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Abstract—The processes which occur when air blows through a non-sorbing matrix with conditions such
that water condenses on it are described using a theoretical model in which air, matrix and condensed
water are in thermodynamic equilibrium at any location. Seven different types of waves are found to
occur. The equilibrium model is used to predict the wave patterns and heat- and moisture-transfer
effectivities for a balanced and symmetric regenerator with a non-sorbing matrix under conditions when
condensation occurs. The wave pattern is found to become more complex and effectivities to increase
as the cycle time of the regenerator decreases. The maximum obtainable total heat (enthalpy) effectivity
is greater when condensation occurs, than when heat transfer only takes place in the regenerator. This is
because the moisture transfer is non zero in the former case.

NOMENCLATURE

regenerator capacity rate ratio, see

equation (9) [dimensionless];

air enthalpy [kJ/kg dry air];

mairix enthalpy [kJ/kg dry matrix];

length of matrix [m];

concentration of dry matrix mass per unit
volume excluding interstices [kg/m?];

air and matrix temperatures [°C];

air velocity through matrix interstices [m/s];
velocity of a sharp fronted wave [m/s];
air-water content [kg water/kg dry air];
matrix—water content [kg water/kg dry
matrix];

X, distance into matrix in air flow direction [m].
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Greek symbols

/ at AY
%, - (a—) , slope of an adiabatic saturation
W/e line [°C];

ot
o, - (%) , slope of the saturation line [°C];

7, defined in equation (4) [dimensionless];

7, mean value of y [dimensionless];

& interstitial volume of matrix per unit total
volume [dimensionless];

s enthalpy effectivity [time averaged outlet air
enthalpy for one period—corresponding
inlet air enthalpy]/[difference between two
relevant inlet air enthalpies] [dimensionless];

*Formerly Department of Mechanical Engineering,
Monash University, Clayton, Victoria, Australia.

s temperature effectivity, same as », except
temperature replaces enthalpy;

7w,  moisture effectivity, same as », except water
content replaces enthalpy;

0, time from beginning of a regenerator period
[s];

6,,  time for one regenerator cycle [s];

U, P(1—¢)/pe [dimensionless];

o, air density [kg/m*];

a, specific heat ratio: matrix to air
[dimensionless].

Subscripts
A (or B etc.), at or in thermodynamic equilibrium
with state 4 (or B etc.); dry, matrix at this state has
no water in it ; wet, matrix at this state has a positive
amount of water on it.

INTRODUCTION

THE PERFORMANCE of heat and mass regenerators has
been discussed by Maclaine-Cross and Banks [1]. The
theory presented there is only applicable when the
matrix is sorbing without a discontinuity in matrix
sorbate content along the sorption isotherm. That is,
in the case of a regenerator with a non-sorbing matrix,
it is assumed that no condensate forms on the matrix,
hence only sensible heat is transferred. Although this
assumption is adequate for such a regenerator used for
heat recovery in the majority of air-conditioning appli-
cations, there do exist situations where, by virtue of
the required indoor air state, and the actual outdoor
state, condensation occurs during some part of the
regenerator cycle. This paper shows that a similar
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approach to that in [1] may be used to analyse the
operation of such a regenerator. Infinite heat-transfer
coefficients between the matrix and the air flowing
over it are assumed. These, together with the Lewis
relation, immediately imply infinite mass-transfer coef-
ficients between air and matrix. Although this is a
considerable idealization, it is felt that valuable insight
into the mode of operation of such a regenerator may
be gained by using this assumption.

Hausen [2] has considered the problem of conden-
sation in regenerators and, for an equilibrium model,
derived equations equivalent to (1) and (2). He pre-
sented graphical methods of solution based on finite
difference techniques. All of his methods are approxi-
mate, and the only results given apply to extremely
low temperature applications of the regenerator.
Though his methods are applicable, in principle, to the
present problem, their implementation, would be very
tedious without using a digital computer. However, if
the latter were used, the obtained results would be
necessarily approximations, not as accurate as those
obtained by the following method. This is exact, within
the confines of a few minor assumptions. For this
reason, no comparison of Hausen’s with the present
method has been made, except in so far as to note
that in some ways, Hausen’s methods are, in fact,
approximations of the method described in this paper.

