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Abstract

Supersonic ejectors offer a promising solution for extending low-pressure well life and

increasing total power output in geothermal plants by entraining low-pressure fluid using

a high-pressure primary flow. While steam supersonic ejectors are widely used in indus-

trial applications such as refrigeration, their deployment in geothermal power generation

remains largely unexplored, leaving a critical gap in field-validated numerical models for

utility-scale two-phase systems. To address this, this study presents a 3D Computational

Fluid Dynamics (CFD) framework validated against industrial-scale field tests conducted

at the Theistareykir Geothermal Power Plant in Iceland (connecting wells ThG-11 and

ThG-15). Four RANS turbulence models (Standard k − ε, RNG k − ε, Realizable k − ε,

and k − ω) were evaluated in ANSYS Fluent using a homogeneous Eulerian wet-steam

formulation. The Realizable k − ε model demonstrated superior accuracy, achieving the

lowest absolute error (6.4%) against field data. While non-equilibrium thermodynamic

relaxation caused a systematic 8.9–12.6% overprediction in primary motive flow, secondary

entrainment predictions closely tracked physical performance, with entrainment ratio

errors reaching 0.00% under stable operation. Crucially, the model identifies operational

boundaries: while field data places the physical backflow limit at an inlet pressure ratio of

2.2 (9.9 bar difference), numerical divergence near zero-entrainment establishes a conser-

vative modelling threshold at 2.6. By defining these physical and numerical limits while

quantifying nozzle-sizing safety margins, this work provides a verified benchmark for

scaling up CFD models for full-capacity geothermal ejector networks.

Keywords: supersonic ejector; numerical models; Computational Fluid Dynamics;

experimental validation; geothermal applications; two-phase flow

1. Introduction

An ejector is a static device that combines a high-pressure primary fluid with a low-

pressure secondary fluid, resulting in a mixed flow at an intermediate outlet pressure [1].

Ejectors with converging–diverging nozzles can achieve sonic conditions in the nozzle’s

throat and supersonic conditions at the nozzle’s outlet due to the expansion of the flow in

the diverging section [2].

In a geothermal power plant, ejectors can utilise the high pressure of a geothermal well

to induce flow from a low-pressure geothermal well and elevate its pressure to meet the
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plant’s operating requirements [3]. This not only extends the functional life of low-pressure

wells but also enhances the facility’s overall power output.

The analysis of two-phase flow and non-equilibrium condensing phenomena in super-

sonic steam ejectors is a well-established topic in fluid mechanics, supported by extensive

Computational Fluid Dynamics (CFD) documentation across various industrial sectors [4,5].

Numerical and experimental research has thoroughly investigated supersonic ejectors for

applications in vapour compression and expansion work-recovery refrigeration [4,6,7],

thermal power plants and steam turbine condenser air-extraction systems [5,8], multi-effect

distillation with thermal vapor compression (MED-TVC) seawater desalination [5,6,9], fuel

cells [6,10], chemical processing [6,11], and aeronautical bleed-air management [11,12].

While low-temperature geothermal heat is occasionally cited alongside solar and industrial

waste heat as a potential driving heat source to activate ejector refrigeration or combined

power/cooling cycles [11,13,14], the direct CFD modelling and fluid dynamics analysis

of two-phase supersonic steam ejectors applied specifically to high-enthalpy geothermal

power station equipment remain largely unexplored. This represents a highly targeted

application, critical for geothermally active regions such as Iceland and applicable to similar

high-enthalpy reservoirs worldwide, where optimising low-pressure resource recovery and

secondary steam entrainment is essential.

Computational Fluid Dynamics (CFD) serves as a primary tool for evaluating complex

ejector internal flows, which are characterised by interacting compressible gas dynamics,

shock-train structures, and phase-change behaviour [11,15]. While two-dimensional (2D) ax-

isymmetric models are widely used for circular cross-sections to balance numerical accuracy

and computational economy [4,12,16,17], full three-dimensional (3D) domain formulations

are essential for geometries with non-axisymmetric features, complex boundary interfaces,

or off-design conditions [8,11,14,16,18–20]. Among commercial platforms, ANSYS Fluent

is predominantly employed for ejector simulations [4–6,8,10,12,14–29], alongside platforms

such as ANSYS CFX, PHOENICS, and OpenFOAM [11,18].

Numerical formulations generally rely on either density-based or pressure-based

solvers [4,11,14,15,17,18,24,30]. Density-based algorithms solve mass, momentum, and

energy conservation equations simultaneously as a fully coupled system, deriving static

pressure via the equation of state [31,32]. This simultaneous coupling excels in capturing

strong localised gradients, expansion fans, and shock-wave structures while minimising

numerical oscillations [31,33]. Conversely, pressure-based solvers use pressure–velocity

coupling to enforce mass conservation sequentially [34,35]. Modern pressure-based coupled

solvers have evolved to reliably handle compressible flow regimes, offering enhanced con-

vergence stability at lower operating pressures, though they require careful validation when

capturing severe adverse pressure gradients or shock-boundary-layer interactions [36,37].

Regarding working fluids, water vapour and steam represent the most frequently anal-

ysed media, moving from ideal gas approximations toward specialised wet-steam formulations

that account for non-equilibrium condensation [5,7,10,11,14–16,18–20,22,24,25,28,30,38,39]. Al-

ternative media include synthetic refrigerants (e.g., R134a, R245fa, CO2) [4,7,8,11,13,15,17,

18,20,25–27], as well as air, nitrogen, and natural gas [11,12,18,20].

To model turbulence in variable-density flows, Reynolds-Averaged Navier–Stokes

(RANS) formulations (often incorporating Favre averaging), are standard practice [33,35,40,41].

While no single turbulence closure model performs universally across all operating con-

ditions [11,18,42], the Shear Stress Transport (SST) k–ω model is widely recognised for

resolving shock locations and stream-mixing interfaces [14,18,19]. The Realizable k-ϵ model

offers strong performance in predicting primary jet expansion angles and recirculation

zones [9,11,14,16,18,29], whereas standard or RNG k-ϵ models may exhibit larger discrep-

ancies under off-design shock conditions [11,18,27,43]. Higher-order models, such as the
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Reynolds Stress Model (RSM), require greater computational effort and pose convergence

challenges [11,14].

Despite this extensive background in general ejector CFD, the literature on Com-

putational Fluid Dynamics modelling of ejectors for connecting high- and low-pressure

geothermal wells remains scarce, limited primarily to a few preliminary studies [44–46].

Gutsol [44] proposed a simplified two-dimensional (2D) CFD model to evaluate potential

well candidates for ejector applications, though without any physical or experimental vali-

dation. Andal [45] advanced this by developing a three-dimensional (3D) model in ANSYS

CFX for a proposed supersonic steam ejector at the Theistareykir Geothermal Power Plant

in Iceland; however, this work remained purely theoretical as no physical pilot system was

built or tested for this design.

To bridge the gap between theoretical modelling and physical implementation, a

preliminary, non-peer-reviewed master’s thesis by Groves [46] explored the initial design

parameters for a pilot-scale ejector tested at the Theistareykir geothermal power plant in

November, 2024. While this work established early attempts at 3D modelling, the simula-

tions were restricted to highly simplified, idealised geometries that deviated significantly

from the eventual physical installation.

