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Abstract:

This paper presents an analytical procedure for estimation
of Ghe unsteady local heat flux to a steady laminar boundary
layer over a flat plate with a periodic change of surface vemp-
erature., The fluid flow is parallel to the plate and the fluid
physical properties are taken to be constant, and the plate sur-
face temperature is spatially uniform and changes with  tine
according to a sirusoidal function. An expression for instant-

aneous local Nusselt number is drived.

It is found thet the instentaneous local value of Nusselt
number differs from the quasi-steedy value of Musselt number, The
maximum percentenge difference between the two values increases

increaging Prandtl number, amplitude and frequency of plate
surfece temperature oscillation, and distance from the plate
lesding edge. On the other hand it decreages by increasing the
free stresm wvelocity. It is found alsc that the time mean wvalue
of Tusselt number is the seme as that in the case of steady state.
Some results of the present work are in agreement with that of

previous works,
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Momenclature:

,» reletive amplitude of plate surfece temperature

oscillation , (a/Tw’m),
a , amplitude of plate surface temperasture oscillation, Heols
f , freaquency of plate surface temperature oscillation, Hzs
k , thermal conductivity, W/m. kg

Nu , Nusselt number, (q.x/k.T) = H
P. , Prandtl number , (¥/«), - j
g , heat transtfer rate , i

Re , Reynold number

T , temperature difference , (%t - toc )} .
t , temperature, E 4
u ., velocity component in direction x, m/se¢. ;
v , velocity component in direction y, m/sec, 3

W , nondimentional angular velocity of plate surface

-

temperature oscillation , (W X/uge) = (27 f %/ugg),
X , linear coordinate calculated mlong the plate Trom

the lesding edge ,

-

Y , nondimensional coordinate ; (y/é;),

linear coordinate calculated along the normal to

gt

m %
the vlate,

, tnermel diffusivity, m /faet,t

, boundary layer thickness, ]

- ww

o

» » dimensionless time , (7 ugg/x), gL
y , kinematic viscosity , m-/sec,;
T

¢ Gime , sec,
W , angular velocity of plate surfece temperature

rad/sec.;
oscillation, (2771},
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Subscripts:

h , hydrodynamic boundary layer;
m , mean value;

, thermal boundary layer:

, blate surface;

o¢ , main stresam.

Introduction:

The case of unsteady heat transfer to & fluid flowing over
a flat plate is widely encountered in engineering applications ,
and its caloulation presents many difficults. Due to the unsteady
temperature profile in the boundery layer there should be some
differences hetween the instantanegus heat transfer rate in the
unsteady state and that in the steady state. The size of such
difference would be depentent of the response charaterestic of

the boundary layer.

Moore and Ostrach [3] were among the first researchers who
itudied in detalls the behaviour of s laminar boundary layer over
sgotnermal Tiat plate moving with & harmonic variable veloeity.
fang and Huang [2] etudied the unsteady cheracteristics of
laminar boundary laver on & flat plate moving with erblirary
time~dependent velocity, Kotake and Isaoc [3) studied experiment-
ally the heai fransfer cheracteristics of a flat plate Ilocated
in & sinugolidally oscillating flow with large amplitude., They
found that the velocity cscillatieon could not make any difference

between the time mean Nusselt number and the steady atnte
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Mohamed {4) studied anelytically the same problem, and found that
the time mean Nusselt number was not affected by neither the freq-
uency nor the amplitude of flow velocity oseillation din the case
of flat plate with constant heat flux. In the case of plate of
conatant temperature he found thaet the time mean Nusselt number

is glightly affected by the frequency, where as, the amplitude of
flow velocity affected 1%.

Sparrow {5},and Adams and Gebhert (6] studied by integral
method the response to a unit step of time variation in a flat
plate surface temperature. Cess {7}, snd Pavlovakii snd Awad
{(8) studied the unsteady heat transfer to laminsr boundary layer
over a flat plate with a stepwise eand arbitrary time varistion
of surface temperature, Ituns assumed that plate surface temper-
ature is spatiaelly constent and initielly equael to the free
stream temperature. It found that for small times the process
was that of transient heat conduction. The heat fluzx was inver-
sely proportional to the square root of the time from +the step
chenge in surface temperature. For large times the hest flux

returned to steady state.

