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Abstract: Controlled turbulence simulators in the laboratory have been extensively employed to
investigate turbulence effects on light propagation in the atmosphere, driven by some advanced
optical engineering such as remote sensing, energy-delivery systems, and free-space optical com-
munication systems. Many studies have achieved rich results on the optical turbulence intensity,
scintillation index, and power spectral density characteristics of the light propagation path in the
center of a turbulence simulator, but a comprehensive analysis of the optical turbulence characteristics
for different spatial locations is still lacking. We simulate turbulence with air as the medium in a clas-
sical convective Rayleigh-Bénard turbulence simulator through high-resolution computational fluid
dynamics methods, the three-dimensional refractive index distribution is obtained, and the optical
properties are analyzed comprehensively. It is found that the hot and cold plumes and the large-scale
circulation strongly influence the inhomogeneity of C2 in the turbulence tank, making it weak in
the middle and strong near the boundary. The refractive index power spectral density at different
heights is centrally symmetric, with the slope gradually deviating from the —5/3 scaling power with
increasing distance from the central region. Under the log-log plot, the variation of the refractive
index variance with height exhibits a three-segmented feature, showing in order: a stable region, a
logarithmic profile, and a power-law profile, in the region close to the boundary. These results will
contribute to the construction of a suitable turbulence simulator for optical engineering applications.

Keywords: optical turbulence; laboratory turbulence simulator; non-Kolmogorov turbulence;

variation of the refractive index

1. Introduction

Optical turbulence arises predominantly from the spatial and temporal fluctuations of
density within the Earth’s atmosphere; these fluctuations give rise to an inhomogeneous
refractive index distribution, resulting in intensity fluctuation, and phase distortion [1,2].
Consequently, the propagation of optical signals is significantly affected [3]. This presents
substantial challenges across multiple domains of optical engineering such as remote
sensing, energy-delivery systems [4], and free-space optical communication systems [5].
Understanding and mitigating the impact of optical turbulence are essential for advancing
and optimizing optical technologies. A laboratory turbulence simulation facility for optical
turbulence provides a controlled and reproducible environment for a detailed study of
turbulence phenomena.

Since temperature is the main factor affecting the air refractive index [6], laboratory
turbulence simulation devices are often designed to adjust the turbulence strength by
controlling the temperature. Rayleigh-Bénard (RB) convection is a widely investigated
nonlinear system used to design laboratory turbulence simulation devices [6-13]. These
simulators use air or water in an enclosed space to generate a buoyancy-driven flow
by heating the bottom and cooling the top, establishing a thermal gradient where the
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heated fluid rises, and the cooled fluid sinks, forming convective cells, enabling controlled
generation, observation, and measurement of turbulence under well-defined experimental
conditions. The strength of turbulence can be changed by adjusting the temperature
difference between the bottom and top [6,12,14-17].

The characterization of RB convection provides essential insights to mitigate the effects
of optical turbulence on laser beams in random media [18]. This is why convective RB
turbulence simulators have received significant attention [10,11,17-20]. Many experiments
have focused on analyzing the light intensity and phase fluctuations of convective RB
turbulence simulators with water and air as media through the path-integrated received
light fields [14,18,20]. Many other simulation works have provided a wealthy study of RB
convection with water as media through a combination of computational fluid dynamics
(CFD) and wave-optical simulations [6,12,15]. Although the RB turbulence with water as
the medium can easily achieve large turbulence strengths, it is more difficult to obtain
turbulence with a homogeneous and wide inertia region because the thermal conductivity
of water is much larger than that of air. However, there is no comprehensive analysis of
simulations using air as a medium to study the three-dimensional turbulence strength
inside a turbulence simulator and the scaling power analysis of non-Kolmogorov turbulence
at different heights. Therefore, it is necessary to simulate and analyze the RB turbulence
simulator with air as the medium and verify whether the simulated turbulence conforms
to the characteristics of atmospheric turbulence.

