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Abstract. CFD models are widely used for modelling of flow over objects, as they provide very good results of
the turbulence characteristics of the flow. The aim of the paper is to analyse suitability of selected numerical
models of flow in an unstable temperature-stratified boundary layer over the temperature-loaded object.
A numerical analysis has been carried out using four turbulence models: Transition SST k- model, LES
model, SAS model and DES model. The velocity and temperature fields of a single temperature loaded hill are
evaluated in horizontal profiles at four levels of the hill on both, the windward and leeward sides.
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INTRODUCTION

Important factors influencing the wind distribution in ABL are large scale horizontal pressure and temperature
gradients, surface friction and roughness characteristics, rotation of the Earth, heat stratification due to daily heating
and cooling cycle. The magnitude and direction of the horizontal velocity vary with height depending on Coriolis
forces and friction [1]. There are more types of CFD models that deal with flow over an object [2-5]. The influence
of thermal effects of objects on the air flow in the stratified boundary layer is solved by research groups worldwide
[6-11].

A flow over a temperature loaded object contributes to a change of momentum and turbulent flow characteristics
[12] that leads to a significant change in the momentum in the transition area of turbulent flow at low Re numbers.
The solved problem corresponds to a flow of Reynolds number Re = 2-10%. It is a flowing with the transition from the
low turbulence at the beginning to the fully developed turbulence behind the obstacle [13, 14, 15].

The objective of this work is the evaluation of velocity and temperature fields of a single temperature loaded hill
by comparing of different numerical models using CFD codes in software Ansys Fluent. From the viewpoint of
numerical modelling this is an interesting issue in terms of flow characteristics [16, 17]. This article follows up the
study introduced in [18], where the temperature and velocity field in the surroundings of the flow over an object was
solved by one CFD model (Transition SST k- (Shear Stress Transport)) for various temperatures and velocities.
Previously presented results are extended by comparison of other suitable turbulence models (LES model (Large Eddy
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Simulation), SAS model (Scale Adapted Simulation) and DES model (Detached Eddy Simulation)) in this paper. The
numerical analysis could show advantages and disadvantages of the turbulence models used in the described task.

Correctness of the numerical results is based on previous comparisons with the experimental work carried out by
CET in Tel¢ [1, 19, 20].

NUMERICAL MODELS OF TURBULENCE

Four different turbulence models are used to model the task of flowing over a thermally loaded hill in an unstable
temperature-stratified boundary layer. Specifically, they include Transition SST k- model, LES model, DES model
in combination with the SST k- for modelling near walls and the SAS model, which defines an interface based on
the vortex length gauge. In close proximity to the wall, SAS acts as the RANS model (Reynolds-averaged Navier—
Stokes), at a greater distance, it automatically passes to the LES calculation [19, 21]. The results from the Transition
SST k-w model are verified with experimental measurements in previous work [22]. A more detailed description of
the applied models is given in the following paragraphs.

The Transition SST k-@ model. The Transition SST model, in addition to the original k and w equations (1), (2),
uses two transport equations: the transport equation for the intermittency y (3) and the transport equation for the
transition momentum thickness Reynolds number Réy, (4). By this, the model is able to take into account the
difference between high and low turbulence at the interface between the wake behind the barrier and free flow [18].
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where:
7 is dynamic viscosity [kg/(m s)],
i is turbulent dynamic viscosity [kg/(m s)],
0 is the flow density [kg/m],

Px, E; are transition sources, which include: strain rate magnitude and empirical correlation that controls the length
of the transition region,

Py, Ey2 are sources for the destruction/relaminarization, which include: vorticity magnitude, a critical Re number and
also necessary empirical correlation,

Py; is cross-diffusion term [kg/(m s)],

k is kinetic energy [m?/s?],

10} is specific dissipation rate [1/s],

G represents generation of turbulence kinetic energy due to mean velocity gradients [kg/(m s%)], (see eq. (6))

Go is production of @ according to (7) [kg/(m’s?)],

Y, Yo are dissipation of k and @ due to turbulence [kg/(m s)], [kg/(m3s?)],
Sk, So  are user-defined source terms,

