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ABSTRACT

Experimental data and the results of analyses are presented
for Teflon ablation runs carried out in the Re-Entry Studies Project
Mach 2 arc-jet tunnel at the Applied Physics Laboratory Propulsion
Research Laboratory. Data were obtained under the following arc
chamber conditicns: 25 to 140 psia and 1500 to 4000 Btu/lb. These
simulate stagnation region re-entry heating environments of 8500 to
14, 000 ft/sec at altitudes of 64, 000 to 114, 000 feet.

A comparison of the data with three major theories showed -
that the analytical treatment of 5. M. Scala closely predicted the
levels and trends of the results. Teflor appears to be a considerably
less efficient heat absorption material, by a factor of almost 2, than

is conventionally anticipated.
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L13T CF SYMBOLS

recombination rate parameter, dimensionless
effective heat of ablation, Btu/lb

total arc effluent enthalpy, Btu/ld

mass loss rate, lbs/ft>-sec

total pressure in arc chamber, psia

calorimetric heat flux, Btu/ft?-sec

stagnation point heat fluz, hot wall, Btu/ft3-sec
momentum thickness Reynolds number, dimensionless
radius of curvature in stagnation vegion, inches
model surface temperature, °P

ablation velocity, in/sec

overall mass lcss, lbs or gms

air flow rate, lbs/sec

total surface regression, inches

compressibility factor, dimensionless

time, seconds

time to stesdy state, seccnds

ratio of specific hezcx; dimensionless
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INTRODUCTION

Teflon* has been investigated both experimentally and analyt-
ically for some time in respect to its reaction to high temperature en-
vironments. As an ablator, Teflon not only possesses some excellent hest
protection capabilities, but is also one of the simplest materials to
describe analytically. It is frequently used as a standard material, even
though some major disagreements exist concerning its properties (Ref. 1,2,
3 and esp. Ref. &), and is also used when othef aspects of heat and mass
transfer, rather than gross ablation per se, are being examined.

It is well known that most ballistic objects of a reasonable
shape decelerate and thus experience maximm heating at the lower alti-
tudes where combustion effects, high pressure levels, and high shearing
forces take on increased significance in respect to materiel perfcrmance.
It is alsc a facct that ablating materials, and their attendant reactions,
are quite sensitive to the local enviromment ~ and that little data have
been obtained under simulated lower altitude conditions. For exsmple, in
respect to Teflon, Ref. 1 points o>ut that the effects of combustion could
be quite severe at the lower stagnation enthalpy conditions ~ although,
again, lack of data in this region has caused some doubt to exist concern-

ing the size of these effects.
For practical purposes, three major theories exist concerning the
(1’ 2,3)

lies in the manner in which eitler the gas phase. or gas phase-solid phase
(2,3)

ablation mechanisms of Teflon ~ and one of their basic diffsorences

coupling, is considered. Two of the theories include combustion spec~
ifically while the third,(l)a simplified theory, gives only an upper limit

for these effects.

*
Trade name of the E.I. duPont de Nemours Corp. for its fluorccarbon pro-
duct, polytetrafluocroethylene.
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Thus, the present series of experimental runs were conducted
to both obtain s “standard" se: of results with the APL/JFU ave-jet
t:el setup and slso to {nvestigate the simuleted lower zltituode en-
vironment where the combustion effecrs on Teflon are of particular im-

*
portance.

EXFERIMENTAL SETUP AND TEST

The tests were conducted in the Re-Entry Studics Project arc-

jet tunnel in cell 3A at the Propulsion Research facility at this
Lzboratory; a schematic of the experimental setup is shown ia Pigure 1.
O=ly a brief sccount will be given cf the apparstus, procedures, and
measuretent techniques since tihey will be ccvered in detail 2lsevhere
(R2£f. 5).

The air flow is metered upstream of the arc chanmber by an ASME-
centaured sonic nozzle. Pressures in the arc chamber are detercined frea
stitic tap measuremente which heve been correlated with pressures ob-
tzined by a free-stream probe. Current snd volzage to the arc unit are
measured in a conventional manner. With these basic measuremernts, the
rezl gas enthalpy level iz determired based on a choked conditicn at the
nozzle thrcat(ls); checks on the enthalpy levels have been made witk: boch
hea* *alances on the arc compconerts (mezs:red water flow rztes and the
correspcnding incresses in water temperature) and by rearns cf zerodynami~

€)

ccpper=-slug model probes placed downstraam cof the grc exhauss nozzle .

