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ABSTRACT:

The rate of evaporation from a water panel to air flow in a wind tunnet is investigated
experimentally. A turbulent air is flowed in a rectangular duct (1 1000<Re<51670). Wedges are
fixed on the inner vertical walls of the test section above the water panel. The influence of area
ratio parameter (B} on the evaporation rate and hence the mass transfer coefficient is
considered at different values of Reynolds-nunber. The results show that, Sherwood number
increases with increasing Reynolds number for both negative and positive pressure gradient.
Also, Sherwood number increases wilh increasing the arca ratio parameter, which is
proportional to the pressure gradient for all values of Reynolds number in case ol convergent
configuration. But it decreases with the increasc in positive pressure gradient in case of
divergent configuration. The maximum enhancement in mass transfer coefTicient in case of
negative pressure gradient is 297% at Re=[ 1000 and $=0.06898. An empirical correlation for

Sherwood number as a function of Reynolds number, Schmidt number and area ratio parameter
for the considered operating conditions are obtained.
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INTRODUCTION:

The evaporation of liguid into a gas (low is of great importance in many chemical and
mechanical engineering processes. Evaporation of waler into an air stream has received a
considerable attention duc to its widespread applications, such as in drying. air conditioning
--ete. Flow with adverse pressure gradient which eccurs in nany enginécriﬁg applications, is
often characterized by flow separation, It produces an adverse influcnce on the performance ol
such _applications. Thus. it has a considerable interest 1o be studied for flow in ducts, which
containing separated regions. Araid (1975}, has found experimentally that the coefficient of
heat transfer by convection from a flat plal surface (o air depends on the velocity distribution
around the surface and proposed a correction factor for the Nusselt equalion when calculating
?hc coefficient of heat transfer. |le also found that ttus factor has a value between 0.52 and 1.7
m hl; experiments according to the type of the stream flow. |lesse el al., (1976}, studied
experimentaily the film boiling of Carbon dioxide covering a pressure range from the triple
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point to critical point. Berger and Hau (1979), used an electrochemical analogy technique 1o
determine the heat transfer distribution in pipes roughened with square small ribs. A three
dimensional model had been given by Palaszewski et al., (1981). They computed the local
variation in the dry bulb temperature, absolute humidity and streamlines throughout the flow
field and their effect on local variation of drop cooling. A numerical investigation to study the
evaporation rate of water into laminar stream of air, humid air and superheated stcam over a
flat plate was performed by Chow et al. (1983). They used cquations of heat and mass transfer,
and derived an iterative similarity solution to the problem. Their resuits show that, below the
inversion temperature of the free stream, water evaporation decreases as the humidity of air
increases: and above the inversion temperature, water evaporation increases as the humidity of
air increases. Awad et al, (1986) studied experimentally the heat transter through a
periodically converging-diverging duct to airflow. Their results showed 50% increase in the
heat transfer coefficient and the pumping power is increased by 23.8%. Hanetal, (1991),
investigated the effect of the agitated rib angle orientation on local heat transfcr distributions
and on the pressure drop in a square channel with two opposite in-line ribbed wall. The etfects
of steam content on the ratc of evaporation of water into humid air and superheated steam at
elevated temperatures is studied experimentally by Sheikholeslami et al.(1992). Their results
show that, the evaporation rates during the heat transfer controlled period are higher in
superheated steam than in relatively dry air at inversion temperature greater than | 80°C. While
the relationship is reversed at inversion temperature lower than 180°C. Zheng and Worek
(1996), investigated the distribution of local heat and mass transfer coefficients in an
evaporation process at the air liquid interface and (o determine the effect of introducing rods to
disturb the liquid and air flow field, and to enhance the heat and mass transfer rates.
Kachhwaha et al., (1998), developed a two-dimensional model simulating the conservation of
mass, momentum and energy of water spray drops and air stream in a parallel flow
configuration. Also, their experimental results indicated that dry bulb temperature decreased
9°C by employing evaporative cooling during dry summer months. Kachhwaha et al (1998),
developed a simple and elTicient numerical model for estimation of heat and mass transfer
between water spray drops and air stream in a horizontal counter flow configuration lo enable
accurate prediction of evaporative cooling performance. Sultan et al. (1999), investigated
experimentally the effect of inlet parameters [or air and desiccant on the output variables. They
found that the evaporation rate of water {rom desiccant increased with increasing air and
solution inlet flow rates and temnperatures. Also, the regeneration rate decreased with increasing
humidity ratio of inlet air and solution inlet concentrations. Cox and Yao, (1999), performed
experimentally the heat transfer of mono-disperse sprays of large droplet diameters on high
temperature surface. A theorelical study ol the evaporation of water into air and superheated
steam is performed by Schwartze et al. (2000). Their model is a useful tool for the prediction of
evaporation rates and the inversion temperature. Also, it helps in the design of drving processes
and estimation of the feasibility of different process options, Rabie et al., (2001) presented an
experimental study for tlow and heat transter in turbulent airflow in a periodically varying
cross-sectional area annular (ube. Their results showed that friction losses as well as heat
transfer of variable cross-sectional annulus are higher than that of constant cross-sectional arca.

