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New Thermal and Trajectory Model for High-Altitude Balloons

Leland A. Carlson* and Walter J. Hornt
Texas A&M University, College Station, Texas

A new computer model for the prediction of the trajectory and thermal behavior of high-altitude balloons has
been developed. In accord with flight data, the model permits radiative emission and absorption of the lifting gas
and daytime gas temperatures above that of the balloon film. It also includes ballasting, venting, and valving.
Predictions obtained with the model are compared with flight data and newly discovered features are discussed.
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Nomenclature
= cross-sectional area of sphere with

volume equivalent to the balloon
= specific heat of the balloon film
= specific heat of the balloon gas
= coefficient of drag
= convective heat-transfer coefficient

between the balloon film and air
= convective heat-transfer coefficient

between the balloon film and gas
-virtual mass coefficient
= drag
= balloon gas volume flow rate

for expelling gas
= balloon gas mass flow rate during

valving
= acceleration due to gravity
= solar constant
= Grashof number
= mass of balloon film
= mass of balloon gas
= mass of payload
= total mass of balloon system
= molecular weight of air
= molecular weight of the balloon gas
= Nusselt number
= ambient air pressure at the base of a layer

in an atmosphere model
= pressure of the balloon gas
= Prandtl number of air
= net heat flux to balloon film
= net heat flux to the balloon gas
= reflectivity of the balloon film in

the i.r. spectrum
= Earth reflectivity (albedo)
= reflectivity of the balloon film

to solar radiation
= universal gas constant
= radius of a sphere with volume

equivalent to the balloon
= Reynolds number
= balloon surface area- 4.835976 V2/3

= time
= ambient air temperature
= ambient air temperature at the base of a

layer in an atmosphere model
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BB = blackball temperature
= balloon film temperature
= balloon gas temperature
= balloon volume

z = balloon altitude
dg = absorptivity of the balloon gas to solar

radiation
agcff = effective solar absorptivity of

the balloon gas
aw = absorptivity of the balloon film in

the i.r. spectrum
a^ff = effective solar absorptivity of

the balloon film
awsol = absorptivity of the balloon film

in the solar spectrum
eg = emissivity of the balloon gas in the

i.r. spectrum
egeff = effective i.r. emissivity of the balloon gas
eint = effective inter change i.r. emissivity
ew = emissivity of the balloon film in the i.r.

spectrum
e weff = effective i.r. emissivity of the balloon film
\t,a = viscosity of the ambient air
pa = air density
a = Stefan-Boltzmann constant
TW = transmissivity of the balloon film in the i.r.

spectrum
= transmissivity of the balloon film

to solar radiation

Introduction

FOR the user, operator, and designer of high-altitude
scientific balloons, the ability to accurately predict

balloon trajectories and thermal behavior is important. For
example, the successful design and execution of a scientific
experiment frequently requires knowledge of the balloon rate
of ascent, behavior at sunrise and sunset, and night and day
float altitudes. For launch operations personnel, an accurate
estimate of balloon performance behavior can greatly
facilitate estimates of ballast requirements as well as balloon
size selection. Likewise, the balloon designer needs accurate
information concerning gas and film temperatures and rates
of ascent/descent since these factors affect the balloon film
stresses. In addition, if an anomaly or failure occurs, an
accurate prediction method can assist in the determination of
the cause and the development of remedial action.

By far the most significant work to date associated with the
prediction of the performance of high-altitude balloons is that
of Kreith and Kreider.1'2 In a series of outstanding papers,
they thoroughly discussed all pertinent phenomena, sum-
marized existing knowledge, and developed an excellent
model and computer program. Without a doubt, Ref . 1 was a
benchmark effort, and thus it has served as a starting point
for most subsequent investigations.

' wsol
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In their model, Kreith and Kreider included the effects of
direct and reflected solar radiation, Earth and atmospheric
infrared radiation, convection, and radiative emission. They
also considered adiabatic heating and cooling, gas expulsion,
valving, ballasting, and sunrise and sunset. In many cases, the
resultant predictions agreed well with flight data.

In addition, based upon the radiative properties of helium,
the Kreith-Kreider model assumed that the lifting gas was
completely transparent to all radiation. Consequently, under
float conditions the only mechanism heating or cooling the
gas was convection between the gas and the film, which is
proportional to the temperature difference (Tf— Tg). Thus, in
their model, the equilibrium gas temperature was equal to that
of the film.