Attention is confined to regenerators where equal
mass flow rates of the same fluid flow through equal
facial areas in each period. The following analysis
applies to both counterflow rotary and counterflow
switched bed regenerators. The material in this paper
is an expansion of van Leersum and Banks [3], and
as such, supercedes the latter.

1. THE TYPES OF WAVES OCCURRING IN A
REGENERATOR WITH A NON-SORBING MATRIX
OPERATING WITH CONDENSATION

1.1. The conservation equations

The regenerator matrix consists of many parallel
plates spaced equal distances apart. Air flows through
these spaces in one direction, transferring heat and
moisture to or from the matrix.

It is assumed that any moisture condensing on the
matrix remains, not being drained away or blown off
by the airflow. Evaporation occurs by some combin-
ation of the heat- and mass-transfer mechanisms
described in Section 1.3, Section 1.4 and Section 1.6.
For a regenerator operating in the steady state, there
is no nett accumulation of condensate on the matrix,
because the amount of moisture condensed per cycle
must be equal to that evaporated in the same cycle.
Numerical estimates of the amount of moisture con-
densed on the matrix are given in Section 2.3, and
for a thin matrix material their magnitudes are in
accord with the supposition that condensation is in
the form of droplets. During qualitative experiments,
using a matrix of parallel glass plates stacked vertically,
condensation in the form of a fog was observed, and
no self drainage was detectable, the fog evaporating as
the matrix temperature approached that of the inet
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air. That is, surface tension forces appear capable of
holding the condensate to the plates.

The equations describing conservation of energy and
moisture are, as in Banks [4]:

5w+ ow éw o "
w oW _

o0 T ax TH a0

th oh  0H o
ch ch  oH 5
20 ox TH a0

where the symbols are defined in the nomenclature
list. The assumption of infinite transfer coefficients
means that the matrix and any condensed water are
in thermodynamic equilibrium with the air at any point.
Before considering the regenerator, the case of a
matrix at uniform state exposed to a step change in
inlet air state from equilibrium will be considered.
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F1G. 1. A psychometric chart showing the relative positions
ofstates A, C, F, R, H, E, D, G and B if a—b represents the
air-water vapour saturation line, and the relative positions
of states 4, X and B if a'~b’ represents the saturation line.

With reference to Fig. 1, if line «'~b’ represents the
saturation line, and air at state B is blown over a
matrix, initially in equilibrium with air at state A, then
it follows from [4] that the matrix will experience two
distinct waves. The first of these will move at the fluid
velocity, bringing the matrix to equilibrium with air
at state X and the second will move at the velocity,
v/(1 4+ po), since it i1s a heat-transfer wave moving
through the bed taking the matrix formerly in equi-
librium with air at state X, to equilibrium with air at
state B. Under the assumption of constant specific heat
ratio, the second front is sharp fronted as well as the
first.

1.2. The Flv wave

If the saturation line in Fig. 1 is represented by the
line a-b, the dew point temperature of state B is greater
than the dry bulb temperature at state A and heat
transfer only, as described in Section 1.1 does not
occur. Instead, condensation must form on the matrix.
Before this can happen, the matrix must move into
equilibrium with saturated air. Because oW/00 is
initially zero, equation (1) becomes:

ow ow

@4—1;5;:0.

This equation is merely a kinematic wave equation
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for a step change in w propagating through the matrix
with velocity v. A step change in w of magnitude
wc—w, thus occurs before the matrix starts wetting,
that is, the system first experiences a wave which takes
its state from A to C. This wave will henceforth be
referred to as the Flv wave.

