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Abstract: The transition in the boundary-layer flow affects the hydrodynamic performances of hydraulic machineries, as the key 
components in the ship propulsion system. The shear stress transfer (SST) - tRe  transition model is an important prediction tool 

in the boundary layer simulation for hydrofoils. The present paper improves the prediction accuracy of the SST - tRe  model for 

the boundary layers along a curved hydrofoil. The SST - tRe  transition model for the flows along a curved hydrofoil is improved 

by introducing a correction to the transition onset Reynolds number tRe . First, the transition onset locations for the flows along the 

hydrofoils of different curvatures are obtained by the large eddy simulation and by using the SST - tRe  model. Then, the 

transition onset Reynolds numbers tRe  in the SST - tRe  model is modified to ensure that the predicted boundary layer 

parameters are consistent with the large eddy simulation (LES) results. The correlation function between the curvature ratio and the 
modified transition onset Reynolds number is obtained and subsequently used as a correction function in the original SST - tRe  

model. Three test cases are used to evaluate the performance of the improved SST - tRe  model. For the NACA0035 hydrofoil 

with a large curvature, the predicted results obtained by using the improved SST - tRe  model are quite consistent with the 

experimental data, which indicates the advantages of the improved model in predicting the boundary layer transition along a 
hydrofoil. In the test cases of the NACA0016 hydrofoil with a mild curvature and the NACA66(mod)-312 hydrofoil, the prediction 
results of the improved model are in good agreement with the experimental results in terms of the wake region and the boundary 
layer parameters, which indicates that the improved SST - tRe  model can serve as a powerful tool in the design and the 

optimization of hydraulic machineries such as the waterjet pumps or the naval propellers. 
  
Key words: Hydrodynamics, transition model, curvature effect, hydrofoil, boundary layer transition 
 
 

Introduction  
The laminar-to-turbulent transition of the boun- 

dary layer along a blade surface of a hydraulic 
machinery has a direct impact on the flow charac- 
teristics such as the lift, the wake shedding the 
frequency and the hydrodynamics performance of the 
machine[1]. A hydrofoil is a simplified model of a 
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blade in a hydraulic machinery such as the waterjet 
pumps and the naval propellers[2]. Therefore, an 
accurate prediction of the boundary layer transition 
along a hydrofoil is desirable in the study of the wakes 
of the blades, as well as the pressure fluctuation 
induced by the wakes, which is of great significance 
to improve the efficiency and the stability of the ship 
propulsion system. 

Numerical simulation is an important method to 
predict the hydrofoil boundary layer transition. The 
SST -k   turbulence model can be used to solve for 
the detailed characteristics of the flow in a turbulent 
boundary layer near the wall and to predict the flow 
separation. It is widely used in the calculation of the 
hydrofoil flow and the analysis of the wake dynamics 
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characteristics[3]. However, the model cannot be used 
to simulate the laminar-to-turbulent transition of a 
boundary layer based on the local variables of the 
flow field. Thus, it has obvious limitations in the 
prediction of the hydrofoil boundary layer transition[4]. 
For the prediction of the transition, Menter et al.[5] 
proposed the shear stress transfer (SST) - tRe  
transition model based on the local variables by 
introducing the transport equations for the inter- 
mittency factor   and the momentum thickness 

Reynolds number Re  and setting a critical value 

tRe  at the transition. The model is used not so much 
to analyze the physical mechanism of the flow 
transition but to control the generation of the turbulent 
kinetic energy by applying the intermittency factor in 
the turbulent kinetic energy equation of the turbulence 
model, so as to simulate the process of the boundary 
layer development from a laminar to a turbulent state. 
The SST - tRe  model is not only used widely in the 
prediction of the transition and the separation in the 
field of aerodynamics[6], but also in the field of 
hydrodynamics[7]. Zhang et al.[8], Zeng et al. [9] applied 
the SST - tRe  transition model to the boundary 
layer flow along a hydrofoil with the transition at low 
and medium Reynolds numbers and analyzed the 
effect of the transition on the hydrofoil hydrodyna- 
mics. Compared with the traditional turbulence model, 
with the SST - tRe  transition model, the flow field 
characteristics can be predicted more accurately, 
which in a sense shows the necessity of the transition 
prediction. 

The empirical relations of the SST - tRe  
transition model are based on experimental data of 
low-speed, incompressible flows past a plate, without 
taking into account the factors like the streamline 
curvature and the compressibility[10]. The SST - tRe  
transition model merely provides a framework for 
including the transition in the general computational 
fluid dynamics (CFD) methods. And since the specific 
physical mechanism is based on empirical relations, a 
proper calibration of the method should be able to 
determine more properly the transition dependency on 
many factors. In order to extend the application range 
of the model, studies were made to improve the 
empirical relations. Xia and Chen[11] simplified the 
SST - tRe  transition model by omitting the tRe  
transport equation to establish a new empirical 
relation between the length parameter of the transition 
area and the critical momentum thickness Reynolds 
number. Hao et al.[12] put the Reynolds number and 
the Mach number into the empirical relations to 
consider the compressibility of the hypersonic flow. 
Choi and Kwon[13] developed empirical relations by 
taking the crossflow boundary layer transition into 

