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Abstract: Steam ejectors are important energy-saving equipment for solar thermal energy storage;
however, a numerical simulation research method has not been agreed upon. This study contributes
to a comprehensive selection of turbulence models, near-wall treatments, geometrical modeling (2-D
and 3-D), solvers, and models (condensation and ideal-gas) in the RANS equations approach for steam
ejectors through validation with experiments globally and locally. The turbulence models studied are
k-e Standard, k- RNG, k-¢ Realizable, k-w Standard, k-w SST, Transition SST, and linear Reynolds Stress.
The near-wall treatments assessed are Standard Wall Functions, Non-equilibrium Wall Functions, and
Enhanced Wall Treatment. The solvers compared are pressure-based and density-based solvers. The
root causes of their distinctions in terms of simulation results, applicable conditions, convergence,
and computational cost are explained and compared. The complex phenomena involving shock
waves, choking, and vapor condensation captured by different models are discussed. The internal
connections of their performance and flow phenomena are analyzed from the mechanism perspective.
The originality of this study is that both condensation and 3-D asymmetric effects on the simulation
results are considered. The results indicate that the k-w SST non-equilibrium condensation model
coupling the low-Re boundary conditions has the most accurate prediction results, best convergence,
and fit for the widest range of working conditions. A 3-D asymmetric condensation model with a
density-based solver is recommended for simulating steam ejectors accurately.

Keywords: non-equilibrium condensation; near-wall treatments; RANS; steam ejectors; three-dimensional
effect; turbulence model; solvers

1. Introduction

Steam ejectors are important and widely used energy-saving equipment that can only
utilize residual pressure by recovering low-pressure steam [1]. Although a steam ejector’s
structure is simple and reliable, the flow and mixing process of its internal fluid is very
complicated [2]. Many kinds of flow phenomena that affect the ejector performance occur
in the flow field, such as shock waves [3], choking [4], and condensation [5]. These flow
phenomena cause the transonic phase transition and the sudden change of various flow
parameters in the flow field. It is difficult to obtain accurate measurements in supersonic
fluids by current experimental methods. Computational fluid dynamics can quantitatively
describe the complex flow phenomena that make up for the shortage of experiments.
Assessment of these dynamics is an effective method to study the relationship between
flow phenomenon and ejector performance. Therefore, the method of simulated steam
ejectors to get accurate results is worth investigating.
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The RANS (Reynolds-Averaged Navier-Stokes) equations are the most frequently
used equations in scientific research and engineering practice simulations. According to
the different closures, the turbulence models of the RANS equations are divided into two
categories: the Reynolds Stress Model and eddy-viscosity closures. The eddy-viscosity
closures include the zero-, one-, and two-equation turbulence models [6]. Among these,
the two-equation turbulence models that include the k-¢ series and k-w series models are
adopted in ejector simulations.

The turbulence models’ closures of the RANS equations in simulating ejectors have
not reached a consensus [7,8]. For air ejectors, Hemidi et al. [9] compared two turbulence
models. They observed that both k-e Standard and k-w SST predicted almost the same Er
(entrainment ratio) but had completely different local flow characteristics under higher
working pressures. Overall, the k-¢ Standard is better. Gagan et al. [10] compared six
turbulence models (k-¢ series, k-w series, and RSM) of flow visualization using the PIV
technique. The supersonic flow shape and the subsonic region velocity are best obtained
by the k- Standard. For N ejectors, Zhu and Jiang [11] compared four turbulence models
(k-¢ series, k-w SST) based on visualization experiments. They stated that the shock train
configuration obtained by the k-¢ RNG accorded best with the experimental data. For R134a
ejectors, Croquer et al. [12] compared four turbulence models (k-¢ series, k-w SST) with
the ideal-gas equation and real-gas equation. They found the k-w SST obtains accurate Er
only when the real-gas equation is used. For steam ejectors, scholars neglect condensation
effects during the comparison of turbulence models. Ruangtrakoon [13] and Besagni [8]
both recommended the k-w SST. The former compared two models (k-¢ Realizable, k-w SST),
and the latter compared seven models (k-e Standard, k- RNG, k-¢ Realizable k-w standard,
k- SST, Spalart-Allmaras, and RSM). Han et al. [14] and Varga et al. [15] obtained different
comparison results. Han et al. [14] compared four models (k-¢ series, k-« SST) and stated
that the pressure distribution of the k-¢ Realizable model accorded best with experiments.
Varga et al. [15] compared six models (k-¢ series, k-w series, Transition SST) and stated that
the ejector performance of the Transition SST accorded best with experiments. However,
they assumed that water vapor was an ideal gas and ignored condensation.

