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ABSTRACT

Large Eddy Simulations (LES) has been widely applied and used in several decades to simulate a turbulent
boundary layer in the numerical domain. In this study, we aimed to make a synthetic inflow generator (SIG)
yielding an appropriate property of turbulent boundary layer in the inlet section and making quick development in
the downstream of a three-dimensional domain. In order to achieve turbulent boundary layer quickly in a limited
domain, the oscillating term was implemented in the well-defined boundary layer, which was expected to make faster
convergence in the calculation. Cholesky decomposition was also applied to possess turbulent statistics such as the
randomness and correlation of turbulent flow. In a result, the oscillating inflow did not show the faster convergence,
but it indicated a possibility to improve statistical quantities in the downstream. In addition, regarding the mean flow
characteristics were very close to the calculation without the oscillating flow. On the other hand, the turbulent statistics
were improved depending on the oscillating magnitude.
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INTRODUCTION

The atmospheric turbulence boundary layer has been applied in a variety of fields over a long period of time
regarding the understanding of heat and mass transfer mechanisms [1-11]. Modelling the realistic atmospheric turbulent
boundary layer is important design factor for the dynamic structures, such as wind turbines. It is ideal when the inlet
conditions for the inlet condition of the flow simulation is numerically embodied atmospheric turbulent boundary
layer having irregular and randomly fluctuated velocity components. However, most of the numerical simulation
analysis the interaction between flow and wind turbine using uniform mean velocity or timely changed velocity
condition [12, 13]. Synthetic turbulent boundary layer mimicking the atmospheric turbulent boundary layer tends to
have faster energy decay than the real one, so the synthetic boundary layer needs to have relatively bigger integral
length scale than natural turbulent boundary layer.

Patel and Young [14] made the freestream flow having oscillating periodicity and convective velocity and did the
experiment and numerical simulation to analyze the characteristics of the turbulent boundary layer. On the other hand,
in this study, we wanted to find the difference of flow characteristics between the numerical simulation having non-
oscillating inlet condition and having various oscillating inlet conditions.

Examining the turbulent boundary layer properties of the flow having time oscillating streamwise velocity inlet
condition has two important findings. One is to embody the more realistic atmospheric turbulent boundary layer when
finding the flow characteristics near the wind turbines. In previous researches, the inlet condition of the numerical
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flow simulation was set to measured or presumed data of the real cases to verify the real turbulent boundary layer
experiment. In this case, much of the resources, such as time and disk space was considered to make the turbulent fully
developed. In addition, when the inlet condition is established in numerous ways (integral length scales, magnitude of
the stress, time-periodicity), the results themselves may have certain meanings.

This research aims to find the turbulent flow characteristics of the flow which the inlet condition made by time
oscillating wave (sine, triangular, and trapezoidal) implemented SIG (Synthetic Inflow Generator). When the difference
of the development of the turbulent caused by changing the shape of the oscillating wave which is implemented in SIG

is found, it is possible to examine more accurate analysis of the fully developed turbulent flow.

NUMERICAL METHOD
Governing Equation and Inlet Profiles

In this study, first, in order to analyze the turbulent boundary layer between two parallel infinite plates, the
incompressible and high resolution flow within the domain was considered. In addition, in order to create a turbulent
boundary layer similar to the realistic one in the domain, the simulation of DNS (Direct Numerical Simulation), LES
(Large Eddy Simulation) are prerequisite, but in terms of cost and practicality, the LES simulation was considered
more suitable. The evaluation program used for flow analysis at the computational domain in this study was ANSYS-
FLUENT, a commercial thermal fluid program.

The governing equations in this study are spatially filtered incompressible Navier-Stokes equations as it can be
seen at eqn. (1) and (2).

o,
O—E—O @)
ou;, . _ ou 10p a — 0t
—+u—=——-—-4+20=S5,, — 2
ac T T ox; paaa+ ox, Y ox; @

To make the synthetic turbulent boundary layer flow used at the inlet of the domain, the actual turbulent
characteristics should be considered. Detailed information related to this study is written at reference paper [15]. The
brief summary is written here.

