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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
A, heating surface area of regenerator packing
[m?]:
C,  specific heat of matrix [kJ/kg°C];

h. heat-transfer coefficient between gas and
solid [W/m?°C];

L, length of regenerator [m];

M, mass of packing [kg];

m, mass of gas resident in channels of packing

[kg]:
P, length of period [s];
S, isobaric specific heat of gas [kJ/kg°C];
T, temperature of packing [°C};
t, gas temperature [°C];
thi,  hot period inlet gas temperature [°C];
tei,  cold period inlet gas temperature [°C];

thx, hot period exit gas temperature [°C];

tex,  cold period exit gas temperature [°C];

thm, chronological mean exit gas temperature,
hot period [°C];

tem, chronological mean exit gas temperature,

cold period [°C];

W, mass flow rate of gas [kg/s];

V, distance from entrance down the length of
regenerator [m].

Greek symbols

¢, dimensionless distance;
", dimensionless time;
nile, thermal ratio calculated with effect of carry

over incorporated [dimensionless];

nrec, thermal ratio, carryover ignored
[dimensionless];

A, reduced length [dimensionless];

I,  reduced period [dimensionless];

U, ratio M/m [dimensionless];
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o, ratio C/S [dimensionless];
0, time [s].
Superscripts

’

R refers to hot period;
i 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 [1] 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, liffe [3], Willmott [4] and Nahavandi
and Weinstein [5]). However, the purpose of this
paper is to attempt 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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MATHEMATICAL MODEL
The temperature behaviour of the gas and solid
packing can be represented by the differential equations
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These equations were established by Hausen [6] and
Nusselt [ 7]. The dimensionless measures of distance &
and time # are defined:
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In these equations onc 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

B hA
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{Reduced length), (5)

hA m :
M= -—— P_W) {Reduced period). (6)
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The term my/W L 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. 1.
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FiG. 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 regencrator
packing at the end of the hot and cold periods respectively.

Integration along the lines corresponding to constant
values of #, for example #' = 0 or " = I'1", 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 (m = 0)
model. Clearly. the greater the value of the flow rate W,

the sooner the influence of the gas entering the re-
generator will be felt. and thus the smaller the gas heat
storage term.

For the reversing regenerator. the triangles marked
A, B, C and D on Fig. | may become important. A4 is
the time-space area representing the expulsion of gas
which enters but does not leave the regenerator in the
time-space area D. Similarly triangle C represents the
cxpulsion of gas which enters but does not leave the
regenerator in the time-space area B.

The reversal boundary conditions embody the
assumption that the gas and solid temperatures at the
end of the hot/cold period are equal to those at the
beginning of the cold/hot period, and are written as:

T'(y.P)=T"(L—y0). {(y.P)=1"(L—1.0). (7)
Ty, P")= T(L—=y. 0. ("2, Py = {'(L—v.0) (&)

or in terms of the dimensionless parameters for the
solid temperatures:

e n+cpa)
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TUE T 4 & ")

= TN (L =EA"), =N (1 =AY ia). (10)

In the hot period mi'/w' is the time(s) and A’’’ 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. m'/w’ 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 31T’ and 811”7 by

ol = A'la'.
ol = A" p'o".

(I
(12)

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 time-space triangle representing the expulsion
of gas at the start of the period (see Fig. 2). the number
of space and time steps arc set equal where

AZ = A/m,
Ap = oll:m.

Along the line 4B, that is at positions (r, m—r),
r=0,1,2,...,m, the initial conditions arc prescribed
by the gas and solid temperatures at the end of the
previous period. The gas at position m— | moves to the
exit in time An. 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 m—k+1 (k=23..... m)
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 # > I, the regenerator admits
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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 nzze,
nzrec. Consideration here is restricted to the symmetric
case where A =A"= A" and [T =1IT" = 1" in which
case the two thermal ratios are the same and equal
to NreG-

If thx (6) and tcx (8) are the time varying exit gas
temperatures in the hot and cold periods respectively,
and thm and tcm are their chronological means:

L P e
thm = FJ thx(0)d0, tcm = fTJo tex(0)do,

"
0

then
, thi—thm
TREG = i
Y tem—tci
NREG = m

In the model in which gas left in the regenerator is
driven out by the incoming gas, thx (f) 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 #3L; where the
gas carryover is incorporated into the model, to the
thermal ratio ngge computed when this effect is ignored.
For the symmetric case n¥}; is the same for both hot
and cold periods.

The ratio #¥s/Mrec has been computed over the
range 0 < oII/IT <04 for 033 < A <900 and for

IT=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 IT 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 3} ; indeed
for A < 3, n¥L; increases very rapidly by between 2%,
and 189, for small changes of ST1/TT from 0 to 2%,
1%L continues to rise, but less rapidly for 8T1/TT > 29,
the rate of increase of yy}f; rising with decreasing
reduced length.

