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Factors Affecting the Fluctuating Pressures on
Ablated and Unablated Re-entry Nosetips

J. Peter Reding,* Y. John Kaku,{ and Rolf A. Guenther}
Lockheed Missiles & Space Co., Inc., Sunnyvale, Calif.

Fluctuating pressure measurements have been obtained at M=5.0 on hemispherical, blunt-conic, and in-

dented nosetips that simulate the evolution of an ablating graphite nosetip during re-entry. An analysis of the °

fluctuating pressure distribution data on hemispherical and blunt-conic nosetips shows that when the flow is

attached, as it is for these noses, the fluctuating pressure spectra can be collapsed successfully using freestream -
- flow parameters rather than boundary-layer parameters. The spectra from the indented nosetip are collapsed

with freestream flow parameters and the maximum thickness of the region of flow separation. It is postulated

that entropy gradient effects, not the boundary shear, dominant the fluctuating pressures when the flow is at-

tached, and that flow separation effects dominate the fluctuating pressures when the flow is separated.

Nomenclature
a =speed of sound, m/s
C, =pressure coefficient (p—p..)/q
Cpamsy ~ =root-mean-square fluctuating pressure coef-
ficient, p.ns/q
f =frequency, Hz
M =Mach number, U/a
M, =local Mach number at boundary-layer edge
PSD = power spectral density, (kg/m?2)2/Hz
D =local pressure, kg/m?
P =freestream static pressure, kg/m?
p(t) =time varying pressure, kg/m?
T ¥
Prms =fluctuating pressureé So [(p (t)—-p)? ] dz,
kg/m?
q =freestream dynamic pressure, pU?/2, kg/m?2
q. =local dynamic pressure at boundary-layer edge,
kg/m?
R =freestream Reynolds number, m !
R, =Reynolds number at boundary-layer edge
Ry =Reynolds number based on nose radius
ry =nose radius, m
T =temperature, °C
t =time, s
AT/At  =temperature rise rate, °C/s
U =freestream velocity, m/s
U, =local velocity at boundary-layer edge, m/s
x =axial coordinate, m ’
o =angle of attack, deg
A =increment
é =boundary-layer thickness, m
S, =maximum separated flow height, m
0 =freestream density, kg-s2/m*
/] =angular position of transducer relative to model
centerline, deg
¢ =roll orientation of transducer relative to top

(¢ = 0) meridian, deg
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Introduction

URING re-entry, an initially spherical nosetip ex-

periences significant shape-changes due to the effects of
ablation. First, the spherical nose flattens due to laminar
ablation in the stagnation region. This is followed by a blunt-
cone shape as transition moves onto the sides of the nosetip
increasing ablation locally. As transition persists on the sides,
the nosetip begins to cusp and eventually resembles a spiked
cone or a ‘‘tension shell’”” body. Finally, the spike tip ablates
away entirely, and the nosetip becomes roughly conic. The
ablation-induced shape change alters the re-entry body drag
and stability. Trim can also occur as a result of shape
asymmetries caused by asymmetries in the transition front or
material inhomogeneities or both.

Nosetip shape changes also affect the fluctuating pressures
on the nosetip which, in turn, can impact nosetip structural
integrity. It has long been recognized that periodic pressure
oscillations can occur on the highly indented noses. These
periodic pressure oscillations are the result of a gross in-
stability of the separated flow region that dominates the
severely indented nosetips.!# Large random pressure fluc-
tuations are associated with the so-called steady separated
flow* of noncritical geometries. Recently fluctuating pressure
measurements have been obtained on mildly indented and
blunt-conic nosetips® that are typical of sections of an ablated
graphite nosetip of the nosetip recovery vehicle (NRV)% and
of wind tunnel ablated camphor nosetips.” Even replicas of
the NRV and low temperature ablated noses were tested.
However, the instrumentation density was insufficient to
define the fluctuating pressure distribution. Subsequently,
further wind tunnel tests were conducted to obtain detailed
fluctuating pressure distribution data on three idealized,
axisymmetric models that simulate the three fundamental
stages in the evolution of an ablating graphite nosetip:
hemispherical, blunt conic, and indented. An analysis of these
data is presented herein.

