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ABSTRACT

This paper presents mathematical expressions for two significant parameters which control the onset
location and length of transition in the y-Re, transition model of Menter et al. [Menter, F.R., Langtry,
R.B., Volker, S., Huang, P.G., 2005. Transition modelling for general purpose CFD codes. In: ERCOFTAC
International Symposium on Engineering Turbulence Modelling and Measurements]. The expressions
are formulated and calibrated by means of numerical experiments for predicting transitional boundary
layers under the influences of freestream turbulence and pressure gradient. It was also found that the cor-
relation for transition momentum thickness Reynolds number needs only to be expressed in terms of
local turbulence intensity, so that the more complex form that includes pressure gradient effects is
unnecessary. Transitional boundary layers on a flat plate both with and without pressure gradients are
employed to assess the performance of these two expressions for predicting the transition. The results
show that the proposed expressions can work well with the model of Menter et al. (2005).

Transition length parameter
Pressure gradient
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1. Introduction

It has been reported in the literature that most boundary layer
flows in turbomachines include a transitional flow regime unless
they are tripped at the leading edge of the blade. In the past, the
boundary layer prediction for turbomachinery blades frequently
ignored the transition region and considered transition as a sud-
den-change event. In fact, the transition zone is quite large com-
pared to the size of the body surface under consideration. In
some cases, the proportion of the transitional boundary layer can
be as high as 80% of the blade surface (Brown and Burton, 1978;
Krishnamoorthy, 1986; Lardeau et al., 2005). Transition can, there-
fore, be viewed as a dominant part of the flow in turbomachines
with a large effect on design parameters. In turbomachinery de-
sign, two important parameters are the coefficients of skin friction
and heat transfer. Both coefficients increase significantly when the
transition of the boundary layer from the laminar state to the tur-
bulent one occurs. The increased skin friction results in increased
losses. Turbomachines properly designed with the transition zone
will operate with lower losses and a reduced chance of boundary
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layer separation. Furthermore, consideration of transition allows
the accurate prediction of heat transfer coefficient, which is impor-
tant for the design of turbine blades operating at high temperature.
These design refinements permit the size of blades and the number
of blades and stages to be reduced, with a resulting positive impact
on the performance, weight and cost of turbomachine. Therefore,
the prediction of transition is an important element in design
and analysis of more efficient turbomachinery systems (Langtry
and Menter, 2005).

Flow transition is a complex phenomenon that is difficult to
predict accurately. A complete theory on transition does not exist
to date. The ability of low-Reynolds-number turbulence models
to predict the transition is questionable. Most of these models rely
on damping functions to reproduce the viscous sublayer behavior,
a capability that does not extend to the prediction of boundary
layer transition (Menter et al., 2005). Many research groups in
the last decade have concluded that two-equation turbulence
models are deficient since they tend to predict a transition onset
that is too early and a transition length that is too short.

An alternative approach is to blend the flow from the laminar
state to the turbulent one using the concept of intermittency. Inter-
mittency is a factor that is defined as the fraction of time that the
flow is turbulent during the transition phase. It is normally defined
as zero in the laminar region and unity in the fully turbulent re-
gion, and may be derived from experiments. A well-known corre-
lation for the intermittency in the streamwise direction was
proposed by Dhawan and Narasimha (1958). Another popular
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one for the cross-stream direction was proposed by Klebanoff
(1955). During the last decade, intermittency has been modeled
with a transport equation for use in general purpose CFD codes.
For example, the transport equations for intermittency were pro-
posed by Suzen and Huang (2000), Steelant and Dick (2001), Men-
ter et al. (2002), Pecnik et al. (2003) and Lodefier and Dick (2005).
To model transition, two important parameters are the onset loca-
tion and length of transition. The onset of transition can be speci-
fied by a correlation, generally related to the transition momentum
thickness Reynolds number, Rey,. The length of transition is usually
expressed implicitly in terms of the growth rate parameter and a
model function. However, the main shortcoming of most transition
models is that they are developed based on non-local variables.
This is not appropriate for modern CFD methods in which unstruc-
tured grids and parallel computing are used.

In the present paper, the y-Re, transition model of Menter et al.
(2005) is investigated. This model is developed based on local vari-
ables which are compatible with modern CFD methods. The trans-
port equation for the intermittency contains two specific
parameters, Fiengeh and Fonser. Fiengen 1S used to control the length
of the transition region while Fyuse¢ iS used to control the onset
location of the transition. At present, these parameters are proprie-
tary and their formulae are unpublished. The aim of this paper is to
propose mathematical expressions for these specific parameters in
order to close the model. It is believed that the proposed expres-
sions are valid for both natural and bypass transition in boundary
layers with and without pressure gradient.

