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Abstract 

We aim to develop an improved kick/loss detection technology by developing 

smart flow-sensor technology for returned flow from the oil well in open 

Venturi channels. This is a detailed study about a capacity of use of non-

Newtonian fluid models in open Venturi channels. A water-based drilling fluid 

was used for the experiments. According to the rheometer results, at low shear 

rates, the fluid behaves as a pseudoplastic fluid, and at high shear rates, the fluid 

shows Newtonian properties. The experimental drilling fluid can be modelled 

with the power-law (PL) model, the Herschel-Bulkley (HB) model, the Carreau 

viscosity model, and the Cross viscosity model. Experimental flow depth 

measurements in an open Venturi channel were used to validate the simulation 

results. For the complete open channel, the strain rate range was 0.02 to 2100 

1/s. The highest strain rate was on the walls of the channel, with 2100 1/s, while 

the fluid near to the free surface had a strain rate range of 0.02 to 200 1/s. All 

non-Newtonian models mentioned above can be used for the drilling fluid at a 

shear rate range of 0 to 2100 1/s in open Venturi channel flows. Even though 

different non-Newtonian models predict different wall shear stresses, these 

differences do not significantly affect the open channel flow depth and velocity 

values.      

Keywords: Drilling fluid, shear thinning, non-Newtonian, viscosity, models, 

CFD  

 

1 INTRODUCTION  

Operating conditions for drill operation may cause various problems: if the downhole 

pressure is too high, the drilling mud may force drill cuttings and oil into the reservoir 

formation (“loss”), thus reducing the permeability at later production. On the other 

hand, if the downhole pressure is too low, it may allow for the premature flow of oil 
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from the reservoir into the drill string. For safe drill operation, it is critical to detect the 

occurrence of “kick” and “loss”. In principle, “kick” and “loss” may be detected if there 

is a difference in drill oil returned from the drill string compared to what is pumped 

down.  

We intend to improve kick/loss detection by developing smart flow-sensor technology 

for returned fluid flow from the drilling well in open Venturi channels. On-line model 

development needs to have a good understanding of the behavior of the drilling fluids. 

This is a detailed study of non-Newtonian fluid models, and the effect of their 

parameters on flow depth and velocity. Even though computational fluid dynamics 

(CFD) simulation of drilling fluid flow in pipes is available in the literature, there are 

few cases of 3-D CFD drilling flow analysis in open Venturi channels: this research 

gap is attempted to be addressed with this study. One of the advantages of using a 

Venturi region is that it can generate both subcritical and supercritical flows, 

respectively, before and after the Venturi region for the same flow rate.   

 

2 NON-NEWTONIAN FRICTION MODELS 

Viscous force can be considered a surface force, and it is a function of the local 

deformation rate or strain rate. Local deformation consists of linear elongation 

deformation and linear shearing deformation. The power-law (PL) model, 𝑛 < 1, can 

be considered as a shear-thinning model 1.  

𝜂 = 𝑘�̇�𝑛−1. (1) 

 

The Herschel-Bulkley model combines the properties of Bingham and power-law 

fluids. When, 𝑛 < 1, the Herschel-Bulkley model can be considered as a shear-thinning 

fluid model 2–4. The yield stress 𝜏𝑦 is the shear stress at zero shear rate.   

𝜂 =
𝜏𝑦

�̇�
+ 𝑘�̇�𝑛−1 

(2) 

 

The Carreau viscosity model gives a solution for the significant deviations of the power-

law model at very high and very low shear rates. At low shear rates, �̇� ≪ 1 𝜆⁄ , the 

Carreau model acts like the Newtonian law model, and at high shear rates, �̇� ≫ 1 𝜆⁄ ,  it 
acts like the power-law model 4–6. For the shear-thinning fluid, the viscosity reduces 

from 𝜂0 to 𝜂∞ when the shear rate is increased.   

𝜂 = 𝜂∞ + (𝜂0−𝜂∞)(1 + (𝜆�̇�)2)
𝑛−1

2  
(3) 

 

 In the Cross model 7, the relaxation time 𝜆 is the controlling parameter.  