Wind Tunnel Test

To supply the fluctuating pressure distribution data needed
to determine nosetip structural integrity and to establish
scaling criteria between wind tunnel and flight, a wind tunnel
test was conducted in the Naval Surface Weapons Center,
White Oak Laboratory, Tunnel 8% at M=5.0 and
1.6x107/m <R =<13.1x107/m. Three axisymmetric nosetip
models were tested: hemispherical, blunt conic, and indented.
These models were instrumented with either four of five
Kulite fluctuating pressure transducers (located as shown in
Fig. 1) that had a 70,000-Hz resonant frequency. Data were
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Fig.1 Wind tunnel model configuljations.

recorded over the frequency range of 200-45,000 Hz and
reduced in 250-Hz bandwidths.

These were the same models used in previous static and
fluctuating® pressure tests with the exception of the
hemispherical nosetip. A new thin-walled hemispherical nose
was especially constructed to allow simultaneous heat transfer
and fluctuating measurements so that the location of tran-
sition could be correlated with the fluctuating pressure
distributions. :

As is usual with wind tunnel fluctuating pressure
measurements, the effects of background noise were a major
concern. Thus, every effort was made to minimize electrical
system noise and to ensure that the fluctuating pressure
measurements were sufficiently above wind tunnel
background noise levels. Measurements were taken of the
model in a quiet test cabin, and the recorded signal—in-
dicative of total system (microphone-amplifier-recorder)
electrical noise—was reduced to an overall fluctuating
pressure coefficient. These values are compared to wind
tunnel background noise data in Fig. 2. The worst electrical
noise is two to three orders-of-magnitude below the wind
tunnel background noise. Thus, the effort to minimize
electrical noise was eminently successful, and it is the wind
tunnel background noise that must be considered.

Figure 2 indicates that wind tunnel background noise will
limit the validity of the data. The data were judged valid if the
power spectra were at least an order of magnitude above
background noise levels throughout the frequency range, as
illustrated by the comparison of the background noise
spectrum from Ref. 9 with the marginally valid data measured
at 8= 80 deg on the hemispherical nosetip at a nearly identical
Reynolds number (Fig. 3).

Unfortunately, power spectral measurements of the
background noise are not available for all Reynolds numbers.
Only the overall fluctuating pressure coefficient Cpypy,
values are available vs Reynolds number. Because C, g 18
the square root of the integral of the power spectra, an
equivalent criterion is

Coemsyp = V10 DmHN 1)

where D denotes data and N background noise. This tacitly
assumes similar shaped spectra for both the data and the
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Fig. 3 Comparison of a typical boundary-layer spectrum with

background noise.

background noise. Spikes in the background noise spectra and
a radically different spectral shape will invalidate the criterion
unless Cp,mqp Values are well (orders of magnitude) above the
Coumsny values. The one background noise spectrum
available® tends to substantiate the similar spectra assump-
tion (Fig. 3).

Note that the roll off of the background noise at 35,000 Hz
(Fig. 3) is the result of a low-pass filter and does not indicate
actual background noise characteristics. However, the effect
of the filter on C,,, is negligible causing less than a 0.01%
reduction.

Only data that meet the validity criterion of Eq. (1) are
presented herein (e.g., Fig. 4). In many cases, the data exceed
background noise values by more than an order of magnitude.
In these cases, the assumption of similar spectra is not nearly
so critical. There is a consistency in the spectra for these very
high C,p values, which almost certainly are valid, and the
spectra for Cp,y,, values that just meet the validity criterion.
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Fig. 4 Validity of indented nose data.

This tends to substantiate the validity of the lower
measurements. Such consistency will become evident in the
comparison of normalized spectra presented later in the
paper.

Data Analysis

The goal of the data analysis is to find a means of nor-
malizing the wind tunnel data. This will provide a method of
scaling wind tunnel data to flight conditions and also will
provide insight into the flow phenomena responsible for the
pressure fluctuations.

