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Abstract: The aim of this paper is to provide a contributtoralgorithms for the numerical simulation of thtenaspheric
boundary layer (ABL) in short test section windrieh with the lowest pressure loss possible, faydaRe, similar to the high
values observed in nature. Different turbulent niedwve been examined for their relative suitabildar the atmospheric
boundary layer airflow with and without the implemta&tion of buoyancy effects with modified turbulenmodel constants for
the atmosphere. Validation of turbulent models dlgto comparison with wind tunnel experiments is esakfor practical
applications. It has been observed thakthenodel is most suitable tool for generation of &1.An short-chamber wind tunnel.
A comparison has been made with the available @xpeetal data, from literature, and the predicted@glues are very close to
the corresponding experimental measurements. Tingagion results show the importance of turbulemoelel constantQ,),
the non-uniform velocity and turbulence intensitgfpes. Also, the significance of for consistent assessment is confirmed.
However, it has been found that the buoyancy forakes significant change in boundary layer thickneishout a major impact
on computation time.

Keywor ds. Atmospheric Boundary Layer (ABL), Buoyancy EffeEtirbulence Models, Short Test Section Wind Tunnel,

Numerical Simulation, Non-Uniform Velocity

1. Introduction

It would be possible to obtain an appropriate scdl¢he
natural wind structure by covering a considerabtagth of the
wind tunnel’s floor with a material of suitable ghness [1,2].
However, the disadvantage of this process is thaguires a
length of about 25 m to form a BL with 60 to 120 beight,
which is possible only in tunnels with a long telsamber [3].
Thus, improved techniques for reproduction of thairm
characteristics of natural winds, as well as tmené&ion of the

precondition in computational wind engineering. The
application of CFD to study atmospheric dispergioocesses
in the lower part of the ABL has become an impdrtasearch
subject. Validation is an essential aspect of tegearch and
several comparative studies between CFD and wimdetuor
field measurements have been performed, e.g. [10w1&I of
these publications, the intermittent nature of thigpersion
process in the wind tunnel and field measurementgpposed

atmospheric boundary layer (ABL), are needed. Thede the Reynolds Averaged Navier -Stokes (RANS) tgmiuof

techniques will permit shorter test chambers, st #xisting
aeronautical tunnels could be used for atmospkarialations
of meteorological interest, with the advantagelafvfcontrol
and improved data collection [4]. The several stsdising the
wind tunnel for simulating the characteristics dnsthavior of
the atmosphere can be found in Refs. [5-9]. Tharate
computational fluid dynamic (CFD) simulation of tASL is
becoming increasingly important. CFD is a tool whits
increasingly being used to study a wide varietprotcesses in
the ABL, where its accurate modeling is an impesati

the CFD simulations is indicated as a reason ferotiserved
discrepancies. These discrepancies could be repate
inaccuracies in the boundary conditions for thevflor the
pollutant source and the underestimation of théulence
kinetic energy [14,15]. The standaks: turbulence model,
widely employed in the simulation of the ABL due tioe
availability of appropriate boundary conditions and
meteorological data [16—21], will serve as thetistgrpoint in
investigating of the ABL under the influence of fage heat
flux. The re-normalization group (RN@&-¢ model which
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renormalizes the Navier-Stokes equations to accdant
small-scale turbulence [22]. While the realizakle model
contains a new transport equation for the turbul@netic

energy dissipation rate)(and also, turbulence model constant

39

2. Numerical Smulation of the ABL

2.1. Using theWall Function with a Uniform (Constant)
Inlet Vel ocity

(C.). These are expressed as a function of mean flu &  crp gimulations provide a way of predicting the debr

turbulence properties rather than assumed to tstarj23,24].
Other two—equation RANS models are also availdide,the
k-w model where the transport equations are the temnbul
kinetic energy K) and the specific dissipation ra®)( These
models have been shown to perform much better Kian
models in adverse pressure gradients and theiiefpredicting
separation, but are very sensitive to free-stradet/conditions
[23,25]. A compromise between the advantages okthand
k-w models is the shear stress transport (&1 model which
employs thé&-w model near the surface and kkemodel in the
free shear layers through the use of a blendingtifm Good
performance of the SS&w» model for ABL flow around blunt
bodies has been shown [26]. The SS# ktodel has also been
adopted for detached eddy simulation (DES) turtmélenodels,
which combine the features of RANS simulation it jod the
flow and large eddy simulation (LES) in the sepedakgions.
However, these models solve the unsteady transpogtions
and are still significantly more computationallypexsive than
the steady RANS models [23]. Furthermore, the efi¢dlow
in three dimensions over dunes has also been igatsi in
various studies, which include wind tunnel testsl &FD
[27,28]. Most studies to date have focused on sitimud of the
neutral ABL, where buoyancy effects have mostlynkigaored
or modeled using a Boussinesq type approach [FI). €£ems
to be the obvious route to quantify these effestsch could
make a new contribution to understanding the beinafi the
flow fields in short test—section wind tunnel.

