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Mixed-Convection Heat Transfer in Concave
and Convex Channels
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American University of Beirut, Beirut, Lebanon
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A numerical investigation of laminar mixed-convection heat transfer of air in concave and convex channels is
presented. Six different channel aspects ratios (R/L =1.04, 1.25, 2.5, 5, 10, and oo ) and five different values of
GriRe® (Gr/Re* =0, 0.1, 1, 3, 5) are considered: results are displayed in terms of streamline and isotherm plots,
velocity and temperature profiles, and local and average Nusselt number estimates. Numerical predictions reveal
that compared to straight channels of equal height concave channels of low aspect ratio have lower heat transfer
at relatively low values of Gr/Re? and higher heat transfer at high values of Gr/Re?. When compared to straight
channels of equal heated length, concave channels are always found to have lower heat transfer and for all values
of Gr/Re?. On the other hand, predictions for convex channels revealed enhancement in heat transfer compared to
straight channels of equal height and/or equal heated length for all values of Gr/Re?.

Nomenclature
cp = specific heat
Gr;, = Grashof number, g8p2(T,, — Ty) L /ui*
g = gravitational acceleration
H = height of the hot wall
k = fluid thermal conductivity
L = channelinlet width
Nu = average Nusselt number
Nug = local Nusselt number
p = dimensionless pressure
Pe = Peclet number, Re; Pr
Pr = Prandtl number, pcp/k
D = dimensional pressure
R = radius of curvature
Re; = Reynolds number, pyvo L/
S = dimensionless length of hot wall
T = dimensional temperature
Ty = dimensional wall temperature
Ty = dimensional inlet temperature

U,V = dimensionless velocity components
= dimensional velocity components
= mean inlet velocity

X, Y = dimensionlesscoordinates

x,y = dimensional coordinates

B = thermal expansion coefficient

0 = dimensionless temperature

I = dynamic viscosity

&,n = boundary-fitted curvilinear coordinates
P, po = density and reference density

Introduction

IXED-CONVECTION heat-transfer studies in the literature
have been primarily confined to pipe and rectangularchannel
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geometries. In some applications, however, heat transfer in curved
channels may be of interest (e.g., nozzle- and diffuser-shaped pas-
sages in heating, ventilation, and air conditioning systems, fume
hoods, chimneys, bell-shaped or dome-shaped chemical reactors,
etc.). In other applications, such as energy conservation in build-
ings, studies typically have not been made to determine the shape
that optimizes heat transfer. For a given height, curved surfaces pro-
vide a larger area for heat transfer compared to straight surfaces.
Therefore, in channels having curved walls, buoyancy may signifi-
cantly augment heat transfer compared to straight channels of equal
height. However, because of changes in the flow cross-sectional
area associated with the curved surface, pressure gradient (favorable
or adverse) can aid or oppose the buoyancy-induced acceleration.
Mixed convection in channels with curved-entry surfaces has not
been seriously investigated and represents the focus of the present
investigation. The geometry selected in this paper is a generic con-
figuration of a concave or convex surface bounded by an adiabatic
wall. This study aims to explore the combined effects of pressure
gradient and buoyancy on the surface heat transfer.

Several investigations have dealt with mixed-convection heat
transferin straightchannels and pipes. Ostrach! studied fully devel-
oped laminar mixed convection of fluids in straight channels with
linearly varying wall temperatures. Tao? examined analytically the
fully developed mixed-convectionflow in rectangular channels and
between two vertical parallel plates with constant axial heat flux.
Lawrence and Chato® used a numerical method for the calculation
of developingflows between vertical plates with either constantwall
heat flux or constant wall temperature. Zeldin and Schmidt* investi-
gated numerically and experimentallydevelopingmixed-convection
flows in vertical tubes. Habchi and Acharya® presented numerical
results for laminar mixed-convectionheat transferin symmetrically
or asymmetrically heated vertical channels.

