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Ejectors offer a cost-effective and practical solution for recovering flare
gases, thereby reduce greenhouse gases. Improving the entrainment rate
of the secondary fluid can enhance the performance of ejectors. The
objective of this research is to identify the optimal geometry of the
gjector to maximize the absorption rate of the secondary fluid.
Computational fluid dynamics are used to evaluate a two-phase ejector.
The geometric parameters such as the diameter and length of the throat,
nozzle diameter, and converging and diverging angles impact the
absorption rate of the secondary fluid. By using a multi-objective genetic
algorithm, the optimal values for all parameters are obtained. The
results show that reducing the length and angle of the throat of the
converging section, as well as the nozzle diameter, leads to increased
absorption. In contrast, the throat diameters and angle of the divergent
section increase absorption. Additionally, the energy efficiency is
investigated in basic and optimized geometries. The findings reveal that
increasing the soak range does not necessarily enhance the energy
efficiency.
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1. Introduction

gas instead of its recovery. The flaring system

The term "flaring"” encompasses two concepts:
(@) the combustion of flammable gases from
equipment and parts removed from various oil
and gas refineries and petrochemical
complexes, and (b) the continued burning of

is responsible for emitting the largest quantity
of environmental pollutants [1, 2].
Researchers have proposed different
methods and techniques to reduce and recover
the gases sent to the flare. Some authors have
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dedicated their focus to modifying production
in general, i.e., gas production units in
particular, to reduce the amount of gases
transferred to the flare [3, 4]. Recovering flare
gases is another approach to the reduction of
the greenhouse gas emission [5-13]. The use of
certain systems for the gas compression can
reduce the flaring rate. Therefore, gases can be
collected and recovered.

It is of note that the application of an ejector
IS one way among many to recover the flare
gas. Leagas et al. [14] focused on the cost-
effectiveness and efficiency of the ejector
technology for recovering the flare gas. Ainge
[15] demonstrated that a compressor could
best be used as an efficient technique to
recover the flare gas. The author discussed the
use of the ejector technology as an alternative
to the rotary-type compression equipment.
Mazumder et al. [16] presented a new
approach that involved combining the ejector-
based flare gas recovery method with the
developed thermal vapor compression method.
Eshaghi and Hamrang [17] utilized the gas-gas
ejector as an alternative to the compressor.
Bashiri et al. [18] designed a syngas
purification system derived from integrated
biomass with certain modifications. Ainge and
Al-Khateeb [19] reviewed the latest advances
in the ejector technology and studied its use as
a compressor for the flare gas recovery.
Researchers have used the ejector in these
networks instead of other compressors and
examined their cost-effectiveness from a
technical point of view. The results suggest
that utilizing ejectors for recycling the flare gas
can provide economic benefits and energy
savings. Nevertheless, researchers have not
extensively investigated the influence of the
gjector's geometrical parameters on its
performance.

Ejectors are widely used in the chemical
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industry for the suction, compression, transfer,
or mixing of both fluids and solid particles [20-
25]. Depending on requirements and demands,
there are different ways to design and optimize
ejectors. One way is to increase the
entrainment rate of the secondary fluid,
referred to as the intensity of the mixture of
two substances, or the transfer of fluid from a
low-pressure area to a high-pressure area. The
most important objective of this research is to
increase the entrainment rate of the recovery
gas.

