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Abstract

This work applies an appropriate turbulence model in order to simulate the wind distribution in a 3D urban
area around a tall building as a bluff body, which is one of the most important research topics due to the
increasing concerns about the human health risks due to air pollution in the recent decades. The hybrid
RANS-LES approach is used to reduce the computation time, while maintaining the computational accuracy.
On the other hand, since no homogeneous direction exists in the flow in the hybrid (RANS-LES) approach,
the LES and Smagorinsky Sub Grid-Scale (SGS) approaches are implemented with the standard k-g
turbulence model as RANS. In order to obtain more accurate results, the second-order Van Leer Method
(VLM) is employed in advection terms. The sensitivity study of the input parameters shows that the intensity
of the input turbulence has a significant effect on the surface pressure fluctuations. The results of velocity
and pressure distribution show a very close agreement to the wind tunnel experimental data. Finally, the
effects of the inflow characteristics on the peak pressure on the lateral sides are also studied. As a results, the

fluctuation pressure distribution is strongly dependent on the turbulence of the flow.

Keywords: Hybrid RANS-LES approach, Wind Distribution, Tall Building, Bluff Body, Pressure

Distribution.

1. Introduction

The study of wind distribution around buildings
has become one of the most important research
topics due to the increasing concerns about the
human health risks and air pollution in the recent
decades [1, 2]. The geometry of a building
inevitably affects the climatic conditions of the
environment inside and around it [3]. Especially
in tall buildings, high winds around the building
can be unpleasant and even dangerous for the
people outside the building. Therefore, in
designing the building, we should pay attention to
the comfort conditions of the people inside the
building and its impact on the outside
environment [4]. In the flow modeling
applications on the buildings, more attention is
paid to the comfort of people inside the building,
and attention to the effect of the wind outside the
building is very little [5]. Also the outside
conditions are considered in order to determine
the boundary conditions of the wind on the
building, and less attention is paid to the effect of
wind on the climate around the building. The
climate outside the building is affected by the
wind speed, wind direction, rain, air pollution,

radiation, and light [6-8]. These factors will
change with the presence of the building and their
change to the dimensions, shape, and direction of
buildings as well as the impact of buildings on
each other. These changes can be desirable or
undesirable.

Wind interactions is one of the special
environmental aspects that in the design of
structures is considered. Davenport [9] has
classified the aerodynamic of wind forces acting
on a typical structure into three categories. The
first is the load from the external sources such as
hitting from natural wind or wakes of upstream
obstacles. Secondly, the forces that act from the
unstable flow phenomena such as separation [10],
vortex collapse, and reattachments [11, 12].
Finally, the body motion that is induced, and is
only suitable for the highly flexible structures.
Currently, the main goal of the engineers is to
design and build the towers that reach new
heights, while minimizing the construction costs
[13]. These tall buildings have often narrow
shapes, low natural vibration frequencies, and
inherently structural damping value to increase
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their sensitivity to wind agitations. These tall
buildings often use narrow shapes, which have
low natural vibration frequencies and inherently
structural damping value, thus increasing their
sensitivity to wind agitations. The effects of wind
loading on tall buildings due to their wind-
sensitive structures may lead to severe fatigue
concerns [14] or affect the occupant comfort. In
fact, they must be able to withstand natural wind
so they combine two important characteristics
[15]:

1. Flexibility: Reducing the density of the
structure, while maintaining large dimension
materials.

2. Bluff body aerodynamics: Make the designs
more streamlined.

These two factors are the bases of aero elasticity
and bluff body aerodynamics.

