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Thus,

exp (kW*) - exp(k)
1 - exp(k)

h*(W%) = 1 + h¥* (4.8)

The advantage of the form of h*(W*) given by Eq. (4.8) over
that of Eq. (4.7) is that since h*(W* = 1.0) = 1.0, from Eq. (4.3)
it can be deduced that at r =1, W = me regardless of temperature.
Since the isotherms converge to WmX at r =1, me is a copvenient
scaling parameter. The physical assumption implicit in the varia-
tion of h* given by Eq. (4.8) is that at r = 1 (saturated air),
adsorption becomes normal condensation on the matrix.

The constants Ah* and k for Eq. (4.8) were selected primarily
on the basis on Brandemuehl's analysis of silica gel data. The
nominal values of Ah* and k are 0.3 and -5.0 for the types 1,2,4
and linear isotherms. For the type 3 and type 5 isotherms, Ah#*=-0.3
since the heat of sorption is less than the heat of water vaporiza-
tion for these adsorbents (§4.2). The type 5 isotherm required
k = -7.5 to prevent the isotherm from being double valued at low
temperatures. In all cases considered in this study the parameter
t, (Eq. (4.3)), the temperature at which r = G(W*), is 60°C. An |
example of the typical variation of the isotherms with temperature
is shown in Figure 4.7, where the type 1 isotherm is illustrated.

To determine the effect of the heat of adsorption on dehumidi-
fier performance, h* was varied for the linear isotherm. In addi-

tion to the nominal parameters, both Ah* = 0 and Ah* = 1.0, k = 1.0
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were used. The effect of these perturbations on the temperature

response of the linear isotherm is shown in Figure 4.8.
4.3.3 Maximum Water Content

The form selected for h*(W), Eq. (4.8), insures that the water
content of the adsorbent at saturation is independent of tempera-
ture. The maximum water content of the adsorbent, me, can be used
as a scaling parameter. A survey of the isotherms discussed in
§4.2.2 and §4.3.1 shows that me varies considerably. The micro-~
porous silica gels, activated aluminas and charcoals have me in the
range of 0.35 to 0.5 (g water)/(g dry adsorbent). Molecular
sieves have me in the range of 0.2 to 0.3 g/g. At the other ex-
treme, me for the macroporous silica gels can be greater than
1.0 g/g.

A nominal value of me = 0.5 is used to determine the effect
of isotherm shape on dehumifier performance (84.4.1). This com-
parison is based on types 1-5 and the linear isotherm (Egqs. (4.6.1) -
(4.6.6)). The linear isotherm is used to indicate the éffect“on
dehumidifier performance of varying W . to 0.25 g/g and 1.0 g/g.

In order to better model actual adsorbents, and to gauge the com—
bined effect of isotherm shape and me on dehumidifier performance,
the type la isotherm with me = 0.25 (molecular sieve) and the type
4a isotherm with me = 1.125 (macroporous silica gel) were also
gsimulated. These comparisons will allow the effects of isotherm

shape, me, and material type to be considered independently.
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4.3.4 Adsorption Hysterisis

An example of a hysterisis loop in an adsorbent is illustrated
by the sorption-desorption isotherm for Davison 03 silica gel [119]
illustrated in Figure 4.9. The effect of hysterisis in a micro-
porous adsorbent was modeled by using the linear isotherm in the
adsorbing (process) period of the dehumidifier, and the type 1 iso-
therm in the desorbing (regenerating) period. Since the Clausius-
Clapeyron relation (Eq. (4.1)) can not apply in this situation,
Ah*=0 was used for both branches of the hysterisis isotherm. This
results in the hysterisis loop being independent of temperature.

Modeling the sorption hysterisis isotherm by a simple super-—
position of two isotherms does not allow intermediate paths to be
followed between the sorption and desorption branches of the iso-
therm, as is often observed [118]. However, this model proyides an
upper bound estimate of the effect of adsorption hysterisis on de-

humidifier performance.
4.3.5 Matrix Moisture Diffusivity

A major assumption required to develop the dehumidifier model
(82.4) is that the combined process of diffusion in the matrix and
convection at the matrix surface can be described by composite or
lumped transfer coefficients. The ratio of overall heat transfer
coefficient to the product of overall mass_transfer coefficient and

moist air thermal capacitance is called the overall Lewis number,
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Leo. If the resistances to diffusion into the matrix in a direction
normal to the air flow are small, the overall transfer coefficients
aré governed by the convective film resistances. For the air-water
vapor system, the convective Lewis number is near unity. Banks [35]
has estimated that LeO is at least 2.0 for parallel passage de-
humidifiers, and van Leersum's results [37] indicate that LeO = 4,0
is a lower limit for packed bed dehumidifiers. A nominal value of
Le, = 1.0 is employed in this study. The linear isotherm with Leo =
4.0 is used to indicate the effect of matrix diffusional resistance

on dehumidifier performance.
4.3.6 Matrix Thermal Capacitance

Two common matrix configurations were described in 2.1, the
parallel passage wheel and the packed bed. In either configura-
tion, a certain amount of non-adsorbing material is used in the
matrix. The proportion of inert to adsorbent material in a
parallel passage matrix can be considerably greater than in a
packed bed, since the desiccant must be deposited on a substrate
film rather than be used in bulk form.

The nominal value of matrix thermal capacitance used in this
study is 921 J/(kg-°C), the bulk thermal ecapacitance of silica gel
[110], so that the contribution of the inert matrix materials to
the thermal capacitance is neglected. To test the extreme effect
of matrix thermal capacity on dehumidifier performance, the linear

isotherm with cp = 3350 J/(kg~°C) was studied. This value of co
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corresponds to a desiccant-substrate system which is either 50%
mylar or 44% aluminum foil by volume and is an upper limit for con-

ventional dehumidifier designs [56].
4.3.7 Flow Parameters

A balanced air mass of low rate and symmetric flow area
counterflow dehumidifier is modeled in the parametric study. The
nominal value of the overall number of transfer units for mass
transfer, NTUW, is 10, which is representative of high performance
dehumidifiers. A range of rotational speeds is considered. The
parameter uk is varied from 0.05 to 5.0, resulting in both de-
humidifier and enthalpy regenerator operation. The regenerator
performance is determined for two pairs of air inlet states: Inlet
state pair 1 ((35°C, 14.2 g/kg), (85°C, 14.2 g/kg)) from §3.5 is
again employed. The process and regenerating stream inlet relative
humidities for this pair are 407 and 47. The second inlet state
pair used in §3.5 had inlet relative humidities at 50% and ~5%. Be-
cause this choice would have resulted in a very narrow range of
inlet relative humidities in the parametric study, an alternative
inlet state pair of ((30°C, 24.5 g/kg), (100°C, 14.2 g/kg)) with
inlet relative humidities of 91% and 2% is substituted. The inlet
state pairs used in 84.4 are referred to as 1 and 2, buf the reader
is again cautioned that the inlet state pair 2 employed in §4.4 is

not the same as the one used in §3.5.
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4.4 Dehumidifier Performance: Results and Discussion

The main function of the dehumidifier is to reduce the process
stream humidity ratio. While in desiccant air conditioning systems
the process stream outlet temperature affects system performance
(84.5), in this discussion the process outlet humidity ratio will
be of primary interest. The dehumidifier performance is charac-

terized by a dehumidifier efficiency, N determined as

W - w
- Wl 2 -lwl (4.9)
a,int 1,1
where Wi and w, 4 are the process stream outlet and inlet humidity
b b4

ratios, and w

a.int is the humidity ratio at the intersection point
E

of the line of constant adiabatic saturation temperature through
the process inlet state and a relative humidity line through the
regenerating inlet state, as shown in Figure 4.10. The minimum

potential humidity ratio would be w if the dehumidification

a,int
process were the reverse of an adiabatic saturation process with air
exiting the dehumidifier at the relative humidity of the regener-
ating state. In fact, the dehumidification potential lines depend
on the matrix properties as well as the moist air properties, and
are skewed away from wet bulb and relative humidity lines (83.1),

S0 is only a convenient normalizing parameter.

Wé,int
The dehumidifier outlet states are influenced by UK, the ratio

of matrix rotational mass flow rate to air mass flow. For example,



202

‘06 G8 08 'S4 04 89 09 'SS 0§ Gr 0¥

231e3s 19Tur weails Surieisusldal
9yl ysnoayl sury (a1) AITPTUNY SATIBTSI ® pue 93BIS 3I9TUT WBAIJS
ssovoad oy3 ySnoayl auIl (x3) °injeradwsl qing jam B uo pesoduriadns

‘sl y3TM s93e3s 3971In0 wesils ssodoid ISTITPTUNUSP BYI1 JO UOTIRTIBA (1'% 21In31g

(D) asnyoiadwa]

] T T | | | I | | |
00's

puos 00

U01)03SLIIUL 080

020
G0
0L0
G000
anl whAis

DASOR O % @ B —-gg

/ alpl1s 19Ul
~—— Buryp.aoualbas ssao0u4d —» -1 74

(69,/6) 0rppu Agrprwng



203
the variation of dehumidifier outlet states with ux is shown in
Figure 4.10 for the nominal linear isotherm. The optimum ux for
dehumidification, UK 5 varies with dehumidifier inlet states and
matrix properties. In much of the discussion that follows, only
the results for UKy will be given, along with an indication of

the sensitivity of n, to UK.
4.,4,1 Isotherm Shape

Table 4.6 gives1u%, t]_’2 and Wl,Z’ and Nk for the types 1-5
and the linear isotherms. The results show that the isotherms can
easily be classified in two groups, one favorable and the othef
unfavorable for dehumidification.

The types 1, 2, and 4 and linear isotherms have relatively
high Nyx? and can be considered favorable for dehumidification.
The type 1 isotherm has the highest Mg for both inlet states, at
0.96 for inlet state 1 and 0.91 for inlet state 2. The types 2, 4
and linear isotherms all have approximately the same performance
for inlet state 1, With Nk Z 0.93. For inlet state 2, the type 2

and linear isotherms have Mo ~ 0.86, while the type 4 isotherm has

n

% 2~ 0.88. Thus, the type 1 isotherm results innmn  about 5%

WE

greater than for the other favorable isotherms. The favorable
isotherm Nyx for inlet state pair 1 are about 5-7% greater than
the Nex for inlet state pair 2.

The types 3 and 5 isotherms have Nux substantially lower than

for the first group, and can be considered unfavorable for de-
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humidification. For inlet state 1, the N for the type 3 isotherm
is 0.77 and for the type 5 isotherm N is 0.75, some 207% less than
the mean Nox for the favorable isotherms. Both of the unfavorable
isotherms have n, for inlet state 2 that are slightly greater than
for inlet state 1.

