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Abstract: The steam ejector is a core component of an ejector-based refrigeration system. Additionally,
steam ejectors can also be potentially applied for a fire suppression system by using pressurized
steam droplets to rapidly quench and extinguish the fire. The use of steam will significantly reduce
the amount of water consumption and pipe flow rate compared to conventional sprinklers. However,
the efficiency of the steam ejector nozzle is one of major factors that can influence the extinguishing
mechanisms and the performance of pressurized steam for fire suppression. In this article, to
formulate an assessment tool for studying the ideal entrainment ratio and initial flow wetness, a wet
steam model has been proposed to enhance our understanding of the condensation and evaporation
effects of water droplets from a numerical perspective. The entire steam-ejector system including
the nozzle, mixing chamber, throat and diffuser were modeled to study the profiles in axial pressure
and temperature across the system, and were compared with self-measured experimental data. In
addition, the flow and heat transfer interactions between the fluid mixture and nucleating water
droplets were numerically examined by comparing initial conditions with different liquid fractions,
as opposed to the ideal gas assumption. With the application of the proposed wet-steam model,
the numerical model showed vast improvement in the axial pressure distribution over the ideal gas
model. Through numerical conditions, it was found that reducing the wetness of the secondary inlet
flow will potentially optimize the system performance with a significant increase of the entrainment
ratio from 0.38 to 0.47 (i.e., improvement of around 23%).

Keywords: steam ejector; wet steam model; computational fluid dynamics; condensation effect; fire
suppression system

1. Introduction

A steam ejector is a fluid phase-change device, which can utilize low-grade energy, such as
industrial waste heat, to generate vacuum environments. The first steam ejector was designed by Flugel
in 1939 [1]. Ever since it has been developed, the steam ejector has been widely applied in multiple
industrial sectors, including refrigeration, chemistry, metallurgy, petroleum, and food processing [2-5].
Steam ejectors can also be applied to a fire suppression system in place of water mist to provide greater
displacement of oxygen from a fire plume due to the evaporation of water droplets. Based on nozzles
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and water mist, numerous studies on different characteristics of the system such as pressure, injection
rate, cone angles, and droplet dimensions were conducted for different working conditions and were
performed both experimentally and numerically in recent years [6-8].

A steam ejector utilizes high-pressure steam to pump low-pressure fluids. It has many advantages
over other commonly used devices, such as no moving parts, less-required maintenance and low cost
in manufacturing and energy consumption. Although the structure of a steam ejector is relatively
simple, the flow behavior within the enclosure can be extremely complex, involving phenomena such
as transonic flow, shockwaves, phase change etc.

The configuration of a typical steam ejector [9] along with the corresponding pressure changes
and velocity distribution is shown in Figure 1. In general, a steam ejector consists of four main
components: (i) primary nozzle, (ii) mixing chamber, (iii) throat, and (iv) subsonic diffuser. The steam
ejector work cycle starts with the acceleration of highly pressurized primary fluid to supersonic after
passing through the nozzle. Approaching the end of the nozzle, a relative low-pressure region is
generated due to the high velocity, which entrains the secondary fluid stream from the evaporator into
the mixing chamber. The velocity of the secondary fluid increases within the mixing chamber due
to the energy and momentum exchange between the two fluid streams. Subsequently, the speed of
the mixed flow is reduced to subsonic range, due to the normal shock wave occurring in the throat.
The mixed flow is further compressed after exiting via the subsonic diffuser. This entire entrainment
process is very complex, and analysis requires a deep understanding of the underlying physical fluid
behaviors and the change in water droplets within the steam ejector. One of the key parameters to
assess the performance of the steam ejector is the entrainment ratio or mass flow ratio [10], which is
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Figure 1. Configuration of a typical steam ejector and flow characteristic along the axis of the

steam ejector.

