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Abstract 

The experimental results of Strouhal’s number are presented 
for the two trapezoidal bluff bodies in series. The blockage 
ratios used in the experiment are 0.26, 0.28 and 0.31. Each of 
the blockage ratios was tested with 16°, 19° and 22° after shape 
angle. The experiments were performed with different opening 
lengths of two bluff bodies in series ranging from 3d1 to 7d1 (d1 
is the width of downstream bluff body in flow stream). The 
experiments were performed with 50 mm inside dimeter test 
section using water as test medium. The test velocities in the 
experiment are less than 5 m/s. The linearity of Strouhal’s 
number was used as quality parameter for comparison. The 
Strouhal’s number of single bluff body was compared with that 
of the results of combination of two bluff bodies in series. 
Based on linearity of Strouhal’s number, the best combination 
of dual bluff body was proposed.  
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INTRODUCTION 

The Strouhal’s number is a characteristic non-dimensional 
number which is constant for a wide range of a flow for specific 
bluff body geometry. The constancy of Strouhal’s number for 
wide range of Reynold’s number created basis for the 
development of Vortex Flowmeter [1] [2].The Strouhal’s 
number is represented as 

 
𝑆𝑡𝑟 =

𝑓 ∙ 𝑑

𝑈𝑚

 
(1) 

where 𝑆𝑡𝑟 is Strouhal’s number, 𝑓 is vortex frequency, 𝑑 is 
width of bluff body and 𝑈𝑚 is mean free stream velocity of 
flow. Vortex flowmeters are widely used in process industries 
because of its robust construction with nonmoving parts. The 
low repeatability is the drawback of Vortex flowmeter. The 
efforts are made to improve the repeatability of vortex 
flowmeter by improving the shape of bluff body. Triangular 
and trapezoidal are the most commonly used shapes in Vortex 
flowmeter manufacturing as those are easy for manufacturing. 
Ordia et al. [3] studied different blunt body shapes and 
observed that the wake width increases with the stream wise 
length of bluff body. Igarishi [4] investigated flow around two 
circular cylinders placed in cross flow. The results show that 
the change of flow structure takes place around two bluff bodies 
at a specific spacing which is dependent on Reynolds number. 
For the Vortex flowmeter, it is necessary that the flow 
separation point is fixed on the bluff body and shall not change 
its location with the changes in Reynolds number. In case of 

sharp edge bluff bodies, the flow separations happen at a fixed 
point and hence those are preferred in manufacturing Vortex 
flowmeter. Bentley el al. [5] presented the contours and phase 
plots using hot wire anemometer to visualize the mechanism of 
vortex formation with two rectangular sharp edge bluff bodies 
in tandem. Bentley and Benson [6] studied combinations of 
rectangular bluff bodies with large range of opening lengths 
and suggested five conditions for the optimum repeatability of 
vortex shedding. Bentley and Mudd verified the optimum 
conditions [7] proposed with flow visualization and proposed 
the dual bluff body combination with maximum vorticity. 
Bentley et al. [8] studied different combinations of bluff bodies. 
The study shows that the dual bluff body combination with 
double wedge-shaped gap has lowest standard deviation of 
vortex frequency. The results confirmed that the downstream 
bluff body with convex rear face has more repeatability than 
the equivalent bluff body with rear concave face. Igarishi [9] 
investigated the circular cylinder with slit. The results were 
compared with the trapezoidal and circular cylinder. The 
regularity and intensity of vortex shedding of circular cylinder 
with slit was reported to be better than that of trapezoidal bluff 
body. The results of dual bluff body motivated researcher to 
evaluate further the use of dual bluff body. The numerical 
investigation by Fu and Yang [10] shows that the optimum 
combination of dual prism combination doubles the 
hydrodynamic vibrations on pipe wall. This provides a 
reference for the development of new type of vortex flowmeter 
using dual bluff body. Peng et. al. [11] developed a prototype 
of dual bluff body vortex flowmeter using triangular bluff 
body. The study of various combinations of triangular bluff 
bodies shows that the linearity and repeatability of vortex 
shedding has improved with dual bluff body. The experimental 
investigation of Strouhal’s number for the dual triangular bluff 
body by Peng et.al. [12] shows that the linearity of Strouhal’s 
number varies with the opening length of bluff bodies and the 
optimum opening length is equal to the distance between 
consecutive vortices generated by flow over single bluff body. 
The use of trapezoidal bluff body is very common in vortex 
flowmeter. There is scanty of data related to the Strouhal’s 
number of dual trapezoidal bluff body with the different 
blockage ratio combinations, with the different after shape 
angles and the different opening lengths. The experimental 
investigation in this paper provides the data of Strouhal’s 
number trend and linearity, for various trapezoidal bluff body 
combinations used in dual bluff body Vortex flowmeter and the 
bluff body combination with minimum linearity of Strouhal’s 
number was proposed for the development of prototype of 
Vortex flowmeter.  
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EXPERIMENTAL SET-UP 

