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Turbulent Boundary-Layer Flow Separation Measurements
Using Holographic Interferometry

ALBERT G. HAVENER* AND ROGER J. RADLEY JR.|
Aerospace Research Laboratories, Wright-Patter son Air Force Base, Ohio

Unique experimental data are obtained from optical measurements made of a separated turbulent boundary
in a supersonic, high Reynolds number flow. Holographic interferometry is used to measure density in a boundary
layer that is separated from a flat surface Separation is caused by turning the boundary layer through a strong
compression turn. A rational method is developed to calculate velocity distributions from the optical data with
assumed conditions for the total temperature and static pressure. Also, an array of double pulse holographic inter-
ferograms is used to define qualitatively the transient behavior of a separated flow.

Introduction

HOLOGRAPHY has permitted greater flexibility in wind-
tunnel testing than previously used optical techniques

because the image reconstructed from the hologram contains all
the information of the original density field. This means the
reconstructed image can be analyzed using conventional pro-
cesses. For example, shadowgrams can be obtained by focusing
on different planes within the image of the density field,
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numerous schlieren photographs can be made simply by varying
the knife edge orientation in the reconstructed image of the light
source, and interferometric measurements can be made by com-
bining the reconstructed light waves describing the flowfield with
a set of reference light waves that are independent of the flow-
field.

The chief motivation for this project is the successful results
recently obtained from holographic interferometric measure-
ments made of a thin, supersonic turbulent boundary layer
attached to a flat surface.1 The development of holographic
wind-tunnel techniques has progressed steadily for the past few
years, and the success of the attached boundary-layer investiga-
tion further demonstrates the accuracy, reliability, and capability
of this flow measuring technique.1'2

The primary effort of this study was to use the holographic
system to measure density'variations in a separated boundary
layer. In addition, an effort was made to calculate velocity from
the density measurements. This calculation is realistic for the
attached boundary layer because the total temperature and
static pressure can be assumed with reasonable certainty. In the
current investigation it is not obvious how to calculate velocity
from density because the exact conditions for the total tem-
perature and static pressure are unknown. Consequently, a new
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Fig. 1 Separation of the turbulent boundary layer due to a compression
turn in the flow (M^ = 2.96).

method based on reasonable assumptions was developed so that
velocity distributions could be calculated from the density
measurements. However, it must be emphatically noted that the
validity of this method depends on the validity of the assump-
tions, whereas the accuracy of the density data depends on the
optical measurements which have been proven reliable in
previous investigations.

Optical System
The optical system, described in detail in Refs. 1 and 2, is an

off-axis, single-pass schlieren which is modified for holography.
The light source is a Q-switched ruby laser that has a pulse
width short enough (20 nsec) to record instantaneously the
turbulent flow conditions or it can be double pulsed allowing
high-frequency transient fluctuations to be recorded.

Two separate exposures of the subject are required to make
the interferometric measurements. Usually the first exposure
records the test in the no flow or undisturbed state, and the
second exposure records the flow or disturbed state. These
exposures can be recorded on separate holograms (dual hologram
interferometry) or they can be recorded on the same hologram
(double-exposure holographic interferometry). The implementa-
tion and advantages of each method are discussed completely
in Refs. 1-3. Both methods are used in this investigation.
Alternatively, the double pulse technique records two exposures
of the flow on the same hologram. The time interval between
the two exposures, however, is very accurately controlled.
Intervals as small as 15 jusec and as long as 1 msec are used
to determine the time scale of density fluctuations for those
regions where the flow is three dimensional.