Granville et al. [8] 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/T1 > 2, good agreement between experiment and
prediction is likely but that for A/IT < 2 actual thermal
ratios obtained in practice may be greater than those
predicted theoretically. Granville et al. 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 I, which
they did not modify.

In Fig. 4 is reproduced the graphical presentation
of the experimental results set out by Granville et al.
Our model predicts this same deterioration in the
correlation between the thermal ratio predicted with
and without the effect of carryover being considered
for A/TT < 2. However Granville et al. 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.



824

/”7"99

S
reg

7,

87 Mo

A. J. WiLLMoTT and CLARE HINCHCLIFFE

el A-05.
I_I6F
.14
12k
110 H A=l
1.08 H
1.06 11
A=2
1.04 {
A=3
1.02
A=4
A=5
1.00
L L I | |
o} 10 20 30 40
'SH—H: Yo

FiG. 3(a). Effect of carry over upon ther-
mal ratio (IT = 1).
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F1G. 3(b). Effect of carry over upon ther-
mal ratio (IT = 2).
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F1G. 3(c). Effect of carry over upon ther-
mal ratio (IT = 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 nggg. and
implicitly for low values of A/TI.

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/IT > 2 and SI/IT < 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 A/l < 2, great care
must be exercised. The inclusion of carryover for 3I1/T1
assmall 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



The effect of gas heat storage upon the performance of the thermal regenerator

825

I | T T | ] I I 1
x L4 o
0= R Y S _$ 100 ]
x .i{—: RS D Ty L 50720
o9l I e ——r = Syn]
: {;40‘«}. D A N . 15710
AN (— H
r s S)
0.8 :g//." } A as parameter
¢I "
k 7
07 .4 -
8l ~ 3.
P‘r 3
0.6 bt —
o
05 '; —
?
I
0.4 L’ —
LY
4
03 —
.
oz 1 1 1 1. o | | l |
: 1 2 3 4 5 7 8 ) 10 I

Al g f—

FiG. 4. Importance of ratio A/I1 on the ratio yreg/ix . = 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 smail.

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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EFFET DE LA CHALEUR ACCUMULEE PAR LES GAZ SUR LES PERFORMANCES
D’'UN REGENERATEUR THERMIQUE

Résumé—La plupart des modéles mathématiques de régénérateurs thermiques retiennent I'hypothese
suivant laquelle les gaz résiduels contenus dans le régénérateur sont éjectés a la fin de la phase d’opération
et le régénérateur rempli de gaz frais avant que ne commence la phase suivante. On suppose, en outre,
que les opérations idéalisées d’évacuation et de remplacement des gaz dans les canaux de remplissage &
chaque phase nouvelle ne modifient pas la température du contenu.
L’article décrit un modéle de régénérateur dans lequel on a essayé de tenir compte du déplacement
des gaz. On presente les resultats prévus par le modele de effet 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, daB das Restgas in der Regeneratorpackung am Ende der Arbeitsperiode ausgestoBen und
der Regenerator mit neuem Gas gefiillt wird, ehe die nichste Periode beginnt. Es wird weiter angenommen,
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dal} diese idealisierte Evakuierung und Wiederfiillung der Kanéle der Packung bei jeder Umkehr keme
Verdnderung in der Packungstemperatur hervorruft,
In dieser Arbeit wird cin Regeneratormodel] beschrieben. in der cine Beriicksichtigung von Restgas
versucht wird. Der nach diesem Modell ermittelte EinfluB des Restgases ist wicdergegehen.

BJIMAHUE AKKYMVJIALUMU TEIJIA TA3A HA XAPAKTEPUCTUKY
TEPMOT'EHEPATOPA

AHHOTAUMS — BOIBUIMHCTBO MaTeMaTUYECKUX MOJeseH TepMOTreHepaTopa OCHOBAaHBI Ha [OTY-
LISHUM, 4TO OCTATO4HBIH ra3 B HACAAKEe pereHeparopa BblOpaceiaeTcs B xouue pabowero uukna u
pereHepaTop BHOBb HAMOJIHAETCA HOBLIM Ira3oM JI0 Havana creayloulero uukna. Hanee npempo-
JIaraeTcs, 4TO 3Ta MACANIMIMPOBAHHAS OTKAYKA WM MOBTOPHOE 3ATOJIHEHHE ra30M KaHalOB HacalKH
B K&X/[IOM LIHK/IE HE BbI3LIBACT WIMEHCHUKS TEMNEPATYDbl HACAIKH.
[Mpeacrasnena Monens pereHepaTopa, B KOTOPOH HeNaeTcs NONbiTKa MO-HOBOMY TIPEACTABHTH
nepexoc rasa. PaccmatpusaeTcs 2pdekT 3TOTO nepeHoca, Mpeacka3biBaeMol NaHHONH MOAEBIO.



