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Ablation Onset in Unsteady Hypersonic Flow
About Nose Tip with Cavity

Sidra L. Silton* and David B. Goldstein®
University of Texas at Austin, Austin, Texas 78712-1085

A forward-facing cavity is examined as a means of reducing the severe heating and ablation at the nose tip
of a hypersonic vehicle. Whereas previous studies have concentrated on heating rates alone, the present study
addresses the effects of the cavity on ablation onset times through experiments and joined flowfield/heat conduction
simulations. A viable experimental technique has been developed to study ablation in the Mach 5 wind tunnel at
the University of Texas at Austin J.J. Pickle Research Center. Using this technique, the time to ablation onset for
a nonoptimized, rounded-lip, deep-cavity model has been found to be similar to that of the baseline hemisphere-
cylinder model. Additionally, the computational technique predicts ablation onset times that agree surprisingly
well with the Mach 5 experimental data. Thus, a benchmark is achieved in the computational techniques for future
use for determining the experimental flowfield physics of this complex, unsteady hypersonic flow problem.

Nomenclature
D = cavity diameter, cm
D, = nose diameter, cm
dt; = initial time step in heat conduction calculations, s
dxy;,, = computational surface cell thickness, cm
h = heat conduction coefficient, W/m>K
k = thermal conductivity, W/mK
L = cavity depth, measured from the cavity lip
to the cavity base, cm
L/D = length-to-diameterratio of cavity
q = surface heat flux, W/m?
T = temperature, K
Tow = adiabatic wall temperature, K
Ty.e = wind-tunnel stagnation temperature, K
T, = wall temperature, K
t = time, S
tina = final clock time for heat conduction solution, s
x, X = horizontal position, m
y, Y = vertical position, m
0 = angle off of centerline of model, deg
U = viscosity, Ns/m?

Introduction

YPERSONIC vehicles are exposed to severe heating, and
shapechangesdue to material ablationmay occur. These shape
changesneed to be minimized when they produce unacceptableper-
turbationsin the aerodynamicsand, therefore, the vehicle flight path.
The heat loads and material ablation that lead to the shape changes
are most critical at the nose tip. Thus, it is desirable to find ways
to delay ablation onset, decrease the rate of ablation, or devise a
way to ensure ablation is uniform. In the present study, the delay
of ablation onset is the primary goal and is of particularimportance
for vehicles having extremely short flight times.
The introduction of a forward-facing cavity into the nose tip of
a hypersonic projectile (Fig. 1) has recently been found to reduce
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local heating over the entire nose regioncomparedto thatof a similar
spherical nose tip."? A range of cavity geometries that are effective
in decreasing the heating rate has been explored. In these studies,
however, the effects of the cavity on ablation itself have not been
directly addressed.

Preliminary experimentsusing an infrared camera® indicated that
large-diameter, shallow cavities (L/ D between 0.15 and 0.35) cre-
ated a stable cool ring just outside of a sharp cavity lip, with temper-
atures locally lower than those found on a simple spherical nose. A
jointnumerical and experimental study* concluded that sharp cavity
lips produce not only a separated recirculation region (accounting
for the cool ring) but also severe heating just inside the cavity for
weakly oscillating flows. In time-accurate numerical simulations,?
resonant oscillations were obtained if either freestream fluctuations
were present or a sufficiently deep cavity was employed. Yuceil®
experimentally found substantial cooling over the entire nose re-
gion for a cavity of L/D = 2.0, compared with the case with no
cavity. Engblom and Goldstein® numerically showed that the local
heat flux everywhere on the surface was reduced when strong lon-
gitudinal pressure oscillations within the cavity induced large bow
shock oscillations. That numerical effort also found that the heat re-
duction benefit appeared to increase with mean relative bow shock
speed. The reader is specifically referred to the paper by Engblom
and Goldstein® for a detailed discussion of the heat flux reduction
mechanisms.

The presentpaper presents a portion of the results from a joint nu-
merical/experimentalstudy on the effects of a forward-facingcavity
on the ablation of a nose tip in hypersonic flow. This study has four
objectives: 1) to develop a viable experimental technique for study-
ing ablationin the University of Texas at Austin J.J. Pickle Research
Center (PRC) Wind Tunnel Laboratory, because the facility is not
a high-enthalpy tunnel; 2) to validate the further use of the com-
putational model for the determination of ablation onset time; 3)
to attempt to confirm, numerically and/or experimentally, that the
introduction of a forward-facing cavity into a hypersonic projectile
delaysablationonsetin the nose region;and4) to optimize the cavity
configurationfor the greatestdelay of ablation onset. The current pa-
per addresses the first two objectives. As will be seen, considerable
care has been taken to establish the adequacy of the computations.
The third and fourth objectives are currently being pursued.

Experimental Methodology

Wind Tunnel

All experiments were conducted in the Mach 5 blowdown wind
tunnel at PRC. The wind tunnel had a rectangular test section
15.24 cm wide, 17.78 cm high, and 68.58 cm long. A floor slot was
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Fig. 1 Schematic of axial forward-facing cavity in the nose region of a
hypersonic vehicle.
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Fig. 2 Nose-cavity geometries used in numerical simulations (round-
ed-lip geometry not shown).

used to mount the models, and circular side-wall windows allowed
for video imaging. Compressed air (stored at 17.24 MPa in four ex-
ternal tanks with a total volume of 3.964 m?) allowed for run times of
up to 1 min without a significant drop in the tunnel stagnation pres-
sure. The incoming air was heated by two banks of nichrome wire
resistive heaters (420 kW each) located upstream of the stagnation
chamber.

The tunnel was operated at a nominal stagnation pressure and
temperature of 2.30 MPa and 370 K, respectively. At the freestream
Mach number of 4.92, these stagnation conditions correspond
to a freestream unit Reynolds number of 5.0 X10° cm™' and a
freestream velocity, static air pressure, and static temperature of
787 m/s, 4694 Pa, and 64 K, respectively.

Models

A missile nose is typically a blunted cone-cylinder configuration
(Fig. 1). However, because the focus of this work was on the stag-
nation region, the missile nose was modeled as a sphere-cylinder
as in previous work.">7 Therefore, the basic model geometry was
a hemispherically blunted cylinder with a streamwise circular nose
cavity (Fig. 2).

