PERGAMON

International Journal of Heat and Mass Transfer 44 (2001) 2511-2521

International Journal of

l'IEAT and MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Experimental investigation of natural convective heat transfer
from a round plate of complex configuration

V.V. Vlassov **, G.A. Dreitser °

# Division of Space Mechanics and Control, National Institute for Space Researches (INPE), 12227-010 S.J. Campos, SP, Brazil
° Department of Aviation-Space Thermal Techniques, Moscow State Aviation Institute (MAI), 125871 Moscow, Russian Federation

Received 26 July 2000

Abstract

Experimental results of free convective heat transfer on a round plate with additional elements on the surface at
ambient air temperatures are presented. The tests were performed at horizontal and vertical positions of the plate. The
influence of an annular non-heated barrier and partial upper insulation was studied. Experimental data were obtained
at steady-state and transient modes over the Rayleigh number range from 1 x 107 to 2 x 10%. Validity of the quasi-
steady-state postulation for transient heat transfer was evaluated. Results were reduced to power-type relations
Nu = f(Ra) and compared with the known steady-state data for free convection over smooth surfaces. © 2001 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Problems of heat transfer under free convection are
being permanently studied widely over the world due to
their application importance in the area of cooling of
electronics. Most of these investigations were performed
for flat surfaces completely involved in the heat transfer
[1,2]. Some particular cases of practical interest of heat
transfer by free convection at surfaces of complex con-
figuration (i.e. presence of convexities or cavities, non-
heated sections and lateral barriers) were studied
experimentally and numerically. Because of a large va-
riety of cases the generalization of data is complicated
by virtue of insufficient investigations, despite great
practical interest. Each case should be studied separately
to be compared with respect to applicability of relations
obtained for classic flat surfaces.

Many studies have been devoted to discover the
natural convection phenomena of surface partial heat-
ing. Investigations of a vertical surface with a partially
heated bottom section [3-6] show that the flow patterns
as well as heat transfer coefficients were practically the
same as for the case of flat plates for entire heating. The
same was seen for the condition of partial heating top
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section. On the other hand, experimental study of nat-
ural convection from a heat module, mounted on a
horizontal surface, indicates very different temperature
distributions [7]. If a heated surface looks upward,
partial heating facilitates the process of stabilizing of
convective cells. Therefore, as demonstrated in [8,9],
heat transfer to the whole area of a plate was higher than
for homogeneous heating under the same value of total
heat flux. In [8] it was obtained that under laminar
convection with the heated-to-cold strip width reduction
the heat transfer increases. Localization of a heater into
the central region of a plate also caused heat transfer to
increase. No investigations were carried out for ring-
type unheated zones on a circular plate.

In [10-13] natural convection heat transfer over a
horizontal plate bounded by vertical walls was consid-
ered. In [10], it was shown that under laminar flow at
Ra =10 to 107 the vertical barriers increased heat
transfer from 50% to 7%, respectively. In [11-13], it was
shown that in the region of progressed turbulent flow the
altering of the lateral barrier height had weak influence
on intensity of heat transfer on a horizontal surface. At
the same time the comparison of the data obtained in
[11] with those for a plate without barriers showed that
these barriers cannot only increase but also decrease
heat transfer under Gr, = 10* = 107 at different bound-
ary conditions (g, = const or T, = const).
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Nomenclature

A area

a thermal diffusivity

b coefficient of approximation
Bi Biot number, aL//y

C specific heat

D diameter
G Gebhart factor
Gr Grashof number, (gB,(Ty — Too)D?)/v2

g gravity acceleration

L length

Nu Nusselt number, oD/ 4,

Pr Prandtl number, v,,/a,,

(0] heat flux

q heat flux density

r contact thermal resistance

Ra  Rayleigh number (gB,,(To — Too)D?)/ (Vim@im)
T temperature

t time

Zh Zhukovsky number, tv/L?

