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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 film 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 film
evaporation. Numerical results are presented for an air—water vapor system under various conditions. For a specific
condition, a vorticity—velocity method implemented with a marching technique was employed to solve the resultant
three-dimensional system for simultaneously developing flow, temperature and concentration fields. Results reveal that
the effects of water film vaporization along the porous duct walls on the mixed convection heat and mass transfer are
significant. The heat exchange along the porous wetted wall is dominated by the latent heat transport in association
with liquid film vaporization. Additionally, the local friction factors and heat and mass transfer rates can be enhanced
by the rotational effects, including Coriolis and centrifugal forces, and liquid film evaporation; and the variations of the
local values are closely related to the evolution of the secondary vortices in the duct. © 1999 Elsevier Science Ltd. All
rights reserved.

Nomenclature

a,b width and height of a rectangular duct, respectively
[m]

A cross-sectional area of a rectangular duct [m?]

D, equivalent hydraulic diameter, 44/S

E dimensionless eccentricity of the rotating ducts, H/D,
f peripherally averaged friction factor, 2%,,/(pu3)

g gravitational acceleration

Gry rotational heat transfer
(Q*H)B(Ty—To) DIV’

Gry rotational mass transfer Grashof number
(Q°H)(M,/M,—1)(c,— ) D2V

h circumferentially averaged heat transfer coefficient
Wm=2°C™]

J rotational Reynolds number, QD?/v

m” interfacial mass flux due to liquid film evaporation
M, N number of grid points in Y- and Z-directions,
respectively

M,, M, molecular weights of air and water vapor,
respectively

Grashof number

* E-mail: wmyan(@huafan.hfu.edu.tw

n dimensionless direction coordinate normal to the duct
wall

Nu, local Nusselt number (latent heat)

Nu, local Nusselt number (sensible heat)

Nu, overall Nusselt number (= Nu;+ Nuy)

p cross-sectional mean pressure [kPa]

pw partial pressure of water vapor on the wetted walls
P dimensionless cross-sectional mean pressure

Pr Prandtl number, v/o

Re Reynolds number, u,D, /v

Ro rotational number, QD,/u,

S circumference of cross-section [m]

S* parameter, equation (15)

Sc Schmidt number, v/D

Sh  local Sherwood number

T temperature [°C]

T, inlet temperature [°C]

T, porous wall temperature [°C]

u, v, w velocity components in x-, y- and z-directions,
respectively [m s™']

u, inlet mean velocity [m s™']

U, V, W dimensionless velocity components in X-, Y-
and Z-directions, respectively
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V, W, dimensionless transverse evaporating velocities
of the mixture on the wetted walls

X, ¥,z rectangular coordinate [m]

X* dimensionless axial coordinate, X* = x/(D.Pr Re)
= X/Pr

X, Y, Z dimensionless rectangular coordinate,
X =x/(D.Re), Y=y/D, Z = z/D..

Greek symbols

thermal diffusivity [m? s™']

coefficient of thermal expansion
aspect ratio of a rectangular duct, a/b
dimensionless temperature (7— Ty)/(T,, — T,)
kinematic viscosity [m? s~']
dimensionless vorticity in axial direction
density [kg m™?]

wall shear stress [kPa]

relative humidity of moist air in the ambient
angular speed of rotation.

DS D s D2 ™R

Subscripts

b bulk fluid quantity
0 condition at inlet
w value at wall.

Superscript
(7) peripherally-averaged quantity.

1. Introduction

Gas-liquid flow systems with coupled heat and mass
transfer are widely encountered in practical applications.
Liquid film 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
diffusion 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 film evaporation in con-
vection heat transfer has received considerable attention.

Developments in rotating machinery have motivated a
great deal of research into the effects of rotation on the
fluid flow 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 fluid in the duct, the benefit of
the film 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 flow
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 [1] and Nakayama

[2] investigated laminar and turbulent forced convection
heat transfer in a fully-developed flow. Their results were
restricted to high rotational speeds. The effects of external
convection and tube rotation on the heat transfer in a
fully-developed turbulent flow inside an axially rotating
tube were examined by Weigand and Beer [3].

