
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 34, No. 6, November–December 1997

Spacecraft Launch Depressurization Loads
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The pressure variation inside the launch vehicle fairing during climb through the atmosphere induces structural
loads on the walls of closed-type spacecrafts or equipment boxes. If the evacuation of the air is not fast enough,
excessive pressure loading can result in damage of elements exposed to the rising pressure jump, which depends
mainly on the geometry of venting holes, the effective volume of air to be evacuated, and the characteristic time
of pressure variation under the fairing. A theoretical study of the reservoir discharge forced by the fairing time-
dependent pressure variation is presented. The basic mathematical model developed can yield both a numerical
solution for the pressure jump and an asymptotic solution for the most relevant case, the small-pressure-jump
limit, showing the dependence on a single nondimensional parameter: the ratio of the reservoir discharge to
the fairing pressure pro� le characteristic times. The asymptotic solution validity range upper limit, obtained by
comparison with the numerical solution, is determined by the starting of choked operation. Very high sensitivity
of the maximum pressure jump to the ratio of characteristic times has been observed. Another relevant � nding
is that the pressure pro� les for different launchers can be considered similar when rewritten in appropriate form
and only their characteristic times are required for the analysis. The simple expressions of the asymptotic solution
are a useful tool for preliminarily sizing the reservoir discharge geometry and estimating depressurization loads.

Nomenclature
ah = speed of sound at the output section, m/s
K = ratio of characteristic times, tc t p

Mh = Mach number at the output section
n = polytropic coef� cient
P = static pressure, Pa
Pb = value of Pe for choking of the � ow, Pa
Pe = static pressure under the fairing, Pa
p = dimensionless pressure in the reservoir, P0 Pi

p1 = � rst term in the series expansion of
S = effective hole output section area, m2

T = dimensionless time, t tc
Tmax tmax = values of T and t at which a reaches its maximum

value
t = time, s
tc = characteristicventing time, 2 V S Ai , s
t p = characteristic fairing pressure variation time, s
Uh = � ow mean speed through the hole at the output

section, m/s
V = reservoir effective volume of air to be evacuated,m3

= ratio of speci� c heats
P = pressure jump, P0 Pe , Pa

a n = dimensionless pressure jump, asymptotic solution,
and numerical solution

max = maximum value of a

= small parameter of series expansions
= total pressure loss coef� cient through the hole
= instantaneousdimensionlessdensity inside the

reservoir, 0 i

x = � uid density at position x , kg/m3

Subscripts

e = instantaneousconditions inside the fairing
h = instantaneousconditions at the reservoir hole exit
i = initial conditions in the reservoir
0 = instantaneousreservoir conditions
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Introduction

T HE mechanical loads applied on the structural elements of a
satellite and its components, usually classi� ed as quasistatic

and dynamic loads,dependon accelerations,vibrations,and shocks,
but also pressure loads during the launch must be taken into
account.1 These pressure loads are a function of the evolution (in
attitude and height) of the launch vehicle through the atmosphere
and the venting rates of the fairing and the spacecraft. Because of
the presence of the fairing, only the static pressure pro� les belong
to the environmental data necessary for the design and testing of
spacecraft.

Air trapped in the spacecraft or any component is at a higher
pressure than the surroundings until the discharge is completed.
The venting rate depends on the static pressure difference between
spacecraft and fairing and on the size, shape, number, and distribu-
tion of the venting ports. To prevent damage during the ascent, it is
necessary to know the maximum pressure jump produced by a � xed
venting geometry, or, conversely, to size the venting holes for the
maximum allowed pressure jump. Especially sensitive to pressure
loading are multilayer insulations (MLIs) because they can de� ect
permanentlyor eventear.2 Thus, typical spacecraftquali� cationpro-
cedures includethe determinationof integrityagainstpressureloads
by either calculationsor tests.

A model for venting design, which is required on all spacecraft,
also could help to reduce the vent sizes, thus helping in contamina-
tion control.

Previous published works are concerned with very detailed the-
oretical models that include nonhomogeneous distribution of the
thermodynamicproperties,internal � ow, and theheat transfermech-
anism from the walls into the closed domain.3 4 Their results are
too complicated for engineering purposes in comparison to an ex-
plicit analyticexpression.Simpler models that retain the main phys-
ical phenomena are preferable. The high Knudsen number regime
has also been modeled by other authors for particular geometric
con� gurations,2 yieldinganalyticsolutionsthat areof veryrestricted
applicability when considering structural loads on general geome-
tries.