A number of studies have also considered mixed convection
in more complex flow configurations. Hong et al.’ considered
mixed convection past a two-dimensional backstep and examined
the effects of inclination angle and Prandtl number. Abu-Mulaweh
et al.” investigated experimentally laminar mixed convection be-
hind a two-dimensional backward-facing step for the buoyancy-
opposing case. Thereafter, Abu-Mulaweh et al.® reported measure-
ments of buoyancy-assisting,laminar mixed-convectionflow of air
alonga two-dimensional,verticalbackward-facingstep. Habchiand
Acharya® reported on laminar mixed-convection heat transfer in a
partially blocked, vertical channel. Moukalled and Acharya'® and
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Moukalled et al.''~!3 investigated numerically laminar forced and
mixed-convection heat transfer in externally finned pipes and ex-
amined the influence of pipe thermal conductivity on heat transfer.
Moukalled et al.!! extended the work reported in Moukalled and
Acharya'® to turbulentflow situations. Agonaferand Watkins'* stud-
ied natural-convection heat transfer between diverging isothermal
plates.

Work has also been reported on forced convection past curved
surfaces. This body of work has been performed primarily in relation
to external heat transfer over turbine blades. Concave curvature is
known to destabilize laminar boundary layers that can lead to three-
dimensional effects. Kestoras and Simon'® and Finnis and Brown'®
provide a perspective on work reported in this area. However, no
work on curved surfaces has been reported where buoyancy effects
have also been included.

From the preceding literature survey, one can see that convection
heat transfer over curved surfaces has not been given considerable
attention. The objective of this study is to bridge this gap and to an-
alyze the heat-transfer characteristics of laminar mixed-convection
heat transferin concave and convex channels.

Governing Equations

The physical situation under considerationis illustrated schemat-
ically in Fig. 1a. The left wall of the channel is vertical, whereas
the right wall is curved and constitutes a part of a circle of radius
R. Depending on whether the center of the circle is to the right
or to the left of the curved surface (Fig. 1a), a concave or convex
channel is obtained, respectively. In the concave channel the flow
cross-sectional area increases in the flow direction, and an adverse
pressure gradientis experienced by the flow. In the convex channel
the flow cross-sectional area decreases in the flow direction, and a
favorable pressure gradientis experiencedby the flow. Note that the
terms concave and convex reflect the curvature seen by an observer
positioned outside the channel. The flow itself (and an observer
inside the channel) will experience the opposite curvature.

The thermal boundary condition considered is asymmetric heat-
ing where the curved wall is maintained at a uniform temperature
Ty and the vertical wall is insulated. The working fluid, taken to
be air, enters the channel from the bottom with a parabolic-velocity
profile and a uniform temperature 7, (Ty < Ty ).

The equations governingthe flow and temperaturefields are those
expressing the conservation of mass, momentum, and energy. The
two-dimensional flow is considered to be steady, laminar, and of
constant thermal properties except for density. Moreover, variations
indensity are assumedto be small except when appearingin the body
force term of the y-momentum equation where they are expressed
using the Boussinesq approximation.

The following dimensionless parameters are introduced to non-
dimensionalize the equations:
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where v, is a reference velocity equal to the mean velocity of the
flow at the inlet/exit to the concave/convex channel. The governing
differential equations in nondimensional forms can be written as
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Fig. 1a Schematic of concave and convex channels.
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The boundary conditions used are as follows.

Atinlet:
V =6(X — X%, U=6=0 (©6)
Along the heated wall:
U=V =0, 0=1 7

Along the insulated walls:
U=V=—=0 ®)

At the exit:

w_ov_w_, ®
Y oY 9y

The exit section of the channel is made long enough (as shown
in Fig. 1) to safely apply the outflow boundary condition. For the
concave channel, where flow separation occurs, it was necessary
to make the length of the exit chimney section to be 33 times the
height of the concave section. For the convex channel, where no
flow separation is obtained, the exit section is only three times the
height of the convex surface.

Solution Procedure

The coupled system of equations governing the flow and tem-
perature fields [Egs. (2-5)] is solved numerically using the control
volume approach. In this method the solution domain is divided
into a number of control volumes, each associated with a main grid
point P (Fig. 1b). The discretized form is obtained by first express-
ing Egs. (2-5) using a general curvilinear coordinate system (&, 1)
and then integrating the resulting equations over the control volume
shown in Fig. 1b. The integrated equations are reduced into alge-
braicequationsby expressingthe variationin the dependentvariable
and its derivatives in terms of the grid point values using the power
law scheme of Patankar,!” and the resulting system of algebraic
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equations is solved by a line-by-line Thomas algorithm.!” The un-
known pressure field is obtained using the SIMPLE algorithm of
Patankar.!” Moreover, solutions are obtained over a nonstaggered
grid in which checkerboard pressure and velocity fields are elimi-
nated through the use of the pressure weighted interpolationmethod
(PWIM) of Peric.!® All computations are performed using nonuni-
form grids with denser clustering near the walls where boundary
layers develop and high gradients are expected. Grid networks are
generated using the transfinite interpolation technique.”

