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The excell-ent resistance of graphite to
ablative recession in t¡rpersonlc environments has long
been recognize¿ [1][Z]. Carbon-carbon cornposites atrF
pear to provlde sinilar ablative perfor:aance with
better resistance to bri t t le fracture t3]t t{ ] .  fhis
paper d.escribes an experlmental stutly of ablation in
turbulent flow of several 3D carbon-carbons all nacle
rith the same reinforcement but d.iffering in process
detai- ls.

Experi¡¡ents

Materials testecl lnc1uded, ATJS graphite ancl
fifbeen carbon-carbons all based on the sa¡¡e tt223tt

3D veave. Fourteen of the conposltes, clenslflect vlth
pitcb, resin, ancl/or CVD at maxlnum pyrolysls pressure
of 68 atnospheres, have been descrlbed. by Seibold [5].
One other conposite tested. (CI;z?]) had been processed
vith Ct/D plus flve cycles of pitch tlenslflcation in-
volvlng Wrolyses at 1000 atrnospheres and graphiti-
zations at 2700oC.

Ablation tests were conducted in the MDC-2OO
plasma-arc heaterl6] et MDRLTs HIP faci l i t l  st.  Louis.
This lluels-type arc heater uses tvo hollov cylind.ricel
el-ectrodes. Filteretl air, inJectecl tangentially
betveen electrodes, is heated. by the arc, flows through
the front electrode, and exits vla a nater-cooleal
nozzLe of 0.3?5-inch throat cl ianeter, O.¡{5-inch exit
dia.neter, and an exit Mach nunber of 1.?. A special
cool ing technlque red.uces electrod,e erosion [] ] ;  no
particle inpact was observed on any of the ¡rod.els.

the nodels were 5?o_haJ_f-angle cones rrlth 0.3_
inch ctlameter afterboclles (Figure l). The tip was
0.01 inch fron the nozzle exit pla,ne and vas kept at
that flxed position ln the strea¡r by a laser-actlvated
recession compensator systen [8].  The arc heater vas
aclJustecl to give a stagnation pressure of 100 atn at
the noclel . Each noclel vas kept in the strea,n until
0.21-inch receseion occur¡ed. Based, on novie f i lms,
the cone half-angle stayetl fairly constant (between
llo and 6?0) durLng the tests. Moclel surface tenpera-
tu¡es, measu¡ed using Themogage pyroneters (0.9¡n
vavelength) alnect about niclvay betrreen the centerline
anil the cone circumference, ranged betveen 32OOoC a¡d
¡{000oC. Typica} clata ls shovn ln Figure 2.

Run-to-run variations vere observed in the
bulk enthalpy of the plasna-heated air (betveen 2200
and 2lr00 Btu/Ib).' To place the clata on e counon basis,
recesslon rate vas assr¡med proportional to the center-
l ine enthalpy of the air strea,n. As in [2],  the
centerline enthalpy vas estinatect higher tha¡¡ the bulk
ent¡¡alpy by e factor sufficlent to account for the
discrepancy observed betueen heet flux neasured wlth
calorineters during facillty caLibrations a¡¡cl the
theoretlcal heat flux predlctecl for uniform enthalpy
using the theory of Fay and Rlddefl  [9].

C .  R.  nove
Naval Surface Weapons Center
Silver Spring, Maryland 20!10

Table of Data

Material HfP Bulk Measured Normalized
Run Densi{ lr  Recession Recession
No. g/cm- in/sec in/sec

D
A
DD
R
NR
B

DM
BBI
BB2

BB3

F¡N1

BC2

BC3

c8223

ATJS

0.r77
0 .179
0 .167
o '176
0 .151
0 .208
0 . 1 5 3
0.211¡
u . J , f o
0 .2 ¡ {3
0 .17 r
0 .160
0.r?5
0,250
0.2I5
0 .185
0.r80
0.180
0 . 1 4 5
U.J-4J .

0 . r_50
u . J . ) o

ro27 1 .91  0 .177
ro27 r.g0 0.1?9
ro27 1 .91  0 .167
1027 1.91 0.176
1028 1 .9r  o . r5 l
1028 1 .8?  o .2og
1028 l .gL  0 .153
ro29 1.BB 0.2\6
Lo27 t .8B* 0.r?6
r02B 1 .g1*  0 .2 [3
to29 I .9r o. t9?
Io29 1.93* 0.183
102B 1 .93  0 .175
ro27 1 .83*  o .z5o
I02A 1 .85*  0 .215
LO29 1.98 0.213
Lo29 1.89r 0.206
1029 1.89 o.2o7
ro27 1 .90  0 .1 \5
ro28 r .go  0 .1 ! r
ro25 r.B3 0.160
1026 r.B3 0.167

r )
2 )