The results in Table 4.6 also indicate that the optimum rota-
tional speed varies with matrix properties and dehumidifier inlet
states. The favorable isotherms have a much lower UK, than the
unfavorable isotherms, corresponding to a lower optimum matrix
rotational speed at a given air flow rate. However, MKy varies
more with the change in inlet state for the favorable isotherms than
for the unfavorable types. For any of the favorable isotherms, UK
for inlet state 2 is about twice UKy for inlet state 1, represent-
ing a doubling in optimum matrix rotational speed as the inlet
states change. The changes in UK for the unfavorable isotherms
are proportionally smaller than the changes in UK, with inlet state
for the favorable isotherms.

To indicate the effect of operating the dehumidifier at non-
optimum rotational speeds, Table 4.7 lists the values of tl,2’

Wl’2 and n, at K equal to UK for the alternate inlet state pair.
Comparing the results given'in Tables 4.6 and 4.7, it can be seen
that operating at the non-optimal ux results in an average drop in
N, of about 47 from Mo This implies that near optimum dehumidifi-
cation is obtained over a reasonably broad range of ux. In practice,

if modulating UK in response to changes in inlet state is not



205

7€8°0 €Ty"8 S8 6L 8T°0 068°0 ALY €9°/9 GE*0  AB9UL]
9¢L"0 86%° 0T 98° 6. ¢c'o 669°0 e L G869 0.°0 S
L6870 8967/ LT T8 LT"0 96870 80%°¢ 6699 8T°0 ¥
¢6L°0 622°6 L6761 0670 €V 0 %069 66719 09°0 €
9€8°0 08€°8 £9°08 LT°0 768°0 vy° ¢ ¥€°L9 0e°0 [4
26870 66¢C°L 70°6L [A RN 2€6°0 €60°6G 97°6¢9 7T°0 T
Ty A : R BN.2° A ; dx

U AAWQN Ty Aoovm ﬁu it u AJ%oN Ty AUQVN Hu >l QUAAT,

¢ @3®1g 3I9TU] T @3e35 397Ul

mutldQ 9yl woxg Aemy i 1® SouBmIAOFISg IDTITPTUNYSQ [ 9TdBRY

098°0 716°L z0°%¥8  GE°0 626°0 180°¢ %9°69 QT°0  AB9UTT
6€L°0 ST 0T 88°€8 0L°0 Lel 0 960°L £€9°L9 660 <
GL8°0 029°L 08¢ 8C'0 6¢6’0 ¥CZ1°S 86°69 LT°0 V4
66.°0 080°6 Ge "8 09°0 99.°0 8979 9799 0670 €
¢98°0 6{8°L 60" ¥8 0e°0 ¢C6°0 VA 69°69 LT'0 [4
116°0 8169 £0°¢8 70 G96°0 6CL°Y #8°€9 CI°0 1
pid w € 3 w [3 [3 hw.uﬂ

u &GP 0t oG 0t h ot SGAL

7 93eag 391Ul

T 93e3s 391Ul

souBwWIAOIISg IoTITprumysq wnutidp uo adeys wieylosy JO I09JJH 9°h OTE]



206

feasible, a mean value of MK will result in satisfactery perfor-
mance.

.Except for the clear distinction between the high perforﬁance
favorable isotherms and the low performance unfavorable isotherms,
the variations in isotherm:type, UK, and inlet state result in at
most 5~77 wvariations in nw. This suggests that provided a favor-
able isotherm is selected (noting the assumption that all other
parameters are equal), the performance of the dehumidifier is not
sensitive to isotherm shape or operating condition. However,
measuring thgse effects as proportional changes in T, masks the
fact that the changes in high performance dehumidifier design re-
quired to offset a 5% variation in nw with matrix properties can be
large. TFor example, Table 4.8 lists the NTU0 required at qu for
the various isotherms to have nw = 0.95 for inlet state 1 and
Ny = 0.90 for inlet state 2. The results show that the NTU, re-
quired for a given N, by the type 2,4 and linear isotherm dehumid-
ifiers is about twice that of a type 1 isotherm dehumidifier. The
type 3 and 5 isotherm dehumidifiers can not obtain the required
n, at NTUO more than four times the type 1 dehumidifier. Thus,
other variables being equal, the volume of the type 1 dehumidifier
will be at most half that of the aiternative designs. The seem~
ingly insignificant performance advantage of the type 1 isotherm

dehumidifier is magnified when viewed in this perspective.



Table 4.8 NTU0 tequired to obtain Nux = 0.95 for inlet state 1

nWX

Inlet State 1

= 0.90 for inlet state 2

Inlet State 2

207

Type uKX NTU0 nw UKX NTUo nw
1 0.12 8.0 0.950 0.22 8.5 0.899
2 0.17 19.0 0.951 0.30 20.0 0.899
3 0.50 40.0 0.841 0.60 40.0 0.865
4 0.17 17.5 0.949 0.28 15.0 0.900
5 0.50 40.0 0.801 0.75 40.0 0.792
linear 0.18 15.0 0.951 0.35 20.0 0.899
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4.4.2 Heat of Adsorption

Table 4.9 illustrates the effect of the heat of adsorption on
the optimum dehumidifier performance for an isotherm that is linear
at 60°C. The data shown are for the temperature independent
(Ah* = 0.0) isotherm, the nominal isotherm (Ah* = 0.3), and the
strongly temperature dependent isotherm (Ah* = 1.0, k ='-l.0)
illustrated in Figure 4.8.

The results show a pronounced effect on dehumidifier perfor-
mance of a large increase in the heat of adsorption. The strongly
temperature dependent isotherm (Ah* = 1.0) has Mox about 10%
less than the other linear isotherms for inlet state 1, and about
25% less for inlet state 2. The data from which Table 4.9 was
abstracted show that for UK between 0.10 and 0.50 the process outlet
temperatures for the strongly temperature dependent isotherm de-
humidifier vary from 10°C to 6°C higher than the outlet temperatures
at the same pk for the temperature independent isotherm. The
strongly temperature dependent isotherm thus results in substantially
hotter and wetter dehumidifier process outlet states than are ob-
tained with the temperature independent isotherm. This is a result
of the large amount of additional energy liberated on adsorption,
which tends to increase the matrix and air temperatures and has an
adverse effect on the absorptive capacity of the matrix.

The comparison between the nominal linear isotherm and the

temperature independent isotherm is somewhat more ambiguous. The
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outlet temperatures for the nominal isotherm are roughly 3°C
higher than those for the temperature independent isotherm for
UK between 0.10 and 0,50, which is consistent with results ob-
tained for the strongly temperature dependent isotherm. However,
for inlet state 1, the process outlet humidity ratios for the
nominal isotherm are slightly less than those for the temperature
independent isotherm in the 0.10 to 0.50 yk range, while for imnlet
state 2, the nominal isotherm has outlet humidity ratios that are
greater than those for the temperature independent isotherm.
These.results indicate that while small heat effects assoc-
iated with adsorption may be beneficial, large heats of adsorptiomn,
which result in strongly temperature dependent isotherms, have an

adverse effect on the performance of the dehumidifier.
4.4.3 Maximum Water Content

The maximum water content, me, for the linear isotherm was
varied from its mominal value of 0.50 to 0.25 and 1.0. The effect
of this variation on the optimum dehumidifier performance is
shown in Table 4.10.

The data in Table 4.10 show that as WmX increases, UK de~
creases while Nwx increases. For inlet state 1, Nk increases by
about 9%, from 0.88 to 0.96, as me is increased from 0.25 to 1.0.
The corresponding increase in Nk for inlet state 2 is about 117,

from 0.80 to 0.90.
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Although increasing me is beneficial to dehumidifier perfor-
mance, the nwx for the type 1 isotherm with me = 0,50 (Table 4.6)
are greater thén the Nex for the linear isotherm with me = 1.0.
Changing the isotherm shape from linear to type 1 at me = 0.50 has
a greater beneficial effect on N than increasing me of the
linear isotherm from 0.50 to 1.0. Also, since the nwx for the
me = 1.0 linear isotherm are approximately 0.95 and 0.90, from
the results in Table 4.8, it can be deduced that the nominal
linear isotherm would require the dehumidifier NTUO to be twice
that of the NTUO of the me = 1.0 isotherm dehumidifier to achieve
the same performance. It was determined that the me = 0.25 iso-
therm requires the dehumidifier NTUo to be increased to more than
40 to obtain the nwx of the me = 1.0 isotherm dehumidifier with
NTUO = 10.

Since perturbation in the isotherm shape can have as much effect
on dehumidifier performance as doubling me’ the combined effect
of isotherm shape and me was considered by modeling three generic
desiccants. Isotherm type la with me = 0.25, type 1 with me =
0.50, and type 4a with me = 1.125 were used to represent molecu-
lar sieves, microporous adsorbents, and macroporous adsorbents.

The Nex shown in Table 4.11 indicate that the microporous adsorbent
with the type 1 isotherm has by far the superior performance. The
macroporous adsorbent performs slightly better than the molecular

sieve, though me for the macroporous desiccant is over four times

that of the molecular sieve.
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4.4,4 Adsorption Hysterisis

The performance of a dehumidifier with a linear adsorption-—
type 1 desorption hysterisis isotherm is compared with that of a
reversible linear isotherm in Table 4.12 for values of Pk that scan
the optimum range for the reversible linear isotherm. The desorp-
tion hysterisis loop has a very pronounced adverse effect on the
performance of the dehumidifier. Ihe n, for the hysterisis iso~-
therm shown in Table 4.12 are between 157 and 30% less than the n,
for the reversible linear isotherm. This corresponds to a decrease
in the apparent NTU0 of the dehumidifier from 10 to about 2.5,
i.e., a linear isotherm dehumidifier with NTUO = 2.5 (LeO = 1)
has roughly the same n_ as the hysterisis isotherm dehumidifier

with NTUo = 10.
4.4.5 Matrix Moisture Diffusivity

The results in the preceeding sections have been for dehumid-
ifiers in which the transfer processes are controlled by the con-
vective film resistances (LeO = 1), The data in Table 4.13 show
the effect on the performance of a linear isotherm dehumidifier of
increasing Le from 1.0 to 4.0 at constant NTUt = 10, correspond-
ing to an increase in the matrix resistance to water vapor diffus-
ion. Increasing Leo to 4.0 decreases Nux DY about 8%. This per-
formance can be obtained by an LeO = 1 exchanger with NTUO ® 4.5,

Decreasing NTUW by a factor of 4 at comstant NTUt has the same
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effect of halving NTUO at LEO = 1. The volume of the LeO = 4 de-
humidifier is therefore about twice that of an Le = 1 dehumidifier
with the same performance.

