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ABSTRACT 
Recent developments in Liquid Metal Magnetohydrodynamic systems show that the 
self-evaporating magnetohydrodynamic system is a promising power generator that converts 
heat directly into electricity dispensing with a mixer and separator found in conventional 
systems. The vaporized fraction generated by heating the working liquid metal, drives the 
remaining liquid by a vapor ejector action. Aiming at higher power density, and higher 
conversion effectiveness for Liquid Metal Magnetohydrodynamic, we investigate the utilization 
of a circumferential annular ejector instead of the commonly used central axial ejector. For that 
purpose, we use Computational Fluid Dynamics to carry out a parametric study that includes the 
variations in annular ejector geometry, input heating power, and the mass fraction of the ejector 
flow. In addition, spatial distributions of the velocity, pressure, temperature, and liquid and 
vapor fractions are presented and analyzed. For an optimized study case, the circumferential 
annular ejector increased the output power by 8.7 % more than the central axial ejector. 

 

KEYWORDS 
Computational Fluid Dynamics, Multi-phase flow, Liquid metal, Self-evaporating working fluid, 
Circumferential annular ejector, Mixture model, Evaporation-condensation model. 

INTRODUCTION 
Rising fuel costs, the decline in fossil fuel supplies, and environmental constraints 

heightened the need to improve power generation system efficiency. Magnetohydrodynamic 
(MHD) power generation is quickly becoming a key power generation system because it has 
the highest theoretical thermodynamic efficiency of any other electrical generation method [1]. 
Magnetohydrodynamic generators (MHDG) directly convert heat into electricity, making them 
reliable as both a mechanical system and a power plant [2]. 

Magnetohydrodynamic generator (MHDG) has been a research topic since the 1890s 
when Michael Faraday established its fundamental principle [3]. In principle, electric power 
generation is achieved by an electrically conductive fluid as it flows through a duct subjected to 
a magnetic field of appropriate strength. One side of the duct walls, compromising electrical 
electrodes, is perpendicular to both directions of the electrically conductive liquid metal flow 
and the magnetic field. Electric current is generated and picked by these electrodes. The 
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remaining duct walls are entirely electrically insulated [4]. The schematic of a typical MHDG 
system is shown in Figure 1. 

 
Figure 1. Schematic of Magnetohydrodynamic power generator [1] 

The velocity and electrical conductivity of the working fluid as well as the strength of the 
magnetic field, have been recognized as key factors in determining the MHDG performance. 
For a working fluid, there are certain magnetic fluids to choose from; Ionized gases and liquid 
metal (LM) are the most common. However, ionized gases only achieve the desired electrical 
conductivity at very high temperatures [5–7]. On the other hand, LM has much higher 
electrical conductivity and works well at considerably lower temperature conditions, resulting 
in a more reliable MHDG system that can be easier to build and is more suited to work with 
permanent magnets [8]. 

According to the number of working fluids, LMMHD systems are divided into single-phase 
and two-phase systems. In the single-phase system, the electrically conductive liquid is 
pumped through conduits [9–12]. In the two-phase system, the electrically conductive liquid is 
driven through the magnetic field by gas forced into the system at high velocity, forming a 
multi-phase flow [13–14]. As such, a two-phase system requires a mixing section before 
admitting into the generator and a downstream separator to retrieve the gas for reuse; this 
complicates the system and reduces efficiency. To overcome this problem, Lu et al. [8] 
introduced a self-evaporating driving LMMHD system design, where the liquid metal with a 
low-boiling point is driven by its own vapor. To generate the vapor, the liquid fluid must be 
heated to a temperature above its boiling temperature [8]. The supplied heat adds to the overall 
power input to the MHDG system. The most recognizable advantage of using single 
self-evaporating fluid is the dispensing with the mixer and separator. 

