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Abstract—In regenerative heat and mass exchangers, or regenerators, heat and one or a number of
adsorbates are transferred cyclically from one fluid stream to a porous matrix and then from the porous
matrix to the other fluid streams. In the simple model used here transfer is described by-a single film
transfer coefficient, and diffusion in the fluid flow direction and sorption hysteresis are neglected. The
equations describing the behaviour of this model are non-linear coupled hyperbotic simultaneous partial
differential equations.

The equations are solved by replacing the former dependent variables, the enthalpy and adsorbate
contents of the fluid, by new dependent variables, the characteristic potentials, and by making approp-
riate assumptions. The characteristic potentials and assumptions are chosen so that the equations are
divided into a number of sets of equations. Each set describes the behaviour of only one of the character-
istic potentials and is the same as the equations for heat transfer alone except that the characteristic
potential replaces temperature as the dependent variable and characteristic specific capacity ratio replaces
the matrix/fluid specific heat ratio in the coefficients of the equations. The solution given in the literature
for heat regenerators may therefore be used to find a solution for each characteristic potential in turn
and hence for the enthalpy and adsorbate contents of the fluid. The resulting solution is an approximation
to that of the model because of the assumptions.

The application of this method to air conditioning regenerators is illustrated with a numerical example.

NOMENCLATURE E, =A,J0 + Ey), E; =C,/Cy, E5=

C;, (1 + u©)L/(r;v;), parameter describing C.E, = A,C,/(A,C,)[dimensionless];
Jjth period of sensible heat regenerator E;;, heatand massregenerator parameters for
[dimensionless] ; ith characteristic potential E;, = A,/

Ci» (1 + ui)L/(t;v;), parameter describ- (1 + Ey), E;; = Cp/Cyy, Eiz =Cyy, Eyy
ing jth period of heat and mass regener- = A;,Ci,/(4;,C;;) [dimensionless] ;
ator for ith characteristic potential f,  friction factor based on mean wall shear
[dimensionless]; stress [dimensionless] ;

Crnax maximum value of (1 + po)L/(z;v;) in F, ith characteristic potential, i =1 to n
matrix [ dimensionless] ; [dimensions arbitrary];

Chnine minimum value of (1 + w;0)L/(tv}) in J, lumped matrix-fluid film transfer co-
matrix [dimensionless] ; efficient per unit mass ofAfluid [s™1];

E; sensible heat regenerator parameters J;,  value of J during jth period [s™'];
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L, depth of matrix in flow direction [m];
n, number of components transferred
across matrix—fluid interface [dimen-
sionless] ;
St, Stanton number [dimensionless];
t,  temperature [K];
v, (=t ity i — Ly, in)
[dimensionless] ;
t; in» inlet fluid temperature to period j [K];
t; ou» mean outlet fluid temperature from
period j [K];
v,  mean velocity of fluid in matrix [ms™'];
v, mean velocity of fluid in matrix during
period j [ms™1];
enthalpy, j = 1, [Nm kg™ '] or sorbate,
j =2 to n, [dimensionless] content of
the fluid, i.e. enthalpy or jth sorbate
mass per unit mass of fluid other than
sorbate;
enthalpy, j = 1, [Nm kg™ '] or sorbate,
j =2 to n, [dimensionless] content of
the matrix, i.e. enthalpy or jth sorbate
mass per unit mass of matrix other than
sorbate;
x, distance from entrance of matrix in
fluid flow direction [m];
x',  x/L, distance [dimensionless] ;
7.  ith characteristic specific capacity ratio,
i = 1 to n [dimensionless] ;
i, ith characteristic specific capacity ratio,
defined as a function of the ith charac-
teristic potential alone [dimensionless];
mean of y, along a characteristic, see
section 6.1 and equation (12) [dimen-
sionless] ;
pressure drop
[Nm™*];
= (b1, on — b1, w)/(t2, .0 — 11, ) tempera-
ture effectivity for period one [dimen-
sionless] :
= (3, 0n — t2,w/t1,a — t2, ), tempera-
ture eftectivity for period two [dimen-
sionless] :
F, effectivity for period j, defined analo-
gously to temperature effectivity [di-
mensionless] ;
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A;, =1+ p;e;;LAu;6;0;), parameter de-
scribing jth period of sensible heat
regenerator [dimensionless];

Ayjy = (1 + pyi)d Liw7i;50;), parameter de-
scribing jth period of heat and mass re-
generator for ith characteristic potential
[dimensionless];

i, matrix mass divided by fluid mass con-
tained in matrix, each mass excluding
sorbate [dimensionless] :

up value of u for jth period [dimension-

less];
6, time from beginning of period [s];
&, = 0/t; time from beginning of period

[dimensionless] ;
p,  density of fluid [kg m™?];
o, matrix/fluid specific heat ratio [dimen-
sionless];
o, mean value of ¢ over a discontinuous
temperature wave [ dimensionless];
mean value of o between sensible heat
regenerator inlet fluid temperatures for
jth period [dimensionless];
7,  length of jth period [s].
Subscripts used with F,, £, t', w;
1. at state of fluid ;
m,  at,orin equilibrium with, state of matrix.

1. INTRODUCTION

REGENERATIVE heat and mass exchangers,
termed regenerators, are used or have been pro-
posed for use in a variety of applications. The
mass exchanged between fluid and sorbent
matrix is termed sorbate, and the sorption
process may be adsorption or absorption.

In chemical engineering, cyclic sorption
operations in fixed beds or matrices are im-
portant [1] and can be considered as heat and
mass regenerators. In a common type, an
impurity is removed from a fluid by the sorbent
matrix and the matrix is periodically regenerated
using the same or a different fluid. The drying
of industrial gases with silica gel is an example
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of this type. The regenerative dehumidifier
example considered in section 7 is essentially a
silica gel air drier.

In air conditioning, the three types of heat and
moisture regenerator used differ in the outlet
states obtained for given inlet states. These
types are the sensible heat regenerator [2] with
high heat and low moisture storage capacity in
the matrix, the regenerative dehumidifier [3]
with Jow heat and high moisture storage
capacity and the total heat regenerator [4] with
high heat and high moisture storage capacity.
These devices are usually in the form of a rotating
matrix with two axial counter flow streams
similar to the Ljungstrém regenerator used for
boiler air preheating.

