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Experimental Study of an Unsteady
Separating Boundary Layer

E. A. Lurie,* D. P. Keenan, and J. E. Kerwin*
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The objective of this research is to map the flowfield around the trailing edge of a hydrofoil subject to transverse
gust loading, to provide guidance for the formulation of an appropriate Kutta condition for inviscid solution
methods. The hydrofoil is equipped with a trailing edge that incurs boundary-layer separation over the last few
percent of the chord. Mean and unsteady velocity profiles are presented for the Reynolds number of 3.8 X 10° and
reduced frequency of 3.6. The location of the separation point in steady flow is identified, and the region of the
separation trajectory in unsteady flow is seen. The magnitude and phase of the unsteady circulation and lift are
found and compared to those values predicted by linearized methods.

Nomenclature

C  =hydrofoil chord

Cp =drag coefficient, D/ % pUZC

C, = lift coefficient, L/ % pUC

D  =dragforce

= distance normal to hydrofoil surface

=reduced frequency, C/2U,,

= lift force

unit normal vector

= pressure

= traveling wave speed

= velocity vector

= Reynolds number based on hydrofoil chord, U, C/ v

= period of oscillation

= time

Uy =nominal freestream speed

u = velocity component in tangential direction (in boundary
layer) and velocity componentin streamwise direction (in
wake)

= mean tangential velocity at edge of shear layer (in
boundary layer) and mean streamwise velocity at edge of
shear layer (in wake)

= velocity component in vertical direction

= distance from leading edge in the streamwise direction

= distance in vertical direction; O at trailing edge

= airfoil circulation

= vortex sheet strength

= phase

= momentum thickness
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= kinematic viscosity
p  =density
o  =radian frequency

Subscripts

TE =trailing edge value
0 = time-mean value
1 = first harmonic value
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Introduction

ARINE propeller design methods are based on numerical

techniques that assume smooth inviscid flow over the blade
surface. This assumption is not valid for modern blade sections,
which are intentionally built to develop boundary-layer separation
over the last few percent of the chord. The small region of separa-
tion reduces the possibility of self-excited vibrations caused by the
interaction of trailing-edge vortex shedding with structural vibra-
tion of the blade, commonly known as singing. In addition to the
assumption of nonseparating flow, unsteady inviscid methods must
assume a Kutta condition to render a unique solution; a common
implementation models the wake as a thin sheet emanating from
a zero-pressure-difference trailing edge and traveling at freestream
speed. In this study the primary objective is to provide guidance
for the formulation of an appropriate Kutta condition for unsteady
inviscid methods, where small regions of separation are present.
Althoughit has recently become feasible to perform Navier—Stokes
computationsof unsteady viscous flow around two-dimensional hy-
drofoil sections,! = these simulations are able to reproduce the un-
steady shear layer behavior only in a qualitative manner and do not
accurately capture the time-mean separation and, hence, the time-
mean forces. For design purposes, inviscid methods are still the true
workhorses. A second objective of this study is to provide data for
validation of unsteady viscous computations.®

Numerous experiments have been performed to explore the na-
ture of the unsteady Kutta condition, and yet no consistent pattern
emerges. In part this is due to the various definitions of the Kutta
condition, as each experimentis designed to serve a particular defi-
nition. Some experimentshave tried to examine the Kutta condition
by reconstructing the streamlines in the immediate vicinity of the
trailingedge. Large streamline curvatureis an indicationthat severe
normal pressure gradients exist and the boundary-layerapproxima-
tion no longer holds. Experiments by Ho and Chen,* Poling and
Telionis?’*® and Liu et al.” present contradictory conclusions for the
range of reduced frequencies over which such a Kutta condition is
valid. Attempts to replace the reduced frequency with a dynamic
similarity parameter, which includes the amplitude of oscillation,
do not clarify the results.’

