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Abstract — in this paper, we've experimentally and
theoretically (analytical and numerical) investigated the water jet
pump. The effect of operational and geometrical parameters on
the water jet pump efficiency were determined experimentally
and theoretically. Experimental investigation was held “firstly to
work out the effect of driving nozzle spacing, area ratio, diffuser
angle and throat length on the performance of water jet pump. A
test rig has been designed to examine the jet pump various parts
using different dimensions and shapes. A MAT LAB computer
program has been designed supported the derived formula and
theoretical loss factors for all parts of the jet pump. the
consequences of adjusting area ratio on the performance of jet
pump are investigated employing a Computational Fluid
Dynamic (CFD) analysis with ANSYS FLUENT software The
CFD analysis reveals that changing jet pump performance are
often achieved by changing jet pump area ratio. The
experimental results are compared with the analytical
investigation and therefore the comparison indicates an honest
agreement between them

Keywords—— jet pump; analytical; loss factors; CFD
simulation

l. INTRODUCTION

A jet pump is a device that utilizes momentum transfer
action from a high velocity jet fluid to pump another fluid,
either an equivalent or different from that of the jet. There are
two kinds of jet pumps supported different primary and
secondary fluid input arrangements. the primary type is that the
central jet pump, which applies the first fluid to the inner
nozzle and connects the annular periphery-surrounding the
nozzle with the secondary fluid. The other is that the annular
jet pump, during which the suction fluid passes through the
inner nozzle and therefore the primary fluid is connected with
the annular nozzle on the periphery of the suction tube. CFD
simulation may be a lower cost, reliable, and straightforward to
use method as compared with experimentation; it allows
numerous repetitions of the tests requiring a smaller work area,
less time, and personnel that creates it a superior simulation
technique. this contemporary technique also provides the
likelihood of performing modifications within the design with
less expense and time, by easily analyzing the flow field or
physical details of flow, and achieving an improvement in, and
optimization of the planning. This study is divided into two
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main parts. The first part is an experimental test on a jet pump
under different conditions like inlet motive pressure, nozzle
spacing, area ratio, diffuser angle, and throat length. The area
ratio was also numerically modeled by using the
Computational Fluid Dynamic. the other a part of the study
was to perform The MATLAB program was designed
supported the derivative formula and theoretical loss factors for
the jet pump. The Experimental results were compared with
theoretical results Comparison indicated good agreement
between experimental and theoretical results.

Il.  NOMENCLATURE

Cross sectional area (m?)

diameter (m)
Acceleration due to gravity (m/s?)
total head (m)
friction Loss Coefficients (m)
Jet pump length (m)

Flow ratio

Head ratio

Pressure (bar)
Volume flow rate (m%/s)

Avrea ratio

nozzle spacing (mm)

Velocity (m/s)

Ratio of nozzle-to-throat spacing to throat
diameter

Diffuser angle (deg)

Rate of viscous dissipation (m?/s%)
Length of jet pump from nozzle (mm)
Efficiency (%)

Turbulent kinetic energy (m?/s?)
Subscripts

d Discharge

di  Diffuser
en  Secondary inlet

i Inlet

n  Nozzle

s Suction

td  Throat-diffuser

th  Throat
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1. TEST RIG DESCRIPTION AND MEASURING

INSTRUMENT

A. Experimental Apparatus

1- water sump tank
2- centrifugal pump
3- jet pump

4- suction valve

5- control valve

6- bypass valve

T- discharge valve

hose 25mm'.

hose 25mm

100 mm
200 mm

Fig. 1. Experimental test rig

B. A schematic description of the experimental setup is
presented in Figure 1. The experimental apparatus
consists of a 120L storage tank (1) for water supply,
pump (2), Jet pump (3) with different parts. a suction
valve (4), and a control valve (5) to regulate the pump
inlet pressure, bypass valve (6), discharge valve (7). The
test rig may be a closed-loop system process where water
is pumped from the storage tank to the jet pump nozzle
via a 25.4 mm inner diameter hose fitted with an impact
valve for controlling the motive pressure. A bypass valve
(6) is employed to regulate the motive flow to the jet
pump. The pump operating head and rate of flow 32 m
and from 70 I/min respectively. Water from the suction
tank (1) is lifted up by the jet pump towards the suction
chamber then, towards the mixing chamber. then, the
water passes through the diffuser towards the tank.

