AFCRL-TR-74-0572
PHYSICAL SCIENCES RESEARCH PAPERS, NO, 611

An Ablation Technique for Enhancing
Reentry Antenna Performance;
Flight Test Results

ADAUIZ2E250

DALLAS T. hATES
SHELDON 8. HERSKOVITZ
e JOHN F. LENNON
=l J. LEON F JIRIER

i4 November 1974

—— —— — i

Approvaed for public releass; distribution unlimited. D D ::
g JuL 25 1S U
a thELEJLBU VRIS
\ o MICROWAVE PHYSICS LABORATORY PROJECT 2153 f/
o AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
G ™= HANSCOM AFB, MASSACHUSETTS 01731

AIR FORCE SYSTEMS COMMAND, USAF




Quulified requcstors may obtain additional copies from the Defense
Documentation Center. All others shouid apply to the Nationa
Technical Information Service.

o



Unclussified y 2P d é/i‘/
SECURITY CLASSIFICATION OF THIS PAGE (When Daie Entered) " _l‘
REPORT DOCUMENTATION PAGE ' ORE COMBLETING F B

BE}'ORE COMPLETING FORM

* /F_REPORT HUNBER NG, 3. RECIPIENT'S CATALOG NUMSER
@ AFCRL-TR-74 /dsm /?[(,R F“RP-é/l-}

é G I TLE RSB . o e ~ sveememomnm i comie 2 e o o w IS e (-$" TY#¥ C.F REPORT & PERIOD COVERED
N ABILATION THCHNIQUE FOR_ENHANCING/ o cp: .
i{r ENTRY ANTENNA PERFORMANCE; 7 \Scientific fnterim

ILIGHT TEST RI«,.SUL S i 6. PERFORMING ORG, REPORT NUMBEH
T A N el PSRP 611 f—"
(’ Nz MJTHOR(-) 8. CONTRACT ON GRANT NUMBER(s)

/ 0] Dpallas T. /Hayes, Sheldon B, /(lerskowy
\/1\ John F, /Lennon sl J. Leon/Poirier

R RMI ORGANIZ ION NAME AND ADORESS . €
VAir Force Cambridge Research Laboratories (L.ZP) K UNLT NUMBER LT
Hanscom AFB : 581335] (/{ ﬂ F'_, /,g)j " /
Massachusetts 01731 L8 ©RE=
1. CONTROLLING OFFICE NAME AND ADDRESS '
Air Force Cambridge Research Laboratories (1.Z
Hanscom AFB , 1 UWBER OF PAGES
Masgsachusetts 01731 80

V4. MONITORING AGENCY NAME 8 ADORESS(if differsn. ltom Conirolling Otlice) 16. SECURITY r.LASS. (of thia report)

Unclassified

18a. DECL ASSIFICATIOR/ DOWNGRADING
SCHEDULE

12,

14 Novemimee4 |

16. DISTRIBUTION STATEMENT (of this Repori)

Approved for public release; distribution unlimited,

17. m;lmiuTlON STATEMENT (ol the sbatract sntered in Block 20, if different ftom Report)

C . /, - sttt oy ot
(,l/ (€ Cr. v Wﬂ/b Alal S ade ﬁ‘/g*"""‘i)j >

Nesen sanm e

sy s ar s e ara sees . gee WAMS R WSS ¥ S pprmtie o Sberobes e e e Tl

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on tevarae alde if necessary and identify by block number)

Reentry flight test High~power pulse measurements
Plasma alleviation

Teflon ablation

icrqwave flight test measurements ¢
tyostatic probe measurements

CT (Continue on reverss alde if necessary and Ids tify by block number)

To develop alternative solutions to Air Force problems relating to signal
transmigsien in the presence of ionization, AFCRL undertsok an extensive in-
vestigatica of techniques for modifying reentry plasmas. The program in-
cluded iaboratory tests and a scries of reentry flight experiments. This re-
port describes the flight test of one successful technique, Teflon ablation, a
passive approach that requires no internal support systems.

f\) (coutd)
secoRTT T s ifled
Y CL IFICA F THIS PAUE (When Dlllln‘.lD
..DT‘"J- ﬂf
JUL 15 19719
5 1”U "\T[L

| ECO

DD ,7S%™, 1473  EociTion OF t NOV 88 13 OBSOLETE

6// g0

e 1 o e N TR T R TP ST Ty g 72 e

T




Unclagsified

SECURITY CLASSIFICATION OF THIS PAGE/When Data Entered)

(Block 20 contd)
/—‘N——_-J

~ A reentry vehicle fitted with a Teflon-coated nosecap was instrumented to
measure antenna impedance mismatch, interantenna coupling, signal attenua-
tion, and charged-particle density. The probe data showed that the local
bouni-ry-layer electron density decreased by as much as a factor of 200, The
Teflon coating effected a 25-dR} decrease in S-band signal attenuation. High-
power antenna breakdown was mocified by the presence of the ablation productd.

Details of the vehicle design, flight dynamics, and sblation, are pre-
gented, and the results of the Teflon-ablatid.. technique are contrasted vith
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Preface

The AFCRL program for enhancing reentry @ntenna performance owes its
auccess to the efforts of many contributors, R.Walters of the Aerospiice Instru-
mentation Laboratory was responsible for the mechanical features of the Teflon
flight. Many of the electronic systems and signal-processing circuits we:c de-
signed, tested, and installed in the payload, by R. Sukys, of Northeastern Univer-
gity. Teflon was applied to the nosecap by the M. L T. Aerophysics Laboratory,
directed by Professor C.W, Haldeman. The AFCRL machine ghop headed by
W. Mathison fabricated the mechanical hardware, diagnostic probes, and micro-
wave antennas. S. (inldberg of Northeastern University; and .J. Antonucci,

D, Jacavanco, N. Karas, wid D. Tropea, all of the Microwave Physics i.aboratory,
were of valuable asgistance. The overall program was under the supervigion of
W. Rotman, Chief of the Hypersonic Electromagnetics Branch.

The experimental vehicle was assembled and launched from the NASA
Flight Teet Facility at Wallops Islaid, Va. P. White directed the work; D. Bruton
was the NASA Project Engineer,

The generous cooperation of all that participated in this endeavor is grate-
fully acknowledged.
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An Ablanu: Technique for Enhancing Reentry Antenna
Performance; Flight Test Results

1. INTRODUCTION

The operation of microwave antenna systems during reenrtry and techniques
for controlling shock-induced ionization have been investigated by the AFCRL

A 2 T T SEPRAT SIR THINE Wy LN YO W TNONE-CRRp Y LIk SN SO 7 -

Microwave Physics Laboratory. Theoretical predictions and results obtained in
the laboratory were combined with a flight test program in which five Trailblazer!"
rockets were launched from Wallops Island, Va.1-3 For all five tests the tra-
jectory and flight parameters, as well as the physical characteristics of the nose
cone, were identical. There was extensive diagnostic instrumentation on each
flight; and a number of microwave and probe measurements on successive flights

were similar. The combined results yielded data for a wide range of correlations.
The flight tests were organized in two phases. In the first, consisting of
three flights, the effect of reentry ionization on signal transmission was deter-

mined, and probes fc. measuring the ionization directly were tested. On the last

(Received for publication 12 November 1974)

1. Poirier, J. Leon, Rotman, Walter, Hayes, DallasT., and Lennon, John F,
(1969) Eflects of the Reentry Plasma Sheath on Microwave Antenna Per-
formance: Trailblazer Il Rocket Results of 18 June 1967, AFCRL-60-0354.

2. Hayes, Dallas T., and Rotman, Walter (1973) Microwave and electrostatic
proke measurements on a blunt reentry vehicle, AIAAJ 11:675-682.

3, Hayes, DallasT., Herskovitz, SheldonB., Lennon, JohnF,, and Poirier,
J.Leon (1972) Preliminary Report on the Trailblazer Il Chemical Allevia-
tion Flight of 28 July 1972, AFCRL-72-0840.
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two flights, chemical alleviation techniques were evaluated, An additional fea-
ture on the final flight was an experiment to acquire datu on the effectiveness of

chemical additives in retarding antenna voltage breakdown under reentry conditions, N

On the fifth flight, the vehicle nosecap was covered with a layer of Teflon.
This material ablated during reentry, releasing electrophilic decomposition prod-
ucts. On the fourth flight, electrophilic liquid I"reon 114B2 had been carried on ;
board the vehicle and injected over the test antenna, Since Teflon and IFreon 114B2
have similar decomposition histories, a number of cc. 1parisons between the two
techniques are thus possible. :

This report presents experimental data from the fifth flight, preliminary
analyses, comparisons with earlier flights, and some indications of significant
trends and results, A reference list of symbols follows Appendix A,

2. DESCRIPTION OF THE VEHICLE AND THE EXPFRIMENT

The reentry nose cone was launched on a Trailblazer II vehicle, a four-stage
gsolid-propellant rocket. The first two stages lifted the vehicle to an altitude of
about 200 miles. The last two s ages propelled the reentry nose cone back to-
ward the atmosphere along an almost vertical trajectory.

During ascent the vehicle was fin-stabilized., Shortly after launch, the canted
second-stage fins induced spinning, and as the vehicle left the atmosphere its spin
rate was high enough to ensure spin-stabilization throughout the remainder of the :
flight. )

The last two stages were enclosed in a structural sheil {(velocity package,
shown in Figure 1) and faced rearward during launch, At aboul 250 kft, the vc
locity package separated from the spent second-stage motor and coasted to apogee, ;
Asg the velocity package began its descent, the third-stage motor fired, propelling i
the reentry nose cone out of the open end of the velocity package. The 15-in. i
fourth-stage spherical motor provided the final thrust necessary to bhoost the ve- '
locity to about 17,000 fps by the time the nose cone began reentry.

The nose cone was a 9% hemisphere-cone fabricated entirely of aluminum.
Its total length was 26,47 in., and its base diameter was 19.17 in. Before the
Teflon covering was applied, the nosecap radius was 6,333 in. The instrumented :
nose cone weighed about 72 1b, including the spent fourth-stage motor. ;

The nose cap was covered with a hemispheric Teflon shell whose thickness -
ranged from 0,5 in. at the stagnation point to about 0.1 in. where it ended, just
forward of the hemisphere-~cone junciion. The ablation products of this Teflon
l1ayer were swept back over the body and modified the chemical properties of the )
flow. The principal effect was a reductior, in the free electron concentration.
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I"igure 1. General Features of a Typical Trailblazer Il Trajectory

This experiment was designed to obtain specific measurements of the plasma
sheath and dctn on the behavior of microwave radiating and receiving systems in
the presence of ublating Teflon. The payload consicted of five functional systems:
tne telemetry and secondary test system (2220,5 MHz); the low-power test trans~
mitting and receiving system (2290,5 MHz); the high-power test transmitting sys-
tem (2255 MHz, 1 kW peaxk power); a set of eight electrustatic probes; and five
ablation gauges.

The S-band telemetry system (TM/TX) transmitted flight measurements to
the ground. It also served as a secondary test source for antenna impedance and
signal-attenuation measurements.

The low-power test system was used to observe effects of the plasma sheath
and chemical additive on interantenna coupling, antenna impedance :nismatch, an-
tenna pattern distortion, and signal atf(yuation.

The high-power test system wa§ used to observe the effect of the chemical
additive on the antenna voltage breakdown. It was also used to measure impedance
mismatch and signal attentation.

The eight electrostatic probes determined electron and ion densities near

the surface of the vehicle. Thig dual measurement was necessary to assess the
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effectiveness of the ablating Teflon. The bias potential of some of the probes
was periodically switched during the flight to obtain results at several distances
from the surface.

The five ablation gauges were located to measure the rate of ablation and its
uniformity around the nosecap.

The various antennas, probes, and gauges are shown in Figure 2 and listed
in Table 1. The relative placement of the probes and antennas was bused on the
behavior of the plasma sheath predicted from previous flight data aad the mea-
surement goals of this flight. For example, the low -power and high-power test
transmitting antennas were located at the same station but opposite one another

TEFLON NOSECAP

ELECTROSTAYIC PROBES:
-BIAS O +BIAS @

ABLATION GAUGES ©
TELEMETRY ANTENNAS I

TEST ANTENNAS:
HIGH-POWER TRANSMIT BRI
LOW-POWER TRANSMIT 22
RECEIVE c

-ES-B 58-7 o
o —-—/

Figure 2. T.ocation of Probes and Antennas on Nose Cone (sketch)

on the nose cuone so that they were slternastely exposed to the same plasma condi-
tions as the vehicle rotated and a direct comparison could be made between the
two. These antennas were located at a station where the local ionization was high
eiiough to ensure a significant effect. In contrast, the telemetry antennas were
plac=d as far back on the cone as possible so as to minim‘ze the influence of the
ionization on their operation. The electrostatic probes -were located near ihe
aniennas so that the churged-particle densities could be determined at those pnsi-
tions. Some of the probes were located at the same location as those on the Freon
injection flight so that direct comparisons could be made between the results of
the two experiments.