Otherunsteadyairfoilexperimentshave tried to examine the Kutta
condition by measuring the surface pressure as close to the trail-
ing edge as possible. Commerford and Carta,” Satyanarayana and
Davis,'” Fleeter,'! and Lorber and Covert'? all found for a wide
range of reduced frequencies and oscillation amplitudes that differ-
ence pressure amplitudes tended to zero at the trailing edge but that,
over much of the chord, the measured amplitude and phase differed
significantly from the classical theory. Although unsteady loading

SAll data collected over the course of the experiment, along with addi-
tional documentation, may be found at http:\\ptun.mit.edu\ ffx\ Welcome.
html.
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variationsin the trailing-edgeregion may notaftectthe magnitudeof
the unsteady lift, the unsteady moment may be significantly altered.
Also, the poor agreement of the measured phase lag of pressure
with theoretical analyses has significant implications for studies of
turbomachinery flutter and noise generation.

Experimental Setup

Experiments were conducted at the Massachusetts Institute of
Technology Variable Pressure Water Tunnel. A description of the
facility is given by Lurie.® Instantaneous velocities are measured
using a laser Doppler velocimeter (LDV). A two-component sys-
tem is used for horizontal and vertical velocity measurementsin the
freestream and wake areas. A single-componentfiber-optic probe is
used for shear layer measurements: The probe is rotated in its mount
so that it measures velocity tangent to the hydrofoil surface. Both
laser systems sit on a table and traverse system that can be moved
in 0.01-mm steps.

The experimental layout with relevant dimensions is given in
Fig. 1. A large stationary hydrofoil is mounted on the tunnel cen-
terline. Upstream are two small hydrofoils (flappers) symmetrically
offset from the centerline. The flappers are linked to rotate in phase
about midchord. A shaft encoder records the angular position of the
flappers in their cycle. The upstream hydrofoils’ shed vortex sheets
createa vertical or transverse sinusoidalgustalong the tunnel center-
line. A summary of the geometriesof the test hydrofoiland upstream
flapping hydrofoils is given in Table 1. A description of the devel-
opment of the test hydrofoil can be found in Ref. 13. A description
of the development of the unsteady experiment apparatus can be
found in Ref. 14. Relevant test parameters are shown in Table 2.

For steady flow measurements, the flappers are feathered to zero
angle of attack and locked in position. Velocity data were obtained
by averaging 250 laser events for each data point. To characterize
the inflow conditions, velocity and pressure data were taken in three
nested control volumes surrounding the stationary test hydrofoil.
These traverses were between the wakes of the flapping foils and
the test foil and along vertical faces upstream and downstream of
the test foil. Steady boundary-layervelocity data were taken in eight
chordwise locations on the suction side and seven chordwise loca-
tions on the pressure side. The table on which the LDV sits moved
in 0.025-mm steps along a line extending normal to the foil surface,
thus preserving the local coordinate system. Streamwise and verti-
cal velocity data were collected in the wake along vertical traverses
at five x/ C locations.

Table1 Summary of hydrofoil geometries

Test hydrofoil
Chord length 457.2 mm
Thickness form NACA 16
Maximum thickness/chord 8.84%
Camberline NACA a =0.8
Maximum camber/chord 2.576%
Boundary-layer trips x/ C =0.105
Angle of attack 1.2 deg
Flappers
Chord length 76.2 mm
Thickness form NACA 0025
Angle of attack +6 deg

Table 2 Summary of experimental conditions

Nominal freestream velocity Uy 6.28 m/s
Water temperature 25.6°C
Reynolds number Re 3.8 x 10°
Reduced frequency k 3.6
tunnel wall
flappers
[t
- test hydrofoil §
inflow 254 mm T T T 3
— - o 3
800.1 mm £
3
126.5 mm 3
tunnel wall

Fig.1 Experimental setup.

Unsteady velocity data were obtained by phase averaging 88
batches of 512 bursts of data. A single harmonic cycle was divided
into 180 bins, each containing approximately 250 laser events. To
characterizethe inflow conditions,unsteady velocity and time-mean
pressure data were taken in three nested control volumes surround-
ing the stationary test foil. These traverses were in the same location
as the steady traverses. Also, the upstream and downstream verti-
cal faces of the middle of the three boxes were extended outward
throughthe vortex sheets shed by the upstream flapping foils. Fourier
analysis of the streamwise and vertical velocity measured upstream
of the test hydrofoil leading edge indicates that the inflow is charac-
terized as a time-mean upwash plus a small, relative to freestream,
vertical gust:

u/ Uy =1.00 at x =-0.26C, z=0.033C (1

w/ Uy = 0.0544 + 0.218 sin(wt — 79.56 deg)

at x =-0.26C, z=0.033C (2)

Note that time ¢ = 0 corresponds to flappers at zero angle of attack;
t increasing corresponds to the flappers moving initially to positive
angles, and so forth, through the cycle.

