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Abstract 

A one-dimensional mathematical model of the steam-water two-phase injector is 

presented. This model offers a method of estimating critical conditions of steam at the 

site of the motive nozzle throat, based on the local sound velocity in that area. Fluid 

thermal properties were based on a real fluid approach, where the CoolProp database 

was used. A different method was adopted to formulate governing equations for all 

passages of the injector based on the principles of the conservation of mass, momentum, 

and energy. The pressure profiles of the injector at different inlet steam pressure and 

inlet water pressure were used to validate the proposed model; they agreed well, with a 

maximum relative rate of error within 9.5ˁ . Based on the validated model, the 

influence of different area ratios and coefficients of the diverse sections on the 

performance of an injector used in district heating was investigated. The main inlet 

parameters - steam pressure and water pressure - were within the range of 0.20௅0.60 

MPa and 0.14௅0.49 MPa. The exergy destruction rate for every steam-water injector 
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component was also computed. The results illustrated that the injector discharge 

pressure increases with the throat area ratio of the motive nozzle and mixing chamber. 

The isentropic efficiency coefficients of the converging section and diverging section of 

motive nozzle affects the entrainment ratio and compression ratio differently. The main 

irreversibility occurs in steam nozzle (41.34%) and mixing chamber (57.95%). The 

exergy efficiency of the injector decreases with the increase of mass entrainment ratio. 

It also increases in coordination with the increase of inlet steam pressures, and decreases 

with the increase of inlet water pressures. 

 

 

1. Introduction 

Injector and ejector, are important devices used in many industrial applications, 

because they are simple, without moving parts and do not need an external energy 

supply system [1,2]. Generally, recovering energy and boosting pressure are the main 

purposes of their application. For an ejector, usually both the primary flow and 

secondary flow are steam or vapor. For an injector, the primary flow is usually steam or 

vapor, while the secondary flow is liquid. The injector is also referred to as the jet pump 

in many applications. Furthermore, there exists a profound difference between the 

ejector and injector. For example, the entrainment ratio of the ejector is generally less 

than 1 [1,3], while the entrainment ratio for the injector is much greater than 1 [4]. 

Moreover, the exit pressure of an ejector is lower than the primary flow pressure [1], 

while the exit pressure of an injector can be higher than the primary flow pressure [2]. 
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The physical process inside the ejector and injector is also substantially different. Inside 

the ejector, a shock wave train occurs from the nozzle exit to the mixing chamber, and 

its structure, such as the shock wave length and expansion angle, affects the ejector’s 

performance [5–7]. With the injector, especially the widely utilized steam-water injector, 

there is direct contact condensation between the steam and water, and a condensation 

shock occurs within the mixing chamber [2]. Moreover, the steam-water interface plays 

an important role for heat, mass and momentum exchange [8]. The steam jet may also 

transit from being stable to divergent and it exhibits diverse patterns [9]. Regarding the 

history of ejectors and its current applications and development, the readers may refer 

to review papers written by Elbel [10], Besagani et al. [1], Chen et al. [11], etc. Moreover, 

the injector, as a passive jet pump, is extensively used in numerous industrial 

applications [8]. Since it has significant heat exchange abilities, it is presently being 

investigated for utilization as a passive cooling system for light water reactors [2]. 

To further enhance the understanding of its physical process and performance, a 

substantial amount of studies are based on zero or one dimensional ejector modelling 

[1]. In the 1950s, Keenan and Neumann [12] introduced a constant-pressure mixing 

model, and later added a constant-area mixing model. Eames et al. [13] expounded on 

the friction loss inside the injector, and conducted an experiment to validate their own 

model. Shen et al. [14] proposed an optimization design methodology for the ejector. 

Munday and Bagster [15] further developed the constant-pressure mixing model by 

assuming that the primary fluid fans out and forms a ‘‘hypothetical -throat” prior to 

mixing with the entrained fluid, and offered a semi-empirical formula. Huang et al. [16] 
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performed a 1D analysis regarding ejector performance by assuming double-choking 

before mixing both the primary and secondary flow, which was widely employed in 

later research. Zhu et al. [17] proposed a 2D expression for velocity distribution, so as 

to approximate the viscosity flow on the cross section of the ejector, by introducing a 

‘‘shock circle’’ at the entrance of the constant area mixing chamber. In all of the above 

modelling, the irreversible loss is usually taken by selecting isentropic coefficients for 

the primary flow nozzle, secondary flow nozzle, and the diffuser, with typical values 

ranging from 0.8 to 0.95 [16,18,19]. The irreversible loss of momentum inside the 

mixing chamber is also assessed by another coefficient, namely, the mixing loss 

coefficient, with a typical value from 0.7 to 0.9 [16,18,19]. It is assumed that critical 

flow is reached at the nozzle throat [16,17,18]. 

For the steam–water injector, different modelling approaches have been applied. 