To move beyond idealised concepts and unvalidated designs, this study presents

the first comprehensive, field-validated 3D two-phase CFD framework for an operational,

utility-scale geothermal steam ejector, using ANSYS Fluent. Utilising the finalised, as-built

geometry of the physical system tested at the Theistareykir Geothermal Power Plant in

November 2024, we performed new CFD simulations and compared them against eight

distinct physical field-test data points. By comparing localised numerical vectors directly

with real-world thermal and pressure fluctuations, we analyse the complex shock-wave

structures, phase distribution, and internal hydrodynamics of the two-phase flow. Crucially,

this paper explicitly defines the thermodynamic operational limits, specifically, the critical

pressure-ratio threshold at which suction loss occurs, and provides concrete primary-sizing

safety factors necessary for commercial scale-up. This establishes a reliable, field-tested

benchmark for confidently scaling and standardising ejector technology across global

geothermal power networks.

In that sense, the subject of this research is a utility-scale, 3D two-phase steam ejector

system designed to entrain low-pressure geothermal fluid (supplied by well ThG-15 at 8.1

barg with an 80% liquid mass fraction) using high-pressure primary steam (supplied by

well ThG-11 at up to 30 barg) [47]. Unlike laboratory-scale or single-phase ejectors, this

study models an operational industrial unit tested at the Theistareykir Geothermal Power

Plant in Iceland [47]. The objective is to evaluate the predictive accuracy and operational

boundaries of an Eulerian wet-steam CFD formulation under real-world, high-enthalpy

geothermal field operating conditions.

The main innovation presented in this work lies in the parameter selection and cali-

bration within the ANSYS Fluent CFD environment for complex two-phase geothermal

steam flows. By evaluating RANS turbulence closures alongside a homogeneous Eule-

rian wet-steam model, this framework enables the accurate determination of the flow’s

operational boundaries and dynamic control ranges. Specifically, this paper defines the

critical pressure-ratio threshold at which backflow mode occurs and provides concrete

primary nozzle sizing safety margins necessary for commercial scale-up across global

geothermal facilities.
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2. Materials and Methods

2.1. Numerical Methodology

2.1.1. Governing Equations

Computational Fluid Dynamics (CFD) is a numerical technique used to solve partial

differential equations that describe fluid flow and heat transfer processes [48]. It achieves

this by dividing the fluid domain into many small, finite volumes. This approach allows

for the computation and visualisation of local fluid properties, including velocity, pressure,

temperature, and turbulence characteristics [18]. In the present study, the flow is considered

steady, viscous, turbulent, and free of body forces. The compressible Reynolds-averaged

Navier–Stokes (RANS) equations serve as the governing framework for the various tur-

bulence models employed. The behaviour of the flow within the ejector is described by

the conservation equations of mass (Equation (1)), momentum (Equation (2)), and energy

conservation equations (Equation (3)) [14]. Equation (1) represents the steady-state conser-

vation of mass for a compressible flow, where ρ is the fluid density and ui is the velocity

component in the i-th direction [14]. Under steady-state conditions, the local rate of change

of density with respect to time is zero, reducing the general continuity equation to the

divergence of the mass flux [2].
∂

∂xi
(ρui) = 0 (1)

Equation (2) describes the conservation of momentum for a turbulent flow, where

p denotes pressure, and µ the dynamic viscosity [14]. The term on the left-hand side

represents the convective transport of mean momentum. The right-hand side captures

changes in momentum resulting from pressure gradients, viscous stresses, and Reynolds

stresses, thereby ensuring momentum conservation.

∂

∂xi

(

ρuiuj

)

= −
∂p

∂xi
+

∂

∂xj

[

µ

(

∂ui

∂xj
+

∂uj

∂xi
−

2

3
δij

∂uk
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+
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iu
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j

)
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Equation (3) expresses the conservation of energy where cp is the specific heat at

constant pressure, T is temperature, λ is thermal conductivity, u′
iT

′ is the turbulent heat

flux, and µϕ is the viscous dissipation function [14]. The left-hand side describes the con-

vective transport of thermal energy, while the right-hand side accounts for heat conduction,

turbulent heat transport, and viscous heating, thus ensuring energy conservation.

∂

∂xi

(

ρcpuiT
)

=
∂

∂xj

(

λ
∂T

∂xj
− ρcpu′

iT
′

)

+ µϕ (3)

To solve these equations, ANSYS FLUENT 2024 R1 [49] was used. The accuracy of the

CFD solution depends on the computational setup for the proposed ejector settings in this

paper, including the domain definition, mesh resolution, turbulence model, solver settings,

discretisation schemes and boundary conditions. These aspects are discussed in detail in

the following sections.

2.1.2. Domain

The internal geometry of the supersonic ejector assembly during the field tests executed

in November 2024 at the Thestareykir Geothermal Power Plant, including the primary

convergent–divergent nozzle, suction chamber, constant area mixing section (CAMS), and

diffuser, is schematically illustrated in Figure 1. To respect IP and confidentiality constraints

while providing clear structural context, absolute dimensions are omitted.
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Figure 1. Cross-sectional schematic of the supersonic ejector assembly illustrating key geometric

components, flow pathways, and the Nozzle Exit Position (NXP). Absolute dimensions are omitted

due to proprietary restrictions.

The field-scale ejector’s internal dimensions were used to develop a three-dimensional

model in ANSYS FLUENT 2024 R1. The resulting 3D model is presented in Figure 2.

Figure 2. Three-dimensional model of the inside geometry of the ejector used for the two-phase

simulations in ANSYS FLUENT 2024 R1.

2.1.3. Mesh Generation

CFD requires that the geometry is divided into a numerical grid, known as the mesh.

Ansys Meshing was used to generate these meshes for this study. The geometry was

discretised into three resolutions (coarse, medium, and fine) to perform a grid convergence

study. Table 1 shows the element size and number of elements for each mesh resolution.

Table 1. Geometric statistics for the three mesh levels evaluated.

Parameters Coarse Medium Fine

Element size [m] 0.01 0.005 0.0025
Number of elements 1,416,131 1,659,401 3,148,023

Min. Orthogonal Quality 0.0077 0.0096 0.0096
Max. Aspect Ratio 284 152 152

To accurately capture the high-velocity gradients and boundary-layer physics, inflation

layers were applied to all wall boundaries, supplemented by localised face and edge sizing

in the nozzle throat and mixing sections. Figure 3 shows the medium mesh generated for

the model, where inflation layers at these locations can be visualised.
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(a)

(b)

Figure 3. Section views of the medium mesh: (a) full-length longitudinal section showing the

red-highlighted region of interest; (b) detailed view of the nozzle and mixing chamber geometry

highlighted in red in (a).

The geometric quality of each mesh was assessed using Orthogonal Quality and

Aspect Ratio metrics, with the summary statistics provided in Table 1. According to the

Ansys Discovery User Manual (Version 2025 R2) [50], orthogonal quality ranges from 0

(worst) to 1 (best), with values approaching 1 indicating ideal orthogonality. For stable

fluid simulations, a minimum orthogonal quality above 0.1 is generally recommended,

while average values above 0.7 signify high-quality meshing [50].