Since an dincrease in LeO at fixed NTUt is equivalent to an
increase in mass transfer resistance in the matrix, another way to
interpret the effect of the hysterisis isotherm (84.4.4) on de-
humidifier performance is to determine the apparent Leo of an NTUt =
10 eichanger that results in the same performance as obtained using
the hysterisis isotherm. As shown by the data in Table 4.14, the
effect of the hysterisis isotherm is equivalent to LeO ranging from
9,0 to 13.0. Both the outlet temperatures and humidity ratios of
the hysterisis isotherm dehumidifier can be closely matched using
a single value of Leo. This implies that if estimates of LeO are
to be empirically obtained by matching predictions of a convective
transfer dehumidifier model with experimental data for the dehumid-
ifier outlet states, care must be exercised to avoid confusing the

effects of matrix diffusion resistance and adsorption hysterisis.
4.4.6 Matrix Thermal Capacitance

The previous results were based upon a matrix thermal capaci-
tance corresponding to thé bulk thermal capacitance of silica gel.
The results in Table 4.15 show the effect of increasing c from
921 (J/(kg-°C)) to 3350 (J/(kg-°C)), corresponding to a matrix
composition that is 507 mylar by volume. The increase in <

results in about a 157 decrease in Neox and a reduction in the
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values of ¥K_. The results for UK between 0.10 and 0.50 show that
at a given UK, the process stream outlet temperatures for the
large c dehumidifier are between 5°C and 7°C higher than those
for the nominal case, while the outlet humidity ratios are sub-
stantially greater. Increasing cn results in significantly hotter
and wetter process stream outlet states.

Comparing the results for c¢_ = 3550 (J/(kg-°C)) in Table 4.15
with those for Ah* = 1 in Table 4.9, it can be seen that the in-
creased sensible heat effects associated with large c, cause
roughly the same decrease in nwx as the large latent heat effects
associated with large Ah*. Similarly, comparison of the results
for large co in Table 4.15 with those for W _ = 0.25 in Table 4.10
and for LeO = 4 in Table 4.13 shows that increasing e has a larger
adverse effect on nwx than does decreasing me or increasing Leo.

The results of §4.4.2 for large heat of adsorption and this
section for large < indicate that large latent or sensible heat
effects have a significant detrimental impact on the performance

of the dehumidifier.

4,5 Desiccant Cooling System Performance: Results and Discussion

In §4.4, the effect of matrix properties on dehumidifier
performance was examined. The results can also be used to indi-
cate the effect of dehumidifier performance characteristics on the

design point performance of a desiccant cooling cycle.
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A ventilation cycle (Figure 1.3) operated with a regeneration
temperature of 85°C at the SERI standard room and ambient condi-
tions [105] would have dehumidifier inlet states corresponding to
the inlet state pair 1 of §4.4. The dehumidifier outlet states
calculated using the finite difference solution can be readily
applied to estimate the design point performance of the ventilation
cycle.

The design point performance of the desiccant cooling cycle
can be characterized by the specific cooling capacity (cooling
capacity per unit air mass flow rate) and the thermal COP. The
total cooling capacity scales directly with air flow rate. Compar-
ison of the specific capacity of two systems gives an indication
of the relative flow rates required to obtain a given total capacity,
and provides a sense either of the total fan power requirements or
of the physical size of the components in the systems. The thermal
COP is a measure of the thermal energy input required in the cool-
ing system. In the design point calculations presented here, it is
assumed that the sensible heat exchanger has negligible air carry-
over and an effectiveness of 0.95, and that the room inlet and
exhaust evaporative coolers saturate the air streams.

To facilitate discussion, the matrix property effects dis-
cussed in 84.4 are categorized by isotherm shape, maximum water
content, sensible and latent heat effects, and equivalent NTUW
effects. The design point specific capacity and thermal COP of the

ventilation cycle as a function of UK are shown in Figures
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4,11.a - 4.14.a and Figures 4.11.b - 4.14.b respectively for each
of these four major matrix property groups. |

Figures:4.1l.a and 4.11.b show the effect of the six iso-~
therm shapes (84.4.1) on the design point dpecific cooling capacity
and COP of the ventilation cycle. The dehumidifier performance
data (Table 4.6) revealed that there are 'unfavorable' isotherm
shapes that result in substantially less dehumidification of the
process air stream than other 'favorable' isotherms. Similarly,
Figure 4.1l.a shows that there are two levels of specific capacity
associated with isotherm shape. The unfavorable (types 3 and 5)
isotherms have a maximum specific capacity about 20% less than that
of the favorable (types 1, 2, 4, and linear) isotherms. The type 1
isotherm has the highest maximum specific capacity, but also shows
the strongest variation with K. The other favorable isotherms
result in nearly equivalent system performance. The type 5 iso-
therm has the lowest maximum specific capacity. In all cases,
maximum specific cooling capacity is obtained at the UK resulting
in optimum dehumidificationm, UKX.

The variation of COP shown in Figure 4.11.b has several in-
teresting trends. Comparing Figure 4.11.biwith Figure 4.1l.a, it
is observed that the maximum COP is obtained at a pk slightly
greater than that which results in maximum specific capacity.
Furthermore, the decay of COP with uk greater than the optimum is

much weaker than the corresponding decay of specific capacity. A
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somewhat surprising result is that the t¥pe 1 isotherm, which has the
highest maximum specific capacity, has a consistently lower COP than
the other favorable isotherms. The type 5 isotherm, which has the
lowest specific cooling capacity, has a maximum COP approximately
equal to that of the type 3 isotherm. The explanation of these
observations share a common foundation.

In this system, which has a high performance heat exchanger,
the specific cooling capacity depends primarily on the dehumidifier
process stream outlet humidity ratio, and is only secondarily in-
fluenced by the outlet temperature. The dehumidifier outlet temper—
ature directly affects the regenerating stream outlet temperature
of the sensible heat exchanger, and has an important effect om the
thermal energy required to boost the air stream to the regeneration
temperature. As shown in Figure 4.10 (84.4), the dehumidifier out-
let temperature and humidity ratio both increase for UK greater
than the optimum, and there is a corresponding decrease in both
the specific capacity of the cycle and the required thermal energy
input. Since the COP is the ratio of cooling capacity to thermal
energy input, the compensating changes in both the numerator and
denominator of the COP for UK greater thamn uKX result in a less
pronounced variation with pk than occurs for the specific capacity.
The results given in Table 4.6 (84.4.1) also indicate that at MK
the type 1 isotherm has the lowest outlet temperature and humidity
ratio of the favorable isotherms, while the type 5 isotherm has

both the highest outlet temperature and humidity ratio. The high
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specific capacity and relatively low COP associated with the type 1
isotherm and the low system specific capacity but relatively high
COP obtained with the type 5 isotherm ére explained on this basis.
The variation of system specific capacity and COP with UK at
constant inlet conditions can also have implications for the off--
design inlet state operation of the cooling system. Associated with
the optimum UK at an inlet state are analogous parameters Ci’.
(83.4). A strong dependence on Uk at fixed inlet conditions
implies a strong variation of performance with dehumidifier C?,i'
But as dehumidifier inlet conditions vary, even though ux is fixed,
C* , will change. Therefore, if the rotational speed of the
s
matrix is chosen to optimize the performance of the system at de-
sign conditiomns, at off design inlet conditibns, the system per-
formance can be substantially degraded, particularly if there‘is a
strong variation in the average analogous capacitance ratios, Yi’
with inlet state. The system results shown in Figures 4.1l.a
and 4.11.b for the type 1 isotherm, which has a strong performance
variation with ux, can be evaluated in this regard. From Table
4.6, the optimum type 1 px for dehumidification with inlet state
pair 2 is 0.22. The design point specific capacity (Figure 4.11.a)
evaluated at this uk is about 10% less than the maximum. The other
materials would show a similar variation from the maximum design
point specific capacity if evaluated at the UK for inlet state

pair 2 given in Table 4.6. This suggests that the performance of

systems using these materials is probably not strongly influenced
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by using the optimum design point rotational speed for off--design
point operation.

The system performance fesults illustrated in Figures 4.1l.a
and 4.11.b imply that a dehumidifier with a favorable isotherm
is preferred. The linear isotherm overall has satisfactory perfor-
mance.

The effect of the maximum water content of a linear isotherm
desiccant on system performance is shown in Figures 4.12.a and
4.12.b. The results show that the me = (.25 isotherm results in
the lowest maximum specific capacity but highest maximum COP, while
the me = 1,0 isotherm has the greatest maximum specific capacity
with the lowest maximum COP. The variation in maximum specific
capacity is about 10%, roughly twice the change in maximum COP.

In Table 4.6 (84.4.3), it is observed that the me = 0.25 isotherm
has the highest outlet temperature and humidity ratio, and the me =
1.0 isotherm has the lowest outlet temperature and humidity ratio

of the linear isotherms compared. The explanation of the effect of
isotherm variation on system performance can be consistently applied
to this case. The performance of the system with the nominal linear
isotherm dehumidifier again compares favorably to the performance
obtained with me = 1.0 isotherm regenerator.

The analysis of the effect of large heat of adsorption and
large matrix thermal capacitance on dehumidifier performance in
§4.4.2 and 84.4.6 demonstrated that these latent and sensible heat

phenomena resulted in an increase in dehumidifier outlet temperature
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and humidity ratio compared to the outlet states of the nominal
linear isotherm dehumidifier. The impact on system performance

of this behavior is illustrated in Figures 4.13.a and 4.13.b. The
data shown in Figure 4.13.a indicate that the maximum system
specific cooling capacity is decreased by about 15% when a large
heat of adsorption or large matrix thermal capacitance material is
used in place of the nominal linear isotherm desiccant in the de--
humidifier. The large thermal capacitance material also shows a
very strong dependence on UK compared to other materials. As men—
tioned previously, this strong dependence on uk may imply that the
high thermal capacitance dehumidifier system may be adversely
affected by off--design point operation. On the other hand, the .
large h* isotherm results in a relatively weak decay in specific
capacity for uk greater than UK and the system performance may
be fairly insensitive to inlet state.

The effect of large heat of adsorption and thermal capacitance
matrix properties on system COP is shown in Figure 4.,13.b. The
large matrix thermal capacitance system has a maximum COP slightly
greater than that of the nominal system, but the decay of COP with
UK greater than UK is very pronounced. Again, this implies that
the optimum system performance occurs only in a very narrow rota-
tional speed range, which is probably dependent on dehumidifier
ir;let states. The dehumidifier with the large h* desiccant, on the
other hand, results in a maximum COP roughly 157% greater than that

of nominal linear isotherm desiccant system. The COP of this
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system is not strongly affected by pk greater tham uK,.

