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Abstract

The effect of the periodic oscillations of the surface temperature with time on the mixed convection from a vertical plate is investigated. The
problem has been simplified by employing the laminar boundary layer and Boussinesq approximations. The fully implicit finite-difference
scheme is used to solve the dimensionless governing equations. The results for the laminar flow of alPrhavdi? and water having
Pr = 7.00 are presented for an isothermal flat plate and for the periodic oscillation of the temperature on the plate. The results show the steady
periodic variation of the Nusselt number and friction coefficient for both aiding and opposing flows with different amplitudes and frequencies
of the oscillating surface temperature. For both aiding and opposing flow, both the Nusselt number and the friction coefficient oscillate with
the oscillation of the plate temperature and for some cases (at high amplitudes and frequencies) the Nusselt number becomes negative. F
constant Prandtl number and Richardson number, the cyclic average values of the Nusselt number are decreasing with increasing either th
amplitude or the frequency of the surface temperature oscillations. The cyclic average values of the friction coefficient, for all the cases
considered, are found to be constant and approximately equal to the values for non-oscillating surface temperature.
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1. Introduction may be found in the books by Gebhart et al. [1], Bejan [2],
Pop and Ingham [3] and Cebeci [4].
Mixed (combined free and forced) convection from a ver- The theory of mixed convection shows that the ratio
of the Grashof number to the square of Reynolds number

tical flat plate is important in nature and in many practical L i
P por y pract (Gr/Re?) which is known as the Richardson number, has
transport process devices, such as furnaces, electronic de?

. . : a great influence on the flow for a constant plate tempera-
vices cooled by external forced circulation, solar collectors,

: . ) ture. The forced convection is dominating for small values of
chemical processing equipments and others. In these ap- . . X

lications and others. the chanae in the plate tem eraturethe Richardson number while free convection takes over for
P ' 9 P P large values of Richardson number. Steady mixed convec-
"tion from a vertical plate has been studied by various authors,

change or a periodic one, leading to a variation in the flow. including Merkin [5], Wilks [6], Lloyd and Sparrow [7],

The_literature s_hows that the_ steady and transien'_[ mixe_d Con'Gryzagoridis [8] and Jaluria [9]. A combination of series ex-
vection theory is well established and has been 'nveSt'gatedpansion and numerical integration was used by Merkin [5]

by various researchers. Representative studies in this areg, solve the mixed convection problem along an isothermal
wall for both aiding (the external flow is in the same di-
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Nomenclature
AM) amplitude ofR, Eqg. (16) X,Y  non-dimensional Cartesian coordinates
Cy frICtIOI:I coefficient, Eq.. (13) Greek symbols
g magnitude of the gravitational
acceleration ......................... SN2 o thermal diffusivity .................. fas~t
Gr Grashof number based dn B coefficient of volume expansion ......... K
L plate height m € non-dimensional amplitude
""""""""""""""" v kinematic viscosity .................. [ 1
Nu, local Nusselt number, Eq. (14) ) ;
Pr Prandtl number 0 non-dimensional temperature
Re Reynolds number based @n t Pr(;n-udéwcensmnal time i
Ri Richardson numbeﬁ Gr/ReZ w q g y S LR
; time S 2 non-dimensional frequency
..................................... % eitherNu. //Re or C . /Re
T EMPErature ..........ooueeeeeeeeneannnns K _ +/ fx
u,v velocity components ................. -gnt Subscripts
U,V  non-dimensional velocity components w wall
X,y Cartesian coordinates .................... m oo free stream

