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Unsteady Cross� ow Separation Location Measurements
on a Maneuvering 6:1 Prolate Spheroid

Todd G. Wetzel¤ and Roger L. Simpson†

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0203

The cross� ow separation of a 6:1 prolate spheroid undergoing transient maneuvers is studied. The dynamic
plunge–pitch–roll model mount provides the unique capability to simulate unsteady maneuvers in a wind tunnel.
Hot-� lm sensors are used with constant-temperature anemometers to measure the time-dependent wall shear at
points over the entire model surface. Minima in wall shear are used to indicate separation locations. Steady and
unsteady data are presented for two fast maneuvers: a 0–30-deg, 0.33-s (t0 = tU 1 /L = 11) ramp pitchup about the
model center (pitchup maneuver) and a 0–13.5-deg, 0.25-s (t0 = 8:3) pitchup about the model center that simulates
the time-dependent sideslip angle of a submarine entering a turning maneuver (submarine maneuver). Data show
that, especially at higher angles of attack, signi� cant lags occur in the � ow� eld during the maneuvers compared
with the steady cases. In particular, separation is delayed at all locations of the model by up to a 10-deg higher
angle of attack in the unsteady maneuvers compared with the steady data. Equivalently, the separation structure
during the unsteady maneuvers lags the steady data by from 1.5 to 3.5 nondimensional time units t 0 . A � rst-order
lag model � ts the unsteady separation data, and the resulting time lags indicate that disturbances are propagated
at speeds slower than freestream due to slower convective speeds of the boundary layer.

Nomenclature
C f = skin-friction coef� cient, ¿!=q1
F = generalized steady and quasisteady aerodynamic vector

function
G = generalized unsteady aerodynamic vector function
Nh = heat transfer � lm coef� cient
L = model length
q1 = dynamic pressure, 1

2 ½U 2
1

ReD = diameter-basedReynolds number, U1 D=º
ReL = length-basedReynolds number, U1 L=º
t = time
t 0 = nondimensional time, tU1=L
Uc = unsteady convection velocity
U¿ = friction velocity, U1.C f=2/1=2

U1 = freestream velocity
x = model longitudinal position from nose
xcg = location of center of rotation
y = wall normal coordinate
yC = y½U¿ =¹
z = dynamic plunge–pitch–roll (DyPPiR) plunge ordinate
® = DyPPiR pitch angle and model center angle of attack
®eff = effective angle of attack, ® ¡ 1®eff

P® = dimensional pitch rate
NP® = nondimensionalpitch rate, P®L=U1
¯ = sideslip angle
1®eff = incremental effective angle of attack; Eq. (2)
¹ = viscosity
½ = air density
¿! = wall shear stress
¿ 0 = � rst-order time lag in nondimensional time units
Á = circumferential location on model surface
Ásep = separation location
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I. Introduction
A. Unsteady Aerodynamics

W ITH recent efforts to expand submarine, aircraft, and ordi-
nance dynamic performance beyond conventional regimes,

the need for studying truly unsteady, high-excursion, high-
Reynolds-number� ows has increased.Standard stability derivation
techniques fail to capture the nonlinearitiesin such � ows, and com-
putational� uid dynamics techniquescannotaccuratelycompute the
highly complex, separated � ow� elds of full vehicle geometries in
steady conditions, let alone unsteady ones. Such methods are de-
� cient only because they lack physical models on which to base
their computations that accurately describe the complexities of a
time-dependent,turbulent,separated� ow� eld. These models can be
developedonly with suitableexperimental� ow� eld data from suf� -
ciently realistic � ows. A new apparatusin the Stability Wind Tunnel
at Virginia Polytechnic Institute and State University, the dynamic
plunge–pitch–roll (DyPPiR) model mount (Fig. 1), provides for
the � rst time the capability to simulate truly time-dependent, high-
excursion, high-Reynolds-number� ows in a laboratory setting.1 ;2

Dynamic testing has been an important part of design and valida-
tion of various typesof craft for decades.Typically,these techniques
have been relying on very small-amplitude sinusoidal oscillations
that candescribesmall-excursionmaneuversreasonablywell.3 Even
in these tests, however, the measurements are usually limited to
forces and moments. Seldom are � ow� eld data taken in dynamic
tests.

It is important to clearly identify the distinction between quasi-
steadyand unsteadyaerodynamics.Quasisteadydescribesany tech-
nique or analysis that assumes that the aerodynamics of a ma-
neuvering body are dependent only on the instantaneous state of
the model (®; ¯ , control surface de� ections, etc.) and, therefore,
requires suf� ciently small rate-dependent parameters, e.g., P®; P̄;
etc. Fully general unsteady aerodynamics,unlike quasisteady tech-
niques, includes explicit time dependency,or history effects, of the
aerodynamics.Mathematically, this distinction can be summarized
as follows, where the time is nondimensionalized by the time for
� ow to pass over a model L=U1 , or t 0 D tU1=L (Ref. 4): steady,
F.®; ¯; : : :/; quasisteady, F[®.t 0/; ¯.t 0/; : : :]; and fully unsteady,
G[t 0; ®.t 0/; ¯.t 0/; P®.t 0/; P̄.t 0/; : : :].

