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Computation of Unsteady Flow® eld over a Hydrofoil,
Including Boundary Layer and Wake

Y.-H. Ho¤ and B. Lakshminarayana²

Pennsylvania State University, University Park, Pennsylvania 16802-1400

A time-accurate, two-dimensional, semi-implicit pressure-based Navier± Stokes solver for incompressible ¯ ows

is used to carry out the numerical simulation of the unsteady ¯ ow over a hydrofoil. A low-Reynolds-number form
of the two-equation turbulence model is used to account for the turbulence effects. To improve the accuracy of

the numerical scheme, a central differencing plus arti® cial dissipation scheme is implemented to provide a precise
control of the numerical dissipation. An inner-loop iteration scheme is used at each time step to account for the

nonlinear effects. The information on the upstream time-dependent ¯ ow is speci® ed from the experimental data.
The results show that the characteristics of the unsteady boundary layers along the foil surfaces are predicted very

well by the numerical method, including the amplitude of the velocity ¯ uctuation and the phase angle changes
as well as ¯ ow features near the surfaces. The instantaneous ¯ ow® eld is presented at various locations along

the hydrofoil surfaces and downstream of the hydrofoil. Both the computational and experimental results are
interpreted to improve physical understanding of the ¯ ow phenomena inside unsteady boundary layers.

Nomenclature
ai = in¯ uence coef® cient; Eq. (6)
C = chord length
C p = static pressure coef® cient
C l = model constant in k- e equation (0.09)
G1 , G2 = contravariantvelocity; Eq. (5)
h = distance from the hydrofoil surface
J = Jacobian
k = turbulence kinetic energy
p = static pressure
pref = reference pressure (10% chord upstream on the tunnel

wall)
Su = source term
T = period
Tu = turbulence intensity [ p ( 2

3
k)/ V1]

t = physical time
u, v = axial and transverse velocity
u i = mean velocity
u 0i = ¯ uctuation velocity
V = total velocity, p (u2 + v2)
Vs = velocity component parallel to the foil surface
x , z = axial and transverse direction; Fig. 2
xi , x j = Cartesian coordinates
y = distance from the wall
y+ = q p ( s w / q ) (y/ l )
D Tu = ® rst harmonic amplitude of Tu

D Vs = ® rst harmonic amplitude of velocity ¯ uctuation
D Vs2 = second harmonic amplitude of velocity ¯ uctuation
e = turbulence dissipation rate
e 2 , e 4 = coef® cients of arti® cial dissipation
l = molecular viscosity
l r = ratio of laminar to turbulent viscosity, l / l t

l t = turbulent eddy viscosity
m = kinematic viscosity
n , g = independentvariables on transformation plane
q = ¯ uid density
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s w = shear stress on the wall
u = dependent variable u or v in Eq. (5)
W = ¯ ow variable in Eq. (9)
x = radian frequency, s ¡ 1

Subscripts

W , E , = surrounding grid-point indices
N , S
1 = inlet

Superscript

( ¡ ) = time-mean value

Introduction

I T is well known that the steady and unsteadyboundary-layerde-
velopment on the surfaces of hydrofoils and airfoils has a major

in¯ uence on the steady and unsteady ¯ uid-dynamic, structural, and
aeroelastic performanceof these hydrofoils or airfoils. Because the
boundary layers are thin, it is very dif® cult to measure or to predict
their propertiesaccurately.Most analyticaland experimentalstudies
carried out hithertohave focusedon the steady-stateboundary-layer
development.There are very few studies that address the effects of
freestreamunsteadinesson the airfoil boundary layer. The unsteady
effects usually result in a very complex ¯ ow® eld, with amplitude
and phase changes in velocity components and turbulence quanti-
ties within the boundary layer. Well-controlledexperiments should
be able to resolve various features of unsteady viscous ¯ ows and
provide databases for the validation of a Navier±Stokes code.

Many experiments on the unsteady boundary layers have been
conducted over the past 20 years, typical examples being those of
Patel,1 Cousteix and Houdeville,2 and Brendel and Mueller.3 They
were able to measure the unsteady velocity pro® les and phase an-
gles inside the boundary layers. Typical examples of unsteady ¯ ow
computationswere performedby Huff,4 Scott and Atassi,5 and Ghia
et al.6 Very few attempts have been made to predict the unsteady
boundary layers on an airfoil and to assess the ability of Navier±
Stokes solvers to predict the unsteady viscous ¯ ow® eld. Hence, the
main objective of this study is to develop an accurate and ef® cient
Navier±Stokes solver to predict the unsteady boundary layer on a
hydrofoil,includingtheunsteadypressureand theunsteadyvelocity.
The second objective is to understand the mechanism and physics
of an unsteady viscous ¯ ow® eld throughnumerical simulation.The
main contributionsof this research can be summarized as follows:

1) The successfuladaptationof a SIMPLE-type algorithm to pre-
dict two-dimensional unsteady ¯ ows, including unsteady pressure
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on the hydrofoil surfaces, unsteady boundary layers, and unsteady
wakes. The code was validated against benchmark quality data by
Keenan et al.7

2) Implementationof an explicitarti® cial dissipationfor unsteady
¯ ows in a pressure-based technique. This provides a precise con-
trol of the numerical dissipation while maintaining the numerical
stability.