Usually, empirical coefficients are involved, which are limited in their usage. In order 

to predict the exit pressure at the steam nozzle, numerous methods were proposed. 

Cattadori et al. [20], Yan et al. [4], and Zhang et al. [21] utilized empirical relations 

obtained from their experiments. Li et al. [22] assumed an isentropic process within the 

steam nozzle, while Trela et al. [23] multiplied a coefficient on the velocity value that 

was calculated from the isentropic process. Narabayashi et al. [24] assumed that critical 

flow is attained at the steam nozzle exit, and they employed another empirical relation 

to calculate the critical pressure at the steam nozzle exit. 

Similar to the steam nozzle, the calculation of the water nozzle also involves 

empirical relations. Cattadori et al. [20] assumed the exit pressure at the water nozzle 



 

Page 5 of 33 
 

equals the steam pressure at the steam nozzle exit, which is the same as the ejector. 

Beithou and Aybar [25], and Trela et al. [23] also made the same assumption. Yan et al. 

[4] provided an empirical relation for computing the pressure at the water nozzle exit, 

while Zhang et al. [21] provided another empirical relation. 

Since the condensation primarily occurs inside the mixing chamber, numerous 

models have been proposed to take this phenomena into consideration. Deberne et al. 

[26] developed a simple model of the mixing section and the shock wave, which requires 

one empirical closure equation. Beithou and Aybar [25] designed a mathematical 

modeling of the steam-driven jet pump without condensation shock, in which a 

condensation profile was utilized; however, they did not take the mixing loss into 

account. Yan et al. [4] adopted the same approach as Beithou and Aybar [25], yet they 

took the mixing loss into consideration with an empirical coefficient. Trela et al. [23] 

used an empirical heat transfer correlation to calculate the exit temperature of the mix 

nozzle. Furthermore, Deberne et al. [26] assumed that steam and liquid have the same 

pressure value inside the mixing nozzle; thus, they used an equivalent pressure obtained 

from an empirical relation of the condensation rate to calculate the mixing nozzle 

pressure. Li et al. [22] also utilized an empirical correlation of the condensate rate, in 

order to determine the fluid state inside the mixing nozzle. Other models, however, are 

more complex. These used a 2D approach or two phase model, with a two or three fluid 

approach. Narabayashi et al. [24] conducted an analytical and experimental study on 

water-steam injectors. The authors utilized a 2D axisymmetric and steady state 

formulation, where phases were treated as separate, homogeneous and immiscible. 
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Manno and Dehbi [27] divided the mixing nozzle into two flow regimes, separated flow 

and dispersed flow, and developed a separate mathematical model for each. Recently 

Heinze et al. [28] utilized a one-dimensional three-fluid model for the direct 

condensation of steam jets in flowing water. In the diffuser of the steam-water injector, 

a single phase water flow was taken and Bernoulli’s equation was adopted to model the 

process [2]. All the researchers included a certain loss coefficient in their models. 

However, in all the above-mentioned studies on steam-water injectors, detailed 

analyses on the different sections of the steam nozzle are rare. Although a critical flow 

condition is assumed, the fluid state at the nozzle throat was not given. These studies 

often utilized empirical relations to compute the steam nozzle exit pressure, which is 

quite limited. In this paper, the converging and diverging sections of the steam nozzle 

will be thoroughly investigated. Additionally, the pressure and temperature at the nozzle 

throat will be calculated, based on the local sound velocity reached at critical flow 

conditions. This approach, which was used by Liu et al. when predicting an ejector [29], 

will provide a better method by which to calculate the nozzle exit pressure. 

Furthermore, exergy analysis is crucial for evaluating the efficiency related to 

ejector performance enhancement [18,30,31,32]. However, limited studies are focused 

on the injector. Trela et al. [33] conducted as exergy analysis of a two-phase steam-water 

injector; they pointed out that the exergy efficiency of the injector can be quite high, 

from 27% to 45%. 

Moreover, the injector can be utilized in district heating systems, because of its 

compact size and no need for external energy. Since the injector can be used as a pump 
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in district heating systems driven with high pressure steam to replace conventional 

electric-driven pumps, it is a viable alternative for reducing electricity cost. Yan et al. 

[4] experimented on the performance of a steam-driven jet injector with a high inlet 

water temperature (maximum 341.15 K) for a district-heating system and analyzed the 

effect of the inlet steam pressure, inlet water pressure and temperature on injector 

performance. They ascertained that the lifting-pressure coefficient was significantly 

affected by the nozzle throat area of the mixing chamber. However, no other geometric 

parameters were discussed; neither was an exergy analysis performed. 