Sensible heat regenerators are used for heat
recovery from exhaust air in air conditioning [2]
but total heat regenerators give greater heat
recovery in hot humid and cold areas [4].
Regenerative dehumidifiers are used when low
humidities are required in air conditioning [3].

Interest in sensible heat regenerators and
regenerative dehumidifiers has increased lately
as two new air conditioning cooling cycles using
them have been proposed. These are the Pen-
nington cycle [5, 6] which is being developed in
the U.S.A. by the Gas Developments Corpora-
tion and the Dunkle cycle [7] which CSIRO,
Australia considered for solar air conditioning
some years ago. The development of at least the
latter cycle has been retarded by the lack of an
adequate theory of regenerative dehumidifier
operation.

Analogies are useful in treating transport
phenomena. The earliest and best known is
Reynolds analogy between heat and momentum
transport. This analogy is based on a simple
comparison of the form of the equations des-
cribing heat transport with the form of those
describing momentum transport. In coupled
heat and mass transfer, analogies to heat
transfer alone are not so obvious. However, if
appropriately chosen new dependent variables
are introduced to replace enthalpy and sorbate
content, the differential equations for coupled
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linear heat and mass transfer may be reduced to
the same number of uncoupled differential
equations. Each set of uncoupled differential
equations describes the behaviour of one of the
new dependent variables and is analogous to the
set of equations for heat transfer alone. The
mathematical methods of matrix algebra are
useful in choosing the new dependent variables
especially if more than two components are
being transferred. If the original coupled equa-
tions are non-linear it is usually necessary
to make some assumptions in using this
approach.

This method was first used by Henry [8] and
has since been used by many other authors,
discussed in [9]. Close and Banks [9] have
indicated that this method may be used in
complicated situations, such as coupled heat and
mass transfer occurring during fluid flow through
a sorbent matrix involving diffusion in the
matrix, diffusion in the fluid along the flow
direction and transfer across the fluid—-matrix
boundary.

The heat and mass regenerator model (sec-
tion 2) and analysis (section 5} used below is
similar to that used by Banks et al. [10], who
applied the analogy method to predict the res-
ponse of fluid flowing through a sorbent matrix
to a step change in inlet state, when heat and a
single sorbate were transferred at rates deter-
mined by film transfer coefficients. The new
dependent variables introduced are called the
characteristic potentials F; and are analogous to
temperature t. Associated with the F, are charac-
teristic specific capacity ratios y, which are
analogous to the matrix/fluid specific heat ratio
o. The properties of F; and y; have been discussed
in detail by Banks [11] for the equilibrium or
infinite transfer coefficient case of heat and single
sorbate transfer. F; and y; correspond to the
characteristic parameters and directions, w,
and o), used by Rhee and Amundson [12] in
describing equilibrium heat and multi-sorbate
transfer. An important assumption in the analy-
sis below is that the film transfer coefficients for
heat and all sorbates are equal, which for [10]
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implied that the Lewis number was unity. The
Lewis number is close to unity for air/water-
vapour mixtures [13]. The assumption of equal
film transfer coefficients will not be valid for all
fluid mixtures but it is used here as a first
approximation.

The enthalpy and sorbate contents of the
matrix, W, are usually non-linear functions of
the enthalpy and sorbate contents of fluid in
equilibrium with the matrix, w;,,. This non-
linearity requires that two assumptions (sections
5.2.1 and 5.2.2) be made in transforming the
coupled equations to uncoupled form. If F; and
are chosen appropriately, these two assumptions
result in negligible error for reasons given in
sections 5.2.1 and 5.2.2. The appropriate choice
of F; and v, for two stream counter flow regener-
ators with two transferred components is dis-
cussed in section 6.

This non-linearity also results in uncoupled
differential equations, which are analogous to
heat transfer alone equations with matrix/fluid
specific heat ratio dependent on temperature.
Solutions to this heat transfer alone problem
are not given in the literature but the literature
solutions for constant specific heat ratio may be
used to provide an approximate solution as
described in section 3 for two period or stream
counter flow regenerators. The wave theory
solutions for heat transfer alone in section 4
provide theoretical justification for this approxi-
mate solution. It can be seen from section 4 that
the approximate solution predicts the mean
outlet temperature over a period better than it
does the variation in outlet temperature. In air
conditioning the mean outlet state is more
important than the variation in outlet state.

The two assumptions and the approximate
solution mentioned above are unnecessary if
the enthalpy and sorbate contents of the matrix
are linear functions of the enthalpy and sorbate
contents of fluid in equilibrium with the matrix,
or if the inlet states are sufficiently close for the
functions to be considered linear. For most
practical problems the separation of the inlet
states requires the use of the assumptions and
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the approximate solution. This is true of the
examples of air conditioning regenerator design
given in section 7 to clarify the application of
the theory presented in the preceding sections.

Previous mathematical methods of predicting
sensible heat regenerator performance have
been reviewed by Dunkle and Maclaine-cross
[2]. These methods neglect the effect of sorbate
storage in the matrix on heat and mass transfer
performance, but this effect is included by the
authors’ method. The authors have not found
any literature on mathematically predicting
total heat regenerator performance.

Prior attempts at mathematically predicting
the performance of regenerative dehumidifiers
have been directed at solving the equations for a
step change in inlet state of fluid flowing through
a porous medium [14-16]. This approach gives
satisfactory prediction only if the entire bed is
in equilibrium with the inlet fluid at the end of
each period. Since this condition results in
reduced dehumidifying efficiency it is not often
satisfied in practice. The theory presented in this
paper does not require the above condition.

2. THE SYSTEM MODEL AND EQUATIONS

Heat and mass transfer in regenerators takes
place due to the sorbent matrix exchanging heat
and mass alternatively with each of the fluid
streams. Heat and mass transfer also takes place
due to portions of the fluid streams bypassing
the regenerator. This effect may be treated as for
sensible heat regenerators [2] and is not dis-
cussed here. In chemical engineering regener-
ators the matrix is usualy stationary and the fiuid
streams are alternatively passed through the
matrix using valving. In most air conditioning
regenerators the matrix is mounted in a frame
which is rotated in a housing. The housing has
seals to separate the air streams and ensure that
they pass through the matrix. The matrix and
frame usually form a wheel (Fig. 1) with axial
flow but could be a drum with radial flow.