3) Provide detailed information and interpretation of unsteady
viscous ¯ ows near a hydrofoil surface. Some of the details (such
as turbulence structure) were neither available nor can be measured
during experiment.

The case studied here is the unsteady ¯ ow over a hydrofoil due
to two upstream ¯ apping foils. The experiments were conductedby
Keenan et al.7 in a water tunnel at Massachusetts Institute of Tech-
nology (MIT). This is one of the benchmark quality experimental
data available on unsteady boundary layers. Detailed measurement
of the unsteady boundary-layer properties were carried out at sev-
eral axial locationsalong the hydrofoil surfacesusing laser Doppler
velocimetry (LDV).

Numerical Technique
The Reynolds-averaged Navier±Stokes equations for two-

dimensional,unsteady,incompressible¯ ow in Cartesiantensorform
can be written as
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where xi are the independent variables, q is the mean density, and
u 0i is the ¯ uctuation velocity about the mean. To simulate the tur-
bulent ¯ ow, a two-equation, or k- e , turbulence model by Chien8 is
employed.

The boundary conditions include no-slip condition on the solid
surfaces and speci® cation of time-dependent inlet velocity ® eld.
The exit velocity is computed by applying the governing equation
directlyat the exit. Slip boundaryconditionsare applied to the upper
and lower walls, i.e., all ¯ ow propertieson the upper and lower walls
of the tunnel are set equal to the quantitiesat the grid pointsbelowor
above the walls. This was intended to allow for wall effects without
using excessive numbers of grid points to resolve the boundary
layers on the test-section walls.

For the pressureequation, the normal derivativeof the static pres-
sure is assumed to be zero at the solid surface,which is a reasonable
approach for high-Reynolds-number ¯ ows. The static pressure is
speci® ed at the exit plane. At inlet, the streamwise pressure gradi-
ent is set to zero. Because Neumann boundary conditions are used,
the pressure at one grid point must be chosen. This control point is
taken to be the midchannel point at the exit plane.

The values k and e ¡ 2m k/ y2 (the asymptotic value of e near the
wall, see Ref. 9 for further details) are set to zero at the wall for
the k-e equations.The inlet turbulentkinetic energy and dissipation
rate are determined by specifying an inlet turbulence intensity Tu

and the turbulent viscosity ratio factor l r associated with the inlet
¯ ow. The inlet turbulent kinetic energy is determined from

k1 = 3
2
(Tu V1)2 (3)

where V1 is the inlet total velocity. The inlet dissipation rate then is
determined from the following relation:

e 1 = q 1C l
k2

1

l t

(4)

The k and e at the exit plane also are calculated by applying the
transport equations directly.

A control-volume approach is used in the discretization proce-
dures for the system of governing equations. The detailed proce-
dure can be found elsewhere.10, 11 Second-order and fourth-order

arti® cial dissipation terms are added explicitly to control the nu-
merical dissipation. The expression for the second-order and the
fourth-order dissipation can be represented by
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where e 2 and e 4 are the coef® cients of the second-orderand fourth-
order dissipation terms; D n and D g are the grid spacing in n and
g directions. For unsteady ¯ ow computations, e 2 is set to zero and
e 4 is set to 0.25. These values are chosen on the basis of extensive
parametric studies and were reported by Ho.10

A fourth-order arti® cial dissipation also is added to the pressure
equation to prevent pressureoscillation.This is suf® cient to provide
a smooth pressure ® eld. For temporal discretization, a backward-
differencing implicit scheme is selected. Thus, the second-order
accuracy in time domain is preserved. The diffusive terms are ap-
proximatedby the centraldifferencingscheme.All crossderivatives
are treated explicitly and are considered as source terms.

The numerical scheme used in this work is the modi® ed version
of pressure-implicit with splitting of operators (PISO) scheme de-
veloped by Issa.12 Detailed implementation of this algorithm and
its modi® cations can be found elsewhere.10 To take into account
the coupling between the governing equations and the turbulence
model, an inner iterationloop is introducedin the originalscheme to
account for the nonlinear interaction between the ¯ ow® eld and the
turbulence. The discretized form of the general transport equation
can be written ® rst as

(3q J/2 D t + a P ) u P = aE u E + aW u W + a N u N + aS u S + SU (6)

where D t is the time step.
The in¯ uence coef® cients ai are ® rst evaluated from the previous

time-step solution. To incorporate the nonlinear effects, the dis-
cretized Eqs. (6) are modi® ed, by using the idea of Van Doormaal
and Raithby,13 as

(3 q J/ 2D t + aP ) ¤ u P = aE u E + aW u W + aN u N + aS u S + (S u ) ¤

(7)

where u ¤
P is the current estimate of u P for advancing in time and

(3 q J/2 D t + a P ) ¤ = (3 q J/ 2D t + aP )[1 + (1/ E R)]

(S u ) ¤ = Su +
( q 3J/ 2 D t + a P )

ER

u ¤
P

ER is chosen so that the diagonal dominant solution matrix is
maintained. Van Doormaal and Raithby13 showed that the limit of
ER is 1 for an explicit scheme. Because the time step D t is usually
small in time-accurate computations, the value of ER can be larger
than 1. As shown in Eq. (7), if time-dependent terms are removed,
the original E-factor scheme is recovered. This E-factor scheme
is implemented in the inner iteration loop to update the in¯ uence
coef® cients a i and u i during each time step. At convergence of
Eq. (7), the in¯ uence coef® cients and the variables are coupled in
the time-accuratesolutions.The inner iterationis continueduntil the
followingconvergencecriteriaare satis® ed or 25 inner iterationsare
achieved in computations:

