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Abstract
Heat and mass transfer from or to a horizontal moving water film to airflow flowing over
the film inside a rectangular duct wind tunnel is investigated, experimentally.

To perform the experimental study for this phenomenon air flows inside a rectangular duct
over a moving water film flow inside the duct, which is fixed in the floor of the tunnel.
Therefore, some of the water film is evaporated from the water surface to the air flowing over
it. The following measurements for velocity of moist air and water, temperature, humidity,
are taken at five positions along test section and upstream of the water panel. Also, the
amount of water evaporated through each experiment is measured. The results show that,
Nusselt and Sherwood numbers increase with increasing Reynolds number. Comparison
between the obtained results and the previous works show good agreement.

Keywords: Experimental study- Moist air-Heat and mass transfer, Evaporation, Laminar flow.
NOMENCLATURE

A Surface area of water panel m’

C Concentration of water vapor in the flowing air kg/m’
Cp Specific heat at constant pressure Jikg.°C)

D Diffusion coefficient m’/s

d Half the vertical height of the duct m

h Heat transfer coefficient Wi(m*°C)

hm Mass transfer coefficient m/s

h,  Latent heat of vaporization Jkg

k Thermal conductivity W/(m. °C)

L Length of water pane] m
M air airflow rate kg/s
Mev Evaporation rate kg/s

m"  Mass flux kg/m’

Nu  Nusselt number, Nu=h(2d,-y)’k -

P Pressure Pa

Pr Prandtl number, Pr=Cp p/k -

Q Rate of heat transfer W
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q Heat flux

Re  Reynolds number, Re =U (d;)/v)
RH  Relative humidity

Se Schmidt number, Sc=v /D

Sh Sherwood number, Sh=hp, (2d;-y)/D

T Temperature
U Air velocity,

y height of water in the duct
Greek symbols

B velocity ratio= uy/u;

AT  Temperature difference,

6 Dimensionless temperature
v : Kinematic viscosity

p Density

Subscripts

av average

db dry bulb

sat saturation

1,2 air & water

1. INTRODUCTION

The evaporation of a liquid into a gas
consisting of its own vapour, air or a mixture is
importance in many chemical and industrial
engineering processes. The gas can be
considered as a binary mixture. In this study,
the coupled heat and mass transfer describing
this process are set up and solved for a range of
gas temperatures and compositions. The
calculations are carried out at atmospheric
pressure using air as the inert gas and water as
the evaporating liquid, which represents a
common case in drying. The results of these
calculations are the evaporation rates. With the
knowledge of these, the so-called inversion
temperature can be determined. The inversion
temperature has most commonly been
described as the gas temperature at which the
evaporation rate is decrease.

Heat and mass transfer processes through
air-water interface are major importance in
many engineering applications. Such that, an
analysis from an air-water interface is
particular interest for water thermal pollution
control where, an air stream flowing parallcl to
surface of water or river is used to dissipate
heat. Mass trapsfer problems involving phase
change, like evaporation must also involve heat
transfer, and the solution needs to be analyzed

W/m?

m%/s
kg/m’

by considering simultaneous heat and mass
transfer. Some examples of simultaneous heat
and mass transfer are drying, evaporative
cooling, transpiration cooling, combustion of
fuel droplets, cooling by dry ice ...etc. To
explain the mechanism of simultaneous heat
and mass transfer, consider the evaporation of
water from a pool into air. The evaporation of
water and the diffusion of this vapor into the
flowing air require the transfer of the latent
heat of vaporization to the water in order to
vaporize it. Therefore, combined heat and mass
transfer processes that occur when water
evaporates into air.

Heat and mass transfer govern the process of
evaporation from a water surface into airflow.
The boundary layer incorporates a resistance
for both heat and mass transport processes. At
low temperatures the process is mainly heat
transfer controlled, since the concentration
difference across the boundary layer is large as
compared to a rather small temperature
difference. At low temperature difference, the
required heat for vaporization of water at the
surface to the flowing air is transferred by
convection from the flowing air stream and by
conduction from the water under the surface
due to the sensible heat of the water itself.
With  increasing gas temperature the
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temperature difference between the surface and
gas, and consequently, the heat transfer ratc
increases. The concentration difference
increases as well because of the combined
increase in temperature and saturation pressure
at interface. While the increase of the
temperature  difference is unlimited, the
concentration difference reaches a maximum
when the interface saturation pressure reaches
the pressure of the system. Consequently, the
whole process of evaporation becomes mass
transfer controlled and the mass transfer
resistance is the governing factor.

