
 

 

 

J. Mech. Cont. & Math. Sci., Vol.-16, No.-2, February (2021)  pp 71-86 

Shahad Jamal et al 

 

 

71 

 

INVESTIGATION OF EVAPORATION AND CONDENSATION 

PROCESS OF INDUCED FLOW USING STEAM EJECTOR 

Shahad Jamal1, Akram W. Ezzat2 

Department of Mechanical Engineering, University of Baghdad, Iraq 

Email: 1Sj2253119@gmail.com, 2akramwahbi@yahoo.ie 

Corresponding Author: Shahad Jamal 

https://doi.org/10.26782/jmcms.2021.02.00007 

(Received: December 30, 2020;  Accepted: January 1, 2021) 

Abstract 

The research aims to understand the design parameters of steam ejector 

nozzle on the performance of flash evaporation induced by the effect of a steam jet 

passing through it. The research concentrates on studying the effect of ejector nozzle 

outlet diameter on induced flow from preheated water in a specified evaporator 

using a subsonic ejector. The thermal energy extracted from the condensed steam 

mixture in the condenser is used to heat the water in the evaporator. The 

experimental tests investigate the effect of nozzle geometry on the induced 

evaporation process by changing nozzle outlet diameter while keeping the pressure 

of evaporator, condenser and primary steam constant. The experimental results 

proved that both primary and secondary steam mass flow rates increase versus 

nozzle outlet diameter, while the entrainment ratio of secondary to primary steam 

flow rates decreases due to the restricted increase of the secondary steam mass flow 

rate. The mathematical model prepared to simulate the behaviour of the subsonic 

ejector is validated using the comparison between experimental and theoretical 

results. The mathematical model showed that maximum entrainment of 0.57 is 

obtained at a primary steam pressure of 2 bars when the nozzle outlet diameter is 

fixed at 1.5 mm, while a minimum entrainment ratio of 0.17 is estimated at 1.5 bar 

pressure related to primary steam when the nozzle outlet diameter is fixed at 2.5mm. 

The authors recommend defining nozzle geometrical parameters according to the 

operating conditions of the experimental test rig to enhance ejector efficiency.  

Keywords: Flash evaporation, Induced flow, Nozzle, Subsonic, Ejector. 

 

I.     Introduction 

The ejector is used for compressing or entraining fluid flows. It has no 

moving part and uses the potential of high-pressure flow suck and compresses a low-

pressure flow to suck and compress a low-pressure flow. The ejectors are classified 

according to the direction of the primary and secondary flows entering the ejector 

including axial-axial and axial-radial flow ejectors. Figure (1) the main parts of an 

ejector including the primary nozzle, secondary inlet, suction and mixing chambers, 

secondary throat, and exit diffuser. 
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Numerical and experimental efforts were conducted to simulate and evaluate the 

performance improvement of ejectors. Experimental and computational dynamic 

fluids were compared and demonstrated for a steam ejector working at 5 kW with 

variable nozzle geometry.  The variable geometry was achieved by applying a 

movable spindle at the entrance to the primary nozzle where pressures and 

temperatures were relatively low as the thermal energy provided by the solar 

collectors can provide power to the cooling system. Symmetric pivot is used to 

represent the CFD of the experimental ejector using water as the working fluid and 

the experimental cohesion ranged between 0.5 – 1. This range is varied according to 

the operating conditions and the position of the spindle tip, [I].  The ejector used in 

the research was of axial-radial flow type. The ejector was capable to suck a mixture 

of 62.5 kg/hr of saturated steam and 25 kg/hr of air at an absolute pressure of 24.5 

kPa, which represents steam turbine design backpressure and discharge them into an 

ambient pressure and temperature of about 35.5 kPa and 106.9oC. Because of the 

radial entrance of the secondary stream, the existing ejector has a low entrainment 

ratio (ER) of about 16 percent and consumes 545 kg/hr superheated motive steam at 

pressure and temperature of 17.3 bars and 445o C. 

