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ABSTRACT

In this study, the performance of a Tesla valve, integrated into Automatic Recirculation Control valves used
in industrial applications, is<nvestigated through numerical simulation. The primary objective was to analyze
the influence of key geometric parameters of the valve on flow characteristics, including flow rate, pressure
drop, and cavitation phenomena. The,governing equations were solved using the finite volume method in ANSY S
CFX, and the numerical results,were validated through comparison with experimental data. The parametric
study was conducted in two phases. In the first phase, under a constant pressure drop, the effects of body
diameter, stage diameter, stage angle;wand”the number of stages on flow rate were examined. The results
indicated that increasing the diameter and reducingsthe stage angle can enhance the flow rate by up to 45%,
whereas variations in the number of stages had-minimal impact on flow rate. In the second phase, the effects of
the aforementioned parameters were assessed under varying pressure drops. These results also revealed a direct
correlation between pressure drop and flow rate, with trends consistent with the first stage. The findings of this
study provide valuable insights for the optimal and customized design of Tesla valves in Automatic Recirculation
Control systems, contributing to enhanced efficiency and reduced<energy losses in industrial pumping

applications.
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1. Introduction

Maintaining industrial pump flow above a specified
minimum is essential for safe operation. Running below
this limit disrupts hydraulic balance, leading to
vibrationy,noise, overheating, and eventual damage. To
prevent this; engineering solutions are used to guarantee
minimum suction flow even when demand decreases. A
widely adopted*method is the Automatic Recirculation
Control' (ARC) valve system, which automatically
diverts part of the flow through a bypass whenever the
main-line flow drops below the set threshold, thereby
protecting the pump and improving reliability [1].

In ARC systems, a Tesla valve can be placed in the
bypass branch to provide the required pressure drop
while ensuring minimum™ flow. ‘Invented by Nikola
Tesla in 1920, the valve consists of‘interconnected loops
and obstacles that impose «different resistances in
forward and reverse directions. With no moving parts, it
delivers pressure loss purely through geometry, making
it robust and well-suited for industrial use [2]. These
features make the Tesla valve an effective.candidate for
ARC applications.

Previous studies have explored ARC, systems and
Tesla valves. For instance, Thompson compared ARC
valves with conventional methods for maintaining
minimum pump flow, showing that ARC offers”the
highest level of protection [3]. Other research on Tesla
valves has examined geometric modifications that
improve rectification performance [4-6]. However,
comprehensive evaluations under ARC operating
conditions, especially those linking geometry with
pressure drop, flow rate, and cavitation, remain scarce.

The novelty of this work lies in the systematic
analysis of flow rate, pressure drop, and cavitation
index under both constant and variable pressure-drop
scenarios, more closely reflecting industrial conditions.
A two-phase model is employed to simulate cavitation,
allowing numerical identification of vapor formation
zones inside the valve. These findings provide a basis
for the optimal and practical design of Tesla valves in
ARC systems.

2. Problem Statement

Figure 1 illustrates the geometry of an ARC valve
system along with the schematic of the baseline Tesla
valve under study. The ARC valve consists of two
primary parts: the main passage and the bypass passage.
Within this bypass, a Tesla valve is embedded, whose
geometric structure resembles the well-known Tesla
design. As shown in Figure 1b, the horizontal section of
the bypass contains several asymmetric stages arranged
to produce directional resistance. In the present

configuration, the Tesla valve includes three stages,
each shaped to create fluid diversion and energy
dissipation.
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Figure 1. (a) Geometry of a sample ARC valve system. (b)
Schematic of the baseline geometry of the Tesla valve
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3. Governing Equations and Solution Method

In order to investigate the hydraulic performance of the
Tesla” valve under realistic operating conditions, a
numerical approach was adopted in this study. The flow
was assumed<to be incompressible, turbulent, and two-
phase, consisting of liquid water as the primary phase
and water vapor as.the secondary phase to account for
cavitation /phenomena. The governing equations
included the” continuity and momentum equations,
which were discretized using the finite volume method
(FVM). Turbulence effects'were modeled using the k—
turbulence model, while cavitation was represented by
the Rayleigh-Plesset cavitation " model to capture
interphase mass transfer between liquid and vapor
phases. The cavitation,.index (&) was, employed to
characterize cavitation intensity, defined as[7]:
P.— P

% pu - pd (1)

where py is the upstream pressure, pq is" the
downstream pressure, and o, is the vapor pressure of
water. This index provides a dimensionless measure of
cavitation likelihood within the valve.

