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HEAT AND MASS TRANSFER FROM MOIST AIR FLOWING
INSIDE COLD HORIZONATL CIRCULAR DUCT
I-THEORETICAL STUDY
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Abstract
Heat and moss transfer from moist air flowing inside cold horizontal circular duct s
investigated theoretically. In the peesent theoretical model, the flow of ar inside the cold
horizontal circuler dect is assumed to be laminar nnd steady in cylindrical coordinates. The
governing equations are the continuily, momentum, energy and concentralion equalions. These
goveming equations are put in the dimensionless form, By introducing new proper independent
and dependent variables, the goveming equalions are transformed to a set of dimensionless
differential equations. A computer program in FORTRAM language is developed to sclve this
set of equations to determine the distribubion of the dimeénsionless velocity, temperature and
concentralion. Also, local values of Nusscll and Sherwood numbers for differem values of
process pamameters are caleulated. These parameters are presented by the [lollowing
dimensionless physical quantities, Prandtl, Schmidt, and Reynolds numbers.

The present results show that, the averape values of Nusselt and Sherwood numbers increase
with increasing Reynolds number. Nusselt number increases wilh increasing Prandt] number.
Algo, Sherwood number increases with increasing Schmidl number. Companson between the
obtained theoretical resulls and the previous expenmental works show good agreement.

Keywords: Heat and mass transfer, Stcady, Laminar Flow, Moist air and Horizontal circular duct,

NOMENCLATURE
C  Concentration of water vapor in the flowing air kg/m’
¢*  Dimensionless concentration, C = f—.—%l -
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€,  Specific hest a1 constant peessure Jkg K
D Diffusion coefficient n'ls
b Heat iransier coefficient Witm', K)
hs  Mass transfer coefficient m's
hy  Latent heat of condensation kg
k  Thermal conductivity Wim K
! Length of cold horizontal dict m
L Dimensionless fength, L/ro o
oo ek -
P Pressure Pa
Pe  Peclet number, Pe=Re Pr -
pr Prandi number, Pra= 5 -
g  Heat flux Wim?
I.Ij m
Ke  Reynolds number, Re = -
v
r, Radius of the duct m

ge  Schmidi pumber, § =-§

¢ Sherwood number, '.iht%ﬂ
T

T K
7.  Ambient temperaiure K
«w Velocity components in r- and z- direchons m/s
[-i'!" Dimensionless velocity components in K- and Z-directions -
Radial and axial coordinates m
I.I Dimensionless radial and axial coordinates, R=r/ro, Z=2/ro -
Mhnhl
@  Thermal diffusivity m’ /s
w  Stream function w'ls
g Dymoamic viscosity of fluld kgfm.s
v Kinematics viscosity of fluid n'ls
p  Density
#  Dimensionless lemperature, E-F—;l- -
Subserips
av:  average w ! wall v vipor
i Inler o free siream 1 hunvid air
2 condensare
) - N control  systems, air eleaning and
conditioning sysiems, and also apparatus for

Humid-air Mows in ducts are often used drying materials in humid gascs arc some
in various technical applications. Humidity  examples of these applications. I the
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temperature of the streamline sucface is
lower than the saturation point, then the
steam  comtained in the air undergocs
condensation. In this case, the total wall
heat flux includes the component due to
convection, spent on cooling the vapor-gas
mixture in the boundary layer, and the
phase-transition heal, spenl on  vapor
condensation. Heat and mass transfer

processes through mir-water interfaces are of

a major imporiance in many enginecring
apphications.

Lee et al. (2006) swudied a scnes of
expeniments was performed 1o investigate
the local heat transfer phenomenon inside a
U-tube in a reflux condensation mode A
total of 477 data (108 for pure steam flow
condilions and 369 for steam-air flow
conditions) for the loval heat trapsfer
coefficients were oblained for vanous inlet
flow cates of steam and air wnder
stmosphenc conditions. Based on the
steam-air expenmental resulls, a new
comelation applicable to  the reflux
condensation mode 15 developed using the
degradation factor.

Jenny Lindblom and Bo WNordell, (2006)
studied the condensation mmgation (CI)
which 1 a combined system for
desalination and irrigation. By evaporating
seawaler in, for example, solar stuills and
letting the humidified air transport the
formed vapour into an underground pipe
system, fresh water will precipitats as the
uir is cooled by the ground By using
drainage pipes for underground air
transportation, perforations in the pipes
enable the water 1o percolate into the soil.
Revankar and Ollock, (2005) studied
a two-dimensional, steady stale model of
convective film-wise condensation of a
vapor and condensable gas  mixture
fMlowing downward inside a verfical tube.
The mass trunsfer at the film and gas
interface is treated as diffusion controlled
process, The non-condensable effect on
the condensation Is taken inlo acepunt
through boundary layer analysis of species
concenteation  and  energy  balance
Mumerical predictions were obtained for
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the condensation heal transfer coefficient
of turbulent vapor flow associated wath
laminar condensate. The predicted results
were compared with the expenmental data
in the fterature to assess the model. Non-

‘condensable mass fraction and vapor non-

condensable mixture temperature were
presented in the form of radial and axial
profiles.

