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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 investiga
problem has been simplified by employing the laminar boundary layer and Boussinesq approximations. The fully implicit finite-di
scheme is used to solve the dimensionless governing equations. The results for the laminar flow of air havingPr = 0.72 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
periodic variation of the Nusselt number and friction coefficient for both aiding and opposing flows with different amplitudes and freq
of the oscillating surface temperature. For both aiding and opposing flow, both the Nusselt number and the friction coefficient osc
the oscillation of the plate temperature and for some cases (at high amplitudes and frequencies) the Nusselt number becomes n
constant Prandtl number and Richardson number, the cyclic average values of the Nusselt number are decreasing with increasin
amplitude or the frequency of the surface temperature oscillations. The cyclic average values of the friction coefficient, for all t
considered, are found to be constant and approximately equal to the values for non-oscillating surface temperature.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Mixed (combined free and forced) convection from a v
tical flat plate is important in nature and in many practi
transport process devices, such as furnaces, electroni
vices cooled by external forced circulation, solar collecto
chemical processing equipments and others. In these
plications and others, the change in the plate tempera
causes free and/or forced convection flow could be a sud
change or a periodic one, leading to a variation in the fl
The literature shows that the steady and transient mixed
vection theory is well established and has been investig
by various researchers. Representative studies in this
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may be found in the books by Gebhart et al. [1], Bejan
Pop and Ingham [3] and Cebeci [4].

The theory of mixed convection shows that the ra
of the Grashof number to the square of Reynolds num
(Gr/Re2) which is known as the Richardson number, h
a great influence on the flow for a constant plate temp
ture. The forced convection is dominating for small value
the Richardson number while free convection takes ove
large values of Richardson number. Steady mixed con
tion from a vertical plate has been studied by various auth
including Merkin [5], Wilks [6], Lloyd and Sparrow [7]
Gryzagoridis [8] and Jaluria [9]. A combination of series e
pansion and numerical integration was used by Merkin
to solve the mixed convection problem along an isother
wall for both aiding (the external flow is in the same
rection as the buoyancy force) and opposing (the exte
flow is in the opposite direction to the buoyancy force) flo
for a Prandtl number of unity. Merkin [5] has shown th

in the case of opposing flow, as buoyancy effects increase,
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Nomenclature

A(�) amplitude of�, Eq. (16)
Cf friction coefficient, Eq. (13)
g magnitude of the gravitational

acceleration . . . . . . . . . . . . . . . . . . . . . . . . . m·s−2

Gr Grashof number based onL
L plate height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Nux local Nusselt number, Eq. (14)
Pr Prandtl number
Re Reynolds number based onL
Ri Richardson number,= Gr/Re2

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
u,v velocity components . . . . . . . . . . . . . . . . . m·s−1

U,V non-dimensional velocity components
x, y Cartesian coordinates . . . . . . . . . . . . . . . . . . . . m

X,Y non-dimensional Cartesian coordinates

Greek symbols

α thermal diffusivity . . . . . . . . . . . . . . . . . . m2·s−1

β coefficient of volume expansion . . . . . . . . . K−1

ε non-dimensional amplitude
ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

θ non-dimensional temperature
τ non-dimensional time
ω frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

Ω non-dimensional frequency
� eitherNux/

√
Re or Cf x

√
Re

Subscripts
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the boundary layer separates from the plate at a Richar
number= 0.192357. A similar study has been carried o
by Wilks [6] and the results were obtained again forPr = 1
but for a constant heat flux boundary condition. Lloyd a
Sparrow [7] have obtained a complete solution to the
ing mixed convection from a vertical isothermal flat plate
using the local similarity method for different values of t
Prandtl numberPr = 0.003, 0.01, 0.03, 0.72, 10 and 100 a
for Richardson number in the range 0 to 4. The aiding mi
convection from a vertical plate has been investigated ex
imentally by Gryzagoridis [8]. Experimental measureme
of the Nusselt number of air (Pr = 0.72) are presented b
Gryzagoridis [8] for a wide range of Richardson number
to 500). A numerical study of aiding mixed convection flo
over localized, finite-sized isoflux sources located on a ve
cal adiabatic vertical surface has been carried out by Ja
[9]. In this study, the heat transfer coefficient for the up
source is found to depend very strongly on the separa
distance between the sources, and increasing this dis
leads to an increase in the heat transfer coefficient.