The arc effluent flow leaves the chamber, passes thru aa 11" lsag

weter-cooled settling secticn 2nd then thiu a water-cocled Mach 2 (v = 1.3

A very brief (ui .assifiod) sumsary of the present work has been given in
the Oct-Des. 1965 {ssue of the APL/JHU Quarterly Progress Report series,
AQR!&S'&.
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exhaust nozzle. The nozzle, which has been especially contoured
(Clippinger design) to give parallel flow conditions at the exit, ex-
hausts into a 6" tunnel. The latter, containing suitable windows for
schlieren, Fastax and Bolex photography, and other associated measure~
ments, connects the complete arc unit to the exhaust system. Tunnel
conditions are set according to the required real gas pressure ratcio
needed to start the nozzle. The data are obtained on strip chart
recorders as well as magnetic tape using the facility data acquisition

system.

The axisymmetric mushroom-shaped test models (RN- 0.4"), with
typical dimensions as shown in Figure 2, are very rapidly injected into
the hot gas stream when arc conditions have stabilized. Every effort was
made to hold arc chamber conditions constant during‘the test runs, Both
injection and retraction times are in the order of 0.01 - 0.03 seconds:
the result is essentially a square wave heat input to the test model with
almost negligible errors introduced in respect to the determined ablation
characteristics. The models are positioned in the stream in such a fash-
ion that the entire face is within the Mach rhombus, i.e., no shock lines
or waves impinge on the model face. A protective sleeve covers the model
body, or stem, so that ablation or mass losses occur only from the face
of the model. Figure 3 showe typical models before and after testing (1
model before testing, the others are after Runs 111, 114 and 122, respec-

tively); Table I gives a brief summary of the more significant model meas-

urements made before and after the runs. Length changes were generally
*

determined with micrometer calipers and weight changes with a chain bal-

ance. Nose radius changes were determined by the use of both precision

radius gauges and an optical comparator.

*k specially-designed method of measurement (by L.O. Kauffman), utilizing
precision height gauges, was employed on some of the later test models.
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PROTECTIVE SLEEBVE

0.7 IN,

AFTER SECYION i3
PINNED INTC STRUT

[o—

1.6 IN.

Fig.2 TYPICAL TEST MODEL
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Run
No.
145
146
147
148

111
122
112
205

119
114

117
241
127

Meas.
Stag. Pt.
Recession

gin}

.097
.102
114
.094

.106
.104
.087
.183

.065
057

.088
L 131
.073

TABL

MODEL MEASUREMENTS

Meas .
Overall
Wt. Loss

1.0816
1.1463
1.2508
0.9468

1.0285
1.0335
0.9350
1.84289

0.8827¢?
0.6202

146572
1.7492¢?
0.7576

Mess.
Gross

Ve
ginzsecl

.0357
0347
.0403
.0376

.0546
.0559
.0613
.0635

.0591
.0567

.0815
.0868
.0830

(3)

Model Nose
Radius
Initial Final(1)
(in) gin!
.398 41-.44
.402 42-.44
.397 ok
.400 42~-.46
.400 41-.5
" L41-.45
" .39-.44
.394 .41
.400 JAal- bh
" Al-44"
. 400 Lal-.44
lal -41
.400 4l1-.44

(1) Radius can vary as a function of angle
(2) Including body mass loss

(3) Stagnation point values
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Run conditions for the various tests are given ir Table II
including the simulated flight conditions based on the enviromment
existing in the stagnation region of the model face. The runs are
grouped in respect tc both increasing pressure and increasing enthalpy.
Some rather brief, and general, comments on both the experimental data

and the runs are given in Appendix A,

*
IEST RESULTS AND ANALYSES
As can be seen from Table 1I, the range of test conditions
utilized,
Pt : 25 - 14) psia
arc
Ht + 1540 - 4000 Btu/lb
arc

Run time : 0.88 -~ 2.%94 sec.,

resulted in simulated re-entry stagnation region heating environments
on the models corresponding to flight conditions of:

altitudes : 64,400 - 114,000 ft.
velocities : 8,500 - 14,000 ft/sec.

