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Abstract:

Condensation process, from moist airflow over flat plate, 1s investigated theoretically
and experimentally. This process has many important engineering applications, which are
conceming with moist air treatment,

In the theoretical analysis of the present work, the flow is assumed to be laminar, steady
and of constant physical properties. The process is described by continuity, momentum, energy
and concentration partial differential equations expressed in Cartesian coordinates system. Due
to the nature of the studicd problem and with proper transformation of the problem dependent
and independent variables, these governing equations are transformed to set of ordinary
differential equations. Accordingly, one can obtain similar solutions of the problem, which are
obtained by application of the well-known numerical method Rung-Kutta accompanied with
shooting method. According to this solution, the values of Nusselt and Sherwood numbers, for
all values of Reynolds number are obtained.

The test section, of the experimental work, is a rectangular duct with cooled bottom.
The moist air is forced to flow inside the duct, where some of water is condensed over its lower
surface. The values of dry bulb temperature and wet bulb temperature are measured through
out the flow field for different values of flow velocity. In accordance heat and mass transfer
coefficients are estimated for different operating conditions. A correlation formula of the
problem parameters is proposed.

According to the obtained experimental results, the average heat and mass transfer
coefficients increases by increasing velocity up to certain value of it then decreases for more
increase of velocity.

Comparisons are made between present obtained experimental results and those results
obtained in previous work, exhibit good agreement in the studied region.

Accepled February 12, 2004.
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Nomenclature
Symbol Definition Units
A Surface area of segment m’
A Cross sectional area of test section m’
Cp Specific heat kliks K
D Mass diffusivity m/s
f Dimensionless stream function ----
h Heat transfer coefficient kW/m? K
hm Mass transfer coefficient m/s
Ay Latent heat of condensed water kl/kg
i Specific enthalpy klikg
k Thermal conductivity kW/mK
LHW  Length, Height and Width of test section mm
m* Mass flux ke/(m” s)
P Pressure Pa
q" Heat flux Wim?
R Dimensionless parameter R = e 2p o
CpAT p
RH Relative humidity e
T Temperature X
T Velocity at edge of boundary layer m/s
u Velocity component in x-direction m/s
v Velocity component in y-direction m/s
Humldlfy ratio kg\- ':{gdry zir
xV.z Cartesian coordinates m
XYz Dimensionless Cartesian coordinates (<L), (y/H), (W) =
Greek symbols:
o Thermal diffusivity (K/eCp) m/s
o] Dimensionless concentration  (p—pw)/{ p=— Pw}
u  Dynamic viscosity N.s/m’
n  Similarity independent variavle e
v Kinematics viscosity m/s
6  Dimensionless temperature (T-T/A(To-T&) -
2 Density {k;.{m])
y  Stream function m°/s
Subscript
av average w wall L average
v vapor X local

1. Introduction and literature review:

Condensation heat transfer process is widely employed in heat exchanze devices such
as desalination units, refrigeration units, petroleum refinery and food industries. Although
film condensation in a thin film over flat plate was studied theoretically and experimentally
by number of workers [1-11], the condensation process seems to need more investigation for
better understanding.

F. Legau Desesquelles et al [1 and 2], 1985 studied experimentally and numerically the
dynamical behavior of laminar and turbulent boundary layers, inside which condensation
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phenomena exists. Temperature difference between the cold wall and the saturated air- steam
flow, at atmospheric pressure and moderate temperature, is not exceed 20°C .

A. Matuszkiewiez. et al [3], 1991 studied condensation heat transfer process in
two-phase two components (air and water). An approximate analytical relation between the
profiles of droplet mass fraction and temperature in the boundary layer was found. In the case
of small temperature differences, the droplet mass fraction decreased for Le < 1 (Lewis
number) and increases for Le > 1 as the temperature decreases in the condensation boundary
layer.

M.A. Yaghoubi, et al [4], 1993 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 had been investigated using the
similarity principle.