1.3. The condensation (Cnd) and evaporation (Evp)
waves

Once the system is in equilibrium with air at state
C, 0W/00 is no longer zero, and moisture begins to
form on the matrix: Since the air in equilibrium with
the matrix must now be saturated, the system state
must ‘move up’ the saturation line, where ¢ is an explicit
function of w and hence  can be expressed as a function
of either ¢ or w. Equation (2) can then be expressed
solely in terms of w and W, since H can also be written
in terms of w and W. Therefore equations (1) and (2)
can be reduced to the form:

6w+ v i‘ﬁ_
0 (1+uy) ox

eI

with «, and o, being the slopes on a psychrometric
chart of the adiabatic saturation line and the saturation
line at a given system state. This is just the result
obtained by Banks [4] for the case of a matrix with
infinite sorbability for water vapour in saturated air.
By definition of a, and o, (Nomenclature), o,/ot; < 0,
so that y < . Moving up the saturation line in the
direction of increasing temperature, increases ¢ slightly,
and decreases o, in magnitude, «, remaining closely
constant. The nett effect of this is to make y decrease
with an increase in w. It can be shown frem equations
(1) and (3) that:

G)

where

ow 0w
70~ 00
The form of equation (3) is that of a kinematic wave
changing the value of the quantity, w, with velocity
v/(14+uy). Because of the functional variation of
v/(1+py) with w, an initial step change in w would
tend to propagate with the leading edge propagating
slower than the trailing edge. Such a situation is
physically impossible as it implies that at any one time,
each point in the region of the matrix near the wave
front takes on three different values of w simul-
taneously. In reality, a sharp fronted wave, analogous
to a shock wave, propagates through the matrix
depositing water.
All segments of this wave front move with the same
velocity:

&

v/(1 + up),

where 7 is a mean value of y evaluated over the relevant
saturation line operating range. If an operating range
less than 20°C is used, there is little inaccuracy incurred
by linearizing this curve [5]. In the remainder of this
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paper, a linearized saturation line slope, a,, will be
assumed. Equation (3) with y =7 then describes a
sharp fronted condensation (Cnd) wave, whilst equa-
tion (5) implies that:

AW = jAw.

If the matrix starts off wet, at a higher temperature
than t. (Fig. 1), and air at state C is blown over it,
the above analysis still holds, except that since w is
decreasing, y increases, and rather than a shock type
wave profile resulting, the wave front widens as it
progresses. Since the saturation curve has been linear-
ized for the purposes of this paper, the resulting evap-
oration (Evp) wave will be assumed to move with the
same velocity as the Cnd wave, and be sharp fronted.

1.4. The slow evaporation (Sep) wave
Assuming that the passage of the Cnd wave leaves
the matrix wet, in equilibrium with air at some state D
(Fig. 1) on the saturation line, some final change must
occur to bring the matrix to equilibrium with air at
state B (Fig. 1). This necessitates the drying out of the
matrix, ie. an evaporation wave. The conservation
equations (1) and (2) must still apply. For the special
case of infinite transfer coefficients, it is concluded
that the water must be removed from the matrix by
a sharp fronted wave, that is, it can’t be removed
gradually since this would imply a matrix segment
which was wet, but did not have the air state in
equilibrium with it on the saturation line. This is
clearly impossible. A sharp fronted wave must propa-
gate through the matrix. This wave must simul-
taneously remove all water from the matrix and bring
both air and matrix states to state B (Fig. 1). Banks [4]
has shown that the condition for such a wave is:

AH Ak
AW~ Aw ©
so that

Hp—Hyg  hp—hp
Wo—Wy
with W =0 and W, = j(wp—w() from Section 1.3.
This wave will henceforth be referred to as the Sep wave.
The only unknown is point D on the saturation line,
which can then be found from (6). Banks [4] also
shows that the velocity of propagation of such a wave is:

V= v/(1+puAW/Aw) )

Wp—Wp

so that

V = o/{1+ up(wp —we)f(wp —wg)].

This then completes the description of the processes
which occur when air at state B blows over a matrix
initially in equilibrium with air at state 4, such that
condensation and evaporation occur.

1.5. The “wave diagram” for the Flv, Cnd and Sep waves

The passage of the Flv, Cnd and Sep waves through
a matrix of length L for a time 8, can be conveniently
represented on a wave diagram [1, 5] shown in Fig. 2.
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Air at state B

e 8o
1
L
A C D B

1
A-C Fiv wave
C—-D <Cndwave
D—B Sepwave

FiG. 2. A “wave diagram” for the waves which occur when
air at state B (Fig. 1) blows over a matrix initially in
equilibrium with air at state A (Fig. 1).