The material chosen for the model needed to ablate at low tem-
peratures because Ty,, was considerably lower than that in actual
flight. Water ice was chosen as a suitable material because it is
inexpensive, well characterized, and neither toxic, flammable, nor
corrosive. Ice also has a very low sublimation rate (low vapor pres-
sure) at low temperatures.Ice has a melting or (in this case) ablation
temperature of 273 K, nearly 100 K below Ty,,. To delay the onset
of ablation for several seconds into the tunnel run and to establish a
known, uniform initial temperature, the ice was initially cooled to
the boiling point of liquid nitrogen (LN2), 78 K.

Several models were used over the course of the study. Each ice
model was frozen in a polished aluminum mold (Fig. 3b). The mold
createda model with D,, = 2.54 cm. Differentcavity lengths L were
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Fig. 3 Apparatus used to create ice models for experiment: a) spindle
and b) mold.

obtained by fixing an insertin the mold at the required location prior
to the freezing process. One end of the insert had a 1.27-cm radius
of curvature,equal to that of the nose, which ensured that a spherical
nose was obtained for the baselinecase, thatis, L =0. The otherend
of the insert had a flat bottom to produce a flat bottom cavity when
cavity depths greater than zero were desired. A cavity diameter of
one-half the model nose diameter (D =1.27 cm) was chosen for
consistency with previous work.!2

The mold, lightly coated with Pam vegetable oil spray to assist
in the removal of the ice, was filled with distilled water. Fiberglass
threads were added to strengthen the model. Without the addition of
the fiberglass, the ice shattered during tunnel startup. The mass of
fiberglass added (=0.1 g) was not a significant fraction of the total
mass of the ice. The fiberglass was not believed to have changed
the thermal characteristics of the ice but instead produced a tough,
viable, and fiber-reinforced composite.

After the fiberglass was mixed into the water, a brass spindle
(Fig. 3a) was placed in the mold (Fig. 3b). The spindle was the base
on which the model was attached to the sting adapter (and sting)
(Fig. 4, as indicated). Holes were drilled into the cup (the portion of
the spindle around which the ice was formed) so that water would
be presenton both the interior and the exterior of the cup. The entire
mold was then placed in LN2 vapors (a few inches above a pool
of LN2) for approximately 20 min until the water was completely
frozen. The spindle, with the ice model attached, was then forcibly
pulled free of the mold. For rounded-lip models (see Experimental
Results), the ice cavity lip was smoothed with sandpaperto approx-
imately the desired radius. This was accomplished with the frozen
spindle either held by hand or turned in a drill press. The spindle,
with the completed ice model attached, was then placed back in the
LN2 vapors for 1-2 additional hours to reduce the temperature of
the ice gradually to 78 K.

Model Shielding

Shielding of the model was requiredin the presentstudy to protect
the model from irregular heating during startup of the wind tunnel.
The shield consisted of two parts, one reusable (outer shroud) and
the other expendable (shroud cap) (Fig. 4, as indicated). The shield
was assumed to provide sufficient insulation of the model from the
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Fig. 4 Schematic representation of wind-tunnel-mounted model dur-
ing tunnel startup while ice is protected.

flowfield because there was no direct contactbetween the shield and
the ice. However, tests have not yet been conducted to determine
the temperature rise in the nose during startup.

The outer shroud, which fit over the spindle, consisted of a hol-
low brass cylinder with a brass flange attached to one end. Brass
was chosen for the shielding to match the thermal expansion of the
spindle (thereby reducing the possibility of the shield sticking to the
spindle). The outer shroud was keptin place with along threaded pin
that went through the shroud and into a threaded hole in the spindle.
The outer shroud was designed such that aerodynamic forces would
push it back over the spindle after the pin was removed. A spring
metal clip kept the retracted outer shroud in place for the remainder
of the run. The shroud cap was a pine wood plug that fit into the
outer shroud to cover the ice.

Experimental Procedure

Before each run, the interior of the outer shroud was coated with
graphite powder as a dry lubricant. The outer shroud was then placed
in LN2 to cool independently before it was positioned over the ice
model and spindle (also coated with graphite powder). The entire
assembly (outer shroud and model) was then placed back in the LN2
to ensure an uniform temperature. The cooled assembly was then
screwed into the sting adapter, the shroud cap positioned, and the
pin fitted into place (Fig. 4). To minimize heating of the spindle
during this time and to prevent the accumulation of frost, the sting
adapter was precooled with LN2, the back flow into the tunnel was
blocked with paper, and the air conditioningwas used to dehumidify
the room.

Once conditions in the wind tunnel stabilized after startup (15-
20 s into the run), the pin holding the shield in place was removed,
which allowed the outer shroud to slide back over the spindle. The
shroud cap then came loose and flew off downstream, thereby expos-
ing the ice model (Fig. 5). The time at which the ice became exposed
to freestream conditions was considered time zero, althoughimages
were taken prior to this time.

Video Imaging Process

A Panasonic WV-3250 video camera with horizontal resolution
of 350 lines at center imaged the run at 30 Hz. The timer on the
video camera was utilized to determine at what time the shield was
removed, how long after this time ablation began to occur, and how
quickly the material ablated. The video camera was set perpendicu-
lar to the circular viewing window, and so little of the cavity interior
could be visualized.

The video images were digitized and extracted at 1-s intervals
during postprocessing. For each such still image, the pixel location
of the most forward position of the model could be determined. A
least-squares-fit line was calculated and the slope determined the
recession rate for that run. By extending the line back to a zero
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Fig. 5 Schematic of exposed wind-tunnel model after tunnel startup
is complete.

change in position, a more exact ablation onset time was deter-
mined.

Numerical Methodology

Computer Code Description

The commercial computer code, INCA Version 2.5 (Ref. 8) (li-
censed from Amtec Engineering), was used for the fluid dynamics
(flowfield) portion of this study (also used in Refs. 1,4, and 5). INCA
is a finite volume code that utilizes flux splitting with upwinding to
capture strong shocks. Fluxes are computed with the flux splitting
of Steger and Warming.” INCA offers an efficient lower-upper suc-
cessive Gauss-Seidel (LU-SGS) implicit solver to calculate steady
flowfields. The LU-SGS algorithm approximatelysolves the system
of equations using two sweeps of a point Gauss-Seidel relaxation.
A variation of the LU-SGS implicit solver to calculate unsteady
flows, available within INCA, was utilized in the present work. This
second-order accurate algorithm permitted much larger time steps
than a simple Euler step method by performing a sufficient number
of subiterations at each time step.