B. 6:1 Prolate Spheroid
The prolate spheroid is an interesting geometry because the

� ow� eld is very complicated even though the body shape is very
simple. In addition, the prolate spheroid � ow� eld is qualitatively
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Table 1 Comparative Reynolds numbers and nondimensional pitch rates from unsteady body aerodynamic experiments

Wind or
Authors Model water tunnel ReL NP® D P®.L=U1/ ® range, deg Measurements

Gad-el-Hak and Ho6 Ogive cylinder Water 4 £ 104 1.05 0–30 Flow visualization
Montividas et al.7 Cone cylinder Wind 5:665 £ 104 0.7 0–90 Flow visualization, some

wake LDV
Smith and Nunn8 Ogive cylinder Wind 1:2 £ 106 0.0405 ¡15–105 Flow visualization

forces and moments
Panzer et al.9 Hemisphere cylinder Wind 2:29 £ 105 0.0065 15–30 Wake LDV
Panzer et al.9 Hemisphere cylinder Water 7:5 £ 104 0.1 15–30 Wake LDV
Brandon and Shah10 F-18 Wind 1:6 £ 106 0.0364 ¡10–80 Flow visualization

forces and moments
Present work 6:1 prolate spheroid Wind 4:2 £ 106 0.047 0–30 Hot � lm

Fig. 1 DyPPiR model mount installed in wind tunnel.

similar to that of submarines, missiles, torpedoes, and to a certain
extent aircraft fuselages.Wetzel5 gives a brief overview of the well-
documented steady prolate spheroid literature along with a detailed
descriptionof the steady � ow� eld. The prolate spheroid � ow� eld at
angle of attack is characterized by cross� ow separation that forms
on the tail at low angles of attack and migrates windward and nose-
ward at increasing angles of attack5 (Fig. 2). The circumferential
location of separation and even the separation topology are highly
dependent on the state of the local boundary layer, that is, whether
it is laminar, transitional, or turbulent.

All models tested were 1.372-m-long 6:1 prolate spheroids with
circular cross section.The maximum radius was 114 mm. The rear-
most 38 mm was removed to allow for sting entry. In all runs, the
tunnel speed was set to 45.7 m/s, yieldinga Reynolds numberbased
on length of 4:2 £ 106, which is well above the established critical
Reynolds number of 2:5 £106 (Ref. 2). This critical Reynolds num-
ber is fully valid up to 20-deg angle of attack. Above ® D 20 deg,
there seems to be a small Reynolds number effect, evidenced by a
difference between tripped and untripped force and moment data.
This difference is probably due to the in� uence of laminar separa-
tion on the nose. In all cases, trip postswere placedat x=L D 0:20 to
� x transition and further guarantee a Reynolds-number-insensitive
separation over the rear 80% of the model at angles of attack in ex-
cess of 20 deg. The trip postswere 0.53-mm-highcylinders,1.3 mm
in diameter and spaced 2.5 mm apart. Upstream of the trips, at high
angles of attack, the laminar � ow will separate, undergo transition,
reattach,and reseparateas a second, turbulentseparation.These two
separation lines merge downstream of the trip posts.5

C. Previous Studies
Few experiments in unsteady aerodynamics have focused on

three-dimensional turbulent, separated � ow. In steady aerodynam-
ics, turbulent three-dimensional separations involve very distinct
mechanisms comparedwith laminar and/or two-dimensional� ows.
It is then assumed that, in unsteadyaerodynamics,a complicationof

Fig. 2 Cross� ow separation topology. Minima in skin friction (– – –)
indicate separation locations, and oil � ows (—) indicate separation lo-
cation biased windward15; LDV and hot-wire anemometer data from
Ref. 17 show vortical separation; ® = 20 deg, ReL = 4:2 £ 106 .

steady aerodynamics, turbulent three-dimensionalseparations bear
no resemblance to two-dimensional or laminar counterparts; thus,
suchstudiesare irrelevantandnot reviewedhere.Table1 lists the few
relevant,three-dimensional,unsteadyaerodynamicexperiments6 – 10

conducted on various bodies and their comparative Reynolds num-
bers (most ofwhichare indeed laminar), nondimensionalpitch rates,
and types of measurements. It has been established that, in steady
� ows overa prolatespheroidwith no boundary-layertripping,cross-
� ow separation is insensitive to Reynolds number above a critical
ReL of 2:5 £ 106 (Ref. 2). Note that the present work has the high-
est Reynolds number and in fact is the only test with a Reynolds
number in excess of the critical Reynolds number of 2:5 £ 106 . The
current tests also have a moderate pitch rate and angle-of-attack
range compared to previous work. It is believed that such a pitch
rate will not signi� cantly affect the critical Reynolds number. Also,
the trip strips help to guarantee that there is no change in critical
Reynolds number at high angles of attack. Therefore, including the
trip strips, the current work is the one least likely to have Reynolds
number effects.Also, this is the � rst work to implement � ne-spatial-
resolution surface hot-� lm measurements on a maneuvering body.
Most of the other experiments focus on � ow features other than
separation, such as vortex location and breakdown. Their general
observationsabout the effects of unsteadinesson the � ow are com-
pared with the observations in this work, though these observations
may be about different phenomena.