Like eqn. (3), the instantaneous velocity in the flow domain can be separated to the mean and fluctuating component
by Reynolds decomposition theory.

u; = U + ag;); 3)

where is the mean velocity, is the amplitude tensor, and is fluctuating components having 0 mean value and 1
variance. In this study, the amplitude tensor is used which is suggested by Lund et. al [16] as it can be seen at eqn. (4).
is the Reynolds stress tensor acquired from experiment or numerical simulation.
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Figure 1. Schematics of computational channel domain

In this study, the hexahedral grid system was used because it could do more efficient turbulent flow simulation.
To get better resolution of vortex eddy near the flat plate made by the development of the turbulent boundary layer,
the density of grid near the plate was relatively higher comparing to the other region. The turbulent Reynolds number
(Re_=123.7) was drawn by friction velocity (u ) at the flat plate and a half height of the channel (d). No-slip condition
was used at the top and bottom flat plates and periodic condition was used at the side of the flow domain. In addition,
velocity-inlet condition was used at inlet and zero-gradient condition at outlet because the flow properties should
not be diffused. The size of the flow domain was 60dx2dx3.5d, which stands for streamwise, vertical, and spanwise
direction, respectively. To make the flow simulation can be converged, the number of grid reached nearly 2,500,000
and schematics of the flow domain can be seen at Fig. 1. The grid is made by the consideration of the convergence
based on LES, so near the wall was less than 1. Furthermore, the non-dimensional grid size at streamwise and
spanwise direction was set to Ax" =15, Az" =7.5.

TURBULENT BOUNDARY LAYERS HAVING OSCILLATING FLOW

Like eqn. (5), the oscillating mean flow velocity can be separated to the mean component and the oscillating
component as follows,

Ux, t) = U, {1 + N sin (a) (t — g))} (5)
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where U is the flow velocity, which is the function of flow direction and time, U, is the mean velocity, and N is
the amplitude of the oscillation non-dimensionalized by mean velocity. In addition, w is the frequency(rad) and Q is
the travelling wave convective velocity. In this study, the inlet condition is assumed to be similar to the purely time
dependent freestream oscillation flow suggested by Patel and Young [14], as shown in eqn. (6).
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Figure 2. Variation of oscillating function in inlet conditions

U(y,z,t) = Uy(y, 2){1 + NxA(T(®))} (6)

where U is the flow velocity, which is the function of vertical direction(y), spanwise direction(z), and time(?). U is
mean velocity in terms of time. N is the amplitude of the oscillation function A(7(z)) and 7(2) is the periodic parameter
of the oscillation function as shown in Fig.2.
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Figure 3. Profiles of integral lengthscales used in the inlet section of the domain
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RESULTS AND DISCUSSION

Calculation of Inlet Velocity Profiles

Inlet velocity profiles of the flow domain are the crucial foundation of this study. The correlation based on the
lengthscales of the turbulent boundary layer flow should be applied at the inlet velocity profiles. As described earlier,
this study aims to make proper turbulent boundary layer properties in flow domain using the results of DNS [17].

Figure 3 shows the comparison between the integral lengthscales of the DNS at the normal direction to the wall
and those at inlet velocity profiles in this study. The subscript u, v, and w are the velocity components at streamwise,
normal to the wall, and spanwise direction each.

The integral lengthscles L, can be defined like eqn. (7).

Li = fiooR(xi)dxia lzla 27 3 (7)

The solid line in Fig. 3 represents the magnitude of integral lengthscales of inlet streamwise velocity. Based on
Taylor’s hypothesis, lengthscales of streamwise velocity can be defined by the product of mean velocity (i,) and
Lagrangian time scale (7) when turbulent intensity is relatively low. Therefore, L, = Tx#% can be applicable [18].

In this study, the turbulent intensity is less than 0.3, so the Taylor’s hypothesis can be applied in the whole flow
domain. The lengthscales of streamwise velocity in this study is proportional to mean velocity because 7 is constant.
However, the lengthscales derived by DNS data have bigger value when the results are close to the wall. It seems that
to make the lengthscales similar to the DNS’ results, the 3D domain of the flow domain should be considered when

generating fluctuating components ().

1.0
(O  Synthetic Inflow Generator

0.8 = Exponential Function

0.6
~ 04
<
p—
< 0.2

(o]
-0.2
0 0.5 1.0
Az/d

Figure 4. Spatial correlation function of input turbulent data from synthetic inflow generator
and exponential function
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Figure 4. shows the comparison between the correlation of the time and spatial filtered random number
made by random function and the correlation of the turbulent flow. Usually, the characteristics of
turbulent flow can be represented in the form of exponentially decayed function. So the comparison of correlation
should be needed whether the SIG (Synthetic Inflow Generator) is suitable. In Fig. 4, the correlation of the turbulent
flow using SIG decays exponentially.

