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ABSTRACT 
CO2 emissions due to massive industrialization have led to several 

environmental issues. Carbon Capture and Storage (CCS) is one of the 

most important technologies that can be used to reduce anthropogenic 

CO2 emissions worldwide. CCS projects mainly involve three processes: 

carbon capture, transportation, and storage. In the transportation process, 

the modeling of the flow in pipelines and the relationships between pressure, 

flow velocity, temperature, density, and phase stability are of significance. 

Orifice plates are a common tool used for flowrate measurements. Several 

standards provide the specifications and implementation approach for this 

type of equipment item in pipelines. In this study, flow through an orifice plate 

is simulated with computational fluid dynamics (CFD) modeling software, 

namely ANSYS®, to obtain fluid pressure, velocity, and temperature profiles. 

Model geometry and fluid properties are defined that are suitable for making 

a comparison with ISO-5167 empirical correlations and a similar reference 

study, which are used to validate the simulation results. A mesh sensitivity 

analysis is conducted to ensure the correctness of the results. A reasonable 

agreement is found between the simulation results, empirical correlations, 

and previous studies. The Joule_Thompson cooling effect is also studied in 

this work for high-pressure CO2 cases, and the results show good 

agreement with reference studies. 

 
 

1. INTRODUCTION  
The rapid increase of industrialization has led to massive CO2 production globally, which 
consequently brings up environmental and climate issues [1]. Fossil fuels will continue to be 
the primary source of energy in the near future [2]. Carbon Capture and Storage (CCS) is an 
important technology that allows the reduction of anthropogenic CO2 emissions. CCS projects 
in general consist of three different processes: CO2 capture, transportation, and storage. For 
CO2 transportation, modeling of the flow in pipeline systems, including the relationships 
between pressure, density, flow velocity, phase stability, and temperature, is necessary [3-9]. 

Orifice plates are a common type of device used for flow measurement in industries due 
to their ease of use and reliability. Circular, rectangular, and square orifice shapes are all 
available, each type has its advantages and disadvantages [10-12]. Various parameters affect 
the flow through orifice plates. For example, a critical element for the prediction of  
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square-edged orifice plates discharge coefficient is the precise shape of the edge. A small 
change in the orifice diameter can also alter the discharge coefficient considerably [13, 14]. 

Several standards, including ISO-5167 and BS-1042, provide related information for these 
devices. ISO-5167 includes four-parts in which it covers specification, implementation 
approach, and error calculations for orifice plates, nozzles, and venturi tubes installed in 
pipelines to measure flowrate. ISO-5167 can only be applied to pressure differential devices 
for subsonic flow velocities, single-phase and non-pulsating flows within a limited range of 
pipe size and Reynolds number. Part two of ISO-5167 specifies orifice plates with different 
pressure tapings [15]. The BS-1042 standard is technically equivalent to ISO-5167, but has 
some minor modifications, text clarifications, and British measurement units [16]. 

Wherever there is a restriction in a pipeline, the fluid velocity inside the pipeline increases, 
thus making a low-pressure area downstream of the restriction. The pressure reduction is 
proportional to the flowrate; therefore, it can be used to calculate the flowrate indirectly. The 
arrangement related to this type of flowmeter is shown in Figure 1 [17]. 
 

 
Figure 1 - Orifice plate arrangement in a pipeline 
 
The design of this type of flow measuring device is developed by certain standardized 
empirical correlations.  These correlations are used to verify the model simulated by CFD 
methodology with ANSYS® software in this work. CFD is the most common methodology 
which uses numerical analysis to simulate fluid behavior [18-22]. In general, the basis for 
CFD analysis is three fundamental physical principles, including conservation of mass, 
momentum, and energy. These principles are defined by Navier Stokes equations as shown in 
Equations (1-5) [9, 23-25]. 
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where 𝜌𝜌 (kg/m3) is the density, 𝑡𝑡 (s) is time, 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧 are Cartesian coordinates, 𝑢𝑢, 𝑣𝑣, and 𝑤𝑤 
are velocity components in 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧 directions, 𝑓𝑓 (N) is body force per unit mass acting on 
the fluid element on Cartesian coordinates, 𝜏𝜏 (N/m2) is the shear stress tensor, 𝜏𝜏𝑖𝑖𝑖𝑖 denotes 
stress in the 𝑗𝑗-direction exerted on a plane perpendicular to the 𝑖𝑖-axis, 𝑝𝑝 (pa) is pressure, 𝑇𝑇 (K) 
is temperature, 𝑒𝑒 (J) is the internal energy, 𝑘𝑘 (W/m.K) is thermal conductivity, 𝑄𝑄 (W/m3) is 
energy generation term, 𝑝𝑝 (Pa) is pressure and 𝑉𝑉 (m/s) is the velocity field which can be 
defined by Eq (6). 
 

