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Balloon-borne scientific missions are gaining interest in recent years due to their potential 
to study the Earth, its atmosphere and the outer space with lower costs and risks than a 
launched space mission. Furthermore, the instruments on-board these balloons generally are 
subjected to less harsh requirements which are easier to accomplish. However, to a greater or 
lesser extent the interaction with the stratospheric thermal environment needs to be evaluated. 
Usually, at stratospheric level the convection has a minor effect over the surfaces and could 
be considered negligible but even if it is not the dominant heat transfer mechanism, it could 
be relevant for critical instruments and it makes necessary to assess the heat transfer 
convection over the surfaces of interest in order to reach the optimum thermal design. A 
stratospheric balloon-borne heat transfer laboratory has been designed for the purpose of 
estimating the heat transfer lost by convection from flat plates at stratospheric altitudes and 
at the balloon ascent phase. The prototype for in-flight experiments, consisting of heated 
aluminium flat plates, has been built and tested on ground at controlled pressures for 
estimating the free convection heat transfer and to know the Rayleigh number and Knudsen 
number ranges in which the flat plates will operate since at stratospheric pressures (10 to 
30 mbar expected) the atmosphere has a significant level of rarefaction and the usual heat 
transfer correlations for flat plates do not account for rarefied gas conditions. Although the 
in-flight experiments are expected to be close to continuum flow condition, the on-ground 
experiments were carried out up to transition flow in order to assess the relative importance 
of the convection compared with the radiation or conduction heat transfer mechanisms. The 
present experimental results will help to validate the flight thermal model for analyses and to 
correlate the in-flight experiments. 

Nomenclature 
A = External area of the flat plate [m2] 
𝑎𝑎 = Albedo coefficient [dimensionless] 
α = Solar absorptance [dimensionless] 
β = Coefficient of thermal expansion [K‒1] 
cp = Specific heat at constant pressure [J/kg·K] 
ΔT = Temperature increment/difference [K] 
ε = Infrared emissivity of the plate surface [dimensionless] 
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F = Geometric view factor [dimensionless] 
g = Gravity’s acceleration [m/s2] 
GMM = Geometrical-Mathematical model 
Gr = Grashof number [dimensionless] 
h = Convection heat transfer coefficient [W/m2·K] 
HTL = Heat Transfer Laboratory 
I = Electrical current [A] 
Kn = Knudsen number [dimensionless] 
k = Thermal conductivity [W/m·K] 
Lc = Characteristic length of the flat plate [m] 
λ = Mean free path of the molecules [m] 
µ = Dynamic viscosity [Pa·s] 
Nu = Nusselt number [dimensionless] 
υ = Kinematic viscosity [m2/s] 
OLR = Outgoing Longwave Radiation [W/m2] 
P = Perimeter of the flat plate [m] 
p = Pressure [Pa] 
Pr = Prandtl number [dimensionless] 
�̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = Heat power dissipated by conduction [W] 
�̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = Heat power dissipated by convection [W] 
�̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒  = Heat power dissipated by heaters [W] 
�̇�𝑄𝑖𝑖 = Heat flow i [W] 
�̇�𝑄𝑟𝑟𝑒𝑒𝑐𝑐 = Heat power dissipated by radiation [W] 
�̇�𝑞𝑆𝑆 = Solar thermal flux [W/m2] 
Ra = Rayleigh number [dimensionless] 
Rair = Specific gas constant for air 287 [J/kg·K] 
Rth = Thermal resistance through the plate supports and wiring [K/W] 
SZA = Solar Zenith Angle [º] 
σ = Stefan-Boltzmann’s constant 5.67·10‒8 [W/m2·K4] 
Tb = Chamber base temperature [K] 
Tc = Chamber wall temperature [K] 
TMM = Thermal-Mathematical model 
Tp = Plate temperature [K] 
Tsky = Sky temperature [K] 
T∞ = Temperature of the fluid far from the plate [K] 
V = Electrical voltage [V] 

I. Introduction 
HE potential application of stratospheric balloon mission as studying the Space and the Earth, combined with the 
associated lower risks and costs in comparison with a launched space mission, makes this balloon-borne missions 

