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Abstract

A numerical study was performed to examine the characteristics of laminar mixed convection heat and mass transfer
in rectangular ducts rotating about a parallel axis with water _lm evaporation along the porous duct walls[ Particular
attention is paid to the investigation of the extent of the energy transport through the mass transfer related to _lm
evaporation[ Numerical results are presented for an airÐwater vapor system under various conditions[ For a speci_c
condition\ a vorticityÐvelocity method implemented with a marching technique was employed to solve the resultant
three!dimensional system for simultaneously developing ~ow\ temperature and concentration _elds[ Results reveal that
the e}ects of water _lm vaporization along the porous duct walls on the mixed convection heat and mass transfer are
signi_cant[ The heat exchange along the porous wetted wall is dominated by the latent heat transport in association
with liquid _lm vaporization[ Additionally\ the local friction factors and heat and mass transfer rates can be enhanced
by the rotational e}ects\ including Coriolis and centrifugal forces\ and liquid _lm evaporation^ and the variations of the
local values are closely related to the evolution of the secondary vortices in the duct[ Þ 0888 Elsevier Science Ltd[ All
rights reserved[

Nomenclature

a\ b width and height of a rectangular duct\ respectively
ðmŁ
A cross!sectional area of a rectangular duct ðm1Ł
De equivalent hydraulic diameter\ 3A:S
E dimensionless eccentricity of the rotating ducts\ H:De

f peripherally averaged friction factor\ 1t¹w:"ru1
9#

` gravitational acceleration
GrT rotational heat transfer Grashof number
"V1H#b"Tw−T9#D2

e :n1

GrM rotational mass transfer Grashof number
"V1H#"Ma:Mv−0#"cw−c9#D2

e :n1

h circumferentially averaged heat transfer coe.cient
ðW m−1 >C−0Ł
J rotational Reynolds number\ VD1

e :n
m¾ ý interfacial mass ~ux due to liquid _lm evaporation
M\ N number of grid points in Y! and Z!directions\
respectively
Ma\ Mv molecular weights of air and water vapor\
respectively

� E!mail] wmyanÝhuafan[hfu[edu[tw

n dimensionless direction coordinate normal to the duct
wall
Nul local Nusselt number "latent heat#
Nus local Nusselt number "sensible heat#
Nux overall Nusselt number "�Nul¦Nus#
p¹ cross!sectional mean pressure ðkPaŁ
pw partial pressure of water vapor on the wetted walls
P¹ dimensionless cross!sectional mean pressure
Pr Prandtl number\ n:a
Re Reynolds number\ u9De:n
Ro rotational number\ VDe:u9

S circumference of cross!section ðmŁ
S� parameter\ equation "04#
Sc Schmidt number\ n:D
Sh local Sherwood number
T temperature ð>CŁ
T9 inlet temperature ð>CŁ
Tw porous wall temperature ð>CŁ
u\ v\ w velocity components in x!\ y! and z!directions\
respectively ðm s−0Ł
u9 inlet mean velocity ðm s−0Ł
U\ V\ W dimensionless velocity components in X!\ Y!
and Z!directions\ respectively
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Vi\ Wi dimensionless transverse evaporating velocities
of the mixture on the wetted walls
x\ y\ z rectangular coordinate ðmŁ
X� dimensionless axial coordinate\ X� � x:"DePr Re#
� X:Pr
X\ Y\ Z dimensionless rectangular coordinate\
X � x:"De Re#\ Y � y:De\ Z � z:De[

Greek symbols
a thermal di}usivity ðm1 s−0Ł
b coe.cient of thermal expansion
g aspect ratio of a rectangular duct\ a:b
u dimensionless temperature "T−T9#:"Tw−T9#
n kinematic viscosity ðm1 s−0Ł
j dimensionless vorticity in axial direction
r density ðkg m−2Ł
tw wall shear stress ðkPaŁ
f relative humidity of moist air in the ambient
V angular speed of rotation[

Subscripts
b bulk ~uid quantity
9 condition at inlet
w value at wall[

Superscript
"*# peripherally!averaged quantity[

0[ Introduction

GasÐliquid ~ow systems with coupled heat and mass
transfer are widely encountered in practical applications[
Liquid _lm evaporator\ turbine blade cooling\ cooling of
microelectronic equipment\ protection of system com!
ponents from high temperature gas streams in supersonic
aircraft and combustion chambers\ and the simultaneous
di}usion of metabolic heat and perspiration in the con!
trol of our body temperature are just some examples[
Because of such widespread applications\ latent heat
transfer associated with liquid _lm evaporation in con!
vection heat transfer has received considerable attention[

