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Abstract 

'The large~eddy simulation numerical approach based on the compressible hydrody~ 
namic equations was used to simulate turbulent flow around a system of two flappers 
and a stationary foil. Detailed analysis of this flow was carried out with the simulated 
data. Results have been compared with the available experimental data. 

The mean flow profiles were found to be predicted well, and the simulated turbu~ 
lent intensity was in agreement with the measured data in the area where large eddies 
dominate. Extensive studies were conducted of the unsteady outer flow's effect, pro
duced by the two upstream flappers, on the boundary layer of the stationary foil. 
The unsteadiness in the outer flow was found to be small; consequently, the response 
of the boundary layer of the stationary foil occurred mainly in the first harmonic of 
the flapper's oscillation. An interesting phenomenon of tangential velocity phase shift 
in the stationary foil's boundary layer was observed. This result qualitatively agrees 
with the experimental measurement as well. 
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1. Introduction 

Flow around a foil with an unsteady load has recently attracted much attention. 
The effect of the unsteady outer flow on flow separation and other flow characteristics 
is essential to the foil's performance. Advanced design has required more understand~ 
ing of boundary layer flow responses as well as other characteristics. 

Many numerical analyses of flow around a foil can be found in the literature. The 
classical approach assumes that the viscosity effect is confined inside the thin layer 
near the foil body and that the rest of the flow is inviscid. The potential flow theory 
is used to determine the pressure field, and hence the lift force. The drag force is 
obtained afterward from the boundary layer theory. The most commonly used numer~ 
ical approaches to obtain potential flow solution are the conformal mapping method 
(Paten, 1984), the panel method (Hess and Smith, 1967, Rubbert and Saaris, 1972), 
the numerical schemes based on the finite difference (Anderson et aI, 1984) or finite 
element (Chung, 1978). A separate treatment for the inviscid and viscous regions 
limits these methods' usefulness; for example, flow separation cannot be treated. A 
discrete vortex method has been used for the separated flow about a foil (Basuki, 
1987). A more popular method that can better treat the boundary layer separation 
is the thin layer approximation approach, in which the Navier-Stokes equation is 
parabolized. The parabolized N avier-Stokes equations have the advantage of saving 
computational time and storage over the full Navier-Stokes equations (Anderson et 
aI, 1984, Govidan et al, 1985, 1988). However, in some cases such as flow with strong 
viscous-inviscid interaction, e.g., large separation flow regions, the full Navier~Stokes 
equations must be used. As more computer resources become available, computa
tions using full Navier-Stokes equations become more feasible. For hydrodynamically 
related flows, the incompressible Navier-Stokes equations are used in most cases. 

Turbulence is one of the most mysterious flow phenomena in nature. Studies on 
turbulence have continued for over a century, but it is still far from being fully un~ 
derstood. On the other hand, engineering applications have demanded more feasible 
and efficient tools in treating the complex turbulent flows. 

The large-eddy simulation approach has rapidly developed since the first engi~ 
neering application by Deardorff (1970). Its original idea comes from the early model 
for global weather prediction (Ferziger, 1985). The large-eddy simulation approach, 
which is regarded as one of the higher level numerical approaches in computational 
fluid dynamics, has been widely used in engineering applications and theoretical re
search for turbulent flows. Its fast development is largely caused by the rapid develop-
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ment of computer technology and the need for a more accurate and efficient numerical 
method. Fundamentally, the large-eddy simulation simulates the large eddies in the 
flow, but models the unresolved small eddies. The fact that the turbulent flow mainly 
depends on the large eddy structures and the small eddies tend to be more isotropic 
and dissipative has made this approach useful and successful in many cases. 

The compressible hydrodynamic equations have been developed and incorporated 
with state-of-the-art large-eddy simulations. These equations have two distinguish
ing properties different from the incompressible N avier-Stokes equations. Firstly, 
from the computational point of view, the compressible hydrodynamic equations re
tain the hyperbolic property after uncoupling the conservation equations of mass and 
momentum from the conservation equation of energy. Secondly, the terms responsi
ble for the compressibility effect in the conservation equation of mass are retained, 
making it applicable to both hydraulic transients and hydro-acoustics. The equa
tion has the potential to further explore the acoustics 'generated from the unsteady 
hydraulic flows. The features concerning compressibility have not been investigated 
fully because of the complexity of the acoustic phenomenon, but the capability of the 
approach has been demonstrated in several areas for the purpose of simulating the 
large-scale unsteady turbulent eddies (Yuan et al, 1991, Song et aI, 1992,etc.). This 
report will utilize this approach in simulating the flow around two rotating flappers 
and a stationary foil system. 
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2. Compressible Hydrodynamic Equations 

2.1 Background 

The concept of compressible hydrodynamics has been commonly used to treat 
hydrodynamic transients. However, in most cases, only one-dimensional situations 
have been considered. For two-dimensional or three-dimensional flow phenomena, 
the commonly used equations are either compressible N avier-Stokes for relatively 
high Mach number flows, or incompressible Navier-Stokes for hydrodynamic flows. 
The incompressible hydrodynamic equations have been widely used in treating fluid 
mechanics problems with water as the flow medium. However, this set of equations 
has changed the hyperbolic type of the fully compressible flow equations into an 
elliptic type. Hence, the standard time march procedure in many numerical methods 
for solving hyperbolic equations cannot be applied. Difficulties have been encountered 
in solving the incompressible flow equations. 

In order to obtain the hyperbolic property of the incompressible equation, and to 
employ a time dependent procedure, Chorin (1967) has proposed an artificial com
pressibility method. With this method, the steady-state solution can be solved in the 
same way as the compressible N avier-Stokes equations. 

Song and Yuan (1988) have established the compressible hydrodynamic approach, 
which previously was called the weakly compressible flow model. By using a small 
change in density in the case of low Mach number flows, the dynamic part of the flow 
field is decoupled from the energy 'equation. The most important feature from the 
numerical point of view is that the decoupled governing equations remain a mixed set 
of hyperbolic-parabolic equations. As a result, the numerical schemes of the standard 
time-dependent procedures can be used. Physically, the compressibility effect on 
the pressure field still remains. Compared with the incompressible Navier-Stokes 
and the artificially compressible N avier-Stokes equations, this set of equations not 
only regains the hyperbolic property, but also retains a real physical meaning of the 
hydrodynamic compressibility effect in the equations. This enables simulation of the 
acoustic phenomenon. 

Compressible hydrodynamic equations have been successfully used in solving vad
ous unsteady, low Mach number flow problems (Song and Yuan, 1990; He, 1992; Song 
et al., 1991). The compressible hydrodynamic equations and the equations for the 
cell-volume averaged form are derived in this chapter. 
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2.2 Compressible Hydrodynamic Equations 

For fully compressible flow, one can write the mass conservation, or the continuity 
equations as: 

8p + \7 . (pit) = 0 
8t 

(2.1) 

The Navier-Stokes equation that resulted from the conservation of momentum can 
be written as: 

8pu ( ...... ) ( ) 8t + \7' puu = - \7 P + \7' r (2.2) 

where r is the stress tensor. For Newtonian fluids, 

8Ui 8uj 2 aUk 
rij = 1'(- + -) - -1'-8ij 

8Xj aXi 3 8Xk 
(2.3) 

The equation of state will relate pressure P and density p. And the equation set 
will be closed. For fully compressible barotropic flows, the equation of state may be 
expressed as: 

·8p a2 = _ 
8p 

(2.4) 

For flow with low Mach number, which implies that the density change in the flow 
field is small, the equation of state may be approximated by 

p - Po = a~(p - Po) (2.5) 

Where Po, po and ao are, respectively, the reference pressure, density, and sound speed. 
This expression is the fundamental assumption for compressible hydrodynamics and 
is commonly used in one-dimensional hydraulic transient analysis; The application of 
the same equation to two-dimensional and three-dimensional hydrodynamic equations 
is a novel idea. It bears both physical and computational significance. 