ê
ê R ¤ ¤u ¡ R ¤u ê

ê
R ¤u

< tolerance, R ¤ ¤
m < tolerance (8)

where R ¤ ¤u is the rms residual of variable u at iteration level ** and
R ¤ ¤m is the mass residual.The typical tolerance level for all variables
is 1 £ 10 ¡ 3 for rms residual of variables and 1 £ 10¡ 6 for mass
residual.For an unsteady¯ ow calculation, the initial conditionused
is the steady-state solution for the same con® guration.
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As shown elsewhere,14±16 the two-equation turbulence models
can be used to predict unsteady boundary-layer ¯ ows at low fre-
quency range because the turbulencecan be regarded as in a quasis-
teady state. Cousteix and Houdeville2 used a steady wall function
with a high-Reynolds-number k-e model for a periodic turbulent
boundary layer. Similarly, Mankbadi and Mobark16 used a high-
Reynolds-number k-e model and steady wall functions to predict
pipe and boundary-layer ¯ ows. It has been found that the accu-
racy of the model deteriorates with increasing level or rate of un-
steadiness. Low-Reynolds-number form turbulence models seem
to be necessary for accurate prediction of unsteady turbulent wall
bounded ¯ ows where the near-wall physics is of interest.The appli-
cability of the low-Reynolds-numberk- e models to unsteady ¯ ows
hasbeeninvestigatedby JustesenandSpalart14 for an oscillatorytur-
bulentboundary layerwith a zero mean velocity.Two different low-
Reynolds-number k-e models are used.8 , 17 Comparison with large
eddy simulation data indicates that Jones and Launder’s17 model
performsbetter than Chien’s8 model. As pointedout by Patel et al.,9

Chien’s turbulencemodel was asymptoticallyconsistentin the near-
wall region.Therefore, it is argued that the near-wall turbulencecan
be represented by low-Reynolds-number k- e model with reason-
able accuracy for low frequency¯ ows. Figure 1 shows the unsteady
boundary-layer simulations by Fan and Lakshminarayana18 utiliz-
ing the low-Reynolds-number k-e model. The data were acquired
by Patel1 in a boundary layer subjected to oscillatory freestream.
Comparisons are made at three different streamwise locations of
the boundary layer. The agreement between the predicted and the
measured distributions of amplitude and phase angle of unsteady
velocity is generally very good at all three streamwise locations.
A discussion on timescales of mean ¯ ow, gust, turbulence, and the
numerical time steps needed to resolve these ¯ ows for a speci® c
case used in this paper is given in the next section.

A systematic approach has been taken during the course of this
Navier±Stokes code development. The main features and unique-
ness of this approach can be summarized as follows (details can be
found in Ref. 10):

Fig. 1 First Fourier component of velocity pro® le for an unsteady
boundary layer: symbols, data1; lines, prediction.18 Äu and Äue are lo-
cal and freestream ensemble averaged velocities, respectively.

1) Second-order and fourth-order arti® cial dissipation schemes
were implemented in the code to provide a precise control of the
numerical dissipation.

2) Analytical and numerical study was made of the effects of the
arti® cial dissipationon unsteady¯ ows over a wide range of reduced
frequencies to optimize the code for accuracy and stability.

3) Enhanced coupling between the mean ¯ ow and the turbulence
was accomplished by incorporating inner iteration loops in the nu-
merical technique.

4) Several computational grids were generated and a grid de-
pendency study was performed to ensure that the solutions were
independent of the grids. The effects of the numbers of time steps
on ¯ ow solutions also were studied to resolve proper timescales in
the mean ¯ ow and in turbulence structure.

5) Unsteady viscous ¯ ow over a hydrofoil is simulated and vali-
dated against availabledata. A detailed interpretationon the physics
of the ¯ ow is carried out, based on additional simulation for which
data are not available.

Computational Simulation and Comparison with Data
Description of Test Case and Numerical Model

The test case chosen here is the experimentconductedby Keenan
et al.7 Detailed measurements of the instantaneousvelocity ® eld in
the freestream and in the boundary layers were acquired at several
axial locations. Two-component LDV was used for velocity data at
positions away from the foil. In the boundary layer and near wake,
a one-component setup was used. Static pressures on the hydrofoil
surfaces were measured at discrete points, not as distributions.The
hydrofoilhad a typicalcrosssectionof bladesused in marinepropul-
sors. Its chord length was 0.4572 m and it had an angle of attack
of 1.18 deg. The locations of two ¯ apping foils used to generate
unsteadygusts are at 0.8 chord length upstreamof the hydrofoiland
0.28 chord length above and below the test foil in the cross¯ ow di-
rection. A sketch of the experimental layout is shown in Fig. 2. The
test Reynolds number is 3.78 £ 106 based on the hydrofoil chord
length and the tunnel ¯ ow speed. The unsteady ¯ ow is generatedby
¯ apping two foils synchronouslyat an amplitudeof 6 deg about their
own geometriccenters.The ¯ appersoperatedat a reducedfrequency
( x C/2V1) of 3.62. The boundary layers are tripped at an axial lo-
cation of 0.1 chord downstream of the leading edge. This ensures a
fully turbulent ¯ ow® eld along the blade surfaces. Time-dependent
velocity ® elds weremeasuredat 13 locationsalongthe transversedi-
rection to de® ne the in¯ ow conditions(line AD in Fig. 2). Thirty-six
locations along the measurement box, shown in Fig. 2, were cho-
sen to describe the freestream unsteady ¯ ow® eld. For the unsteady
boundary-layermeasurements, the time-dependentvelocitywas ac-
quired at ® ve locations on the suction surfaces and three locations
on the pressure surface.