D. Objectives of Current Work
The current work � lls many voids in the literature. The ma-

neuvers studied here are large-excursionmaneuvers as opposed to
small-perturbationmaneuvers.The goal is to detect the time history
of the formationandmigrationof thecross� owseparationthat forms
during such a maneuver. Section II describes the hardware used
in the experiments and the maneuvers tested. Section III presents
both steady and unsteady hot-� lm data. Finally, Sec. IV includes a
discussion of the results in terms of the � uid dynamics responsible
for the unsteady effects.
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II. Instrumentation and Experimental Techniques
A. Wind Tunnel and DyPPiR Model Mount

The DyPPiR is installed in the Virginia Polytechnic Institute
1:8 £ 1:8 m Stability Wind Tunnel (Fig. 1). The stability tunnel is a
closed-return,closed test session, subsonicfacilitywith a maximum
speed of over 80 m/s. Turning vanes, screens, and a 9:1 contraction
ratio inlet nozzle reduce the freestream turbulence to about 0.03%
(Ref. 11). The fan is powered by a 450-kW dc motor. For these
tests, the tunnel speed was held constant at 45.7 m/s (within §1%).
Because the tunnel temperature is ambient, the Reynolds number
varied by §5% over the course of the experiments.

The DyPPiR combined three 20.6-MPa hydraulic actuators to
plunge a model through a 1.5-m range vertically, pitch the model
through a §45-deg range, and roll the model through a §140-deg
range. The three actuatorsprovide the power required to force 45 kg
of model and over 250 kg of DyPPiR hardware at rates approaching
9 m/s in a plunge and over 90 deg/s in pitch. Most importantly,how-
ever, the DyPPiR is digitally controlled by a personal computer, so
that it is capableof performinggeneral,preprogrammedmaneuvers.
It is not limited to sinusoids or � xed rate ramps. The nomenclature
used for the three degrees of freedom, along with body nomencla-
ture, is shown in Fig. 3. Typically models are up to 2 m long, and
typical maneuvers last several tenths of a second. Even at Reynolds
numbers of over 4 £ 106, the maneuvers are fast enough to exhibit
signi� cant unsteadiness. Thus, the DyPPiR successfully � lls the
need of forcing a model to perform general, rapid, truly unsteady,
high-excursion,high-Reynolds-numbermaneuvers.

Most parameters studied are related to the instantaneous angle
of attack. The DyPPiR speci� cally sets a pitch actuator position
during a maneuver. Because for all of the maneuvers studied the
model is pitched about the model center, it can be stated that the
DyPPiR pitch angle is equal to the instantaneous angle of attack
of the model, referenced at the model center. Because of the mo-
tion of the model, the instantaneous local angle of attack varies
linearly from the nose to the tail of the model, with the nose being
at a lower angle of attack than the model center and the tail at a
higher angle of attack than the model center. The magnitude of the
local induced increment in angle of attack is a function of distance
from the model center and rotational speed. In all cases studied,
these angle-of-attackincrements, relative to the model center angle
of attack, are less than 1.4 deg at the extreme nose and tail. Also,
recent tests have con� rmed that the sting mount places the model
far enough from the main DyPPiR strut to make strut interference
negligible.12

B. DyPPiR Maneuvers of the Prolate Spheroid
The pitchup maneuver is a simple linear ramp from 0 to 30 deg

in 0.33 s. No speci� c acceleration or deceleration curves were pro-
grammed. The objective is to get as abrupt a start and stop as pos-

Fig. 3 Coordinatenomenclature: x is measured from the nose, Á is the
circumferential locationmeasured from the windward line of symmetry,
z is the plunge ordinate, and ® is the pitch angle.

sible. The DyPPiR does, in any case, have a � nite acceleration and
deceleration capability. Figure 4 shows actual pitch angle position
feedback taken during several hundred maneuver executions. The
solid line is the mean over the ensemble, and the dotted lines delin-
eate two-standard-deviation(2¾ ) boundaries.The model is pitched
about the model center, so that the carriage is plunged roughly 70
cm during the maneuver to prevent the model center from moving
vertically. Figure 5 shows the plunge position feedback data for the
same maneuver. Although it is possible to keep the model center
from moving vertically during a maneuver, it is inevitable that the
model center will translate downstream during a maneuver. This
downstream movement amounts to roughly 1% of the freestream
velocity and is, thus, deemed insigni� cant.

