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Abstract

In the wind engineering field, the so-called D-section (semi-circular cylinder) has
attracted some attention from researchers, since it is a galloping prone geometry.
In fact, a modest number of references where this type of cross-section has been
studied in the wind tunnel can be found, such as Novak and Tanaka (1974) or
Weaver and Veljkovic (2005). However, to the authors’ knowledge, references in
the literature concerning the CFD-based simulation of the aerodynamic response
of circular segments are particularly scarce. In this work a 2D Unsteady Reynolds-
Averaged Navier—Stokes (URANS) approach has been adopted with the purpose
of computing force coefficients and Strouhal numbers of static circular segments
at the subcritical regime considering corner angles of 90°, 80°, 70°, 60°, 50°
and 40°. Since the motivation of this work is to study circular segments as a
simplified bridge deck geometry, the reference flow direction is parallel to the
rectilinear side. It has been found that this kind of cross-section is particularly
challenging since it presents massive flow separation on the rectilinear side, as
well as the inherent difficulties in modeling the aerodynamic response on curved
surfaces at high Reynolds numbers. For certain geometrical configurations low-
Reynolds-number and curvature corrections in the k¥ — w Shear-Stress Transport
(SST) turbulence model had to be introduced, as well as considering transition
from laminar to turbulent flow, in order to obtain results similar to the experimental
data.
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1 Introduction

This works aims to characterize the aerodynamic behavior of circular segment
cylinders subject to shape variations in their height, as shown in figure 1, which
is defined by the value of the 3 parameter in the range [40°,90°]. This study is
of interest in the frame of carrying out a shape optimization of a simplified bridge
deck cross-section [1].

B =34m

B=90

Figure 1: Deck cross-section employed Figure 2: View of the Art Institute

with the angle 5 as the footbridge in  Chicago,
only shape parameter. USA.
The f = 90° section, also known as D-section, was firstly studied by

Den Hartog [2] and later by Richardson and Martuccelli [3] in order to study the
galloping effects on conductors. The effects of turbulence over the 8 = 90° section
are dealt with in [4], while [5] also studies the vortex shedding phenomena over
this section. In the CFD realm, lift and drag coefficients were obtained in [6] for
the D-section, in the frame of energy harvesting studies based on flow-induced
vibrations.

New shapes in bridge decks design are nowadays considered in bridges and
footbridges. This includes the presence of circular-based shapes and cross-section
shapes very similar to slender circular segments. This is the case, for instance,
of the Santander footbridge [7] in Spain, a balcony beam of 70.7 meters long
with curved layout and a steel-concrete composite semicircular section. Another
footbridge with the same cross-section can be found in Chicago, USA, known as
the Art Institute footbridge, which is shown in figure 2. Another circular shape is
employed in the Riyadh metro cross-section, which correspond to approximately
B = 50°. Besides, some slender cross-section of newly build long-span bridges
are very similar to these sections for low values of 3. This is the case for instance
of the Yavuz Sultan Selim Bridge, in Istanbul, Turkey.

The presence of curved shapes in the cross-section of this kind of structures
is due to its aesthetic quality, as is the case of the Den Haag station viaducts, in
the Netherlands. The use of these new shapes in the cross sections of common
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structures increase the interest in curved cross section as the ones studied in this
work.

2 Formulation
2.1 Force coefficients

The target of this study is to obtain the aerodynamic coefficients and Strouhal num-
bers of the circular segments for the sections 5 = [40°,50°,60°,70°,80°,90°].
These aerodynamic properties are defined as

L D M fH
Cr=—=, (Cp=5—=, Cu=+—5= and St="—r)
o Loz TP Lzt M T 1B U

(1
where L, D and M are the time-averaged lift, drag and moment forces per unit
of length, with the sign indicated in figure 3, U is the wind velocity, p is the flow
density, B and H are the width and height of the section and f the vortex shedding
frequency.

Figure 3: Sign convection adopted for the aerodynamic coefficients.

2.2 Governing equations

The numerical computation of the aerodynamic forces is carried out for the
sections studied in this work by means of a 2-D Unsteady Reynolds-Averaged
Navier-Stokes (URANS) approach. This methodology is widely described in
[8-10] among several others, and a brief summary is outlined below.