The development in the theory and applications of
mixed convection from the vertical plate has led to an
creased interest in the transient and unsteady mixed
vection flows. Sammakia et al. [10] studied the trans
response of the aiding mixed convection from a vertical
surface with both a uniform surface temperature and
form heat flux from the surface forPr = 0.72 andPr = 7.6.
They used the explicit finite difference method to solve
dimensionless governing equations and presented the re
for the velocity and temperature profiles at different ti
steps until the steady state is reached. In another study b
same group, Sammakia et al. [11] measured and calcu
transient mixed convection from a vertical flat surface w
uniform heat flux from the surface forPr = 0.72. A similar
transient mixed convection study with different mathem

ical formulation, using the model given by Yan [12], was
e

-

s

e

carried out by Mai et al. [13] for uniform heat flux bounda
condition. Mai et al. [13] have employed the implicit finit
difference scheme to solve the governing equations for
transient aiding and opposing flows and present the ve
ity and temperature profiles for different time steps until
steady state is reached. Zubair and Kadaba [14] have
structed similarity variables of the transient mixed conv
tion problem and obtained new solutions. Merkin and P
[15] and Steinruck [16] have shown that the similarity so
tions of the boundary-layer flow equations describing mi
convection flow along a vertical plate exists if the differen
between the temperature of the plate and the ambient
perature is inversely proportional to the distance from
leading edge of the plate. The effect of wall conduction
the characteristics of unsteady mixed convection is imp
tant in the engineering applications. These types of unste
conjugated mixed convection problems were studied num
ically by Yan and Lee [17] and Lee and Yan [18] for vertic
channel flows.

It is noted that for steady state and transient mixed c
vection problems, the constant, streamwise surface tem
ature variation or constant heat flux are usually assume
the above mentioned studies. However, in industrial app
tions, quite often the convection heat transfer is a perio
process. Saeid [19] has studied the periodic free convec
from a vertical plate. The laminar boundary layer theory
used to study the effect of periodic plate temperature
cillations with different amplitudes and frequencies on
free convection flow with different Prandtl numbers. R
cently Saeid and Mohamad [20] have considered the sur
temperature oscillation in free convection from a verti
plate immersed in porous media. In the above two s
ies, [19] and [20], it is found that the free convection h
transfer from the vertical plate decreases with an incre
in either the amplitude or frequency of the surface temp

ture oscillation. In this paper the problem studied by Saeid
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[19] for free convection is extended to mixed convection
both aiding and opposing flows of air (Pr = 0.72) and water
(Pr = 7.00).

2. Mathematical model

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

The governing equations of the present problem are
continuity, momentum and energy. They are coupled e
tic equations, and therefore of considerable complexity
overcome such difficulty, the boundary layer and Boussin
approximations are used with the absence of heat gen
tion and viscous dissipation. The resulting two-dimensio
equations are given by:

∂u

∂x
+ ∂v

∂y
= 0 (1)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= ν

∂2u

∂y2
+ gβ(T − T∞) (2)

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
= α

∂2T

∂y2
(3)

where the vertical flat plate is considered to be alongx-axis
and they-axis is normal to the plate. In accordance with
present problem, the boundary conditions are as follows

u(0, y, t) = U∞, v(0, y, t) = 0

T (0, y, t) = T∞ (4a)
Fig. 1. Schematic diagram of the physical model and coordinate system.
-

u(x,0, t) = 0, v(x,0, t) = 0

T (x,0, t) = Tw(t) (4b)

u(x,∞, t) = U∞, ∂v(x,∞, t)/∂y = 0

T (x,∞, t) = T∞ (4c)

It is assumed that the laminar boundary layer is develo
without heat transfer{Tw(t) = T∞} before heating the plat
and mixed convection process taking place. Therefore
initial condition is calculated from solving Eqs. (1) and (
for steady state and zero buoyant term in Eq. (2) with
boundary conditions (4).

The plate temperature condition is assumed to osci
periodically over an average valuěTw with amplitudeε and
frequencyω. Therefore the following plate temperature co
dition is used:

Tw(t) = Ťw + ε
(
Ťw − T∞

)
sinωt (5)

In order to simplify the problem and to generalize the
sults, the above equations are written in a non-dimensi
form by employing the following boundary layer dimensio
less variables:

X = x/L, Y = y

L
Re1/2

τ = tU∞/L, Ω = ωL/U∞
U = u/U∞, V = v

U∞
Re1/2

θ = T − T∞
Ťw − T∞

(6)

where L is the plate height andRe = U∞L/ν is the
Reynolds number based on the characteristic lengthL. Us-
ing (6), the governing equations reduce to the follow
non-dimensional boundary layer equations:

∂U

∂X
+ ∂V

∂Y
= 0 (7)

∂U

∂τ
+ U

∂U

∂X
+ V

∂U

∂Y
= ∂2U

∂Y 2
+ Gr

Re2
θ (8)

∂θ

∂τ
+ U

∂θ

∂X
+ V

∂θ

∂Y
= 1

Pr

∂2θ

∂Y 2
(9)

whereGr = gβL3
T/ν2 is the Grashof number based
the characteristic lengthL and average temperature diffe
ence
T = Ťw − T∞ and Pr = ν/α is the Prandtl num
ber. Using the dimensionless variables (6), the dimension
boundary conditions (4) become:

U(0, Y, τ ) = 1, V (0, Y, τ ) = 0

θ(0, Y, τ ) = 0 (10a)

U(X,0, τ ) = 0, V (X,0, τ ) = 0

θ(X,0, τ ) = θw(τ) = 1+ ε sin(Ωτ) (10b)

U(X,∞, τ ) = 1, ∂V (X,∞, τ )/∂Y = 0
θ(X,∞, τ ) = 0 (10c)
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The initial condition is calculated from solving Eqs. (
and (8) for steady state and zero buoyant term in Eq.
with the boundary conditions (10).

3. Numerical scheme

The momentum equation (8) and energy equation (9)
solved using the integration over a control volume based
the fully implicit scheme which is unconditionally stabl
The power-law scheme is used for the convection–diffus
formulation [21]. Finally, the finite-difference equation co
responding to the continuity equation (11) is developed
ing the expansion point(i + 1, j − 1

2), wherei and j are
the indices alongX andY respectively [22]. The resultin
finite-difference equation is given by:

Vi+1,j = Vi+1,j−1 − 
Yw

2(
Xn)
(Ui+1,j + Ui+1,j−1

− Ui,j − Ui,j−1) (11)

where
Yw and
Xn are the grid spaces between the nea
west and north of the(i, j) points and the point(i, j) itself
respectively. The solution domain, therefore, consists of
points at which the discretization equations are applied
this domainX by definition varies from 0 to 1. Howeve
the choice of the value ofY , corresponding toY = ∞, has
an important influence on the solution. The effect of diff
ent values to representY = ∞ on the numerical scheme h
been investigated and it is concluded that the value ofY = 7
is sufficiently large. Further larger values ofY produced the
results with indistinguishable difference. The stretched g
has been selected in both theX andY directions such tha
the grid points clustered near the plate and near the lea
edge of the flat plate as there are steep variations of the
locity and temperature in these regions. The algorithm ne
iteration for the coupled equations (7)–(9). The iteration c
tinues to solve for the new dependent variables values u
the previous iteration values until the iterative converged
lution is obtained. The convergence condition used for
three dependent variablesθ , U , andV is

Max

∣∣∣∣ϕ
n − ϕn−1

ϕn

∣∣∣∣ < 10−3 (12)

whereϕ is the general dependent variable and the su
script n represents the iteration step number. The time
crement is
τ = 0.01 for the isothermal plate case, a

τ = 2π/(1000Ω) for the oscillation surface temperatu
case. It is found that smaller than these values have no
nificant difference in the results. It is found that the me
size of(100×30) gives acceptable accurate results, whic
used in the present study. Moreover, the grid independ
test is performed for the mesh size of(200× 60) and the
results are almost similar. The differences inCf x

√
Re and√
Nux/ Re is less than 0.2%.
-

-

The initial condition is generated as mentioned ear
from solving Eqs. (7) and (8) for steady state and zero bu
ant term in Eq. (8) with the boundary conditions (10). T
results are compared with the Blasius similarity solution
the laminar boundary layer flow at the upper end of the p
X = 1 for both velocity componentsU andV together with
the friction coefficient. The friction coefficient is defined
follows:

Cf x = τw

ρU2∞
= ρν(∂u/∂y)y=0

ρU2∞
(13a)

i.e.

Cf x

√
Re =

(
∂U

∂Y

)
Y=0

(13b)

The solution is marched in time until the steady state is
tained for Eqs. (7) and (8) and it is found that the maxim
discrepancy in the velocity components andCf x

√
Re is less

than 0.3% from the Blasius similarity solution. The val
of Cf x

√
Re = 0.3311 is found and the Blasius solution

Cf x

√
Re = 0.332.

