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“What’s more, all balloon flights are naturally three-act dramas. The First Act is the launch: the
human drama of plans, hopes, expectations. The Second Act is the flight itself: the realities, the
visions, the possible discoveries. The Final Act is the landing, the least predictable, most perilous
part of any ascent, which may bring triumph or disaster or (quite often) farce. The ultimate
nature of any particular balloon ascent – a pastoral, a tragedy, a comedy, a melodrama, even a
sitcom – is never clear until the balloon is safely back on earth. Sometimes it is not clear even
then.”

-Richard Holmes, from Falling Upwards: How We Took to the Air, 2013
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1 Introduction

This report discusses engineering level predictions of solar balloon buoyancy and flight. The flight path of
any balloon is impossible to predict exactly due to the uncertain nature of weather at altitude – however, for
design and planning purposes it is useful to have some means of estimating basic balloon performance. Solar
balloons are more difficult to model than other types of balloons (e.g. those with helium as a lifting gas)
because the lift depends entirely on the local radiation environment, which varies with the local weather.

Predicting the buoyancy of a solar balloon is an exercise in heat transfer which can be broken down
into two basic parts: heat transfer due to fluid flow and heat transfer due to absorbed/emitted radiation.
In Section 2 we consider internal/external heat transfer due to fluid flow, while in Section 3 we consider
the heat transfer due to adsorbed/emitted radiation. Once a model of the heat transfer is constructed, the
trajectory of the balloon through the atmosphere can be calculated, as is described in Section 4. The end
product of this report is a code that computes the 1D (vertical) trajectory for a solar balloon. This code is
open source and freely available to others. Throughout this report, we will refer to the baseline conditions
shown in Table 1. In all cases we assume a spherical balloon.

Date 11/1/2013
Latitude 35.08333o N
Diameter D 5 (m)
Payload Mass Mpayload 3 (kg)
Envelope Material Density ρenv 939 (kg/m3)
Envelope Thickness tenv 7.874×10−6 (m)
Envelope Specific Heat Cv,env 2250 J/(kg K)
Effective Envelope Radiation Absorptivity αeff 0.889
Ground Temperature Te 293 (K)
Ground Albedo 0.2
Ground Emissivity 0.95
Cloud Fraction Cf 0.0

Table 1: Baseline balloon, atmospheric, and launch conditions

2 Fluid Heat Transfer

The fluid heat transfer is dependent on the non-dimensional numbers that characterize fluid flow – in this
case the Reynolds (Re) and Raleigh (Ra) Numbers. In this work we use experimentally parameterized heat
transfer correlations, which are applicable over a wide range of conditions because they are parameterized
with these numbers. Below we consider typical values of Ra and Re during a balloon flight.

2.1 Important Non-Dimensional Numbers: Re and Ra

The Reynolds number (Re) is defined as:

ReD =
UD

ν
(1)

where U is the the ascent rate (m/s), D is the diameter of the balloon (m), and ν is the kinematic viscosity
(m2/s). The Reynolds number represents the ratio of of inertial forces to viscous forces, and is often used
to predict whether a flow will be laminar or turbulent.

The Raleigh number (Ra) is a dimensionless number used to characterize the heat transfer in buoyancy
driven flow:

RaD =
gβD3

να
(Ts − T∞) (2)
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Where g is the acceleration due to gravity, β is the thermal expansion coefficient (=T−1 for an ideal gas
(1/K)), α is the thermal diffusivity (m2/s), Ts is the surface temperature (K), and T∞ is the temperature
of the surrounding environment (K). The fluid properties ν, α and β are typically evaluated at an average
temperature:

Tf =
Ts + T∞

2
(3)

At very high Ra, the majority of heat transfer occurs from buoyancy driven convection, while at lower
Ra the majority of heat transfer occurs via conduction. The Raleigh number is used when evaluating the
heat transfer from a body in a static fluid (natural convection), while the Reynolds number is used when
evaluating the heat transfer from a body in a moving fluid (forced convection). Heat transfer correlations
for natural convection typically take the form:

Nun = f(Ra, Pr, geometry) (4)

or for forced convection the take the form:

Nuf = f(Re, Pr, geometry) (5)

where Pr is the Prantl number (ν/α ∼= 0.7 for air) and Nu is the Nusselt number:

Nu =
hD

k
(6)

where k is the thermal conductivity (Wm−1K−1) and h is a surface averaged heat transfer coefficient
(Wm−2K−1). The power input due to heat transfer (Q̇f , W) for a sphere is:

Q̇conv = πD2h(Ts − T∞) (7)

To get a feeling of how Ra and Re vary during a typical flight, we consider a case where D = 5 m, U =
2 m/s, and T -T∞ = 20 K. The atmosphere is modeled by the US 1976 standard atmosphere[1] and we use
the following expressions for the viscosity and thermal conductivity for air[2]:

µ =
1.458× 10−6T 1.5

T + 110.4
(8)

k = 0.0241

(
T

273.15

)0.9

(9)

As shown in Fig. 1, both the Reynolds and Raleigh number decrease with elevation. This is primarily
due to the decrease in density with elevation. Because the Nusselt number typically increases with either
Ra or Re, this means that heat transfer away from the balloon due to fluid flow is less efficient at higher
elevations.
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Figure 1: Ra, Re vs. Elevation for US 1976 standard atmosphere

2.2 Heat Transfer Correlations For Spherical Balloons

A number of works modeling balloon flight have commented on the appropriate heat transfer correlations to
use for external and internal convection.[3, 4, 5, 6, 7, 8, 9] Different works recommend different correlations,
and it is difficult to speculate which formulations are the most accurate. It is emphasized that these correla-
tions are approximate because they were parametrized with experimental data for spherical bodies/cavities
with constant surface temperature. In reality, solar balloons seldom take a precisely spherical shape, and do
not have a constant surface temperature distribution.

For external convection (hereafter denoted be the subscribe ext) driven by natural buoyancy we use the
correlation outlined by Jones and Wu[5]:

Nuext,n =

{
2 + 0.6Ra0.25

D RaD < 1.5× 108

0.1Ra0.34
D RaD ≥ 1.5× 108

(10)

When the balloon is ascending, heat is transferred through forced convection, and we use the correlation
recommended by Dai et al.[9]:

Nuext,f =

{
2 + 0.47Re

1/2
D Pr1/3 ReD < 5× 104

(0.0262Re0.34
D − 615)Pr1/3 ReD ≥ 1.5× 108

(11)

To transition between the two correlations during a balloon trajectory, we use:

Nuext = max(Nuext,n,Nuext,f) (12)

For internal convection (heat transfer between the balloon envelope and the internal gas, denoted by subscript

int), we use the relation from Carlson and Horn[4]:

Nuint =

{
2.5(2 + 0.6Ra0.25

D ) Ra < 1.35× 108

0.325Ra0.333
D Ra ≥ 1.35× 108

(13)
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2.2.1 Validation of Heat Transfer Correlations vs. Experiment

One measure of the accuracy of the above correlations at predicting balloon buoyancy comes from the work
of Feldman et al.[8], who carried out buoyancy measurements for 1 meter diameter balloon in a cold nitrogen
chamber. The experiments in this work were performed at temperatures (90 - 180 K) much lower than those
typical for a terrestrial solar balloon, however, they are still relevant for evaluating the accuracy of the heat
transfer correlations. In these experiments, the balloon was heated with an internal heating element with a
known power input (Q̇source). At steady state, the power input into and out of the surface of the balloon
are equivalent in magnitude to the power input of the heating element. The balloon’s surface temperature
can then be found by solving:

Q̇source + Q̇conv,ext + Q̇rad,ext = 0 (14)

and the internal temperature of the balloon is determined by solving:

Q̇source + Q̇conv,int + Q̇rad,int = 0 (15)

The power input from external (Q̇e,convection) and internal convection (Q̇i,convection) are found through Equa-
tions 10 and 13 respectively. Because the radiative heat transfer in these experiments is relatively small, this
experimental setup is an excellent measure of the accuracy of the heat transfer correlations for both external
and internal convection. The radiative heat fluxes are evaluated as described by Feldman et al.[8], however,
it is noted that equations (8) and (12) in this work are missing surface area and emissivity terms.

Figure 2 shows a comparison of the buoyancy predicted by the heat transfer correlations and experi-
mental results. The heat transfer correlations are in better agreement with experimental results at higher
temperatures, and generally under predict the net balloon buoyancy. The largest disagreement is around
20%, which occurs for the case with an ambient temperature of 90 K and a power input of 550 W. This
comparison helps justify the use of heat transfer correlations for ballooning predictions.

