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ABSTRACT

Multi-hole orifices have better performance than single-hole orifices. In this paper, multi-objective
optimization of multi-hole orifices is performed using a Fluid-Solid Interaction (FSI) analysis and multi-
objective genetic algorithm (NSGA I1). In all numerical analysis, the governing equations of the solid
and the governing equations of the fluid are carried out for orifice and fluid around orifice, respectively.
All calculations are made for a 16-hole orifice with circular holes. The design variable in the optimization
process is the distance between the holes of the orifice and thus the amount of shrinkage or expansion of
the orifice geometry. The objective functions are the pressure drop created on the sides of the orifice, the
deformation and tension created in the orifice structure, which should be maximized, minimized and
minimized, respectively. In the results section, the Pareto front are presented which represent useful
information for designing the multi-hole orifices geometry, and five orifices are also introduced as final
design options that have better performance. The results of the sensitivity analysis of the various

parameters are also presented and discussed in detail in the multi-hole orifices.

doi: 10.5829/ije.2021.34.08b.25

1. INTRODUCTION

Orifice is a device for measuring the mass flow rate of
fluid flow, which is a flat metal plate with one or more
holes and is installed perpendicular to the flow direction.
When the fluid passes through the orifice, due to the
decrease in cross-section, its velocity increases and its
pressure decreases. For different sizes of the orifice
plates, there is a direct relationship between the current
flow through the orifice plate and the pressure drop due
to the flow through the orifice plate. The orifice plate
usually has a thickness of about 1.61 to 1.4 inches, and is
usually positioned between two flanges interfaced with
two metal seals, and according to the diameter that is in
plate, they pass through a range of mass flow rates of
fluids. Figure 1 shows the location of the orifice in the
pipeline, and also shows how to calculate the mass flow
rates in the presence of orifice.
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Figure 1. The location of orifice and the general overview
of the fluid transition from orifice
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When the flow passes through the plate, its pressure
suddenly drops and this pressure drop continues to the
area called the lowest pressure (Vena Contracta). After
passing through this area, the flow pressure gradually
increases and after a distance of about 5 to 8 times the the
downstream area. Reducing fluid pressure during the
passing through the orifice is because of increased
velocity in this area, and when the velocity starts to
decrease, the pressure begins to increase in proportion to
this decrease.

For the first time, the Italian physicist Juan Venturi
used a pressure drop system to measure flow rates in
1797, which resulted in the development of a more
modern Venturi measuring system by Clemens in 1886
and from 1924 to 1935, laboratory experiments were
carried out by the American Gas Association and the
American Society of Mechanical Engineers (ASME) to
develop the orifice measurement systems for coefficients
and installation standards. Finally, in 1935, these two
associations jointly published a report entitled calibration
history, installation and performance of orifice
measurement systems and in 1991, the American
Petroleum Institute (API) published the standards for the
measurement of petroleum in Chapter 14, Part 3, in terms
of pressure difference method [1]. Krou and Sowa [2]
optimized the geometry of orifices for the flow of
mixtures in a cylinder in terms of the number of orifices,
hole diameter, and angle of the holes of the orifice using
experimental results. But, the behavior of the orifices has
not been investigated in simulation and numerical
solution. Also, the experimental results are not verified
by numerical solution. Zhang and Bodony [3] reviewed
numerical and linear acoustic modeling of flow in orifice
to reduce noise by numerical solution using Navier
Stokes equations and also using Fourier's law in heat
transfer. Badr et al. [4] predicted the dynamical behavior
of the flow of some orifices by calculating the fluid
dynamics using the vortex viscosity model k-€. The flow
characteristics were predicted and the effect of different
parameters such as flow velocity and erratic distance they
made it and the effects of various parameters such as flow
velocity and distance of orifices were investigated. Gan
and Riffat [5] conducted a study on the characteristics of
pressure drop in perforated orifices and plates. They
conducted experiments to determine the pressure drop for
a thin plate in a square duct for a number of Reynolds
numbers and investigated the effect of plate thickness on
pressure loss for orifices using Computational Fluid
Dynamics (CFD). Zhao and Zhang [6] presented a
general structural design method for multi-hole orifices
and its empirical application and said that in comparison
to single-hole and multi-hole orifices, single-hole orifices
have smaller sizes and different patterns of geometric
shapes and are more complex. This method first
introduces a comprehensive set of geometric
architectures that include the orifice setup criteria and