12

7

:-.‘;_( --t

‘?ﬂ'
4
3

e A RN LT 1 XD Ba . 1 e

PSS PR SO Y

< 2k




L g e T W PCE A ST  T T BYNS  Re Tag  * a1 e e e -

[t T 2

Table 1. Antenna and Probe l.ocations and ldentifications

J Bias

i < b e a

Device Station S/R é
Voltage {in.) N Clockwise
Type Symbol
Es-1 | PoSitve 355, 5°
Es-z  |Negabive | 1151 | 2.40 4.5°
Es-3 | Fositive 111, 0°
Flushmounted ES-4 Posslirtive 175.5°
Ele.trostatic Probes - 7.58 1.77 —
Es-5 | Negative 184, 5°
Bs-6 | POSHVe | 1151 | 2.40 249. 0°
Es-7 | Positive 355. 5°
N - 24,27 4,44
ES-8 egative 4.5°
Low-Power Test o
Antenna, Transmitting T 8.57 2.09 0
Test Antenna o
Receiving RX 13.46 2.71 0
High-Power Test .
Antenna, Trangmitting TXH 9.57 2.09 180, 0°
TM-1 105, 5°
Telemetry Antennas TM-2 195.5°
TM-3 24. 27 4.44 285, 5°
oo o s s e e e e e e = ———————
Secondary Test/ o
Telemetry Antenna TM/TX 15.5
AB-1 0.18 15, 0°
AB-2 0.48 105, 0°
Ablation Gauges AB-3 0.18 195, 0°
AB-4 0,79 225, 0°
AB-5 0.79 345. 0°
¢ Measured from test antenna location
13
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3. VEHICLE FLIGHT PERFORMANCE

x . The vehicle parameters and the resulting trajectory dynamics are briefly i
‘ : summarized in Table 2. The complete pzyload trajec.ory is shown in Figure 3(a) .
i i wi'n significant events during the flight indicated. To place the experimental re-
[

sults in proper context with regard to atmospheric conditions, the velocity and

. | altitude time histories are shown in Figure 3(b). Because of the thermal protec-
E‘ L tion given by the ablating heat shield, the useful trajectory was extended to rather

" low altitudes compared with those ol the earlier flights, where protection depended
on a heat sink method. The peak velocity of 17,000 fps represents the median of
the series. It is somewhat higher than that attained in the injection flight, which

e ——— — S r——— - — s

Table 2. Vehicle and Flight Parameters
for the Teflon Ablation Flight

Launch 6 Dec 1973 (2259Z)
Payload weight 82,5 1b i
! Ballistic coefficient 102, 8 1b/1t2
: Angle of attack 12.8° l
! Spiu rate 11.4 rps ‘
Transverse moment of 9 :
inertia Ip 1. 21 slug ft i
!I Axial moment of inertia I, 0.56 slug ft2 }
& f Center of gravity ,{
i : (distance from base) 16. 4 in. i
° Telzanietry S band (at base of cone) ]
! I Arogee 997,743 ft '
] Peak velocity 17, 000 fps (at 211 kft) /
i Reentry flight azimuth 350.6° !
Time from launch to E )
reentry (300 kft) 407.9 sec T
N Reentry flight path angle ¥ -79.2° Lo
o Third-stage burn time 38. 2 sec % :
Fourth-stage burn time 4,9 sec -
Onset of plasma effects 1 3
i (shoulder region ES ’
i probes) 270 kft fs:
{ Ablative material Teflon (CyFy) " , ;
E: Coating thickness
. (at center of nose) 0.5 in, v
b
N

f

._ﬂ,,:___
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Figure 3. Trailblazer Teflon-Ablation Flight Data Based on AN/FPQ-6
Radar Results [{a) trajectory; (b) time history of altitude and velocity!
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reached 16,240 fps, and so the plasma conditions should have been slightly more
gevere in the present cagse. As a whole, the performance was typical of the series.
The low value of the ballistic coefficient 8 = 100 1b/£t2 and the reentry flight path
v = -719° were also characteristic, *
Table 3 lisis some of the processed radar data for the payload in its final
freefall mode. The 500-kft altitude represenis a point just after burnout of the L
fourth-stage motor; the 150- and 100-kft altitudes are representative of the re-

Tag T

EREE

entry phase, _-
Figure 4 shows the freestream velocity, Mach number, and unit Reynolds
number as a function of altitude., The Mach number decreases with altitude but 4
remainsg hypersonic until below 80 kft. The freestream Reynolds number in- 2
creases continuously from Re = 103 at 280 kft to Re =5X 108 at 65 kft, but ‘
below 100 kft the growth begins to decline as the vehicle decelerates. Figure 5
shows the resulting stagnation pressure also increasing, reaching Pyt * 6.4 atm
at 65 kft, The stagnation enthalpy remains egsentially constant at hSTz 3200 cal/gm
until after the peak deceleration has occurred near 120 kft, The peak cold-wall
laminar heating rate at the stagnation point qu % 450 Btu/ft? -sec is seen to occur
in that same maximum heating regiine near 100 kft, For turbulent conditions, the
peak heating occurs at the point where the flow becomes sonic near the vehicle

i S U e SR O RO T

surface. That profile is not shown since for the actual flight the onset of turbu-

lence at that location did not occur until the vehicle was below 75 kft.
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Takle 3. Typical Radar Data From the Teflon Ablation Flight

Property Altitude (kft) —

500 150 100
Slant range (ft) 895, 104 688, 277 669,582
Azimuth (deg) 155, 2 153.7 153, 5
Elevation (deg) 32,9 11.6 7.7
Horizontal range (ft) 720,625 667,226 648, 364
Velocity (fps) 16,530 16,772 14,822
Latitude (deg) 36.03 36,21 36,2
Longitude (deg) -'14,417 -74.51 ~74,5
North-South range (ft) -€54, 331 -589,558 | -580,418
Look range (ft) 885, 228 676,697 657, 859
East-West velocity (fps) -549,0 -494,0 -417.0
North-South velocity (fps) 3,003 3,004 2,760
Flight elevation (deg) -179. 05 19,23 -79.15
Visual szimuih (deg) 155, 22 153.76 153,53
Look azimuth (deg) 155, 27 153,78 153, 54
Look elevation (deg) 33.38 11,86 7.87
Iast-West range (ft) 301,962 290,499 288,985
Altitude velocity (fps) -16, 229 -16,477 ~-14, 557
Flight azimuth (deg) 349,93 350, 92 351,41

The transition from laminar to turbulent conditions in the boundary layer is a
complex procegs difficult to characterize, Ablation adds to the uncertainty, and
the fact that the transition distance can be finite presents a further complica-
tion. The erfect of roughness on transition can becomu significant when mean
height k is comparable to the momenturn thickness . .\ number of curve fits for
the transition nave been devised from exp.:rimental reeults.4-6 The transition
criteria are generally related to the local Reynolds number based on momentum
thickness Regy.

Given the range of possible formulations, a simple criterion was selected for

transition: Reo = 240, The transition was assumed to be instantaneous, For the

4. Strategic Reentry Technology Program (STREET A) (1970) Task 7.5: Nose
Tip Ablation Phenomena, Final Rpt, Vol.II, SAMSO-TR-70-2417,

5, vanDriest, £, R,, Blumer, C.B., and Wells, C.S, (1967) Boundary-layer
transiiion on blunt bodies—effect of roughness, AIAAJ 5:1913-1915.

6. Nosetip Iesign Analysis and Test Program (NDAT) {1971} Final Rpt, Vol.I,
T Part {, SAMSO-TR-T1-TT.
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fifth flight, variation of the Reynolds number with zltitude was computed accord-

ing to Detra and Hidalgo's approach7 and plotted in Figure 6, which shows that

the turbulence advances rapidly from the rear of the vehicle but slows down dras- .
tically in the region of the ablating nosecap. Beginning at about 120 kft, it rushes

from r 2er to shoulder during an altitude change of less than 2 kft, It then slows

down, reaching the sonic point only below 75 kft. '
‘ T T 1 T ‘
; 120} o ‘
§|00~ 7 '
S J
: |
' )
| 2 wol- . |
|
eor- =
!
L L L ! I |
o 16 26 30 40 80 1
s/, ;
Figure 6. Transition to Turbulence \Re,~ 240) l
i

Analysis of the experiment is complicated because (1) the vehicle was spin-
stabilized; and (2' at altitudes below 200 kft, aerodynamic forces cause additional
precessional effects. Figure 7 shows the total cyclic frequency in the test data, ]
from which the spin and precessi.n can be derived. Down to 200 kft, the basic
spin rate was 11.4 rps; below the 200-kft level, at approximately 414 sec from |
launch, precession increased the total cyclic frequency. The eventual spin de- !

I WL G e

-

crease at the lower altitudes is indicated by the X8 in Figure 7. Determination or

thege quantities involves analysis of various antenna and probe data (see Sec,5).
Preliminary evaluation of the data relating to the fifth flight indicates that the I,

vehicle reentered the atmosphere at an estimated 12.5° angle of attack, as opposed

‘ to the 16.5° angle on the fourth flight, The smaller angle of attack should tend to

i keep the windward values of electron density somewhat closer to the zero angle

T

E‘ } levels. This difference in angle of attack should compensate for the slower re- !
entry velocity on the fourth flight, Thus, in the abe~nce of any modification pro-
cess, the windward cases for the two tests should be similar,

7. Detra, R, W., and Hidalgo, H. (1961) Generalized heat transfer formulas and
graphs for noge cone reentry into atmosphere, ARSJ 31:318-321,
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The heating of the vehicle as it reenters is related to the type of protection
used, Inthe present case, where the vehicle nose was covered with an ablative
Teflon coating, the ablated mass interacted with the flow to change the heating
characteristics. Section 4 explains the ablation process as related to this flight.

4. THE ABLATION PROCESS

4.1 . Ablative Material

Two general types of fluorocarbons are marketed by Dupont under the name
Teflon: FEP Teflon, fluorinated ethylpropylene, a copolymer of tetrafluoroethyl-
ene and hexafluoropropylene —CFCF3—CF2—(CF2—CF2F. and TFE Teflon, tetra-
fluoroethylene, a polymer consisting of recurring tetrafluoroethylene monomer
units —(CF2—CF2)—. The TFE type was used in this experiment (and will be
understood as the one meant when the name Teflon is used).

Teflon does not liquefy on exposure to heat but decomposes directly into the
gaseous state. The rate of sublimation is related to the temperature, length of
time exposed to heat and, to a less extent, to the pressure and nature of the en-
vironment. Initial decomposition rates are extremel:- small: less than 0,000005%
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per hour at 500°K; about 0.004% at 650°K. Under the reentry conditious of this
experiment, the amount of material sublimed is calculated according to thermo-
dynamic considerations, using an effective heat of ablation for the Teflon coupled
with the enthalpy delivered by varying flow conditions, The sub..med Teflon prod-
ucts undergo further decomposition in the hot air surrounding the reentry vehicle,
Several of these decomnposition products—for example, CF4 ’ CF2 , and F—display
electrophilic properties of varying degrees.

4.2 Heat Tramnsfer and Ablation

The desceat of the vehicle through the atmosphere causes an interaction be-
tween the body and the air flowing around it. Drag forces produce vehicle decel-
eration, and the formation of a surrounding high-temperature shock layer tends
to heat the noge cone.

On previous flights the aluminum nose had acted as a heat sink. The surface
temperatures had remained relatively unchanged until after the period of maximum
deceleration wd heating, at aronnd 100 kft, when the data became uncertain,

On the presernt flight, the low thermal conductivity of Teflon allowed little
heat transfer through the nosecap layer. The aerodynamic heat input caused sub-
limation of the Teflon surface, and the ablated material was a further block to
heat {ransfer {rom the boundary layer. This heat shield mechanism gave more
effective protection than the heat sink method used on previous flights, and ao
this nose cone survived to lower altitndes and yielded more data,

The heat transfer rate at stations along the hemispheric cap deperds on local
conditions in the boundary layer, which change greatly along the trajectory. Ev.n
at a given ultitude, there is considerable variation with posilion since the flow i3
expanding and cooling as it moves away from the nose gtaguation region. In adci-
tion, turbulence in the boundary laycr may occur at some point along the surfuce,
resulting in a thicker luyer with greater heat transfer. There is thus a depend-
ence on altitude, velocity, and vehicle configuration.