C. Measuring Instrument

The water flow rates is measured using Ultrasonic
flowmeter, while the motive, delivery and suction pressures of
the jet pump are measured using Digital pressure indicator
calibrator. The instrument are show in fig. 2

b) Digital pressure indicator/calibrator

a) Ultrasonic flow meter

Fig. 2. Measuring instrument

IV. JET PuMP ANALYSIS

nozzle spacing

P
. -diiving nozzle throat diffuser g
1 \‘ ~nozzle diameter d;
/| /throat diameter Dy, discharge flow
primaryflow [~ oSy
QJ' Qd
“—suction nozzle
P
“-suction chamber
secondary flow
Q

Fig. 3. jet pump elements

Figure 3 show jet pump elements, the performance of jet pump
is generally considered to be a function of the parameters
defined as follows:

A. Flow ratio (M)

It is the ratio between suction flow rate and primary flow rate
of the jet pump.

M=Qs/Qi @
B. Head Ratio (N)

It is the ratio between net jet pump head and net driving head
of the jet pump.

N= (Hd-Hs) / (Hi-Hd) (2)

Where

Hi=Pi/y + (Vi’\Z)/Zg + Z; (3)

Ha=Pa/y + (Vd"2)/2g + Z4 @)
Hs:ps/'y + (VSAZ)/Zg + Zs (5)

C. Jetpump Efficiency (n)
It is defined as the ratio of energy increase of suction stream
(output energy) to the energy decrease of driving stream (input

energy).

n=M*N (6)
D. Other calculated parameters

(X) Ratio of nozzle-to-throat spacing to throat diameter

X = SP/Dr, ()

(R) Area ratio

R = Av/An (®)
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V. EXPERIMENTAL PROCEDURE

The experimental procedure applied in this study to
determine the jet pump performance when changing the
design of water jet pump is detailed below:

1- Water temperature and atmospheric pressure are
recorded.

2- The water tank is filled with fresh water and kept at
constant water level.

3- Assemble jet pump parts.

4- The centrifugal pump is turned on, and valve (5) is
gradually opened and the discharge valve (7) is fully
closed.

5-  The pump pressure is adjusted to one bar and then the
jet pump discharge valve was gradually opened until
the flow is reversed in suction line.

6- When a steady state condition was attained; the
motive, delivery and suction pressures of the jet pump
are measured and inlet, suction and discharge flow
rates are recorded.

7- The discharge valve (7) is partially opened until it is
fully opened; the procedure is repeated every time the
discharge valve was opened.

8- Motive pressures are change from one bar to 2.5 bars
with step 0.5 bars, and steps (4 to 7) are repeated with
different motive fluid pressure.

9- The jet pump is changed with different design
dimension and steps (4) to (8) are repeated.

VI. TESTS, RESULTS AND DISCUSSION

A. Effect of Nozzle-to-throat Spacing to throat diameter
ratio; X

The position of the nozzle has a great effect on jet pump
performance. In the current paper four driving nozzle spacing
SP =0, 8, 16 and 24 mm. and throat diameter Dy= 16 mm.
This give equivalent ratio; X =0, 0.5, 1 and 1.5. Figures 4 and
5 present the performance curves of water jet pump. The
results show the effects of flow ratio and driving pressure on
the jet pump efficiency. It is evident from the figure that as the
head ratio decreases. The efficiency increases. The curves
present a parabolic form with little asymmetry. The maximum
pump efficiency obtained for nozzle-to-throat spacing to throat
diameter ratio X = one and driving pressure of P= 2.5 bar is
about 16 % at a flow ratio of 1.1. Whereas for P= one bar the
maximum efficiency is 13 % at a flow ratio of one. This
indicated a little reduction in jet pump efficiency. Typical
results of the pump performance was obtained for nozzle-to-
throat spacing to nozzle diameter ratio X = 0.0, 0.5, 1.0 and
1.5. In all cases, the maximum head ratio of the pump is
obtained at a driving pressure of one bar. In addition, Figures 4
and 5 show, the flow ratio is inversely proportional to the head
ratio. For nozzle-to-throat spacing to throat diameter ratio X =
one, it is found that, the maximum head ratio of the jet pump is
obtained for a drive pressure of one bar which is 0.30 head
ratio at a flow ratio of 0.2 and the minimum head ratio is 0.11
which corresponds to a flow ratio of 0.90.

