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Abstract

Laminar natural convection around a two-dimensional horizontal downward-facing plate with rectangular
grooves was studied experimentally and numerically. A Mach±Zehnder interferometer was used in the experiment
and the local Nusselt numbers at each groove surface (outer, upper, left side and right side surfaces) were measured

quantitatively from interferograms. In some cases (grooves of some aspect ratios with a low Rayleigh number), the
increase of the total heat transfer rate from grooved surface may not be su�ciently large in spite of the increased
surface area. As revealed by the numerical analysis for the given conditions, secondary recirculation ¯ows are

usually observed in the groove. The protrusions prevent the main ¯ow from ¯owing into the groove and cause
recirculations. As they happen, the heat transfer rate at the upper surfaces of the groove is signi®cantly smaller than
that at the outer surface. The e�ect of Rayleigh number for each aspect ratio was also studied. The results are
summarized using the average Nusselt number versus Rayleigh number correlations. The correlations may be used

in selecting proper aspect ratio and dimension. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recently, electronic systems and equipment have

been demanded for smaller sizes and higher capability.

The distance between chips is becoming shorter and

the integration rate of components is getting higher.

The electric power consumption thus increases con-

siderably, while the size of electronic equipment

diminishes. The chip level power density has increased

from 20 to 60 W/cm2 during past 15 years. It is

expected to reach 100 W/cm2 in the near future [1]. It

eventually increases the temperature of electronic sys-

tems and causes failure of electronic circuits. Increase

of the power necessitates proper heat dissipation

methods from the electronic components.

Various cooling modules and the problems associ-

ated with electronic equipment cooling are reviewed in

detail by Incropera [2]. The cooling methods may be

classi®ed into air-cooling, air±liquid hybrid cooling,

indirect liquid cooling, and direct liquid cooling

(immersion cooling). They can be also classi®ed to

natural convection, forced convection and boiling in

accordance with the employed physical phenomena [3].
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The cooling system using natural convection has the

advantage of low noise and high reliability. When used

in air, it is generally limited to electronic components

of low power density. High power density may be

handled by immersion cooling, a liquid natural convec-

tion system for the next generation electronic circuits.

To enhance heat transfer from the chip, grooved

plate is frequently used as a typical extended surface

geometry. Various heat transfer situations can be met

depending on the ¯ow and/or the groove orientations.

Vertical mounting with the grooves parallel to the

gravity is the best installation method for natural con-

vection, for which the performance and optimal ®n

spacing are well documented by Bejan, together with

some other situations [4]. However, due to other

reasons, many di�erent installations are inevitably

employed. A situation, though not very e�cient but

di�cult-to-analyze, is when the natural convective ¯ow

is perpendicular to the groove orientation. The authors

have previously reported the performance of grooved

plates with vertical mounting and horizontal groove

orientation [5], and with upward-facing orientation [6].

This paper is about the third situation when the

grooved plate is facing downward so that buoyant

¯ow comes up to the center then sweeps to the edge as

shown in Fig. 1.

Reviewing the previous related works, the early

studies until the 1970s on natural convection from a

horizontal downward-facing plate have been initiated

mainly by experimental methods. Experimental and

analytical integral methods have been used until 1980.

Use of numerical method such as Finite Di�erence

Method (FDM) has initiated since the early 1980s.

Before citing the earlier works, it is appropriate to

comment here; there is a confusion in the literature

regarding the characteristic length in the average

Nusselt and Rayleigh numbers. Some authors suggest

the correlation based on the half length and others

based on the total length L. Every cited correlation

here is adjusted as based on the total length.

Fishenden and Saunders [7] present a dimensionless

correlation for square plates in the form

Nu � 0:31Ra1=4 �105 < Ra < 1010�. Kadambi and

Drake [8] recorrelate the original Sounder et al.'s data

based on laminar boundary layer theory with 1/5th

power to the Rayleigh number. Fujii and Imura [9] ex-

perimentally investigate natural convection from a

horizontal downward-facing plate and they suggest the

correlation, Nu � 0:58Ra1=5 �106 < Ra < 1011�. The

thermal condition at the wall is somewhere between

uniform heat ¯ux and isothermal condition. Aihara et

al. [10] measure the velocity ®eld near the downward-

Nomenclature

b depth of the experimental specimen
cp speci®c heat (J/kg K)
GrW Grashof number �� gbDTW 3=n2)
g gravitational acceleration (9.81 m/s)
H depth of the groove (m)
h local heat transfer coe�cient (W/m2 K)
�h average heat transfer coe�cient � Q