The numerical simulations were performed using
ANSYS CFX (version 2021) with a pressure-based



coupled solver. A high-resolution scheme was adopted
for discretization, and the convergence criterion was set
at 10° for all governing equations. To reduce
computational cost, only a symmetric half of the
geometry was modeled, with appropriate symmetry
boundary “conditions applied. The inlet boundary
condition was specified as a total pressure of 72.2 bar,
with liquid_water at 25 °C as the working fluid. At the
outlet, a static pressure of 3.6 bar was imposed. The
liquid /water volume fraction at the inlet was set to unity,
while the vapor phase fraction was zero. Along the solid
walls, a standardno-slip condition was applied.

4, Results

The influence of geometric parameters of the Tesla
valve on its performance is systematically examined.
The parametric study considers the effects of the body
diameter (D), the diameter of<the stages. (d), the stage
angle (6), and the number«of stages. Ineach sub-study,
one parameter is varied within a_specified range while
the others are kept constant at their baseline values.

4.1. Effect of geometric parameters on flow rate at
constant inlet and outlet pressures

In this section, the inlet and outlet pressures were kept
fixed at their baseline values, and the effect of
geometric parameters on flow rate was examined.

At first, the effect of the stage diameter (d) and the
valve body diameter (D) on the flow pattern“is
investigated. While varying the diameters, the radial
clearance between the outer wall of the stages and the
valve body, which serves as the flow passage, is
assumed to remain constant. The flow rates and
cavitation index values for different diameters are
presented in Table 1. As shown in Table 1, increasing
the diameters from 27 mm to 40 mm enhanced the
outlet flow rate from approximately 55 m3/h to 80 m3/h,
representing an increase of about 45%. Moreover, the
cavitation index also increases slightly with diameter.
Although the changes in cavitation index are not
significant, it can be concluded that -cavitation
occurrence is marginally reduced at larger diameters.

Table 1: Flow rate and cavitation index for different

diameters
d=D (mm) Q (mé/h) oy
27 54.955 1.083
31 64.492 1.096
35 70.247 1.110
40 79.693 1.117

The effect of the number of stages was then
investigated. By adjusting the overall valve length in
proportion to the number of stages, the hydraulic

performance of two-, three-, and four-stage
configurations was compared. Results indicated that the
number of stages had only a marginal influence on flow
rate. Flow variations among the three cases remained
within £5%, with the two-stage valve yielding a small
increase (about 4.7%) and the four-stage valve a slight
decrease relative to the baseline three-stage
configuration. The cavitation index values were also
similar, showing only minor differences. This indicates
that stage number is not a dominant factor in
determining flow capacity.

Next, the stage angle was varied. Increasing the
stage angle from 20° to 42° caused a gradual decrease in
outlet flow rate, with reductions of up to 15% compared
to the baseline value at 35°. A direct correlation was
observed: larger angles increased flow resistance and
reduced flow capacity, while smaller angles enhanced
flow. At the same time, cavitation indices exhibited a
decreasing trend with increasing stage angle, suggesting
a higher likelihood of cavitation at larger deflections.
These findings indicate that minimizing the stage angle
within  acceptable limits improves both flow
performance and cavitation resistance.

4.2. Effect of geometric parameters on flow rate under
different pressure drops

To assess valve performance under realistic industrial
conditions, the effects of geometric parameters were
also studied for different levels of pressure drop. For
each configuration, the flow rate was simulated across a
range of pressure differences between inlet and outlet,
and,the corresponding curves are plotted in Figure 2.

The results showed a clear direct relationship between
flowgrate and pressure drop: as the pressure difference
increased, the outlet flow rate increased as well. This
trend was consistent across all geometric variations. In
particular, larger'body diameters, lower stage numbers,
and smaller stage angles yielded higher flow rates at any
given pressure drop.<For instance, with an increase in
pressure drop from 56.4 bar to 76.4 bar, enlarging the
body diameter from 27 mm to 40 mm increased the
flow rate from 49.8 m3/h.te’58.7:m3/h, corresponding to
a growth of about 17%.
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Figure 2. Volumetric flow rate versus pressure drops for
different diameters, number of stages, and stage angles

5. Conclusion

This study numerically evaluated the performance of a
Tesla valve within an ARC system. The results showed

that body diameter and stage angle are the dominant
design parameters, while the number of stages has little
effect. Enlarging the diameter and reducing the stage
angle enhanced flow capacity and slightly reduced
cavitation risk. Although cavitation was observed in the
downstream region, it did not significantly affect overall
performance. These findings provide a practical
foundation for optimizing Tesla valve design to improve
efficiency and reliability in industrial pumping systems.
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e 9 (shol e Jold 45 0 JSi5 (15w 98 51 5 0g0@iB 2 S s 098 o0 odaline | JSUS 50 45 jeblen