The corresponding changes in the models «re shown in Table XI; overall
ranges of measured values of:
stagnation point recession : .057 - .183 in.
overall mass loss : 0.62 - 1.2%5 grams**

nose radius change : 0 - 25%

—

*
A more detailed discussion of the techniques used in analysis, the assump-
tions and limitations, and certain calculated parameters chtained in ad-
dition to those presented here are presented in Ref. 7.

**Those models with body mass loss were excluded.
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Run
No,

145
146
147
148

111
122
112
205

119
114

117
241
127

t
arc

Sgsiaz

25.1
25.3
26,0
29.1

73.0
69.5
76.3
71.5

123.5
122.5

136
138
141

TABLE 1I

TEST CONDITIONS AND STAGNATION REGION SIMULATION

Ht
arc

SBtullbz

2640
3000
3030
4000

2100
2130
2470
2640

1540
1580

2120
2250
2270

Run
Time

sSecC.

2,72
2.94
2.83
2,50

1.9
1.86
1.42
2.88

1.1
1.01

1.08
1.51
0.88

Stagnation Region
Conditions Simulated

Alt,

(fr.)

109,600
110,700
110,200
114,100

82,400
83,700
85,100
88,200

64,200
64,400

68,800
69,800
69,500

Vel,
Sft.(sec.}

11,700
12,000
12,100
14,000

10,000
10,100
10,900
11,300

8,500
8,600

10,100
10,400
10,400
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;
were noted. The measured stagnation point 1038 snd the measured cun L
* ;
times gav: gross ablatiocn velocities of ? :
V. : +0357 - [0€68 in/se-r. te

&

For the znalyses of the ruuns, calculations were carried cut
using an 13M 7C34 /FORTRAN) program whieh cordined the fiuid flow, hesa:

gy
- 4

and mass transfer considerations; a very brief accounting of this is

given in the fcllowirg paragraph.

The determined Pc , B , and éa were .sed as the bssic in-

are arc
puts. BEmpl:ylag continuity as a boundary condition, the rezl gas flow !

g

thru the nczzle was calculated, in en iterative manter, by a modified

123
gamma technigue . Conditions behind the bow shock were founi from stand-

H

ard (real gas) air tables; an isentropi: compression was assumed from the
shock to the stagnation point. From these results the local heat transfer
; (9’10), the simulated flight condZ:iiors found (iteratively),

wze determined
and the mass transfer was calculated based on results given in Ref. 3.

S B 4
s e e

ey

: At the noz-stagnation regions on the model face, the flow was det2rmined

o
\

(iteratively) by the use of a modifi:d Newtoniar pressure gradieat with an
isentrepic expansicn. The locsl heat transfer, which is depsndent on the

stagnaticn conditioas, was calculated based on the worx of Ref. (12). A3

e o

a first approximstion, the mass lcss vas determined locally, &1 two posi-
tions on the molal face using ejual surface areas, by ar ext=nsion of Ref. -

(3). The result’ing mass loss was sumnred and compsred to the measured :

* it
N~ correcticns were made for tive to approach the steady state sblatisc

cenditicn (as will be seen later, such tizes are small compared to the
run tize) or for molel irnjection tizes (also srall). il

s e aneA A o it MY

Typizal results compere very favorably with standard refareicces (Ref. 8).

&
ek 3 ] . 1 ] .
Fay and Riddell's,rather than Scala's, work was used for the Leat
transfer (coupled with Scala's ablation results). R:£. 11 shows the :
differences between the two methnds are small at th: given test condi-
tions. .
{

- 10 -

o — YRS [ e e S s

i




THE KRB HOPRING UNIVERY, 3 Y
APPLIED PHYSICS LABOF + TORY
Ses vER BPEG MARVLS .

o

A

e

sl

Lo

L-—u-.-m-\
W

£y
i

-
1

T S v B Vot

overall loss in weight by the model. Thus, the complete solution to
the problem was effected in three separate parts in order to obtain the
comparisons between Loth calculated and measured stagnation point re-
gression and overall mass 11. ;. All results were based on the average
conditions occurring in the mid-portion of the steady state (sblation)

part of the runs.

