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Wave Diagram Outlet (x'=1) State
al

S
>

r pr

a) constant velocity

el
b) velocity dependent on potential

al
c) velocity dependent on two potentials
Figure 3.4 Wave front propagation. a) constant velocity,

b) velocity dependent on potential, c) velocity
dependent on two potentials
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both the Fi, then the velocity of the Fi wave depends in part on the
distribution of F3—i in the matrix, and constant'Fi paths on the
wave diagram are no longer straight lines [47,96]. This is shown
in Figure 3.4.c, for a case in which Y decreases with the F3_i
distribution in the matrix.

The nonequilibrium (finite Js j) behavior of a rotary regener-

s
ator can also be shown on wave diagrams similar to those just men-
tioned, however, because the matrix and air states are no longer
identical, a separate diagram must be drawn for both”the matrix
and air distributions. Finite transfer coefficients tend to
symmetrically broaden or :smear the wave fronts [18,46,96].

While the true behavior of a heat and mass regenerator must
often be described using nonlinear wave diagrams, the approxima—
tions of constant Yi or Yi = Yi(Fi) can be used to gain qualita-

tive understanding of the operation of the heat and mass regenerator.

Several examples are provided to illustrate this point.

3.3.1 A Qualitative Description of the Distribution of Dehumidi-

fier Air States

Consider a symmetric (6i = eé = 0.5), balanced mass flow
(uKl = uKz), counterflow silica gel dehumidifier with uniform
inlet conditions. As will be shown in §3.5, the best performance for
the silica gel dehumidifier occurs when uk ~ 0.20. For air condi-
tioning applications, the dehumidifier process stream inlet temper-

ature is typically between 25°C and 35°C, while the regenerating
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temperature might be 80°C to 100°C. The inlet humidity ratios are
usually less than 20 g/kg. From Figure 3.2, it can be estimated ‘
that average values of Y1 and Y, are about 0.5 and 20.0. Thus,

' = At = '
9101,1 62C1,2 0.05 and 0!C

= 1 -
l 2’1 6202’2 2-0.

The periodic steady state Fl and F, wave diagrams for the de-
humidifier are shown in Figure 3.5, along with a psychrometric
chart showing the corresponding (t,w) states. In Figure 3.5,
period 1 is taken to be the process period. The dimensionless time
required for an Fi wave to pass through the matrix is 1/V, ,. Since

3

1/v = 0,05 << 63, the Fl change passes rapidly through the

1,3
matrix in each period, as shown in Figure 3.5. On the other hand,
the FZ changes are too slow to pass through the matrix befofe the
period ends. In this balance flow case, when the flow is reversed
at the end of each period, the F, wave is just reflected back out
of the matrix. The shaded region in the F, wave diagram therefore
can represent an arbitrary distribution of Fy.

The process stream air outlet state distribution can be con~-
structed from Figure 3.5, as shown in Figure 3.6. The superposi-
tion of the F, and Fy outlet state distributions shows that for

1

8' < SiCl 1’ the process air stream outlet state is the regenerating
,1

inlet state, while for 8' > eiCl 1’ the process outlet state is at
3

), corresponding to the intersection point of the F

. w. .
(tl,lnt’ 1,int 1

line through the process inlet state and the F2 line through the

regenerating inlet state (Figure 3.5).
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The diagrams drawn in Figures 3.5 and 3.6 were based on a con-
stant Yi’ infinite transfer coefficient analysis. In reality, the
Y; vary, and the transfer coefficients are finite. As mentioned
previously, Ys variations can cause spreading of the Fi waves, while
finite transfer coefficients always smear the wave fronts. There-
fore, in the wave diagram for a real dehumidifier, there should be
a fan of Fl states in both periods. Rather than having an arbi-
trary distribution of F2 in the matrix, which resulted because of
the sharp wave fronts in this balanced flow case, an orderly varia-
tion of FZ from the process state to the regenerating state should
occur. Based on these qualitative arguments, the air state Fl and
F, wave diagrams, the period 1 air Fi outlet distributions, and the
corresponding period 1 outlet air state distribution for a real
dehumidifier are expected to resemble those shown in Figure 3.7.

To demonstrate the qualitative utility of the Fi wave diagrams,
the distributions of air and matrix states were determined using
the finite difference solution (§2.4.3) for a balanced, symmetric,
counterflow silica gel dehumidifier with A 3 = 20.0, pk = 0.20,
Leo = 1, and inlet air states of (35°C, 14.2 g/kg) and (85°C, 14.2
g/kg) . The resulting distribution of air temperature in the matrix
determined from the finite difference solution is shown in Figure
3.8.a, while the humidity ratio distribution is shown in Figure
3.8.b. It is evident thét changes in air temperature and humidity

ratio are closely coupled.
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The finite difference solution for the air temperature and
humidity ratio distributions in the matrix can be transformed into
Fi wave diagrams using expressions for Fi that are given in §3.4.2.

For convenience, the resulting values of Fi are normalized by intro-

ducing
F, - F,
pr = ALt i=1,2 (3.17)
1 i2,1 i1,1
where Fij 1 is the value of Fi at the period j inlet. The resulting
3

normalized Fl and F2 wave diagram are shown in Figures 3.9.a and
3.9.b. These air state diagrams for the silica gel dehumidifier
should be compared with those obtained by applying the analogy and
kinematic wave theory (Figures 3.5 and 3.7). The associated normal-
ized Fi distributions for the process outlét stream are shown in
Figure 3.10, with the corrésponding outlet air temperature and
humidity ratio distributions shown in Figure 3.11. These may be
compared with the distributions predicted using the analogy shown
in Figures 3.6 and 3.7. From these comparisons it is evident that
the simple characterization of the dehumidifier in terms of Fi
wave fronts can provide a remarkably good qualitative understand-
ing of dehumidifier operation.

As was mentioned in §3.2, the analogy method can be applied as
an approximate numerical technique to predict heat and mass regener-

ator outlet states. The numerical application of the analogy solu-
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Figure 3.11 Process alr stream outlet temperature distribution from
the finite difference solution. a) temperature,
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tion, discussed in §3.4, will require that average values of Yy be
known. As a finite example, the quasi-equilibrium analysis will be

used to select appropriate ?;j.

3.3.2 Selection of the Average Yy for the Three Modes of

Regenerator Operation

There are three distinct modes of heat mass regemerator opera-
tion [10,18,33]. At very low rotational speeds, characterized by

<< C2 i < 1.0, the regenerator behaves like a single blow
3

Cq .
1,]

fixed bed, and the mean outlet state of each period is near its
inlet state. The corresponding Fi wave diagrams for this case
are shown in Figure 3.12.a [18]. At medium rotational speeds,

C << 1.0, C2 i > 1.0, the exchanger operates as a regenerative
b

1,3
dehumidifier, as illustrated in Figure 3.12.b [18]. At very high
rotational speeds, Ci,j >> 1.0, the outlet state of each period
is near the inlet state of the opposite period, and the regenerator
operates as an enthalpy (sensible and latent heat) exchanger. The
F, wave diagrams for this situation are shown in Figure 3.12.c [18].
In the applications considered in this study, the heat and
mass regenerator will be operated in the medium rotational speed
regime, i.e., as a regenerative dehumidifier. However, the
equilibrium analysis will be used to estimate thg average Y, for
each rotational speed range.

The average Yi0 denoted'§ij, are used to estimate the velocity

of the Fi waves in period j. Once an Fi wave has passed through
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Figure 3.12 Regenerator rotational speed regimes. a) low speed,
b) medium speed, c) high speed
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the matrix, variation of Yi with subsequent changes in matrix state
~are irrelevant. Therefore, the’?ij should reflect the matrix state
while the corresponding change is occurring. If Yy is a function
of Fi only, then the F3—i distribution is also irrelevant in
computing'§ij. However, since Y, usually depends on both Fi and
F3—i’ appropriately incorporating the effect of F3—i on ?gj can be

viewed as a correction to offset the error introduced by treating

the Fi equations (Eqs. (3.14)) as uncoupled.

3.3.2.1 Low rotational speed (C; . << C, . < 1). Consider
i laJ 2:3

first period 1 in Figure 3.12.a. Since the F, change propagates
more slowly than does the Fl change, the matrix is entirely at the
F, of the period 2 inlet, F22,l? while Fq is changing from Flz,l

to FZl,l' The mean Yl is then

Fi1,1
Y11 T [ Y 4F;

Fl2.1 ¥

22,1 (3.18.a)

(F3,1 7 F12,7

where dF F22,l implies a path integration along the FZZ,l line.

Similarly, for le,

[Flz,l
_— Y. dF
Y12 F11,1 Loty

21,1 (3.18.b)
(F12,1 ~ F11,1) '
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Considering now the Fz change in period 1, it is evident that

while F, is changing from F22,1 t? FZl,l the matrix is at Fll,l’ 50

that

Fo1,1
Yo1 = J/. Y, 9F,
Foo 1 F11.1 (3.19.2)
(Fa1,1 ™ F22,0
and, similarly
Fo2,1
Y22 . Yy 4F, .
21,1 12,1 (3.19.b)
(F

22,1~ F21,7

3.3.2.2 Medium rotational speed (Cl 5 <1«x C, j)' For the

3

medium rotation speed case, there will be a distribution of F,
states throughout the matrix (see Figures 3.9.b and 3.12.b). The
Fl change in either period propogates through this distribution.

If the F2 distribution is taken to be approximately linear in x'

and e',then
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F

22,1 (12,1
/ Yy dFldF2

F F
Y1, 11,1 (3.20)

(Fpp.1 = Fo1,00 Fro,1 = Fi1,0)

Yi1 T Y12 ©

There is also a distribution of Fl states in the matrix while
the F, change is occurring. However, because the Fl wave is fast
and spreads little (see Figure 3.9.a) for the purposes of computing
front can be approximated by a step change in state

1

propogating at the mean Fl wave velocity (Vl

YZj’ the F

=V, L (y,L).
i l’J(viJ))

3

Averaging with respect to time, and taking the matrix to be uni-
. . . )

formly at Fl(B—j),l for dimensionless time less than ejcl,j’ the

mean value of Yy is

F

22,1
F : F..
Yy = (1m0, ) —=kad 1.1
J QJ (F — F )
22,1 21,1 ’
j=1,2 (3.21)
Fy2,1
/ ¥y 4Fy
F2,1 F1(3-9),1
+ Cl i
(Fpp.1 = F1,1)
Note that since C, . << 1.0, the contribution of the second term

1,j
of Eq. (3.21) to';éj is small.
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3.3.2.3 High rotational speed (Ci 5 >1). As shown in

Figure 3.12.c, at high rotational speeds neither of the Fi fronts
can pass through the matrix. If it is assumed that these distri-

butions are linear in position and time, then approximately

F22,1 F1o,1

[ / yi dFlsz

F F
Yij = a2 L2 - 1,9 = 1,2 (3.22)
(Fup.1 = Fa1,1) Frz,1 ~ Fr1,0)

3.4 Predicting Rotary Heat and Mass Regenerator Outlet States

by Analogy

Having established the qualitative utility of modeling the
heat and mass regenerator as an Fl and Fy exchanger in §3.3, the
formulation of the analogy solution as a numerical predictor will
be investigated, and the accuracy of the approximate solution
evaluated.

The performance of the rotary semsible regenerator can be
characterized by a temperature change efficiency, which is a
function of the dimensionless groups NTUO; C*, C?, and hA* (82.3).
Since the transformed governing equations for the heat and mass
regenerator (Eqs. (3.14)) are of exactly the same form as the

conservation and rate equations for the rotary sensible heat ex-
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changer (Egs. (2.1)), by analogy the performance of each of the
analogous Fi regenerators may be characterized by an Fi efficiency:

Fi.2 " Fig1

n,. = : i=1,2; j=1,2 (3.23)
T Fi-9,1 7 Fij,1

The nij are functions of the same four dimensionless groups as the
temperature efficiency nt,j (Eq. 2.3), except that in each term,
the thermal capacitance ratio, Gj’ is repiaced by the analogous
capacitance ratio, Yij’ and the combined heat transfer‘coefficient,
Jt,j’ is replaced by the analogous transfer coefficient, Ji,j' This
correspondence is shown in Table 3.1.