The objective of this research is to optimize to&fin the
shortest possible extension of the wind tunnel Wit lowest
pressure loss possible leading to formation of AB:. and
obtain a large Re; similar to the high values olesiin nature.
Different turbulent models using ANSYS- Fluentl4/édeen
examined for their relative suitability for the atspheric
boundary layer airflow with and without the implemtetion of
buoyancy effects with modified turbulence modelstants for
the atmosphere. A typical CFD simulation is createdive
steps. First, a model of the fluid region is sketthnd any solid
regions that might be present are defined. Theneaftmesh is
applied to the sketch. Fluent uses finite—voluméhoas when
calculating the flow field variables, with the meslements as
the finite volumes. This means that the size ohtlesh and the
location of its elements determine where the flldfvariables
are evaluated. Hence, a fine mesh is needed wiherkotv is
changing rapidly, while a coarser mesh can be askxtations
in the model where the flow is uniform. The thitgsis to
define the boundary and initial conditions of thelgem as
well as turbulence models. Then, the numericaltations can
commence, which form the fourth step. Fluent mosthes
second-order accurate numerical methods when divajube
Navier-Stokes equations, together with various rsodéden
calculating for example the turbulence of the flow.

of a fluid without having to perform any experimgnand
changes in the problem setup are easily made.

CFD codes employing RANS turbulence generally model
the flow under turbulent conditions near walls gsa wall
function, providing that the flow velocity (constarat the
inlet is chosen to be the mean wind velocity ofitled profile
[16]. The roughness of these surfaces is oftenesged in
terms of the equivalent wall roughness heigli18,19]. For
the consistent and accurate application of thedhthe wall,
the dimensionless wall distangewould be in the range of 30
and less 500 [30] , placing a limit on the positafrthe first
grid node from the wallz,.

2.2. Using the Roughness Length with Friction Vel ocity
(Non-Uniform Inlet Vel ocity)

The inlet boundary profile is function of frictioselocity u*
and the roughness length The logarithmic velocity profile
law is given by [31]:

u* z+zo)

u=—-=In
P (1)
Or the more simplified version, the power law:
z
u=u* (=) )
24y

For a =1/7 for flow of comparatively low Reynolds
numbers. The turbulent kinetic enerdggan be derived from
equations available in the literature [32], for glitity

u*?
VCu

An equation for the turbulent dissipation rages also
available in the literature [33]:

k= ®3)

u*3

£ K(z+2p) “)

For the simulated case, the profile at the outhetiolary has
exactly the expected profile.

2.3. Using the Effects of Buoyancy on Turbulencein thek- ¢
Models

When a non-zero gravity field and temperature gnaidare
present simultaneously, thes models in ANSYS FLUENT
14 account for the generationloflue to buoyanc,, and the
corresponding contribution to the productions¢23].

U\ ok
p kuin;dA = (;L+—)—nEdA +
A A o,/ 0x,

i

f[Gk + Gy — pe = Y ldV
Vv

®)
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and constants are empirically derived, constants medifio fit
_ _ R atmospheric boundary layer data give better resoitsvind

L peun;dA = L (u+§i)j—;nicm+ fv caz(Ge+ca6,) - cap|av  (6)  energy research than the standard constants. Atmok
Masson [17] used wind farm data to optimizekhemodel for

The generation of turbulence due to buoyancy ismgly atmospheric flow. By extensive algebraic manipolatf the
turbulence equations Alinot and Masson derivedtabk-¢

oT
Gy = ,(ggl_ﬂ_ (7) constants that produced more accurate resultsyahes of
Pr: 0x; these constants are in the Table 1.
It can be seen from the transport equations Kahat Table 1. k- & turbulence model constants.

