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Abstract-A theory is presented for modeling rotary heat and mass exchangers with infinite transfer 
coefficients. The continuity and energy conservation equations for one-dimensional transient flow are 
established and analyzed. Solutions to the equations are obtained by the method of characteristics and the 
shock wave method. Both methods provide a set of analytical equations that allow performance prediction of 
the heat and mass exchanger with infinite transfer coefficients for any inlet and operating conditions. A 
regenerator-operating chart is introduced which shows the fundamental modes of operation for rotary heat 
and mass exchangers. Part II presents correlations for the effectiveness of rotary dehumidifiers with finite 

transfer coefficients. 

1. INTRODUCTION 

ROTARY heat and mass exchangers are currently 
employed in desiccant cooling and drying systems. 
Desiccant systems may be applied in a variety of 
industrial processes that require cool and dry air. These 
processes include drying of powders and wood [l], 
production, processing and storage of chemicals and 
food [2], and humidity control of warehouses and 
computer rooms [3]. Desiccant systems may also be 
used for air-conditioning of living and working spaces 
[4-91. In these systems, air is dried by passing it over a 
desiccant and subsequently through a heat exchanger 
in which the heat of sorption is removed by sensible 
cooling. This processed air may be further cooled by 
adiabatic humidification to yield a dry and cool air 
stream [lo]. Thermal energy is used to regenerate the 
desiccant. The use of solar energy as source for 
regeneration heat offers an opportunity for energy 
conservation in industrial [l-3] and residential [4-lo] 
energy use. 

Silica gel [4-S] and molecular sieves [9] are the 
desiccants presently under investigation for air- 
conditioning purposes. The dehumidifier may be 
arranged as a cross-flow adiabatic [4] or cooled [S] 
matrix, as a packed bed rotating drum [6], or as a 
rotating wheel with axial counterflow of both air 
streams [7-93. The design showing the best prospects is 
the rotary counterflow conception, which combines 
high performance with compactness. 

Rotary dehumidifiers have been modeled by 
equations expressing the conservation of mass and 
energy, and rates of transfer of heat and mass. For 
various simplifying assumptions, these equations have 
been solved analytically and numerically. Banks [l 11 
and Close and Banks [ 121 have introduced the analogy 
theory which was developed to mode1 sorbent bed 

performance and later was applied to predict 
regnerator performance [13-151. In this theory, the 
temperature and humidity ratio of the moist air stream 
are combined into two independent potentials. When 
the conservation equations for mass and energy are 
expressed in terms of these potentials, they become 
analogous to the energy equation for thermal 
regenerators. Dehumidifier performance may then be 
calculated using existing regenerator performance 
correlations [ 161. Mathiprakasam and Lavan [ 171 
have presented an analytical model for cross-flow and 
rotating adiabatic dehumidifiers. In their solution 
method, the conservation and rate equations are first 
linearized and then solved using Laplace transforms. 
Because of the simplifications needed to perform the 
analysis, the analogy theory and linear solution method 
are limited to regenerators with equal overall transfer 
coefficients for heat and mass (i.e. Lewis number equal 
to one). 

Several codes [14, 18, 191 exist that model the 
dehumidifier by solving the conservation and transfer 
rate equations by means of a finite-difference method. 
The matrix is divided into a two-dimensional time- 
space grid, and changes in enthalpy and humidity of the 
desiccant and the air stream when passing through a 
grid element are calculated using various approxi- 
mations. These codes agree well with experimental data 
of dehumidifier performance [20]. However, finite- 
difference programs involve considerable computation 
and are not suited for long-term simulation of desiccant 
cooling systems. 

For a given pair of inlet states, dehumidifier 
performance is determined by the operating conditions 
(i.e. mass of desiccant, wheel speed and air stream flow 
rates) and transfer coefficients. The effect of operating 
conditions on the outlet states of the dehumidifier may 
be studied by looking first at regenerators with infinite 
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NOMENCLATURE 

L 

ni 
Md 

NTU, 

NTU, 

si 

T 

W 

auxiliary state property functions 
total heat transfer area of the 
dehumidifier matrix in period j [area] 
moist air specific heat [energy/(dry- 
mass-temperature)] 
ith combined heat and mass potential 
[dimensions arbitrary] 
heat transfer coefficient [energy/(area- 
time-temperature)] 
mass transfer coefficient [mass/(area- 
time)] 
moist air enthalpy [energy/dry mass] 
water vapor enthalpy [energy/mass] 
matrix enthalpy [energy/dry mass] 
axial flow length through the matrix 
[length] 
mass flow rate [mass/time] 
mass of desiccant in the dehumidifier 
matrix [mass] 
mass of air in the dehumidifier matrix 
[mass] 
number of transfer units for heat 
transfer, h,A/litc, [dimensionless] 
number of transfer units for mass 
transfer, h,A/ti [dimensionless] 
ith shock wave speed [dimensionless] 
temperature 
time required for a complete rotation 
of the matrix [time] 
moist air humidity rate 
[dimensionless] 

measured from period entrance 
[length]. 