the boundary layer separates from the plate at a Richardsorcarried out by Mai et al. [13] for uniform heat flux boundary
number= 0.192357. A similar study has been carried out condition. Mai et al. [13] have employed the implicit finite-
by Wilks [6] and the results were obtained again Ror= 1 difference scheme to solve the governing equations for both
but for a constant heat flux boundary condition. Lloyd and transient aiding and opposing flows and present the veloc-
Sparrow [7] have obtained a complete solution to the aid- ity and temperature profiles for different time steps until the
ing mixed convection from a vertical isothermal flat plate by steady state is reached. Zubair and Kadaba [14] have con-
using the local similarity method for different values of the structed similarity variables of the transient mixed convec-
Prandtl numbePr = 0.003, 0.01, 0.03,0.72, 10 and 100 and tion problem and obtained new solutions. Merkin and Pop
for Richardson number in the range 0 to 4. The aiding mixed [15] and Steinruck [16] have shown that the similarity solu-
convection from a vertical plate has been investigated exper-tions of the boundary-layer flow equations describing mixed
imentally by Gryzagoridis [8]. Experimental measurements convection flow along a vertical plate exists if the difference
of the Nusselt number of ailP¢ = 0.72) are presented by between the temperature of the plate and the ambient tem-
Gryzagoridis [8] for a wide range of Richardson number (0 perature is inversely proportional to the distance from the
to 500). A numerical study of aiding mixed convection flow leading edge of the plate. The effect of wall conduction on
over localized, finite-sized isoflux sources located on a verti- the characteristics of unsteady mixed convection is impor-
cal adiabatic vertical surface has been carried out by Jaluriatant in the engineering applications. These types of unsteady
[9]. In this study, the heat transfer coefficient for the upper conjugated mixed convection problems were studied numer-
source is found to depend very strongly on the separationically by Yan and Lee [17] and Lee and Yan [18] for vertical
distance between the sources, and increasing this distancehannel flows.
leads to an increase in the heat transfer coefficient. It is noted that for steady state and transient mixed con-
The development in the theory and applications of the vection problems, the constant, streamwise surface temper-
mixed convection from the vertical plate has led to an in- ature variation or constant heat flux are usually assumed in
creased interest in the transient and unsteady mixed con-the above mentioned studies. However, in industrial applica-
vection flows. Sammakia et al. [10] studied the transient tions, quite often the convection heat transfer is a periodic
response of the aiding mixed convection from a vertical flat process. Saeid [19] has studied the periodic free convection
surface with both a uniform surface temperature and uni- from a vertical plate. The laminar boundary layer theory is
form heat flux from the surface fér = 0.72 andPr = 7.6. used to study the effect of periodic plate temperature os-
They used the explicit finite difference method to solve the cillations with different amplitudes and frequencies on the
dimensionless governing equations and presented the resultfree convection flow with different Prandtl numbers. Re-
for the velocity and temperature profiles at different time cently Saeid and Mohamad [20] have considered the surface
steps until the steady state is reached. In another study by theemperature oscillation in free convection from a vertical
same group, Sammakia et al. [11] measured and calculatechlate immersed in porous media. In the above two stud-
transient mixed convection from a vertical flat surface with ies, [19] and [20], it is found that the free convection heat
uniform heat flux from the surface fér = 0.72. A similar transfer from the vertical plate decreases with an increase
transient mixed convection study with different mathemat- in either the amplitude or frequency of the surface tempera-
ical formulation, using the model given by Yan [12], was ture oscillation. In this paper the problem studied by Saeid
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[19] for free convection is extended to mixed convection for u(x,0,7) =0, v(x,0,1)=0
both aiding and opposing flows of alPi( = 0.72) and water T(x.0.1) = T, (¢) (4b)
(Pr =7.00).

u(x,00,t) =Ux, dv(x,00,1)/dy =0

T(x,00,1) =Tno (4c)

2. Mathematical model ) ) ]
It is assumed that the laminar boundary layer is developed

without heat transfefT,, (1) = T} before heating the plate
and mixed convection process taking place. Therefore the
initial condition is calculated from solving Egs. (1) and (2)
for steady state and zero buoyant term in Eq. (2) with the
boundary conditions (4).

The plate temperature condition is assumed to oscillate
periodically over an average valdg, with amplitudes and
frequencyw. Therefore the following plate temperature con-

A schematic diagram of the physical model and coordi-
nate system under study in the present paper is shown in
Fig. 1 for aiding flow. It may be noted that in the case of
opposing flow the direction of the gravitational force is op-
posite and it is negligible for the forced convection flow.

The governing equations of the present problem are the
continuity, momentum and energy. They are coupled ellip-
tic equations, and therefore of considerable complexity. To

