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Effect of Flow-Duct Geometry on Solid Desiccant Dehumidification
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This study presents a comparative numerical solution of a conjugate-transient three-dimensional heat and
mass transfer problem between a solid desiccant (silica gel) and a humid transient-laminar air stream in ducts
with different cross-sectional geometries: square, circular, and triangular. The problem is solved by using a
finite control-volume method and validated relative to available experimental data. The effects gétbeity

gradient normal to the wal(lou/oy) and the pressure drop\p) on the heat and mass transport for the three
ducts are investigated. In duct flows, the results show that the avétaigg) for the triangular duct is 6.6%

and 19.6% larger than that in the circular and square ducts, respectively; therefore, the triangular duct provides
the largest convective heat and mass transport and absorbs 11% and 42% more water than the circular and
square ducts, respectively. At the same time, the average pressure drop for the triangular duct is 69% and
73.5% larger than that for the square and circular ducts, respectively, which would result in higher fan power
consumption. Using a figure of meri¥\{) that is a ratio of the required fan work to the dehumidification
attained, the circular duct was found to be the best and the triangular duct was found to be the worst among
the three geometries compared. The results obtained from this study can also be useful for designing desiccant
ducts, as they give guidance about duct length optimization and duct cross-sectional shape considering both
dehumidification effectiveness and flow pressure drop.

1. Introduction Slightly related problems of flow and transport in porous
channels treated recently are described in the following. Haji-

The general_objectlve Of. this study is to develop more rigorous Sheikh and Vaféiinvestigated mathematically the heat transfer
models of solid bed desiccant channel systems used for gas

dehumidification, as well as to solve and analyze them specif- w0 a fully devglop flow passing through. a Ch‘?‘””?' fil!ed with
ically for different desiccant-lined channel geometries. This POrous materials (no free flow). Their investigation included
should improve the basic understanding of the process and, thusth€ derivation of the temperature solutions in channels having
of ways for improving overall performance of such systems. différent cross-sectional geometries, namely, parallel-plate chan-
Beside the contribution to the fundamental understanding of N€lS, circular tubes, and elliptical passages. This problem is
these physicochemical processes, the results are intended to helifferent from the one we are treating. Haji-Shéikivestigated
design flow dehumidification desiccant channels that could then theoretically and numerically the fully developed forced convec-
be optimized for most effective dehumidification and lowest tion heat transfer to fluid flow in various rectangular ducts filled
pressure drop and cost. with porous materials and with classical boundary conditions.
One of the main initial past studies of a similar problem is He assumed that the Brinkman model for unidirectional flow
the one by Fujii and Liot, who solved numerically the in a duct represents the velocity field for a specified porous
conjugate-transient two-dimensional heat and mass transferpassage. An exact series solution was achievable for a rectan-
problem with a steady laminar air stream passing over a thick gular duct, too. Hooman et alstudied analytically the heat
silica gel bed. More recently, Al-Shargawi and [4aleveloped transfer to fully developed forced convection flow inside a
and solved a conjugate-transient two-dimensional flow and heatrectangular duct filled with a porous-saturated material. They
and mass transfer model of humid laminar and turbulent air presented a sensitivity analysis of the Nusselt number, Bejan
flow fields over desiccant-lined finite flat plates and inside npumber, and dimensionless entropy generation rate to the system
parallel-plate channels. Niu and Zharsplved numerically the  parameters, particularly to optimize alternative rectangular duct

conjugate-transient two-dimensional heat and mass transfer indesign options in terms of heat transfer, pressure drop, and
a laminar flow silica gel-lined channel, which is a cell in a entropy generation.

desiccant wheel, to investigate the effects of the channel wall In this paner. we address a transient-laminar air stream passin
thickness on the optimal rotary speed of such wheels. They . Paper, P 9

considered both the heat and the moisture resistance in both'nSide_ square, circular, and _triangul_ar flow cross section ducts
the axial and thickness directions in the silica gel to simulate lined internally with 3 mm thick desiccant beds, at free stream

the heat and mass transfers in a desiccant wheel. Niu and ZhangR€ynolds number of 666 for the square and circular ducts and
also studied numerically the thermally developing laminar 420 for the triangular duct. Dehumidification in desiccant-lined
forced-convection flow and heat transfer characteristics in ducts is common in desiccant wheels, and the flow geometries

corrugated ducts confined by sinusoidal and arc curves thatconsidered here were selected for the examination of some
shape a honeycomb rotary wheel heat exchanger. limiting cases but do not consider rotation of the channel. The

model includes heat conduction and mass diffusion inside the
*To whom correspondence should be addressed. E-mail: lior@ desiccant bed. The numerical solution is one of a conjugate-
seas.upenn.edu. transient three-dimensional heat and mass transfer problem
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Figure 1. Square duct with extended computational domain along«tieection.
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Figure 2. One-quarter of the square duct with different cross-sectional areas: (a)zadotg and (b) along-axis.
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Figure 3. Triangular duct with (a) extended computational domain along«ttigection and (b) with two cross-sectional areas alongzthgis (one-half

of triangular duct).

between the solid desiccant (silica gel) and a humid laminar
air stream in the ducts.

2. Model Configuration

Figure 1 shows the extended computational domain of the
square duct along thedirection (flow), whereh is the overall
height in they-direction,w is the overall width in the-direction,

Figure 4a shows the extended computational domain of the
circular duct along the-direction (flow), wheren is the overall
height (diameter) in thg-direction,L is the duct length in the
x-direction, andb is the desiccant bed thickness. One-quarter
of the duct structure is used in the computational process because
of the duct's symmetry, as shown in Figure 4b. Figure 4b
presents schematic diagrams of the cross-sectional planes along

L is the duct length in the-direction, andb is the desiccant ~ the z-axis, at which computed data are presented. The actual
bed thickness. One-quarter of the duct structure is used in thedimensions of all these ducts are presented in the legends of
computational process because of the duct's symmetry, as showrihe results figures.

in Figure 2. Parts a and b of Figure 2 present schematic diagrams

of the cross-sectional planes along theand x-axes, respec-
tively, at which computed data are presented.

Figure 3a shows the extended computational domain of the
triangular duct along the-direction (flow), whereh is the
overall height in they-direction, w is the overall width in the
zdirection, L is the duct length in the-direction, andb is the
desiccant bed thickness. One-half of the duct structure is used
in the computational process because of the duct's symmetry
as shown in Figure 3b. Figure 3b presents schematic diagram
of the cross-sectional planes along #rexis, at which computed
data are presented.

3. Governing Equations

3.1. Assumptions.The following assumptions are used:
o A 3-dimensional axisymmetric problem.
o Laminar flow.

Transient velocity, temperature, and concentration

gields.