Adding the ejector to the system presented by Lu et al. [8] is expected to enhance both the 
heating process to generate the driving vapor and increase the pumping effect for the system, 
thus increasing the generated power. The ejector as a pumping device is commonly utilized in 
multi-phase flow. And there are two main types of ejectors: axial ejectors and circumferential 
ejectors. They differ by the nozzle arrangement (Figure 2) through which the forced/ produced 
gas ejects the liquid. The axial ejectors are the most common; many models have been 
presented to study the performance of the axial ejector. The simplest is a zero-dimensional 
model [15], which assumes thermodynamic and mechanical equilibrium over the fluid domain. 
Such a “lumped” model does not allow a spatial analysis of the key parameters [16]. Liu and 
Groll [17] proposed a technique for calculating the performance of axial ejectors by 
formulating empirical correlations to estimate motive nozzle, suction nozzle, and mix section 
performances. They found that the performance of ejector elements changes with different 
geometries and conditions. Huang et al. [18] presented an experimentally validated 
one-dimensional analysis to study the performance of the axial ejector at critical-mod 
operation assuming constant-pressure mixing and chocked entrained flow. 
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Figure 2. Types of ejectors:  axial ejector (a); circumferential ejector (b) [16] 

Many researchers [19–23] utilized CFD to conduct multi-dimensional modeling 
allowing a better tool to investigate and predict the pumping performance of the axial ejector 
and to account for variations in the ejector geometry and the operating conditions as well to 
provide a local characterization of the flow throughout the ejector. Wu et al. [19] utilized CFD 
to simulate a one-dimensional axial ejector model. They carried out a parametric study on two 
stages for optimization of the ejector: the first one is the single-parameter test which shows 
how those parameters affect the performance, then the multi-parameters test was performed on 
many levels. The results reveal that the optimized ejector was the highest performance, and the 
diameter of the nozzle outlet was the most significant effect parameter on the ejector 
performance. Colarossi et al. [20] used CFD to simulate a two-dimensional axial ejector 
model; they found that the boundary conditions at the inlet and the turbulence model are the 
most sensitively influencing the pressure recovery and accuracy of the ejector model. Also, 
Yuan et al. [21] used CFD to simulate a three-dimensional axial steam ejector, which 
calculated velocity and pressure distributions over the fluid domain; they concluded that the 
entrainment ratio rises dramatically as the inlet pressure rises, then falls once the inlet pressure 
reaches a certain point. 

An annular circumferential ejector requires heating the walls of the ejector to generate the 
driving vapor, which remains more straightforward and energy efficient than forcing a 
compressed gas, as is the case with the central axial ejector. Lisowski and Momeni [24] used 
CFD to simulate the annular ejector model. They investigated three designs to study the effect 
of the motive nozzle’s geometry on the performance of the ejector. The results of their study 
revealed that a modification of the design enhances the pumping effect by 45%. 

Lu et al. [8] introduced a self-evaporating driving LMMHD system design, where the 
liquid metal is driven by its own vapor. This paper investigates the effect of using a 
circumferential annular ejector on the performance of a self-evaporating MHD system. The 
expected result of adding this device is easing the heating process to generate the driving vapor, 
thus improving the pumping action and increasing the generated power. The performance of 
this system in terms of velocity augmentation and MHD power density is calculated and 
presented in terms of vapor/liquid ratio, heat input power, and nozzle ejector configuration. 

MODEL DESCRIPTION 
CFD is a new product that combines computer science and mathematics, and it has proven 

to be quite successful in simulating ejectors. Moreover, a comparison of various studies shows 
that CFD errors are more tolerable than conventional 1D or 2D methodologies, despite some 
disparities between measured and CFD computed outcomes; CFD may be used to reliably 
anticipate experimental findings, whereas experiments require a lot of time and cost. 

This part presents the problem statement, mathematical model, and numerical method. 

Problem statement  
CFD is used to investigate the performance of a self-evaporating MHD system by utilizing 

a circumferential ejector. Moreover, liquid sodium is used as the working fluid. The system's 
performance in terms of velocity augmentation and MHD power density are calculated and 

a) b)

Primary

Primary
Secondary

Secondary



Alza'areer, A., Aldoss, T., et al. 
Numerical Analysis of the Effect of Annular Ejector on the…  

Year 2023 
Volume 11, Issue 2, 1110445 

 

Journal of Sustainable Development of Energy, Water and Environment Systems 4 

presented in terms of vapor/liquid ratio, heat input power, and nozzle ejector configuration. 
Figure 3 shows the schematics of the proposed system. 