Several investigations have also been conducted to measure
lifting gas and balloon film temperatures in flight. The first of
these was a series of flights by Lucas and Hall3'5 using
7080-m3 balloons which floated at 24-26 km and measured
film and gas temperatures during ascent, float, and through
sunrise and sunset. Subsequently, in 1975 and 1976, the
National Scientific Balloon Facility (NSBF) conducted a series
of engineering test flights carefully designed to measure gas
and film temperatures on larger balloons at higher altitudes.
The equilibrium float temperatures measured on these flights,
shown on Table 1, were quite surprising.

Specifically, while the night values supported the thermal
model assumption that equilibrium wall and gas temperatures
should be the same, the daytime measurements consistently
showed a significant difference, with the lifting gas being
warmer. In addition, since this phenomena only existed
during daylight and, based upon the results of the RAD II and
RAD III flights shown in Table 1, was sensitive to the amount
of albedo radiation, it appeared that the gas temperature
enhancement was primarily due to solar radiation.

However, since helium is undoubtedly transparent to solar
radiation at the temperatures present in a balloon gas, this
phenomenon is difficult to explain. One possibility is that
during daylight, owing to uneven heating, the balloon film
develops hot spots which through convection lead to a gas
convection cell and a lifting gas supertemperature. Un-
fortunately, careful examination of the flight data did not
reveal any film temperatures near or above the measured gas
values, and thus this explanation does not seem likely. Ob-
viously, the gas was somehow being heated by solar radiation,
and the existing transparent gas thermal models were
inadequate.

Consequently, Carlson6 developed a new thermal model,
based upon engineering radiation concepts, which permitted
the lifting gas to emit and absorb radiation in both the solar
and i.r. spectra. Unfortunately, owing to the lack of accurate
film radiative property data, he was forced to simplify the
model, to limit it to float conditions only, and to estimate film
properties from flight data. Results obtained with this sim-
plified model yielded excellent daytime values but consistently
predicted night temperatures below those actually en-
countered in-flight. In addition, initial attempts using the
Kreith-Kreider code to model these flights yielded
discouraging results. Typically, when compared to the actual
flights, they predicted too high ascent rates below the
tropopause and too slow velocities above it.

Consequently, it was decided to develop a new trajectory
and thermal analysis code incorporating the thermal model of
Carlson, which would, from an engineering standpoint, be
sufficiently accurate for flight prediction or analysis. Finally,
it was decided to limit this initial code to zero-pressure
balloons.

Thermal and Trajectory Model
Governing Equations

If it is assumed that the balloon trajectory problem can be
treated two-dimensionally, (i.e., independent variables
altitude z and time f), and that the film temperature Tf and
gas temperature Tg are spatially averaged values, then the
governing differential equations are as follows: the vertical
force balance on the balloon—

(i)

(2)

(3)

, , - > — & \ ^ a "''tot/ ' r a^-dr

the heat balance for the balloon film—

d7> .

the heat balance for the lifting gas—

dTg _ . gMamgTg dz
g pg d/1 . g T'a^ d/

and the mass balance for the lifting gas—

<K ^M. p ^ /kv
d/ = RTg

 E*-E» (4)

where

(5)

(6)

(7)

(8)

It should be noted that Eq. (3) not only accounts for heating
effects on the balloon gas but also includes adiabatic ex-
pansion of the lifting gas. During ascent, the latter leads to a
gas temperature that is cooler than the balloon wall tem-
perature.

The forms for qf and qg are different from previous models
owing to the incorporation of the new thermal model which
permits gas emission and absorption. Following logic similar
to that used in Ref. (6) and the engineering approach, as
opposed to spectral, for radiative heat transfer, <?7and qg can

V=mgRTg/paMg

A =

Table 1 Equilibrium float temperatures from flight measurements

Flight

Lucas-Hall
RAD I
RAD IF
RAD III

Zero-pressure polyethylene, 7080 m3

Zero-pressure polyethylene, 56,634 m3

Zero-pressure polyethylene, 14, 160 m3

Zero-pressure polyethylene, 14,160 m3

Altitude,
km
24.4
33.5
29.7
29.7

Day
Gas,
°C
-32

-16.8
-10
-22

Film,
°C
-39

-36.5
-37.5

Altitude,
km

33.5
25.9
29.0

Night
Gas,
°C

-47.4
-71
-47

Film,
°C

-71
-47

aOvercast skies; all others, clear skies.
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be expressed as

qf=[Ga^(M + Kre)+

+ CHfa (Ta-Tf)- e^

and

] S (9)

