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INTRODUCTION

I
A typical CW HF(DF ) chemical laser nozzle is illustrated in Fig . 1.

Typical dimensions and flow conditions , based on the data of Wilson and

Hook , are as follows:

h 0 . l c m  w~~= O . O OS cm

L 0.3cm T = 1500°Kex 0

L. = 0 . 5 c m  p = l0 atm
1 0

w = 0.08 cm M = 6ex ex

w. = 0.05 cm p = 10 Torr

Studies of the chemical laser diffu :ion/reaction region , 2 unde r diffusion

limited operation, have indicated that chemical efficiency of these lasers is

inversely proportional to (pw) ex , where 1
~ex and W ex are the static pressure

and semichannel width at the exit of the oxidizer nozzle , respec tively. It is

of interest, therefore, to reduce nozzle lateral scale in order to improve

laser efficiency, particularly at high-pressure operation. However , the

reduction of nozzle lateral scale, without a corresponding decrease in axial

scale (for structural reasons), increases wall boundary layer effects. In

particular, the effects of surface recombination of F atoms , shear , and

heat transfer on nozzle exit flow profiles are enhanced .

Recombination effects in chemical laser nozzles were studied by Ferrell,

Kendall , and Tong. Numerical integration was used to investigate several

nozzle configurations for a fixed set of initial flow conditions , it was con-

cluded that most of the recombination occurred at and upstream of the throat,

_ 
~- - - - -  :z .
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Fig. 1. CW Chemical Laser Nozzle Geometry and Flow
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as would be expected from physical (i. e., unit Reynolds number)

considerations. A 20% reduction in initial dissociation level was deduced

for a baseline case.

The purpose of the present study is to provide simple analytic expres-

sions for estimating fluorine recombination and other boundary layer pro-

perties in the inlet region of a chemical laser nozzle . The inlet region is

idealized as having a uniform cross-sectional area and a sharp leading edge

(Fig. 2). The analytic estimates for inlet boundary layer development are

based on zero pressure gradient results for flows with unit Prandtl and

Schmidt numbers and a linear viscosity-temperature relationship. 4 The

nozzle surface is assumed to be fully catalytic , as di scussed in Appendix A,

and gas phase recombination is neglected. Boundary layer effects in the

supersonic expansion region of the nozzle are estimated in Appendix B and

are compared with the corresponding effects in the inlet region.

-5-
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ANALYSIS

Integral properties of the boundary layer in the idealized inlet of Fig. 2

are first noted. Analytical estimates for these properties are then presented.

INTEGRAL PROPERTIES

It is assumed that the thickness of the boundary layer ~ is smaller than

the semichannel width w1. ~l’he mass , momentum, enthalpy, and fluorine

atom defect thickness at each station x are defined, respectively, by

~~ 

~~~~~~~ 
(
~ 

- ( I a)

: e =j
8 

~~~~~(i ~~~~~ 
( Ib)

L ~:~~e (i 
- ( I c)

6F ( 
~~~e[” 

_ ( } ( ) ] dY  ( Id)

I
where h C~T + u2 12 is the local total enthalpy and p, u , T , KF denote mass

. density , velocity, temperature, and fluorine atom mass fraction . Subscript

e denotes local properties external to the boundary layer.

-7- 
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With 5<w 1, the upper limit of the above integrals can be replaced by

w~. Let subscript e, o denote local free-stream properties at x = o and sub-

script o denote plenum (stagnation) conditions (Fig. 1). Mas s continuity

indicates

(pu) 0 *
‘ = 1 - ~~-- (2)

( PU) e w~

The mass fraction of atomic fluorine , KF~ 
is assumed to remain constant

(frozen) in the region external to the boundary layer. Thus

/ KF \ / KF \
0

~~~~~F F z)o~~~~~F 1 K Fzh 

( 3)

where ~ denotes the dissociation level in the plenum. Let ~ denote the
0

;~ 
average dissociation level (on a mass flux basis) at each station x, namely

— 

j

w1 puKF dy/{rpu (KF + KF2
)] e ~ 

w1} (4)

and let ~~~ ~ ~o - ‘
~~~ denote the departure of ~ from the initial value 

~~~~~

Note that Eqs. (Ia) and (Id) can be written as

-8-

-

~

-

~ 

-. --- . .~~~~~ -- -—-,~~~~~~~~~~~ .-“~~~-~~~~.