Greek symbols
o heat transfer coefficient

B eigenvalue

0 thickness or variation

€ emissivity

n correction factor

10) coefficient

A thermal conductivity

v kinematic viscosity

o density

a Stefan—Boltzmann constant
Subscripts

cr critical

D diameter

IR infrared

L length

m average or numeric index
] bottom insulation

ss steady state

u upper insulation

w wall of the base plate

00 ambient

Horizontal ribs of poor conduction can even be used
for suppressing free convection from a flat vertical plate
[14]. The ratio is higher for top barriers than for bottom
ones [15,16]. At the top region of the plate in the vicinity
of the barrier in the conditions of laminar flow convec-
tive heat transfer reduces considerably by 40-80% [15].
If the flow is turbulent, then the reduction is not more
than 13%.

Local heat transfer coefficients were measured on six
circular thin polished brass sheets of the diameter within
100 to 500 mm [17]. Edge effects were investigated. The
interaction of free convection and radiation was studied
for a single fin [18] and in a partitioned enclosure [19].

The present work is devoted to the experimental in-
vestigation of convective heat transfer under free con-
vection in air on a heated high-conductivity thick round
plate with two round openings. The surface is treated as
black therefore the radiative heat transfer is also taken
into account. This investigation has been extracted from
a practical problem on defining thermal requirements
for ground electrical tests and verifications of a Brazilian
Space experiment named CIMEX to be flown as a
payload of the Gas Away Special Program onboard
Space Shuttle. The plate simulates a radiator plate of the
optical block detector assembling used for heat removal
from an internal mechanical cryocooler and a box of
electronics. The experiment operates in periodic mode
(switch-on—switch-off), therefore the investigations of
steady-state and unsteady variations of heat transfer

coefficient is very important for determining the thermal
limits of ground test operation and standby periods.

2. Test setup

A radiator simulator is a round plate made of an
aluminum alloy (Cyp,, = 2.33 x 10° J/°C/m?®) of 9.0 &
0.05 mm thickness and 384 + 0.3 mm dia. Two round
openings 103.8 mm in dia. are placed, as shown in Fig. 1.
Cylindrical pieces of insulation of 36 mm height are in-
serted in these openings for physical simulation of the
baffles of the optical detectors. The radiator surface has
been treated by deep black anodizing with emissivity of
&y = 0.915 £ 0.0022 measured by the reflectivity method
in the infrared band. The radiator surface is partly cov-
ered by an upper foam plastic insulated ring to simulate a
vacuum multi-layer insulation. The radiator surface
opening that is not covered by an upper insulation is
293 + 0.5 mm in dia. The thickness of the upper insula-
tion is 9.5 £ 0.3 mm, measured emissivity —0.685 + 0.009
and density —12.0 + 0.1 kg/m?®. Diameter of the experi-
mental package assembling is 504 + 1 mm.

Six skin electrical heaters are glued on the inner
surface of the plate. The maximum total heating power
is limited to 24 W and distributed in such a way to
provide uniform heat flux density to each heater. The
generated heat is rejected from the upper surface of the
plate by natural convection and radiation.
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Fig. 1. Experimental set-up and lay-out of heaters and thermocouples.

The thermocouples of T-type (Cu-constantan) are
distributed over the inner surface of the base plate. Four
of them are located between the base plate and heaters,
whereas the other nine are placed in the vicinity of the
heaters. Thermocouple junctions 1.0 mm in dia. are put
into small cavities to reach good thermal contact.
Thermocouple wires are in thermal contact with the
plate through electrical insulation.

Rear surface of the plate is covered with a foam
plastic of the same type and of 39 &+ 0.4 mm thickness.
The thermocouples were also installed over the outer
surfaces of insulation to estimate heat losses.

The following values were being scanned at 30 s in-
tervals: voltage on heaters, temperatures at 13 points of
the inner base-plate surface, temperatures at the outer
insulation surfaces, ambient air temperature.

3. Experimental data reduction for a steady state

Heat flux removal from the outer surface of the plate
by natural convection is determined from the energy
balance. Radiation heat transfer and heat losses to in-
sulation are considered. Lateral heat losses are assumed
as being insignificant. The heat transfer coefficient at
steady state can be expressed through the following
equation:

w 75717 u
o = v = 0ar — g = (L= ¢)q )

(Ty — T)e 7

where ¢, is the heating power density and ¢ = 1—
Ay/Ay.