To investigate the sensitivity of the solution to the grid used, nu-
merical experiments were carried out in convex channels on three
different sizes of nonuniform grids of density: 21 x 51, 31 x 81,
and 51 x 101. The computed average Nusselt number values for
R/L =1.25 are shown in Table 1. As depicted, the maximum dif-
ference in these values between the 31 x 81 and 51 x 101 grids is
less than 0.43%. The velocity and temperature profiles on the three
different grid sizes are shown in Fig. 2 at two streamwise loca-
tions (Y =0.5 and 0.9). The solutions are very close to each other,
with the 31 x 81 grid solution and the 51 x 101 grid solution show-
ing virtually identical results. Therefore, as a compromise between
smoothness and CPU time, the 31 x 81 grid system is used for all
calculationsin convex channels.

Similar tests with three different grid sizes (21 x 51, 31 x 231,
and 51 x 281) were conducted to determine the size of the grid
needed to obtain grid-independent solutions in concave channels.
The grid independenceis demonstrated by the velocity and temper-
ature solutions on the three grid sizes shown in Fig. 2. Again, all
three solutions are very close to each other. A 31 x 231 grid was

Table 1 Grid size tests for concave channel

Average Nusselt number

Maximum
Grid size 21 x51 31 x81 51 x 101 difference, %
Gr/Re* =0.1 9.46 9.31 9.35 0.43
Gr/R?=1.0 9.77 9.69 9.71 0.21
Gr/Re* =3.0 10.53 10.42 10.44 0.19
Gr/Re* =5.0 11.08 11.02 10.99 0.29
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found to be adequate and was used for all computations. The signif-
icantly greater number of grid points needed in the flow direction
are because of the longer exit section associated with the concave
channel.

As a furthercheck for accuracy, the velocity profile across a verti-
cally oriented,asymmetrically heated straight channel computed by
Habchiand Acharya’ is compared againstthe profile obtainedby the
present code using the same flow parameters (Fig. 3). The two sets
of results compare very well and are nearly identical, confirming
the credibility of the solution procedure and algorithm used.

Finally, results for the concave channel were compared with
the mixed convection experiments past a backstep reported by
Abu-Mulawehetal.® Althoughthe backstepgeometry exhibits some
of the features of the flow in a concave channel (i.e., flow expan-
sion, adverse pressure gradient), there are differences in the length
of the recirculationregions and flow patterns, and therefore a good
agreement between the two solutionsis not expected. However, it is
anticipated that as the flow recovers past the separation the results
of the two problems will approach each other. With this in mind, a
specific case from Ref. 8 was selected (1, =0.41 m/s, AT =10°C,
stepheight=0.8 cm, Gr/Re* =0.016), and results were obtained
for an analogous concave channel with the same expansion ratio
(R/L ~41.5), Re, and Gr values. Also the same thermal boundary
conditions (constant wall temperature) as in Ref. 8 were employed.
The Nusselt number along the heated wall (downstream of the step
or curved surface) and the velocity and temperature distributions at
three differentstreamwiselocations(again measured downstream of
the step) are shown in Figs. 3b-3e. In the experiments the flow reat-
tachmentoccurs in the vicinity of Y = 6, and significant differences
in the backstep and concave channel results are observed upstream
of this location. This is expected because for R/L ~41.5 there is
no flow recirculation associated with the concave channel. As can
be seen from the velocity profile at ¥ =2.5, the backstep shows
significant negative velocities, whereas for the concave channel no
negative velocities are noted. However, beyond Y =6, the back-
step measurements and the concave channel predictions approach
each other,and at Y = 18.75 the measured and predicted profiles are
identical to each other (Figs. 3b and 3e). The excellent agreement
between measurements and predictions following the separation
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Fig. 2 Effects of mesh sizes on velocity and temperature profiles in concave and convex channels.
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region again points to the validity of the numerical scheme and
the grid used.

Results and Discussion

The parameters affecting heat transfer in this study are the aspect
ratio R/L, the Grashof number Gr, the Reynolds number Re, and
the Prandtl number Pr. Parameter values consideredare six different
channel aspector curvatureratios (R/L = 1.04,1.25,2.5,5, 10, and
00) and five different values of Gr/Re? (Gr/Re* =0, 0.1, 1, 3, and
5). A curvature ratio of co represents a vertical flat channel. The
value of Re is fixed at 100 to representlaminar flow. Air (Pr=0.72)
is chosen as the working fluid, and, therefore, Pe is fixed at 72.

