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Recently, analysis of experimental data of heat transfer from submillimeter heaters at different levels of
gravitational acceleration revealed a peculiar behavior of the natural convection Nusselt number (Kostog-
lou et al. (2011) [4]). In particular, it was found that no natural convection heat transfer appears for Ray-
leigh numbers smaller than a threshold value in external geometry which contradicts the common belief
that this is possible only in internal (confined) geometry. This issue is studied further herein. Additional
experiments are performed with higher resolution in the parameters’ range and also with other liquids of
varying thermophysical properties to clarify the situation. The analysis of the present data confirms the
findings of the previous work and leads to a more detailed picture for the relation between Nusselt num-
ber and Rayleigh number. The relation found is against existing correlations and existing experimental
evidence in literature (acquired at terrestrial conditions). Numerical simulations of natural convection
in the employed external geometry are performed in order to explain the discrepancy between the
behavior of the present measurements and existing correlations. It seems that the effect of varying grav-
itational acceleration is rather complex and cannot be accounted simply by a change in the Rayleigh
number.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Natural convection is a very important mechanism for heat
transfer from geological scale to micron size systems used in engi-
neering. A large part of the huge literature on the subject refers to
large Rayleigh (Ra) number applications typical for the size scale of
mechanical engineering machinery. Much of the above work is on
special techniques for the treatment of the corresponding mathe-
matical problem amenable to approximate solutions even before
the explosion of the computer power in last decades [1]. The
remaining part of literature refers mainly to chemical engineering
equipment (packed beds) and electronic engineering equipment
(cooling of electronic components) and is also very extensive on
both experimental and theoretical efforts [2,3].

Small Ra numbers are met in systems having small characteris-
tic sizes or/and small temperature differences. Another domain
where small Ra numbers are met is microgravity (space) research
since Ra scales linearly with the value of gravitational acceleration.
For internal (confined or closed domain) geometries it is well
known that a critical Ra number (below which no natural convec-
tion is observed) may exist depending on the specific geometry.
However, serious deviations have been reported even for such
geometries. For instance, the present authors working with water
and glycerine suggested the existence of a critical Rayleigh number
which is not compatible with the theory for the employed external
(unconfined or open domain) geometry [4].

Over the last years, we have been investigating thermal degas-
sing of liquids [5–8] using miniature (submillimeter) heaters. In an
effort to decouple bubble growth from buoyancy effects we did
several experiments in the low gravity environment of parabolic
flights during the 25th, 26th, 35th and 38th European Space
Agency (ESA) Parabolic Flight Campaigns (PFC). However, results
from those experiments displayed a significant deviation from the-
oretical predictions indicating a possible contribution from resid-
ual natural convection probably due to the poor low-g conditions
in parabolic flights [9,10].

In an attempt [4] to test this hypothesis, heat transfer experi-
ments were conducted during the 49th ESA PFC in degassed water
and glycerol aiming to investigate the effect of the different gravity
levels (�0, 1, �1.6 g) attained during parabolas on the develop-
ment of a thermal boundary layer around miniature spheroidal
heaters in a quasi-infinite (open domain) geometry. An interesting
result was obtained: a threshold Rayleigh number for natural con-
vection was found below which no contribution to heat transfer
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Fig. 1. Schematic representation of the experimental system: (a) Electrical circuit, (b) Heater geometry and (c) Sample cell geometry.
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could be measured. At first glance, this is contrary to predictions of
existing heat transfer theories and correlations for external (open
domain) geometries which predict a continuous, progressively
increasing, contribution of natural convection to heat transfer with
respect to gravity (starting from zero gravity). However, it must be
stressed that from a fluid mechanics point of view it was not pos-
sible to say if there was natural convection (motion of fluid)
around the heaters. What it was argued is that below a threshold
Ra there was no measurable effect on heat transfer. Yet, to avoid
confusion with the conventional knowledge for closed domains
we adopted the term threshold Ra instead of critical Ra. Interest-
ingly, we were unable to find in literature experimental evidence
for very small Ra in external geometries where gravity conditions
were adjustable.

In a further effort to discriminate between the effects of gravity
level and liquid properties on the existence of a threshold Ra, a new
series of experiments was conducted in the 50th ESA PFC [11].
First, a dense matrix of tests with water at different heating powers
was performed as a reference and also as a reproducibility check
with prior PFCs tests. Then, tests were performed with FC-72 (a li-
quid refrigerant) because of its much lower kinematic viscosity
than water which allows more profound appearance of natural
convection during different g-levels. Finally, tests were also con-
ducted with packed beds and dense suspensions of two size classes
of polystyrene particles in water in order to introduce different de-
grees of heterogeneity in the liquid phase and therefore examine in
another way the effect of liquid properties. These experiments con-
firmed that there is a threshold before natural convection appears,
with natural convection being more profound in FC-72 than water.
In addition, closely packed particles suppressed entirely natural
convection but in dense particle suspensions transient convection
currents prevailed.

