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Strategies for modeling homogeneous isotropic turbulence and
investigation of spatially correlated aerodynamic forces on a

stationary model
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Abstract: A numerical simulation method is proposed for the generation of
homogeneous isotropic turbulence and is applied to the investigation of the spanwise
coherence aerodynamic force on a stationary airfoil. First, the inflow turbulence is
generated by modeling a grid at the inlet of the computational domain. To verify the
accuracy of the generated turbulence field, a series of relevant parameters are
compared with the results of wind tunnel tests and previous studies. A model with
NACA 0015 profile is then placed in the downstream turbulence. The relationship
between the spanwise correlation width of the vertical turbulence component and the
lift force is determined. Possible mechanisms for the result are discussed. This study
demonstrates that the proposed turbulence generation method is an effective tool for
investigating the spatial distribution of unsteady aerodynamic loads on elongated
bodies.

Keywords: Numerical simulation; grid-generated turbulence; spatial distribution;

aerodynamic force.
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1. Introduction

Almost all previous studies of spatially correlated aerodynamic forces on bodies
immersed in turbulent flow have involved wind tunnel tests or theoretical analyses. In
contrast to these approaches, numerical methods have the advantage of providing
abundant detailed data at low cost. In recent years, with the rapid development of both
computational fluid dynamics (CFD) techniques and computer hardware, several
numerical methods for generating turbulence using large eddy simulation (LES) have
been proposed to model the characteristics of real fluid flows. The generation of
turbulence by CFD software has great potential for the investigation of the three-

dimensional characteristics of aerodynamic forces.

For accurate simulation of aerodynamic forces on bodies immersed in turbulent flows,
the generated turbulence field must, like a real flow, be spatially correlated and
evolved. Also, for engineering application, the turbulence parameters must be easily
modified. There are two main methods for generating homogenous isotropic
turbulence at the inlet of the computational domain using LES: precursor simulation
(Spalart, 1986, 1988; Pierce and Moin, 1998; Schliiter and Moin, 2004; Jiang, et al.,
2012) and the synthesis method (Lee et al., 1992; Kondo et al., 1997; Mathey et al.,
2006; Huang et al., 2010). The two methods have been reviewed in detail by Liu and
Pletcher (2006), Tabor (2010), and Dhamankar (2015). Both methods specify the
statistical data character of instantaneous turbulence as part of the inlet boundary
conditions. Synthesis methods are convenient to specify the parameters of the inlet

turbulence, but they are inherently inaccurate and the provision of an inlet
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development section is required. In contrast, precursor simulation methods generate
true turbulence that is inherently more accurate, however can be cumbersome to
generate the turbulence of required characteristics. In this study, a method of directly
modeling the grid at the inlet to generate spatially correlated and evolved turbulence
is proposed. The advantage of this grid-generated turbulence method is the generation
of inherently accurate turbulence that allows easy comparison with wind tunnel tests;
as well, the turbulence characteristics can be modified conveniently by changing the

size of the grid.

In the study of unsteady aerodynamic loading on elongated bodies in turbulent flows,
one of the fundamental assumptions is the strip assumption, according to which the
spatial distribution of unsteady aerodynamic loading can be represented by oncoming
transversely fully coherent gusts (Fung, 1955). This assumption had been widely
adopted in wind loading codes and standards. However, as first observed by Nettleton
(see Ektin, 1971), the lift force on an airfoil is more strongly correlated than the
fluctuation components when the turbulence scale is smaller than or similar to the
chordwise dimension of the airfoil, thus invalidating the strip assumption. Nettleton’s
finding has been confirmed by wind tunnel tests relating to the lift force on a bluff
body (Sankaran and Jancauskas, 1993; Jakobsen, 1997; Kimura et al., 1997; Larose,

1997; L1, 2015).

All previous research on this topic involved either theoretical analysis or wind tunnel
tests, whereas, in the present study, the relationship between vertical velocity

fluctuations and unsteady aerodynamic loading is investigated through CFD
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simulations. First, a grid is modeled at the inlet of the computational domain to
generate homogeneous isotropic turbulence, using three-dimensional LES. After
verification of the simulation results by comparison with the results of wind tunnel
tests and previous studies, a stationary model of a section of the NACA 0015 airfoil is
chosen to study the spatial correlation of aerodynamic forces. A relationship between
the spanwise correlation width of the vertical velocity fluctuation and the lift force is
obtained and an argument regarding the strip assumption is presented. Finally, the

results are discussed.