Experimental evidence of rotational effects on laminar
heat transfer and pressure drop has been reported by
Woos [4] and Johnson and Morris [5]. Morris and Dias
[6] and Johnson and Morris [7] 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 flow resistance
due to rotation were typically 30-40% in the laminar
flow regime, but 10% in the turbulent regime. Heat trans-
fer and flow in an elliptical duct rotating about a parallel
axis was conducted experimentally by Mahadevappa [8].
It was disclosed that, for fully developed laminar and
turbulent flows, 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 fluid flow
in developing and fully-developed regions of a circular
tube rotating in a parallel mode was numerically studied
by Skiadaressis and Spalding [9]. Neti et al. [10] and Levy
et al. [11] have numerically and experimentally inves-
tigated laminar mixed convection heat transfer in a rot-
ating rectangular duct of aspect ratio y = 0.5. In their
studies, the centrifugal-buoyancy effects on the flow and
heat transfer characteristics were not addressed in detail.
The laminar flow in the developing region of an axially
rotating pipe was studied numerically by Imao et al. [12]
and Gethin and Johnson [13]. Their results indicated that
the rotation has a significant impact on the flow field.
Mahadevappa et al. [14] analyzed fully developed flow
and heat transfer under the influence of rotation-induced
buoyancy in rotating rectangular and elliptical ducts.
Recently, Soong and Yan [15] numerically investigated
the mixed convection heat transfer in rectangular ducts
rotating about a parallel axis. It revealed that the
rotation-induced buoyancy has a significant effect on the
characteristics of flow structure and heat transfer.

As far as convection heat and mass transfer are
concerned, evaporation of water film into a gas stream
along a flat plate was investigated by Schroppel and
Thiele [16] and Chow and Chung [17, 18]. The effects of
combined buoyancy forces of heat and mass diffusion
on laminar forced convection heat transfer in a vertical
parallel-plate channel or pipe were well studied. Santarelli
and Foraboschi [19] examined the buoyancy effects on
laminar forced convection flow undergoing a chemical
reaction. The effects of wetted wall on laminar or tur-
bulent mixed convection heat and mass transfer in ver-
tical ducts were performed by Lin et al. [20] and Yan
[21, 22]. In their analyses, they found that the combined
buoyancy forces of thermal and mass diffusion have con-



W.-M. Yan | Int. J. Heat Mass Transfer 42 (1999) 2955-2965

siderable effects 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. [23] and Lee et al. [24]. In refs. [23, 24], 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.

2. Analysis

Consider the steady and laminar flow through an iso-
thermal rectangular duct rotating at a constant angular
speed Q about an axis parallel to the duct centerline, as
shown schematically in Fig. 1. In this work, a moist air
with a uniform axial velocity u,, constant temperature 7,
and relative humidity ¢ enters the duct. The porous duct
walls are wetted by a thin liquid film and maintained at
a constant temperature 7. The u, v, and w are the velocity
components in the x-, y- and z-directions, respectively.
The flow 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 [17]. A detailed calculation of ther-
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mophysical properties is available in Fujji et al. [25]. The
Boussinesq approximation is invoked for consideration
of centrifugal-buoyancy. For a sufficiently 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 flow direction (x-
direction), the downstream influence on the flow can be
ignored. This is justified as the Peclect number Pe is high
enough, e.g. Pe > 100 [26]. Additionally, the liquid film
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 vorticity—vel-
ocity formulation:

PVIOY?+0*V]0Z? = —08)0Z—*UJOX Y
PWOY? +0*W)6Z? = 0¢/0Y —*UJoX 0Z
UdE|0X + VOE|QY + WoE[OZ + & dUJOX

+(QUJOY - 0W|oX —dU/OZ - 0V]oX)

=(2E[0Y? +0%¢/0Z%) —2J 0U/OX

FIY/E+1—(147)/(47E)] «(Gry 00/0Z

4 Gry 0C0Z) —[Z)E—(1+)/(4E)]

“(Gry 00/0Y + Gry 0C/0Y)
UOUOX+VUOY+ W oU/oZ

= —dP/dX+32UJoY?* +0*U/0Z>

Q)
(@)

©)

4)

o

o

Uy,T4,S

1
Z,W

‘ trailing

inner wall

Main Flow [H
Q% 5

L

thin liquid' film

Fig. 1. Schematic diagram of the physical system.
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Ud0/oX+V30/6Y+ W d0/6Z =(020/0Y> +820/0Z%)/ Pr
(5)

UdCIoX+V aCI0Y + W aC|oZ
=(3>ClOY>+0>CloZ?)/Se  (6)

where the dimensionless variables and groups are defined
as follows.

