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COMPOSITION CHANGES IN LIQUID OXYGEN AS A RESULT OF
EVAPORATION AND RELATION TO FUEL-CELL OPERATION
| by Robert W. Easter

Lewis Research Center

SUMMARY

Evaporation of liquid oxygen leads to changes in composition because of differences
between the volatility of oxygen and the volatilities of impurities.

An expression is developed to enable prediction of such changes, which depend on the
phase equilibrium behavior and on relative rates of liquid and vapor removal from the
containing vessel.

Sample calculations are carried out for propellant grade liquid oxygen, and the like-
lihood and effect of composition changes in reference to fuel-cell system operation are
discussed. .

INTRODUCTION

Liquefied oxygen (LOX) is used for a variety of purposes both in aerospace and ter-
restrial applications. Since the source of the majority of available LOX is air, a number
of atmospheric gases are commonly present as impurities. : ’

Aerospace users generally procure LOX under three different specifications as to
impurity levels or concentrations: the ''fuel cell, ' '"'breathing, '* and ''‘propellant'’
grades (ref. 1). Fuel-cell grade, as the name implies, has been used as the oxidant for
Gemini and Apollo fuel-cell systems and is required to be at least 99.995 percent pure
oxygen. . '
Some fuel-cell systems presently under development are, however, being designed to
utilize propellant grade LOX as oxidant, because of cost and convenience considerations.
Propellant gradelLOX is required to be only 99. 6 percent oxygen.

Breathing grade has the same requirement as propellant grade with respect to total
impurities, but embodies more stringent requirements regarding certain impurities such
as hydrocarbons';- carbon monoxide, and nitrogen oxides.



Fuel-cell behavior is, in general, sensitive to impurities in both fuel and oxidant.
However, most aerospace fuel-cell systems use cryogenically stored liquid hydrogen as
fuel, and because of the very low temperature of liquid hydrogen the solubility of other
materials is almost nil. Thus, cryogenically stored hydrogen tends to be inherently of
high purity, and for that reason this work deals only with impurities in LOX.

Since impurity levels are two orders of magnitude higher in propellant grade LOX
than in fuel-cell grade, intelligent design of advanced fuel-cell systems requires more
detailed knowledge of LOX composition and possible changes therein than was previously
required. In particular, it is known that the volatilities of impurities in LOX differ from
the volatility of LOX itself, and thus composition changes will result from partial vapor -
ization of stored propellant grade LOX. It is the goal of this work to derive a means of
estimating such changes and to investigate the likelihood of such changes occurring and
their possible effects on fuel-cell system operation.

DERIVATION OF EXPRESSION TO PREDICT COMPOSITION CHANGES

Consider the vessel of figure 1. Mass balances on the liquid and vapor phases yield

dnL (
-w -Wy = — 1)
LG L dt
dn
G
w -Wn = — : (2)

where Y1.G is the molar flow rate of material leaving the liquid phase and entering the
gas phase, Wy is'the molar flow rate of liquid leaving the vessel, /e is'the molar flow
rate of gas leaving the vessel, and np and n, are the moles of liquid and gas in the
vessel. . .

It VL and VG are the liquid and gas volumes and \47 and Vg are the mean molar
volumes for the liquid and gas, then

VL
n = —
L v
L
AVG
n =
G v
G



Also, if
VL + VG = Vt otal = 2 constant

and if v; and Vg are assumed constant, then

dn __dVL=_-ldVG_ denG

dt vy, dt Vi, dat vi, dt

L_1

and equations (1) and (2) may be combined to yield

v
G : (3)

From the conservation of species i in the liquid phase,

d
WieYi - VX T o %) (4)

where Xi is the mole fraction of species i in the liquid phase and Yi is the mole frac-
tion of species i in the vapor leaving the liquid phase.

Now if it is assumed that the liquid phase is homogeneous, that is, well mixed, and
that evaporation takes place slowly, then Yi may be taken to be the vapor mole fraction
in equilibrium with the liquid.

Combining equations (1), (3), and (4) yields

v
L
WA + Wy —
G LVG dxi
(Xl -Yl) =nL— (5)
\47 dt
1 - =
M{e}

The equilibrium relation between Xi and Yi may be written

Yi = KiXi



where Ki is the distribution coefficient, which in general will be a function of temper -
ature, pressure, and the liquid composition.

