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Abstract
Heat and mass transfer from moist air flowing inside cold horizontal circular duct is
investigated, experimentally. To perform the experimental study air tunnel is designed and
manufactured. The cold horizontal circular duct (test section) is attached to the air tunnel.
Moist air is drawn from the surroundings to flow inside the circular duct (250 mm in diameter
and 1200 mm long). The evaporator for two separalte refrigeration units is made from copper
tubes. These copper tubes are warped in counter current around the outer surface of the duct
to cool its surface, control and adjust the surface temperature of the duct to the desired value.
According (o the temperature difference between cold duct surface temperature and the dew-
point temperature for the moist air flowing inside it, some of the water vapor from the moist
air is.condensed. Moist air flow rate and the surface temperature for the test section are
controlled and adjusted during the experiments. The amount of condensate through each
experiment is measured. Velocity, relative humidity, dry bulb and dew-point temperatures for
moist air are taken at different positions along the test section. Reynolds number varies from
1000 to 11000. Heat and mass transfer coefficients are calculated and in turn Nusselt and
Sherwood numbers are obtained.
Experimental results show that, Nusselt and Sherwood numbers increase with increasing
Reynolds number up to a certain value. These increase were found due to the migration of
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waler bubbles with the moist air. Also, results show that heat transfer coefficient decreases
with increase of wall temperature, mass transfer coefficient increases with increase of wall
termperature. Comparison between the obtained experimental results and the previous works
show good agreement, Two empirical correlations for Nusselt and Sherwood numbers are
oblained as functions of Reynolds number and other operating parameters.

Keywords: Heat and mass transfer, moist air and Honzontal circular duct.

NOMENCLATURE

A Surface area m?

Ay Surface ares of the consider segment m*

A.  Cross seclion area m?

C Coneentration of waler vapor in the flowing air kgfm:'
Cp Specific heal at constant pressure kg K)
D Diffusion coefficient m* /5

h Heal transfer coeflicient WAmLK)
hm  Mass transfer coefMicien m/s

i Enthalpy kg

k Thermal conduativity Wim. K)
L Duct length m
m,;  airflow raie kg's
my  Condensale flow rate kafs

m"  Mass flux Ko/m's
Mu  Muosselt number,  (Nu=h.rofk) -

B Pressure Pa

Pr Prandtl number, (Pr=Cp pn /&)

Q Rate of heal transfer W

q° Heat flux Wim?
¥a Duet radius m

Re Reynolds number , (Re = u,, 10v) =

RH  Relative humidity %

S¢  Schmidt number, Sc=v/D -

Sh Sherwood number, (Sh=hg, o), -

i Temperature K

Uy  Average air velocity, mis

& Dimensionless longiludinal distance, Z=Lsr,

Greek symbols

AT  Temperature difference, K

v Kinematic viscosity ms

p Density kg/m’
@ Hurnidity ratio ke By uir
Subseripis

v Average

& dry bulb

ai Saturation

- Wall

- Free stream

1. INTRODUCTION important engineering applications, such as air

Condensation process [rom moist air, which
including heat and mass transfer has many

conditioning applications and recovery of water
from moist air. Condensation of water vapor
from moist air is widely employed in heat
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exchanger devices such as refrigeration units,
food industries, petroleum refinery and
desalination units.

Yun et al. (2006) studied, measured and
analyzed the effect of surface roughness, tube
material, tube thickness, and wall sub cooling
on the laminar film wise condensation heat
transfer coefficient on horizontal tubes at low
heat transfer rates. The condensation heat
transfer coefficient was significantly lower than
that estimated by the Nusselt analysis when the
ratio of the condensate liquid fiym thickness to
the surface roughness was relatively low. When
the condensate liquid film was very thin, tube
material affected the condensation heat transfer
coefficient in the film wise condensation.
Therefore, the condensation heat transfer
coefficients of the copper tube were higher than
those of the stainless steel tubes even though
they had similar surface roughness.

Jenny Lindblom and Bo Nordell, (2006)
studied the condensation irrigation (CI) which
is a combined system for desalination and
irrigation. By evaporating seawater in, for
example, solar stills and letting the humidified
air transport the formed wvapour into an
underground pipe system, fresh water will
precipitate as the air is cooled by the ground.
By using drainage pipes for underground air
transportation, perforations in the pipes enable
the water to percolate into the soil. This study
of Cl focuses on the transport of bumid air
inside buried plain pipes, where the condensed
water stays inside the pipe and may thus be
collected at the pipe endings and used for
drinking. Numerical simulations of this system
resuit in a mean water production capacity of
1.8 kg/m and day over a 50-m jong pipe in a
divmnally steady system, though shorter pipes
result in a higher mean production. A
performed theoretical analysis also indicates
that CI is a promising alternative irrigation
method as it enables the use of saline water for
irntgation