Volchkov et al. (2004) studied the
numerical solution of the system of
difterentinl ~ energy,  diffusion, and
boundary-layer flow egquations for the
laminar and turbulent Nows of humid air
wilh surface Siecam condensation shows
that thc momentum- and matter-iransfer
processes and the convective heat iransfer
are similar with allowance (or the standard
corrections for the Prandil and Lewis
numbers in  the range of steam
concentrations in the Mlow core 0<Cy=0.2
Heal and mass transfer in humid air with
such steam concentralions obeys the “dry-
wall” regulanties. The tolal heat transfer
on the wall can be substannially increases
due to the phase-transition heal;, wilh
increasing mossture content, the heast-
transfer  intensification  ratio  also
IMCreascs

Thome et al (2003), studied a new flow
pattern map and flow pattern based heat
transfer model for condensalion nside
horizoptal plain whes. Tn Part [, & new
version of a two-phase flow pattem map,
originally for flow boiling, is presented for
condensalion inside horizontal tubes while
a new heat transfer model is presented in
Pant Il The new f[low pallern map
incorporates a newly defined logarithmic
mean void fraction (LMe) methed for
colculation of wvapor wvoid [ractions
spanning  from  low  pressures uwp 1o
pressures near the cntical point. Several
other modifications are also made that are
appropriate for condensation as opposed 1o
evaporalion, In the absence of void frachon
data al high reduced pressurcs for these
conditions, the new LMe method has been
indirectly validated usimmg the conveclive
condensalion model for annular flow and
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corresponding heat transfer test data at
reduced pressures up 10 0.8 bar, The new
map has also been successfully compared
o some recent

Sarma et al. (2002) solved analytically
the problem of convective condensation of
vapors inside a horizontal condenser lube.
Homogeneous model approach js employed
in the estimation of shear velocity, which is
subsequently, made use of in predicting
local convective condensation heal transfer
coefficients, There resulls are compared
with seme of the available equations in the
Inerature. It is observed that the agreement
is reasonably satisfactory validating the
assumplions and the theory presented.

In most enginecring  applications, heat
and mass transfer occur simullaneously and
often these are strongly coupled. Therefore,
in the present work, numerical study of heat
and mass transfer from maoving moist air
Nowing inside a horizontal cooled circular
duct with constant wall Iemperature is
examined.

2. MATHEMATICAL MODEL

A schematic of physical model under
study 15 shown in Fig (1), which shows the
coordinate  system  and  dimensional
nomenclature, The Nuid fow is assumed to
be axi-symmeiric flow, laminar, and steady
with constant properties for the range of
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temperatures considered, 1wo dimension,
and compressible. Before contact, the
velocity and temperature of fluds are
uniform and correspond o free siream
conditions.

The effect of gravity force and heat
dissipation is neglected, Moreover, uniform
velocity and lemperalure profiles, at the
inlet of the circular duct, are assumed.

1.1 Governing Equations

It 15 suitable fo select the cylindncal
coordinate (r.¢h 2z) lo express the flow
govemning equations. The used coordinale
system is shown in figure (1). The flow
describing equations are continuily,
momentum, cnergy and  concentralion
equations for axi-symmetric. They can be
written as.

cooled surface

/

|

" & moist air
- Il

|

v r |

Fig (1) schemalic diagram of the problem
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Equations (1-5) are the continuity equation,
axial and radial momentum equations,
energy equation and concentration equation
respectively. Where; w and u are the velocity
component in axial and radial directions.
The temperature, density and specific heat of
the fluid at constant pressure are denoted by
T, p and C,; respectively. In the forgoing
equations, P, i & D and C are pressure,
dynamic viscosity, thermal conductivity of
the fluid, mass diffusivity; and concentration
respeclively.