It is convenient to introduce a new independent variable £, which is the fractional
amount of liquid remaining; that is,

) nL(t)
nL(O)

Equation (5) may be written in terms of £, and the equilibrium relation embodied to
yield

A\
L
WG+WLV_
dinX;=(; -1 |—— Clame : (6)
) WG+WL

Equation (6) may be integrated with the condition
X; = Xi(O) when ¢ =1

to give the composition variation in the liquid.

Rigorous application of equation (6) requires that K;, W, and w; be expressed in
terms of ¢ or X;.

For most purposes, however, it is sufficient to break up the period of time over
which the vessel is emptied into intervals ov‘er which the quantity
(Ki - 1)[wG + WL(VL/VG) / (WG + wL)] may be assumed constant. Thus, over the inverval
I]., where

L =(t

i = Gy

Was Wi, K

is and vL/vG are constant and equation (6) may be integrated to give

o(1;)

where X;(L) is the mole fraction of component i in the liquid during the j'! interval,
Xi(tj _1) is the mole fraction at the end of the previous interval, g(Ij) is given by




nL(tj 1)
and e(Ij) is given by

v, wy (1)
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L(Ij)
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It should be mentioned that equations (6) and (7) apply only if the liquid is unsaturated
with respect to component i. If the liquid becomes saturated, Xi ‘will no longer in-
crease; further concentration of species i will result in the precipitation of a separate
phase,

Equation (7) constitutes a simple relation which can be used to estimate composition
changes in the contents of a vessel from which liquid and/or vapor is being withdrawn.
After the necessary equilibrium data are presented, this relation will be applied to a par -
ticular situation, storage of propellant grade LOX.

At this point, however, it is well to mention the limitations on the calculational ap-
proach presented.

Equation (7) applies only.to situations where LOX is in the subcritical state. LOX in
the supercritical state will not undergo composition changes predicted by equation (7) be-
cause there will be no separate liquid and vapor phases with attendant propensities to-
ward phase equilibrium.

In the derivation it was assumed that the liquid was well-mixed and that equilibrium
evaporation took place. Therefore, composition changes predicted by equation (7) are
the maximum attainable and represent limiting behavior, although such changes are prob -
ably closely approached under conditions of sufficiently low withdrawal rates.

EQUILIBRIUM DATA FOR IMPURITIES IN PROPELLANT GRADE LIQUID OXYGEN

The liquid oxygen for which composition change calculations were made was con-
sidered to contain the impurities listed in table I. This composition is fairly typical of
commercially available propellant grade LOX (ref. 2, p. 19) and of the propellant grade
LOX delivered to the NASA John F. Kennedy Space Center (unpublished data from S.
Churchwell).



Carbon Dioxide

At temperatures near the normal boiling point of LOX, the vapor pressure of carbon
dioxide (COz) is so low that CO2 concentrates in the liquid as though it had no vapor pres-
sure (ref. 2, p. 271). Thus, the distribution coefficient KCO may be taken as zero.

' 2

Moreover, since the solubility of CO2 in LOX is quite low (see table II), solid 002 may
be present if sufficient LOX is evaporated.

Methane

Methane (CH4) equilibrium was investigated by Hodges and Burch (ref. 3). It is
their observation that for liquid mixtures of oxygen (02) and CH4 the distribution constant
is essentially independent of composition for CH4 levels of less than 1100 ppm. The CH 4
equilibrium in propellant grade LOX may thus be assumed that of the binary solution, and
the distribution coefficient may be taken directly from the data presented (table II).

Although CH4 will concentrate in LOX during evaporation, CH4 and O2 are essen-
tially miscible in the liquid for temperatures at and above the normal boiling point
(ref. 2, p. 268). Thus, no separate phase will appear.

Krypton

Krypton (Kr) equilibrium was investigatéd by Burch (ref. 4). Here too it was found
that the distribution constants were composition independent for Kr levels of 1100 ppm
or less. Thus, the binary system equilibrium data should be applicable to propellant
grade LOX. Burch's data are given in table IV,

Although solubility data are unavailable, the solubility exceeds 10
since Burch measured equilibrium data at that level.