From Eq. (2.5), one can solve for p and substitute it into Eqs. (2.1) and (2.2), 
hence obtaining, 

8p.... K'" 0 ( ) 

and 

where 

8t "+ U • \7P + \7 ·U =. 2.6 

8ait ( ...... ) 1 1 --+\7' auu = --\7p+-\7·r 
8t po po 

K = poa~ 
a = 1 + P - ;0 = 1 + Cp M2 

poao 
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Where Cp is pressure coefficient; M is Mach number. For flows with very small M, 
the coefficient a may be set equal to one. 

Eqs. (2.6) and (2.7) with a :::: 1 are called compressible hydrodynamic equations. 
There are four unknowns and four equations. Obviously, this set of equations is 
closed and independent from the energy equation. Significantly, the compressible 
hydrodynamic equations naturally evolved into a mixed set of hyperbolic-parabolic 
equations, similar to the full compressible N-S equations. But here they are uncoupled 
from the energy equation. From the numerical viewpoint, this type of equation is 
solved more easily than the elliptic type of incompressible hydrodynamic equations. 
According to Song and Yuan (1988), the second term in Eq. (2.6) is of the order 
M2 by dimensional analysis and can be ignored for low Mach number flows. In 
order to achieve the same numerical advantage, Chorin (1967) deliberately changed 
the equation type by introducing an artificial compressibility. With the hyperbolic
parabolic type of equation, the standard time-dependent approach can be used. 

The importance of the compressible hydrodynamic equations is not only its intrin
sic hyperbolic-parabolic property, which leads to a convenient numerical treatment, 
but also its compatibility with the physical meaning. The compressibility effect is 
retained at the flow field through the continuity equation, Eq. (2.6). This property is 
essential for flows that involve hydroacoustics and hydraulic transients. 

For hydrodynamic flows, the real Mach number is always very small. The time 
step allowed by Courant stability is extremely small. However, in practice, one can 
use a relatively large Mach number to start the computation and set up an estimated 
quasi-steady flow field. The Mach number can then be reduced to a certain value 
to achieve accuracy for the physical quantities concerned. Numerically experimental 
studies have shown that the mean flow and the quantities associated with large eddies 
are quite independent of the Mach number. 

2.3 Cell-Volume Averaged Equations 

To implement the large-eddy simulation, one needs to apply the cell volume inte
gration over Eqs. (2.1) and (2.2). Again considering that the density change is small, 
one can ignore the correlations between unresolved density and velocity. By denot
ing the large-scale or the resolved-scale quantity by an over-bar, the cell averaged 
equations can be written as (Leonard, 1974): 

ap -> - + \7 . (pu) :::: 0 at 
a--::! 

pu + (_~) _ + (_) - \7' puu :::: - \7 p \7' T/ at 
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where, 

In the large-eddy simulation approach, flow variables have been decomposed to 
resolved and unresolved parts. For instance, velocity il is decomposed as the sum of 
large scale component .f1 and the sub-grid scale component il', i.e. 

(2.12) 

Normally the resolved part is obtained from a filter function, 

u(r) = J G(lr - r'l)u(r')dr' 

where G is a filter function. 

The commonly used filters are Gaussian and box filters in the physical space. 
Filters also can be applied in the Fourier space (e.g., Moeng, et aI, 1988). 

After applying the filter function to the nonlinear term in the cell-volume averaged 
momentum equation, one can obtain: 

(2.13) 

Note that the first term on the right side of the equation depends on the resolved 
flow field, which can be calculated. A common practice is to put the first term on 
the right hand side of Eq. (2.13) in an alternative form as: 

The terms inside the parenthesis refer to Leonard stresses, namely, 

The other three terms in Eq. (2.13) are unknown. The second and third terms 
together are called the cross-stresses, i.e., 

Strictly speaking, all three unknown terms need to be modeled to relate them to the 
resolved flow field. However, many studies (e.g., Antonopoulos-Domis, 1981; Silveira 
Neto, 1993) have shown that both the Leonard stresses and cross-stresses are small 
and can be neglected. Hence, the only unknown term left is: 

R·· - u.lu .1 ZJ - Z J (2.14) 
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Rij is so-called the sub-grid scale Reynolds stress, which resembles the Reynolds stress 
in the time-averaged Reynolds equation. 

Based on considerations of solving the cell-volume averaged equation numeri
cally, Deardorff (1970) introduced and later Schumann (1975) extended an alternative 
method to define the volume average. To obtain the resolved flow field numerically, 
in essence, is to solve a set of discretized equations. Therefore, a filter function can be 
chosen that it keeps the resolved quantity constant over a considered finite volume. 
According to their definition, 

and 

Hence, one can derive: 

U~ := 0 . I 

Rij := u~uj 

UiUj := UiUj + Rij 

This approach shares similar properties of the Reynolds time-average approach, i.e., 
the averaged nonlinear convective term is decomposed into a nonlinear multiplication 
of the averaged quantity and an unknown flow-dependent stress term. The term-. 
p~j is called sub-grid scale turbulent stresses, while the similar term in Reynolds 
time-average approach is called the Reynolds turbulent stresses. 

Oonventionally, the sub-grid scale Reynolds stresses are decomposed into a sum 
of a trace-free tensor and a diagonal tensor. This is: 

Defined, 

(2.15) 

The diagonal tensor part ~8ijRkk is produced similarly to that of the dynamic 
pressure p from the viscosity stress tensor. It is usually combined with pressure 
as a modified pressure because they have similar properties, except one is from the 
molecular viscosity stress tensor, and the other is from the unresolved turbulent stress 
tensor. The modified pressure properly represents the resolved pressure field. From 
this concern, a similar relation between the resolved density and modified pressure can 
be given for low Mach number flows a.s in the case of basic compressible hydrodynamic 
equations, 

- - 2 
P - Po := ao (15 - Po) (2.16) 
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An analogy of the treatment conducted in the last section, where P is eliminated 
and Eqs. (2.10) and (2.11) are rewritten, is as following: 

of -> at + KV' . u = 0 (2.17) 

a,ff ->-> 1 - 1 () - + V' . (uu) = -- V' P + - V' . T at Po po 
(2.18) 

where, 

(2.19) 

--------~v--------~ viscosity stresses 8GS turbulent stresses 

Note that the convective term in the equation of continuity has been neglected in 
Eq.2.17. 

This set of equations becomes the cell-volume averaged compressible hydrody
namic equations. Once a model is established for the sub-grid scale turbulent stress, 
the equation will be closed and can be solved numerically by the large-eddy simulation 
approach. The resolved quantities of course resemble the flow variables, respectively, 
in the compressible hydrodynamic equations in the last section. The difference is 
that the former set of variables represents the values at the individual cells in the 
flow field, while the latter represents the values at individual lumps in the fluid. For 
low Reynolds number flows, the flow is well behaved, or paraphrased, flow has no 
turbulent fluctuations. The flow quantities will therefore be represented well by the 
cell-averaged quantities. For high Reynolds number flows, the turbulent eddy size is 
widely distributed. The cell-volume averaged quantities represent the values for the 
resolved large eddies. Obviously, there will be two main factors to affect the simulated 
flow field: the behavior of the sub-grid turbulent model and the fineness of the grid 
SIze. 
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3. Large~Eddy Simulation 

Turbulent flow is the most common flow phenomenon in nature and engineering. 
When flow is turbulent, various eddies exist of continuously distributed size or scale. 
The smallest size has been recognized as the Kohnogorov length scale (Tennekes and 
Lumley, 1972), which has been expressed as 'I] = (v3 /e)t, where e is the dissipation 
rate. As mentioned in the last chapter, the quality of the simulated flow field mainly 
depends on the fineness of the volume size and the behavior of the sub-grid scale 
turbulent model. If the mesh size is fine enough to resolve all the possible eddies 
in the flow field, the SGS turbulent model will play no role in the simulation, which 
normally is referred to as the direct numerical simulation. However, for large Reynolds 
number flows, eddy sizes are widely distributed, and it becomes extremely difficult to 
fully resolve all the turbulent eddies with currently available computer resources. A 
more useful and accessible approach, the large-eddy simulation, has been developed 
(Ferziger, 1977). 

