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FOREWORD

This report wan prepared by the Dgpartment of Engineering Re-
search of tha Pannsylvania State University under Contract No. AF
33(616)~436. The work covered in this program was under the super-
vigion of Mr. G, B, Miller, Mr, G, B, rorter, and Lt, J, J, Dieckmann
of the Power Flant Laboratory, Directorate of laboratoriss, Wright
Air Development Center, Lt, Diecknienn was the last supervisor,

The jet pump study as conteined in this report is one phase of
the overall airoraft lubrication system work done by Pennsylvania
State University. The work was conducted under RDO No. 534-1154,
*Closed Cirouit High Altitude Turbojet Bngine 0il System,* later
- redesignated Project No. 3060, "Engine Lubrication Subsystem,.*
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ABSTRACT

A study ves made of the oil jet pump, in particular the possidbility
of application as a socavenge pump for aireraft engines. Three ma jor
problems treated in the theoretical and experimental investigations ares
(a) effect of high viscosity; (b) cavitation and altitude ceiling character=
istiecs; and (o) behavior with an sir-oil mixture inducted at the suction
porte

an amly‘bidal expression is developed whish desoribes pump perfor=
mance in dimensionless termss a flow ratic, a pressure-difference ratio,
the nozzle to throat area ratio; and two friction less coefficients.

- 01l Jet pump efficiency is of the order of 25 per osnt at high Jet
Reynolds numbers (Ry = 10,000 to 20,000) and decreases only slightly
as Ry approaches 3,000e Below this point performance drops rapidly:

at 1,000, efficiency is about 10 per cente. ;

Fump capacity is limited by cavitation under certain conditions.
Based on a correlation of test results an equation is developed expressing
altitude oceiling &s a function of cavitationelimited flow ratio, nozzle -
pressure drop, and design area ratioe Operation at altitudes of 60,000

. feet and over is possible, but at reduced pump efficiency.

The jet pump can be oversized. to provide the excess ocapacity needed
in the dryesump systems Equations are developed for use ir. predicting the
air consumption rate of a jet scavenge pumps as & function the primary and
gecondary oil flow rates and the pressures on the pump. Agreement with
test results is goode L : : LT

. Variables in the ladboratory program include nozzle to throat area
ratio (eight pumps), b = 0.1 to 0463 nozzle diameter 04100 to 0.177 inchp
nozzle pressure drop 20 t0°200 psi; discharge pressure up to 60 peigy
primary flow rate 10 to 60 lbs/ming flow ratio.0 40 Lebs pressure=difference
ratio 0 to 206e Altitude pressires were simulated to over 70,000 feet. Oils
used were MIL-I~60Z1A, Grade 1005; MIl~-1-60824, CGrade 11003 and MILeLe
7808 synthetic oile Oil temperatures were 850 to 10F, for a viscosity :
range 2 to 100 centistokes. Nozzle and throatediffuser friotion coefficients
are correlated versus Reynolds number from LOO to 30,000 3
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INTRODUCTION

The et pump or eductor, ejector, injector, is a device by means of
which one fluid stream is pumped by the action of a high velocity jet of
the same or other fiuid. The pumping process is a result of transfer of meo-
mentum from the jet fluid of the pumped stream. The most familiar appli-
cations are the steam-jet air ejector (corapressible flow) and the water jet
pump. The latter is widely used as a booster for water -well centrifugal
pumps, :

Oil supplied to aircraft engines is usually removed from the smﬁps

- under the lubrication zones by one or more scavenge pumps, and returned

to the oil tank. This is usually termed a "dry-sump' system: The volu-
metric capacity of the scavenge pumps is 1.5 to 6 times the oil rate into

the engine, thus maintaining a '"dry' engine. Some air is normally pumped
from the sump with the oil as a result of the excess pump capacity.. Turbo-
jet aircraft engines contain from two to as many as a dozen acavenge pumps.
Each pump normally requires an individual mechanical drive arrangement,
usually involving one or more gears to take power £rom the main shaft.

The ObJechve. - This mveshgatmn was undertaknn to detarmme the feasl-
bility of replacing the usual gear-type scavenge pump with the jet pump.

Three major problems must be answered: (a) the effect of viscoavity, or low
Reynolds number on performance; (b) the upper limit of operating pressures

and velocities (cavitation); and (c) behayior with a two-phase mixture of air

, and oil inducted at the suction port, as in the dry sump system.
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CHAPTER 1

JET PUMP THEORY

A jet pump is a device by means of which a fluid may be pumped by the
action of a high velocity jet of the same, or other fluid. The pumping action
is a result of a transfer of momentum from the jet fiuid to the fluid being

pumped.

Because of the complex nature of the problem, development of the theory
of jet pumps has been slow, particularly for compressible flow. There are a
lazge number of references on the subject, but the contributions of Fluegel (1)
and Keenan and Newmann (2) (3) are probably the most significant.

In the case of incompressible flow, the analyses by Gibson (4), Gosline
and O'Brien (5), Fluegel (1), and Hussmann (6) are of interest in the present
problem, that of pumping lubricating oil.

The objectives of the theoretical study, presented in detail in Appendix I,
were:

a. To include the effects of friction in the form of dimension-
. less coefficients that could be established as some function
of viscosity, probably by means of the Reynolds criteria.

b. To simplify otherwise cumbersomerelations through use of
- ''total head" pressures, as opposed to use of static pressure
terms.

c. To clearly differentiate between unavoidable mixing losses
and friction losses.

Mechanism of Pumping Action. - As a jet of fluid penetrates a stagnant or slowly
moving fluid, a dragging action occurs on ‘he boundary of the jet between the
high- and low-velocity particles. Mixing occurs between the jet fluid and the

low velocity fluid; and transfer of momenta accelerates the latter in the direction
of the flow. As the two flows progress, the mixture stre..m spreads. The un-
disturbed high velocity core progressively decreases in diameter until it disap-
pears. (See Fig. 1). Confined by parallel throat walls, the secondary fluid enters
a region of decreasing area, that area being the annulus between the mixture
stream and the throat wall. At the throat entrance the annular area is the differ-
ence between jet and throat area. At the throat exit the mixture stream hag

spread until it touches the wall of the throat. Then all of the side fluid has been
mixed with the primary jet.

WADC TR 55-143 2



«_{\_B_ﬂgn_gt_i_{.c_)_n_s. - In common with dher solutions, the approach may be termed
an "approximate' theory, since the details of the mnntng process are avoided
by use of irnpulse-momentum relations.

1. The flow streams are one-dimensional at throat entrance and exit.
2, Mixing is completed in the constant area throai, against an adverse
pressure gradient,

Derivations of the theoretical relations describing the behavior of the
liquid/liquid jet pump are given in Appendix I. These results are summarized
as follows.

—mixcd ptream
high velocity cnra
~secondary flow:

Fig. 1

‘Ncmenclaturle‘ -A more coxhplete list {8 givén with the 'derivaéiéh in Appénd{x I

static pressure, lbg/ft?
total pressure, lbflftz .
velocity, ft/sec o Lok
gravitational. co-nsttnt, 1b ft/lbfsec : S
denaity, lhm/ft

_.mass flow rate, 1b,,/sec

crosn suctional area‘. ,t'tz‘

> YR <'uo

. Subscripts, -

nozzle entzy —
side fiow entry

diacharge, diffuser exit
throat section

nogzle

secondary or pumped fluid
throat eniry

maxirnum efficiency point on VAL ¥ plot.

PwZyao -

g
-]
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Dimensionless Ratios. -

b nozzle to throat area ratio, An/ Ay,
'] flow ratio, Wg/Wpn _ _
N pressure ratio Py - P,/P; - Py
R Reynolds number
y efficiency, §N.
Friction Loss Coefficients. -
K nozzle
. ¢) throat-entry
K, throat wall friction
K4 diffuser
K34 throat-diffuser, K3 + K4
Nozzle Pressure Drop. -
- = VNZ
P; - P, =L—Zg 1+K (20)
Output Pressure Rise, Suction toDischarge. -
2 2,2
- VN G 2 2
¢2p2
- (1+K)) (L-b) (21)

Overall Pressure D.op, Inlet to Discharge. -

- 2 2,2
P; - Py = J% {1 + K - 2b - 21“ =+ (1+K3 ) b2 (1+9)2
¢n2
+0
(14K,) (1B) ] (22)

Jet Pump Efficiency. - Pump efficiency, 7, is defined as the ratio of energy
output to energy input:

out sec

. vjras (By - B,)_ft 1o

E.'..:WN

in T (ﬁi"pd)
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E Pa-
}Za-—mz-‘f{i dPe.,¢ 12)
Ein N B, i-Pg

where @ is the flow ratio and N is the pressure ratio.

Dimensionless Pressure Ratio, N. -

_ _?-.!_b_ 2 14g)2 - ¢2n2
Pd-Po 2b + - (1+K34) b (1+¢) (1+K2) - b)z
N=—S_Z= . (23)

1-3i..’13d 1 + K; - numerator
- Pi-Pg_
Note that, N+1 F?T;Q and N +1= FiFq

.‘ The dimensionless ratios § and.N' define the‘performanee of the jet
pump, ‘ ' : : ’ )

Ener gv Analys is

Included in Appendtx I is.a study of the energy relatmns in the jet pump-

" mg process It 1s shown. that the losses consist of the followmg

A, M1xm} Loss: A loss of ener gy occur s when two str eams of dissimﬂar
velocity mix, as inthe throat of the jet pump. Thisloss debreases. as,
‘the velocity of the pumped stream apprbaches that cfthe jet and the o-
retical sfﬁmency is 100 per cent when the velocities are equal :

B. Jet Loss, Experirmentally it was found that the pressure a.t the nozzle
tip was effectively Py, the asids port pressure, not P, the (lower)
throat entry pressure. ‘A logs of energy,here tcomed the ''jet loss!
results from the flow of the free jet fromi. Py to Pa The fact that

* the nozile-tip pressure is evidently P, is attributed in large part to
. practical pump degign conﬁguratmn (a) side-port entry passage is
large inarea, andunrestricted(ths 8,9); (b) the nozzle tip is in-

.variably withdrawn a distance "S' from the th roat entry proper ( Chapter V).

- It is possible that the contour of the throat entry could be designed .
.. ‘80 ag to partially utilize the jet loss energy. It is quite real, however,
~ for pumps used herein, efficiencies of which (20 to 30 per cent) are

representative of practical jet pumps in general use. :

C. Friction Losses. These consist of nozzle, thioat entry, throat,
and diffuser logsses and are accounted for with coefficients K,
K;, K3, and K4. Because of minor effect, and the difficulty
of measuring it, K; is assumed zero. Kj and K4 are both based
on throat velocity V,,, and are conveniently combined as K34.
Friction losses are thus expressed by K; and K34 only.

WADC TR 55=1L3
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Expretsions for mixing, jet, and friction losses are included, Xqs. 26,
27, 19, as well as an equation for total losses in the jet pump, Eq. 28, Appen-
dix 1. Theoretical pressure ratio N, and efficiency n , are plotted versus
flow ratio ¢, in Fig. 2. Three sets of curves are included for operation under
conditions A, B, and C above. Efficiency is of course highest under assumption
A. With the jet loss included the efficiency reaches a maximum of 42 per cent.
Inclusion of friction losses reduces peak efficiency to 20 to 30 percent, range

common in practice.

Desingelection of Area Ratio b

As shown by the C curves in Fig. 2 for b = 0.5, the pressure ratio (and
hence discharge pressure) decreases with flow ratio §. This ard the corre-
sponding efficiency curve are similar to the performance curves for a centrif-
ugal pump. As the discharge pressure is increased, the quantity pumped de-
creases, until at the cut-off point, secondary flow ceases (§ = 0).

The design area ratio b determines the discharge pressure versus flow
ratio characteristic. In Fig. 3 theoretical characteristic curves are given
for assumed friction loss coefficients of K} = 0.1 and K, , = 0. 3,( approximately
the minimum encountered in testing oil jet pumps). At a particular value of
@, several b values will function, but only one yields optimum performance,
i.e., maximum efficiency. All of the N vs. § curves are bounded by an envelope
curve which is the locus of maximum N values at any §. Similarly, an enval-
ope curve across the top of the efficiency curves is the locus of maximum
efficiencies with the assumed friction factors 0.1 and 0.3. An envelope curve
may be computed directly, as shown below.

Optimum Area Ratio b. - This is found from Eq. 23 for N and,

aN

¢b

The result is a fifth order equation in b, with only one friction coefficient, K34’
With y = (1+K34),2nd K, = 0, this equation for optimum b is:

=0

- b5 |y (1+9)2]+ bt [1-¢2 + 4y (149) 2]

-3 4-40% + 6y (1+¢)2]

T

+b? 6 -4¢2 + 4y (1+a)2]

b [4-02+y002] +1 =0 (30)

For the special case of no side flow, ¢§ = 0, Eq. 30 reduces to

1
b =
opt = 4K, (30a)

WADC TR 55-1L3
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Differentiation of Eq. 21 to find optimum b for maximum energy output,

Q(PQ-PO) 0
ab =

yields the same Egq. 30 for b. In other words, selection of b via Eq. 30 will
yield both maximum N and maximum enargy output* for given ¢ and X values,

To avoid the laborious calculations of b from Eq. 30, the solution is
presented graphically {vs. §¢) in Fig. 4. This clearly demonstrates that (a)
the design area rato decreasea as desired flow ratio W-/WN increases, and
(b) at any flow ratio the optimumn area ratio decreases as the friction increases.
For example, the optimum a.ea ratio at § « 1.0 is b x 0. 293, but for high fric-
tion losses, say K34 » 1.0 {as with very viscous oils) the optimum area ratio is
"only b = 0,142, Of course the corresponding pump efficiency will be lower in
. the case of high friction, but it will be the highent available, i.e., no other b
~ value would imp_rove efficiency at fhe aubject ﬂow ratio G = 1 0, with Kgg 21,0,

_ Tha heavy line, K34 = 0.3, is reccmmended for general (high Reynolds
- number) use., Example: what value of b should be uged to handle a flow ratio

of¢ =1, 0, with K34 = 0.3? Answer: bgpy = 0.227.

» _‘ Optimum Flow Ratio R Gmep »
For any given area ratio b and friction factors Ky and K34. pump efﬁ-'

ciency vérsus flow ratio § (or quantity pumped for constant Wy, passes .

through a maximu.m This particular value of ﬂ.ow ra.tm Gmep is fc und £rom -

. “b;:I =0 o o
and the result is, with (!+K1) -y, Kz ] 0, and (1+K34) - y. :

* If the jet loss is not recognized, 9 N/ 92 b » 0, using Eq. 13 for N, will pro-
duce a fifth order equation for b, dependent on K'; as well as K34 Justifi-
cation for the simpler form, (incfuding jet lossg) is that it predicts actual
performance far batter,

WADC TR 55-1L3 7




s
*Fmep” [}f_":; et e ﬁ:z Bt i -ov’
+ 4yb - 3yz]
+ Qmepbz [—4yzb2 + 8yb - 4;rz ]
| -y?b% + 4yb3 - yzb2 - 4b2 + 220 . b (31)

The maximum efficiency flow ratio is dependent on K;, K34 and b.

Theoretical §pep values calculated from Eq. 31 were compared with
test values for eight jet pumps with good correlation.

Y
Approximate Solution for Gmee. - In previous work (12) it has been noted that

maximum efficiency occurs when the mixture momentum equals the jet mo-
mentum, WV, = WNVN. In dimensionless terms this yields

1 a
bmep= ~Nb "l =3 ! (32)

That this simple equation does predict maximurn efficiency ¢ quite well was
confirmed by the tests in this work. Egq. 32 gives approximately the same values
as Eq. 31 for low friction flows, i.e., Kl, 24 less than about 0,35, (See Table 3.)

Maximum Flow Ratio, ¢,

In plotting theoretical characteristic curves, or in selecting a pump for
an application, it is helpful to determine the maximum capzacity. As shown
by Figs. 2 or 3, this occurs at N = 0. By equating energy out, ${P4-P,), or
P3-Py Eq. 21, or N, Eq. 23, to zero and solving for §#, a quadratic equation
is obtained permitting direct calculation of §y, as follows (K, = 0):

4. = (1+K34) (l-b)z - '\r(l-b)z - K34‘(3bi- 8b +7 - 3/b)
° - |P% * Kag(1-0) (33)

WADC TR 55-1L3 8
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A graphical solution to Eq. 33 is presented (vs. b) in Fig. 5 for Ko,
values from 0 to 1.0, Incidentally for frictionless flow Eq. 33 reduces to
#o *1-b/b, which will be recognized as the condition for zero mixing loss.

¢ Envslope Curves

The family of characteristic curves in Fig. 3, for K; = 0.1 and K34 = 0. 3,
shows that peak efficiency deciines somewhat at extreme low, and high, b
values. The relations between N, 7 , g, and b for the jet pump are shown in B

Fig. 6. These curves were constructed as follows:

1. Assume Ky = 0. la.ndK34-03

2, For a series of fixed values of §, calculde by, from Eq. 30

(or see Fig. 4). " y

o C 3. Calculate N and Iz = N for each pair of § - bopt,o with Egs. 23 . b

S ‘and 12, D j
The results appear in Table 1. and Fig, 6.
t Table 1. Nand versus G for Optimum b Value

K = 0.1, K34=a0 3, Kz=0
L : . FlowRatio ~ Optimumb | N . 7 = N
N | BERC  bopt S L qu‘Cept‘ f
‘ 0.24 0.500 0.840 20,3 ;
i 0.3 ! 0.435 . - 0.722 21.6
0.5 .0.350 0,493 247 i

1 0.227 -/ 0,269 26,9

2 0,127 J00132 26,4 ;
'8 ©i . 0.0461 [ . o0, 0434 2Lt ;
This vs. @ curve is the envelope curve for the family of efficiency curves. %
i in Fig. 3. The N vs. b and N vs. § curves show the maximum obtainable )
: _ ~ pressure. ratio under the. given friction condition. Theé latter is the envelope i

curve for the family of N curves in F:g 3.

lwe i

Dual Ogimum Note that two optimizing equations between b:and G ha*ve been .

presented: Eq, 30 (Fig. 4) for bgpt at a particular ¢; and Eq. 31 for optimum

amep at a particular b value. Optimization at one friction condition is a func- -

tion of two variables, thus forming a three dimensional surface. For K} = 0,1
.= 0,3 the optimum ¢ombination is very nearly b = 0. 2 operating at

G -1 % The corresponding efficiency is l? m 27 per cent, with N = 0, 225, For

WADC TR 55-1L3 9
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this case alone, bopt ~ § and Gmep - b are identical, Note that the p curve for
b = 0.2 is tangent to the envelope curve at its maximum point, whereas larger b
value curves are tangent at ¢<amep’ and smaller values at § > qmep

Similar analyses were made at other friction conditions with the reasults
tabulated below. The pump with area ratio b = 0, 2 operating at § =1,2 re-
mained the best '"dual optimum'' condition.

Table 2 Envelope Curve Study

Assumed Max. ?

Friction
K, =0.05

1 ¢ 37.5
K34_= 0.10
R, =0.10 |

; * 30.5

Ka4 = 0.20 -
K. =0.10 . o P
oy ) . 27.0 -

3 C K34 = on 30 ‘ ; o/ . " ‘

K, 20,20 aio

K34 = 0, 40

Appr oximale The ory .

o It has been auggelted P gviouely (5 11) that the N vs. ¢ characteriahc‘ )
i curve be approximated with a. atraxg,ht line. Impectiun of Figs. 3, 10 to 14,
i . ghows that the N - ¢ line is slightly concave down, at b = 0.1,linear at'b = 0, 2

and concave up for larger b values.  Thus, parhcularly 'for b <0, 3, this lme- _

arity approach is quite useful. A etraight line on N vs, O coordinates is drawn i !

i _between §, (Eq. 33 or Fig. 5) on the abscissa and N, on the ordirste. N, is - |
§ calculated from Eq. 23, which reduces to the following atf = 0

Zb (l+K34lb - | | .. o (23- a.)
1 + Ky - numerator

Nov n

The e'ffr.cienoy curve, P = ¢N will be a parabola. the following relations also
apply)if N vs. ¢ is linear: .