The parameter ¢ was introduced to distinguish two
experimental configurations: case A — presence of

the upper insulation ring and case B — absence of it
(p=1).

Heat losses through the bottom insulation g, and
upper insulation ring ¢, are defined as

s As
s — ¢ Tw - Ts* ) u— <
q 55( ) q Sy

(T w T, u* )7 (2)
where Ty and T, are the measured temperatures on the
outer insulation surfaces.

Heat flux by radiation

qirR = swtm(Tvﬁ — T:Q). (3)

Coefficient 7 is a correction factor for effective area of
heat transfer due to radiative interaction with conju-
gated parts of insulation and surrounding walls of the
hall of experimental site. Its value has been obtained
from the solution of an appropriate sub-problem of net
radiative heat transfer in a closed enclosure composed of
the three generalized surfaces — the radiator plate itself,
the insulation inserts with upper ring, and the hall walls.
Angle factors have been calculated by the Monte-Carlo
methods with a precision of 0.002% whereas the n co-
efficient expressed via Gebhart factor as 5 =1 — Gyy
was found using the Gebhart technique [20]. With the
emissivities & = 0.685 +0.009, &, =0.910+0.09 and
taking into account uncertainties in the calculation of
angle factors and areas of surrounded walls, the ob-
tained values are the following: 1 = 0.9872 £ 0.00065
(case A) and 5 = 0.9914 + 0.00065 (case B).

The average temperature of the plate inner surface is
defined as a simple mean of measured values at 13
points. The average temperature of the outer surface of
the base plate Ty, is very close to the inner one and the
maximal difference is not higher than 0.002°C. The



2514 V.V. Viassov, G.A. Dreitser | International Journal of Heat and Mass Transfer 44 (2001) 2511-2521

Nusselt, Grashof, Rayleigh, and Prandtl numbers are
determined at average temperatures 7,, = 0.5(7,, + T»)
and taking the diameter of open surface of the base
plate, that differs for the cases A and B, as a reference.

4. Data reduction technique for transient tests

Due to poor heat transfer and high thermal inertia of
the plate, heat loss to the insulation has to be treated
carefully. Due to the high conductivity of the plate, the
thermal gradient in it can be neglected. Fig. 2 shows a
1D assumption of the experiment conditions. A com-
posite model consists of a lumped model of the base
plate and one-dimensional distributed models for each
insulation plate. The set of the energy equations can be
written for three media — the plate itself (subscript w)
and two insulating plates, bottom (s) and upper (u) ones:

dr,
CoOy Py —r TR (t) — ap(Ty, — To) — enoop(Ty — T)
0T, oT,
- s_S 1 - )“u )
. Ox e, +( ¢) Ox v—s
o, 0 0T
P ax{ &} “)
or, 0 oT,
Gﬂa*aba}
Conjugate and boundary conditions:
oT,
=0:4 Ts — T
x=0:4 o i ),
x=x:1;, =T,
T — (5)
x=x:1T, =T,
oT,
X =2x3: —)»L,@— =o(Ty, — Tw) + qu(Tf — T;).
X

It is accepted that all transient tests consist of two
phases, first — heating at constant heat dissipation and
second - cooling by natural convection with heaters
switched off at time #. Under such conditions, the heat
flux can be defined through a step-function,

qu(t) = [1 = Ut = 1)]Q/ Ay

Fig. 2. Idealization of the experiment conditions.

The first equation of set (4) could be solved sep-
arately if spatial derivatives are known. These deriva-
tives can be extracted from the transient temperature
profiles over the insulation plates. To achieve the
decomposition of the equation set (4), the measured
temperatures on the outer surfaces of the each insulation
are utilized. Polynomial approximation of » = 3th up to
7th power is used to smooth experimental data con-
tained from 400 to 700 records: 7;(r) = pol, [7}(¢)].

A modification of boundary conditions can be ac-
complished under the assumption that the ambient
temperature is constant throughout two phases of each
test that is very close to reality. Thus, under this as-
sumption, the boundary and conjugate conditions be-
come the following:

x=0:AT, =T

. (6)

The last two equations of set (4) should be rewritten in
new variables AT; instead of T,.