The computationaldomain (marked ABCD in Fig. 2) is extended
to the upper and lower tunnel walls. The inlet plane is chosen at an
axial location of 0.26 chord upstream, where detailed ¯ ow data, in-
cluding the instantaneousaxial and tangentialvelocity components,
are available. The exit plane is chosen at 0.9 chord downstream of
the hydrofoil.An H-type grid is used to discretizethe computational
domain. The computational grid consists of 201 grid points in the
axial direction and 137 grid points in the tangential direction. To
resolve the boundary-layercharacteristics,the grid is constructedto
ensure that at least 20 grid points are located inside the boundary
layers and the y+ value is less than 1 for the ® rst grid point away
from the blade surfaces.

Fig. 2 Test setup for the MIT ¯ apping foils experiment.
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At the inlet plane (AD in Fig. 2), 13 measured locationshavebeen
utilized to linearly interpolate and extrapolate the inlet velocities.A
cubic splinealgorithmis used to smooth the experimentaldata in the
time domain. Snapshots of the instantaneous velocity distributions
at the inlet plane are shown elsewhere.10 The gust is found to have
appreciable ¯ uctuations in both the transverse (z) and streamwise
(x) directions. Grid points are clustered near the inlet plane to ac-
count for these high instantaneousvelocity gradients present at the
inlet boundary. Inlet turbulence intensity is set to be 1% according
to Keenanet al.7 To assess the effects of turbulenceon the ¯ ow char-
acteristics, two additional levels of inlet turbulence intensity, 2 and
5%, were used in the steady-statecomputations,with no noticeable
difference in steady velocity distribution.

To ensure that the timescale was resolved properly, various time
steps per cycle were used to carry out the unsteady ¯ ow simula-
tion. The time history of the total force on the hydrofoil surface
was monitored with different time steps per period. There was no
noticeable change between 250 and 500 time steps per period. The
results shown in this paper are based on 500 time steps per period.
This represents a physical time step of 2 £ 10 ¡ 5 s. The timescales
of the ¯ ow are 0.053 s for the mean ¯ ow and 0.01 s for the gust. The
estimated timescales for the largest eddy (equal to the boundary-
layer thickness) is 10¡ 3 s and the smallest eddy is 6 £ 10¡ 5 s. It
is thus clear that the time step chosen should be able to capture all
¯ ow and turbulence features, within the accuracy of the turbulence
model employed.

The experimentalprogramcovereda wide range of instantaneous
velocity measurement in the ¯ ow® eld. The predicted velocity com-
ponents are compared to data at various locations in the ¯ ow® eld
along the measurement box (see Fig. 2). The axial coordinate (x) is
positive downstream. The origin of the coordinate is located at the
leading edge of the hydrofoil. Z denotes the cross¯ ow direction and
is positive upward, as shown in Fig. 2.

This set of experimental data was chosen as a blind test case by
the Of® ce of Naval Research for evaluation in a workshop held in
1993. About six to eight groups were asked to compute this ¯ ow
(with only geometry and boundary conditions provided), and the
blind results were submitted to Navy personnel for evaluation. In-
formation about the workshop and assessment is summarized by
Fuhs.19 Various numerical techniques and turbulence models were
employed, includingtime-marchingand pressure-basedtechniques.
The results indicated that the numerical technique presented in this
paper provided good unsteady ¯ ow simulation of this case.

Unsteady Flow® eld in the Freestream

An assessmentof the accuracyof the numerical simulationof the
freestream ¯ ow® eld is presented in Fig. 3 for one typical location
(x/ C = 0.6524 and z/ C = 0.2187). The numerical simulation is
able to capture both the magnitudeand the phase angle of the veloc-
ity components, similar agreement is obtained at various axial and
transverse locations away from the hydrofoil.10 The wave motions
due to the vorticesgeneratedby upstream¯ appingfoils are captured
and the inviscid part of the ¯ ow® eld is simulated with very good
accuracy. The complexities of this ¯ ow® eld can also be observed.
Not only the streamwise gust but also the transversegust is present
in this ¯ ow® eld; the magnitudesof the gusts are signi® cant, as much
as 10% of the inlet freestream velocity at some locations.

Unsteady velocity vectors at t / T = 0.6 are shown in Fig. 4.
The pairing vortices generated by the ¯ apping foils are convected
downstream in the inviscid region, without much decay. Because of
the ¯ ow acceleration in the contraction region (the region above the
foil suctionsurface), the vortex in the upper region travelsfaster than
the one on the lower side.As many as six vorticescan be found in the
computational domain on both sides of the hydrofoil at a reduced
frequencyof 3.62.Thesevorticesnotonly interactwith theboundary
layer to create the ¯ ow patterns as described later, they also interact
with the wake downstream of the foil. The gust structure varies
substantially in the cross¯ ow direction, but its salient feature is that
in the nominal plane of the test foil it has virtually no streamwise
component and is almost all cross¯ ow. Thus, in a linearized sense,
we have a propagating transverse gust, i.e., the Sears problem.

