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INTERNAL PRESSURES OF A SPACECRAFT OR OTHER

SYSTEM OF COMPARTMENTS, CONNECTED IN VARIOUS

WAYS AND INCLUDING OUTGASSING MATERIALS, IN A
TIME-VARYING PRESSURE ENVIRONMENT

John J. Sciazldone
Test and Evaluation Division

SUMMARY

A method of calculating the pressure profile for each com-
partment of a multi-compartment system such as a spacecraft is
prescated. The methodis applicableto volumes connectedin series
or in parallel or bothby passages of various sizes anc¢ geometries,
where each volume may include several materials outgassing ac-
cording to known or assumed characteristics. The entire system
is exposed to a time-varying pressure environment.

An appropriate set of differential equations with variable co-
efficients is derived, which may be solved by computer to provide
pressure profiles for each compartment. The profiles obtained
are the result of viscous, intermediate, and molecular flow regimes
experienced under appropriate conditions in the system of volumes
and passages. Several computations which have been made are
presented and comipared to experimental results. Pressure pro-
files for volumes with various outgassing materials and various
orifice cizes have been calculated and are grouped according to
the molecular flow regime time constants and the outgassing char-
acteristics of the material. From these parametric plots, the
quasi-steady pressure in a volume containing outgassing materials
can be estimated.
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SYMBOLS

~ Surface area in volume i or passage
area

- Surface area of outgassing material

- Conductance through passage {rom
chamber i to chamber j

- Diameter

- Total internal energy

- Outgassing flow rate in volume i
(From all materials n contained in
Volume i)

- Total enthalpy

- Tabular value for intermediate flow

-~ Tabular value of moiecular flow in
annular section

- Leakage conductance between
chambers i and j

o>

- Knudsen's number(

~ Length

- Molecular weight of gas
- External pressure

- Absolute pressure in volume
i=1’2,3’I.In

- Quasi-~static pressure

- Average pressure

(cm?)

(cm?)

(1- sec™?!)

(cm)
(cal)

(torr - 1 sec™1)

(cal)

(dimensionless)
(cm)

(1. sec™1)

(grm)
(torr)

(torr)

(torr)

(torr)
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- Flow rate through passage from
chamber i to chamber j

- Leakage flow rate into chamber i
from chamber j

~ Qutgassing rate of surface material
after 1 hour vacuum exposure

- (Gas constant

- Reynold's nu .hber< U‘L’LD>

- Pumping Speed

- Temperature

- Velocity of gas

- Volume of chamber i

- Tabular value for viscous flow in
rectangular ducts

- Passage dimension

- Passage dimension

- Heat transport coefficient

- Thermal conductivity

- Mass flow rate through passage
from chamber i {o chamber j

- Initial outgassing rate per unit area
from surface material n in chamber
i

- Final outgassing rate per unit area
from surface material n in volume i

(torr 1 “sec”?)

(torr “1 - sec™!)

(torr “1 - sec ! em %)

(62.36 torr - 1 - gram™!
mole °K~1)
(dimensionless)

(1- sec™})

(°K)

(cm “sec’})

@)

(cm)
(cm)
(cal sec™! cm~2 °K™1)

(cal cm sec™! em™?

oK'l)

(grm sec 7}

(torr -1 <cm™%~ sec™})

(torr “1* cm ™2 gec™?!)
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t - Time

<1 - Pressure ratio across an aperture

a = Tabular value for niolecular flow
in rectangular ducts
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_?
CV

T.
in

- Specific heat ratio

n - Ratio of viscosity of air @ 15°C to
that of a given gas at the same
temperature

A =~ Mean free path

u = Viscosity of gas

p - Density of gas

T - Time constant

- Time constant for surface
material n in volume i

(sec)

(dimensionless)

{cm)

(grm sec™! cm™2)
{grm cm™3)
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INTERNAL PRESSURES OF A SPACECRAFT OR OTHER

SYSTEM OF COMPARTMENTS, CONNECTED IN VARIOUS

WAYS AND INCLUDING OUTGASSING MATERIALS, IN A
TIME-VARYING PRESSURE ENVIRONMENT

INTRODUCTION

Many spacecraft failures have been attributed by inference, to improper
pressure conditions (Refs. 1 and 2). For example, electrical voltage breakdown
has occurred many times during spacecraft testing or during flight. In some
cases it has occurred only during flight with systems which under testing ap-
peared to be fre. of this type of problem (Refs. 2 and 3). This breakdown occurs
when the ambient gus attains its critical pressure, which is a function of the
nature of the gas species, the type of electrodes used and the distance between
them, number of charged particles present, and the magnitude of the electric
fields. In addition to this difficult problem, some of the other malfunctions and
problems dependent on pressure conditions are:

e Loss of pressure in sealed components.
e Loss of lubrication due to evaporation or sublimation.

® .ecterioration of adhesives such as loss of plasticizer due to
evaporation or sublimation,

e Loss of convective heat transfer with resultant development of hot spots
or cold spots.

® Loss of dielectric resistance followed by corona discharge or arcing.
® Fouling of terminals fcllowing condensation of outgassed material.

® .oss of system calibrat.on resulting from unavailability of convective
heat transfer at the existin, pressure.

¢ Humidity, aerodynamic performance, radiation and ionization effects,
electronic bombardment, stc.

e Pressure difference across surfaces sufficient tc cause mechanical
failure.

24‘
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Many of the problems listed above can be eliminated or minimized by the
use of pressurized containers, coatings, selective insulation, encapsulation,
shielding, etc. (Refs. 3 and 4). Also, in many cases possible difficulties can be
avoided expediently by employing selective commands for the experiment; e.g.,
operation of the system at a limited voltage can be commanded for unfavorable
pressure conditions, with full voltage operation at favorable pressure. Of
course, it is hoped that those problems related to pressure conditions, as well as any
other malfunction, will be discovered and eliminated during the thermal-vacuum
testing of the spacecraft. These tests attempt to simulate the temperature and
pressure encountered during launch and orbit flight. Chamber pressures below
1076 torr are produced to establish the appropriate mode of heat transfer and
hence provide simulation of the thermal environment. In testing, it is assumed
that after long term vacuum exposure the pressure at any point in the space-
craft will be comparable to that produced and measured in the chamber itself.
But this cannot generally be verified, due to the absence of pressur¢ instrumen-
tation at inaccessible internal locations and due to the fact that many materials
in the pressure range 1075 to 107° torr expel adsorbed and absorbed gases.
The latter as well as other gases nroduced by evaporation, distillation and de-
composition, affect the pressure considerably. These "outgassing'' conditions
are likely tfo exist for a long time and set up, at certain locations of the space-
craft, pressures higher than the chamber pressure (unbeknown to the experimenter).
In addition, the transient pressures at the launch phase of the flight may produce -
pressure differentials depending on flow conductance, which cannot be reproduced
during testing. Such differentials could establish conditions conducive to failures
cr temporary malfunctions.

In view of the ahove, it is the intent of this report to provide an analytical
tool which canbe used to estimate the variation withtime of pressures in a space-
craft or other system of interconnected volumes. Knowledge of these pressures,
which will permit undesirable pressure conditions to he identified, should he
useful not only in connection with the qualification and rcliability testing of the
spacecraft, but also in determining the appropriate time for certain spacecraft
operations. It is expected that the accuracy of the mathematical results wiil
depend on the extent of knowledge of geometric leakage pathe, container volumes,
and material behavior. Many uses of this analytical tool will be indicated later.

In general, the analytical tool must provide a description of the internal
rressure vs time for each compartment of a system of compartments arranged
in a most general way, and connected by passages of different types. The follow-
ing data must be given or assumed in «yaer to carry out the calculation:

e External pressure vs time under flight conditions, or the chamber pressure
during testing.

e Type of ambient gas contained in the system.



e Temperatures of ambient gas and of internal surfaces.

e Volume of compartments.
-
e Surface areas of compartments and of components within the compart-
ments.

e Characteristics of the surface areas, i.e. the initial and final outgassing
rates, and the outgassing time constant for each outgassing material.

e Areas, dimensions and types of passages and leakage paths between
compartments.

ANALYTICAL MODEL

Figure 1 shows a model of volumes and connecting passages chosen so as to
represent the general case of a system of interconnected compartments. The

Cso
} — T —
Gs
L2s
’ ]
1 ‘ -
Vo P G ~—aCs0
G 2P2 — C2) —+Lis T
T
‘Llaz C32 1y L
1 e mad ) T[
Cqp— L35 <e—— VaP3 Vi Py Po
T G3 Vs P5
: ’ '
L34 La 1
Vg Py ~—Ca5 <
—>C50
Gy I -
_i* $
Las G;
Lso
J* — i -
PosPs <Py <PpcPycPy Cso

Figure 1~Arrangement of Volumes and Passages Used as a Model for the
Derivation of Flow Equations
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flow equations derived for the model are intended to provide a flow description
for any system. The model is ar ~anged so as to provide both series and parallel
flow through main passages, l~akages between chambers, and outgassing from
different surfaces, The errows in the figure show the reference flow directions,
corresponding to the relative magnitudes assumed for the chamber pressures.
The acrual flow directic:« will be dictated by the actual pressure in each chamber,
which will be a functior. oi the system parameters. Outgassing from surfaces is
shown by arrows origina’ir v at the separation walls.

Pressure-Time History Equations

Equating the change of mass of a gas stored in a volume V to the difference
of the masses of gas entcring and leaving that volume in time dt gives

Vdp = (min -mout) dt .

Since the change in density, according to the equation of state, is

dP
do = — .
PERT”
substitution yields
dp
v a =RT (min - mout) )

The flow rate, Q, may be defined in terms of a conductance, C, and the pressure
differential, AP, as

0 - CAP = Rim ,

so that the above isothermal equation of mass balance becomes:
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dp
V— =-C. AP -C, AP.
dt an 0

One can add to the right side of this equation the sources G, representing the
outgassing from the surfaces within volume i. This outgassing, as will be dis-
cussed later, is independent of pressure but depends on temperature and on the
nature of the outgassing materials in the chamber. The basic equation for the
pressure history in a volume then becomes

P _. . (1)

Applying this equation .o each of the volume of Figure 1 in turn, for an assumed
monotonic sequence of pressures

one obtains: .

P, =

1
17y, [(C,, +Ly1) (Py -P)) 4+ Ly, (P -P))
1

- (Cys +Lys) (By -Pg) - Ly, (P, -P) + G, 1,

P, -

1
2"y, [(Cyy +Lyy) (Py = Py) = (Cyy +Ly) (P, =P)) =L,o (P, - Py) + Gyl
2

25 €

. 1
Py :v:[ - (C3, +Lyy) (P, -P,) - Ly, (P, -P))

=Ly (Py =PF) - Lyg (P -P5) + Gyl
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154 :‘;;[L“ (Py -Py) +Ly, (Py -Py)
- (Cys +L4s) (P, -P)) + G, 1,
155 :vl's‘ [(Cis +Lys) (P —Pg) +Lyg (P, -Py)
+Lyg (P3 = Pg) + (Lys + Cy) (P, - Pg)

= (C5o + Lgy) (Pg - Py) +Gsl -

For a given P (t), the above equations can be generalized as follows to describe
the rate of pressure change in the ith chamber of an N chamber arrangement:

N
. —1 2
P, =5 |G+ Z (Ci; +L;) (P, =P (2)

=0

where

i=1,2 3,.....N; G, = Z Qgnis Gy, =C;; andL,, =L ;-
(The sum in

) Qs

n



is over all the different ouigassing materials n contained in volume i.) The
symmetry conditions for the conductances are valid in the molecular flow re~
gime but not always in the viscous flow regime (Refs. 5 and 6).

The sign of (Pj - P ) determines the direction of flow between chamber i
and chamber j. For the fictitious chamber arrangement shown in Figure 1,
matrices could be used to provide the passage and leakage conductances. Any
other chamber arrangement could also be described by equations (2) and the
appropriate conductance matrices.

A solution of equations(2), given the initial chamber pressures, the con-
ductances, the environment pressure as a function of time, and the outgassing
data, will provide the pressure-time history in each chamber of such an arrange-
ment. The functional forms of the conductances, outgassing functions, and ex-
ternal pressure forcing functions will be described next.

Conductances

The conductance of a passage is defined as the rate of flow of gas through
the passage per unit of pressure difference producing the flow:

C. = i (3)

The conductance is a function of the geometry of the passages, the tempera-
ture, and the molecular weight of the gas flowing. It is also a function of the
pressure and viscosity of the gas depending on the flow regime.

The characteristics thatgovernthe flow regime of the fluid are the Reynolds
number, R, = UpD/u, which relates the inertial force to the viscous force, and
the Knudsen number, K =\/D, which relates the mean free path of the gas to a
characteristic dimension of the container (Refs. 5-7).

For R, > 2300, the irertial force prevails over the viscous force, except
for a narrow region adjacent to the walls, and the flow is turbulent. During
evacuation, turbulent flow can occur near atmospheric pressure for a very short
period. It is experienced when high capacity displacement pumps evacuate the
system through improperly sized, long, small diameter passages (Refs. 6-9).
This type of flow will not be included here because of its short duration, and
(mainly) because of the difficulties it entails.



For R, < 2300, the viscous force prevails and the flow is viscous or
laminar.