A finite element computer program for nonlinear heat conduc-
tion problems, COYOTE Version 2.5 (Ref. 10) (obtained form San-
dia National Laboratories), was used to solve the solid body heat
conduction portion of the problem. COYOTE uses the Adams-
Bashforth predictor to obtain an implicit integration method that
is second-orderaccurate in time. This predictor/corrector algorithm
allowed the time step to be selected dynamically based on a user
specified truncation error tolerance.

Algebraic grids were created for the external fluid domain us-
ing GRIDALL'' (Amtec Engineering), whereas unstructured grids
were created for the solid body using FASTQ!? (Sandia National
Laboratories).

Numerical Assumptions

Body geometry, material properties, and freestream conditions
were consistent with those of the experiments described earlier.
However, the computational verification was performed for only
three body geometries: a simple hemisphere-cylinder baseline case,
aninfinitely sharp-lipcavity case, and a rounded-lip(1.0 mm) cavity
case. For both cavity cases, L was 2.54 cm. To solve the numerical
problem within a reasonable time period, a number of simplifying
assumptions were made in both the flowfield and solid body heat
conduction calculations.

First, the flowfield calculation assumed axisymmetric flow of a
thermally and calorically perfect gas. Axisymmetry was appropriate
because the bow shock had previously been found to oscillate ax-
isymmetrically in front of deep cavities? and pressure oscillations
at the cavity basewall have been found to be planar>*!3 Addition-
ally, the wall temperature boundary condition was assumed to be
100 K (instead of 78 K, the boiling point of LN2) to allow for a
possible small increase in the surface temperature of the model dur-
ing final model preparation and wind-tunnel startup. Finally, the
flow was assumed to be laminar because there is no clear indication
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(either experimentally or computationally) as to when, or if, the
flow became turbulent. Specifically, boundary-layer transition was
not expected in the small stagnation region at the cavity lip due to
low-speed flow and the favorablepressure gradientpresentin thisre-
gionduring the inflow portion of the pressure oscillationcycle. If the
flow were to become turbulent, heating would be most critical in the
vicinity of the cavity lip. As this laminar flow assumption is some-
what in doubt, the use of a k—& turbulence model was investigated
(see following) to determine whether a laminar or turbulent flow
assumption showed better agreement with the experimental results.

For the solid-body heat conduction calculations, the entire body
was assumed to be 100 K initially. In addition, the thermal prop-
erties of the body were assumed to be only those of water ice and
did not take into account the presence of other materials in the ex-
periment. Variable material properties were utilized for density,'*
specific heat,'” and thermal conductivity!® Density, specific heat,
and thermal conductivity range from 934 kg/m®, 882 J/kgK, and
6.5 W/mK, respectively,at 100 K to 910 kg/m*, 2100 J/kgK, and
2.2 W/mK, respectively,at 273 K.

Numerical Procedure

Because of much shorter characteristic times in the oscillating
flowfield [O(1/3000 s)] than in the solid body [O(1 s)], it was
not practical to try to solve the two parts of the problem in a fully
coupled manner as a few seconds were required for the solid body
to begin to ablate (melt). For this reason, the linking procedure,
discussed hereafter, was developed. Because the baseline case had
a steady flowfield and the cavity case had an oscillatory flowfield,
the flowfield procedures are discussed separately.

Baseline Procedure

The output files from the steady baseline hemisphere-cylinder
flowfield solution were used to obtain g(x, y) over the solid-body
surface. This heat flux distributionwas thenused to calculate 2(x, y)
from

_4q(x,y)
SR o N ER! W

T.w(x,y) was obtained via a separate flowfield calculation under
the assumption of an adiabatic wall boundary condition. These data
were input as boundary conditions into the heat conduction code
until the stagnation point (the point of highest heating) reached its
melting point.

Cavity Procedure

When an axial cavity, 2.54 cm in diameter and 5.08 cm in length
(L/ D =2.0) or deeper, was introduced into a D,, = 5.08 cm nose
tip of a projectile at Mach 5, the bow shock oscillations were self-
sustaining.! Therefore, the flowfield must be numerically solved in
a time-accurate manner.

The restart file from a coarse-grid, pseudosteady flowfield solu-
tion (having constant amplitude basewall pressure oscillations) was
utilized to generate a time-accurate solution of the flowfield and
the corresponding surface heat flux distribution. The solution was
then interpolated to a finer grid and run further in time. Generally,
1 pressure oscillation cycle was solved using approximately 4000
global time steps and 6 subiterations per time step. The computa-
tional time requirement (at the converged spatial resolution) was
typically 4 CPU h/cycle on a Cray T90. The solution was assumed
converged once the time-averaged (mean) surface heat flux distri-
bution did not change appreciably from one cycle to the next. The
mean surface heat flux distribution was obtained by averaging the
instantaneous surface heat fluxes over one complete cycle.!

The converged mean surface heat flux distribution was used to
obtain h(x, y) [Eq. (1)]. T,w(x, y) was obtained by averaging the
instantaneous wall temperature over one complete cycle where the
time-accurate flowfield solution was computed assuming an adia-
batic wall boundary condition in a separate simulation. These data
were input as boundary conditions into the heat conduction code
until some point reached its melting temperature.

Heat Conduction Code Procedure

T.w(x, y)andh(x, y), obtained from the flow solver, as described
earlier, were used as boundary condition input for the heat conduc-
tion code. The heat conductioncode was then run from time # =0 s.
The baseline case used an initial time step df; of 0.02 s (deter-
mined based on local Fourier and Biot numbers), which COYOTE
then varied dynamically based on an integration tolerance criteria
of 1.0 X 107, The baseline solution, obtained up to #s,, =35 s, typ-
ically required 1.5 h of CPU time on a single processor of a smaller
Cray SV 1. For the sharp-lipcavity case,d?; =0.01 s was utilizeddue
to finer grid resolution. The solution, obtainedto 4,y =3 s, typically
required 2 h of CPU time on the Cray SV1 due to an overresolved
grid. For the rounded-lip cavity case, dt; =0.02 s was utilized, and
the solution, obtained to t,, =4 s, typically required 1.5 h of CPU
time on a smaller Cray J90 due to a better constructed, though still
overresolved, grid.

Grid Resolution

A grid resolution study was conducted for the flowfield computa-
tions for all three cases to determine the maximum tolerable surface
cell thickness. A grid resolution study for the solid-body heat con-
duction computation was carried out only for the baseline case.
Details of the grid resolution studies can be found in the Numerical
Results subsection.