more attractive and common nowadays1–3. This kind of missions could last from few hours up to several weeks in 
flight. Moreover, they could cover different regions of the Earth depending upon the launch site location as well as 
the season. Apart from the corresponding scientific study itself, both the observations and housekeeping at the 
operational phase of the mission, at altitudes of about 25 to 40 km (upper stratosphere), as well as the ones taken 
during the ascent phase, are a relevant source of information regarding the operation of the on-board systems and 
particularly its thermal behavior.  
 The thermal environment at the stratosphere is similar to outer space conditions because at these altitudes, the 
balloon is above 99% of the atmosphere. In contrast, the ascent phase of this platforms may last at least 2 hours in 
which the system is exposed to the convective heat transfer. Even though the importance of the radiative heat transfer 
at float increases with respect to the convective one, this mechanism may not be negligible depending on the geometry, 
thermo-optical and thermo-physical properties, environment, and the design of each model. Consequently, to assess 
the effect of convection could be useful in some scenarios. Contrary to what it could be presumed, in these particular 
conditions, for some applications the heat transferred to the surrounding gas is still relevant even at highly rarefied 
conditions and low gravity such as sensors in Mars4,5 and thin wires in rarefied atmospheres6,7. In addition, 
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investigation related to heat transfer at stratospheric conditions 
can be extrapolated to thermal problems in similar scenarios 
such as the Martian surface, controlled atmospheres or even 
microscale technology, for their common conditions of 
rarefied gas. At this point, the effect of convection could be 
relevant for some critical parts even if the convection is not the 
dominant heat transfer mechanism. Considering the thermal 
analyses, the effect of convection could be computed apart 
from the contribution of the heat radiation and conduction. For 
this reason, it is important to build a proper thermal-
mathematical model (TMM) which predicts the thermal 
behavior of the different systems and equipment on-board the 
balloon. 
 The particular condition of low pressure atmosphere at 
float (25 to 3 mbar of pressure approximately) and during the 
ascent phase, makes the thermal behavior assessment more 
challenging since the convection heat exchange in this scenario 
has been much less studied than at sea level pressures. The 
level of rarefaction of the atmosphere can be evaluated through 
the dimensionless parameter Knudsen number, Kn, which is 
the ratio of the mean free path, λ, of the molecules and the 
characteristic length, Lc, of the problem. In this case, the low 
values of Kn (Kn < 0.01) corresponds to the continuum 
regime. At flow regimes in which Kn is no longer very small, 
the Navier-Stokes’s equations are not valid. For that reason, 
the complexity of the solutions even for simple geometries 
makes necessary the use of numerical or empirical convection 
heat transfer correlations of typical geometries such as flat 
plates or cylinders. Regarding the published correlations for 
free convection heat transfer over flat plates, there are few 
correlations applicable to horizontal flat plates at low values (expected to appear at stratospheric conditions due to low 
pressure) of Rayleigh number8–12, Ra, which is the product of Grashof number, Gr (defined in equation (5)), times 
Prandtl number, Pr (characteristic of the fluid). Particularly for Ra values lower than 102 correlations from Suriano 
and Yang11 and Buznik and Bezlomtsev12 are applicable but their prediction for Ra = 0 of Nusselt number, Nu, which 
is the ratio of convective to conductive heat transfer over a surface, are a coarse approximation, since very low values 
of Ra, Nu approximates to zero (in the free molecular flow regime). Also, it is convenient to consider that the empirical 
correlations could be subjected to an empirical bias and their predictions could differ slightly from the real behavior 
of the problem to study if the approach, dimensions, boundary conditions, etc. are different enough. 
 Due to the importance of estimating the thermal behavior of the horizontal flat plates of the present project, it was 
decided to manufacture a prototype of the experiment intended to be on-board of a stratospheric balloon to study the 
effect of free convection at typical pressures of the stratosphere and even lower. Thus, the assessment of the thermal 
behavior and its prediction for the flight model experiment can be optimized based on a real experiment analyzed and 
studied following the same approach. The thermal behavior of this simple geometry, a heated horizontal flat plate, 
could be extrapolated to the thermal behavior of electronic boards, radiators, etc. subjected to natural convection in 
rarefied atmospheres. 
 In the present experiments the region of Ra which is expected at float altitude is around 0.1 to 10 due to the 
combination of low pressure (3 to 25 mbar approximately) and dimensions of the plates (see section II). Furthermore, 
pressures down to 0.03 mbar, lower than the typical ones at float, have been tested in the experiments to extent the Ra 
values down to 10‒7 since a smaller plate dimension could yield Ra < 0.1 for float pressures. As an example, a 
1 x 1 cm2 horizontal flat plate, could result in Ra in the order of 10‒3 at pressure 10 mbar. The results obtained from 
the experiments at the lowest pressure, 0.03 mbar, yield values of Ra which correspond even with the beginning 
transition flow regime. The thermal problem immersed in the transition regime (0.1 < Kn < 10) is interesting regarding 
the convection heat exchange since it is significantly affected, not only by the fluid pressure itself but also by the 
dimensions of the geometry (characteristic dimensions of the horizontal flat plate) because the magnitude of the mean 
free path of the molecules is comparable with the magnitude of the characteristic length of the problem. As a reference, 

