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Abstract

In the present paper, a numerical investigation of a jet-ejector is carried out using a real gas
model of R1234yf. The prototype under investigation works with specific operating conditions
of a jet-ejector refrigeration system intended for waste heat recovery in an internal combustion
engine. In the first instance, the geometry optimization involving nozzle exit diameter, mixing
chamber diameter and nozzle exit position is performed. Once the optimum geometry has been
obtained, the jet-ejector prototype is tested with different operating pressure ratios to
determine its off-design performance. The flow structure in relevant cases has been examined
with an emphasis on critical and subcritical modes. The flow phenomena occurring during
expansion, entrainment and mixing processes are discussed so performance degradation can be
directly related to physical processes. The analysis has been completed fitting simulated points
to critical and subcritical planar surfaces. The results in terms of goodness of fit are satisfactory
so the jet-ejector performance in off-design operating conditions can be reflected through
simple mathematic models. When the overall cycle is assessed by using previous CFD maps it is
observed that the achievable cooling drops significantly when an ambient temperature of 31 °C

is exceeded.
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ICE Internal Combustion Engine
CFD Computational Fluid Dynamics
cop Coefficient Of Performance
GWP Global Warming Potential

27

28 Notation

29 Latin
A Area (m?)
c Specific Heat Capacity (J/kgK)
D Diameter (mm)
h Specific enthalpy (J/kg)
k Pump pressure ratio (-)
L Length (mm)
m Mass flow rate (kg/s)
P Pressure (bar)
Q Heat exchanger power (W)
114 Mechanical power (W)

A Mesh zone
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Angle (°)

Curve fit coefficient (-)

Fraction of the available heat power at the exhaust line (-)
Jet-ejector scaling factor (-)

Jet-ejector pressure ratio (-)

Entrainment ratio (-)

Cycle state points
Generic index

Ambient conditions
Jet-ejector critical operational mode
Jet-Ejector

Ejection cycle evaporator
Engine exhaust

Curve fitting

Ejection cycle generator
Inlet flow

Engine intake

Maximum

Outlet flow

Off-design conditions

Primary flow
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pm Ejection cycle pump

ref Reference conditions
S Secondary flow
scrit Ejector subcritical operational mode
sm Simulated
sup Superheating temperature
v Expansion valve

1. INTRODUCTION

Over the past decades, many research projects have focused on the improvement of ejection
cycles in search of a refrigeration technology with lower environmental impact. Ejection cycles
seem to be a promising way of taking advantage of low-grade waste heat coming from industrial
processes, vehicle exhaust or solar energy reducing significantly the electric power consumed

by conventional refrigeration systems.

In comparison with traditional vapor-compression refrigeration systems, they present lower
mechanical complexity as well as improved reliability and lifespan (Varga et al., 2009; Yan et al.,
2012). However, poor performance when operating in off-design conditions has been reported.
This well-known factor together with their low COP is responsible for the limited market

penetration up to now (He et al., 2009).

On ejection cycles, a secondary flow characterized by low temperature and pressure generates
a cooling capacity at the evaporator, absorbing heat from the medium to be cooled. The primary
flow, which has received energy at the generator from a low-grade heat source, expands within
a nozzle at the jet-ejector inlet thereby enabling the suction of secondary flow inside the jet-

ejector. Both flows mix completely, leave the jet-ejector and condense at an intermediate
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pressure. As a result of the condensation, heat is rejected to ambient. Downstream the
condenser the liquid splits: a fraction of total mass flow passes through a liquid pump and the
resulting high-pressure fluid is recirculated to the generator thus completing the power loop.
The rest of the available mass flow expands at an expansion valve and evaporates closing the

refrigeration loop and producing the desired cooling capacity.

Jet-ejector improvement is a key factor to maximize the performance of ejection cycles. The
geometric configuration and the operating conditions dramatically affect the entrainment
process so a deep understanding of flow evolution inside the jet-ejector is essential. Specific
design for a certain application and operating conditions is needed. Both experimental,
numerical and analytical studies comprise the main development methodologies. Studies
concerning the jet-ejector design (Dong et al., 2016; Jia and Wenjian, 2012; Ruangtrakoon et al.,
2013; Wang et al., 2017; Yan et al., 2012; Zhu et al., 2009) and modeling (Soroureddin et al.,
2013) are quite common in the literature. Many research papers have been focused on studying
fundamental phenomena occurring inside the jet-ejector since it is the basis for improving the
entrainment process (Ruangtrakoon et al., 2013; Sargolzaei et al., 2010; Zhu and Jiang, 20143,

2014b).

When applied to a vehicle this energy-efficient cycle is developed within the framework of
different strategies of waste heat recovery (WHR) dedicated to reusing the exhaust waste heat.
In the last few years, the need for cleaner vehicles with lower environmental impact is leading
to a growing interest in these technologies. On an internal combustion engine (ICE) for
automotive applications, approximately one-third of available fuel energy is lost as exhaust
waste heat and an additional one third is rejected to ambient at the cooling water system.
Several approaches have been under investigation to unlock this potential (Armstead and Miers,
2013) with special emphasis on: Intake charge heating, applied specifically during warm-up

process (Lujan et al., 2016), turbocompounding systems (Aghaali and Angstrom, 2015),
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thermoelectric generators (Hsiao et al., 2010; In and Lee, 2016), Rankine cycles (Aly, 1988; Dolz
et al., 2012; J. Galindo et al., 2015; Glover et al., 2014), ejection or absorption cycles (Galindo et
al., 2019; Novella et al., 2017; Zegenhagen and Ziegler, 2015a) and Brayton, Stirling or Ericsson

cycles (J Galindo et al., 2015).