8* = w~ f 1  
1’e~~ 

dy

= w~ - [(puK F)/ (pU KF) ]dy

If follow s from Eqs. (2) through (4) that

w.
(pu K~,) , p u K ~~ dy

e

~~
;- 

~~ P~1%) e o  w1 (pu K~ ) 0

w - -~ °F 
______= 1 -  = (5a)wi _ 6 * ~~~~~~~~~~

~ ~BL represents the average dissociation level in the boundary layer

°‘BL ~f pu KF dy/[ ( KF + KF ) e ~f 
Pu dy]

and 
~~ BL - 

~BL represents the departure of the boundary layer dissocia-

tion level f rom the initial value , it follows that

~~ BL 
- 

6 F ( 5b)
I~o 8 . 6 *

4 .
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A suitable choice for 6 is discussed later [i . e., Eq. (lOc)] . Similarly, if

h denotes the average value of h at any station and denotes the averag e

value of b in the boundary layer , then, noting he = h , we obtain

~h h 
_ _

1~J 1 ~~~~ 
1 w. -~~i (6a)

~~ BL hBL 
~~~~~

: -
~~~~ 

(6b)

The ratio of the mass flow in the boundary layer mBL to the total

mas s flow m is

rnBL 
_ _ _ _ _ _  _ _ _

= ( PU) e, o W
1 

W
I 

- 8* 
( )

Finally , the net heat transfer to the walls of each semichannel , up to station

x, is denoted Q and can be expressed

1’

Q = f  (- ~~~~~ (8a) 

~~~~~~~~ ~~~~~~~.
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, 

-

‘p

where

= 

(* ~~~~ 
+ ~

Here , the first term on the right side of Eq. (8b) denotes the local heat

transfer to the wall by thermal conduction; the second term denotes the local

rate of energy addition due to diffusion of F atoms to the wall. The latter

recombine at the wall and liberate energy in the amount of ~ H per unit mass

of F atoms . Direct integration of the conservation equations yields the rela-

tions between the integrals, as defined in Eq. ( 1) , and their respective surface

fluxes. In particular

db E I /k  ah\
____ - 

Pe~~eho I\~~ ~~~ 
(8c)

d6 / 8 K \
= 

Pe’~e ~~F~e ~
P
~~~~~~)w 

. 
(8d)

which result in the following expression for the net energy flux to the walls,

up to station x

Q 8E 
(K F

)
~~H 6F

w.h (pu) ~~~~~~~~~~ 
+ ~ -. (8e)

1 0  e 1 o



- 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where ~N = 1. 66 kcal /g~ and h0 = I.24X 10~~ T1~ kcal/g for a plenum gas that

is primarily helium.

FLAT PLATE ESTIMATES .

In general, numerical solutions of the boundary layer equations are

needed in order to determine local values of 6, 6*, 6F’ 6E’ and O~ 
Existing

fiat plate solutions can be used , however , if it is assumed that the Prandtl

number (Pr = ~ %/k ) and Schmidt number (Sc = p./p~2~) equal 1, that the pres-

sure gradient is negligible (i. e., 6*1w1 << I ), that wall species concentrations

and wall temperature are constant, and that there is no gas phase recombina-

tion. It follows that normalized velocity, total enthalpy, and species dis-

tributions are identical. (For example, see Dorrance, Eqs. (2- 103) and

(2-104) , or Hayes and Probstein, Eqs. (8. 3. 3) and (8. 3•4) • 6] Thus

u - 

h -h K. -K.

~~~ -h  - K. - (9a)
e 0 W i,e 1,w

where K. denote s the mass fraction of species i and subscript w denotes wall

conditions. It also follows that (note that h /h = T IT )w 0 W 0

[1 - (KF,W /KF,e)1~
1 6F - (T~~’T0)] 6E = 0 (9b’)

This property of the similarity profiles can be readily shown by direct sub-

stitution of the linear transformation of Eq. (9a) into Eqs. (Ib) thrr~~gh ( Id) .

- iZ- 
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~0~ The recombination of F atoms at the wall creates F2, which diffuses away

from the wall. From conservation of mass , the concentration of F2 at the

wall is found from

K = K  + K  - K  (9c)F2,~~ F e  F2 e  F,w

In typical chemical laser nozzles , the wall can be considered fully catalytic,

KF ‘KF e < <  I. The validity of this assumption is examined in Appendix A.

Finally, it is assumed that

The resulting expressions for the various boundary layer thickness at

x = L . are then 4

a .

-a ,

(i - 
K )_I 

6F = (~ - 
T ).1 

8E = 0 = 0. 664 r’
~ 

(lOa)

/~ ‘ L.\”2 r T 1e 
1) [1. 72~~~~ + 0.332(~~- 1)M Z

j 
( lOb)

e e

1The effect of ~ Tw , ‘.i~~ I can be accounted for by the use of a mean reference

temperature. 6 Because this effect Is relatively small for the inlet region (on

the order of 10%), it is neglected herein .

-13-
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8 = (~
eu: i)j I 2  

[A + 8~ ~ 
/2]

/1 
KF,w\~

1 
~~~BL - /j  