X =x/(D.Re) Y =y/D.
Z =z/D. U= ulu,
V=uvD/Jv W=wDv
P = p/(pug) X* = X/Pr
0=T-T)/(Tv—Ty) C=(c—co)/(cy—2c)
Re =uyD,v Pr=v/u

Grr = (Q*D)B(T,—Ty)Di /v’

Gry = (Q°D.)(M,/M, —1)(c,, —co) DI v
J=QD/v E=HID,
y=alb D.=4A4/S. @)

For proper calculation of the axial pressure gradient,
—dP/dX, the global mass conservation,

A+9/Cn [A+9)/2
J J udydz

0 0

X (492
=(1+v)2/(4v)+J J (V\—V,)dzdx

0 0
X (~(1+9/2y
+J J (W, —W,)dYdx 8)
0 0

has to be satisfied at each axial location. The present
problem is subjected to the following boundary con-
ditions:

U=W=0, V=V, 0=C=1 atY=0 (9a)
U=W=0, V=V,, 0=C=1 atY=>1+y)/(2y)
(9b)
U=V=0, W=w,, 0=C=1 atZ=0 (9¢c)
U=V=0, W=W,, 0=C=1 atZ=(1+7y))2
(9d)

I, V=W=¢&=0=0 attheentrance X = 0.
(%e)

Since the air—water 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 [27]

I/i = _(CW_CO) .(aC/DY)/[S('(l_('W)]’ = 1’2 (loa)
W, = —(cu—c0)(0CIOZ)[Sec(l—¢)], i=1,2  (10b)

where the subscript i = 1 represents the wall of ¥ = 0 or

U

Z = 0, while i = 2 indicates the condition at the wall of
Y =(149)/Q2y) or Z=(1+y)/2. 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 :prv/[pW'Mv+(p_p“')Ma] (11)
where p,, is the partial pressure of water vapor on the
wetted wall.

After the developing velocity, temperature and con-
centration fields being obtained, the computations of the
circumferentially averaged friction factor, Nusselt and
Sherwood numbers are of practical interest. Following
the usual definitions, the expression for the product of
the peripherally averaged friction factor and Reynolds
number f Re can be written as

fRe = —2(0U/n),,. (12)

Energy transport between the wetted walls and the fluid
in the duct in the presence of mass transfer depends on
two factors: (1) the fluid temperature gradient at the
porous duct walls, resulting in a sensible heat transfer,
and (2) the rate of mass transfer, resulting in a latent heat
transfer. The local Nusselt numbers along the channel
can then be written as [20, 24]

Nu, = Nu,+ Nu, (13)

where Nu; and Nu, are, respectively, the local Nusselt
numbers for sensible and latent heat transfer, they are
defined as

Nug = (20/on).,/(1—0y) (14a)
Nuy = S*@CTan) I(1—¢,) *(1—06,)]

= hfg/[cp(Tw - Tb)] '(Cw 7Cb)/(1 7CW)

- (Pr/Sc)- Sh (14b)

where S* indicates the importance of the energy transport
through species diffusion relative to that through thermal
diffusion

S* = pDhgy(cy — o) [[K(Ty — T))]- (15)
Similarly, the local Sherwood number S/ is defined as
Sh =(0C/on),,/(1—Cy) (16)

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 fluid temperature
0, and bulk fluid concentration C, are defined as

(A +9/2y) [ +p)/2
0, = J J 0-UdYdZz /

0 0 /

(T+p/(2y) LA +9)/2
J J Udydz (17)

0 0

(1+9)/2) [(1+9)2
o= [ evaraz |

0 0
(+9/2y) [+9)/2
J J Udydz. (18)