The final results, involving the comparison between the analyt-
ical and experimental findinge, are shown in two different forms in Fig.
4 and Table IIT. 1In Figure 4, predictions of material performance are
shown (after Scala(3)) for the three major thecries. It can be noted
that factors of up to 2 exist between the basic theory of Georglev,
Hidalgo and Adams(l) (z)gives results
very near to the lower limit predicted by Georgiev et al(l)

and that of Scala(3); Sutton's work
when combus~-
tion 1s considered. While plots of this nature {Figure 4) shovu the
practical aspect of Teflon, i.e., its heat absorption capabilities as a
funccion of enthalpy difference*, and are, in fact, a standard method of
comparison, they are not too well suited for our investigations since the
"data" reported are actually a combination of amalytical and experimental
results. For example, it can be shown quite easily from the basic defin-
ition of effective heat of ablation, at steady state conditions,

q
a =2
Heff T om

that
qo T

B . ==

‘eff p Y

where 9, is the calorimetric heat flux, T is the time, p is the material

*
Since the (calculated) Teflon surface temperature ¢id not vary appre-
ciably (1350-1400°F) in these tests, the resulting enthalpy of the air,
at the wall, was essentially constant at a value of ~ 460 Btu/lb.

- 11 -
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TABLE 111

A COMPARISON OF CALCULATED AND EXPERIMENTAL RESULTS

Stagnation Point Cverall Model
Recession Mass Loss
(Yanal.gScala} N <E§mg§cala) N\
Run Y / w . J
No. exptl expt
145 .93 .98
‘ 146 .98 1.04
< 147 .86 .91
r 148 1.06 1.18
. 111 .87 .99
122 .86 .95
112 .89 .90
205 .89 ---
\ 119 .90 -——
’ 114 .95 1.01
gj 117 .82 ---
. 241 .82 .-
i.s 127 .85 .94
i
i |
- 13 -
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*
density and Y is the total surface regression. 1In our present series

of tests all of the above quantities vere measured with the exception
of the heat flux. Calculation of Heff values in this manner with the }
heet flux calculated az described in the preceeding paragraph gave

values to within 1-2 percent of those shown in Figure 4. %’
-
The "data"” shown in Pigure 4 were actually obtained in a some- T
vhat differert manner which involved the use of simulated flight condi- &
tions with compensations for the actual material loss. Scala's results, -
i
including nis thermal diffusivity and specific heat, were assumed correct; b
an average value of our measured density was used (~ 135 1b/ft®) and the ,
conductivity (of necessity) was implied from E
k
Q- = ,
p < L

P

Time to steady state and temperature distribution thru the model were cb-

PRe—

tained with firite difference numerical techniques. An analytical check
on the times to steady state sblation were made and results compared with-
in a few percent to those determined numerically. Also, at the time when
steady state ablation began, the gradient thru the material (determined

by finite differences) was checked for its necessary exponential rature.
This was found to be approximately so, although a finer slab subdivision
would have shown the gradient better. Using the net run time, and the

given values of Scala's H ger the "data" in Pig. 4 were determined from

Y‘anall

" = H
eff(exptl) eff(anal) Y(exptl)

*

A semi-infinite moterial is implied, with a square wave heat flux and use cf
a '"ret" time (or insignificant non-steady state times). All three can be
shown to be good assumptions for these test runs.

P ——

k
- 14 - :
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As can be seen from the figure, values of H ee of from 750-20C0 Btu/lb

were obtained cver an enthalpy difference range of 1100-3600 Bru/lb.

The resuits are quite clearly near the level predicted by Scala and

]

et

show the trends he advocates.

T

The above method of presentation, while conventional, has

[ st |

som~ obvious drawbacks in any comparison of data with theory since

anaiytical and experimental results are mixed. A differeut manner of

"

presentation (with the necessary scparation) is shown {n Table III

P i
.

vhere measured and calculated stagnation poiat loss and overall mass
loss are compared. This has the effect of t.owping all errors (experi-
mental and analytfcal) in with the analytical trestwent since both
physically occurring losses (mass and distance) are easily measurable.
; o As can be seen the stagnation point losses, predicted from the theory

i of Scala, are generally 10-15 percent below those measured. The pre-
dicted mass losses, which are aralyticaily cnly a first approxilltion*,

are within + 10 percen® of those measured.