It should be emphasized that the spanwise correlation width of the vertical velocity
component and the lift force, which are obtained primarily by numerical methods in
this study, are essential for further investigations such as identification of the three-
dimensional aerodynamic admittance of elongated bodies like the decks of long-span

bridges.

2. Turbulence generation method

The grid-generated turbulence is produced by modeling a pattern of solid patches at
the inlet of the computational domain as in the wind tunnel test. Fig. 1 shows the
setup of the inlet grid pattern in this study. Four inlet grids are used to generate
turbulence. An inlet grid size M = 0.04 m and a bar size of 0.007 m are chosen to
facilitate comparison with the wind tunnel test results of Li (2015) to verify the
accuracy of the simulation results. The dimension of the computational domain is

scaled down by a factor of 10 compared with experiment. This scaling is a balance
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between the two factors. On the one hand, a small mesh size is required to capture the
small-scale vortices to allow investigation of the influence of high-frequency
turbulent fluctuations on the aerodynamic force on the structure. On the other hand, if
the mesh is too fine, then computational efficiency will be poor or computational
capabilities will be exceeded. With this scaling, it is possible to achieve a consistent
influence of turbulence on bodies in the simulations and in the wind tunnel tests by
choosing the same Reynolds number, while also improving the computational

efficiency. The experiments are described in Section 3.

The computational domain is shown in Fig. 2. Both the height and width of the
domain are 4 M and the length is 60 M. This length is chosen to allow investigation of
the development of the turbulence field and the relationship among the various
parameters involved. The CFD simulations are described in Section 4 and the

validation of the generated turbulence field is described in Section 5.

The proposed method can be used to study the aerodynamic characteristics of a body
by placing it in the nearly isotropic and homogenous region downstream of the inlet.
The use of this method to investigate the spanwise coherence characteristics of the

aerodynamic force on a body is described in Section 6.

0.007m

0.0165m 0.0165m

Fig. 1. Grid inlet.
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Fig. 2. Computational domain.

3. Experimental setting

A wind tunnel test conducted by Li (2015) is chosen to verify the numerical
simulation method proposed in this study. The experiment was carried out in the high-
wind-speed test section of the XNJD-1 wind tunnel at Southwest Jiaotong University.
A uniform grid was placed at the inlet to produce a homogeneous isotropic turbulence
field (Fig. 3). The grid aperture was 0.33 m and the bar size was 0.07 m. The inlet
grid consists of 4 x 4 = 16 grid patterns. The turbulent fluctuations were measured
simultaneously in the streamwise, spanwise, and vertical directions by a Cobra Probe
downstream at the position where the model airfoil to be investigated would be
placed. The turbulence integral scale and turbulence intensity in the three directions at

the model location are shown in Table 1.

Fig. 4 compares the experimental results for the spanwise correlation coefficients of
the vertical fluctuation component with the theoretical results of Bullen (1961). It can
be seen that the measured correlation coefficients of the vertical velocity fluctuation
are in agreement with Bullen’s results, which means that the turbulence generated in
the wind tunnel test satisfies the assumption of homogeneity and isotropy. The test

results are thus highly reliable and can be used for comparison.
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Fig. 3. Wind tunnel test of Li (2015).

Table 1 Parameters of grid-generated turbulence in wind tunnel test.

Turbulence integral scale Turbulence intensity
L, (m) L, (m) L, (m) 1, (%) 1,(%) 1, (%)
0.107 0.042 0.054 8.0 6.1 6.5

Note: L,, L,, and L, are the streamwise, spanwise, and vertical integral scales,
respectively; 1,, I,, and [, are the streamwise, spanwise, and vertical turbulence

intensities, respectively.