N=N, - ef o | | (34)

where e = ;_Q » the slope
0

Ginep = 9; (35)

WADC TR 55-143 10
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7 = 9N, - ef? - (36)

AR (37)
max I

In Appendix 3 this approximation is compared with N, and ¢° values versus
b from Reference 11,

WADC TR 55-1,3 11




CHAPTER 11

TREATMENT OF EXPERIMENTAL DATA g
COMPARISON WITH THEORY

In the course of this work eight jet pumps of varying design and with
area ratios from b = 0.1 to 0. 6 have been tested. Performance testing in-
cluded jet Reynolds numbers from 500 to 30,000, nozzle pressures 20 to
200 psig, viacoeity 5 to 100 centistokes, nozzle diameters 0.100 to 0 177 inch,

Test Procedure.‘- Testing a jet pump consists of measuring three pressures, -
P, Po» Pds ‘and the two flow rates, Wy and Ws. Cienerally a test is made at
‘a selected nozzle ﬂow rate Wy and side port pressure Py. There exists
for each pump a umqua relationship between back pressure Py and side flow
- rate Wg -~ much the same as for a ‘centrifugal pump,discharge of which is
similarly dependent o:h back pressure. The test is made by varying Pyq £rom
' the "cutoff" pressure where Wg = 0, to the minimum obtainable (back prnssure '
. valve wide open). At a number of opzrating points, usually about 10 to 15 for
~ . each peri‘ormance curve, these three pressures and two flow rates are reécorded.
Fig. 7'shows the test stand flow circuit. Primary flow was supplied with a
i positive diaplacement pu.tnp driven by a variable-speed D.C. motor
[ Experimenta.l Jet Pum& - In order to investigate dengn variables, primarily - .
~area ratio b and spacing 8, the pump ehown in Fig. 8 was designed. It con- '
L siste of one body with three interchangeable nozzles and three throat-diffuser
‘;sections of similar design. Thus up to nine jet pumps can be!assembled in the
‘oné body. Additional throat-diffuser sections were made to check efféct of
" throat length and throat! entry shape. All diffuser angles were 8 degrees total o
included angle S : . . v : ]
‘ ‘ . : : Lo . o
‘A cornmercial pur‘p of conventional conic nomzle and throat deaign wae :
also employed, with two nozzie sections and prowsions for va.rying the apacing SR
; S See Fig. .9. : . . S

AT s e < G ERY b e B Bl AR S - e

st

S s STiife oo i

s $ sehesiasBi

- All pumps are identified by three numbers, e.g., No. 141/318/308 The v‘
numbers refer to nozzle diameter, throat diameter, and nozzle-to- throat
spacing in thousandtha of an inch, :

S e m 55l 12 | '
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Calculations. - Pressures are converted to psig unite, flows to 1b/min rates,
The pressure ratio N is then calculated irom :

. Pa-Po
N Pi-Pd

which is the experimental counterpart of the theoretical £q. 23. The pressures
are supposed tc be total heads, but in all of the work velocity heads have been
negligible, thus permitting substitution of static pressures.

In Fig. 10 these measured N values are plotted versus flow ratio ¢ for
pump No. 173/224/020, b = 0.6. Test conditions are included on the curve
sheet. The solid N and I? = N curves are theoretical, and are discussed below,

Similar performance curves (at high Reynolds numbers) are presented for
b =10.534, 0.4, 0.2, and 0.1 in Figs. 11, 12, 13, and 14. Results with b = 0,133,
0.17_36, and 0. 30 were virtually identical with those given, and are omitted to
conserve space. (Numerical results are given later in Table 3.)

Calculation of Friction Coefficients. - From measured values of Wn, Ws, Py,
P,, and Pq, friction coefficients K; and K34 were calculated from the theoretical
relations, repeated below:

«
—

K = H 2o 1 (17)
17 L v -
2g
N
Kyy = 2 s 1-2b g2 _ ) _ (Pi-P,) N+l
MUz T moer [ N o, 14
ng‘b (1+@)

From continuity, Viy = Wi/ f AN, or

2 ‘2
PVN® _ 0.002326 Wy
28 sg dN*

where Wiq is the primary flow, 1b/min, sg is fluid specific gravity, and dy
is nozzle diameter, inches. Note in Eq. 14 that P4-P, is obtained from

N
N+1 (pi'PO) el Pd"PO

where N is read from a smoothed curve at the selected g. Of course Py - Po

could also be obtained from a plot of directly measured values, at the ¢ in

question.

WADG TR 55-1L43 13



The throat-diffuser coefficient was calculated for each test at the '""oper-
ating flow ratio". This was taken as § =~ 2/3 ¢ .,, from inspection of each
experimental N - § plot. So far as Kj is concerned, flow ratio was immaterial,
since P;-P, was in general unaffected by ¢g*. Sample calculations of K34 and
Kl appear in Appendix 2.

Theory versus Experiment. - The validity of the theoretical analysis was

tested by calculating N - § curves for each test, using measured K; and Kj4
values. This of courese ensured agreement at the cne iiow ratio. If the theo-
retical curve and data agree at other flow ratios, the theory is verified. Success
or failure is evidenced by the agreement of data with the theoretical curve at

¢ greater and less than the ""match point” ¢, where K3, was calculated from
experiment. '

Discussion of Theory vs. Experimental Results

Examination of Figs. 8 to 12 shows that the theory agrees quite well
with actual test resylts, i.e., the experimental points agree with theory curve
over a wide range of flow ratios. The sudden break in the data points, and
departure from theory, at high flow ratios is the result of cavitation. This
phenomenon is covered in detail in a later chapter.

It will be noted that the experimental data points fall above the theory
at flow ratios approaching zero, for the smallest area ratios, b = 0.2 and 0.1,
Figs. 11 and 12. This behavior was also noted for pumps No. 141/387/311
(b = 0.133) and No. 100/240/445 (b = 0.1736).

The difference at iow flow ratios, a maximum at § = 0, is attributed %o
departure frow the theoretical assumptions. Separation of the jet from the
throat wall, or raiher failure of the flow to conform with the throat wall until
well beyond the entrance, could reduce friction and account for the fact that
actual performance slightly exceeds theoretical prediction at § values near zero.

The error is small, and on the conservative side. (Comparison of mea-

sured and theoretical efficiency curves shows practically no difference, since
both approach zero with § ( n = gN).

Summary of Basic Performance Tests

In Table 3, below, the results of performance tesis of the Cigail jEw pUMpSs
are summarized. All tests are at high Reynolds numbere and probably represent
maximurn efficiency performance, i.e., minimum fraction factors for the size

*In one test only (No. 183) where spacing was sub-normal, P; did decrease by
about 5 per cent at the maximum flow ratio. Otherwise, with constant P,, Pi
was always unaffected by Wg or §.

WADC TR 55-143 14



of pump in question. As is the case with turbulent flow in pipes, friction
factors decline toward minimum values at high Reynolds numbers. (See next

Chapter.)

Effect of Area Ratios. - Whereas the theoretical analysis (Chapter I) showed
b = 0. 2 to be optimum for maximum efficiency with fixed Ky and K34 values,
Table 3 indicates that b = 0. 3 ia superior. Furthermore, efficiency does not
decline at high b values as the analysis with constant ¥ values shows. Exam-
ination of the Kj4 column raveals that measured K34 values decrease as b in-

M‘“bhc“ L2

creases , for these tests at high Reynolds numbers,

WADC TR 55-1L3 15
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CHAPTER I

CORRELATION OF MEASURED FRICTION COEFFICIENTS

Dne of the primary questions to be answered in judging the feasibility
of uging a jet pump in a lubrication system is that of the effect of viscosity.
As developed below, tests show that pump efficiency ia affected relatively litile

by viscosity down to a jet Reynolds number of about 3,000. Below this, per-
formance decreases so rapidly that operation in the laminar region should be

avoided.

The Effect of Viscosity. - To simulate low temperature operation, blends of .

‘Grades 1005 and 1100bil {identified as A, B, C) were used at controlled tam- o

peratures from 80-to 200 F. Viscosity and specific gravity data are given in 1
Figs, 43 and 44 In Fig. 15, N tharacteristic curves are given for two jet

© pumps at several viscosities. ' The uppeirmost N - § line for each pump is the

"normal" pressure ratio characteristtc‘ The depression of the 31 centistoke

curve is" quite different beiween the 100/240/445 and 141/316/408 pumps. The |

. N reason of cdurse is the difference in Reynolds numbers, which are noted at -
o . 'the r1ght of the ‘curves. As shown below, perbrmance declines rapidly with b

: Reyno}.da number when Ry < 3,000, (Loss in efficiency due to lowering of " L

N values is quite evxdent, _since 7 =g¢N), - : L . S

Additional tests with different. velocities soon conﬁrmed that E_Jnolds
number. not v1scoa1tx, governed performance when viecous effects arre large

YR ——

Rey'nolds Numbera o

e e e B e e

. The jet pumpmg process, a momentum mterchange, dependa upon
turbulent mixing onthe primary and secondary streams. Turbulence can per-
~ sist only when the viscous stresses in the flow are 1nsuff1cient to damp out
local ﬂuctua.hons in velocity ‘ ;

'

Reynolda Sx’mﬂztude - By means of dimensibnal analysis it can be shown that
‘in the nozzle, and in the throat and dinuser. the dynamic pattern of flow will
depend upon the value of the Reynolds number. The Reynolds number expresses
the relative importance of viscous action, being a ratio of mertml to viscous
forces. In any two flows inwhich viscosity plays an n‘npcartant role, dynamic

S et et b § a2
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similitude exists when the boundaries are geometrically similar, and the
Reynolds numbers are the same.

Apart from the simpler flows in the nouzlec and diffuser, the complex
jet mixing process itself depends upon a ''stability parameter' (7), which

resembles a Reynolds number. Whether or not turbulent mixing occurs between

a free jet and the surrounding fluid depends on the value of the stability parame-
ter. As in the case of the transition from turbulent to laminar pipe flow at a
Reynolds number of about 2100, a critical value exiits for the free jet.

The case of the jet pump is complicated by the fact that the miicing
noccurs in an adverse pressure gradient, and is confined by the parallel walls
of the throat. The latter will be a stabilizing inﬂuence, tending to delay the

 onset of turbulent ﬂow (8).

Since both the mixing process and. the nozzle, side entry, and diffuser

flows may be expected to depend upon Reynolds number, measured values of -
-loss coefficients have been correlated versus either the jet Reynoldu nur-'ber

RN or the throat Reynolds numbe » Rn.

i N

Calculation of Reynclds Numbers - Reynolda numbers are calculated t'rom |

. test data as followa._

i

R. - ;f‘-VnDN' :_1_ Wm'.— L
NT Y m“-fDNu-

| 'where Ny Dn,and WNH-E‘B inunits of Iby,, ft, and seconds. This may also be

written ’
wieh szib /min SR o
8g = npecific gravity of ﬂuid ‘
1) = kinematic viscosity. centistokea "/ .
o dn = nozzle diameter in mchea | |
By continuity the throat Rey'nolds number is, o :
R, = N b(1 +¢) Ry B o | :(3.9)

It is interesting to note that Ry, = Ry for ¢ = — 1, which is the condition

NDb

for equality Letween throat and jet momentum. As mentioned in Chapter II

this forms a good approximation to fmop~ At high Reynolds numbers at least,
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the throat Reynolds number R,y at the experimental §,,. wan always found "'

to be quite close in value to the jet Reynolds number Ry.

Experiinental Results

Values of nozzle coefficient Kj calculated from test results are plotted
vs. nozzle Reynolde number Ry in Fig. 16. These data consist of Kj values

from 42 performance test on.eight jet pumps plus a few nozzle tests, Included
are coefficients for (a) three nozzles with elliptical profile (Fig. 8): dy = 0.100,
0.141, 0.173 in.; and (b) for two nozzles with conical approach profile: dy = 0 100,

B 0,177 in. (Fig 9).

; . In general Kl varies inversely as RN to about the one-half power; from
500 to 20,000. Although these data are insufficient to show it, it would e

o expected that this relation would fail at very high Réynolds numbers; where K;

: . probably approaches a constant value (independent of RN) Kl = 0.1 is probably

S a good general assumption for this case. , ) , oo
N . . . ;

oo Size Effect - As would be expected, the smallest nozzle exhibits the highest
S .1oss coeffu:ient i.e., has the lowest ef£1c1ency, at any che value of RN
B coeffu:ients are available in the literatule for a particula.r nozzle
eelected for a jet pump design. these may be applied directly. :

IS 19 S0 1 Bt e

i) i Bl o e o e

L " L K Values may be taken from Fig 16 for design use. These curves will
be sornewhat conservative for applic-tion ito larger nozzles (dN> 0.177 in Yo =

g | 7 o , 'I'hroa.t-"Diffuser Coefficient - K34 va.lues are plotted versus throat Reynolde
" . numberiRpy, in Fig. 17, These values are based on some 42 tests b eight jet
pumpe, ueing three minera.l o l blends and a eynthetic oil

1

; R 4‘ Referring to b .g 17 the following points of mtereet are noted

1. Friction increases rapidly for Rm< 3, 000, where K34 ~900/R

e T Ty SO

2. A horizontal line. K34 = 0, 3 best represente results i'or R.m3 3, 000.

3., There ig an indication that K34 ve. Ry, dipstoa minimum (0.2) 4_
at about 5,000 and then rises again to 0 34 or 0.4 at Ry, =15, 000 .
. Data are insufficient to warrant a conclusion, however . ‘

4. At high Reynolds numbers (15,000-20,000) pumps with larL ar’ea
ratios, b= 0.3, 0.4, 0,534, 0. 6 showed K34 < 0. 3, For pumps

of small area ratios, 0.2, 0.174, 0.133, 0.10, K34 0.3.
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Efficiency versus Reynolds Nuraber. - Rapid estimates of maximum pump ]
efficiency may be made using the approxiimate solution in Chapter I, ygs, 23a §
(No), 33 (@) and Eq. 37, W .. = Nglo/4. {(This approximation is based on
the assumption that N va. @ is a straight line. It ia quite accurate for area
ratios in the vicinity of b = 0, 2).

With K and Ky, values taken from the heavy line curves in Figs. 16
and 17, efficiencies were calculated via Eq. 37 at R valuea from 500 to 20, 000,
{(at Umeps Rm ™2 RN.) Results appear in Table 5 and aré plotted vs. Ry, in

Fig. 17.-
; . ' Table 5. Calculated Efficlencies vs. Reynolds Number
RN.m‘ | K * Kig 6, = N = Noly/4 : ’
' - er Cent . 3
20,000 010  0.30  2.49 . 0,463  28.8
7,000 - 0,20 ;. 0.30 2.49 . 0.409 25.4
3,000 . 0.33 .. 0.30 2.49 /  0.354 22,0
2,000 - 0.43 . '0.45 2.14; 0.314 " 16.8
. .1,000 C. 66 0.9 1.54,  0.242 9.32 ;5
700 0.82 1.3 .+ 1.20 . 0.218° 6.55 o &
500 1.0, 1.8  0.956  0.168 © 404 . .. 0o
300, 1.4 3.0 0.0 - 0.11) 166 -y
- \h . '. . | S B : .' - \'i 7 J‘fl : . | ‘ - t | 3 B ‘ ’ - %g
. %K, K34 ‘,’Eal'ﬁen from heavy line curves, Figs. 16 and 17. - ;
‘ ) o . ‘- B . ) . N . . . a.
. The efficiency curve in Fig. 17 is_ representative of the actual test R
/~ results. As the'Reynolds number is increased above 3,000, only a slight gain ./« "}
. iln*‘pert’ormance results; this is due to the decline in fiozzle coefficient K,. h
. Below 3,000, both Kj and K34 are increasing, and efficiency drops off rapidly, ;
Operation here should be avoided if possible. | . .
Effect 311"0*11 Used. - A._‘s shown by Table 4, fhesé rnejaasurements of K v#lue_s in- |
. volved the use of MIL-Y,.-6801A Grade 1005 oil, ihree blends of Grade 1005 plus

2mital s e

. MIL-L-6802A, Grade 1100 oil, and MIL-L-7808, a synthetic oil. At similar
T viscosities (through temperature control) all oils gave essentially the same per--
formance. (As shown in Chapter IV, oil composition did affect cavitation slightly.)

auFd TR,

The importance of the synthetic oil to future lubrication systemis warrants .
a special comparison. Experimental N values vs. # were the same for blend C -
and MIL-L-7808 synthetic oil, within experimental accuracy. Test data and
calculated K values for blend C and for synthetic oil (under similar conditions, '
Ry 2= 20,000) appear as Tests 179 and l_?gin Table 4, Kj values were 0,100 and
0.096, K44 values were 0,358 and 0. 337, for the mineral blend and the synthetic
oil, respectively.
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Effect of Altitude. - The theoretical developments in Chapter I and Appendix 1 %
4
!

show that pump performance is dependent on pressurc differences, and not on

absolute or gage pressures. All of the data cited so far in this report was taken
The tank

with side port or suction pressure P, within one psi of tank pressure. o
wag normally vented to the atmosphere (except when cavitation testing was un- &
derway). Local ambient pressure corresponds to about 1,200 to 1,400 feet al- #

8

titude in the NACA table (Ref, 13.).

Fig. 18 compares performance of pump No. 141/316/308, at1,43C and %

at 12,000 feet altitude {tank pressure 10 inches Hg. below atmosphericj. The +
two N curves are ident!:al except for the cavitation - limited flow ratio, 0j,,

which is lower for the altitude test. This test, as well as _ma.n"y' performance .

tests at altitudes to 70,000 feet made in the cavitation study, confirm the ‘
-theoretical mdependence of the jet pump from a.ltitude, providin ithe pump is

not cavitat ng.

Shabh_ped

2R i Bl

s

st

i

- Effect of Pump Size. - Pxpe frlction factors are dependent on the relative: rough-
ness of the wall, as well as on Reynolds number (14) Size also affects nozzle
i ‘ coefficients (8,9). This effect has already been demonstrated by Fig. 16 for
. nozzle diameters from 0.100 to 0.177 inch. To investigate the effect of size on
'the overall pump performance the interchangeable Tee jet pump was assembled
S R . and tested with b = 0,20, with three different sizes of nozzle and throat- diffusera
o . . 'i. Resuits are summarized in Table 6, Note-from the pump code numbers that ' -
/- nozsle diameters are 0,100, 0.141, and-0.173 inch, with proportional throat dtam- ,
eters Conclusion. In range tesfed ‘size exerts essenually no effect,

Table 6 Size Effect on Jet Pump Performance

, - Area Ratio, b= 0, 20 : v
S _ -Oil MIL-L- 7808 synthetic, 190 150, 135F ;;
‘ _ L . Nommal RN 20 000 . -
| | : . ; i & - Co | ~\§ ’
. Jet Test WN Nom '-,ITNO_, i N at amep '1 max - ?§ i
- Pump No. lb/min Pi at¥=0 " ¢ =0.9 per cent 3
© 7 100/224/190 208 - 20,78 : 92 0,59 0. 28 1.1 26,2 N
: s 141/316/308 . . 190 44.6 = 100 0.48 0.28' 1.1 - 25.6 ' g
173/387/219 206 66.8 100 0.50° 0.29 1.1 - 26.8 % '
Effect of Nozzle-to-Throat Spacing. - This design variable "S" is not included 3
in the theory; it must be determined oxperimentally. Although this subject is j
covered in some detail in Chapter V the effect of S on the measirement of K34. |
should be mentioned here in connection with the K34-Ry, correslation study, 4
Particularly for larger area ratios (b> 0. 3), the agreerment between test and 4
theory with change in § is affected to some extent by the spacing S.
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The K34 data in tables 3 and 4, plotted in Fig. 17, are only from tests
for which there was good agreement at high Reynolds number between theo-
retical and experimental N - ¢ curves, i.e., S was at or near optimum for
every test. (Adjusting S for maximum efficiency, alsc ylelded the best match
between theory and exp2rimental results. This agreement is important, since
the correlation soughtis K34 vs. Rp,: § should not affect Kagq.)
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a o -y; : .A Evidence a.nd Consequences c:f Cavitation

CHAPTER 1V

CAVITATION IN THE OIL JET PUMP

A second major question to be answered in evaluating the jet pump as
an aircraft engine scavenge pump is that of the uppur limit of practical oper-
ating pressures and veloacities. b

From the standpoint of size 2nd weight of the pump and asscciated
plumbing, it would be desirable to cperate at very high flow ratios, i.e.,
pump & large amount (Wg) from the engine with a small primary flow (Wy). As
shown in Fig. 3, large ratios may buhad ‘by using small design area ratios of |
the order of b = 0.1 or 0.2. : .

The price paid for a high ¢ characteristic (high relative capacity) is los-

of output pressure capacity N values for smail b pu,mpu are Iow Smce

Py - Po = ‘b—?— (Py. - Po)a R o "'~(4Q)"‘ '
progreuively higher inlet pressures Pi must be. used to obta.in a given output
/in pressure P4, as b is reduced. Tl‘:u use of high nozzle preuures qi course

' means high jet velocities.

As shown below, high et velocities and/or low suctiom-port absolute
prslsure results in cavitation. This disturbance places definite limits on

pump capacity. . .An experimentally determined cavitation function is establisl“:ed.;_‘ v

pe:mitting the delign of jet pumps for high-altitude operatit‘m.

\

Auume. for ease of discussion, a pump operatmg mth :ixed WN a.nd
P,. The amount of fluid pumped, Wg, is then controlled entirely by the di;-

charge or back preutu'e Py. (In this way the performance tests. reported heze-__ ]

in were conducted.) As Pg is reduced, Wg and hence d, normally increases

to the limit, §o, determined by the design area ratio b. Conversely, raising Py
will reduce Wg and ¢ toward zero flow. An increase in Py above'tut off 'will
result in rejection of primary fluid from the side port. :

WADC TR 55=143 25

T R R e A

S e e R i




T

;zero o ﬂ~

The relation between the three pressures P, P,, and Py, and the two
flows Wy and Ws is uniquely determined by the N - § characteristic curve,
whether primary flow or side port pressure are constant or varying. Note
again that N, which fixes § on the applicable characteristic curve, is a ratio

of pressure differences, N = (Py-Pg)/(P; -Pd)' it is independeni of absolute:
pressures.