» Constant properties since their variations with the temper-
ature in our temperature range of interest are very small. For
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Figure 4. Circular duct with (a) extended computational domain alongxtd@ection and (b) with two cross-sectional areas alongzthgis (one-quarter
of circular duct).

example, in our study, the temperature changes4yC, with tational fluid dynamics (CFD) artifacts that would have been
a corresponding air specific heat change of orly.39%. created by the singularities posed by the duct entrance and exit

« No-slip boundary condition for the axial velocity component (cf. ref 2). In the computations, the square duct dimensions are
u and suction condition for bothandw velocity at the desiccant ~ 0.05 m length (), 0.1 m height (), and 0.1 m width®). The

surface. three cross-sectional planes{A, B—B, C—C) along thez-axis
» Adiabatic desiccant outer surface. are located az/w = 0.0464, 0.245, and 0.5 (see Figure 2a).
« Continuity of heat and mass flux and temperature at the The seven cross-sectional planes{D, E-E, F—-F, G-G,
fluid—solid interface. H—H, I-1, and J-J) along thex-axis are located at/L = 2.1,

« Negligible heat or mass flux in the desiccant bed in the 2.5, 2.6, 2.7, 2.8, 2.9, and 3 (see Figure 2b).
x-direction. We have computed in this study that the gradient

(dT/ax) is 86% and 88% smaller thardT/ay) and @T/52), Continuity
respectively, and thadC/ox) is 89% and 87% smaller thafQ/
dy) and @C/a2), respectively. ap o) | dory) | o)
: . ) + + + =0 Q)
3.2. Fundamental Equations. 3.2.1. Region I: Air and at ox ay 0z

Water Vapor. The computational domain of the square duct

in the x-direction (flow) is starting from 0 upstream and goes

to 5L downstream. The duct is located dt 2 x < 3L,0 <y x-Momentum
< h, and 0< z < w, as shown in Figure 2b. At its entrance to
the duct, the flow is impinged on the front side of the horizontal
side of the desiccantbedat=2L,0<y<b,and0<z<w
and on the vertical one at=2L,0<y < h,and0< z< h.
Numerical experiments have shown that extension of the compu- 19p Pu Py
tational domain by a lengthL2both upstream and downstream T X Vi _x2 ) —22 2)
of the duct along the-direction practically eliminated compu- Pr d 8y2 d

auf_l_ auf+ auf+ o
ot e Ty T T
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Energy
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Mass diffusion (water vapor diffusion in the airflow)
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3.2.2. Region II: Silica Gel Bed.
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whereH;, (kJ/kg) is the sorption heaty'" (kg/ms:s) is the water

adsorption rate, andypy is the thermal capacity of desiccant.

CePe = OCtp¢ + (1 - G)Csps (8)
Water vapor diffusion
aC, Dy [d*C, &C, &C) m
—=— + + - — 9)
a o\ 92| op
The water adsorption rate in the silica gel is expressed as

ow

" = (1- 0)p, 5 (10)

The relationship between the water content in the silica gel and

the water vapor concentration at the local equilibrivtvi,=

f(C,T), is an empirical relation, different for each desiccant. From

ref 8, the relation used for silica gel is

o= 10°C

T 0.622+C (11)

where

(—® — 9.310 77+ 0.001 717 65T, 2) + (478.086 8+

(9.187 15x 10 2T} )w — 1 417.1187 + 2 094.818° =0
(12)

and

=4.214 29— Sy 13
s=4. e
(237.3+T,) (13)
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whereT,, is the silica gel temperaturé®) andT; is the ambient
air temperature°C).
Equations 12 are used to solve for the unknown parameters

u, v, T,andC in the air flow (region I) and foiT, C, w,and
m'"" in the silica gel (region II).
Overall average water content in the horizontal bed

1 L opb po
Wave=mfo Jo fo Wk y, 2 dxdydz  (14)

Overall average water adsorption rate in the horizontal bed

i 1 L b w n
M. Zmﬁfoﬁ) m"(x,y,2) dxdydz (15)

Surface average heat transfer coefficieat® plane)

g ave= % L L2 hy(x 2) dx iz (16)
Surface average mass transfer coefficigntaplane)
Nae= T fo i a2 de iz (17)
Surface average pressuge-¢ plane)
Puve= o Jo Py, 2) dy dz (18)

3.3. Boundary Conditions. 3.3.1. For the Square Duct.

Insulated bottom surface gt= 0

aT(2L = x=<3L,0,0=< z=< 0.5w,t)

oy
dC(2L = x=<3L,0,0=<z=< 0.50,)

ay

=0 (19)

Insulated side surface at= 0

IT(2L = x=3L,0=y=0.50f)

0z
dC(2L = x= 3L, 0=y = 0.51,04)

0z

=0 (20)

At the fluid—solid interface, heat and mass flux continuity

” IT(2L = x=3Lb,0=z=0.50})

dy
0T(2L = x=<3L,b,0=<z=< 0.50,)

dy

(21)

dT(2L = x=<3L,0=y =< 0.5h,by) _
9z -

aT(2L = x=<3L,0=y =< 0.5h,b)
0z

(22)
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b 9C(2L = x <3L,b, 0=z =< 0.5m,t)
f =

ay
b 9C(2L = x=3Lb, 0= z=<0.50w,}1) 23
9C(2L = x=3L, 0=y = 0.5,bt) _
f 0z N
b 9C(2L = x=3L,0=y =< 0.50bt) ”
e az ( )
No heat or mass flux in silica gel bed in thealirection
atx=2L
IT(2L,0=y=b,0=z=0.5w}l)
ax N
0C(2L,0<y=<Db,0=<z=<0.5m,t
& y ) o (25)
X
aT(2L,0=y=<0.5n,0=<z= Db B
ax N
0C(2L,0=<y=<05,0=<z=<b,t
2L, 0=y )_0 28
X
No heat or mass flux ir-direction atx = 3L
aT(3L,0=y=<b,0=<2z=<0.50,) _
ax N
0C(3L,0<y=<b,0=<z=<0.5wt
a y ) o 27)
X
IT(3L,0=y=0.5n0=z=hbt)
ax N
IC(3L,0<y=<0.5,0=<z=bt
« y > )0 28)

No-slip
(2L <x=<3L,0=y=<hb 0=<z=<0.50;t) =0 (29)
WE2L=x=<3L0=y=<050=<z=<bt)=0 (30)
Bed suction (flow transport through the bed)
v(2L=x=3L,0=y=<b0=z=<05wt)=
m"(2L < x<3L,0<y=<b,0=<z=< 0.50}1)
Ps
W (2L =x=<3L0=y=<050=<z=<hbt)=
m"(2L=x=<3L,0=<y=<05,0=<z=Db)

Ay (31)

o Az (32)
Upstream condition

u(0y,zt) = u, (33)

(0y,zt) =w(0y,zt)=0 (34)

TOy,zt) =T, (35)

C(0y,zt)=C, (36)

Downstream condition
ou(5L,y,zt)  du(BLy.zt)  owy(5L,y,zt)
prm— pr— f— 0
oX oX IX
an(SLlylth) 8Cf(5L!y!Zyt)
= = 0
X oX

37)

(38)

Top (midduct, i.e., symmetry line gt= 0.5h) condition
for the duct, which is the symmetry condition

du(xy = 0.2h,zt)  aT(xy=0.5nzt)

ay ay
dCi(x,y = 0.5h,zt)

dy

=0 (39)

(X, y=0.5nzt) =wi(x,y=0.5hzt) =0  (40)

Side (midduct, i.e., symmetry line at= 0.5w) condition
for the duct, which is the symmetry condition
au(xy,z=0.5m,t) 9Ty(xy,z=0.5m,t)

0z az
oT:(x,y,z= 0.5w,t)

0z

=0 (41)

v(xy,z=0.5m,t) = wi(x,y,z=0.50,t) =0  (42)

3.4. Initial Condition.

u(x,y,z0)=u, (43)
T:(xy.z0)=T, (44)
Ci(xy,z0)=C, (45)

C(2L=x=3Ly=b 0=z=<050,0)=C, (46)

WL < x<3L,y<b 0<z= 0.50,0)= f(Cb,Tw)( )
47

The boundary and initial conditions for both the triangular and
circular ducts are the same as the conditions for the square duct
except that the circular duct conditions are in cylindrical
coordinates.