The equations describing heat and mass
transfer in a small element of the matrix in the
flow direction (Fig. 1) will be considered below.
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L Housing
Small element
P A
/S /Q/’ / Frame
/
- Matrix
T INSH
N\ \ / Rotation
Ve Air fiow

FiG. 1. Two stream counter flow air conditioning regenerator
with a small element marked out as discussed in Section 2.

The matrix may be considered to be made up
of a number of similar small elements each
subject to the same boundary conditions and
with the same time mean outlet states. The time
mean outlet state of one such small element
during a given period is the mean outlet state
of the whole regenerator for the flow stream
corresponding to the given period.

The following model (Fig. 2) of an element will
be used. The enthalpy and sorbate contents of
the matrix, W, fluid, w;, and fluid in equilibrium
with the matrix, w,,. vary only with distance in
the flow direction and time. Sorption hysteresis
is neglected so that the W, are single-valued
functions of the w;, The mass ratio u and

L
X
Perfec{  insuldtor
Fluid v oty w
g
Mo?nx /////fm “/,me/////?////

rfect” insulqto

Fi1G. 2. Model of small element of matrix.
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velocity v are constant. Diffusion and dispersion
in the fluid flow direction and transfer flux
coupling are neglected.

Transfer between the fluid and matrix is
assumed to be described by a single film transfer
coefficient J. This assumption is satisfactory in
air conditioning where the Lewis number is
close to unity, [13], and in some chemical
engineering problems where a number of similar
sorbates are being transferred.

The conservation equationsare, following [ 10]
and justification [11],
ow; )
%ﬁ ’a“x—“ —65 =0, j=1ton
The transfer rate equations may be written,
compare [10],

1)

WI“"J(W jf)=0’ j=1t0n. (2)

K20
These equations are solved with the equilibrium
relationships, compare [10],

W, =Wilw,)hk=1ton, j=1ton (3)

3. GENERAL THEORY OF HEAT TRANSFER ALONE

If heat alone is transferred equations (1) and
(3) for j = 1 become
ot, Oty Oty
‘a"é‘ -+ 05‘; + uo % 0
and equations (2) and (3) for j =1 become,
assuming that the specific heat of the fluid is
constant,

“

6
) 4 J(ty — ) =0, 5)

Equations (4) and (5) are conventionally
solved, references given in [2], by assuming
constant specific heat ratio o and negligible fluid
heat storage term 0t /06 in equation (4). In the
following three paragraphs it will be indicated
why these two conventional approximations are
unsatisfactory for the purposes of this paper and
two alternative approximations will be proposed
and justified.



1230

The assumption of constant ¢ is satisfactory
for sensible heat regenerators, but the use of the
analogy method for regenerative dehumidifiers
and total heat regenerators requircs considera-
tion of large variations in o, which are almost
5:1 in the examples in section 7. It is shown in
section 4 that replacing ¢ by its mean value
between the two inlet temperatures for a given
period G, then using constant ¢ solutions is a
good approximation for the limiting case of
high J. For finite J the variation of matrix
temperature and hence o is less, so the approxi-
mation is expected to improve. Furthermore this
approximation gives the correct result if ¢ is
constant, so that it may be used for all cases.

The assumption of negligible 2t/ in
equation (4) is satisfactory if uo > 1, but the
application of the analogy method to air
conditioning sensible heat regenerators requires
consideration of low values of uo and for the
sensible heat regenerator example in section 7,
po = 0. Temperature distributions assuming
constant ¢ and negligible 0t,/00 in equation (4)
have been given by Hausen [ 17] and Mondt [ 18]
for counter flow regenerators and by Johnson
[19] and Kays and London [20], Chapter 3,
for a step change in inlet temperature of fluid
flowing through a porous medium. Hausen [17]
discussed the approximation 0t /00 ~ dt,,/00 in
detail for symmetric counter flow regenerators,
and applied it to determine the effect of solid
diffusion in the matrix. The temperature distri-
butions and Hausen’s discussion show that
0t,,/00 always lies between 0t /00 and zero, and,
except near the fluid inlet at the start of a period
or immediately after the step change,
0t;/08 ~ 0t,/00. This suggests that replacing
0t,/00 in equation (4) by 0t,/00 is a better
approximation than replacing it by zero.

In practical cases, when uo is small C,,, <1
also, and section 4.2 shows that the authors’
approximation gives exact values of effectivity.
If ¢ is constant and a transformed time co-
ordinate 8 — x/v is introduced to eliminate the
fluid storage term 0t,/00 from equation (4) an
exact solution is obtained for the step change
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case [ 19, 20]. Unfortunately this transformation
does not lead to a general solution for the
counter flow regenerator due to difficulties with
boundary conditions, but for the special case of a
regenerator with C,,,, < 1 the exact step change
solution is applicable. Figure 3, which is a

Exact solution

~——- Conventional gpproximation
—=— = Authors’ approximation

02

o 05 0 5 20
8s1¢, )

FiG. 3. Dimensionless outlet fluid temperature ¢ as a function
of the dimensionless time 8/C 7, for period one of a regener-
ator with A, = 20, uo = 1 and C,,, < 1. The exact solution
is compared with the conventional approximation (dt,/
00 = 0) and the authors’ approximation (9t,/36 = dt,,/06).

diagram of dimensionless outlet temperature
against dimensionless time for uo =1 and
A = 20, shows that the authors’ approximation
is much closer to the exact solution than the
conventional approximation. The authors’ ap-
proximation may be used for alil practical cases
because when the error from the conventional
approximation is large it gives superior results
(this paragraph), and when the error from the
conventional approximation is small there is
good reason to suspect that the error from the
authors’ approximation is smaller (previous
paragraph).

The two new approximations discussed above
will be used throughout below so that a single
set of design equations may be applied to all
cases. With the two approximations and intro-
ducing the dimensionless co-ordinates ¢/, ¢, x’
and 6’ and the dimensionless parameters Cj, A;
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F1G. 4. Dimensionless boundary conditions for two period
counter flow regenerator.
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equations (4) and (5) become

oty oty, :

E+Cja—07—-01 .]_1'2 (6)
at, o .