Figure 2: Comparison of heat transfer correlations to experiment[8] for Buoyancy vs. power input at different
ambient temperatures.
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3 Radiation Adsorption and Emission

There a a number of sources of radiation contributing to the surface heating of a solar balloon. These include:

• Direct solar radiation

• Solar radiation reflected by the earth

• Diffuse solar radiation scattered by the sky

• Infrared radiation emitted by the Earth

• Infrared radiation emitted by the Sky

All of these sources should be taken into accurately calculate the buoyancy of a solar balloon. Other
works modeling the flight of helium balloons include some or all of these factors.[3, 5, 6, 9, 10] Because the
lifting gas in a solar balloon is air, its trajectory is entirely dependent upon these radiation sources. In all
cases, we are interested in the over all intensity of the radiation (W/m2) from these sources. The balloon
also emits radiation, which becomes the dominant cooling mechanism at higher elevations where fluid heat
transfer is less efficient. Below we discuss all of these radiation sources and how they interact with the
balloon envelope.

3.1 Direct Solar Radiation

The solar radiation reaching earth varies throughout the year due to Earth’s elliptical orbit. On a given day
of the year, the intensity of solar radiation reaching the Earth is given by[10]:

IS,0 = 1358

[
1 +

1

2

({
1 + e

1− e

}2

− 1

)
cos(A)

]
W/m2 (16)

where e is the orbital eccentricity (0.016708) and A is the true anomaly:

A =
(Day of year)

365
(17)

Where (Day of year) is approximately the number of days since aphelion (Jan 3). The amount of solar
radiation that reaches a location within Earth’s atmosphere is related to the atmospheric transmittance:

IS = τatmIS,0 (18)

which can be approximated by the expression[3]:

τatm = 0.5
[
e−0.65AM + e−0.095AM

]
(19)

Where AM is the air mass – (the mass of air between the balloon and the sun). On a clear day, the air mass
AM at sea level can be approximated by[3]:

AM =
[
1229 + (614 cos ζ)2

]1/2 − 614 cos ζ (20)

where ζ is the solar zenith angle, which is defined as the angle between the sun and the normal vector of
Earth’s surface (at sunset the apparent solar zenith angle is 90◦). The value of AM above the atmosphere
is zero, while AM is unity at ζ = 0◦ at sea level. Near sunset the value of AM is around 40. The airmass
at elevations above sea level can be approximated by[3]:

AM =
P (z)

P0
AMsea level (21)
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where P (z) is the pressure at an elevation z and P0 is the pressure at sea level. For predicting a balloon
flight, it is necessary to know how the solar zenith (ζ) changes throughout the day. The approximate solar
zenith is given by[11]:

ζ = arccos(sinλ sinσ + cosλ cosσ cosh) (22)

where λ is the latitude, σ is the solar declination, and h is the solar hour angle. The solar declination varies
±23◦ over the course of a year, and can be approximated by the expression:

σ = 0.4093 sin(2π(284 + Day of year)/365.); (23)

The approximate solar hour angle at dawn is:

h0 = arccos(− tanλ tanσ) (24)

A day is 2h0 in length, with the maximum solar zenith occurring at h = 0. Solar hour angle can be converted
to hours by multiplying by π/12 (The sun traverses 2π radians in 24 hours). Figure 3 shows the solar elevation
(π/2 - ζ) and the solar intensity throughout the day. At higher elevations, sunrise/sunset occur before/after
their times at sea level. However, in these cases the air mass is high enough that the intensity of the direct
solar radiation is insignificant, so we neglect this effect.