Apart from turbulence models, near-wall treatments should be cautiously adopted.
Two commonly used near-wall treatments are the wall function and near-wall modeling.
The former is to resolve the viscosity-influenced region by wall functions containing semi-
empirical formulas, and its turbulence models do not require modification. The RSM
and the k-¢ series models need wall functions that include Standard Wall Function (SWF),
Non-equilibrium Wall Function (NWEF), Enhanced Wall Treatment (EWT), and so on. The
latter approach is to modify the turbulence model so that the region affected by viscosity
can be analyzed by a fine near-wall mesh. As to the comparative study of near-wall
treatments, Besagni et al. [8] stated that EWT allows achieving generally better results
than SWF and NWEF, and nearly no differences between the SWF and EWT results. Han
etal. [14] compared SWF and EWT for the prediction of a steam ejector. They found that the
latter was superior to the former. Wu et al. [16,17] considered the effect of fluid-structure
interaction. However, no agreement about near-wall treatments has been reached.

According to the classical viewpoint, flow fields with shock waves must adopt the
density-based solver(D-B) owing to its excellent adaptability of the simulation for compress-
ible and super-sonic flows [18]. However, the pressure-based solver (P-B) is for low-speed
incompressible flow, historically [11]. Nevertheless, in the works of Li and Li [19], Yazdani
etal. [20], Croquer et al. [12], Sriveerakul et al. [21], Besagni et al. [7], and Bourhan et al. [22],
the pressure-based solver was proposed to solve supersonic problems in ejectors. Therefore,
a comparative study of the two solvers is a great lack that at present needs to be performed
on steam ejectors.

The ideal-gas model is adopted in related comparative research on steam ejectors.
Nevertheless, the flow information and performance of steam ejectors are both affected
by non-equilibrium condensation [23]. Moreover, most scholars simplify steam ejectors
into a 2-D axisymmetric model in simulations to save calculation costs, ignoring the 3-D
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disturbance in actual flow fields. Mazzelli et al. [24] compared the prediction of ejector
coefficients by 2-D and 3-D standard k-¢, Realizable k-¢, SST k-w, and RSM models. Results
showed that only the simulation results of the 3-D model are in the reliable range under the
sub-critical operating state. Therefore, the comparative research of the turbulence models
with different near-wall treatments and solvers should consider both condensation effects
and 3-D effects, which the current research lacks.

Consequently, a study that contributes to a comprehensive selection of turbulence
models, near-wall treatments, geometrical modeling (2-D and 3-D), solvers, and models
(condensation and ideal-gas) in the RANS equations approach for steam ejectors is urgently
needed. In this article, a condensation model with seven turbulence models (k-¢ series,
k-w series, Transition SST, linear Reynolds Stress Model), three near-wall treatments (SWF,
NWE EWT), and two solvers (D-B and P-B) is utilized to simulate different sizes of 3-D
steam ejectors under variable working conditions. The root causes of their distinctions
in simulation results, applicable conditions, convergence, and computational cost are
explained and compared. The complex phenomena involving shock waves, choking, and
vapor condensation captured by different models are discussed. The connections between
the ejector performance and local flow phenomena are analyzed. The originality of the
study is that both condensation and 3-D asymmetric effects on the simulation results are
considered. These research achievements provide rational foundations for simulation
research of steam ejectors.

2. Numerical Simulation Method
2.1. Mathematical Model

Below are three conservation equations of wet steam at steady state:

0
aTCj(PUj) =0 (1)
0 Jt;  oP
ach(PU]Uz) = BTCJ - o (2)
0 0 oT 0
E)ch [vj(pE + P)} = a—x] </\eff8xj> + E)Tc] (Ui'l'ij) 3)

where E is the total energy contained in the fluid per unit mass (equal to the sum of the
specific internal energy and kinetic energy):

1
EZh-%‘f—EU]‘U]‘ (4)

The real state of vapor is expressed by [25]:
P = p,RT(1+ Bpy +Cp,?) 5)

where B and C are the virial coefficients which are detailed in the reference [25].

The vapor properties, equations of saturated vapor and saturated liquid lines, and lig-
uid properties are detailed in the references [26]. The wet steam density and the properties
¢m of wet steam are:

p=pv/(1-B) (6)
om = @ip+ (1= By )

where B is the liquid mass fraction which is equal to the ratio of the mass of the condensate
to the total mass.