turbulence kinetic energy tends to be augmen®&d>(0) in

unstable stratification. For stable stratificatiomyoyancy gts ch;st;nt 5‘24 %;2 c?”o ; ‘1”0 ‘1’”3
tends to suppress the turbulenGg € 0). andar [34] ' ' ' ’ ’
Alinot-Masson [17] 1176 192 003329 1.0 13

2.4. Using the Change of the k- ¢ Model Constants -
Other values of the modified model constants forano

Thek-¢ model uses five constants in the transport eqousitio applications are available in the literature [35].
C..C2,C,, g, ando,: C, is used to calculate eddy viscosity for

the second term of theequation. 3. Boundary Conditions
L= o ﬁ 8 In order to validate the proposed methodology, asult
He = PRy velocity inlet was used which is similar to the exmental

study ¢ = 25.5 m/s). Standard representation of the viloci

The standard values of these constants are thelteddues profile in the ABL is as shown in Table 2.

determined empirically when thee model was first derived
by Launder and Spalding [34]. Because tke model

Table 2. Inlet boundary conditions.

k-& k-&
(Non-uniform flow) (Uniform flow)
_u* z+z,
u (m/s) h=s |n(T) 255
= 0
k =
Inlet profile < JC. .
u *3
2 = K(z+z,) e
C. 0.09 0.09
Roughness length Z, (m) 0.002 0.002
Roughness height Carpet ke (m) 10z,/C 10z,/C
Roughness constant C. 0.5 0.5
. . spires
4. Mesh Considerations Wy -
4.1 physical Domain Ao = "
direction:' """" " [2041m
According to [4], the domain represents a rectaangwind — ] Houpst |
03m  [01503] | 09m 03m

tunnel test section with dimensions 0.410.41 nf with a

length of 1.8 m, as shown in Fig. 1a. For initidjustments, M" Sec.Plan
passive devices — screen and spires — were usefbafide
tuning a wrinkled carpet were added as shown in Eig
Three types of screens (2 mm thick) with differemtshes
were used. (i) thin screen KP = 1, (ii) medium sor&P =
0.75, and (iii) coarse screen KP = 0.05. The cansed to
form the ABL is 900 mm long with roughness of 3 nirhree
spires, each with height of 307.7 mm and base wof2.6 /[\
mm were used. y X

Fig 1a. Physical domain [4].
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4.2. Computational Domain

The result of a numerical calculation is dependenthe
mesh that is used. A too coarse mesh will givega krror in
the result and as the mesh size gets finer thiwr etrould
decrease. However, if the size of the mesh elemerasall
enough so that the numerical result is close toghbsolution,
a further decrease of the element size should fiettahe
solution significantly since the result is alreadyrect. When
this situation occurs the solution is said
mesh—-independent and this should always be achished
performing a simulation. Mesh design (including ltteéght of

the first mesh cell) is critical to obtain a vabed accurate

CFD solution, leading to very thin boundary lay€gictors to
consider are mesh element shape, surface gridutesyl
boundary layer resolution and the overall numbesiefments.

Another requirement of first cell mesh height iatttoughness

elements can't be higher than the top of the cal

to be 0

41
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Fig 2. (a) Velocity profile (b) percentage error withfeifent grid elements at x
=1.42m.

elements * 10°

Grid sensitivity study using velocity profile at= 1.42 m,
non-uniform flow at inlet, KP = 0.75, and distaric8 m from
experimental work [4] with different grid sizes slsown in
Fig. 2(a).

unstructured Triangle grid was constructed based on The grid sensitivity study has led to acceptabie sjizes in

refinements with a factor of 2 (397258 elementhk distance
between the centre point of the wall-adjacent @il the wall
(carpet) is 0.002 m. The inlet mean wind speedilprahd the
turbulence intensity profile are taken according tte

experimental work [4]. Fig.1(b) shows the grid diet
computational domain related to the physical donjd]nas

shown in Fig.1(a).

Sec. Elev.

Refined grid near the wall

Fig 1b. Computational domain.

4.3. Mesh Independency

0.3
= EXP, KP=0.75[4]
——Med. 95027 el
—+—Fine 122411 el
——Refinel 197139 el

= = = = Refine2 387258 el

Refine3 594515 el

u (m/s)
(@)

the range of refinement 1 (197139 elements) upfioement
3 (594515 elements), since within this range thioigy
profile do not change appreciably as shown in &{h).