In previous turbulence simulators, the turbulence is usually assumed to satisfy the
local homogeneity and isotropy assumptions. However, based on the characteristics of
the large-scale circulation of RB turbulence, it is known that the spatial distribution of this
turbulence simulator is inhomogeneous. It is highly necessary to study the turbulence char-
acteristics at different spatial locations within the turbulence simulator, and it is essential to
clarify the influence of the upper and lower boundaries on the turbulence power spectrum
density, the variation of the scaling power of the non-Kolmogorov turbulence as well as the
profile of the turbulence strength as a function of height.

This study focuses on the structural characteristics of optical turbulence in a laboratory
turbulence simulation facility. We conducted high-resolution, fluid dynamics simulations
of the flow field within the turbulence simulator using large-eddy simulation (LES). By
utilizing the obtained information on the temperature field, pressure field, and density
field, we calculated a three-dimensional refractive index field. Subsequently, an analysis of
the optical turbulence structure was conducted based on the three-dimensional refractive
index field. Furthermore, we analyzed the second-order statistical properties related to the
anisotropic fluctuation of the refractive index.

2. Theoretical Foundation of RB Convection and Simulation
2.1. Governing Parameters of RB Convection
The incompressible Navier-Stokes equation with Boussinesq approximation to account

for RB convection is a buoyancy-driven turbulence system. The dimensionless governing
equations of RB convection are as follows [21-23]

ou _ [Pr_,
g—i-u-Vu——Vp—i- R—aVu—i-Tey (1)
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where u = (u,v,w) is the velocity field, and T = T; — T is the fluctuations of temperature
field and p is the pressure field, T; is the temperature at a point in space, Tj is the average
temperature and p is the pressure field. —e, represents the gravity vector in the vertical
direction, with x,.r = H, u;ef = \/gaATH as the velocity scale, T,y = AT =T, — T, Ty, is
the temperature of the heating plate, T. is the temperature of the cooling plate.
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The governing parameters of RB convection are the Rayleigh number Ra, which is the
dimensionless temperature difference between the bottom and top plates, Prandtl number
Pr, which is the ratio between kinematic viscosity v and thermal diffusivity x, and the
aspect ratio I', which represents the geometry of the convective system [23,24].

For which
Ra = gaATH?/ (vk) 4)
Pr=v/x )
I=W/H (6)

where the g stands for the acceleration due to gravity, a is the thermal expansion coefficient,
and H is the height between the top and bottom plates, WV, is the horizontal width of the
convective system.

The geometry of the turbulence simulator is generally constant so the aspect ratio
is fixed. And the Pr is 0.7 for atmospheric flows [21,25,26]. Therefore, the convective
turbulence strength within the RB turbulence tank can be changed by controlling the
temperature difference between the top and bottom plates. As the temperature differ-
ence increases, the flow field will enter a turbulent state, and the critical Ra is generally
considered to be around 1.9 x 108 [27,28]. For air, the maximum temperature under the
Oberbeck-Boussinesq (OB) approximation is 28.6 K [27]. In our study, Ra ranges from
4.7 x 108 to 1.9 x 10, corresponding to AT running from 5 K to 20 K. The total heat transfer
is expressed by the Nusselt number Nu, which is defined as

_QH

Nu —
U= XAT

(7)
where Q is heat flux. Nu indicates the convective heat transfer efficiency of the system.

2.2. LES of the RB Turbulence Simulator

Numerical simulation is an important tool for the study of turbulent thermal convec-
tion. Direct numerical simulation (DNS) is an effective tool for analyzing RB turbulence
tank. It is used by directly solving the Navier-Stokes equations without modeling and
simplifying the turbulence. However, it requires significant computational resources at the
same resolution [29]. Reynolds-averaged Navier—Stokes (RANS) models, while useful in
predicting turbulence parameters, cannot resolve the details of the smaller flow features
and associated eddies [6]. In LES, the flow explicitly resolves the large-scale eddies, while
the smaller scales below the grid-size are modeled [30]. LES can obtain a more detailed
structure of the flow field than RANS, and uses less computational resources than DNS,
since DNS requires a large amount of computation at large Ra numbers, and since we need
to compute for several temperature differences. On balance, LES is the preferred simulation
method for high Ra conditions, and in our analysis we focus on the structural properties of
the optical turbulence.