0 0
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The parameters involved in the present problem are
the Prandtl number Pr, Schmidt number Se, rotational
Reynolds number J, heat transfer Grashof number Grr,
mass transfer Grashof number Gry, eccentricity E and
cross-sectional aspect ratio y. The rotational Reynolds
number J characterizes the Coriolis force effect or a
measure of the relative strength of Coriolis force to vis-
cous force. The Grr and Gry measure the significance
of the rotation-induced buoyancy effects. 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, Gry, Gry, and J) are interdependent for
a given mist air under certain specific conditions. Hence,
for a given mixture it is not proper to vary Pr, Sc, Grr
or Gry independently in order to study their individual
effects. Instead the physical parameters—wall tem-
perature T, relative humidity of the ambient moist air ¢
and rotational speed Q 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 fixed at 20°C and 1 atm, the
relative humidity of inlet mixture ¢ is chosen to be 10,
50 or 90%, the wetted walls are maintained at a constant
wall temperature of 40, 60 and 80°C, and the angular
speed Q is chosen to be 400, 800 or 1200 rpm. Based on
the specific conditions, the dimensionless groups can then
be obtained for several cases, as indicated in Table 1.

3. Solution method

The governing equations are solved by the vorticity—
velocity method for three-dimensional parabolic flow
[28]. For a given condition, the field solutions are cal-
culated by a marching technique based on the Du Fort—
Frankel scheme [28]. Details of the solution procedure
has been described elsewhere [15, 24], 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 1

of velocity, temperature and concentration in the
entrance region. It was found in Table 2 that the devi-
ations in local Nu, calculated with M x N = 51 x 51 and
71x71 (AX* = 1x107°-2x 10~%) are always less than
1% for a typical case. Furthermore, the deviations in
local Nu, calculated using M x N(AX*) = 51x51
(Ix107%-2x107% and 51 x51 (1x107°-2x10"%) are
all less than 1%. Accordingly, the computations involv-
inga M x N(AX*) = 51 x 51 (1 x 1072 x 10™*) grid are
considered to be sufficiently 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 verification of the computational pro-
cedure, results were initially obtained for mixed con-
vection heat transfer in rotating rectangular duct of
aspect ratio y = 0.5 without mass transfer. The present
predictions of peripheral average of Nu in an iso-flux
duct of y = 0.5 are compared with the computation and
measurement by Neti et al. [10] and Levy et al. [11]. Itis
found that the results agree well with both the com-
putations and measured data of Levy’s group for
Grr < 1x10° 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.

4. Results and discussion

Figure 2 depicts a series of cross-flow velocity dis-
tributions in the transverse plane at different axial
locations. Each of the velocity vectors in the cross-flow
plane is composed of the velocity components in the y-
and z-directions. Near the entrance (X* = 0.0004), the
flow is of boundary-layer type, the fluid is repelled from
the near-wall region toward the center of the duct for the
boundary layer displacement effect. As the flow moves
downstream (X* = 0.02), the cross flow shows a spiral
pattern with a tendency of vortex formation. A stronger

Parameters and conditions used in this work for different aspect ratio y

Case Q T, ¢ Gry Gry J Pr Sc
(rpm) (°O) (%)

1 800 40 50 1.83x 10* 6.44x10° 518.48 0.703 0.592
11 800 60 50 3.24 x10* 1.80 x 10* 487.04 0.701 0.582
11 800 80 50 4.44 x 10* 4.57 x 10* 465.73 0.716 0.565
1AY 1200 40 50 4.13x10* 1.45%10* 777.72 0.703 0.592
\% 400 40 50 4.58 x 10° 1.61x10° 259.24 0.703 0.592
VI 800 40 10 1.82 x 10* 7.37x10° 518.20 0.703 0.592
VII 800 40 90 1.84 x 10* 5.49 % 10° 518.77 0.703 0.591
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X*

0.001
77.70
76.26
77.98
86.98

(a)Case | (Q:

—100

Comparisons of local Nu, for various grid arrangements for Q = 800 rpm, 7,, = 40°C, ¢ = 50% and y = 1

51x51 (1x107>2x107%)
T1x71 (1x107°-2x 1074
51x51 (1x107%2x107%)
31x31 (1x1075-2x 1074
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Table 2
Mx N
(AX™)

1200rpm) Y )\ (c)Case V (Q=400rpm)

To investigate the relative contributions of heat trans-
fer through sensible and latent heat transfer, the local

motion would fade away in the far downstream as the
Nusselt number distributions are shown in Fig. 3 with

weak. In the separate numerical runs, the secondary
flow field approaches the fully-developed condition.

