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FOREWORD

This report concludes the investigations on ejectors carried out
under Work Unit No 23070426 of Project 2307 in the Thermomechanics Branch,
Aeromechanics Division, Flight Dynamic Laboratory, from November 1976 to
\ September 1977. Earlier reports are ARL TR-75-0205, "Performance
Characteristics of Ejector Devices," June 1975, and AFFDL-TR-77-38, &
> "Comparison of Experiment and Analysis for a High Primary Mach Number
Ejector," May 1977.

Special thanks go to Captain David K. Miller, Technical Manager,
Gas Energetics Group, Thermomechanics Branch, for his great interest in
this investigation and for his many suggestions on the subject, and to
Mr. Howard Toms for his most skillful completion of the experimental
program.
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SECTION I

INTRODUCTION

This report supplements the investigations on ejector optimization
presented in References 1 and 2. Reference 1 provided an analytical
scheme for optimizing ejectors, considering only the subsonic mixing
mode, i.e., the case in which the mixing section exit Mach number is
subsonic. Reference 2 showed from experiments that for high primary
Mach numbers the supersonic mixing mode becomes the only one
possible for the optimized ejector. The present report analyzes the
optimization with supersonic mixing and interprets optimization in terms
of a flow density parameter. New experiments on ejector optimization 1
are also described. '
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SECTION II

GENERAL ASPECTS OF EJECTOR OPTIMIZATION

The implications of the ejector analysis used in the present
investigation and originally derived in Reference 1 are given first.
The underlying flow scheme is shown in Figure 1.* It involves three
principle parts: mixing section, supersonic diffuser, and subsonic
diffuser. Primary and secondary flow are assumed to have the same
static pressure at the inlet to the mixing section. Primary and
secondary flow are also assumed to be completely mixed at the mixing
section exit. Details of the mixing process do not enter the analysis,
and the flow conditions before and after mixing are related to each
other by the conservation requirements for mass, momentum, and energy.
Wall friction in the mixing section and supersonic diffuser is accounted
for in terms of the common wall friction coefficient. Losses in the
subsonic diffuser are covered by a diffuser efficiency. Ejector length
dimensions do not enter the analysis except in an indirect manner for
determining flow losses due to wall friction. All flow conditions
considered are assumed to be one-dimensional.

The ejector analysis allows one to relate the ejector performance,
given by the ejector pressure ratio (pEx)o/(ps)o (total exit to total
secondary inlet pressure), and the ejector mass flow ratio mp/ms to the
mixing section geometry, given by its principle cross-sectional areas.
In more explicit terms, the ejector performance can be related to the
three magnitudes: primary Mach number, inlet area ratio of primary to
secondary flow, and area reduction ratio of the mixing section.

*Figures are located at end of report.

e ————




i s

AFFDL-TR-78-23

Optimization of an ejector layout amounts to finding the most
advantageous combination of the above-listed magnitudes, in particular,
the combination which requires a minimum primary supply pressure to
achieve a given ejector performance.

Figure 2 demonstrates that optimum operating conditions can be
recognized in the performance characteristic of an ejector. In this
figure, which applies to a specific ejector geometry, the secondary
Mach number is plotted aginst the primary Mach number, with the ejector
pressure ratio and the mass flow ratio appearing as parameters (for
equations, see Appendix). In this characteristic, one sees that a given
pressure ratio curve and a given mass flow ratio curve either cross each
other twice, touch each other or never cross. For a given ejector
pressure ratio, the mass flow ratio can obviously be reduced to a
minimum if an operating point is chosen where both kind of curves become
tangent to each other. Such tangent points represent optimum conditions,
since a certain pressure ratio is obtained with a minimum of primary
mass flow.

A1l tangent points in Figure 2 are connected by the dashed line
(optimum line) in the upper right-hand corner of the figure. To the
left, the dashed 1ine approaches the "choking" line of the characteristic.
Beyond this line no ejector operation is possible. Along this line the
mixed flow obtains the highest possible flow density. Since the flow
density after mixing is a direct measure for the effectiveness of the
mixing process, the line of the highest density represents another
location of preferred operating conditions. Apparently, the "best"
optimum in Figure 2 must occur where the optimum line and the choking
line meet or come at least close to each other.

The above discussion indicates that the performance which is best
suited for a given ejector can be readily found from a performance
characteristic as shown in Figure 2. The reversed case, which requires
one to find the optimum geometry for a given performance and which is
the subject of the present optimization process, is much more involved
as we will see in the following section.

3
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SECTION 111

ANALYSIS OF THE OPTIMIZATION

1. BASIC PROCESS

The basic relations for the optimization have been given in Reference
1. The Appendix of this report shows the equations in their sequence as
they enter the calculation process. A short outline of the process is
as follows:

a) With the ejector pressure ratio and the mass flow ratio given,
the ejector equations are solved for the primary Mach number and the
inlet area ratio. The area reduction of the mixing section and the
character of the pressure distribution during mixing are thereby treated
as constants. The secondary Mach number is maintained as an independent
variable.

b) By plotting the primary Mach number against the secondary Mach
number for a number of mixing section reduction ratios one finds
graphically the minimum primary Mach number required for the given
ejector task. The examples given in Reference 1 considered only the
subsonic solution of the ejector equations.

This basic process is amended here as follows:

1) The supersonic solution of the ejector equations instead of
the subsonic one is used.

2) The supersonic diffusion is treated as a process by itself
separated from mixing and subsonic diffusion.

3) A new parameter characterizing the pressure increase during
mixing is introduced making constant pressure mixing a special case of
this parameter.

4) Lines of constant primary supply pressure are introduced in
the performance diagram.
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These new features will be discussed below.

