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Abstract−The steam-water injector (SI) is a simple mechanical device that has been widely used in industry. We

did an experimental study to find the influence of physical and geometrical parameters on performance of the SI. The

physical parameters studied were steam inlet pressure, water inlet pressure and water inlet temperature. Whereas, the

geometrical parameters studied were steam nozzle area ratio, area ratio of steam nozzle to water nozzle and the mixing

section converging angle. Pump head was introduced to evaluate the lifting-pressure performance of the SI under dif-

ferent operating and geometrical conditions. Optimal values of steam nozzle area ratio and mixing section converging

angle were 1.3 and 11.6o respectively, for the present work, and optimal value of area ratio of steam nozzle to water

nozzle increased with increasing water inlet pressure. Two head-capacity curves were introduced to highlight the effect

of various physical and geometrical parameters on the performance of SI.

Keywords: Steam-water Injector, Parametric Analysis, Entrainment Ratio, Pump Head, Head-capacity Characteristic

INTRODUCTION

The steam injector (SI) is a simple, compact and passive device

without moving parts, in which steam is used as the energy source

to pressurize water [1]. The SI consists of four main parts: steam

nozzle, water nozzle, mixing chamber and diffuser, and no moving

parts are needed. As a result, the SI has been applied in many in-

dustries, such as district-heating system [2], refrigeration [3,4], petro-

leum engineering [5], and desalination system [6,7]. Especially in

nuclear reactors, the SI used for emergency core cooling and feed-

water supply has been developed by many researchers [8-11].

According to the positions of steam nozzle and water nozzle, the

SI can be classified into two categories: SI with central steam nozzle

arrangement and SI with central water nozzle arrangement. These

two types of SI have attracted much study to of their working mecha-

nism and performance. Cattadori et al. [9] carried out a test on the

one-stage high-pressure SI with central steam nozzle arrangement

to study the influence of inlet steam pressure and inlet water tem-

perature on the performance of the SI. However, the influence of

geometrical parameters was not included. Deberne and Leone [1]

used a simple global model to predict the performance of the steam

injector with central water nozzle arrangement, and the influence

of three parameters (one geometrical parameter, the mixing section

outlet diameter and two physical parameters, the inlet steam pres-

sure and inlet water temperature) was studied. Beithou and Aybar

[12,13] developed a mathematical model for the SI and discussed

the influence of physical parameters (inlet steam pressure, inlet water

pressure and temperature) on system performance. Effects of water

volumetric flow rate, chamber height and geometrical parameters of

an ejector on gas suction rate and gas phase holdup were studied

by Kim et al. [14]. SI with central steam nozzle arrangement was

studied experimentally by Yan et al. [2,15] to report the effect of

some geometrical and physical parameters on the lifting-pressure

performance. Steam ejector used in refrigeration cycle was experi-

mentally studied by Ruangtrakoon et al. [16] to investigate the in-

fluence of steam nozzle geometries on the system performance.

The influence of steam nozzle geometries on flow structure of a SI

was studied numerically in 2D domain by Dai and Huo [17]. Shah

et al. [18,19] studied the SI with central steam nozzle arrangement

experimentally and computationally to report the characteristics of

the SI and effect of mixing section length on direct-contact con-

densation.

In recent studies, the exergy analysis was used as a tool to evaluate

exergy losses in the SI. Trela et al. [20-22] studied exergy losses in

individual parts of the SI, and an indirect method was used to de-

termine exergy losses in the two-phase region. According to the

exergy of inlet steam, inlet water and discharged water, exergy effi-

ciency was calculated by Yan et al. [23] and Cai et al. [24] in an

effort to improve performance of the SI.

To the best knowledge of the authors, previous studies mainly

focused on the applications of the SI and development of mathe-

matical models. The influence of physical parameters on the per-

formance of the SI has been reported; however, the influence of

geometrical parameters has seldom been mentioned, especially for

the SI with central water nozzle arrangement. In the present work,

an experiment of the SI with central water nozzle arrangement was

carried out to find out the influence of physical parameters (inlet

steam pressure, inlet water pressure and temperature) and geomet-

rical parameters (steam nozzle area ratio, mixing chamber angel

and area ratio of steam nozzle to water nozzle) on its performance.

Moreover, pump head-capacity characteristic of the SI was dis-

cussed. These experimental results would be helpful in design and
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economic operation of the SI.

EXPERIMENTAL APPARATUS

The experimental system, shown in Fig. 1, mainly consists of an

electric steam generator, a SI, three water tanks, five water pumps

and a cooling tower. The SI is the core of the experimental system

and a schematic diagram of the SI with central water nozzle arrange-

ment is shown in Fig. 2. It mainly consists of a water nozzle, a con-

verging-diverging steam nozzle, a mixing chamber, and a diffuser.