Developments in rotating machinery have motivated a
great deal of research into the e}ects of rotation on the
~uid ~ow and heat transfer characteristics[ Coolant pass!
ages are used extensively in rotary machinery where there
is a requirement to remove heat to ensure reliable long!
term operation[ In order to enhance the heat transfer
between the walls and the ~uid in the duct\ the bene_t of
the _lm evaporation along the porous duct walls may be
considered to augment the heat transfer[

A vast amount of work\ both theoretical and exper!
imental\ exists in the open literature to examine the ~ow
and heat transfer in rotating ducts[ Only those related to
the present work are reviewed here[ By using a boundary!
layer model\ Mori and Nakayama ð0Ł and Nakayama

ð1Ł investigated laminar and turbulent forced convection
heat transfer in a fully!developed ~ow[ Their results were
restricted to high rotational speeds[ The e}ects of external
convection and tube rotation on the heat transfer in a
fully!developed turbulent ~ow inside an axially rotating
tube were examined by Weigand and Beer ð2Ł[

Experimental evidence of rotational e}ects on laminar
heat transfer and pressure drop has been reported by
Woos ð3Ł and Johnson and Morris ð4Ł[ Morris and Dias
ð5Ł and Johnson and Morris ð6Ł experimentally inves!
tigated the turbulent forced convection heat transfer in
the entrance region of a revolving circular and square
duct[ They found that the increase in the ~ow resistance
due to rotation were typically 29Ð39) in the laminar
~ow regime\ but 09) in the turbulent regime[ Heat trans!
fer and ~ow in an elliptical duct rotating about a parallel
axis was conducted experimentally by Mahadevappa ð7Ł[
It was disclosed that\ for fully developed laminar and
turbulent ~ows\ the increase in heat transfer due to
rotation for an elliptical duct lies between the values for
circular and square ducts[

Laminar mixed convection heat transfer and ~uid ~ow
in developing and fully!developed regions of a circular
tube rotating in a parallel mode was numerically studied
by Skiadaressis and Spalding ð8Ł[ Neti et al[ ð09Ł and Levy
et al[ ð00Ł have numerically and experimentally inves!
tigated laminar mixed convection heat transfer in a rot!
ating rectangular duct of aspect ratio g � 9[4[ In their
studies\ the centrifugal!buoyancy e}ects on the ~ow and
heat transfer characteristics were not addressed in detail[
The laminar ~ow in the developing region of an axially
rotating pipe was studied numerically by Imao et al[ ð01Ł
and Gethin and Johnson ð02Ł[ Their results indicated that
the rotation has a signi_cant impact on the ~ow _eld[
Mahadevappa et al[ ð03Ł analyzed fully developed ~ow
and heat transfer under the in~uence of rotation!induced
buoyancy in rotating rectangular and elliptical ducts[
Recently\ Soong and Yan ð04Ł numerically investigated
the mixed convection heat transfer in rectangular ducts
rotating about a parallel axis[ It revealed that the
rotation!induced buoyancy has a signi_cant e}ect on the
characteristics of ~ow structure and heat transfer[

As far as convection heat and mass transfer are
concerned\ evaporation of water _lm into a gas stream
along a ~at plate was investigated by Schroppel and
Thiele ð05Ł and Chow and Chung ð06\ 07Ł[ The e}ects of
combined buoyancy forces of heat and mass di}usion
on laminar forced convection heat transfer in a vertical
parallel!plate channel or pipe were well studied[ Santarelli
and Foraboschi ð08Ł examined the buoyancy e}ects on
laminar forced convection ~ow undergoing a chemical
reaction[ The e}ects of wetted wall on laminar or tur!
bulent mixed convection heat and mass transfer in ver!
tical ducts were performed by Lin et al[ ð19Ł and Yan
ð10\ 11Ł[ In their analyses\ they found that the combined
buoyancy forces of thermal and mass di}usion have con!
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siderable e}ects on laminar or turbulent forced convec!
tion[ Mixed convection heat and mass transfer in hori!
zontal or vertical rectangular ducts has been studied by
Lin et al[ ð12Ł and Lee et al[ ð13Ł[ In refs[ ð12\ 13Ł\ uniform
temperature and concentration conditions are assumed
along the porous duct walls[