At any particular time, this wave diagram allows deter-
mination of matrix state variation with position in the
matrix for an equilibrium model. In such a diagram,
the ordinate is distance into the matrix in the air flow
direction, whilst the abscissa is time. Each wave is
represented by a line with slope equal to the wave
velocity. The velocity of the Flv wave is v, clearly
greater than v/(1 + ), the Cnd wave velocity, approxi-
mately the same as the Evp velocity. The Sep wave
velocity, v/[1+ p(wp—wc)/(wp—wg)], is less than the
Cnd wave velocity, because (wp—wc)/(wp—wsg) > 1.
Hence the wave diagram appears as in Fig. 2, with
regions bounded by lines of different slope being at
constant states, marked in the figure.

1.6. The fast evaporation (Fep) wave

If a matrix is initially wet, in equilibrium with air
at some state D, and a drying air stream at state A
(Fig. 1) is blown over the matrix, it must ultimately
dry out. It may be shown [5,6], that provided
Wy < J(wp—w,), a sharp fronted wave, termed the
Fep wave, takes the system into equilibrium with some
state F (Fig. 1) such that:

Hy—Hp Wo—We

byt (8)

Wp— W
with
W =0 and wg = wa.

The velocity of this wave is:
o/ [1+ uWp/(wp—wa)].

If, for example, Wj, = 7(wp—wc¢) (Fig. 1) and inlet air
at state A were blown through the system, an Fep
wave would occur. Following this, a heat-transfer (Htr)
wave, as described in Section 1.1 takes the system to
final equilibrium with air at state A. Figure 3 represents
the wave diagram for such a system.

Note that Wy = F(wp —wc), and because (wp—wc)/
(wp,—w,) < 1, the Fep wave is faster than the Cnd
wave. The heat-transfer wave velocity, v/(1+ po), is less
than the Cnd wave velocity, because o is greater than y
[equation (4)], hence the velocity of the heat transfer
only wave is also less than the velocity of the Fep
wave.
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Air at state A

L

D~F Fep wave
F-A Htr wave

F1G. 3. A wave diagram showing the waves which occur
when air at state A blows over a matrix initially wet, in
equilibrium with air at state D, where Wy < ${wp—w,).
Relative positions of states A, D and F are shown in Fig. 1.

For a regenerator operating in the steady state, the
maximum amount of moisture on the matrix is less
than y(wp—w,) for all wet matrix states, D, and drying
air states, A4, thus no further theory on drying waves
will be advanced. In another paper [6], the drying
processes which occur when a matrix initially in equi-
librium with air at state D and with Wy > p(wp—w,),
is subjected to inlet air at state 4 are discussed.

1.7. The stationary {Sta) wave

This wave occurs as a result of having the upstream
part of the matrix in equilibrium with air at state D
(Fig. 1) and wet as well, together with the rest of it in
equilibrium with air at state B. Suppose air at state 4
then blows over the matrix as in Fig. 4(I). The assump-

Tnitial smetl)l 8 [Dw

(< Tolo [

e

States at L G [Dd J F [AI«A
later times

TG Iod IHI F lAI«—A
Subscripts: d-dry 3 w-wet

W
LA

R

C

L L L ] [

A F H £

F1G. 4. (Top) A diagram showing the four main trapsitions
that a matrix, initially partially wet as shown in (I) goes
through when air at state 4 enters the matrix as shown
in (I). (Bottom) A psychometric chart showing the relative
positions of all states referred to in the top figure.
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tions of infinite transfer coefficients imply that the

matrix states immediately bring the air above them to-

equilibrium, hence at the discontinuity between states
B and D, the matrix at B receives saturated air at
state D. Banks [4] implies that a sharp fronted Flv
wave moves through the B part of the matrix, taking
it into equilibrium with air at state G (Fig. 4), followed
by a slower heat-transfer wave shifting the matrix state
from G to D,,,, that is, to be dry in equilibrium with
air at state D. There thus exists a state Dy,,, adjacent
to state D,,., (Fig. 4). From (7), the velocity of the front
between the two states is:

o/ {1+ p(Wp,,~ Wp, )/wp,,—wp,)] =0

since wp,, = Wp,,, indicating that the front remains
stationary.