As a characteristic index of efficiency, a stream ejector with a higher entrainment ratio is usually
preferable. In addition, the performance of the steam ejector can also be described by the characteristic
curve (see Figure 1) and herein the critical back pressure plays an important role. According to the
critical back pressure, the steam ejector entrainment ratio can be separated into three modes [11]:
(i) critical mode (double-choking), (ii) subcritical mode (single-choking) and (iii) back-flow mode
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(malfunction) as indicated in Figure 2. In the double-choking mode, the entrainment ratio of the stream
ejector remains as a constant with the increase of back pressure up to a critical point. Afterwards, the
entrainment ratio dramatically decreases to zero, and the ejector loses its function. Previous works
have been carried out using both experimental and numerical approaches to evaluate the effect of
key parameters on the performance of a steam ejector. These studies include the optimization of key
components such as the mixing chamber, nozzle, throat etc. as well as the assessment of the system
under various operating conditions have also been performed. For instance, Chunnanond et al. [9]
conducted an experimental investigation on the pressure profile along the ejector axial direction
and concluded that the performance of the ejector was predominately governed by the amount of
secondary fluid as well as the momentum of the mixed stream. Sankarlal et al. [12] studied the
effects of non-dimensional parameters including the compression and expansion ratios, on the system
performance. The results showed that the coefficient of performance is proportional to the expansion
ratio and is inversely proportional to the compression ratio. Aidoun et al. [13] and Wang et al. [14]
applied various boundary conditions for inlet flows and investigated their effect on the entrainment
ratio. The results suggested that, with the implementation of superheat inlet flow, improvement
of entrainment ratio could be achieved, whereas the pressure at the exit remains unchanged. The
performance of a steam ejector can be improved by optimizing the geometric configuration of the key
components. Varga et al. [15-17] and Ma et al. [18] developed the relationship between the entrainment
ratio and the area ratio. The area ratio is a critical non-dimensional factor that has a significant impact
on the performance of the system which is defined as the ratio between the cross-section area of primary
nozzle and constant area section. Other experimental [9] and numerical studies [19-21] have also
been conducted on the nozzle exit position. It was reported that positioning the nozzle exit upstream
of the mixing chamber entrance gave better performance than pushing it into the mixing chamber.
Furthermore, Sun et al. [22] and Cizungu et al. [23] investigated the correlation between the primary
nozzle diameter and system performance. Chaiwongsa et al. [24] and Ruangtrakoon et al. [25,20]
performed parametric studies on the influence of different configurations of the primary nozzle, and
suggested that the expansion angle of the nozzle is also critical to the performance of the steam
ejector. Most experimental studies focused on the optimization of geometric parameters and operating
conditions as well as the explanation of experimental phenomena. The running cost for the experiment
is also too costly to generate a lot of data for comparison. However, the numerical simulation can
perform a comprehensive analysis for the flow behavior based on the thermal dynamics and fluid
dynamics with the advantages of reducing cost and increasing the efficiency.

Critical Mode Subcritical Mode Back-flow Mode
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Figure 2. Characteristic curve of a steam ejector at a fixed temperature [10].
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Computational fluid dynamics (CFD) simulation has become an effective tool to analyze the
understanding of complex flow behavior due to the rapid advancement of numerical methods and
computational power. Previous numerical studies demonstrated that, with the cautiously selected
sub-molecular modeling components, CFD simulation could provide detailed information about the
flow field that often difficult to assess by experimental means such as gaining more detail about
nucleating small particles in the main flow field [27,28]. During the past few decades, extensive
numerical research works based on ideal gas assumption have been performed to analyze the flow
field development of the steam ejector. However, the spontaneous condensation phenomena occurring
in the nozzle during operation [29] have not been captured under the ideal gas assumption. When the
steam passes through the nozzle, the temperature of steam would be much lower than the stagnation
temperature due to the inner energy partly transforming into kinetic energy caused by the occurrence
of the condensation phenomena. Fluid thermodynamics characteristics of the inlet flows are described
in Figure 3a. The state of primary fluid moves from the original state (point A) to point C, which is
an isentropic expansion process. However, the real expansion process is line AC’, due to energy loss
existing in the actual process. The secondary fluid started from Point B is mixed with the primary
fluid along the isobar line CB and arrives in point M at the end of mixing process. Subsequently, as for
the shock wave, the mixed flow reaches a subsonic condition (Point E) and it arrives in condition F
after it eventually passes through the diffuser. The steam jet refrigeration cycle is applied in the ejector
refrigeration system [30]. Figure 3b,d illustrates a typical one stage ejector refrigeration system, where
the steam ejector is shown in Figure 3c. Based on this system, numerical studies with the consideration
of spontaneous condensation of the steam ejector have also been performed to analyze the development
of the primary fluid and the complicated phase change process. For example, Yang et al. [31] simulated
the condensation process during the nozzle, and Mazzelli et al. [32] compared the CFD modeling
with an experimental test-case for the condensation. The spontaneous condensation in the nozzle
of the steam ejector was studied in recent decades [33-35]. Sharifi et al. [34] found that the steam
condensation increases the flow Mach number and the ejector’s performance comparison with a
dry gas. Wang et al. [33,35] investigated the influences of superheating operation of the primary
fluid. It was concluded that 0 K-20 K superheating for the primary fluid has a positive impact
on the entrainment ratio, while superheating over 20 K was meaningless and led to energy waste.
Wang et al. [36] showed that the primary pseudo-shock flow gives a further downstream choking
position and a higher secondary fluid flow velocity at the choking position with the wet steam model.
Furthermore, Bakhtar et al. [37] applied a time-marching technique to obtain more accurate numerical
predictions. This technique was proven to be effective and feasible for the two-dimensional flows of the
nucleating and wet steam model in nozzles. Those studies, nevertheless, are limited to mainly focus
on the individual parts of the system, i.e., the nozzle. Detailed analysis of the flow field development
as well as the information about phase change within the entire steam ejector including all four major
components, however, has so far not been performed. Furthermore, it is critical to have a clear study
of the condensation effect inside the whole steam ejector, especially in the application of the wet
steam model.

