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ABSTRACT

In the present work, the application of a thick layer of clolh in a honeycomb form for the
absorption of water vaponr from atmospheric air is investigaled. Three equivalent eells are
arranged in scrics and the air stream is allowed to flow through them. Liquid Caleium
Chloride is applied as lhe absorbing marerial. Each cell is impregnated with the desiccant
{CaCL,) where 1he cloth layer funciions as a desiccanl carrier. In the theoretical model. the
effect of various parameters on Lhe absorption process is analyzed. Dimensionless variables
are also presented with the corresponding physical meanings. Comparison between the
experimental resuls and the theorelical model show that the agreement is reasonable.

INTRODUCTION

The rapid increase of population and the industrial development has raised (he
demand of fresh watcr. The atmospheric air contains a higher quamtity of waler vapour of
about 14000 Km'. while the amount of water on the earth is only about 1200 Km® [1). The
exlraction of fresh water from the atmospheric air can be carried out by two dilferent
process. The first process by passing the moist air over a cooling coil of an air conditioner,
moisiure is scparated it the effective coil temperature is lower than the dew point. In the
sccond proccss,  water is  extracted by absorption on-to a solid absorbent or over
hygroscopie solution with subseguent heating of these substance in order 10 evaporate waler.
The cooling/dehumidification process is analyzed and the paramcters controlling the heat
and mass transfer rale arc studied by Khali! [2]. Awad cral, [3] described the application of
a simple vapour- compression refrigeration cycle for cooling moist air to a lcmperature
lower than its dew point wherc condensation of moisture oecurs. Gandhidasan et at [12].
studied (he theoretical rclation for selection of oplimum cooling temperature, Sofrata, [4]
described the operalion of a system extracting the water from outdoor air based on
adsorplion-desorplion process using a solid desiceant. Analysis of transicnl heat/mass
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ransfer and adsorption-desorplion interaction can be found in ref. [5]. Hamed [6] carried a
theorctical study Lo extract the water from the atmospheric air using solar energy by using
Calcium  Chloride (Ca Cly } solution as a [iquid desiccant. Gad et al, [7] prescnted
theoretical and experimental investigation on the application of corrugated surface of
desiccant bed, which is made of a thick layer of cloth carrying Ca Cl; solution as the
absorbent solution and evaluate the effect of solar radiation intensity and ambicnt
temperature on the systcm productivity..

However, the effect of shape of the bed camer is less investigated. On the other
hand, cnhancing the mass transfer area is expected to increase the rate of absorbiion. In the
present work, invesligation the process of absorption of water from air is carried onton a
honeycomb bed, which is made of a thiek layer of aeloth impregnated with Ca.Cl;
desiccant. The bed consists of three cells amanged in series. The aim of this study is to
evaluate the cffect of the different parameters (air flow rale and inlet temperaturc) on the
ahsorption rale and study the effect of this variables on the three eells.

THEORETICAL ANALYSIS
The rale equation describing the absorption process can be given as

%{=ﬁ.r1-(Pv-P‘) )

where M i3 the mass of absorbed waler in the bed, t is the absorption time, B is the mass
transfer coclficient, A is the absorption area, P, and Pg is the water vapour pressure in the air
stream and on the bed surface.

The mass (ransfer coefficient, B is dependent on the coefficient in gas side and in desiccant
side.

1 | 1
L N 2
325, @)

where B, . Pp are the values of mass transfer coellicient in the gas side and bed side,
respeclively. Valnes of 8 can be evaluated from the experimentat results.
The enthalpy of the absorbent can be evaluated from the energy balance of the bed.

%& = U A(T~T)+B.AL(P~P) 3
T

where U is the heat transfer eoeffieient from the air stream to the bed, T, and Ty are 1he
temperawres of the air strearn and bed surface, respectively and L is the latent heat of water

vapour.

The soluion concentralion is generally defined as Lhe ratio between the mass of salt My in
solution to the mass of sorbem as,
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where M., is the mass of waler in the solulion.
The theoretical analysis of the process of waler absorption from the air is presented by
Hamed and Proselkov [11]. The model describes the variation of the effect of operating

paramters on the absorplion process.