The submarine maneuver is modeled after data for a full-scale
submarineduring the initial transientportionof a turningmaneuver.
For the DyPPiR tests, the submarine maneuver models the time
history of the sideslip angle from the actual submarine tests (Fig. 6).
This is characterizedbya rampupto 13.5degwith a slightovershoot.
Also, the motion simulated on the DyPPiR is roughly half the non-
dimensional speed of full scale.

Fig. 4 Pitch-up maneuver pitch angle position feedback. Dotted lines
represent 20:1 odds positional repeatability.

Fig. 5 Pitch-up maneuver plunge position feedback. Dotted lines rep-
resent 20:1 odds positional repeatability.
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Fig. 6 Submarinemaneuver pitch angle command signal compared to
data from David Taylor Model Basin sideslip data.

C. Hot-Film Measurements
The surface skin friction was measured with the hot-� lm sen-

sors designed and documented by Simpson et al.13 The sensors
were operatedwith constant-temperatureanemometers,and the sen-
sor/anemometersystem had a � at frequencyresponseout to roughly
200 Hz. A detaileddescriptionof the sensors, their applicationto the
model, and the instrumentation used to operate the sensors can be
found in Ref. 5. The sensors heat the near-wall � uid through forced
convection.Because of the similarity between gradient transport of
momentum and scalars (heat), the heat transfer in the � uid gives a
measure of the wall shear. The mean � lm coef� cient Nh is propor-
tional to the cube root of the near-wall velocity gradient, which is
thus proportional to the wall shear.13;14 The main purpose of the
sensors is not necessarily to measure the absolute magnitude of the
wall shear or the skin-frictioncoef� cient but to measure the relative
shear distributions through measurements of the � lm coef� cient to
locate shear minima and, thus, separation locations. However, wall
shear magnitudes are possible with adequate calibration.

Wetzel et al.15 establishthat wall shearmagnitudeminima are one
of the simplest and most accurate indicators of three-dimensional
cross� ow separation.This is primarily due to the presence of a low-
velocity trough that occurs at cross� ow separationsand results in a
small skin-frictionmagnitude.

For a detailed description of the apparatus and uncertainties, see
Ref. 5. The custom-designed,directionally insensitive surface hot-
� lm sensors were mounted at 12 locations along a lengthwise sur-
face element: x=L D 0:118, 0.194, 0.220, 0.271, 0.347, 0.424,
0.500, 0.576, 0.653, 0.729, 0.831, and 0.882. The sensors were
each connected to nonlinearizedMiller-type, constant-temperature
anemometers.16 The DyPPiR roll actuator was used to position this
strip at speci� c circumferential locations from Á D 0 to 180 deg to
map the circumferential skin-frictiondistributions in increments of
5 deg on the windward side and 2 deg on the leeward side. A data
acquisitionboard in a personalcomputer was used to read the sensor
voltages. Tunnel temperature, total pressure, and dynamic pressure
were all measured as well, as were DyPPiR positional outputs. For
each Á model orientation,a given maneuverwas executed10 times.
Squared voltages for a given sensor at a given roll orientation and
a given point in time were averaged over the 10 ensembles. Further
details of the data reduction procedure can be found in Ref. 5.

The relative uncertainty between two measurements made by a
given sensor and, thus, the relative uncertainty between any two
measurements presented in a given circumferential distribution is
§5% for combined random and bias uncertaintiesat 20:1 odds. Be-
causeof calibrationuncertainties,the uncertaintybetweenany mea-

surements made by two different sensors (and thus at two different
axial model stations) is §20%. The latter uncertainty is unimpor-
tant, however, because circumferentialdistributionsof skin friction
are used to determine separation locations and are, thus, governed
by the former §5% uncertainty.Becauseof low-frequencyresponse
and large sensor size (5 mm), the sensors are insensitive to high-
frequency, small-scale, turbulent � uctuations. The frequency re-
sponse is high enough (200 Hz) for the sensors to accurately track
temporal changes in the spatially averaged skin-frictionvalues.

III. Results
A. Steady Results

Figure 7 shows the constant-temperature, hot-� lm anemometer
skin-frictioncoef� cients superimposedon top of secondarystream-
lines determined by Chesnakas and Simpson17 from detailed laser
Doppler anemometer velocity measurements. Note that the skin-
friction values are not to scale, but the streamline plots are. In fact,
the secondary streamline plots represent data taken up to approxi-
mately 3 cm away from the wall and, thus, represent the near-wall
� ow� eld in these separated zones. The radial grid lines represent
locationswhere the laser Doppler velocimetry (LDV) data were ac-
tually taken; therefore, separation uncertainties in this data set are
limited by the 5-deg spacing of the pro� le locations. Each pro� le
contains 17 points spaced logarithmically down to 0.007 cm from
the wall, corresponding to yC values on the order of 7. In all cases,
the wall shear minimum qualitativelycorresponds to the separation
location but seems to exhibit a positional lag. The apparent separa-
tion location indicatedby these secondarystreamlines is essentially
a re� ection of the location where the circumferentialvelocity com-
ponent is zero. Because a separation line is a streamline, the real
separation line occurs where the local velocity perpendicular to it
is, of course, zero, and because a separation line is in general not
parallel to the body axis, this is a different location from where the
circumferentialvelocityis zero.This subtletyis discussedin detail in
Ref. 15, where it is shown that, by representingthe velocitydata in a
coordinatesystem that is parallel to the separationline directionand
not parallel to the body axis, the true separation line thus indicated
by the LDV data correspondsexactly,within the uncertainties,to the
minima in skin friction. Therefore, for the remainder of this paper,
skin-frictionminima are assumed to indicate separation location.