Considering the above-mentioned research gap, in this article, the working process of the entire
steam ejector consisting of the nozzle, mixing chamber, throat and diffuser will be considered entirely
utilizing CFD simulations. In essence, key objectives of this study can be summarized by the
following statements:

1.  The simulation will take advantage of a wet steam model to investigate the condensation effect
on the flow behavior and steam ejector performance.

2. The numerical model will be validated against experimental data and the results will also be
compared with the ideal gas model.

3. Different wall functions and turbulences models will be tested to determine the most optimized
model in terms of prediction accuracy.
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4. Aseries of simulations with different wetness operating conditions will be performed to investigate
the relationship between the wetness of working flows and pump efficiency.
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Figure 3. (a) Enthalpy-entropy diagram of the working process in the nozzle of the steam ejector.
(b) Main view of the ejector refrigeration system (c) Steam ejector. (d) Three-dimensional isometric side
view of the system.

2. Mathematical Model

In order to model the complex, non-linear and fully-coupled turbulent and steam interacting
fluid mixture involved in a steam-ejector, the conserved properties including velocity, temperature,
and mass fraction of water droplets were solved based on the governing equations of fluid dynamics
and transport equations, in associated with the wet-steam model. The governing equations are
mathematical statements of the physical and chemical phenomena of the considered fluid mixture,
which can be numerically resolved in the form of computational codes to obtain solutions for fluid
problems, whilst the heat exchange led by the phase-changes of steam droplets were considered by the
additional transport properties for steam.

2.1. Wet Steam Modeling

The wet steam flow was modeled by the Eulerian-Eulerian approach. Compressible Navier-Stokes
equations were adopted for modeling of the condensation process of the two-phase flow. In addition,
two more transport equations accounting for the liquid-phase mass-fraction () and the number of
liquid-droplets per unit volume (1)) were used to capture and describe the distribution of water droplets
within the field [38]. The two-equation model is a viable approach which governs the proportion and
particle numbers by resolving two conservative transporting properties, and it has been proven to
be effective in applications such as turbulence and smoke particles modeling [36,39,40]. Based on
the classical non-isothermal nucleation theory, the formation of liquid-droplets in a homogeneous
nonequilibrium condensation process is described in the phase change model.

As for the non-equilibrium state in supersonic flows, the nucleation and condensation of
condensable gases are overwhelmingly complicated [41,42]. Based on the single-fluid Eulerian
model [41], several assumptions were implemented to ensure the simulation was numerically stable
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and efficient. Since the mass fraction of the condensed phase is quite small (<0.2), the effect of droplets
size to the main flow stream is negligible and the interactions between droplets are not considered.
Moreover, since the droplets sizes are sufficiently small, the volume of the condensed phase and
thermal capacity are negligible [27]. A non-slip condition was also assumed, which means that the
velocity difference between the droplets and gaseous-phase is negligible. Within the phase change
model, the droplet was assumed to be spherical and surrounded by infinite vapor space due to the
small liquid volume fraction. The droplet growth was based on average representative mean radii.
With the aforementioned assumptions, the Euler Equations [43] can be written as:

ou oJF JG
A 2
o Tox Ty =0 @
where x and y represent the special coordinates while t depicts the physical time. The unsteady term U,
flux matrices F and G respectively in x-, y-directions can be expressed as:

p é)u pv

| pu | put+P B puv
U= pv F= puv /6= pv? + P @)

pE (pE+P)u (pE+P)v
The mixture density (p) is given by:
Po
= (4)
PTa-p

where (py) is the vapor density and (f) is the liquid-phase mass fraction. And in Equation (3), the
internal energy (E) and the specific enthalpy (h) are given by:

P
E=hy—— 5
0= ®)
(2 +2?)
ho=h+ ——— ©)
h=1-p)ho+h ?)