Wel-mon Yan [5], 1995 studied, numerically, transport phenomena of developing
taminar mixed convection heat and mass transfer in inclined rectangular ducts.

Y. Sun L. 8. Gartshore. et al {6} 1995, studied, experimentally investigation of film
cooling heat transfer using the mass / heat analogy. An experimental investigation has been
carried out to determine the heat /mass transfer coefficient downstream of a two -
dimensional, normal, film cooling injection slot. The plate downstream of the slot is porous
and air conlaminated with propane was bled through it. The propane concentration very close
to the wall measured using a flanie ionization detector mass transfer measurement The
concentration was conducted for film cooling mass ratio ranging from 0.0 1o 0.5.

Kuan-Tzong Lee [7], 1998 studied mixed convection heat transfer in hortzontal
rectangular ducts with wall transpiration effects. A detailed numerical study was carried out to
examine the effects of wall iranspira..on 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,

Hic Chan Kang. et al [8], 1999 studied characteristics of film condensation of
supersaturated steam — air mixture on a flat plate. Experimental and numerical work were
performed for laminar film condensation of steam-air mixture flow over a flat plate. For small
temperature difference belween the gas mixture at the cold wall, and gas mixture at the
boundary layer, steam-air mixture can be treated as superheated gas.

A, G. Anmr et al [9], 2001 studied effect of cold surface and ambient conditions on
water extraction from atmospheric air. Effect of cold surface shape and surrounding air
conditions were tnvestigated experimentally, with free air motion for vertical plate, bare and
finned tubes and with forced air motion for vertical plates. Test results showed that water
exlraction productivify per unit surface area increascs with decrease of surface temperature,
increase of surrounding air-dry bulb temperaturc and relative humidity.

In the present work, experimenial and theoretical model of condensation is proposed,
which lead to more accurate prediction of heat and mass transfer coefficients. In the
theoretical model, the effect of mass transfer on the rate of hcat transfer associated with
condensation, of water vapor from moist air, is studied. The target of experimental study is
to get relation for the heat and mass transfer coefficicnts over flat platc as functions of
operating parameters.

2. Mathematical Model

In the following sections, the flow describing equations are listed, the carried out
modifications and the used technique of solution are reporied. In order to simplify the flow
describing equations of condensation process from moist air flowing over horizontal flat plate,
some assumptions are made. The condensation is assumed to take place at the free surface of
condensation film. The flow is taken laminar and steady. Moreover, the physical properties of
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moist air are assumed to be constant. According to the foregoing assumptions, the continuity,
momentum, energy and mass transfer equations in Cartesian coordinates, see in figure (1), can
be written as

8pu) O(pv) —0

+ (1)
ax dy
O ot 82u
u +yv— = y— {2
dx ay 6y2
2
or or a*r Phy o%p,
U—tv_—=a — + . (3)
o g Kp 2
2
d 5, 0
u—>+ v&=D Py (4)
ox dy 8y2

v, Edge of boundary layer
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Figure (1) Schematic diagram of velocity boundary layer on a flat plate

Where u and v are the velocity components in x- and y-directions respectively. The
temperature and the density are denoted by 7 and p. g, @ and D are the kinematic viscosity,
thermal diffusivity and mass diffusivity respectively. Equations (1-4) must satisfy the
following boundary conditions;

At y=0.0 u=00v=00, T=T,, p=p

At y—oo H= U, v=00 T=Tn p=p» (5)

Solving equations {1-4) with the boundary conditions (5), the velocity, temperature and
density distributions through out the flow field can be obtained and conscquently. Nusselt
number and Sherwood number can be determined according to the tollowing equations:

h- h -x
s2x Sh =-7 (6

x k X D
Where h and hy, are heat and mass transfer coefficients.