The present article is a theoretical study of the discharge pro-
cess, with special attention to the relevant parameters and design
criteria for space systems. The small-pressure-jump case, which
is the most desirable situation, allows for an asymptotic analysis,
yielding simple analytic expressions of immediate engineering ap-
plicability.The validity range of this solution has been obtainedand
discussed in terms of the only relevant parameter: the ratio of the
characteristicventingtime to that related to the fairingpressurevari-
ation. The method developedwas implemented in the UPM-Sat 1, a
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scienti� c and educational microsatellite5 7 developed by the Uni-
versidadPolitécnicadeMadrid,Spain, and launchedon July 7, 1995,
in the 75th � ight of the Ariane 4.

Analysis
Consider a spacecraft or any equipment box under the launcher

fairing as a reservoir discharging through a hole into an atmosphere
of varyingpressurede� ned by a given law Pe t , as shown in Fig. 1.
The following model gives us the necessary equations to describe
the process.

The model presented is based mainly on mass conservation and
polytropic evolution inside the container, with additional consider-
ations of secondaryrelevance,such as exit conditionsand empirical
pressure-loss coef� cients of the holes. The thermodynamic prop-
erties in the reservoir are considered homogeneous, and no spatial
gradients are taken into account. This is a very idealized picture of
the evolutionin the containerbecauseheat transfer from thewalls in-
ducesa convective� ow,3 which is enhancedduring the launchby the
additive effect of the gravity � eld and the launcher acceleration.3 4

In the homogeneous model, no gradients are allowed in the con-
tainer, but heat transfer with the spacecraft walls is modeled in an
approximate way by the polytropic coef� cient, which in the worst
case is accepted as being close to the isothermal case. Modeling of
the convection would increase the complexity greatly and obscure
the dischargeprocess itself.This is importantwhenever liquefaction
has to be avoided or in active temperature-controlled systems, such
as blow-down tunnels or life-supportsystems, which is not the case
in this study. Furthermore, the temperaturepro� le inside the fairing
is not consideredas it is not relevantto the reservoirdischargecondi-
tionsbecausethe fairingpressureis assumed to be known.However,
the fairing temperature could change the spacecraft walls’ temper-
ature. For adiabatic behavior n , there would be no in� uence
in the spacecraft internal evolution,but in the case n , the inter-
nal temperaturewill tend to follow the temperature of the container
walls and, thus, the fairing temperature,especially in the isothermal
limit when n 1. This fairing temperature variation has not been
considered on the grounds that temperature data of most launchers
show variations on the fairing walls of less than 10 K around the
initial value during the � rst 100 s of the launch.8

Implicitly, continuum � ow and perfect gas have been assumed,
inasmuch as the analysis is not intended for the very low-pressure
range, where the continuum evolves to a free-molecule � ow. This
range has not been consideredbecauseof its low impact when deal-
ing with structural pressure loads. It can be necessary when out-
gassing modeling is required. Analytical and experimental results
have been obtained for this regime by other authors.2

Model of the Reservoir
For a homogeneousdistributionof the thermodynamicproperties,

the mass variation in the reservoir is

V
d 0

dt h SUh (1)

Fig. 1 Model of a spacecraft or
equipment box with inner pressure
P0(t) discharging inside the launcher
fairing at pressure Pe(t) during the launch
into orbit.

Under appropriate conditions, the evolution of the thermodynamic
propertieswithin the reservoir can be describedby a polytropiclaw:

P0 t

0 t n

Pi
n
i

(2)

where n varies from 1 (for isothermal evolution) to (for adiabatic
evolution) and the subscripts i and 0 stand for initial and instanta-
neous conditions in the reservoir, respectively.

Flow Through the Hole: Compressible Model
The � ow through the hole can be consideredquasisteadybecause

the residence time of the � ow particles in the hole is supposed to be
much smaller than the characteristicvariation time of the boundary
conditions. For a � rst physical description, this � ow can be taken
as one dimensional, adiabatic, inviscid, and laminar, up to the exit
section, that is, not including the jet. This allows us to write the
isentropic relations

a0 ah
2 P0 Ph

1
0 h

1 1 [ 1 2]M2
h

(3)

where Mh is the Mach number at the exit section, de� ned as

Mh
Uh

Ph h

(4)

Equations (3) and (4) allow us to evaluate h and Uh at the exit
section.The venting hole can be consideredas a convergingnozzle,
which will be blockedat its maximum � ow rate if critical conditions
are reached at the output section Mh 1 . Nozzle block will occur
for a determined value of the outer pressure Pe Pb related to the
inner pressure P0, which can be easily deduced from Eq. (3):