Greek symbols 

rj jth capacitance rate parameter of the 
rotary dehumidifier [dimensionless] 

0 time 

Oj duration of period j [time] 

Izi ith characteristic wave speed 
[dimensionless] 

t time coordinate [dimensionless] 

zdj dwell time of a fluid particle in period j 
[time]. 

Subscripts 
d desiccant 
f evaluated at fluid state 
i combined potential index 
int evaluated at intersection point of F, 

characteristic through the period 1 
inlet state and the F, characteristic 
through the period 2 inlet state 

j period index 
m evaluated at, or in equilibrium with, 

the matrix state 
P processing 
R regeneration 
S evaluated at shock state 
t heat transfer or temperature 
W mass transfer or moisture. 

W matrix water content [dimensionless] 
X axial coordinate measured from period Superscripts 

entrance [dimensionless] rate 
z axial displacement through matrix average value for a period. 

transfer coefficients. Secondly, the effect of transfer 
parameters may be described in terms of an 
effectiveness, in which the actual dehumidifier is 
compared to the ideal dehumidifier. This approach 
leads to the formulation of an Effectiveness-Number of 
Transfer Units (NTU) method for rotary heat and 
mass exchangers, which is presented in this paper. The 
a-NTU approach clearly shows the separate effects of 
flow unbalance and transfer coefficients, as opposed to 
existing methods [13, 173 that solve the conservation 
and rate of transfer equations simultaneously. 

Part I of this paper presents an analysis of solid 
desiccant ideal rotary dehumidifiers. The conservation 
equations for mass and energy are solved by means of a 
wave analysis. Equations are provided to calculate 
ideal dehumidifier outlet states as functions of the inlet 
states and two dimensionless capacitance rate 
parameters. A dehumidifier operating chart is 

introduced that shows the fundamental modes of 
operation for rotary heat and mass exchangers. Part II 
presents expressions for the humidity and enthalpy 
effectiveness for silica gel dehumidifiers as functions of 
the dehumidifier NTU. The correlations for effective- 
ness and ideal dehumidifier performance yield rapid 
prediction of the actual dehumidifier performance. 

2. MODEL FORMULATION AND ASSUMPTIONS 

The nomenclature and coordinate system for the 
rotary dehumidifier are illustrated in Fig. 1. The 
adsorbent matrix is arranged as a rotating cylindrical 
wheel of length L and has a total mass of dry desiccant 
M,. Two air streams are blown in counterflow through 
the regenerator. The process air stream has a low 
temperature and high relative humidity while the 
regeneration air stream has a high temperature and low 
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and the following dimensionless coordinates are 
introduced : 

e Mfj e 1 
?=GMdj=&rj 

--; o<+ 

(2) 

J 

Under assumptions 1-8, the conservation and transfer 
rate equations for period j of the heat and mass 
regenerator have been written as [ 131: 

FIG. 1. Nomenclature and coordinate system for the rotary 
heat and mass exchanger. C%+?=O 

aw, 
relative humidity. For each period, the axial - = NTU,*Jw,-w,) 

ax 
coordinate, z, is defined as positive in the fluid flow 
direction, while the rotary position is indicated by the 
time coordinate 8. 

The model which describes the exchange of heat and 

Z+%=O 

mass between the moist air and the desiccant matrix is 
ai, 
ax = NTU,,, 2 (t,--t,)+i,NTU,,,~w,--w,) (3) 

based on the following conventional assumptions for f 

this situation [ll, 141: NTU,_,and NTU,.iare thenumberoftransferunitsfor 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

The matrix is modeled as being of parallel passage 
form, consisting of a homogeneous solid with 
constant matrix characteristics and porosity, 
through which an air-water vapor mixture flows 
with constant velocity. Pressure drop effects 
through the bed are small with respect to absolute 
pressure [6], and are neglected. 
The state properties of the air streams are spatially 
uniform at the inlet of each period. There is no 
mixing or carry-over of streams. 
A transient one-dimensional approach is applied. 
There is no radial variation of fluid or matrix states, 
and diffusion fluxes of heat and mass due to 
tangential gradients of matrix and air state 
properties are neglected. 
The axial heat conduction and water vapor 
diffusion flux are negligible in both the matrix and 
air streams. 
The thermal and moisture capacities of the air 
entrained in the matrix are negligible compared to 
the matrix capacities. 
Transport of water vapor through the air occurs 
only through ordinary diffusion and transport of 
heat occurs only through ordinary heat conduc- 
tion. Flux coupling is neglected. 
The heat and mass transfer processes between the 
desiccant matrix and the air stream can be 
described by lumped transfer coefficients. 
The periodic steady-state performance of the 
dehumidifier is considered. 

-.., 
heat and mass, kpectively, and are defined as 
conventional. 

