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Abstract

A numerical study of natural convective flows in a vertical converging channel for different angles of convergence has been
carried out, taking into account the lacks reported in the literature on some aspects of this configuration. Two-dimensional laminar
simulations were obtained by solving the fully elliptic governing equations using two different general purpose codes: Fluent and
Phoenics. Special emphasis is made on the systematic comparisons of computational results with experimental and numerical data
taken from literature. A generalized correlation for the average Nusselt number has been obtained from numerical results in a
channel with isothermal heated plates, for symmetric and asymmetric heating conditions. This correlation has been obtained for
wide and not yet covered ranges of the modified Rayleigh number varying from 1 to 10° and the angle of convergence from 1° to 30°.
Good agreement has been obtained with respect to the available experimental asymptotes of the bibliography for fully developed

and boundary layer regimes.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Natural convection processes are widely used in
thermal control of many systems because of its cheap-
ness, easy maintenance and reliability. Common appli-
cations include the cooling of electronic equipment and
nuclear reactors, heat exchangers, building industry
(solar chimneys and Trombe walls) and many others
fields. Typically, these channels are open to ambient
conditions at both the inlet and the outlet sections. For
an efficient behaviour of natural convection in cooling
processes it is advisable to fully understand the heat
dissipation phenomena at different geometrical config-
urations. However, most investigations have treated
severely idealised situations.

A great number of analytical, numerical, and exper-
imental works have been carried out on this problem
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since Elenbaas (1942) first introduced the problem of
natural convection between parallel vertical plates. Bo-
doia and Osterle (1962) reported the first numerical
solution for developing flow between plates at uniform
wall temperature. More recently, Manca et al. (2000)
have reported a useful review on this configuration. Guo
and Wu (1993) have systematically studied the variable
property effects on the air flow induced by natural
convection in vertical channels in symmetrically heated
channels. Influence of variable properties effects on
flows in asymmetrically heated vertical channels was
investigated by Zamora and Hernandez (1997).
Numerical and experimental results for an inclined
heated channel were obtained by Straatman et al. (1994)
and Bianco et al. (2000). Baskaya et al. (1999) studied
the asymmetric natural convection heat transfer for this
configuration. However, the study of natural convection
flows in configurations including sloped (and no-paral-
lel) walls has received only a limited attention. Many
applications such as solar chimneys and Trombe
walls include structures based on converging channels


mail to: antonio.kaiser@upct.es

672 A.S. Kaiser et al. | Int. J. Heat and Fluid Flow 25 (2004) 671-682

Nomenclature

</, # constants in Eq. (12)

b minimum inter-plate spacing in the converg-
ing channel (Fig. 1)

¢ specific heat at constant pressure

g gravitational acceleration

Gr Grashof number, gf(T,, — T)(cos y)b* /v,
h heat transfer coefficient, (Nu)x/b

L streamwise length of wall (Fig. 1)

n correlation exponent in Eq. (8)

Nu average Nusselt number, Eq. (7)

Nu, local Nusselt number, /1y /x

p pressure

V2 reduced pressure p’ = p — py

Pr Prandtl number, p ¢, 00/Koo

Ra Rayleigh number, (Gr)(Pr)

Ra* modified Rayleigh number, Ra(b/L)
T temperature

Ty wall temperature

Ty ambient temperature

u, v velocity components in the x and y directions
i velocity vector

X, y cartesian coordinates (Fig. 1)

Greeks

B coefficient of thermal expansion, 1/7,
y inclination or converging angle (Fig. 1)
K thermal conductivity

A coefficient in Eq. (10)

u viscosity

v kinematic viscosity

0 density

b coordinate along the wall (Fig. 1)
Subscripts

bl boundary-layer limit

fd fully developed limit

max  maximum inter-plate spacing
r reference conditions

00 ambient conditions

(interest in passive solar heating has increased signifi-
cantly over the last years and will continue). Sparrow
et al. (1988), and Sparrow and Ruiz (1988) have inves-
tigated the natural convective heat transfer in conver-
gent and divergent channels, both by experiments and
by numerical solutions, for a limited range of parame-
ters (inclination angle ranged from 0° to 15°), using
water as fluid. For air, Kihm et al. (1993) reported
experimental results of Nusselt number for converging
channel by non-intrusively measuring the wall temper-
ature gradients, using a laser specklegram technique for
a limited number of convergence angles. Said (1996) and
Shalash et al. (1997) have developed new investigations
for convergent vertical channels. A comparison among
these works and their ranges of application have been

presented in Table 1. Some discrepancies and certain
gaps in the ranges of the parameters considered have
been detected.