Energies 2024, 17, 5586

40f21

Mach number is an important dimensionless number for determining sonic velocity
flow. It is equal to the ratio of fluid speed to sonic velocity:

Ma=v/a (8)

where 4 is the sonic velocity of wet steam [27]:

=Pl iat)] ’

The governing equations for vapor-liquid two-phase mixtures are established based
on the Euler coordinate system [28]:

V. (ﬁﬁ) =T (10)

V- (oon) =pJ (11)

where I is the liquid mass generation rate that is composed of a two-part mass increase:
the first term of the right end equation shows the mass of the liquid phase generated by
spontaneous nucleation, and the second term shows the mass of the liquid phase generated
by the droplet growth after nucleation [28]; ] is nucleation rate [29]; and # is the number of
droplets per unit volume:

I'=m=—-m, = énpljrf —|—47Tp117?2% (12)
3 ot
2 4mrdo
qe Py 20 (37
— o8 13
J <1+e><p1> M (1
P
(1= B)Va(er/pg)
V= (15)
where V4 is a mean droplet volume, and the average droplet radius is from V4 and #:
_ 3p
r=7 (16)
\/4m7(1 —B)(p1 — pg)
The droplet’s growth rate equation [29] is:
or P ¥+1 T
o= = CI(1—-— AT 17
ot h,oV2rRT 27 ( 7 ) (17)

where hyy is the specific latent enthalpy and the AT is the degree of subcooling which is
equal to:
AT =Tt — T (18)

2.2. Solution Scheme and Boundary Conditions

The finite-volume method was used to treat N-S equations at a steady state with the
7 turbulent models respectively based on Fluent. The implicit solver was based on density
coupling. The variable gradient interpolation method was the Green-Gauss method based
on node. The second-order upwind scheme was utilized. It is convergent when it meets
the following 3 criteria:
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Gm, Tm, Pm
Motive steam

Gm, Tm, Pm
Motive steam

(1) All the residual terms’ convergence absolute criteria are <107° forever;
(2) The difference in the mass flow rate between the inlet and the outlet is <1 x 1077;
(3) The calculated mass flow rate of two inlet sections and one outlet section is stable.

Figure 1 describes the ejector sizes and Table 1 illustrates the working conditions,
using data from Chen and Sun’s experiment [30]. The variables Py and T, represent the
temperature and pressure of the motive fluid, while Ps and T denote the temperature and
pressure of the suction fluid. Additionally, P4 signifies the pressure of the discharge fluid.
The case labels are consistent with those in the reference. The simulation parameters are
consistent with the experimental parameters to compare their results. The computation
parameters in Table 1 are given as the boundary conditions for pressure inlet and pressure
outlet, given that outlet pressures are constant. The turbulence boundary conditions are set
as the turbulence intensity and the turbulent viscosity ratios. For the motive steam and
the suction steam, their turbulent viscosity ratios are 500 and 100, respectively, and their
turbulence intensity are 5.0% and 2.0%, respectively. There is no slip and no penetration in
the adiabatic smooth solid walls, hypothetically.

1—Nozzle; 2—Suction chamber; 3—Mixing chamber; 4—Diffuser
2 OQ 4
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Figure 1. Two sizes of steam ejectors. (a) Size of E;. (b) Size of E,.
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Table 1. Computation parameters.
Size Case Py, [kPa] Tm [°C] P [kPa] Ts [°Cl] P4 [kPa]
1 116.0 105.8 1.306 10.8 1.35~2.70
E; 2 153.0 114.2 1.306 10.8 1.35~2.90
3 198.0 121.8 1.306 10.8 1.35~3.90
4 11.906 51.3 1.306 10.8 1.35~1.90
5 15.465 56.6 1.306 10.8 1.35~2.40
6 19.571 61.6 1.306 10.8 1.35~2.90
7 19.571 61.6 1.813 15.8 1.85~2.90
8 12.5 52.2 1.35 11.4 1.4

E> ag 11.906 51.3 1.813 15.8 1.85~2.00
bf 15.465 56.2 1.306 10.8 1.35~2.40
cf 19.571 61.6 1.306 10.8 1.35~2.90
df 24.837 66.8 1.306 10.8 1.35~3.20

be 15.465 56.2 1.0 13.2 1.1~2.2

ce 19.571 61.6 1.0 13.2 1.1~2.6

de 24.837 66.8 1.0 13.2 1.1~3.3

2.3. Mesh Creation

The 3-D meshes of E; and E; with refinement both around boundary layers and
the shock waves were created. Furthermore, each mesh was divided into two categories
according to the y+ value that indicates the dimensionless distance of a first-layer node
from the wall. The first mesh type with y+ ~ 1 was used for EWT, and the second mesh
type with y+nin > 30 was used for SWF and NWE. The first type of meshes of E; are shown
in Figure 2a and their y+ values along the ejector wall are shown in Figure 2b. Except for
the near-wall area, the two meshes have the same structures. The second type of mesh was
obtained by locally adjusting mesh density around the near-wall area of the first type.