B. Effect of Area Ratio; R

The area ratio is the most important design element of the jet
pump in this study, three different throats with different
diameters of 16, 13 and 11 mm are used in combination with
one constant driving nozzle diameter of 7 mm, which gives
three area ratios of 0.19, 0.29 and 0.41. Figures 6 and 7 show
the effect of changing area ratio on the performance of water
jet pump under the following conditions: throat diameter and
length 16 and 155 mm respectively and diffuser angle 5°. Is
clear from this figure for the same jet pump combination parts
and increasing the area ratio the efficiency and the head ratio
increase. The efficiency increases also with increasing the
flow ratio. The highest values of efficiency and head ratio are
for area ratio of 0.19 at X = one. It is also clear that the area
ratio of 0.19 gives the best performance compared to 0.41 area
ratio, which gives the lower efficiency. This may be owing to
that the jet pump with area ratio of 0.19 draws more driving
fluid than that with 0.41 area ratio for the same driving
pressure.

C. Effect of Mixing Chamber Length; L,

In this study, four throat lengths of 80, 120, 155 and 180 mm
with 16 mm diameter. The dimensionless throat length ratios
are 5.00, 7.50, 9.69 and 11.25 respectively. Figure 8 and 9
show the results of the effect of changing throat length L on
the performance of water jet pump for the following
configuration: area ratio R = 0.19 and diffuser angle aq = 5°. It
is clear from the figure that the throat length of 155mm has
more efficiency over 80,120 and 180 mm for all experiments
done. The differences in jet pump efficiency using the four
different throat lengthes is shown in Figures 8 and 9. The
superiority in the performance of 155 mm throat length
provides a suitable environment to the mixing process to be
completed. This means that the suction fluid extracts more
power from the driving fluid. The performance of jet pump
having longer mixing length is penalized by friction losses in
the throat. In addition, the shorter throat length resultes in
continuation of mixing into diffuser with associated
performance loss.

D. Effect of Changing Diffuser Angle; aq

In the current paper three diffuser angles ag of 3° 5° and 8°
with lengths Lgi of 180 mm, the inlet diameters of the diffusers
are 18 mm. Figures 10 and 11 illustrate the results of the effect
of changing diffuser angle o4 on the performance of water jet
pump for the following configuration: area ratio of 0.19 and
throat diameter and length of 16 and 155 mm respectively at
X=1. It is clear from a figure that the diffuser angle of ad= 5°
has a maximum efficiency rather than that of ad = 3° and ad=
8° at nozzle-to-throat spacing to throat diameter ratio X= 1 for
all tested driving pressure from 1.0 to 2.5 bar by a step 0.5 bar.
When the angle increases to ag = 8° the losses due to
separation increases but as the angle decreases to aq = 3° the
length of the diffuser increases and correspondingly the
friction loss increases.
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VIl. CFD MODELING

In this section, the numerical setup in ANSYS Fluent will be
presented. The pumps that are simulated are with an area
ratio of R = 0.19, 0.29 and 0.41. A schematic drawing of the
1/1-scale jet pump that is the basis of the simulation study; is
shown in Figure 12. The 3-D solid modeling of the jet pump
parts having various scales used in the CFD simulation are
designed using SOLIDWORKS.

Fig. 12. Geometry of the complete jet pump

A. Mathematical Equations

The equations required to evaluate an isothermal Newtonian
fluid flow are the continuity and the momentum balance
equations. In addition, a turbulence model is also required. The
continuity equation is given by the mass balance in one volume
element.

5 (pu;) =0 ©)

The momentum balance equation is.
2 = Oy
E'x_l.- [Puiv?) dax; + E'x_l.- (10)

The «-¢ standard model uses the following equations for the
transport of x and €.

M] = i[ B B_k] _

[ 8 x; dx; (H t :7;{] dx; t Pk pe (11)
d(pu;s d e £

[ (gx: j] = a_xi[(ﬂ +'S__:j aaxj +E (Cex — Coaps + CaPy) (12)

Where, C.1, C.2, and o are constants. Py is the turbulence

production

B. Grid Generation

Fig. 13. Jet pump computational grid system

In the CFD study, the jet pump model geometry matched the
experimental apparatus. Grid is mapped to the model
geometry using grid-generating software. The grid size is
optimized to be small enough to ensure that the CFD flow
results are virtually independent of size, but large enough to
ensure the model ran efficiently at an acceptable speed. For
optimal meshing, the grid density is increase near the wall and
in areas where flow gradients are steep. This is accomplished
by applying weighting factors to increase the grid density at
these areas. Figure 13 shows the grid of the whole domain,
suction region, jet nozzle, mixing region, and diffuser region

C. Mesh Quality

In order to obtain a reliable and stable CFD results with
acceptable accuracy measure, special considerations and
quality measures are applied for the generated mesh before
moving to the solver step. Three indicators are used in this
study to report the quality of the mesh as shown in the
following table.