2. y-Re, transition model of Menter et al. (2005)

The y-Re, transition model of Menter et al. (2005) consists of
two transport equations: the equation for the intermittency, 7,
and the equation for the transition momentum thickness Reynolds
number, Rey, which is formulated in terms of the scalar quantity,
I~Qem.~The y-equation is used to trigger the transition process and
the Rey-equation is employed to avoid non-local variables. Both
transport equations are written as
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where p is the density, u; is the velocity vector, u is the molecular
viscosity, and y is the eddy viscosity.
The production terms, Py, P,, and Py, are defined as follows:
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where S is the strain rate magnitude, Q2 is the vorticity magnitude,
and U is the local velocity magnitude. The parameters Fiengen and
Fonser are used to control the length and onset location of transition,
respectively. Fu,p and Fjy are the parameters for controlling the
destruction/relaminarization of the boundary layer and the bound-
ary layer detector, respectively.

The modeled transport equations are controlled by the follow-
ing functions:
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where y, is the normal distance from the nearest wall, k is the tur-
bulence kinetic energy, and w is the specific dissipation rate of k.
Re, and Ry are the vorticity Reynolds number and the viscosity ratio,
respectively. Re,. is the critical momentum thickness Reynolds
number where the intermittency first appears in the boundary
layer.

The model constants are ¢4 =2, Ce1=1, Ci2=0.06, cep =50,
€y =0.5,0,=1, 0o =2, and ¢y = 0.03. Rey is calculated locally from
the empirical correlation proposed by Menter et al. (2005). This
parameter is related to the local turbulence intensity, Tu, and the
pressure effect parameter, F, x, as follows:

Rege = 803.73(Tu + 0.6067) " %%F, 4, (10)
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where / is the pressure gradient parameter, 0 is the momentum
thickness, K is the acceleration parameter, and dU/ds is the local
acceleration in the streamline direction. The functions in the pres-
sure effect parameter are defined as

F, =10.322+89.47% + 265.51,3,
Fx = 0.0962(K - 10°) + 0.148(K - 10°)> + 0.0141(K - 10°).

(13a)
(13b)

To evaluate Rey, in Eq. (10), the calculation procedure must be
performed iteratively because / is not known in advance. The pro-
cedure starts from setting 2= 0 in order to calculate the F;x and
Reqr and then calculating 0 from its definition 0 = (u/pU) Rey. To
avoid unstable computation during the iteration, the values of 1
and Re, should be bounded within the ranges of —0.1 <4< 0.1
and Rey > 20.

This transition model has been calibrated for use in accordance
with the SST turbulence model as follows:

Py = erP, Dy = min[max(yey; 0.1]; 1)y, (14a,b)

fr = max{fy: ], (15)

where f; is the original blending function responsible for switching
between the k- and k-¢ models. P, and Dy, are the production and
destruction terms of the turbulence kinetic energy equation in the
original SST turbulence model respectively. The effective intermit-
tency, Ve is obtained from

Vett = max[y; Vsep]v (16)

= min {2 max ( Re, 1; 0> Freattach§2:| F, (17)

Vsep 3.235Re,
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Freattach = EX])[*(RT/ZO)Al], f3 = exp[—(Ry/lZO)S],
Ry = pyuk' /. (18a-c)

The boundary condition for the intermittency factor y at free-
stream, outlet and wall is zero flux (dy/on = 0). At inlet, y =1 is ap-
plied. For Reg, the boundary condition at freestream, outlet and
wall is the zero flux (9Rey /on = 0). At inlet, the boundary condition
for Rey can be specified by setting 0 =0 (hence 1=0 and F;,x=1)
and setting Tu with the value of freestream turbulence intensity
at inlet and then substituting them into Eq. (10). The initial condi-
tions for both y and ﬁem are set to their inlet values. For turbulence
model variables, the boundary conditions at inlet are k=
1.5(Tui, - Uin)? and @ = pk/p,. At walls, k=0 and o = 60,u/poc1df
are applied, where d; is the distance of the first node from the
wall.

3. New correlations for the y-Re, transition model

The main obstacle to employing the y-Re, transition model of
Menter et al. (2005) is the omission of two significant parameters
in the transport equation of the intermittency: the transition
length parameter, Fiengn, and the transition onset parameter, Fopset
(see Eq. (3a)). The parameter Fynsec has been formulated in terms of
the vorticity Reynolds number, Re,, and the critical momentum
thickness Reynolds number, Re,. (not the transition momentum
thickness Reynolds number, Rey, as usually found). Actually, Re,.
for boundary layer flows can be analyzed from the linear-stability
theory. Wilcox (1993) shows that the minimum critical Reynolds
number of the Blasius boundary layer occurs at Re,. = 90,000. This
value corresponds to Rey. = 163 as observed by Abu-Ghannam and
Shaw (1980). However, based on Rey. = 90,000, the experimental
data reveal that the increase in the freestream turbulence level in-
creases Rey. but decreases Rey (see Table 1). In the case of high
freestream turbulence levels, e.g., 7.78%, Re,c becomes larger than
Rey.. This seems not to be reasonable from the viewpoint of the
flow physics because the critical location must necessarily be lo-
cated upstream of the transition onset location. As a result, Re,.
must not exceed Rey.