Several mechanisms responsible for the unsteady pressure and
the unsteady boundary layers on the hydrofoil surfaces can be

Fig. 3 Time-dependent velocity components at location x/C = 0.6524
and z/C = 0.2187.

Fig. 4 Instantaneous unsteady velocity vector [V(t) ¡ ÅV] over the hy-
drofoil at t/T = 0.6.

recognized from this plot: the incidence change upstream of the
hydrofoil due to the transverse gust, the change due to ¯ uctuations
in streamwise velocity both upstream and on the hydrofoil, and the
periodic variation of the downstream ¯ ow® eld. The last two mech-
anisms have not been recognized in the earlier studies of unsteady
¯ ows. The periodic variation in the freestream velocity and its im-
pact on the boundary-layer¯ ow should be recognized in evaluating
the ¯ uctuating processes as well as the unsteady boundary-layer
growth. This is covered in detail later in this section. All of these
mechanisms are important in assessing the unsteady performance
of airfoils and hydrofoils.

Steady and Unsteady Blade Static Pressure
The time-mean static pressure distributions on the hydrofoil sur-

faces, comparedwith the experimentaldata from the static pressure
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holes as well as the data derived from the velocity measurement,
are shown in Fig. 5. All of the computations19 of the surface static
pressure were nearly identical,with the same deviation between the
data and the predictionnear the trailing edge of the suction surface.
The concern was that the derived static pressure is probably more
accurate. If the boundary-layerapproximation(constant static pres-
sure across the boundary layer) is used, one can apply the Bernoulli
equation at the edge of the boundary layer. The static pressure on
the hydrofoil thus was derived from the velocities measured at the
edge of the boundary layer. Both data are shown in Fig. 5. The pre-
diction is in better agreement with the derived static pressure than
that measured from static pressure holes, especially on the suction
surface. Signi® cant adverse pressure gradients exist in the aft 15%
chord length on the suction surface. As shown later, this high ad-
verse static pressure gradient contributes to the rapid development
of the boundary layer on the hydrofoil in this region.

The amplitude of the ® rst harmonic of the static pressure on the
foil surface is presented in Fig. 6. The corresponding phase-angle
changes are shown in Fig. 7. All harmonic components presented
here are based on the following:

W = W 0 +
1Sn = 1

W n sin(n x t + } n) (9)

where subscript 0 represents the time-mean value, subscript n the
harmonic n, and } the phase angle. All of the phase calculationsare
referenced to the motion of the ¯ apping foils. When the ¯ apping
foils are at 0-deg angle of attack, the phase angle is 0 deg. A phase
angle of 90 deg corresponds to the maximum angle of attack of
the ¯ apping foils, 6 deg. The phase angle changes from ¡ 180 to

+180 deg.
A large amplitudeof the ® rst harmonic is predictedat the leading-

edge region of the hydrofoil, and its magnitude decreases very
rapidly along the foil. Even though data are not available near the
leading edge for this con® guration, the trend predicted is consistent

Fig. 5 Time-mean Cp along the hydrofoil surface.

Fig. 6 Amplitude of the ® rst harmonic of Cp on the hydrofoil surface.

Fig. 7 Phase angle of the ® rst harmonic of Cp on the hydrofoil surface.

with other data and analysis.19 The numerical model predicts a sec-
ond peak in the amplitudebetween 60 and 70% chord on the suction
side, which is in good agreement with the data. This phenomenon
could be due to the presence of interactingvortices on either side of
the gust, as explainedin the next section.The velocitypro® les on the
suction surface also indicate rapid boundary-layer growth starting
from this location. Even though the predicted location of the peak
of the amplitude is off by about 7% chord, it is very encouraging
that the numerical simulation is able to capture the amplitude in this
region with reasonable accuracy. The phase angle shown in Fig. 7
also reveals a large phase shift at about 60% chord on the suction
surface. The phase angle is one of the most dif® cult quantities to
compute. The accuracy depends on the gust decay as well as the
gust convection velocity. Very few investigators have predicted the
phase angle to the same accuracy as that shown in Fig. 7 for the
suction surface. The pressure surface boundary layers are very thin;
this may account for numerical inaccuracy due to grid resolution.
Changes in phase angle near the trailing edge are attributed to the
small amplitudes of the unsteady static pressure in this region and
the numerical inaccuracy associated with the calculation of phase
angle for very weak waves. Such error exists in both the data and
the computation. For the unsteady lift coef® cient, the analysis of
a two-dimensionalpotential-basedpanel method was used by MIT
personnel.7, 20 This analysis results in an amplitude of the lift co-
ef® cient of 0.027, whereas the predicted magnitude is 0.030. This
reveals that the presentnumericalprocedureis able to predict the un-
steady pressure,both the amplitude and the phase angle, accurately.

Time-Mean and Unsteady Boundary Layers
Typical time-mean velocitypro® les at various locationsalong the

hydrofoil surfaces are presented in Fig. 8. The velocity component
parallel to the surfaces, Vs , is used for this comparison. The results
shown in Fig. 8, as well as the comprehensive comparison of Ho,10

indicate very good agreement with the experimental data at all lo-
cations. The experimental data indicate a tendency for the ¯ ow to
separate at 97% chord, and the numerical simulation does not cap-
ture this feature accurately. The hydrofoil was designed to have a
zero-thicknesstrailingedge (used in the computation),which is very
dif® cult to achieve in the manufacturing process.This may account
for some of the discrepancy.