2.  SUPERSONIC SOLUTION OF THE EJECTOR EQUATIONS

As mentioned before, Reference 2 made it clear that supersonic
mixing is an inherent feature of an optimized ejector with a high
primary Mach number. The conditions necessary for the existence of
supersonic mixing are discussed in Section V. Analytically the
supersonic solution is obtained by taking the negative sign for the
square root in Equation 22c in Reference 1 (Equation 13 in Appendix).

The choice of the solution is not necessarily connected to the
prevailing type of mixing. By including the supersonic aiffusion into
the mixing process as a normal shock taking place at the end of the
mixing section, the exit flow is always subsonic. This system of
calculation was actually used in References 1 and 2. The distinction
between subsonic and supersonic mixing is then shifted to the assumptions
made for the shape of the pressure distribution along the mixing section.
The analysis characterizes this shape by the pressure distribution
factor i (Reference 1). This factor does not predetermine any pressures.
Its basic purpose is to facilitate the integration of the wall pressure
forces in flow direction. Since the shape of the pressure distribution
has an essential influence on these forces, this factor becomes also a
shape factor. By definition this factor is 1 if the pressure in the
mixing section rises proportionally with the change in crossection area
of the mixing section. For a conical mixing section, this means in
general that the pressure rises nearly in a straight line along the
mixing section. A factor of zero implies zero pressure rise during
mixing, and thus zero wall forces. A sudden pressure rise, as a normal
shock would produce, at the end of the mixing section does not change
the wall forces in flow direction. Therefore a pressure distribution
factor zero as used in References 1 and 2 characterizes constant
pressure mixing with the supersonic exit Mach number converted to
subsonic in a normal shock at the mixing section exit. For i =1 the
pressure rises as indicated in a nearly straight line, characterizing
a mixing process where shock diffusion occurs during mixing, resulting
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in a subsonic mixing section exit Mach number. Values of i between 0
and 1 cover then all cases where the pressure rises partly during mixing
and partly during the supersonic diffusion.

For the present calculations, the supersonic diffusion after mixing
is treated as a separate process. This has distinct advantages for dealing
with the diffusion process (see Section III.3). It also greatly simplifies
the assumptions to be made for the factor i, since it must only account
for the character of the pressure distribution during mixing. In
approaching constant pressure mixing, a shape factor becomes irrelevant

and a factor of 1 gives practically the same result as a factor of zero,
which is obvious since with a constant pressure distribution the wall

forces become zero independent of the shape of the pressure distribution.
In the case of supersonic mixing, experience shows that the shape of the
distribution curve is quite generally that of a somewhat sagging line
characterized by an i-factor somewhat less than 1. Therefore, the
pressure distribution factor can be considered a constant with good
approximation. The present calculations, which use exclusively the
supersonic solution, assume in all cases a value of .8 for the pressure
distribution factor.

3.  SUPERSONIC DIFFUSION

For the convenience of the calculations, the supersonic diffusion is
treated as an ejector process, with the primary and secondary Mach number
being equal. The advantage of this approach is that wall friction losses
can be readily included. In addition, this approach covers the flow
in a duct in a general manner, and no change in the relations is necessary
to distinguish between subsonic or supersonic inlet flow. Only constant
area diffusion is considered. This calculation process yields the
downstream Mach number as the subsonic solution of the ejector equations.
The pressure ratio across the shock is also readily obtained. The wall
friction losses are computed using the downstream Mach number as reference
Mach number since in a pseudo-shock process the diffuser wall is almost
exclusively exposed to subsonic conditions. The actual sequence of
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equations for treating the supersonic diffusion with the ejector
equations is given in the Appendix (Equations 14 to 17).

4.  PRESSURE RISE PARAMETER

This parameter has been introduced to provide a general identification
of the mixing cases. Constant pressure mixing is a special case in this
scheme. The definition of this parameter is

p ™
T = Léx-m S
Pex-d = Ps

f.e., it is the ratio of the statis pressure rise during mixing over the
static pressure rise during mixing and supersonic diffusion. For the
analysis the parameter is written in the form

fi.;:ﬂi. -/

T o= Ds
Pex-ad  Pee-m _ /
‘zfx-rn ,%s

A1l pressure ratios occurring in this relation are readily obtained from
the analysis. For constant pressure mixing, w becomes zero. It becomes
negative in case of a decreasing pressure during mixing. This parameter
can be conveniently used to show the influence of the pressure rise
during mixing on the ejector optimization (Section IV la).

5.  PRIMARY SUPPLY PRESSURE
The primary supply pressure can be expressed in the following way:

b = (8] [ (k] - e

considering the assumption of the analysis that

Pp ® Pg

7
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The first two pressure ratios in the above expression are simple functions
of the primary and secondary Mach number, respectively, given by the
relations for isentropic expansion. The third pressure ratio is the
ejector pressure ratio, to be considered a constant in the optimization
process. The last factor in the expression, the total exit pressure,
is also a constant. Under these conditions, lines of constant supply
pressure can be entered into the ejector performance diagram which uses
the primary and secondary Mach number as coordinates. To enter these
lines of constant primary supply pressure, the ejector pressure ratio
must be given. However, the supply pressure parameter can be non-
dimensionalized to make it independent of any specific ejector problem.
By dividing out the constant magnitudes in the above expression, one
obtains

(Pp )o [,D,,) Ps
(QQS‘AQ /39 /25ul9

Since (P ) on the left side is a constant for a given case, the pressure
ratio on the left side is a minimum whenever the primary supply pressure
(pp)o is a minimum. For given operating media, this pressure ratio is now
solely a function of the primary and secondary Mach number and can be

made a generally valid part of the performance diagram. Examples in the

next section will show this.
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SECTION 1V
OPTIMIZATION EXAMPLES

1. ANALYTIC RESULTS
a. Examples for the Optimization Process

The amended optimization process has been used to calculate
three examples. The results are shown in Figures 3, 4, and 5. In each
case the ejector performance in terms of the ejector pressure ratio and
the mass flow ratio is given. Thus, for the indicated performance, each
figure gives all the ejector geometries possible within the frame of the
figure. The ejector geometry at any point of the optimization plot can
be read from the parameter curves for the mixing section reduction ratio
t and the inlet area ratio Ap/As. The operating conditions are given by
the primary and secondary Mach number to be read from the coordinates.
The parameter w gives information about the type of mixing.

