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Abstract-The behavior of the air-water vapor-desiccant system is of central interest for modeling rotary 
heat and mass exchangers in desiccant cooling systems. Lithium chloride is commonly used as desiccant 
in commercial systems, primarily because of the low humidities that can be obtained. This paper provides 
relationships to describe the sorption equilibria of the air-water vapor-LiCl system. Rotary heat and mass 
exchangers are described by two conservation laws and two transfer equations. They form a system of two 
coupled non-linear hyperbolic partial differential equations and two ordinary differential equations. Since 
the isotherms and isopiestics of LiCl exhibit discontinuities, conventional numerical methods that solve 
this system cannot be used. A modified method based on the finite difference model by Maclaine-cross (A 
theory of combined heat and mass transfer in regenerators, Ph.D. Thesis, Monash University (1979)) is 
presented. This method predicts the outlet conditions of the air streams and determines temperature and 
moisture content profiles of the matrix. A description of the complex physical behavior of rotary dehumidi- 

fiers using LiCl is presented. 

INTRODUCTION 

THIS PAPER investigates the thermodynamic charac- 

teristics of lithium chloride (LiCl) as a sorptive agent 
for water vapor. In a system of LiCl and water vapor, 
both physical absorption and chemisorption (forming 
of hydrates) are involved. Lithium chloride can sorb 
water vapor as a solid (anhydrous salt or mono- 
hydrate crystals) or as a liquid after the sorbed water 
has dissolved the solid into an aqueous solution, called 
a deliquescent desiccant. 

Lithium chloride is a hygroscopic salt with high 
moisture capacity, easy regenerability and high chemi- 
cal stability. It is the most widely used desiccant in 
commercial rotary dehumidifiers because of its out- 
standing ability to achieve very low humidities even 
at high moisture content. The high moisture capacity 
of LiCl (relative to micro-porous adsorbents such as 
silica gel or molecular sieves) is an asset which is 
limited only if the LiCl liquifies and drips off the 
supporter when the dilution becomes too high. 

In commercial rotary dehumidifiers, LiCl salt is 
impregnated on a supporter which provides an 
extended surface through which the LiCl crystals may 
be finely dispersed. The supporter also helps hold the 
LiCl solution up to a certain degree of dilution. The 
LiCl impregnated supporter is referred to as the 
‘matrix’, while the air carrying the water vapor is 
referred to as the ‘fluid’. In rotary dehumidifiers, the 
sorbent matrix is mounted in a frame in the form of 
a wheel that rotates in a housing. The air streams are 
separated by seals and flow counter to each other in 
the axial direction. 

MODEL FORMULATION 

Figure 1 shows a schematic diagram of a rotary 
heat and mass exchanger (RHMX). The sorbent 
material, i.e. the LiCl impregnated on its supporter, 
is arranged in a rotating cylindrical wheel of depth L. 
The two counterflow air streams that pass through 
the wheel are physically separated and flow in the 
axial direction through parallel passages. The cool 
and moist process stream corresponds to period j = 1 
while the hot regenerating stream corresponds to 
period j = 2. The coordinate system is defined as 
shown in Fig. 1. For each period, the axial coordi- 
nate z is defined to be positive in the flow direction. 
Therefore, its direction is reversed at the beginning of 
each period. The circumferential coordinate 0 can be 
regarded either as an angular position or time since 
the rotation speed is constant. 0 is set to zero at 
the beginning of each period. The RHMX may be 
asymmetric, i.e. the duration of the two periods 0, 
may differ ; their sum gives the time of one complete 
rotation. The RHMX may be unbalanced with differ- 
ent air flow rates for the process and regeneration 
streams. 

The mathematical model for the performance is 
based on a set of standard assumptions [I, 21. 

(1) Energy and water transport between matrix and 
fluid can be described by overall (or lumped) transfer 
coefficients. There is no transfer flux coupling through 
thermal diffusion or Dufor effects. 

(2) The transfer coefficients remain constant 
throughout the exchanger; the matrix geometry is 
uniform. 
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NOMENCLATURE 

4 exchange area of the matrix in period ,j W water content of matrix 
lm”7 [kg (kg dry sorbent) _. ‘] 

cc specific heat of wet fluid ~~‘%“O water content of pure monohydrate 
[JK’ (kgdryairf- ‘] [kg (kg dry sorbent) - ’ j 

c’rn specific heat of the wet matrix V,’ humidity ratio of air 
[3 K- ’ (kg dry sorbent)- ‘] [(kg water) (kg dry air) ‘] 

Ft, F2 characteristic potential for ‘,“,,I humidity ratio of fluid in equilibrium 
equilibrium between fluid and matrix with matrix [kg (kg dry air) ‘1 

h, heat of sorption [J (kg water) _ ‘] dwt,, difference in equilibrium humidity 
k.i overall heat transfer coefficient for period ratio on either side of a 

j[Wm ‘K-‘1 discontinuity 
h W., overall mass transfer coefficient for .y dimensionless distance, c/L 

period j [(kg water) ml ’ s’” ‘1 z coordinate in axial direction [ml. 
h WV enthalpy of water vapor [J (kg water)“’ ‘f 
f enthafpy of the matrix [J (kg dry 

sorbent)- ‘f Greek symbots 

ke, 
enthalpy of the air ]J (kg dry air). ‘J ? ratio of dry matrix mass Aow rate to fluid 
Lewis number of period j, ~~~,,~~‘~?~,, flow rate 

m, dry air mass flow rate of period j r 
i d~~~ension~ess time, NTli,,,z;T, 

[(kg dry air) s ‘1 0 time or circumferential coordinate [s] 
N~~~,i number of transfer units for mass 0 i duration of period j [s] 

transfer ; dimensionless axial position, NTl/;,,s 
ft.7 t temperature of fluid and matrix r’C] r dimensionless time, O/O,. 