This work elaborates on the analysis of the raw experimental
data of [11] in order to pursue further insight on the subject. The
present analysis is strictly limited to water and FC-72 data since
the situation is far more complex with packed beds and particle sus-
pensions which are left to examine at a next stage. The structure of
the present work is the following: First, experimental data are pre-
sented. Then an analysis of the experimental data is performed. In
doing this the focus is on the steady state temperature of the mini-
ature heater in the microgravity and hypergravity periods attained
during parabolas. From these temperatures an estimation of the
natural convection contribution on heat transfer is made. Finally,
several numerical simulations of the heat transfer problem for a
step change in the heater’s temperature are presented in an attempt
to interpret the experimental results (transient and steady state).
3 For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
2. Experimental results

The raw data of [11] for water and FC-72 are employed for the
present analysis. Fig. 1 displays the schematic representation of the
employed miniature spheroidal heater as well as the employed
electrical circuit for heating and the heaters position at the lower
end of the cylindrical sample cell containing the working fluid.
The heater consists of a heat source (orange3 in Fig. 1b) embedded
in a metallic body (blue in Fig. 1b) which is surrounded by a thin
(�10 lm) quartz layer.

The temperature and power of the heater can be calculated as
follows. If voltage drop is measured across a reference constant
resistance R1 and Rt is the internal ohmic resistance of heater, then
the current in the circuit is I = Vo/(Rt + R1) and VR at the edges of Rt

is:

VR ¼ Vo � IR1 ¼ Vo 1� R1

R1 þ Rt

� �
ð1Þ

Solution of the above equation for Rt provides the resistance value
of the heater. The heater temperature value, Tt, is computed by
inversion of the function Rt(Tt) which is taken from the calibration
of the heater’s resistance against known temperatures. In addition,
the delivered power of the heater, P, is a function of Rt(Tt):

P ¼ VRI ¼ V2
o 1� R1

R1 þ Rt

� �
1

R1 þ Rt

� �

¼ V2
o

R1
1� 1

1þ RtðTtÞ=R1

� �
1

1þ RtðTtÞ=R1

� �
ð2Þ

The power of the heater as a function of the heater temperature is
shown in Fig. 2 for several values of Vo employed in the experi-
ments. Data of the heater temperature, Tt, vs. heating time are dis-
played for water (Fig. 3a) and FC-72 (Fig. 3b) at different applied
voltages. Measurements start (0 s) during the low gravity phase
and extend in the succeeding hypergravity phase. A typical curve
of the onboard gravitation acceleration (courtesy of ESA) is also dis-
played in the figures. The experimental conditions for each experi-
ment are shown in Table 1. Two steady state temperatures are given
in the Table for each experiment. The 1st steady state temperature
corresponds to the value attained at the end of the microgravity
period whereas the 2nd steady state temperature corresponds to
the value attained at the end of the hypergravity period. These tem-
peratures are computed by averaging over a period of 2–5 s to re-
move the measurement noise. The missing values of the
hypergravity (2nd) steady state temperature in the Table are be-
cause in these experiments there was no observable temperature
variation (given the experimental noise) when going from micro-
gravity to hypergravity.

3. Discussion and interpretation of experimental results

Experimental results are analyzed qualitatively first and then
quantitatively. For both liquids the temperature of the heater



Fig. 2. Heater energy source strength P vs. heater temperature Tt.

Fig. 3. Heater temperature, Tt, evolution for several Vo values (a) water (b).
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increases fast at the beginning of the heat pulse and slower later
towards an asymptotic steady state value. When the temperature
almost reaches a 1st steady state, the gravitational acceleration
climbs rapidly to a hypergravity value and as a result the temper-
ature drops fast towards a 2nd steady state. At first glance, the 1st
steady state value corresponds to heat transfer from the heater to
the liquid by conduction and the 2nd steady state value to heat
transfer by natural convection. The difference between the two
steady state temperatures is clearly due to the onset of natural
convection. For water and low power heat pulses this difference
is essentially zero and increases disproportionally to the difference
between the initial temperature of the liquid, To, and the 1st steady
state temperature, T1ss, (Table 1). On the contrary, for FC-72 the dif-
ference between the two steady state temperatures (T1ss � T2ss) is
proportional to the difference (T1ss � To). Since these experimental
findings do no obey usual correlations for natural convection we
will not directly compare existing theories with experiments but
we will extract first from the experiments as much information
as possible.