CJ.EO—,+AJ(t,,,—tf)=O. i=12 )

where the subscript j indicates the flow period.
Period one is chosen so that C, > C,. The
dimensionless parameters C;, A; are constants
for each period.

Since the boundary conditions for equations
(6) and (7) (Fig. 4) are the same for all two
period counter flow regenerators, the effectivity
or dimensionless mean outlet temperature for
period one, #,, is a function of the four
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F1G. 5. Effectivity y, for E; = 10 and 08 and E, = 1.
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dimensionless parameters C;, 4. In the literature
1, 18 usually presented as a function of the four
dimensionless parameters E; where E; = A,/
(1+ E)E,=C,/C,E;=C,andE, = A,C,/
(A4,C,). The symbols used by Kays and London
[20], Chapter 2, for E,, E,, E; and E, are
N 00 Conin/ Conae Co/ Conin a0d (RA)* respectively.

I. L. MACLAINE-
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speed of rotation. The effect of E, is small and
the values of effectivity for E, = 1 are a good
approximation to those for 025 < E, <4 if
E; > 2. Figures 5 and 6 give , as a function of
the E; and were prepared with an electronic
digital computer using an improved version of
Lambertson’s method [21].

[-00
1 L C — T
0:95 —Ps ;,/7 = T
//2?@ g’ = T =
090 /6/ // L /
v i .
% -
0-85 //Zg é;’ ég d / // r/////‘
2 |1
o // % éf‘?"; ‘;'// e
K 290
0-75 %%éé/\dzﬁ o _— /T#/#
N /
070 / /// ;Og/ . 1 | l
| , /// / / //0‘3’ //jy—r-—-‘r"‘r‘l’
065 )%// ///Z?/‘ N ,b//
A L |
AN A |
-4 1161820 25 303540 5 6 7 8 0 12 14 161820 25 30
£

FI1G. 6. Effectivity #, for E, = 09,07 and 05 and £, = L.

The effectivity for period two, #n, may be
obtained from an overall energy balance giving
ny = mE,.

The number of transfer units E, is the most
important parameter determining the effectivity
#,. The fluid stream capacity rate ratio E, gives
the effect of unbalanced flows on 7, and the
matrix/fluid capacity rate ratio E, the effect of

4. THE WAVE THEORY OF HEAT TRANSFER ALONE

The limiting case of large E; has proved very
useful in developing the general theory of heat
transfer in regenerators, [20] p. 29. There is
another limiting case which has not been widely
used in the literature but will be found particu-
larly useful here. This is the limiting case of large
E, or infinite transfer coefficients. In this case,
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from equation (5) t, =1, and equation (4)
becomes a first order non-linear wave equation,
discussed in [11, 12] and its solution for the two
period counter flow regenerator boundary con-
ditions will be described below.

The solution is a system of temperature waves
which satisfy the boundary conditions and
equation (4) with t, = t,,, and give a single value
of temperature t, for all values of x and 0.
Widening, narrowing or discontinuous tempera-
ture waves may occur. The velocity of a small
element in a widening or narrowing wave may
be shown from equation (4) to be v/l + uo)
and the velocity of a discontinuous wave
v/l + uv).

A dimensionless wave diagram will be used
below to illustrate four wave theory solutions of
special interest, which are discussed in terms of
the dimensionless parameters, C; The co-
ordinates of this diagram are dimensionless
length x" and dimensionless time &' as for Fig, 4.
The paths of representative wave elements are
shown as light lines and the paths of dis-
continuous waves as heavy lines.

4.1 Constant specific heat ratio

If C, <1 the discontinuous waves on the
dimensionless wave diagram in Fig. 7 are the
solution, and from the outlet temperature
diagram n, = C,. If C, > 1 it can be shown
similarly that n, = 1.

4.2 Low rotational speed

If the rotational speed is so low and hence
flow period so long that C_,, < 1, then at the
start of period one the matrix is at the inlet
temperature to period two, and at the end of
period one it is at the inlet temperature to
period one, (Fig. 8) From an energy balance on
period one, #, = C,. This method may also be
applied to the case of finite J if C,,,,, < 1 to show
that n, = C,. In fact the authors’ digital
computer solutions show that if E, » 45,
E,<1,E;<04and E, = 1then0 < C, — 1,
< 0001.
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Dimensioniess wave diggram
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Period Period
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1 Outlet temperature diagram
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wave
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o ¢ 1 e
F1G. 7. Dimensionless wave diagram and period one outlet

temperature diagram for constant specific heat ratio and
C, <l

4.3 High rotational speed
Consider rotational speeds so high that
Cmin > 1. In the cyclic wave pattern in the

Wave
Jetement ‘é_,x
7
Period 1'=0 Period
one 4 two
X 1'=0 X
4=l
7= i~
8
¢ v‘_j |
.J%_J
|
—

F1G. 8. Dimensionless wave diagram for C,,,, < 1.
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matrix, there are three groups of wave elements,
firstly elements which always remain in the
matrix, secondly elements which enter the
matrix at the beginning of period one and
thirdly elements which enter the matrix at the
beginning of period two.

1t will now be shown that no ¢lement from any
of these three groups can pass out of the matrix
during period one. For the first group this is
obvious. Elements of the second group cannot
pass out during period one because their
maximum dimensionless wave velocity 1/C,,, is
less than one. Elements of the third group
cannot pass out during period one since their
mean dimensionless wave velocity is less during
period one than during period two because
C,>C,.

Since no wave clements pass out during
period one, the outlet temperature from period
one is thé same as the inlet temperature to
period two, so that the effectivity 5, =1 if
Coin > L.

44 Specific heat ratio linearly dependent on
temperature

If ¢ is linearly dependent on temperature,
(1 + po) is linearly dependent on temperature.
The maxima and minima of (1 + po) and hence
C .. and C,,;, occur at the two inlet temperatures.
It will be assumed that the solution has a
widening wave during period one (Fig. 8) as
this gives the greatest error in #, due to replacing
¢ by @ in equations (4) and (5).