The idea of bluff body flow deduces from the kind
of flow around the structure and its wake. An
important character of the bluff body flows is
separation of flow on its body surface [16, 17].
Wake dimensions are the same order of
magnitude of the body. The drag force on the
body is affected by the pressure distribution on the
surface, while the viscous effects (skin friction)
are not significant. The geometry of the bluff
body is opposite to the streamlined body. The
governing equations of these fluid flows are
inherently unsteady, and a simple solution to these
is usually not common. An important aspect to
consider when analyzing the effects of wind on
such structures is the turbulent regime of the
wind. The atmospheric boundary layer that almost
all structures are located is naturally turbulent.
Significant amounts of literature have been
devoted to describing this chaotic content. It is
important to note that various turbulent
characteristics of the oncoming flow have a
significant effect on the flow around a bluff body
and, in the case of a dynamic structure, the
resulting structural response. The structures such
as tall buildings are located on the ground, and
therefore, situated within the boundary layer of
the atmosphere. This area is almost always
turbulent. Turbulence is, therefore, an inevitable
factor in the design of the structures. Wind tunnel
information is generally used to study the flow
around a building but the CFD tools have also
received a great deal of attention today with the
proliferation of computers. The main advantage of
the numerical methods is the reduction of wind
tunnel costs but instead, they have the big
disadvantage that they still require the wind tunnel
results in order to validate the results, in addition
to the 3D analysis of the turbulence regime around
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several buildings. The limitations of computer
processing are still very serious in more precise
methods. There are generally three categories of
methods for simulating a turbulent flow, which
are:

-RANS

-LES

—Hybrid RANS-LES

Nowadays, the air pollution issue has turned into
one of the biggest problems, especially in big
cities, which has certain drawbacks on the human
health, environment, and economy [18-20]. The
turbulent wind flow around the buildings in urban
areas is one of the best cases to evaluate the
accuracy and efficiency of these turbulence
models (RANS and LES) due to the physical
complexities such as sharp corners, ground effect,
various vortices formations, and other factors [21,
22]. In order to achieve accurate and reliable CFD
results, validation for the study is mandatory, and
the results obtained must satisfy specific criteria
[23]. There are many CFD approaches in the
simulation of flow around buildings. A review of
the literature shows that the Large Eddy
Simulation (LES) and the Reynolds-Averaged
Navier-Stokes simulations (RANS) are the two
most popular methods in this field [24-26]. Most
such studies have used the RANS models to
simulate pollutant distribution [27-31]; in contrast,
the LES models are more suitable for estimating
the wind flow in the atmospheric boundary layer
and the dispersion of pollutants in the domain.
The time-dependent nature of the results in the
LES model reflects the fact that these models
perform better than the RANS models in the
steady wind flows around the buildings. For many
decades, the Large Eddy Simulation (LES), which
particularly could improve the flow prediction and
offer more stable solutions, has been the only
alternative to RANS [32-34].

In order to avoid the limitations of RANS and to
take advantage of the benefits of LES, an
important strategy in turbulent flow simulations is
the hybrid RANS-LES approach, which has
become increasingly popular in the past few years
[35-38]. The basic idea of this approach is to
increase the result accuracy and reduce the
computational costs. The main aim of hybrid
LES-RANS simulations is to apply the RANS
equations in the inner layer near walls in order to
avoid the need for an excessively fine grid
required by the LES, whereas the LES equations
are solve in the outer layer of a boundary layer
[39-41]. In the recent years, many types of
research works have been carried out in order to
study the dispersion of pollutants around the
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buildings. Tominaga et al. [42] have compared
different models of k—& with the Smagorinsky
model and the experimental results. They
concluded that the k—& model did not have a
sufficient accuracy in estimating the pollutant
concentration. Their findings stated that the
accuracy of the Smagorinsky averaged results
were better than the k—e results. The spread of
gaseous pollutants around a cube-shaped building
has been studied by Gousseau et al. [43]. They
used the Smagorinsky model for simulation, and
compared their findings with the results obtained
from the wind tunnel. They affirmed that the
results of the wind tunnel and the Smagorinsky
model were in an excellent agreement.

The present paper continues this investigation by
evaluating the wind disribution around a tall
building as a bluff body, which is one of the most
important research topics due to the increasing
concerns about the human health risks due to air
pollution in the recent decades. As mentioned, the
methods used so far to model wind flow on
buildings are either inaccurate (most RANS
models such as the k-g) or have a high execution
time (LES models). For this reason, in this work,
the hybrid RANS-LES approach is used to reduce
the computation time, while maintaining the
computational accuracy. On the other hand, since
no homogeneous direction exists in the flow in the
hybrid (RANS-LES) approach, the LES and
Smagorinsky Sub Grid-Scale (SGS) models are
implemented with the standard k-g turbulence
model as RANS. In this work, the following
topics have been considered: 1. Analysis of the
pressure coefficient distribution behind tall
building caused with wind load distribution; 2.
Analysis of the effects of turbulence on vortex
formation (and its maximum pressures) on tall
building; 3. Comparison of the result with the
wind tunnel and experimental data.

