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ABSTRACT: An experimental program has been carried out in the
Naval Ordnance Laboratory (NOL) 3 Megawatt Arc Tunnel to study the
interaction of ablation and a vehicle's aerodynamic characteristics.
The test conditions involved stagnation pressures of 20 to 30
atmospheres, temperatures of 4000 to 9000OR and Mach numbers of
2.3 and 3. The test models, made of teflon, were instrumented
for pressure, temperature, heat transfer, and skin-friction
measurements. Laminar and turbulent boundary-layer data were
obtained. The laminar data were compared with the predictions
of a numerical procedure known as BLIMP-CMA, Surprisingly close
agreement was found between most of the experimental data and
predictions. Ablation-induced transition was observed in all
laminar runs. In fully turbulent runs cross-hatched striations
were observed. Ablation reduced the wall shear stress by about
60 percent for the laminar runs and by 40 percent for the turbulent
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LIST OF SYMBOLSIA = cross-sectional area of node

As = original surface area (before ablation)

B = factor in density law

CH = Stanton number

cf = skin-friction coefficient

c = heat capacity
p

E/R = activation energy

f = stream function

H = total enthalpy
o

h = local enthalpy

k = mass fraction

k = thermal conductivity

M = Mach number

m = reacLion order

11c = mass removal rate per unit area of surface material,

(e.g. char and its degradation products)

= mass removal rate per unit area of gas which enters the
mg

boundary layer without phase change at the surface

(e.g. pyrolysis gas)

P0  = supply pressure

SPoo = Pitot pressure

q = heat flux per unit area

R = universal gas constant

T - temperature

TO = supply gas temperature

t = time
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u = velocity in flow direction

v = velocity normal to wall

x = axial distance in flow direction

y = coordinate normal to ablating wall with origin

fixed relative to back wall

z = depth, measured from receding surface

aH = normalizing parameter for boundary-layer coordinate,

n, normal to surface

r = volume fraction of resin in plastic

6 = nodal thickness

6* = boundary-layer displacement thickness

S= non-dimensional wall distance

0 = boundary-layer momentum thickness

p = denEity

p0  = original density

Pr = final density

Tw = wall shear stress

Subscripts

B identifies components
C

c = char

e = boundary-layer edge condition

g = gas

5 = species or nodal point

k = element

o = total

r = reference
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y = location within boundary layer

cond. = conduction

diff. = diffusion

rad in = radiation towards surface

rad out = radiation from surface

Superscript

* = removal from surface in a condensed phase
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INTRODUCTION

The use of ablative materials for the thermal protection of
re-entering vehicles has not always been entirely successful. Though
generally accepted as the means to maintain the substructure
temperature at tolerable levels, certzlln aerodynamic anomalies have
been observed that interfered with the proper performance of the
vehicle. The anomalous behavior is sigaificant at altitudes below
100,000 feet altitude. The process is niot adequately understood,
but it is possibly linked with the interaction of ablation and the
vehicle's aerodynamics. In addition to the force anomalies,
preferential ablation patterns and cross-hatched striations are
observed under certain flight conditions that probably have a
bearing on the performance of the vehicle. To study the processes,
research programs were carried out at NOL which combine experimental
investigations in the NOL 3 Megawatt -c Tunnel and an analytical
procedure that allows prediction of the laminar boundary-layer
parameters for an ablative surface.