Extended exposure to high rates of heating can result in considerable erosion
of the abiator, and nenuniformity of the heating can cause¢ nosetip recession and
an altered vehicle profile. In the present case, however, th: conditions were not
that gevere, and it was assumed that the vehicle shnpe remain :d unchanged over
the entire flight,

Detra and Hidalgo's7 laminar and turbulent heat transfer relations were used
to calculate two heating histories along the trajectory. The transition from lani-
inar to turbulent flow was taken to be instantaneous, and its occurrence at a par-
ticular location was determinied from Figure 6. The laminar heat transfer rate
was determined from the expression:




o e,

3.15

g = 865 (v/i0h

h_-h
-1/2 12 e "w
Ry (pw/pSL) <——"~—he ‘hcw> v,

which assumes a Newtonian velocity gradient at the stagnation point, equilibrium

{flow, Suther'and temperature-dependence for viscosity, l.ewis number of 1,4,
and Prandt] rumber of 06.71,
tions,

The corresponding expression for turbulent condi-

3.18

q ~ 1.346 x 10% (,om/pm)"'8 ity sV2 g,

assumes a representative specific heat ratio ¥= 1.2 for the isentropic flow around
the body.
pressure grudient into account.

The equations contain factors (¥, ¢) that :ake the body geometry and

For the fifth flight these relations were used to compile a composite histcry
This is shown
The 100-kft and
Note that there

of the heat transf{=r around the nosecap as a function of altitude.
ir Figure 8, Above 120 kit the flow was completely laminar,
75-kft curves indicate the advance cf turbulence toward the nose,
was no attempt to include transitional heating in the results,

1000 7

- ~ T —T T T T T T 1
: { .\, j
- T~ N, .
S~~~—eemeoo__ |TRANSITION{ "\\ .
g t__\“’-— Iate ; AN
. S— : -~ o
A SO RN
™, N \\'\
s - ‘\ \'~..~ ’\ .
g SalNT5 kit
= N ~~100 kft
- N
g 100 — \ ~]
i N ]
il NG,
E I ~—120 kft 7
- i R
!
£
\zoo kft
10 ' 1 L. 1 1 1 1 i
(v 02 04 [oX ] 08 1.0 1.2 14 1.6
S/Ry,
T{gure 8. Surface Heat Transfer Rates at Selected Altitudes
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To examine the effect of heating on the ablative coating during reentry, a
time of flight At was defined as the time it took the vehicle to descend from one
representative altitude to the next, IHeat transfer Aq during that interval was
then determined from Aq = q ¥ At.

The basic heat transfer equations require some modification for an ablative
surface since the muasas transfer ants to shield the surfuce. The amount of mate-

rial leaving the suriace is deermined from aun effective heat of ablation h;ff. For
Teflon this has the form:8

o

hopp = 950+ 0.49 (h, ~ hw). laminar,

and

hoge = 950+ 0.16 (h, ~ h ), turbulent,

where he and hw are respectively the enthalpy at the outer edge of the boundary
layer and at the hot wall, The recession history for the nosecap as a function of
altitude (Figure 9) is then obtained by summing the change in thickness of the abia-

T T T T T

/N
. TRANSITION "\ 7¢ 41y

&-—n__‘\ \
[~ -
~
h—— \\."\
2 e ¥ N

lllll]

n

NOSECAP_RECESSION {in.)
S
TT l

llllll

R B Figure 9. Nosecap Recession
L at Selected Altitudes

200 kft
|63 R R | ST I

0.0 04 o8 1.2 1.6
S/RN

8. Martin, J,J. (1966) Atmospheric Reentry: An Introduction to its Sci2 :¢ ard

bngineering, Prentice-Hail, p.114.
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tive coating,
- -1 o
ad = (Pczl-‘4) (Aq,/heff)'

As can be seen, the ablation is a relatively small etfect until the vehicle has

OG- A<~ Ao A B 10

reached the lower altitudes.

The total alteration in the original Teflon covering at the end of the useful
trajectory is depicted in figure 10, The estimuted ablation for the actual flight
conditions did not exczed design limits except at the shoulder, where the shell
was relatively thin to allow fairing into the metal afterbody.

ABLATED PART OF
HEAT SHIELD ,

9
PR ol o o o P b A o S, M F ke - {
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Figure 10, Estimated Nosecap Ablation

e

4.3 Ablated Teflon-Air Interaction

A primary tcpic of interest in this flight teast was whether the free-electron
concentration in the boundary laye» would be reduced by cooling and electrophilic
action of the ablated Teflun. As a rirst step, the relative concentrations of
Teflon and air were determined ag a function of altitude,

P s

The air flow was estimated by defining a capture radius equivalent to the
body nose radius and assuming that the freestream air mass corresponding to
“ that area had been swallowed into the boundary layer at the shoulder. The re-
gulting air flow is graphed in Figure 11,

To estimate the Teflon concentration, the surface area of the nose cone was
. divided into spherical zones associated with the appropriate diagnostic stations.
The mass of Teflon ablated from each zone was calculated as a function of altitude.
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Figure 11, Air Mass Flow in Nosecap
Boundary Layer

These magses were then summed o 2r the entire nose cone and the aggregate was
used to establish the ratio of Teflon to air in the mixture carried downstream
over the test antennas. Plotted in Figure 12, it shows that the mole fraction was
generally less than 10%, and even less than 1% for a considerable altitude range.

This rather simplistic approach to characterizing the Teflon-air mixture in
the boundary layer gives no details of the structure of the combined flow. To
urderstand the electrophilic action that occurs as the mixtuve is swept over the
vehicle afterbody requires a more precise discussion of high-temperature Teflon-
air chemical kinetics.

At temperatures in exceas of 1000°K, th : Teflon polymer undergoes rapid
decompodgition into the monomer tetrafluoroethylene:

—(CF2—CF2)H+ heat @ n + C,F, .

The gaseous monomer enters the high-temperature flow field and reacts with the
ambient air species. The major neutral equilibrium species in air at high-altitude
flow-field temperatures are N2 , N, and O, The monomer may thus be fractured
by cellisions with the nitrogen species:

CZF4+ M «-2CF2+M.
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From 60 to 280 kft

where M may be either Ny or N. This reaction, resu’tig in the cleavage of a
C-C bond, i3 energetically favored over the competing mechanism:

C,F

24+M=’~“CZF3-.-F+M.

in which the more stable C—F bond (108 k cal mole”! as compared with 88k cal 1
mole” ! tor the C—C bond) must be broken. The monomer may algo be oxidized P

by colligion with atoric oxygen:

[ S e R s T T g c
e T

C,t +O:"—CF4+CO.

4
.

Bach of these reactions is reversible, and proceeds to varying degrees of com- !
pletion. !

The second-generation Teflon products CF2 and CF4 can further react with

air species:

CF2+M;-=CF+F+M;

¢ m At e v e s

CF4+M.—:CF2+2F+M;
CF2+O = CO + 2F ;
CF4+O=CF20+2F. !
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The specie abundances actually appearing in the flowfield and passing over the
test antenna depend on several factors, including the relative concentrations of ab-

lation products and air, the thermal history, and the incubation time in the flow field.
Figure 12 shows the estimated Teflon-to-air mole tractions during'this experi-

ment, When these arc converted into mass ratios, a concentration in excels of
50% by weight is found a{ 280 kft, This ratio decreases to about 5% at 160 kft,
and continues to diminish until 120 kft.

Near the ablating surface, ambien’ temperatures are substantially lower than
within the flow field. Failure of the breakwire ablation gauge (Appeindix A) sug-
gests that the temperatures in the Teflon vapor sublayer above the ablating sur-
face moy be less than the melting point of aluminum, 933°K, Within the flow fi 1d,
temperatures of 5000°K and greater may be experienced, depending on locatiun.
The effect of this concentration and temperature variation is illustrated in thermo-
dynamic equilibrium studies of the Teflon/air systcs,-m‘J (see Table 4).

Table 4, Mole Fraction of Species in Equilibrium at 1 Atm

Species 50% (by wt) Teflon/air 5% (by wt) Teflon/air
1000°K 5000°K 1000°K 5060°K

Ny 0.6 0.3 0.75 0.45
CFy 0.15 0. 01

CFa0 0.08 0. 01

€Oy 0.05 0.01

cO Cc. 11 U, 16 0. 02
r 0.46 0.05
CN 0, 04

Og 0. 02

0 0.03
N 0.18

The rpecies described in Table 4 are the principal ones found in an equili-
brium mixture at 1 atm pressure. During reentry, however, particularly at the
higher altitudes, incubation times in the flow and arnbient particle densities may
preclude chemical ejuilibrium,

A simple estimate can be made of the time a typical Teflon ablation product
spends in the flov before passing over the test antenna, I[n the altitude range of
9. DeBolt, H. E., and Port W, (1963) Thermochemical Equilibrium Studies oY

Ablative Heat Shield Materials, {Task 3.2, REST P%‘ED“RTD‘—’I’M‘EFM
Tech Memo for AFBSD by AVCO, 7 June 1963,
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280 to 110 kft, the median position of ablated masg is at an S/RN of 0.74. This
corresponds to a path of about 6.8 in. to the antenna location at an S/RN of 1.81,

An average velocity is assigned to the molecules by assuming a linear velocity

profile from the surface to the edge of the boundary 1aLyer‘.10

The resulting aver-
age transit time will be about 80 usec.

The number of collisions experienced by a typical ablated molecule during
that time varies with molecular velocity (temperature) and contiguous air-particle
density, but can be estimated from kinetic theory. In the average transit at
280 kft and a temperature of 1000°K, a Teflon-like molecule undergoes approxi-
mately 250 collisions; at 5000°K, perhaps 600 collisions. At 240 kft, at 1000°K
and 5000°K, the molecular collisions “umber about 1000 and 2200, respectively.
Of these, only collisions that have sutiicient energy will produce a reaction. The
degree to which any competing reaction proceeds must be evaluated from the asso-
ciatea rate constants. Because of the interdependence of these processes, the
varying degrees of ~liemical equilibrium, and the changing relative composition,

a compu*cr provram is required to predict the actual course of the ablation chem-
istr,.

4.4 Comparative Thermochemistrizs of Teflon and Freon 11482

In the fourth of the Trailblazer II experiments, Freon 114B2 was injected
into the flow surrounding the vehicle, and the high-vapor-pressure Freon per-
formed well as an electrophilic agent. The Freon-air interactions are being

11

studied by means of programs initially developed by Pergament and Kau " and

subsequently refined by Hayes and Lennon.12
In the fifth flight, the solid plastic Teflon TFE was carried as an ablating
electrophilic generator. Although differing markedly from Freon in physical
properties and mode of delivery into the flow, it displays a similar electrophilic
chemistry.
Freon 114B2 is a totally substituted ethane derivative, dibromotetrafluoro-

ethane (CBrF2—CBrF2). The compound is stable to about 900°K, at which

10. Lennon, JohnF. (1973) Trailblazer II Rocket Tests on the Reentry Plasma

Sheath: Vehicle Performance and Plasma DPrediction (Flights No. 1-3J,
AFCRL-TR-73-0317.

11, Pergament, H.S., and Kau, C. (1074) A Computer Code to Predict the Effects

of Electrophilic Liquid Injection on Reentry Plasma Sheath Properties,

Inc.

12, Hayes, Dallas T , and Lenuon, John F. (1974) In preparation.
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temperature it undergoes pyrolysis by the reaction:l‘3

CZI"4Br2 + heat - C2F4 + 2Br .

The tetrafluoroethylene intermediate C21“4 is the sa'ne compound that results

from Teflon TFE decomposition. In a shock-heated mixture containing Freon 114B2
as well as oxygen, the original compound is totally destroyed at temperatures in
excess of 1144°K, yielding oxidation products similar to those of Teflon oxidation,
Ir: the =lectrophilic experiments, the dissimilarity of chemistries—the addition of
bromine in the case of Freon 114B2-is g0 slight that the efficiency of liquid injec-
tion versus solid ablation can be compared.

5. ANTENNA MEASUREMENTS

In discussing the antenna measurements made during the flight, we first de-
fine the specific antenna system properties that are to be considered in the analy-
sis of the flight data. We then present the low-power test gystem instrumentation
and the flight test results for that system, followed by the high-power test system
and the telemetry system. The phenomena involved are antenna impedance mis-
match, interantenna coupling, signal attenuation, voltage breakdown, and pulse
shape distortion.