The Cavitating Jet Pump. - Under cewtain conditions of Ligh jet velocity the.
normal experimental, and theoretical responge of Wg to change in Py fails.
Below a critical value of back pressure, Wg attains a fixed vaiue mdependent

~ of P4, termed 'limiting flow", WSL 'I'he correspondi ng "limiting ﬁow ratio"
isd,..
: L°: . : .

Fig” 19 shows several perfdfniance tests with limitihg flow. In Fig. 19 A
it was caused by raising the nozzle pressurs drop from 39.5 to 99 psi. Py
wds atmospheric in both cases. - In Fig. 19 B limiting flow was caused by. thrott-

ling the side port pressure. below atmospheric. These oil jet pump curves. bear ,,},w

‘marked resemblance to cavitating water jet pump curves (5)
y S
Further examples of limiting flow wete presanted earlier in, Fig 10

. through 14 covering jet pumps wu‘h b=0.1 to 0.6. All of these high Reynolde o
number tests were maqe with Py & 80 to 100 pyi; all exhibited limiting. flow.

As ahown by the vertidal dashed line; t'ficiency 72 = GN. drops toward

B. Obs&rvations wﬂ:h ‘I'ransparent Jeot Pump

v In order to determine where ca\ntatton occurs in the jet pump and how

it results in limiting flow, a "'two- dimenewnal ' jet pump Wwas constructed

from éheeta of clear plaetm as ehown in. Fig‘ 20

. The nozzle and throat areas were selectad to. approximate jet pump
No. 100/240/445 ‘The throat of the lucite pump is square, 1/4 by 1/4 inch,
with a diffuser divergence angle of 10 degrees, " The nozzle approach consists’

- of a matal cylindrical "'nose" which pr dects between the oile-inch outer lucite -

slabs. The hole in the tip is a slit 0. 050 inch wide by 0, 230 inch; wlnch forms

.a ribbbn ahaped jet perpendicular to the plane of the punp
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Performance. - At p; = 150 psig, the transparent pump behaved quite like

the conventicnal cylindrical pump, including limiting flow, Maximuwm efficiency
was of the order of only 10 to 15 per cent. This is attributed to the unusual
nozzle shape, and the large internal surface area in contact with the flow stream.

Visual Evidence of Cavitation. - Limiting flow waa accompanied by the presence
of a "front" in the throat of the pump. From the point of mixing to the front

the fluid appeared as a gray foam. Acrons the well defined front a sudden
change to a li.g.hter color occurred.

Figs. 21 and 22 consist oi photographs of the pump in four stages of
cavitation, caused by progressively lowering the back pressure (labeled py
in these pictures). The second picture shows the cavitation front neax the -
throat entry, py = 22.5 psia., As py is reduced to 21 and 17 psia in the last

- two pictures, the front rmoves deeper into the throat; but Wgg, = 40 1b/min

for all cases with the front in the throat. Onset of hmitmg_ﬂow comcxded
with the ap}ea.rance of the cavitation front at the thr oat entry. '

,Htgh-Speed Fluh Lighting‘_ - The use of a highaapeed el ctromc flash tube.

(General Radio Corp. Strobolux) operated at about. 20 flashes per second con-
siderablyaided interpretation of cavitation phenomena -Although the light was
not, of course, "synchronized", to the/human eye, it froze the action momen-
“tarily.” Color change across the cavitation,front was reverled. from hght
"oam to- dark liquid oil i - :

,Incigient Cavi;ation - Under stroboscopic lightiqg the nozile o§- primary flow
rate was gradually increased. Up to a/nozzle pressure of about 30 psig. pri-
mary and secondary streams were clear, At 33 psig (jet velocity about 50 t.'t/sec)
,the first signe of cavitation appeared at the jet boundary: small ‘nubbles whic¢h’

grew and collapsed. At the same time (a) a distinct cavitation 'v.bfatle was de-
Jtected and (b) . bubbles were first found in the diffuser. The latter is evidently

! a.zmgult of air ‘evolved in ca.vitation and not yet re-dtuolwd in pas sage through

" the difiuser of the jet pu.mp

" uhokinguFlow. - Further incremse in jat velocity increaaed the width and length
of the cavitation disturbance, more and more air bubbles could be seen in the
diffuser. Not until the cavitation "void" filled the throat entrance, did "chokug" -
flow occur N _ .

-
El

High- Speed Flash Pictures: oi‘ Ca.vita.tio-l - “oa..r stages of cavitat{on are -
shown in Fig., 23, These pictures wered ‘made with a miniature camera at £4. 5

. lens opening on Super XX film. "Open-flagh" technique was used. The high-

speed flash (40 microseconds) was obtained with a General Radio Corp. "Strobo-
1lux'' unit, wired for push-button single-flash use.

In the top picture the jet velocity is slightly above that corresponding to

incipient cavitation. The air cavities, although slightly blurred, are quite evident. :
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The gray cast in the diffuser is the result of the air released in cavitation and
not yet completely redissolved.
kY
The second picture was taken at the point of choking or limiting flow,
The cavitation disturbance has grown sufficiently to fill the throat entrance.
No change in the cavitation whistle was noted at this point.

Further increase in cavitation intensity moves the cavitation front
downstream as shown in the two bottom pictures. The increasing amount of
fine air bubbles released from solution as cavitation inteneity increases, ia
indicated by the gradual change in gray shading of the diffuser fluid, from the
top to the bottom picture. Both primary and se¢ondary streams enter the
pump free of entrained air. A sight glass in the discharge line several feet
from the diffuser showed clear oil again. The air had redissolved in the oil.’

Pressure Jump at Cavitation Front. ~ The transparent jet pump was provided
with three static-pressure taps in the throat section. See Figs. 20 to 23. By
controlling the back pressure the cavitation front could be positioned between -

two of the taps. 'With a total flow of the order of 50 1b/min., the pressure

‘ wae observed to suddenly increano by as much ag 1l or 12 psi acroas the front.

Thu jump is apparently the result of a sudden deceueration of the liquid '
oil particles at the frant, It is suggested that primary. and secondary oil partic-
les travel from throat entrance to the cavitation front in "free flight", aurrounded
by air, vapor, and foam. At thie cavitation front the “void" collapses and the
liquid decelerates, filling the throat section.; Calculaticns of'pressure recovery

" based on this hypothesis agree well with the observed preasire jumps. The .

- pressure relations are also affected to some extent by the evolution and solution”
of dissolved air. Cavitation {s known to be effective in releasing air from
,;;aolution. Aleo, au' diuolves relatwely more alowly than it evolvea (15)

Other vork with the- transparent jet pump’ included control oi’ primary

‘f‘iﬂow air content, operation without side flow, operation on water, and use of.
the pump body 'as a cav1tating,venturi Results are aummarized below.

Summa‘ry and Coriolusiom |

1L Ca‘vitation ﬁrst occurs at the jet boundary near the nozzle exit Upoh '

vilual appearance of cav1tatlon.

A whistle is detected and “‘ _
b;;_ Air bubbles appear in the diffuser.

2. An increase in jet velocity, or a decrease in mixing zone preuui'e causes |

the region of disturbance to spread and extend downstream toward the
throat. Oil in diffuser becomes increasingly clevdy from air bubbles.
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3. Limiting or choking flow occurs when the throat entry is blocked by the
cavitation disturbance,

AT U IR
B RRL R e Tl

-
i

a. Atlower jet velocities or higher mixing zone pressures limited
cavitation may occur but with small effect on pump performance.
Limiting flow is not present, i.e., Ws responds to variation in Pgq. B

b. Higher jet velocities or lower mixing zone pressures cause the
cavitation front to move downstream in the throat.

c. The side flow Wg is independent of Pd whenever the eavxtation
front is presen* in the throat regardlosa of its position. '

Il

BB 1 2 | f

4. A sudden increase.in static pressure occurs across the cavitation front
" of the order of 11.psi for the transparent jet pump. This can.be accounted’
for as the pressure rise accompanying a rapid deceleration of the liquid
' JI\\
5. Dissolved air content of the primary or jet strq;am has little or no effect:
' on the inception of cavitation. nor on the pumping performance. ‘An in- - :
‘crease in air. content does cause a slight receding of the front when cavi- s

: }tation is. Present in the throat.

3 oo S 2 G At 35

b Cavitation fronts were obaerved in the throat w1thout side flow (G a 0) under ‘
" ~ .conditions of high jet veldoity and low back pressure. The pressute jump
_-_/ . was similar in magnitude to that with secondary flow. R L

-
1 odn

7. In appearance and performance tho cav1tatmg water jet pu.mp seems to be
o - identical with the o:.lpump /A'préssure increase occurs across the cavi-
- o tation front, and released air content in the diffuser increasss as cavita-
i S tion mtensity increases. SR SR S :

i o 8. The cavitation disturbance in a’ venturi with parallel throat is similar to
i , that in the jet pump: the appearance is the sarhe, and the press\irs jiimp '
IR across the cavitation £z—ont is again observed ! : G

v,“ N y A
/1t i believed that satisfactoﬂi explanations of- limiting ﬂow, the wppear- ,
~ance of the cavita.ting zone, and the pressure jump across the cavitation'front. - .|~/
. have been established. Of course, the mechanism of cavitation remains 2. a
. ' complex problem -- particularly so when dealing with a non-pure subatance
. such'as & hydrocarbon. What triggers the collapse of the cavitation zone in
' a sharply defined front remains unknown, "
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; jecture is correct, Eq. 40 shows tha.t

C. Limiting-Flow Theory and Teats

From the continuity relation and the side flow energy equation (4)
in Appendix I, *

Wg= fhga Vsa

_ [ 2g{Pa-Pa) : 0
Vsa 'V F ) (40)

Eq., 40 refere to the throat -entry where the secondary flow stream area is
assumed* to be Ag, = Ap, - Ay, the pressure is. Py, and the velmcity of Vs

is Vga. Thus, Wg is determined.by Po-Py. Limiting flow WSL: would occur
if the throat entry pr pressure reached a ﬁx% minimum, Pa = Pc. 'If this con-

¥ -
A

2

VSL a.nd/er Ws1, values plotted versus PO-PC should be lmear.

_ This linearity was ehown to be true for ﬁhe cavitatig&g water jet pump .
_ (5). where P _was tak;eato ‘be the vapor pressure of water’; Pv. L L

‘ Oil Cavita.tion - Gompa.red with wa.ter, oil cavitation is complicated by two C
differsnces:. -

-,1‘ Lubrtcating oil conta,ine up-to 15 per cent by volume of dil~ o

: solved air which evolvés in proportion to a decrease in abso-
“lute pressure. __ Water contaim sabont, one ‘tenth the amount. »

LAl A hydroca.rbon lubr .lce.ting oil is a mixture of many fractionl of ‘
) different-vapor pressure. In general 011 vapor preuuree are
rquite low (15) G : : O BT o

Limtt(inLFlow versus pg. ebeolute Pressure. In the. absence of a\ known

-critical pressure, limiting flow data for cav:tating 011 jet pumps were" plotted Z" i ”

-against absolute suction port pressure"’ Wsi, 2 vs, Po. .Such curves for eeveral
pumps formed egsentially straight lines, ueually paasin; thrmgh the origin of
coordinatee. The magnitude of Ws]_, at any one presgure, of courle. depende
on the size of the pump, and the area ratio b, : :

* The primary stream, or jet, is assumed to enter the throat with area equal
to nozzle area AyN. Jet spreading or miixing bLefore throat entry is ignored.

+ Lower case p refers to psi units, capital P is 1b;/ft2

30
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' The theoretical value of Y is,

Test Procedure, = Lumtmg ﬂow is mdicated by the sharp break in the N - ¢
‘or ¥ - § experimented curve. Once limiting flow is, reachcd, further. reduction ,
in back pressure Pq, hence N, has no effect on WSL or §y,. This simplifies -

Limiting-Flow Functien, Y. - Converting limiting flow data to a velocity basis

“then read from the sideflow rotameter vereus the mdependent variable Pos .. -~ % -

- agatast auction port’ presnure Fig. Z4\lhows the results for tests on three ) /

/. pumps of area ratips, 0,20, 0.30 and 0,534 (Pump details Figs, 8 and 9. ) / ]

. _The oil was MIL-L-608lA, Grade 1005, Y. values. foy; b'= 0, 30 are lowest, j N
" b = 0,20 in the middl@. and points for b = 0 534 arefhighest. . This is. attributed

" an extrd large epacing eulpprenses the onset of limiting flow, at low p.. values,,,,,_,, -
'The i-elation Y =0, 68 Po appea.ra to represent the general experimentai correlation

by dividing by flow stream area, Ag,, eliminates pump size and reduces all
data to a ¢ommon basis as shown below. By definition the limiting or "choking"
velocity of the secondary fluid entering the throat is,

Wsi WsL b
v = 2 = 4]
The Limiting-Flow Function, Y, is:
_ _ 2 n2 -
£ VsL? Wsp® b : '
i 42
bl Vrag s © 144 p 2g ApZ (B2 P (42)

"

tesi procedure' pu.mpp are, operated at. fixed primary flows, Wiq, with back
pressuyre valve opened wide to provide minimum Pq4. Limiting flows Wsi, are

by

/

WSL valuee Were conVerted to Y fu.nctions (in pr/i) with @q. 42 and. plotted

primarily to effect of nozzle ~to-throat spaeing 8. As shown in the’ next. chapter._j_. “ ;

In thie test po valuep were’ obtained by evacuatmg the entire (closed) oil o
circuit including the overhead oil tank, Tank pressure and suction port pres-
sure are essentially equal (the gravity head compensates flow losses). The
results in Fig.24 simulate high altitude oil syetem operation. Dlsselved air
is reducedas the tank pressure i reduced v ‘
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Contreol by Throttling Side Flow. - Suction pert pressure can, of course, be

depressed sitnply by closing a valve between the tank and the pump. Fig. 25

shows Y values for tests made this way, The oil tank was vented to atmos-

pheric pressure at all times. Consequently the oil may be regarded as saturated ‘
with air at one stmosphere. Comparison of the line, Y = 0,68 pgy, with the !
curve in Fig. 25 shows how higher dissolved air content aggravates cavitation. 4
At p, = 4 psia, Y iu about 25 per cent beiow that for the "altitude' tests, Fig.
. 24, where air wac ramoved by maintaining the tank under vacuum. This aii-
ference shows why high-altitude operation should be simuiated with the entire
sysiern under altitude pressure, nci by throttling the pump. This appliel to
conventional rotary pumps, and to lube and fuel system tests in general as
well as to the problem at hand. -

- Bffect of Oil Propeorties. - As eﬁown above the maximum or critical ixiﬂ.ow
veiocity depends on pg - Pc) where p is some minimum value, (the vapor

. pressure in the case of water). Y, as divorced from pump size, would be

. "dive" to, sea level conditione. Thé top of the loop shows thata ¥ value of vk

. expected to be a function of fluid properties such as vapor pressure, air- |
" solubility constant, viscosity and perhaps surface tension, As shown by Figs 24
- and 25, temperatures of 100 and 150 F gave the same. reeults. N

JI ’ :
: The currently approved aynthetic (dieeter) oil MIL- L 7808 has an ex- v
- tremely low vapor pressure¥ that should uuppreu oavitation (raise Y) if
"vapor" cavitation causes limiting ﬂow. » _ . C T

; Vapor preuure apparently \exerte little effect on cavitation- In th 26
" Y vs. po data for Grade 1005 oil are compared with eimﬁar data taken with

MIL-L-7808 ou ' These te-ts, as well ag other, here omiitted show eseentially

‘no difference: between the/ two oils. Release of diasolved air or 'air cavi- ° o o
) '»-tet\idn" 1- apparently the mechenism of limitinﬁ ﬂow, not vapor cavit&tnon T

Temporary Cavitation duppreuion by Air Removal - By operating the entu'e o
oil system under high vacuum for a prolonged period. most of the air can be: e
‘stripped out bf solution. Y ‘values'are nearly doubled by ‘this. proéedure as-

. shown by Fig. 27,"at B. The C'to D portion of the test consisted of takiiiga =
" series Bf wSL readings as tank and p, pressure wai’ ‘inereased in a repid

over 15 pei was reached, After a few minutes cperation, air sdubility equihbrmm o
was agai.n .established and Y dropped to 10 psi, closing the loop. Synthetic ol . =
was uled in this test. T‘hil hystereeil loop effect Was al-o noted for Grade 1005 '

* Va.por pressure of the synthetic oil at 300 F is only 0.1 compared to 80 mm :
Hg. for Grade 1010 oil (16). Vapor pressure of Grade 1005 oil is not available, i B
but is well above 80 mm Hg. _ ‘
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. sideration mus

(Eq. 20) These changes produce: .

oil--but to a2 lesser dejree. Here the difference in vapor pressures probably
plays a more important role. '

Note. -~ The displacement of Y in Fig. 27 is a transient effect: after several
minutes atone Py Value, limv.ﬂng flow returns te the normal or equilibrium value.
With the exception of Fig. 27 care was exercised in all limiting-flow tests to
obtain reproducibie data, ?WE!L values were measured in both directions, i.e.,
while slowly reducing pg, &nd again during return of pg to atmospheric pressure.
Identical values of Wgy, were obtained both ways.

___gnificamce of the Lxmitmg:Flow Function

Limitmg ﬂow is impoorte.nt m jet pump deetgn when it curtaﬂe the oper- -
ating flow ratio,a op- Usual procedure calls for pump opeiation at a flow . |
ratio near ¢, ., the maximum efficlency point. If ¥, amep' special con-;.

Ebe given to the cavitation- problem. Given Y, “L can be pre-‘.
dicted for any pump ' : : , . -

Combined with GL- = WSL/WN' Eq. 42 ma.y be rearranged as £ollows-

= -——A—V

= 'Thie rela.tion deecribee the limit?ng ﬂow Probl em: GLie d?PQi!de;tt"’cik' b‘,' ‘:
.Y, and jet velocxty Theoretical y, D L TP SRR A

Al
.

) . N y = po n\‘: '».v’- i v . ) ':,.”' o I'i o ,.” _.;,—‘ “ 2 /

\ﬁ¢3/28 ;f' LR RS ‘??) -

‘i

. w»a.nd the liniting ﬂow teets (th 24) ehow that Y = 0 68 Po:- a.pproximceiy.i;?’
The jei velocityrterm may be. replaced w1th the nozzle pressure drop by ’

= lbbJ L+Kj) 0. 68npa _j o e

where pressures are peia :

' ,Luniting-ﬂow ratio QL can be 1mpz-oved by:

' a Incryeaeing suction-port abeoluﬁe preeeure po Entrance Qelocity ‘
depends on py-pa; and py ie at a minimum under cavitating con--
ditions. _

WADC TR 55=1.3 33




b. Increasing the relative area of the secondary flow stream,
Ag, /AN ={1-bYb, by enlarging the throat (reduce b).

c. Reducing the jet velocity (reduce pj-py).

Effect of Jet Velocity. - If the jet pump is operating under limiting flow

conditions, the throat-entrance velocity of the secondary fiuid is at a maxi-
mum, Increasing jet velocity, as by increasing Wy, will not affect Wgy.. j
Limiting flow ratio will decrease inversely to Wi.

Fig. 28 is a plot of performance versus nozzle flow rate, pump suction _'
at 14.1 psia. At about WN = 15 1b/min, limiting flow was reached: the throai
entrahce pressq}re was reduced to "p." the critical value. Beyond this point
Wgy, is constant, ¥ decreaszes. In this cage limiting flow ﬁrat occurred at

- a nozzle presaure drop of about 70 psi. 'As shown helow, this depends on Po'
“and will océur at lesser presaure drops as ‘the altihuda is mcreased ' '
U -

The functipn Y. = 0. 68 p is of concern only if the jet velacity is su.f-

ficiently high to de,pz‘ees the throat entrance. pressure to the critical. "‘I’h{s
¢ . can be checksd by talculating Y for the design condition of the pump, '
B aasummg no’ cavxtamtion. From qu 44, but with Yop in pla‘.e of Y, = 0, 68 po.