2. Mathematical model

In this work, a numerical simulation is performed
for the flow around an isolated tall model building
(simulating a rectangular bluff body) in natural
wind. The direction of the wind is assumed to be
normal, and the windward is defined as the
building surface. The stagnation point as the
Bernoulli’s principle is placed on this face, and
approximately can be found at two-thirds of the
building height [44]. The numerical simulation
was made by the hybrid RANS-LES turbulence
model. A classical model, as shown in figure 1, is
chosen for the simulation. The computational
dimensions were assumed to be 20.0H x 4.0H x
8.0H, and the building dimentions were the
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streamwise lenght (L = H/6), width (W = H/3),
and height = H, where H is the height of the
building, and is considered as the reference length
scale. Moreover, the boundary conditions are set
in table 1. A no-slip boundary condition was
applied to all the walls. The velocity was
modelled with a wind power law exponent of a =
0.12 and set as U(y) = Un(y/H)* with a value at y
= 4H as Uy = 11.65 m/s. The Reynolds number
was defined with the reference length (H) and the
reference velocity (Un) as Re = UH/v, where v is
the kinematic viscosity of air, and considered as v
= 18.61 * 10 (m%s). In this work, the Reynolds
number was considered constant around Re = 3 *
10°.

Table 1. Boundary conditions for computational domain.

Inlet Outlet
au
U =U(y) 5= 0
dp _
Fri 0 P =P

The well-known Finite Volume Method (FVM)
was used to discretize the basic equations [45-47],
and an in-house FORTRAN code was developed
for the numerical solution of the case study based
on the SIMPLEC algorithm. The number of time
iterations and the time step were considered as
50000 and At = 10 second, respectively. This
time step was selected since the Courant number
must be less than one (CFL = uAt/Ax) for
stability, where Ax is the smallest grid size in the
solution domain. The grid sizes are shown in table
2.

Figure 1. Geometry of problem.

2.1. Numerical method

The governing equations consist of a hybrid
RANS-LES approach for the numerical solution
of the fluid flow and the dispersion equations. The
main equations were derived from the Navier-
Stokes equations, which are the basic principles of
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continuity and momentum conservations. All
calculations were done at the constant temperature
of 300 K. Also a 3D Cartesian coordinate system
was applied in a steady, incompressible, and
isothermal flow of a Newtonian fluid.

The governing equations for the standard k—
turbulence model are expressed as follow:
Continuity equation [48-49]:

ou; 1)
5Xi =0

Momentum equation [50-52]:
1P o U,
=——+—(—

)

'uiuj)

In equation (2), l_]] and i; are the mean and
fluctuating components of the velocity, and U is
the velocity in the x;-direction. Also in the above
equations, P is the mean pressure, p is the density,
and v is the kinematic viscosity of the fluid.

The K and ¢ transport equations in the standard k—
¢ turbulence model follow as:

6K+[_J 6K_ 0 (v 0K N oy,
0t j 0X] aXJ Ok aXJ Dt( 0XJ
B 3)
6Uj oy;
6Xi ) (3XJ )
68+I_J 0z 0 (v ¢ L2 oy,
ot '6Xj_(3Xj 6, 0x; k( 101 0x;
L 4
6Uj oy; C
6xi ) an = 328)
where:
T = 2 K8 v, 0ip i
uin_3 kﬁu Ut( 0% +6xi ) (5)
k2
Ut=Cp(?) (6)

K and ¢ are the turbulent kinetic energy and
turbulent dissipation rate, respectively, v, denotes
the turbulent eddy viscosity, §;; is the Kronecker
delta, and C, =0.09, o, =10, o, =1314,
C.q = 1.44, C., = 1.92 are the default constants
for the standard k—¢ turbulence model. The above
constants were obtained from fine and exact data
fittings over a wide range of common turbulent
flows. The standard wall functions applies for the
near-wall flow.
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In the LES approach, using a spatial filtering
operation, the large-scale and small-scale eddies
of the flow will be separated so the large-scale
eddies are solved directly, and the small-scale
eddies are modeled and expressed as follow:
Continuity equation:

oU;

1= 7
6Xi 0 ()
Momentum equation [37-40]:
Wi, g U_ 1k 0 U
E-‘- jﬁ_xj_-pﬁxi-'-axj- (v 0xj le) (8)