Thus, initial conditions under such modifications are
homogeneous, if each test begins with all the tempera-
tures equal to ambient. The exact analytical solution for
this kind of problem under conditions (6) is available in
literature [25,26]. The solution is obtained by using
Green’s functions and afterwards modified by integra-
tion two times by parts to avoid divergence on bound-
aries.

A closed-form relation for the bottom insulation
transient profiles is expressed in terms of primal vari-
ables

nn =(1-5 )70+ 57

Al -ne >—aw
D" [(7(0) = 7)) = aBdn( )|},
™

Q«zlk
in[\)
Q_Pﬁ
E.

S SS

S

w2

where eigenvalues f3,, = mn/ds.

As assumed the tests will consist of two phases in-
itiating from uniform ambient temperatures. The first
phase is heating with power switched on and second one
is cooling at power switched off. The integral function is
defined as follows:

1(T) = /t [f(f -nU(t—1)) — TOC(O)} e =0 dr
= /ll [T(r) - Tw(O)] R A
0
+ / '[T(f— 1) = Tu(0)] & 09 de. (8)
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Here the unit step function U(-) reflects the fact that the
polynomial smoothing is executed separately for each
phase of test, initiating from 0-local time at the phase of
cooling, as at heating.

The definite integral of the product of exponent and
polynomial for any time interval from ¢, to ¢z can be
obtained in closed analytical form

ip _ g n
/ AT () R AC I . / Z byt easbn=1) q;
4 t4 k=0

n—

bt + Zbgtj et —ta) 9)
k=0

=
Il

0

where b} and b/ are recursive coefficients, expressed in a
reverse order through the primal approximation coef-
ficients b;:

nb, k
b :—"; / :—b—b,§ k:n_17~'~71
n—1 asﬁ,z,, k—1 asﬁ,z,,( k k)
" " k 1
bn = Dy; bk*l :bkfl 7@171(7 k:n7...,1.

(10)

Unknown derivatives in set (4) are obtained directly by
differentiation of (7). A final expression for heat flux
from the base plate to bottom insulation is compact

L OT(x, 1)
q5(1) = 2s—5 —

x=x|

S [(70) - 1) ~ a7

- [(fw(’) - Tw(0)> - asﬁil(fw)] boooan

A similar procedure for the top insulation can be per-
formed to define heat flux ¢,(t) into the top insulation
ring using local coordinates (x'), as shown in Fig. 2. The
resulting equation is similar to (11) with the differences:
Te — Ty, s — 6y and B, — B, = mn/d,. The transient
value of «(7) is obtained from the first equation of set (4)
and finally is expressed analytically as

(1) = {gu(t) = Cudup, (4T, /dv) = geno (7 — T
—0)- (=900} /{oT - T} (12)

The transient Nusselt number is calculated using this
value of heat transfer coefficient and diameter of open
area of the base plate.

5. Estimation of an experimental uncertainty

The temperature fields through the thickness as
well as along the surface of the plate are assumed to

be homogeneous due to high conductivity and rela-
tively low thickness of the plate, and also because of
low intensity of heat flux. The maximal value of the
Biot number is estimated as Bi = 0z0y/Ay = 0.0093
that is less than 0.1, therefore the condition criterion
of constant temperature 7, = const through the
surface is achieved. It allows to determine merely
the average value of the heat transfer coefficient by
measurement.

At vertical positioning of the plate the heat transfer
coefficient is not homogeneous, but this inhomogeneity
will not change the condition of constant temperature;
this was confirmed by appropriate evaluations [1,29]. By
these data the conjugate parameters are defined as
Py = Ay/2o =4400 and P, = A0y /Dy = 114. For
these values, the wall-air heat interaction is very similar
to that for a surface with the condition of T}, = const.

