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Highlights  

• A new ejector-based gas perfuming system is proposed to overcome the limitations of existing technologies. 

• Its performance is evaluated under different gas pressures (Pg: 500–5500 kPa; Ps: 200–400 kPa). 

• Optimal performance is achieved when Ps exceeds 250 kPa and Pg ranges between 1850 and 5200 kPa. 
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Abstract 

Due to the limitations of existing natural gas fumigation systems, such as bypass and injection systems, there 

is a need to develop a new approach with fewer operational constraints. This study conducts a thermodynamic 

analysis of a newly proposed ejector-based gas perfuming system over a wide range of operating conditions, 

including primary gas pressure (Pg = 500–5500 kPa) and secondary gas pressure (Ps = 200–400 kPa). The 

results show that the ejector’s performance is mainly governed by the exit pressure and the entrainment ratio. 

The system operates most efficiently when Ps exceeds 250 kPa and Pg ranges between 1850 and 5200 kPa, 

outside of which the performance declines. 

Keywords: Carbonate reservoir rock, Enhanced oil recovery, Low salinity water polymer flooding, Smart 

water polymer flooding, Wettability 

 

 

1. Introduction 

Natural gas is naturally odorless, which can pose serious safety risks in the event of leaks in residential 

or industrial environments. To mitigate this hazard, odorants such as mercaptans are added to the gas 

at inlet pressure reduction stations. Among the commonly used odorization methods, the bypass system 

and the injection system are the most prevalent; however, both have notable limitations. The bypass 

system suffers from low station capacity and lacks precision in mercaptan dosing, while the injection 

system relies on pumps that result in high energy consumption and costly maintenance. Therefore, it is 

both essential and urgent to develop improved odorant systems and evaluate their performance. 

Research on the bypass system remains limited. (Wang et al. 2007) analyzed gas–liquid mass transfer 

in a bubble column using computational fluid dynamics, demonstrating the influence of bubble size 

distribution, sliding velocity, turbulence scattering, coalescence, and bubble breakup on interphase mass 

transfer. (Xing et al. 2013) examined the effect of liquid viscosity on bubble column operation, showing 
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that viscosity has a minimal effect on bubble coalescence compared to bubble breakup. (Negaresh et al. 

2018) developed a feed control system incorporating a mass transfer model, a bubble diameter 

estimation relationship, and a final control model to address performance challenges in bypass 

odorization. 

Several studies have also explored utilizing pressure drops in gas pressure reduction stations to generate 

power or cooling through environmentally friendly technologies (Poživil 2004). Although efforts have 

been made to improve odorization methods, no system has yet been introduced that fully resolves the 

limitations of existing designs. One interesting comparison is the wick-based air freshener system (Le 

et al. 2022). 

To address the simplicity and operational restrictions of the conventional bypass system—particularly 

its limited applicability to low-capacity stations and the risk of under- or overdosing odorant—

(Goudarzi 2023) proposed integrating an ejector into the system. This innovative design not only 

overcomes these constraints but also enables application in high-capacity stations without the need for 

additional energy. Figure 1 illustrates the schematic structure of the proposed system. A portion of the 

main gas stream is diverted into a mercaptan tank, where it is bubbled through the liquid via nozzles 

located at the bottom. As the bubbles ascend, the gas absorbs the required amount of odorant. The 

odorized gas is then collected at the top of the tank and directed into an ejector, where it is reinjected 

into the downstream pipeline at a lower pressure. 

 

Figure 1 

A schematic of an ejector odorizer system (Goudarzi) 

This study aims to evaluate the performance of the ejector used in the new odorizer system, with a 

primary focus on assessing its operational efficiency. Although numerous studies have investigated 

ejector performance in different engineering applications (Tashtoush 2019, Ringstad 2021, Zohbia 

2022), and several others have examined its role in refrigeration systems (Gao 2020, Barta 2021, Zhao 

2023, Liu 2021, Liu 2023, Chen 2017), the integration of an ejector into an odorizer system is a novel 

approach. Accordingly, understanding its behavior and performance under these specific operating 

conditions is of significant importance, and this paper addresses that need. 
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2. Ejector analysis 

In supersonic ejector applications, the most important indicator of ejector performance is the 

entrainment ratio, defined in Equation 1. 