L�TwÿT1� ;
W/m2 K)

k thermal conductivity (W/m K)

L total horizontal length of the specimen (m)
n refractive index of air
NuL average Nusselt number based on the total

length L� �hL=k�
NuW local Nusselt number �hW=k�
NuW average Nusselt number based on the pitch

length W� �hW=k�
P pressure (Pa)
P� dimensionless pressure

�� �P� r1gy�=�r1n2=W 2�)
Pr Prandtl number �� n=a)
q 00 local heat ¯ux (W/m2)
Q total heat transfer rate from the ®n per unit

depth (W/m)
RaW Rayleigh number �GrW � Pr)

T temperature (K)
DT temperature di�erence between the wall and

the surrounding �� Tw ÿ T1; K)

u x-direction velocity (m/s)
v y-direction velocity (m/s)
W length of a pitch �W1 �W2; m)

W1 width of the groove (m)
W2 width of the protrusion (m)
a thermal di�usivity �� k=rcp; m

2/s)

b thermal expansion coe�cient (Kÿ1)
y dimensionless temperature

�� �Tÿ T1�=�Tw ÿ T1�)
n kinematic viscosity of the ¯uid (m2/s)

r density of the ¯uid (kg/m3)

Subscripts
g groove

w wall
1 surrounding

Superscript
� dimensionless quantity
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facing surface utilizing trajectories of ®ne particles.

Also, the validity of Gill et al.'s [11] theoretical con-

clusion that similarity solutions cannot be obtained for

free convection along a downward facing, isothermal,

heated surface, is experimentally con®rmed in both the

velocity and temperature ®elds in their study. Wagner

[12] applies integral method to natural convection

from a heated plate facing downward and shows the

correlation in the form Nu � 0:66Ra1=5. He assumes

that the boundary layer thickness is nearly zero at the

edges. Clifton and Chapman [13] analyze heat transfer

from a ®nite plate theoretically. They propose that the

thickness of boundary layer at the leading edge is not

zero, but it corresponds to the condition of minimum

speci®c mechanical energy there. Fuji et al. [14] study

laminar natural convection from heated horizontal ¯at

plates facing downwards with uniform surface heat

¯ux, using an approximate integral method. Solutions

for an in®nite strip, a circular plate and a rectangular

plate are obtained for any Prandtl number. They give

the correlation for an in®nite strip in the form

Nu � 0:59Ra1=5 �Pr � 0:7�. Restrepo and Glicksman

[15] study natural convection from a heated square

plate with three di�erent edge conditions. The average

heat transfer coe�cient for a heated edge �Nu �
0:68Ra1=5� is 17% greater than the heat transfer coe�-

cient for a cooled edge �Nu � 0:587Ra1=5). The heat

transfer coe�cient for a heated horizontal extensions

�Nu � 0:41Ra1=5� is 30% below that for a cooled edge.

Hat®eld and Edwards [16] use ¯at plates with bare

edges, and with approximately adiabatic extensions

around the edges to investigate edge e�ects. The fol-
lowing correlation including the length of adiabatic
extension is proposed.

Nu � C1

�
1� C2L=b

���1� X�3mÿX 3m
�
Ram �1�

where, X � C3Ra
m � C4�La=L� p. The seven coe�cients

C1, C2, C3, C4, m, n, and p are empirical constants.

Symbol L is short side length of the plate and La is
length of the adiabatic extension, and b is long side
length of the plate. Goldstein and Lau [17] study lami-
nar natural convection from a horizontal plate using a

®nite di�erence analysis and experiments. The corre-
lations �3� 102 < Ra < 6� 104� are reported in the
form Nu � 0:65Ra1=5 (experiment) and Nu � 0:69Ra1=5

(FDM). The horizontal extension and vertical wall are
used to investigate in¯uence of the plate edge exten-
sions. The insulated horizontal extension causes a lim-

ited reduction in the heat transfer and the e�ect is
larger in downward-facing geometry than in upward-
facing geometry. Until today, the studies on natural
convection from horizontal downward-facing rectangu-

lar ®n arrays are scarcely performed in contrast to
upward rectangular ®n arrays. The main di�erence of
two geometries is that the former has ¯ow ¯owing into

the center from the edge and the latter has vertical
buoyant plume at the plate center ¯ow a chimney.
In this paper, both of experimental and numerical

researches are made to study natural convection from
heated horizontal grooved plates facing downward. A
Mach±Zehnder interferometer is used to visualize the

Fig. 1. Notations of the horizontal downward facing rectangular grooved ®n.
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temperature distribution and the interferogram is com-
pared with the numerical results using a modi®ed
SIMPLER code with pressure boundary condition.