This paper describes a numerical investigation of the
natural buoyancy-driven fluid flow and the heat transfer
in a vertical convergent channel. The present study was
undertaken to examine the effects of converging angle for
different channel aspect ratios, symmetric and asym-
metric heating conditions and for a wide range of modi-
fied Rayleigh numbers, Ra*. The working fluid was air.
Since specific heat transfer correlations for the whole
application range need to be provided in order to obtain a
full understanding of these kind of systems, the main
objective became for the research to obtain the local and
average Nusselt numbers along the wall studying the

Table 1
Comparison among different studies of natural convection in converging channels
Sparrow et al. (1988) Kihm et al. (1993) Said (1996) Shalash et al. (1997)  This work
Ra* 4x103-7x 10* 1-1x 108 1-2x 10* 6.4-4.8% 107 1-1x10°
y 0, 2,5, 10, 15 0, 15, 30, 45, 60 0,2,5,10 0,2,4,8 0,1,2,3,6,9, 12, 15,
30, 45, 60
Inter—plate Spacjng (bmax) (b) (bmax) (b, = b/2) (b)
b/L 1/11.4, 1/22.9 0.07,0.1,0.3,0.35,04 - 2/12, 2/17, 2124 0.02, 0.05, 0.1, 0.2,
03,04,1,2
Pr 5 0.71 0.72 0.7 0.71
Type of study Numerical and Experimental Numerical Numerical and Numerical

experimental

Correlation Nut = 0.74](bggax /L) Ra)"* None

experimental

None Nu = c(Ra*)" (based
on b) (y, ¢, m): (0°,
0.41, 0.38) (2°, 0.43,
0.33) (4°, 0.48, 0.29)
(8°,0.49, 0.28)

Sections 4.3 and 4.4
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influence of the parameters aforementioned. In particu-
lar, symmetric heating condition has received more
attention. The flow has been assessed using the general-
purpose Fluent and Phoenics codes, both based on a fi-
nite volume procedure. As it could be expected, the
computational results obtained were almost coincidental.

2. Governing equations and boundary conditions

Two alternatives could be employed to solve numer-
ical problems of natural convection by commercial
codes, as Fluent and Phoenics: variation of properties
and Boussinesq approximation. When properties varia-
tion (variation of density, conductivity and viscosity) are
considered, the full governing Navier-Stokes equations
are solved. However, when the temperature variations
are not so high, the Boussinesq approximation could be
employed, and the thermophysical quantities are all
assumed to be constant except for the density in the
buoyancy force term. In this case, the system of equa-
tions may be simplified. In this paper, both alternatives
have been employed. The first alternative has been used
in Sections 4.1 and 4.2, and the second one in Sections
4.3 and 4.4.

Taking into account this fact, the results presented in
this text may be divided into two parts. The first part
(Sections 4.1, 4.2) contains the comparison of these re-
sults with those proposed in the bibliography. This step
lets us to validate the numerical procedure employed. In
this part we solve numerically the full equations con-
sidering the variation of properties in order to be able to
reproduce the same parameters that those employed in
the bibliography studied (see Zamora and Herndandez,
1997). In order to close these full governing equations
set, it is necessary to introduce the temperature depen-
dence law of the viscosity and the conductivity of air
(with T in kelvin),

1 < T )3/2 Ty + 110.6

I T T+110.6°

” (1)
K (TN To+2022
Koo  \ Ty T+4202.2"°

based on the well-known correlation of Sutherland, and
those proposed by Sparrow and Gregg (1958), respec-
tively. Neglecting pressure variations in the state equa-
tion, the perfect gas assumption leads to p/p., = T /T.
Specific heat at constant pressure remains mainly con-
stant; thus, ¢, = ¢, can be considered.

In the second part of the presented results (Sections
4.3, 4.4), a correlation is obtained using the Boussinesq
approximation. For low enough values of the heating
parameter (7T, — T»)/Tw, constant thermophysical
properties can be assumed for the fluid. Indeed, using
the Boussinesq approximation to account for density

variations in the buoyancy term in the vertical
momentum equation, the two-dimensional form of
conservation equations governing the fluid flow in a
channel can be simplified significantly. Thus, the steady
simplified-elliptic two-dimensional form of the conser-
vation equations for the fluid flow in the channel for-
mulated for x, y cartesian coordinates of Fig. 1 is (see
Hernandez et al., 1994):

%+%:Q (2)
p(ug—ZJrvg—;) = —%—ier’pg(T— Tx)
+u<%+2i;>7 (3)
p(2_+2_y) :_@a_f;’w(%@iy';), )
pcp<ug+vg> =k<$+§), (5)

where u# and v are the velocity components in x and y
directions; 7 the temperature; p’ the reduced pressure,
difference between the pressure p and the ambient
pressure p, given by the hydrostatic law dp../dx =
—gp.; P the coefficient of thermal expansion, equal to
1/T,, (with T in kelvin) for a perfect gas.

A schematic diagram of the channel assembly is
presented in Fig. 1, wherein y is the half angle of con-
vergence, L the streamwise length of wall, and 5 the
minimum inter-plate spacing, at the outlet of the chan-
nel. AB is the inlet section and CD the outlet section.
The ratio between b and L is the channel aspect ratio.

The boundary conditions required for the present
problem, imposed for both codes Fluent and Phoenics
in a similar way, will now be described. Non-slip

A B

Fig. 1. Configuration of the computational domain.