-- 

lumped transfer coefficients are usually found by 
experiment. Convective transfer coefficients can only 
be used if the solid phase resistance can be neglected. 

By defining dimensionless coordinates and the N2”?/ 

P=+= 
of heat and mass exchangers 

airW!am 
i&X z 0 

5 =---, 
L r =oi 

(lab) 
r& 

NT&_, z k;;!’ 0) 

RG. 1. Schematic diagram of the RWMX showing the co- 
ordinate system. and by combining all the parameters into one dimen- 

sionless group 

(3) Heat conduction and water diffusion in the r, = _.z$& (3) 
matrix and fluid are negligible in the anguiar and axial I*/ 

directions. the governing equations for the RHMX for each 
(4) Heat and mass capacity in the fluid is negligible p&od may & written as 

compared to the capacity in the matrix. 
(5) The inlet streams are well mixed ; their tem- 

perature and humiditY are constant and uniform when 
they enter the RHMX. 

(6) The RHMX operates adiabatically overall. 
Fluid and matrix properties do not vary with the 
radius of the wheel. 

(7) The pressure drop along the flow length is neg- 
hgible ; the fluid flows with constant velocity. 

f4a) 

(4b) 

(8) There is no mixing or carry over between the 
two fluid streams. 

2 = NTLJ,,;(~v, -IV) (5aj 

The first assump~on allows the use of a simple These equations represent a coupled set of two hyper- 

transfer rate equation with a linear driving force bolic wave equations and two first-order equations 

between the matrix and fluid bulk properties. The for seven unknown fluid and matrix properties as 
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functions of distance and time. These properties are 
the water content, enthalpy and temperature of fluid 
and matrix and the air humidity in equilib~um with 
the matrix. Additional thermodynamic relationships 
are needed to specify the properties. These are the 
equilibrium air humidity as a function of matrix tem- 
perature and water content 

WIIl =f(W 4n) (6) 

the enthalpy of the matrix as a function of temperature 
and water content 

~=f(~,Gll~ 
and the enthalpy of the fluid 

(7) 

i = f (w, tr). (8) 
Most of these relationships are nonlinear, as evident 
in the property data from refs. [l-4]. In addition, the 
equilibrium relationship is discontinuous. Within the 
temperature range of 19.1-93.5”C, there can exist: (i) 

solid crystals of anhydrous LiCl and monohydrate; 
(ii) a saturated solution containing monohydrate; or 
(iii) dilute solution as seen in the phase diagram for 
the LiCl-water system shown in Fig. 2. Above 93S”C, 
monohydrate crystals are unstable and the saturated 
solution contains anhydrous salt. Figure 3 shows the 
step-like shape of the isotherms and its dependence 
on temperature. 
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FIG. 2. Phase diagram of the Lick-water system. 
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FIG. 3. Lithium chloride isotherms : data from ref. [9]_ 

The boundary conditions for the system are 

w(x = 0) = Wi,j” (9a) 

i(x = 0) = &“. (9b) 

The initial conditions for the matrix properties are 
periodic and therefore unknown. The reversal con- 
dition at the boundary where the matrix leaves the 
regenerating period 2 and enters the process period 1 
is 

W(z, = 0) = W(z, = 1) (loa) 

I@, = 0) = I(z, = 1) (lob) 

and at the transition from period 1 to period 2 

W(z, = 0) = W(z, = 1) 

Z(T2 = 0) = I(r, = 1) 

Ula) 

(lib) 

where subscript T indicates the current period. 
The conservation laws (4) and transfer equations 

(5) together with the thermodynamic relationships 
(6)-(8) and the boundary and periodic initial con- 
ditions (9)-( 11) form a complete set of algebraic and 
differential equations that determines the behavior of 
the RHMX. This model can also be applied to fixed 
beds that are ~~odically processed and regenerated. 

A numerical model which solves the governing 
differential equations of the rotary heat and mass 
exchanger was developed by Maclaine-cross [5] for 
sorbents with continuous isotherms. In this work, 
this model was modified to accommodate desiccants 
with discontinuous isotherms. This resulting model 
described in this paper does not rely on the validity 
of the analogy between heat and mass transfer nor 
does it require the assumption of equilibrium between 
the matrix and the fluid as originally modeled by 
Maclaine-cross and Banks [3]. The heat/mass transfer 
analogy assumption, which is appropriate for some 
sorbents, is invalid for desiccants such as LiCl which 
have discontinuities in the isotherm. 

