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Scale Effects on Fluctuating Pressures in
Spike-Induced Flow Separation

J. Peter Reding,*Rolf A. Guenther,t and Dennis M. Jecmenf
Lockheed Missiles & Space Co., Inc., Sunny vale, Calif.

Data for 40% and 100% wind-tunnel models are compared with flight results. The separated region was found
to increase in size with increasing Reynolds number even though the Reynolds number at reattachment was
always turbulent. Futhermore, critical Reynolds number effects in the flow recirculation region caused the most
severe fluctuating pressure on the spike to shift to the leeward side. Evidence of the excitation of a fundamental
breathing mode of the spike-induced flow separation was observed on a second flight.
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Nomenclature
= forebody axial force; coefficient: CA =A/qS
= speed of sound
= axial force coefficient increment due to Reynolds

number variation
= pressure coefficient = (p — p^ ) /q
= root-mean-square fluctuating pressure coef-

drag; coefficient: CD =D/qS
reference diameter
spike base diameter
frequency, Hz
spike length
Mach number
local pressure
freestream static pressure
power spectral density
time varying pressure
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Subscripts
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oo
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freestream dynamic pressure = p U2 /2
spherical nose radius
freestream Reynolds number based on spike
length =pUL/n
recirculatory Reynolds number based on spike
base diameter = prUrds/^r
reference area = ird2 14
model scale factor = d(mode\)/d(f ull scale)
freestream velocity
axial coordinate, origin at nose fairing tip
angle of attack
viscous flow height
roll orientation (0 = leeward)
freestream density

== condition in recirculation region at spike base
= freestream flow
= different Reynplds number values
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Introduction

THE Trident I missile is equipped with an extendible nose
spike or "aerospike" that is deployed immediately after

launch. The aerospike substantially reduces missile forebody
drag by creating a low dynamic pressure region of separated
flow over the high volume nose fairing (Fig. I).1'2 The
telescoping design of the aerospike was thought to be par-
ticularly vulnerable to the severe fluctuating pressure en-
vironment that exists in regions of flow separation. Thus,
extensive wind tunnel tests were conducted to define the
fluctuating pressure environment of the aerospike/nose
fairing combination.1 The wind tunnel results showed that
the lateral load on the aerospike due to the fluctuating
pressures was two orders of magnitude more severe than the
static aerodynamic load.2 Thus, the fluctuating pressures
constitute the critical lateral aerodynamic load on the
aerospike. The drag of the spike disk is the critical axial load
on the aerospike. It was, therefore, essential that the
technique used to scale the wind tunnel fluctuating pressure
data to full scale flight conditions be valid.

In order to verify the scaling technique as much as possible
before flight, a 100% aerospike-nose cap model was tested at
transonic speeds where the most severe fluctuating pressure
environment occurs on the aerospike. These tests were run at
full scale dynamic pressure; thus, duplicating flight Reynolds
numbers. Unfortunately the 100% model could not be tested
at supersonic speeds due to wind tunnel blockage con-
siderations. Flight data, of course, furnished the final check
of scaling methods. Results of both wind tunnel tests and
flight are compared herein.

Configurations Tested
The 40% wind tunnel model was made of heavy-gage

stainless steel. The configuration had a simple cylindrical
aerospike and simulated the forward portion of an earlier
nose fairing configuration (Fig. 2a). The entire aerospike and
nose fairing well aft of flow reattachment were equipped with
static and fluctuating pressure instrumentation. The model
was tested in the AEDC 16 ft Transonic Wind Tunnel and
NASA Lewis Research Center 10x10 ft Supersonic Wind
Tunnel.1

The 100% model was actually a full scale, flight hardware,
aerospike, and nose cap (Fig. 2b). The entire nose fairing
could not be tested because of wind tunnel blockage con-
straints. Only the nose cap and spike base were supplied with
static and fluctuating pressure instrumentation. As previously
stated, the model was tested in the 16 ft Transonic Wind
Tunnel at conditions duplicating flight.