To reveal the effects of the various parameterson heat transfer, re-
sults are presented in terms of streamline and isotherm plots, veloc-
ity and temperature profiles, and local and average Nusselt-number
values. The streamline and isotherm plots are presented only for a
limited vertical region of interest (and do not extend all the way to
the channel exit) to preserve clarity of the figures.

Concave Channels

The concave-channelconfigurationcorrespondsto the case where
buoyancy and adverse pressure gradient (associated with flow ex-
pansion) oppose each other, and thus produce counteracting effects
on the surface heat transfer. Thus, depending on the surface curva-
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Fig. 3a  Velocity distributions across a straight channel heated from
one side.
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Fig. 3b Comparison of local Nusselt-number distributions in a con-

cave channel with that in a channel with a backstep.
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ture, and Re and Gr/Re? values, both enhancement and degradation
of overall heat transfer is possible relative to the vertical channel
configuration.

Streamlines and Isotherms

Streamline plots are presented in Fig. 4 for different values of
Gr/Re? and two different values of R/L (1.04 and 2.5). As shown
in Figs. 4a-4d, for the case where R/L =1.04, i.e., when the con-
cave channel is nearly a quarter of a circle, and for Gr/Re* =0 and
0.1, arecirculationzone is formed at the exit of the concave section
of the channel and is located along the heated surface. This separa-
tion of the flow is caused by the expansion of the channel and the
adverse pressure gradient associated with it. As Gr/Re? increases,
the near hot-wall fluid is accelerated by buoyancy forces resulting
in a decrease in the size of the recirculation zone. For a critical
value of Gr/Re?, buoyancy forces near the hot surface come into
equilibrium with pressure and viscous forces causing separation to

Gr/Re’=0.1 Gr/Re*=3 Gr/Re’=5
(® RL=1.04 (0 (d
il }
i
O] (6] RL=125 (g (h)
Streamlines (-1,0,-0.1)
b I li
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| .
(@  RIL=125 (o) ®

Isotherms (0,1,0.1)

Fig. 4 Streamline and isotherm plots for concave channels.
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Figs. 3c-3e Comparison of velocity and temperature distributions in a concave channel with that in a channel with a backstep.
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disappear. Increasing Gr/Re? beyond that value, buoyancy forces
overwhelm pressure and viscous forces, thus increasing the veloc-
ity of the near hot-wall fluid further. Because the mass-flow rate
at any streamwise location is constant, the velocity away from the
hot wall decreases. Therefore, the velocity near the adiabatic wall
decreases until its value comes close to zero, causing separation of
the flow to occurthere. The size of this separationbubble,according
to the preceding discussion, should increase as Gr/Re? increases,
which is shown in Figs. 4c and 4d. As the concavity of the channel
is decreased (i.e., as R/L is increased), the degree of channel’s ex-
pansion is reduced, which, in turn, reduces the deceleration of the
fluid and causes the size of the separation bubble to diminish until
it vanishes for a certain value of R/L and Gr/Re?. Figures 4e- 4h
indicate that at R/L =2.5 no separation is encountered over the
Gr/Re® ranges studied.

The corresponding isotherm plots presented in Fig. 4 reflect the
just-described behavior. At low values of Gr/Re?, caused by the
recirculation zone near the exit of the heated concave section of
the channel, the temperature gradients are relatively small. As
Gr/Re? increases and the recirculation bubble disappears along the
heated wall, a stronger thermal plume, characterizing boundary-
layer type flows, rises along the heated wall and is evident from the
concentrationofisothermsin the hot-wallregion. A similar behavior
is observed for higher values of R/L (Figs. 4m- 4p), where separa-
tion along the heated wall is not encountered and the isotherms re-
flect a thermal boundary-layer-typebehavioralong the heated wall.

