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Experimental Ablation Rates in a
Turbulent Boundary Layer

An exploratory experimental program on the ablation of graphite, a combustible sublima-
tor, is reported which verifies an analysis of turbulent ablation rates previously de-
veloped. A blowdown system was employed using a mixture of oxygen and nitrogen as
The use of a kigh percentage of oxygen enabled the simulation of re-
entry ablation conditions. Ablation rates were predicted within 30 per cent with no ad-

justment of empirical constants derived from incompressible turbulent skin-friction ex-
periments. The predictions were consistently high. Temperature of the reacting surface,
determined by means of a radiamalic pyrometer, was predicted within 10 per cent. The
analysis can be applied lo a wide variety of ablation materials including those which go
through a liquid phase, provided proper account is taken of the chemistry, and provided
the simplifying assumptions are valid.

Introduction

AN EFFECTIVE means of absorbing the high heat
fluxes of re-entry is through the mechanism of ablation; i.e., melt-
ing and vaporization or sublimation of the surface of the thermal
shield. Therefore considerable interest has been shown in the
mechanism of ablation of late as indicated by a survey article by
Adams [1].' Most of the theoretical work which has been done 1s
concerned with the laminar boundary layer {2, 3] as turbulent
phenomena are imperfectly understood. Furthermore, the
majority of the experimental work which has been accomplished
is limited to the laminar boundary layer. The test facility pri-
marily used in ablation studies is the air-stabilized arcjet [4].
The power required to develop sufficiently large Reynolds num-
bers so as to attain turbulent flow is extremely large [5].

Unfortunately a turbulent boundary layer is prevalent in high-
speed re-entry. In this paper experiments on the combustion of
graphite under turbulent-flow conditions are described. Re-entry
ablation conditions, i.e., heat and mass fluxes and temperatures,

1 Numbers in brackets designate References at end of paper.
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are simulated by compensating for a lack of kinetic energy in the
gas stream by increasing the heat of combustion with excess
oxygen. Analysis of the degree of simulation is beyond the scope
of this paper. The experimental results are correlated with an
analysis of Denison [6] for heat and mass transfer with chemical
reaction under turbulent-flow conditions. Although the experi-
ments were confined to the combustion of graphite, the analysis
can be extended to other materials including those which melt and
vaporize, with little modification of the method by which the
reactions in the gas phase are considered.

Experimental Facility

An experimental investigation of the combustion of graphite
under simulated re-entry conditions was studied by means of a
blowdown system with a controlled mixture of oxygen and nitro-
gen as the flowing gas. A blowdown system supplied a dense,
low-speed flow of a cold gas for durations up to several minutes.
The graphite model, in the shape of a hollow cylinder, was heated
to approximately 3000 deg F prior to a run by means of an induc-
tion heater. The flow of an oxidizing gas over the hot graphite
caused ignition and further heating (due to the heat of combus-
tion) to some equilibrium temperature. Thus the combustion
sustained itself until the oxygen pressure was reduced.

The blowdown system employed is shown schematically in Fig.

Nomenclature
B = ratio of mass injection to skin P = pressure T, = mass fraction of oxygen at outer
friction, equation (1) ¢, = heat flux conducted into or radi- edge of boundary layer regard-
B* = value of B with reactants in ated from surface less of molecular structurc
. stoichiometric proportion ﬁ;w = effective Reynolds number for k = exponent used in blunt-body co-
¢;. = skin-friction coefficient based on turbulent flow based on wall ordinate system; unity for
local free-stream conditions conditions, equation (3) bodies of revolution and zero
¢, = specific heat r, = distance from axis of symmetry to for two-dimensional bodies
h,, = enthalpy of solid graphite at sur- body surface ) K = viscosity
face conditions ! = time p = density
h® = heat of formation of chemical T = temperature ¢ = integral defined by equation (3)
species u = velocity in streamwise direction 3
h, = total enthalpy r = tangential distance from stagna- Subscripts
k; = mass fraction of chemical species tion point along body surface ¢ = graphite
g y = distance normal to body surface e = edge of boundary-layer conditions
{ = mixing length B = exponent used to trace influence ¢ = ith chemicalspecies
,, = net flux of surface material of mixing length assumption w = body-surface conditions
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during each run and the over-all decrease in thickness was ob-
tained by comparing dimensions before and after each run.

A radiamatic pyrometer was emploved to measure the tem-
perature of the burning graphite surface. The temperature was
recorded on a continuous-record strip-chart recorder. The in-
side of the specimen was viewed through a quartz window built
into the plenum chamber upstream from the test section. The
line of sight passed through the entrance of the specimen at an
angle of 30 deg from the specimen wall. The radiamatic pyrome-
ter was factory calibrated for black-body conditions. In this
application no correction for nonblack body was necessary as the
graphite cylindrical body serves as an enclosure. The factory
salibration was checked periodically against an optical pyrometer.

Instantaneous burning rates were obtained by the use of an
x-ray system. The change in attenuation of an x-ray beam pass-
ing through the graphite specimen indicated a change in specimen
thickness and hence instantaneous burning rates. This, of course,
gave the average of the local burning rates at two points dia-
metrically opposed. It will be shown that in several runs the sur-
face was not smooth. The meaning of the x-ray data in these
runs is questionable. A rather refined x-ray system consisting
of a scintillation detector, pulse-height analyzer, EPUT (events
per unit time) counter, and digital recorder was found to be neces-
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Fig. 4 Specimen geometry
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sary, Fig. 5. The x-ray beam struck a scintillation crystal whose
light pulses were converted to clectrical pulses and amplified in
the detector.  They were further amplihed in the analyzer and
certain pulses which were sensitive to small graphite thickness
changes were selected. These selected pulses were then counted
over l-sec intervals and printed every 2 sec. Hollow tubes
were inserted in the test section to accommodate the x-ray beam
in order to minimize the length of the high-pressure path. These
tubes increased the sensitivity of the measurement and decreased
the adverse effect of pressure fluctuations. With the system
shown in Fig. 5 consistent x-ray data were obtained in several
runs.