Hemispherical Nosetip

Valid rms fluctuating pressure coefficient data obtained
from the present hemispherical nosetip are compared with
both two- and three-dimensional turbulent boundary-layer
measurements %7 and with Lowson’s!® semiempirical
prediction technique (Fig. 5a). The agreement is good except
 for the most forward measurements taken only 30 deg from
the stagnation point (at 8 =30 deg). Earlier results obtained in
the same wind tunnel by Baltakis (Fig. 5b) also indicate the
possibility of elevated fluctuating pressure levels near the
stagnation point. !®

Transition occurs further upstream in the present test than
it did in Baltakis’ test (Fig. 5b).!% Baltakis’ data indicate
transition occurred nearly three nose radii downstream of the
stagnation point at R =2.6 x 107 /m, whereas the present data
indicate transition occurred on the spherical portion of the
nose near =30 deg (x/ry=0.13) for nearly the entire
Reynolds number range tested (Fig. 6). Schlieren photographs
obtained in another test?® in the same wind tunnel at
R=16.6x10"/m indicate transition also occurred on the
sphere between 6 = 50 and 70 deg which is in better agreement
with the present results.

The earlier transition in the present test may be the result of
severe pitting of the nosetip because of impacts by tunnel
contaminants. Particles of the zirconia pellets that make up
the thermal mass of the tunnel (which prevents liquefaction of
the air) evidently were carried into the tunnel and impacted
the model causing pitting of the nosetip. (Incidentally, this
problem has now been cured with the installation of a particle
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Fig. 5 Comparison of overall fluctuating pressure data for the
hemisphere cone: a) with turbulent boundary-layer data, and b)
fluctuating pressure distributions.

catcher in the stilling chamber). The particle impact destroyed
the microphones at 8 =30 deg early in the test. Thus, only low
Reynolds number data are available at # =30 deg.

Baltakis’ data show that the state of the boundary layer
(laminar or turbulent) has an effect on the overall fluctuating
pressure level with the higher fluctuating pressure occurring
under the turbulent boundary layer.!® Also, both tests show
the fluctuating pressure increases above turbulent values near
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the stagnation point even if the boundary layer is laminar
(Fig. 5b).

Power-spectral-density measurements under the turbulent
portion of the boundary layer have been nondimensjonalized
with boundary-layer edge properties. These nondimensional
spectra do not agree with either the two-dimensional data of
Coe and Chyu,?! the three-dimensional data of Coe, '® or the
semiempirical method of Lowson. ¥ Not only do the present
data show a large scatter, but the shape of the non-
dimensional spectra is quite different from the other ex-
perimental results and the semiempirical theory.

Note that the boundary-layer thickness and edge properties
used to nondimensionalize the spectra in Fig. 7 were not
measured in the wind tunnel; rather the velocity, edge
dynamic pressure, and boundary thickness were computed
using correlated method of characteristics results and integral
boundary-layer methods as mechanized in the GRANT 3D
computer code.?? Thus, there are undoubtedly some dif-
ferences between these estimates and the actual boundary-
layer thickness and edge conditions. However, such dif-
ferences certainly could not have been large. enough to ac-
count for the nearly two order of magnitude spread in the
nondimensional spectra shown in Fig. 7.

The spectra from under both the transitional and turbulent
portions of the boundary layer on the hemisphere cone have
been further normalized with the local conditions by dividing
by [Cpymg]1? (Fig. 8). The turbulent boundary-layer spectra
(=80 deg and x/ry=1.67) and the transitional spectra at
6=30 deg do not overlay one another but string out end to
end.

It is well known that at hypersonic speeds, the curved bow
shock caused by the hemispherical nosetip dominates the
static pressure distribution for many nose radii downstream
of the tip.? The highly nonlinear fluctuating pressure
distribution for the hemisphere cone in Fig. 5 suggests that
entropy wake effects may also dominate the fluctuating
pressures over the nosetip.