Wall
Yplus

(b)

L l | l | l | l L
100 150 200 250 300 350
x[mm)]
@
¢ in-1
s e in2
. in-3
DO o in4
. 3 : middle-1
. L4 ¢ middle-2
H ’ - out1
‘ LR + out2
A o 3 * out3
. % * out4
R . b s | o wal-middle
Y .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Position (m)

Figure 2. Information of steam ejector meshes. (a) Steam ejector meshes. (b) y+ profile along ejector wall.
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Table 2 summarizes the number of cells of the two-type grids. Figures 3 and 4 illustrate
that the ejection coefficients obtained by medium-level grids are similar to those of the fine-
level grids when all other things are equal. Moreover, the time cost and the computation
cost of the medium-level grids are lower than those of the fine-level grids. Accordingly, the
medium-level grids were adopted in this paper.

Table 2. Number of cells.

Typel, y+~ 1 Type2, Minimum y+ = 30
Mesh Level Coarse Medium Fine Coarse Medium Fine
Number [million] 0.8 2.0 29 0.2 0.4 0.9
1.0 0.7
Case 1, y+=1, EWT Case 4, y+=1, EWT
0.6 /
—®—k-o Standard —@®—k-w SST
—&— Transition SST —¥— k-¢ Standard
05F 4 k-e RNG «— k-¢ Realizable
—»—RSM — — -Experimental data
:\E °
—¥— k-¢ Standard —#— k- RNG <« k-¢ Realizable = 04F RS i A
»— RSM — — -Experimental data -
0.4 ‘/\‘ 0.3 /”—"
R E— — :
& e ook ———  ————
0.2 la— o b m——
1000000 2000000 3000000 1000000 2000000 3000000
Number of cells Number of cells
(a) (b)

Figure 3. First type mesh independence study of different models. (a) Grid independence study with
Case 1. (b) Grid independence study with Case 4.

0.8
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W i
|
|
|
|
v >

[ o _
% ////7///
k& 04} ) /////ﬁk k-¢ Standard (SWF) —w— k-¢ Standard (NEWF)
€5 > ~ 4 kcRNG (SWF) —<—k-¢ RNG (NEWF)
—»— k-¢ Realizable (SWF) —A— k-¢ Realizable (NEWF)
—&— RSM (SWF) —9— RSM (NEWF) — @ -Experimental data
0.2 B / =k
00f, v
300000 600000 900000
Number of cells
(a)

Figure 4. Cont.
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Case 4, Mimimum y+=30

—A— k-¢ Standard (SWF)
—%— k-¢ Standard (NEWF)
—&—k-e RNG (SWF)
0.2} k-g RNG (NEWF)
—p»— k-¢ Realizable (SWF)
—*— k-¢ Realizable (NEWF)
—8— RSM (SWF)
—0—RSM (NEWF)

— — -Expcrimental data

Erl’l’l ax

0.0

kee———— -
/ ,/'/,
/ /
02 //
/

A 1 N 1

300000 600000 900000
Number of cells
(b)

Figure 4. Second type mesh independence study of different models. (a) Grid independence study
with Case 1. (b) Grid independence study with Case 4.

3. Results and Discussion
3.1. Validation, Comparison and Analysis of Different Near-Wall Treatments

Turbulent flow is divided into inner and outer layers according to a distance along the
near wall. The flow in the outer layer is completely turbulent, and the flow in the inner
layer can be affected by the wall obviously. According to the y+ value, the inner layer is
divided into three sub-layers: a viscous sublayer (y+ < 5), a buffer layer (5 < y+ < 30), and
a log-law region 30 < y+ < f(Re) [6].

The k-¢ series and linear RSM require selecting near-wall treatments. The near-wall
treatments commonly used for ejectors are SWF, NWE, and EWT. SWF and NWF cannot
truly resolve the viscous sublayer and buffer layer, but utilize semi-empirical formulas
to bridge the wall and the fully-turbulent region. Therefore, their first node of the near-
wall grid must be arranged in the log-law region, namely y+pin > 30. The SWF can
reasonably predict the bounded flow of most walls with high Reynolds numbers. The
NWEF can partially consider the influence of pressure gradient, which further expands the
applicability. The EWT is suggested when the flow has special conditions, such as severe
pressure gradient, boundary layer separation, and so on. This method can analyze the
viscous sublayer if the near-wall region has a fine mesh [6]. Therefore, the first node of the
near-wall mesh is arranged within the viscous sublayer, namely y+ ~ 1.

The mathematical structures of the k-w series and Transition SST already emphasize
the near-wall flow. Therefore, there is no need to select any near-wall treatments. Their
wall boundary conditions for the k equation are treated likewise as the k equation treated
when EWT is applied in k- models [6]. When the grid in the near-wall region is very dense
(y+ =~ 1), these three turbulence models coupled with the low-Re boundary conditions can
deal with the complex flow.