Pb P0 [2 1 ] 1 (5)

For 1 4, thisis Pb P0 0 5283.In thecaseof Pe Pb , the � ow
at the hole exit is subsonic, it is not choked, and the pressure at the
output P equals the outer pressure Pe . Introducing Eqs. (2–4) into
Eq. (1) with the condition Ph Pe yields the equation describing
the evolution of the density in the reservoir:

d 0

dt

S

V

2

1

Pi
n
i

1
2

n 1 2
0

Pi

Pe

0

i

n 1 2

Pi

Pe

0

i

n 1

1

1
2

(6)

whereas in the case of choked � ow, the output is sonic, Mh 1, and
an alternative expression is obtained for the density:

d 0

dt

S

V

2

1

1 1
Pi
n
i

1
2

n 1 2
0 (7)

This equation is directly integrable separating variables. Equations
(6) and (7) are mutually exclusive, depending on whether the pres-
sure ratio Pe t P0 t corresponds to choked � ow. The discharge
can become either choked or unchoked during the process; thus,
a conditional integration must be performed. The � ow starts with
unchoked conditions because at the beginning the pressure jump is
zero. The � ow choking occurs when the pressure under the fairing,
which is monotonouslydecreasing,reaches the value Pb 0 528P0.
At the � nal states, when both pressures are very small, the pressure
ratio Pe P0 becomes larger than 0.528 and again the � ow becomes
unchoked.This last stage has not been considered in this study be-
cause both pressures and the absolute pressure jump are negligible
from the point of view of wall loading.

Both Eqs. (6) and (7) are nonlinear, containing the parameters
of the problem, and Eq. (6) includes the outer pressure Pe t as a
forcing term.
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Flow Through the Hole: Incompressible Model
Choking of the discharge is related to a high-pressure jump, so

that in practice this situation must be avoided and, in fact, a small-
pressurejump is preferredto decreasestructuralloads.In the follow-
ing, this more practical case of a small-pressurejump is considered.
The real incompressible (low-speed) � ow conditions through the
hole are introduced by replacing Eqs. (3) and (4) by 0 h and
Uh from

P P0 Pe
1
2 0U 2

h (8)

where is the total pressureloss coef� cient,which can be evaluated
as 1 5 for a standard sharp-edged hole or 1 0 for a well-
rounded hole.9 10 The density of the gas reaching the hole can be
approximatedby the reservoirdensity 0 in the small-pressure-jump
case. This incompressibilityhypothesiswill be discussed and eval-
uated in the next sections. IntroducingEq. (8) into Eq. (1) produces
the evolution equation

d 0

dt

S

V

2 0 P
(9)

which replaces Eqs. (6) and (7). Further considerationsconcerning
P are required for solving Eq. (9) in terms of 0.

Nondimensional Form of the Equations
The problem can be rewritten by using variables made dimen-

sionless with the characteristic venting time tc , the density i , and
the pressure Pi as follows:

t tcT 0 i P0 pPi

(10)
Pe pe Pi P Pi

Then Eq. (9) leads to

d

dT
tcai

S

V

2
(11)

where ai Pi i is the speed of sound in the reservoir at the
initial conditions. De� ning the characteristicventing time tc as

tc V Sai 2 (12)

Eq. (11) can be rewritten to give

d

dT
(13)

which has to be solved with the initial condition 0 1. In the
same manner, the nondimensional form of Eqs. (6) and (7) is

Pe Pb
d
dT 1

n 1

1
2 n

pe

1 2

n

pe

1

1

1
2

(14)

Pe Pb [2T n 3 ]

2 [2 1 ] 1 1
2 n 3

C T0 (15)

where C T0 is an integrationconstant. Here the characteristictime
is

tc V Sai 2

which is slightly different from that de� ned in Eq. (12). However,
considering that the total pressure loss coef� cient is close to one
and, furthermore, that it appears in Eq. (12) under the square root,
its in� uence can be neglected or included in the effective hole sec-
tion S. In the following, 1 has therefore been taken, allowing
for a uni� ed parametric description of both the incompressible and
compressible discharge regimes.