In developing the mathematical solution, new 
non-dimensional variables for position and time are 
introduced 

Wd 

W) 

Substituting these dimensionless variables into the 
governing heat and mass conservation (4) and mech- 
anism (5) equations and using the chain rule to replace 
enthalpies with tem~rat~es as the dependent vari- 
ables results in the follo~ng set of equations : 

aw aw 
z+x=o (134 

-&$++;;~+c$+h,,!$=O (13b) 
m 

8W 

z= wm-w 



at, 
z = Le(t, - tf). (13d) 

Transforming the dependent variables from enthalp- 
ies to temperatures simplifies the analysis. However. 
this transformation causes a major limitation of this 
model. Cast in terms of temperatures, rather than 
enthalpies, it is no longer possible to account for the 

latent heat due to the phase change from anhydrous 
LiCl and water to monohydrate at 93.5C. This latent 

heat is independent of any sorption or desorption 
process. Hence the matrix enthalpy changes dis- 
continuously with temperature and the derivative 

(iii/at,), becomes infinite. For this reason, the fol- 
lowing model can only simulate the performance of 
the RHMX with hydrates of LiCl in the temperature 
range of 19.1-93.5‘C. If LiCl remains in dilute 
solution, the mode1 is applicable for all temperatures. 

In the numerical solution to equations (13). the 
matrix is discretized in time and space using a stag- 

gered mesh shown in Fig. 4. The matrix and fluid 
dependent variables are evaluated at different nodes 
in the mesh. Each grid element is regarded as a cross 
flow exchanger. The equations are applied for the 

center of the grid element (represented with a tilde (-)) 
to produce second-order accuracy for the solution 
scheme. The resulting finite difference equations can 
be written in matrix form as 

I 
I 

A::0 ’ 
0 

1 I 
0 -~~ 

A< 
0 

Ai 

fl,i Lh-tfd Le[t, - t,];.r 

‘I‘,, I ,i - “‘Li 0 
X 

Ln T.14 I - tn, ;a = [W”, - %1X 
_ w;, + I - WY, _ 0 

(14) 

The differences [I, -t&r and [~a,,, - wr];i must be 
known at the center of the element. To keep the 

i m 

A 

i+l l 

second-order accuracy, the arithmetic mean is used to 
provide an estimate 

[t,, -h- = I(&” ;A+ I + t,,, rd - 1(b,+ 1.r+ [I ,.i) 

(15a) 

[w,,,- W,-];r = ;(I%.,,;,, , +lv,,,,,) 

~ A(M, , ,i;+w,/j;). (1%) 

These equations are implicit. The term, w,, ;,n ~/ , , is 
eliminated by using a Taylor expansion for IV;,, . i 

Eliminating u‘, iii+ , , the resulting explicit matrix 
equation can be written 

X 

This Taylor expansion for WT,~+ ,. however. is not 
feasible at a discontinuity where a phase change 
occurs since the derivatives SW,,, ‘?t,,, and ?w/~‘M.,, 
become infinite. 

As the humidity changes pass through the bed, there 
arc discontinuities in the isotherm which result in 

‘jumps’ in equilibrium matrix water content with dis- 
tance. To account for the discontinuities, w,;,c is 
evaluated as the mean of I%‘,,, ;.A and II‘“,;~~, where 

“‘“I IA - / is known to be after the jump and can be 
approximated by M’,;,~+, = r~,,,;,cfA~,(r,,). The 
sign depends on the period (process + , regenerating 
period -). The change in M’, from position k to 

k + 1 due to changes in temperature is neglected 

[\vIn - IL.,];,~ = M’,,,,,~ f :Aw,,, 

-W,.~:(W,i U-n+&. (18) 

The resulting system of equations is much simpler 
than the original equations for the continuous system FIG. 4. Staggered mesh used in the analysis 
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- -1 

must be evaluated as functions of t,,,, W, tr and w at 
the center of the grid element (5 &). Since these values 
are not known, the values for the inlet temperature 
and moisture content are used first. Then the outlet 
temperatures and moisture contents are computed 
and the mean of the inlet and outlet values is used as 
a second approximation to evaluate the state property 
functions. 

W, ;.t - Wrik t- fdw, 
0 

The boundaries of the humidity interval for the 

jump at W,,,, are the equilibrium humidity of the 
system of a~hydrous LiCI and monohydra~ w,, and 
the equilib~um humidity of the saturated solution 
w,,. The boundaries of the humidity interval of the 
jump at zero water content are zero and w,,,,. If the 
humidity of the air lies within one of these intervals 
and the matrix has reached the corresponding water 
content (zero or lFmO,,), water vapor can neither be 
sorbed nor desorbed. An increment in sorbed water 
will cause the equilibrium humidity to jump so that it 
is higher than the air humidity and thereby reverses 
the driving force. If an arbitrarily small amount of 
water is desorbed, the equilibrium humidity will cor- 
respon~ngly jump below the air hu~dity and reverse 
the driving force again. Sorption or desorption pro- 
cesses come to a halt. Thus there is heat exchange 
only. In this case, the h~i~ty of the fluid and the 
water content of the matrix do not change and the 
mass conservation and transfer rate equations are 
satisfied identically and drop out of the system of 
equations (19). The simplified set of equations for 
heat exchange only is 

The algo~thm thus has to disting~sh four cases: 

Case I. The matrix water content is not near a 
discontinuity. The conventional numerical equations 
(17) are used. To calculate the outlet temperatures 
and moisture contents appearing on the left-hand side 
of equation (17) with second-order accuracy, all of 
the state property functions on the right-hand side 

Case II. The sorption (or desorption) process 
reaches the discontinuity. The air humidity is higher 
than the upper eq~lib~um h~idity of the dis- 
continuity (or below the lower equilibrium h~i~ty) 
so the dehu~dification process (regeneration) can 
proceed and cross the di~ontinuity. To find out when 
the algorithm has reached the grid element where the 
jump occurs, the outlet tem~ratures and moisture 
contents are evaluated as in Case I and then checked 
to determine if the matrix water content has changed 
into the new state. In that case the algorithm switches 
over to the new set of finite difference equations (19) 
and the temperatures and moisture contents are re- 
evaluated. 