S ppm at 93.6 K

Nitrogen and Argon

A number of authors (refs. 5 to 7) have presented equilibrium data and correlations
for the ternary system 02, argon (Ar), and nitrogen (N2), since such data are necessary
in the design of air liquefacation and separation plants. The most convenient work for
present purposes is that of Latimer (ref. 5). His correlations are in terms of the rel-
ative volatilities Qjj where
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aij B y.,X.
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Latimer presented the following expressions which would appear to predict available
experimental relative volatilities in the region of interest to within +5 percent:

1

log aN,-0, = -0.470 + T [88.4 + 8. 3(x02 - xNz) + 2xAR]

1
log o =-o.132+._[23.1+7.5(x X, ) +1.2X ]

Investigation of these expressions shows that, for X5, =0.99, ay__o and
2 2772

ap._Q. are essentially independent of composition (less than 1 percent variation). The
2

effect of temperature is shown in table V.
From the definition of relative volatility, for the ternary system

Y. = X%k
1

XiaiK + XjajK + XK

and hence

o

K - N9-0y

N2 Xy on_ o, *Xar®aro. + X

2 Y2™Y2 Mot 0,

aAr-Oz

K., =

Ar X, .a + X\ o +X

For XO > 0.99 the denominator in these expressions ranges from 1.00 to 1.03 for
2

T = 90 K (the range is less for higher temperatures). Therefore, little error is intro-
duced by assuming Ky and K, . constant for Xo = 0.99. In particular, it may be
assumed that 2 2

K

= 1.0l
Ny Ny-Oy




Kpp = 1-0lay, o,

The temperature dependency of KN
shown in table VI.

Since Ny and Ar are both more volatile than 02, the liquid phase will become dilute
in N2 and Ar and hence no separate phase will form.

Data on the oxygen molar volume ratio VL/VG are given in table VII (ref. 8).

It remains to specify the pressure-temperature behavior in the vessel. In most sit-
uations vessel emptying is probably accomplished more nearly isobarically than isother -
mally. Thus, for calculating composition changes, the pressure may be considered to
remain constant. If the pressure is fixed, the equilibrium temperature will vary with
composition, But over the range 0 to 99. 99 percent vaporization of propellant grade LOX -
at 1 atmosphere, the boiling point of the residual liquid varies only 1 K (ref. 2, p. 271).
The corresponding changes in distribution constants are only a few percent and may be
neglected. |

In summary, available equilibrium data indicate that composition change calculations
for propellant grade LOX may be made by employing distribution constants which remain
constant as long as the mole fraction of O2 remains equal to or greater than 0.99. The
results presented in the next section will show this to be the case until more than 99 per-
cent of the liquid has been removed by evaporation.

and K Ar when these expressions are used is
2

RESULTS OF CALCULATIONS FOR PROPELLANT GRADE LIQUID OXYGEN

The data tabulated in the preceding section were used in conjunction with equation (7)
to calculate composition changes for the following cases: case 1, evaporation (gaseous ‘
withdrawal) only at a total pressure of 1 atmosphere; case 2, evaporation only at a total
pressure of 3 atmospheres; and case 3, an arbitrarily chosen withdrawal profile combin-
ing liquid and gaseous withdrawal at a total pressure of 1 atmosphere.

Figure 2 shows the results for case 1. A similar figure is presented in reference 2
(p. 272). However, no information is given on the method of calculation. Analysis of the
figure in reference 2 (p. 272) shows that the same type of expression as equation (7) was |
used but that the distribution constants apparently employed differ from those used in this |
work by considerable amounts. It is presumed that the values used in this work are more
accurate, being derived from more recent data.

The results for case 2 are given in figure 3. Figure 4 shows the withdrawal profile
chosen to illustrate the effects of combined liquid and gaseous withdrawal. Note that the
composition change calculations do not require absolute withdrawal rate information;



rather only the ratio of liquid withdrawal rate to gaseous withdrawal rate as a function of
the fraction of liquid remaining is required.

Table VIII gives the form of equation (7) used in the calculations for each of the four
intervals of case 3, and figure 5 shows the calculated results.