At steady state the temperature of the heater fulfills the
condition

PðTtÞ ¼ QðTtÞ ð3Þ

where P is the power generated at the heater and Q the heat dissi-
pated from the heater to the liquid. It is noted that the above con-
dition corresponds to a pseudo-steady state since the liquid
temperature increases during heating. An integral heat balance tak-
ing into account the heat pulse strength, the duration of the exper-
iment and the volume of the liquid in the cell, reveals that the
average temperature increase in the cell is very low (much less than
0.1 �C) so the pseudo-steady state assumption is valid. The next step
is to estimate the heat dissipated from the heater. At first stage only
conduction is considered. The thermal conductivity km of the metal-
lic part of the heater is excessively higher than the thermal conduc-
tivity kq of the quartz and of the liquid so the temperature can be
assumed uniform in the inner body of the heater (Tt). The protective
quartz layer of thickness d is thin with respect to the curvature ra-
dius of the heater so it can be assumed planar. The heat flux through
this film is given as (A is the surface area of the heater and Ti its out-
er surface temperature).

Q1

A
¼ kq

d
ðTt � TiÞ ð4Þ

The dissipated heat from the outer surface of the heater can be
found by solving the steady state heat conduction equation. This
is an elliptic partial differential equation of Laplace type that can
be solved analytically in prolate spheroidal coordinates. The analyt-
ical solution leads to the following rate of heat transferred from the
heater to the liquid [12]

Q2 ¼
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � b2

p
kðTi � ToÞ

ln coth 1
4 ln aþb

a�b

� �� �� � ð5Þ

where a, b are the large and the small semi-axes of the heater and k
is the liquid conductivity.

Under steady state conditions it should be Q1 = Q2. This
equation can be solved for Ti which is replaced in Eq. (5) to give
the final expression for the conduction heat losses of the heater:



Table 1
Experimental conditions and measured steady state temperatures. To is the initial temperature of the liquid before heating.

Exp. # Vo (V) To (�C) Liquid Microgravity 1st steady state T1ss (�C) Hypergravity 2nd steady state T2ss (�C)

1 9.3 30.8 Water 39.5 –
2 11.3 31.2 Water 45.6 –
3 13 31.5 Water 53.5 52.1
4 15 31.6 Water 63.8 60.8
5 19.2 31.7 Water 87.4 82.3
6 14 31.7 Water 58.4 56.5
7 13.5 31.8 Water 55.6 54.1
8 12.5 31.8 Water 50.9 50.1
9 17 31.8 Water 75.5 70.7
10 1.4 30.5 FC-72 32.3 –
11 2.1 31.2 FC-72 35.5 34.3
12 2.6 31.4 FC-72 38.5 36.1
13 2.3 31.4 FC-72 36.6 35.1
14 2.9 31.4 FC-72 40.5 37.5
15 3.1 31.4 FC-72 42.4 38.6
16 3.3 31.4 FC-72 45 40.2
17 3.5 31.4 FC-72 47.3 41.4
18 3.7 31.5 FC-72 50.2 43.4

Fig. 4. Computed Ra number vs. temperature of heater for water using three values
of the characteristic temperature Tc for physical property computation i.e., To, Tf and
Tt.
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Q ¼
ln coth 1

4 ln aþb
a�b

� �� �� �
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � b2

p
k

þ d
Akq

 !�1

ðTt � ToÞ ð6Þ

where the surface area of the prolate spheroid is computed as:

A ¼ 2p b2 þ ab arccosðb=aÞ
sinðarccosðb=aÞÞ

� �
ð7Þ

The next step is to include natural convection in the above analysis.
According to literature, the total Nusselt number for heat transfer
from an object to the surrounding liquid in an external geometry
(open domain) is given as a linear combination of the conduction
and natural convection contribution [13]. In fact, in some cases a
generalized non-linear addition is proposed but the suggested
exponents are pretty close to unity leading to a practically linear ap-
proach [14,15]. So, Nu = Nucond + Nunatconv. A simple modification
leads to Nu/Nucond = 1 + H where H is the ratio of natural convection
to conduction contribution. Employing the above definition of H
and using equations (2), (3), and (6) the following non-linear alge-
braic equation arises which must be solved for an equilibrium value
of Tt if H is known or alternatively for H if an equilibrium Tt is
known.