Initially, the performance of ejectors is
analyzed based on one-dimensional classical
gas dynamics. Subsequently, this theory was
further modified to incorporate the loss
coefficients in the mixing chamber, nozzle,
and diffuser. However, the geometry of the
ejector remained unchanged in this analysis
[26]. The development of numerical methods
has encouraged researchers to utilize methods
that involve computational fluid dynamics.
Researchers utilized the computational fluid
dynamics (CFD) method to study the flow in
ejectors and optimize their performance.
Sriveerakul et al. [26] studied the effects of the
functional  conditions and geometrical
properties of ejectors on their performance.
Yadav and Patwardhan [27] optimized the
geometry of the ejector suction chamber using
the computational fluid dynamics method.
Galanis and Sorin [20] presented a one-
dimensional  thermodynamic  model to
investigate the behavior of ejectors and
determine the highest possible compression
ratio for the given inlet conditions, mass flow
rate, and suction fluids. Wang et al. [21]
employed CFD to optimize the primary
geometry of the nozzle and showed that the
performance of the ejector was highly
dependent on the length and angle of the
divergence. However, their findings only
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focused on optimizing the geometry of the
nozzle section. Suvarnakuta et al. [23]
employed computational fluid dynamics to
investigate the performance of a steam ejector
in refrigeration systems and to enhance the
operational flexibility and coefficient of the
performance.

After reviewing past research, the following
points caught our attention:

v One-dimensional ~ mathematics  was
conducted in past research to model
ejectors.

v/ The efficiency of steam ejectors in
refrigeration systems was optimized in
past studies that were limited to specific
operating conditions.

v’ Past research merely investigated the
specific parts of the geometry of the
ejector, such as the suction part.

v The technical and economic effects of
using ejectors instead of other
compressors in the recovery of the flare
gas were investigated.

The current research investigates the use of
gas-liquid ejectors in the recovery of the flare
gas through computational fluid dynamics
simulations. We optimized the diameter and
length of the throat, as well as the diameter and
angles of the nozzle (convergent and
divergent) using a multi-objective genetic
algorithm to achieve the maximum
entrainment rate of the secondary fluid.

2. Simulation using computational fluid
dynamics

In a two-phase (liquid-gas) ejector, a high-
velocity liquid enters the ejector through the
primary inlet and generates a low-pressure
region in the throat. The pressure gradient
between the nozzle tip and the inlet section of
the secondary fluid causes it to generate the

force necessary to absorb the gas (secondary
fluid) [27]. Researchers frequently use Euler-
Lagrange and Euler-Euler approaches to
model two-phase flows. In the second method,
all phases are considered continuous [28, 29].
Yadav and Patwardhan [27] proposed an
Euler-Eulerian (mixed model) approach to
simulate the liquid-gas ejector. The governing
equations for transient multiphase flow are as
follows [30-33].

The mass conservation equation (continuity)
for each phase is given below:

d
3t (akpx) + V. (o prug) = Sk 1

Conservation of the momentum for each
phase:

0
3t (agprug) + V. (o prugug)

= — Vpg
+V. (akuk(Vuk (2)

+ (Vuk)T)) + g
+ Mg

where py, oy, and uy represent density, volume
fraction, and phase velocity respectively. Sk
indicates the rate phase production between
different phases. Parameters py, Mg, and g
express the pressure, viscosity, and
gravitational acceleration of the phase k
respectively. Mk is the sum of surface forces
including lifting, drag, turbulence dispersion,
wall lubrication, and virtual mass. The virtual
mass is negligible compared to other forces for
multiphase flows under stable conditions [34].
Therefore, in the present work, the effects of
this force are neglected.

By considering the continuity and
momentum equations for all phases, the
mixture momentum conservation is obtained
below:
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d
a (pmum) + V. (pmumum)

=—Vpm
+ V. (Um (Vum 3

+ (Vum)T)) + Pm8

+ My,
where the subscript m indicates the quantity
related to the mixture. The secondary velocity
(s) corresponding to the primary phase (p), also
known as the relative velocity or slip to face, is
defined [27, 35].

usp = uS - up (4)

In this research, the Fluent software is used
to simulate the two-phase flow in the ejector.
In this software, the sliding speed provided by
Manninen et al. [36] is employed here.

ts (Ps — Pm) o
us":F_a( Ps )3 ©)
The drag force (Fd) can be calculated

through the following equation [21, 29].