In order to describe the distribution of nucleating droplets within the computational field, two
transport properties were introduced and solved. The first being the mass fraction of fluid condensed
liquid phase (), where the transport equation can be expressed as:

8 -
alf—l-v-(pvﬁ):l" 8)

The second additional transport equation governs the number density of the droplets per unit
volume, which is given by:
9pn

o +V- (p?n) =pl 9)

In Equation (8), I' is the mass generation rate, related to the nucleation rate (I). It is defined
by the sum of a mass increase due to nucleation and growth/demise of these droplets during the
nonequilibrium condensation process in the classical nucleation theory [38]:

4 L JF
r= gnpllrﬁ —|—47Ip1171’2§ (10)
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where 7. is the Kelvin-Helmholtz critical droplet radius above which the droplet will grow and below
which the droplet will evaporate [44] and it is defined as:

20

- piRTIn S (1)

Tx

where o is the liquid surface tension evaluated at temperature T, and S is the supersaturation ratio
defined as the ratio of vapor pressure to the equilibrium saturation pressure:

p
S= 12
P sat(T) ( )
In Equation (9), the number of liquid-droplets per unit volume (1) is given by:
: 13

T] =
(1=B)Valpi/po)
where V; is the average droplet volume, which is calculated by the average droplet radius () using
the volume formula of a circle.
Also in Equation (8), the nucleation rate I is described by the steady-state classical homogeneous
nucleation theory [45]:

2 2

e [ Po 20 4nr.co
— - 14
1+ 9( oI ) M,2n eXp( 3KbT) 14

where 0 is a non-isothermal correction factor and is determined by the following relation:
2()/ — 1) hip \( 1o

0=——|5=|5=-05 15
(y+1) (RT RT (15)

Based on the nucleation model, the condensation process involves two mechanisms: (i) Mass
transfer from gas phase to droplets and (ii) the transfer of heat from the droplets to the vapor in the
form of latent heat [46]. This energy transfer relation can be written as:

ar P (y+1)
ot hlvpl V2rRT 2)/

Cp(To-T) (16)

2.2. Wet Steam Equation of State

In wet steam flow calculations, it is more convenient to relate steam properties using a simpler
form of the thermodynamic state equations [45]. The equation of state is given by:

P = p,RT(1 + Bp, + Cp.?) (17)

where B and C are the second and the third virial coefficients are given by the following empirical
expressions:

5
2

-1
B = a1(1 n é) e (1—e )3 4ast (18)
where T = 1500/T, a = 10,0000, a1 =0.0015, @, = —0.000942, and a5 = —0.0004882.

C=a(t—10)e*" +b (19)

where 7 = T/647.286, Tg = 0.8978, « = 11.16,a = 1.772, and b = 1.5 x 107°.
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The vapor isobaric specific heat capacity (Cp,), specific enthalpy (h,), and specific entropy (s,),
which is applied for calculating the state of vapor, are also given below.

Cp. = G (1) + R{[(1= aT)(B=Bu) = Balpo + [(1 - 20 T)C +aeTC - 2o} 0)
hy = ho(T) +RT[(B—B1)py + (c— %)pﬁ] 1)
5o = 50(T) — R[ln po+ (B+B1)ps + @pvz] (22)

where Cpy, hg, sp are the standard state isobaric specific heat capacity, enthalpy, entropy respectively.

3. Modeling Setup and Boundary Conditions

The dimensions of the steam ejector geometry were based on the experiments conducted by
Sriveerakul et al. [47], which are summarized in Table 1. A two-dimensional axisymmetric geometry
was applied in this study to improve the simulation efficiency [48]. Structured quadrilateral meshes
were applied as displayed in Figure 4, and some refinements were performed around the primary
nozzle region due to the occurrence of condensation and other sharp-changing properties. This
section may be divided by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation as well as the experimental conclusions that can be drawn. A
mesh sensitivity analysis was carried out to investigate the independence of mesh refinement towards
the computational results. Three mesh sizes were used to perform the analysis, with coarse, medium
and fine meshes comprising of 8117, 77,676 and 175,522 grid elements respectively. Comparing the test
cases, shown in Figure 5, the medium mesh showed a better result than the coarse mesh. Nevertheless,
the deviation of results between the medium mesh and the fine mesh was within 4.2%, which is
relatively small. Considering simulation efficiency, while retaining the accuracy of further refined
mesh, the medium mesh was chosen for all simulations carried out in this study.