S i 50 Sz sS JhB L (o8 e 5 | JSB (S090e i ;0 S S,k b (ol e aillior Sl bz jeee 05
st Ceand 0 395 g0 4Ll Olud 8 (lyiea glio (S5 885 055 (152 5SS w5l 25w )0 L8 O
Gl b jion ol owais calil (o a8l ol cle Ll oal agss ) PSS j0 ol ool las 88l ise e 28
O JSS @ arg b ogb pboslas Jglie s la s b g sl sz 5ol Bas Sl iz e ol @l (Oles
@ Jlow yo 1y oY jlas el o)ls a5 slaloul b ol (o3 dwais a5 ol sels G glols Sud 1l e b o8 e
s ol Jdo e 4y 5 009 S0 (gl aloyo ds gllo o 0l 5 Sl S s i dsiin 4y 4z g3 L 051 (o0 997
3 5255 a3l Ygonn J5055 (52 A5 s o 0,1 55 st &5 j5blondod o aiS (glal> ot ($as
Sz Obyr (205 (Fige 0 bl S oe joe (ol s 5l Jlw 5 039 a8 s oole daul 50,0 5 098 o0 nad 5 5
b Gl g 0ol b el anlllas 5590 (s ol Jold o5 (22 pe il 20U jlre jlade 5l S @ o (Lol enss
bad 5l eee b Jlw 0l (82 e 53 005 Lid> ey 5l 65500 (23 Sl b 0ol S ey (5399 4 s ()]
ok @bl B3 (232 S ptenm S0 ke 4 09l oo (L8 Sl o s 1l B g el il e JB
o ol 5l &S B A3z S5 et (83 e 50 Jlew Glx (GBS 0nl pd Sl LISl gl Tl e
2ol slul g ¥ JSa o dlis ol )3 (o p )90 (iu 380 dwsin Sl 485 13 () 0590 ed@s caslinBlLS >

Lol 0als o3ld Lida) Jguz

! Stage



o) Slxas $99,9

D... d ]] D.

Lo o 50 anflln 3 yg0 Mok o denritid Silos Y S
Figure 2. Schematic of the baseline/geometry of the Tesla valve under study

Lo cdlo 53 Sy Slasl 2 Jgur
Table 1. Dimensions of the Tesla'valve in.the’baseline configuration

d(mm) D(@mm) ZDn(mm) Deut(mm) L (mm) o 0 P p ps
\ \ #A £ \fas yo0 ra° AR TF/YTAO FA/FYO

IOV RUIPP~S1 PV KVPFURR C7 S -+ S TN KO VIR L SCIVe| Bt DO U S Y L G DR T RPN 1 1 NI, SR L OWIS IR WIS A KA O S

35 e 5o Slaise Toce Qiloads At IS5 10 awaie )5 Dlxie 5 2> dowo ((Sg,9 dxbo ed so bl deld ()]
Sgd o pll (gom dw Ojge 4 s 1l ilwdnd e o Ll 1) d Jebo[linl) X jgmee g ool iy ai (639,9 Ao
wwid 61yl e 098 oo plonl agl (giluans G ok eols LIS Y S jSaSlis anlin aen (28,5 Lo L ]
s oSl Vol Tl jolate ol 0 398 oo (owyp o O,5hes p cwiid yiall o ok 15T g ond cols i Ll

oS oYl -Y
@ ol Obyz 9w oo s Sl b oM b aS canl ouls 58 el (pl jo el Sl WS> S¥olee (ghluosls
s o i) o byt oS Sl o g 2 siien o 45T 5 4 o515 B ol (65w e
A8 o 7y OgeluglS sy e cpl 5l gla s 0 aS Wl e lis adgl slasiloans g b g, il 180 aojlge
Slp Swgm dolas il oo o )b pgd 5B 5 mle O Jgl 5B a5 g0t woad plonl 55 50 &)90 4 g jloancd (onlpls

V] 09 o ools iales o abal, b 656 90 b >



Np
> Ve(p,r,U)=>T,, M
a p=1
SB L Lo 5B v 0y o Jlisl o 20 Tap T 5B ez S ol B cpl cepn Yo U, W56 JB> po T jo a5
Iyl el 2 Oygeo 4 pyiiege Sli dolae aims o lis |, W]
NP
V(P U, xUp)) ==1,Vp, +V(r, 1, (VU, +(VU,)" ) + D (C,,U, ~TLU, )+ M, ™
p=1
Sile Sal Soalsleilioszs s 4 5l cal p o)ly (xbae lagys Mg WIT 5B (Seslys anjeSans fla o 5o a5
iz slajls oz S g akal) sies e LS ) 5B e Wl Gl G0 pgtiege Jla] F;ﬁuﬂ _F;aua