 
Figure 1. Heat Transfer Laboratory. GMM flight 
model in ESATAN_TMS of the experiments proposed 
for operating on-board a stratospheric balloon. 
Experiments with flat plates are in four square-
shaped cavities, 200 x 200 x 300 mm3 each one. At 
the right side of the figure is the assembly for the 
wires experiment. Zenith is in +Z direction and sun 
rays’ direction is contained in −Y+Z plane forming 
SZA (Solar Zenith Angle) with +Z direction. −X−Y 
cavity for horizontal plate, +X−Y cavity for vertical 
plate, −X+Y cavity for vertical parallel plates and 
+X+Y cavity for horizontal plate attached to a 
thermal strap to the structure. Foam in the +Z side 
of each cavity is not shown here. 
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the mean free path of air molecules could vary approximately from 2 to 20 µm for pressures between 25 and 3 mbar, 
which corresponds to flight altitudes of 25 and 40 km respectively, typical of the stratospheric balloons, but for 
altitudes higher than 60 km, λ > 250 µm and a flat horizontal plate of 1 x 1 cm2 would have Kn > 0.1, interacting with 
the surrounding atmosphere in transition flow regime. Conditions of transition flow regime, as a combination of 
pressure and characteristic dimension, could occur not only at these altitudes but also in thermal problems such as 
controlled rarefied atmospheres, planetary atmospheres different from Earth’s, etc. 
 The present experiment is a prototype of a part of the Heat Transfer Laboratory (HTL), a set of thermal 
experiments whose main goal is to study the heat transfer at stratosphere conditions and subsequently to optimize the 
thermal design of systems on-board stratospheric balloons. The preliminary GMM of the HTL flight model is shown 
in Figure 1 since the physical HTL has not been assembled yet. In this work the data analyzed in subsection D 
correspond to the horizontal plate cavity only. The experiments proposed for the HTL consist of flat plates and thin 
wires arranged in different configurations. Each flat plate is located in different cavities which are separated by a wall 
of aluminum. The plates are intended to be heated by flat electrical heaters glued to them. Each cavity is closed by a 
single layer of foam in the +Z side only (see Figure 1) trying to decouple the experiments from the environmental 
loads and reducing the effect of the surrounding temperatures. The cavities are not pressurized but they allow the air 
inside them to have the same pressure as the external environment. The HTL structure is assembled to the gondola 
structure. The prototype described here, based on a heated horizontal flat plate, is one of the HTL experiments. This 
prototype has been manufactured and tested for dimensioning the flight model experiment regarding to the main 
parameters involved such as dimensions, power, heat transfer conduction, radiation, and convection, etc. at different 
pressures varying from 0.03 mbar up to ambient pressure and at different temperature increments ΔT (between 
surrounding air and the heated horizontal flat plate). The horizontal flat plates vary in dimensions, thermo-optical and 
thermo-physical properties, insulation, as well as in the heating system. The optimum design of the flight model will 
be chosen amongst the different configurations tested. 
 The experiments with the horizontal flat plates were carried out within a vacuum chamber large enough to allow 
the surrounding air to form the convection cell over the experiment and to not disturb the achievement of the thermal 
steady state of the tests, reached in each case by meeting the corresponding temperature stabilization criteria. In the 
present experiments the influence of air pressure and the dimensions of the plates have been assessed in terms of heat 
transferred by convection regarding the related parameters such as the dimensionless parameter Nu, Ra and Kn. 
 In addition, a TMM of the prototype has been made with ESATAN-TMS in order to predict the thermal behavior 
at typical thermal conditions of the stratosphere at a float altitude of 30 km. At this altitude, the thermal environment 

has been defined following the methodology 
described by González-Bárcena et al2. These 
thermal conditions cannot be achieved at the 
laboratory assembly due to the low air 
temperature and the different thermal radiative 
loads. The analyses of the TMM are discussed 
in section IV. 

II. Experimental Setup 
The presented experiments were carried 

out in the facilities of the Instituto 
Universitario de Microgravedad “Ignacio Da 
Riva” (IDR) of the Universidad Politécnica de 
Madrid (UPM). The experimental assembly 
consisted of a cylindrical methacrylate 
vacuum chamber specifically built for testing 
small-size experiments at low and medium 
vacuum pressures in air. It is equipped with 
measurement devices such as multimeters 
model Keithley 2000, thermocouples type T 
and a Pirani pressure sensor model 
Thermovac TTR 911 N, as well as a vacuum 
pump model Leybold Scrollvac 18 Plus. The 
experiment is electrically connected to a 

 
Figure 2. Experimental Setup. Prototype mounting on the vacuum 
chamber assembly. Tc, Tb and T∞ are the corresponding locations of 
the thermocouples. 
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constant current source model ISO-TECH IPS 3303D for heating the plate. It is carried out by means of supplying 
electrical current to electrical heating resistors assembled in plate A or an electrical flat heater glued to plate B. 

The vacuum chamber is placed inside an opaque enclosure to avoid solar radiation and for thermal insulation. The 
assembly has four interfaces for supplying power to the experiment, for introducing the thermocouples into the 
chamber and to connect the pressure sensor and the vacuum pump to the chamber. The Figure 2 shows the assembly 
and connections. The experiment is supplied with electrical current which is measured by a multimeter as well as the 
electrical voltage measured with another one. The temperatures of interest Tc, Tb and T∞ are respectively the chamber 
wall temperature, chamber base and the temperature of the air away from the plate, which are measured with 
thermocouples type T placed in the corresponding locations as it could be observed in Figure 2. The temperature of 
the plate is also measured in different and representative locations along its surface (both sides, next to Delrin supports, 
plate center, etc.) for calculating the average temperature of the plate, Tp (the temperature gradients over the plates are 
lower than 5 ºC). 

In the experiments were tested separately two different horizontal flat plates: Plate A of dimensions 
1 x 100 x 100 mm3 with bare aluminum external surface, and Plate B of dimensions 0.5 x 50 x 25 mm3 with bare 
aluminium in one side and elastomer external surface (silicone rubber heater) on the other side. Apart from the plates 
A and B the conditions of the experiments were varied in pressure (from 0.03 mbar to ambient pressure), heat power 
supplied (from 0.09 to 5 W) which implies temperature differences ΔT between fluid temperature T∞ and Tp from 5 to 
40 ºC approximately. The temperature of the gas (air at room temperature) was approximately from 14 to 20 ºC for 
all tests. The plates are mounted inside the vacuum chamber on four supports of insulating material Delrin with 
dimensions 5 x 5 x 100 mm3 to minimize the conduction heat transfer of the plate. The free convection occurs in both 
faces, upper and lower, of the plates, therefore the results presented for the dimensionless parameters and the rest of 
variables correspond to the whole plate. 