The conductances employed here are appropriate for the three types of flow
which occur at low pressure: viscous, slip-intermediate, and iree molecular
flow. The parameter which differentiates these regimes is the Knudsen number.
This number, which can be also expressed as the ratio of the Mach number to
the Reynold's number (Ref. 10), compares the mean free path of the molecules
to a characteristic dimension of the container. It indicates whether the mole-
cules are colliding with each other or with the wall of the ccntainer. The follow-
ing criteria can be used to distinguish the flow regimes (Ref. 11):

e For K_ < 1072, the flow is governed by collisions of the molecules with
each other and is viscous.,

e For 1072 < K_ <10, the flow is an intermediate type characterized by
collisions of the molecules with each other and also with the container
wall.

¢ For Kn > 10, the molecules are colliding with the confining wall and
the flow is of the free molecular type.

From the formulae for the conductances given below, it will be seen that the
molecular conductances are independent of pressure. This is because the flow
is a random motion of the molecules. The intermediate flow is a combination of
the viscous and the molecular types of flow. The flow changes from completely
viscous at high pressure, where a zero relative velocity between fluid and wall
exists, to a transition flow with a relative velocity at the wall. At lower pres-
sures, the flow becomes a free molecular flow. Conductances for free molecular
flow are modified by an experimental coefficient to account for the transition
flow region.

Formulae for conductance of several geometrical arrangements are found in
the literature (Refs. 5-9, 11-13). The list which follows includes the most com-
mon conductances, taken, for convenience of presentation, fiom Ref. 8. These
conductances, which are normally given for air at ambient temperature, have
been modified to make them applicable to other gases and temperatures. For
geometric passages not listed, one can make use of the analogy betweer. vacuum
circuits and electrical circuits to obtain effective total conductances by combin-
ing simple conductances in series or parallel, as follows:

1
e Series combination arrangement:a1 = Z & (4)

ij



e Parallel combination arrangement: C, = Z C,; - (5)

1. Thin small aperture (Orifice)

a. Viscous flow i.e.. K <1072

For1l > u> .52,

1/2
C, = 23.97(—) (1 -u) 1 ue’12 (1 - y288yl72A, (6)

=i

For .52 2 u 2.1,

= 6.27(3) " -yt U

For .12 u2 0,

T 1/2 .
C, = 6.27<—M-) A. (8)
b. Molecular flow i.e. K, > 10
/T\ 172
C;; = 3,62 \-ﬁ) A. (9)

c. Intermediate Flow i.e. 1072 < K <10

(G mol + (C;.) visc
ij = 2

(10)



2. Long pipe

a, Viscous flow

The conductance is inversely proportional to the viscosity, which

in turn varies directly with the square root of the temperature
(Refs. 11 and 14). The conductance of the air at 20°C hgs been
modified by multiplying its coefficient by the ratio of the viscosities
and by a temperature function, so that

(P, +P,) po
_ T -1/2 ) 1 =,
C,; = 3120 7 (T) — I (11)
where 7, the ratio of the viscosities, is given in Table 1.
b. Molecular flow
T 1/2 DJ .
C.. -3.81(- - (12)
=3 (M) L
c. Intermediate flow
_ T\ 172 D3
c, - 3.81(ﬁ) DT (13)
where the intermediate flow coefficient J is shown in Table 1.
3. Short tubes
a, Viscous flow
One can use the seri=s combination of orifice and pipe, i.e.,
1
(Ci j) = ] . (14)

—— +—

(Cij)orifice (Cij)pipe

10



Table 1
Coefficients for Conductances (from Reference 8)

Visc. Air o

Gas Mol. Wgt (grm) " = Viso. Gas @ 15°C
i, 2,02 2.1

H 4,0 .93

e

NH, 17.0 1.86

H20 18.0 1.90

N2 28.0 1.04

Air 28.7 1.0

O2 32.0 90

A 39.9 .82

002 44.0 1.24

Intermediate Flow Factor J

Rectangular Duct Flow

Coefficients Y, a

DP (torr-cm) J a/b Y a
2 x10°? 1.1 1.0 1.0 1,108
4 x10°2 1.4 9 99
6 x10°2 1.7 .8 .98
8 x10°2 2.0 7 95
1 x10-1 2.3 6 90 1.126
2 x10-1 3.8 A5 .82 1.151
4 x10°! 6.9 4 71
6 x10-1 9.9 .3 .58 1.198
8 x10°! 13.0 2 42 1.297
1.0 16.0 1 23 1.444
2.0 31.0
4.0 62.0
10.0 153.0
Coaxial Tube Factor K
D, /D1 0 259 .50 707 .866 966
K 1 1.072 1.154 1.254 1.430 1.675

11




b. Molecular flow

T\1/2 D3
C.. -3 _) R L (15)
1 381<M L +4/3D

c. Intermediate flow

Cij - (Cij)mol &)) (16)

4. Rectangular Duct

a. Viscous flow

The conductance of air at 20°C, modified in the same manner as for
the long pipe, yields the following:

2 P. +P
C.. = 44! -1 2 a’h i ’), 17]
i; = 4455 7 (T) (Y) T ( 5 {17)

/

where the values of n and Y, a flow coefficient, arc listed in Table 1.

b. Molecular fl-w

. T\1/2 alb?
C..=9. = — 18
1y =908 “”(M) Lia+b) (9)

where the value of coefficient o is listed in Table 1.

c. Intermediate flow

C.- (Cij)mol an -

12
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5. Long annular tube

a. Viscous flow

T1/2 (D'I' Dz) (P + 4 )
C =3 —_— . 19
050 7 l:D: lne Dr/Dg > (19)
b. Molecular ﬂgﬂ
2
C ) l/l)uz K) (I)l -D,) (D, + Dz) , 20)
\ M/ L

where the value of the coefficient K is indicated as a function of the
ratio of the diameters in Table 1.

c. Intermediate flow

C j = (Cij)mol (J) :

Initial Conditions ~ Boundary Conditions

In addition to the geometric description of the system, one must specify the
type of gas and the pressure and temperature conditions which exist at the start
of evacuation of the system. It is aiso necessary to establish the pressures at
which the different types of flow regimes exist (namely the viscous, intermediate,
and molecular flow regimes). At these pressures, which are established by the
passage dimensions and the mean free paths of the molecules, the conductances
appropriate for each flow must be used for the integration of the flow equation.
As indicated previously, the Knudsen nuinber provides a criteria for the change-
over (Ref. 11): For K_ <10 ~2 the flow is viscous; For K_ > 1.0 the flow is
molecular,

The Knudsen number, with the substitution of the expression for the mean

free path of the gas in terms of the pressure, temperature, andsize of the mole-
cule, becomes

13
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-20
1 _ BT 2.331x107%T @1)

K -e== =
i DY2mo? DV2molo DP:- *

o>

where o is the molecular diameter of the gas (o = 3.74 x 10~8 cm for air), n is
the number of molecules per unit volume, and B is the Boltzmann Constant.

The flow regimes can now be established in terms of the pressure P and a
dimension D as follows:

e Molecular flow: K >1.,0,
(22)
-20
pp < 20331 x 1072 T
o2
which for air at 25°C becomes
DP <5x 1073 (torr - cm). (23)
e Viscous flow: K <1072,
(24)
~18
DP>2.331x 0 T
o2
which for air at 25°C is
DP > .5 (torr - cm). (25)

In the above, P is an average pressure and D a characteristic dimensicn of the
container. This dimension is, for example, the internal diameter of a pipe. In
general, it can be taken as being the smuallest dimension in a passage or as an
equivalent diameter for a passage of area A, i.e.,

1/2
D= (4_A_) . (26)

7T »
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The pressure of the pipe flow P, is taken to be the average of the inlet and exit
pressures.

Outgassing : unctions

Also affecting the ambient gas in the container, are gases which evolve
from the container surfaces and the equipment inside the container under
vacuum conditions. These gases are those which were physically and chemically
sorbed by the surfaces, those which were in solution in the material, and those
arising from evaporation and decomposition products. The exact mechanism of
outgassing is still a matter of controversy, but theoretical and experimental de-
terminations of outgassing rates have been reported in the literature (Refs. 15
and 16).

It is found from experience that the outgassing of materials may be
characterized, ingeneral, by the following statements:

e The cutgassing depends on the nature of the materials; for a given material
it is a function of the material's surface treatment and of the atmospheric
composition to which the material was exposed prior to exposure tc
vacuum.

e The outgassing is proportional to the surface area and increases rapidly
with the temperature. It decreases slowly with time and apparently never
becomes zero at ambient temperature.

e At pressures lower than 1073 torr, the outgassing rate is independent of the
pressure; i.e., the number of molecules expelled by the surface per unit
time does not depend on the pressure above the outgassing surface. This
behavior has not been established with complete certainty, butis valid as
a first approximation.

Outgassing rates of various materials at ambient temperature have been
plotted as a function of time. Figure 2 shows degassing rates for some ma-
terials. These outgassing fluxes have been obtained by exposing the materials
to vacuum and comparing the rates with those provided by known conductances,
or by reading the rates of pressure increase.

Tabulation of outgassing properties of many materials is indicated in
Tables 2 and 3. These tables, reproduced from Ref. 1uv for metallic, elastomeric,
plastics, and ceramic materials at 25°C, list the outgassing rates and their slopes
at 1, 4, and 10 hours of exposure to vacuum. A knowledge of the outgassing rates
of the materials at each instant is required for the solution of the nressure

15
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Figure 2-Degassing Rate Per Unit Surface Area Versus Time for Some Materials
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Table 2
Outgassing Rate Constants for Metallic Materials
(From Reference 15)

Awn =™ area of sample (cm?®);
Se = pumping speed for sir at 25 °C (1/sec);
K\ = air equivalent outgassing rate after & hr of pumping (Torr-j-sec~t-cm~?);
ex = absolute value of slope of log-log graph of outgassing rats va. time after & hr of pumping.

Mlterill A » S' lo'Kg LY lO'K. [ lO'K;. [ 779
1, Stainless steel EN S8B (polished, vapor degreased) - 11 - -— 10049 116 | 0014 | —
2, Stainless steel 65 | 3.5 1.7 | 11 044 | 034 | 021 | 075
3. Stainless steel — 107 09 | 075 ) 03 0.7§ | 6.2 0.75
4, Mild steel 65 | 315 54 |1 1.4 1 0.5 1
5. Mld steel (slightly rusty) — |1 60 | 3t 0.28 1.5 10.13 1’
6. Steel, rusty 65 135 | 44 14 1SS 14 |16 1.3
7. Iron 12 — 4 1 1 1 — |-
8. Nickel plated mild steel (polished, vapor degreased) - |1 S 2 0036 | 1.4 | 001 -
9. Nickel plated steel 65 { 3.5 28 2 - —_ —_— -—_
10. Chrome plated mild steel (polished, vapor degressed) — 11 0.1 1 0023 | 093 | 0009 | —
11. Aluminum, anodized 65 | 3.5 —_— - 136 0.8 11 23
12. Aluminum, bright rolled (cleaned in Stergene) 65 |35 - - 1022 |1 0075 | 1
13. Aluminum 12 - | 1§ 1 3.7 —_ — -—
14. Duraluminum — |0 1.7 ] 075 | 0.6 075 | 0.35 | 0.75
15. Aluminum spray coated mild steel 65 | 0.4 06 |[075] 02 0.75 | 0.1 0.75
16. Aluminum spray coated mild steel (rusted) 65 | 0.4 1.8 | 065 ] 038 0.75 | 0.4 0.78
17. Copper (24 hr at 95 per cent humidity) 125 10321 02 |2 — — — —
18. Copper 12 - |23 1 = | - -
19. Brass (24 hr at 95 per cent humidity) 43 032 | 0.15 ) 28 —_ — -— —_
20. Srass, cast : 650 | 3.5 10 1 25 1 11 0.78
21. Brass, wave-guide section 50 ;03 4 2 0.3 14 | 01 1.2
22. Nickel 12 — 6 1 1.5 1 — -—
23. Nickel 12 - 110 1 25 1 -— —
24. Molybdenum 12 — 7 1 1.7 1 -—_— —_
25. Tantalum 12 — 9 1 -— -_ — -
26. Zirconium. 12 - 113 1 - - — -_
27. Tungsten 12 — 2 1 —_ — — —_—
28. Silver 12 —=1c%s 1 —_ ] = - | -

history equation. Equations for the outgassing as a function of time, G(t), have
therefore been fitted to the data in the tables. Techniques described below were
used to calculate the parameters of these ¢ Juations for several materials.

For outgassing rates at temperatures other than 25°C, an estimate of the
increase of the outgassing rates with the temperature can be obtained from the
empirical relation proposed by Arrhenius for the increase of the rate of chemi-
cal reaction with the temperature:

Q=0, exp (- ﬁ—,‘r‘).

where Q is the rate at temperature T, Qo a constant (determined from Q at 25°C),
AH a constant representing the energy of the activation of the material, R the gas

¥

17




Table 3
Outgassing Rate Constants for Non-Metallic Materials
(From reference 15)

Am = arca of sample (cm?);
Sa = pumping speed for sir at 25 °C (l/sec);
R, = air cquivalent outgassing rato after 1 hr of pumping (Torrel-secl-cm=*);
K, = outgassing rate after 4 hr of pumping;
a, = absolute value of slope of log-log graph of outgassing rate vs. time after 1 hr of pumping;
a, = absolute value of slope of log-log graph aftcr 4 hr;
tm = time at which a begins to increase rapidly above a, for given sample (hr);
wj, = square of sample thickness, wm (mm).