Case III. The sorption (or deso~tion) process 
reaches the discontin~ty and stagnates there since the 
fluid humidity is within the humidity interval of the 
jump. The water content of the matrix is set equal to 
either W,,,, or zero. The element mass balance is used 
to dete~ine the ‘outlet’ fluid humidity. Tem~ratures 
are determined using the results of the conventional 
equations (17). This introduces a small error which is 
acceptable since this case can at most occur once for 
every space loop. 

Case IV. The matrix water content is at the 
discontinuity. The air humidity lies within the jump 
interval, There is heat exchange only and equations 
(20) are employed. 

The algorithm that was developed moves through 
the grid with an inner space loop and an outer time 
loop. Within the space loop, the grid element ‘outlet’ 
states are computed according to the above four 
cases. The algorithm was implemented within the 
MOSHMX program, developed by Maclaine-cross 
IS], which contains algorithms to provide an estimate 
of the solution at zero grid size by quadratically extra- 
polating the results from three progressively smaller 
grid sizes. Two values for the time increments are used 
corresponding to the two wave fronts that propagate 
through the matrix with different speeds. Initially a 
small time increment is selected in order to foilow the 
fast front. After the front passes, as detected by the 
norm of the matrix temperature change of all grid 
elements, a larger time step is then used. The entire 
algorithm is iterated so that the matrix state at the 
beginning of the process period is the same as that at 
the end of the regenerating period. Overall mass and 
enthalpy balances for the air streams are taken as the 
convergence criteria. At the end of the period the 
matrix state vectors for water content and tem- 
perature are reversed since the axial coordinate is 
defined positive in the air flow direction. 
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SINGLE BLOW SIMULATION RESULTS 

The finite difference method of this paper was used 
to calculate the change in temperature and water con- 
tent with flow length and time for a specified initial 
state of the matrix. The dehumidifier was simulated 
in a single blow mode from an initial regenerated state 
to complete exhaustion in order to gain an under- 

standing of the physical behavior of the dehumidifier. 

The parameters chosen for this calculation were 
NTU=5andLe= 1. 

The inlet conditions of the fluid were chosen to be 
t l-m = 25°C and win = 0.015. The matrix may initially 
consist of either a dilute solution of LiCl, a saturated 
solution or solid LiCl, i.e. a mixture of anhydrate and 
monohydrate. For this calculation, the initial water 

content of the matrix was taken to be W = 0.3. There- 
fore, the matrix initially contains both monohydrate 
and anhydrate. The initial matrix temperature was 

chosen to be t, = 75°C. The matrix and fluid tem- 
peratures and humidity profiles are shown in Figs. 5 
and 6. 

In the beginning of the dehumidification process, 
the high matrix temperature is very quickly cooled 
down to 58°C. The relative time is given in terms of 

the number of time steps with the numerical time step 
of A{ = 0.5. This change in temperature results from 
a fast wave that propagates through the matrix. The 

matrix temperature remains at 58°C where a phase 

60, I 

t 50 

I I / I I 
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I 
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I j I / I , 

FIG. 5. Matrix water content and temperature profile wave 
front corresponding to change from solid to saturated 

solution. 
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FIG. 6. Fluid properties during change from solid to saturated 
solution. 

change from monohydrate to saturated solution 
occurs. 

During the next time steps (to 420), the LiCl 

changes from the solid state to saturated solution and 
crosses the discontinuity at W,,,,,,. As expected, the 
moisture content profiles are not differentiable at 
W rn”“O : the slopes exhibit a sudden change. On the 

left-hand side of the jump, the matrix has already 

changed its state and now contains a saturated 
solution. Hence the rate of the dehumidification pro- 
cess is slowed due to the suddenly smaller driving 

force. Less water is sorbed and the heat of sorption is 
also smaller. 

When the matrix undergoes the phase change, the 

temperature suddenly drops again, now to 47”C, where 
the latent heat of the mass transfer equals the heat 
transfer for the sorption process in the saturated solu- 
tion. The locus of points where this phase change 
occurs represents another wave front that propagates 
through the matrix. This wave front is followed by 
another for which the LiCl becomes a dilute solution 
and the temperature drops again. The effect of these 
wave fronts on the fluid properties is shown in Fig. 6. 

The resulting air outlet conditions are shown in Fig. 

7. There is first a fast wave. Then temperature and 
humidity remain constant for a short time until the 
temperature drops as the first wave front moves 
through the matrix. This behavior results in a low 
outlet humidity which lasts until the smaller driving 
force of the saturated solution reverses this effect and 
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80 +, 
I 

FIG. 7. Air outlet states, wave fronts. 

the humidiiy increases. After this wave front passes, 
the humidity and temperature remain constant for a 
relatively long time. Finally the temperature drops 
and the humidity increases as the second wave front 
approaches the end of the dehumidifier. 

