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Performance of Low-Cost Ejectors

Iran Eduardo Lima Neto! and Rodrigo de Melo Porto?

Abstract: Despite its widespread use in agricultural systems, the Venturi-type ejector presents lower efficiency than that obtained by
conventional jet pumps. In this study, low-cost ejectors built from PVC T-junctions, with geometry similar to that of the conventional jet
pumps, were developed and evaluated experimentally. The tests were carried out on ejectors with nominal diameters of 25 and 32 mi
with area ratios of 0.25, 0.35, and 0.53. For each diameter, a Venturi-type ejector with an area ratio of 0.35 was also employed. The
ejectors developed in this research presented efficiency between double and triple of that of the Venturi type, with a maximum of 30.5%
being reached with the ejector of 25 mm and area ratio of 0.35. The head-loss coefficients for each component of the ejectors wer
evaluated by fitting a one-dimensional model. The results showed that the low-cost ejectors developed here presented an operatic
comparable to that of conventional jet pumps and had a better benefit/cost ratio than the Venturi-type ejectors.
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Introduction ing to Ferreira(1994, who tested Venturi-type ejectors available
in the market.

Ejectors, also called jet pumps, are devices usually manufactured In an effort to reach larger efficiency for chemical product
with foils and metallic tubes modeled in a power lathe. Composed applications in agricultural systems, ejectors of simpler construc-
basically of five parts, namely, driving and suction nozzle, suction ion and reduced cost were evaluated as well as ejectors of the
chamber, mixing chamber or throat, and diffuser, as schematically VENturi type for comparison purposes. The research experimen-
shown in Fig. 1, these accessories are used in the fields of civil,aly evaluated each ejector under various pressure and flow con-
mechanical, chemical, and industrial engineering for the suction ditions and investigated the influence of the driving nozzle/throat
and the ele\,/ation of Iiéquids gases, or even granular solids. Their&réa ratio on the functioning of the ejectors. A theoretical formu-

most frequent anplications are well-oumping. hvdraulic dredain lation was developed to determine the efficiency and head-loss
ostireq pp . i-pumping, Ny = 9N9: oefficients for each component of the ejectors, from which the-
priming of pumps or siphons, drainage of ditches, mixing or di-

luti  fluid d i f tanks. Th il labl oretical efficiency curves for several area ratios on the basis of
ution of fluids, and aeration of tanks. The commercially available ,oco coefficients were developed.

jet pumps used in these cases, similar to the ones tested by Wi- 5| analyses were made for primary and suction fluids of the
noto et al.(2000, present maximum efficiency of the order of game density. For fluids of different densities, high viscosity or
30% and their cost, depending on the manufacture complexity yith sediments in suspension, the theory should be modified. Re-
and the type of materials employed, can vary from $200 to $500 searchers such as Hatziavramiti991) and Cunninghani1995
(U.S. dollars throughouitin local market, for a 32 mm nominal  analyzed the performance of the ejectors operating with different
diameter device. fluids.

With the appearance of the Venturi-type ejectors manufactured
in PVC or polyethylene, which are more compact and cheaper
than the conventional jet pumps, it is found that these accessoriedMaterial
are being increasingly employed in agricultural systems for the
injection of chemical products in irrigation pipelines. Although The ejectors developed in this work were composed of two pieces
the cost of these devices is around $60 for nominal diameters ofshaped from PVC bar, which were inserted in a tee junction of the

32 mm, the maximum efficiency is usually less than 15%, accord- same material. In Figs. 2 and 3, where various geometrical dimen-
sions are shown, the hatched parts correspond to the shaped

pieces and the dashed lines represent the tee. Fig. 2 shows the
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Fig. 2. Type A ejector

Fig. 3. Type B ejecton(\Venturi)