In general, Y; varies with its own potential (Fi) even if it

is independent of the other (F3_i). The effect of variable Y; on

nij is incorporated by analogy to a sensible regenerator with
variable ¢g: an average value,.§i, is used to evaluate the dimen-
sionless regenerator parameters.. The obvious choice forv§i is an
analogue to Eq. (2.6) for o. Comparison of the.?ij given in Egs.
(3.18) - (3.21) to Eq. (2.6) for ' shows that these expressions
are the appropriate analogues, where possible dependence pf 1
on F3—i is also accounted for.

Once the nt,j are known for the rotary sensible regenerator,
the outlet temperatures of the heat exchanger can be directly
computed using Eq. (2.3). Similarly, the nij are useful only if they

can be employed to accurately predict the outlet air states of the

heat and mass regenerator. - However, as shown in §3.1, the defini-



Table 3.1

NTUO, C*, Ci, hA* and Analogous Parameters
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period

R L
o
Lol
NN

rate

analogous potential
index of period with minimum fluid capacitance

Sensible Regenerator

C, = UK.,O
J H J 1]
J L
A = L]
t,] v,
J
1 C, >¢C
2 C2 > Cl
Cx = Ck
C
C*="""3':15‘
Cy
A
hA*:-[\-F—Z-L_C*
t,3-k
A
_ k
NTUO 1 + hA*

Fi Regenerator

C = K.y
i3 M Jylj
J, .L
A = i,]
1,] Vj
>
. ={ 1 C1,1 C
2 Ci,2 > C
* =
Cr,i Ci,k
C,
o i, (3-k)
C.
i,k
A,
hak = 22K cx
o,k T
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tion of the Fi (Eqs. (3.3)) required for the transformation of the
governing equations can not be used to defermine values of the F.
potentials as functions of air state. Thus, in order for the concept
of superimposing Fi regenerators to be of quantitative utility, ome
of two alternatives must be pursued. Either the nij must be directly
related to the outlet temperature and humidity ratios of the re-
generator, without explicit recourse to the Fi’ or a rational
procedure of.computing values of Fi as invertible functions of
temperature and humidity ratio must be established.  This dichotomy
forms the basis for the numerical comparison to be presented in
§3.5.

" The first alternative was developed by Maclaine-cross and
Banks [10,18]. Referred to as the intersection point method, it is
discussed in §3.4.1. The second alternative was proposed by Banks
[34], and is referred to as the nonlinear analogy method. The non-

linear analogy is outlined in §3.4.2.
3.4.1 The Intersection Point Method

Though the functiomns Fi(t,w) are not analytically defined, the
oy (Eqs. (3.8)) can be numerically integrated to determine the locus
of air states along a path of coﬁstant Fi' Figure 3.13 shows the
Fi through hypothetical inlet air states for a dehumidifier. The

period j intersection point (t, ), is.:defined by inter-

J,int’w',int

section of the Fl potential line through the period j inlet state

and the Fy potential line through the period 3-j inlet state.
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Maclaine-cross and Banks use the Fi intersection points to estimate
the outlet states of the dehumidifier.

Evaluation of'Vij via Egqs. (3.18) - (3.22) requires that
Fi(t,w) be known. Because Maclaine-cross and Banks could not
directly evaluate these expressions, they used the following.§ij
in the intersection point method in place of Egs. (3.20) and (3.21)

for the dehumidifier (C, . << 1 <C, .):
1,j 2

2

Va1 Y2 int
/ Y Y1 49y, [W Yy 4y
- - 1 1l,int 1,1
Yo = Y0 =5 2= + : - (3.24a)
11 12 2 W2,l Wl,int W2,int Wl,l
and
W, . W, . .
j,int 3~j,int
c / Yo vy ] Yo 993 (3-9)
. W, C, . W, .
~ — 1 l,J J,l l’J 3_1 !l )
YZ' - T2 w -w + 2 w - W
J i,int ~ 3,1 3-j,int = "3-3,1
3=1,2 (3.24b)

The differential dwij indicates an integration with respect to
humidity ratio along a line of constant Fi through the period j
inlet. By comparison of Egs. (3.24) with Egs. (3.20) and (3.21),
it can be readily seen that averages with respect to humidity

ratio replaced averages with respect to the Fi in evaluation of the
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?gj for the intersection ppoint method. Further, it is evident that
an average of two line integrals is used to approximate an area
integral in the evaluation of ;Ej' Similar analogues are used to
evaluate the appropriate.§ij for low (Eqs. (3.18) and (3.19)) and
high (Eqs. (3.22)) rotational speed operation.

Given the ng, the dimensionless groups NTUo,i’ C%, C%,i and
hA? (Table 3.1) can be computed for the Fi regenerators. Either
a finite difference solution of Eqs. (2.2) or approximate expres-
sions like Eqs. (2.4) and (2.5) can then be .used to calculate the
analogous nij' In the intersection point method, the outlet states

of a rotary regenerator operating as a regemerative dehumidifier

are determined from the n_ by the relations:

= + - +n, -
75,2 T ¥5,0 My Cag1 T Vyamd T2y Catne T V510

j=1,2 (3.25.a)

i, =1

SR B B T 95,
3,2 0 3,1 * 14 (13-5,1 13,1nt) N23 (lj,lnt 13’1) , (3.25.b)

Since moist air enthalpy is almost linear in temperature and

humidity ratio, Egs. (3.25.b) has also been expressed as

., =t o+ t, . . - t, . +n,.(t, . -t
tJ,Z j,1 n1j( 3-j,1 j,lnt) nZJ( j,int J,l)

j=l’2 (3.25.(_‘)
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It is this latter form of the intersection point method that is
used in [14,52]. 1In this study, Eqs. (3.25.a) and (3.25;b) are
used.

Equations (3.25) are approximate forms of Egs. (3.23) that are
consistent with assuming that the Fi are locally linear in air
humidity ratio and enthalpy (Eqs. (3.25.a) and (3.25.b)) or air
humidity ratio and temperature (Eqs. (3.25.a) and (3.25.c)). Figure
3.13 illustrates an example of the linear Fi implicitly assumed by
applying Eqs. (3.25.a) and (3.25.c) to calculate the process out-
let state of a silica gel dehumidifier.

The implicit linearization of the Fi by Egqs. (3.25) can be
demonstrated using the definition of nij given in Eqs. (3.23). For
convenience, the point will be made by application of Egqs. (3.25.a)
and (3.25.c) to the process period (period 1). If N1 is zero,
then Egs. (3.23) show that the regenerator outlet state (tl,2? Wl’z)

must be on the F, line through the period 1 inlet state. If Ny

1
is eliminated for Egs. (3.25.a) and (3.25.c) with Ny = 0.0, then

the result is

_ (-1 1
Wy 2" <_ >t1,2+ <W1,1' t1,1 <'—- > ) (3.26.a)

where

£, ., -t
- __1,int 1,1 (3.26.b)

Yi,int ~ 1,1

11
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This shows that temperature and humidity ratio on the Fl line
through the period 1 inlet are linearly related, and hence that

the F, is linear in temperature and humidity ratio. The slope

1
of the linearized Fl line on a psychrometric chart is —1/511, which
is determined by process period intersection point and inlet state.

If N1 > 0.0, Egs. (3.23) indicate that the process period
outlet state lies on an Fl line between Fll,l and FlZ,l' In this
case, a constant term which depends on Ny is added to Eq. (3.26.a),
but the slope, ‘1/&11’ is unchanged. Thus, the process period Fl
lines are all straight and parallel.

Equations (3.23) and (3.25) can similarly be used to show that
the Fz potentials are linearized by Eqs. (3.25). The Fi through
the period inlet states that result when Egs. (3.25) are applied
to the process period are illustrated in Figure 3.13. Unless the
true Fi are globally linear and parallel, the implicitly linearized
process period Fi will have the correct period 1 intersection point,
but will not yield the correct period 2 intersection point.

If Eqs. (3.25) are applied to the regenerating period, from
Figure 3.13 it is clear that a second set of straight and parallel
Fi will result. These will have different slopes than those in the
process period, and will have the correct regenerating period in-
tersection point.

Interpreting Eqs. (3.25) in terms of the definition of the Fi
efficiency forces the conclusion that in the intersection point

method, the Fi characteristics have been locally linearized such
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that the true intersection point is preserved in each period, but
different slopes (hence different Fi) are used in each period.

Local linearization of the Fi by Egs. (3.25) has both beneficial
and adverse consequences. In the first instance, the linearization
of the Fi is entirely consistent with an assumption (Eq. (3.15.a))
required to transform the governing equations into the analogous
form. On the other hand, the linearization virtually guarantees
that there will be error in predicting certain regenerator outlet
states.

To illustrate this latter point, consider the exact and lin-
earized Fi shown in Figure 3.14. If the true process outlet state
of the silica gel dehumidifier is between the linear Fl and true
Fl through the process inlet state, the exact intersection point
efficiency, “11’ associated with this point is less than zero.
Similarly, if the true process outlet state lies between the linear
and nonlinear F2 through the regenerating inlet state, the exact
nZLiS greater than unity. Since the nij predicted using the analogy
can at best approach zero or unity, there are process stream outlet
states that Eqs. (3.25) can never predict exactly. As a corollary,
it is evident that the error in the outlet states prgdicted by the
intersection point method can be large if the Fi are highly nonlin-
ear. However, even for very nonlinear F,, if the outlet state is
near either of the inlet states or the intersection point, the
error introduced by the linearization is minimized. This suggests

that the intersection point method may work well for optimum de-
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humidifier or enthalpy exchanger operation regardless of the matrix
properties.

An additional implication of linearizatién of the Fi should be
noted. The analogy suggests thatlvi should be averaged with re-
gpect to Fi’ as shown in Egs. (3.18) - (3.22). In the intersection
point method, the-—y—i are averaged only with respect to humidity
ratio, as shown in Egs. (3.24). But since the intersection point
method is formulated in terms of Fi that are linear in enthalpy
or temperature and humidity ratio, a more consistent definition of
;i would be a linear combination of Yy averaged with respect to
. enthalpy and humidity ratio or temperature and humidity ratio.

For example, if it is assumed that Fi =t + a&w, then Eqs. (3.20)
and (3.21) for the dehumidifier?ij can be evaluated'using

dF, = dt + o dw.
i i
3.4.2 The Nonlinear Analogy Method

The nonlinear analogy method proposed by Banks [34] relies on
expressing Fi as approximate nonlinear functions of temperature
and humidity ratio and applying the analogy to semsible heat ex-
changers via Eqs. (3.23).

In order to derive the Fi as explicit functions of temperature
and humidity ratio, Banks showed that the o are approximated by
the ratio of funtions which depend only on temperature or humidity

ratio,
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h
~
&
~

0. S =t i=1,2 (3.27)

The form of the functions fi(w) and gi(t) suggest approximations

to Fi(t,W) of the form

a. . a_.
_t 1i w 3i
s s

Fi(t,w) ajy 2i g0

i=1,2 (3.28)

where the coefficients s must be numerically determined.

With Fi(t,w) known, the;(—i defined by Egs. (3.18) - (3.22)
can be numerically evaluated. Once the':{_ij have been determined,
then the four dimensionless groups characterizing each of the Fi
regenerators may be calculated (Table 3.1). Using the sensible
heat exchanger solution, the nij are found. From Eqs. (3.23), the
period j outlet values of the Fi may be determined. Given F. and

1

F2 values, Eqs. (3.28) can be numerically inverted to give the
period j outlet temperature and humidity ratio.

This rapid outline suggests several apparent advantages of the
nonlinear formulation. In the first instance, it is conceptually
more tidy than the intersection point method, since the appropriate
‘Y—i are readily computed, and subsequently, the analogy to the
sensible regenerator is directly applied to compute the regenerator
outlet states without implicit linearization of the Fi.‘ Also, the
nonlinear method might seem to enjoy a practical advantage over the

intersection point method, because the numerical integration of

the oy to determine the intersection points of the Fi potentials
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for each pair of inlet states is avoided. However, there are also
disadvantageous features of the method.