The steam nozzle is an annular gap between the exterior of water

nozzle and the interior of mixing chamber. During the experiment,

steam and water exchange heat, momentum (due to temperature

and velocity difference) and mass (due to condensation of steam)

in the mixing chamber. The steam-water two-phase flow transforms

into supersonic flow, and a condensation shock wave appears in

the mixing chamber, where steam condenses into water at relatively

high pressure. After the shock wave, the pressurized and heated water

flows into water tank 3. If valve 2 is opened, the heated water would

flow into the cooling tower to maintain the inlet water temperature.

Otherwise the heated water would flow into water tank 2, which

increases the inlet water temperature.

The temperatures are measured by K-type thermocouples. The

Fig. 1. A schematic diagram of experimental system.

Fig. 2. A schematic diagram of SI with central water nozzle arrangement.

Table 1. Test conditions in present experiment

Parameters Values

Inlet water pressure, p0, w [MPa] 0.2-0.8

Inlet water temperature, t0, w [
oC] 20-60

Inlet steam pressure, p0, s [MPa] 0.15-0.40

Steam nozzle throat area, Acr [mm
2] 160-388

Steam nozzle outlet area, A1, sn [mm
2] 224-577

Water nozzle outlet diameter, d1, wn [mm] 8

Mixing chamber throat diameter, dth [mm] 8

mixing section converging angle, δ [o] 8.3-16.7
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thermocouples are calibrated by a standard thermometer with an

accuracy of 1K. The pressures are all measured by MSI pressure

transducers, with the accuracy of 0.2% FS. The inlet water volu-

metric flow rate is measured by the electrical flowmeter, with the

accuracy of 0.5% FS. The inlet steam mass flow rate is measured

by Coriolis mass flowmeter, with the accuracy of 0.2% FS. Details

of test conditions are given in Table 1.

RESULTS AND DISCUSSIONS

The steady-state operation characteristics of the SI have been stud-

ied in terms of three independent physical parameters:

• Inlet steam pressure, p0, s
• Inlet water pressure, p0,w
• Inlet water temperature, t0,w
The function of steam nozzle and water nozzle is to accelerate

steam and water, resulting in high speed flow [18,19]. Velocity at

steam nozzle and water nozzle exit has great influence on velocity

of steam-water two-phase flow in the mixing section, and void frac-

tion in the mixing section mainly depends on mass flow rate at steam

nozzle and water nozzle exit. So, performance of the SI is greatly

affected by steam nozzle and water nozzle exit conditions. To reflect

these factors, three independent geometrical parameters were intro-

duced:

• Steam nozzle area ratio

(1)

• Area ratio of steam nozzle to water nozzle

(2)

• Mixing section converging angle, δ

where Acr is the area of steam nozzle throat, A1, sn is the area of steam

nozzle exit plane, A1,wn is the area of water nozzle exit plane. With

increasing the steam nozzle area ratio, Mach number at steam nozzle

exit plane increases and pressure at steam nozzle exit plane decreases,

provided inlet steam pressure is kept constant [25].

The main dependent parameters are:

• Inlet steam mass flow rate, ms

• Inlet water mass flow rate, mw

• Discharge water pressure, pd
• Discharge water mass flow rate, md

1. Entrained Steam Mass Flow Rate

Steam through the converging-diverging steam nozzle can be

generally accelerated to supersonic speed due to the vacuum mainly

produced by the severe steam condensation, and then the steam mass

flow rate can be calculated as [26].

(3)

Calculated and measured steam mass flow rate variation with

inlet steam and water pressure is shown in Fig. 3. It can be observed

that the steam mass flow rate is almost kept constant with increas-

ing the inlet water pressure, provided the inlet steam pressure is kept

constant. On the other hand, the steam mass flow rate increases with

increasing the inlet steam pressure. Moreover, the measured values

are in good agreement with calculated values, which indicates that

the assembly accuracy of the SI can be ensured.

2. Influence of Physical Parameters on Performance of the

SI

2-1. Entrainment Ratio

Entrainment ratio represents the mass of steam entrained by unit

mass of water, expressed as:

(4)

With increasing the inlet water pressure, inlet water mass flow

rate increases and inlet steam mass flow rate is kept constant as shown

in Fig. 3. With increasing the inlet steam pressure, back pressure of

water nozzle increases [2,15], which decreases inlet water flow rate.