Material Am Sl 10"K.| 7 IO’K‘ &y tm w ;
A. Elastomers ]
1. Natural gum rubber (32 Durometer) 75 0.5 12 0.5 6.0 |05 12 9
Natural gum rubber (32 Durometer) 1 0.5 13 0.5 6.5 0.5 10 9
2. Natural white rubber J.1260 total outgassing 100 0.35 11.5 0.40 6.6 0.42 S 2.6
3. Natural white rubber J.1260 non-condensable in liquid 100 0.35 2 0.5 0.2 1.6 —_ 2.6
. air .
4, Natural crepe rubber (vulcanized with § 20 min) 222107 73 0.7 k) 065 | — g
5. Natural crepe rubber (vulcanized with T'e 20 min) 222 | 0.7 61 0.5 2% 060 | ~ b
6. Ncoprene F-905 65 0.3 50 0.49 25 0.55 {>30 | 16
7. Neoprene 60° Shore —_ 1 80 0.45 43 049 I> 7 —_—
8. Neoprene 65 35 300 0.4 180 0.4 15 —
9. Neoprene (24 hr at 95 per cent humidity) 7.6 | 0.32 | 1400 0.75 | 480 096 |> S ~—
10. Ncoprene (outgassed +24 hr dry Nj) 7.6 | 0.22 120 0.5 — —_ — —_
11. Neoprene GNA (V-4-2) (} hr 50 per cent rel. humidity) 30 2 -- —_ 30 - - —
12. Neoprene (bell jar gasket, 50 Durometer) 68 0.4 30 0.5 14.5 0.5 — b
13. Neoprene 1157 (sulfur free) 65 1.5 54 0.45 30 045 {>20 10
14. Red vacuum hose (24 hr at 95 per cent humidity) 141 0.32 88 0.6 30- 0.8 3 o
15. Red vacuum hose (outgassed +24 hr dry N,) 141 0.32 11 0.5 — — —_ o
36. Perbunan 65 3.5 35 0.3 22 0.5 5 —
17. Perbunan PD 651 (vuleanized 30 min) 222 | 0.7 56 0.4 31 0.5 4 .
18. Perbunan DR-39 (low acrylonitrile) 222 107 94 0.65 | 41 0.56 | 20 .
19. Perbunan (Bayer) 12 0.1 20 0.5 10 Q.5 -— —_
20. Perbunan (Bayer) (tempered) 12 0.39 4 0.59 1.2 1.1 —_ —_—
21. Butyl GRI (V-3) (§ hr 50 per cent relative humidity) 30 2 — — 20 — — —
22. Butyl (DR-41) (40% C black; vulcanized 12 min) 22,2 | 0.7 15 0.68 4, 0.64 | — .
23. Butyl (BU. 12000) 100 0.35 20 0.64 6 042 )| — 2.6
24. Buwyl (IsU. 12000) (non-condensable liquid sir) 100 0.35 1 0.42 0.55 | 0.51 —_ 2.6
25. Convascal 65 35 14 0.2 9 039} — —
26. Convascal (extruued § in. square) 39 0.4 10 0.5 49 |06 |>50 | 91°*
27. Convaseal 100 0.4 50 | 0.46 26 |04 |>30 | 10
28. Polyisocyanate rubber D-43 222 1 0.7 280 0.45 | 127 0.57 | 10 b
29. Mygon 65 35 130 0.5 65 0.6 S —
30. Hycar H-50 (ASTM spec. SB-510) 65 | 1.5 120 042 | 70 045 {>50 | 10
31, Hycar H-50 (ASTM spec. SB-510) 65 1.5 140 048 | 74 0SS |>9 | 10
32, Silicone rbber (Wacker R 60) 12 0.39 70 1.07 17 1.1 —_ —_
33. Silicone rubber (Wacker R 80) 12 0.39 | 180 1.0 44 1.2 —_ —_
34. Silicone tubber (24 hr 95 per cent humidity) 100 032§ 230 0.65 1 46 1.3 - —_
35. Silicone rubber (outgassed+ 24 hr dry N,) 100 0.32 13 0.5 —_ — - —
36. Silastic - 1 25 0.55 6 1.8 —_— —
37. Silicone rubber 2221 07 94 075 ] 3 0.8 20 b
38. Silastic X-6145-C 65 | 1.5 25 10'] 56 [107}>9 |10
39, Silastic 8-164 (red, 62 Durometer) 65 1.3 12 0.9, 37 09 [>70 | 10
20. Silastic £0 (white, cured 24 hr at 480 °F, 74 Dutometer) 65 1.3 28 1.0 60 |10 |>50 | 10
41, 8ilastic 50 (white, §3 Durometer) (1 1.3 o 1.0 6.4 1.0 |>50 | 10
42, Silastic 67-163 (red, 61 Durometer) 65 13 19 0.93 S4 10 |>50 | 10
18



Table 3 (continued)

Material Am | Se | 10K, « | 10K, | = tm | W
B. Plastics
1. Teflon, Dupont 12 0.23 4 0.7 1.6 0.7 -_— —
2. Tcflon, high temperature (24 hr at 95 per cent 27 0.32 42 093 6 —_ v -
humidity)

3. Teflon, high temperature (outgassed+24 hr dry N,) 27 0.32 0.1 2 —_ -— -_ -
4. Tecfion, Ceroc (24 hr at 95 per cent humidity} 42 0.32 3s 046 | 19 —_ - -
S. Teflon, Dupont 65 1.5 S 0.68 1.2 1.2 3 2.6
6. PTFE — 1 3 0.45 1.5 0.56 _— _—

7. Kel-F ((0ak Ridge National Laboratory) 65 1.5 0.4 0.57 01710853 — | 10
8. Kel-F 270 (Resistoflex Corp.) 47 0.4 _ —_ 016 | 055 | — 0.6
9. Araldite D 650 35 80 0.8 22 078 | — -
10. Araldite D 30 0.7 19 0.3 12.5 | 0.5 —_ -—_
11. Araldite B 30 0.7 18 0.4 9.2 | 0.5 -— -
12. Araldite F 30 0.7 15 0.5 7.3 0.5 —_— -—
13. Araldite, Typec 1 (Ciba, cured 15 hr 266 °F) 62 |04 5.5 1.3 09 |13 10 0.3
14. Epoxy resin 200 (24 hr 95 per cent humidity) S0 0.32 110 0.6 — — —_— —_
15. Epoxy resin 200 (outgassed 424 hr dry N,) S0 0.32 0.2 1.6 _ - —_— -_—
16. Eppon, Shell Oil Co. 41 0.4 40 1.2 8.5 1.2 L{y) 40
17. Plexiglas (Alsthom) 30 0.7 31 0.4 18 0.4 -— —
18. Plexiglas M222 (R6hm and Haas) 12 0.10 19 0.43 10 0.57 — -—
19. Plexiglas (24 hr at 95 per cent humidity) 62 0.32 115 0.65 40 078 | — —
20. Plexiglas (outgassed -+ 24 hr dry Ny) 62 0.32 10 05 —_ — —_ —
21. Mylar (24 hr at 95 per cent humidity) 289 0.32 0.1 3 _ —_ —_— —_—
22. Mylar V-200 (24 hr at 95 per cent humidity) 370 0.32 23 0.78 4 -— —_— —
23. Mylar V-200 (outgassed +24 hr dry Ny) 370 0.32 13 1.33 — —_— —_— —
24. High temperature Thermalon (24 hr at 95 per cent 32 0.32 13 23 0.1 - —_— —

humidity)

25. Polyvinylchloride (24 hr at 95 per cent humidity) .70 0.32 8.5 1.0 .2 — -— —
26. Polyvinylchloride (outgassed +24 hr dry Ny) 70 0.32 0.08 | 3.2 -_— —_ — —_—
27. Polyethvlenc (BASF) 12 0.10 2.3 0.5 1.15 | 0.5 - -_—
28. Polycthylene (Dynamit-AG) 12 0.23 2.6 0.5 13 0.5 - —_
29. Polvamid (Bayer) 12 0.12 46 0.5 23 0.5 - _—
30. Ultramid (BASF) 12 0.1 17 0.5 8.5 0.5 - —
31. Polyvinylcarbazol (BASF) 12 (o023 16 0.5 8 05 | - | —
32. Polystyrol (BASF) 12 0.14 6 0.5 3 0.5 -— —
33, Polystyrol (Dynamit-AG) 12 0.14 15 0.5 75 105 - —_—
34, Polyurethane (Bayer) 12 0.85 3 0.5 28 | 05 - —_—
35. Textolite 11564 (24 hr at 95 per cent humidity) 61 0.32 55 0.7 18 1.1 - —
36. Textolite 11564 (outgassed +24 hr dry Ny) 61 0.32 0.1 33 - o— -— —-—
37. Nylon —_ 1 120 0.5 60 0.5 — -—

38. Pcramfil (General Electric Co.) $7° | 0.4 400 18 40 1.2 S0 | 23

39. Polyester (Zcnith Plastic Co., fiber glass laminate) 52 0.4 23 0.84 7 084 | 50 | 16

40. Polyester (Plastone, fiber glass laminate) 59 04 25 0.84 8 0.81 S0 ] ¥0

41. Polyester (Perault) 30 0.4 34 0.72 135 067 | 40 | 40
42. Polyester, Norsodyne 430 0.7 16 0.36 10 .36 | 100 -_—
43. Celluloid 12 0.39 86 0.5 43 0.5 —_ —_
44. Polythene 80 0.4 200 1.6 20 1.6 el B
45. Methylmethacrylate 174 0.7 42 0.9 14 057 | — —_—
46. Epicote 82 0.7 25 0.5 12.5 ns — -—

C. Ceramics
1. Porcelain, glazed 3o 0.7 65 | 0S5 3¢ | 0S - -—
2. Steatite 30 0.7 09 |1t 024 | 1 -— -
A
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constant, and T the absolute temperature. The rates of many organic reactions
are doubled for each 10°K rise in temperature. A rule of thumb frequently sug-
gested is that a 10% change in absolute temperature will cause a 10:1 change in
outgassing rate (Ref. 7).

From the plots of Figure 2, the outgassing rates are seen to be represen-
table by the following functions:

q=gq,t™* (27)
and

qQ=q, et +q, (28)

In these expressions q 0 is the initiai outgassing rate, q, is the final out-
gassing rate, a is the slope of the outgassing curve (27) and 7 is a time constant
which represents, for the curve (28), the time required for the outgassing rate
to drop to a value

9
:-e-:'+qf :.368q0 + Q4

It should be pointed out that an expression such as the above could be ob-~
tained experimentally for an entire package containing various materials. The
equivalent outgassing so obtained could then be used in calculations involving
the interaction of this package with others. The outgassing can be programmed
as a mathematical function or provided in tabular or graphical form for the use
to be made of it here.

With the outgassing rates at 1 hour, 4 hours and 10 hours provided by the
tables, the parameters of the exponential equation (28) representing the out-
gassing can be obtained as follows. Using the system of equations

Q, =Ae’l/° + B,

v o ny
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Q, =Ae™*/° 4 B,
Qlo = Ae”10/¢ _ B,

where the Q, are the known rates, and A, B, C are the parameters to be found,
the following ratio is obtained:

1 Q4 - Qm _ e~4/c (1 - e-6/<:) 14+ e3¢
ﬁ = =

- = e-s/c + e_6/c (29)
Ql - Q4 e;l/c(l - e'3/C) ed/c

Letting x™! = e73/¢ and x~2 = ¢7%/°, this may be rewritten

x +1

x?2

, or x2 _Rx-R=0,

|~

which when solved for the positive root yields

x-edec _R* YR2 ; 4R
= > ,

from which the parameter 1/C is found:

1nx
3

R+ YR? +4R
s . (30)

=lln
3

()|»-'
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With C known, the pa::ameter A can then be obtained as

A % (31)
(9-4/c - e"l/C) .
and finally
B - QIO _Ae10/¢c, (32)

The tables provide outgassing rates at oaly two different times for some
materials., However, the slopes of the outgassing, a , are provided at these
points. In these caszs, to fit the data to the exponential equation, one can use
the average of the slopes to establish

a, +a

1 /C = 1 2’
> (33)

The parameters A and B are then obtained as above, by using equations like (31)
and (32).

Table 4 presents the values of A, B, and C calculated for some of the ma-
terials listed in Tables 2 and 3.