Figure 8 shows circumferential skin-friction distributions over
the length of the model for ® D 15:2 deg. At the rearmost sensor
(x=L D 0:882), two minima are seen, indicating a primary and sec-
ondary separation. The secondary separation extends only up to

Fig. 7 Steady � ow skin-friction values superimposed on secondary
streamlines from Ref. 17 at x/L = 0:77 and ® = 20 deg.
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Fig. 8 Steady � ow Cf vs Á for all x/L, ® = 15:2 deg.

Fig. 9 Steady � ow Cf vs Á for all ®, x/L = 0:729.

x=L D 0:729. Upstream, the primary separationminima are located
farther leeward and are weaker. The distribution at x=L D 0:220 is
very irregular because this sensor was immediately downstream of
the trip posts, where the � ow had not completed transition to turbu-
lence.

Figure9 showshow thecircumferentialskin-frictiondistributions
at one location (x=L D 0:729) vary with angle of attack. At this
location,a minimum indicatingprimary separationis � rst evident at

Fig.10 Pitchup maneuvertimedevelopmentofCf vsÁ forx/L = 0:729;
times in columns correspond to time period b in Figs. 4 and 5.

® D 12:2 deg.This minimumgrows in strengthandmoveswindward
as the angle of attack increases. A second minimum, indicating
secondary separation, is fully developed by ® D 17:6 deg. It, too,
grows in strengthat increasingangleof attackbut remainsin roughly
the same circumferential location.

The locus of the minima in these distributionsfor each axial sta-
tion describes the separationtopology(for example, see the dashed-
line/open symbols of Fig. 2). At this angle of attack (20 deg), two
separationsare evident on the nose due to a laminar separation that
undergoes transition, reattaches, and reseparates as a turbulent sep-
aration. Also, a strong secondary separation extends over the rear
40% of the model length.

B. Unsteady Results
Figure 10 shows the circumferential skin-friction distributions

for x=L D 0:729 at discrete time steps during the pitchupmaneuver.
Time increases from bottom to top in these plots, and the range of
time encompassed by a given plot column is indicated at the top of
each column. The � ow is essentially attached at the � rst time step
(t 0 D 6:0), but a primary separation is formed by the top of the � rst
column (t 0 D 8:87). Similarly, a secondary separation is formed by
the top of the second column in Fig. 10 (t 0 D 11:87).

The wall shear minimum can be located for each time step to
generate a plot of the separation location vs time. Figure 11 shows
an example of such a plot for x=L D 0:729. The steady separation
locations for the instantaneous angles of attack are also plotted as
a comparison. The primary separations lag the steady data signi� -
cantly, by as much as 1.5–4.5 t 0 units.

Figure 12 shows a comparison of separation lines at ® D 20 deg
for both the pitchup maneuver and the steady data. It is clear that
the primary separation line in the pitchup maneuver lags the steady
separation line by as much as 10 deg in the circumferential posi-
tion, and where the steady data show a strong, well-developed sec-
ondary separationline, no such secondaryline exists in the unsteady
data.

Figure 13 shows the time historyof the separationlocation(again,
using wall shear minima) at x=L D 0:729 for the submarinemaneu-
ver. Note that the position feedback in Fig. 13 indicates the actual
maneuver achieved given the input describedby Fig. 6. The subma-
rine maneuver involves a lower angle-of-attackrange, and so there
are only two steady data points with which to compare. Still, there
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Fig. 11 Separation position vs time for pitchup maneuver at x/L =
0:729 compared with steady separation positions for instantaneous an-
gles of attack ®.

Fig. 12 Comparison of steady and unsteady (pitchup maneuver) sep-
aration lines at ® = 20:2 deg (t0 = 8:86): dashed lines/open symbols
are equivalent steady separation lines, solid lines/closed symbols are
separation lines from ensemble-averaged unsteady data at t 0 = 8:86, P
indicates primary separation, and S indicates secondary separation.

is an evident lag in the separation formation even for this maneuver.
Note that, from t 0 D 7 and onward, the differences between steady
andunsteadyare less than theuncertaintiesof the separationlocation
measurement.5

Figures 14 and 15 show direct comparisons between steady
circumferential skin-friction distributions and unsteady ones for
x=L D 0:729. Figure 14 shows data for both the pitchup and sub-
marine maneuvers compared with steady data at an angle of attack
of 12.2 deg. In the steady data, a clear primary separation exists at
Á D 135deg,but no separationis seen in either the pitchupor subma-
rine maneuver at the instant the model reaches this angle of attack.
In Fig. 14, the data from the last recorded time taken during the sub-
marine maneuver, which occurs t 0 D 20 after the model has come
to rest, show that the � ow has essentially regained a steady-state
condition. Note that this � nal position is actually at ® D 13:6 deg,
slightly higher than the 12.2 deg of the other data curves in Fig. 14.