Type A ejector, with geometry similar to that of the conventional . ] .
jet pumps, while Fig. 3 shows the Type B ejector, a more compact {2k being supplied by the resulting flow. The water tatk was

ejector without a mixing chamber and similar to the Venturi-type fed by the auxiliary tank13) to avoid turbulence problems in the
ejectors developed by Roj&$995. suction. The auxiliary pump supplied this ta(id) as well as the
For each nominal diametd of the tees. of 25 and 32 mm. €eding tank. The delivery water tank returned to the reservoir of

four ejectors were built, three Type A and one Type B. Represent- € auxiliary pump through an overflow pipe. The exit pipeline
ing the nominal diameters by numbers in the parentheses, the teeffom the pump(1) was of 50 mm diameter, which was also the

are denominated as having the dimensia(@5)=18.0 mm and size of the feeding, suction, and discharge pipes, as well as (_)f the
2(32)=22.5mm. In order to provide for sufficient overlap be- need!e and globe valves and the tegs uged for t.he ponstructlon of
tween the pipeline and the ejector entrance, the overlap Iengthsth_e ejectors. The total Iengt_h of the pipelines varied in accordance
were taken asv(25)=23.4 mm andv(32)=30.0mm. ltwas also  With the lengthL . of each ejector.
decided that the thicknessn any part of the pieces, except in the
chamfered areas, should be larger than 2 mm in order to avoid
cracks in the material during the machining process. Therefore, Two types of tests were conducted for each kind of ejector in
e(25)=2.34 mm ande(32)=3.00mm were adopted, with the order to analyze the ranges of maximum efficiency and the head-
other dimensions being similar to the limits recommended by loss coefficients in each component of these accessories.
researchers, like Muellg1964 and Sangef1970, who evalu-
ated the efficiency of the ejectors in terms of their geometry. The
parameters adopted for the various ejectors are presented in Tabl&@he pressure head in the first manoméRwint A) varied from 10
1, R being the ratio between the areas of the driving nozalg ( to 50 m KO in increments b5 m H,O. This was obtained
and the throatA,). through adjustments in the needle valve upstream of the ejectors

The shaped pieces and a short tube of PVC were glued insidekeeping the other valves open. The efficiency of the ejectors was
the tees. Three splices were also glued to the ends of the ejectoranalyzed as a function of the Reynolds numiRy in the feed
so that these could be connected to the main and the suction linespipes.
The total cost of construction of these ejectors, including labor,
was around $30.

The items necessary for carrying out the tests were a centrifu-
gal pump with a capacity of 8 #h and a manometric head of 60  The pressure heads in the first manomé®aint A) and in the tee
m H,O; two digital discharge meters with transducers of induc- (Point B) were fixed in respectively 50 an€1.60 m HO. The
tive magnetic type, with diameters of 25 and 32 mm and capaci- suction and discharge valves were manipulated to obtain various
ties respectively of 8 and 7, both with an accuracy of 1%; discharges in the secondary flows. Further, the primary flow was
two digital manometers, with a precision of two decimal points also fixed for each ejector in view of the fact that at driving
and a bottom scale of 60 m,B; a mercury column vacuum  pressure heads higher than 40 g(H the pressures as well as the
meter, with millimeter scale and bottom scale of 750 mm Hg; two driving flows did not change when the valves were adjusted. With
100 L water tanks in addition to gate, globe, and needle valves. a fixed number of 12 experimental data points, efficiefigy

The experimental setup is shown in Fig. 4. The putbpde- versus flow ratio(M) curves were obtained and the head-loss
livered the water from the feed tank to the eject®r. The sec- coefficients in each component of the ejectors were determined by
ondary fluid was lifted from the water tar{kl) with the delivery fitting a one-dimensional model.

Experimental Study

Test for Maximum Efficiency

Test for Efficiency Curves

Table 1. Ejector Dimensions

Ejector R=A,/A; a B 0 (deg D,/D x/D x'/D y/D L,/D Lq/D

B(25 0.35 140.0 0.156 0.422 2.240
AL(25) 0.25 38.3 0.470 2.500 1.780
A2(25) 0.35 43.9 0.470 2.100 2.240
A3(25) 0.53 20° 10° 49.0 0.250 0.250 0.470 1.720 2.672
B(32 0.35 140.0 0.156 0.422 2.234
A1(32 0.25 39.2 0.453 2.500 1.781
A2(32) 0.35 447 0.453 2.109 2.234
A3(32) 0.53 50.0 0.453 1.719 2.672
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Fig. 4. Schematic of experimental setup
Theoretical Analysis The efficiency equation used in this work was the same pro-

posed by Silvestef1961) for a centrifugal pump-ejector associa-
. . tion expressed in terms of the flow ratd and head ratid\
Efficiency Equation

Y =4 = (Ha—H2)/(H;—Ha).

