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ABSTRACT : The ultrasonic flowmeter has been widely used 
in the industrial flow measurement. The flow measurement 
accuracy depends on the relationship of the profile-linear 
average velocity. But this relationship of the transition zone is 
not available at present.  
In this paper, the characteristics of transition flow with specific 
Re number in pipes are researched. The ε−k  model and 
LES(Large Eddy Simulation) model are respectively used to 
calculate the flow field of the transition zone, and the 
experiment results show that the LES model is more effective 
than the ε−k  model. The relationship of the profile-linear 
average velocity for the transition zone in pipes is obtained by 
the calculated results of the LES model and it is proved that 
there is a big error using the tradition relationship based on the 
turbulence flow to calculate the profile-linear average velocity 
relationship of the transition flow. The research results of this 
paper can improve the measurement accuracy of ultrasonic 
flowmeters and provide theoretical basis for the research on the 
whole transition flow.   
 
KEY WORDS:  Ultrasonic flowmeter; LES model; profile 
average velocity; linear average velocity; pipe. 
 
1  INTRODUCTION  
 
The ultrasonic flowmeter has been widely used in the 
industrial flow measurement, and its measurement 
principle is shown in Fig.1. 
The ultrasonic Transducers TRA and TRB can not 
only send the ultrasonic impluse(θ  is the incidence 
angle), but also receive the ultrasonic signal. Because 
the ultrasonic velocity in the downstream and 
upstream is different, so the time when the two 
ultrasonic transducers received the ultrasonic signal is 

different, and there is a time difference Δt. The linear 
average velocity vl is obtained by capturing this time 
difference: 
 2 / (2 ctg )lv tc D θ= Δ                                                (1) 
Where, D is diameter of the pipe. 
The formula of volume flow Q is: 

2 / 4lQ D kv= π                                                         (2) 
where , k is defined as the flow coefficient, which is 
the ratio of the profile average velocity vs and the 
linear average velocity vl. 
k=vs/ vl                                                                        (3) 
In order to insure the measurement accuracy, the 
linear average velocity vl measured by the ultrasonic 
flowmeter must be converted to the profile average 
velocity vs. 
Many researchers have done a lot of works on the 
ultrasonic flowmeter. B.Iooss,C, Renaldas Raisutis[1~4] 
researched the influences of structure, roughness, 
velocity-profile, temperature on the fully-developed 
turbulent flow; Yuto Inoue, TakedaY[5-6] used UVP 
(Ultrasonic Velocity Profile) method to develop a 

 
Fig.1 Measurement principle of the ultrasonic flowmeter 
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system of ultrasonic flow measurement, and 
researched the influence of the incidence angle on the 
measurement precision; Jeff Dooma, Jiacai Lu, S. 
Sirisup [7-11] used the DNS(Direct Numerical 
Simulation) method to calculate the turbulent flow; 
Wu min-wei,Zhang zhao-shun[12-14] also used the DNS 
method to study the turbulent flow in pipes, and 
measured the flow field by the DPIV(Digital Particle 
Image Velocimetry) method; The flow coefficient k is 
supplied by the Industrial Automation Instrumentation 
Manual[15]: 
when the flow is laminar flow: 
k=3/4                                                                           (4) 
when the flow is turbulent flow: 

123.0 )Re43125.601.01( −−++=k                                     (5) 
These researches are mainly focused on the flow 
measurement of the laminar and turbulent flow, but 
the flow characteristics of the transition zone are 
rarely studied. The traditianal methd is to regard the 
transition flow as the turbulent flow to obtain the 
relationship of the profile-linear average velocity. This 
simplified method must lead to measure error while 
water flow of the pipe is transition flow. In this paper, 
the characterstics of the transition flow with the Re 
number 5300 in pipes are studied, and the profile-
linear average velocity is obtained via the numerical 
simulation, which can provide theoretical basis for the 
research on the whole transition flow. 
 
2  PHYSICAL MODEL  
 
As shown in Fig.2, in order to compare with the 
experimental data of Westerweel[16], the pipe’s 
diameter is 0.04m and the length is 0.5m in this paper. 

