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A B S T R A C T 

A numerical study carried out for the laminar flow of viscoplastic fluid (Herschel Bulkley 
model) through an axisymmetric sudden expansion of aspect ratio Er = 1 : 2 and for four 
values of Reynolds number confined between Re = [50 ~ 200], Bingham Bn = [0 ~ 2] 
respectively and the power low index n = 0.6, 0.8. The numerical simulation was 
performed by the commercial code ANSYS-Fluent.  The results show the influence of the 
different forces on the structure of the flow in which the high plasticity of the flow reduces 
the length of the recirculation zone and increase the un-yielded zones in comparison with 
that of the Newtonian fluid, on the other side, the increase in inertial forces and the power 
low index increase the length of the recirculation zones as well as the redevelopment 
length. Based on these results, we present numerical correlations for the length of the 
circulation zone for the Herschel-Bulkley fluid as a function of the Reynolds number Re 
and the power low index n, these correlations show good agreement with the previous 
studies with maximum error 1.35%. The present study shows also the variation of local 
loss coefficient through the sudden expansion, for a Herschel-Bulkley fluid, the increases 
in Bingham number values increase the local loss coefficient, at higher Bingham number 
and for the Reynolds number values studied, the fluid becomes similar to Newtonian fluid 
flow at a very low Reynolds number, while high values of the power low index n slightly 
decrease the value of the local loss coefficient. 

1 Introduction 

The flow of viscoplastic fluid through the sudden expansion is common in the oil and gas industry, the fluid passing 
through these channels undergoes several changes,  one of these changes is the fluid pressure which is reduced by the sudden 
change in the pipe section,  to maintain the fluid pressure, it has to know the coefficient of local pressure loss due to the 
sudden change in the section. 

Over time, many studies have focused on these types of flows, the experimental study of Macango and Hung [1] for a 
viscous Newtonian flow through an axisymmetric sudden expansion has reported that the eddy has a small role in energy 
exchange and is presented according to the Reynolds number. Numerically Scott and Mirza [2] create dimensionless functions 
to calculate the length and the intensity of the recirculation zones as a function of the Reynolds number, later Badekas and 
Knight [3] developed their equations as function of Reynolds number and the aspect ratios of the geometry as well. For 
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viscoplastic flow Scott et al [4] numerically studied a fluid of Casson and Bingham models through a planer and axisymmetric 
sudden expansion, their results show a reduction in the length and intensity of the recirculation zones for the flow of 
viscoplastic fluid in comparison of the Newtonian fluid, the same results presented by Vradis and Otugen [5] in which the 
higher yield stress produces small zones of recirculation, generally , it has the inverse effect of the Reynolds number, this 
result was also provided by Hammad and Vradis [6] for a Herschel Bulkley fluid. The aspect ratio has an effect, according 
to K. Hammad [7] the aspect ratio of Er = 5 showed intensive and large recirculation zones then thus of   Er = 2. 

      Pak et al [8] studied the flow of Newtonian and non-Newtonian fluid through axisymmetric sudden expansion, they 
announced that the length of recirculation is also a function of the concentration of non-Newtonian fluid in which the length 
of recirculation decreases when the concentration of non-Newtonian fluid Newtonian increases and it is smaller than those 
of Newtonian fluid for laminar flow. However, in turbulent flow, the recirculation length doubles two or three times that of 
the Newtonian flow and increases gradually as the fluid concentration increases.  

      Jay et al [9] presented a numerical study of viscoplastic fluid through 1 : 4 axisymmetric sudden expansion, therefore, 
when the yield stress of fluid decreases the un-yielded zones decrease, and the recirculation zones increase and vice versa. 
Regardless of the number of Reynolds Mitsoulis and Huilgol [10] confirmed the absence of the recirculation zone when the 
Bingham number goes to an infinite values. 

     The pressure loss coefficient through the sudden axisymmetric expansion was analysed by Oliveira and Pinho [11], 
Oliveira et al [12] a numerical correlation was presented based on numerical results for a Newtonian fluid. Another 
correlation introduced by Kfuri et al [13] for a viscoplastic fluid as a function of the fluid yield stress. 

     Recently, Bekhadra et al [14] introduced numerical correlations for the flow of Bingham fluid through a sudden expansion, 
this correlations shows the coefficient of pressure loss K as a function of rheological parameters and geometric conditions. 

2 Mathematical Formulation 

2.1 Problem Description 

The geometry studied is an axisymmetric sudden expansion of different aspect ratios was presented in Figure 1. The 
entrance length of the sudden expansion Lu= d1, where the downstream length Ld = 120d1. 

At the entrance, the boundary condition is set to be velocity inlet with a fully developed velocity profile; this boundary 
condition is introduced by using a separated geometry of considerable length in order to obtain the fully developed profile.  