On their left side, the optimization plots are limited by choking
conditions. The "envelope" curves on this side are therefore the choking
boundaries of the plots. These envelope curves have been separately
determined and entered in Figure 6. Also entered in this figure are the
supply pressure ratio lines discussed in Section III 5. Where an envelope
curve becomes tangent to a pressure ratio curve, optimum operating
conditions are obtained since at this point the primary supply pressure
becomes the lowest one possible for the given ejector performance. The
optimum points I, II, and III have also been entered in the respective
optimization plots in Figures 3, 4, and 5 so that the applicable ejector
geometry and the operating conditions can be determined.

For instance, in Figure 3 we find that the inlet area ratio A /AS
should be 0.46 and the mixing section area reduction ratio t should be
0.69 to achieve the ejector performance indicated in the Figure at a
minimum primary supply pressure. The associated primary Mach number is

about 3.1 and the secondary Mach number is about unity. The influence
of the secondary Mach number on the performance is very limited as can
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be seen from Figure 2 (see also the discussion on the optimization
experiments in paragraph 2b of this Section).

For the practical application of this optimization process, it is
not necessary to determine the n lines as done in Figures 3, 4, and 5.
The n lines are only of interest to show that the optimum points are
fairly far removed from conditions of constant pressure mixing indicated
by m = 0. In the examples shown, the pressure rise during mixing amounts
to at least 30% of the total pressure rise during mixing and supersonic
diffusion. For the optimization, the t-lines in Figures 3, 4, and 5 are
sufficient to determine the envelope curves necessary to fix the optimum
point. For this reason, only the sequence of equations for determining
the t-lines is given in the Appendix. The value of w can be obtained
as a by-product. The time required to calculate and plot one optimization
diagram on a HP 9820A calculator with a HP 9862A plotter is about 1 hour.
Some special features of the examples shown here, as well as experimental
optimization results, are discussed in b. below.

b. Special Features of the Examples

For the example in Figure 3, the performance goal was taken
from the dashed line in Figure 2 near the "choking" line (point I). This
provided an opportunity to check the prediction given in section II
that near this point the optimum performance for the given
ejector geometry occurs. If this is true, the example of Figure 3 must
yield the ejector geometry of Figure 2 as a result. For practical
purposes, the optimum point in Figure 3 falls into the region predicted
as optimum in Figure 2. The agreement with predicted conditions can be
improved by choosing a point closer to the choking line in Figure 2 for
fixing the performance goal. Point IV in Figure 2 proves this. Only
the envelope curve in Figure 6 was determined for this point. In Section
V it is shown that the region of coincidence can actually be reduced to
a well-defined point.
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For the optimum point in Figure 3, we find for the mixing section
reduction ratio a value of about t = 0.69, close to the value assumed
in Figure 2. The same is true for the inlet area ratio Ap/As' a
consequence of the near agreement of the inlet Mach numbers.

Another example for the agreement between prediction and result of
the optimization process is shown in Figures 4 and 7. In this case the
performance goal was obtained from the performance characteristic in
Figure 7 (point II). This characteristic differs from the one in Figure
2 by assuming helium as the secondary medium; i.e., it is for the same
ejector operated with helium as the secondary medium. In this case the
meeting point for the optimum line and the choking line is very clearly
given. With the help of Figure 6 (curve II) we obtain again the
analytically determined optimum point (also entered in Figure 4). We
find close agreement between predicted (Figure 7) and calculated optimum
(Figure 4) for the inlet Mach numbers and also for the mixing section
reduction ratio which has in both cases a value of 0.7. By implication,
as indicated before, the inlet area ratio is also very nearly the same
in each case.

In the next example, the results of which are shown in Figure 5, the
performance goal is the same as the one chosen for optimization in
Reference 2. The purpose of this choice was to reexamine the results
of this earlier effort. A discussion follows in section IV.2 below:

2. OPTIMIZATION EXPERIMENTS

a. Experimental Ejector

The ejector used in the present experiments is the sane as the
one used for the optimization experiments described in Reference 2.
Its mixing section has a taper with an outlet to inlet crossectional
area ratio t = 0.7. The examples in Figures 3 and 4 were designed to
fit this existing ejector. In the first case, the Mach number 2.7
primary nozzle described in Reference 1 was used. For the second case,
a new nozzle was fabricated, consisting of four single Mach number 3.2
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nozzles. The subdivision into four nozzles was necessary to assure as
much as possible complete mixing within the given length of the mixing
section. Essential dimensions of the experimental ejector are entered
in Table I.

b. Experimental Results

Figure 2 contains the experimental point 81E' (the designation
of the point is the run number in the test records). The experimental
point itself is drawn in the shape of a triangle. This triangle comes
about by entering the primary and secondary Mach number as well as the
parameter values resulting from the test into the characteristic; i.e.,
the data evaluated from the test (see Table I) for primary and secondary
Mach number, as well as for mass flow ratio and ejector pressure ratio,
fall into the realm of the triangle.

The size of the triangle is an indication for the accuracy of the
analytic prediction for the test point. The comparatively large triangle
for test point 81E' indicates poor agreement. This, however, is a
necessary result since in this particular case the analytic assumptions
do not properly match the test conditions. Whereas the ejector
characteristic in Figure 2 was prepared under the assumption of an ideal
primary nozzle, which is always properly adjusted to the operating Mach
number, test point 81E' was obtained with a Mach number 2.7 nozzle
instead of a Mach number 2.99 as ideally required by the characteristic.
The test evaluation accounts for these off-design conditions. A check
with analytic predictions considering off-design nozzle conditions (see
Reference 2) revealed a quite satisfactory agreement between test and
analysis. In addition the test point falls directly on the "optimum
line" valid for the indicated off-design conditions. By inference it
can be assumed that test run 81E' would have resulted in an essentially
better agreement in Figure 2 if a primary nozzle designed close to Mach
3 were used. It is therefore justified to state that the optimization
process can provide very realistic predictions.