5. Results and Discussion

In the present study, the predicted results fromDCF
simulations of the ABL are compared with experina¢mtork
[4] for fully developed ak = 1.42 m.

The CFD simulations are carried out under different
conditions of the different distance between spined screen
with different inlet profiles, the different turlariice models,
the different pressure drop coefficient for scresm different
inlet boundary conditions.

Figures 3(a,c) show the wind-speed profile atl.42 m for
a medium screen KP = 0.75 positioned at 0.15 mGaBdn
from the spires, at different inlet profiles. Itnche seen that
the predictive results, based d&ne turbulence model for
non-uniform flow at inlet is very close with expmental. But,
some discrepancies are noticeable for the casenifdron
(constant) flow at inlet. On comparing the unifoemd the
non-uniform flow cases, the flow in the case of sumiform
flow enters the duct with imposed shear and hetee t
boundary layer grows in the downstream direction.

Figures 3(b,d) show the turbulent intensitx at1.42 m for
a medium screen KP = 0.75 positioned at 0.15 mGaBdn
from the spires, at different inlet profiles. Itnche seen that
the non-uniform flow at inlet is able to reprodutiee
experimental measurement in satisfactorily agre¢men
compared in case of uniform flow at inlet.

Table 3 summarizes the outlet values gf (*, y*, J, and
e%) at different inlet profiles and different distascbetween
spires and screel € 1.42 m and medium screen KP = 0.75).
The experimental results of the height of the ABtreased
from 0.18 to 0.2 as the distance between the spinelsthe
medium screen increased (from 0.15 to 0.3 m). Dimeputed
boundary layer characteristics from the non-unifdlom at
inlet for different distances between spires angest show
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better agreement with results from the uniform flatinlet, non-uniform flow and distance is 0.3m and percemtagor
compared with the experimental results. Also, teecentage (1.36). The boundary layer with spires, screen, Gampet is
errors are decreased for non-uniform flow at icl@pared greater than 7.15 from without spires, screen,canget.
with the uniform flow, in particular for the casef o

0.3 0.3
z (m) . z (m)

= EXP.[4)

0.25 4 c i 25 -
®m EXP [4] 0.25 ——k-& (Non-uniform flow)

——k-& (Non-uniform flow)

—6— k- (Uniform flow)

0.2 —&—k-g (Uniform flow) 4 0.2

0.15 A 0.15
0.1 4 0.1 4
0.05 0.05 -
0+ — T ‘ T 0
15 18 21 24 27 30 0 0.04 0.08 0.12 0.16 0.2
(a) u (m/s) (b) Tefu,
(a and b) Distance between spires and screen =n.15
0.3 0.3
z (m) " z (m) = EXP[4]
<4 - i 2§
0.25 B EXP [4] A 0.25 —— K-€ (Non-uniform flow)
—==k-&¢ (Non-uniform flow) . —o—k-& (Uniform flow)
0.2 4 —&—k-g (Uniform flow) o 0.2 4

0.15

0.1 4

0.05 -

5 18 5 5 e 5 0 0.04 008 012 016 02
(c) (d)

u(m's) It
(c and d) Distance between spires and screen m0.3

Fig 3. Velocity profile and turbulent intensity at diféett inlet profile (x = 1.42 m, medium screen (KB.75)).

Table 3. Outlet conditions at different inlet profiles adifferent distance between spires and screen (2 fin and medium screen KP = 0.75).

Inlet profile Non-uniform flow Uniform flow Exp. [4]
Distance between spires and screen (m) 0.15 0.3 0.15 0.3 0.15 0.3
Wall shear stress 7, (N/m?)  0.99 0.99 1.04 0.95

Friction velocity u* (m/s) 0.91 0.91 0.93 0.9

Wall function 7 340 340 348 335

Bpundary ITayer thickness Outlet k= 1.42 m] 5 (m) 0028 0.03

without (spires, screen, carpet)

Boundary Layer thickness o (m) 0.179 0.199 0.176 0.197 0.18 0.2
Error % e% 2.91 1.36 5.51 3.74

Figures 4(a,b) indicate that the numerical solubesed on close with experimental data [4] compared with othe
k-& turbulence model for velocity contour and turbalenturbulence models. Figures 5(c,d) show the bounrdayer
intensity at non-uniform flow at inlet, medium sere(KP = thickness and percentage error. The boundary tajekness
0.75), and distant 0.3 m are capable of represgrifie  for k-¢ turbulence model is greater than other turbulence
experimental measurements in particular, inthe #B£1.42  models and the percentage error kes turbulence model is
m). less than other turbulence models. From other hamel,