(10)

Since balloon film is semitransparent, any radiation to or
from the balloon film will be partially transmitted, and then
partially transmitted off the opposite wall an infinite number
of times. Thus in Eqs. (9) and (10), aweff, eint, eweff, a^ff, and
egeff are effective coefficients which take into account this
multiple-pass phenomena. Based upon Ref . 6, these quantities
are defined in terms of the actual gas and wall radiative
properties as

r wsol '

<*«eff =

l-rw(l-es)

(12)

(13)

(14)

(15)

With proper input, initial values, and definitions, Eqs. (1-
15) form a well-posed initial value problem for z, dz/dt, Tf,
Tg, mg, and volume.

Gas and Film Radiative Properties
Since the present model permits the gas to radiatively emit

and absorb, estimates for o^ and eg must be made. Also, an
explanation for the lifting gas radiative behavior needs to be
postulated. An examination of helium reveals that it does
contain several spectral lines in the solar spectrum.8 However,
these transitions are all between excited states; and at the
temperatures present in balloons, the number of atoms in
these states would be negligible. Consequently, it is highly
unlikely that helium would directly absorb solar energy.

Another possibility is that the lifting gas contains a small
amount of some contaminant which is intensely absorbing in
the solar spectrum. This absorption would increase the energy
and hence the temperature of the contaminant, and it would
subsequently be rapidly transferred to the helium via particle-
particle collisions. One possibility for this contaminant is
water vapor, whose presence in even trace amounts is well
known to drastically affect spectral measurements based on
radiative processes.

One possible source of water vapor in balloons is in the air
trapped inside it during manufacturing and packaging. If it is
assumed that a balloon is assembled at 80% relative humidity,
and 25 °C, and packed with a 0.15875-cm layer of air trapped
inside, then the amount of water contained in the balloon
would range from 200 g for a small balloon to 2300 g for a
large one. At a float altitude of 32 km and a gas temperature
of about — 15°C, the partial pressure of this water would
range from 2 to 4 dyne/cm2, and all of the water would be in
vapor form and available for radiative absorption.

At this point, it should be pointed out that this water vapor
explanation may be totally incorrect; and its verification

depends upon future research. However, in the present model,
exact knowledge of the contaminant is not required.

Now fortunately, the radiative properties of water vapor in
the i.r. are well known and documented7; and based upon
these, an equation suitable for estimating the gas emissivity
can be found, i.e.,

, =0.169(1.746xlO~6 Tg)°-8152 (16)

where Tg is in Kelvin.
Based upon experimental data, float gas temperatures can

range from 233 to 273K, which yields eg values from 0.00029
to 0.00033. These values of emissivity are very small;
therefore their effect on balloon thermal behavior will be
almost negligible. Furthermore, since the range of eg is very
small over the entire range of balloon float gas temperatures,
the value for Tg need only be approximated in Eq. (16) in
order to obtain an accurate estimate of eg.

Unfortunately, the absorptivity radiative properties of
water are not documented in engineering form since such
radiative properties of water are not encountered in normal
heat transfer problems. However, <xg can be estimated by
using the equilibrium float program THERMNEW6'9 to
determine the absorptivity necessary to reproduce ex-
perimental flight gas temperatures. This procedure was ap-
plied to a variety of balloons and the required ag was con-
sistently found to be in the range of 0.0026 <c^< 0,0030.
Note that since this procedure is based upon experimental
data, the resultant ag values are independent of the actual
contaminant. Further, based upon the small variation found
for oig, it is believed that good results can be obtained using a
constant value.

As shown by many investigations,6 one of the primary
factors affecting balloon trajectory and thermal performance
is the radiative properties of the balloon film, i.e., ab-
sorptivity/emissivity, transmissivity, and reflectivity in both
the i.r. and solar. Unfortunately, previous estimates6 of these
quantities have varied so widely that their application to
performance analyses has been essentially worthless. For-
tunately, NASA Langley10 has recently conducted very ac-
curate measurements of the radiative properties of several
balloon films. Based upon these data, the following values
have been used in the present study for the radiative
properties of polyethylene: awsol= 0.001, ew = 0.031,
7-^ = 0.114, rw = 0.127, 7^=0.885, and TW = 0.842. As will
be seen, the use of these values consistently leads to excellent
temperature predictions.