 

Fig.1 Main parts of an ejector 

Due to the low performance of the current in-service ejector, it has been replaced by 

an axial-axial flow ejector for the current performance studies. This alternative 

ejector, which is shown schematically in Figure 2, has an entrainment ratio of about 

40 percent at the aforementioned operating condition, i.e., the design point. 
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Fig. 2: Isometric view of ejector geometry 

The entrainment ratio (μ) is used to evaluate the performance of ejectors as given by 

μ=
𝑚𝑒

𝑚𝑔
 , [X].   

The researcher used water at specified operating conditions for the solar thermal air 

conditioner. The effect of the nozzle throat on the static chamber area ratio, ra on the 

entrainment ratio, μ was studied. An ideal value for this geometric factor, ra was 

investigated.  The authors concluded that the backpressure reaches lower values 

under specified static evaporator and generator conditions despite the increase of μ.  

This conclusion restricted the selection of the backpressure to the specified value. 

CFD model is used to estimate different ejector efficiencies, using a basic approach.  

 The operating conditions considered in the research proved the independence of the 

nozzle efficiency on these conditions, and that their values are affected only by the 

nozzle diameter.  It was concluded that ejector efficiency inversely proportional to 

the steam pressure as it approaches the critical value, which then decreased 

significantly rather than being constant, [XIV]. 

A theoretical and experimental study was carried out on ejectors with a fixed and 

variable area under fixed operating conditions.  Conventional fixed area ejector 

showed less efficiency than the variable area ejector which is based on the 

phenomena of a constant momentum change rate, CRMC.  It was noted that by using 

the variable area ejector, the previously confirmed lift ratio increased up to 40%.  

This result is ensured by eliminating the phenomenon of ejector shock. The shock 

caused a total pressure loss as in a conventional fixed zone ejector which affected the 

overall performance of the system.  Also, it was noticed that the variable area ejector 

COP under different operating conditions was volatile and this behavior was due to 

the secondary steam flux neither choking nor reaching acoustic velocity.  The study 

confirmed also that the steam jet cooling system can operate stably at a boiler 

temperature of 90°C. A typical scheme related to the steam jet refrigeration cycle is 

illustrated in figure (12). It normally consists of a steam boiler, condenser, 

evaporator, circulating pump and expansion valve, [V]. 
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Fig. 3: Steam jet refrigeration cycle. 

The study focused particularly on the capability of the modified design to lower the 

required energy density of the process by lowering the evaporation temperature.  

Two typical ratios were cross-checked and a detailed analysis of the processes 

related to thermo fluid behavior was executed.  The open culture systems did not 

produce enough condensation in the mixing path.  The configuration with the closed 

feature installed outside the evaporation chamber showed very excellent feature for 

each variable.  The described system could occupy the maximum pressure and 

temperature in the evaporation chamber under the specified pressure and temperature 

(5 kPa and 30°C).  Detailed analysis and mental data also proved that further reduce 

energy provisions were possible by reducing the flow rates of the motive water.  The 

authors predicted that future work would depend on CFD forecasts and metrics 

agreement, [VI]. 

The effect of nozzle shape was studied on the performance of thermos-compressor 

designed by CFD using the FLUENT program. The shape of the nozzle affected the 

entrainment ratio and the critical back pressure of the thermos-compressor.  The 

research implemented six different shapes to correct the design details. Nozzle throat 

diameter varied between 10.2and 12mm, the nozzle exit plane diameter changed 

from 20 to 25 mm. The motive pressure changed from 1.25 to 1.75 bars while the 

temperature was kept constant at 30oC. The research concluded that critical 

backpressure increase when a larger throat diameter is used, keeping the motive 

pressure, suction temperature and nozzles throat diameter at constant values. 

However, different Mach numbers at the nozzles exit are produced. The entrainment 

ratio showed a constant value versus the Mach number at the nozzle exit. Nozzles 

with a larger area ratio which leads to a higher Mach number operated at higher 

backpressure, while nozzles with different throat diameters and same area ratios and 

motive pressures showed constant motive mass flow rate, [III].  
 