APPROACH

Because of the lack of a proven analytical description of the
phenomena involved when the program was initiated in FY 1967, the
planned approach was primarily experimental. This was thought to
provide data of immediate practical interest as well as to support
the development of a theoretical prediction. The program thus
endeavored to produce actual flight conditions in the 3 Megawatt
Arc Tunnel. For a typical IRBM this required the stagnation condi-
tions shown on Figure 1. Typical values for the stagnation point
pressure and enthalpy (for an IRBM with w/CDA = 700 lbs/ft 2 at
50,000 feet altitude) is 35 atm and 4100 B1U/lb. These conditions
can nearly be reached in the NOL arc heate-, although we usually
operate at somewhat less than 35 atm. Bec-Ause of the manner the
boundary layer develops on blunted bodies, the simulation of
flight conditions on a blunted re-entry veicle can be produced
by expanding the gas from a reservoir whose supply conditions are
the same as the stagnation point conditions to a free-stream
Mach number that equals the local Mach number at the vehicle's
station to be studied. This can be a relatively low Mach number
(about 3 for a blunted slender cone), in spite of the fact that
the flight Mach number is hypersonic. One also has the option to
either study the flow external or internal to a model with equal
validity of the results. The latter approach is experimentally
quite "ttractive since it allows the easy anu ample instrumenting
of the model. It was therefore selected. The experiments were
designed for testing at Mach numbers of 2.3 and 3 and for providing
data on boundary-layer parameters and material responses that
will assist the development of theory or at least can be used for
empirical correlations of critical parameters. The measured
quantities were to include static pressure, Pitot pressure, in-depth
wall temperature, surface temperature, local skin friction and total
ablation.

PRECEDING PAGE BLANK
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EXPERIMENTAL ARRANGEMENT

With the decision to study the flow internal to a model, the
experimental set-uo became quite simple. It is shown in Figures 2
and 3. The arc heater, described in detail in References 1 and 2,
discharges the heated gas into axially symmetric contoured nozzles
where it expands to the design Mach number, 2.3 or 3. The flow
then enters axially symmetric ducts made of the ablative material.
Teflon TFE-7 has been used exclusively during the present test
series. The nozzle, as well as the duct contours, were corrected
for the boundary-layer growth using available NOL computational
procedures, References 3 and 4. The flow then discharges into a
diffuser and exhaust system.

The teflon ducts had a nominal I.D. of one inch and a wall
thickness of 0.75 inch. They were six inches long. This length
was found in prior tests to sustain uniform flow of the design
Mach number. At the upstream end the ducts were tightly connected
to the water cooled nozzle. At the downstream end the flow
discharges as a free jet. A total of eleven ducts were tested.
All but one duct were provided with static pressure orifices at
x = 0.25, 1.25, 2.375, 3.5 and 4.625 inches from the nozzle exit
plane. The 4.625 inch station had two pressure orifices, 90 degrees
apart to check on the symmetry of the flow. Some ducts were
instrumented with surface thermocouples, or had thermocouple plugs
(Fig. 4) installed for in-depth temperature measurements. Skin-
friction measurements were made during four tests. The balance
used is an NOL development described in Reference 5. The balance
records continually. Its small time constant and insensitivity
to tunnel noise has made the transient measurements possible.
The balance is shown in Fiqure 5 in an exploded view. Pitot
pressure measurements were made at the exit of the ducts in all
tests, and for one duct a centerline traverse was made to determine
the uniformity of flow. The Pitot probes were either water-cooled
or uncooled depending on the expected length of exposure to the
flow. They were mounted on the quick-injection mechanism described
in Reference 1. For tests requiring only a check of the Pitot
pressure at the centerline to ascertain the proper running
conditions uncooled probes were used because they were simpler
to handle. Water-cooled probes, as shown in Figure 6, were used
to obtain duct exit traverses. Their use was not entirely
satisfactory. The small size of the probes needed forthe present
test series conflicted with cooling requirements and wall thickness
necessary to withstand the aerodynamic and thermal load for an
entire traverse. Ablation was determined from contour measurements
prior and efter the runs. The tunnel supply conditions were
computed from the measured pressure, mass flow, and known nozzle
throat sizes using the method of Reference 6.

Table I summarizes the tunnel operating conditions and duct
instrumentation for all eleven tests. Only tests 1L through 6L
were carried out under conditions where the boundary layer was
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predicted to be laminar, at least for part of the duct. Tests IT
through 5T are a turbulent boundary-layer test series. The latter
tests and results are covered in detail in Reference 7. Only
some of the results will be included in the present report.

ANALYTICAL PROCEDURES

Two analytical programs have been used in the analysis of
the experimental data. These are the Boundary Layer Integral
Matrix Procedure and the Charring Material Ablator Program,
(BLIMP-CMA), which were acquired from the Aerotherm Corporation,
References 8 and 9. These two procedures are fairly versatile
and permit calculation of teflon ablation rates, boundary-layer
parameters and material responses along axisymmetric or planar
surfaces. Quasi-steady or transient solutions can be obtained.