Temperature and Velocity Distributions

The effects of buoyancy forces on temperature and velocity pro-
filesaredisplayedinFigs. 5 and 6, respectively.In Fig. Sa the temper-
ature distributionsacross the midheight of the channel are presented
for an aspectratio of 1.04. As shown, temperature profiles exhibit a
boundary-layerbehavior with steeper gradients at higher values of
Gr/Ré?, indicatinghigher heat-transferrates. At higher Gr/Re? val-
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Fig. 5a Temperature distributions across the midheight of the concave
channel (R/L =1.04).
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Fig. 5Sb Temperature distributions at three streamwise locations of the
concave channel (R/L =1.25).
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Fig. 6a Velocity distributions across the midheight of the concave
channel (R/L =1.04).
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Fig. 6b Velocity distributions at three streamwise locations of the con-
cave channel (R/L =1.25).

ues natural convection becomes increasingly more important and,
hence, accelerates the flow along the curved hot wall resulting in
an increase in convection heat-transfer coefficient. In the present
concave-channel situation, while buoyancy accelerates the flow in
the streamwise direction, the increase in the channel cross-sectional
area in the streamwise direction causes flow deceleration.

The temperature profiles at three different cross-stream locations
along the channel (Y =0.1,0.5,0.9), for the case when R/L =1.25
and for Gr/Re? of 0.1 and 5, are depicted in Fig. 5b. These profiles
expectedly indicate steeper gradients and thinner thermal boundary
layers near the inlet of the channel. The profiles for both Gr/Re?
close to the channel inlet (Y =0.1) are nearly identical because
buoyancy is not strongly established at this location. As the flow
proceeds downstream, buoyancy effects manifest themselves, and
the curves for different Gr/Re* values are seen to be further apart.

The plotsdisplayedin Fig. 6arevealthat the velocity profile across
the midheight of the channel at low Gr/Re? value (Gr/Re* =0 and
0.1) has almost a parabolic distribution and is nearly symmetrical.
As Gr/Re” increases, the profiles peak near the heated wall because
of the increase in buoyancy forces, which accelerate the fluid along
the hot wall. Flow acceleration along the heated wall is associated
with flow decelerationat other cross-streamlocationsto ensure mass
conservation. Therefore, as Gr/Re* increases, the velocity profiles
peak near the heated wall, but the maximum velocity of the fluid
decreases with the location of the maximum moving towards the
hot wall. At constant Gr/Re* (Fig. 6b) the maximum velocity in
the channel decreases as the flow proceeds downstream because
of the increase in the channel’s cross-sectional area. The velocity
profile near the inlet (Y = 0.1) is more or less unaffectedby Gr/Re?;
this was also observed in the temperature plots of Fig. 5. Further
downstream, the influence of Gr/Re” is much higher, with the higher
buoyancy forces accelerating the flow adjacent to the hot wall and
creating a local peak.
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Table 2 Average Nusselt number values in concave and convex channels
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1.04% 1.25 2.5 00 00 00 00
(1.35,35%)° (1.159,15.9%) (1.029,2.9%) (1,0%) (1.029,2.9%) (1.159,15.9%) (1.35,35%)
Gr/R* Nu  %ANu, %ANwy Nu  %ANu, %ANw  Nu  %ANw, %ANw — Nu Nu Nu Nu
Concave channels
0 8.25 —-096 —12.51 7.82 —6.12 —1053 7.86 —5.64 —6.87 8.33 8.44 8.74 9.43
0.1 8.32 —-0.83 —12.05 7.85 —6.44 —11.40 793 548 —6.71 8.39 8.50 8.86 9.46
1 9.17 3.85 -930 852 -3.51 -936 850 -3.74 —5.24 8.83 8.97 9.40 10.11
3 10.57 10.10 —-529 9.68 0.83 —6.02 945 —1.56 —3.18 9.60 9.76 10.30 11.16
5 11.48 12.77 —=3.77 10.48 2.95 —438 10.13 —-0.49 —2.22 10.18 10.36 10.96 11.93
Convex channels
0 10.35 24.25 9.76  9.26 11.16 595 855 2.64 1.30 8.33 8.44 8.74 9.43
0.1 10.48 2491 10.78 9.31 10.97 5.08 8.61 2.62 1.29 8.39 8.50 8.86 9.46
1 10.88 23.22 7.62  9.69 9.74 3.09 9.03 2.26 0.67 8.83 8.97 9.40 10.11
3 11.68 21.67 4.66 10.42 8.54 1.17  9.76 1.67 0.00 9.60 9.76 10.30 11.16
5 12.34 21.22 344 11.02 8.25 0.55 10.33 1.47 —0.29 10.18 10.36 10.96 11.93
AR/L. °(S,%AS).
Local and Average Nusselt Numbers N
The heat-transfer effectiveness of the channel is displayed in Gr/Re?=0 ) -
terms of local and average Nusselt-number values. The local heat- Gr/Re?=.1 @ —
transfer coefficient and Nusselt number are calculated along the G‘/Rez=1 i
heated wall using the following equations: Gr/Re?=3 e [
Nlls = I’lS/k (10) Nus A Gr/Re? increasing
dT PRI i i ol WO
h = —k<—> /(Tw - T (1
dn
wall
where S is the total length of the heated section and 7 is the normal

distance to the wall.