If the tables provide only one rate of outgassing and a corresponding slope,
the outgassing equation to be used is Q = At *% The coefficient A can be obtained
directly by substitution of the given values, i.e.,

A= Qn t:-
In general then
Q=(Q, t}) t™¢ (34)
22
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Table 4
Coefficients for the Outgassing Equations

A= 2,89358704E-07 B » 2.04554053F-00_  C =z 1,59446U278_00_ STAINLESS
CHECK 1,75000000E-07 1,7%C00000€-07
CHECK 4.40000000E-08 _ _  4,40000000€-08___ .. . _ - —————— —
CHECK 2.10000000F-08 2,10000000¢:-08
A s 1.33501518€E-0/ B = 1.97837272¢-08 C =t 1.955834089€ 00 STAINLESS
— CHECK  9.00000C00E-08 _ 9.00000003E£-08 e e
CHECK 3.0000n000E-08 3,0000000N0E-08
CHECK 2.00000000E-08 20000000008 = . __. . ._. . - e
 * B-%9353759E-0/  H x 4.065HACH4E-08 L =z _1.Bpibo948E 00 . MILVUSIEEL
CHECK %.40000G600E-07 5,40000000E~0/
e CHECK 1,4000 = —-1.40000000E - e
CHECK .00000000E~08 5»,00000000E-08
At 4.42083779E 03 B2 1.3038%160-08 C 2z 1.951461795E-01 MILUSIEEL
. —£.00000000E 00 ___6.00000000E 00 _ . ___ ___ __ e e
CHECK 2.8000N000E-028 2.80385160E-08
CHECK 1,30000000E-08 2. 903R85160E-08 = = i —
Az 9.3/58211%E-10 2106619232607 . _C = . 1.26158528E 00 SIEeLwJSIY _
LHECK 4. 40000000E~Ub 4,40000000F-06
_CHECK 2.50000000E-07 ___ 5.500000006-0/ _ _ _ _ e
CHECK 1,60000000E-07 1,60000000E-0/
b= 2.00829151E~00 B r 9.999990880-08 Ct 5.25967783€-01 IRON
CHECK 4,.00000000E-Q7 4,.00000000E-D7_. . e e
CHECK 1.0310000006-07 1,0100000nE-07
e CHMECX  1,00000000E-97  _1,00000D00E-07_ . e
_ A * 2-B/R32014E-06 = H = 9.99929417§-10 L 3 92.70u66U338E"01 NICKELPQL .
CHECK $.00000000€E-07 5,00000000E-0/
CHECK 3, 60000000E-09 3,60000Q01€-09
CHECK 1,0000N000E-0% 1,00000001E-0y -7
A 1.69295054E~0b Bz 8.645597835-10 C s 1:62101720€ 00 CHRUMEFLATESIEEL
_ CHECK  1.,00000000E-08  _ 3,00000007E-98 —
CHECK 2.30000000F-09 2,30000000E-09
CHECK 9,00000000E-10 9,00003000E-10 o
Az 2.-30120169E-07 B =z 3.40549%34E-08 _ __C = 1:81129749k 00 DJIRALJIM
CHECK 1.70600000€-07 2.7000000"E-0/
CHECK ___ 6.,00000CO00E-0B_ 5,00000000E-08
CHECK 3.50000000E-04 3,50000000E-08 -
st B.526690BUE-03 8 £ 9.55184500£-09 C = 1-90534165¢ 00 ALUMCOATST R~
cme—_ . .CHECK __ 6,0000000CE-08_ _ _ 6,U000000nE-08
CHECK 2.0000NnCO00E-UB 2.00000000E-08 i}
— LMECK _1,000000Q00E£-08 . .1,00000000E-08 o
At 1.64347917E-00 B = 1.06203627E-07_ _ € & _1.64194488E (0 89A>S
CHECK 1.0000N000E-06 1,00000000E-06 T
o CHECK 2,500000006-07 _  2,5000000NE~0/
LHECK 1.10000000£-07 1,100000006-07 B
Az 4,55447441F-08 B v 2.67376208E-07 C = 1.69769286E 00 SILASIIC 50
L. __CWELK— 2 BQO00N0O0QE-04 . .2.B0000000E-06 -
CHECK 7.00000000E-07 /,0000000nE-0/
—2.A00000Q00F-07  2,80000000E-07 e e —
A = 4,41243965F-08 B * 4.89773118E-140 C s 1.22537899k ou ER0XY 200
——— CHECKX_2.08000000E-U8 . 2.00000000E-08 ; o
CHECK 2,17637641E-09 2,17637641E-09
e _GHECK 5.02327286F-10 5. 023272R7E-14 e
Az 5,31418681E-~07 8t 1.4993R401E-07 C = 2.395%4783E 00 POLYUNETHANE (BA
_ L HMECK, 2.00000000F-02 . 5.08000000E-07 - C e e —
CHECK 2.5000020NE-07 2.50000000E-07
- LMECK _ 1.5811 2B3E-07 1.58113883E-0/ . —— .
Az /,28652981E-06 B s 2.4269851%E-07 C 2 1.50982959¢ 0 ZPUN §
—  _LMECK — 4.00000000E-06 _4.00000000F~06 . .
CHECK 7.5785R2838-07 7.57858283E-0/
- = 2382938E-0/ ... —_——
Az 5,18851208F=(7 Bz B.9963040%€E-08 C = 2.395%4/831 qu 2. FE
——— CMECK - 3.300000006-02 ...__S.00000000E-07 ,
CH, =K 1.50000000E-07 1,50000000E-07
_LHECK 9. AAARZ2QAF-08 9 4AGA329RE-08___ e
Az 1,20198978F-05 Bz 5.4%5004053E-07 C = 1.60847067E 00 v §]
. = - —-2.00000000E-06 e
CHECK 1.54473024E-06 1,54473024E-06
w—w*m-‘—'\ - - ] —— - == - - v e
Az 2.852794891g~07 B 2 5.R7464062E-09 C z 4.405903838€ o0U “YLAR
- ———3.80000000E-0/. . . e~ —
CHECK 2.0568544E-08 2,0568544/E-08
CHECK 6. NANSSGBAE-0U9 6, QB055Ap4E-0Y e e e
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where Q_, t, and a are the values given in the tables. In partic.lar, if the given
value of Qn is that corresponding to one hour, then A - Qn .

External Pressure B (t)

The pressure of the environment must be known as a function of time in order
to solve the system of differential equations. Two vacuum environment profiles
will be cncountered by a spacecraft — the pressure versus altitude during launch
and orbiting, and the pressure produced by pumping devices in a test chamber.

The launch and o~biting pressure versus time profile for a spacecraft can
be obtained by combining the pressures versus altitude as fourd in tables with
the altitude versus time of the spacecraft (Ref. 17). For example. an equation
for the external pressure can be written usirg simplifying assumptions, for a
satellite having a period T, in an elliptical geocentric orbit. Let P and

max

P be the environmental pressures at nerigee and apogee respectively, P,

min

the average pressure during orbiting and t, the time from launch to reach orbit
altitude. Then one may write simply: For

Pltm -Pav
O<tet,, Pj=P, - __=¢, (35)
t0
while for
P P . P -P_.
t>to' P0= max“’ mxn+ max2 min sinwt, (36)
where

w=2n/T,, andP, = atmospheric pressure at launch .

In the above equations, it has been assumed that the drop in pressure is
linear with altitude during launch (which is approximately true for altitudes up
to 125 km). For computing purposes, Lowever, it will only be necessary to have
pressure versus time in tabular form.

The evacuation of a test chamber is a function of its volume and the pumping
speed of the system. It is dependent on the temperature, humidity, and surface
conditions of the chamber, its material, the gases present and many ctuer factors.
It is thus quite possible that the results of one test will be somewhat different
than another. The pressure versus time data for a particular chamber can be
dcoscribed analytically and used for the solution of the chamber-spacecraft
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system. As an example of this, Table 5 shows the pumpdown equations for an

8' x 8' chamber, in part derived from the data shown ir rigure 3. The data at
the 55°C and --10°C test chamber temperatures shown in this figure cover only
pressures below 10°3 torr. The evacuation time from 760 torr down to 10 -3
torr is a small fraction of the total evacuation time and was not shown on this
graph. The pressure for this interval was assumed to decay exponentially from
time zero to .9 hr., followed by a straight line decay to 1 hour. This is in ac-
cord with other experimental evidence. For the same time range, a straight line
pressure drop can aiso be assumed. Calculations to fit these data and the above
assumptions have provided the equations shown in Table 5 fur the empty 8' x 8!
test chamber at the two different chamber wall temperatures.

Equations for chamber pressure profiles like these indicated here can be
derived for other chambers. However, test data on the evacuation of any
chamber can also be used directly in tabular form for the solation of the pres-
sure equations. The latter method will generally be used here to calculate
pressure profiles.

Heat Transfer Considerations

The pressure relation equation (2) has been derived under the assumption
of isothermal flow conditions. This presupposes an average speed of evacuation
and sufficient heat transfer from the container to the ;as o maintain a constant
temperature. This condition is .un fact approached dvring evacuation of a test
chamber or in actual flight, with the exception oi the very start of evacuation,
At the start, there is a very rapid evacuation to represent the pressure drop
experienced during rocket ascent. The flow is turbulent and viscous, and is
provided by the rapid changirg environment or by large capacity displacement
pumps. The rapid evacuation produces a sudden drop in tempert::ture, 4-5°C for
a large vacuum chamber, followed by = temperafiire recovery v ck to the ambient
wall temperature. During this very short and rapid exhaust, i : heat transfer
from the wall is not sufficient to maintain the gas tercpcraure constant and
adiabatic expansion of the gas is approached. When the rate of expansion of the
gas becomes moderate, and the rate of pressure drop is reduced, the heat input
from the wall is sufficient to compensate for the heat loss caused by the expan-
sion. An estimate of the temperature effect can be carried out as follows.

The heat gain of the gas i1time dt is

dy, =h A \T, -T) dt, (39)
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where A is the wall surface, T  and T are respectively the wall and gas
temperatures, and h is a heat transfer coefficient covering conductive, convec-
tive and radiative heat transfer and dependent on many variables such as flow
regime, gas type, and initial temperature.

The heat gain of the wali in the same period is

dt*. O V(T -T)=C(T,' -1,), (40)

where C is the thermal capacitance of the container and T ' is the contaiuer
temperature before it changes to T . Setting ng =-dQ_, the heating or cooling
rate of the wall due to gain or loss of Leat to the gas is found to be

C = T T

From this equation, the gas temperature can be obtained provided.the coefficient
h, the initial conditions, and the way ic which the walil temperature varies with
time are known. The solution would have to take into account heat gained or lost
by the walls, including the gains due to solar radiation, aerodynamic heating,
albedo and IR radiation, and power sources in the system together with the losses
due to reradiation, conduction and convection from the walls.

One of the difficulties resides with the heat transfer coefficient. This co-
efficient changes radically from the viscous to the molecular flow regime and
is related to the gas pressure by an "S" shaped curve. As shown in the kinetic
theory of gases, the coefficient of heat conduction in the viscous flow regime
is directly related to the gas viscosity and to the coefficient of heat capacity at
constant volume (Refs. 10, 11, 14):

k=2pUC, A=nC, . (42)

o] R

Consequently, it varies directly with the temperature and is not affected by the
pressure. Making appropriate substitutions in this equation and including the
variation of specific heat with temperature leads io the Sutherland relation for

P
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the coefficient of heat conductivity for various gases (Ref. 11). One could use
this coefficient of heat transfer at pressures in which viscous flow occurs, In
this range, heat transfer by radiation is a negligible part of the total heat trans-
fer because the emissivity of the internal surfaces is low, the temperatures in-
volved are low, and the coefficient of conductivity is sufficiently high. For pre-
sure corresponding to the molecular flow regime, i.e., when K > 1, the heat
transfer bhecomes orders of magnitude smaller than the viscous coefficient
(Refs. 18 and 19). The heat transfer is then provided by radiation, and conduc-
tion and convection are almost inexistent. Depending on the dimension of the
container, the changeover from high to low conduction heat transfer occurs be-
tween 1 torr and 10°5 or 1076 torr.

From the ahove, it appears that as first approximation one could assume a
coefficient of heat transfer varying inversely as the gas density,

h=h, (;:) : (43)
0,

and that the heat balance equation would be

C(T,' -T,) =h, (,fi)“s (T, - T,)dt. (44)
0

In order to get the ratio of densities appearing in (44), one must estimate the
gas temperature, which will change with the pressure. From the energy equa-
tion, assuming no inflow and the absence of external heat or work, the change in
the total internal energy of the gas is equal to minus the enthalpy carried out by
the gas, i.e.,

E'-E'—' Al'l,

or

C, Im' T,  -mT,]=-(m _m') C, T, (45)

" e "?‘-



Rearranging, dividing by m’, T'z and C and making the substitution Cp / C, =7,

m = -I-DX and m’ :P'v,
TR RT '
g g
one has
m_P Tg'
m e T,

T' ¥

T P

g 1 -1 —
+ [(7 )p,]

The ratio of masses in terms of pressure is

(46)

(47)

(48)

and because p =m/V and p' = m'/V the following is obtained for the density

ratio in terms of pressure ratio:
] 1 !
e_z_[9_+ (y - 1)].
P YLP

30

(49)

i E— L a
3 o N
S -
-, w .
AT



This expression allows one to estimate the heat transfer coefficient as a function
of the pressure ratio and the time, snd hence to estimate the heat flow from the
wall to the gas or vice versa. By ar iterative procedure, one couid therefore
obtain a simultaneous solution of the pressure equations (2) and the heat transfer
equation (44). The appropriate iterative procedure is as follovs:

1. Assume, as a start, a constant gas temperature T.g ; calculate the con-
ductance and outgassing; and upon iategration of (2) obtain the p:ressure
P’', and the density o' from (49) and temperature Tg' from (47).

2. Calculate the coefficient of heat transfer h from (43), and, from (44),
knowing the wall temperature, evaluate the new gas temperature Tg .

3. Calculate as in step one the conductance for :{:: next time interval and
repeat the procedure.

The following points concerning the temperature and the isothermal {low
conditions employed here should be kept in mind:

1. The temperature is approxiriately constant during the entire evacuation
process with the exception of a very brief period at the start of evacua-
tion.