Results

The experimental and numerical results are presented separately
hereafter. Each section is subdivided into the specific geometrical
cases that were investigated.

Experimental Results

This study was limited to investigating the effects of L/ D and
the cavity lip radius on the onset time of and the rate of ablation.
Other parameters that may have influenced the results (including
the ratio of D to D,,, cavity base shape, and Reynolds number) have
previously been examined"? in relation to their effect on surface
heating, but not ablation.

Much of the presentstudy focusedon the baselinecase and a deep-
cavity geometry (L/D =2.0) that was found to self-sustain bow
shock oscillations' and that had a great effect on surface heating.!?
Three shallower cavities (L/ D = 0.25,0.5, and 1.0), which were
found to have cool recirculation regions at the nose tip,* were also
examined, though in less detail. The present experimental findings
will be separated into three sections: baseline model, deep-cavity
models, and shallow-cavity models. A synthesis of the findings is
also presented.

Baseline Model

Three separate wind-tunnel runs were conducted for the base-
line model to assess the repeatability of the results. It was found
in all three that the stagnation point may not be the first point to
begin melting. The sides of the model (near 6 ~ 45 deg) may melt
first and/ or more quickly, as a cusped shape begins to form. This
phenomenon is quite noticeable from viewing the time-lapse pho-
tographs(Figs. 6a-6f). The cusped shape phenomenonwas also seen
by Reinecke and Guillot'” in their numerical ablation and shape
change calculations and by Reinecke and Sherman'® in their arc
jet experiments. As in those studies, the shape change was caused
by boundary-layertransition near the sonic point. The heat transfer
below a turbulent boundary layer is very large, larger than at the
stagnation point. Therefore, the material will first ablate near the
boundary-layer transition point. In the present experiments, small
protruding glass fibers, natural transition, a noisy freestream, or
model irregularities may have aided natural boundary-layer transi-
tion. The presence of this classical laminar/turbulent shape (Fig. 6f)
supports the use of ice in the wind tunnel to simulate nose-tip
ablation.

The recession of the stagnation point over time is seen in Fig. 7,
in which symbols with no lines are for times prior to the presumed
onset of abation, and lines are least-square linear fits of the data
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Fig. 6 Time-lapse photographsof baseline case 1 from initial removal of shielding (¢ = 0 s) through end of run (¢ = 20 s); time after removal of shielding

is indicated under each picture.

points after the onset of ablation. The scatter present corresponds
to errors in reading the exact pixel location corresponding to the
stagnationpoint. The slightapparentnegative ablation at early times
(t < 5s)wasbelievedto be due only to the data analysisbeing done
by hand and not to any physical phenomena. Differences in the
shield removal time after tunnel start did not appear to have effected
ablation onset time or ablation rate as there was good agreement
between the three runs.

The line slopes (recession rates) of the stagnation point for each
run were determined using data points from the estimated time at
which melting began (4 s) and later. The recession rates were con-
sistent between runs (within 3%) as can be seen from the three least
square fit lines on Fig. 7 and the actual recession rates (Table 1),
but the recession rates had an experimental uncertainty of approx-
imately 15%, based on scatter. The average recession rate at the
stagnation point was 0.294 mm/s. The time at which melting be-

gan for each run was then calculated using interpolation back to
the time of zero displacement. These ablation onset times could be
determined to within approximately 0.5 s.

Deep-Cavity Model

Three separate wind-tunnel runs were conducted for the
L/D =2.0, deep-cavity models to assess repeatability and to vary
the lipradius. With a deep cavity in the model, visual ablation began
atthe most forward pointon the lip of the model. Figures 8a-8f show
time-lapse images from run 3 (rounded lip). Note the jaggedness of
the cavity lip as it began to ablate and that ablation did not remain
symmetric throughout the run. Again, this could be due to incon-
sistencies in the ice model. Also note that ice was still present over
the entire interior of the cavity at the conclusion of the runs, which
suggested very little heating at the cavity base. Also visible in the
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Table1 Experimental recession rates and ablation onset times®?

Run 1 Run 2 Run 3
L/D Rate Time Rate Time Rate Time
0 0.289 4.8 0.297 5.4 0.295 4.4
2.0 0.413 1.6 0.464 1.1 0.460 4.2

2Recession rates (rate) are in millimeters per second.
b Ablation onset times (time) are in seconds.
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Fig. 7 Stagnation point position vs time for three repeated baseline
cases.

video were hints of shock motion confirming that shock oscillations
were present.

Becauseof the jaggednessof the cavity lip, an averagelip position
was used to compare the runs. The change in this average position
over time is shown in Fig. 9. Note that in run 1 the model had a
sharp cavity lip, whereas in runs 2 and 3, the cavity lip was rounded
(~1 mm). Agreementbetween runs was not as good as for the base-
line case both in terms of the recessionrate and the time of ablation
onset (Table 1). This is most likely due to the geometrical differ-
ences, that s, cavity lip radius, between runs. The differences could
also be due to the shielding coming off in an irregular manner, the
fibers at the cavity lip interfering with the ablation, an uncertain
initial model temperature, the model being at a slight angle of at-
tack, or defects in the model. However, one would think that these
potential sources of discrepancy would apply to the baseline runs,
too, but they were self-consistent.

A least-square linear fit of the position data was again used to
obtain the average recession rate of each run. The recession rates
appeared roughly constant over time (Fig. 9). The average reces-
sion rate for all three L/ D =2.0 cavity runs was approximately
0.445 mm/s, nearly twice as fast as for the baseline blunt model.
Again, the recession rates are known within 15%. The onset of ab-
lation appeared to occur at approximately 1-2 s, except in run 3
where ablation onset was delayed to 4 s. As for the baseline case,
the ablation onset times are known within 0.5 s. The rounded lip in
run 3 was formed using the drill press, whereas the rounding of the
lip in run 2 was done entirely by hand (see Experimental Method-
ology, Models). It is, therefore, likely that the lip in run 3 was more
uniformly rounded, which may have been a cause for the delayed
ablation onset. The sharp-lip model in run 1 began ablating rapidly
after about 1 s. This would be expected, as the heating near the lip
should be severe.!2

Shallow-Cavity Models

One wind-tunnel run was conducted for each shallow-cavity
model (L/D =0.25, 0.5, and 1.0) to determine trends. All three
cases had sharp cavity lips.