Although the complex internal geometry of the ejector introduced localised minimum

orthogonal quality values (0.0077 to 0.0096) within the outer corners of the mixing chamber

and the non-critical periphery of the Constant-Area Mixing Section (CAMS), these elements

constituted a negligible fraction of the overall grid. The vast majority of the computational

domain maintained high orthogonality (>0.7), comfortably exceeding recommended av-

erage thresholds. Furthermore, these low-quality cells were strictly isolated away from

high-gradient transport zones, including the primary nozzle core, the shear mixing layer,

and the throat shock region. Grid independence evaluation confirmed consistent physical

trends across mesh refinements, with the medium mesh providing robust numerical con-

vergence across all tested turbulence models without encountering the numerical stiffness

or iterative failures observed on the ultra-fine grid configurations.

Regarding the aspect ratio, according to the Ansys Discovery User Manual (Version

2025 R2), the optimal aspect ratio for triangles and quadrilaterals is 1, although values up

to 20 are considered acceptable [50].

In the present meshes, the maximum aspect ratios were 284 for the Coarse mesh

and 152 for both the Medium and Fine meshes. These values, while exceeding the ideal

free-stream recommendation of 20, are well within the acceptable range for inflation layers
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and boundary layer resolution. The high-value aspect-ratio distribution is appropriately

localised within the inflation layers of the nozzle’s converging section to resolve near-wall

gradients, while the core flow maintains a high-quality, uniform structure with aspect ratios

well below the recommended limits.

2.2. Experimental Methodology and Data Selection

The experimental supersonic ejector was designed using the 1D analytical model

proposed by Andal [45] and comprises a primary convergent–divergent nozzle integrated

with a mixing chamber. The assembly was engineered to operate with a primary saturated

steam mass flow rate of up to 2.9 kg/s supplied by well ThG-11 (representing approximately

one-tenth of the well’s total capacity) at an estimated enthalpy of 2739 kJ/kg and a nominal

inlet pressure of 30 barg. The low-pressure secondary stream was fed from well ThG-15 as

a two-phase mixture with a 20% vapour quality, an enthalpy of 1131 kJ/kg, and an average

inlet pressure of 8.1 barg. The ejector discharged the combined fluid into the plant’s steam

gathering system at an outlet pressure of 9.8–9.9 barg, maintaining an operational pressure

margin above the plant’s standard baseline of 9.5 barg [47].

The internal physical schematic of the ejector assembly is shown in Figure 1, while

the overall field experimental setup and process instrumentation layout are depicted

in Figure 4.

Figure 4. Schematic of the experimental setup illustrating the locations of the geothermal wells,

ejector assembly, and instrumentation sensors. Obtained from Guardia et al. [47].

As shown in Figure 4, high-precision instrumentation was distributed across the

upstream, internal, and downstream sections of the ejector assembly for field validation.

Located 10.5 m upstream of the primary inlet, primary mass flow (ṁ1) and localized

fluid density were determined using a custom orifice plate (β = 0.7, D = 66.01 mm)

coupled with a BD SENSORS DPT 200 differential pressure transmitter (0–20 bar, ±0.075%
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F.S.O.) and a WIKA CPG1500 static pressure gauge (0–40 bar, ±0.05% F.S.), with primary

temperature (T1) monitored near the wellhead [47]. Along the secondary suction line

directly upstream of the suction chamber inlet of the ejector, a static pressure sensor (BD

SENSORS DMP 331/333, 0–10 bar, ±0.1% F.S.) and temperature sensor (T2) captured

the incoming low-pressure two-phase properties [47]. Internally, three static pressure

taps (EjectorP1, EjectorP2, and EjectorP3) along the inner walls of the suction chamber and

Constant Area Mixing Section (CAMS) tracked localised pressure recovery and shock-train

compression profiles [47]. Downstream of the ejector outlet (2.5 m from the outlet), there

was a static pressure transmitter (P31), a secondary calibration orifice plate with Tek-Bar

3110B/3120B multi-channel differential pressure transmitters (0–145 psid/psig, ±0.075%

F.S.), and a temperature sensor (T3) to record the total mixed outlet mass flow (ṁ9) and

backpressure [47].

These physical measurements map directly onto the Computational Fluid Dynamics

(CFD) boundary conditions and validation targets. The measured static pressure (P1),

temperature (T1), and specific enthalpy (h1, determined via the Liquid Injection Tracer

method) defined the thermodynamic state for the primary pressure and mass inlet boundary

conditions [47]. Similarly, the secondary pressure (P2), temperature (T2), and enthalpy

(h2) established the secondary pressure inlet boundary condition, while the downstream

static pressure (P31) specified the pressure outlet boundary condition [47]. For numerical

validation, wall pressure measurements from sensors EjectorP1–P3 were compared directly

against simulated axial wall pressure distributions to evaluate shock-train placement, while

the derived secondary entrained mass flow (ṁ5) was benchmarked against the integrated

cross-sectional mass flow from the CFD solution [47].

Primary and mixed outlet mass flow rates were measured directly using the calibrated

upstream and downstream orifice plate assemblies, whereas the entrained secondary mass

flow was derived indirectly via mass balance [47]:

ṁ5 = ṁ9 − ṁ1 (4)

Standard uncertainty propagation yielded an expanded relative uncertainty (k = 2)

of ±13.14% for the derived secondary mass flow rate under peak entrainment con-

ditions [47]. However, because the absolute uncertainty derived via mass balance

(u(ṁ5) = ±0.138 kg/s) remains relatively constant across operational regimes, the cor-

responding relative uncertainty bound (±u(ṁ5)/ṁ5) expands significantly as secondary

flow rates diminish. At low-flow and off-design operating points (ṁ5 ≈ 0.28–0.34 kg/s),

this relative uncertainty bound widens to 40–50%, demonstrating that the larger numerical

discrepancies observed during reduced flow conditions remain comfortably within the

experimental measurement uncertainty.

During testing at the Theistareykir Geothermal Power Plant in November 2024 [47],

the suction pressure from well ThG-15 was maintained relatively constant at an average

of 8.1 barg, while the primary supply pressure from well ThG-11 was systematically

throttled from 28.5 down to 8.5 barg. This operational sequence generated a comprehensive

empirical dataset across primary-to-secondary pressure differentials ranging from 9.9 to

26.3 bar [47]. From this testing campaign, eight operating data points were selected for

numerical simulation and CFD validation, as highlighted in Figure 3 and Table 2.

The full experimental dataset containing primary and secondary pressures alongside

the resulting entrained mass flow rates is summarised in Figure 5, with the eight selected

numerical simulation points denoted by triangular markers.
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Figure 5. Field experimental data collected at the Theistareykir Geothermal Power Plant, with

triangular markers indicating the operating points selected for CFD validation.

2.3. Boundary Conditions

The simulation setup utilises three boundary conditions: two inlets (primary and

secondary) and one outlet (see Figure 2). As shown in Table 2, each inlet boundary was

specified using measured pressure and temperature values obtained from the field data

points selected for the analysis.