Seeking for simplified form of flow goveming equations (1-4), one introduces the
following dimensionless form of dependent and independent variables of the problem:

Nu

W=sm, 0= & ¥ T @)
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Where 1, 8 and gare similarity variable, dimensionless stream function, dimensionless
temperature and dimensionless concentration respectively. By substitulion with equations (7)
in equations (1-4), one can get the following dimensiontess ordinary differential equations of
flow describing equations:

£+ 0.5 7= 0.0 (8)
8" +0.5Pr- £-8 =0.0 , (9-a)
6"+05Pr f8—RPr f¢' =00 (9-b)
4" +0.55¢c f-4'=0.0 : (10)

Where Pr and St are Prandtl and Schmidt numbers. R is a dimensionless number. They are
defined through the following dimensionless numbers as;

-, Se=Y, Rtk 0P
o D CpAT p

Where AT is the temperature difference, A p is the density difference and kg is the
latent heat of vaporization of water. Equations (9) are the energy equation in simpler form. As
it is clear, equation (9-b) satisfies the case when interaction between heat and mass transfer
processes is considered (R#0.0).

The dimensionless form of boundary conditions of the flow describing equations {8-10)
can be obtained with the aid of equations (5 and 7). Accordingly, these boundary conditions
can be written as:

At n=00,6=00,¢=00 & =00 (11
At oo ,8=10,4=10 & =10

Solving the above equations (8-11) the local Nusselt number and local Sherwood

number as functions of dimensionless variables are obtained.

_op
Sh,1JRey == 000

9% {12)
an

20
Nu_IyRe, _a—q)l @r=00"

Where Rey local Reynolds number defined as;
o -x
<0

Re=

v
Where x the Jength from the plate edge

2.1 Numerical Procedure

Since the derived flow governing equations {8-10} and their boundary condition (11)
are ordinary differential equations of boundary value problem type, Rung-Kutta methed is
applied accompanied with shooling method to solve these equations. Computer Program is
developed implementing the forcooing numerical technique in order to obtain the
dimensionless velocity (/). dimensionless temperature (&) and dimensionless mass
concentration (¢} throughout flow field (n=0.010 n = ). Consequently, Nu, and Sh,, are
calculated.
3. 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 condensation process above horizontal cooled flat plate. The details of test section,
experimental and calculation procedure are presented below.

3.1 Description of test rig
The test section is designed and constructed, to study the parameters affecting the

condensation process from moist air flowing in a horizontal rectangular duct with cooled
bottom. The test section is attached to a wind turnnel, which uses atmospheric air at different
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flow rates. Figure (2) shows the layout of the test rig including the designed test section. The

moist
alr

l Ta Colecting 1 | |~
waler tank

\ 1
1 Fiberglass entrance 6 Fiberglass diffuser
2 Honeycomb and screens T Motar contral
3 Fibernlass conlraction 8 Motor
4 Tes! sectien (200X300X1200 mm) & Axial fan
5 Referigration unit 10 Silencer .

Figure (2) Wind tunnel

atmospheric moist air is drawn into the tunnel by axial fan (9),with varying flow rate from ( 0
to 22.5 m3/s) 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
bottom of the test section is cooled using external refrigerating unit (5), which is dniven by total
input power to compressor 0.625 kW. Test section is a rectangular duct with dimensions
(200x300x 1200 mm) cooled bottom (3). A digital thermostat (4) is used io adjust the
temperature of the cocled plate (3), by actuating or shutting down the compressor of the
refrigeration unit. Test section 1s insulated by glass wool layer (6) in three sides while the forth
side (300x1200 mm) is made from PVC plate (2). Five, equally spaced rectangular slots with
dimensicns (12x300 mm) each, at x= 0.0, 300, 600,........ and 1200 mm are cut in front the
PVC side, as shown in figure (3). Figure (4), gives a simple traverse mechanism is mounted at
these slots, such that the propeniies of the air flowing inside the test section can be measured
using attached hygrometers at different values of elevation, depth and length. A simple traverse
mechanism is consisting of the sliding ruler (1), which contains a circular-hole (2). The
hygrometer (8) of accuracy + 0.1°C mounted through this hole is used to measure the dry bulb
and wet bulb temperatures at different points inside the rectangular duct.
3.3 Caleulation procedure