Table 1 Quality measures for the mesh used in this study

Quality parameter Limitation Mesh value
Orthogonal quality (0-1) 0.86487
Aspect ratio (1-100) 1.8176
Skewness (0-1) 0.2116

D. Mesh Independency

A mesh independency test is done in this study to ensure that
the final mesh produces a mesh independent solution. The
grid convergence study is performed by developing four
different meshes with different number of elements for the
geometry of the jet pump . The number of elements simulated
for four meshes are summarized in Table 2.

Table 2 Mesh details

No. of mesh 1 2 3 4
No. of Elements Yayy.q | 514132 | 718177 | 1406954
No. of nodes YY4TYY | 168736 | 232056 | 441212
Suction velocity m/s Yoo 2.031 2.028 2.041
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Figure 14 illustrates the change in fluid outlet velocity tested
using four different meshes. The test results show that there is
a convergence between the results in mesh 3 and 4 and hence
mesh 3 is selected they contain fewer elements to save time
and get accurate result

Parameter Chart 0

P3-vsop [ms 1]

200} m

391309 514132 1406954

718177
number of elements

Fig. 14. Mesh independency curve

Table 3 gives a summary of the numerical mesh with 718,177;
mesh 3, total number of elements.

Table 3: Summary of the numerical mesh

Geometry shape element type | no of elements

Jet pump 3D Tetrahedron 718,177

E. Boundary Conditions

The boundary conditions of fluid flow are the same as that of
the experimental work. The total pressure of each of the
primary and secondary streams giving the correct flow ratio at
the inlet and the outlet static pressure is set as outlet boundary
conditions. To reach a good convergence, the numbers of
iterations are 150 for a time of calculation of about 3 hours on
a core i7 processor, for each run.

F. Results and Discussion

In this section, the numerical results reflecting the effect of
area ratio R on the performance of jet pump. CFD simulations
allowed getting information about flow phenomena appearing
inside the pump. Obtained results in graphical form as a
pressure and velocity distribution are shown on figures 15 and
16. These are exemplary results for the case motive pressure is
2.5 bars. Fig.15 shows the velocity contour in jet pump for the
area ratios of R = 0.19, 0.3 and 0.4 at motive pressure of 2.5
bar, X=1 and aq= 5°. It is clear from this figure that there is
remarkable effect of changing the area ratio on velocity along
the jet pump. Fig.16 shows the pressure contour in jet pump
for the area ratio R = 0.19, 0.29 and 0.41 at motive pressure of
2.5 bar, X= one and og = 5° It is clear from the figure that
changing the area ratio appreciably affect the pressure
distribution along the jet pump. It may appear that when the
area ratio increases, the pressure in suction line increases.

¢
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[ m— )

0025 0075
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.
0 0050 0400 (m) L_, X
[ s

0.025 0075

R=0.19

Fig. 15. Velocity contour along the jet pump for different area ratio
(R=0.19,0.29 and 0.41) Pi= 2.5 bar, X=1,L»=155 and a4=5°
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Figure 17(a) illustrates the comparison of static pressure
distributions along the jet pump for different area ratios, for

R = 0.19, 0.29 and 0.41 when the dimensionless nozzle
distance X = one, throat length ratio Li/Dw = 9.69 and diffuser
angle aq = 5°. The trend of static pressure distributions takes
the same behavior of the numerical values of static Pressure
except for the negative pressure region in the beginning of the
throat. It is clear from this figure that when increasing area
ratio to 0.41 leads to a decrease of the negative pressure values
at beginning of the throat.

Figure 17(b) illustrates the comparison of velocity
distributions along the jet pump for different area ratio, for R =
0.19 0.29 and 0.41 when the dimensionless nozzle distance X
=1, throat length ratio Lsn/Dw= 9.69 and diffuser angle aq = 5°.
The trend of velocity distributions takes the same behavior of
the numerical values of V except for the beginning of the
throat. It is clear from this figure that when increasing area
ratio to 0.41 leads to an increase of the velocity values at
beginning of the throat.

X=0 X=L

270000

220000

170000

7
9,
5120000
70000
20000
-30000
/L
a) static pressure along the jet pump
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Fig. 17. Comparison of pressure and velocity distributions along the jet pump
for different area ratios; Pi=2.5 barX = 1, Ly, = 155, 09 = 5°
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Figure 18 illustrates the results (all data were obtained by
ANAIS) of the effect of changing the area ratio on the
performance of water jet pump under the following
conditions: motive pressure = 2.5 bar, nozzle to throat spacing
to throat diameter ratio X = one, length of throat = 155 mm
and diffuser semi cone angle 5°. At changing area ratio R =
0.19, 0.29 and 0.41, it clear from the figure for the same jet
pump combination parts and increasing are ratio the efficiency
decreased. The efficiency increases also with increasing the
flow ratio. The highest values of efficiency are for are ratio R
=0.19.