Do is cross-diffusion term [kg/(m’s?)],

0y, 0g¢ are model constants: o, = 1.0, 09, = 2.0
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The effective diffusivities 7, 7% for the k- model in equations (1), (2) are given by (5):

he=p+t
5
A (5)
where gy, g, are the turbulent Prandtl numbers for k and w.
The production of turbulence kinetic energy G, is given by:
——0u;j
G = —pujy 5t (6)
The production of w is given by:
Gy = a2 Gy Q)
where G, is given by (6).
The coefficient a is given by
_ Qo [ag+Ret/Ry,
=g ( 1+Ret/Rq, ) (8)

where R, = 2.95. The coefficient a* damps the turbulent viscosity causing a low-Reynolds number correction
and is calculated by (9):

* % a(*)+Ret/Rk
@ = o ( 1+Re¢/Ry ) 9)
where
Re,=2%, R.=6; aj="5; g =0072 (10)
uw 3

Model constants in equations (8) and (9) are:
an =1 =052 ay=5 R =6 (11)

LES model. Numerical LES model based simulations are capable to describe anisotropic turbulence. LES reduces
the computational cost by ignoring the smallest length scales (smallest eddies), which are the most computationally
expensive to resolve, via low-pass filtering of the Navier—Stokes equations. The resolved part of the field represents
the “large” eddies, while the subgrid part of the velocity represents the “small scales” whose effect on the resolved
field is included through the subgrid-scale model.

The governing equations employed for LES are obtained by filtering the time-dependent Navier-Stokes equations
[23]. The filtering process effectively filters out the eddies whose scales are smaller than the filter width or grid spacing
used in the computations. The resulting equations therefore govern the dynamics of large eddies.

A filtered variable @ is defined by (12):

B(x) = [, B(x")G(x,x")dx' (12)
where D is the fluid domain, and G is the filter function that determines the scale of the resolved eddies.

Because of use of the finite-volume method, the filtering is automatically provided by discretization:

px) = %fv p(xNdx' ,x' ev (13)

where V is the volume of a computational cell. The filter function, G (x, x"), which is here implied, will be as in
(14).

© European Society of Computational Methods in Sciences and Engineering
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1/V, x' ev

0, x'otherwise (14)

G(x,x") = {

SAS model. It is a hybrid model based on the introduction of the von Karman length-scale into the turbulence
scale equation. Uses improved unsteady RANS formulation, which allows the resolution of the turbulent spectrum in
unstable flow conditions. It behaves like RANS model near walls using SST k-@ model and it automatically transforms
into LES computation in bigger distance from walls. It is not necessary to set its boundaries.

The transport equations for the SAS model are defined as:

apk) | d(pku) _ 3 (. dk _
at ox; ax,-< k axj) * Gi = peyke 15
Apw) | Apwuy) _ 3 (. dw wr 2 _p 2P 1 0k 0w
— ox =~ ox) (I"w axj) + aGr — pPw® + Qsps + (1 — F; G0 @ 0%, 9%, (16)

The additional source term Q45 for the turbulence eddy frequency is:

Qsas = max [anKSZ (i)z -C- %max (i%g—z,k—t:—;;—;), ] an
where:
k, o, Gk see eq.(1-4),
L is length scale of the modeled turbulence [m],
Lvk von Karman length scale [m],
F1 is blending function [23],
Ow2 is the g, value for the k-w regime of the SST model,
B.cu are model constants [23],
12,04, C are model parameters: n, = 3.51; g4 = 2/3,C = 2,
S is a scalar invariant of the strain rate tensor S;; calculated according to (18):
S=2S5;, Sy=1 Z—)’j} %] (18)

DES model. This hybrid model attempts to treat near-wall regions in a RANS-like manner (in this task the SST
k-w is used), while the rest of the flow is treated in a LES-like manner. Switching between both modes is based on
turbulent length scale and a grid dimension. As the turbulent length scale exceeds the grid dimension, the regions are
solved using the LES mode. This task is solved using the DES SST k- model.