An obvious problem with fhe nonlinear analogy is that before it
can be applied, the coefficients for Egs. (3.28) must be determined
by numerical curve-fitting techniques. These coefficients must be
determined for each set of matrix properties to be investigated.
The relatively straightforward numerical integration of the ui re—
quired to implement the intersection point method is supplanted by
a potentially arduous nonlinear regression problem. Part of the
difficulty results from the nature of the functions being fit:
only paths of constant potential are known, and the values of the
potential on these paths are not specified. If a trial function
uy is constant on a line of comstant Fi’ so is any function ui(ui).
Thus, the numerical regression may be as likely to converge to
ui as u,. As shown in §3.5.5, the function chosen to represent
Fi (i.e., g, ui3, exp (ui), etc.) influences the numerical accur-
acy of the nonlinear analogy method.

Using nonlinear regression techniques, the coefficients a
for Egs. (3.28) have been determined for the moist air-silica gel
system and are given in Table 3.2. A superposition of lines of
constant Fi determined from integration of the oy and from the
approximate functions given by Egs. (3.28) is shown in Fig. 3.15.
The approximate Fi relations quite accurately reproduce lines of
constant Fi for temperatures between 20°C and 100°C and for humidity

ratios less than 0.04 kg/kg. It must be stressed that the ai given
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in Table 3.2 are relevant only £for the particular gel properties
empioyed (§4.1). Since these values do not account for the pre-
gsence of nonabsorbing material in the matrix, they are representa-
tive of a matrix domposed of bulk silica gel.

The accuracy of the estimated outlet states must depend in
part on the accuracy of the approximate Fi(t,w). While the curve
fits for silica gel used in this study reproduce lines of con-
stant F, quite well (Fig. 3.15), errors introduced by these approxi-
mate expressions affect the accuracy of the nonlinear analogy solu~
tion. A correction to nij to account for Fi curve fit errors has
been developed.

Given two regenerator inlet states, the intersection points
of the true Fi and the approximate Fi through these inlet states
probably will not coincide. This displacement is an indication of
the error introduced when translating from approximate Fi values to

t and w near the intersection point. A measure of this error is

given by
ij.int ~ Tig,1
nij int £ 7 Joa _'FJ, . i=l,2; j=1,2 (3.29)
’ i(3-3),1 ij,1
where F,, . . is the approximate F,(t,w) evaluated at the true
ij,int i

intersection point. If n = 0 and n2j int 1, then the
. 3

ij,int
approximate Fi reproduce the true intersection point exactly. Devia-

tions of nlj int from zero and n2j from unity can be used to
2

,int

correct nij to account for deviations of the approximate Fi lines
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Table 3.2
Coefficients for Curve Fit to Fi(t,w) for Silica Gél
a, . a,.
_(1/237.15) ** w o1
F.(t,w) a t A
A 1i 31
T = [°K] w = [kg/kgl
aki i=1 i=2
aj4 -1.4899998 1.4899998
ays 3.7463964 -0.0898325
0.8624176 0.0796875
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from the true Fi lines. The corrected values of nij are given by

PR e .+ - .
Ng,e =My ¥ Q= M39005 50" 24

i=1,2 (3.30)

Nog,e ~ Moy * n2j(n2j,int - D@ =-ngp

The corrected efficiencies, nij o reduce to the original nij
>

when the period j outlet state is either the period j or the period
3-j inlet state, and when the curve fit Fi reproduce the period j
intersection point exactly. If ny i = 0 and n2j = 1, so that the

2

outlet state is the true intersection point, then n, =7

ij,c ij,int’

and the true intersection point is exactly reproduced when nijc
>

are used with approximate Fi'

Errors in the Fi curve fits also result in errors in the com-
putation of the Fi area and path average Y4 (Egs. (3.18) - (3.22)).
The error in‘§ij due to errors in Fi(t,w) can be reduced, particu-

larly in-§2j, by using an average value of Fi° Thus for evaluating

Yij ?

=1
Fiie” 2%15,1n ¥ 14,40t

3=1,2 (3.31)

=1
Fai,e = 2F25 . in ¥ F2(3-9) ,int’

where, as in Eq. (3.29); F is Fi(t,w) evaluated at the true

ij,int

intersection point. Note that Fij c reduce to F,. in when the curve
b4 b
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fits are exact.

The curve fit corrections are based on the premise that the true
intersection points of the Fi potentials through the air inlet
states are known. Determination of the true intersection points is
essential in implémentation of the intersection point method. In
order to utilize the curve fit corrections in the nonlinear analogy
method, a significant portion of the computational effort required
in the intersection point method is employed. This duplication of
effort may not be justified in an implementation of the nonlinear
method. The corrections are used in this work to indicate the extent
to which errors in the Fi(t,w) curve fits caﬁ influence the accuracy
of the predicted dehumidifier outlet states.

In §3.4.1, it was pointed out that there are regenerator process
stream outlet states that can't be predicted by the intersection
point method due to the inherent linearization of the method. With
the nonlinear formulation, this particular problem is solved, since
any process stream outlet state within the bounds of the exact Fi has
0 < Mp < 1.0 and 0 < Ny < 1.0, and can in principle be predicted
exactly. The satisfaction one takes in this realization abates
somewhat when it is observed that there can be outlet states in the
regenerating period that can't be predicted using the nonlinear for-
mulation. This can be demonstrated using mass and energy balances
to obtain regenerating stream outlet states for possible process

stream outlet states.
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If the Fl through the process inlet state Fll,l’ and the F2
through the regenerating inlet staté, F22,l’ are taken to be the
bounds or limits for possible process stream outlet states, then
the corresponding limits for the regenerating stream outlet states
can be determined by mass and energy conservation. The locus of re-
generating stream outlet states corresponding to process stream
outlet states on Fll,l and F22,1 for a balanced flow regenerator is
shown in Figure 3.16. The regions between the mass and energy
balance curves and the true Fi represent regenerating stream outlet
states that could not be predicted exactly if_the nonlinear analogy
were applied to the regenerating period.

The root of this anomaly lies in the fact that despite the
similarity of the analogous equations (Egqs. (3.14)) to comservation
equations, generally the Fi are not conserved quantities. This is
not a fault unique to the nonlinear amalogy, but serves as a re-

minder of the inherently approximate nature of the analogy methods.

3.5 A Numerical Evaluation of the Intersection Point Method and the

Nonlinear Analogy Method

The review provided in §3.4 indicates that the analogy theory
is an approximate solution for the rotary heat and mass regenerator.
Two analogy solutions, the intersection point method and the non-
linear analogy method, have been proposed. Each solution has appar-

ent advantages and disadvantages. The merit of these approximate
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solutions as predictive models must be numerically established.

In order to assess the accuracy of the two analogy solutioms,
both methods are used to predict the outlet states of a rotary,
counterflow silica gel dehumidifier. The dehumidifier outlet
states predicted by the intersection point method and the nonlinear
analogy method are compared with outlet states calculated by the
finite difference solution (§2.4.3) for two pairs of dehumidifier
inlet states and a range of operating parameters. In each instance,
the dehumidifier was taken to be symmetric with an overall Lewis
number of unity.

In the parametric study, the overall number of transfer units,
NTUO, of the exchanger was varied, as was the ratio of matrix ro-
tational mass flow to air mass flow rate, Kk, and the ratio of
process period to regenerating period air mass flow rate, UKZ/UKl'
Since Leo = 1, NTUt = NTUw = NTUO. The values of NTUO employed
characterize both low and high performance dehumidifiers, though most
of the results will be presented for relatively high performance
devices. The uk values selected scan a range in which maximum de-
humidification of the process air stream occurs. Very low values
of uk, which degrade dehumidifier performance, and large values of
u<, which result in total enthalpy exchange, were not extensively
considered. Most of the results presented will be for balanced air
flow rates, so that '3} = U<y = UK. Results will also be presénted
for He<,) = 1.25 uKl.and UKQ = 1;67vuki; corresponding to regenerating

stream air mass flow rates that are 80% and 607% of the process
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stream air mass flow rates.

The two pairs of air inlet states used in the parametric study
were chosen to be relevant to the design point operation of open
cycle desiccant air conditioners. The Solar Energy Research Institute
has specified standard room and ambient states of (26.7°C, 11.1 g/kg)
and (35°C, 14.2 g/kg) for the testing of desiccant air conditioners
[105]. These conditions result in a dehumidifier process inlet state
of (35°C, 14.2 g/kg) and a regenerating humidity ratio of 14.2 g/kg
in both the ventilation and Dunkle cycles with ideal evaporative
coolers and heat exchangers. The dehumidifier process inlet state
in the recirculation cycle is the room state, (26.7°C, 11.1 g/kg),
and the regenerating humidity ratio is 18.8 g/kg. Based on the
results of cooling system simulation studies [14,48], é nominal
regeneration temperature of 85°C was selected. The two pairs of
dehumidifier inlet states are therefore {(35°C, 14.2 g/kg), (85°C,
14.2g/kg)} and.{(26.7°C, 11.1 g/kg), (85°C, 18.8 g/kg)}, and are

referred to as inlet state pairs 1 and 2.
3.5.1 Effect of NTUO and UK

The finite difference solution for the process stream outlet,
air temperature and humidity ratio for a balanced flow dehumidifier
with inlet state pair 1 is given in Table 3.3 for NTUO of 1.25,
5.0, and 10.0. For each NTU, uk varies from 0.10 to 0.50. Also
listed in Table 3.3 are the differences between the outlet air

temperature and humidity ratio predicted by the two analogy solutions
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Finite difference solution for the process stream outlet

state and the errors in the outlet states predicted by the
intersection point method and the nonlinear analogy method
for inlet state pair 1.

inlet

© intersecbion point

process (35°C, 14.2 g/kg) (65.514°C, 3.846 g/kg)

regenerating  (85°C, 14.2 g/kg) (46.026°C, 27.465 g/kg)

Finite Difference Intersection Point NL Analogy

o 8 o 8 ° g
MK t(°C) W(kg) At(°C) Aw(kg) At(°C) Aw(kg)
NT = 1.25
0.10 53.477 8.612 0.363 ~-0.143 1.501 -0.963
0.15 54,730 8.593 -0.153 -0.020 0.974 -0.879
0.20 55.363 8.721 -0.285 0.035 0.787 -0.853
0.25 55.783 8.859 -0.272 0.103 0.7]8 -0.809
0.30 56.122 9.014 -0.206 0.164 0.712 -0.769
0.50 57.305 9.759 0.127 0.305 0.666 -0.683
Average magnitude of error: 0.234 0.128 0.895 0.826
NTU =5
0
0.10 60.143 6.373 2.156 -0.752 2.763 -1.103
0.15 62.699 5.896 0.668 -0.282 1.342 -0.666
0.20 63.849 5.837 0.134 -0.077 0.832 ~0.507
0.25 64.564 5.912 -0.095 0.037 0.607 -0.439
0.30 65.104 6.040 -0.202 0.114 0.496 -0.406
0.50 66.726 6.745 -0.267 0.291 0.333 -0.385
Average magnitude of error: 0.587 0.259 1.062 0.584
NTU_ = 10
0

0.10 61.633 5.834 3.014 -0.997 3.425 ~1.163
0.15 64.660 5.257 0.907 -0.376 1.425 -0.592
0.20 65.956 5.167 0.170 -0.123 0.739 -0.393
0.25 66.692 5.242 -0.101 -0.002 0.504 -0.328
0.30 67.236 5.374 -0.215 0.072 0.413 -0.307
0.50 68.901 6.069 -0.291 0.274 0.344 -0.316
Average magnitude of error: 0.783 0.303 1.142 0.517
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and the finite difference solution, which allows the absolute errors
in the process outlet states predicted by the intersection point and
nonlinear methods to be directly compared.

Several qualitative observations can first be made. From the
finite difference solution, it can be determined that for each NTUO,
thHe minimum process outlet humidity ratio occurs at MUK near 0.20.
For each NTUO, the intersection point method shows both positive and
negative errors in temperature and humidity. At the lower end of
the UK range shown in Table 3.3, the intersection point method over-
predicts the process outlet temperature and underpredicts the humid-
ity ratio. ‘At the upper end of the range, the outlet temperature
is underpredicted and the humidity ratio is overestimated by the
intersection point method. The nonlinear analogy uniformly over;
estimates the process stream outlet temperature and underestimates
the outlet humidity. Effectively, the nonlinear method consistently
overpredicts the performance of the dehumidifier.