4. Results and discussion

The algorithm explained in the previous section is fi
tested before studying the effect of surface temperature
cillation on the mixed convection from vertical plate. A st
change in the surface temperature is considered and the
face temperature increases suddenly from ambient to th
erage surface temperature�Tw (i.e.,ε = 0). The local Nussel
number is calculated for each time step at the upper en
the plateX = 1, where the local Nusselt number is defin
in the present study as follows:

Nux = −k(∂T /∂y)y=0

Tw(t) − T∞
x

k
(14a)

or

Nux√
Re

= −X

θw(τ)

(
∂θ

∂Y

)
Y=0

(14b)

wherek is the thermal conductivity of the fluid andθw(τ) �= 0
where the present problem arises. The iteration for solv
Eqs. (7)–(9) will continue until the steady state solution
obtained, where the values ofNux/

√
Re andCf x

√
Re be-

come constant. The steady state results ofNux/
√

Re and
Cf x

√
Re are compared with the numerical results of Llo

and Sparrow [7] and Cebeci [4] and with the experimen
results of Gryzagoridis [8] forPr = 0.72. Fig. 2 shows the
variation ofNux/

√
Re andCf x

√
Re with Richardson num

ber for both aiding (heated surface) and opposing (co
surface) flows for air (Pr = 0.72) and water (Pr = 7.00).
For water (Pr = 7.00), the steady state value of Nuss
number in the forced convection mode (Ri = 0) is found
Nux/

√
Re = 0.6267 comparing with the similarity solutio

(Nux = 0.332Pr1/3Re1/2
x ) or Nux/

√
Re = 0.6351. The dif-
ference is around 1.3%.
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Fig. 2. Steady state variation of (a)Cf x

√
Re, and (b)Nux/

√
Re with the

Richardson number ( — aiding flow,······ opposing flow) forε = 0.

It is found that there is no converged solution for t
opposing flow withRi � 0.2 for air with Pr = 0.72 and
the flow in such cases are complex where separation t
place (Cf x

√
Re � 0), while for water (Pr = 7.00) higher

values ofRi are used without the observation of separati
The boundary layer theory is not applicable for such ca
where separation takes place and it is beyond the scop
the present investigation. Therefore, in order to avoid
separation, and to ensure the accuracy of the results in
oscillating plate temperature, the results presented later
considerRi = 0.1 for the opposing flow for both air an
water. On the other hand for aiding mixed convection,
present formulation is not applicable for high values ofRi,
where the free convection mode is dominated. Therefore
results presented for the aiding flow for both air and wate
limited to Ri = 1.0. In view of the good agreement observ
in Fig. 2 for different values of Richardson number for bo
heated surface and cooled surface, the author proceed
generate results for plate temperature oscillation.

The oscillation of the plate temperature is considered n
with an amplitude range fromε = 0.1 to ε = 0.5 and fre-
quency range fromΩ = 0 to Ω = 5. The mixed convection
process starts when the surface temperature increases
denly from the ambient temperatureT∞ to the average sur
face temperaturěTw. At this time the ratioNux/

√
Re goes

to infinity. Then, when the surface temperature oscillates
ratio Nux/

√
Re is found to oscillate accordingly. ForRi �= 0√
the friction coefficientCf x Re is found to oscillate as well.
f

o

d-

This oscillation becomes steady periodic oscillation a
some periods of oscillation. The steady periodic oscillat
is achieved when the amplitude and the average values o
ratio Nux/

√
Re andCf x

√
Re become constant for differen

periods. The following condition is considered for the stea
periodic oscillation:

A(�)p − A(�)p−1

A(�)p
� 10−3 and

�p − �p−1

�p
� 10−3

(15)

where the superscriptp is the period number, and� can
stand for eitherNux/

√
Re or Cf x

√
Re and

A(�) = 1

2

[
Max(�) − Min(�)

]
(16)

for τ0 � τ � τ0 + (2π/Ω) and

� = 1

(2π/Ω)

τ0+(2π/Ω)∫
τ0

�dτ (17)