Equations (3) are coupled through the thermo- 
dynamic property relationships for the desiccant-air- 
water vapor mixture. Property relations for desiccants 
may be obtained from the literature [21] and presented 
in the functional form indicated in equation (4) : 

if = idwf, tr) 

L = uw,, L) 

w, = w,o%, t3. (4) 

The initial conditions for this system of equations 
are : 

for 

O$+,; w& = 0,z) = wj, 
J 

idx = 0, T) = ijl, j = 1,2. (9 

The periodic equilibrium boundary conditions for 
the matrix state properties are : 

for 0 < x < 1; 

lim [Wm(x,71)] = lim [W,(l-x,rJ] 
r*-(l/rI)- r*-+o+ 

lim [Z,(x,7,)] = lim [I,(1 -x, 7J] 
rl-(l/rI)- r2+0+ 

lim [H&(x, zi)] = lim [W,(l -x,7,)] 
r,+o+ r2+(1/r2)- 

The capacitance rate parameters, Ti and r2, are 
defined as the ratio of matrix mass to fluid mass lim [Z,(X,~~)] = lim [Z,( 1 -x, rJ]. (6) 

capacity rate : 
r1+0+ r2-(1/r2)- 

In the ideal dehumidifier, the overall heat and mass 
Mdj7dj M, rj=-=%; j=l,2 (1) 

transfer coefficients are infinite. Thus at all times, each 

OjMfj J differential desiccant-moist air subsystem is in 



1578 E. VAN DEN BULCK, J. W. MITCHELL and S. A. KLEIN 

complete thermodynamic equilibrium (i.e. thermal and 
vapor pressure equilibrium). The conservation 
equations (3) then reduce to 

?!?+!!!$O 

!%+?$0. 
(7) 

Equations (7) combined with the property relation- 
ships (4) and the initial and boundary conditions (5), (6), 
formasystemoftwocoupledconservationlaws. Eachis 
a hyperbolic partial differential equation, and is 
nonlinear because of the nonlinear property relation- 
ships. Solutions may be obtained by the method of 
characteristics [22, 231 and the shock wave method 
[23]. This approach is applied in the following analysis. 

3. WAVE ANALYSIS OF THE 

CONSERVATION EQUATIONS 

Following Lax [22], the two-dimensional hyper- 
bolic system of conservation laws (7) has two 
characteristics which are defined by the following 
ordinary differential equation : 

The speeds li are given by the roots of the equation of 
direction of the characteristics [23] : 

alas~-(a,-~.)(a,i-u4) = 0. (W 

In this expression, the state property functions 
ai(tm, w,) are defined as 

(8~) 6 

and may be obtained from the state property 
correlations (4). Along the characteristics, the state 
properties of the fluid stream satisfy the equation 

(ai+) dt,+(a,a,+n&-a,) dW, = 0; i = 1,2. 

(8d) 

Integration of expression (8d) along the characteristic 
(8a) yields 

system of equations (7). They were first introduced for 
desiccant systems by Banks et al. [ll-131 and were 
named the Fi potentials because they are state property 
functions of the desiccant-fluid system. For each 
system defined by the equilibrium property relation- 
ships (4), the Fi potentials may be obtained through 
numerical integration of equation (8d). Maclaine-cross 
[14] has developed F,-F2 charts for the systems air- 
water vapor with calcium chloride, lithium chloride 
and lithium bromide as the desiccant. Jurinak [15,21] 
has developed analytical curve fits for the Fi potentials 
in terms of air temperature and humidity ratio for the 
system : silica gel-air-water vapor. His expressions 
may be rewritten as 

F, = 10.0+ 12.0 
2865.0 

- + 4 244w”-24 
(t, +273.0)‘.4g0 ’ m 1 

(9) 

F, = 3.0+ 12.0 0, + 273.0)1.4go _ 1 127w0,0,$,69 
6360.0 ’ m 1 

where the units of t, and w, are “C and kg kg-‘, 
respectively. For silicagel, lines ofconstant F, resemble 
lines of constant enthalpy in a psychrometric chart, 
whereas lines of constant Fz resemble lines of constant 
relative humiditity. Figure 2 illustrates an F,-F, chart 
with lines of constant temperature and air humidity. If 
F, is constant, the temperature increases as the 
humidity decreases. For constant F,, the temperature 
increases with humidity. 

Maclaine-cross [13, 141 and Banks [13, 1.51 use the 
concept of Fi potentials to predict the performance of 
rotary dehumidifiers with finite transfer coefficients. 
Their technique is based upon the analogy between the 
characteristic expressions (8d) that model heat and 
mass exchangers and the expressions that model 
regenerators with heat transfer alone [16]. In this 
paper, the wave analysis is completed to include shock 
waves and to model exactly dehumidifers with infinite 
transfer coefficients. 