7 nod.els per run, 
"fl 

.! LOO atn stagnation press.
Bulk enthalpies (Btu/tb) were 22OO fór runs J.02J
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for run 1029.
Brük density is for representatlve bi l lets of each
naterial, except r denotes ciensity of ablation nodel.
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Di  scuss ion

Normal-izecl recession rates are shown vs bulk
density in Figure 3; where two mo<leLs of a material
were tested, the average is plottecl.  Two l ines are
dravn: the sol id l ine is the trend for thirteen of
the cornposites; the dashed. l ine is the expected
variat ion of recession rate r i th density, assuming
mass Ioss rate is constant for the given environrnent.
The discrepancy betveen the t¡ro trends may result
fron di. f ferences in the heat transfer rate to each
moalel, or from non-thermochemical- effects such as
mechanica] erosion.

lleat transfer aug¡nentation in turbulent flor¡
depenals on surface roughness [10]. l fhi le the
relat ionship of roughness to ¡nicrostructure ancl
processing in carbon-carbons is incoropletely under-
stood, intuit ion and avai lable eviclence suggest pore
s ize  to  be  o f  maJor  in f luence [ I1 ] .  Mat r i x  poekets
of lD cornposites d.ensif iecl r i th pitch at low pressure
(68 atm) usually contai.n one relat ively-1arge pore.
The pore size, and therefore the roughness, maü be
expected to vary vith the attai.neci bulk density[12].
For composites densif ie¿l vi th pitch at 1000 atn,
the matrix pockets contain a d. ispersion of srnal1
pores, simil .ar to the porosity observed in ATJS. In
such materials, increases in density might affect the
number of pores vithout necessari ly reducing the
rnaxi¡num pore size. Thus the GE223r the ATJS graphite,
and the most dense of the low-pressure-processed
material-s, al l  Lie close to the same clashed trencl
l ine in Figure 3. The only other low-pressure-
processed material to l ie near that l ine is "RR"
vhich also has snall pores by virtue of the irnpreg-
nat ions  v i . th  res in  [ ) ] .

Conclusior¡s

PLasma-arc testing of 3D carbon-carbons shor¡s
recession rate in turbulent ablat ion to be a strong
function of bulk density for materials processed vith
pitch at low pyrolysis pressures. This suggests that
surface roughness developed. during abl-ation is strongly
affected by ttensity in such materiaLs. The dependence
of roughness on clensity can probably be rectucecl by the
use of high (IO0O atn) pyrolysis pressures, or by the
use of ther¡rosetting resin as an impregnant.

Quanti tat ive characterization of the mlcro-
structure and the roughness of the mod.els tested
vouLd. be necessary to substantiate these inferences.
The rol,e of aeromechanical erosion shoul.at be also
investigated as an alternate (or supplenentary)
hypothesis.

Acknovledgenent s

The rork d.escribed vas sponsored by the U. S.
Naval Surface l,Ieapons Center, Silver Spring, Maryland.
The contr ibutions of D. A. Eitman (selection antl
process clevelopnaent of the lov-pressure-processed
composites) and J. lJ. Stuttz (ablat ion test ing) are
gratefufly acknovledged..

1 )  B ishop l l .M.  and D iCr is t ina  V. ,  A IAA J ,  6  (Jan
2 )  K r a t s c h  K . M . ,  M a r t i n e z  M . R . ,  C l a y t o n  F . I . ,

References

Greene R.B.  and Wuerer  J .8 . ,  A IAA paper  68- f t53
( 196B )

3 )  K r a t s c h  K . M . ,  S c h u t z f e r  J . C .  a n d  E i t m a n  D . A . ,
AIAA paper 72-36, (]-972)

l+) Sctrmiat D.L., SAMPE J, pp 9-f9 (May/June 197e)
5 ) sel¡or¿ R.I ' I  .  ,  at this conference (197? )
6 )  Pa in te r  J .H.  anc t  Ehmsen R.J . ,  A IAA paper  71-259

(March  1971)
7)  Pa in te r  J .H. ,  A IAA paper  ?5-?05 (May 1975)
8)  Wi f f ia ¡nson R.A. rR inehar t  l J .A .  an i l  l J i l l i ams R.R. ,

AIAA paper 73-380 (March 1973)
9) fay J.A.  ancl  Riddel l  F.R. ,  J  Aerosci ,  25 (Feb

10) Dir l ine R.B.Jr ,  AIAA paper 73-763 ( ¡urv rqt : )
11) Jortner J. ancl Clayton F.I., McDonnell Douglas

Report t"fDc c6390 (April 1976)
12)  Jor tner  J . ,  a t  th is  conference ( : .97?)

0.40 0.80
Test time (s)

Figure 2.  Typical  test  data
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Figure 3. Data Trends