Because of limitations of telemetry channels and due to the
telescoping nature of the aerospike, the fluctuating pressures
were measured at only three locations on the nose fairing in
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LOCATION OF FLIGHT FLUCTUATING
PRESSURE MEASUREMENTS
40% WIND TUNNEL TEST: M = 3.5,
40% WIND TUNNEL TEST: M * 3.2,
FLIGHT TEST: M = 3.3, a « .25°,
FLIGHT TEST: M = 3.3, a * .25°,
FLIGHT TEST: M = 3.3, a = .25°,

& *= 0
a « 0
- 91°
= 29°
« 149°

FLIGHT CONFIGURATION

40% WIND TUNNEL MODEL

-2.0 1.0

Fig. 1 Aerospace flowfield, M- 3.0.
Fig. 3 Comparison of longitudinal fluctuating pressure distributions
forA/=3.2andM=3.5.
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Fig. 2 Comparison of test configurations.
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Fig. 4 Comparison of spectra at M= 3.5, x/r - 0.37.

flight. These were located 120 deg apart circumferentially and
at x/r = 0.37 aft of the nose tip; the location of flow reat-
tachment on the 40% model at M=3.0. The flight vehicle
nose fairing-aerospike configuration is compared with the
wind tunnel model configurations in Fig. 2. The configuration
differences do affect the data as will be shown later.

The 100% model duplicated the flight Reynolds number
whereas the Reynolds number for the 40% model varied from
!/z to l/s of the flight Reynolds number depending on the
Mach number. For all models the Reynolds number based on
spike length ( R L ) was solidly turbulent. Even the 40% model
produced / ? L >4xl0 6 . Thus, the flow at reattachment was
turbulent for all tests.

Data Analysis
The 40% wind tunnel data showed that the power spectra in

the separated flow region would collapse into a few
characteristic spectral types1 if the data were non-
dimensionalized as suggested by Coe and Chyu.3 That is, the

power spectra values (PSD's) were multiplied by U/q25 and
the frequency / by d/U; where U and q are the freestream
velocity and dynamic pressure, respectively, and d is the local
viscous flow (the flow separation) thickness. If the separated
flow configuration is similar for both ground and flight test
then the model scale factor s can be substituted for d. Thus, if
the normalized spectrum and the integral of that spectrum,
Cp(rms), are in agreement for wind tunnel and flight then the
wind tunnel has supplied a valid simulation of flight.

The fluctuating pressure transducers on the flight vehicle
were located at x/r - 0.37 to measure the fluctuating pressure
peak associated with flow reattachment at maximum dynamic
pressure (at M« 3.0). The good agreement between flight and
40% wind tunnel model data for both the overall fluctuating
pressures and the semi-normalized spectra are shown in Figs.
3 and 4, respectively. This, of course, substantiates the
validity of the scaling techniques.
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Fig. 5 Comparison of longitudinal fluctuating pressure distributions
on a) the leeward meridian, b) the lateral meridian, and c) windward
meridian for M= 1.0.
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Fig. 6 Comparison of peak fluctuating pressures on the spike base at
a = deg.
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Fig. 7 Comparison of spectra on the spike base.

Reynolds Number Effects
At transonic speeds the fluctuating pressure peak occurs

well forward of the flight transducers indicating that the
separated region is smaller than it was at M=3.0 (Fig. 5).
Figure 5 also reveals a fundamental difference between the
fluctuating pressure distributions for the 40% and 100%
model tests. The flight data tend to support the 100% model
data. The peak fluctuating pressure occurs on the leeside of
the spike for the 100% model whereas it occurs on the lateral
meridian of the 40% model (Figs. 5a and b). However, the
flight data show a fluctuating pressure peak on the leeside of
the nose fairing that appears to be associated with the en-
vironment at the spike base (Fig. 5a). Comparison of the
overall fluctuating pressure Cp(rms) values for the 40 and 100%
models show that the high Cp(rms) values measured at tran-
sonic speeds on the sides of the spike of the 40% model appear
to have moved to the leeside of the spike on the 100% model
(Fig. 6). Likewise, the semi-normalized spectra on the sides of
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Fig. 8 Critical Reynolds number effects in the recirculation region.
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Fig. 9 Comparison of static pressure distributions on 40% model.

the spike of the 40% model are in good agreement with the
spectra on the leeside of the spike of the 100% model (Fig. 7).
This indicates that the same flow phenomenon is responsible
for both. The present analysis will show that peak fluctuating
pressure on the spike base is due to a secondary separation of
the recirculatory flow and shifts to the leeside of the spike due
to critical Reynolds number effets similar to those observed
on cylinders normal to the flow.