Geometry and meshes: In our study, LES was performed in a closed turbulence
tank using air as the working fluid with dimensions of 1 m x 1 m x 1.2 m, heating at the
bottom, cooling at the top. In order to facilitate the conversion to optical parameters and
statistical analysis, quadrilateral grid cells were chosen for meshing. We conducted the
numerical simulations on high-performance computers with a grid resolution of 5 mm,
which corresponds to 9.6 million grid pointsina 1 m x 1 m x 1.2 m domain. The grid
resolution of 5 mm was chosen based on the typical inner [ scale of optical turbulence, as
discussed in Matt et. al. [6], to keep computational demands manageable.

Boundary conditions: All boundaries are designed with no-slip boundaries, with a
constant temperature difference AT = T, — T, between the top and bottom plates, and the
side walls are thermally insulated [25].

u=0—=0 (8)
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Subgrid-scale (SGS) mode: In LES, spatial filtering allows small-scale motions to
be modeled and large-scale motions associated with boundary conditions to be resolved
directly. LES filtered equations can be expressed as

oir; o o1 Pr ou: — 0T

Rt AT ey R _°op initat s oY

ot U dx; ox; + V Ra ax} 1o ox; ©)
oT - 1 9*T Odo;
= TH VT = - (10)

VRaPrdx?  0%;

where 7] is the filtered velocity, 7 is the filtered pressure, T is the filtered temperature. T; is
the subgrid-scale (SGS) stress tensor, 0j is the SGS heat flux vector. And we approximate
the effect of the under-resolved scales as

Tij = uiuj — uiuj (11)

oj = M]'T*T/TjT (12)

The Smagorinsky-Lilly model was chosen as the subgrid-scale (5GS) model which
uses an eddy viscosity formulation [6,29,31]

— 1
Tij = —ZUTSZ']' + ngkfsij (13)
_or BT

where Ty is the isotropic part of the SGS stresses, which is added to the filtered static
pressure term. S;; can be expressed as

— 1fog BLT]-

where v7 is the eddy viscosity, the Smagorinsky-Lilly model in ANSYS Fluent defines
turbulent eddy viscosity as follows:

vt = pLZ[S] (16)

where |S| = 1/25;;5;;, and Ls = min(Kd, CsA) is the mixing length for subgrid scales,
K = 0.41 is the von Karman constant, d is the distance to the closest wall, Cs is the
Smagorinsky constant, Cs = 0.1 has been found to yield the best results for a wide range of
flows, and A = V1/3 is the local grid scale.

As in reference [6], considering that the frequency of most optical devices is mostly
100 fps, we choose a time step of At = 0.01 s. We set the initial environment of the air with
a temperature of 293.15 K. The detailed parameters are shown in Table 1.

Table 1. Simulation parameters.

Pr Ty [K] T, [K] Ny X Ny X Ny AT [K] Ra

0.7 293.15 298.15 200 x 200 x 240 5 4.7 x 108
0.7 293.15 303.15 200 x 200 x 240 10 9.4 x 108
0.7 293.15 308.15 200 x 200 x 240 15 1.4 x 10°
0.7 293.15 313.15 200 x 200 x 240 20 1.8 x 10°

We conducted parallel computing on high performance computers using multiple
nodes, each with 128 cores, powered by two AMD 7702 processors per node, which
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took a few days to reach a steady state in turbulence at each temperature difference,
and we simulated five temperature conditions, which took about 5 x 10° core hours.
Figure 1a shows a schematic of an application setup for an optical turbulence simulator,
Figure 1b shows the variation of Nusselt number with time for different temperature
differences, and it can be seen that the Nusselt number is almost stabilized after 300 s,
and the larger the temperature difference (Ra) the larger the Nusselt number. The Nusselt
number is approximately proportional to the Rayleigh number to the 0.3 power. This is
consistent with the power law of RB convection and proves that the simulation is performed
correctly [32,33].

(c) ‘
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Figure 1. (a) Schematic of the geometric model of the turbulence simulator, (b) Variation of the
Nusselt number with time obtained by the LES, (c) Variation of the Nusselt number with Rayleigh
number obtained by the LES.

