

















































































































Chapter 2 Principles & Applications of Ejector Pumps

The flow patterns again can be split between pressure independent and pressure
dependant operation. All are pressure independent with the exception of the shock
between throats structure which is pressure dependant. The double choked and
choked secondary flow patterns exhibited a higher entrainment level than the fully
supersonic pattern. This is due to the secondary flow remaining distinct from the
primary stream throughout the ejector. However this only occurs for higher levels of
secondary inlet pressure. Therefore the observed flow pattern is not only dependent
upon diffuser pressure, but also upon secondary inlet pressure. This can also be seen
in the work of Addy'** who prior to Matsuo had performed an analysis of constant

pressure supersonic ejectors.

Mixing Zone
: /Primary Boundary

b. — Moderate To High Flow Regime

Figure 2.13 — Addy’s Classification of Internal Flows!*
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Chapter 5 Optimisation of Numerical Parameters

between the standard wall function and two layer zonal method are negligible. Hence
it is believed that it is the boundary layers formed along the shroud and nozzle outer

wall which play a dominant role in ejector operation.

5.5.2 — Turbulence Models

A turbulence model study was conducted using the coupled solver only. The choice
of turbulence model with the segregated solver had been previously validated, [87].
The study was conducted using Msh005 an 18668 cell mesh, and the two layer zonal
model to resolve the boundary layer. The wall model study had shown that above
18000 cells there was no appreciable increase in predicted entrainment. Msh005 was

therefore adopted as a base mesh for the simulations.

The coupled solver has mesh adaption capabilities, and these were utilised to reduce
y" at the walls. Mesh refinement was conducted until all y* values were equal to, or
less than, one. In all nine refinements were required resulting in a mesh of
approximately 43000 cells. Each refinement was interspersed with computations, so
that the solution could adjust to the new mesh. The results of the turbulence model

study are shown in Table 5.5

N° Turbulence Model Ri COPy % Error
V12 k-¢ 0.608 0.564 -3.803
V13 k- RNG 0.606 0.562 -4.119
V14 k-¢ Realisable 0.305 0.283 -51.74
V15 Spalart-Allmaras 0.655 0.607 +3.634

Table 5.5 - Influence of Turbulence Model on Predicted Entrainment

It can be seen that the standard k-, RNG k-g, and Spalart-Allmaras turbulence
models return predicted entrainment values comparable to experiment. The
performance of the realisable k-¢ model was particularly poor, and is unsuitable for
use in simulation of the ejector. Realisable k-¢ has been designed to give improved
prediction in the rate of spread of supersonic flows, caused by dilation dissipation. k-
e models tend to over-predict this phenomena, however in this case the Realisable
model appears to over compensate for the degree of spread. Hence the ejector throat

fails to choke with the application of this model. This can be seen in Fig. 5.8a-d.
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The influence of the cell refinement, in reduction of y”, upon predicted entrainment

is shown in Fig. 5.9. Nine separate refinements were required in total, to reduce all

y" values to less than 1. However the refinement process had a negligible influence

on predicted entrainment after the second refinement had been conducted. Therefore

two y' refinements are sufficient, further refinement would only waste computational

resources.
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Figure 5.8 — Predicted Supersonic Region Within Ejector.
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Figure 5.9 - Predicted Entrainment For Increasing Adaptive Mesh Refinement
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Chapter 5 Optimisation of Numerical Parameters

5.6 — Physical Properties

The choice and application of physical properties were studied for the coupled
solver. Physical parameters for the segregated solver had previously been validated
by Hart!®*!. A number of options for specifying the properties of a single species fluid
were investigated. Constant values, temperature dependent polynomials, and
piecewise linear laws were all tested for the specification of, viscosity, thermal
conductivity, and specific heat. Density was always modelled using the ideal gas
law, see Section 3.4.1. A simulation using the Sutherland law!™! for viscosity, which
considers viscosity a function of temperature, was also performed. Specified constant
fluid properties were based upon the physical properties of the primary motive fluid,

Table 5.6. The results of the study are presented in Table 5.7.