First, a one-dimensional mathematical model of the steam-water two-phase 

injector was developed, in which an iterative calculation of the speed of sound at the 

throat of the steam nozzle was conducted to determine the pressure at the nozzle throat, 

and hence, the steam mass flow rate. Then the nozzle exit pressure was computed, based 

on the fluid state at the nozzle throat. The mixing chamber was treated with a lump 

method, so as to simplify the model. Moreover, the irreversible losses inside the injector 

were also considered. Second, the model was validated with experimental data from Yan 

et al. [4]. Thirdly, based on the validated model, the influences regarding the different 

area ratios on injector performance used in district heating systems from Yan’s paper 

were thoroughly investigated. Finally, exergy destruction rates were also computed for 

each component of the injector, and the exergy efficiency was obtained at different area 

ratios and pressures. Real fluid was adopted in the modelling protocol. In this context, 

the main objectives of this contribution are to (i) propose and validate a simplified model 

for a steam-water injector, which provides a superior method to calculate the steam 
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nozzle exit pressure, (ii) optimize the geometric parameters of an injector used for 

district heating, which will be beneficial toward improving its performance, (iii) 

perform an exergy analysis of the injector and calculate its exergy efficiency under 

various inlet conditions and area ratios, so as to supplement an understanding of the 

injector. 

 

2. Modelling of injector 

 

1

2

3

4 65 78
Mixing 
chamber Diffuser

Steam

Water Throat
 

Fig. 1. Schematic of steam-water injector with state points. 

 

Fig. 1. illustrates the schematic diagram of an injector. The primary flow enters the 

nozzle and accelerates. At the exit of the diverging section of the steam nozzle, a rather 

low pressure region is created to entrain the secondary flow – supercooled water [2]. 

Due to the temperature and velocity difference, the transportation of heat, mass and 

momentum occur between the steam and water at the mixing chamber, resulting in a 

pressure increase and velocity decrease. The steam is gradually condensed and becomes 

completely subcooled water at the end of the mixing section after the shock wave. Once 

at the diffuser the water’s kinetic energy is partially converted into a further pressure 

increase. 
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There are three diverse operational modes for an ejector: critical mode, subcritical 

mode and backflow mode. The entrainment ratio is defined as the mass flow ratio 

between the secondary flow and primary flow, varying with back pressure (or condenser 

pressure), as depicted in Fig. 2. The three operational modes also exist for an injector. 

 
Fig. 2. Three operational modes of ejector. 

 

A model for the steam-liquid injector can be established by using the following 

assumptions: 

1. The injector operates at critical model. The flow inside the injector is a steady, 

homogenous and one dimensional flow. 

2. At the nozzle throat, the flow reaches the critical flow condition, which means 

that the sound velocity is reached there. 

3. The isentropic efficiency of the converging and diverging sections of motive 
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nozzle, Ʉଵ and Ʉଶ are given. 

4. The inlet steam is superheated and the inlet flow velocity is neglected for both 

steam and water. 

5. The heat transfer between the fluid and wall is neglected. 

6. The gravitational force effect on the flow is neglected. 

 

2.1  Motive nozzle 

At the motive nozzle the steam is taken as a real fluid, the intermolecular 

interactions are considered, and the ideal-gas equation is viewed as not applicable. The 

computational formula of steam is derived from IAPWS-IF97 and it reaches sonic 

velocity. ߟଵ ൌ ݄ଵ െ ݄ସ݄ଵ െ ݄ସǡ௜௦                                                                                                    ሺͳሻ ݄ସǡ௜௦ ൌ ݂ሺ ସܲǡ  ଵሻ                                                                                                  ሺʹሻݏ

݄ଵ ൌ ݄ସ ൅ ʹସଶݑ                                                                                                       ሺ͵ሻ C ൌ ݂ሺ ସܲǡ ݄ସሻ                                                                                                       ሺͶሻ 

By assuming a value for pressure P4, h4 can be determined from inlet entropy s1 

and pressure P4. Thus, enthalpy h4 can be calculated for a specific motive nozzle 

isentropic efficiency Ș1. The value of Ș1 was 0.9, as recommended by [16]. The energy 

conservation between the inlet and the throat of the motive nozzle can be expressed as 

depicted in Eq. (3), in order to calculate velocity u4. According to pressure P4 and the 

calculated enthalpy h4, the speed of sound C at the nozzle throat can also be adequately 
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determined. Next, after comparing the calculated velocity u4 to the speed of sound C, if 

the relative correlation error between u4 and the speed of sound C is greater than 0.1%, 

pressure P4 is continuously updated, until the iteration provides a reasonable agreement 

[29]. In the present calculation from Eq. (4), the results show that the vapor is still 

superheated at the nozzle throat, so the fluid is single phase and the sound velocity is 

well-defined. But when the inlet (motive) steam is saturated or only slightly superheated, 

it becomes wet before it reaches the throat, which often occurs in practical application 

of ejectors. Wet steam is two-phase medium, for which “sound velocity” is dispersive 

and can be described by several different models. Software such as CoolProp, does not 

return a value in this two-phase region. In such case, the method proposed here can still 

be applied but the user should be warned that the velocity C, as well as other properties, 

should be custom-calculated from suitably defined state equations. 