Initially, at the front of the matrix, air at state A
strikes a wet matrix in equilibrium with air at state D,
initiating an Fep wave (Section 1.6). The Fep wave
propagates into the matrix until the wet part of the
matrix is dry. Only then do the Fep and Sta waves
cease to propagate, and the system comes to equilib-
rium as shown in the last two matrix state diagrams
in Fig. 4. Figure 5 is a wave diagram of the entire
process.

wet?

G;G-E; Dy H; are Fiv waves
E-

B-
G-Q‘; H; H-F; F-A are Htr waves
0, Dyis an Sto wave
D.~F is an Fep wave
B G E H F A
Dy
DI
[
Air at state

Subscripts: d - dry, w-wet

F1G. 5. The wave diagram corresponding to the situation
described in Fig. 4.

1.8. The wave velocities

Seven waves have been discussed and represented on
wave diagrams. In [5], it is shown that the Htr wave
velocity is greater than the Sep wave velocity. This,
together with the remarks made about the relative
magnitudes of other wave velocities in Section 1.5,
implies that:

Flv wave velocity = v > Fep wave velocity > Cnd
wave velocity > Evp wave velocity > Htr wave vel-
ocity > Sep wave velocity > Sta wave velocity = 0.

It can also be shown [5] that D lies below the inter-
section of the wet bulb line through B and the saturation
line.

2. THE REGENERATOR

In a regenerator, the boundary conditions can be
represented on a wave diagram as in Fig. 6. The most
important rule which must be obeyed in these diagrams

g 8 b G, /2 ———|
A (IC\ D, B E A L
Period | Period 2 l
)
X A 8

F1G. 6. The simplest regenerator wave diagram correspond-
ing to inlet states A and B. Relative positions of all states
are shown in Fig. 1.

is the reversal condition. Period one is repeated after
period two, so that the two ends (left and right) of the
wave diagram are physically the same. Therefore waves
starting at the left hand edge must, in position but not
gradient, exactly match those finishing at the right
hand edge. A similar condition must be obeyed at the
centre of the wave diagram, that is the end of period
one and the beginning of period two. To obtain
effectivities, the relevant quantity must be time aver-
aged at the outlet state; this is easily accomplished
since time is the horizontal axis. So far as can be seen,
the seven different types of waves mentioned in section
one are the only ones which occur in the regenerator
considered. Thus all the wave diagrams discussed later
are composed of various combinations of these seven
waves. The parameter determining regenerator perfor-
mance, which depends on the regenerator period time,
is the capacity rate ratio, defined by

C, = 2L(1 + po)/ub, ©)

where L is the length of the regenerator matrix in the
air flow direction, and v/(1+ uo) is the Htr wave vel-
ocity. For the rotary regenerator considered, 0, is the
time for one revolution of the matrix. C, is really the
dirnensjonless time for an Htr wave to pass through
the regenerator, and is used here as a measure of the
regenerator’s rotational speed.

2.1. Example |

The simplest type of wave diagram occurs for heat
transfer only and is fully discussed in [1]. In the case
of condensation, the simplest wave diagram is shown
in Fig. 6. A and B (Fig. 1) are the two inlet states
and D is obtained from Section 1.4. The rest of the
states are shown in Fig.'1. Waves A-C and B-E are
Flv waves and extremely fast compared with waves
C-Dy,e (Cnd), DB (Sep), and E-A (Htr). The slopes
of the Flv waves are enlarged in Fig. 6 and other wave
diagrams, to make them recognisable. In this example
there is no difficulty in meeting the reversal condition
because all waves reach the end of the regenerator
before the period time is expired.

2.2. Example 2

The previous example applies only for a very slow
regenerator rotational speed. At such speeds, the heat
and moisture effectivities are very low, hence the whole
process is of academic interest only. The next step in
complexity involves the wave diagram shown in Fig, 7.
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F1G. 7. The regenerator wave diagram when the D,.-B
(Sep) wave does not propagate completely through the
matrix in period 1.