The results of cases 1 to 3 are presented in figures 2, 3, and 5 in terms of parts per
million, defined as moles of species i times 106 divided by total moles. If solid CO2 is
present, it is considered to be dispersed in the liquid, and ''total moles'' in the definition
is considered to be moles of liquid plus moles of solid.

It is apparent from figure 5 that significant composition changes occur only when the
liquid is depleted by gaseous withdrawal. This is a consequence of the assumption of a
well -mixed liquid; evaporation is the only mechanism by which composition changes may
take place. When the liquid is depleted only by liquid withdrawal, just enough evaporation
takes place to maintain the total pressure constant, and the associated composition
changes are negligible (see expression for interval 2 in table VIII).

In cases where depletion is by evaporation only (figs. 2 and 3 and interval 4 of fig. 5),
it follows from the definition of the distribution constant Ki that the impurities whose
concentrations change the least are those whose distribution constants are close to unity.
Impurities with distribution constants much greater than unity will disappear quickly from
the liquid phase; those with distribution constants much less than unity will concentrate
quickly. ]

Typical propellant grade LOX will become purer overall as evaporation proceeds,
until somewhat more than 95 percent has evaporated, at which time the purity will begin
to decrease rapidly because of the continued buildup of the nonvolatile impurities.

Finaily, comparison of figures 2 and 3 shows that as the total pressure increases the
changes in levels of impurities become somewhat less pronounced. Reference to tables
I and IV reveals that this trend is due to the general tendency of the distribution con-
stants to converge towards 1.0 with increasing temperature or pressure.

IMPLICATIONS WITH REGARD TO FUEL-CELL SYSTEM OPERATION

As pointed out in the section DERIVATION OF EXPRESSION TO PREDICT COM-
POSITION CHANGES, equation (7) gives the maximum possible composition changes,
which are most closely attained under conditions of low rates of withdrawal. In partic-
ular, the results of figure 2 should be quite representative of the situation where a tank
of LOX is stored with no depletion other than venting of evaporation caused by the inher -
ent heat-leak characteristics of the tank. If the LOX is stored for a length of time long
enough that the amount remaining is considerably less than the initial amount, the con-
centrations of the impurities will differ considerably from the original values. If the




remaining LOX is subsequently used in an application which is sensitive to impurities,
these changes may be important.

Such an application would be use as the oxidant in a fuel-cell system. From the
point of view of effect on fuel-cell behavior, impurities in oxygen may be classed as
either "'active'' or ''inert.'' Active impurities are those which react chemically with
some other component of the fuel cell, to the detriment of electrical performance, and
inert impurities are those which may accumulate within the fuel cell, physically prevent-
ing oxygen from reaching sites at which it may be reduced electrochemically. Argon,
nitrogen, and krypton behave as inerts in all fuel-cell systems; while in one important
class of fuel cells, those with alkaline electrolytes, COz and, provisionally CHy, are
considered active impurities (Chy may, under some conditions, be converted to 002
within the fuel cell). The deleterious effects of C02 are described in reference 9, and
the buildup of inerts in fuel-cell electrodes is treated in reference 10.

If, for instance, LOX is stored at 1 atmosphere until 70 percent of the original
amount has evaporated, the level of inerts will have decreased by about 55 percent, but
the level of active impurities (COZ’ solid CO,, and CH 4) Will have increased about
250 percent (fig. 2).

Thus, lengthy prestorage of LOX to be used eventually in a system designed around
certain impurity levels should be avoided, not only because of the obvious waste involved,
but also because of the off-design operation imposed by concentration changes.

It should be noted that the length of time required to evaporate, say, 70 percent of
the LOX in a storage vessel depends on the heat-leak rate. The time required may thus
vary from a few days for small laboratory Dewar -type flasks to perhaps years for large
fixed storage tanks employing advanced cryogenic insulating techniques. _

Concentration changes may also take place in LOX tankage from which O2 is being
drawn for use as fuel-cell oxidant. In general, the larger the portion removed by evap-
oration and gaseous withdrawal, the greater the changes in impurity levels. Table IX
lists possible storage modes for LOX fuel-cell oxidant and ranks qualitatively the various
modes in order of degree of composition change. The rankings merely reflect the degree
to which the LOX is removed by evaporation.