3. Characterization of the Flow Field in the RB Turbulence Simulator

The numerical simulations provide three-dimensional fields of temperature, density,
and velocity, providing an overview of the overall circulation within the simulator. Figure 2
shows the instantaneous temperature field on the longitudinal section parallel to the z-axis
of the turbulence tank at different moments under a temperature difference of 15 K. As can
be seen from the Figure 2, the bottom heating surface forms a typical thermal plume, which
continues to spread upwards as turbulence develops over time, causing the temperature
inside the RB turbulence tank to rise. The buoyancy force causes the thermal plume to rise
along one side of the wall and fall from the other side, forming a large-scale circulation.
The size and quantity of the convective cells formed in the tank depend on the tank’s
dimensions, particularly its height. In our specific case, with a tank of depth L, = 1 m and
length L, = 1.2 m and the aspect ratioI' = L, /Ly = 1.2, a large convection cell is formed
in the fluid region as shown by the red dashed line in Figure 2d.

Figure 3 shows the instantaneous temperature field at AT = 15K, t = 455 s, for
different yz-planes. Figure 3a,d show longitudinal sections near the side walls, while
Figure 3b,c show longitudinal sections on both sides of the center. At various positions in
the longitudinal sections, classical cold and hot plumes near the boundaries, along with
large-scale circulation, are observed. Figure 4 shows the instantaneous temperature field
distribution on a cross-section of the xy-plane, perpendicular to the z-axis. Figure 4a,d
illustrate the temperature distribution near the boundaries, showing cross-sections of hot
plumes carrying heat upward and cold plumes moving downward under buoyancy within
the large-scale circulation. Figure 4b,c represent steady regions within the large-scale
circulation field.
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Figure 2. The instantaneous temperature field on the longitudinal section parallel to the long axis of
the turbulence tank at (a) 20 s, (b) 100 s, (c) 300 s, and (d) 400 s under a temperature difference of 15 K.

(a) x=0.05m (b) x=0.45m

09 0.9
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2[m] zml I
TIK] 293.15 308.15

Figure 3. The instantaneous temperature field at AT = 15K, t = 455 s, for different x: (a) x = 0.05 m,
(b) x=0.45m, (c) x=0.55m, (d) x =0.95 m.
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0.6 0.3
x[m]

Figure 4. The instantaneous temperature field in the transverse plane perpendicular to the long axis
at AT = 15K, t =455 s, for different z: (a) z=0.05m, (b) z=0.45m, (¢) z=0.55m, (d) z= 0.95 m.

Figure 5 shows the transient temperature field in the x-z plane at different locations

for a temperature difference of 15 K. From the temperature field, it is clear that there is a
temperature gradient in the perpendicular direction. In the turbulence tank, cold and hot
plumes originate at the temperature boundaries of the top and bottom plates, separate, and
enter the central region under the influence of buoyancy and the plume motion leads to
the formation of a large-scale convective cell. The roll-like structure of the convective cell
means that a central region exists along the center of the tank.
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Figure 5. Transient temperature field in the x-z plane at different locations for a temperature difference
of 15K, t=455s: (a) y=0.05m, (b) y=045m, (c) y =0.55 m, (d) y = 0.95 m.
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4. The Refractive Index Structure Constant C>

The key parameter for the conversion of hydrodynamic turbulence into optical tur-
bulence is the refractive index. For dry air the refractive index of visible wavelengths is a
function of temperature T (K), and atmospheric pressure P (kPa) [1],

n=1+78x10"*P/T (17)

In the RB turbulence tank, temperature differences between the bottom and upper
plates cause the refractive index field to fluctuate spatially. The refractive index can be ob-
tained from Equation (17). Figure 6 shows the refractive index distribution in the xz-plane at
different heights in the turbulence simulator for different temperature differences. Different
columns of Figure 6 show the refractive index fluctuation field under different temperature
difference, AT, conditions, which shows that the increase in temperature difference de-
creases the value of refractive index fluctuation. Figure 6a—c show the refractive index field
aty =0.5m,y =0.75m, and y = 0.95 m locations in the horizontal cross-section, respectively,
with the degree of fluctuation of the refractive index field increasing with height.