The final solution of system of equations can be given in the following dimensionless form

[11],

k=p-(p-x,)exp{-2) )
where:
o l-X
X=-"-
X (6)
1-X,
XF XO‘ &
il pPer @
Ms/ A '
- t-X,
= )

where Xz is lhe concentration at Lhe end of absorption.

In the analysis presenied by (11] is based on the approximate relation, which defines the
cffect of desceent eonceniration on the vapour pressure at differenl temperatures with
accurcy in the range trom 20-30%. However the relation belween Lhe vapour pressure,
concentralion and temperature is more preciscly cxpressed by [§] with aceurey of about 6%
is given as,
B(x)
Log(P) = A(x) - ——— 10y
8 SRR ISTIT: (

A(x) =a +a X

(x) =a +a, (11
B(x) =b,+5 X
where a,= 10.0624 . u;=3.46734 , b, = 739.828, b, = 1450.96 . {is the solution temperature
in “C, X is the concentration of the solution in the cell. Equation (10) is applicable in range
of waler from 6.62 mmHy 10 76.2 mmt[g.

Accordingly the eflect ol various parameters on the absorplion process can be presented in
the following analysis, considering equation (10)..
From equation (11)
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where e=111.96, substituting equation | in equation 12

X B(X)
W =ﬂ.A.(Pv—eA( ) i+ )

dM
ag*+a X—{(by by XV 1+)

aM
dr

= B.Ad
Py—e

from equation (4) in equation (14)

dalw w
((b +b

= f.Adr

M, M
apgtapy M_,+M IM—-‘—)!HC)
Py—e

Assume

((by+b Yi+c)

vap. M, - M,
r =Py-e MaM,y, M_‘d-M

dr, _ y2 x2 agra  X~((by+b, X)/1+¢)

—_— .—+b1.——e
M, UM Mt +¢)
from equation 17, assume

2 anta X—((b +b, XY t+¢
L. SV B e Sl yit+e)
M, 1+¢)

from equation 15.16,17 and 18

—]—Iogl’,= BAr+e,
Y?

a r=N X=Xy, 1=1,

+|aI —((b +b U )i.r +¢)

FUK: b aD+al'Xa_((bD+bl .XO )/f0+£')

(12}

(13)

{14)

(15)

(6)

a7

(18)

(19)

(20)

(21)
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¢,= - logF3 22)
¥,
from equalion 19

Y, logl+Y, log¥ =¥, ¥ f4r {23)

EXPERIMENTAL SET UP

Figure (1) shows a schematic of the experimental system. The aim of the experimenial work
is lo study the performance of the honeycomb bed saturated by the Calcium-Chlonide and
compare the results with the output of the theoretical model. The system consists of
centrifugal fan with variable velocity from 0 to 1450 r.p.m in order to conirol the amount of
air swream, variable power healer (o control of the temperature of the inlet air to the cells,
measuring instruments and lest section. The test section consists of three identical cells (18
cn x I8 cm x 5 c¢cm ) in arranged series. Each ccll is made of aluminum wire which is
welded together to gave honeycomb cross section. A thick layer of cloth around the
honeycomb was used as a bed carrying the desiccant solution Each cell is weighed and
then impregnated in the desiccant solulion. The ambient humidity ratio is determined with
the measured dry -bulb and wet-bulb temperatures of the air stream. During the absorption,
the mass of each cell is recorded during the experimenial test every . minutes in order to
evaluate lhe mass of absorbed water during this time. The experiments were carried out at
different values of air flow rate (0.00324, 0.029, 0.0389, 0.04536,.06395 Kg/s) and at
different inlet temperatures to cells (21, 22, 23, 23, 27 UC). Variation of solution
coneentration is evaluated by knowledge the mass of absorbed water at different time. The air
stream velocity is measured with a hot wire anemometer. Temperatures at inlel and onllet
seclions are measurcd at different points using thermocouples and the avcrage valueis
evaluated.

wet dry bulb psychrometer

\ variable power heater
18¢
4— Muid filets rectifier
18 cm =
=
]
[

test section
details of cell {three cells)
variable speed centrifugal
fan 0:1450 rpm
external middte internai

air exit air inlet

< <

SRR TR Y

cells arrangement

Fig. 1: experimental sect up
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EXPERIMENTAL PROCEDURE

Since Ca.Clz salt is not volatile, the concentration of the solution can be calculated
from the following equation:
YoM, = XM, (24)

where:
X, is the initial concentration, M, is the jnitial mass of solution in the bed.