The error in the outlet state predicted by the intersection
point method is greatest at small UK, least at UK resulting in
maximum dehumidification, and increases for larger UK. The error
is minimized when the process outlet state is nearest the inter-
section point of the Fi characteristics because the error intro-
duced by the implicit linearization of the F, by Egs. (3.25) is
least in this region. The results given in Table 3.3 for the non-
linear analqu solution show that the error in the predicted outlet

state decreases monotonically with increasing ux. Both the inter-
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section point method and the nonlinear analogy method show relatively
large errors at UK = 0.10. For WK > 0.10, both analogy solutions
show a maximum error in temperature of about 1°C, and in humidity
ratio of 0.75 g/kg.

The average absolute value of both the temperature and humidity
ratio errors for the analogy solutions are also given in Table 3.3.
The average errors in the predicted process outlet temperature and
humidity ratio are &bout 0.5°C and 0.3 g/kg in the intersection
point method, and are about 1.0°C and 0.6 g/kg for the nonlinear
analogy. At a given NTUO, the average errors in the intersection
point method are about half the magnitude of corresponding errors
in the nonlinear analogy method. Although the average errors in
both analogy solutions increase with NTUO, the effect of NTUo on
the average error is slight. This result was not anticipated, since
the transformation of the conservation equations into the Fi form
relies on an approximation (Eq. (3.15.a)) that becpme increasingly
accurate as NTUO increases (83.2). Closer examination of the re-
gults reveals the cause of this apparent anomaly.

The finite difference solution for the NTU, = 10 dehumidifier
process outlet state for uxk varying between 0.01 (very low rota-
tional speed) to 5.0 (high rotational speed) is shown on Figure
3.17. As discussed in §3.3.2, at low rotational speeds (uk < 0.10),
the regenerator operates as a poor dehumidifier, at medium rota-
tional speeds (uk ¥ 0.20) optimum regenerative dehumidifier per-

formance is obtained, and at high rotational speeds (ue > 1.0) the
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regenerator operates as an enthalpy exchanger. In Figures 3.18 and
3.19, the interseétion point solution is superimposed on the finite
difference solution. A similar superp&sition of the nonlinear
analogy solution and the finite difference solution would resemble
that shown for the intersection point method. These figures show
that:atuk= 0.01 and for pk > 0.15 the analogy solutions compare well
with the finite difference solution. However, for an intermediate
range of K between 0.05 and 0.15, both analogy solutionms greatly
overpredict the performance of the dehumidifier. The error is almost
entirely due to an overprediction of nZl, which forces the analogy
outlet state to lie closer to the intersection point than it should.
For the balanced air flow regenerator being considered, Ci 5 = c

) 2,1

and NTUO = NTUO. Overprediction of Moy implies that C2,l’ and

2
’

hencev§21, is being overestimated. Examination of the results for
both analogy methods shows that between pk = 0.05 and uK = 0.10,

Ok
Cr,z
C? X% 1.0 that Maclaine-cross and Banks [10,18] found the greatest

changes from less than to greater tham unity. It is for

error in usingla defined by Eq. (2.6) to account for variation of
o with’temperature in the sensible heat exchanger solution, so it
is no surprise that the error resulting from using the analogous
Egs. (3.18) - (3.21) for'—y.2 has a maximum error near C%,Z = 1.0.

The results shown in Table 3.3 show that the outlet state error
is greatest at UK = 0.10, and that the error at WK = 0.10 increases

with NTUO. It may be concluded that large NTUO—exacerbates the

error in estimating‘§2 for CZ 5 % 1.0. If the results in Table 3.3
.
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for uk > 0.15 are considered (C"‘li,2 > 2.0), it can be seen that the
outlet state errors decrease with increasing NTUO. The increase
in the average error with NTUO shown in Table 3.3 is due to in-
cluding in the average results for which the analogy solutions are

expected to perform poorly.
3.5.2 Effect of Dehumidifier Inlet States

The finite difference, intersection point method, and nonlinear
analogy method predictions of the outlet states for a balanced
flow NTU0 = 10 dehumidifier with inlet state pair 2 are listed in
Table 3.4. Comparison of the finite difference solution given in
Table 3.4 with the NTUO = 10 solution in Table 3.3 reveals that the
change in inlet states results in a substantially cooler and dryer
process stream outlet state. The optimum value of MUK, correspond-
ing to maximum dehumidification, shifts from about 0.20 to roughly
0.15.

The minimum error in the intersection point method again coin-
cides with the pk of optimum dehumidification. As was the case
for inlet state pair 1, the intersection point method overpredicts
the process outlet temperature and underpredicts the outlet humidity
ratio for MUK less than the optimum, and underpredicts the temperature
while overestimating the humidity ratio at yx greater than the opti-
mum. The nonlinear method, as before, consistently overestimates

the outlet temperature and underestimates the outlet humidity ratio.
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Table 3.4 Finite difference and analogy solutions for the process
outlet state for inlet state pair 2

inlet intersection point
process (26.7°C, 11.1 g/kg)  (52.164°C, 2.151 g/kg)
regenerating (85°C, 18.8 g/kg) (44.705°C, 33.073 g/kg)
NTU_ = 10
Finite Difference Intersection Point NL Analogy
K (o) W) AE(°C) Aw(—fg—) seCo 6B
0.10 . 52.443 3.351 0.835 -0.347 1.968 -0.794
0.15 54.462 3.308 -0.331 0.020 1.074 ~-0.600
0.20 55.552 3.517 -0.658 0.166 0.982 -0.621
0.25 56.528 3.800 -0.892 0.244 0.958 -0.699
0.30 57.284 40.83 -0.918 0.326 1.117 ~-0.763
0.50 60.127 5.250 -0.883 0.631 1.645 -0.938

Average magnitude of error: 0.753 0.289 1.291 0.736
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A minimum in the errors in the nonlinear analogy is exhibited in
this instance at pk slightly larger than the optimum value.

Comparing the average errors in the analogy solutions in
Table 3.4 with the corresponding averages in Table 3.3, it can be
vobserved that the average errors in the approximate solutions are
slightly affected by the change in air inlet states. On the average,
the intersection point method is more accurate for inlet state pair
2 (Table 3.4) than it is for inlet state pair 1 (Table 3.3), while
the nonlinear method exhibits a greater average error for inlet state-
pair 2. However, for both methods the minimum error in predicted
outlet states is greater for inlet state pair 2 than for inlet
state pair 1.

The inlet state pair 2 results in Table 3.4 for the intersection
point method show that the minimum temperature and humidity ratio
errors are about 0.2°C and 0.02 g/kg greater than the corresponding
errors for inlet state pair 1 in Table 3.3. For inlet state pair 2,
the exact intersection point Ny efficiencies of the dehumidifier
outlet states are greater tham unity for 0.20 < uc < 0.50, so the
intersection point method is inherently unable to predict these
outlet states exactly. The minimum nonlinear analogy method errors
are about 0.4°C and 0.3 g/kg greater for inlet state pair 2 than
for inlet pair 1. For both methods, changing from inlet state pair
1 to inlet state pair 2 has a greater effect on the minimum errors

in the predicted outlet states than does changing NTUO.
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3.5.3 Unbalanced Flow

The performance of balanced air mass flow rate dehumidifiers is
characterized by the data in §83.5.1 and §3.5.2. 1In each case, the
analogous Fl regenerator has balanced Fl capacitance rates, Cf = 1.0,
Since.?ll = ;ié (Eqs. (3.20) and (3.24.a)). However, since?zl does
not generally equal'§22 (Eqs. (3.21) and (3.24.b)) the analogous
F, regenerator has unbalanced F, capacitance rates, C§ < 1.0. Since
C12 > sz, a result of the F, unbalance is that a large portion of
the matrix is near the regenerating inlet state (Figures 3.9).

To investigate the effect of unbalanced air mass flow rates
through the dehumidifier, flow levels were chosen to result in nearly
balanced F, regenerators for the intersection point method. Ratios
of process period to regenerating period air mass flow rates,
uKz/uKl, of 1.25 and 1.67 result in nearly balanced intersection
point method F regeneratérs for inlet state pairs 1 and 2 re-
spectively. Because the dehumidifier is symmetric, if the air flow
rates are unbalanced, then the air velocities, vj, and hence Aw,j’
must be unequal. For the purpose of this study, it is assumed that
the average convection transfer coefficients are independent of flow
velocity. Thus, for the two levels of flow unbalance considered,
By, = 1.25 .1 and'AW’z = 1.67 Ay q-

The unbalanced deﬁumidifier process air stream outlet states
for inlet state pairs 1 and 2 are given in Tables 3.6 and 3.6. In

each case, AW 1= 20, corresponding to the NTUO = 10 balanced flow
1
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3.5 Finite difference and analogy solutions for an unbalanced
flow dehumidifier with inlet state pair 1

inlet intersection point
process (35°C, 14.2 g/kg) (65.514°C, 3.846 g/kg)
regenerating  (85°C, 14.2 g/kg) (46.026°C, 27.465 g/kg)
Finite Difference Intersection Point Nonlinear Analogy
° 8 ° 8 ° &
t(°C) W(kg) Ate(°C) AW(kg) At (°C) Aw(kg)
UKy = 1.25 U<y AW 1= 20 AW 5 = 25
]JK b 3
1 .
0.050 54.610 7.696 4,345 -1.329 5.738 ~-1.969
0.100 61.504 5.858 1.371 -0.429 1.839 ~0.711
0.125 62,820 5.595 0.533 -~0.150 1.013 -0.446
0.150 63.532 5.521 0.157 -0.013 0.634 -0.326
0.200 64.349 5.567 -0.153 0.122 0.303 -0.229
Average mag. 1.312 0.400 1.905 0.736
UKy = 1.67 WKy AW,1 = 20 AW’2 = 33.3
HEy
0.050 54.611 7.696 2,085 ~0.569 2.496 -1.001
0.100 58.422 6.780 -0.181 0.204 0.523 -0.354
0.125 58.701 6.864 -0.237 0.221 0.417 -0.347
0.150 58.888 6.978 -0.250 0.225 0.354 -0.353
0.200 59.183 7.231 -0.236 0.220 0.261 -0.378

Average mg. 0.598 0.288 0.810 0.487
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Finite difference and analogy solutions for an unbalanced
flow dehumidifier with inlet state pair 2

process

inlet

(26.7°C, 11.1 g/kg)
regenerating (85°C, 18.8 g/kg)

intersection point

(52.164°C, 2.151 g/kg)
(44.705°C, 33.073 g/kg)

Finite Difference Intersection Point Nonlinear Analogy
° 8 o 8 ° 8

t(°C) W(kg) At(°C) Aw(kg) At(°C) Aw(kg)
UKy = 1.25 Ky Aw,l = 20 AW,Z = 25
HKy
0.050 47.197 4,425 3.527 -1.155 4.213 -1.489
0.100 52.388 3.359 0.310 -0.154 1.371 -0.621
0.125 53.433 3.302 -0.271 -0.051 0.896 -0.493
0.150 54,101 3.355 -0.530 0.167 0.732 ~-0.454
0.200 55.066 3.579 -0.745 0.302 0.681 -0.466
Average mag. 1.077 0.366 1.579 0.705

= 1. = 20 = 33.3

ey = 167 ey Ay A2
UKy
0.050 47.197 4,424 1.603 -0.487 2.529 -1.000
0.100 50.788 3.809 ~-0.612 0.271 0.367 -0.330
0.125 51.283 3.938 -0.747 0.327 0.227 -0.324
0.150 51.649 4.114 -0.800 0.353 0.162 -0.349
0.200 52.241 4,521 -0.821 0.366 0.095 -0.428
Average mag. 0.917 0.361 0.676 0.486
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configuration. The finite difference and analogy solutions are

given for both levels of flow imbalance for UKy between 0.05 and 0.20.

The finite difference results in Table 3.5 for inlet state pair

1 can be compared with the balanced flow NTUo 10 case given in
Table 3.3. The comparison indicates that the optimum rotational
speed decreases with increasing flow unbalance, from about 0.20 for
the balanced flow case to about 0.10 for uK, = 1.67 uKl. Also, it
is apparent that the flow unbalance degrades the dehumidifier per-
formance in terms of the process outlet humidity ratio. The mini-
mum humidity ratio obtained in the balanced flow case was 5.17 g/kg;
the corresponding unbalanced flow minimums are 5.52 g/kg and 6.78
g/kg.