For cases in which removal is by means of the gas phase, the gaseous impurity
levels as a function of the fraction of liquid remaining ¢ may be estimated from the equi-
librium relation

Yi = Kixi

This relation is applied to the results of figures 2 and 3 to yield figure 6, in which

the levels of inerts and CH4 in the gas phase are shown for 1- and 3-atmosphere storage
pressures,

10



Since the LOX storage mode is likely to be determined by considerations other than
impurity concentration changes, fuel-cell system design should be flexible enough to han-
dle changing impurity levels in the oxidant. By way of example, if inerts are removed
from the fuel cell by periodic purging, a somewhat higher oxidant efficiency can be gained
by making purge duration and/or frequency proportional to inert level, as opposed to mak-
ing duration and/or frequency constant. For instance, if the gaseous O2 composition var -
ies as shown in figure 6, inerts will accumulate in the fuel cell at an ever decreasing
rate, and a constant purge frequency and/or duration may not be sufficient to remove all
inerts during the early stages of the mission and may be greater than necessary during
the later stages of the mission.

On the other hand, figure 6 shows that the amount of CH4 in the oxygen stream to the
cell will increase rapidly in the later stages of LOX withdrawal. Thus, any in-line scrub-
bing apparatus (e.g., catalytic oxidizer to convert CH4 to 002 and CO2 sorber) should be
designed to cope with the entire range of inlet CH 4 concentrations indicated by figure 6.

CONCLUSIONS

The following conclusions were drawn from a study of composition changes in liquid
oxygen (LOX) as a result of evaporation and their relation to fuel-cell operation:

1. The levels of various impurities in LOX will change during subcritical storage if

“portions of the liquid are allowed to evaporate.

2. Composition changes during such storage and use may be estimated by a simple
expression incorporating phase equilibrium data and the relative rates of withdrawal of
liquid and vapor.

3. The degree to which LOX is removed from subcritical storage by the gas phase
determines the amount of departure from the initially loaded composition. Thus, compo-
sition changes are greatest when all removal is by the gas phase and least when all re-
moval is by the liquid phase.

4. Optimum operation of fuel-cell syStems requires that impurity levels in reactants
be accurately known. Reactants less pure than designed for will lead to performance de-
gradation, while operation on purer reactants than designed for may impose unnecessary
penalties in the form of excessive scrubbing capabilities and/or excessive purging.
Therefore, the mode of LOX storage to be used should be taken into consideration in the
design of fuel-cell systems.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 16, 1972,
502-25.
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TABLE I. - INITIAL LIQUID-OXYGEN

IMPURITY LEVELS USED IN

SAMPLE CALCULATIONS

Impurity Initial concentration
ppm | Mole fraction
-6
CO2 2 2x10
CH 4 10 107
-5
Kr 10 10
N, 200 | 2x107%
Ar 2000 2x1073

TABLE II. - DISTRIBUTION CONSTANTS

FOR METHANE -OXYGEN MIXTURES

[Data from ref. 3.

TABLE II. - SOLUBILITY OF CARBON

DIOXIDE IN LIQUID OXYGEN

[Data from ref. 2, p. 20.]

Temperature, CO2 solubility,
K ppm
90 4.4
95 5.1
100 6.0
105 7.0

TABLE IV. - DISTRIBUTION CONSTANTS

FOR KRYPTON-OXYGEN MIXTURES

[Data from ref. 4. ]

Temperature, Distribution constant,
K K
CH,
107.15 0.352
100. 15 .324
93.15 . 299
90.0 a2
3Extrapolated.

Temperature, Distribution constant,
K Kigr
106.5 0.168
101.35 .148
93.6 .122
90.0 a1
2Extrapolated.
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TABLE V.

- RELATIVE VOLATILITIES FOR

NITROGEN AND ARGON IN OXYGEN

[Mole fraction of oxygen on =0.99.]

Temperature, Relative volatility
K
o a
N2—O2 Ar -0,
90 4.03 1.61
95 3.53 1.55
100 3.13 1.49
105 2.82 1.44

TABLE VII. - OXYGEN MOLAR VOLUME

RATIO AT SATURATION

TABLE VI, - DISTRIBUTION CONSTANTS

FOR ARGON AND NIGROGEN

[Mole fraction of oxygen on =0.99.]

