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Abstract: 
Three different disturbances installed upstream of a 6

distances of 25, 10, and 5 diameter lengths: single elbow in

shape, and double elbows out-of-plane and discharge coefficients are 

dynamics is then used to compare four different turbulence models and determine their accuracy in 

calculating discharge coefficients for both the straight

disturbances tested in the laboratory.  
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I. INTRODUCTION 

Flow measurement is essential in many 

applications such as water treatment and 

distribution, manufacturing of chemicals and other 

products, industrial processes requiring cooling, and 

many others. Accurate flow measurement ensures 

that these processes operate correctly, efficiently, 

and safely. The commonality of elbows in these 

closed conduit processes can be easily exploited for 

use in flow measurement with the careful 

installation of two pressure taps, each lo

inside and outside radii of the bend and at 

degrees through the bend. Only six-inch (150

long-radius elbows were considered for this study

but the authors expect that the results are ap

to other sizes. 
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disturbances installed upstream of a 6-inch long-radius elbow meter were tested at 

distances of 25, 10, and 5 diameter lengths: single elbow in-plane “S” shape, single elbow in

plane and discharge coefficients are calculated. Computational 

is then used to compare four different turbulence models and determine their accuracy in 

calculating discharge coefficients for both the straight-line test and the three tests with installed upstream 

easurement, Elbow Meter, Computational Fluid D
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Flow measurement is essential in many 

applications such as water treatment and 

distribution, manufacturing of chemicals and other 

products, industrial processes requiring cooling, and 

measurement ensures 

that these processes operate correctly, efficiently, 

and safely. The commonality of elbows in these 

closed conduit processes can be easily exploited for 

use in flow measurement with the careful 

, each located on the 

inside and outside radii of the bend and at 45-

inch (150-mm), 

radius elbows were considered for this study 

but the authors expect that the results are applicable 
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is then used to compare four different turbulence models and determine their accuracy in 
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Figure 1. Diagram of a long-radius elbow meter with pressure tap 

locations. 

 
Figure 2.Long-radius elbow meter. 

 

The acceleration of the flow along the inside 

bend of the elbow creates a difference in pressure at 

the two pressure tap locations. This resulting 

pressure differential is used to calculate the 

volumetric flow rate. The range of flow conditions 

modelled in this study range between Reynolds 

numbers of 45,000 to 1,000,000, flow rates of 100 

to 2,300 gallons per minute (0.0063 to 0.145 cms), 

and differential pressures of 0.42 to 170 inches of 

water (0.1 to 42.3 kPa).  

 

 
Figure 3. Cross sections showing velocity and pressure distributions in a 

long-radius elbow (flow left to right). 

II. LITERATURE REVIEW 

While CFD has been applied in order to solve a 

myriad of fluid mechanics problems, there exist 

almost as many combinations of flow solver options, 

turbulence closure models, mesh generation 

methods, etc. However, not all combinations of 

settings and models apply to a specific, given 

situation. 

Röhrig, et al. conducted a comparative study 

between two computational methods used in CFD 

in order to determine which one best modeled flow 

in an elbow. The two methods compared in the 

study are Large Eddy Simulation (LES) and 

Reynolds-Averaged Navier-Stokes (RANS). Röhrig 

et al. concluded that while a LES model is much 

more computational expensive than a RANS model, 

it is indeed, more accurate to use a LES model [1]. 

The limitations with using a LES model is that 

turbulent eddies in the flow become prohibitively 

difficult and computationally expensive to model 

for flows with Reynolds numbers generally above 

40,000 which are very common in practice.  

Sami and Cui conducted a study in which they 

used CFD to model flow through different types of 

elbows and elbow configurations. Sami and Cui 

used the RANS method, but compared two different 

turbulence models, K-Epsilon and K-Omega Shear 

Shear Stress Transport (SST). In this study, a LES 

model is not considered, however, Sami and Cui 

concluded that a K-Omega SST turbulence model, 

when using a RANS method, is more accurate than 

the Standard K-Epsilon model. This is due to the 

separation of the flow from the pipe wall when 

moving through the elbow [2]. 

Mazumder used CFD to analyze the effects of 

different radius-to-diameter ratios on the pressure 

drop between the inside and the outside of the 

elbow in multiphase flows. Mazumder used radius-

to-diameter ratios between 1.5 and 3. When 

modeling the multiphase flow through the different 

elbows, Mazumderuses useda K-Epsilon turbulence 

model [3]. 