 

 
Figure 3. The schematic diagram of ejector 

These cases are selected to cover a variety of possible circumferential ejector 
configurations and to identify the optimal or near-optimal one. Five different cases and four 
geometrical parameters are taken for the off-design operation. The parameters A, B, C, and D 
are the radius of the secondary inlet, the difference between the outer radius and inner radius, 
an axial distance over 200 mm that is added to the primary region, and the distance between the 
two throats (primary throat and main throat), respectively. In case 1, no distance is added to the 
primary region (C =0), which means no change in the cross section of the primary region 
happened. While in case 2, the parameter C is 31 mm, where the smallest diameter of the 
primary throat is at this value. However, the dimensions of the considered ejector 
configurations are listed in Table 1. 

 
Table 1. Parameters of the proposed system 

Mathematical model 
Assuming a 2D steady flow mixture of the liquid metal and its vapor, the governing 

equations can be presented as [25]: 
The continuity equation for the mixture is: 

∇. (𝜌𝜌m�⃑�𝑣m) = 0   (1) 

where  �⃑�𝑣m = ∑ 𝛼𝛼𝑘𝑘𝜌𝜌𝑘𝑘𝑣𝑣�⃑ 𝑘𝑘𝑛𝑛
𝑘𝑘=1

𝜌𝜌𝑚𝑚
 is the mass-averaged velocity and 𝜌𝜌m = ∑ 𝛼𝛼𝑘𝑘𝜌𝜌𝑘𝑘𝑛𝑛

𝑘𝑘=1  is the mixture 
density. 

𝛼𝛼𝑘𝑘 is the volume fraction of phase k where n = 2 for this case. Phase 1 is the liquid metal, 
and phase 2 is its vapor: 

�𝛼𝛼𝑘𝑘

𝑛𝑛

𝑘𝑘=1

= 1  (2) 

 

A
B

DC

200 mm400 mm200 mm

800 mm

Heater

Primary Flow
Secondary Flow

Symmetry Axis

Outlet

B = 0.1 T

R = 0.3 mm

  A B C D 
Case 1 4.88 14.63 0 200 
Case 2 4.88 14.63 31 169 
Case 3 9.75 9.75 64.63 135.37 
Case 4 9.75 9.75 75 125 
Case 5 14.63 4.88 155 45 
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The momentum equation for the mixture is: 
 

∇. (𝜌𝜌m�⃑�𝑣m�⃑�𝑣m) = 

−∇𝑝𝑝 + �µm�∇�⃑�𝑣m + ∇�⃑�𝑣𝑚𝑚
𝑇𝑇�� + 𝜌𝜌m�⃑�𝑔 + 𝚥𝚥 × 𝐵𝐵�⃑ + (�𝛼𝛼𝑘𝑘𝜌𝜌𝑘𝑘�⃑�𝑣dr ,𝑘𝑘�⃑�𝑣𝑑𝑑𝑑𝑑 ,𝑘𝑘

𝑛𝑛

𝑘𝑘=1

)   
(3) 

 
The term on the left-hand side of eq. (3) is the rate of momentum transfer, and the terms on 

the right-hand side are the pressure force, the viscous stresses, the gravity body force, the 
Lorentz force, and the drift force between interphases, respectively. j is the current density, B is 
the magnetic field intensity, µ𝑚𝑚 is the viscosity of the mixture, which is equal to µm =
∑ 𝛼𝛼𝑘𝑘µ𝑘𝑘𝑛𝑛
𝑘𝑘=1  and �⃑�𝑣dr ,𝑘𝑘 is the drift velocity for secondary phase k, which is equal to �⃑�𝑣dr ,𝑘𝑘 = �⃑�𝑣𝑘𝑘 −

�⃑�𝑣m. 
The energy equation for the mixture takes the following form: 
 

∇.�(𝛼𝛼𝑘𝑘�⃑�𝑣𝑘𝑘(𝜌𝜌𝑘𝑘𝐸𝐸𝑘𝑘 + 𝑝𝑝)) = ∇. (𝑘𝑘eff∇𝑇𝑇) + ∇. (�⃑�𝑣m.
𝑛𝑛

𝑘𝑘=1

𝜏𝜏) + 𝚥𝚥.𝐸𝐸�⃑   (4) 