!|"

iy s ol

it e A & i 2 T

' VSa. Pi"P ¢°P2bz B S
YOP f Zg 1+K]_ (1- b)i-_ S | “ L o o q
o & | L R - g
3 o If this value is less than Y = 0 68 po, the pump is not a1t the ermcal condition. o
I I Performance will be. independent of absolute suction-port pressureé, and affected '
-~ only by pressure ratio N. Fig. 29 shows Y va,pg for a p\mhp with low jet
-+ velocity: (pj-po) = 40 psi. Note that at py = 10 psia, expérimental Y valaeg -
‘ﬁ:.\become congtant at 7.0 psi. This is predicted by the equa.ﬁion above. ‘Under
. the test conditicr.s (a se2 1 61,' the u.OW ratio was Vop " 1"?3.’ thh Kl q 0 1.
o b - 0 4’ B O g ) Sk

1

"

AR s R o . s Rl N

.._._40 : 0.21
,'Y°P ot (1 73) "“‘2‘) .. 7.!71 p‘si»!‘:-

7'I‘he jet velomty is so low, tha,t at sea level Hmiting ﬂow does not occur. At | N -
 Pg =10 psia limiting ﬂow atarta. EEE

R S TR e o SENITSIR FEAR A0 VR 0 O s O Y
, . .
R )

E.- Altitude Celling

As a scavenge pump in an au%raft .engine, the suction port absolute preuure
. may be agsumed equal to the altitude pressure. Thus Po Will be 14, 7 psia
o at sea level and only 1, 047 psia at 60,000 feet (13).

N . . v
45 268 o o0 o oot Sl D s i 3 I R i 6 o i 4
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- Reduced Flow Ratxo - A considera’ble reduction in miﬁimum Pe s obtained by

Equation 44 may be arranged to express minimurn suction port, heace
altitude, pressure:

- _?Lz b2 (p4-Po) {44a)
{1-b)2 0. 68 (1+K;)

- At the "altitude ceiling” the operating flow ratio §op equals the limiting flow

ratio: §,, = fff,, by definition. Assuming that rormal design procedure pro-.
vides for Uopi52/3 $mep, then Jy, x 2/3 Uppep. In Chapter I a useful (approxi-
mate) rela,tion between smep and b was presented‘ L

Gonep =2 I -
Under theee conditlons, S o o ‘
Cogl= ; L'——)-— a.nd Eq 44& becomes
o4 a..~r b)’"b (pi-po) o N T
. P° FOwZ0.68 (mqy IR o

: Minimu.m Po is expressed only in terms. .of area ra.tio b and the nozzle preeéure

drop.- "Eq. 45 is' expressed graphically at the top of Fig. 30 for area ratios

b= 0.1 to 0.6 and nozzle pressure drops of 20 to, 200psi The nozzle coefﬁcient )

was assumed to be. K{ =0.1., The dashed portion below 40 -psi and above 150

pei indicate extrapolation bpyond the range coveredin esteblishmg Y = 0 68 Po
. Even for b= 0 1 the altitude ceiling ie leen to be only 35 000 £t .
100 psi; and 50 r0,0,0,feet for Pi'Po =50 psi Li‘r'ger area-ratios are even

reducing the operatmg, hence hrmtmg, flow ratio, - ~For- exa.mple if- aop = 1/4
“m@p' instead of é/s am,p, Eq. 45 becomes o -

s
N

o ”1/ N b)zbjprpn)
Pg,"v 16 (1-h)2 0.68 (14K}) °

. ) § . '  3 (453)

Note that p, is pro ortibnal :
to (¢ Nme ) , which apjbears as the coefficient (2/3)¢ m 4/9 in Eq. 45, and
(1/4)2 =146 i.n Eq. 45a, Altitude ceiling with the lower flow ratio expressed

in Eq. 45a is considerably improved, as shown at the bottom of Fig. 0. Here

the ceiling on a pump with b = 0.1 is over 60,000 feet, even with pj=p, = 200 psi.
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Inspection of Fig. 3 or Figa. 10 to 14 showg that at G‘OP =1/4 §mep;
i efﬁciency is about 10 to 12 per cent. This compares with 21 to 22 per cent
‘; at @op = 2/32 Ymep. Obviously the procedure followed above could be reversed:
values of Gop /amep could be calculatad as a function of altitude, b, and pj-peo.

Jet Pump Characteristics at 60, 0060 Feet. - If a minimum value of Py is set,
ag by selecting 60,000 feet as the altitude ceiling, maximum allowable nozzle
pressure drop can be calculated directly as a function of area ratio b. Eq. 44
may be arranged as follows: :

(1-b)? <1+xo .68 Pq

¢L 2p2 (44b)

Pi-Po =

'__...Agaxn. U1, = Go could be found by the approximate relation for Gm, as a"
- function of b. Smce high Reynolds number performance curves, N and vs, -
i¢, are available from this work (see Fijjs. 10 to.l14) they will be used mstead._
Let ¢, =1/4 Gme where Umep is the flow ratio at peak efficiency. For
exam fe, Fig. 13 shows that amep =1 2 for b = 012, hence let (g, = ¢, .
1/4 xl 2=0.3. At0 =0, 3, N=0.4, 77 =12 percent F‘ollowing this pro- .
\? cedure, Eq 441 was calculated for b = 0.1 t0 0.6, with po = 1.047 (60, 000
' i feet),’ and K} = 0.1. The limiting nozzle pressure drop.is plotted versus by
~ in Fig. 31. It declines from 208 psi atb=0.1to 89 psiat b=0.6. ‘Using
. the'N valuea from the -experimental cirves at ¥, op % 1/4 Gmep’ maximum dis- -
P “charge pres aures were calcula.ted for: each maxtmum nozzle pressure drop.

T [UR U

I T
ot

~The maximum dwrha.rge presaure rise; pd-po, ie plo;ted *versus b in Fig. 31
\Tate that it is’ much—less sensitive\ to area Tratio: Maximum Pg-po ='31. 8 psi

l atbwm O, 1:and 59.4 psi at b ® 0.6. The reason for this is the fact that-N, ; L

( , .;\henclé N/N+1 increases rapidly w‘ith b, while maxlmum ri-pa decreases with
h The tw'o '-hanges compeneate each other

, , | N - B e T

|
|
[
i

ok

Under "celling'conditions, pump discharge preasure is increased at

the expense of ¢, by .increasing b, ..The top curve in Fig, 31 shows that aop
declines from 0.55 at b= 0.1 to only 0 0625 at b = 0, 6 It would be advantageous
to minim*ze back preasure to permit use of fhe amallest posaible area ratio.

.
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flow ratio of Gop =~ zl:iJ Wm,p by adju/ting the back pressure to the proper -

CHAPTER V

NOZZLE-THROAT SPACING, AND THROAT DESIGN

The theory developsd in Appendix ] and Chapter I permits design of
@ jot pump for any desired capacity and performance characteristic. The
theoretical analyeis does not predict what the distance from nozzle tip to
throat entry should be, nor does it preacribe the correct throat profile.

A Nozzle Throat Spacing

The experimental jet pump, Fig, 8. was specia.lly designed. to permit
study of the nozzle-throat spacing, termed S here. The nozzles were mounted

" in’'sections of No. 16 thin-wall tuoing, which were inserted into the pump

body through an O-ring seal (Fig. 8). By loosening the nut, the nozzle
could be moved axially, allowing wide adjustment of 8 even while the pump

‘was in operation. Scribe’ marka on the nozzle tube at. inte-vtls of 0. 1 in,

indicated the internal spacing S

o -§_x_p;z'imental Reaults. - To find the optimhum value of §, the spa.cing wasg |

set at approximately.one nozzle diamet(sr and the subject pump was set at.a

yalue, (Primary flow rate and suctiol port pressure were held constant.

C‘,‘.avitation was avoided by ‘avoiding high jet velocities; - Except. vdhere Reynolda

/! “number effect was being studied, Ry was kept high, usually over 20,000.).

- Optimum S was thgpn found by'|varying the nozzle position in steps of 0.17in, .
to obtain maximum secondary flow, Wgiwith Wy and all three preshureﬁ held S
,coneta.m.‘ The slight chanée in operating ﬂow ratio was neglected _

. \
A * “'-',3‘

- Results a.re lieted in Tabl.e 7 as s valuel, md as a ratio to nozele

f dia.meter, S/dN. ‘Where more than one "optimum" 8 value is lipted, Ws,
. ‘hence eﬁiciency,ma essentially the same: over the tangé oi s valuos, i e. oo
' _there véas low seneitivitv to variation in8, — “ o

| Discuuion. - 'l'he S/dN column in 'I'eble 7 revea.hl a t.onsistent decrease with

increase in b. It will be reécalléd that a large b means a small fow ratio, e. g

‘sse Figure 3. Thus S decreased with flow ratio, as a result of varying b,
.(For.each pump §,,= 2/3 $yep). This suggests that the exposed area of the

free jet before throat entry, A; = TdNS, decreases with ¢ as does the annular .
area A% available for Wg at the throat entry (again, as a result of increasing b)

Ag, is. defined as Ay, - Ayor Ay (lnb)/b by assuming that the jet enters the

throat with area equal to that at nozzle discharge, AN. (See Appendix 1.)
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TARLE 7 OPTIMUM NCOZZLE-THROAT SPACINGS
(See Fig. 32)

Nominal Area Ratio, b Pump No. Tast Nos. S in. S/dyg

0.1 100/316/ 92 07 3.07
| 7 4.07
1 221
| . . 0.411 2,92
0.2 : 141/316 75,178 0.208 - 1.48
- : ; | | 179 0. 308 2,18 .
" 0.2 | 100/224/ 207 0.190. - 1.90
20,2 S 173/387/ - 205 . 0.219 ~ 1.26 3
0.3 - 173/316 152,156 - 0,137 . 0.79 ]
FO T S . 158;159 10,237 1,37
G S e 0,337 ,1.95
0.4, o 141/224) 0 147 0,091 0,64
ST SR 0,191 . 1.35
- A 'y . S 0,291 ¢ 2,06
0.6 ., -173/224/ - 163 . 0.120 . 0.69 .
ot 0,020 10,120

0.133 - 141/387/ 83,128

[ T

o
l

o -Assuming that .A.j = GAsa s where c is a constant. let .

‘7“#%%‘:_mqurI . »‘b”;

K

1 e =
s e SRS

: S/dN vaJ.uea from Table 7 are. plotted veraus b. a.nd compa.red witxi
| '-b/b 'I'he relation 5 , D i

RO B N O AP TP Y

agrees well with the minimum spacings, and

S _ 1-b
dy ~ b .

(48b)
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represents a sort of upper houndary. Muitiple points at one b value show

the range cf S/dy; values over which performance was essentially constant.
For this design, in which throat lengths were four times the throat diameters*
(L = 4dm) the mean results for optimum spacing are well represented by,

over a range of area ratios b= 0,1t0 0.6, Thus, for b = 0.2, S/dN ehould
be.2.0: the nozzle should be withdrawn from the throat entry by itwo nozzle
daa,metere. :

_Qg_::fmum SpacinLvs. Flow Ratm - Results presented ﬂbeve were obtained :
at $op==2/3 Omep. Experience showed that the. optimum spacing increased
sorne vhat with the fiow ratio at which the given pump was operating. (at zero
side flow, optimum spacing was redefined as that produring max'lmum dis<
charge pressurd for given fixed nozzle flow and side nort preeeure ) This "

, trend confirms earlier ﬁndinge (6) Lo : - C

Im;;ortance of S in. Theory-Experiment Compariedn - Expeximental va.luee -
. of N plotted versus ¢ were compared with theoretical N - ¢ characteristic
.Curvee in Chapter II. As explained there. K34 and K values for use in the

_ ‘theoratical eguations were calculatbd from the experimental data at § .53 ZI 3

Pmep. This procedure bf course resulted in exact.matching of. theory end’
'experiment at the flow ratio ¢° ’ where the K's were evaluated. : Validity
. of the- theory was ﬁdged on the ‘basi /of how well it predicted N at ﬂ.ow rattoe
: below and abova ‘¢°p. It o o .

L As shwm by Figa. 10 to 14, {kood agreement was found be‘-ween theozetical
“and experi-neﬂta:l N - @ curves, over a wide range of flow ratios.  In the. haae ef -

the two highest area ratios pumps, ,[77/,240 b = 0,544, and 173/224, b =, 0“6, .

P this agret&menf reeu?u: a° orny after 4n ajbp*eciatien of the impertaﬂce“of 8] e&ihg; s.
L The theoretical N < § curve was found to agree with exper imﬁl Féﬂulta: bemt,;; o
i when the spacing 8 was’ adjueted to "optimum (best efficiency) Efféct of! (;.han ;
i

"9 ig to alter the slope of the experiinental N -8 curve: an incréase in é\rﬁé -
‘creases the slope, moving the maximum efficiency point to the right, (/lncreaeee
; 'This sensitivity of slope and hence of agreement between theory and-

" test results was noticeable only at the two highest area ratios. Atb = 0 1

i to 0. 4 theory-test data agreement wag affected elighi‘.ly. if a.t all by 8.

| Cavit ation Limited Flow and Spacinj - A study of N - G performance curvee '
. {sea level conditions) for several spacings indicated a slight'tendency for i
lazge S values tc suppress cavitation: §f, could be increased elighﬂy by in.
creasing S, This was most noticeable at high b values, However, the gain is

* The effect of throat length on 8/dyy is discussed in Part B, below,
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small and since efficiency under normal conditions suffers a5 a result of
the over -large S, the method is probably of no practical value, at least at
sea level,

As the suction port absolute pressure is depressed (by evacuating the
oil system including the tank) the effect of S on cavitation is aomewhat greater.
The limiting-flow function Y appears in Fig. 33 for three nozzle-to-throat
spacings: optirnum and less and greater than optimum, Y values azz generally
highest for the large S values. See Chapter IV for the relation between Y,

WSL. gL el-c.

Effect of Low Jet Reynolda Number on Optimum Spacing, - Comparison tests

at low Reynolds numbers (1800 :to 3500) showed. that optimum S was about the

same as at high. Rey'nolds numbers. This was true for pumps with b = 0. 1 to

0.4. However, pump 177/240 with b = 0. 544 showed best results at RN = 3,580 P
when the spaci.ng was made larger. : _ Lo i SR

' L , 'I'ABLE 8 : :
EFFECT OF SPACING AT LOW J‘ET REYNOLDS NUMBERS
Pump 177/240, b = 0. 544, Ryy= 3,580 ,
Nomi.nal WN = 42 lblmin. s po atmospheric

!

R L |

.Test No. , . S i_n .,'No'- .:'.5 Nat a o 2 dmcp »” 7ma"* . !
|

|

;e 0?-55* Cn46 o ok T 154
i 105 )/ o 0.4BF AL 47 -~ 0.80 . 0,28 . 7 BT
4 : D L i, F
P il G
\* Yxelds best eﬂiciency at high RN. where 0 455 in is too large.; TN I

JA tentative conciusion is that lo%v Re'ynolds number perf.ormance can. be i.m- :
.provad by using large nozzle -to-throat spacing, but only at high b values., It
'mnay be that the short throat. of this ‘pump (about 2 diameters. Bee Fig. 9) :
inﬂuaqcea these rea,ulta. S - PR e f S

\ O o Bepa et R . SR . o - P R
L ‘. . B S .o -

wfi o e Lo |
S B. Thioét'-Legggh and Entrahée Shape

In the literature on jet pu.mps,recommended values for ﬁhe length of

" the parallel -wall throat section range from 4 diameters up to 10' .diameters. a
With compressible flow little departure from optirmum perfarmance has been; i
noted for lengths fromn 4 to 14 diameters. The value of 8/dy=7¢t0 7.5 h&a been .

recommended by three investigators, cited by Kroll (10).
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Several oil jet pumps purchated some time ago from Schutte and
Koerting Co., Philadelphia, were designed with throat lengths which averaged
about 2 diameters (0.48< b <0.62). Previous tests on oil jet pumps here,
reported by Hussmann (6) showed that 4 diameters was slightly better than 2
diameters. For this work it was decided to adopt 4 diameters as the "gtandard"
length (Fig. 8).

To check the effect of a short throat, particularly as regards cavi-
taticn limited flow, the throat-diffuser saection for. pump No. 141/316/307 was
duplicated except with I. = 2d,, instead of 4d,,,. This part is denoted as

316-8 in the table of dimensions. Fig.8, The optijnum nozxle-to-throat spacing'

'was determined and a performance test at a high jet Reynolds number was
made. Reaults are summarized in Table 9. _ . _ o

TABLE 9 o 0
COMPARISON OF TWO- AND FOUR-DIAMETER THROA’I' LENGTMS
' ‘Pump Nos, 141/316/308, 141/316-5/548; b= 0, 2, : oo
. MIL-L-7808 Synthetic Oil at 150 F ‘
Nominal Pi - pe = 100 pm, RN = ZO 000

b
L

. Test No, "’,,L/.d-m‘.- amp ,(7 m.;m :7. ' x“ x34* L s m

, * Eva.lua.ted at Q 9.9. Theory agreement With tast results equally good a

With both throat lengths. L L ,‘.v/_ ..l

: Ae shown in 'l'able 9. the. maximum eificign(,.y was reduced alightly
from 25,5 to 23,3 per-cent in halving the throat length. / This is also re-
 flected in the thrnat-diffuser friction. coefﬁcient. 334 =0, 448 vs.. 0.337 for
_the "standard" throat:length of 4 diameters, Gonfirming the previous com.-
parisﬁn «6), a four -diameter throat length is better - at least for d = 0.2, the

- .area ratio involved hare._ The limiting-ﬂow ratio OL was unaffected by
o changing PR ‘

'I.'hroat Length and Optimum Nozzle Spacix_ig_. - 'mie va.lue of S was approxi-

~ mately doubled, from 0.208 - 0.308 in. for L/d,, = 4 (ue ‘Table 7) to 0, 548

for the short throat pump.  Mixing length along the jet is S + L, as siuning ,
completion of mixing at the diffuser entrance. Evidently the reduct*ibn L re-
sulted in the increase in optimum S value: S and L are inta.'depend«nt

As was previously lhown in Fig. 32 the trend of optimum spacmgﬂ
with b can he exprassed approximately as

S 1 1-b
=

in "2 v (48¢c)
WADC TR 55~1L3 41

190 4 11 255 -, 0. 09% 0. 337 ‘1 27 0. 308
19 2 ‘i._os_‘_ . 23.”3,‘5.; - . 0954 o a8 1, 27 o 548 B

Lo wato f ST




SEML s e

. A small radius at tl'Le entrance eliminated the sharp edge*-l.-;,\:’
conical entry with ah angle of 50 desgrees, a3 pragent. in'the: "conventional"

: frorn using the longer cone; this confirms previous findix\ige (6)

for the series of pumps {rom b=0.1 to O, 6 all vrith four-diameter threoat
lengths. This irend, and the relation between S and L, shown by ths com-
parison of two~- and four ~-dismeter throats, suggests that probably S + L

should vary with b threugh change in L, not in S, as was the case here.

Longer mixing lengths along the jet are raquirud as b is reduced (hence ¢
increcased). If the throat lengths were progressively-increased as b was de-
creased, it is quite possible that optimum S wouicl be essentiauy the same for
every b value. Further theoretical and experimentai study of the relation be-
tween b, L, and S-is recommended. Only limited work on jet mb:ing length

: i:n an adverse: pressure gradient has been meported (1 18).

! . _
As reported in Chapter 1, the pum.p with b= 0 3 gave best ma.xi-'
mum efficiency, nearly 30 per cent. Effi¢iencies at b = 0,1 and 0. 6 were

‘lowest, about 23 per cent. It is possible t‘.hat this variation in officiency is

in part a result of the fixed throat length. At or near b = 0,3, an L of four
diameters was perhaps "0ptﬁnum". while! at lower b values L. = 4 dpy was’
inadequate., At b>0.3; the four -diameter, throats were probably too long for
best results. 'I‘hrough proper adjustment of throat lengths it should be poa-

" sible to reduce the 'variation of efficiency with desxgn area ratio.

. Throa.t Entrance Shane. The throat entry proﬁle for tha experimental jet
-, pump was selected as .a short cone with an /included angle oi’ aboﬂt 120 degreee.

we

‘Fig '8). Alonger

pumps, Fig., 9. Comparison of performance curves revﬁials no; advantage

jet pump). A throat-diffuaer part 0. 317-E, was macwed with such a- proﬁle L
at /ithe throat entry, .and compared with the simpler conﬂ-al entry. érea ratie
was. b=0.2 in bot‘h cases Results are aummarizéd\dn ‘Table 10,

’ ‘I N . R T T T N I “ .

