(Libyan Journal of Contemporary Academic Studies) 3_yabaall d1aalSY1 bl jall 4plll sl

CFD-Based Investigation of Flow Through an Orifice Plate Meter
under Different Conditions

Esam Hamza ", Ahmed Khalifa 2, Anas Geri 2, Nasreddin Al-Zalitani 4,
Abdulgader Alsharif 5, Hamza Aagela®
1.2,3.4 Department of Mechanical and Industrial Engineering, Faculty of Engineering, University of Tripoli,
Tripoli, Libya
5> Department of Electrical and Electronic Engineering, College of Technical Sciences, Sebha, Libya
Department of Engineering, School of Computing and Engineering, University of Huddersfield, Huddersfield,
United Kingdom
*Corresponding author: es.hamza@uot.edu.ly

Aatil) o) (e e RN Anloal) g gal) Gl o e (Bl
ddlida Cig yl 3B 4

4‘;'\}:...\3)'3\ SO Cpdll pan 63L§ﬁ ‘;ul.u u.u\ 62343..3]'; e.\S;l\ e daal c*IB}A; dasa 61.\49
Oalde 5 jaa Sy pill Gaua I 2
L oyl € el Tl it &S el S gl 4321
L el il hal) 20K ¢ IV Al 1) il 9
sasviall A<laall cabidis joa ol joa dzala Awighl sl hJM i) V“'é 6

Received: 03-04-2025; Accepted: 28-05-2025; Published: 08-06-2025

Abstract:

Orifice plate meters are widely used for flow rate measurement in pipelines but their accuracy can be significantly
affected under turbulent flow conditions. This study investigates the performance of orifice plate meters under
turbulent flow conditions using a two-dimensional Computational Fluid Dynamics (CFD) model. The influence
of orifice beta ratio (the ratio of orifice diameter to pipe diameter), surface roughness, and fluid type (water, air,
and oil) on the discharge coefficient (Cq4) and pressure drop was analyzed through 45 simulations. Results show
that increasing the beta ratio (0.42~0.58) increases the discharge coefficient (Cq) and reduces pressure drop for all
fluids, improving flow efficiency. Surface roughness had negligible impact on (Cg) at Reynolds number = 50,000,
while velocity profiles remained consistent across fluids, with maximum velocity decreasing at higher beta ratios.
Vortex formation at the outlet diminished with increasing beta ratios and disappeared entirely at the highest beta
ratio value. Velocity and pressure contours show the effects of these parameters on (Cy), illustrating the
performance of orifice plate meters in turbulent flow scenarios.
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Introduction

An orifice is a precisely designed opening in a plate, which is used for measuring, monitoring or controlling fluid
flow rates, commonly employed in various industrial applications such as oil and gas, chemical processing, and
water treatment. While its construction appears simple—consisting of a metal plate with an orifice at its center,
positioned between flanges with pressure tapings located along the pipe walls—its design and construction is
more intricate than it seems, and the flow behavior it produces is highly complex. Although the behavior of the
orifice plate can be predicted, these predictions rely on experimental data. Typically, the inlet flow is turbulent
as it approaches the orifice plate. An upstream pressure tapping, located one pipe diameter before the orifice plate,
measures the static pressure at the pipe wall, see Figure 1. Near the plate, the flow converges toward the orifice,
creating a recirculation vortex around the plate's outer edge. As the flow passes through the orifice, its inward
momentum causes a submerged jet to form downstream. This jet narrows to a smaller cross-section than the orifice
itself, referred to as the vena contracta, which is the jet's narrowest point. Surrounding this jet is a larger
recirculation zone. A downstream pressure tapping, positioned beyond the orifice, detects the pressure in the vena
contracta through this recirculation zone. Further, downstream, the flow undergoes diffusion, accompanied by
significant total pressure loss. The introduction should be typed in Times New Roman with font size 10. Author
can select Normal style setting from Styles of this template. The simplest way is to replace (copy-paste) the content
with your own material. In this section, highlight the importance of topic, making general statements about the
topic and presenting an overview on current research on the subject. Your introduction should clearly identify the
subject area of interest.
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Figure 1: Geometry and flow patterns around the orifice plate flowmeter [1]

The published works in current literate conducts experimental studies to evaluate how the beta ratio (B) and
Reynolds number (Re) affects the discharge coefficient (Cq) of orifice flowmeters. Using a closed-loop pipe
system with adjustable orifice plates. Results showed a positive linear relationship between Cd and B, and a
curvilinear relationship between (Cg) and (Re) [2, 3, 4, 5, 6].