The fluids were modelled using the ANSYS FLUENT 2024 R1 wet-steam model, with

the ejector material specified as steel using standard material properties. For the primary

inlet, the fluid was modelled with a liquid mass fraction of 0.03-0.04 (x = 0.96–0.97),

directly matching experimental conditions. However, a physical simplification was re-

quired for the secondary inlet: while field measurements from well ThG-15 indicated a

heavily liquid-dominated fluid with a liquid mass fraction of 0.80–0.81 (x ≈ 0.20), the sec-

ondary inlet boundary condition in the simulation was set to a liquid mass fraction of 0.20

(x = 0.80). This value represents the maximum liquid mass fraction (β ≤ 0.20) physically

and mathematically allowable within the wet-steam formulation of the solver [4,51].

Use of this boundary condition was necessary to maintain numerical stability and

physical validity within the Eulerian wet-steam framework. Mathematically, the wet-steam

model in ANSYS Fluent relies on classical non-equilibrium homogeneous nucleation and

droplet growth theories [4,52]. These formulations explicitly assume a vapour-continuous

phase containing finely dispersed liquid droplets with zero interphase velocity slip and

negligible droplet–droplet interaction [4,51]. Forcing the solver to process the actual

liquid-dominated mixture (x ≈ 0.20, 80% liquid mass fraction) fundamentally violates the

dispersed-phase assumption. At x ≈ 0.20, real-world flows transition into a turbulent,

unstable liquid–steam mixture where interphase momentum slip, liquid accumulation,

and heavy drag dominate, causing immediate continuity and pressure–velocity coupling

divergence in the solver [4].
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Consequently, specifying the secondary inlet at x = 0.80 serves as an optimal numeri-

cal and physical approach for three main reasons:

1. It operates at the maximum physical limit of liquid loading that the Eulerian wet-

steam equations can process without numerical breakdown [4,51].

2. In supersonic ejectors, secondary flow entrainment is predominantly driven by shear

stress and momentum transfer between the primary jet core and the continuous

vapour phase of the secondary flow [4]. In high-liquid geothermal streams, most

of the liquid mass forms a slow-moving film along the pipe walls or heavy mist

that contributes very little to the momentum driving secondary suction. A value of

x = 0.80 isolates the high-velocity vapour core that actually drives entrainment, while

maximising secondary moisture loading within the solver’s mathematical limits [4].

3. While adopting a single-phase dry gas assumption (x = 1.00) avoids divergence,

dry gas models completely neglect non-equilibrium phase change, latent heat re-

lease, and local speed-of-sound modifications [4]. Studies show that dry gas models

overestimate Mach numbers by over 21% and entrainment ratios by up to 12% [4].

Setting the secondary inlet at x = 0.80 retains the vital thermal damping, condensa-

tion shock structure, and phase-change mass/energy source terms provided by the

wet-steam model [4].

This necessary numerical simplification affects downstream mixing predictions, par-

ticularly near low-entrainment limits, and highlights a critical boundary condition in

which baseline wet-steam formulations diverge from complex, two-phase geothermal

wellhead dynamics.

Table 2. Selected field data and corresponding numerical boundary conditions.

Time 09:48:05 09:58:35 10:10:05 10:22:15 10:35:00 10:45:00 10:54:00 11:03:30

Primary Fluid Pressure [barg] 27.10 26.13 24.82 24.03 23.00 21.94 20.40 17.78
Primary Fluid Temperature [K] 503.40 501.49 498.82 497.16 494.94 492.57 488.97 482.37
Primary Fluid Liq. Frac [%] 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Secondary Fluid Pressure [barg] 6.66 7.75 7.56 7.46 7.44 7.60 7.78 7.62
Secondary Fluid Temperature [K] 441.77 447.32 446.37 445.87 445.77 446.59 447.44 446.69
Secondary Fluid Liq. Frac [%] 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Mixed Flow Pressure [barg] 9.93 9.95 9.92 9.92 9.91 9.84 9.80 9.73
Mixed Flow Temperature [K] 456.94 457.02 456.88 456.87 456.85 456.58 456.40 456.12
Mixed Flow Liq. Frac [%] 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17

2.4. Discretisation Criteria

ANSYS FLUENT 2024 R1 utilises the finite volume method, which discretises the

governing equations by integrating them across each control volume [52]. The two-phase

ejector simulations employ a steady-state formulation based on fictitious time (pseudo-

transient marching). In this approach, the solver advances the solution in pseudo-time

until the steady state is reached [51].

Spatial discretisation of the convective flux terms for all momentum, energy, and

phase transport equations was achieved using a Second-Order Upwind (SOU) scheme,

coupled with an explicit scheme for pseudo-time marching. For high-speed compressible

flows featuring shock-boundary layer interactions, the SOU formulation provides multi-

dimensional directional bias and essential Total Variation Diminishing (TVD) properties.

This prevents non-physical dispersion oscillations and unbounded gradient overshoots

across severe pressure discontinuities, a common limitation of higher-order schemes such

as QUICK in supersonic regimes, while maintaining formal spatial accuracy across the

computational domain.
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To account for non-equilibrium phase transition, the wet-steam model in ANSYS

FLUENT 2024 R1 was utilised. This model employs a homogeneous Eulerian framework

that enables phase change and compressible two-phase flow simulation [30]. The liquid

mass fraction at each inlet was specified as a boundary condition within this framework, as

detailed in Section 2.3.

ANSYS FLUENT 2024 R1 offers two distinct numerical formulations: the pressure-

based solver (PBS) and the density-based solver (DBS). Historically, density-based solvers

were the standard choice for high-speed compressible flows where density, energy, and

momentum are strongly interdependent, such as in hypersonic regimes [14,18,52]. How-

ever, the PBS solver employs either a segregated or a coupled solution approach in which

the governing equations are solved with pressure–velocity coupling, offering exceptional

flexibility across a broad range of flow regimes from incompressible to moderately com-

pressible flows [52]. Recent comparative benchmarks demonstrate that the pressure-based

solver with a coupled pressure–velocity formulation is equally accurate for compressible

supersonic ejector flows while providing significantly higher numerical stability and faster

convergence [14,15,18,20]. Under this Coupled PBS algorithm, the momentum and pressure-

based continuity equations are solved vectorially and simultaneously while evaluating

density updates [18,20]. Because the flow through the ejector is supersonic (Mach < 2.2)

rather than hypersonic, the Coupled PBS was selected for all simulations.

This pressure-based approach offers critical advantages when paired with the wet-

steam formulation. Within multiphase wet-steam formulations, the pressure-based solver

avoids the severe time-step restrictions and convergence instabilities common to density-

based solvers when handling steep phase-change source terms [4,18]. Consequently, nu-

merical evaluations confirm that the pressure-based solver yields reliable entrainment

ratios and realistic thermodynamic fields under condensing conditions [18,26].

The physical dynamics of the geothermal steam ejector further support this solver

selection. In supersonic steam ejectors, phase change and non-equilibrium condensation

release latent heat into the continuous vapour phase, suppressing excessive flow expansion

and capping maximum flow velocities to a moderate supersonic range (Mach ≈ 1.6–1.9,

compared to Mach > 2.2 predicted by dry-gas approximations) [5]. The pressure-based

solver is specifically recognised for maintaining high numerical stability and physical

accuracy within this low-to-moderate supersonic regime (Mach < 2.2) [4,52].