Temperature, Distribution constant
K =
K K

N2 Ar

90 4,07 1.63

95 3.57 1.57

100 3.16 1.51

105 2.85 1.45

TABLE VIII. - EXPRESSIONS USED IN

CASE 3 CALCULATIONS

Pressure, | Temperature, | Molar volume ratio,
atm K VL/VG
1 90.2 0.00392
2 97.4 . 00766
3 102.2 .0115
4 105.9 . 0153

14

Interval Form of equation (7)
(0. 170)(Ki'1)
1 Xi=Xi(§=0)'£
(0.00392)(Ki-1)
2 X; = Xi(g =0.8)(1.25 &)
(0.0945)(K; -1)
3 X, =Xi(§ = 0.6)(1.67 &)
4 X, = Xi(g = 0.4)(2.50 &) r




TABLE IX. - LIQUID-OXYGEN STORAGE MODES

State Amount slated for fuel cell [ Fuel-cell | Other | Degree of
takeoff |takeoff |composition
change

(@)
Subcritical Small fractionb Liquid |Liquid 4
Vapor |Liquid 3
Subcritical Roughly one-half® Liquid {Liquid 4
Liquid |Vapor 2
Vapor |Liquid 2
Vapor |Vapor 1
Subcritical All Liquid ({----- 4
Vapor |----- 1
Supercritical | = ~;eemceccceceeao b eeeo |- 5

3Greatest change, 1; next greatest change, 2; etc.
bror example, propellant tankage.
CFor example, combined fuel-cell and life-support tankage.

— W5

nG(l)

Vapor

w6

éuquidm%gﬁzaxﬁ

m“ﬁ’[({‘)’w;

4

7

NS

o

N

-

e TN

Figure 1. - Schematic representation of liquid-oxygen storage vessel.
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Figure 5. - Concentration changes in propellant-grade liquid oxygen as
consequence of evaporation. Arbitrary withdrawal profile; total pres-
sure, 1atmosphere.

19




20 .

CHy, ppm

50— 5000
Q02 4000
30} & 3000

=

S
205 2000
10— 1000
o— 0

L

Total pressure,
atm

0 .8 .6 .4 .2 0
Fraction of liquid remaining,

Figure 6. - Propelfant-grade liquid-oxygen boiloff composition changes
(cases 1and 2).

NASA-Langley, 1973 — 3

E-T7027




7 r

- N i ; . : H - k
D SEACE ADBOUSTRATION:: 3 4 T TS TR gl
K ¥ o a R S “POSTAGE AND FEES PAI

D7 BOBAE f ;
: RATIONAL AERUNAEICS AN
GFFICIAL, BUSINESS BFAGE ADMINISTRATION

”“i - PEIALTY FORPRIVATE UEE 9300, . smf&% ?WW% RATE TR ©

e

R
W

T Y s By V sl
. w4, - NS S R 3 55
Lty . % g ,‘//;i’ iy

. .

T
-~
\

-

¥

E S

tiverable (Shprion 158 -
Pautnl Manual) Do Not Betugn

$PECIAL PUBLICATIONS! Information & - ¥

éea*we& ffom o of valve ro NASA activities.

» final reports of.
;m;m zmmgmp 5, data compilations,
handbooks yebw&s and, spwai

¥ :

: : w@%
batwse of pxebmmzy é*m, semrzry ciasa»xﬁm«

P&%@e&ﬁﬁs wﬂ’iﬁ e%thaxi

éﬁsmm@? . 3A rhar may be of particular

CONTRACTOR REPORTS: § ormmercial and orher aoffaerospice o

: technical information generated under a NASA applications. Publications include Tech Briefs,

. % P contract or grany and considered an impormast  Technology Urilizavion Repores and
contribution te existing knowledge, ‘ Technology Swrveys.

Mmm on &echzw%agy

A Petails on the availability l‘;f !ke#e publications moey be ab?ained; from:‘
LR SR ¥ - KW AND TECHNICAL INFORMATION OFFICE '
N NA\UQN i. AERQNAUHCS ANQ S?ACE ADMEN!SYRATION

e
L B S A T 3 S L TS ]
3 ‘ 4
: f i : ¥ .
& Sl




