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Abstract. This article presents a two-dimensional computatldluid dynamic (CFD) study applied to a set isfeen
different geometries of jet pumps, where watehes power fluid (primary) and also the moved flusgdondary),
which is commonly called liquid Jet Liquid Pumpl(J.JThe numerical CFD methodology of analysis walgated by
experimental data from the literature, revealingogoagreement between CFD and experimental reswith, a
deviation of less than 5% for the pump capacitjorat the maximum efficiency spot. The CFD stualyttfe proposed
geometries, allowed knowing the influence on puffipiency of the typical design parameters (1) teta-throat
area ratio and, (2) the throat length. The resudl®wed that the (1) nozzle-to-throat area ratimsgly defines the
pumping mass range capacity, while the optimizatidn(2), the throat length, considerably defineg thump
efficiency. The good results obtained with the bgerl methodology, when applied to water jet punsggm to
indicate that such methodology might as well bespiilly applied to jet pumps where the primanjidlis a liquid
hydrocarbon and the secondary a gas and/or a gasdi hydrocarbon mixture — provided that proper rekidg
treatment for those particular types of fluids dhmvs be incorporated into the methodology.

Keywords: Jet Pump, Ejector, Liquid Jet Liquid, Hydraulic Jump, Injector.

1. INTRODUCTION

An ejector, eductor, injector, jet pump, jet congs@ or siphon are just different types of an ejefiinction of the
used fluids and existent flow conditions. Its stanal simplicity, absence of moving parts and easyntenance have
made this pump concept to be widely used in masigdifor several purposes, such as moving liquag, §quid-gas
mixtures, steam and even solids (Jumpeter, 2008).

The ejector works by Venturi's effect, which is arficular case of the Bernoulli's principle. Badigafluid
(primary) under pressure is converted into a higlogity jet at the outlet of a convergent nozzlechtcreates a low
pressure at that point. In essence, the pressergyenf the inlet motive fluid is converted to kileeenergy in the form
of velocity head at the convergent nozzle outldéie Tow pressure draws the suction fluid (secondiaty) the ejector
throat where it mixes with the motive fluid. Thexad fluid then expands inside the divergent diffuieus recovering
pressure. As the mixed fluid then expands insiéediliergent diffuser, the kinetic energy is coneérback to pressure
energy at the diffuser outlet in accordance toBkenoulli's principle — needless to say, irrevadlisybeffects are also
present in these energy conversions.

The liquid-liquid ejectors have been extensivelydgd and it is a well-known fact that nozzle-toetdt ratio, throat
length and nozzle-to-throat distance are the maanggtrical parameters in the modelling and desiggeztors. In the
experimental study of Sanger (1970), several geesedf low values of nozzle-to-throat area ratos investigated.
Cunningham (1970) investigates the cavitation phermn on these liquid-liquid ejectors. Cunningharotse-
dimensional model (1995) has been widely usederefficiency analysis and design of this type efcgr. However,
none of those models were deemed able to propeeljigi the behaviour of ejectors by themselveg;esithe energy
losses along the flow inside such devices are maptured. Lima Neto (2011), theoretically and expentally
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investigated the maximum suction lift of water petmps with different nominal diameters and nozaelthroat area
ratios. In his study, dimensionless correlationddecribe the maximum suction lift for the non-tatbn region and to
predict the onset of such phenomenon were derived.

In the petroleum industry, the use of ejectors édl-established and they are more often referregbtet pumps. A
typical application in well production is the aitil lift method known as Hydraulic Jet Pump (Freél, 2006). The
liquid-liquid ejectors can be used in wells buteferably, with no gas presence. Liquid Jet Gas itigjectors (LIJGL)
such as the ones used to move liquid-gas mixtweslso be used as oil industry equipment, nottetiting its higher
complexity when compared to a LJL pump. Cunningli@95) also presents a one-dimensional model fogaid Jet
Gas Liquid (LJGL) ejector developed apart from ekpental data. Baohua (1985) presents a study J@&LL. making
experimental usage of a particular and commercilgilable jet pump concept, from which he presg@tenodel to
estimate the efficiency of such type of jet pummrdhhaet al (1998) proposed an improved model to estimate the
efficiency of LIGL pumps, and offered comparisonishvthe Baohua’'s model, showing better fits for theme
experimental results.