_ {1 +0.15 (Re)%-687

Re <1000 (6)
0.0183

Re > 1000

where Re represents the Reynolds number.
This equation, which utilizes user-defined
functions and is introduced to the Fluent

software, takes the form of
DEFINE_VECTOR_ EXCHANGE_
PROPERTY.

3. Verification of the results of
computational fluid dynamics

To validate the calculation results of the fluid
dynamics simulation, the geometry of the
experimental model proposed by Bhutada and
Pangarkar [37] was selected. In their model,
water is the primary phase while air is treated
as the secondary fluid. The validation results

are for a case where the diameter of the throat
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and the area of the throat to the nozzle are
equal to 16 and 4 mm respectively. The angles
of the converging and diverging areas are 12
and 5 degrees respectively. Bhutada and
Pangarkar [37] reported that the entrainment
rate of the secondary fluid (air) was equal to
0.00294 kg/s under these geometrical
conditions.

Due to the axial symmetry of the geometry
of the ejector, a two-dimensional axial
symmetry model was used. Air (with a
diameter of one millimeter) was assumed to be
the primary and water was the secondary phase
of the ejector. The following boundary
conditions were used: (1) The water inlet
velocity was set to 21.2 m/s; (2) The relative
pressure at the air inlet was set to zero using a
pressure gauge; (3) The gauge pressure at the
ejector outlet was set to zero; and (4) The non-
slip condition was maintained on the walls of
both the ejector and the nozzle. "Coupled”
models and "PRESTO" were used for
pressure-velocity and  discrete  pressure
connections respectively. The second-order
upwind model was applied to determine the
turbulence Kinetic energy, discrete
momentum, and turbulence dissipation rate.
The under-relaxation coefficient of 0.1 was

considered for the pressure, density,
momentum, sliding speed, and volume
fraction.

Due to the disparity in CFD results, different
grid sizes were generated and implemented in
the domain. From the grid with a size of 0.25
mm, the results experienced better
convergence and less fluctuations. Therefore,
this network is used in the following sections
of this study. The flow inside the ejectors due
to the high Reynolds Number is turbulent.
Many studies have adopted different
approaches to flow modeling turbulence in
two-phase ejectors [23, 26-28, 37-39]. In the
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present research, the "Realizable -¢" method
was employed to model the turbulent flow.

After performing calculations, it was found
that the absorption rate of the secondary fluid
(air) was 0.002863 kg/s, which differs from the
experimental data of Ref. [37] by 2.6 %.
However, this level of error is considered
acceptable for numerical results.

4. Multi-objective genetic algorithm

The multi-objective genetic algorithm is a
search algorithm that is used to optimize
multiple objectives simultaneously. It is a
powerful optimization tool that utilizes genetic
operators to accurately explore the entire
solution space. The Genetic Algorithm
identifies the parameters needed to achieve the
best results, or optimal mode. The remarkable
feature of the Genetic Algorithm is its ability
to avoid converging to local optima, thereby
finding the overall optimal point in the entire
domain. Furthermore, the Genetic Algorithm
can optimize more than one parameter in a
single problem, as reported in [40].

In the classical genetic algorithm, if a
problem has multiple objective functions, the
user must evaluate their importance by
assigning weights to each of them. However,
with the multi-objective genetic algorithm, a
new approach is introduced to evaluate
candidate parameters without the need to
define relative importance coefficients. This
provides a more efficient and accurate
optimization method for multi-objective
problems [40-42].

The candidates in a multi-objective problem
are Pareto optimal, meaning that there is a
chance of having both local and global optimal
scores, just as in a single-objective problem.
After the first evaluation of a population, a set
of solutions, or candidate points, is classified
into different non-dominant levels, creating

the initial and best non-dominant set
population. This set is evaluated once again,
and the non-dominated solutions form the
second level, which is the next best. The same
method is used again to identify non-dominant
solutions of the third level, and this process
continues until all members are at a non-
dominant level. The minimum state of a non-
dominated surface occurs when no solution
dominates any other solution, and all
candidates of the initial population fall into one
category. At most, N non-dominant levels
arise when a hierarchy of mastery exists, where
any solution is exactly dominated by another
level in the set [42].