Finally, based upon these measurements, it should be noted
that the solar absorptivity of balloon film is extremely small.
As a consequence, solar heating, either directly or via the
albedo effect^ will only slightly affect the film temperature;
and, thus, it is unlikely that the daytime gas superheat is due
to uneven solar heating of the balloon film. In other words,
since the day-night i.r. heating is the same, these
measurements verify that the daytime temperature enhance-
ment of both the gas and the skin must be due to solar ab-
sorption in the lifting gas and subsequent heat transfer to the
balloon film.

Balloon Drag Coefficient
As can be seen in Eq. (1), one of the primary forces acting

on a balloon is drag; and to predict this force correctly, an
accurate knowledge of the appropriate drag coefficient
variation is required. Unfortunately, most wind tunnel tests
on balloon shapes, such as Ref. 11, are for tethered balloons
in which the freestream is horizontal and not vertical as in the
present problem. Consequently, previous investigators have
resorted to using an equivalent sphere model for which

dz I dz
~dt \~dt (17)
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where A is cross-sectional area of an equivalent volume
sphere, i.e.,

(18)

and CD is the drag coefficient for a sphere. Since sphere data
are available and since over much of the flight profile the
balloon shape is close to a sphere, this approach is also used in
the present investigation.

Unfortunately, there exists disagreement in the literature as
to the appropriate sphere values to use for balloons. Figure 1
plots sphere CD over the Reynolds number range normally
encountered during ascent. Here

102

Re=pa --77 (19)

The curve designated sphere is a representation of accepted
smooth sphere values,12 and it was used in the original version
of Ref. 4. However, application of this correlation con-
sistently led to high predictions for ascent rates below the
tropopause in typical balloon flights. In this portion of the
flight, a balloon typically encounters Reynolds numbers
between 3 x 105 and 3 x 106.

As part of the present investigation, the effect of CD on
balloon ascent behavior was carefully studied; and it was
determined that balloon ascent velocities between launch and
the tropopause are very sensitive to the values of CD. In fact,
the present results agree with those of Kreith and Kreider in
that the usual sphere value of about 0.1 is too low and that a
value around 0.5 is more reasonable.

From an aerodynamicist's point of view the present
required CD variation with Reynolds number has the ap-
pearance of a flow characterized by a laminar rather than a
turbulent separation. In 1935, Hoerner13 performed drag
measurements on smooth and rough spheres; and he found
that on rough spheres the drag coefficient never had the
laminar turbulent decrease typical of smooth spheres. In fact,
he determined that CD remained essentially constant at about
0.47 to 0.5 well up into the 106 Reynolds number range for
rough spheres. He postulated that the boundary layer was
separating laminarly and never reattaching. Today, it is
known14 from detailed tests and numerical studies, that on
blunt-nosed airfoils the flow usually separates laminarly near
the leading edge, transitions to turbulent flow above the
resultant small separation bubble, reattaches, and then
turbulently separates far downstream near the trailing edge.
However, under certain low local Reynolds number con-
ditions, the flow separates laminarly, transitions, but never
reattaches. Thus Hoerner's explanation seems to be in
agreement with both balloon and airfoil data; and thus the
existence of an essentially constant drag coefficient over much
of the flight regime of balloon appears reasonable. Ap-
parently, a balloon behaves similarly to that of a rough sphere
in a wind tunnel.

Unfortunately, there exists almost no experimental wind
tunnel drag data for spheres at Reynolds numbers above
I x l O 6 . However, modern heavy lift balloons, which have
float volumes greater than 5 x 105 m3, have ascent Reynolds
numbers significantly above 2.5x 106 in the region between
launch and the tropopause. Initial attempts to model such
flights were unsuccessful in that they predicted excessive
ascent velocities below the tropopause. Since these flights
represented the only experimental data available for large
spheres at large Reynolds numbers, these data15 were used for
the present model to estimate appropriate drag coefficients
for Re>2.5x\06. Subsequent correlation yielded the curve
shown on Fig. 1.