The amplitude and phase angleof the unsteadyvelocity in the foil
boundarylayers along the hydrofoilsurfacesare presented in Figs. 9
and 10. The amplitudesof the unsteadyvelocity inside the boundary
layers are substantial in this case. Their magnitudes vary from 2 to
3% compared to 7% in the freestream (Fig. 3). See Ho10 for com-
parison at other chordwise locations.Complex pro® les of amplitude
and phase angles are captured reasonably well. The amplitude on
the suction surface (to some extent, pressure surface) indicate un-
usual behavior.The amplitude has a peak inside the boundary layer,
with a second minimum (dip) near the edge of the boundary layer.
This is more pronouncedtoward the trailingedge.This phenomenon
also has been observedby Patel.1 The computationalresults predict
the locationsof maximum and minimum amplitude very well. Con-
sidering the uncertainty band of the measurement (see Fig. 3), the
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Fig. 8 Time-mean velocity on the surfaces of the hydrofoil (symbol, experimental data,7,20; and solid line, numerical prediction).

Fig. 9 Amplitude and phase of the ® rst harmonic of unsteady velocity on the hydrofoil suction surface (symbol, experimental data,7,20; and solid
line, numerical prediction).

amplitudes are captured well. The phase angle is predicted well,
including the jump in phase in the outer edge near the trailing edge.
This providescon® dence in the code. The numericaldissipationand
diffusion are minimal, as indicated by these plots.

Largephase-anglechangesare observed,bothexperimentallyand
computationally,at the edge of the boundary layers, especially near
the trailing edge. The phase angles change by as much as 150±160
deg at the trailing-edge region (Figs. 9 and 10). This phenomenon
can be explainedon the basis of the unsteadyvelocityvectorsshown
in Fig. 11.The unsteadyvelocity is de® nedas the differencebetween
the instantaneousvelocity and the local time-mean value. The shear
effect between the unsteady ¯ ow inside the boundary layer and that
of the freestreamcan be seen clearly in this plot. The unsteadinessin
the freestreamis caused by the upstream¯ apping foils. On the other
hand, the unsteady boundary-layer development is in¯ uenced by
the freestream unsteadiness as well as the unsteady blade pressure,
which has a phase lag with the freestream. The interaction of the
vortices inside the boundary layers with the freestreamgust reduces
the in¯ uence at the edge of the boundary layer, resulting in lower

amplitude of the velocity ¯ uctuations there and a jump in the phase
angle (Figs. 9 and 10).

To further investigate the nature of unsteady boundary-layer be-
havior, the time history of the predicted and measured velocity
(Vs/ V1) inside the boundary layers is shown in Fig. 12 for x/ C =
1.0 for the pressure surface and in Figs. 13 and 14 for x/ C = 0.612
and 1.0, respectively, for the suction surface. The scales for the re-
sults shown in Fig. 13 are kept different intentionally. It is intended
to show the ¯ ow pattern in the freestream,which was not measured.
All other data are plotted to the same scale. Two very distinct ¯ ow
patternson either side of the boundary layers can be identi® ed from
this series of total velocity time history. First, the freestream ¯ ow
variations are dominated by the unsteady ¯ ows generated from the
upstream ¯ apping airfoils. Its wave pattern is very similar to that of
the measured ¯ ow® eld at the inlet plane. As shown in the numer-
ical prediction in Fig. 13, sine waves are clearly seen outside the
boundary layer (the edge is located approximately at h/ C = 0.012
at this axial location). The contours of instantaneous velocity are
sheared into a thumbnail pattern near the boundary-layeredge. This
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Fig. 10 Amplitude and phase of the ® rst harmonicof unsteady velocity
on the hydrofoil pressure surface (symbol, experimental data7,20).

Fig. 11 Instantaneous unsteady velocity [V(t) ¡ ÅV] vector plot at the
hydrofoil trailing edge (t/T = 0.2).

indicatesthat the freestreamunsteady¯ ow pattern is not able to pen-
etrate throughthe boundary layer. Unsteadiness inside the boundary
layers is mainly caused by the unsteady pressure and the recircula-
tion pattern set up by the vortices. As the ¯ ow travels along the foil
surfaces inside the boundary layers, the magnitude of the velocity
¯ uctuation also increases.Because the unsteadinessis convectedby
the local velocity, the unsteadinessinside the boundary layer travels
at a much lower speedcompared to thatof the freestream.This phase
lag between these two ¯ ow patternscauses the reducedunsteadiness
at the edge of the boundary layers (Figs. 9 and 10).

Although the pressuredifferencesare small near the trailingedge,
the excitation in the freestream starts to in¯ uence the unsteadiness
inside the boundary layers. This phenomenon can be seen from the
additional peak appearing near the edge of the boundary layers on
both surfaces at the trailing edge (Figs. 9 and 10). Good agree-
ment between the data and prediction at this location indicates that

Experimental data7

Prediction

Fig. 12 Comparison of time history of the velocity on the hydrofoil
pressure surface.

the code is able to capture the unsteadiness arising from complex
mechanisms, giving con® dence in the numerical simulation.

