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Abstract

Supersonic steam ejectors are commonly used in many applications, for example suction of non-condensable gases in steam
power plants or heat-powered chillers. In the specific case of ejector chillers, CFD studies of the ejector are necessary for
optimization of this device because ejector performances have a direct impact on the COP of the chiller. The complex ejector
flow and the high Mach numbers make characterization of the phase change inside this component difficult. Metastability effects
also have to be accounted for and some CFD commercial software provide built-in wet-steam models for this purpose. A simpler
approach for numerical modeling of multiphase ejector is the Homogeneous Equilibrium Model (HEM) in which the phase
change occurs in equilibrium conditions, i.e. metastability is neglected. These second kinds of models are still important tools for
preliminary analysis of condensing ejectors. In the present paper a comparison between commercial software wet-steam models
and an in-house developed model based on HEM is presented.
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1. Introduction

Ejector refrigerators are able to utilize waste heat to produce cooling. Steam driven variants are used by the food
processing industry to freeze dry products and for many years they were used on-board ships to provide both process
cooling and air conditioning. The choice of water as a refrigerant has obvious advantages with regard to
environmental
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Nomenclature

B liquid mass fraction

n total number of droplets per unit volume
Prmix mixture density

R gas constant

Tsat saturation temperature

Psar saturation pressure

regulations and fluid costs. Moreover, a recent study has shown that steam ejector plants may have better
performances than systems using synthetic refrigerants [1].

The scheme of a standard Steam Ejector Cycle is shown in Fig. 1 along with its corresponding T-s diagram.
Basically, the whole system can be thought as composed of two parts, the power and refrigeration cycles. The two
cycles share the condenser and the power exchange between them occurs by means of a supersonic ejector. System
performance can be quantified by means of the Coefficient Of Performance (COP) which is defined as the cooling
load divided by the total heat and mechanical power inputs:

cop = —Zeoa 1 Al (1)
0, +W ., Ah,,

pump

The ratio between the suction mass flow rate, i, to the motive mass flow rates, ,, defines the Entrainment
Ratio (ER), which is a fundamental parameter for the performance of the ejector as it is proportional to the system
COP.

For more details on the system operations and on the ejector dynamics the reader can refer to [2].

Figure 1: T-s diagram and basic scheme of a standard steam ejector cycle

As can be seen in Fig. 1, normal operation of a steam ejector involves expansions, mixing and compressions that
occur well within the saturation dome. In the ideal case of a reversible transformation, the condensation process
follows a path of equilibrium states, and no losses occur. Inside supersonic ejectors. However, the very limited
residence time and high cooling rates lead to a substantial departure from the equilibrium process. As the primary
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flow rapidly expands inside the motive nozzle, thermodynamic equilibrium is not maintained and, at a certain degree
of expansion, the vapor state collapses and condensation takes place abruptly as a shock-like disturbance [3]. This is
generally called the “condensation shock”. This sudden change of state of aggregation leads to an instantaneous and
localized heat release that increase the pressure and temperature and reduce the Mach number along the ejector [3].

Downstream the condensation shock, the flow contains a considerable number of tiny liquid droplets (of the order
of 10Y=dm?, [4]) that affect the turbulence levels and the subsequent shear layer development in the mixing
chamber [5]. Therefore, in addition to a reduction of the nozzle efficiency, condensation can also have consequences
on the entrainment of the suction flow. Consequently, a reliable design technique for condensing ejectors should be
able to account for all these effects. Unfortunately, to date no such scheme has been devised. As a consequence, the
design is ultimately conducted by making use of empirical prescriptions or correlations of experimental data (e.g.
[6D)-

This work represents an attempt to overcome all or some of these limitations. To this aim, a CFD code that
includes a non-equilibrium condensation model is tested in order to assess and refine the performances of a “first-
attempt” ejector design obtained by a 1D model procedure.

2. Homogenous Equilibrium Model

The Homogeneous Equilibrium Model (HEM) is an Eulerian model to study equilibrium phase change. Due to its
simplicity it can be used as a valid approach to obtain results in a preliminary stage of the ejector designing process.
Its main limitations can be summarized as follows:

e  Phases in mechanical equilibrium, i.e., they have the same velocity;

e  Phases in thermodynamic equilibrium, i.e., they have the same temperature;

e No possibility to account for metastability affects.

In particular, this last approximation may lead to significant errors due to the high speed that occurs within
supersonic ejectors. This point is studied in details in the Results chapter.