V2
o

R1
1� 1

1þ Rt Ttð Þ=R1

� �
1

1þ RtðTtÞ=R1

� �
¼ Q

¼
ln coth 1

4 ln aþb
a�b

� �� �� �
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � b2

p
kð1þ HÞ

þ d
Akq

 !�1

ðTt � ToÞ ð8Þ

The crucial dimensionless number accounting for the extent of nat-
ural convection in a heat transfer problem is the Rayleigh number
Ra defined as

Ra ¼ q2cpcbðTt � ToÞL3

kl
ð9Þ

where q is the density of the liquid, cp its specific heat capacity, k its
thermal conductivity, l its dynamic viscosity, b its coefficient of
thermal expansion, c the generalized gravitational acceleration
and L a characteristic size of the heater. For the particular case trea-
ted here as characteristic size is taken the arithmetic mean of the
two spheroid diameters (L = a + b). It is considered to be a more
appropriate choice than the large diameter considered as L in our
previous work [4]. According to equation (9) Ra increases linearly
with the difference between heater temperature, Tt, and initial li-
quid temperature, To. The situation, however, is more complex
due to the temperature dependence of the physical properties
appearing in Eq. (9). The question is at which temperature these
physical properties should be computed in Eq. (9) given that the
temperature around the heater varies from Tt to To? Typical correla-
tions in literature employ weighted averages of Tt and To.

In order to display better the whole possible range of Ra values
as a function of the heater temperature, the parameters are com-
puted at three temperatures (let us call Tc the parameter computa-
tion temperature) Tc = To, Tc = Tt and Tc = Tf = (Tt + To)/2. The curves
Ra vs. Tt for the three choices of Tc are shown in Fig. 4 for water
and in Fig. 5 for FC-72 (To is chosen as 31.5 �C to be close to the
present experimental conditions). It is noted that in our previous
work [4] for glycerol as test fluid the Ra numbers were much smal-
ler than those of water. The FC-72 used here has Ra numbers an or-
der of magnitude larger than those of water. Most of the physical
parameters of water and FC-72 are comparable. The difference to



Fig. 6. Thermal conductivities of water and FC-72, estimated from the steady state
temperatures of the heater, compared to literature values (computations at Tf).
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the corresponding Ra numbers is due to the thermal conductivity
(lower for FC-72) and thermal expansion coefficient (higher for
FC-72). There is a considerable variation of Ra with Tc for the case
of water (Fig. 4). Yet, taking Tc = Tf in (9) can still lead to quantita-
tive but not qualitative deviations from the theoretically optimal
Ra number arising when taking into account the exact temperature
field. On the other hand, the variation of Ra with Tc for FC-72 is
small and the assumption of parameters without temperature
dependence is an acceptable approximation.

In order to proceed to the analysis of experimental data, it is
first assumed that during the low gravity period of parabolas the
effect of natural convection (due to g-jitters) is negligible. This
assumption will be tested later in the analysis. According to the
above assumption the 1st steady state temperature, T1ss, is dictated
by conduction and can be found by setting H = 0 in Eq. (8), solving
for Tt and comparing the theoretical and experimental Tt at long
times. A different way is followed here since the focus is on the
study of natural convection. To appraise experimental errors in
the calculation procedure, Tt in equation (8) is assumed as the
experimental one and the equation is solved for the value of con-
ductivity k. The literature value of the conductivity of fluids (com-
puted at Tf) with respect to the temperature Tt and the
corresponding values taken by the above procedure are shown in
Fig. 6. It is noted that the FC-72 conductivity values are shown
multiplied by five for clarity of presentation. The differences be-
tween literature and experimental values are due to experimental
errors (max error less than 1.5%) and they are acceptable for the
purposes of the present work.

The experimental value of conductivity and the 2nd steady state
temperature T2ss, (corresponding to the hypergravity period) are
employed in equation (8) to estimate the parameter H. The values
of H derived in this way are presented vs. the Ra number of the
particular experiment (computed at Tc = Tf) in Fig. 7. For water,
the findings of our previous work [4] are fully supported by the
new data comprising a denser grid of experimental points. It seems
that the factor H is negligibly small up to a threshold value of Ray-
leigh number (let us call it Rath) after which it starts increasing
abruptly. It is not sure that the value of H is absolutely zero (no
Fig. 5. Computed Ra number vs. temperature of heater for FC-72, using three values
of the characteristic temperature Tc for physical properties computation i.e., To, Tf

and Tt.
natural convection at all) for Ra < Rath. There is a probability that
for such a small Ra value the created temperature difference is of
the order of the temperature measurement noise. More important
is the overall shape of the H vs. Ra curve than the local arithmetic
details. The functional form used in the previous work [4] H � 0 for
Ra < Rath and H ¼ p1ðRa� RathÞp2 is confirmed by the present data.
The best fit for the water data leads to Rath = 40, p1 = 0.01749,
p2 = 0.377 (fit1 in Fig. 7). The presently estimated Rath is different
than in the previous work (Rath = 70) but the difference is superfi-
cial and it is due to the different characteristic length used in the Ra
Fig. 7. Ratio of natural convection to conduction contribution heat transfer H vs.
Rayleigh number for water and FC-72. Several fitting curves explained in the text
are shown.