Further downstream (X* = 0.1), the vortices become

400 rpm),

S eSSSRNNN

¥000°0=X

Fig. 2. Effects of angular speed Q on the cross-flow velocity distributions (y = 1).

secondary flow is noted for a system with a higher
rotation speed (case IV, Q = 1200 rpm). Additionally,
the flow pattern is more twisted for a higher rotation
speed (case IV, Q = 1200 rpm) and therefore has more
potential for formation of the secondary vortices. But for
the case of lower rotation speed (case V, Q

a weaker vortex is found due to a weaker Coriolis effect.
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v

Case IV

T T T T T T I T
Case I, =800 rpm
Case IV, (0=1200 rpm
Case V,(12=400 rpm

6
Nu_, 5
4
3r with mass transfer ot
I ———without mass transfer Stationary Duct (0=0) ]
L» l I l Il I Il 1 1 I I Il
43 T T T T | T T T 1 T T T I T
(b) T
35 Case IV .

Stationary Duct (Q=0) S

Fi

angular speed Q 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. 3 discloses that the decreases
in local values of Nusselt number Nu, near the inlet are
attributed to the forced-convection entrance effect. Pro-
ceeding downstream, the Nusselt number Nu, deviates
from that of forced convection (Q = 0) and decreases
monotonically to a local minimum value. At this position,
the entrance and rotational effects are balanced out.
Location of the local minimum in Nu-curve denotes the
formation of the secondary vortices and the position of
the local minimum Nu, depending upon the value of Q.
Subsequently, the rotational effects dominate over the
entrance effect and the Nu, increases until a local
maximum value of Nu is reached. Finally, the curves of
Nug fall asymptotically to the value of forced convection
when the velocity, temperature and concentration fields
approach the fully developed condition. Also noted in

g. 3. Effects of angular speed Q on the local Nusselt numbers (y = 1).

Fig. 3(a) is that, relative to the results without mass
diffusion effects, those with mass transfer effects have a
pronounced impact on the local Nu, for a system with a
high angular speed Q. It was found that in the separate
numerical runs that as Q < 200 rpm, the effects of Q on
the Nu are relatively small. By comparing the ordinates
in Fig. 3(a) and 3(b), it is observed that the magnitude
of Nu, is much larger than that of Nu,, indicating that
the interfacial heat transfer resulting from latent heat
exchange is much more effective. In Fig. 3(c), Nu,, the
sum of Nu, and Nu, is presented.

The effects of angular speed Q on the local friction
factor f Re and Sherwood number S/ are presented in
Fig. 4. The local f Re with mass transfer effects is always
larger than that without mass transfer effects. This is due
to the additional centrifugal mass buoyancy owing to
the mass transfer. Additionally, the result with a higher
angular speed Q shows a greater f Re due to the greater
rotational effects including Coriolis force and centrifugal
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| with mass transfer
———without mass transfer

T T T T T 1 I T

Case I, =800 rpm 4
Case IV, (Q0=1200 rpm
Case V,(12=400 rpm

oo !
8|l||l T

Sh

Case IV

Case V

Stationary Duct ( =0)

X*

Fig. 4. Effects of angular speed Q on the local friction factor f Re and Sherwood number Si (y = 1).

buoyancy. In Fig. 4(b), the distributions of S/ resemble
those of Nu in Fig. 3(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 S/ is found for
the system with a higher Q.

The effects of porous wall temperature 7, on the local
Nusselt number distributions are shown in Fig. 5.
Regarding Nu, curves, a lager Nu, is noted for a higher
T, due to a greater centrifugal buoyancy effect. Addition-
ally, the heat transfer enhancement due to the mass trans-
fer effects, which can be identified by the vertical sep-
aration between the solid curves and dashed curves,
increases with the increase in T,. In Fig. 5(b), the flow
with a higher T, shows a larger Nu,. This is brought
about by the larger latent heat transport in connection
with the larger liquid film evaporation for a higher 7,,. It
is apparent by comparing Fig. 5(a) and 5(b) that, for
T,, = 80°C, the magnitude of the evaporative latent heat
Nusselt number Ny, may be 15 times greater than that of
sensible heat Nusselt number Nu,. This implies that the
heat transfer enhancement due to film evaporation is
much more effective for a system with a higher wall tem-
perature T,,.