Asymptotic Solution for Small
As the pressure jump should be small ( P0 close to Pe ) in Eq. (13),

the assumption 1 allows us to obtain an asymptotic solution
of the problem. Therefore, the variables of the problem can be ex-
pressed as a series expansion in powers of a small parameter 1
as follows:

p pe p1
2 (16a)

p pe p1
2 (16b)

p1 n p1 n
e [1 n p1 pe

2 ] (16c)

An essential assumption is that the pressure variation in the fairing
Pe containsin its argument its own characteristictime tp; that is, the
argument should be of the type t tp or K T , where K tc t p is the
ratio of characteristic times. Therefore, using Eqs. (16) in Eq. (13)
leads to

d

dT

1
n

p 1 1 n
e pe K K

p1 p1 n
e 1

n

p1

pe

2

1
2

(17)

where thedot representsderivationwith respectto theargument K T .
To match the expansionson both sides of Eq. (17), it is required that

K 2 1. With this in mind and identifying terms on both sides
of Eq. (17), we reach an equation that describes the small-pressure-
jump discharge process for a general external evolution verifying
K 2 1:

p1 1 n2 p 2 1 n
e p2

e (18)

Assuming n 1, which will be discussed in the next sections,
Eq. (18) simpli� es to

p1 p2
e pe (19)

In the limit of the small-pressure jump 1 , it can be shown
that the compressible nonchoked formulation equation (14) coin-
cides with the incompressible model equation (13) when 1,
and, therefore, the results obtained in this section are valid for both
approaches.This coincidencewill be observedagain in the next sec-
tion by comparingnumericalresultsobtainedfrom the compressible
formulation with the asymptotic equation (18).

Fairing Pressure Pro� les: Case of the UPM-Sat 1
The pressure pro� les under the fairing depend mainly on the

evolution of the launch vehicle through the atmosphere and the
geometry of the venting holes. From a rigorous point of view, both
dischargeprocesses,the dischargeof the fairing into the atmosphere
and the evacuationof the air trapped in the payloadsand equipment
boxes, should be considered simultaneously as coupled processes
with their own characteristic times. The analysis could then be per-
formed with a simple model of series and parallel dischargingreser-
voirs. Instead of a single equation for the conservation of mass, a
system consistingof as many equations as reservoirs could be writ-
ten. The equationsfor the intermediatereservoirs,as the fairing, are
the only ones that would contain coupled terms due to the in� owing
air coming from the payloads.

Depending on the accuracy level of the calculations, the mutual
in� uence of the external � ow around the fairing during the ascent
trajectoryand the dischargingjetsmay be modeled.For engineering
purposes the knowledge of the static pressure pro� le on the fairing
outer surface would be enough, inasmuch as this would serve as a
� rst approximationto the drivingmechanism of the dischargeof the
fairing.

However, the air mass trappedin the spacecraftis usuallyincluded
in the total air mass under the fairing, which allows us to decouple
the processes. In practice, the pressure pro� les under the fairing are
prescribed for all launchers independently of the spacecraft to be
launched. To establish a general pressure pro� le under the fairing,
pressure data of some launchers have been compiled. The result
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Fig. 2 Pressure pro� les Pe(t) under the fairing, made dimensionless
with the initial pressure Pi and scaled with the characteristic time tp of
each launcher.

is shown in Fig. 2, where all series of the points are scaled with
the initial pressure Pi and the pro� le characteristic time tp of each
launcher.8

These pressurepro� les can be representedin an approximateway
by the following expression:

pe e K T 2
(20)

This simple law ful� lls the following four conditions in regard to
the matching with pressure pro� le launcher data: 1) equal value of
the function pe 1 and 2) the time derivative dpe dt 0 at the
initial time, 3) equal value at the reference point t tp pe K T
1 e 1, and 4) zero value for its asymptotic derivative t .
The characteristic time for the fairing pressure variation tp is de-
termined from � ight data using condition 3. Although no statistical
relevance can be given to the data in Fig. 2, the launcher pro� les,
selected on the basis of a rather high dispersion in their respective
pressure characteristic times, show very good agreement with the
exponential law.

The values of tp for the launchers considered in Fig. 2 are as
follows: 1) Ariane 40 (sun-synchronousorbit), tp 75 s; 2) Ariane
42 P, tp 73 s; 3) Ariane 44 P, tp 53 s; 4) Delta 3920 maximum,
t p 57 s; 5) Delta 3920 minimum, tp 44 s; and 6) CZ2E tp

58 s.
From Eqs. (16b) and (18), keeping in mind that the dots represent

derivationwith respect to the argument K T , and using Eq. (20), p1

and a are obtained as

p1 [ 2 n K T ]2e K T 2 n (21a)

a K 2 p1 K 2[ 2 n K T ]2e K T 2 n (21b)

The maximum value of the asymptotic pressure jump a max ap-
pears at T Tmax , where Tmax is the solutionof d a dT 0. Deriva-
tion in Eq. (21) leads to

Tmax n K (22a)

and, hence, from Eq. (21b)

max 4K 2 ne (22b)

A useful conclusion is that Tmax K tmax t p n and, therefore,
the maximum pressure jump predicted by the asymptotic solution
occurs at t tmax tp . The value of n is 1.4 for adiabatic and 1
for isothermal processes. The worst case (larger pressure jump) is
n 1, as can be seen in Eq. (22b).