Unsteady boundary-layer tangential velocity data were taken at
six chordwise locations on the suction side and two chordwise lo-
cations on the pressure side. For each of these traverses, the single-
component fiber-optic probe was rotated so that the beam intersec-
tion lay tangent to the foil surface to measure tangential velocity.
Unsteady streamwise and vertical velocity data were collected in
the wake along vertical traverses at five x/ C locations.

Experimental Results and Analysis

The experimental results are presented in terms of mean tan-
gential velocity profiles in the boundary layer, ensemble-averaged
boundary-layerprofiles, mean streamwise and vertical velocity pro-
files in the near wake, and Fourier amplitudes and phase-lag distri-
butions for these quantities. The experimental uncertainties were
calculated in accordance with Ref. 15. Details of the error analy-
sis may be found in Ref. 16. The uncertainties assuming a 95%
confidence level are shown in Table 3.

A harmonic analysis was performed for each componentof veloc-
ity ateach (x, z) location where data were collected. The following
convention was used:

20
f(x,z,t) = ap(x, z) + Z a,(x,z)sinfnot + ©,(x,2)] (3)

n=1

Time-Mean Velocity

The graphs of steady and time-averagedtangential velocity vs dis-
tance normalized by chord length are shown in Fig. 2. As expected
for small amplitude unsteadiness, the two data sets are nearly iden-
tical. Inspection of the suction-side data indicates that in steady
flow there is boundary-layer separation between x/ C =0.97 and
x/ C =0.99. Also, the edge velocities at suction side x/ C =0.97
and pressure side x/ C =1.0 are equal to less than 0.3%, so that
within the boundary-layer approximation these are the separation
points. The graphs of steady and time-averaged streamwise and
vertical velocity vs distance normalized by chord length in the near
wake are shown in Fig. 3. Again, the two data sets are nearly iden-
tical: The unsteady wake contracts at the same rate as the steady
wake. In a small region just surrounding the trailing edge, occlusion
of the LDV beams prevents streamwise velocity measurement.

Periodic Component of Boundary-Layer Velocity

Figures 4 and 5 show the amplitude and phase of the funda-
mental harmonic of tangential velocity in the boundary layer vs
distance normalized on mean momentum thickness. The amplitude

Table 3 Experimental uncertainties

Streamwise velocity 0.15m/s  2.4% Uy
Vertical velocity 0.10m/s  1.6% Uy
Tangential velocity 026 m/s  4.1% Uy
Location in harmonic cycle 2 deg 0.56%
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Fig.2 Steady and time-mean unsteady tangential velocity: open sym-

bols, steady data, and closed symbols, time-mean unsteady data.
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Fig.3 Steady and time-mean unsteady velocity, near wake: open sym-
bols, steady data, and closed symbols, time-mean unsteady data.
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Fig.4 Amplitudeand phaselagof fundamentalharmonicof tangential
velocity with respect to edge values, suction side.

is normalized by the amplitude of the same harmonic of the ex-
ternal flow, and the phase is presented as lag of the fundamental
harmonic with respect to the phase of the same harmonic of the
external flow. The most striking feature is the dip or local reduction
in amplitude at approximately 6—6.5 momentum thicknesses begin-
ning with x/ C = 0.90 on the suction side. This behaviorappears to
be developingon the pressure side as well. It is not known why the
location of minimum amplitude is fixed at normal distance 6-6.5
momentum thicknesses. From the phase data it is seen that, at the
height of minimum unsteady amplitude, there is a very large phase
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Fig.5 Amplitudeand phaselagof fundamentalharmonicof tangential
velocity with respect to edge values, pressure side.

shift with respect to the external flow. Near the suction-sidetrailing
edge, this phase shift is close to 180 deg.

