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FOREWORD

This report is published by the Aerospace Corporation, El Szgurdo, '
California, under Air Force Contract No, AF 04(695)-669. The report was
authored by the following members of the ad hoc Working Croup on Reentry
Communications: T

RIS IAR L BRAWL R KRERRIS oAy .

Donald M. Dix
Kurt E. Golden
Edward C, Taylor
Mazc A, Kolpin
Paul R, Caron

This working group was organized by Richard H. Huddlestone, Head,
Rzentry and Plasma-Electromagnetics Department, Plasma Research
Laboratory in anticipation of the requirements of the Space Systems Division,
The authors gratefully acknowledge Dr. Huddlestone's many suggestions
and his constructive criticism.

The following figures have been adapted as indicated: Fig. B-5, from {
Ref. B-4; Fig. B-6, from Ref. B-5; Fig. B-7, from Ref. B-6; Fig. B-8, from .
Refs. B-7 and B-8; and Fig. H-{, from Ref. H-1.

¢ This report, which documents research carried out from 1 July 1965
: through 1 February 1966, was submitted on 20 September 1966 to Czpt. R.
F. Jones, SSTRT, for review and approval,

Information in this report is embargoed under the U. S. Export Control
Act of 1949, administered by the Department of Commerce. This report .
may be released by departments -or agencies of the U. 5. Government to
departments or agencies of foreign governments with which the United States
has defense treaty commitments. Private individuals or firms must comply
with Department of Commerce export control regulations.

Approved

X Sy

MK R. X. Meyer, Director

o3 Plasma Research Laboratory
el Laboratories Division
Laboratory Operations

Publication of this report does not constitute Air Force approval of the
report's findings or conclusione. It is published only for the exchange and 1

stimulation of ideas.
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Robert F'. Jones, Captahf
Space Systems Division
Air Force Systems Command
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ABSTRACT

Calculations supporting the lifting reentry communications systems
study are described in this volume. The application and interpre-
tation of these calculations is presented in Volume I of this report.
These calculations include the study of lifting reentry trajectories,
aerodynamic calculations, signal attenuation, system margins, sys-
tem modifications, communications fin heat transfer, magnetic
window, coolant injection, electrophilic seeding, and quasi-optical

and optical systems.

+ £ e A At e

ey

r—

oy o




HLTHOS © R PPRIEr 0 Gor Y (i oy :

W
£l i)

—

TR

CONTENTS

FOREWORD . ..ttt it it i et et e D i
ABSTRACT............ e e e e iii
INTRODUCTION. . . . .. e e e 1-1
APPENDICES:
A. LIFTING REENTRY TRAJECTORIES. .. ............ A-1
B. AERODYNAMIC CALCULATIONS . .. . v v v v v v v vnn .. B-1
C. SIGNALATTENUATION ..........oviiinnnnnn.. C-t
D, SYSTEMMARGINS. . ...t v ittt it it D-1
E. SYSTEM MODIFICATIONS. . . ...t v i i E-1
F. COMMUNICATIONS FIN HEAT TRANSFER. .. ....... . F-1
G. MAGNETIC WINDOW . . ..o vt i ite i ieeinauns G-1
H COOLANTINJECTION .. ......ooviirneennnnn. H-1
1 ELECTROPHILIC SEEDING ... ... cvvver i nnn. . I-1
J QUASI-OPTICAL AND OPTICAL SYSTEMS. . . . . ...... J-1
-y




"

RN

1
¥
¢
3
5 FIGURES
3 I v
’ A-f, Flight Geometry. . . . . . . ., .. . . e i et A-2
E ' B-1, Plasma Frequency in Air, Density . ... .. ............ B.2
B-Z. Plasma Frequency in Air, Temperature. .. ... ... ... ... B-2
B-3. Degree of lonizationin Air. . . . . .. ... .. .. .. ..... ... B=~3
- 3
E i B-4. Collision Frequency in Air. . .. .. .. .. .. it v v v v B-3
b E B-5. Plasma Frequency and Electron Collision Frequency in
; Equilibrium Air Behind Normal Shocks . . ... ....... ... Be4
B-6. Temperature and Density Behind Normal and Oblique
Bhocks . . v it ot e e e e e e e e e e e e B-5
B-17. Normalized Blunt Body Shock Detachment
3 AR = .2/{3[p2/(p1 -4 e e e e e e e B-5
i B-8. Shock Angle vs Body Angle for Wedges and Cones . . ... ... B-5
4 B-9. Maximum Plasma Frequency in Boundary Layer:
Shock angle =50deg. . .. .. .. ... ..... ... .. ...... .. B-b
: B-10, Maximum Plasma Frequency in Boundary Layer:
b4 Shock Angle =40 deg. . - .« s « v v v e v it vt e ar s e B-6
] B-11, Maximum Plasma Frequency in Boundary Layer:
i Shock Angle =30deg. . .. ........ s e C e e e e ~. B-1
B-12. Maximum Plasma Frequency in Boundary Layer:
_ Shock Angle =20deg. ... . .. .. ............... sv .. BT
3 B-13, Collision Frequency at Peak Boundary Layer Condition:
E Shock Angle =50deg. . . ............. f e e e e e e B-8
B-14. Collision Frequency at Peak Boundary Layer Condition:
Shock Angle =40 deg. . . . .. .. ... .. ... .o, .. B-8
B-15. Collision Frequency at Peak Boundary lLayer Condition:
; Shock Angle =30 deg. ....... e e e e e e e e B-9
; B-16, Collision Frequency at Peak Boundary Layer Condition: ;
: Shock Angle =20deg. . . ... .............. et e B-9
E B-17. Wedge Boundary Layer Thickness {Laminarj: "’ ;
E i Shock Angle = 50 deg. . ... .. e e e e e B-10 g
i
s B-18 Wedge Boundary Layer Thickness (Laminar): .
g Shock Angle =40 deg. . . . . v oo v e v v v v e B-1D ;
-:' i . B-19 Wedge Boundary Layer Thickness {Laminar): i3
Shock Angle =30deg. . ... ... .. ... .. ..., B-{1 .