2. A complete heat transfer analysis requires the inclusion of all forms of
heat transfer and of heat flow from all directions. It would have to in-
clude radiation from space and from other radiating surfaces, conduction
from adjacent walls, heat sources and other detailed properties of the
walls.

3. Techniques for performing complex heat transfer calculations with a
certain degree of confidence are being devised for spacecraft. Such cal-
culations could provide temperature versus time for the surfaces which
could then be used to estimate the gas temperature.

+. If the temperatures of the walls are known as a function of time, the.r
effects can be utilized to establish the outgassing rates of surface ma-

terials and the gas temperature can be estimated and incororated in
the gas conductances.

METHOD OF SOLUTION - COMPUTER PROGRAM

The program for the solution of equations (2) was coded in Fortran langu-
age for the CDC 3100 computer. The numerical integration scheme used was of
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the fourth order Runge-Kutta type, which requires no starting values other than
the initial conditions (X, Y0 ) and which permnits one to change the interval of
integration, h, at any time without redoing the previous computations. The
equations used in this procedure are:

Yoop =Y, +1/6 (ky + 2k, + 2k, +k;) +0 (h’), (50)
where the k, are calculated from
ko =hf (X, Y)
k, =hf (X +172h, Y +1/2k;)
k, =hf (X +1/2h, Y +1/2k,)
k, =hf (X +h, ¥ +k,)

and 0 (h5) is a truncation error on the order of h5.

The integration time interval is increased exponentiaily from its initial
value, h, to a final value of 2 h in order to speed up the computation and reflect
the exponential behavior of the pressure time function. To prevent instability of
the solution, however, the time interval is also modified in the process of inte-
gration as follows:

At each integration step, the program evaluateé the parameter

4
R

i=1l

o= (51)
k

b oo

where the k., are the Runge-Kutta variables and k is their average.
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If o < 1, the time interval used for the integration has provided a value not
too different from the previous value. The time interval is acceptable and the
computation continues,

If o > 1, the change from one value to the next has been too great and hence
the interval is unacceptable. As a first step, the interval is reduced by 20%, the
Runge-Kutta variables are reevalrated and the criteria above is rechecked. If
the criteria that o be less than one is still unsatisfied, the interval is reduced
to 1/2 the previous tiie interval.

Examples of typical program inputs for the cne- and three-volume cases,
together with the corresponding solutions, ar. contained in Appendices A and B
respectively; the prograin itself is documented in Appendix C.

COMPARISON OF EXPERIMENTAL AND COMPUTED RESULTS

In the process of developing the computer solution to the above system of
equations with variable coefficients, several combinations of volumes, connecting
passages, and outgassing imaterials were investigated. Some of the profiles com-
puted will be presented in the next section together with an explanation of the
parameters chosen to characterize these curves. In this section a comparison
of the calculated profiles with experiment will be made.

The characteristics of the systems chosen for comparison, such as the
volume dimensions, the passage dimensions, the type and amount of outgassing
materials, and the external pressure profile were determined by the experi-
mental investigation. The tests were also used to establish the pressures at
.which corona discharge between clectrodes in the container would be initiated
and extinguished and the corresponding times.

Figure 4 is a schematic of the pressure-time test setup and the orifice
construction. The one-liter volume was fitted with one of three different ori-
fices, .437 in diameter, .137 in diameter, and .040 in diameter, connecting the
compartment to the simulated space environment of the 12-inch diameter by
18-inch height bell jar. The evacuation was provided by a 140~-cfm mechanical
roughing pump and 2-1500 lit/sec oil-diffusion pumps baffled with liquid nitrogen.
The bell-jar pressure profile simulates the pressure profile encountered by a
Thor-Agena B rocket carrying a 1000-pound payload into a 160-mile orbit. A
Hastings thermocouple pressure gage and a nude ionization gage were used to
record the pressure in the compartment. The pressure in the bell jar was
recorded by a Hastings thermocouple gage and an ionization gage. The polymeric
materials included in the compartment, selected as being typical of the encapsu-
lants used in flight systems, were: Eccofoam FPH, with a density of 4 1b./cu.ft.;
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12" DA, x 18"

Figure 4—-Pressure~Time Test Setup

silicone rubber, RTV 11; and epoxy, Biggs 823 resin. The test specimens of
these materials were produced in the laboratory in accordance with accepted
spacecraft application techriques. The Eccofoam and RTV samples had a sur-
face area of 140 cm?, while the epoxy sample consisted of a conformal coating
about 0.015 inch thick over an aluminum tube with a surface area of 120 cm?2.
The coating was vacuum-processed while curing. The RTV samples were out-
gassed for 24 hours before the test. Non-outgassed RTV caused fluctuating
ionization-pressure gage readings in the 10~4 torr region. This was attributed
to contamination of the gage elements, which rendered the gage useless for
pressure measurements. The z4-hour outgassing phase is, however, typical of
space hardware exposure in environment-chamber tes\3. The pressure versus
time in the bell jar did not follow the same profile in each test but showed a
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variation of about one-Lalf decade because of the influence of the variable gas
load aud orifice sizes. The temperature in these tests was a2bout 21.1°C (70°F).
Figures 5, 6, and 7 show both experimental and computed results for various
combinations of orifice size and outgassing material. The pressure profiles for
each combination were obtained separately and superposed in these figures for
convenience.

Comparing these profiles, it is seen that the computed results agree very
well with the experimental results. The difference (values in the samne decade)
may be attributed to:

e The difficulty of reproducing exactly the same pressure profile in the
vacuuni jar in the differeat runs.

® Gage errors and errors in gage-reading.

® Diiferences between actual material properties and those assumed in
computation.

For the computation, a mathcmatical descriptinn of the outgassing material is
used. The uuta for this representation are obizined from the liierature and,
unless data are available on the specific material baing tested, divergence may
be expected betwecn test and analytical results.

It is expected that better definition of the materials should produce cleser
results, if needed. Alsc. improvements in comnuted results can be expectea
when temperature gradients between compartments are included.,

APPLICATIONS AND PARAMETRIC PRESENTATIONS

Additional pressure profiles for <iagle volumes containing various different
outgassing materials were obtained. These are shown in Figures 8, 9, and 10,
where they are labeled according to several parametric attributes. Profiles
for the more complicated three-volume system were also computed, and these
results are shown in Figure 11, parameterized in the same way.

The data obtained in the computation of these profiles can be used to esti~
mate the length of time that should be allowed before certain electrical functions
which are affected by pressure can be safely performed. They may also be
used to estimate the size flow passages appropriate, for a given volume or set
of volumes and given outgassing materials, to insure that suitable pressures are
reached inside thesevolumcy within a specified period of tinie. It would there- --

LN

fore be very useful to generalize .he results of these computations for application
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Thin Orifices, 80 ¢cm2 “PTFE” Outgassing Mater:al in each Compart-
ment, and T =270° K.
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to other cases (Ref. 20). This can be done through the use of certain parameters,
namely those which have been used to label the various curves shown in the figures.
The choice of these parameters is based on the fcllowing considerations.

The profiles show that within a very short period of time the pressure drops
to a quasi-steady value. This sharp drop occurs in a region of viscous and
transitional flow. In this region, the relations expressing the passage con-
ductance are nonlinear and dependent on pressure and viscosity. Beyond this
region, the flow is molecular and the conductance depends only on passage
geometry. The quasi-steady prescure reached and the corresponding evacuation
time for a given sys’em are thus mainly a function of those parameters which
characterize the flow in the free molecular regime. In view of this, the profile
curves have been grouped in accordance with certain parameters in the molecular
region of the curves which are amenable to generalization, namely the molecular
time constant, 7 , the outgassing material gas load at 1 hour vacuum exposure,
Q, , and the quasi-steady pressure, ¥ .

The molecular time constant, which relates the size of the volume to the
pumping speed in the molecular flow region of the vassage, represenis the time
needeu for the pressure to drop to 1/e = 0.368 of the initial pressure and is

(sec) , (52)

T =

nj<

where, V (liters) is the volume of the container to be evacuated and § (1i*/sec) is
the pumping speed of the passage. The pumping speed for an orifice of area

A (cm?) in the molecular flow regicn (corresponding to a pressurz of 1072 to
1073 torr for the present orifice diameters and for air at 20°C), is a constant:

S=11.6 A (l/sec). (53)

The time constant, which presupposes molecuiar flow with constant con-
ductance and no source of gas in the volume being evacuated, is obtained from
the solution of the linear differential equation expressing the flow balance; i.e.,

dP _
(-Va_SP>
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in the molecular region and can be visualized as the slope of the log of the
pressure profile at time zero.

If a constant i.e., independent of pressure and time, source of gas QL (torr-
1/sec) exists, such as that provided by a leak into the volume, the differential
equation will be

dp
-V —==SP-0,, (54)
dt QL

the solution of which is

P=P, eS/Vt +QS—L. (55)

This equation shows that as t —  the first term becomes very small, so that the
second term controls the pumpdown., For Q, constant, an equilibrium pressure,

o

P, -

== (56)

is thus obtained. This pressure represents the condition for equilit rium between
the inflow leakage, Q, , and the outflow through the orifice, SP, . But when the
in-leakage is caused by material outgassing, the rate of inflow is not constant,
but is a decreasiug function cf time. Consequently, after the initial rapid decay,
the pressure continues to decay slowly, rather than stabilizing at an equilibrium
value. However, one can define a quasi-steady-state outgassing rate Q, as the
outflow rate from the material after 1 hour of outgassing in vacuum, and then

use the corresponding quasi-steady-state equilibrium pressure as one of the
parametlers describing the system. This equilibrium pressure will be:

Lo

p % %% (57)
L 3 S




where .. (cm?) is the surface area of the outgassing material;

torr lit
QG (——————)O
2
sec-cm

is the material rate of gas output after 1 hour of vacuum exposure, as given in
Tables 2 and 3; and S (lit/sec) is the pumping speed for the orifice, as given by
equation (53). This pressure is not the ultimate pressure obtained in the volume
but is representative of the slowly decaying pressure. Table 6 lists for various
systems the geometric data, the outgassing material, the characteristic rate
Qg the corresponding load rate Q, , the calculated pumping speed S, and,
finally, the resulting parameters 7 and P, .

CONCLUSIONS

An analytical toc! which provides internul pressure profiles for volumes ex-
posed to vacuum has been developed. Comparison between calculated and
experimentally cbtained pressure profiles has shown sufficient agreement be-
tween the two. The computer program developed to provide this information by
solving a system of differential equations is general and can be applied to a
system having many volumes, interconnected with various types of passages

and containing materials outgassing in a known manner, such as is the caseina

spacecraft, The computer results, obtained in both numer :al and graphical
form, can be used to provide the following information:

® The long term pressure conditions in a compartment.
o The time required to reach the quasi-steady state pressure.
@ The pressure differential across surfaces.

® The effects of variation of chamber volume and passage size on attain-
able pressures.

® The results for an assembly of experiment packages, given the results
of tests of the individual packages.

® The equivalent conductance of an experimental package tested in a

vacuum chamber, including the outgassing effect of materials and sur-
faces in the package.
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¢ The behavior of a system in any other envirciment, given the results
obtained in a vacuum chamber,

Many pressure profiles have been calculated both for a single volume and
for multi-volume arrangements; some of these profiles have been included
here. Parameters heve been introduced to generalize the results of these
particular test runs o that they may be used to estimate conditions for other
similar systems.

RECOMM ENDATIONS

Calculation of pressure profiles should be carried out in cocajunction with a
thermal analysis of the system, which provides the transient temperatures of
the system walls. By the method delineated here, these temneratures can bz
used to estimate the gas temperature and ccusequentiy provide ‘mproved values
of the flow passage conductances. The data from the thermal analysis can also
be used to establish the temperatures of the compartment surface more accu-
rately. This better knowledge of the outgassing surface temperatures should
then, in turn, provide a better definition of th:; wiateriul outgassi-.g rates. This
requires, however, a better knowledge of the variation of matoial outgassing
rates with temperature than is available at present.

As an additional improvement in the calculation of the pressuie profiles,
the computer program should be rmade more efficient to provide faster compu-
tation for very large systems.
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APPENDIX A

TYPICAL COMPUTER INPUT DATA AND CORRESPONDING
SOLUTION FOR THE SINGLE CHAMBER CASE

« 1 NPUT DATA =
..."'t.t.tt.0tQQ.".t'.."QQ.O.'.Q'....'.'0'."".'..'0'
NUMBER OF CWAMRERS = 1
TEMPERATURE =  290.)000 DEGREES XELVIN
MO ECW AR WEIGHT OF GAS » 20.NN00 GRANS
SIMLLATION PERFARMED FROM 0 SECONDS UP TN 8400.000 SFCONDS
WITH INITIAL 'NTERRATION STEP S1ZE OF .001AIN0ND SECHNNS

et etseettssst ettt ettaattonieteettertetecetechotetaettededoRegaeshedeCeotdvPdadedeatteettattssdescetd

CHAMAKD 4 VOLUFE = 1.0600 LITERS INITIAL PRESSUQE = 76N0.70A0 TORR
SHYRFACE ARFA NN, 1 = 14n,0000 SQ.CM., MATEQIAL IS PALYURET.
1) C.unl:® ) = §,3142F=n7 TORR-_ITER/SEC/SQ.CN,
OUTCASSING CHARACTERISTICS - 2) Q¢ 4 1.4994F-n7 TORR-LITER/SEC/SQ.CH,

3} A <, ,240F 03 SECONDS
COMDUCTAANCE NGC. 1 = CC 1, N) OF TYPE 1 A.A2000E-03 n ]

'."'.'."...'t'b.."'.'.."...'0'."."000......".."".'.""..."'...'.""'."'.""."'."‘.._’."