This shows just how complicated the diagram can
become for a small increase in speed. The added waves
occur simply because the D,,.—B wave does not com-
pletely travel through the matrix in period one. 4-C,
B-G, G-E, Dy-H, are Flv waves, C-Dy,, is a Cnd
wave, DB is a Sep wave, DyoDyg,, is an Sta wave,
D,.—F is an Fep wave whilst G-Dy,,, E-H, H-F and
F-A are Htr waves. State D is as in example 2.1 and
state F can be found from Section 1.6.

The RHS of the wave diagram is identical to Fig. 5.

2.3. A more complicated numerical example

Figure 8(a) is a scale wave diagram corresponding
to a regenerator running at a C, value of 1.52 between
the inlet conditions A, B [Fig. 8(c)]. To emphasize the
meaning of such a diagram, the actual matrix states
at various times are shown in Fig. 8(b). All matrix
states except the foliowing are dry.

Amount of water on matrix

State (kg water/kg dry matrix)
Dye 7(wp—we) = 0.00185
R(1) 7(wg —we) = 0.00034
S(1) 7{ws —we) = 0.00179
S y{ws —wg) = 0.00145

Figure 8(c) shows the actual positions of all states.
States R(1) and S(1) are identical to states R and S
respectively, except for their W values. The con-
centration of water at these states is given above.

7 was obtained from Section 1.3 assuming the con-
stant saturation line slope shown in Fig. 8(c}.

State D is calculated from equation (6) with W =0
and Wp = y(wp—wcl.

State F is calculated from equation (6} applied
between states D and F with Wg = 0 and wp = w .

State S is calculated from equation (6) applied
between states S and B with Wy =0 and Wy = 7(ws —wg)
where t, = t; and R is on the saturation line

F-R, A-C, B-G, G-E, D,,,—H are Flv waves.

R-S,C-R(1),R(1)-S(1), S(1)-D,,, are Cnd waves.

S-B, D,.—B are Sep waves.

§5-S(1), R-R(1), Dgry-Dwei are Sta waves.

D.o—F is an Fep wave.

E-~H, H-F, F-A, G—Dyg,, are Htr waves.

By time averaging the outlet states, the effectivities
were found to be:

m=031 5,=0I12 n,=076

assuming the matrix to be constructed from mylar film
giving po = 114. Since the air properties were linear-
ized, the values of #, for both periods were equal.

3. REALISTIC EXAMPLE

Regenerator inlet conditions were chosen to realisti-
cally approximate those which might occur in Darwin,
Australia. They were:

indoor conditions (desired) 21.1°C dry bulb, 55%, r.h.,
{Point 4 on Fig. 8(¢)]
outdoor conditions (typical) 34.4°C dry bulb, 60%/ r.h.,
[Point B on Fig. 8(c)].

The regenerator was considered to run at capacity rate
ratio values of 1, 1.52,1.9,2.9 and 3.8 and wave diagrams
were drawn from the equilibrium theory presented
above. The various resulting effectivities are shown in
Table 1. The regenerator was assumed to have
wo = 114.

Table 1

Moisture Temperature Enthalpy

C, effectivity effectivity effectivity
1.00 0.05 0.72 0.26
1.52 0.12 0.76 0.31
1.90 0.17 0.78 0.36
290 0.26 0.84 0.47
3.80 0.34 0.92 352

4. CONCLUSIONS

It can be seen that for each wave diagram drawn,
the matrix, and hence fluid mean outlet states of period
1 are all at nearly saturated conditions. This is because
all but one of the different outlet states occuring during
period 1 lie on the saturation line. The exception is
the state, A, which persists as an outlet state until the
Flv wave reaches the regenerator outlet, changing
state 4 to C (Fig. 1). Since this wave is extremely fast
compared with the other waves, the outlet state of the
regenerator segment is at 4 only for a very short time,
in comparison with the time it is at the other saturated
outlet states. Only when the regenerator is run at a
very high rotational speed, so that the Flv wave takes
a significant proportion of the period length to pass
through the regenerator, is the latter statement untrue.
At this stage, a large proportion of the air entering
the regenerator, is carried over physically from one
period to the next, so that the regenerator acts as a
positive displacement pump, instead of a heat ex-
changer. To avoid this, the regenerator should always
be run so that the blow through time of the Fiv wave
is less than 5% of the period length, implying that for
the above examples,