 
The term on the left-hand side of equation (4) is the enthalpy carried by the mixture, and the 

terms on the right-hand side are the axial conduction, the viscous dissipation, and the energy 
caused by the Lorentz force, respectively. In this equation, 𝑘𝑘eff is the effective conductivity 
∑ 𝛼𝛼𝑘𝑘(𝐾𝐾𝑘𝑘 + 𝐾𝐾𝑡𝑡)𝑛𝑛
𝑘𝑘=1 ,𝐾𝐾𝑡𝑡 is the turbulent thermal conductivity, and E is the electric field.  

In addition, the k-ε turbulence model is used in this work. The equations of the turbulence 
model can be referred to in references [24, 25]. 

The continuity equation for current is: 
∇. 𝚥𝚥 = 0   (3) 

Ohm’s law is: 

𝚥𝚥 = 𝜎𝜎�𝐸𝐸�⃑ + �⃑�𝑣 × 𝐵𝐵�⃑ �  (4) 

 

where 𝜎𝜎 is the electric conductivity. 

The electric field is: 

𝐸𝐸�⃑ = −∇𝜑𝜑  (5) 

 

where 𝜑𝜑 is the electrical potential which can be calculated by using equation (6): 

∇. (𝜎𝜎∇𝜑𝜑) = ∇. (𝜎𝜎�⃑�𝑣 × 𝐵𝐵o����⃑ )  (6) 

 

Numerical method 
The geometrical modeling and meshing of the five test cases (Table 1) are conducted using 

ANSYS-FLUENT. To ensure numerical stability, hexahedral mesh grids were structured using 
the MultiZone Qua/Tri method with face meshing. Mesh generation nearing the primary and 
secondary nozzle throat is shown in Figure 4. 
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Figure 4. Mesh structure near the nozzle throat 

Grid sensitivity analysis is conducted by using the incrementally refined mesh sizes of 
32426, 48357, 67626, 104594, and 184043. Figure 5 shows the velocity distribution of liquid 
sodium along the central x-axis. The difference between the course and the finer mesh size is 
lower than 1.1%. Therefore, mesh sizes 48357 and 67626 elements were applied throughout 
the present study. 

 

 
Figure 5. Velocity distribution of liquid sodium along the central x-axis at different element size 

The governing equations are solved numerically by using the finite volume method by 
ANSYS-FLUENT. The Mixture and MHD models [25, 28] are utilized for simulating the 
multi-phase flow under a magnetic field. The Evaporation-Condensation model is embedded to 
solve the interaction between the phases [25]. SIMPLE scheme is used for the 
pressure-velocity coupling. The least-square cell-based method is used for computing the 
cell-centered spatial gradient terms and the second-order discretization scheme for the 
convective terms in the pressure and density equations. The volume fraction is discretized 
using QUICK scheme. Table 2 shows the physical properties of liquid Sodium and its vapor at 
Tref. =1155 K [8]. Density, thermal conductivity, electrical conductivity, latent heat of 
vaporization, magnetic permeability, and viscosity are all assumed constant. The k-ε 
two-equation turbulent model with standard wall functions is employed. Symmetry boundary 
conditions are applied along the centerline of the ejector. 
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Table 2. Physical properties of liquid sodium and its vapor 

Physical properties liquid sodium sodium vapor 
Molar mass (g· mol−1) 22.9 22.9 
Density (kg·m−3) 927 1.7 
Boiling point (K) 1156 - 
Heat capacity (J·kg−1· K−1) 1281.9 1300.0 
Latent heat of vaporization (kJ·kg−1) 3521.5 - 
Thermal conductivity (W·m−1·K−1) 50.0 59.2 
Viscosity (kg·m−1·𝑠𝑠−1) 0.2 ∗ 10−3 3.3 ∗ 10−6 
Electrical conductivity (siemens /m) 2 ∗ 107 100 
Magnetic permeability 1.2 ∗ 10−6 1.2 ∗ 10−6 

RESULTS AND DISCUSSION 
The validation and all results are presented in this part. 