Tw\~
1 

~~~BL 
- 

0.664 (IOd- 
~~~~~~~ ~ o ~~~ 

- T0/ h0 
- A

where ~ is the local free-stream value of the diffusion coefficient and ~y is

the ratio of specifi c heats . The value of A depend s on the definition of the ..

boundary layer edge. In particular (from Stewartson,4 with A ‘J’~f )

1.7 ~ A ~ 3. 3 for 0. 90 ~ u/u ~ 0.99

The value A = 1. 7, corresponding to u/u e = 0.90, will be used herein to

characterize boundary layer thi ckness. For A = 1. 7, Eq. (iOd) becomes

( 11)

Equations (10) and ( I I )  are valid for ô/w
~
� 1 and , because pressure

gradient was neglected , for 6*/w1<< 1. Neglecting terms of order 6*1w1.

compared with I , in Eqs. (5) through (7) and substituting into Eq. (10)

yields

- 14-
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k~ - ~1/2
~ K F,w\ ~~ , T~~~ ~h 0.664 (~~e L1~

- K)~~~~~ ~ 
= ~ - T )  iç 

= Wi ~\ Ue 
(lZa )

and, f o r A =  1.7

I ~i/2mBL 
= 

1. 7 (~~e L~) 
- 

(l Zb)
W I  u /i’  e

Equations (10) through (12) can be used to estimate boundary layer eff ects

provided 6 / w << I and 6/w 1 < I.

It is convenient to express 
~~~ 

L. /u ) 1’2 /w1 in terms of plenum con-

ditions (denoted by subscript zero) and nozzle geometry. It can generally be

assumed that M~ <<  I in the inlet region . Isentropic flow conditions ndicate

T / T  = ad a0 ‘~e~
1
~o = I + O(M~ ) (13a)

(y+ 1)/ (2 (~y - i)]~~
%/a~ ~~~~~~~~ 

j )  ~~ (~ 
+o( M~)] ( 13b)

= -~~ ~~ f t  + O(M~)] (y = 5 /3) (13c)

where w~ ii the throat .emiwidth. (Equa tions (13b) and (13c) neglect the

boundary layer displacement thicknes , at the throat. ) The diffusion

~ 15- 
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coefficient will be approximated by the value for a binary mixture of helium

and fluorine atoms, which can be expressed (from the results of Brokaw7)

= 0. 78 x 10~~ T 1’65 /p cm2 /sec ( 14)

where Te and 
~e are expressed in terms of kelvin units and atmospheres ,

respectively. Further, assume that the free-stream flow is monatomic

(y = 5/3) and consists primarily of helium (i. e., a0 /’~TT0 = 5884) . It follows,

by direct substitution of the latter relations [Eqs. (13) and (14)], that

4.i’ L ’1’2 T 1.15 L 11/2
0.664 (‘ e 1) = 1.02 x io ’~ ° —~-I (15)w. \ u~~~ powt w1J

where T0, p0. w~ are expressed in kelvin units , atmospheres, and centimeters,

respectively. Equation (15) permits the rapid estimate of boundary layer

properties in chemical laser inlet sections. The variation of &J/irz.. ~ and

with p0w~ is given in Fig. 3 for 5 ~ Lj /w~ < 40 and 0.01 <p0w~,

atm-cm � 0. 1. In thi s range, Aa /a0 and ~ hfli~ vary from about 0.05 to

0.40 .

For the typical chemical laser nozzle dimensions and flow conditions

in the Introduction (i. e., p0w~ = 0.05 atm- cm, L. /w. = 10), Fig. 3 indicates

that ~n/a1, = 0. 10 for a fully catalytic wail and ~h/h0 = 0. 10 for TW ITO <<  1.

These losses vary as (p0) ’ ~~~ so that the losses would be â.a/% = Ah/h0 =

I

- 16-