The implementation of the HEM in ANSYS Fluent [7] can be done by simulating a fluid with mean properties
between liquid and vapor, which is function of pressure and static enthalpy [J/kg] (for more details see [8]). The
default Energy equation in ANSYS Fluent is replaced with a user defined scalar transport equation where the only
unknown variable is the specific enthalpy:

V- ith )= V- (T, , VA )+ S, + 8,0 + 5, 2)

S, =i-Vp
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Where (~) and (-) denote Favre- and Reynolds-averaged quantities, u is the velocity vector and u, v, w are its
components. p is the local density, 4 and ur are the molecular and turbulent viscosity respectively. ey is the
effective diffusion coefficient, which represents the sum of the molecular and turbulent thermal diffusion
coefficients. As for the fluid properties, these have been implemented as follows:

e density defined via User-Defined Function (UDF) as a function of pressure and specific enthalpy;

e speed of sound defined via User-Defined Function (UDF) as a function of pressure and specific enthalpy;
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e Average vapor phase value for the molecular viscosity and molecular diffusion coefficient.

The last assumption is practically equivalent to consider “dry walls” due to the heat recovery in the boundary layer
(due to the high turbulence levels, the molecular diffusion and viscosity affects only the dynamics of the viscous
sub-layer).

The introduction of the sound speed formulation is required by ANSYS Fluent to solve the pressure-correction
equation. Unfortunately, formulation of the two-phase speed of sound are not available within REFPROP libraries.
Therefore, in the two-phase region, the sound speed has been calculated from an equation which is widely used in
mixture models (for example [9]):

a, N l-a,
Ane pe

Where o, is the vapor volume fraction, p, and p; are respectively vapor and liquid density for a given pressure, ¢, and
¢; are respectively vapor and liquid sound speed for a given pressure.

From a numerical point of view, both density and sound speed are calculated by means of lookup-tables constructed
by developing an in-house Matlab code that automatically generates the fluid property matrices by acquiring data
from REFPROP libraries. The CFD solver than operates a bi-linear interpolation (with pressure and specific
enthalpy as independent variables) to obtain the correct value of density and sound speed in each cell of the
computational domain.

3)

3. Wet Steam model

Wet steam models are Eulerian homogeneous models available in many commercial CFD software. In the
present work, the Wet Steam model built in ANSYS Fluent v16.2 was used for all simulations. The model considers
the condensed phase as monodispersed in the vapor phase. The transport equations are written for the whole mixture
whose properties result from mass weighted averages of each phase. In order to account for metastable phase change
two additional transport equations are coupled to the standard set of compressible Navier-Stokes equations:

il 4 V- (i tif) =T )
Ll 4 V- (i B = Pnie] !

Where I and J are the source terms representing the mechanism of droplets nucleation and growth, respectively.
These formulations are derived by means of kinetic and thermodynamic concepts (for more details see [10], [11],
[7D-

The equation of state for the steam is calculated based on a Virial equation of state truncated at the third term of
the expansion and calibrated following the work of Young [12]:

P = Pmix BT - (1 + BAmix + Chinix) (7

Where B and C are the second and third Virial coefficients.

By making use of the Virial equation it is possible to describe metastable states of the steam by simply extrapolating
the validity range of the equation for regions below the saturation curve. In the range of conditions usually attained
in low pressure steam turbines, the equation remains well behaved and no anomalies should be expected [13]. All
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the other properties (density for vapor and liquid, specific heats etc.) are calculated with correlations which are
functions of the local temperature.

A notable limitation of the wet steam model is that it is not capable to evaluate the ice formation. This implies that
liquid temperature should remain always greater than triple point temperature (273.15 K), as long as no metastability
effects are assumed for the solidification process. A further restrictive assumption of the model is the limit to the
maximum liquid mass fraction, which should be limited to values no greater than 0.1-0.2 for reasons of numerical
stability.

4. Numerical setup

CFD analyses are performed with ANSYS Fluent v.16.2. The computational domain is two-dimensional and
axis-symmetric, the mesh is composed of approximately 45000 quadrilateral elements and is wall resolved. The
solver adopted for the Wet-Steam calculations is a density based solver while in case of the HEM approach the
solver is pressure-based with a pressure velocity coupling. Calculations are second order accurate and a k-& SST
turbulence model is selected in all cases because it was seen to give good results in previous ejector studies [14].
The boundary conditions at the inlets are summarized in Table 1. The inlets pressures are the saturation pressures
corresponding to Tsat and they are maintained as constants for various outlet pressures.