overcome such difficulty, the boundary layer and Boussinesq dition is used:
approximations are used with the absence of heat genera-. .\ _ 7 T ) sinwr 5
tion and viscous dissipation. The resulting two-dimensional w(®) =T +&(Tu — Too) SN ®)
equations are given by: In order to simplify the problem and to generalize the re-
sults, the above equations are written in a non-dimensional
du  Jv - . . .
— 4+ =0 (1) form by employing the following boundary layer dimension-
dx  dy less variables:
ou L ou n ou 9%u +eB(T — Too) @ Y o1/
—tu—+tv—=v— — — -2
91 ax 3y 8y2 8 00 X=x/L, Y_LRe
aT  oT AT 92T @) T =1tUx/L, 2 =wL/Us
oy 4 —a——
ot ax Ay dy? U=u/Us v =" Rel/2
. . . . ’ U
where the vertical flat plate is considered to be aloraxis T_T *©
and they-axis is normal to the plate. In accordance withthe 9 = — (6)
present problem, the boundary conditions are as follows: Ty — Teo

where L is the plate height andRe = U L/v is the

u(0,y,1) = Us, v(0.y,H=0 Reynolds number based on the characteristic lefigths-

T,y,1)=Ts (4a) ing (6), the governing equations reduce to the following
non-dimensional boundary layer equations:
X
aUu av
T S 7
X + Y ™
t 8U+U8U+V8U_82U+Gr9 @®
3 T,,U, T 3X oY 3Y2 ' Re
= ‘ 2
A a0 a0 a6 1 940
3 —+U—+Ve==— 9
& ar+ aXJr aY Pray? ©
\ g whereGr = gBL3AT/v? is the Grashof number based on
g the characteristic length and average temperature differ-
w ence AT =Ty — Too and Pr = v/« is the Prandtl num-
+§ ber. Using the dimensionless variables (6), the dimensionless
T boundary conditions (4) become:
S U©.Y,0)=1, V(O,Y,1)=0
= , 0(0,Y,7)=0 (10a)
T T T T > U(X,0,7)=0, V(X,0,7)=0
6(X,0,7) =0, (t) =1+ esin(27) (10b)
T, U,

U(X,00,7)=1, AV (X,00,7)/0Y =0
Fig. 1. Schematic diagram of the physical model and coordinate system. 9(X, oo, t) =0 (100)
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The initial condition is calculated from solving Egs. (7)
and (8) for steady state and zero buoyant term in Eq. (8)
with the boundary conditions (10).

3. Numerical scheme

The momentum equation (8) and energy equation (9) are
solved using the integration over a control volume based on
the fully implicit scheme which is unconditionally stable.
The power-law scheme is used for the convection—diffusion
formulation [21]. Finally, the finite-difference equation cor-
responding to the continuity equation (11) is developed us-
ing the expansion point + 1, j — %), wherei and j are
the indices along andY respectively [22]. The resulting
finite-difference equation is given by:

AY,y,

2 (Uir, + Uiy -
Z(AX,,)( l+1,J+ i+1,j-1

Vitrj = Vit j-1—

—-Ui;—Uj-1) (11)

whereAY,, andA X, are the grid spaces between the nearest
west and north of théi, j) points and the point;, j) itself
respectively. The solution domain, therefore, consists of grid
points at which the discretization equations are applied. In
this domainX by definition varies from 0 to 1. However,
the choice of the value df, corresponding t& = oo, has

an important influence on the solution. The effect of differ-
ent values to represelit= oo on the numerical scheme has
been investigated and it is concluded that the valug ef7

is sufficiently large. Further larger values bfproduced the
results with indistinguishable difference. The stretched grid
has been selected in both tlieand Y directions such that
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The initial condition is generated as mentioned earlier
from solving Egs. (7) and (8) for steady state and zero buoy-
ant term in Eq. (8) with the boundary conditions (10). The
results are compared with the Blasius similarity solution of
the laminar boundary layer flow at the upper end of the plate
X =1 for both velocity components andV together with
the friction coefficient. The friction coefficient is defined as
follows:

Tw pv(0u/dy)y=0

.= = 13a
=0z pUZ, (132)
ie.
oU
CrxvRe= (—) (13b)
Y Y=0

The solution is marched in time until the steady state is ob-
tained for Egs. (7) and (8) and it is found that the maximum
discrepancy in the velocity components a&’lﬂﬁ/R_e is less
than 0.3% from the Blasius similarity solution. The value
of Cyx+/Re=0.3311 is found and the Blasius solution is
Cy+~/Re=0.332.