Feng et al. also used CFD to model the flow of 

helium gas through an elbow. Feng et al. 

investigated the pressure distribution in an elbow 
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that is commonly used in a 10 MW High 

Temperature Gas-Cooled Nuclear Reactor. Feng et 

al. first conducted physical testing in order to verify 

their CFD results. Ultimately, Feng et al. used a K-

Omega SST turbulence model and foundind good 

agreement with their physical data [4]. 

Coombs et al. used CFD to model loss 

coefficients in large-diameter mitered elbows and 

used a Standard K-Epsilon turbulence model. The 

results of the CFD calculations suggest that loss 

coefficient values of mitered elbows are dependent 

on the Reynolds number of the flow. Comparisons 

between physical and CFD results showed a 

difference between ±13.6% [5]. 

Researchers Yuce and Kareemalso appliedy CFD 

to situations different than flow through an elbow, 

using appropriate settings for their respective 

research topics. Yuce and Kareem, when analyzing 

flow around circular and square cylinders, used a 

K-Omega SST turbulence model and foundind 

good agreement with their available physical data 

[6].  

Therefore, it is important to consider the different 

flow conditions that are to be modelled using CFD 

before selecting a turbulence model and subsequent 

model parameters. 

 

III. GOVERNING EQUATIONS 

The orifice equation is used to calculate the 

theoretical flow rate of an incompressible fluid 

through an elbow meter [7]: 

 

������� = 	 ∙ ��2�Δ� ∙ ���°�/�  (1) 

 

Where: 

Qtheory = Theoretical volumetric flow rate (ft
3
/s, 

 m
3
/s) 

A = Cross sectional area of the elbow (ft
2
, m

2
) 

Fa = Thermal expansion correction factor 

g = Gravitational acceleration (ft/s
2
, m/s

2
) 

∆H = Differential pressure (ft, m) 

γ68°F = Specific gravityUnit weight of water at 

68°F (20°C) (lbf/ft
3
, N/m

3
) 

γ = Specific gravityUnit weight of flowing 

fluid (lbf/ft
3
,  N/m

3
) 

 

Due to friction and other minor losses from a 

change in flow direction through the elbow, the 

actual flow rate will be less than the theoretical 

flow rate calculated using equation 1. As a result, a 

discharge coefficient is used to account for the 

minor losses and is obtained through a laboratory 

calibration of the meter where the actual volume 

passed through the meter can be measured via a 

weigh tank or an additional, previously-calibrated 

flow meter. The ratio of the actual to theoretical 

flow rate is the definition of the discharge 

coefficient: 

 

�� 	= 	�������/�������    (2) 

 

Where: 

Cd = Discharge coefficient 

Qactual = Measured flow rate in laboratory 

Qtheory = Calculated theoretical flow rate 

 

Combining equations 1 and 2 results in the 

calculation of the actual flow rate through the 

elbow meter where all variables are previously 

defined: 

 

������� = �� ∙ 	 ∙ ��2�Δ� ∙ ���°�/�         (3) 

 

Where all variables are previously defined and 

are in compatible units.  

 

IV. METHOD 

A. Physical Data Collection 

All physical data for this study wais collected at 

the Utah Water Research Laboratory (UWRL), a 

part of Utah State University, in Logan, Utah. The 

physical data wais used to compare against the CFD 

data in this study. The physical data wais collected 

using calibrated flow meters and differential 

pressure transducers having a maximum expanded 
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uncertainty of approximately 0.3 percent at 95 

percent confidence.  

The six-inch elbow meter wais first calibrated in 

a straight-line configuration consisting of a 

minimum length of straight upstream pipe of 25 

pipe diameter lengths. Then, three different 

disturbances arewere tested upstream of the elbow 

meter at varied distances: a single elbow in

an “S” shape (SE-IP “S”), a single elbow in

in a “U” shape (SE-IP “U”), and double elbows out

of-plane (DE-OP). These configurations are shown 

in Figure 3. For every laboratory and CFD test, the 

double elbow out-of-plane configuration 

installed with no straight pipe between the out

plane elbows. 

Installation distances between the upstream flow 

disturbance and the elbow meter consist

and 5 pipe diameters (150, 60, and 30 inches / 381, 

152.4, and 76.2 cm). The pipe used in the study 

was schedule 40 carbon steel.  