TiMF VFRSUS PRESSURE ENVIRONWENT

+) 0 SECnNDS - 760.0000000G00 TORR
?) 120.000N000 SFCONDS - LANNLRANUNG TORR
3 240.0091000 SECANDS - L0NNOSANONC THRR
4) 340.000000 SECONDS - .0nNR25arn0 TORR
) 480 .n0ANGD SECONDS - LNONNIB0000 TORR
A) 6NN . N0NN00 SECONDS - .0nNN14SGAD TORR
7) 720.000000 SECHNDS -~ JARN0L20000 TORR
L} B40.001n00 SECONDS - .0nN0Y0NCN0 TORR
9) 960 .9NNN00 SECOMDS -~ .0NNHNBSOND TORR
1 10RN.0NAN00 SECONDS - .0000972000 TARR
11 1200 000000 SECONDS - .00n0065000 TORR
22 1320.000000 SECONDS - LNHN0ASACN0 TORR
1% 1440. 080000 SECONDS - 0900053000 TORA
14) 1560.00n000 SECONDS - .ONN0044000 INRR
15) 1AR0 n0nn00 SECONDS -~ LNNG0NARCN0 TORR
14) 180.00NN0D SECONDS - O0r0N4NCAD TORR
17 1929.00nn00 SECONDS - .00NN037500 TORR
18) 2940.009000 SHCONDS - .09PrA3%AN0 TORR
19) 2:i60.000000 SECONDS -~ .00r0N34NN0 TORR
en) 22an.n0nn00 SFOONDS - .0nrNB33INN0 TORR
21) 24nn anan0n SECONDS - .0000032500 TORR

22) 2760 .00nr00 SECOHNDS
2% 3120.00n000 SECONDS

.0010027500 TORR
L000002%0R0 TORR

24) 360n.00n00N0 SECANDS - L.0NRONR22%00 TORR
25) 4200 000000 SECONDS - L000UNLIQNN0 TORR
24) 4800.00NP00 SFCONDS - .0000016500 TORR
27 S4nn.n0nn00 SECONDS -~ LNAN0N1%yN0 YORR
28, 6000.00nNn00 SFCONDS - L,00NNN141,°0 TORR
29, 7200.000000 SECONDS - .00N0NL11000 TORR
3ny Asnn ‘n0nnon SFCOMDS - .0900N10NN0 TORR

3 43200.000000 SECONDS

NANGOEINN0 TORR

o SN LUTTON ¢ o

T = 0 0) 7.60000N0NE 07 1) 7.6n000n00F 02
T = "4, 1355 0) ?2.27142446F 02 1) 2.3n314437E 0/
T = 173,99%6 Ny 1.215N474%F-04 1) 1.8%907475¢-01
T = 266.1143 0) 4.4599%511Rc-0% 1) 1,16773R74€-(3
T = 339.4261 Ny 2.92862237F-0% 1) 9.71R21731E-04
T = 432,818 Ny 2.,N79%5244NE-N% 1) ©9.57174784E-04
T = 531.1716 ) 1.6507495€£-0% 1) 9.30300N91F-04
Tz 599.2311 8) 1.4%224274¢-0% 1) 9.31724315¢-04
T 2 707,94n% 0) 1.77512394¢-0% 1) 9.2n547410E-04
T s 789.1608 0) 1.084731975-0% 1) 9.1758nA4JE-04
T x 882.3989 0) 0.470n143nF-0¢ 1) 9.03711872¢6-04
T =+ 935.77n4 0) A.BN287N44F-08 1) B8.9R998357E-04
T = 102%.7402 0) 7.7R781437-0¢6 1) A.9n717563E-C4
T : 1119,.8364 N)  A.QA7APINGF-0F 1) A.B2ARATI9ARE-D4
T 2 1183.9344 Ny A.59371626F-06 1) B8.77398A74E-04
T z 12R4,0115 Ny A.NN52859%F-06 1) 8.601%57484E-04
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13%8.3974
14631 ,1925
1538.4994
1487.5827
1695 .58n07
1709, 8607
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1952.2n68
7022 R399
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2199.1394
2297.6204
2370,.AN99
244} ang99
7531.40M990
261% . RN99
2699.AN99
2783 ,.8099
28647.8099
2951.4N99
3035.A099
X119.Rr099
3293.RN99
3207.8099
3371 .A009
1455 .ar99
3539.A099
1623.8099
37078009
3791 .An990
875 . A699
39%9.A799
4043 RGO
4127 .RN9Y
4211.R099
43r1,.9493
4378 ,.2388
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4A37 _ANAR
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.N7634R71F~08
LABBTANIR-DE
LAA201A0R2-06
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L,N4749244E-0¢
L N4NBI0PAFE-D4
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9.99959756E~07

NV v

v

N

el e I I ittt T e T T L R S e S

A-2

8.6324AN24E-04a
8.5A740887F-~04
8.4RQ087949€-04
8.37A9%027F~04
8.347237%3DE-04
A 30167830604
8.25512391£-04
§.1A364828L-04
8.13307434E-04
A.07A395%56E-04
8.01447731E-04¢
7.9412275A8E-0¢
7.804N076%1E-04
7.R425%123E-0¢
7.7859RA02€E-04
7.7INESX 604
7.86750A076F-04
7.870R4392F-04
7.5~4B0195E-04
7.514272111€-04
7.4613n381E-04
7.409483°855-04
7.3%704r74F-04
7.3"733N62€-04
7.75453482F-04
7.2N69RS57F-04
7.15718A33F-04
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7.01139710F-04
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&.87N0€Q005E-04
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6.76299R0RE-04
6.72957932E-04
6.45R91970E-04
8.5631590032E-04
5.505046556-14
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6.51437487E-04
6.47392579F-04
6.43221782E-04
6.39864314F~04
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6.2%812798F-04
5.21594333F-04
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A.14501A24F-04
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5.3447N728E-04
5.33303253¢-0¢
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65.24515705E-04
5.21527216F-04
5.18334827E-04¢
5.15477140F-C3%
5.1216R054E-04
5.71959595%E-04
§.0A731331F-04
5.1%297884F-04
$.0v3372n75F-04
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TYPICAL COMPUTER INPUT DATA AND CORRESPONDING
SOLUTION FOR THE THREE-CHAMBER CASE
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15912,245¢
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6306.8007
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1.34597000VE~06
1.3249991 0606
1.30328483E~0¢
1.20200A216-04
1.26190104¢-04
1.268070433506
1.210801073¢-06
1.19676644€-06
1.47798712¢-6¢4
1.156604886-06
1.13500054E-06
1.114103235-88
1.09793004E-08
1.00002084¢-06
1.00391003¢6-06
1.,176984876-06
1.06990029¢-04
1.8628

046286206 -
1.09995614E-0¢

1.040065348-04
1.04392497¢-0¢
1.034909408-0¢
1.02794006¢-04
1.030040885- 04
1.013927378-06
1.000024208-04
9.99994677-07

ee SO0L VT

7.640000000E& 02
5.43379087E-0)
1.643135408-03
1.6M1723206-03
1.570328796-03
1.54308162E-03
1.8210032626-03
1.49793177€-03
1.475815448-03
1.4536503%6-03
1.432407846-03
1.412181206-04
1.391842716-03
1.37179n3050)
1.351951206-33
1.331711088-03
1.314380726-03
1.299772106-0)
1.277239434E6-03
1.2%9963096-03
1.242120536-03
1,2724020496-0)
1.207225996-03
1.100499506-03
1.17370594E-03
1.15825343€-03
1.16233219€-03
1.126069216-03
1.11113043E-03
1.00574557€-03
1.00064%7235-03
1,065585406-03
1.0%91130796-03
1.03680344E-03
1.021686260E-03
1.000680296-03
9.949357396-04
9.81224096E-04
9.67442974E-04
9.53471674E-04
9.4370533%6-04
9.290000680E-04
9.165823586-04
9.06410%9916E-04
8.919104306-06
8.7801726906-04
8.671083318-04
0.56278508E-404
8.448090106-00
§.334906416-00
8.223040028-08
8.111960808E-04
8.000150126-04
7.89400465E-04
7.791708756-04
7.6R398993E6-04¢

71-873010886-04—
7.48495113E-04

7.304405006-04

7.287230696-04
2-100088326-84

7.006345226-04
7.0020008488-04
6.911749206-04
6.821704036-04
6.731948975-04

6.€440039046-04 .

6.5%7947128-04
6.4°%006468:04
6.30730919E-04¢
$.303364936-04
$.220327646-04
4.143143356-04
6.0A3002148~04
5.90047240836-04
$.904027406-04
5,030775006-0¢
$.754393546~04¢
$,681000306~084
5.00095114E-0¢
5.537011086-04
9.467071208-04
5.397326098-04
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4.697430008-0¢
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2.69383540§-03
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2.509261105.03
2.547013606-03
2.5303306%6-0u3
2.472234008-0)
2.43594951¢-03
2.399430366-01
3.384004008+C3
2.329084498-0Y
2,290238304003
2.24319046E-03
3.220903028-03
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2.13500140€-02
2.105328046-03
2.07506008E~013
2.04520%106-03
2.01628003€~0%
1.0A7948708-0) _
1.95091498¢-0Y
1.931433096-03
1,90477339€+03
1.87780487~03
1.09143219€~03
1.829206958-03
1.7994.:960E-03
1.723764 3403 -
1.748793ME-03
1.7234352584603
1,700948% €13
1.82493A00E-03
1.49316870€-03
1.630330326-03
1.60709997E-03
1.90442623E-03
1.56241713E~03
1.543234046-03
1.519593856§-03
1,49861997E+03
1.4773389%¢€-03
1.4%7277338-03
1.,436416038-C3
1.41693472E-03
1.30799278¢F-03
1.378397086+03
1.350440388-03
1.340728886-03
1.32216610€-03
1.3041032262403.
1.28570427€-03
1.208584" 3503
1.29005973E<-03

1.21743742E-03
$.200910578-03

1.1645396068-03
3+368442846203

1.192530168-013
1,137886306-03
1.121604608E-03
1.106983388-03
1.09161222§-03
1.076047838-03
1.0629201 0803
1.047923848-03
1.034168198-93
1.020508046-03
1.006600996-03
9.033288006~04.
9.601683038-04
9.671667208-04
.539103786-04
9.416867305~04
9.20100751§+04
0. 368483108204
9.04794470804¢
8.920821888-04
8.012723188-0¢
8.695843828-0¢
8.50291174¢-0¢
$-480304078234
0.3600%0996-84
9.291443938-04
8.144200908-04
8.030020958-04
7.936330748-04

3.83483335804
;.73871307I~0l

7.539342978-04
7.440004048-04
730481483444

;.ll'l!97|.'ll
L

6.97907144€"¢

n

»

33

1.4

7.60000G008 02
4. N19492138-02
1.048382748-02
1.020080198-02
1.012892828-02
9.90042073¢2-93
9.04603417§+-33
9.707020818-03
9.973726408-03
9.4302039%8-03
9.302024826-03
9.10130103¢-03
9.058394005-93
A.930031408-03
8.80017004:-03
0.682779958-0)
8.568448858-0)
8.451107908-53
8.335494445~93
0.22110874¢-03
8.100760418-03
7.9979714.5-93
7.890320408~03
7.7707972%¢-03
7.674527808-~8)
7.9730925080)
7.470216002¢-0)
', 309209308-03
7.2609314240-03
7.170561918-03
7.072412796-03
6,.976924128-93
6.884053026-03
4.79210739%¢-02
6.690901128-43
6.610270208-903
6.521774728-93
6,433200748-03
6.349749566-03
6.2602%94878-03
0,179849365-083
6.008%15568-03
6.0196000406-93
S.93558438E-))
5.056200278-03
5.77512008E-03
S5.699740488-43
5.62500402¢€-03
$.953687778-03
8.470440168-03
S.400816408-03
5.334124%92¢-03

~284324278-83
5.193173108-43
$-3126420428-83-
5.050071728-03

4.92 '099§-03

4.863640278-93
4.799019018-03
4.137303485283 .
4.67335194§-03
4,614000308-03
4.954930038-93
4,496338358-83
4,437€17178-03
4.3000462046-03
4.32433622¢-93
6.267295228-33
4.213472952¢+03
6.138805545-03
4,109926348-93
4.083452888-03.
4.00211972¢-93
3.981162828~03
3.0900473008-03
3.050076676-0)
3.8022202%8-0)
3.233432348-83
3 706438738~1)3
3.650427318-03
3 41390270893
3.567931038-93
3.523567758~03
3.47783483583
3.4397921.6-03
3.3092000308-03
3.3950642908-03
3.300481416-03
3.200%724012-03

-3.
3.180029008-03
40543668~

s 3
3.109919008-03
3.072100448-03
3.0%4329465-03
3.907338488-83
2.960600548-03
2.924009018-03
7.009358344-03
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PROMRAN MALY L —_