Figure 3a,b compare the Ermax of experimental data and seven different turbulence
models combined with EWT. Results obtained from the k-w SST are reasonable with an
average relative error (¢) of 7%.

Figure 4a,b compare the Ermax of experimental data and seven turbulence models
combined with SWF or NWE The linear RSM combined with SWF or NWF can reasonably
predict the Ermax with e of 1.5% and —5.5%, respectively, whereas the convergence of NEWF
is worse than that of SWE, and the steps of iterations that reach the convergent condition
are 1.8 times that of SWF.
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The Ermax predicted by the EWT or NEWF combined with the k-¢ series deviates
greatly from the experimental data. Even the Ermax predicted is less than 0, which indicates
the reverse flow as shown in Figure 4. The SWF combined with the k-¢ series are just
suitable for Case 4 with the lowest pressure, and their relative errors are —10%, —5%, and
—6% respectively.

Therefore, the near-wall treatment method should be selected according to the specific
turbulence model and working conditions. Moreover, it is also affected by the structure of
the supersonic steam ejector according to the comparison results of E1 and E2.

3.2. Validation, Comparison and Analysis of Different Turbulence Models

Each Ermax predicted by k-w SST is within an acceptable range (relative error of
—5%~11%) for each case as shown in Figure 5. The Ermax predicted by the linear RSM
has only one large deviation (—19%) compared to experimental data. The average relative
error () of Ermax obtained from the k-w SST and linear RSM which are 4.0% and —5.2%,
respectively, are within the acceptable range, as shown in Table 3. Their maximum relative
errors are 11% and —19%, respectively. Therefore, the two models may have the potential
to provide accurate predictions for steam ejectors.

k-o Standard (EWT)
8 4t k-o SST (EWT) _
§ Transition SST (EWT)
) k-¢ Standard (SWF)
N k-¢ RNG (SWF)
5 35 _ | k-e Realizable - d
s RSM (SWF)
S
S
< 2F _
s
S
N
S
= Ir

510 15 20 25 30
Relative error [%]

Figure 5. Histogram of the prediction error.

Table 3. Relative errors of maximum Er.

Model e(Ermax)
k-w k-w Transition k-¢ k-¢ k-¢ Linear
Standard SST SST Standard RNG Realizable RSM
Case (EWT) (EWT) (EWT) (SWF) (SWF) (SWF) (SWF)
1 43% 7% —26% —24% —20% —21% 5%
2 47% 11% —38% —38% —36% —28% 11%
3 28% 2% —31% —40% —37% —30% —19%
4 42% 9% —13% —10% —5% —6% —2%
5 21% 6% —49% —62% —52% —38% —19%
6 22% —5% —27% —76% —74% —55% —10%
7 38% —2% —30% —27% —32% —22% —2%

e(Ermax) 34.5% 4.0% —30.6% —39.5% —36.5% —28.6% —5.2%
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Compared to the experiments, Ermax predicted by k-w Standard are greater for all cases
with an e of 34.5%. The Ermax of the k-¢ Standard, k-¢ RNG, k-¢ Realizable, and Transition SST
have an e of —39.5%, —36.5%, —28.6%, and —30.6%, respectively, compared to experimental
values. However, the minimum relative errors, which are —10%, —5%, —6%, and —13%,
respectively, obtained by the three models under Case 4 are within the acceptable range.
Case 4 has the lowest primary inlet pressure for E, of all cases. Furthermore, Case 1 has the
lowest primary inlet pressure for E; and also has the lowest relative errors of all E; cases.
Therefore, the simulation accuracy of the three turbulence models has a strong dependence
on the motive pressure. It appears that the Erpax can be reasonably predicted by the three
models only under relatively low-pressure conditions with the same physical dimensions.
Moreover, pressure dependence has a different sensitivity to different structures of ejectors.

The difference in Ermax predicted by different models depends mainly on their mass
flow rates of suction steam (Gs) as shown in Table 4. Under the same case, the mass
flow rates of motive steam (Gn,) predicted by different models are close. The maximum
difference is 8% and the minimum difference is 2%. However, Gs predicted by different
models are significantly different. The maximum difference is 129% and the minimum
difference is 55%. The k-w Standard predicts the maximum G under each case, which
causes the overestimation of Ermax.

Table 4. The average difference of the mass flow rate predicted by seven turbulence models.