The experiments are performed using the test set-up as shown 
in Figure 1.1. Water is fed through the two tanks connected by 
positive head to the pump of 80 m3/hr capacity. The discharge 
of water is collected in other tank to avoid the entry of the air 
bubbles in the pump suction end. The tests are performed using 
DN50 test meter with 52.5 mm inside diameter. The test meter 
is installed with 100D (D is inside diameter of test meter) 
upstream length. DN50 flow conditioner, Mistubishi type, was 
installed ahead of 100D upstream length. The recommended 
[13] minimum upstream length for installation of vortex 
flowmeter is more than 50D. The flow is controlled manually 
using butterfly valve and with reference to velocity displayed 
on Coriolis flowmeter transmitter. The tests are performed in 
the range Reynolds number 3.1×104 to 3.1×105. The Vortex 
frequency generated, so is measured using Differential 
Capacitive Sensor (DSC). The fluctuating pressure generated 
by the alternating vortices past bluff body, oscillates the 
invasive paddle of sensor. The counterpart of sensor paddle 
oscillates in the charged plates of capacitor. The change in gap 
of capacitor plates generates frequency. The frequency 
generated by oscillations of sensor counterpart is then 
amplified and fed to data logging device NI9215.  

 
Figure 2.1 Schematic Representation of Experimental set-up 

 

The flow measured by Coriolis flowmeter is converted to  
0-10V using RMA42 transmitter and feed to NI9215. The 
frequency and flowrate data is collected with 4000 samples per 
second rate using LabView customized program. The program 
generated CSV file is processed using a Python XY program to 
get the vortex frequency with zero crossing method. The 
program output consists of signal quality parameters like 

standard deviation of signal, error of standard deviation, 
Kurtosis value of signal along with the plots of power spectrum 
of signal at tested velocities. Linearity of Strouhal’s number 
was calculated for each set experiment. The expanded 
uncertainty for the experimental setup used to calculate 
Strouhal’s number was 2.75%. 
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Figure 2.2. Dual bluff body test meter construction details 

 

The bluff body dimensions used in the experiment is as per 
Figure 2.2 

For the experiment, the Vortex Flow test meters had been 
manufactured as per the dimensions of bluff bodies in Table 2.1 

 

Table 2.1 Bluff body dimensions used in experiment 

d1(mm) b1(mm) C(mm) 𝜶𝟏
°  d2(mm) b2(mm) 𝜶𝟏

°  

13.5 19 22 16 19 22 13.5 19 16 19 22 

14.5 19 22 16 19 22 14.5 19 16 19 22 

16.5 19 22 16 19 22 16.5 19 16 19 22 
 

The bluff body combinations for the experiments were grouped 
based on the blockage ratio and the after-shape angle 
characteristics. The different combinations selected for the 
experiments are as per Table 3. Readings were noted by 
changing the opening length between bluff bodies for 
3d1,4d1,5d1,6d1 ad 7d1. The flow velocities used for test are 
0.5,1,2,3,4 and 5 m/s. The Strouhal’s number was calculated 
from the mean vortex frequency for each experiment 
combination. 

 

Table 2.2 Bluff body number used for combinations 

Bluff body Number 1 2 3 4 5 6 7 8 

d(mm) 13.5 13.5 13.5 14.5 14.5 16.5 16.5 16.5 

α° 19° 16° 22° 16° 22° 19° 16° 22° 
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Table 2.3 Bluff body combinations used in experiment 

Dual bluff 

body Number 

BB1 body 

Number 

BB2 body 

Number 

Characteristic of  

dual bluff body  

Angle 

Characteristics 

d1/D d2/D α1/α2 

1 1 1 d1=d2 α1= α2 0.26 0.26 1 

2 2 3 α1< α2 0.26 0.26 0.72 

3 6 7 α1> α2 0.31 0.31 1.2 

4 5 6 d1<d2 α1> α2 0.28 0.31 1.15 

5 4 8 α1< α2 0.28 0.31 0.72 

6 8 4 d1> d2 α1> α2 0.31 0.28 1.38 

7 7 5 α1< α2 0.31 0.28 0.72 

 

The Strouhal’s number is calculated from the mean velocity 
using equation (1). The linearity of Strouhal’s (% 𝐿𝑠𝑡𝑟)number 
is defined as 

 
% 𝐿𝑠𝑡𝑟 =

1

𝑁
 ∑

|𝑆𝑡𝑟𝑖 −  𝑆𝑡𝑟̅̅ ̅̅ |

𝑆𝑡𝑟̅̅ ̅̅  

𝑁

𝑖=1

× 100 (2) 

where, 𝑆𝑡𝑟𝑖 is the Strouhal’s number of ith test, 𝑆𝑡𝑟̅̅ ̅̅  stands for 
the average Strouhal’s number of all tests and N denotes th 
number of tests. Linearity of Strouhal’s number is used as a 
quality parameter to compare the performance of the different 
bluff body combinations. 