The decrease in specimen thickness was measured at the com-
pletion of the run, at several points along the length of the
graphite specimen by the use of a micrometer. At each station,
measurements were made at several points around the circum-
ference, these being averaged to give an average decrease in
thickness as a function of distance measured along the direction
of flow.

In addition to the data measurements mentioned, several
svstem measurements were made. These included plenum-cham-
ber pressure, oxygen concentration, and certain critical tempera-
tures. The plenum-chamber pressure was measured using a
strain-gage transducer and a direct-print oscillograph. An oxygen
analyzer was employed to monitor the oxygen concentration.
Chromel-alumel thermocouples were used to measure specimen
heating in the initial phases of a test and the temperature of
various parts of the test apparatus.

Experimental Results

A total of 15 data-gathering runs were made during the course
of the experimental investigation. The results of these runs are
summarized in Tables 2 and 3. Before discussing these results,
detailed results are presented for a typical run, designated in
Table 2 as Run no. 14. The grade of graphite used in this run
was CS 3-12 supplied by National Carbon Company. The
run was at 100 per cent oxygen with a plenum-chamber pressure of
165 psia. The oscillograph trace of plenum-chamber pressure is
reproduced in Fig. 6. This clearly shows the pressure transients

RUN NO. 14
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Fig. 6 Pressure-time history in a typical run. Run no. 14, National
Carbon Company CS 3-12 at 6 in. from lip; 100 per cent oxygen; 165
psia.



Table 2 Summary of experimental results

Average Average
surface ablation
Total regression  rate 6 in.
decrease in rate 6 in.  from lip of )
Per ceat  Plenum- thickness 6 from lip of specimen, Graphite
oxygen  chamber Run Density, in. from lip specimen M surface
Run by weight, pressure,  duration, Graphites Pey of specimen, (in/sec) (Ib/sec-ft2) equilibrium
no. "o, Py, psia t, sec grade pef in. X 102 X 10? temp, deg R
Speer
1 41 327 14.6 3474D (L) 98 0.112 0.77 6.3
2 42 305 9.9 3474D (L) 98 0.076 0.77 6.3
3 41 305 10.3 3474D (L) 98 0.087 0.84 6.9 e
4 28 171 60.0 3474D (L) 98 0.337 0.56 4.6 3300
(0.26) (2.1)
5 53 180 20.4 3474D (L) 98 0.107 0.52 4.2 4100
6 82 165 15.6 3474D (L) 98 0.102 0.65 5.3 5000
7 100 70 30.4 3474D (L) 98 0.092 0.30 2.5 3900
8 100 166 12.0 3474D (L) 98 0.092 0.77 6.3 5200
9 100 315 7.0 3474D (L) 98 0.088 1.26 10.3 5900
10 100 330 7.0 3474D (L) 98 0.113 1.61 13.1 .
NCC
11 100 172 15.0 ﬁTJC(L) 97 0.093 0.62 5.0 5200
C
12 100 165 12.0 %E%OOS (L) 114 0.065 0.54 5.1 5000
13 100 165 12.0 RT0003 (L) 113 0.064 0.53 5.0 5000
NCC
14 100 165 12.0 g'SC3(_712 (L) 104 0.073 0.61 5.3 5200
15 100 170 12.3 ATJ (T) 97 0.085 0.69 5.6 5200

aThe symbol (L) designates longitudinal grain orientation; i.e., the specimen is machined so that the direction of flow is parallel to the
direction of preferred orientation. (T) = transverse. NCC = National Carbon Company.

Table 3 Physical description of graphite test specimens

Run no. Description

1 Preliminary entrance design. Deep groove in front of oAt carBoN co. €5 212
specimen. Entire surface deeply pitted and 100 PE o oM LIP
streaked. Cracked longitudinally without breaking. 165 psio

2 Preliminary entrance design. Deep groove in front of
specimen. Entire surface pitted and streaked. No
cracks. — — —  THEORY

3 Final entrance design. Fairly deep groove in front of
specimen. Entire surface pitted and streaked. TTTOTT  EXPERIMENT (X-RAY)

Specimen broke circumferentially 2 in. aft of en- =
trance. No other cracks.

4 Groove over most of the length of specimen with slight
pitting. No cracks.

5 Fairly deep groove in front of specimen. Deeply pitted
entrance. Slightly pitted aft portion. No cracks.

6 Slight groove in front of specimen. Several areas of
loeal high burning rates in entrance. Smooth over
remainder of body. Cracked longitudinally without

breaking.

7 No groove. Smooth surface. No cracks.

8 No groove. Smooth surface. Slightly ecracked
longitudinally without breaking.

9 No groove. Several areas of local high burning

rates in entrance. Smooth over remainder of body.
Severely cracked longitudinally without breaking.

10 No groove. Several areas of local high burning rates
in entrance. Smooth over remainder of body. Broke
into 4 pieces longitudinally, Fig. 10.

DECREASE IN THICKNESS, INCHES

11 No groove. Smooth surface. Broke diagonally into
several pieces.
12 No groove. Smooth surface. Broke diagonally across
center of specimen.
13 No groove. Smooth surface. No cracks.
14 No groove. Smooth surface. Cracked diagonally
without breaking. TIME, SEC
15 No groove. Smooth surface. Cracked and broke
diagonally. Fig. 7 Decrease in thickness time history in a typical run—Run no. 14
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