In the present work, the influence of the area ratio parameter of the wedges on mass
transfer (rom water panef to air {low inside the duct (Sherwood number) is investigated
experimentally at difterent values of Reynolds number.

EXPERIMENTAL TEST RIG:

The schernatic diagrams of the experimental apparatus and the test section are shown in
figure(l) and figure(2). The lest rig is consisled mainly of a rectangular wind tunnet with
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ditferent cross scclional area 10 achieve the required pressure gradient for the foreed air which
flows over the surface of the water panel {13). Airis withdrawn trom the ambient by an ai
blower (12), which is connected 10 the rectangular wind tunnel (3) using a tlexible connection
(G} to absorb the vibration from the fan. A cettain cone is connected (o the end of the tes(
section [ollowed by a circular tube and then a calibrated oritice melter (6) installed and is
connected t0 a micro-manometer (8) of a scale divisien | Pa to measure the air flow cate
through the wind tunnel. A plate gate valve (7) at the outlet of the wind tunnel is used to
change the air {low rate through the test section. A screen and bell-mouth infet (1&2}1is
introduced at the wind tunnel inlet to ensure uniform velocity distribution at inlet of the test
section (11). The dry Bulb and wet bulb temperatures at upstream and downstream of the water
panei are measured by four thermometers (4 and 5) with scale division of 0.5 “C. Air is passed
through 1he test section of 1800 mm long with 160 mm x 156 mm cross seclional area. A water
panel (13) of 400 mm long, 160 mm wide, and 30 mm depth is located at 1200 mm from the
test rig inlet.

A pair of wooden wedges (14) is used to create pressure gradient over the surface of
water panel along the airflow. The wooden wedges are fixed on the inner vertical walls of the
rectangular cross section of the test rig above the water panel using rubber silicon as shown in
Fig(2). Five pairs of wooden wedges “for both convergent and divergent configurations™ are
used, whose dimensions are given in Table (1). The mass of water in the panel is measured
before and afler each eéxperiment by using a digital mass balance (10) with a scale division of
0. g The static pressure at inlet and exit of the test section is measured by a micro-
manometer through the pressure taps (15) with a scale division ol [ Pa.

Table (1) Dimensions of wooden wedges

8, Lo | 0. [AA=ACA| Aw [AaAL] B ]
m__ deg | ' | ow | ISM(AWAL.
0.00 0.00 | 0.000 0.0 i00|497 0,00 0.00 |

“ “Zero pressure gradient” { Jr ‘ |

| 0.02 0.05 | 2.862 | 0.00384 [001306 | 02041 | 0014714
0.03 0.075 | 4289 | 000576 |001209| 04761 | 003571 |
0.04 \ 0.10 [ 5711 | 0.00768 }oo|1|3| 0.6898 |_ 0.06898

___HUE_ | *’;U_E_é 7125 | 000961 001017 09434 011792
0055 }0.\375., 7.829 ‘ 0.01055 000060 | 108

0.00969 | 1.0887 0.14969

A exit area o the test section

A inlet area of the test section

AA change in area, AA= A, -A,

A average area, A (A A2

L wedge length

B area ratio parameler, f =8/L(AA/A}
& wedge thickness

& wedge angie
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DATA REDUCTION:

For each experimental test, measurements of all variables * DBT, WBT), my, Tw, time,
and pressure at inlet and exit of the test section” were recorded after steady state was
establishment. The effect area ratio parameter on the evaporation rale and mass transler
coefficient were studied and compared with the previous resulis.