The flow, heat and mass transfer
inside the circular duct for laminar and
steady flow are considered. In this case, the
- comresponding  continuity,  momentum,
energy and concentration equations (1 — 5)
in cylindrical coordinates must satisfy the
following boundary conditions, as ;

At z=00,005r<xsr,
w=w,, u=00,T=Ty C=Cy
at 00<z</, r=1,
w=u=00 T=T, C=C,

atz=l,00<rsr,

Bw ar . aC
LA 00,%=00,%=00 (6
5 =00.u=00,2-=00,% ()

L

for interface

6T 6T a
k—L h

ar ar i 2 e 8

- At Axis of Symmetry at r=0, 0<z<|

v _ow T _€_,
o o or or '

Where; T, and C, are the

temperature and water vapor concentration
in ambient air,
Solving the governing equations (1-5) with
their boundary conditions equation (6), one
can obtain the velocity, temperature and
concentration distributions through the flow
field. Knowing hydrodynamic and thermal
flow field local heat and mass transfer
coefficients, and in turn, local Nusselt and
Sherwood numbers can be determined.
Local heat and mass transfer coefficients are
defined according to the following
equations;

7T
O . ..
T, -T, T, -T, y
=
n £ ol r=r,
hm=c ~C = C _C'@ = . (7-—3)

And consequently local Nusselt and
Sherwood numbers can be expressed as;

h'rn " Sh=hm'r;a L. (?'b)
k D

Nu=

Average Nusselt and Sherwood numbers can
be expressed as;

AN
N::",z[—J.INu.dz ,
t)3
t !
Shw=(?}6[5h.dz IR MO, (i = -

Equation (7-a) expresses local heat
transfer coefficient 4 as a function of heat
flux at plate g , the duct wall temperature 7,
and the temperature of flow 7, and local
mass transfer coefficient hy, as a function of
mass flux of moist air m', the conceptration
at surface C,, and concentration of moist air
flow C.. Referting to the definition of local
Nusselt and Sherwood numbers, r, is the air
flow passage radius. Referring to the
definition of the average Nusselt and
Sherwood numbers equation (7-¢), / is the
distance along z-axis corresponding to duct
length.

For eliminating pressure term from above
momentum equations (2-3), one introduces
flow vorticity @ and stream function y,
where @ and  take the following
definitions:
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Substitution with @, y in equations {1-5)

and with some manipulations, they can be
rewritlen as;

— | ]

o
or
-,:-[Ia’r IEE*E.E] O, ﬂj

{a‘r 18T alr} ROy {11
= *

_lapac 1oy ac

ror g2 répoor an
dc i1ac &cl

”{?*:F*;‘r}

Equations (8-11) must satisly the following
boundary condilions,

~For z=0.0, 00 8rsr, .

L e, L

r &
-For 00<z <!, rsr, -

%"’-n.,r- T.. C=C.
ai Axisof Symmetry r=0 , O<z<l . . .. (1)
E{lﬂ).i[lﬂ ] 0, 2.2C 40
ge\r or drlr 82 o O

«For 0.0<2< [ (interface) -

ar, _, o, am
k=L =k =24 p, Dby =

Where | refer to moist air Now and 2 refer
{0 condensate water.

2.2 Dimensionless Form of the Governing
Equations

To pul the flow describing equations in
dimensionless form, onc miroduces the

following definitions of the dependent and
independent variables as:

T=T .Y @
.T-T 'i'_r- w,fr,

Z=—, (13)

H"I— H-—- .l-—
'- w-ll

/ C -C

Le— (' w—n2

2 c.=-C,

Where the dimensionless temperature,
the dimensionless stream function the
dimensionless vorticity and dimensionless
concentration are denoted by &, ¥, (2 and
C' respectively, W and U are the
dimensionless axial and radial velocilies
rnpnuﬁulr The dimensionless duct length
is denoted by L. The dimensionless
cylindrical coordinales and the dimensionless
distance are denoted as R and Z respectively.

Reynolds, Prandll Schmidt and Peclet
numbers in the following sections are
denoted as Re, Pr, Sc and Pe respectively,

they are defined according to the following

relalions

Re=L"5  pa¥  mal and
a o

Pe=Re Pr of Pee~ReSc . ...(14)

Using the above dimensionless forms of the
dependent end independent variables (13)
and the dimensionless previously mentioned
numbers {14), the dimensionless form of the
momentum,  vorlicity, energy, and
concentration equations can be rewritien as:
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The dimenglonless equations (15-18) must
satisfy the following boundary conditions,

~For I=00,005Rs!.

aw aw
—— r.r— +".'E| w
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be derived as a function of dimensionicss
lemperature s

o))

L3I NUMERICAL TECHNIQUE

Considering a mesh covering the domain
of the flow ficld with fines paraliel to the & -
axis and Z-axis, and with uniform step size,
cach node of the mesh is identified by two
identifiers / and j, as shown in Fig. (2)
Considering the R -cirection, the value of R
al any row [+ /, can be evaluated according
to the following relabons:

RHI‘R;*”

Where i varics from | comesponding 1o &
= 0. io M corresponding 10 K =1, where the
total number of rows equal 1o M. A R is the
value of step size in R ~ direction 1t is clear
that, &4 R depends on the selected total
number of rows M and the maximum
distance in R direction. In the same manner,
the valwe of Z al any columna j+/ can be
evalusted according to the following
relation:

I,.I—I,ilﬂ

Where / varies from | correspanding to 2
= 0. 1o N corresponding to Z = L and the step
mze in £ - direction which depends on the
number of columns N and the maximom
dustance m £ direction.