One can define a crossflow Reynolds number in the
recirculation region at the spike base by simply isentropically
expanding the flow from the stagnation conditions at the
windward reattachment point to the spike base. This recir-
culatory Reynolds number Rr is compared to the drag curve
for a cylinder normal to the flow4 (Fig. 8). The Rr values are
subcritical for the 40% model and supercritical for the 100%
model. At subcritical Reynolds number the flow separates
near the lateral meridian of the cylinder whereas at super-
critical Reynolds number the separation occurs 30-40 deg to
the leeward of the lateral meridian.

It appears that the peak fluctuating pressures on the spike
base could be associated with the secondary separation of the
recirculating flow. Actually, the flow in the crossflow plane of
the spike does not separate. Rather, at the point of incipient

10 Tracings from oil flow photographs.
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Fig. 11 Recirculatory Mach number for 40% model.

separation the upstream pressure gradient (Fig. 9) begins to
dominate, turning the flow upstream along the spike (Fig. 10).
The maximum fluctuating pressure corresponds to the point
of maximum streamline curvature. This explains why the
maximum fluctuating pressure occurs on the spike sides for
the 40% model at transonic speeds. Further upstream along
the spike, the flow is predominantly forward and the
crossflow analogy no longer applies.

At supersonic speeds the Reynolds number is also sub-
critical but flow turning at the spike base occurs near the
leeward meridian (Fig. 10). This is because the crossflow
Mach number in the recirculation region is supersonic (Fig.
11) and at supersonic speeds separation occurs well aft of the
lateral meridian on a cylinder.5 Of course the crossflow Mach
numbers calculated by expanding the flow from reattachment
conditions to the spike base are ideal values as are the values
of Rr. Viscous effects will tend to reduce both Rr and the
crossflow Mach number; however, circumferential pressure
distributions around the spike base show a typically subsonic,
subcritical, distribution at M= 1.0 relative to the a = 0 level
and a supersonic distribution at Af=2.0 indicating that the
crossflow is indeed supersonic for M>2.0 (Fig. 12). This is
remarkable since the flow is not simply sweeping across the
spike from windward to leeward but is also converging on the
spike from the sides (Fig. 10). One would think the converging
flow would significantly alter the location of the separation
points relative to two-dimensional cylinder values.
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Fig. 12 Circumferential pressure distributions on spike base, 40%
model.

The peak fluctuating pressure occurs on the leeside of the
spike at supersonic speed (Fig. 13), verifying the correlation
between streamline curvature and peak fluctuating pressure.
Thus, at supersonic speeds the fluctuating pressures on the
spike base are in good agreement for both 40 and 100% wind
tunnel models because the recirculatory flow is supersonic for
both. The supersonic flow eliminates the sensitivity of the
flow separation location to Reynolds number effects as well as
moving separation to the leeside. The well known insensitivity
of the crossflow drag of a cylinder at transonic-supersonic
speeds,6 is evidence of this Reynolds number freeze
phenomenon.

The flight data indicate that the peak fluctuating pressure
also occurs on the leeside of the spike at transonic speeds;
which, of course, it should since flight and 100% wind tunnel
model data are for identical Mach number-Reynolds number
histories. Data from the 40% wind tunnel model show that
the peak fluctuating pressure on the spike base is reflected in a
similar peak on the nose fairing (Fig. 5b). This peak occurs on
the leeward side in flight (compare Figs. 5a and 5b) thus,
100% model data and flight data are in agreement.

Even though the flight and 100% model data agree
qualitatively, at transonic speeds the flight Cp(rms} values are
somewhat above the 100% model data (Figs. 5b and 5c). This
could be a bonafide difference or it could be the result of
errors in the computed flight angles of attack. The flight angle
of attack is computed from atmospheric wind measurements
taken before the flight. Subsequent wind changes at the time
of flight could cause errors in angle of attack which could
result in asymmetries of the flow reattachment geometry
affecting the flight Cp(rms) measurements. However, Fig. 14
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Fig. 13 Typical supersonic fluctuating pressure distribution on the
40% model, A/= 2.0, a = 4 deg.
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Fig. 14 Comparison of transonic fluctuating pressures at A-//* = 0.37
aft of nose tip.

shows that rather extreme variations in a could not cause the
high values of Cp(rms) observed in flight. Based on wind
measurements before and after the flight a. variations of only
1 or 2 deg can occur due to winds. Therefore, it appears that
the Cp(rms) differences are due to the configuration differences
between the 100% model and the flight vehicle (compare Figs.
2band2c).