The effects of varying Gr/Re? on local Nusselt number Nug vari-
ation along the hot wall are illustrated in Fig. 7a for the two cases of
R/L =1.25 and oo where there is no flow separationat any Gr/Re”.
The Nusselt-number profiles for both cases therefore look similar
with a peak at the inlet followed by a subsequent streamwise decay
along the heated surface as the near-wall fluid becomes hotter. In
general, the level of Nug increases as the buoyancy forces increase
because of the acceleration of the near-wall fluid by buoyancy. For
the curved channel at R/L = 1.25, the effects of the added surface
area(whichincreasesbuoyancy-inducedaccelerationand heattrans-
fer) is partially offset by the increasing cross-sectional area (which
decreases the velocity and surface heat transfer).

The effects of changing R /L on the distribution of Nusselt num-
ber along the hot wall is depicted in Fig. 7b. The Gr/Re® = 1 case is
selected for presentation because no significant separation is noted
along the heated wall, and therefore Nug variations for the different
R /L casesconsideredare a consequenceprimarily of the heated sur-
faceareaand changesin the flow cross-sectionalarea. As shown, de-
creasing R/L increases the heat-transfersurface area, which in turn
increases the overall heat transfer with the highest increase being
associated with the lowest aspect ratio (R/L = 1.04). On the other
hand, the cross-sectionalarea increasesby the greatestextent for the
smallest aspect ratio (R/L) case, and this case is therefore associ-
ated with the most adverse pressure gradient and flow deceleration.
Therefore,as R/L decreases,because of the counteractingeffects of
added heat-transfersurface area and increasingcross-sectionalarea,
the Nusselt-number profiles do not show significant differences with
respect to each other. The effect of the added heat-transfer area is
slightly greater than the opposing effect of the adverse pressure gra-
dient,and when the local Nusseltnumber profiles are integrated, the
average Nusselt number (presented next) increases with decreasing
R/L.

Average Nusseltnumbers over the hot surfaceare calculatedusing
the following equation:

—_ 1
Nu = —/Nust (12)
S Js

and tabulated in Table 2 for R/L =1.04, 1.25, 2.5, and co. Com-
puted values are compared with corresponding estimates obtained

S

Fig. 7a Effect of buoyancy on local Nusselt-number distributions
along the hot wall of the concave channel (R/L =1.25 and « ).
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Fig. 7b Effect of channel aspect ratio on local Nusselt-number distri-
bution along the hot wall of the concave channel (Gr/Re? =1).

in straight channels. The first comparison is made with straight
channels of heights equal to those of the concave channels and
consequently with heated areas smaller than those of the concave
channels. The second comparisonis with straightchannelsof heated
areas equal to those of concave channels, and these channels are
consequently taller. The comparison is quantitatively shown in Ta-
ble 2, where %ANu;, and %ANu, represent the percent increase
or decrease in heat transfer in a concave channel as compared to a
straightchannel of equal height or equal heated length, respectively.
Moreover, S and % AS displayedin Table 2 represent the lengthand
the percentincreasein length of the heated section as comparedto a
straight channel of equal height. In all cases (Table 2) Nu increases
with increasing Gr/Re? and/or decreasing R /L, which is expected
because increasing Gr/Re” accelerates the near hot-wall fluid, as
explained earlier, and decreasing R/L increases the heat-transfer
surface area.
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Fig. 8 Streamline and isotherm plots for convex channels.

Comparing channels of equal heights, the results indicate that
at low Gr/Re* the heat transfer from concave channels is lower
than its counterpart in straight channels because of the decrease in
surface heat transfer caused by the recirculation resulting from the
divergencein the channel. This separation-induceddecrease in Nu
exceeds the increase in the surface heat transfer associated with the
greater heated surface area of the concavechannel. This is true at all
aspects ratios. At high Gr/Re? values, however, concave channels
of low R/L have higher heat-transferrates caused by the absence of
separationcombined with the buoyancyacting overalongerdistance
along the hot wall. It can be inferred from Table 2 that at a given
Gr/Re? there exist critical R/L for which the total heat transfer is
minimum. The value of this critical aspect ratio is seen to increase
with increasing Gr/Re?.