Case AG AGm AG;
1 8% 67%
2 2% 93%
3 5% 88%
4 4% 55%
5 7% 96%
6 2% 129%
7 7% 80%
average 5% 87%

As to the comparison of Py" by different turbulence models in Figure 6, they are less
than the experimental data, which accords with the majority of results [31-36]. Since the
Pg4” for Case 2 and Case 7 is too close to clearly illustrate in Figure 6, Case 2 in Figure 6 is
omitted. The ¢ of k-w Standard and k-w SST are within an acceptable range, which is —8.0%
and —15%, respectively. Although the relative error of P4 predicted by k-w Standard is the
lowest, the € of Ermax predicted by k-w Standard is as high as 34.5%. Therefore, as to the
ejector performance, k-w SST agrees with the experimental results.

Differences in P4 are explained through the local flow characteristics of the second
choking in Figures 7 and 8. The black outline in Figure 8 is the sonic line whose Mach
number is 1. The sonic line at choking mode is closest to the wall [9]. The appearance of the
first shock wave in the diffuser reduces the fluid Mach number, causing the sonic line to
move away from the wall, and the second choking phenomenon ends. The distance between
the first shock wave position and the ejector outlet is positive with the second choking
length (L;). When L. increases, the differences between Py and P4 are getting greater [37].
Accordingly, when the working condition is the same, P4" predicted by different turbulence
models increases with the distance between the first shock wave position and the ejector
outlet by comparing Figures 6 and 7. The order of the distances from large to small is the
k-w Standard, k-w SST, k-¢ Realizable, k-¢ RNG, k-¢ Standard, linear RSM, and Transition
SST, as shown in Figure 7. The same order of P4" is shown in Figure 6.
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- ™ k-o Standard (EWT) e=-8% Case3
3600 L@ ko SST(EWT) e=-15%
A\ Transition SST (EWT) e=-28%
%7 k-¢ Standard (SWF)  e=-31%
3200 F< k-& RNG (SWF) e=27% Case7 0 )
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Figure 7. Mach number profiles of the axis under Case 4 with P4 = 1335 Pa.
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Figure 8. Mach number contours under Case 4 with P4 = 1335 Pa.

An abrupt decrease of Ma represents that an aerodynamic shock wave occurs, as shown
in Figures 7 and 8. The aerodynamic shock wave whose shock surface is perpendicular to
the flow direction and whose flow direction is unchanged after passing through the shock
wave is a normal shock wave. Otherwise, it is an oblique shock. Velocity after a normal
shock wave must be subsonic. However, velocity after an oblique shock wave is not certain.
As can be seen in Figures 7 and 8, the k-¢ series models get a normal shock, while the others
obtain a series of oblique shock waves that accord with the experiments [30].

In steam ejectors, vapor experiences a transonic expansion process of rapid depres-
surization and cooling. When the vapor crosses a saturation line, it does not immediately
condense due to the free energy barrier. The vapor expands continuously, resulting in the
vapor temperature continuing to decrease, and the vapor diverges from the saturation equi-
librium state. When the unbalanced state develops to a certain extent, the non-equilibrium
condensation phenomenon occurs. Results of the linear RSM, k-w Standard, k-w SST, and
Transition SST agree with Chen and Sun’s observation [30], as can be seen in Figure 9.

The computational effort mainly depends on the turbulence model utilized when the
discretization scheme, grid density, numerical solution method, and boundary conditions
are fixed [8]. According to the convergence criteria reported above, taking the 3-D asymmet-
ric mesh of E; with 2 million elements under Case 8 as an example, the steps of iterations
with the same initialization condition for the seven models are used for the computational
effort and convergence capability analysis.

As to the comparative study of the computational effort, the k- Standard with the least
iteration number is taken as a reference. Their relative iteration number is summarized in
Table 5. The calculations showed that among the seven turbulence models, the linear RSM
model has the highest relative computational cost and is the most difficult to converge.
This is due to the fact that it takes into account the anisotropy of turbulent viscosity,
which requires an additional seven transport equations in three-dimensional flow, greatly
increasing the computational cost and time cost, and weakening the convergence of iterative
calculations in some cases, even failing to meet the convergence conditions. The relative
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computational cost of the transition SST model is only slightly less than that of the linear
RSM model, as it has four transport equations. The remaining turbulence models are all
two-equation turbulence models, so their relative computational cost is smaller. An item
that reflects the time-averaged strain rate of the mainstream is added to the € equation in
the k-e RNG. A content involving rotation and curvature is added to the k-¢ Realizable’s
turbulent viscosity equation [6]. Therefore, the iteration number of Standard is the least of
the k-e series.

Suction chamber, Mixing chamber Diffuser
1

‘ Transition SST
"r

k-¢ Standard

k-¢ Realizable

Liquid Mass Fraction: 0 0.03 0.06 0.09

Figure 9. 8 contours under Case 4 with P4 = 1335 Pa.