𝜔 =
𝑚𝑠

𝑚𝑝
 (1) 

To evaluate performance based on the entrainment ratio, ejector operation can be categorized into three 

distinct operational modes, as shown in Table 1. 

Table 1 

Operational modes for ejector (Tashtoush 2019). 

Critical When both the primary and secondary flows are choked, the entrainment ratio 

reaches a maximum value and remains constant as the back pressure (Pc) decreases. 

Sub-critical When only the primary flow is choked, the entrainment ratio varies with the back 

pressure. 

Back flow When the secondary flow reverses, the entrainment ratio becomes negative. 

Figure 2 illustrates a schematic of the ejector. The high-pressure stream, referred to as the primary flow, 

expands through the primary nozzle and reaches supersonic velocity at the nozzle exit (section 1-1). As 

a result of the supersonic motion and viscous entrainment effects, a low-pressure region is formed, 

which draws the secondary (induced) flow into the mixing chamber. Before mixing occurs, the primary 

flow continues to expand, creating a converging passage that accelerates the induced flow. The induced 

flow reaches sonic speed within the constant-area section, marking the onset of mixing under critical 

mode operation, where choking takes place. 

In sub-critical mode operation, it is assumed that the induced flow reaches a maximum velocity (below 

sonic speed) at an effective area within the mixing section. Therefore, an effective area (section y-y) 

always exists, whether the ejector is operating in critical or sub-critical mode, and the mixing process 

initiates immediately downstream of this region. The mixed flow then encounters a normal shock in the 

constant-area section (section s-s), resulting in substantial compression and a sharp decrease in velocity. 

Finally, the mixture passes through the diffuser, where velocity is reduced and pressure recovery occurs. 

 

Figure 2 

A schematic of ejector performance 
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The analysis is based on the following assumptions: 

• The working fluid behaves as an ideal gas with constant properties Cp and γ. 

• The flow within the ejector is steady and one-dimensional. 

• Kinetic energy is negligible at the primary and suction port inlets, as well as at the diffuser exit. 

• To simplify the derivation of the one-dimensional model, isentropic relations are used as an 

approximation. However, to account for non-ideal effects, frictional and mixing losses are 

incorporated through coefficients in the isentropic relations. These coefficients are related to 

the isentropic efficiency and must be determined experimentally. 

• After exiting the nozzle, the primary flow expands and fans out without mixing with the 

entrained flow until it reaches a hypothetical throat at cross-section y-y within the constant-area 

section. 

• The two streams begin mixing at cross-section y-y under uniform pressure, where Ppy = Psy, 

before encountering the shock at cross-section s-s. 

• The entrained flow is choked at cross-section y-y. 

• Additionally, the inner wall of the ejector is assumed to be adiabatic. 

2.1. Governing equations 

The governing equations for fluid flow within the ejector are derived from the fundamental principles 

of mass, momentum, and energy conservation, together with relationships describing isentropic 

processes. These equations are summarized in Table 2 for the different sections of the ejector (Huang 

1999). 

Table 2 

Governing equations 

Primary flow 

through nozzle 

The mass flow through the nozzle at choking: 

𝒎𝒑̇ =
𝑷𝒈𝑨𝒕

√𝑻𝒈

√𝜸

𝑹
(

𝟐

𝜸+𝟏
)

(𝜸+𝟏) (𝜸−𝟏)⁄

 √𝜼𝒑  (2) 

where, Pg is inlet stagnant pressure and Tg is inlet stagnant temperature; ηp indicates a 

coefficient relating to the isentropic efficiency of the compressible flow in the nozzle. 

The gas dynamic relations between the Mach number at the exit of nozzle (Mp1) and the 

exit cross section area (Ap1) and pressure (Pp1) are as follows: 

(
𝐴𝑝1

𝐴𝑡
)

2

=
1

𝑀𝑝1
2 [

2

(𝛾+1)
(1 +

(𝛾−1)

2
𝑀𝑝1

2 )]
(𝛾+1) (𝛾−1)⁄

  (3) 

𝑃𝑔

𝑃𝑝1
= (1 +

(𝛾−1)

2
𝑀𝑝1

2 )
𝛾 (𝛾−1)⁄

  (4) 

Primary-flow 

(from section 1–1 

to section y–y) 

The Mach number (Mpy) of the primary flow at the y–y section follows the isentropic 

relations: 

𝑃𝑝𝑦

𝑃𝑝1
= [

1+
(𝛾−1)