Comparing channels of equal heated lengths, results show Nu
to be consistently lower in the concave channel. Because now the
comparison is based on equal heated surface areas, the differences
in heat transfer for the different cases are directly attributable to
the velocities adjacent to the heated surface in the channel. For
concave channels because of the larger flow cross-sectional area,
the velocities are lower. The differences (% ANu;) decrease with
increasing Gr/Re* presumably because the flow remains attached
on the curved surface at higher values of Gr/Re” as it does in a
straight channel, and geometrical effects are weak. The differences
also decrease with increasing R/L because the concavity decreases
and the geometry increasingly approaches the straight channel
geometry.

The average Nusselt-number values displayed in the upper half
of Table 2 along with the estimates for R/L =5 and 10, which
are not displayed for compactness, are correlated with a maximum
deviation of less than £7.03% via the following relation:

Nu = 8.1[1 4 1/(R/L)]"**(1 4+ Gr/Re*)*'*! (13)

1o
e ]
08 [ ~— Gr/Re?=.1 il
I i Gr/Re?=1 ’J”
0.6 T Gr/Re?==3 ,"1
L ¥
...... Gr/Rer=5 g
6 I =
”
0.4 i
. I:”Il
L ///
0.2 v
L /7
L 7
L A
0.0 1 L n s .
0.0 0.4 0.8 1.2 1.6

X

Fig. 9a Temperature distributions across the midheight of the convex
channel (R/L =1.04).
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Fig. 9b Temperature distributions at three streamwise locations of the
convex channel (R/L =1.25).

Convex Channels

In convex channels the surface curvature increases the heated
surface area and decreases the flow cross section in the streamwise
direction. These effects aid each other and contribute to an increase
in the overall surface heat transfer.

Streamlines and Isotherms

The effects of Gr/Re? on the flow and temperature fields are
presented in Fig. 8. As shown, streamlines follow the shape of the
channel. Moreover, there is no recirculationassociated with the con-
vex channel because of its convergence that increases the velocity
and decreasesthe pressure. In view of the absence of separation, the
convex channel is likely to have higher heat-transferrates than the
concave channels. Further, isotherms are more concentrated near
the hot wall indicating a boundary-layer-typebehavior. This clus-
tering of isotherms, which is higher at higher Gr/Re?, may be ex-
plained by noting that increasing the buoyancy forces increases the
near hot-wall fluid velocity and thereby the heat-transfer coeffi-
cient. Higher heat-transfer coefficients are associated with higher
temperature gradients, and consequently the isotherms show denser
clustering at higher Gr/Re? values.

Temperature and Velocity Distributions

The temperature and velocity profiles at several cross-stream lo-
cations along the channel and for different values of Gr/Re* are
displayed in Figs. 9 and 10, respectively. The effects of buoyancy
on temperature (Fig. 9a) and velocity (Fig. 10a) profiles across the
midheight of a channelof R/L = 1.04 are seen to be similar to those
obtained in a concave channel. The primary difference is that the
velocity and temperature gradients near the heated wall are stronger
for the convex channel because of the combined effects of buoyancy
and flow accelerationcaused by the decreasing cross-sectionalarea.
Recall that in the concave channel buoyancy accelerated the flow
while the increasing cross-sectional area decelerated the flow.
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Fig. 10a Velocity distributions across the midheight of the convex
channel (R/L =1.04).
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Fig. 10b Velocity distributions at three streamwise locations of the
convex channel (R/L =1.25).

The temperature and velocity profiles at several locations along
the channel are presented in Figs. 9b and 10b, respectively. In both
figures profiles are displayed at three different locations (Y = 0.1,
0.5, and 0.9) along a channel of an aspect ratio 1.25 and for two
Gr/Re? values (Gr/Re* =0.1 and 5). An observation to be made
in Fig. 9b is that as the flow proceeds downstream the influence of
Gr/Re?* increasesinitially (at Y = 0.5) because of buoyancy-induced
acceleration, and then becomes less distinctive (at Y = 0.9) because
of flow acceleration associated with area reduction in the concave
channel. Therefore, the forced-convectioneffects become dominant
near the exit of the channel. Thus, the use of convex channels in-
creases the relative importance of forced-convectionheat transfer.