12
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Test point 69B, also entered in Figure 2, is an example for good
agreement between experiment and analytic prediction. In this case, the
test point has been obtained with a Mach number very close to the design
Mach number of the primary nozzle. This is also true for test point 80C
discussed next.

Figure 2 contains also a rerun (point 80C) of the "optimum” point
given in Reference 2. We see that the point is close to the line of
optimum conditions, but removed from the predicted absolute optimum.
The apparent reason is that the geometry of the present experimental
ejector is not optimum for the chosen performance. Figure 5 provides
the geometry for optimum conditions in this case. We see as a result
that the primary Mach number can be lowered from about 3.25 to 3.
However, the mixing section taper would have to be reduced from 0.7 to
about 0.6 to obtain this reduction in primary Mach number.

The experiments with helium as the secondary operating medium
encountered difficulties in reaching the optimum performance point.
Test point 91' entered in Figure 7 came closest to the optimum performance
point in this figure. While the predicted optimum was for a pressure
ratio 5 and a mass flow ratio of 14, the corresponding numbers for the
best experimental performance were 4.6 and 16. This experimental
performance, however, was well within analytic predictions. Near the
optimum performance point it is typical that small performance changes
require large changes in flow conditions. In the experiment with helium
the primary Mach number would have required an increase from 3.1 to 3.4
and the secondary Mach number from 0.38 to 0.8 to reach optimum performance.
Apparently these necessary flow changes come in conflict with mixing
requirements, spoiling the performance near the optimum point.

An essential portion of the discrepancy between analysis and
experiment can be traced to a kind of flow instability in the air-helium
mixing process. This conclusion is based on the following experimental
observations. In these tests helium was admitted to the ejector only
for the time when measurements were actually taken. Outside these

14
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periods, air was admitted at the same secondary supply pressure as that
of the helium. A solenoid valve system provided a fast switchover from
air to helium. At the time of switchover to helium, the ejector pressure
ratio dropped off in a staggering fashion, taking nearly 1 second to
arrive at a steady performance level. According to predictions, there
should have been only a very small drop in pressure ratio for helium
operation. Since the time of performance deterioration was much longer
than the switchover time, the required performance for helium apparently
existed momentarily after switchover. Apparently instabilities in the
mixing process are responsible for the deterioration. The point for

this momentary performance is also entered in Figure 7, marked as square.
This new point is much closer to the perfect optimum. It can serve as

an indication that the optimization process is, in principle, correct
also for helium operation. However, mixing problems prevent the
realization of analytically predicted conditions in steady-state operation.

18
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SECTION V
EJECTOR OPERATION IN TERMS OF THE FLOW DENSITY PARAMETER

1. THE FLOW DENSITY PARAMETER

The “flow density parameter'is a dimensionless magnitude which
appears in the process of solving the ejector equations (see Reference 1).
It has some unique features which make it suitable for characterizing the
flow conditions in an ejector. A graphic presentation of this parameter
as a function of the mixing section exit Mach number provides a
particularly useful tool for studying ejector operations.

The nature of this parameter is best understood by discussing
Equation 21c of Reference 1, from which it originated. For convenience,
this equation is repeated here:

4 ———— .
Mes m/“%"l Mtzr-m_)rz_ Tk fs((%f'l)_ fi* "Zféﬂff?ffg?rfﬁ”)fyg
ke ) | (SRR ) o

The magnitude, which both sides represent, is the flow density
parameter (E) (some notations of Reference 1 have been slightly changed
here). The left side of the equation is a function of the mixing section
exit conditions; the right side of the equation is a function of the mixing
section inlet conditions. Mixing section wall friction is included in
the exit conditions by the factor ¢ (for this factor see Equations 2 and
3 in the Appendix). Wall pressure forces, which appear in a tapered
mixing section due to pressure differences along the mixing section, are
also accounted for. These forces are a function of the taper of the
mixing section, the pressure difference between inlet and exit, and the
shape of the pressure distribution curve along the mixing section. The
taper and the shape of the pressure distribution curve enter the flow
density parameter in the form of the magnitude t, defined according to
Equation 41 of Reference 1 as

16
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T .= —5—-/%—/)+/ (41) Ref 1

The magnitude t enters only the left side of Equation 21c and can be
considered constant for a given ejector problem. The taper of the mixing
section, which enters the right side of Equation 21c and is given with the
geometry of the ejector, is truly a constant. The character of the
pressure distribution is not an inherent constant. However, as mentioned

before, it changes only slightly with the ejector operating conditions and
may be considered a constant as a reasonable approximation.

The meaning of Equation 21c for the ejector analysis is the following:
a) The right side allows an E value to be determined from ejector geometry
and inlet flow conditions. b) With this E value, the left side can be
solved for the mixing section exit Mach number (Equation 22c, Ref 1).
Equation 21c is derived on the basis of conservation of mass, momentum,
and energy in the presence of wall effects. The flow density parameter i
is a constant of the mixing process, from which the exit flow conditions
can be derived as a function of the wall effects. i

As shown in the Appendix, Equation 43, the flow density parameter
can be expressed as the ratio of the exit mass flow density over the
inlet momentum flow density made dimensionless by the stagnation speed
of sound of the mixed media. Since the latter magnitude is independent
of the details of the mixing process, it remains constant as long as the
inlet conditions are not changed. Also, at a given exit geometry the
exit flow density in this ratio cannot be changed unless the inlet
conditions are changed. Thus the ratio is a function of the inlet
conditions only. This confirms the property of E as represented by the
right side of Equation 21c which contains, besides geometric conditions,
only magnitudes given at the inlet. The presence of supersonic shocks
or wall friction changes the exit Mach number but not E.