Theoretical results of w (Bullen, 1961)

08 £y Experimental results of w
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Fig. 4. Spanwise correlation coefficients of w: comparison between experimental

results and Bullen’s theoretical results (After Li, 2015).
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4 Numerical methods
4.1 Turbulence modeling and solver setting

In this study, a three-dimensional incompressible fluid motion is described using LES,
in which the large-scale turbulence is resolved while small-scale turbulence is
modeled. The commercial CFD code FLUENT 6.3 is adopted to solve the fluid
governing equations of LES. The filtered unsteady Navier—Stokes equations are as

follows:

du;

=0 (1)

aﬂi aﬂiﬂj 1 ap d )aui 2
ac T ox; — pox; + 0x; (v + VsGs 0x; )

where u; (i =1, 2, 3) are the velocity components in the three coordinate directions,
x; (i =1, 2, 3) are the displacements in these three directions, p and p are the air
density and pressure, v is the kinematic viscosity, vsgs is the subgrid-scale viscosity,

and the overbar indicates spatially filtered components.

A filter function is used to split the turbulent flow into subgrid-scale (SGS) and grid-
scale (GS) components. The Smagorinsky model is adopted to describe the SGS
stresses between the GS and SGS eddies. The filter function and the Smagorinsky

model are given by
vsos = (Cs4)%/2S4Sy 3)

Sij= E(a_x, + 6_xl) 4)

where vggs is the SGS eddy viscosity, S;; is the strain rate tensor, A =3/AxAyAz is
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the grid filter width and Cs is the Smagorinsky constant coefficient.

In the present investigation, the value of Smagorinsky constant is taken as Cs = 0.1,
which is an appropriate value for the simulation of bodies immersed in turbulent flow
(Liang and Papadakis, 2007). The FLUENT code is based on the finite-volume
method (FVM), which defines the pressure and velocity at the centers of the control
volumes and the volume fluxes at the midpoints of the cell surfaces. The well-known
PISO (pressure implicit with splitting of operators) algorithm proposed by Issa (1986)
is used for the pressure-velocity coupling procedure between the momentum and
continuity equations. A fully implicit second-order time-advancement scheme is used
for temporal discretization to reduce numerical diffusion. To obtain an accurate
simulation, a second-order central differencing scheme is chosen for spatial

discretization.

4.2 Computational domain and boundary conditions

The geometry of the grid and domain configurations is as shown in Section 2. The
computational domain has dimensions of 0.16 m (width) x 0.16 m (height) x 2.4 m
(Iength), where the width and height are scaled down from the wind tunnel cross-

section by a factor of 10.

The velocity inlet condition is applied at the inlet boundary with an oncoming flow
velocity of 11.5 m/s, which coincides with that of the wind tunnel test. At the outflow
boundary, a convection boundary condition is applied for the velocity and a

Neumann-type condition for the pseudo-pressure. A no-slip boundary condition (u = v
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= w = 0) is imposed at the wall and on the grid surface, which again is similar to the

conditions in the wind tunnel experiment.

4.3 Grid-independence test

The accuracy of the computational simulation results depends strongly on the cell
numbers and mesh size, and so the grid-independence test is extremely important.
Given the simplicity of the model structure, hexahedral cells are employed in the
simulation to obtain stable algorithms and accurate account of viscous effects. Small
mesh size is required to capture the small-scale vortices. However, an excessive
number of cells will reduce computational efficiency. To test the influence of mesh
size, the turbulence intensity and spanwise correlation relationship of vertical
turbulence are compared with Li’s wind tunnel test results. The mesh sizes are
uniformly spaced along the streamwise, spanwise, and vertical directions. Three mesh
sizes are tested: 0.00625 m, 0.003125 m, and 0.001875 m. The velocity data of 10
seconds physical time is used in order to have a long enough statistical sample to
obtain the spanwise correlation coefficient. Computations are carried out on 8 Intel
Core 17-7820X 3.6GHz CUPs with 16 threads parallel computing. The maximum of
about 16 G of RAM memory is required. The number of cells and calculation time of

the three cases are specified in Table 2.
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Table 2 Number of cells and computational time

Case Mesh size (m) Number of cells (million)  Computational time (days)
1 0.00625 0.92 1
2 0.003125 3.59 4
3 0.001875 10.69 11

Comparisons of turbulence intensity components are shown in Table 3. In general, the
results of / components in all three cases are in good agreement with those of the wind
tunnel test. The accuracy improves with decreasing the cells size. There is a large
deviation of case 1 but that of cases 2 and 3 is relatively small, although there is a
higher discrepancy for the prediction of the spanwise turbulence intensity with case 3
than with case 2 which however involves a coarser mesh. This may be due to the error

of wind tunnel experiment.

Table 3 Grid-independence test of turbulence intensity.