Impedance mismatch effects are most eusily obtained by monitoring the inci-

dent power Pin and the reflected power Pref at the terminals of an antenna.

~

The power reflection coefficient R, defined

P
ref (1)

p,_
inc

R =

is a good indication of the operation of the antenna. The power reflected from an
initially matched antenna increases us the plasma density increases.

The power received by a second antenna located near a transmitter is also
greatly influenced by the plasma sheath. The substantial reduction in received
power Prec in the presence of the plasma sheath is due to: (1) the rise in the
reflection coefficient of the transmitting antenna so that only part of the incident
power is radiated; (2) the increase in attenuation of the transmitted signal as it
propagates to the receiving antenna, The interantenna coupling loss (ICL)} is de-
fined as

13, Skinner, G.B., and Ringrose, G.H (1965) Shock-tube experiments on in-
hibition of the hydrogen-oxygen resction, J. Chem. Phys. 43(No, 11):4129-4133,
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P,
ICL = 10 log P‘“C , (2)
rec

and includes both internal reflection losses and external attenuation losses. The
external coupling loss (ECL) is obtained from Egq.(2) by subtracting out the reflec-
tion loss according to the rule

pinc 3 pref
ECL = 10log |—%——]. (3)
rec

The signal power P_ finally received at a ground receiver is also greatly re-

duced by the ionization. This is due to a number of causes: (1) as before, a re-
duction in transmitted power due to antenna mismatch; (2) the large increase in
attenuation (above the freespace value) caused by the plasma; (3) a variation often
produced by a modification in the antenna pattern itself induced by the ionization,
The total signal attenuation (TSA) is defined relative to the freespace value as:

P, \ [P
TSA = 10 log (——{—,‘l‘-) (T,i) (4)
g inco

where 10 log (p ¢/Pinc
measured befcre plasmg effects become important.

{s the minimum value of attenuation during a spin cycle

It is often desirable to separate the effect of antenna mismatch from the val-
ues obtained for TSA, and so the composite signal attenuation (CSA), defined as

P - P P ’
CSA = 10 log [(M) (_Is.g_) , (5)
g

P .
mco.

has been iatroduced,

All of the quantities considered so far vary as the sensing antenna rotates
during reentry. The data for these quantities must ther.fore always be presented
as a function of gpin angle or for a specific vehicle orientation, such as windward
or leeward.

An zdditional consideration with regard to the high-jower test gystem is an-
tenna voltage breakdown. Breakdown is indicated by a saarp rise in the reflected
energy, with a concomitant decrease in the received power. Because the high-
power pulse can modify the plasma, it is necessary to make measurements on
this system throughout the duration of the pulse. Thus, the high-power system
results for R, TSA, and CSA, are determined for each selected altitude and body

orientation ag a function of time during the pulse.

29




TR e T -

o

TS

PEL A e 3

ST
o

5.1 S-Band Low-Power Experitnent
5,1,1 SYSTEM DESCRIPTION

A simplified block diagram of the low~power S-band test system used in this
chemical additive experiment ‘s shown in Figure 13, The 2290,5-MHz, 2.5-W
transmitter was connected to its transmitting (TX) antenna through a reflectometer
made up of a directional coupler to sample the incident power Pinc' and a circula-~
tor to determine the reflected power Pref’ A four-probe reflectometer was also
included to determine the phase as well as magnitude of the antenna impedance.
The magnitude of the reflection coefficient determined from the four~probe re-
flectometer can be compared with that determined from the coupler-circulator re-
flectometer as an internal calibration, [Data from the four-probe reflectometnr
will not be included in this report but will be presented at a later time. )

GROUND-STATION
Py O-—4 RECEIVER RECEIVING
ANTENNA

VEHICLE
2280.5-MHa DIRECTIONAL | rour-proBE
SOURCE *| “coupLER CIRCULATOR SAMPLER "_’q TRANSMITTING
DETECTOR — DETECTOR DETECTOR -
AMPLIFIER AMPLIFIER AMPLIFIER
Pine Prot REFLECTOMETER
QUTPUTS

VEHICLE
Prec O— TEEeTOR = e RECEIVING
Lir ANTENNA

Figure 13, Low-Power Test System (simplified block diagram)

The transmitting antenna for the low-power system was located forward of the
receiving antenna (IPigure 14), The power coupled into the receiving antenna from
the transmitting antenna Prec was monilored during flight to determine the effect
of the ionization and ablating Teflon on interantenna coupling., In addition to the
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Figure 14, Sketch of Vehicle Surface Cut Away to Show Low-~Pouwer
Test System

onboard measurement of Pine’ Prer and P Lecr the intensity of the signal re-
ceived on the ground P _ was continuously monitoi ed during the flight to letermine
signal attenuation. These two types of measurement were algo esswctial for eg-

tablishing the vehicle gpin and precegsion history.
5.1.2 SPIN AND PRECESSION

Owing to their dependence on local properties, most onbuard measurczments
are modulated at a frequency equal to the sum of the spin and precession rates.
The signal received at the ground-based antenna varies in strength as the vehicle
rotates about its longitudinal axis but is only slightly affected by the precession
since the pattern of the transmitting antenna is rather broad.

The vehicle spin rate is based on the ground antenna data (Figure 15), This is
used to isolate the precession rate from the total cyclic variation. The latter is
determined by two distinct onboard measurements: reflectometer and electro-
static probe data. 1he combined ground-based and onbos.rd data identifies the
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P

spin and precession that occurred at any altitude (Figure 7), which is prerequisite
{0 analysis of the test data.

5.1,3 FLIGHT TEST RESULTS

Ingpection of Figure 16 shows that the power reflection coefficient R of the
low-power test antenna wag at first greater on the windward axis than on the lee-
ward axis, At about 200 kft there was an abrupt decrease in the growth of the '
mismatch on the windward axis; on the leeward axis there was no corresponding
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Figure 16. Low-Power Reflection Coefficient
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decrease. At about 190 kft the reflection coefficient on the leeward axis became
the greater; at about 165 kft it again became the smaller. At 100 kft the angle

of attack had decayed considerably, and the reflection coefficien* ceased to vary

with spin,

The responsge of the test antenna can be evaluated by comparing reflection
data with that obtained in the earlier experiments that were conducted without
chemical additives, whin the peak value of the reflection coefficient for the bare
hody was R = 0.9, and the response on the windward axis was always greater
than on the leeward axis. On the fifth flight, with additives, the peak value was
R = 0.6; and the regponse depended cn the mixing of the ablating Teflon and the
depth and extent of the air flow modified thereby, which in turn depended on the
body orientation and angle of attack,

Figures 17(a) through (g) show the reflection response of the low-power test
antenna to the plasma as a function of spin angle. Over the altitude range from
200 to 100 kft the pattern varies greatly with spin,

At 200 kft [Figure 17(a)] the minimum reflection occurs on the leeward axis
but conditions change so rapidly that the value at successive leeward positions in-
creases from one spin cycle to the next. The maximum reflection (R = 0.3) actu-
ally occurs when the antenna is midway between the leeward and windward posi-
tions.

At 180 kft [Figure 17(b)] the ref:eciion coefficient is greater on the leeward
axis than on the windward axis, The value continues to increase at successive
leeward positions, and the position of maximum reflection ghifts away from the
windward axis toward the leeward axis,
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At 180 kft [Figure 17(c)} the pattern shape again changes, markedly. Now
there are distinctive peaks on the leeward axis and a secondary, much smaller,
peak on the windward axis.

At 170 kft [Figure 17(d)] the r »flection coefficients corresponding to the iee-
ward and windward axes are nearly equal. The minimum values occur for body
positions midway between them.,

At 160 kft [Figure 17(e)] the pattern shape again chenges. Now the response i
on the leeward aris is greatly suppressed and the peak value clearly occurs on the
windward axic, the minimum value occurs betwe2n the two,

The shape ot the curve does not change markedly over the next 50 kft; there
is still the peak on the wirdward axis and the continuing trend toward the mini-
mum on the leeward ax13, with no secondary peaks at intermediate points. The
behavior at 140 kft [Figure 17(f)] coatinues down through 110 kit.

Below 110 kft there is a sudden change in the pattern and the variation with
spin disappears [Figure .7(g)]l. The reflecticn coefficient steadily decreases and
returns to its ionization-free value at around 80 kft.
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The interantenna coupling loss, defined by Egq, (2) and plotted in Figure 18,
parallels the reflection coefficient in behavior by increasing first on the windward
side and then on the leeward side. At 100 kft it had increased by about 20 dB
over its initial value, after which it rapidly returned to its freespace value. From
130 kft down, the leeward and windward values did not differ by more than lor 2dB,
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----- —+

‘h
]

F

LY
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X WiNOHERD
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L] "Iz L1 v "
TIHE FROA LRUNCH (SEC)

Figure 18. Interantenna Coupling Loss

The interantenna coupling varies with spin and altitude., This can be seen in
Figures 19(a) through (e), which are plotted for altitudes from 200 to 100 kft.

At 200 kft [Figure 19(a)] the pattern shows a change of greater than 13 dB in
interantenna coupling loss as the nose cone rotates through a spin cycle. Since
the reflection coefficient was not very large at this altitude, the difference be-
tween the interantenna and external coupling losses is not great.

At 180 kft [Figure 19(b)] the interantenna coupling loss has increased for a
larger fraction of the spin cycle. The maximum value occurs on the windwerd
axis.

At 160 kit [Figure 19(c)] the variation with spin is suppressed but the over-
all coupling loss has increased to about 30 dB.

At 120 ki. [Figure 19(d) there is a further increase of between 2 to 4 dB in
the coupling loss,

At 100 kft [Figure 19(e)] the coupling loss is greatest (almost 38 dB) but
there is almost no variation with spin.
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The signal received on the ground varies as the vehicle spins. The TSA de-
fined in Eq. (4) is plotted in Figures 20(a), (b), and (c), wherc each of the data
points corresponds to the attenuation at the instant of peak received signal on the
L ' ground during a spin cycle.

H The data for Figure 20(a) was obtained from the main base ADAS tracker.
‘ At about 200 kft it shows a sharp incrzase in attenuation which was concurrent

]

¥

E with significant increase in R and ICL, After this initial rise the attenuation

: ' gradually increased, down to 120 kft, where it began steadily decreasing back to
25 freespace values.

3 The curves in Figures 20(b) and 20(c) show the signal attenuation based on

data obtained from the main bage medium gain iracker (MGT) and the Coquina

5 Beach tracker, respectively. The slight decrease in attenuation early in reentry

g is typical of all flights, the result of an increase in the gain of the nose cone
transmitting antenna caused by narrowing of the radiation pattern,

5.2 High-Power Test System
5.2.1 SYSTEM DESCRIPTION

A simplified block diagram of the high-power test system {s shown in Fig-
ure 21. The transamitter for this system operated at 2255.5 MI2 and had a peak
power of 1 kW, producing a 3-usec pulse at a prf of 160 pps. It was connected
to its antenna through a reflectometer, which monitored the incident and reflected
power l.evels.

b i i e
PSR

The bandwidth of the telemetry system was much too small to accommodate
the frequency components of a 3-lgec pulse, and s0 airborne measurement ot
the pulsed signal was somewhat indirect: only the average value of incident power
was measured and transmitted to the ground. The peak incident power was com-
puted from this on the assumption that there was no change in the shape of the in-
cident pulse during the flight.

Measurement of the reflected pulse was more involved because of interaction
between the high-power gignal and the lonized air during prlse on-time. To ob-
gerve the changes that occurred in the reflected signal 1a the course of a single
pulse, the amplitude was sampled four times during the pulse, Tranamission of
these four values to the ground involved only low-frequency data since the samp-
ling was done at the transmitter prf, The approxiniate shape of each reflected
pulse was reconstructed from the four samples of that pulse.