Fig. 8. Variation of Prandtl number with heater temperature Tt (properties taken at
Tf).

778 M. Kostoglou et al. / International Journal of Heat and Mass Transfer 64 (2013) 773–782
number definition. To urge a discussion below, an alternative best
fit is shown in Fig. 7 obtained by excluding the last (higher Ra)
experimental water point (fit2, Rath = 35, p1 = 0.00975, p2 = 0.52).

While it was expected that the data for FC-72 would be comple-
mentary to those of water, their analysis led to surprising results.
The factor H increases very slowly with Ra number. An attempt
was made in Fig. 7 to determine a best fit curve similar to that used
for water (fit3, Rath = 200, p1 = 0.2488, p2 = 0.08). The curve is com-
pletely incompatible with the one computed for water (larger Rath

and smaller exponent p2). The best fit curve for FC-72 (fit3) has no
real physical meaning (it is drawn just to check compatibility)
since the fluctuations in the temperature measurements for the
lowest Vo = 1.4 V in Fig. 3b are comparable to the temperature drop
when going from microgravity to hypergravity and so do not per-
mit a safe indication of Rath. The curve fit2 for water approaches
the FC-72 data but its Ra dependence is much higher than FC-72
and fit1, so it does not seem to be a feasible alternative. The differ-
ent behavior observed for water and FC-72 does not constitute an
inconsistency regarding the existence of Rath since all the data for
FC-72 refers to Ra numbers larger that the Rath computed from
water experiments. In the same way, the glycerol data in [4] refer
to Ra numbers smaller than Rath for water, as would be expected
for H = 0 found for glycerol. So, the experiments for the three test
fluids are consistent regarding the existence of Rath. It must be
emphasized, though, that the curve shown in Fig. 7 to fit the FC-
72 data is presented only for completeness and by no means sug-
gests that Rath = 200 since experimental noise is substantial for FC-
72 at low heat powers. In fact, the FC-72 data do not suggest any
specific value for Rath but still they imply the existence of Rath.

The above direct experimental findings for the factor H will be
discussed now in view of the existing correlations and experimen-
tal results on the subject. The general correlation for H in literature
(derived from the actual correlation between Nusselt number and
Ra, Pr) is

H ¼ CðPrÞRam ð10Þ

where Pr is the Prandtl number. It is noted that the above correla-
tion refers to an external (open domain) geometry for which even
a negligibly small density difference can create fluid motion, i.e., a
threshold or critical Ra does not exist. The situation is different in
internal (closed domain) geometries where the viscous forces cre-
ated by fluid recirculation must overcome a lower limit in the den-
sity reference for the onset of fluid motion. The discussion here is
restricted to the case of laminar flow (based on the fact that the
maximum experimental value of Ra is around 1000, far beyond
the transition to turbulence limit). The exponent m is usually con-
stant but in some cases a weak dependence on Ra has been pro-
posed [16]. The generally accepted value for m for the region of
Ra treated here is m = 0.25. Several suggested forms can be found
in literature for the function C. A typical one is given in [17]:

C ¼ 0:28
Pr

0:846þ Pr

� �1=4

ð11Þ

The exact form of C(Pr) is not really important due to the limited
variation of the function with respect to its argument. All suggested
relations like (11) predict that C does not differ more than 10%
among all liquids (excluding liquid metals).

In general, Pr is a function of temperature. This means that Pr
differs from experiment to experiment in Fig. 7 and the different
than 0.25 exponents found in the best fit curves accommodate
the effect of Pr number. A possible explanation of the gap between
H values of water and FC-72 shown in Fig. 7 could be the difference
in the Pr number of the two liquids. In order to better illustrate this
difference, the Pr number for water and FC-72 vs. temperature Tt is
displayed in Fig. 8 (To = 31.5 �C). In any case, the variation of the
function C among the FC-72 experiments is less than 1% and among
water experiments less than 4%. Also the difference of parameter C
between the two fluids does not exceed 6%. The above shows that
Pr variation (based on existing theories) cannot explain the non-
typical behavior shown by the present experimental data. Another
important aspect of the present experimental evidence is the exis-
tence of a threshold Rayleigh number which is not compatible to
equation (10) that predicts a finite contribution of natural convec-
tion for any value of Ra.