2L 005 or C = —275(1 + po) < 5.75.

vl vl
This ensures that “carryover” is small, and the mean
outlet state of period 1 is virtually saturated, except
for very low values of C, when all waves blow through
the matrix before period 1 ends.
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FIG. 8(a). A wave diagram corresponding to the practical situation of Section 2.3. C, = 1.52 and uo = 114.
Figure 8(c) shows the matrix and air inlet states on a scale drawing of a psychrometric chart.
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FIG. 8(b). Diagrammatic representation of matrix from the wave diagram in Fig. 8(a), depicting at various
times, the proportion of matrix segment at the shown states.
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FIG. 8(c). A psychrometric chart showing the states referred to in Figs. 8(a) and (b).

Table 1 shows that effectivities increase with increas-
ing dimensionless speed. Because the mean air outlet
state of period 1 is always saturated, it moves down
the saturation line toward C, as dimensionless speed
is increased. Since the mean outlet state of period 1
must always be saturated, to avoid carryover, C
appears to be the limiting mean outlet state of period 1.
That is, the maximum total heat (enthalpy) effectivity
obtainable in a regenerator where condensation occurs
is (hg—h¢)/(hg—h,). For the realistic example given
above, the maximum enthalpy effectivity obtainable
with a purely sensible heat regenerator, if the saturation
line were positioned where no condensation could

occur, would be 0.25. Table 1 shows enthalpy effec-
tivities far in excess of this value, when condensation
occurs. Furthermore, if the mean outlet state of period 1
is state C, enthalpy effectivity rises to 0.59. For C = 3.8,
enthalpy effectivity is 0.52 (Table 1), so C appears to
be a feasible limiting mean outlet air state for period 1,
as discussed above.

In practical situations, all heat- and mass-transfer
coefficients are finite, and therefore a non-equilibrium
model of the regenerator is necessary. Such a model
has been constructed, using a digital computer simu-
lation of the regenerator. Detailed results using this
model, together with a comparison between results for



finite and infinite heat- and mass-transfer coeflicients
are given in van Leersum [7]. Suffice it to say that for
practical cases, effectivities seem to be about 759 of
equilibrium model effectivities, all other parameters
being equal. Unfortunately, the non equilibrium model
is not developed in terms of non dimensional inlet
states, so each pair of inlet states has to be fed into the
model when required. Only a small number of cases
have therefore been checked, and the above conclusion
regarding the non equilibrium model in comparison
with the equilibrium model was drawn from this limited
number of results. It was certainly true that as transfer
coeflicients were increased to about 10 times their value
in a normal situation, effectivities predicted by the
non equilibrium model approached those from the
equilibrium model described in this paper.

Wave diagrams as applied to the equilibrium model
can thus serve as a check on a non equilibrium
model as transfer coefficients are increased in value.
The real value of these diagrams lies in the insight
they can give to the types of processes which occur
in a regenerator where condensation and evaporation
take place. That is, wave diagrams are useful aids to
understanding the way in which condensate forms and
is removed from a regenerator matrix.

Initially, it was decided to produce a “wave diagram
drawing” computer program. This idea was abandoned
because for one set of inlet states, it was estimated

that there could be over 100 different diagrams for C,
less than 5. Instead, attention was concentrated on
producing a non equilibrium model of the regenerator
operating with condensation and evaporation taking
place [7].
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TRANSFERT DE MASSE ET DE CHALEUR DANS LES
REGENERATEURS AVEC CONDENSATION