The effects of the wind around the deck sections is modeled by the unsteady
Reynolds-averaged Navier-Stokes equations considering incompressible flow,
which means that

dp
ot
where p is the density of the fluid, which is assumed constant in the whole
domain, and ¢ represents the time. The Reynolds averaged equations of motion

=0, 2
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in conservative form according to [11] are expressed in tensor notation for the
three space dimensions as

U,
= 3
0z; 0, (3)
au; ou, 0P 9 __
, - _ 2uS;: — puiu;’) 4
Pt iy = o T o, 1Sy puily) X

where U; is the averaged flow velocity vector, x; the position vector, P is the mean
pressure, (. is the viscosity of the fluid, S;; is the strain-rate tensor, which is defined

. 1[0 0
o Uj; Uj
SZ 2 |:833] + 8@} ’ (5)

and wu;’ is the fluctuation velocity and w;’ its time average. The term —u;’u;’ in
eq. (4) defines the specific Reynolds stress tensor

Tij = —ui'u;’, (6)

which can be modeled based on the Boussinesq assumption [11]
2
Tij = QVTSij — gk(s” (7)

where v is the kinematic eddy viscosity and & is the turbulent kinetic energy per
unit of mass.

2.3 Turbulence models

The solution of the closure problem is carried out through turbulence models. The
turbulence models based on the Boussinesq assumption (eq. (7)) are known as the
viscosity models, and perhaps the most popular are the Spalart—Allmara model
[12], the standard k — € model [11], the RGN k — € model [13], the Wilcox k — w
model [14] and the Menter’s Shear-Stress Transport (SST) k — w model [15, 16].
A brief and useful summary of them can be found in [17].

In order to characterize the aerodynamic behavior of the sections considered in
this study, several turbulence models, corrections and implementations have been
adopted, employing the open source code OpenFOAM [18] and the ANSY'S Fluent
[19] software. The problem is firstly tackled using the two-equation Menter’s k —w
SST model for incompressible flows, as described in [20]. Later, some corrections
are applied in order to improve the characterization of the aerodynamic responses
of the cross-sections studied. Finally, the four-equation transition SST model is
also considered. A summary of these is presented next.

2.3.1 Menter’s k — w SST model

The SST k—w model aims to take advantage of the robust and accurate formulation
of the k — w model in the near-wall region and the k£ — ¢ model performance in the
far field, avoiding the sensitivity of the results to the freestream values specified for
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k and w characteristics of the k —w model. It was first developed by Menter in [15]
and improved in [20], and it is similar to the & — w model although it includes
some refinements. Further information may be found in [19], and the formulation
is presented below

0 0 0 ok
(pk) + 5~ (pkui) = <Fk ) + Gy — pBrkw + Sy, (8)
? J

ot Oz, Oz
0 0 0 Ow
< V= — (T, _
ot (po) + O0x; (puoss) Oz ( 8@) * fht Gk ph”
1 0k Ow
S,+2(1-F w, 9
+ S, +2( 1) po, 2~ 8:1:] 8a:j )
where
Nt e park
k ,u—i— N—'—aw Ht max[“‘f,},S’F] (19)
N , 70U
Gy =min (G, ec1) and Gp = —pu;'uj’ oz, (11)

The only difference in the formulation of [20] with respect to [15] is the definition
of the eddy viscosity p;. The version presented in [15] is shown in eq. (10), while
in [20] vorticity is used instead of the strain rate S. The Prandtl numbers o and
o,, are obtained from

1 1
and o, =
Fi/oki+ (1 —Fi)/oke Fi/owi+ (1 —Fi)/ow2

, (12)

O =

while the blending functions F; and F5 are given by

k 500 4ok
vk ), = | a3)
Uw,ZDwy2

Fi = tanh (61)411) ;0 @1 =min [max <

0.09wy " py2w
k
Fy = tanh (CI%) ;o Py =max |2 vk , 508” ;
0.09wy " pyw
(14)
1 1 0k
D} = max {2p83w’ 10_10}
Ow,2w 0x; 0x;

and the model closure constants, which are set to assure agreement with known
turbulence properties [11], are
or1 = 1176, 0,1 =0.5, or2=10, o0,2=0.8562, k=0.41,
c1 = 10,71 = 0.5532, 72 =0.4403, a1 =0.31, (15)
ﬁi71 =0.075 and ﬂi72 = 0.0828.
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2.3.2 Low-Reynolds-number correction