Mesh size Deviation in  Deviation in Deviation in
Case 1, (%) 1, (%) 1, (%)
(m) L, (%) I, (%) L, (%)
1 0.00625 7.51 6.52 5.92 6.13 6.89 8.92
2 0.003125 7.85 6.16 6.22 1.88 0.98 431
3 0.001875 7.96 5.96 6.33 0.50 2.30 2.62

The relationships among L components in the streamwise, spanwise, and vertical
directions are important criteria to test the authenticity of homogeneous isotropic
turbulence fields. The results are shown in Table 4. Again, the results improve with

the decreasing of mesh size. However, agreement is less satisfactory for the
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relationships among the L components, with the coefficients of proportionality
obtained by numerical simulation being somewhat higher than those from the wind
tunnel test: by 11% - 17% for the relationship between the vertical and streamwise
components and as much as 27% - 34% for that between the spanwise and streamwise
components. This latter deviation may be due to experimental error since the value of

L, obtained by wind tunnel test is relatively small compared with theoretical value.

Table 4 Grid-independence test of turbulence integral length-scale.

Mesh size Deviation in Deviation in
Case LJ/L, L,/L,
(m) LL/LM LM/LU
1 0.00625 0.528 0.594 34% 17%
2 0.003125 0.505 0.578 28% 14%
3 0.001875 0.497 0.561 27% 11%

Six observation points with uneven spacing, as shown in Fig. 5, are chosen at the
central line of the cross section 45 M downstream of the inlet grid to determine the
correlations among vertical turbulence fluctuations. A comparison of the spanwise
correlation results of numerical simulation with those of the wind tunnel test is shown
in Fig. 6. The result improves with the refinement of the mesh, cases 2 and 3 are both
consistent with the wind tunnel test result, while the coefficients in case 1 are slightly

higher than the test result at smaller distances.
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Fig. 6. Grid-independence test of the spanwise relationship.

On the basis of the grid-independence test, a cell size of 0.003125 m is adopted to
capture the turbulent field characteristics adequately while saving computational time.
The mesh distribution is shown in Fig. 7. The first layer of mesh size near the surface
of the grid is 0.00003 m, with corresponding values of y* < 1. The wall — resolved
LES is adopted to obtain an accurate simulation of the boundary layer. The high

aspect ratio is avoided by scaling down the computational domain size and increasing

the cells number. The dimensionless cell sizes of the model surface are Ax*+ = 41,
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Ay—+= 80, where x and y are streamwise and spanwise respectively. It is worth
pointing out that these values are larger than those suggested for wall-resolved LES,
namely Axt =100, Ayt =20 by Chapman (1979) and Ax =50~ 130and Ay ™"
= 15 ~ 30 by Choi and Moin (2012). However the adopted mesh generation strategy
permits to achieve a sufficiently good result with an overall cells number of about

3.59 x 106.

(a) (b)
Fig. 7. Computational mesh distribution: (a) computational domain; (b) mesh of inlet

grid.

5. Validation of turbulence field

In order to demonstrate that the proposed turbulence generation method can be used
effectively to investigate the aerodynamic characteristics of structures, the turbulence

should satisfy the following conditions:

(1) the development of vortex structures should exhibit behavior like that of real grid-

generated turbulence;
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(2) a series of relevant turbulence parameters should be validated to ensure that a

nearly homogeneous isotropic region is obtained downstream.

In this section, a series of relevant turbulence parameters are compared with wind
tunnel results and the results of previous studies to verify the accuracy of the
numerical simulation results. The parameters to be verified are the power-law
relationship of turbulence intensity and integral length-scale, the wind spectral

density, and the spatial correlation relationships of the turbulence.

5.1 Power-law relationship

The instantaneous vortex structures of the turbulence field generated by numerical
methods are shown in Fig. 8. A deeper insight into the structure of the turbulent flow
in the interior of the domain can be obtained from Figs. 9 and 10. Fig. 9 displays the
magnitude of the vorticity in an xz cutting plane in the middle of the simulation
domain (y = 2 M), while Fig. 10 displays the magnitude of the vorticity in yz cutting
planes (i.e., planes parallel to the grid) at distances x =5 M, 10 M, 15 M, 20 M, 25 M,

30 M, 35 M, and 40 M downstream of the computational domain.

It can be seen that the development of the turbulence field downstream of the inlet is
identical to the description of a wind tunnel result given by Monin and Yaglon (1975),
who proposed that the turbulence field downstream of a grid can be divided into three
regions. The first region, which is next to the grid, is called the developing region.
The vorticity is generated at the grid of the inflow boundary and develops into the

domain from there. This region consists mainly of the grid wakes. It can be seen
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clearly from Fig. 1 (a—d) that the flow is non-homogeneous and anisotropic.