Taken together, the variation of system specific capacity and
thermal COP with sensible and latent heat effects suggests that
if the air flow rate through the system is unimportant (either
the fan power requirements or the physical size of thé components
are not constrained) then there might be interest in the large h
material. However, because of the sensitivity of the large ther-
mal capacitance matrix system to UK, the utility of this alterna-
tive is suspect.

The matrix properties discussed to this point have largely
resulted in compromises between system specific capacity and ther-
mal COP. The results shown in Figure 4.l4.a and 4.14.b for the
hysterisis isotherm and the Le0 = 4 dehumidifier indicate that
there is no such ambiguity in the effect of decreasing the
effective NTUW of the dehumidifier: both the system specific
capacity and COP are significantly degraded. The hysterisis iso-
therm has a particularly detrimental effect on system performance,
resulting in a maximum specific capacity and COP 30% and 50% less

than obtained using the nominal linear isotherm dehumidifier.
4.6 Conclusions
The effect of six different matrix properties on the design

point performance of a counterflow rotary dehumidifier and a

ventilation cycle air conditioner has been investigated. The
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properties considered have been isotherm shape, heat of adsorp-
tion, maximum wafer content, adsorption hysterisis, matrix moisture
diffusivity and matrix thermal capacitance. Results have been ob-
tained for the maximum dehumidification efficiency and the air
conditioning system specific cooling capacity and thermal COP in
each case. The dehumidifier performance results are reviewed first,
and subsequently the design point performance of the ventilation
cycle is discussed.

The nominal desiccant employed in this study had a linear iso-
therm with me = 0,5, and a heat of adsorption and thermal capaci~
tance similar to silica gel. The only perturbations that consistently
improve the dehumidifier performance over this base case are chang-
ing the isotherm shape to type 1 and increasing the maximum water
content to me = 1.0. The type 1 isotherm with me = 0.5 results
in better dehumidifier performance than does the linear isotherm
with me = 1.0.

Several property changes result in little net change in de-
humidifier performance compared to the nominal linear isotherm.
These include using adsorbents with type 2 or type 4 isotherms
(with me = 0.50) and decreasing the heat of adsorption for the
linear isotherm to be identically the heat of vaporization of water
(Ah* = Q).

The other perturbations resulted in a decrease in dehumidifier
performance. Decreasing me to 0.25 for the linear isotherm had

the least detrimental effect, followed by increasing Le, from 1.0
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to 4.0. Increasing the heat of adsorption, so that the linear iso-
therm was strongly temperature dependent, and increasing the matrix
thermal capacitance by a factor of 3.5 had roughly equivalent
adverse effect on the maximum dehumidification. The worst de-
humidifier performance was obtained with the type 3, type 5, and

the hysterisis isotherms. These cases resulted in maximum dehumidi-
fier efficiencies nwx approximately 257 below that obtained with
nominal linear isotherm.

Since both isotherm shape aﬁd maximum water content were
found to affect dehumidifier performance, a molecular sieve with
me = 0.25, a microporous silica gel with me = 0,50, and a macro-
porous silica gel with me = 1.125 were modeled. The microporous
adsorbent resulted in substantially better dehumidifier performance
than did the other materials.

The variation of matrix properties has a profound effect on the
design fequirements for high performance dehumidifiers. For example,
the dehumidifier NTU0 required for a given level of performance can
vary by a factor greater than four as the shape of the adsorption
isotherm changes.

The results of this investigation can be summarized in several
rough guidelines. For maximum dehumidifier performance, an ad-
sorbent with a near type 1 isotherm similar to those characteris-
tic of microporous adsorbents should be selected. If an alternate
isotherm is considered the maximum water content must be substan-

tially greater than that of the type 1 adsorbent to realize equi-
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valent dehumidifier performance. The heat of adsorption of the
material should be low. It is preferable to design a matrix with
low thermal capacitance and Le0 > 1 than to have very high matrix
thermal capacitance and Leo = 1. Isotherms with significant
hysterisis loops should be avoided.

The results of the design point study of thewentilation
cycle closely mirror the results of dehumidifier performance in-
vestigation. The only perturbations which result in a significant
increase in the maximum specific cooling capacity of the cycle over
that obtained with the nominal linear isotherm dehumidifier are
employing the type 1 microporous adsorbent and increasing the
linear isotherm me to 1.0. Both of these changes result in
maximum COP less than obtained with the nominal isotherm. The
only change in matrix properties which resulted in a significant
increase in COP compared to the nominal case was to use an adsor-
bent with a large heat of adsorption. However, the maximum speci-
fic capacity of this system was significantly less than that of
the nominal system. There were no changes which resulted in a
simultaneous increase in system cooling capacity and COP. However,
both an Leo > 1 and a hysterisis isotherm dehumidifier resulted in
a simultaneous degradation of system cooling capacity and COP.

Cumulatively, these guidelines suggest that commercially

available microporous silica gels are attractive materials for
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dehumidifier construction. Radical changes in desiccant properties
would be required to significantly improve dehumidifier or cooling

system performance over that obtainable with these materials.
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CHAPTER 5
THE EFFECT OF MATRIX PROPERTIES ON THE ACCURACY

OF THE INTERSECTION POINT METHOD

The analogy solutions were shown in Chapter 3 to accuxately
predict the outlet states of a high performance silica gel dehumidi-
fier. It is of interest to determine the extent to which the matrix
property variations analysed in Chapter 4 affect the accuracy of
these approximate solutions. However, to provide a parallel com-
parison of the intersection point and nonlinear analogy methods
similar to that made in Chapter 3 would require that Fi curve fits
be determined for each property set. This is a formidable task
that, for present purposes, is unnecessary. The results in Chapter
3 suggest that while the errors in the two analogy methods can be
attributed to different approximations inherent in the solutionms,
they are nonetheless of the same order of magnitude. While there are
reasons to believe that one or the other method might work somewhat
better for a given property set, it is difficﬁlt to argue that the
errors in the two solutions would ever differ by an order of magni-
tude. Therefore, the intersection point method, which is easily
adapted to handle different matrix properties, was used to indicate
the accuracy of the analogy solutions when applied to the various
property sets.

The intersection point method was used to predict the de-

humidifier outlet states for each of the property sets discussed
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in Chapter 4. With the exception of the hysterisis isotherm, for
which the combined Fi potentials can't be defined [28]. Rather

than repeat the sequential development of Chapter 4 here in the
context of the analogy solution, detailed results will be presented
for only two matrix property sets. Because a matrix with a type 1
adsorbent is desirable, and practical experience shows that a large
matrix thermal capacitance may be unavoidable [56], the intersection
point method results are discussed for these two matrix property
sets. The remainder of the results are summarized, though all of

the error data is provided in an appendix for an interested reader.

5.1 Property Dependent Variations of the Fi and Y

All of the matrix properties except Le.0 affect both the oy
(Eqs. (3.8)) and the Y (Eqs. (3.9)). It is convenient to discuss
these quantities in terms of their representation on a psychro-
metric chart. Banks [28] has shown that as the isotherm slope
increases, o and 0y tend to Oy and Oy (Eqs. 3.10) respgctively,
so that the Fl and F, lines will tend to parallel adiabatic satur-
ation temperature and relative humidity lines. An increase in
isotherm slope also increases the Y As the matrix thermal capaci-
tance or the heat of adsorption increases, the Fl lines flatten,

and tend toward humidity ratio lines, while the Fz lines steepen,

and tend toward temperature lines. Increasing the matrix thermal
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capacitance significantly increases Y without greatly changing Yz.
A large inérease in the heat of adsorption increases vy, and de-
creases ;-

The Fi and Ys lines for the type 1 isotherm and the large
thermal capacitance linear isotherm are shown in Figures 5.1 through
5.4 superimposed on the Fi and Y lines for the nominal silica gel
(Table 4.1). Figure 5.1 shows that at high relative humidity, where
the type 1 isotherm is flat, the type 1 isotherm Fl lines are
slightly flatter than the nominal silica gel Fl’ while the type 1 Fz
lines are steeper than their nominal counterparts. At low relative
humdiity, the type 1 Fi lines more closely parallel wet bulb temper-
ature and relative humidity lines than do the Fi for the nominal
gilica gel. The deviations of the type 1 Fi from the nominal Fi are
more pronounced at low relative humidity. The type 1 Yi shown in
Figure 5.2 do not exhibit the monotonic variation at conmstant temper-
ature or humidity ratio of the nominal Yy Also, comparing Figures
5.1 and 5.2, it is evident that there is a much greater difference
in the shapes of the Fi and Yy curves for the type 1 isotherm than
for the nominal silica gel. As mentioned in §3.3, this implies that
the F, equations for the regenerator (Eqs. (3.14)) are more strongly
coupled than in the nominal case, and should have a bearing on the
accuracy of the approximate solutiom.

Figures 5.3 and 5.4 show the Fi and Yy for the high thermal
capacitance linear isotherm. The large matrix thermal capacitance

results in flatter Fl and steeper F, lines than are obtained with
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the nominal silica gel. The large thermal capacitance increases Y,
without greatly changing the dependence of Y, On air temperature
and humidity ratio, but nearly doubles the values of Yy and also
affects the variation of Y1 with air state.

A survey of the F, diagrams for the other isotherms shows that
the Fi for the type 2, type 4 and type 4a isotherms show somewhat
less deviation from the nominal silica gel Fi than do those for the
type 1 isotherm. The types 3; 5 and la isotherm F; vary sub-
stantially from the nominal case. The linear isotherm with me =
0.25 has Fi similar to those of the large thermal capacitance iso-
therm, though the magnitude of the variation from the nominal case
is less. The linear me = 1.0 isotherm has Fi that more closely
parallel wet bulb temperature and relative humidity ratio lines
than those for the nominal case.

The Yi for the other matrix properties show considerable devia-
tion from the regular behavior of the vy, for the nominal case. The
types 2, 3, me = 0.25 and me = 1.0 isotherms all have variations
in Ys with air state roughly similar to that of the nominal silica
gel vy though the values are different. The type 4, type 4a and
type 5 isotherms Yy resemble the type 1 Vi though the local maximum
in Yy shown in Figure 5.2 for the type 1 isotherm is much more
evident for these materials. The types 2 and 3 and the linear iso-
therms have Yi lines that at least resemble their respective Fi lines;

the others have Yy that deviate strongly from the Fi'
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5.2 Numerical Results

Tables 5.1 and 5.2 list the process air stream outlet states
and the differences between the analogy and exact solution for the
type 1 and high thermal capacitance linear isotherms. Data are
given for the nominal balanced and symmetric counterflow Leo = 1.0,
NTUO = 10.0 dehumidifier for both inlet states employed in Chapter
4, To facilitate comparison, data for a comparable nominal silica
gel dehumidifier are given in Table -5.3.

