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Abstract—The problem of heat transfer in transient buoyancy driven flow in the neighbourhood of a
horizontal rod of circular cross-section is investigated. The rod, which is placed in a quiescent Boussinesq
unbounded fluid, is heated either suddenly or gradually to a constant surface temperature. The investigation
is based on the solution of the unsteady two-dimensional conservation equations of mass, momentum and
energy in the range of Rayleigh number 10 < Ra < 1000 while keeping Prandtl number constant at
Pr = 0.7. Results are presented for the unsteady local and average Nusselt numbers along with some details
of the transient temperature and velocity fields. In order to validate the method of solution employed, the
steady-state values of average and local Nusselt numbers were also computed and compared with known
experimental and theoretical results. The comparison shows a satisfactory agreement.

INTRODUCTION

THE MAIN objective of the present work is to conduct
a theoretical investigation to the problem of transient
buoyancy driven flow adjacent to a long horizontal
rod placed in an infinite Boussinesq fluid. The flow
transient occurs due to the change of the rod surface
temperature. Transient natural convection problems
have received considerable interest for many years,
not only because of their fundamental nature but also
due to the many related engineering applications rang-
ing from nuclear reactor safety considerations to
manufacturing systems where there is a sudden impo-
sition of heat input.

Most of the theoretical studies carried out so far on
transient free convection focused on vertical flat and
curved surfaces. The works by Goldstein and Briggs
{1}, Brown and Riley [2], and by Sammakia ez al. [3)
are only a few examples. A good survey of the previous
experimental and theoretical studies on these prob-
lems is given by Jaluria [4]. In most of these studies
the boundary-layer equations were solved by using
suitable similarity transformations; a method that
may not be appropriate for tackling free convection
from bluff bodies such as horizontal cylinders and
spheres. Previous theoretical treatment of free con-
vection from horizontal cylinders seem to be delimited
to the steady problem rather than the transient one.
The works by Merkin [5, 6], Kuehn and Goldstein [7]
and by Farouk and Guceri [8] are examples of this.

Only a few theoretical investigations were found in
the literature on the problem of transient free con-
vection from a horizontal rod. The first one is that by
Elliott [9] who studied the natural convection boun-
dary-layer flow growing over a circular cylinder fol-
lowing a sudden temperature increase from that of
the surrounding fluid. The study was based on a series

solution at small times for the temperature and stream
function. The small time solution was extrapolated to
predict the steady value of the heat transfer coefficient.
This extrapolation process failed near the top of the
cylinder since the boundary-layer approximations
were invalid in that region. The approach restricts
itself to cases in which the transient free convection
flow starts from rest. The boundary-layer approxi-
mations cannot be applied for the general case when
the initial surface temperature differs from that of
the surrounding fluid especially for moderate Grashof
numbers. Gupta and Pop [10] studied the effect of
curvature on the solution obtained by Elliott [9]. They
found that including the curvature effect in the boun-
dary-layer equations leads to an increase in the skin
friction as well as the heat rate from the cylinder
surface.

Another investigation on this problem was carried
out by Ingham [11] who used a Fourier series approxi-
mation for the temperature, stream function and vor-
ticity to solve the boundary-layer limit of the govern-
ing equations. The solution obtained was only for the
case of a sudden temperature risec when Gr is very
large. The solution was terminated before reaching
the steady conditions, however, comparison with the
small time solution obtained by Elliott [9] resulted in
a good agreement. The distribution of the local heat
transfer at large time was compared with the steady
solution of Merkin [5]. The differences were small over
all the cylinder surface except near the top where
considerable differences were found. These differences
were still increasing when the computations were ter-
minated. The local heat rate was continuously
decreasing with time in the region of the plume. The
adequacy of the boundary-layer solution at low to
moderate Rayleigh numbers and also the breakdown
of the boundary-layer assumptions, even at large Ray-
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NOMENCLATURE