The local heat transfer rates and ¯ow ®elds are calcu-
lated to investigate physical phenomena around the
groove. The e�ects of Rayleigh number and the aspect

ratio of grooves are studied and the amounts of total
heat transfer enhancement of each case are calculated.

2. Experimental study

An experimental model of the downward rectangular
grooved ®n is shown in Fig. 1. The depth of the test
section perpendicular to the page is 0.2 m, while the
total width is 7±7.5 cm. It, thus, exhibits highly two-

dimensional behavior. The plate is made of aluminum
and has ®ve rectangular protrusions, and its surface is
heated isothermally due to its high thermal conduc-

tivity. Heating wire is uniformly attached on the back-
side of the specimen and it is heated using a dc power
supply. To prevent heat dissipation from the backside,

an insulation material is adhered. Symbol H denotes

the depth of the groove, W1 is the width of the groove,

W2 is the width of the protruded top surface and W,

the pitch length, is the sum of W1 and W2. The exper-

iments are performed varying the aspect ratios H=W
and W2=W. The actual sizes of the models are shown

in Table 1.

The Mach±Zehnder interferometer used in the ex-

periment is schematically shown in Fig. 2. Isothermal

lines are visualized using in®nite fringe frames and the

distribution of Nusselt numbers at the surfaces is

measured using ®nite fringe frames [18]. After the

interferogram is taken with a camera, the picture is

magni®ed to the size 10 in. � 8 in. It is then analyzed

with a digitizer having a 500 dpi resolution. It is

assumed, for the convenience of data processing, that

the temperature gradient of the refractive index dn=dT
is constant. For veri®cation of the experimental results,

the average Nusselt number over the horizontal ¯at

plate facing downwards is measured and compared

with other studies. The obtained value is 5.6% higher

than that of Sounders [7] and 7.8% lower than the cor-

relation of Hat®eld [16] for RaL � 1:9� 106.

Therefore, the real value is somewhere between

Sounders' and Hat®eld's results. Square specimen are
used in Sounders' experiment and the aspect ratio

�L=b; see Eq. (1)) of this experiment is 0.385. Hat®eld

reports that the proposed correlation (1) ®ts the data

of other researches within 210% error. And thus, our

experimental results are within the error bound of

other studies and it con®rms the validity of the exper-

imental results. The greatest error comes from the

Table 1

Dimensions of the models

Case W �W1 �W2 (mm) H=W W2=W

1 (Square groove) 14 0.5 0.5

2 (Shallow groove) 14 0.25 0.5

3 (Deep groove) 14 1 0.5

4 (Wide groove) 15 7/15 0.2

Fig. 2. The Mach±Zehnder interferometer used in experiments.
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uncertainties in reading the interferogram, i.e., the tem-
perature gradient near the wall is very high and the

fringes have fairly large thickness. With all these uncer-
tainties, the error of experimental Nusselt number is
29%.

3. Numerical study

The interferograms give information only about the
temperature distributions. To ®nd the velocity ®eld

and to further verify the experimental results, numeri-
cal simulations are also performed.
The dimensionless governing equations are as fol-

lows:

@u�

@x �
� @v

�

@y�
� 0 �2�

u�
@u�

@x �
� v�

@u�

@y�
� @ 2u�
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2u�
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ÿ @P

�

@x�
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@y�
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@y�2
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@y�
� GrWy �4�

u�
@y
@x �
� v�

@y
@y�
� 1

Pr

 
@ 2y
@x �2

� @ 2y
@y�2

!
�5�

The Boussinesq approximation has been used by intro-

ducing P � P �r1�v2=W 2� ÿ P1 with @P1=@y � ÿr1g
and the employed dimensionless quantities are de®ned
as:

x � � x

W
, y� � y

W
, u� � uW

v
, v� � vW

v
,

y � Tÿ T1
Tw ÿ T1

, GrW � gb�Tw ÿ T1�W 3

v2
and

Pr � v

a
:

�6�

The boundary conditions are given as follows:

u� � 0 and v� � 0 at the surfaces of the fin �7�

p� � 0 at the bottom, left and right boundaries �8�

y � 1 at the surface of the fin, and
@y
@y�

� 0 at the bottom boundary �9�

In Eqs. (8) and (9), the bottom boundary is a far lo-
cation that is twelve times the depth of a groove away

from the ®n. The right computational boundary is at
the right side of the last protrusion and the left bound-

ary is at the left side of the ®rst.
In a natural convection problem, velocities can not

be prescribed at the boundaries. Thus, the pressure

boundary condition (8) is applied here. A SIMPLER
code [19] is modi®ed for pressure boundary condition.
See Ref. [5] for detailed modi®cation method. Under-

relaxation of boundary velocity and pressure is made
to make the computation stable.
When the Nusselt number (either local or average)

and the heat ¯ux q0 are de®ned as follows,

NuW � hW

k
,

q 00 � h�Tw ÿ T1�, �10�
They are found to be dependent on the following vari-
ables.

NuW � f�GrW, Pr, H=W, W2=W, . . . � �11�
In many situations, the above equation is further sim-
pli®ed as

NuW � f�RaW, H=W, W2=W, . . . �: �12�
where RaW � GrW � Pr.
Correlations of experimental data for ¯uids with

Prr0:7 may be accurately expressed by Eq. (12) [20].
In this study, a constant Prandtl number 0.71 is taken
and Eq. (12) is employed, indeed.

4. Veri®cation of the numerical simulation

Firstly, grid dependence is examined to minimize the

numerical uncertainty. The calculated variables using
current grids (81 � 38) are compared with those using
a ®ner 169 � 74 mesh for the square groove. The

di�erence of total heat transfer rate between them is at
most 3%. Compromising between the computational
cost and the accuracy, the current mesh is considered

appropriate.
Secondly, the average heat transfer rate for a ¯at

plate is computed and compared with that of Hat®eld
[16]. Only about 2% discrepancy is found.

Lastly, to demonstrate the accuracy of numerical
result of the downward facing plate with grooves, the
average Nusselt number of square groove for RaW �
1:14� 104 is compared with that of the interferometric
experiment. Both results agree well with each other
within 3% error. Also, the distributions of the numeri-

cal local Nusselt numbers and the experimental ones
have the same tendency and their values agree well
with each other except for the corner of the protrusion.
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Since the local heat transfer rates near the corner of
the protrusion increase rapidly, experimental measure-
ment is very di�cult and the errors of the measured
values are large. As mentioned earlier, the numerical

results are slightly better in accuracy. The experimental
and numerical isotherms are shown in Fig. 3. They
agree very well with each other both qualitatively and

quantitatively. Since the numerical results are con-
sidered better in accuracy than the experimental results
and since the experimental results include partly three-

dimensional e�ects, quantitative evaluations hereafter
are based on numerical results. All the four cases of
Table 1 are calculated and the results are compared.

Since the geometry is an important design parameter
while the overall size is roughly ®xed, the relative per-
formances of di�erent grooves need to be discrimi-
nated by directly comparing the heat transfer rates.

The Rayleigh number RaW is varied as 1.14 � 104,
1.14 � 105, 1.14 � 106 and 1.14 � 107. Note that L �
5:5W so that RaL � 166RaW.

5. Results and discussion

The average Nusselt numbers of a horizontal down-

ward-facing ¯at plate are numerically calculated and
correlated to use as the reference case. The correlation
is obtained as follows:

NuL � 0:67Ra1=5L 1:9� 106RRaLR1:9� 109 �13�

This correlation is nearly identical with those of

Wagner [12], Aihara [10] and Restrepo [15]. The iso-
therms and streamlines for the ¯at plate with RaW �
1:14� 104 �RaL � 1:9� 106� are shown in Fig. 4. The

thickness of the boundary layer is not zero but ®nite at
the edges, and it reaches maximum at the center. The
¯ow rises toward the center and goes out to the edges.
The isotherms for the four groove geometries of