The error data in Table 5.1 indicate that the analogy solution
is quite accurate for the type 1 isotherm. The errors in outlet
temperature and humidity ratio over most of the UK ranges shown are
at least as small as those for the nominal silica gel at near
optimum pk. The intersection point method underpredicts the outlet
temperature by about 0.2°C and overpredicts the outlet humidity
ratio by about 0.2 g/kg for most of the px range for inlet state 1.
The large error at uk = 0.05 is associated with C¥’2 = 1.5, which
is close to unity. The intersection point method predictions for
Ehe type 1 isotherm dehumidifier with inlet state pair 2 show about
half the error of the corresponding solution for the nominal silica
gel dehumidifier. Except for uk < Q.lS, which are associated with
the transiticn.from low to medium rotatiomnal speed (C? o, mear unity) ,

b

the inlet state 2 type 1 isotherm errors are about 0.4°C and 0.2

g/kg.



Table 5.1 Finite difference solution for the process outlet
states of a type 1 isotherm dehumidifier and the
errors in the outlet states predicted by the

intersection point method
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t (°0) w (g/kg)
process: 35.000 14.200
regeneration: 85.000 14.200
inter. pt.: 63.141 3.864
UK t (°C) w (g/kg) Ae (°C) bw (g/kg)
.050 59.544 5.581 2.512 -.851
.100 63.337 4.739 . 244 -.089
.120 63.838 4,729 041 ..003
.150 64.360 4,792 -.088 .078
.200 65.031 4.972 -.161 .158
.250 65.599 5.181 -.160 .219
.300 66,134 5.402 -.140 .268
.500 68.171 6.340 -.010 .430
1.000 72.985 8.881 . 366 .709
5.000 80.195 13.958 -.132 .052
t (°C) w (g/kg)
process: 30.000 24.500
regeneration: 100.000 14.200
inter. pt.: 83.779 5.042
LS t (°0) w (g/kg) At (°C) M (g/kg)
.050 69.669 9,883 8.233 -2.523
.100 77.664 7.626 3.242 -1.062
.150 80.374 7.046 1.249 - 477
.200 81.673 6.918 .377 - 241
.220 82.030 6.918 162 - .188
.250 82.473 6.947 -.086 - .132
. 300 83.062 7.047 -.376 - .079
.500 84.699 7.698 -.948 - .077
1.000 87.658 9.689 -1.443 - .365
5.000 14.889 -.146 .022

93.282



248

Table 5.2 TFinite difference solution for the process outlet states
of a large thermal capacitance dehumidifier and the
errors in the outlet states predicted by the inter-
section point method

t (°C) w (g/kg)

Process: 35.000 14,200

regeneration: 85.000 14.200

inter. pt.: 75.373 3.815

LK t (°C) v (g/kg) At (°C) Aw (g/kg)
.050 60.472 7.511 8.105 -1.457
..100 68.638 6.322 3.954 -.611
»115 69.597 6.285 3.352 -.485
.125 70.065 6.299 3.076 -.429
..150 70.920 6,411 2.615 -.342
,200 72.030 6.780 2.109 -.268
.250 72.840 7.222 1.800 -.242
.300 73.537 7.696 1.562 -.236
.500 75.906 9.657 .872 -.244

1.000 79.262 12,941 .145 012
5.000 80.421 14.136 -.018 .010
t (°0) w (g/kg)

process: 30.000 24,500

regeneration: 100.000 14,200

inter. pt.: 97.332 7.785

UK t (°C) w (g/kg) At (°C) Aw (g/kg)
.050 69.203 13.020 19.485 -2,882
.100 81.415 11.027 9.954 -1.299
.125 70.065 6.299 3.076 -.429
.150 85.917 10.456 6.009 -.612
.170 86.772 10.409 5.274 -.494
.200 87.649 10.418 4.529 -.384
.250 88.570 10.543 3.762 -.296
.300 89.179 10.731 3.266 -.261
.500 90.617 11.694 2.139 -.295
1.000 92.557 13.947 . 709 -.349
5,000 93.507 15.115 .003 -.027
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Table 5.3 Finite difference solution for the process outlet states
of the nominal silica gel dehumidifier and the errors
in the outlet states predicted by the intersection
point method.

t (°C) w (g/kg)
process: 35.000 14,200
regeneration: 85.000 14,200
inter. pt.: 65.514 3.846
UK t (°C) w (g/kg) At (°C) Aw (g/kg)
.010 40,002 12.465 .206 .000
.050 54.610 7.696 4.939 -1.529
.100 61.633 5.834 3.014 -.997
.150 64.660 5.257 .907 -.386
.200 65.956 5.167 .170 -.123
. 250 66.692 5.242 -.100 -.002
.300 67.236 5.374 -.215 072
.500 68.901 6.069 -.291 247
1.000 72.313 8.003 . 041 .557
5.000 80.077 13.857 -,198 .034
t (°C) w (g/kg)
process: 30.0600 24,500
regeneration: 100.000 14.200
inter. pt.: 87.146 5.361
UK t (°C) w (g/kg) At (°C) Aw (g/kg)
.050 62.056 13.075 17.201 -4,937
.100 72,217 10.230 11.297 -3.149
.150 77.800 . 8.914 6.573 -1.841
.200 80.831 8.264 4,006 -1.072
.250 82.474 7.992 2.709 -.642
.300 83.494 7.893 1.984 -.369
.500 85.480 8.104 1.005 174
1.000 87.784 9.427 .957 .815
5.000 93.228 14.802 -.253 -.050
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In contrast to the results for the type 1 isotherm, the data
in Table 5.2 show that the intersection ﬁoint method does not
accurately predict the outlet states for the high thermal capaci-
tance linear isotherm dehumidifier. The dehumidifier performance
is consistently overpredicted by the intersection point method.

The error in the outlet temperature is about 2°C over most of the
UK range for both inlet states. The outlet humidity ratio is con-
sistently underestimated by about 0.3 g/kg. These errors are due
primarily to a substantial overestimation of the Fy efficiency of
the dehumidifier, which corresponds to a large overestimation of
the average Y.

The intersection point method results for the other matrix
property sets show a wide variation in accuracy. By far the worst
results are obtained for the types 3 and 5 isotherms, where without
qualification it can be stated that the approximate solution fails.
However, these unfavorable isotherms would almost certainly not be
considered for dehumidifier construction, so the poor accuracy of
the method for these materials is probably not important. As shown
above, the method also does not work well for systems with large
thermal capacitance. The results for the linear isotherm with Le0 =
4 show somewhat larger errors in the amalogy solution than occur
for the large thermal capacitance case. The results for the me =
0.25 linear isotherm and for the macroporous silica gel (type 4a)

isotherm show errors of the same magnitude as for the large thermal
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capacitance linear isotherm. A number of materials show analogy
method errors roughly similar to those of the nominal silica gel.
These include the type 2, type 4, linear isotherm with me = 1.0,
and molecular sieve (type la) isotherms. For all of these mater-
ials, the errors in the intersection point method predictions for
inlet state pair 2 are twice those for inlet state pair 1. This
is due to the large difference in the inlet states in the formér
case, and the typically strong variation of the Y; at high relative
humidity. The intersection point method results for the type 1
isotherm show the least error.

Using the desiccant air conditioner model described in §3.5.7,
the operation of ventilation cycle cooling systems with a type 1
isotherm dehumidifier and a large thermal capacitance linear iso-
therm dehumidifier were simulated for the Miami cooling season. The
load and system parameters used in §3.5.7 were employed in these
simulations, except that the rotational parameter pyk was constrained
to be at most 0.20. The results presented in §4.4 suggest that
restricting uk to be between 0.10 and 0.20 should.result in near
optimum performance for both dehumidifiers. The finite difference
and intersection point method models of the dehumidifier were both
used for each dehumidifier property set. To reduce computational
cost, a two grid size finite difference dehumidifier model (§2.4.3)
was used instead of the three grid size method previously employed.

The simulation results are presented in Table 5.4.



Table 5.4
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Results of six-month Miami cooling season simulations

of the ventilation cycle based on finite difference
and analogy models of a dehumidifier composed of
a type 1 or a large thermal capacitance linear

isotherm material

matrix dh model
type 1 intersection point

finite difference

lavge Cm intersection point

finite difference

COP
0.79

0.81

0.91

.0.72

COPe

19.1

19.3

13.9.

12.9
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The finite difference model simulation results for the type 1
isotherm dehumidifier indicate that the cooling seéson average COPt
is 0.79 and fhe COP, is 18.1. This performance.is similar to that
obtained with the nominal silica gel. The intersection point method
underpredicts the system COPt and COP, by 2% and 1% respectively, a
level of error comparable to that observed in the nominal case.

The finite difference solution shows that the large thermal
capacitance dehumidifier produces a seasonal COPt of 0.72 and é
COP, of 12.9. The intersection point method greatly overpredicts
the performance of the ventilation cycle with a large thermal
capacitance dehumidifier, with an error in COPt of nearly 257.

The large overestimation of COP. in this case is due to the con-
gistent overestimation of the dehumidifier process stream outlet air

temperature.
5.3 Conclusions

The intersection point method is reasonably accurate when applied
to high performance (large NTU_, Le, = 1) dehumidifier with a matrix
formed of a low thermal capacitance material with a favorable ad-
sorption isotherm. Increasing either the matrix thermal capacitance
or the overall Lewis number has a detrimental effect on the accuracy
of the analogy solution for the dehumidifier process stream outlet
state. For example, an intersection point method model of a large

thermal capacitance dehumidifier results in a 25% overprediction
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of the seasonal COPt of a ventilation cycle desiccant cooling sys-
tem. Unfortunately, state of the art dehumidifiefs are character-
ized by significant thermal capacitance of the carrier material and
by Leo substantially above unity. Application of the current anélogy
solutions to these devices will result in a significant over estima-

tion of the dehumidifier performance.
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CHAPTER 6
RECIRCULATION OF PURGED FLOW IN A

COUNTERFLOW ROTARY DEHUMIDIFIER

In Chapter 4, an attempt was made to improve dehumidifier per-
formance by varying the matrix properties. Another method of im—
proving dehumidifier performance is suggested by the circumferen-
tial distribution of air temperature and humidity ratio in the
process outlet air stream shown in Figure 6.1. Part of the de~
humidified process air stream is considerably hotter and wetter
than the mean outlet state. If this hot and wet air is physi-
cally separated from the rest of the dehumidified air stream be-
fore mixing occurs, the mean temperature and humidity ratio of the
process outlet air stream are lowered. The purged air stream may be
discarded, but since it is at high temperature it can be recircu-
lated and used in the regenerating period. The recirculated purge
stream may either be mixed with the bulk regenerating streaﬁ or
used to produce a locally nonuniform inlet distribution in the re-
generating period inlet. The purge and recirculation of part of the
dehumidifier air flow can increase the dehumidification in the pro-
cess stream and decrease the energy input to tﬁe regenerating
stream.