Regardless of its importance in engineering appli!
cations\ the mixed convection heat and mass transfer in
rectangular ducts rotating about a parallel axis has not
been well evaluated[ This motivates the present inves!
tigation[

1[ Analysis

Consider the steady and laminar ~ow through an iso!
thermal rectangular duct rotating at a constant angular
speed V about an axis parallel to the duct centerline\ as
shown schematically in Fig[ 0[ In this work\ a moist air
with a uniform axial velocity u9\ constant temperature T9

and relative humidity f enters the duct[ The porous duct
walls are wetted by a thin liquid _lm and maintained at
a constant temperature Tw[ The u\ v\ and w are the velocity
components in the x!\ y! and z!directions\ respectively[
The ~ow is assumed to be of constant properties except
the density variations in the centrifugal terms[ The ther!
mophysical properties of the mixture are evaluated by
the one!third rule ð06Ł[ A detailed calculation of ther!

Fig[ 0[ Schematic diagram of the physical system[

mophysical properties is available in Fujji et al[ ð14Ł[ The
Boussinesq approximation is invoked for consideration
of centrifugal!buoyancy[ For a su.ciently fast rotating
system\ gravitational force is neglected for its small mag!
nitude compared to the centrifugal force[ Since no cir!
culation is expected in the primary ~ow direction "x!
direction#\ the downstream in~uence on the ~ow can be
ignored[ This is justi_ed as the Peclect number Pe is high
enough\ e[g[ Pe × 099 ð15Ł[ Additionally\ the liquid _lm
on the wetted porous wall is assumed to be extremely
thin and it can be treated as a boundary condition[

Based on the above assumptions\ the problem can be
described by the following dimensionless vorticityÐvel!
ocity formulation]

11V:1Y1¦11V:1Z1 � −1j:1Z−11U:1X 1Y "0#

11W:1Y1¦11W:1Z1 � 1j:1Y−11U:1X 1Z "1#

U1j:1X¦V1j:1Y¦W1j:1Z¦j 1U:1X

¦"1U:1Y = 1W:1X−1U:1Z = 1V:1X#

�"11j:1Y1¦11j:1Z1#−1J 1U:1X

¦ðY:E¦0−"0¦g#:"3gE#Ł ="GrT 1u:1Z

¦GrM 1C:1Z#−ðZ:E−"0¦g#:"3E#Ł

="GrT 1u:1Y¦GrM 1C:1Y# "2#

U 1U:1X¦V 1U:1Y¦W 1U:1Z

� −dP¹ :dX¦11U:1Y1¦11U:1Z1 "3#
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U 1u:1X¦V 1u:1Y¦W 1u:1Z �"11u:1Y1¦11u:1Z1#:Pr

"4#

U 1C:1X¦V 1C:1Y¦W 1C:1Z

�"11C:1Y1¦11C:1Z1#:Sc "5#

where the dimensionless variables and groups are de_ned
as follows[

X � x:"De Re# Y � y:De

Z � z:De U � u:u9

V � vDe:n W � wDe:n

P¹ � p¹:"ru1
9# X� � X:Pr

u � "T−T9#:"Tw−T9# C �"c−c9#:"cw−c9#

Re � u9De:n Pr � n:a

GrT � "V1De#b"Tw−T9#D2
e :n

1

GrM � "V1De#"Ma:Mv−0#"cw−c9#D2
e :n

1

J �VD1
e :n E � H:De

g � a:b De � 3A:S[ "6#

For proper calculation of the axial pressure gradient\
−dP¹ :dX\ the global mass conservation\

g
"0¦g#:"1g#

9 g
"0¦g#:1

9

U dY dZ

�"0¦g#1:"3g#¦g
X

9 g
"0¦g#:1

9

"V0−V1# dZ dX

¦g
X

9 g
"0¦g#:"1g#

9

"W0−W1# dY dX "7#

has to be satis_ed at each axial location[ The present
problem is subjected to the following boundary con!
ditions]