a rod radius Greek symbols

¢ specific heat 2 thermal diffusivity

A function defined in equation (11) B coefficient of volumetric thermal

g gravitational acceleration expansion

G function defined in equation (11) ¢ dimensionless logarithmic radial

Gr  Grashof number, gf(7,— T,)(2a)/v? coordinate, In r

h % local and average heat transfer 0 density
coefficients i dynamic viscosity §

H,, H, functions defined in equation (11) v kinematic viscosity ‘

k _ thermal conductivity ¢ dimensionless temperature, |

Nu, Nu local and average Nusselt numbers (T—-TI)(T~T,)

Pr Prandt]l number, puc/k ¥ dimensionless stream function, ¥ /o

g rate of heat transfer per unit area 0 angular coordinate

r dimensionless radial coordinate 4 dimensionless vorticity, {’a?/x.

Ra Rayleigh number, Gr Pr

t dimensionless time Subscripts |
temperature f final conditions following transient phase ;

v,, vg radial and angular velocity s rod surface ?
components. o0 at infinite distance from the surface. !

leigh numbers, in the region of the plume were dis-
cussed in refs. [7,9]. This breakdown occurs mainly
because of the thick boundary layer prevailing near
the top of the cylinder; a region that is sometimes
referred to as the region of colliding or merging
boundary layers.

Experimental studies on transient free convection
from horizontal cylinders and wires are numerous.
Amongst the early studies is the work by Ostroumov
[12] who used an optical technique to determine the
variation of the thermal field near a horizontal wire
following its temperature rise. It was found that the
greater the heating electric power used, the sooner the
unsteady state ends. The phenomenon of the wire
temperature overshoot above its final steady value
was observed and related to the delay in the fluid
convective motion. The same problem was also inves-
tigated by Pera and Gebhart [13] who described the
mathematical difficulties in solving such a problem
especially in the region near the top of the cylinder
where two boundary layers merge forming the buoy-
ant plume. In this region, no flow separation was
observed in the experiment.

Vest and Lawson [14] studied the same phenom-
enon experimentally by visualizing the thermal field
around a horizontal wire using a Mach-Zehnder
interferometer with emphasis on the delay time
between the sudden temperature increase and the
beginning of the convective fluid motion. A thermal
stability theory was used to predict the time delay
which agreed well with the experimental values. More
studies on the same problem were carried out by Par-
sons and Mulligan [15]. In their work, an overshoot

of the steady state was observed during the transient
decay of the average Nusselt number. The transient
period was shown to be divided into three distinct
stages which are, pure conduction, convective tran-
sition, and finally steady free convection. The relation-
ship between the occurrence of the overshoot and
Rayleigh number was also discussed. In another study
[16], the same authors extended their investigation to
the case of a horizontal cylinder of finite (not very
small) diameter with emphasis on the application of
the thermal stability theory used in refs. [14, 15] to
high Rayleigh numbers. Recently, the transition from
conduction to convection around horizontal wires in
the case of a ramp excursion in internal heat gen-
eration was studied by Faw er al. [17]. They found
that the transition time depends on the rate of increase
of heat generation and is independent of the wire
diameter. Transition time was measured up to Ray-
leigh number Ra = 31.

In this work, the problem of transient buoyancy
driven flow adjacent to a horizontal rod of circular
cross-section placed in an unbounded fluid is inves-
tigated in the range of Rayleigh number 10 < Ra
< 1000 while Prandtl number is kept constant.
The flow transient occurs due to either sudden or
gradual increase in the rod surface temperature.
The study is based on the solution of the conser-
vation equations of mass, momentum and energy.
Results are presented in the form of the variation of
the average Nusselt number as well as the developing
streamlines and isotherms during the transient phase.
The overshoot phenomenon which occurred in several
cases is discussed in some detail.
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PROBLEM STATEMENT AND
GOVERNING EQUATIONS

The problem considered is that of a long horizontal
rod of a circular cross-section placed in a quiescent
fluid of infinite extent. The rod and the fluid have an
initial temperature T',,. The temperature of the rod
surface is either gradually or suddenly increased to
T,. A buoyancy driven flow starts near the rod surface
and develops with time until reaching the final steady
condition. The rod is considered to be long enough
such that the end effects can be neglected and the
flow can be assumed two-dimensional. The viscous
dissipation is neglected and the temperature difference
is assumed to have a negligible effect on the fluid
properties except for the density in the buoyancy force
term in the momentum equation.