The dimensions of the vacuum chamber (0.4 m height and 0.3 m diameter) are enough to let a convection cell 
forms over the plate without perturbation since the effect of chamber walls was proven not to disturb the experiment. 

Different configurations have been tested to optimize the prototype. The length of the plate supports, made of 
thermal insulation material, Delrin, has been determined tested different lengths up to minimize the thermal conduction 
through the supports. Also, the optimum placement of the heaters in the plate was determined by means of different 
configurations of the prototype in order to reach the most homogeneous temperature along the plate surface and 
optimizing the power consumption due to the limited power budget, since is intended to achieve an averaged plate 
temperature up to 40 ºC approximately above the surrounding air temperature. 

The goal to achieve for each run of the present experiments, performed at both constant pressure and heat power 
supplied, is to meet the thermal steady state determined with the compliance of the stabilization criteria, which 
stablishes a temperature variation lower than 0.2 ºC / 30 min. At this condition the experimental variables of electrical 
voltage, V, and current, I, are measured as well as the temperatures and pressure of the experiment. 

The thermal vacuum chamber assembly and measurement devices are the same as used in a previous investigation7 
and the method for estimating the uncertainty in Nu and Gr are similar as well. Average Nu uncertainty is below 2 % 
and in Gr below 6 % and in the worst case is < 3.8 % in Nu and < 6.8 % in Gr. 

III. Problem Statement 
The thermal problem is evaluated at the steady state which needs to satisfy the equation (1), 
 

�̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + �̇�𝑄𝑟𝑟𝑒𝑒𝑐𝑐 + �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , (1) 
 
in which �̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒  is the heat power applied to the flats plates for heating by means of electrical heaters, �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the heat 
flow dissipated by the flat plate by means of conduction through the Delrin supports and wiring, �̇�𝑄𝑟𝑟𝑒𝑒𝑐𝑐  is the heat lost 
by thermal radiation to the boundaries of the chamber, and �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 represents the heat flow transferred by natural 
convection through the air (no matter if the convection currents are dominant or the heat transfer is mainly due to pure 
convection through the air). 
 �̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒  is calculated by equation (2) with the electrical voltage and current, measured in the electrical circuit of the 
experiment, 
 

�̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑉𝑉𝑉𝑉. (2) 
 
The heat loss by conduction through the plate supports and wiring, �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, can be estimated by equation (3), 
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�̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑏𝑏
𝑅𝑅𝑒𝑒ℎ

, (3) 

where Tp is the plate temperature, Tb is the chamber base temperature (Tb is ideally the same as T∞) and Rth is the 
thermal resistance of the wiring and the supports (characterized by the heat flux area and length of the supports, the 
thermal conductivity of the Delrin13, 0.4 W/m·K), the thermal contact resistance coefficient. By means of the Stefan-
Boltzmann law �̇�𝑄𝑟𝑟𝑒𝑒𝑐𝑐  is estimated as in the equation (4), 
 

�̇�𝑄𝑟𝑟𝑒𝑒𝑐𝑐 = 𝜀𝜀𝜀𝜀2𝐴𝐴𝐴𝐴�𝑇𝑇𝑝𝑝4 − 𝑇𝑇𝑐𝑐4�, (4) 
 
in which ε is the infrared emissivity of the surface of the plate (estimated 0.1 for bare aluminium14 and 0.9 for 
elastomer15), σ is the Stefan-Boltzmann’s constant, F is the view factor between the plate and the chamber (being 
F = 1 since the experiment is inside the chamber), and Tc is the chamber wall temperature (ideally the same as T∞). 
 Finally, the heat dissipated by free convection, �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, can be calculated solving the equation (1). Note that Tb and 
Tc in a steady state are ideally equal as T∞, but since neither the chamber can be perfectly insulated and nor the 
experiments can be performed during an infinite time, the small differences (≈ 0.6 ºC) between these temperatures are 
considered for the calculation of the convection heat exchange. So, the calculated values of convection parameters are 
the actual ones during the experiment and these small differences in temperature do not add more uncertainty to the 
results. 

A. Free Convection Estimation 
 After obtaining the heat dissipated by free convection it is then able to estimate the convection over the plate by 
means of the dimensionless parameters Rayleigh number and Nusselt number. Based on the film temperature, Tfilm, 
defined as the average temperature between Tp and T∞ the properties for the air such as specific heat at constant 
pressure, cp, dynamic viscosity, µ, and thermal conductivity, k, are evaluated as per tabulated data16 for cp, dynamic 
viscosity µ, and the model proposed by Lemmon & Jacobsen17 for k in order to calculate the Prandtl number, Pr, 
defined as Pr = 𝑐𝑐𝑝𝑝𝜇𝜇 𝑘𝑘⁄ . Then the Rayleigh number can be calculated as Ra = GrPr, where Gr is the Grashof number 
defined as in the equation (5), 
 