The variation of amplitude and phase through the boundary layer
is not unexpected after considering how the freestream forcing
interacts with the boundary-layervelocity. The edge velocity can be
written as

(X, 1) = Uep(X) + 1oy (x) explio[t — (x/ Q)]} C))

If Eq. (4) is substituted into the pressure gradient terms of the
boundary-layer momentum equation, then to first order the time-
dependent forcing is

6”81 + 6”80 + . 1 U0 . t X 5
u — — — — — —
0 o Ue o 10U, 0 expliw 0 (5)

Approaching the trailing edge on the suction side, the wave speed
QO ~ u,y, so that the imaginary term in Eq. (5) is small com-
pared with the spatial gradient terms, which are negative. Thus,
the oscillating pressure gradientacting on the blade surface lags the
freestream by almost 180 deg. On the pressure side, however, the
spatial gradients are near zero and the wave speed Q < u,, so that
the oscillating pressure gradientlags the freestream by 90 deg. Two
regions are set up within the boundary layer, with minimum velocity
amplitude and large phase shifting at the interface. Similar behavior
has also been reported by Patel'” and Kenison.'s

Another way to visualize the effect of unsteadiness on the
boundary-layer profiles is to consider the ensemble-averaged pro-
file. The ensemble-averaged profiles for suction side x/ C =0.97
and x/ C =0.99 are shown in Fig. 6. Note the change in normal-
ization of the ordinate from mean momentum thickness to chord
length; this change was made to make the data more readable. The
height of minimum unsteady amplitude is evident.

One can identify possible candidatesfor unsteady separation pro-
files by examining the shape of the ensemble-averaged profiles.
Moore, Rott, and Sears (see Ref. 19) independently proposed as
conditions for unsteady separation the simultaneous vanishing of
the shear and the velocity at a point within the boundary layer and
in a frame of reference moving with the separation point; in other
words, moving at speed U,
ou
oh
Although it is necessary to know the speed of the separation point
to locate exactly the separation trajectory, the general shape of the
velocity profile at separationis evident: It must have an infinite slope

at some height. Furthermore, for harmonic motions of the separa-
tion point, during that part of the cycle when the separation point

u=0, 0 (6)
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Fig. 6 Ensemble-averaged boundary-layer profiles, suction side.
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Fig.7 Amplitude and phase lag of fundamental harmonic of stream-
wise velocity with respect to upper-edge values, near wake.

is moving upstream, some portion of the boundary-layerprofile has
negativevelocity.InFig. 6, neitherprofile has an infinite slope within
the measured part of the boundary layer. Nonetheless,atx/ C =0.97
the profiles have all values of u > 0, whereas at x/ C =0.99 the pro-
files show u < 0 at the data point closest to the wall. Therefore, be-
tween these two chordwiselocationslies the separationpointat some
height i/ C < 8 x 107, the height of the data point closest to the
wall. In physical space this is an approximately9.1 x 0.4 mm area.

Periodic Component of Wake Velocity

The joining of the unsteady parts of the suction-and pressure-side
boundary layers in the near wake is shown next. The amplitude and
phase of the fundamental harmonic of the streamwise velocity in
the wake vs vertical distance normalized on chord length is shown
in Fig. 7. The amplitude is normalized by the amplitude of the same
harmonic of the external flow at the upper surface, and the phase
is presented as lag of the fundamental harmonic with respect to the
phase of the same harmonic of the external flow at the upper surface.
At every streamwise location but the farthest downstream, the un-
steady velocity minima from both suction- and pressure-sidebound-
ary layers is evident: for example, at x/ C =1.025,z/ C = — 0.01,
and z/ C =0.025. By x/ C =1.20 these local amplitude minima
have been mixed out. But the phase shifting inside the shear layer
is still present and diminishes as the flow moves downstream. The
external flow has an almost constant 130-deg phase difference be-
tween the upper and lower wake surfaces at all chordwise locations.
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Fig. 8 Magnitude and phase of wake vortex sheet.

Although not shown, the unsteady part of the vertical velocity is
almost completely damped out; the largest fundamental harmonic
amplitude of w for all five wake traverses is 0.008U.