For a given throat area ܣସ, the steam mass flow rate can be calculated based on 

mass conservation equation: ሶ݉ ଵ ൌ  ସ                                                                                                      ሺͷሻݑସܣସߩ

While the flow density at the nozzle throat is calculated as follows: ߩସ ൌ ݂ሺ ସܲǡ ݄ସሻ                                                                                                     ሺ͸ሻ 

The mass and energy equations of the divergent section of motive nozzle are: ሶ݉ ଵ ൌ  ଺                                                                                                      ሺ͹ሻݑ଺ܣ଺ߩ

݄଺ ൅ ʹ଺ଶݑ ൌ ݄ସ ൅ ʹସଶݑ                                                                                             ሺͺሻ 

ଶߟ ൌ ݄ସ െ ݄଺݄ସ െ ݄଺ǡ௜௦                                                                                                    ሺͻሻ 
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The isentropic efficiency ߟଶ is assumed to be equal to ߟଵ.  ݄଺ǡ௜௦ ൌ ݂ሺ ଺ܲǡ ସሻ                                                                                               ሺͳͲሻ ɏ଺ᇱݏ ൌ ݂ሺ ଺ܲǡ ݄଺ሻ                                                                                                  ሺͳͳሻ 

By assuming a value for the pressure ଺ܲ , density ߩ଺  that was calculated from 

Eq. ሺૠሻ was then compared to the density ɏ଺ᇱ  calculated from Eq. ሺ૚૚ሻ, while the exit 

pressure, ଺ܲ, is updated until the iteration provided a reasonable agreement. 

 

2.2  Suction nozzle 

In this paper the secondary flow is liquid, and the exit pressures of steam 

nozzle   ହܲ  and water nozzle  ଺ܲ were assumed to be equal. 

ହܲ ൌ ଺ܲ                                                                                                               ሺͳʹሻ ݑହଶʹ ൌ ଵߦ ൬ ଶܲɏଶ െ ହܲߩହ൰                                                                                           ሺͳ͵ሻ 

݄ହ ൅ ʹହଶݑ ൌ ݄ଶ                                                                                                    ሺͳͶሻ 

Here, ߦଵ  depicts the pressure loss coefficient within water nozzle and is 

empirically determined as (ߦଵ ൌ ͲǤͻ) [21]. According to the overall condition of the 

suction nozzle, the exit velocity ݑହ and enthalpy ݄ହ can be obtained by using Eqs. (13) 

and (14). ሶ݉ ଶ ൌ  ହ                                                                                                    ሺͳͷሻݑହܣହߩ

 

2.3  Mixing chamber 

The mixing chamber is a converging chamber, whereby the steam jet is directly 
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condensed in subcooled water and the two flow steams reach the same speed. Moreover, 

the non-condensed steam percentage decreases along with the increase of the length of 

the mixing section; thus, a normal shock wave is then induced at the end of this mixing 

chamber. Next, the steam becomes completely subcooled water at the end of the mixing 

section [4]. Though the mixing chamber was treated separately in most previous studies, 

in order to simplify the calculation and avoid unknown variables, the inject steam nozzle, 

water nozzle and the mixing chamber were considered as a control volume. The mass 

and energy equations are presented as follows: ሶ݉ ଵ ൅ ሶ݉ ଶ ൌ ሺͳ͸ሻ ሶ݉                                                                                        ଼ݑ଼ܣ଼ߩ ଵ݄ଵ ൅ ሶ݉ ଶ݄ଶ ൌ ሺ ሶ݉ ଵ ൅ ሶ݉ ଶሻ ቆ଼݄ ൅ ଶʹ଼ቇ                                                   ሺͳ͹ሻ ɏᇱ଼ݑ ൌ ݂ሺ଼ܲ ǡ ଼݄ሻ                                                                                                  ሺͳͺሻ 

At the proximity of the exit plane of the mixing section, the fluid will be in a liquid 

state. Hence, through the above formulation, the complex modelling procedure for 

mixture quality and condensation can be avoided, which considerably simplifies the 

computation. This kind of approach was utilized by Zhao et al. [32] when predicting the 

diffuser section of an ejector. 

Furthermore, the momentum equation was utilized for the mixing chamber only, 

where coefficient ȕ was the momentum correction factor, with a value of 0.75 [34]. ߚሺ ହܲܣହ ൅ ଺ܲܣ଺ ൅ ሶ݉ ଵݑ଺ ൅ ሶ݉ ଶݑହሻ ൌ ଼ܲ ଼ܣ ൅ ሺ ሶ݉ ଵ ൅ ሶ݉ ଶሻ଼ݑ               ሺͳͻሻ 

 

2.4  Diffuser 

In the diffuser, the kinetic energy of the mixing stream will then be converted into 
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a static pressure increase. ሶ݉ ଵ ൅ ሶ݉ ଶ ൌ ଼ʹଶݑ ଷ                                                                                        ሺʹͲሻݑଷܣଷߩ ൅ ଼ܲɏ଼ ൌ ଷܲߩଷ  ൅ ʹଷଶݑ  ൅ ݄௅                                                                              ሺʹͳሻ 

where ݄௅ is the head loss which is given [35].  