Figure 15 shows a comparisonof the pitchup maneuver at 20-deg
angle of attack with equivalent steady data. In this case, the steady
data show both a primary and secondary separation, whereas the
unsteadydistributionshows onlya primary separationthat is weaker
and more leeward than the steady primary separation. This shows
that in unsteady � ows the separation topologycan be different from
that in an equivalent steady con� guration.

Fig. 13 Separation positionÁsep vs t 0 for submarine maneuver at x/L =
0:729 compared with steady separation positions for the same angle of
attack ®.

Fig.14 Comparisonofwall shear distributionatx/L = 0:729for steady
data, pitchup maneuver, and submarine maneuver at ® = 12:2 deg.

IV. Discussion
A. Algebraic Time Lag Models

The data conclusively demonstrate that the unsteady separation
formation lags the steady case. To understand why a lag exists,
one can examine the path of a � uid particle during the maneuver,
which will of course be different from the path of a similar particle
in a steady � ow� eld. A � uid particle immediately at separation
during the pitchup maneuver began its trajectory on the windward
side of the model when the model was at a lower angle of attack.
Therefore,theparticlehasexperienceda less severeadversepressure
gradient along its pathline and, as a result, can travel farther around
the leeside of the model before separating when compared with a
similar particle in a purely steady � ow� eld. It is this history effect,
an effect dependent on the true total path the particle has traversed,
that differentiates the unsteady � ow� eld from the steady one.

The lag in separation formation means that, at any instantaneous
angle of attack, the separation starts farther back from the nose
and more leeward in the unsteady case compared with the steady
case. The total separated region occupies a smaller area, both on
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Fig.15 Comparisonofwall shear distributionatx/L = 0:729for steady
data and pitchup maneuver at ® = 20:2 deg.

the model surface and in the � ow� eld. Gad-el-Hak and Ho6 also
showed a delay in � ow separation on the upstroke of their pitching
ogive cylinder. They attributed most of the lag to moving wall ef-
fects, resulting in opposite trends on the forebody compared with
the aftbody. This is consistent with the extremely high nondimen-
sional rates they encountered ( NP® D 1:05). The much lower rates in
the present experiment ( NP® D 0:047) means the unsteady � ow effects
will be primarily convective in nature, and so the nose and tail are
affected similarly.

Montividas et al.7 and Ericsson18 tried to correlate lags in the
� ow� eld with simple descriptionsof the unsteadyeffects.They both
focusedon the onset of asymmetricvortexsheddingat highanglesof
attack on ogive cylinders. Although this is a different phenomenon
from cross� ow separation at moderate angles of attack, both situ-
ations involve three-dimensional separation. Also, it is important
to note that asymmetric vortex shedding off the prolate spheroid is
not expected at the Reynolds numbers and angle-of-attackrange in
the data considered here. This has been experimentally veri� ed by
Goody et al.19

Despite the dissimilarity between ogive cylinder and prolate
spheroid � ow� elds, the simple models suggested in Refs. 7 and 18
for the lags of the effective angle of attack use descriptions of the
� ow kinematics that are seemingly valid for the unsteady cross� ow
separationconsidered here. Montividas et al.7 attempted to account
for the unsteady aerodynamic effects by considering the effective
angle of attack of each station on the model due to the motion of the
body relative to the wind. If a model is rotatingabout some point xcg

at some rate P®, then in addition to the velocity of the wind relative
to the point of rotation, the model has a relative velocity, normal to
the model axis, of P®.x ¡ xcg/. Of course, this velocity varies with
position along the model axis. Combining this velocity with the rel-
ative velocityof the wind and using small angle simpli� cations, one
can approximate an effective angle of attack as the following7:

®eff D ® ¡ 1®eff (1)

1®eff D P®
xcg ¡ x

U1
(2)

This approximation did not describe the unsteady effects in their
� ow� eld properly.7

Ericsson18 extendedthe ideaby includingconvectivelageffectsin
the � ow� eld. When a modelchangesits orientation,it takes a certain
amount of time for a particle at the apex of the model to propagate
this change back to a given axial location on the model. Ericsson
was analyzing pointed ogive cylinders, but a similar argument can
be used for the prolate spheroid if one considers that the stagnation
point, which is always near the nose, approximates the model apex

Fig. 16 Comparison of steady and pitchup maneuver (unsteady) sep-
aration location vs ® for three axial locations.

for this argument. The time lag for a disturbance at the apex or
stagnation point to convect back to some axial location x on the
model is 1t D x=U1 . Ericsson18 incorporated this time lag with
Eq. (2) to obtain