Validation and parametric study 
To validate the new model, Lu et al. [8] geometry is modeled with the same dimensions 

that they used. Grid sensitivity analysis is conducted by using the incrementally refined five 
mesh sizes, as shown in Figure 5. The governing equations are solved numerically using the 
methods presented in the previous section. The outlet boundary condition was pressure-outlet 
with atmospheric conditions, whereas the inlet boundary condition was velocity-inlet. Despite 
the strong coupling between the equations introduced in mathematical model section, 
convergence is achieved with precision 10-6 of the residual monitor. The solution procedure is 
described in the following: 

a. Solve for the multi-phase flow, MHD deactivated.  
b. With the solution of multi-phase flow converged, activate the MHD model. 
c. Repeat the previous two steps until full convergence is achieved. In some cases, it 

may be needed to lower under-relaxation factors. 
Lu et al. [8] case (without the circumferential annular ejector) is resolved using the above 

methodology. As shown in Figure 6, Figure 7 and Figure 8, our findings coincide very 
closely with Lu et al. [8]. The discrepancy ranged 0.027-0.75 % for the outlet velocity, 0.29 
-3.96 % for the liquid outlet volume fraction, and 0.52 - 1.13 % for the outlet temperature under 
the same conditions. We used Lu et al. [8] test cases as reference cases. They simulated a 
conventional Self-Evaporating LMMHD system, which did not contain the ejector device. 
Contrary to their system, we added a circumferential ejector to investigate the effect of adding 
this device on the system's performance where the one entrance they used divide to two 
entrances, primary and secondary. 

Impacts of wall temperature on the outlet velocity 
Figure 6 shows the effect of wall temperature on the outlet velocity. Regardless of whether 

an ejector is used or not, it is evident that increasing the wall temperature increases the outlet 
velocity. At 1337 K, the outlet velocity is 7.44 m/s for case 1 and 9.09 m/s for case 2. The 
higher the wall temperature, the higher the outlet velocity; so, using the ejector increases the 
outlet velocity in most cases except case 1, where no change in the cross section of the primary 
region happened. Case 2 shows the most effective case, where the outlet velocity is increased 
by 18.36% due to the ejector compared with the case without the ejector at 1773 K. 
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Figure 6. The effect of wall temperature on the outlet velocity with and without ejector 

Impacts of wall temperature on the outlet temperature 
Figure 7 shows that increasing the wall temperature increases the outlet temperature in 

all cases. At 1337 K, the outlet temperature is 1263.6 K for case 5 and 1210.2 K for case 1. 
The outlet temperature gradually increases as the wall temperature increases to 1773 K. Using 
the annular ejector with different parameters affects the outlet temperature; contrary to cases 
1,2 and 3, the outlet temperature in case 5 increases by 2.46 % while it decreases by 6.51 % in 
case 1. 

 
Figure 7. The effect of wall temperature on the outlet temperature with and without ejector 

Impacts of wall temperature on the outlet volume fraction of liquid 
The wall temperature increases leading to sodium LM evaporation. Figure 8 shows that 

increasing the wall temperature reduces the outlet volume fraction of liquid in all cases. The 
outlet volume fraction of liquid at 1337 K wall temperature is 0.376 for case 1 and 0.29 for case 
5. The outlet volume fraction of liquid declines steadily as the wall temperature. Figure 8 also 
shows that the annular ejector affects the outlet volume fraction of liquid which increases by 
21.24% in case 1 and decreases by 16% in case 5 compared with the reference case at 1773 K 
wall temperature when the ejector was not used. Temperature increases, reaching 0.25 for case 
1 and 0.17 for case 5 at 1773 K wall. 
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Figure 8. The effect of wall temperature on the outlet volume fraction of liquid with and without 

ejector 

Optimization of ejector geometry and output power density 
As the previous section demonstrates, increasing the wall temperature can result in a higher 

outlet velocity, which is beneficial to output power but also results in a lower volume fraction 
of liquid. Reduced liquid volume fraction (more vapor phase) accelerates the mixture but 
reduces its electrical conductivity. 