The sketches in Figure 22 represent (top) an ideal incident pulse and (bottom)
a typical reflected pulse. The four Xs on the lower curve indicate th2 times at
which the reflected pulse was sampled. In this reconstruction the reflection co-
efficient R is arbitrarily held at the final sample vatue until just before the end )
of the sampling interval.
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At each ground receiving site, photographs were made of the received high-
power pulses displayed on calibrated oscilloscopes. These were read in conjunc
tion with records of the receiver AGC voltage to extract details of the intrapulse
variation in received signal intensity., A more complete analysis of the data from
the ground receiving stations will be presented in a subsequent report.
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5,2.2 FLIGHT TEST RESULTS

The reflection coefficient R on the windward axis of the high-power trans-

e

mitting antenna is presented in Figure 23(a). Four curves are shown, cne for
each of the sampling times specified in Figure 22, They differ from the corre-

AT I N - WA s S RO & P it

sponding low-power reflection coefficient displayed in Figure 16 in two respects.
First, the peak value of the reflection coefficient is much larger than that for the

-

low-power system, This is not unusual, especially at the higher altitudes, be-

cause of nonlinear effects such as antenna breakdown, Second, the magnitude of
R generally increases with each succeeding sample within a pulse. This occurs
asince the high-power pulse produccs an increase in ionization and a corresponding

increase in antenna mismatch.
5 The reflection coefficient R on the leeward axis [Figure 23(b)] is similar to
that on the windward axis but begins to increase later and decay toward the free

gpace value sooner, The maximum value of R is about the same on both sides ,
and, except at altitudes above 200 kft, the variation of R with spin is small,

One important difference between the high-power reflection coefficients on the
windward and leeward axes is that in the data for the latter there are some local

L

minima, This type of regponse was often observed in data from the low-power
antennas on no-additive ﬂiglxts.14 and was gshown to be due to the nonmonotonic

response of the antenna to increasing electron concentration. In the present case

the analysis is more complicated because the presence of additive in the three-
! dimensional cross flow results in agymmetric mixing variations that influence the
antenna response,

The variation of the reflection coefficient R during the course of a pulse is
presented in Figure 24 for five series of pulses at altitudes from 236 to 180 kft,
Each row represgents responses observed during one apin cycle. A straight line
along the abscissa indicates no reflection, On each miniplot (greatly expanded in
; width) the center corresponds to the angular position of the transmitting antenna at
the instant the pulse was transmitted.

: For purposes of this preliminary report, any sharp change in the reflection
28 i coefficient R at successive sumpling times within a pulse has been considered

z evidence (although not completely definitive) of antenna breakdown., According to
th‘s criterion, breakdown occurred at altitudes as high as 236 kft but only on the
windward axis. At 200 kft, a.strong reflected pulse was observed over the entire

' ) ! spin cycle, although the intrapulse variation of R was small except toward the
. leeward axis. DBelow 190 kft, the variation of R within a pulse remrained small,
, t and was almost independent of spin angle, The amplitude of the reflected power
\ ' ! gradually decreased.

14, Lennon, John F., and Poirier, J. Leon (1974) Interpretation of Microwave

- I H Antenna Results from a Reentry Flight Test: A Comparison of Methods,
SR ATCRL-TR-TI-0300, — b
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The observed onset o. breakdown camr be compared with predicted valuas
by referring to Figurv 25, where the power required for breakdown as meas-
ured in the laboratory is plotted as a function of p1.:ssure. The equivalent
&. . values for the altitude scale were obtained from the computations plotted in
: Figure 26 for the zero angle-of-attack boundary-layer pressure at the shoulder
as a function of aititude. Since the maximum transmitter power is only slightly

! over 1 kW, it ig apparent from Figure 26 that the onset of breakdown should
{
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occur at 240 kft. If the effect of angle of attack is included in the computations .

of boundary-layer pressure, the altitude for the predicted onset of breakdown is !
. raiged by about 10 kft. Figure 24 shows that breakdown was first observed at
i 236 kft. Although the data from this experiment has not been completely analyzed, p
and no data on breakdown in the absence of additives is available for direct com-
parison, there is nevertheless sufficient evidence to infer that Teflon acted to
delay the onset of breakdown.

Iigtablighing the lower altitude bound for the occurrence of nonlinear effects
is not easy, but one approach is to compare the low-power and high-power reflec-
tion coefficients on the windward [Figure 27(3)] and leeward [Figure 27(b)) axes.
A number of ohservations can be made, The onset of the response on the high-~
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3 power system occurred at a higher altitude than it did on the low-power system.,
it _ The difference in altitude between the two was about 20 kft. The maximum value
b of R was much larger on the high-power antenna for all altitudes above 120 kft,

Below this point, the responses of the two systems were similar,

5.3 Secondury S-Bund Test/TM System
5.5.1 SYSTEM DESCRIPTION

i The telemetry system was a standard 5-W FM/FM systein that operated at a
frequency of 2220.5 MHz, The transmitter was connected to a set of four circum-
‘ ferential slot antennas equispaced around the nose cone tarough a tree of three

;w; g coaxial matched power dividers. The antennas were cavity-backed slots filled
3 with boron nitride; the dimensions of the cavity were 1.164 X 2,437 X 0.874 in.
E deep. To minimize the effects of the plasma, the antennas were mounted far
; back on the nose cone (Figure 2),
Figure 28 is a simplified block diagram of the telemetry system. For the
L oy gecondary test gsystem, one of the telemetry antennas was connected to its power
. divider through a reflectometer consisting of a directional coupler and a circu-
E’i ! lator., The reflectometer output, an indicator of the operation of the TM/TX
f antenna, was subsequently transmitted back to earth over the telemetry link.
N As a precaution against degradation of the telemetry system performance by
' an unegual division of power among the four antennas, isolators were used at
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! Veos TATORS [ SSCONDITIONINGINN INPUT
!
! ™
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‘ ; bR DETECTOR DETEGTOR ]
. |
) POWER POWER DIRECTIONAL I
= DIVIDER DIVIDER 1 COUPLER CIRCULATOR :
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NO. 1 NO. 2 NO. 3 T™/TX

Figure 28. Telemetry/Secondary Test System (simplified block diagram)
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each telemetry antenna input., These presented unequal mismatches at the anten-
nas from redistributing the power within the power-divider tree, The variations
in mismatch resulted from effects of the angle of attack on the plasma distribution
about the vehicle.

5.3.2 FLIGHT TEST RESULTS

The pattern of the reflection coefficient R for the TM/TX antenna is shown
in Figure 29, Because this antenna was at the rea. of the nose cone, where the
level of ionization was lower than at the shoulder whe.~ che test antenna was
located, its response occurred at a lower altitude, Initially, the responses on
the leeward and windward aves were similar. Shortly after onset there was a
sharp decrease in the value of R on the leeward axis; the windward response in-
creased, rising to almost 0.3, At about 160 «ft the leeward value began to rise.
Below about 150 kft it peaked at close to 0.5, while the windward value went
slightly above 0.3. Both then described practi . parallel courses down to the
initial value.

The complex relationship between the instantaneous antenna nose cone orien-
tation and the effectiveness of the ablating Teflon in suppressing the rise in re-
flection coefficient is further emphasized by the curve for the maximum value of
R in Figure 29. Thir curve is a plot of the largest value of reflection coefficient
observed during each spin cycle. Between 190 and 150 kft the position of the
maximum reflection corresponds to neither the windward nor the leeward axis.
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Figure 29. Power Reflection Coefficient of TM/TX Antenna
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The TSA is plottesd in Figure 30, Three sets of data are shown here. One
set was obtained from the ADAS telemetry receiving system on Wallops Station.
The other two are the right- and left-hand polarization components of the signal
received by the medium gain tracker of the telemetry (MGT) receiving system
which was also located on Wallops Station.
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Figure 30. Total Signal Attenuation Measured by Main Bage MGT and ADAS

6. ELECTROSTATIC PROBE DATA ANALYSIS

6.1 General Description of Probes

In the fifth Trailblazer flight test the nose cone carried eight electrogtatic
probes, more than used in any of the previous flight tests, The presence of
negative ions produced by the attachment of electrons to molecules coming into
the flow from the ablation of Teflon made it impossible to assume that the electron
density was equal to the lon density., Five of the probes were therefore biased pos-
itive to measure the electron deusity directly,

The probes were identical with those flown on the third and fourth Trailblazer
flight te.stsﬂz'3 Each consisted of a flushmounted 1/4-in.-dia, gold-plated copper
electrode isolated frtom the rest of the vehicle surface by lava dielectric material
(Figure 31). The probes were capable of measuring charged particle densities
over a four-decade range, and contained circuitry for automatic temperature
compensation and preflight calibration.

47




A

i soah o

o T A

LAVA
INSULATING SLEEVE VEHICLE

TO OUTER SHIELD
OF COAXIAL CABLE

ey

TO CENTER CONDUCTOR
OF COAXIAL CABLE

- - frensmeslies

DIELECTRIC WASHER

GOLD-PLATED
COPPER

ELECTRODE

ALUMINUM BODY

I'igure 31, Crogs-Sectional View of 1S Probe Agsembly

0.2 Theory
A detailed discusgion of electrostatic probe theory hus already been pre-

serced in carlier rcportsl'd

oni Trailbluzer flight tests. llere it is necessary to
o ¢ only a brief description of the technique used in analyzing the probe dutu.

In most of the altitude regime of interest, the charged particles passing
through the probe sheuth reglon to the collecting surfuce undergo u consideruble
number of collisions with neutral particles. The probes were therefore biused at
IV' 2 15V, I')xpm-icnco"‘.J hag shown thig ievel to be high enough to cause the bulk
of the collisiony to regult in forward geatter, minimizing scattering out of the
sheuath region and congequently m nimizing the loss in probe current, 1t has there-
fore been agssumed that the full random flux of lonlzed particles of one sign will be
collected. A plunar probe and a planar sheath have algo heen agsumed,

Under thesge conditions the expression for the probe current is given by

i = (1/4)nev, (6)

IF'ollowing Tohm ct ;11,“J the electron temperature is used in caleulating the ther-

15, Scharfman, W. 1., and Bredfeldt, 1. R. (1867) lxperimental Studies of

Electrostatic Probes for the Reentry Meugurements Program, Phase B,
Subcontract 611603 under Prime Contract 30-0690 AMC-33 s roj-
ect 6138, Stanford Research Ingtitute, Menlo Park, Calif,

16, Bohm, D,, Burhop, E.IL.S., and Massey, H.5. W, {1949) Use of probes for
plasma exploration, Chap, 2 in The Characteristics of Iillectricul Discharges
in Magnetic I"ields, Guthrie, A., and Wakerling, R. K., I¥ds., McGraw-TI{II.
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mal speed

v = @kr fm ' (1)
of collected particles at the sheath edge, which is derived from the planar, space-

charge limited, mobility-controlled, diode equation

c 2

jo= % C M %ﬁ . (8)

Fquations (6) to (8) apply only under conditions of current saturation in a
two-component plusma, that i8, in a plasma consisting of electrons and only one
type of positive ion, with the additional congtraint that the probe bias must be
large enough to attract all purticles of one of the species entering the probe sheath
region and repel all particles of the other species,

The plagmus produced during the fourth uud fifth Trailblazer flighis consisted
of at least three types of charged particles, In addition to positively charged par-
ticles und clectrons, therce were heavy, neguatively churged particles, Under thesc
conditions, lugs, (8) and (8) do not hold when the probe {s biased positive to collect
negatively charged puarticles,

In the anulysis of the data from the fourth and fifth flight tests, the effect of
the negatively charged long on the current collected by positively biused probes
has been neglected in ealeuluting the clectron density. ‘I'o justify this, a simple
ud hoe theory of current collection in the presence of negative ions has been de-
veloped. Tt will be shown that for the conditions uchieved during the Trailblazer
additive flight tegts, the negative fon contribution to the negative current can be
neglected when determining the eleetron density, but must be included when the
probe sheath thickness {g determined.

Iirst, consider lig, (8) for the churged particle concentration us a function
of the probe current, When negative tons are present, Eg, (6) becomes

n,ev, n_ev_

I = ) + ) . (9)

I'rom charge neutrality,

n_o=on,=n, . (10)

1 - (me/m_)l/z’ , (11
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where it has been assumed that the electron temnerature is to be used to calculate
the thermal velocity of all charged particles. folving for ne yields

& o)

v
ee

ng = . -(me/m_)lm . (12)

Assuming that the negative ion species is I'", which is a lower bound on the nega-
tive ion mass, we find

(me/m_)llz = 5.36 X 1073,
Thus, this term may be neglected in the denominator and if we set

A

ev, e’

then Eq.(12) becomes
n. = n. - (53 %X109n (13)
e e L] + L]

The greatest difference between the positive ion density and the electron den-
sities observed on both the fourth and fifth flights was approximately two orders
of magnitude, Under this condition, kq.(13) indicates that n'e overestimates n
by at most a factor of 2. This is within the estimated accuracy of the probe mea-
surements(factor of from 2 to 3) and so the negative ion density may be neglected
in calculating the electron density.