The estimation of the experimental uncertainty is
related to the level of confidence of 0.97. The error of
determination of the heat transfer coefficient under
steady-state conditions is defined as the sum of small
variations of each parameter, obtained from Eq. (1)

_Qwéséu - AW/L’S(I - QD)ATués — AT,

Oty = ‘ A AT 5.0, OAT
AOAT,  As(1 — @)OAT, 00w
AT @d; AT @d, AwAT

+0(T2 4+ T2) (T + Toy) - | — ney — &400),
(13)

where AT =Ty, — T,..

The error of measurement of temperatures J0AT; is
defined by the error of thermocouple itself, error of
calibration, error of data acquisition and possible devi-
ations related to the thermocouples installation, differ-
ences of individual characteristics, etc. These values have
probabilistic nature and they are estimated by standard
deviations obtained from measured data.

The uncertainty is strongly dependent on the tem-
perature difference A7. In accordance with Eq. (13)
the reliable data within £15% can be obtained for
steady-state experiments with a temperature difference
AT exceeding 3.9°C for the case A and 2.0°C for the
case B.

In transient tests, the term of enthalpy variation by
time in the first equation of set (4) yields a significant
contribution to experimental uncertainty. Measured
temperatures are smoothed by polynomial approxima-
tion, therefore the derivatives are available. The para-
metric plots of these derivatives versus AT under
elimination of time are shown in Fig. 3. These data have
been extracted from an experiment in horizontal pos-
ition.

A linear function can approximate the curves in Fig. 3
at maximum average square residual of 1.16 x 10-8°C?/
s?, thus in general case
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Fig. 3. Velocity of heating/cooling versus temperature differ-
ence.

or

— = by + b AT. 14
ootk (14)
Finally transient uncertainty can be estimated after
substitution of the Eq. (14) in (12) and subsequent dif-
ferentiation to obtain an expression in small variations

pr 5Wb0 225
wOnD0 s\
are M TS ATs

Z;Ls(l - QD)
AT

oo = (SOCSS —+ Cl'tl(ml)(SATS

ertz(ml)éATu. (15)

Here ert() is an error function of series truncation, ex-
pressed as

ert;(m;) = Z 7 (m) e ohnt;
m;ml (16)
: ,
erty(my) = Z x(m) e=bn,
m=mj
where y(m) =1+ (-1)".
The infinite sum in the error functions ert;() can be

evaluated by the following conservative substitution
with respect to the eigenvalues non-linearity:

Os Ou 2

ﬂm < ;sﬁm and ﬁin < ;uﬁ:n (17)
This substitution allows to obtain closed analytical ex-
pressions for an upper limit of truncation errors

ert, (m1) < (e—<asm2<m1—1)>/63> <e<asm2>/«>§ 2(my)
-1

+ Z(m1)> (e:(z""”‘z)/‘sf - 1> : (18)

where 7(m) is a conjugate function with respect to x(m),
defined as 7(m) =1— (=1)".

For erty(m;) the relation is similar to (18) with the
only difference: 0, instead of d,. For the experimental
condition presented the inequality ert,(m;) < ert;(m,)
holds elsewhere.

Evaluation at m; = 8 shows that the defined error-
function ert;(m;) has significant value for small times,
for example, for + =10 s ert,(8) = 4.43. But with the
time the value decreases drastically. For t=1 min
ert;(8) = 0.0166 whereas for =2 min ert;(8) =
7.75 x 1073, From experimental data, the maximal de-
veloped temperature difference at =2 min is
AT = 1.9°C, that is inside the range even of steady-state
uncertainty. Therefore, the truncation errors for m > 8§
can be neglected.

Uncertainties in the exact definition of the value
(Cywpy0yw) can be eliminated by introducing a correction
factor C; extracted from the following conjugate con-
ditions: at the instant of switch-off the value of heat
transfer coefficient cannot suffer any jump

d7,
(1) /4w — Cf(Cw5wa)d—
T
1 -0
d7,
=0- Cf(cwéwpw)E ) (19)
t+AL

where At is time correction to count a fast time processes
across the plate, Az =~ 0.4 s [26].

The total uncertainty is strongly dependent on the
phase of transient process, i.e. heating or cooling. When
heating, the derivative of enthalpy term is high, whereas
the temperature difference is still small, thus the ac-
cumulation of errors occurs. When cooling, high deriv-
ative value is compensated by large values of AT, thus
no uncertainty increase occurs. As seen from Fig. 3, the
parameter of approximation in Eq. (14) at heating phase
is by > 0 and on cooling by = 0.