ARATKIIEI o msams e nasns




-

gt 5t i oy
q b " " O 17 tord 10 oy T A 213 ARt R i

Pt

[P L e ae sy i

v

o

BT > v

5'200

B-21.

D-%.
D-2.
D-3.
G-1.
H-1,

H-2,
I-1.

1-2.

FIGURES {(Continued)

Wedge Boundary Layer Thickness (Lammar)

Shock Angle = 20 deg. . e e B-11
Boundary Layer Edge Reynolds Number (per foot}

for Wedge. .. ..... b e e e e e e e B-12
Antenna Gain ve Frequency . . . .. . . .. .. ..o o D-3
Effective Antenna Temperature ... ... .............. D-3
Typical Free Space System Margin . . .. ....... e e D-3
CoilGeometry. . .. ... ... ... ......... e e e e e G-1
Cooling Eifectiveness as a Function of Temperature for

Various Coolants . . . ... ......... C e e e e e e H-t
Quasi One-Dimensional Mixing Process. .. .. .. e H-2
Reduction of Equilibrium Electron Concentrations in

Seeded Air. . . ... ....... e e e e e e e e I-4
Reduction of Nonequilibrium Electron Concen.rations in

Seeded lonized Gases . .. ...... e e e e e e e e e i-4

A S BRSO A A AR




Gy

s o WO 1

e

C-L
C-l11.
C-11I.
C-1V.
C-V.
C-VIL
C-VII.

C-VIII,

C-1X.
C-X.
C-X1.
C-Xil.

C-XIII,
C-XIV.

E-I.
H-1.
H-II.

TABLES

Stagnation Point Attenuation. . ... .. ... ... ........ Cc-2
Shock Layer Attenuation, 50-deg Wedge. . . ... .. ... ... c-3
Shock Layer Attenuation, 40-deg Wedge . . . . .. ... ..... C-4
Boundary Layer Attenuation, 40-deg Wedge . .. .. ... ... c-%
Shock Layer Attenuation, 30.deg Wedge. . . . . ... ... ... C-6
Boundary Layer Attenuation, 30-deg Wedge . ... ....... c-7
Boundary layer Attenuation, 20-deg Wedge . .. ... ... .. c-8
Shock J.ayer Attenuation, 50-deg Cone . ............. C-9
Shock Layer Attenuation, 40-deg Cone . ............. C-10
Boundary Layer Artenuation, 40-deg Cone . ... ... ..... C-11
Shock Layer Attenuation, 30-deg Cone . ............. C-12
Boundary Layer Attenuation, 30-deg Cone ... .. e e Cc-13
Boundary Layer Attenuation, 20-deg Cone . ... ........ C-14
Shock Laver Thickness vs lonization Distance for Cones

and Wedges. . . . . . . vt i it i e e e C-15
Behavior of Breakdown Parameter R. . .. ... ... .. .... E-2
Species Concentrationin Air . ... ... ... ... .. ...... H-6
Evaporation Times, Free Molecular Flow . ... ... ... .. H-6

~iX -

1 AROMSE T e 1 S BAMA pifs

e A




TR AR R [ SR 5 x
N = a‘f&%@? = o TR % e R R ST IR TR % T e

I. INTRODRDUCTION

This report is the second of three volumes describing the analysis of
lifting reentry communications systems. This volume contains the details
cf investigations that forrn the basis of the argument in Volume I, Volume III
containg an extensive tabulation of transmission and reflection ceecificients
f~- a plasma slab.

Each investigation presented in this report has been specifically referred
to in Yolume I as an appendix, Appendices A through J. These analyses are
intended to have meaning only in the context of the total argument presented
in Volunie I, and this relationship 1s emphasized in each section of this

volume.

t-1




APPENDIX A

LIFTING REENTRY TRAJECTORIES

This appendix gives 2 short derivation of the equations of motion of a ,
gliding reentry vehicle and discusses the assuimptions made to obtain the

trajectories shown in Figs. { through 3 of Volume I, Section I-A-L.

",

t. EQUATIONS OF MOTION

The flight geometry is illustrated in Fig. A-1. The pertinent symbols

are
CD = drag coefficient
C, = lift coafficiert
D = aerodyramic drag
£ g = acceleration of gravity, assumed constant
. H = altitude above earth surface
L = aerodynarmic lift
M = Mach number ]
m = mass of the R/V ;
R = earth radius §
r = radial position of vehicle from center of earth :
Re = Reynolds number |
S = aerodynamic reference area
X T = local temperature
U = magnitude of velocity vector
' Ug = orbital velocity(rog)l/2

W = weight of vehicle

twew
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a = angle of attack of R/V
8 = path angie
p = local density

pg = density at sea level

LOCAL

HORIZON

Fig. A-1. Flight Geometry

The definitions

L= SCLpUZ/Z
and
D = SCLpU/2
lead to the equations of motion
_%L:____ -g sin8+f——-—s—p9——2—
t m 2

(A-1}

(A-2)




and

2

7 -

Ugg_ , cos B _U"cose_CLSpU
dt & r 2m

(A-4)