If the pressure fluctuations on the nosetip are truly
dominated by the nonuniform flow effects of the curved bow
shock, then freestream flow parameters and a length
characteristic of the bow shock curvature would seem more
logical scaling parameters. Thus, the spectra from the
hemisphere cone have been nondimensionalized with the nose
radius (ry), freestream flow conditions, and [Cpems]? (Fig.
9). The collapse of the spectra using freestream properties is
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Fig. 8 Spectra for the hemisphere cone normalized with boundary-
layer edge properties.

superior to that obtained using edge properties (compare Figs.
8 and 9). The spectra nondimensionalized with edge
properties tend to string out end to end where the spectra
nondimensionalized with freestream flow parameters overlay
one another. The data spread also is reduced using freestream
. parameters; however, the improvement is not dramatic. The
superior collapse of the data along the nosetip tends to
substantiate the validity of the freestream properties as
scaling parameters. It is believed that spread of the nor-
malized spectra is wide (Fig. 9) because the data just barely
meet the validity criterion, and may not be entirely free of
background noise effects.

Blunt-Conic Nosetip

The data from the blunt-conic nosetip are clearly far from
marginal. They solidly exceeded the validity criterion (by over
an order of magnitude in some instances) except for the data
from transducer number 4 which is entirely invalid. The good
agreement with measurements from Ref. 5 tends to further
substantiate confidence in the validity of the current data
(Fig. 10).

Data from transducers 3 and 5 where the boundary layer is
turbulent 2 have been normalized using the local boundary-
layer thickness and edge conditions from the GRANT 3D
code. As before, the computed edge properties cannot be so
much in error as to cause the nearly two order of magnitude

“difference in the nondimensional spectra shown in Fig. 11.

The spectral data for the blunt-conic model have been
nondimensionalized using both boundary-layer edge con-
ditions and freestream conditions (Figs. 12 and 13). The

1Schlieren photographs from Ref. 20 indicate transition occurred in
the vicinity of transducer 1 at R=6.64 107 /m.
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collapse using freestream flow conditions is obviously
superior. This suggests that entropy gradient effects dominate
. the fluctuating pressures on the blunt-conic nosetip.

Generally, the shape of the spectra from. the blunt-conic
and the hemispherical nosetips are similar, although the data
spread for the blunt-conic nosetip is much tighter (Fig. 14).
This is undoubtedly the result of their similar shock shapes
(inset in Fig. 14), thus, their similar entropy gradients.

Unfortunately, because of transducer temperature
limitations, it was impossible to obtain data at higher Mach
numbers. Thus, the scaling techniques used to collapse the
spectra of this, and the hemispherical nosetip, are valid only
at one Mach number. It is postulated that Mach number
effects could be accounted for by using a length scale in-
dicative of the radius of curvature of the bow shock which
will, of course, vary with Mach number. Another technique
might be to define how C,,,, varies with Mach number; and
use this variation to account for Mach number effects.
Perhaps a combination of both approaches could prove
successful. Regardless, it is evident that how Mach number
affects the pressure fluctuations on re-entry nosetips is
unknown and can be answered only by further experimental
and theoretical research.

Indented Nosetip

A substantial amount of the data for the indented nosetip
are well above the validity criterion (Fig. 4). Unfortunately
most of the data from transducers 1 and 3 are invalid. A
comparison of the overall fluctuating pressure distributions
with the data from Ref. 5 shows mixed results (Fig. 15). The
agreement under the separated region is good whereas the
agreement in the reattachment region is not so good. Angle-
of-attack differences between the two tests are believed to be
the cause of the poor agreement. As it turned out, the model
was mounted so that the instrumented ray was down in the
present test whereas it was up in an earlier test.> When one
considers the combined effects of flow angularity in the wind
tunnel and the tolerances involved in achieving a given angle
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Fig. 15 Comparison of static and fluctuating pressures for the in-
dented nosetip.
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of attack, the angle-of-attack difference between the two tests
could easily have been o= £0.5 deg. Thus, transducer 5 easily
could have missed the very sharp fluctuating pressure peak at
reattachment. However, spectral data show that it still was
located within the reattachment region.