The prediction of the sheath thickness ig another matter. To obtain an ex-
pression analogous to Eq.(8) for the sheath thickness when negative ions are
present, we must start with Poisson's equation in one dimensgion (planar sheath):

2 en en
__TdV=-_(__£-_._G , (14)
dx o] o

jo = mgevVe, s i, = ev_
= ¢ = -y 4V = f=wy 4V 5
Veu * Mol = -k gx > v-u'u-] =cHogx (15)
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Therefore, . (14) becomes

gy i
dv o d7v  _ e Y
Ix dxz = ‘*0“0 + ‘-OU_ . (16)

Integrated, this gives:

9 2ot L (17)
=€ - S —
8 0 )3 T h, KL
Now the current measured is the total current:
I= g+l (18)
and kEq,(17) can be rewritten as:
2 - i ;
9 v - - _ 1 1
€, —5 = e = + o). (19)
Thus,
2 4
9 \4 . 2
Eéoue-;5=j+3_ (—'f‘—-l). (20)
Asgsuming total charge neutrality,
n_ev_ ev_
o= —g— = (n+ - ne) -3 (21)
and Eq.(20) becomes
2 ev 1]
9 . Y_ o 4= (e . e
3 €oMe )\3 = J+ 7 (!l_ 1) (n.' - ne) . (22)

If the second term on the righthand side of Iig. (22) is much smaller than the
first, which represents the negative current density measured at some time
during reentry, the negative ions can be neglected in determining the sheath
thickness. This is not the case here, as demonstrated by the following rough
calculation based on data from the fourth flight.

The mobility is estimated by using expressions derived from kinetic theory:
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1/2

Mo i} m_V_y i} m_0o_yV. _ (_’1‘__) YN . (23)
" m, VON my OeN V(3 m, O‘eN

With I'" again assumed to be the negative ion present, and cross section values

o = 1,3 X 10-”; (:1112 R

-N * INO'N

3.54 X 10720 ¢m? ,

"

UeN

with T = 10% °K, Eq.(20) becomes

2 .
§ ol = 14 438X 10 12(n+- nc) = T4+, (24)
X

where [ = jA, and A is the arca of the probe.

The fourth-flight data that is being used to compare the relative size of the
two terms on the righthand side of g, (24) wa« taken {rom a pair of probes lo-
cated at S/RN = 2,40, 'The clectron density was at all times at least an order of
magnitude lese than the ion density, and sometimes it decreased to a value two
orders of magnitode less than the ion density. Table 5 lists typical flight data
from these probes, along with the values of the two quantities on the righthand
side of 1iq.(24). In both cases it is seen that the effect of the negative ions can-
not be neglected; it is uctually the dominant factor, Equations (19) and (20)
should thercfore take the following forms:

N
9 \'4 e 3 ’
S A 2 & (19)
8§ "o A'; Mo K
and
2 7]
9 v , - ,
TCL M == -] (1 -——). (209
8 "o ,\3 e “e

Table 5. Comparison of Calculated Negative-Ion Current and Measured
Total Probe Current

oot Calculated
Time IFrom l;;zsg?n l)elx?:it Probe Negative lon
Launch _,i'y _3y Current I Current I‘actor
(sec) (em ) {em ™) (A) o1y (N)
411.6 1.2x 18 2.4 x 101% | 4.0% 1077 1.1x 107}
412.2 1.ox 101 | ngx 10'! | 3.0x 1073 7.8 % 107!
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It has been shown that the effect of the negative ions may be neglected (to
within a factor of 2) in determining the ¢l~ctron density but must he included
when the sheath thickness is to be determined, n which case lq. (20" should he
used. The accuracy to which the electron density has been calculated sets the
limit for neglecting the second term on the righthand side of kq. (20", Under
conditions where the electrophilic additive exerts a strong effect, the negntive
ion and electron currents are roughly equal [lq. (13) and following]}. Therefore,
since the sheath size depends on the cube root of the righthand sidc of Iiq, (201,
neglecting the term containing je will not greatly affect it.

6.3 Rationale of Probe Locuation

Light electrostatic probes were installed on the nose cone of the reentry
vehiele (IFigure 2 and Tuble 1). There were none on the nosecap, which was
covered by the Teflon ablation malerial. INuch of three puirs of positive~-biused/
negative-biased probes was located in the vicinity of one of the microwuve anten-
nas carried on the flight. DProbes 1i5-4 and 15-5 were at S/RN = .77, just for-
ward of the transmitting high-power test antenna (‘I'’XH, at S/RN = 2,09), Probes
LS-1 and 1.S-2 were at S/l{N = 2,40, betwcen the pair of antennas (one low-power
transmitting at S/RN = 2,09, and the other receiving at S/RN = 2.71) on the side
of the vehicle uway from the high-power transmitting antenna, Probes I:5-7 and
1i5-8 were at S/I{[\I = 4.44 at the same station as the telemetry antennas, just be-
side the secondary test antenna,

Equation (8) prediects thut the sheath thickness depends on the voltage upplied
to the probe. Thus, varying the bias on a probe should make it possible to mea-
sure the charged-purticle dengity at different penctration depths in the flow ficld.
Asg on the third and fourth Trailblazer flights, probe ES-1 was biased +15V and
+30V, and probe I£5-2 wasg biused ~15V and ~30V. 'The other two puirs were
biased at 15V, one probe in each pair held at +1bV, the other at ~15V,

On the fourth flight, liquid additive had been inject=d into the flow field from
a single station on the vehicle. To measure the spread of the additive and its
elffects as it proceeded back along the vehicle and reacted with the flow, probes
had been located at several positions on the vehicie.

On the fifth flight, the nosecap was covered with Teflon. Owing to the non-
zero angle of attack, it wus predictable that the Teflon reaction time from the
stagnation point to the end of the Teflon-covered surfuce would be shorter on the
windward side than on the leeward side but that the average over a complete rota-
tion cycle would be similar at any station. To anticipate the possibility of non-
uniform ablation, probes [15~3 und 1i5-6 were located at S/HN = 2.40, at the
same station as, and roughly equidistant from, probes 125-1 and 1i5-2, but on the
same side of the vehicle as probes IK5-4 and ES-5,
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6.4 Probe Results

. : In this section we present the complete data for each probe as functions of

B altitude and time from launch., As in the fourth flight, the pressure and tempera-
; ture in the boundary iaysr neceasary for calculating the charged~-particle density

k '- as a function of probe current were obtained from calculations for the first three

j ' Trailblazer II flight tests, 10

r On the fourth flight, one probe (biased -15V) had been located at S/RN = 1,717,
- : the same body station as the liquid-additive injection port but displaced by 90°,

E i The respo..ge of this probe was therefore unaffected by the additive and so the

{ ’ charged-particle density measured in this unperturbed region could be uged as a
ak standard against which to compare the results of the other probes. Since the

3 combined effect of the spin and nonzero angle of attack of the reentry vehicle pro-
duces an almost sinusoidal modulation of the probe current, the unperturbed probe
on the liquid-additive flight could also be used as a time reference to determine
when the probes influenced by the additive were on the windward or leeward sides

of the vehicle.
On the fifth flight, all the probes were collecting current from an ionized flow

field containing Teflon ablation products, and sc there was no unperturbed probe
with which the others could be compared. This was not a problem since conditions
of the fifth flight were similar to those of the fourth, The difference in angle of
attack and reentry velocity wag not such that the charged-particle densities in the
fifth ﬂigfit could have been more than twice those in the fourth i‘light.17 This be-
ing within the probe error bounds anticipated, the data from the unperturbed probe
of the tourth flight has been used as a reference for analyzing the probe data from
the fifth flight. The ion density derived from the current measured by this probe

is shown as a function of altitude in Figure 32.

8.4.1 PROBES ES-4 AND ES-5 (S/Ry = 1.77)

Probe ES-4 biased at +15V, and probe ES-5 biased at ~-15V, sampled the
plasma just in front of the high-power antenna located at S/RN = 2,09, Figure 33
sh. wg the ‘ata from thege probes. The -15V probe became sensitive to the

positive-ion dengity at about 270 kft (411.5 sec), Data is missing from the posi-
tiva-ion curve (ES-5) late in the flight (420.0 to 422,0 sec) because the probe

saturated.
There were four other short periods carlier in the flight (412,0. 414,0, 415,0,

A1l the results presented here were
Direct examination of this

419.0 sec} when data was apparently lost.
obtained from a computer compilation of the raw data.

17, Lew, H.G. (1974) Angle-of- Attadt Effects on Electron Densit Distributlon
Ovar Blunt Bodies,
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raw data shows no loss of data at the corresponding times, so the problem must
lie with the computer compilation technique, Since the time span of the missing
data is short and is not egsential to the probe analysis, we are neglecting the
misgsing data. As will be seen later, the same loss of data was apparent in the
response of probe ES-2, which was located on the same commutator as ES-5.

The first thing noticed in Figure 33 is that the electron density is always at
1¢ .8t two orders of magnitude less than the positive-ion density. The positive-ion
density rose to a peak value of 1011 part./cm3 at approximately 210 kft, when the
electron density was at its peak value of 4 X 108 part./cm3 .

The buildup of the ion density to its peak value and the ensuing plateau were
compared with corresponding clean-air data from the probe on the fourth flight
(Figure 32). Agreement is quite adequate. Hence, it must be concluded that the
Teflon ablation products in the flow lowered the electron density without signifi-
cantly cooling the ionized gas. Had cooling been important on the fifth flight, the
enhanced rawe of recombination of positive ions and electrons would have resulted
in a lower ion density.

We now examine the effect of the spin of the vehicle and its nonzero angle of
attack on the amplitude of the modulation of the charged particle dengities. On the
fourth flight (Figure 32) the density had varied by about a factor of 5 from wind-~
ward to leeward; the amplitude of the modulation remained fairly constant until
late in the flight, when the angle of attack decreased owing to atmospheric effects.
On the fifth flight (Figure 33) the modulation of the electron density was simiiar,
remaining fairly constant at a factor of 3, but this trend was not seen in the
positive-ion density. At the beginning (~410,0 sec) the probe response was modu-
lated by a factor of 3, but in the period from 410.5 to 411.2 sec there was no
apparent variation. After modulation returned it increased to as much as a factor
of 8 at 413.6 sec, with a subsequent decrease to 3 at 415.0 r.ec, where it re-
mained constant. The loss of modulation at low altitudes ~ould not be seen in the
response of this probe owing i{o saturation of the probe current after 420 sec.

The initial loss at high altit ides (260 to 240 kft) cannot be explained with certainty.

Since the same effect was ovserved in the data from all probes sensitive to the
plasma during this altitude regime, it may be that the initiation of Teflon ablation
introduced random effects.

It will be noted in Figure 33 that both probes show an increase in charged
particle density at slightly below 120 kit (419 sec). This increase was seen on all
probes on the vehicle. At about 90 kft (421 sec) the modulation amplitude de-
creased with the angle of attack. At 80 kft (421 sec) the electron density began
to decrease. The vehicle velocity was dropping below 10 kft/sec at that point,
and both theoretical calculations and experience confirm tnat plasma effects are
negligible for velocities below this value.
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G4, 2 PROBES S=-1 AND BS-22 (S/RN = 2.40)

PProbe 1S-1 was positive-biased and probe 1:5-2 was negative-bliased, and
both were stepped sequentially from 15V to 30V and back. The complete data for
t 15V is shown in Figure 34(n) and that for +30V in IMigure 34(b).

Both probes displuyed anomalous behavior when biased at 15V. Examination
of Pigure 34(a) shows that at +15V, both 15-1 and 1i5-2 remain fixed at the
lower level of their sensitivity for part of a spin cycle. For 1IS-2 the response
appeurs to be normal after 413 sec; for ES-1 the response hecomes normal after
415 sec,

The third flight had been che first to include a variable-bias probe as part of
the reentry vehicle instrumentation. The probe was negative-biased and was
stepped at -5, -15, and -30V., The data for -15V and -30V was normal, bhut
the -5V data exhibited the same trend as that of the £15V probes on the fifth
flight, The -5V data wos completely missing down to approximately 220 kft, At
that point the current rose abruptly to a level that was normal for that altitude.
The response stayed normal for the rest of the flight,

In analyzing the events of the third flight, it was thought that the drop from
the -30V level to -5V had created a capacitance problem in the probe circuit,
preventing the flow of probe current when the current was below some initial level.
The probe circuitry was modified for the fourth flight but this did not solve the
problem: data was not obtained at the 35V levels until the reentry vehicle had
reached an altitude of 170 kft. Current blockage was evidently not responsibie.