The BLIMP Program incorporates a modified form of the Scala
relation for the ablation of teflon, References 10 and 11, which
states that the process is rate controlled over the surface
temperature range of interest. Scala has assumed that the ablation
of teflon is a quasi-steady depolymerization process, according
to Reference 12, where the depolymerization of the teflon polymer
is considered of first order with respect to the weight of the
solid. He also retained the combustion trm in the equation, which
greatly improved the agreement between predicted and observed
ablation rates. Other assumptions which make the program quite
generil for various applications are that (a) surface reactions
and reactions through the boundary layer and discontinuous wall
conditions corresponding to a change in material are allowed,
(b) the flow is in equilibrium except that certain species may be
considered frozen or allowed to react at finit, rates, (c) there
is an option that allows equal or unequal diftusion and thermal
diffusion coefficients, (d) the entropy layer, energy balance,
or mass balance concepts can be used. For the present application,
the options of a reacting surface, an equilibrium air boundary
layer, unequal diffusion coefficients, and a discontinuous wall
condition were used. The latter was required because of the
nonablating cold wall nozzle upstream of the teflon ducts.

The BLIMP Program solves numerically the integral form of the
equations describing a laminar, nonsimilar, multi-component,
chemically reacting boundary layer. To do this, Kendall and
Bart.ett, Reference 8, devised a matrix procedure of evaluating
the coefficients in the array of equations resulting from a
Newton-Raphson method of solution of the boundary-layer equacions
with given boundary conditions. The general plan of this approach
is described below.

The integral boundary-layer equations are written in terms of
the primary independent variables: the stream function f, the
total enthalpy, Ho, and the elemental mass fraction Kk. These
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variables are related by a Taylor Series expansion such that f',
HO, and Kk are represented across points in the boundary layer,
called nodes, by connected cubic equations. This form of
representation is commonly called a spline fit. The Taylor Series
for each variable is trunc-ated at the next higher order derivative
from that which would appear in the boundary-layer equations. This
truncation term is then expressed in terms of lower order derivatives.
For example,

f f
f i+l (1
i+l 6n _l)

This approaoh is not a conventional finite difference approach,
but an integral approach using spline fits between nodes across
the boundary layer. Each of the integral terms is expressed by
its truncated Taylor Series.

Introducing the normalizing parameter on the nodal network,
aH, the complete assembly of primary variables is then: fi' fir

fit fil', Hi H, H' ak' k'K a During each iteration
corrections to the other variables are expressed in terms of
corrections to the primary rariables. The equations for the
conservation of momentum, energy, and chemical species are reduced
to linear equations in terms of the corrections on the primary
variables. Assuming the pressure is constant across the boundary
layers, the corrections take the form:

I = fn. (AKk, Ahi) (2)

The actual solution procedure revolves around the matrix
method developed by Aerotherm. The coefficients of the recurrence
formulas for the Taylor Series expansions, the linear boundary
conditions, aH constraint, the nonlinear edge boundary conditions,
and the boundary-layer equations calculated for the mth iteration
form a non-square matrix 11 A 11 with the number of rows equal to
the number of equations, excluding nonlinear surface boundary
conditions, and with the number of columns equal to the number of
correction variables. The errors can be depicted then as:

11 A 11I x d 11 DV Iij- - 11 E H11 (3)

where DVj is the correction of the jth primary variable.

The matrices are then separated into linear and nonlinear
terms by judicious choices

4
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AL BL VL = - EL

ANL BNL VNLIJ ENL

where the AL and BL are square, sparse, arrays, that is most of
the elements are zero. After some manipulation one can express
the corrections by:

II DVLp III =- II ALpp IIIxI I BLp IIIixT II DVNLp IITj

+ 11 ALP -IIIlI j ELP 1  (5)

and

II DVNLa I = -- 1 ' I]ilxI 'N B-a lIxJ II DVNLb IIj

+ I1 B- a II-I x (6)

where

II Y N II j II DVNL ENE il E i

with the coefficients
m -1B"ij =BNij- II II BLk IA £,j-r

m

ENL i = ENL - E E ANL i,
1=I i+r JI Ap II- II -ELPP 1

and the BNL array is broken into

I I YNTLEa BNL b I II xJ I WN'b FNL

The nonlinear corrections, DVNLb, comprising Dfw, DHTw, and DKkw,
are obtained from the nonlinear wall boundary conditions. With
these, the DVNLa may be computed and then the linear corrections
DVL. These corrections are then added to the primary variables,
and the next iteration commences.
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The output of this computational procedure specifies the
following parameters: the static pressure, edge velocity, heat
flux, wall shear, and the mass flux of total gaseous components
which is separated into the char and the pyrolysis gas components.
Also obtained are the momentum-transfer coefficient, puecf/2, the
heat-transfer coefficient, pue Ch, the blowing rate parameter based
on the Stanton number, the momentum thickness, displacement thick-
ness, the shape factor, 6*/0, the unit Reynolds number, and the
following nodal point informations: f, f' = U/ue, f'', fill, the
total enthalpy and its derivatives Ho' and Ho'', (the primes
indicate differentiations with respect to the wall distance
variable, n) the static enthalpy, temperature, density, viscosity,
specific heat, thermal conductivity and Prandtl number.

At this point the data represent quasi-steady-state values of
the parameters. To obtain the transient behavior, the CMA program
has to be used which allows the transient in-depth prediction of
wall temperatures. For each set of data obtained with the CMA as
a function of time, another BLIMP calculation is performed to give
the transient behavior of the boundary-layer parameters listed
above.

The basic assumptions of the CMA program are that (a) a maximum
of three components are allowed for the ablator - two resins and
one rein-orcement, (b) the density history follows an Arrhenius
type law, (c) the pyrolysis gases are in equilibrium with the char,
(d) the pyrolysis gases pass out of the material immediately,
(e) coking cannot occur, (f) the cross-sectional area can vary, and
(g) the conduction is one dimensional. The program can be run with
any one or a combination of three options. These are (a) a specified
surface chemistry (i.e., the species concentration at the surface)
to define the film coefficient, (b) a specified surface temperature
and recession rate, and (c) a specified radiation view factor and
flux. The program was used with option (b).

The fundamental equations for the CMA program are:

1. the energy balance equation:

a (phA)y = (kA D + _ (6mghg (7)

2. an equation for the density history. It is of the Arrhenius
type, based upon a number of laboratory experiments:

(-) = -e -E/RT P ( mP-e) (8)at y 0 PO

3. the constituent relationship expressing the composition of the
ablator:

p = r(p A+PB) + (1-r) pc (9)

6



The solution is by finite differences. The equations are
expressed as finite differences and the material is separated into
an arbitrary number of nodes of fixed and specified size. For ease
of calculation the coordinate system is fixed to the receding
surface. It requires that the equations be transformed to this
moving system. As the surface recedes, nodes are then dropped
from the back face of the ablator. The transformed energy equation
is solved implicitly for temperature, insuring stability of the
solution, but tbh. density equation is solved as an explicit function
of temperature d . to the complexity of the equation.

The method of solution arranges the differenced temperature
equations in a matrix form such as:

BIT1 + CIT' = fn(q)

1 + B12T C2T3 =

(10)
A3T2 + B3 T3 + C3 T4' = D3

AnTn-l + BnT n n(T res)

This is convenient since in the first and last node enter only
two unknown temperatures and the surface and heat term. The density
relation yields values of gas flow rates. These values make it
possible to solve the matrix for the fn(q). The surface energy
balance is then performed. The form of the balance equation is:

q diff + q rad in + Imch c + 1 ghg - qrad out

(pv) w h q* q = 0 (1)

where

(Pv)w + mgc

The in-depth solution has supplied n and q = fn(Tw'" The
general form of solution sought is:

m*q qdiff' qrad in' hw' q* = fn(icTw) (12)

Using a given value of i1g and an initial guess of mic, the
values for the heat flux terms qdff qr in and q* as well as
the wall temperature and wall en halpy are obtained from the
energy balance equation using the external, i.e. the gas-side,
conditions. Then, the relations for the enthalpies, hc and hg?