The idea of large-eddy simulation is simple: to resolve the large eddies and to 
model small eddies. Studies have shown that large eddies have vigorous interaction 
with the mean flow and are strongly dependent on the flow geometry and nature of 
the flow. Small eddies as the production of the nonlinear interaction of the large 
eddies are much more universal and do not have much influence on the mean flows. 
In addition, the large eddies dominate the mass and momentum transport. 

The cell-volume averaged compressible hydrodynamic equations for large-eddy 
simulation have been derived in the last chapter. The cell-volume average method 
is essentially to take an average of the N avier-Stokes equations over a short-range 
filter in space. A fraction of turbulence that is smaller than the mesh size is excluded 
from the resolved flow field, but its effect on the mean flow is taken into account by 
the sub-grid scale model. Using a mesh with a certain fineness, the sub-grid scale 
turbulence, can be treated as isotropic and homogeneous turbulence with reasonable 
accuracy. On the other hand, the Reynolds turbulent stresses from the time averaged 
Reynolds equations include all levels of the turbulence scales. Hence, it is believed 
that the sub-grid scale turbulent stresses are not as sensitive to the model used as 
the Reynolds turbulent stresses. 

3.1. Sub-Grid Scale Model 

Various sub-grid models have been proposed (Ferziger, 1983). The widely used 
and the most simple one is the Smagorinsky model (Smagorinsky, 1963). 
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Based on the observation that small-scale eddies tend to be more isotropic and 
universal than large-scale eddies, and the assumption that dissipation in small-scale 
eddies is balanced by production in large scale eddies, the eddy viscosity concept 
has been proposed. In an analogy of viscosity stresses, the sub-grid scale turbulent 
stresses are assumed to be proportional to the strain rate of the resolved flow field 
(Smagorinsky, 1963), i.e. 

_ -,-,Ie -,-, ( ()Ui ()Uj) 
Ttij = -POUiUj + -3VijPOUkUk = POVt -() + -() 

Xj Xi 
(3.1) 

where Vt is the unresolved turbulent eddy viscosity, or the sub-grid scale diffusivity. 
Vt depends on the length scale of the cell and the strain of the resolved flow field in 
the following way: 

(3.2) 

where ~ represents the filter width, which is taken to be the length scale of the finite 
volume. There are several ways to decide~. According to Bardina et al. (1980), a 
good choice might be: 

where~i is the three dimensions of the finite volume. 

Cs is the Smagorinsky constant. Many different values for different flow situations 
have been used. For homogeneous isotropic turbulence, Lilly (1966) determined that 
Cs ~ 0.23. Deardorff (1970) used Cs = 0.1 for his simulation of turbulent channel 
flow. Several simulations (Mason and Callen, 1986; Piomelli et aI., 1988) have used 
values between 0.1 and 0.23. It is postulated that this constant is a universal constant 
and independent of grid size. However, this assumption could not be valid everywhere 
in the flow field nor for all flows. The simulations that have been carried out by the 
authors suggest that this constant needs to be adjusted for different mesh systems 
and flow situations. Further discussion of this matter will be given later. 

One other adjustment is needed for the Smagorinsky model for turbulence near 
a solid wall. The Smagorinsky constant will result in an excessive viscosity diffusion 
close to the solid wall. Eq. (3.2)· has been modified in a similar way as proposed by 
Moin and Kim (1982). 

(3.3) 

Where D is a nondimensional damping factor. Van Driet exponential damping func
tion has been used, 
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Obviously, this damping factor will only modify the turbulent viscosity near the solid 
wall. 

Despite the lack of universality of the constant and some other defects, the eddy 
viscosity model is still a very useful model for large-eddy simulation and needs little 
local modification. 

3,2 Numerical Implementation 

The basic compressible hydrodynamic equations, Eq. (2.6) with the second term 
neglected and Eq. (2.9), and the compressible hydrodynamic equations for large-eddy 
simulation, Eq. (2.17) and Eq. (2.18) have the same form. They can be reorganized 
into the following conservative form in Cartesian coordinate system: 

or, 

where 

F= 

G=[~l 
J{v 

1 . uv- -7 qg my 1 
VV+ - --7 Po Po yy 

. 1 
VW - po 7yz 

J{w I uw _.1- 7 Po mz 

vw- .1...7 Prp yz 

WW + - _.1- 7 po Po zz 

For basic compressible hydrodynamic equations, 

aUi aUj 2 aUk 
Tij = pov(- + -) - -POV-Dij 

aXj aXi 3 aXk 

For large-eddy simulation, 

_ aUi aUj 2 aUk aUi aUj 
7ij = POv(- + -) - -POV-Dij + PoVt(- + -) 

aXj aXi 3 aXk aXj aXi 

(3.4) 

(3.5) 

For simplification, the over-bar has been dropped for the large-eddy simulation 
equations; while P represents both the dynamic pressure for basic compressible hy
drodynamic equations and the modified pressure for large-eddy simulations. 
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Normally, the resolved turbulent viscosity is much larger than the molecular vis
cosity for high Reynolds number flow. Hence, the molecular viscosity effect can 
usually be ignored. 

The well-known MacCormack predictor-corrector method has been used to solve 
the above hyperbolic-parabolic system (Anderson, 1984). 

Integrating Eq. (3.5) over each finite volume, and using the divergence theorem, 
gives: 

aG 111.... d -+- n·F 8=0 at v s 
(3.6) 

Here the assumption that G is constant over the given finite volume has been 
used. Then following Yuan (1988), one can derive: 

Predi ctor-step: 

(3.7) 

Corrector-step: 

Where, S;; is the upstream and st is the downstream surface area vector of the finite 
volume. F-, F and F+ are the flux vectors at upstream, current, and downstream 
finite volumes, respectively. It has been proven that the scheme has second-order 
accuracy in space and time (MacCormack, 1969). Due to the numerical stability 
requirement, the time increment is limited by the following: 

(3.9) 

where Cr is the Courant stability factor. 

After nondimensionalizing the above expression, the Mach number is found to 
play a key role in determining the time step of the calculation. The extremely small 
time step constrained by the real flow Mach number has been a major obstacle for nu
merical computation of the hydrodynamic equations. As mentioned above, the Mach 
number could be deliberately set large (but less than 1.0) in order to gain a large time 
step. For simulations emphasizing the unsteady vortex shedding phenomena over the 
transient process at initial set-up, this treatment is very efficient and time saving. 
Noteworthy, too, is the fact that the diffusion, convection, and sound wave dispersion 
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transport mechanisms are in quite different time scales. Usually, the diffusion and 
convection mechanisms are at a much slower pace than the sound waves, with the 
Mach number representing the ratio of the convection speed and sound wave disper
sion speed. The large time step resulting from an artificial Mach number at set-up of 
initial flow field is beneficial in terms of both convection and diffusion processes. 

The Mach number could be reduced after the flow field is set-up. When the Mach 
number is lower than a certain value (approximately, less than 0.2), the convection 
and diffusion processes can be considered independent from the sound wave dispersion 
process. A study has been conducted for flow around a two-dimensional cylinder with 
a square cross-section using the current large-eddy simulation approach. An extensive 
study concerning the characteristics of this flow can be found in He (1992). Results 
calculated from several different Mach numbers ranging from 0.05 to 0.4 have shown 
that the Mach number does not affect shedding frequency and has minimal effect on 
the mean flow field when the Mach number is less than 0.2. Generally, the Mach 
number used in the simulations could be much higher than the actual Mach number. 
Also, the time step constrained by the real Mach number in the simulations could be 
relaxed a great deal. 

