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ABSTRACT
This work aims at providing novel insights into the entrain-

ment and energy exchange phenomena within a supersonic ejec-
tor. To this end, advanced analysis tools based on momentum
and energy tubes (Meyers and Meneveau [1]) are extended to the
compressible nature of the flow and applied to the transport and
mixing phenomena within the ejector. New indicators of mixing
are introduced in order to investigate quantitatively transfer be-
tween the primary and the secondary streams all along the ejec-
tor. It is shown that there is no analogy between the transfer of
momentum and the gain in exergy of the secondary stream.

INTRODUCTION
In the current context of growing energy concerns, consider-

able attention is being paid to the enhancement of the perfor-
mance of processes in a wide range of areas. Regarding refrig-
eration systems, supersonic ejectors offer an interesting means
to compress a fluid by using low grade energy sources which
would be wasted otherwise. Fig. 2 shows the typical layout of
an ejector. Devoid of any moving parts, they are passive devices:
a motive primary stream entrains the fluid to be compressed in
a secondary stream, referred to with the index 1 and 2, respec-
tively. The primary stream, coming from a heat recovery boiler,
is driven into the ejector through a primary nozzle. It is acceler-
ated and then choked at the throat of this primary nozzle, and ex-
hausts as a supersonic jet at the exit of the primary nozzle, where
it comes into contact with the secondary stream that comes from
the evaporator. Depending on the geometry of the ejector and
the operating conditions, the secondary stream may also become
sonic/supersonic within the ejector. As a compressor, the ejector
performance could be evaluated by a characteristic curve giv-
ing the entrainment ratio, ω = ṁ2/ṁ1, versus the back pressure,
p(xb). A typical characteristic curve is shown in Fig. 3. For a
certain range of values of the back pressure, the entrainment ratio
is constant, since both flows are choked within the ejector. The
ejector is said to operate in on-design conditions. Beyond a cer-
tain critical back pressure, the entrained mass flow rate becomes
sensitive to downstream conditions, and the entrainment ratio

NOMENCLATURE

et [J/kg] Specific total exergy
FFFK [kg/s3] Total kinetic energy flux vector field
FFFm [kg/m/s2] Total linear momentum flux vector field
h [J/kg] Specific static enthalpy
ht [J/kg] Specific total enthalpy
IK [-] Cumulative transfer of kinetic energy
Im [-] Cumulative transfer of momentum
ṁ [kg/s] Mass flow rate
p [bar] Static pressure
pt [bar] Total pressure
s [J/K/kg] Specific entropy
T [K] Static temperature
Tt [K] Total temperature
x [m] Horizontal coordinate
xb [m] Horizontal coordinate at the outlet of the ejector
xnxp [m] Horizontal coordinate at the nozzle exit position
y [m] Vertical coordinate

Special characters
ζζζ [-] Constant unit vector
ξ [-] Gain in exergy of the secondary stream
ω [-] Entrainment ratio

Subscripts
ref Reference conditions
0 Reservoir conditions
1 Value associated to the primary stream
2 Value associated to the secondary stream

decreases rapidly until it reaches zero when the back pressure
equals a breakdown value. Between the critical and the break-
down back pressures, the ejector is said to operate in off-design
conditions. In a refrigeration cycle, the back pressure is the con-
densation pressure and is then imposed by external conditions.
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Figure 2. Typical layout of an ejector

Due to a lack of understanding of the complex flow phenom-
ena at play within the ejector, errors in predicting entrainment
by 1D models may be significant [2, 3]. For this reason, numer-
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Figure 1. Grid structure of the computational domain for numerical simulations

ical simulations based on CFD have been used in many papers
for predicting the behaviour of supersonic ejectors under varying
operating conditions and/or geometries. More recently, differ-
ent studies have investigated the flow structure within the ejec-
tor [3–6]. However, the analysis is often limited to iso-contours
of Mach number and pressure profiles, which are not really ap-
propriate to assess local mixing and transfer phenomena and their
connection with the entrainment ratio. Although the exergy de-
struction within the ejector is investigated in [6], no distinction
is made between the primary and the secondary streams, and no
information is given concerning transfers. In the present study,
advanced analysis tools based on momentum and energy tubes
(Meyers and Meneveau [1]) are extended to the present com-
pressible flow context and applied to the ejector mixing phe-
nomena. New indicators of mixing are introduced in order to
investigate quantitatively transfer between the primary and the
secondary streams all along the ejector.