The output power was computed for all cases in this section using a constant magnetic field 
of 0.1 T. All five proposed geometries for the annular ejector and geometry for the central 
ejector is compared with the reference case (without ejector). The findings show that the output 
power has increased in all cases when using the ejector. Figure 9 and Table 3. show that the 
increase of output power due to increased velocity is higher than the loss in power due to the 
decrease in the volume fraction of the liquid. 

 

Table 3. The effect of ejector geometry on the output power 

Ejector 
geometry 

J [a/m2] E [V/m] P [W/m3] The increasing 
% 

Ref. case 30360.8 1.8 35753.1 - 

central 
ejector 

37071.0 1.0 37495.6 4.9 

case_1 35930.9 1.0 36870.7 3.1 

case_2 35400.4 1.2 40771.5 14.0 

case_3 35134.0 1.1 39828.3 11.4 

case_4 34170.3 1.1 38930.5 8.9 

case_5 39755.3 1.0 38007.5 6.3 

 
As shown in Figure 9, case 2 is the best geometry that gives the maximum output power 

augmentation. For case 2, output power increases by 14.0 % over the reference case (without 
ejector) and 8.7 % over the central ejector case. 
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Figure 9. The effect of the annular ejector on the output power 

In the next section, the analysis will focus on the performance of the best case, case number 
2, where the velocity, temperature, pressure, and volume fraction distributions are presented. 

Velocity distribution, the effect of the annular ejector, case 2 
Figure 10, Figure 11, and Figure 12 present the contours of velocity in an annular ejector, 

the velocity distribution along the x-axis, and the velocity distribution along the y-axis. As 
shown in these figures, the sodium LM is admitted at a velocity of 3 m/s for primary and 
secondary nozzles. In the primary nozzle, part of the sodium LM starts converting to vapors 
which causes acceleration in the primary flow to reach around 90 m/s at the throat of the 
ejector. Then the velocity decreases due to the momentum exchange between the primary and 
the secondary flows. The velocity of the primary flow continues to drop to reach the same 
value as the secondary flow through the diffuser. Finally, bubbly flow leaves the MHD channel 
with a velocity of around 15 m/s. 

 

 
 

Figure 10. Distribution of velocity [m/s] along X at different Y position 

 

case_1 case_2 case_3 case_4 case_5
36000

38000

40000

42000

44000

46000

48000

50000

Annular Ejector Geometry

O
ut

pu
tP

ow
er

[w
/m

3]

-8

-6

-4

-2

0

2

4

6

8

10

12

14

T
he

in
cr

ea
si

ng
%

 
 

The output power [w/m3]

The increasing about central ejector case %

The increasing about reference case %

0.7 0.8



Alza'areer, A., Aldoss, T., et al. 
Numerical Analysis of the Effect of Annular Ejector on the…  

Year 2023 
Volume 11, Issue 2, 1110445 

 

Journal of Sustainable Development of Energy, Water and Environment Systems 11 

 
Figure 11. The contour of velocity [m/s] for case 2 

 

a)  

b)  

Figure 12. Distribution of velocity [m/s] along Y at different X position: at X= 0.1, 0.2 0.264 and 
0.3(a); at X= 0.4, 0.5, 0.6 and 0.7 (b) 
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Temperature distribution, the effect of the annular ejector, case 2 
Figure 13, Figure 14 and Figure 15 present the contours of temperature in the annular 

ejector, the temperature distribution along the x-axis, and the temperature distribution along the 
y-axis. As shown in these figures, the sodium LM enters with a temperature of 1155 K, less 
than the sodium's boiling point by 1 K. The heat transfer occurs from the heated wall to the 
primary at a flux of 7.4×105 W, which causes evaporation of the liquid metal in the annular 
ejector. At the throat, two stream mix together. The temperature of the primary flow continues 
dropping to reach the same value as the secondary flow through the diffuser. Finally, the 
mixture leaves the MHD channel at a temperature of around 1400 K. 