(n-1)x10* (n-1)x10*
1.0 -

0.25 0.50 0.75 1.00
z[m] z[m] z[m]
(n—1

0.25 0.50 0.75 1.00
z[m] z[m] z[m]

IR Wb
0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00
2[m] 2[m] 2]

0.25 0.50 0.75 1.00 ’ 0.25 0.50 0.75 1.00 ’ 0.25 0.50 0.75 1.00
z[m] z[m] z[m]

Figure 6. Horizontal cross-sections at different heights in the turbulence simulator for different tem-
perature differences. (a1l) AT = 5K, y = 0.50m, (b1) AT =5K, y =0.75m, (c1) AT=5K,y =0.95m,
@@2) AT = 10K, y = 050 m, (b2) AT = 10K, y = 075 m, (c2) AT = 10K, y = 095 m,
@@3) AT = 15K, y = 050 m, (b3) AT = 15K, y = 0.75m, (3) AT = 15K, y = 095 m,
(a4) AT = 20K, y = 0.50 m, (b4) AT = 20K, y = 0.75m, (c4) AT = 20K, y = 0.95 m.
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The inhomogeneous distribution of refractive index in three dimensions, resulting from
temperature gradients, is often quantified using its second-order statistical properties such
as the correlation function and structure function, which provide the scale of turbulence in
space and the distribution of energy, respectively.

The structure function, associated with the random field, is defined by [3] as

Dui, i+ )= [n(ri+7) = n(i)]) 18)

where the brackets ( ) denote an ensemble average.
In a homogeneous and isotropic random field, the structure-function can be simplified

to a form that only depends on the scalar distance r = ‘7 ‘ The refractive index structure
function follows the form [3]:

Dy(r) = C3r¥/3,(Ip < r < L) (19)

where the [y [m] is the inner scale, and L is the outer scale. C,% is the refractive index
structure constant (in units of m~2/3), which quantitatively represents the strength of
optical turbulence.

As shown in Figure 7, C2 at different locations were obtained by calculating the
refractive index structure function with a distance between the planes of 0.15 m, according
to Equation (8). Each C2 was spatially averaged over ten transient neighboring data, and
statistically temporally averaged over 500 frames of data. As can be seen from the figure,
due to the aspect ratio of 1.2, only one convection cell exists. The convection cells’ roll-like
structure suggests a core region along the center of the tank, the turbulence strength in the
core area is significantly smaller than that in the boundary region. The strong boundary
range of C2 between the upper and lower plates expands due to vertical temperature
gradients, while the core region continuously diminishes. This indicates that the hot and
cold plumes and the large-scale circulation strongly influence the inhomogeneity of C2 in
the turbulence tank.

1x10710

AT=10K,x=0.10m AT=10K,x=0.50m AT=10K,x=0.90m
5 1 - O

1x107"
1x107"2
1x107"
1x107™
1x107"®

S ; . 1x107"8
0.25 0.50 0.75 1.00 0.25 0.50 0.75

z[m] z[m] 2z[m]
Figure 7. Distributions at different locations in the yz-plane, which denote the C3 distributions:
(a) near the lower boundary region, (b) the center region, and (c) the region near the upper boundary.

Figure 8 shows the C% distribution at different locations in the horizontal direction,
which indicates the C2 distribution near the lower boundary region, the center region, and
the region near the upper boundary, respectively. It can be seen that the C2 in the horizontal
direction is greatly affected by the large-scale circulation; in the boundary region of the
large-scale circulation, the C2 exceeds 1012 within the range of strong turbulence, while
the C2 in the central region fluctuates in a larger range of 1071° to 10~!!, and in the region
close to the sidewall surface the C? is larger, and in the center of the body the C2 is smaller.
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Figure 8. Distribution at different locations in the xz-plane, which represents the C2 distribution:
(a) near the lower boundary region, (b) the center region, and (c) the upper boundary region.