The low-Reynolds-number correction is carried out by the coefficient a*, which
damps the turbulent viscosity ., and the coefficients « and 8*. The coefficient
a* controls the modeling of the effective diffusivity that determines the transport
equations of the & — w model, as explained in [11]. In the ¥ — w SST model,
the turbulent viscosity (i is obtained as shown in eq. (10), and the coefficient a*
carries out the low-Reynolds-number correction on ¢, which is obtained as

* — o <a6+ReT/Rk>’

16
> 1+R€T/Rk (16)

while the coefficient o determines the production of w, as shown in eq. (9), and is
given by

o=

Qoo (Cto-FReT/Rw)7 a7

a* 1+ Rer/R,

and the coefficient 5* controls the dissipation of k (eq. (8)) and can be written as

. .. [10080/27 + (Rer/Rg)"
5 = gy, ( L000/27 + (Rex/Rg) ) (18)
1+ (Rer/Rg)
where
k i
Rer =% Ri=6 o= B 0072 of =1, aw =052,
Hw 3
1
a =g, R.=295 B =009, f=00708, and Rs=8.
(19)

being Rer the turbulence Reynolds number. It must be noted that in high-Reynolds
numbers, the value of the coefficient o™ is 1.

2.3.3 Curvature correction
This correction aims to deal with the insensitivity of the two-equation models to
streamline curvature and system rotation, which are significant in turbulent flows.
This is carried out by modifying the production term, as developed in [21], which
is based on the works of [22] and [23].

In [22], an empirical function defined as “rotation function” was suggested to
account for streamline curvature and system rotation effect, with the form

. 2r* _ .
frotation (T 7’/’) = (1 + Crl) - [1 - C’I‘3tan ! (CT2T)] — Cr1- (20)

1—r

where the components 7 and r* can be obtained as

. DS;; or| 1 « S
r= 2Qiij/€ |: Dtj + (eimn5jn +6jmnsin) Qﬁ K B and "= 57 21
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where the vorticity tensor 2 and the strain-rate S are given by

922299 0 :1 8ui_8uj
8xj axz

i 5

i s, ) + 26, Q50 5% =25;;8;;, (22)
and eq. (5). The constants for the k¥ — w SST model are ¢,; = 1, ¢,o = 2 and
cr3 = 1, as established in [21]. This rotation function fotation is Used to multiply

the production term Gy, (eq. (11)), given place to
Gk — Gk . frotation- (23)

The implementation in ANSYS Fluent [19] limits the rotation function range from
0 to 1.25. These values represent, for instance, a strong convex curvature without
turbulence production and a strong concave curvature with height turbulence
production, respectively.

2.4 Transition SST model

The transition SST model was developed by [24] aiming to model the transition
from laminar to turbulent flow in the shear layer. It is based on the coupling of the
SST k — w transport equations and two additional transport equations, one for the
intermittency and other for the transition onset criteria. The transport equation for
the intermittency -y is given by

I(py) , 0(UY) _ o, B 0 me\ Oy
ot + x; =P Bt Py Eﬂ/2+8mj HJFUW Oz, 24

where the transition and destruction or relaminarization sources are given by

P’yl = CalFlengthps['yFonset]c‘yga P’y? = CaQPQ'VFturb

(25)
E’yl = Celp'ylf}/v and E’y2 = 062P72’77

where Fiength is an empirical correlation that controls the length of the transition
region and the constants are C,; = 2 and C,; = 1. Besides, the transition onset is
controlled by the following relations:

_(Bz\* 28 pk Re
Fur = ( 4 ) ; R v = Py ; R = ) Fonse = N
furb = € c 1 T % T 2193 Req,

(26)
Fonset = max (Inin (max (Fonscﬂ, ansctl, 0) , 2.0)

3
- max<1 - (1;’?) ,0) , 0> Q27)

where Reg,_ is the critical Reynolds number where the intermittency first starts
to increase in the boundary layer and y is the wall distance. A summary of the
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constants for these equations are:
Cal = 2, Cel = ]., Cag = 006, CGQ = 50, nyg = 0.5 and Oy = 1.0. (28)

The transport equations for the transition momentum thickness Reynolds number
Reyg, is given by
0 (pRég ) 0 (pUjRég ) 0 8Ré9
! L =P — ! 29
ETR 2 b1+ oz, oot (1 + pie) Bz, (29)

where the source terms are given by:

- 500 [ Rey \2

P91:Celg(Rth_Rth)(l'O_Fel)a t:pTg7 Fwake:e (105)
(30)

2
y -1

Fp; = min <Inax (Fwakce(6)4, 1.0 — (170_1//5?0> ) ,1~0> (31

Rég, 15 5092 pwy?