AFFDL-TR-78-23

2. THE FLOW DENSITY PLOT

The practical application of the flow density parameter wiil be
shown with an example. We take the ejector performance curve for pressure
ratio of 4 in Figure 8 as example to study the flow conditions involved
(the characteristic in Figure 8 is taken from Figure 2.) For this study
we use a graphic presentation of E as given by the relation of the left
side of Equation 21c. Using the mixing section taper and the wall friction
data, which apply to the performance characteristic in Figure 8, we
arrive at the plot given in Figure 9. Altogether three curves result.
The solid line is for the actual mixing section. The two dashed curves
are for the supersonic diffuser, which is treated as an ejector (see
Section IIl 3). The upper dashed curve is for zero wall friction and
the lower dashed curve is for the diffuser with wall friction as indicated
in Figure 2.

We need the curve for zero wall friction to determine the flow
density parameter of the supersonic diffuser. For zero wall friction
and a constant crossectional area of the duct, the inlet and exit Mach
number of the duct are the same in the absence of supersonic shocks.
Thus the top curve in Figure 9 applies also for the inlet Mach number.
If the inlet Mach number, (subsonic or supersonic) is known, the flow
density parameter can be determined from the plot. The exit Mach number
for flow conditions with supersonic shocks and with wall friction can
then be determined. If, for example, the inlet Mach number is 2, the E
value we read from the top curve is 0.41. Moving in Figure 9 along this
value to the first intersection with the lower dashed curve yields the
exit Mach number for the case that no shocks occur. The decrease in
Mach number is then due only to the presence of wall friction. If we
move to the second intersection, which is in the subsonic region, we
obtain the exit Mach number after shock diffusion in the presence of
wall friction. If we move further on to the intersection with the top

curve, again we obtain the subsonic exit Mach number, without wall friction.

In general a given E value has two possible exit Mach numbers, a subsonic
and a supersonic one. However, the top point of each curve does not
coincide with Mach number 1 at the abscissa, except for the uppermost
curve for which the wall effects are zero.

18
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The plot also contains curves of constant pressure made dimensionless
by the inlet momentum flow density (see Appendix). These constant pressure
lines are independent of wall friction. The momentum flow density, however,
is a function of t and the inlet flow conditions. fror a given case of
ejector operation; i.e., for a given E, the momentum flow density is a
constant. Therefore the ratio between two pressure values read from the
curves, for two points with the same E, gives the pressure ratio between
these two points. For instance, in the simple case of a constant area
duct with no wall friction (upper dashed curve) a line of constant E
yields the static pressure ratio across a normal shock for the supersonic
Mach number marked by the intersection of the E line with the top curve.

3.  TYPICAL OPERATING CONDITIONS

In carrying through our example we mark three points (a-c) on the
performance curve selected in Figure 8. The associated E values found
from the analysis are marked in Figure 9. These points should not be
visualized as a sequence of flow conditions occurring in an experimental
run; but rather, each point can serve as a case for explaining a typical
set of flow conditions.

a. Conditions for Supersonic Mixing

If we consider point a in Figure 9 we find that the density
parameter allows a supersonic solution with an exit Mach number of about
3. This exit Mach number is much higher than the primary Mach number.

To produce this high exit Mach number, a flow acceleration would have to
take place during mixing. Since we have a mixing section with decreasing
crossection, acceleration is not possible after mixing. Acceleration,
however, is possible prior to mixing. Upon entering the mixing section,
the already supersonic primary flow can expand to increase its Mach

number. At the same time, the subsonic secondary flow can increase its
Mach number in the space left between the expanding primary flow and the
mixing section wall. Since the mixing process is a dissipative process,
the fully expanded primary Mach number must always be higher than the
exit Mach number. .
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Though flow expansion in the mixing section is possible it cannot
be realized unless the ejector is able to provide the necessary pressure
drop. In the present case, the ejector is obviously not able to provide
the pressure ratio necessary to produce the exit Mach number required to
satisfy the supersonic solution. Thus only the subsonic solution is
possible. For subsonic mixing, the pressure always rises during mixing
and no expansion occurs in the mixing section. A transition from subsonic
to supersonic mixing can only occur if it does not require a pressure
drop in the mixing section. This is possible if the resulting supersonic
exit Mach number is sufficiently below the primary Mach number. There

is a well-defined condition where given inlet conditions allow a supersonic
exit Mach number without a pressure drop. This is the condition of constant
pressure mixing. The point where this condition is fulfilled can be
identified in Figure 9. Considering Equation 44 in the Appendix, the
pressure ratio in this equation becomes unity for constant pressure

mixing. Thus the pressure parameter P in Figure 9 becomes equal to the
inverse of the magnitude B which is given by the inlet condition according
to Equation 9e of Ref 1:

2 2
B = Z’MZ +Z’M~; +C (9e) Ref 1
t[“'i:') t(/+zf

For point a, we find that 1/B is much larger than the P value we
read for the supersonic solution in Figure 9, indicating that a pressure
drop during mixing would be required to produce a supersonic exit Mach
number.

b. Mixing Mode Transition

Point b fulfills the condition for constant pressure mixing,
which allows transition to supersonic mixing. At the point of the
supersonic solution, we read for the dimensionless pressure a value of
0.153. This value is equal to 1/B. The point of constant pressure
mixing can also be predetermined from Figure 8. It occurs along the
line m = 0 drawn into Figure 8. In reality only the performance above
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this line is possible. Below this line the subsonic solution applies,
which gives a performance inferior to the one shown in Figure 8 for the
supersonic solution.

