by the carryover effects. and in practice, this deterio- 
ration will be less since mixing of the resident and 
incoming gases is likely to occur. 

However, in the case where AXl < 2, great care 
must be exercised. The inclusion of carryover for (in/II 
as small as 2’;/, will cause a thermal ratio to be predicted 
which is significantly larger, by as much as 20”;,, than 
that computed using a conventional model. 

In terms of the rotary regenerator, the results pre- 
sented here are surprising in that it has been supposed 
the reversal or carryover effects will become significant 
at high rotational speeds. The reverse proves to be the 
case. At low rotational speeds. the low cold side thermal 
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FIG. 4. Importance of ratio A/II on the ratio n~r_oirl.,. 17~ = thermal ratio determined 
experimentally. 

ratio, for example, is enhanced by the hot gas which is 
carried over at the reversal. High rotational speeds 
correspond ‘usually to large values of thermal ratio 
when the effect of carryover is small. 

The significance of these results for simultaneous 
heat and mass transfer in a regenerator remains to be 

examined. This problem is complicated where the heat 

and mass transfer are coupled as in the case of a 
regenerator used for air conditioning where both heat 
and moisture transfer take place. If the thermal ratio 

is high but the corresponding ratio for mass transfer is 
small, our conclusions suggest that carryover effects 

are likely to be important. 
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DUN REGENERATEUR THERMIQUE 

R&m&La plupart des modeles mathtmatiques de rtgenerateurs thermiques retiennent l’hypothtse 
suivant laquelle les gaz residuels contenus dans le rtgenerateur sont ejectts a la tin de la phase d’operatton 
et le rtgtnerateur rempli de gaz frais avant que ne commence la phase suivante. On suppose, en outre. 
que les operations idealistes d’evacuation et de remplacement des gaz dans les canaux de remplissage a 
chaque phase nouvelle ne modifient pas la temperature du contenu. 

L’article decrit un modele de regenerateur dans lequel on a essaye de tenir compte du deplacement 
des gaz. On prtsente les resultats prevus par le modele de l’etlet du deplacement des gaz. 

DER EINFLUSS VON GAS-WARME-SPEICHERUNG AUF DAS 
VERHALTEN VON THERMISCHEN REGENERATOREN 

Zusammenfassung-Die meisten mathematischen Modelle eines thermischen Regenerators enthalten die 
Annahme, da13 das Restgas in der Regeneratorpackung am Ende der Arbeitsperiode ausgestoBen und 
der Regenerator mit neuem Gas gefiillt wird, ehe die nachste Periode beginnt. Es wird weiter angenommen. 



dal.( diese idcalisiertc Evakuierung und Wicderfiillung der Knnhle dcr Packung bci iedct- I!mhehl- Lc~nc 
VerSndcrung in der I’rtckun@stemperatur hervorruli. 

In dieser Arbeit wird tin RcgcneratoI-model1 beschrieben. in der eine Beriickwhtigunp xon Rcstgah 
versucht wird. Der nach dicsem Modell ermlttelte EinlIuD des Restgascs irt wicdct-gegc,hcw 

BJIMIIHME AKKYMYABUMM TEI-IJIA I-A3A HA XAPAKTEPMCTHKY 
TEPMOFEHEPATOPA 

AHHorauw- 6O.lbUlMHCTE0 MaTeMaTMWCKMX MOIWIeii TepMOreHepaTOpa OCHOBaHbt Ha fiOiIy- 

IWHMM, 410 OCTaTO~Hbl~ TL%3 3 H%WlKe pereHepaTOpa Bbl6paCblBaeTC~ B KOHUe pa6owro UUKJW 3i 

pereweparop tstiotsb tianonttneTCn tio9btM ra30iv a0 ttagana cnenywuero wiKna. Aanee npenno- 

naraeTCa, wo 3Ta t+neanswipoBattttafl 0TKaqKa M noeToptfoe 3anonHewie ra30M KaHanoB HacagXE 

B KaWCnOhf UHKJte He BbY%bfBaeT li3MeHeHMS TC~nepaTypbl HaCaAK~. 
Ilpeacraanetta Monenb perettepaTopa, B KOT~POR nenaeTc8 nonblTKa IIO-HOBOMY npencTaswb 

nepetfOC ra3a. PaCCMaTpMBaCTCR 3+&KT 3TOFO RepeHOCa,IIpe,ICKa3b~BaeMOii LUiHHOii MOJWtblO. 