3.3 Partial Slip Condition and Quasi-Steady Boundary Layer Calculation 

For computation, wall boundary conditions are important. Special attention 
should be paid to high Reynolds number flows, since mesh size is usually not fine 
enough to resolve the details of the boundary layer, i.e., the inner layer velocity 
gradient. Appropriate partial slip boundary conditions should be used. 

Phantom points are assumed when a wall is present. Phantom points are the 
mirror images of the innermost points in the boundary layer across the wall. A non
slip condition will result in up = -'Lh, where Up is the velocity at the phantom point 
and Ul is velocity at the first cell away from the wall. A full-slip condition will lead 
to up = Ul' Both conditions will distort the real velocity profiles when the mesh 
cannot resolve the sharp gradient near the wall. A better approximation could be 
accomplished by extrapolating the velocity profile to the phantom point according to 
the velocity gradient at the first point away from the wall. Obviously, the velocity at 
the phantom point will be -Ul ::;; Up ~ Ul. This is the so-called partial slip condition. 
Many (Ghose and Kline, 1987; Bardina et al., 1981; Yuan, et aL, 1991 and Schumann, 
1975) have used the wall function as a medium to obtain the approximation for 
the phantom point velocity values. However, the associated assumption of a fully 
developed turbulent boundary layer has limited usage, especially when applied to 
flow that has a laminar boundary layer and a turbulent boundary layer transition. 
Further, the wall function is obtained for a flat wall boundary layer; results will be 
inaccurate and conceptually incorrect if used on a curved surface near the nose of 
the hydrofoil. A new way to impose the partial slip condition has been developed 
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in the present simulation. By assuming the boundary layer is quasi-steady during a 
certain time period, say, the time interval of the outer flow calculation increment, one 
can use the steady boundary layer equations by ignoring the local acceleration term, 
Bil/ Bt = O. The two-dimensional steady boundary layer calculation has consequently 
been engaged. Since the two-dimensional boundary layer calculation only serves to 
provide a more reasonable coefficient for imposing a partial slip boundary condition, 
the assumptions involved in the boundary layer computation will not significantly 
affect the simulation, as the numerical experiment shows. 

In the current simulation, Crank-Nicolson's fully implicit second-order scheme 
is used to solve the boundary layer equations (Anderson, 1984). The outer flow 
conditions are obtained by taking the velocity away from the wall from the outer flow 
computation. In the leading part of the foil, the laminar boundary layer is assumed. 
The transition starting point is determined by laminar boundary layer separation or 
according to the following criteria (Cebeci and Bradshaw, 1977), 

where 

( 22,400 0.46 
R(Jtr = 1.174 1 + R )Rextr 

extr 

R(J = uef) 
V 

() is the momentum thickness of the boundary layer. 

Starting from whichever comes first, the turbulent boundary layer equation will 
be applied. For turbulent boundary layer calculation, Prandtl's mixing length model 
is used. 

The quasi-steady boundary layer calculation provided the information for impos
ing the partial slip boundary conditions for the unsteady simulation. For an unsteady 
large eddy simulation, it is believed that such treatment can improve the accuracy in 
reflecting the boundary layer effect to the wake and outer flow. 
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4. Large-Eddy Simulation of Flapper and Foil System 

4.1 Background on the Experimental Study 

In order to analy~e the flow around a hydrofoil subjected to high reduced frequency 
gust loading, a two-dimensional system with two flappers upstream and a stationary 
hydrofoil downstream in a straight water channel has been studied. Experiments 
have been conducted at the Massachusetts Institute of Technology. As stated in the 
report (Lurie, 1993), the purpose of the experiment was to produce a data base for 
improving the classical Kutta condition for an unsteady potential flow model and to 
evaluate various numerical codes in computational fluid mechanics. 

The configuration of the experimental system is shown in Fig. 4.1 ( a). The test 
hydrofoil is a NACA16 modified cross-section with chord length of 18.0 inches and 
a slight angle of attack 1.18 degree. The two flappers are NACA0025 cross-sections 
with chord lengths of 3.0 inches each. The flappers rotate around center with an 
amplitude of 6° and reduced frequency k of 3.6 to generate a high frequency gust. 
The reduced frequency is defined as: 

Where w is the circular frequency of the flapper, G is the chord length of the test foil, 
and U 00 is the reference velocity. The Reynolds number is defined based on chord 
length of the test foil as well. 

R _ UooG 
e-

lIwater 

It should be pointed out that the reference velocity Uoo used here, and later in nondi
mensionali~ing experimental data, is the mean velocity in the test channel when the 
experimental apparatuses are not present in the test section. For computational pur
poses, it is better to use the mean velocity with all the foils present. As mentioned in 
the report (Lurie, 1993), these two reference velocities are related approximately by: 

(joo = 1.047Uoo 

This allows the computational data to be compared with the experimental data, and 
the correction caused by the above different reference velocities is considered. 

Data collected in the experiment fall in the following four categories: 1) static and 
total pressure at an upstream and downstream pressure station as shown in Fig. 4.1(a); 

15 



FLAPPER AND FOIL LOCATIONS 

fWD ' ... "' .... 011 .AI'I'~PIUUUU STATIO" 
'\. TEST SECTION LENGTH 

3'-8.3'" 
'\ / 

~ 1'-1.'· ~ . ~,~, 

b r-- ::::, r-- ;: 1'-781' 
1'-U- u 

s.w L.I 
III 

3rt.soo ~ 

.OO'~ 
III 
L.I 
~ 

~~ ~ .,' a .. -;a.I," 

"T •• J'! S" 

r . 

(a) Experimental set-up (Delpero, 1992), 

0.75 

..... 1 ... 

0 0.50 
....... 
>' 

0.25 

0.00 

c- c c c c c 0 c c 
c 
a c:::::: ---........ 
c 
c c c c c c c c c I 

-0.25 

-0.50 
tunnel .. 

-1.5 -1.0 -0.5 0.0 0.5 

X/C 

(b) Location of bound~ng box for measurement (Lurie, 1993). 

Figure 4.1: Experimental configuration . 

. 16 



R~ 
Zone Region 3 

Zone 1 Cc::- ----.... 
Region 1 

Zone 2 

~ 
Zone 1 

Zone 1 

(a) Region and zone division of computational domain. 

x 

(b) Mesh Configuration. 

Figure 4.2: Illustration of the computational mesh system. 

17 



2) velocity vectors at three nested bounding boxes as shown in Fig. 4.2(b); 3) velocity 
vectors in the boundary layer of the test foil and in the wake behind it; 4) surface 
pressure on the testing foil. 

4.2 Numerical Considerations 

Numerical simulations have been conducted for both the steady (flapper station
ary) and unsteady (flapper rotating) cases at Re = 3.78 X 106• Experimental data 
have been provided for both cases. Equations used in the computation are nondi
mensionalized. The velocity, pressure, length, and time are scaled by Uo, the uniform 
in-flow velocity, ~poUJ, C, the test foil chord, and C/Uo, respectively. The reference 
pressure is taken to be the mean pressure across the downstream section. 

The computational domain is divided into three regions with each region contain
ing one of the objects, two flappers, and one test foil (see Fig. 4.2). The O-type mesh 
is used for both flapper regions, while the H-type mesh is applied to the test foil. Each 
region is composed of two zones. For flapper regions, namely regions 1 and 2, the 
outer zone is fixed (zone 1), but the inner zone is rotatable as the flappers will rotate 
in the unsteady case. The 0-type mesh in the flapper regions has the advantage of 
data interchange between the inner rotatable zone and the outer fixed zone. As the 
inner and outer zones are bordered by a circle, the phantom point values of one zone 
can easily be obtained through an interpretation of the corresponding values on the 
other zone. 