In this study, CFD was used to examine the effect of nozzle shape on the 

performance of the ejector in the steam cooling system and to elaborate the flow 

pattern that occurs inside the steam ejector. Different eight ejectors were examined 

using the FLUENT 6.3 program. The evaporator temperature was set at 7.5, while 

the boiler temperature was ranged from 110 to 150. The diameter of the nozzle was 

fixed at 1.4 to 2.6 mm to ensure the Mach number equals 4. Two models were taken 
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under consideration w-sst and k-€ for comparison purpose with the experimental 

results. w-sst showed to be more accurate than k-€. It was concluded that the shape 

of the initial nozzle and operating conditions affected the performance of the ejector 

and the efficiency of the system. The contour lines of the Mach number showed two 

series of oblique shocks. The first line existed at the exit plane of the nozzle. The 

second line existed at the sections related to the ejector’s throat and subsonic diffuser 

sections. When the 2nd shock position was moving toward the subsonic diffuser, the 

steam ejector was operated at higher critical condenser pressure. The optimum case 

was ensured when throat diameter is 2.3mm and Mach number equals 4. CFD was 

effective for predicting the performance of the ejector and also used to clarify its 

mixing process which is more difficult to be explained using experimental outcomes, 

[VIII].  

This research was focused on reducing electricity consumption in Australia, and this 

could be achieved by replacing electricity with solar energy in cooling devices. The 

performance of the ejector and how to control them were studied. The ejector 

function is similar to that related to the compressor. However, it used heat instead of 

electricity to produce the effect of ejection pressure. The ejector does not contain 

moving parts, but it occupies less efficiency than similar devices, which makes it 

require a solar collector, to compensate for additional energy requirement. Test rig 

design of the ejection system using thermo-ejector is shown in figure (4). The ejector 

consisted of the following parts: entry chamber, mixing chamber, diffuser, as shown 

in figure (5), [V].  

  

 
Fig. 4: An ejector circuit compared to a conventional heat pump 

 
Fig. 5: Ejector cross-section showing its internal parts. 
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Mixed steam flow is supersonic and unstable, so its temperature and pressure rise, 

and then it compresses. In this research, a group of diameters of the mixing duct was 

taken, ranging from 8mm to 22mm. The research focused on the ability of the 

modified design to restrict the process consumed energy.  The effect of the 

geometric shape represented by the nozzle diameter on both the primary steam and 

secondary vapor flow rates and efficiency was studied.  The results demonstrated 

that energy could be reduced by reducing the flow rate of feed water. The main 

motivation behind the current research had been identified as follows:  

1) Well-understand flowing fluid thermodynamics within the subsonic ejector and 

the test rig.   

2) Validation of results obtained from theoretical approach by comparing them with 

experimental approach results.   

3) Check the efficiency of the subsonic ejector according to the operating parameters 

using different ejector nozzle outlet diameters. 

In the present research, the condensation process of both primary and secondary 

vapor is achieved using closed-loop condensation. The condensed vapor is collected 

at the outlet of the condenser.  The water inside the evaporator is heated by 

circulating the water between the condenser and the evaporator during the 

experiments. Enhancing the thermal efficiency of the whole system and minimizing 

energy loss during operation justified the use of a closed-loop cooling system.  

II.    Theoretical Model 

 System physical model 

The primary steam flow in the ejector is generated in the proper steam 

boiler. As the primary fluid flows inside the ejector it evacuates the air from the 

evaporator and depressurizes it to certain vacuum pressure at which water starts to 

evaporate inside the evaporator. The primary steam and the induced secondary steam 

are condensed in the condenser. The ejector is the vital component in the designed 

test rig as it realizes system function during the process [II]. The shape of the ejector 

nozzle in the present research was selected with different outlet diameters to evaluate 

its effects on the induced evaporation caused by the low pressure generated in the 

mixing area of the ejector, Figure (6). In the present research, the Mach number 

never exceeds 1 using convergent nozzle shape. The primary steam produced by the 

boiler leaves the ejector nozzle and passes within the sequential parts of the ejector. 