M, =M - M, (25)
where M, is the mass of the dry bed, M, is thc total mass of bed and solution.
The humidity ratio of air can be calculated at bed exit from the following equation:

i Am
W (26)

]

The vapour pressure in the air calculated from this equation:

p=—taf 27
0.622 +H,

P is the atmospherie air pressure, mm Hg.

The mass transfer coefficient B can be evaluated from the following relation,

Am
== 28
F=xeara @8)
where, Am is mass of absorbed water and Ar is absorption period.
AP =P-P, ' 29
RESULTS AND DISCUSSIONS

The experimental tests are carried out at different inlet air temperatures and different mass
flow rates. Experiments aims at studying the absorption characteristics of a honeycomb bed
impregnated with liquid desiccant. Also, the effect of air temperature and mass flow rate on
the absorption are demonstrated. Comparison between the experimental results and
thooretical results is also discussed.

Two groups of the experimental tests are carried out on the honeycomb section. In
the first group, at different values of the inlet air temperature and fixed mass flow rate. The
second group of the experimental work is carried out at diiferent mass flow rates, 0.00324,
0.029,0.0389. 0.04536 and 0.06395 Kg/s at fixed inlet air temperature..
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Figures, 2,3 and 4 illustrale (he variation of 1he absorbed mass of solution in bed at different
temperatures for the three cells of the bed at eonstant flow rate of 0.06395 Kg/s. It can
observed that the mass of absorbed solution inerease with decreasing the temperature , the
maximum value is aboul 27 gm for the cxtcrnal cell, 28 gin for the middle cell, and 30.5 gm
for the intermal ccll is recorded, which provs that the accumlated mass of absorbed water
decrease with thc duct depth. Also, itis found that increasing the value of the absorbed
water due to temperature decrease of 27 Cto 21 C is about 10.5 gm. The time required to
reach equilibrium with ambient air increases with decreasing the temperature. It reached to
30 minute al inlet temperature 27 C and reached to 100 mninute at tcmperature equals 21 C,
Comparing lhe cxperiinental results of the three cells, it ean be obscrved that the rate of
absorption of water increases with decreasc in air stream temperaturc. This can be explained
by the fact thai, the decrease in air stream temperature, however dos not effect on the vapour
pressure in ambient air but decreases the desiccant temperature and conceguantly decreases
the vapour pressure on 1he desiccamt surface which result in increasc in vapour pressure
diffence between air and desiccant.

The wvariation of absorbed mass of solution versus time for different flow rate at constant air
inlct temperaturc 1o the cells is presented in Fig. 5. 6 and 7.. It can secn from the figures that
the absorplion rale increase with Lhe increasing amount of the flow rate. It reached to 27 gm
for the external ccll, 28 gm for the middlc cell and 30.5 gin for the internal cell.

Figures 8, 9 and 10 show the variation of lhe concentration of the solution at diffcrent
temperatures with the consianl flow rales (0.06395 Kg/s) for the Ihrec cells. Il canbe
observed that the concentralion decreases with the time. The concentration reached to about
40 % for cell and for the inlernal, cell rcached to about 37.5%

Also, the transient value of solution concentration at differemt flow ratcs and constant
temperature is prescmted in Fig, 11, 12 and 13.. For a given absorpiion period, the final
concentration of the desiccant is show to be highly dependent on the flow rate. For example
(Fig. 9), for the middle cell, 1the concentration reached ahout 40% when the flow rate is
0.06395 Kg/s and reached 10 54 % a1 flow rate decreased o 00324 Ky/s.

Figure. (14) shows the variation of the vapour pressure on the solution surface wilh tine at
flow rate equals 0.06395 Kg/s for the three cells. Il can be secn that the value increases with
time and changes (rom about 1.5 mm Hg to 7.8 mm Hy. The variation of the vapour pressure
in the air versus time at flow rate cquals 0.06395 Kg/s is illusirated in Fig. (15). The value
decreases with time and changes from 7.4 mm Hg 10 6.6 mm Hg after 100 ininutes for lhe
internal cell..