NUMERICAL METHOD
Flow solver

The present numerical simulations were produced by means
of the open-source software for CFD, OpenFoam 2.3. OpenFoam
relies on a Finite Volume method working with either a struc-
tured or unstructured discretization. Regardless of the solver,
variables are colocated and defined at cell centers, and the gov-
erning equations are solved through a segregated approach.

The compressible Reynolds-averaged Navier-Stokes equa-
tions are solved by means of an unsteady density-based com-
pressible flow solver that uses an alternative approach to Rie-
mann solvers based on central-upwind schemes of Kurganov and
Tadmor [7]. The solver, named rhoCentralFoam, is described in
details in the original paper of Greenshields et al. [8]. The wall-
resolved SST k−ω turbulence model is used in the present study.

For the selected solver, the continuity equation that provides
the density field is solved explicitly while the resolution of the
momentum and the energy equations uses an operator-splitting

approach: firstly, an explicit predictor equation is solved for the
convection of conserved variables (ρû and ρÊ), then the diffu-
sion of primitive variables (û and T ) is taken into account through
the resolution of an implicit corrector equation. Finally, the equa-
tion of state is used to obtain the pressure field. Note that the
working fluid is assumed to be a perfect gas. Because rhoCen-
tralFoam is an unsteady solver, we consider that the solution
achieves a steady state as soon as the relative difference in mass
flow rates between the inlet and outlet boundaries remains below
5.10−4.

Geometrical modeling
In the present work, a rectangular supersonic ejector using air

as working fluid is analysed. The ejector that has been simu-
lated corresponds to the rectangular ejector of the experimental
setup available at UCL and described in details in [9]. The flow
within the ejector is simulated numerically as symmetrical. Al-
though Mazzelli et al. [9] showed that 3D simulations performed
better than 2D simulations in on- and off-design conditions, the
errors for the prediction of the entrainment ratio are comparable
in the on-design regime. The present study does not aim at in-
vestigating discrepancies between 2D and 3D numerical results
but rather focuses on introducing novel post-processing tools in
order to shed light on the mixing phenomena. Hence, we can
restrict this study to 2D simulations.

The grid structure of the numerical domain is shown in Fig.1.
The mesh has been generated via GMSH [10]. It is mainly struc-
tured apart from the part that connects both inlets at the primary
nozzle exit region and makes the transition to the mixing sec-
tion. The mesh passes from unstructured to structured at the end
of the first quarter of the mixing section. The mesh is also refined
in the vertical direction in order to ensure that the centre of the
cell adjacent to the wall is always at y+ ≈ 1. In total, the mesh
is composed of approximately 350,000 hexahedra. The origin is
located on the plane of symmetry of the ejector, at the entry of
the mixing duct.
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The grid independence has been checked through the compar-
ison of the profile of the Mach number on the axis of the ejector
for the mesh described here above and a refined mesh. The finer
mesh was obtained by refining the normal one only in the axial
direction and solely in the structured zones, yielding a mesh of
approximately 535,000 cells. The maximum difference between
both profiles was found to be less than 2.5%.

Boundary conditions
The flow being subsonic at the primary and secondary inlets,

total temperatures (T01 and T02) and pressures (p01 and p02) are
then imposed as boundary conditions. The values of the primary
total pressure that has been used in this study is p01 = 3.5 [bar]
and corresponds to an overexpanded motive flow at the primary
nozzle exit plane. As the secondary stream is sucked from the
atmosphere, its total pressure is very close to 1 [bar] for all cases.
For k and ω at inlets, the value of the turbulence intensity and a
specific mixing length were prescribed. At the outlet, the only
variable that is imposed is the static pressure (p(xb)). Walls are
all assumed adiabatic.