Computational Fluid Dynamics (CFD) modelling is used for studying various aspects of orifice-plate performance
and presents comparisons between CFD predictions and test data from experimental validations, Barton, N., et al
[7], achieved by numerically modelling the fluid flow through the plate.

Understanding the flow dynamics through the orifice plate are required under different conditions, Abed, N., et
al. [8], examined turbulent airflow through a small circular hole plate using CFD simulations in ANSYS Fluent,
the study parameterized the effects of Reynolds number and the ratio of hole diameter to pipe diameter.

ANSYS Fluent also was used in Diiz, H. [9], to model Conical Entrance Orifice Meters (CEOMSs) with varying
cone angles and beta ratios under turbulent, steady state, and incompressible flow conditions.

While Singha, R. K., et al. [10], analyzed the performance of orifice plate assemblies under non-standard
conditions using CFD. The study investigated the impact of plate thickness and diameter ratio on the discharge
coefficient (Cq) and the pressure loss coefficient (CL).

Filardi, M., et al. [11], conducted an evaluation on how the geometry of orifice plates influence the discharge
coefficient (Cq) using Polyvinyl chloride (PVC) pipes with varying orifice diameters and edge geometries.
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Therefore, Computational Fluid Dynamics (CFD) analyses play a vital role in the design, operation, and safety of
crucial devices, such as orifice plate flowmeters, within nuclear reactor cooling systems. Mohamed, S. B., et al.
[12] developed a mathematical model based on Bernoulli's equations, which was calibrated to achieve a specific
target flow rate. Their research successfully identified the optimal beta ratio (B), ensuring the design met the
required flow rate and pressure drop criteria under varying operational conditions. The findings revealed that an
orifice plate design with a specific beta ratio (B) emerged as the optimal configuration for this application.

Thus, in this study, a numerical model of the orifice plate meter, originally developed by Manu, B., et al. [13], is
rebuild for the purpose of conducting a wide investigation of the flow characteristics within the orifice plate meter
under varying conditions, including different geometry, materials, and fluid types, using the commercial CFD
software, ANSYS.

Material and methods
The methodology involves building a two-dimensional (2D) numerical model, which begins with defining the
geometry of the system, followed by the creation of a computational mesh to enable accurate simulations. The
two-dimensional (2D) axisymmetric simulation is an efficient and time-saving computational fluid dynamics
(CFD) technique when the flow is axisymmetric. In other words, for axisymmetric or symmetric flow, 2D
simplifies the problem by reducing computational complexity while still capturing the dominant flow physics
which are the essential flow characteristics like velocity distribution and pressure drop. It is worth mentioning that
in the upstream of the orifice plate, the flow is likely axisymmetric while it is approximately axisymmetric through
the orifice[14],. The model is validated by comparing results with established experimental data. Steady-state
modeling is employed to analyze the pressure and velocity fields within the orifice plate setup. Subsequently, the
performance of the orifice plate is calculated based on these results. This process is repeated for different scenarios
by varying parameters: the beta ratio (B), the pipe material (accounting for roughness), and the type of fluid.
Beta Ratio (B) expressed as a decimal value ranging between 0.42—0.58 to ensure sufficient pressure differential
for accurate flow measurement, control of flow separation, compatibility with empirical discharge coefficient
correlations validated in this range. Referencing 1SO 5167 [15], which recommends (B) ratios between 0.2-0.75
for orifice plates, lower () values cause excessive pressure loss, while higher (B) values reduce sensitivity.
Model SST k-w use roughness to replicate turbulent boundary layer behavior hence the SST k- model can be
used as a Low-Re turbulence model without any extra damping functions. The roughness values represent low
roughness of a well-maintained system or that of a cast iron, medium roughness simulates scaling in water
pipelines, and high roughness of an untreated concrete or a severely eroded pipeline.
Avrises from its compressibility and fluid-specific adjustments, whereas liquids exhibit stronger B sensitivity due
to their incompressible
As illustrated in Figure 2, the integral orifice plate consists of three zones. The geometry is modeled with an
orifice diameter (d) of 25 mm, a pipe diameter (D) of 50 mm, a beta ratio (B) of 0.5, and a plate thickness (t) of
2.5 mm. The upstream and downstream sections are extended for lengths of 10D=500 mm and 15D=750 mm,
respectively, as per the model parameters specified by the referenced study [13].
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Figure 2: Computer-aided design of an integral orifice plate consists of three zones.