𝑉𝑉�⃗ (𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝑢𝑢�⃗ 𝑖𝑖 + 𝑣⃗𝑣𝑗𝑗 + 𝑤𝑤��⃗ 𝑘𝑘                                       (6) 
 
where 𝑢𝑢 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 , 𝑣𝑣 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 , 𝑤𝑤 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
. Navier_Stokes equations can take several different forms 

based on the problem. However, since they are partial differential equations (PDEs), they need 
to be solved numerically commonly in most cases [26-28]. 

The pressure drop in pipelines through a restriction is usually accompanied by a 
temperature drop for most fluids referred to as Joule_Thompson (JT) cooling. The extent of 
this temperature drop depends on the amount of pressure drop, the inlet pressure, temperature, 
and fluid properties. The precise modeling of the JT cooling is critical in high-pressure CO2 
systems where sudden cooling can cause phase change and possible freezing [1, 29-33]. 
 
2. METHODOLOGY 
In this work, flow through an orifice plate in a pipeline is simulated with ANSYS®. The 
simulation model is compared with a selected model from the second part of the ISO 5167 
standard. The simulated model is also validated against empirical correlations of ISO 5167 
and a reference study by Prasanna and Seshdari [17]. 
 
2.1. Model development 
Initially, the geometry of the orifice plate was developed as a 2-D asymmetric model 
according to ISO-5167 requirement for 15 diameters upstream distance and 25 diameters 
downstream distance. The model is symmetrized in a longitudinal direction in order to 
decrease the calculations. The selected upstream diameter, 𝐷𝐷1 = 80 mm and the orifice 
diameter, 𝐷𝐷2 = 40 mm, as illustrated in Figure 1, were specified to match the conditions in 
the reference study. The model 2-D configuration and specifications are shown in Figure 2 
and Table 1 in turn. 
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Figure 2 - 2-D model configuration 
 
Table 1 - The model specifications 
Variables Values Units 
Diameter of pipe (𝐷𝐷) 50 mm 
Diameter of throat (𝑑𝑑) 25 mm 
Diameter ratio (𝛽𝛽) 0.5 - 
Upstream pipe length 15D mm 
Downstream pipe length 25D mm 
Thickness of the plate 3 mm 
Type of OP beveled 45 degrees  
1 mm straight hole followed by 45⁰ beveling 
 
The geometry of the model was meshed by applying edge sizing alongside the pipe wall with 
1000 divisions, which generates 22000 elements. A mesh sensitivity analysis was conducted 
to improve the accuracy of the results. The mesh configuration near the orifice is shown in 
figure 3. 
 

 
Figure 3 - Simulation model mesh configuration 
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To give a good comparison between the simulation and the reference study, all the boundary 
conditions and fluid properties were chosen as similar to the reference study. The fluid chosen 
was the air with a constant density of 1.225 kg/m3. Symmetry was chosen for the axis in the 
longitudinal direction, velocity input for the inlet, pressure for the outlet (1 atm), no-slip for 
the walls, and the Spalart Allmars turbulence model were specified as the boundary conditions 
for the simulation approach. 
 