~~~ L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —-.—.--— ~~~~~~ - .~~~~~~~ ~~~~~~~~- -



___________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
V

.
~~~~~ —..—-—-- ~~~~~~~~~~~~~~~~ -.--— -~~~~--~~ • .-.V- -,-.-- —

i.e I0.9
0.8• 0.1 • -

0.6
0.5

0:25 .

001 I I I I I I I l L
0.01 0.02 0.04 0.06 0.08 0.10

p
0 

w~~, atm-cm

Fig . 3. Mass Averaged Reduction in Dissociation
Level and Total Enthalpy at Downstream
End (x = L1) of Inlet Section. Solution
valid for 6 /wi = 2.6(1 + T~~/To) (~ o!/o~~)
~~i , 6*/wj = Z. 6(T w /To ) ( ~~c~/Q o) < < I .

• Solution for Aa’/o~0 assumes fully
catalytic wall.
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0. 30 if the laser were operated at p0 = I atm instead of p0 = 10 atm. Thu s,

significant F atom recomb inat ion and heat loss can occur in the inlet region

of chemical laser nozzles.

I
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CONCLUSION

Wall boundary layer losses in the supersonic expansion region are

discussed in Appendix B. it is concluded that for typical geometries, the

major reduction in dissociation level and total enthalpy occurs in the inlet

section , which is in accord with the results of Ferrell , Kendall , and Tong.

It should also be noted that ~~ /~~ and £th/h0 represent quantities which

are averaged over the entire mass flow . Based on the boundary layer mass

flow only, the decrease in dissociation level and total enthalpy is considerably

larger (i.e. , for A = 1. ~~, 

~~~BL’~o = 0. 39). Diffusion-type chemical lasers

• generally utilize only a portion of the oxidizer flow to create excited HF /DF. 2

• The portion of the oxidizer flow that is used is , in fact , the flow within the

• wall boundary layer, becaus e it is this flow that first comes into contact with

the fuel (H2 /D2) stream. Therefore, decreases in fluid properties based on

• total mass flow (i. e., t~a/% . Ah /h ) underestimate the decrease for the flow

actually participating in the lasing process and consequently underestimate

the effect of the inlet on laser performance.

It is clear that F atom recombination and thermal losses in the inlet 
•

section of CW chemical laser nozzles can have a significant effect on the

dissociation level and average static temperatures (and chemical rates) in

the lasing region . These effects should therefore be considered when laser

perfo rmance is predicted or experimental data are analyzed.

- 19-
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APPENDIX A

VALIDITY OF CATALYTIC WALL ASSUMPTION

It was stated that the chemical laser nozzle wall can generally be

considered fully catalytic (KF,w /KF, e <<  1). The validity of this assump~

tion is examined her ein .

The wall concentration of F atoms is established by equating the rate

of surface recombination of F atoms to the rate at which F atoms diffuse to

the surface. Thu s5

(pKF) kR = (p~~aK~~/a y) (A-I)

4 . where kR is the surface recombination rate coefficient in cm/sec. For

uniform free-stream conditions , (p~~ 8K F /8y) = ( P~~~F~e d6 F /dx . Thu s,

using Eq. (IOa) with L~ 
replaced by x, we obtain

— 1  1/2/ K \ K P uu - F,w F,w 
= 0.332 e e e (A- 2)

K ; K p k~~~~u xF,ei F,e w R~ e

Equation (A-2) indicates that KF varies with x, which violates one of the

assumptions leading to Eq. (9a) . However , this variation has a negligible

effect on Eq. (9a) when K F /K F < <  1, as will be shown to be the general
,w ,e

case. [For KF,w /KF, e not small, Eq. (A-2) can be used to provide an

approximate estimate for the value of KF,w /KF, e at x = L1]. For a

helium-fluorine mixture and M2.,r < 1, the value of K /K at x = L. is
e F,w F,e ,.

found from
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0 ~~~ T w~ (T~~~~~ )1 

/2 
(A.. 3)

Substitution of typical values of the variables (T /T = 0. 5, p0w~ = 0 .05,

T0 = 1500 K, L~/wt = 100 , L~/w~ = 10) into Eq. (A- 3) yields

/ K V’t K• i. F,w~ - 
F,w — 5.0 I A  ~~~1 K  ~ K• F, e/ F, e R

Estimated values of kR
5 are 5 x 102 <k R for metal surfaces ,

10 < kR � 5 )( 102 for oxide surfaces, and kR < 10 cm/sec for Pyrex glasses.

