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Abstract 
 

Coexistence of laminar, transitional and turbulent flow regimes is very common in blood 
flows through arteries, airflows in human respiratory systems, and indoor airflow etc.  Due 
to the complexity of flow physics involved, most Reynolds-averaged Navier-Stokes 
(RANS) turbulence models are not suitable for these flows because they are designed 
primarily for high Reynolds number turbulent flows.  In this paper, large eddy simulation 
with dynamic subgrid scale model has been applied to simulate the flow in a relaminarizing 
boundary layer that undergoes reverse transition from turbulent state to laminar one.  
Simulated mean velocities and turbulent intensities are in good agreement with 
corresponding experimental data at different streamwise positions where different flow 
regimes exist.  The appropriateness of dynamic subgrid scale model for the study of 
relaminarizing boundary layer flow is demonstrated by the variation of subgrid constant: it 
is somewhat constant in fully turbulent regime, decreases in transitional regime and reaches 
zero in laminar regime.  Comparison of the experimental data and computational results 
from three low Reynolds number RANS models shows that they do not adequately predict 
the flow relaminarization.  The present study suggests the use of large eddy simulation with 
dynamic model in the study of complex flows where a combination of flow regimes 
(laminar, transitional, and turbulent) may exist.  
 
Keywords: Large Eddy Simulation; Dynamic subgrid scale model; Relaminarizing 
boundary layer; RANS models; Transitional flow.   

 
 

1. Introduction 
 

Flows in the arteries, respiratory systems and cardiovascular systems are generally laminar 
due to the low Reynolds number. However, in the presence of local area reductions, these flows 
could become turbulent via a transitional region [1]. On the other hand, the originally turbulent 
flows in airway bifurcation could be relaminarized into laminar flows due to the effects of 
branching on flow rates [7, 22]. The coexistence of laminar, transitional, and turbulent regimes is 
also very common in indoor enclosure [36], high-lift systems [5] and paper making machinery [23]. 
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Accurate prediction of such complex flows is very challenging. Most of the commonly used 
Reynolds Averaged Navier-Stokes (RANS) models are not appropriate for such flows due to their 
underlying assumption that flows are fully turbulent.  Several previous studies [10, 26, 33, 35] have 
shown that predictions of these flows based on RANS turbulence models are unsatisfactory even 
when advanced turbulence models such as Reynolds Stress transport models are used. While direct 
numerical simulation (DNS) is a very accurate numerical method and could be used to prediction of 
such flows [4, 19, 29] at low Reynolds number, application of DNS would be extremely expensive 
and not applicable for high Reynolds number flow because the number of grid points needed is 
prohibitively large in order to accurately resolve all the spatial and temporal scales [21].  

Large eddy simulation (LES) is a promising approach to predict the flows where laminar, 
transitional and turbulent regimes are all present. LES could be considered to lie between RANS 
and DNS: only large scales are resolved while small ones are modelled [25, 30]. Advantages of LES 
over RANS and DNS include substantial lower resolution requirements than DNS and more 
accurate than RANS. Luo et al [18] and Beech-Brandt et al [3] have used LES with the 
Smagorinsky subgrid model to investigate the flows in a tube with an axsymmetric stenosis where 
both laminar and transitional/turbulent flow coexisted [27].  However, the improvement over RANS 
models [9, 31] is only modest. This is possibly due to the inherent limitation of the Smagorinsky 
subgrid model where a fixed value of Smagorinsky constant is adopted. It has been found that the 
Smagorinsky constant is not universal and several commonly used non-zero values can cause 
excessive damping of large-scale fluctuations in the presence of mean shear and in transitional 
flows as near solid boundary [8].  The dynamic model for subgrid-scale (SGS) developed by 
Germano et al [8] is a major advance in the development of LES models for predicting the 
transitional and turbulent channel flows. In this model, the Smagorinsky constant is not specified a 
priori, but dynamically calculated based on the information from the resolved large scales. It varies 
both spatially and temporally, more importantly, reduces its value in transitional flows and becomes 
zero in laminar flows [8].  Mittal et al [19, 20] applied this model to study the pulsative flows in a 
constricted channel over a range of Reynolds numbers and found that flows underwent transitions 
from laminar flows to turbulence for Reynolds number higher than 1000. However, no 
corresponding validation experiments existed for their simulations thus only flow behavior 
similarities were noted against related experiments [11, 15]. 

The goal of the present paper is to validate LES with dynamic subgrid scale model for the 
predictions of complex flow where turbulent, transitional and laminar flows coexist. A 
relaminarization boundary layer flow [32] is selected as the test case. Besides the coexistence of 
different flow regimes in this flow, it has several desirable features for validating purpose such as 
relatively simple geometry, well-defined inflow conditions and existence of analytic solution in 
laminar regime. As the flow characteristics near the walls play an important role in the genesis and 
acceleration of diseases in cardiovascular system [19], the present paper is mainly focused on the 
capability of dynamic LES in the predictions of near wall flow behaviours. 
 