In equations 7 and 8, U, is the filtered velocity,
and P represents the pressure and not time-
averaged values as in RANS equations. z; is a
tensor that represents due to the filtering
operation, and it assumes that the small scales are
more universal and isotropic than the large scales.
7; Is called the Sub-Grid-Scale (SGS) stress, and
is calculated from:

1 _
Tij 'ngkaij = 'Zutsij (9)
S 1 ,0G;, oG
Si=1 (o (10)
ue=pL]|S| (11)

Ls= min (kd, CsV¥3) (13)
STU- is the rate-of-strain tensor, p, the sub-grid-
scale turbulent viscosity, Ls is the mixing length
for the sub-grid scales, k is the Von Karman
constant (k = 0.4), d is the closest wall distance, Cs
is the Smagorinsky constant and set to 0.1, and V
is the computational cell volume.

A linear interpolation based on the y* value is
used for switching between RANS (k—¢) and the
LES model, and it can be expressed as follows
[53]:

Uy LES if Yt > v
vy = (I-B)ugketBogies if Yiaown < ¥* < y;p (14)
Utk-¢ if y+ < y:i—own
+_ ot
B= y Ydown (15)

g +
Yup = Ydown

B is the weight factor, and yg,,,, and y,5,, are the
lower and upper limits of the transition region,
and selected as 60 and 300 [45].
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2.2. Solution procedure

The hybrid RANS-LES model was employed in
this work in order to simulate the turbulence
effects. Discretization of the governing equations
was carried out using the finite volume method
[45-47] on a fully structured grid to conduct the
numerical solution procedure. For the momentum
equation discretization in LES, a second-order
upwind-central numerical scheme was utilized for
the space terms. For the standard k-¢ model, the
second-order central differencing scheme was
used for the transport terms because it allows a
clear separation between the convective and
diffusive terms to discretize the momentum
equation, turbulent kinetic energy (k), and
turbulent  dissipation rate (¢) equations.
Furthermore, for the time marching, the implicit
second-order method was applied. In order to
achieve more accurate results, the second-order
Van Leer approach was applied as a proper limiter
in the advection simulation terms [54-55]. The
SIMPLEC algorithm was selected to resolve the
problem of velocity and pressure coupling. The
number of outer correction was set 1, and 3 for
pressure corrections. TDMA and the Strongly
Implicit Procedure (SIP) algorithms were utilized
for pressure correction, and the convergence
criteria for all the flow parameters were set at 10°.

2.3 Grid study

During the simulation process, grid refinement is
one of the most important issues to acquire
accurate and reliable results, especially near the
walls and fluid boundaries. As it was discussed
earlier, a non-uniform and fully structured
computational grid was selected. Equation (16)
was used to create a compression near the walls.

—0

<

B+ 1\I-a
a+B) | g— +2a-8
o2 =) e
2a+ 1)1+ (%)1'“]) (16)

where a, £, and y denote the location, parameter
of compression, and nomber of divisions. A
maximum stretching ratio of 1.05 was applied to
reduce the grid density in the areas far away from
the regions of interest. The Y* value near the
walls was reduced to less than 5 by making the
grid finer due to the presence of larger gradients
in the solution variables. In order to ensure that
the results were independent from the grid size,

two different mesh combinations were generated,
and their details were tabulated in table 2.

Table 2. Mesh details; H is reference length.

Grid Number of elements AXminy AYmin~ AZmin
(xxyx2)
Bottomupto  Free
top of surface
building(H) layer
Coarse 140 x 60 x 140 x 419x10° 8.56 x 10

mesh 80 60x70 °H °H
fine 180 x 80 x 180 x 1.83x10° 6.56 x 10
mesh 120 80 x 90 °H °H

Both the experimental water channel and
numerical results were selected for the grid study
[56-57]. Figure 2 shows a comparison of the
velocity distribution and velocity fluctuations at
the centerline of a channel after a vertical bluff
body. As it can be seen in this figure, the uniform
fine grid certificats the results so the fine mesh is
selected for the next calculations.

yH
yH

0.0 e . 00
0.00 002 004 0.06 0.08 0.10 0.12 0.14 016 0.18 04

u'/u

Figure 2. Comparison of velocity distribution and velocity
fluctuations at the centerline of a channel after a vertical
bluff body.