4. Resultsand discussion

The algorithm explained in the previous section is first
tested before studying the effect of surface temperature os-
cillation on the mixed convection from vertical plate. A step
change in the surface temperature is considered and the sur-
face temperature increases suddenly from ambient to the av-
erage surface temperatufg (i.e.,e = 0). The local Nusselt
number is calculated for each time step at the upper end of
the plateX = 1, where the local Nusselt number is defined
in the present study as follows:

the grid points clustered near the plate and near the leading

edge of the flat plate as there are steep variations of the ve\y, =
locity and temperature in these regions. The algorithm needs

iteration for the coupled equations (7)—(9). The iteration con-

tinues to solve for the new dependent variables values using Nu,

the previous iteration values until the iterative converged so-
lution is obtained. The convergence condition used for the
three dependent variablésU, andV is

n__ . n—1
£ ¥ |<103

Max (12)

where ¢ is the general dependent variable and the super-
script n represents the iteration step number. The time in-
crement isAt = 0.01 for the isothermal plate case, and
At = 27 /(100Q2) for the oscillation surface temperature

—k(T/3y)y=0 ¥

Tp(t) —Too Kk (14)
or

—X [ 06
VRe  0,(1) (W) y—0 (140)

wherek is the thermal conductivity of the fluid arg,(z) # 0
where the present problem arises. The iteration for solving
Egs. (7)—(9) will continue until the steady state solution is
obtained, where the values bl /+~/Re and C s,+/Re be-
come constant. The steady state resultdNof/+/Re and

C rx+/Re are compared with the numerical results of Lloyd
and Sparrow [7] and Cebeci [4] and with the experimental
results of Gryzagoridis [8] foPr = 0.72. Fig. 2 shows the
variation ofNu, /+/Re and C s, +/Re with Richardson num-

case. It is found that smaller than these values have no sig-ber for both aiding (heated surface) and opposing (cooled

nificant difference in the results. It is found that the mesh
size of(100x 30) gives acceptable accurate results, which is

surface) flows for air Rr = 0.72) and water Rr = 7.00).
For water Pr = 7.00), the steady state value of Nusselt

used in the present study. Moreover, the grid independencenumber in the forced convection modRi & 0) is found

test is performed for the mesh size 00 x 60) and the
results are almost similar. The differencesdn,+/Re and
Nu, /+/Reis less than 0.2%.

Nu, /+/Re = 0.6267 comparing with the similarity solution
(Nu, = 0.332Pr1/3Rel’?) or Nu, /+~/Re = 0.6351. The dif-
ference is around 1.3%.
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L5 T T

This oscillation becomes steady periodic oscillation after
some periods of oscillation. The steady periodic oscillation
is achieved when the amplitude and the average values of the
ratio Nu, /+/Re and C 7, ~/Re become constant for different
periods. The following condition is considered for the steady
periodic oscillation:

CpvRe 5L o Cebeci[4] i

1

NP — A(M)P~L Rr — fr-t
AR) (&) <10% and N

_ <103
AP 194

(15)

Ri where the superscript is the period number, ant can

(@ -

stand for eitheNu, /v/Re or Cr.+~/Reand
T T T T 1 . !
\7:%" o Cebeci [4]; xLloyd and Sparrow [7]; + Gryzagoridis [8] AN = E [Max(z)t) —Min (ﬁ)t)] (16)
(4
o8 7 <7<
S for o <t <10+ (27/82) and
) T0+(27/2)

N i R = 9 de (17)

(27 /$2)

70

The steady periodic oscillation diu, /+/ReandC s, +/Re
for air (Pr = 0.72) are shown in Fig. 3(a) and (b) respec-
tively at constant frequency = 5 and different values of
the amplitudes. Similar results for waterHr = 7.00) are
shown in Fig. 4(a) and (b) respectively. The ultimate pe-
Fig. 2. Steady state variation of (&)y+/Re, and (b)Nu, /v/Re with the riodic oscillations are shown in Figs. 3 and 4 which are
Richardson number (— aiding flow;- opposing flow) fore = 0. achieved after 8 periods of oscillation. The number of pe-