The recirculatgd purge dehumidifier with a spatially nonuniform
regenerating stream inlet state is analysed in this chapter. An

equilibrium analysis of the dehumidifier (§3.3) is first used to
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qualitatively show the effect of the recirculated purge stream on
the dehumidifier outlet states. The finite difference model of
the dehumidifier is then used to determiﬁe the outlet and purge
states of a counterflow silica gel dehumidifier. 1In these analyses,
the nominal (Table 4.3) silica gel properties are used, and the
heat and mass transfer rates are assumed to be limited by convec-
tion. Both low and high thermal capacitance matrices are modeled,
corresponding to matrices with small and large proportions of non-
adsorbing structural materials. The numerical results are used to
verify the trends suggested by the equilibrium analysis, and to
indicate the improvement in dehumidification and reduction in
energy input obtained with the recirculated purge dehumidifier in

comparison to a conventional counterflow configuration.

6.1 The Purged Dehumidifier

A schematic diagram of a counterflow dehumidifier with recir-
culated purge is shown in Eigﬁre 6.2. For convenience, a nomen-
clature similar to that established for the conventional dehumidi-
fier is used, and is illustrated in Figure 6.3. Each period is
partitioned into two subperiods, and a particular wheel face is
designated pjk,ﬁ' In the recirculation pattern illustrated in
Figure 6.2, flow from the outlet of subperiod 1 of period 1 (Pll,Z)
is recirculated to the inlet of subperiod 1 in period 2 (le,l).

This flow geometry is referred to as the 11 purge or recirculation
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pattern. The other purge recirculation pattern discussed is from
P11,2 to P22,l’ and is referred to as the 12 pattern. The fractiomnal
subperiod boundary angle (or time) Bjk = ¢jk/@j indicates the size

of the purge section. For example, Bll = 0,10 implies that sub-
period 1 occupies 10% of the total arc of period 1.

For this system, employing the assumptions stated in §2.2, the

conservation equations become

Mass
Sw_ B..0"(u) M__ 9
3%’ PikY 3 M 5k 8¢
j,k=1,2 (6.1)
Energy
3i .

ot ' oL  _
ax T Byi®3 () gy 5

The transfer rate equations for mass and heat are

Mass

N_ - N (w - )
m

ax' ik )
j,k=1,2 (6.2)
Energy
A (Lec(t -t) +i (v -w))
ox' ik o f'm £ WV m £
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The recirculation condition is imposed by taking the average
purge section outlet temperature and humidity ratio to be the inlet
condition for the apﬁropriate subperiod in the regenerating period.
The distribufion of states in the purged outlet stream is destroyed,
but the mean purge state creates a nonuniform inlet condition in
the regenerating period. The conservation of mass requires that |k
in the two purge subperiods be equal. For example, for the 11 purge
shown in Figure 6.2, UKy = UKy «

The finite difference method developed by Maclaine-cross ([18],
§2.4.3) was adapted to incorporate the two subperiods in each
period. The resulting code is sufficiently flexible to allow the
transfer coefficients, air velocities, and inlet states in each sub-
period to differ. Both of the rotational time step sizes (8§2.4.3)
are used in each subperiod, and the mean inlet and outlet states
in each subperiod and period are computed. As in the conventional
model, the finite difference solution for the dehumidifier outlet
states was obtained for three space-time grid sizes, and these
results were extrapolated to zero grid sizes. Convergence to
periodic steady state at each grid size was established by moisture
and energy balances on the air streams. The final extrapolated

solution is also checked for moisture and energy comservation.

6.2 Equilibrium Analysis of the Purged Dehumidifier

If the transfer coefficients in Egqs. (6.2) are infinite, then,
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in exactly the same manner as for the unpurged dehumidifier, Egs.

(6.1) may be written as

of oF,

i ' .
—_— c— 2 =
eijkCi,jk a0 0 -

. : (6.3)

where Ci,'k = UKjkYi' Unlike the examples discussed in §3.3, the
solution of Eqs. (6.3) requires consideration of the nonuniform re-
generating stream inlet state distribution resulting from recircu~-
lation of the purged flow. Close [40] and Brandemuehl [46] have
extended the equilibrium Fi analysis of rotary dehumidifiers to
include arbitrary inlet state distributionms. The analysis of the
purged dehumidifier is a special case of this general technique.

This discussion will be restricted to a balanced and symmetric
dehumidifier with constant Yy In addition to being balanced over-
"all, the air velocities, Vj,k’ in all of the subperiods are taken to
be equal. Since Vm,k and all properties are constant, Ci,j =

Bj kp‘ ik’ and the wave velocities in each subperiod are equal,
Wy s

v = Vi' This implies that Fi lines on the wave diagrams

i3k Vi,
do not change slope across subperiod boundaries.

There are two purge geometries to consider, the 11 (Pll,Z to
PZl,l) recirculation pattern and the 12 (pll’2 to p22,l) path. For
each flow pattern, the purge angle Bll can be less than or greater

than the rotational arc associated with the F; wave (i.e., B;1 <

Cl,l or Bll > Cl,l)' In each case, it is assumed that the purged
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air is fully mixed prior to introduction at the inlet of a subperiod

in period 2. The Fl and F, wave diagrams for these four cases are

2
illustrated in Figures 6.4-6.7. Figures 6.4 and 6.6 are for
511-5~C1,1’ corresponding to an incomplete purge of the regenera-
tion Fl state, while Figs. 6.5 and 6.7 illustrate B11 > Cl,l cases.
In all of these diagrams, "p" is the process inlet state, "pr"
is the purge state, "r" is the regenerating state, and "o" is the
process outlet state. Table 6.1 summarizes the wave diagram solu-
tions for the period 1 mean outlet state, thé mean purge state, and
the process stream outlet state.

Figure 6.4 shows the wave diagrams for the 11 recirculation
pattern.with B11 < Cl,l' Since Bl,l < Cl,l < CZ,l’ then Flpr =
Flr and F2pr = FZr’ and the purge state is just the regenerating
inlet state. The process outlet state lies on the Fz line through
the regenerating state between the period 1 intersection point
and the regenerating inlet state. The mean period 1 outlet state
and the distribution of period 1 outlet states are unaffected by

the 11 purge recirculation. The 11 purge with 511-5 shifts

Cl,l
the process outlet state toward the period 1 intersection point,
corresponding to improved dehumidification.
The F. wave diagrams for the 11 recirculation with B > C
i : 11 1,1
are shown in Figure 6.5. Since Cl,l < By1 < C2,l’ the Flprnls a
weighted average of F

and Flr’ while the F is F, . The purge

2pr 2r

state lies on the F, line through the regenerating inlet state

1p

between the period 1 intersection point and the regenerating state.
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Table 6.1 Equilibrium solutions for the counterflow purged
dehumidifier

P

b
i

11 recirculation

F-

1
period 1 mean

Ty

Fy
purge(pll’z)

F

2

Fy
process(plz’z)

)

12 recirculation

period 1 mean

F2
Fl
purge(py; 5)
b Fz
Fy
process(p12 2)
b
Fy

arbitrary state

B1,1=C1

C +(1-C

1,171,770 0T

LW

B1,1F1,% (% ,17B1, 10 1, ¢

)F

+(1_Cl,l 1,p

By 152, st (1B; F;

1,x
F2,x
€1,17R11 4;1-Cl,lF
1R P e TR, f1,p
1,1 5 1,1

inl = state
process 1inlet (p]]’] sz,])

ti inlet or state
regenerating 1in (pZJ,] p22,])
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The process outlet state is at the intersection point of the Fl and
F2r lines. The distribution and mean of the period 1 outlet states
are identical to those for the 11 purge with Bll-ﬁ Cl,l'

The solution for the 12 recirculation pattern with Bp = cl,l
is shown in Figure 6.6. The Fi diagrams indicate that for balanced
flow with constant Yy the purge states are recycled through the
matrix, and the Fipr are completely arbitrary. The process outlet
state Fi are identical to those for the 11 purge with 811 f-cl,l'

Since -the purge state is arbitrary, the period 1 outlet state dis-

!

1°

also arbitrary. In a system with variable Y4 °OF finite transfer

tribution is arbitrary for 8' < Blle and the period 1 mean is
coefficients, the wave fronts smear and the purge state, rather
than being arbitrary as in the constant'\(i equilibrium case, would
tend to the regenerating state. In this case, the 12 recirculation
with Bi11 < C1 1 would result in the same dehumidifier outlet states
b

as the 11 recirculation with 8,4 < Cl,l' |

The 12 purge with Bll > Cl 1 is illustrated in Figure 6.7.

b .

As in the previous case, the FZpr state is completely arbitrary.

However, F is given by

lpr
C C
1,1 1,1
F = == F + (1 -—=>) F (6.4)
lpr Bil lpr Bll 1p
which is satisfied only for Flpr = Flp' The matrix is uniformly

at FlP during period 1. The purge state lies anywhere along the

Flp line. The process outlet state is at the period 1 intersection
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. cy s . N . . .

point, as it is for the 11 purge with Bll Cl,l S}nce F2pr is

recycled through the matrix, the period 1 FZ distribution is arbi-
1

trary for 8' < Bll 12 and the period 1 mean state lies somewhere

on the F,_line. If the wave fronts smear, then F =F In
1p 2pr

2r°
this case, the period 1 outlet is uniformly at the intersection
point of the Flp and F2r characteristics, and the period mean,
purge, and process outlet states are all equal.

