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SECTION I

INTRODUCTION

The Naval Air Systems Command, Department of the Navy, has established a
long range goal of providing aircraft fuel systems with as few moving parts as
possible. As a result, a Research and Development contract NOw 66-0602-c
was awarded to the Douglas Aircraft Company to develop and test an Ejector
Pump Engine Fuel Feed System to supply fuel to the engine at a rate up to

70, 000 pounds per hour, at altitudes up to 60, 000 feet and under various
gravity conditions as specified in the contract.

An ejector pump is a device by which a fluid stream may be pumped by the
action of a high velocity jet of a second fluid stream. The pumping action is

a result of a transfer of momentum from the jet fluid to the fluid being pumped.
The use of ejector pumps in the past has been limited to transfer applications
and relatively low flow rates and pressures. It is expected that the next
application of ejector pumps will be to replace the aircraft booster pump in
aircraft such as the F-4, A-5o0r the F-111. Requirements may consist of
large fuel flows, two stage fuel flow for main engine and afterburner operation
or high fuel temperatures of approximately +200°F. Sufficient research has
been done to design a system to satisfy these conditions.

Negative and zero gravity conditions require special methods for maintaining
a continuous supply of fuel at the inlet to the fuel boost pump. This program
has studied a means of introducing an artificial gravity force to maintain the
fuel at the wall of the tank for pickup to supply the pump.
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SECTION II
DESIGN REQUIREMENTS
The contract specifies that an ejector pump engine fuel feed system shall be
developed for a single tank with dual engine feed provisions.

The system shall be capable of supplying fuel to both engines under the
following conditions:

° Fuel flow rates as shown in Figure 1.
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FUEL FLOW PER ENGINE (1000 LB/HR)

N
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FIGURE 1. FUEL FLOW RATES FOR VARIOUS ALTITUDES

e Maximum allowable pressure drop through the fuel feed line as
shown in Figure 2,
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° Fuel temperatures from a maximum of +200°F down to -65°F, or to
a temperature corresponding to a fuel viscosity of 12 centistokes.

e  Fuel at the inlet of the engine driven pumps at pressures between
. 30 psi (relative to atmosphere) and 5 psi plus true vapor pressure of
the fuel and vapor-liquid ratios of not more than 0, 45.

e  All normal flight attitudes,

4y

e  Altitudes from sea level to 60, 000 feet.
e Flight operations under negative lg for 60 seconds.
e Flight operations under zero g for 30 seconds.

e A horizontal loading during catapult of 7g's minimum to 8g's
maximum. A horizontal loading during arrested landing of 4g's
minimum to 5g's maximum.,

The following ground rules were established at the beginning of the program
with regard to fuel flow and fuel temperature:

° The fuel flow as shown in Figure 1 was made up of two components,
main engine fuel flow and afterburner fuel flow. The proportional
division is shown in Figure 3.

® A single ejector pump must provide two engine fuel flow for
maximum main engine power, but need supply fuel flow for operating
with only one engine afterburner.

° The fuel temperature in the tank will be a maximum of +135°F and
heat inputs between the ejector pump and the engine inlet will raise
the fuel temperature at the engine inlet to +200°F,

e In order to meet the requirements of MIL-F-17874 for a maximum
evaporation of two percent of the fuel, the tank must be pressurized
to maintain a minimum of 5 psia.

Based on the above requirements and assumptions, the pump performance
as shown in Table I is required.
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TABLE I

EJECTOR PUMP DISCHARGE PRESSURE REQUIREMENTS (MINIMUM)

2 Engine Military Power

Sea Level - 21 psia ( 1 psig) @ 20,000 P, P, H,
37,000 feet - 21 psia (13 psig) @ 14, 000 P, P, H,

60, 000 feet - 21 psia (15 psig) @ 7,000 P. P, H.

Afterburner Power

Sea Level - 34 psia (14 psig) @ 70,000 P, P, H.
37,000 feet - 34 psia (26 psig) @ 70, 000 P. P, H.

60, C0O0 feet - 26 psia (20 psig) @ 35,000 P, P, H.




SECTION III

DESIGN APPROACH

3.1 FUEL FEED SYSTEM

To meet the design requirements, a system as shown in Figure 4, was
designed and developed to malie use of the following basic components:

° Two-stage ejector fuel pump where one stage operates for main
engine operation and an additional stage is activated when the after-
burner flow is required.