Table 5. Relative computational effort required for solving Case 8 with different turbulence models.

k-w Standard k-w SST (EWT) Transition SST k-¢ Standard k-¢ RNG k-¢ Realizable RSM
(EWT) w (EWT) (EWT) (EWT) (EWT) (EWT)
1.3 3.6 1 1.5 14 4.2

As to the convergence capability of the seven turbulence models, the reduction in mass
or energy residuals is the slowest. The linear RSM is the most difficult model to converge,
owing to its high degree of non-linearity. k-w SST is the easiest to reach convergence,
which is aligned with the conclusions of Besagni et al. [8], although the models compared
are different.

In summary, considering condensation and 3-D effects, the k-w SST model with low
Reynolds number boundary conditions has the most accurate prediction results globally
and locally, the best convergence, a low computational cost, and can be applied to the
widest range of working conditions.
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Mach number

3.3. Comparison and Analysis of Density-Based Solver and Pressure-Based Solver

In this chapter, the non-equilibrium condensation model was combined with the k-w
SST turbulence model to perform a comparison of the density-based solver (D-B) and the
P-B globally and locally under the same working conditions (Case 8).

P4 and Ermax obtained by the two solvers are nearly the same. Compared to D-B,
Er, Gs, and Gy, obtained by P-B are all slightly greater, with maximum differences of 1.2%,
1.7%, and 0.1%, respectively.

The flow structures that are reflected by contours of Mach number and static pressure
simulated by both solvers are almost identical, as shown in Figures 10 and 11. While their
liquid mass fraction contours are different around the wall region in the mixing chamber
and the diffuser, they are also a little different around the axis, with a maximum relative
error of 2.6%, as shown in Figure 12.

The density based solver

-

The pressure based solver

.

N

Mach Number: 0 04081216 2

()

2.5

P,=125kPa P~=135kPa P=1.40KkPa
The pressure based solver

——— The density based solver

’Nozzle‘ ‘Mixing chamber‘ ‘Diffuser‘
OO '—/ " 1 " 1 1 "
0 100 200 300 400
x [mm]
(b)

Figure 10. Mach number distributions with different solvers. (a) Mach number contours with
different solvers. (b) Mach number profiles of the axis.
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Figure 11. Pressure profiles of the axis with different solvers. (a) Static pressure profiles of the axis
with different solvers. (b) Total pressure profiles of the axis with different solvers.

According to the convergence criteria reported above, the steps of iterations that reach
the convergent condition with the same initialization condition for the two solvers are used
for the computational effort and convergence capability analysis. The computational effort
of P-B is one-sixth that of D-B. As to the convergence capability, the Courant Number needs
to be reduced when D-B is adopted, which greatly increases the computation time and
the number of iterations. Moreover, D-B is more sensitive to boundary conditions than
P-B. In some other working conditions, D-B cannot achieve convergence while the P-B
can. Therefore, the computational effort and convergence capability of P-B are much better
than that of D-B, especially after coupling the non-equilibrium condensation model, which
results in more computation and harder convergence than those of the ideal-gas model.
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Figure 12. Liquid mass fraction distributions with different solvers. (a) Liquid mass fraction contours
with different solvers. (b) Liquid mass fraction profiles of the axis.

In summary, in research and engineering not concerned with condensation phenom-
ena, P-B can be used instead of D-B in simulating high compression with shock wave
flow because of its excellent convergence properties and computation saving. However,
since D-B can better reflect the physical nature of supersonic fluids, for the sake of rigor,
it is still proposed to use D-B in scientific research considering condensation effects and
three-dimensional effects.

3.4. Validation, Comparison, and Analysis of 3-D and 2-D Models, Condensation Model, and
Ideal-Gas Model

Figure 13a illustrates the validation of ejector performance (Etmax) of the 3-D asymmet-
ric model and 2-D model through validation with Chen and Sun’s experimental data [30].
The average relative error (€) of Ermax obtained by the 3-D and 2-D models with the ex-
perimental values are —1.9% and 12.8%, respectively, and the maximum relative errors
are —8.8% and 25.6%, respectively. This not only verifies the reliability of the CFD model
developed in this paper but also shows that, compared with the 2-D axisymmetric model,
the 3-D model can reduce the ¢ of the Er between the CFD results and the experimental
value by 78.4% and the maximum relative error by 50.0%.
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Figure 13. Ermax of different models and experiments comparison. (a) Comparison of the 2-D and
3-D models. (b) Comparison of the condensation model and the ideal-gas model.