U � W � 9\ V � V0\ u � C � 0 at Y � 9 "8a#

U � W � 9\ V � V1\ u � C � 0 at Y �"0¦g#:"1g#

"8b#

U � V � 9\ W � W0\ u � C � 0 at Z � 9 "8c#

U � V � 9\ W � W1\ u � C � 0 at Z �"0¦g#:1

"8d#

U � 0\ V � W � j � u � 9 at the entrance X � 9[

"8e#

Since the airÐwater interface is semipermeable "the
solubility of air in water is negligibly small# and air vel!
ocity in the direction normal to the wetted wall is station!
ary at the interface\ the evaporating velocities of the
mixture on the wetted surfaces are evaluated by the fol!
lowing equations ð16Ł

Vi �−"cw−c9# ="1C:1Y#:ðSc"0−cw#Ł\ i�0\ 1 "09a#

Wi �−"cw−c9# ="1C:1Z#:ðSc"0−cw#Ł\ i�0\ 1 "09b#

where the subscript i � 0 represents the wall of Y � 9 or

Z � 9\ while i � 1 indicates the condition at the wall of
Y �"0¦g#:"1g# or Z �"0¦g#:1[ According to Dalton|s
law and the state equation of ideal gas mixture\ the inter!
face mass fraction of water vapor can be calculated by

cw � pwMv:ðpwMv¦"p−pw#MaŁ "00#

where pw is the partial pressure of water vapor on the
wetted wall[

After the developing velocity\ temperature and con!
centration _elds being obtained\ the computations of the
circumferentially averaged friction factor\ Nusselt and
Sherwood numbers are of practical interest[ Following
the usual de_nitions\ the expression for the product of
the peripherally averaged friction factor and Reynolds
number f Re can be written as

f Re � −1"1U:1n#w[ "01#

Energy transport between the wetted walls and the ~uid
in the duct in the presence of mass transfer depends on
two factors] "0# the ~uid temperature gradient at the
porous duct walls\ resulting in a sensible heat transfer\
and "1# the rate of mass transfer\ resulting in a latent heat
transfer[ The local Nusselt numbers along the channel
can then be written as ð19\ 13Ł

Nux � Nus¦Nul "02#

where Nus and Nul are\ respectively\ the local Nusselt
numbers for sensible and latent heat transfer\ they are
de_ned as

Nus �"1u:1n#w:"0−ub# "03a#

Nul � S�"1C:1n#w:ð"0−cw# ="0−ub#Ł

� hfg:ðcp"Tw−Tb#Ł ="cw−cb#:"0−cw#

= "Pr:Sc# = Sh "03b#

where S� indicates the importance of the energy transport
through species di}usion relative to that through thermal
di}usion

S� � rDhfg "cw−c9#:ðk"Tw−T9#Ł[ "04#

Similarly\ the local Sherwood number Sh is de_ned as

Sh �"1C:1n#w:"0−Cb# "05#

where the overbar means the average around the per!
imeters and n denotes the dimensionless coordinate nor!
mal to the porous duct walls[ The bulk ~uid temperature
ub and bulk ~uid concentration Cb are de_ned as

ub � g
"0¦g#:"1g#

9 g
"0¦g#:1

9

u = U dY dZ>

g
"0¦g#:"1g#

9 g
"0¦g#:1

9

U dY dZ "06#

Cb � g
"0¦g#:"1g#

9 g
"0¦g#:1

9

C = U dY dZ>

g
"0¦g#:"1g#

9 g
"0¦g#:1

9

U dY dZ[ "07#
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The parameters involved in the present problem are
the Prandtl number Pr\ Schmidt number Sc\ rotational
Reynolds number J\ heat transfer Grashof number GrT\
mass transfer Grashof number GrM\ eccentricity E and
cross!sectional aspect ratio g[ The rotational Reynolds
number J characterizes the Coriolis force e}ect or a
measure of the relative strength of Coriolis force to vis!
cous force[ The GrT and GrM measure the signi_cance
of the rotation!induced buoyancy e}ects[ It should be
mentioned herein that not all the values of non!
dimensional groups can be arbitrarily assigned[ Some of
them "i[e[ Pr\ Sc\ GrT\ GrM\ and J# are interdependent for
a given mist air under certain speci_c conditions[ Hence\
for a given mixture it is not proper to vary Pr\ Sc\ GrT

or GrM independently in order to study their individual
e}ects[ Instead the physical parameters*wall tem!
perature Tw\ relative humidity of the ambient moist air f

and rotational speed V are chosen as the independent
variables[ In light of practical situations\ the following
conditions are selected in the computations] unsaturated
moist air at the inlet is _xed at 19>C and 0 atm\ the
relative humidity of inlet mixture f is chosen to be 09\
49 or 89)\ the wetted walls are maintained at a constant
wall temperature of 39\ 59 and 79>C\ and the angular
speed V is chosen to be 399\ 799 or 0199 rpm[ Based on
the speci_c conditions\ the dimensionless groups can then
be obtained for several cases\ as indicated in Table 0[