Inasmuch as chemical laser nozzles are metallic but surface oxidized by the

fluorine passivation process , a value of kR in the range 102 to 10~ seems

reasonable. Equation (A-4) then indicates KF /KF < < 1 , and the surface

may therefore be considered fully catalytic.~ 

e

study was made recently by E. J. Jumper, C. J. Ultee, and E. A. Dorko

( “Determination of the Surface Recombination Coefficients for a Stream of

Fluorine Atoms in an Inert Gas Diluent, “ private communication). This

study provides estimates of the variation of wall recon-ibination coefficient

with wall temperature for the case of a helium fluorine mixture and a nickel

wall. The results indicate that kR � 500 cm/sec for T<400° K and kR = 50 ,

10 , 1,and 0. 1 cm/sec for T = 450 0
, 5000

, 550 0
, and 650 °K, respectively. Hence,

from Eq. (A-4) , the typical chemical laser inlet section may be considered

fully catalytic for temperatures less than about 450°K.

-24..
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It should be recalled that gas phase recombination was neglected. Wall

cooling (T /T <<  1)  tends to induce gas phase recombination near the wall.

A cooled wall, therefore, represents a sink for F atoms due to both gas phase

and surface recombination. When a cooled wall is not quite fully catalytic,

the assumption of a fully catalytic wall (KF W /KF e << 1) and no gas phase

recombination provides a reasonable estimate of the net effect of surface

and gas phase recombination.
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APPENDIX B

BOUNDAR Y LAYER EFFECTS IN SUPERSONIC EXPANSION REGION

A rough estimate of boundary layer effects in the supersonic expansion

region can be obtained by using an “equivalent flat plate ” formulation. The

boundary layer at the exit of the supersonic nozzle is found by assuming a

zero pressure gradient flow ove r a plate of length Lex 
(Fi g. 1) with free-

• • : stream conditions corresponding to those at the nozzle exit (denoted by sub-

script ex) . Initial defects of momentum, energy, and atomic species are
1/2• neglected . Equa tion (10) then applies with 

~~‘e Li /ue) replaced by

~~ ex L / u ) 1’~
2 . The results are of interest primarily for comparing the

rela tive importance of the inlet and exit regions with regard to heat and

F atom loss.

With hypersonic exit conditions assumed , isentropic flow relations

indicate

T (y_ l)/y

ii = ~ M2 [1 + )(M2 )] ( B-I )