(a) Solar Elevation (π/2 - ζ) (b) Solar Intensity

Figure 3: Solar quantities vs. hour for conditions in Table 1

3.2 Diffuse and Reflected Sunlight

Solar radiation also can also reach the balloon via diffuse atmospheric reflection (the sky glows blue), and
reflection off of Earth’s surface. The diffuse radiation from the sky is approximated by the expression[9]:

IS,sky =

(
1

2
I0 sin(π/2− ζ)

1− τatm
1− 1.4 ln τatm

)
(25)

where the above expression can be multiplied by (1-CF ) to account for the occluding effect of some fractional
cloud coverage CF if the balloon is below the local cloud elevation (we assume clouds are totally opaque).
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(a) P = P0 (b) P = 0.01 P0 (∼ 30,000 m)

Figure 4: Solar Intensity from Direct, Diffuse and Reflected Radiation for baseline conditions (Table 1)

The sin(π/2− ζ) term accounts for the fact that sunlight is spread over a larger area when the sun is closer
to the horizon. The reflected solar radiation is given by[10]:

IS,reflected = Albedo× IS sin(π/2− ζ) (26)

where the Albedo gives the amount of reflected radiation. This expression assumes that the reflected radiation
is diffuse, ignoring the specular components. In the expression given by Farley[10], the I0 is used instead of
IS . We use IS here because it makes more sense – any light reflected off the earth will have to travel through
the atmosphere before it can be reflected. Kreith[3] gives average albedo measurements vs. latitude under
different weather conditions. On an average day at ∼40◦ N latitude the albedo is 0.4, however, the albedo
can vary with weather conditions (0.2 for clear skies to 0.6 for overcast skies). These albedo measurements
are based on satellite measurements, and are expected to be more accurate at higher elevations. To account
for cloud coverage, we use the following expression for albedo[10]:

Albedo =

{
Albedoground(1− Cf) Below Clouds

Albedoground(1− Cf)
2 + Albedocloud(Cf) Above Clouds

(27)

where we always take Albedocloud = 0.6. Fig. 4 shows a comparison of the radiation intensity from different
sources on a clear day at sea level and 30,000 m. The direct solar radiation is always higher than the diffuse
and reflected radiation, and all three peak at noon. As shown in Fig. 4(b), the diffuse radiation is nearly
zero at 30,000 m because there is not enough atmosphere to scatter light above this elevation (the sky above
is visibly black at these elevations). The direct solar radiation at 30,000 m is nearly equal I0, the intensity
of the sun above the atmosphere.

3.3 Infrared Radiation

Finally, we consider the infrared radiation emitted by the ground and the atmosphere. The Earth can be
modeled as a gray body which emits radiation according to:

IIR,E0 = εEarthσSBT
4
e (28)
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Where εEarth is the emissivity of the Earth (on average 0.95, but can be as low as 0.8 in some regions[10]),
σSB is the Stefan-Boltzmann constant, and Te is the effective temperature of the earth. To account for cloud
coverage, Tg is modified to by the approximation[9]:

Te = (1− CF )Tg + CFTc (29)

Where Tc is the cloud temperature (the temperature at the cloud elevation). In a similar manner to incident
solar radiation, only a fraction of the IR radiation emitted from the Earth is transmitted through the
atmosphere. Assuming the atmospheric transmittance is identical for IR and visible radiation, τIR is given
by[10]:

τIR = 1.716− 0.5
(
e−0.65P (z)/P0 + e−0.095P (z)/P0

)
(30)

(Note: we have corrected the typo in the expression by Farley -0.95 → -0.095). The IR radiation from the
earth at elevation is then given by:

IIR,earth = τIRIIR,E0 (31)

The IR radiation from the sky is more difficult to quantify. Kreith et al. recommend using local experimental
measurements from radiometers[3], or lieu of this parameterized values from nearby latitudes. We use a
simple fit for the parametrization of IR sky light between 40-50◦ latitude:

IIR,sky = max(−0.03× (elevation) + 300, 50); (32)

which is 300 W/m2 at sea level and drops to 50 W/m2 at higher elevations. Given the simple nature of
this expression we do not modify for cloud coverage (which would only have an effect below the elevation of
clouds). It is noted that the downward IR flux from the sky makes little difference to the maximum elevation
of the balloon, but slightly alters its ascent rate. Figure 5(a) shows the IR radiation vs. elevation, which is
in reasonable agreement with the values summarized by Kreith et al.[3] An IR radiation temperature can be
given by the expression:

TIR = (IIR/σSB)
1/4

(33)

According to Fig. 5(a), the average IR radiation flux on a sphere at ground level should be around 350 W/m2,
which gives TIR = 280 K. This means that infrared radiation exchange will not significantly influence the
balloon temperature near sea level. However, at higher elevations (10 - 30 km) the atmospheric temperature
drops below the IR temperature, as shown in Fig. 5(b). This means that it is possible for a balloon to remain
above ambient atmospheric temperatures at these elevations using the infrared heating from earth, which is
present at night. This has been exploited by French Infrared Montgolfiere balloons, which are able to fly at
night at altitudes of 20-25 km, and have remained aloft for periods of 60 days![12]