Opr, = z o, = —0 0= ve d w = .

BL oU ) BL D) BL; U BL, an Re 1

(32)

where the constants of this equation are Cy; = 0.03 and gy; = 2.0. The boundary
conditions for Rép, at a wall is zero flux. The model contains three empirical
correlations provided and detailed in [25].

3 Numerical modeling

A conceptual scheme of the flow domain and boundary conditions employed in this
study is shown in figure 4. The dimensions of the flow domain are 305 by 405,
being B the width of the cross-section. The inlet is placed at the left side of the flow
domain, considering a Dirichlet condition with a constant velocity of 4.4 m/s, a
turbulence intensity of 1% and a turbulence length scale of 0.1B. A pressure outlet
is located at the right side of the computational domain with imposed atmospheric
pressure. The upper and lower limits of the domain represent slip walls. The
corners of the semicircular cross-section have been modeled as sharp corners. The
wall boundary condition on the section edge has been modeled by integration to
the surface by means of a low turbulent Reynolds number formulation [26].

4 Geometry, mesh description and verification studies

Six different sections with circular segment shape and sharp corners, as described
in figure 1, are analyzed in this work. Thus, six meshes have been generated, and
three of them verificated in order to assess the independence of the results with the
spatial discretization, which correspond to 5 = [40°,60°,90°]. A structured mesh
has been adopted for the region attached to the bluff body and the outer part of the
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Slip wall

Inlet ~—~ Outlet

15B

Slip wall

15B 25B

Figure 4: Definition of the flow domain  Figure 5: Mesh of § = 90° section.
and boundary conditions (not Detail of the buffer and
to scale). exterior area.

Table 1: Properties and results of the grid-refinement study for the D-section

(B =90°).

Grid Total cells BLcells St f[Hz] Cp Cp Cyn Cp° Cp’ Cu°

Coarse 199689 70200 0.217 5.615 0.676 0.440 0.153 0.314 0.041 0.049
Medium 270098 86000 0.211 5.466 0.672 0.437 0.153 0.314 0.041 0.049
Fine 362789 104800 0.210 5.451 0.677 0.442 0.155 0.321 0.041 0.050

Experimental 0.212 5.491 0.670 0.450 0.116 - - -

flow domain. On the other hand, an unstructured triangular mesh has been adopted
for the buffer zone that lays in between the two regions previously mentioned.

The result of the verification study carried out for the § = 90° section is shown
in table 1, where the number of total cells employed on each mesh is shown
along with the cells around the deck and the values obtained of the aerodynamic
coefficients and its standard deviation, indicated with the prime symbol. The main
discrepancies shown in the verifications of the three sections take place between
the coarse and medium meshes, presenting good agreement the results of the
medium with regards to the finest mesh in all cases. Therefore, the medium meshed
can be employed for further analyses while the coarse mesh has been disregarded.
In the verification study Menter’s SST k& — w model has been adopted. It must be
noticed that the number of elements used for the coarse mesh is above the usual
values adopted in equivalent verification studies.

Hence, the meshes employed in this work have an average number of cells of
3 - 10° and a summary of their main properties is presented in table 2. The mesh
corresponding to 5 = 90° is shown in figure 5. The first layer of cells has a
dimensionless height of §; /B = 3.235-10%, where d; is the height of the first grid
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layer, and dimensionless wall distances y* = (§1u.) /v, where u, is the friction
velocity, present mean values lower than 1.5 and maximum values are lower than
6.5 for the considered Reynolds number Re = 1 - 10°. A maximum Courant
number of C'o = 1 was considered, which leads to a mean non-dimensional time
step values in the range As = AtU/B = [1.7~ 1074,2.7 - 10’4] , depending on
the considered simulation.