The turbulence gradually become homogenous and isotropic as the flow proceeds
downstream, as can be seen from Fig. 10 (e-h), although there is apparently energy
transfer between wavenumbers. In the near-wall region, the turbulence develops into
elongated streamwise structures, while more homogeneous, isotropic turbulence is
generated away from the wall. Aerodynamic effects on bodies immersed in a
turbulent flow are usually investigated in this region. This region is followed by the
developed region which is the final period of decay. Figures 8—10 demonstrate that

the method presented here enables simulation of more realistic flow structures.

Vorticity Magnitude: -20-10 © 10 20 30 40 50 60 70 80
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Fig. 10. Contours of instantaneous vorticity in yz planes at (a) x =5 M ; (b) x = 10 M,

©)x=15M;(d)x=20M; (e)x=25M; () x =30 M; (g) x =35 M; (h) x =40 M.

The second region is also called the power-law region, where the decay rate of the
turbulence intensity and the growth rate of the integral length both obey power laws.
The exponents in these power laws are independent of Reynolds number, grid
solidity, rod shape, and mesh size. In a pioneering paper, Taylor (1935b) proposed
that the turbulence downstream is statistically homogeneous and approximately
isotropic in the power-law region, which is 40 — 50 times the grid length downstream
of the grid inlet. It was also suggested by Corrsin (1963) that homogeneity conditions
are satisfied at x/M > 40 for grids with relatively low solidity. In this study, the data
from x/M = 40 to x/M = 55 are used to determine the power-law exponents for the
variation of relevant parameters with distance. A series of monitoring points are
located on the central line of the computational domain in the streamwise direction to

observe the velocity fluctuations.
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Fig. 11. Development of turbulence intensity with distance from grid inlet.

The development of the turbulence intensity with the distance from the grid inlet is
shown in Fig. 11. It can be seen that the intensity falls dramatically from its original
value until about 30 M downstream of the grid inlet, after which the decrease becomes
more gradual between 35 M and 55 M, which is the nearly homogenous and isotropic
region. A decay power law proposed by Mohamed and LaRue (1990) is used to
determine the value of the exponent in this investigation, which is based on Taylor’s

hypothesis:
12 -n
== A(x/M - xo/M) 5)

where u is the resolved velocity fluctuation in the streamwise direction, U is the
mean velocity, 4 is a constant called the decay coefficient, x is the positive distance

downstream of the grid, x is the virtual origin, and # is the decay exponent.

The decay exponent of the turbulence intensity is found by the numerical method to
be 1.09 < n < 1.26 when the virtual origin is taken to be zero. For comparison, the

predictions for the decay exponent by von Karman and Howarth (1938), Kolmogorov
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(1941), Saffman (1967), and Mohamed and LaRue (1990) are 1, 1.43, 1.2, and 1.33,

respectively.

Another important parameter is the growth exponent for the integral length-scale.
With the development of the turbulence field, the integral length-scale first
experiences a sharp rise, followed by a more gradual increase as the distance
downstream of the grid increases, as displayed in Fig. 12. The power-law relationship

1S

x - xg\ "

L=8(=) (6)
where B is a constant and m is the growth exponent of the length-scale. According to
the proposed method, the growth rate in Eq. (6) is 0.376 < m < 0.421, which
corresponds very closely to the values of m = 0.36 found by Davidson and Krogstad

(2009) and m = 0.4 found by Krogstad and Davidson (2011).
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Fig. 12. Development of integral length-scale with distance from grid inlet.