Gr =
𝑔𝑔𝑔𝑔�𝑇𝑇𝑝𝑝 − 𝑇𝑇∞�𝐿𝐿𝑐𝑐3

𝜐𝜐2
, 

(5) 

 
where g is the gravity’s acceleration, β is the coefficient of thermal expansion defined as 𝑔𝑔 = 1 𝑇𝑇𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓⁄ , and υ is the 
dynamic viscosity calculated as 𝜐𝜐 = 𝜇𝜇 𝜌𝜌⁄ , where ρ is the density of the fluid. Lc defined as the ratio between the area 
of the plate, A, and its perimeter, P, is 25 mm for plate A and 8.3 mm for plate B. 
 The heat transfer coefficient, h, of the plate due to free convection can be calculated as defined in equation (6), 
 

ℎ =
�̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

2𝐴𝐴�𝑇𝑇𝑝𝑝 − 𝑇𝑇∞�
, 

(6) 

 
and finally, the Nusselt number can be obtained as equation (7), 
 

Nu =
ℎ𝐿𝐿𝑐𝑐
𝑘𝑘

. 
(7) 

 Note that the convection dimensionless parameters as Gr and Nu, and film coefficient h, are the averaged ones 
over the whole plate and not the local ones, thus the average values are directly related with the total heat supplied to 
the plate, �̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒 , and not with the local distribution. Besides, h takes into account the whole area of the plate (both 
sides), so it is not intended to distinguish the differences in convection between upper and lower face of the plate, but 
the total heat transferred to the air. 
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B. Gas Rarefaction Estimation 
In order to account the rarefaction of the air in the present experiments, the mean free path of the air needs to be 

calculated as defined by equation (8)18 
 

𝜆𝜆 =
𝜇𝜇�2𝜋𝜋𝑅𝑅𝑒𝑒𝑖𝑖𝑟𝑟𝑇𝑇𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓

2𝑝𝑝
, 

(8) 

 
where Rair is the specific gas constant of the air, and p is its pressure. Then the Knudsen number can be calculated as 
Kn = 𝜆𝜆 𝐿𝐿𝑐𝑐⁄ . The level of rarefaction can be assessed from very low Kn (where the heat is transferred mainly by 
convection currents) to high Kn or highly rarefied fluid (where the convection currents are negligible and the heat is 
mainly transferred by pure conduction through gas). The limits of Kn between flow regimes can be18–20 Kn < 0.001 
for the continuum flow (convection currents), 0.001 < Kn < 0.1 covering the temperature jump regime (or slip flow), 
the transition regime for 0.1 < Kn < 10 and finally the free molecular flow (pure conduction) which occurs at Kn >10, 
taking into account that these divisions are merely approximated and it could vary slightly from one thermal problem 
to another. 

IV. Results and Discussion 
The results shown in this section have been extracted from the experiments performed with horizontal flat plates 

of two different dimensions and surface finishes, Plate A and Plate B: The pressures of the experiments shown range 
from pressure 0.03 mbar up to ambient pressure. The temperature of the plates was raised from ambient temperature 
up to 60 ºC approximately. All the results shown here correspond to the thermal steady state of each run and for 
temperature differences, Tp‒T∞ >5 ºC. Each point shown in the following figures corresponds to the thermal steady 
state of each run (at both constant p and �̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒). 

Also, a comparison with experimental data from other authors as well as previously published correlations is 
discussed along the section. Finally, it is included a simulation of the thermal behaviour of the horizontal plate A at 
float conditions which include low air temperature and radiation thermal load at stratospheric level. 

A. Nu vs. Ra 
The first observation extracted from the tests can be deduced from the Figure 3 in which it is evidenced that the 

heat transfer due to free convection over the horizontal plates, represented by Nu, decreases as pressure is reduced. If 
the trend of the results is evaluated with the dimensionless convection parameters such as Ra and Nu, it can be 
observed in the Figure 3, that the plate B computes lower Ra values than plate A at similar pressures and temperature 
increments, as it can be easily observed in the lowest pressures and at ambient pressures. Even the plate B at 16.5 mbar 
gives Ra lower than the plate A at 10.2 mbar. The value of Pr for air is around 0.7 for all points, so this influence 
comes from Gr only. There is an appreciable difference between the curves of points at the highest pressures of both 
plates A and B, it is due to the difference in geometry between plates since the plate A is square-shaped whereas the 
plate B is rectangle-shaped (one side being double length than the other side). For the same value of Ra, the shape of 
plate B allows more heat transferred to the gas because of the flow structure around it. In fact, regarding the convection 
heat transfer coefficient, h, for the whole plate (both sides) plate A computes values from 2 to 8 W/m2·K at lowest 
and highest pressures respectively, whereas plate B computes 7 to 15 W/m2·K. For lower pressures (lower values of 
Ra) the differences in geometry become insignificant and the value of Nu remains similar for both plates at similar 
pressures but different Ra values. 

It is not possible to divide easily the Figure 3 in flow regimes as per Kn as Figure 4 does since different values of 
Kn (highly dependent of the Lc) can coexist for similar Nu values or similar Ra or Gr values6. Although, to discuss the 
results in Figure 3, it must be taken into account that, regarding the Kn values, data points for 0.05 mbar for plate A, 
and points for 5.6 and 1 mbar for plate B, are immersed in temperature jump regime. The data points at the right of 
this region correspond to continuum regime (higher values of Ra) and the data points at the left of the temperature 
jump region belong to transition regime (lower values of Ra). 