Finally, high-resolution spatial discretisation and mesh refinement ensure that com-

plex compressible flow structures are accurately captured. Implementing a second-order

upwind spatial discretisation scheme minimises numerical diffusion and false dissipation

across steep gradients [7,18]. When paired with high-density mesh refinement in the mixing

section and constant area mixing section (CAMS), this high-order discretisation enables the

solver to sharply capture both aerodynamic shock phenomena, including oblique shock

trains, compression diamonds, and normal shocks, and non-equilibrium condensation

shocks [5,7,12,18,23].

2.5. Verification Summary

The numerical verification procedure followed a four-step framework to ensure solu-

tion accuracy and code reliability prior to physical validation:

1. Grid Convergence: A systematic grid refinement study evaluated three mesh res-

olutions (coarse: 1.42 × 106, medium: 1.66 × 106, fine: 3.15 × 106 elements) with a

constant refinement ratio (r = 2.0). Grid independence was confirmed on the medium

mesh, where primary mass flow varied by <0.4% relative to the fine grid.
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2. Near-Wall Grid Quality: Wall y+ distributions were verified across the domain (30 <

y+ < 300 across critical momentum-exchange zones) to ensure validity of the Standard

Wall Functions under high Reynolds number conditions (Re > 106).

3. Iterative Convergence: Rigorous convergence criteria were enforced, requiring conti-

nuity and RANS equation residuals to fall below 10−3 and energy residuals below

10−6, combined with pseudo-transient marching and monitored mass flow balance

across all ports.

4. Turbulence Closure Evaluation: Four RANS closures (Standard k − ε, RNG k − ε,

Realizable k − ε, and k − ω) were systematically tested under identical boundary

conditions to quantify sensitivity to turbulence formulation.

2.6. Convergence Criteria

To validate the simulation results, residuals must demonstrate convergence. Resid-

uals indicate the degree to which conservation equations are satisfied at each iteration

and should decrease over time. Convergence is achieved when the solution no longer

changes from iteration to iteration [51]. Typically, residuals below 10−3 indicate qualita-

tive convergence, meaning the main flow features are captured, while energy residuals

should approach 10−6 when using PBS [51]. Residuals were continuously monitored, and

simulations were only considered valid if convergence was achieved.

To address the convergence challenges arising from domain complexity, strong com-

pressibility, and non-equilibrium condensation inherent to the wet steam model, conservative

under-relaxation factors (URFs) were implemented (0.1 for momentum and energy, and 0.05

for pressure). These parameters limit the step size between successive iterations, mitigating

abrupt variations in the solution matrix and preventing numerical divergence [48].

Because a time-independent, steady-state formulation was employed, these reduced

URFs served purely to control iterative updates across pseudo-time steps without damp-

ening physical time-dependent phenomena. Although the continuity and wet-steam scalar

transportation equations presented the highest numerical stiffness, stable convergence across

all cases was successfully achieved within a fixed run of 1000 iterations. Full numerical

convergence was confirmed by ensuring that key physical monitors, specifically the outlet

mass flow rate and throat static pressure, flatlined completely into asymptotic equilibrium,

and all discrete residuals dropped to tight tolerance levels well prior to the final iteration.

3. Results

3.1. Mesh Independence Study

A mesh independence study was conducted across three mesh refinements (coarse,

medium, and fine) to ensure that the numerical solutions were independent of grid res-

olution. Table 3 presents the simulation results for the three mesh refinements for four

different turbulent models (Standard k − ε, RNG, Realizable k − ε, and k − ω).

Based on the mesh independence study presented in Table 3, the primary fluid flow

predictions were almost identical across all three mesh levels, indicating that this variable

is largely insensitive to refinement beyond the coarsest grid. For the secondary fluid flow

and entrainment ratio, the coarse and medium meshes produced similar results, suggesting

that the medium mesh captures the essential flow physics without the excessive numerical

dissipation associated with the coarse mesh. In contrast, the fine mesh exhibited simulation

errors and convergence difficulties for several turbulence models (e.g., RNG k − ε and k − ω),

making it unreliable for production simulations. Furthermore, the computational cost of the

medium mesh was lower than that of the coarse mesh, offering improved efficiency without

compromising solution quality. Therefore, the medium mesh represents the most appropriate

choice, balancing grid independence, numerical robustness, and computational time.
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Table 3. Mesh independence study: Primary fluid flow, secondary fluid flow, and entrainment ratio

for Standard k − ε, RNG k − ε, Realizable k − ε, and k − ω turbulence models. Refinement ratio

r = 2.0 between successive mesh levels.

Coarse Mesh

Turbulence Model Standard k − ε RNG k − ε Realizable k − ε k − ω

Primary fluid flow [kg/s] 2.55 2.47 2.47 2.49
Secondary fluid flow [kg/s] 0.23 0.71 0.75 0.38
Entrainment Ratio (ER) 0.09 0.29 0.31 0.15
Iterations completed [%] 100 100 100 100

Medium Mesh

Turbulence Model Standard k − ε RNG k − ε Realizable k − ε k − ω

Primary fluid flow [kg/s] 2.55 2.47 2.44 2.49
Secondary fluid flow [kg/s] 0.24 0.62 0.64 0.33
Entrainment Ratio (ER) 0.09 0.25 0.26 0.13
Iterations completed [%] 100 100 100 100

Fine Mesh

Turbulence Model Standard k − ε RNG k − ε Realizable k − ε k − ω

Primary fluid flow [kg/s] 2.55 2.51 2.45 2.49
Secondary fluid flow [kg/s] 0.21 0.88 0.44 —
Entrainment Ratio (ER) 0.08 0.35 0.18 —
Iterations completed [%] 100 84 100 45

Note: “—” indicates missing data due to convergence failure.

3.2. Experimental Validation of Turbulence Models

The accuracy of the selected medium mesh was validated against field data from the

10:35:00 data point, which had the mean primary pressure across all selected data points

presented in Figure 3. The mesh was evaluated using four turbulence models: Standard

k − ε, RNG k − ε, Realizable k − ϵ, and k − ω.

The Entrainment Ratio (ER), defined as the ratio of secondary to primary fluid mass

flow rates [26], was selected as the primary metric for convergence because it acts as a

sensitive indicator of mass balance accuracy in both fluid flows. Quantitative comparisons

between the CFD results and field measurements are detailed in Table 4 and Figure 6.

Table 4. Validation of the medium mesh: Comparison of CFD predictions against field test data

(recorded at 10:35:00 h) for four turbulence models. Percentage errors relative to field data are shown

in parentheses.

Variable Field Data Standard k − ε RNG k − ε Realizable k − ε k − ω

Primary fluid flow (kg/s) 2.24 2.55 (13.8%) 2.47 (10.3%) 2.44 (8.9%) 2.49 (11.2%)
Secondary fluid flow (kg/s) 0.60 0.24 (60.0%) 0.62 (3.3%) 0.64 (6.7%) 0.33 (45.0%)
Entrainment Ratio 0.27 0.09 (66.7%) 0.25 (7.4%) 0.26 (3.7%) 0.13 (51.9%)

Absolute average error – 46.8% 7.0% 6.4% 36.0%

From Table 4 and Figure 6, it can be observed that, while all models captured the general

flow physics, the Realizable k − ε model was identified as the most robust and accurate for

this application. This model consistently yielded the lowest average absolute error (6.4%)

among all turbulence models. Specifically, it achieved errors of 8.9% for primary fluid flow,

6.7% for secondary fluid flow, and 3.7% for the Entrainment Ratio. The RNG k − ε model also

performed well, with an average error of 7.0%, closely following the Realizable k − ε model.