In summary, during the development of this study, acomprehensive modelling of the liquid-liquid jsts
behaviour was identified in the literature. Theklarf comprehensiveness is a characteristic of ad-dimensional
models since they all need the previous knowledgritathe energy loss coefficients in order to pretlie respective
pump flow efficiency. In recent years, the techeidcnown as Computational Fluid Dynamics (CFD) hasome an
approach often used in studies and design of egdoe to its lower cost and good reliability whesmpared to
experimentation. Yapici and Aldas (2013) adopted@D in the study of six water jet pumps with eliéint nozzle-to-
throat area ratios. The results were compared experimental data provided by the literature anchaximum
deviation value of approximately 10% for the punfficeency at the optimum operating conditions weaparted. Cruz
(2006) adopted a three-dimensional discretizatiodehin his CFD analysis of a jet pump, which resiliin more than
one million volume elements in the respective fldemain. The results showed good agreement witlexperimental
data, at a highly time-consuming mesh howevera#t élso been found that the majority of the nuraéstudies were
performed under a three-dimensional coverage offldtve domain volume. Such approach ended up reawgiviery
large meshes and, consequently, higher computdtimsés during the studies as well. Thus, whenedsisable, the
usage of two-dimensional discretization approacdiviges advantages, as such approach can be aagilgnented,
generating a much smaller number of volume elemamtsalso allowing a huge reduction in the computat time
required when compared with the three-dimensioareization approach.

In the present study, a two-dimensional modellinakimg usage of a commercial CFD package (Ansys3201
2013b) combined with selected boundary conditisaqulence model and a discretization scheme offltve field
was conceived. Liquid jet liquid pumps were studhed using such methodology, which has been valitiatiéh
experimental data (Sanger, 1970). It is believeat fuch methodology, by being simple and able teegeed fast
results, contributes to the analysis and desighaxe pumps. This phase of the ongoing study @rteg herein.

2. MATHEMATICAL MODELING
2.1 Liquid Jet Liquid Pump Equations

Some dimensionless parameters are useful for therstanding and comparisons related to the effigierf LIL
pumps. Amongst those, the most typical ones arend¥zle-to-throat area ratio; (2) the mass flowiora(3) the
produced head; and (4) the efficiency. The nozzithtoat area ratio is defined as:

oo B

" AL 1)

WhereA, is the convergent nozzle terminal area ayglis the throat area — typically constant alondatgth. The

efficiency 7 is defined as the ratio of useful work rate om skecondary fluido the energy extracted from the primary
fluid:

n= (P -P)*Q*p,
(Pi —Fy )* Q" Py

=H*M (2)

Where Q is the volumetric flowrate of the secondary flaidd, Q is the volumetric flow rate of the primary fluid.
And, p; is the volumetric mass density of the primarydlaind,p, is the volumetric mass density of the secondauig fl
P4 is the discharge pressure for the mixturgsPhe pressure of the secondary fluid at itstispot and, similarly, As
the pressure of the primary fluid at the inlet spbtis thep,Q./p; Q; ratio, termed as Mass Flowrate Ratio. H is termed
as Dimensionless Head.

Cavitation is an important phenomenon to be comsitlevhen trying to evaluate the behavior of jet panirhe
cavitation is the formation of gas bubbles of avltg liquid and, it happens in a region where theal pressure value
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drops below the vapor pressure for such flowingitlgUpon cavitation, any reduction in the systeaalbpressure has
no effect on the flow. The occurrence of such pheson is avoided whenever the so-called cavitdtioited flow
ratio condition (M) is not reached. A wide set of cavitation models be found in Cunninghast al (1970). In this
work, the Cunningham model is used to predict tieebof cavitation limited by flow, which is defihas:

2 ©

WhereP, is the vapour pressure of the primary fIl(iﬂ_,)is a constant and Z is the jet dynamic pressurthdmext
section, the complete set of equations that desstie behaviour of a compressible Newtonian floi is presented.