݄௅ ൌ ଼ʹଶݑ ቈͳ െ ൬ܣ଼ܣଷ൰ଶ െ  ௣቉                                                                            ሺʹʹሻܥ

where  ܥ௣ represents the pressure recovery coefficient. 

௣ܥ ൌ ଷܲ െ ଼ܲଷܲ௧௛ െ ଼ܲ                                                                                                 ሺʹ͵ሻ 

P3th depicts the pressure of the diffuser outlet for cases where there is no loss. 

The energy balance is laid out for the entire injector [32]. ሶ݉ ଵ݄ଵ ൅ ሶ݉ ଶ݄ଶ ൌ ሺ ሶ݉ ଵ ൅ ሶ݉ ଶሻ ቆ݄ଷ ൅  ଷଶʹቇ                                                  ሺʹͶሻݑ

Moreover, density ȡ3, is determined from pressure p3 and enthalpy h3. The entire 

computation protocol for the injector is detailed in Fig. 3. In this way the calculation of 

the steam nozzle was altered, and calculation of the speed of sound at the steam nozzle 

throat is performed. Furthermore, the nozzle exit pressure has been more precisely 

predicted than with previously reported methods. The formulation approach for ejector 

modelling used by Zhao et al. [32] were adopted to simplify the injector computation, 

which is quite useful and reliable for practical engineering applications. 

Both steam and water were treated as real fluids and CoolProp [36] was employed 

to compute their physical properties at various stated points or stages. 
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3. Results and discussions 

The experimental data published by Yan et al. was used to validate the proposed 

numerical model [4]. The parameters of steam, water and injector configuration from 

Yan et al. [4] is shown in Table 1. 

 

Table 1 

Parameters of steam inlet, water inlet and injector configuration 

Inlet steam pressure, ۾૚ 0.2-0.6 MPa 

Inlet steam temperature, ܂૚ 433.15 K 

Inlet water pressure, ۾૛ 0.14-0.49 MPa 

Inlet water temperature, ܂૛ 291.15 K 

Steam nozzle throat diameter, ۲૝ 26 mm 

Steam nozzle outlet diameter, ۲૟ 30 mm 

Water nozzle outlet area, ۯ૞ 196.5 mm2 

Mixing chamber throat diameter, ۲ૡ 18 mm 

Diffuser outlet diameter, ۲૜ 100 mm 

 

3.1  Model validation: Pressure profiles of injector 

Tables 2 and 3 identify the pressure profiles and error ratios, while Figs. 4 and 5 

display the pressure profiles at different cross-sections within the injector, under 

different inlet steam pressures and inlet water pressures, respectively. In Yan’s 

experiment, when the inlet steam pressure varied from 0.2 MPa to 0.6 MPa, the diffuser 

exit pressure increased from 0.4 MPa to 0.96 MPa and from 0.44 MPa to 1.04 MPa, 

which precisely correlates with the present calculation. They agree quite well, with a 

maximum error of 9.5%. In Yan’s experiment, when the inlet water pressure varied from 

0.14 MPa to 0.49 MPa, the diffuser exit pressure increased from 0.52 MPa to 0.69 MPa 

and from 0.54 MPa to 0.73 MPa, which is also consistent with the present calculation. 
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The maximum error was 8.9%. The trends and calculated data from Figs. 4 and 5 are 

similar for both experiments; however, the results proved that the current model can 

more adequately predict the injector parameters. 

Equations 1-4

Guess a value of pressure

Yes

Guess a value of density

No

Equations 5-11

Yes

No

Equations 13-15

Guess a value of density

Equations 16-19

Yes

No

Equations 20-23

 
Fig. 3. Computational procedure of steam-water injector. 
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Table 2 

The pressure profiles for different inlet steam pressures 

( ଶܶ ൌ ʹͻͳǤͳͷ ܭǡ ଶ݌ ൌ ͲǤʹ͵ ܽܲܯǡ ସܦ ൌ ͳͺ݉݉) 

 

 

Steam 

nozzle 

inlet 

(MPa) 

Steam 

nozzle 

throat 

(MPa) 

Steam 

nozzle 

outlet 

(MPa) 

Mixing 

chamber 

outlet 

(MPa) 

Diffuser 

outlet 

(MPa) 

Experiment 0.2 / 0.049 0.34 0.4 
Calculation 0.2 0.134 0.048 0.36 0.438 
Error ratio / / 2.04% 5.96% 9.5% 
Experiment 0.3 / 0.069 0.48 0.554 
Calculation 0.3 0.15 0.070 0.51 0.590 
Error ratio / / 1.45% 6.25% 6.5% 
Experiment 0.4 / 0.096 0.66 0.71 
Calculation 0.4 0.2 0.09 0.68 0.74 
Error ratio / / 6.25% 3.03% 4.23% 
Experiment 0.5 / 0.122 0.8 0.85 
Calculation 0.5 0.24 0.12 0.84 0.89 
Error ratio / / 1.64% 5.0% 4.71% 
Experiment 0.6 / 0.14 0.92 0.96 
Calculation 0.6 0.29 0.14 0.99 1.04 
Error ratio / / 0.0% 7.61% 8.33% 