If we imagine, as in classical thin-airfoil theory, that the wake
consists of a thin vortex sheet located on the x axis of strength
y(x,t)=ut(x,t)—u"(x,t), where u*(x, t) are the streamwise
velocities measured at the upper and lower edges of the wake, then
as seen in Fig. 8 this vortex sheet can be represented by

y(;; D = const X exp[w(t - %)} (7)

In other words, despite the large transverse variations in velocity
amplitude and phase, the simple approximation of a thin vortex
wake sheet is appropriate. At the farthest downstream station, the
wake travels at speed Q = 0.97U,.

Circulation

The circulation in steady flow is calculated by performing the
line integral f u - dl using the steady flow velocity data collected
along the control volumes surroundingthe test hydrofoil. The time-
mean unsteady circulationis also calculatedin this manner using the
harmonic coefficients of the unsteady velocity data. The steady and
time-mean circulation are within 2% of each other; the discrepancy
is due to the much coarserspacingof the control volumesin unsteady
testing. The time-mean circulationis I,/ UyC = 0.235.

The unsteady circulationis calculated in three ways to test the as-
sumptions made in each method. First, identification of the general
location of unsteady separation allows the calculation of the maxi-
mum and minimum possible time-varying circulation. We recall the
relation for vorticity flux derived by Sears?’:

B
dr 1
- = \= ulz» — Ugep U, ®)
@ \2 .

where the boundary layer separatesat points A and B on the suction
and pressure surfaces, respectively. We assume a harmonic form
for the circulation as in Eq. (3) and note that the measured edge
velocities were found to have negligible harmonic content beyond
the fundamental. In addition, the time-mean values of u, 4 and u, g
are equal, so that the time dependence of I'(¢) is purely harmonic.
On the pressure side the separation profile is fixed at the trailing
edge: Point B is x/ C = 1.0 and uy, 5 = 0. Then the first harmonic
equation of Eq. (8) becomes

I cos(ot + O) = —(u,0/ ®)[U,1,4sin(ot + Oyf)
— Ugep, 4 SIN(OF + Oyp) — Uy g sin(@t + Op)] ©)

The measured edge velocities are given in Table 4. For the un-
steady circulation to be pure harmonic, the suction-side separation
profile must be at or just downstream of x/ C =0.97. Next we as-
sume values for the magnitude and phase of the suction-side sep-
aration speed ., 4. The lower bound on the separation speed is
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Table4 Measured unsteady edge velocity

x/ C Mglyo/ UO M&yl/ UO @1, deg
Suction side

0.90 1.086 0.0284 120.6

0.97 0.968 0.0281 93.04

0.99 0.941 0.0278 83.31

1.00 0.914 0.0261 71.80
Pressure side

1.00 0.966 0.0335 198.5

Table 5 Calculated unsteady circulation

Method I/ Iy 0y, deg

Vorticity balance, usep = 0 0.0277 322.1
Vorticity balance, maximum e, 0.0338 330.8
Linear theory, wake travels at Uy 0.0309 289.3
Linear theory, wake travels at 0.97 Uy 0.0300 281.8
Control volume 0.0303 285.1

0.05

o h/C =0.0010
o h/C =0.0274

0044 - - - - -

0.03

0 0.2 0.4 0.6 0.8 1
t/T

Fig.9 Unsteady tangential velocity at suction side x/C = 0.97.

zero; that is, the separation point is fixed at the surface. The up-
per bound is the speed measured at the data point closest to the
surface at x/ C = 0.97. These bounds occur because the separation
trajectory is located inside this distance from the wall. The mag-
nitude and phase of the unsteady circulation calculated with these
assumed separation speeds is then shown in Table 5.

Second, the unsteadycirculationis calculated as in classicallinear
theory: The wake is considered a thin vortex sheet convecting with

speed Uy:
X — XTE 1 dr
By 10
y<x’ T ) U, dt (10)

Using the experimental values of u*(x, t) and u~(x,?) from the
farthest-downstream measurement station to find y(x, t), the cal-
culated unsteady circulation is shown in Table 5. Also shown is
the result for a similar calculation with the wake traveling at speed
0.97 U,, as indicated by the phase speed extracted from the mea-
surements. In either case, the magnitude of the unsteady circulation
falls within the bounds given earlier, although the phase difference
is quite large: about 50 deg.

Finally, the fundamental harmonic of circulationis found by per-
forming the line integral f u - dl using the velocity data collected
along the control volume surrounding the test hydrofoil, shown in
Table 5. Again, the magnitude falls within the bounds given earlier,
although the phase differenceis quite large: about 45 deg.