The feasibility of cooling down the engine intake by using a jet-ejector cycle with R134a as
working fluid has been studied before by Zegenhagen and Ziegler (Zegenhagen and Ziegler,
2015a), (Zegenhagen and Ziegler, 2015b) following an experimental approach. The attained
cooling capacities ranged between 2.3 kW and 5.3 kW with charge air temperatures ranging
between 270.8 K and 284.8 K depending on boundary conditions. Recently, Galindo et al.
(Galindo et al., 2019) have evaluated and optimized numerically the performance of a jet-ejector
refrigeration cycle intended for charge air cooling in an ICE. Special emphasis is put on
performance degradation away from design conditions, that is, different engine operating
points. They showed that ICE charge air temperature can be reduced from ~40°C to ~0°C if the
jet-ejector size is given as a design variable. Otherwise, the achievable cooling capacity is

seriously reduced.

Beyond these experimental and analytical approaches, none numerical studies have been found
for this particular application. Numerous numerical studies focused on jet-ejector modeling can
be found in the literature with a general approach, however, almost all of them focus on ideal
gas models, (Bartosiewicz et al., 2005; Chen et al., 2013; Mazzelli et al., 2015; Ruangtrakoon et
al., 2013; Sriveerakul et al., 2007) or algebraic equations of state (Mazzelli and Milazzo, 2015)
since the convergence for real gas models is more complex. Some of these studies have set low
operating pressures so the differences between real gas models and the aforementioned
approaches might not be significant. Croquer et al. (Croquer et al., 2016), carried out simulations
with real gas models (R134a) and their operating pressures are similar to those of the present

paper, however, their research work is not dealing with a jet-ejector optimization and off-design
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performance evaluation.

The main innovative aspect of the present paper is the geometric design and characterization of
a jet-ejector implemented in a jet-ejector refrigeration system intended for intake air cooling in
an ICE. As a novelty, R1234yf is used as working fluid and the performance of the optimized jet-
ejector design is assessed from the perspective of the overall refrigeration system operating in

off-design ambient conditions.

The main objective of this study is the numerical optimization of a jet-ejector working under
specific conditions of an ICE in terms of exhaust energy and required cooling capacities. This
application (ICE intake cooling) gives the work its main originality. All calculations have been
performed using real gas models of a new generation refrigerant (R1234yf). As a result, a non-
dimensional expression which collects information related to the geometry and off-design
operating conditions is presented. The secondary objective of the present paper is to evaluate
the performance degradation of the overall ejection cycle when the ambient temperature

increases. For that purpose, the jet-ejector maps computed with CFD play a major role.

This methodology could be applied to introduce the jet-ejector behavior in theoretical models

of the overall cycle including heat exchangers, expansion valve and pump.

2. EJECTION CYCLE INTEGRATION AND EVALUATION PROCESS

In Figure 1 a jet-ejector refrigeration system equipped in an automotive ICE is schematically
illustrated. The jet-ejector refrigeration system is coupled in the ICE downstream of the
intercooler and at the exhaust line downstream of the turbine. The heat exchanger placed at
the engine intake is intended to produce the cooling effect at the engine intake while the
generator transfers heat from the exhaust line to the refrigerant to drive the primary flow. The

jet-ejector is the key element of the cycle and its limitations when adapting to off-design
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operating conditions dramatically affect cycle performance. Therefore, this component plays a
major role in a jet-ejector refrigeration system coupled in an ICE and its dimensions must be
carefully designed for a particular cooling capacity requirement, ambient temperature and

exhaust thermal level.

The logic flow chart of the steps followed in the jet-ejector characterization stage and overall
cycle evaluation are schematically illustrated in Figure 2. The paper is structured in four parts.
In Section 3, the jet-ejector geometry is described and the numerical setup is presented with
special emphasis on boundary conditions, thermodynamic model and validation of the CFD
approach. Also in Section 3, the jet-ejector dimensions involved in parametric optimization are
presented. In Section 4, the theoretical model used to describe the overall system performance

is presented.

In Section 5, the main results are presented. Firstly, the geometry that maximizes the
entrainment ratio is found. Special attention is paid to the flow pattern in optimized and non-
optimized geometries. Then, the optimum jet-ejector design is evaluated against different
evaporating and condensing pressures to find the jet-ejector characteristic maps. Subsequently,
the aforementioned maps are used to feed a 1D model overall cycle to assess the performance
degradation that occurs when the ambient temperature is increased with a fixed jet-ejector size.

Finally, in Section 6, the most relevant findings are summarized.
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Figure 1. Jet-ejector refrigeration system coupled in an ICE
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Figure 2. Calculation sequence of the jet-ejector and the overall cycle, respectively
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In this section, the geometry of the jet-ejector prototype is presented as well as the setup in the
Computational Fluid Dynamics (CFD) code including the descriptions of the mesh, turbulence
model, thermodynamic model and boundary conditions. Subsequently, the CFD approach used

to model the jet-ejector behavior is validated using experimental data.

3.1 Working fluid selection

R1234yf has been used as the working fluid in the present study due to its reduced
environmental impact (GWP = 4) as well as its widespread use in modern automotive air
conditioning systems. It is an energy-efficient replacement for R134a and its implementation
requires minor modifications in actual automotive equipment (Lee and Jung, 2012), (Vaghela,
2017). This new generation refrigerant exhibits low toxicity, however, it is flammable so safety

measures must be adopted to cope with leaks during service.

3.2 Jet-ejector flow phenomena and geometry description

In the present jet-ejector design, the high-pressure primary flow (7) is expanded in a converging-
diverging nozzle reaching sonic conditions at the nozzle throat with a subsequent increase in
supersonic level owing to expansion at the diverging section. The subsequent pressure reduction
downstream nozzle exit region (8) favors secondary flow entrainment at the suction chamber
(2). Only a little fraction of both flows mix in the first instance but the primary flow boundary is
clearly delimited creating an apparent converging duct with the wall where secondary flow
expands. Once the secondary flow is expanded a mixing process characterized by momentum
transference from primary to secondary flow occurs (3). Due to the higher outlet backpressure,
additional shockwave pattern appears along the constant area zone. Therefore, the mixed flow
returns to subsonic conditions and the static pressure of the mixed flow increases. Mixed flow

leaves the ejector with an additional pressure recovery induced by the subsonic diffuser (4).