TURBULENT FLOW CHARACTERISTICS

In this study, four different types of turbulent boundary layer data are made by SIG and used at inlet velocity
profiles in flow domain. One is the most common, non-oscillatory SIG (hereafter, Inflow Normal). The other three SIG
have oscillating components (Sine, Triangular, and Trapezoidal function).
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Figure 5. Comparison of among DNS data (Iwamoto, 2002), Synthetic Inflow data, and theoretical results

Figure 5 shows the comparison between Inflow Normal inlet velocity profiles and DNS data. As shown in the
figure, the DNS data where y* is small (close to the wall) is closer to the law of the wall than the profiles of Inflow
Normal. However, as y* reaches at the range of logarithmic region, both profiles are similar to the theory.
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Figure 6 Comparison of U" among DNS data [17] and the cases of synthetic inflow data(Black line : DNS data [15],
O : Inflow Normal, []: Inflow Sine, < : Inflow Triangular, A : Inflow Trapezoidal)
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Figure 7 Comparison of (—u'v')* among DNS data [17] and the cases of synthetic inflow data(Black line : DNS
data [15], O : Inflow Normal, [ : Inflow Sine, < : Inflow Triangular, A : Inflow Trapezoidal)

Figure 6 and 7 are the comparison between [the DNS data and simulation results to find the place where the four
turbulent boundary layer flows are fully developed. In Fig. 6, in terms of «, the comparison of four different SIG
results shows no difference compared to the DNS data. In Fig. 7, (—u'v')* is used for an indicator to find the location
of fully development of turbulent boundary layer. As shown in those figures, (—u'v’)" is more suitable indicator than
for turbulent flow analysis.

Figure 7 shows the approximate location where the turbulent flow is fully developed, so the further process like
Eqn. (8) is needed.

Figure 8 shows the behavior of Error ((—u'v')* ) in terms of streamwise location. Most of inflow models have
the biggest value at avdt =5. Before vd reaches Error ((—u'v')*) 15 to 20, the decreases, and after reaching vd =30
to 40, the value is gradually increased. So where xd = 20, the turbulent flows are fully developed. It seems that these
behaviors are caused by the dispersion of the turbulent flow. Inflow models using oscillatory functions have bigger
range of differences of after the turbulent flows are fully developed. The instability of the flow increases when the
oscillatory functions are added to the SIG.
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Figure 8. Error ((—u'v')*) tendency graph in change of streamwise location
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It is important to see the variation of turbulent boundary layer profiles when the oscillatory functions are added to
the SIG. As shown in Fig. 9, the additional oscillatory functions can make no certain changes at #* and other Reynolds
stresses ((v'v')*, (w'w')*, (—u'v’)*). On the other hand, axial stresses ((u'u’)*) from the oscillatory function are bigger
at y"* is less than 5 and bigger than 40.

Wall shear stress comparison between the Inflow Normal and the results of other Inflow models can be seen at
Fig. 10. In all cases, wall shear stresses near the inlet are big, and become constant as the x/d increases. The magnitude
of the wall shear stresses of oscillatory Inflow models are slightly bigger than that of Inflow Normal.

Turbulent boundary layer flow is typically random and irregular. Modelling real atmospheric turbulent boundary
layer and acquiring proper turbulent properties is not only important design base for the dynamic structures such as
wind turbine but also crucial factor for success at the wind energy business.
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Figure 9. Comparison of turbulent data among DNS data [17] and four cases of synthetic inflow turbulent data
at x/d=50(Black line : DNS data [17], O : Inflow Normal, [ : Inflow Sine, < Inflow Triangular,

A\ : Inflow Trapezoidal)
CONCLUSIONS

In this study, synthetic inflow generator is used to make the flow downstream fully developed. SIGs having

oscillatory functions are used to find the change of response characteristics of the flow when the lengthscles of the
inlet velocity profiles are changed.
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Figure 10. Comparison of shear stress (z,) among four cases of synthetic inflow data against vd
The results can be summarized.

Synthetic method is used to model the atmospheric turbulent boundary layer, and turbulent
properties are well matched with the DNS data for the wind turbine business.
SIGs having oscillatory functions also can be fully developed in the flow domain.

(—u'v')* is useful indicator for testing a development of turbulent boundary layer flow.

vk v =

The instability of the flow can be increased when the inlet profiles have oscillatory functions.

In this study, there have been many things to improve to model realistic turbulent boundary layer. At first, the
effect of period and magnitude of time oscillating flow are still questionable. The effect of the wall temperature and
temperature of other boundary conditions also can be interesting topics for modelling real atmospheric turbulent
boundary layer. In addition, further research is needed about to compare with the experiment and numerical simulation
of bluff body cases which turbulent results of this study are used as inlet condition.
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