The initial conditions are 1 =0, U = Up, 8 = 80, and H = Ho.
The relation p(H) may be taken from a standard atmosphere table or be

approximated by the isothermal atmosphere
= = exp(-(g/RT)H] (A-5)
8

The dependence of CD and CL on a, Re, and M must be determined for the
particular geometry under consideration. The altitude of the R/V as a func-

tion of time 15 given by

t
H=H, - f U sin @ dt - (A-6)
0

2. EQUILIBRIUM TRAJECTORY

An equilibrium lifting reentry trajectory is characterized by a small
path angle and a small rate of change in the path angie, Undet these circum-

stances, the equations of motion become

Q.Q-_-EPE 9_2. (A-T)
dt  “m P72 -
and
1
U r/r, 2
O, | TF r(CLS/m)(p/Z)] (A-8)
A-3

st oot sar s

S B e




If we introduce p = p_ exp{-(g/RTIH], the velocity can be computed as a function
of altitude from Eq. (A-8). Integration of Eq. (A-7) will give t(U). For

T =1y = constant, the integration yields

[(e + (U, rup) (1 - wrug)
"1“ - (U 7ol 1t + (U0l

.t -0 L,
i 2¢ D

e (A-9)

Trajectory 1 of Fig. 2, Volume I, has been computed from Egs. (A-8)
and (A 9) using the ARDC Atmosphere Tables. ! Trajectory { corresponds
to an entry with Uo= 25.6 kft/sec, 8 = 0, and a ballistic parameter W/CLS of

200 lb/ftz.

3. NONEQUILIBRIUM TRAJECTORY

As illustrated by Fig. 1, Volume I, a nonzero initial path angle leads to
oscillations of the trajectory in the altitude vs velocity plane. To consider
the increased depth of blackout encountered during the low-altitude high-
velocity pullout, we have defined an idealized and rzther extreme nonequilib-
rium trajectory which is the envelope of trajectories computed by numerically
integrating Eqs. (A-3) and (A-4) for 8% 0 and W/C| A = 200 b/ft%. The
corresponding time scale was determined by observing that the time elapsed

from the reentry point is approximately independent of altitude.

1’I‘he numerical integration of Egs. {A-7) and {A-8} was nriginally performed
by the General Dynamics Corp., Fort Worth, and the results made avaiiable
to us by Mr. W. C. Melton of ESTG, Aerospace Corp.




APPENDIX B

T e

AEZRODYNAMIC CALCULATIONS

This appendix is a compilaticn ¢f results obtained by the methods

described in Volume I, Section II-A-3,

{. OUTER INVISCID FLOW

Figures B-1 through B-4 show the plasma frequency, degree of ioniza-
tion, and collision frequency in equilibrium air. The plasma frequency and
degre.. of ionization are taken from work by Bleviss (Ref. B-1), which was
based on the results of Logan and Treanor (Ref. B-2). The collision frequency
was obtained from Bachynski, et al. (Ref. B-3).

Figures B-5 through B-8 show inviscid shock layer properties for cones,
wedges, and axisymrmetric stagnation points, These figures were adapted as
follows: Fig. B-5 ‘rom Ref. B-4; Fig. B-6 from Ref. B-5; Fig. B-7 from
Ref. B-5; and I'g. B-8 from Refs. B-7 and B-8.

. 2. VISCOUS BOUNDARY LAYER

The boundary layer properties were obtained from an existing computer

program that is described in Ref. B-8. The maximum plasma frequency in
the boundary layer on conee and wedges is presented in Figs. B-9 through

B-12. Figures B-13 through B-16 show the collision frequency. It is to be
noted that these properties differ by as much as 509 from the best available

data (see Volume I, Ii-A-3). The normalized boundary layer thickness 6/(x)” 1/2

fer wedges is showr in Figs, B-17 through B-20 {The boundary layer thickness
in inches is 0, and the distance along the surface of the vehicle measured from
the nose in feet is x. ); the conical boundary layer thickness is less by a factor
of (3)‘”2

at the boundary layer edge.

Figure B-21 presents representative vaiues of the Reynolds number
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APPENDIX C

SIGNAL ATTENUATION

Signal attenuation calculated as indicated in Volume I, Section 1i-C-1{,
for cones, wedges, and stagnation points are presented in Tables C-I through
C-XIII. The calculations were made for five signal {requencies (0. 25, 0.5,
1.0, 5.0, 10 GHz) for representative points along both equilibrium glide and
transient trajectorics (see Volume I, Section II-A-1). Results are presented

according to the following tabulation:

Configuration Body Station Flow Field Table

Stag., Pt. nose (3-in. radius) Shock Layer C-1

Sharp Wedge {1 ft Shock Layer C-1I
(50°) 5 ft

Sharp Wedge {i ft <Shock Layer c-u1, v
(30°, 40°) 5 1t Boundary Layer Cc-1v, Vi

Sharp Wedge {1 it Boundary Layer C-Vil
(20°) 5 ft

Sharp Cone {1 ft Shock Layer C-viua
(50°) 5 ft

Sharp Cone {1 ft Shock Layer C-IX, XI
{30°, 40°) 5 ft Boundary Layer C-X, X11

Sharp Cone {1 it Boundary lLayer C-XI111
(20°) 5 ft

Tabje C-XIV presents the characteristic incubation distance for electrons
behind plane shock waves in air (Ref. C-1) compared with the appropriate
shock layer thicknesses. These data have been used in the discussion ef the

importance of nonequilibrium effects in Volume I, Section 1i-C-2.
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APPENDIX D

SYSTEM MARGINS

As diacussed in Volume I, Section 1II-D, the free space system margin,
which is defined as the amount of plasma attenuation that the reentry vehicle
svstem can tolerate while it effectively transmits infofmation, is a function
of frequency. The calculations which lead to the frequency dependence
exhibited in Fig. 23 of Volume I are presented here.