IYor the fifth flight it was decided to dispense with the 5V bjus level and
avoid its attendant anomaly. The subscauent reappearance of the problem in the
15 V data cannot be explained at this time. An additional aspect of the 15V data
is that it appears to be completely normul on the windward side, This can be
seen by compering the peaks of the ion density obtained at 15V from IS-1 and
105-2 with the 15V data obtained from the pair of probes 115-4 and ES-5 at
S/RN = 1,77. Considering the difference in location, the probes are in good
agreement. In other respects, the ES-1 und 135-2 operating at 415V produced
data similar to that from 15-4 und 1i5-5 already discussed. The electron den-
gity is seen to be always around 200 times less than the corresponding posgitive-
ion density during the period of normal probe response (t >415 sec), lor LS-1,
the windward and leeward electron densities differed by a factor of 4. Ior 1S-2,
the positive-ion densities differed by o fuctor of 5.

When the probes are biased at 130V [IPigure 34(b)] their responses are scen
to be normal, except that the windward-leeward modulatiun is missing for 115~2
(positive ions) during the plausma buildup time from 410.3 to 411,2 sce (260 lo
240 kft). This ig similar to the behavior of probe 115-4 in the corresponding time
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period. Here, too, the electron density is seen to be always about 200 times less
than the positive-ion density. A change in the modulation character of the electron
density curve is apparent betwec : 414 and 416 sec. This is the same time span
over which the reflection coefficient of the low power test antenna was higher on
the leeward side than on the windward,

With the exception of the missing high-altitude data when they were biased at
+15V, these probes provided data throughout reentry, showing the onset of turbu-
lence, the decrease in angle of attack, and disappearance of plasma effects at alti-
tudes below 80 kft. These aspects will be discussed when all the probe data is
summarized to identify systematic changes in the ionized flow over the vehicle
and its interaction with the Teflon ablation products.

6.4.3 PROBES ES-7 and ES-8 (S/RN = 4.44)

The data from probe ES-7 (+15V) and ES-8 (-15V) is plotted in Figure 35.
Probe ES-8 shows a longer buildup time (410 to 413 sec) than that measured by
the probes located forward on the vehicle. As was true for the other negative
probes, however, the normal windward-leeward modulation is migsing during
this time. Eventually (417 sec), the positive-ion densit: reaches a value equal to

RLTITUDE (KFT)
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Figure 35, Charged-Particle Densities Measured at S/Ry = 4.44 on
FFifth I'light (probe ES-7 biased +15V; 1S~8 biased -15V)
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the value measured at the forward probes, This effect is contrary to the antici-

pated result—that the ion density would decrease owing to 1 natural relaxation, as
in the absence of additive,

The data from probe 128-7 is most interesting., At 200 kft the modulation of
the probe response changes character, ‘This is ubout the sume altitude at which
the reflection coefficient (measured by the 'I'M test antenna) began to show a higher
value between the windward and leeward positions thuan ut either of those positions.
Above 200 kft (414 sec), the electron densilies us measured by this probe are
lower than the densities measured by the probes at the forward positions; for ex-
ample, above 200 kft, the electron density is lower by a factor of 4 on the wind-
ward side. These are normal findings. Below 200 kft, however, the opposite is
true: the electron densities at the rcur of the vehicle are greater than at the for-
ward positions. At 160 kft for example, the electron density is greater by a fac-
tor of 4 at S/RN = 4,44, A somewhat similar result was seen on the liquid-
injection flight but throughout that test the electron density at S/RN = 4,44 was
greater than that measured by probes directly behind the shoulder injection ports,

6.4.4 PROBIS 195~3 and 1K5-6 (S/RN = 2,40)

As previously mentioned (Sec, 6.3), probes IX5-3 and ES-6, both biased posi-
tive (+15 V), were used in conjunction with probe In4-1 for the purpose of detectling
any nonuniform ablation. Both were locuted ut the sume body station (H/l{N = 2.40)
as the probe pair 1i5-1 und 185-2, but 1i5-3 was placed about 120° clockwise und
125-6 about 120° counterclockwise uround the vehicle from them., The electron
dengity-versus-altitude calculated from the 158-3 data is shown in Figure 36(n);
that from the [i5-6 data is shown in Figure 36(h), ‘l'o within the probe accuracy
(fuctor of 2), there are no significant differences between the two,

There is some disagreement between the data from 155-1 and thal from FS-3
and BS-6. Although all three probes became sensitive to the plasma at the same
time and remained in agreement upon reaching the sume laminar peak deasity,
the rise in electron density measured by 1S-3 and 115-6 was nevertheless more
gradual than that meusured by 1£S8-1,

It is doubtful whether the behavior of 198-3 and 1S-6 can be atiributed to non-
uniform ablation since the probability is slight that nonuniform ablation would
cause dimilar effects at two probes located 120" apart. There is still the possi-
bility that IE5-1 was seeing a nonuniform effeet, But the data from probe 1:5-4
(at S/RN = 2,09)—which was closer to 1'S-3 and FS-6 than to 1iS-l—agrees with
the data measured by LS-1, which would negate this possibility,

We have no definite explanation for these variances, Since probes 1:5-3 and
15-6 were on the same commutator and shared common circuit clements, it may
be that a malfunction of these elements caused the observed behavior.
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6.4.5 DETERMINATION OF SIGNIFICANT REENTRY
EVENTS FRCM PROBE DATA

Table 6 lists significant events for each probe, with the time and altitude at

' which they occurred, The time of the onset of plasma effects (column 1) is in-

‘ ~luded only for the sake of completeness., This onset is not a flow event but a

; function of the lower level of sensitivity of each probe. ;
f Except for probes ES-3 and ES-6 (see Sec, 6.4.4), all the probes forward on o
§ . the reentry vehicle indicated peak charged-particle densgity at roughly the same !
. time and altitude (column 2).

: Column 3 lists the t'me at which the probe response, having reached a pla-
teau, once again beging to increase; column 4 gives the time it ceases. The in-
crease in moasured density, attributad to the onset of boundary-layer turbulence,
is geen to begin at the rear of the vehicle and progress forward, This trend be-

| comes most apparent on averaging the times at which the increase begins and
ends for all the probes iocated at one station on the vehicle. These average
times, along with the corresponding altitudes, are shown in the inserts in columns '
| 3 and 4, The altitudes are plotted in Figure 37 as a function of body station, For
i ease of comparison the theoretical curve (Figure 6) is replotted here. It is seen

j that the flight data bounds the predicted values for body stations S/ RN = 4,44 and
s/ Ry = 2.40. The onset of turbulence occurs at a higher altitude, and full turbu-
lence is reached at a lower altitude, than predicted. Considering the uncertain-
ties involved, the agreement between the observed and the predicted onset of tur-
bulence is quite good. The predicted probe response is not, however, borne out
by the flight data for S/RN = 1.77. This station is clogest to the Teflon heat
shield. The effect of the mass addition from the ablation process may have been
to retard the onset of boundary-layer turbulence in this region,

It should be pointed out that the increase in electron density measured at
probe ES-7 is greater than that at the forward probes, /ilso, below 130 kft, when
the charged-particie densities measured by ES-7 and ES-8 atart ¢o fall, the am-
plitude of the fluctuations is greater than that measured at the forward probes.
These results are consistent with the fact that transition begins at the rear and
moves forward, and the turbulent fluctuations at the rear have therefore had a
longer time to intensify,

The lagt two columns of Table 6§ give the aliitudes and times at which the
windward-leeward modulation of the probe data ceases and the particle density
beginsg to fall off. The modulation ceases because the angle of attack of the ve-
hicle decreases to zero owing to atmospheric drag; the falloff in particle density
is due to the slowing down of the vehicle to below a critical velocity. Each effect
should be observed at the same time for all probes., Examination of the data
shows this to. be roughly the case,
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7. COMPARISON OF THE ABLATIVE AND LIQUID-INJECTION FLIGHTS

7.1 Additive Comparisons

The rationale for establishing the amount of Teflon in the flow has been pre-
sented (Sec. 4.3), For the chemical-injection flight, a similar procedure was fol-
lowed for each of the liquid Freon 114B2 pulses.18 A comparison of the two sets
of relative concentrations as determined by that approach is shown in Figure 38.
The general trend of the curves is similar, with the value of the Teflon being con-
gistently legs than that of either of the corresponding FFreon pulses. The method
of calculating these relative concentrations is approximate, and some qualifying
remarks are required.

The Freon mass should be coinpared with the air flow through the cross-
sectional area determined by the penetration height of the individual liquid pulses.
The vaporized Teflon would generally be confined to the boundary layer and sc
the mole fraction of the ablation products should be based on that flow, In the ap-
proximation used, both additives were compared with the mass flow in the entropy

18. Hayes, Dallas T,, Herskovitz, Sheldon B., Lennon, John F., and Poirier,
J.Leon (1974) Electrostatic probe rneasurements of chemical injection
effects during a reentry flight test, J.Spacecraft and Rockets &:388-394.
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layer, which contains the high-temperature air from the nose. Thisg approxima-
tion is not strictly valid for all altitudes. At the higher altitudes, both the liquid

" e s

penetration and the boundary-layer effects extend over a considerable part of the
shock layer. In this case the approximation is reasonable, and the comparisons
should be essentially correct, At altitudes between 180 and 120 kft, the boundary
layer containing the ablated Teflon remains laminar. Inhis low-altitude regime

the boundary layer is not as large as the entropy layer, and the calculated Teflon
mole fractions are therefore inaccurate. The penetration of the Freon pulses,

P T

however, continues to be on the order of the thickness of the entropy layer, so

-

those ratios remain consistent.

-

A final summary of these considerationg as they apply to the results shown
in Figure 38 is required. Both alleviant concentrations in the high-altitude re-

TR G g

gime proved to be reasonable estimates, At the lower altitudes, the liquid Freon

ot

levels would still be valid. The Teflon levels, however, should be compared with

a smaller air flow than was used; below 180 kft they represent an underestimation
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i of the actual ratios., The adjusted values should be closer to the equivalent liquid
t | levels, These factors should be taken into consideration in any final evaluation of
! the results of the two experiments.

e R

7.2 Probe Results

To compare the results of the Teflon and Freon 114B2 flights, we examine

A

the data from a comparable pair of probes on each flight, Both pairs were flown
at the same pesition (S/RN = 2,40), and both pairs were biased the same (one of
each biased 4+30V; the other, -30V), Figure 39 presents the case for Freon;

Figure 34(b) is the comparable case for Teflon.

The marked difference between the Freon and Teflon data is due to the dif-
ference in the additive techniques. In the case of Teflon, the alleviant enters the
flow field continuously. As previously mentioned (Sec. 6.4.2), the effect of the

ablation products is to lower the electron density but there is no apparent cooling

i of the flow., There is an absence of windward-leeward modulation during the ion-
density buildup period but the density during this time span is roughly the same
as would be measured on the windward side in the absence of the ablation products.
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I'igure 39, Typical Charged-Particle Concentrations Measured During
Fourth Flight (I'reon-injection: pair of electrostatic probes at S/RN = 2,40,
biased £3uV)
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Iixamination of Figure 39 shows a much different picture for ¥reon. Super-
posed on the rapid windward-leeward modulation is a slower modulation of the
probe response, caused by tie pulsed nature of the liquid injection. Cooling of
the flow is apparent in that during each pulse the ion density is lowered. During
the interpulse period the ion density returns to the value that is normal when no
additive is present; the electron density does not show a similar recovery. After
412 sec (~160 kft) the figurc reflects actuation of the high-flow pulses in the fur-
ther suppression of the electron density, to a value below 108 el/cm3. The cool-
ing effect on the iong, which is apparent only during the pulse period, becomes
less pronounced as the altitude decreases.

The increase in ion and electron densities shown by all probes at about
120 kft in the Teflon-ablation flight has been attributed to the transition to a tur-
bulent boundary layer, In the liquid-Freon injection flight, an increase of this
nature was shown only by the probe at S/RN = 1,77 (Figure 32), which was unaf-
fected by the additive.

I'or all probes affected by the additive the result was similar to that showu
in IMigure 39, with no increase in e¢ither the electron or ion density in this altitude
regime, The mass addition from the surface in the nose region did not represent
a significant perturbation of the normaily developed flow. The liquid additive,
however, having been injected with a strong dynamic pressure ¢component, may
have strongly perturbed the existing flow and introduced considerable cooling.
This could have suppresged the changes in electron density associated with an un-
perturbed transition to turbulent flow,

The reentry velocity in both flights dropped below 10 kft/. ec at about 80 kit,
after which the charged-particle density begun to decay, as anticipated., In the
ablative flight, the windward-leeward modulation had ceased before the vehicle
reached this altitude. In the liquid-additive flight, the modulation persisted be-
low 80 kft.