The calculation’s stabilization is determined by the 
size of the smallest mesh in the flow.  
According to the reference[17], the smallest mesh 
scale l demand: 
 l=5 y0

+                                                                        (6) 
Where, y0

+ is the viscous length scale,  
*/0 uvy =+                                                              (7) 

u* is the friction velocity.  
2/u* fu=                                                            (8) 

f  is the fanning friction factor,  
 f=0.079Re1/4                                                               (9) 
So, when Re=5300, f=0.00926, u*=9.0×10-3m/s, 
y0

+=1.1×10-4m, and l=5 y0
+=5.5×10-4m. 

Fig.3 shows the cross section mesh. In this section, the 

size function method is used to generate the mesh, and 
it satisfied the demand of the smallest structures mesh. 
Cooper method  is used for the flow direction.  
 
 
 

 
3  NUMERICAL SIMULATION WITH THE 

ε−k  MODEL 
 
3.1  The ε−k  Model 
 
The mathematical model[18~22] are: 
Continuity equation: 
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                                                                                      (11) 
Viscosity coefficient of turbulence:  

ε
ρ

μ μ
2kC

t =                                                             (12) 

Where, ρ is the density of water, u  is the velocity of 
flow; the superscript“—”expresses the quantity of 
average time, P is pressure, μ  is the viscosity 
coefficient. 
k equation: 
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ε  equation: 
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Wheere, kG  is turbulent kinetic energy produced by 

the gradient of average velocity, bG  is turbulence 

kinetic energy produced by the flotage, MY  expresses 

 
Fig.2 Physical model 

 
Fig.3 Cross section mesh 
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the panting action caused by the diffusivity of 
compressible turbulent flow, ε1C 、 ε2C 、 ε3C  are 

constant coefficients, Kσ  and εσ  are the turbulent, 

Prandtl numbers of k  and ε  coefficient, KS  and εS  
are source item user-defined. 
The turbulent kinetic energy bG  and related 

coefficients ε3C  produced by the flotage are 
considered at the compressible flow. When the fluid is  
incompressible and the source item user-defined are 
not considered, bG , MY , KS  and εS  are equal to zero. 

The value of constant coefficient ε1C 、 ε2C 、 μC  

and Kσ ， σε  are: 1 1.44C ε = ，

2 1.92C ε = , 0.09Cμ = ， 1.0kσ = ， 1.3εσ = 。 
The velocity-inlet is used for the inlet condition. 
When Re=5300，v=0.133m/s. The outlet condition is 
the free outflow. 
 
3.2  The results of the k ε−  Model 
 
The mean streamwise velocity profile is shown in 
Fig.4. Y-coordinate is the velocity, and X-coordinate 
is the position of the measurement points in the cross 
section(D is the diameter). 

In Fig.4, compared the results of the ε−k  model 
with the experimental data by Westerweel[16]via DPIV, 
it is shown that the velocity profile obtained by the 

ε−k model has error with the experiment results. 
The calculation results show that the ε−k  model is a 
fully-developed turbulent model, and can not simulate 
the transition flow correctly. So, the ε−k  model is 
not fit for the research of the profile-linear average 
velocity of the transition flow. The exact method to 
simulate transition flow is DNS method, but the DNS 
needs large CPU resources and long calculation time. 
The LES model is between the ε−k  model and the 
DNS method, the large eddy is calculated via N-S 
equation and the influence of the small eddy on the 

large eddy is considered by the other model. This 
paper used the LES model to simulate the transition 
flow.    
The LES model is a non-steady three-dimension 
model, and it needs the inlet velocity profile. In this 
paper, the calculated outlet velocity profile by the 

ε−k  model is used as the inlet-velocity boundary 
condition of the LES model[23]. The outlet velocity 
profile vector obtained by the ε−k  model is shown 
in Fig.5. 