From section 4.2, if Cppx < 1. 9y =Cy. If
Crin S 1 < Cpax» from the outlet temperature
diagram (Fig. 9)

(1 + Cmax/cmin - 2C1)2
4C1[(Cmax/cmin)z - 1] )

From section 4.3 if C;, > 1,5y = 1.

This solution for n, which has been plotted
in Fig. 10 shows that, even for variations in ¢ as
large as 5:1, the error due to replacing ¢ by 7 in
equation (4) is small except near C; = 1. From
sections 4.2 and 4.3 this will be true even if the
variation in ¢ is non-linear. In using the heat

n=1-
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Dimensionless wave diagram
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Fi1G. 9. Dimensionless wave diagram and period one outlet
temperature diagram for ¢ linearly dependent on tempera-
tureand C;, € 1 £ C,

min max*

transfer only solution in the analogy method
described below, variations of ¢ as large as 5:1
are encountered but C, is far from one. as
illustrated by the examples in section 7.

12
cmo}l/ Crin
‘, -
0 G
%
o8 2
O-6p
’7;
o4
ozt
i I i 1 L )
o o5 [He] I8 20 25 3.0

[

Fic. 10, Effectivity #,, for infinite film transfer coefficient
and ¢ linearly dependent on temperature, as a function of
Cl and Cmax/cmin'
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5. THE ANALOGY WITH HEAT TRANSFER ALONE

To transform equations {1)-(3) into a form
analogous to equations (4) and (5) new variables
must be introduced. The present dependent
variables, the enthalpy and sorbate content of
the fluid, w;, will be replaced by new dependent
variables, the characteristic potentials, F. These
potentials are analogous to temperature in heat
transfer alone. Also characteristic specific
capacity ratios, y, which are analogous to o,
will be introduced.

Banks et al. [10] used F; and v, in describing
coupled heat and single sorbate transfer with
finite film transfer coefficients between fluid and
matrix. The model and analysis used here differs
from Banks et al. in that the Lewis number and
its mass transfer equivalents are assumed unity
initially, the number of components transferred
is arbitrary, and enthalpy is used in describing
fluid and matrix states instead of temperature.
This last difference simplifies the equations and
is consistent with the use of Mollier type
psychrometric charts in air conditioning,

5.1 The new variables (F;, v;)
Let 7, be the ith root of the nth order poly-
nomial equation in determinant form

oW,
det[é—‘;);’_ - 5jk)] -0 ®)

and let 0F /0w, j = 1 to n, be the solutions of the
simultaneous linear algebraic equations

) OF,0W, oF,

awj aWk Yi» k=1 ton. (9)

5‘wk‘
j=1

In matrix algebra terms [22], y; is the ith
characteristic value and [dF/dw;] the cor-
responding left characteristic vector of the
matrix [0W/0w,]. The vectors [0F /ow;] define
the directions of the normals to the surfaces of
constant F; and hence the surfaces themselves
in the n-dimensional w; space. Since the vectors
[0F /ow;] are or may be chosen to be linearly
independent and the F; are functions of the w;,
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the w;may be expressed as single valued functions
of the F;. This result is intuitively obvious and is
proved in texts on calculus [23]. Hence the F;
may be used to specify the state of the fluid in
place of the w;.

For the case of two w; dimensions or two
components transferred, the surfaces of constant
F; become two sets of lines which may be plotted
on a chart with w;, and w, as co-ordinates.
Lines of constant y; may also be plotted in this
fashion. If the fluid is air, w, enthalpy content and
w, moisture content, then constant F, and
lines may be plotted on Mollier type psychro-
metric charts.

Close and Banks [24] have prepared such
charts for a simplified silica-gel/water/air system.
Figure 11 shows lines of constant F, and Fig. 12
y; on Mollier type psychrometric charts. The
F, lines lie close to adiabatic saturation lines
and the F, lines to relative humidity lines.
v, lines are similar to F, lines and y, to F, lines.
7, is of the order of a hundred times y,.

5.2 The F,; equations

Making the two assumptions discussed in
sections 5.2.1 and 5.2.2 it is shown in sections
5.2.3 and 5.2.4 that the F; satisfy the following
equations

OFy OFy  0Fi ,
_<36T+07x*+m)"730—_0’ i=1ton (10)
OF,

i 5§“+J(F;,,»Fi,)=0, i=1ton (11)

where the subscript f refers to the fluid state and
the subscript m the matrix state.

5.2.1. Assume OF /Ow, i=1ton, j=1ton,
are constant on a path between the fluid and
matrix states. If the fluid is in equilibrium with
the matrix, this assumption is exact. If the values
of F; on the surfaces of constant F; are chosen
such that the F; are as nearly as possible linear
functions of the w; (section 6), and the transfer
coefficient J is high so that fluid and matrix
states are close, this assumption causes negligible
error. This will be the case in most practical
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problems and in the examples considered in
section 7.

5.2.2. Assume y,,, = y. Each y,, is a function
of all the F,,, i = 1 to n, but 7 is a function of
F,, only. If the function 7! is obtained by
substituting approximate values of F,,j s i, in
Vim (section 6), i will be close to y,,. In the
examples considered in section 7, y;, depends
mainly on F,, as can be seen from Figs. 11 and 12.
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other pairs. The equations in each pair have the
same form as those for heat transfer alone
[equations (4) and (5)]. Hence if the &; are
replaced by mean values of the i in the
dimensionless parameters E; the effectivity #;
calculated using the methods described in
sections 3 and 4 is the F; effectivity ;. The
1;; may be used to obtain the F; for the mean
outlet states and hence the w; for these states.

5.2.3. Proof of equation (10).

j=n k=n

L'H'S'_Z(M”(@H +v e + u Y

j=1 =1
N or,, (o o Th
_ if [OWir Wir
PR ELIEON)
ji=1 k=1 j=1
j=n
_ 0Fy; (a_wjf owjy " ow;
=/ ow, \oe ax M50
= RHS.
5.2.4. Proof of equation (11).
k=n
J(Fim - Fif)

0F,, 0

LHS =pu Z Vim aW:" :;(;m +
=1

k=n j=n

M

k=1 =1

j=n
CXOVF [ oW,
=/ ow, M o0
i=1

= R.H.S.