Since the time step is very small in the computation, each movable cell moves 
very little at each step. Hence, the flow field variables at each cell in the rotatable 
zones are assumed to keep the same values as those at their previous position. This 
approximation can be justified because the time step is very small and the explicit 
scheme is used. 

The boundary layers at the two sides of the channel wall are not of concern in the 
study, so relatively coarse mesh and full slip velocity conditions have been used on the 
channel wall. Intensive meshes are distributed at the wakes behind the two flappers 
and the test foil, as well as at the boundary layers on the two sides of the testing foil. 
Relatively larger velocity gradients are present in those areas. The time increment in 
the computation depends on the smallest cell size in the domain. The smaller the cell 
size, the smaller the time step, and hence, the more CPU time needed. Consideration 
of the balance between resolution of the boundary layer and the CPU time needed 
for the computation leads to the design of mesh system with the smallest size about 
y / Co ~ 2.0 x 10-4, which is close to the testing foil wall. The total node points for 
the whole domain is about 160 X 103• The average time step is about 2.13 X 10-5 

when the Mach number 0.2 is used. 
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Even with such a fine mesh near the solid wall, the first points away from the 
wall are still not fine enough to apply non~slip velocity conditions, especially in the 
leading edge area where the boundary layer is very thin. A partial slip condition 
is appropriate for the current case. The way to impose a partial slip condition is 
described in the last chapter. The quasi~steady boundary layer equations are solved 
to provide the information needed to determine the coefficient of the partial slip 
condition. Fortunately, as the mesh in the boundary layer is quite fine, the simulated 
results are not very sensitive to the the partial slip coefficient. However, a general 
trend from a full slip condition near the leading edge to a non~slip condition at the 
separation point has to follow. 

One important parameter that needs some modification is the Smagorinsky sub
grid scale model coefficient. The author has experienced difficulty with this coef
ficient. Apparently, for obtaining accurate mean velocity profiles in the boundary 
layer, a fixed constant cannot function well for the current case, The largest difficulty 
encountered is the coefficient near the solid wall. Proper damping must be used; 
otherwise, the flow pattern could be very different, since the separation occurs at a 
different point. The basic damping function used here is the same as the one described 
in Chapter 3. Further, the parameter used in the damping function is justified in or
der to obtain heavier damping (less turbulent viscosity coefficient) upstream near the 
leading edge and gradually less damping (large turbulent viscosity coefficient) along 
the downstream direction. As pointed out by Ferziger (1983), the Smagorinsky sub
grid model will not function well for inhomogeneous turbulent flow; the boundary 
layer in the current case could be an example. As can be seen, the equivalent ef
fect of such a damping coefficient is when the Smagorinsky sub-grid model coefficient 
becomes spatially variable in the boundary layer region. Instead of the spatial adjust
ment of the damping coefficient, a model that contains an inhomogeneous turbulent 
effect will be more promising. 

4.3 Data Comparison for Steady Case 

With the flappers fixed to e = 0 position, the steady flow for the flapper and foil 
system is simulated. As mentioned above, the initial transient of the flow field set-up 
is not of interest. The data collected after the flow field achieved a quasi-steady state, 
or in other words, the long time averaged flow field becomes steady. 

4.3.1 Outer flow 

In the experimental study, velocity data were collected at three nested bounding 
boxes around the testing foil, while static and total pressure data were collected at 
both upstream and downstream pressure stations. However, since the proximity of the 
boxes are so close that velocity profiles are almost the same among the three bounding 
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boxes, only the velocity components of the middle bounding box are compared as 
follows. 

In Fig. 4.3, four pairs of velocity profiles are illustrated for u and v velocity compo
nents at four faces of the middle bounding box. For u, the simulated profiles almost 
perfectly fit the measured data. Some differences can be observed for v at all faces. 
Clearly, the simulated v components at all four faces are less than the experimental 
data. By trial, it has been found that a constant shift of v by about 0.01 would make 
an almost perfect match. A plausible explanation for the difference might be that the 
inflow contained a small vertical velocity component or that there might be a small 
error in the angle of attack measurement. An error of only about 0.6 degrees in angle 
of attack can account for this difference. This difference in v has contributed to the 
difference in the lift coefficient that will be discussed in more detail later . 

The simulated standard deviations of the velocity fluctuations are smaller than 
that of the measured data. A plausible reason may be that the simulation did not 
consider the turbulence contained in the inflow. The outer flow is almost steady 
except for the small perturbation resulting from the wakes behind the two flappers 
and the possible acoustic pressure wave that is generated from the testing foil's wake. 

Pressure coefficients at both the upstream and the downstream pressure stations 
are shown in Fig. 4.4. The mean static pressure coefficient is close to zero, while the 
total mean pressure coefficient is about 0.915. Supposedly, the total mean pressure 
coefficient should be around 1.0, if the velocity scale used for nondimensionalization 
is the mean flow velocity in the channel. However, the velocity scale chosen as the 
channel mean velocity when all the hydrofoils are not present turned out to be about 
1.047 larger than the real channel mean velocity with the hydrofoil present in the 
channel. If this difference in the reference velocity is taken into account, the corrected 
mean total pressure (measured as well as simulated) will be 1.03. The two distinct 
dippers in the experimental data shown in the upper part of Fig. 4.4 correspond to 
the wakes generated by the two flappers. Since the mesh at those regions are not fine 
enough, the wakes behind the two flappers are not well resolved in the simulated data. 
On the other hand, since the mesh is very fine in the testing foil wake, the velocity 
deficit due to the test foil is well resolved, and the total pressure coefficient predicted 
is very close to the measurement (See lower part of Fig. 4.4). A slight increase of 
total pressure along the y-direction could be observed in the experimental data but 
not from the simulated data. This again suggested that there is a slight difference of 
the simulated outer flow. 

The discrepancy in static pressure coefficient at the downstream pressure station 
could be caused by two possible factors. First, for such a complicated flow situation 
as in the wake, the pressure measurement by Pitot-static probe could easily lead to an 
error. Secondly, the definition for pressure in the numerical simulation is somewhat 
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different from the commonly used static pressure. As described in the compressible 
hydrodynamic equation for large eddy simulation, the pressure used here represents 
volume averaged static pressure plus the unresolved normal turbulent shear stress. It 
is unknown which factor contributes more to the difference. 

4.3.2 Boundary layer and test foil's wake 

Experimental boundary layer profiles are available at eight locations on the suction 
side and at seven locations on the pressure side. For the purpose of comparison, the 
corresponding velocity profiles are collected from the simulated flow field. In order 
to follow the same procedure as in the experiment, the position of the cut sections in 
both suction and pressure side of the boundary layer is measured along the foil chord 
line, and the origin of the X~axis is at the leading edge. At each cut, the local natural 
coordinate is used; i.e., the y-value measures the normal distance from the boundary 
walL 

The profiles for tangential velocity on the suction side are shown in Fig. 4.5. At 
x/a ;:= 0.388, there is little difference between the simulated and measured data in 
the near-wall region. The profiles at other cuts fit the experimental data very well up 
to a point close to separation. At x/a ;:= 0.972, the simulated data predicts smaller 
tangential velocity compared with the measurement. The last two sections are in the 
separation zone. Clearly, the separation bubble size is over predicted. However, the 
separation point seems to be correctly predicted. 

Fig. 4.6 shows the mean tangential velocity profiles on the pressure side. It can be 
seen that the simulated tangential velocity profiles are in very good agreement with 
the measured data. 

Due to the limited accessibility 'of the instruments in the experiment, two types 
of wake data were taken. 