Results similar to those in Table 3.5 are given in Table 3.6
for inlet state pair 2. These data can be compared with the balance
flow results given in Table 3.4. As was observed for the first in-
let state pair, increasing the level of flow unbalance decreases the
optimum rotational speed of the dehumidifier. However, the perfor-
mance of the dehumidifier with inlet state pair 2 is not as markedly
degraded by the flow unbalance as was observed for inlet state pair
1. In fact, the minimum outlet humidity ratio obtained for the
UK, = 1.25 uKl flow is equal to the minimum obtained for the balanced
flow case. The unbalanced flow dehumidifier gives the same de-

humidification of the process air stream with 207 less regenerating

stream flow, with a corresponding savings in energy input.
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Since the dehumidifier inlet states were chosen to be applicable
to design point operation of open cycle desiccant air conditions,
these results imply that unbalanced dehumidifer flow operation may
not be attractive in the ventilation and Dunkle cycles, but will
probably be of interest in the recirculation cycle.

The analogy solutions listed in Tables 3.5 and 3.6 may also
be compared with their counterparts in Tables 3.3 and 3.4. The
accuracy of the intersection point method is slightly ‘improved
as the flow becomes unbalanced for inlet states 1, but for inlet
states 2, the unbalanced flow predic;ions are somewhat less accurate
than the balanced flow results. The nonlinear method is more accur-
ate for the unbalanced flow dehumidifier than for the balanced flow
case. As was observed for balanced flow, the nonlinear analogy
method overpredicts the outlet temperature and underpredicts the
outlet humidity ratio, but the magnitude of these errors is smaller
than for balanced flow. However, despite improvement, the un-
corrected nonlinear analogy method is again less accurate than the

intersection point method.
3.5.4 Effect of Fi(t,w) Curve Fit Errors

The nonlinear analogy results presented in 8§3.5.1-3.5.3 were
based on the Fi(t,w) curve fits given in §3.4.2, and have shown
the nonlinear method to be substantially less accurate than the
intersection point method. The corrections developed in §3.4.2

were used to investigate the effect of Fi(t,w) curve fit errors on
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the accuracy of the nonlinear analogy method. The corrected non-
linear method results for balanced and unbalanced flow dehumidifiers
with balanced flow NTU0 = 10 are given in Tables 3.7 and 3.8-for in~
let state pairs 1 and 2 respectively.

The balanced flow error data in Tables 3.7 and 3.8 show that
the average magnitude of the temperature error in the corrected non-
linear solution is 0.3°C less than the average error in the un-
corrected nonlinear method for inlet state pair 1, and is 0.6°C less
for inlet state pair 2. The average humidity ratio error increases
by 0.049 g/kg in the corrected solution for the first pair of inlet
states, but drops by 0.055 g/kg for the second inlet state pair.
There are similar changes in the minimum errors in each balanced
flow case. The unbalanced flow data show trends corresponding to
those observed in the balanced flow results. On the whole, the
corrected nonlinear analogy solution substantially reduces the
temperature error compared to the uncorrected nonlinear solution,
with at most a small increase in the humidity ratio error. This
implies that errors in the Fi(t,w) curve fits, while small when
presented on the scale of Figure 3.15, are nonetheless a major com-
ponent of the error in the dehumidifier outlet states predicted by
the nonlinear analogy method.

Another important observation can be made if the errors in the
corrected nonlinear solution are compared to those in the intersec-
tion point method. Generally, the corrected nonlinear solution

is still somewhat less accurate than the intersection point method.
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Table 3.7 Comparison of the intersection point, nonlinear analogy
and corrected nonlinear analogy solutions for balanced
and unbalanced flows for inlet state pair 1

process

inlet

(35°C, 14.2 g/kg)

intersection point

(65.51°C, 3.85 g/kg)

regenerating (85°C, 14.2 g/kg) (46.03°C, 27.46 g/kg)

Intersection Point NL Analogy Corrected NL
° 8 . ° 8 ° g

At(°C) Aw(kg) Ae(°0C) Aw(kg) At(°C) Aw(kg)
UKy = uKl Aw,l = A,W,2 = 20
0.10 3.014 -0.997 3.425 -1.163 3.092 -1.215
06.15 0.907 -0.376 1.425 ~0,592 1.084 -0.643
0.20 0.170 -0.123 0.739 -0.393 0.402 -0.443
0.25 -0.101 -0.002 0.504 -0.328 0.175 -0.378
0.30 -0.215 0.072 0.413 -0.307 0.092 -0.356
0.50 -0.291 0.274 0.344 -0.316 0.059 -0.363
Average
Error 0.783 0.303 1.142 0.517 0.817 0.566
MK, = 1.67 M Aw,l = 20 2" 33.3
0.050 2.085 -0.569 2.496 -1.001 2.308 -1.053
0.100 -0.181 0.204 0.523 -0.354 0.309 -0.405
0.125 -0.237 Q.221 0.417 -0.347 0.207 -0.397
0.150 -0.250 0.225 0.354 " -0.353 0.146 -0.403
0.200 -0.236 0.220 0.261 -0.378 0.058 -0.427
Average
Error 0.598 0.288 0.810 0.487 0.606 0.537
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Comparison of the intersection point, nonlinear analogy,
and corrected nonlinear analogy solutions for balanced
and unbalanced flow for inlet state pair 2

process
regenerating

inlet

(26.7°C, 11.1 g/kg)
(85°C, 18.8 g/kg)

intersection point

(52.16°C, 2.15 g/kg)
(44.71°C, 33.07 g/kg)

Intersection Point NL Analogy Corrected NL
o & ° 8 ° &

At(°C) AW(kg) At(°C) Aw(kg) At(°C) Aw(kg)
e =y Ay = A, =20
0.10 0.835 -0.347 1.968 -0.794 1.375 - 742
0.15 -0.331 0.020 1.074 ~0.600 0.477 - .547
0.20 ~0.658 0.166 0.982 -01621 0.390 - .566
0.25 -0,892 0.244 0.958 -0.699 0.372 - 644
0.30 -0.918 0.326 1.117 -0.763 0.538 - .707
0.50 ~0.883 0.631 1.645 -0.938 1.104 - .882
Average
Error 0.753 0.289 1.291 0.736 0.709 0.681

= 1.67 = 20 = 33.3

MKy Hep o Ay Ay,2
0.050 1.603 -0.487 2.529 -1.000 2.061 -0.959
0.100 -0.612 0.271 0.367 -0.330 -0i137 -0.280
0.125 -0.747 0.327 0.227 -0.324 -0.275 -0.273
0.150 -0.800 0.353 0.162 -0.349 -0.336 -0.297
0.200 -0.821 0.366 0.095 -0.428 -0.391 -0.376
Average
Error 0.917 0.361 0.676 0.487 0.640 0.437
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This suggests that the corrected nonlinear method, which requires
computational effort'roughly equal to the sum of the intersection
point and the uncorrected nonlinear method, is probably not
attractive in practice. Alternatively, this result can be inter-
preted to imply that if the Fi(t,w) curve fit were substantially
improved, the accuracy to be expected of the nonlinear method would

still be less than obtained utilizing the intersection point method.
3.5.5 Other Nonlinear Fi

The Fi(t,w) coefficients given in Table 3.2 were obtained by
fitting paths of constant Fi potential without reference to the
values of the potentials. If these curve fits are denoted by u;
and if ui(t,w) is constant on a path of constant Fi’ then so is
any continuous function u?(ui), which could be the product of
another regression analysis.

To test the effect that the choice of ui functions has on the
accuracy of the nonlinear analogy method, results were obtained for
Fi(t,w) = uis, where u, are defined by Egs. (3.28) and the coeffi-
cients in Table 3.2. The nonlinear analogy solutions for a balanced
flow dehumidifier with inlet state pair 1 for NTUO = 5 and 10 are
shown in Table 3.9. The error data show a clear effect of the func-
tional form of the nonlinear Fi on the accuracy of the method. For
this inlet state pair, the ui3 results are considerably less accur-
ate than the simple U, solution. The difference between the two

solutions decreases as NTU0 increases.
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Table 3.9 Comparison of the nonlinear analogy results for Fi = u
and Fi = ui3 for balanced flow with inlet state pair 1

NL corrected NL NL corrected NL
F, F. ’ F.3 F.3
i i i i
s g o g - ° 8 o 8
UK At(°C) Aw(kg) At(°C) Aw(kg) At(°C) Aw(kg) At(°C) Aw(kg)

NTU =5
-0

0.15 1.342 -0.666 1.041 -0.716 2.877 -1.265 2.558 -1.307
0.20 0.832 -0.507 0.532 -0.556 2.394 -1.167 2.068 -1.211
0.25 0.607 -0.439 0.315 ~-0.488 2.166 -1.152 1.842 -1.195

Average
error: 0.927 0.537 0.629 0.587 2.479 1.195 2.156 1.238

NTU = 10
—_—

0.15 1.425 -0.592 1.084 -0.643 1.673 =-0.831 1.325 -0.877
0.20 0.739 -0.393 0.402 -0.443 1.013 -0.694 0.659 -0.741
0.25 0.504 -0.328 0.175 -0.378 0.743 -0.672 0.391 -0.720

Average
error: 0.889 0.438 0.554 0.488 1.143 0.732 0.792 0.779
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The derivation of .the analogous Fi equations for the regenerator
(Eqs. (3.14)) required that either the Fi be linear in moist air
enthalpy and humidity ratio or that the transfer coefficients be in-
finite (Eq. (3.15.a)). Corollaries to this assumption are that the
errors in the approximate solution should increase as the Fi become
increasingly nonlinear, but that the errors should decrease with
increasing NTUO. Both trends are exhibited by the data given in
Table 3.9. |

Since the functional form of the nonlinear Fi(t,w) affects the
accuracy of the nonlinear analogy solution, there is no way other
than numerical experimentation to determine the suitability of a
candidate curve fit. Furthermoré, for a given range of operating
states, there presumably must be Fi functions which minimize the
error in the approximate solution. These could be obtained by a
calculus of variations analysis, as suggested by van Leersum [106].
However, the author believes that such an approach would require
such a large computational effort that the computational advantage
of the analogy solution over the finite difference solution would

be trivial,
3.5.6 Improved and Exact Analogy Solutions

The dehumidifier outlet air temperatures and humidity ratios
predicted by various analogy solutions have been compared with a
finite difference solution, and generally, errors on the order of

0.5°C and 0.2 g/kg are observed. It is of interest to indicate
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what would have to be done to improve the numerical accuracy of the
analogy solutioms.

Associated with each exact outlet state are exact Fi efficien~
cies, neij‘ The nei for the intersection point method are differ-
ent than those for the nonlinear method, just as the nij predicted
by the two methods are numerically different. Figures 3.20.a and
3.18.b are scatter plots of the intersection point, nonlinear analogy,
and corrected nonlinear analogy nij and neij fér a balanced flow,
NTUO = 10 dehumidifier with inlet state pair 1 and 0.15 < uk < 0.25
(Table 3.3).

The exact and predicted values of Ny shown in Figure 3.20.a
indicate that for this inlet state pair, the intersection point
method accurately estimates Ny At a given uk, Ne11 = Nep2’ S°
that the intersection point Fl regenerator is nearly balanced. For
the nonlinear method, Ne11 ~ Ne12? so the nonlinear Fl regenerator
is unbalanced with Cll > C,.. Since the nonlinear analogy predicts

12
Y11 < Y19 (Egs. (3.20)) and hence C,. = C for balanced mass flow

11 12
rates, there are relatively large systematic errors in the nij pre—~
dicted by the nonlinear analogy. As indicated in Figure 3.20.a,
the nonlinear method underpredicts N1 and overpredicts MNyge The
slopes of a curve joining the nonlinear ny at the various kK is
roughly parallel to the Nep = Ny line, indicating that for this

limiteéd range of uk, the errors in the nonlinear method n, are only

weakly dependent on uK.
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The exact and predicted values of nz are shown in Figure 3.20.b.
These data indicate that both analogy methods generally overpredict
) for the uk range considered. However, it is evident from the
slope of the curves joining points at various uk that at some higher
U<, the methods will underpredict Ny« From the numerical resuits,
it was found that Ne21 = Mo at uc ~ 0.25 for the intersection point
method (as indicated in Figure 3.18.b), while for the nonlinear
analogy methods, Na21 ~ Ma1 at uk ~ 0.75. This behavior clearly
implies that there is a uk dependent error in the analogy predic-
tions of Noe

For the Le = 1 case exclusively considered, the only analogous
parameteré to enter into the computation of the nj4 are the;ij
(Table 3.1). Errors in Ny 3 can be directly related to errors in
Yij The values of?ij compﬁted in the intersection point and
nonlinear analogy solutions are shown in Table 3.10.a with the
values of?eij required to give the exact neij' The ratios of the -
computed and exact values of §ij are summarized in Table 3.10.b.