VIIl. ANALYTICAL ANALYSIS

The flow in each part is described below; in figure 19, in this
part all the equations are expressed. These equations were
programmed in Mat lab to calculate jet pump performance.

Nozzle [10]
T "
(B-R)=I(14£) (13)
Throat Entry [10]
(P, —PB) = Z5(1 + Kz "'f:,."'l:.: (14)
Throat [10]
(B — Bo) = Z[28 +Z5E — R3(2 + Ky )(1 + SM(1 +0)](12)

Diffuser [10]

[Py —B) =ZE1+ MY(1 - Kz —ah) (15)

11

Pump efficiency () is defined as the ratio of useful work rate
on the secondary fluid (Q2) to The energy extracted from the
primary liquid:

L

-
4-F

gl
gyl

n= 3= MN (16)

ha' |

i-F

kL

Combining equations 13 to 16, the theoretical head ratio of the
liquid - liquid jet pump, N is

o 4 25M2RE ooy [ 2_fm2y
IR+ R+ K ) (14 M) 'l__E:,ll-l"'Hen:'

=- TTMIRE .. ) TS 17
'.1+Hn:'—:R—%+R‘ll+[‘:tﬂjll+hﬂ"+|_r;!_:_l||:l+[':.¢n:l (17)

N

A. Determination of Friction Loss Coefficients

SP diffuser
Frfs I
— 3
] k Ps
primary flow p_®___.uﬁ.___05_—%_____._____m_..
e
L
P;
secondary flow

Fig. 19. Jet pump nomenclature.

The nozzle friction loss coefficient Kp; [5] is

Ky == -1 (8
/g

Secondary inlet friction loss coefficient Ken; [5] is

Koy =i —1 (19)
/g

the diffuser friction loss coefficient Kg;; [5] is

Ky = i‘l (20)
i2g

A MATLAB computer program has been designed based on
previously derived formulas and theoretical loss factors for all
parts of the jet pump.
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Fig. 20. Jet pump characteristic curve

Figure 20 illustrates the pump characteristic curve n-M and
N-M; obtained upon run of the above mentioned MATLAB
program with the following jet pump configuration: area ratio
of 0.19 , throat diameter and length of 16 and 155 mm
respectively , diffuser angle a4q=8° and nozzle distance ratio X
=1

It is clear from the figure 20 that the theoretical equations can
be used to find the characteristics curves of the jet pump, while
specifying the friction coefficient values for the different parts
of the jet pump, this facilitates the process of comparing the
pumps without performing laboratory experiments.

IX. COMPARISON BETWEEN NUMERICAL, ANALYTICAL AND
EXPERIMENTAL RESULTS OF THE CURRENT INVESTIGATION

Figures 21 and 22 show the comparison between the
experimental, analytical and numerical results of M-N and n-M
curves, for the following specifications: nozzle diameter of 7
mm the nozzle to throat spacing to throat diameter was X=1,
primary pressure of 2.50 bar, area ratio, R= 0.19, throat length
to diameter ratio of 9.69 and diffuser angle; aq = 5°.
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Fig. 21. Comparison of (M-N) curve between the experimental and the
theoretical results
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Fig. 22. Comparison of (M) curve between the experimental and the
theoretical results

It may be remarked from Figure 21 and 22 that the numerical
value of efficiency is higher than the experimental value by
about 3 percent. In all comparisons between the experimental
and the numerical results, In all comparisons between the
experimental and the theoretical results, It may be shows from
the figures that the theoretical results are relatively close to the
experimental results.

X. CONCLUSIONS

The main aim of the current study was to investigate the
effect of operational and geometrical parameters on the jet
pump performance and comparison between experimental and
Theoretical (numerical and analytical) analysis.

The following conclusions are extracted:

e The optimum value of X that gives the maximum
efficiency is X = 1.
o Increasing the driving pressure increases the flow ratio
at maximum efficiency.

e The highest values of efficiency and head ratio are for
arearatioof 0.19atX =1

e the throat length to diameter ratio 9.69 had more
efficiency

o the diffuser angle of aq =5° has maximum efficiency

e The optimum value for motive fluid pressure is about
2.5 bar

e An analytical equation to describe jet pump efficiency
under various conditions has been derived there was a
good agreement between the experimental results and
the results obtained from the analytical equation.
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