Verification and validation
The numerical results are validated with experimental data in

two different ways. In a first approach, one characteristic curve
of the ejector obtained by numerical simulations is compared
with the experimental data reported in [9] in Fig. 3. By com-
parison, we also illustrate in the figure the results of the 2D sim-
ulations obtained by Mazzelli et al [9]. The predicted value of
the entrainment ratio seems to be in good agreement with ex-
perimental data in on-design conditions. The numerical simula-
tions tend, however, to overpredict the value of the critical back
pressure, leading to significant discrepancies in off-design con-
ditions. Finally, in terms of entrainment ratio, the numerical re-
sults obtained in the present study are very close to those reported
in [9] all over the range of the back pressure.
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Figure 3. Comparison of the experimental characteristic curve
of the ejector with numerical results.

We also assess the present numerical simulations against the
flow topology observed in our experiments. For this purpose, the

shock reflection pattern within the supersonic ejector was inves-
tigated through schlieren visualizations and compared to numeri-
cal schlieren (see Fig. 4). The latter was generated by computing
the vertical gradient of the density field. As it can be observed
in Fig. 4, numerical results are found to be in very good agree-
ment with the experimental schlieren image. Note that for this
schlieren image, the ejector operates in on-design conditions, and
the flow structure is relatively stable at the exit of the primary
nozzle. By contrast, in the off-design regime, the flow was found
to be highly unstable, what makes a comparison of schlieren im-
ages with RANS simulations much less obvious. Once again,
since the main purpose of this work consists in introducing new
post-processing tools, the validation is limited to on-design con-
ditions. The investigation of the flow structure within the ejector
through schlieren visualizations in off-design conditions will be
the subject of further publication.

Figure 4. Comparison of experimental (top half) and numer-
ical (bottom half) schlieren image (horizontal knife-edge) for
p(xb) = 1.200 [bar].

MOMENTUM AND ENERGY TUBES
In the study of Meyers and Meneveau [1], the authors intro-

duced the concept of momentum and energy transport tubes as a
transport visualization tool. These tubes are a generalization of
the mass-flux based classical stream tubes. Just as there is, by
construction, no average mass flux over the mantle of a stream
tube, there will be on average no exchange of momentum or
energy through a streamtube boundary, momentum and energy
transport tubes will be constructed as surfaces with zero fluxes
of the corresponding quantities. The construction of these tubes
will therefore not be based on the velocity vector field, but rather
by considering the vector fields formed by the total fluxes of mo-
mentum or energy. Since linear momentum is a vector quantity,
it is proposed to define a direction characterized by a constant
unit vector ζζζ (and components ζi) and then to consider only the
linear momentum in the ζζζ direction, i.e. ρuiζi. The analysis de-
veloped by Meyers and Meneveau [1] for incompressible flows is
here extended to compressible flows and in the absence of body
forces. For statistically steady flows, the transport equation of
the momentum in the ζζζ direction is given by

∂

∂x j

û jρ(ûiζi)+ρu′′i u′′j ζi− τi jζi︸ ︷︷ ︸
Fm, j

=− ∂p
∂xi

ζi , (1)
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where theˆstands for the Favre averaging and the ′′ symbol refers
to the fluctuation compared to the Favre averaged quantity. The
left-hand side of the equation is nothing else than the divergence
of the vector field formed by the total flux of linear momentum
in the ζζζ direction, FFFm, consisting of advective, turbulent and vis-
cous fluxes, respectively. If we consider ζζζ = êx, we will have
for a 2D flow the following expression for the total flux of linear
momentum

Fm,x =
(

ûρû+ρu′′u′′ − τxx

)
, (2)

Fm,y =
(

v̂ρû+ρu′′v′′ − τxy

)
. (3)

For the determination of energy tubes, a similar analysis is
performed but in this case we investigate the transport equation
for mean-flow kinetic energy K = ρûiûi/2,

∂

∂x j

(
FK, j

)
=−û j

∂p
∂x j
− τi j

∂ûi

∂x j
+ρu′′i u′′j

∂ûi

∂x j
, (4)

where FK, j is the jth component of the vector field formed by the
total flux of kinetic energy, consisting of

FK, j = Kû j +ρu′′i u′′j ûi− τi jûi . (5)

As it is pointed out in [1], such transport tubes are an interest-
ing means of visualizing where the momentum and the energy in
the flow are transported to, especially when transport processes
are dominated by turbulence instead of mean-flow convection.
Hence it may be very useful for the complex flow within a super-
sonic ejector.