In pure superheated steam the mass transfer
resistance does not exist, since the gas consists
only of the evaporating species. This explaios
why the evaporation into pure superheated
vapor is greater than into dry air at higher
temperatures.

In most of the engineering applications, heat
and mass transfer occur simultaneously and
often these are strongly coupled. A
comprehensive analysis of simultaneous heat
and mass transfer from a gas-liquid interface
has not been found in the available literature.
The evaporation of liquids in air is important in
heat and mass transfer and exists in different
industrial applications such as drying, air
conditioning and desalting. The case of
evaporation of water by superheated steam has
also received considerable attention in many
experimental studies. Because the using of the
superheated vapour steam as drying medium is
recommended for drying materials that are
sensitive to oxidation and sensitive temperature
such as food products.

Evaporation of liquid into its own vapor, air
and mixture there of is a problem of coupled
heat and mass transfer, which studied by

Eames et al. (1997) has collected a review
on the evaporation coefficient of water. It is
concluded that, molecular collision in the vapor
phase and heat transfer limitation in the liquid
phase can have a considerable influence on
experimental evaporation rates.

Combined heat and mass transfer processes
that occur when water evaporates from a
flowing film in an inclined channel to air
stream, have been investigated by Zheng and
Worek (1996). It was found that the combined

heat and mass transfer in {ilm evaporation can
be enhanced by adding rods to the plate surface
to agitate mechanically the flowing water film
and air stream.

G. Grossman. And K. Gommed, (1997).
Studied heat and mass transfer in film
absorption in the presence of non - absorption
gases. The effect of non-absorbable gases on
the simultaneous heat and mass transfer process
in film absorption has been analyzed. A
reduction in mass flux is caused by the
presence of these gases in the gas phase. When
the latter is large compared to the resistance in
the liquid, even minute quantities of non-
absorbable gas, can cause a considerable
deterioration. Initial mass fraction of non-
absorbable, the lower the mass flux. The
smaller the heat of absorption and the larger the
pressure driving force the greater the mass flux,
as in the absence of non-absorbable.

Kuan-Tzong Lee, (1998). Studied mixed
convection heat fransfer in  hortzontal
rectangular ducts with wall transpiration
effects. A detailed numerical study was carried
out to examine the effects of wall transpiration
on laminar mixed convection flow and heat
transfer in the entrance region of horizontal
rectangular ducts. The vorticity velocity
method was employed in the formulation of
both thermal boundary condition of uniform
heat flux and uniform wall temperature.
Predicted result was presented for airflow over
a wide range of governing parameters. In this
work the wall Reynolds number are varied
from -2 (suction) to 4 (injection} and Rayleigh
number was ranging from 0.0 to 2x10° for
aspect ratio (0.2, 0.5, 1.2 and 5 ).

M. Haji and L. C. Chow (1988). studied heat
and mass transfer with dehumidification in
laminar boundary layer flow along a cooled flat
plate. The effects of dehumidification, from
laminar flow humid air , over isothermal cooled
flat plate have been investigated using the
similarity principle. The results obtained for
both saturated and unsaturated humid air is
compared with those of dry air. It can be
concluded that dehumidification has a
significant effect of both sensible and latent
heat transfer as well as the friction factor.
However, the difference in heat transfer



M. 68 M.G. Mousa

coefficient of humid and dry air is reduced as
the relative humidity is decreased.

Wel-mon  Yan, (1995). Studied transport
phenomena of developing laminar mixed
convection heat and mass transfer in inclined
rectangular ducts. The developing laminar
mixed convection heat and mass transfer in
inclined rectangular ducts has been studied
numerically, with six independent parameters;
Prandt! number Pr, mixed convection
parameter (Pr Gr/Re), modified Rayleigh
number Ra*, buoyancy ratio N, Schmidt
number Sc¢ and aspect ratio. Typical
developments of velocity, temperature and
concentration profiles are shown to include the
limiting cases of horizontal and vertical
rectangular ducts. Sheikholeslami and
Watkinson (1992) examined the effect of steam
content on the rate of evaporation of water into
moist air and superheated steam at elevated
temperatures. Their experimental results
confirmed the existence of inversion point
temperature, above which the rate of
evaporation of water increases with increasing
in the steam content of the medium.