Even though the computational effort and convergence capability of the ideal-gas
model are much better than the condensation model, it is proposed to adopt it based on
the following two points. As to the ejector performance, compared with the experimental
values, the average relative error (¢) of the Er obtained by the non-equilibrium condensation
model is 4.9%, which has a good agreement. In addition, the simulation results of the
non-equilibrium condensation model are more consistent with the experimental values
than those of the ideal-gas model. Compared with the ideal-gas model, the condensation
model can reduce the € of the Er between the CFD results and the experimental value by
72.0% and the maximum relative error by 45.6%, as illustrated in Figure 13b. As to flow
phenomena, the condensation model can obtain the condensation shock wave that cannot
be obtained by the ideal-gas model, as shown in Figure 14 whose experimental values from
the Nozzle A by Moore et al. [38]. When the condensation shock wave appears, the fluid
pressure suddenly drops. e of P/Pj, obtained by the 3-D model and 2-D model is 1.1% and
1.9%, respectively. The condensation shock wave occurrence position of the 3-D model



Energies 2024, 17, 5586

18 of 21

accords with experiments quite well. In contrast, the position obtained by the 2-D model is
20.02 mm (2.67% of the nozzle length) ahead of the experimental results. The 3-D model
results are closer to experiments compared to the 2-D model.

0-8 JIITTE,
0 Condensation model ».p
Experiment
I Condensation modelz.p
0.6F Ideal-gas model
R
S
04F
0.2+ Nozzlle throat
1
1
1 1 1 1
0 200 400 600 800

x [mm)]
Figure 14. P/Py, of different models and experiments comparison.

In conclusion, a 3-D asymmetric condensation model with a density-based solver is
recommended for simulating steam ejectors accurately.

4. Conclusions

This paper’s originality is that both condensation and 3-D effects on the simulation
results have been considered in the comprehensive comparative study of turbulence models,
near-wall treatments, and solvers in the RANS equations approach for steam ejectors.
Future research can perform a comparative study of the RANS equations and Large Eddy
Simulation method based on this paper. The condensation and 3-D effects should be
considered. The following conclusions have emerged:

(1) Considering non-equilibrium condensation and 3-D effects, the k- SST model with
the low-Re boundary conditions has the most accurate prediction results globally and
locally compared with the experiments: (a) The average relative error of Ermax and
Py are 4% and —15%, (b) the shock wave type and the condensation position are well
predicted. Moreover, it has the widest adaptability to working conditions and the best
convergence of the seven turbulence models studied in this paper.

(2) The difference in Ermax predicted by different models depends mainly on their mass
flow rates of suction steam (Gs). The minimum difference in G predicted by different
models is greater than 55%, while the maximum difference in G, is less than 8%.

(38) The number and types of shock waves, and the location of condensation phenomenon
of different turbulence models, are various. The k-¢ series models predict a normal
shock in the diffuser while the other models predict a different number of oblique
shock waves.

(4) All other things being equal, the 3-D model can reduce the average relative error of
Er by 78.4% compared to the 2-D model and the condensation model can reduce the
average relative error of Er by 72.0% compared to the ideal-gas model.

(5) A 3-D asymmetric condensation model with a density-based solver is recommended
for simulating steam ejectors accurately.
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Nomenclature

B [m3/ kgl Virial coefficients

C [m®/ kgz] Virial coefficients

Cp [J/(kgK)] Isobaric heat capacity

E [l Total energy

E, [-1 Entrainment ratio

e [%] Relative error

F [N/m3] Source term

G [kg/s] Mass flow rate

h [J/kgl] Specific enthalpy

hy [J/kgl Latent heat of condensation
J [1/s] Nucleation rate

K [W/(m?2-K)] Heat transfer coefficient

k [m?/s?] Turbulent kinetic energy

kg [-1 Boltzmann constant

Ma [-1 Mach number

P [Pa] Pressure

R [-1 Gas-law constant

r [m] Droplet radius

S [-1 Super-saturation ratio

s [J/(kg-mol-K)] Specific entropy

St [kg-K/ (m?3-s)] Viscous dissipative term

T K] Temperatures

Greek letters

B [-] Liquid mass fraction

r [kg/s] Liquid mass generation rate
4 [kg/m?3] Density

% [-] Specific heat capacities ratio
U [Pa/s] Dynamic viscosity

o [N/m] Liquid surface tension

7 [1/m3] Droplet number density

0 [-] Non-isothermal correction factor
v [m2/s] Kinematic viscosity

€ [m2/s%] Turbulent dissipation rate

T [N/m?] Stress tensor

v [m/s] Velocity
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Subscripts
sat Saturation
m Motive steam
s Suction steam
d Discharge steam
l Liquid
v Vapor
max Maximum
* Critical
- Average
eff Effective
ij Space components
Abbreviations
D-B Density-based solver
P-B Pressure-based solver
RSM Reynolds Stress Model
SWF Standard Wall Function
NWF Non-equilibrium Wall Function
EWT Enhanced Wall Treatment
N-S Navier-Stokes
RANS Reynolds-Averaged Navier-Stokes
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