Figures 5(a,b) show the velocity profile and tudmil predictive results (boundary layer thickness) usirfigS in
intensity atx = 1.42 m for a medium screen KP = 0.75short-chamber wind tunnel would be unexpected, itkeds
positioned at 0.3 m from the spires, at severadbulence capability of representing the ABL for external viio

models for non-uniform flow at inlet. It can be sedat the  applications. Therefore, it would be realistic twbe used for
predictive results, based dac turbulence model are very internal flow applications. However, thk-= model is
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considered to be suitable tool for generation ofABL in  boundary—layer thickness for experimental resuitj these
short-chamber wind tunnel. cases are less than compared other cases.

Figures 6(a,b) show the velocity profile and tudml
intensity atx = 1.42 m for different pressure drop for screen
positioned at 0.3 m from the spires, for non-umfdiow at
inlet. It can be seen that the predictive resliltsed ork-
turbulence model for KP = 0.75 are very close with

experimental measurements [4]. Figures 6(c,d) shbev !_ x=142m A
boundary—layer thickness and percentage error, the = o 7
boundary layer thickness f&r £turbulence model for without (a) oF P b}""{ﬂ’ % 'P «?'\. L

screen (KP = 0.0) is greater than other KP's. Bhg [ . = =
percentage error fde £ turbulence model for KP = 0.75 is less
than other KP's.

Figures 7(a,b) show the velocity profile and tudml
intensity atx = 1.42 m for a medium screen KP = 0.75
positioned at 0.3 m from the spires, at differatgtiboundary
conditions for non-uniform flow at inlet. It can been that the -
predictive results, based &re turbulence model for all cases (b) &8 8 W& {g; &S P 8.8
are in good agreement with experimental resultpures 7(c,d)
show the boundary-layer thickness and percentage, ¢ne
boundary layer thickness féire turbulence model witl, =
0.033 ank-sturbulence model with buoyancy are equal to the

Yy
'

x=142m

Fig 4. (a) Velocity contour (b) turbulent intensity at noniform flow,
medium screen (KP = 0.75), and distance 0.3 m.

0.3 03
= EXP[4]
z (m) —s—k-E z (m) &% * BB
0.25 4 —+—Realizable k-¢ 0.25 - ! ——ke
—— &:G —#—Realizable k-g
i - s —+—RNG
0241 ....RSM 0.2 A —a—kn
—#— Spalart-Allmaras (1 Eq.)
i~ - - - SST
0.15 1 0.15 - —#—RSM
0.1 1 0.1 4
0.05 0.05
(1] T T T T T 0 r T T
12 15 18 21 24 W 0 0.04 0.08 0.12 0.16 0.2
(a'J (b) TT"rua
16
13.98
. €%
12
0.24
& (m) 0.189 0.193 0.199 02 !
0.18 + 0.163 5
0.146 0.147 sag >
439 452 464
3.58
0.12 40.104 47
1.36

= B g 8 2 ¥ P o= @0 w 2 > B -
= i = =2 b !
2 & 7 =2 8 oW g R = 2 £ z % = 7 §&
= 3 P = L = !
(C) —= [ =] d o3 &
< () = =
= Turbulence models &= Turbulence models

Fig5. (a) Velocity profile (b) turbulent intensity (c) tmdary layer thickness (d) percentage error ateéht turbulence models (x = 1.42 m, medium scf€en
=0.75), distance 0.3 m, for non-uniform flow deij.
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0.3 0.3
= EXP [4]
z (m) = EXP[4] z (m) ——k-s (KP=0.0)
025 4 —*%=& (KP=00) 0.25 A ——k-2 (KP=0.05)
——k-g (KP=0.05) ——k-g (KP=0.75)
——k-& (KP=0.75) \ ——k-s (KP=1)
024 -—ake®EP=1) 0.2 1 ——k-g (KP=2)
—a—k-2 (KP=2 * —k-e(KP=4)
et M 0.15 -
0.1 4 0.1 7
0.05 0.05
0 . = ; 0
12 16 20 24 28 0 0.04 0.08 0.12 0.16 0.2
a
(a) S— (b) Irfu,
0.3 - 14
8 (m) bag. 2. | en 1233
025 +
0.19 0.199 0.2 105 1 >
02T -
015 + 7T
519 5.61
01+ -
- i 351 2.44
005 042 136
0+ : : : ; ) :
KP=4 KP=2 KP=1 KP=075 EXP[4] KP=005 KP=00 KP=075 KP=005 KP=00 KP=1 KP=2 KP=4
(c) - (d) -