If the effect of boundary layer displacement thickn ess at the throat and at the

nozzle exit is neg lec ted

w (~ + i)/ (2 ( ’y-1 ) J  2 2

~~~ 
= ( v  

- 
I)  M R’~~1) [I +O(M )] (B-2)

W~ y + l  cx 
• 

ex
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For a helium-fluorine mixture with ‘y = 5/3 , a0/4T0 = 5884, and 
~‘ex given

by Eq. (14), the exit Reynolds number can be expresse d

~ L ~i/ 2 ‘T ~~~~ L
0.664 (~ ’ex cxi = i.46 x io-

~( o 
— 

1 ex~ (B-3)
w ~ u i ~ 1.3 p w w

e x \  C X ,  o t  cx

The ratio of supersonic nozzle F atom loss to inlet region F atom loss is
then

(Aa) ha /w \1/2
ex _ cx cx I

- ~ 3(~~.rw. M~~ 3) 
(B..4a)

• ~~0.3 (B..4b)

Equation (B_4b) assumes L / wex 4, L~/w1 10, and Me~ 
6. Equation

(B-4) tends to overestimate F atom losses in the supersonic expansion

t . 
region, because the conside rable initial F atom defect at the start of the

expansion process is neglected.

It may be concluded that the major decrease in dissociation level occurs

in the inlet region.5 Similarl y, the major loss in thermal energy (oh/h 0)

‘The flux of F atoms and heat to the wall, in the vicinity of the throat , is

relatively high. However, because of the small extent of the throat region ,

the losses in this region are probably less important than those in the

inlet.
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occurs in the inlet region . However , the momentum defect at the downstream

end of the supersonic expansion is probably caused primarily by the

super sonic nozz le wall boundary layer , inasmuch as the initial monv~ntum

• defect, at the start of the supersonic expansion , is small (because of the

large favorable pressure gradient in the vicinity of the throat).

I ’
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ABBREVIATIONS AND SYMBO LS

a = speed of sound

A = constant defined in Eq. (10)

C~ = heat capacity at constant pressure

= diffu sion coefficient

h = total enthalpy; spacing between nozzl e inle ts

AN = heat of recombination

k = thermal conductivity

kR = su rface recombination rate coe ff icient

K~ 
= mass fraction of species i

L = lengths

= mass flow rate

M = Mach number

p = static pressure

Pr = Prandtl number

= local heat transfer at the wall

0 = net heat transfer to the wall

Sc = Schmidt number

T = static temperature

u = axial velocity

w = semichannel width

x = axial coordinate

y = lateral coordinate
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I

= dissociation level

= ratio of specific heats

6 = boundary layer thickness

= displacement thickness

• = enthalpy defect thickness

• 
~F = fluorine atom defect thickness

8 = momentum thickness

= viscosity coefficient

p = mass density

w = viscosity-temperature exponent, p. _.TW

Subscripts

BL = average in the boundary layer

e = external to the boundary layer (free stream)

cx = exit of nozzle

e,o = local free-stream value at x = 0

j  = inlet of nozzle

o plenum condition; initial value

t = nozzle throat condition

w = wall condition

Superscript

( )  = average value
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THE IV AN A . GETTIN G LABORATORIES

The L abo ratory Operations of Tb. Aeros p~c. Corporation is conducting
experi mental and th.or.tical investigations necessary for the evaluation and
application of scient ific advance, to new military concepts and system.. Ver-
satility and fl .xibility hay, been developed to a high degre. by th, laboratory
personnel In dealing with th. man y prob l.ms encou nter ed in the nation , rap idly
developi ng space and missile systems. Expertis, in the latest scientific devel-
opment s Is vital to th e accompl ishment of tasks related to these problems. The
laborato ries that contr ibute to th is r .s.a~ch are:

Aercphy.i cs Laboratory : Launch and reentry aerod ynamics , heat Iran .-
fer , reent ry physics , chemical kinetics , str uctural mechanics, flight dynamics.
atmospheric pollution, and high -powe r gas Lasers.

Che mistry and Physics Laboratory : Atmospheric reac~4ons and atmos-
• pheri c optics , chemical reactions in polluted atmospheres , chemical reactions

of excited species in rocket plumes , chemical thermodynamics , plasma and
Lase r-induced react ions , Lacer ch.mi.try, pr opulsion chemistry, apac. vacuum
and radiati on effects on materials , lubricati on and surface phenomena, photo -

• sensiti ve materials and sensor. , high pr ~ clsion laser ranging, and the sppli-
cation of physics and chemistry to problems of law enforcement and biomedicine .

Electron ics Research Labor atory: Electromagneti c theory, device., and
p r opagati on pheno mena includ ing plasma electromagnetic.; quantum electronics ,
lasers , and electro-opti cs; communi cation sciences , applied elsct roni cs , semi-
conducting, superconducting , and crystal device physics , optical and acoustical
imaging; atmosph eri c pollution; millimeter wave and far- Infrared technology .

Materials Sciences Laboratory : Development of new material.; metal
matrix composites and new forms of carbon ; test and evaluation of graph ite
and ceramic. in reentry ; spacecraft material s and electronic component s in
nuclear weapon s environment ; application of fracture mechanics to stress cor-
rosion and fatigue -Induced fracture , In structur al metal. .

Space S~iences Laboratory: Atmospheric and ionospheric physic ., rad ia-
tion from the atmosphere, density and composition of the atmosphere , au rora.
and airglow ; magnetosp heric physics , cosmic rays , generat ion and pr opagation
of plas ma waves in the magneto sphere; solar physic. , studies of solar magneti c
fields; space astrono my, x- ray astronomy ; the effects of nuclear explosions ,
magnetic storms , and solar activity on the earth ’s atmosphere , ionospher . and
magnetosphere; the effects of optical, elect romagneti c , and particulate radia-
tion s in space on space systems.

THE AEROSPACE CORPORATION
El Segundo , Californi a
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