It is interesting to examine the effects of the relative
humidity of the ambient moist air ¢ on the heat exchange
oflatent heat. The distributions of Nu; with various values
of ¢ are presented in Fig. 6. It is found in the separate
computational runs that the influences of ¢ on the devel-
opments of velocity, temperature and concentration are
rather insignificant. But the influences of ¢ on the latent
heat exchange cannot be neglected. A larger Ny, is found
for a system with a lower ¢. This is owing to the fact that
the latent heat exchange associated with film evaporation
is much more effective at lower concentration levels.

The effects of the channel aspect ratio y on the local
Nu,, fRe and Sh are of interest. The axial distributions
of Nuy, f Re and Sh fory = 0.5 and 2 are presented in Fig.
7 with angular speed Q as a parameter. For comparison
purposes, the results for y = 1 are also included in this
figure. Comparing the results with different y indicates
that, within the range of the aspect ratio under consider-
ation, the effects of the aspect ratio on the Nu,, fRe
and Sh are more pronounced for a system with a higher
rotation speed. Additionally, for a higher rotation case
(case 1V), the effects of the angular speed on the Nu,,
fRe and Sh are more significant for square duct (y = 1)
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10 1 T T T I T T T T T T T T l T
i (a) =80° |
Case III, T,,= 80 °C
8 Case II, T,=60°C 7]
Case I, T,=40°C 4
Nu, 6
4
L with mass transfer
———without mass transfer
e —— : e :
120 Case III a
Nu, 80 —
L Case 1II
160 ———++H ' 1 &
I Case III |
120 |- (c) i
Nu, 80+ .
Case II i
10 k/,@.l\
0 1 L 1 | I 1 1 L L L 1 | 1 I 1
5 107° 2 5 107! 3

Fig. 5. Effects of wall temperature T, on the local Nusselt numbers (y = 1).

at the range of X* = 0.01-0.05. This is owing to the
relatively stronger secondary motion presented for aspect
ratio y = 1, which in turn causes a larger augmentation
in Nu,, f Re and Sh. As the flow moves downstream, the
rotation effect diminishes and the flow approaches a fully-
developed condition. Therefore, the values of Nu,, fRe
and S at higher value of X* would approach the limiting
results of fully-developed convection heat and mass
transfer. As shown in ref. [30], the fully-developed results
of Nu (Sh) and fRe in rectangular ducts depends on
aspect ratio y. For y = 1, the fully-developed results of
Nu (Sh) and f Re are 2.98 and 14.23, respectively. But,
for y = 0.5 (y =2), the values are 3.39 and 15.56, re-
spectively. From the above stations, these explain why
the values of fRe and Sh at higher values of X* for
y = 0.5 (or y = 2) are different from those of y = 1.

5. Conclusions

The effects of mass diffusion on mixed convection flow
and heat transfer in rectangular ducts rotating about a

parallel axis have been studied numerically. The effects
of angular speed Q, porous wall temperature T, the
relative humidity of the moist air ¢ and the aspect ratio
of the duct y on the transfer of momentum, heat and
mass in the flow were examined in detail. What follows
is a brief summary.

(1) 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 film.

(2) The variations of the friction factor f'Re, Nusselt
numbers Nu and Sherwood number S/ show that the
total rotational effects of Coriolis and centrifugal
buoyancy forces are negligible up to a certain entry
length depending primarily on the magnitude of the
rotational speed Q. The distributions of f Re, Nu and
Sh are characterized by a decay near the entrance
due to the entrance effect; but the decay is attenuated
by the onset of secondary flow.

(3) The circumferentially averaged friction factor f Re,
Nusselt numbers Nu and Sherwood number S/ are
enhanced with an increase in the angular speed Q
and the porous wall temperature 7.
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(4) The centrifugal buoyancy induced by mass diffusion
causes an enhancement in heat and mass transfer.
The extent of the augmentation increases with an
increase in T,, comparable with the corresponding
results without mass transfer.

(5) Greater aspect ratio effects are noted for a system
with a higher angular speed.
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