Description of Test
This investigation was conducted in the Mach 3, High

Reynolds number Wind Tunnel Facility at the Aerospace
Research Laboratories, Wright-Patterson Air Force Base, Ohio.
The tunnel has an 8 in. x 8 in. test section, a Reynolds number
range up to 108 per ft, and a stagnation pressure range up to 570
psi. The model is an 8 in. wide, 16 in. long flat plate that is
instrumented with pressure orifices along the centerline.4 The
rear 3 in. of the model is an adjustable ramp that can be raised
30° relative to the horizontal. For the results shown herein a
25° ramp angle, a Reynolds number 9.2 x 105 per in., a stagna-
tion pressure, and temperature of 59.6 psi and 488 R, respectively,
were used.

Qualitative Results
Figure 1 shows a schematic diagram and a holographic inter-

ferogram of a turbulent boundary layer separated by a 25° com-
pression turn. Several features of the flow are clearly recognizable
in the interferogram. The recirculation region, shock structure,
and boundary layer are clearly discernable, and the separation
point, at which occurs a sharp rise in pressure and density, can
be identified as the point where the fringe adjacent to the model
surface bends sharply into the wall. The error in locating the
separation point from the interferogram is no greater than the
thickness of a fringe, which is approximately 0.002 in. The loca-
tion of the reattachment point, however, cannot be located as
accurately as the separation point because the density gradient
near reattachment is small, as indicated by the wide fringe spacing
along the ramp. The reattachment point can be located approxi-
mately as the point where a line extended along the reattachment
shock wave intersects the wall. There is a small error in this
method because the straight-line projection of the reattachment
shock wave fails to account for the slight curvature in the shock
wave near the model surface, which means the actual point of
reattachment is further downstream of the projected point. How-
ever, the error is small because the curvature is small and also
because the location determined from the wall pressure measure-
ments4 agrees with the location found by the linear projection
of the shock wave.

An important observation is the distinctive change in the fringe
pattern proceeding from the attached boundary layer through the
separation region. The flow is turbulent everywhere, but the
fringes in the attached boundary layer upstream of separation
are typical of the parallel patterns describing laminar flow. These
fringes fail to show the nonuniform, random oscillations in the
turbulent flowfield because the interferogram records the total
integrated change in optical pathlength that occurred over the
complete 8 in. span of the model. The exposure time is very short
(20 nsec) and freezes in a single instant all transient behavior
so that the fringes are instantaneous, spatial averages of the
density across the width of this essentially two-dimensional flow-
field. Because of the spatial averaging across the two-dimensional
flowfield and the small scale of the density fluctuations in the
attached portion of the boundary layer, the fringes are nearly
parallel. Downstream of separation, however, the waviness of the
fringes strongly suggests that there are large-scale three-
dimensional fluctuations.

An attempt is made to determine the time scale of the fluctua-
tions by using double-pulse holographic interferometry in which
two 20-nsec exposures of the flow are recorded on the same
hologram. The time interval between the two exposures can be
accurately controlled so that the fluctuations occurring on a time
scale faster than a specified pulse separation can be identified
by the presence of fringes (Fig. 2). When the flow is two
dimensional, the spatial average of the density at any instant is
constant along any given ray. Hence, a double pulsed holographic

110 p. sec

Fig. 2 Comparison of double pulsed holographic interferograms show-
ing local disturbances and transients in the separated turbulent boundary

layer.
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Fig. 3 Density profiles taken from the holographic interferogram
shown in Fig. 1.

interferogram of this flow, regardless of the time interval between
two exposures, resembles a shadowgram. Figure 2 shows that this
is the case for the attached boundary layer upstream of separa-
tion. However, when the flow is three dimensional, fluctuations
cause the spatial average of the density to vary with time, and
a double-pulse holographic interferogram of this flow will contain
fringes if the interval between exposures is longer than the time
scale of the disturbance. For this particular study, the interfero-
grams in Fig. 2 not only indicate where the flow is unsteady,
but they also indicate that the time scale of the fluctuations is
shorter than 15 /isec. The high frequency of the disturbances
indicates that two phenomena may be causing these effects:
transient oscillations, and interactions between the model and the
sidewall boundary layers.