2.2. Validation Study 
The simulation model was validated in two ways: first, against the results of the reference 
study and second against the results of the empirical calculations set out in ISO-5167. The 
same model geometry and a constant Reynolds number of 105 were used for both cases, thus 
fixing an inlet velocity of 36.75 m/s. Using this inlet velocity, the results of the reference study 
were compared to the results of the simulation using ∆𝑃𝑃/𝑃𝑃, where ∆𝑃𝑃 = 𝑃𝑃1 − 𝑃𝑃2, 𝑃𝑃1 is the 
upstream pressure and 𝑃𝑃2 is the downstream pressure (See Figure 1). 
According to correlations in ISO 5167, the mass flow rate of 𝑄𝑄𝑚𝑚 can be predicted by equation 
(1) given as: 
 

𝑄𝑄𝑚𝑚 = 𝑒𝑒𝐶𝐶𝑑𝑑
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where 𝜌𝜌1 (kg/m3) is the density of the fluid, 𝐶𝐶𝑑𝑑 is the discharge coefficient of the orifice and 
𝑒𝑒 is the expansion coefficient. The values of 𝐶𝐶𝑑𝑑 and 𝑒𝑒 can be calculated given by Equations 
[2 & 3]. 
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where 𝐴𝐴 = (1900. 𝛽𝛽 / 𝑅𝑅𝑒𝑒𝐷𝐷)0,8, M = 2𝑙𝑙2/(1- 𝛽𝛽), 𝑙𝑙1 = 𝐿𝐿1/𝐷𝐷1, 𝑙𝑙2 = 𝐿𝐿2/𝐷𝐷2, 𝐿𝐿1 (m) is the distance 
to the upstream tapping and 𝐿𝐿2 (m) is the distance to the downstream tapping. 
 

An analytical prediction of the value of ∆P is made through Equations 1 to 3 with two 
different fluid velocities. The results from empirical calculations can be seen in Table 2. 
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Table 2 - The analytical calculations 
Variables Values (𝒖𝒖𝟏𝟏) Values (𝒖𝒖𝟐𝟐) Units 
𝐷𝐷1  0.05 0.04 m 
𝐷𝐷2  0.025 0.020 m 
𝑢𝑢  30 36.75 m/s 
µ  0.018 0.018 Pa.s 
𝜌𝜌  1.225 1.225 kg/m3 
𝑅𝑅𝑅𝑅  102083 100042 - 
𝛽𝛽  0.5 0.5 - 
𝐴𝐴  0.15 0.152 m2 
𝐶𝐶𝑑𝑑  0.610 0.610  
𝑄𝑄𝑚𝑚  0.0722 0.0566 kg/s 
𝑃𝑃1  −  𝑃𝑃2  22202 33310 Pa 
𝑘𝑘  1.4 1.4  
𝑒𝑒  0.947 0.923  
𝑃𝑃1  −  𝑃𝑃2/𝑒𝑒  23457 36097 Pa 
 
2.3. Model Optimization 
Based on the validation results, it was recognized that the ISO requirements of 15 diameters 
upstream and 25 diameters downstream are not required in the model to calculate an accurate 
pressure and velocity profile across the orifice plate. Thus, to reduce the calculation time, the 
upstream and downstream lengths were reduced in a stepwise trial and error process that 
ensured that the accuracy of the results was not significantly reduced. 

Once the optimum horizontal extent of the model had been decided, the mesh size was 
studied to determine if fewer elements would provide sufficient calculation accuracy and 
stability. Therefore, the mesh edge sizing was changed from 1000 number of divisions to 500, 
250, and 100. The pressure profile along the longitudinal axis was used as an indication of 
mesh quality. 
 
2.4. High-Pressure Flow of CO2 
In this work the flow of high-pressure CO2 in the pipeline restricted by orifice plate is studied. 
A set of studies is conducted which has investigated the effect of the property calculation 
approach on pressure and temperature profiles for both air and CO2 as the operating fluids. 
Finally, the results of the Joule_Thompson (JT) effect are compared with the work of the 
reference study [1]. 
 