consideration, to yield a relationship for flows with 
strong three-dimensionality. In order to improve the 
prediction of the roughness induced transition, Elsner 
and Warzecha[14] applied the empirical relation for the 
transition onset proposed by Stripf et al.[15]. In a 
turbomachinery, the streamline curvature caused by 
the curved walls or by the rotation of the flow field 
will affect the generation of the turbulent kinetic 
energy and the boundary layer transition. The 
curvature of the streamlines is not considered in the 
traditional eddy viscosity model[16-17], so it is 
necessary to consider the curvature effect in the 
application of this model. In some studies[18-19], the 
influence of the rotation and the streamline curvature 
were considered by adding generating terms in the 
SST turbulent kinetic energy transport equation to be 
coupled with the SST - tRe  transition model. 
However, the empirical relation in the model is still 
based on the experimental data of the flow along a 
plate[10], with many limitations when it is applied to 
complex structures. With the transition model shear 
stress transfer curvature correction (SSTCC) - tRe , 
the curvature correction influences the prediction in 
the near-wall region and the wake region of the 
NACA0009 hydrofoil as compared with the SST 

- tRe  model. However, the flow fields calculated by 
different correction coefficients are quite different and 
it is difficult to balance the accuracy of the wake and 
boundary layer predictions[4]. Therefore, it is desirable 
to develop a new empirical correlation function based 
on the original SST - tRe  model for simulating the 
flows along a curved hydrofoil. 

For the numerical simulation, there are two ways 
to calibrate the parameters. One is based on 
experiments[20], the other is based on the simulation 
results of a higher accuracy. The latter method is 
widely used since the availability of the experimental 
data is limited. For example, Wang et al.[21] recon- 
structed the Reynolds stress model by using the DNS 
simulation results. Nakanishi[22] improved the 
turbulence model and the related method on the basis 
of the large eddy simulation data. In the studies of the 
transition, the results obtained by using the XFOIL 
software were adopted to calibrate and verify the 
transition parameters. Sharma and Visbal[23] studied 
the influence of the airfoil thickness on the dynamic 
stall onset by using the large eddy simulation method, 
and the results were compared with those obtained by 
using the XFOIL. Colonia et al.[24] calibrated the one 
equation intermittency transition model in the case of 
a high Reynolds number using the results obtained by 
using the XFOIL, and better results were obtained 
with the modified model  as compared with the ori- 
ginal model. With a balance between the accuracy and 
the cost, the large eddy simulation is used to calibrate 
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the parameters of the SST - tRe  in this paper. 
This paper is organized as follows. First, 

Menter’s original SST - tRe  transition model and 
the empirical relation are described briefly. Next, the 
empirical relation is calibrated with the data of the 
hydrofoil flows of different curvatures obtained by the 
large eddy simulation. Third, the modified SST 

- tRe  is validated with the NACA 0016 hydrofoil, 
the NACA 66(mod)-312 hydrofoil and the 
NACA0035 hydrofoil. The paper ends with a dis- 
cussion and the conclusions. 
 
 

1. SST - tRe  model 

The original SST - tRe  transition model was 
proposed by Langtry [10], being constructed using the 
local variables. The model is based on the two- 
equation SST -k   turbulence model and two 
additional transport equations. One is the inter- 
mittency factor  equation, used to control the 
transition length. The other is the transport equation 
for the momentum thickness Reynolds number tRe , 
used to trigger the transition. They are defined as: 
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    The production term P  of the   equation is 
defined as 
 

0.5
length 1 onset 1= ( ) (1 )a eP F c S F c   

                           

(3) 
 

where t  is the eddy viscosity,   is the molecular 

viscosity, and S  is the strain rate magnitude. lengthF  
is used to control the length of the transition region, 
which is in an empirical relation with the constants 

tRe , t , 1ac  and 1ec  in the model, with =t
2.0 , 1 = 2.0ac , 1 = 1.0ec . The transition onset is 
controlled by the following functions: 
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in which VRe  is the vorticity Reynolds number, TR  

is the eddy viscosity ratio, and cRe  is the critical 

Reynolds number for the intermittency first starting to 
increase in the boundary layer. Once the local value of 

VRe  becomes larger than 2.193 cRe , the inter- 

mittency starts to increase in the boundary layer. The 
relation between VRe  and Re  is obtained from the 

Blasius boundary similarity solutions, validated only 
for incompressible flows. The destruction E  is 

defined as 
 

2 urb 2= ( 1)a t eE c F c   
                                          

(9) 
 

4( /4)
turb = e TRF 

                                                            

(10) 
 

where   is the magnitude of the vorticity rate. The 
values of the constants for the E  expression are 

2 = 0.06ac , 2 = 50.0ec . 

The source term tP  of the transition mo- 
mentum thickness Reynolds number transport 
equation is defined as: 
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in which tF  is equal to unity in the boundary layer 
and zero outside the boundary layer, which is used to 
turn off the source term in the boundary layer and 

allows tRe  to diffuse into the boundary from the 

freestream. 
    The transition model involves three empirical 
relations between tRe , cRe  and lengthF , which 

directly affect the accuracy of the transition prediction. 

tRe  concerns the transition onset as observed in the 

experiments,  is modified from that proposed by 
Menter et al.[5] in order to improve the predictions and 
is defined as follows: 
 

2

0.2196
= 1173.51 589.428 + ( )tRe Tu F

Tu 
  
 

, 

 

1.3Tu 
                                                                    

(13a) 
 

0.671= 331.50( 0.5658) ( )tRe Tu F 
 , >1.3Tu  

                                                                                   

(13b) 



 

 
 

523

    In the formula, Tu  is the local turbulence 
intensity, ( )F   is a function related to the local 

pressure gradient coefficient, and its expression is as 
follows: 
 

1.52 3 ( /1.5)( ) = 1 ( 12.986 123.66 405.689 )e TuF           

                                                                                   

(14a) 
 

35 /0.5( ) = 1+ 0.275(1 e )e TuF 
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in which   is the momentum thickness, U  is the 
local velocity. lengthF  is the length of the transition 

zone and is a function of tRe . cRe  is the point 

where the model is activated in order to match both 

tRe  and lengthF . The calibration of this paper is 

based on the empirical relations of tRe . 