OF ;,, OW,; 0wy,
OW jpy OWy, 00

+ Jwjy, — iji|

" OWiem 00

j
oF
+Jzaw
=1

oF im 6wkm

[expanding derivatives and 5.2.2]

5F,-m (?VVJ aka
OW Wi 00

[equation (9)]

[contracting derivatives and 5.2.1]

[equation (1)]

[expanding derivatives and 5.2.2]

im — w;/) [equation (9) and 5.2.1]

(ij
jm

[contracting derivatives]

[equation (2)]

5.3 General method of applying the analogy

The pair of equations for i =1 describe
changes in F, alone. Regenerator initial and
boundary conditions in terms of w;, W,
j =1 to n, may be expressed in terms of F,,
F,,. i = 1ton. Hence each pair of equations (10)
and (11) may be solved independently of the

6. CHOICE OF F, AND y; FOR REGENERATOR
DESIGN
Methods of choosing F; and y! for a two period
counter flow regenerator with two components
transferred, such that assumptions 5.2.1 and
5.2.2 are closely satisfied, will be given below for
three rotational speeds or period lengths. The
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choice of F; and y! for more complicated cases
may be made using generalizations of the
methods below. Energy and mass balances on
the two inlet and two mean outlet states may be
used to check the accuracy of the method.

The values of F; on the surfaces of constant F,
are required in the general method (section 5.3)
to determine the mean outlet w; from the #,;.
It is equally satisfactory, however, to have a
method of determining the mean outlet w; from
the n;; without using values of F;. Such a method
is given in section 6.1. This method may be
justified in the low speed case and partially
justified for the medium speed case by using
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energy and mtass balances on period one. In any
case the choice of F; implied using this method
satisfies the condition for a reasonable choice of
F; given in section 5.2.1.

7! may be determined as a function of F; using
sections 5.1 and 5.2.2 but the general method
(section 5.3) requires values of the mean v}, 7,
which replaces & in the C;, A;. The J;; for the
low speed case (section 6.1) are chosen using
energy and mass balances, and for the medium
{section 6.2) and high speed (section 6.3) cases
using sections 4 and 5.2.2.

The simplified silica-gel/water/air system,
derived in [24], in which heat and moisture are
transferred will be used to illustrate the discus-
sion. The inlet state for period one is point A
on the F; and y; charts for this system (Figs. 11
and 12) and the inlet state for period two is
point C. Point B is the intersection of the F, line
through point C with the F, line through point
A. Point D is the intersection of the F, line
through point A with the F, line through point
C. Period one was chosen so that C,, = C,,
below.

6.1 Low rotational speeds

Low rotational speeds are defined as occurring
when C;; < 1. This means that at the start of
period one the matrix is at the inlet state to
period two (point C) and at the end of period
one it is at the inlet state to period one (point A).
An energy and mass balance may thus be used to
calculate the mean outlet state for period one
exactly, and similarly for period two. The method
below gives a close approximation to this exact
solution.

¥11 is the mean of y, with respect to water
content w, along the length of F, line between

B and C so that W
( 71 dw,

Wig

Fig = —_— 12
S (12)
¥12 is a similar mean of y, between D and A,
724 of 7, along the F, line between A and B and
¥22 of v, between C and D. The integral in

equation (12) may be evaluated using Simpson’s
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rule or other approximate methods of
integration. The C;; may now be calculated, and
from the analogy (section 5) and the appropriate
heat transfer alone solution ({section 4.2),
n:;; = C,;. The mean outlet state for period one
is then given by

w; = Wis + N11(Wic — wip)
+ nalwp — wia), j=12.

There are similar equations for period two.

(13)

6.2 Medium rotational speeds

Medium rotational speeds are defined as
occurring when C,; > 1 and C,; < 1. Since
C,; > 1, it can be shown using the analogy and
the heat transfer alone theory that there is an
approximately linear distribution of F, through
the matrix. Since C,; < 1, wavesin F, propagate
through the matrix with a velocity which may be
obtained from the analogy and section 4. The
velocity of the F, waves depends on F, and
hence varies through the matrix resulting in a
curved line on the dimensionless F, wave
diagram (Fig. 13). The approximate matrix
states are also marked on the wave diagram.

Ci2

BI

Period

Period
one wo

G

F16. 13. Dimensionless F | wave diagram.

By integration the appropriate value for j,, is
found to be the mean of y; over the area ABCD
on the y; chart (Fig. 12). Similarly §,, = 711
A satisfactory approximation to this mean value
for practical purposes is the value of y, half way
between the inlet states A and C on the y, chart.

For medium speeds, the evaluation of the ¥,;
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is more complicated than the evaluation of the
71; As can be seen from the F, wave diagram
{(Fig. 13), during period one most of the matrix
lies on the F, line AB but about C,/2 lies on
F, line CD. If C,, is very small, it is reasonabie
to assume that the matrix lies on AB for all
period one and to evaluate ,, as for low speeds.
If C,, is larger, the effect of the part of the
matrix on CD is approximately included if §,,
is evaluated as

Wop

C j‘ ’VdeZ
Tyg = <1 _ _1_1_) I

2 /W — Wia
Win

{ yodw
+C11 Wae = 2

2 wyp — Wy

(14)

75, may be evaluated similarly.

Using the values of y,; obtained above, the
E;; may be evaluated and hence the 7,;. The
mean outlet w; may be obtained using equation
{13) as for low speeds.

6.3 High rotational speeds

High rotational speeds are defined as
occurring when C;; > 1. Since C;; > 1, it can be
shown using the analogy that there is an
approximately linear distribution of Fy and F,
in the matrix. The matrix states lies on a straight
line between the two inlet states, A and C.
Using section 5.2.2 the appropriate values of
j,; are the means of y; along this line with
respect to water content w,. Since the same line
is used for both inlet states 7;, = J;,. A useful
approximation to these means is to take the
values of y; at the midpoint of the straight line
AC. Using these §;; the ,; and mean outlet w;
may be obtained as in section 6.2.