 

 
Fig. 1– Sudden expansion geometry and mesh distribution near the 1:2 sudden expansion. 
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2.2 Governing  Equations 

The conservation of mass is given by: 
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While the conservation of momentum is given by 

 1xx
rx

u u p
u v r

x r x x r r


 

                   
 

(2) 

 1rx
rr

v v p
u v r

x r r x r r


 

                   
 

(3) 

The extra stress tensor for power law with yield stress defined by 2 ( )ij ijD  


while  is the rate of deformation: 
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The plastic materials equation 

y K    


  for  0, 0y y

 

            (5) 

3 Numerical Procedure 

The numerical solution is obtained by using the commercial code ANSYS-Fluent, the SIMPLE algorithm was used to 
solve the pressure-velocity coupling. To discretize the convective terms, a quadratic upwind differencing scheme (QUICK) 
was used, three configurations of meshes are tested for absolute residual values of the continuity, and the axial velocity and 
the radial velocity are set at 10-6. 

3.1 Validation 

The comparison of the recirculation length of our numerical solution and the previous studies is shown in Figures 2 and 
3. For n = 0.6, 0.8, and for a value of Reynolds number Re = 50, the results showed good agreement with the previous study 
by K. Hammad et al in cases of no inlet section. In case of entrance length the recirculation length decreases a little. 

4 Results and Discussion  

The zones of recirculation formulated at the downstream flow are affected by several parameters, the Reynolds number 
has an effect where in the recirculating length doubles when the Reynolds number doubles this is very clear in the previous 
studies of Scott and Mirza [2] for a Newtonian fluid Bn = 0 and K. Hammad and Vradis [6], K. Hammad [7] for Bingham 
fluid n = 1. On the other hand, the increase in the power low index n brings the fluid closer to the behaviour of the Bingham 
fluid which increases the vortex length value as shown in Figures 4 and 5. 

The plastic forces represent by the Bingham number have an effect that reduced the length of the recirculation zone 
without being zero, on the other hand, each increase in the Bingham number will enlarge the in-yielded zones. In total, there 
is an inverse effect between the forces of inertia and the behaviour index on the one hand and the plastic forces on the other 
hand. 
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Fig.2 – Comparison of Lr vs Bn for Re = 50 and n = 0.6 Fig.3 – Comparison of Lr vs Bn for Re = 50 and n = 0.8 

 

The effect of Reynolds number and the power low index n on the recirculation length show by numerical correlations (5), 
(6) and (7) for the Bingham numbers Bn = 0.5, 1 and 2 respectively, the maximum error value reached 1.15%. 

Bn = 0.5  (0,0165n+0,0127)Re+(-0,347n+0,3)  (5) 

Bn = 1  (0,0085n+0,0091)Re+(0,226n-0,033)  (6) 

Bn = 2  (0,0003n+0,0081)Re+(0,729n-0,346)  (7) 
 

 

  
Fig.4 – Lr vs Re for n = 0.6. Fig.5 – Lr vs Re for n = 0.8. 

 

4.2 Local loss coefficient K 

      The variation of the local loss coefficient K through the sudden expansion as a function of Reynolds number shown 
in Figures 6 and 7. 

The increase in the Reynolds number reduces the value of the local loss coefficient regardless of the Newtonian or 
viscoplastic fluid n = 1 as proved in the study Oliveira et al [12] and Bekhadra et al [14]. 

In contrast, whenever the fluid has a large Bingham number value, it gives a larger value to the local loss coefficient K 
where the same effect appears in each of the studies by Kfuri et al [13] and Bekhadra et al [14] this increase caused by the 
un-yielded zones that formed in the enlargement. 
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Figure 8 shows the effect of the power low index n on the local loss coefficient K it shows a slight increase in the value 
of the local loss coefficient with an increase in the power low index. 

  

Fig.6 – K vs Re for n = 0.6 Fig.7 – K vs Re for n = 0.8 

 

 

Fig.8 – K vs Re for Bn = 2.  

 

Using the numerical results the correlation (8) was formulated to calculate the value of K in the range of the Reynolds 
number and the rheological conditions of the flow studied. 

The present model shows good compatibility with Bekhadra et al [14] in Newtonian fluid flow and predicts the local loss 
coefficient for Herschel-Bulkley fluid flows for the rheological and geometric conditions studied. This model can help in the 
calculations of local loss coefficient due to sudden expansion in the oil industry and also help in selecting the appropriate 
reduction in piping design. 

2K=A+Blog(Re)+C((log(Re)) )  (8) 
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Table 1– Values of coefficients appearing in equation (8) 
Bn n=0.6 

A B C 
0.5 118,29 -94,00 18,93 
1 144,1 -113,19 22,61 
2 198,72 -154,72 30,74 
 n=0.8 

0,5 100,73 -76,77 14,78 
1 144,17 -112,6 22,35 
2 199,71 -154,9 30,65 

5 Conclusion 

A numerical simulation was performed by the commercial code ANSYS-Fluent for Herschel-Bulkley fluid flow through 
an axisymmetric sudden expansion of aspect ratio Er = 2. Based on the numerical results, dimensionless equations have been 
constructed for the recirculation length and the local loss coefficient; these equations show the effect of rheological conditions 
on the recirculation zone as well as on the singular loss coefficient due to the sudden change in section. 
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