4. Method of Solution And Its Validation

The continuity and momentum equations were solved by the
SIMPLER (semi-implicit method for pressure-linked equation
revised) algorithm control-volume meth8dThe numerical
method was validated here by checking the grid-dependence
and the convergence (in ref 10). Both the average and maximal
relative errors in the computadvelocity as a function of grid
size were computed as a function of the grid size and pléfted.
The average relative error is defined as

1 Upigi) — Usmailg,j)
Er,ave,bigz . . (48)
I X ] 47 Unig(i j)

where upigjy and usmaig,) are theu velocities of the big and
small grid sizes in the- andy-directions, respectively, and
andj are the grid points numbers in the and y-directions.

The maximum relative errorE may is the maximum among

the relative errors in the computational domain. Both errors are
seen to decrease as the grid size (spacing) decreases in an
asymptotic way, proving grid-independence at a grid of 250
points in thex-direction and of 150 points in the-direction.

The computational error at that grid, which was used in the
computations in this paper, wasx110-4. The convergence of

E; was also analyzed and proven. About 46 iterations are needed
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Table 1. Comparisons of {Re) and Nuy of Fully Developed

Laminar Flow for Square and Circular Ducts from the Present (a) 005
Study and Experimental Results Found in the Literature 0045
(fRe Nu '
004
present present
shape  study ref11  error (%) study refll error (%) 0035
square  14.56  14.227 2.34 353  3.608 2.2 003
circular  16.33 16 2.06 4.25 4.364 2.68
E 0025
=
for convergence, and the number of iterations used is—120 002
250, depending on the case being solved.
Experimental validation of the results is difficult because there 0015
are no experimental data for such flows in such channels. Yet, 001
besides the above-described validation of the numerical ap- 0005

proach, this model was, therefore, validated in two additional
ways: We found in ref 11 experimental data for the values of 0
(fRe and Nuy in fully developed flow with heat transfer in

square and circular ducts without desiccant, wHesethe skin

0 0.05

friction coefficient andNuy is the Nusselt number for uniform %10
heat flux, defined as (b) ©oos 5
0.045
dp/dx)D DA
f:(p )Zh: th (49) 0.04
4(1/ 2)Ofuave 2pfuf,ave|- 0035 0
hDy, 003
Ny, = ke (50) o002
. . . . 002 5
where Dy, is the hydraulic diameterk; is the fluid thermal
conductivity, and aveis the flowx-component velocity defined 0015
as 0.01
1 0,005 10
U ave = KL u; dA (51) .
0 005 01 015 02 025

%,m

whereAis they—_z plane cross-sectional area for t,he duct. We Figure 5. Relative pressurp; (Pa) in the total computational domain for
note that (Re IS a anStant for hydrodynamically fully 5 square duct geometry at three different cross sections alerig, u. =
developed laminar flow in ducts and the local Nusselt number 0.1 m/s,Re= 666, T.. = 30 °C, C., = 0.0276 kg/kg.C, = 0.0075 kg/kg,
in the thermal entry region decays along the channel and \éV<i= Obl kg/k19;1t3= 313?; 0-A00321 nl1,I68= Oi(c)ﬁ3n;hn (=)0.A1_21.w =

i H A m, Pres = 1. X a, APave = 1. X a. (a Cross
approaches a constant value asymptotically. .L_Jsmg our mo_del,Section at%, y, Zlo = 0.0464) and (b) &C cross section aK(y, Zw —
we computed these values for the same conditions by consider+ s
ing the flow to be fully developed and the internal wall of the

ducts to be coated with the desiccant. The computation here isyates at the flowdesiccant interface and is, thus, important to

performed for the square and circular ducts. The comparisonsynderstand. This is especially important for the square and
are presented in Table 1. The agreement was found to be withinyiangular duct geometries, where the flows in the corner regions
2.7%. i . . . are more complex. Accordingly, we show pressure and velocity
The second way in which we validated this model was by fie|ds. All the flow field figures represent the simultaneous
comparison with the results from our two-dimensional médel  effects of dehumidification (heat and mass transfer at the wall).
of the conjugate-transient two-dimensional heat and massyye note that the dehumidification process has a negligible effect
transfer problem between a flat-plate silica gel bed and transientg, the primary flow fields, but it of course adds a velocity

humid laminar air stream, which was, by itself, successfully component perpendicular to the desiccant surface, which is zero
validated by comparison with the theoretical and experimental \yhen no dehumidification takes place.

models of Pesaran and Mii8;3nt for the system and Figure 5 shows the relative pressupe, distribution
conditions they used. This method of validation is relevant since
the three-dimensional model in our paper is very similar to our
two-dimensional one, having the same model configuration,
method of solution, and governing equations. The comparison
of the predictions by our conjugate and nonconjugate models
of the outlet temperature and concentration as a function of time
demonstrates close agreement with theirs, withir’C.5or the
temperature and 8% for the concentratfon.

pr(vavZ) = pg(vaiZ) - pg,reI(XOIymzo) (52)

where the gauge reference pressiger (=1.43 x 1074 Pa),
is chosen to be that at the coordinates origin in the total
computational domain (using extended domain computation) at
different x—y planes (A-A and C-C) along thez-axis (see
Figures 1 and 2). We made the ordinate in Figure 5 almost 3
times larger than the abscissa to present more detail about the
flow behavior in they-direction. The relative pressure inside
5.1. Flow Field Results for a Square DuctThe flow field the square duct at different-z planes (B-D, 1-I, and J3-J)

in the duct determines the convective mass and heat transporalong thex-axis is shown in Figure 6.

5. Results and Discussions
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Figure 6. Relative pressurp; (Pa) inside a square duct at different cross sections atengs, u. = 0.1 m/s,Re= 666, T, = 30 °C, C., = 0.0276 kg/kg,
Cp = 0.0075 kg/kgW, = 0.1 kg/kg,t = 3 s,b = 0.00321 mL = 0.05 m,hg = 0.1 m,w = 0.1 mM,Pref = 1.43 x 1074 Pa, Apave= 1.08 x 1073 Pa: (a)
y—z plane in front of the duct entrance afl{ = 1.9,y, 2); (b) D—D cross section a(L = 2.1,y, 2); (c) |- cross section at{L = 2.9,y, 2); and (d) 3-J
cross section atx(L = 3, vy, 2).