𝜂 = 𝜂∞ +
(𝜂0−𝜂∞)

(1 + (𝜆�̇�)1−𝑛)
 (4) 
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3 CFD MODEL   

The ANSYS Fluent 16.2 commercial tool is used for the simulations. The primary and 

secondary phases are air and non-Newtonian fluid, respectively, in the multiphase 

volume of fluid (VOF) model. The standard k-ε model8 was used as the turbulence 

model, and the semi-implicit method for the pressure linked equations (SIMPLE) 

scheme was used for the pressure-velocity decoupling. The non-Newtonian properties 

were fed by changing the viscosity model parameters of the fluid. Equations (1)-(4) are 

used for viscosity calculation for each non-Newtonian model. Non-Newtonian viscosity 

is considered to be a function of the shear rate in ANSYS Fluent 9. The interface is 

considered a shape interface. Grid fineness gives a sharp interface between air and 

liquid 10. A constant flow rate was given at the inlet, which was 400 kg/min for drilling 

fluid and zero for the air in 𝑥-direction. The bottom and the sidewalls were considered 

stationary walls at no-slip shear conditions. The wall roughness height was 15 µm 10. 

In a previous study 10, mesh dependence was analyzed, and the same mesh was used in 

this study as well . The mesh used in the simulation contains 0.37 million elements with 

a maximum cell face size 10 mm and minimum cell face size 0.54 mm, see Figure 1.  

 

  

Figure 1. The channel used in the simulation is drawn similar with the channel used 
in experiment. The shape of the channel is trapezoidal and contains a Venturi section. 

The left side shows half of the cross-section of the mesh. 
 

4 VISCOSITY AND DENSITY MEASUREMENTS FIT NON-NEWTONIAN MODELS  

A water-based drilling fluid was used for the experiments; it contained Potassium 

carbonate, Xanthan gum, and water. An Anton Paar MCR 101 viscosity meter was used 

for viscosity measurements. The minimum shear rate, it is able to give, is 100 1/s, less 

than this value produce large error in viscosity measuring. The effect of shear rates 

below 100 1/s is studied with simulation results. At lower shear rates, the fluid behaves 

as a pseudoplastic fluid. As the shear rate increases, the fluid gradually shows 

Newtonian properties. The rheology of the xanthan gum solution is matched with Rodd 

et al. 11 and Zhong et al.12 studies. The density of the fluid is 1340 kg/m3 at room 

temperature and assumed to be constant at room temperature. The density of drilling 

fluid was measured using Anton Paar DMA 4500: The density of the fluid is 1340 kg/m3 
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at room temperature and assumed to be constant at room temperature. 

The viscosity of shear-thinning fluids decreases from 𝜂0 to 𝜂∞, when the shear rate is 

increased 4. For shear-thinning fluids 𝑛 < 1: the curve fitting was done by fitting model 

parameters to the experimental viscosity values against the shear rate. The curve-fitted 

parameters for Equations (1)-(4) are shown in Table 1. Figure 2 shows viscosity vs. 

shear rate for the non-Newtonian models. The models' parameters are based on the 

curve-fitted values from Table 1.  

 
Table 1. The curve-fitted parameters for non-Newtonian fluid models based on the 

rheometer experimental results. 

 𝑘 𝑛 𝜏𝑦 𝜆 𝜂0 𝜂∞ 

PL 0.0390 0.7402 - - - - 

HB 0.0281 0.7882 0.1 - - - 

Carreau - 0.6443 - 0.0095 0.01384 0.00032 

Cross - 0.04 - 0.0021 0.0142 0.00247 

Newtonian 0.01 1 - - - - 

 

 

Figure 2. Shear stress vs. viscosity curves for non-Newtonian models. The model 
parameters are from Table 1. Experimental results are from the rheometer. 
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5 EXPERIMENTAL SETUP  

The open Venturi channel used in the experiment contains level sensors, those can 

movable along the channel central axis (see Figure 3). Flow loop of the rig contains: an 

open Venturi channel, a mud return tank, a mud pump, and a buffer tank. The ultrasonic 

level transmitters’ readings and the Coriolis mass flow meter’s reading are used in this 

study to evaluate the model results.  The channel can be tilted, and two tilted angles are 

used in this study.  

 

Figure 3. The Venturi rig located at University of South-Eastern Norway. 
 

6 RESULTS 

In this section, simulation results are validated by comparing them with experimental 

results. The effects of the non-Newtonian model parameters are discussed in section 7.  
 

6.1 Comparison of non-Newtonian viscosity models with experimental results  

The simulated models' results are compared with the experimental results as shown in 

Figure 4 and Figure 5. Flow-depth variations along the central channel axis are 

compared for the channel at a horizontal angle and for the channel at -0.7 ° downward. 

Both results are steady state, although the channel with a gravity angle has a hydraulic 

jump at quasi-steady state. A similar hydraulic jump was observed for water in our 

previous study 13.  