674 A.S. Kaiser et al. | Int. J. Heat and Fluid Flow 25 (2004) 671-682

conditions are imposed at the channel walls. At heated
isothermal walls, 7 = T,,. At adiabatic walls, the heat
flux from wall to fluid is zero. At the outlet section, the
pressure defect is p’ = 0 (pressure is the ambient pres-
sure at exit), and the streamwise variations of velocity
components and temperature are neglected. It might be
expected that the effects of including an additional
domain at the channel exit, so as to impose the
boundary condition for pressure far enough, were not
very important. At the inlet section, a total pressure (the
sum of dynamic pressure and static pressure) of zero is
imposed. In this way, it is assumed that Bernouilli
equation holds at the entrance region outside the
channel (indeed, the mass flow rate depends on the
square root of pressure defect p'), and the streamwise
variations of temperature are neglected. Under certain
conditions, conduction effects at inlet could be impor-
tant. It depends on the modified Rayleigh number, the
aspect ratio and the domain considered. For example,
for aspect ratios lower than 0.02 the conduction effects
begin to be important for Rayleigh numbers lower than
1, for a certain geometry of the extended domain
(Hernandez et al., 1994). In these cases, an extended
computational domain at inlet is required, as pointed
out Martin et al. (1991). Influence of channel aspect
ratio and inlet domain size has been studied by
Hernandez et al. (1994), and Zamora and Herndndez
(2001). A wider discussion about other boundary con-
ditions in processes of natural convection in channels
may be found in Desrayaud and Fichera (2002).

In a two-dimensional channel formed by two plates,
it is well known that, for a given configuration and
assuming fluid constant properties and Boussinesq
approximation, the solution of governing equations in
general depends on modified Rayleigh number based on
minimum inter-plate spacing, Ra* = Ra(b/L), Prandtl
number Pr and channel aspect ratio /L. For channels
with sloped walls, the inclination angle y should be also
considered. In addition, for variable properties, the
solution depends on heating parameter (T — T )/ Tro,
and on the functions expressing the variation of ther-
mophysical properties. In this work, some results of a
systematic study of vertical converging channel with
symmetric and asymmetric heating are presented. We
have considered ranges of 4 x 1073 <Ra* <4 x 109,

0.02<b/L <2 and 0<y<60° For cases with constant
properties, a fixed value of Pr=0.71 (air) has been
considered. When temperature variation properties have
been retained, numerical results have been obtained for
(T — To)/Too = 0.11.

3. Numerical model

Results presented in this work have been obtained by
using both the general-purpose Fluent and Phoenics
codes, based on a finite volume procedures. In Fluent,
the equations are discretized on a staggered grid (Pat-
ankar, 1980), using the ‘Presto’ scheme, which is similar
to the staggered-grid scheme, with structured meshes
employed in Phoenics, with a second-order upwind
scheme for the convective terms. The Simple algorithm
(Patankar and Spalding, 1972) is employed to solve the
coupling between continuity and momentum equations
through pressure (in Phoenics, the Simplest algorithm,
which is a modified version of the Simple algorithm, is
employed). In Phoenics, the results have been achieved
employing a second-order differencing scheme of ‘Muscl’
type for the convective terms (Van Leer, 1979). The
convergence criterion in each case was (¢! — ¢') /¢’ <
1073, where i denotes iteration number and ¢ can stand
for any of the dependent variables.

A structured, non-uniform mesh has been built in
both codes. In order to ensure the accuracy of the
numerical results, a grid dependence study was per-
formed. For both the horizontal and vertical direction,
and for each grid and aspect ratio an exponential law
was used to obtain a fine grid near walls, inlet and outlet
of the channel. Different ratios between number of cells
in the vertical and horizontal directions were tested for
each case solved (8/6 to 9/4). Important parameters such
as average Nusselt number, which will be defined later,
were compared and calculated at several grid resolution.
The grids for the results reported in this paper were
chosen for the change in average Nusselt number for
each tested number of cells ratio to be low enough. As
an example, for Ra* = 103, b/L =0.1 and y = 12°, the
chosen grid had (80x60) cells due to the fact that it
ensures the lowest number of cells getting the required
condition (see Table 2). For Ra* > 103, influence of the

Table 2

Average Nusselt number for different grids, for Ra* = 103, b/L = 0.1 and y = 12° (results obtained with Fluent)
V/H=28/6 Nu V/H=9/5 Nu V/H=9/6 Nu V/H=9/4 Nu
8§x6 2.83141 9x5 2.69538 9% 6 2.83821 Ix4 2.32227
16x12 3.21408 18x10 3.19656 18x12 3.21371 18x8 3.08762
32x24 3.12705 36x20 3.14976 36x24 3.12632 36x16 3.19979
64 x48 3.02335 72 x40 3.03520 72x48 3.02290 72x32 3.07456
80x 60 2.98822 90x 50 2.99925 90 x 60 2.98810 90 x40 3.01943
128x96 2.98453 144 %80 2.98802 144 %96 2.98428 144 x 64 3.00117
160x 120 2.96920 - - - - 288 x 128 2.97767

V/H =number of cells in vertical/horizontal directions ratio.
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grid was similar to that showed in Table 2; for Ra < 107,
influence decreases and becomes insignificant. Most
computations were carried out using this typical grid. In
order to verify that the grid resolutions based on this
criterion were adequate for resolving local quantities,
additional grid studies were performed for each one of
the cases included in this study. Although it is not shown
in this paper, the local values of Nusselt number and the
velocity values are observed to converge on one profile
as the grid is refined.