The interferograms in Fig. 2 show that the separation shock
wave is stationary and does not fluctuate in time. However,
transient, three-dimensional phenomena such as vortices and
turbulent eddies can be generated by the strong adverse pressure
gradient in the boundary layer, and these would certainly cause
the spatial average of the density at each point in the flow to
vary randomly with time.

The other possibility, interactions between the sidewall and
model boundary layers, can be ignored for the flow upstream of
separation because the flow is essentially two dimensional, and
also because the thickness of the sidewall boundary layers is
small compared to the 8 in. span of the model boundary
layer. After separation, however, the interaction between the
boundary layers is complex and difficult to determine precisely.
The sidewall boundary layers may be separated or they may only
be turned by the dominant compression turn of the mainstream.
The exact state of the sidewall boundary layers cannot be deter-
mined from the optical data because there is no obvious way to
isolate one boundary layer effect from another (other than to
examine an axisymmetric model). This means the three-
dimensional influences on the fringe data can only be surmised.
Quantitatively, the influences are not significant because the
fringes in the boundary layer maintain uniqueness and are every-
where discernable in the interferograms. Quantitatively, the
three-dimensional effects can be evaluated by comparing
normalized velocity profiles of the flow well downstream of
reattachment with the normalized velocity profile of the upstream
attached boundary layer. At a location approximately 50
boundary-layer thicknesses downstream of reattachment, the flow
reaches equilibrium wherein the pressure gradients relax to zero
and the total temperature is constant. Under these conditions,
velocity can be calculated directly from density data, as was done
in the attached boundary-layer investigation. Therefore, if three-
dimensional influences have a negligible effect on the optical data,

normalized velocity profiles for the fully recovered separated
boundary layer should agree well with the upstream normalized
profile. Unfortunately, the ramp is too short for the boundary
layer to completely recover. Only ten boundary-layer thicknesses
can be obtained before the ramp ends, but even in this short
distance, Fig. 1 shows that the fringes are attempting to resemble
the upstream configuration, which means the boundary layer is
definitely approaching equilibrium. Additional comments on the
calculation and comparison of normalized velocity profiles are
presented in the following section.

Quantitative Results
Density is measured directly from an interferogram similar to

the one shown in Fig. 1. The reference density is the density at
the outer edge of the boundary layer and is calculated from the
stagnation conditions and the freestream Mach number. Density
for positions in the boundary layer and the separation region
are calculated from the fringe shifts, and the results are presented
in Fig. 3.

Unlike the velocity calculations performed for the attached
boundary-layer study, those for the separated boundary layer are
not straightforward. For the attached boundary layer, simplifying
assumptions can be made which give accurate results. However,
because of the complexity of separated boundary layers, little
experimental data and essentially no accurate analytical predic-
tions are available to serve as a basis for making assumptions
necessary to compute velocity. It is obvious that velocity cannot
be calculated directly from density, but density can be used with
two other properties to calculate velocity. When the other two
properties are unknown, however, they have to be assumed, and
on this basis, the velocity calculations are performed by making
reasonable assumptions for the variations in static pressure and
total temperature.

The static pressure variation through the boundary layer is
bounded by the edge pressure and the measured wall pressure.
The pressure distribution along the wall is obtained with less than
5% error from wall orifice measurements, and to within a few.
percent, the pressure along the outer edge of the boundary layer
is approximated by the inviscid pressure calculated from the two-
dimensional oblique shock wave relationships. The correct
pressure variation between the wall and edge values is given by
the fact that the static pressure is constant along a Mach line.
Hence, by assuming a general configuration for the shape of the
Mach lines, pressure distributions can be approximated for
different positions in the separated region. Figure 4 shows the
variation in the wall and edge pressures. After separation, the
wall pressure continually rises from the freestream static pressure
while the edge pressure changes in discrete increments at two
locations: separation and reattachment. After separation, the
large difference between the wall and edge pressure lessens until
at the corner the difference is nearly zero. The wall pressure
gradient dp/dx is small in the recirculation region upstream of
the corner. In this region, therefore, assuming a constant pressure
through the separated boundary layer is reasonable. Elsewhere,