    When the transition model is coupled with the 
SST -k   model, the production and destruction 
terms of the k  equation are changed. In addition, an 
intermittency sep  is introduced for predicting the 

separation induced transition. The combinations are 
shown as: 
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eff=kP P , eff= min[max( ,0.1),1.0]k kD D
           

(17) 
 

where kP  and kD  are the original production and 

destruction terms from the SST -k   turbulent 
kinetic energy equation. 
 
 

2. Improvement of SST - tRe  model 
 

2.1 Hydrofoils simulation using LES 
The curvature of a hydrofoil depends on the 

thickness and its camber. The wall-adapting local 
eddy viscosity (WALE) model[25-26] is based on the 
square of the velocity gradient tensor so that the eddy 
viscosity is almost zero in the wall-bounded laminar 
flow. The model can be used to simulate the laminar 
flow and the development of the linearly unstable 
wave. In this study, the large eddy simulation (LES) 
WALE model is applied to the zero-camber hydrofoils 
of different thicknesses (NACA0002, NACA0004, 
NACA0005, NACA0012, NACA0015, NACA0018, 
NACA0021, NACA0030 and NACA0040) and eight 
different cambered hydro- foils of a same  thickness 
(NACA1412, NACA2412, NACA3412, NACA4412, 
NACA5412, NACA6412, NACA7412 and 

NACA8412). 
    In order to accurately capture the unsteady 
characteristics of the three-dimensional turbulent 
structures around the hydrofoils, and to ensure a high 
accuracy of the numerical calculation with limited 
computational resources, the computational domain is 
selected with care. Especially the width (span) of the 
hydrofoil is a critical parameter. As seen from the 
Refs. [25-26], different values were used for the width 
of the calculation domain. The values for the aspect 
ratio (AR) vary between 0.0053 and 0.8, where AR is 
defined as the ratio of the wingspan width to the chord 
length L . In order to ensure the full development of 
the flow in the span direction, the width of the 
hydrofoil must be larger than the scale of the largest 
eddy in the flow field according to the two-point 
correlation analysis in the numerical simulation. As a 
compromise, the width of the computational domain is 
set as 0.3L , so AR = 0.3 . 
    In this paper, the flow around a hydrofoil with an 

angle of attack of 0 and 6= 2.0 10LRe   is studied. 

The computational domain is 9.0 1.5 0.3L L L  , the 
length of the inlet of the computational domain is 
3.0L , the length of the outlet of the computational 
domain is 5.0L , and the height of the computational 
domain is 1.5L , as shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Computation domain using LES 
 

The mesh size has an important influence on the 
accuracy of the LES. As seen from Refs. [25-26], in 
the LES of the hydrofoil flow, the dimensionless 

grid-scale +y  is generally less than 1 perpendicular 

to the wall direction. Along the inflow direction, the 

dimensionless grid-scale +x  is usually in the range 
of 50-150, and in the wing span direction, the 

dimensionless grid-scale +z  is in the range of 10-40. 
    In this paper, in order to match the geometric 
characteristics of the hydrofoil and to generate an 
ideal boundary layer dense area near the wall, an 
O-type mesh is used to discretize the flow field. In 
order to satisfy the requirement of the large eddy 
simulation method for the near-wall grid scale, 
improve the accuracy of the calculation, and better 
capture the basic characteristics of the flow field, a 
local grid refinement is carried out for the near-wall 

 



 

 
 

524

region, the -Y direction boundary area and the 
hydrofoil trailing edge. The grid-scales in X , Y  

and Z  directions are +
max = 98.6x , +

max = 1.03y , 
+

max = 38.4z , respectively. The computation domain 

mesh for the NACA0009 is shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
Fig. 2 (Color online) Computation domain and mesh of  

NACA0009 
 
2.2 Validation 
    The present work is carried out by using the 
ANSYS CFX. The high-resolution scheme is used for 
the diffusion term and the advection term. An implicit 
second-order difference scheme is used for the 
transient flow[5]. The inlet velocity is set as 

= 20 m/sU  so that the chord Reynolds number is 

equal to 2106 ( = 0.1 m)L . The inlet turbulence 

intensity Tu  is set as 4%. An outlet condition with a 
static pressure of zero Pa is imposed on the 
downstream boundary. Lastly, a non-slip wall 
condition is imposed on the hydrofoil. The transient 
cases are calculated after obtaining the results in the 

steady cases. The time-step 5= 1 10 st   is chosen 

and the CFL number is close to 1. Calculations are run 
in the /Tu e  high-performance computer with 256 
GB memory and 128 parallel cores. 