During primary steam flow through the ejector nozzle, the evaporator entrance area 

is depressurized by the effect of steam kinetic energy converted from primary steam 

thermal energy. This high-velocity steam enforces the secondary steam evaporated 

from the evaporator to the area of the ejector mixing chamber. The entrainment ratio 

is controlled by defining ejector design parameters, nozzle outlet diameters, primary 

steam pressure, temperature and the backpressure in the condenser.  
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(a)                                                                                (b) 

Fig.6: The subsonic ejector implemented in the present research: (a) 3D geometry of 

the  subsonic ejector, (b) The main dimensions of the ejector internal parts  

Mathematical modeling  

Mathematical modeling is based on subsonic primary steam flow constraints. The 

design temperature and pressure of primary steam are ranged from 112–121°C and 

5–2 bars respectively, while the condenser temperature and pressure fixed at 97°C 

and 1.0 bar respectively. Figure 7 shows the simplified process flow diagram of the 

studied case and its related p-h diagram. The main assumptions of the model are 

specified according to the following: Ignoring pressure losses in the evaporator, 

condenser and the pipelines used to connect of system components, the heat 

exchange between different parts of the system and the surrounding is ignored, 

diffuser efficiency η𝑑 and nozzle efficiency η𝑛 of the ejector are known values, 

throttling process considered as an isenthalpic process, the pressure at ejector inlet 

and diffuser outlet are known, M≤1 at section 2, the fluid in the ejector is one-

dimensional homogeneous flow, the pressure of both mixed fluids in the mixing 

chamber is the same, 𝑃3,  the cooling water used for steam condensation in the 

condenser is used for the secondary steam generation process.  

The pressure in sections 1 and 4 corresponds to design pressure, while the pressure 

in evaporator section 7 is a pre-assumed value. Its value is cross-checked using the 

energy equation between sections 2, 3 and 7. The value of mixing chamber pressure, 

P3 is assumed and then cross-checked using the momentum equation between 

sections 3 and 4.  

Primary and secondary steam flow through ejector sections are modeled using 

thermodynamic relations that define pressure, temperature density and velocity along 

these sections. The mathematical model solves mass, momentum and energy 

conservation equations using incompressible flow assumptions, [I]. 

Steam entrainment ratio, μ is evaluated using the following equation: 

μ=
�̇�8

�̇�1
                                       (1) 

The mathematical model used in the present research is based on a closed-loop steam 

condensation process that circulates water between the steam condenser and steam 

evaporator. Accordingly, the mathematical model described in [I] is complemented 



 

 

 

J. Mech. Cont. & Math. Sci., Vol.-16, No.-2, February (2021)  pp 71-86 

Shahad Jamal et al 

 

 

78 

 

by the following equations to elaborate the time interval required for the eater in the 

evaporator to reach flash evaporation temperature. 

  �̇�6(𝑡) = �̇�6𝑖 = �̇�6 

  �̇�6𝑐𝑝 (𝑇𝑒𝑣𝑖 − 𝑇𝑒𝑣𝑜) = �̇�4𝑐𝑝(𝑇𝑐𝑜𝑖 − 𝑇𝑐𝑜𝑜) = �̇�4ℎ𝑓𝑔 

Tevi=Tevo+
𝑚̇4ℎ𝑓𝑔

�̇�6𝑐𝑝
                               (2) 

𝜇𝑖 
𝑑𝑇𝑒𝑣

𝑑𝑡
cp= Qin- Qout 

Assuming that (𝜇𝑖)is constant for reasonable value of (dt)then : 

  𝜇𝑖cp
𝑇𝑒𝑣(𝑡)−𝑇𝑒 𝑣𝑖

∆𝑡
= 𝑐𝑝�̇�6(𝑇𝑒𝑣(𝑡) − 𝑇𝑒 𝑣𝑖)̇ − �̇�7ℎ𝑓𝑔7    

                           (3) 

Substituent equation ( 18) in to(19) 