The turbulence simulator with the atmosphere as a medium usually uses insulating
material that is not visible. The light path is usually set up only at the center, and the
choice of the light aperture directly limits the maximum beam waist radius of the beam
being tested. Therefore, it is crucial to understand the distribution of C2 horizontally at the
middle height of the turbulence simulator to set up the light aperture appropriately. The
C?2 distribution in the xz-plane, which is parallel to the upper and lower plates at different
temperatures, is shown in Figure 9. Figure 9a shows the C2 distribution between the upper
and lower plates at 5 K. It can be seen that the turbulence intensity at this time varies
considerably between the regions far away from the boundary and close to the boundary,
with moderate turbulence in the central region and strong turbulence in the near boundary
region. As the temperature difference increases, the C2 in center region is increasing and
the percentage of strong turbulence in the turbulence simulator increases. This is due
to the large refractive index fluctuations formed by the hot and cold plume across the
horizontal cross-section, resulting in a higher strength of C2 in the near boundary region
and a relatively weak C2 in the smooth region where the refractive index fluctuations are
smaller. An increasing temperature gradient leads to strong refractive index fluctuations,
thus the strong turbulence over a wider area of the horizontal cross-section. Meanwhile,
the influence of the sidewall surface on C2 shows a different effect in the two orthogonal
directions in the horizontal cross-sections, with the plume leading to a stronger C2 in the
near-boundary region perpendicular to the long edge, while the C2 in the near-boundary
region parallel to the long edge is relatively weaker.

1x10-1 10 - AT=10K,y 0.50m n 1x10-M
0.9 v ”
110712 o8] g 1%10712

CZ
AT=5K,y=0.50m n

0.7
1x107% 0.6 1x10713
Eos
1x107"*> 0.4 1x107™
0.3
1x107"% 0.2 1x1071°
014
1x10718 - 1x107"®
025 050 075 1.00 025 050 075 1.00
z[m] z[m]
_ _ c? _ . c?
AT=15K,y=0.50m “n i AT=20K,y=0.50m “n i
1x10 1.0 1x10
0.9
1x107'2 0.8{ 1x10712
0.7
1x107° 0.6 1x10713
0.5
1x1074>¥ 0.4 1x1071
0.3
1x10™"°  o0.24 1x1071°
0.1
1x10716 ' : : 1x10716
0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00
z[m] z[m]

Figure 9. In the horizontal cross-sections under different temperature conditions: (a) 5K, (b) 10 K,
() 15K, (d) 20 K.
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5. Fried Parameter

The Fried parameter, also known as the atmospheric coherence length, r(, has been
used in previous studies of turbulence simulators to quantify the intensity of turbulence
over the entire propagation path. Our results show that rq varies spatially and is inhomoge-
neous at different positions in the RB turbulence simulator. Hence, we explore the profile
of g at various heights within the simulator.

Based on the relationship between the refractive index structure constant C2 and the
atmospheric coherence length r [34] is given by

Az —-3/5
ro = |0.423K2 / C2(2)dz (20)
0

We calculated the values of ry at different heights. As shown in Figure 10, rg shows a
trend of increasing and then decreasing with respect to the y-direction, and rg is maximum
at the center. As the temperature difference gradually increases, the turbulent field energy
keeps increasing and the velocity of the convective cell gradually increases, which leads to
a gradual decrease of the 7y value in the central region. This indicates that the turbulent
decoherence effect on the propagating beam from the center region of the turbulence
simulator is gradually increasing with the temperature difference.

Height [m]

0.2+

0.1 0.2 0.3 0.4 0.5 0.6 0.7
ro[m]

Figure 10. Variation of ry with height in a turbulence simulator for different temperature differ-
ences AT.