geometric parameters such as the total number of orifice,
the density of the distribution of orifice, and the
equivalent diameter ratio. They investigated a series of
different experiments with water flow to study the effect
of different geometric properties on the pressure drop and
finally presented an optimal model. Simpson and Ranade
[7] presented results of computational investigation into
cavitation in different orifice designs over a range of
operating conditions. Rainsford et al. [8] presented high-
speed photography to visualize fast-flame and detonation
propagation through a transparent round tube equipped
with repeating orifice plates, in stoichiometric hydrogen-
oxygen mixtures at initial pressures up to 60 kPa. Yu et
al. [9] presented experimental and numerical research on
the internal flow and spray behaviors with biodiesel for
elliptical orifice with large aspect ratio and circular
orifice of diesel nozzles, under high injection pressure
and backpressure conditions. Zhao and Zhang [10]
investigated the influences of supply pressure, orifice
diameter, film thickness and pressure ratio on the
pressure depression. Shan et al. [11] investigated the
effects of the orifice to pipe diameter ratio (defined as the
B ratio) on the flow field behind a thin circular square-
edged orifice plate. Moreover, some other researchers
have studied about geometry of orifices [12-14], physical
parameters of orifices [15-17], optimal conditions of
orifices [18-21] and different algorithms for optimization
methods [22-25] and numerical methods [26-28].

Based on available information, multi-objective
optimization of multi-hole orifices in the form of a
combination of FSI analysis and NSGA Il algorithm has
not been done so far. In this paper, multi-objective
optimization of multi-hole orifices is performed using a
Fluid-Solid Interaction (FSI) analysis and multi-
objective genetic algorithm (NSGA I1). In all numerical
analysis, the governing equations of the solid and the
governing equations of the fluid are carried out for orifice
and fluid around orifice, respectively. All calculations are
made for a 16-hole orifice with circular holes. The design
variable in the optimization process is the distance
between the holes of the orifice and thus the amount of
shrinkage or expansion of the orifice geometry. The
objective functions are the pressure drop created on the
sides of the orifice, the deformation and tension created
in the orifice structure, which should be maximized,
minimized and minimized, respectively. In the results
section, the Pareto front are presented which represent
useful information for designing the multi-hole orifices
geometry, and five orifices are also introduced as final
design options that have high performance.

2. DESIGN VARIABLES AND OBJECTIVE FUNCTIONS

The orifice examined in this paper is a multi-hole orifice
with 16 circular holes, shown in Figure 2.
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Figure 1. Overview of the 16-hole orifice and the fluid
passing through it

The only design variable for optimization in this
paper is the gap between the two holes of the orifice. The
orifice geometry, as shown in Figure 3, is bounded in
such a way that all the horizontal and vertical distances
of the orifice holes are equal. Therefore, the orifice can
be opened or folded symmetrically in an optimization
process.

The objective functions are the pressure created on
the sides of the orifice, the deformation and tension
created in the orifice structure, which should be
maximized, minimized and minimized, respectively.

Flowchart of MOO process is depicted in Figure 4.

3. NUMERICAL MODELING

3. 1. Grid Generation Due to the FSI analysis, the
grid should be produced for separate fluid and solid.
Figure 5 shows the view of the generated grid. It has been
attempted to produce the best and most high-quality grid
after conducting the grid independency test, especially in
areas with high gradients. By changing the design
variable, the grid can automatically adapt itself to the new
geometry in the optimization process. There are
approximately 800,000 elements in the produced grids.