riods at which the solution reaches steady periodic state

It is found that there is no converged solution for the s affected marginally by the Prandtl number and the fre-
opposing flow withRi > 0.2 for air with Pr = 0.72 and quency of the surface temperature oscillation. The results
the flow in such cases are complex where separation takesare presented for three different valuesRifcorrespond-
place € /.+/Re < 0), while for water Pr = 7.00) higher ing to aiding mixed convectiorRj = 1), forced convection
values ofRi are used without the observation of separation. (Ri = 0) and opposing mixed convectioRi(= 0.1). The
The boundary layer theory is not applicable for such casesNusselt number is observed to oscillate in all the cases for
where separation takes place and it is beyond the scope olifferent values oRi ande with a small phase change with
the present investigation. Therefore, in order to avoid the the surface temperature oscillation. The values of Nusselt
separation, and to ensure the accuracy of the results in thenumber in the aiding mixed convectioRi(= 1) is always
oscillating plate temperature, the results presented later will higher than the forced convectioRi(= 0) and the values of
considerRi = 0.1 for the opposing flow for both air and  Nusselt number for opposing mixed convection is always the
water. On the other hand for aiding mixed convection, the lowest. The oscillation of Nusselt number is more intensive
present formulation is not applicable for high valuesRof (higher amplitude of the Nusselt number variation) for high
where the free convection mode is dominated. Therefore, thevalues ofe and/orPr. Figs. 3(a) and 4(a) show also that the
results presented for the aiding flow for both air and water is Nusselt number becomes negative in some instances during
limited to Ri = 1.0. In view of the good agreement observed the oscillation period. This means that part of the heat gained
in Fig. 2 for different values of Richardson number for both by the fluid when the surface temperature is high will return
heated surface and cooled surface, the author proceeded tback to the wall when its temperature drops. The friction co-

generate results for plate temperature oscillation. efficient presented in Figs. 3(b) and 4(b) is found to oscillate
The oscillation of the plate temperature is considered now also for the mixed convection modes approximately in-phase
with an amplitude range fromm = 0.1 to ¢ = 0.5 and fre- with the surface temperature oscillation. In the forced con-

guency range fronf2 = 0 to £2 = 5. The mixed convection  vection modeRi = 0), itis constant((?ﬂ«/R_e: 0.331) and
process starts when the surface temperature increases sudtis independent of the surface temperature oscillation or the
denly from the ambient temperatufg, to the average sur-  Prandtl number. Figs. 3(b) and 4(b) show that, for the mixed
face temperaturd,. At this time the ratioNu, /+/Re goes convection mode( s,+/Re is found to have higher values
to infinity. Then, when the surface temperature oscillates the for air (Pr = 0.72) than that for waterRr = 7.00) for aid-
ratio Nu, /+/Re s found to oscillate accordingly. Fati 0 ing mixed convectionKi = 1) and the trend is reversed for
the friction coeﬁicieanxJR_e: is found to oscillate as well.  opposing mixed convectiofR{ = 0.1).
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Fig. 4. Periodic oscillation of (a)Nuy/+/Re, and (b)C s,+/Re with the
non-dimensional time fof2 = 5 andPr = 7.00.

0.6~ —
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Fig. 3. Periodic oscillation of (alNuy/+/Re, and (b)C s, +/Re with the
non-dimensional time fof2 =5 andPr = 0.72.

The effect of the frequency of the surface temperature

To investigate the occurrence of negative Nusselt number, pscillation on the Nusselt number oscillation is shown in
the period of the last cycle is divided into eight time steps Fig. 7(a) fors = 0.3 and different values d® and different
(@)—(h), as shown in Figs. 3(a) and 4(a). At each time step values ofs2 in the ultimate steady peria@t for Pr = 7.00.
the temperature profiles are shown in Figs. 5 and 6 for air For air (Pr = 0.72) similar trends are observed for the oscil-
and water, respectively, for the periodic aiding mixed con- |ation of Nu, /+/Re andCfoR_ce but they are not shown for
vection withe = 0.5 ands2 = 5. For forced convection and  previty. The Nusselt number oscillates with low amplitude
opposing mixed convection, similar temperature profiles are of the Nusselt number variation for smal as shown in
expected, but they are not shown for brevity. It can be seenFig. 7(a) and vice versa. Fig. 7(b) show the variation of the
from Figs. 5 and 6 that the surface temperature is equal atfriction coefficient with the period2t of the surface tem-
the points (a,c), (d,h) and (e,g) but the temperature gradientsperature oscillation for = 0.3 and different values of2. It
at these points are different which gives different values of is observed that for forced convection mode, there is no ef-
the Nusselt number. The maximum valueMaf, /+/Re oc- fect of the frequency of the surface temperature oscillation
curs near point (h) when the surface temperature increasesn the friction coefficient. In the aiding mixed convection
from its minimum value to its average value. The minimum mode, it is found that, a® increases, the maximum value
value ofNu, /+/Re is negative and it occurs between points of C;,+/Re is delayed progressively and the amplitude of
(e) and (f) when the surface temperature goes to its minimumthe friction coefficient oscillation decreases. In the oppos-
value. Negative values ®u, /+/Re means that there will be ing mixed convection mode, the oscillation of the friction
some point in the boundary layer with temperature higher coefficient is out of phase with that for the aiding mixed con-
than the surface temperature from which heat will transfer vection as shown in Fig. 7(b).
partly to the plate. A similar phenomenon is observed forthe  The cyclic average values of the rathu,/+/Re and
water with more intensive oscillation &fu, /+/Re as shown Cfx\/ﬁe were found for the steady periodic state for dif-
in Fig. 6. It has also been observed from Figs. 5 and 6 that ferent values of the amplitude and frequency of the surface
the boundary layer thickness for the air is more than that for temperature oscillation. Figs. 8-10 show the variation of
water for the surface temperature oscillation as well as in theNu, /+/Re with the frequency of the surface temperature 0s-
isothermal case. cillation for both air Pr = 0.72) and water®r = 7.00) for
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Fig. 5. Periodic state temperature profiles at different time steps (a)—(h) in 157 ——Q =5;