    𝜇𝑖  𝑐p
𝑇𝑒𝑣(𝑡)−𝑇𝑒 𝑣𝑖

∆𝑡
=  �̇�4ℎ𝑓𝑔4 −   �̇�7ℎ𝑓𝑔7  

Then: 

  𝑇𝑒𝑣(𝑡) =
∆𝑡

𝜇𝑖𝑐p
( �̇�4ℎ𝑓𝑔4 −   �̇�7ℎ𝑓𝑔7 ) + 𝑇𝑒 𝑣𝑖                                             (4) 

 Where 𝑇𝑒 𝑣𝑖  and   𝜇𝑖   Are the temperature and water mass in the evaporator 

at t=0 (initial values).   

  𝑇2(𝑡) =
∆𝑡

 𝜇𝑖𝐶𝑝 
( �̇�4ℎ𝑓𝑔4 −   �̇�7ℎ𝑓𝑔7 ) + 𝑇2𝑖                                              (5) 

 ∆𝑡 =
(𝑇2𝑓−𝑇2𝑖)𝜇𝑖 𝐶𝑝

 �̇�4ℎ𝑓𝑔4 −  �̇�7ℎ𝑓𝑔7 
                                                                                       (6) 

 

 

Fig. 7: (a) Process flow of the studied case. (b) P-h diagram of the system. 
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Figure (8) shows the algorithm of program used to solve the equations to find 

mathematical model unknowns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8: The algorithm of the program 

Get 𝑣2 , 𝑣1 ,Get mass flow rate at state 1 and 2 

Input: dimensions of the ejector; 𝑃1 & 𝑃7 & 𝑃4; η𝑛,η𝑑 

Evaluate enthalpy and desndity by interpolating, and evaluate relative property 

in state 2 

𝑃1( ρ1& h1& S1), 𝑃7( ρ7& h7& S7 ), 𝑃4( ρ4& h4& S4 ) 

Assume 𝑃3, 𝑃2=𝑃3 & 𝑠1=𝑠2, 𝑥2 can be solved 

Since 𝑃3=𝑃8 & 𝑠8=𝑠7, can be calculated 𝑥8 

Get flash evaporation temperature ,equation(2) 

Find T2(t) through equation 5 

Final process 

Find total time equation (6) 

𝑠3𝑠=𝑠4𝑠, 𝑥3 is solved, based on known property in state 3; Calculate the property 

in state 4  

Find mixed steam velocity at state 4 and 8 using proper equation, then find 

steam mass flow rate at states 4 and 8 

Get mass flow rate at state   

Check if 𝑃3 equal to assumption 

Find the entrainment ratio through equation 1 

Check if 𝑃7 equal to assumption 
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III.     Experimental test rig 

A proper test rig is designed and constructed to validate the mathematical 

model. The design parameters are based on primary steam pressure of 1.5–2 bars and 

a temperature of 112–121°C. Primary steam is supplied to the test rig using the 

steam boiler of the Heat Lab. In the mechanical engineering department, see plate 1. 

Plates 2 and 3 show the steam ejector and the test rig used in the experimental part. 

The test rig used in the experiments ensures water evaporation in the evaporator 

using the thermal power extracted from condensed steam circulated between the 

evaporator and steam condenser. Figure (8) illustrates the schematic diagram of the 

test rig. Steam pressure and the flow rate are regulated in the primary steam supply 

using a pressure regulating valve. The primary steam flow induces the secondary 

flow of steam from the evaporation tank actuated by the low-pressure condition in 

the mixing area upstream of the nozzle outlet. The initial water temperature in the 

evaporator is controlled by the water heating in the condenser and the evaporation 

from the evaporator. Mixed primary and secondary steam flow is drafted through the 

ejector divergent area to the condenser. It condenses inside the condenser due to 

thermal power extracted from mixed steam by the water circulated between the 

condenser and evaporator. A pyrex-type cooling coil is used in the condenser for 

cooling the steam collected from primary and secondary lines. The condensation 

process is ensured at an operating temperature of 75–90°C. An isolating valve is 

used to drain water from the evaporator at the end of the experiments. 