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

The entrainment ratio, i.e, the ratio between secondary and primary mass flow (w = mg/m,)
has been selected as the reference performance parameter. From the performance perspective,
high entrainment ratio values have a positive impact on the cooling capacity and COP. According
to Figure 1, cooling capacity and COP of the ejection cycle under investigation are defined as

follows:

Qev = m - (hy — ho) (1)

Qev ms (hy — hg) (hy — ho) (2)
COP = = = _ 7
Ogo + Wom 1y (A7 —hg) (R — he)

It must be noted that the input power to drive the pump has been neglected in the COP

definition because it is much lower than the incoming heat power.

Figure 3 depicts a schematic view of the axisymmetric jet-ejector prototype under investigation
with all the relevant dimensions. The geometric optimization has been carried out for different
nozzle exit diameters (D, 3), constant mixing diameters (D, 4) and nozzle exit positions (L, ;)
for a fixed nozzle throat diameter (D, ;). The primary nozzle throat has remained constant in all
simulations, thus fixing the critical mass flow when primary pressure and temperature are

maintained.

The diffuser length and the mixing chamber length have been assigned to ensure negligible
gradients of both pressure and Mach number on the radial direction at the jet-ejector outlet.
Several preliminary studies concerning the jet-ejector geometry have been conducted to fix
some geometric values that do not have a strong influence over the jet-ejector performance. All

the dimensions involved in the geometrical design of the jet-ejector are presented in Table 1.
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Figure 3. Jet-ejector axisymmetric design

Dimension Value Dimension Value

a.1[°] Constant 150 D, 4[mm] | Variable | [3.2,3.8]

a.[°] Constant 3 L. 1[mm] | Constant 11.5
D, [mm] | Constant 6 L.;[mm] | Variable [4,7]
D, ,[mm] | Constant 1.8 L. 3[mm] | Constant 30

D, 3[mm] | Variable | [2.6,3.2] | L, 4[mm] | Constant 45

Table 1. Dimensions of the jet-ejector model

The jet-ejector area ratio, that is, the ratio between the mixing chamber area and the primary
nozzle throat area, has proven to be one of the most sensitive parameters on ejector
performance and its influence over the mixing process has been widely studied in the literature
(Varga et al., 2009; Wang et al., 2018). For this reason, it has been treated as a design variable.
Additionally, the nozzle exit area determines the expansion level of the primary flow, i.e., Mach
number of primary flow leaving the nozzle. The influence over the jet-ejector internal
phenomena has proven to be decisive (Ruangtrakoon et al., 2013) so it has been considered as
the second geometric variable under investigation. The nozzle exit position (NXP) is also crucial
in the jet-ejector operation (Chen et al., 2015) and it must be optimized together with the

primary nozzle exit diameter and mixing chamber diameter to maximize the jet-ejector
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performance. It must be noted that for a fixed nozzle throat, the mixing chamber diameter
(D 4), the primary nozzle exit diameter (D, 3) and the nozzle exit position (L, ;) govern primary

flow expansion as well as the suction and mixing processes of the secondary flow.

A parametric factorial study has been conducted with D.3, D.4 and L., to find the best
combination in terms of entrainment ratio maximization. The range of these geometric variables
is specified in Table 1. The mesh of the computational domain has been adapted for each case

according to changes in geometry.

Concerning the weight of the jet-ejector and the hypothetical penalty over the vehicle,
Zegenhagen and Ziegler (Zegenhagen and Ziegler, 2015a) reported a gravimetric power density
of 0.6-1.3 kW (of cooling capacity)/kg for the jet-ejector considering real equipment. This
reference is useful to provide an estimation of the jet-ejector expected mass but it would
depend on each particular design. The present jet-ejector is intended to be implemented in a
refrigeration system with a cooling capacity of approximately 2kW. Assuming the
aforementioned gravimetric power density, a mass of 1.5 kg could be a reasonable

approximation.

3.3 Jet-ejector off-design performance maps

In this subsection, the jet-ejector performance maps representing the entrainment ratio against
the operating pressure ratios are introduced. The operating conditions of an ejection cycle
intended for ICE intake cooling can change significantly depending on cooling requirements or
the ambient conditions. Hence, for this particular application, the ejection cycle operation would

be far from being steady and off-design evaluation has a special significance.

Off-design jet-ejector performance is usually evaluated by means of a characteristic surface
(Zegenhagen and Ziegler, 2015a, 2015b) which represents the operating pressures expressed as

pressure ratios (s, = P;/P, and m,, = F,/P,) together with entrainment ratio (w = m,/m,,).
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Resulting operating modes are depicted in Figure 4 keeping constant the primary pressure (B,)

in order to simplify the analysis.

/Critical mode

Critical
_backpressure ratio

E Subcritical mode

7 —Break — down line

T[0p [']

be— — Backflow mode

Figure 4. Jet-ejector characteristic surfaces

According to jet-ejector maps of Figure 4, three different modes can be distinguished: double-
choking mode also known as critical mode, single-choking mode, known as subcritical mode and
backflow mode. In the double-choking mode, both primary and secondary flows reach
supersonic conditions and the entrainment ratio does not depend on the jet-ejector
backpressure (outlet pressure) until a certain critical value if the primary pressure is fixed. The
primary flow reaches sonic conditions during the expansion on the converging-diverging nozzle
and the secondary flow is accelerated to sonic conditions as it passes through a converging duct

created by the shockwave structure downstream the primary nozzle. This ‘effective area’ is
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produced at the mixing chamber and its position depends on operating conditions and

geometry. Double-choking operating mode corresponds to the desired ejector operating mode.