As the first type of data in the wake, velocity vectors at three locations on both 
pressure and suction sides very close to the trailing edge were measured. The velocity 
vector is composed of a tangential velocity along the foil surface direction extended 
from the trailing edge and a vertical velocity normal to the channel centerline. The 
y~origin is at the same level as the trailing edge. Obviously, the two components 
are not perpendicular to each other. Such a combination of velocity components is 
due purely to measurement convenience. For comparison purposes, the simulated 
data have been interpreted in the same manner. In Figs. 4.7 and 4.8, both velocity 
components can be found when comparing the measured with the simulated data at 
three locations for the pressure side and the suction side, respectively. 

On the suction side, the tangential velocity again underpredicts the measured 
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Figure 4.5: Boundary layer velocity profiles on the suction side. 
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Figure 4.7: Velocity profiles in the wake (suction side). 
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Figure 4.8: Velocity profiles in the wa.ke (pressure side). 
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data, which means a larger velocity deficit in the simulation. Quite a large velocity 
deficit is present at X/C = 1.01 station. At further downstream sections, however, 
the velocity deficit becomes less, and the mean tangential velocities are closer to the 
measured values. The mean tangential velocity on the pressure side follows a similar 
trend as on the suction side. The normal velocity fits the experimental data well 
in the center part of the wake but tends to underpredict on the suction side, while 
overpredicting on the pressure side. The flow at this part of field is most irregular, 
and the turbulence is very strong. The large gradient in velocity following closely 
after the trailing edge produces very small turbulent eddies. The current mesh size 
cannot fully resolve all eddies that exist here, and the sub-grid scale model does not 
appear to work perfectly either. The strong irregularity of the flow also can be seen 
through the scattering of the experimental data on the v-component. Accordingly, 
standard deviations are larger than in other areas. The difference between simulation 
and experiment could result from the lack of success of the sub-grid scale model. 

The second type of wake velocity measurement is conducted at three locations 
further downstream where the streamwise and vertical mean velocity are measured. 
From the comparison of the mean velocity components (Fig. 4.9), one can conclude 
that the overall agreement is acceptable. Better agreement can be found at the first 
location, i.e. x/Co = 1.05. Farther downstream, the wake becomes wider and the 
maximum velocity deficit becomes less than that of the experimental data. The 
excessive turbulent viscosity or numerical viscosity could be the reason. 

The standard deviations (S.D.) of the tangential velocity in the near wake are 
shown in Fig. 4.10. The S.D. is a measure of the turbulent intensity in terms of 
normal velocity shear stress. Large values can be readily seen near the center of 
the wake where the turbulence is more intensive. As expected, the simulated S.D. 
is low at the trailing edge and locations immediately afterwards, since only partial 
fluctuations associated with the resolvable large eddies are included, and since the 
present computational mesh could not resolve all turbulent eddies in this area. By 
definition from the compressible hydrodynamic equation for the large eddy simulation, 
the unresolved normal velocity stresses are combined with the pressure. Hence, the 
pressure in those regions could be higher than the measured dynamic pressure seen in 
Fig.4.4. As observed in the last chapter, the resolved turbulent stress becomes larger 
at locations farther downstream where the eddy sizes grow larger and the S.D. values 
approach the measured data. 

The S.D. of the velocity components u and v at locations farther downstream 
is plotted against the measured data in Fig.4.11. At these locations, the turbulent 
eddies are quite large, and the resolution of the simulation is much closer. In general, 
the simulation and the experiment are in very good agreement. A two-peak shape 
is observed in the S.D. profiles of the u velocity component for both simulated and 
experimental results. 
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Figure 4.9: Velocity profiles in the wake. 
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Figure 4.10: Standard deviation for tangential velocity. 
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Figure 4.11: Standard deviation for velocity in the wake. 
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4.3.3 Surface pressure, lift and drag 

The time averaged surface pressure is plotted in Fig.4.12. Only four data points 
on each side are available from the experiment, and agreement is good on all available 
points. Near the trailing edge, the overturn of the surface pressure is well predicted in 
the simulation. A small pressure overprediction is noticeable on the suction side; the 
difference in the v velocity component of the outer flow field between the simulation 
and experiment could be the cause. 

The lift and drag coefficients are obtained by integrating the pressure coefficient 
around the foil surface in the simulation. Due to difficulty in measuring the whole 
foil surface pressure, the lift and drag coefficients from the experiment are obtained 
by a momentum integral around a bounding box around the testing foil where the 
velocity profiles are measured. The data are compared in Table 4.1. 

Table 4.1 Lift and drag coefficient 

Experimental data Simulated data 

CL 0.513 0.49980 

CD 0.0111 0.01028 

Because of the difference in the v velocity component, the underprediction of the 
lift coefficient is expected. There are two ways to calculate the drag coefficient. The 
partial slip condition is used in the fine mesh zone. It inclines to a full slip condition, 
especially, in the area close to the leading edge, since the boundary layer is very thin 
and the mesh size is insufficiently fine. Hence, the normal velocity gradient on the 
wall is underpredicted. The wall shear stress could be erroneous when calculated 
according to the velocity field in the fine mesh zone. In fact, the CD value turns out 
to be only about 0.00392. Drag coefficient listed in the above table is calculated from 
the result of the boundary layer computation. Its value is very close to the measured 
data. 

4.4 Unsteady Phenomenon in Steady Case 

As the angle of the attack is very small, the flow is almost fully attached to the 
foil. Separation occurs only at a tiny region near the trailing edge at the suction side. 
As a result, the wake behind the foil is very narrow which increases the difficulty for 
large eddy simulation. 

The unsteady wake pattern is shown in Fig. 4.13 with three instantaneous vector 
fields in the near wake region. As one can see, the flow separation is in a small region. 
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Velocity u, v and pressure p histories and their corresponding frequency spectra at 
a point in the wake and a point upstream away from the trailing edge are depicted 
in Figs. 4.14 and 4.15, respectively. An oscillatory velocity profile is obvious from 
the time history data. The Fourier frequency analysis has shown a clear peak at 
f ~ 11.0, where f corresponds to the Strouhal number based on chord length. This 
frequency is the oscillatory wake frequency of the testing foil. The time history of 
all the flow quantities bears this frequency. Another minor peak is at f ~ 6.9. This 
frequency content is very weak except for pressure at upstream points, where the 
spectral magnitude is considerable. Further study has shown this frequency to be the 
residue from the unsteady run, since the current steady data were obtained through 
the continuous runs from the unsteady case. 

A very interesting phenomenon was revealed through the analysis of the oscillatory 
time history data. As one may notice, the amplitudes of the pressure and velocity 
oscillations are the same order of magnitude within the wake (see Fig. 4.14). Also 
note that the phase of the u velocity oscillation is about the same as that of the v 
component, but it is shifted by about 180° for pressure oscillation. Estimation can 
show that the pressure and velocity are roughly related to each other through the 
Bernoulli's equation, namely, p + ~p( u2 + v2 ) = constant. That is, the time variation 
of the flow variables in the wake is of a hydrodynamic nature. However, the charac
teristics of the oscillation are dramatically different upstream of the wake. Overall, 
the amplitudes of oscillation for pressure and velocity in Fig. 4.15 are much smaller 
compared tothe ones in Fig. 4.14, especially for velocity. The phase of the u velocity 
oscillation is about the reverse from that of the v velocity, and the phase difference 
for pressure and the u velocity is about 90°. More importantly, the amplitude of the 
u velocity oscillation is smaller than that of the pressure by a factor of about 10. The 
amplitude for the v velocity oscillation is even smaller. Using an acoustic relation 
of the small disturbance, one can find /::"p = p/::"ua, or in the nondimensional form, 
/::"p / pO = ir /::,. u / UO, where M is the Mach number. Flow variables are likely to be 
governed by the acoustic relation at the upstream point as can been seen when Mach 
number 0.2 is used in the computation, i.e., ir = 10.0. 