7. EXAMPLES OF REGENERATOR DESIGN

The theory in the preceding sections will be
applied below to the design of three air
conditioning regenerators. They are a sensible
heat regenerator with a matrix of randomly
packed glass beads, and a regenerative de-
humidifier and a total heat regenerator each
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with a matrix of randomly packed silica-gel
beads. The glass beads are assumed to adsorb
negligible moisture, so that their F, characteris-
tics are lines of constant air moisture content,
F, constant temperature and y, =0, y, =0
[11]. Glass and silica gel beads are used for the
matrices because the necessary properties data
are available (Figs. 11 and 12) and not because
they are suitable for any particular application.

For the sensible heat regenerator and re-
generative dehumidifier the #,; should be very
small and the 7,; close to one. This is obtained
by choosing a matrix with y, > y,. If a medium
rotational speed is then chosen so that the
C,; < 1and C;; > 1, n,; will be very small and,
if the E;, are large, the n,; will be close to one.
For the total heat regenerator the #;; should
all be close to one. If y, > y, choosing C,; > 1
will ensure that C,; > 1 and so the #;; will all be
close to one if the E;; are large.

All three examples of regenerator design will
have the same shape and length measurements.
The two air streams are balanced and counter
flow and the regenerators are symmetric. The
design problem which will be solved below is
given n,,. E,3, Ap, . p, L, St/f, charts of F; and
(Figs. 11 and 12), the inlet air states, and charts
or tables of n, (Figs. 5 and 6), determine vy, 1,
and the two mean outlet states. .

The following expressions for balanced sym-
metric air conditioning regenerators may be
derived from the definitions and will be used

below.
StAp2(1 + pyi1)

i = po —, i=12 (15
YT fpvipGa + Fi2)

L+ pyip .
=T =12 (16
2T+ g l (16)

L
Ej =1+ pji) —. i=12. (17)
T101

Corresponding expressions may be derived for
unbalanced unsymmetric regenerators.

7.1 The method of solution
The method of solution for the regenerative
dehumidifier consists of the following steps. The
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steps are similar for the sensible and total heat
regenerators.

7.1.1. Calculate 7;; using section 6.2 and v,
chart, like Fig. 12.

7.1.2. From equation (17) determine E,;,
Eyy = E5(1 + uyp /(1 + pyyy)

7.1.3. From equation (16) determine E,, and
E,,.

7.1.4. Using Figs. 5 and 6 determine E,, from
N21 Ep; and Ejs.

7.1.5. Determine v, from equation (15) with
i=2.

7.1.6. Calculate t, from equation (17) with
i=2.

7.1.7. From the analogy and section 4.2,
N1 = Eqa

7.1.8. Calculate n,, from n;, = E;pn;4. i = 1,2,

7.1.9. Determine outlet states on F; chart from
the inlet states, #;; and equation (13).

7.1.10. Check overall conservation of heat and
moisture by checking that the lines on the F;
chart joining corresponding inlet and outlet
states are parallel and equal in length. Dis-
crepancies are expected due to the approximate
nature of the solution obtained by the above
method, the accuracy of which is discussed in
section 8.

7.2 Numerical data and results

The numerical data and results for the three
examples are given below and in Table 1.
The inlet states chosen were temperature
t 299'4 K and moisture content w, 0-0101 kg/kg
for period one (point A on Figs. 11 and 12) and
3342 K and 00182 kg/kg for period two (point
C on Figs. 11 and 12). The density of air at the
mean of the two inlet states p = 1105 kg m™3.
For both matrices St/f = 0006, Ap = 100 Nm™~?
and L = 50 mm.

The difference in outlet states for the same
inlet state which can be seen in Fig. 14 is due to
the different matrices and rotational speeds used.

8. ACCURACY OF THE ANALOGY METHOD
The analogy method for heat and mass
regenerators gives approximate solutions to the
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model described in section 2, because of the
assumptions in sections 3, 5.2.1 and 5.2.2. For
the step change case, Banks et al. [10] attributed
most error in instantaneous outlet state to the
accrimntinn Af nAanctaont cmanifia hant wmdl

adduliuptivll U1 Coliduaiit bpcuu\, neat ratio lIl LIlC
heat transfer alone solution used in the analogy
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method. For the regenerator, section 4 suggests
that there is little error in mean outlet state due
to this cause, unless the C;; are close to one, when
Fig. 10 would give an estimate of the error. The
accuracy of the analogy method remains to be
determined exactly by comparing with accurate
finite difference solutions of the basic equations
of the model.
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TRANSFERTS THERMIQUES ET MASSIQUES COUPLES DANS DES REGENERATEURS.
ESTIMATION UTILISANT UNE ANALOGIE AVEC UN TRANSFERT THERMIQUE

Résumé—Dans des échangeurs régénérateurs de chaleur et de masse, ou régénérateurs, la chaleur et un ou
plusieurs adsorbats sont transférés cycliquement d’un courant fluide 4 une matrice poreuse puis de Ia
matrice poreuse 4 d’autres courants fluides. Dans le modéle simple utilisé ici on décrit le transfert par un
coefficient unique de transfert de film et on néglige la diffusion dans la direction de I'écoulement fluide
ainsi que I’hystérésis de 'adsorption. Le comportement de ce modéle est décrit par des équations aux
dérivées partielles nonlinéaires hyperboliques couplées.

Les équations sont résolues en remplagant les variables dépendantes précédentes a savoir lenthalpie et les
adsorbats du fluide par de nouvelles variables dépendantes, les potentiels caractéristiques, et en faisant les
hypothéses appropriées. Les potentiels caractéristiques et les hypothéses sont choisis de maniére & ce que
les équations soient divisées en un certain nombre de systémes d’équations. Chaque systéme décrit le
comportement d’un seul des potentiels caractéristiques et est le méme que pour le transfert thermique seul
excepté que le potentiel caractéristique remplace la température prise pour variable dépendante et que le
rapport caractéristique de capacité spécifique remplace le rapport de chaleur spécifique matrice/fluide
dans les coefficients des équations. La solution donnée dans la documentation pour des régénérateurs de
chaleur peut cependant étre utilisée afin de trouver une solution pour chaque potentiel caractéristique, pour
Penthalpie et les adsorbats du fluide. La solution résultante n’est qu'une approximation a cause des hy-
pothéses faites sur le modéle.