Fig. 3(a) for the last cycle; = 0.5, 2 =5, Ri =1 andPr = 0.72.
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Fig. 7. Periodic oscillation of (allu, /+/Re, and (b)C s, +/Re with the pe-
riod of oscillation §27) for ¢ = 0.3 andPr = 7.00.
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Fig. 6. Periodic state temperature profiles at different time steps (a)—(h) in
Fig. 4(a) for the last cycle; = 0.5, 2 =5, Ri = 1 andPr = 7.00.

forced convection, aiding mixed convection and opposing
mixed convection respectively. While the calculated values
of Cs,+/Refor all the cases are found to be constant and ap-
proximately equal to the values for non-oscillating surface
temperature (foe = 0) shown in Fig. 2, which indicates in-
significant effect of the surface temperature oscillation on
the friction coefficient. It can be shown from Figs. 8-10 that,
the values of\u, /+/Re decrease when the surface tempera-
ture oscillates at higher amplitudes and/or higher frequency
of the surface temperature oscillation for both air and water.
The temporal average value i, /+/Re can approaches
zero at high amplitude and frequency of the surface tem- tude and frequency of the surface temperature oscillations.
perature oscillation. This indicates that most of the heat is For forced convectionRi = 0) and opposing mixed convec-
oscillating from the surface and some point in the boundary tion (Ri = 0.1) it is observed from Figs. 8 and 10 that, when
layer without proceeding to the ambient. The results pre- £2 > 3.5 ands = 0.5 the value ofNu, /+/Re for the steady
sented in Figs. 8-10 for maximum values ©0f 0.5 and periodic state for water is less than that of air, which is an
£2 =5 where the convergence solution is obtained. Diffi- unusual behavior.
culties are encountered in getting converged solution from  While for aiding mixed convection, the value &iu,/
the boundary layer equations for higher values of the ampli- +/Re for the steady periodic state for water is always greater

Fig. 8. Variation ofNu, /+/Re with the frequency of the surface temperature
oscillation at the steady periodic state, forced conveatiin= 0).
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and mixed convection and the results show good agreement
with the numerical and experimental results in the literature.
It has been shown that the Nusselt number oscillates as a re-
sult of an oscillating surface temperature and for some cases
the Nusselt number becomes negative. For mixed convec-
tion modes the friction coefficient also oscillates as a result
of oscillating surface temperature. The results are presented
to show the effects of the amplitude and the frequency of
the plate temperature oscillation on the Nusselt number and

cm05 . friction coefficient in the steady periodic state. The temporal

. . . | . . . . | average values of the Nusselt number and friction coeffi-
R S cient are calculated during the period of oscillation of the
plate temperature in the steady periodic state. The results
Fig. 9. Variation ofNuy /+/Re with the frequency of the surface temperature IS0 show that the temporal average value of the Nusselt
oscillation at the steady periodic state, aiding mixed convecfor: 1). number decreases with increasing the amplitude and/or the
frequency of the oscillating surface temperature for both
air and water for forced, aiding mixed convection and op-
posing mixed convection. However, the calculated values
of the temporal average value of friction coefficient, for all
the cases considered, are found to be constant and approx-
imately equal to the values for non-oscillating surface tem-
perature.
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