When the point is not far enough from the source and the acoustic wave is two
dimensional, an exact relation for pressure and velocity becomes complicated and 
difficult to confirm. But a general picture could be drawn that the sound wave 
is generated from the wake with the wake oscillatory frequency propagating in all 
directions. The amplitude of the far field velocity oscillation of the acoustic wave will 
be much smaller since the Mach number is smaller than 0.2 in the real flow. 

The time variations of the lift and drag coefficient are shown in Fig. 4.16. It is 
interesting to note that both lift and drag are oscillating at the same frequency as 
the frequency of the oscillating wake velocity. It is well known that the lift and 
drag oscillating frequencies of a circular cylinder in a large Reynolds number flow are 
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different, where the former is just half of the latter. This results from the alternative ., 
vortex shedding on both sides of the cylinder. However, the current flow is quite 
different. Since the flow is almost fully attached to the foil surface with a very 
tiny separation region near the trailing edge on the suction side, no apparent vortex 
shedding occurs. However, the wake is unstable and the velocity in the wake is 
oscillating. The oscillatory wake generates a pressure vibration which propagates 
in all directions. Hence, the lift and drag affected by such pressure vibration are 
oscillating at the same frequency, f ~ 11.0, and in the same phase. 

4.5 Data Comparison for Unsteady Case 

For the unsteady case studied here, Re ;:::: 3.78 X 106 and reduced frequency is 
k ;::: 3.6. The data are collected after the flow field reaches pseudo-steady state and 
sampled according to the phase of the flapper position, namely bins. The experimental 
mean values are about 250 data points averaged for each bin, which means an average 
of about 250 flapper periods. However, computational counterparts are not sampled 
with as many periods because, firstly, the CPU time required for such a comparative 
simulation is excessive, and secondly, for most quantities considered, a statistically 
steady condition can be reached with fewer oscillation cycles. The computational 
mean values described below were sampled from about 10 flapper periods. For some 
data with apparent high frequency oscillations, a running average was used to filter 
out the high frequency components. 

Fourier transformation is commonly used to analyze the unsteady data. For the 
current unsteady flow, the averaged time series of velocity or pressure over a flapper 
period were analyzed through harmonic analysis. Assuming the time series is com
posed of a mean or zeroth harmonic component and 20 discretized harmonics ordered 
in terms of the flapper frequency, 

or 

20 

h(t) = Ii + L Cnsin(nwt + Qn) 
n=l 

20 

h(t) ;::: Ii + L: Ancos(nwt) + Bnsin{nwt) 
·n=l 

Cn ;::: (A! + B~)1/2 

Qn = arctan(~:) 
Where Ii is the time average quantity, 

- 1 rT 
h ;::: T Jo h(t)dt 
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and w is the circular frequency of the flapper oscillation. 

An and En are computed by the following integrations: 

2 fT 
An = T 10 h(t)cos(nwt)dt 

2 fT 
En = T 10 h(t)sin(nwt)dt 

4.5.1 Outer flow 

The velocity variations of u and v via bin numbers and their corresponding har
monic contents at a point on the bounding box have been illustrated in Fig. 4.17. 
Higher frequency contents exist that are related to the wake oscillation and are not 
the harmonic frequencies. Therefore, the number of sampling periods must be large 
enough to damp out those higher frequency contents. Higher frequency components 
may, however, be filtered out by using a running average for the recorded data rather 
than by conducting a run with as many periods as in the experiment. Needless to 
say, the trend of both the velocity variations via bin numbers and. their harmonic con
tents matched with experimental results quite well as shown in Fig. 4.17. The rapid 
amplitude drop as the harmonic number increases is evident from both the simulated 
data and the experimental measurement. Comparing the amplitudes of the first 20 
harmonics reveals that the most important is the first one, while the rest are trivial. 
In general, the velocity perturbations created by the two upstream flappers are small 
and basically form a first harmonic gust over the flapper cycle. 

The long-time averaged mean flow velocity on the bounding box, when compared 
with the experimental data, was found to be much like the mean flow in the steady 
case, as in Fig. 4.3, where the agreement between the simulated and the experimental 
values is very good. The most important quantities in the unsteady case are the 
harmonic contents of the time series over the flapper pitching period. In Figs. 4.18 
and 4.19, the first harmonic amplitude, as well as the phase angle of both the u 
and v velocity components at the four faces of the middle bounding box, are shown. 
The simulated amplitude of the first harmonic agrees with the experiment quite well. 
Since the phase angle of -1800 is the same as +1800 , one could conclude that the 
first harmonic oscillation phases of both velocity components match the measurement. 
Higher harmonies were also studied. Their amplitudes were found to be much smaller 
as those found in the experiment and, therefore, did not merit further study. The 
studies of the harmonic contents below will focus mainly on the first harmonic content. 

The long-time averaged static and total pressures in the upstream and downstream 
pressure stations are shown in Fig. 4.20. Except for the test foil's wake region where 
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Figure 4.18: First harmonic of u velocity on the bounding box. 
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Figure 4.19: First harmonic of v velocity on the bounding box. 
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no experimental data exists, the agreement between the simulated and measured 
pressure is generally good. As can be seen, the wakes caused by the flappers in this 
case have become wider compared with the steady case. Since the eddies are larger 
when the flappers are vibrating, it is relatively easy to obtain better resolution of the 
flapper wakes. The simulation results have clearly shown two dippers for the flapper 
wakes, especially in the upstream station. The experimental data again show a higher 
total pressure in the upper part of the channel. Without considering the total pressure 
difference in magnitude, the width and shape of the wake profiles can be simulated. 
Here, the static pressure at the downstream station shows a shape similar to that of 
the steady case. But this time the measured data exhibit a trend quite similar to the 
simulation, even though there is no data directly in the center of the testing foil's 
wake. As the flow is very complicated and full of various sizes of turbulent eddies, it 
can be postulated that the static pressure measurement might depend 0]1 the size of 
the probe and most likely will resemble the cell size in the numerical simulation. 

4.5.2 Boundary layer 

Fig. 4.21 shows an example of the tangential velocity as a function of bin number, 
its corresponding amplitude as well as phase angle as a function of harmonic number. 
As can be seen from both experimental and simulated results, the first harmonic 
content is very strong compared to the other harmonics. This shows that the response 
of the velocity in the boundary layer is also dominated by the first harmonics. The 
amplitudes of the harmonics, other than the first, are very small, but a small change 
in the sin or cos coefficient will lead to a large difference in phase angle. In fact, for 
the harmonics with very little amplitude, phase angle is meaningless. 

Similar profiles to the steady case have been found for the mean tangential velocity 
in the boundary layer; refer to Fig. 4.5 and 4.6 for details. Good agreement between 
the simulated data and the experimental data has been achieved. 

The amplitude and phase angle of the first harmonic for tangential velocity in 
several boundary layer sections are shown in Fig.4.22 and Fig. 4.23, respectively. 
Quantitatively, agreement between the simulated and measured data is poor, except 
at some upstream stations toward the leading edge. But qualitatively, both simulated 
and experimental data reveal the phase shift phenomenon in the boundary layer. 