3.4 Absorption/Emission of Radiation with the Balloon

The amount of radiation adsorbed depends on the properties of the balloon film – which are typically not
exactly known. Radiation striking the balloon can adsorb, reflect, or transmit through the balloon film,
and some transmitted radiation can undergo multiple reflections within the balloon. Further complicating
matters is the fact that the absorptivity/transmittance/reflectivity of a material typically varies with the
angle at which radiation strikes it. We will assume that materials can be modeled by their average film
properties (averaged over all incident light angles, denoted by x). The absorptivity, transmittance, and
reflectivity any material sum to unity:

α+ τ + r = 1 (34)

To account for multiple internal reflections, we use the expression for effective reflectance from Farley[10]:

re = r + r2 + r3 + r4 + ... (35)

The total fraction of radiation adsorbed (αeff) is the given by the sum of directly adsorbed, the transmit-
ted/absorbed, and transmitted/(multiply) reflected/absorbed radiation[10]:

αeff = α+ α τ + α τ re (36)
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(a) IR elevation vs. Elevation (b) IR Radiation and Atmospheric Temperature

Figure 5: IR elevation vs. Elevation. Tg = 293 K, CF = 0

The heat flux to the surface is then:
qrad = αeffIrad (37)

and the overall power input is:

Q̇rad =

∫
surf

αeffIrad(Ω)dΩ (38)

The absorptivity of a material varies with the wavelength of the incident radiation. We will assume that all
types of radiation (direct/reflected/diffuse solar and Earth/Sky infrared Earth/Sky) absorb, transmit, and
reflect equally on the balloon film. For baseline balloon model in Table 1, we use a slightly transparent black
balloon with αS = αIR = 0.8, τS = τ IR = 0.1, rS = rIR = 0.1. The balloon also emits radiation according
to:

qr,e = εenvσSBT
4
env (39)

We apply Kirchoff’s law (assuming the balloon is in thermal equilibrium with its surroundings), which
equates the IR absorptivity and emissivity of the envelope (αIR = εenvelope). Different sources of radiation
fall upon different parts of the surface area of the balloon. Direct solar radiation hits the projected area:

Aproj = πD4/4 (40)

The fraction of the surface of the balloon illuminated by radiation originating from the Earth is given by
the view factor(VF )[10]:

VF =
1− cos(θHC)

2
(41)

where θHC is the half-cone angle made by the balloon-earth system:

θHC = arcsin

(
REarth

REarth + z

)
(42)

where REarth = 6371 km, and z is the balloon elevation. The view factor is 0.5 at sea level and decreases
with elevation. Radiation originating from the sky has falls upon the fraction of the surface (1-VF ). The net
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power input to the balloon due to radiation, Q̇rad (W), is given by:

Q̇rad = αeff (ISAproj + IS,skyAsurf(1− Vf ) + IS,refAsurfVf + IIR,skyAsurf(1− Vf ) + IIR,earthAsurfVf )

−εenvσSBT
4
env (43)

Figure 6 shows a contour plot of average radiative intensity (total radiative power input divided by the
surface area for the baseline balloon model). The balloon receives the most radiation at lower elevations due
to the IR contributions.

Figure 6: Average radiation intensity vs. time and elevation for the baseline balloon model (Table 1)

4 Balloon Buoyancy and Trajectory Predictions

The buoyant force acting on a balloon is given by:

Fb = (ρatm − ρint)Vbg (44)

First, we will consider the steady state buoyancy at sea level, a case where Q̇in = Q̇out and Ts = Tint. We
iteratively solve the following equation:

Q̇rad + Q̇conv,ext = 0 (45)

with the Newton-Raphson method to find the internal temperature of the balloon (Tint) and the buoyancy.
Figure 7 shows FB/g and the difference between the internal balloon temperature and atmospheric temper-
atures. At noon the balloon temperature is 30 K above the ambient temperature, and the balloon can lift a
total of 8 kg.
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Figure 7: Buoyancy, (Tint - Tatm) vs. time at sea level for the baseline balloon model