M.8 A.E. Kabeel
¥ : : | i ‘I X T 1 u T T ‘ H I I| |
1 A | e ' '.
- * /V' — I = W i =% ‘L’“/T
e : g <t -
i, 3~ ¥
+ —%
i = :J( -= E = 1:,/ +
i - } 1/ / ‘
¥ u > 9’
k3 b ,AH"‘““' L "; b [ y i
i * ‘{ = W —f i ol s » ne
11 0o oo |
pt vy Sy a @t |
- ; - ® =c :
i : - I | i ¥ M _
w i T T T T 1 " T [ T
o 0 20 WM & % m W 0 W W o ] 1 28 ¥ & N N W XN W O Im 1
Thme ;minm:} Time {mimta)

Fig ¥: ¥arlation of the mass ol solution absorbed
io the bed for middle cell al conatant mass

frow rate (L0639 kg/s

Fig 3: ¥arialion of the mass of water absorbed
in the bed for external cell at constant
masa flew ral .0619 kgiy

T T
nw
ao L : , /-1:_:'__._..1»_—1 .
g g 400 ! I./ H ﬁj .
F T o | £
; g W — - _STEL G -
® 3 [ r,’"'ﬂ - —T————1 1
E 3 o NSRE FLOYY BATY ‘__|
* 3 i LI !
st b 2T -
1200 - i - L ! : -mv". _l
II L1 1-] l
: T e s -
LA B B T T 1 11
6w X M N & N TI W W O g
Tima {mirnuts)

Fig 4: ¥arlation of the mass of solotioo absorbed
1a the bed for ioteroal cell at conutant
mass Mow rate 0.0639 kg

Fig 5: Varlation of the mass of solutico absorbed
In the bed for middie cell at
constant lemperature 19 C




Mansoura Engineering Journal, (MEJ), Vol. 25, No. 3, Seplember 2000. M. 9

Mads of wiier i the bad (pm)

o
Tim imbnute)

2 — — I—-— - -
; b
R = oY
w4 ——
- : + T ) |
- 3 3 }
LRy /4 0 . e
b B ! ? 1
2 | C
£® | - '
& xn H } wd
H 1 F - i
'i' T ..,—"'JP‘J . -
5 =11} it
ot i [T
LYY N B AL {—
-] ok gl
12 Fy {1 T Kgh. —'-"
[ L L]
b ¥ oo r—=
—_—
¢ 1

Fig 6: Variation of the mass of water abzorbed
in the bed for external cell a1 consiam
temperature 19 C

Fig 7: Variation of the mass of waler absorbed
in the bed for internal cel a1 consfanl
temperature 19 C

Concantraton $ivbion in the cell %

L ) Nq

Concentration cclution In e col %

n W
Timu (minutz)

Fig 8: Yariation of the concentranjon of solufion of
& meddic cell absorbed in the bed al
constant mass flow rate 0.063% kgfs

Fig 9: Variatlon of the conceniration of solution of
the external cell  absorbed in the bed a1
constant mass Mow rate 0.063% kg/s




A.E. Kabeel

= = " —
- _mCCAE T |
I T FLO BATH

: 2 ] piibemonll ol I
] 8 g ! A DoEmagh J !
g g L Fy T L Y- T o |
-; 5 | \\ ; * ommena |

[ By e i ;
E g » \‘ ‘\*\lh"‘"‘*‘_i _ |
H D Ny | ] T_-H
g iy T
s 3w NP L
; | A ' y
! b—-{llq_ﬂ.--? T : ) __,'_i |
® T f 1 | 7 ——T
¢ W M M W W W N O m DO g 0 W X M « %0 ¥ N D K W 1

Tima ;mlnulll Tna {reviuta)

Fig 10:Variation of the concentratien of solution of

he interaal cell abyarbed in the hed a1
constant mass Mow rate 0.0639 kgfs

Fig 11: Variatian of 1he ¢concentration of soluiion

ol the meddle cell abserbed in the bed
at constani temperalure 21 C

Concantrabion sohakion i the coll %

kL

SR S

S\ Wi

)

+--

-

Y\\j-——.——.—_—
Y ! b

Concantration saluian in the call %

70 -3

5~ —1-
-1 [

Fig 12: Varinijion of the conecotration of solufion of

the exier

nal cell
temperaiure 21 C

absorbed in the bed ut

Fig 13: Variation of the concentration of solution of

the internal cell
constant temperature 21 C

absorbed in the bed at




Mansoura Engineering Journal, (MEJ), Vol. 25, No. 3, September 2000.