6. One-Dimensional Refractive Index Power Spectral Density

Based on the 2/3 scaling power expression in Equation (19) of the refractive index
structure function in the inertial subrange, the three-dimensional power spectral density
(PSD) can be defined by [3]

@, (K) = 0.083C2K~1/3f(Klp) (1)

where K is the spatial frequency in 1/m, and [y is the inner scale. For Kolmogorov refractive
index PSD f(Kly) = 1. Thus, the one-dimensional PSD of the refractive index fluctuations
in the inertial subrange is given by

Fu(K) o< C2K5/3 (22)

We studied PSDs at different heights in turbulence simulators to analyze the range of
—5/3 scaling power. We make a periodogram estimation to compute the PSD of a random
signal, which takes the square of the mode of N spatial random signals with a Fourier
transform and divides it by N. We averaged the data over planes of the same height and
counted 500 frames of data averaged over data intervals of 0.01 s. Figure 11 shows the
variation of spatial PSD of refractive index under different temperature differences, and
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it can be found that the PSD at the heights of y = 0.95 m and y = 0.05 m almost overlap;
meanwhile, the PSD at y = 0.25 m and y = 0.75 m are close to the data at y = 0.5 m. This
indicates that the PSD within the region close to the upper and lower plates have a similar
trend, the PSD at different heights is symmetric for the center region. Meanwhile, the power
spectral density near the upper and lower boundary regions shows a large deviation from
the —5/3 scaling law due to larger refractive index variations produced by the hot and cold
plumes and the large-scale circulation, which suggests that the influence of the boundary
on the size of the inertial region of the turbulent simulator is crucial, and that the turbulence
changes to non-Kolmogorov turbulence. The scaling power inside the Rayleigh—Bénard
turbulence simulator needs to be more fully understood.

10710 g , 10710 g .
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1072 m y=0.95m
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Figure 11. Variation of spatial refractive index power spectral density with height for different
temperature conditions, where the scatter plot represents the simulated data and the line represents
the fitted curve for the —5/3 scale rate. (a) 5 K, (b) 10K, (¢) 15K, (d) 20 K.

7. Scaling Power Profiles, Refractive Index Variance Profiles, and Outer Scale in the RB
Turbulence Tank

Based on the above analysis, the refractive index PSD in the near-boundary region
deviates significantly from the —5/3 scaling power, thus it is necessary to analyze the
scaling power for non-Kolmogorov turbulence.

In the inertial subrange, the structure function for the non-Kolmogorov turbulence
is [35]

Du(r) = 203(r/Lo) I < 7 < Lo (23)

where (7,% is the variance of the refractive index, which can be obtained by direct calculation,
and the scaling power B and the outer scale Ly can be obtained from the measurements of
the structure-function over a range of distances, and fitting it according to the following
equation [35].

1gDy (1) = Ig (20,3) + Bllgr —lgLo), Io < r < Lo (24)

We calculated the effect of the temperature difference for the center region of the
flow field at a height of 0.5 m horizontally (region area 0.6 m x 0.6 m), and Figure 12a
shows the variation of the refractive index structure function with separation distance in
this region, and Figure 12b shows the effect of the change in height from the center on
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the refractive index structure function, where the solid line indicates the LES data and
the dashed line indicates the fitted data. In the log-log plot, the increase in temperature
difference significantly enhances the magnitude of the refractive index structure function.
Taking the 10 K data as an example with the increase of height, the refractive index structure
function shows a flat and then a sharp increase, in which the change of the refractive index
structure function is small, in the range of 0.50 m—0.65 m, and the refractive index structure
function increases significantly above 0.70 m.

-13.0 ‘ ‘ ‘ ‘ -135 : ‘ ‘ —— — y=0.50m
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Figure 12. (a) Influence of the temperature difference between the top and bottom plates of the
turbulence simulator on the refractive structure function in the center region of the flow field in
the horizontal direction; (b) influence of the spacing from the bottom plate on the refractive index
structure function in the horizontal direction, where the solid line indicates the LES data and the
dashed line indicates the fitted data.

The results show that the heated plate and the cooled plates have a large influence
on the turbulence distribution inside them. The refractive index structure function from
the center to the upper boundary tends to change smoothly and then increase, we quantify
the fluctuation of turbulence strength at different spatial locations using three parameters
(refractive index variance 02, scaling power f, and outer scale Ly).