Figure 5 shows that the relative pressure rises upstream ofin Figure 2a) along the-axis, respectively. The total flow
the duct leading edge, because of stagnation of the stream as ivelocity magnitude in the- andy-directions is defined as
impinges on the duct. At the upstream of the duct leading edge
(x =0.09 m andy = 0.001 m) for the twox—y planes (A-A V=vUZ+ 24+ wW (53)
and C-C) along thez-axis, the relative pressure drops with
by 23% fromz = 0.00464 to 0.05 m. The relative pressure The total velocity has nearly the same direction and magnitude
upstream of the duct leading edge=t 0.09 andy = 0.01 m, of the axial (1) velocity sincev andw are small compared with
z=0.05 m) in the CG-C cross section (Figure 5b) is about twice u: over the bed and in the boundary layer region, from near
as large as that inside the duct and the downstream region. Thehe bed surface to the outside of the boundary layar,=
relative pressure recovers and builds up downstream inside the0.0606-0.0323 at the leading-edge region and 0.0263158
duct, and it rises apandzincreases toward the duct centerline, at the trailing edgeV also increases along ttzeaxis from the
where the maximum axial flow velocity exists. Further detail wall toward the centerz(= 0.00464-0.05 m) because of the
about the change in relative pressure in both yheand retarding effect of the walls.
z-directions is presented in Figure 6. For example, the relative  Figure 8 shows the flow region presented in Figure 7,
pressure in the-tl cross section along theaxis as shown in enlarged to provide more detail in the desiccant region. The
Figure 6¢ (ax/L = 2.9 andy = 0.015 m) increases about 8% magnitude ol is 90—-100% of the free air stream velocity{
aszincreases from 0.00464 to 0.05 m. Parts b and c of Figure = 0.1 m/s) at the duct entrance, where the velocity gradient in
6 show that the relative pressure inside the duct drops by aboutthe y-direction is large, as shown in Figure 8a. It dropx at
30—35% along thex-axis from 0.105 mx/L = 2.1) t0 0.145 m 0.105 m to reach 20840%, since this cross section {A) is
(x/L = 2.9), because of flow friction. However, the relative located adjacent to the vertical desiccant bed surface of the square
pressure increasesyat= 0.15 m /L = 3, trailing edge) because  duct, where the boundary layer region of that vertical bed exists.
of the increase in théu/dy) and(du/dz) at the surface, which ~ The high velocity gradient at the surface of that vertical bed
results in a high shear stress, as shown in Figure 6d. results in a high shear stress, and it drops with increasing

Figures 7 and 8 show the total flow velocity vectors and Figure 8b shows the development of the boundary layer over
magnitudes (eq 53) in the whole computational domait (0 the horizontal desiccant bed of the square duct at th€ €ross
< 5L, L = 0.05 m) for the square duct geometry (see Figure 1) sections located far from the vertical desiccant bed.
and over the horizontal bed of the ducL(2 x < 3L, L =0.05 Parts a-d of Figure 9 show th& magnitudes (eq 53) based
m) at two differentx—y cross sections (AA and C-C as shown on the color scale and the vectors of the velocities in the cross
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Figure 8. Total flow velocity distributionV over the desiccant bedl(2<

x = 3L) for a square duct geometry at two different cross sectionss

0.1 m/s,Re= 666, T, = 30 °C, C, = 0.0276 kg/kg,Cw = 0.0075 kg/kg,

W, = 0.1 kg/kg,t = 3 s,b = 0.00321 mL = 0.05 m,hg = 0.1 m,w =
0.1 m,® = 0.1 m,Prr = 1.43 x 10* Pa, Apave = 1.08 x 1072 Pa: (a) 0.1 m,Pres = 1.43 x 1074 Pa, Apave = 1.08 x 1073 Pa: (a) A-A cross
A—A cross section atx( y, Zw = 0.0464) and (b) €C cross section ak( section at X, y, Zw = 0.0464) and (b) EC cross section ax(y, Zw =
Y, Zw = 0.5). 0.5).

Figure 7. Total flow velocity distributionV in the total computational
domain (0= x =< 5L) for a square duct geometry at two different cross
sectionsu. = 0.1 m/s,Re= 666, T, = 0 °C, C,, = 0.0276 kg/kg,Cw =
0.0075 kg/kgWe = 0.1 kg/kg,t = 3's,b=0.00321 mL = 0.05 m,hg =

. . e experimentally at the exit of square-to-square contraction that
sectiony—z (composites of ther andw velocities) inside the o ) .

X X : the velocity in the core region was not the highest one. The
square duct along the-axis (see Figure 2b). Noting that the flow h i dri by th d d th Il fricti
flow enters the duct from a much broader cross section and. v 1o ¢ 1S dfiven y the pressure drop and the wall friction

. . varies greatly, being largest near the midpoints of the sides and
then exits the channel to a much broader cross section, one can o 'in the corner
observe the following main phenomena. : "
_ Although thev andw velocities are small, the vectors of these
(1) The flow constriction and slowdown due to the duct walls

> . velocities imply continuous movement from the corners and
causes cross-sectional velocity components from the walls )5 {6 the center, as shown in parts a and b of Figure 9, and
toward the center, especially pronounced in the corners wheréy,op, they reverse toward the walls when approaching the trailing
the slowdowr_1 IS mos_t promlnent. ) ) edge, as shown in parts ¢ and d of Figure 9. This happens

(2) The axial velocity in the duct center is not the maximal pecause of the boundary layer behavior and the effect of the
in the duct, as the duct is short and the flow does not develop tr3jling edge.

by the time it exits. The area adjacent to the horizontal bed surface and after the
(3) Recirculations, affected by flow development and the duct corner region has approximately the same direction and

exit where the flow diverges into the free stream, take place magnitude ofv velocity in the positivey-direction since the
from the center to the walls after about= 0.135 m (Figure  magnitude ofw velocity is small compared to the magnitude
9b), and they grow in magnitude with of v velocity. This behavior indicates that thevelocity gradient

In parts a-d of Figure 9, it is seen that the total velochy in the y-direction (dv/dy) drops along they-axis. The total
has nearly the magnitude of the axia) {elocity sincev and velocity in the area adjacent to the vertical bed surface and above
w are small compared with as presented above. These figures the corner region has approximately the same direction and
depict that the viscous boundary layer grows downstream, magnitude ofw velocity in the positivez-direction since the
retarding the axialy) velocity at the wall and thereby accelerat- magnitude of velocity is small compared to the magnitude of
ing the center-core flow to maintain the incompressible continu- w velocity, which indicates that the velocity gradient in the
ity requirement. The total velocity is supposed to be the higher  z-direction (dw/dz) drops along the-axis. These two velocity
velocity in the core region, but it was not. Fang et‘alound gradients decrease along tk@xis because of the drop in the
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Figure 9. 3-D velocity field inside a square duct at different cross sections along the flow directidote: the colors describe the total velocity and
the arrows describe the velocity vectors in thez plane,u., = 0.1 m/s,Re= 666, T, = 30 °C, C., = 0.0276 kg/kg,Cp = 0.0075 kg/kgW, = 0.1 kg/kg,
t=3s,b=0.00321 mL = 0.05 m,hg = 0.1 m,w = 0.1 mM,Pref = 1.43 x 107* Pa, Apave = 1.08 x 1073 Pa: (a) D-D cross section atx(L = 2.1,y,
2); (b) G—G cross section a{L = 2.7,y, 2); (c) I-I cross section at{L = 2.9,y, 2); and (d) 3-J cross section ak{L = 3, Y, 2).