2.2 Mathematical equations

The equations required to evaluate an isothermaltdvgan fluid flow are the continuity and the morhen
balance equations. In addition, a turbulence m@iddiandle the chaotic characteristic of the flisslso required.
The continuity equation is given by the mass badnmne volume element (Bird, 2002):

9
a—’t’+ [7.pv] = 0 @

The momentum balance equation is given by (Bir@®220

%v =—[V.pvv] —Vp —[V.T] + pg (5)

Where 7 is the relation for the stresses in a Newtoniai fflow.

2.3 The Turbulence M odel

The turbulence model used in the present studyeig-t standard model (Launder & Spalding, 1973). Suckdeho
is a two-equation turbulence model where the veloand the length scale are both solved using sspdransport
equations. This method is widely used and was chakee to its numerical robustness and has a welbkshed
regime of predictive capability. Two important \abie definitions are given by this model. The fimste is the
turbulent kinetic energy and, the second one is the rate of viscous dissipa.

The momentum equation is written as (Ansys, 2013a):

dpv; a(pvivj) ap' a
o T ox | ox ox “eff(ax axl) * Su (©)

WhereS,, representshe sum of the body forces, P” is the modified pressure (Eq. 7) ang, is the effective

2
viscosity (Eg. 8), which considers turbulence efetue to turbulent viscosity{ = C,p K?); C, is a constant.

=P+t Ly, L @)
TP T g err

2
Hepr = W+ Cup— (8)

Thek-¢ standard model uses the following equations ferttansport ok ande (Ansys, 2013a),

a(pK) a(pv;K)

[ 0x; ] 0x; [( )_]+P —pet b ©)
a(pe)  [9(pvie)] _ 0 He, O
ot +[ 0x; ]_axf[( as) x]]+ (CerPe = Cezpe + CerPey) (10)

Where, C,,C,,, 0, ando, are constantsP, and B, are related to the buoyance ford@s.is the turbulence
production due to viscous forces.
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Boundary conditions are required for a completeedeson of the flow field inside these pumps. Theg: (1) the
wall boundary; (2) the plane of symmetry; (3) théet flow conditions and (4) the outlet flow condits. The no-slip
and non-permeable wall boundary conditions requ@kcities equal to zero along the wall. The synmmptane
boundary condition requires the normal velocityada zero and the scalar variable gradients, nbtaondoe boundary,
being also equal to zero. The inlet and outlet blanies are discussed along the text.

3. METHODOLOGY
3.1 Finite Volume Discretization M ethod

ANSYS CFX (Ansys, 2013a) was the software usededipt the flow field characteristics in a jet pury solving
the set of pertinent equations presented in thendorsection. This software uses an element-baseé@ fvolume
method. The basic idea of finite volume methodoigliscretize the flow domain into a set of conwolumes. The
equations of mass flow balance (continuity), momentand energy are discretized and solved itergtif@l each
control volume.

The ejectors here studied are axially symmetricicivlallows the use of a two-dimensional mesh. Toriad
geometry of the ejector is defined in the CFX Splbg using a boundary condition termed as symmplaye. In
addition, the assumption of an isothermal flowwblahe energy balance to be disregarded.

The CFD results must be independent of the selanteth. So it is necessary to try different refinette the mesh
until the results do not change significantly —qass termed as mesh test. The mesh refinemertidkaace between
the computational time needed for the simulatiod Hre needs of the adopted description model. Afterreferred
mesh test, the chosen and the adopted mesh fandtelling of the LIL used in the Sanger’s experitaamounted to
approximately 46,000 elements of volume.