Pirompugd, W. (2005), studied and
proposed a new method 1o calculate the heal
and mass transfer characteristics of the wavy
fin-and-tube  heat  exchangers  under
dehumidifying conditions, For fully wet
conditions, the sensible heat transfer and mass

transfer characteristics are relatively insensitive
to the inlet relative humidity. The heat and
mass ransfer performances show appreciable
influence of fin spacing at 1-row configuration.
Both the heat and mass transfer performances
increase when the fin spacing is reduced.
Pashitskii et al, (2004) studied a new
mechanism of the hydrodynamic vortex
formation in the open many-component and
multi-phased systems with possible phase
lransitions.  Consider the  non-statiopary
solutions of the hydrodynamic equations for a
vortex in the incompressible viscous medium
with a substance and with unbounded inflow of
substance from the exterior medium,
Novikov et al. (2004) performed an
experimental study for heat and mass transfer
during droplet condensation of water vapor
from humid air i narrow rectangular channels.
Brdlik et al. (2004) presented an experimental
investigation of the heat and mass transfer
accompanying condensation of water vapor
from vapor-air mixtures with Jow volumetric
vapor contents. Empirical formulas are
proposed for the heat transfer coefficient and
the rate of condensation.
Wang and Hihara (2003) studied new method,
equivalent  dry-bulb  temperature (EDT)
method, for calculating the cooling capacity
and predicting the cooling modes of moist air
over the air coil surface under partially wet and
totally wet conditions. With this method, a
numeric model is developed, and validated with
the experimental data of plain fin air coils. The
simulation deviations in cooling capacity and
vapor condensate are within the range of £10%,
and the prediction for the cooling mode over
the coil surfaces is fairly exact. In addition, the
simulation results for plain fin air coils suggest
that the heat transfer and dehumidification of
the air coils under partially and totatly wet-fin
surface conditions can be predicted by the
sensible heat transfer coefficient under the dry-
fin surface condition.
Haji and 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



u.!u-—

M. 39

similanty principle. The results obtsined lor
both saturated and unsaturated humid wir is
compared with those of dey air [t can be
concluded that dehumidification las o
significant effect of both sensible and latent
hest transfer as well as the [riclion [hclor,
However, the difference in heat trunsfer
coelficient of humid and dry wir is reduced as
the relative humidity 1§ decreased.

The condensation of waler vapor from moist
air which including heat and mass transfer has
little attention and seems 10 need more efforts
secking for good understanding of this process,
In the present work the effect of moist air flow
rale and the surfuce temperalure of the
honzonlal duct on heat and mass transter
coefficients have been studied experimentally.

2. Experimental Test Rig

ucefolofclo

Hesham M. Mostala and M. G. Mousu

separate refrigeration umsts end measuning
instriments. The main details of the test rig are
presented in Fig.(1). The test section is attached
to air tunnel, which provides moist air from the
surroundings at different flow rates. The moist
uir is drawn into the air tunnel by an axial fan,
which is driven by a variable speed electric
molor. In accordance, the mass flow mic of
moist air can be wvaried using the speed
regulator (molor control).

The test section is a circulsr horizontal dect
with 250 mm in diameter and 1200 mm long.
The outer surface of the duct is cooled by using
two scparate refrigeration wnits (5). The
evaporaior for each refrigeration unil i
manufacturing from copper whes. These
copper tubes for each ome are warped in
counter current around the outer surface of the
duct 1o cool its surface, control and adjust the
surface iemperaiure of the duct to the desired

Wlmiv wir

]

-

o F NS i

Fig (1) Schematic disgram for the exparimental test rig

Inlel seciion 4, Hygrometer

Stand 5. Refrigeration Linit
Pitot tul &. Tompersiore semor
The experimental test rig is designed and

constructed, such thal one can investigale the
effect of the operating parameters of

ducl. The test rig consists mainly of horizontal
circular duct (test section), air tunnel. two

7. Copper coil
& Variable specd moior

value. Accordingly the difference between cold
duct surface lemperature and the dew-point
tempersture (or the moist air flowing inside i,
some of the water vapor from the moist uir is
condensed. Moist air flow rate and the
temperature  difference between dew-point
temperature and surface (cmpomture for the
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moist air are controlled and adjusted during the
expenments.

3. Experimental Measurements

Velocity, relative humidity, dry bulb and

dew-point temperatures for moist air are
measured at different positions along the test
section. The amount of condensale through
each expenment is measured.
Thermocouples, copper constantan are used 1o
measure the surlace duct temperature. All
thermocouples are connecled 10 a digial
temperalure recorder, which has an accuracy of
1 0 1°C. The steady state condition s achieved
after a time varied from 60 10 90 minutes,
depending on the value of air flow rate.