The phase angle variations on the different sections of the boundary layer are of 
interest. For sections close to the leading edge, one notices that there is small phase 
angle shift from the outer flow to inner boundary layer. When the fluctuation of the 
outer flow represents the oscillation generated by the flapper foil, the flow inside the 
boundary layer carries the same frequency fluctuation, however, with a phase delay 
or overshoot. The closer the location to the wall, the greater the phase delay or 

overshoot for the first harmonic fluctuation. 
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Figure 4.21: Time history and harmonic analysis for a point in the boundary layer. 
(XjC = 0.612; yjC = 0.0018). 
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Figure 4.22: Amplitude of first harmonic for tangential velocity in the boundary layer. 
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Figure 4.23: Phase angle of first harmonic for tangential velocity in the boundary 
layer. 
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Stated again, the phase angle at -1800 is the same at +1800 • The amplitude and 
phase angle of the first harmonic at x/a;::: 0.388 and x/a;::: 0.612 on the suction 
side are generally in good agreement with the experimental data. At locations farther 
downstream, large phase shift is predicted in the simulated data. For example, at 
x/a;::: 0.90, the maximum phase lag is predicted to be about 1800 from the wall to 
the outer flow in the simulation, while the measured data lags approximately 1300 • 

At stations farther downstream, the simulated phase angle resembles an overshoot 
in the boundary layer, while the measured data still show a phase lag. The reason 
for this difference is not known. On the trailing edge section, both the experiment 
and simulation show a clear three" layer structure when viewed at the phase angle, 
even though the simulation shows a different pattern. This demonstrates that the 
first harmonic of the unsteady boundary layer at this station is divided into three 
different layers in terms of response to the oscillatory outer flow. 

In the streamwise direction, the experiment displays a gradual increase in max" 
imum phase lag, while the simulated data show a similar trend at the first three 
stations, but then phase lag is shifted into phase overshoot. As the phase angle is 
repeated over a period of 3600 , the overshoot also can be understood as a kind of 
phase lag. 

On the pressure side, the first harmonic at two sections has been compared. Again, 
larger phase shift is predicted in the simulation. 

Another way to view the boundary layer response to the outer flow oscillation 
is to analyze the unsteady part of the boundary layer velocity profiles. As already 
mentioned, the unsteady part, which mainly consists of the first harmonic response 
of the outer flow vibrations, is much smaller relative to the mean convection speed; 
therefore, the unsteady part could be separated from the mean convection. The 
unsteady components of the boundary layer velocity at six locations on the suction 
side and two locations on the pressure side are shown in Fig. 4.24. The corresponding 
experimental data are shown in Fig. 4.25. A vivid picture of phase lag or overshoot 
in the boundary layer can be observed. Again, agreement between the simulation 
and experiment is generally good up to points very close to the trailing edge. Three 
layers in the last section for the unsteady part of the boundary layer oscillation are 
apparent. 

Analyses of both the harmonic contents and the unsteady part of the boundary 
layer velocity agree in terms of phase shift in the boundary layer. The boundary layer 
responding to the unsteady outer flow perturbation can be summarized as follows: 
at the upstream end, where the boundary layer is thin, the resolved or measured 
boundary layer velocity follows almost the same pace as the outer flow; along the 
downstream direction, a phase delay or overshoot becomes apparent in reference to 
the outer flow; in the region around the separation point on the suction side, the 
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oscillatory boundary layer is divided into two or even three regimes in terms of the 
oscillating phase angle. At some sections, phase difference between regimes is about 
1800 , or as to say, the regimes are in the opposite phase. 

4.5.3 Surface pressure} lift and drag 

The time averaged mean surface pressure profile has been found to be almost 
unchanged from the steady case. 

Figs. 4.26 and 4.27 show the pressure history via bin number and harmonic con
tents at four suction and four pressure side locations, respectively. The main difference 
between the simulated and experimental data is: simulation data carry a strong first 
harmonic content and the others remain small; experimental data show some strong 
higher harmonics other than the first harmonic, in particular, the second harmonic. 
Since the perturbation of the outer flow is very small and the velocity fluctuation is 
mainly first harmonic in the boundary layer, a dominant first harmonic for surface 
pressure also might be expected. As stated in the experimental report (Lurie, 1993), 
the higher harmonic contents in the surface pressure are suspected to be caused by 
the mechanical resonance, such as the excitations of the water channel or flapping 
foil drive system. 

The lift and drag coefficients as a function of bin number are illustrated in Fig. 4.28. 
One can see that the lift and drag are dominated by the first harmonic. Again, it can 
he observed that variations in lift and drag are almost in the same phase. Since drag 
variation is of interest here, drag coefficient is calculated according to the flow field 
of the fine mesh zone instead of from the boundary layer computation. 
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Figure 4.26: Surface pressure history and harmonic analysis (suction side). 
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Figure 4.27: Surface pressure history and harmonic analysis (pressure side). 
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5. Summary 

The large-eddy simulation approach based on the compressible hydrodynamic 
equations was employed to simulate flows around a system of two flappers and a 
stationary foil. 

The classic Smagorinsky sub-grid scale turbulent model has been widely used for 
many large-eddy simulations. Numerical experiments have demonstrated that for 
simulating the large scale phenomenon, this model is quite useful. But the constant 
coefficient has been challenged in many cases. A damping factor in the region close 
to the wall has been introduced for the current numerical simulations for flow around 
foil. This modification has improved the sub-grid scale turbulent model. However, 
the spatial adjustment of the damping factor is somehow awkward as the Reynolds 
number is relatively high and the boundary layer is very thin, and detailed flow profiles 
are of interest. 

Both steady and unsteady simulations have demonstrated that the current large
eddy simulation retains the mean velocity flow field very well with some adjustment of 
the sub-grid scale turbulent model. This includes the outer flow field and the detailed 
velocity profiles in the boundary layers and wakes. Comparison of the simulated 
mean pressure field with the available experimentally measured pressure data has also 
shown good agreement, except in the near wake region where small scale turbulence 
is intensive. Modified pressure with a normal sub-grid turbulent stress included in 
the cell-volume average equation is suspected to be one cause for the difference in 
simulated and measured pressure. Measurement error could also be a factor. 

The comparison of the turbulent intensity or the standard derivation in the case 
of flow around the flapper and foil system has shown that the large-scale eddies could 
be successfully simulated in the wake some distance away from the foil's trailing 
edge by using the large-eddy simulation approach. Generally, the simulated profile 
shape and magnitude are in good agreement with the available experimental data. 
A discrepancy in the near wake region may result from the incompatibility of the 
current sub-grid scale turbulent model or insufficient mesh fineness relative to eddy 
SIze. 

The unsteady outer flow is generated by two synchronized flappers upstream in 
the flapper and foil system. The small amplitude (6°) and high reduced frequency 
(k = 3.6) vibrations of the flappers produce a first harmonic dominant perturbation 
leading to an unsteady outer flow of the stationary foil. 
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The whole system is simulated by the large~eddy simulation. The long~time aver~ 
age mean flow field has been perfectly reproduced with the current large~eddy sim~ 
ulation method. The unsteady part of the gust flow field is also reproduced with 
satisfactory accuracy in terms of the harmonic contents and their phase angles. The 
first harmonic content is predominant while other harmonics are negligible. 

It has been shown that the mean velocity boundary layer profile of the stationary 
foil shows almost no change when subjected to gust with a small amplitude and high 
reduced frequency. The unsteady response of the velocity boundary layer also is 
dominated by the first harmonic. The simulated results show qualitative agreement 
in terms of the first harmonic amplitude and phase shift, The amplitude and phase 
angle of the first harmonic agree with the experimental results better in the upstream 
sections. Large differences can be found around the separation region. 

Phase shift of the unsteady first harmonic velocity response exists in the boundary 
layer, i.e., the phase of the first harmonic response of the tangential velocity varies 
along the direction normal to the surface with the outer end being in phase with the 
unsteady outer flow, Phase shift is gradually increasing as it moves closer to the wall 
in the upstream sections. The maximum phase shift at each section increases along the 
flow direction. In the region around the separation, flow regions with opposite phases 
can be found, At the trailing edge section, a three~layer pattern in terms of their 
phase angle could be recognized. The simulated flow reproduces this phenomenon 
qualitatively. 
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