 

Figure 4. Pipeline configuration variations used in the study.
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uncertainty of approximately 0.3 percent at 95 

s first calibrated in 

consisting of a 

minimum length of straight upstream pipe of 25 

hree different 

tested upstream of the elbow 

: a single elbow in-plane in 

IP “S”), a single elbow in-plane 

IP “U”), and double elbows out-

OP). These configurations are shown 

in Figure 3. For every laboratory and CFD test, the 

ne configuration is was 

installed with no straight pipe between the out-of-

Installation distances between the upstream flow 

disturbance and the elbow meter consisted of 25, 10, 

s (150, 60, and 30 inches / 381, 

.2 cm). The pipe used in the study is 

 
Pipeline configuration variations used in the study. 

B. Numerical Modeling Methods 

All numerical modeling performed 

study utilized the commercial CFD software Star 

CCM+. The CFD code allows for the user to solve 

the Navier-Stokes equations throughout a generated 

computational mesh by using a selected solution 

algorithm. For this study, the SIMPLE algorithm is 

used.   

 As covered in the Literature Review section, 

researchers used a variety of different turbulence 

modeling techniques for their research. In addition 

to varying the type of upstream flow disturbance 

and the distance between each disturbance and the 

elbow meter, four different turbulence models of 

two classes are also compared in the present study. 

These models consist of three eddy viscosity 

models: K-Epsilon Realizable Two

Epsilon R2L), K-Omega Shear Stress Transport (K

Omega SST), and Spalart-Allmaras Turbulence 

(SAT) models and one second

model: Reynolds Stress Turbulence Linear Pressure 

Strain Two-Layer (RST LPS2L).

A mesh consisting of a combination of directed 

and prism layer meshes is 

simulations and grid convergence index (GCI) 

values are were calculated for e

different turbulence models. The mesh is shown in 

Figure 5, having a base cell size of 0.125 inches 

(3.175 mm). The results of the GCI calculations, 

showing the percent error attributable to the 

generated numerical mesh, are shown in Table 

The methodology used in the GCI calculations is 

outlined by Celik et al. [8].  

 

 

TABLE I 
GCI CALCULATION RESULTS

Turbulence Model 

K-Epsilon R2L 

K-Omega SST 

SAT 

RST LPS2L 

Volume 5 Issue 2, Mar-Apr 2022 

www.ijsred.com 

Page 1065 

All numerical modeling performed in for this 

study utilized the commercial CFD software Star 

The CFD code allows for the user to solve 

Stokes equations throughout a generated 

computational mesh by using a selected solution 

algorithm. For this study, the SIMPLE algorithm is 

As covered in the Literature Review section, 

archers used a variety of different turbulence 

modeling techniques for their research. In addition 

to varying the type of upstream flow disturbance 

and the distance between each disturbance and the 

elbow meter, four different turbulence models of 

es are also compared in the present study. 

These models consist of three eddy viscosity 

Epsilon Realizable Two-Layer (K-

Omega Shear Stress Transport (K-

Allmaras Turbulence 

(SAT) models and one second-moment closure 

model: Reynolds Stress Turbulence Linear Pressure 

Layer (RST LPS2L). 

A mesh consisting of a combination of directed 

is was used for all 

simulations and grid convergence index (GCI) 

calculated for each of the four 

different turbulence models. The mesh is shown in 

, having a base cell size of 0.125 inches 

. The results of the GCI calculations, 

showing the percent error attributable to the 

generated numerical mesh, are shown in Table 1. 

The methodology used in the GCI calculations is 

ESULTS 

GCI
21

fine 

0.172% 

0.181% 

0.098% 

0.003% 
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Figure 5. Cross- and plane-section views of the computational mesh.

 

The computational domain is bounded by three 

different boundary condition types: a velocity inlet, 

a pressure outlet, and a wall. The velocity inlet 

conditions are were calculated via the use of a

of turbulence model-specific scalar values and 

velocity vectors taken from a table created using a 

fully-developed interface. The pressure outlet 

was set to an arbitrary value of 100 psi (689.5 kPa). 

The wall is was modelled with a smooth boundar

having a no-slip condition. 

Average discharge coefficient values obtained 

through CFD are were compared to values obtained 

in the laboratory using a percent difference 

calculation: 

 

�� !�"#	$%&&� �"!� =
'()*+,-.'()*/0123456

'()*/0123456

 

Average discharge coefficient values

also compared between CFD and physical dataand 

how they changed with respect to the change in 

upstream distance between the meter and the flow 

disturbance.  
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section views of the computational mesh. 