Tsar[°C] Tsu [°C]
Primary Inlet 80 1
Secondary Inlet 7 0

Table 1: Boundary conditions at the inlets of the ejector

5. Results

Fig. 1 shows a comparison of the entrainment ratio data between the Wet Steam (WS) and the Homogeneous
Equilibrium Model (HEM). The HEM predicts a lower value of this quantity. The mismatch is connected mainly to
differences in the prediction of the velocity profiles at the Nozzle Exit Plane. In turn, these are most likely due to the
different equation of state and fluid properties (and in particular, the heat capacity ratio) which causes different
expansion levels and results in different mass flow rates in the nozzle throat.
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Fig. 1: Entrainment Ratio of the ejector for different outlet pressures

Fig. 2 shows the variation of density along the nozzle axis. The throat region is highlighted in red in order to
show that the density differences are almost negligible at this point, thus confirming that the mass flow rate
discrepancies are mostly affected by velocity trends. Right downstream the throat region a clear mismatch in the
density profiles is visible. The main reason for this is to be found in the WS model capacity to account for
metastability effects, which results in the aforementioned “condensation shock”. As can be seen, this amounts to an
abrupt variation of density during the phase change process, as opposed to the gradual variation of the HEM.
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Fig. 2: Comparison of density trends along the axis (the red circle highlights the nozzle throat region)

Fig. 3 shows the quality contour inside the ejector. Clearly, the HEM overestimates the variations of quality with
respect to the WS model. Due to the assumption of thermodynamic equilibrium, the HEM model gives rise to
instantaneous quality variation that follows the compressions and expansion patterns in the mixing chamber. On the
other hand, the Wet Steam model accounts for the time dependency of the condensation process (i.e., relaxation
time), hence, the shocks have a lower impact on the quality (and, of course, on the other flow variables). This
difference in the model behavior results in significant discrepancies in the pressure profile along the axis, as shown
in Fig. 4. In other words, the relaxation time included within the WS model acts as a damper in the shock/expansion
processes that occur all along the ejector length.
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Fig. 3 Contours of quality; HEM up, WS down
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Fig. 4: Comparison of pressure trends along the axis

Fig. 5 shows a comparison of the temperature results along the axis. In the case of Wet Steam model the
temperature goes well below the HEM results. This is again due to the absence of a relaxation time of HEM: due to
the higher variation of the quality, the condensing mass is generally higher in HEM, thus resulting in higher latent
heat transfer and lower temperatures. Most interestingly, looking at the WS profile of both vapor and liquid phase
one can see that the temperatures go well below the Triple Point temperature in some regions downstream the nozzle
exit (273.15K), meaning that there are some possibilities of ice formation inside the ejector.

It is interesting to note that the temperature of the liquid phase for the WS are very close to that of the HEM
model. This is probably due to the fact that the Fluent WS model assumes the liquid temperature to be the
equilibrium saturation temperature at the vapor pressures. Therefore, whenever the pressure differences between the
two models are small, the two temperatures are close to each other (this is true as long as the system is two phase).
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Fig. 5: Comparison of temperature trends along the axis
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6. Conclusions

Steam ejectors are widely used in many industrial applications and CFD studies are necessary for the
optimization of these devices. In the present paper a comparison of two different approaches to account for the
condensation inside a supersonic steam ejector is proposed. The first approach involves the Wet Steam Model while
the second is a Homogeneous Equilibrium Model, which was implemented in the commercial code ANSYS Fluent
by means of User-Defined functions.

The results have shown that HEM overestimates the variations of the main quantities during the
shocks/expansion process occurring in the ejector. On the other hand, the WS model considers the time-dependency
of the condensation phenomena, thus resulting in the presence of a condensation shock downstream the primary
nozzle throat. Moreover, the relaxation times connected with the non-equilibrium model results in a smoother
variation of pressure and quality along the axis with respect to HEM results. Finally, the lower condensation
predicted by the WS model results in lower temperature during the expansion compared to the results of the HEM.
The temperature of both phases goes below the Triple Point temperature, meaning that there is the possibility of ice
formation in the ejector.

Although the HEM is a simplified approach which is not able to account for metastability effects, nevertheless it
can still reproduce most of the main features of the flow dynamics. Moreover, it is more stable (from a numerical
point of view) and easily adaptable to various fluids, hence it could be regarded as a preliminary design tool.
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