STEADY-STATE Situation RESULTS 

Figure 8 shows the profiles of the matrix properties 
during the process period as a function of axial posi- 
tion with circumferential position r as a parameter. 
For this simulation, the process air inlet conditions 
were taken to be %in = 25°C and win = 0.015 while the 
regenerating air was taken to be at %in = 75°C with a 
humidity of Win = 0.008. AS a result, the regenerating 
air is dry and hot enough to obtain anhydrous LiCl. 

The bold lines in Fig. 8 with the highest tempera- 
ture and with the lowest water content represent the 
properties of the matrix leaving the regeneration 
period and entering the process period. The two 
corresponding bold lines with the lowest temperature 
and the highest water content identify the state of 
the matrix leaving the process period and entering 
the regeneration period. At all other circumferential 
positions, the matrix states will be between these 
limiting lines. 

In the process period, the temperature profiles 
quickly shift to lower temperatures due to the fast 
wave during the first few time steps (thin lines). The 
water content changes only slightly (no corresponding 
thin lines). The completely anhydrous matrix near 

0 0.2 0.4 0.6 0.8 I 
I 

2 

W 

I 

0 
0 0.2 0.4 a6 0.8 1 

x 

FIG. 8. Steady state of regenerator profiles during process 
period for r, = T2 - 0.02. 

the end of the dehu~di~er (x = 0.95-l) immediately 
starts to sorb water. Hence, the wave front in the 
temperature profile that separates the water-free 
matrix with heat exchange only from the mixture of 
anhydrate and monohydrate moves immediately out 
of the matrix. 

After the fast wave has passed (z > O.l), the tem- 
perature profile shifts to the right without changing 
its shape significantly. The wave front that represents 
the phase change to saturated solution almost reaches 
the end of the dehumidifier before it is reflected back 
during the regeneration period. 

In the regeneration period, the fast wave f&t 
increases the temperature, before the wave fronts 
move slowly back to the left. In this simulation, I was 
taken to be 0.02 which is near the optimum value 
where the best dehumidification at the outlet state is 
obtained. For larger values of r (lower mass flow rate 
or faster rotating wheel), the water content profiles 
after processing and regenerating will be closer toge- 
ther than in Figs. 8 and 9, while the temperature 
profiles will be roughly the same. The transition from 
dilute to saturated solution and from saturated solu- 
tion to solid will be much steeper. The entire regen- 
erator will be similar to three single regenerators in 
series, one containing dilute solution, one saturated 
solution and one solid LiCl. The process outlet 
humidity will be higher because the fast wave takes 
relatively more time out of the entire period and the 
initial high temperatures are less favorable to the 
dehumidi~cation process. 



For smaller values of I (slower rotating wheel or 
increased air flow rate), the wave fronts will move 
faster and may move out of the regenerator before 
1 hey arc reflected back during the regenerating period. 
If the wave front where the matrix changes to satu- 
rated solution moves out of the regenerator before the 
end of the period, the dehumidification process near 
the end of the regcncrator, whcrc the final outlet 
humidity is obtained, will be slowed down or will cvcn 

stop. The profiles in Fig. 8 represent an operation neat 
the optimum because this wave front comes close but 
does not move out of the dehumidifier. 

PROCESS DIAGRAMS FOR LiCl 

A method of characteristics has often been 
employed to represent the processes in desiccant 
dehumidifiers. It is possible to combine the tem- 
perature and humidity variables into two charac- 

teristic potentials. termed F, and F2, which decouple 
the governing equations [I. 3. 51. These potentials 
then describe the equilibrium processes that would 
occur in a dehumidifier with no heat or mass transfer 
resistances. Kepresentation of these characteristic 
lines on psychometric coordinates provides insight 

into the behavior of the desiccant. The lines represent 
the sorption processes for dehumidifiers with finite 
heat and mass transfer coefficients. The characteristic 
potentials are not directly useful in analysis of 
advanced systems such as staged regeneration but they 
are useful in indicating the limits of performance of 
dehumidifiers. 

F,, F,-Charts for LiCl in dilute LiCl solution have 
been developed by Maclaine-cross [5]. Lines of con- 
stant F, are obtained by integrating the following 
expression : 

(,21) 

Integration of equation (21) leads to some difficulties 
for LiCl in either the saturated solution or solid state 
because the partial derivatives of the matrix properties 
may become zero or infinite. The critical term in this 
equation is ~W/?W. Three cases have to be dis- 
tinguished : the first case corresponds to finite F W/c%t., 

the second one corresponds to infinite 8 W/i% and in 
the last case ciW/& equals zero. 

0.040 

0.030 

IV 0.020 

0.010 

O.Mo 

, io 60 70 80 90 

t 

Case I. All derivatives are finite as it is in the case Frti. 9. Trajectories of air outlet states, superimposed on the 
for the dilute solution. Lines of constant F, can be LiCl F-chart. 

obtained by numerically integrating equation (21) 
with a fourth-order Runge--Kutta method. 