The free space system margin M is given by

M= it s F_.'s:,‘mdi(s,!N)T'j : (D-1}

1C

where (S/N)o is the signal-to-noise ratioc neglecting plasra attenuation and
(S/N)T is the threshold signal-to-noise ratio. If we take the noise figure of

'~ the receiver to be unity, the link equation may be written

2

A P..G..G
= 0 T T R
S/N)y = (mr) RT_ATL (0-2)

where A is the free space wavelength, R is the range, P, is the transmitter
power, Gp is the transmitting antenna gain, GR is the receiving antenna gain,
Af is the rf bandwidth, L represents miscellaneous losses, k is Boltzmann's
conistant, and Te is an effective noise temperature given by

T, =290°K+T

A (0-3)

where TA is the effective antenna temperature.

i e Sk P AT i




s

v D g SR, MO £ s e

A —— o G o ot o A S R AN e W S B s s aez e o 4

As discussed in Volume I, parameters were chosen as follows:

o -

R =100 mi

XO =2 0.03 to 300 m

P =

P I W

GT =1
{f = 300 kHz

L =10

The receiving antenna gain and effective antenna tcmperature are
dependent on frequency, and this dependence is illustrated in Figs. D-1 and
D-2. Thesc graphs are intended to be representative rather than to provide
ultimate design criteria. The data pcints of Fig, D-1 were obtained from
manufacturer's catalogues and published characteristics. The data of Fig.D-2
were okiained from Refs. D-1, D-2, and D-3. In the frequency range below
10 MHz the noise is largely atmospheric, whereas in the range between 10 MHz
and 500 MHz the noise 1s largely galactic.,

The results of the system margin calculation are given in Fig. D-3. As
discussed in Volume I, system margins for other transmitter power levels,
receiver bandpasses, s~tenna gains, and ranges cai easily be‘obtained from
Fig. D-2 and Eq. (D-2).
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Fig. D-2.
Antenna Temperature
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Fig. D-1. Antenna Gain
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APPENDIX E

SYSTEM MODIFICATICN

Calculations pertinent to the evaluation of the feasibility of increasing
the rf power of lifting reentry communications systems are presented in this
appendix. The application of the results is presented in Sections II1-B,
III-D, and III-E of Volume 1.

1. POWER AMPLIFIER WEIGHT PENALTY

The weight of a power amplifier over the range of conventional telemetry
frequencies may be considered to be directly proportional to both the power
output and the operating frequency (Ref. E-1). At 250 MHz,a 6-o0z water-
cooled tube (EIMAC 4W300B) delivers about 200 W of rf power with an input
of about 300 W of dc power. A power supply capable of delivering 300 W {or
a 10-min period should weigh about 3 1b (this estimate includes batteries and
converter). The water required to dissipate 100 W for 10 min is less than
0.1 1b. Al'owing 1 1b for the tube and associated components and 3 1b for the
power supply, we estimate the total weight for the 200-W amplifier to be

4 1b. Using this estimate for normalization, we derive the relation
4 -1 '
W = Pof(l. 25x107) " 1b (E-1)

where W is the weight penalty, P, is the output power in W, and f is the
frequency in MHz.

We observe that an EIMAC X-1134 Telemetry Ampiiiier Package delivers
20 W of CW rf power at 8000 MHz. The package weight is 10 1b, indicating a
total weight of {1 1b if we allow ! 1b for a 200-W 28-V source. Our weight-
penalty formula gives 13 Ib for such a system, and this is taken to indicate

that we may use the formula to make sufficiently accurate estimates,




2. BREAKDOWN LIMITATIONS FOR PULSED SOURCES

Radio frequency breakdown limitations for CW sources have been
discussed in Volume 1, Section II-B-4. Here we determine whether break-
down limitations can be reduced by using a source that is pulsed in such a
'way that average power remains constant while the duty cycle is reduced.
| For pulsed rf energy, breakdown occurs when the ionization rate Vi
multiplied by the pulse-length r exceeds a certain constant (Ref. E-2).

Since the pulse-length is inversely proportional to the peak power, the power
is proportional to the square of the electric field E, and the ionization rate is
a function of the electric field, we conclude that the condition for avoiding

breakdown may be written

v(E)
R = —ET < constant (E-2)

Table E-1I, which is based on calculations presented in Ref. E-2, indicates
that the quantity R defined by Eq. (E-2) is an increasing function of peak
power and, therefore, a decreasing function of pulse-length. We conclude
that breakdown limitations become more severe for a given pulse of electro-

magnetic energy as the pulse-length is reduced (see Volume I, Section lII-B).

Table E-I. Behavior of Breakdown Parameter R

E (relative) (E) (relative) EZ (relative) R (relative)
2 1.5 4 | 0.4
3 15 9 1.7
4 40 16 2.5
5 150 25 6
10 _ 3000 100 30
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APPENDIX F

COMMUNICATIONS FIN HEAT TRANSFER

In Fig. 25 of Volume I, Section I1I-C, results of heat transfer calcula-
tions are presented to assess the feasibility of the communications fin con-
cept. The relationships used in these calculations are reproduced here. The

notation is defined in the referenced literaiure (Ref. F-1).