Despite the fact that the numerical results obtained
for average Nusselt number using a second order scheme
as Muscl (Phoenics) or a second order upwind scheme
(Fluent) are slightly higher than those obtained with a
first-second order hybrid scheme (Phoenics) or a first
order upwind scheme (Fluent), we assumed, for the
problem studied in this work, that those discrepancies
are negligible from a practical point of view (less than
5% for Ra* < 10° and 7 < 15° in Phoenics, and less than
2% in Fluent).

4. Discussion of results
4.1. Isothermal parallel channel

In order to validate our numerical results with those
obtained by Kihm et al. (1993), we analyzed a vertical—-
parallel channel (y = 0) as a first step. In general, the
numerical results obtained in this work have a reason-
able agreement with experimental results of Kihm et al.
(1993), as it can be observed in Fig. 2 (for local Nusselt
number) and Fig. 3 (for average Nusselt number). These
authors have explained that for 5/L = 0.05 the local
Nusselt number along the wall (Nu, = hy/x, where h is
the heat transfer coefficient) started to deviate from the
theory of Ostrach (1952) for a vertical isothermal plate,

bL=0.05
bL=0.1
bL=03
[ bL=2
I —— bL=005
F— - bL=01
[ —— bL=03
Nu, + -2

Kihm et al. (1993)

<400 ]

This work o -

v Ostrach (1952)

1 Y E Y] R A B |

10 10° 10* 10° 10° 107
Gr
x

PR VT

Fig. 2. Local Nusselt number versus local Grashof number for an
isothermal parallel channel (y = 0). Numerical model taking into ac-
count variable properties, for (T, — Tw)/To = 0.11.

—— Elenbaas asymptote, Nugy = Ra*/24
——— Nu,; =0.683 (Ra*)0‘234, Zamora & Hernandez (1997)

Bar-Cohen & Rohsenow (1984) é
O  Kihmetal. (1993) 1
'S +  This work, /L = 0.1, case a)
[ e  This work, /L = 0.1, case b)

10° 10' 10° 10° 10* 10° 10° 107

Ra*
Fig. 3. Average Nusselt number as a function of modified Rayleigh
number for an isothermal parallel channel (y = 0). Numerical results

obtained as follows: (case a) constant properties and Boussinesq
approximation; (case b) variable properties for (T, — Tx)/Too = 0.11.

Nu, = 0.5046(Gr,/4)"/*, (6)

when local Grashof number Gr, = gB(T, — Ty)y’/v?
was larger than 5x10* This fact may be also appreci-
ated in the numerical results of this work. As it can be
seen in Fig. 2, for a channel aspect ratio of 5/L = 0.05,
very good agreement is observed between numerical and
experimental results for Nu,. The deviation from single
plate theory can be justified by considering that the two
thermal boundary layers start interfering with each
other, what leads to a decrease in the heat transfer for
Gr, > 5 x 10*. Notice that Kihm et al. (1993) based
their exposure of results on v,, at 7; given from Sparrow
and Gregg (1958), T, = T,, — 0.38(T,, — T.).

The data obtained by Kihm et al. (1993) for average
Nusselt number, defined as

1 L
Nu=- / Nu, dy, (7)
L 0 :

have a very good agreement with correlations of litera-
ture (Bar-Cohen and Rohsenow, 1984; Elenbaas, 1942;
Zamora and Herndndez, 1997) in the case of parallel
channel (y = 0). However, experimental results (Kihm
et al., 1993) showed in Fig. 3 have been obtained varying
the inter-plate spacing; in fact, it is only valid for Ra*
high enough, for which upstream heat conduction is
negligible (see papers of Martin et al., 1991, and
Hernandez et al., 1994). The numerical results of the
present work for a channel aspect ratio b/L = 0.1 fit
very well with experimental results of Kihm et al. (1993).

4.2. Isothermal converging channel
For converging channel (y > 0), the gravity must be

reduced through (cos y) in non-dimensional parameters,
as it will be explained later. Local Nusselt numbers
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obtained in this work have been compared with those
proposed by Kihm et al. (1993). Fig. 4 is equivalent to
Fig. 2, but for converging channel (y=30°). An
appreciable disagreement can be observed between the
results showed in this figure, though the trends of curves
are the same. For high channel aspect ratio, the results
fit the Ostrach (1952) theory. When b/L decreases, local
Nusselt number becomes detached from Ostrach curve
and tends to decay. The physical reason for this
behavior is that, for converging channel, the thermal
boundary layers started interfering with each other
when the channel aspect ratio was low enough, for a
given local Grashof number. Therefore, a strong dimi-
nution of heat transfer between walls and the fluid oc-
curs. The following increase of local Nusselt number
near the top opening that Kihm et al. (1993) have
measured, has been reproduced in this work numeri-
cally. We have observed that, for y > 0, the more ther-
mal boundary layers of both plates interfere with each
other, the more they tend to narrow at the top opening
(see Fig. 5). This flow pattern forces the local heat
transfer to increase dramatically between the emerging
flow stream and cooler ambient air situated above. Al-
though numerical and experimental data show a similar
trend, certain differences between the values of both
results have been found (see Fig. 6). New computations
including an outlet region in the channel seem to be
necessary to understand these differences.