The ice leading-edge positions vs time are seen in Fig. 10. The
three shallow cavity models showed interestingtrends. Althoughthe

different models appear to start ablating at approximately the same
time and rate, the rates begin to differ a few seconds into the run.
The shallowestcavity’s (L/ D =0.25) recessionrate appearsto slow
down first at aboutt =9 s, whereas the L/ D =0.5 rate slows down
later (~t =15's), and the L/ D =1.0 case does not appear to slow
its recession rate at all. The change in recession rate appears to be
correlated with the time at which the cavity has completely ablated
away. That is, the L/ D =0.25 cavity was 0.3 cm deep, whereas the
L/D =0.5 cm cavity was 0.6 cm deep.

Summary

As expected, introducing a forward-facing cavity into the nose
tip of a projectile did change the ablation rate. Although deeper
cavities seem to have slower ablation rates than shallower cavities,
the ablationrate of the stagnation point of the baseline case is nearly
two times slower yet. The onset of ablation also appeared to occur
later for the stagnation point of the baseline case than for any of
the cavity cases, but was very close to the time of the blunt-lip,
L/D =2.0 run (case 3). The hoped for delay in the ablation onset
may nothave beenobserveddue to the utilizationof an insufficiently
deep cavity in this experiment or because the cavity lips were not
sufficiently rounded.

The effect of cavity depth only is illustrated by Fig. 10, which
includes the sharp-lip, deep-cavity case along with the shallower
sharp-lip cavity cases. The sharp-lip, deep-cavity case appears to
agree better with the other sharp-lip cases than with the other deep-
cavity cases. Therefore, it is thought that lip radius has a strong
effect on ablation. In fact, Engblom1 found, and it is shown in detail
hereafter, that rounding the lip was necessary to reduce the local
mean surface heating because the airflow into the cavity directly
impingeson the cavity lip. Based on these findings, it is believed that
there is an optimum lip radius at which heating will be minimized
subject to other constraints. It is possible that a highly blunted lip
will cause the greatestdelay in the onset of ablation.

Numerical Results

The present numerical findings will be separated into three sec-
tions: a baseline case, an infinitely sharp-lip cavity case, and a
rounded-lip cavity case.

Baseline

A single-zone grid was generated for the baseline (no cavity)
flowfield computations (Fig. 11). To ensure convergence of the cal-
culated surface heat flux distributions, a grid refinement study was
conducted. Surface heat flux distributions for four grids were ob-
tainedfor a steady flowfield aroundthe baselinebody. Each grid con-
tained 120 points along the surface body, which was fully adequate
to resolve the flowfield. The grid fineness near the wall (i.e., surface
cell thickness dx,,;, and the number of grid cells near the wall) was
variedfor the four grids from dx,;, =1.27 X 1073 t0 1.0 X 10™* mm.
The coarsest grid (dx;, =1.27 X 107> mm) was calculated using
a flux limiter coefficient based on pressure of 5, whereas the three
finer grids were calculated using a flux limiter coefficient of 10.
The grids studied contained 120, 140, 160, and 180 cells normal to
the wall, respectively (each finer grid had more normal cells). Sur-
face heat flux distributions for each of the four grids are shown in
Fig. 12.

Although complete grid convergence was not found between any
two grids, there is less than a 1% difference between the two finest
grids (dxpi, =2.5 X107 and 1.0 X 10™* mm). Because the abrupt
increase in surface heat flux that was observed with the first grid
refinement does not occur with further refinement, the grid is con-
sidered adequately converged with a minimum surface spacing of
dXpin =2.5 X 107* mm. Also, note that the best agreement with the
Fay and Riddell'® value for peak heating at the nose (in these cold,
high-speed flows) of 268 kW/m? occurs with the coarsest grid and
disagrees with the finer grid results by 3-4%.

The spatially converged grid (dxpi, =2.5 X 107 mm) was used
to obtain the surface heat flux distributiong(x, y) and adiabatic wall
temperaturedistribution 7, (x, y) with 200 cells along and 160 cells



SILTON AND GOLDSTEIN 427

a)t=0s

d)t=9.01s

b)t=3.01s

¢)t=6.01s

f)t=15.02s

Fig. 8 Time-lapse photographs of L/D =2.0 cavity case, run 3, from initial removal of shielding (=0 s) through end of run (¢=15 s); time after

removal of shielding indicated under image.

normal to the body surface. A greater number of cellsalong the body
surface were used to obtain the distributions to aid in transferring
the data to the heat conduction code.

A single zone grid containing 27,600 nodes and 27,300 elements
(shown later) was utilized for the heat conduction calculations. A
brief study, conducted to determine the effect of dz;, showed little
differencein ablationonsettime (less than0.5%) regardlessof df;. At
early times (¢ < 0.75 s and T}, < 200 K), when thermal gradients
were greatest, times to reach a given temperature never differed
by more than 0.004 s between df; =0.02 and 0.01 s. Therefore,
df; =0.02 s was utilized.

Using the h(x,y) calculated from the flowfield solution and
df; =0.02 s, the time to ablation onset at the stagnation point was
3.7 s (Fig. 13). This is within 25% of the average experimental
time to ablation onset (4.9 s). In fact, compared to the shortest
experimental ablation onset time (4.4 s), the computational result

is within 15%. Either way the computational results are quite re-
asonable.

Note that the increase in temperature was initially quite fast (as
indicated by the initial large slope of the curve in Fig. 13) and then
slowed down as the forward portion of the body heats, that is, the
heat flux to the surface decreasesbecause the temperaturedifference
at the surface decreases. Additionally, the temperature increase for
the simulation was mostly confined to the forward quarter of the
body (Fig. 14). The temperature gradients are large at the forward
portion of the body and become smaller as the heat is conductedinto
the body. Thisis, of course,seen in the general one-dimensionalheat
transfer result, but is also affected by changes in thermal conduc-
tivity and specific heat as the body heats and the increased surface
area over which the temperature rise must take place. There is very
little temperature increase (~2 K) toward the right-hand side of
the solid (where the experimental model was connected to a brass



428

SILTON AND GOLDSTEIN

LD =2, run 2.5E+05 |-
O%$ O o LD =2, run1 Fay & Riddell”
: - 5 — — — LUWUD=2,run2 [
01F e A LUD=2,run2 — [
B he} o S LD =2 run3 g 20E+051
N = = ~ |
02 _ . LD=2,run3 E :
. X 1.5E+05 [
— |- E |-
g -0.3 i -
G r e ‘
é_04"_ @© 1.0E+05 H
f T [| ———— dx_, =1.27 x10° mm
§ [| ——— dx,,,=5.0x10" mm
h o i -4
05t 50E+04H —— dX;,, =2.5x10" mm
. [| ——— dx_, =1.0x10" mm
-0.6 - ] | I 1 1 1 I I L I
[ L ) ! L N o> 0 0.005 0.01
5 10 15 Y (m)
time (sec)