1. STAGNATION-LINE HEAT TRANSFER

The heat traansfer to the 0. 25-in. radius leading edge of the coramunica-
tion fin has been calculated for the entire nonequiiibrium trajectory using the

following relationship:

0.5
dU h
. 0.576 0. 44 0. 06 e 0.52 D
gt © Pr6° [ (Pe“e) (pw"'w) (as ) (hr ) hw)[l + (Le - -l)ﬁc]
w '
(F-1)

This expression is a modification, by Kemp, Rose, 2ad Detra (Ref. F-2),
of the original relationship givern by Fay and Riddell (Ref. F-3). Conditions

at the wall were arbitrarily chosen to correspond to T, = 273°K.

2. FLAT-PLATE HEAT TRANSFER

The heat transfer to the side of the fin and 1 ft from the leading edge has

been calculated using the relationship

. k* .
q=1. 383';(Rex)

1/2 1/3(hr -h) (F-2)

w

(Pr*)



where k*, Re®, and Pr® are evaluated at a temperature T™® given by

. n® _ 0.28h_ +0.5h_ +0.22h_
T = ps = -
Pideal

(F-3)

0.24

The ideal gas =quation of state and the Sutherland viscosity law are assumed.
Wall conditions were chosen to correspond to Tw = 1200°K. Heat transfer

rates caiculated were compared with the calculations of Miles and Waldman

(Ref. F-4) and were found to be in good agreement.
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APPENDIX G

MAGNETIC WINDOW

Formulas and sample calculations pertinent to magnetic window
systems are presented here. The application of these results to the evaluation
of magnetic window as a reentry communications system is presented in
Volume I, Section III-D.

i, DERIVATION OF FORMULAS

a. COIL GEOMETRY

We envision a coil composed of copper or aluminum wire wrapped
around a circular antenna aperture. Figure G-1{ is a cross-sectional view
of the coil showing the average diameter d, the cross-aectional width a, the

aperture diameter b, and the distance to the sheath y.

- CURRENT ASSUWED
SHEATH CONCENTRATED HERE
o (N CALCULAT O

o

N T—

b——if~t]

Fig., G-1. Coil Geometry

b. CURRENT REQUIREMENT

The total current IT in 2 cross section of the coil is equal to the
number of turns in the coil multiplied bty the current at the input terminals.
The total current requirement is linearly related to the magnetic fie.. strength

required in the sheath. For our purposes, this relationship is approximated




i

! by assuming that the cquivalent uniform magnetic field of the coil has the
same dependence on the displacement y as the axial field, With this approxi-

mation, we obtain

2 -3/2
B =B, 1+ 3-1)
&

and to complete the specification of the current requirement we estimate

= Holp
By = —3 (G-2)

In the above expressionrs, B is the average field in the cheath, EO is the
average {ield in the plane of the coil, and g is the magnetic permeability of
free space. (MKS units are used for all quantities except weights. which are

given in pounds. )

c. SYSTEM WEIGHT AND APERTURE DIAMETER

The total system consists of the coii, the batteries, and the cooling
system., If we assign a weight ro the coil-supporting structure equal to 10%
of the coil weight, and a weight to the cooling system equal to twice the weight

of the water required to dissipate ohmic heat losses, we obtain

oL i o

I?rrt 2
W = mdft. tpA + L (‘13*'1‘3*) (G-3)
where
W = system weight, 1b
p = specific density of conductor, Ib/m3

-

A = a“ = cross-sectional area of coil, m2 (see Fig. G-1)

!::')2




tse square root of the on-time, A
The voltage input V. and the current input Iiﬁ are determined by the
number of turns N in the coil; the number of turns is detetmined by the size

i A
. b E
L
»
4 r = resistivity of coil material, chm-m
+ :
3 i = total time of operation, sec CE g
' L = specific heat of vaporization of water, J/Ib 1
i
= specific energy capacity of batterics, J/lb i
The value of cross-sectional area A is taken as the value thar minimizes tne
=
¢ system weight. The minimization prccedure yielids
% - /
W=2.2x 167 patept)! /% 1
']
A=3.2x1077 I (st/p)t/? m®
b=d-all?m N (G-4)
f We note that systern weight is directly proportional to the magnetic field and
2 y

[ Ry 7T R R PINN
»

of the coil wire. If the cross-~sectional area of the wire is ¢, we have

] N=: Ale

Vin = NIT( rred/A)

L, = Lo/N

“

[

»
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weight is about 17 lb,and the aperture diameter iz about 2. 5 in. For an

2, SAMPLE CALCULATIONS

Representative requirements for a maznetic window system capable
of iimiting signal attenuation to 40 dB at a station ! ft from the apex of a
wedge with a 50-deg angle of attack have been presented in Volume I,
Section III-C-3-b. The estimated parameters of this gystem were

d =4 in,

~
1]

iin,

0. 16 Wb/m® (1600 G)

wi
W

t = 500 sec

We took the following parametera as representative:

L =108 1/1

= 1. 1% 10° J/Ib (30 W-h/Ib)
r=22%x10"8 ohm-m (copper)
r=39x 10°8 ohm-m (aluminum)

p=2X 104 lb/m3 (copper)

3

. p=6X%X10 J.b/m3 (aluminum)

Using tlﬁéée values in Eq. (G-4), we find that for a copprr coil the system

aluminum coil, the system weight is about 12, 5 lb,and the aperture diameter
is about 1. % in,
As indicated in Volume I, Section IV-B, the evaluation of the magnetic

field approximations and aperture effects is designated as a task for a future

research effort,




APPENDIX H

COOLANT INJECTION

The various calculations pertinent to the evaluation of coonlant injection
as an alleviation technique as described in Volume I, Section III-E,are

collected here.