Figure 13 shows the refractive index variance obtained by direct calculation, the scaling
power 3, and outer scale Ly obtained by fitting, where Figure 13a shows the variation of
refractive index variance 2, scaling power  and outer scale Lo, with temperature difference
for a horizontal cross-section of y = 0.5 m. The refractive index variance o2 increases with
temperature difference, and the change in scaling power  changes slightly with altitude
with increasing temperature difference (5-20 K), the outer scale Ly shows a slight decreasing
tendency with increasing temperature difference, and its average value is 0.299 m. Also,
as shown in Figure 13d, there is no significant change in the outer scale Ly at different
locations, only with a slight decrease in the outer scale Ly in the near-boundary region. The
variation of the scaling power f§ at different locations is shown in Figure 13b, where the
scaling power f shows large fluctuations as the distance away from the center increases,
with a quick decrease in the scaling power f starting from y = 0.7 m, and the closer the
region is to the boundary, the smaller the scaling power  becomes. This indicates that the
RB turbulence simulator is closer to Kolmogorov turbulence only in the region close to the
center bulk, and the turbulence gradually deviates from Kolmogorov turbulence as the
distance away from the center increases, and its turbulence is non-Kolmogorov turbulence
in the near-boundary large-scale circulation region.

It is worth noting the trend of the refractive index variance o2 with the increase
of the distance from the center position. The refractive index variance ¢? profiles at
both 10 K and 15 K show three marked variations in the log-log graph, the refractive
index variance ¢? fluctuation near the center region is small, and with the increase of the
distance shows a logarithmic distribution, and in the region near the boundary shows a
power law distribution. This shows that the upper and lower plates have a remarkable
effect on the turbulence intensity, and the refractive index variance o2 profile varies more
significantly with height, it is necessary to make a reasonable choice of the aperture of the
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turbulence simulator when designing so that the edge of the laser beam will not produce
large fluctuations.
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Figure 13. (a) Variation of scaling power f, and outer scale Lo and refractive index variance 02 with
temperature difference in the x-z plane at y = 0.5 m; (b) variation of scaling power g with spatial
height; (c) profile of refractive index variance with increasing altitude; (d) profiles of outer scale Ly
with increasing altitude.

8. Conclusions

Many studies on the optical properties of turbulence simulators focus more on the
turbulence intensity in the light propagation path in the center of the turbulence simu-
lator, and no study has yet comprehensively analyzed the change of optical turbulence
intensity with different spatial locations. A detailed investigation of the optical structure
inside the turbulence simulator is of great significance for the development of better optical
turbulence basic research and applications. In this article, the LES method is employed to
thoroughly analyze the spatial structural properties of optical turbulence within the RB tur-
bulence simulator. The refractive index field can be calculated from the three-dimensional
temperature, pressure, and density fields obtained by LES. The structural characteristics
of two-dimensional longitudinal sections of Cfl distribution, rg at different heights, the
refractive index PSD, the profiles of the refractive index variance, the scaling power, and
the turbulence outer scale have been investigated in detail. The results show that the hot
and cold plumes and the large-scale circulation strongly influence the inhomogeneity of
C2 in the turbulence tank. The convection cells’ roll-like structure suggests a core region
along the center of the tank, and the turbulence strength in the core area is significantly
smaller than that in the boundary region. Meanwhile, with the increase in temperature
difference, turbulence strength on the longitudinal section keeps rising. The Fried parame-
ter 7 and the variance of C2 distribution along the y-axis also confirm the existence of a
calm central region, which is attributed to convective plumes near the upper and lower
boundaries. As the temperature difference gradually increases, the turbulent field energy
keeps increasing and the velocity of the convective cell gradually increases, which leads
to a gradual decrease of the ry value. The refractive index power spectrum along the
propagation direction exhibits up—-down symmetry for the center, and the power spectral
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density gradually deviates from the —5/3 scaling power because of the increasing distance
from the central region. We quantified the degree of this deviation using the profiles of the
refractive index variance, the scaling power, and the outer scale with height. It is worth
noting that under the log-log plot, the variation of the refractive index variance with height
exhibits a three-segmented feature, showing in order a gently increasing region as the
distance from the center increases, a logarithmic profile, and a power-law profile in the
region close to the boundary. This research will give an important insight into the spatial
structure of optical turbulence inside the turbulence simulator, which in turn will provide a
well-established platform for testing applications such as free-space optical communication,
high-energy laser propagation, remote sensing, and so on.
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