2.4 Validation

After selecting the appropriate grid, the numerical
results obtained were compared against the
experimental data from the open literature [59,
60]. The flow around a squard cylinder at four
different Reynolds numbers was studied. The drag
coefficient results from the hybrid model with the
experimental data were examined. Figure 3 shows
that the calculated results of the hybrid model are
in good agreement with those obtained from the
experiment but with a smaller magnitude.

O Dorneanu, Exp. Re=46000[59]
o Knisely, Exp. Re=22000[60]
x Hybrid[Present]

D

%0

20000 25000 30000 35000 40000 45000 50000

Re

Figure 3. Comparsion of drag coefficient from current
hybrid model with experimental data [59, 60].
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The maximum diference was with 2.31%
deviation. After this comparison, it could be
concluded that the current turbulence model was
capable of handling the flow and wind loading in
an open environmental and around a bluff body
(tall building). Furthermore, figure 2 can also be
used as another validation for the results of this
study against the results obtained by [56-57].

3. Results and Discussion

After selecting the appropriate grid and also
ensuring the validity of the computer code,
different runs were conducted with different
models. The Reynolds number (Re) was assumed
to be constant at Re = 3 * 10°, and the geometrical
parameters were fixed for all cases. In the
following sections, the comparisons of the results
obtained by the hyrid RANS-LES turbulence
model are presented. In order to increase the
quality of the hybrid results, the inlet flow based
on the turbulence intensity factor, 5% was the
turbulence according to equations 16 and 17.

Ti=I= (19)

u = \/% (U2 +vZ +wg2) 17)
In the above equations, U is the inlet mean
velocity, and u is the velocity fluctuations.
Firstly, a general compersion of the computations
in term of velocity at the centerline of computer
domain at the vicinity upstream of the tall
building was analyzed for the previously
mentioned model. Based on the distribution of the
velocity profile, it could be seen that the mean
velocity had an excellent agreement with the wind
tunnel data by Dagnew and Bitsuamlak [58] and
wind power law, as it could be seen in figure 4.
Also figure 5 shows a comparision of the
turbulence intensity with the wind tunnel data at
the vicinity of the tall building. As it could be
seen in this figure, the hybrid results of turbulence
intensity were in agreement with the wind tunnel
target profile for y > 0.2123H, with some little
difference closer to the ground.

Then the mean velocity and mean pressure
coefficients were extracted on the windward,
sidewall, and leeward faces for the isolated
building at y = 4/5H of the building for various
inflow boundary conditions. The streamlines and
velocity contours are shown in figures 6 and 7; it
was seen that there were different flow patterns in
the street canyons.

The streamlines and velocity contours are shown
in figures 6 and 7. As shown in these figures, the
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use of SGS in simulation of laminar sub-layer in
the hybrid approach cause a noticeable change in
the streamline and secondary flows. After the tall
building, the vortices grow in both lateral sides
and longitudinal directions, and the two
longitudinal vortices meet at the approximate
point x/H = 2.45 behind the tall building. Using
the SGS model causes the velocity fluctuations
modeled by the viscosity of the sublayer. Thus the
length of velocity fluctuation will be reduced, and
the Reynolds stresses will be correctly predicted.
Thus the length of the vortices and their sizes will
be simulated correctly. Due to the small width of
the tall building, a large number of eddies enter
this area, and on the other hand, the velocity
fluctuations are high in this area and based on the
necessity of this model in simulating these
fluctuations and dumping them; in the lateral
sides, it increases the laminar sub-layer. This
increase leads to an increase in the vortex size and
low-pressure area in the lateral sides.

11
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Figure 4. Comparision of velocity with wind power law
and wind tunnel data at vicinity of the tall building.
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Figure 5. Comparision of turbulence intensity with wind
tunnel data at vicinity of the tall building.
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0.0 5 10 15 20
X/H

Figure 6. Mean velocity distribution over cross-section of
tall building at the centerline and y = 4/5H.

z

Figure 7. Mean velocity distribution over cross-section of
tall building at the centerline and y = 4/5H.

0 0/2 0/4 o/6 0/8 1
ZH

Figure 8. Axial turbulence intensity profiles predicted by
hybrid model at the centerline and y = 4/5H at x /H = 7.5,
10 and 15.