The computational domain is bounded by three 

different boundary condition types: a velocity inlet, 

a pressure outlet, and a wall. The velocity inlet 

calculated via the use of a table 

specific scalar values and 

velocity vectors taken from a table created using a 

developed interface. The pressure outlet is 

set to an arbitrary value of 100 psi (689.5 kPa). 

modelled with a smooth boundary 

ischarge coefficient values obtained 

compared to values obtained 

in the laboratory using a percent difference 

∙ 100%(4) 

Average discharge coefficient valuesare were 

also compared between CFD and physical dataand 

with respect to the change in 

upstream distance between the meter and the flow 

For all simulations conducted in this study, water 

is was modelled having a temperature of 50 °F 

(10 °C). 

 

V. RESULTS AND DISCUSSION

For all turbulence models used and for all testing 

configurations modeled, discharge coefficient 

values were able to be predicted within at least 4.59% 

of the physical values. It is important to note that 

while none of the turbulence models used in this 

study were able to model the physical data with one 

hundred percent accuracy, the most important 

information to be gained throug

regarding the trends and biases that each turbulence 

model show in each configuration tested. As it is 

impractical to model every possible upstream 

disturbance at every possible distance from an 

elbow meter in the laboratory, these results

help to inform future CFD models 

physical data.  

A. Straight-Line Results 

Figure 6 showsthe results of the straight

testing of the four different turbulence models used 

compared against the physical data

 

Figure 6. Straight-line physical and CFD discharge coefficients actual and 
percent difference results.  
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For all simulations conducted in this study, water 

modelled having a temperature of 50 °F 

DISCUSSION 

For all turbulence models used and for all testing 

configurations modeled, discharge coefficient 

ted within at least 4.59% 

It is important to note that 

while none of the turbulence models used in this 

study were able to model the physical data with one 

hundred percent accuracy, the most important 

information to be gained through this study are 

regarding the trends and biases that each turbulence 

model show in each configuration tested. As it is 

impractical to model every possible upstream 

disturbance at every possible distance from an 

elbow meter in the laboratory, these results will 

help to inform future CFD models lacking replicate 

the results of the straight-line 

testing of the four different turbulence models used 

ared against the physical data. 

 
discharge coefficients actual and 
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For the straight-line tests, the Reynolds Stress 

Turbulence model performed the best of all 

turbulence models used showing a percent 

difference of -1.74% in the average discharge 

coefficient when compared to the physical value.  

B. Single Elbow In-Plane “S” Configuration Results 

Figures 7 and 8 show the comparison of results 

between the CFD and physical data for the “S” 

shape configuration. The best performing 

turbulence models for this configuration were: the 

Reynolds Stress Turbulence at 25 diameters with a 

percent difference of -3.07%, and the K-OmegaSST 

model at both 10 and 5 diameters with percent 

differences of -2.37% and -1.52%, respectively.  

 

 
Figure 7. Single elbow in-plane “S” CFD and physical results at 25, 10, 

and 5 diameters. 

 
Figure 8. Single elbow in-plane “S” percent difference results between 

CFD and physical results at 25, 10, and 5 diameters. 

 

C. Single Elbow In-Plane “U” Configuration Results 

Figures 9 and 10 show the comparison of results 

between the CFD and physical data for the “U” 

shape configuration. The best performing 

turbulence models for the configuration were: 

Spalart-Allmaras Turbulence at 25 diameters with a 

percent difference in the discharge coefficient from 

the physical data of -0.98% and the K-Omega SST 

model at both 10 and 5 diameters with percent 

differences of -1.27% and -2.04%, respectively.  
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Figure 9. Single elbow in-plane “U” CFD and physical results at 25, 10, 

and 5 diameters. 

 

For both the single elbow in-plane “S” and “U” 

configurations, at distances of 10 and 5 diameters, 

the K-Omega SST model performed the best of all 

turbulence models, while at a distance of 25 

diameters, the best performing turbulence model 

differed.  

Additionally, it is interesting to note that the 

percent difference results for all turbulence models 

between both single elbow in-plane configurations 

show opposite trends with respect to how they 

predict the physical results. Specifically, for the “S” 

configuration, percent differences for each 

turbulence model generally increase as distance 

between the meter and the upstream disturbance 

increases while for the “U” configuration, the 

percent differences for each turbulence model 

generally decrease as distance between the meter 

and the upstream disturbance increases.  