The Fi potential is constant along the /li 
characteristic. Thus, values of constant Fi propagate 

3 
2 3 4 5 6 7 a 

dFi=O; i= 1,2. (8e) 
FZ 

FIG. 2. Air temperature and humidity ratio in an F,-FZ chart 
The functions Fi are the Riemann invariants of the for moist air-silica gel. 
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through the matrix at speed Izi and this process may be 
interpreted as a state property wave moving with speed 
Ai. This wave speed is a local speed and depends only 
upon the local state properties at the point of interest. 
Lines of constant I, are shown in an F l-F1 chart in Fig. 
3, and &-lines are shown in Fig. 4. I, is the speed at 
which the F, potential moves through the desiccant 
bed, while 1, is the corresponding speed for the F, 
potential. For moist air-silica gel, 1, is about l&100 
times larger than A, and both are positive. Thus, the F, 
wave propagates much faster through the desiccant 
matrix than the wave carrying the F, invariant and 
both waves move in the direction of the air stream flow. 
Figure 3 shows that 1, increases with F, for constant 
Fz, and Fig. 4 shows that A2 increases with F2 for 
constant F,. Expansion waves or shock waves will 
therefore occur depending on the initial value problem 
associated with the system of conservation equations 

(7). 
The following ranges for process and regeneration 

air inlet states are typical for well-defined desiccant 
dehumidification systems [21] : 

t,, < 35.o”c 

wI1 < 20.0gkg-’ 

tll > 6O.O”C 

wzl > 10.0 g kg-‘. UOa) 

For these inlet conditions, Fig. 2 shows that the 
following relationships hold for the Fi potentials : 

The Fi potentials of the process air inlet state are smaller 
than the Fi potentials associated with the regeneration 
air inlet state. 

Figure 5(a) illustrates the initial value problem 
associated with the flow of the process air stream over a 
desiccant, which is initially in equilibrium with the 
regeneration air inlet state. The leading edge of the Fi 
distribution carries the high Fi potential associated 
with theinitialstate.The trailingedgeisat thelowvalue 

31 ’ j ’ ’ ’ ’ 
2 3 4 ‘Fz 6 7 8 

FIG. 3. Wave speed A, in an F,-F, chart for moist air-silica gel. 

Fl 

2 3 4 5 6 7 6 

F2 

FIG. 4. Wave speed AZ in an FI-F2 chart for moist air-silica gel. 

of the incoming process stream. Since the high potential 
propagates through the matrix at a higher speed than 
the low potential, the F, and F, waves spread out as 
time proceeds. Two separated rarefaction waves are 
generated during the dehumidification of the process 
air stream. The state after passage of the tail of the F, 
wave and before arrival of the edge of the F2 wave has 
been defined [13-153 as the intersection point state. 
The intersection point state has the F, potential of the 
incoming process air stream and the F, potential of the 
initial state : 

Fl.dtino Wint) = f’l, I I 

(11) 
Fz. idtint, Wind = Fz, z 1’ 

_ 
T--O 

a 
7>0 

I 

FL21 

/- 

Fl,Z 

5 

FI,II ?,I1 

F=g F2’2>,/ F2B2’ 

I 
0 X 

7r 0 

:I,21 

1 

!I 

r>o 

5 
- 

FI.11 
-i 

FI,I I 

;;:‘I F2 ,,-“‘b-L 
* 

0 X 

FIG. 5. Initial value problems associated with processing (a) 
and regenerating(b) a desiccant matrix. 
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This set of two nonlinear equations in two unknowns 
may be solved numerically [e.g. using equations (9)] to 
yield the intersection point state (tint, win,). 

Figure 5(b) illustrates the alternate problem. Re- 
generation air is passed over the desiccant that is 
initially in equilibrium with the process air inlet state. 
The Fi distributions are initially square with the tail of 
each wave carrying the respective high potential of the 
incoming regeneration air. This tail has the tendency to 
move faster than the head and, as a result, two shock 
waves originate during regeneration of the desiccant. In 
this case, the state properties of the air stream and the 
desiccant vary discontinuously in time and space and 
the method of characteristics is not applicable. 

To calculate the speed of the shocks and the 
properties of the state between the two shocks, a 
generalized shock wave theory is applied as proposed 
by Lax [22]. The state between the two shocks is 
defined as the shock state and referred to by the 
subscript ‘s’. Conservation of mass and energy across a 
shock is expressed as a jump condition [a]. The jump 
condition for the first shock may be written as the 
following matrix equation : 

and for the second shock : 

Si is the speed of the ith shock in the dimensionless 
coordinate system (x, T). S1 and Sz may be eliminated 
from equations (12) and the following expressions are 
obtained : 

(w,-w~~H~~~J = VK-KM,-4J 
(13) 

(wz 1 -w,)U,, -1,) = V% - Wh-0 

Equations (13) must be solved numerically in 
combination with the state property relationships (4) to 
provide the shock state properties (t, w,) for given 
process and regneration air inlet states. For the 
hyperbolic system (7), these equations have two distinct 
solutions [24] of which only one is physically possible. 
This solution satisfies the jump condition (12) and also 
the following entropy condition [22] : 

(14) 

S, and S, may be obtained from equations (12) after 
solving (13). 