Meanwhile, inlet steam mass flow rate increases with steam inlet

pressure as shown in Fig. 3. So, entrainment ratio increases with

increasing the inlet steam pressure but decreases with increasing

the inlet water pressure as shown in Fig. 4. With increasing the inlet

water temperature, back pressure of water nozzle increases [2,15],

fsn = 

A
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fsn wn,
 = 

Acr

A
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------------
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κ
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⎝ ⎠
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2
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p
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v
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φ  = 

ms

mw
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Fig. 3. Entrained steam mass flow rate.

Fig. 4. Entrainment ratio under various inlet steam and water pres-

sures.
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which decreases inlet water flow rate. Meanwhile inlet steam mass

flow rate is kept constant. So, entrainment ratio increases with in-

creasing the inlet water temperature as shown in Fig. 5. However,

temperature difference between steam and water decreases with

increasing the inlet water temperature, which weakens the heat, mass

and momentum transfer between steam and water and decreases the

increasing rate of water nozzle back pressure. So under high inlet

water temperature, entrainment ratio increases very slightly with

increasing the inlet water temperature.

2-2. Pump Head

The SI has a self-adaptive characteristic, which has been reported

by Yan et al. [15]. Less than the maximum discharge pressure, the

SI can self-adjust the discharge pressure to the operation require-

ments, while the inlet steam and water parameters and mass flow

rate are kept constant. Moreover, its application in industry mainly

depends on its maximum discharge pressure. So, it is necessary to

investigate the lifting-pressure performance of the SI.

The SI can pressurize the water by the energy source of steam.

It can be treated as a kind of pump and the pump head is intro-

duced to evaluate the lifting-pressure performance of the SI in the

present work. It represents the increase in mechanical energy of water

in the SI, expressed as:

(5)

Steam is used to pressurize cold water in the SI [1]. Due to the

collision between steam and water in mixing chamber, momentum

of steam is partly transferred to that of water. That means the increase

in mechanical energy of cold water comes from the kinetic energy

of steam. With increasing the inlet steam pressure, steam mass flow

rate and velocity at steam nozzle exit increase, which causes an in-

crease in input kinetic energy of the mixing chamber. Moreover,

the increase in velocity at steam nozzle exit enhances moment trans-

fer in mixing chamber. So pump head increases with increasing the

inlet steam pressure in the present work as shown in Fig. 6.

Entrainment ratio represents the mass ratio of steam to water, so

it has a great influence on void fraction in mixing chamber. An ap-

propriate void fraction in the mixing chamber can lead to a lower

sound velocity and a higher Mach number of steam-water two-phase

flow. In this case, pressure after the shock increases and lifting-pres-

sure performance of the SI is strengthened. Pump head increases

first, then decreases with increasing the entrainment ratio as shown

in Fig. 7. With increasing the inlet water pressure, entrainment ratio

decreases. Therefore, pump head increases first then decreases with

increasing the inlet water pressure. However, no peak has been found

in the present work when inlet steam pressure is low (0.2MPa) as

shown in Fig. 6. When inlet steam pressure is low, entrainment ratio

is low even though inlet water pressure is low. With increasing the

inlet water pressure, entrainment ratio becomes lower. So under low

inlet steam pressure (0.2MPa), pump head decreases with increas-

ing the inlet water pressure as shown in Fig. 6.

Pump head decreases with increasing the inlet water temperature

as shown in Fig. 8. Steam is used as the energy source to pressurize

water in the SI [1]. However, with increasing the inlet water tem-

perature, temperature difference between steam and water decreases

which weakens heat, mass and momentum transfer between steam

and water. On the other hand, the entrainment ratio increases quickly

with increasing in inlet water temperature as shown in Fig. 5, which

leads to the steep increase in void fraction and sound velocity in

H = 

pd − p
0 w,

ρwg
-------------------

Fig. 6. Pump head under various inlet steam and water pressures.
Fig. 5. Entrainment ratio under various inlet water temperatures.

Fig. 7. Pump head under various entrainment ratios.
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the mixing chamber. Moreover, with increasing the inlet water tem-

perature, pressure of steam-water two-phase flow in the mixing sec-

tion increases which leads to the decrease in velocity in the mixing

section [2]. Thus lifting-pressure performance of the SI is weak-

ened with increasing the inlet water temperature.

3. Influence of Geometrical Parameters on Performance of

the SI

3-1. Entrainment Ratio

With increasing the steam nozzle area ratio, steam nozzle outlet

pressure decreases. Then the back pressure of water nozzle decreases,

which leads to the increase in inlet water mass flow rate. Entrain-

ment ratio decreases slightly with increasing the steam nozzle area

ratio as shown in Fig. 9.