 

 
Figure 10. Single elbow in-plane “U” percent difference results between 

CFD and physical results at 25, 10, and 5 diameters. 

 

D. Double Elbow Out-of-Plane Configuration Results 

Figures 11 and 12 show the comparison of results 

between the CFD and physical data for the double 

elbow out-of-plane configuration. The best 

performing turbulence model at 25 diameters was 

the K-Epsilon R2L model with a percent difference 

of -1.60%, while at distances of 10 and 5 diameters, 

the Reynolds Stress Turbulence model performed 

the best with percent differences of -1.97% and -

1.81%, respectively. 
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Figure 11.Double elbow out-of-plane CFD and physical results at 25, 10, 

and 5 diameters. 

 

Unlike for both of the single elbow in-plane 

configurations tested, the Reynolds Stress 

Turbulence model performed the best overall for 

the double elbow out-of-plane configuration.  

 
Figure 12.Double elbow out-of-plane percent difference results between 

CFD and physical results at 25, 10, and 5 diameters. 

 

Table 2 summarizes the results for all turbulence 

models tested in all configurations and at all 

distances between the upstream disturbance and the 

elbow meter.

TABLE II 

SHIFT IN AVERAGE DISCHARGE COEFFICIENT VALUES FOR ALL TURBULENCE MODELS AND CONFIGURATIONS 

Pipeline Diameters from Shift in Average Cd from Physical Data 

Configuration US Disturbance K-Omega SST K-Epsilon R2L RST LPS2L SAT 

Straight-Line   -2.51% -2.06% -1.74% -2.89% 

Single Elbow  

In-Plane "S" 

25 -4.59% -3.80% -3.07% -4.53% 

10 -2.37% -2.77% -3.49% -3.71% 

5 -1.52% -0.73% -1.00% -1.07% 

Single Elbow  

In-Plane "U" 

25 -0.93% 0.00% -0.30% -0.98% 

10 -1.27% -0.92% -1.00% -0.92% 

5 -2.04% -2.67% -3.64% -2.93% 

Double Elbow  

Out-of-Plane 

25 -2.77% -1.60% -2.43% -2.44% 

10 -3.58% -2.34% -1.97% -2.68% 

5 -0.64% -1.75% -1.81% -1.59% 
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E. Analysis and Discussion of Results 

One of the key takeaways from this study is that 

once flow conditions reach a Reynolds number of 

about 300,000, the discharge coefficient values 

observed in the laboratory become nearly constant. 

This Reynolds number threshold of 300,000 in a 

six-inch diameter pipe (150-mm) results in a pipe 

velocity of about 8.3 feet per second (2.5 meters per 

second) and a flow rate of about 750 gallons per 

minute (0.0473 cubic meters per second). If 

accurate flow measurement is desired, then 

operation of the meter beyond this threshold is 

recommended. Operation of an elbow meter below 

this threshold requires an understanding that the 

discharge coefficient will trend with increasing 

Reynolds number until the threshold is reached.

In order to gain further insights into the results 

observed in the current study, cross sections for 

each CFD model are were taken and compared 

against the results summarized in Table 2.

 

Figure 13.Visualization of velocity magnitude cross sections at midway 

point through the elbow meter for a flow rate of 1,500 gpm (0.0946 cms)
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One of the key takeaways from this study is that 

once flow conditions reach a Reynolds number of 

about 300,000, the discharge coefficient values 

observed in the laboratory become nearly constant. 

This Reynolds number threshold of 300,000 in a 

mm) results in a pipe 

velocity of about 8.3 feet per second (2.5 meters per 

second) and a flow rate of about 750 gallons per 

e (0.0473 cubic meters per second). If 

accurate flow measurement is desired, then 
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recommended. Operation of an elbow meter below 

this threshold requires an understanding that the 
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Reynolds number until the threshold is reached. 

In order to gain further insights into the results 

observed in the current study, cross sections for 

taken and compared 

against the results summarized in Table 2. 

 
Visualization of velocity magnitude cross sections at midway 

point through the elbow meter for a flow rate of 1,500 gpm (0.0946 cms) with 

the most accurate turbulence model for each configuration and distance 

combination outlined in red. 