INVISCID PRESSURE DISTRIBUTION
ALONG BOUNDARY LAYER OUTER
EDGE

^MEASURED WALL
PRESSURE DISTRIBUTION

DISTANCE ALONG PLATE

Fig. 4 Schematic diagram of wall and edge static pressure distributions
for the flowfield in Fig. 1.
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Fig. 5 Possible static pressure variations through the separated
turbulent boundary layer shown in Fig. 1.

the pressure gradient along the wall is substantial, which means
the constant pressure assumption is inaccurate. When dp/dx is
steep, a distribution following a scheme like that shown in Fig. 5
is assumed to be reasonable. For example, the pressure is constant
from the wall to the dividing streamline in the boundary layer
(ideally, it is constant up to the sonic line, but the sonic line
position would have to be found by iteration) after which the
pressure varies linearly with distance between points B and C,
the outer edge pressure. Point B is obtained from the inter-
ferogram as the point where the broad fringes in the recirculation
region bend into the closely spaced fringes in the boundary layer.

Possessing knowledge of two static properties, a variation in
a total property is needed. For this study, the total temperature
is approximated by making a Crocco-type assumption : Tt =
C^u + Ci where Ct and C2 are constants evaluated from the
boundary conditions, Tt = Tw when u = 0, and Tt — T0 when
u = ue. The terms Tw, T0 and ue are, respectively, the wall
temperature, stagnation temperature, and the velocity at the
upper edge of the boundary layer. Solving for the constant Ct
and C2, the total temperature relationship becomes

Tt = [(T0-Tw)/ue-]u+Tw (1)
But by definition, the total temperature is

Tt = T+u2/2cp (2)
where T is the static temperature calculated from the ideal gas
law, u is the local velocity, and cp is the specific heat at constant
pressure. Combining Eqs. (1) and (2) and the ideal gas law
produces

Rp
- — T — 0*w — v

which is a quadratic equation expressing the velocity in terms of
known quantities.

Two solutions are available from Eq. (3). For the flow between
the wall and the maximum static temperature in the boundary
layer, the negative sign is used with the discriminate, after which
the positive sign is used. Equation (3) is exact for dp/dx =
dp/dy = 0, and as shown in Fig. 4, there is only a small section
in the separation region where a zero pressure gradient is
approached, near the upstream side of the corner. Therefore, as
a first attempt, a velocity distribution is calculated at a position
0.036 in. upstream of the corner, and the results are shown in
Fig. 6. Velocity profiles for other locations are presented in Ref. 2.

Numerical difficulties arise in calculating a reverse flow
velocity profile from Eq. (3). Equation (2) shows that the total
temperature equals the wall temperature when the velocity is
zero, and Eq. (3) shows that when the velocity is zero, the static
temperature in the flow equals the wall temperature. Hence, when
u = 0, the static and total temperature are equal, which means the
profiles of these temperature distributions have to be tangent for
one point in the flow. Because Tt = Tw = T when u = 0, solutions
to Eq. (3) depend greatly on determining the wall temperature.
Any error in calculating Tw either causes a negative discriminant
or fails to show a u = 0 condition for any position in the flow.
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Fig. 6 Reversed flow velocity distribution calculated from the density
profile at -x = 0.036 in.