In Fig. 5, Sections 1, 2, and 3 respectively represent the ejector’s
Q2 Hz—H;

entrance, suction, and discharge locations. The driving and suc- n=MN=~>. > =% ©)
tion flows and the pressures at Points A andFly. 4) were Q1 Hi—Hgz
measured and the heads at ejector Sections 1 4R35 were This equation was derived through a power budget among

calculated by the energy equation. The friction head losses in- Sections 1, 2, and @Viueller 1964.
volved in energy balance were calculated by the Darcy-Weisbach  similar to models developed by Reddy and K#968, Sanger

equation. (1970, Hatziavramidis(1991), Cunningham(1995, and Winoto
L V2 et al. (2000, the one-dimensional model proposed in this study
h=f5 29 1) was based on the conservation equations for energy, momentum,

and mass. Therefore, these equations were applied between sec-
The friction factorf was calculated by the formula of Swamee tions 1, 2, 3, 4, and 5, then the theoretical head fdti@xpressed

and Jain (1976 considering the kinematic viscosityv in terms ofM, R and the head-loss coefficients in each component

=10 ®m?s (water at 20°G and the absolute roughness of the ejectors was obtained.

£=0.0015 mm(tube of PVQ.

2R?M? , , R2M?2
. 025 (2) 2R+ T~ (1+ K+ Ky RY(1+M)? = (1+Ky) —(1_R)2
| & +—5’74 i e 1+K,—2R 2FQZMZ+R2(1+|\/|)2(1+K +Kyg)
0 TeRT /T d
43D " (VDo " 1-R t “
In addition, it was assumedlima Neto 2001 that the suction From Eq.(3), the theoretical efficiency is given by
pressure in the PVC ejecté®ection 2 in Fig. bwas the same as ) )
that at Point B(Fig. 4). m'=MN (5)

It was assumed that the jet influences the suction flow only at
the throat entrance, that the mixing flow was one-dimensional, the

1 4 5 3 . .
; : : ; Table 2. Coefficient Bounds on Each Ejector Type
| LT
| i w W Type A Type B
i
R S/ 7/ s et 0.041<K,<0.181 0.156<K,,<0.262
T S B 5 3 K>0.90 K>0.90
0.060<K,<0.075 K=0
Fig. 5. Ejector sections 0.10<K4<0.30 0.26<K4<0.40
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Fig. 6. Efficiency of ejectors with 25 mm diameter

pressure was constant at the throat entrance and exit, that the
average throat velocity was constant and equal to the velocity at
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Fig. 8. Observed and fitted efficiency—EjectofZ5)

12—c

Minimize : >, (ni—m/)? )
Kn vavKt de i=1

These limits were applied on the basis of the value€ f f,

the diffuser entrance, and that the primary and secondary fluidsandq, obtained from Engel1963, Mueller (1964, and Silvester
were of the same density, incompressible, and were at the samgyq Mueller(1968. As the type B ejectors were without throat,

temperature.
The termK,,, K, K;, andK, respectively correspond to the

K{=0 and their efficiency was lower. Hence, the limitskgf and
K4 considered for these ejectors corresponded to smaller values

head-loss coefficients in the driving nozzle entrance, suction of C, andn,. In both cases, a lower bound fisg of 0.90 was the

chamber, throat, and diffuser. Whereas the coeffidiendepends
on the geometry of the suction chambi€f,, K,, andK, can be
expressed in the following forms:

Kp= i—1 6
L

Ki=f5 @

Kg=(1-mq) 8

Egs.(6) and(7) were suggested by Muellé¢t964), whereCy
is the discharge coefficient of the driving nozzle dndl, andD
are respectively the friction factor, length, and diameter of the
throat. Eq.(8) was suggested by Citrinil956, wherery is the
efficiency of the diffuser.