All the simulations require the control of the \anie Y near a specific range. The ¥ the dimensionless distance
from the wall and it is used to check the locatafrthe first simulation node away from the wall.iF lgquantity is
important when wall functions are used to descthue turbulent boundary layer, which is the caseeh@&hex-¢
standard model suggests a rule-of-thumb of keethiagr* value between 20~30r the wall region in which the high
Reynolds numbers are found — in jet pumps, suchregion is the one in the convergent nozzle outlet

3.2 Validation

In order to validate the suitability of the deveddpmethodology, comparisons with experimental datarequired.
Thus, the literature search initially brought fordidhe results obtained by Sanger (1970). Suchstigetor worked
with LIL pumps (water jet pumps) having a nozzkhimat area ratioh, equal to 0.066, a throat length, equal to

5.66 throat diameters and, a nozzle-to-throat WistgNTD) equal to zero. The two-dimensional mesis wilt by the
ICEM software (Ansys, 2013b). The Fig. 1 showsghemetry used by Sanger (1970).

Q.+ Q,
a SN | //"I
% ~ —

Fig. 1 — Sanger’s experimented LJL pump geomesshematic view

All simulations were carried out according to tlenge of operational values proposed by Sanger j19%@&
reported experimental operational conditions wée= 0 Pa; @=1.762x10° m’¥/s; andM varying within the 0.92 to
5.39 range. Thus, the CFD boundary conditions wetes: the suction pressure for the secondany faginstant); the
mass flow rate of the primary fluid (constant); ahé mass flowrate of the mixture in the divergearzle outlet
(always variable). The walls were considered smabtinflow isothermal and at a constant temperatti298.16 K.

3.3 CDF Two-dimensional Results Validation

The jet pump efficiencyy, and the dimensionless he&t),curves are presented in the Fig. 2 and Fig. Beasely
as function of the mass flowrate ratid)( The curves show the experimental data of Sa(i@r0) and the results
presented by the developed methodology based cbRBeapproach.

The comparison showed a good agreement betweena@&B@xperimental results, with a deviation of s 5%
for the pump capacity ratio at the point of maximefficiency. Fig. 2 shows the deviation between@#D prediction
and the experimental results for the upper valdfethe mass flowrate ratid). An explanation for such behaviour
might relate to the adopted turbulence standard model. This model, which is widely usedirfiternal flows despite
being regarded as an effective turbulence modekfmineering flows (Nallasamy, 1985), is also cdestd as not
sufficiently suitable to describe round jets. Sumbakness might be explained on the grounds of thand jet
anomaly" of thex-¢ standard model which, typically, predicts that thand jet spreads 40% faster than it really does,
while plane jet velocity fields are calculated eustccurately, as found by Pope (1978). Accordingute et al (1993),
the standarat-¢ model exhibits errors in the prediction of pipetkjthat are similar to those found in earlier itsiaf
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round free jets. Thus, thee standard model by over predicting the jet spregadunt action, ends up over predicting the
mixture process between the primary and secondaiy flows inside the ejector’s throat region. Thesult is a
prediction of a more homogeneous velocity profilethe throat outlet, which will lead to a pressueeovery level
inside the ejector’'s diffuser region that is highban the experimentally observed. Such overestichgiressure
recovery level leads to the equally observed ovediption efficiency for the studied jet pump.

35
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Fig. 2 — Sanger’s (1970) LJL efficiency)(- experimental versus CFD results
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Fig. 3 — Sanger’s (1970) LJL dimensionless Hed)d-(experimental versus CFD results

The adopted cavitation limit model as describedhim Eq. 3 was applied to the Sanger geometry asocised
experimental data set. Such application resultethénvalue 5.9 for the Mparameter, which confirmed the non-
occurrence of such phenomenon in such data setndsecobserved in Fig. 2 and 3.

4. CASE STUDIESESAND RESULTS

The studied LIL geometries were the ones resulftimm the dimensions given in Fig. 4. As followingepented,
several CFD analysis were performed and the fohrektmore interesting Case Studies ones are hzoded.