A discussion on the validity of literature Eqs. (10) and (11) is
imperative here in order to assess the source of discrepancies.
Eq. (10) has been verified extensively against numerical simula-
tions and against experimental data [16]. A literature survey re-
veals that most of the experiments for external natural
convection were performed in air (e.g. [18]). The experiments in
water were typically performed in a Ra range with larger values
than those examined here (e.g. [19,20]). The experiments in liquids
in the range of physical parameters examined here seem to be lim-
ited [16]. Nevertheless, we are not aware of any literature report
claiming that something much different than equation (10) holds
for different physical parameters than those experimentally tested.
On the other hand, the experimental data taken here are very con-
sistent. The experiments are reproducible, the whole set-up is sim-
ple in conception and its components have been tested carefully.
The good prediction of the thermal conductivity of liquids in
Fig. 6 at low gravity conditions (only conduction present) is a strin-
gent test for the correctness of the measuring approach. The main
aspects of the experimental findings (e.g. existence of Rath and dif-
ference between water and FC-72) can be observed directly at the
recorded temperatures without any further quantitative analysis.

We stress here that to our knowledge this is the only experi-
mental study of this type (studying heat transfer around miniature
heaters with varying gravitational acceleration) and this allows
independent estimation of the conduction and natural convection
contributions. In terrestrial conditions, heat transfer begins with
a heat pulse which initiates natural convection and makes the
independent assessment of the two heat transfer contributions
impossible. The different approach of the present study to suppress
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the natural convection contribution at low g conditions may be (at
least partially) the reason for observing a different behavior than at
normal gravity.

The assumption of ignoring the g-jitters on the analysis for the
1st steady state temperature, T1ss, is discussed now. Literature cor-
relations (like Eq. (10) with m = 0.25) for an average value of g-jit-
ters of ±0.01 g predict an important contribution of natural
convection, i.e., T1ss is not dictated only by conduction. Scaling
equation (9) for g-jitters shows that Ra never exceeds 5. This value
is in any case much smaller than Rath = 40 found here and this is a
confirmation based solely on experimental evidence that during
the 1st steady state period only conduction heat transfer is present.

4. Numerical simulations

4.1. Problem set-up

Some theoretical aspects of the problem, based on the results of
simulations for conditions similar to the experimental ones, are
discussed here. These simulations give the opportunity to assess
some scenarios for the discrepancy between the experimental re-
sults and the correlations described in the previous section. More
specifically, selected experiments covering the whole range of Ra
number of the data will be simulated. There are three goals in
doing this. (i) To understand better the structure of the tempera-
ture and velocity fields in the experimental cell shown in Fig. 1
(information inaccessible experimentally). (ii) To challenge the
hypothesis that the appearance of a threshold Ra is due to the finite
size of the experimental cell. This might be a possible explanation
since the external geometry in the scale of the heater is internal in
the scale of the cell. (iii) To assess the dynamics of natural convec-
tion onset in order to understand the evolution of the experimental
temperature during the transition from microgravity to
hypergravity.

The temperature dependence of the liquid’s physical properties
is not crucial for the purposes of the present study so they can be
assumed uniform in the solution domain with their value corre-
sponding to the film temperature, Tf, in each case. The advantage
of this assumption is that combined with the conditions e1-

(=bDT)� 1, e2(=ah/(L2cpDT))� 1 (symbols ah, cp stand for the ther-
mal diffusivity and specific heat capacity of the liquid, respectively)
that are fulfilled in the present experiments, the Boussinesq
approximation can be employed [21]. This approximation is em-
ployed in the majority of natural convection studies. There are
many numerical studies on external geometries in literature (tran-
sient or steady state) (e.g. [22]). Many studies refer to thin bound-
ary layers around objects (large Ra number) for which the
mathematical problem can be considerably simplified [1]. In the
present case such a simplification is not possible because thick
boundary layers (small Ra number) are of interest [23,24].