5 Results and validation with wind tunnel data

The results of sections 5 = [40°,60°,90°] are validated with wind tunnel tests
carried out in the wind tunnel of the University of La Coruiia, and reported in [27].
The models where built employing foamed PVC plates and aluminum bars, and
they are 1 m long and 0.33 m wide. Special care has been taken during the
construction with the sharp corners geometry and smooth surfaces. The curved
geometry is achieved by bending thick foamed PVC plates over the internal curved
foamed PVC ribs that define the geometry of the model.

The wind tunnel is an open circuit tunnel with a test chamber of 2x1x1 m? in
open configuration, and the tests where carried out with a wind velocity of 4.4 m/s
in smooth flow, which correspond to the Reynolds number employed in the CFD
analyses of Re = 1- 10°, achieved with a contraction rate of 6:1 in the nozzle after
the flow conditioners.

As described in [28], the aerodynamic coefficients of circular geometries are
very sensitive to Reynolds number effects. In order to know the influence of this
parameter on the results, an study of the Reynolds number effects of the three
tested models have been carried out. Given that the sections are circular segments,
and the changes in the regime are controlled by changes in the location of the
flow separation in the circular side of the geometry, the Reynolds number effects
should occur at similar Reynolds numbers in the three sections. Formulating the
Reynolds number with respect to the radius of the circular segment Rep, in
order to use a curvature-related dimension, it was found that the regime change
happens at approximately the same Reynolds number, about Reg = 2-105, which
correspond to Reynolds numbers with respect to the section width in the range of
Re = [2.5 -10%,4 - 105] for the three sections. Given that the tests were carried
out at a flow velocity of 4.4 m/s, which correspond to Re = 1-10° with respect to
the width of the three sections, it can be concluded that the test where done in the
sub-critical regime.

The results obtained in the wind tunnel, and those from the CFD, are also
checked with some results reported in the literature, such as [2—6,29]. A summary
of the results obtained with & — w SST model, and including some corrections in
the turbulence model along with the wind tunnel test, are reported in table 3.

WIT Transactions on Engineering Sciences, Vol 105, © 2016 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



60 Advances in Fluid Mechanics XI

20ud[NqQIN} LSS ™ — ¥ YL o

“[opow 0ud[NQIN} LSS UOBISULL, |

"UOT}OAII0D AINJEAIND PUB JAQUINU-SPIOUAY-MO] [Im pajuatadu uaaq sey [opouwr

“UONOAII0) JqUINU-SPIOUASY-MO (PIM pajuswa[dur usaq sey [spow 3oud[ngIn} LSS M — & YL

1€0T - 6880 VORO - 1.0 6bss - 9eee  _Poglve/e
58680 - 6IE0 H¥EI0 - TOT'0 HTIT0 - 9010 58F00 - L0T'0 ol =0 07 =¢
1EFT0  OTE0 €0 19110 ¥90°0 980°0 1S01°0 9S00 €0T°0 16F00— TTE0— 6€0°0 o0="0
TVO0 POTT - 8gT0 T1.00— - e.gel geeer - _2oglve/e
10000 €TO0 - L9PT0 €8I0 - L 6T1°0 8600 - ;G0€0 G200 - oI =10 008 = ¢
1680 9PF0 - L GET0 ZOT0 - L LZ1°0 6600 - ;8900 T¥EO— - 0 ="
G0L0— 69°0— 0920 €e¢T 91L0 TPI'0 9SG€l 9I8T €avs _2oolve/e
51020 ¥200  T61°0 54810 LIT0 8CI°0 57480 0S1°0 1880 5LIS0 61€0 L0V0 oI =0 009 =¢
10180 2200 L61°0 46910 921°0 €CT0 4LVE0 LET'O 6120 10820 L8O LLZO o0 =0
- 0080~ - S A< - gero— - 2%cloe/e
- TeTo0 - - vero - - Teeo - - 8980 - ol =P 0L =9
- 0810 - - 0810 - - 1080 - - 8980 - 0 ="
- 6980 - -6l - - oy - 2gle/e
- 1080 - - 0910 - - ggE0 - - 6sro - oI ="0 08 =¢
- 9080 - -0 - S (A - 90F0 - o0="0
- €EET— LLOT— - 9EL0 0T - 00V'T-— esee—  205glve/e
- 9020 ¢0Z0 - 6TI0 8600 - 0SF0 TISFO - 8F90 €190 oI=n 06 = ¢
- 1180 0180 - TG0 LIT0 - LEV0 99F0 - TL90  EL90 0 ="
moy LSS dxg  wop  Iss  dxg  wop  Iss  dxg  wop 1SS dxg
oe]} uonod
1S o ap gfo) R s