At first, the sharp increase in drag coefficient above
2.5 x lO 6 might seem unreasonable. However, during the
early stages of ascent the shape of a large volume balloon is
significantly different from that of a sphere. Thus the present

CD 10 'alloon Co relationship for present model I

Experimental sphere data

101 102 103 10" • 10s 106

Reynolds No. = 2^1

Fig. 1 Balloon drag coefficients.

large CD values probably simply reflect the use of an
equivalent sphere cross-sectional reference area in the for-
mulation of drag and possibly the use of a value of 1A for the
virtual mass coefficient Cm in Eq. (1). The effect of the latter
was investigated for small- and medium-size balloons and
found to be negligible. However, for large balloons, the effect
of the virtual mass coefficient may be important and needs
further investigation. Note that in the present model, the
correlation shown is used whenever dz/dt is positive. When
dz/dt is negative, the values are arbitrarily doubled.

Heat-Transfer Coefficients
For a balloon, the heat transfer between the film and the air

can be either forced, which depends upon the velocity and
character of the surrounding flowfield and occurs during
ascent or descent, or natural, which occurs when the balloon
is at rest or at very low velocity. While very little information
exists for sphere- or balloon-like shapes in the regimes of
interest for balloon flight, the present research indicates that
the following are adequate: natural convection/film-air,

(20)

forced convection/film-air,

Nu = 0.37 (Re) 0.6 (21)

Here Nu is the Nusselt number, Gr is the Grashof number as
usually defined, Pra is the Prandtl number of air (about 0.72),
and Re is the same as Eq. (19). Equation (20) has the correct
lower limit of 2 and is identical to that used by Kreith and
Kreider.l Since it is only used at float conditions where
convection is small compared to radiative effects, Eq. (20)
should suffice.

Forced convection, however, is important in that it
significantly affects the balloon film temperature during
ascent. Equation (21) is the widely accepted form due to
McAdams and reported by Kreith16; and it is based upon
experimental data at 10<JRe<105, while modern large
balloons have Reynolds numbers during ascent in the range
105-107. For small balloons, the results of the present research
indicate that Eq. (21) is adequate. However, for large systems
(maximum volumes above 5.38 x 105 m3), it appears to under-
predict the film-air heat transfer. Since balloon flight tests
represent the only available data for large spheres, flight
trajectory data have been used to deduce the applicable
coefficient form. Thus, in the present model, for balloons
having maximum volumes greater than 5.58X105 m3, Eq.
(21) is replaced by

Nu = 0.74 (Re) 0.6 (22)
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The factor of 2 increase is strictly empirical and is justified by
the fact that its application yields predictions in agreement
with flight test data. Obviously, it is an area which requires
further research. For convection inside the balloon, the
following gas-film Nusselt number correlations have been
used:

/ = 2.5 [2 + 0.6 (GrPrg)1/4]

= 0.325 (GrPrg)'/2
GrPrg<l.5xlO*

GrPrg> 1.5 X 108 (23)

In Eqs. (23), the breakpoint has been chosen so as to yield a
smooth transition between the two formulas.

Atmospheric Model and Blackball Model
In any model for balloon performance, the variation in

atmospheric properties with altitude must be represented
accurately since these properties directly affect balloon lift,
drag, and, heat transfer. Fortunately, the variation in ambient
temperature with altitude is well behaved in that the lapse
rate, dT/dz, is essentially constant over well-defined layers.
As a result, by specifying the temperature at specific altitudes
and assuming a constant lapse rate in between, the pressure at
any altitude within a layer can be easily computed by in-
tegrating dpa= -padz over appropriate limits defined for
each layer of the atmosphere model with constant lapse rate.

Consequently, in an attempt to keep the present method as
simple as possible, a four-segment temperature profile model
has been developed and incorporated into the numerical
method. Using this approach, the 1962 Standard Atmosphere
or the seasonal profiles encountered: at the major launch site
at Palestine, Texas, can be accurately modeled. It should be
noted that in general the standard atmosphere is a poor
representation much of the year.

Finally, in the atmospheric model, air thermal conductivity
is assumed constant; and air viscosity is computed via a cubic
curve fit vs altitude. It is believed that these representations
are adequate for balloon flights.

To date the most accurate and convenient method of
representing the Earth-air i.r. radiative input to a balloon is
via the blackball concept,1 and this approach was used in Eqs.
(9) and (10). Its application, however, requires an accurate
representation of the blackball temperature TBB vs altitude.
Normally, Tm decreases linearly from a launch value about
5.5 K below the ambient temperature to a value at the
tropopause. Above the tropopause, TEE is normally constant
at 214.4 K on clear days and 194.4 K for overcast skies, since
most of the radiative input is from below.