HEAT TRANSFER IN ANSYS FLUENT

In the case of thermally loaded object, this is a heat transfer task, which is described by the power equation [23]:

a a a aT
% (pE) + Py [u;(pE +p)] = — (keff ox; +u; (Tij)eff) + Sh (19)

i axj

where:
u;  velocity components [m/s],
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p  static pressure (air) [Pa], [kg/(ms?)],
t  time[s],

T  temperature [K],

Sn describes chemical reactions,

5j  represents heat transfer by friction,
kew  effective thermal conductivity.

The last two members on the right side of the equation (19) need not be solved (Sh, 5j). As mentioned above, each
model differs from one another by a mathematical description of the turbulent flow. Basically, it is a different
definition of the turbulent dynamic viscosity s« in the balance equations. Similarly, in the description of heat transfer,
the different models differ from one another by defining the effective thermal conductivity ke [23].

In Ansys Fluent, turbulent heat transport is modelled using the concept of Reynolds’ analogy to turbulent
momentum transfer [23]. In the above equation (19), total energy E [m?/s?] is defined by:
2

E=h- f +-L (20)
h is sensible enthalpy [ m?/s?] for incompressible flow (21):
- (T p
h= fTo cpdT +; (21)

Cp is specific heat [J/(kg K)], ¢, = const. — according to the following paragraph describing boundary condition.

The energy equation for modelling is in the following form:

%(pcpAT + %puz) + aixi [ui (pcpAT + %pu2 + p)] = aix,- (keff :—;j) (22)

Due to the character of the described problem, it is necessary to consider buoyancy forces near the surface of the

flow around heat loaded object. This is assured by the so-called Boussinesq model, which adds into the Navier-Stokes

equation (motion equation) a source member describing the change of the current density p according to the following
relation [23]:

p = po(1 — ardT) (23)
where:

o constant density of incompressible flow [kg/m®],
ar  coefficient of thermal expansion [1/K].

If real density changes are small, as it is in this case, this approximate solution can be considered as accurate.

NUMERICAL ANALYSIS OF THE HILL

The above described models are practically used and compared in the following numerical analysis, which is based
on the already validated comparison of the Transition SST k- model and the experimental measurement. The
measurement of the temperature loaded hill (Figure 1 on the left) was performed in the CET climate wind tunnel in
Tel¢. The comparison of results from the tunnel and numerical modelling was carried out in [18, 22, 24, 25, 26]. This
paper aims to evaluate three other suitable models with regard to the solution of that task.

© European Society of Computational Methods in Sciences and Engineering
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Model of the hill, calculation area and boundary conditions

The task is solved in a 3D computational area with the following dimensionsb x h x I = 0.1 x 1.8 x 8 m (Figure 2),
which is given by the size of the tunnel. The model of the solved hill has a height h =200 mm (Figure 1 on the left).
The velocity and temperature profiles are monitored on four height levels (Figure 1 on the right).

airflow
SR e

hicight of the hill -
h=02

FIGURE 1. Model of the hill in the wind tunnel (left) and scheme of the hill in the computational area marked
with monitored height levels (right).

There is considered value of the reference air velocity up = 1.5 m/s, intensity of turbulence s« =1 %, surface
temperature of the hill T =150 °C. The inlet air temperature To = 20 °C. The simulation of stratified ABL requires
geometric similarity of surface roughness, dynamic similarity of inertial and buoyancy forces, and similarly distributed
mean and turbulent upwind velocity and temperature profiles.

The boundary condition on the input is velocity inlet, at the output pressure outlet and on the side walls symmetry
because of the free passage of the flowing medium. The upper and lower surface of the calculation area is ensured by
the boundary condition wall describing the limited space of the wind tunnel. Flow is considered compressible, specific
heat is ¢, = const [J/(kg K)]. With the current change of temperature, the physical properties of air thermal conductivity
A [W/(m K)] and dynamic viscosity u [Pas], [kg/(ms)] are also changing.

P 2m Y 6 m

1 1 1

xxxxx

1.8 m

S h=0.1m Y.i X

FIGURE 2. Computational area of the 3D task.