3.2.Governing Equations  The flow of fluid in the
pipes is mainly turbulent. The governing equations in the
turbulent flow in the fluid are as follows:

Figure 3. The distance between two orifice holes as an
optimization design variable
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Figure 2. Flowchart of MOO process
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Figure 3. Mesh generation in FSI analysis

Continuity:

V.(pV) =0 (1)
Momentum:

V.pVV)=-Vp+V.(t—1) + pg 2

Kinetic energy of turbulence:
V.(oVk) = V. [(u + Z—;)Vk] +G - pe @)
turbulence loss rate:

V.(pVe) = V.[(u+ ) Ve| +£ (16 — Cope) 4)

3. 3. Boundary Conditions Mass flow rate and
the turbulence rate are specified at the inlet of the orifice,
and there is a specific pressure at the output. The wall
boundary condition is also used in walls. Fluid and solid
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exchange data for the calculation of tension and
displacement of the wall.

4. RESULTS

In this paper, multi-objective optimization of multi-hole
orifices performance is performed using a FSI analysis
and multi-objective genetic algorithm. In this section, the
associated results, including the Pareto front, are
presented. The optimization process can be expressed
mathematically according to the following equation:

Maximize AP = f (D)
Minimize o = f,(D) ®)
Minimize &= f,(D)

To validate numerical simulations, various data
including pressure drop with the standard governing
orifice, which is 1SO 5167, were compared and a good
agreement was observed with an error of less than 9%.
Therefore, numerical simulations can be used to carry out
a multi-objective optimization process of multi-hole
orifices. Pressure drop contour in fluid and deformation
and stress contour in the structure are shown in Figure 6
as a sample of numerical simulations performed.

After 250 numerical simulations, as shown in Figure
7, the Pareto front showing changes in pressure drop and
deformation is shown in Figure 8. As is clear, all the
results representing an independent and unique orifice,
are completely non-dominate to each other, and when
moving from an orifice to another orifice, one of the
objective functions gets better and the other gets worse.
In Figure 8, five points have unique characteristics. As
shown in Figure 9, the front section of the deformation of
the orifice is shown for points A to E. Orifices have the
minimum and maximum deformation in A and E,
respectively. Also for more recognition on the flow field,
the way of fluid passing is shown in Figure 10 from 16-
hole orifice for points A to E.
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Figure 6. A sample of deformation and tension contours in
the orifice and pressure drop in the fluid in a 16-hole orifice
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Figure 4. Sample of 250 numerical simulations performed
in the multi-objective optimization process
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Figure 5. Pareto front: pressure drop vs. maximum
deformation
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Figure 6. Deformation contour for the five points indicated
in the Pareto front
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Figure 10. Fluid flow from orifice for the five points
indicated in the Pareto front
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In Figure 8, the design points A and E stand for the
best & (strain and deformation) and the best AP
respectively. Moreover, the other optimum design points,
B and D can be simply recognized from Figure 8. The
design point, B presents important design concepts. In
fact, optimum design point B obtained in this paper
exhibits an increase in deformation (about 12.3%) in
comparison with that of point A whilst its pressure drop
improves about 43.9%, similarly optimum design point
D exhibits a decrease in pressure drop (about 8.2%) in
comparison with that of point E whilst its deformation
improves about 38.3%. Points B and D which known as
break points can only be identified by the multi-objective
optimization approach used in this paper.

There are some interesting design facts which can be
used in the design of multi-hole orifices. It is clear from
these figures that D is constant from points A to B and
from D to E and varies with quadratic relation between
points B and D. These useful relationships that
indefeasible between the optimum design variables of
multi-hole orifices cannot be discovered without the use
of multi objective Pareto optimization process presented
in this paper. It is now ideal to find optimal design points
that are compatible with both functions. This can be
achieved by the method employed in this study, namely,
the mapping method [23]. In this method, the values of
objective functions of all Pareto points are mapped range
0 and 1. Using the sum of these values for each Pareto
point, the trade-off point simply is one having the
minimum sum of those values. As a result, optimum
design point C is the trade-off points which have been
obtained from this method.