1. Numerical details 

 
The governining equations for LES are obtained by appling a spatial filter to the Navier-

Stokes equations: 
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where Re is Reynols number and ( ) ( ) ( ), ,Q t Q t G d
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′ ′= −∫x x x x x , Q  is velocity (u ) or pressure 

( P ) and G  is the filter. ijτ  is the sub-grid stress (SGS) and needs to be modeled. 
The Smagorinsky subgrid model [30] takes the following form: 
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cell.  The commonly used value of sC  is 0.1.  The dynamic subgrid scale model ([8, 17]) used in 
this study computed sC in a dynamical procdure based on the information from the resolved large 
scales of motion. More details about the implementataion of this model can be found in Germano 
et al [8], Lilly [17], and Kim et al [37].  

The computational domain adopted in present study is shown in Figure 1. The boundaries 
consist of inflow and outflow boundaries, located at x = -430 mm and x = 1430 mm respectively, 
and solid boundaries in the other regions. Mean (bulk) velocity at the inlet is 3m/s and 
corresponding Reynolds number (based on bulk velocity and inlet height) is equal to 50000. In 
order to eliminate the uncertainties related to the inlet conditions, a separate duct flow simulation 
was carried out to provide the inflow conditions.  A convective outflow condition was applied at 
the outlet. Uniform grids were used in the streamwise direction while non-uniform grids were 
used in vertical and spanwise directions. The grids near the wall were very dense: at least 10 cells 

were put within the viscosity-affected near wall region and the wall unit values ( ν
τ pyuy =+ , 

where τu  is the wall friction velocity, py  is distance from first grid point to the wall, and ν  is 
kinematic viscosity of the fluid) were less than 1. Grid independence was studied through two sets 
of mesh, 120×96×80and 176×159×120.  There is no much difference (less than 2.5%) in the 
results between the two meshes in terms of mean velocity and turbulent intensity. 

 
Figure 1. Schematic of computational domain (all units are mm), where centerline connects the 
centers of two contraction planes. x, y, and z represent the streamwise, vertical and spanwise 
directions. Shaded rectangles represent (from left to right) the streamwise positions of x/L=0.04, 
0.51, 0.62, 0.69, and 0.83 respectively, where L is the length of the converging channel 

 
All the computations were performed using the commercial computational fluid dynamics 

software package FLUENT 6.3.  A bounded, second-order-accurate central differencing scheme 
was used for the spatial discretization and the non-iterative time-advancement/fractional-step 
scheme was used for the temporal discretization. After several characteristic time units (one time 
unit T could be calculated by the ratio of domain length to mean inlet velocity), the flows reached 
statistically steady state. From then, flow statistics were gathered over about 12T. 
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2. Results and discussion 
 

2.1. Experimental data 
 

The numerical results were compared with detailed experimentally measured velocity and 
turbulent intensity profiles from Talamelli et al [32].  The computational domain shown in 
Figure 1 corresponds exactly to the upper half of the experimental set-up while the bottom wall 
(y=0) of the computational domain corresponds to the aluminium flat plate mounted at the 
symmetry plane of a two-dimensional convergent channel.  The inlet velocity is about 3 m/s and 
air is accelerated in the two dimensional contraction after it leaves the rectangular duct due to 
the strong favorable pressure gradient.  Axial velocities and turbulent intensities at different 
streamwise positions (see Figure 1) were measured with constant temperature single probe 
hotwire anemometers.  The initially turbulent boundary layer on the bottom wall gradually 
turned into the laminar flow, which was confirmed by the variation of mean velocity and 
turbulent intensity profiles along the streamwise positions (Figure2). 

 
2.2. Comparison of mean velocities and turbulent intensities 

 
Figure 2(a) shows the comparison of calculated mean velocities with measurements at five 

streamwise positions.  Self-similar laminar solution of the boundary layer equations in a 
contracting channel [28] is also included.  The solution is obtained by introducing the similarity 
transformation (4) into the two-dimensional boundary layer governing equations,  

( )0ey U x xη ν= −       (4) 

where eU  is the mean local free stream velocity and 0x  is the virtual point of contraction.  The 
governing equations using the stream function formulation are thus transformed into a third-
order ordinary differential equation, which can be solved analytically for known boundary 
conditions.  The analytical solution is written as, 

( ) ( )23 tanh 2 1.146 2eu Uη η= + −                                               (5) 
More details about the solution procedures can be found in [28]. 