For the mixing mode transition at point b, it is essential to
consider the stability of the flow created by the transition. In changing
from subsonic to supersonic mixing, a drastic change in the pressure
distribution in the mixing section occurs, resulting in greatly improved
ejector performance. This can be seen for point b in Figure 9 if one
reads the dimensionless pressure P at the point of the supersonic diffuser
exit in each case. For the subsonic case (solid circle), we read a value
of 0.52, while for the supersonic case (open circle), the value is 0.62.
To account for the difference in inlet momentum for the supersonic
diffuser in each case, the ratio of the unitized pressures must be
multiplied with the ratio of the respective E values. Accomplishing
this one obtains a pressure ratio of 1.28; 1i.e., the pressure at the super-
sonic diffuser exit is 28% higher in the supersonic mixing case.
Considering the lesser subsonic pressure recovery in the supersonic
mixing case, a net increase of 14% remains. This increase in performance
comes about when the transition occurs. An initial increase of the
ejector pressure ratio allows an increase in primary and secondary Mach-
numbers, a process which improves the ejector performance. Thus the
increase in performance continues until either a balance between increased
pressure ratio and increased primary Mach number is reached or the ejector
geometry limits any further expansion. For the present example it can be
shown that a considerable overexpansion in the mixing section inlet takes
place. Above point b in Figure 8 the constant pressure ratio lines run
almost parallel with the constant mass ratio lines. A slight increase
in pressure ratio allows the operating point to move along a constant
mass ratio line to higher primary and secondary Mach numbers. Since the
ejector geometry does not allow any further expansion if both media are
supersonic, a Mach number of 1 constitutes a kind of limit for the
secondary Mach number.
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Not everywhere in the characteristic shown in Figure 8 are the
pressure ratio and mass ratio curves nearly parallel at the point of
transition. For instance, at very high pressure ratios the curves
cross at a large angle at the transition point. For the operating
point to move along a constant mass ratio line, a comparatively large
change in pressure ratio is necessary. The consequence is that the
operating point, where the flow stabilizes itself after the transition,
will not be far from the transition point (see Figure 4 of Reference 2).

The endstate of transition can no longer be truly identified in
Figure 8 since, as we will see in the next section, a change in the wall
friction conditions for the supersonic diffuser occurs as consequence of
the transition. If we assume that the increase of the inlet Mach numbers
occurs in a free expansion outside the primary nozzle, no new forces enter
the flow system of the mixing section and the flow density parameter must
stay constant during transition.

c. The Limiting Mach Number

In the mixing mode transition process the primary Mach number
can only increase to a certain value fixed by the ejector geometry.
This limiting condition has an essential influence on the ejector
operation. An increase in primary flow cannot change this limiting
Mach number, and the ejector pressure ratio cannot increase at a given
secondary flow rate. Thus with the mixing section Mach numbers fixed,
any change in ejector flow rate increases or decreases only the pressure
in the mixing section. This change in pressure has the effect of moving
the supersonic shock system in the ejector upstream or downstream. If
the primary flow is increased, the shock system moves downstream. The
consequence is that more wall area is exposed to supersonic flow conditions,
and the performance drops. If the pressure i5 decreased, the reverse
happens.
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The 1imit for the upstream movement of the shock system in the
supersonic diffuser is reached at the exit of the mixing section. This
is the condition for the best performance at a given secondary flow rate,
since a minimum of wall area is exposed to supersonic flow conditions.

If the ejector flow rate is further reduced, the shock system enters the
mixing section, spoiling the pressure distribution in the mixing section.
This causes the mixing mode to change back to subsonic, with a sudden
collapse in performance. The resulting subsonic operating point is
always at a lower ejector flow rate than that required for transition to
the supersonic mode.

This hysteresis in the mode transition can be explained in the
following way. In the process of transition the limiting Mach number is
generally reached before the increase in ejector pressure ratio, due to
the transition, is completely utilized. The resulting "excess" of pressure
in the mixing section pushes the supersonic shock system downstream until
a balance between increased wall friction and excess pressure is reached.
This phenomenon is a typical experimental experience (For example, see
Figure 11 of Reference 2). To reverse the transition process, the primary
flow has to be reduced until the shock system is moved back to the mixing
section exit. Only then does a further primary flow reduction reverse
the transition, which results in performance collapse.

In the case of a constant area mixing duct, the wall pressure forces
are zero in the direction of flow, and no performance change occurs during
the mode transition; consequently, no hysteresis appears in this case.

4. OPTIMUM PERFORMANCE

In our example, the "optimum performance" is reached at point c,
where the pressure ratio line becomes tangent to the mass flow ratio line
in Figure 8; i.e., the mass flow ratio becomes a minimum. At this point
the flow density parameter becomes a maximum for the chosen pressure ratio
curve in Figure 8. It has, however, not reached its highest possible
value. This top value is given by the base line of the shaded area in
Figure 9. For the E value at this 1ine, the supersonic diffuser exit

23




AFFDL-TR-78-23

becomes choked, as one can see by continuing the process to the dashed

‘ lines in Figure 9.

Since the E curves in Figure 9 are valid for any point in the
chacteristic of Figure 8, we may survey the characteristic for trends to
increase E to eventually obtain the highest possible value. By moving
from point ¢ in Figure 8 to the right along the optimum line we find that
E decreases. For instance, at the pressure ratio 6 on this line, E has |
dropped to a value of 0.375 compared to 0.394 at point c. If we move on
the dashed line to the left of point ¢, the flow density parameter
increases to reach, at the end of the line, its highest possible value
. which is, in our case, 0.409. Thus we have reached the point of the

absolute optimum in Figure 8.