It is thought that the large phase difference between the result of
the vorticity balance and the results of the vortex sheet model and
the control volume is due to the difficulty in measuring phase when
dealing with small-amplitude, noisy unsteadiness. Figure 9 shows
the unsteady boundary-layer velocity measured at the closest point
to the hydrofoil surface and at the boundary-layeredge, at suction
sidex/ C =0.97. The value of ®, is well established,butif the value

of Oy, in Eq. (9) were shifted by 0.1¢/ T, which is not unfeasible
as seen in Fig. 9, then the phase difference would be less by 15
deg. This uncertainty, along with the uncertainty in knowing the
magnitude of the separation speed, suggests that the phase angles
calculated using the vortex sheet model and the control volume are
less prone to error.

The relative agreement of the values for the magnitude of the un-
steady circulation bodes well for the developers of inviscid numer-
ical methods. The time-mean loading can be accurately calculated
withaninviscidmethodif considerationis givento the time-mean lo-
cation of the separation trajectory, which in the limit of both quasi-
steady and very high reduced frequency is the steady separation
point.2! Thus, a steady flow separation criterion, such as that devel-
oped by Stratford,?? can be used for the time-mean problem. Fol-
lowing this, methods that linearize around the correct time-mean
solution would be acceptable for prediction of the magnitude of the
unsteady lift, though not as reliable for the prediction of phase and
unsteady moment. An appropriateunsteady Kutta conditionfor such
amethod would be to assume that the shed vorticity in the free shear
layers emanating from the time-mean separation points convects at
freestream velocity.

Unsteady Loading
The lift and drag in steady flow are calculated using the integral
form of Newton’s law:

pygq(q-n)dSJr?gpndS:—Di—Lk (11

using the velocitydatacollectedalong the control volumes surround-
ing the test hydrofoil. Note that the integral of shear stress has been
neglected. The integral of pressure is written in terms of velocities
using Bernoulli’s equation, taking care in the wake region where
Bernoulli’s equation is not strictly valid. Because the downstream
leg of the control volume s quite close to the hydrofoil trailing edge,
the drag calculated in this manner tends to be overpredicted. A full
description of the method is given by Kinnas.?3

The steady force coefficients generated on the test hydrofoil are
C; =0.4702and Cp =0.01073. The unsteady lift coefficient is also
calculatedin the manner already described using the harmonic coef-
ficients of the velocity data: C; () = 0.01387sin(wt + 274.8 deg).
By rewriting the inflow, Eq. (2), with phase referenced to the leading
edge of the test hydrofoil,

wy/ Uy = (wy/ Up) sin(wt + 27.74 deg)

at x =0, z=0.033C (12)
we see that the vertical velocity lags the lift by 247 deg. Even though
the separationregion is small, the measuredliftis muchreducedand
phase shifted from the result given by the classical theory of Sears,>*
Cr1 = 0.02900sin(wt + 344.7 deg).

Conclusions

A series of detailed measurements has been made of the veloc-
ities in the boundary layer and near wake of a hydrofoil subject
to transverse gust loading. The unsteady boundary-layer and near-
wake velocities exhibit striking variations of magnitude and phase
with height from the surface. As the trailing edge is approached on
the suction side, the boundary layer develops two distinct regions
across which the fundamental harmonic of velocity has a local am-
plitude minimum and very large phase shift. In the wake, the local
amplitude minima from both suction- and pressure-side boundary
layers are mixed out within 20% chord downstream, although large
phase shifts are still evident across the shear layer. Despite strong
transverse variations in velocity amplitude and phase, the classical
representation of the wake as a thin vortex sheet still holds.

Identification of the general location of the boundary-layersepa-
ration trajectory has allowed calculation of the unsteady circulation.
Comparison with calculations using linear theory indicates that, de-
spite the complicated nature of the shear layers, reasonable predic-
tions of fluctuating lift can be expected if linearizations are made
with respect to the correct time-mean solution. Thus, an appropriate
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unsteady Kutta condition would be to assume that the shed vorticity
in the free shear layers emanating from the time-mean separation
points convect at freestream velocity.
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