The amplitude of the second harmonic of velocity ¯ uctua-
tions inside the boundary layers, shown in Fig. 15, reveals that a
decrease in magnitude of the ® rst harmonic on the pressure sur-
face [x/ C = 0.972, h/ C = 0.015 (Fig. 10)] and on the suction sur-
face [x/ C = 0.99, h/ C = 0.025 (Fig. 9)] is accompanied by an in-
crease in the magnitudeof the secondharmonicat the same location.
This indicates that partial energy has been transferredto the higher-
frequency domain. Both the experimental data and the simulation
show the same trend. It is also clear that the ® rst harmonicdominates
inside the boundary layer, except near the edges.

Time-Mean and Unsteady Wake
The time-dependentvelocitymeasurement for the wake ¯ ow® eld

is not available. Thus, the time-mean velocity distributions down-
stream of the hydrofoil (wake) are presented in Fig. 16a and com-
pared with the available steady-statemeasurementby Keenanet al.7

The locationsof the predictedmaximum velocity defect are slightly
off compared to the experimental data. Again, this may be due to
the trailing-edge region not being modeled properly, as described
earlier. The wake pro® le and its decay characteristics are captured
reasonablywell. Figure16bshows theamplitudeof thevelocity¯ uc-
tuations in the wake regions. The unsteadiness inside the boundary
layers is carried farther downstreaminto the wake. Their magnitude
remains about the same level even at 50% chord downstream of
the hydrofoil. The peak amplitudes occur on both the suction and
the pressure sides of the wake away from the wake center. This is
causedby the mixing process.One of the interestingphenomenacan
be observed from the simulation shown in Figs. 16b and 16c. The
minimum amplitude on the suction side at x/ C = 1.00 occurs near
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Experimental data7

Prediction

Fig. 13 Comparison of time history of the velocity on the hydrofoil
suction surface.

z/ C = 0.025, and this minimum amplitude location moves contin-
uously toward the wake center (Fig. 16b) as the wake progresses
downstream. In addition, the magnitude of the minimum amplitude
also decreases as the wake travels downstream. This indicates that
the freestreamunsteadinesspenetratesdeeper into the inner viscous
layer as the ¯ ow progresses downstream.

The unsteadiness at the center of the wake increases with the
downstream distance. Some interesting conclusions can be drawn
from the predicted phase-angle distributions (no data available).
The phase angle shows a large jump across the wake near the trail-
ing edge. As explained in the preceding section, this is caused by
the differences in gust convection velocity between the pressure
and suction surfaces. These differences decrease as the wake trav-
els downstream, even though there is substantial variation in phase
angle inside the wake even at 50% chord downstream.

The time history of the velocity in the wake at two locations is
illustrated in Fig. 17. The unsteadiness inside the wake region has
larger magnitude on the pressure side than on the suction side (as
clearlyshown in Fig. 16).The two pairs of opposite-rotationvortices
downstream of the hydrofoil create a small unsteady recirculation
zone between them. Unsteadiness inside this zone is very similar to
that observed inside the boundary layers. They tend to be isolated
from the inviscid region. This behavior suggests the importance of
viscous effects in unsteady ¯ ow development.

Turbulence Kinetic Energy Distribution Inside the Boundary Layers
and in the Wake

No data are available on the turbulent kinetic energy; hence the
simulation results presented here are interpreted to understand the
nature of turbulencein the unsteadyboundarylayer and wake ¯ ows.

Experimental data7

Prediction

Fig. 14 Comparison of time history of the velocity on the hydrofoil
suction surface.

Pressure surface Suction surface

Fig. 15 Amplitude of the second harmonic of unsteady velocity on the
hydrofoil (symbol, experimental data7,20).

The distribution of the time-mean turbulence kinetic energy on the
blade suction surface is presented in Fig. 18. Equation (9) is used to
calculatethe time-meanvaluesof the turbulenceintensity Tu and the
magnitude of the ® rst harmonic. The turbulence intensity increases
as the ¯ ow travelsdownstream.Near the trailingedge, the maximum
turbulenceintensity is as high as 9.5% of the inlet value, whereas in
the freestreamits value decreases to about 0.6±0.7% (compared to a
1% inlet turbulence intensity). Its range of in¯ uence also increases
with the boundary-layer thickness. The in¯ uence of the boundary
layer moves the peak of the time-mean turbulence intensity away
from the surface. In Fig. 19, the peaks in the amplitudeof D Tu occur
exactly at the locations where the interactionbetween the boundary
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Fig. 16a Time-mean velocity downstream of the hydrofoil (symbol,
steady-state measurement by Keenan et al.7).

Fig. 16b Amplitude of the ® rst harmonic of unsteady velocity down-
stream of the hydrofoil.

Fig. 16c Phase angle of the ® rst harmonic of unsteady velocity down-
stream of the hydrofoil.

layerand the freestreamtakesplace(Figs. 9 and 10). A higherampli-
tude of D Tu correspondsto a lower amplitudeof velocity¯ uctuation
D Vs (see Fig. 9). Very close to the wall, because of the interaction
between the turbulence and the wall, the amplitude of D Tu also in-
creases. This phenomenon is particularly noticeable at the trailing
edge; however, it does not show any visible effect on the magnitude
of the velocity¯ uctuations.The phase-angledistributionsof D Tu on
the suction side, shown in Fig. 20, indicate a differentbehaviorfrom
that observedfor the unsteady velocity. Instead of a phase lag (from
the freestream values) inside the boundary layer due to a slower lo-
cal velocity, the phase-angledistributionof turbulent intensityhas a
phase lead inside the boundary layer. This implies that the wall has
a stronger in¯ uence on the turbulence. But, as the ¯ ow reaches the
trailing edge, the in¯ uence of the boundary layer becomes evident.
The phase-angle distribution inside the boundary layer lags behind

Fig. 17 Time history of the velocity downstream of the hydrofoil.