Résumé - On décrit les processus qui s’établissent quand Pair passe & travers une matrice sans sorption,
dans des conditions telles que I'eau se condense sur elle. On utilise un modele théorique dans lequel
I'air, Ja matrice et I'eau condensée sont en équilibre thermodynamique en tout point. On trouve sept
types d'ondes. Le modeéle d’équilibre est utilisé pour prédire les configurations d’ondes et I'efficacité des
transferts de chaleur et d’humidité, dans les conditions de condensation, avec une matrice sans sorption
d'un régénérateur symétrique et équilibré. On trouve que la configuration d’onde devient plus complexe
et que les efficacités augmentent quand la période du cycle du régénérateur décroit. L'efficacité maximale
possible de chaleur totale (enthalpie) est plus grande avec condensation que lorsqu'il y a uniquement
un transfert de chaleur. Ceci est di au transfert non nul par 'humidité.

WARME- UND STOFFUBERGANG IN REGENERATOREN MIT KONDENSATAUSFALL
UNTER GLEICHGEWICHTSBEDINGUNGEN

Zusammenfassung— Die Vorginge, die beim Durchstromen einer nicht-sorptiven Matrix mit feuchter
Luft bei gleichzeitigem Kondensatausfall auftreten, werden unter Verwendung eines theoretischen
Modells, in dem Luft, Matrix und auskondensiertes Wasser an jeder Stelle in thermodynamischem
Gleichgewicht, sind, beschrieben. Es wurde festgestellt, daf sieben verschiedene Wellenformationen
auftreten. Das Gleichgewichtsmodell wird zur Vorausbestimmung der Wellenart und des Warme- und
Feuchtigkeitstransports in einem ausgeglichenen und symmetrischen Regenerator mit nicht-absor-
bierender Matrix und Kondensatausfall verwendet. Mit abnehmender Periodenzeitdaver wird das
Wellenmuster komplexer und die Austauschraten gréfer. Die max. mégliche Wirmespeicherung ist bei
Kondensatausfall gréfer als bei reinem Austausch fiihibarer Warme, was auf den Feuchtigkeitstransport
zuriickzufithren ist.

TEILJIO- 1 MACCOIIEPEHOC TP TEPMOJIMHAMMWYECKOM PABHOBECUU
B PETEHEPATOPAX C KOHIEHCALIMEN

Asmoraiust — OMECHIBAIOTCA TPOLECCH], TPOMCXOJALIIME NPH IPOAYBaHMM BO3OyXa 4epe3 copOH-
PYIONIYIO MATPHLY IPY KOHACHCALMM Ha Hell BOAbI. JiNd OMHCaHMs UCHOJNB3YETCA TEOPETHYECKAS
MOk, B KOTOPOM BO3OyX, MaTpdlia M CKOHAEHCHMPOBaHHas BOZa NpH JIFOOOM PpacHOJIOKEHHMM
HAaXOOATCA B TEPMOAMHAMHYECKOM paBHOBecMH. HalileHO, ¥TO WMEIOT MECTO CeMb DPa3JIMYHBIX
BUIOB BOJH. PaBHOBECHAS] MOJENb HCIOL3YETCS IJIA ONpENeeHHs BOMHOBLIX KapTHH W 3ddexTHR-
HOCTH TIepeHoca TeIUIa H BJiaru B c6anaHCHPOBaHHOM H CHMMETPHYHOM pereHeparope ¢ HecopOm-
pyomelt MaTpueli Npu HalnynKk KoHaeHcaums. Haiizeno, 4To mpH yMeHBIIEHHM IUIBTEBHOCTH
UHKIIa DEreHepaTopa BOJIHOBAas KapTHHA CTAHOBHUTCSH Ooyiee CIIOXHON M 3(GHEKTHBHOCTH IepeHOCa
TeIIa M Blard Bo3dpacraeT. MakCHMajbHO AOCTHraeMas 3HTanbIus OoNbINE NpHM HAJMYUH KOH-
JIeHCAIIHH, YeM TOrAA, KOTa MPOUCXOAMT TOJBKO MEPEHOC TEIIa B PEreHepaTope. D10 06BACHAETCH
TeM, YTO B IIEPBOM CITy4ae NEPEHOC BJIArH HE PaBEH HYJIIO.