The present work 1s devoted to study the unsteady heat trans

fer to laminar boundary layer over a plate. An analytical proced-
ure is proposed to estimate the instantaneous heat transfer from
a flat plate with a sinusoidally oscillating surface temperature.

This case can be encountered in internal combustion engines.

Analysia:

Fig. (1) shows schematically the physical model and the

syastem of coprdinates. Assume that the flet plate is subjected
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to stesdy state laminer flow.

¥

2, Decomber 1983,

The plate surface temperature

18

a gpatially uniform and is periodically changed and discribed by

sinugoidal function, This case can be encountered, for

in the reciprocating internal combustion engines, where

example,

the wall

ig heated periodicelly from inside, and considering +the wall has

zero heat capecity.

The plate
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The fluid free siream velocity Wom and temperature too are
taken to be consteants, and it is assumed that fluid is incompre
sgible, its physical properties do not depend on temperatur
and the flow is parallel to the plate. Weglecting the heat mene
ated withif  the fluid flow due o friction the energy equatio
which describes the temperature field T(x,y,7T ) in the fluid ca
be written in the Tollowing form:

LN TR P

2T dx 2y 2 y°

Using Eqn. (1) the energy Eq n(2) for the fluid on the plate

surface talkes tre fellowing form:

o~

a"—!rp 1 ﬁT
; ’O,(C P b s ,O'
0y T T) = Zx,0,T)
i3 7%~ Tw’m(Aw cos wT) (3)

From the specifications of +the thermal boundary laver at the

cuter edge of the poundary layer we write:

. o
P e =D (4)

and
5 (5)
eh || g =0, <
ay n ¥ t! Z>

Assume that the temperature profiie in the thermal ho ndary
tyer is described by the following form

¢ n &
'T(X;y; Y o= % fn \_):”E)' ¥ ’v,)

The periodic change of the plate surface temperature has no
effect on the velocity profile in the hydrodynamic boundary laye
because the fluid physical properties are assumed to be congtant

The

velocity wrofile in laminar boundary layer over a {lat plate

an be given by & cubic parabola as reported in { 9 7].
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e thickneas of the liydrodymamic boundery layer in thie case 18

?nllowi:g?@?ntion.

i A BA {Yx/ug,) e

Lonsidering that in the present case the ratio of the thick-
ness of the thermal boundary layer to the thickness of the hydrod-

ynamic bhoundary layer equals to that in the case of gteady state,

L .Bs
[ ¢ ;- : SR T
(o, /d, ) = 1/(1,026 Py 1/3,
L i : )
I+ = 4.52 (Vx/u ) 172 Prl/g o

Using Equs. (1, 3, 4, 5, 6 and B) we cen get the functions

f (%,7) as Tunctions of distance from leading edge, plate sur~

face temperature, and flow properties. Introcducing these funct-

-

iong in Hegn, (6) rives the temperature field in the following

nondimetgaional form

TEX A _ 3 185y +0,5 ¥ - 51179 2.

e "

Ry : . Nl Y

AW ¢cog Wi ¥ = 3 mE -y f9)
L 1T + 4 gin W
e T letorias temperature in boundary layer are plot-

ted in Mg, (2), aspuming that the flowing fluid is air with free
stream *oo = 300 k. The rate of temperature chamnge with 'time in

boundery layer inereages by increasing the relative amplitude A,
and by ineremnsing the nondimensionml angular velocity of plate
surface temperature oscillation H(=£7fofuoo)’ i.e. by increasing

frequency f, distance from plate leading edge x, and by decresas-

ing free stream velocity.
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The time histories of MNugselt number (heat flux from the plat
surface) are plotted in Fig. (3) for air atream at 1,4=300 K. It i
clear that the deviation of the instantaneocus velue of llugselt
number in case of periodic change of plate surface temperature fro
that in gquesi-steandy state increases as the rate of plate surface
temperature change with time increeses. This result is in agreemen
with that obtained experimentally [le y, Where it is found that th
initial value of heet transfer coefficient is 3,8 times the mea
value 23 the surface temperature cnanges at a rate of 600 K/gec. T
instantaneous value of Nugselt number is greater than the quasi-
stationary value when the temperature difference Tw=(tw- too) iner
seg with time and vice-versa., This result is in agreement with th
theoretically obtained and reported in [B). The rate of the
Increasing of instantaneous value of Nussgelt number is greater tha

the rate of its decreasing,

The time mean Nusgselt number can be obtained by integration of
Eqn. (11) within a period of complete cycle of plate surface tempe
ature variation and dividing by the value of this period. The time

mean lMusselt number takesg the followingform.