Curve Fitting

The head-loss coefficients, , Kg, K;, andK4 were obtained by
fitting Eq. (5) to the experimental data. For each of the 12 mea-
suredM values, correspondinyl and N’ values were obtained.
Thus, n=MN and n'=MN’, the objective function was ex-

loss in the suction chamber, whereas it was larger than the loss in
a 90° PVC elbow.

The variablec in the sum of squared deviations in E@®)
corresponded to the number of experimental points in which the
flow entered the cavitation regime. These points were considered
to be in the region in which efficiency suffers a sudden decline
and which is characterized by typical cavitation phenomenon
noises.

To evaluate the level of adjustment of the theoretical curves,
the coefficient of determinatior? was calculated by the follow-
ing equation:

. [(12-c)(ZZ i) = (221" n) ({2, ")) ]

_[<12—c>2%£1°n?—<2%£1°m>2][<12—c>z£1°m’2—<z%£1°n(>2]1 .

Results and Discussion

Experimental results presented in Figs. 6 and 7 show the effi-
ciency of the ejectors as a function of the Reynolds number in the
entrance tube. It was verified that Type A ejectors with the area
ratio R=0.35 were more efficient than the others, with a maxi-

pressed in the following form and subject to the bounds shown in mum efficiency of 30.5% for the A25) ejector. However, it can

Table 2:
35
30
A2(32)
2 ﬁ"’{nﬂnﬂ
F 20 A132)
‘é 15 A3(32)

T e
; Ve
&
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Fig. 7. Efficiency of ejectors with 32 mm diameter

be seen through the inclination of the curve presented in Fig. 7 for
the A232) ejector that the efficiency did not reach its maximum
point because of lower pump capacity. Therefore, it could be in-
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Fig. 9. Observed and fitted efficiency—Ejector &b)
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Fig. 12. Observed and fitted efficiency—Ejectof3®)

Fig. 10. Observed and fitted efficiency—Ejector &)

0.012, and 0.90 for the three ejectors. In the Al, A2, and A3
ferred that the maximum efficiency of the £82) ejector is even ejectors with 32 mm diameter, the adjusted discharge coefficients
larger than that observed in its smaller equivalent, namely, the were respectively 0.936, 0.980, and 0.927 and the other coeffi-
A2(25) ejector. cients being equal to the ones obtained with the 25 mm ejectors.

While analyzing the ejectors of area raRe=0.35, it was veri- Similarly, for the Type B ejector with 25 mm diameter, curve
fied that the efficiency of the Type A equipment was about two to fitting produced the coefficienS,, K, andrny, respectively, of
three times the efficiency of the Type B, which reached a maxi- 0.930, 3.96, and 0.73, and for the ejector with 32 mm diameter,
mum efficiency of about 15% with the(B5) ejector. the values of 0.890, 5.25, and 0.60.

Figs. 8—15 present the experimental data together with the Figs. 1&a and b and 17a and b present the theoretical curves
fitted theoretical curves. In Figs. 10, 11, and 15, regions of pos- N’ versusM and v’ versusM generated by using the average
sible flow separation and cavitation phenomenon are also indi- adjusted head-loss coefficients for the Types A and B ejectors for
cated. According to Sang€i970, the continuation of mixing various area ratioR. Thus the following sets of coefficients were
into the diffuser results in larger head losses and, perhaps, in flowused for the Type A ejector&,=0.11,K;=0.90,K;=0.06, and
separation. Further, the A25) and A325) ejectors presented re- Ky=0.10; andK,=0.21,K;=4.61, andK4=0.33 were used for
gions of gradual efficiency decline caused by a considerable in-the Type B ejectors.
crease of the head losses due to turbulence and it was probable The curvesN’ versusM generated for the Type A ejectors
that, in these regions, flow-separation phenomenon took place. In[Fig. 16a)] were practically linear, while the ones generated for
the Type A3 ejectors, it was observed that a characteristic cavita-the Type B ejectorg§Fig. 16b)] were slightly parabolic. It was
tion noise coincided with the points of abrupt efficiency decline. verified that the head ratidl’ (and consequently the discharge
According to Cunningham et a{1970, the cavitation is caused headH; sinceH, andH, were fixed was inversely dependent on
by at least one of the following three factors: high jet velocity, the flow ratioM (and consequently on the suction fl@y since
low suction pressure, or low discharge pressure. As in the tests,Q; was fixed. Hence, for the same flow ratios, the Type A ejec-
the pressure heads in the first manometer and in the ejector suctors caused smaller head losses than the Type B ejectors. It could
tion were fixed, the cavitation was caused by high flow ratios and, be seen for both types of ejectors that the lower the areaRatio