In the y-Re, transition model of Menter et al. (2005), the param-
eter Rey. is imposed in the function of Fy,set, Eq. (6b). This param-
eter refers to the location where the intermittency first starts to
increase in the boundary layer. The increase in Rey. decreases the
parameter Fonse. This influence induces a delay in the onset of tran-
sition. The decrease in Re, increases the parameter Fgnse, and
hence the early onset of transition is obtained. The effect of the
parameter Fienge iS incorporated into the intermittency transport
equation via the production term, Eq. (3a). It can be seen that an
increase in Fiengrn increases the production term, resulting in a lar-
ger value of the intermittency. This gives rise to an increase in the
effect of turbulence. This influence induces the rapid growth rate of
the transition leading to a shorter transition length. On the other
hand, a decrease in Fiengn decreases the turbulence effect, slowing

the growth rate of the transition and leading to a longer transition
length. Therefore, Fengn controls the transition length by an in-
verse process. In other words, the larger Fengm, the shorter the
transition length, but the smaller Fiengm, the longer the transition
length.

No information has been given in any previous publications for
either Reyc Or Fiengtn. TO close the model, mathematical expressions
for these parameters must be specified. In the present work, the
expressions for both Re,c and Feng:n are given as functions of
Reyc = f(Rey) and Fiengm, = f(Rey). From the experimental data, it
can be observed that the magnitudes of Re,. and Rey are found
to be in the same order (see Table 1). That is, the function for
expressing the variation of Rey. with respect to Re, should be in
the form of a low-order polynomial, preferably linear for simplic-
ity. The explicit form of the Fiengen function is much less intuitive.
In the calibration procedure developed herein, the starting point
is setting Reyc = ay:Rey;, and Fiength = Diengen, Where ay; and biengin
are constants. Typical starting values would be ay=0.8 and
biengtn = 100. The value of bjengn is varied to correspond the profile
shape of the skin friction coefficient with the experimental data.
When the corresponding shape is obtained, the next step is to
match the location of the shape with the experimental data. At this
step, the shape must be moved to the correct location. Fiengmn 0b-
tained from the previous step is now fixed. Then the value of Re,.
that controls the shape location is adjusted via the constant ay, un-
til the correct location is found. The procedure for this numerical
experiment for determining Re,. and Fiengn is shown in Fig. 1. It
can be seen that the larger Fiengmn, the shorter the transition length
manifested by the rapid growth of the skin friction coefficient. A
small value of Re,. results in an earlier transition onset while a lar-
ger value results in a delayed transition. In the example of Fig. 1,

0.010
O  Experiment B
—_—--— Flength:50 (Reec:Reel)
0.008 A —_—— Flength=200 (Reec=Reet)
______ Flengih=500 (Reg:=Req)
Reo=0.8Reqt (Fiengin=200)
0.006 1 — - — - Rey=0.7Rey (Fiongn=200)

of [
0.004 |
0.002 |
0000 e e e e
0.0 1.0 2.0 3.0 40 5.0
Re, (10%)

Fig. 1. Numerical experiments to match the skin friction coefficient profile shape
with the experimental data.

Table 1
Summary of the experimental/numerical data of all T3 test cases
Case Uin (m/s) Tuin (%) Ry Re;, Exp Regi/Reqc Exp Xs/Xg (mm)

Exp LS SH Menter
T3C1 5.9 7.78 44.0 7.72 x 10° 211/250 195/495 125/207 65/172 183/400
T3C2 5.0 3.10 9.0 6.58 x 10° 377/209 795/1295 370/640 640/981 940/1194
T3C3 3.7 3.10 6.0 4.77 x 10° 519/217 1195/- 617/1010 1010/1280 1195/- -
T3C4 1.2 3.10 25 1.36 x 10° 381/165 1395/- 1420/- 1417/- 1345/-
T3C5 8.4 3.70 15.0 1.09 x 10° 332/164 345/645 196/331 353/545 353/688

Note: The Rey. above is determined from the experimental data based on the critical Reynolds number of 90,000. Exp; experimental data, LS; Launder and Sharma (1974), SH;

Suzen and Huang (2000) and Menter; Menter et al. (2005).
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the best-matched shape is found at Re,c = 0.8Re, and Fiength =
200.