The accuracy and computational efficiency of the 2D simulations rely on the resolution of the computational
grid. A two-dimensional mesh is employed, featuring a dropped mesh configuration to accommaodate midsize
nodes of the orifice plate geometry. The size function is set to proximity, with coarse relevance center and
medium smoothing applied. The minimum edge length is defined as 2.5 mm. The flow domain, encompassing
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the integral orifice plate, is discretized into 383,861 mesh elements and 366,793 mesh nodes. An overview of
the discretized flow domain is depicted in Figure 3, where a plan view is presented.
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Figure 3: Two-dimensional (2D) CFD model grid in the XY plane.

Boundary conditions were defined as: a no-slip wall boundary condition, an inlet boundary condition velocity
specified as a constant in the x-direction, and an outlet boundary condition as a constant to represent an open
outlet allowing the fluid to exit freely without constraints. The two-equation eddy-viscosity model, shear stress
transport (SST) k-o turbulence model, is applied within the inner boundary layer suitable as a low-reynolds
turbulence model without requiring additional damping functions. Adopting a convergence criterion of 10-6,
ensuring highly accurate numerical solutions. Using a turbulence model and flange pressure tapings, the
differential pressure is measured to calculate mass flow rate, density, and the geometrical properties of the orifice
meter,

The flow through the standard square-edged orifice plate was analyzed, and the results were compared to the
standard values specified in ISO 5167 [15]. The numerical model was validated against experimental data [15];
Figure 4 shows a maximum error of 8.11% and a minimum error of 2.39%.
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Figure 4: Discharge coefficient (Cq) variation using 1SO standards and CFD simulations.
These errors fall within acceptable limits that establish the numerical model as reliable for the investigation [16,
17]. The coefficient of discharge (Cq) was calculated using the formula provided in 1SO 5167 [15], which is based
on the Reader-Harris/Gallagher equation:
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106 ,82
Cq = 0.5961 + 0.0261 % - 0.0261 f*+ 0.000521
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The analysis focuses on examining the pressure and velocity fields for various fluids flowing at a constant inlet
velocity, considering different surface roughness levels. Throughout Numerical experiments, the pipe diameter
fixed at 50 mm. The study explores five orifice plate diameters: 21 mm, 23 mm, 25 mm, 27 mm, and 29 mm.

Three fluid types, coded as water (density: 1000 kg/m3), air (density: 1.225 kg/m3), and oil (density: 803.5 kg/m3).
In addition, three surface roughness levels as 0.08, 0.5, and 0.9.

— 0.123 e 7L1)(1- 0.11 A) ( ) — 0.031 (M1 - 0.08 M11.1)B13

Results and discussion

Figures 5, 6, and 7 illustrates the relationship between (B) and (Cg) for various fluids.
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Figure 5: The discharge coefficient (Cd) as a function of beta ratio () for water flow at constant roughness
values at (from top to bottom) 0.08, 0.5, and 0.9
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Figure 6: The discharge coefficient (Cd) as a function of beta ratio (f) for oil flow at constant roughness values
at (from top to bottom) 0.08, 0.5, and 0.9

The data reveal an upward trend, with the discharge coefficient (Cq) increasing as the beta ratio (B) increases. The
maximum (Cgq) value of 0.58 is observed for an orifice diameter of 29 mm, corresponding to (Cq) values of 0.6393,
0.5612, and 0.0224 for water, oil, and air, respectively.