consequently, by low delivery pressures. the lower the head ratiN’, but the higher the range of flow ratio
The theoretical efficiency in E¢5) presented a good fit for all M.
of the ejectors since the coefficient of determinatidnvaried The curvesny’ versusM [Figs. 17a and B] presented a para-

from 0.934 to 0.999. It was observed that a much better agree-bolic form with small asymmetry. It was verified that as the area
ment between the experimental and theoretical curves was ob-atio R decreased, maximum efficienay increased and then
tained for smaller flow ratios. This may be due to the fact that the decreased for both types of ejectors. This was due to the fact that
higher the flow ratio, the less uniform the total flow, the more the lower the area rati® (higher throat diameter®, sinceD,
variable the pressure at throat entrance and exit, and the lessvas fixed, the lower the friction head loss was at the annular area
accurate the model. of the secondary inlet until the point that the efficiency began to
In the Al, A2, and A3 ejectors with 25 mm diameter, the decline because the driving jet could not exchange its momentum
adjusted discharge coefficier®y were respectively 0.940, 0.961, very effectively with the secondary stream near the throat wall.
and 0.942. The coefficientsg, f, andny were equal to 0.90, Therefore, the maximum theoretical efficiency for the Type A
ejectors, around 26%, was reached for area r&ibstween 0.30

25

20
20 A 5 7R
. LA 15 /o/oo
2 - i - /0/07
= 0 Possible flow  Cavitation é 10
separation &

5 ) /D/o’
7 =0934 pozo/d 7 =0,999
. . . , 00 , , .

ok
00 0.1 02 03 04 05 0.0 0.1 0.2 0.3 0.4
M M
Fig. 11. Observed and fitted efficiency—Ejector &%) Fig. 13. Observed and fitted efficiency—Ejector (8R)
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Fig. 14. Observed and fitted efficiency—Ejector (82)

and 0.40 and flow ratios! between 0.50 and 0.70. The maximum
theoretical efficiency for the Type B ejectors, around 13%, was
reached withR=0.30 andM =0.35. The value 0R=0.20 al-
lowed the equipment to operate at higher range of flow nskjo
the best operation point for the Type A ejectors being arond
=1.00, and for the Type B ejectors, aroukid=0.60.
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Since the average adjusted head-loss coefficient in the throat (o) M

was the lowest onek;=0.06), its effect on the efficiency of the
Type A ejectors was lower than 3%&q. (4)]. Thus the efficien-
cies of the Type A ejectors were higher than those of the Type B

Fig. 16. Theoretical curvedl’ versusM—(a) Type A ejector andb)
Type B ejector

ejectors because the other average adjusted head-loss coefficients

on the former caseK,,=0.11, K;=0.90, andK4=0.10) were
lower than those on the latter cad¢, & 0.21,K;=4.61, andK4
=0.33). It could be inferred that the adjusted head-loss coeffi-
cients,Kg andKy, were higher because on the Type B ejectors
the suction inlet line joined the driving jet at a greater artgéand
there was a continuation of turbulent mixing into the diffuser
(Figs. 2 and 3 As a consequence, the flow ratibson the Type

B ejectors were lower and the driving flows as well as the ad-
justed head-loss coefficienks, were higher.

Summary and Conclusions

A simple methodology of design and construction of low-cost
ejectors made from PVC was presented. Ejectors of nominal di-
ameters of 25 mm and of 32 mm, with geometry similar to that of
the conventional jet pump&ype A) and with different area ra-

tios, were built and evaluated experimentally under various pres-

sure and flow conditions. A more compact ejector without a mix-
ing chamber, similar to the Venturi-type ejectOiype B), was
also built and evaluated.