Figure 40 presents the minimum value of the windward electron density mea-
sured during each pulse on the liguid-injection flight. The corresponding values
for the ablation flight are also shown, along with values of the unperturbed elec-
tron density measured by a probe located at the same body station on the third
Trailblazer flight test. [t ig seen that the measured decrease in electron density
is greatest on the liquid~injection flight, being about three orders of m.gnitude
less than that measured on the nonadditive flights. On the ablative flight the
N electron density is about 1/200th of the unperturbed value,
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Figure 40, Effect of Alleviants on Electron Density

7.3 Antenna Results

Measurements of antenna performince during the last three flight tests can
be comprred in a number of ways, Only a few are considered in this preliminary
i report.

n all nonadditive flights, the power reflection coefficient at a given altitude
wag always greater on the windward side than on the leeward side. At plasma on-
set it typically displayed a sharp increase to about 0.9, and it remained at that
value down to altitudes of 90 kft, (Below this altitudz, aerodyr 2 heating
caused melting of the nose cone or loss of radar tracking.)

In contrast, the reflection coefficient cbserved on the Freon-injection flight
did not exceed 0.3 on the windward axis and 0.8 on the leeward axis, Not only
did the leeward value exceed the windward value on this flight, but the maximum

values were attained at a lower altitude.

f On the Teflon-ablation flight, the windward and leeward power reflection co-

{ efficients each reached a value of about 0.6, but at different altitudes. The chem-
) "  ] - ical additive tended to suppress the antenna mismatch on each axis; however, the
variation in mismatch with spin is considerably more complex on the additive
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flights. This indicates that the penetration and mixing of the additive is a sensi-

tive function of angle of attack and body-axis position.

The maximum change in interantenna coupling observed on the Teflon flight
was not greatly different from that seen on the IFreon-additive flight but the re-
sponses differed in two respects. On the Teflon flight the antenna coupling showed
no large variation with spin, as on the Freon flight., Then, for most of the Teflon
flight the windward-leeward values varied less than a few decibels; on the Freon
flight these values varied about 6 or 8 dB for the entire reentry trajectory. These
results again demonstrate that the additive penetration, mixing, and subsequent
quenching, were strongly dependent on the three-dimensional flow structure.

The reduction in total signal attenuation shown in Fugure 41 graphically illus-
trates the improvement in performance caused by both chemical additives, In-
creases of up to 30 dB in received signal intensity were observed. [t should
again be emphasized that the additive concentrations in the two flights were differ-
ent (Figure 38)., Both l'reon injection and Teflon ablation are effective methods

for improving the performance of a microwave antenna system during reentry.
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Figure 41. Effect of Alleviants on Total Signal Attenuation
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8. DISCUSSION OF EXPERIMENTAL RESULTS

The fifth in the gseries of T'railblazer I flights was successfully carried out.
The principal results are summarized as follows:

1} With the sole exception of the ublation gauges, all electrical, trangmission,
and electrostatic probe, devices functioned properly. The Teflon-ablation coating
hehaved according to expections,

2) Both electron and positive-ion densities were measured in the presence of
ablative products. The results definitely confirmed that electrophilic action was
taking place. The measured electron density was always approximately 1/200th
of the ion density.

3) Ion density values were essentially !dentical with those obtained in the non-
additive flights, indicating that cooling was not a significant factor,

4) The probe coafiguration on this flight pluces dual constraints on theoretical
predictions. Independent meausrement of both electroi: and positive-ion densities
means that any additive analysis will have to satisfy both values,

5) In addition to charged-particle densgity meusurements at the antenna, the
flight also provided information on the downstream history of the additive. (The
pair of electrostatic probes at S/RN = 4.44 presented data on the charged species
at this location,)

6) Spin and angle-of-attack effects were observed. The levels of additive-
flow interaction were different, depending on whether the measurement was bheing
made on the windward or leeward axes, or between these two positions.

7) On the nonadditive flights, no data had been obtained below 100 kft, On
this fifth flight, useful probe data was obtained to 60 kft. Below this altitude,
antenna signals returned to freespace levels,

8) The apparent transition of laminar to turbulent boundary-layer flow wasg
obgerved.

9) The probe measurements of windward electron density at altitudes above
200 kft were lower at the rear (S/Ry = 4.44) than at the shoulder of the vehicle.
HBelow 200 kft, the density at the rear was higher than at the shoulder,

10) The Teflon additive reduced misma' .1 of the tedt antenna. It also greatly
decreased total signal attenuation.

11) Comparison of electrostatic probe and microwave data indicated that be-
low 200 kft, alleviation occurred principally near the surface of the vehicle,

12) The performance of the TM/TX untenna showed that alleviation continued
to the rear of the nose cone.

13) On the bare-body flights, plasma effecis on the probes and antennas had
always been greater on the windward axis. This was not the cage on the Teflon
flight.
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14) Preliminary comparison of the solid Teflon ablation and liquid-l'reon
injection resuits indicates that both are effective methods of reducing the free-
electron concentration during reentry.

9. CONCLUSIONS

This experiment proved that a Teflon coating can effectively reduce the elec-
tron density surrounding a reentry vehicle. Under the conditions of this fifth
flight, the Teflon ablation acted us an electrophilic agent, with no significant cool-
ing. The results varied, depending on altitude, orientation of the vehicle {(whether
windward or leeward), position on the vehicle (whether at the shoulder or the rear),
and various other measurement conditions,

Although the antenna and probe results indicate that the I'reon 114B2 used on
the fourth flight had apparently achieved a higher degree of alleviation than the
Teflon used on this lifth flight, it should be kept in mind that the concentrations,
penetration, and mixing of the additives with the flow were not exactly the same,
A more comprehensive analysis is required before we can make a definitive state-
ment on the relative efficlency of the two techniques. We are now making addi-
tional comparisons between the data from both flights,
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Appendix A

Ablation Gauges

The Trailblazer Il Teflon-ablation flight carried five breakwire ablation
gauges at various locations in the Teflon-covered nosecap, The gauges were de-
signed to produce a voltage that varied in correspondence with the recession of
the ablation coating, The gauges failed to operate aus expected, The output volt-
age remained constant, an indication that the breakwires did not fail, A possible
explanation of this result ig examined in Sec, A4,

Al. BACKGROUND

Ablation sensors can be divided into five categorics: breakwire, variable
capacitor, thermocouple, radioactive, and photocell. The breakwire gauge was
used on this flight because of its inherent simplicity of construction and external
circuitry.

The particular device we used was modified from an Avco Government Prod-
ucts Group design intended for an Air Force Weapons Laboratory hypersonic
rocket sled test (TEMPESTA), It consisted of an array of fine aluminum wires
(0.005 in. in diameter) set st varying depths in a Teflon plug. Five of these plugs
were ingerted from the inside through holes bored through the Teflon covering
and substructure of the nose cone so that the external surface of each plug was
flush with the ablation surface.
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l.ahoratory simulation of reentry showed that the Teflon on the nose cone
and the Teflon plug recede at the same rate. The aluminum breakwires are thus
scequentially exposed to the hol gas flow, and they either melt or break. As each
wire fails, the net resistance of a parallel-resistor network increases, producing

a conconiitant increase in the output voltage.

A2, THE ELECTRICAL CIRCUIT

The breakwire-resistor network sketched in ligure A1 was fabricated on one
end of the Teflon body of the ablation guuge. The leads from the gauge connect to a
power supply through resistors Rl and Ry. These resistors divide the input volt-
age and limit the circuit current. With Rl = 3,2kQ and R2 = 6.8k, we get an ap-
proximate 3:1 voltage division; Rl » however is shunted by the ablation-gauge inter-
nal resistor network, With all breakwires intact, the impedance of R, in series
with the internal resistor network is 211.4Q, thus producing a 16:1 voltuge division
with Rl' As the breakwires fail, the resistance shunting R, increases, causing
the output voltage to rise, If the voltage produced with all breakwires intact is
denoted E (equal to 1/16 of the input voltage), then the voltage produced with the

ALUMINUM BREAKWIRES

\

8.5ki} B.2k{} £ 2.6 kil 276102

NOSECAP

B2
6.8 kil

o\ NOSE CONE
) INTERIOR

OUTPUT
VOLTAGE

T
3.2k
¢  TOPOWERSUPPLY &

Figure Al. Electrical Subassembly of Ablation Gauge (schematic)
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outermost breakwire gone is 4.351; with two wires gone, it is 6.45L; three, 8.5E;

and finally, with all breakwires gone, it is 12E (or 1/3.2 of the input voltage).

A3, GAUGE CONSTRUCTION

In the AVCO gauge design, the resistor network was located external to the
breakwires and thus required multiple leads. To simplify the circuitry, the re-
sistor network wus made an integral part of the ablation gauge. Subminiature
chip resistors measuring 0,05 in, square by 0.013 in. thick were cemented to a
Plexiglas sleeve bonded to the Teflon plug (Figure A2). Aluminum wire 0,005 in,
in diameter was threaded through the Teflon plug and bonded to the outer edges
of the appropriate resistors with conductive epoxy. Contact to the common side
of the resistors (see Figure A1) was accomplished by means of a copper disk,
also bonded to the resistors with conductive epoxy. The two leads to the external

/«e—————— INSULATED COPPER
WIRE

PLEXIGLAS COLLAR

- COPPER DISK

CHIP RESISTOR

PLEXIGLAS SLEEVE

BARE ALUMINUM
WIRE

| ~t~~ememme——— TEFLON PLUG

Figure A2, Assembly of Ablation Gauge
(sketch)
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», circuit were attached, a Plexiglas collar cemented in place, and the entire sub-
assembly potted. IFigure A3 shows the assembled gauge and its constituent parts.
The aluminum breakwires readily embedded themselves in the soft Teflon plug

; when the assembly was pressed into place on the nosecap,

‘.

g.

b

i ~Figure A3. Ablation Gauge and its Constituent Parts (~15%)

A4, RESULTS

The ablation gauges failed to operate. Other than a few spurious pulses,
_ probabhly due to system noise, no stepped increase in monitor voltage was recorded
p on any gauge.
The breakwire concept had been proved in the laboratory. Tests of gauges
embedded in 1-in.-diam. Teflon rods had shown that the aluininum gauge wires
readily melted when subjected to heat sources such as a dc arc jet and an oxy- '
hydrogen torch, which respectively generated temperatures of approximately
4000°K and 2000°K.
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We can postulate no definitive reason for the failure of these gauges to con-
form to expectations., Malfunction of the exceptionally reliable auxiliary elec-
tronic circuitry was unlikely. The gauge output voltage indicated four intact
breakwires in each of the five ablation gauges. A short or open circuit would
have produced a characteristic diagnostic output, The evidence is strong that
the aluminum breakwires simpl, did not break. There ig ample proof that the
Teflon was indeed ablating. A nosecap temperature in excess of 933°K was re-
quired to melt the pure aluminum wires, and this was apparently not achieved,
One hypothesis is that under the conditions encountered during reentry, the
ablation process maintained a sublayer of relatively cool Teflon vapor adjacent
to the nosecap surface.

Symbois

A probe area; capture area
E electric field intensity
I total current
19 axial moment of inertia
IT transverse moment of inertia
Pg power received at ground station
Pinc incident power
Prec received power
Pref reflected power
R power reflection coefficient
RN nosecap radius
Re  Reynolds number
S wetted length
T temperature (°K)
\Y velocity of vehicle; voltage
d thickness of ablation layer
e electron charge
hcw cold-wall enthalpy

e enthalpy at outer edge of boundary layer

heg effective heat of ablation (Btu/1b)
hST stagnation enthalpy

h hot-wall eathalpy

j current density
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Boltzmann's corstant

particle mass

number density

pressure

heat transfer rate

time from launch

thermal velocity of particle

form factor for turbulent ablation

form factor for laminar ablation

ballistic coefficient

specific heat ratio; reentry path angle
perrittivity of freespace

probe sheath thickness

mobility

electron—neutral particle collision frequency
negative ion—neutral particle collision frequency
density

electron—neutral scattering cross section
negative ion—neutral scattering cross section

angular orientation of vehicle instrumentation
measured clockwise from TX antenna

Subseript Symbols

-]

ST.
ST
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freestream condition
electron

original value

sea level

stagnation point
positive ion

negative ion
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