If we would be able to decrease the wall friction in the supersonic
diffuser, the shaded area would become smaller; i.e., a higher E value
would be possible. This would also move the choking line more to the
left in Figure 8. With a further decrease in wall friction, the shaded
area disappears and the top value of the solid curve, i.e., the mixing
section, itself determines the highest possible flow density. A similar
effect is obtained if the wall friction of the mixing section is increased.
This lowers the solid curve, making the shaded area (the influence of the
supersonic diffuser) disappear. Thus choking can have different causes.

i\‘ If, in returning to our example, we move along the choking line in

‘ Figure 8, we find that E remains constant, i.e., at its highest possible
value. This, however, does not mean that all performances along this

& line are absolute optima. For instance, if we take in Figure 8, point V
on this line and determine the optimum envelope curve for the performance
at this point, we find that point V, as shown in Figure 6, falls on this
curve (open circle); however, it is removed from the absolute optimum
(so1id circle) where the supply pressure ratio is the lowest. If we
check the ejector geometry for this optimum point, we find that the
improvement was obtained by increasing the mixing section reduction
ratio from 0.7 to 0.73, i.e., decreasing the taper.
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If we would introduce this new taper in our example in Figure 9,
the solid curve would move upward causing the base-line of the shaded
area to move to a larger E. For the inlet conditions of point c, the
flow density parameter would drop with the new taper. This implies that
the previous performance could not even be maintained at this inlet
condition. The only performance which can utilize the increased E value
is the one belonging to point V in Figure 8, as demonstrated by the
optimum envelope curve for this performance. In the optimization process,
the performance is given. In terms of the flow density parameter,
optimization means finding the mixing section taper which gives E the
highest value possible for the desired performance.
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SECTION VI
CONCLUSION

The optimization of an ejector, i.e., finding the ejectcr geometry
which produces a given performance with a minimum of primary supply
pressure, can be readily solved analytically, accounting also for wall
and diffusion losses. (The sequence of equations for carrying out an
optimization process is given in the Appendix). Experiments with air
as operating media confirm the analytic results. In case of helium as
secondary medium, it was not quite possible to reach the predicted
optimum performance. Mixing difficulties enhanced by the flow conditions
peculiar to optimum performance were the apparent cause for the discre-
pancies.

A dimensionless magnitude, which appears in the process of solving
the ejector equations and which has been termed "flow density parameter"
since it can be interpreted as the ratio of mass flow density over
momentum flow density made dimensionless by the stagnation speed of
sound, proved to be useful for a graphic interpretation of ejector
operations.

With the help of a diagram, in which this parameter is plotted as
a function of the exit Mach number of the mixing section as well as the
supersonic diffuser, operational states essential for the understanding
of the ejector mechanism can be identified. One such state is where
supersonic mixing, i.e., mixing with a supersonic exit Mach number,
becomes admissable. Another such state is where the actual transition
from subsonic to supersonic mixing occurs in a real ejector. This
transition is a general prerequisite for achieving optimum operating
conditions in an ejector. Physically it occurs where constant pressure
mixing has been reached. The plot of the flow density parameter gives
a particularly clear picture of the conditions where choking in the
ejector occurs and shows that optimization of an ejector means maximizing
the flow density parameter.
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APPENDI X
CALCULATOR PROGRAMS AND DERIVATIONS

Numbers on the left side of equations refer to equations of Ref 1
(or Ref 2 if so indicated) with which the listed equation is identical
or from which it is derived. Equations without identification on the
left side are either well-known thermodynamic relations or simple
substitutions.

1. %QUATIONS F?R CALCULATING AN EJECTOR PERFORMANCE CHARACTERISTIC
FIG 2 or 7

Input Data:
"p

Ys

RS/Rp
(T)o/(Tg)o

npol

[cgl/(20) ], referred to M,

[ch/(ZD)]d referred to M

ex-d
i = 0.8 for supersonic mixing
t
(A /A.)
PTs Refl  Loference layout of ejector *)
M
Ref

*) Under the assumption of a fixed crossectional inlet area and taper
of the mixing section, Eqs 20 and 21 of the sequence of equations
below calculate a new Ap/As for any other primary Mach number Mp

occurring in the characteristics of Figs 2 or 7, i.e., the primary
nozzle is always correctly expanded for any point in these
characteristics.
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a. Pressure Ratio Curves
Select parameter value: (pEx)°/(Ps)°

Independent variable: Ms

The equations are solved by iteration of f and Ap/AS (Eqs 18 and 21
below). As a first approximation assume

f=1.4

Ap/ As g (Ap/ As ) Ref

start with (pEx)o/(ps)o as close to reference conditions as possible.

Sequence of equations for calculator program:
Co-s _ _55_.!_’5_.L_),7P‘/)
<p-p Ro 2 (257
C
i “[Z%_L]m

ca = I+,
i

a1 4
.(_7:.)_ - I # ):i -/%2

L
S/0
Ts 2

(e - [(Ee]#57
Ps A
- ... = %?f. Ps 2

(1)

(2)

(3)

(4)

(5)

(6)

(7)
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t(1+£5 M2 fs)
9eMp - V_/_:AP_)_B— y%i_[’.tﬁf_li_)(s)

7 A, 7p

my _ V| Ae%Rs(B)y M5 [2+(3-1) MY
A YR (B)y M5 [2 *{?'s'/) MSZJ

= 75 mp 2
16 Fex //*_5%1}(/* ms Vs
Ms

Molieme) (s 2 Re) (ool )T ),

E =
21c Bﬂ;{(ﬁff} [/"%f%f) cf;f“.'f?r:',f +/) 5
2
06,,, T nyl Emcm
22CM2 2 /"["Z//‘ N;L["Z"[Z_C?@ ¥ ?’:/x _/);0(""2\]
Ex-m Cm Op %‘x & }’Ev +!

For the subsonic solution delete the minus sign before the root.