Grid independence studies are made for all 
turbulence models considered in this paper. As an 
illustration, the grid independence study for the 
NACA0009 computation is described here in detail. 
Calculations are carried out by using the LES WALE 
model on four different grids as shown in Table 1. The 

maximum +y  values of each group of grids are close 

to 1. mesh 4 is the coarsest mesh with 2 650 156 
nodes. The upstream and downstream areas of the 
mesh 3 are refined so the number of nodes reaches 3 
985 230. Mesh 2 has 5 438 952 nodes. The nodes on 
the hydrofoil of mesh 2 are twice as large as that of  
 
 
 
 
 
 
 
 

mesh 3. Mesh1 is the finest mesh with 6 521 238 
nodes. The vortex shedding frequencies obtained by 
the fast Fourier transform are taken as the key 
parameters. In Table 1, the comparisons of the vortex 
shedding frequencies indicate a very small difference 
between Mesh1 and mesh 2, so mesh 2 will be used 
for further LES calculations. 
 
2.3 Adjusting the parameter tRe  of SST - tRe  

Model 
    The boundary layer transition flows around the 
hydrofoils are simulated by using the LES WALE 
model. The shape factor 12H , defined as the ratio of 

the boundary layer displacement thickness to its 
momentum thickness, reveals the type of the boundary 
layer flow, according to the theoretical velocity 
profiles. It is generally believed that the boundary 
layer is laminar when 12H  exceeds 2.6, is turbulent 

when it is less than 1.5, and is in transition for 
intermediate values[1]. For the NACA0009 hydrofoil, 
the SST - tRe  model (original) and the LES model 

are used to calculate the hydrofoil boundary layer 
parameter 12H , which are compared with the 

experimental values. 
From Fig. 3, as compared with the experimental 

data, the 12H  values calculated by using the two 

models are close to the experimental data at the 
hydrofoil x/L = 0.2, which is laminar. At x/L = 0.5, the 

12H  value calculated by using the SST - tRe  

model is 1.4, which is less than the experimental value 
of 2.3 and the LES predicted value of 2.2. At this 
point, the state predicted by using the SST - tRe  

model is turbulent while it is in fact laminar as shown 
by the experimental value and the LES predicted 
value. From these results, it appears that the LES 
model selected in this paper can accurately predict the 
flow pattern of the hydrofoil boundary layer, while the 
SST - tRe  model has a poor prediction capability. 

According to the literature[5], the prediction of the 
boundary layers can be improved by modifying the 

tRe  parameters in Eq. (13). In Fig. 3, when the value 

of the tRe  is modified to 1.1415 times the original 

value, the calculated shape factor is close to the 
experimental value, so the correction value is selected 
as the final value. 

 
 
 
 
 
 
 
 

 

 

Table 1 Grid resolutions 

Mesh Number of nodes +y  max (hydrofoil) 
Numerical vortex shedding 

frequencies/Hz 

Experimental vortex 
shedding frequencies 

/Hz[1] 
Mesh 1 6 521 238 0.62 1 431 

1 428 
Mesh 2 5 438 952 0.79 1 420 
Mesh 3 3 985 230 0.93 1 336 
Mesh 4 2 650 156 1.12 1 307 
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Fig. 3 (Color online) Shape factor of NACA0009 hydrofoil 
 

The modification procedure for tRe  is shown 

in Fig. 4. First, the flow around zero-camber hydro- 
foils of different thicknesses and different cambered 
hydrofoils of the same thickness are simulated by the 
LES. The calculation settings are consistent with those 
of NACA0009. The boundary layer parameters of 
these hydrofoils are obtained. Next, calculations are 
repeated by using the SST - tRe  model. The 

calculation settings are again consistent with those of 
NACA0009. The boundary layer parameters of these 
hydrofoils are obtained as well. Finally, the values of 

tRe  are modified until the predicted boundary layer 

parameters are consistent with those of the LES. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4 Flow chart of the calibration process 
 

2.4 Correction function for SST - tRe  model 

The correction parameter F, used to modify the  
 
 
 
 
 
 
 
 
 
 
 

 
values of Reθt of the standard SST - tRe  model, is 

subsequently correlated to the curvature ratio (CR) of 
the hydrofoil as 
 

= (CR)t tRe Re F 

                                                     

(18) 
 

where tRe  is the modified value, and CR is defined as 

 

max maxCR = +
c t

L L
                                                       

(19) 

 

where maxc  is the maximum distance between the 

mean camber line and the chord line, maxt  is the 

maximum thickness of the hydrofoil. The nomencla- 
ture for the hydrofoil is shown in Fig. 5. 
 

 
 
 
 
 
 
 
 
 
 

Fig. 5 Nomenclature for the hydrofoil 
 

    Since (CR) 1F  , the transition in the modified 

model is always delayed due to the curvature, as 
compared to the original model. For the other 

hydrofoils, several modified tRe  values for different 

CR values are obtained in the same way to make the 
shape factor agree well with the LES results, and the 
obtained correction factors are shown in Table 2 The 
correction function (CR)F  can be expressed by 

curve fitting as: 
 

(CR) = 1F , CR 0.05
                                          

(20a) 
 

4 3 2(CR) = 290.6CR + 302CR 106.6CR +F    
 

14.57CR + 0.4914 , 0.05 < CR < 0.3
               

(20b) 
 

(CR) = 1.0685F , CR 0.3
                                  

(20c) 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Table 2 Correlation function (CR)F  for different hydrofoils 