  

 
Plate 1: boiler in the  lab 
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Plate 2: Subsonic steam ejector utilized in the present experiments 

 

 
Plate3: Experimental test rig 
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Fig. 9: The conceptual design schematic of the test rig 

   

IV.     Discussion of the Results 

Figures (10, 11& 12) show the comparison among the experimental results 

collected during the present research with that obtained in reference [I] at a primary 

steam pressure of 1.5bar. The figures demonstrate reliable differences among both 

groups of results. The mass flow rate of primary steam mass, ṁ1 trend versus 

variable nozzle outlet diameter is shown in Figure (10). The Figure proves that 

primary mass flow rate increases versus nozzle size at same steam supply p1 justified 

by higher fluid flow. Figure (11) clarifies the secondary steam mass flow rate, ṁ8 

behavior versus variable nozzle outlet diameter. According to Figure (11) the 

velocity at the nozzle outlet increases versus its size which in turn increases the 

pressure difference between steam supply p1 and mixing chamber pressure, p7. 

Figure (12) shows the entrainment ratio of the secondary versus nozzle size. It is 

clear that the entrainment ratio is inversely proportional to the nozzle diameter size. 

This behavior is justified by the restricted induced flow versus primary steam flow 

increase. Figures (13, 14& 15) shows theoretical results of primary and secondary 

steam flow and entrainment ratios versus nozzle diameters at different primary steam 

pressures, p1 equals 1.5, 1.75 and 2 bars. Figure (13) shows that steam mass flow 

rate, ṁ1 increases versus nozzle diameter and this increase is proportional to primary 

steam pressures. Figure (14) compares the secondary steam mass flow rate, ṁ7 

versus variable nozzle outlet diameter at same primary steam pressures. The figure 

proves the same trend as Figure (13). Figure (15) shows the entrainment ratio of the 

secondary steam flow at the same primary steam pressures. The figure clarifies that 

entrainment ratios are inversely proportional to nozzle diameter and that their trends 

are proportional to the primary steam pressures.  



 

 

 

J. Mech. Cont. & Math. Sci., Vol.-16, No.-2, February (2021)  pp 71-86 

Shahad Jamal et al 

 

 

83 

 

 

Fig. 10: Comparison of primary steam mass flow rate gathered from present research 

with those obtained from previous research versus nozzle outlet diameter 

 

Fig. 11: Comparison of secondary steam mass flow rate gathered from present 

research with those obtained from previous research versus nozzle outlet diameter 

 

Fig. 12: Comparison of entrainment ratio gathered from present research with those 

obtained from previous research versus nozzle outlet diameter 
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Fig. 13: Theoretical values of primary steam mass flow rate versus nozzle outlet diameter 

 

Fig. 14: Theoretical values of secondary steam mass flow rate versus nozzle outlet diameter 

 

Fig. 15: Theoretical values of entrainment ratio versus nozzle outlet diameter 

V.    Conclusions 

The experimental results obtained for primary steam mass flow rate, ṁ1, 

secondary steam mass flow rate, ṁ8 and entrainment ratio, μ versus nozzle outlet 

diameters at constant primary steam pressure, p1 with previous research works 

showed reliable agreement. The results proved that primary and secondary steam 
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mass flow rates are proportional to nozzle outlet diameters, while the entrainment 

ratio is inversely proportional to the later. 

The mathematical model proved the same trends proved in the experimental results 

related to the behavior of primary and secondary steam mass flow rates and 

entrainment ratio versus nozzle outlet diameters. The mathematical model also 

clarified that these parameters are proportional to the primary steam pressure ratio as 

maximum entrainment of 0.57 is obtained at a primary steam pressure of 2 bars 

when the nozzle outlet diameter is fixed at 1.5 mm, while minimum entrainment 

ratio of 0.17 is estimated at a primary steam pressure of 1.5 bar when the nozzle 

outlet diameter is fixed at 2.5mm.  
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