The steady periodic oscillation ofNux/
√

Re andCf x

√
Re

for air (Pr = 0.72) are shown in Fig. 3(a) and (b) respe
tively at constant frequencyΩ = 5 and different values o
the amplitudeε. Similar results for water (Pr = 7.00) are
shown in Fig. 4(a) and (b) respectively. The ultimate
riodic oscillations are shown in Figs. 3 and 4 which a
achieved after 8 periods of oscillation. The number of
riods at which the solution reaches steady periodic s
is affected marginally by the Prandtl number and the
quency of the surface temperature oscillation. The res
are presented for three different values ofRi correspond-
ing to aiding mixed convection (Ri = 1), forced convection
(Ri = 0) and opposing mixed convection (Ri = 0.1). The
Nusselt number is observed to oscillate in all the cases
different values ofRi andε with a small phase change wi
the surface temperature oscillation. The values of Nus
number in the aiding mixed convection (Ri = 1) is always
higher than the forced convection (Ri = 0) and the values o
Nusselt number for opposing mixed convection is always
lowest. The oscillation of Nusselt number is more intens
(higher amplitude of the Nusselt number variation) for h
values ofε and/orPr. Figs. 3(a) and 4(a) show also that t
Nusselt number becomes negative in some instances d
the oscillation period. This means that part of the heat ga
by the fluid when the surface temperature is high will ret
back to the wall when its temperature drops. The friction
efficient presented in Figs. 3(b) and 4(b) is found to oscil
also for the mixed convection modes approximately in-ph
with the surface temperature oscillation. In the forced c
vection mode (Ri = 0), it is constant (Cf x

√
Re = 0.331) and

it is independent of the surface temperature oscillation or
Prandtl number. Figs. 3(b) and 4(b) show that, for the mi
convection mode,Cf x

√
Re is found to have higher value

for air (Pr = 0.72) than that for water (Pr = 7.00) for aid-
ing mixed convection (Ri = 1) and the trend is reversed f

opposing mixed convection (Ri = 0.1).
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Fig. 3. Periodic oscillation of (a)Nux/
√

Re, and (b)Cf x

√
Re with the

non-dimensional time forΩ = 5 andPr = 0.72.

To investigate the occurrence of negative Nusselt num
the period of the last cycle is divided into eight time ste
(a)–(h), as shown in Figs. 3(a) and 4(a). At each time s
the temperature profiles are shown in Figs. 5 and 6 for
and water, respectively, for the periodic aiding mixed c
vection withε = 0.5 andΩ = 5. For forced convection an
opposing mixed convection, similar temperature profiles
expected, but they are not shown for brevity. It can be s
from Figs. 5 and 6 that the surface temperature is equ
the points (a,c), (d,h) and (e,g) but the temperature grad
at these points are different which gives different values
the Nusselt number. The maximum value ofNux/

√
Re oc-

curs near point (h) when the surface temperature incre
from its minimum value to its average value. The minimu
value ofNux/

√
Re is negative and it occurs between poin

(e) and (f) when the surface temperature goes to its minim
value. Negative values ofNux/

√
Re means that there will b

some point in the boundary layer with temperature hig
than the surface temperature from which heat will tran
partly to the plate. A similar phenomenon is observed for
water with more intensive oscillation ofNux/

√
Re as shown

in Fig. 6. It has also been observed from Figs. 5 and 6
the boundary layer thickness for the air is more than tha
water for the surface temperature oscillation as well as in

isothermal case.
s

(a)

(b)

Fig. 4. Periodic oscillation of (a)Nux/
√

Re, and (b)Cf x

√
Re with the

non-dimensional time forΩ = 5 andPr = 7.00.

The effect of the frequency of the surface tempera
oscillation on the Nusselt number oscillation is shown
Fig. 7(a) forε = 0.3 and different values ofRi and different
values ofΩ in the ultimate steady periodΩτ for Pr = 7.00.
For air (Pr = 0.72) similar trends are observed for the osc
lation of Nux/

√
Re andCf x

√
Re but they are not shown fo

brevity. The Nusselt number oscillates with low amplitu
of the Nusselt number variation for smallΩ as shown in
Fig. 7(a) and vice versa. Fig. 7(b) show the variation of
friction coefficient with the periodΩτ of the surface tem
perature oscillation forε = 0.3 and different values ofΩ . It
is observed that for forced convection mode, there is no
fect of the frequency of the surface temperature oscilla
on the friction coefficient. In the aiding mixed convecti
mode, it is found that, asΩ increases, the maximum valu
of Cf x

√
Re is delayed progressively and the amplitude

the friction coefficient oscillation decreases. In the opp
ing mixed convection mode, the oscillation of the fricti
coefficient is out of phase with that for the aiding mixed co
vection as shown in Fig. 7(b).