Fig. 4 shows total uncertainties for transient exper-
iments for a heat load of 16 W for both cases of upper
insulation, based on test data. For cooling phase, the
values are practically equal to incertainties of steady
state. For heating phase, they depend on power dissi-
pated. In accordance with (15), experimental data can be
accepted as reliable within +15% when the developed
temperature difference A7 will be higher than the fol-
lowing limit values: Case A — 6.8°C, 8.6°C and 9.6°C;
Case B — 4.6°C, 6.2°C and 6.9°C for the power of 8, 16
and 24 W, respectively.

6. Experimental results of steady-state tests

Experiments were carried out over the heating power
range from 8 to 24 W; the base-plate temperature was
varied from ambient (20-23°C) to 56°C. This supports
the Rayleigh number from 1 x 107 up to 2 x 10%. Tests
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Fig. 4. Estimated uncertainties for a transient experiment at
16 W.

were performed for horizontal and vertical positions of
the base plate. For each position, the following config-
urations were investigated: with and without an upper
insulation ring (i.e. the mentioned cases A and B) as well
as with and without an annular barrier.

Fig. 5 shows the generalization of the steady-state
results obtained for the horizontal position of the
plate, for the cases A and B. Experimental points of
case A lie very close to the well-known law 0.14Ra(!/?
presented by Fishenden [21] for natural turbulent
convection at horizontal smooth surfaces, as well as
the law 0.15Ra''/?, confirmed in [17] for the thin

100.0 7 Steady-state, horisontal

1 Nu=0.0484-Ra*"

1 Nu=0.150-Ra'”

Z
i Cases:
€  Upperinsulation ring (A)
@  Annular barrier (A)
<> No upper insulation (B)
Nu = 0.0376 -Ra”"”
10-0 T T T T T ‘ 1

1.0E+7 1.0E+8 Ra

Fig. 5. Generalization of steady-state experimental data for
horizontal position.

(0.8 mm) circular brass sheets in the Ra range from
8 x 10° to 3 x 10'°,

The results detect a difference of 22% in the value of
heat transfer coefficient between cases A and B. It can be
interpreted that the upper insulation ring eliminates
some adverse edge effects and simultaneously acts as a
turbulizer intensifying convective heat transfer at the
perimeter region. On the other hand, the insulation in-
serts in the central region of the plate interfere devel-
opment of convective cells, therefore the heat transfer
coefficient for the case B is lower than that for smooth
horizontal surfaces.

A regression analysis shows that power law for the
complex surfaces of presented configuration for turbu-
lent flow is (2/5) rather than (1/3). It can be due to the
influence of the insulation inserts at the central region of
the base plate.

The best relations obtained for horizontal steady-
state experiments are

Nup = 0.0484Ra>”®  (case A),

Nup = 0.0376Ra’”®  (case B). 20)
Fig. 6 shows the generalization of steady-state results
obtained for vertical position of the base plate for all
cases of configurations. All results lie between the gen-
eralizations for a vertical plate at laminar flow, proposed
by Churchill and Chu [22], Nu = 0.68 4 0.514Ra'!/¥, for
air in a wide Ra range from 8 x 107 to Ra., = 4 x 108
and that presented by Avduevsky and others [23],
0.80Ra!"/¥ for Ra < 10°. A deviation from the power law
(1/4) has been observed in favor of a law of (2/13).

Contrary to the horizontal position, at vertical
position no significant distinction between cases A and B
was detected.