The characteristic venting time for the UPM-Sat 1 (Table 1)
is tc 1 4 s. In the case of Ariane 40 (sun-synchronouslaunch),
at t tp 75 s, Pe tp Pi e 1 368 mbar. Consequently, K
1 4 75 1 9 10 2 1. For this value of K and assuming n 1,

Table 1 UPM-Sat 1 venting data

S V ai

24 10 5 m2 0.13 m3 335 m/s ( 1 4) 1

Fig. 3 UPM-Sat 1 mounted for launch on the ASAP platform of the
75th Ariane 4 � ight.

we get max 5 4 10 4, which represents Pmax 54 Pa, a small
load for the closing structuralpanelsof the satellite. In Fig. 3, a gen-
eral view of the UPM-Sat 1 mounted on the Ariane Structure for
Auxiliary Payloads (ASAP) platform of Ariane 4 is shown, being
remarkable for the closed con� guration, typical for microsatellites.

Asymptotic Solution Validity Range: Choking Effect
and Numerical Results Comparison

Numerical integration of Eq. (14), conditionally coupled with
Eq. (15), can be used to determine the range of the parameter K
for which the asymptotic solutionequation (18) is valid. A standard
Runge–Kutta method has been applied with K and n as the relevant
parameters. The Ariane pressure pro� le has been used by means of
the analytic approximation equation (20), and the ratio of speci� c
heats 1 4 has been assumed for air.

In Figs. 4a and 4b, numerical and asymptotic results are com-
pared for different values of the ratio of characteristic times K , for
the worst case n 1. In the horizontalaxis, the stretchedtime K T is
used for proper scaling. Note that K T t tp . Both dimensionless
inner and fairing pressures start from p pe 1. The asymptotic
solution for the pressure jump a , as well as the numerical solution

n , is scaled with the maximum value of the asymptotic solution
max, given by Eq. (22b). Good agreement between both solutions

is observed for K 0 1, especially concerning the maxima of the
pressure jump and its location at K T 1. In fact, for K 0 05
(see Fig. 4a), a and n are practically coincident. For small K the
discharge characteristic time tc is negligible compared to tp , so that
the reservoir remains in quasiequilibrium with the fairing pressure
and the out� ow speed is low. As a consequenceof the results, the in-
compressibilityhypothesiscan be accepted as correct for this range
of K , as already stated in precedingsections.Moreover, no choking
can be observed until the pressure pe has decreased to extremely
low levels, where the pressure loads are negligible and of no struc-
tural relevance. In particular for K 0 1, choking p pe 1 89
appears at K T 2 92 and pe 2 10 4 Pe 20 Pa). From
the chokingpoint on, the inner pressure p follows the T 1 2 law de-
scribedbyEq. (15) when n 1. Observe that, in the rangedescribed
so far, the dimensionlesspressure jump a varies as K 2 .
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a) max = 3.7 10 3

b) max = 1.5 10 2

c) max = 0.37

Fig. 4 Variation with the dimensionless stretched time KT of the di-
mensionless variables: inner pressure p, fairing pressure pe, numerical
solution n, and asymptotic solution a for the pressure jump; n = 1.

In Fig. 4c K 0 5 , however, the effect of compressibility, and
particularly choking, is quite noticeable. As the pressure jump
becomes of the same order as the pressure itself, the condition

1 does not hold and the asymptotic solution is no longer
valid. The computed solution shows a pressure jump maximum
smaller than the one predicted by the asymptotic solution, and it
occurs at higher times, thus giving longer venting times. The chok-
ing pointmoves to lower times for increasingK . Obviously,because

Fig. 5 Maximum dimensionless pressure jump obtained from numer-
ical results n max and from the asymptotic solution max as a function
of the ratio of characteristic times K.

Fig. 6 Effect of the polytropic coef� cient n on the variation of the
dimensionless pressure jump with stretched time KT for K = 0.1.