° A fluidic proportional amplifier which would sense ejector pump
discharge pressure and divert sufficient motive fluid to reduce the
ejector pump operating performance.

° A flexible fuel inlet which will stay at the bottom of the tank sump
during normal flight and move upward to the top of the sump for
negative g conditions.

° A swirl jet which will induce fluid rotation in the sump area of the
main fuel tank and, by centrifugal force, keep fuel at the wall of the
sump during zero g conditions.

3.2 EJECTOR PUMP

The ejector pump is powered by motive fuel which is bled from the discharge
of the high pressure stage of the engine fuel pump. The primary stage nozzle
will take fuel from the main engine fuel pump at all times. The secondary
stage nozzle will take fuel from the afterburner fuel pump only when the
afterburner system is actuated. This will provide a pump which will not
continuously bleed a large volume of motive fuel when not in the afterburner.
The primary stage delivers a sufficient ainount of fuel, at the required
pressure, to supply two engine flow requirements. See Section IV for analysis
and development testing.

3.3 FUEL TANK SUMP

3.3.1 Flexible Pickup

The flexible pickup consists of a flexible hose mounted approximately mid-
height in the sump so that the loose end can move up or down. On the end of
the hose, there is a pickup which is heavy enough to keep the hose deflected
down and shaped to allow the swirling fuel to produce a slight side force to
keep the pickup against the tank wall. As the airplane enters a negative g
condition, the weighted pickup will move to the top of the sump and continue
to pick up the fuel. See Section V for details on design and testing of the
flexible pickup.
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3.3.2 Swirl Jet

For zero g flight condition the fuel could be located anywhere in the sump and
may not be replaced from the main portion of the tank as fuel is removed for
engine consumption. The design concept used was to purposely place the fuel
at the tank wall where it could be picked up. This is done by introducing a
jet of fuel along the wall of the sump and creating a fuel rotation which by
centrifugal force keeps the fuel at the tank wall where the fuel pickup is
located. The intertank transfer fuel could be supplied to the main tank in a
manner to provide the fuel for the swirl jet. If under zero g conditions the
intertank transfer stops, then there must be an additional means of providing
a sustaining swirl jet. The sustaining jet need not be as large as the jet
required to start the swirl. See Section V for details on swirl analysis and
testing,

3.4 FLUIDIC AMPLIFIER

The fluidic proportional amplifier is a momentum exchange device located in
the primary stage motive fluid line. The main flow enters the amplifier,
exits through a nozzle, traverses a gap, and is caught by a receiver tube
where the flow then continues on to the ejector pump. As the discharge
pressure of the ejector pump increases, a control flow will be fed back tn the
amplifier. This control flow is introduced normal to the main flow. The
higher the ejector pressure the more the flow in the amplifier is deflected,
thus tending to reduce the flow available for the nozzle usage in the ejector
pump. The flow which is diverted will be returned to the aircraft fuel tank.
See Section VI for analysis and testing of the fluid amplifier.
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SECTION IV

EJECTOR PUMP

4.1 DESIGN OBJECTIVES

The objectives of this investigation were; (a) to determine those parameters
which best describe the operation of the ejector type pumps, (b) to examine
and test various ejector configurations and their adaptation to fuel feed sys-
tems, and (c) to derive methods for rapid solution of ejector fuel feed system
sizing problems.

4.2 THE SIMPLE EJECTOR

4.2.1 General Description

An ejector, also called jet pump, eductor, or injector, is a device which uses
the energy of one fluid stream to pump or entrain another fluid stream. The
two streams may be of the same type of fluid, as in the water-well jet pump,
or different fluids as in steam ejectors used to pump air,

Ejectors are of interest in pump engineering primarily because of their mechan-
ical simplicity. Having no moving parts other than the two fluid streams them -
selves, wear, vibration and other mechanisms of mechanical failure are reduced
to a minimum. This enhancement of reliability has led to much interest in the
use of ejectors for aircraft systems.

Figure 5 shows schematically the arrangement of the simple ejector. A nozzle
directs the motive fluid stream into the area occupied by the pumped or sec-
ondary fluid. The secondary fluid is entrained within the region between the
motive nozzle exit and the end of the mixing tube. The mixed fluids are then
discharged, usually through a diffuser, into a receiver tank or feed line.