3. Results and Discussion 
Results are provided in two sections: first, a short summary of the validation and model 
optimization results is presented; second, a brief summary of the results for the modeling of 
high-pressure CO2 flow is presented. 
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3.1. Validation and Model Optimization 
The validity of the modeling method was partly determined by comparing the pressure profile 
along the wall of the simulation case with the calculated ∆𝑃𝑃/𝑃𝑃1. Furthermore, empirical 
calculations were performed to obtain the values of 𝐶𝐶𝑑𝑑 and ∆𝑃𝑃/𝑃𝑃1. Figure 5 shows the pressure 
profile alongside the wall of the pipeline, and Table 3 contains the details of the empirical 
calculations. 
 

 
Figure 4 - Pressure Profile in Pascal along the wall for the validation case illustrating 
∆𝑃𝑃/𝑃𝑃1 
 
Table 3 - Summary of validation results 

 CFD (ANSYS® Fluent) ISO Standard 
𝐶𝐶𝑑𝑑 0.6103 0.6058 

∆𝑃𝑃/𝑃𝑃1 0.2800 0.2571 
∆𝑃𝑃 (Pa) 35000 36100 

 
The generated results from the Figure 5 plot are presented in table 3, along with the 
comparison of the results of the simulation and reference study. It is to be noted that in the 
reference study the 𝐶𝐶𝑑𝑑 equivalent calculated by the model is back calculated.  

Table 3 shows that according to the reference article, the ISO value of 𝐶𝐶𝑑𝑑 should be 0.6058 
when 𝑅𝑅𝑅𝑅 =  105, and according to the empirical calculations, the has the value of 0.6103. 
This represents a good agreement (less than 1% error) between the two independent sets of 
calculations. The ∆P calculated is then 36 100 (Pa), which compares well with that calculation 
in the simulation. The validation results show reasonable agreement between ∆𝑃𝑃/𝑃𝑃1 value 
between the reference study and the simulation. 

After validating the model against the empirical correlations, several attempts are made to 
investigate if the length (size) of the model could be reduced whilst maintaining the accuracy 
of the results. Figure 6 shows how the velocity in the profile varies over the region around the 
orifice. 
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Figure 5 - Velocity contour around the orifice 
 

Based on the profiles shown in figure 6, a new model with an upstream distance of 30 mm 
and a downstream distance of 250 mm was constructed and tested for accuracy using the 
pressure profile along the wall to compare against the validation case.  

In this smaller model, a mesh edge sizing of 500 divisions was used to ensure that the 
resolution in the model was equal or better than that of the validation case. Figure 7 shows the 
pressure profile for the reduced length model and illustrates reasonable agreement compared 
to Figure 5. 

 
Figure 1 - Pressure Profile in Pascal along the wall for the Reduced Length (RL) 
case illustrating ∆𝑃𝑃/𝑃𝑃1 
 

Since the reduced length model had been shown to be accurate, a study was conducted to 
investigate if a reduction in the mesh density could be made whilst maintaining accuracy; thus, 
mesh edge sizing was changed from 500 to 250 and 100 number of divisions. 

The velocity profile for different mesh sizing is presented in Figure 8. Although the results 
show that the edge sizing with 250 and 100 number divisions maintains most of the features 
of the 500-element edge sizing, later simulation runs showed that this model was unstable in 
some cases and, therefore, the 500-element edge sizing is used in all of the subsequent 
modeling work. 
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(a) 

 

 

 
(b) 

 

 

 
(c) 

Figure 7 - Mesh sensitivity analysis and velocity contours for (a) 500 (b) 250 and 
(c) 100 number of edge sizing 
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3.2. Results for the Compressible Flow of Air 
Once the model size and mesh size had been optimized, the impact of the fluid properties 
model was investigated.  In the previous part of the analysis and the reference study, a constant 
density for air had been used. In Figures 9 and 10, the impact of specifying an Ideal Gas (IG) 
model for density and using the Peng Robinson (PR) equation of state (EOS) model are 
presented. 

The results presented in Figures 9 and 10 were generated using an inlet velocity of 36 m/s, 
corresponding to a maximum Mach of 0.9. They illustrate significantly different pressure and 
velocity profiles compared to the compressible flow of air, implying that the constant density 
assumption used in the reference study and the validation work is not sufficiently accurate to 
model the pressure profile through the orifice. Both the IG and PR models show that the 
maximum velocity is around 20 m/s higher than the constant density model, and the pressure 
drop is around double that calculated in the earlier work, which is reasonable given that 
∆𝑃𝑃 ∝ 𝑣𝑣2 according to Bernoulli’s equation. 
 