2
𝑀𝑝1

2

1+
(𝛾−1)

2
𝑀𝑝𝑦

2
]

𝛾 (𝛾−1)⁄

  (5) 

For the calculation of the area of the primary flow core at the y–y section, we use the 

following isentropic relation, but an arbitrary coefficient (φp) is included to account for 

the loss of the primary flow from section 1–1 to y–y: 

𝐴𝑝𝑦

𝐴𝑝1
=

(𝜙𝑝 𝑀𝑝𝑦⁄ )

(1 𝑀𝑝1⁄ )
[

2

𝛾+1
(1+

(𝛾−1)

2
𝑀𝑝𝑦

2 )

2

𝛾+1
(1+

(𝛾−1)

2
𝑀𝑝1

2 )
]

(𝛾+1) 2(𝛾−1)⁄

 (6) 
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Entrained flow 

from inlet to 

section y–y 

The entrained flow reaches choking condition at the y–y section, i.e. Msy = 1. For a 

given inlet stagnant pressure (Pe) we have: 

𝑃𝑒

𝑃𝑠𝑦
= [1 +

(𝛾−1)

2
𝑀𝑠𝑦

2 ]
𝛾 (𝛾−1)⁄

  (7) 

The entrained flow rate at choking condition is given by: 

𝑚𝑠̇ =
𝑃𝑒𝐴𝑠𝑦

√𝑇𝑒

√𝛾

𝑅
(

2

𝛾+1
)

(𝛾+1) (𝛾−1)⁄

 √𝜂𝑠   (8) 

where ηs is the coefficient related to the isentropic efficiency of the entrained flow. 

Cross-sectional 

area at section y–

y 

The geometrical cross-sectional area at section y–y is A3 that is the sum of the areas for 

the primary flow (Apy) and for the entrained flow (Asy): 

𝐴𝑝𝑦 + 𝐴𝑠𝑦 = 𝐴3  (9) 

The temperature and the Mach number of the two streams at section y–y is defined as 

follows: 
𝑇𝑔

𝑇𝑝𝑦
= 1 +

(𝛾−1)

2
𝑀𝑝𝑦

2   (10) 

𝑇𝑒

𝑇𝑠𝑦
= 1 +

(𝛾−1)

2
𝑀𝑠𝑦

2   (11) 

Mixed flow at 

section m–m 

before the shock 

Two streams start to mix from section y–y. A shock then takes place with a sharp 

pressure rise at section s–s. A momentum balance relation thus can be derived as 

follow: 

𝜙𝑚[𝑚𝑝̇  𝑉𝑝𝑦 + 𝑚𝑠̇  𝑉𝑠𝑦] = (𝑚𝑝̇ + 𝑚𝑠̇ )𝑉𝑚  (12) 

where, Vm is the velocity of the mixed flow, and φm indicates the coefficient accounting 

for the frictional loss. 

An energy balance relation can be derived as follows: 

𝑚𝑝̇ (𝐶𝑝𝑇𝑝𝑦 +
𝑉𝑝𝑦

2

2
) + 𝑚𝑠̇ (𝐶𝑝𝑇𝑠𝑦 +

𝑉𝑠𝑦
2

2
) = (𝑚𝑝̇ + 𝑚𝑠̇ ) (𝐶𝑝𝑇𝑚 +

𝑉𝑚
2

2
)  (13) 

where, Vpy and Vsy are the gas velocities of the primary and entrained flow at the section 

y–y: 

𝑉𝑝𝑦 = 𝑀𝑝𝑦𝑎𝑝𝑦  (14) 

𝑎𝑝𝑦 = √𝛾𝑅𝑇𝑝𝑦  (15) 

𝑉𝑠𝑦 = 𝑀𝑠𝑦𝑎𝑠𝑦   (16) 

𝑎𝑠𝑦 = √𝛾𝑅𝑇𝑠𝑦  (17) 

The Mach number of the mixed flow can be evaluated using the following relation: 

𝑀𝑚 =
𝑉𝑚

𝑎𝑚
  (18) 

𝑎𝑚 = √𝛾𝑅𝑇𝑚  (19) 