The following discussion will be limited to the case of pumping where both
motive and secondary fluids have the same physical properties are the same
temperature and are incompressible. The nomenclature used is as follows
and is taken mainly from Reference 1, as are most of the equations used.

Symbols
A cross sectional area - in.
d diameter - inches
g gravitational constant - 32,2 ft/sec2
L mixing tube length - inches
P static pressure - Lb/in, 2
P total pressure - Lb/in. 2
S nozzle to throat spacing - inches
S length of high velocity core - inches
T temperature
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Szm bols (Continued)

A velocity - Ft/sec
w weight flow rate - Lb/hr
’ e cavitation function - Lb/in. ¢
H fluid viscosity - Lb/ft-hr
> 5 fluid density - Lb/ft3
Subscripts
1 Stage 1
2 Stage 2
a throat entry
d discharge, diffuser exit
i nozzle entry
L limiting
m throat section
mep maximum efficiency point
n nozzle or motive fluid
2 o inlet entry, secondary fluid
s secondary fluid
' Dimensionless
Ratios
A
b nozzle to throat area ratio = _____An
m
f friction factor = Kd/L
P, - P
. _ °d 0
N pressure ratio = ————
P, - P
i d
R Reynolds number = l;f‘—
n efficiency = ¢N
\'
A velocity ratio = '\7‘$—
n
Ws
¢ flow ratio = W
n
15




Friction
Loss Coefficients

Ke expansion loss

K1 nozzle

K2 throat - entry

K3 mixing tube wall friction

K4 diffuser

K34 mixing tube - diffuser, K3 + K4

The motive nozzle pressure drop is

1.11 x 107°w %

P.-P = D} +K,) (1)
i o) ZgéAnZ 1

where

1.11 x 10'5

is a conversion factor permitting calculation using dimensional units as

described in the nomenclature, (144 in, 2/ft2 = 36002 secz/hrz)

The output pressure rise of the ejector is,

e _ 1.11xlo'5w2 262 b2
D YCRE N= > 2b + -
© 2g 6 A
n
2., 2
(1 +K )b2(1+¢)2-(1+K)—9—b— (2)
34 2(1-b)2
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The overall pressure drop, motive nozzle entry to ejector discharge is,

-5 . 2

1.11x 107° W 2,2

B .P. = — n S2p -2 b
P, -P, = 5 4 R = By =t

A
(1+K,) 6% (1+8)7+(1+K,) 2P (3)
(1 - D)

Ejector efficiency is defined as the ratio of energy output to energy input

W P,-P
T = . = ¢N (4)

Figure 6 shows typical ejector pump-down curves for two different nozzle
pressures. As the ejector discharge pressure is increased, as by closing a
downstream throttling valve, the quantity of induced fluid pumped decreases.
The pump-down curve for an ejector is similar to that of a centrifugal pump.
Also shown in Figure 6 is the efficiency curve of the ejector. For a given
ejector geometry there is a discrete operating point which gives best operating
efficiency. This point is usually designated as the maximum efficiency point
or mep.

In Figure 7, the pressure difference ratio versus flow ratio is plotted for
ejectors with area ratios ot 0,05, 0.10, 0.15, 0,20 and 0.30, The presenta-
tion of pressure difference ratio versus flow ratio has been used for some

time as a method for estimation of ejector performance. The semi-logrithmic
plot used in Figure 7 was selected to show more clearly the N versus ¢ relation-
ships for small values of N. The dependency of ejector flow ratio on the pres-
sure difference ratio can clearly be seen. For any given area ratio and nozzle
pressure increasing pump, discharge pressure reduces flow ratio. Flow ratio

is at a maximum where Pd = 0. Conversely, for each ejector size (area ratio)

there is a maximum pressure difference ratio available which is indicated at
the ¢ = O(Ws = 0) point. Throttling the flow beyond this point results in expel-

ling motive fluid from the inlet port of the ejector. Ejectors with high area
ratios have a greater potential discharge pressure than those with low area
ratios. However, low area ratio ejectors have a greater flow ratio potential
i than high area ratio ejectors.

