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Abstract

The problem of heat convection from a sphere placed in an oscillating viscous free stream is considered for the two
cases of forced and mixed convection regimes[ The sphere surface is assumed isothermal and the free!stream oscillations
are always in the vertical direction resulting in axisymmetric ~ow and thermal _elds for both regimes[ The study is based
on the solution of the unsteady NavierÐStokes and energy equations for a Boussinesq ~uid of constant Prandtl
number "Pr�9[60#[ The main parameters considered are the Reynolds number\ Grashof number\ and Strouhal number[
Comparison of results with published data shows a good agreement for the special case of steady forced and mixed
convection[ The details of the resulting thermal _elds are presented in the form of isotherm patterns and the local Nusselt
number distribution[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

a radius of the sphere
fn functions de_ned in eq[ "6#
` gravitational acceleration
`n functions de_ned in eq[ "7#
Gr Grashof number\ `b"Ts−T�# "1a#2:n1

hn functions de_ned in eq[ "8#
Nu local Nusselt number
Nu overall Nusselt number
N
�

time!averaged Nusselt number
Pn Legendre polynomials of order n
P0

n _rst associated Legendre polynomials of order n
Pe Peclet number\ Re Pr
Pr Prandtl number\ n:a
r radial distance
Re Reynolds number\ 1aUo n

S Strouhal number\ av:Uo

t dimensionless time

� Corresponding author[

T temperature
Uo amplitude of oscillation of the free!stream velocity
U? free!stream velocity
z modi_ed angular coordinate\ cos u[

Greek symbols
a thermal di}usivity
b coe.cient of volumetric thermal expansion
d Kronecker delta
z dimensionless vorticity
t modi_ed dimensionless time\ St:1p
j logarithmic radial coordinate\ j�ln"r:a#
u angular coordinate
n kinematic viscosity
8 dimensionless temperature
c dimensionless stream function
v frequency of oscillations[

Subscripts
s at the surface of the sphere
� at in_nite distance from the sphere
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0[ Introduction

Heat transfer from a sphere has been the subject of
many investigations due to the related engineering appli!
cations[ Experimental and theoretical studies of natural
convection from a sphere are numerous[ The classic ref!
erences include those of Potter and Riley ð0Ł\ Geoola and
Cornish ð1Ł and ð2Ł\ Riley ð3Ł\ Brown and Simpson ð4Ł\
Singh and Hasan ð5Ł\ and Dudek et al[ ð6Ł[ Forced con!
vection from a sphere placed in a steady uniform stream
was studied by Dennis and Walker ð7Ł who investigated
the phenomenon for Reynolds number up to 199 and
Prandtl number up to 21 657[ Another forced convection
study was undertaken by Whitaker ð8Ł who determined
heat transfer correlations for ~ow past spheres[ More
accurate and detailed results were given by Dennis et al[
ð09Ł but for Reynolds number up to 19[ Sayegh and
Gauvin ð00Ł solved the same problem and also inves!
tigated the e}ects of large temperature di}erences on the
heat transfer rate[ The mixed convection problem was
studied by Hieber and Gebhart ð01Ł who linearized the
governing equations according to the matched asymp!
totic expansions of the perturbation theory and obtained
solutions valid at small Reynolds and Grashof numbers[
The problem was also solved using the boundary layer
approach by Acrivos ð02Ł[ The work by Wong et al[ ð03Ł
was one of the early attempts to solve the full steady
NavierÐStokes and energy equations by the _nite element
method[ Nguyen et al[ ð04Ł extended the work of Wong
et al[ ð03Ł and solved the transient problem with internal
thermal resistance[

The literature related to oscillating ~ow over a sphere
is very rich[ The problem dates back to the theoretical
study of Basset ð05Ł in 0777[ Odar and Hamilton ð06Ł
conducted an experimental study on oscillating ~ow over
a sphere in an attempt to modify the Basset solution of the
drag by introducing coe.cients for the drag components
that were determined experimentally[ Several attempts
have since been made to decompose the drag force on a
sphere based on its physical origin[ According to Mei
ð07Ł\ the total unsteady force on a sphere consists of a
quasi!steady force\ a history force\ an added!mass force\
and the force due to unsteady free!stream acceleration[
The form of the history force obtained by Mei ð07Ł per!
formed consistently better than that of Odar and Ham!
ilton ð06Ł[ Other studies along these lines include those
of Lawrence and Mei ð08Ł\ Sano ð19Ł\ Lovalenti and
Brady ð10Ł\ and Mei et al[ ð11Ł[ Using perturbation
methods\ Riley ð12Ł investigated the ~ow induced by a
sphere oscillating at high frequency in a viscous ~uid
when the amplitude of oscillation is small compared with
the radius of the sphere[ He concluded that the condition
ResŁ0 "Res�Re:S# was a necessary and su.cient con!
dition for a high!frequency ~ow to have a double bound!
ary layer structure[ This was not the case for the low
frequency ~ows investigated by Chang and Maxey ð13Ł