There can be a number of possible explanations for the differ-
ences seen between the calculated and experimental values:

1) loss of material due to scouring of the model by fine

solid particles from the steel arc chamber walls,

1
ii 2) 1increased heat transfer in the stagnation region due to
o the turbulence level in the arc-efflueat stream.
*
r While the non-stagnation, non-ablating (calorimetric) heat fluxes are
{ analytically correct, Scala’s analysis is for the stagnation region only.
Thus it is an incressingly poor approximation tc use the results of such
‘ an analvsis at body angles greater than 15°-20°.
i yes
L As further refinements {n the non-stagnaticr. ablation analysis are avail-
, able, more accurate results can be obtained by subdividing the mcdel face
! fnto a2 number of zones, and then summing the mass losses.
{
- 15 -
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3) 1inexactitudes in the determination of arc chamber condi-

tions,

4) inexactitudes in the analysis both from the point of view
of Scala's theory and from the techniques used in the pres-
ent work or in the analytical description of the actual

physical processes.

To discuss these points briefly, it can be stated that the evidence in
respect to possible scouring of the models, by either arc electrode or
arc body slug, is at the best inconclusive and interpretations are pres-
ently somewhat subjective. There is no doabt26§rom-both Fastex movies
from the arc chamber at least sporadically. On one of the model runs
(#117) definite striations were noted on the model protective sleeve (of

and the copper calorimeter test model results' ‘', that some material comes

Teflon); occasionally other runs show signs of such evidence. When quartz
was used as a protective sleeve, hard black deposits occurred on the sleeves
~ very similar to the deposits seen on the calorimeter models. On one ,
aborted run (#113), where the arc blew out at the beginning of the model
abiation period ~ and where conditions (i.e., gas temperature), dropped

off very rapidly, black marks were noted on the model face. It actually

is not too surprising if such marks are not seen on the other model faces
since any further surface combustion of the feflon, after it is removed

from the stream, would tend to loosen small embedded particles causing

them to drop out and be lost. Since the surfzce is hot, some combustion
will occur, although the loss with materials such as Teflon will be small
due to their low thermal diffusivities (i.e., small thermal thicknesses).
Future use of a -ompletely copper arc (arc model XIV) will minimize these
problems, but {n ¢ 'y event attempts will be made to quantitatively determine
the effects of scouring and the new models will be more completely examined

after each run for adverse effects.
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In respect to turbulence the phenomena seems to be possibly
present in two forms: 1i.e., in the basic turbulence in the stream and/
or in its enhancement in the stagnation region. The first form arises

. from the swirling motion of the arc effluent stream ~ and while there is

o conclusive proof that such an effect occurs in the entrance region to the

settling section (and thus the nozzle), the evidence is not conclusive

-

i as to whether or not su~h ar. effect persists to any degree downstream of

- the bow shock wave. 1In fact, the melt formations from glassy ablators

F ‘ do not show any such expected effects ~. although after the bow shock,

f which tends to darp disturbances, the tangential velocity could be too
[ small to affect the melt and yet large enough to slightly increase the
heat transfer. In respect to the second fewm Ref. 13 shows very clearly,
as d¢ a number of other experimental results:the enhancement of the neat
transfer or turbulence level in the region of a body where a favorable

pressure gradient exists. However, the theoretical work is not very well

developed for cases of the type we are exemining, and at this stage it
appears that all one can say is that the apparent higher heat flux that

we see could reascnably (in both qualitative and quantitative senses) be

AR sbbbteibsr ety -
1 — .

due to either of the two, or both, turbulence effects.

P —
e

In respect to the third item mentioned, it is possible that minor

awd

discrepancies or inconsistencies could occur ia the determination o arc

sy
o

o

chamber environmental conditions. For example, cur examination of the

measured ablation velocities and their corresponding arc chamber environ-

,
‘:M“"!

ments shows slight inconsistencies as a function of enthalpy level. (This

is discussed somewhat further in Appendix A).