The air-water vapor mixture is dilute and thus [ use dry air properties for the mixture at
a bulk temperature Tp= (T, + T )/2.

Where Ty, To and T, are the bulk temperature and free stream temperature and water
femperature in the panel, respectively.

Reynolds number was calculated from:
_u Dy

Re (D
v
Where:
Uy free stream velogity.
v kinematic viscosity calculated at air bulk 1emperature,
Dy characteristic length,
D = dVolumeoccupied by the flow 4[(W -—5)1,] i 2)
" Wetted surfuce areu 2 (W - 5),5 +HAE+ 82 b
W width of the test section

The vapor density in humid air just above the surface of the water in the panel is calculated
from the following relation {10]:

2, -
=My =X, RE))

Where:
Pa dry air depsity
Pu water vapor density
Mino molecular weight of waler vapor
M, molecular weight of air
p. o mole fraction of water vapor at the interface, Xy = Po/Poi,
Pam  almospheric pressure

and Py, saturation pressure of waler vapor in air al a temperature equal to the dbt.

The dry air mole traction is calculated as tollows:

I')
Xpo=—
Lt *
'“v =¢ '“.wl (5}
Where:
P partial pressure of waler vapor at the inlerface.
) refative humidity

The diffusion coefficient of water vapor is given by the relation [9):

W7

FHm
b=187.107"" = (6)

it
Where:
D diffusion coefticient of water in air
Pum  aunospheric pressure
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So, the Sherwood number and lhe mass transier cocllicient are calculated {rom the
following relations:

o Dy

Sh=-2 7 A
et (

m
h=——r (&)
Alp. - ra)
Where:
A surface area of water panel, A= (W - 3) L
1 mass transfer coeflicient

m,  evaporation rate
Peo vapor density in the free stream air.

RESULTS AND DISCUSSIONS:

The object of the experimental measurements (s to determine the rate of evaporation (mass
transfer  cocflicient and consequently Sherwood number) at different values of Reynoelds
number for the air flow inside a rectangular duct with existing pressure gradient.

[n order to examine the reliability of the test rig, the present expenimental results of
Sherwood number versus Reynolds number in case of zero pressure gradient for air tlow over a
water panel, is compared wilh the corresponding published data as shown in Fig.(3). [Lis
noticed that the present experimental results of the Sherwood number. as expected, increases
with the increase of the Reynolds number and has a good agreement with results of [10].

In Fig. 4 the static pressure distribution along the panel length for convergent, (B<0.0)
and divergent configurations ($>0.0) at absolule value of area ralic parameter B=0.14969 &
Re=51670 are presented and compared with that of zero pressure gradient ({§=0.0). As
expected the slatic pressure decreases along the air flow in case of zero pressure gradient and
convergent configuration, while it increases with direction of flow in case of divergent
configuration.

Figure 5 shows the pressure gradient along the length of the water panel versus the area
ratio parameter at difterent Reynolds number in case of convergent {§<0.0) and divergent
{B>0.0) configurations. It is clear that the pressure gradient increases with increasing Reynolds
number for all area ratio paramelers.

Figure 6 indicates the variation of evaporation rale with area ratio parameter at different
Reynolds number for convergent configuration. It is seen that the evaporation rale increases
with increasing area ratto parameter until it reaches a certain values at which it begins to
decrease. This is due lo two distinct mechanisms. First, the ncyative pressure gradient
associated with the flow through the convergent configuration cxiract the water vapor out of
the pan and leads to the increase of evaporation rate. Secondly, the decrease in panel walter
lemperature due to evaporation lends to decrease the diffusion coefficient. The maximum
evaporation rale in case of negative pressure gradient is found to be 0.00045 kg/m?s which
corresponding to Re=31660 and =-0.08.