Comparison of the predicted and exact_y-1 shows that in the
intersection ﬁoint method there is no more than 77 error in the
predicted~§l, while for the nonlinear methods there is at least a
14% error, and in certain instances the error is as great as 50%.
The data for'§2 indicates in both methods can have large errors in
.§2, even though the errors in the predicted n2j seem small (Figure
3,17.b). This is due to the insensitivity of ”23 to Ci’z at large

Ci 2 (see Eq. (2.6)). The computed‘§2 generally differs from the
5 ’ .
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Table 3.10.a The computed values of _i. and values required to give

the exact nij for balanced flow with inlet state pair 1

UK Process Period Regenerating Period

Intersection point method

e Y1 Ve Yy

=
<

e2 Y9 Ye1 Yo e2

0.15 L4133 L4420 17.03  9.447 4133 4120 13.64  7.473
0.20 4133 .4330 16.99 11.10 .4133 .4100 13.67 8.830
0.25 4133 .4216 16.95 16.88 .4133 .4036 13.71 13.50

Nonlinear analogy

HiC Y1 Ye1 Yo Ye2 Y1 Yer Yy

—

e
0.15 .3827 4747 15.26 7.873 .3827 .1927 12.68 6.720
0.20 .3827 .4485 15.20 7.390 .3827 .2490 12.73 6.300
0.25 .3827 .4352 15.15 6.840 .3827 .2752 12.79 5.864
Corrected nonlinear analogy
He 1 Ya Yo o Va2 1 Yer Yoo Ye2
0.15 .3828 .5360 15.32 8.000 .3828 .2333 12.70 6.793
0.20 .3828 .4950 15.26 7.650 .3828 .2800 12.76 6.500

0.25 .3828 .4720 15.21 7.12  .3828 .3000 12.81 6.072




Table 3.10.b Ratio of exact to computed §£j
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UK Process Period

Regenerating Period

Intersection point method

HK Yel/:—Y-l
0.15 1.069
0.20 1.048
0.25 1.020

Nonlinear analogy

K Yeo1/Y 1
0.15 1.240
0.20 1.172
0.25 1.137

YeZ/YZ

0.555
0.653
0.996

0.516
0.486
0.452

Corrected nonlinear analogy

u< Yel/Ye
0.15 1.400
0.20 1.293
0.25 1.233

Ye2/Y2

0.522
0.501
0.468

Ye2/Y 2

Ye1/Y1

0.9969
0.9920
0.9765

Yor/Y 1

0.5035
0.6506
0.7191

Yel/Yl

0.610
0.731
0.784

e2/?2

=2

0.548
0.646
0.984

0.530
0.495
0.458

YeZ/YZ

0.535
0.509
0.474
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exact values by a factor of 2, though this depends on uk.

An analysis of error data for inlet state pair 2 shows behavior
similar to that demonstrated here for inlet state pair 1. Imn fact,
the error in the intersection point method Yy is infinite for
0.20 < uk £ 0.50, because the n_ o are greater than unity in this
case.

These limited results indicate that the chances of producing
an "exact" analogy solution are slim. The simple quasi-equlibrium
analysis of the dehumidifier used in §3.3 to estimate:?ij would have
to be repeated with considerably greater sophistication in order
to radically improve the accuracy of.§ij- Alternatively, heuristic
corrections to_y-ij could be empirically determined, but these would
doubtless depend on dehumidifier inlet states and uk. However, no
corrections to‘;ij are sufficient to overcome the intrinsic approx-
imations in the analogy solutions that can result in exact ny
efficiencies less than zero or ”2 efficiencies greater than one.

In the author's opinion, the task of rationally improving the accur~-
acy of these inherently approximate solutions is formidable and of

doubtful utility.

3.5.7 Application of the Analogy Solutions to Air Conditioning

System Simulation

The analogy solutions have been shown to be reasonably accurate
predictive models of a high performance silica gel dehumidifier, and

are suitable for preliminary dehumidifier design. While certainly
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useful as a design tool, a more advantageous application of these
simple dehumidifier models is in simulation of the long term opera-
tion of an open cycle desiccant air conditioning system.

A computationally efficient and accurate dehumidifier model is
essential in order for a detailed simulation study of the desiccant
cooling systems to be feasible. A finite difference solution for
the dehumidifier is simply too expensive to be used in this applica-
tion. For example, the finite difference model used to verify the
analogy method solution cost at least $1.00 per point to run. A
TRNSYS [43] simulation of the operation of a desiccant cooling sys-
tem for a single month could easily entail 1500 calls to the dehumidi-
fier model. At $1500 per simulation, a relatively small number of
permutations could be considered.

In order to test the suitability of the analogy solutioms for
simulation of long term operation of desiccant air conditioning,
dehumidifier models based on the intersection point method, the
uncorrected and corrected nonlinear analogy methods, and the finite
difference solution were incorporated into models of the ventila-
tion cycle and recirculation cycle air conditioners illustrated in
Figures 1.3 and l1.4. The system models were used in [48], and are
discussed in Chapter 7. The major features of the models are sum-
marized here.

The air flow in the system is modulated in respomse to the
air conditioning load. The flow through the rotary components is

taken to be balanced. The dehumidifier NTUO and Uk vary inversely
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with the air flow rate, with nominal values of 3.75 and 0.10 at the
maximum system flow rate. At very low system flow rates, which
occur under conditions of small air conditioning loads, NTUo.and HK
could become very large. In order to avoid excessive computing costs,
an upper limit of NTU, = 15.0 was imposed. To limit the dehumidifier
operation to the medium rotational speed range, UK was not allowed
to be greater than 0.30. The performance of the sensible heat ex-
changer and the evaporative coolers was modeled as being independent
of the system flow rate. The pressure drop in each system component
was taken to vary directly with air flow rate. The dehumidifier
regeneration temperature was fixed at 85°C, a typical value for
these systems [14,48,52]. The system component parameters, summar-
ized in Table 3.11, were chosen to be representative of relatively
high performance cooling systems.

The air conditioning load model determines building sensible
and latent loads as functions of the ambient air state, the room
air state, and constant internal gains. No contribution of direct
solar radiation to the load is considered. The building and cooling
system components are treated as having instantaneous response to
changes in operating conditions. Parameters representative of an
average residential cooling load were selected, and are also listed
in Table 3.11.

The open cycle air conditioning systems require input of both
thermal energy to regenerate the dehumidifier, and electrical energy

to operate fans and dampers and to rotate the semsible heat exchanger
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Table 3.11 Desiccant Cooling System and Cooling Load Parameters

Cooling System Parameters:

Maximum system flow rate 1 kg/sec
Regeneration temperature - 85°C
Dehumidifier NTU, at max. flow 3.75
Dehumidifier UK at max. flow 0.10
Heat exchanger effectiveness 0.95
Inlet evaporative cooler effectiveness (maximum) 0.96
Exhaust evaporative cooler effectiveness 0.96
Dehumidifier pressure drop at max. flow 250 Pa
Heat exchanger pressure drop at max. flow 125 Pa
Evaporative cooler pressure drop at max. flow 100 Pa
Duct losses at ma%. flow 100 Pa
Motor constant draw 100 w
Fan efficiency 0.50

Load Parameters:

Overall heat transfer coefficient 1000 wW/C
Internal heat generation rate 750 W
Internal vapor generation rate 0.50 kg/hr
Infilitration rate 275 kg/hr

Room state (26.7°C,0.0111)
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and the dehumidifier. The ratio of cooling provided by the air
conditioner to the thermal energy.input, COPt, and to the electri-
cal energy input, COP,, are measures of the performance of the
cooling system. The system and load models just described were
used to conduct computer simulations of the long term operation
of the desiccant cooling systems, and determine average values of
COP, and COPe.

The operation of the ventilation cycle and recirculation cycle
desiccant cooling systems operating in Miami, Florida, was modeled
for the May to October cooling season. Based on the load parameters
in Table 3.11, Miami has 4270 hours of cooling ioad during the 4416
hours of the May through October period. These 4270 hours were re-—
duced to 63 temperature and humidity ratio bims, each with a fre-
quency of occurrence of at least 1% and a resolution typically of
0.5°C and 0.5 g/kg. Using the bin-frequency data for Miami, the
mean COP. and COP, for the gsix-month period was determined using
models of the desiccant cooling system incorporating each of the
analogy solutions and the finite difference model of the dehumidifier.
The results of these simulations are presented in Table 3.12.

The results for the finite difference dehumidifier model simu-
lation of the ventilation cycle given in Table 3.12 shows the cool~
ing season average thermal COP is 0.85, with COPe of 18.2. The
intersection point method reproduces the result with negligible
error. The two nonlinear analogy solutions are also quite accurate,

with an error in COPt of roughly 10%, and an error in COP, of 6%.
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Table 3.12 Results of six-month Miami cooling simulations based

on finite-difference and analogy models of the
dehumidifier

Ventilation Cycle

CPU
dh Model COPt COPe CPU (1.P.)
Intersection point 0.815 18.24 1.00
Nonlinear amalogy 0.897 19.16 0.58
Corrected nonlinear 0.890 19.17 1.40
Finite difference 0.815 18.15 1167
Recirculation Cycle
CPU
dh Model COPt COPe CPU (1.P.)
Intersection point 0.528 18.49 1.00
Nonlinear analogy 0.647 20.01 0.69
Corrected nonlinear 0.631 '19.95 1.42

Finite difference 0.562 18.95 76.15
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The superior accuracy of the intersection point method in simu-
lation of the ventilation cycle is partly due to the fact that the
errors in the outlet state predicted by this. method change sign as
UK varies about its optimum (Table 3.3). Since in system operation
pK varies from below optimum at high air flow rates to above optimum
at low air flow rates, the effect of the errors in the dehumidifier
outlet states on predicted system performance tend to cancel. In
contrast, the nmonlinear analogy method consistently o&erpredicts the
performance of the dehumidifier, resulting in an overprediction of
air conditioning system performance.

The simulation results for the recirculation cycle are also
given in Table 3.12. The finite difference model simulation gives
a cooling system average COPt of 0.53 and COP, of 18.9. The inter=-
section point method underpredicts these quantities by 6% and 2%
respectively. The nonlinear analogy method results in an overpre-
diction of the system COPt and COPe of abogt 15% and 6%. The errors
in the corrected nonlinear analogy estimates are slightly less than
those of the uncorrected method.

The underprediction of recirculation cycle performance resulting
from the use of the intersection point method dehumidifier model can
partially be explained by reference to the design point data given
in Table 3.4. At inlet conditions resulting from the design point
operation of the recitculation cycle, the intersection point method
slightly overpredicts dehumidifier performance at UK = 0.10, but

underpredicts dehumidifier performance at higher u<. Because the
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recirculation cycle modeled would have uk < 0.10 only under condi-
tions of maximum cooling load, on the average, uk > 0.10, and the

system performance was underpredicted using the intersection point
model. The nonlinear analogy solution results given inATable 3.4

indicate a consistent overestimation of dehumidifier performance,

which is reflected in the overprediction of cooling system perfor-
mance shown in Table 3.12.

The other important element of the comparison between the fin-
ite difference dehumidifier model system simulations and the analogy
model simulations is the required computer time. Also shown in
Table 3;12 are the simulation CPU times for the various methods
normalized by the simulation time for the intersection point method.
These ratios show the intersection point method simulations required
about 1/70 the computer time of the finite difference simulation in
order to predict system performance with at most 6% error. The non-
linear analogy method is somewhat less accurate than the intersection
point method, but requires roughly 407 less computer time.