K tc tp V Sai tp
1 , for bigger containervolumes, smaller ori-

� ces, or quicker fairing depressurization,the pressurejump will rise
higher and choking will appear sooner. For K 0 5, the choking
point is located at K T 1 16, even before the occurrence of the
maximum pressure difference.

The difference between the asymptotic max and the numerical
n max solutions is more evident in Fig. 5, where they are plotted

against the ratio of characteristic times. When K is such that chok-
ing advances into the region where the pressure jump is still close
to its maximum, e.g., K T 2, then the slope of the numerical re-
sult n max in Fig. 5 peaks sharply, starting the divergence between
the asymptotic and numerical results. The numerical solution is es-
sentially correct in the non-small-pressure-jump range because it
retains compressibility effects in the model. The validity range of
the asymptotic approximation equation (18) is, thus, K 0 1, and
this limit is determined by the advanceof the choking point into the
time intervalwhere fairingpressureis notnegligible K T 2 . Ob-
serve that, if both characteristictimes are the same, that is, K 1 0,
the maximum pressure jump is approximately 0 5Pi 5 104 Pa,
which can result in a quite heavy pressure loading on the container
walls. In the case of an MLI, this load could even tear the insulation
layers.2 As can be drawn from the precedingdiscussion, the driving
parameter is K , the ratio of characteristic times.

Concerningthe polytropiccoef� cientn of the evolutioninside the
container, it plays a limited role, at least in the small-pressure-jump
range, as can be deduced from Fig. 6, where numerical results are
plotted for different values of n. The most critical case is n 1, the
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isothermal case, as expected. A physical explanation for this effect
has to be attributed to the bene� cial temperature decrease in an
isentropicdischarge.3 11 As can be observed in Fig. 6, the maximum
pressure difference decreases as n 1 and delays as n1 2 [see Eq.
(22)].

Concerning the external pressure pro� le, the asymptotic solution
is valid for any fairing pressure pro� le Pe t and reservoir venting
features whose characteristicvariation times tp and tc satisfy K
0 1. Equations (18) and (16) give the general asymptotic solution,
whereasEq. (21) and the numerical results shown correspondto the
Ariane 40 launch pro� le tp 75 s).

Conclusions
The air discharge process of a spacecraft or any equipment box

during launch must be observed from the structural point of view.
If the evacuation is not fast enough, excessive pressure loading can
result in damage of elements exposed to the pressure jump. This
manifests in closed-type spacecraft structures, as in the case of the
UPM-Sat 1. Engineeringcriteriaare then necessaryto evaluatevent-
ing rates or pressure loads during the launch.

A model of the discharge process of a reservoir into a decreasing
time-dependentpressureatmospherehasbeenproposed.The case of
small-pressure-jump 1, which is the relevantcase for spacecraft
design, has led to a simple asymptoticsolution that relieson a single
nondimensionalparameter K , the ratio of the characteristictimes of
the reservoir venting to fairing pressure variation. This asymptotic
solution, which in this limit behaves as K 2, serves to evaluate
pressureloads for a given geometry or to size the ventingholes for a
given maximum pressure jump. All other parameters studied, such
as the pressure loss coef� cient or the polytropic coef� cient, play a
secondary role.

The asymptotic solutionhas also beenproven to be in accordance
with incompressible� ow conditions,inasmuchas the speed through
the hole is small enough. Compressibility of the � ow through
the holes and especially choking become relevant for K 0 1,
producing a sudden increase in the pressure jump maximum. How-
ever, thecase K 0 1, althoughinterestingin regard to pressurized-
tank discharge, has not been pursued further inasmuch as the focus
is on spacecraft venting loads.

Numerical integration of the compressible model equations, in-
cluding the effect of choking, has been used to obtain the range of
validityof the asymptoticsolution.The limit of this range, K 0 1,
is determined by the advance of the choking point into the time in-
terval where the pressure jump is still close to its maximum.

The analysisperformeddoesnotdependon theparticularpressure
pro� le, and a closed-formsolution that is applicable to any pressure
pro� le under the fairing has been obtained; that is, it is valid for any
launcherwith only the restrictionthat K tc tp 0 1. In addition,

a general behavior of the pressure pro� le of some launchers,which
is describedby an exponentiallaw, has been found. This result helps
to reduce the number of parameters needed for analysis or design.

This similar fairing pressure pro� le and the asymptotic solution
for the pressure jump are the design tools that serve for sizing the
discharge holes or estimating depressurizationloads.
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