4.2.2 The Flow Losses in the Ejector

The prediction of the flow loss coefficients is of importance to the estimation
of ejector performance. These losses are dependent upon the shape of the
ejector passages, i.e., contour of motive nozzle inlet, contour of throat entry
and discharge diffuser, length of mixing tube, and nozzle to throat spacing.

17
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4.2.2.1 The Motive Nozzle Loss Coefficient

K,, the motive nozzle loss coefficient can be derived by tests of the contem-
plated nozzle configuration or can be estimated by reference to literature.
Cunningham (Reference 1) suggests a value of Kl = 0. 10 for Reynolds numbers

of about 20,000 and greater. This value appears to be reasonable as compared
with testing accomplished under this contract, although somewhat conservative
at high Reynolds numbers (100,000 and above). Accurate determination of the
loss coefficient can be obtained by testing the contemplated nozzle design, at
various flow rates and nozzle pressures, and calculating the nozzle discharge
coefficient, The loss coefficient can then be determined by the equation,

K. = 1 =0 (5)

1 (Discharge Coefficient)2

or the loss coefficient may be calculated directly by use of equation (1). The
relationship of discharge coefficient, sometimes denoted as CD’ to K1 is given

here because it is sometimes of interest to compare CD with values obtained
from other literature sources.

Figure 8 shows the flow versus nozzle pressure drop for the initial test ejector
nozzles used in this study. A comparison curve for an equivalent nozzle having
a loss coefficient of K1 = 0 is also shown with each nozzle test curve. The

annular nozzle performance is comparable to that of a simple nozzle. More
discussion of nozzle geometry and performance will be presented in the section
on ejector geometry.

4,2.2.2 The Throat Entry Loss Coefficient

KZ’ the throat entry loss coefficient, is usually small, especially for the case
where the motive nozzle exit is withdrawn some distance from the throat entry
itself. The curves shown in Figure 9 give good values for entry loss, using
radius type entries., Due to manufacturing complexity, it is probably more
desirable to use a conical entry. Cunningham (Reference 1) recommends use
of a 1200 angle conical entry with slightly rounded throat entry. Hansen,
(Reference 2) in his work, used 26-55 degree conical entries. Hansenachieved
a very high ejector efficiency, 42 percent maximum, with an ejector having

an area ratio of 0.295 using a 40° conical throat entry. Cunningham was
never able to directly measure K, and therefore assumed that KZ = 0, in his
theoretical performance calculations.

It appears that for ejector configurations using a very small s spacing, in
some cases s = 0, that throat entry configuration and external motive nozzle
shape play an important role in ejector performance. Flugel (Reference 3)
evaluated different throat entry shapes with small s spacing as did Keenan,
Neumann, and Lustwerk (Reference 4), Both studies show the importance of
throat shaping on ejector performance using small s spacing. Throat entry
geometry will be discussed further in the section on cavitation characteristics
of ejectors,
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4.2.2.3 The Mixing Tube Loss Coefficient

K3, the mixing tube loss coefficient, can be estimated by the equation:

.
K, = {3 (6)

Where f is the friction factor, L is the constant section mixing tube length and
d is the throat diameter. For convience of the reader in determining K3,

Figure 10 gives the relationship of friction factor and Reynolds number for
flow in smooth tubing. Reynolds number may be calculated from,

48 (W_+ W _) 48 W (1 +9)

R = = (7)
md B md_ K

A curve of viscosity versus temperature for JP-3, JP-4, and JP-5 fuels is
presented in Figure 11,

4,2.2.4 The Diffuser Lioss Coefficient

Ky the diffuser loss coefficient may be determined from Figure 12 knowing
the diffuser half angle and area ratio. From this figure note that diffuser loss
is at a minimum for a diffuser cone half angle of 3°,

K3 and K4 are combined in equations (2) and (3). The resultant K34 = K3 + K4

represents the combined mixing tube and diffuser losses encountered in the
ejector, Good design makes it imperative to reduce K34 as much as possible
to obtain high ejector efficiency.