Fig. 18 Time-mean turbulence intensity Tu pro® les on the suction sur-
face of the hydrofoil.

thatof the freestream.Nevertheless,the wall effect on the turbulence
still can be seen from a small dip near the wall at the trailing edge
region.

On the pressure surface, the distribution of the time-mean Tu is
very similar to that of a ¯ at plate. The amplitude and phase angle
of the ® rst harmonic for Tu shows behavior very similar to that
on the suction side. These results can be found in Ho.10 The time
history of Tu on the suction side of the hydrofoil is shown at a
location x/ C = 0.99 in Fig. 21. The wall effect on the turbulence
can be seen from h/ C = 0.05 to 0.015.The magnitudeof Tu is much
higher in this region, and the phase angle is quite different from the
freestream distribution.

The amplitudeof the ¯ uctuation in turbulenceintensity, shown in
Fig. 22, indicates two peaks on either side of the wake centerline.
Note that the magnitude of the peak on the suction side decays as
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Fig. 19 Amplitude of the ® rst harmonic of turbulence intensity D Tu

on the suction surface of the hydrofoil.

Fig. 20 Phase angle of the ® rst harmonic of turbulence intensity D Tu

on the suction surface of the hydrofoil.

Fig. 21 Time history of turbulence intensity Tu distribution on the suc-
tion surface of the hydrofoil.

the wake travels downstream, whereas that of the pressure side in-
creases its magnitude. An explanation for this curious behavior is
that the interaction between the wake and the freestream vortex on
the pressure (lower) side increases the turbulence (similar to the
behavior that occurs at the edge of the boundary layers). On the
suction (upper) side, the local velocity decreases as the ¯ ow pass
the trailing edge, and this diffusion process dissipates the turbu-
lence. The phase-angle distribution (Fig. 23) also indicates that a
strong interactionoccurs between the wake and the freestream.Fig-
ure 24 is the time history of the turbulence intensity downstream
of the hydrofoil at x/ C = 1.50. An interesting phenomenon can be
observed in this plot. Comparing this ® gure with Fig. 17, it is clear
that the freestream unsteadiness affects the high turbulence inten-
sity patches and is almost in phase with the velocity ¯ uctuations
(compare Figs. 16c and 23). This occurs only in the far-wake and
not in the near-wake region. This can be seen from a comparison

Fig. 22 Amplitude of the ® rst harmonic of turbulence intensity Tu

downstream of the hydrofoil.

Fig. 23 Phase angle of the ® rst harmonic of turbulence intensity Tu

downstream of the hydrofoil.

Fig. 24 Time history of turbulence intensity Tu distribution down-
stream of the hydrofoil.

of the phase angle of the velocity ¯ uctuations at x/ C = 1.05 and
1.50, shown in Fig. 16c, with the turbulence intensity ¯ uctuations
at these locations, shown in Fig. 23. This seems to indicate that the
unsteady wake far downstream (after x/ C = 1.50 in this case) has
achieved an equilibrium condition.

Concluding Remarks
A two-dimensional,unsteady,Navier±Stokes code has been used

to compute the unsteady ¯ ow over a hydrofoil stimulated by two
upstream ¯ apping foils. The agreement between the computation
and the experimentaldata is very good, including the amplitude and
phase angle of the unsteady velocity. It is found that the unsteady



50 HO AND LAKSHMINARAYANA

¯ ow outside the boundary layer is dominated by the vortices shed
from the upstream¯ appingfoils.The ¯ ow inside the boundary layer
is controlledby the vorticesdue to the unsteady¯ ow travelinginside
the boundary layer and the ¯ uctuating pressure gradient on the foil
surface. These vortices travel along the hydrofoil surfaces with the
local velocity. Therefore, there are distinct phase changes across
the edge of the boundary layer. The interaction between these two
¯ ow patterns reduces the unsteadiness at the edge of the boundary
layer.This interactionalso increasesthe amplitudeof the turbulence
kinetic energy at the edge of the boundary layer.

The ® rst harmonic of the unsteady velocity inside the boundary
layer is found to havedominanteffecton the ¯ ow® eld.At the edgeof
the boundarylayer, a small portionof the energy is being transferred
to the higherharmonics,which causes the reductionin unsteadiness.

The unsteadiness inside the boundary layer is carried farther
downstream into the wake region. The velocity ¯ uctuations in the
freestream interact strongly with the wake. The interactionbetween
these vortices and the wake increases the unsteadinesson both sides
of the wake. The ¯ ow pattern inside the wake, however, still is
dominated by viscous effects. The phase-angledifferencesbetween
the velocity ¯ uctuations and the turbulence kinetic energy become
smaller as the ¯ ow travels downstream. It is found that the unsteady
wake achieves an equilibrium condition at about 50% downstream
of the hydrofoil.
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