These results clearly indicate that the analogy methods are well
adapted to the efficient and accurate simulation of desiccant air
conditioning systems. TFor the silica gel dehumidifier, the inter-

section point method is the preferred simulation model.
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3.6 Summary and Concluding Comments

The formulation of an analogy solution for the rotary heat and
mass regenerator was reviewed. It was shown that several of the
assumptions required in order to transform the conventional energy
and mass conservation and rate equations into the analogous Fi form
either were not or could not be satisfied by real desiccants. Hence,
the simple model of the heat/mass regenerator, based on the superpos-
ition of two independent analogous sensible heat regenerators, is
inherently approximate. Despite its apparent limitations, the
analogy model of the heat/mass regemerator has been shown to provide
useful qualitative insight into rotary regenerator operation, and
can be used as a predictive method for high performance silica gel de-
humidifiers.

Two alternative numerical implementations of the basic analbgy
theory, the intersection point method and the nonlinear analoéy,
were evaluated. The intersection point method relies on an implicit
linearization of the Fi in the solution, while the nonlinear method
employs approximate nonlinear Fi functioﬁs. The outlet states pre-
dicted by these two analogy solutions for a counterflow, £otary
silica gel dehumidifier with Le = 1 have been compared with a
finite difference solution for a wide range of dehumidifier operat-
ing conditions.

The numerical results indicate that both analogy methods can

be expected to predict the process air stream outlet state for a
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silica gel dehumidifier operating at near optimum rotational speed
with at most 1°C and 0.5 g/kg error. Errors in the predicted out-
let states és small as 0.1°C and 0.1 g/kg were observed. The accur-
acy of both analogy solutions was found to be semnsitive to UK. In

a tramsistion range of rotational speeds (C°r'~"2 = 1.0), the analogy
solutions were found to be quite inaccurate, but this range of ro-
tational speeds would not normally be considered for dehumidifier
operation. The accuracy of the analogy methods was also influenced
by the inlet states, NTU0 and flow balance of the dehumidifier. For
near optimum UK, the error in the analogy solutions decreased with
increasing NTUO. Changing inlet states had a larger effect on the
minimum errors in the analogy solution than did NTUO. Examination
of the results for unbalanced flow dehumidifier operation showed
that the average errors in the intersection point method increased
as the flow unbalance increased, while those of the nonlinear method
decreased. In general however, for all cases considered the average
errors in the intersection point method were found to be half those
in the uncorrected nonlinear analogy method.

The nonlinear analogy was corrected for error in the approxi-
mate Fi(t,w) functions. Analysis of the numerical results for the
corrected nonlinear analogy shows that a significant portion of the
error in the nonlinear analogy method can be attributed to small
errors in the Fi(t,w) curve fits. However, the results also indi-
cate that if highly accurate nonlinear Fl(t,w) functions were found,

the error in the nonlinear method can be expected to be at least as
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great as in the intersection point method.

The effect of increasing nonlinearity of the Fi(t,w) curve fits
was iﬁvestigated. It was found that given equally accurate Fi(t,w)
curve fits, the accuracy of the nonlinear method was nonetheless
affected by the functional form of the Fi. The dependence of the
accuracy of the nonlinear method on the function form of the Fi
was found to decrease as NTU0 increased.

In order to determine the utility of the analogy solutions in
an air conditioning system simulation, the analogy and the finite
difference models of the dehumidifier were incorporated into models
of ventilation cycle and recirculation cycle desiccant air condi-
tioning systems. The simulation results indicate that the overall
performance of the cooling system can be predicted to within 6% by
the intersection point method and to within 15% by both the un-
corrected and corrected analogy solutions. The simulations based
on the analogy solutions required at most 1/70 of the CPU time that
the finite difference simulation required.

Overall, the numerical results indicate that the intersection
point method is an accuraté and computationally efficient approxi-
mate solution when applied to a silica gel dehumidifier with LE0 = ]
regenerated at least than 100°C. The nonlinear method is not as
accurate as the intersection p&int method for the gilica gel de-
humidifier, but requires less computer time. However, the incre-

mental savings in CPU time does not justify selection of the non-
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linear analogy in preference to the intersection point method for

the silica gel dehumidifier.
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CHAPTER 4
EFFECT OF MATRIX PROPERTIES ON THE

PERFORMANCE OF A COUNTERFLOW ROTARY DEHUMIDIFIER

In the published studies of heat and mass regenerator operation
.[18,53,73,77,80,96,100,102] and desiccant cooling system perfor-
mance [13,14,41,42,46,48,49,52], the dehumidifier has been modeled
using particular sets of matrix properties. For example, Holmberg
[100] based his study on an adsorbent with a linear isotherm.
Mathiprakasam [80] used trends observed in Hubard's silica gel data
[107] to extend limited experimental measurements for a specially
prepared Teflon-silica gel sheet. Curvefits [29,47] to Hubard's
data were used in the analogy dehumidifier model employed in most of
the desiccant cooling system simulation studies [14,41,42,46,48,49,
52]. The quest for a high performance desiccant air conditioning
system has motivated investigation of the possibility that system
performance could be radically improved by tinkering with the de-
humidifier matrix properties. Collier et al. [55] have surveyed
desiccant material properties, and Barlow [54] has considered the
possibility of axially staging different materials in the dehumidi~
fier. To date, there has not been a general study of the effect of
matrix properties on the performance of the rotary dehumidifier.

In this chapter the finite difference solution (82.4.3) is
used to determine the effect of six matrix properties on the steady

state performance of a counterflow rotary dehumidifier. The matrix
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properties considered are the sorption isotherm shape, the maximum
sorbent water content, the heaﬁ of sorption, the matrix thermal
capacity, sorption isotherm hysterisis, and matrix moisture dif-
fusivity. The range of property values was selected to be repre-
sentative of available porous physical adsorbents, such as silica
gels or molecular sieves. The results of this study are useful as
guides for the selection and appraisal of matrix materials, and are
aﬁplied to determine the influence of property dependent variations
in dehumidifier performance on the performance of a desiccant air

conditioner.

4.1 Thermodynamic Properties of Moist Air and Physical Adsorbents.

The interaction of moist air and solid adsorbents is of central
interest throughout this study. The basic thermodynamic properties
of these materials are reviewed in this sectiom.

The moist air is taken to be an ideal binary mixture of dry air
and water vapor. Conventional psychrometric relations [108], summar-
ized in Table 4.1, are employed to characterize the properties of the

mixture. The total system pressure, p_, was taken to be constant

t
at 1 atmosphere (101.3 kPa).

Sorbents are solid or liquid materials in which a vapor will
condense at pressures below the normal saturation pressure. The

sorption process may be one of absorption, in which the bulk phase

of the sorbent changes chemically or physically with sorbate uptake,
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Table 4.1 Water vapor and moist éir properties

Water vapor
enthalpy: i = 1800.3 t + 2502680 [J/kg]

heat of vaporization: 1 = 2502680 - 2386.5 t [J/kg]

p , 3
saturation pressure: l°g10 218wi67 - t4-2§3 = a+ibi+égz, [atm]

z = 374.12 - t (¢t [°C]); a = 3.24378.14
b = 5.86826 x 10—3; c = 1.1702379 x 10—8
4 = 2.1878462 x 107>
Moist air
P
“humidity ratio: ; w = 0.62198 5——:E§—— [dimensionless]
. t wv
Pwv
relative humidity (pressure): r = 7 [dimensionless]
"

enthalpy: i = 1004.8t + w(1800.3 + 2502680) [J/kg]
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or adsorption, in which only the surface of the sorbent interacts
with the sorbate. A desiccant sorbs water vapor. Solid adsorbent
desiccants are the object of this study, and for convenience subse-
quent discussion will be presented in this context.

A characteristic of adsorption is that the concentration of the
sorbed liquid water varies with both the equilibrium system temper-
ature and pressure of the water vapor over the desiccant. A common
method of expressing this relationship is to plot gquilibrium water
content per unit desiccant mass as a function of relative pressure
(ratio of vapor pressure to the normal saturation pressure) at con-
stant system temperature. An example of this representation is given
in Figure 4.1, which illustrates the equilibrium water content iso-
therms for the nominal silica gel used in Chapter 3.

There is always a heat (energy) effect associated with adsorp-
tion, which may result solely from the vapor condensation but can
also be due to a chemical reaction. The Clausius-Clapeyron equa-
tion relates the pressure of water vapor in equilibrium with an ad-
sorbent and the saturation pressure of pure water at the system temp-
erature to the ratio of the isothermal differential heat of water
sorption and the enthalpy of vaporization of pure water. If the
sorption process is reversible, the vapor is a perfect gas, and the

specific volume of the condensed water is negligible, then,

Bﬂnpwv i

S
LA = —2 = h#* .
slinpws )W lV (4.1)
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If the ratio h* is independent of temperature, which is the
case for typical silica gels [29], then Eq. (4.1) may be integrated
to give

h# h*-1
= £W)" P__CE) (4.2)

which gives the relative humidity of moist air in equilibrium with
the desiccant, r, as a function of adsorbent water content, W, and
water vapor saturation pressure, Pg* If at temperature to,vthe

equilibrium adsorption isotherm is given by a function G(W), then

at any temperature t,

(t) h#*-1

(4.3)

Note that while G(W) is dimensionless, f£(W) is a dimensional quantity.
Equation (4.3) is a convenient integral form of Clausius-Clapeyron
equation, and is extensively employed in §4.3.

The enthalpy of the matrix of any temperature and water content

with respect to a dry matrix at 0°C is

. . W
IL=ct+ e Mt + lva (1-h*)aw (4.4)

Since the matrix enthalpy is written on the basis of a unit mass of

dry adsorbent, the dry matrix thermal capacitance, o is related to
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the bulk desiccant thermal capacitance, Cq> and the capacitances of
the non—-sorbing matrix materials, i by the relation

e = ey * IO o) /My (4.5)

1

N

where Mi is the mass of non-sorbing component i and My is the mass
of the desiccant in the matrix.

Partial derivatives of W(t,w) and I(t,w) are required in both
the finite differences and analogy solutions (§2.4.3 and §3.4) for
the rotary dehumidifier. These relations are summarized in Table
4.2,

Following Close and Banks [29], Brandemuehl [47] analysed vapor
pressure data from Hubard [107] and heat of wetting data from Ewing
and Bauer [109] to determine expressions like Eqs. (4.1) and (4.2)
for silica gel. The resulting average silica gel property relationms,
along with other property data for regular demsity silica gel [110],
are summarized in Table 4.3. These average data were used to pro-
duce the silica gel isotherms shown in Figure 4.1, and are the

nominal silica gel properties employed in this work.

4.2 Physical Adsorption and Adsorbents

4,2.1 Mechanisms and Models of Physical Adsorption

Continuum thermodynamics can be used to relate vapor pressure
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Table 4.2 Partial derivatives of matrix water content and enthalpy
required for the finite difference and analogy solutions

h* = h*(W) Eq. (4.1)
f = £f(W) Eq. (4.2)
h#*-1 h*
G = GW) = pWS(tO) f Eq. (4.3)
Pug = pws(t) Table (4.1)
:i_V = iv(t) Table (4.1)
oW oW d"}'m:’ws
3t ) T ") M Ta
w t
oW W\ Pt~ Puv
7 = r‘g; P, w
t £t °t
22} Elf—‘-ﬂifl(:ﬁ? ) + h# dhnt -
or ‘ - W Pus dw
) W
9L - c + w+—d-:-L—‘Z (1 - h#*) dW
ot = c ¢ at
W 0
ol _ .
t
)443
ot w ot W oW c ot w
ow ‘ oW c ow .
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Table 4.3 Nominal silica gel properties

Equilibrium isotherms (pws in atmospheres)

* . 3.
= (2.1120 7 (29.91 pWS)h L

Heat of adsorption

h* = 1.0 + 0.2843 exp(-10.28W)

bulk propefties

density (pd) 721 kg/m3
thermal capacitance (cg) 921 J/(kg-°C)
thermal conductivity 0.144 W/(m-°C)
mean pore diameter 22 R

specific surface area 750-800 mz/g
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and the heat of adsorptiom, but cannot provide understanding of the
mechanisms that result in adsorption of gases on solids, or lead to
a phenomenological model of isotherm shape or variation of the heat
of adsorption with sorbate uptake. In this section important
physical adsorption mechanisms are highlighted, based on discussion
found in [111-113]. Chemical adsorption, which is not considered in
this study, is also discussed in [111-1127.