100.0 Steady-state, vertical

1 Nu=0.80 .Ra”‘l/_,,—*”/

1 N e

. % Nu=345.Ra¥"
T\Nu=0.68+0514.Ra'"*
Cases:
| €  Upperinsulation ring (A)
@  Annular barrier (A)
<> No upper insulation (B)
10.0 ;

1.0E+7 1.0E+8 Ra

Fig. 6. Generalization of steady-state experiment data for
vertical position.
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The best expression obtained for vertical position in
the range 1 x 107 to 2 x 108 is

Nup = 3.45Ra?". (21)

A comparison of the results for these two positions
displays the following. For small Ra from 1 x 107 to
3 x 107, heat transfer from vertical surface is higher than
for horizontal. For Ra from 3 x 107 to 1 x 10% the Nu
values are close to each other. For higher Ra the ten-
dency looks like compliance to [24], where it was stated
that heat transfer from horizontal surfaces is higher.

Experiments with a lateral annular barrier demon-
strate no significant influence of such barrier on the heat
transfer coefficient for both positions.

7. Experimental results of transient tests

Physically, the establishment of natural convection
begins with the phase of pure heat conduction, when —
transient phase, where the influence of edges and
configuration peculiarities is significant and finally,
steady-state convective cells are developed. The duration
of each phase can be estimated by using the Zhukovsky
criterion [1], Zh = tv/L%.

In [27] transient effects were estimated. Experimental
data were obtained for free convection of air under
heating and cooling of a flat surface. The influence of
unsteadiness is determined by the following dimension-
less criterion

a TW - Toc LT;n -
Kri :%,/ 7 (T = T) ", (22)

The application of this criterion to the conditions of
present experiment at L = D shows that the maximum
value of this criterion about Ky ~ 0.1 is reached at
initiation of heating when the developed temperature
difference is about 0.5°C. Throughout the entire cooling
phase this criterion is small, K71 < —0.001. According to
[27,28] and by means of this criterion, the influence of
unsteady does not exceed 1% and can be neglected at
AT > 0.5°C during heating phase and throughout whole
cooling phase.

The purpose of the transient stage of this study is to
refine the limits where the quasi-steady-state values of
heat transfer coefficient can be used for the present
conditions.

Each transient test consists of two phases: plate
heating with the heaters switched on and cooling by
natural convection with heaters switched off. Typical
measured temperature profiles are shown in Fig. 7. As
shown in the methodical section, each experimental
curve is smoothed by a polynomial approximation. The
power of approximation n is selected for each curve
under the criterion when the average square residual is

60.0 —
T.C
| /TW
50.0 - -
=
% _
400 4. Q.
20—
30.0 - 10 4
0 1
20.0 ‘ T ‘ T ‘ ‘

0 10000 20000 ts

Fig. 7. Test profile. Case A (upper insulation ring), horizontal
position, 24 W.

less than 0.0053(°C?) for the plate and bottom insula-
tion temperatures and less than 0.056 — for upper in-
sulation.

Fig. 8 displays the generalization of the results ob-
tained for the horizontal position of the base plate for
the case B (without upper insulation ring). Curves were
cut at low Ra numbers to fit an uncertainty +15%, as
defined in previous section. Results show that at the
beginning of heating the value of transient «(¢) lies be-
low the quasi-steady-state values. It is in compliance
with the general conception that heat transfer begins
with conductive and subsequent transition phase. It is

1000 ] 24 W, horizontal, case B
o}
z i
* 16500's
100 T T LI ‘ 1
1.0E+7 1.0E+8 Ra

Fig. 8. Results of test at horizontal position, case B, 24 W.
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also in qualitative compliance with the criterion Kr; but
with the difference that the influence of the initial tran-
sient is still significant up to higher values of the devel-
oped temperature difference that is about 12-14°C. In
the cooling phase, the deviation from the quasi-steady-
state conception occurs at the end of the process, at a
temperature difference close to 2-3°C. The maximal
observed hysteresis related to the values of transient Nu
for heating and cooling in the range of reliable data is
63%. The maximum temperature difference AT between
the base plate and ambient is 22°C.

The influence of a lateral non-heated annular barrier
of 150 mm of height was studied for horizontal position
with an upper insulation ring. Obtained data presented
in Fig. 9 demonstrate no practical influence of such
barrier — the difference in Nu numbers does not exceed
6% that is similar to the steady-state case. It can be
explained that permanent vertical oriented convective
cells are formed above the plate and no lateral air supply
is needed for the natural convection. This result is sim-
ilar to that obtained for smooth rectangular surfaces,
presented in [11,12].