The test section is divided to four segments of 300 mm length. By measuring the
temperature at inlet and outlet of every segment, and velocity at each run, one can evaluate the
local and average Nusselt number for every value of velocity. Mass flow rate of dry air can be
calculated according to the following equation

mair =4, UL P (13)

Where M a0 anr » Ac and g, are the mass flow rate of dry air , density of dry air at the inlet
of the wind tunnel, cross sectional area of duct (200x300mm2) and average velocity of air;
respectively. According to the following relations, the average heat and mass fluxes can be
calculated at any segment of the cocled bottom, which lies between two successive measuring
positions (along the length of test section).
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Figure (3) test section
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Figure (4) Simple designed traverse mechanism
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= A DA gy (14)
A 4
§ 5

Where q" is heat flux and m is the mass flux. 4, is the surface area of the considered
segment, Al and Aw are the difference of the enthalpy and humidity ratto between the inlet and
outlet of the considered segment. The specific enthalpy i and humidity ratio w are determined
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from moist air properties tables [11], knowing the average dry and wet bulb temperatures at the
considered section. Accordingly, one can calculate heat and mass transfer coefficients as

follows:
"

h = q hm :_m__
¥ (T, -T) X Py Ay)

W
Where 4, and Am, are heat transfer coefficient and mass transfer cocfficient, Te is dry
bulb temperature for moist air far from the cooled bottom , while, T. is cooled wall
temperature, and p,, is density of saturated vapor at cooled wall temperature and p., 15 density
of vapor far from the cooled bottom.

Accordingly, one can calculate local Reynolds, Nusselt and Sherwood numbers ast

U X h
Rexz Gv * Ny = xx &

(15}

hm_ x
_x” Shy = X (16)
v ok D
Where v, £ and D are Kinematic viscosity, thermal conductivity of dry air and mass
diffusion coefficient respectively.
Then one can calculate the average Reynolds, Nusselt, and Sherwood numbers as¢

L

uavL J’L Ji
ReL= — NuL=Z(£Nux-dx & ShL:ZAth'dx (17)

Where L is total length the cooled plate .
4. Results and Discussion

In this section the obtained theoretical and experimental results are presented and
discussed. Accordingly, the theoretical results including, derived profiles of dimensionless
velocity, temperature and concentration in the condensation fiim of humid air as well as the
local and average heat transfer and mass transfer coefficients are presented. In the
experimental results, dry bulb and

wet bulb temperatures, local and 1
average heat transfer, mass transfer
coefficients and local, average ~ 08 = —
Nusselt and Sherwood numbers are '—8?-’
depicted. Also a comparison ©
= 08
between the present results and that w
of previous available works are also i
. . . 92 04
presented in this section. &
4.1 Theoretical results £
In this section the effects of ® 02
the operating parameters such as
Reynolds number, Prandil and 0 I R B B
Schimt numbers are presented. 0 2 4 8 8 10 12

Similarity independeni variable n
Figure (5) diinensionless velocity distribution,
thearetical results
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Figures (5-8) show the dimensionless

velocity,  temperature  and  concentration
distribution at different values of Prandtl and -
Schmit numbers. In general, the wvelocity,
temperature and concentration increase rapidly for
smaller valucs of dimensionless independent
variablez up to certain value (= 3 for velocity
profile), then they increase slowly, till they
approach an asymptotic value of one.

As it is expected, referring to equations
(8,9-a and 10), the curves of dimensionless
temperature ard dimensionless mass concentration
versus dimensionless similarity variable (1) in
case of Prandtl number and Schmidt number of 1.0 ;
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are identical to that of dimensionless velocity as
shown in figure (§).