 
4  NUMERICAL SIMULATION WITH THE LES 

MODEL 
 
4.1 The LES model 
 
The equation of LES model[23~25] is: 
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                                                                                  (15) 
Where, jijiij uuuu −=τ , is defined to the subgrid 
stress, and it is the momentum transport between the 
filtrated small scale turbulence and the scale which 
can be calculated. The subgrid stress is the not closed 
items of the equation. So, a certain model is used to 
deal with the subgrid stress. In this paper, the 
Smagorinsky model is used: 

ijkkijtij S δτμτ
3
12 +=                                          (16) 

Where, tμ  is the subgrid turbulent viscous stress, ijS  
is the tranform ratio of tensor: 
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This model is the basic of the subgrid model, which is 
advanced by the Samagorin, and the model equation is: 

SLst
2ρμ =                                                           (18) 

Where, sL  is the mixing length of mesh, and 

sijij CSSS 2= , sC =0.1.                                   (19) 

 
Fig.5 Outlet velocity profile vector of the k ε−  model 

 
Fig.4 Mean streamwise velocity profile of the k ε− model 
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The boundary condition: 
The inlet velocity profile is shown in Fig5, and the 
inlet turbulence is provided by the method of Intensity 
and Hydraulic Diameter 
Time step: the time step is confirmed via test 
calculation, and it is 0.0005s. 
 
4.2 The results of the LES model 
 
The results of the calculation by the LES model are 
shown in Fig.6.  

It is shown that the results with the LES model are the 
same with Westerweel’s, and it verified that the LES 
model is more effective to simulate the characteristics 
of the transition flow with the Re 5300. So, in this 
paper the results of the LES model are used to study 
the profile-linear average velocity of pipes. 
 
5  THE PROFILE-LINEAR AVERAGE 

VELOCITY OF PIPES WITH THE LES 
MODEL 

 
5.1 The profile-linear average velocity 
 
The incidence angle is 20°[5], as shown in Fig.1. The 
profile average velocity vs is constant because of the 
constant flux. The Re number of this paper is 5300, so 
vs=0.133m/s. In order to make the result statistical 
significance, the time-average method is used for the 
linear average velocity. 
Fig.7 shows the linear average velocity in the different 
time. Y-coordinate is the linear average velocity, and 
X-coordinate is the different time. 
As shown in Fig.7, the linear average velocity is 

fluctuating, but the time-average value is constant. 
The linear average velocities the different time 
fluctuate round a constant. This constant is the time-
average value of the linear average velocity, and it is 
0.151m/s. Therefore, the linear average velocity of 
pipes vl  is this time-average value, vl=0.151m/s. 
 
5.2 Compared with the result of the tranditional 

coefficient based on the turbulent flow 
 
When Re=5300, k can be calculated using the Eq. 5  
provided by the  reference [15]: 

123.0 )Re43125.601.01( −−++=k =0.925. 
The flow coefficient k′obtained by the LES model in 
this paper is: 
k′=vs/vl=0.881. 
The error △=(k-k′)/k′=4.99%. 
It is shown that the profile-linear average velocity of 
the transition flow is different from that of the 
turbulent flow. Therefore, it is significant for the study 
of the profile-linear velocity of the transition flow. 
 
6  CONCLUSIONS AND PROSPECT 
 
It can be concluded that the ε−k  model is not 
effective to calculate the flow characterstics of pipes 
as Re=5300, but the result of the calculation with the 
LES model is more closer to the experimental data of 
Westerweel. The profile-linear average velocity of the 
transition zone can be obtained by the LES model. 
When the Re number is larger than 5300, the LES 
model is also effective because of the growing of the 
turbulent kinetic energy, and the profile-linear average 
velocity of this flow region can also be calculated by 
the LES model. 
This paper proved that there is a big error when using 
the traditional profile-linear average velocity 
relationship of the turbulence flow to calculate k of the 
transition flow. It indicated the importance of the 
profile-linear average velocity relationship of the 
transition zone. Accordingly, the next step working is 
to study the charactersitics of the whole transition 
flow: (1) Using the LES model to calculate the 
charactersitics of the flow with Re>5300, and 
obtaining the relationship of the profile-linear average 
velocity. (2) Because it can not identify the 
effectiveness of the LES model for the flow with 
Re<5300, so the DNS method should be used for this 
flow region to obtain k. 
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