The equilibrium analysis of the balanced flow, comstant 7y, re-
circulated purge dehumidifier indicates that the distribution of
states in the mat;ix, and hence the purge and mean period 1 states
can be influenced by the recirculation geometry. However, the
process outlet state (P12,2) depends only on the magnitude of Bll
in relation to Cl,l and is unaffected by the recirculation geo-
metry. As Bll increases, the fraction of the flow through period 1
of the dehumidifier that goes to the process decreases as does the
required regenerating flow. At Bll = Cl,l’ just the regenerating
state Fl is purged, and the minimum outlet humidity ratio is ob-
tained. For Bll > Cl,l’ there is no change in process outlet state,

but the useful process flow rate is decreased. This suggests that

the optimum purge angle, regardless of the recirculation pattern,

is Bj; =G 5>

2

6.3 Numerical Analysis of the Purged Dehumidifier

The finite difference solution was used to determine the effect
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of purge angle Bll on the period 1 outlet states of a counterflow
silica gel dehumidifier. The dehumidififer is taken to be symme-
tric (ei = eé = 0,.50) and balanced overall‘(wcl = Ky = ) with
equal subperiod velocities. The overall Lewis number is assumed

to be unity. Results are presented for two silica gel matrices,

one with negligible matrix structural thermal capacitance, the other
with appreciable thermal capacitance of non-adsorbing structure.

In the former case, the bulk thermal capacitance of silica gel is
used (cm = 921 J/(kg-°C)); in the latter, the value corresponding
to a matrix that is 50% mylar or 44% aluminum by volume is employed
(cm = 3350 J/(kg-°C)). The solution for a Ajk = 20.0 (NTUO = 10)
dehumidifier is determined for the two pairs of inlet states used
in 3.5. 1Inlet state pair 1 is (35°C, 14.2 g/kg) and (85°C, 14.2
g/kg) and inlet state pair 2 is (26.7°C, 11.1 g/kg) and (85°C,

18.8 g/kg). The rotational speeds considered are pk = 0.20 for

the bulk silica gel dehumidifier, and uk ; 0.125 for the high ther-
mal capacity matrix. These UK are nearly opfimal for the silica
gel dehumidifier (§3.5.1 and §4.4.6).

The finite difference solution was used to verify the quali-
tative trends in purged dehumidifier performance predicted by the
equilibrium analysis. Figures 6.8 and 6.9 illustrate the period 1
outlet air tempefature and humidity ratio distributions for the 11
and 12 recirculation patterns for Bll = 0.025, 0.0875, and 0.150
for a low thermal capacitance dehumidifier with inlet state pair 1

and yk = 0.20. For this case, Cj 1 = 0.0875, so that the selected
3
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range of Bll spans the two modes of purge operation discussed in
6.2. Table 6.2 gives the period 1 mean outlet state, the mean
purge state, and the mean process outlet state for the cases con-
sidered.

The equilibrium solution in Table 6.1 indicate that Bll does
not affect the period 1 outlet'state distributions for the 11 purge
geometry. This result is substantiated by the period 1 outlet
temperature and humidity ratio distributions shown in Figure 6.8
and the mean period 1 outlet states listed in Table 6.2 for the 11
purge. From Table 6.2 it can be seen that the variation with Bll
of the average period 1 outlet temperature and humidity ratio is
0.1°C and 0.02 g/kg, much less than 1% of the total change in period
1 air state from the inlet conditions. Since the Y; are not comstant
and the transfer coefficients are finite, the outlet distributions

are not discontinuous at §' = Cl 19i but change smoothly about §' =
E .

Cl,lei from the regenerating state to a state approximately equal

to the Fl intersection point. The change in the 11 purge state
indicated in Table 6.2 is due to incorporation of the transition
region around 0' = cl,lei in the purge state rather than because of

a substantial change in the outlet distributions. The equilibrium
analysis predicts that a minimum in process outlet humidity ratio
should be obtained at Bll = Cl,l' The numerical results in Table 6.2
show that while the process outlet humidity ratio decreases with

increasing Bll’ the minimum does not occur at Cl 1 as predicted by
H

the analogy method. Again, this is due to the fact that the outlet
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Table 6.2 Finite difference solution for the purged dehumidifier
. < _
with 819 < Cp 5, Byg =Gy 15 and Byy > Cp

process inlet state: (35°C, 14.2 g/kg)

v Ajk = 20.0
regenerating inlet state: (85°C, 14.2 g/kg) ' ukj = 0.20.
period 1 intersection point: (65.51°C, 3.846 g/kg) ' Le =1
c, . % 0.0875 °
1,1
period 1 mean purge process
° & ° & o &
teo vEd o weh o v
11 purge

Bll = 0.025 65.96  5.167 84.96 14.164 65.46  4.937

0.0875 65.94 5.171 81L.50 11.564 64.43  4.558

0.150 65.86 5.187 76.73 8.945 63.93 4.524

12 purge
Bll = 0.025 65.95 5.164 84.85 14.064 65.46 4.936

0.0875 65.11  4.689 72.98 6.438 64.35 4.521

0.150 64.34  4.478 66.71 4,271 63.92  4.515
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state humidity ratio distribution is not comnstant for 8' > 01,16:;
as occurs in the comstant 7y, equilibrium analysis.

The equilibrium solution for the 12 purge dehumidifier was used
to argue that finite transfer coefficients and variable Yy would
cause the period 1 outlet state distributions for a 12 purge with
Bll < Cl,l to be the same as those for the 11 purge, but for the 12
purge with Bl,l > Cll’ the period 1 temperature and humidity ratio
would be constant with 6'. These trends are exhibited by the data
shown in Figure 6.9 and Table 6.2 for the 12 purge dehumidifier.
For Bll = 0.025 < Cl,l’ the 11 and 12 outlet state distributions
closely resemble each other, and there is only a very small differ-
ence between the mean states listed in Table 6.2. For Bll = 0.15 >
Cl,l’ there is considerable difference between the 11 and 12 dis-
tributions shown in Figures 6.8 and 6.9. Figure 6.9 shows that the
12 purge period.l outlet temperature and humidity ratio are nearly
constant, as also is indicated by the averages given in Table 6.2.
Both the purge state and the process outlet state are close to
the period 1 intersection point, as predicted by the equilibrium
analysis. The Bll = 0.0875 = cl,l results show intermediate be-
havior because of the continuous nature of the outlet state dis-
tributions.

These comparisons establish the qualitative utility of the
equilibrium analysis using the analogy method.

The mean process outlet states listed in Table 6.2 show that

the outlet humidity ratio decreases with increasing Bll’ which
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suggests that there is a purge angle which maximizes the dehumidi-
fication of the process air stream. However, there are two measures
éf the performance of the purged dehumidifier. A performance com-~
parison can be made on the basis of either constant total period
flow through the dehumidifier or constant process stream flow rate
as the purge fraction is changed.

If the air flow rate to the process is kept constant as Bll
is increased, then the total flow through the dehumidifier must in-
crease as (1 - Bll)—l' The wheel radius must increase as (1 - Bllfh%
to keep UK and A constant. The dehumidification per unit process
stream flow rate is just the difference between the period 1 inlet

and process stream outlet humidity ratios, w - w . The
1,1 12,2

purged dehumidifier humidity efficiency is

_"1,1 " Y12,2

WP Wy 17 Vi1,int

(6.5)

where Wi int is the humidity ratio at the intersection point of the
Fqy line through the process period inlet state and the Fy line
through the regenerating inlet state. This is a suitable measure
of dehumidifier performance provided that the dehumidifier size and
the power to pump air through the dehumidifier are unimportant.

If the total air flow through period 1 is kept comstant as Bll
_is increased, then the dehumidified air flow rate decreases as

1 - Bll' The dehumidification of the process stream per unit total

period 1 flow is (1 - Bll) "Gy g Yy, 2). The effective dehumid-
B ?
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ification efficiency per unit total process period flow is

V.1 " V12,2

¥ o= (1-8,) = (1 -8,,) (6.6)
nwp 11 nWp 11 'Wl,l - Wl,int

This figure of merit is appropriate if the dehumidifier is of speci-
fied diameter or if the power requirement to pump air through the
matrix is important.

The effect of Bll on the process outlet states of the dehumidi-
fietr with inlet state pair 1 is shown by the data in Table 6.3 for
the low thermal capacitance matrix and Table 6.4 for_the high
thermal capacitance matrix. The corresponding normalized dehumidi-
fication per unit process stream flow rate, nwp’ and dehumidifica-
tion per total period flow rate, nép, are illustrated in Figure
6.10.

For the low thermal capacitance matrix the 12 recirculation
pattern results in a slightly drier process stream outlet state
than does the 11 purge. Both purge geometries have a minimum in
W12,2 at Bll = 0.125, which is greater than the optimum Bll = Cl,l
= 0.0875 predicted by the equilibrium analogy analysis. The result-
ing maximum in Nyp is about 7% greater than obtained at By = 0.
However, as shown in Figure 6.10, nép decreases monotonically with
increasing‘sll. For inlet state pair 1, at fixed total flow through
the matrix, the process stream flow rate decreases more rapidly with
Bll than does the outlet humidity ratio, resulting in a net decrease

in useful dehumidification.
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Figure 6.10 N and N_* for a low and high thermal capacitance
pubged defilmidifiers with inlet state pair 1
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The effect of Bll on a high thermal capacitance dehumidifier
with inlef state pair 1 is given by data in Table 6.4 and Figure
6.10. The process stream outlet states are about 4°C hotter and
1.3 g/kg wetter than those for the low capacitance dehumidifier.

The 12 recirculation again results in slightly greater dehumidifi-
cation of the process stream than does the 11 purge. The optimum
purge angle is larger than for the low capacitance dehumidifier,

at Bll = 0.175. The optimum purge angle observed for the high
capacitance dehumidifier is greater than the optimum angle of 0.105
predicted by the equilibrium method. The maximum dehumidification
per unit process flow rate, nwp’ is about 11% greater than was ob-
tained at Bll = 0.0, which is a larger increase than was obtained
for the low thermal capacitance dehumidifier. However, as was the
case for the low thermal capacitance dehumidifier, Figure 6.10

shows that the dehumidification per unit total period flow rate,
n;p’ decreases with inéreasing Bll for inlet state pair 1. Although
purging has a greater beneficial effect on the performance of the
high thermal capacitance dehumidifier than for the low capacitance
dehumidifier, the low thermal capacitance matrix results in greater
dehumidification than can be obtained using the high thermal capaci-
fance matrix.