Mixed flow 

across the shock 

from section m–

m to section 3–3 

A supersonic shock occurs at section s–s, resulting in a sharp rise in pressure. Assuming 

that the mixed flow after the shock undergoes an isentropic process, the flow between 

sections m–m and 3–3 within the constant-area section is considered to have a uniform 

pressure P3. Therefore, the following gas dynamic relations apply: 
𝑃3

𝑃𝑚
= 1 +

2𝛾

𝛾+1
(𝑀𝑚

2 − 1)  (20) 

𝑀3
2 =

1+
𝛾−1

2
𝑀𝑚

2

𝛾𝑀𝑚
2 −

𝛾−1

2

  (21) 

Mixed flow 

through diffuser 

The pressure at the exit of the diffuser follows the below relation: 

𝑃𝑐

𝑃3
= [1 +

(𝛾−1)

2
𝑀3

2]
𝛾 (𝛾−1)⁄

 (22) 

2.2. Ejector performance analysis procedure 

Using a one-dimensional analytical model, the entrainment ratio (ω) of an ejector can be determined 

through performance analysis. Ejector performance is influenced by several factors, including the 

nozzle throat area At (or diameter dt), the nozzle exit area Ap1 (or diameter dp1), and the mixing area Am 
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(or diameter dm). It is also affected by the stagnation temperature and pressure at the nozzle inlet (Tg, 

Pg) and the suction inlet port (Ts,Ps), as well as the critical back pressure (P*
c). This analysis provides 

key parameters, including the primary flow (mp), the entrained flow (ms), and the entrainment ratio. The 

numerical procedure is outlined in the flowchart shown in Figure 3. 

 

Figure 3 

The flowchart of the present simulation process 

3. Results and discussion 

As noted earlier, the primary objective of this study is to analyze an ejector specifically designed for 

odorizer applications. To this end, a one-dimensional model was developed, incorporating flow and 

thermodynamic equations based on the constant-area ejector flow framework. Several parameters 

significantly affect ejector performance, with suction pressure and motive pressure being the most 

critical. Experimental tests were conducted on three different ejector geometries under various 

operating conditions, and a summary of these geometries and conditions is provided in Table 1. 

Table 3 

Geometry and operating conditions for the ejector 

Parameter Value 

Primary pressure Pg [kPa] 500–5500 

Primary temperature Tg [oC] 20 

Secondary pressure Ps [kPa] 200–400 

Secondary temperature Ts [oC] 20 

Nozzle throat diameter dt [mm] 3.54 

Nozzle exit diameter dp1 [mm] 6.2 

Mixing section diameter dm [mm] 7.0 
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The working fluid used for the motive flow is natural gas (methane), while the suction flow consists of 

a mixture of methane and mercaptan. The properties of the working fluid are summarized in Table 4. 

Given that the newly proposed method involves a substantial volume and mass fraction of methane in 

the suction section of the ejector, this analysis assumes that the working fluid in the suction section 

behaves as natural gas. 

Table 4 

Summary of working fluid property 

Working 

fluid 

Molar 

Weight 

Gas constant 

(kJ/kg.K) 

specific heat of gas at 

constant pressure 

(kJ/kg.K) 

specific heat of gas at 

constant volume 

(kJ/kg.K) 

sonic velocity 

(m/s) 

Methane  16.04 0.5182 2.35 1.718 5.23 

In the one-dimensional model, the coefficients representing losses in the primary flow through the 

nozzle, in the suction flow before mixing, in the induced flow, and in the mixing section are summarized 

in Table 5. 

Table 5 

The coefficients accounting for the loss in ejector 

Isentropic efficiency 

coefficient for the 

nozzle (ηp) 

Isentropic efficiency 

coefficient for the 

induced flow (ηs) 

Coefficient accounting 

for the frictional loss of 

the mixed flow (φm) 

The loss in the 

reduction of throat 

area (φp) 

0.95 0.85 0.93 0.93 

The system of equations presented in Table 2 was solved using EES software (Klein 2011), which 

includes an internal algorithm for solving non-linear equations. Solutions were obtained under various 

suction and motive pressure conditions, producing the corresponding results. Figure 4 illustrates the 

relationship between motive pressure and the entrainment ratio in the ejector. Theoretical calculations 

indicate that increasing the motive flow pressure does not improve the entrainment ratio. 

In the perfuming process, approximately 10 to 25 mg of mercaptan is required per 1.0 m³ of natural gas. 