 
Further analysis of the cross sections in Figure 13 

show that for the straight-line tests, all four 

turbulence models demonstrate velocity profiles 

which are symmetric across a horizontal plane 

through the cross section. However, for both single 

elbow in-plane “S” and “U” configurations, only 

the K-Omega SST turbulence model demonstrates 

asymmetrical velocity profiles. For the double 

elbow out-of-plane configuration, all four 

turbulence models demonstrate an asymmetric 

velocity profile.  

For upstream bends causing disruptions of the 

inlet flow profile of an elbow meter, it appears that 

the ability to correctly predict an asymmetrical 

velocity profile is an important aspect of modelling 

the turbulence in these scenarios. Further research 

into the actual swirl intensity of these physical 

flows will help in the next steps to better model 

these flow conditions and better predict elbow 

metering accuracy using available CFD tools.

Overall, for the majority of flow conditions 

modelled in this study, the K-

performed the best. While the Reynolds Stress 

Turbulence model performed the best in the 

straight-line and the double elbow out

configurations, this model is the most 

computationally-expensive of the four turbulence 

models used in this study. Therefore, when 

considering which turbulence model to use, it is 

necessary to balance both accuracy and 

computational cost depending on the project

specific goals. These results will help to inform 

future CFD modelling of additional upstream flow 

disturbances to elbow meters, as it is unreasonable 

to test every conceivable pipeline configuration in 

the laboratory.  

Furthermore, due to the high Reynolds numbers 

and highly turbulent flow conditions modeled in 

this study, use of a large-eddy simulation was n

employed as it was not deemed computationally 

resource-effective. Perhaps as computational 

resources become increasingly cheaper

computationally expensive, the comparison of these 
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ost accurate turbulence model for each configuration and distance 

Further analysis of the cross sections in Figure 13 

line tests, all four 

turbulence models demonstrate velocity profiles 

which are symmetric across a horizontal plane 

through the cross section. However, for both single 

lane “S” and “U” configurations, only 

Omega SST turbulence model demonstrates 

asymmetrical velocity profiles. For the double 

plane configuration, all four 

turbulence models demonstrate an asymmetric 

causing disruptions of the 

inlet flow profile of an elbow meter, it appears that 

the ability to correctly predict an asymmetrical 

velocity profile is an important aspect of modelling 

the turbulence in these scenarios. Further research 

intensity of these physical 

flows will help in the next steps to better model 

these flow conditions and better predict elbow 

metering accuracy using available CFD tools. 

Overall, for the majority of flow conditions 

-Omega SST model 

While the Reynolds Stress 

Turbulence model performed the best in the 

line and the double elbow out-of-plane 

configurations, this model is the most 

expensive of the four turbulence 

. Therefore, when 

considering which turbulence model to use, it is 

necessary to balance both accuracy and 

computational cost depending on the project-

These results will help to inform 

future CFD modelling of additional upstream flow 

ances to elbow meters, as it is unreasonable 

to test every conceivable pipeline configuration in 

Furthermore, due to the high Reynolds numbers 

and highly turbulent flow conditions modeled in 

eddy simulation was not 

employed as it was not deemed computationally 

effective. Perhaps as computational 

increasingly cheaperless time and 

, the comparison of these 
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results to those from a large eddy simulation can be 

achieved for a topic of future study. 

IV. CONCLUSION 

While common in many pipelines, elbows are an 

under-utilized method of flow measurement. They 

are a differential pressure meter that can be easily 

manufactured by installing just two pressure taps. 

This study explored how to best utilize current CFD 

tools to model the effects of three different 

upstream disturbances on elbow meter performance. 

The results of this study will help to be a guide to 

help inform those who wish to model additional 

upstream disturbances without the need to perform 

a laboratory calibration. 

The CFD data from the current study shows that 

overall, the K-Omega SST turbulence model 

performed the best of the four turbulence models 

tested. Additionally, the current study showed that 

asymmetric velocity profiles are an important 

aspect of modelling the flow conditions in elbow 

meters and disrupted flow profiles at the inlet of an 

elbow meter caused by upstream bends. 

Finally, it is important to recognize that this 

research has limitations and should only be used 

with sound engineering judgement when applying 

its findings. These limitations include the numerical 

modelling capability of the CFD software employed, 

the accuracy of the instrumentation used in the 

collection of the physical data, and the fact that 

only incompressible fluids were considered for this 

study. 
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