A specific aspect of the present problem is that the geometry is
external with respect to the heater but it does not extend to infin-
ity. In fact, it is restricted from the cell walls at a scale much larger
than the scale of the heater. It is useful to nondimensionalize the
problem before solving it. All variables having units of length are
normalized by the characteristic size L, the velocity field is normal-
ized by the natural convection characteristic velocity Ub = (-
cLbDT)0.5, pressure is normalized by qU2

b , time is normalized by
L/Ub and the dimensionless temperature F is given as F = (T � To)/
(Tt � To). Transient simulations for an instantaneous increase of
the heater temperature from To to Tt are performed here, so Tt is
considered to be constant in time. The governing equations have
the form [25]:

@~u
@t
þ~ur~u ¼ rP � F~eg þ ðPr=RaÞ1=2r2~u ð12aÞ
@F
@t
þ~urF ¼ ðPrRaÞ�1=2r2F ð12bÞ

where ~u is the velocity vector and~eg is a unity vector in the direc-
tion of gravity. The boundary conditions is zero velocity on the hea-
ter and on the cell walls, no heat flux on the cell walls and F = 1 on
the heater walls. The initial condition is F = 0 everywhere. A finite
element discretization is used with a grid density increasing to-
wards the region of heater. Results from five cases are shown here.
Cases 1 and 2 correspond to the conditions of experiments 18 and
12 for FC-72 and cases 3 and 4 correspond to the conditions of
experiments 9 and 2 for water. Case 5 is under the same conditions
as case 1 but the initial temperature field is not uniform everywhere
with F = 0. The initial condition for case 5 is a fully developed ther-
mal field around the heater in the presence of conduction alone (i.e.,
F = 1 on heater wall, Ra = 0).
4.2. Effect of geometry

The simulations revealed the different way between natural
convection and pure conduction, by which the cell temperature in-
creases. In both cases a pseudo steady state temperature profile is
established around the heater. Heat is transferred uniformly in the
liquid volume in case of conduction. The situation is different in
the case of natural convection in which heat is convected by the
velocity field and is transferred to the top of the cell so heating
of the liquid starts from the top of the cell and moves downward.
The simulations performed here reproduce the complicated
dynamics described in literature for the case of sphere geometry
[22]. In a previous work [4] the finite cell size has been suggested
as a possible source of the discrepancy between experiments and
correlations based on the results of [23] for the velocity field. In or-
der to check this argument several simulations are performed for
decreasing cell diameter until an influence on the Nu number ap-
pears. This influence appears for a cell diameter much smaller than
the actual one proving that the cell size does not influence the hea-
ter dynamics. It is noted that the results presented here are for a
cell size 10 times smaller than the actual one (in each direction)
having the same temperature field with the actual cell size but a
different velocity field. This choice is made for a better description
of the velocity profile (recirculation zone).

The steady state isotherms around the heater for case 1 are
shown in Fig. 9. The extent of the temperature field in this case
is comparable to the heater dimensions. The isotherms are com-
pressed at the one side and expanded at the other side of the heater
due to the fluid motion. The steady state temperature profiles at
the horizontal plane passing from the centre of the heater are
shown in Fig. 10 for cases 1–4 (r is the dimensional radial coordi-
nate). The extent of the temperature field increases as Ra number
decreases (as case # increases) but in any case the temperature
field does not interfere with the cell walls. The evolution of the
temperature profiles in Fig. 10 is rather simple: the profile pene-
trates into the liquid up to the steady states shown in the figure.
A different evolution path is followed in case 5 for which the initial
profile corresponds to conduction so the extent of the temperature
field is reduced in time toward the steady state which is the same
to that of case 1 (Fig. 11). The way of approaching the steady state
leaving a tail of slowly reducing temperature, is noteworthy. From
Fig. 11 it is apparent that the cell walls do not interfere with the
temperature field even in the case of pure conduction (thickest
possible temperature boundary layer). The gravity direction veloc-
ity component on the equatorial plane of the heater is shown in
Fig. 12. The velocity magnitude is of the order of mm/s. The veloc-
ity starts from zero at the wall, goes through a maximum value, re-
duces down to zero and then changes sign due to recirculation,
goes through a minimum and finally reaches zero value at the cell



Fig. 9. Steady state isotherms around the heater for case 1 (the isotherms
corresponds to the following values of F in increasing distance from the heater:
0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05).

Fig. 10. Pseudo-steady state normalized temperature F profiles on the equatorial
plane of the heater vs. normalized distance from the heater wall.
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wall. Increasing the radius of the cell has negligible influence on
the upward velocity profile but a considerable effect on the down-
ward velocity profile which gets broader and with a smaller depth
of the minimum. The temperature field is mainly influenced by the
velocity field close to the heater and this is the reason that the cell
size (for cells larger than this shown here) has no influence on heat
transfer characteristics.