The procedure described above to calibrate the Rey. and Fiength
functions has been applied to the ERCOFTAC zero pressure gradient
cases T3AM, T3A and T3B for bypass transition. To extend this cal-
ibration to natural transition, the zero pressure gradient data of
Schubauer and Klebanoff (1955) (TSK case) with Tu;, = 0.18% and
U1 ="5 as shown in Fig. 2 was used. After the information for four
cases above were obtained, the functions for the expressions Rey.
and Fiengeh Were formulated using the method of data fitting. These
functions may be fine tuned until the numerical results for all test
cases agree well with the experimental data. The final relations of
Fiength and Reyc with Rey, are shown in Fig. 3, and their formulations
are expressed as follows:

Rey. = min[max[—(O.OZSkem)2 +1.47Rey — 120;125]; ﬁemL (19)
Fiengtn = min[0.1 exp(—0.0zzkem +12) + 0.45;300], (20)

where Rey is the local transition momentum thickness Reynolds
number evaluated from Eq. (2).

From Fig. 3, the expression for Re,. corresponding to the Menter
et al. (2005) model is constructed as a quadratic function of ﬁem.

0.4 0.6
Re,/Re,

Fig. 2. Skin friction coefficient for Schubauer and Klebanoff (1955) and ZPG cases.
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Fig. 3. Relations of Reyc and Fiengen With Rey.

Eq. (19). This function has been adjusted close to the profile of
Reye = Ee(,[ for high freestream turbulence Tu > 5.5%, corresponding
to ﬁem < 125. This is because, for high freestream turbulence level,
the flow is dominated by the effect of bypass transition leading to
the critical location close to the transition onset location. Further-
more, to retain the realistic nature of flow transition, Re,. must be
restricted to not exceed kem. As a result, the profile of Re;. = kem
can be viewed as the upper bound of Rey, and the minimum value
of Rey. is limited by the minimum allowable value of Re, = 20.

The transition length parameter, Fiengn, is displayed against ﬁem
on a semi-logarithmic scale. The valid relation of Fiengtnh With Rey; is
found to be an open zone for the boundary layer flow with Tu > 1%
(Rey: < 500), and then become a single line for the boundary layer
flow with Tu < 1% (kem > 500) (Suluksna and Juntasaro, 2008). The
expression for Fiengrn decreases exponentially with Rem. Its function
is chosen as a single line bordering the lower bound of the banded
zone. The reasons are that it is convenient and gives rapid conver-
gence in computations. Furthermore, the lower bound of Fiengt is
set to 0.45 in order to ensure sufficient production for natural tran-
sition. It should be noted that the correlations for Fiengin and Reyc
proposed in this paper are only the successful ones compatible
with the model of Menter et al. (2005). These parameters are
strongly sensitive to the boundary conditions and the boundary
layer edge definition, which depends on the searching technique.
In the present work the boundary layer edge is defined at y = 26 (x).

In the present work, it is hypothesized that the pressure effect
parameter, F, g, in the correlation of Rey, Eq. (10), should be omit-
ted, since the effects of pressure gradient are largely canceled by
the decay of the local turbulence intensity, Tu. As illustrated in
Fig. 4, this hypothesis is explained further as follows. A favorable
pressure gradient (FPG) reduces the turbulence of the flow, leading
to decrease in the turbulence intensity. The decrease in turbulence
intensity increases the transition momentum thickness Reynolds
number in Eq. (10), and hence moves the transition onset down-
stream. On the other hand, for an adverse pressure gradient
(APG), the flow is decelerated, resulting in an increased turbulence
intensity. The increase in turbulence intensity decreases the
momentum thickness Reynolds number and the onset of transition
moves upstream.

The correlations for transition momentum thickness Reynolds
number, Rey,, illustrated in Fig. 5 are based on zero pressure gradi-
ent (ZPG) condition and freestream turbulence intensity at the
leading edge, Tuyqe, not the local freestream turbulence intensity.
To apply to non-zero pressure gradient (NZPG) cases, in general,
these correlations would be multiplied by the pressure effect
parameter, that is Reg.nzpc = Regezpc - F k. In the present work, the

0.008 + o Experiment (ZPG)
—-—-ZPG
— - = — FPG using Ide-Tu and without F-lamdak
0.006 4 FPG using local Tu and without F-lamdak
— — — FPG using |de-Tu and with F-lamdak

0.004 -

c ot

0.002 +

0.000 +

Reer, rra
Rea, zra

0.0 1.0 2.0 3.0 4.0 5.0
Re, (10%)