4. ROTARY DEHUMIDIFIER 
OPERATING CHART 

Figure 6 shows a typical combined characteristic or 
wave diagram for a counterflow ideal dehumidifier in a 
periodic steady state. The F, and F2 rarefaction waves 
during the processing period (i.e. period 1) are 

PERIOD I 0 (21) , 

PERIOD 2 

FIG. 6. Wave diagram for the ideal rotary heat and mass 
exchanger. 

illustrated by two separated fans of characteristics in a 
T-X coordinate system. The state properties of process 
air stream and desiccant are constant outside the two 
conical areas covered by the fans, while varying 
continuously inside those areas. The two shocks during 
the regeneration period (i.e. period 2) are also 
illustrated in Fig. 6. The first shock originates from the 
regeneration-period entrance face of the dehumidifier 
wheel. The second shock evolves slowly by contraction 
of the F, wave (dotted lines in Fig. 6) and is fully 
developed at the end of period 2 (solid line). The state in 
front of the second shock is the shock state ‘s’. The 
distance that the various waves move through the 
desiccant depends on the velocity of the wave, li, or Si, 
which is a function of both inlet states, and on the 
duration of each period, l/Tj 

Only the F, wave and the first shock pass completely 
through the matrix for each revolution in this 
illustration. The F2 wave and the second shock do not 
reach the exit face of the dehumidifier. If the trailing 
edge of the F, rarefaction wave were to reach the exit 
face of the desiccant wheel during the processing period, 
the desiccant would be in complete equilibrium with the 
process air inlet state before the matrix enters the 
regeneration period. Similarly, if the second shock were 
to propagate completely through the matrix during the 
regeneration period, the desiccant would be in 
complete equilibrium with the regeneration air inlet 
state before entering the processing period. 

These ideas lead to the concept of an operating chart 
for rotary heat and mass exchangers, as shown in Fig. 7. 
This figure illustrates the alternate modes of 
dehumidifier operation on a rl-T2 capacitance rate 
diagram. The solid line A-B-D represents the 
dehumidifier regeneration line. The area to the right of 
the regeneration line in the chart is the region of 
complete regeneration. If the dehumidifier were to be 
operated at an operating point (r,, I-,) within the 
region of complete regeneration (e.g. points l-3 in Fig. 
7), the second shock would move completely through 
the matrix during the regeneration period. All of the 
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D /I 
1:: I d’ I 

0.0 0.1 ,; 0.2 0.3 

FIG. 7. Operating chart for the ideal rotary heat and mass 
exchanger. Inlet conditions 25.O”C, 15.0 g kg-’ and 85.O”C, 

15.0 g kg-‘. 

desiccant particles would then be in complete 
equilibrium with the regeneration air inlet state before 
they enter period 1. Point 2 in Fig. 7 is located on the 
operating line for balanced flow. Process and 
regeneration air flow rates are equal for the balanced 
flow-operating line, which is situated inside the region 
of complete regeneration. Because of the nonlinearity 
of the desiccant-fluid property relationships (4), the 
capacity of the hot air stream to dry the desiccant is 
higher than the capacity of the desiccant to dry the cold 
air stream at equal flow rates. Point 3 in Fig. 7 is located 
on the regeneration line. For this operating point, the 
second shock just reaches the exit face of the wheel 
during regeneration. 

The solid line E-B-D in Fig. 7 represents the 
dehumidifier processing line. The area to the left of the 
processing line is the region of complete processing. If 
the dehumidifier were to be operated at an operating 
point (I-,, I-,) within the region of complete processing 
(e.g. points 5 and 6 in Fig. 7), the trailing edge of the the 
F, wave would move completely through the matrix 
during the processing period. Thus, all the desiccant 
particles would reach equilibrium with the process air 
inlet state during the processing period before they 
enter period 2. This is the case for low values for rl, or 
high process air flow rates. Point 5 in Fig. 7 is located on 
the processing line. For this operating point, the trailing 
edge of the F, wave just reaches the exit face ofthe wheel 
during the processing period. 

For intermediate values of r1 (e.g. point 4 in Fig. 7), 
dessicant particles located at the exit face of the 
dehumidifier wheel never reach complete equilibrium 
with either the process or regeneration air inlet states. A 
complex interaction of shocks and rarefaction waves 
occurs as illustrated in the wave diagram, Fig. 6. 

The regeneration line has a positive slope. If more air 
is being processed for a given rotational speed, then 
more air is required to completely regenerate the 
desiccant matrix. Similarly, the processing line has a 
positive slope. Correlations for regeneration and 
processing lines are given in the next section. The region 
of complete processing and complete regeneration 
overlap in the square O.&A-B-E in Fig. 7. The line 
segment A-B is a straight line with zero slope because it 
lies in the region of complete processing : 

r -r -s 2.A - 2,B- 2 (W 

where S, is the speed of the second shock when 
regenerating a fully processed desiccant. The line 
segment E-B is a straight line with infinite slope. The 
following equation holds : 

r -r -a l.E - 1.B - 2.11' (W 

The performance correlations that are listed in the 
next section may be used to show that the process air 
mean outlet humidity ratio is a minimum for certain 
values of r1 and T2 [24]. The dashed line F-C-D in Fig. 
7 represents this minimum. This minimum value is 
constant for the segment F-C but increases slowly 
along the line C-D as r1 increases. The line F-C is a 
straight line with infinite slope because the segment lies 
in the region of complete regeneration of the desiccant 
and is not dependent on T2. Outside the region of 
complete regeneration, the line of minimum outlet 
humidity ratio coincides with the regeneration line of 
the dehumidifier. 