4.1 Trajectory Calculations

The vertical acceleration of the balloon is given by:

d2z

dt2
=
dU

dt
=
Fb − Fg − Fd

Mvirt
(46)

where Fg is the gravitational force, and Fd is the drag force:

Fd = Cd

(
1

2
ρU2

)
(πD2/4) (47)

We use a parameterization of the drag coefficient Cd(Re) from NACA report 285[13]. The virtual mass
coefficient, Mvirt is:

Mvirt = Mpayload +Menvelope + ρatmVballoon + CvirtρatmVballoon (48)

This includes the total mass of the balloon system (mass of the balloon envelope, payload, and interior gas)
and a term CvirtρatmVballoon which accounts for the acceleration of a body in a fluid medium. As suggested
in other works, we assume that the virtual mass coefficient Cvirt = 0.5.[9, 10] The change in surface and
internal temperatures is given by:

dTs
dt

= (Q̇rad + Q̇conv,ext − Q̇conv,int)/Cth,env (49)

dTi
dt

= Q̇conv,int/Cth,int (50)

where Cth,env and Cth,int are the thermal masses of the balloon envelope material and internal air. Equations
46,49,50 can be integrated numerically with the RK4 method [14] to compute the trajectory of the balloon.
Examples of such trajectories with a time step of δt = 1 s are shown in Figs. 8-9. Although such trajectories
are already computationally inexpensive, it possible to reduce the computational cost of trajectories by
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assuming 1) the balloon is always ascending/descending at terminal velocity and 2) the internal balloon
temperature instantly equilibrates with ambient conditions (dTs/dt = dTi/dt = 0, Ti = Ts). We have
observed that this does not significantly influence the trajectories shown in Figs. 8-9.

The trajectory of the baseline balloon is shown in Fig. 8. The balloon lifts off an hour after dawn and
flies for approximately 11 hours, reaching a maximum elevation of 15 km. The average internal temperature
peaks at around 300 K.

(a) Elevation (b) Ti

Figure 8: Trajectory for the baseline model (Table 1). Sunset is indicated by the red line.

(a) Elevation (b) Ti - Tatm

Figure 9: Trajectory for the baseline model (Table 1) with Mpayload = 0. Sunset is indicated by the red line.
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If a balloon is light enough, it can fly at night based on the infrared heating from the earth alone. Fig. 9
shows the trajectory of the baseline model with zero payload mass (the mass of the envelope is an unrealistic
value of 0.58 kg, however this trajectory is just for demonstration purposes). In this case the balloon reaches
a much higher elevation (27 km) during the day, and descends to a elevation of 20 km at night. The balloon
is around 18 K hotter than the ambient atmospheric temperature at night, which is due differences in the
atmospheric and infrared temperatures (see Fig. 5(b)).

5 Conclusions

In this report we demonstrated how to calculate the buoyancy and 1D trajectory of a spherical solar balloon.
This was accomplished by modeling the local radiation environment experienced by the balloon, which
included direct, diffuse, and reflected solar radiation, as well as IR radiation emitted from the earth and sky.
We used experimentally parametrized heat transfer correlations to model the rate at which heat is transferred
by the skin of the balloon to its surroundings and interior through convection. With this heat transfer
modeling in place, it was possible to determine the heating/cooling rate of the balloon envelope/interior at
an arbitrary location on any day of the year. Using the US 1976 standard atmosphere model, we were able to
predict the vertical trajectory of a solar balloon and its maximum elevation. One interesting observation is
that certain types of balloons should be able to fly at night off of the infrared radiation emitted by the Earth
alone. The model described here is approximate, however, it should still be useful for design and evaluation
purposes. This report should be accompanied by free, open source code that can be used to carry out all of
the calculations described here.

Real balloons are not spherical, but typically take a more ice-cream cone type shape. To model non-
spherical solar balloons, as a first approximation, we recommend using the model for spherical balloons with
the projected area (Aproj) and volume modified to account for the geometry of the balloon. A more accurate
way to simulate the balloon buoyancy can be found in the work of Dai et al.[9], where the authors break
down the surface of the balloon into triangular elements and apply heat transfer and radiation relations to
each element. However, the most accurate method of simulation is to use Computational Fluid Dynamics
simulations with a radiation solver, a method which can account for the entire balloon environment[7].
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