Results obtained in this work of average Nusselt
number for converging channels have been compared
with those proposed by Said (1996), Shalash et al.
(1997), Sparrow et al. (1988) and Kihm et al. (1993).
This comparison may be appreciated in Table 1 and
Figs. 6, 7. In the fully developed region, all the data
show the variation of Nusselt number with the angle of
convergence but there are some differences between the
results presented by the different authors.

T T T T

O bL=0.02
® H/L=005
O bL=02
v bL=2
—— bL=0.02
| — - bL=005
Nu [ ——bL=02
x ——= blL=2

Kihm et al. (1993)

This work

102 103 104 10° 100 107
er

Fig. 4. Local Nusselt number versus local Grashof number for an
isothermal converging channel with y = 30°. Numerical model with
variable properties for (T, — T)/T = 0.11.

4% 4%

b/L=0.02 b/L=0.05
b/L=0.2 b/L=2

Fig. 5. Isothermal lines obtained at the outlet of the converging
channel (y = 30°) for different aspect ratios (figures have been scaled).

Nu
Shalash et al. (1997)

Sparrow et al. (1988) y=5°

0.1F

This work - — y=2°

10" 10° 10" 107 10° 10* 10°

Fig. 6. Comparison among different studies of natural convection in
converging channels of the average Nusselt number as a function of
modified Rayleigh number for different angles of convergence.
Numerical model taking into account variable properties, for
(Tw — Two)/Too = 0.11.

Shalash et al. (1997) used a Mach-Zehnder interfer-
ometer to obtain heat transfer coefficients for y = 0°, 2°,
4° and 8° and b/L = 2/12,2/17 and 2/24; their numerical
and experimental results showed an excellent agreement.
The investigations of these authors have been based on
minimum inter-plate spacing, but differences of 10% for
modified Rayleigh numbers lower than 10 between the
results presented in this work and those proposed by
these authors were obtained. They proposed atypical
values of Nusselt number for y = 0 in fully developed
regime. These differences may be appreciated in Fig. 6.

Sparrow et al. (1988) studied numerically and exper-
imentally the influence of the angle of convergence for
the boundary layer regime. They found that the merging
of results for cases with y > 0 into those obtained for a
vertical parallel channel (y = 0) was best accomplished
by the use of maximum inter-plate space, finding devi-
ations between the corresponding convergent-channel
and parallel-channel average Nusselt numbers to about
5%. They employed water as fluid. These results and
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Fig. 7. Average Nusselt number as a function of modified Rayleigh
number for an isothermal converging channel. Numerical model with
variable properties for (T, — T ) /T = 0.11.

those proposed in this work show the same trend. In
spite of that, certain differences due to the Prandtl
number considered in both cases have been detected.
Said (1996) obtained numerical data by a code based
on finite elements. Our results show a similar stratifi-
cation to those proposed by this author, but with some
differences, probably due to the differences in the codes

employed. These differences have been shown in Fig. 6.
He found that merging was best achieved by maximum
inter-plate spacing, even for low modified Rayleigh
numbers (1 < Ra* < 2 x 10?).

In the work presented, for a more wide range of
modified Rayleigh numbers, it has been found that it is
more appropriate to use the minimum inter-plate spac-
ing, according to Kihm et al. (1993). As it has been
shown in the previous section, a very good agreement
with correlations for vertical parallel channels is reached
if the results for average Nusselt number versus modified
Rayleigh number obtained are based on the opening at
the top of the channel, 4. This outlet opening means the
physical exit section for the flow of fluid.

Kihm et al. (1993) proposed experimental results for
a wide range of the modified Rayleigh number. Signifi-
cant differences were appreciated between these results
and those proposed in this work, particularly for low
Ra*, though the general trend is good (see Fig. 7 and
Table 3).

4.3. Correlation for average Nusselt number in isothermal
converging channel

Since our aim is to obtain a correlation for average
Nusselt number at heated walls, from now on, all

Table 3
Average Nusselt number Nuj, for Gr, (based on v;) ranged from 3.58x 10° (y = 60°) to 7.16x10% (y = 0)
b/L 7 =0° y=15° 7 =30° y=45° 7= 60°
0.02 1.382 13.08 12.87 11.32 9.213 (Fluent)
- 5.170 9.720 - 2.780 (Kihm)
1.454 15.57 16.87 16.01 - (Phoenics)
0.05 15.65 21.19 20.31 18.40 15.64 (Fluent)
21.21 11.80 16.88 - 5.080 (Kihm)
16.10 21.93 21.72 20.58 - (Phoenics)
0.1 27.65 23.84 22.86 21.19 18.77 (Fluent)
27.87 23.55 16.93 12.06 10.80 (Kihm)
27.90 24.04 23.33 22.18 - (Phoenics)
0.2 27.21 24.37 23.33 21.86 19.21 (Fluent)
25.65 24.01 20.67 18.19 17.75 (Kihm)
27.41 24.56 23.74 22.54 - (Phoenics)
0.3 26.24 24.29 23.35 21.84 19.97 (Fluent)
27.12 24.17 22.31 - 23.37 (Kihm)
26.31 24.57 23.81 22.66 - (Phoenics)
0.4 25.57 24.21 23.31 21.74 19.67 (Fluent)
- 25.82 26.86 23.64 25.25 (Kihm)
25.60 24.52 23.86 22.73 - (Phoenics)
1.0 24.46 23.98 23.29 21.70 19.51 (Fluent)
26.26 23.35 22.79 22.28 21.53 (Kihm)
24.67 24.53 23.98 23.11 - (Phoenics)
2.0 24.24 23.90 23.24 21.68 19.36 (Fluent)
- 25.93 23.03 22.44 20.91 (Kihm)
24.83 24.61 24.26 23.51 - (Phoenics)
Ostrach (1952) 24.95 24.74 24.07 22.88 20.98