2
- Bd S Pex fo—m +/
21¢ M _/ \
Ed = ____Q’_;: l// s Z)Lé— Mff-m

2

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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2 bx [1[' 226+ 7 ‘/)*“d]

h 22¢ Exd Cq ood Yer — Ve * /

(17)

E T [),fx fzd_d*/)[)'fx Ez,',m Cm * T)
57 IS n+l vy -
S Bd[/* N / % ; (18)

foofe = (26 hu)g )
Yol

s g [ Bt ] B

Ap Mret /+Z§——’ MP (20)

25

) /
Ref 2 °E§_ As éfﬁi[/ +/ﬁ§—)ﬁef]_/ (21
L[{ '2'/ /‘VZ[AS) [ )m, 3 (19a)

Principle result: Mp

Other results:

QQM - Bm p‘_d - 7!“ gEm /

use Eqs 22 and 22a to calculate w (see Sect III 4)
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b. Mass Ratio Curves

Use Eqs 36a and 36b below with mp/n.s as parameter.
Determine Ap/As from Eqs 20 and 21 above.

2. EQUATIONS FOR PLOTTING AN OPTIMI2ATION DIAGRAM (Figs 3, 4, or 5)

Input Data:

"p

Ys

Rs/Rp
(Tp)o/(Ts)o
"pol

[ch/(ZD)]m referred to "Ex-m
[cel/(20) ]y referred to Me, .

i = 0.8 for supers. MEx-d

a. t-Curves

Select: ejector performance (PEx)°/(ps)° and mp/mS
parameter value t

Independent variable Ms

The equations are solved by iteration of f (Eq 35 below). As a
first approximation assume

f=1.4

Sequence of equations for calculator program (equations which
occurred already in the preceding program are only listed by their numbers):
—gB:L. (1)
P-p

Cm = (2)
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Ca = (3)
By = ©
5’%)0/;05 B

)/[x = (]0)

10 b ~ —i;:f—%

R
et
% Rp

m g = /’,777_:,\15)2}; {(;_—‘})"[2+[%-/)%2]

mp Cpp (B /)/70

c me(%)
Q M( p-5""s( %5 Jp
= ( ’”p)'(cppmp+/)7'
"ms 35 /\Cps g »
T = ()
108a a, = _tﬂo_,_-_,,)e [—L—p )
¢ %o (Ps), P
109a az = —ty}
107 ¢ = gf-q
13 A = I-cla-b)*p,-1)

114 & 2‘—'(0‘0)[/;;,—/)a+//
115 C = c-a[zfa();o-/)/

32

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)
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2 TN
116 —Ai = B+VB + #AC (32)
A,, 2A
21c Em = a (33)

A
q ‘2}',"‘//* Tf)
m = (12)
2
Movermn = 013}
Bd = (14)
Ed = (15)
Nd = (16)

ML = G

2
PEx-d = )i’x MEx—m*/ (38)

pEx—m ¥ex Msi—d Ca i
- )éx MEX'mcm*Z\' (35)

@?’x
Per-d [/'l' Ver -/ Mz n-/t
2 Ex-d

pEx—m

9e

N

47

3. Asle A
105 M, (/ + AP)a i b (36)

Principle result: Mp and Ap/As
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b. Envelope Curve

The points for which the root either in tquation 13 or 17 becomes
zero (choking condition) establish the “envelope curve" necessary to find
the optimum ejector layout as shown in Figure 6. The iteration process
in the present calculations begins to fail near the zero root conditions.
This failure, which results in a negative root, is for practical purposes
a sufficient criterion to mark points for the envelope curve.

€. (Ap/AS) Curves

For plotting the (Ap/AS)-curves Equation 9 is either solved for
the primary or secondary Mach number. If we choose the secondary Mach
number for the solution the result is:

/+N /)= 1
. vt « 7T

s (7% - 1)

(36a)

where

Ap M 2 Rs (%) NIMm2
o[ 3T 3 o]

P
Ms can then be plotted against Mp as independent variable with Ap/AS as
a parameter.

3. INTERPRETATION OF THE FLOW DENSITY PARAMETER

The following interpretation consists only in substitutions by well
known thermodynamic relations.

Mol + Bt md)t

21c e (37)

n,M:,w?
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(39)

(40)

(41)

Vex $Pex
& Qo (Pex )o
%:‘xz PErC . pEx (3
(Pex o

(42)

dimensionless exit mass flow density
dimensionless inlet momentum flow density

The inlet momentum flow density is expressed in terms of the exit
conditions with the help of friction factor c and wall force factor t.
Equation 42 can be also transformed into

V;
[ - EX ffx y aO (43)

{%3 PExC i pgx Z_) y Ex




AFFDL-TR-78-23
4.  INTRODUCTION OF A PRESSURE PARAMETER IN FIG 9

-/ !
/Hkx[rl g 2%%_—_ rﬂmf X

21¢ E = 3
Yex Mes €+ T

. -%fl‘-[;;fofc*T)

E = Me'x//* "Mz)f f,,fs‘_') (44)

Eq. 44 is plotted in Fig 9 with

Bhaie
)

as parameter. The unitizing expression (psB) is the inlet inpuls density
and can be expressed by the mixing section inlet conditions:

M,, oy M’

9 B = (45)
or in case of a constant area supersonic diffuser
(8 = B [0 Mome1] e

¢
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Figure 1. Ejector Flow Scheme
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Figure 3. Ejector Optimization, Example I
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Figure 5. Ejector Optimization, Example III
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Figure 6. Curves of Constant Total Supply Pressure Ratios (primary to
secondary) for Determining the Optimum Operational Point on
an Envelope Curve of an Optimization Plot. Five examples of
envelope curves are entered. Curves I to III pertain to
optimization examples I to III, shown in Figs. 3, 4, and 5,
respectively
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Figure 7. Performance Characteristic of the Ejector as Shown in Fig 2
with Helium Replacing Air as Secondary Medium
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Figure 8. Ejector Performance Characteristic Previously Shown in Fig 2
with Selected Operating Points Marked
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Flow Density Plot for Ejector Conditions Indicated in Fig 2
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