Consider the line # =0 to be the vertical line
through the center O of the rod cross-section as shown
in Fig. 1. Using a cylindrical coordinate system, the
equations of motion and energy can be written in
terms of the stream function v, vorticity {’, and tem-

perature T as
LS S L A Sy
o T80 o v or a0
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¢ is the time, p the density, v the kinematic viscosity,
k the fluid thermal conductivity and ¢ the specific heat.
F, and F, are the radial and angular components of
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Fi1G. 1. Coordinate system.
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the buoyancy force and are defined as
F, = pgB(T~T,) cos 8
Fy= —pgB(T—T,)sinb

where g is the gravitational acceleration and f is the
coefficient of volumetric thermal expansion. The vel-
ocity components v, and vj are related to ¥’ by

v, = 1)y 3y’/e0 and v = —dy’)or.

The following dimensionless quantities are now intro-
duced

(= —{d*a,

V, = vafa,

r=rya,

¥ =y,
t = tafa?, vy = vyajo
and

(b = (T'—' Too)/(Ts_ Tuo)

where o = k/pc is the thermal diffusivity. Using the
above variables in equations (1)-(3) results in

1oy ol 10y af

2y - -r 2
T rear rarae VY
Gr Pr* | 0¢ . ¢
+ g l:ar 9+~a,;c050i| 4)
{=Vy (&)
0p 10009 10yop_ ., ¢ 0Ra
Y e % Raa ©

where Pr=v/a is the Prandtl number, Gr=
9B(T,— T ,)(2a)*/v* the Grashof number, and Ra =
Gr Pr the Rayleigh number. The dimensionless vel-
ocity components v, and v, are now defined as

v, =1/royjo0 and vy = —0dyY/or.

The boundary conditions for y, { and ¢ are based
on the no-slip, impermeability and isothermal con-
ditions on the rod surface and the ambient conditions
far away from it. These conditions can be expressed
as

1/roglod = oyjor=0,0=1 at r=1
and
1/r 04100, 0y /or,p,{ -0 as

The conditions on the line of symmetry § = 0 and n
can be expressed as

vy = 00,/00 = { = /90 = 0.

In order to achieve a highly accurate numerical
solution, the logarithmic radial coordinate & is used

¥ — Q0.

such that ¢ =In r which transforms the governing
equations (4)—(6) to
of §, 0%\ ool oyag
28 = Pr 2 —_
“u (acz + 2) 80 32 T 3¢ 36

1 )
+§e¢ Gr Pr? [a—? sin 9+ %¢ 39 €08 0] @)
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It is important to mention that the term éRa/ét in
equation (9) has a non-zero value in the case when
the rod surface temperature increases gradually. How-
ever, in the case of a sudden temperature increase
0Ra/dt = 0 immediately following the temperature
rise.

In terms of the new variables, the boundary con-
ditions can be written as

Y =000 =0y/o0 =0,p=1 at
e ¢ azﬁ/ﬁﬂ, et 61///56, ¢,{-> 0 as

¢&=0,

¢—oc (10)

and Ra is either a constant or a known function of
time.

THE NUMERICAL SOLUTION

The method used for solving the unsteady equations
(7~(9) to obtain the time development of the velocity
and temperature distributions in the flow field is based
on approximating ¥, { and ¢ in terms of a truncated
Fourier series following the work done by Collins and
Dennis [18], Badr and Dennis [19] and Badr [20]. In
the present study, the rod surface which was initially
at temperature T, is heated in a certain prescribed
form such that 7 is a known function of time. During
and following this temperature change, a buoyancy
driven flow starts near the rod and develops with time.