In conclusion, the development of the turbulence intensity and integral length-scale of

the generated turbulence field both satisfy power-law relationships. These results
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demonstrate that the region used to investigate aerodynamic effects on immersed

structures meets the condition of a nearly homogeneous and isotropic turbulence field.
5.2 Turbulence spectrum

It is of great importance that the spectrum of the generated turbulence satisfies the von
Kéarman model (Simiu and Scanlan, 1996), since this model has been found to be
appropriate for the real turbulence spectrum in the atmospheric boundary layer
(Lumley and Panofsky, 1964; Hinze, 1975; Li et al., 2007) as well as for the
homogeneous isotropic turbulence generated by a uniform grid (Robert and Surry,
1973). The spectral densities in the streamwise, spanwise, and vertical directions at
the modeling position are shown in Fig. 13. The spectral densities of the generated
turbulence are depicted well by the von Kadrmén spectral model, as expressed by the

following equations:

£S5 _ 4(%)

s3]

5/6 (7a)

Oy

) N
. 4(;)[1 +755(3) ] |
= iife (i=v,w) (7b)

1+ 238(%) ]

O'l'z

where f'is the turbulence frequency in the streamwise direction, S,(f), S,(f), and
Sw(f) are the spectra of the fluctuations in the streamwise, spanwise, and vertical

directions, respectively, and o,, 0,, and o,, are the variances of these fluctuations.

As can be seen from Fig. 13, the energy-containing subrange of the turbulence
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matches well with the von Karman spectrum model, but the high-frequency part of the
inertial subrange and the dissipation subrange are missing. This is a consequence of
the characteristics of the LES turbulence model. Eddies with a length-scale greater
than the cutoff width are resolved, while smaller turbulent eddies with high
frequencies are destroyed and must be described by an SGS model. There will,
therefore, be a filter cutoff frequency, which is the point at which the spectral curve
deviates from the —5/3 exponent. It can be seen from Fig. 12 that the cutoff frequency
in this investigation is about 400 Hz and higher frequencies are no longer resolved. It
should be noted that the absence of higher frequencies does not influence the

aerodynamic forces to be studied further on in this investigation.
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Fig. 13. Comparisons of spectrum density generated by numerical simulation and von

Kéarman model: (a) streamwise direction; (b) spanwise direction; (c) vertical direction.

5.3 Spatial correlations

Accurate simulation of spatial correlations is essential in order to provide a correct
representation of the self-preservation of the turbulent flow, as well as for
investigation of the buffeting lift on bodies immersed in the flow field. Correlation
curves from the numerical simulation and the wind tunnel test are shown in Fig. 14. It
can be seen that the numerical results correspond well to those from the wind tunnel
test, although they do not match precisely. The rate at which the vertical turbulence
fluctuation correlation coefficients decrease with distance is somewhat faster in the
numerical results than in the experimental results, which means that the generated
turbulence is more spatially correlated. This may due to the scaling down of the

computational domain in the numerical approach.
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Fig. 14. Comparison of spatial correlations.

6. Investigation of aerodynamic force

6.1 CFD setup

A prism with the NACA 0015 airfoil section is used to investigate the relationship
between the coherence of the vertical velocity fluctuations and coherence of the lift
force on a slender body. The computational domain is illustrated in Fig. 15. The
model is placed 45 M downstream of the inlet grid where the turbulence is nearly
homogeneous and isotropic. The Reynolds number at the model position is 66000 and
the viscous effects have been considered. The span width of the model is the same as
the width of the computational domain. The chord length of the model is 1.25 M and

the incidence is 0°. A no-slip boundary condition is imposed on the airfoil surface.

The mesh distribution is shown in Fig. 16. Hexahedral cells are employed in the
computational domain. The mesh is equally distributed in the spanwise direction, with
a length of 0.004 m. The first layer size above the airfoil surface is 0.00003 m to
meet the requirement that y* < 1. In the computational domain, 4.25 million cells are

generated. The whole simulation requires 5 days of computational time.
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Fig. 16. Computational mesh distribution: (a) mesh of airfoil; (b) mesh in xz plane.

6.2 Results and discussion

The coherence of the buffeting lift is obtained by integrating the unsteady surface
pressure around several spanwise spaced strips on the airfoil model. The vertical
velocity fluctuations are obtained at several observation points in the empty
turbulence field at the central line of airfoil. The distribution of the strips and points is
the same with Fig. 5.