2[ Solution method

The governing equations are solved by the vorticityÐ
velocity method for three!dimensional parabolic ~ow
ð17Ł[ For a given condition\ the _eld solutions are cal!
culated by a marching technique based on the Du FortÐ
Frankel scheme ð17Ł[ Details of the solution procedure
has been described elsewhere ð04\ 13Ł\ and is not repeated
herein[

To obtain enhanced accuracy\ grids were chosen to be
uniform in the cross!sectional direction but nonuniform
in the axial direction to account for the uneven variations

Table 0
Parameters and conditions used in this work for di}erent aspect ratio g

Case V Tw f GrT GrM J Pr Sc
"rpm# ">C# ")#

I 799 39 49 0[72×093 5[33×092 407[37 9[692 9[481
II 799 59 49 2[13×093 0[79×093 376[93 9[690 9[471

III 799 79 49 3[33×093 3[46×093 354[62 9[605 9[454
IV 0199 39 49 3[02×093 0[34×093 666[61 9[692 9[481
V 399 39 49 3[47×092 0[50×092 148[13 9[692 9[481

VI 799 39 09 0[71×093 6[26×092 407[19 9[692 9[481
VII 799 39 89 0[73×093 4[38×092 407[66 9[692 9[480

of velocity\ temperature and concentration in the
entrance region[ It was found in Table 1 that the devi!
ations in local Nux calculated with M×N � 40×40 and
60×60 "DX� � 0×09−4Ð1×09−3# are always less than
0) for a typical case[ Furthermore\ the deviations in
local Nux calculated using M×N"DX�# � 40×40
"0×09−5Ð1×09−3# and 40×40 "0×09−4Ð1×09−3# are
all less than 0)[ Accordingly\ the computations involv!
ing a M×N"DX�# � 40×40 "0×09−4Ð1×09−3# grid are
considered to be su.ciently accurate to describe the
mixed convection heat and mass transfer in rectangular
duct rotating about a parallel axis[ All the results pre!
sented in the next section are computed using the latter
grid[ As a partial veri_cation of the computational pro!
cedure\ results were initially obtained for mixed con!
vection heat transfer in rotating rectangular duct of
aspect ratio g � 9[4 without mass transfer[ The present
predictions of peripheral average of Nu in an iso!~ux
duct of g � 9[4 are compared with the computation and
measurement by Neti et al[ ð09Ł and Levy et al[ ð00Ł[ It is
found that the results agree well with both the com!
putations and measured data of Levy|s group for
GrT ³ 0×095[ Generally speaking\ the methodology
employed gives very reasonable predictions of the lim!
iting case[ The above numerical tests indicated that the
solution procedure adopted is suitable for the present
study[

3[ Results and discussion

Figure 1 depicts a series of cross!~ow velocity dis!
tributions in the transverse plane at di}erent axial
locations[ Each of the velocity vectors in the cross!~ow
plane is composed of the velocity components in the y!
and z!directions[ Near the entrance "X� � 9[9993#\ the
~ow is of boundary!layer type\ the ~uid is repelled from
the near!wall region toward the center of the duct for the
boundary layer displacement e}ect[ As the ~ow moves
downstream "X� � 9[91#\ the cross ~ow shows a spiral
pattern with a tendency of vortex formation[ A stronger
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Table 1
Comparisons of local Nux for various grid arrangements for V � 799 rpm\ Tw � 39>C\ f � 49) and g � 0