For all forms of heating and provided that the rod
surface has a uniform temperature distribution, the
velocity and temperature fields are symmetric about
the vertical radius (0 = 0). Following ref. [20], ¢, {
and ¢ can be expressed as

Y= ‘2 f.(&, ©) sin nf

(= i 9n(¢, 1) sin nf (11)

N
¢ = %Ho(é, D+ Y H,(, 1) cosnf.

The use of equation (11) with equations (7)—(9) results
in the following sets of equations to be solved for the
functions f,, g,, Hy and H,

2
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where the terms S,, Z, and Z, are easily identifiable
functions of & and ¢. The boundary conditions for all
the above functions are deduced from equation (10)
and can be expressed as

fo=H,=0f/06 =0 and H,=2 at &=(
9w Hy, H,, 0f,j0E -0 as & - 0.
(16)
The following integral condition is obtained by inte-
grating both sides of equation (12) with respect to ¢
between ¢ = 0 and oo and using the conditions given
in equation (16)
j e M g (&, 1) dE = 0. (17
0
Although the differential equations (12)-(15) and the
boundary and integral conditions are different from
those deduced in ref. [20] to study the problem of
laminar mixed convection from a horizontal cylinder,
the numerical procedure used in this work is almost
the same and therefore will not be discussed again.

DISCUSSION OF RESULTS

The behaviour of the velocity and thermal fields
near the horizontal rod during and following its tem-
perature increase from T, to T is studied for mod-
erate Rayleigh numbers (10 < Ra < 1000). Since the
problem of a step temperature increase has been of
major interest in many experimental investigations, it
is considered here and this mode of heating is referred
to as the first mode. However, a sudden change of
temperature is unusual and may be unrealistic in prac-
tical applications because it requires a body of infi-
nitely small thermal capacity in addition to a step
change in the input heat. A gradual temperature
increase is of major interest in engineering appli-
cations, although it has not received, so far, much
attention either theoretically or experimentally. In this
work, the transient phenomenon is investigated when
the temperature increase is gradual. The simplest case
is when the temperature increases linearly with time
from T, to T, during a time period # and this mode
is referred to as the second mode. In this mode the
term O0¢/dt in the energy equation has discontinuities
at £ = 0 and 7. In the third mode, the temperature—-
time curve is a smooth one which is likely to be the
case of practical interest. The relation between 7', and
t is considered in the simple form

L-T, _,1 (’) ,
Ty—T, Iy ¢

(18)

The three modes of heating are presented graphically
in Fig. 2.
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Fi1G. 2. Surface temperature change for the three modes of
heating.

The local and average Nusselt numbers Nu and Nu
are defined such that

Nu =2ah/k and Nu=2ahlk 19)

where k is the coefficient of thermal conductivity and
h and A are the local and average heat transfer
coefficients defined as

h=§[(Ty—Ty), h= (1/2n)£2"h do (20

where ¢ is the rate of heat transfer per unit area given
by

g = —k(@T/or'), -- @n

Using the dimensionless temperature ¢ together with
the above definitions, one can easily deduce

Nu = —2[6¢/0¢);oRa/Ra; (22a)

and

Nu = [~0H,/0¢],_ oRa/Ra; (22b)

where Ra; is the final steady value of the Rayleigh
number [based on (Tx— T..)].