*

A study ol impinging jets has been undertaken at APL/JHU; a summary of
turbulence effects and heat transfer for such cases is expected to be
- published in the neur future.
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Finally, in respect to the analytical treatment a number of
errors are always possible. First, in Scala's treatment, certain
property data and simplifying assumptionz were employed; attempts are
being made to determine all their implications. Second, the possibil-
ity of numerical errors, or small discrepancies due to oversimplifica-
tions, are alw. 's possible ~ especially ia long, involved computer pro-
grams. Third is the question of the accurate simulation, analytically,
of the actual physical situation ~ and this will be covered in some de-
tail in Ref. 7. Finally, there are small known errors present, due to
appreximations made; their sum conceivably could be the difference be-
tween the noted analytical and experimental €indings. Parametric exam-

inations, and error investigations, are being made or the analyses.

In order to show, both arecifically and generally, the levels

of certain calculated parameters without going into the details of their

derivations or the implications of their results, values are presented
in strictly tabular form in Tables IV-VI. Values in Tables IV and V
apply to specific run conditions for stagnation and non-~stagnation re-

gions on the model, respectively, and Table VI shows overall ranges.

Briefly, the results show, fcr example, that the time to steady

state ablation is small ~ at the most only 5 percent of the total run
time. The recombination rate coefficient shows the degree of chemical
equilibrium or “frozenness" in the local flow; the conditions reported
here can be considered as being in the non-equilibrium to "well frozen"
range*. The levels of shear stress, while numerically low, are for

example a good order of magnitude higher than those usually seen in the

literature. As could be expected from a pure sublimor (ablating material),

no noticeable deleterious effects on the material could be seen from the

shearing forces. Since botk the given heat flux and shear stress are

"calorimetric" values, preliminary estimates of their reduction (by mass

*
the latter occurring at the lower pressures
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TABLE TV

SELECTED CALCULATED PARAMETERS
(Stagnation Region Values)

. m

Run sTaAC Tsure  Megs 1bs Vow Tas c(l)
No. (Btu/ft®=gec) (°F) (Btu/1b) ft?-sec {in/sec) (sec) 1
145 540 1330 1440 .385 .0345 .12 .0015
146 580 1330 1510 . 395 .0353 .11 0014
147 600 1330 1520 .403 .0361 .11 .0014
148 830 1340 1860 .459 .0411 .08 .0008
111 570 1370 1100 .547 .0490 .06 .0195
122 600 1370 1120 .553 .0495 .06 .0167
112 780 1380 1270 .626 .0560 .05 .0149
205 860 1370 1350 .640 .0573 .04 .0112
119 500 1390 820 .620 .0555 .05 .0928
114 520 1390 840 .632 .0566 .04 .0895
117 840 1400 1110 771 .0690 .03 L0575
241 950 1400 1170 .809 0724 .03 0541
127 950 1400 1180 .811 .0726 .03 .0510
NOTES:

(1) recombination rate parameter of Fay and Riddell (Ref. 10)
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g
g LE v
i SELECTED CALOULATED PARAMETERS 5
(Non-Stagration Region Values) ~
. k-
! r
i : Shear i
i Run Y ocal Stress
i No. (Btu/ft?-sec) (1bg/£:3 g
: 145 400 - 500 5.4 - 7.0 '
146 420 - 530 6.0 ~ 7.7
H
147 440 - 350 6.2 - 6.0 '
: 148 630 - 770 11.4 -15.1
H 111 470 - 550 7.0 -11.0
122 466 - 570 7.4 -11.5 }'
112 590 - 730 8.6 -12.1
205 630 - 780 9.2 -12.3 ¥
119 370 - 460 12.3 -19.0
114 380 - 480 12.6 -19.1 ’
117 640 - 780 1C 8 ~1€.7 '
241 720 - €70 11.2 ~16.9
127 690 - £70 11.8 -18.0 i
z

'
[
(=
1
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Flow Ccnditions at the Arc Nozzle Exit

TABLE VI

OVERALL RANGE OF SELECTED CALCULATED
PARAMETERS IN TEFLON ABLATION STUDIES

Reynolds number/ft.
Compressibility factor

**heat flux (Btu/ftlsec)

surface temperature (°F)

64,100
8,500
0.035

5400 -
1.87 -
5
2.2 x 10
1.00 -

effective heat of ablation (Btu/1lb)

ablation velocity (in/sec)

mass loss rate (1lbs/ft®-sec)

time ro steedy state ablation (sec)

thermal thickness (in)
ok

shear stress (1bf/ft2?)
sk

momentum thickness Reynolds no. (-<)

recombination rate parameter (--)

shock standoff (in)

114,0
14,0

00 ft.
00 ft/sec

0.048 in.