Nevertheless, present results indicate that ascent trajec-
tories are sensitive to Earth-i.r. behavior and that significant
anomalies from "standard profiles" can occur. Usually, such
variations could be expected after a long heat wave and/or
dry spell; and thus the numerical model has been modified to
permit a four-segment blackball profile. This possibility and
sensitivity, of course, poses difficulties to an individual trying
to predict a flight in advance and must be suitably considered.

Cloud Simulation
From the earliest attempts to analyze high-altitude balloon

performance, it has been recognized that the presence of
clouds significantly affects balloon behavior. Basically, the
presence of clouds below a balloon reflects sunlight back to
the balloon, thus increasing the solar input, and absorbs part
of the Earth-air i.r. radiation. While clouds also radiate i.r.
energy, they do so at a characteristic temperature lower than
that of the Earth, and so the total effect of clouds is to reduce
the i.r, radiative input to the balloon sy stern while increasing
the solar input. The combined effects may lead to either a
daytime heating or cooling of the balloon^ depending upon
the relative radiative properties of the balloon film and gas.
At night, clouds always cause a temperature decrease owing to
the lowering of the i.r. input.

An analysis of various studies indicates that the type of
clouds strongly influences the resultant behavior. A thick, low
overcast will have a high albedo which may overcome the
decrease in i.r. radiation and lead to increased balloon
temperature. High clouds, such as thin cirrus, which may not
even be visible from the ground have, however, a low albedo.
They may, thus, only serve to decrease the i.r. input to the
balloon and lead to a decrease in temperatures and subsequent
descent.

Based upon studies of several flights, the following
correlations and values are recommended for use in the
present model:

re = 0.18 + 0.0039 (% cloud cover) (24)

Since the solar absorptivity of polyethylene balloon film is
extremely low, the albedo effect on the film will be minimal;
and Eq. (24) probably can be used for all types of clouds.
However, for thin cirrus, an re of 0.18 is still suggested.

The blackball temperature above tropopause, for low-
altitude and/or thick clouds, is

TBB =214.4-0.20 (% cloud cover)

for thin high cirrus,

TRR= 204.4 K

(25)

(26)

Gas Expulsion, Valving, and Ballasting
Owing to environmental conditions and operational

requirements, a balloon may undergo gas expulsion, valving,
and/or ballasting during the course of its flight. Gas ex-
pulsion, sometimes called burping, occurs whenever the
balloon is at its maximum volume and continues to ascend
owing to inertia and momentum. Since a zero-pressure
balloon is always launched with excess free lift and hence gas,
this phenomenon almost always occurs as the balloon goes
into float. It can also take place if the balloon is at its
maximum volume and the gas is subsequently heated, say,
owing to sunrise. In the present model, gas expulsion is in-
cluded.

Since in many flights operational specifications may also
require an increase or decrease in ascent or descent velocities,
the model also permits arbitrary gas valving and ballasting.
Approximately 12 valvings and 50 ballast drops of arbitrary
length and mass rate (g/min) can be treated with the present
program configuration.

Tests with the method indicate that valving and ballasting
must be accurately represented if a flight is to be correctly
simulated.

Solution Method
An item of importance in the solution of a set of dif-

ferential equations is the method of solution. Such a method
should be simple, straightforward, and easily understood by a
potential user; and yet it should be accurate and stable.
Consequently, the standard Runge-Kutta method of order 4
has been used in the present program. This well-known
method works well for nonlinear initial value systems of
ordinary differential equations and only has an error
proportional to the time step to the fourth power.

Obviously, the successful application of such a method
requires the use of a sufficiently small time step. Un-
fortunately, the balloon problem is characterized by several
high gradient regions where the variables are changing
rapidly, such as ascent, sunrise, and sunset, and some low
gradient periods, such as night float. A time step adequate for
one region would be either computationally inefficient or
inaccurate in the other. Thus the present model uses a variable
time step dependent upon the current conditions.

Rigorous numerical studies with the present program and
others indicate that the best approach to controlling the time
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step is to place limits on the maximum change each major
dependent variable can have over a time step. Based upon
such studies conducted with the present code for realistic
flight cases, the following limits have been selected:
IA7; lmax < 1 K, IA7> lmax < 1 K, lAz lmax <50 m, and lA(dz/

(dO rmax<25 m/min.
Another item of concern in any numerical solution is the

possible error associated with cumulative significant digit and
round-off error. Several double-precision (16 digits) arith-
metic simulations have been performed and compared to their
single-precision counterparts. In addition, several runs were
obtained using maximum time steps of about 1 s. In all cases,
the differences in results were insignificant.