RESULTS
Transport of mass, momentum and energy within the ejector

Fig. 5 shows the application of the concept of momentum
and energy transport tubes to the ejector. First of all, for each
set of operating conditions, the dividing streamline is shown (in
red) on both halves in order to evaluate which part of the ejector
is occupied by the primary stream. The dividing streamline is
defined as the streamline passing through the point located in the
nozzle exit plane at y = h+ ε with ε� h, i.e. just above the tip
of the primary nozzle in order to avoid problems that would be
caused by a potential separation of the flow within the primary
nozzle.

Superimposed on these streamlines, a momentum (in green)
and a kinetic energy (in blue) transport tubes are illustrated, in
the top half of the ejector. For two-dimensional flows, a transport
tube may be fully pictured by two transport lines. For the flow
within the ejector, transport lines originating from two points lo-
cated in the nozzle exit plane are considered sincetransport pro-
cesses originate from that point. The first transport line starts

pt = p02

pt = pb

a) p(xb) = 1.200 [bar] (on-design)

b) p(xb) = 1.320 [bar] (on-design)

c) p(xb) = 1.380 [bar] (on-design)

d) p(xb) = 1.455 [bar] (near critical)

e) p(xb) = 1.550 [bar] (o↵-design)

Figure 5. Momentum (green) and kinetic energy (blue) tubes
(top half) and iso-contours of total pressure (bottom half) for dif-
ferent values of the back pressure. Note that the ejector is de-
picted with a fourfold stretching in the vertical direction for bet-
ter visualization.
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from y = h/2 while the other begins at y = h+ ε, both for the
momentum and the kinetic energy.

In order to illustrate the increase in total exergy (defined in eq.
11) of the secondary stream, iso-contours of total pressure are
shown in the bottom half of the ejector. Indeed, it can be shown
that for a perfect gas with constant specific heat capacities, the
change in total exergy between two arbitrary states a and b is
solely due to a change in total pressure

∆et = (et,b− et,a) = TrefR∗ ln
pt,b

pt,a
(6)

if total enthalpy is conserved through the process. Since in this
study the total temperature is the same at both inlets and the flow
is adiabatic within the ejector, iso-contours of total pressure are
very close to iso-contours of exergy. Five iso-contours are shown
here, equally distributed over the possible range of variation for
the secondary stream, i.e. from pt = p02 to pt = p(xb).

Two remarks may be made about the results shown in Fig. 5.
Firstly, it appears that the momentum and kinetic energy trans-
port lines originating from the tip of the primary nozzle are good
indicators of the location where the exergy begins to increase in
the core of the secondary stream. Secondly, the transport of mo-
mentum and kinetic energy from one stream towards the other
takes place not only in the mixing duct, but also in the diffuser.
This is especially true in on-design conditions: iso-contours of
total pressure then indicate that a certain fraction of the sec-
ondary stream enters the diffuser with a total pressure lower than
its reservoir condition, since the iso-contour pt = p02 reaches the
wall in the diffuser. Hence, for low values of the back pressure,
a substantial part of the exergy transfer occurs in the diffuser. It
should be noted that this is not in agreement with 1D approxima-
tions which state that both streams are already completely mixed
well within the mixing duct [2, 3].