Data from the previous tests of the indented nosetip?
showed an indication of transition in the lifted shear layer
over the separated region for R =3.3 x 107/m. However, this
disappeared for R=6.6x107/m, indicating turbulent
separation exists in this Reynolds number range. Thus, the
data presented herein for R=6.6x107/m are taken to be
indicative of turbulent separation.

Earlier results have established that separated flow effects
dominate the fluctuating pressure environment of indented
nosetips.® Furthermore, the technique of nondimen-
sionalizing the spectra with freestream flow parameters and
the maximum height of the separated region successfully
collapsed the spectra in the reattachment region of a variety of
spike-induced separated flows.5?* The data from the present
test are no exception (Fig. 16).

The maximum separated flow height 8,, is measured in a
direction normal to the body axis from the surface to the top
of the separated region as indicated by shadowgraph
photographs (see inset in Fig. 16).

Essentially two types of spectra occur in the indented
portion of the nosetip (Fig. 16). One is associated with flow
reattachment, the other with the environment under the flow
separation. The difference between the reattachment and
separated flow spectra reflect the influence of the portion of
the boundary layer, the lifted shear layer, that passes over the
separated region through reattachment and continues
downstream.

The shear layer does not enter the recirculation region, and
therefore does not affect the environment under the separated
region. This explains the difference between the separated
flow and the reattachment spectra for 0.01<f3,,/U=<0.2
(Figs. 17a and b). The shear layer does, however, influence
the spectra both at reattachment and downstream of reat-
tachment as indicated by the similarly shaped spectra
(compare Figs. 17b and c¢). The good agreement between the
present data and the data of Ref. 5 substantiates the validity
of the present measurements.
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Fig. 16 C()mparison of normalized spectra for the indented nosetip.
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Fig. 18 Comparison of fluctuating pressure levels at reattachment.

Unfortunately, these results are valid for only a single Mach
number. However, previous results show how the overall
fluctuating pressure coefficient, C,.,, in the reattachment
region of spike-induced flow separations varies with Mach
number (Fig. 18).° This may be the key to the Mach number
.scaling. One would expect that a similar variation should
occur throughout the separated region. Thus, by accounting
for the variation of C,y, With Mach number, one might be
able to collapse the separated flow spectra for all Mach
numbers. Of course, more data must be secured and analyzed
before the question of Mach number scaling can be answered.

An analysis of wind tunnel measurements, taken at
M=35.0, of the fluctuating pressure environment on models
simulating ablated and unablated re-entry nosetips has shown
that as long as the boundary layer is attached, regardless
whether the nosetip geometry has been altered by ablation or
not, entropy gradient effects dominate the fluctuating
pressure spectra although boundary-layer transition affects
the overall fluctuating pressure level. Thus, the fluctuating
pressure spectra scale with freestream flow properties and the
spherical nose radius. When the nose is indented enough to
cause flow separation, the flow separation effects dominate
the pressure fluctuations and the spectra scale with freestream
flow conditions and the maximum height of the separated
flow region.

Unfortunately, these results are valid only for a single,
constant Mach number. Thus, the effects of Mach number on
the fluctuating pressure environment are unknown. It has
been suggested that when the flow is attached, a Mach number
dependent length scale proportional to the bow shock radius
of curvature, a Mach number dependent variation of C g,
or some combination of both might be used to account for
Mach number effects. The overall fluctuating pressure Cp g
in the reattachment region of spike induced flow separation
has already been observed to vary with Mach number. It has
been suggested that further investigation of this phenomenon
could lead to a technique for Mach number scaling of the
fluctuating pressure spectra on indented noses.

Of course, ablation will also affect the pressure fluctuations
on re-entry nosetips in flight. One would expect that ablation
effects would be most significant where viscous effects
dominate the pressure fluctuations as they do for the indented
nosetips. Where entropy gradient effects dominate, ablation
effects should be less important.

All this only serves to illustrate that we are just beginning to
understand the fluctuating pressure environment on re-entry
nosetips. Much experimental and theoretical work remains to
be done. Probably, the next step is an experimental in-
vestigation of the effects of Mach number on nosetip fluc-
tuating pressures.
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