The corresponding results for inlet staﬁe pair 2 are given in
Tables 6.5 and 6.6 and Figure 6.11. As was observed for imlet state
pair 1, for both dehumidifiers, the 12 recirculation results in

slightly greater dehumidification of the process stream than does



283

/A TT° ¢S L9%°¢C 8E €S ¢6E°¢C 9¢ " TS 002°0
69€°C 81°¢S 0T9°¢ A9 TV ¢ VAAY GLT'0
69¢€°C L YANAY 766°C 91796 96%°C 98°¢¢ 0ST'O
788°¢C JA/ANAY 189°¢ LS 66 §%s ¢ 9€"E¢S ¢Z1°0
YA/ AA 18°¢6G G60° ¢ €9°%9 G69°¢C 66°¢S 0010
8€6°¢C [AE 39 TLL°L 6T°TL T€6°C 89°%¢  SL0°0
69.°¢C G0 %S oLL°TT €6 8L 997°¢ [A %% 050°0
[A/2 Y 76" %G 00¢ "8T 86" %8 126°¢ 0L°G6S S¢0°0

LTG € G666 - - LTIG°¢ GG GG 0’0 @3and ZT
88€°C 0¢° ¢S LYT°8 88°19 ovs e 9¢ " GS 002°0
08¢°¢C 87°¢CS £96°8 $6°69 A% 0y°6¢S GLT 0
£€8¢°C [4/ANAY €66°6 Le eL T4 7966 061I°0
80%°¢C 79°2¢ €0e " 11 0T°sL 02G°¢ 8%°G6¢ GZT°0
89%°¢ L6°¢CS 0L6°CT G0°8L 8T¢°¢ [A 2 00T°0
986°¢C AR 0e0° ST ¢0°18 616°¢ 96°6¢ GL0°0
c08°¢ T1° %S T9T°LT LG°€8 T4 29°6¢ 060°0
SYT°¢€ S6°Y%S 99781 06°%8 7¢G e TL°GS G200

LTS ¢ 6666 - - L1S°¢ 66°G¢ 0°0 98and TT

€ . [4 [ & [4 [
%wwvw Ty (p,)¢ ¢h %mmvm Ty (p)¢ tTh ?mw. AN A Ty
ssooo0xd 28and upsm T potiad

0°T = omq , (84/8 T6T°7 “0,91°7S) ‘:3urod uoriossasjur T poried

0z°'0 = [yl 1} (8311/8 8°8T °D,G68) :93els 39Tuf Surieisusdaz

oz = 3fy \ (81/8 T°TTI D.L°97) :°3e3s 3oTur Ssadoad

Y3ITM XTilem

7 aITed a3®ls 197UT
soue)Torded TEPWISY] MOT B I03J So31®B1S 39TIN0 T POTIdd G°9 9TqdR]




284

8LY°T 1€° 8¢ 877¢€. 6C°69 6£9°¢C 16°09 00¢°0
G16°¢ ¢L°8S 0z1YY 80°TL 018°¢ 88°09 GLT°0
8S°C 9T 6S ewT s €T ¢L 186°C 92°19 0ST°0
069°¢ G9°6¢S 66L°9 8%7°GL €0zt %9°19 GCT°0
868°¢C 0c 09 6L1°6 TC°8L 06%°¢ ¢0°Z9 00T°0
SIT ¢ 08°09 68L°CT 6C°18 0%8°¢ 9€°79 GL0°0
1A AR S%°19 6€0° LT €0°¥8 (A 19°C9 0S0°0
898°¢ 01°29 LYL°8T1 L6°%8 ove Yy 89°79 62¢0°0

LTC Y 65°29 - - LTC Y 66729 0'0 98and zT
866°¢ 7%° 89 068°0T £9°8. KA ¢6°79 00Z°0
£€09°C 98°8¢ €G8°TT TL°6L [444 96°29 GLT1°0
9.9°C T€°6S €86°CT £8°08 A4 66°C9 0ST°0
¥8L°C 6L°6S 66¢C° V1 6618 €T’y 19°¢9 GCT1°0
£E%6°C 0€° 09 9/LL° ST AR} 92Ty €9°29 00T°0
PLT°¢ 98709 0L LT ¢T %8 1€T°y %9°79 GLO°O
T6%°¢€ LY 19 TO% 8T 8L°Y8 9tCy 99°79 0S0°0
898°¢ 0129 G8/°8T1 66°%8 ey 89°79 620°0

JARAR 65°29 - - L1y 65°79 0'0 98nd T
m%vm Ty (p,)¢ ey ?w%vm Ty ()¢ T %%vN Tn ) h Ty

ssoooad 98and ugem T potaed
0°'T = %9 (811/8 6T2°T “D.6%°T9) urod uorldasidlufl T poraad
Gz1'0 = Dol (84/8 8°8T °D,G68) @3eas 19TuTl Surieisusdal

o

0°0z = AV (83/8 T°TT °D.L°97) @1®as 3I9TUT ssadoad

7 ited 931®v1s 19TUT
YITHA XTIjeuw souelroeded Tewmiasayl y3TY B I10J S91BIS 19TIN0 T POTIdd 9°9 I3[}




.00 .02 .04 .06 .08 .10 .12

1.0

- DEHUMIDIFICATION

Figure 6.11 n

285

.14 .16 .18 .

i L i i | i | i | 1 | i | 1 1 i i J

higf} Cm -6

[N AN T Y T NN TN N NUNN MUNE WU NN N N N T A

.00 .02 .04 .06 .08 .10 .12 .14 .18

B

and n * for the low and high thermal capaci-

tanbe purgga dehumidifiers with inlet state pair 2



286

the 11 purge. For the low thermal capacitance matrix, the minimum
V12,2 occurs at Bll 0.175, which is greater than the optimum purge
angle for inlet state pair 1, and nearly twice the optimum value
of Bll = Cl,l ~ 0.094 predicted by the equilibrium analysis. The
resulting maximum in process stream dehumidification is almost 15%
greater than was obtained with Bll = 0.0, Also, from Eigure 6.12
it can be seen that for the low capacitance dehumidifier at By =
0.06 there is a maximum in ngp the dehumidification per unit total
period flow, that is about 4% greater than the Bll = 0.0 value.

Similar data for the high thermal capacitance dehumidifier
with inlet state pair 2 in Table 6.6 and Figure 6.11 show that the
optimum purge angle in this case is greater than 0.20. At Bll =
0.20, the dehumidification per unit process stream flow, nwp’ is
about 257 greater than at Bll = 0,0, which is a greater improve-
ment than was observed for the low thermal capacitance dehumidifier.
Again, .a maximum in nép, the dehumidification per unit total period
flow, is obtained for inlet state 2 at By = 0.10. The dehumidi-
fication has increased by about 8%, nearly double the improvement
obtained for the low capacitance dehumidifier with inlet state pair
2. However, as was the case for inlet state pair 1, the low ther-
mal capacitance dehumidifier has low process stream outlet humidity
ratios than the high thermal capacitance dehumidifier.

The solutions for inlet state pair 2 indicate that the re-

circulated purge can improve the dehumidification per umit period

flow, n%p, by 4% for the low thermal capacitance matrix and by 8%



287

for the high thermal capacitance matrix. The enhanced effect of
purging for inlet state‘pair 2 compared to inlet state pair 1 is

due to the much greater difference between regenerating inlet and
the process outlet humidity ratios fof inlet state pair 2. Whether
these improvements in dehumidifier performance are significant de~
pends on the constraints imposed on the dehumidifier design and
operating conditioms. For example, suppose that the inlet states
are fixed at state pair 2, and the dehumidifier performance can only
be modified by changing the flow length Ajk' Numerical results
indicate that for both the low and high thermal cépacitance matrices
1\,jk must be increased to more than 80 in order for an unpurged

(Bll = 0) dehumidifier to have the same dehumidification per unit
period flow as the optimum purged dehumidifier with Ajk = 20, which
is a substantial change in dehumidifier geometry. Alternatively,
suppose that tﬁe dehumidifier dimensions and flow rates are fixed,
but that the regenerating temperature of inlet state pair 2 may be
varied. Numerical results show that the regeneration temperature
of the unpurged low thermal capacitance dehumidifier must be
boosted from 85°C to 88.5°C in ordetr to give the same performance
as the optimum purged dehumidifier with an 85°C regeneration
temperature. Similarly, the regeneration temperature of the un-
purged high thermal capacitagce dehumidifier must be increased
from 85°C to 89.5°C. The unpurged dehumidifier requires a greater
input of thermal energy to the regenerating stream to match éurged

dehumidifier performance not only because the required regeneration
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temperatures are higher but because the regenerating flow rate is
greater than in the purged dehumidifier by a factor of (1 - Bll)_l'
Thus, for inlet state pair 2, the energy requirement for an un~
purged low capacitance dehumidifier is at least 6% greater than
that of the optimum purged dehumidifier, while the unpurged high
capacitance dehumidifier requires over 10% more energy input

than the equivalent purged dehumidifier.

6.4 Design Point Performance of Desiccant Cooling Systems with a

Purged Dehumidifier

The dehumidifier inlet states in a ventilation and recircula-
tion cycle desiccant cooling system operating at SERI standard de-
sign conditions [105] are inlet state pairs 1 and 2 respectively.
The data presented in the preceeding section can be used to demon-—
strate the effect on the design point performance of these systems
of incorporating a purged dehumidifier.

The cooling system performance is expressed in terms of the
specific cooling capacity and the thermal COP, as in §4.5. iIn
this case, the specific cooling capacity can be defined on the
basis either of the air flow delivered to the cooling load or of
the total air flow through period 1 of the dehumidifier (process
plus purged flow rates). The process stream specific cooling
capacity is greater than the cooling capacity per unit total period

- 3 = * —
1 flow by a factor of 1/(1 B;1)» Jjust as N nwp/(l By) -
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‘The COP is the same in either case.

The ventilation and recirculation system performance will be
determined only for the 12 purge geometry, since this purge geo-
metry results in slightly lower dehumidifier proceés stream outlet
humidity ratios than that obtained with the 11 purge configuration.
As in §4.5, the heat exchanger carryover is neglected and the
effectiveness is 0.95, and the evaporative coolers are assumed
to saturate the air streams.

The variation of the design point performance of the ventila-
| tion cycle air conditioner with purge angle Bll is shown in Figure
6.12 for both the low and high thermal capacitance dehumidifiers.
Comparison of the results for the two systems show that the speci-
fic cooling capacity of the high thermal capacitance dehumidifier
system is about 20% less than that of the system with the low thermal
capacitance dehumidfier, but the.two Systems have nearly equal
thermal COP. 1In both systems, the process stream cooling capacity
increases with increasing purge angle, reflecting the corresponding

decrease in the dehumidifier process stream humidity ratio. The

system with a low thermal capacitancerdehumidifier has a maximum

i
i
i

in process stream specific capacity at about Bll = 0.10 that is
about 10% greater than the specific capacity for the unpurged

system. The corresponding maximum for the system with a high

thermal capacitance dehumidifier is at Bll = 0.20, and is about 15%
|
greater than obtained with Bll = 0.0. Imn both systems, the cool- §
|
|

ing capacityvper unit total period flow is nearly constant for