BRI p——— m_l_ - | — T
. ] ' i
| . i | ' g — .
E 7.0 — e — PR I
g ' T® | comsxam oy
3 S D\ o e I
g f I x - - ' -
§ et A ST
§ LT l‘\ %‘EL‘“‘“‘-—' I .
i 3 NN Ty
g § b ﬁ."“lh—-—*—_‘_' H
i ” NI -
£ - P——F 3
Aoy T T
BW N W oA % o 0 M W W 1
Tima minuts)
Fig 14: Variation of the vapour preasure on Fig 15: Variation of the vapour pressure in air
sclution surface in the cells at flow for the cells ot flow rate eual
rate equal 0.0639% Kgfs 0.06355 Kg/a

Comparison between experimental results with the present theoretical resulis and the
previous theoretical results [11] are given in Fig. 16. The difference between the
experimental resulls and theoretical data can be explained as follows: During the
experimental lests humnidity ratio of air stream varies of from 7 to 9 gm/Kg,;,. However, in
theoretical calculations it is assumed that the inlet humidity of air is constant. This
assumption results in constant values of X which actually variable during the experinents.

Also, the mass transfer coefTicient is assumed constant in theoretical calculations. The value

of g,
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Fig 16: Variation of the dimensionless water
content with dimnensiontess timme
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however, depends on air stream velocity and the | %@ ¥ —
varigble thermo-physical propenties of the -
Chalcium Chloride solution. Also resulis show
good agreement between present theoretical and
experimenial results,

The theoretical and experimenial study on the
transient adsorption characterists of wventical — -]
packed porous bed was studied by Hamed [13). | T (N I
Figuer 17 shows the comparison between the ‘r (| * sewnee || j
experimental resulis of previous work {13]and | *" 7T 7 o
the present work for the variation of solution jH e e |
consentration, It can be observed that the time oo
required for change in the concentration from 55 v wom mw

% to 40% is about 90 minutes for the present — - -
work and about 300 minuts for the previous |18 17:Comparison between this work
work. Which means thal the rate of absorption | and previous work

can be inhanced with application of honycomb
bed as desiccent carrier .

ﬁ_., ; ] j I__,_:T. :

Solulion Loncaniraiion %

CONCLUSIONS

An investigation on the application of honeycomb bed as a desiceant carrier for absorption
of water from atmospheric air is carried out. The effect of operaling conditions; inlel
temperature and flow rate of the air stream on the absorption process of CaCly desiccant
was studied. The average values of the mass transfer coefficient for the differem celis are
evaluated. Also results show good agreement betwecn theoretical and experimental results.
Resulls shows that the absorption rate can be enhanced with application of honycomb bed.
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NOMENCLATURE

A absorption area, m’

a,c  empirical constants of equation (4)

Co inlegration constant of equation (6)

I inthalpy of absorpent, J/Kg

L latent heat of water vapour, J/Kg

M mass of absorbed water in the bed, gm
M; initial mass of solution in the bed, gm
M, total mass of bed and solution, gm
M.  mass of waler in solution, gm

M,  massofsalt in solution, gm.

m, air flow rate, Kg/s

P atmospheric pressure, mm Hg

P, water vapour pressure in the air stream, mm Hg

Ps waler vapour pressure on the bed surface, mm He.

T, temperatures of the air stream, K

Tb temperatures bed surface, K

heat transfer cocfTicient from the air stream to the bed, W/m.K
W, humidity ratio of air at exit section

c

¥, humidity ratio of air at exit section

sorbent concentration,

initial concentration.

concentration at the end of absorption.

is the absorplion time, sec

mass transfer coefficient, Kg/sec.m’.mm Hg

mass transfer coefficient in the gas side, Kg/sec.m’.mm Hg
mass transfer coefficient in the bed side, Kg/scc.m’.mm Hg

dimesionless lime

dimension!ess waler content

ki PE A pxx

dimensionless water content at equilibrium condition .