Possibly the most important parameter affecting the ascent
trajectory of a balloon is the initial mass of gas. Initial-at-
tempts to simulate actual flights with the present model were
unsatisfactory in that the predicted ascent velocities above the
tropopause were too low. Subsequently, a sensitivity analysis
was conducted to determine which parameters affect this
region; and it was determined that the most important
quantity was the amount of lifting gas.

This analysis also showed that an initial mass of gas ap-
proximately 3% higher than that determined from the
assumed initial free lift would yield computed flight trajec-
tories in good agreement with measured trajectories. Possible
explanations for this required added mass might be either that
the actual mass of gas supplied at launch is consistently
greater than that computed by the operations personnel or
perhaps that the coefficient of virtual mass of 1A used in Eq.
(1) is not correct for the balloon configuration. Further
research is needed in order to explain fully the added mass
requirement in the theoretical model. Nevertheless, all the
flight simulations presented in this paper have assumed a
coefficient of virtual mass of l/i, corresponding to a sphere,
and an initial mass of gas 3% greater than that computed
from the free lift at launch.

Typical Results
Obviously, the primary objective of the present program is

to develop a model and computer code capable of accurately
analyzing the thermal and trajectory performance of a
balloon flight. On July 24, 1980, engineering personnel of the
National Scientific Balloon Facility flew RAD IV. This
66,375-m3 balloon, flight number 167N, was launched during
the daylight at about 1135 CDT, flew through sunset, and was
terminated near sunrise the next morning. It was probably the
most extensively instrumented, from a thermal viewpoint,
flight to date. The balloon contained five gas thermistors
suspended vertically along the centerline plus two others
located 14 m outboard on the equatorial plane. In addition, it
included ten film thermistors on the outside of the film and
two on the inside.

Consequently, this flight has been analyzed with the present
program using the model, heat-transfer and drag coefficients,
parameter correlations, etc., developed in the present research
effort. It is believed that by comparing these results with the
flight data and those obtained using the old model (no gas
radiation effects), an idea of the validity and accuracy of the
present method can be obtained.

In comparing theoretical and experimental balloon
trajectories, atmospheric pressure vs time should be used
rather than geopotential altitude, since pressure is the
quantity actually measured in an instrumented flight. This
approach eliminates discrepancies which may result when an
altitude is determined from a measured pressure and the 1962
Standard Atmosphere and the actual altitude profile differs
from the standard. On all pressure plots in this paper, the
vertical scale is logeCPlaunch/Pa).- Since the atmosphere is
almost exponential in nature, such a scale yields curves which
look similar to an altitude plot.

Figures 2a and 2b compare the present pressure trajectory
predictions with the flight data and predictions using the old
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Fig. 2 Pressure altitude trajectories for RAD IV.

model. The agreement between the flight data and the present
theory is generally excellent.

It should be noted that upon arrival at float, the present
theory shows that the balloon went through several vertical
oscillations in the process of expelling or "burping"- gas
before settling down to a steady float altitude. In addition, the
effect of the balloon passing over high cirrus clouds at 170
min can be seen in the onset of a gentle descent; and the new
model correctly predicts the trend of this effect.

However, probably the most interesting of these plots is
Fig. 2b, which shows the trajectory during sunset. While not
exactly accurate, the predicted trajectory from the new model
has the correct behavior. During the latter portion of sunset,
the descent velocity is quite high, reaching -137 m/min,
followed by an asymptotic decrease in descent rate during the
night. At 673 min, a 22.64-kg ballast drop was executed in
order to stop the descent. At this point, the descent velocity
according to the theoretical model was still - 43 m/min.

As can be seen on Fig. 2b, this ballasting did stop the
descent and result in an essentially stable float for the rest of
the night in both the flight and theoretical cases.

Figures 3a and 3b show temperature profile comparisons
for RAD IV. Due to the fact that flight 167N was launched
remotely, completely accurate thermistor data were not
obtained prior to about 80 min into the flight; and the plotted
experimental data represent the average of all pertinent
thermistor readings. In general, the predicted temperatures
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are in acceptable agreement with the flight data, particularly
during the daytime float portion of the flight. There (Fig. 3b)
the gas temperatures are accurately predicted; and the
relationship between gas, ambient, and film values, with the
gas highest and film coolest, is correctly reproduced.