5. PERFORMANCE CORRELATIONS 

The method of characteristics and the shock wave 
method provide a set of analytical equations that allow 
prediction of the performance of an ideal dehumidifier 
for the entire range of capacitance parameters, and for 
any inlet conditions. These performance correlations 
are valid for either the region of complete regeneration 
or the region of complete processing. Correlations for 
the processing line and the regeneration line are 
provided. 

The solution to the coupled conservation equations 
(7)andinitial(5)and boundaryconditions(6)consistsof 
determining the mean outlet state of one ofthe two fluid 
streams : 

1 D-j 

wj2 = rj w,(x = 1,~)~ dz 
JO 

s 1 D-f 
(16) 

ij2 = rj i,(x = 1, ‘)j dz 
0 

where w,(x, z)~ amd i,,,(x, t)j are the solutions to 
equations (4H7) for period j of the regenerator. The 
outlet state of the other fluid stream may then be 
obtained by applying an overall mass and energy 
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balance to the dehumidifier : 

(WI1 -*I,) (%-w21) 
r1 = l-2 

(41-G2) ('22--i2,) i =-, 
(17) 

12 12 

The process air outlet state as a function of time for the 
region ofcomplete regeneration may be obtained by the 
method ofcharacteristics [24]. The shock wave method 
provides the regeneration air outlet state as a function 
of time for the region of complete processing [24]. 
Table 1 lists fluid stream outlet states as functions of 
time for both modes of operation. Integration (16) may 
now becarried out analytically(for those time-intervals 
where the fluid outlet state is constant) or numerically 
for the other intervals. 

Analytical expressions for regeneration line and 
processing line are derived in Appendices A and B, 
respectively, and are given by 

r - r1 
(w*---w21) 

2.R - 

(WI1 - WinJ + rl 
( 

ws--wll w2 1 - Wint ~ - 
Sl 11 >’ 

(184 
where 2, is defined as 

1 0.5 0.5 

T=G+il,int’ 

and by 

Wb) 

‘r,p= l_~l_$jfil~44i~y (19a) 

and where & is defined by : 

(19’4 

‘1 

0 _!_ ; 1, 

kg 
\ \ 

‘\ 

0.0 I;,, 0.1 I;,, 0.2 0.3 

r, 

FIG. 8. Process air outlet humidity ratio as a function of 
capacitanceparameterFI.Inletconditions25.0”C, 150gkg-’ 

and 85.o”C, 15.0 g kg-‘. 

Integration of equation (16) may be carried out for a 
silica gel dehumidifier with specified inlet conditions 
[24]. An illustration of such an integration is 
graphically shown in Fig. 8. The mean humidity ratio of 
the process air outlet state, WIz, as a function of T1 is 
illustrated in this figure. The solid line R-O in Fig. 8 is 
obtained from the integration (16) of the expression for 
wr2(z) as listed in Table 1. This expression is valid only 
for the region of complete regeneration : 

(20) 

Table 1. Fluid stream outlet state as a function of time 

Process air outlet state for the region of complete regeneration 

F2 6 FZ&ll~ WI13 rz17 WZI, f-1) 

0<+ 
1 1 1 1 1 1 1 

for 5: ---<T&r 
I 

--<7<- 
,I Lint 

--<$G- 
I 1 

---<f 
1.21 I,21 4,i.t I,!“, 2.,“, 2.11 1 2,,1 

W,2(T) = w21 w,,V, = l/r, F, = F,,,I) St w,,(& = l/z, F, = F,. I 1) WI1 

hb) = i2, i,U, = lb, F, = F2.J ‘i”1 t,,(& = l/z, F, = F,.,,) i,, 

Regeneration air outlet state for the region of complete processing 

fl G fl.Pttl I> wI1, t,,, wzI, f-,) 
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I,,,isobtainedfrom(l8)for theregenerationlineofthe 
dehumidifier, for specified inlet conditions and I*. 
Point BF in Fig. 8 illustrates the operating point for 
balanced flow. 

The solid line I-P in Fig. 8 is obtained from the 
integration (16) of the expression for w&r) (Table l), 
and applying the overall mass balance (17). The 
expression for wzZ(r) is valid only for the region of 
complete processing : 

l-1 $ r1.PI (21) 

where Ii,r is obtained from (19). For intermediate 
values of Ii, no correlation is available because of the 
complex interaction between the two wave phenomena 
in both periods. However, negligible errors are 
introduced if points P and R are connected by a 
parabola. W,,(I,) and ?r2(11) are continuous curves 
with continuous first derivatives at point P and 
discontinuous first derivatives point R, because of the 
shock waves during the regeneration period. 

6. COMPARISON WITH EXISTING 

SOLUTION METHODS. 

To predict the performance of a dehumidifier with 
finite transfer coefficients, a general computer code, 
MOSHMX, has been developed by Ma&me-cross 
[ 143 that solves equation (3) with the initial conditions 
(5) and the boundary conditions (6). The program is 
based on a second-order finite-difference method with 
extrapolation to zero grid size. This computer program 
was used to compare the proposed correlations given 
by equation (16) and Table 1 with performance values 
provided by that program. In the limit : 

NTV,, +CQ 

NTV,,, +co 
(22) 

the real dehumidifier performance approaches that of 
an ideal dehumidifier. Fig. 9 shows W,, as a function of 
I1 for a fixed value of IZ and various values of NTV,,, 
The convergence to the proposed correlation is clearly 
shown. Further comparisons are given in ref. [24]. 