As a converging channel, the mixing chamber is immediately ad-

jacent to the steam nozzle exit. The supersonic steam turns sud-

denly through an angle due to the mixing chamber. The result is a

straight oblique shock wave, aligned at an angle relative to the oncom-

ing flow and it causes a sudden increase in pressure [27]. With in-

creasing the mixing section converging angle, intensity of the oblique

shock wave increases, which leads to the increase in back pressure

of water nozzle. Entrainment ratio increases slightly with increas-

ing the mixing section converging angle as shown in Fig. 10.

In the present work, the area of water nozzle exit is kept constant,

and area ratio of steam nozzle to water nozzle is changed by changing

the area of steam nozzle throat. With increasing the area of steam

nozzle throat, inlet steam water mass flow rate and area ratio of steam

nozzle to water nozzle increase. Thus entrainment ratio increases

obviously with increasing the area ratio of steam nozzle to water

nozzle as shown in Fig. 11.

3-2. Pump Head

Pump head increases first then decreases with increasing the steam

nozzle area ratio as shown in Fig. 12. Steam nozzle area ratio does

not particularly influence entrainment ratio as shown in Fig. 9, but

the condition of steam at steam nozzle exit is greatly affected by it.

Provided the other parameters are kept constant, the velocity and

Mach number at steam nozzle exit increase with increasing the nozzle

area ratio. Thus the mass, momentum and heat transfer between

steam and cold water is enhanced, which increases the velocity and

Mach number of steam-water two-phase flow in the mixing chamber.

Fig. 10. Entrainment ratio under various mixing section converg-

ing angles.Fig. 8. Pump head under various inlet water temperatures.

Fig. 11. Entrainment ratio under various area ratios between steam

nozzle and water nozzle.Fig. 9. Entrainment ratio under various area ratios of steam nozzle.
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In this case, pressure after the shock increases and lifting-pressure

performance of the SI is strengthened. But if the nozzle area ratio

is too big, a normal shock wave develops at a section between the

throat and the exit plane of the steam nozzle, which causes a sudden

drop in velocity to sub-sonic levels [27]. In this case, the velocity and

Mach number of steam-water two-phase flow decrease and lifting-

pressure performance of the SI is weakened. Therefore, an appro-

priate steam nozzle area ratio can ensure high lifting-pressure per-

formance. The optimal value of steam nozzle area ratio is 1.3 for

the present work.

The effect of mixing section converging angle on pump head is

shown in Fig. 13. When the mixing section converging angle is large,

which means that the length of mixing section is short and the steam-

water two-phase flow is not uniformly mixed. With decreasing the

mixing section converging angle, the steam and water could be mixed

more uniformly. But if the angle is too small, the length of the con-

verging channel becomes too long. In this case, steam has almost

condensed completely in the mixing chamber and void fraction in

the throat of mixing chamber becomes too small, which weakens

the intensity of condensation shock wave. On the other hand, the

intensity of oblique shock wave at steam nozzle exit (as explained

in section 3.3.1) increases with increasing the mixing section con-

verging angle. With increasing the intensity of the oblique shock

wave, velocity and Mach number of steam decreases, which weakens

the mass, momentum and heat transfer between steam and water.

In this case, lifting-performance of the SI is weakened. Therefore,

there should be an appropriate mixing section converging angle,

which could result in an optimal pump head of the SI. The optimal

value of mixing section converging angle is 11.6o for the present

work.

When the inlet physical parameters are kept constant, entrain-

ment ratio mainly depends on the area of steam nozzle throat and

water nozzle exit. An appropriate area ratio of steam to water nozzle

can ensure an optimal entrainment ratio, which strengthens lifting-

pressure performance of the SI. Therefore, an optimal area ratio of

steam nozzle to water nozzle can be found to ensure an optimal lifting-

pressure performance as shown in Fig. 14. Moreover, optimal value

of area ratio of steam nozzle to water nozzle increases with increasing

the inlet water pressure, in the range of 4.65-5.97. That is because

water mass flow rate increases with increasing the inlet water pres-

sure. Steam mass flow rate should increase to match the increase in

water mass flow rate. Therefore, under given inlet steam pressure,

area of steam nozzle throat increases in order to increase the steam

mass flow rate.

4. Head-capacity Curves for SI

When the flow rate of a pump varies, the head changes too. Plotting

the head against the flow rate, head-capacity characteristic of pump

can be obtained. In the present work, head-capacity curve was intro-

duced to describe the character of the SI.