L’application de cette méthode 4 des régénérateurs pour air conditionné est illustrée par un exemple

numérique.

GEKOPPELTER WARME- UND STOFFAUSTAUSCH IN DER REGENERATOREN-
BERECHNUNG MIT HILFE EINER ANALOGIE ZUM WARMEAUSTAUSCH

Zusammenfassung-—Bein regenerativen Wirme- und Stoffaustausch in Regeneratoren werden Wirme und
eine oder mehrere adsorbierte Substanzen zyklisch von einem Fluidstrom an eine pordse Spechermasse
und von da zu den anderen Fluidstrémen iibertragen. In dem hier benutzten einfachen Modell wird der
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Transportvorgang unter Verwendung eines einzigen Filmilbertragungskoeffizienten beschrieben, wobei
Diffusion in Strémungsrichtung und Sorptionshysteresis vernachléissigt werden. Das Modell wird durch
nichtlineare, gekoppelte, hyperbolische simultane, partielle Differentialgleichungen beschrieben. Die
Gleichungen werden geldst, indem man die urspringlichen abhingigen Variablen, die Enthalpie und die
Konzentrationen der adsorbierten Substanzen im Fluid, durch neue abhingige Variable, die charakteristi-
schen Potentiale, ersetzt und geeignete Annahmen macht. Die charakteristischen Potentiale und die
Annahmen werden so gewahlt. dass die Gleichungen in eine Anzahl von Gleichungssitzen zertallen.

Jeder Satz beschreibt das Verhalten von nur einem der charakteristischen Potentiale und ist der gleiche,
wic der fiir den reinen Wirmeaustausch, mit der Ausnahme, dass in den Koeflizienten der Gleichungen
das charakteristische Potential die Temperatur als abhingige Variable ersetzt und das charakteristische
Verhiltnis der spezifischen Kaparzititen das Verhéltnis der spezifischen Wirmen von Speichermasse und
Fluid.

Die in der Literatur vorhandenen Losungen fir Warme-Regeneratoren konnen deshalb dazu verwendet
werden. nacheinander fiir jedes charakteristische Potential eine Losung zu finden und damit auch fiir
die Enthalpie und due Konzentrationen der adsorbierten Substanzen im Fluid. Die resultierende Losung
ist aufgrund die Annahmen eine Approximation derjenigen des Modells.

Die Anwendung dieser Methode auf Regeneratoren, wie sie in der Kiimatechnik Verwendung finden.

wird an einem numerischen Beispiel gezeigt.

COBMECTHBIl TEILJIO- U MACCONIEPEHOC B PEI'EHEPATOPAX.
PACHET IIO AHAJIOTUH C TEIIJIOOBMEHOM

AnnoTanua—DB pereHepaTHBHBIX TEIIO- U MACCOOOMEHHUKAX, WJIM PereHepaTopax, NepeHoc
TENJNa W OFHOTO MM HeCKONBKKX aJcopOaTOB NpOMCXOMUT LMKINYECKH ;| OT HUAKOH CTpyH K
nopHcToli MaTpuLe, a 3areM OT MOPUCTOR MATPHMLBL K Jpyroit ctpye mugrocrd, B npocroi
MOJes¥, HCITONIB3YeMOR B KaHHOU paboTe, nepenoC ONHCHBALTCA € MOMOLBLIO OHOTO MJIeHOY-
Horo wosduruenta nepesoca, a ANPPysueit B HaNpaBHEHMN Te4YeHUSA H THCTEPE3HCOM
copOuuu npeHeGperawT. YpaBHEHNUA, ONMCHIBAMIINE NOBEACHHE S5TON MOJAeNH, ABIAIOTCH
cucteMoli HeauHENHHIX CBABAHHHIX TUNePOONMYCCKUX YPABHeHHN B YACTHHIX NPOU3BOJHEIX.
YpaBHEHHA peIaloTCA NYTeM 3aMEeHBl TIePBOHAYAJLHBIX 3aBHCHMBIX NEDPEMEHHBIX, 3H-
TANBIMN U CONep:KAHMA afcopbaTa HOBBIMM 33BMCUMBIMHM [I€DEMEHHEIMHM M XaPaKTePHBIMU
HOTEHIMATAMM, 4 TAKKE C IIOMOIIBI0O COOTBETCTBYIOHIMX OZONyMIeHu#. XapaKTepHBE MOTEH-
[MAJB U JONYUIEHMA BHOHPAWTCA TaKUM 00pa3oM, YTO YPABHEHUA ACIATCHA HA HECKOJbKO
cucrem. Hampasa cucrema ONUCHIBACT HOBEACHUE TOJBLKO O/HOrO XapaKTePHOTO NOTeHIMasd
¥ COBEpLIEHHO DKBUBANEHTHA YPABHEHUAM JUIA YMCTOrO TemyoobMeHa, OTIAHYAACH TOJBLKO
TeM, YTO XapaKTepHHI HOTeHUUAa ynoTpebaneTcsd BMECTO TeMIEPATYPHl B KayecTBe 3aBUCH-
molt riepeMeHHOHl, 2 XAapaKTepHOe OTHOIIEHME YNEJNbHBIX eMROCTell BMeCTO OTHOHIeHMH
TeINIGEMKOCTH MaTpMIB ¥ JRHAKOCTH B Koddunuentax ypasaenunit. Ilosromy peienne,
NpuBeieHHOE B JUTEDATYpe AJA TEIJIOBHX PEereHepaTopoB, MOMeET HCHONbL30BATBHCA [
HAXOMACHMA DeHieHuA A HKAIOro XapaKTepHOro NOTeHOMAJIA ¥, CJefOBATeNbHO, IJA
HaxompeHua agcopbara B mujgkocTu. M13-3a creaHHBIX ZONYHIEHMH NOJYYeHHOE B pe3yiib-
TaTeé pelleHue ABIAETCA NPUOIIKEHNEM K PEIeHNI0, CTPOro COOTBETCTRYIOIEMY MOJENIN.
[Tpumenenue 5TOT0 METONA K PETEHEPATOPAM YCTAHOBOK 1A KOHAMIMOHKPOBAHUA BO3/lyXa
WITOCTPUPYETCH YMCIEHHBIM PUMEPOM.