Fig. 9 Averagenose-tip positionvs time for L/D = 2.0 cavity cases; lines

dx(cm)

=3
o

©
o

©
w

&
IS

o
o1

o
(o))

S
2

Fig. 12 Surface heat flux distribution over baseline blunt body on four

different grids; surface grid fineness levels (dx i, ) as indicated, body was

are least-square linear fits of the data points after the onset of ablation. isothermal at 100 K.
3.7 sec
280 ;— T = 273K, melting begins
260 F
A —&—— LD=0.25 -
o —A— LD=05 240F
[ —<— LUD=1.0 o
3 —©&— UD=2,runt 9220;
- \;; 200 ;—
r E -
N = 180
3 160 F
g 140
a 120
- F 1 L L ) 1 L L
E . L L 4 1005 2 4
0 5 10 15 20 .
time (sec) time (sec)

Fig. 10 Position vs time plots for the three shallow sharp lip cavity

Fig. 13 Temperature history for baseline simulation at maxima (stag-

cases and the one deep, sharp-lip cavity case. (Note obvious changes in nation point).
slope of data points at 6-9 s.)
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Fig. 11 Schematic of the single-zone flowfield grid used for baseline
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Fig. 14 Temperature contoursof baselinesimulationat3.6s, just prior
to ablationonset; inset shows magnified view of the grid in the stagnation
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mount) indicating that modeling only the pure ice nose tip should
give reasonable results.

A grid resolution study for the solid body was conducted by halv-
ing the number of points on the solid-body surface. The coarser grid
contained only 6925 nodes and 6775 elements. The difference be-
tween time to onset of ablation for the two grids was approximately
0.01 s (a 0.3% error). Therefore, the finer grid should more than
adequately resolve the problem.

Infinitely Sharp-Lip Cavity

A two-zone grid (Fig. 15) was used for the sharp-lip cavity flow-
field computations where one zone encompassed only the cavity.
The flowfield computation was first performed using a coarse grid
(dXpin = 1.0 X 107* mm) and 1000 time steps per cycle until a pseu-
dosteady oscillating solution was reached. The simulation was con-
sidered pseudosteady once the mean surface heat flux distribution
and base pressure level did not change appreciably for several con-
secutive cycles. A portion of the pressure history at the base of the
cavity is presented in Fig. 16. The oscillations were self-sustained
at about 3 kHz for this cavity geometry, as expected.*

An extensive temporal and spatial resolution parameter study
(isothermal wall boundary condition of 100 K) was then conducted
to confirm that the heat flux was indeed converged. First, mean heat

ZONE 1 LA
—
BODY ZONE 2 - in the cavit
e Y
et ‘ . SYMMETRY LINE

X

Fig. 15 Schematic of the flowfield grid used for L/D =2.0 sharp-lip
calculations.
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Fig. 16 Portion of base pressure history for sharp-lip cavity.
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Fig. 17 Mean heat flux distribution on outside of body for various
numbers of time steps per cycle to determine temporal convergence (six
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Fig. 18 Mean temperature contours with select streamlines in the
vicinity of the sharp lip. (Note that, because the flow is highly oscillatory,
major flow features such as the bow shock, the separated recirculation
region, and the reattachment shock are blurred by the motion.)
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flux distributions for one pressure cycle were computed for various
numbers of time steps per cycle. Results of this study for the outer
portion of the body (Fig. 17) showed reasonable temporal conver-
gence when 4000 time steps per cycle (six subiterations per time
step) were used, although 3000 or even 2000 would also have been
adequate.

Spatial resolution was then verified using 4000 time steps per
cycle and by an increase in grid fineness along the wall. Of the five
grids studied, four contained 300 cells along the outer surface body
and 399 cellsnormal to the wall; the fifth and coarsest grid contained
100 points in each direction. To resolve the cavity adequately, the
coarsestgrid contained 140 cells normal to the line of symmetry and
45 cells from the cavity basewall to the cavity lip. The four other
grids contained 200 cells normal to the line of symmetry and 99
cells from the cavity basewall to the cavity lip.

The surface cell spacing was varied for the five grids studied
from 1.0 X 1073 mm (coarse cell distribution) to 1.0 X 10™* mm.
As resolution near the wall was increased, there was an increase in
the number of small heat flux fluctuations on the outer lip (most
likely due to the solution capturing a greater number of small lip
eddies). To work around this phenomenon, and keep computational
times reasonable, the area around the reattachment shock (Fig. 18),
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where a second, smaller, peak in heating occurs, was more closely
examined. Comparing the mean surface heat flux distributionsat the
wall (Fig. 19), a grid with dx,;;, =2.5 X 10~ mm was considered
converged because there was very little difference between it and a
grid with dx,;, =5.0 X 10~ mm. If the spacing is reduced furtherto
dxpin =1.0 X 107* mm, still finer scale eddies appear right near the
singularly sharp lip. These eddies do not appear to alter appreciably
the high heating peak near the reattachment shock.

The spatially converged grid (300 X 399 cells outside, 200 X 99
cells in the cavity, and dx,i, =2.5 X 10™* mm) with 4000 time steps
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Fig. 19 Mean heat flux distribution on outside of body for various
surface spacings to determine grid convergence.
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per cycle was then used to determine the pseudosteady solution.
The mean surface heat flux distribution was found to be adequately
converged between the 98th and 99th cycle from the start of the
calculations with most of the pressure oscillation cycles calculated
at coarser temporal and spatial resolution.