where ~ows with Res−O"0# were the only cases ex!
hibiting double boundary layer structures[ The study by
Chang and Maxey ð13Ł\ while it represents a com!
prehensive treatment of oscillatory ~ow over spheres\ is
limited to the low Reynolds number range[ Recently\
Alassar and Badr ð14Ł extended the work of Chang and
Maxey ð13Ł to Reynolds number of 199 and included a
detailed analysis of the separation angle and the wake
length[

Studies related to heat or mass transfer from a sphere
in an oscillating free stream are scarce[ Perhaps\ the most
important are those by Drummond and Lyman ð15Ł\ and
Ha and Yavuzkurt ð16Ł[ These two studies\ however\ deal
with forced convection only[ Drummond and Lyman ð15Ł
studied mass transfer from a sphere in an oscillating ~ow
using a pseudo!spectral method[ It seems that the ~ow
_eld did not reach a quasi!steady state since the stream!
line pattern was not periodic[ It was concluded that the
mass transfer rate decreases with the decrease of the
Strouhal number until reaching S�1 below which the
rate is virtually independent of the Strouhal number[ As
stated by Drummond and Lyman ð15Ł\ this last con!
clusion contradicted other experimental and theoretical
studies[ A good study on heat transfer from a sphere in
an oscillating free stream was carried out by Ha and
Yavuzkurt ð16Ł[ The study\ however\ deals with only
forced convection[

The present paper deals with forced and mixed con!
vection heat transfer from a sphere in an axisymmetric
oscillating ~ow[ The oscillations are harmonic and the
~ow is governed by the NavierÐStokes equations for
incompressible ~uids[ The parameters involved in the
problem are the Reynolds number\ Strouhal number\ and
Grashof number[ The Prandtl number is _xed at a value
of 9[60[ The method of solution adopted here is the series
truncation method where the stream function\ tempera!
ture\ and vorticity are expanded in terms of Legendre
and _rst associated Legendre functions[ A directly related
application of this work is in the use of an acoustic _eld
for enhancing heat transfer from a sphere[ An exper!
imental study of this aspect was carried out by Leung
and Baroth ð17Ł using holographic interferometry for
~ow visualization[ They reported that the presence of an
acoustic _eld enhances heat transfer when the vibrational
Reynolds number exceeds 399[

1[ Basic equations and method of solution

The problem considered is that of mixed "forced and
natural# convection from an isothermal sphere placed in
an oscillating free stream of in_nite extent as shown in
Fig[ 0[ The free!stream oscillations are in the vertical
direction resulting in an axisymmetric ~ow and thermal
_elds[ The equations governing the heat transfer process\
cast in spherical coordinates\ can be written in terms of
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Fig[ 0[ The spherical coordinate system[

the dimensionless vorticity\ z\ the dimensionless stream
function\ c\ and the dimensionless temperature\ 8\ as
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where Re�1aUo:n is the Reynolds number\
Gr�gb"Ts−T�# "1a#2:n1 is the Grashof number\
Pe�Re Pr is the Peclet number\ Pr�n:a is the Prandtl
number\ a is the radius of the sphere\ Uo is the amplitude
of oscillation of the free!stream velocity\ n is the
coe.cient of kinematic viscosity\ g is the gravitational
acceleration\ t is the time\ b is the coe.cient of volumetric
thermal expansion\ and a is the thermal di}usivity[ The
logarithmic transformation j�ln"r:a# is used\ where r is
the dimensional radial distance[ The variables c\ z\ 8\
and t in the governing equations are de_ned in terms

of the usual dimensional quantities c?\ z?\ T\ and t? as]
c�c?:Uoa

1\ z�z?a:Uo\ 8�"T−T�#:"Ts−T�#\ and
t�Uot?:a\ where T� is the free!stream temperature\ Ts is
the temperature at the surface of the sphere[ The oscil!
lations in the free!stream velocity are given in the form
U�U?:Uo�cos"St# where U? is the dimensional free!
stream velocity and S�av:Uo is the Strouhal number
with v the frequency of oscillations[