 NACA0002 NACA0004 NACA0005 NACA0009 NACA0012 NACA0015 
CR 0.02 0.04 0.05 0.09 0.12 0.15 

(CR)F  1.0000 1.0000 1.0000 1.1415 1.1515 1.1545 

 NACA0018 NACA0021 NACA0030 NACA0040 NACA1412 NACA2412 
CR 0.18 0.21 0.30 0.40 0.13 0.14 

(CR)F  1.1145 1.0840 1.0685 1.0685 1.1540 1.1465 

 NACA3412 NACA4412 NACA5412 NACA6412 NACA7412 NACA8412 
CR 0.15 0.16 0.17 0.18 0.19 0.20 

(CR)F  1.1485 1.1385 1.1255 1.1145 1.0925 1.1030 
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    The original transition onset Reynolds number is 
not modified if the curvature ratio is below 0.05. The 
transition onset Reynolds number value is equal to 
1.0685 if the curvature ratio is larger than 0.3. The 
data are fitted by a 4th-order polynomial since the 
correction value is nonlinear in the initial segment as 
the curvature ratio is between 0.05 and 0.3. The 
modified SST - tRe  is obtained by replacing the 

transition onset Reynolds number with the modified 
one. The modified empirical correlation is carried out 
by the CFX Expression Language (CEL) in ANSYS 
CFX 19.2. For the assessment of the modified model, 
particularly focusing on the hydro-machinery applica- 
tions, three different hydrofoils are used. 
 
 

3. Verification of improved SST - tRe  model 
 

3.1 Test case 1: NACA0016 hydrofoil 
    Bourgoyne et al. (in University of Michigan)[27] 
carried out experiments with a large hydrofoil in the 
US Navy’s William B. Morgan Large Cavitation 
Channel (LCC). The turbulence near the leading edge 
of the hydrofoil is less than 0.5%, the chord length 
( )L  of the hydrofoil is 2.1336 m, the top surface of 

the hydrofoil is arched, the bottom surface is parallel 
to the two sides of the test section, and the width of 
the test section is 1.43L . The LCC is a low- 
turbulence recirculating water tunnel with a 3.05 
m3.05 m13.00 m test section and is capable of 
creating steady flows from 0.25 m/s to 18.3 m/s. For 
all results reported here, the foil is mounted at 

= 0  . 
    In this case, a 2-D calculation is adopted. The 
velocity inlet boundary is 1.875L  from the leading 
edge of the hydrofoil, and the uniform flow velocity is 
set to be 0 = 3 m / sU  based on the chord-length 

Reynolds number of 8106. The static pressure outlet 
boundary is 2.812L  from the trailing edge of the 
hydrofoil, and the relative pressure is 0 Pa. 

The position of the hydrofoil in the calculation 
area is consistent with the test. Figure 6 shows a 
computational domain and the mesh for NACA 0016. 
O-shaped mesh blocks are used around the hydrofoil 
to refine the mesh and improve the orthogonality of 
the near-wall mesh. Some characteristic flow quanti- 

ties are shown in Table 3. The maximum +y  at the 

hydrofoil surface is about 1. The high-resolution 
scheme is used for the advection term and the 
diffusion term. An implicit second-order differencing 
scheme is used for the transient flow. The physical 
time step of the calculations is set as = 0.0005 st , 

which corresponds to the CFL number less than 1 in 
the entire domain. The boundary layer flow field was 
measured in Ref. [27]. The experimental results are 

compared with the calculated results. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 (Color online) NACA 0016 hydrofoil computation do- 
main and mesh 

 

Table 3 Flow characteristics for NACA0016 hydrofoil 
Case NACA0016 

LRe (106) 8 

inletTu 0.04 

CR 0.16 
(CR)F 1.1402 

 

    Figures 7 and 8 show the experimental and simu- 
lated values of the boundary layer parameters on the 
suction side at = 0.43x L  and = 0.93x L . fC  is 

the skin friction coefficient,   is the boundary layer 
thickness. Near the mid-chord, the relative boundary 
thickness predicted by the original model is 0.0015, 
with a relative error of 114.3%, and that predicted by 
the improved model is 0.0009, with a relative error of 
28.57%. The skin friction coefficient predicted by the 
original model is 0.0052, with a relative error of 
1200%, and that predicted by the improved model is 
0.0007, with a relative error of 75.0%. Near the 
trailing edge of the hydrofoil, the relative thickness 
predicted by the original model is 0.01201, with a 
relative error of 16.6%, and that predicted by the 
improved model is 0.01080, with a relative error of 
4.85%. The skin friction coefficient predicted by the 
original model is 0.0026, the relative error is 30%, and 
that predicted by the improved model is 0.0025, the 
relative error with the experiment is 25%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 (Color online) Boundary layer thickness distributions 
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Fig. 8 (Color online) Skin friction coefficient distributions 
 