In single-choking mode, the critical backpressure is exceeded and only the primary flow is
choked. In this case, the relatively high backpressure shifts oblique shockwaves induced
upstream the diffuser (called second shockwave pattern) toward the primary nozzle, thus
affecting the mixing process. Therefore, the entrainment process of the secondary flow is
altered and the jet-ejector entrainment ratio is not independent of jet-ejector backpressure.
Once the jet-ejector critical backpressure is exceeded secondary mass flow is reduced with the
increase of the jet-ejector backpressure. A further increase can lead to the break-down line
where no secondary mass flow is entrained. This operating mode should be avoided because

slight variations in jet-ejector backpressure can lead to significant performance degradation.

In backflow mode, the break-down pressure (Figure 4) is exceeded and the second shockwave
moves upstream affecting primary expanded flow. With the disturbance of primary flow
expansion, it tends to penetrate into the secondary duct flowing upstream. It is considered as a

malfunctioning mode because the jet-ejector is unable to entrain secondary flow.

When the critical pressure is exceeded the entrainment ratio drops dramatically with the
subsequent reduction in cooling capacity and COP. Thus, critical, subcritical and backflow modes
are directly dependent on operating conditions and off-design operation can lead to severe

performance degradation.

Both critical and subcritical performance maps are expressed in Equations 3-7. The aim of the
off-design study is obtaining the fitting coefficients §;_y;. For that purpose, the response of the
optimum geometry has been evaluated over different pressure ratios, g, € [0.103,0.152] and

TTop € [0.300,0.376].
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a)(nsp, nop) = m—: (3)

wcrit(”sp'”op) =B+ B - Tsp + B - Top

Wgcrit (T[sp: T[op) =P +Bv- Tsp + Byr - Top

w(nsp:”op) = wcrit(”sp:nop) if wcrit(”sp:”op) < wscrit(”sp:”op) (6)

(‘)(”sp' T[op) = Wscrit (T[sp' ”op) if Werit (T[sp' ”op) > Wserit (T[sp' T[op) (7)

3.4 Computational characterization

3.4.1 Numerical simulation setup
Numerical simulations of the jet-ejector internal flow over different geometries and boundary
conditions have been accomplished. All the cases under investigation have been simulated using
a computational fluid dynamics (CFD) code based on the finite volume method. The governing
equations are based on mass, momentum and energy conservation. The three-dimensional
geometry of this particular problem has been taken into account by considering a 2D domain
with axisymmetry. Steady-state conditions and compressible turbulent flow are assumed since
the flow inside the jet-ejector is thought to be supersonic according to the operating pressures.
The computational code assumes that the fluid behaves as superheated vapor, supercritical
fluid, or liquid. Two-phase subcritical flow conditions, where vapor coexists with liquid, are not
supported. In the event of two-phase flow during primary nozzle expansion, the calculation is

automatically stopped.

As the working fluid used in the jet-ejector is R1234yf and the operating pressures are relatively
high, the perfect gas assumption may not be an accurate approach (Zegenhagen and Ziegler,

2015c). Instead, libraries containing thermodynamic properties of R1234yf are dynamically
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loaded into the solver when real gas models are activated. This causes certain difficulties to start
and stabilize the calculations. First-order upwind spatial discretization schemes for turbulence
and conservation equations are used in the first instance and then switched to a second-order
scheme when stability is attained. At the early stages of calculation, the SIMPLE pressure-
velocity coupling scheme is considered and then switched to a Coupled scheme after reaching
final boundary conditions and stabilization. Least Square Cell-Based is selected as gradient
scheme and diffusion terms are discretized following a second-order central difference form.
The pressure-based coupling model has been employed because current implementations of
this approach have been reformulated in order to work successfully with high Mach number
compressible flow. Furthermore, satisfactory results implementing this approach when
simulating jet-ejector internal flow have been reported in the literature (Croquer et al., 2016).
Density-based formulations have been also tested but offered poor performance in terms of

stability.

The Reynolds Averaged Navier Stokes (RANS) approach has been employed in all simulations,
and the standard k — € has been selected as the turbulence model. Despite it is not the most
recommended turbulence model while simulating supersonic flow in jet-ejectors it has proved
to do an accurate description of phenomena occurring inside the jet-ejector as well as accurate
predictions of global flow parameters like entrainment ratio (Besagni et al., 2015; Croquer et al.,
2016; Gagan et al., 2014; Hakkaki-Fard et al., 2015). Standard wall functions have been
considered as the near-wall formulation scheme in accordance with the turbulence model and

y ™ values (Besagni and Inzoli, 2017).

A quadrilateral structured mesh with wall refinement (Figure 5) is selected due to the prevalence
of axial flow. Global skewness, orthogonal quality and aspect ratio are checked as quality
indicators. The number of cells of the computational domain is around 55,000 in all simulations

with slight variations due to the different dimensions of each geometry in the parametric study.
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The influence of the number of elements is evaluated by comparing the Mach number along the
jet-ejector axis and the entrainment ratio of three cases with different mesh refinement (Figure
6). There are small discrepancies in the position and magnitude of strong shockwaves, however,
differences in entrainment ratio are lower than 1% with respect to the case with the highest

number of cells.