1 JconD¢ . 7). INDERC 7.70,C1007,7,

A_Dpt lh,! 7 ?
———————l—n“!""1—l41lAAnl.‘.ll1&z_)A1‘.L.%"l“!‘iﬁ‘“".—i‘!’l‘_______Q,kA44__‘V#,__
1 0Fe 2,.70,TAUC 2.7)0,NCONDE 7,0t ), AREAC 7). ISEARCH, IDELTA
— A, YORLIA

—

O(NENS 10N WORKAREACIZE),AEADY(R),PARRAY( 9,100)

Z0MNON/0ATA, RESSA (‘)n."’l“’(')n“"l.i‘(’)l“‘!l“'l’).
1oT20)e .
2 1406),15(8)

DATA |.nill|lﬁ’lll.l!l.!l AuTing ¢ (MO, o.gg!!
DATA ((llllll! ll).l-l.lhntunncl.dntoai.ln IN +SHTORR,&x (LO,

QATA uns AGk (n.lt 70 8 Sl 0L SHURE . SuPRES, ¢S LR ILD
i Y
OATA C(MESRAREAC. 101,27} « SuCuin,twdkn
A . 20) 9 ) 3,1

DAVA((Yl(Il.lilnl.)-.! 1.42,.50,.71,,88,.9, .95, .98, .90.1.)
5],444 2 51,3.18¢,1
11.117,1.313,1.108)
4 L] L ]
DATA ((T3(1),1=1.6) & 1.,1.¢472,3.1

%4}
.3!..‘-"')

X4
11.234,)

READY(1) ® 775125218
] . o 2478

READY(1) & ADY . %Y N NARK

LEQEND
PUL) & PRESSURE OF CHANBER |
D| Al L4 A

.
[ vl Haﬁ a Euhﬁ' i
_,E ﬁ‘“ 3* P oF ﬁflg [14.1 ggé?.!! 1
t(l.J) . WEEN CHANBERE [ AND J
i_____Jnlﬁllili‘__—5_111*11__!%E!!£!l11 TAT oM
APCI) s PRESSURES OF CHANBER |, Et TVALENT 10 PllDe 7 ouRing
Ing = AT CERPIROYED

[ V s yARIAGLE TINE. UBER IN RUNRE-KUTTA mETHOD -
‘lEAcMI(th s AREA OF THE CONDUCTANT wWOLE BEINEEN CHAWBER | AND J
A

o elo olo

3
L]

3 GF (1) » FINAL OUTRASSING RATE OF SURFACE 1

A (IR 4 FACE |
[4
£
c READ I1sPuUTY AT A
[
C.Ct..t..'Il..'.t'.l..‘.".'..‘."I"l..'
<
[ READ TINE-PRESSURE C(EXTENNAL FOACING FUNCT]ONT “I;IBI' TXNCE
<
C NPRESSUR & NUNBER OF PALAS OF EnNTAIRS

L FACTORs FugAid POINT_NUMREA YO ML PLY (NG SvEN TINE VALUES
[4 In 'DEI T0 QET TINE i1n SECONDS
€ Timg) s VIsE lu SECAMDS

(] L)
[3 TABLE(1) ® PRESSURE IN TORR ¢

i .C
READ (68,3001) PI!S!UI +FACTOR
NOR| LKL 3

DO !.17 1.0 .ll'li!'llﬂ *
3 )

[30) FolllY { €F10.8)
3017 Timgi) = TIeFACTQR

[
L]
10ELTA s 1
[
[ TNITIALIZE PARANETER VALUES
[
“BG 2900 1 ¢ 1.8
_WP(l) e L =1
P(i) = XPLI)e 0.8
2000 ¢

90 01 1 ¢ 1.7

—NCONRLL) ®
| AREACD) & U, "
Do 2001 J ¢ 1.7
lRElOIA!(I-J! =QI{1, J)8QF (T, J)aTAULT 1200
) X(1:0) = §

901 ouvxnu
,'E READ PARAWETER CARD

3, [ XN 3 Wﬂl‘i' OF CHANBENS, NOT INCLUDING ENVIRONNENT CHANBER TERO
. Ll

L4 s 1
3 NANS & MOLECULAR wEIGNT OF €a8 IN ALL CHANBERS
Y Al

2
1HaY s UPPE WE LInIT OF SINyULATION R
[ ﬁ:ﬁl!g L] » A
N s INT TION STEP §!? on IUM.-=UYY- METHOD

s L] -
C RINT » OR NO PRINT, DIAGNOSTIC PRiINI
. » 3 2 TINIM, XeM» +«PRINY
N s xn . 3
NN o N o}
PRI PN a3
M e SORT(TENP/GAANS s
';Bﬂi s iﬂl!i]iﬁ!
TAL )

A
f‘gll OI
EAD (&V, 1) (?(l)-lll:llll
3001 FORMAT ¢(0F10.0
RED (6w, Ol) V(e 191,M)
20 s 1,N
Tl ;lm!llkl’ . 1. /v(p)
_,_—_E..QA_!_L _}_L! ARBALE) Y230 M)
00 300 1 » 1,

3oge 'ul!."! s A%jlgu LY —
20 30 1T o 3,8

At
Co a8 k » L,Na
A 3906 AS11,K),0UYOASLEL,K) OuTBABZ(1sK) ~
T, GICI K eQFLIsRILTAUCT, ND
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' -
v et
e g R

3084 FORMAY AFA0 8 BAS.IR1E.A)
c ZONVEAT TAU FRQY NOURS TO SECONDS
TAUCL KD

T 3u0s Continvg
™ lakJullaCCL.008 003

[T WY

s Xf & o
IFe]) 3560.3006,3009
23

K 8 NCUNILT)
Laxi s N

JCONRLIK) o J < }
ANDEXIL.d) & X1 ¢ .3

Ci(1,J4.%) » CCL
C3(1.J.,K) v CCY

¢
—-L—-.—‘—-‘—.—.—‘-—.—-l—.-—‘—.—.—‘—-l—.l._.-!.....,.t..'!.‘.....
<
. lrL MR 1TE LNPUT DATSA
4

S ahLte AL X
MALITE (61,8080) N

290y FORMAT C AMSs 23(/3M0) ¢ 2
. . 1 749%,45(1ney ,
) W L 4N 1 s
1 /48x, A1g,2nne,
— L} ITTH
i 1745y, Ine AX. 12,168 - CH AN O & R 12K, Inee ,

i T
1 /45%,4%0e¢ PR ESSUNRE S I NHULATION o0,
oo, 4 [ TH

. 1 7491, 2H0e,4 8, 2Nee,

- i ‘gn.gi*nLJ
1 /7491,45(1ne) )

[+
c IS ThiS A RESTARY
[

| WRITE (39.7777)  READY .
' i 2
' READ (58,3102) Dummy
4
4601 HRITE (61+4680)
£ [ [

1 O)' /73n1)

4602 CUNTINUE
B TV TV AT P o B I iU T
” 2 2guwunnen oF CHANDEAS -.|.rnno.«x.uuve»nnu§" s.rilq,
H QRANS /1KW0,34%, SN ULAY 10N PRRI 0 F9.d
6 1M0, 30X, 37Hu{TH INTTIAL INTEORATION STEP RIZE omx’i.'.
b 2A23CANe) )

00 4090 1 » 3.n
MRIYE (62,0083)1, ¥(1) P(Les)
4001 FORWAY (1M0, 9%, 7HCHANBER OII-tll-.zVOLUH 5oF11.4, 7R LITERS ©
e A AGK AMINITIAL PRESTURE 0,F10.4,8' TOAR )

NA o NAREACT)

-4
[ ]
au?tunn: (u.:ou) x.Alnoi:l(l-l).wunt(l.n.ouvn!i(l.l)

.
003 FORNAT (1N, 29, SENSURFACE AREA NG.,12,2n »,Fil.4,
L]

1764X,15M1) QUINITTIAL) & »811.4,22M ~LITER/SEC/PE.CN.»
1 - 1s 2633.4

1 N TORR=L|TER/SEC/3Q.Cn.,

704 HT ] 4

NC o NCOND(I)
4 Ked

Jia JCOND(),K)

. J 8 ) e}
+ L o« [NDEXCE.J)
‘ WRITE ;g;,‘g!gl ‘ll.‘;ih EE“""'!'n;'!'""l'nl"‘fﬁli
) 40> FORMAT (31K, 29X, 13MCONDUCTANCE w0, »12.%0 « C( (21N, 180 .
. Y8 33.93)
400e VONTINUI B
WRITE (61.4004)
N 4006 FORMAT (1K0.6X,123(1N*) )
. LI1]] cgn“mt
WRITE (61,4180)
. 2 T (M1, 3 v L R nl /3 )
.« (03,8181 ) » LECLde »
4101 FORNAT (4‘!,'*;;!),[‘}.!»;;! SRCONDS - ,F38.18.54 VORR )
HRITE(S1. 830
. 900 _FORMAT ¢ Wy, HINTER At 4 )
C O ® @0 0000 0 69 08¢ 00 %9 98¢ ¢ 600t 08¢0 0888806600600
.
c cConPytreE .
<
4603 [] (] * 0.0
ug s TININ
A s 1
3,
4201 PA 3) s )
. AY( 9,3) =
G0 VO (4202,4293),4QWTCHE(4) !
(4 T L] ROEN \
420¢ R all i 91.9)
{Xninug) 04,4204,
L] s
. 0 4206 J s 1,9
4290 P4 ARPAY) & RP(J)

o 10
1
XPONENT & xP (T}
s xP(3
AD(3., XIS, (PLD), 008,

o 3,4
ACKSPATE
, 1€
TORLTA o 1o (TIMAX-TININY
o S § L4 ] . 'y
Fo e 0« ' [1T] [k 1)

WURSRUTT
W0 To (1001, 1000),3EWTCHF (1)
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GLLILNE) —
EXECTINE © EXECTINE & FLOATF(IviuEg)/3600000,
—A“——-‘ —
WRiTE (l.I"')lﬂllul-Ylll-tl’ﬂu(?'n(llcﬂﬂi.(NJ).J"»..)
33,8

REWIND 3
+1003)
1003 FORMAT ¢ J0MLOGIC 3 I3 THE RESTART TAPE /
1/520AND RE-SUBNIT THE CONPLETE PRDORAM (INCLUDING DATa). )

—ALL_DUNP
100% 80 TO (1005,1004) SEWICHF(3)

1006 GO Yo (1007.3408)43WTCHF(2)

150v GO TO (1502.15031, SWICHF (4)

1501 FORMAY ¢ 13, SN PEACENT)
1

EXECTINE o EXECTING ¢ FLOATF(ITING) /3400000,

CALL TIC

JARRAY = LARRAY o 3 .
A

930.- 00 3260 J & 1.NN
) s P(J)
PARRAYCL 9. 1ARRAY) = TINE

[4

—L __SAYE QN PCO TAPE
c

ABBAY v LARRAY
WRITE (3,8000) ARRAY.(PARRAY(, | aRRAY),  21,9)
v 19.11)
S40L EXPONENT & EXPONENT o TDELTA
3 _RX [ 14

IFCTINE - TIMAX. 1000,1000.5100

LR IR I B B I B B N N B B N YR N B N N I R T B B B B B B BN R BN BN NN AN

PRINT

Xzl N2t 3}

S10¢ WRITE (39,9101)  READY
H
1 40MLOGIC 3 IS INPUT TO 1033C #LOT PROGRAM » N0
\

510¢ FORMAT (A3)

)
EXECTINE ; EXECTINE o 'LOA"’("]n&)IlCCOlDI.

_LARRAY =
1nu; WRITE (01.05&0) PAQlAv( 0.1).(no(l).lARNAV(|.l).x-l.lﬂ)
l ll. HT s,F18. 0.(5(!:.[2 1M),E16. 0)))

a35c WRITE (u.zwn Hnnt(':n.m’u:. PARRAY(Js 102 52000}
) (2% L] 2 1))
WRITE (#1,5001) EXECTINE
5001 FORMAT ¢ 1M0,SX AOMTHIS EXECUTION TOOK ,F18.4,64 nOulRS )
—RENING

<
~ L o e ¢ o 900 ® ¢ vt &0 6 8 ¢ ¢ % o006 ¢ o e o B 69 % 060 060 6 &0 s
<
L PLOT
c
. Ca 23) g
[ GET TIWE SCALE
<

MOURS = .7
. - —

THOURS & TIMAX/3600,
0Qu S - HOURS) 700R.7002.7083 .
7001 HOURS = WOURS + .7

LI

. -

eb t0 7
700¢ TiMAX s HOURS o
T C .
c TSCALE [iNE TO 7 INCH AXIS :

A% 8 2, 9/FLOATE (M)
¥ e 7,073600,/TIMAX
s 1
700% PARRAY( 9,1) s PARRAYL 9.])eX

PRESSURE SCALE 1S FROZEN AT 10 LO® LINES WiTh EXsUBGNTS
[ I3 *

c
c
T
c -
¢ CONPRENENSIVE PLOT

CALL mnu..o..n.:.‘.nnzo» -

£72:)

. h!l..’.u'.ul )
=1}

CaLL SV"IOLIL:IO 1.-210'5.‘!.63:0027)

CALL PLOT(8,,10.,)

[ ]
o 7110 [ o 3, JARRAY
Y » PARRAY(L, 1)
13 (v - 100 ) 7:1&;7:11.7110
7311 ? .
7112 vrloe . 8, 0 » ALOQ18(Y) :

ITEMN » * [TEM

[
CALL PLOT(0..10.,3)
.