With the transition model, the vorticity Reynolds 
number VRe  can be calculated according to the local 

strain rate tensor and the wall distance calculated by 
the CFD. The maximum value of / 2.93VRe , at a 

certain location in the boundary layer is basically the 
same as the momentum Reynolds number of the 
boundary layer at that location. Therefore, it is used to 
replace the momentum Reynolds number of the 
boundary layer and is related to the critical 
momentum Reynolds number cRe . The position 

where the momentum thickness Reynolds number 
( = / 2.93)VRe Re Re   starts to be greater than cRe  

is called the critical position of the transition, that is, 
the position where the boundary layer intermittency 
factor begins to increase. The position is the starting 
point of the transition as Re  is higher than the 

transition onset momentum thickness Reynolds 
number tRe  for the first time, and the boundary 

layer will transit rapidly to the turbulent boundary 
layer after the position. In order to analyze the causes 
of the prediction errors in Figs. 7 and 8, Fig. 9 shows 
the distribution of cRe , cRe  and tRe  near the 

wall calculated by using the two models. It can be 
seen that the Re  value is larger than the Reθt value in 

the prediction  made by using the original model, 
indicating that the location is already in the turbulent 
state. The value of the Re  obtained by using the 

modified transition model is larger than cRe  and 

smaller than tRe , which indicates that the position is 

in a laminar-to-turbulent state. Therefore, the predic- 
ted boundary layer thickness and the wall friction 
coefficient calculated by using the modified model at 
this location is smaller than those obtained by using 
the original model. 

The time-averaged velocity distribution of the 
boundary layer simulation results and the experi- 
mental values are shown in Fig. 10. The horizontal 
and vertical velocity components from the leading  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 (Color online) Distribution of VRe , cRe  and tRe  

near the wall ( = 0.43 )x L  

 
edge to the wake region of the hydrofoil are compared. 
In the velocity distribution diagram, y  is the vertical 

coordinate, /y L  represents the dimensionless verti- 

cal coordinate, u  and v  represent the horizontal 
and vertical components of the velocity, respectively. 
From Fig. 10, it can be seen that the flow is 
accelerated to the suction surface of the hydrofoil, so 
the horizontal velocity component on the suction 
surface of the hydrofoil is larger than that on the 
pressure surface. The difference between the 
horizontal velocity component on the upper and lower 
surfaces and the effect of the vertical velocity 
component are responsible for the lift of the hydrofoil. 
In the distribution of the velocity u , the maximum 
error of the original model at / =x L 0.014, 0.958 
and 1.028 is 3.6%, 1.4% and 3.2%, the maximum 
error of the improved model at / =x L 0.014, 0.958 
and 1.028 is 1.8%, 0.5% and 1.2%. In the distribution 
of the velocity v on the suction surface, the maximum 
error of the original model at / =x L  0.014, 0.958 
and 1.028 is 260%, 800%and 1200%, the maximum 
error of the improved model at / =x L  0.014, 0.958 
and 1.028 is 50%, 150% and 600%. Along the 
hydrofoil chord, the trends of the boundary layer 
velocity obtained by using the original model and the 
improved model are almost the same. The value of the  
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boundary layer time-averaged velocity calculated by 
using the improved model is in slightly better agree- 
ment with the experimental results. 
    The flow separation points on the suction surface 
at the trailing edge of the hydrofoil are shown in Fig. 
11. The position of the separation point is determined 
according to the position where the skin friction 
coefficient is zero. The range of the numerical 
simulation results is consistent with the literature[27]. 
The position of separation /x L  calculated by using 
the original model and the improved model are 0.9777 
and 0.9811 respectively, and the corresponding 
experimental data is 0.9853. Although the relative 
errors of both models are less than 1%, the separation 
positions predicted by using the original model are 
earlier than the experimental values. Therefore, the 
prediction results of the improved model are better. 

Figure 12 shows the distribution of the hydrofoil 
surface pressure coefficient. It can be seen that with 
both the original model and the improved model, the 
coefficient value is predicted accurately. Figure 13 
shows the time-averaged velocity distribution on the 
suction surface, at the position 0.43L  from the 
leading edge of the hydrofoil. tU  is the surface- 

tangent velocity, teU  is the surface-tangent mean 

velocity at the edge of the boundary layer. The 
markers are the measured values and the black solid 
line is the fitting result of the data, using a laminar 
boundary-layer profile[27]. The velocity gradient near 
the wall calculated by using the original model is 
significantly higher than the experimental results. The  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11 Stagnation and separation points and the associated 

streamlines 
 
boundary layer predicted by using the original model 
is in a turbulent state, that is, the transition is upstream 
to the actual location. The velocity gradient of the 
boundary layer predicted by using the improved 
model is closer to the experimental value near the wall, 
but the distribution of the velocity gradient is still 

 

 
 

Fig. 10 (Color online) Boundary layer time-averaged velocity profiles along hydrofoil chord 
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different from the one predicted by the experiment far 
away from the wall, which is consistent with the 
development of fC  at / = 0.43x L  in Fig. 8. 

Nevertheless, the results do show that the improved 
model improves the prediction accuracy of the 
hydrofoil boundary layer transition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 (Color online) Pressure coefficient distributions 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 (Color online) Suction side boundary layer velocity dis- 

tribution at / = 0.43x L  

 
3.2 Test case 2: NACA 66(mod)-312 hydrofoil 

To validate the improved SST - tRe  model in 

simulating the hydrofoil with an attack angle, the 
NACA 66(mod)-312 hydrofoil case is tested. The 
hydrofoil measurements were carried out in the 
cavitation tunnel at the French Naval Academy 
Research Institute (IRENav)[28]. The dimensions of the 
test section are 1 m (length) 0.192 m (height)0.192 
m (width). The hydrofoil is a NACA 66 with a camber 
ratio of 2% and a relative thickness of 12%. The chord 
of the hydrofoil is 150 mm. Experiments were carried 
out at a flow velocity 0 = 5 m / sU  which corres- 

ponds to 5= 7.5 10LRe  . The angle of attack is 

= 2  . Atmospheric pressure was set in the test 
section and no cavitation was observed. The inlet 
turbulence intensity measured was 3%. 