1. PROPERTIES OF COOLANTS

Figure H-1 is adapted from Ref. H-1. The data in the figure are
discussed in the argument for the selection of water as an injectant in
Volume I, Section III-E-1,

8000 T
' /7 e /
7000 (0.0t otm), -
6000 =
5 -
2
[}
* 4000 -
3000 .
&
2000 =
1000 4000°K ]
0

Fig. H-1. Cooling Effectiveness as a Function
of Temperature for Various Coolants
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2. QUASI ONE-DIMENSIONAL CONSTANT-PRESSURE
MIXING PROCESS

As pointed out in Volume I, Section IlI-E-2-h, we use a technique

identical to that of Ref. H-1.
Consider injection into a streamtube as indicated in Fig. H-2.

Fig. H-2. OQuasi One-Dimegnsional Mixing Process.

The properties are assumed uniform across the cross sections of the stream-

tube at Stations { and 2. The conservation equations are (we assume UC = 0)

Px”f‘i = p,Uz4, (H-1)
pUA  + rhc = p,U,A, (H-2)
{20 . i 1f.2
P;”x"n["t + i(”i)]* m.h_ = Pz”zAz[hz + 2(”2)] (H-3)

where p is the dencity; U is the velocity, h is the enthalpy, ri'xc is the

injection rate, and A is the cross-sectional area. We now specifically define



p
C
C = TD_E = mass {raction of coolant at Station 2
2
P = density of coolant at Station 2
2
Py = density of air at Station 2
2

m
CQ = F‘KE'U_ = mass ratio of injectant to incoming flow
177171

Noting that C = CQ/(: + CQ). we obtain

. 2
h, = [1/(1 + CH] [y + C (U /2) 4 Cy b, (H-4)

Thus, for a given state at Station | and an injection ratio CQ, we rﬁay
calculate the enthalpy at Station 2, and the pertinent properties of the mix-
ture may be deduced. The electron density is obtained from data fcr
equilibrium air as a function of the temperature and the air density. The
collision frequency is obtained (approximately) from the data for equilib-
rium air (Appendix B, Fig. B-4), wherc it is assumed that the electron-
neutral cross section for helium is seven times greater than that of air on
a unit mass basis. Hence, the ordinate in Fig. B-4 is interpreted as

v(po/peﬂ)' where

P Pa c,)

eff _ "2, ?—)., 1+6C (H-5)

P P Po I-C

and the parameter p/p_is interpreted as p_ /p_. This is an adequate approxi-
Qo az o X

mation at the low electron densities of interest, since electron-ion {nteractions

do not contribute significantly to the total electron collision frequency.

The calculation of system weight requirements is described in Yolume I,
Section III-E-2.




3. ELECTRONEGATIVES AS CATALYSTS

The relaxatxon timne of air in the presence of an elertronegative gas is
given by { CINC n,;.) , where Ta is the attachment cross sectxon. Co is the
mean thermal speed of the electrons, and ne is the number density of the
electronegative particles. For SF(J, Tp is of the order of 10'“‘:'cm‘2
(see Appendix I). For a typical reentry casc (say, a local velocity about
15 kft/sec and a local pressureof about 0. 01 atm) the equilibration time should
be about 50 psec. 7To obtain a relaxation time of 5 usec ng should be about
10 /cc Since SF6 is about ten times heavier than water, the water weight
is about equal to the weight of air, and the air density is about 10 /cc, we
conclude that the injected mixture should contain about a 1% by weight
concentration of SF6 (see Volume I, Section III-F-2-b).

4. ESTIMATE OF DROPLET SIZE

The following empirical expressions for droplet sizes in breakup of
liquid jets in arr streams are taken from Ref. H-2:

25

B/p, = 3. HWe/Re)"" (H-6)

D /Do = 22. 3(We/Re)O' 29 (H-7)

max

where
D = volume average droplet diameter
D = maximum droplet diameter
max
Do = oritice diameter
_ 2
We = ¢/Dop8V‘
Re =D V _/v
o' s
o = surface tension of liquid



Py - air-stream density
Vs = .air stream velocity
v = liquid kinematic velocity
For water

o = 65dyn/cm

v=4, 77X 10'3 g/sec-cm (at 60°C)
For |
D =0.01 in.
o
5
s " 4.5 % 10° cm/sec
Py = 1.29 % 10°° g/cc

we obtain

D a‘x=10.8|.:,

As discussed in Volume I, Section III-E-2.b, we conclude that a reasonable

estimate for the droplet size in the air stream is from 5 to 10y,

5. EVAPORATION OF WATER DROPLETS

e Free Molecular Flow

For . droplet of water in air

qd? = - 2oL (%) (H-8)

where @

(]

density of water, and L is the energy per unit mass required for evaporation

is the energy flux, d is the diameter of the droplet, p is the specific

of water. We readily obtain

2d. Lp
_-0 1/3.
t, alaaran (1 -7, (H-9)
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where te is the evaporation time, dO i the initial drop diameter, aad f is
the ratio of the unevaporated water weight to the initial water weight. The
energy flux q is given by

= 20k, (H-10)
‘ |

and

= 1
1~3i-2k'r+z¢i

(H-11)
where the summation is over speciee, n. is the particle number density,

<5 is the thermal velocity, Ei is the energy per particle, and ] is the
energy obtained from re.ombination processes. laking 5.1 eV as the
recombination energy for oxygen, 9.8 eV as the recombination energy for
nitrogen, and the concentrations listed in Table H-I, we obtain the results
listed in Table H-II.