Viscosity (kg/ms) E-6 k (kW/mK) E-6 Cp (kJ/kgK) Mol Wt
12.8 26.8 2090 18
1able 5.6 - Single Species Physical Properties

It can be seen that there are no additional benefits to be gained through the use of
polynomials or piecewise linear functions. The use of the Sutherland viscosity law
also produced poor results. Attempts to use polynomials or piecewise linear
functions for the specification of all fluid properties were unsuccessful. Solution

stability could not be maintained and as a consequence diverged, thus failing to yield

a result.
N° Treatment of Physical Property R, COPy % Error
Viscosity G, k

V16 Constant Constant Constant 0.595 0.551 -5.889
V17 Constant Polynomial Constant 0.574 0.532 -9.141
V18 Constant Constant Polynomial 0.593 0.550 -6.111
V19 Polynomial Constant Constant 0.574 0.532 -9.138
V20 Constant PW-Linecar Constant 0.584 0.541 -7.668
V21 Constant Constant PW-Linear 0.595 0.552 -5.842
V22 PW-Linear Constant Constant 0.593 0.550 -6.146
V23 | Sutherland Law Constant Constant 0.574 0.532 -9.228
V24 Polynomial Polynomial Polynomial | no solution | no solution | no solution
V25 PW-Linear PW-Linear PW-Linear no solution | no solution | no solution

Table 5.7 - Specification of Fluid Properties
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Chapter S Optimisation of Numerical Parameters

5.6.1 — Species

A study into the application of multiple fluid species was conducted. Individual fluid
physical properties were held constant, Table 5.8. Ideal gas mixing laws were
adopted to describe the viscosity and thermal conductivity of the mixed species. A
mass weighted mixing law was used to describe specific heat composition. Specific
details of the mixing laws can be found in [79]. The result of the species simulation

is listed in Table 5.9.

Species Viscosity (kg/ms) E-6 | k (kW/mK)E-6 | Cp (kJ/kgK) Mol Wt.
Primary 12.8 26.8 2090 18
Secondary 8.83 17.1 1860 18
Outlet 9.52 18.7 1880 18
Table 5.8 - Species Physical Properties
N° Mixing Laws Ra COPy % Error
Viscosity Cp k
V26 Ideal Gas Mass Weighted Ideal Gas 0.608 0.564 -3.8
Mixing Law Mixing Law Mixing Law

Table 5.9 - Mixing Laws Used With Species

The use of species produced superior results compared to the single fluid studies.
Species modelling was therefore adopted for all further simulations conducted using

the coupled solver.

5.7 — Computational Mesh
In total nine two-dimensional computational mesh were generated for the Eames!”!
ejector during the validation process. The basic details of these mesh are listed in

Table 5.10. Graphics of each mesh are located in Appendix B.

Msh001 was based upon mesh previously used by Hart'®! and Warren'®!. This was
used in the validation of the segregated solver mathematical model and numerics.
The quality of this mesh was improved with Msh002, which was then adopted as the
base mesh in all other studies involving the segregated solver post validation.
Msh003-Msh007 were generated for validating the mathematical model for the
coupled code. The results obtained from these mesh led to the generation of Msh008,
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Chapter 5 Optimisation of Numerical Parameters

which possessed an improved cell quality. This mesh was then used to assess the
suitability of the chosen combined numerics of the coupled code. Msh009 was
created based upon additionally obtained information regarding the de Laval nozzle

geometry as discussed in Section 3.8.

Mesh N° of Cells Used With Solver Nozzle Geometry Nozzle Throat
Msh001 4410 Segregated Original Straight
Msh002 5012 Segregated Original Straight
Msh003 5026 Segregated / Coupled Original Curved
Msh004 8604 Segregated / Coupled Original Curved
Msh005 18668 Segregated / Coupled Original Curved
Msh006 38028 Segregated / Coupled Original Curved
Msh007 62974 Segregated / Coupled Original Curved
Msh008 18118 Coupled Original Curved
Msh009 18118 Coupled Modified Curved

Table 5.10 — Computational Mesh Used in Validation

5.7.1 — Geometrical Influence

The adoption of the coupled solver highlighted the importance of the accuracy of the
modelled geometry. Initial attempts at using the coupled code with mesh Msh(002
yielded results that were extremely poor. It was not even possible to predict a
positive flow entrainment (R, = -0.079, a -112.5% difference), as the ejector throat
did not choke. The use of this mesh previously with the segregated solver had
produced a +4% difference. Doubling the mesh led to an increase in predicted
entrainment, however a 50% difference with respect to experiment still existed. The
cause of this problem was traced to a geometrical simplification applied to the
convergent section of the de Laval nozzle. This had been made to aide mesh

generation. Although this section is radiused a linear simplification had been applied.

Fig 5.10a.

a. b.

Figure 5.10 - Mesh Detail of the de Laval Nozzle:
a. linear throat, b. curved throat.