 

RESULTS AND DISCUSSION: 

The Strouhal’s number is calculated for each case and the 
results are compared with that of single bluff body 
configuration Vortex flowmeter. To create the reference for 
comparison, the experiments are performed using single bluff 
body of the same dimension as BB1 and BB2. The Strouhal’s 
number calculated for the individual Single Bluff Body(SBB) 

are compared with that of dual bluff body combinations. The 
Figure 3.1 to Figure 3.3 give the comparison trend of dual bluff 
bodies with different opening lengths with the results of single 
bluff body.  

1. For the case 1 in Figure 3.1, the Strouhal’s number of dual 
bluff body Vortex flowmeter is higher than the single bluff 
body of same dimension for all opening lengths. 

2. For the case 2 in Figure 3.1, where the after-shape angle of 
first bluff body in stream is higher than the downstream 
bluff body, the Strouhal’s number of first single bluff body 
in flow stream is higher than the second single bluff body. 
This shows that the higher after shape angle increases 
Strouhal’s number. The dual bluff body combination of 
these single bluff bodies shows increase in Strouhal’s 
number. The increase in average Strouhal’s number of dual 
bluff body combination compared to downstream single 
bluff body is 14%. The results show that the higher after-
shape angle of first bluff body supports to further increase 
the Strouhal’s number of dual bluff body combination 
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Figure 3.1 The Strouhal’s number for the Characteristics d1=d2 

 

3. For the Case 3 and Case 6 in Figure 3.1, where the 
after-shape angle of first bluff body in stream is lower than 
downstream bluff body, the Strouhal’s number of first bluff 
body in flow stream is lower than of the downstream single 
bluff body. The dual bluff body experiment shows less 

Strouhal’s number than downstream single bluff body. The 
result supports the observations in case 2, that the after-shape 
angle of first bluff body has significant influence on increase or 
decrease of dual bluff body combination Strouhal’s number for 
all blockage ratios. 
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Figure 3.2 The Strouhal’s number for the Characteristics d1< d2 

 

4. For the Case 4 in Figure 3.2, where the blockage ratio 
of first bluff body is higher and after-shape angle is less than 
downstream bluff body, The Strouhal’s number of first single 
bluff body in stream is higher than the second bluff body as the 
blockage ratio is higher. The dual bluff body combination’s 
Strouhal’s number is less than first bluff body and more than 
the second bluff body. The smaller blockage ratio of the 
downstream bluff body reduces the Strouhal’s number of dual 
bluff body combination. The increase in Strouhal’s number was 
higher when the after-shape angle of first bluff body is higher 
than the downstream bluff body as shown in case 5 in Figure 
3.2. The dual bluff body shows increase in average Strouhal’s 
number than downstream bluff body by 8% in case 4 whereas 
Case 5 shows increase by 16%. 

5. For the Case 6 in Figure 3.3, where the blockage ratio 
and after-shape angle of first bluff body is less than the 
downstream bluff body, the Strouhal’s number of the second 
single bluff body in flow stream is higher than the first bluff 
body. The higher blockage ratio and after-shape angle of 
downstream bluff body increases the Strouhal’s number of dual 
bluff body combination than the first bluff body, but the dual 
bluff body combinations show less Strouhal number than the 
downstream bluff body.  

 
Figure 3.3 The Strouhal’s number for the Characteristics 

d1 > d2 

 

Increase in Strouhal’s number with dual bluff body has been 
observed. The higher blockage ratio with higher after-shape 
angle are the factors affecting the increase in Strouhal’s 
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number. The consolidated results of Strouhal’s number 
variation than that of single bluff body at downstream are 

presented in Table 3.1 

 

Table 3.1 Strouhal's number comparison with Single Bluff Body 

Case 
No. 

Bluff body width 
characteristics 

After Shape Angle 
Characteristics 

Effect on Strouhal’s number compared 
to Single Bluff body 

1 D1=D2 𝛼1 = 𝛼2 7% increase 

2 D1=D2 𝛼1 < 𝛼2 14% increase 

3 D1=D2 𝛼1 > 𝛼2 2% increase 

4 D1 < D2 𝛼1 > 𝛼2 8% increase 

5 D1 < D2 𝛼1 < 𝛼2 16% increase 

6 D1 > D2 𝛼1 > 𝛼2 6% reduction 

7 D1 > D2 𝛼1 < 𝛼2 0.6% reduction 

 

It was observed that the Strouhal’s number varies with the opening length of dual bluff body. The Figure 3.4 shows the Strouhal’s 
number variation with the opening length for Case 2 and Case 5. 