In this study, a value of 25 mg was used to ensure effective perfuming. As previously explained, in the 

new system, the suction section of the ejector draws in natural gas saturated with mercaptan. The mass 

of gas drawn into the ejector significantly exceeds the mass of mercaptan required, resulting in a higher 

entrainment ratio compared to cases where only mercaptan is drawn. 

Figure 5 shows the effect of nozzle inlet gas pressure on the ejector’s exit pressure. As observed, an 

increase in motive flow pressure leads to a corresponding rise in the ejector’s outlet pressure. According 

to Figure 1, the gas saturated with mercaptan must return to the main natural gas line upon exiting the 

ejector, which requires the ejector pressure to exceed that of the main line at the entry point. Based on 

the results in Figure 5, it can be inferred that, under most conditions, the ejector’s exit pressure surpasses 

the main line pressure, indicating generally favorable operating conditions from this perspective. 

Figure 6 illustrates the relationship between suction pressure and the entrainment ratio in the ejector. 

The results indicate that increasing the suction flow pressure improves the entrainment ratio. However, 

it should be noted that raising the suction pressure beyond a certain point further enhances the ejector’s 

performance. In the new system, similar to the injection system, the suction pressure can be increased 

up to the operating pressure of the mercaptan storage tank, which is approximately 60 psi. The 
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maximum increase in the ejector’s exit pressure, achieved at a gas pressure of 2068.4 kPa, is 

approximately 37%. 

 

Figure 4 

Variation of ejector entrainment ratio with the gas pressure at the nozzle inlet 

 

Figure 5 

Variation of pressure at the exit of the ejector with the gas pressure at the nozzle inlet 

Figure 7 shows the variation of the ejector’s exit pressure with suction gas pressure for three different 

nozzle inlet pressures. As depicted, an increase in suction pressure leads to a corresponding rise in the 

ejector’s exit pressure, with the effect being more pronounced at higher nozzle inlet pressures. Notably, 

the highest increase in ejector outlet pressure, about 61.7%, occurs at a motive gas pressure of 2068.4 

kPa. 
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Figure 6 

Variation of ejector entrainment ratio with the gas pressure at the suction 

 

Figure 7 

Variation of pressure at the exit of the ejector with the gas pressure at the suction 

It is essential to determine the operating conditions of the ejector to ensure proper functioning within a 

specific operational range. This guarantees that the gas entering the ejector can effectively draw the 

required amount of odorant from the tank and inject it into the main gas line. Accordingly, the analysis 

in this study identifies the optimal operating range for the ejector. The appropriate performance range 

is determined using two parameters: the ejector’s exit pressure and the entrainment ratio. Based on the 

design conditions, the suitable performance range is defined as having an entrainment ratio greater than 

0.1 and an exit pressure exceeding 360 kPa. Figures 4 to 7 illustrate this performance range. The results 

indicate that the ejector performs well when the suction pressure (Ps) exceeds 250 kPa and the motive 

pressure (Pg) lies between 1850 and 5200 kPa. 
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4. Conclusions  

This paper investigates the performance of the ejector in the new odorizer system. A one-dimensional 

model, based on the governing flow and thermodynamic equations and employing the constant-area 

ejector flow framework, is used for the analysis. The effects of two key parameters—suction pressure 

and motive pressure—on ejector performance are examined. The suitable performance range is then 

determined by evaluating the ejector’s exit pressure and the entrainment ratio. The results show that the 

ejector performs well when the suction pressure (Ps) exceeds 250 kPa and the motive pressure (Pg) lies 

between 1850 and 5200 kPa; outside this range, performance is reduced. 
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Nomenclature 

A Area, m2 

a  Sonic velocity, m/s 

c Exit of ejector; condenser 

Cp Specific heat of gas at constant pressure, kJ kg–1 K–1 

Cv Specific heat of gas at constant volume, kJ kg–1 K–1 

d Diameter, m  

h Enthalpy, kJ kg–1  

M Mach number 

m Mixed flow 

𝑚̇ Mass flowrate, kg s–1  

p Primary flow 

p1 Nozzle exit 

py Primary flow at the location of choking for the entrained flow 

R Gas constant, kJ kg–1 K–1  

s Suction or entrained flow 

Subscripts  

t Nozzle throat 

T Temperature, K 

V Gas velocity, m s–1  

x Nozzle position, m  

y Location of choking for the entrained flow 

y Position of the hypothetical throat, m 
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