In order to verify the accuracy of the method of
solution and the numerical computations, the final
steady values of Nu were compared with the available
experimental and theoretical data as can be seen in
Fig. 3. The figure shows a small difference between
the present results and those obtained by Kuehn and
Goldstein [7] over most of the considered range of Ra.
The difference between the two is 2.2% at Ra = 1000,
however at Ra = 10 the difference reaches 14%. In
ref. [7], the flow is assumed to approach the cylinder
radially and is also assumed to leave radially in the
plume with negligible radial temperature gradient. No
such assumptions are made in the present study. The
comparison with the experimental correlations given
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FiG. 3. Comparison of the steady values of the average
Nusselt number with previous theoretical and experimental
results.

in refs. [21-23] as shown in Fig. 3 indicate a deviation
as high as 18%, however, a difference of the same
order occurs between these correlations which can be
due to inaccuracies in the measurements. Figure 4
shows the steady local Nusselt number distribution
on the rod surface for Ra = 100 and 1000 together
with the results given in ref. [7] for comparison.

The transient decay of Nu following a sudden tem-
perature rise is proved to be exactly the same as that
for ttxe transient conduction problem at small times
[12, 14,15] because of the small velocities prevailing
in the immediate neighbourhood of the rod surface.
It was also found experimentally that the convective
motion in this mode of heating is delayed for a certain
period of time [16, 17). This criterion has been used to
check the accuracy of the small time solution obtained
in the present work. Figure 5 shows a comparison

Nu
n
T

Present study

¢ Ro=100 }Cuehn

= Ra=1000 }and
Goldstein
[73

s 1 n A 1 i

2
40 60 80 100 120 140
8

Fig. 4. Comparison of the steady local Nusselt number
distribution with previous resuits for Rz = 100 and 1000.
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Conduction regime E24]f

- =~ Ra=700
- = RG=1000

FiG. 5. Comparison of the small time results with the analytical solution of the conduction problem.

between the variation of Nu when Ra = 700 and 1000
with the solution of the conduction problem as given
in ref. [24]. The figure shows an excellent agreement
at small times, however, the two curves deviate at
large times due to the convective motion near the rod
surface.

Figure 6 shows the variation of Nu following sud-
den temperature rise from T, to T, until reaching
steady conditions. It is clear from the figure that the
time required to reach the final steady value of Nu
decreases as Ra increases. This can be explained on
the basis that increasing Ra tends to increase the buoy-
ancy force accelerating the flow near the rod surface
and accordingly decreasing the time delay until the
start of the convective fluid motion. Following this

motion the value of Nu increases above that of the
corresponding conduction regime causing the known
phenomenon of heat transfer overshoot. This
phenomenon is clearly shown in Fig. 6 especially for
Ra > 100, however, no significant overshoot occurs
for the cases of Ra = 10 and 50. With the increase of
Ra, this phenomenon occurs earlier and becomes
more pronounced as expected. The same behaviour
was found experimentally and reported in refs. [14-
17] with empbhasis on the delay time until the transition
from conduction to convection dominated regime
takes place.

The variation of Nu with time for the second and
third modes of heating are shown in Figs. 7 and 8 for
the case of R =100 and at various rates of tem-

56

4.8

4.0 H

Rg=700 Ra=300 Ra=I00 Ra=50 Ra=10
!

08t

FIG. 6. The variation of the average Nusselt number for the first mode—cases of Ra = 10, 50, 100, 300
and 700.
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FiG. 7. Variation of average Nusselt number with time for the second mode—case of Ra = 100 and # = 0.5,
1.0, 2.0 and 4.0.

perature increase [t; = 0.5,1.0,2.0 and 4.0). Figure 7
shows the maximum value of Nu to occur at £ = £ at
which there is a discontinuity in the value of d¢/or.
Immediately following that time, a sharp decay occurs
in Nu similar to that found in the first mode. The
overshoot of Nu, below its final steady value, is clearly
shown for all heating rates considered with approxi-
mately the same degree but takes place at different
times as expected. The final steady value of Nu is

56

found to be the same in all cases. Figure 8 shows the
maximum value of Nu to occur at f < 1, when £, = 0.5,
1.0and 2.0, however, for the case 1, = 4.0 the value of
Nu reached a peak which is less than its final steady
value. The variation of Nu in this mode is smooth,
contrary to the first and second modes. A comparison
between the variation of Nu during the transient phase
for the three modes is shown in Fig. 9 for Ra = 500
[t = 1.0 in the second and third modes}.