1®eff D P®
xcg C x

U1
.3/

Note the difference in sign on the x term in Eq. (3) compared to
Eq. (2). Equation (3) did successfullyapproximatethe lags in asym-
metric vortex shedding on the pitching ogive cylinder.18

For the prolate spheroid maneuvers here, xcg is L=2. For the
30-deg pitchup maneuver, where the nominal pitch rate P® is 90
deg/s, 1®eff using Eq. (3) will range from 1.35 deg at the nose to
4.05 deg at the tail, and 1®eff is independent of time or angle of
attack due to the constant pitching rate. Figure 16 shows the steady
and unsteady (pitchup maneuver) separation locations as a function
of ®. Note that in Fig. 16 the symbols on the unsteady curves are
used to differentiate the plot lines and are not an indication of the
number of points in that series. Each unsteady curve includes over
100 data points. Figure 16 can be used to estimate 1®eff at each
instant in time by computing the horizontal distance between corre-
spondingsteady and unsteadycurves. It is evident that 1®eff for this
� ow is much larger than estimated by Eq. (3). Figure 17 shows the
measured1®eff for three stations.Note that 1®eff has an uncertainty
of §2 deg. The value of 1®eff does increase as one moves toward
the tail, consistentwith Eq. (3), but the magnitudesare several times
higher than indicated by Eq. (3) and vary with ® (or equivalently
with t 0). The lags in the cross� ow separation, therefore, are an even
more complex function of unsteadiness in the developingboundary
layer compared to asymmetric vortex shedding.

B. Differential Time Lag Model of Goman and Khrabrov20

Goman and Khrabrov20 have suggested a model for general un-
steady aerodynamics that utilizes a dominant � ow feature, such
as separation location, as an internal state variable. For example,
Goman and Khrabrov have used such a model to correlate data for
pitching two-dimensional airfoils and delta wings and have even
partially succeeded in describing the unsteady aerodynamics of a
complex � ghter con� guration. Forces and moments are de� ned as
functions of this state variable using steady data. Also, steady data
are used to determine how the state variable varies with angle of at-
tack. Then a � rst-orderdifferentialequation is used to describe how
the state variable varies for an unsteady angle-of-attack time his-
tory. The result of this model equation is the time history of the state
variable for a given maneuver, which is then used to compute the
unsteady aerodynamic forces and moments.
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Fig. 17 Incremental effective angle of attack D ®eff for the pitchup
maneuver at three axial stations as a function of instantaneous angle of
attack (DyPPiR pitch angle) ®. Solid symbols show the effective angle
of attack given by Eq. (3).

It is proposed to attempt to partially implement an extended ver-
sion of this model on the unsteady separation data for the prolate
spheroid. Goman and Khrabrov20 always used a single or one-
dimensional state-variable for their analyses. In the present case,
rather than a single point of separation, there is a separation line,
and there is no reason to assume that the entire line moves with
a single time lag. Therefore, to extend the model of Goman and
Khrabrov,20 one can specify that the steady separation location Á0

at each x=L is a function only of angle of attack:

Á0 D Á0.x=LI ®/ .4/

Given a time-varying angle of attack ®.t/, one can model the un-
steady separation location at each x=L with a � rst-orderdifferential
equation:

¿ 0
³

x

L

´
dÁ

dt 0
x=L

C Á

³
x

L
I t 0

´
D Á0

³
x

L
I ®.t 0/

´
.5/

In this model equation, the � rst-order time lag ¿ 0 is assumed to vary
over the model length. Also note that Eq. (5) has been written for
nondimensionaltime units, and so ¿ 0 is also in nondimensionaltime
units.

One distinction of the Goman and Khrabrov20 model is that the
time lag ¿ 0 is not determined from analysis as Montividas et al.7

and Ericsson18 attempted. Instead, the time lag is a parameter that
is identi� ed by � tting the model equation with experimental data.
The unsteadyseparationdata from the presentprolatespheroid tests
were � tted to Eq. (5) at each sensor station. Steady data were � tted
with a cubic spline. One problem in � tting a � rst-order equation to
these separation data is that a � rst-order equation requires an initial
value for computation, but the start of separation is very dif� cult
to identify with precision.15 Therefore, for all cases, the � rst steady
data point was used for the initial condition for the � rst-order lag
computation. The prolate spheroid pitch position was used as the
time-varying angle of attack ®.t/. The spline-� t input data were
combined with a guessed value of ¿ 0 for each model location to
compute the modeled unsteady separation location using Eq. (5).
Then a root-mean-square error was computed between the mod-
eled and measured unsteady data. Finally, the solution was iterated
to � nd a value of ¿ 0 for each sensor that minimized the rms error.
Data at sensors at x=L D 0:194, 0.220, and 0.271 were not used
because the separation locations found by these sensors were very
noisy and uncertain,most likely due to the close proximity of these
three sensors to the trip posts at x=L D 0:200.

Fig. 18 First-order model � ts to unsteady separation data. Solid sym-
bols show steady (model input)data points, opensymbolsshowunsteady
separation location data points, and lines show unsteady separation lo-
cation computed with model equation (5).