Moist air velocity measured by using Pitol
tube at duct center line and at four points along
the radius of the duct (al duct radius 2§, 50, 75,
and 100 mm) These measurements for velocity
can be repeated al four sections along the duet
(at distance 0.0, 400, 800, and 1200 mm from
duct inlet), Then, the average value for velocity
along the test section can be calculated and the
corresponding value for the average value for
mass flow rate of the moist air can also be
obtained, In lum the comesponding frequency
of motor can be recorded in Hz. By this
calibration technique the mass flow rale of
moist air can be varicd and controlled using the
motor speed regulator,

The surface temperature for the duct is
measured al  four pomnts on the duct
circumference (at angles 0.0, 90, 180, 270).
Also, these measurements are repeated at five
poinis along the test section (at distance 0.0,
300, 600, 900, and 1200 mm from duct intet).

The test section is teated as four segments,
Also, five siots with diameter of 12 mm and
equally spaces at locations; 0.0, 300, 600, 900,
and 1200 mm from duct inlet are cul in the
center line of the duct. The digital hygrometer
15 free to move in r-direction, lo cnsure the
possibility of measuring the relative humidity
and lemperature at difTerent positions along the
lest section radii. The hygrometer sensor (lype
Testo 605-H 1, with a resolution of 0,1 °C and
accuracy of £0.5 °C for temperalure and a
resolution of 0.1% and accuracy of +3% for
relative  humidity) is mounted through these

slots, The hygrometer probe diameter 15 of 12
mm and length 125 mm, the full scale rang for
lemperature from -20 to 50 °C and relative
humidity up to 95%. The hygromeler is used to
measure (he relative humidity (RH) at different
radii inside the duct (a1 duet radius 25, 50, 75,
100, and 125 mm). Also, the dry bulb and dew-
point temperatures are measured by the same
SENs0T.

The amount of ¢condensate was small then it
measured by using a cahibrated tank and stop
walch. :

In order to obtain 2 measure of the
reliability of the experimemal data an
uncerlainty analysis was performed for the
pnnciple parameters of interest. The root-
mean-square random error propagation analysis
is carmied ouf in the standard fashion using
uncenainties of the basic independent vanables
{experimenially measured). These variables are
duct  dimensions, tlemperatures,  relative
humidity, air velocily, mass of condensate,
which used to calculate the uncertainty in
Nusselt number and Sherwood numbers, The
largest calculated uncedainties in the current
investigation were less than 4.5% for Reynolds
number, 10.2% for Nusselt number and 8.9%
for Sherwood number.

4. Experimental Procedure

Each run is carried out for certain fixed
values of the problem parameters (velocity and
surface temperature). Before siarting a new run,
the fest rig is adjusied for leakage of air. The
experimental procedure for cach run can be
described as; switch on the motor of air nanel,
adjust the frequency of motor speed of tunnel
to obtain the desired fow rale for moist air,
switch on the two refrigeration units and adjust
the surface lemperature 10 a certain value, The
moist air is fowing inside the wnoel 1l steady
state condion is reached. The sieady state
condition is achieved after about 60-90 minute.
The following measurements are taken for each
run; frequency of motor of wmnel (Hz), duct
surface lemperature, relative humidity for moist
air, dry bulb temperature and dew-point
temperature at different sections along the duct.

5. Data Reduction




M. 41 Hesham M. Mostafa and M. O. Mousa

By measuring the temperature al inlet
and cutlet of every segment of the duct and air
velocity, one can evaluate the local and average
volues of heat and mass transfer coefficients
and in turn Nusselt and Sherwood numbers,

Mass flow rate of dry air can be calculated
according to the following equation:

Moy =P A0 vk (1}

Where peir . U and A, ore densily of mir,
average velocity of air and duct cross sectional

area respectively.

The average heal and mass fluxes can be
calculated at any segment of Lhe duct as shown
in Fig. (2), which lies between two successive

measuring positions (along the length of 1est
seclion) as;

q"-h,m;

I

it

Fig(2) Segment for caboulste Hedt mass baaifer
Where 1 refer i pasilion and j io segmsent

Where; ¢", m® and A, are the heat flux, the
mass (lux, end the surface area of the
congidered segment respectively, Al and Aw are
the difference of the wtal enthalpy wnd
hemidity ratio between the inlet and outlet of
this segment. The enthalpy i and humidity @
are determined from table sited in reference [9]
by knowing the average dry and dew-point
temperatures at the considered section.

AWAY
> B sl b - ,
T . 2

Accordingly, one cam calculate heat snd
mads transfer coefMicients as follows:

h =qT_-T),
h_—=m¥p_-p,) (3

Where; T, 15 the dry bulb temperature
for moist air (ar from the wall, T, wall
lemperature, p, density of saturted vapor at
wall temperalure and p,. density of supetheated
vapor af free stream.