Y = PARRAY(S, 1V
iF (y = 300.) 7103,7393,710 _
Ty I ) ;.‘.‘J!—.ﬁ-ﬂ. 102
710 YPAQE s 'i ALOGIR(Y) .
CallL PL AYL 9,13, YPAGE»2)
7104 C
'J'L—E‘nulgmu Loinro..f..m

S
© INDIVIDUAL #LOTS
c

DO 7580 J & 2,0
Ca RIDC

teo30)
ALL AX .-ﬂ.nﬂ 34 o= l?n?..l.'lnf'l-ll o}

CALL svaoouf.:.u ;glnt'gl...a‘v07' T .

[ —
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RO Y i i

. REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR. I

- ——— e | et e

MAX.HEC.SIZE 134218 ;
SUBAOUT INE RUKUTA -
CUNMON [ IME, TN, NN, TN, IPRINT, TENP, GRAMS K+ FTA, TE¥R2, P11 ) s XP (120, .
1 unu).vun).vmv:k(uuuauunuumsuo.b).uluu.:o.us (104%),
1 TAUE10,5) ,NCUNDCLL) o JCONPCLU,9) s ivCEX(10+5)C1010,10,9), *

.. Lun.u.&uuuu..mb).numnuu.}mumsz(mu.mm:.;s' B
1 VIMUS0) . TABLEUSU) .NPC11),AREA(LU I, 1SRCH, IDELT A *

. DIMENSLUN DELIA (@00 ... .

DATA DeLTaA / 1.0, 1. u1.1 ne, 1. 03.1 na,1, 05,1.u0, -
1 1407:3008,3.U90002012222.3,2.401.551.800:721.802.90¢407 ,

NIMENSTUN M1E1UYeK2€10),KI(TH)KEL10) .

REAL 21,R2,K3, R4 - e e

MY o e e e —————— e
-0 [ = IAHE
HZ = ke,by _ . N . .
Y1) = PZERO(T)
. U0 1L L 3 _1.NN e e e e e
1 4 Py = k()
CALL EVAL e e e e e
DO 101 1 =2 1.N
1.1 K1CLY = LP(L) O

- Ke _ . _ _ e e e e e
T 8 TIKE o az
b . 00-10%. L. x 2.56M R

L2 xPt]) a8 P(]) » KiC(!=1)eKH2 .
P() = PZeROGY) PN
x#(1) = pg)
CALL. EVAL . e e e
DU 102 1 % 1.N

Lo R2tL) = UPLIL -

- K4 P e
- U0 104 | = 25NN
L8 XPCL) s Py e KL([~1}an2 -
CALL EVA
o OULL02 4. 8. dal o o e
1Y KSUE) 3 LR
K4
T2 YiME . W .. . __
LU 106 | 2 2.8N
16 XPUL) s PLY) » KCUi=) o . :
. P(1) = PZEROCT) i
xFLi) s Py
CALL FVAL P
LV NTRI S Y G
17 ratp) = ppt)

CHELK ERROR
DO 120 | =2 1.8
AN (K1l e K2U1)_* K3(]) » K4(])) o .25
’:‘uubs CAX-K1C]1)2+ABS (AX=KZ([II*ABS (AX~KICI)I+AnS (AA-K4l]))
P (. e5*STD/ABS. (AX)_ = 1.0) _120+1c0023¢
1ot 4'ummu:

TiMe = TiMg » M -
10 14v L = 2,NN
J = |~1 -
AX 3 lKl(J)’K((J)‘Vd\J)‘K](J)‘KS(J)‘K‘(J)) * M/ 6.0

B XPCLY ¢ XP(I1) o AX

B e

RIS SN

Ib (XHC1) = XPC1)) 135,140,140

gt e

1.0 CONIiNUE-. e e -
LU 14> | =2 2,NN
e 149 PUE) = AP e e
. 1hCINELTA- 20) 141,142,142 %
. 161 1UELTA = |DE — N
s 12 H 2 HeDELTACIDELTA) 4
RETURN oo on o .. ¢ 3
10 IDELTA = 3 %
. H s .keM o e e ———— e — e -
G0 To 1% . ?
. 1.5 lUELTIA = 3 — S \
o H 3 ,SeH «
GO 10 398 .. . ——— e H
. END <
' 76 .bLD KECURDASICOPIBD . H
rOP :
_ Sud o2 4 =1 e -
CALL NUMBER (5,,10.1,,35.FLOATF(JJ? #0..-1) :
- e _ . M1EM s 2 e . R P
CALL PLOT(0.,10.,3) H
3 k3
. Y 3 PARRAY(1,1) %
coAf gy = 2803 253%,7513,7510 %
7515 IF (Y - 1.k~ e) 7510,7%12,7512 A
791c 1P ¢ b
CALL a\_onnunu( 9o 1), YPAUE, [TEM) §
AIEM 5 5 = 11FN —— e e e . H

751 CONTINUE
¢

i

;

'

‘
PR

CaLl PLOT(0,,10.,3)
0 7 L]

Y = PARRAY(J, 1)
7%2: I8 (v - 1.E-8) 7520,7522,7222
_ 122« YPARE s ®._ s+ ALODGAD(Y) e e
LALL Py ON!ARMV( 9112 YPALE D)
, Y -} e e e
= 750L CaLL PLOT(10.,0.,~3)
VALL PLOTED,0,.999) .
e wRITE (59,%2000)
, . ¥ [ '1d -
SToP
eND




s‘rrr

SUBROU! INE_EVALUATE

11]S_ROUTINE _CUMPUTES THE FOLLOWING SuM

T tr(l)'FlJ))-cll.J) « 1QUi)eEee=T/TAUSHF 1eAREA ) 7/ VULUNE

Lunnon TIRE, T N NN, TH. TPRINT s TENP . GRAMS M. E 1AL TEMPLIPL B),XP( Q).
1 UPE 2),¥S 7). VINVERSES 7). NAREA(_7),AREALGASIT, ) D.NIL 4. T),
TTITICONTC 7. 7). INDEXRC 7,20,C147,7,% 1,0207,7,% 1,C31747,5 2.t IN(DU),

1 YUTGASLIC 7.7).,0UTGAS2( 7.7 ),vggLetin).uPansud‘ EHROR,
TTTTUrRC T 0.y 'AT(‘T.?).nconb( 7),NP( B),ARKA: /), ibEARUN, JUELTA

UIMENSION G(1 ')

wo 100 1 = 1,N
(i) = SUM = 0,0

APL = XP(lel)

15 LUNTNUE —_—
Nb 3 NAREALT)

JU 101 K = ',NA

11

1 CIPRINT) 101,101,110
MRITE (61,200) JoXK,Q1(1oR) TAUCT2R)ILOF L14x )0 AREAUGAI 1K)

<0

PURNAT (SN EVAL, 2K, 2W12,12. 30 Kn,s 12,2Xeukuiz, b12,549. »2H18,E17.5,
1 3%, InQFz.E12,5,3%,9HAREA=,E12,.5)

105

_Ad

GUINZ0(1) *(OTCT-KIERPF (=1 /Tay((,K))oQF (1,K) ) *ANEAUGAS (L)
CONTINGE L

ne = NCORDCT) O

U 102 K = 1,NC - C—— -

_lee

4 = JCOMDCI.KY « 1
SUN = SUM ¢ C(APLJI-XPL) * LOMDUCTCL.J.K.XP[. XPLID)
UP(1) = (SUMeG(I1))eVINVERSEL])
LS CIPRINT) 100,100,120

17,
20

WRITE (61.202) [.0RLD) ' ’
FURMAT (21H @ o o DERIVATIVE DP( ,12.3M) = LE12.9,%12N4 ¢) )

f
¥
»

1.

CONT INUE
NETYRN — -

[T
FunCcTium CONDUCT (1.,J4.K.P1.Py)

COMMON TIME, T, 0, N, TH, TPRINT, TENP ,GRANS .. FTA, VERPZ.PL 8),XPC ),
VATIVE ARRAY NP(7) NAS SANE NAME AS THE EOUIVALENT DINENSION DP WERE
1 UPP(7),¥( 7). VINVERSEC 7). NAREAL 7),ARFA 1GAS(7,7 J.Q1C /,7),
1 JCoMRC 2072, INDEXC 2,71.C3¢7,7,5 3,€2¢7,7.5 1,03¢7,7,5 1,T1in(50),
1 uTGASL( 7,73,0UTGAS2C7.7 ), TABLE(30) . NFRESSUR, ENROR,

A UEL V.73, TAUC 7,7) NCONEL /), MpC 8),AREA( 7), ISEARCH, [DELTA

LESEN,

|
a3

|

C0i,usK) C301sy,%)

1
!

T

-

oL . R
]
3 b2

’
E»pc
ree

clrokennecnn

2004

hos_ INDEXCL.d)

P14 & 4,/3.1415926536
001.200%).L

U = SORT(PL® » CLUl,usK}

Gu 10 2006 . o

2u0c

U s Cltl,deK)
LU YO 2006

2005
2

U = ABSF(LLCI.JoK) = C2(1,u,K)) * .5
3, Seie(pleP)) -

GO T0 (1,2,3,4,5),L

TYPE 1 * CIRCULAR APERTURE

1

10

AP & Ci(],d.K)

RATIO = Pl/PJ
M = RATIQ - -

_igs

IF (ABSF(U)=.97) 102:102.10&
Us 1.74 o

-
10£

. ]
lov

li(hBSF(u) - .97) 102,102,104
IF(u- .5%2) 105 106,106

cnunnci 3,970 TMelUwe,712)egnRT(1, oy es,.288)eAb/(1,~y) _
sU To 110

Egl- 08,109,409 .

CONDUCT s 6,27eTHeAP/(1,-U)
60 T0 210

o.Ml LFeDe - .5 ) 113,112,112 .
111 CONDYCT = (CONDYCT ¢ 3.6ZeTmeap)

108

CONDUCT = 6.279THeoap

11¢ 90 tn (350,150,38%0),\  _ _ __ ... _ . ~

in1 LuNDuCT s 3,62¢THeAp

15

150,180,350),, R
G0 YD 9999

TYPE 2 - LONG CTIRCULAR PlPE

4 lF (0P - .01%) 201,200,200

20. $ 2 3,203 e e ot o = e = o . -
03 LONDUCY 8 3, 8eTHeCI(1,J,RI203/C2(]5JsK)

80 Y0 249 o

20«

XJ = TaBLRJ(PD)




iy bt it ““i;dlllliilnilsnuinnntm " et
r H A p
P A A "
%
i3
o, ;
v R __GOMDUCY » (AP.L) WL [RU—
s U0 1o 240
w% 3_CONDYCY o 3
. v o0 10 (35F, Vsl X
¢ 23y 60 1p 9909
. & JvPg D - SMORT YURE H
. ¢
-
——— ;:.
80 Y0 4
30¢ XJ u TABLEJ(PD) £
____g_a!uﬂ 8 3 9elpeCR2(l,doR)0edaxy/ i
1 (C31,J,K) o 4,.7(3,%C2(1,J.K)))
10 9999
. 0 f0 1
¢ _Ch 1
60 ro ? .
] N
LONDUC! l 1. /(l /CAP ¢ 1, /CDIP)
S0 Y0 999
c
& IYPE ¢ - RECUANBULAR DUCY
3
. oA s CitladsK) )
Ve Cvik) 3
!l- 2 C3(ledaK)
ALL bucﬁl.T.v.u.nun
5)400,403,483 . ,
. Ou CONDUCT w 9, 88cALPNHACTNO(AR)aed/ (XLY . AeR))
. 1¥ - .015) 401,402,402
401 GO 10 999 N
L3 40 . . 371
)
1,7 [ = » *Ye ety B¢ L3
"y 80 To 999
LA [
C TYPE 5 -~ LONG ANNULAR TUBE
_' IR su.uma: I
R Dy XR o TABLEN(CLI{], 1 %) C2¢1,J,K)}) ——— NI
CONDUCT » 3. 810THeXKO(CL(1,JsR)002<CalL,J.K)1%*Z @

1 S‘lll!l‘) > Ci(llioa))/cl(lp.hl) — PO
B e = ] » »
T SRR TR - e
A 0< LONDUY ONDU o TABLEJ(P])

i 80 10 9999
. BRI .counucv ® 3050, okTas(CilT,J,Kiwed < E2(T,J,K)edd

. (cm.J.mnz-czu .munanqootcul.a.nuczu. oK) o :
L (PlePUde, » Jok)
- 909y lrunmn wn.uol.un

7, COWHUTY
9996 FoRMAT ¢ " conouch zx.zm-nla.al_'gnan12.,2!:2“3112.!!' i
WP 1e,.E18.%, K. Sup 35 . ETL S, I, aNELRIZ. ) i i
9998 RETURN . -
€ND

'_ . FUNCY1ON PZERO(S) -
COMMON TIME,T.N.NN, TH, IPRINT, vsnr.onns.n.m.te»z.n .).xn .

A 3 DP( “H n,qgvgg;g 2) .un.ni 7),AREAQQASLT:Y )0 |i .F), e —
-~ 1 JCONDC 7,73, INDEX( -CH -CI('I.? 5 1030747, RILGN
. 1 QUIQAS1S 7,7),0UTRASICTY L]
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