In this case, the structured O-H-type grids are 
generated near the hydrofoil. The position of the 
hydrofoil in the calculation area is consistent with the 

test. Figure 14 shows a part of the computational 
domain. The grid is based on a 2-D grid containing 
500,000 hexahedral elements and the hydrofoil is 
discretized by 290 nodes. The y+ is kept close to 1 on 

the hydrofoil (with the maximum + = 1.06y  and the 

average + = 0.48y ). The mesh on the hydrofoil is 

extended by 64 layers with a ratio of 1.13. Charac- 
teristic flow quantities are shown in Table 4. The 
curvature ratio is 0.14 and the improved correction 
function value is 1.1589. In the CFD calculations, the 
turbulence intensity at the entrance of the domain is 
set to a high value of 5%. It is reduced to about 3% 
near the hydrofoil, as is consistent with the experiment. 
The inlet velocity is set as 0 = 5 m / sU  so that the 

chord-based Reynolds number is equal to 7.5105 
( = 0.15 m)L . An outlet condition with a 0 Pa relative 

static pressure is imposed on the downstream 
boundary. The top and bottom faces are set in 
symmetry conditions. 
 
 
 
 
 
 
 
 

 
Fig. 14 (Color online) NACA 66(mod)-312 hydrofoil compu- 

tation domain mesh 
 

Table 4 Flow characteristics for the NACA 66(mod)-312 
hydrofoil 

Case NACA 66(mod)-312 

LRe (106) 0.75 

inletTu 0.05 

CR 0.14 

(CR)F 1.1589 
 

    The boundary layer along the suction side of the 
hydrofoil under these conditions is characterized by a 
laminar state from the start at the leading edge until 
the laminar separation occurs at a point around 

/ = 0.80x L . A separation bubble is formed near the 
surface, after which the boundary layer reattaches and 
continues as a turbulent boundary layer. The variation 
of the boundary layer displacement thickness along 
the suction side of the hydrofoil is shown in Fig. 15. It 
can be seen that up to the point 0.85L , the calculated 
boundary layer thickness values by using both the 
original model and the improved model are consistent 
with the experimental values. However, at the point 
0.90L , the predicted values obtained by using both 
models are higher than the experimental values, and 
the relative errors are 31.3% and 18.3%, respectively. 
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Figure 16 shows the boundary layer shape factor 
distribution. It is shown that 12H  predicted by using 

the original model is close to the experimental value 
in the leading edge region of the hydrofoil, but sharply 
deviates from the experimental value at = 0.79x L , 
and drops nearly to 1.5 at 0.84L . The calculated 
boundary layer at that position is in a full turbulent 
state, which is ahead of the completion of the 
transition at 0.90L . In contrast, the value of 12H  as 

predicted by using the improved model drops to 1.5 
near the point 0.90L , which is in good agreement 
with the experimental measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15 (Color online) Boundary layer displacement thickness 

distribution of NACA 66(mod)-312 hydrofoil (suc- 
tion side) 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 (Color online) Boundary layer shape factor distribution 

of NACA 66(mod)-312 hydrofoil (suction side) 
 

The intermittency factor   is an important 

parameter to characterize the flow. In the laminar 
region of the boundary layer,   is 0, and outside the 

boundary layer,   is 1. In the transition region,   

is between 0 and 1 with different turbulence 
intensities. Figure 17 shows the distribution of the 
intermittent factor in the boundary layer along the 
NACA66 (mod)-312 hydrofoil. It can be seen that on 
the pressure surface, there is no significant difference 
between the predicted position of the transition onset 
point, obtained by the original model and the 
improved model. But on the suction surface, the 

original model predicts that transition ends at 0.85L , 
while it is 0.90L , predicted by the improved model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17 (Color online) Intermittency factor gamma distribution  

at NACA66 (mod)-312 hydrofoil 
 

Figure 18 shows the calculated velocity distribu- 
tion of the boundary layer at four locations along the 
chord, and compared with the experimental data of 
Ducoin et al.[28]. The predictions of the boundary layer 
velocity by both the original model and the improved 
model are consistent with the experimental results. 
The simulation results by the improved model are, 
however, in better agreement with the experimental 
data. The thickness of the laminar separation bubble, 
at / = 0.79x L  and / = 0.84x L , is particularly well 
predicted. The agreement level decreases in the 
turbulent, reattached boundary layer at / = 0.90x L  
but remains good, especially for the improved model, 
which is consistent with the intermittency factor result 
of Fig. 17. Overally, the improved calculation is in a 
better agreement with the experiment. 
 

3.3 Test case 3: NACA0035 hydrofoil 
    The hydrofoils with different curvatures show the 
characteristics of the blades of waterjet pump 
impellers or the propeller with different specific 
speeds. To further evaluate the applicability of the 
improved model, this section validates the improved 
SST - tRe  model by a test case for NACA 0035 

hydrofoil. The experiments were also conducted in the 
hydrodynamic tunnel of the IRENav[29]. The hydrofoil 
has a camber ratio of 0% and a relative thickness of 
35%. The chord of the hydrofoil is 100 mm. 
Experiments were carried out at a flow velocity 

0 = 5 m / sU  which corresponds to 5= 5.0 10LRe  . 