Starting at the cavity base at the centerline, Fig. 20c shows that
there is very low mean surface heat flux along the cavity base-
wall. The mean heat flux then increases along the length of the
cavity to reach a peak value (~425,000 W/m?) near the sharp lip
at x =—0.011 m (Fig. 20b). The mean heat flux again decreases
along the outside of the body before the separationregion, increases
through the recirculationregion to a local maximum at the reattach-
ment shock (—0.0105 <x < —0.0095 m), decreasesrapidly to the
shoulder of the body (—0.0095 < x < 0 m), and finally tapers off
to negligible heat flux at the end of the nose tip model (x >0 m)
(Fig. 20a). These mean surface heat flux features were expected.'>

The nodal distribution on the body surface from the flowfield cal-
culation grid was used to create the grid for the solid-body heat con-
duction calculations. This grid contained 49,135 nodes and 48,135
elements. The resulting grid (close-up in inset, Fig. 21) was prob-
ably overresolved based on the results of the baseline solid-body
gridresolutionstudy. Additionally,the spacingneeded to adequately
resolve solid-body heating is much larger than that needed to ade-
quately resolve a hypersonicboundary layer. As computationaltime
was not an issue for this case, a grid containing fewer, larger ele-
ments was not created. The effect of the choice of time step dt; was
investigated. There was very little difference in ablation onset time
(less than 0.6%) regardless of dt; and df; =0.01 s was utilized.

The time to ablation onset, which occurred at the sharp cavity
lip, was 1.4 s. The simulation predicted a time to ablation onset
within 13% of the experimental time to onset of ablation (1.6 s for
L/D =2.0, run 1). Although this appears to be a large percentage
difference, the actual time difference was small (0.2 s). Because
of the way in which experimental data were analyzed (1-s inter-
vals), exact ablation onset was not seen. Instead, ablation onset was
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Fig. 21 Temperature contours of sharp-lip cavity simulation at 1.3 s,

just prior to ablation onset; inset shows magnified view of grid in the lip
region.

interpolated from the ensuing recession rate (assumed linear). This
could accountfor the differencein ablation onset time. Additionally,
the computations were for an infinitely sharp-lip cavity, whereas the
experimental cavity would have had an finite lip radius, however
small. Therefore, a higher heat flux, and, hence, a quicker ablation
onset time was expected computationally.

The high heat flux at the sharp lip of the cavity (Fig. 20) was
conducted away from the lip and through the body. The high heat
flux at the lip caused a greater temperature increase with time in
the lip region than in the remainder of the solid body (Fig. 21).
However, only a very small portion of the body (front one-fourth of
the cavity) experiences a temperature increase of any significance.
The remainder of the nose remains cold, which suggests that the
metal support structure used in the experiment did not significantly
influence the heat transfer problem.

Rounded-Lip Cavity

A separate temporal resolution study was not conducted for the
rounded-lip cavity case because it was assumed that the sharp-lip
case, for which such a study was performed, was the more tem-
porally rigorous case. Therefore, the resulting temporal resolution
should be conservative for the rounded-lip geometry.

A separate spatial resolution study of the unsteady fluid mechan-
ics for the rounded-lipcavity case verified that the grid spacing used
for the sharp-lip cavity flowfield was again adequate to capture the
flowfield physics. Using approximately 4000 time steps per cycle
(six subiterationsper time step), time-averaged (mean) heat flux dis-
tributions obtained on grids with surface cell spacingsof 2.5 X 107
and 5.0 X 10~° mm were compared. Each grid was composed of five
zones (Fig. 22) to maintain grid quality and resolution near the lip
and shock regions. The zones were chosen such that the bow shock
would not cross the zone boundaries, but would remain fairly well
aligned with the grid. One zone encompassed only the area around
the lip (zone 3). A second zone (zone 4) was used to extend this area
to the outflow boundary. Zones 1, 2, and 5 contained the cavity and
the remainder of the flowfield.

Differences in the mean heat flux distributionsdue to surface cell
thickness (Fig. 23) were mostly confined to the base of the cavity.
Although these differences appear large (~14%) at the base of the
cavity (Fig. 23a), the total magnitude was very low. This difference
is likely caused by the mean flow circulation within the cavity not
being periodic (Fig. 24), which would cause small changes in the
cavity base wall mean heat flux from cycle to cycle. Near the lip,
the mean heat flux for two sequential pressure oscillation cycles
on the fine grid bound the average mean heat flux for the medium
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Fig. 22 Schematic of the flowfield grid used for L/D = 2.0 rounded-lip
calculations.
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Fig. 23 Mean heat flux distribution a) at base of cavity and b) in the
lip region and on outside of the body for two different surface spacings.

grid (Fig. 23b), which suggested that the average mean heat flux
value for the fine grid would be very similar to that for the medium
grid. In fact, the average mean heat fluxes for the two grids differ
by approximately 0.1% at their maxima. Therefore, a grid with
dXmin =2.5 X107 mm (zone 1, 259 X 99; zone 2, 74 X 199; zone
3, 49 X379; zone 4, 40 X49; and zone 5, 74 X 35) was used to
determine the mean heat flux distribution and the mean adiabatic
wall temperature distribution.

The pressure oscillations, and changes in relative Mach number,
caused temperature fluctuations within the cavity. Most noticeable
was an increasein mean heat flux off the centerlineat the cavity base
wall, caused by the circulation patterns within the cavity (Fig. 24).
Additionally, a cold finger of gas remained on the centerline at the
cavity base wall, which accounted for the negligible mean heat flux
here. To accountfor small, noncyclicfluctuations(< 1%) in the mean
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Fig. 24 Mean temperature contours for rounded-cavity lip flowfield;
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Fig. 25 Mean heat flux distribution at cavity lip for 5 of the 13 consec-

utive cycles that were averaged; the solid line represents the mean heat
flux averaged over 13 cycles.

heat flux in the lip region (Fig. 25), the mean heat flux was averaged
over 13 cycles (pressure oscillation cycles 186-198). The average
mean heat flux (Fig. 26) was then used to calculate #(x, y). The
reference temperature distribution Ty, (x, y) was determined on the
same grid after 140 pressure oscillation cycles.

The grid for the solid body was constructed using the nodal point
distribution on the body surface from the flowfield grid (close-up
in inset, Fig. 27). This resulted in a 31,133-node, 30,733-element
grid that was believed to more than adequately resolve the solid-
body heating for the same reasons as for the sharp-lip cavity case.
Therefore, no grid resolution study has been performed. A time
resolution study was performed with convergence easily obtained
with df; =0.02s.

The resulting time to onset of ablation was 2.5 s. The peak tem-
perature occurred at the lip center, as indicatedin Fig. 27. It appears
that, for this case, the experimental ablation onset time of 4.2 s
(L/ D =2.0, run 3) was not well predicted (a 40% difference from
the computational result). Despite this relatively large difference,
the simulation was still believed to have returned a result that was
reasonably consistentwith the experimentsfor severalreasons. First,
the exact experimental lip shape was unknown, and the initial ice
temperature was only an estimate. It is also true that we are not able
experimentally to see exactly this point of computational ablation
onset. Therefore, ablation may have begun earlier on in the experi-
ment than was visually apparent. Additionally, as with the sharp-lip
cavity case, the experimental ablation onset time was interpolated
from the ensuing recession rate. Because of the scatter of the data,
the ablation onset time could have been off by as much as 1 s. Fi-

0.025¢

0.02

=0.015

> 0.01F

A
/ (C)\

0.005[
. (b)
001 0 o001 o002
X (m)

Fi

=

g. 26a Schematic of body.