Lin

©=5°

i (DYI

©=0.152m

©,=0.038 m

Fig. 4 — Jet Pump: overall geometry (out of scatehposing the studied cases

The Case Studies #1 and #2 are composed by a s#veh and three different geometries respectiveheg
geometrical parameters are shown in Tab. 1. Tha olgiective of the Case Study #1 was to understiamdnfluence
of the nozzle-to-throat area ratio in the jet puefificiency. The main objective of Case Study #2 waverify the
influence of the mixing throat length in the jethmu efficiency.

Table 1 — Jet Pump Parameters of Study - CasedtCase #2

Study Case#1 Study Case #2

b @, (102m) L b @, (102m) L
Geoml 0.15 1.46 m, Geom8  0.25 1.88 20,
Geom2  0.20 1.68 m, Geom9  0.30 2.06 20y,
Geom3  0.25 1.88 m, Geoml0 0.35 2.23 20,
Geom4  0.30 2.06 ),
Geom5  0.35 2.23 ),
Geom6  0.40 2.38 ),
Geom7  0.55 2.79 ),
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The primary and secondary fluids were both watée Boundary conditions were: the primary and tlesgary
fluid pressures and the total mass flow rate atoilet. The primary fluid pressure was set to adgband the total
mass flow rate in the outlet was set to 30 kg/safbsimulated conditions. The secondary fluid ketgpressure varied
within a defined range of values. Such range wéimated when the geometry was considered to bethelgjector’s
convergent nozzle region. Every efficiency curvaiset of several simulations with different se@ydfluid inlet
pressure values.

The Fig. 5 shows the efficiency curves that resuftem the CFD analysis performed for the jet puypapmetries
composing the Case Study #1. According to Cunningf2008), comparisons dfvalue series of pumps show that
peak efficiency is highest fdrin the0.2 to 0.3 range. The studied geometries showedahm trend values, where it
can be seen that the maximum efficiency value liseaed for the nozzle-to-throat area ratio equdl.gD.

b=0.15
40 . b=0.20
S 0 b=0.25
*:I‘F 20 o==p=0.30
L ) ==g==pH=0.35
10 - e=om==0.40
0 ¢ . . : : : . ) e=o===0.55

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

M=Q,/Q,
Fig.5 — Case Study #1 — Efficiency curvgsds a function of the nozzle-to-throat area ratio

The Fig. 6 presents the dimensionless head curgestie seven jet pump geometries imbedded in the
aforementioned Case Study #1. Another result thiatoe drawn from this analysis is that the lowerrnhbzzle-to-throat
area ratio If) value, the wider the pump capacity range in tewhanass flowrate ratioM) and the lower the
dimensionless head available)(

25 N b=0.15
=) b=0.20
g 20 \ b=0.25
L 15 o—b=0.30
9 =a=0=0.35
5 1067 ——o==0=0.40
& 5. ) - e=om==p=0.55
T Ot

0.0 : : -2 ; ; : — o=

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

M=Q,Q,
Fig. 6 — Case Study #1 — Dimensionless head cHeas a function of the nozzle-to-throat area ratio

Fig. 7 shows the efficiency curves that resulteminfrthe CFD analysis performed for the jet pump getoes
composing the Case Study #2. The results show @max efficiency near 30%, instead of the 40% vadbewn by
some geometries included in the Case Study #1.,Tthasresults for the Case Study #2 allow one ferithat the
adopted mixing throat length was too long, thusngjwise to extra energy losses. That ultimatebulted in smaller
values of overall efficiency for such ejector’s gesiry.

40 b=0.25

30 - o o—p=0.30
s ° —8-b=0.35
£ 20 < \
1
T 10 / °

0 : : . . . . . o, . .