Typical static pressure data show that the pressures on the
100% model tend to be generally below the flight results.
Although this difference is roughly within the error bands of
the flight data, this trend pervades the data and is therefore
believed to be real. It should be noted that the error bands on
the flight data represent maximum expected a variations due
to winds and may, therefore, be excessive. The expansion at
the nose cap shoulder on the 100% model (Fig. 2b) is felt
upstream at transonic speeds (subsonic speeds within the
separated flow region). This decreases the level of both the
static and fluctuating pressures over the nose cap and explains
the lower static and fluctuating pressure levels on the 100%
model relative to the flight data (Figs. 5 and 15).

The peak static pressure in flight tends to occur aft of the
peak on the 40% model. This is also a pervasive trend within
the error band of the flight data that is believed to be real. It is
indicative of an increase in the size of the separated region in
flight which results in a further separation-induced drag
reduction. An estimate of this additional drag reduction was
obtained by integrating the 40% model and flight static
pressures and differencing the result. The resulting ACAO,
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Fig. 16 Comparison of Reynolds number effects on spike-induced
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.2 .3
x/r

.4 .5

M = 2.0, a = 1°
40% WIND TUNNEL TEST
$ = 150°
FIRST FLIGHT, 0 = 140°
SECOND FLIGHT, $ = 166°

_L
10 ^- , FEET -1

Fig. 17 Comparison of spectra, A/= 2.0, x/r = 0.37.
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Fig. 15 Comparison of longitudinal distribution of flight and wind
tunnel static pressure coefficients.

plotted as a function of RL, is compared with similar in-
cremental axial force measurements obtained in the NASA
Marshall Space Flight Center High Reynolds Number Facility
on a wind tunnel force balance7 (Fig. 16). The wind tunnel
data have been corrected for skin friction and base pressure
effects and, thus, are indicative of forebody pressure drag
effects only. This pressure drag reduction can only be the
result of an expansion of the separated flow region. Both the
40% model-flight data comparison and the high Reynolds
number wind tunnel data indicate that the size of the
separated region grows with increasing, turbulent, Reynolds
number; thus, full scale Reynolds numbers must be achieved
in the wind tunnel in order to provide a valid simulation of
flight characteristics.

f, Hz
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O #1
El #2 y TRANSDUCER NO.
A #3

aa

i.o 3.02.0
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Fig. 18 Comparison of dominant vibration with critical spike
frequency.
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Flow Resonance Effects
Data from a second flight showed a strong low-frequency,

periodic, pressure oscillation superimposed on the usual
random pressure signal. This was observed on all three
transducers and was strong enough in some cases to drive the
signal to band edge. Except for the low frequency spike the
spectra for the two flights were in essential agreement with
one another and with 40% model results at M>2.0 (Fig. 17).
Within the accuracy of the data (« ±5 Hz), the frequency of
the oscillation agrees well with Ericsson's critical breathing
mode8 for spike-induced flow separation (Fig. 18). Evidently,
this is a fundamental breathing mode of spike-induced flow
separation that can result in self-sustained oscillations for
certain critical geometries and can also result in relatively
innocuous oscillations for noncritical geometries. Fortunately
our geometry is of the latter kind. It appears that a significant
perturbation is required to excite the oscillation for non-
critical geometries. In the case of the second flight a more
severe angle-of-attack history is believed to be responsible for
exciting this mode.

Conclusions
An analysis of scale effects on the fluctuating pressure

environment in a region of spike-induced flow separation has
shown two significant Reynolds number effects: 1) an increase
in the size of the separated flow region with increasing tur-
bulent Reynolds number, indicated by an aft movement of the
peak static and fluctuating pressures; and 2) a critical
Reynolds number effect in the recirculation region involving
secondary flow separation on the spike shaft.

The sensitivity of the size of the separated region to
Reynolds number points out the necessity of simulating full-
scale Reynolds number in the wind tunnel since the static and
fluctuating pressure distributions and the drag are all affected
by the size of the separated region. Incidentally, this Reynolds
number effect should be considered when trying to predict the

drag of re-entry bodies with indented nose tips that also
experience spike-induced flow separation. The critical
recirculatory Reynolds number effects further emphasize the
need to simulate full scale Reynolds number in ground test
facilities.

The possibility of excitation of the fundamental breathing
mode of the spike-induced separated flow region should be
considered in the structural dynamics of any further aerospike
designs.
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