New indicators of mixing
For the investigation of the transfer phenomena within the

ejector, the dimensionless cumulative transfer of momentum be-
tween the primary and the secondary stream, Im(x), is introduced

Im(x) =

∫ ∫
S(x)

FFFm ·ds

ṁ1U1
, (7)

where S(x) is defined as the portion of the dividing surface be-
tween the nozzle exit plane, xxnp, and x. Obviously, for 2D-flows,
the dividing surface simply consists in the extrusion of the divid-
ing streamline. The flux is considered as positive when it leaves
the primary stream to enter the secondary stream. Note that the
speed U1 is defined as U1 =

√
2h01 and corresponds to the max-

imum speed that the primary stream could reach through an adi-
abatic flow without any shaft work (i.e. a flow for which total
enthalpy would be conserved). The corresponding quantity for

the mean-flow kinetic energy is given by

IK(x) =

∫ ∫
S(x)

FFFK ·ds

ṁ1h01
. (8)

The profile of Im(x) is shown in Fig. 6 for different operating
conditions. Note that the profile of IK(x) was very similar to
Im(x) so it is not shown here. The results confirm the different
remarks made in the previous subsection. It should be noted that
when the ejector is operating in the on-design regime, the slope
of the cumulative flux of linear momentum crossing the dividing
surface is larger in the diffuser than in the mixing duct. This
means that the momentum transfer is actually more important in
the diffuser than in the mixing duct. Here again, it seems that
numerical results show significant discrepancies with 1D models
which predict full mixing before the entry of the diffuser [2, 3].
In addition, as it could be seen with the momentum and kinetic
energy tubes, it appears that, in off-design operations, the transfer
of momentum takes place almost entirely in the mixing duct.
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Figure 6. Cumulative flux of linear momentum (in the horizon-
tal direction) crossing the dividing streamline for different values
of the back pressure.

Moreover, it can also be observed in Fig. 6 that the global
momentum transfer increases when the back pressure decreases.
The following analysis will show that it does not necessarily
mean that the mixing is more efficient.

The dimensionless gain in exergy of the secondary stream be-
tween the primary nozzle exit position and x, ξ(x), is defined as

ξ(x) =
ṁ2
(
et2(x)− et2(xnxp)

)
ṁ1e01

, (9)

where et2(x) is the mass flow-averaged total exergy flux associ-
ated with the secondary stream, i.e.

et2(x) =

∫ ∫
A2(x)

ρet û ·ds

ṁ2
, (10)

12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

677



with A2(x) the section through which the secondary stream flows
and et the specific total exergy defined by

et = (ht −href)−Tref (s− sref) , (11)

where the subscript ”ref” refers to the reference state (or dead
state), generally defined by Tref = 300 [K] and pref = 1 [bar]. Note
that the stagnation value of the enthalpy is considered in this def-
inition to account for the exergetic content of the kinetic energy,
which is often omitted.
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Figure 7. Gain in exergy of the secondary stream for different
values of the back pressure.

Results are shown in Fig. 7 for different operating conditions.
It appears clearly that, unless the ejector is run at a off-design
regime, the exergy transfer is not complete at the entry of the
diffuser. This fact confirms that a certain part of the mixing be-
tween both streams takes place in the diffuser. However, it should
be noted that the exergy analysis reveals additional information
about the quality of the mixing. For very low values of the back
pressure, the flux of total exergy associated with the secondary
stream may decrease due to important shock waves. Indeed, the
latter inevitably generate an increase of entropy and therefore a
decrease of exergy in the flow. Moreover, it appears that the gain
in exergy of the secondary stream is maximum for a value of the
back pressure close to the critical pressure (p(xb) = 1.455 [bar]),
although the global transfer of momentum is not maximum in
this situation.

CONCLUSION
The present study has applied the momentum and energy tube

analysis tools of [1] to investigate the key transport phenomena
occuring along a supersonic ejector. Used jointly with new indi-
cators of mixing, it brings insights into the locations where the
transfers of exergy and momentum occur. These indicators are
based on the cumulative transfer of linear momentum between
both streams and the gain in exergy of the secondary stream. It
is shown that transfers still occur in the diffuser, in particular in

on-design conditions, contrary to the usual assumptions of 1D
models. Although the global transfer of momentum increases
when the back pressure decreases, the gain in exergy of the
secondary stream is maximum for a value of the back pressure
close to the critical one.
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