In the most straightforward method, Tw is calculated from the
ideal gas law using the measured wall pressure and the optically
measured density. This value of 7^ satisfies the condition u = 0
at the wall but it fails to give u = 0 for a point in the flow.
Hence, there is an error in determining Tw from these measure-
ments, which means the wall temperature must be calculated
in another way. The incorrect value of Tw calculated from the
measured wall pressure and density can be explained reasonably
by the existence of a thin (probably on the order of 0.0005-
0.001 in.) sublayer in the recirculation region. The existence of
the sublayer has been shown conclusively for the attached
boundary layer,1 and also, has been reported for a separated,
transonic turbulent boundary layer by other researchers.5

The sublayer causes a discrepancy between the density
calculated from the last measurable point adjacent to the wall
in the interferogram and the actual density at the wall. Across
the sublayer, there is a large static temperature gradient which
adjusts the flow from the stream velocity to zero at the wall.
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Fig. 8 Upstream and downstream attached velocity profiles based on
the density data taken from Fig. 1.

The static pressure is nearly constant in the sublayer and con-
sequently, the large temperature gradient is offset by a large
density gradient. This large density gradient causes refraction
which blurs the fringes at the wall. Therefore, since the wall
density cannot be accurately measured, the actual wall tem-
perature cannot be calculated directly from the ideal gas law.

The other method for determining Tw is based on the maximum
value of static temperature (7^, = pw/Rpmin) where the location of
the minimum density pmin can be accurately determined from
the optical measurements. An analytical expression for Tm is
obtained by differentiating Eq. (3) with respect to u and noting
that dT/du = 0 at T = Tm. This gives u = cp(T0-Tw)/ue at
T = Tm, and by substituting this relationship for u into Eq. (3) a
quadratic equation is obtained and can be solved to calculate
Tw from known quantities Tm, ue, T0. Finally, Tw is substituted
back into Eq. (3) to calculate velocity distributions from the
optical data, the details of which are given in Ref. 2. A profile for
the position where the density gradients are nearly zero (0.036 in.
upstream of the corner) is shown in Fig. 6 and the corresponding
temperature distributions for Tt and T are shown in Fig. 7. It is
interesting to note that for near-adiabatic walls the static tem-
perature is very slightly less than 7^ax at u = 0. Additional

velocity profiles are not presented here but are shown in Ref. 2
along with tabulated density data for other positions in the
separation region.

Boundary-layer recoverability is evaluated by comparing
normalized velocity profiles of the upstream and downstream
flow conditions. Velocity profiles at — x = 1.0 in. and at
x = 2.266 in. are calculated using the Crocco relationship and
are compared to the 7 power law (shown in Fig. 8). The
flow properties at the outer edge of the boundary layer at
— x = 1.0 in. are given by the freestream conditions, and those
at x' = 2.266 in. can be calculated using the measured shock
angles and simple shock theory or by using the measured wall
static pressure and optically measured edge density. The first
method gives Me = 1.89 and the second gives Me = 1.97 at
x' = 2.266 in. This correlation shows that the fringe shift is
accurate and is not distorted by three-dimensional sidewall effects.
Hence, the downstream velocity profile departs from the 7 power
law because there is an insufficient distance (only ten boundary-
layer thicknesses) after reattachment for the boundary layer to
relax to equilibrium.

Conclusions
The objective of this project was to investigate a two-

dimensional separated turbulent boundary layer using holo-
graphic interferometry. While the investigation was limited to a
single case, several significant conclusions can be made. 1) The
density measurements are new experimental data which can serve
as a basis for future efforts, particularly analytical studies,
because the interferograms are accurate. 2) While the accuracy
of the velocity data relies on the validity of several important
assumptions, the method used to calculate the velocity profiles
revealed important mathematical requirements. Moreover, this
method suggests a rational way to calculate all the fluid dynamic
properties of a separated flow. 3) The inconsistencies encountered
in the determination of the wall temperature very strongly
suggests a thin, probably laminar, sublayer is present in the
recirculation region. 4) There are definitely three-dimensional
fluctuations in a two-dimensional separated boundary layer, but
in this study these effects did not influence the accuracy of the
optical measurements. Therefore, it is believed that the fluctua-
tions are primarily a feature of the separation on the model
rather than the result of sidewall boundary-layer interactions.
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