Case II. The matrix derivatives are infinite. There- 
fore, I,‘(?W!?w) is equal to zero and equation (21) 
can then be written as 

For j = I, [i;w,/?t],;, = - (l/lz,)(iii;?r) which is finite 
and negative for W, t values on the discontinuity lines. 
However, with an arbitrary small step, these lines can 
be crossed and Case II is no longer valid. i.c. iIV,‘irt~ 
is no longer intinite. Hence there is no impact of the 
discontinuitics on the shape of the lines of constant 
F, -potential. 

For j = 2, [?w/Zt],-x = [?w/~z],+, The discontinuity 

lines, i.c. the isostere for the saturated solution and 
the isostcrc for a system of anhydrous LiCl and 
monohydrate, are also lines of constant F,. 

Case III. At a phase change, the derivative (1 W’,‘,iir 
is equal to zero and the terms containing the inverse 

of this derivative become infinite. Therefore, the other 
terms in the equation can be neglected and equation 

(2 1) can be reduced to 

=o for;=1 (23a) 

4 x for j = 2. (23b) 

This simplification results in horizontal lines for F, 

and vertical lines for Fz on the psychrometric chart. 

Figure 9 shows the F-charts of LiCl over a large 
temperature and humidity range. The astonishing 

J J 
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result is that the discontinuities cannot be seen in these 
charts. However, the fact that the lines of constant F- 

potential do not exhibit any discontinuity does not 
mean that the F-values do not change significantly. 
The step changes of the W(w, t) function as seen in 
Fig. 3 cannot be seen in the lines of constant W. 

Thus the W, r-discontinuity lines for W may also be 
discontinuity lines for FZ. 

The physical significance of the F-charts can be 
evaluated by plotting trajectories of the air outlet con- 
ditions for single blow simulations. Possible initial 
matrix states are either a dilute solution of LiCl, 
a saturated solution, or solid LiCl consisting of 
anhydrate and monohydrate. These initial states 
correspond to points in the F-chart that are in the 
region of dilute solution, on the solubility line or 
on the discontinuity line that separates the regions for 
anhydrate and monohydrate as indicated on Fig. 9. 

The outlet air in the very beginning will be in equi- 
librium with these initial points. Hence, all trajectories 
start out at these initial points. At the end of the 
process, when the matrix is completely exhausted, the 
outlet air will be the same as the inlet air. Therefore, 
the trajectories all end at the point of the inlet air 
state. 

For the first case where the matrix initially contains 
a dilute solution (point A in Fig. 9), the air outlet 
states move very fast down along the F,-line. This 
corresponds to the initial fast wave that propagates 
through the matrix. Then the slow wave will shift the 
outlet states up the F,-line until they reach the inlet 
state when the matrix is exhausted. Hence, the inter- 
section point represents the optimum dehumidi- 
fication that can be obtained under these initial 
matrix and air inlet conditions. The same behavior is 
exhibited by desiccants that do not have dis- 
continuous isotherms. 

Similar behavior occurs for the matrix initially con- 
taining a saturated solution of LiCl, which starts at a 
point on the solubility line (point B in Fig. 9). The 
outlet states will stagnate at the intersection point 
until the wave front that corresponds to the change to 
dilute solution approaches the end of the dehumidifier 
and effects the outlet states. Finally the slow wave will 
move the outlet state up the F, -line. 

In the most complicated case where the matrix is at 
the equilibrium point of monohydrate and anhydrous 
LiCl (point C), the matrix will change from solid 
LiCl to the saturated solution and then to the dilute 
solution. In this case the air outlet states will also stay 
constant after the fast wave passed through, but only 
for a very short time. Then the medium speed wave 
front that corresponds to the change to saturated 
solution will first lower the humidity and then increase 
it as shown in Fig. 7. As a result, the lowest humidity 
air exits the dehumidifier while this wave front is still 
propagating through the matrix and not when it 
breaks through. This point of the trajectory is highly 
transitory compared to the air conditions after this 
wave front breaks through. At this point, the air outlet 

conditions will stay constant for a long time. They are 
close to the solubility line. Finally, with the next wave 
front, the air outlet states move up along the F, -line. 

The problem, in applying the analogy method for 
this last case is that the point with the lowest humidity 
cannot be identified from the F-chart alone. It lies 
on the F2-line through the initial matrix state, but it 
cannot be shown mathematically that it has the same 
F,-value. From this analysis it cannot be determined 
that this is the intersection point. If the matrix at 
the beginning of the process period contains pure 
monohydrate or saturated solution, the regenerating 
air will be in the region of monohydrate. In this case, 
the intersection point is the intersection of the solu- 
bility line and the F, -line through the process air inlet 
state. 

For both inlet states being in the region of dilute 
solution, the analogy method can be applied as for 
continuous sorbents. If the F,-line of the regenerating 
air inlet state hits the solubility limit before inter- 
secting with the F,-line of the process air inlet state, 
the solubility line will continue the F,-line and the 
intersection point of the solubility line and the F,-line 
may also be used. 

CONCLUSIONS 

A model has been developed that simulates a regen- 
erative heat and mass exchanger (RHMX) using LiCl 
as the desiccant. The results are based on the numeri- 
cal solution to governing heat and mass transfer 
relations. Experimental sorption characteristics for 
the LiCl-water system have been incorporated into 
the model. The numerical analysis used in the model 
accommodates discontinuities in the adsorption iso- 
therm. Experiments on sorption in LiCl beds are 
needed to support the calculated performance results. 