X�
M×N
"DX�# 9[990 9[994 9[90 9[94 9[0 9[2

40×40 "0×09−4Ð1×09−3# 66[69 27[34 29[17 18[55 19[51 00[50
60×60 "0×09−4Ð1×09−3# 65[15 27[26 29[18 18[56 19[43 00[59
40×40 "0×09−5Ð1×09−3# 66[87 27[40 29[18 18[56 19[59 00[50
20×20 "0×09−4Ð1×09−3# 75[87 27[85 29[35 18[81 19[78 00[50

Fig[ 1[ E}ects of angular speed V on the cross!~ow velocity distributions "g � 0#[

secondary ~ow is noted for a system with a higher
rotation speed "case IV\ V � 0199 rpm#[ Additionally\
the ~ow pattern is more twisted for a higher rotation
speed "case IV\ V � 0199 rpm# and therefore has more
potential for formation of the secondary vortices[ But for
the case of lower rotation speed "case V\ V � 399 rpm#\
a weaker vortex is found due to a weaker Coriolis e}ect[

Further downstream "X� � 9[0#\ the vortices become
weak[ In the separate numerical runs\ the secondary
motion would fade away in the far downstream as the
~ow _eld approaches the fully!developed condition[

To investigate the relative contributions of heat trans!
fer through sensible and latent heat transfer\ the local
Nusselt number distributions are shown in Fig[ 2 with
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Fig[ 2[ E}ects of angular speed V on the local Nusselt numbers "g � 0#[

angular speed V as a parameter[ For comparison
purposes\ the corresponding results without mass trans!
fer are also included in this plot by the dashed curves[
An overall inspection of Fig[ 2 discloses that the decreases
in local values of Nusselt number Nus near the inlet are
attributed to the forced!convection entrance e}ect[ Pro!
ceeding downstream\ the Nusselt number Nus deviates
from that of forced convection "V � 9# and decreases
monotonically to a local minimum value[ At this position\
the entrance and rotational e}ects are balanced out[
Location of the local minimum in Nus!curve denotes the
formation of the secondary vortices and the position of
the local minimum Nus depending upon the value of V[
Subsequently\ the rotational e}ects dominate over the
entrance e}ect and the Nus increases until a local
maximum value of Nus is reached[ Finally\ the curves of
Nus fall asymptotically to the value of forced convection
when the velocity\ temperature and concentration _elds
approach the fully developed condition[ Also noted in

Fig[ 2"a# is that\ relative to the results without mass
di}usion e}ects\ those with mass transfer e}ects have a
pronounced impact on the local Nus for a system with a
high angular speed V[ It was found that in the separate
numerical runs that as V ³ 199 rpm\ the e}ects of V on
the Nus are relatively small[ By comparing the ordinates
in Fig[ 2"a# and 2"b#\ it is observed that the magnitude
of Nul is much larger than that of Nus\ indicating that
the interfacial heat transfer resulting from latent heat
exchange is much more e}ective[ In Fig[ 2"c#\ Nux\ the
sum of Nus and Nul\ is presented[

The e}ects of angular speed V on the local friction
factor f Re and Sherwood number Sh are presented in
Fig[ 3[ The local f Re with mass transfer e}ects is always
larger than that without mass transfer e}ects[ This is due
to the additional centrifugal mass buoyancy owing to
the mass transfer[ Additionally\ the result with a higher
angular speed V shows a greater f Re due to the greater
rotational e}ects including Coriolis force and centrifugal
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Fig[ 3[ E}ects of angular speed V on the local friction factor f Re and Sherwood number Sh "g � 0#[

buoyancy[ In Fig[ 3"b#\ the distributions of Sh resemble
those of Nus in Fig[ 2"a#[ This is because in this study the
Prandtl number Pr and Schmidt number Sc are of the
same order of magnitude[ Again\ a larger Sh is found for
the system with a higher V[

The e}ects of porous wall temperature Tw on the local
Nusselt number distributions are shown in Fig[ 4[
Regarding Nus curves\ a lager Nus is noted for a higher
Tw due to a greater centrifugal buoyancy e}ect[ Addition!
ally\ the heat transfer enhancement due to the mass trans!
fer e}ects\ which can be identi_ed by the vertical sep!
aration between the solid curves and dashed curves\
increases with the increase in Tw[ In Fig[ 4"b#\ the ~ow
with a higher Tw shows a larger Nul[ This is brought
about by the larger latent heat transport in connection
with the larger liquid _lm evaporation for a higher Tw[ It
is apparent by comparing Fig[ 4"a# and 4"b# that\ for
Tw � 79>C\ the magnitude of the evaporative latent heat
Nusselt number Nul may be 04 times greater than that of
sensible heat Nusselt number Nus[ This implies that the
heat transfer enhancement due to _lm evaporation is
much more e}ective for a system with a higher wall tem!
perature Tw[