 
(a) 

 

 
(b) 

 
Figure 8. Air with Ideal Gas EOS and 0 MPa outlet pressure (a) Mach No. contour 
(b) pressure profile 
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(a) 

 

 
(b) 

Figure 9 - Air with PR EOS and 0 MPa outlet pressure (a) Mach No. (b) Pressure 
Along the Axis 
 
Although these results highlight inaccuracy in the constant density assumption used in earlier 
modeling work, they do agree very closely with each other, giving confidence in the accuracy 
of the compressible flow modeling basis. 
 
3.3. The compressible flow of CO2 and Joule_Thompson (JT) Cooling 
The modeling of CO2 was conducted on the basis of the results obtained for the compressible 
flow of air at low pressure. Initially, runs were made at low pressure and subsequently at 0.5 
and 2.0 MPa gauge pressures. Because CO2 has a substantially higher molecular weight 
compared to air and consequently a lower sonic velocity, the inlet velocity was reduced to 
avoid supersonic flow. All of the results presented in this section are correlated against the 
Mach number rather than velocity. 

Figure 11 shows the temperature profile for a constant Mach number in different operating 
gauge pressures. The JT cooling effect can be seen through the profile. The results show that 
more cooling occurs at higher pressure, where the absolute value of the pressure drop is higher 
given the same Mach number compared to lower pressure cases. The results also show that 
there is substantial variation in temperature across the diameter of the pipe downstream of the 
orifice. 
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The results also show that there is substantial variation in temperature across the diameter 
of the pipe downstream of the orifice. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 10. Impact of Pressure on Temperature at constant Mach = 0.5 & Pressure 
= (a) 0 MPa (g) (b) 0.5 MPa (g) (c) 2 MPa (g) 
 

Figure 12 presents the pressure and temperature plot for 2 MPa operating gauge pressure 
and Mach No. equal to 0.8 alongside the wall and symmetry axis for CO2 as operating fluid 
and using PR model as EOS. In Figure 12 (a) the instant pressure drop through the restriction 
can be seen. The pressure drop occurs with quietly same trend alongside the symmetry axis 
and the wall. Figure 12 (b) shows the temperature plot against the pipeline length for the 
symmetry axis and the wall. The temperature drop and JT cooling effect can be seen in through 
an instant reduction in the temperature value by CO2 flow passage through the orifice. In 
addition, the plots represent a JT coefficient curve of 10.8 K per MPa, which correlates well 
with the data presented by the reference study for 300 K and 2 MPa gauge pressure operating 
conditions. 
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(a) 

 

 
(b) 

Figure 12. CO2 with PR as the EOS, JT Effect at 2 MPa(g) and Mach = 0.8 (a) 
Pressure in MPa(g) along the wall and axis (b) temperature along the wall and axis. 
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4. CONCLUSION 
Within this work, a model for the flow through an orifice has been developed and optimized.  
The results of the model are verified against previous study work for incompressible flow, 
showing reasonable agreement with both empirical calculations and other published results. 
Application of the verified modeling approach for incompressible flow to compressible flow 
cases using both the IG equation and PR for density calculations revealed significant 
differences in the predictions for incompressible and compressible flow. However, a good 
agreement between the results for the IG and PR modeling basis indicates that the inaccuracy 
lies in the simplified compressible flow assumption used in the first part of the modelling 
work. This does not mean that the approach used in the verification work is fundamentally 
flawed, but rather that for the value of ∆𝑃𝑃/𝑃𝑃1 found in the verification work, the compressible 
flow assumption is not accurate. 

Using the PR EOS as the basis for property calculations and CO2 as the working fluid, 
further study was made for the temperature profile to associate with flow across the orifice. 
The results for the JT coefficient were correlated with other study work for cases where the 
outlet pressure was 2 MPa(g) and the inlet temperature of 300 K. The results showed good 
agreement between simulation results and reference study, providing a new validation of the 
modeling basis. 
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