The angle of attack is = 5  . Atmospheric pressure 
was set in the test section and no cavitation was 
observed. 
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Fig. 18 (Color online) Velocity profiles at 5 chord locations of 

NACA 66(mod)-312 hydrofoil (suction side) 
 
    The calculation area is 2.25L  from the leading 
edge of the hydrofoil and 6.25L from the trailing edge 
of the hydrofoil. The position of the hydrofoil in the 

calculation area is consistent with the test. Figure 19 
shows a part of the computational domain. The grid is 
based on a 2-D grid containing 786,925 elements and 
the hydrofoil is discretized by 315 nodes. The 

maximum +y  at the hydrofoil surface is 1.03. The 

mesh on the surface is extended by 64 layers with a 
ratio of 1.13. The flow characteristics are given in 
Table 5. The curvature ratio is 0.35 and the improved 
correction function value is 1.06854. In the CFD 
calculations, like in the above test case, the turbulence 
intensity at the entrance of the domain is set to a high 
value of 5%. It reduces to about 3% near the hydrofoil, 
which is consistent with the experiment. A velocity- 
inlet boundary condition 0 = 5 m / sU  is applied to 

the upstream inflow. On the outlet boundary, a 
pressure-outlet boundary 0 Pa condition is used on the 
downstream boundary. The top and bottom faces are 
set as in symmetry conditions. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19 (Color online) NACA 0035 hydrofoil computation do- 

main and the mesh 
 
Table 5 Flow characteristics for the NACA0035 hydrofoil 

Case NACA 0035 

LRe (106) 0.5 

inletTu 0.05 

CR 0.35 
(CR)F 1.06854 

 
    Figure 20 shows the resistance coefficient of the 
NACA0035 hydrofoil. The red line is calculated by 
using the software XFOIL, a panel method program 
for solving the potential flow equation and the 
boundary integral equation. The boundary layer 
transition is determined by the eN type amplification 
formula. The XFOIL code was developed to rapidly 
predict the airfoil and hydrofoil performance and its 
accuracy is well recognized[23-24]. When compared 
with the measured data for a wide range of hydrofoils, 
it is found that the computed values of the drag 
coefficient are consistent with the experimental data, 
with the maximum relative error of 25%, and the 
relative error of 5% at an angle of attack of 5 . Figure 
21 shows the distribution of the skin friction 
coefficient along the suction side of the hydrofoil. It 
can be seen that both models can be used to calculate 
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the laminar boundary layer. For the prediction of the 
transition onset point, the values calculated by using 
the XFOIL, the original model and the improved 
model are 0.335, 0.292 and 0.324 respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20 (Color online) Drag coefficients of NACA0035 hydro- 

foil 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 21 (Color online) Skin friction coefficient of NACA0035 

hydrofoil 
 

Figure 22 shows the distribution of the inter- 
mittency factors in the boundary layer on the suction 
side of the NACA0035 hydrofoil. It can be seen that 
the point of the transition predicted by using the 
original model is at 0.36L, while that predicted by 
using the improved model is at 0.40L , which is 
consistent with the skin friction coefficient result of 
Fig. 21. 
 
 
4. Conclusions 
    In this paper, the empirical relations of the SST 

- tRe  model are improved with the consideration of 

the curvature effect. Three examples are selected to 
evaluate the performance of the improved SST 

- tRe  model. The conclusions of this study are as 

follows: 
    (1) The transition onset locations along several 
hydrofoils with different thicknesses and cambers are 
calculated by using the LES WALE model, and by 
using a standard SST - tRe  transition model. The  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22 (Color online) Intermittency factor gamma distribution 

of NACA0035 hydrofoil 
 
transition criterion tRe  is subsequently corrected 

until the results match those obtained by using the 
LES model. The relation (CR)F  between tRe  and 

the curvature is obtained by defining the curvature 
factor CR of the hydrofoil. The SST - tRe  model is 

modified by applying the new empirical relations to 
the original transition model. 

(2) To validate the improved SST - tRe  model, 

the calculated results for several NACA-type hydro- 
foils are compared with the results of experiments. 
The calculation results for a NACA0016 hydrofoil, as 
compared with the standard SST - tRe  model, 

show not only an improved prediction accuracy of the 
boundary layer but also an improved accuracy in the 
wake area. In the case of a NACA 66(mod)-312 
hydrofoil, the prediction of the boundary layer 
parameters obtained by using the improved model at 
LSB is closer to the experimental value than that 
obtained by using the original model. It is shown that 
with the improved SST - tRe  model, the accuracy is 

improved for the boundary layer transition along a 
hydrofoil at an angle of attack. The simulation of the 
flow past a NACA0035 hydrofoil shows that with the 
original transition model, a premature onset of 
transition is predicted, while the results obtained by 
using the improved transition model are in good 
agreement with the XFOIL data. Again, this confirms 
that the improved SST - tRe  model is better in 

predicting the transition for the hydrofoils with a large 
curvature. 
    (3) The study shows that the improved model can 
serve as a powerful tool in the design and optimization 
of the cascades with a large curvature in waterjet 
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pumps or naval propellers. 
(4) Although the improved SST - tRe  model 

enjoys a good performance in predicting the boundary 
transition of hydrofoils with a large curvature, more 
test cases need to be considered in the future. In 
addition, for catching the hydrofoil boundary transi- 
tion, the improved model needs further verifications. 
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