With the channel at a horizontal angle, simulation and experimental results are well 

matched. All the non-Newtonian fluid models give almost equal results. With the 

channel at a -0.7° angle downward, the simulations show considerable variation before 

the Venturi contraction. This variation is due to the very unstable hydraulic jump in the 

channel; the hydraulic jump can oscillate 100 mm to the backward and upward 13. In 

the simulated results, the hydraulic jump is symmetric along the channel width (along 

with the 𝑦-axis). However, it is non-symmetric in reality. This is also a reason for 

having a difference in flow depth. All the models give the same results after the Venturi 

expansion. Assumedly, all the models show similar results, because the fluid does not 

have strong non-Newtonian properties. The results might show more variation, if the 

drilling fluid had high viscous properties. Due to the unstable motion of the quasi-
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steady hydraulic jump, the flow depth is varying rapidly before the Venturi contraction. 

However, after the Venturi expansion, flow becomes supercritical-laminar. Due to this 

laminar flow behavior, experimental results and simulated results are well matched 

after the Venturi expansion. The critical depth value is 47 mm before and after the 

Venturi region, because of the same bottom width 13. At the critical depth, the Froude 

number is equal to one 14. We consider two points for the analysis of the results before 

and after the Venturi region, respectively, 𝑥 = 2.81 m and 𝑥 = 3.61 m. According to 

the critical depth value, the flow is subcritical at 𝑥 = 2.81 m and supercritical at 𝑥 =
3.61 m. 

 

Figure 4. Flow depth along the channel axis – comparison of the viscosity models’ 
simulated results and experimental results: The channel at a horizontal angle at steady 
state. 

 

Figure 5. Flow depth along the channel axis – comparison of the viscosity models’ 
simulated results and experimental results: (a) The channel at a horizontal angle at 
steady state, (b) The channel at a -0.7 º angle downward with a hydraulic jump at steady 
state. 

0

20

40

60

80

100

120

1.5 2 2.5 3 3.5 4

Fl
o

w
 d

ep
th

 (
m

m
)

Channel central axis (m)

PL

HB

Carreau

Cross

Experiment

0

10

20

30

40

50

60

70

80

90

1.5 2 2.5 3 3.5 4

Fl
o

w
 d

ep
th

 (
m

m
)

Channel central axis (mm)

PL

HB

Carreau

Cross

Experiment



Computational Fluid Dynamics Study of Shear Thinning Fluid (Drilling Fluid)… 15 

7 DISCUSSION  

7.1 Velocity distributions  

The simulated velocity magnitudes along the 𝑧-axis are shown for the non-Newtonian 

models before and after the Venturi region, in Figure 6 and Figure 7, respectively: 

Figure 6 shows the velocity profile of subcritical flow, which is before the Venturi 

contraction, and Figure 7 shows the velocity profile of supercritical flow, which is after 

the Venturi region. At supercritical flow, the inner region disappears for a flow depth 

above 7 mm. After a height of 7 mm, the turbulent core becomes strong in the 

supercritical region. However, near to the side wall, there is a level up in supercritical 

flow compared to subcritical flow, see Figure 8. This might be due to the channel 

expansion effect, as well as a 𝑦-directional velocity reduction from the wall, which 

leads to the conversion of kinetic energy into potential energy. According to Longo et 

al. 15, another minor effect might originate from yield stress. The yield stress of this 

particular fluid, however, has a small value (0.1 Pa), which indicates that this effect 

does not play a role here. All of the non-Newtonian models give similar velocity 

profiles for subcritical and supercritical flows.  

 

 

Figure 6. Vertical direction velocity profiles – comparison for non-Newtonian viscosity 
models at x=2.81 m, before the Venturi region. 
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Figure 7. Vertical direction velocity profiles – comparison for non-Newtonian 
viscosity models at x=3.61 m, after the Venturi region. 

 

 

Figure 8. Experimental flow profiles before and after the Venturi region. 
 

7.2 Simulated shear stress before and after the Venturi region  

The shear stress, 𝜏𝑧𝑥 is a function of the velocity gradient along the 𝑧-direction 𝜕𝑢 𝜕𝑧⁄  
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and the viscosity of the fluid at a given time. Figure 9 shows the shear stress 𝜏𝑧𝑥 for 

subcritical, critical and supercritical flow regimes at steady state. The value of the shear 

stress 𝜏𝑧𝑥, lessens from the bottom wall to the free surface for all flow regimes: the 

highest wall shear stress is given by supercritical flow, which is after the Venturi region. 