S
Nu, = Im - 0.332 R&/2 ppl/3 (12)

k. Tw,m
Equaticn (12) is the same Nugselt relation for the case of steady
neat transfer from flat plate to laminar boundary {9) . This resul
is simillar to that obtained experimenially ({31 and theoretically

[4} for constant plaete surface temperature and periodic change of

free stream velocity.



M.20. Mensours Bullstin Vol. 8,

V3

172
Nu(x,6A)/0.332 Re . Pr

1/3

Pr

2

Nu{x ,A)/0.332 Re

No.

144

1.2
10}
0.8
0.6 |

0.4

(a}

*t
/3

Pr

2

Nu(x,A)/0.332 Re

0.0

w C=WA

1.6

V.4F

1.2F

104

0.4 }—

05}

0.4 ¢

g2¢

0.0

—

—l

A

A

ol

0.0

FIG-{3) INSTANTANEOUS NUSSELT
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Conclusion:

The presented analysis and the pericrmed cealculations show that
the instantaneous value of the Nussgelt number in the cage of period-

ic change of plate surface temperatiure differs from that of quasi-
stationary plete surface temperature, The percentage difference
increases by increasing Prandtl number, amplitude, frequency of
plate surface ogscillation, distance from the plate leading edge,
and rate of plate surface temperature chanpge with ftime, and it
decreages by increasing the velocity of the free steam. The inat-
antaneous value of ITusselt number is greater than the quasi-~gteady
value when the plate surface temperasture-difference increases wlth
time, and vice-versa, It ig found also thet time mean value of Nusa- *

elt number is the same as that in the steady state.

References:

1 - Moore, F.K,, and Ostratch,; 8., "Average Propertvies of conmpre-
ssible laminar Boundary layer on flat plate with unsteady

flight velocity™, MACA, . 3886; December, 1956,

[\..,'
!

Yang, W.J., and Huang, H.S., "Unsteady laminar Boundary -

=

layer Flow over a flat platey ATAA Jourmal, Tul, Pe duly
1968,

3 - Kotake, S. , and Isao, A., "Heat transfer from cylipder and
plate in large-Amplitude Cacillating Flows", Institute of
space and Aeronautical Science University of Tokyo , Repoxrt
No. 590, 1981,

4 — Mchamed, A.S5., "Study of Unsteady Forced convectlon with time
variation flow velocity", A M. Sc¢. Thesis , Faculty of Engin-

eering, Mangoura University, Mansoura, Egypt, 1982.

-
g



r-

7%

10~

-—r-

Sparrow, E.M., "Unsteady staguation - point Heat Transfer ",
NACA, TN. D-77, 1959.
fm & ﬂa’c plate wbaautud to a atep m:‘m :nu:ut‘*, ammn.
of Heat Mu, Trana, ASME, series C, Vol 85, 1963, PP,1-6

Cess, R.D., "Heat Trapafer to laminar Flow Across a flat plate
with & Nonstesdy surface Temperature,” Journal of Heat Trans-
fer , Trans. ASME,., series C, Vol 83, 1961, FP, 274-280.

Pavlouskii, G.I., and Awad, MM, "Heat '.I!mnafar betwsen
flat plate with Unsteady surface Temperature and laminar
Fluid Flow, " "Teploobmen H&Jdn-.ﬂm&dﬂ. plastinot 5 Nestat-
sionarnoi Femperatoroi Poverikhnosti e laminerro obtekaioshim
yio Potokom Jidkosti", in Russian , Epgineering - Physical
Journel, Vol 17, N0 3, 1969, FR, 499-505.

Bokert, B,R.G., and Dreke, R.M,, "Analyais of Meat and Mass
Transfer”, McGraw Hill Book Company , New York, 1972,

Orlov, 5.V., and lisalng, G.Y0,, "fhermodymasic and Bellistic
Punéamentals of planmming of Rocket Engines with Solid Fuels"
“Zornodynenetcheskio 6 Ballistiteheskie Osnove Proektbi-poventa
Raketmikh nﬂmﬂﬂ Y& Tvordom Toplive", in Russian, Mashin.

-#