4,2.3 The Mechanism of Pumping

An interesting photograph is presented by Flugel (Reference 3) showing the
mixing vortices forming in the contact surface between two fluids flowing at
different velocities. For purposes of discussion this vortex formation is
shown pictorially in Figure 13. The mechanism of pumping appears to depend
on vortex formation and the pushing-action of the high velocity fluid on the low
velocity or secondary fluid. The fact that turbulent vortex formation plays an
important part in pumping as it occurs in the ejector is further substantiated
by Cunningham who observed rapid degradation in ejector performance during
tests at flow Reynolds numbers of 3,000 and lower. Remembering that such
low Reynolds numbers represent flow in the laminar flow region where vor-
texing is nonexistent, seems to bear out the importance of flow turbulence in
pumping. The results of other investigations, as summarized in Stepanoff's
"Centrifugal and Axial Flow Pumps' (Reference 5), indicate that ejector pump
efficiency increases almost tenfold from a Reynolds number of less than 1000
to a Reynolds number of 800,000 to 1, 000, 000.
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4,2,.3,1 The Motive Fluid Jet Stream Model

. For high pumping efficiency, it appears that the motive nozzle design pressure
should be high enough to provide a velocity indicative of flow in the turbulent
flow region. An approximate model of the motive nozzle flow and entrainment
process can be established by reference to the work of Pabst, Corrsin, Ruden,
and others as summarized in Reference 6. These studies established the
velocity and temperature profiles in a round air jet emerging into still-air.

Figure 14 shows an approximate "plume' of a fluid jet as it emerges from the
nozzle exit and as entrainment occurs at various stages downstream of the
nozzle exit. The outer line, or virtual boundary, of the jet is defined as the
point at which the velocity parallel to the axis is 10 percent of the velocity at
the axis of the jet. Initially this boundary forms a cone with an included angle
of approximately 9°. The entrainment process continues at a uniformly
increasing rate to a point four to six nczzle diameters downstream of the
nozzle exit. At this point the plume boundary expands, forming a cone with an
included angle of approximately 18° and the velocity at the center axis of the
jet begins to decrease below its initial value. Further entrainment takes .
place until the jet velocity at the center axis decays, presumably to a low ¢
laminar flow velocity, It appears that entrainment occurs in two definable i
stages. Initial entrainment is the interaction between motive fluid from the

nozzle and the secondary fluid occupying an area extending from the nozzle

exit to a region four to six nozzle diameters downstrea.n of the nozzle exit.

A second stage of entrainment occurs downstream of this point and involves

t the interaction, not only of the motive nozzle fluid and surrounding still-fluid,

f but also the secondary fluid entrained in initial entrainment region. It appears
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that the additional interaction is the essential ingredient for the increased
pluming effect beyond the four to six nozzle diameter downstream point in the
flow.

The model presented is based upon motive nozzle flow which can be defined

as nearly incompressible and turbulent (Reynolds numbers from approximately
10, 000 to 1,000,000 for JP type fuels). The nozzle is convergent with a sharp-
exit. The flow emerges into a region occupied by a nearly still-fluid with the
same physical properties as the nozzle fluid.

4.2,.3.2 Effect of Secondary Flow Approach Velocity

The motive nozzle plume model of Figure 14 is based upon an induced flow
approach velocity of, theoretically, zero. As axial induced flow velocity is
increased, the motive nozzle plume angle decreases. The entrainment process
is the same as for the still-fluid model, at least in theory, except that for

any given increment in time the process occurs over a longer axial distance,

as secondary fluid approach velocity is increased. For the constant velocity
cone of the motive nozzle flow, the still-air or Vs = 0 condition has been

found to give a length of from 4 to 6dn' Forv_>0, the constant velocity

cone length becomes approximately 6dn/ (Reference 6),

1-\

where

<l<
m

=}

Nozzle bluntness appears to affect the length of the high velocity core. The
core length, as observed from tests of various nozzle configurations, is
discussed in section 4.2, 4. 4.