To make use of the ability of LiCl to process very 
dry air, the regeneration period must reactivate the 
matrix such that anhydrous LiCl is obtained. Then, 
the reactivation temperature must be high enough 
such that the temperature dependent equilibrium 
humidity of solid LiCl is higher than the regenerating 
air humidity. Temperatures above 93.5”C are practical 
since anhydrous LiCl can be obtained directly from 
the saturated solution. Such high regenerating tem- 
peratures allow higher regenerating air humidities. 

The physical behavior of the RHMX may be 
described by an initial fast wave and slower sub- 
sequent wave fronts that represent the phase changes 
and propagate through the matrix. These wave fronts 
have only a small effect on the water content profiles, 
but due to the large changes of the latent heat, they 
have a large effect on the temperature profiles. For 
the change from solid LiCl to saturated solution the 
water content profiles will exhibit a knee since the 
driving force for the mass transfer jumps dis- 
continuously. 

The fast wave shifts the temperature profiles up or 

down at the beginning of each period. Then the wave 
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fronts move the temperature profiles back and forth 
during the two periods, while the water content pro- 
files are shifted up and down. How far these wave 
fronts will move depends on the parameter r,. For 
optimum dehumidification, the wave front where the 

matrix changes to saturated solution will come close 
to breaking through. The corresponding value for I-, 
was found to be approximately 0.02. 

Psychrometric charts with lines of constant F- 
potential for LiCl in the solid state, in saturated solu- 
tion, and in dilute solution were presented. It was 

shown that the discontinuity lines for the equilibrium 

water content are also F,-lines. Trajectories of the 
outlet states of single blow simulations were used to 
identify possible intersection points. However, for the 
case where the matrix initially contains solid LiCl 

and will change across the discontinuity to saturated 
solution, the empirical point of lowest humidity of 
the trajectory cannot be found by intersecting the F- 

potential lines. As a result, the analogy method can 
only be applied for sorption processes on the saturated 
and dilute solution. 

REFERENCES 

I. J. J. Jurinak, Open cycle desiccant cooling-component 

2. 

3 

4. 

5. 

h. 

7. 

8. 

9 

IO. 

models and system simulation, Ph.D. Thesis, University 
of Wisconsin, Madison (1982). 
E. Van den Buick, Design theory for rotary heat and 
mass exchangers-I. Wave analysis of rotary heat mass 
exchanger with infinite transfer coefficients, and 11. 
Effectiveness-number of transfer units method for rotary 
heat and mass exchangers, ht. J. Heat Mass Trmsfir 
28, 1575.-1595 (1985). 
1. L. Maclaine-cross and P. J. Banks, Coupled heat and 
mass transfer in regenerators-prediction using an 
analogy with heat transfer. Int. J. Heat Muss Transfiv 
15,1225 (1971). 
C. Chi, Dynamics of fixed bed absorbers, Ph.D. Thesis. 
I.I.T.. Chicago (1968). 
1. L. Maclaine-cross, A theory of combined heat and 
mass transfer in regenerators, Ph.D. Thesis, Monash 
University, Clayton, Victoria. Australia (1979). 
M. P. Appleby. Crawford, Gordon, Vapour pressure oi 
saturated solutions. Lithium chloride and lithium sul- 
phate, J. Chum. Sot. 11, 1665 (1934). 
Ch. Slonin und G. F. Hiittig. Die Spezifischen Warmen. 
Bildungswirmen der Lithiumhalogendihydrate, 2. Ph>>,s. 
C’hem. 141,55 (1929). 
N. A. Gokcen, Vapor pressure of water above saturated 
lithium chloride solution. J. Am. Chem. SIC. 73, 3789 
(1951). 
E. F. Johnson, Molstad, Thermodynamic properties ot 
lithiumchloridesolutions, J. P~Y.F. Chum. 55,257 (1951). 
E. Lange und F. Diirr, Li%ungs- und Verdiinnungs- 
tirmen von Salzen. 2. Phy.‘. Chem. 121, 379 (1926). 

CARACTERISTIQUES DU CHLORURE DE LITHIUM DANS LES ECHANGEURS 
TOURNANTS DE CHALEUR ET DE MASSE 

RCsumb-Le comportement du systtme air vapeur d’eaudessiccateur est d’un grand intir2t pour la 
modelisation des kchangeurs tournants de chaleur et de masse. Le chlorure de lithium est g&ralement 
utilis& comme dessiccateur dans les systkmes commerciali&es B cause des faibles humid&s que l’on peut 
obtenir. On donne des formules pour dtcrire I’kquilibre de sorbtion du systtme air--vapeur d’eau- LiCl. Les 
tchangeurs tournants de chaleur et de masse sont dkcrits par deux lois de conservation et deux Cquations 
de transfert. Elles forment un systtme de deux tquations aux d&iv&es partielles hyperboliques non linkaires 
et deux tquations diff&entielles. Puisque les isothermes et les isopiestiques du LiCl montrent des dis- 
continuitks, les mCthodes numkriques conventionnelles ne peuvent ttre utilistes. On prksente une mkthode 
baske sur le modele de diffkrences finies par Maclaine-cross (A theory of combined heat and mass transfer 
in regenerators, Ph.D. Thesis, Monash University (1979)). Cette mCthode prkdit les conditions de sortie de 
I’air et d&ermine les profils de temperature et d’humiditk de la matrice. On presente une description du 

comportement physique complexe des dessiccateurs tournants utilisant LiCl. 