48

6 8 10
t

F1G. 8. Variation of average Nusselt number with time for the third mode—case of Ra = 100 and # = 0.5,
1.0, 2.0 and 4.0.
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First mode

Second mode

Third mode

FiG. 9. Comparison between the transient behaviour of Nu
for the three modes of heating for the case of Ra = 500
{t; = 1.0 for the second and third modes].

The time development of the local Nusselt number
and vorticity distributions at the rod surface are
shown in Figs. 10(a) and (b), respectively, for the first
mode of heating when Ra = 300. As can be seen in
Fig. 10(a), the maximum rate of local heat transfer
occurs at the bottom of the rod (6 = 180°) while the
minimum value occurs at the top (6 = 0) at all times.
It is also clear that following ¢ = 6 there is no further
change in the Nu distribution since the thermal field
near the rod reaches, by that time, steady conditions.
Figure 10(b) shows a maximum vorticity near

H. M. Banr

{t/ = 90°) and ( is always positive indicating no tflow
scparation. The same criterion was also found ai
higher Ra values.

The variation of the velocity vector field following
a sudden temperature rise is shown in Fig. 11 for the
case of Ra = 100. At small times (r = 0.5, 1.0) the
convective motion is sensible only in the neigh-
bourhood of the rod near 0 = 90" while the fluid at
the top and bottom of the rod is almost stagnant. As
time reaches ¢ = 2.0, the velocity increases at the sides
of the rod as well as at the top and bottom signalling
the beginning of an effective convective motion. This
time coincides with the time of overshoot of Nu as
can been seen in Fig. 6. At 1 = 4.0, the fluid velocity
at the top increases considerably and the fluid motion
in the entire field becomes more developed.

The distribution of the radial and angular velocity
components at 0 = 90" are shown in Figs. 12(a) and
(b), respectively, for the case of Ru = 100 at various
times following a sudden temperature increase. Figure
12(a) shows negative values of », which means that
the flow is directed towards the rod, however the non-
zero value of v, as shown in Fig. 12(b) suggests that
the flow is not exactly in the radial direction even at
a large distance from the rod. Figurc 12(b) also shows
that an overshoot of v, occurs at 1 = 6. Moreover, the
velocity distribution at the immediate neighbourhood
of the rod reaches its final steady condition much
faster than the region far away from it. The same
phenomenon occurred at higher values of Ra,
however, the overshoot of ¢, occurred earlier. The
radial velocity distribution along the centre of the
plume (A = 0) following a sudden temperature
increase is shown in Fig. 13 for the same case. The
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FiG. 10(a). The variation of the local Nusselt number distribution for the first mode of heating—case of
Ra = 300.
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F1G. 10(b). The variation of the vorticity distribution on the rod surface for the first mode of heating—

t=6 ond 8
t=0.5
t=1.0

1 1 1

t=2
=3
t=4

1 I 1

20

1
40 60 80 100
]

case of Ra = 300.

120 140 160

180

(a)

(b) L

(c)

FiG. 11. The velocity vector field for the case of Ra = 100 and the first mode of heating: (a) t = 0.5;
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(B 1=10; ()t =20; (d) = 4.0.
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Ve

(b) "

FiG. 12. Time variation of the radial and angular velocity components with r at 8 = 90” for the case of
Ra = 100 and the first mode of heating: (a) radial velocity ; (b) angular velocity.

maximum radial velocity adjacent to the rod surface
occurred at ¢ = 6 which is approximately the same
time at which v, was maximum at 6 = 90°. It seems
that the overshoot in the upward velocity occurs in
the entire field at the same time which is different from
that at which the heat transfer overshoot takes place.