Table 1. Detailed dimensions for the inlet and outlet diameter sizes, lengths of the components for the
steam ejector.

Geometry Value
Diameter of Nozzle inlet 7.75 mm
Diameter of Nozzle outlet 8 mm
Diameter of Mixing chamber inlet 24 mm
Diameter of Mixing throat 19 mm
Length of Nozzle 60 mm
Length of Mixing chamber 130 mm
Length of Throat 95 mm
Length of Diffuse 180 mm
Expanded angle of nozzle 10°
Nozzle exit position 0 mm

Figure 4. An enlarged view of the structural mesh system applied in the steam ejector fluid domain.



Appl. Sci. 2019, 9, 1486 90f 17

1100 T T T T T T T
NI coarse
1000 | “.l" N e medium |
Rl N - = fine
e 4 s
v 900 7 \n, 1
= ’ .
£ A S
~ 800 : ~ 1
> 4 -
= 7 Mea,
8 700 _/ \"g,_ 7
— i *"g,
2 600 RN .
.,,’."\.
XN
500 \ <
400 1 1 1 ! 1 1 1
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Axial Position (m)

Figure 5. Comparison of velocity distribution along the axial position for different meshes.

The numerical simulation is performed by commercial CFD software package, ANSYS-Fluent
with in-house attachment UDEF. The inlet boundary conditions were summarized in Table 2. As the
flow inside the nozzle region is transonic, the outlet pressure was then set to an arbitrary low number.
The realizable k—¢ turbulence model was adopted for the turbulence flow and enhanced wall functions
were applied to provide a more accurate representation of the flow in the near-wall regions. The
finite-volume approach was implemented for solving the governing equations. The discretized system
was solved by the Green-Gauss Node based method and the convection terms were discretized with a
second-order upwind scheme.

Table 2. Temperature and pressure configurations for the primary and secondary inlets.

Inlet Fluid Temperature (K) Pressure (Pa)
Primary fluid 393.15 200,000
Secondary fluid 283.15 1200

4. Validation of the Numerical Model

The static pressure distribution along the steam ejector upper wall was validated against the
experimental measurements reported by Sriveerakul et al. [47]. As shown in Figure 6, the overall static
pressure profile showed good agreement with the experimental data, and the position of the shockwave
was also well aligned. Within the mixing chamber section (i.e., axial position from 0.06 m to 0.15 m),
the predicted static pressure distribution was slightly lower than the experimental data. One possible
reason for this error might be the over-predicted condensation effect in the simulation. Furthermore,
the remaining static pressure distribution profile of the numerical result was over- predicted against
experimental data. Considering deviations shown in Figure 6, there are limitations in the experimental
data collection, and it is extremely difficult to obtain measurements in the steam ejector. In this study,
the experimental data was obtained from the wall of the steam ejector, where the solution variables
have large gradients and the momentum and other scalar transports occur most vigorously. Also, the
steam of the primary flow was generated by the boiler, where the state is not the pure dry saturated
water steam, and this has a negative effect on the experimental testing data. Additionally, before the
primary flow passed through the nozzle, part of steam condensed inside the boiler, which makes
the experimental pressure lower than the numerical simulation results. Apart from the deviations
in static pressure at axial positions from 0.15-0.25 (which are clarified in the response above), the
numerical predictions were in good agreement with experimental results. The trends between the
experimental and numerical results are the same, which is that the pressure increased due to the shock
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wave happened at the throat. Also, the value of pressure was the same around 1200 Pa at the mixing
chamber and eventually increased to 3000 Pa at the exit of diffuser. Therefore, the numerical results are
validated against experimental results. Figure 7 illustrates the axial pressure distribution results from
the wet steam model and ideal gas model against the experimental data. Overall, the numerical results
from the wet steam model are in better agreement with the experimental data in comparison to the
ideal gas case. With the consideration of the condensation effect in the wet steam model, there was a
significant improvement in the pressure predictions within the mixing chamber (the axial position
from 0.06 m to 0.15 m). Otherwise, the difference is small between the ideal gas and wet steam models
for the rest of the profile.
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Figure 6. Comparison of static pressure distribution along the ejector wall between wet steam model
and experimental data.
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Figure 7. Static pressure distribution along ejector wall between ideal gas model and wet steam model
against the experimental data.