4.2.3.3 Cavitation and Its Effect on Induced Flow Approach Velocity

Cunningham (Reference 1) made a thorough study of the cavitation phenomenon
as it occurs in the ejector. From tests and the use of the momentum ex-
change theory, he established a relationship for predicting the limiting flow
ratio which an ejector of given area ratio can attain. Cavitation appears to
depend upon the ejector geometry, the inlet or supply pressure to the ejector,
the motive nozzle pressure, and an empirically determined Y function. The
resultant equation for limiting flow is

1/2

1.y [UHK)Y o
v * % \5 op

1 o)

Viewed as an ejector performance phenomenon, an ejector operating at a fixed
inlet pressure and motive nozzle pressure will respond to decreasing discharge
pressure (such as opening a downstream throttling valve) by an increase in
induced flow, to a point. Beyond this point the ejector fails to respond in the
predicted manner. The induced flow fails to increase in response to a
decrease in discharge pressure.
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Cunningham observed cavitation in a special ejector made of plastic and
instrumented with static pressure taps located at various distances down the
mixing tube. During his tests, a discrete front or wall of cloudy fluid formed
starting near the throat of the mixing tube. This visual observation was
accompanied by a corresponding sudden increase in static pressure across
this front. Increasing the nozzle pressure under these conditions caused the
front to move progressively further downstream in the mixing tube. This
cavitation phenomenon was accompanied by a high pitched whistling sound and
the visual detection of large quantities of air bubbling out of solution,

The oil used in these tests was known to contain up to 15 percent by volume of
dissolved air. Fuel can also contain relatively large amounts of air in
solution.

The release of air dissolved in either fuel or oil is caused by a reduction in
static pressure of the surrounding environment. The entrainment process is
accompanied by a corresponding increase in induced fluid velocity. Where the
motive nozzle is located close to the throat of the mixing tube, the secondary
or induced fluid velocity may increase to a very high value because of the
restricted opening available to flow proceeding to the throat of the mixing
tube. Air dissolved in the liquid will come out of solution. The higher the
induced liquid velocity, with a resulting decrease in static pressure, the more
air will be evolved. Induced air and liquid are accelerated as the entrainment
process proceeds into the mixing tube.

The sonic velocity of air is approximately 25 percent of that for fuel or oil,
Since the air is carried along with the liquid at equal velocity, the assumption
can be made that as induced flow velocity is increased, a point will be reached
where a shock front caused by evolved air will develop.

For a perfect gas, the critical or sonic velocity can be defined as

Vc = Vks R TC

where:
c
k = ratio of specific heats c_p
v
RC = gas constant
Tc = absolute temperature at the critical condition

Cunningham defined the Y function as:

2
VsL

Y:'YZg

which is the dynamic pressure of the induced flow.

.
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A\ for air = V

o sl for the liquid being induced.

Since there is no physical reason for the liquid flow to be choked other than
the presence of large quantities of air or fuel vapor,

Ykg R T_ _ YkR_T_

¥ E 2g 2
Since
2. R T for a perfect gas
Y cc
. Pk RCTC _ .Ep
2R T z
cc
k = 1.4 approximately for air at room temperature.
Y = 0.7P

Assuming the fuel in the ejector inlet is flowing at low velocity, -130 = Po' As

' the velocity increases in the approach to the mixing tube, and assuming neg-
ligible throat entry loss, the limiting flow condition will be reached at

0 -

X = 0.0 P
o

From the results of many tests, Cunningham derived the empirical relation-
ship

Y=0.68P
o
which agrees closely with the assumed condition.

At altitude, or under conditions for extremely high nozzle velocities, pumping
high temperature and/or high vapor pressure liquids, the above relationship
appears to yield too optimistic an induced flow rate. Reference 7 refers to
tests run on low-area ratio ejectors using nozzle pressures of up to 600 psig.

The fluid used was JP-4 at 110°F. In these tests the cavitation limit was
reached at a lower induced flow than that indicated using equation (8) with
Y =0.68 Po' In this case the light-ends of JP-4 fuel boiling out of solution

could cause the shock phenomenon of limiting flow. Assuming this to be so
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The value for k was calculated using the relationships

k = Cp/Cv
c, = ¢, -§
where
J = 778 Ft Lb/Btu
Cp = 0.493 for JP-4
R = 1545 - 1545 _ 12. 352

molecular weight of JP-4 125

Although this determination of the Y function is rather crude, close agreement
with the limiting flow achieved during the tests described in Reference 7 was
found.

Assuming KZ = 0, 150 = Pa + Y. The static pressure in the area of the

entrainment region should be maintained above a value

P = 0.5P
a o

where the gaseous products of fuel are considered to exist due to high fuel
vapor pressure, low inlet total pressure and high motive nozzle pressure.