pressure (Figure 6 parts-a). However, in the corner region, coefficient.V inside the bed is controlled by the behavior of
the total velocity has an almost 4&lirection and a large  the water adsorption ratey", since they,, andw, velocities
magnitude, which indicates that a high velocity gradient exists are functions ofm'" (egs 31 and 32). The water adsorption rate
because of a high shear stress. This velocity gradient decreaseis obviously highest adjacent to the-adtesiccant interface, and
along thex-axis because of the drop in the pressure (Figure 6 it drops toward the bottom of the bed in tirelirection because
parts a-d). The magnitude of the total velocity decreases as the of the reduction in water vapor concentration gradient in the
flow moves along the two beds in thedirection because of  y-direction (more details abouti’” behavior in the desiccant
the drop in the pressure (Figure 6 partsd. At x = 0.145 m bed is presented in Section 5.3). Theref&ferops toward the
(Figure 10c), and the direction of the flow starts changing par- bottom in they-direction.V in the desiccant near the air interface
tially toward the two beds and as it approaches the trailing edgeincreases withx, by 130% fromx = 0.105 to 0.125 m, and
atx = 0.15 m. The total backflow becomes obvious following then it drops by 70% aschanges from 0.125 to 0.15 m because
the downstream edge, as shown in Figure 9d, because of theof the change in the water adsorption rate. The change in the
increase in the pressure (see Figure 6d), which is caused by thevater adsorption rater('') with x occurs because of both the
increase in the velocity gradient in the- and thez-directions water vapor transport at the desiccant bed surface and the
at the surface, resulting in a high shear stress as shown in Figureconcentration distribution in the solid desiccant. This change
6d. The increase in the pressurexat= 0.15 m causes the in m" causes the change in the water content, with the same
pressure gradient to be high, which is needed to produce a highbehavior at the bed surface. Referring to our pépbe, surface
acceleration at the trailing edge to drive the flow downstream. water content at the bed leading edge=0.1 m) is relatively

Parts a and c of Figure 10 show the totasuction velocity large becaus@u/dy) near the air-desiccant interface is large.
vectors and magnitudes (eq 53; composites ofvfhemy, and The surface water content decays withbecause of the
u velocities)inside the horizontal desiccant batlthree different corresponding reduction ifdu/dy), which causes the reduction
y—zcross sections (BD, E—E, and 3-J) along thex-axis. The in mass transport coefficient. Sin&éin the bed behaves the
axial (u) velocity here is equal to zero because of the no-slip same asn'”, then its direction takes the direction of the water
boundary condition, and the other two velocitieg, @nd w,) penetration to a lower depth in tlyedirection.
are much smaller than andw velocities in the flow region. 5.2. Flow Field Results for Triangular and Circular Ducts.

For that reason, the flow is not visible toward the bed in Figure Figure 11a shows th¥ vectors and magnitude (eq 53) over
9. ThisV is presented below the corner region and at a short the horizontal triangular duct aty cross section (AA) along
distance since this region exhibits a high humid air velocity the z-axis (see Figure 3b). It depicts the development of the
gradient, which causes the increase in the mass transportboundary layers over both the lower (base) and the upper (side)
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Figure 10. Total flow veIomtyV |n5|de a desiccant bed at different cross
sectionsu, = 0.1 m/s,Re= 666, T, = 30 °C, C, = 0.0276 kg/kgCp =
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0.1 m,w = 0.1 m,Pres = 1.43 x 1074 Pa, Apave = 1.08 x 1073 Pa: (a)
D—D cross section ak(L = 2.1, 0=< y < 0.003, 0=< z < 0.01); (b) E-E
cross section at(L = 2.5, 0< y < 0.003, 0< z < 0.01); and (c) 3J
cross section atx(L = 3, 0 < y < 0.003, 0=< z < 0.01).
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Figure 11. Total flow velocity V inside a triangular duct at two cross
sectionsl, = 0.1 m/s,Re= 466, T, = 30 °C, C, = 0.0276 kg/kgCp =
0.0075 kg/kgW, = 0.1 kg/kg,t = 3 s,b=0.00321 mL = 0.05 m,hy =
0.141 m,w = 0.1 m, Pref—143>< 1074 Pa,Apae= 5.2 x 103 Pa: (a)
A—A cross section at( y, Zw = 0.5) and (b) B-B cross section atx(L
=25y, 2.

layer,v/u = 0.072-0.044 at the leading-edge region and 0:627
0.019 at the trailing edge. Because of the triangular cross section,
V obviously increases witty; thus, the velocity gradients
increase from the triangle sides to its apexes.

Figure 11b shows th& magnitudes (eq 53) based on the
color scale and the vectors of the velocities in thez cross
section (composites of the and w velocities) inside the
triangular duct along thg-axis (see Figure 3b). In this figure,
it is seen that the total velocity has nearly the magnitude of
the axial (1) velocity sincev andw are small compared witt.

This figure depicts that the viscous boundary layer grows
downstream, retarding the axial)(velocity at the wall and
thereby accelerating the center-core flow to maintain the
incompressible continuity requirement. The flow here is driven
by the pressure drop, and the wall friction varies greatly, being
largest near the midpoints of the sides and zero in the corner.
Although thev andw velocities are small, the vectors of these
velocities show continuous movement from the corners and
walls to the center, as shown in Figure 11b.

desiccant beds of the triangular duct at the vertical symmetry  Figure 12a shows th¢ vectors and magnitude (eq 53) inside

cross section AA. V has nearly the same direction and

magnitude of the axialuj velocity sincev andw are small

compared withu: over the bed and in the boundary layer region,

the circular duct ak—y cross section (AA) along thez-axis
(see Figure 4b). It depicts the development of the boundary
layers over the desiccant bed has nearly the same direction

from nearby the bed surface to the outer side of the boundaryand magnitude of the axiali{ velocity sincev andw are small
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Figure 12. Total flow velocityV inside a circular duct at two cross sections,
U, = 0.1 m/s,Re= 846, T, = 30 °C, C,, = 0.0276 kg/kg,C, = 0.0075
kg/kg, W, = 0.1 kg/kg,t = 3 s,b = 0.00321 mL = 0.05 m,ho = 0.127
m,w = 0.1 m,Pref = 1.43x 1074 Pa,Apave= 0.92x 103 Pa: (a) A-A
cross section atx(y, Zw = 0.5) and (b) B-B cross section atx(L = 2.5,
Y, 2.

compared withu: over the bed and in the boundary layer region,

from nearby the bed surface to the outside of the boundary layer,

vlu = 0.066-0.0381 at the leading-edge region and 0.0267
0.017 at the trailing edge.