The experiments reported by Sparrow and
Tao (1983) were performed in a flat rectangular
duct to determine the mass (heat) transfer and
pressure drop response to periodic, rod-type
disturbance elements situated adjacent to one of
the principal wall and oriented transverse to the
flow direction,

In this work, experimental study of the
heat and mass transfer from water panel for

O ®©E ©O ) ()

moist air flow inside the tunnel at different
velocities is carried out.
2. Experimental Test Rig

In this section, a description of the
experimental set-up is presented. The test rig is
designed and constructed, such that one can
investigate the effect of the operating
parameters of evaporation process above
horizontal cooled or heated water surface. The
details of test section, experimental and
calculation procedure are presented in Fig.(1
and 2). The test section is designed and
constructed, in gas dynamic laboratory, to
study the parameters affecting the evaporation
process to moist air flowing in a horizontal
rectangular duct with water panel at the bottom,
The test section is attached to a wind tunnel,
which provides atmospheric air at different
flow rates. Figure (1) shows the layout of the
test rig including the designed test section. The
atmospheric moist air is drawn into the tunnel
by an axial fan (9), which is driven by a
variable speed electric motor (8). In
accordance, the mass flow rate of the tested air
can be varied using the speed regulator (motor
control) (7). The water flow at the bottom of
the test section is controlled by flow meter an
external refrigerating or heating unit (5) to
heat or cool the inlet water, The value of this
temperature is controlled by thermostat. For the
case of smaller values of mass flow rate, this
value of temperature is adjustable using a
thermostat connected to the refrigerating unit

="[ Ceoling or Heating

e element

1 Fiberglass entrance
2 Honeycomb and screens

3 Fiberglass contraction
4 Test section (300X1200 mm)

5 Water tank

6 Fiberglass diffuser
7 Motor control

8 Motor

9 Axial fan

10 Silencer

Fig. (1) Schematic diagram of experimental test rig
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motor or heating element. A number of 10
thermocouples, Type K are used to measure the
temperature of the water. All thermocouples are
connected to digital temperature recorder,
which has an accuracy of + 0.1°C. The steady
state condition is achieved after a time period
varied from 60 to 90 minutes, depending on the
value of air flow rate.

Test section is a rectangular duct with
dimension 300x300 mm and length 1200 mm
and 10 mm water panel at the bottom of the test
section.  Five, equally space slots with

(a) Measurement mechanism

11: Sliding ruler
12 : Circular hole
13 : Hygrometer
14 : Water pump
15 : Accumulated

hole is used to measure the dry bulb and wet
bulb temperatures at different points inside the
duct.

The sliding ruler is directed up and down
according to the required measuring position. A
fixed plate and bolts are used to maintain the
sliding ruler at the required position. The
digital hygrometer is free to move in Z-
directed, to ensure the possibility of measuring
at different positions in Z-direction.

2.1 Experimental procedure

2d1

-

(b) Coordinate system of test section

Air Flow

(c) Test section
Fig. (2) Details of the test section

dimensions (12x300 mm) each, at X= (0.0,
0.25, 0.5, 0.75, 1.0) in total length are cut in the
front side. A simple transverse mechanism is
consisting of the sliding ruler (11), which
contains a circular — hole (12). The hygrometer
(13) of accuracy * 0.1°C mounted through this

Before starting a new run, the test loop is
adjusted for leakage of air and water. Each run
is carried out for certain fixed value of the
problem parameters (velocity and surrounding
temperature), The experimental procedure for

9 0.15 20 40 3.0 40
10 -0.15 20 40 5.5 65
11 no )] AN 50 51
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each run can be described in the following
steps:

1-Switch on the pump to circulate
cold or hot water

2- Switch on the motor of wind tunnel.

3-Adjust the frequency of motor speed of wind
tunne! to obtain the desired flow rate for
circulating humid air.

The humid air circulated till steady state

— nmmditiam in annahad Tha_sbander atada_nanditine
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quantities Prandtl, Schimdt and Reynolds
numbers.

According to the proposed experimental
model, there is an optimum value of Reynolds
number, thereafter the increase of flow velocity,
and in turn, the Reynolds number cause a
decrease of evaporation rate, and in turn,
Nusselt and Sherwood numbers. For the present
operating conditions, this value of Reynolds
number is found to be about 18000. The
corresponding values of Nusselt and Sherwood
numbers are about 180 and 170 respectively.

The following relations correlate the
expenmental results, where the Nusselt and
Sherwood numbers are expressed as functions
of Reynolds, Prandti and Schmidt numbers:

Nu = 1.801 Re®* Pr®¥(1+ g%
Sh = 1.622 Re®"2 51+ )

The range of Reynolds number from 1000 to
12000 and Prandtl and Schmidt numbers from
0.6510 0.89

The Carried out comparisons between the
present and previous study exhibit a fairly good
agreement.

Comparison between the obtained results and
the previous works in case of steady flow
shows good agreement. Empirical correlation
for Nusselt number and Sherwood number are
obtained.
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