5. Results and discussion

The primary fluid is the liquid phase,
consisting of amine, while the secondary fluid
is the gas phase, consisting of the flare gas.
Table 1 provides their respective physical
properties. As depicted in Figure 1, a specific
geometry is considered as the base state.

The problem was modeled using the
computational fluid dynamics method in the
Fluent software. The absorption rate of the
flare gas was calculated to be 0.0024846 kg/s.
Figure 2 shows the axial velocity for the flare
gas and amine, as well as the turbulence
intensity of the mixture in the ejector, as
depicted by the lines.

The objective of this study is to achieve an
optimal design of the geometry of the ejector
and improve the absorption rate of the
secondary fluid (the flare gas). The design
parameters to be optimized include the length
and diameter of the throat, the diameter of the
nozzle, the diameter of the liquid inlet, and the
converging and diverging section angles, as
shown in Figure 3. Target variables (the
absorption rate) and the design are
parametrically defined in the Fluent software.
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Design variables cannot take any arbitrary
values. For instance, the radius of the nozzle
should not exceed the radius of the inlet. This
leads to the creation of a constrained

Table 1
Properties of amine and the flare gas.

optimization problem, which can be tackled
using the investigated multi-objective genetics
algorithm.

Density (p) Heat capacity (cp) Thermal conductivity (K) Viscosity (n)

[kg/m?3| [J/kg - K] [W/m - K] [Pa - s]

Amine 1064 3193 0.2557 0.0103

Flare gas  ideal gas 1978 0.0509 1.228e-5

—W 58.05mm lﬁ—
# ’464mm* 4mm — ,__7_£
32mm 1] ‘ T = I 38mm
T L -4 342.9mm J T
5.5mm

Figure 1. Geometrical parameters of the base case.

Flare Velocity Axial
4.347e+01

w 3.899e+01
3.450e+01

‘ 3.002e+01
2.554e+01
2.105e+01

‘ 1.657e+01
1.209e+01
7.606e+00
3.123e+00

-1.360e+00
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3.885e+01
| 34400401
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Turbulence Intensity
Contour 1
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[ 3.762e+00
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1.899e+00
[ 1.279e+00
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3.671e-02

|

111

IIK

Figure 2. a) Flare gas; b) amine axial velocity contours; and c) the turbulence intensity of the mixture.
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—— Lt I P
: 0 o Lo
Dw
Figure 3. Design parameters of the two-phase ejector.

In meta-heuristic optimization algorithms, an the converging and diverging angles, in which
acceptable range of variation should be the absorption rate is maximum. Based on
considered for each design parameter. The these values, the range of changes for each
researchers have reported values for the design parameter was determined as follows:

geometry of the nozzle and throat, as well as

576 mm < Throat length < 704 mm
3.6 mm < Throat radius < 20.0mm
1.8 mm < Nozzle radius < 8.8 mm
2.7mm < Liquid inlet radius < 144 mm
152° < Converging angle < 170°
170° < Diverging angle < 178°
The constants of the genetic algorithm are optimized, resulting in the determination of
set, as shown in Table 2. After 111 three candidate solutions. The results are
optimization points, the design has converged, shown in Table 3.
and the design parameters have been
Table 2
Constants of the multi-objective genetic algorithm.
The constant parameter Value
Estimated number of design points 1050
Population size 100
Number of samples per iteration 50
Minimum allowed percentage of Pareto 70
Convergence stability percentage 2
Maximum of iteration 20
Number of selected points after optimization 3