The boundary conditions are mainly the no!slip\
impermeability and isothermal conditions on the sphere
surface and the uniform velocity and temperature far
away from it[ These can be expressed as
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and

8:9\ and z:9 as j:� "5#

The method of solution is based on approximating c\
z\ and 8 using Legendre and _rst associated Legendre
polynomials which can be written in the following form]
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where Pn"z#\ and P0
n"z# are respectively the Legendre and

_rst associated Legendre polynomials of order n\ and
z�cos u[ Using these expansions in eqs[ "0#Ð"2#\ the fol!
lowing di}erential equations for Legendre coe.cients are
obtained]
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The coe.cients appearing in the series are de_ned in
terms of the 2j symbols
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The boundary conditions associated with eqs[ "09#Ð"01#
are
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where d is the Kronecker delta[ Finally\ an integral con!
dition that must be satis_ed by the functions gn can be
obtained from eq[ "09# by making use of the boundary
conditions eqs[ "07# and "08#]
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The potential ~ow solution is used as an initial solution
"at t�9# at the start of the motion[ Although this is not
a perfect assumption\ the e}ect of this initial condition
becomes insigni_cant at large time when quasi!steady
state is reached[ The solutions of the functions c and w

are advanced in time by solving eq[ "00# using a CrankÐ
Nicolson _nite!di}erence scheme and solving eq[ "09#
using a specialized step!by!step technique[ The numerical
method is discussed at length by Alassar and Badr ð14Ł
and need not be repeated[ The method is extended here
for the energy eq[ "01# which is strongly coupled with the
~ow equations[ Moreover\ the dimensionless time t which
is related to the previously de_ned dimensionless time t
by t�St:1p is introduced in the present study[ Scaling
time by the Strouhal number is appropriate in dealing
with relatively high frequency ~ows[ Consequently\ each
cycle has a period of unity with 399 divisions which makes
Dt�9[9914[

The local and overall Nusselt numbers\ Nu and Nu are
obtained from
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Equations "11b# is based on averaging over the entire
surface of the sphere[ The time!averaged Nusselt number
N
�

is obtained by averaging Nu "t# over a complete cycle
and becomes constant when quasi!steady state is reached[
The quantity N

�

u"t# is obtained from

N
�

u"t#�g
t¦0:1

t−0:1

Nu "x# dx "12#

The accuracy of the method of solution was veri_ed by
studying the case of forced convection from a sphere in
a uniform free stream[ The steady values of the overall
Nusselt number were compared with previously known
solutions[ Table 0 shows a good agreement between the
values of Nu obtained from the present study and those
of Wong et al[ ð03Ł\ Sayegh and Gauvin ð00Ł\ Dennis and
Walker ð09Ł\ Whitaker ð8Ł\ and Dennis and Walker ð7Ł[
Another comparison is shown in Table 1 for the case of
steady mixed convection where the results of the present
study are within 4) of those of Wong et al[ ð03Ł[

2[ Results and discussion

The e}ect of free!stream oscillations on heat transfer
from a small sphere is investigated for the two cases of
forced and mixed convection regimes[ Axisymmetry is
maintained in mixed convection by allowing the free!
stream oscillations only in the vertical direction[ The
forced convection problem is solved in the range of Rey!
nolds number up to Re�199 while the mixed convection
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Table 0
Comparison between the overall Nusselt number obtained from the present study and those reported by other
researchers for the special case of steady forced convection

Wong et al[ ð03Ł Sayegh and Dennis and Whitaker ð8Ł Dennis and
Re Present Gauvin ð00Ł Walker ð09Ł Walker ð7Ł

0 1[152 Ð 1[121 1[159 1[391 1[11
09 2[215 2[171 2[212 2[247 2[238 2[07
19 3[935 2[860 3[911 3[954 2[849 2[75
29 3[473 Ð 3[459 Ð 3[310 3[25
59 4[744 4[778 Ð Ð 4[400 4[54

099 6[042 6[240 Ð Ð 5[514 6[00

Table 1
Comparison between the overall Nusselt number obtained from the present study
and those obtained by Wong et al[ ð03Ł for steady mixed convection

Re Gr Present Wong et al[ ð03Ł Percentage di}erence

59 619 4[832 5[910 0[20
59 03\399 6[220 6[072 1[91

099 1999 6[089 6[498 3[33

problem is solved for Reynolds numbers up to Re�19
and Grashof numbers up to Gr�3999[

