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Table 1 Input data for numerical example

Parameter and dimensions Numerical value

Payload mass my, slug 6.0

ky, slug/ft2 0.00087
ks, slug? 0.09

ks (dimensionless)” 2.0

ks, ft4/slug-sec? 6.9 X 10*
ks, slug 0.03

ks (dimensionless) 0.25

k7 (dimensionless) 2.0

¢, fps 7746.

@ Based on use of type I rlbbon chute (Ref. 1, Fig. 22.86, pp. 22-126).
b See Ref. 1, Fig. 22.92, pp. 22-130.
¢ For Cp = 0.5, p = 0.00238 slug/ft%, and g = 32.2 ft/sec?

are listed in Table 1; » and v, are left as free variables in the
problem.

The results are shown in Fig. 1, in which the ordinate is the
ratio of landing system mass to payload mass M /me, the
abscissa is the ratio of parachute descent velocity to rocket
exhaust velocity v,/c, and each curve is associated with a
different value of the ratio of touchdown velocity to rocket
exhaust velocity v/c. These results may be used in turn to
obtain a plot of Mop/me vs v/c, where Moy, is the minimum
landing system mass corresponding to the data of Table 1
and to a given v (Fig. 2). Also shown in Fig. 2 is a curve of
dimensionless parachute subsystem mass m,/m, vs v/c for a
landing system using a parachute subsystem only. (The
mass equation for a parachute-only landing system is ob-
tained with the condition that m: = m, = 0 in the appro-
priate equations.) That part of Fig. 2 applicable to a para-
chute-and-retrorocket landing system has been shaded to
indicate the portions of landing system mass associated,
respectively, with the parachute and retrorocket subsystems.
For v/c < 0.0086, the parachute-and-retrorocket landing
system is lighter.

Variations in 3 /m, resulting from variations in the load
factor k; can be determined by fixing v/c and calculating a
curve of M /my vs v,/c for each value assumed for k;. The
results of such calculations for a constant value of v/c = 0
are shown graphically in Fig. 3.

Discussion

For the example, Figs. 1 and 2 show that the parachute
descent velocity associated with M., and the parachute sub-
system portion of M, remain sensibly constant with respect
to variations in ». Thus, the minimum-mass landing system
is achieved essentially by letting the parachute subsystem
operate at a fixed “optimum” descent velocity and by re-
quiring that the retrorocket subsystem handle any remaining
velocity decrement. Figures 2 and 3 show that M,y in-
creases with decreasing touchdown velocity, increases with
decreasing load factor, and is insensitive to changes in load
factor at relatively high load factors. These results are
intuitively evident; however, the figures show the variations
quantitatively.

As stated previously, it is desirable to use a high load factor
in order to minimize velocity gain due to gravity during the
rocket-burning phase of the descent. Also, a high load
factor permits use of a relatively short probe if a mechanical
probe arrangement is used to sense the altitude for ignition
of the retrorocket. However, from an over-all system point
of view, one would not use a higher load factor for the rocket
phase of the descent than would prevail during other phases
of the flight. Also, too high a load factor may, when coupled
with subsystem component tolerances, give too little time
for effecting release of the chute and ignition of the retro-
rocket.

For some recovery system designs, parachute weight may
depend on conditions at initiation of deployment, rather than
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on terminal conditions, as was assumed In this analysis.
Such a case could be accounted for by use of a heavier type
of chute (e.g., Ref. 1, Fig. 22.86, pp. 22-126). In gen-
eral, however, the weight of a final descent parachute does
indeed depend on terminal conditions, since stringent initial
conditions may be handled by reefing® or by the addition of a
small, auxiliary, initial deceleration parachute to the system.

Finally, the analysis of this paper has been conducted with
a view to weight optimization only, and other system factors
may override weight considerations as such. For example,
the relative reliabilities of the parachute-only and the para-
chute-and-retrorocket landing systems will influence system
design.
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A High-Vacuum Calibration System

F. G. SHERRELL* AND A. J. MATHEWS |
ARO, Inc., Arnold Air Force Station, Tenn.

ONIZATION gages and mass spectrometers must be care-

fully calibrated before they can be used to indicate total
and partial pressures in space simulation chambers. Two
possible approaches to this vacuum calibration problem! are:
1) a standard vacuum gage might be adopted if one were
available (however, the MclLeod gage has inadequate ac-
curacy at pressures below 1075 torr, and ionization gages
that provide adequate standardization for industrial process-
ing purposes do not satisfy the requirement for calibration
against an absolute standard); and 2) absolute, reproducible
low pressures can be generated by the multiple-expansion
method, the calculated rate-of-rise technique, or one of the
various calibrated conductance techniques.!=® The vacuum
calibration system described here employs a conductance
technique using porous molecular leaks in series with a
circular orifice.