Fig. 4. Hypothesis for the omission of pressure gradient effect.
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h Menter et al (2005) ]
800 fI _too12
Reet :" ] 1/Reet
600 1 + 0.009
400 + o eesereosssosoo--10006
200 + NG —c—--— -7 0003
O e 1 0,000
00 10 20 30 40 50 6.0 7.0 80 9.0 10.0

Tu (%)

Fig. 5. Relations of Re, with Tu under ZPG condition. (See above-mentioned
references for further information.)

local turbulence intensity, Tu, is used rather than the leading edge
value, Tuyqe, for calculating Rey,. As illustrated in Fig. 4, the use of
the local turbulence intensity is a proxy for the use of F, x in com-
bination with the leading edge value. In this way, the effect of pres-
sure gradient is implicitly absorbed in the local turbulence
intensity. Therefore, the pressure effect parameter, F,y, is not
needed to calculate the transition momentum thickness Reynolds
number using local turbulence intensity.

4. Computation procedure

Test cases presented in this paper are the ERCOFTAC T3-series
of flat plate experiment that are commonly used as a benchmark
for the transition prediction by turbulence models. As mentioned
earlier, the zero pressure gradient cases T3AM, T3A and T3B are
used for the model calibration for bypass transition, together with
the TSK (Schubauer and Klebanoff, 1955) case allow freestream
turbulence level of 0.18% for natural transition. In addition, the
T3C series cases combine the influences of freestream turbulence
and favorable/adverse pressure gradient imposed by the opposite
converging/diverging wall, The T3C1, T3C2, T3C3 and T3C5 cases
are specifically designed for testing the ability of turbulence mod-
els to predict transition under the continuous variation of pressure
gradient representing an aft-loaded turbine blade (Suzen and
Huang, 2001). The T3C4 case is usually used to test the model abil-
ity to predict the separation-induced transition (Langtry and Men-
ter, 2005).

The domain consists of a flat plate bottom wall of 1.7 m. long
and a variable-height upper wall. At the entrance, the gap between
the upper and bottom walls is 0.3 m. and this gap varies along the
streamwise direction corresponding to the experimental data of
the pressure gradient variation. The computational domain begins
at 0.15 m. upstream of the plate leading edge to eliminate an
ambiguous specification of freestream conditions. In the present
work, a grid-independence check was performed, in which the grid
spacing was decreased by half in both directions. The first node
adjacent to the wall is controlled to locate at 0.001 <y*<0.01. A
mesh of 135 (streamwise) x 125 (expanding from wall to free-
stream) is found to be the best, and is adopted for all test cases.

In the computation, incompressible flow is considered. The fluid
density and the molecular viscosity are specified with the constant
values of 1.2 kg/m> and 1.8 x 10° kg/m s, respectively. The Rey-
nolds number, Re,, is based on the plate length and local free-

stream velocity. The SIMPLE algorithm is employed to solve all
transport equations. Computations are performed by an elliptic
solver to solve the mean flow, turbulence and transition model
equations. A second-order upwind scheme and the finite volume
discretization are employed. The inlet conditions are prescribed
to reproduce the experimental decay of the freestream turbulence
intensity. Isotropic turbulence is assumed so that the inlet turbu-
lence kinetic energy can be obtained from the experimental inlet
freestream turbulence level. The inlet viscosity ratio, Ry, is specified
in order to mimic the experimentally measured decay of the free-
stream turbulence intensity as shown in Fig. 6. Hence, the inlet
conditions for the turbulent variables are calculated from the fol-
lowing relations:

Me=Rept, k= (3/2)(Tuw - Un)’. o= pk/p,, 21)
where Tu;, denotes the inlet freestream turbulence level (%), and Uj,
is the inlet velocity. At the outlet boundary, all variables are extrap-
olated from nodes inside the domain to the boundary. Details of in-
let conditions of all test cases are given in Table 1.

Generally, it is not difficult to obtain the appropriate value for
the inlet viscosity ratio that reproduces the experimental decay
of the freestream turbulence intensity. Such a value can be found
by least square curve fits based on the analytical decay laws de-
rived from the SST k-w turbulence model, or by numerical exper-
iments. To find out the domain shape that can reproduce the
required pressure gradient the local freestream velocity, known
from the experimental data, was used to compute the width of
each cross-section along the flow direction from continuity. The
profiles of the domain width and the grid configuration are shown
in Fig. 7, where h is the domain width, D is the inlet domain width,
Uss: is the local freestream velocity and Uj, is the inlet velocity. It
can be seen that the domain cross-section initially converges and
then subsequently diverges. In other words, the pressure gradient
is negative (favorable) for x <0.9 m, and becomes positive (ad-
verse). The domain width profile for the T3C4 case is given by
Eq. (22) while the profile for the rest of T3C cases is expressed by
Eq. (23):

8.0 3

Experiment

A Launder and Sharma (1974)

| — — — Menter SST (1994)

Ml | — - — - Suzen and Huang (2000)

q, Menter et al (2005) (+proposed parameters)

(2k/3)"21U., (%)

Re,/Re.