The discrepancies found in Mach number distribution in some axial positions can be attributed
to the strong gradients occurring due to the shockwave pattern. It is common in the literature
to carry out a detailed mesh refinement in these particular zones to capture the shockwave
structure. In the present paper, priority was given to the computational economy due to the
high number of simulations that were required to perform an exhaustive optimization of the jet-
ejector internal geometry. These minor differences are considered as admissible so the mesh

with the lower number of elements (54,600) is selected according to the following criteria:

e The flow phenomena occurring inside the jet-ejector is described only from a qualitative
point of view. Therefore, the main trends described on the flow pattern when the jet-
ejector internal geometry is modified would remain valid, regardless of the slight
discrepancies in the position and magnitude of strong shockwaves.

e The global performance of the jet-ejector is computed from a quantitative point of view
by using the jet-ejector entrainment ratio. The validation process as well as the low
discrepancies between the three meshes under consideration (less than <1%) guarantee

that this global parameter is correctly predicted.
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348 3.4.2 Boundary conditions
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The jet-ejector operating pressures/temperatures have been selected depending on cooling
requirements and ambient conditions. Table 2 summarizes the reference operating conditions

(expressed as saturation conditions) considered to perform the computational calculations.

Working Fluid: R1234yf Value | Units | State number in Figure 1
Condensing pressure (mixed flow) 10.7 | [bar] (4)
Condensing temperature (mixed flow) 42 [°C] (4)
Evaporating pressure (secondary flow) 3.2 [bar] (1)
Evaporating temperature (secondary flow) 0 [°C] (1)
Generating pressure (primary flow) 30.6 | [bar] (7)
Generating temperature (primary flow) 89.7 | [°C] (7)

Table 2. Reference boundary conditions considered in the CFD simulations

The values shown in Table 2 predetermine the maximum achievable performance of the

designed jet-ejector and they have been selected according to the following criteria:

To determine the condensing temperature (42 °C) an ambient temperature of 30 °C has
been considered as well as a pinch point of approximately 10 °C at the heat exchanger
and some degree of liquid subcooling. This is a reasonable outdoor temperature during
summer periods in warm climates.

To determine the evaporating temperature (0 °C) a pinch point of 10 °C at the heat
exchanger has been assumed. Therefore, the jet-ejector is designed to cool the intake
line temperature down to 10 °C.

A priori, there is no constraint to select the generating temperature because the exhaust
line shows a high thermal level. A relatively high primary pressure has been chosen in
order to reduce the outlet-primary flow pressure ratio (1,, = 0.35) and subsequently

to prevent the jet-ejector from operating in subcritical mode. However, this value is not
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necessarily the optimum one. It has been fixed just to reduce the number of degrees of
freedom involved in the optimization process. If another generating pressure was
selected the optimum jet-ejector geometry might differ from the one found in the
present paper. Concerning the off-design analysis, the primary pressure could be
affected if there was a change in heat power availability in the exhaust line. This event
often happens in a standard driving behavior because the ICE operating point is
constantly changing. In such a case the maximum primary pressure might be limited and
a severe performance degradation might occur if the jet-ejector operates within the
subcritical or the backflow modes. Nevertheless, the ICE transient conditions play a
major role when assessing the evolution of the exhaust line temperature and this

analysis exceeds the aim of the present paper.

Primary and secondary inlets are set to static pressure boundary condition and the outlet zone
of the jet-ejector is set to total pressure (see Figure 7). Total and static values in both inlets are
supposed to be essentially the same because the inlet velocity is neglected as a common
approximation (Croquer et al., 2016). Hence, the mass flow rates passing through the jet-ejector

are a result of the three pressure boundary conditions.

Total temperature is also imposed on both inlets and it is equal to static temperature following
the previous criteria. A superheating temperature of 10 °C has been assumed in the primary and

secondary flows to avoid condensation in the expansion process occurring downstream.

In order to reduce the calculation time and to take into account the 3D geometry domain, the
axisymmetric condition is assigned at the jet-ejector mid-line since 3D effects can be neglected

(Pianthong et al., 2007).

The walls are defined as adiabatic, impermeable and smooth surfaces in which the no-slip

condition is satisfied. A schematic representation of the wall domain is represented in Figure 7.



392 To sum up, the following boundary conditions are assigned in the CFD cases to solve the

393 governing equations:

394 - Domain with axisymmetry.

395 - Two pressure inlet assignments (primary flow and secondary flow). Static pressure and
396 static temperature are imposed in these pressure inlets.

397 - One pressure outlet assignment (mixed flow).

398 - Wall to bound fluid and solid regions.

—  Axis
Pressure inlet (Primary inlet)

—_— Wall

—— Pressure outlet

— =

Pressure inlet (Secondary inlet)

399

400 Figure 7. Boundary condition assignment on geometry
401

402 3.4.3 Thermodynamic model and convergence criteria

403

404  The thermodynamic properties of R1234yf stored at CFD code are based on the formulation of
405 Richter et al. (Richter et al., 2011). A real gas model has been considered instead of an ideal gas
406 assumption since absolute pressure inside the jet-ejector is assumed to be relatively high and in
407  this situation, the behavior of both models might not be similar. The fluid thermodynamic
408  variables can be determined accurately in the temperature range between -53 °C and 137 °C
409 and pressure values up to 300 bar. The properties of the refrigerant are implemented in the CFD
410  code by means of NIST libraries. Due to the NIST real gas model approach, the solution converges
411  at aslower rate than when running an ideal gas flow. The converging process of the calculation
412  is also more unstable. The solution diverges if flow properties exceed the bounded range even

413  though the state is physically valid. In order to avoid an aggressive convergence strategy the
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boundary conditions are changed dynamically. Different transitions have been performed in
order to progressively achieve the desired pressure boundary conditions in both inlets and the
outlet. Gradual pressure increments in the primary inlet are the best strategy especially in the
early stages of calculation since the solution oscillates. Five criteria are examined to consider

each case as converged:

Inlet and outlet mass flow rates do not vary with iterations, i.e., values are constant.