The velocity profiles (Fig. 10b) reveal that at constant Gr/Re>
the maximum velocity in the channel increases as the flow proceeds
downstreambecause of the decreasein the channel’s cross-sectional
area and the effect of buoyancy. At Gr/Re? = 0.1 buoyancy effects
are weak, and the increasein the channel velocitiesis caused primar-
ily by decreasingflow cross-sectionalarea. At Gr/Re? = 5 buoyancy
effects are strong, and the differencesin this profile compared to the
Gr/Re* =0.1 profile are directly caused by the additional buoyancy
effects. These buoyancy-induceddifferences are primarily confined
to the region near the heated wall. Note that the concave-channel
profiles at high and low Gr/Re? values show much greater disparity
than the convex channel profiles because of the opposing effects
of buoyancy and increasing cross section in the concave channel
and the aiding effects of buoyancy and decreasing cross section in
a convex channel.

Local and Average Nusselt Numbers

The local heat-transfer coefficient and Nusselt number along the
hotwall are calculatedusing Eq. (11). The local Nusselt-numberNug
distribution for various values of Gr/Re? is presented in Fig. 11a.
As stated earlier, the maximum value of the local Nusselt number
occurs at the inlet of the channel. As the fluid proceeds downstream,
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Fig. 11a Effects of buoyancy forces on local Nusselt-number distribu-
tions along the hot wall (R/L =1.04).
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Fig. 11b Comparison of local Nusselt-number distributions along the
hot wall of a concave and convex channel (R/L = 1.04) with the Nusselt
number for a straight vertical channel of equal height (Gr/Re” = 1).

its temperature rises, and, consequently, the corresponding local
Nusselt number decreases. As the flow approaches the exit of the
convex section, Nug shows a further increase, which is because of
the acceleration of the fluid toward the exit of the channel. Such
behavior increases the overall heat transfer in convex channels as
compared to concave and straight channels.

Figure 11b gives a clearer view of the effects of the channel’s
configuration on the distribution of Nug. In the entrance region
(S < 0.05) the convex channel has the highest heat transfer; in the
midspanregions (0.05 < S < 1) the differencesare rather small with
the concave channel having the highest Nug values and the straight
channelhaving the lowest values. As the flow proceedsdownstream,
the picturechanges,and the convex channelachievesthe highestand
the concave channel the lowest values of Nug because of their con-
verging and diverging shapes, respectively. The differences in this
region (S > 1) are quite significant, with Nusselt numbers varying
by a factor of 2- 4. _

The overall heat transfer results [Nu, Eq. (12)] in convex chan-
nels are compared with corresponding values obtained in straight
channels (Table 2). For all cases Nu increases with increasing
Gr/Re* caused by buoyancy-induced acceleration and/or decreas-
ing R /L caused by accelerationinduced by a reductionin the cross-
sectional area. Moreover, results reveal that convex channels en-
hance heat transfer significantly more as compared to concave chan-
nels. This, as noted earlier, is because buoyancy and cross-sectional
area changes aid each other in convex-channel flows and oppose
each otherin concave-channelflows. As expected, increasingthe as-
pectratio R /L decreasesthe percentincreasecaused by the decrease
in the available heat-transfer area. A maximum increase of 24.9%
is achieved by the channel of the lowest aspect ratio (R/L = 1.04)
and at the lowest value of buoyancy (Gr/Re*=0.1). Table 2 also
shows that convex channels still provide higher values of Nu even
when compared with those obtained over longer straight channels
of equal heated length.
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The average Nusselt number values, displayed in the lower half
of Table 2 along with values obtained for R/L =5 and 10, are
correlated as

N = 8.08[1 + 1/(R/L)"¥' (1 + Gr/ReH)™'®  (14)
with a maximum deviation of less than +6.32%.

Conclusion

A numerical study of laminar mixed-convection heat transfer in
concave and convex channels was presented. Results indicated that
convex channels provide significant improvements in heat transfer
over straight channels of equal heights or equal heated lengths. The
rate of this heat-transfer enhancement was found to increase with
decreasing aspectratio and increasing buoyancy forces. In concave
channels the heat-transfer rate was found to increase relative to
straight channels of equal heights only at high values of Gr/Re>.
Compared to straight channels of equal heated lengths, the heat-
transfer rate in a concave channel is always found to decrease.
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