Figure 12b show th¥ magnitudes (eq 53) based on the color
scale and the vectors of the velocities in thez cross section
(composites of ther andw velocities) inside the circular duct
along thex-axis (see Figure 4b). In this figure, it is seen that
the total velocityV has nearly the magnitude of the axia) (
velocity sincev andw are small compared with. This figure
depicts that the viscous boundary layer grows downstream,
retarding the axialy) velocity at the wall and thereby accelerat-
ing the center-core flow to maintain the incompressible continu-
ity requirement. The flow here is driven by the pressure drop,
and the wall friction varies greatly, being largest near the
midpoints of the sides and zero in the corners.

5.3. Heat and Mass Transfer ResultsFor the adsorption
process, parts-ad of Figure 13 show the time dependence of

first and then increase at a slower rate as the bed becomes
increasingly water-laden and, thus cannot take up vapor as
rapidly. The time step used in these computations is 0.1 s, within
which the extremely rapid adsorption by the desiccant occurs
because of the sudden increase in the velocity gradaerity)

near the desiccant bed surface. This increase in the velocity
gradient is caused by the flow encounter with the leading edge
of the duct The convective heat and mass transfer coefficients
are related to the velocity gradiefdu/ay) through the temper-
ature and concentration gradients in tadirection. Because

of the local equilibrium relations, the water content exhibits a
similar behavior as that of the temperature and concentration.
An initial rise in the water adsorption rate occurs because of
the rapid rise in the water content. The adsorption rate then
decays rapidly and becomes asymptotic as the time increases
because of the slow increase in the water content. The
magnitudes of the surface concentration, the surface temperature,
the overall average water content, and the adsorption rate for
the circular duct at = 3 s are 1.05%, 0.17C, 5.6%, and 22%
larger than those for the square duct, and 0.73%:0,2.4%,

and 9.8% smaller than those for the triangular duct, respectively.
This is due to the duct cross section geometry related changes
in the mass transport coefficient, resulting from the change in
the (du/dy) near the desiccant bedat= 0.11 m andz = 0.05

m, as presented in Table 2.

The equations used in this model are valid as long as the
desiccant has not reached a state beyond saturation. Silica gel
reaches saturation when the water content is 38% at 160%
(relative humidity), which occurs &t = 65.7 °C according to
the silica gel isotherm, eq 12. The analysis in our papar
flow passing the desiccant bed shows that the average maximal
water content is reached at= 20 s andb = 3.21 mm and
amounts to~11.2%, indicating that the silica gel did not reach
saturation; thus, water condensation effects do not need to be
considered in this model.

The average water content for the triangular dudt=at3 s
is ~11.9%, as shown in Figure 13c, which indicates that the
silica gel does not reach the saturation state because it saturates
when the water content is 38% at 10@4relative humidity),
which is obtained aff = 65.7 °C according to the silica gel
isotherm, eq 12.

Parts a-c of Figure 14 show the water adsorption raté&
inside the horizontal desiccant bedxaty cross section AA
(Figure 2a) along the-axis (Figure 14a) and at two different
y—z cross sections (BD and J-J) along thez-axis (Figures
14 parts b and c). This shows that" is large at the duct
entrance, especially near the-aifesiccant interface, following
the magnitude ofou/dy). The water adsorption rate”’ inside
the desiccant is seen to decrease from the bed surface down
toward its bottom, and the water penetrates gradually deeper
with x, as expected. It is noteworthy that the adsorption rate is
very small near the duct vertical wall.

Parts a and b of Figure 15 show tmt’ andW change with
x at the desiccant surfacg € 0.00321 m andz = 0.05 m),
respectively. Both the surfag@’’ and W at the bed leading
edge k¥ = 0.1 m) are relatively large becaugri/dy) near the
air—desiccant interface is large. The surfagé€ andW decay
with x because of the corresponding reduction in transport rates,

the desiccant surface water concentration and surface temperwhich depend orfou/ay). It is noteworthy here that the surface

ature atx = 0.11 m (0.2 from the leading edge of the duct),
y = b, andz=0.05 m (z&» = 0.5), as well as the overall average

W increases slightly toward the end of the plate< 0.148-
0.15 m), in the vicinity of the trailing edgex & 0.15 m), because

water contents and adsorption rates for three duct geometriesof the increase in the local mass transport coefficient (see Figure
As expected, all of these quantities increase more rapidly at17b).
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Figure 13. Time dependence of the desiccant surface: (b) (a) water concentratiorx(= 0.11 m andz = 0.05 m), (b) temperaturexE 0.11 m andz =
0.05 m), (c) overall average water content, and (d) overall average water adsorption rate for three duct cross-sectional sh@ksn/s,Re = 666
(square)Re= 466 (triangular)Re= 846 (circular),T. = 30 °C, C, = 0.0276 kg/kg.Cy = 0.0075 kg/kgW, = 0.1 kg/kg,t = 3 s,b = 0.00321 mL =
0.05 m,hy = 0.141 m,ho = 0.127 m,hg = 0.1 m,w = 0.1 m,Pes = 1.43 x 107* Pa.

Table 2. Area-Averaged Parameters That Affect the Adsorption Process for the Three Duct Geometries, Computed for the Same Inlet Air Flow
Velocity and Desiccant Surface Area of All Three Duct3

duct type U/dy)ave 1/s Apave Pa= Paveg=0.10y.2 — Paveg=0.15y.2) hg,ave kW/m2-°C (x, y = 0.003 m,2) hm,ave kg/m?-s (x, y = 0.003 m,2)

triangular 7.18 3.4% 1073 4.63x 1073 48x 1073
circular 6.6 0.92« 1073 4.25x 1073 4.4x 1073
square 5.77 1.0& 1073 3.65x 1073 3.78x 1073

23U, = 0.1 m/s,Re= 666 (square)Re= 466 (triangular)Re= 846 (circular),T.. = 30 °C, C., = 0.0276 kg/kg,Cw = 0.0075 kg/kgW, = 0.1 kg/kg,
t = 3s,b=0.00321 mL = 0.05 m,hy = 0.141 m,ho = 0.127 m,hg = 0.1 m,w = 0.1 m,Ps = 1.43 x 1074 Pa,As = 0.02 n?.