Two head-capacity curves have been obtained in the present work

as shown in Figs. 15 and 16. Under low inlet steam pressure (0.2

MPa, Fig. 15), pump head decreases with increasing the discharge

water mass flow rate. While under high inlet steam pressure, pump

head increases first, then decreases with increasing the discharged

water mass flow rate, called drooping head-capacity curve [28]. The

reason is similar to that for Fig.6 as mentioned in section 3.2.2. More-

over, the drooping characteristic of traditional pumps (such as centrif-

Fig. 14. Pump head under various area ratios between steam noz-

zle and water nozzle.

Fig. 12. Pump head under various area ratios of steam nozzle.

Fig. 13. Pump head under various mixing section converging angles.
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ugal pump) may lead to unstable operation in certain systems [28].

But the SI can overcome this shortcoming. As mentioned above,

the SI can self-adjust the discharge pressure to the operation require-

ments in certain range, meanwhile discharge water mass flow rate

is kept constant, provided inlet physical parameters are kept con-

stant [5]. So, the drooping characteristic of head-capacity curve can-

not affect the stable operation of the SI. 

With increasing the discharge water mass flow rate, the entrain-

ment ratio decreases. An appropriate entrainment ratio can ensure

a high pump head as shown in Fig. 7. Pump head increases first,

then decreases with increasing the discharge water mass flow rate

as shown in Fig. 16. However, no peak has been found in the present

work for low (3.21) area ratio of steam nozzle to water nozzle as

shown in Fig. 16. When this area ratio is low (3.21), entrainment

ratio is low even though water mass flow rate is low. In this case,

the lifting-pressure process is deteriorated. With increasing the water

mass flow rate, the entrainment ratio becomes lower. Pump head

thus decreases monotonically with increasing the discharge water

flow rate. Moreover, the higher the area ratio of steam nozzle to

water nozzle, the flatter the head-capacity curves.

Both steam nozzle area ratio and mixing section converging angle

do not particularly influence the entrainment ratio as shown in Figs.

9 and 10. With changing these two parameters, the shape of head-

capacity curves does not change in the present work.

CONCLUSIONS

The performance of the SI with central water nozzle arrange-

ment was studied experimentally under various parameters of steam,

water, steam nozzle, water nozzle and mixing chamber. The main

results are as follows:

(1) Influence of physical parameters on performance of the SI

was discussed. Entrainment ratio increases with increasing the inlet

steam pressure and inlet water temperature, but decreases with in-

creasing the inlet water pressure. Pump head increases with increas-

ing the inlet steam pressure in the present test conditions. It decreases

sharply with increasing the inlet water temperature. It increases first

then decreases with increasing the inlet water pressure. So it is very

valuable to operate the SI under low water temperature.

(2) Influence of geometrical parameters on performance of the

SI was presented. Steam nozzle area ratio and mixing section con-

verging angle has little influence on entrainment ratio, but it increases

obviously with increasing the area ratio of steam nozzle to water

nozzle. Pump head increases first and then decreases with increas-

ing the steam nozzle area ratio. Similar trends were found for mixing

section converging angle and area ratio of steam nozzle to water

nozzle.

(3) For the present work, optimal values of inlet water pressure

increase with increasing the inlet steam pressure. Optimal values of

steam nozzle area ratio and mixing section converging angle were

1.3 and 11.6o respectively, and the optimal value of area ratio of

steam nozzle to water nozzle increased with increasing water inlet

pressure, in the range of 4.65-5.97. These experimental results would

be helpful in design of the SI.

(4) Two shapes of head-capacity curves were obtained. Droop-

ing head-capacity curves were obtained for high inlet steam pres-

sure and area ratio of steam nozzle to water nozzle. The drooping

characteristic cannot affect the stable operation due to self-adaptive

characteristic of the SI. Under both low inlet steam pressure and

low area ratio of steam nozzle to water nozzle, degressive head-

capacity curves were obtained. The higher the area ratio of steam

nozzle to water nozzle, the flatter the head-capacity curves.
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NOMENCLATURE

A : area [m2]

d : diameter [mm]

f : area ratio

g : gravity acceleration [m/s2]

Fig. 16. Head-capacity characteristic under area ratios between

steam nozzle and water nozzle.

Fig. 15. Head-capacity characteristic under various inlet steam pres-

sures.
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H : pump head [m]

m : mass flow rate [kg/s]

p : pressure [MPa]

t : temperature [oC]

v : specific volume [m3/kg]

Greek Symbols

δ : mixing section converging angle, o

κ : specific heat ratio

ρ : density [kg/m3]

Φ : entrainment ratio

Subscripts

0 : inlet

1 : outlet

cr : throat of steam nozzle

d : discharged water

th : throat of mixing chamber

sn : steam nozzle

w : water

wn : water nozzle
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