101



Chapter 5 Optimisation of Numerical Parameters

The convergent section of a de Laval nozzle has a considerable influence upon the

1 showed how the curvature of this

operational performance of the nozzle. Hopkins
section influence the transonic flow region. Shapirol*! discussed how this section
must be designed to eliminate the possibility of flow separation or thick boundary
layers. The linear approximation had to be abandoned, and the convergent section
modelled with an appropriate curve. Fig 5.10b. Mesh Msh002 was modified and
returned a predicted entrainment of Ry, = 0.568, -10% difference. Doubling this mesh
returned an entrainment of R,, = 0.545. This decrease in predicted R, can be

attributed to the chosen near wall model, see Section 5.6.1.

5.7.2 — Mesh Adaption

As mentioned in Section 4.4.1 the coupled solver has built-in mesh adaption
facilities. Mesh adaption was not used within the near wall model study, Section
5.6.1, as this served as a mesh dependency study. It is important to determine the
minimum mesh density required to obtain the essential features of a flow prior to
adaption. The use of structured mesh, with increasing mesh density, in the near wall
model investigation presented an opportunity to determine this. However as has been

seen the technique was used in the turbulence model study to reduce y” values.

Mesh adaption has also been used to improve the resolution of shock systems within
the ejector, which play a dominant role in its operational performance. At best a
shock is always going to appear as a smear across a set of computational cells,

however the clarity of the shock can be enhanced through selective cell refinement.

Selective refinement of the shock system was performed by identifying regions of
high pressure gradient. It was found that only two refinements were often necessary
to enhance the resolution of the shock system before mesh dependency was obtained.
See Fig 5.11 & 5.12. Iterations were performed between each refinement allowing
the solution to adapt to the new computational mesh. Approximately 4000 cells were

adapted with each refinement.
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Figure 5.11 - Computational Mesh For Increasing Adaptive Mesh Refinement
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d. - 2™ Adaptive Pressure Refinement — 50014 cells
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Figure 5.12 - Static Pressure Isobars (Pa) For Increasing Adaptive Mesh Refinement
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Chapter 5 Optimisation of Numerical Parameters

The computational mesh within the de Laval nozzle was always affected by the mesh
adaption, due to the high pressure gradients which reside within this region. This had
the advantage of further reducing y~ values, improving the accuracy of the near wall
model in this region. Thus when refinement through pressure gradient was coupled
with y” refinement the net effect was that the cells along the de Laval nozzle internal

walls were refined at least four times.

5.8 — Optimised Numerics For The Coupled Solver

A simulation was conducted to assess the overall performance of the optimised
chosen numerics for the coupled solver, using mesh Msh008. Hence a simulation
with second order discretisation for both flow and turbulence equations, the standard
k-€ turbulence model, two layer wall function, species, and adaptive refinement was
performed. The mesh was adapted twice at the walls to reduce y' values. A further
two adaptions were performed on the mesh as a whole, based upon pressure gradient
to enhance shock resolution. The simulation predicted a COPr of 0.578 which

produced a 1.3% difference with respect to experimental values.

Fig 5.13 - Fig 5.16 show the predicted flow structure within the ejector mixing
chamber, just external of the de Laval nozzle. Both the shear mixing layer and
boundary layer can be clearly identified in Fig 5.13. The boundary layer appears to
grow in thickness along the mixing chamber wall. Within the core of the supersonic
jet some shock structure is observable. An expansion fan can be seen to form at the
nozzle exit. It also appears that a secondary expansion wave or weak lip shock 1s also
formed at the exit. As the initial fan reflects it is intersected by this secondary wave

and appears to dissipate.

The observed shock structure for this case is particularly weak. This is to be
expected, as the de Laval nozzle has been designed to operate isentropically with the
applied combination of boundary conditions. The nozzle is however under-
expanding slightly, which is confirmed by the static pressure plot, Fig. 5.15. The

position of the shear mixing layer can be confirmed by referring to a contour plot of
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Figure 5.13 — Predicted Strain Rate (1/s) Within the Ejector
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Figure 5.15 — Static Pressure Isobars (Pa) Within the Ejector
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Figure 5.16 — Distribution of Primary Fluid Mass Fraction Within the Ejector
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the primary fluid mass fraction, Fig. 5.16. This shows that the majority of fluid

mixing will occur on or around the sonic line as observed in Fig. 5.13.