In each cell, first results obtained with Fluent appear, second, those obtained by Kihm et al. (1993), and third those obtained with Phoenics.
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numerical results presented were obtained by using the
constant properties model for fluid, with Boussinesq
approximation for body force term. In this way, it is
possible to remove the influence of heating parameter,
(Ty — To) / To

Although Sparrow et al. (1988), and Sparrow and
Ruiz (1988) were able to correlate two-dimensional heat
transfer results on a converging channel in terms of
maximum inter-plate spacing, similar attempts to cor-
relate the channel data of this study were unsuccessful.
In a converging channel, the buoyancy force is no longer
exclusively in the streamwise direction since a compo-
nent also exists perpendicular to the heated surface.
Thus, the specific buoyancy force that accelerates the
fluid in the thermal boundary layer is (gfAT cosy) in-
stead of (gfAT). For this reason, the (cosy) correction
was applied to the modified Rayleigh number definition.
The use of Ra* based on (cosy) factor represents the
assumption of an already widely used practice for in-
clined plates, corroborated for inclined channels by
Straatman et al. (1994). On the other hand, the Nusselt
number is also influenced by the angle of convergence.
The relative separation between the plates that form the
channel may be modified by changing the angle of
convergence, and so the heat transfer produced in this
configuration is affected. The definition of Ra* as
(Pr)(b/L)gBAT (cosy)b/v*, leads to the results for
convergent channel in agreement with those obtained
for a parallel channel in the boundary-layer regime (for
Ra* > 103 approximation).

With regards to inter-plate spacing, as mentioned
above, correlation of our numerical results was best
achieved by minimum inter-plate spacing . From our
point of view, results based on b seem to be more
coherent with the criterion employed in parallel vertical
channels in the literature. When the results are based on
bmax, there are some aspect ratios that physically cannot
be reproduced, due to the convergence of the channel.
The value for by, to obtain a channel with an open exit
should be bigger than (2L,siny). When by, is lower
than this value both plates interacts and a channel
without exit is obtained. Thus, it is not possible to get a
set of cases based on maximum inter-plate spacing that
was equivalent to those constructed with minimum
inter-plate spacing, for a fixed channel aspect ratio. In
Fig. 8, both modified Rayleigh and Nusselt numbers are
based on bpayx. For bnax/L = 0.5, it was necessary to fix
b/L = 0.395, 0.290, 0.187 and 0.084 for y = 3°, 6°, 9°
and 12°, respectively. In this way, the transition between
fully developed regime and boundary-layer regime
strongly depends on the angle of convergence, and
merging of results was obtained for unreasonably high
Ra* (a fully developed regime for Ra* > 10° and high
values of y could be obtained). This behavior does not
occur if relevant dimensionless parameters are based on
b, as it can be seen in Fig. 9. The convergence obtained

—— Elenbaas asymptote, Nugy = Ra*/24
——~ Nuy; =0.683 (Ra*)*?3, Zamora & Hernandez (1997)

102 107 10° 10! 10% 10° 104 10°

b max

Fig. 8. Average Nusselt number as a function of modified Rayleigh
number, both based on bpax, for bmax/L = 0.5. Constant properties
and Boussinesq approximation.

0.1
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odoodP>dD>+

Proposed correlation for Nug, (b/L = 0.1)
il L PR | L PR | L P
102 10! 10° 10!
Ra*

0.0001

Fig. 9. Fully developed Nusselt number versus modified Rayleigh
number, for /L = 0.1. Constant properties and Boussinesq approxi-
mation.

by Said (1996) between cases based on by, and those
based on b, might be explained by the fact of not having
kept the channel aspect ratio constant.

According to the numerical results presented in this
paper, a correlation was determined both for fully
developed (fd) regime and for boundary-layer (bl) re-
gime, using the general expression suggested by Chur-
chill and Usagi (1972). The form of this blended relation
for average Nusselt number is expressed as

Nu = [Nugy + Nty )" (8)

It can be observed in Fig. 9 that numerical results do
not follow the same asymptotic fully developed behavior
at low Ra* for different values of y. With dimensionless
governing parameters based on minimum inter-plate
spacing, average Nusselt number increases as well as
converging angle does, for a low enough Ra*. The rea-
son for that might by in the augmentation of fluid vol-



A.S. Kaiser et al. | Int. J. Heat and Fluid Flow 25 (2004) 671-682 679

ume under buoyancy force, in which case an asymptotic
correlation for fully developed regime can be obtained
by the assumption of differential body forces over
the flow field. Into core region of the domain, the
buoyance force is (gfAT)(bLcosy), and within the
rest of the domain, at both lateral triangles, it is
(gcosyBAT)(L?sinycosy)(A), where A takes into ac-
count the non-uniformity of specific body force
(gcosyPAT) in those flow fields, and likewise the
weighting of sizes of the two zones. So, the relative in-
crease of buoyancy force with respect to a vertical par-
allel channel of » x L dimensions is