The discharge coefficient (Cq) generally increases with a higher beta ratio (). However, unlike water and oil, the
(Cq) values for air show only a slight increase with increasing beta ratios, irrespective of roughness levels.
Moreover, the roughness does not significantly affect the discharge coefficient for air due to the compressibility
nature of air. For water and oil, roughness has minimal impact on the discharge coefficient at a Reynolds humber
(Re) of 50,000. Similar results were reported by Rahman (2009) [7], and 1SO 5167 [15].

The velocity profile “contour” results reveal an inverse relationship between the orifice diameter and fluid
velocity. Figure 8, shows a simulation of the flow of three fluids (a) water, (b) oil, and (c) air through an orifice
plate with a beta ratio of 0.42.
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Figure 7: The discharge coefficient (Cd) as a function of beta ratio (B) for airflow at constant roughness values
at (from top to bottom) 0.08, 0.5, and 0.9
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Figure 8: Velocity contours of flow at a beta ratio of B = 0.42 for (from top to bottom) water, oil, and air.

As fluids approach the constriction, the velocity increases due to a sudden rise in pressure caused by the reduced
cross-sectional area. Fluids exiting the orifice exhibit a sharp velocity increase compared to the inlet. Furthermore,
the velocity distribution across the pipe’s cross-section is non-uniform, with the highest velocity concentrated at
the center.

Water, oil, and air displayed similar velocity profiles, particularly near the orifice exit. The maximum velocities
were 9.35 m/s for water, 9.23 m/s for oil, and 9.23 m/s for air. Increasing the orifice diameter resulted in a
reduction in fluid flow velocity, aligning with the continuity equation. At this beta ratio, vortex formation was
observed farther downstream compared to a beta ratio of 0.42, with the vortices being less pronounced, allowing
the fluid to travel further and interact with the pipe walls in @ more uniform manner.

An increase in the beta ratio to 0.5, as seen in Figure 9, caused the formation of vortices to be nearly eliminated,
leading to a smoother fluid flow.

The maximum velocities recorded for water, oil, and air at this diameter were 6.38 m/s, 6.37 m/s, and 6.37 m/s
respectively. The velocity profiles of water, oil, and air exhibit similar patterns, particularly near the orifice exit.
Increasing the flow area, Figure 10, to a beta ratio of 0.58 led to greater variations in fluid velocity, with the fluids
traveling a shorter distance compared to smaller beta ratios. The velocity gradient across the flow field also
became less pronounced. This is evident in the case of water, where the maximum velocity was recorded at 9.35
m/s for an orifice diameter of 21 mm. As the orifice diameter increased, the velocity gradually decreased, reaching
the lowest value of 4.63 m/s at an orifice diameter of 29 mm.
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Figure 9: Velocity contours of flow at a beta ratio of f = 0.5 for (from top to bottom) water, oil, and air
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Figure 10: Velocity contours of flow at a beta ratio of = 0.58 for (from top to bottom) water, oil, and air.

It was observed that the fluid velocity decreases as the diameter of the orifice increases-an inverse relationship
between orifice diameter and velocity.

The velocity profiles for water, oil, and air appear to converge at the extremes of the diameter range, indicating
that the velocity differences between water, oil, and air diminish at the smallest and largest measured diameters.
Pressure lines, Figure 11, illustrate the distribution of pressure within a fluid system. A significant pressure drop
occurs between the inlet and outlet of the orifice, due to the Bernoulli principle. As the fluid accelerates through
the constricted cross-sectional area of the orifice, its pressure decreases.