Table 3
Geometry of optimal points and the entrainment of the flare gas.
The geometry parameter base case 1% point 2" point 3 point
Throat length, Lt [mm] 64.0 62.99 58.56 63.48
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Figure 4 illustrates the schematic of the
candidate design point compared to that of the
base case. The results indicate that increasing
the radius of the throat and the angle of the
divergent part, as well as decreasing the angle
of the converging part, lead to an increase in
the absorption rate of the gas. Figures 5 and 6

Moghaddasi et al. / Iranian Journal of Chemical Engineering, Vol. 19, No. 4, 95-109, (2022)

Throat radius, Rt [mm] 8.0 15.29 16.44 18.88

Nozzle radius, Ry [mm] 4.0 4.26 4.66 6.85
Diverging angle (¢) 168 176.99 177.38 177.63
Converging angle (6) 175 162.79 165.63 153.24
Liquid inlet radius, Ryy [mm] 5.5 14.23 11.33 13.26
entrainment rate [kg/s] 0.002485 0.06340 0.03991 0.03172

the wvelocity of the secondary fluid is
significantly higher in all candidate points
compared to that of the base case. The first
design point exhibits a higher velocity than the
other candidate points. Moreover, the results
presented in Figure 6 confirm that all candidate
points enhance the axial velocity of the amine

show the axial velocity of the flare gas and
liquid respectively. As depicted in Figure 5,

compared to the base state.

_—

=== \41753-/“\1151 7

32.85mm

(a) = .
(b) I el
B
() L

bl .
(d) \,;J LW

8.52mm

30.58mm

Figure 4. Geometry of three optimal candidates: (a) the base model, (b) the 1% candidate, (c) the 2"
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candidate, and (d) the 3" optimal geometry.
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Figure 5. Axial velocity of the flare gas: (a) the base model, (b) the 1%, (c) the 2", and (d) the 3" optimal
points.
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Figure 6. Axial velocity of amine: (a) the base model, (b) the 1%, (c) the 2", and (d) the 3™ optimal points.

Among the candidate design points, the first
point exhibits a significantly higher axial
velocity for the liquid phase compared to the
other modes. On the other hand, the second and

third design points have the same performance
in terms of the axial velocity of the liquid
phase. The turbulence intensity of the mixture
inside the ejector is depicted in Figure 7, which
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shows the base mode and the three design
points. The first design point shows a higher
turbulence intensity compared to the other two

design points. However, the turbulence
intensity in the second and third design points
is comparable.

Turbulence Intensity

3.052e+01
2.747e+01
24426401
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1.832e+01
15280401
1.223e+01
9.181e+00

6138400
30856500
3671642
()

Turbulence Intensity

3.052e+01
2.747e+01
2442e+01
2.137e+01
1.832¢+01
1.528e+01
1.223e+01
9.181e+00

6.133e+00
3.085e+00
3671e-02

(©)

Turbulence Intensity

‘ 2.442¢+01

Turbulence Intensity

3.052e+01
2.747e+01

2137e+01
1.832e+01
1,5280+01
1.223e+01
9.181e+00

61336400 e

30856400
367102 —

(b)

3.052e+01
2.747e+01
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2.137e+01
1.832e+01
1.528e+01
1.223e+01
9.181e+00

6.133e+00
3.085e+00
3.671e-02

(d)

Figure 7. Turbulence intensity of the mixture: (a) the base model, (b) the 1%, (c) the 2", and (d) the 3"
optimal points.

5.1. Energy efficiency of the ejector

Based on the obtained results, the first
candidate point appears to be the most suitable
choice for the ejector design due to its higher
axial velocities of both phases and turbulence
intensity. However, it is essential to calculate
and evaluate the energy efficiency of the
ejector as these increases may come at the cost
of the higher energy consumption, reducing
productivity. The energy efficiency of the
ejector can be calculated using the following
equation [37].

rhg (APg>
== 7
" <m1> AP ()
where AP, represents the gas recovery pressure
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from the suction to the diffuser outlet, and AR,
is the liquid pressure drop from the nozzle
outlet to the output of the ejector, measured in
pascals. The parameters m, and my; represent
the flow rate of the gas and the liquid
respectively, and they are measured in cubic
meters per second.