7
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and the heat flux qrad out can be formulated. Thereafter Newton's
method is used to get successively better values for the mass
removal rate mc to have the energy balance equation converge to
zero. The in-depth array then is solved again using the newly
computed values of Tw. Solutions without the energy balance
equation are also possible by specifying the gas removal rate mg
and the wall temperature, or by specifying the radiation fluxes.

RESULTS

Laminar Boundary-Layer Tests

Six test runs were carried out at a Mach number of 3, a supply
pressure of approximately 21 atmospheres and stagnation temperatures
of about 9000 0 R. The test durations were about eleven to thirteen
seconds. The pressure distribution along the ducts remained
essentially unchanged for the duration of the tests. There was a
small favorable pressure gradient due to an overcompensation of
the boundary-layer growth, as shown in Figure 7. The first duct,
Ll of Table I, was corrected for the calculated non-ablative
surface boundary-layer growth. During this test a pressure pulse
was observed at x > 2 inches for about 3 seconds as shown in
Figure 8. To eliminate this an estimated increase of the
correction was made.

The recording of wall surface temperatures was only partly
successful, since the "receding" surface thermocouples failed to
recede with the surface and showed erratic readings once exposed
to the gas flow. The onset of this erratic behavior, however,
allowed us to fix the onset of ablation to about 4 to 4-1/2 seconds
after the start of the tests. The in-depth temperature measurements
were in general successful. These results will be discussed later
in comparison to the BLIMP predictions. It was found, however,
that the spacing of the thermocouples - a separation of 0.025 inch
from each other was the closest that could be made- was too wide
to use the data to evaluate the wall heat transfer.

The gas-wetted surfaces of the ducts developed a glossy, waxy
appearance presumably attributable to one of the teflon degradation
species. This has been generally observed by other investigators,
References 10 and 13. A yellow to brownish discoloration indicated
that combustion had taken place.

Two of the ducts showed longitudinal almost parallel striations
over the entire length of the duct as shown in Figure 9. The cause
of the striations is not yet satisfactorily explained. There was
no recorded difference in operating conditions between the runs
where the striations were produced and the others where the surface
remained smooth. However, the striations tie in with conclusions
reached during the analysis of the experimental data, as will be
discussed later on. Increased ablation is observed downstream
and upstream of the pressure orifices as shown in Figures 10 and 11.

8
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Downstream, the increased ablation is plume shaped, Figure 11,
and extends about eight diameters of the pressure orifice beyond
the orifice. The maximum width is about two diameters. On the
upstream side, the additional ablation did not occur on all orifices
and was confined tQ a distance of two or three orifice diameters.

For all tests, no ablation was measured at the duct entrance
because of the contact with the water-cooled nozzle. Then ablation
increased very rapidly to a maximum at 1-1/2 to 2 inches from the
duct entrance. It then decreased, as expected for a laminar
boundary layer. But then, an inversion occurred at x = 3.5 inches,
and a second maximum appeared at x - 4.3 to 4.5 inches. The
"normal" behavior is well predicted, though with varying degrees
of accuracy, by the BLIMP-CMA programs, as seen from Figures 12
and 13. There is strong evidence that the observed anomaly in
ablation indicates boundary-layer transition. The momentum
thickness Reynolds number variation along the duct, as predicted
by BLIMP, showed that a value of 450 was reached at the point of
inversion, Figure 14, which is sufficiently large for transition
to occur. The calculated boundary-layer profiles support this,
Figure 15. Prior to the point of inversion, at x = 0.96 inch,
the normal laminar profile is predicted, but at x = 2.76 inches
and x = 3.96 inches, just ahead and after the inversion, the
profiles exhibit inflections and overshoots both indicative of
instability that will lead to transition. The predicted transitional
behavior found support in the parallel striations that developed
in two of the tests, see Figure 9. Other investigators,
References 14 and 15, have found parallel striations in the region
of laminar instability. Stationary vortices are assumed to cause
the preferential ablation. However, at present, no adequate
analysis exists that explains under what conditions they will
exist.