2[0[ The forced convection re`ime

Due to the free!stream oscillations\ the velocity and
the thermal _elds near the surface of the sphere change
with time in a periodic fashion[ Figure 1 shows the local
Nusselt number distribution at di}erent times over a
complete cycle of oscillation for the case of Re�49 and
S�p:3[ The distributions obtained at t�9 and t�0 are
very much the same con_rming the periodicity of the
thermal _eld[ The maximum value of Nusselt number\
Nu max\ occurs either at u�9 or 079> depending on the
direction of the free stream[ However\ this Nu max does
not occur at t�9 or t�9[4 "corresponding to the
maximum free!stream velocity# but instead occurs nearly
at t�9[014 or t�9[514[ The phase shift may be at!
tributed to the phase lag between the free!stream oscil!
lations and the ~uctuation of the momentum and thermal
boundary layers in the immediate neighborhood of the
sphere "for a good discussion on this issue\ see Ha and
Yavuzkurt ð16Ł#[ The viscous forces in the boundary layer
region are added to the inertia forces during the accel!
eration phase of motion which results in a phase lag
between the boundary layer ~ow and the free!stream
~ow[ This phenomenon was also reported in the work by
Badr ð18Ł for the case of ~uctuating ~ow over a cylinder at
low Reynolds and Strouhal numbers "Re�49\ S�p:3#[

Figure 2 shows the time variation of Nu distribution over
a complete cycle for the low frequency case of Re�09\
S�p:05[ Contrary to the behavior shown in Fig[ 1\ Nu max

occurs nearly at times of maximum free!stream velocity
"t�9\ 9[4\ 0# which indicates a signi_cant decrease in the
phase lag between the boundary layer and the free stream[
The time variation of the overall Nusselt number during
one complete cycle for di}erent Reynolds numbers when
S�p:3 are plotted in Fig[ 3[ The corresponding time
developments of N

�

u following the start of motion are
shown in Fig[ 4[ It can be seen that the phase lag of the
overall Nusselt number decreases with increasing Rey!
nolds number[ Two maximum values of Nu cor!
responding to the two peaks of the free!stream velocity
and two minimum values of Nu corresponding to zero
free!stream velocity during each complete cycle are
clearly observed in Fig[ 3[ Table 2 lists the times "t# at
which the maximum and minimum values of Nu occur
for the range of parameters considered in the present
study[

Ha and Yavuzkurt ð16Ł observed di}erences between
the values of the overall Nusselt number corresponding
to the maximum positive velocity and those cor!
responding to the maximum negative velocity and at!
tributed this to acoustic streaming and the phase lag
between the applied acoustic _eld and the thermal bound!
ary layer[ The same observation was reported by Tseng
and Lin ð29Ł[ Table 3 shows that the values of the overall
Nusselt number corresponding to the maximum negative
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Fig[ 1[ The local Nusselt number distribution and its time variation during one complete cycle for the case of Re�49\ S�p:3\ Gr�9[

velocity are smaller than those corresponding to the
maximum positive velocity[ The di}erence between the
peak values can not be attributed to steady streaming
since the later is time independent "see ð07\ 13\ 14Ł#[
The higher values of the overall Nusselt number at the
maximum positive velocity can be explained by the fact
that at small time following the start of motion\ the
thermal _eld is more developed at the upper half since
the motion starts upward[ The converse is expected if
instead the free!stream velocity is a negative cosine func!
tion[ The symmetry between the upper and lower halves
of the thermal _eld is normally achieved at large time[
Table 3 shows that the di}erence in Nu becomes negligibly
small at cycle 19 for all cases considered[ Table 3 also
shows that Nu at maximum velocity attains a minimum
between S�p:05 and p for the case of Re�09[

To investigate the e}ect of Strouhal number on Nu\
the case of Re�09 is studied for values of S between p:05
and 1p[ Figure 5 shows the time variation of Nu for six
values of S during cycle 219[ The solution was advanced
in time until reaching this cycle in order to achieve quasi!
steady thermal _eld[ The _gure shows a continuous
decrease of Nu "both average values and amplitude# with

increasing S until reaching S�p:1[ Further increase of S
results in an increase in the average Nu but with less
amplitude[ The time development of N

�

u following the
start of motion for the case of Re�09 and di}erent values
of S is shown in Fig[ 6[ It is clear from the _gure that
there is a critical value of S at which heat transfer is
minimum[ This phenomenon can also be observed in Fig[
7 which shows the e}ect of Strouhal number on N