Parts a and b of Figure 16 show that tin¢ andW change as z decreases toward the corner region, in accord with the
with z at the desiccant surfacg € 0.00321 m anc = 0.105 change of(au/ay).
m), respectively. Bothm"' and W increase starting from the Figures 15 and 16 depict that the water content and the water
corner region along the horizontal desiccant bed toward the ductadsorption rate also have the same trend as the heat and mass
center az = 0.05 m because of the corresponding increase in transfer coefficients shown in Figures 17 and 18. Following
transport rates, which depend (iu/dy). It is noteworthy here boundary layer behavior, the velocity gradient in they-
that bothm'”" andW drop slightly toward the center because of direction(du/dy) on the desiccant bed surface is large near the

the flow acceleration az = 0.05 m. leading edge, and then it decays witlas the thickness of the
Parts a and b of Figure 17 show that the lobgland hy, boundary layer increases. As a result, the heat and mass fluxes
change withx near the air-desiccant interfacey(= 0.0035 m on the desiccant bed surface follow the velocity gradient

andz = 0.05 m), respectively, where the heat and mass transportbehavior. This is because the heat and mass fluxes are related
is important. As seen in Figure 18, the heat and mass transferto theu velocity gradient in theg-direction @u/dy) through the
coefficients at the beginning of the bedxat= 0.1 m (leading temperature and concentration gradients inyta@ection using
edge) are relatively large becayga/oy) near the air-desiccant the scale analysis of the momentum, energy, and mass equa-
interface is large. The heat and mass transfer coefficients decaytions1® The water concentration at the desiccant surface follows
asx increases, in accord with the change(éd/ay). the mass flux behavior, which is large near the leading edge
Parts a and b of Figure 18 show that the lobgland hy, and decays withx. Therefore, according to both the direct
change withz near the air-desiccant interfacey(= 0.0035 m relationship between the water concentration and the water
andx = 0.105 m), respectively. Both, andhy at the beginning adsorption rate represented in eq 9 and the local equilibrium
of the bed width az = 0.0.5 m are slightly larger because relation, W= f(C,T), (eqs 11 13)], the water content and the
(du/ay) near the air-desiccant interface is large, andhy, decay water adsorption rate resemble the water concentration behavior
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Figure 14. Water adsorption ratei"" for square duct at different cross
sections along-axis andz-axis,u., = 0.1 m/s,Re= 666 (square)T. = 30
°C, Cw = 0.0276 kg/kgCw = 0.0075 kg/kgW, = 0.1 kg/kg,t =3 s,b =
0.00321 mL = 0.05 m,hg = 0.1 m,w = 0.1 m,Pres = 1.43 x 1074 Pa:
(a) A—A cross section atq( 0 < y < 0.003,Zw = 0.5), (b) D-D cross
section at¥/L = 2.1, 0< y < 0.003,2), (c) J-J cross section ak{L = 3,

0 <y = 0.003,2.

(a) 0.050
Triangular duct
0045\ Circular duct
— — Square duct

0.040 "

@

o
g 0.035 4
E:
= " 0.030 A

8
0.025 -
0.020
0.015 T T T T

0.10 0.11 0.12 0.13 0.14 0.15
X, m
(b) 0.20
Triangular duct
------ Circular duct

0.18 4 — — Square duct

046 7 \°

W, kg/kg

0.14

0.12 4

0.10 T
0.10 0.11 0.12 0.13 0.14 0.15

X, m

Figure 15. Water (a) adsorption rate and (b) content as a functionfof
three duct cross-sectional shapes= 0.1 m/s,Re= 666 (square)Re=
466 (triangular)Re= 846 (circular),T., = 30 °C, C., = 0.0276 kg/kgCw
= 0.0075 kg/kgW, = 0.1 kg/kg,t = 3 s,b = 0.00321 mz = 0.05 m,L
= 0.05 m,hp = 0.141 m,ho = 0.127 m,;hg = 0.1 m,w = 0.1 m,Pres =
1.43 x 1074 Pa.

three ducts is performed based on the same inlet air flow velocity
and desiccant surface area. The average velocity gradient
9Y)avein the circular duct is 12.5% larger than that in the square
duct, causing the convective heat and mass transfer coefficients
to be also larger by 14%, as shown in Figures 17 and 18. The
averaggdu/dy)avein the circular duct is 6.6% smaller than that

in the triangular duct, which causes the convective heat and
mass transfer coefficients to be also smaller by 8.2%, as shown
in Figures 17 and 18. The average pressure dipg,e for the
triangular duct is 69% and 73.5% larger than the ones for the
square and circular ducts, respectively.

For the desorption process, partschof Figure 19 show the
time dependence of the desiccant surface water concentration
and surface temperature>at= 0.11 m (0.2 from the leading
edge of the plate)y = b, z= 0.05 m (ziv = 0.5), as well as
the overall average water contents and desorption rates for three
duct geometries. As expected, and in analogy with the adsorption
results, all of these quantities decrease more rapidly at first and
then decrease at a slower rate as the bed becomes decreasingly
water-laden and, thus, cannot release vapor as rapidly. The
temperature and concentration drop to lower values after 0.1 s,

in which they both have the same trend as shown in Figures 15which indicates that the extremely rapid desorption by the
and 16. Also, since the convective heat and mass coefficientsdesiccant occurs within 0.1 s. The physical cause of the drop is
are directly related to the heat and mass fluxes, they follow similar to that in the adsorption process, which was discussed
their behavior in which they both have the same trend as shownearlier. In the short time (60.1 s) intervals, an initial drop in

in Figures 17 and 18.
Table 2 presents the surface average®ofy), hq, hn, and

the water desorption rate occurs because of the rapid drop in
the water content. The desorption rate then grows rapidly and

Ap for the three duct geometries. The comparison between thesebecomes asymptotic as the time increases because of the slow
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Figure 16. Water (a) adsorption rate and (b) content as a functianfof Figure 17. Convective (a) heat and (b) mass transfer coefficients as a
three duct cross-sectional shapes= 0.1 m/s,Re= 666 (square)Re= function ofx for three duct cross-sectional shapgs= 0.1 m/s,Re= 666
466 (triangular)Re= 846 (circular),T.. = 30 °C, C, = 0.0276 kg/kgCw (square),Re = 466 (triangular)Re = 846 (circular),T» = 30 °C, Cw =
= 0.0075 kg/kgW, = 0.1 kg/kg,t = 3 s,b = 0.00321 mx = 0.105 m, 0.0276 kg/kg.Cw = 0.0075 kg/kgW, = 0.1 kg/kg,t = 3 s,b = 0.00321
L = 0.05 m,ha = 0.141 m,ho = 0.127 m,hg = 0.1 m,w = 0.1 m, Pres m,z=0.05m,L = 0.05 m,hy = 0.141 m,ho = 0.127 m,hg = 0.1 m,w
=1.43x 10 Pa. = 0.1 m,Pes = 1.43 x 10°* Pa.

denominator of\; accounts for the dehumidification capacity).