- The balance between the inlet and outlet mass flow rates is at least three orders of
magnitude lower than the minimum inlet mass flow.

- Calculation residuals are stable.

- Mach number at the converging-diverging nozzle throat is constant.

- The values of prescribed pressure and temperature boundary conditions do not vary

with iterations.

Around 20,000 iterations are required in order to satisfy previous conditions but strong
dependence with the jet-ejector operating mode has been found. The mass flow rate balance
and secondary mass flow rate stabilization are the limiting factors. Those cases in which the jet-
ejector operates in critical mode exhibit secondary mass flow stabilization in fewer iterations.
However, those cases in which boundary conditions lead to the subcritical operating mode

usually require more iterations.

3.4.4 Computational model validation

The previous numerical approach has been validated with two experimental datasets available
in the literature (Garcia Del Valle et al., 2014; Hakkaki-Fard et al., 2015). Discrepancies in
entrainment ratio have been evaluated between the present CFD approach and the three jet-
ejector prototypes presented in the research work of Hakkaki-Fard et al. (Hakkaki-Fard et al.,

2015) and the geometry “A” of the results reported by Garcia del Valle et al (Garcia Del Valle et
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al., 2014). The relative deviation in the entrainment ratio between the simulated points and the
former experimental study does not exceed 7.2%. When the deviations are compared with the
latter research work the discrepancies do not exceed 13.2% but the CFD simulations tend to
slightly overestimate the jet-ejector entrainment ratio. Regardless of the small discrepancies,

these results demonstrate that the CFD setup is providing reliable results.

The geometry and operating pressures of the jet-ejector under investigation in the present study
are comparable to those of the research works used for validation. The working fluid used in the
present paper (R1234yf) and the refrigerant used to validate the simulations (R134a) show
comparable thermodynamic properties. In fact, R1234yf is the environmentally-friendly

replacement of R134a in many applications.
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Figure 8. Deviations of the present CFD approach and experimental data from the literature

4. JET-EJECTOR REFRIGERATION SYSTEM MODELING

In this section, the theoretical model used to determine the maximum achievable cooling

capacity when the jet-ejector cycle operates against a high ambient temperature is presented.
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The influence of ambient conditions in the overall cycle performance has been tested by using
the 1D thermodynamic model and the optimization procedure investigated by Galindo et al.

(Galindo et al., 2019) as well as the non-dimensional jet-ejector maps of the present paper.

The refrigeration system aims to reduce the intake air temperature downstream of the
intercooler of the ICE from ~40 °C to ~0 °C with a resulting cooling capacity of approximately

1.7 kW for the operating point of 2000 rpm and 50% load.

The cycle layout corresponds to the scheme depicted in Figure 1. The ambient conditions
sensitivity analysis has been carried out for a frequent engine operating point (2000 rpm, 50%
load) taking as boundary conditions in the engine side experimental measurements of the
temperature and mass flow at the intake and exhaust lines (see Table 3). The engine data come
from an experimental campaign carried out on an engine test bench in order to characterize the

ICE performance operating under several engine loads and speeds.

The inputs required to solve the cycle are shown in Table 4 and are varied dynamically by the
algorithm MOGA-II (Multi-Objective Genetic Algorithm) to find those feasible operating points
that minimize charge air temperature. The MOGA-II is widely used in engineering applications
and other areas as an optimization tool (Poles et al., 2007). The solution constraints, as well as
the general solving procedure, are available in the research paper referenced before (Galindo et
al., 2019). The aforementioned inputs (thermodynamic variables and degrees of freedom) are
shown in Table 4 and correspond to the expansion valve pressure drop (AP,), the liquid pump
pressure ratio (k), the fraction of available heat at the exhaust line (k), the superheating
temperature of the evaporator in the ejection cycle side (T 1) and the jet-ejector scaling

factor (4).

An ambient temperature of 30 °C has been set as the reference condition, that is, the optimum
size of the jet-ejector in all the simulations corresponds to the ejection cycle coupled to the ICE

working with the mentioned ambient temperature. Then, the overall cycle performance is



482 reassessed when the ambient temperature varies from 31°C to 38°C maintaining a fixed jet-
483 ejector size. This off-design modeling approach has been presented in detail by Galindo et al.

484  (Galindo et al., 2019).

485
Parameter Description Value
M, [kg - s71] Engine intake mass flow 0.042
T [kg - s71] Engine exhaust mass flow 0.044
T;in[°C] Evaporator inlet temperature at the engine side | 40.5
T;ex[°C] Generator inlet temperature at the engine side | 417
486
487 Table 3. Engine data used as boundary conditions. The operating point corresponds to 2000 rpm, 50% load
488
Parameter | Lower limit | Upper limit
AP, [bar] 7 14
k[—] 2.5 4.5
K[—] 0 1
Tsup,l [°C] 0 60
A[-1 (%) 0.5 2
489
490 Table 4. Cycle variables modified by the genetic algorithm MOGA-II. (*) This variable is a degree of freedom only
491 when the reference ambient condition is considered.
492

493 5. RESULTS

494
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5.1 Determination of the jet-ejector optimum geometry

Three key dimensions are involved simultaneously in the optimization process as described in
Section 3: nozzle exit diameter, D, 3 € [2.6 mm, 3.2 mm], mixing chamber diameter, D, , €
[3.2 mm, 3.7 mm], and nozzle exit position, L., € [4 mm,7 mm]. The influence of D, 3 and
D, 4 over the entrainment ratio is presented in Figure 9 by means of interpolation of scattered
data which passes through the simulated points for the optimum nozzle exit position (L., =
5.5 mm). Figure 10 depicts the sensitivity analysis of entrainment ratio with the variation of
nozzle exit position (L, ;) after finding for each case the optimum combination of nozzle exit

diameter (D, 3) and mixing chamber diameter (D, 4).