While these results indicate that the present method is
reasonably accurate, they do not demonstrate that it is an
improvement over previous models1 which assume that the
lifting gas is radiatively inactive. This situation can be
duplicated in the present model simply by setting otg and eg
equal to zero. Results for such an assumption are shown for
RAD IV on Figs. 2 and 4, and they should be similar to those
which would be obtained using the method and code of Ref.
1. As can be seen on Fig, 2a, the resultant pressure trajectory
is in good agreement with flight data up to the tropopause.
Above this altitude, however, the radiatively inactive model is
in serious error and significantly mispredicts the time to float.
In addition, as shown on Fig. 2b, the old thermal model
completely misses the actual flight behavior during and after
sunset. This absence of an altitude decrease is due to the fact
that the solar absorptivity of polyethylene is very small and
thus it is relatively insensitive to the presence or absence of
sunlight.

Film temperature

Gas temperature

— Theory, Old model
Flight data

* Gas temperature
• Film temperature
• Air temperature

-120L

40 200 240• 80 120 160

Time (min . )
Fig. 4 Temperature profiles for RAD IV (old model).

Temperature profiles for the radiatively inactive case are
portrayed on Fig. 4, and they also show very poor agreement
with the flight data. During daytime float, the gas and film
temperatures predicted by this old approach are on the order
of 20°C too cold, and the variation during sunset is not even
close to the actual behavior.

Based upon the comparison of Figs. 2a, 2b, and 3a with
Fig. 4, it is obvious that the present thermal model is a
significant improvement over previous formulations. In
addition, based upon these results and those for several
flights,17 it is believed that the present method and code is a
valid model for high-altitude balloon flight. It should, with
correct use, yield accurate thermal and trajectory information
suitable for analyzing and predicting the behavior of scientific
balloons.

Conclusion
A trajectory and thermal model for balloon performance

has been developed which accounts for the experimentally
observed gas temperature enhancement. It has been concluded
that the most likely explanation for the observed gas thermal
behavior is water vapor contamination, although there is
currently no direct proof. Consequently, the gas absorptivity
has been deduced from equilibrium float measurements, and
its emissivity has been estimated from water vapor radiation
theory. In addition, it has been determined that drag coef-
ficients strongly affect trajectories below the tropopause, that
the mass of gas strongly affects performance above the
tropopause, and that forced convection significantly affects
large-volume balloons. In all cases, it has been found that the
Earth-air blackball temperature variation is very important.
Areas requiring further research are drag coefficients for
realistic shapes typical of balloons, determination of the
actual cause of the gas temperature enhancement, and good
experimental values for forced convection coefficients in the
balloon flight regime.

It is believed that the present project has yielded a
theoretical model and computer program that will permit
better predictions of balloon temperatures and trajectories
and which will lead to a better understanding of overall
balloon behavior. Such predictions and analyses can be used
to provide better input data for advanced structural analysis
methods and for studies of ballast management and balloon
performance optimization.
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Practical combustion systems are almost all based on turbulent combustion, as distinct from the more elementary
processes (more academically appealing) of laminar or even stationary combustion. A practical combustor, whether
employed in a power generating plant, in an automobile engine, in an aircraft jet engine, or whatever, requires a large and
fast mass flow or throughput in order to meet useful specifications. The impetus for the study of turbulent combustion is
therefore strong.

In spite of this, our understanding of turbulent combustion processes, that is, more specifically the interplay of fast
oxidative chemical reactions, strong transport fluxes of heat and mass, and intense fluid-mechanical turbulence, is still
incomplete. In the last few years, two strong forces have emerged that now compel research scientists to attack the subject
of turbulent combustion anew. One is the development of novel instrumental techniques that permit rather precise
nonintrusive measurement of reactant concentrations, turbulent velocity fluctuations, temperatures, etc., generally by
optical means using laser beams. The other.is the compelling demand to solve hitherto bypassed problems such as iden-
t i fy ing the mechanisms responsible for the production of the minor compounds labeled pollutants and discovering ways to
reduce such emissions.

This new climate of research in turbulent combustion and the availability of new results led to the Symposium from
which this book is derived. Anyone interested in the modern science of combustion will find this book a rewarding source
of information.
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