The Transition SST k-w model

The following figures are taken from previous work [26] to show the difference in the temperature and velocity
field of the temperature-loaded flown over the hill.

© European Society of Computational Methods in Sciences and Engineering
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The Figure 3 shows the results of the Transition SST k- model, which was compared with the experiment in the
tunnel [26]. There are shown the velocity isolines and also temperature distribution in the case of temperature loaded

object, obtained in the Transition SST k- model at a temperature of 20 and 150 ° C. It is obvious from Figure 3, that
in the thermally loaded object the lifting vortex comes up.

e — = 3

FIGURE 3. Transition SST k- model, uo = 1.5 m/s:
Velocity isolines at 20 °C (left) and velocity isolines and temperature distribution at 150 °C (right). [26]

Vertical temperature curves in three sections over the hill are shown in Figure 4 [26]. On the results of the
numerical model and experimental results, the disordered temperature field in the surroundings of the hill is evident
up to about 1.5 times the height of the hill both in the measurement and in the numerical model.
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FIGURE 4. Experiment and Transition SST k-wmodel, T =150 °C, uo = 1.5 m/s:
vertical temperature profiles above the hill (left) and velocity above the hill in x direction (right) [26],
physical unit for x-axis [m]

Comparison of numerical models

Since the results of the comparison of the Transition SST k- model with the experiment were fairly satisfactory
[22, 26], this model serves to compare the results from simulations of the other three models. The following graphs
show a comparison of the temperature and velocity fields of all models in four height profiles: 0.15 m, 0.22 m, 0.26 m
and 0.30 m (Figure 5). It is obvious from the results that the advanced models based on LES method give very similar

© European Society of Computational Methods in Sciences and Engineering
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results, but there is still some minor difference compared to Transition SST k- model. Moreover, bigger
computational cost of these models is generally known.

e ! ol
30 15
e h=0.30m
20 h=030m 1.0 —
05
30 Z= 15 ﬁ h=0.26 m
50 ’
05
40
30 15 A\ h=0.22m
20 h=022m 10 \ e
40 0.5
0.0
30 4 1.0
h=0.15m T — =
20 05 h=015m
0.0 f———é
150 175 200 225 250 275 3.00 [m] 150 175 200 225 250 275 3.00[m]
——SAS —— DES-SST k- —SAS —— DES-SST k-
——LES Trans-SST k-0 ——LES Trans-SST k-0

FIGURE 5. Temperature (left) and velocity (right) contours near the flown over object.

In temperature field (Figure 5 on the left), the results of LES model and the Transition SST k- are almost same,
whereas results of SAS model are partially different. The difference is stronger in immediate vicinity of the hill.

In velocity field (Figure 5 on the right), the differences in wake behind the hill are small, as expected. The most
significant swirl is rendered in SAS model. Both LES and Transition SST k-w models render almost identical
horizontal velocity profile. Stabilization of the velocity field behind the hill is the slowest in the SAS model. Model
DES SST k-w renders stabilization of the field within the range of the results of other used turbulence models.

CONCLUSION

The aim of the paper was to analyse the suitability of four numerical models of flow in an unstable temperature-
stratified boundary layer over a temperature-loaded object. The mathematical expressions in the accompanying
equations of the used Transition SST k- models, the LES model, the SAS model and the DES model are practically
verified on a 3D task of the flown over a temperature-loaded hill. In the study, the temperature and velocity fields of
these models were evaluated in commercial CFD software with slightly different success. The results showed that the
most suitable models for solving the given task were Transition SST k- model and LES model. Because of big
computational cost of LES model, the Transition SST k-wmodel seemed more appropriate and could be
recommended. On the contrary, the SAS model proved to be inappropriate. Although its computational time was
better, it gave partially different results than other models, especially in the velocity field behind the obstacle. The
experience gained from the comparison of the suitability of the models will be used in further research, when the
authors will focus on a detailed study of eddy structures at overflown objects.

© European Society of Computational Methods in Sciences and Engineering
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