�

u after
carrying the solution to di}erent numbers of cycles[

The e}ect of steady streaming on heat transfer is exam!
ined by plotting the time!averaged stream function for
the di}erent Strouhal numbers considered at Re�09 as
shown in Fig[ 8[ It is worth noting that Riley ð12Ł found
that the condition Re:SŁ0 is necessary and su.cient for
a low!amplitude "high frequency# oscillatory ~ow to have
a double!boundary layer structure[ This was not the case
for the high!amplitude "low frequency# ~ows considered
by Chang and Maxey ð13Ł[ They found that the only
~ows exhibiting two streaming regions were those where
Re:S−O"0# with low! to moderate!amplitude oscil!
lations[ No generalizations\ however\ were made with
respect to the conditions under which a double!boundary
layer structure exists[ Figure 8 shows that such a structure
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Fig[ 2[ The time variation of Nu distribution for the case of Re�09\ S�p:05\ Gr�9 during one complete cycle[

is responsible for the existence of a critical S value at
which a minimum value of N

�

u is observed[ It is exactly
when the double!boundary layer structure disappears "or
extends very far in the main stream# that this minimum
N
�

u occurs[ This conclusion was also checked against the
case of Re�4[

The isotherm patterns during one half of a complete
oscillation for the case of Re�199\ and S�p:3 are shown
in Fig[ 09[ At this Strouhal number\ the amplitude of
oscillation is relatively small and little changes in the
temperature distribution of the far!_eld "the left parts of
the _gures# with time are observed as opposed to the
near!_eld distribution "the right parts of the _gures#[
Heat transfer by di}usion plays an important role far
away from the surface of the sphere[

2[1[ The mixed convection re`ime

The investigation of the mixed convection regime is
carried for the case of axisymmetric ~ow when both free!

stream oscillations and buoyancy driven ~ow are in the
vertical direction[ The study is carried out for two Rey!
nolds numbers "Re�4 and 19# and for Grashof numbers
ranging from 9 to 09 Re1 while keeping the Strouhal
number unchanged "S�p:3#[ The e}ect of buoyancy
driven ~ow on the velocity and thermal _elds increases
with the increase of the parameter Gr:Re1[ Figure 00
shows the time variation of the local Nusselt number
distribution over a complete cycle for the case of Re�4\
S�p:3 and Gr:Re1�09[ The maximum value of Nu

occurs always at u�079> rather than oscillating between
u�9 and 079> as in the case of forced convection[ In
addition\ Nu max occurs at the lower stagnation point at
t�9 at which the free!stream velocity is maximum and
in the same direction of the buoyancy driven ~ow while
Nu min at the same point occurs at t�9[4 at which the two
streams oppose each other[ While the time variation of
Nu at the lower stagnation point "u�079># is consider!
able\ the variation at the upper stagnation point "u�9#
is minimal[ Another interesting phenomenon that can be
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Fig[ 3[ The time variation of Nu over one complete cycle for the case of S�p:3\ Gr�9 and di}erent Reynolds numbers[

seen in Fig[ 01 is that the frequency of oscillation of Nu\
in the presence of buoyancy driven ~ow\ is one half of
that for forced convection[ That is mainly because the
thermal _eld is no longer symmetric during the upward
and downward motions of the free stream[

The overall e}ect of the free!stream oscillations on
heat transfer in the presence of buoyancy driven ~ow is
given in Table 4 for all cases considered[ The table shows
about 49) increase of N

�

u at Re�4\ Gr:Re1�09 over
that of forced convection[ That increase reaches about
099) as Re increases to 19[ It was reported by Wong et
al[ ð03Ł and Nguyen et al[ ð04Ł who studied convection
from a sphere in a uniform stream that motion induced
by density variation only produces minor e}ects on the
Nusselt number unless the ratio Gr:Re1 is greater than
9[4[ Their results showed that the value Gr:Re1�9[4
induces a change of nearly 4) in the value of Nu from
its corresponding forced convection value[ However\
Table 4 shows that the conclusion by Wong et al[ ð03Ł
and Nguyen et al[ ð04Ł does not apply to the case of
oscillating ~ow[ For example\ an increase of 14) in N

�

u

is observed when Gr:Re1�9[14 at Re�19[ This can be

understood through the fact that\ at the same Re\ the
Nusselt number for the steady forced convective heat
transfer is larger than that for the oscillating forced one[
Consequently\ the relative change in the Nusselt number
induced by natural convection is higher for the oscillating
~ow case[