 

 
Fig. 4. Pressure profiles for different inlet steam pressures ( ଶܶ ൌ ʹͻͳǤͳͷ ܭǡ ଶ݌ ൌ ͲǤʹ͵ ܽܲܯǡ ସܦ ൌ ͳͺ݉݉, 
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dashed line-experiment, solid line-calculated) 

 

Table 3 

Pressure profiles for different inlet water pressures 

( ଶܶ ൌ ʹͻͳǤͳͷ ܭǡ ଵ݌ ൌ ͲǤ͵ ܽܲܯǡ ସܦ ൌ ͳͺ݉݉). 

 

 

steam 

nozzle 

inlet 

(MPa) 

steam 

nozzle 

throat 

(MPa) 

steam 

nozzle 

outlet 

(MPa) 

mixing 

chamber 

outlet 

(MPa) 

diffuser 

outlet 

(MPa) 

Experiment 0.3 / 0.071 0.47 0.52 
Calculation 0.3 0.149 0.072 0.5 0.54 
Error ratio / / 1.41% 6.38% 3.85% 
Experiment 0.3 / 0.073 0.48 0.554 
Calculation 0.3 0.15 0.072 0.51 0.590 
Error ratio / / 1.37% 6.25% 6.5% 
Experiment 0.3 / 0.075 0.49 0.6 
Calculation 0.3 0.15 0.072 0.53 0.63 
Error ratio / / 4.00% 8.16% 5.00% 
Experiment 0.3 / 0.079 0.51 0.69 
Calculation 0.3 0.15 0.072 0.55 0.73 
Error ratio / / 8.86% 7.84% 5.80% 

 
Fig. 5. Pressure profiles for different inlet water pressures ( ଶܶ ൌ ʹͻͳǤͳͷ ܭǡ ଵ݌ ൌ ͲǤ͵ ܽܲܯǡ ସܦ ൌ ͳͺ݉݉, dashed 

line-experiment, solid line-calculated). 
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3.2  Model prediction: entrainment ratio 

In the paper of Yan et al. [4], the jet coefficient used was the value of the inlet water 

mass flux vs. the inlet steam mass flux. The jet coefficient can also be referred to as the 

entrainment ratio, which is the ratio of the mass flux of secondary flow – water vs. the 

mass flux of primary flow –steam, most often used by most researchers. The 

entrainment ratio is also an important index to measure the overall performance of the 

ejector and injector. ɘ ൌ ሶ݉ ଶሶ݉ ଵ                                                                                                              ሺʹͷሻ 

In the study from Yan et al. [4], they only studied how the jet coefficient 

(entrainment ratio) varied with inlet water and steam pressure, but they did not examine 

how it changed with area ratios. This paper investigated the influence of area ratio 

A4/A7 on the entrainment ratio. Fig. 6 illustrates the relationships between the 

entrainment ratio and area ratio from the predicted values according to the present model. 

The entrainment ratio decreased with the increase of area ratio A4/A7. This is 

because, along with the increase of area ratio A4/A7 there was a slight increase of the 

inlet steam mass flux and a much higher decrease of inlet water mass flux, as 

demonstrated in Fig. 7. 
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Fig. 6. Calculated entrainment ratio under different area ratio ܣସȀܣ଻ 

 
Fig. 7. Mass flux under different area ratio ܣସȀܣ଻ 

 

3.3 Model prediction: Influences of isentropic efficiency and loss coefficient on injector 

performance 
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Fig. 8 details how the entrainment ratio changes with the coefficient of isentropic 

efficiency. It can also be seen that Ș1 has a more significant influence on the mass 

entrainment ratio than Ș2. When Ș1 increases from 0.75 to 0.95, the mass entrainment 

ratio drops from 19.1 to 15.07. 

 
Fig. 8. Calculated entrainment ratio with coefficient of isentropic efficiency 

 

However, in contrast, when Ș2 varies from 0.75 to 0.95, the mass entrainment ratio 

only increases from 15.55 to 15.98. Thus,Ș1 has an influence on both steam flux and 

water flux. Moreover, when Ș1 increases, the steam flux will increase, and the exit 

pressure of the motive nozzle also increases rapidly, which causes the increase of the 

water nozzle exit pressure. Since these two pressures were assumed to be equal; 

accordingly, the exit velocity of the suction nozzle decreased sharply and the water flux 

dropped, which resulted in a lower mass entrainment ratio and a higher compression 

ratio. The outlet pressure of the motive nozzle and suction nozzle was slightly reduced 
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when Ș2 increased, which led to a slight increase of exit velocities for both the motive 

nozzle and suction nozzle. Thus, the entrainment ratio reflects a limited increase; 

however, the compression ratio shows a more substantial increase than the entrainment 

ratio, because there is a square relationship that exists between mass flux and velocity. 