One can calculate the density of
vapor from superheated vapor tables at dry bulb
temperature, and vapor pressure P,. the vapor
pressure calculated as:

P, =RH.P._, ”

Where; RH, and Py are relative humidity, and
saturated vapor pressure respectively.
Accordingly, one can calculate local Reynolds,

Mussell and Sherwood numbers as

Hew S22 Hunf',.;'ﬂ,
¥ k

(3)

G o e T

Where; #,, v. kb and D arc duct radius,
kinemalics viscosily, thermal conductivity of
air and mass difTuson cocfficient respectively.

6. Results and Discussion

In this soction the obtained experimental
results  are  presented and  discussed.
Accordingly, the expenimental results, dry bulb

and dew-poinl lemperatures, local and average
heat transfer, as well as mass (mnsfer

coefflicients local and overage MNussell nnd
Sherwood numbers are depicted. Also a
comparison between the present results and that
of previous svailakle works are also presented.
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valaes of Reymolds mmsnber temperatures  distributions  versus  the
dimensionless longitudinal distance (Z=1/r,).
As shown in figures (3 and 4), dry and dew-
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measured at different radii and then the average

value can be calculated. This can be repealed at dl_m“on' )
five positions along the duct length (i.e. at inlel Figure (5) shows the variation of the averge
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different values of Reynolds number, I is i - v
observed that, the average values for heat i i : _:
transfer coefficient decrease with increasing I - .
dimensionless longitudinal distance, (Z) and o .
increase  with increasing Reynolds number
from 3000 1o 6000, but it decrease for ] -
increasing Reynolds number 1o 9000 : T 5
Figure (6) shows the variation 3 *
‘?&;E#"w:# - -
tend ke hesswmnsor coeticient. e ! o] ;
H-. = —— - - i .
Roynnads number, Ae
Fig.{7) Relntlon between Missell and Sherwood mmbers
and Heymalds rumber.
¢ - ' | e ;
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Avernge volues for Nusselt and Sherwood a peak. Then the values of the average Nusselt
numbers are ploted against Reynolds number,

as shown in Fig. (7). The average Nusselt and ~ Po78%ing Reynolds number, due 1o the
Sherwood increase increasing migration of the condensate water bubbles with
o~ the moist airflow. Because of this migration,

Reynolds number up to about Re=7000. At this
Hi-hnn;m-um the mie of condensation, and in turn, rate of

numbers take the maximum values and there
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Fig. {10} Comparison between average mass transfer coefTicient
for the present study with the previous work,

Figures (8) show the variation of the average
values for bheat transfer coeflicient against
longitudinal distance (Z), at Reynolds number
equal 3000, for different values of wall
temperature. The valves of ihe average heal
trousler cocllicient decrease with increase the
wall temperature, Figure (2) show the rclation
between average mass (ransfee coelTicient and
dimensionless longuudinal distance (7] mass
transfer coclficient increasc wilh increasing
wall temperature.

Figure (10) shows a comparison between the
present experimental resulis for the local mass
transfer  coefficient  versus  dimensionless
longitudinal distance, (Z) and the previous
work for Wang and Hihara (2003), winch cool
moist air over coil surface. I is observed that,
both results have the same trend.

Figure (11) shows a comparison between
the present experimental resulls for the local
heat transfer coefficient versus dimensionless
longitudinal distance and the previous work [or
Wang and Hammou (2004). It is noticed that,
both results are in good agreement.

The following relations corrclate the
experimental results, where the Nusselt and
Sherwood numbers are expressed as functions
of Reynolds, Prandtl and Schimidt numbers as,

Average Heal transfer cosfficient, h, kWim? *C
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18 .

Harwnpa, Tl o (3004
Prewnl Dy
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16
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\!-“*-
1.2 : —
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1 i i i i ‘l.
0 2 4 5] 8
Dimensicnless Longiludinal distance, Z

10

Fig(11) Comparison between average heat ransfer cocllicient
for the prescit study with the previous work

Nu =2.61 Re”* p®
Sh = 2.22 Re%412 g 0M

Conclusions

I the present study, the condensation process
of waler vapor from moisl air s,
experimentully, analyzed Experimental resulls
show (hat, there is an oplimum value of
Reynolds number, thereafler the increase of
flow velocity, and in lum, the Reynolds number
cause a decrease of condensation rate, and In
turn, Nusselt and Sherwood numbers. For the
present operaling conditions, this value of
Reynolds number is found to be about 7000.
The corresponding values of Nusselt and
Sherwood numbers are aboul 200 and 180
respectively. Increasing wull temperature cause
a decrease in Nusselt number and increase
Sherwood numiber  wilh  decrease  wall
lemperature.
Comparison between the obtained experimental
results and the previous works gave good
agreement. Empirical correlations for Nusselt
number and Sherwood number are obtained.
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