Figure 7 indicates the vanation of evaporation rate with area ratio paraineter at difierent
Reynolds number for divergent configuration. It is seen that the evaporation rate increases with
increasing area ratio parameter until it reaches a certain values at which it begins (o decrease.
This is because the vapor pressure just above the interface is still less than that of without
pressure gradient “as shown in Fig. 47 and this led 1o merease the cvaporation rate. But al
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certain value of area ralio parameter, the cvaporation rute began to decrease because of the
separation associated with the higher values of area ratio parameters. The maximnum
evaporation rate in case of divergent configuration is found to be 0.00027 kg/m’s which
corresponding to Re=51660 and [3=0.069. The evaporalion rate in case of convergent
configuration 15 higher than the corresponding values in case ot divergent configuration. This
is because the positive pressure gradient associated wilh [low through divergent configuration
leads to compress the diffusion boundary faver and this leads 1o a decrease of evaporation from
the pan. While the negative pressure gradient associated with the flow through the convergent
configuration cxiract the water vapor out of the pan and leads to the increase of evaporation
rate. Also, the evaporation rate increases with increasing Reynolds number for the same area
ratio parameter in case of convergent and divergent configurations.

Figures 8-9 show the dependence of the Sherwood number on the Reynolds number at
different values of area ratio parameter § =0.01471, 0.03571, 0.06898, 0.11792 and 0.14969 in
case of convergent and divergent counfigurations, and compared with that ol zero pressure
gradient. In all cases, it is seen that the Sherwood number in the case of convergent
configurations is higher than that of divergent configurations and further greater than that of
zero pressure gradient.

Figures [0-11 show the dependence of mass transfer coetficient ratio Sh'Shy on the
Reynolds number al different values of area ratio parameters tor both convergent and divergent
configurations. The maximuim enhancement in the Sherwood nunber is found to be about three
times the corresponding value of no pressure gradient [ShiShw=2.97 at 3=0.06898 and
Re=11000] in the convergent configuration. The maximum enhancement in the Sherwood
number is about twice the corresponding value of no pressure gradient (SW/Shy=2.135 at
3=0.06898 and Re=11000] in the divergent configuration. The enhancement ratio in mass
transfer coeflicients at different values of both Reynolds number and area ratio parameters are
shown in table (2) for both convergent and divergent configurations

The present experimental data are used to obtain the dependence of average Sherwood
number on the Reynolds number and area ratio parameter for both convergent and divergent
configurations. The oblained results were correlated by statistical analysis to estimate the mass
transfer parameter “Sherwood number” as a function of Reynolds number and area ratio
parameter as shown in Fig (12).

The regression equation obtained for both convergent and divergent configurations is:
Sh=(0.03698 - 0.08236 A+ 0.33674 A7 )Re"* S¢' (9

Where:
17000< Re <51670
00= (<015

The maximum deviation of the experimental data from this correlation is found to be + 20%.

CONCLUSIONS:

An experimental investigation was conducted to study the etlect of pressure gradient on the
mass transter coefficient for turbulent flow ot air at different values of Reynolds number in a
rectangular duct over a water panel. Evaporation of water to the air was determined by
measuriny the mass of water in the pane! before and afier each experiment.
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The results show that:

L.

M. 7

Convergent pressure gradient leads to an increase in the mass transfer coeflicient in all
cases, and the maximum increase is found to be 297% at Re=[1000 and $=0.06898.