The temperature variation at the centre of the
plume is shown in Fig. 14 at different times. The figure
shows that the thickness of the thermal layer is small
at small times and increases significantly as ¢ increases.

7F 4
6 ]
S r t=6 -
t=8
t=10
> 4r telz
t=4
3t J
2r o
t=2
- -
t=1 J
° . . . : N
1 2 3 4 5 6 7 a8

Fi1G. 13. Time development of the radial velocity distribution
at § =0 for the case of Ra =100 and the first mode of
heating.

An overshoot in the temperature gradient at the sur-
face is clearly shown. Figures 15 and 16 show the
time development of streamline and isotherm patterns
following a sudden temperature rise for the cases of
Ra =100 and 500. Since the velocity and thermal
fields are symmetric about 8 = 0, only one half of the
field is shown. At small times, the isotherms are almost
congcentric circles around the rod, confirming that the
initial phase of heat transfers is solely by conduction
with no convection effects. This is also clearly shown
in Fig. 6 where the value of Nu at small time is inde-
pendent of Ra as in the case of a transient conduction
regime. As time increases, the isotherms move upward
at the top of the rod (region of the plume) while
continue adhering to it at the bottom. The streamline
patterns plotted in the same figures show that at small

1.0 ey
0.8
//‘**t=4
S
Ve ~t=6
osf Y e
- e
t=10
04t
t=0.5
t=1
02t —t=2
o) L 1 L B S
i 2 3 4 5 6 7 8

FiG. 14. The temperature distribution at ¢ = 0 at different
times following a sudden temperature rise—case of
Ra = 100.
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(a) (b)

{c) (d)

FiG. 15. The time development of the streamline and isotherm patterns for the case of Ra = 100 and

sudden temperature rise: (a) t=0.5; (b) 1=1.0; (c) 1 =2.0; (d) 1 =4.0; () t=6.0; () t=8.0; (g

t = 10.0. Streamlines plotted are y = 0.05, 0.1, 0.2,0.3,0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0
and the isotherms plotted are ¢ = 0.1, 0.2, ..., 0.9.
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(a)

(b)

{c)

Fig. 16. The time development of the streamline and isotherm patterns for the case of Ra = 500 and sudden

{d)

temperature rise: (2) 1=05; (M) 1=1.0; ) t=15; (@) 1=20; () t =3.0; ({) 1 =4.0; (g 1 =60,

Streamlines plotied are ¥ = 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and the

isotherms plotted are the same as in Fig. 15.



Figs. 16(e)-(g).
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times the upward motion of the fluid layer near the
rod surface tends to the formation of a circulating
flow region on each side of the rod. The size of these
regions grows with time until eventually reaching the
steady pattern at which the fluid approaches the rod
surface only from below.

CONCLUSION

The problem of transient buoyancy driven flow near
a horizontal rod is studied for the case of two-dimen-
sional Jaminar flow in the range of Rayleigh number
of 10 < Ra < 1000. Three essential modes of heating
are considered. In the first one the rod surface tem-
perature increases suddenly while the temperature
increase in the second and third modes is gradual
according to a certain specified form. The method of
solution was verified by comparing the final steady
values of the average Nusselt number as well as the
local Nusselt number distribution with the available
theoretical and experimental data. The agreement is
found to be satisfactory. The variations of the local
and average heat transfer coefficients for various heat-
ing modes are presented. The variation of the velocity
distribution at various sections with time are also
presented together with the streamlines and isotherms
during the transient phase. The method used is not
only suitable to provide solutions for the modes of
heating considered in this work but can be applied
also to any other mode of heating or cooling. Higher
values of Ra are not considered here because of the
excessive increase in computer time.
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TRANSFERT THERMIQUE EN CONVECTION NATURELLE YARIABLE AUTOUR
D’UNE TIGE HORIZONTALE