Table H-1. Species Concentration in Air

T, °K (N,] [N] [o]
5950 0.34 0. 37 0.28
4000 0. 65 - 0. 35

Table H-1I. Evaporation Times, Free Molecular Flow

t , psec
Evaporation, % €
5950°K rate 400G°K rate
70 0. 062 0,27
80 0. 078 ’ 0. 34
90 9.100 . 0. 44
100 0.190 0. 55




b. Continuum Flow

For the continuum case, the energy flux is given by (see Ref. H-3 and

references cited therein)

NNukf (h~m -hw)

q-= (H-12)
dCTp’w
.
where
2C_ L c h _~-h
N, = _p.m In [t + et m W (H-13)
Nu Ca - = C L ’
P, V., f(hm - hw) p-m
and
NNu = Nusselt number
kf = thermal conductivity of air at Tf = é- (Tdrop + T-mixtufe)
hm = enthalpy of mixture
hw = enthalpy of water
Cp m - frozen specific heat of mixture
Cp. v.f ” specific heat of vapor at 'I‘f
Assuming
c;p. m Cp.V.f

L = 1000 Btu/lb

bh_-h_ = 5609 Btu/lb
k, = 2.2 % 10”2 Btu/(ft)(sec)*K

c = 0.24 Btu/lb

> = 62.4 Ib/fe>



Vi g T

we readily obtain L
t, = 4.9% 10750 - 123 (H-14) |
This approximate formula leads to times t, of 0.032, 0.038. and 0. 049 msec ,
for 80, 90, ind t00% evaporaticn. The application of these results and the 3

results in Appendix H-5-a are discussed in Volume I, Sectio~ 1II-E-2-b.

5. DROPLET DYNAMICS

The equation cf motion of a droplet parallel te the air stream is taken as

d 1 'n'd2 pd
- o - T e Pl - - )
M3 (Uair Udrop) 2 CDp air 4 (Uair Udrop) (H-15}

where the notation is standard. If the water jet is perpendicular to the flow,

x is the distance along a streamline, y is the distance perpendicular to the

streamline, and U is the initial velocity of the droplets, then "
dx i - ! ;
at * Vair 1+3¢ Pair Jairt (H-16}
D%y, @
dy - g, (H-17)
t 1
e ) ) 6 ,
For Uair = {5 kit/sec, CD-Z, pairlpdrop_4x 10 7, d = 101, and a lateral g
velocity of 150 {t/sec, the following resuits are obtained B
i, usec X, cm y, c¢m -
20 0.55 0.1 .
100 9. 0.5 ) )
200 31.2 1.0

These values are the basis for the conclusion that the lateral spreading of the

iniectant is not severe (Volume I, Section iII-E.2-bj}.
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APPENDIX I

ELECTROPHILIC SEEDING

Communication difficulties created by the plasmas that surround
spacecraft duri.ng atmospheric reentry have stimulated considerable research
on the effect of electronegative gas injection on the ionization levels in hot
gases. The experiments oi Carswell and Cloutier (Ref. I-1) indicate that
concentration= of SI-‘6 on the order of the iniiial electron concentration are
very effective in quenching argon plasmas produced by an rf discharge.
Conversely, the experiments of Fuh3; (Ref. I-2) and Hoffman and Westbrook
(Ref. I-3) indicate that SF, is much less effective in argon arc jets and seeded
nitrogen-oxygen flame plasmas. Theoretical results i this area have been
either specialized (Refs. 1-? and 1-4) or inconclusive (Ref. I-3}). It will be
shown here that cquilibrium ionization levels of high~temperature air are not
significantly affected by the presence of electronegative species but that
norequilibrium levels can be rapidly driven to equilibrium levels by the
electron-attachment and charge-transfer mechanism. These conclusions
are consistent with the experimental observations, and they nrovide the basis
for evaluating the usefulness of these mechanisms in Sections UI-E, OI-F,
and II-G of Volume 1.

t. EQUILIBRIUM

The equilibrium concentrations of the various species in seeded air
for a given temperature and pressure are obtained by simultaneously solving
the chemical equilibrium equations associated with the pertinent reactions
and the appropriate conservation equations. At the temperatures and pressures
of interest, the dominant =necies in air are N,, N, Oz; O, NO, NO+. and e”.
If X represents the . !ectronegative component, the mixture will also contain
X,X", and whatever cornpounds can be formed by X with N and O. The
cequilibrium electron density will be a function of temperature, pressure, and

initial seed-gas concentration. The exact solution of this problem requires

o,




detailed knowledge of chemistry and use of an electronic computer; the
problem is considerably simplified, however, if only the reduction in electron
density as a function of seed-gas concentration is required. If thé optimistic
assumption is made that the zlectronegative species interact only with
electrons. and the reasonzole assumption is made that the variations in the
concentrations of v and O due to the injection of the electronegative gas are

negligible, we obtain

n NO'}

TNToT =5

ne(NE - Ni:) -k,
N
E
2
K, = (v (1-1)
I [N][O]
2vm kT 3/2
KA = ( hz exp(-EA/kT)

Tz i
n, + Np [NO'!