Table 1 are shown in Fig. 5 when RaW is 1.14 � 104.
Generally, the closer to the center the location of the
groove is, the thicker is the thermal boundary layer

just like in a ¯at plate. The outer parts of the pro-
trusion have dense isotherms and those in the groove
are sparse. The wall heat ¯ux in the groove is thus

much lower than that at the tip of the protrusion.
Isothermal lines of shallow and wide grooves penetrate
from the ambient into the groove more deeply than
the other cases. For these two cases, the groove aspect

ratio H=W1 is smaller than the other cases. The local
Nusselt numbers are shown in Fig. 6 for square groove
with RaW � 1:14� 104. The local Nusselt numbers is

the greatest at the outer surface (III) of the groove. At
the left side (II) and right side surface (IV), it increases
from the inner corner to the outer edge. At the deep

upper surface (I) of the groove, it is very small. It has
a local maximum at the center and decreases at the
corners for the second and the third grooves. And the

Fig. 4. Isotherms and streamlines of horizontal downward facing ¯at plate for RaW � 1:14� 104.
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larger the pitch numbering is (meaning close to the
center; see Fig. 1), the smaller is the local Nusselt num-
ber. The heat transfer rates of three pitches in the left
only are shown since the physical phenomena are sym-

metrical about the center. The local Nusselt numbers
of the upper and the left side surface of pitch 1 are
very high, since those surfaces are not in grooves but

freely exposed near the edge. The distribution pattern
of Nusselt number for the other cases (shallow, deep

groove and thin protrusion) is also similar. However,
shallow groove and thin protrusion have greater
Nusselt number at the upper surface (I) and deep
groove has a smaller value there. The heat transfer

rate at the upper surface (I) is too small to contribute
to the total heat transfer rate except for the wide
groove.

The pattern of Nusselt number distribution in the
groove can be easily understood when the ¯ow pattern

Fig. 5. Isotherms for the four geometries �RaW � 1:14� 104).
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in the groove is known. Streamlines of each case are
shown in Fig. 7 for RaW � 1:14� 104. Note that the
streamlines in the groove are drawn with very ®ne

interval of the stream function. Indeed, velocities in
the groove are very small. The streamlines in the
groove vividly visualize the recirculations. A weak

recirculation ¯ow is generated near the right side sur-
face of the protrusion for the left part about the
center. The protrusions prevent the main ¯ow from

¯owing into the groove and cause the recirculations in
the groove. For this reason, the heat transfer rate at
the bottom surface is very small and so is the Nusselt
number. When the groove is very deep (see Fig. 7(c)),

main ¯ow rarely penetrates into the grooves and the

Nusselt number at the upper surface becomes even
smaller.
For the cases of Fig. 7, the total heat transfer rate is

the largest for deep groove. It is about 51% larger
than that of ¯at plate. For other geometries, it is
smaller in the sequence, square groove (24%), wide

groove (13%) and shallow groove (10%). The increases
of the total heat transfer rates of the wide and shallow
grooves are not large although the exposed area is

much greater than ¯at plate. Those are mainly because
the size of the outer tip which has the maximum heat
transfer coe�cient is very small for the wide groove
and the size of the side surfaces is small for the shallow

groove.

Fig. 6. Distribution of NuW at each surface of a pitch for RaW � 1:14� 104 (square groove) (see Fig. 1 for the pitch and surface

numbering).
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Fig. 7. Streamlines for the four geometries �RaW � 1:14� 104).
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Fig. 8. Isotherms when varying RaW (square groove).
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The isotherms for RaW � 1:14� 104, 1.14 � 105,
1.14 � 106 and 1.14 � 107 in square groove are shown
in Fig. 8 to see the e�ect of RaW. Though RaW
increases from (a) to (d), the isotherms and streamline

do not penetrate into the groove deeply. Only the
thickness of boundary layer near the outer surfaces
decreases. The dimensionless total heat transfer rate

for variation of RaW is shown in Table 2 for all cases

and for a ¯at plate. Total heat transfer rates of all
cases are larger than that of a ¯at plate when
RaWr1:14� 105. The higher RaW is, the larger is the
enhancement of heat transfer. The increasing rate,

though not very high, is higher for grooved plate than
for a ¯at plate. Thus, the advantage by increasing the
surface area is visualized when the Rayleigh number is

larger than about 106.