Fig. 6. Freestream turbulence intensity decay for T3C cases.
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Fig. 7. Normalized domain thickness and normalized freestream velocity (top) and grid configuration (bottom) for T3C cases.

h/D = min[1.356x° — 7.591x° + 16.513x* — 17.510x® 0.010 4 :
O  T3C1 (experiment)
+9.486x% — 2.657x + 0.991; 1], 22 B g Launder-Sharma (1974)
h/D = min[1.231%° — 6.705x° + 14.061x* — 14.113x’ 0008 1 D T e e 2000)
+ 7.109x2 — 1.900x +0.950; 1]7 (23) \' Menter et al (2005) (+proposed parameters)

where x is the plate distance from the leading edge. 0.006 1

Due to the change of the cross-sectional area along the flow C;
direction, the physical domain in case of non-zero pressure gradi- r

. . 0.004 1
ent is not rectangular in shape. To generate a mesh for such a non- L
rectangular shape, the transformation technique is adopted here to
transform the physical space (x, ¥) to the computational space (¢, 0.002 Il
7). The transformation is accomplished by specifying a generalized L
coordinate system that maps the curvilinear grid system in the
physical space to a rectangular uniform grid system in the compu- 0000 oo e v v vy
tational space. In the present work, the transformation technique 0.0 1.5 3.0 4.5 6.0 7.5
used is the so-called inverse transformation. With this technique, Re, (10%)
the transformed governing equation is expressed in terms of the . o )
. . . Fig. 8. Skin friction coefficient for T3C1 case.
inverse metrics and the Jacobian.
5. Results and discussion

0.010

The predicted results by the transition model of Menter et al. o .Igf,fdﬁ)_(g:;?:: ?1 974)
(2005) with the proposed Fiength and Rey. parameters are compared 0,008 — — — Menter SST (1994)
with the experimental data for the skin friction coefficient, C;. This ' t — - — - Suzen-Huang (2000)
coefficient is an important indication of the starting and ending i Menter et al (2005) (+proposed parameters)
points of transition, and also the growth rate and length of transi- 0.006
tion. The variation of the skin friction coefficient along the flat plate
is usually displayed with respect to the Reynolds number (linear- Ci
scale plots are displayed in this work). The start and end of transi- 0.004 4
tion occur at the points where the skin friction coefficient profile
reaches the minimum and maximum values, respectively. The var- L
iation between these two points indicates the growth rate and 0.002 +
length of transition (the more the rapid growth rate; the shorter [
the transition length). The start, xs, and end, xg, locations of the L
transition predicted by the models for all test cases are summa- 0-00000

rized in Table 1. Comparisons of the skin friction coefficient are
illustrated in Fig. 2 for zero pressure gradient cases and in Figs.
8-12 for non-zero pressure gradient cases. Furthermore, the mean

Fig. 9. Skin friction coefficient for T3C2 case.
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Fig. 12. Skin friction coefficient for T3C5 case.

velocity profile scaled in wall units, u*, the Reynolds shear stress,
—u'v' = v,0u/0y, and the turbulence kinetic energy, k, in the transi-
tion region are also presented in Figs. 13-15, respectively. The T3C
test cases can be classified into two groups depending on the level
of the freestream turbulence: moderate freestream turbulence lev-
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Fig. 13. u* vs. y* in the transition region for T3C cases. Note: experimental data; [J.
Predicted results: - - - -; Launder and Sharma (1974), - - - - ; Menter SST (1994),
— — ; Suzen and Huang (2000), and — - — ; Menter et al. (2005) (+ proposed
parameters).

els, 1% < Tu < 3%, and high freestream turbulence levels, Tu > 3%.
T3C1 is a high freestream turbulence level case, and the rest of
T3C test cases are moderate freestream turbulence level cases.
The T3C1 case (Tu;, = 7.78%): high freestream turbulence inten-
sity flow case. The predicted skin friction coefficient is compared
with the experimental data in Fig. 8. The turbulence model of Men-
ter (1994) without the benefit of a transition model predicts fully
turbulent flow for the entire flow region without any transition
behavior. The turbulence model of Launder and Sharma (1974)
and the model of Suzen and Huang (2000) predict early onsets of
transition and rapid variation of the skin friction coefficients in
the transition region. The model of Menter et al. (2005) satisfacto-
rily predicts the onset of transition but over-predicts the skin fric-
tion coefficient. This is because a large value of inlet viscosity ratio,
Ry, has been specified to obtain the required freestream decay. For
the mean velocity profiles, Fig. 13, all considered models give re-
sults that are comparable to the experimental data. The Reynolds
shear stress in Fig. 14 shows slightly over-predicted results ob-
tained from the turbulence model of Menter (1994) and the model
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of Suzen and Huang (2000), and fairly good results are obtained
from the Menter et al. (2005) and Launder and Sharma (1974)
models. As shown in Fig. 15, the model of Suzen and Huang
(2000) over-predicts the turbulent kinetic energy while the other
models tend to under-predict it.