 
Figure 13. Distribution of temperature [K] along X at different Y position 

 

 
 

Figure 14. The contour of temperature [K] for case 2 

0.7 0.8
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a)  

b)  

Figure 15. Distribution of temperature [K] along Y at different X position: at X= 0.1, 0.2 0.264 and 
0.3 (a); at X= 0.4, 0.5, 0.6 and 0.7 (b) 

 

Volume fraction distribution, the effect of the annular ejector, case 2 
Figure 16, Figure 17 and Figure 18 present the volume fraction contours of liquid in 

an annular ejector, the volume fraction of liquid distribution along the X-axis, and the volume 
fraction of liquid distribution along the Y-axis. These figures show that; the volume fraction of 
liquid is dominant at the beginning; then part of the primary stream converts to sodium vapor 
due to heating, while the secondary one remains liquid until two streams mix after the throat. 
Bubbly flow occurs in the diffuser and leaves the MHD channel with a volume fraction of 
liquid around 22%. 
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Figure 16. Distribution of liquid volume fraction along X at different Y position 

 

 
 

Figure 17. The contour of liquid volume fraction for case 2 
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a)  

b)  
 

Figure 18. Distribution of liquid volume fraction along Y at different X position: at X= 0.1, 0.2 0.264 
and 0.3 (a); at X= 0.4, 0.5, 0.6 and 0.7 (b) 

 

Pressure distribution, the effect of the annular ejector, case 2 
Figure 19 and Figure 20 display the contours of pressure in the annular ejector and the 

pressure distribution on the X-axis. As demonstrated, the pressure of the primary stream as it 
passes through the primary region drops dramatically and then falls to a lower value near the 
main throat, where vacuum and momentum transfer between the two streams occur in the 
mixing region after the throat. Driven by the pressure gradient, the secondary stream 
accelerates by the primary stream. Finally, the mixture leaves the MHD channel with 
atmospheric pressure imposed as a boundary condition. 
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Figure 19. Distribution of pressure [Pa] along X at different Y position 

 

 
 

Figure 20. The contour of pressure [Pa] for case 2 

Impacts of entertainment ratio on the power density 
The entrainment ratio is the ratio of the primary stream's mass flow rate to the secondary 

stream's mass flow rate. It measures the amount of the secondary fluid driven by the primary 
one. The effect of the entrainment ratio on power density was investigated using a magnetic 
field of 0.1 T, a wall temperature of 1773 K, a density of sodium liquid metal of 927 kg/m3, an 
area of primary section is 7.5×10-5 m2, and the area of the secondary section is 6.7×10-4 m2. 

Figure 21 and Table 4 show that raising the entrainment ratio reduces the power density. 
This power reduction is characterized by a decline in the mass flow rate of the secondary 
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stream, i.e., the flow through the generator becomes more diluted, thus less power generation. 
At the entrainment ratio of 0.04172, the power density is 95.613 kW/m3 for the annular ejector 
and 68.558 KW/m3 for the central ejector. It decreases gradually as the entrainment ratio 
increases; at a 0.1113 ratio, the generated power becomes 47.853 kW/m3 for the annular ejector 
and 61.629 KW/m3 for the central ejector. 

 

 
Figure 21. The effect of entrainment ratio on power density 

 
 

Table 4. The effect of entrainment ratio on power density 

Entrainment 
ratio 

P [W/m3]  
(annular ejector) 

P [W/m3]  
(central ejector) 

0.042 95613.2 68557.9 

0.056 82775.4 66202.5 

0.067 78856.3 64968.3 

0.083 67654.3 63399.2 

0.111 47852.8 61628.8 

 

Analysis of research results 
With the increased input heating power and, therefore, the increased wall temperature, more 

vapor phase is generated to drive the mixture. Speeding up the mixture counterweighted the 
adverse effect of reducing the volume fraction of the electrically conductive liquid and resulted 
in a higher net power generation. Figure 22 shows the optimum value of the heat added that 
delivers the maximum performance in case 2. 
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Figure 22. The effect of wall temperature on the outlet parameters, case 2 

 

CONCLUSION 
CFD was used in this study to simulate a two-dimensional single-loop LMMHD system 

driven by a circumferential annular ejector. Sodium LM is used as the working fluid. The 
Mixture model and the MHD model are utilized to simulate the multi-phase flow through a 
magnetic field. The Evaporation-Condensation model is embedded to describe the interaction 
between the two phases, the liquid metal and its vapor. 