5. Results and Discussion

5.1. Turbulence Model and Wall Functions for Steam Ejector Modeling

The flow state during the entire working process involves both high pressure and high-velocity
flows and shockwaves. Therefore, a suitable turbulence model is essential for accurate numerical
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predictions. Figure 8 illustrates the static pressure results from three turbulence models against the
experimental data. Three different turbulence models (i.e., standard k—e¢, realizable k—¢ and the k—w
SST model) were applied in this study. As shown in Figure 8, the results of the realizable k—¢ model
were the most accurate compared to experimental results. The only section in which the k—w SST
model showed slightly improved prediction over the realizable k—¢ model was during first half of the
throat section (i.e., axial position from 0.15 m to 0.2 m). However, after the shock, the k—w SST model
shows a bigger deviation from experimental data than the k—¢ models. In addition to turbulence
models, wall functions also need to be carefully considered because the turbulent flows near the wall
region have large gradients, and the experimental data was collected from the wall of the steam ejector.
Therefore, implementing wall functions should improve the accuracy of the wall-bounded turbulent
flows. Figure 9 illustrates the axial pressure distribution for the realizable k—¢ model with different
wall functions. As can be seen in Figure 9, the enhanced wall function showed a better performance
compared to the non-equilibrium wall function. Taking into consideration the aforementioned results,
the realizable k—¢ model with the enhanced wall functions was chosen to further investigate the
condensation effect on the performance of the steam ejector.
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Figure 8. Axial static pressure distribution of different turbulence models against the experimental data.
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5.2. Wetness Influences of Inlets on Entrainment Ratio

Condensation occurs in the nozzle of the steam ejector and results in the formation of water
droplets. These water droplets pass through the steam ejector in the primary flow and have significant
influence on the mixing process and the flow behavior. The wet steam is a mixture of saturated vapor
and fine liquid droplets, and the wetness is defined by the liquid mass fraction. In this article, four
working conditions with different wetness settings on the primary and secondary flows were chosen
to investigate the effects of wetness on the condensation effect. The case details are listed in Table 3.

Table 3. Different wetness settings for inlet flows.

Case Number Wetness of Primary Flow (Inlet1)  Wetness of Secondary Flow (Inlet 2)
Case 1 0 0
Case 2 0 0.1
Case 3 0.1 0
Case 4 0.1 0.1

Case 1 is a virtue case which tests a totally dry fluid stream, which means both the liquid mass
fraction of primary and secondary flow are set as zero. Case 4 is more like the actual scenario since in
reality there is humidity and the steam should be somewhat wet. The liquid mass fraction was set to
0.1 on both inlet flows, which corresponds to the fact that most nozzle and turbine flows will have a
wetness factor less than 0.1. In addition, large values of the wetness fraction lead to instability in the
solution due to the large source terms in the transport equations.

The axial static temperature distribution for the 4 case studies are illustrated in Figure 10. Case 1
and 2 shows a slightly different trend to Case 3 and 4 during the nozzle section. It is proven that the
wetness of primary flow has a more significant effect on the condensation in comparison to that of
secondary flow. The gap in temperature distribution along the axis position between Case 1 & 2 and
Case 3 & 4 is due to the heat realized from the condensation effect. From Figure 10, it is also concluded
that: (i) For Case 1, since both the primary and secondary flow are totally dry, the condensation effect is
the most significant and can be reflected from the figure as it has the highest temperature overall. (ii) On
the contrary, Case 4 has the least condensation effect since the incoming fluid has the greatest moisture
content before it approaches the mixing chamber. (iii) Compared with Case 4, the temperature of Case 2
in the nozzle part is higher since the condensation happened in the nozzle and some latent heat was
released due to the condensing effect, which leads to a delay of the temperature drop. (iv) Case 3 shows
the same trend of Case 4 during the nozzle part because the wetness of primary flow is the same. For
the mixing chamber, with the different wetness of secondary flow, the condensation of secondary fluid
for Case 3 occurred and the process released heat to the mixed flow, leading to an increased temperature.
(v) Case 2 and 3 illustrates that the wetness of the primary flow has a more significant effect on the
condensation in the whole working process of the steam ejector compared to the secondary flow.