The T3C2 case (Tu;, =3.1%): moderate freestream turbulence
intensity flow case. The predicted skin friction coefficient for this
case is compared to the experimental data in Fig. 9. The turbulence
model of Menter (1994) again predicts fully turbulent flow without
displaying any transition behavior. The turbulence model of Laun-
der and Sharma (1974) and the model of Suzen and Huang (2000)
both predict early transition. The model of Menter et al. (2005),
correctly predicts the location of the transition onset, but a shorter
transition length is obtained than the experimental data. The mean
velocity profile for this case is depicted in Fig. 13. It is found that
only the Menter et al. (2005) model produces acceptable results,
while the rest of the considered models tend to under-predict
mean velocity. As shown in Fig. 14, the model of Menter et al.
(2005) gives a fairly good result for the Reynolds shear stress, while
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— —; Suzen and Huang (2000), and — - — ; Menter et al. (2005) (+ proposed
parameters).

the rest of the models considered tend to over-predict this quan-
tity. All models considered under-predict the turbulence kinetic
energy, as is illustrated in Fig. 15.

The T3C3 case (Tu;, = 3.1%): moderate freestream turbulence
intensity flow case. The predicted skin friction coefficient is com-
pared to the experimental data in Fig. 10. As can be seen from
the figure, the result obtained from the turbulence model of Men-
ter (1994) is fully turbulent and no effect of transition is captured.
The turbulence model of Launder and Sharma (1974) and the mod-
el of Suzen and Huang (2000) again predict the location of transi-
tion onset that is too early. The model of Menter et al. (2005) gives
a good prediction of skin friction coefficient compared with the
experimental data. The predicted result shows the flow tendency
towards incipient separation at location of transition onset. The
mean velocity profile for this test case is illustrated in Fig. 13. Re-
sults obtained from the turbulence models of Menter (1994) and
Launder and Sharma (1974), and the model of Suzen and Huang
(2000) under-predicted the mean velocity for y*> 50 due to the
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early transition prediction. The model of Menter et al. (2005),
yields a very good result compared to the experimental data. The
model of Suzen and Huang (2000) slightly over-predicts, the Rey-
nolds shear stress, Fig. 14, while the results of the rest models con-
sidered agree well with the experimental data. All the models
considered under-predict the turbulence kinetic energy when
compared with the experimental data (see Fig. 15).

The T3C4 case (Tu;, = 3.1%): flow with separation-induced tran-
sition. In this case, the experimental data show that the boundary
layer separates in the rear region of the flat plate at x = 1295 mm.
and then reattaches at x = 1395 mm. A laminar separation bubble
is formed and transition is induced by this separation. The pre-
dicted skin friction coefficient for this case is displayed in Fig. 11.
It is found that the turbulence model of Menter (1994) predicts
fully turbulent flow without separation. The turbulence model of
Launder and Sharma (1974) and the model of Suzen and Huang
(2000) predict the separation behavior of the boundary layer, but
with a delayed separation location. The model of Menter et al.
(2005) with the proposed parameters can simulate the separation
behavior of the boundary layer with satisfactory locations of sepa-
ration and reattachment, and also gives a good prediction of tran-
sition induced by the separation. For the mean velocity profile in
the transition region, illustrated in Fig. 13, the model of Menter
et al. (2005) gives a reasonable result compared with the experi-
ment while the rest of considered models give unsatisfactory re-
sults. Comparisons of the Reynolds shear stress and turbulence
kinetic energy are shown in Figs. 14 and 15. The results show that
all considered models produce the maximum peak too early and
the results are largely unsatisfactory.