Technique and System Description

Gas is introduced into the test region (Fig. 1) through a
leak of conductance C, and the resulting test-region pressure
P, is calculated by equating the flow through the leak to the
flow through the orifice C; at equilibrium. Thus

C\(Py — Py) = Cy(Py — Py) €8]

In this expression P; is the leak forepressure, and P; is the
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pressure below the orifice. If we specify C; « Cs, then
P, = CiP1/Cy(1 — P3/P)) )

assuming that no gas is removed from the test region except
through the orifice and that the system base pressure is
negligible. To apply Eq. (2), we must establish Ps/P,,
which is constant for a given test gas. Normand made this
determination for air by taking the ratio of the readings of
ionization gages located above and below the orifice.? In
the present system, direct measurement of Ps/ P, was avoided,
but high accuracy in the calculation of P, was retained by
providing a very large pumping speed below the orifice as
compared to Co. To clarify, let S, be the pumping speed
from the test region. The flow through the orifice is

Q = [P: Co(1 — Ps/Py)] = P.S, 3)
where S, equals the denominator in Eq. (2); hence,
Py, = C4P/8, (4)

This expression does not include the pressure ratio Ps/ Py, but
it requires that S, be known accurately. Since C. and S,

11077
1x10 [ Art Mass 40

T
Np™ Mass 28 Ho* Mass 2
He Mass 4
N* and No*+ Mass 14
1x10%8 : - / L T FArtt Mass 20

1x10 : v A

oy
/

\%

/Nz‘” Mass 29

AN

1x10710

Electrometer Current, amp

1x 1071

1x10712 /

1x10°8 J
1x108 1x1077 1x107 1x10%  1x104 1x103

Absolute Pressure, torr

Fig. 2 A partial pressure calibration of the Bendix TOF
mass spectrometer (scan channel).
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the pumping speed of the cold-trapped diffusion pump,
are effectively series conductances, S, is given by

S = Gyt 4 S 5)

The orifice conductance C; is calculated from kinetic theory.*
High accuracy in the determination of S, discussed later,
is not required in the present design because 1/8 is very small
(~0.0004), and its accuracy has little effect on the aceuracy
of S, calculated from Eq. (5). After S, and C; have been
determined, vacuum calibrations are performed by using
Eq. (4) to calculate the test-region pressure.

Figure 1 is a complete schematic of the system. The
8-in.-i.d. X 9.5-in.-long test region has two 6-in.-diam in-
strumentation ports on the sides. A Bendix Model 17-210V
time-of-flight (TOF) mass spectrometer is shown mounted for
calibration. The conductance from the test region to the
spectrometer flight tube (~0.6 I/sec) is negligible as com-
pared to Ca. The pure gases are fed through lines penetrating
a third port located at the top of the test region. The
1.008-in.-diam orifice was cut in 0.001-in. stainless-steel sheet
after the sheet was welded to a flat ground ring of 5.5 in.
o.d. and 4.5 in. i.d. This ring rests in a machined seat at
the bottom of the test region. Copper gaskets are used on
all of the flanges in the high-vacuum portion of the system.
A typical bakeout is 12 hr at 200°C, and system base pressure
is about 3-10~1 torr.

Three pure-gas-input systems were provided for establish-
ing known gas mixtures. Equation (4) is applicable to each
input independently. This arrangement provides a con-
venient way to check data-reduction techniques used with
mass spectrometers. A typical pure-gas-input system is
shown schematically in Fig. 1 and consists of all of the com-
ponents adjacent to the surge volume. Table 1 gives the
details of the three input systems. A detailed discussion of
the design and fabrication of the molecular leaks is given in
Ref. 5.

Calibration Procedures and Results

The ratio of (Ci/S,) in Eq. (4) is called the calibration
constant, and during system calibration it is the end product
sought for each leak using all of the required test gases.
The system allows in-place calibration of the three leaks, after
the surge volume V of each gas-input system is measured.
These volumes are determined by Boyle’s law. Results are
given in Table 1.

To determine the conductance of a leak, the surge volume
is filled with the pure gas, and the gas is allowed to leak out
through C;. An expression relating C;, P;, and time is
derived readily as

v h'lP]_ = —'Clt + v lan (6)

where Py is the pressure at ¢ = 0. Thus, the value of C; is
calculated from the slope of the graph of V InP, vs time.