 

Figure 3.4 Change in Strouhal’s number with Opening length between bluff bodies 

 

The increase in the Strouhal’s number was observed more than 
10% in case of dual bluff body for cases 2 and 5. The highest 
increase in strouhal’s number as compared to single bluff body 
was observed for case 5 where, the blockage ration of upstream 
bluff body is more than downstream bluff body and after body 
shape angle of upstream bluff body is more than the 
downstream bluff body. Similar correlation was observed for 
the case 2. In spite of blockage ratio of both bluff bodies being 
the same, the after-body shape angle of upstream bluff body 
was more than that of downstream bluff body. It resulted to 
increase in Strouhal’s number by 14%. As per equation (1), the 
Strouhal’s number is directly proportional to vortex frequency, 

when the bluffbody width and mean flow stream velocities are 
constant. Hence the increase in Strouhal’s number was the 
effect of increase in vortex frequency. It was observed for the 
case 7 that the average Strouhal’s number reduces by 0.6%. The 
blockage ratio of upstream bluff body is less and the after-body 
shape angle is more than that of downstream bluff body. As it 
was observed in case 2, the larger after body shape angle 
improves vortex frequency but also narrows the wake width, 
the narrowed wake width leads to higher annihilation of 
vortices and reduces the vortex stream energy after downstream 
bluff body. The higher blockage ratio of down-stream bluff 
body improves the vortex formation but since the velocity of 
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convicting shear layer is less, the frequency reduces as compare 
to case 5. This results in less Strouhal’s number than the single 
bluff body. The increase in frequency is the consequence of 
geometrical combination of dual bluff body with opening 
length.  

The Figure 3.4 show the variation of Strouhal’s number with 
the increase in opening length of two bluff bodies. For the case 

2 and case 5, it was observed that the Strouhal’s number 
increases between the opening length 4d1 and 6d1. The opening 
length more than 6d1 further reduces the Strouhal’s number as 
the vortices formed in opening length have no interaction with 
the shear layer over the downstream bluff body. The Figure 3.5 
shows the linearity of Strouhal’s number calculated as per 
equation 2. 

 

 
Figure 3.5 Strouhal’s number Linearity for dual bluff body 

 

The Computational Fluid Dynamics (CFD) analysis to 
understand the changes in vortex mechanism with increase in 
opening length was performed using ANSYS Fluent software. 
The test meter model is discretized using hexahedral mesh with 
interval 10-60 using ANSYS ICEM software. The K-epsilon 
turbulence viscous model is used to resolve the flow dynamics 
around bluff bodies. The Figure 3.6 shows the results for the 
velocity magnitude (m/s) around bluff body and turbulent 
intensity (%). The analysis is done with 1 m/s flow velocity 
condition with 6d1(87 mm) opening length where linearity of 
Strouhal’s number was observed to be best in all tests i.e. 
0.08%. The enhancement and consistency in vortex generation 

was observed for following main reasons 

1. The vortices are formed in the wake after the first bluff 
body in flow stream 

2. The vortices after the first bluff body gets aligned with 
the upper shear layer passing over the downstream bluff body 
which further improves the convective velocity of shear layer 
formed after the downstream bluff body. The increase in the 
convictive velocity of the shear layer increases the vortex 
frequency 
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Figure 3.6 CFD results for Velocity magnitude and Turbulent Intensity 

 

CONCLUSIONS 

The use of dual trapezoidal bluff body improves the vortex 
frequency at lower flow rates studied in the experiment. The 
maximum increase recorded in average Strouhal’s number was 
16% as compared to single bluff body. The bluff body 
combination with maximum enhancement in Strouhal’s 
number is as follows 

1. The upstream BB with d/D = 0.31 and after body shape 
angle α = 22° 

2. The Downstream BB with d/D= 0.28 and after body 
shape angle α = 16° 

3. The vortex frequency increases between bluff body 
opening length 4d1 and 6d1 

The important characteristic of dual bluff body combination to 
be considered for use in Vortex flowmeter application is the 
linearity of Strouhal’s number. The recommended dual bluff 
body combination based on the linearity of Strouhal’s number 
is 

1. The upstream bluff body with d/D = 0.31 and after body 
shape angle α = 19° 

2. The downstream bluff body with d/D = 0.28 and after 
body shape angle α = 22° 

3. The best linearity 0.08% was observed at 6d1. 
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