The first shear stress measurements were made at a location
which is now recognized as being the transitional region of the
duct. The balance respcrnded very rapidly as shown in Figure 16
and appeared to approach the predicted steady-state value in
about 13 seconds. The minimum exhibited at T = 5.8 seconds was
first erroneously attributed to the transients in the ablation
process. In a repeat test, carried out to clarify the matter,
two balances were installed in the same duct, one in the definitely
laminar region, the other in the transitional region. Readings at
the latter location repeated the first data, while in the laminar
region, the shear stress was found to decrease uniformly from its
nonablation value which is expected; it is shown in Figure 17.
The final value is about 36 percent of the predicted cold wall
shear stress. It agrees with the BLIMP-CMA prediction in trend
and within 22 percent in absolute value as seen from Figure 17.
It is possible that inadequate knowledge of the material's properties,
such as the viscosity of teflon vapor, can account for this
discrepancy.

9
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Steady-state conditions appeared not to be achieved during
any of these tests. This was also shown by the CMA calculation.
The so called "heat storage term"

B T) Adz (13)

has still a finite value, Figure 18. This term accounts for the
energy used in increasing the material's temperature at station z
as function of time. It has to vanish for steady-state ablation.
At T = 12 seconds it was still large in comparison to the surface
heating rate at this time, that is about 10 BTU/ft 2 sec as compared
to the surface heat transfer of 158 BTU/ft 2 sec.

The predicted and measured in-depth wall temperatures compare
quite well. Due to the particular thermal characteristics of
teflon, the thermocouples had to be installed at depths that would
be very close to the surface at the termination of the tests,
but 6hould by no means become exposed because of the then resulting
erratic behavior, mentioned earlier. The thermocouple location
had to be known to within 0.002 inch) this was not quite achieved.
It is believed that the experimental data were accurate to not
better than 10 percent. The overall agreement with prediction is,
however, surprisingly good, as seen from Figure 19. The opposite
trends of experimental and computed data are believed to be
attributable to the technique employed in computing the in-depth

* • temperatures. It requires that the duct surface temperature is
specified, and one then computes the temperature distribution
through the material starting from a selected in-depth location.
This results in the asymptotic behavior. This specification results
in the flattening out of the calculated temperature curve at large
values of the time. Under actual test conditions, the surface
temperature varies initially quite rapidly but still gives a
slower rise of the wall temperature than the predicted value. Then,
as steady-state ablation is approached, the surface temperature
probably varies more like that predicted by the Scala relation (see
discussion on p. 3 ) but the absolute value will be higher as may
be inferred from Figure 20 which compares the predicted surface
temperatures with those evaluated from the Scala relation using
the measured total ablation. In doing this, it was assumed that
ih, the ablation rate, was constant after the onset of ablation
which is probably not correct since Tw and, assuming that Reynolds
analogy is true, also the wall heat transfer continues to decrease
with tiame as seen from Figure 17. The latter indicates that Hw
increases, since H remained constant. The agreement of the
BLIMP predicted wafl temperatures with those obtained from the
time-averaged ablation rates, Figure 20, is within 15*F at a level
of 1300OF or 1.2 percent,

Turbulent Boundary-Layer Tests

The turbulent boundary-layer tests were carried out at a Mach
number of 2.3, supply pressures of 21 and 28 atmospheres, and
temperatures of 4300 to 46000R. The specific aim for this test

10



NOLTR 69-125

series was to measure the heat transfer to the substructure if theheat shield, i.e. the ablative material, had developed cracks prior
to re-entry. These results are reported in detail in Reference 7.

Here, only the data of interest with respect to the surface ablative
behavior of a heat shield will be included.

The overall ablative behavior of the ducts in this test series,
duct IT through 5T was very uniform increasing from zero at the
duct entrance to a moderate maximum at x : 1 inch and then leveling
off to an almost constant value of about 70 percent of the maximum.
The total amount of ablation for a given value of wall heat transfer
varied linearly with time, allowing the onset of ablation to be
deduced. It was determined to be 0.3 seconds. Ablation was very
pronounced as evidenced by the duct static pressure variation as a
function of time, shown in Figure 21. The pressure variation,
starting after the first second of running time, represents a
change in flow Mach number from 2.3 to 2.6. Because of this change
in conditions testing times were kept within 2.7 to 6.5 seconds.
Skin-friction data were obtained both for the 21 and 28 atmosphere
runs. The data indicate that steady-state ablation conditions
were probably reached within 2 seconds after the start of the test,
when Tw, the wall shear stress, became practically constant at 60
percent of the predicted nonablative surface value. A comparison
with theory was not made for these runs, because a turbulent
boundary-layer option of the BLIMP-CMA procedures did not exist at
the termination of the present studies.