where ng is the initial electron concentration, n, is the equilibrium electron
concentration, N is the initial electronegative species concentration, NE is the
cquilibrium negative ion concentration, K, is the chemical equilibrium constant
for the ionization reaction, KA is the chemical equilibrium constant for the
electron attachment reaction, EA is the electron affinity of the electronegative

species, and the other symbols are standard. These equations lead to

2

:‘% *N nf:IiAK ;N IiAx (1-2)
n E e A E A

e
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'This expression differs from the analogous equation of Ref. I-3 because here
account has been taken of Le Chatelier's principle — as the clectroregative
component removes electrons, the reaction N+ O — NO' + - wil]l produce
more electrons. Kncwn electron affinities do not exceed 4 V, therefore the
limit of the attachment mechanism effectiveness can easily be calculated.
Such calculations for 10% concentrations of 4-V electronegative species in
air have been performed for temperatures and pressures characteristic of
the reentry environment, and the results are presented in Fig, I-1. The
curve labelled vp/po z 10'Z compares favorably with exact calculations
(Ref. I-4) for 5% concentrations of Fsy, thus indicating the validity of the
assumptions described. The electronegative concentrations required for a
reentry system were calculated from Eqs. (I-1) and (I-2), and the results

are presented in Volume [, Section lII-F-2,

2. NONEQUILIBRIUM

When the eiectr,on density is higher than the equilibrium level, the

approach to equilibrium in the presence of an electronegative component is

given by
dn
e 2
—— - -3
at R" - “ANEDe (1-3)

where ap is the electron-ion recombination rate ccnstant, and a, is the
electron attachment rate constant. As pointed out by Carswell and Cloutier,
we may assume that the rate at which the electronegative component transfers
electrons to positive ions is much faster than the attachment rate, thus NE
may be regarded as a constant. If we make the transformatioq t ~~apn, T 80
that, in the absence of the electronegative component, the electron density
decays to one-half its initial value when T = 1, we obtain the solutions given

‘ R"e-
The experimental curves presented by Carswell and Cloutier are in agreement

in Fig. 1-2, where the gseeding parameter r represents the ratio aANE/a

with the theoretical curves for a seeded argon plasma when the reasonable

I-3
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assignments Qpr @p ™ 10‘9 are made (Refs. I-5 and 6). (The value for o, is
based on an electron attachment cross section of 10'16cm2. ) The dashed line
in the figure represents the measured curve for the unseeded plasma — the
discrepancy is probably due to the fact that the electrons must be cooled be-

fore they can recombine with positive ions (the reported initial temperature

was 7 x 10%°K).

It may be concluded from these considerations that electrophilic seeding
is not effective in reducing equilibrium electron density levels in nonexpanding
flows but that it can be effective in catalyzing the electron-fon recombination
process in expand.ng flowe or in flows which have been cooled by injection of
foreign masterial. The specific application of these conclusions to the reentry

communications problem have been discussed in Volume I, Section III-E,

II-F, and UI-G.
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APPENDIX J

QUASI-OPTICAL AND CPTICAL SYSTEMS

The power requirements for the systems described in Volume I,

Section [I-I arg derived here.

t. MILLIMETER SYSTEM

The power P_ required at the input of a state-of-the-art 95-GHz

R
rece¢iver is given by

PR = {(S/NXNF)kTAS (J-1)

wnere

S/N

t

10 (signal-to-noise puwer ratio)

NF = 40 (receiver noise figure)

-21

kT = 4> 10 “ W/Hz (noise power per cycle)

af

11t

300 kHz (receiver bandpass)

We readily obtain Pp = 4.8 x T

omnidirectional syetem is given by

W. The required output power I-"‘.r for an

P. = 4w (RZIAR) p (3-2)

T R

where R is the range, and Ap is the effective area of the receiver antenna.
For a range of 100 miles and an area of 200 ftZ we obtain PT = 9 mW.

Allowing for miscellaneous losses of 10 dB; we estimate a requirement of 90
mW for an omnidirectional clear-weather system. This estimate is discussed

in Voiume I, Section III-]1-1.
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2. INJECTION LASER SYSTEMk

The signal-to-noise ratio at the output of a photomultiplier is given by
2
Is
+
2eaf(lg +Ip + 1)

S/N = (J-3)

where Is is the current due to the signal, IB is the current due to the back-
ground radiation, and ID is the dark current of the tube. In this case, the

dark current is negligible, and the required rereived power is given by
- -1,1/2
Pp = (av/q)(S/N)ASf{t + |1 + (2qPg /hvaf)(S/N) 17°%) (J-4)

where PB represents the background radiation power, hv is the photon
energy, q is the quantum efficiency of the photomultiplier, and Af is the
bandpass of the video system.

The noise power is given by

2
PB = IDQRARB + IV (AV/R ) ARB (J-5)
where
. . . -3 -1 -2z-1
XD = spectral density of daylight noise 10 "Wsr m A
I, = spectral density of vehicle radiation =10W er im2A"!
AR = receiving aperture =1 m

= optical filter bandpass =104
6

receiving field of view =10 "sr

A
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using the indicated estimates, we obtain

PD w 10-8

PVzZ><10

W (daylight noise)

8W {vehicle noise)

P, =3 x IO-BW

B

3 19 8

Taking q®=3x 1077, hv =2.2x 10" "J, and Af = 10
]
8

to a pulse length of 10 naec), we obtain PRz 3x 10"°W. If atmospheric

Hz (corresponding

losses are estimated as 6 dB, a requirement of 50 kW pulses for an omni-
directional transmitting system with a range of 100 miles is indicated. If
the transmitted power can be concentrated in a beam with a width of about
10 deg, the peak power requirement is reduced by a factor of about 500,
indicating a requirement for 100-W pulses. As discussed in Volume I,

Section III-1-2, this estimate is a reasonable requirement for future systems.
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