(siny)(cos?y) . 9)

14+ 4
cosyll + b/L

Assuming that this quantity leads to the average Nusselt
number increasing with respect to those that might be
obtained for the above reference channel, and including
(cosy) in the modified Rayleigh number definition, as
pointed out before, we obtain

*

Ra (siny)(cosy)
|1 (10)

valid for both low enough Ra* and y. It should be re-
marked that the use of Eq. (10) implies the assumption
of fully developed flow; indeed, the pressure drop should
be balanced by buoyancy effects. Then, the above aug-
mentation of buoyancy force is mainly balanced by the
convective term pu(du/0x), which appears as a result of
streamwise cross section variation when j > 0. This
behavior has been confirmed by comparison of quanti-
ties obtained in the numerical simulation for Ra* =
0.004 and 0.01.

For modified Rayleigh numbers aforenamed,
b/L =0.03, 0.1 and 0.25, and 0<y<30° results ob-
tained for average Nusselt number follow closely Eq.
(10) with values A4 =4.15, 3.60 and 3.40. Once that
y > 0, disagreement increases as well as b/L decreases
and y increases; however, the maximum deviation was
about 5% for Ra* < 0.01. As it might be expected, A was
roughly constant, but since a significant increase for the
lowest channel aspect ratio was reached, supplementary
computations for additional channel aspect ratios were
carried out. As a result, the following correlation:

A=3.2-0.0271n(b/L) + 0.071[In(b/L)] (11)

takes into account the slight dependence with respect to
b/L with a deviation less than 1% for 0.03 <b/L <0.25.

In this first part of the correlation, the influence of the
channel aspect ratio may also be appreciated, for angles
of convergence different from zero. Most of the results
of Fig. 9 corresponds to /L = 0.1, but in order to show
the validity of the proposed correlation, cases with dif-
ferent aspect ratio have also been drawn. Notice that
when y — 0, Eq. (10) may be reduced to Nugg = Ra*/24,
which represents the fully developed limit determined by

Nufd =

Elenbaas (1942) for isothermal vertical channels. When
y >0, for both constant channel aspect ratio and
modified Rayleigh number, the heated volume within
the channel increases, and as a consequence of that, the
buoyancy effect also increases and causes a bigger mass
flow rate in the channel than corresponding to cases
with y = 0.

On the other hand, the boundary-layer expression for
average Nusselt number takes the form

Nuy, = o/ (Ra*)”, (12)

valid for Ra > 10%, which indicates flow characteristics
approaching the isolate-plate (or boundary-layer) re-
gime. The numerical results can be correlated for
b/L = 0.1 (see Fig. 10), with a maximum error of around
1.5% in the range 103 < Ra* < 10°, with the following
expressions for ./ and %4:

o = 0.693 [1 — 0.380(sin y)‘/“};
(13)
B =0.234 [1 +0.214(sin "/)1/2} .

When y — 0, then Nuy = 0.693(Ra*)0‘234 (Zamora
and Hernandez, 2001, obtained Nuy = 0.614(Ra*)0'236).
In order to simplify, the influences of the channel aspect
ratio on .7 and 4 were neglected. With values of .7 and
2 given by (13), the proposed boundary-layer asymp-
tote also follows the numerical results for alternative
values of »/L =0.03 and 0.25, but with a deviation
slightly higher than those reached for »/L =0.01:
maximum error of 4.5% for 103 <Ra* < 10° and 7.5%
for Ra* = 10°.

The value of the exponent n was obtained by corre-
lating the numerical results presented in this work. This
coefficient, as a function of »/L and y, may be deter-
mined by

T T v
Proposed correlation for Nuy, (/L = 0.1)

10° 104 105 106
Ra*
Fig. 10. Boundary-layer Nusselt number versus modified Rayleigh

number, for /L = 0.1. Constant properties and Boussinesq approxi-
mation.
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1 (siny)]/3
n———[9.0—m]. (14)

On the other hand, the numerically determined
Nusselt numbers were compared with those predicted by
Eq. (8) (see Fig. 1l for »/L=0.1, and Fig. 12 for
b/L = 0.25, both for symmetric heating conditions),
with agreement in the 0-5% range and averaged error of
2% for 4 x 1073 < Ra* < 10°, /L = 0.1 and 0 <y < 30°.
Obviously, best agreement was just reached for
b/L = 0.1. Nevertheless, the proposed correlation also
follows the present numerical results satisfactorily for
b/L=0.03 and b/L = 0.25 (the same maximum devia-
tion than those aforementioned in the boundary-layer
regime were reached). In general, differences increase
between results obtained for Nusselt number for a par-
allel channel and for a converging channel, and so does
the inclination angle. But note that for a low enough

10

y=0°
y=6°
y=12°
y=15°
y=30°

Oodd +

Proposed correlation for Nu (b/L = 0.1)

vl 4
10'

I L 1
107 10"

m d
10°

102
Ra*

i P
10°

m | R
10*

10° 10°

Fig. 11. Generalized correlation proposed for average Nusselt number.
b/L = 0.1. Constant properties and Boussinesq approximation. Sym-
metric heating conditions.