It is interesting to examine the e}ects of the relative
humidity of the ambient moist air f on the heat exchange
of latent heat[ The distributions of Nul with various values
of f are presented in Fig[ 5[ It is found in the separate
computational runs that the in~uences of f on the devel!
opments of velocity\ temperature and concentration are
rather insigni_cant[ But the in~uences of f on the latent
heat exchange cannot be neglected[ A larger Nul is found
for a system with a lower f[ This is owing to the fact that
the latent heat exchange associated with _lm evaporation
is much more e}ective at lower concentration levels[

The e}ects of the channel aspect ratio g on the local
Nux\ f Re and Sh are of interest[ The axial distributions
of Nux\ f Re and Sh for g � 9[4 and 1 are presented in Fig[
6 with angular speed V as a parameter[ For comparison
purposes\ the results for g � 0 are also included in this
_gure[ Comparing the results with di}erent g indicates
that\ within the range of the aspect ratio under consider!
ation\ the e}ects of the aspect ratio on the Nux\ f Re
and Sh are more pronounced for a system with a higher
rotation speed[ Additionally\ for a higher rotation case
"case IV#\ the e}ects of the angular speed on the Nux\
f Re and Sh are more signi_cant for square duct "g � 0#
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Fig[ 4[ E}ects of wall temperature Tw on the local Nusselt numbers "g � 0#[

at the range of X� � 9[90Ð9[94[ This is owing to the
relatively stronger secondary motion presented for aspect
ratio g � 0\ which in turn causes a larger augmentation
in Nux\ f Re and Sh[ As the ~ow moves downstream\ the
rotation e}ect diminishes and the ~ow approaches a fully!
developed condition[ Therefore\ the values of Nus\ f Re
and Sh at higher value of X� would approach the limiting
results of fully!developed convection heat and mass
transfer[ As shown in ref[ ð29Ł\ the fully!developed results
of Nu "Sh# and f Re in rectangular ducts depends on
aspect ratio g[ For g � 0\ the fully!developed results of
Nu "Sh# and f Re are 1[87 and 03[12\ respectively[ But\
for g � 9[4 "g � 1#\ the values are 2[28 and 04[45\ re!
spectively[ From the above stations\ these explain why
the values of f Re and Sh at higher values of X� for
g � 9[4 "or g � 1# are di}erent from those of g � 0[

4[ Conclusions

The e}ects of mass di}usion on mixed convection ~ow
and heat transfer in rectangular ducts rotating about a

parallel axis have been studied numerically[ The e}ects
of angular speed V\ porous wall temperature Tw\ the
relative humidity of the moist air f and the aspect ratio
of the duct g on the transfer of momentum\ heat and
mass in the ~ow were examined in detail[ What follows
is a brief summary[
"0# Heat transfer on the porous wetted duct walls is

dominated by the transport of latent heat in con!
nection with the vaporization of the liquid _lm[

"1# The variations of the friction factor f Re\ Nusselt
numbers Nu and Sherwood number Sh show that the
total rotational e}ects of Coriolis and centrifugal
buoyancy forces are negligible up to a certain entry
length depending primarily on the magnitude of the
rotational speed V[ The distributions of f Re\ Nu and
Sh are characterized by a decay near the entrance
due to the entrance e}ect^ but the decay is attenuated
by the onset of secondary ~ow[

"2# The circumferentially averaged friction factor f Re\
Nusselt numbers Nu and Sherwood number Sh are
enhanced with an increase in the angular speed V
and the porous wall temperature Tw[
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Fig[ 5[ E}ects of relative humidity f on the local Nul "V � 799 rpm\ g � 0#[

Fig[ 6[ E}ects of aspect ratio g on the local Nux\ f Re and Sh[
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"3# The centrifugal buoyancy induced by mass di}usion
causes an enhancement in heat and mass transfer[
The extent of the augmentation increases with an
increase in Tw\ comparable with the corresponding
results without mass transfer[

"4# Greater aspect ratio e}ects are noted for a system
with a higher angular speed[
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