The parametric analysis and optimization involved the geometry of the annular ejector, 
input heating power, and the entrainment ratio. More detailed analyses were carried out for the 
optimal case, where power density assumes maximum value. Velocity, pressure, temperature, 
and liquid and vapor fraction distributions are presented and analyzed. Adding a 
circumferential annular ejector to the self-evaporating driving LMMHD device proved 
feasible.  

Pumping more flow rate means higher liquid metal velocity, thus larger power density. 
Adding a circumferential annular ejector boosted the velocity of the working fluid by 18% in 
comparison with the system without an ejector and by 12.9% compared to the system with a 
central axial ejector when considering the optimum case 2. Thus, incorporating a 
circumferential annular ejector into the system contributed to improvement in the system 
performance. 

Further work based on economic studies and energy analysis should be carried out, 
especially when using this technique in a combined cycle. 

 

NOMENCLATURE 
 

A Area [m2] 
a Geometry parameter  [mm] 
𝐵𝐵 Strength of the magnetic field  [T] 
𝐵𝐵o External magnetic field  [T] 
b Geometry parameter  [mm] 
𝑐𝑐𝑝𝑝 Specific heat  [kJ/kg×K] 
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c Geometry parameter  [mm] 
d Geometry parameter  [mm] 
𝐸𝐸𝑘𝑘 Energy carried by the phase k  [J] 
E Electric field  [V/m] 
𝐽𝐽 Electric current density  [A/m2] 
𝑘𝑘eff Effective heat transfer conductivity  [W/m×K] 
𝐾𝐾𝑘𝑘 Heat transfer conductivity of phase k  [W/m×K] 
𝐾𝐾𝑡𝑡 Turbulent thermal conductivity  [W/m×K] 
p Pressure  [bar] 
P Power density  [W/m3] 
T Temperature  [K] 
𝑇𝑇in Inlet temperature of liquid metal  [K] 
𝑇𝑇w Temperature of the pipe wall  [K] 
𝑇𝑇out Outlet temperature of liquid metal  [K] 
Tref. Reference temperature  [K] 
𝑣𝑣𝑖𝑖𝑛𝑛 Inlet velocity of liquid metal  [m/s] 
𝑣𝑣𝑜𝑜𝑜𝑜𝑡𝑡 Outlet velocity of liquid metal  [m/s] 
�⃑�𝑣𝑘𝑘 Mass-average velocity of phase k  [m/s] 
 �⃑�𝑣𝑚𝑚 Mass-averaged velocity  [m/s] 
�⃑�𝑣dr ,𝑘𝑘 Drift velocity of phase k  [m/s] 

VF Volume fraction of liquid metal  [%] 
𝑉𝑉𝑉𝑉out Outlet volume fraction of liquid metal  [%] 
V Electric potential density  [V/m] 
X Axis X  [mm] 
Y Axis Y  [mm] 

Greek Symbols 
 𝛼𝛼𝑘𝑘 Volume fraction of phase k  [%] 
 ε Turbulence kinetic energy dissipation [-] 
 𝜇𝜇m Viscosity of mixture  [kg/m×s] 
 𝜇𝜇𝑘𝑘 Viscosity of phase k  [kg/m×s] 
 𝜌𝜌𝑘𝑘 Density of phase k  [kg/m3] 
 𝜎𝜎 Electrical conductivity  [S/m] 
 𝜏𝜏 Stress tensor  [Pa] 
 𝜑𝜑 Electric potential  [V] 

Subscripts   
n Number of phases  
k Phase number  
 



Alza'areer, A., Aldoss, T., et al. 
Numerical Analysis of the Effect of Annular Ejector on the…  

Year 2023 
Volume 11, Issue 2, 1110445 

 

Journal of Sustainable Development of Energy, Water and Environment Systems 20 

Abbreviations 
CFD Computational Fluids Dynamics 
MHD Magnetohydrodynamic 
MHDG Magnetohydrodynamics Generator 
LM Liquid Metal 
LMMHD Liquid Metal Magnetohydrodynamic 
LMMHDG Liquid Metal Magnetohydrodynamic Generator 
SPLMMHD Single-Phase Liquid Metal Magnetohydrodynamic 
TPLMMHD Two-Phase Liquid Metal Magnetohydrodynamic 
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