The optimised numerics were also tested for the modified nozzle geometry using
mesh Msh009. This predicted a COPg of 0.585, producing a 0.25% difference with
respect to experimental values. The flow structure did not exhibit any significant
differences to that calculated using mesh Msh008 with the original geometry.
Msh009 was therefore used as the base mesh for all further two dimensional

simulations of the Eames!”! ejector performed with the coupled solver.
5.9 — Conclusions

The following conclusions can be drawn from the validation study. The segregated
solver can be used in the simulation of the ejector however its capabilities are
limited. Only the generation of qualitative results are probable and realistic. Higher
order discretisation schemes and linear interpolation for pressure are a requisite. The
computational mesh for the segregated code must also be carefully optimised to

work properly with the standard wall function.

The coupled code is more ideally suited to the simulation of ejectors. However care
must be taken in the generation of the computational mesh, as it has been shown that
the code is sensitive to geometrical approximations. The coupled numerics have been
shown capable of not only predicting qualitative results, but also indicate that the
generation of quantitative results is possible. To achieve this the two layer zonal
approach must be used to model the near wall regions. The use of this low viscosity
model is made economical by the unstructured mesh adaption abilities of the coupled
code. Mesh adaption is also beneficial to the economic refinement of the mesh,

avoiding the need for computationally expensive global refinement.

107
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Chapter 6 — Results

The following chapter presents the results of all simulations conducted in this
investigation. These predominantly comprise the results of a number of individual
studies conducted upon the Eames ejector. Geometrical and physical operating
condition studies have been performed. The geometrical studies were conducted
using the segregated solver, in completion of the validation of the ESDUY! ¢jector
design recommendations commenced by Hart*®! and Warren et al®®. Studies into the
influence of operating conditions upon ¢jector performance, and flow structure, were

conducted using the coupled solver.

A three dimensional study of the Eames" ejector, simulated using the coupled
solver, is also presented. The results of this study highlight the significant influence

of the secondary inlet upon operational performance.

Additional studies of alternative ejector designs are presented which determine the
general applicability of CFD to the simulation of ejectors, and further aide
understanding of flow processes. These comprise the vacuum ejector of Watson!',
and the thrust augmenting ejector of Hickman et al®. A constant area type ejector,

(71

Desevaux''', is included to provide comparison of operation with the constant

pressure design.

6.1 — Geometrical Studies

Geometrical studies of the Eames!™ ejector mixing section have been conducted in
further validation of the ESDU"! design recommendations for supersonic ejectors as
commenced by Hart!®) and Warren et al®). Both the influence of throat length and
mixing section angle have been considered. Boundary conditions listed in Table 6.1
were used in all geometrical studies. Corresponding physical properties are listed in
Table D.1 in Appendix D. Ejector geometry was based on the standard Eames ejector
geometry as described in Section 3.8. this was modified accordingly in each study.
Computational mesh Msh002 was chosen as a reference mesh, with the nodal

distribution suitably modified within the throat and mixing chamber to maintain cell
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aspect ratio with each geometrical change. The numerical model corresponded to
simulation VO3 in Table 5.3, Section 5.4.1, with a standard wall function and

standard k-¢ turbulence model.

Pressure (Pa) Temperature (°C)
Primary Secondary Outlet Primary Secondary Outlet
198500 1227 3800 120 10 28

Table 6.1 — Boundary Conditions

6.1.1 — Influence of Threat Length

This study concentrated on a small but critical part of the ejector. The throat plays an
important role in ensuring the stable operation of a constant pressure ejector. See
Section 2.4.2. Although work has been conducted into the influence of throat
diameter, [20,48], there is little work concerning the length of this section. ESDUP!
do however provide guidelines suggesting that an appropriate length should be
between 2-4 throat diameters (D). Simulations have been conducted to verify this
statement. The ejector throat was varied in length from Omm-180mm (0D-10D). The
current experimental throat length of the Eames ejector is 40mm (2.22D). The
lengths of the convergent mixing chamber, and diffuser were held constant as

detailed in Section 3.8.

The results of the study are shown in Fig. 6.1. Maximum entrainment can be clearly
seen to occur with a throat length of between 2D-5.8D. These two points will be
termed the lower and upper limits of the throat length, respectively. Reduction of the
throat length below the lower limit results in a rapid linear loss in entrainment,
reducing from a maximum value of Ry = 0.67 to R, = 0.28 for zero length. The
throat in effect was still present as the narrowest part of the mixing chamber/diffuser
assembly. This was a 58% loss in entrainment for a reduction in length of two throat
diameters. The level of entrainment is also seen to fall rapidly between 6D-7D,
however after the initial abrupt decline the entrainment curve is seen to level off and
exhibits almost a linear reduction in entrainment. Once the imposed limit of 10D is

reached entrainment has fallen by 52% to Ry, = 0.32.