7400 ft/sec

1.93
- 1.7 x 10°
1.14
Non-
Stagnation Stagna~iox
Region Region*
500-950 370-870
1300-1400 1310-1400
810-1870
.035-.073 .025-.0€7
.39 -.81 .28 -.74
.03 -.12 .03 ~.23
.002-.004 .002-.006
----- 5 -19
——eea 20 -~ 82
.0008-.09 = eece-
0.113-C.153

=§;‘ The Jjohas Meghing University
: APPLIED PHYSIES LADORATORY
Siver Spring, Marylond
Flight Conditions Simul .ted
1 altitudes
i velocities
1 shock standoff
‘gg
i} valocities
Mack numbers
L Local Conditions for the Model
L
H
.
; N
ﬁ
;j
i
”
i
"calcrimetric" values
H
}
L

rosssertesemirny

-21 -

positions evaluated were approximately at angles of 25° and 45°
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velocities (ft/sec)
compressibility factors (--)
gas temperature (°F)

gas pressure (psia)

Non-
Stagnaticn Stagnatior.
Region Region*
----- 1600-3700
1.01-1.19
4800-7900
12-101

'bositions evaluated were approximately at angles of 25° and 45°
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injection) show factors of 2.5 - 4.0 are involved, depending on vari-
ous considerations; this is bein; investigated further. The (“calor-

imetric") momentum thickness Reynolds numbers, Re,, indicate that

i laminar flow existed over the entire, or greater portion of, the model
3 face. The thermal thickness (i.e., where the temperature drops by a
?? factor of %) is very small and thus shows that the semi-infinite as-
i sumption is particulariy good for the :est models under these ccndi-
; ] tions. The compressisility factors indicate that essentially only
| i oxygen dissociation occurred; for example, Z gererally is < 1.20 and
thus, conditions of little to almost complete Oy dissociation were
. present. The flight shock standoff gives an indication that departure
? ) from thermal equilibrium(ls)was < 10 percent; considering that the
: r actual (ground test) shock standoff is almost 3 times the flight value,
) L no problems with thermal non-equilibrium occurred on these tests. The
g real gas "free stream” (erc nozzle exhaust) Mach numbers show, for ex-
% ample, that the results are on the lower edge of the validity of the
; modified Newtonian pressure distribution apptoximation(16). Finally,
i . the high Reynolds numbers per font at the arc nozzle exit indicate free
§ stream turbulence effects can noticeably influence the heat transfer to
: § the model face.
i
U
L
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SUMMARY AND CONCLUSIONS

Experimental data and the results of analyses have been pre-
) sented on Teflona ablation runs carried cut in the Re-Entry Studies Pro-
ject Mach 2 arc-jet tunnel at the Applied Physics Laboratory Propulsion
Research Laboratory. Data were obtained under the following arc chamber
conditions: 25 to 140 psia and 1500 to 4000 Btu/lb. These simulate
stagnation region re-entry heating environments of 8500 tv 14,000 ft/sec
at altitudes of 64,000 to 114,000 feet. Analysis of the data indicates:

(1) The experimental data has shown good agreement, both in re-
spect to levels and trends, with the theory of S.M. Scala.
This implies that Teflon is not as an efficient heat absorp-

tion material as is commonly supposed.

¢ (2) Use of the theory of Georgiev, Hidalgo and Adams, without the
i consideration of any combustion effects (which is frequently
done) can result in significant errors in regression ani mass

loss rates at the lower enthalpy levels.

(3) Wake analyses involving Teflon coated bodies, in either free
flight or ballistic ranges, may be considerably in error in
species and electron concentrations and enthalpy levels if in-

correct Teflon ablation mechanisms are utilized in the analysis.

(4) The slight differences between tl.2 experimental results and the
theory are believed to be due mainly to both inexactitudes in
the determination of arc chamber conditions and in the analyti-
cal description of the actual physical situation. Some contri-
butions may also be possible due to scouring by metallic parti-

cles and excessive free stream turbulence.