All ducts in the turbulent boundary-layer series exhibited
cross-hatched striation patterns as shown in Figure 22. The patterns
started immediately at the duct entrance and formed more regularly
if a pressure orifice was not located there. Around a pressure
orifice the pattern is more pronounced than elsewhere, as seen in
Figure 22. There is a change in pattern size along the duct;
whether or not this is connected with the existing pressure gradient
could not be concluded from the limited number of tests. The
transverse darkened region after the first pressure orifice can
also not be explained because the five ducts of this series were
all differently instrumented and as a consequence the patterns
for each test differed from each other. However, it is believed
that this darkened transverse region is incidental, as may be
concluded by comparing Figure 22 with Figure 23 which shows another
duct, tested under the same conditions. The two transverse dark
stripes in this photograph are "cracks" machined into the duct to
get information on substructure heating rates for cracked re-entry
heat shields (Ref. 7). They were located downstream of the dark
region of Figure 22.

SUMMARY AND CONCLUSIONS

Supersonic ablation studies with teflon were carried out in
the NOL 3 Megawatt Arc Tunnel. The test conditions were chosen so
that the boundary layer in the ducts was predicted to be either

Si1i
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all laminar or all turbulent. Experimental data of wall-static
skin friction were obtained. Total ablation was evaluated from

the wall recession. The repeatability of test conditions and
results was very good with the exception of the so-called surface
thermocouples that were inadequately matched to teflon.

The laminar data were compared with the results of two
analytical procedures, the BLIMP-CMA. In general, very good
agreement was found between experiments and predictions. An
observed ablation anomaly in the downstream half of the ducts was
analyzed to be due to laminar instability which was probably
followed by transition. This occurs at a location where the computed
momentum-thickness Reynolds number is 450.

Shear-stress data in the laminar region followed the predicted
trend and were about 36 percent of the predicted cold-wall value.
In the transition region, the shear stress as function of time
exhibits a minimum and then increases again. A final or steady
reading has not been reached at the end of the run.

Parallel striations were found in two of the laminar ducts.
Cross-hatched striations were produced in all turbulent tests.
Pressure orifices and other surface interruptions have a pronounced
effect on the striation pattern.

12
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TABLE 1

OPERATING CONDITIONS AND INSTRUMENTATION

Duct Mach Supply Supply Test
Number Number Pressure Temperature Time Instrumentation

(atm) (OR) (sec)

IL 3.03 20.3 7700 13 6 static-pressure orifices

2L 3.04 21.4 8800 13 4 surface thermocouples -
6 static-pressure orifices

3L 3.03 22.0 7870 13 4 thermocouple plugs with
3 thermocouples per plug
6 static-pressure orifices

4L 3.06 22.45 6600 13 1 skin-friction balance
6 static pressure orifices
4 thermocouple plugs

5L 3.03 22.0 7560 13 6 static pressure orifices
1 longitudinal and 1

transverse crack, each
with one heat gauge

6L 3.05 22.3 6220 12 2 skin-friction balances

1T -2.3 20.6 4330 2.7 3 static-pressure orifices
1 longitudinal and 1

transverse crack, each
with one heat gauge

2T -2.3 20.6 4680 5.7 1 static-pressure orifice-
longitudinal crack with
three heat gauges

1 transverse crack with
one heat gauge

3T -2.3 21 4320 4.2 1 static-pressure orifice
2 transverse cracks, each

with one heat gauge

3AT -2.3 21 4320 6.4 2 static-pressure orifices
2 transverse cracks, each

with one heat gauge
1 skin-friction balance

4T -2.3 28.5 4330 4.4 2 static-pressure orifices
3 transverse cracks, each

with one heat gauge

5T -2.3 28.5 4330 4.6 3 static-pressure orifices
3 in-depth thermocouples
1 skin-friction balance
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