* MIL-L-7808 Synthetic Oil at 150 F. (p;-p,) = 100 psi, nominal
#% Oil blends A and B, (pj-p,) = 40 pei, nominal
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: consistiug sf a quﬂrter of an etnipee (uaed for the nozzlés’in the/ experiﬁeﬁfal B

TABLE, 10, i y
e EFFECT or THRQAT FN'I‘RY SHAPE" ,, foorEe e T
SR S Pump Nos. 141/316/3% and 141/317 ~E /438, b= 0. 2/ e
a _ e Throat Lengths’ Ln 4dm S / o aEE
Ry .'Test No. 'I'hroat -Diffuser Gmep Pmax% I. K K34 _: ’ GL
20,000% 190 o 316 1.1 25,5 0,096 0,337 1.27
20,000% 201 0.317-E 1.1 26.4 :0.096 0.314 1.3
5,000%% 72 0.316 1.2 - 22,8 . 0.246 0,318 —
5,000%% 103 0,317-E - 1.15 23.4 ~ 0,302 0,243 -
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At both high and moderate Reynoids numbers the rounded throat entrance
Produced better results. But the small gain hardly justified the added diffi-
culty of machining, The gain in ¢y, indicates that cavitation was suppressed
slightly by the gradual entrance curvature. Conclusion: The short conical -
entrance, with rounded corner at the throat bore, is recommendad over a

‘; lmger cone, or the ellipse shape
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CHAPTER VI

THE JET PUMP AS A SCAVENGE PUMP
The Effect of Entrained Air in Oil

In the dry-sump lubrication system, used on most 2ircraft engines,
oil supplied to the gears, bearings, etc., is collected at low points in
pockets or sumps. This oil is usually removed by gear type scavenge pumgps
having a volumetric capacity 1.5 to 6 times the oil rate into the engines. This
excess capacity is nucessary for 'seve'g'ral reasons:

a. To permit rapid removal ef excess oil accumulated during
maneauvers, . , _| :

‘b. To remove eil that is htghl‘y aerated in the sumP, hence occupying
a large mlurxma~ _ A ,

.Ca To maintain oil flow at hig]lp altitudes where the scavenge pump
’ volumetr:c effimency declines due to low absolute inlet pressure.

"Items (a) and (b) atill apply if the pos:tive displacement purnp is te-

placed with & jet pump. Regarding (c), it has been demonstrated (Chapter 1IV)

that in order to reach extreme altitudes the jet pump: ‘must be operated at |

“flow ratios censiderably less than. th;e maximum efficiency pomt (Wq

1/4 Gme ). 'This is simply a caseiof \!'oversizing" the pump tdl avoid cavi-'

L tation-hmited ﬂow. and is analogq‘me ito gear pump practice.

4 . H '.i
. ‘ Ae a result of’ the excess capalgity the ecavenge pump {gear or jet) o
handlee a two -ph”e e compomlut fuid: air mixed«m oil, In Part A be;ow

a— -y

the consequences of thia departure frokn the clear oil side -lew condition are.

iexammed S

As developed in ohapter I and Appendix 1, jet pump performance is '

4 described by the, pressure ratlo, - .- — , B L ) -

Q'N = P4-PFp
~ BiTpd | .
Purhp efﬁciehcy is the product of N and the eecendar‘y-td'-primary flow ratio
9 = Wg/Wy. The ratio of discharge - side port pressure difference to the
rozzle pressure drop may be expressed in terms of N as '
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Pd-P , N
Pij - Po N+1

In the usual application of a liquid jet pump, the nozzle and side fiuids are
similar. If instead of a liquid, a two-phase two-component mixture is
"picked-up'" at the pump suction, the mixing process and the diffuser flow
will be altered. The nozzle flow, on the other hand, will be unaffected. The
expression for py - pg is derived below to include the effect of air.

'iNomenclatur -0

maasas flow rate, 1b/sec
mass flow rate, 1b/min
volumetric flow rate, £t3 / rnin o
- atatic pressure lbg/ft 2 ) |
_total pressure, l_b_f/ftz‘ . i
- static pressure,psi : ' .
" velocity ft/sec Y , : :
- density, lbm/ft3 ‘ C o L
! - efficiency - - S e
gravitational conatant “’mft
area ratio AN/Am l‘bfaec2 : .
- dimensionléss pressure ratio pd-po/pi-pd Loy
flow ratic Wg/ WN d 2
. .volumetric flow ratio, aerated oil to nozzle ﬂow e

[[

gex o-wa__'_\_o‘g;fu -ul'm O<=%

™~
-
w

. friction loss coefﬁc:ents, see Chapter L,
Subscripts: . . . g
. i " . yl.:\‘\ . ,(’I.‘__ '“ . . . K e
N prirnary fluid at nozzle discharge @ . _ W
S , .secondary or pumped fluid L e Ty

a-ir : ;,‘ . \ - . R A -
"aerated ol e ST
side flow entry to pump L L
- nozzle entry i
- throat entry R
-throat exit; diffuser entry
~ pump discharge, diffuser outlet
“mep maximum efficiency point on the &f vs G phot
op operating point on g axis

-
2>

oy e o

- Side-Flow Pressure Drop.at Throat Lntrj’r! - It is assmnec"i that a mixture of

air and oil flows from the side port entry region at py pressure into the throat
at a, entering the annular area between jet and throat walls. Assuming iso-

thermal flow, the enthalpy change in air phiase is zero (6). Air evolved from
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the oil due to the pressure drop ie ignored. The energy equatinnm is,

%8 Sa 2g Fa

where the density f o,a i8 that of the air-oil mixture. It is not independent
of pressure as f for clear oil is. Lat

P, Vg2 P
FQ-+-—5-9—==—3-+—§——+--— (49)
o

aV
Pn =K Sa
ﬂ~2 28

and multiply both gides by the downstrearn density

2g
Let -l;bA [’a VSO

(+]

: RTIN , : ii, b
'.}%J + .ﬁﬁ_v_ = P + (1 + Kz) 8. VSa, o '.
o . 2g ) ‘ L

' which for small changes in deneity is satisfactory, particularly since the mlet
‘ veloc1ty head is ueually neghgible. [ R e

| Eq. 49 then becomes - L - ' “ v, \

2 . ! - Foo
» P = (1 + K;) .ﬁa.%r_ﬁi_ B R (1)) £
" . ag B o : ‘;" ' ‘ ‘z :

- Neglecting the air mass ﬂow rate. and thhﬂ = WS/WN. . R N

A a A‘h ANE AN bb ), and WN fVNAN

Eq 51 decomes, | o oy o '

. Vsa = %u———a (l—b) - . . (52)
Neglecting the air mass flow rate. the mixture density at a, the throat

entry, is defined as, _

W's P . 5 ¢ |
AL Qg + Qas ) Qs + Qaa 2 (53)
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Qg +
where W_u ——%';9"&3*844-%4—3‘.
q N

Combining Eqs. 50, 52, and 53,
— 2 rA
Foa - Pa = (14) £ V% (1B gw, (54)

If no air is present, W,y = §, and Eq. 54 reduces to Eq. 4, Appendix 1.

Momentum Relations in Throat. - As previously developed, ﬁhe pressure rise

in the throat is the change in momentum between entry and exit-less the will-
i friction dra.g loss., Again the welght of the air will be dropped, as a neg-
| ¢ ligite contribution to the input momentum, * Ly
: , WN A -Wg Vsa : g I o :
e ""ﬁg—- - *—T'g—m' - Fg = A (Pm-Pa)  (55)
“ . . i} ' - . | . | . '», - ) . | / . . . ‘ .
Following the procedure for the clear oil case, let
Fﬂ"KsAm J"’”"VZ
& y . 3 ' : ‘ ;
t. o : . - Ty
Lo 'l'he throat exit velocity Vm is relateq to the nozzle velocity as SRR TR g
fig 1 ' o S 0 S L .
, _ va(1+¢) » o S R S
By definition the mi.xture density atmis, j! e T
- ,?, .+ wm R
L i - Q Am o R
.+ where : ,
: As befor,eethe air mass ﬂpw rate is neglected. |
; . . y : nee .
* Folsom, Chemical Engineering Progress, v. 44, Oct, 1948, p 765
derived the moraentum equation for a liquid-jet air pusnp conszstmg of
a straight tube without diffuser. For no oil side flow (§ = &} and with no
” diffuser, the above relations become similar to Folsom's.

WADC TR 55-1L3 47




Qpm is the volumetric air flow raie at the pressure (Pm) and tem-
perature (i.e., cil temperature) at the throat outlet.

Inserting the continuity relations, the momentum equation becomes,

Py - Py = Egﬂ VN [ 2b + %‘%’i’f—- - (2+K3) b? (1+§) (1+wm)] (58)

For no entrained air this reduces to Eq. 7.

Diffusex Ener gy Equation. - The equation is similar to that developed for
oil flow only, except that densit'y is no longer a constant:

o) _ 2 ' . : - '
- Pm, Vm Pd + Vd Vg~ , Pa Pﬂ . (59)
»],_‘Pm . )od : 2g /Om : ]

T

" Multiply by Pm_'sand let

which is sa.tisfactory ea:cept for ‘latge changes in density The velocity hea.d
in the outlet pipe from the jet pump is generall}y negligible. ﬁd"‘ Pd With A

i
% ". .

e fave
R if. a ] 28 S, 'ff.",,:' Ly PP

¢ o n ,I
[ . ' \ A

: and the expression £or Jom developed ahove,, Eq. 59 becom/es P

| Faa - Pul(1-Kg) ﬁlzg-— B2 (1) (60)

P C ; :
Side Port fo st«*harge Pressure R.ise. By combming Eqs. 54. 58, and 60. .
Pd - f is found’ to be, PR g v .

j

- > 2 20w b2 Rz
Paa P"f. _3% N [ e (1+Kz)¢wa k(’1-b)ﬁ

o - 14Ky +Ky) bz (144) (14 W m)) 3y
Similarly, combining the nozzle energy equation _
Fi -P = .Zﬁ_ VNZ' (1+K") (3)
4
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with Eq. 54,

- - 5 , g 5b2 |
Pi - pOA = -Zg- VN [1 + K\‘ - (-"*‘Kz) "(-].Tb-;'z—] (62)

Finally, by combining Eqs. 61 and 62 the overall pressure drop §1-§dA
may be found, Comparison of these basic equations with their counter-
parts developed in Appendix 1 for side inlet flow without air, reveals that
2 has been replaced by ¢, and that (1+8)% has been replaced by {1+§)
(1+Wy,). For no air fiow Wy = Wy, = §, and the 1 slations reduce to id}erﬂty
with the original equation, The effect of the air is to reduce the density of
the fluid, thus mcreasmg the velocities (for the same oil flow). ;

Relation to N ¢ Char actenstic Curve. r The above rclations descrxbe approxi-
mately the relations between pressure differences and air- content. The effect :
of air is to cause the pump to operate at a higher pressure drop, hence a
lower N value. It is postulated that with derated aecondary ﬂow the corres-
ponding pressure ratio, \NAon is related to m in the same manner that:Nis - -
: related to ¢ when no air is present: NAo vsLU is identical with N vs. #.. - . .

‘1

W) is the volumetric ra}ho of an air -oil mixture to the nozzle oil ﬂo' rate, -, | U
and NAo is the dinens;omess ra.tio of press\h‘es (Pdeo)/(P,-Pd) : L

_ The ma.sm rate ef lair ﬂow correaponding tow depends upon what
pressure the vdu.metrlc ¢i.1r rate- ts ‘evaiuated at, such as P P As
_ shown below, evaluation at Py leay.ds to rather satisfacto:y agreement of
.this app: u.nmate theory *pith the apxpcbrimenta.l reaults' o
. Air Flow R.a.te. - By deﬁmtwn of w - = B

'.\ N . Sl
LI L ',, [

.

Qag B”b_ua.”QN' Qg & == (wa.,. -/-_0),'. " "(6?5?)-; ”
— paTo . . Pa 520

- Rao. a.nd Qa, NTP are. ‘che volu.metric air t‘low ratea at the side/ port presaure

i .and temperature and at NTP conditions, respectwely. By assuming that the
air temperature at a, the throat entry, is equal to the ¢il temperature, solution
of Eqs. 63 and 64 for the dir rate requires only that Pa be known. W 5 is.

. found from the N - ¢ characteristic curve of the pump in questxon at Napgy.. ‘Ihis
may either be the theoretical curve (eq. 23) or an experimenta.l curve measured
with a clear-oil side flow, i.e., without air,

Evaluation of P,. - The taroat entry pressure is found from Eq. 54 as follows:

B, .L vz P2 gw
Pa=Poa 28 VN (T-p)2 G, ~ (65)
49
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Ag with the clear oil case, side flow ve)ocity-head is neglected: P, oA== PoA.
The throat entry coefficient K2 has been dropped as negligible. All of the
above terms are known if the oil fiows Wy and Wg are given, and the three
pressures at inlet, suction, and discharge of the pump. The aerated-flow
volume ratio W) , is obtained from the N charactexistic curve at the Nj, value
represented by the three pressures Pi’ Boa and PdA for the aerated secondary
flow operation,

Experimenta'l Re'sults, Two Phase Flow

The amount of secondary ﬂuid pumped by a jet pump with a given jet
velocity, or Wy rate, is governed by ths dischar ge pressure Pd. Just as:
with a centri.fug&l pump; an increase in back pressure will decrease the pump

_ capacity: u.ntil at the "shut-off head" the ﬂow of pu.mped ﬂuid becomes zero!

. A fixed relation N vs Gv, exist\s between pressure ratio and flow rate. ,

I the’ side fluid is restricted to a fixed rate (as. scavenge 6il is in an'engine) ;

B . and the discharge p e_ssure Pd is then lowered, one or & combination of the ' : .
followins result; C A S e L Lo

e PR Ladit e

L o (a) With restricted suction line: 'I'he eide pOrt preseure Po will - "
RS 'decrease until tl‘ie balancs between N and ¢ has been restored.‘ o .

e

[T P,

(b) - With Vented suction- Air will be drawn in at a rate. dependent T

© upon the back Pressure.. The lower: Py is, the greater theair;: -~ ~ . |

- rate.  The "starved" pump. makes up t'or an inadequate secondary S SR

oil ﬂow by drawing in air, LIS S A

’ ,-; : oo

C Case (b) above is that existing in-the scavenge pump application of the jei: o ' T

pump. The "scavenge ratio" for'a given pump-is determined.to some extem‘. N

by the back pressure. Again, note the sirmilarity to the centriiugal pump: - R
Capacity is determined by discharge preesure. | R -

B
-k
s
b
ha
o
I
i

Test Procedure s Fig 34 shews the ﬂow diagram for twe-phase ﬂow. The :
side port, norma.lly ‘connected to a supply of oil, was fed from i'.he bottom ofa | ", "}
"surnp" ‘The secondary oll flow at rate Wg was admitted to the side of the - o
T sump as shown; and the top of the sump was vented to the atmo,stbhere through

oy a rotameter used for air measurement. Several pumps ‘ware lmserated at ¢o :
- values selected by examination of their characteristic curves (See Figs, 10 to"
14), ranging from 1/3 to 2/3 of §mep. Nozde flow rates were such as to yield:
P pj values of 40 psig or 100 psig. Suction port press_ures were as‘tmospheric. o

ERE Tt

As a back pressures py corresponding to N at the operating @ value,
’ no air was drawn in. With any reduction of py below this value, air was in-
: ducted and measured by rotameter. Measured air rates are converted to NP
" conditions (14.7 psia and 60 F) and compared with calculated Qa NTP values.
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JTest Regulig, - From the N - ¢ characteristic curve for the pump under
test LW 5 is obtained as that corresponding to Ny, the air iest pressure
ratio. p_ is then calculated with the § and {4) 5 values using ¥q. 65, leading

to calculation of Qp, and/or Qp NTP-

Operating Conditions for Test No. 100, Pump No. 100/316/307

b nominal . 0.1
( 0.0124

oil blend "B"
oil temp. = 200 F ‘
viscosity - 6.7 centistoka_s ,
< 51,5 1bs/ft3
'N 12, 6 15/min
Py - 1 40 psig,nominal
‘P . i'  -0.10psig, (14.13 psia.)
. Wi'g L. 19,9 1b/min - _ L
¢ %, 7 1.58 I
N0, 131} no ‘i" ﬂ°w Lo

N .’When operated at a.ny pressure ratio below N = O 131 air was mducted at
the side port: Ws was held constant at 19, 9.1b/min. "To obtain. mixture

f S or theoretical Fig. 35 is the curve for Pu.mp No,~ 100/316/307 Assummg o
Eooe NAQ = 0 05, W, 'is read as 3.1 1. L , : A
. Ea Htsncea, o | | R . .
i anas BN (W, - ¢) 1521'2 (3 11 - 1. 58) =0,374 £3/min -
[Ty BTSRRI MRS S

S S E'sz

' _P.._

- where PoA is expressed inpaia. units.. o T I
. By continuity, WN = AN VNf , and AR . |

S ﬁVN" . 0.1451 Wx? . 0.1451 (2, 6)2 « 310 "
- < 2gx144 " Fa#xi4s  0.0001 x 51.5x144 pat

P, =14.13 - 31,0 x 3.1 x 1.58 x 0.01238 = 12. 25 psia

In correcting Qp, to NTP conditions, 14, 7 psia and 60 F, it is assumed that
the air in the throat has been heated to oil temperature, 200 F,
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Pa 520 , 0,374 12:25%520 ¢ 244 13 /min

Hence QA NTP * Qaa 14,7 T, ) 14,7 x 660

This value for air flow at Npop = 0. 05 is one point comprising the
theoretical air flow curve plotted versus Ny in Fig. 36. The points and
dashed line represent the experimental results from Test No. 100,

By definition the theory and test results agree at Qp = 0. At higher
air flows the two differ by as much as 10 to 20 per cent for this test. In .
view of the com)plexity of this flow process and the necessarily appronimate
nature of the so,lution the agreement is surprisingly good. ‘

Fig. 37 compares theory and experiment for the same pump but. at
a higher jet velocity (p; = 100 psig versus 40 psig in Fig 3) Again the trend
ia satisfactorily predicted ‘ _ '

'I'est with b = 0. 20. - Air tests have been made with Pump No. 141/316/30{3
(see Fig. 8) and typical results appear in. Fig. 38 along with the theoretical
curve. The agreement is similar to the pump with b = 0,1, The opératich
S was at hzgher NAO values, of course, beceuee of the chenge in pump area
. ratio, : i : S i

19
y

‘Test w1th b = O\\ 544 - Ta\ further test the velidity of the solution air te tF L
" were made using Pump No 177/240 /455, a pump with a relatively high atea
ratio, b = 0,544, (See Fig. 9). This rieans that the pump operates at high
N values, but only at very low flow ratios ('I'he ma.ximum efficiency flow
ratid is about amep = 0, 35) - : , _ L ” ”

. Flg 39 shows the result of a test at @)= 0.10. The agr‘q}l’!e‘iiiehtiil@ith
- the theory is similar to the other two pumps. tested URRER A
' Conclusion - Three jet pumps have been tested with a two-phase two- T
' :component mixture of air and oil. inducted at the side poi-t This simu-

" ,lates the condition iunder which a jet pump w«auld function s a ecavnnge pump | , .

When coperated at a pressure . ratio below thd.t corresponding with . ‘the oil’
fiow ratio §, and with & vented "sump", air is ‘drawn into the pump 'I'he
air rate is found to vary in a nearly linear manne;,- with N AO ’ the air test
I&pressure ratio S :

The hypothesis that the jet pump will pump air at a rate equal to the
oil "deficiency" (as indicated by the departure from the basic characteristic
curve of the pump), is borne out by agreement with measured air rates.
Within rather narrow limits the scavenge ratio of 2 given jet scavenge pump
may be decreased by raising the back pressure, and conyversely. In general,
however, the pump capacity, hence scavenge ratio, is 2 gquestion of ener
input, i.e., nozzle flow and pressure, and the design area ratio of the pump.
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B. Aerated Primary Flow

The jet scavenge pump would be '"'powered' hydraulically by a supply
of lubricating oil from an engine-driven positive displacement pump. This
might be a separate pump, or one or more added elements inside the body
of the main pressure pump. The oil delivered to the nozzle of the jet
acavenge pump would normally be free of entrained air. However, under
conditions conducive to poor separation of air from the oil in the tank or
deaerator, the primary flow at the jet pump might contain entrained air.

It has been shown theoretically and experimentally {6) that air en-"
trained in the nozzle fluid increases the nozzle pressure drop, P;-P,, and
the cutput pressure rise, P3-P,, compared with the same flow rate of clear
oil. The approximate theoretical relations developed above in Part A serve

-to illustrate the approach; further derwattons will be otmtted here

vNozzle Pressure Drop - In the: nomenclature of this- refport the noz zle pree-":
sure dmp for aera;ed prxmary flow may be expressed (6$ as. :

7

(P ..po) (1+Xo) ﬁ——vN (1+K1)

thus - ‘(Pi'P°)A =1 xo ST P (es)

whei-e

is the aeratmn of the nozvle ﬂuid at the nozzle discharge pressure. 5 PRI

~the oil density ; ' A explained in Appendix 1, present experimental Fesults
‘have. demonstreted that within experimental accu*acy, e££ective dischar ge,
' pressure at’ the nouzle tip is Po, fer a11 oi the pump B¢ Qted in thie pregré.m‘

The ea[rlier' report:compared experimental results w;th the approximate ;

‘rélation, Eq.i 66; agreement was godd. Singe the tests were confined to rel-.
. atively low pfessure drops, of the order of 10 psi or less, it was deemed ad-
. visable to checkithe behavior of the jet pump under the higher pressure-drop "

. conditions to be enc|ountered in the scavenge -pump application..” The test -
stand circuit showniin Fig. 7 was modified to permit aeration‘of the primary
stream. .Room air. Mras metered through & wet-test gas meter into thie suction

side of the variable speed oil pump at a tee in theé oil supply line ﬁ'om the tan}c. §

(The oil rotameter “wa.s located upstream from the tee.) A throttle valve in
‘the oil line between the tee and rotameter vas used to control the amount of
air drawn in; by slightly depressing the gage pressure at ther air bleed point.
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Air Content at Nozzle Dinscharge. - Lubricating oil contains approximately

10 per cent by volume of dissolved air at one atmosphire pressure under equil -
ibrium conditions. This changes directly as the absolute pressure oveyr the

oil. The nozzle discharges to pressurc Py, which was nearly atmospheric

in the following tests. Hence, the volume of entrained air at P, was essentially
the same as that metered into the sysiem, corrected, however, for the tem-
perature change. Let QamM ft3 /min be the volumetric air rate at barometric
pressure and room temperature indicated by the 3ir meter. Then the air

rate at the nozzle dischargs pressure P, is;

Ty

Qao = RAM (68)

|

’ The absolute temperature of the air. To. is aasumed equal to that of the oil..

o Air tempera.ture, TM, at the meteyr is room absolute temperature.¢ QN is .

the volumetrtc prtmary 011 flow rate.