(5 Tc completely confiim the validity cf the theory of Scala, it
is suggested that more data be obtained in the enthalpy range
of 3000-4500 Btu/lb.
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Appendix A

COMMENTS ON THE EXPERIMENTAL RUNS

Ag can be seen from the tabulated results, data were taken
over a wide range of conditions. In general, the data were regarded
as being quite satisfactcry at tt+ run conditions made; the scatter in
the results appeared to be much less than is ordinarily encountered in
ablation-type testing as can be seen by comparison with the results
presented in Ref. 19. However, in order to have the complete record
available for possible tuture use of the results, and also to indicate
potential problem areas that could bear further examinations in the
future, & discussion of the experimentel conditions and the data are
given in the following paragraphs. Four runs (#113, 162, 242 and 243)
had to be disregarded completely due to irregularities in the flow con-
ditions. Results from these are not included in this report. Run #148
also had suspected irregularities in the flow but as nothing definite
could be shown*, the results were allowed to remain. This run provided

the only point above Scala's prediction on Fignre 4.

In respect to the data, it can be seen from Tables I and II
that slight paradoxes or anomolies are present ~ i,e., both in respect
to measured ablation velocities and in respact to nose radii changes. For
example, it is fairly well known that the ablation rate of Teflon is only
weakly pressure dependent (see Fig. 5 for example) but is strongly and
directly denendent on stagnation enthalpy (or enthalpy differences). At

Unfortunately, the Fastax movie coverage, which has been a valuable rool
in flow observations, was not available for this run.

The data as shown are divided into 4 g-oups based on pressure level ~

and are further listed in these groups on the basis of increasinj arc
{total) eanthalpy.
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a given pressure level, an increase in the air enthalpy should result
in an increase in ablation velocity. As can be seen, there are small
inconsistencies in the measured results, particularly noticeable at the
lower pressure conditions. The conclusion here is that even though con-
sjderable work has been done in the project on definition of the arc

chamber environment, more effort will probably be needed.

The nose radii changes are aleo somewhat unusual considering
the measurement techniques employed, the expected variation of local heat
transfer over the face of the model, and the different heat inputs to the
models. The results show some inconsistencies but in general imply that
(from the sweeping generalization viewpoint) regardless of run condition

or time the nose radius increases by approximately 10 percent.

In respect to the run conditions, the majority of the diffi-
culties encountered were at the lower pressure (higher enthalpy) arc en-
viromments ~ with the main problem being flow definition. The problems
were in respect to the nozzle either not starting ~ or in becoming un-~
filled during model injection ~ and in respec* to accurate enthalpy deter-
minations. The difficulties with the partially filled nozzle flows were

noted from the Fastax movies and consideration of the change in shock stand-

off distance with relatively minor changes in the flow. The enthalpy de-
termination problems were obvious considering the measured gross ablation

rate data.

Some other general points applicable to the tests are: slightly
asymmetrical model noses were observed after Runs 111, 127, 145, 147, 148
and 205 (indicating possible model misalignment before the run and/or an
inadequate method of holding or pinning the models securely to the strut.
With the latter, either the model irertia upon injection, or the effect of

the air stream, or inertial effects when the strut "snaps home" into the
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middie of the stream could contribute). It was also noted that the
center portion of the model face appeared to be slightly flattened on
Runs 111 and 148 (possibly due to model movement in the holder in a

. circular fashion)*. Material was ablated from the body, or stem of

U the model in Runs #117, 119, 205 and 24l ~ and thus accurate determina-

- tion of the nose total mass loss are problematical.** Difficulties were

%é encountered initially in measurement techniques s0 that mean measured
values had to be employed for Runs 111 and 112. Some indications of

?E possible oscillatory flow were noted, from Fastax moving pictures, for

- Runs #111, 114 and 117. Arc body or electrode leaks were discovered

i after Runs #112 and 114 but these were believed to have occurred on

: shutdown and thus did not affect the arc effluent stream during the

i model portion of the run.

éi

{ -

i

gg * Keuthe et al(is)have results where free stream turbulence (even under

&

supersonic ccnditions) has resulted in movement of the stagnation point.
This could be present in our tests where we get noticeable stagnation
E} region blunting.

Some of these ruus were carried out for the primary purpose of obtaining
spectrograph’c information and measurements on the contaminants in the
EQ flow behind the body ~ and thus nc attempt was made to halt the runs be-
) fore body ablation occurred.

rc-u..nw..
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