The cyclic average values of the ratioNux/
√

Re and
Cf x

√
Re were found for the steady periodic state for d

ferent values of the amplitude and frequency of the sur
temperature oscillation. Figs. 8–10 show the variation
Nux/

√
Re with the frequency of the surface temperature
cillation for both air (Pr = 0.72) and water (Pr = 7.00) for
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Fig. 5. Periodic state temperature profiles at different time steps (a)–(
Fig. 3(a) for the last cycle,ε = 0.5, Ω = 5, Ri = 1 andPr = 0.72.

Fig. 6. Periodic state temperature profiles at different time steps (a)–(
Fig. 4(a) for the last cycle,ε = 0.5, Ω = 5, Ri = 1 andPr = 7.00.

forced convection, aiding mixed convection and oppos
mixed convection respectively. While the calculated val
of Cf x

√
Re for all the cases are found to be constant and

proximately equal to the values for non-oscillating surfa
temperature (forε = 0) shown in Fig. 2, which indicates in
significant effect of the surface temperature oscillation
the friction coefficient. It can be shown from Figs. 8–10 th
the values ofNux/

√
Re decrease when the surface tempe

ture oscillates at higher amplitudes and/or higher freque
of the surface temperature oscillation for both air and wa

The temporal average value ofNux/
√

Re can approache
zero at high amplitude and frequency of the surface t
perature oscillation. This indicates that most of the hea
oscillating from the surface and some point in the bound
layer without proceeding to the ambient. The results p
sented in Figs. 8–10 for maximum values ofε = 0.5 and
Ω = 5 where the convergence solution is obtained. D
culties are encountered in getting converged solution f

the boundary layer equations for higher values of the ampli-
(a)

(b)

Fig. 7. Periodic oscillation of (a)Nux/
√

Re, and (b)Cf x

√
Re with the pe-

riod of oscillation (Ωτ ) for ε = 0.3 andPr = 7.00.

Fig. 8. Variation ofNux/
√

Re with the frequency of the surface temperatu
oscillation at the steady periodic state, forced convection(Ri = 0).

tude and frequency of the surface temperature oscillati
For forced convection (Ri = 0) and opposing mixed conve
tion (Ri = 0.1) it is observed from Figs. 8 and 10 that, wh
Ω > 3.5 andε = 0.5 the value ofNux/

√
Re for the steady

periodic state for water is less than that of air, which is
unusual behavior.

While for aiding mixed convection, the value ofNux/√

Re for the steady periodic state for water is always greater
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Fig. 9. Variation ofNux/
√

Re with the frequency of the surface temperatu
oscillation at the steady periodic state, aiding mixed convection(Ri = 1).

Fig. 10. Variation ofNux/
√

Re with the frequency of the surface tempe
ature oscillation at the steady periodic state, opposing mixed conve
(Ri = 0.1).

than that of air for a given values ofΩ andε as shown in
Fig. 9.

5. Conclusions

The present investigation deals with periodic lami
forced convection, aiding mixed convection and oppos
mixed convection from a vertical plate. The periodic co
vection occurs when there is periodic oscillation of
surface temperature. The plate temperature is assum
be a sinusoidal function with the time, having amplitu
and frequency. Two different Prandtl numbers are con
ered, which arePr = 0.72 (air) andPr = 7.00 (water). In
the mathematical formulation of this problem the bou
ary layer and Boussinesq approximations are used to
plify the problem. The dimensionless forms of the govern
equations are solved numerically using a finite-differe
method. The initial condition is generated by solving
continuity and momentum equations at steady state. Th
sultant initial condition is very close to the Blasius bound

layer solution. The developed algorithm is tested for forced
o

-

and mixed convection and the results show good agree
with the numerical and experimental results in the literatu
It has been shown that the Nusselt number oscillates as
sult of an oscillating surface temperature and for some c
the Nusselt number becomes negative. For mixed con
tion modes the friction coefficient also oscillates as a re
of oscillating surface temperature. The results are prese
to show the effects of the amplitude and the frequency
the plate temperature oscillation on the Nusselt number
friction coefficient in the steady periodic state. The tempo
average values of the Nusselt number and friction co
cient are calculated during the period of oscillation of
plate temperature in the steady periodic state. The re
also show that the temporal average value of the Nus
number decreases with increasing the amplitude and/o
frequency of the oscillating surface temperature for b
air and water for forced, aiding mixed convection and
posing mixed convection. However, the calculated val
of the temporal average value of friction coefficient, for
the cases considered, are found to be constant and ap
imately equal to the values for non-oscillating surface te
perature.
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