Figs. 9 and 10 demonstrate the relationships between the entrainment ratio and loss 

coefficients of the suction nozzle and mixing chamber, respectively. The velocity of the 

suction nozzle rises when the loss coefficient increases, which correlates to a larger flow 

rate under a constant area and an increase in the mass entrainment ratio. The increase of 

the loss coefficient inside the mixing chamber will increase the injector outlet pressure 

(Fig. 10). 

 
Fig. 9. Entrainment ratio with loss coefficient of suction nozzle 
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Fig. 10. Entrainment ratio with loss coefficient of mixing chamber 

 

3.4  Model prediction: Compression ratio 

 

In the study conducted by Yan et al. [4], the lift pressure coefficient was used, 

which is the ratio of injector discharge pressure vs. the steam inlet pressure. However, 

the compression ratio is more often used by most researchers, which is the ratio of the 

injector discharge pressure vs. the water inlet pressure, which is another important index 

to measure the injector’s performance. The influences of inlet steam and water pressure 

on the compression ratio are presented in Fig. 11. R ൌ ଷܲܲଶ                                                                                                                ሺʹ͸ሻ 
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Fig. 11. Compression ratio under different steam and water inlet pressures. 

 

The compression ratio increased in conjunction with the escalation of inlet steam 

pressure, but decreased along with the expansion of the inlet water pressure, because 

the increase of the inlet water pressure was much faster than that of the outlet water 

pressure. Fig. 11 clearly shows that the compression ratio increased much more rapidly 

under a lower inlet water pressure and a higher inlet steam pressure. 

 

3.5  Model prediction: Influences of area ratio on injector performance 

 

The geometry of the injector has a significant influence on the performance of the 

injector, especially with regard to the area around the throat of the motive steam nozzle, 

the throat of the mixing chamber and the outlet of the diffuser. In order to simplify the 
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analysis, A7 is constant, thus, A4 is always considered as a variable. The pressure of the 

injector is shown in Fig. 12 under different area ratios. 

As can be ascertained from Fig. 12, the pressure of the injector increases under the 

increase of area ratio A4/A7, because the pressure is boosted mainly within the mixing 

chamber where the shock wave occurs. Moreover, the change of A4 will alter the 

velocity outlet of the steam nozzle; hence, affecting the mixing process. However, the 

process occurs inside the diffuser; thus, it cannot be transferred to the upstream and has 

no influence on pressures from the nozzle inlet to the mixing chamber outlet. Because 

the change is relatively small in A7, it exhibits almost no influence on the diffuser outlet 

pressure. 

 
Fig. 12. Pressure under different area ratio ܣସȀܣ଻. 

 

3.6  Model prediction: Exergy destruction rates & efficiency 
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The steam exergy: 

ሶଵܧ ൌ ሶ݉ ଵ ቆ݄ଵ െ ଴ܶݏଵ ൅  ଵଶʹቇ                                                                          ሺʹ͹ሻݑ

The water exergy: 

ሶଶܧ ൌ ሶ݉ ଶ ቆ݄ଶ െ ଴ܶݏଶ ൅  ଶଶʹቇ                                                                          ሺʹͺሻݑ

The outlet exergy: 

ሶଷܧ ൌ ሺ ሶ݉ ଵ ൅ ሶ݉ ଶሻ ቆ݄ଷ െ ଴ܶݏଷ ൅  ଷଶʹቇ                                                           ሺʹͻሻݑ

Exergy destruction rates for each component are outlined in Table 4, and the 

detailed derivations of these equations may be retrieved from Lawrence and Elbel [31] 

and Yan et al. [30]. The ambient temperature T0 utilized in this study is 298.15 K. 

Table 5 shows the exergy destruction rates of each component, while primary 

irreversibility occurs in the steam nozzle (41.34%) and mixing chamber (57.95%). This 

is because of the flow experience phase change, great velocity, and temperature change 

in these particular sections. Moreover, the mixing between these two flows facilitates 

friction loss within the mixing chamber. 

 

Table 4 

Relations of exergy destruction rates for each component. 