Table 1 Design details of gas-input systems

Feature Input System
No. 1 No. 2 No. 3
Pressure Model 140 Type 120 Baratron
Meter Quartz Gage, Equibar Mks. Inst.
Texas Inst. Transonics
Py Range,
L’ 1- 800 0.01-30 0.01 - 100
Type of Porous Vycor Porous Stainless Porous Stainless
Leak Glass Steel, Welded In Steel, Pressed In
Surge 1.24 1.30
Volume, £ ' : 1.2
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Table 2 Molecular leak conductances, I/sec

Type Type of Leak

of Porous Stainless Steel, Stainless ‘Steel,
Gas Vycor Welded Mount Press Mounted
Hy 4,09x 107 2,67x 1074 3.26x 1074
He 2.95x 107 1,90 x 1074 2.31x 107
Ng .| 812x107 7.21x107 8.60x 107
co 8,70 107 8,58 x 107
Ar 7.76% 1070 6.06x 107 7.23x107
co, 5.69 x 107

This technique yields C: to within +=29%,. The molecular
leak conductances are given in Table 2.

As shown in Eq. (5), Cs and S determine the pumping speed
from the test region S,. The orifice conductance for N, at
72° F is calculated from the formula of Buneau as follows?*:

Co = 3.644 (T/M)V¥/{[(1 — A/Ao)/K] +
(3L A/4 Dodg)} = 61.5 /sec (7)

where A = orifice area (cm?), M = molecular weight, T =
absolute temperature, 4, = test-region area, Dy = test-
region diameter, L = test-region length, and K = 1.002
(from tabulated values).*

The determination of S was accomplished by temporarily
removing the 1.008-in. orifice and installing a 4.012-in.-diam
orifice whose conductance, calculated from Eq. (7), was Cy’ =
1028 [/sec. Using an ionization gage calibrated to within
an estimated 3109 to read P/, the measured pumping
speed of N, through the 4.012-in. orifice was S,/ = 718
+ 13% I/sec. Using these values of Cy and S,’, S was
calculated from Eq. (5) to be 2700 =% 429, I/sec. Using this
value of S, the pumping speed of N, through the 1.008-in.
orifice was calculated from Egs. (7) and (5) to be S, = 59.85
+ 119, 1/sec.

A slightly different value could be assigned to S, for N,
by taking 59.85 —1.19, I/sec as the low limit, taking the
orifice conductance as the upper limit, and writing S, =
60.4 = 29 l/sec. The 8, for gas of molecular weight M
could then be calculated from the S, of N,. Thus

S, = (60.4 == 29,)(28/M)V? ®)

The validity of Eq. (8) follows from Egs. (5) and (7), after
noting that the ratio Cy/S is essentially constant for all of the
gases except those cryopumped in the cold trap. For cryo-
pumped gases, S is very large, and S, is given by (60.4
+ 2%) (28/M)2. Thus, Eq. (8) is valid, even if the test gas
is eryopumped. Using the data of Table 2 along with the
S, values caleulated from Eq. (8), the calibration constants
in Table 3 were calculated. Since C) is calibrated to =29,
8, to £29%, and P; is measurable to %19, the test-region
pressure is calculable to #=5%,.

Table 3 Calibration constants (C,/S;) X 108

Input System

Gas

No. 1 No. 2 No. 3
Hy 17.4 118 138
He 18.7 119 148
No 13.3 123 145
Ar 12.3 118 147

[
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Fig. 3 Calibration of a Veeco RG-75K ionization gage.

System Utilization for Vacuum Calibration

A calibration of one channel of the Bendix 17-210V using
H,, He, N,, and Ar is shown in Fig. 2. The 17-210V also has
been calibrated using CO; and Q.. Calibrations of an ioniza-
tion gage for five gases are shown in Fig. 3. The discon-
tinuities of the Ar, N, and CO, curves at 10~* torr are at-
tributed, at least partly, to the power supply controlling the
emission current at a level 109, too high on the 10~*torr
range. The nonlinearities in the CO, and Ar curves in the
low 10~*~"-torr range are indications of gage pumping.

Two important considerations affect calibration accuracy:
1) the system should always be pumped to its base pressure
prior to calibration and P, adjusted upward; and 2) the low-
est calibration point of P, should be at such a level that the
sensor’s output is at least 100 times its output at the system
base pressure. This will assure that the error caused by the
system background is 19, or less. This requirement was not
satisfled during the calibrations of Fig. 3, because rigorous
bakeout procedures were not followed. Consequently, the
gage sensitivity appears to increase in the 10-8-torr range.
When these calibrations were made, the system base pressure
was about 3-10 9 torr.

Conclusions

The system described generates partial pressures in the
10~* {0 1078-torr range, using the common residual gases
except water vapor. The partial pressures produced were
caleulable to within +5%, and total and partial pressure
sensors may be calibrated to this accuracy if the system back-
ground pressure is low. Extension of this calibration tech-
nique to much lower pressures should be feasible but will de-
pend primarily upon the availability of dependable (UHYV)
pumping techniques.
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