Increasing the beta ratio results in a greater pressure drop at the orifice outlet. This occurs because a reduction in
the cross-sectional area of the inlet leads to an increase in fluid velocity.
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Figure 11: Pressure contours of flow at a beta ratio of B = 0.42 for (from top to bottom) water, oil, and air.

Throughout the flow path, Figure 12, the highest pressure is observed at the orifice inlet, while the lowest pressure
occurs at the throat—the narrowest section of the orifice. As the fluid passes through the throat, it accelerates,
resulting in a pressure drop. Beyond the throat, the flow path widens, causing the fluid velocity to decrease and
the pressure to gradually rise until it stabilizes at the outlet.
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Figure 12: Pressure contours of flow at a beta ratio of f = 0.5 for (from top to bottom) water, oil, and air.

Narrowing the throat opening results in a higher fluid velocity and a greater pressure drop. However, with an
increased beta ratio, the orifice contraction becomes less severe, leading to a less abrupt change in velocity and a
smoother pressure gradient. As beta increases, the pressure drop becomes less influenced by changes in inlet
velocity. Additionally, the pressure distribution within the tube transitions from being concentrated to exhibiting
a more dispersed pattern. Figure 13 illustrates the flow through the orifice plate at a beta ratio of 0.58. In this part
of study the incompressible flow through integral orifice plate assemblies is simulated or analyzed and results are
compared with the experimental results reported in the literature. For this purpose, the experimental data reported
in ISO 5167 [15].

Numerical experiments revealed that increasing the beta ratio of an orifice plate to 0.58—the highest value
tested—resulted in a more even pressure distribution across the plate, rather than concentrating it at a single point.
This phenomenon occurs due to the larger throat diameter associated with higher beta ratios, which reduces flow
restriction. As a result, the pressure drop (AP) at the plate outlet decreases. Consequently, the pressure gradient
along the flow path (6P/0x) becomes less pronounced, leading to a more uniform pressure distribution throughout
the pipe. These research findings are supported by ISO 5167 [15] experimental data.
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Figure 13: Pressure contours of flow at a beta ratio of B = 0.58 for (from top to bottom) water, oil, and air

Conclusion

In conclusion, the numerical experiments demonstrated that an increase in orifice diameter and beta ratio leads to
a decrease in fluid pressure and an increase in the discharge coefficient (Cq). For all three tested fluids-water, oil,
and air-this trend was consistently observed. The highest-pressure values were recorded at the smallest orifice
diameter of 21 mm, with 3.33 x 10* Pa for water and 3.4 x 10* Pa for oil and air. The pressure decreased steadily
as the orifice diameter increased, reaching the lowest values of 6.99 x 103 Pa for water and 6.83 x 102 Pa for oil
and air at a diameter of 29 mm.

The discharge coefficient (Cq) increased with the beta ratio for all three fluids, with the most pronounced trend
observed in water, where (Cq) rose from approximately 0.61 at a beta ratio of 0.42 to around 0.64 at a beta ratio
of 0.58. Surface roughness had minimal impact on (Cg), these findings optimize orifice meter design by
demonstrating that increasing the beta ratio (f)—achieved through a larger orifice diameter relative to the pipe
diameter—enhances the discharge coefficient (Cq), improving flow measurement accuracy, while velocity profiles
for the fluids displayed similar characteristics near the orifice exit. The results also revealed an inverse relationship
between orifice diameter and fluid velocity, as well as between velocity and pressure. Furthermore, a lower beta
ratio resulted in a greater pressure drop, minimizing the orifice meter pressure loss, by choosing optimal beta ratio,
reduces the energy consumption of industrial facilities and pipelines.
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Overall, the study highlighted the dependence of discharge coefficient (Cg), velocity range, and pressure range on
the beta ratio (B) for all three fluids, providing valuable insights into flow behaviour through orifice plates under
varying conditions.

Future work will involve expanding parametric analyses to broader Reynolds numbers, roughness values, beta
ratios, and diverse fluids, external temperature effects on fluid viscosity and flow to further extend the
investigation. Transitioning to 3D simulations would improve flow visualization and measurement for real-world
case studies, affecting fluid dynamics research.
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