The relatively low value of optimum entrainment ratio (w4 = 0.139) in comparison with
other studies can be attributed to the low secondary-primary pressure ratio and the relatively

high outlet-primary pressure ratio.
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Figure 9. Entrainment ratio contours over nozzle exit diameter and mixing area diameter. A) D, 3 = 3 mm, D, 4 =
3.5mm,B)D,3 =3 mm, D,, = 3.6 mm, C)D,3 =3 mm, D, 4, = 3.7 mm, D) D, 3 = 3.2 mm, D, , = 3.6 mm, E)

Dgs = 2.8 mm, D, = 3.6 mm
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Figure 10. Optimum entrainment ratio for each nozzle exit position (L, ,) submitted to study

Flow pattern in non-optimized geometries

Mach contours are depicted in Figure 11 for mixing chamber diameters (D, 4) of 3.5 mm, 3.6
mm (case with optimum entrainment ratio) and 3.7 mm with a constant nozzle exit diameter of
3 mm and constant nozzle exit position (L, , = 5.5 mm). These cases correspond with the Points
A, B, and C points of Figure 9. The case with a mixing chamber diameter of 3.5 mm (Figure 11)
produces an interaction between jet core and the jet-ejector wall, reducing effective area and
preventing secondary flow from being entrained. The reduction of entrainment ratio, in this
case, has been quantified in 13.3 % with respect to the reference (optimum). On the opposite,
the jet-ejector with mixing chamber diameter higher than optimum (3.7 mm), inhibits the
entrainment of secondary flow by means of a recirculation bubble placed in a section

downstream of the primary nozzle exit plane (see Figure 11). As a result effective area between
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the jet-ejector wall and the jet core is also reduced and the secondary flow cannot be entrained
(negative values of entrainment ratio are found). Point B (Figure 11) shows the highest
entrainment ratio and it corresponds to a trade-off between the flow phenomena exposed
before. It demonstrates that for this particular operating conditions and converging-diverging

nozzle area ratio an optimum mixing chamber diameter exists.
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Figure 11. Mach contours over different mixing diameters with D, 3 = 3 mm. A) D, 4, = 3.5 mm, B)D,, = 3.6 mm,

C) D4 =3.7mm

Figure 12 shows Mach contours for nozzle exit diameter (D, 3) of 2.8 mm, 3 mm and 3.2 mm
with constant nozzle throat diameter (D, ;) of 1.8 mm, fixed mixing diameter (D, 4) of 3.6 mm
and fixed nozzle exit position (L, , = 5.5 mm). These cases correspond with the Points D, B and
E of Figure 9. The first geometry represented in Figure 12 (Point D) shows a divergence in

expansion angle which is indicative of under-expanded flow. The divergence angle depends on
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the pressure difference between the flow leaving nozzle and the flow conditions downstream.
As a consequence, additional expansion is produced downstream the exit plane of the nozzle
with the subsequent increase of Mach number. Unlike the under-expanded nozzle geometry,
the flow pattern of the Point E (Figure 12) reveals that the flow leaves the nozzle with a
convergence angle, thus over-expansion occurs. Furthermore, the supersonic level attained at
oblique shock pattern downstream the nozzle is not as strong as the case with an under-

expanded wave which is a feature of over-expanded waves.

Increased momentum at the jet core owing to the higher exit Mach number results in
improvement of critical pressure, however, the expansion of jet core affects the secondary flow
and produces a partial blockage of the secondary duct limiting the entrainment ratio. The
optimum geometry in terms of entrainment ratio corresponds to Point B in Figure 12, that is, an
intermediate case between Point D and Point E. In percentage terms, the reduction of
entrainment ratio with respect to optimum geometry (B) in cases D and E corresponds to 13.2%

and 85.1%, respectively.

From the parametric study already mentioned it can be inferred that a great dependence on jet-
ejector dimensions exists and precision during the manufacturing process is essential.
Manufacturing deviations of only 0.1 mm (<10%) can lead to significant variations in the

entrainment ratio.
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Figure 12. Mach contours over different nozzle exit diameters with D, 4 = 3.6 mm. D) D, 3 = 2.8 mm, B) D, 3 =

3mm, E)D,3 =3.2mm

5.2 Jet-ejector off-design performance

To carry out the off-design performance evaluation, the primary flow pressure (F,) has been set
to 30.6 bar in all the simulations in order to facilitate the analysis of the results. The secondary
flow pressure (P) has ranged from 3.15 bar to 4.65 bar keeping a constant value for each set of

data. Therefore, for a fixed secondary-primary pressure ratio (74, ), the outlet-primary pressure
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ratio (m,p) has been varied by changing the jet-ejector backpressure. At least three points at
critical and subcritical modes have been simulated for each set of data and the results have been
represented in Figure 13. Resulting fitting coefficients are presented in Table 5. It should be
noted that as 7, increases critical backpressure is expected to appear at higher 7, values
since mixed flow momentum increases. Because of this, the jet-ejector with m,, = 0.36

operates in critical mode if g, = 0.152 but otherwise operates in subcritical mode if 7g, =

0.12.
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Figure 13. Off-design pressure results with corresponding fitted critical and subcritical surfaces.
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Table 5. Fitting coefficients for critical and subcritical characteristic surfaces
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The root mean squared error (RSME) has been used as a quality indicator for fitting both critical
and subcritical surfaces. Obtained values (RSME_,;; = 0.0041, RSME.;; = 0.020) prove the

accuracy of the present approach.