As it could be seen in the figure 8, the axial
turbulence intensities are highest near the walls
and behind the tall building. By increasing the
distance downstream, the tall building, and the
proximity of the outlet, the turbulence intensity is
more uniform, which is due to the damping effects
of the wall. Comparing these profiles, it could be
concluded that the hybrid approach predicts the
Reynolds stresses with an acceptable percentage
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of confidence. Due to the SGS combination, this
model is able to more accurately predict and
analyze the intensity of turbulence intensity near
the walls as well as behind the tall building.

Figure 9. Pressure distribution over cross-section of tall
building at the centerline and y = 4/5H.

Figure 9 showes the pressure distribution over the
cross-section of the tall building at the centerline
and y = 4/5H. This figure is in agreement with the
velocity distribution in figures 6 and 7. As it could
be seen in figure 9, the peak pressure towards the
trailing edge could be attributed to the separated
bubble in this region. At the corners with the peak
pressure, another contradiction can be seen in the
results, i.e. concerning whether the pressure
fluctuations on the front face area at a maximum
of minimum along the center. Goliger and Milford
[61] offered that the broad range of turbulence
intensities and experimental errors presented by
many wind tunnel test may be the reason for the
mutations in the pressure fluctuations on the front
face of the tall building. For such geometries, as
expected, due to the sharp edges, the flow
separation points are known, and the Reynolds
number has no significant effect on the average
pressure coefficient distribution. In the geometry
studied in this research work, the passing flow is
separated from the upper and lower corners of the
upstream face.

1

o8 /]
1.5—=25
0.6 ’—
=» 4/5H -}I |:|
‘ 0 4
02

Figure 10. Pressure coefficient distribution over cross-
section of tall building at the centerline and y = 4/5H. «
Dagnew, Exp.[58], A Current hybrid method.




M. Ahmadi et al./ Renewable Energy Research and Applications, Vol. 3, No. 1, 2022, 93-102

Due to the geometric symmetry of the tall
building relative to the flow, the pressure
distribution on the upper and lower surfaces is the
same. As a result, the value of the mean pressure
coefficient on these two surfaces is almost the
same.

03
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Figure 11. Root-mean-squard pressure fluctuation
distribution over cross-section of tall building at the
centerline and y = 4/5H. e Dagnew, Exp. [58], -- Current
hybrid method.

Figures 10 and 11 show a very close agreement
with the experimental data [58] for all sides of tall
building. By comparing the computed data with
the experimental, it can be seen that the data is
significantly scattered over the lateral sides. It
may be due to the small variations in the inflow
characteristics as the results (Figures 10 and 11)
shown in the biggest discrepancy are in the
calculation of the peak pressure at the leading and
trailing edges often the former showing a larger
discrepancy. The base settings for the mean
velocity and turbulence intensity were derived
from Dagnew [58] with the differences of the
fluctuation pressures more are at the leading edges
that could be adjectivized to the approximations
for the turbulence Ilength scales. These
approximations were concluded for the pressure
study.

4. Conclusions

In this work, we studied the wind disribution
around a tall building as a bluff body; it is one of
the most important research topics due to the
increasing concerns about the human health risks
due to air pollution in the recent decades. The
hybrid RANS-LES approach was used in order to
reduce the computation time, while maintaining
the computational accuracy. The LES and
Smagorinsky Sub-Grid-Scale (SGS) models were
implemented with the standard k-¢ turbulence
model as RANS. Using the SGS model caused
that the velocity fluctuations modeled by the
viscosity of the sub-layer and thus the length of
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velocity fluctuation was reduced, and the
Reynolds stresses were correctly predicted. The
artificial turbulent inlet condition was used in
order to simulate the large vortices to predict the
mean pressure and root-mean square (rms)
pressure fluctuations on a tall building model. For
a better modeling of the mean pressure, the new
input conditions were proven. In the case of the
rms. pressure, it can be cleared that the hybrid
model simulated the free-stream wind loads and
the corresponding suction pressures at the corners
of the tall building. The sensitivity study of the
input parameters shows that the intensity of the
input turbulence has a significant effect on the
surface pressure fluctuations. The results of the
velocity and pressure distribution showed a very
close agreement with the wind tunnel
experimental data. Finally, the effects of the
inflow characteristics on the peak pressure on the
lateral sides were also studied. As a result, the
fluctuation pressure distribution was strongly
dependent on the turbulence of the flow.
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