In contrast, the Standard k − ε and k − ω models exhibited significantly higher average errors

of 46.8% and 36.0%, respectively, indicating their inadequacy for this flow configuration.
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Figure 6. Validation of the medium mesh: Comparison of turbulence models (Standard k − ε, RNG

k − ε, Realizable k − ε, k − ω) against field data (10:35:00 h in Figure 5) for primary fluid flow,

secondary fluid flow, and entrainment ratio. Percentage errors to the measured values are shown

above each bar.

Given that the Realizable k − ε model provided the best balance of accuracy and com-

putational reliability, it was selected as the standard model for the remainder of this study.

To ensure its validity in conjunction with Standard Wall Functions, the wall y+ distribution

was analysed. As illustrated in Figure 7, the majority of the high-velocity flow resides

within the valid log-law region required for wall function accuracy (30 < y+ < 300) [48].

While localised y+ values below the ideal limit (y+ < 30) occur in low-velocity stagnation

zones, these deviations are confined to areas with negligible momentum exchange and do

not significantly impact global mass flow or Entrainment Ratio predictions.

Figure 7. Distribution of y+ values for the 10:35:00 data point (medium mesh, Realizable k − ε model).

Outer surfaces are rendered with partial transparency to reveal internal wall regions.

In contrast, certain regions at the edges of the Constant Area Mixing Section (CAMS)

and within the diffuser exhibited y+ values exceeding the conventional limit of 300. This

is considered acceptable for the current supersonic ejector study, given the high Reynolds

numbers (Re > 106) involved. In such high-speed flows, the logarithmic region of the

turbulent boundary layer extends significantly further than in subsonic applications, often

remaining valid up to y+ ≈ 103 or higher. Since the Entrainment Ratio demonstrated stability
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across the tested mesh densities, these elevated y+ values are confirmed to be within the range

where the wall functions effectively bridge the viscosity-affected near-wall region.

As the primary fluid expands through the nozzle, the boundary layer remains fully

turbulent and well-developed. The placement of the first interior cell within this extended

log-law region ensures that the Standard Wall Functions accurately calculate the wall shear

stress and heat transfer.

3.3. Mass Flow

The medium refinement mesh with the Realizable k − ε turbulence model was used for

all two-phase simulations of the Theistareykir field selected data (see Figure 5). The mesh

and simulation settings remained unchanged between simulations; only the boundary

conditions were adjusted to match those of the various selected data points. Table 5

and Figure 8 present the main CFD results, along with relative percentage errors for the

primary and secondary fluid flows and the resulting Entrainment Ratio, compared with

the experimental measurements.

Table 5. Comprehensive validation using Realizable k − ε model: mass flow and entrainment ratio

with error analysis.

Time
Primary Fluid Flow Secondary Fluid Flow Entrainment Ratio

CFD (kg/s) Field Test (kg/s) Error (%) CFD (kg/s) Field Test (kg/s) Error (%) CFD Field Test Error (%)

09:48:05 2.87 2.63 9.13 0.69 0.72 4.17 0.24 0.27 12.50
09:58:35 2.81 2.54 10.63 0.62 0.68 8.82 0.22 0.27 18.52
10:10:05 2.66 2.41 10.37 0.60 0.67 10.45 0.23 0.28 17.86
10:22:15 2.56 2.35 8.94 0.72 0.58 24.14 0.28 0.25 12.00
10:35:00 2.44 2.24 8.93 0.64 0.60 6.67 0.26 0.27 3.70
10:45:00 2.34 2.14 9.35 0.42 0.39 7.69 0.18 0.18 0.00
10:54:00 2.18 1.99 9.55 0.18 0.23 21.74 0.08 0.12 33.33
11:03:30 1.96 1.74 12.64 0.09 0.06 50.00 0.05 0.03 40.00

Figure 8. Comparison between simulated and the field test results for primary fluid flow, secondary

fluid flow and entrainment ratio for selected data points shown in Figure 5.

Across all simulated cases, the primary mass flow rates yielded by the CFD model

consistently overpredicted the values recorded during the field tests. The relative errors

for the primary fluid flow ranged from a minimum of 8.93% (at 10:35:00 h) to a maximum

of 12.64% (at 11:03:30 h). The systematic overprediction of the primary mass flow rate is

fundamentally due to non-equilibrium thermodynamic relaxation and subcooling effects

during rapid expansion of the primary fluid in the supersonic nozzle, which are not

properly accounted for in the numerical model [53].

In the ejector system tested in the geothermal power plant, the high-pressure primary

steam expands almost instantaneously at extreme expansion rates in the nozzle. Because
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of this high velocity, the vapour cannot maintain a normal equilibrium state; it becomes

supersaturated and enters a temporary, unstable metastable state where it continues to

behave as a pure gas even though its temperature has dropped below the condensation

threshold [53]. As the fluid travels further, it undergoes spontaneous homogeneous nucle-

ation, where the vapour abruptly reverts to equilibrium through the rapid formation and

growth of microscopic liquid droplets out of the pure gas phase [53].

In the numerical setup, a steady-state, pressure-based solver utilising the Eule-

rian wet-steam model was employed, specifying a boundary condition constraint of

log10(Droplets Per Unit Volume) equal to 0 m−3 at the primary fluid inlet to reflect the

initial high-quality vapour phase (3–4% liquid fraction). Viscous heating was kept active,

paired with standard wall functions modified for pressure gradient and thermal effects.

Because standard commercial RANS codes rely on simplified theories that struggle to

capture the precise timing of droplet formation and the resulting size distribution at high

expansion rates [53], the solver slightly underestimates the onset of this phase change. This

mismatch causes the model to overestimate the true fluid density at the sonic choking point.

Because mass flow scales linearly with density at the throat, these modelling limitations

result in a consistent overprediction compared to the field data.

Conversely, the secondary mass flow rates predicted by the simulation demonstrated

much closer absolute agreement with the experimental data. The maximum baseline

accuracy was achieved for the 09:48:05 h data point with a minor error of 4.17%, whereas

the peak relative deviation reached 50.00% at 11:03:30 h. It is critical to contextualise

this upper error bound; the absolute numerical values modelled for the low-entrainment

data points (10:54:00 and 11:03:30 h) remain highly aligned with the field measurements.

However, because these mass flow rates are close to zero, even minor absolute discrepancies

yield a mathematically magnified relative percentage error.

It is also important to note that these discrepancies in the data points with secondary

fluid entrainment close to zero can be attributed to the physical limitations of the steady-

state Eulerian wet-steam model when resolving highly stratified or moisture-rich liquid-

vapour regimes near the critical operating limit of a supersonic ejector.