For the case A (upper insulation ring) the hysteresis
between magnitudes of Nu(¢) in heating and cooling
phases is presented too, such as for the case B, but the
value appears to be smaller. The maximum observed
hysteresis is 41%, but the range of reliable data for the
case A is narrower than for case B, as it is stated in
previous section.

Fig. 10 shows the generalization of the transient test
at vertical position for the case A at different heat dis-
sipation. The values of hysteresis are varied in the range
from 59% to 73%, the higher the lower the heat dissi-
pation.

100.0 —

24 W, horizontal, case A \5@, R .
5B
h g Sw.-off on
| = 12840
@ Sw.-offon
11460 s.
)
=z
b Configuration:
17820 s 840s —@— With annular barrier
* Point marks are —l— Without annular barrier
at 180 sec. interval
20.00

1.0E+7 1.0E+8 Ra

Fig. 9. Test data for different configurations.
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Fig. 10. Results of test in vertical position at different heat
dissipations, case A.

Tests with a lateral non-heated annular barrier at
vertical position show that such barrier does not affect
the heat transfer, similar to the case of horizontal
position. It can be explained that this barrier has a
larger diameter (504 mm) than the base plate surface
(384 or 293 mm). This distance seems sufficient to
smooth perturbations of overall laminar flow in up-
ward direction.

8. Conclusion

The investigations conducted for the plate of com-
plex configuration showed that the intensity of natural
convective heat transfer and radiation at steady state can
be evaluated by the relations obtained for classic smooth
surfaces of simple configuration (round or quadrate)
within the range of 26%. For more precise estimation the
following peculiarities should be taken into account.
Some obstacles like insulation inserts in the central re-
gion of a round plate in horizontal plate position can
interfere development of vertical vortices and provoke a
slight modification in the power law for turbulent flow
from (1/3) to (2/5).

An upper insulation ring in the perimeter region of
the round plate eliminates some adverse edge effects and
simultaneously acts as a turbulizer intensifying convec-
tive heat transfer. Observed difference between the cases
of with and without upper insulation is of 22% for
horizontal position.

At vertical position, an upper insulation ring does
not yield such influence like for horizontal case due to
different mechanism of convective heat transfer. The
insulation inserts in the central region of the plate in
vertical position modify the power law for laminar flow
from (1/4) to (2/13).
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Comparison of convective heat transfer coefficients
for two horizontal and vertical positions demonstrates
that for the condition of the present experiment its ratio
depends on the Ra number. For small Ra (1 x 107 to
3 x 107), heat transfer is more intensive for vertical
position of the plate; for Ra (3 x 107 to 1 x 10%) the Nu
values are close to each other and for higher Ra the
tendency looks like this coefficient is higher for the
horizontal position.

An annular barrier that bounded the base plate
around perimeter with some distance has no influence on
heat transfer at any position of the plate for steady-state
tests as well as for transient.

Through transient tests a distinguished reduction in
heat transfer compared to quasi-steady-state values was
observed at the beginning of heating phase and at the
end of cooling phase. At the beginning of heating phase,
when the developed temperature difference AT between
the base plate and ambient is of 27-36% of maximal
steady state difference for certain level of power dissi-
pated, the reduction in convective heat transfer is of 31—
75%. When the temperature difference becomes about
65% of maximal, the quasi-steady-state conception ap-
pears to be valid.

Cooling phase appears to be more compliant with
quasi-steady-state conception for most tests. The devi-
ation from steady-state values occurs at the end of the
cooling phase when the developed temperature differ-
ence between the base plate and ambient is of 14-36% of
maximal steady state difference, depending on maximal
power dissipated.

A clear hysteresis between heating and cooling
phases was detected for most transient tests. The hys-
teresis ratio between values of the Nu number for the
heating and cooling phases at the same values of the Ra
number were varied in the range from 59% to 73%, the
higher the lower the heat dissipation. High ratio of the
hysteresis was observed for the case B in horizontal
position, lower ratio for the case A in both horizontal
and vertical positions and the hysteresis almost disap-
peared for the case B at vertical position.
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