3[ Conclusions

The problem of heat convection from a heated sphere
placed in an oscillating free stream is studied for the two
cases of forced and mixed convection regimes[ In the case
of forced convection\ the study revealed that the velocity
and thermal _elds are symmetric during the upward and
downward motions of the free stream[ The phase lag
between the free!stream oscillations and the momentum
and thermal boundary layers is found to decrease with
the decrease of Strouhal number[ The overall rate of heat
transfer exhibits a minimum at a certain critical value of
the Strouhal number at which the double boundary layer
structure disappears[ In the case of mixed convection\ the
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Fig[ 4[ The time variation of N
�

u following the start of motion for the case of S�p:3\ Gr�9 and di}erent Reynolds numbers[

Fig[ 5[ The time variation of Nu for the case of Re�09\ Gr�9 at di}erent Strouhal numbers during cycle 219[
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Fig[ 6[ The time variation of N
�

u for the case of Re�09 following the start of motion[

Fig[ 7[ The variation of N
�

u with S for the case of Re�09 at di}erent cycles[
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Fig[ 8[ Time averaged stream function for the case of Re�09[ "a# S�p:21\ Dc�9[91\ "b# S�p:05\ Dc�9[91\ "c# S�p:7\ Dc�9[90\
"d# S�p:3\ Dc�9[994\ "e# S�p:1\ Dc�9[9914\ " f# S�p\ Dc�9[990\ "g# S�1p\ Dc�9[990[
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Fig[ 8 "continued#
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Fig[ 09[ The isotherm contours for the case of Re�199\ S�p:3[ Isotherms plotted for left _gures are 9[94\ 9[0\ [ [ [\ 0[9[ Isotherms
plotted for magni_ed "right# _gures are 9[4\ 9[44\ [ [ [\ 0[9[ "a# t�9[9\ "b# t�9[014\ "c# t�9[14\ "d# t�9[264\ "e# t�9[4[
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Fig[ 00[ The time variation of Nu distribution for the case of Re�4\ S�p:3\ Gr�149 during one complete cycle[

Fig[ 01[ The time variation of Nu for the case of Re�19\ S�p:3 at di}erent Grashof numbers during one complete oscillation[
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Table 2
The time "t# at which the maximum and minimum Nu occur

Re S t for Nu max t for Nu min

09 p:05 9[9664 9[2299
09 p:7 9[0099 9[2599
09 p:3 9[0214 9[2714
09 p:1 9[0499 9[3999
09 p 9[0549 9[3049
09 1p 9[0664 9[3164
4 p:3 9[0149 9[2664

19 p:3 9[0264 9[2764
49 p:3 9[0299 9[2714

099 p:3 9[9814 9[2464
199 p:3 9[9449 9[2264

Table 3
Values of Nu during cycles 3 and 19 at maximum positive and
maximum negative "between brackets# free!stream velocities

Re S Cycle 3 Cycle 19

4 p:3 1[271639 "1[247315# 1[074202 "1[072530#
09 p:05 1[684075 "1[660012# 1[599877 "1[488224#
09 p:3 1[450271 "1[414615# 1[160386 "1[158942#
09 p 1[772289 "1[707277# 1[241839 "1[237331#
19 p:3 1[710043 "1[657174# 1[289545 "1[276940#
49 p:3 2[264404 "2[174531# 1[556924 "1[550218#

099 p:3 3[034900 "3[918692# 2[395017 "2[391949#
199 p:3 4[711926 "4[638054# 4[330402 "4[328688#

Table 4
Values of N

�

u at di}erent Grashof numbers

Re Gr Gr:Re1 N
�

u N
�

u:N
�

u " forced#

4 9[9 9[9 1[1283 0[99
4 01[4 9[4 1[4475 0[03
4 14 0[9 1[5846 0[19
4 014 4[9 2[0075 0[28
4 149 09[9 2[2630 0[40

19 9[9 9[9 1[4185 0[99
19 099 9[14 2[0591 0[14
19 199 9[4 2[2751 0[23
19 399 0[9 2[5476 0[34
19 1999 4[9 3[4279 0[68
19 3999 09[9 4[9747 1[90

overall Nusselt number is found to ~uctuate at one half
of the frequency detected in the case of forced convection
with a considerable deviation in the local Nusselt number
distribution[ Contrary to the case of steady uniform ~ow\

a small increase of Gr:Re1 may cause an appreciable
increase in the overall heat transfer in oscillating ~ows[
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