Field-test data indicated that for the specific geometry of the ejector tested at the

Theistareykir Geothermal Power Plant, the minimum physical pressure difference required

between the primary and secondary fluid flows to successfully initiate suction is 9.9bar,

which equates to a physical inlet pressure ratio (Pprimary/Psecondary) of 2.2 (results from

field tests at the Theistareykir Geothermal Power Plant, November 2024). As detailed in

Table 2, the data points at 10:54:00 and 11:03:30 h operated at pressure ratios of 2.6 and

2.3, respectively, placing them immediately adjacent to this physical threshold. While

physical suction persists down to 2.2, the CFD solver encounters numerical divergence

and heightened relative errors near zero-entrainment at a higher ratio of 2.6. Consequently,

to ensure highly reliable numerical predictions of secondary mass flow rates and avoid

localised model divergence in future geothermal ejector designs, operational pressure ratios

should ideally be maintained above 2.6 as a conservative modelling safety margin.

Regarding the overall entrainment ratio, the strongest agreement between the CFD

simulations and field data occurred at 10:45:00 h, where both calculated values rounded to

0.18. This yielded a nominal reported error of 0.00% (with an unrounded relative difference

of ≈1.5%), which occurs as individual discrepancies in primary flow (9.35%) and secondary

flow (7.69%) partially offset each other within the ratio. Crucially, the observed deviations

across the operational envelope remain within the expanded experimental measurement

uncertainty (±13.14%), validating the capability of the numerical framework to capture

real-world performance trends. Conversely, the maximum discrepancy was observed at
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11:03:30 h with a 40.00% mismatch, reflecting the heightened sensitivity of secondary fluid

entrainment modelling under choked or near-stalled conditions.

3.4. Mach Number

Figure 9 displays the Mach number profile for the two-phase industrial-scale ejector

tested at Theistareykir, using the boundary conditions of the 10:35:00 h data point, which

had the mean primary pressure across all selected data points presented in Figure 3.

Figure 9. Mach number profile for the tested ejector using boundary conditions of the 10:35:00 h data

point from Figure 5.

The Mach number profile shows that the ejector reaches sonic conditions (Mach 1) at

the nozzle throat, then transitions to supersonic flow, with a maximum Mach number of

about 1.8 near the nozzle outlet. After this, the sonic velocity decreases in the mixing section

before increasing again as both fluids combine, just before entering the CAMS. Inside the

CAMS, another transition from supersonic to subsonic conditions occurs, continuing until

the ejector outlet.

3.5. Velocity

Figure 10 displays the velocity vectors for the industrial-scale ejector tested at The-

istareykir, using the boundary conditions of the 10:35:00 h data point, while Figure 11

shows the velocity profile of the ejector for the same selected data point.

Figure 10. Velocity vectors for the tested ejector using boundary conditions of the 10:35:00 h data

point from Figure 5. The red octahedron represents the outlet of the nozzle.
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Figure 11. Velocity profile for the tested ejector using boundary conditions of the 10:35:00 h data

point from Figure 5.

From the velocity vectors in Figure 10, it can be seen that the primary fluid flow exiting

the nozzle expands into the CAMS entrance, but it does not collide with the converging

section of the suction chamber, helping to avoid recirculation in that area. However, the

internal wall design of the suction chamber creates vortices before the converging section,

which can increase pressure in those regions, hindering the entry of the secondary fluid flow.

From the analysis of the vortices’ behaviour, having the nozzle’s exit position (NXP) closer

to the CAMS could decrease the pressure inside the CAMS and increase the entrainment

ratio [27].

The velocity profile in Figure 11 shows that the primary fluid flow reaches a maximum

velocity of 834.5 m/s in the diverging section of the nozzle and 330.9 m/s at the nozzle’s

outlet (red octahedron shown in Figure 8, while the secondary fluid flow enters the ejector

at a very low velocity (4.8 m/s). This creates a highly turbulent flow when the two fluids

mix, leading to exergy losses.

3.6. Pressure

Figure 12 illustrates the static pressure distribution for the industrial-scale ejector

tested at Theistareykir, while Figure 13 plots the pressure profile along the central axis.

Both visualizations utilise boundary conditions derived from the 10:35:00 h data point.

As shown in Figure 12 and Figure 13, the primary fluid flow undergoes a significant

static pressure drop from 22.99 barg to 2.05 barg as it expands through the nozzle. This

expansion creates a low-pressure region that entrains the secondary fluid flow, which enters

at an average static pressure of 7.38 barg.

Figure 12. Static pressure for the tested ejector using boundary conditions of the 10:35:00 h data point

from Figure 5.
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Figure 13. Static pressure profile of the central axis of the tested ejector using boundary conditions of

the 10:35:00 h data point from Figure 5.

Mixing begins in the converging section of the suction chamber, where the two fluid

flows interact, resulting in a uniform pressure distribution. The mixed flow reaches a peak

static pressure of 9.91 barg just before entering the constant-area mixing section (CAMS).

Inside the CAMS, the flow decelerates through a shock train, with a minimum static

pressure of 6.64 barg when primary and secondary fluids start to mix and with a mixed fluid

static pressure of 9.39 barg at the exit of the CAMS. Further pressure recovery occurs in the

diffuser, where the flow slows subsonically, increasing the mixed fluid flow static pressure

to 9.91 barg at the exit of the ejector, which is greater than the power plant operating

pressure of 9.5 barg. This means that, according to the CFD simulations, the mixed fluid

flow can be entrained into the power plant system.

3.7. Enthalpy

Figure 14 displays the enthalpy of the fluid through the industrial-scale ejector tested

at Theistareykir for the boundary conditions of the 10:35:00 h data point.

Figure 14. Enthalpy for the tested ejector using boundary conditions of the 10:35:00 h data point from

Figure 5.

The high enthalpy of the primary fluid flow is reduced in the nozzle’s diverging section

as thermal energy is converted to kinetic energy, but a further reduction occurs when the

primary and secondary fluid flows combine in the mixing chamber. An intermediate enthalpy

is observed within the CAMS, and an increase in the diffuser is observed due to the pressure

recovery of the mixed fluid flow. It is also important to notice that there is an intermediate

enthalpy region in the converging section of the suction chamber after the entrance of the
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secondary fluid and before the CAMS. This intermediate enthalpy can be attributed to the

recirculation and pressure increase observed in Figure 10 and discussed in Section 3.5.

4. Discussion

The field-validated numerical framework developed in this study provides critical

insights for engineering firms and geothermal power plant operators tasked with designing

and deploying supersonic ejectors to combine high- and low-pressure geothermal wells.

By demonstrating that the Realizable k − ε model can predict the system’s baseline per-

formance with minimum relative errors of 8.93% for the primary fluid flow and 4.17% for

the secondary fluid flow, this work establishes a robust numerical foundation to standard-

ise and de-risk the design process of supersonic ejector systems, bypassing the need for

expensive trial-and-error field prototyping.

However, industrial and commercial deployment must be reconciled with the model’s

localised physical divergence and limitations. Design engineers must specifically account

for two major operational constraints when utilising this model:

• Primary mass flow overprediction margin: Across all operating points, the model con-

sistently overpredicted the primary mass flow rate by 8.93% to 12.64% due to non-

equilibrium thermodynamic relaxation and delayed homogeneous nucleation at the

nozzle throat, as explained in Section 3.3. Design engineers must incorporate a safety fac-

tor into their nozzle throat sizing to prevent underestimating the primary fluid capacity.