According to the shear stress curves, the inner region margins are at 𝑧/𝐻 = 0.133 and 

𝑧/𝐻 = 0.0429 for supercritical and subcritical flow, respectively. According to Longo 

et al. 15, the inner shear region height for the open channel can be calculated, 𝑧/𝐻 =
1 − 𝜏0/(𝜌𝑔 sin 𝛽). By substituting, 𝜏0 ≈ 𝜏𝑧𝑥,𝑤𝑎𝑙𝑙, we can approximate the inner region 

height mentioned above. The shear stress near to the free surface gives negative values 

with respect to the bottom shear stress direction for subcritical and critical flow. This is 

due to the secondary currents coming from the side walls 16,17 and is called the dip-

phenomenon. Here we have noticed that the dip-phenomenon is not visible in 

supercritical flow. 

Figure 10 shows shear stress in the 𝑥-direction perpendicular to the 𝑦-direction, 𝜏𝑦𝑥. 

Here, 𝑦 = 0 is the center of the channel and shear stress profiles are at 𝑧 = 0.01m above 

the bottom wall. The sidewall shear stress is very strong in supercritical flow compared 

to subcritical flow. It is also larger than the bottom wall shear stress difference of 

supercritical and subcritical flow. At the center of the subcritical flow, the shear stress 

direction is converted to the negative direction, which is due to the secondary currents 

as explained above. However, due to the smooth sidewalls, these secondary currents in 

subcritical flow are not very strong. The wall shear stress coming from the bottom wall 

is stronger than that coming from the sidewalls, with 12 Pa and 8 Pa, respectively.   

 

Figure 9. Shear stress in the 𝒙-direction perpendicular to the 𝒛-direction, 𝝉𝒛𝒙, for 
different flow regimes in the open Venturi channel at quasi steady state. The Carreau 
viscosity model was used for the viscosity calculation.   
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Figure 10. Shear stress in the x-direction perpendicular to the y-direction, 𝜏𝑦𝑥, for different flow regimes 
in open Venturi channel at the quasi steady state. The Carreau viscosity model was used for the viscosity 
calculation. Here, 𝑧 = 0.01 m is the height from the bottom, and 𝑙 = 0.104 m.  

 

7.3 Shear rate at the wall 

The velocity gradient at the bottom wall can have an impact on wall shear stress. Figure 

11 shows the (𝜕𝑢 𝜕𝑧⁄ )𝑧=0 variation along the 𝑥-axis. Here, the channel is at a horizontal 

angle. All models give similar results except for a minor difference of the Cross model 

at the end of the channel. In general, the velocity gradient at the wall increases in x-

direction at the bottom of the wall. This is due to the increasing velocity in the channel. 

The wall shear rates are also given the same values by the all the models. Therefore, 

these all the models can be used to simulate the model drilling fluid.  

 

Figure 11. Shear rate at the wall along the 𝒙-axis – comparison of different non-Newtonian 
models 
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8 CONCLUSION  

The 3-D CFD simulations were done for the experimental drilling fluid flow in an open 

Venturi channel. The model drilling fluid shows shear-thinning properties at lower 

shear rates and Newtonian properties at higher shear rates. The non-Newtonian models’ 

results for shear-thinning fluid were validated with the experimental results. The results 

of all models matched well with the flow depth after the Venturi region with a quasi-

steady hydraulic jump in the channel. There is a larger inner layer in subcritical flow 

than in supercritical flow. The velocity profiles are more fully developed after the 

Venturi region than before the Venturi region. The viscosity of the fluid has a greater 

effect on the flow depth after the Venturi contraction than before the Venturi 

contraction. The Xanthan gum water-based model drilling fluid in an open Venturi 

channel can be simulated with all of the non-Newtonian models examined in this study: 

the power-law model, the Herschel-Bulkley model, the Carreau viscosity model and the 

Cross viscosity model.     

 

Nomenclature  

𝐻 Flow depth (m) 

𝑘 Fluid consistency index of the power-law model 

𝑛 Flow behavior index of the power-law model 

𝑈 Average velocity (m/s) 

𝜏 Shear stress (Pa) 

𝜏𝑦 Yield shear stress (Pa) 

𝛽 Channel slope angle (degree) 

�̇� Shear rate (1/s) 

𝜂 Viscosity (Pa∙s) 

𝜂0  Viscosity at low rate of shear or viscosity at yield stress (Pa∙s) 

𝜂∞ Viscosity at high rate of shear (Pa∙s) 

𝜆 Relaxation time (s) 
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