The efficiency of the ejector was calculated
using equation (7) for the base model and the
three design points, and the results are
presented in Table 4. The second design point
exhibited the highest energy efficiency, with
an improvement of approximately 3.5 times
compared to the base model. The first design
point can increase the ejector efficiency up to
78 percent. In contrast, the third design point
decreased the energy efficiency by 47 percent.
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Table 4
Ejector efficiencies of the three optimal points compared to the base case.
Optimal Point
The base case
1st 2nd 3rd
The energy efficiency 17.79 31.73 60.21 9.40
percentage of change +78.36 % +238.42% -47.16 %

6. Conclusions

This study investigated a two-phase ejector
(liquid-gas) and employed the Euler-Euler
approach and mixed method to simulate it.
Then, the flow of two-phase fluids was
modeled using the Fluent software. The
"Coupled" and "PRESTO" models were used
for the pressure-velocity connection and
discrete pressures, while a second-order
upwind model was used for the turbulent
Kinetic energy, discrete momentum, and rate
perturbation loss. The domain was gridded
using a structured quadrilateral grid. Different
grid sizes were achieved due to the disparity in
the results of computational fluid dynamics
simulations. In the current study, a numerical
solution was obtained using a 0.25 mm grid,
resulting in better convergence and fewer
fluctuations in the results. The "Realizable"”
method was used to model the turbulent flow
in this research. The considered primary and
secondary fluids were amine and the flare gas
respectively. The primary aim of this study is
to design the geometry of the ejector that
maximizes the absorption of the flare gas. To
achieve this goal, several design parameters
must be optimized, including the length and
diameter of the throat, nozzle diameter, liquid
inlet diameter, and converging and diverging
section angles. In order to define the target
variables (i.e., the addition rate) and design,
the researchers employed the Fluent software
and parametric analysis. To optimize the
geometry of the ejector, a multi-objective
genetic algorithm was utilized. After reaching

111 points in the convergent design stage,
three candidate points were identified where
the absorption rate of the flare gas exceeded
that of the base case. The optimization process
revealed that decreasing the length of the
throat and the angle of the converging section
resulted in an increased absorption rate of the
secondary fluid. Additionally, increasing the
nozzle diameter led to an increase in the throat
diameter and the angle of the divergent section,
resulting in a higher gas absorption rate. The
design outcomes yielded the absorption rates
for the secondary fluid of 25.5, 16.06, and
12.76 times, compared to that of the base case.
The energy efficiency of the ejector was
calculated for the base model and all design
points. The second design point exhibited the
best performance, improving the energy
efficiency by approximately 3.5 times
compared to the base case. The first design
point demonstrated potential for improving the
energy efficiency by up to 78 %, whereas the
third candidate resulted in a 47 % decrease in
the energy efficiency.
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Nomenclature

a acceleration vector.

Fq the drag force [N].

g gravitational acceleration [m/s?].
L throat length [mm].

1, gas flow rate [kg/s].
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1 fluid flow rate [kg/s].
forces measurements containing lift,
My drag, turbulent dispersion, wall
lubrication, and virtual mass [N].
Pk pressure of the phase k [Pa].
AP the gas recovery pressure over suction to

8 the diffuser outlet [Pa].
the liquid pressure drop from the nozzle

AR outlet to the ejector [Pa].

Rt throat radius [mm].

Ry nozzle radius [mm].

Rw liquid inlet radius [mm].

Re the Reynolds number.

S the rate phase production between

K different phases.

tg relaxation time of secondary phase [s].

Uy velocity of the phase k [m/s].

Q. volume fraction of the phase k.

n the ejector energy efficiency.

Pk density of the phase k [kg/m?].

Kk viscosity of the phase k [Pa.s].

[0) diverging angle [degree].

0 converging angle [degree].
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