Components Exergy destruction rates 

Steam nozzle ܫଵିସ ൌ ሶ݉ ଵሺ ଴ܶሺݏସ െ ଵሻݏ െ ሺ݄ସ െ ݄ଵሻሻ 

Water nozzle ܫଶିହ ൌ ሶ݉ ଶሺ ଴ܶሺݏହ െ ଶሻݏ െ ሺ݄ହ െ ݄ଶሻሻ 

Mixing chamber ܫସି଺ ൌ ଴ܶ൫ሺ ሶ݉ ଵ ൅ ሶ݉ ଶሻݏ଺ െ ሶ݉ ଵݏସ െ ሶ݉ ଶݏହ൯ െ ሺ ሶ݉ ଵ݄ସ ൅ ሶ݉ ଶ݄ହ െ ሺ ሶ݉ ଵ ൅ ሶ݉ ଶሻ݄଺ሻ 

Diffuser  ܫ଺ିଷ ൌ ሺ ሶ݉ ଵ ൅ ሶ݉ ଶሻሺ ଴ܶሺݏଷ െ ଺ሻݏ െ ሺ݄ଷ െ ݄଺ሻሻ 
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Table 5 

Exergy destruction rates and their ratios to the total exergy destruction rates 

Components Exergy destruction rates(kW) Ratio (%) 

Steam nozzle 52.839 41.34 

Water nozzle 0.692 0.54 

Mixing chamber 74.073 57.95 

Diffuser  0.225 0.18 

 

The exergy efficiency of the steam–water injector was calculated as: Ԅ ൌ Eሶ ଷEሶ ଵ ൅ Eሶ ଶ                                                                                                      ሺʹͻሻ 

The results are shown in Figs. 13 and 14. The exergy efficiency increased with the 

enlargement of area ratio A4 /A7, and decreased with the entrainment ratio. The results 

presented in Fig. 14 indicate that the efficiency is the highest for low entrainment ratio 

values, and the efficiency varied from 50% to 37% when the mass entrainment ratio 

ranged from 9.6 to 30. 

 
Fig. 13. Exergy efficiency under different area ratio ܣସȀܣ଻ 
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Furthermore, the exergy efficiency also increased in coordination with the increase 

of inlet steam pressures, and decreased with the increase of inlet water pressures, as 

outlined in Figs. 15 and 16. The increase of inlet steam pressure led to the increasing 

exergy of the steam inlet nozzle and diffuser outlet, and the growth of outlet exergy was 

much quicker than inlet exergy. The inlet exergy increased in conjunction with the 

increase of inlet water pressures, while the exergy of the outlet decreased with the 

increase of inlet water pressure. 

 

 
Fig. 14. Exergy efficiency versus mass entrainment ratio 
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Fig. 15. Exergy efficiency under different inlet steam pressures (݌ଶ ൌ ͲǤʹ͵ ܽܲܯሻ. 

 
Fig. 16. Exergy efficiency under different inlet water pressures (݌ଵ ൌ ͲǤ͵ ܽܲܯሻ 

 

4. Conclusion 

A steam-liquid injector model was developed, which adopted a different approach 
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than existing models, so as to more precisely predict the motive nozzle exit pressure. 

The pressures inside the injector, while under different inlet steam and water pressures, 

were used to validate and confirm the model. The pressure of the diffuser exit varied 

from 0.438 MPa to 1.04 MPa, with inlet steam pressure from 0.2 MPa to 0.6 MPa and 

inlet water pressure from 0.14 MPa to 0.49 MPa, respectively. The calculation 

thoroughly and appropriately agrees with the experiment data, revealing a maximum 

relative error rate within 9.5%. This mathematical model was then utilized to adequately 

predict the performance of the steam-water injector by optimizing its geometry. 

Moreover, the exergy analysis was carried out, and the following conclusions were 

obtained:  

(1) The compression ratio increases in proportion with the increase of inlet steam 

pressure, and decreases with the increase of inlet water pressure. 

(2) The pressure of the injector increases precipitously under the increase of area ratio 

A4/A7. 

(3) The isentropic efficiencies of the converging section and diverging section of the 

motive nozzle affect the entrainment ratio and compression ratio in a diverse 

manner. The increase of the former leads to the increase in the compression ratio 

and a decrease of the entrainment ratio, while the latter leads to the slight increase 

of both the compression and entrainment ratios. 

(4) The exergy deterioration rates of each injector component were calculated, and the 

results reveal that the main irreversibility occurs within the steam nozzle (41.34%) 

and mixing chamber (57.95%). The exergy efficiency is the highest for low values 
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of the entrainment ratio. The exergy efficiency increases with the increase of inlet 

steam pressure and decreases with the increase of inlet water pressure. 

 

 

Nomenclature 
  
A cross section area 
C speed of sound (m s-1) 
Cp pressure recovery coefficient 
D diameter (m) ܧሶ  exergy  
h specific enthalpy (kJ kg-1) 
hL head loss 
I exergy destruction rates (kW) ሶ݉  mass flow rate (kg s-1) 
P pressure (MPa) 
R compression ratio 
s specific entropy (kJ kg-1 K-1) 
T temperature (K) 
u velocity (m s-1) 
  
Greek letters 
 momentum correction factor ߶ exergy efficiency ߚ loss coefficient ߦ density ߱ entrainment ratio ߩ coefficient of isentropic efficiency ߟ  
  
Subscripts 
  
is isentropic 
1-8 state points 
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