Referring to figures (6 and 7), it is clear
that for higher wvalues of Prandtl or Schmidt
numbers, the temperature and concentration have higher values (for values of rup to about
six). Also it is noted that for all values of Pr and Sc. temperature and concentration have an
asymptotic value of one.

Figure (8) depicts the temperature distribution in case of presence of interaction
between heat and mass transfer [see equation (9-b)]. In this case, the dimensionless
temperature (&) exhibits an overshot. Which is, perhaps, due 0 increase of heat generated due
to the condensation compared with the heat transferred by convection which in turn yields to
heat concentration within the condensate film.

Figures {9) show local Nusselt number and Sherwood number against local Reynolds
number at different values of Prandtl number and Schmit number, respectively.. The value of
Nusselt number and Sherwood number, generaily, increase with increasing Reynolds number.
The effect of Pr is shown in figure (9-a). Nusselt number increases as Prandil number
increases. The behavior of Sherwood number looks like that of Nusselt number, as shown in
figure (9-b). As a result of the comparison between figures (9-a and 9-c), Nusselt number is

2 4 8 10

Similarity independent variable, n

Figure {8) dimensionless temperalure distribution in case
of mags-heat interaction . theoretical resulis

12
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higher in case of presence of inleraction between heat and mass transfer for all values of

003

local Nusslt number Nux

¢ 200000 400000 SO0300 A000CS
local Reynelds aumber Re,

Figure (9-a) Relation between local Nusselt and Reynoelds
nuinber at different values of Prandll number, theoretical resulis

Prandt] number.
4.2 Experimental Results

Figure{(10) shows samples of temperature
distribution ~ at  different  dimensionless
longitudinal position (X=0to 1.0) . From figure
{10-a), the dry bulb temperature has minimum
value (temperature of cooled plate) at
dimensionless vertical distance Y=0.0 and takes
an asymptotic value far from the cooled plate.
The wet bulb temperature takes the same trend of
that of the dry bulb temperature as shown in
figure (10-b). As shown in figures(10), dry and
wet bulb temperatures decrease in down stream
direction.

Figures (11-a and 11-b) show the relation
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Figure (10-a) Dry bulb lemperature profiles at different
longitudinal dimensionless positions, atu = 3.19 m/s
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Figure (9-b) Local Sherwoed number versus Reynolds number
at Different values of Schmidt number, theoretical results
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Figure (10-b) Wet bulb temperature profiles at different
longitudinal dimensionless positions, at u = 3.19 m/s
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between, lecal Nusselt number and local Sherwood number at different values of local
Reynolds number {each four points represent the results of one case ).

The local Nusselt number and local Sherwood number, as well, take a minimum value at low
local Reynolds number and increase with increasing local Reynolds number.

Figure {12) shows average Nusselt and Sherwood numbers against different values of
Reynolds number (based on plate length equal 1.2 m). The average Nusselt and Sherwood
numbers have a minimum value at the lowest value of Reynolds number and increase with
increasing Reynolds number up to Re=500,000, there they have two peaks. Then they

40000 —

30000

20000

10000

Local Nussali number, Nux

O—\:l_l‘-—'i—.-_.J,_'._L_l__L..‘..,;
C 200000 4000CC 600000

Local Reynolds number.Re,

Figure (11-a) Relation between local Nossell number

for difterent values of local Revnolds number
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0 200000 400000 800200
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“igure (12) Relation beiween averige Nusselt and

Sherwood numbers against Reyriolds number
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ha
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200000 400000 600000 800000
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Figure (11-h) Relation between loeal Sherwood number
at different values of local Reynolds number

o3

Local heat transfer coefficient h,kW/mK

® presentwork u=1.J7mfs
+  present work u=253mis
u=20ms reference | R]

Figure (13) Compa

x (m)
izon belween local heat transfer coefficient along the
plate

decrease with increasing Reynolds number, due to the migration of the water bubble with the
humid airflow. Because of this migration, the rate of condensation, and in turn, rate of heat

transfer is decreased.