For limiting flow conditions due to air entrainment when using low vapor pres-
sure fuel (such as JP-5) the static pressure can be lower.

P. = 0.3P
a o

The limits of static pressure reduction impose definite limits on the induced
flow approach velocity and thus on the throat entry geometry and nozzle-exit
to throat-entry spacing, or S distance.

For '" purpose of the following analysis, it is assumed that
- 3 dn
S = the constant velocity cone length = e
where
v
o
AT
n
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: For JP-4,
2
YV
sL - o0.5P
2g o
v 2 g 1Do
sL. 7y

Wn
V =)
n AnY
v 2 ¢ g\F; - By
n Y (1+K1)
Voo _\/gPo'Y(l+Kl) _Jos (1K) P, ) “
. e L 1
n 2g ¥ (B, - P ) (B, - P )
) 6d_
s = (10)
. 0.5 (1 +K,) P_
P.-P
1 (o}

It can be seen from this equation that as 1'5i - I—DO is increased, the plume

model must approach the "still" secondary fluid (Vs = 0) model in order to
prevent limiting flow cavitation.

Equation (9) can be used to determine the limiting value for V_ and thus define
the minimum cross sectional area of the ejector inlet plenum.s For most
- cases the inlet plenum cross sectional area should be larger than this mini-
- mum. Ideally, the plenum should be infinite in cross section with Vs = 0.

To eliminate gas evolution, all entrainment should occur before the induced
flow enters the restrictive mixing tube throat.

Referring again to the still-fluid model of Figure 14, the entrainment zone
i boundary is approximately defined by the motive nozzle plume angles. By
placing the mixing tube throat at the point where mixing tube diameter dm

equals the plume diameter, as shown in Figure 14, the condition for the
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desired degree of entrainment will be fulfilled. For the condition where
VS > 0, distance S in the plume model must be modified to accommodate this

approach velocity. The relation previously cited should be used, namely

£X)

6d
- n
S = R (Vs Vn) (11)

If the plume diameter is measured at the point S and compared to the nozzle
diameter, it is found that

0.5143 (12)

This value is a constant which can be used for any value of Vs/Vn. In other

words the entrainment reaction always occupies the same cross sectional area
at the point S downstream of the nozzle, The numerical value of S however,
is dependent on VS/Vn. (See Equation 11,)

It is interesting to note that '

d, 2 . {
— = 0.264
<ds’>

From many literary sources comparing nmep to area ratio, b, it has been

established that ejectors with area ratios from 0.25 to 0.3 give the highest
mep efficiencies. It is probable that the entrainment process is most efficient
if dm is located at or near the S downstream entrainment point,.

4.2.4 Ejector Geometry

From the previous discussion some conclusions as to proper ejector geometry
can be reached, especially for the ejector used to pump high vapor pressure
fuel under the adverse conditions of low inlet pressure to be encountered at
high altitude.

4.2.4.1 Ejector Inlet and Throat Entry Geometry
Because of the cavitation problem, the secondary flow velocity in the approach

to the entrainment region should be low. Theoretically the entrainment plenum
should be infinite in cross-section and Vs =0,
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An approach to this hypothetical condition can be achieved by designing the
plenum with as large a cross section as possible and allowing all entrainment
to take place before the :nixed flow reaches the mixing tube throat.

Since there is a rate associated with dissolved air coming out of solution and/
or fuel vaporizing due to reduction of static pressure, the transition from the

plenum to the mixing tube must be accomplished rapidly, such that the elapsed
time is very short. Once the flow has entered the mixing tube the static pres-
sure will gradually increase from the throat to the discharge port of the ejec-

tor, inhibiting further vapor evolution.

A number of throat inlet configurations were tested under this contract. Three
of these configurations are shown in Figure 15. Corresponding performance
curves for these three configurations are shown in Figure 16. Best pressure
recovery was obtained with Configuration 1 and best flow ratio was obtained
with Configuration 2.

It appears that a short, rounded entry would produce best results. The throat
entry of Configuration 2 most nearly conforms to this configuration. Figure
16 shows that this throat entry permitted the best flow recovery. The optimum
nozzle exit to throat spacing for Configuration 2 was approximately 3-11/16.