The partial differential forms of the
governing equations are transformed 1o sets
of lincar algebraic equations. Solving these
sets of equations, using Gauss-Siedel
serative method, the hydrodynamic, the
thermal and conceniration NMow fields can be
obtained. Consequently, local and avernge
Nusselt and Sherwood numbers can be
derived with the aid of their definitions.

2.4 Numerical Procedure

The systems of algebrmc equations are
solved using Gauss-Siedel ileration method
with the above technique, The calculations
ore carried oul on uniform  grid size

R
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distribution. A uniform grid with
(6000*200) is considered 1o give grid
independent resuits.

Because finite difference technique is used
o solve the momentum and
equalions, the solution can become unstable,
re., as the solulion proceeds; it might
diverge increasingly from the actual
solution. A simplified analysis of the
conditions under which instability occurs is
estahlished, the results obtained indicate that
convergence exists if

AR a AZ Re

d

R

= - - _.._1_ R

Fig{2) schemalic dingram of the mesh wied in
calculatoon

The solution is camied oul mow by row
Secking for rapid convergence of the
solution, the oblained value of
(2% 8, mdC) is used in the rr:su‘nf
cquations of the rest (U2 ¥, 8, and C )'s
This ierabion is continuwed till either the
percentage relative eror is equal to or less
than the prescribed allowable eror
(maximum error < 1*10°7)

Accordingly, the hydrodynamic  and
temperature  disiributions of the flow are
obinined. The velocities and local Nusseh
and Sherwood numbers can obtained at any
general point i as;

1Y

Axial velocity, w -»-i--h-'-—-ﬂ-"r‘“w' radial

. | ¥ =P
velocily, U s = —ltuails
¥ R, 142

L ]

Hussell number, Nr::( ! ]_[En- -ﬂq.n-l] 1
6 -1)t ar

C‘ - Ell.l-l
AR

J. Results and Discussion

Figure {3) MNMustrates the flow pattern for the
flow issues inside a circular duct al Re =
2500 and 5000. The streamlines show that at
Re=1500 the flow issues inside the duct is
going parallel 1o the duct wall rapidly. A1
Re= 5000 the duct length is larger for low
Reynolds number values of stream lines
inside the duct were found,

Figure (4) illusirates the isothermal
conlours for the llow issues inside o circulsr
duct st Re = 2500 and 5000, The
temperafure distribulion denotes that 1he
flow temperature is lower al the upper wall
and get higher far [rom the upper wall as
expected.

Figure (5) illustrates the isomuss
contours for the MNow issues inside a clrculor
duct at Re = 2500 and 50000 The
concenlrtion distnbution denoles that the
flow comcentration is high at the wall and get '
poor far from the lower wall as expected.

The asccuracy of numerical model |3
verificd by comparing the resulls from
present model with the corresponding results
reported] by Lee et al, (2006) and Sarma et al,
(2002). Figure (6) shows the variation of the
average MNussell number with Reynolds
number for the present work compared with
results obtained by Lee et al. (2006). It is
noticed that for the present work Nusselt
number increases with increasing Reynolds
number.li is obscrved that good agreement
was obtained.

Figure (7) shows the variation of the
average Sherwood number with Reynolds
number for the present work compared with
results obtained by Sarma et al. (2002). It is
observed that for the present work Sherwood
number increases with increasing Reynolds
number. The present results show good
agreement with the results of previous work.

Sherwood nuimber | 5h= [
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Figure (8) shows the variation of local
MNusselt with respect to dimensionless
distance Z at different values of Prandtl
number. [t is observed that, as Prandtl
number increases the value of Nusselt
number also increases.

Local Sherwood number 15 plotied against
dimensionless distance Z with different
values of Schmidt number, as shown in Fig.
(9). Tt is observed that, as Schmidt number
increases the value of Sherwood number
INCreases.

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

MNu= 1145 Rttt Prr}__u

Sh=1252 Reﬂ.éf.rscu_y

Conclusions

In the present study, the condensation
process of water vapor from moist air is,
theoretically analyzed. The effects of process
parameters  are  investigated.  These
parameters are presented by the following
dimensionless physical quantities; Prandtl,
Schmidt, 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,

Comparison between the obtained results
and the previous works in case of steady
flow shows good agreement. Two
correlations for MNusselt number and
Sherwood numbers are obtained.
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Dimensionless Distance, Z

Figure (5) Iso-mass lines for different Reynolds number
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