Figure (13) shows local heat transfer coefficient along the plate of present experimental
work and that after [8]. As it is clear, both are in good agreement, especially for X > 0.2.
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Conclusion

In the present work, the condensation process of waler vapor from moist air is,
theoretically and experimentally, analyzed. The effects of process parameters are _ir_westigated.
These parameters are prescnied by the following dimensionless physical quantities Prandil,
Schimdt and Reynolds numbers. Considering the theoretical proposed model, it is found that
the increase of Prandtl and Schmidt numbers cause increase of Nusselt and Sherwood 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 condensation rate, and in tum, Nusselt and Sherwood numbers. For the present

operating conditions, this value of Reynolds number is found to be about 5x10°. The
coresponding values of Nusselt and Sherwood numbers are about 9x10° and 4x10?
respectively.

The following relations correlate the experimental results, where the Nusselt and

Sherwood numbers are exyressed as functions of Reynolds, Prandtl and Schmidt numbers:

Nu, = 2.61 Re,"% p° ¥
Sh, = 2.12 Re,*%"? 5™

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

REFERENCES

1] F.Legay.Desesquelles And B.Pruunet-Foch (1985)"Dynamic Behavior of a boundary
Layer with condensation along flat plate; comparison with suction” Int. J. Heat and
Mass Transfer, Vol. 24, No. 12, pp. 2363-2370.

[2]F.Legay.Desesquelles And B.Pruunet-Foch(1985)" Heat and Mass  Transfer with
condensation in Laminar and turbulent boundary Layers along a flat plate” Int. J. Heat

_ Mass Transfer, Vol. 29, No. 1, pp. 95-105.

[3] A. Matuszkiewicz and PH. Vernier (1991)” Two-Phage Structure Of The Condensation
Boundary Layer With A Non- Condensation Gas And Liquid Droplets™ Int. .J.
Multiphase Flow, Vol. 17, No. 2, pp. 213-225.

[4] M. A. Yaghoubi, H. Kazeminejad, and A. Farshidiyanfa (1993) “Heat and Mass
Transfer With Dehumidification in Laminar Boundary Layer Flow Along a Cooled Flat
Plate ” The ASME. J.Heat . Transfer, Vol.115, August,pp.785-788

[5] Wel-Mon Yan(1995)" Transport phenomena of developing laminar mixed convection heat
and mass transfer in inclined rectangular ducts” Int .J. Heat Mass Transfer, Vol. 38,
No. 15, pp. 2905-2914. o

[6] Y. Sun, I.S. Gartshore and M . E. Salcudean (1995)”An Experimental Investigation
of Film Cooling Heat Transfer Coefficients Using the Mass / Heat Analogy "ASME.
J. Heat. Transfer, Vol. 117, November, pp. 851-858,

[7] Kuan-Tzong Lee (1998)” Mixed Convection Heat Transfer in Horizontal Rectangular
Ducts with Wall Transpiration Effects” Int.J. Heat MassTransfer, Vol. 4[,No. 2, pp.
11-423,

I8] Hie Chan Kang, Moo Hwan Kim (1999)" Characteristics of film condensation of
s%persaturated steam — air mixture on a flat plate™ Int. .J. Multiphase Flow,Vol.25, pp.
1601 - 1618.

191 Amr A, G . Akram A. M . Mohammed A. T. aod Ramadan A. M. (2001) "Effect of
Cold Surface and Ambient Conditions on Water Extraction from Atmospheric Air’
12", int. M.P.E.C, Mansoura. Egypt, Vol. 2, pp. H1-H9

[10] Marzouk A. Omer (2003) “Analysis of Vapor Condensation Process from Moist Air”
M.Sc Thesis, Faculty of Engineering, Mansoura University

{11] Claus Borgnakkeand Richard E. sonntay "Table of Thermoedynamic and transport
Properties "John Wiley & sons Inc 1997.