‘A[erusuwiadxa pue A[[eoLIownU paurelqo SJUSIOYJe0d JIWEBUAPOISR JO ATewung :¢ 9[qe],

WIT Transactions on Engineering Sciences, Vol 105, © 2016 WIT Press

www.witpress.com, ISSN 1743-3533 (on-line)

&



Advances in Fluid Mechanics XI 61

6 Impact of curvature and low Reynolds corrections

The performance of the turbulence model and the corrections applied to it can
be noted when comparing the results obtained experimentally with those obtained
numerically employed the k —w SST turbulent model, which are shown for ac = 0°
and o = 1° in table 3.

Focusing firstly in the 5 = 90° section for & = 0°, the k — w SST turbulence
model offers a good agreement for the Strouhal number and lift and drag
coefficients. The moment coefficient presents an absolute error of Ay, = 0.035,
which can be assumed as acceptable, taking into account the inherent limitation in
the 2D approach, the two-equation turbulence modeling and the uncertainty in the
effective degree of sharpness in the wind tunnel models or the effective angle of
attack. Besides, the results obtained for & = 1° with the k£ — w SST turbulence
model are also acceptable.

In the case of the 5 = 40° section for a = 0°, it can be seen in table 3 that
the £ — w SST model do not provide an acceptable value for the CI and the
Strouhal number is far from the experimental one. Besides, Cd and Cm values
are neither accurate enough. However, when applying the low-Reynolds-number
correction over the model, notable improvements are obtained, and the results can
be successfully compared with the wind tunnel data. However, when considering
an incident angle of o = 1°, the curvature correction is also required to achieve a
good agreement with the experimental value.

The case of S = 60° presents and intermediate situation where the results of the
k —w SST model with and without corrections are very similar between them, and
to the experimental results. A good result is obtained for & = 0° in the value of
Cl with or without corrections, as shown in table 3. The result of the Cd obtained
with k—w SST model with low-Reynolds-number correction is more accurate, but,
on the other hand, the £ — w SST model performs better without any correction
for obtaining the Cm. For a = 1°, both results are also acceptable, although the
Strouhal number is only acceptable when applying the low-Reynolds-number and
curvature corrections, as it happens also for a = 0°.

Based on these results, the values of 3 between 90° and 70° are obtained with
the k — w SST turbulence model without applying corrections. In the 5 = 50°
case, it has been found that applying the four-equation transition SST model better
results are achieved than with the £ — w SST with or without corrections. Thus,
the results presented in table 3 in the Corrections column for the 5 = 50° case are
obtained with this four-equation model.

7 Conclusions

In this work, the force coefficients and Strouhal numbers of several circular
segments, which correspond to a simplified bridge deck cross section, whose
shape is defined by a geometry parameter 3, have been computed based on a
2D URANS approach, employing Menter’s k — w SST turbulence model. Several
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meshes combining structured regions with a non-structured buffer zone have been
used and the CFD solvers employed were Fluent and Open FOAM.

The results have been validated with wind tunnel test results in order to ascertain
their accuracy. Besides, low-Reynolds-number correction and curvature correction
have been applied to the k—w SST turbulence model in order to improve the results
and assess their influence. It has been seen that depending on the analyzed section,
the influence of the corrections over the model varies. In particular, the results of
8 = 90° section are insensitive to the corrections in the turbulence model, while
the results of 5 = 40° section are very dependent on these corrections. In the
middle point, the 5 = 60° section present slight variations when the correction are
used.

Therefore, in order to characterize the aerodynamic coefficients in the range of
the design domain, which is 8 = [40°,90°], the aecrodynamic coefficients for the
sections in the range 8 = [40°,60°] at @ = 0° are obtained using the k¥ — w SST
turbulence model employing the low-Reynolds-number corrections, while the in
range § = [70°,90°] the corrections are not required. Besides, when assessing
these models for a wind incident angle of & = 1°, sections of # = 60° and
B = 40° also need the curvature corrections. Furthermore, in the particular case
of 3 = 50°, the four-equation transition SST model achieve better results than the
k — w SST model with or without corrections.
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