_Test Reaults - Pump No. 141/316/308 b = 0, Z was operated at oil rates

B correspondmg to nozzle pressure drops of 40 and 80 psi(with clear 011) Po
‘was atmospheric and Pd was controlled to obtain an operating Low ratio of- -

¢ p*"“ 213 ¢me , v#htch is 0.8 for this particular pump. In’ additxop a test
at 40,psi was made 'with zero. s1de flow; @ = 0.  Air was added to the primary

" oil stream and. reaultant pump: behavmr noted.” In Fig. 40. the ratio of mea-~
-sured nozzle pressture ‘drop with aerated primary fluid to preséure drop with
‘clear oil (same WN) is: plotided versus 1 + X, The approximgte theoretical

: expression. Eq 66 is shown tor comparison : : .

. e ,/ o i “; : o &
At these hrgh nozzl.e prossuré drops the adual xncrea@e of Pppd

due’ to entrained/ air [ls considerahly legs than prechctad. as. éhown by Fig. 40

The curve for the 80 pei pressure drop (clear oil) condition falls below that

- for. 40 psi. (Noﬁe that the pomta at 40-psi fall on the: same ling £or ¢.5-0. 8
' and 0 0 ) Rei’erence (6) reported that exporimental values of IR

Ve \.- . : l‘: : . .j/;r' R x‘i,‘: »

(Pi*P R L e BN

Pi-por . werev

'i predicted qtute well by, 1+ Xa. where the pressure drops were only of the

order of a few psi,, This indicates that the effect of entrained air is a maxi-
mum at very low. preaaur'e drops, and decreases cons;derably as pregsurd

drop goes up. For example, at X = 50 per cent aeration, the nozzle pressure
drop is increasgsed by 50 per cent for P;-P,%22 psi (reference 6), but is in-
creased only 40 per cent for Pi-P, = 40 psi and about 30 per cent for an 80 psi
nozzle pressure drop; reading from the curves in Fig. 40 at(l + X )sl 5.

This could well be an air-in-oil sclubility effect. At high pressures appreciable
portions of the entrained air probably are dissolved in the oil by the time the
turbulent mixture arrises at the nozzle. At the high jet velocities the air-
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Fig. 13.): ame was 1. 2,and 'Zmax was 26, 2 per. cent “Oné difference ,_
‘was noted:’ Limiting- -flow ratio'was @y, = 1.28 whereas Ip~1. 4:for clear oil:

. with, similar hozzle pressure drop (86 2 psi) and side. port: pressure (atmoa SR

! pheric) “(See- Chapter IV) ’I'he added air thus aggravated the cavitation e

: H-Concluaior&. - At nozzle pressﬁre as lmgh ags 40 and 80 psig aeratien“&ov the _
- - primary oil: stream exerts very little s\effect on pump. behavmr. .Nozzle pres ure

T e - - ——-

oil mixture may leave the nozzla in 2 metastable condition: The time interval
is too short to permit evolution of the dissolved air as the static pressure on
the oil drops rapidly., The entrained air content is thus actually less than
assumed under equilibrium conditions, suppressing the volume-increase
effect of the air.

&
Output Pressure Rise and Efficiency. - The output pressure rise Py-P, also
increases with nozzle fluid aeartion as shown in Fig. 41, where the ratio of
(Pd'P'o)A to Pd-Po for clear oil is plotted for the same teats as Fig. 40. Out-
put preassure increases almost as fast 4s nozzle pressure drop, and as a re--
sult pump efficiency declined very little with nozzle aeration for these tests
at 40 and 80 psi. Note that the efficiency loss was greatest for the loweat
pressure drop (At very low pressure. drops, the: decrease in efficiency would

- be greater )

_Effect on Performance Curve. - A performance test (No. 212) was made on the

b = 0.2 pump with Wy =40 1b/min (80 psi nozzle pressure drop with clear oil).

 Air was bled into the primary stream to preduce a (theoretical) aeration (at

discharge preesure and oil temperature) of 37 per cent. This amou.nt of
aeration raised the noizle pressure drop to 86, 2 psi. ’I'he Nvs. ¢ a.nd s,

tendency somewhat.

’P"‘ - o .v._" - . . . ,‘ -

dﬁop and cutput: pressure rise, both im.reaue with; aeration. _ This: nozzle
pressure’ drop response to air entrainment is conudera‘qiy less i:ha.n at verij
lowpresaure drops of the order of 2 psi.. Primary streai‘n aeraticm vould,'

apparently cause no particular problem in the jet scavenge pump ‘applica

T E
} I e TR e
-
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| CHAPTER VII
|

| DESIGN PROCEDURE AND EXAMPLES

Jet pumnp performance is described by the primary and secondary flow
rates Wg and Wi and the nozzle, side port, and discharge total pressures
Pl, Po and Pd The latier may usually be replaced with static pressures
P;,P,, Pg. These operating variables comprise the flow rates, § = Wg/WN,
and the pressure rates, N = Pq-P,/P,+P4. Physically the pump is ch«racter-
ized by the nozzle and throat areas AN and A dimensionles sly, b= AN/A

The three factore N, G and b are re‘ated by the analytmal Eq. 23, in-
cluding friction ioss coefficients, K;,K2 and K34: - -

, ?;_0_,,‘_,___\ N 2 2 g%p2 -
NLZb"' ) (1+K34)b (“Q) -r_'b—l'z

"1+ Kl - numerator ’

o i .‘\ U

| {'l'he optirnum relation between b¢ it and 0 was found from aN/a b 2 0.
'producing Eq. 30 and Fig. 4 (KM, =. 0 tol. 0 and ‘with: Kz 3 0)

(23)

"i; PR
1

General: Procednre, High R.eyn'élds Number Case e ln ehe usua. eitua.tion
with. light ‘oils and high jet: vel;

cities, the Reynolds: number will: probably ex« S

' ceed 15,000 0r -20,000. :Herg/it may be-assumed that Ky = 0.1and K3g = 0.3; : -/

for design use, Fig. 42 relates bopt: ¢, and N. Given one of the three:

factors,. the other two can Be read firectly from the curves. For comparison,
.. the experimental values.of ‘Jyep and: ‘Nmep for eight’jet pumps are shown in
Fig: 42 (see Table 3; ‘Chapter ﬁ) In general K values were less than '

Ky = 0.1dand'Kgy = 0.3 for large b values, -and slightly larger at b = O 1

'I'hue there is. some departure from the eolid line curves.,,w I

F LN ,/ . 7 //

Procedure Example 1. Given secondary ﬂow rate and diecna,rge presaure*
" and the requirement for a high ﬂow ratio. Deeign the ptim;b o -

Given Ws, Pd-Po ) T L | T “
Find. b WN' [ ‘F‘ o dN' dln b

'I'he requirement for high/ﬂow ratio dictatee the choice of a small area ratio

(Fig. 42). This wark extended to a minimum value of b 0.1, which will o

be selected here. Fig. 42 shows that §¢th = 2.5 and Nth = 0.1. Hence, efficiency

* Since suction port pressure . is usually atmospheric. diecharge gage pres- "
sure is essentially equal to Pq-Pg lbs/ft2 or pg-po, psi. Similarly p;-pe
approximately equals nozzle gage pressure.

56
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7 = GynMNgp, is 25 per cent.* This is at & flow ratio essentially equal to the
maximum efficiency point. (This value, §,4p, can be calculated directly

with Eqs. 31 or 32.) It is recommended that pumps be designed conservatively
to operate at §op = 2/3 §, h3 2 £22/3 Geps (but Jq °p wili be dictated by cavitation

limits for high alti‘ude us #ce below).

which results from the linear N-§ approximation, Eq. 34, Chapter I.

orrespondingly, N, =>4/3 N,
The

pump will be operated at fiop » 2/3 x 2.5 = 1,67 and Nop = 4/3x0.1=0.133,
¥ = 22.3 per cent. Nozzie flow is Wy = Ws/aopi and the nozzle pressure

drop (Py-P,) is fomd from

P4-Po N
Pi - Po N+1

. Noxzzle diameter is found from the nbzzlé eq_un‘-:':‘:-::x

.pi-P‘ = -E—i (1+Kl)

and the con&inuity relation

| W= fANVN
 yielamg, e
R PRI 11+§!W'n
| | dN -16.15:1.0, Ty (Pi"Pd
y'jh‘c”rq, S dy = nou].e dumeter. im;hes L

Kl = noula coefticient. usua.lly 0 1
3 ’; W N = hozzle ﬂ&w rate, lb /min |
8. 3 = oil syfacific guvity o
n“

pi - "Po ™ nomﬁe preuure drop. Pﬂi

T ‘

Tha throat diameter u found from b and dN,

dmrr“-

Nonal.o-to-throat apacing is found from (Chnpter IV)-'

' -b
S=ay 3 5

* Subscript refers to the theoretical values from Fig. 42.
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Recommended pump design is that in Fig. 8: The throat entrance is a ¢hort
cone of about 120 degrees included angle; diffuser angle is 8 degrees; throat
length is four diameters. The adjustable nozzle-spacing feature can, of

_course,; be omitted.

Procedure Ilxample 2. Given secondary flow rate and (high) diacharge ‘pres-
sure. Deasign the puinp for maximum recovery of nozzle pressure,

Given: Wg, Pg-P,
Find: b, WN/Pi-Po, dem

Here a large b value is indicated in order to obtain a high N, Select b =.0,5:
From Fig. 42 Ngj,, = 0. 94, “th = 0.23. Following the procedure above ¢°
2/3x0,23 = 0,153, Nop =1.24, etc. Thase two ‘examples illustrate the pro-
cedure and use of Fig. 42, Note that in addition to the pump "duty". i.e.,

~ capacity and discharge pressure, some information must be had as to the .

the cou:rse ot‘ the solutinn (N s e e e e e

desired pump characteristics. This may, be the need for (a) Higi flow ratio,
or (b) High discharge pressure relative to nozzle pressure, or {¢) Maximum
efficiency. If the latter is the case, choose b = 0. 2 to 0,3. Selection of b

is the firiut step, in any case. P , o T

Kl
]
{

\
k

Scaveng_Pump Desig&

. \_.;_ .

Applicstion of the jet pump as an oil suavenge pump in a.n aircraﬁ e

‘ vengine requires consideration of the following.

1., 'I'he effeot of viscosity. or better. Reynolds number :
2. The! cavitation characteristics, or more directﬂy. the altitude. R _—
~ ceiling, - : o .
3. Pump behavior thh two-phase, tv/o component, seeondary S
ﬂow. " - . /o ./‘ . T

'I'o inustrate the use of the material’ in this repoi‘t, a design ex-
ample is presented which includes treatment of each oi‘ these problems in - .

"The Problem

Substitute a jet pump for the aft or midframe scavenge pu.rnp
of a model J-47 turbojet engine. The oil rate to be handled by the’
jet scavenge pump in 3. 5 gal/min; theback pressure on the pump is
2%psig, with Grade 1005 oil at 100 F. The flow ratio is to be a max{-
mum in ordexr to conserve weight (pump the 3.5 gpm with a minimum
nozzle or primary flow rate). Find pump size and operating charactez- ,
istics. .

et 5 o R S 14 PN + S TN 30 % e e
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_ The formcr values, derived from 'F‘ig 42 will be used below.

3

Pump Size.- The procedure in Example 1 above will be followed. To
obtain a high flow ratio, use b = 0.1; from Fig. 42, @y, = 2.5 and Ny, = 0. 1.
Let

amep 32' athug 2.5=1,67

wiN

Uop ©

N o

Nop = =0,.1=0, .133

Alternately, these values can be found from the 'linear'" or appreximate
N - § characteristic curve. (Chapter I):

N=N°. _ag_ ¢ . o e
2b - (1+Kag4)b? | I .
No'= 14K - numerator 1 (233)

. . :\ o . i 77[’
The maximum ﬂow ratio 0o 2 funciion of K34 = 0.3, and b= 0 1 ig cone-'.,,i -
veniently found from Fig. 5, as 05 = 4.6. Hence Ormep ® 2.3 (compared

“with 2.5), A function of Kl = 0.1 as well as K34 and b, No is

)

"Zx01~(1 3)x0 o1’

" N? * T 1 - numerator =0.205

TR

-v-ancl Nmep = NQ/Z L 0 102., compa.red with 0.1 from ‘?ig 42 At aop . L

2/3 Gmep' and emep = GOIZ Eq 54 redunes to,

Nop = - N = O 137, compared with 0 133

!

Il

Note - The simplified linear N ¢ characteristic curve is quite accurate at -

| ‘low b values. 0.1t00.2. As b increases the actual N - ¢ line becomes in-

creasingly concave (up) As a result the approximate N - § curve will err
on the high side, at high b values. The full theoretical N Eq. 23 should be
used for better accuracy. '

With Nop = 0,133, and pg-po = 25 psi,

5 1,133
pj-pg = (N—r:!f. G137 x 25 = 214 pai
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Upon determination of the nozxzle pressure drop, the limiting-flow ratio
§1, should be checked. If less than Gop, modification will be necessary.
From Chapter 1V, ’

_1l-b [ (1+4Kj) 0.68 po 44
=73 \/ Pi-po (44)

oy, = 1;0.11\/;.1:;;1468:;14;7 .04

Since 2.04 > 1,67, the design is satisfactary at p, = 14. 7 psia, or sea level,
Following discussion of the Reynolds numbes aff 3¢t beavv:, the altitude
ceiling will be covered. ‘ -

A.t 100 F, the upeciﬁc gravity of Grade 1005 oil ia 0 863; see Fig 43,

Ws 1b s gl xs.g‘.x 62. 4

min =~ min 7.48 “
LR Wig = 3, 5x0 863 x =5 ¥25.21b/min
o With the flow ratio ¢op =1, 67 .
25, .'2
W’N = ——6-*7- = 15 1 lb/min |
o The nozzle diameter s o | N -

e

S 01618 x10"x1,1xa5. )2 L
' odnt = -0, 86?3214 : l, =.0.219 571074

1

| uN' = 0.0684n.

dy . 0.0684
}d.m_.- 5 ® To.318 = 0,216 in,

_:The throat length is four diamet.eré,

iv» 4 x0.216 = 0. 865 in.
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Nozzle-to-throat spacing, {rom Chapter V,

1-b

S
"“*'% + =45

dn
S =0, 0684 x 4.5 w 0,308 in.

The Effect of Low Revnolda Number. - For the conditions abova, the jet
Reynol.ds number is,

379.1 W . ‘;at
Rye =l YN , (38)
N Sgvay '.
Ry = 379.1x15.1 - 18, 700

0.863 x5, ZxO 0684

- where the viscouty, 3 =5.2 cantistokes, was obtamed o'm Fig. 44
at 100 F. . This value is sufficiently high to Justify th\e assumed (minimum)
~ friction coefﬁcients Ki » 0.1 and K34 = 0.3, It should be noted, however,
‘that Kj is likely to be arger than 0.1 with such a small nozzle diameter:
The plot of K values versus Ry in Fig. 16 reveals a deﬁinite size effect,
‘ comparing Kj for dN = 0,100 versus the 0.177 or 0, 17-3 inch nozzles.. '

: 1t RN =1, 000, what eifect will it have on design? Auuming Rm is 7
also 1,000, ‘Figs. 16 and 17 yield, K; = 0,66 and K34'=0.9. Entering Fig. 5
with this throat- difﬁueer coefficient and b= 0,1: ¢° ®2,8 (compared' ‘with
4, 6 at K34 -fO 3) S

| ‘g Loy o
/"< N° ol ‘1 (i - n_ump,rgtor = 0. 1‘22‘-}. L R T

I ot ;
4 . sy

|- . -‘_ R w
i . \\ . . ! 4

;Assurning that the N G curve i.s linea:r for purpose of rapi& evaluation,ﬁm | '
Eq 37 showa that. S i/ -

— - . K

% L 'l\ . . -
A Y : L7 .
. o . i
. “' . i

O Ng#o  0.122x.2.8
o e L

or 8.5 per cent. :compared with about 25 per cent for the high R.eynolds
number case. The operatingfow ratio is estimated from

ﬁmep ' “mep = g.zﬂ—

K

op ™

Wi wlN

-y

2.8
op 5= = 0.934

Nop = >

(1IN
wiN

Nmﬂp NO m (.0814
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This corresponds.to Ch.-a.de 1005 oil at-17 F, as shovm by the viscosity o .
’cha.rt, Fig 44, . e e P S I SRR

f'l;z'-equires information on the effect of temperature on, the asgoc ldted‘ oﬂ
_ system, in yarticular hww WN,WS and pd respond g

k Altitude Ceﬂtng Analysis. - R.etul-ning to. the origi.nal case of.high Rey‘nolds -

see Fig. 15» .educing both- ﬂo ‘and No , hence efﬁciency. To produce TR RECER A

- | the game energy. output (flow rate and discharge head) the additional friction , =

"lossms require in increase in energy input. This appears ab@ve asan '1n- e CoL
craase in bnth primary flow rate and nozzle «pressure. W LA - -

The nozzle pressure drop is, assuming pg-p, remains 25 psi,

140, 0814 ;
Pi-P, * ~ 00814 (25) = 333 psi
For the same secondary flow rate, W'g = 25,2 1b/min (neglecting any
change in specific gravity), the new nozzle fiow is approximately,

1. 67

W'N=15 1 m— = 27 1b/min .

‘ 2 P _
4 _ 0.1815 x10-% (1. 66) (27)“ 4 | ‘
AN = ~5.863 =333 =0.68 x10°% o

g S s 4

ana  dy = 0,099 in.

.[ -

For the. assumed RN = 1, 000 and the corresponding calculated. W'N
and dprvalues, the viscoeity (from Eq. 38) is found to be 120 centistokes.

.’ﬁ . : : - ', ,1 :

(,." ) o . e
o

Complete a.nalysis ‘of the beha.vior of the jet pump veraus temperﬂture

-
it

.:_.” Wy : » - ;
.i‘ L q o . . i

number, the desigh will now be cliecked from the standpoint of laltitude ¢ L
celling, heretofore neglected in the gizing of the pump. At the a_ltitudn ool Il

nceiling. Gy, = Oop, by deﬁnition. Tbe mimmum suction port preﬂsure is - |

‘(44a)

« & 67)2 (0. 1)2 Lzm) . S | “_, : |
(1-0. 1)2 0.68 (1. ‘) 9. 86 Pﬂiﬁ ‘ |

From the altitude-pressure tables (13), the maximum altitude is
10,700 feet. ©bviously the original design, based on Gop = 2/3 Gmepv must
be revised if the pump is to function at high altitudes. As shown in
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Chaptar IV, the ceiling can be increased by reducing the operating flow
ratio. For Wop =1/4x2.5=0,625,

0.205
o —

Nop ® g (4.6 - 0.625) = 0.177

compared with 0.133 at §,, = 2/3 §ep. The efficiency (JN) is now about
11 per cent, or half of the former value. At this Ny value,

. 177 ;
pi-po = -%—.'-',%:;LL 25 = 177 psi | i
which is lower than before by virtue of t.he increase in Nop' The minimum
suction pori pressure ie now,
L. 625)2 (0. 1)% x 166
o PR 1012 %068 x 1.1

= 1. 07 pBl

which corresponds to a maximum altitude of 59 500 feet: Highe’r altitude
can be:reached by # further neduction in ¢o . The nozzle flow rate will
* be 25.2/0.625 = 40,3 ib/min.: A new nozzle diameter is now calculated =
" for this flow and the nozzle pressure drop of 166 psi; leading to récalcula.tibn -

", of nozzle to throat spacimg, a.nd, throat di.ameter and length

Air Inde ction at Suction Port - The design layout 80 far has been based on.
a one-to-one scavenge i-a.tio. ihe back pressure drops below the design
value of 25.psig, air will be draw:\ in the suction port. Also, if the nozzle
 flow rate is increased. (with no cha.xrge in Wg), air will be inducted., Such
_changés resylt in the pump operating at an N value below that on the N-¢
che.racteristic curve at the existmg flow ratio, The resultant over- ca.pa.ci{:y
.of the pump is; satisﬁed by air, i.n much the same way.itis in a/positive ‘ o
displaceniént: pump In Chapter/ VI aﬂ approximate theoretical . equq.tmrrwas i
‘presented. permitting direct calcula;tibn of the a.ir rate. hence, the scavenge '
‘ raﬂo and dischar ge asratwn of the oﬂ ' :

It will be necessary to design £or some over-el.apacity. i e. ’ wu'h a
. scavenge pump-to-pressure pump capacity ratio greater than one. This _
. may be accomplished at the same time that the altitude ceiling is get. If .~
~ in the example above, 'the N, value had been held at 0.133 as Jop was re- -
duced to 0.625, the nazzle pressure drop would have remained at 214 psi.
This Nop value is belctw that on the N-§ characteristic curve (0. 177),
effecting an over-capicity. In Chapter VI sample calculations were in-
cluded to demonstrate the method of finding air capacity, hence, need not
.be repeated here. By stariing the design at the selected ceiling, (with no
over -capacity), decrease in altitude will raise p, and the capacity of the
pump; air will be inducted at lower altitudes, and will be a maximum at
gea level. If this yields too high a “"scavenge-ratio' at low altitudes, the
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air rate can he reduced by increasing the back pressure on the pumnp,
thus raising Ng;,. An altitude-responsive back-pressure valve might be
the answer if excessive air handling at low altitudes should prove trouble-
some.
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' deciewely 80.

CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

Should the jet pump be amployed as an oil scavenge pump in air-
craft engines? It is not possible to give a clear-cut yes or no answer to
the problem. The theoretical and experimental analyses reported herein
revealad no reason prohibiting such an application. To win approval, the
jet scavenge pump must successfully compete with the positive displacement
(usually gear-type) pump now ueed. The two types are compared bLelow.

| Weight. - An aluminum jet pump with a. No. 12 AN aluminu.m tee 28 a body'

weighs about 0.7 1bs., This body size l!hould serve to scavenge a 3,5 gal /rr_;in
oil flow. ' The midframe. scavenge pump (Model NC'193) on the J-47 engine °

' handlea 3.5 gal/min at a nominal scavénge ratio of 10/3 5. This pump

weighs about 2,7 1bs. With the driving gears, br.ackeﬁs etc, unavailable for .

measuremenf, it is impoasible to estimate such added weight with an accuracv

The total ie proba.bly two or three times the gear pump weight along

- To the O 7 1bs jet pu.mp “weight must be added iha.t of the primary

- flow e“upply line and contained oil, and &« primary supply purnp. ¥ Thia mightv

be a separate pump\ driven at a take-off pad, or an; element added to an

- _existing oil pump, As a crude guess, the weight of: the jet pump, five feet .

of No. 12 hose, fittings, and a supply pump, might be ‘of the order. of 5 or 6 ”
lbs. 'I'here is probabl'y some weight advahtage to the jet purnp, but noi: -

Lo i
|
: !

4] Installation. - This comprises the chief advantage of the jei“ scaifenge Y

pu,mp It can be produced at a fraction of the coat of a2 preciaion high-speed
-gear pump, Pcvered hydraulically, precise rhounting for gear aLig;tuneM is

avoided The primary fluid supply pump gould be driven at any convenieht

; “power; take -off pomt,' the -jet pu.rnp locatian would be unrestricted by need
for access to a mechenical drive point :

/

‘The pumps tested in this work were equipped with the usual body

surrounding the nozzle-throat junction, or mixi.ng point.. Secondary ﬂuid

enters at a tee inlet on ane side. This body portion cou!d be eliminated in the
scavenge pump apphca.tion, affording £u11 tadial entry of secondary fluid,

- % Two or more jet scavenge pumps could be '"powered' by one primary
. supply pump.
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2. The use of a variable -area nozzle (19) might offer adva.ntagee both as |

An optimum arrangement should obtain by installing the pump vertically
in the bottom of the sump; the wall faired into the throat entry. The nozzle
could be supported above on struts, discharge downward into the open throat,

Engineering Design. - Unqguestionably the process of originally designing

a jet scavenge pump installation would be miers complex than the selection
of a positive-displacement gear pump. Experience would probably point the
way to simplier methods than the step-by-step method followed in this work,
The jet pump must be finally selected in the light of temperature effects
(Reynolds number), and altitude effects. The latter largely dictates pump
design for air craft use,. :

Sﬁggestiona for "lrnprovemexit,l and Future Weork

1, The problem of low efficiency at low Reynolds number might reapohd to

. 'changes in configuration of the jet pump. Turbulence inducing devices
"~ in the nozzle could lower the useful limit of jet Reynolds numnei', now
about R.N= 3, 000 ‘T‘

- 'regards viscous effects and catﬁtction-limited ﬂow. R i

3. There ia a need for fuz-“thet basic work in cletermination of optimu.m de- P
design. . Present experimental results indicate that optimum nogzle-tos

throat spacing and throat length are. interrelated with area ratio.. Proper

matching of all tlree variables might bring about an appreciable gain in

-oil pump efficiency, possibly to 35 per cent, c.ompared with the 25 to 30

peﬁr cent attained in these teats (Although area ratio is included in the
theory. mixing length is not.)

:.i !‘\\, :

...'5' 4.:' 'I'hc cav*lta,tion-limitod ﬂow phenomenon 'harzrants further study; also

. Y measurements should be extended to other oils and. cthei- ﬂuida such
a8’ water, fuels, and hydraulic ﬂuids, : ~
ulmumg-ﬂow responds ncmewhat to nozzle spacing. Other design
changea might help. The two-stage mixing zone ‘design (4) should effect a
marked improvement. A portion of the secondary flow could be mixed with
the high velocity primary jet; the (slowed) st¥pam would then entrain the
remainder of the secondz.ry flow at @ point dowhnstream. Thus, the com-

-bination of high flow ratio and high jet velocity at one point of ml:dng. is

avoidedp

LI
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Appendix I

Jet Pump Theory
o

As a jet of fluid penetrates a stagnant or slowly moving fluid, a drag-
ging action occurs on the boundary of the jet between the high- and low-ve-
locity particles. Mixing occurs between the surface jet fluid and the low ve-
locity fluid; and transfer of momenta accelerates the latter in the direction of
flow., As the two flows progress, the mixture stream spreads. The undis-
turbed high velocity core progressively decreases in diameter until it disap-
pears. (See Fig. 1) Confined by parallel throat walls, the secondary fluid
enters a region of decreasing area, that area being the annulus between the
mixture stream und the throat wall, At the throat entrance the annular area

is the difference'between jet and throat area, At the throat exit the mixture.

stream has epre‘nd until it touches the wall of the throat :Theq all of the
side fluid has been mixed with the primary jet. : C b

.'1'
|

Aeaumptione - In Lommom vnth other solutmmﬂ the approach may be termed
an "approximate” theory, since the details of the mbcing Process ars. {},voided '
by use of 1mpulse-momentum relatmna . o S

Yy ooq. T . T
\; ¥ : A

1l The ﬂow streams are one -dimensional et throa. ntrance- and exit

1,

b
C 2, Mixing is ¢omp1eted in the congtant area throat, against an ad-
' veree preuure gradient : -;/ ST S "!! '

h
i
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tream

mixed
high velocity core
secondary flow

Nomenclature. -

YW rhass ﬂowr‘ate' lbmlsec

Fig. 1.

i
I
f

Pl

W mass flow rate lbm/min g

o

O b B < Mo

f.

L
g

" Subscripts:

gmﬂ-o..]mz'
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‘static pressure, lhlftz " K
stahc pressura. pax 9.9
total preasure, lblftz ! , vi3
velocity. ft/eee 2 U By
: oy L
, energy £t lbf/sec, L N
density, 1bm/ft3 R
. area, ft2 VI
‘ &ia_,metef.r. £t 7
T Do L : '
diameter inches - e
throab length in, - l's 8.
ra itational cons'ta.nt 1—“——-21‘ wmft
8 V . lbfsec
primary eoizla fluid d
secondary or pump fluid i
total flow ml
side flow entry to jet pump f1
neozle endiy 1
throat entry mep

throat exit, diffuser entry

70

. area ratio,

:‘ S
AN‘
--Km

:‘ﬂow ratio , 'Ws/ WN

nozzle coetﬁcient
'l
thgoat entry coefﬂcient

: throat vmll| "ﬂction coefficient

' diffusd;r fri;ction coefﬂcient

dimensionl,Les pree sure ratio

Reynol ds number

viscosity, ,centistokes

" efficiency, \!- §N

s]ope. N vs. G

..qpectﬁc g:avity

diffuser exit

jet loss .

mixing loss

friction loss

total losses

maximum efficiency point
on )? va. i plot
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" hence Vsa "

Continuity Relations. - The continuity relations are based on an incompres-
sible fluid; the densities of primary and secondary streams are equal.

W= fAV
The annular area available to the side flow stream at throat entry is,

Aga = A - Ang = Ay, - Ag®

Ws L9
P Asa "1 .
The throat flow is the sum of the nozzle and side flows, Wy =Wy + Wg

. . w H X o o N i;\...‘ " '
Vi =T = B(140) Vi @

| f Am r . . . “ Il X »l

Nozzle en_erfgy equation, -

"5 b . ' o .
VNa* Ty, VN | (1)

P, V2 B, VN® Pg
»_L.,.___L_,__g_{,‘_-N_*._Q.‘,.
P e J ig '

where Pﬂ is energy lost by friction in nozzle l .

A it tna

| : ’ . i .
Let ﬁi = Pi + L—— "total pres sure" ,
V

p , K' E N
-‘ﬂ .'_j 173

The "nozzle'”enersgSr eq‘ueti'on becomee,’: S o S )

m - is '- (1+x' )-L VN T @

¥ ¢ . ¥

Side Flow Enej&y Equahon -

Fa vV Pa.
+A +___Sj+_;_f_1_

)',_’ "2 P 2g r

similarly, this may be wrttfen

- 2
Bo-P,=(l+Ky) LY sa
ig

#Herealter the location subscript a will be dropped, I.¢., N in place of N, .
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Ingserting the continuity relation, Eq. 1,

= g2e?  pVN?
Po - = (1 + Kz) (i-b)2 2g (4)

Momentum Equation in Throat. -

WV WgV WTVin ,
..-N—N-g + Sg Sa . - Fq = Ap,{(Py,~-Pj) (5)

The term Fy; refers to wall friction drag accompanying the flow of a real fluid
in a tube.

=f Awall ﬁ— va

where f is the friction factor and Awan = T Dp,L is the wall suxface area of
‘the tube, L and Dy, are length and diameter of the thraat Introdm.mg ‘the
throat cross-sectional area Am' ) N g 7 -

Dy, 28 A

| y

let B "=""!-"" » , i

: o X " . ‘l

N N Lo i, i

b G !

Insertmg the contmmty Eqs 1 and 2 dnd Eq 6 mto the momentum Eq. 15. . b
there results. , . l’; 8 .
, h ‘ - i 5 ,Zszz . "-‘.‘7_2 ‘ 5 e ﬁ '
. Pm - Pa= zfsg' UNT | 2bd e - (2 TK3) prs. . @ o “

+ b —— g — - reTT T
let Py=Py +ﬁz.§i_

L e
Py =Ky ,E_Eg.n,.
then,  Pg-Pp=(-Kw?)® Lo v ®)

By combining Eqs. 3, 4, 7 and 8, the three significant pressure -dif-
ference expressions may be obtained:
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~ identical with those establirshed by .Gosline and O'Brien (5)

_— 2 2
—_— - 2 0 b
B, .B =l vi| ap s 2057 (1+Kq+K,) b2 (1+9)2
d"% o "2 'N T 3T
- - 1
(1+K3) 1-b)2 ] (10)
Pd -2?— vN 14Ky -2b- "": _"’b -+ (14K +Ky) b2(1+a)2} isi

Jet Pump Efﬁcwncw - Pump efficiency, ? s is,bbta‘ined as the:ltrati-o of energy -
. output to energy mput : ’ : s R

Egut yﬁ. (-f’d ---‘150) £t lbf[aec-
; f ' Sy . »
- . My (P Py
CE, = .-7,-— 2 .- 4 i
\ g /4N 7 ={ 5——,-9- = G N where N is the dxmensiohless
i ’? pressure ratio " | 2) -
: szZ\ 'iii S Zb o ';
2b + lﬁ 5 - (1 + K3+K4) bz(l +. G) - (1+K2) ______2(¢ B2 . } T
N= : ' ; 43)
Inh '1 + K' 2b - —z—q-z-b—z-— + (14K +x“) bz (1+¢)3 E R B
.': "::‘ o 1.- = ‘ 1- b : 3 4 PR : ! S
\ _ ‘l‘he presaure charactenstic is th\;s a functlon of ares ratto b, \ﬂow ratio G,.,
,/ and the friction loss coefficients K,,' K;, K3 Ky. Thése coefficients must ’
o - be measuied experimentally or eshimated £rom existing informahon on ncz‘zla,
' ~ tube; and diffuser friction losses. -

| Although the method employed ‘and the final N equation are sornewhat
different in form, the relations between N and the above noted variab]es are

The Friction Loss Coefficients

The four K ccmfrcients, assumed zero in the ideal case above, are of
finite value in the case of the actual jet pump. The values of the coefficients
may be determined by three metheds:

{a) Use established coefficients from the litcrature, handboo

ks, ete.,
for nozzle, short tube, and diffuser losses,
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(b) Measure the coefficiente by tests on individual parts of the pump.
For example, obtain the nozzle coefficient by free-discharge tests.

(c) Calculate the K values from actual tests of the jet pump.

The latter method has been selected for this investigation of viscosity
effects. The analysis and correlaticn of coefficients computed from pump
test data are discussed in detail in Chapter UI.

Definitions of Coefficients. - The pressure-difference eguations for P I_’o
and ﬁd Po, (Eqs. 9 and 10 respectively) are sufficient to define the necee-—
sary coefficients when one simplifying assumption is made. The throat-en-
trance coefficient K; covers losses in the side-flow stream in entering the
throat, assuming one-dimensional flow. Such a coefficient approaches zero
for a well-rounded entry such as is used in these pumps. Accordingly, K
will be assumed equal to zero and dropped from the basic equations.; A further
justification for neglecting K, are the unknown departures from the a.esumed
one-dimensional flow pattern. Comparison of theoretical N va. ¢ curves with
eiperimental data showed that reasonable val ue of Kz exerted esgentially no

. effect on the N - G characteristic curve. :

Throat- Diffueer Coefficient, Kig. - It.will be noted in the pressure difference

Eqs. 10 and 11 that the throat coefficient K3 and the diffuser coefficient K

appear together as a sum. This is of course the result of defining both losses

as proportional to the throat velocity, V- Hence it is convenient to luxnp these
_friction factore togethér; K34 = Ky + Kg. ' I

Given the performance 'data on a jet pump, the throat-. difi'ueer loss co-
' efﬂcient K, may be ca.lculated from Eq 10 rearranged as,

K, = s L l-2 ¢2 . v'.» By - Fo
= . + = z -
347 b04)2 (1 b) & (1+¢)z 4. .f._ szbz(l-i-G)‘g

(14)

where all quantities are known from the pump dimeneione and the performance
test data: P;, P,, Py and the two flows, WN and Ws VN ie calculated from:

WN
VN *® Fan
Total pressures 'ﬁl, P F , are obtained by adding the respective velocity
heads to the static preuuree In this work velocity heads were, with few ex-
ceptions, negligible compared with static pressures, permitting direct use

of the latter. Using Eq. 14 a large number of throat-diffuser coefficients were
calculated from test data and correlated vs. throat Reynolds number. (Chapter III).
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Kj is eimpiy K'Y at zero side _yﬁvbw, -‘oi*‘,',@ = 0 As discv,ssed dnlaewhere, Kj re-

s Jet Loss Modiﬁcation. In over 200 tests with eight jet pumps, b = 0.1 to 0. 6
~"Pi -Po_did not vary with change in ¢,but remained quite constant. In only one

‘respond, but with only a 5 per cent change..’ To. accomodate this departure of

MNozzle Coefficient, K'1, Ki. - With Kz = 0, Eq. 9 vields

P. 2p2
X', = E‘“""" -1 .,ﬁﬁ (15)

The analytical solution was originally based on the assumption that the
pressure at the nozzle tip was equal to that in the plane of the entrance to the
throat. An annular area Ay, -AN is available for the side flow. As the side flow
Wgs increases, the throat entry pressure - which was theoretically also the noz-
zle discharge pressure - must ui necessity decrease relative to the side port pres-
sure P,. The last term in Eq. 15 compensates the supposed decrease in Pi-P,,.

Thus K" is theoretically unaffected by flow ratio. In practice,(a), the tip
of the nozzle is withdrawn from the throat entry by as much as several nozzle,
diameters and (b) jet pumps used weze provided with large -arza unrestricted side
entry ports, minimizing pressure loss (Figs. 8,9). As a result, the nozzle
experiences a discharge pressure higher than the throat entry pressure. In fact,
it is for all practical purpeses _equal to Po. The first term in Eq. 15 does not
decrease at the same rate that the last term increases. It remains constant.
Thus, K'| may be defined as, : ' '

¢2p2 . 5. o
e (Lyz + (60 where Xa = {—sz RS LU

flects the effect of Reynolds numnber ard nozzie design. The second term in
Eq. 16 is a consequence of the departure in practice from the original theo-
retical configuration of the pump parts. Values of K1 were calculated from Jet
Fump tests and correlated vs, Jet Revnolds number (Chapter m. ) '

case, where the nozzle was located abnorma,lly cloee tc the throat, did Pi-P,
experiment from theory, the £ollowing is postulated

The jet dischargee from the nozzle tip, surrounded by fluid at

static pressure Py, with velocity Viy and of area AN. The free _ .
jet then traverses a short distance S, varing from about 0.1 to several
nozzle or jet diameters, before entering the throat where the static
pressure is P,. This traverse of the constant-velocity constant-

area, jet from Py down to P, constitutes a fluid frictional energy

loss E;;. The analysis is considerably simplified by this assumption
that all the mixing occurs after the jet enters the throat.

This concept arises from tests on two particular designs (Figs. 8,9) of
nozzle and throat-entry contour, It is quite possible that careful shaping of the
throat entry would achieve some utilization of this so-called "jet-lossenergy.
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This energy loss is,
w ft 1b
} .y = N -
o T (Po Pa)’ sec (18)
Combining Kqs 18 and 4,
e VHZ gép2
. 1+ —_— 1

The last factor in Eq. 19 is simply the difference between K'| and Kl By
thus recognizing the flow of the jet from P, to P_ asa loss distinct from the
nozzle loss proper, K| values may be extracted ?rom jet pump performance
tests for correlation.

Revised Basic Equa.tions

' 'Eqﬁa.tioris 9, 10, 11, and 13 are the basic equations desc‘lribi‘rig jet pump
behavior. These are repeated helow incorporating tke jet loss factor des-
cribed above. . : o " ' ‘

The x’u}zzle p:resé,hre difference (formerly Eq:| g):

o - 2 L o

The output preséure rise (same as Eq. 10);

W
Y

Pt

BBt |2+ T - (14KGy) b? (140)2 - (14K,) (21 .

(1-b)2,

The overall préia’ss\ire_ d_rop ifbrmeﬂyf}-:q. 11):

1-b -

- 2 aq2p2 , Xl
B, - P‘ds «%_' [1+K1 _2p - 2ERD +(14K34) b2 (1 +¢)z+(1+x2)l—%] (22)

Ry

The pressure ratio N is found from Egs. 21 and 22;

B,.-F
N=i_,.-id3;a.

20202 g2p®
= Zb +"g—_"g"' - (1+K34)b2(1+a)2 - (1+K2) (l-b)

(23)
1+ K; - numerator

or,
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Through recognition of the jet loss concept, Eq. 23 is an improved ar-
rangement of Eq. 13. Friction factors are constants, independent of ¢, where-
as K')_ in Eq. 13 had to be computed as the sumn of K; and (1+K ) szz/(l b)2
for each § value in question. Identical numerical results are obtained with
sither form. As shown in Chapterll theoretical N va. ¢ characteristic curves
agree quite well with test results.

ENERGY ANALYSIS

~ The mixing of two streams of different velocities in a jet pump demands:
that an energy loss occur, even if all four friction coefficients and. the jet loss
are zero. Separation of the mixing loss, jet loss, and friction losases through
an energy analysis is helpful in understanding the Jet pumping mechanism and
the limitations therein imposed, .| )
i ]

1.