It was verified that the ejectors developed in this work present
similar operation to that of the conventional jet pumps. All of the

ejectors tested were able to operate with applied heads of more

than 15 m HO and with Reynolds numbers larger than18*.

The Type A ejectors reached efficiency above 30% and the Type

20 a wa\-\s

) H H
/ -
15 =

=
= /K Cavitation
= 10
5 /
7 =0.968
0 . : .
0.0 0.1 0.2 0.3 04

M

Fig. 15. Observed and fitted efficiency—Ejector 82)

B between one-third and half of that value. Further, the cost of
these accessories was around half of that of the Venturi-type ejec-
tors used to apply chemicals into irrigation pipelines, the least
expensive now available in the local market.

A one-dimensional model was proposed to evaluate the perfor-
mance of the ejectors. The head-loss coefficients in each compo-
nent of these accessories were obtained by fitting theoretical effi-
ciency curves to the experimental data. The calibration achieved
coefficients of determinatior? varying between 0.934 and 0.999,
which gave credence to considerations employed in the theoreti-
cal formulations. The theoretical performance of ejectors, for a
wide range of area ratios in the form of efficiency curves, was
generated on the basis of average coefficients of head loss deter-
mined through calibration. It was found that the lower the area

n'(%)

2.0

(a)

12 .

10 AN
AN
g AN N

A7 /A N

2 10‘7\r \F \| \J \\

o Vor o 05 O o3 _Rp2

Fig. 17. Theoretical curves)’ versusM—(a) Type A ejector andb)
Type B ejector
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ratio value, the higher the range of flow ratio reached with the
ejectors. Further, the maximum theoretical efficiencies of 26 and
13% were obtained with area ratios around 0.30 for the Type A
and the Type B ejectors, respectively, but the latter attained its
maximum efficiency with smaller flow ratio than the former.

The experimental and theoretical studies showed that the Type

A ejectors with area ratio of 0.35 are the most efficient design.

However, it is advisable that the flow ratio on these accessories

does not exceed the value of 0.50 in order to avoid efficiency

declines caused by flow separation and cavitation. On the other

hand, when higher flow ratios are required, the use of the Type A

ejectors with area ratio of 0.20 is recommended because these

accessories can operate with flow ratios of up to 1.00 without
causing efficiency declines. Therefore, it is believed that the ejec-
tors developed in this research could replace the Venturi-type
ejectors in the drip-irrigation industry in order to reduce the costs
and improve the performance of chemical application systems.

Notation
The following symbols are used in this paper:

A = area(mn?);
A1(25 = Type A ejector of 256 mmR=0.25);

A2(25) = Type A ejector of 25 mmR=0.35);
A3(25 = Type A ejector of 25 mmR=0.53);
A1(32) = Type A ejector of 32 mmR=0.25);
A2(32) = Type A ejector of 32 mmR=0.35);
A3(32) = Type A ejector of 32 mmR=0.53);

B(25 = Type B ejector of 25 mmR=0.35);

B(32) = Type B ejector of 32 mmR=0.35);
C4 = discharge coefficient;

diameter(mm);

friction factor;

total head(m H,0);

fitting loss coefficient;

length (mm);

flow ratio=Q,/Qy;

head ratie=(H3;—H,)/(H;—Hj);

theoretical head ratio;

pressure heatm H,0);

flow (L/s);

Reynolds number;

driving nozzle-throat area ratio;

coefficient of determination;

velocity (m/s);

distance of driving nozzle exit to throat

entrancemm);

x,y,zw,ex’ = ejectors dimensions shown in Figs. 2 and 3

(mmy);

U
x<ITIOLZEZzZ~XxT 0
I

128 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE

o« = driving nozzle anglddeg;

B = diffuser angle(deg);

& = absolute roughness of tulgem);
m = experimental ejector efficiendo);
m' = theoretical ejector efficienc{fb);
ng = diffuser efficiency;

v = kinematic viscositym?%s); and

6 = suction nozzle anglé&deg.

Subscripts
1,2,3,4,5= ejector sections shown in Fig. 5;

d = diffuser;

n = driving nozzle;

suction chamber; and
throat or mixing chamber.

—~ U
I
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