Fig. 19 Computed time lag vs model location: Symbols show values
computed applying model equation (5) to the measured separation lo-
cation data; Eq. (6) is shown for reference, and Eq. (7) is shown with
� tted constant of U 1 /Uc = 3:25, which was obtainedusing least-squares
regression.

Figure 18 shows the modeled unsteady separation location for
three x=L stations. Error bars of §2 deg have been added to the
measured steady and unsteady data. Figure 18 shows that the � rst-
order model of Eq. (5) does capture the time-varying nature of the
unsteady separation locations reasonably, which gives hope that
such a model could be combined with force and moment data in the
future to yield new tools in modeling the unsteady aerodynamicsof
such complicated bodies.

Figure 19 plots the � tted time lags that were computed at each
location.The scatter in these computed time lags re� ects the uncer-
tainty in the data, but in general it is seen that the time lag increases
with x=L . This follows the qualitativetrend suggestedby Ericsson’s
model,18 Eq. (3). This means that a signi� cant lag in the formationof
cross� ow separationis the convectivelag associatedwith the time it
takesfordisturbancesto propagatethe lengthof themodel.However,
because the lags are consistently higher than one nondimensional
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time unit, either the convective velocity is much slower than the
freestreamvelocityor there is an additional lag mechanism present.

One can compare this differentialmodel mathematicallywith the
algebraic models presented earlier. In both Eqs. (2) and (3), the lag
in angle of attack 1®eff is the product of the pitch rate P® and some
convective time, which is essentially a time lag. Thus, for example,
the effective time lag in Eq. (3), nondimensionalizedin time, is

¿ 0 D .xcg=L/ C .x=L/

D 0:5 C .x=L/ (6)

The substitutionwas made that xcg D L=2 in the presentexperiment.
This line is plotted in Fig. 19, and the time lags of Eq. (6) fall signif-
icantly lower than those indicated from the differentialmodel � tted
to the data. This is similar to the observation presented in Fig. 17.

When Ericsson18 extended the model of Montividas et al.,7 he
assumed that disturbanceswere convected at the freestream speed.
If one rederives his model using an unknown convection speed Uc

and if one then computes the effective time lag as was done for
Eq. (6), the following relation results:

¿ 0 D .xcg=L/ C .x=L/.U1=Uc/

D 0:5 C .x=L/.U1=Uc/ (7)

Using least-squares regression to � t Eq. (7) with the data points
in Fig. 19, the ratio U1=Uc is found to be 3.25, or Uc D 0:3U1.
Therefore, the convective velocity that dominates the time lag in
this � ow� eld is roughly a third of the freestream velocity.

Because the dominant � ow feature here is three-dimensional
cross� ow separation, one could presume that disturbances that im-
pact separationmust be propagatedthrough the boundary layer. It is
clear that boundary-layervelocities must be smaller than those out-
side the boundary layer. In Ref. 21, it is shown that the large-scale
structures in a two-dimensional turbulentboundary layer propagate
with a speed roughly 14 times the friction velocity:

Uc ¼ 14U¿ D 14 .C f =2/U1 .8/

It is not known how the convectivevelocities in a three-dimensional
boundarylayercompare to thosefrom two-dimensionalones,and so
for thepresentorder-of-magnitudeanalysis,Eq. (8)will be used.For
the current � ow, the skin-frictioncoef� cient varies on the windward
side fromroughly0.002 to 0.010,which yieldsconvectivevelocities
of the rangeUc D 0:4U1 to U1. Therefore, it is clear that the slower
convection speeds in a turbulent boundary layer are slow enough,
in order of magnitude, to potentially account for the unsteady lags
observed, within uncertainties.

V. Conclusions
The time history of the separation location on a 6:1 prolate

spheroid was measured experimentallyfor two time-dependentma-
neuvers.All tests were conductedat ReL D 4:2 £106 , and trip posts
were located on the model at x=L D 0:20. Minima in wall shear
from hot-� lm sensor measurementswere used to indicate cross� ow
separation on the leeward side of the model. The data show de� -
nite lags in the formation and migration of the separation line for
the pitchup maneuver but showed much weaker trends for the sub-
marine maneuver due to weaker separations at the lower angles of
attack. The data show that the lags in the development of the � ow-
� eld can lead to different � ow topologies for an unsteady case as
compared with the steady case at the same angle of attack. For ex-
ample, some cases show that the unsteady � ow� eld exhibits only a
primary separation,but the steady � ow� eld shows both primary and
secondary separations.Also, the lag time constants have a different
value at different locations on the model and at different points in
time during the maneuver, indicating the complex nature of such
an unsteady separation. The � rst-order time lag model of Goman
and Khrabrov seems to � t the data reasonably well. The time lags
obtained from such a model � t seem to indicate that the dominant
convectivespeedof the lag is slower than freestream.It is shownthat
the slower convective velocity in the boundary layer is a plausible
mechanism for these slower convective speeds.
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