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

M=Q,/Q,

Fig. 7 — Case Study #2 — Efficiency curvg} &s a function of the nozzle-to-throat area ratio

Fig. 8 presents the dimensionless head curveshotttiiree jet pump geometries composing the Casgy St2.
Another result is that too long throats yield a éovdimensionless head valué, reducing the jet pump capacity to
handle the secondary fluid. It can be observed tthatbest efficiency point to the Geom#=(.3) in Case Study #1
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occurs at M=0.95 whereas in Geom9b=0.3) in Case Study #2 the best efficiency occuts Mx0.78
15
5 b=0.25
a 1.0 0-b=0.30
= ’ ={@=b=0.35
T o5 f——
&
I 00 ; ; ; ; ; ; ; o — —
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
M =Q,/Q,

Fig. 8 — Case Study #2 — Dimensionless head c(Hjeas a function of the nozzle-to-throat area ratio
The Case Study #3 is composed by a set of five ga@n. The difference amongst the five referredngetries is
given by different throat length values that vargni 6.5 to 40 throat diameters as shown in the Rallhe main
objective for this case of study was to investighteinfluence of the throat length in the jet puefiiciency.

Table 2 — Jet Pump Parameters of Study - Case #3

b @, (102m) L
Geomll 0.25 1.88 615,
Geom12 0.25 1.88 ),
Geom13 0.25 1.88 20,
Geoml4 0.25 1.88 ),
Geom15 0.25 1.88 41,

The results for the Case Study #3 are shown in Fignd Fig. 10. It was observed that the maximunpienp
efficiency occurs for a throat length equal to ites the throat diameter value. In Fig. 9, the t@sbrthroat length in
the referred Case Study #3 could not reach the manxi efficiency value. That suggests that most Yikéke fluid
mixture was not sufficiently homogenous at thistsgfdahe throat length. In the Fig. 10, it is pdisito observe that for
the highest throat length value, the dimensiontessl is lower, which indicates that a too long d@hleads to a higher

pressure drop. Clearly, ifrmaximum maximorurafficiency value is sought, a finer analysis ie thterval of 6.5 to 20
throat diameters for the throat length value wdadsle to be conducted.

40 \ -y 5Dth
s 30 @=Om= 1 0Dth
x 20 === 20dth
L T —=O==30dth
10 \A G =G 40Dth
0 . . : : : . . . : .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
M=Q,/Q,
Fig. 9 — Case Study #3 — Efficiency curvg} s a function of throat length
< 038
& v 5Dth
g 067 —O=100th
< 04 === 20Dth
g e=O== 30Dth
I 0.2 w === 40Dth
0 . r r r . . ’ ’ ’ .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

M=Q,/Q,
Fig. 10 — Case Study #3 — Dimensionless heBdé a function of throat length

5. CONCLUSIONS

The two-dimensional CFD model developed for a Libveed a good agreement with experimental data nf&a
(1970), particularly for low mass flowrate ratid). For the best efficiency point and for the highvalues, the results
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showed that deviations between experimental dadaCHD results are less than 5%. Thus, the two-dsneal CFD
geometry was found to be a valid resource to estitiee LJIL efficiency, since it allows differentageetry tests with
meaningful results in a way that is faster and pee¢han experimental evaluation.

The computational tool also lets one to know thiealvéour for the pressure and velocity fields inside ejector’s
regions. These results also allow predicting theita@on phenomenon occurrence and gives insigbtsthie
optimization of the key design parameter valuegtierejector’s concept, design and subsequentrcatisin.

The results obtained by CFD showed good agreemihtjet pump efficiency trends found in the litarat. The
studied cases allowed to confirm the current ejéctiesign practices, as the one that indicatentizzle-to-throat area
ratio (b) as equal to 0.3 in order to reach the peak jetpafficiency. It could also be observed that fox Inozzle-to-
throat area ratio values more fluid can be pumpBesides, the maximum head is higher for the lowzleto-throat
area ratio values. In addition, it was shown thaté is an optimum length for the ejector’s threagfion. If such length
is shorter than the optimum one, lack of homogditinan the fluid mixture leads to a lower pressteeovery. If such
length is longer than the optimal one, extra lossesir in such long throat, also leading to a lopressure recovery.

When applied to water jet pumps, the good restitained with the developed methodology seem taaidithat it
has a sufficient potential to be equally appliedeibopumps where the primary fluid is a liquid hgdarbon and the
secondary a gas and/or a gas-liquid hydrocarbortuneixprovided that proper modelling treatmenttfarse particular
types of fluids and flows be incorporated into tleveloped methodology.
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