It is observed that for Ra > 10 an increment in the temperature of the plate makes Nu to grow. Since in that region 
of continuum flow the mean free path of molecules is still much smaller than the characteristic length of the plate and 
there is no rarefaction. In that condition the heat is transferred from the plate to the surrounding air mainly by 
convection currents. For Ra < 10 the convection currents become weaker and the variation of Nu with increments of 
Tp is imperceptible. This behavior suggests that the rarefaction is significant there, as the mean free path increases as 
pressure is lower, but λ is still being much smaller in comparison with Lc, and those are the realms of temperature 
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jump regime, although it must be considered that the limits between flow regimes as a function of Kn are a mere 
orientation. In that region the growth rate of h·Lc as a function of k is linear, since in fact there is rarefaction perceptible 
for Ra < 10. 

It is observed in that region that for a group of points of the same plate at the same pressure as Tp grows, Ra also 
grows but Nu seems to be stagnated. In this condition in the layer of air surrounding the plate as Tp grows (µ and Tfilm 
increases) λ increases as well (see equation (8)) the collisions between molecules reduce and consequently the heat 
transfer is stagnated, since no more heat can be transferred to the air in spite of the temperature increment of the plate. 

Furthermore, the value of Nu is still stagnated for different pressures in that region of Ra, since λ remains being 
much smaller than Lc but large enough to reduce the collisions between molecules. It is expected that immersed in the 
transition flow regime the value of Nu begins to decrease from 2.4 to around 0 when the free molecular flow were 
reached. In the present experiments the maximum value of Kn reached in the transition regime is about 0.3, which is 
close to the temperature jump regime. Note that if Figure 3 is correlated with Figure 4 it can be appreciated that 
continuum flow regime extends to approximately Ra ≈ 10‒1, whereas the temperature jump regime goes approximately 
from there to Ra ≈ 10‒5, where the transition regime begins. The value of Kn is directly related with Lc, so a different 
approximation for choosing Lc (such as the width of the plate) could yield differences in Kn and consequently the 
limits between flow regimes would be displaced in Ra. 

The present experimental results are also compared with heat transfer correlations found in literature as well as 
experimental results from other authors. Although for high values of Ra there are several correlations published and 
constrasted21, for low values of Ra, particularly Ra < 102, there are very few investigations related to the thermal 
problem studied here. As it can be observed from the Figure 3, the experimental results have similar trends as the 
predictions from Goldstein & Lau10 and Chambers & Lee9 correlations for Ra > 102 and also the same trend as the 
experimental results from Liu et al8 although our Nu values are somewhat lower. It must be noticed that Liu uses T∞ 
for calculating β, so Gr tends to be greater than our experiments. The work of Suriano & Yang11, studied numerically 

 
Figure 3. Nu vs. Ra. Experimental results from both plates A and B at different pressures. For each experimental 
group of points at a constant pressure, the temperature of the plate increases from left to right. Correlations published 
by other authors are also plotted. 
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the natural convection on heated flat plates horizontal and vertical for Ra < 3·102 and a correlation is proposed in form 
of a table of values for calculating Nu as a function of Ra, this values are also represented in the Figure 3. Experimental 
results for 10 < Ra < 10‒7 seem to be nearly constant at Nu ≈ 2.4, which closely fits the predictions from the correlation 
of Suriano & Yang in that interval. Although, at molecular flow regime it is supposed that Nu approaches to zero as 
Ra tends to zero, so the trend in the results could vary depending on the flow regime. Suriano & Yang predictions are 
in agreement with those of Buznik & Bezlomtsev12 for horizontal plates, but the interval of 10‒2 > Ra > 0 is not study 
in depth since it could occur a condition of transition flow regime (or even free molecular flow) for Ra < 10‒2. As a 
first approach, the results extracted from the present prototype seems to be acceptable, considering the experimental 
bias and uncertainty in the correlation predictions, especially at low Ra values where the correlation proposed by 
Suriano & Yang for the range 10‒2 > Ra > 0 brings just two specific values of Nu and it could be a coarse 
approximation to the real Nu for values of Ra < 10‒2. Note that in the Figure 3 the point from Suriano & Yang depicted 
in Ra = 10‒7 actually belongs to Ra = 0 according to their publication. 

Except for Liu et al correlation, which computes the value of Nu for the whole plate the rest of correlations depicted 
in the Figure 3 calculates the value of Nu for upper and lower sides separately. In order to compare with the present 
results, these correlations are plotted in Figure 3 as the sum of Nu in upper and lower sides. 

B. Effect of Gas Rarefaction on Convection 

In the Figure 4 is presented the evolution of Nu as a function of Kn. Regarding the rarefaction levels as a function 
of Kn. It can be observed the influence not only of the pressure in the test but also of the characteristic length of the 
plate. In the Figure 4 at a similar pressure of 0.05 mbar in both plates A and B computes different value of Kn. In fact, 
for plate B it makes to change from temperature jump regime to the transition one, just because the mean free path 
and characteristic length begin to be comparable. If the experimental data had been extended to Kn > 0.3 eventually 
the decrease of Nu would have been observed since the collision probability between molecules and plate surface 

 
Figure 4. Nu vs. Kn. Experimental results from both plates A and B at different pressures. The approximate limits 
for different flow regimes are also distinguished with vertical lines (region at the left is continuum flow, at the middle 
is temperature jump regime and at the right is transition regime). 
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reduces even more in the transition regime. This condition could occur at the same lowest pressure in the experiment 
(0.03 mbar) but for a smaller plate (e.g., 1 x 1 cm2). 