7. CONCLUSIONS 

The governing mass and energy conservation 
equations for a dehumidifier with infinite transfer 
coefficients are analyzed using the method of 
characteristics and the shock wave method. The 
method of characteristics is applicable when the 
desiccant is processing the low temperature air stream. 
The shock wave method is applicable when the 
desiccant is being regenerated by the high temperature 
air stream. Depending on the operating parameters, I1 
and 12, the performance of the ideal dehumidifier is 
determined either by the propagation of two expansion 
waves during the processing period or by the 
propagation of two shock waves during the 
regeneration period. 

A dehumidifier operating chart is introduced in the 
form of a I1-rZ diagram which shows these two 
regions. In each region, either the shock wave method 
or the method of characteristics provides analytical 
performance correlations. The process air outlet state 
of the ideal dehumidifier calculated using these 
correlations is in good agreement with that obtained 
from a finite-difference computer program for a 
dehumidifier with high heat and mass transfer 
coefficients. No assumptions are made with respect to 
the desiccant or the fluid state properties. Therefore, the 
analysis may be applied to other desiccants such as 
molecular sieves, manganese dioxide or lithium 
chloride. 

In part II of this paper, correlations for the 

o= NUMERICAL 

NTU, , = NTU, 2 

FIG. 9. Comparison of humidity ratio correlations with the finite-difference solution from ref. (14). 
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effectiveness of dehumidifiers with finite transfer 
coefficients are given as functions of the number of 
transfer units. 19. 
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APPENDIX A : 
CORRELATION FOR REGENERATION LINE 

The following assumptions are made to obtain the 
expression for the regeneration line : 

(1) The second shock wave is fully developed during the 
regeneration period. The continuous F, wave is 
completely converted into a strong shock. 

(2) The leading edge of the F, rarefaction wave has not 
reached the regenerating inlet face of the matrix during 
the processing period. 

Assumption 1 has been verified by solving(7) and the following 
initial value problem : 

at z = 0, 

t(x, 7) = ti,,; for x=0 

w(x, 5) = win, 

F,@,w) = Fl.,,; for all X, 0 < x < x0 

/z,(t, w) = (1-x)T, (Al) 

t(x,5) = t,,; for all x, x0 C x < 1 

w(X.T) = w1, 

at x = 0, 

t(x,t) = r21; for all z > 0 

w(x, +% 1 

by a numerical scheme, analogous to Glimm’s sampling 
procedure [25] that has been developed to solve shock wave 
problems. Equations (7) and (Al) were solved for a number of 
operating parameters and inlet conditions. Assumption 2 may 
be expressed as 

r1 2 &.,..i.l. (A2) 

This assumption is closely met for most operating points for 
well-defined dehumidifiers [26]. 

The outlet humidity ratio of the regeneration air stream is 
then given by integration of equation (16) : 
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S, denotes the average speed of the first shock. The overall 
mass balance (17) may be substituted in (A3) to yield the 
following expressions for Tz, s : 

I- - rl 
(ws-w21) 

Z,R - 

(w,,-*I,)+ &--w11) 

(A4) 

1 

The mean humidity ratio of the process air outlet state may 
be expressed by integration of equation (16): 

r1 
WI2 = win,+ -_(w,,--wi”J 

4 
(A3 

where 1, is the average speed of the F, rarefaction wave. 
Substituting (A5) in (A4) yields 

r - rl 
(w,--21) 

2,s - 

(WI1 -Wid+rl ( W.--w11 w21 - Win1 
~ - ___ 

51 4 > 
(‘46) 

which is equivalent to equation (18). 
Accurate values for S, and X, are not needed. Numerical 

evaluations of expression (A6) shows that the second term of 
the denominator represents a correction term. 1, and .Z?, may 
be calculated by 

(A7) 

APPENDIX B : 

CORRELATION FOR PROCESSING LINE 

The correlation for the processing line may be obtained by 
analyzing the following initial value problem : 

atT=O, t(x,r)=t,; for all x, 0 < x C x0 

w(x. T) = w, 

t(x, T) = t,, ; for all x, x0 < x < 1 

4x9 T) = w21 
(Bl) 

at x = 0, t(x,r)= t,,; forall z>O 

w(x.z) = w11. 