Fig 6. (a) Velocity profile (b) turbulent intensity (cpbndary layer thickness (d) percentage error afedént pressure drop coefficient for screen (x 421m,
distance 0.3 m, for non-uniform flow at inlet).

6. Concludina Remarks Suitable boundary conditions that actually simulie
) g real flow are required.

In this study the following conclusions are draws a * The predicted CFD values are very close to the

follows: corresponding experimental measurements.

+ The k-¢ model is considered to be a suitable tool for * The influence of turbulence model consta@f)(and the
generation of an ABL in short-section wind tunnel ~ buoyancy force makes significant changes to the flo
leading to reduce the tunnel operation time and cos  Without a major impact on computation time.
during the actual experimentation phase. * The dimensionless wall distange in the required range

« Mesh design is critical to obtain a valid and aater is crucial for the consistent and accurate apptioat
CFD solution.

0.3 0.3

z (m) = EXP.[4] z (m) " EXP []

pas 4~ ks (Cp=009) _ 0.25 ——lk-g (Cp = 0.09)
—+—k-& (Cp = 0.09) + Buoyancy ——k-& (Cp = 0.09) + Buoyancy
—a—k-£ (Cp=003) ——k-5 (Cp=003)

0.2 1 =*=k-& (Cp = 0.03) + Buoyancy 0.2 ——k-g (Cp = 0.03) + Buoyancy

0.15 4 0.15 4

0.1 1 0.1 4

0.05 1 0.05 -

0 0
13 l6.5 20 23.5 27 0 0.04 0.08 0.12 0.16 0.

(a) o (s} (k) It/u,
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0.2016 7 1.8
- 1.578
&{m) e
02 02 02 33 1.36
01995 0,190 1.2
096
09 0.792
0197 + 0197 06
01053 o= SRR e = —_— Il = = =
ke (Cu=003) ke(Cp=009) ke(Cp=009) y.(Cu=003) EXP [4] kg {Cp=003) ke(Cp=009) k-z (Cp=009) ke{Cu=003)
+ Buoyaney + Buoyancy + Buooyvancy + Buovancy
Inket boundary condations nlet boundary conditions
() (d)

Fig 7. (a) Velocity profile (b) turbulent intensity (cplndary layer thickness (d) percentage error atedént inlet boundary conditions (x = 1.42 m, mexdliu
screen (KP = 0.75), distance 0.3 m, and non-uniffiow at inlet).

Nomenclature

C, Roughness constant = 0.5
C,  k-eturbulence model constant
C. k- turbulence model constant
C.»  k-g turbulence model constant
C.s k- turbulence model constant
n
e % Percentage error,1 quEXR Uerp [« 100
n, Uexp
Gy,  Buoyant production of turbulence
Gk Shear production of turbulence
g Gravitational acceleration,?s
It Turbulent intensity
k Turbulent kinetic energy
KP  Pressure-drop coefficientsP/0.5u?
Ks Equivalent wall roughness heightl0z/C., m
Pr  Turbulent Prandtl number = 0.85
Re  Reynolds number = uk/
u Mean velocity, m/s
u, Vertical velocity, m/s
u*  Friction velocity ratio =Vt,/p, m/s
y* Dimensionless wall distance = z.u*/
Yn  Turbulence production due to compressibility
z Vertical coordinate
Z Roughness length, m
Z, Height of first cell centroid above wall, m
AP Static Pressure drop across the screen? N/m
a Power law exponents = 1/7
B Thermal coefficient
) Boundary Layer thickness, m
€ Turbulent kinetic energy dissipation rate
K von Karman constars; 0.41
p Air density, kg/n
Ok k-e turbulence model constant
O¢ k-¢ turbulence model constant
1,  Wall shear stress, Nfim
vl Laminar fluid viscosity, kg/ms
Iy Turbulent fluid viscosity, kg/ms
v Kinematic viscosity, Ais
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