' The foingl L.ess

‘The momentum equation 5 provides the followmg expression for pressure
difference across the throat section: :

| wN vl | WSVSa szVm r.l _— L
- v+ ! ‘ - g 5 .
The energy equation between throat entrance and exit is' o . _ "
W P w V W P, WeVe ‘
. £ - 7’ 2g f o Em +Eg
- N vaz w .ﬁ_S.a_ .ﬁVm J.';.ﬂ fEﬂ C iar
PriPa™ Wo 28 N (24)
- _ : Wep | T - _
'---"€ctu“§ that -—Fﬂ= PEf -
- Am g

the mixing loss is obtained by, eliminating the pressure diﬁerence 'between

Eqs. 5 and 24. By re.l.rra.ngmg terms and simplifying, the followmg equation
is obtained:

. ' 2
| (V’ - Vgo)? (Vsa - Vi)
Eml =WN Tz tWg 2g (25)
Combining Eq. 25 with the continuity relations Eqs. 1 and 2,
, 3
VN2 g3p2 1+¢
Eei = W 3 |1 - 25 (146) +5% (40)° + (7552 - 2052 (T (26)
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It is interesting to note that at zero side flow, (¢ = 0), Eq. 23 reduces to

WnNY NZ 2
Em = -i-é_—— (1-b)

which is simply the expreszion for a '"sudden enlargement' loss in a pipe line.

The Friction Liosses

The friction loss terms are all expressed as constants multiplied times
the kinetic energy expression of the stream in question. These plus the con-
tinuity relations yield the following: -

. ' 2
Nozzle Loss: E; = K WN_g.N__
' ' 4
2 ¢3b2 | ) vNé

~ Side Flow Loss: E, ‘= K; ws -Y-zs?- “K_KZ -

- .... L ‘. k 2
Throat Loss: Ej3 = K3 W .Yzm.. x3b2(1+¢)3 wN ._N._
g

P : |, 2 :
|~ Piffuser Loss Ey = x4‘w.r‘ 2 -”K4b ‘(‘1+¢;3 wN %
' thé; fz;ictio_n »llo_u is the sum of the four eqtations above: |
E | VN2 . G3bz L P o
a*¥N o K1 + Kz T2 +Kig b?-(1+¢)3 ST 1)

“The flLTét L'ou

The jet lou tqsrm was. derived above in the course of estabhahing Eq 23, |

the mbdified banc chracterutxc equation for the jet pump. It is,

L 2 b2 : ;
Ej = Wy ‘%’- (1+K2) %2':-;)2 19)

Again, this term represents the loss in available energy resulting from the
constant area and velocity flow of the jet utream from the nozzle tip at P,
to the throat entrance at P_.
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Total enexgy loas is the sum of equations 26, 27, and 19, Enn tEqg +"Ej1.

2 2
A\ ¢
> N ; 2,2 _!_
E = Wy 35 1+ K - 2b(149) - 2¢“b +(1+K2) (1+¢) =57 - )
+ (14K, ) B2 (1+¢)3] . (28)
It is noted that Kiq. 28 could also be found by the foliowing steps:

Ey 2 Ejp - Egyt

N . - ¥ -
=pF B -PFy-TF (Bg - Fo)

where the pressure differences involved have been derived above as Eqs. 21
and 22, In addition to Eq. 12, pump efﬁciency is expressed by

|

:7 x oL, o (29)
By ‘Bin L

_Dimensionlees EnerL Factors - N‘ote that for ana.lysis purposes, mixing
1088 Emi, frictionloss Egq, jet 1o8s Ejl' and total energy loss Ey, can be

expressed dimensionlessly by’ d‘lviding the respective equations 26, 27, 19 arid ‘

28, through by

wN In-,
2g -

| Losses are then expressed oﬁly in terms of §, b, ind the friction factors.

Gomparieon of Characteristic Curves

The energy relatione developed above permit comparieon mf thr ee theg-u

retical characteristic curves. These are for,
A. The ideal pump, mixing loss only.'
B. The frictionless pump, but with jet loss (nozzle withdrawn
- from throat entry).
C. The actual jet pump, with mixmg, jet, and friction losses
included.

The design area-ratio b determines the head characteristic of & jet pump as
discussed in Chapter I, Theoretically it may have any value < b<1,0. For
the mid-value of b = 0.5, the pressure ratio N, and efficiency rz =§N, curves
are shown in Fig. 2 for the above three theorstical solutions.
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' B Frictze_.less Flow, with Jet Loss. - Curves B show the considerable effect

A. Ideal Jet Puwp. - Examination of the mixing loss Eq. 25 shows that the
mixing loss decre2ses as the side-flow throat-entry velocity vSa approaches
the jet velocity Viy. The mixing losa is zero when these are equel. This re-
quires that,

g= 10
b

and for b = 0.5, this flow ratio is § =1.0. Fig., 2 shows that here the effi-
ciency is 100 per cent - but output and input are zero for this case. Two high
velocity jets simply paes through the throat together and in the diffuser the
kinetic energy is recovered as a pressure equal to the inlet pressure, i.e.,
P; = Py = P,. If the jet pump doesn't actually "pump" at 100 per cent efficiency,
what is the inaximum obtainable efficiency for frictionless flow? If the ratio
for the maximum energy output is selected,(to minimize pump size) curve A
shows 1 pnay = 72.4 per cent; here the flow ratio is § = 0.534. Higher
efficiencies can be obtained only at the expense of energy output, and lowered

'pressure ratio, or N vaue,

For ﬂow ratios greatm- than that for zero mixing loss (§ > 1.0 in Fig. 2)
the side-flow throat velocity exceeds the jet veloctty, and the role of the two
‘streamns ie interchanged. S : : :

of jet loss on efficiency and pressure ratio. It should be added here that A

and B are two extremes; either no jet loss occurs, or 100 per cent of the energy
represented by jet flow from P “to P, (in the throat entry) is assumed lost.

An intermediate case could well be postulated, wherein a part of this energy

_is considered utilized in the pumping process. Efficiency curve B reaches a

v maximum of 42 per.cent.at § = 0.35as shown. This (B) represents a sort of Lo v
‘ultimate in improvement, through reduction of frictmn losses, _ o '

C Actual Jet PumL The lowest curves, C, are conatructed aasuming that
"‘perience these values represent. nearly the minimum obtainable in practice.

Efficiency and presgsure curves are lowered and the maximum flow ratio is re-.
‘ducad as indicated. The C curves are essentially identical with performance

Ky = 0.1, K> =20, K34 = 0.3, thus introducing friction losses. From test ex- : *‘

curves measured in the laboratory. i In Chapter Il theory and experimental curves
are compared directly.

WADC TR 55-143 80




T T T T T T T T T T T T e T T T e ST e

Appendix 2

Sample Calculations

In most of the experimental work, pump performances were mea-
sured versus flow ratio. This test consisted of operating the pump at a
fixcd primary flow WN and fixed suction port pressure p,. For each test,
discharge pressure pg was varied for approximately 14 runs, yielding a
series of secondary flow rates Wg from 0 to the maximum for each pump
(with the control valve wide open.)

Two flow rates W'N and W'g and three pressures pjpo and pg were
recorded for each run. These data were employed to calculate the pressure
ratio N and flow ratio, ¢ as demonstrated below. Flow rates were set
approximately by rotameter and then measured by weighing against a stop
watch for best accuracy (except during "altitude" testing). A portable
pump was used to pump the weighed sample from a tank on a balance, back
to the oil tank on the top of the test stand A desk. calculator was uaed in
comput1ng data. ‘ S

Test Da.ta: .
| _ Tést No. 190, Run No. 8,’/”4/19/5‘4“ o

Pump No. 141/316/308, b = 0.2

Barometer 28 85 in. Hg corr.

Room temperature 82 F |

oi: MIL L.-7808, Synthem
| VO11 Temp 150 F' from Fig. 43 8.g. = 0 892

~ from Fig. .44, \) =5,7 centistokea L

Wiy = 44, b41bs/nﬁn

WS = 31.88 ibs /min

¢ 31.88
= 44.64

p; = 100. 0 psig, corrected for gage calibration error

= 0,74

po = -0.5 in Hg or -0. 24 psig relative to barometer pressute

pPq = 48.5 in Hg or 23.7 psig
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Pd-Po ® 23.94 psi
Pi-pd = 76.3 pui

Pi-po = 100. 24 psi

23,94

N=—77 76,3 = 0.314

—— Lt—

The calculated N values were then plotted versus fiow ratio ¢, and a
smooth curve faired through the points-- facilitated by the nearly linear
nature of the N - § relation. An efficiency cuzrve ¥ = §N was plotted
by multiplying N values from the curve by the corresponding § value.

Calculation of Friction Factors. - The experimental N - § curve was used
to calculate Kj arid K34. At about § = 2/3 Imep:0: 90 for Test 190. the value
of N was read from the amoothed curves: _

Na 0.27_6 at'G =09

2 ‘
'oo;fl4l .
® =(6"m‘) = 0.199 -

| N 0.276
P4-Po * N‘H (Pd po) = -—2'77-&- (100. 24) 21 68 psi

From continuity, and with dN as nozzle diameter in inéheg.'

- PVN? | 0.002326 W'N?
2g. - 8.8 dyt

P Vi? | 0.002326 (44.64)%
Zg T 0.892 (0, 14118

- "m 13,175 1bg/ft?2

From Eq. 14. Appendix 1or Chapter 1I,

: 10. 04 1-0,398 0. 81 21.68 x 144
Kijgm —— + &~¥——— X —— -l- -
» 3.61 0.641 3.6l 0.0396 x 3.61 x 13,175
K34 = 0 337
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' when limitingflow occurs: N varies, but ], remains fixed. To measure
 Iimiting-flow rates, Wgr,, versus absolute suction port pressure, the back
‘was ..c\.omplished by evacuating the oil storage tank with an electric vacuum

* decreased ; as the system was evacuated. The flow rates;and pressure data
_ were reduced for plbtting as 11miting-ﬂow function Y, vs Pg» a8 gshown below.

" Cavitation 'I;'est PData:

100, 24 x 144
X = —13 175

-1 = 0.0956

From Eqs. 38 and 39, Chapter III, the jet or nozzle and th. throat Reynolds
numbers are,

379.1 x 44. 64 % 50 150
*0.892x5.7 x0. 141 —

Ry =—g-5rg (1 +0.9) 20,150 = 17,100

Thege friction factors and Reynolds numbers a.ppear in Table 4 in Chapter III,
and are plotted in Figs. 16 and 17. . ., : ‘
Cavxtation Limited Flow Data. - As shown by Figs. 10 to 14, or Fig. 19.

secondary flow, and hence, flow ratio ¢, are indep\endent of discharge pressure

preasm‘e valve was opened wide and p, was reduced in a series.of about 12
Tuns from atmospheric to the minimum obtainable (less than 1 psig). This

pump. Nozzle flow rate was held constant; nozzle gage pressure, of course,

Te;;sj: No. 141, Run No.-*'ls,'-s-/13./54:

Pump No. 141/316/308, b = 0. z

Barometer 28 70 in Hg, uncorrected. 14 0 psia corrected
Room Temperature 76 F

Oil: MIL-L-6081 A, Grade 1005

Oil Temperature 100 F: from Fig. 43, s.g. = 0, 861;

W'y = 55.0 ib/min
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W'gy, = 30.0 Ib/min

Py ™ 142 psig, corrected, relative to barometric pressure, or 156 paix

Ptank = -18. 56 in Hg or 4. 96 psia
(multiplying in Hg at 76 F by 0. 489 to convert to psi)

=

Po = -21.05 in Hg. or 3,74 psia, representing 33,340 ft. (13).

Pi-P, =156 - 3,74 =152, 3 psia
Pd = 4.5 psig or 18.5 psia
. Pd-po = 14. 8 psi
Eq. 42, Chapter IV,

2 2

2 WsL
Y = 14%‘:%?‘- 144 p2g x ANZ (-bF P

For dy = 0, 141 in. , b= 0 199, and 5.g. = 0, 86:, this reduces to

i

} Thia value of Y is plotted versus Po = 3,74 psia in Fig 24,

|
|
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Appendix 3.

P Theory Compared with Experimental Results
on Water Jet Pumps

The approximate theoretical approach presented at the end of
Chapter I vas originally proposed by Gosline and O'Brien (5) and enlarged

upon by Stepanoff {11}. Ii assumed that N versus ¢ is a2 straight line, and
P Y P (14 ] B8
accordingly

NzNo-;i v (34)

The theoret1ca.1 Eq 23 for N is conmderably simphfxed when ¢=0, here

. 2 | S
v BBl | - (2aa)
Ky - numerator : .
: The intercept on the ¢ axis, or maximum flow ratio, do, may be
‘found directly from Eq. 33, This is presented graphically in Fig. 5:
_ entering with b and K34, §5 can be read from the curve.

In Fig 45 the theoretical curves No versus b and Jo versus b are

o , 'presented for comparissan with experimental values for Ny and o from
v " Stepanoff (11) for water jet pumps. Wih Kj = 0.1 and K34 = 0.3, assuming
. a high Reynolds number situation, the theory agrees well with water jet
pump data. Later (unpublished) data from the same authoriawe further veri-
fied this agreement Thus, the Ny and Go relations may be applied to water
P jet pump design B - - :, ,

, Examination of the £amily £ theoretical N - § curves, Fig. 3, shows
/. that 4t b = 0.1 and 0. 2, the lines are nearly linear ~ But at- high b values par-
i ticula.rly 0.5 and 0.6, the N - ¢ 1ines are deﬁnitely concave up.: Thus, use
¢ of a linear approximation would tend to be dangerously: optimistic athighb
' values. Here the full theoretical N - rela.tzoh (Eq. z3) should be used

for precise work.
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ENERBY ANALYSLS OF JET PUMP

THEQEETICAL CHARACTER/STIC CURYE FOR b-0.5

30 \
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1
= .
C. ACTUAL JET PUMP
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Optirmum Ih)es_ig'n"Axea Ratio, by, = An/A,,

Optimum Design Area Ratio
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Maximum Flow Ratio
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THEORETICAL  JET PUMP CHACTERISTICS
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JET PUMP CHARACTERISTIC CURVES
FOR b = 060

RUYMMP VO /)73/224/020 Pr=-Ps = 79 e ~S/
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JET PUMP CHARACT ERISTIC CURVES

FOR b = 0O0.544
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JET PUMP CHARACTERISTIC CUR VES

FOR b = 0. 4
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JET PUMP CHARACTERISTIC CURVES
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JET PUNP CMHARACTER/IST/IC CURVES

FOR & = 0.7
PUMP No. 100/376/307 PivPo = /80.24 FS),
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JET FPUMP PERFORMANCE vs FLOW RATIO

KINEMATIC VISCOSITY

BLEND A,

- FuU (7] 240
a4 Ve 6.5 Ve M /00/ /445'
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FI6 15 EFFECT OF OIL WISCOSITY ON N CHARACTERISTIC CURVES
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JET PUNMP CHARACTER/ISTIC CURVES

PUMP No. 141/3/6/308 , b = 0.20
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NMOFRBLE PRESSURE Pi = 100 PSI,
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JET PUMP CHACTERISTIC CURVES
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FIGURE 2i CAVITATION IN OIL-JET PUMP
W 26.5 LB/MIN P 150 PSIG

TOP: NOT CAVITATING, Pb'ST PSIA W= 10 LB/MIN

BOTTOM: CAVITATION FRONT BETWEEN THROAT TAPS | AND 2.
R=*=225 PSIA W= 40 LB/MIN
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FIGURE 22 CAVITATION IN OIL- JET PUMP
W, 26.5 LB/MN P= 150 PSIG

TOP: CAVITATION FRONT BETWEEN THROAT TAPS 2 AND 3.
F"’- 2! PSIA W - 40 LB/MIN

BOTTOM: CAVITATION FRONT IN DIFFUSER.
R= 17 PSIA W= 40 LB/ MiN
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Flge 23 High speed flash pictures of oil Jet pump showing four stages
of cavitatione.
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SET PUMP LIMITING -FLOVW FUNCT/ION

OIL TANK EVACUATED 770 CONTROL Po
O/L ' GRADE /10085 AT /00°F

srmaoL (B-AhASL TasT 8 PUMP A
f-.’ // ig //:f 0.20 /4'//_3/8/366‘
O '2s //j;‘ } 0.30  173/3/6/237
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Eg
T

- Q/'E
a ;
A A !
a g
/Ajf i L
0 50 740 750

SUCTION FPORT (AND TANK) PRESSUREs Ps  PSIA

FIE 28 LIMITING ~-FLow FUNCTION ¥ FOR THREE
JET PUMPS
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JET PUMP LIMITING-FLOW FUNCT/ON
SULTION PORT THROT TLED
TANK PRESSURE : /4.7 PSIA,
C/L:GRADE 1005

SYmBoL  (A-R\PS) TEMPRF pump Mo b TEST Na

x 150 100 1365508 .80 ti8
0 /750 /50  e4/3/6/208 o. 20 118
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[ /00 100  1#2/38%31 #./33 13

Yy A3/
r
. ~ 3
18

WIZH TANK AT ALTITUOE - A
PRESSURE | V= 0.68 Py - / - ‘ B
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LIMITING =FLaw FUNCTION,
L~ 3 -

L .
/700 . /80

SUCTION FPORT FPRESSURE yps PI/A h

Fl6. 28 LIMITING-FLOW RESULTS, O0BTA/NED BY)Y
THROT TLING THE SUCTION PORT 70 ConT ROL A,
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LIMITING -FLOW FUNCTION,y PS5/,

JET PUMP LIMITING-FLOW FUNCT/ON

0/ TANK EVACUATFEFD 70 CONTROL A,
PUMP No. 1¢4//3/6/308 ) b = 0 200

SYMBO! 0/ L TEMPF (B-P),PSI TEST NO,
e ERADE /005 02 188 192, /45
X SYNTHET/C /56" /100 /88
]

b
[»]

1
\
R
1

] ’ L
0 3.0 740 750
SUCTION PORT(AND TANK) PRESSURE A, PS/A.

FIG P& LIAIT/ING-FLOW RESULTS FOR HYDRC -
CAREON ANL SYNTHET/IC LUBRICATINE 0/4.3
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JET PUMP LIMITING-FLOW FUNCT/ION

DIL JTANK EVACUATED 70 CONTROL Po
PP NO 72//316/304
OIL: MIL=L-72808, SYNTHETIC AT 150°F
/ff’/'fba) = /o0 ARS/.
7ESTS NG /89,793

/501 ~

v . '
c. RAP/D “orsceny b. RETURN T0
. FASFE IN fk
1ol | SRR RS uA - CRUILIERIUM = A

4., L sTART "
.M'A LEVEL
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Sor
/ X
¢ e
""—7-—' B. PROLONBED ORLPERATION
- REMOVES DISSOLVED AIR
¢ 50 70,0 750

SUCTION PORT (AND TANK) PRESSURE , o PSIA.

FI16. 27 INCREASE IN LINMITING FLOW AFTER
REMOVAL OF D/ISS0LVED A/R
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SET PUNP PERFORMANCE vs NOZZLE FLOW RATE

JET PUMP NO. 100/244/¢5S

7TESTS MO #£3,50

O/l GRADE /008, TEMPERATURE 70°F
BACK PRESSURE Py = 2. .56 P5S/E.
SIDE PORT LPRESSURE P = /12./ PS/A,

LIMITING=FLO W

, PUN P
258 ; 25 Sor FEICIENCY X —~250
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& i 4 4 "\)
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NOFZLE Feow RATE , Wa LB/MIN,

16, 28 SHOWING FOUR CONDITIONS OF FLOW., WOTE
RELATION OF PEAK EFFICIENCY TO LIMITING =FLOW.

WALC TR 55=11,3 113




SET PUMP LIMITING -FLOW FUNCT/ION

0/ TANK FVACUATED 70 CONTROL Po
0/d ¢ GRADE J0OS AT J00°F,

PUAP NO. [4//3/63508 , TESTS /43, /4%
(B —rs) = 20 PS/6,

~
»
o
1
\

LIMITING-FLOW FUNC Tko/V, Yy Ps/
Lz 2 i .
T

L ' |
0 E S0 /20 780

SUCTION PORT (ANO TANK) PRESSLRE ; e FS/A.

FrE. 28 V versus B FRCAT TESY W./TH Low VET YELOCIT Y.
PERFEORMANCE UNAFFECTED BY LIMITING-FLOW FOR Ay> /0 FS/A.
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SET PUNMP ALTITUDE C&E/LING

T T?®
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JET PUMP ALTI7UDE CHARACTERIST/ICS
ALTITULOE ¢ 60,000 FT.

ASSUMING | ALTITULE = 60,000 FT .y Fs = /.09 7 PS/B,
Y T 0,88 4
N Awb § VALUES TAKFN FROM
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JET PUMP DESIGN CHART
Theorsticel § - N - b Relations
&-QJQ Kuﬂ0.3. M"ﬁ,

Fig. 42 Relation of Optimum Area Ratio to Flow and Pressure
Ratics. Experimental values of Jmep 8nd Ninep from
Table 3 (K3 values 0,07 to 0,2, B34 .15 to 0.4'5).
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THEZORY COMPARED WITH EJ *€RIMENTAL RESVLTS
ON WATER JE'! PUMEFS
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