Tests were run which varied the nozzle to throat spacing, S, to confirm the
assumption that optimum S is that length at which the entrainment plume diam-
eter equals the throat diameter. At this point, best flow recovery is obtained.
Configuration 1 appeared to provide best pressure recovery even though the
nozzle plume extended into the mixing tube. As will be discussed later, it is
likely that high pressure recovery was achieved because the mixing tube length
more nearly approached optimum than with Configurations 2 and 3. Note that
the 50% VC cone for Configuration 1 impinges on the wall of the mixing tube

very near the end of the tube or the beginning of the diffuser (Figure 15).
4.2.4.2 Optimum Mixing Tube Length

Where nozzle to throat spacing is that point at which the nozzle plume diameter
equals the mixing tube diameter, once the flow has entered the mixing tube
throat, no further entrainment is possible. Secondary fluid access to the mix~
ing tube is blocked by the boundary of the entrainment reaction as it impinges
on the throat wall. The mixing tube servcs to stabilize the flow, by establish-
ing an equilibrium axial velocity flow profile. For turbulent flow the equilib-
rium condition exists when the ax’al velocity near the wall is approximately

50 percent of the velocity at the tube center line. (Reference 8).

Again referring to the motive nozzle plume model of Figure 14, the 50 percent

velocity cone, with its apex at the center of the motive nozzle exit, passes
through the station S downstream of the nozzle exit such that

d = d (13)
S’50% 2

Extending this line to the mixing tube wall provides a downstream point where
the velocity at the wall is 50 percent of the velocity at the center of the tube,
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At this point the flow should be stabilized sufficiently that the constant area
mixing tube can be terminated.

One ejector configuration, tested under this contract, shows that the throat
entry and a part of the mixing tube were made of acrylic (See Figure 17), .

FIGURE 17. NOZZLE AND MIXING TUBE SECTION OF EJECTOR PUMP TEST MODEL

Visibility into the ejector permitted some estimations to be made concerning
the nozzle plume and secondary flow aeration. From visual observation, the
apparent plume half angle of the motive flow nozzle was determined to be
approximately 9 to 10°, The downstream change of plume angle is extremely
difficult to determine visually, due mainly to the flow turbulence at the entrain-
ment boundary. Figure 17 shows picturally Configuration 1 of Figure 15. The
motive nozzle used with this configuration was blunt at the exit station. Use

of a blunt nozzle, instead of a sharp exit nozzle, apparently has the effect of
shortening the S~ initial entrainment distance. The velocity ratios experienced

\%
ranged up to approximately V—S = 0.19. Assuming a S' shortening from
n
6d 4d

o n o n
S = ] '(Vs Vn) toS = TV v (VS/Vn’ the resultant apparent plume boundary half

angle is 90, The cone for the Vigs 50% VC condition as shown in Figure 18

gives the optimum CTL— = 4.21. Three pump-down runs were made with this
m

configuration, varying only the mixing tube length as shown on the drawing.

Motive nozzle flow was held to 25.5 + 0.5 gpm. The results of these runs are

shown in the curves of Figure 19, pressure difference ratio versus di’ at

m
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various flow ratios. Depending on flow ratio, optimum d—L— occurs at values
m

from 4 to 4.75. At the high flow ratio, ¢ = 6.5, the peak occurs at (TIi = 4.2,
m

These values appear to confirm the theoretical assumption for mixing tube

length (at least for this configuration).

A mixing tube which is too short appears to more adversely affect ejector per-
formance than a mixing tube which is too long. Underdeveloped flow probably
expands abruptly within the diffuser rather than diffusing gradually. The
resultant flow reversal in the diffuser creates a higher pressure loss than the
added wall friction encountered in greater than optimum mixing tube length.

4.2.4,3 Optimum Diffuser Configuration

Since the flow entering the diffuser will be stabilized, the choice of diffuser
angle is one based on minimum loss. As was noted in Section 4.2.2.4, a
conical diffuser with a cone angle of 60 (30 half angle) gives minimum loss.
This will result in a long diffuser which would be more difficult to adapt to
some aircraft installations. Increasing the diffuser angle to a value equal to
the 50% VC angle of the nozzle plume will probably still give satisfactory per-

formance without flow reversal, i.e,, abrupt expansion loss in the diffuser.
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