Nu

y=0° N
y=6° 3
y=12°
y=15°
y=30°
Proposed correlation for Nu (b/L = 0.25)
0.0007 Lol vvvid vl v d v el vl
107 10" 10° 10' 107 10° 10* 10° 10°
Ra*

0.01 &

0.001

Ooodd +

Fig. 12. Generalized correlation proposed for average Nusselt number.
b/L = 0.25. Symmetric heating conditions.

Ra*, major Nusselt number appears for y = 30°, whereas
for a high enough Ra*, major Nu inversely corresponds
toy = 0 (Ra* = 10° in Fig. 10, for example). The change
of trend occurs at the transition from fully developed to
boundary-layer regimes, though for Ra* > 10° (see Fig.
10), the maximum average Nusselt number is for major
7 again.

According to Kihm et al. (1993), the average Nusselt
number values obtained exceed those of the fully
developed limit of parallel channel, as explained above.
Physically, this may be due to the fact that the thermal
boundary layers along the inclined walls are slighter
than along the vertical wall, because the incoming core
flow, which volume increases as well as y does, as noted
previously, compels the fluid near the sloped walls. This
last trend decreases when Ra* increases, therefore in the
transition zone, the Nusselt numbers obtained for con-
verging channel are smaller than those of vertical par-
allel plates, even if the gravity force is reduced at
modified Rayleigh number through (cosy). For large
enough values of Ra*, the difference tends to diminish,
due to the similar way of thermal boundary layers
developing for different converging angles. In the tran-
sition zone aforementioned, the thermal boundary lay-
ers merge near the top opening, whereas in the case of
parallel channel this does not occur; this behavior leads
to us obtain a smaller average Nusselt number for an
intermediate range of modified Rayleigh numbers,
though for very large values of Ra* it is possible to find
values of Nu larger than those corresponding to vertical
parallel plates, as pointed out before.

4.4. Correlation for average Nusselt number in isother-
mal-adiabatic converging channel

In this work, attention is focused mainly on sym-
metric heating conditions. However, in order to check
the validity of the proposed correlation for average
Nusselt number, cases with asymmetrical heating (one
isothermal plate and the other an adiabatic one) have
also been solved for a channel aspect ratio equal to 0.1.
Following a similar reasoning to those given in the
previous section, it can be obtained that the fully
developed regime correlation for Nu is

Nufd=1—12[1+/1(smyb)/wy (15)

with A = 3.6, too. The corresponding values of .o/ and
2 for Nuy,, obtained by correlating numerical results for
b/L=0.1 are:

o = 0.631 [1 ~0.317(sin y)l/“} ;
(16)
% = 0.238 [1 +0.210(sin y)l/“} .

Finally, the blended coefficient n can be calculated
by
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y=0°
y=6°

y=12°
y=15°
y=30°

Proposed correlation for Nu (b/L = 0.1)

102 10! 100 10! 10? 10° 104 10° 100
Ra*

Fig. 13. Generalized correlation proposed for average Nusselt number.
b/L = 0.1. Asymmetric heating conditions.

Proposed correlation for Nuy, (b/L = 0.1)
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Fig. 14. Boundary-layer Nusselt number versus modified Rayleigh
number, for b/L = 0.1. Asymmetric heating conditions.

o \1/3
pe_Llog_ (sin7)

6 0.14 + (b/L) (17)

As illustrated in Fig. 13 (for 5/L = 0.1, and asym-
metric heating conditions), the present numerical results
are in good agreement with the proposed correlation. A
same agreement as those reached in symmetrically he-
ated cases was obtained. Further inspection of results
obtained reveals that average Nusselt number has
slightly distinct trend, as a function of Ra*, from those
trends corresponding to cases with symmetrical heating
for boundary-layer regime (see Fig. 14). In general, this
behavior implies a very small difference, as it can be
deduced from comparison of Egs. (13) and (16).

5. Conclusions

The steady, laminar and elliptic numerical model
developed in codes Fluent and Phoenics has been vali-

dated by the experimental results of Kihm et al. (1993)
and other authors for natural buoyancy-driven flows in
converging channels. Different aspects of the problem,
such as the definition manner of the modified Rayleigh
number and the influence of converging angle on local
and average Nusselt numbers, have been studied. The
following concluding remarks can be made:

1. Best correlation of results obtained for average Nus-
selt number was reached by using the modified Ray-
leigh number based on minimum inter-plate spacing.

2. To the best knowledge of the authors, there is no
prior literature dealing with a generalized correlation
for average Nusselt number in isothermal and iso-
thermal-adiabatic converging channel. In the present
work, a blended correlation has been reported, valid
for the range Ra* <10% and 0<y<30° It can be
summarized for symmetrical heating as follows: the
Nusselt number is given by (8), with (10) and (11)
for fully developed asymptotic limit and with (12)
and (13) for boundary-layer asymptotic limit; finally,
the blended exponent is given by (14).

3. It has been found that both the converging angle and
the channel aspect ratio take part in the asymptotic
correlation for fully developed Nusselt number.
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