The results of Figure 14 show Mach number contours representing the effect of backpressure
keeping constant primary and secondary inlet pressure, with 30.6 bar and 4.15 bar (rs, =
0.136), respectively. Thus, the flow behavior over characteristic cases is analyzed. It should be
noted that two cases represented in Figure 14 (Point F and Point G) are operating in critical
mode, i.e, double-choking mode with constant entrainment ratio. As backpressure increases the
second series of oblique shocks, that is, shockwave pattern that appears at the constant mixing
area region moves upstream without having an influence on the mixing process as can be seen
in Figure 14 (Point F and Point G). When the critical backpressure is exceeded and the second
series of shockwaves interact with the mixing process, the secondary flow is no longer choked

and the secondary mass flow is dramatically reduced (Point H of Figure 14).

Comparing the Points F and G working on critical mode with reference operating pressures (B, =
30.6 bar, P, = 3.15 bar, P, = 10.7 bar) an improvement of entrainment ratio of 34.8% is
observed which is consistent with critical mode representation since 1y, > Trgy, 1o In contrast,

Point H working on subcritical mode suffers a significant deterioration in the entrainment ratio.
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Figure 14. Mach contours over different backpressure with fixed primary flow inlet pressure P, =30.6 bar, and
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5.3 Overall cycle evaluation with off-design ambient temperatures

The minimum achievable charge air temperature in each ambient condition is schematically
depicted in Figure 15 and Figure 16. When the ambient temperature ranges between 30°C and
31°C the jet-ejector works in critical operating mode and the desired cooling demand can be
attained. Indeed, an engine charge air temperature of 4.6°C (COP = 0.113) can be achieved if
the ambient temperature is lower than 31°C. On the contrary, when an ambient temperature
of 31°C is exceeded a significant performance degradation is observed since the jet-ejector

works in subcritical mode. In this situation, the critical backpressure is exceeded and the jet-
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ejector entrainment ratio decreases steeply (see Figure 15 and Figure 16). In this case, the
minimum achievable temperatures range between 6.3°C and 26.3°C. When the ambient
temperature (and therefore the condensing pressure) is increased it is observed that the genetic
algorithm tends to increase secondary flow evaporating pressure in order to improve the

entrainment ratio by avoiding the break-down line of the jet-ejector subcritical map.

In view of the above, a high dependence with ambient temperature exists and the jet-ejector
must be designed carefully to prevent the ejection cycle from operating in the subcritical mode.

Otherwise, the cooling load can drop dramatically.

It is complicated to carry out a reliable comparison between the present paper and existing
research works in the literature because the real improvement potential of the jet-ejector itself
and the jet-ejector refrigeration system strongly depends on the design operating conditions
and the working fluid. Furthermore, the research papers relative to application of the recovered
ICE waste heat to drive a jet-ejector refrigeration system are scarce. Galindo et al. (Galindo et
al., 2019) and Zegenhagen and Ziegler (Zegenhagen and Ziegler, 2015a) studied the feasibility of
a jet-ejector refrigeration system coupled to an ICE using R134a as working fluid with a numerical

approach in a Diesel engine and an experimental approach in a gasoline engine, respectively.

Despite the relatively low COP values reported (maximum of 0.113 in the present paper,
maximum of 0.151 in the first research work (Galindo et al., 2019) and 0.26 in the second one
(Zegenhagen and Ziegler, 2015a), these studies demonstrate the feasibility of cooling the ICE
intake line down to a temperature close to 0°C by using a jet-ejector refrigeration cycle because
the exhaust waste heat is abundant in comparison with the required cooling capacity. This paper
provides a supplementary point of view: A quantification of the performance degradation that

occurs with an optimized jet-ejector design when the outdoor temperature increases.
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Figure 15. Ejection cycle operating points with different ambient temperature represented over the jet-ejector maps
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Figure 16. The cooling effect of the ejection cycle over different ambient temperatures

6. CONCLUSIONS

In the present paper, a jet-ejector prototype intended for cooling down an ICE intake for an
automotive application has been designed and characterized. In the first instance, a geometric
optimization has been performed under specific operating conditions of a passenger vehicle ICE,
in terms of thermal power availability and cooling requirements. Subsequently, the optimum
geometry has been submitted to off-design operating pressures to obtain the critical and
subcritical characteristic surfaces. To conclude, the performance of the overall system has been
evaluated against off-design ambient temperatures using the previous jet-ejector design. The

main conclusions are outlined below:

- An optimum entrainment ratio of w4, = 0.139 has been obtained for a nozzle exit

diameter (D, 3), mixing chamber diameter (D, 4) and nozzle exit position (L, ;) values of
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3 mm, 3.6 mm and 5.5 mm, respectively. The relatively low entrainment ratio values can
be attributed to the adverse operating pressures. In the non-optimized geometries, the
mixing chamber diameter (D, ,) is a key factor affecting jet core and wall interaction and
consequently entrainment process. Likewise, the nozzle exit diameter (D, 3) determines
primary flow expansion level and flow structure downstream the nozzle. Hence, the
optimum values of previous dimensions are strongly influenced by operating pressures
so boundary conditions coming from the ejection cycle must be accurately predicted to
maximize performance. Furthermore, the short total length of the jet-ejector (<110 mm)
would facilitate a compact-sized system easier to package in a vehicle.

Simple expressions of both critical and subcritical modes have been demonstrated to be
a feasible approach to model the jet-ejector behavior in off-design operating conditions.
This non-dimensional two planar model contains information about the jet-ejector
geometry as well as performance and they would remain valid if the jet-ejector scale is
modified.

When the ability of the overall ejection refrigeration system to cool down the intake of
an ICE operating at 2000 rpm and 50% load is assessed, it is observed that temperatures
near zero Celsius degrees (4.6°C) can be attained at the reference ambient temperature
(30°C). However, if the ambient temperature exceeds 31°C then the jet-ejector
operates in subcritical mode and the system performance drops dramatically. Despite
this, if the system operates with 38°C of ambient temperature it is still possible to
generate some cooling capacity. In such a case 26.3°C can be attained at the engine

intake line.
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