Table 2

Dimensionless heat transfer rate for each case varying RaW�Q=k�Tw ÿ T1��

RaW � 1:14� 104 RaW � 1:14� 105 RaW � 1:14� 106 RaW � 1:14� 107

Flat plate 11.9 18.7 29.7 48.6

Square groove 14.7 25.2 44.5 80.4

Shallow groove 13.1 22.5 37.7 64.4

Deep groove 18.0 31.8 57.1 104.6

Wide groove 13.5 23.1 40.9 73.4

Fig. 9. Isotherms of square groove varying the number of protrusions �RaW � 1:14� 104).
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The average Nusselt numbers are proportional to
the 0.23 to 0.26th power of Rayleigh number, while

that of a ¯at plate is obtained to be proportional to
the 0.2th power. The ratio of Nusselt numbers aver-
aged over ®ve protrusions to the ¯at plate case is

arranged as:

NuW,flat � 0:34Ra1=5W for flat plate

NuW

NuW,flat

� 0:724Ra0:051W for case 1 �square groove�

NuW

NuW,flat

� 0:882Ra0:03W for case 2 �shallow groove�

NuW

NuW,flat

� 0:834Ra0:058W for case 3 �deep groove�

NuW

NuW,flat

� 0:679Ra0:05W for case 4 �wide groove�: �14�

A comment is appropriate here. The average Nusselt
number NuW �� �hW=k� has been de®ned to give the
total heat transfer rate Q from the entire surface per
unit depth as �hL�Tw ÿ T1�. Note again that

L � 5:5W. The ®rst expression has been obtained from
Eq. (13) by replacing L by 5.5W.
The ¯ow is laminar in the given range of Rayleigh

number �1:14� 104RRaWR1:14� 107). However, the
¯ow ®eld is found to become unstable when RaW is
greater than 1.14 � 107, which may indicate transition

to turbulence.
When examining Eq. (14) carefully, we ®nd that

NuW is roughly proportional to the 0.25th power of

RaW for the tested grooves. A more general correlation
may be obtained by taking the 0.25th power of
Rayleigh number and extending the correlation to gen-
eral rectangular grooves and ¯at plates, and with more

number of grooves. The following calculation is
devised to estimate natural convection from that hav-
ing more protrusions; natural convection from the

plates having 7, 9, 11 and 13 protrusions for the four
cases. In total, 33 cases are reviewed. The isotherms of
square groove varying the number of protrusion are

shown in Fig. 9. Quantitatively, the isotherms are the
same as in the ®ve-groove case. From the four tested
geometries, the correlation is ®nally determined as,

NuL � 0:27

�
 
1� 16:8

�H=W�1:45�W=L�1:21�W2=W�0:33
1�H=W

!
Ra1=4L

�15�

where L is total length of the plate. When the ratios
H=W,W=L,W2=W approach to zero, Eq. (15) becomes,

NuL � 0:27Ra1=4L , �16�

an equation for a ¯at plate. Eq. (16) is an expression
obtained by reforming Eq. (14) with the 0.25th power

in the range of 106RRaLR109. The maximum percen-
tile error of correlation (15) is about 10%, and 95% of
the data are within 3% error. Eq. (15) is recommended

to use for 106RRaLR109.
The experiments and analyses here have been made

for air �Pr � 0:71). For future application to liquid

cooling, correlations for other ¯uids are desirable. At
this point, no precise prediction for ¯uids of di�erent
Pr can be made. However, it is anticipated that the
present correlations may be used for other ¯uids

without signi®cant change, since, for example for
laminar natural convection along a ¯at plate wall, the
coe�cient of the correlation between Nusselt number

and Rayleigh number is only within 20% di�erence in
the range of 0:7RPrR1 [14].

6. Conclusion

Experimental and numerical studies on laminar
natural convection from horizontal downward-facing
plate with rectangular grooved ®ns have been per-
formed. Both results agree well with each other for

RaW � 1:14� 104, and the numerical method is further
employed to investigate the heat transfer and ¯ow ®eld
at di�erent RaW. The Nusselt number is the greatest at

the outer tip of the protrusion. At the left and the
right side surfaces, it increases from the inner corner to
the outer edge. It is very small at the upper surface of

the groove; it has a local maximum at the center and
decreases at the corners. At least one recirculation ¯ow
exists for all the tested cases in the groove. The
protrusions prevent the main ¯ow from ¯owing into

the grooves. Consequently, the increase of the total
heat transfer rate from grooved surface may not be
su�ciently large especially when the Rayleigh number

is not large enough. When RaW is large (roughly greater
than 106), the heat transfer rate from the grooved ®n
becomes greater than that from a ¯at surface. The

average Nusselt number over protrusions is roughly
proportional to the 0.23±0.26th power of the Rayleigh
number.
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A very general correlation for the average Nusselt
number is ®nally made to obtain the heat transfer rate

for general rectangular grooves, for any number of
protrusions and Rayleigh numbers.
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