Résumé—On étudie le transfert thermique en convection naturelle variable au voisinage d'un cylindre
horizontal. La tige qui est placée dans un fluide de Boussinesq au repos et illimité est chauffée soit
brusquement soit graduellement jusqu’a une température de surface constante. L'étude est basée sur la
résolution des équations bidimensionnelles des bilans de masse. de quantité de mouvement et d'énergie
dans le domaine de nombre de Rayleigh 10 < Ra < 1000 en gardant constant le nombre de Prandtl a
Pr=10,7. Des résultats sont présentés pour les nombres de Nusselt variables locaux ou globaux, avec
quelques détails sur les champs variables de température et de vitesse. De fagon a valider la méthode de
résolution employée, les valeurs stationnaires des nombres de Nusselt sont calculées et comparées avec des
résultats expérimentaux et théoriques connus. Cette comparaison montre un accord satisfaisant.

WARMEUBERGANG BE] INSTATIONARER AUFTRIEBSSTROMUNG UM EINEN
HORIZONTALEN ZYLINDER

Zusammenfassung—Der Wirmeiibergang bei instationdrer Aufiriebsstrémung um einen horizontalen Kreis-
zylinder wird untersucht. Der Zylinder, der sich in einem unendlichen, ruhenden Boussinesq-Fluid befindet,
wird entweder plotzlich oder langsam auf eine konstante Oberflichentemperatur aufgeheizt. Die Unter-
suchung wird mit Hilfe der Losung der instationidren, zweidimensionalen Bilanzgleichungen fiir Masse,
Energie und Impuls durchgefiihrt. Die Rayleigh-Zahl betrug dabei zwischen 10 und 1000, die Prandtl-Zahi
war konstant Pr = 0,7. Die 6rtliche und die mittlere instationfire Nusselt-Zah! wird als Funktion der Zeit
dargestellt, daneben auch Einzelheiten des Temperatur- und Geschwindigkeits-Feldes. Um die Methode
zu iiberpriifen, wurden auch die stationdren Werte der Ortlichen und mittleren Nusselt-Zahl berechnet
und mit bekannten experimentellen und theoretischen FErgebnissen verglichen, Die Ubereinstimmung ist
zufriedenstellend.

TEIUIOOBMEH TTPH HECTAUHOHAPHOM ECTECTBEHHO-KOHBEKTHBHOM
TEYEHHWH BO3JE MOPHM3OHTAJIBHOTO CTEPXHA

Annoraimg—CTepKeHb, NMOMEILEHHBIA B HEMOABHXHYIO HEOTPAHMYCHHYIO XHOKOCTh, BHE3ANHO WM
NOCTENEHHO HAIPEBANCA IO MOCTOAHHON TeMIepaTyphl NOBEPXHOCTH. Peluanvch HECTAUMOHAPHBIE ABY-
MepHbIe ypaBHEHHsI COXPAHEHHS MACCH, KONHYECTBA JABHKCHHR U SHEPTHH B NpHUOTkeHun BycCHHeCKa B
auanalsone wucen Panes 10 < Ra < 1000 npr nocrosunom uncae [Ipaugras Pr = 0,7. [peacrasnenss
pE3YALTATH! [UIR HECTAUMOHAPHBIX AOKANBLHBIX W CpeaHEX uyucen Hyccensra, a Takke HEKOTOpbie
DAHHBIE 7S HECTALMOHADHLIX nojedl TeMneparyps! M ckopocTd. Jins NOATBEPKACHHA NPABRABHOCTH
BbI6Opa MCHONBL3YEMOTO METOUA PEIICHHS OBLTM DPACCYMTaHBI CTAUMOHADHBLIC 3HAYEHHN CPEIHMX H
noxaneHbix ucen HyccenbTa, KOTOPBIE XOPOIIO COTNIACYIOTCA C H3IBECTHBIMHK IKCTIEPHMEHTA/IbHBIME H
TEOPETHYECKHMH JaHHBIMH.