EINSATZ VON LITHIUM-CHLORID IN ROTIERENDEN APPARATEN FiiR DEN 
WARME- UND STOFFAUSTAUSCH 

Zusammenfassung--Das Verhalten des Entfeuchtungsmaterials ist bei der Modellierung rotierender Appar- 
ate fiir den Warme- und Stoffaustausch in Kiihlsystemen zur Entfeuchtung von zentraler Bedeutung. 
In kommerziellen Systemen wird als Entfeuchtungsmaterial iiblicherweise Lithium-Chlorid eingesetzt, 
vorwiegend wegen der erzielbaren niedrigen Feuchtigkeiten. Die vorliegende Arbeit liefert Beziehungen zur 
Beschreibung des Sorptionsgleichgewichts des Systems Luft/Wasserdampf/Lithium-Chlorid. Rotierende 
Apparate fiir den WBrme- und Stoffaustausch werden auf der Grundlage von zwei Erhaltungsgleichungen 
und zwei iSbertragungsgleichungen beschrieben. Diese bilden ein System mit zwei gekoppelten nichtlinearen 
hyperbolischen partiellen Differentialgleichungen und zwei gewiihnlichen Differentialgleichungen. Da die 
Linien gleicher Temperatur und gleichen Druckes in LiCl Unregelm?iBigkeiten zeigen, kiinnen her- 
kiimmliche numerische Modelle nicht zur LGsung dieses Problems verwendet werden. Es wird ein modi- 
fiziertes Verfahren, das auf dem Finite-Differenzen-Model1 von Maclaine-cross (A theory of combined 
heat and mass transfer in regenerators. Ph.D. Thesis, Monash University (1979)) basiert, vorgestellt. Mit 
dieser Methode kijnnen die Austrittsbedingungen der Luftstrhme vorausberechnet sowie Temperatur- und 
Feuchtigkeitsprofile der Matrix bestimmt werden. Das komplexe physikalische Verhalten rotierender 

Entfeuchter mit LiCl wird beschrieben. 



Characteristics of lithium chloride in rotary heat and mass exchangers 2713 

XAPAKTEPkfCTkIKH XJIOPH)JA JIMTHII B POTA~ElOHHbIX TEI-IJIO- ki 
MACCOOPMEHHHKAX 

kKWU&mF--np&i MOfieJIHpOBaHHH pOTaQHOHHbIX TeIIJIO- H MaCC006MeHHHKOB B OcyUIaKnq&iX OXJI~XC- 

&UOIWiX CHCTeMaX OCO6bd HHTepec IIpeACTaBJUlloT XapaKTepHCTEiKli CHCTeMbI BO3AyX-BOJUUIOii Ilap- 

OCyLIIHTeJlb. B KaW.CTBe OCyI”HTWIa B IIpOMbIIWleHHbIX CHCTCMBX 06b1w10 &WlO,Ib3yeTcK XJIOpa ,IUTB,, 

npexne nCer0 6naronapn B03MOEHocTH noJIyYeHHn HH3KOii BJIaxHOCTH. B HacTOnIIJehf &~CCJI~~OB~H&~H 

IIpHBOlJ%TCK COOTHOIUeHHJl, OIIACbIBalQHe COp6IlHOHHOe paBHOBeCHe CHCTeMbI BO3nyX-BOnl,HOii nap- 

Licl. POTaIWOHHhle TeWIO- H MaCCOO6MeHHHKH OllHCbIBaIOTCCII LIByMS 3aKOHaMW COXpaHeHHX I4 nByM$l 

ypaBHeHHKMH IIepeIiOCa, KOTOPbE O6pa3yrOT CHCTeMy ti3 AByX B3aHMOCB113aHHbIX HeJIHHei%IblX rnnep6o- 
JIH’IeCKUX ypaBHeHEiii B ¶aCT’HbIX IlpOH3BOlJFIbIX H .iJByX 06bIKHOBeHHbtX ~~&!~Hl,EGUbHbIX ypaBHeH&. 

kCKOJIbKy B S3OTepMaX H JIHHHXX C OLIHHaKOBbIM LlaBJIeHHeM HaCbIIUeHHOrO llapa LiCl o6Hapywv 
B~I~TCII pa3pbmbl, 06IUeIIpHHIiTbIe MeTonbl HenpIlronHbl QRH peuIewin nawiofi cmxebnd. llpemomeH 

MO~Hi#8HIuipOBaHHti heron Ha OcHOBe KoHe¶Ho-pa3HocTHoii MOLIeJIH (A theory of combined heat and 
mass transfer iII regenerators, Ph.D. The&, Monash University (1979)). YKiUaHHbIii MeTOn IIO~BOJDI~T 

OnpeAeJlKTb yCJIOBHI AJIK IlOTOKa BO3nyXa Ha BbIXOAe, a TaKXCe IlpO&iJIU TeMllepaTyp W BJIarOCOneplKa- 

HHii MaTpWIlbI. fiaeTC,l OIIHCaHHe CJIOY(HOT0 I$HJH¶eCKOTO IIOBeDeHUII pOTaIJHOHHbIX OCyI,IHTe,Ie& HC”O- 

~Ib3y1ouvix LiCI. 