The solution to the Riemann problem(7)and(Bl)isillustrated 
in Fig. Al. The characteristics originating from the x-axis are 
shown in the X-T plane. During the regeneration period, the 
second shock has partially moved through the processed 
desiccant : 

x0 = 1-s’. 
rz 

WI 

The trailing edge of the Fz wave travels at a speed & for a 

0 x0 XI x 

FIG. Al. Characteristic diagram for processing a partially 
regenerated desiccant matrix. 

time z0 given by 

x0 + &,J, = X1%, 

where x1 is the average speed of the F, wave : 

(B3) 

The distance traveled by the trailing edge of the F, wave, x1, is 
then given by 

(B5) 

The time needed to complete the remainder of the path, 1 -xl, 
at a speed 1,. 1, is given by 

l-x, 

z1 1 
VW 

2.11 

Substituting (B5) into (B6) yields 

1 x1 
7’ =~-n,,I,~~& 

(B7) 

The total time, 7, that is needed for the trailing edge of the F, 
wave to reach the exit face of the regenerator is then given by : 

5 = T,+T,. VW 

Solving (B3) and substituting (B2), (B6) into (B7) yields 

1 
5=-- 

I (B9) 
2.11 

The expression for the processing line, equation (19), may then 
be obtained from 

THEORIE DE DIMENSIONNEMENT DES ECHANGEURS ROTATIFS DE CHALEUR ET 
DE MASSE-I. ANALYSE ONDULATOIRE DES EXCHANGEURS ROTATIFS AVEC DES 

COEFFICIENTS DE TRANSFERT INFINIS 

R&sum-On prksente une thtorie pour modCliser des &changeurs rotatifs de chaleur et de masse avec des 
coefficients de transfert infinis. Les iquations de continuitt et d’tnergie, pour un Bcoulement 
monodimensionnel transitoire sont itablies et analydes. Des solutions sont obtenues par la mbthode des 
caractdristiques et par la mdthode de l’onde de choc. Les deux mtthodes fournissent un systhe d’tquations 
analytiques qui foumissent les estimations de performance de Whangeur de chaleur et de masse avec des 
coefficients infinis de transfert pour des conditions op&ratoires. Un graphe est p&sent& qui montre les modes 
fondamentaux de fonctionnement pour les bchangeurs rota& de chaleur et de masse. La partie II prbsentera 

des formules pour l’efficaciti des deshumidificateurs toumants avec des coefficients de transfert finis. 
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AUSLEGUNGSTHEORIE FUR ROTIERENDE W&ME- WND STOFFAUSTAUS~HER-TEIL I. 
WELLENANALYSE VON ROTIERENDEN WARME- UND STOFFAUSTAUSCHERN MIT 

UNENDLICHEN TRANSPORTKOEFFIZIENTEN 

Zusammenfaasuog-Es wird eine Theorie zur Modellierung van W&me- und Stoffaustauschern mit 
unendlich grol3en Transportkoeffizienten vorgestellt. Die Kontinuitlts- und Energiegleichung fiir die 
eindimensionale instationlre Striimung werden aufgestellt und untersucht. Liisungen fur die Gleichungen 
werden mit Hilfe des Charakteristiken-Verfahrens und der StoDwellenmethode ermittelt. Beide Methoden 
liefern einen Satz analytischer Gleichungen, die eine Vorhersage der G&e eines WBrme- und Stoffiibertragers 
mit unendlich grol3en Transportkoeffizienten fflr alle Eintritts- und Betriebsbedingungen erlauben. Ein 
Kennlinienblatt fur Regeneratoren wird vorgestellt, das die grundlegenden Betriebsarten von rotierenden 
W&me- und Stoffiibertragern zeigt. Teil II gibt Beziehungen fur die Wirksamkeit von rotierenden Trocknern 

mit endlichen Transportkoeffizienten an. 

TEOPHtI BPAI@IOII@IXC5 TE~~OMACC~~M~~H~KOB. I. BO~HOBHO~ AHAJIM3 
BPAlIlAIOIqHXC5I TEIIJIOMACCOOEMEHHMKOB IIPH BECKOHEHHMX 

K030@MHHEHTAX HEPEHOCA 

AanoTaunn-npeLlcraeneHa Teopan MOAenHpOBaHUSl spauamwxcn renno-U MaCC006MeHHWKOB npli 

6ecxoneSnbtx k03+#nfnrienrax nepesoca. Ann onnohieptioro neycranoanmueroca reSetma nonygenbi n 
npoananu3uposaribt ypamiemir nepa3pbmnocrn n strepran. Panretina ypamtenwii nonyqenbi MeTonoM 
XapaKTepHCTUK II yAapHO-BOAHOBbIM MeTOAOM. 06a MeTOAa IlPeACTaBJUlIOT CHCTehiy aHaJIWTU'IeCKliX 

ypaBHeHUfi, II03BOJlREOUlIIX IIpOBOAUTb paCqeT TelTnO-H MaCC006MeWWHKa C 6eCKOHeWbIMU KO3+&i- 

unenraMn nepenoca AJIll nlo6brxHavanbHbIxpa6orUxycnoBai&r]peAcrameaacxeMa pa6orbtpereeepa- 
ropa, KOTO~~SI BbmAenaeT OCHOBHbte pemuh4bI pa6om BpaUuuoImxcn Tenno-u MaCCOO6MeHHUxOB. Bo 
BTOpOii 'iaCTU IlpeACTaBJIeHbi JBBUCUMOCTE AJllI Jl$@lCTHBHOCTefi OCylUUTeneii C KOHeSHbIMH KO%jiC@- 