In a post CFD investigation, the design points of the
Pareto front obtained by the optimization process are re-
evaluated by CFD. The results of such CFD analysis re-
evaluations have been compared with those of numerical
results using the optimization method in Table 1. As seen
the optimization process agree well with the CFD results
with error less than 3%. This shows the accuracy of the
optimization process from start to the end.

The Pareto front obtained from the optimization
process (Figure 8) is mounted with the corresponding
CFD simulation results in Figure 11. From this figure it
is clear that such a Pareto front is the best possible
combination of CFD data target values, which shows the
effectiveness of this paper in obtaining the Pareto front.

Figure 12 shows the sensitivity analysis of the
distance between the orifice holes on the functional
functions of the orifice, such as pressure drop,
deformation, tension and strain. As it is known, the
highest sensitivity among the functional functions is the
tension and strain and the low sensitivity is the pressure
drop.

In the results section, the Pareto front, which
represent useful information for designing the multi-hole
orifice's geometry, were presented, and five orifices that
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have better performance are also presented as final design
options, with details of their flow in Table 2 and their
figures were shown in Figures 8 and 9. The design points
A and E were stand for the best ¢ and the best AP.

TABLE 1. Re-evaluation of the obtained optimal Pareto front

using CFD
Pressure drop (bar) Deformation (um)
Point
Pareto CFD E(Z/:Sr Pareto CFD E(:;/:Sr
A 8.86 8.96 1.18 3.15 3.24 2.88
B 10.03 9.81 -2.16 5.12 5.23 2.13
C 10.09 10.28 1.89 7.50 7.40 -1.32
D 11.30 11.63 2.92 1299 13.38 2.98
E 11.52 11.73 1.82 19.11 1890 -1.11
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Figure 11. Overlapping of numerical results and the Pareto
front that indicate the correctness of the optimization process
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Figure 7. Sensitivity analysis results

TABLE 2. The values of objective functions and their
associated design variables of the optimum points

Design I .
variable Objective functions
Point i
D (mm) Pressure Maximum Deformatio Mt?:s?:;m
in *106
drop (bar) strain *10 n (um) (N/m?)*10°
A 41.94 8.86 30.0 3.15 6.0
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B 41.76 10.03 30.8 5.12 6.1
C 39.39 10.09 47.9 7.50 9.5
D 32.27 11.30 94.8 12.99 18.9
E 26.07 11.52 126.9 19.11 253

Moreover, optimum design point B obtained in this
paper exhibits an increase in deformation (about 12.3%)
in comparison with that of point A whilst its pressure drop
improves about 43.9%, similarly optimum design point
D exhibits a decrease in pressure drop (about 8.2%) in
comparison with that of point E whilst its deformation
improves about 38.3%.

5. CONCLUSION

Multi-hole orifices have better performance than single-
hole orifices. In this paper, multi-objective optimization
of multi-hole orifice function was performed using a FSI
analysis and multi-objective genetic algorithm. In all
numerical analysis, the governing equations of the
structure for orifice and the governing equations for the
fluid were carried out for the fluid around orifice. All
calculations were made for a 16-hole orifice with circular
holes. The design variable in the optimization process
was the distance between the holes of the orifice and thus
the amount of shrinkage or opening of the orifice
geometry. The objective functions were the pressure drop
created on the sides of the orifice, the deformation and
tension created in the orifice structure, which should be
maximized, minimized and minimized, respectively.

Also, the sensitivity analysis of the distance between
the holes of orifice on the functional functions of the
orifice was performed and it was observed that among the
functional functions, the most sensitivity was tension and
strain, and the least sensitivity was the drop in pressure
relative to the changes in the distance between the holes
of orifice.
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