At the beginning of the contraction (x/L=0.04, where L is the length of the contraction 
channel, see Figure 1), mean velocity profiles of a turbulent boundary layer were observed in 
the experiments. At the downstream streamwise locations (x/L=0.51, 0.62, and 0.69), the 
viscous boundary sublayer thickness increased and transition from a turbulent to laminar state 
began.  The characteristics of transitional boundary flow in the above three locations were 
demonstrated by the velocity profiles and confirmed by the profiles of three boundary layer 
thickness parameters (displacement thickness, the momentum loss thickness and the shape 
factor) [32]. At the further downstream x/L=0.83, full relaminarization was observed measured 
mean velocities agreed well with the self-similar laminar solution.  As can be seen in Figure 
2(a), LES calculations agree excellently with experimental data at the five streamwise positions 
investigated.  A comparison (data not shown) of free stream mean velocities eU  was also made 

between simulation, measurement, and analytic inviscid solution ( L
xUUe −=1/ 0 , where 0U  is 

the velocity at the channel inlet) for the flow through the channel [32].  The simulated 
streamwise velocities at the centerline of the contraction channel (see Figure 1) were adopted 
for comparison and the good agreement was found between simulated results, experimental data 
and analytic solution, indicating an accurate prediction of free stream velocity at each 
streamwise position. 
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Figure 2. (a) Comparison of mean velocities between simulation and experiments; (b) 

Comparison of turbulent fluctuations between simulation and experiments.  LES, EXP, and 
ANA represent the results from LES simulation, experiment, and analytical laminar solution 

 
The process of relaminarization is also characterized by the decrease of turbulent 

intensity and shift away of the position of its maximum value from the wall [32].  Figure 2 (b) 
shows the comparison of calculated turbulent intensities with measurements at the five 
different streamwise positions and one additional position (x/L=0.76). The overall agreement 
is fairly good except that LES results are on a lower level than measurements in all the six 
positions. It is hard to pinpoint the exact reason for the relative disagreement between 
simulation and experimental data.  LES calculation with dynamic kinetic energy model [12] 
was conducted to check the effects of subgrid model.  Unfortunately, we found the later model 
generated similar results as dynamic subgrid scale model and relatively lower values of 
turbulent intensities were still predicted when compared to experimental data.  One more 
possible reason is that the central differencing scheme for spatial discretization implemented 
in Fluent is still slightly dissipative and the resolved turbulent fluctuations were possibly 
damped out in part by numerical dissipation.  Further analysis of this issue is needed and left 
for future work.  

However, it is important to note that the LES with dynamic model still somehow 
captured the characteristics of relaminarization process.  In consistence with experimental 
data, predicted turbulence intensities in the five streamwise positions decreased with increase 
of distance from the start of the contraction. Furthermore, the move away of the position of 
maximum turbulent intensities from the wall was also reflected in the simulation results in the 
downstream. 
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2.3. Spatial variation of subgrid constant sC  
 

Figure 3 shows streamwise variation of subgrid constant sC , averaged both in the vertical 
direction (y-direction, see Figure 1), spanwise direction (z-direction, see Figure 1) and time. The 
relaminarization process is clear reflected through the spatial variations of sC : it remains 
relatively constant (about 0.125) in fully turbulent boundary layer (x/L<0.1), decreases in 
transitional flows (0.1<x/L<0.7), and approaches zero in laminar boundary layer (x/L>0.7).  
Thus the subgrid constant could be chosen as a parameter for detection of occurrence of 
turbulent boundary layer relaminarization. Figure 3 also implies that the standard Smagorinsky 
subgrid model would have difficulties in the prediction of relaminarizing boundary flow since 
an ad hoc constant sC  is needed. 

 

 
Figure 3. Streamwise variation of averaged subgrid constant 

 

 
Figure 4. Comparison of mean velocities between experiments and RANS models at x/L=0.83 in 
the laminar regime. Square: measured data; Dashed: analytic solution; Solid: LS model prediction; 
Long dashed: V2f model prediction; Dashed dot dot: k-ω model prediction. Measured data at 
x/L=0.04 (Delta) in turbulent regime were included for comparison 
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2.4. Evaluation of RANS models 
 

Some attempts to compute this flow with traditional RANS models have also been 
conducted.  Figure 4 shows the comparison between measured velocities and predictions with 
three RANS models in the laminar boundary layer region (x/L=0.83). Patel et al [24], Aupoix 
and Viala [2] studies show, among several low Reynolds turbulence models, LS model [13] and 
k-ω model [34] performed considerably better than the other models in the predicting 
relaminarization.  In addition, Lien et al [16] demonstrated the capability of V2f model [6] in 
the capture of transitional effects. In the fully developed turbulence region (x/L=0.04), 
predictions of mean velocities using these three models agreed well with experimental data.  
However, as shown in Figure 4, their performances in the laminar boundary layer region 
(x/L=0.83) were not good as LES models (Figure 2(a)).  

 
4. Conclusion 
 

Relaminarization of initially turbulent boundary layer was simulated with large eddy 
simulation (LES) with the dynamic subgrid scale model. Excellent agreement between prediction 
and measurement was achieved for mean velocities in turbulent, transitional and laminar boundary 
layer regions. Good correspondence with experiment was obtained by LES prediction of turbulent 
intensities. Furthermore, LES reproduced most features of relaminarization process, such as 
increase of viscous boundary sub-layer thickness and decreasing of turbulent intensity. Predictions 
of mean velocities with thee RANS turbulence models were compared to measured data and it was 
found their performances in the laminar region were not satisfactory.  The results presented in this 
paper indicate that LES with the dynamic model is capable of modeling the relaminarization, and is 
recommended in the study of complex flows where laminar, transitional and turbulent flows may 
coexist. 
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