)

Py
o
m
+
[«
=

3.0E+04|

2.0E+04f

Heat Flux (W/m®

1.0E+04 |

T S U TR S S S |
0.0E+005 0.002 6.004 5.006
Y (m)
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Fig. 26c Mean heat flux distribution averaged over 13 cycles for iso-
thermal wall at 100 K along cavity lip and outside of body.

nally, in the computations, iterating between the flowfield and the
solid-body heat conduction codes may be required due to changes
in the wall temperature distributionhaving an effect on the flowfield
physics and, hence, h(x, y).

The temperature rise within the solid body (Fig. 27) was consis-
tent with the mean flowfield temperatures (Fig. 24) as well as the
average mean heat flux distribution. The high-temperature areas in
the flowfield correspond to higher heat fluxes and, hence, a faster
increase in the solid-body temperatures.

Turbulence Model

The bow shock oscillations cause the surface heat flux to vary
over one oscillation cycle. The surface heat flux is lowest during
the cavity outflow portion of the cycle despite the increased relative
Mach number across the forward-moving shock because the hot gas
is convectedaway from the body. During the cavity inflow portion of
the cycle, when the relative Mach number and, hence, temperatures
behind the shock are lower, surface heat flux is actually greatestdue
to the existence of a stagnation point on the blunted lip. Because a
stagnation point still exists on the blunted lip, transition may occur.
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Fig. 27 Temperature contours of rounded lip cavity simulationat2.4s,
just prior to ablation onset; inset shows magnified view of grid in the lip
region.

The sonic line, after which transition appears to have occurred on
the blunt body, was downstream of the rounded cavity lip during
peak heating. Therefore, if the fluid dynamics of the cavity lip and
the blunt body are similar, the position of the sonic line indicates
that transition would not take place in an area of peak heating.
Unfortunately,experimental verification of whether or not transition
occurred was not obtainable. Therefore, a numerical method was
investigated to determine if turbulent heating was important or if
the flow could continue to be modeled as laminar.

To do this, a mean heat flux distribution using the k-& turbu-
lence model was obtained by use of the same flowfield grid as for
the laminar case. Unfortunately, it was found that approximately
16,000 time steps per cycle with 18 subiterations were needed to
accurately resolve this simulation in time. The time requirement
for this temporal accuracy (59 Cray T90 h per cycle) is nearly pro-
hibitive. Hence, confirmation of a truly pseudosteady solution (each
cycle being periodic and having the same mean heat flux) was not
obtained, and so the current solution is, for now, being treated as if
it were pseudosteady. The heat flux at the base of the cavity for the
turbulent case was found to be 270% greater than the laminar case,
whereas the peak heat flux at the cavity lip (473 kW/m?) was found
to be only 50% greater. The accuracy of the heat flux at the base of
the cavity cannoteasily be determined as no experimental data were
obtained in this area. However, the increased heat flux at the cavity
lip over that of the laminar case produces a much earlier ablation
onset time, 0.94 s, than was found assuming a laminar flowfield.
This agrees to within 15% of the experimental ablation onset time
for the L/ D =2.0, run 2 case (1.1 s). Therefore, it is possible that
this lip configuration may indeed transition. However, it is currently
unclear as to what may have caused the transition. Because the lip
for the comparable experimental case was hand rounded, nonuni-
formity of the lip was possible (differentlip radii, nicks, etc.), which
would have caused transition as compared to the more uniformly
rounded run 3, which, having a much longer ablation onset time,
appears to have remained laminar. Because the laminar flowfield
assumption appears reasonably valid for the comparison to the bet-
ter made model and requires much less computational time, it will
continue to be utilized in future computations.

Conclusions
The experimental method looks promising, although some of the
results are unexpected. The shielding appears to adequately protect
the ice model during wind-tunnel startup, though the temperature
rise of the ice prior to exposureremains to be investigated. The mold
appears versatile enough to accommodate a number of different

geometries without much modification. Water ice seems to work
well as a low temperature ablator; it could easily be formed to the
desired shapes.

The results between the baseline no-cavity cases were consistent.
The discrepanciesbetween deep-cavity runs need to be investigated
further. It remains unclear why ablation onset occurs earlier in the
L/ D =2,round-lipcase than the baseline case for what was thought
to be a sufficiently deep cavity based on results by Engblom.! All of
the sharp-lip cavity cases (both shallow and deep) appeared to have
similarablationonsettimes and initial ablationrates. The sharplipis,
therefore, believed to negate any beneficial effect of a deeper cavity.
However, ablation onset seems to be delayed and ablation rates
decreased with increased cavity lip radius for the deep-cavity case.

A numerical procedurehas been developed to allow the flowfield
and solid-body computationsto be solved independentlywith linked
boundary conditions. Most of the assumptions that were made for
the flowfield calculationsappear to have been reasonableexcept for,
possibly,the assumptionof laminar flow. Althoughnumericalresults
appear reasonable based on experimental findings for the baseline
no-cavity body where the stagnation point flow was probably lam-
inar, the experimental results suggest that the flow is transitioning
near (just after) the sonic line on this geometry.

Agreement between numerical and experimental ablation onset
times is fairly good for both the baseline hemisphere-cylinder case
and the sharp-lip cavity case. The agreement for the rounded-lip
cavity case is not as good but is still promising because a number
of variables still exist, including some experimental uncertainties.
Whetherornot/(x, y) mustbe recalculatedas the solid body warms
in any or all of the three cases needs to be determined. Initial cal-
culations using the k-¢& turbulence model seem to validate the as-
sumption of a laminar flowfield (at least for the cavity cases). This,
in turn, suggests that the peak heating, which occurs on the lip dur-
ing the inflow portion of the cycle, occurs while the flow on the lip
is laminar. More generally, the use of the computational technique
to predict the experimental flowfield physics of this complex, un-
steady hypersonicflow problem appears to be working as expected.
Obtaining more experimental data for which an ablation onset time
has been more accurately determined would help to complete the
benchmarking of the computations.
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