The steady state profile of the normal derivative @F
@~n (proportional

to local heat flux) along the surface of the heater from its lowest to
its highest point is shown in Fig. 13. The heat flux increases as Ra
increases (as case# decreases). The characteristic shape of the
curves is due to the combination of natural convection (heat flux
rises from the lowest to the highest points of the heater) and con-
duction (heat flux rises at both tips of the heater due to increased
curvature). In case 4 the increase of the conduction contribution
leads to loss of the monotonicity of the heat flux curve.
Fig. 11. Evolution of normalized temperature profile on the equatorial plane of the
heater for case 5.
4.3. Natural convection dynamics

The evolution of the instantaneous total Nusselt number for
cases 1–5 is presented in Fig. 14. In cases 1–4 the Nusselt number
exhibits a singularity at zero time because of the temperature jump
of the heater surface. This singularity is due solely to conduction.
The natural convection contribution increase in time and the com-
bination of the two mechanisms leads to a minimum in Nu evolu-
tion curves before the establishment of steady state for cases 1–3
(this behavior is well known in literature e.g. see [13]). The Nu
number in case 5 starts from its pure conduction value (the value
found here is confirmed by comparison with tabulated values from
literature), then continues increasing and after a slight overshoot it
approaches a steady state which as expected is the same with that
of case 1. From the steady state values of the Nu number shown in
Fig. 14, it can be argued that the finite size of the cell and the heater
geometry are not the reasons behind the experimental H values of
the present work. The computational results confirm qualitatively
the existing correlations: there is no threshold Rayleigh number for
the water experiments and the Nu number (and correspondingly
H) should increase as Ra number increases for FC-72.

The dynamics of natural convection is very fast, actually the
time scale to reach what can be practically considered as steady
state is about 0.2 s. This fast time scale compared to the several
seconds time scale for conduction discussed in [4] is not only
due to the larger value of kinematic viscosity than thermal diffusiv-
ity but also due to the fact that natural convection is triggered by a



Fig. 12. Velocity component in the direction of gravity on equatorial plane of the
heater vs. distance from the heater wall.

Fig. 13. Profile of normalized normal derivative of F at the surface of heater vs.
distance from the lower tip of the heater.

Fig. 14. Evolution of the instantaneous Nusselt number for an instantaneous heat
pulse.
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volumetric source (not a surface source as for conduction). This is
why the slow convergence to steady state dictated by the t�1/2

behavior is avoided. The fast dynamic of the natural convection
found here implies that for a variation of c with characteristic time
of 1 s the velocity field and temperature field are adjusted practi-
cally instantaneously to this variation acquiring a series of steady
states.

Based on the above, the complete evolution of the heater tem-
perature shown in Fig. 3 can be explained as follows: Initially heat
is generated in the heater with a temperature dependent rate. De-
tailed analysis of this period until convergence to steady state can
be found in [4]. The slow approach to the steady state is not due to
the thermal mass of the heater but to the slow penetration of heat
in the liquid, typical for conduction problems. After the approxi-
mate establishment of the 1st steady state the gravitational accel-
eration c starts to increase from 0 to �1.6 g and since the thermal
capacity of the heater is significant the heater temperature evolu-
tion is dictated by the heat source intensity and the steady state
Nusselt number that corresponds to the instantaneous c value. De-
spite the understanding of the heater temperature dynamics, the
strange behavior of the steady state Nu found in the previous work
[4] is confirmed here by the new experiments. In addition, the
present numerical calculations excluded some of the possible rea-
sons suspected previously for this strange behavior. The explana-
tion of the experimental results presented here remains an open
subject calling for new ideas.
5. Conclusion

The analysis of the registered steady state temperatures of a
miniature heater in a liquid bath of finite size in conditions of zero
gravity (�0 g) and hypergravity (�1.6 g) developed during para-
bolic flights revealed a strange behavior of the Nusselt number
(more specifically of the ratio between natural convection and con-
duction contributions to the Nusselt number). In particular, for
water a threshold Rayleigh number is deduced below which no
measurable effect of natural convection on heat transfer is ob-
served. On the other hand, for FC-72 the experiments showed a rel-
atively insensitive Nu with respect to Ra in the range Ra: 400–1000.
This paradox behavior cannot be explained in terms of existing cor-
relations or numerical computations performed in the present
work but it is authentic based on the repeatability and consistency
of the present results. A possible source of the discrepancy be-
tween the existing knowledge and the present results is that for
the first time natural convection is registered independently from
conduction by varying the gravitational acceleration. In other
words, the role of the gravitational acceleration in existing correla-
tions and theories may need be revised.
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