C. Importance of Convection in heat dissipation 
In all tests it was evidenced the dominant effect of the heat transferred by free convection over the total heat power 

supplied to the plates, being the thermal conduction through the supports and wiring and the thermal radiation the 
secondary mechanisms of heat transfer. In the Table 1 it can be observed the contribution of each heat transfer 
mechanism i (�̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, �̇�𝑄𝑟𝑟𝑒𝑒𝑐𝑐 or �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) as a function of p for both plates A and B at a similar test (similar p and Tp). The 
weight of convection is above 80 % over total heat flow, �̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒 , at ambient pressure for both plates A and B, whereas 
at a low pressure of 0.05 mbar the importance of convection is reduced but remains above 70 %. The experimental 
results indicates that the convection would be significant at stratosphere conditions (3 to 25 mbar approximately) and 
even at lower pressures where the effect of the free convection is weaker. Also, it can be observed from the Table 1 
that heat conduction through the wiring and through the supports to the base of the chamber is always very low for 
both plates due to the low thermal conductivity of the Delrin. Furthermore, for plate A the contribution of radiation is 
lower than in the plate B since the infrared emissivity is low in both faces whereas for plate B one of the surfaces has 
high emissivity. 

D.  Simulation of the float altitude conditions in TMM analyses 
Since it is not possible to cool the air temperature inside the chamber assembly below ambient temperature, a 

simulation of the temperature conditions as well as the characteristic thermal radiation loads in the stratosphere was 
performed with the TMM flight model analyses in ESATAN-TMS.  

The horizontal plate dimensions for the GMM (see Figure 1) and thermo-optical properties for the TMM of the 
horizontal plate are the same as the tested plate A (see section II), being the infrared emissivity for bare aluminum15 
considered 0.1, whereas the structure of the HTL are painted with black paint14 with infrared emissivity of 0.9 (solar 
absorptance α = 0.9). The inner and outer foam are painted in white paint (α = 0.2 and ε = 0.8). The foam thickness is 
3 cm and its thermal conductivity is 0.03 W/m·K. The conductive coupling between the horizontal plate and the HTL 
structure is defined equally as the one in the experiments. 

In order to evaluate the influence of the convection heat transfer, it has been defined a non-geometrical diffusive 
air node in the cavity where the horizontal plate is located, and a thermal boundary air node stands for the external air 
with a temperature of −37.0 °C at a pressure of 10.5 mbar. The non-geometrical diffusive air node in the cavity is 
convectively connected to the surfaces in the cavity. Three steady thermal analyses (Cases 1 to 3) have been carried 
out with the same GMM. The Case 1, where it has been defined a representative mass flow between the environmental 
air node and the inner air node. Since the cavity will be neither pressurised nor sealed in the interfaces between 
assembled parts it cannot be presumed that the inner air is entirely disconnected from the outside air but forced 
convection over the plate is not allowed because of the physical boundaries. This mass flow has been implemented 
defining a conductive coupling between the environmental air node and the inner air node. In the Case 2 this effect 
has not been considered. In both cases Suriano and Yang correlation11 was used to compute the free convection. 
Finally, in the Case 3 no convection has been implemented. In all cases, the plate is heated with �̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒  = 2 W. 

To do these thermal analyses, it is necessary to define the environmental radiative thermal loads at the float 
altitude2, such as the solar thermal flux �̇�𝑞𝑆𝑆 = 1319 W/m2, the albedo a = 0.5, the outgoing longwave radiation 
OLR = 200 W/m2, the solar zenith angle SZA = 50º (see Figure 1) and the temperature of the sky Tsky = ‒270 K. 

Regarding the horizontal plate, the results obtained for each case are presented in Table 3, Table 2 and Table 4. 
Firstly the Table 3 shows the heat flow from the plate to the HTL and the inner air node. In this table, it is also 

Table 1. Ratio �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  [%] as a function of p. Contribution of each mechanism of heat transfer i (convection, 
radiation or conduction through supports and wiring) over the total heat supplied to the plate, �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉, for plate A and 
plate B at similar tests. 

Description 
Plate A Plate B Plate A Plate B 

0.05 mbar 0.05 mbar 939 mbar 951 mbar 
�̇�𝑸𝒊𝒊 [W] �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  �̇�𝑸𝒊𝒊 [W] �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  �̇�𝑸𝒊𝒊 [W] �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  �̇�𝑸𝒊𝒊 [W] �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  

Conductionplate-base -0.03 1.0% -0.03 4.0% -0.02 0.5% -0.04 2.3% 
Radiationplate-chamber -0.47 19.4% -0.20 25.1% -0.39 7.9% -0.30 16.7% 

Convectionplate-air -1.92 79.6% -0.57 70.9% -4.58 91.6% -1.47 81.0% 
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presented the percentage of the heat power dissipated by 
each heat transfer mechanism i (conduction, radiation or 
convection), over the total heat supplied to the plate, 
�̇�𝑄𝑖𝑖 �̇�𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒⁄ . 

As it was expected, the conductive heat flow from the 
plate to HTL has lower importance than the radiative heat 
flow due to the low conductive coupling between these two 
elements and due to the effect of HTL black paint. Besides, 
the dominant heat flow is the convective one in Case 1 and 
Case 2. In order to show the effect of convection heat 
transfer, the temperatures obtained are summarized in Table 
2. The importance of the convective heat flow can be 
observed comparing the plate temperature between Case 1 
and Case 3. There is a difference of almost 50 ºC either 
considering or not the convective heat flow. 

Finally, in the Table 4 it is summarized the convection 
dimensionless parameters obtained, such as Pr, Gr Ra, Nu 
and Kn of the horizontal flat plate. As can be observed, value 
of Ra from Case 1 is greater than the one from Case 2 and 

consequently, the effect of the convection must be greater. Although, the difference in Nu between Case 1 and Case 
2 is almost negligible since it was calculated using Suriano and Yang correlation11 and for Ra < 10 the prediction for 
Nu returns almost the same value. Comparing the results obtained in the simulation with the ones obtained in the 
present experiments, the convection dimensionless parameters at float pressures are similar in both simulation and 
experiments. On the other hand, the relative contribution of each heat transfer mechanism is different since the 
environmental conditions in both methodologies are different but even though, the convection still being dominant in 
the simulation results. 

V. Conclusions 
A prototype of experiment based on horizontal flat plates has been built to characterize the heat transfer over the 

plates due to the mechanisms of conduction, radiation, and convection. The prototype was tested to support the 
dimensioning of the flight model which is intended to be on-board a stratospheric balloon. The prototype was tested 
inside a vacuum chamber in a range of pressures from 0.03 mbar up to ambient pressure, applying heat power for 
heating plate from 0.09 to 5 W, reaching plate temperature increments over the air temperature up to 40 ºC 
approximately. 

The main goal of the experiments is to assess the importance of the heat transferred by means of free convection 
at similar pressures as the ones in the stratosphere. The results obtained reveal that the convection (the heat transfer 
through the air) is still the dominant mechanism of heat transfer in the prototype experiments and the results are 
coherent with other published works. 

As a summary of the experimental results obtained from the horizontal plates A and B, the heat transfer due to 
natural convection expressed by Nu, decreases when decreasing pressures as expected, whilst Kn increases (increasing 
rarefaction in the fluid). The same trend is observed in the evolution of Ra. The influence of the characteristic length 
of the plate Lc is evidenced when Ra values are lower for the smallest plate at the same pressure, the same evidence is 
observed in Nu values for Ra > 10, which highlights the importance of the object dimensions when combined with 
low fluid pressure. Furthermore, it is observed a stagnation of the convection heat transfer for Ra < 10 where the 
experimental values of Nu remain around 2.4 for both plates and different pressures, corresponding this region 
approximately with the temperature jump flow regime. Also, this stagnation occurs for the groups of points at the 

Table 3. Energy balance from TMM analyses. Case 1 considers convection mass and heat transfer; Case 2 
considers only convection heat transfer and Case 3 does not consider convection. 

Description Case 1 Case 2 Case 3 
�̇�𝑸𝒊𝒊 [W] �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  �̇�𝑸𝒊𝒊 [W] �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  �̇�𝑸𝒊𝒊 [W] �̇�𝑸𝒊𝒊 �̇�𝑸𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉⁄  

Conductionplate-HTL −0.03 1.6 % −0.04 1.9 % −0.07 3.5 % 
Radiationplate-HTL −0.75 37.3 % −0.90 44.3 % −1.93 96.5 % 

Convectionplate-air cavity node −1.22 61.1 % −1.08 53.8 % 0.00 0.0 % 
 Table 2. Temperature results from TMM analyses. 
“Inner Foam” refers to the foam inner surface, 
exposed to the inner cavity, whereas “Outer Foam” 
refers to the foam outer surface, exposed to the 
external environment.  

Description Temperature [ºC] 
Case 1 Case 2 Case 3 

Plate 92.3 99.4 138.0 
HTL Structure 51.8 52.8 52.7 

Inner Foam 47.5 50.5 49.3 
Outer Foam 31.1 31.6 31.4 

Air cavity node 44.6 58.4 58.4 
 
Table 4. Convection parameters from TMM 
analyses. 

Case Pr Gr Ra Nu Kn 
Case 1 0.69 5.92 4.10 2.15 3.05·10-4 
Case 2 0.69 4.44 3.06 2.15 3.16·10-4 
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same pressure and plate even when the temperature of the plate is increased as consequence of the increase of the 
mean free path of air molecules in the air surrounding the plate which reduces the collision between molecules. 

Besides, in order to model the actual thermal environment al float altitudes, it has been developed a mathematical 
thermal model in ESATAN-TMS to simulate the thermal behaviour of plate A at air pressure of 10.5 mbar and air 
temperature of −37.0 °C. The corresponding results match with the experimental ones. 

As future investigation, it is desired to test plates of smaller dimensions, which would yield results in values of Ra 
lower than the results presented, inmersed in the transition regime. At that condition it is expected to observe a decrease 
in Nu towards the free molecule regime where as Ra tends to zero Nu tends to zero as well. With the present work and 
the research hereinafter it is intended to synthetise a free convection heat transfer correlation for small horizontal flat 
plates as the ones studied here, specially for the region not covered by the already published correlations. This  
upcoming correlation would add the influence of Kn apart from the Ra influence depending on the grade of rarefaction 
involved. 
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