2. The maximum enhancement in mass transfer coeflicient in case of divergent pressure
gradient is 213.5% at Re=11000 and $=0.06898, but in case of §=0.11792& p=0.1496
the mass transfer coetficients are less the corresponding values ot no pressure gradient .
3. For the studied range of the operating parameters, an empirical correlation of the
Sherwood number as a function of the Reynolds number and the area ratio parameter was
obtained for turbulent air flow.
NOMENCLATURE: B area ratio parameter, 8/1.(AA/A)
1 dynamic viscosity, N.s/m’
A surface area of the panel, m’ o density, kg/m'’
D diffuston of water in air, m/s i AP pressure drop across Lhe orifice, Pa
Ho mass lransfer coefficient, kg/m*s o relative humidity
L length of water panel, m @ absolute humidity, kguwaier K
M motecular weight
i, rate of evaporation from the pancl, kg/s Subscripts:
P pressure, Pa a air
P..  partial pressure of water vapor outside atm  atmospheric
the concentration boundary layer, Pa 5 bulk
DBT  dry bulb temperature, 'C ) i
i = € exit
WBT wet bulb temperature, *C ) : et
Ta water temperature in the pan;l, C . FoQ  water vapor
U average frec stream velocity in the wind 0 outlet
tunnel, /s sal.  saturation
Xw  mole fraction of water vapor above the v vapor
[nterface. _ W water, zero pressure gradient.
Xw  mele fraction of water vapor in Lhe free o Frem girngrs
stream.
W width of the wind tunnet, m Dimensionless groups:
Pr Prandtle number, Cp wk
Greek Symbols S¢ Schmidt nuiber | v /B
0 wedgeangle Sh  Sherwood number, hy £/D
5 thickness of the wedges Re Reynolds number, w, L/v
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Table (2} the dimensionless mass transfer coelficient ratio, S/'Shw

l)iver:;eni Configuration

Re Convergent Configuration
S0 | B=00S | ST | BeL(0 | f=0.125 | B=037 | S<00S | S-S | =00 | G125 | 6=.107% |
! !

| S1660 | 1.00 | L10L | 1357 | 2278 2.025 | 1,093 | 1.0783 | 1.223 | (206 | 1.155 | 1.090 |
50780 | 1.00 | L047 | 1.235 2.083 | 1.356 | 1.052 | 0.9391 | 1.091 L167 | 1.094 | 1.025
[ 46990 1.00 1026 1,375 | 1.850 1,454 | 1179 | 1.0438 | 1.151 1.336 | 1172 1.198

e e e e e E Matcrnt 1 Sl ) M E iy B AL s
38070 100 | 4125 1380 2074 1549 | 1153 | 0.8086 | 1115 | L430 LHB] 1.137

(28760 | 100 | 211 | 1574 1927 | L1704 | 1055 | 09091 | 1026 L3563 | 1103 | 1.041

2
C11000 | 100 | 1621 | 1538 2971

2630 | LOD | L.0GY | (523 1.006

(764 | 1151 0.9457 | 0913 | 1751 | 0.729 | 1035 |

1875 | 1287 | 1.0735 | 1380, 2.135 | 0.717 ; 0.990 |
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Fig.(1) Schematic diagram of the experimental apparatus.

1. mesh screen, 2, Bell-mouth inlet, 3. Wind tunnel, 4, Wet buib thermometer, 5. Dry bulb thermometer,
6. Orifice meter, 7. Flow rate gate, 8. Micro-manometer, 9.Flexible counection , 10, Mass balance.
[1.Test section, 2. Blower, 13. Water panel, 14. Wooden wedges. 15. pressure tapes

|

(a) Convergent configuration ] ]
(b) Divergent configuration

Fig (2) Details of Test Rig
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Comparison * Zero Pressure Gradlent ™
& Present Experimental Results
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£
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E
3
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Fig. 3 Comparison of the present exparimental data with the data of
Zhang et al,, [10).
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L {42 0.14969 & Re= 61670
—a—— Convergent mmm

S0 R RN | 1 i
a 0.2 0.4 1 X 0.8 1
Lacal Posidon, xjiL

Fig. 4 Static pressure along the test section
for botn positive and negative pressure
gradient configurations at constant area
ratio parameter and Reynolds number.

Pressure Gradlent, APIL

DiMMuser

Nozzle

18 0.1 0.05 a 0.0& 01
Asaa Ratlo Parameter, j§ = (5/L)({ VASA)

Fig. 5 Pressure gradient versus area ratio at
different values of Reynolds number for
negative and positive pressure gradlent
configurations.
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Fig. 8 Evaporation rate versus area ratic parameter Fig. 7 Evaporation rate versus area ratio paramater
at different values of Reynolds number for at different values of Reynoclds number for
negative pressure gradient configurations. positive pressure gradiant configurations.
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Fig. 8 Sherwood numbar varsus Reynolds numbar Fig. 9 Sherwood number versus Reynolds number
at different valuas of area ratio paramatar at different values of area ratio parameter

factors for convergant configuration. for divergent configuration.
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