decrease in the water content. The magnitudes of the surfacel_hiS work ratio is, thus, expressed as
| ) ’

water concentration, surface temperature, and the overal

average water contents and desorption rates for the circular W TAAD,,J
duct att = 3 s are 0.05%, 0.068C, 5.3%, and 21.9% smaller W=_"" _ UAAPayd Ean (54)
than those for square duct, and 0.6%, 0.0522.3%, and 9.8% " Woerum ~ MH/COP

larger than those for the triangular duct, respectively. This is

due to the duct cross section geometry related changes inOther normalizing parameters instead of the vapor compression
the mass transport coefficient, resulting from the change in chiller power demand could be used here, but this one is useful
the (du/dy) near the desiccant bedat= 0.11 m andz = 0.05 for heating, ventilation, and air conditioning (HVAC) engineers
m. examining common dehumidification options. Using this figure
In general, dehumidification effectiveness increases as theof merit, a lower value of\; indicates a better desiccant duct.
flow rate through a desiccant-lined channel is raised, because Table 3 presents the data used in computingtheand the
higher velocities result in a higher convective mass transfer computed values oi; for the three duct geometries. The results
coefficient. Higher velocities increase, however, the flow show thatW; for the triangular duct is 24% and 50.8% larger
pressure drop, which also depends importantly on the crossthan the ones for the square and circular ducts, respectively.
section geometry of the channel, and hence, they also increaséhe fan work for the triangular duct is 46% and 54.5% larger
the fan work that needs to be invested. The major energy inputthan the ones for the square and circular ducts, respectively.
in desiccation is heat, and the fan work represents the electricThe achieved dehumidification work for the triangular duct is
energy input. For comparison of the practical utility of the 29.3% and 7.8% larger than the ones for the square and circular
different duct cross section geometries, we evaluate this fanducts, respectively.

work in a normalized way by defining an electric power According to these results and usMgas the figure of merit,
consumption figure of merit for the desiccant duct as the work the circular duct provides the best dehumidification performance
ratio (W), which is the ratio of the required fan work\V(,) compared with the others. At the same time, it is noteworthy
(and, thus, accounts for the flow pressure drop) and the work that the triangular duct has the best dehumidification perfor-
(Wpehum that would have been needed for the amount of mance as measured Iy and Wpenum for the same desiccant
dehumidification obtained by desiccant, if it was performed by surface area, but it has the low& because it creates a larger

a vapor compression chiller with a given COP (and, thus, this flow pressure drop. An argument in favor of the triangular cross
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Figure 18. Convective (a) heat and (b) mass transfer coefficients as a
function of z for three duct cross-sectional shapes= 0.1 m/s,Re= 666
(square),Re = 466 (triangular)Re = 846 (circular),T. = 30 °C, C., =
0.0276 kg/kg.Cw = 0.0075 kg/kgWo = 0.1 kg/kg,t = 3 s,b = 0.00321

m, x = 0.105 m,L = 0.05 m,hy = 0.141 m,ho = 0.127 m;hgp = 0.1 m,

® = 0.1 m,Pe =143 x 10 Pa.

Table 3. Data That Were Used in Computing the Work RatioW;
and the Values ofW; for the Three Ducts; The Conditions Were to
Maintain the Same Inlet Air Flow Velocity and Desiccant Surface
Area for All Three Ducts?

variables triangular duct square duct circular duct
Dp, m 0.07 0.1 0.127
u, mls 0.097 0.117 0.0921
Re 466 666 846
A, m2 0.007 0.01 0.0127
Q, m¥s 0.68x 1073 1.17x 1073 1.17x 1073
APave, P2 3.47x 1073 1.08x 1073 0.92x 1073
m", kg/md-s 1.53 1.08 1.38
m, kgw/s 9.2x 1073 6.5x 1073 8.26x 1073
Wian, J/s 2.77x 1076 1.49x 1076 1.26x 1076
Woehum J/s 335 23.68 30.9
W 8.27x 1078 6.29x 1078 4.07x 1078

AU, = 0.1 m/s, T = 30 °C, C, = 0.0276 kg/kg,Cy = 0.0075 kg/kg,
W, = 0.1 kg/kg,t = 3 s,b = 0.00321 mL = 0.05 m,hy = 0.141 m,ho
=0.127 mhg = 0.1 m,w = 0.1 m,Pres = 1.43 x 1074 Pa,As = 0.02 n?,
Ntan = 0.85; COP= 7; H, = 255 x 1074 J/kg;Vp = 6 x 107> m?3,

section relative to the circular one is that it allows the inclusion

of more such ducts in a given cross-sectional area, of, say, a
desiccant wheel, than when circular ducts are used, and it also

(@)
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makes it possible to use a shorter duct (thinner wheel) for the Figure 19. Time dependence of the desiccant surfage % b)

same amount of water adsorbed, which would, thus, also
proportionally reduce the pressure drop.
6. Summary and Conclusions

A transient three-dimensional conjugate model of flow and
heat and mass transport for laminar humid air flow in ducts

(a) water concentrationx(= 0.11 m andz = 0.05 m), (b) tem-
perature X = 0.11 m andz = 0.05 m), (c) overall average water
content, and (d) overall average water desorption rate for three
duct cross-sectional shapeg, = 0.1 m/s,Re= 666 (square)Re = 466
(triangular), Re = 846 (circular), T, = 80 °C, C., = 0.015 kg/kg,

Cw = 0.2 kg/kg,W, = 0.135 kg/kgt = 3 s,b = 0.00321 mL = 0.05 m,

ha =0.141 mho = 0.127 mhg = 0.1 m,w = 0.1 m,Pres= 1.43 x 1074

Pa.
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with different geometries (triangular, circular, and square) was W = water content, (kg of water vapor)/(kg of desiccant)
successfully formulated, solved, and validated. Detailed infor- W, = work ratio
mation about the flow, pressure, temperature, and concentratiori,, = fan work, J/s
fields, as well as about the associated heat and mass transfeWpe,,,m = dehumidification work, J/s
coefficients, surface concentrations, desiccant water contentsyy = z component of velocity, m/s
and adsorption rates, was gained and presented. The adsorption/
desorption rates for the three duct geometries, as well as theGreek Symbols
other parameters, increase/decrease rapidly at first, because of = thermal diffusivity, n#/s
the high desiccant interface velocity gradients at the channel Ap,,. = average pressure drop in the duct (eq 18), Pa
entry, and then they increase/decrease at a slower rate becausg,, = fan efficiency
of the gradual diminution of these gradients and because theg = relative humidity in bulk stream, (kg of vapor)/(kg of air)
bed becomes increasingly/decreasingly water-laden and, thus,, = kinematics viscosity, Afs
cannot take up/release vapor as rapidly. The rapid adsorption/p = density, kg/n
desorption by the desiccant occurs within the first 0.1 s; this ; = porosity
information allows design optimization of channel length. o = overall duct width in thez-direction, m
Using the figure of meritV; that we defined, which is the
ratio of the required fan work to the dehumidification attained, Subscripts
the circular duct was found to be the best and the triangular gye = average
duct was found to be the worst among the three geometriesy — desiccant bed
compared, for a given desiccant surface area. At the same timeg — g (i.e., air)
the triangular duct dehumidifies the most and has some practicalg
advantages when used in systems such as desiccant wheel§, — o1 ie. the silica gel bed
Besides the detailed transient 3-D information about the | _ toa'stream conditions
dehumidification rate, concentration, and temperature fields thatA

= solid desiccant

. ) . . = triangular
improve basic process understanding, the results obtained from—, _ squa%e
this study can be useful for designing desiccant ducts, as theyO — circular

give guidance about duct length optimization and duct cross-
sectional shape considering both dehumidification effectiveness . ited
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