The mechanisms that result in adsorption of a gas on a solid
are broadly distinguished by whether the sorbate and sorbent share
electron bonds. In physical adsorption, sorbate-sorbent electron
bonds are not formed. Condensation due to van der Waals attraction
between a solid surface and a vapor and vapor condemsation in -
capillary pores are examples of physical édsorption processes.

Normal condensation of a vapor is due to Van der Waals attrac-
tive forces acting between like molecules. Unlike moelcules also
exhibit these attractive forces. If the Van der Waals attraction
between a solid and a vapor is greater than between molecules of the
gas, the vapor can condense on the solid surface at pressures less
than the normal saturation pressure. The attractive forces between
the solid and the vapor decay with distance, and in the absence
of other effects, the Van der Waals forces would result in only
limited adsorption--a coverage of several molecular layers. How-
ever, if the solid is porous with a capillary structure, condensa-
tion in the capillary pores can greatly enhance the adsorption of

the vapor. The curved liquid meniscus in the capillary pores de-
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presses the vapor pressure of the condensed phase, and condensation
can occur whenmever the partial pressure of the vapor is above the
vapor pressure of the liqﬁid in the capillaries. Since physical
adsorption is similar to normal condensation, the heat of adsorp-
tion is of the same magnitude as normal heat of condensation of

the vapor.

Several mathematical models of physical adsorption have been
proposed. Ponec et al. [111] and Adamson [113] review widely re-
garded theories, and argue that none is entirely satisfactory.

Both reviews comment that important adsorption models that differ
greatly in their fundamental assumptions can produce equivalent
isotherms and fit experimental data equally well. It is concluded
that agreement with experimental data is not sufficient evidence

to establish the validity of the assumptions which underpin an iso-

therm model.
4.2.2 Classification of Adsorption Isotherms

Brunauer [112] classified experimentally observed isotherms into
five types, illustrated in Figure 4.2. The different shapes are
generally characteristic of different adsorption mechanisms.

The type 1 isotherm is common in chemisorption systems, but is
also observed for porous physical adsorbents where the pore dimen-—
sions are approximately the size of the sorbate molecules. These
ultra-micro pores are filled at low relative pressures, resulting

in the characteristic plateau in the isotherm. A class of porous
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material which have a type 1 water vapor adsorption isotherm are
the molecular sieves (synthetic zeolites) [110,111].

Type 2 and type 3 isotherms are associated with multilayer
adsorption without capillary condensation. Wool has a type 2 water
adsorption isotherm [114]. Type 3 water vapor adsorption isotherms
are rare: an example is adsorption on glass [111,112]. Though
both isotherms are characteristic of multilayer formation, the
processes differ in that the type 2 materials have a heat of ad-
sorption greater than the heat of vaporization, while the type 3
materials have a heat of adsorption that is less than the heat of
vaporization [112].

Types 4 and 5 result for porous materials in which capillary
condensation occurs. Type 4 isotherms are characteristic of
hydrophilic porous materials, such as silica gels. The plateau
at the low relative pressure region of the isotherm is associated
with the filling of molecular dimension pores (less than 10 A
diameter). The subsequent rise in water content at a higher rela-
tive pressure is due to the filling of capillary pores (10 & - 500 A
diameter) [111,112,115]. The relative pressure at which capillary
pore filling occurs is governed by the average pore dimensions.

The relative pressure at which pore filling is initiated increases
with increasing mean pore diameter. The low relative pressure .
plateau in the type 4 isotherm can be very narrow, resulting in near
type 1 behavior. The approximately type 1 isotherm is character—

istic of several microporous (£20 A mean diameter) silica gels
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[110,116]. Macroporous (¥150 & diameter) silica gels exhibit pore
filling at relative pressures above 80%. The type 5 isotherm is
observed in capillary-porous materials in which the solid surface
is hydrdphobic, an example being water on activated charcoal [112,
117]. The relative pressure at which capillary condensation ini-
tiates is, as for the type 4 isotherm, governed by the mean pore
gsize. Since materials with a type 5 isotherm are hydrophobic, the
heat of adsorption for these adsorbents can be less than the heat
of vaporization [112].

The capillary-porous materials (types 4 and 5) frequently ex-—
hibit a hystersis loop in the isotherm, i.e., the locus of water
content points differs for the adsorption (increasing relative pres-
sure) and desorption (decreasing relative pressure) processes.
Sorption hysterisis results from changes in the characteristic
radii of the adsorbate meniscus in the capillary pores, and can be
classified according to the irregularities in the pore shapes [118].

A type of isotherm which does not conmveniently fit into the
Brunauer classification is one for a material that undergoes a
phase-change, resulting in a step change in water content at some
relative pressure. An example of such a material is lithium chlor-
ide (LiCl), which undergoes a hydrate-liquid phase change at r=12.5%.
Dehumidifiers composed of a phase-change desiccant are discussed

extensively in [96].
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4.2.3 Classification of Experimental Isotherms

The identification of the appropriate Brunauer type for an
experimental isotherm can be considerably more difficult than sug-
gested in §4.2.2. Two examples are used to illustrate this point.

Davison 03 is a microporous (23 2 mean pore diameter) silica
gel [110]. TFigure 4.3 is a superposition of adsorption isotherms
from the manufacturer's data and from experiments by Mikhail and
Shebl [119]. The Davison isotherm can be classified as type 4,
but the character of the Mikhail-Shebl isotherm is amﬁiguous, and
can be as accurately described as linear as type 4.

Both Rosas [116] and Mikhail and Shebl [119] have reported
experimental isotherms for Davison 59, a macroporous (140 & mean
pore diameter) silica gel [110]. The Rosas data (at 30°C and
40°C with regeneration at 204°C) and the Mikhail-Shebl isotherm
(at 35°C with 120°C regeneration) are superimposed in Figure 4.4.
The agreement between the data is good at low relative pressures,
but the two isotherms diverge at high relative pressure. The dif-
ference in the resulting interpretations of the Davison 59 gel
isotherm is illustrated in Figure 4.5, which shows a normalized
superposition of Rosas' polynmomial isotherm and the Mikhail-Shebl
isotherm. The Rosas isotherm is type 2, while the Mikhail-Shebl
isotherm is distinctly type 4.

These comparisons indicate the difficulty of fully and accur-

ately characterizing even common desiccants.



183

[6TT] T92US pue TTIBWPITH Pue
- [0TT] F°anioeynuem 3Y]l WOXF meumﬂuomﬁ 198 BOTTTIS €0 uosTaBg JOo uorlfsodiadng ¢°y 2an8Tq

-

0’4 6 8 4’ 9 g 14 £ e’ }

d—-—c—d—-—-—q—-—-—-.-—-—-uc—--—am-—

=
<

1
\Y

v © W © 9
|\ N = = °

(6/6) 4

ge”

—V-5— 192YS — NDYNIW O 0¥

DIDP £0 UOSIID(J v o

0%’

|1||!;1|1]||||IlxllllltxlltltltllllltllllrltlllyrlllTSQQ;

gg’




184

[6TT] T9ouS pue TTBYNIH
pue [9TT] sesoy woij smiayIOST T98 BOTTTS 6G uUOSTABRQ FO uoTirsodiadng 44 2an3tg

d
. . . . . . . pe - R 0
gw-m—-—-m—--hl-—cw—.-—-m‘a—-—-—‘—-—-—-‘«h—-—-”ge
= — —DOv- = 0F 4 g0
o 0 .
a7~ g Jor
/ S .
/ —1Gi
/ - oz J
’ . ™
H492° O\
Jor v 3 N
SDSOY J ..
D0g O - 0%
- gg’
192YS — 1VOYTW o -
+ 4 o7
.y W -]
ﬁllmwx } M E

0s’



185

T98 BOTTTS G UOSTABQ X103 [6TT] ®IBP S,T99YS PUB TIBWPITH
pue [9TT] 3T TeTwoudyod ,SesSOy WOLJ SWISYIOST PIZTTBUIOU IO uotlrsodiadng ¢y 2an81jg

o
0} 6’ g’ A 9 g v’ £ c’ A o .
¥ — ¥ — ¥ — ¥ — ¥ — T — ¥ — ¥ — L] — L] — ] — ¥ — ¥ — ¥ — ¥ ‘ ) | e
-~
- =
- .
\\ 1
1e
47
] 3
¢ *
19
1Y SDPSOY —-—- ’
192YS — 1POYPH o 1%
. . l.m m-

0’}




186

4.3 Matrix Parameters

The intent of this study is to indicate the effect of impor-
tant matrix properties on the performance of a rotary dehumidifier.
Since none of the mechanistic adsorption models is emtirely satis-
factory (84.2.1), and there is considerable scatter in experimental
data for common desiccants (84.2.3), the approach followed in this
work has been to choose functional variations and ranges of para-
meter values that are qualitatively representative of a broad spec-
trum of physical adsorbents and matrix configurations. The con-
straints imposed by continuum thermodynamics (84.l) are satisfied,
and the major adsorbent types (8§4.2) are all represented. A summary
of the nominal matrix properties and their principal variations is
given in Table 4.4. These variations are discussed in detail in

§4,3.1 through 84.3.7.
4.3.1 Adsopption Isotherms

The integrated form of the Clausius~Clapeyron equation given
by Eq. (4.3) is the basis for the isotherms equations used in this
work. Functions G(W) were chosen to qualitatively reproduce the
features of the five generic Brunauer types. In addition, a linear
isotherm waé modeled. The isotherm equations were normalized with
respect to the maximum water content, me, and are expressed as a

function of W% = W/me, as shown in Egs. (4.6), listed in Table 4.5.
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Table 4.4 Dehumidifier flow and matrix parameters

Dehumidifier Flow Parameters

NTUW = 10

Inlet States Pairx Process Regenerating
1 (35%C, 14.2 g/kg) (85°C, 14.2 g/kg)
2 (30°C, 24.5 g/kg) (100°c, 14.2 g/kg)

Matrix Properties

Variation Isotherm Type (Eq.) me(kg/kg) h*,k (Eq. (4.8))
Nominal Linear (46.6) 0.5 0.3, -5.0
Isotherm Shape 1 (4.6.1) 0.5 0.3, -5.0
2 (4.6.2) 0.5 0.3, -5.0
3 (4.6.3) 0.5 -0.3, -5.0
b (4.6.4) 0.5 0.3, =5.0
5 (4.6.5) 0.5 -0.3, -7.5
Heat Ads. Linear 0.5 0.0
Linear 0.5 1.0, -1.0
Maximum W Linear 0.25 0.3, ~5.0
Linear 1.00 0.3, -5.0
la (4.6.1a) 0.25 0.0
ba (4.6.4a) 1.125 0.0
Hysterisis Linear-Process 0.5 0.0
1-Regenerator 0.5 0.0
Leo = 4, NTUW=2.5 Linear 0.5 0.3, -5.0
c_ = 3350 'ié'a'é‘ Linear 0.5 0.3, -5.0
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The isotherms given by Egqs. (4.6) agree qualitatively with
isotherms of available desiccants, as illustrated in Figures 4.6.a -
4.6.c. TFigure 4.6.a illustrates the type 1 and 2 isotherm (Egs.
(4.6.1) and (4.6.2)) and normalized data for Davison 03 silica
gel [110] and wool [114]. Figure 4.6.b shows types 4 and 5 (Egs.
(4.6.4) and (4.6.5)) with normalized isotherms for activated
alumina [120] and charcoal [112,117]. The types la (Eq. (4.6.1.a))
and 4a (Eq. (4.6.4.a)) isotherms were chosen to be representative
of molecular sieves and macroporous capillary sorbents [110], as
shown in Figure 4.6.c.

The linear isotherm (Eq. (4.6.6)) is good representation of
the nominal silica gel isotherm—-shown.in Figure 4.1. Because of
its simplicity, the linear isotherm is employed as the nominal

desiccant in the parametric study of matrix properties.
4.3.2 Heat of Adsorption

Brandemuehl's analysis of silica gel data (84.1) showed that
the ratio of the heat of adsorption to the heat of water vapori-

zation, h*, can be expressed (Table 4.3) as
h*(W) = 1 + Ah* exp(kW) (4.T)

where 1+Ah* is h* at W*=0 and k is a constant. For the nominal
silica gel (Table 4.3), h* decays rapidly with W, but is always
greater than unity. For the purposes of this parametric study,

the form of Eq. (4.7) was modified so that h* = 1.0 when W% = 1.0.
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