• Model breakdown near zero entrainment: As detailed in Table 5, while the model

tracks the experimental entrainment ratio with high precision during stable operating

periods, relative errors spike drastically (up to 50.00% for secondary flow and 40.00%

for entrainment ratio) as secondary mass flow approaches zero when the primary-to-

secondary pressure ratio drops to 2.6 or less.

It is crucial to recognise that these elevated percentage errors arise primarily from

mathematical scaling at small absolute flow magnitudes rather than massive physical

divergence. For instance, at 11:03:30, the absolute deviation between the CFD prediction

(0.09 kg/s) and field data (0.06 kg/s) is a mere 0.03 kg/s, which is the smallest absolute

mass flow discrepancy recorded across the entire testing campaign. Because secondary

fluid flow is derived via overall mass balance, fixed instrumental measurement tolerances

generate a balance-derived relative experimental uncertainty (±δṁ/ṁ) [47] that expands

significantly as flow rates diminish. This causes the expanded uncertainty bound to

expand from ±13.14% at peak flow to 40–50% in low-flow regimes, placing these low-

flow model deviations comfortably within the experimental uncertainty bound.

Concurrently, these spikes reflect the inherent physical limitations of steady-state

Eulerian wet-steam formulations when attempting to resolve highly dynamic, liquid-

vapour phase separation and non-equilibrium condensation near critical operational

thresholds. Rather than interpreting these near-zero entrainment predictions as exact

quantitative performance metrics, design engineers and plant operators should treat

these high relative error regions as a clear, robust numerical signal that the physical

system is transitioning into an unchoked, backflow-prone operating regime.

Ultimately, operators can confidently utilise this CFD model as a predictive tool for

the operational performance of a supersonic ejector system in geothermal power plants,

defining the exact primary pressure thresholds at which the ejector ceases to perform useful

work. By acknowledging these inherent boundary limitations and maintaining conserva-

tive engineering margins for high-moisture wellheads, this model serves as a powerful

utility for scaling up commercial-scale two-phase flow geothermal ejector networks. When

upscaling from the tested pilot unit with 1/10th of mass flow of well ThG-11 to full-capacity

networks, high confidence in the derived scaling laws is supported by the fact that super-
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sonic momentum transfer is primarily governed by inlet pressure ratios and Mach number

distributions rather than absolute throughput. However, full-scale deployment requires

addressing key scaling dynamics:

• Reynolds number effects: Upscaling increases the Reynolds number, which reduces

the relative boundary layer displacement thickness along the mixing tube walls and

decreases relative friction losses compared to the pilot scale.

• Mixing length and phase dynamics: Preserving geometric similarity, specifically the

Area Ratio between the Constant Area Mixing Section and the primary nozzle’s throat

area, the length-to-diameter ratio of the Constant Area Mixing Section and Nozzle Exit

Position (NXP), is essential for complete momentum exchange, while local expansion

rates (dµ/dt) must be controlled to manage non-equilibrium condensation in wet-

steam regimes.

• Manufacturing tolerances and roughness: Larger throat dimensions diminish sensitivity

to absolute machining tolerances, but maintaining low relative surface roughness remains

critical to prevent shock-induced boundary layer separation in the supersonic diffuser.

5. Conclusions

A two-phase CFD model of an industrial-scale ejector was developed and validated

against field-scale operational data from the Theistareykir geothermal power plant. A

grid independence study determined that a medium-refinement mesh achieved a stable,

grid-independent solution while optimising computational efficiency.

To identify the most reliable turbulence treatment, four models were evaluated: Stan-

dard k− ε, RNG k− ε, Realizable k− ε, and k−ω. The Realizable k− ε model demonstrated

superior predictive accuracy, yielding the lowest error for the entrainment ratio compared to

the measured field data. Consequently, it was selected as the optimal model for subsequent

multi-point operational validation.

Validation across diverse data points revealed that the Realizable k − ε wet-steam

model is highly sensitive to localised thermodynamic transitions. The primary fluid flow

was predicted with a consistent overestimation error ranging from 8.93% to 12.64% across all

cases. This systematic deviation is fundamentally tied to non-equilibrium thermodynamic

relaxation and delayed spontaneous homogeneous nucleation at the nozzle throat. To

account for this, engineering firms must incorporate a proportional sizing safety factor for

the primary fluid entrainment when designing the converging–diverging nozzle.

Conversely, the secondary fluid flow and entrainment ratio exhibited greater variance

under certain operational regimes. The Realizable k − ε model achieved its highest baseline

accuracy for secondary fluid flow at 09:48:05 with a minor error of 4.17%. For the overall

entrainment ratio, the strongest agreement occurred at 10:45:00, where both calculated

values rounded to 0.18 for a nominal error of 0.00% (an unrounded relative difference of

≈1.5%), as primary (9.35%) and secondary (7.69%) flow discrepancies partially offset each

other. Conversely, the maximum discrepancy occurred at 11:03:30 with a 40.00% mismatch,

reflecting the sensitivity of entrainment modelling under choked or near-stalled conditions.

Operational phases approaching zero secondary entrainment exhibited high relative

errors (up to 50.00% for secondary flow and 40.00% for entrainment ratio). These spikes arise

primarily from relative percentage scaling over small absolute mass flow offsets (0.03 kg/s)

combined with expanded experimental measurement uncertainty at low flow rates. Numeri-

cally, these high relative discrepancies and associated solver divergence serve as a distinct indi-

cator that the model is approaching the zero-entrainment boundary (Pprimary/Psecondary ≤ 2.6).

While physical backflow in the field initiates at a lower ratio of 2.2 (9.9bar pressure difference

between the primary and secondary inlets), this 2.6 ratio represents the critical numerical

stability limit where the steady-state Eulerian model loses predictive fidelity.
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Overall, the simulations successfully characterised the device’s complex internal

physics, confirming the presence of supersonic flow in the tested ejector system. The

high-pressure motive fluid from well ThG-11 effectively entrains the secondary fluid from

well ThG-15, producing a mixed discharge flow with an intermediate pressure exceeding

the power plant’s operational threshold.

These findings validate the Realizable k − ε wet-steam model as a robust tool for

simulating internal flows in supersonic geothermal ejectors, even when handling secondary

fluids with high liquid mass fractions, as demonstrated in this study. Consequently, this

model can guide the design and optimisation of ejectors that combine high- and low-

pressure geothermal wells, ultimately enhancing energy recovery in geothermal power

plant operations.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

CAMS Constant Area Mixing Section (mm)

CFD Computational Fluid Dynamics

ER Entrainment Ratio

Ma Mach Number

NXP Nozzle Exit Position (mm)

cp Specific heat at constant pressure (J · kg−1
· K−1)

D Section diameter (mm)

h Specific enthalpy (kJ · kg−1)

ṁ Mass flow rate (kg · s−1)

p Pressure (barg)

T Temperature (K)

ui Streamwise velocity component in the i-th direction (m · s−1)

u′
iT

′ Turbulent heat flux (W · m−2)
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v Velocity (m · s−1)

y+ Non-dimensional wall distance (y+ value)

λ Thermal conductivity (W · m−1 · K−1)

µi Dynamic viscosity (kg · m−1 · s−1)

µϕ Viscous dissipation function

ρ Density (kg · m−3)
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