The T3C5 case (Tuj, = 3.7%): transitional boundary layer flow
with high Reynolds number. In this case, the experiment shows
that transition occurs in the region of favorable pressure gradient.
The predicted results for skin friction coefficient are shown in
Fig. 12. Again, the turbulence model of Menter (1994) results in
fully turbulent flow. The turbulence model of Launder and Sharma
(1974) predicts an onset of transition that is too early and and the
growth rate of transition that is too rapid. The model of Suzen and
Huang (2000) predicts the satisfactory onset of transition but pro-
duces a growth rate of transition that is too rapid. With the model
of Menter et al. (2005), the predicted result is in satisfactory agree-
ment with the experiment. For the mean velocity profile, Fig. 13,
the model of Menter et al. (2005) gives slightly over-predicted val-
ues while the rest of the models under-predict the profiles com-
pared with the experimental data. The comparison of Reynolds
shear stress is shown in Fig. 14. It is found that the model of Men-
ter et al. (2005) under-predicts the profile, while the rest consid-
ered models over-predict it. The predicted turbulence Kkinetic
energy is compared in Fig. 15. Only the model of Suzen and Huang
(2000) over-predicts the turbulence kinetic energy, while all the
other models under-predict them.

From the summary above, it can be concluded that the turbu-
lence model of Menter (1994) always produces fully turbulent
boundary layers and cannot detect any effect of transition in all
test cases. The reason is that this model has been developed from
a high-Reynolds-number turbulence model without any damping
function to reproduce the viscous sublayer behavior. As a result,
the model always gives the immediate variation of the skin friction
coefficient to the turbulent profile at the leading edge of the flat
plate. In case of separated flow, the model cannot detect the sepa-
ration region and therefore the transition region induced by the
separation does not appear.

The low-Reynolds-number k-¢ turbulence model with the
damping function of Launder and Sharma (1974) is capable of cap-
turing the transition behavior. The laminar solution from the lead-
ing edge to the transition onset is obtained and the transition to
turbulence is produced downstream. The model always gives an

early onset location with too rapid growth rate of transition to tur-
bulence leading to the shorter transition length when compared
with the experimental data. This is because the damping function
of this model has been developed to handle the near-wall region of
turbulent flow, but is not calibrated for the prediction of transition.
The capability to predict transition is just a by-product from their
viscous sublayer formulation. The model can predict the separation
behavior of the boundary layer with the delayed separation point
and hence gives the fairly good result for the transition induced
by the separation. However, for the skin friction coefficient, the
model always predicts an undershoot result compare with the
experimental data.

The model of Suzen and Huang (2000) predicts an early onset of
transition and a rapid variation of the skin friction coefficient with
the slight overshoot at the end of the transition region, which im-
plies that the transition length is too short. For separated flow, the
model can predict the separation of the flow and gives fairly good
results for the transition effect induced by the separation.

The model of Menter et al. (2005) with proposed parameters
gives satisfactory transition onset and length predictions for the
case of moderate freestream turbulence levels. For the high free-
stream turbulence level case, the model gives the early start of
the transition onset and cannot completely produce the behavior
of the laminar boundary layer in the pre-transition region. As a re-
sult, this model is more proper for low and moderate freestream
turbulence prediction than for high freestream turbulence predic-
tion. For the case of separated flow, the model can simulate the
separation behavior of the boundary layer with the satisfactory
points of separation and reattachment, and also gives satisfactory
results for the transition induced by the separation.

One advantage of the SST model of Menter (1994) and the k-¢
model of Launder and Sharma (1974) is the rapid convergence rate
compared with other considered models, since these models con-
tain no transport equation for modeling the transition. In other
words, only the transport equations for turbulence quantities are
solved without any special modification. This saves computational
time during the iteration. The main shortcoming of the Suzen and
Huang (2000) model is the slow convergence rate compared with
other relevant models. For the Menter et al. (2005) model, there
are totally seven transport equations in this model to be solved
for the two-dimensional transitional flow (two equations for mean
flow, one equation for continuity (in form of p’ equation), two
equations for turbulence and two equations for transition). As a re-
sult, the computational time per iteration of this model is about
30% more than that of the SST model but about the same as that
of the Suzen and Huang (2000) model.

6. Conclusion

The present paper proposes new expressions for two specific
parameters, Regc and Fiengtn, Reyc is used to control the onset of tran-
sition and Fengrh is used to control the length of transition in the
transition model of Menter et al. (2005). Those parameters are for-
mulated by means of numerical experiments. The effect of pressure
gradient on the transition of boundary layer is implicitly absorbed
in the local turbulence intensity. Based on this concept, the corre-
lation for specifying the onset of transition, i.e., the transition
momentum thickness Reynolds number, Re,,, is employed without
the pressure effect parameter. The model with the proposed
parameters is validated with the flat plate transitional boundary
layer under the influences of freestream turbulence and pressure
gradient of T3 series test cases. The results show that the Menter
et al. (2005) model with the proposed parameters gives good
agreement with the experiment for moderate freestream turbu-
lence levels. For high freestream turbulence levels, the model gives
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reasonably satisfactory results. For the separated-transition flow,
the model with the proposed parameters can capture the separa-
tion of the flow and can predict a fairly realistic behavior of the
transition induced by the separation.
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