From Figure 11, it is concluded that during the mixing process, the nucleation rate is high, and
droplets were generated, which means that condensation is still happening in the mixing chamber.
Compared to Case 4, Case 3 shows a wider area of droplets nucleation, which leads to a higher
entrainment ratio. Theoretically, reducing the wetness of secondary flow has a positive impact on
improving the entrainment ratio and the performance of the steam ejector. With less wetness of the
secondary flow, the nucleation can last from mixing chamber to throat, which increases the range of
condensation effect and improves the entrainment ratio of the steam ejector. The pumping efficiency of
the steam ejector was calculated based on the Equation (1) for all four cases, which was summarized in
Figure 12. Compared to the ideal gas model, the entrainment ratio of Case 1 and 3 was improved, due
to the application of the wet steam. The condensation effect was taken into consideration during the
pumping progress by using the wet steam model, and the primary flow entrained more secondary flow,
which improves the pumping efficiency. It is also evident that reducing the wetness of the secondary
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fluid, the entrainment ratio is the highest to 0.47, which significantly improves the performance of the

steam ejector.
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6. Conclusions

In this study, numerical simulations have been performed to study the entire steam ejector system.
A wet steam model was implemented to describe the condensation and evaporation processes of the
water droplets within the system. The numerical model was validated against experimental results
which were found to agree well with the experimental data in terms of the static pressure distribution
along the steam ejector. In addition, the model was able to provide an accurate prediction of the
changes in water droplets, axial pressure, temperature, and pressure distribution within the entire
system. The investigation into different wetness of inlet flows showed that in the whole working
process, the wetness of secondary flow influences the pumping efficiency more than the primary flow.
Within a certain range (from 0 to 0.1), the wetness of the secondary flow has an inverse proportion
relationship with the entrainment ratio. The nucleation rate of water droplets is improved by the
decrease of the wetness of the secondary flow at the front half of the mixing chamber, leading to better
performance of the steam ejector. On the other hand, the wetness of the primary flow plays a domain
role on the spontaneous condensation at the diffuser part. In summary, the following are the key
findings from this study:

1.  Based on the ideal gas model, the realizable k—¢ turbulence model with enhanced wall functions
showed a better performance of simulating the working process of the steam ejector.

2. Compared with the ideal gas model, the wet steam model showed a better agreement
against the experimental data, especially in the mixing chamber section with approximately
23% improvement.

3. The spontaneous condensation happened in the nozzle and during the mixing chamber, the
condensation effect had an influence on the entrainment ratio.

4. By reducing the wetness of the secondary fluid or improving the wetness of the primary fluid,
the condensation effect lasted longer and improved the entrainment ratio, which means the
performance of the steam ejector is enhanced.
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Nomenclature
B, C virial coefficients (m3/kg, m6/kg2)
Cp, Cpo isobaric heat capacity, standard state heat capacity (J/kg-K)
Em entrainment ratio
specific enthalpy, standard state enthalpy, liquid specific enthalpy, vapor specific
h, ho, hy, hy, hyy L
enthalpy, specific enthalpy between phases (J/kg)
I nucleation rate (1/s)
Ky Boltzmann constant (J/mol-K)
k turbulent kinetic energy (m?/s?)
M molecular mass (kg)
P pressure (Pa)
P, back pressure (Pa)

P; critical back pressure (Pa)
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PZ reversing back pressure (Pa)

Pyt saturation pressure

qc evaporation coefficient

R gas-law constant (J/mol-k)

¥ droplet average radius (m)

Te critical droplet radius (m)

S super saturation ratio

S, S0, Sv specific entropy, standard state entropy, vapor specific entropy (J/kg-mol-K)

T thermal temperature (K)

To droplet temperature (K)

t time (s)

u velocity (m/s)

A2 average droplet volume (m?)

oy volume fraction

B mass fraction

Y specific heat capacities ratio

r mass generation rate (kg/s)

€ turbulent energy dissipation rate (m?/s®)

n droplet number density (1/m3)

0 non-isothermal correction factor

K Kt dynamic viscosity, turbulent viscosity (Pa-s)

v kinetic viscosity (m?/s),

P, P Pv mixture density, liquid density, vapor density (kg/m?)

o droplet surface tension (N/m)

E internal energy
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