It can be clearly seen that the ESDU guidelines fall comfortably within the plateau

indicative of maximum entrainment. The ESDU guidelines could be described as
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conservative for this ejector configuration. However it is probable that optimum
throat length will differ for various ejector configurations. Therefore the ESDU
guidelines are probably well set. It can also be seen that there is no benefit to be
gained from using a throat length longer than 4D, in this experimental set-up. This
would only take up what might be classed as valuable space in the operational

environment of the ejector.
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Figure 6.1 — Results of Throat Length Study

The influence of the throat upon ejector performance can be explained through the
flow structure within this region. The most important flow characteristic is the extent
of the supersonic region within the throat, as this is indicative of the degree of
choking, Fig 6.2. It can be seen that as throat length increases, the supersonic region
grows in length and diameter. Once the lower limit is reached the supersonic flow
has expanded to fill the throat and the ejector is fully choked. Hence ejector
performance is optimum at this point. A further increase in throat length initially led
to an increase in the extent of the supersonic region, however as the ejector is already
fully choked, the entrainment level is not further enhanced. Above the upper limit the
length of the throat becomes excessive and the choke collapses. The supersonic

region decreases correspondingly.

The influence of the throat upon formation of the choke can be explained through
plots of centreline pressure distribution along the ejector, and by referring to the

work of Shapiro[45]. Fig 6.3 show selective plots of centreline pressure distribution.
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The pressure distribution for throats below the lower limit are shown in Fig 6.3a and
6.3b. It can be seen that the flow pressure, although oscillatory due to expansion
waves, rises steadily along the mixing chamber and throat. An important operational
phenomena is seen to appear within Fig 6.3¢ and Fig 6.3d for throats of optimum
length within the ESDU recommendations. A large pressure spike resides within the
ejector throat, followed by a rapid climb in pressure. This spike is indicative of a
strong shock within the throat indicating that the throat is fully choked. This is
confirmed in Fig 6.2h and Fig 6.21, the corresponding plots of supersonic flow within

[45]

the ejector. A normal shock system results as categorised by Shapiro*™-, who studied

shocks in ducts of constant area, and detailed within Section 2.4.2.

Throats in excess of the upper limit arc shown in Fig 6.3c and 6.3f. A pressurc loss
can be seen to occur within the throat as a result of wall friction. It can be seen that
the pressure at the entrance to the throat is higher than that at the exit to the diffuser.
This suggests that the pressure rise within the mixing section is not only due to
diffuser back pressure, but is also a result of the deceleration of the supersonic
stream. Thus the total pressure rise within the mixing section is a combination of
diffuser back pressure, and pressure rise due to fluid deceleration.

(5] showed that as a duct fed by a supersonic stream is increased in length, a

Shapiro
stationary shock within the duct will travel upstream as a direct result of the
increasing effect of pipe friction. A similar phenomenon was observed in this study.
As the throat length was increased above the upper limit, a frictional pressure loss is
noted. The growing frictional effects in the throat cause the extent of the supersonic

region/degree of choking to decrease, and the normal shock system disappears.

In comparison failure to provide a throat of sufficient length will also be detrimental,
as a certain length is required to cause flow development which leads to the choke
and normal shock system. Throat length of the cjector must therclore be carclully
chosen to ensure choking. The choke will guarantee that the mixing chamber

pressure remains low enough to ensure the occurrence of maximum entrainment.
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6.1.2 — Influence of Mixing Chamber Angle

A study into the influence of mixing chamber half angle, ¢;, upon the operational
performance of constant pressure design ejectors has been conducted. Although the
design of the mixing chamber has been the subject of extensive study in constant
area ejectors, the angle and thus length of the constant pressure ejector chamber has
been particularly neglected. Few studies exist of the influence of the chamber design,
and these have generally been for a limited number of designs. This is probably due
to the expense of producing a wide selection of chambers. CFD can be used to

analyse a wide range of chamber angles for limited cost.

ESDU"! provide guidelines on the appropriate angle for this section, stating that for
a gas-gas ejector, ¢; = 1°-10°. Simulations have been conducted to verify this
statement. Mixing chamber half angle has been varied from ¢; = 1°-10°. The current
experimental angle of the Eames! ejector is ¢; = 1.718° (mixing chamber length, Ly,

= 100mm).

Results of the study are shown in Fig. 6.4. The results of the mixing chamber angle
study indicate that there is no obvious range of ¢; which will guarantee optimum
entrainment. This is in contrast to the throat length study where a clearly defined

range of throat length would produce maximum entrainment.
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Fig 6.4 — Effect of Mixing Chamber Angle on Entrainment
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