The time histories of integrated lift on second and forth strips are shown in Fig. 17.
The mean values are close to zero, as the incidence of the airfoil is 0°. The spanwise
correlations of buffeting lift and the vertical velocity fluctuation from the numerical
simulation are shown in Fig. 18. It is clear from the figure that the buffeting lift is
more strongly correlated than the vertical turbulence component. To further examine
the correlation relationship between the buffeting lift and the vertical velocity

fluctuation, the spanwise correlation width proposed by Larose (1997) is used:

Ls = [ Rip(Ay)dAy ®)
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where R is the spanwise correlation function of the random variables at two points
and b is the maximum spanwise spacing. By integrating the correlation curves from
Fig. 18, the relationship is found to be L7 =3.17L}, where Li and L} are the
spanwise correlation widths of the buffeting lift and vertical velocity fluctuation,
respectively. The result obtained in this study is close to the results obtained by
Nettleton (Larose 1997) and Li (2015) from wind tunnel tests, which are L7 = 3.6L%,

and Lj = 3.9L%, respectively.

This result shows that the strip assumption that uses the spatial distribution of
turbulence fluctuations to describe the spatial correlation of the buffeting lift is
incorrect. In this study, the chord length of the model is 0.05 m, which is greater than
the integral length-scale of the vertical turbulence fluctuation (L,, = 0.023 m). It
corresponds to the condition proposed by Nettleton (see Etkin, 1971), according to
which the strip assumption fails if the chord length of the body is close to or greater

than the integral length-scale of the vertical turbulence component.

Lift (N/m)

(a)
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Fig. 17. Time histories of integrated lift: (a) strip 2; (b) strip 4.

Lir A vertical speed fluctuation
[ + lift force

209 | %

2 A

g, %

@ 0.7 F A ‘

= A

Q L s

S o5 } A ¢

£

é 03 *

CH A

o A * .
01 f A A

A A A

01 L i M i L i L 1 M i L i

-0.05 005 015 025 035 045 055 0.65
Ay/M

Fig. 18. Spanwise correlation relationship.

Fig. 19 shows the magnitude of the instantaneous vorticity in yz cutting planes at
different airfoil positions. It is apparent that when the turbulence approaches the
airfoil, the presence of the solid wall will modify the structure of the turbulence field.
It can be seen from the figure that the turbulence kinetic energy produced by the
variation of streamwise and vertical velocities close to the airfoil would follow a two-
dimensional pattern, consequently the turbulent flow field around the airfoil may be
closer to the two-dimensional (compared to the three-dimensional) background

turbulence, which may yield a lift force more correlated than the velocity fluctuation.
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Then, after passing through the airfoil, the flow structure will be three-

dimensionalized again by the isotropic background turbulence.

Vorticity Magnitude: -20-10 0 10 20 30 40 50 60 70 80

Fig. 19. Contours of instantaneous vorticity in yz planes at model positions x = 43 M,

46 M, 49 M, and 52 M.

To the best of the author’s knowledge, this is the first time that this relationship has
been obtained via a numerical method. It can be concluded that the proposed method
for the generation of homogeneous isotropic turbulence provides high accuracy in
estimating the spatial distribution of the aerodynamic forces on a body immersed in a
turbulent flow, which is of great significance for investigations of the influence of

turbulence on such bodies.

7. Conclusion

A new method for generating homogeneous isotropic turbulence by modeling a grid at
the inlet of the computational domain has been proposed. The generated turbulence
field has been compared with the results of a wind tunnel test and of previous research

for the purpose of verification. The conclusions from this comparison can be
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summarized as follows:

(1) With regard to the development of the turbulence field, the turbulence intensity
decay exponent is found to be 1.09 < n < 1.26 and the length-scale growth rate is

found to be 0.376 <m < 0.421.

(2) The spectra of the three fluctuation components fit the von Karmén spectrum. The

filter cutoff frequency is sufficiently high for the investigations in this study.

(3) The spatial correlations among the vertical turbulence fluctuations fit well with the

wind tunnel test results.

After the verification of the generated turbulence, a model body with NACA 0015
airfoil section was placed in the computational domain to determine the spatial
distribution of the aerodynamic lift force. The relationship between the spanwise
correlation width of the buffeting lift and the vertical turbulence fluctuation obtained

in this study is L7 = 3.17L%. These results show that the strip assumption is invalid.

This paper has demonstrated that the proposed passive grid-generated turbulence
method can be used to investigate the spatial distribution of aerodynamic forces on
slender bodies immersed in turbulent flows. However, one drawback of this method is
that, in general, it incurs a high computational cost, although this may be reduced with
the development and improvement of computer hardware.
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