] )|)§J.3
NP
dr,=1 )
a=1

ol Y U ply 3 ol jo a8 aib o bajl slass Np 5l jslaie
Ao gla Jae abl aad) Srpe Al gl,m a5 S8 5wl e oo ud cpl 0 jWgn; sae polas 4 axgi L
Ll 00 Afa‘)‘ J> U’t’9) e ) '. o 5WL;.A JM ul?w' S L».l.’?u 5 9 4.....3‘[.0.,@ U"‘ Gla.’ M)f)‘)s d..mJLD.o 9 (P Oy ;i..c....;/ T
a0 se il Jau8l LB mls K-g  San] Jow 5l oolaiwl b (g3lwans a5 ols las mls o
a5 Cendi- L) dolee sl oas oolazwl o3BED oy S Ja SO lere @) Cads- bl Joe el gl g 5ludoe jo
VT oo ol o5 05 U8 4 S oo Gipogi | le S0 5o 5 Gl G 0,
d?R., 3,dR 20 —
RB 2B +_( B)2+ — P,—P
dt® 2 dt P¢Rg Ps
O b i (o 0 0 g mbe S pr ol Glbl mlelis pJlas oo o Lo (e Py ol e Re 01)345
dbes )b g mle

)

e 2 45 593 o0 oolitnl Ty genalinglS (ALl ol ay som (2 bl SN S Bl 50 GseelaslS E58s Lol sy
DIV ] 098 o g 105 Bigo b, Cawd b 5 Cews YU slaLid
o PR, N
Py — Py
APl a8 basbioe Ol Swes Gl LS Po g Ol s YU LS Pu eenligslS (a3l 0y aal) al o
b oo GRIPN Gl gls £889 Jlai gl gls

J> o0y ¥
ol 1381 0 5 50 ¥ Jama L saiiS > g Togame pa il (s00e g0 4 Al p oS> BYolas dcgeze S sy
S e G IR 4.»_‘3; )lS LY ;J495 )il? Sy g )Lmﬁ ,]oLu)‘ 6“)4 Sl 0ol oolawl ¥ Y U))5 AJAS)‘J‘LSMJ

! Rayleigh-Plesset
2 Cavitation Index
3 Finite Volume

4 Pressure Based

5 Ansys CFX

¢ Coupled Solver



0% 48,5 s 0 Vo0 (Sl SVolee U 6l 2, Ken lae el 00l (500 po s "YU pielgsy g, 5l Yolae (o5l atunS
O Spgiae Sglas as sl lis oyl byd b O e dwaie (gjloads =l bl o5 avase giluacs mls anslis
odls (il e JolS awais 5l cod i (Olowle pox> JialS jshaie 4y coplply o)lai 8929 (silwad g0 opl 5l Jol> ol
5 0981 (6Og,gkid £95 31 (609,9 (50 by iload coly ioles (giludune gl oas a8 I Ly o ol Glaoe VO SS o clll
ol Bl L YIFGLAS L (2g,5 )i £55 5l 5 (g5 e by sl 0 Lpeend L VYIY bl L 2l o ]l
ol 0 Jleel oiallpas 650 byd deolgs 10 aledn] Cuvd 4 o bl slaces g 0,25 slaosls wll 5 polis
36 50 5 STBSIBL (5995 5 o a8 LT 31l o planl (ygamlingls 02y 33,5 a5 50 b g (6508 59 &9 4 (5Luannd
B &L...,;‘ HLEd e LSl ol w;)la.:)o).wu] )Lér.gLso.?o)wS5\ L ol 59g,9 50 gTL;oqo).“S‘o)b L8 (}.‘.L‘
ol ool Blod JSubgkS Y Ll (0,5 cile a5 50 YO) Jhw 6,5 sles yo ol

A 31 Il Juokons —F-)

099 Caws w4 slp cde s @ Aol g ol olonl aSil glagledl slal 4y aisly ol 4 Jbow ol > o0 gilwans
) Slbre anie S8 Jlaw GBI L 4l obnl sl o3 CudS b godSd S gjlwand gl slazel J6 mls
0 5S,p oldl >le cpl 5l Al jeo b geas ad 5 b o SYL wles 2l o pladl slaws Js 1 oo so ol
@ g lwand @Sl 5 Ml S Sl 00 ooliil T Kt o] l38le 5 51 slaSiis iz ol jelaie 4y aigd
$lr lvars l Jolbs 29,5 ez 20 ladel ol plol (LS Slepdats § Loyl 0 b g calises 0,5 slaws b astol s (3l
ey g 0l 8 el o9le « lomlons oK B8 o3 ) ol il o 0813 LS Y Jpar 55 iy 455 o
slply olbed bl )0 S @jes T JSS el ol ) aliSe slaaSed sl 3 5l (295 gl mhaw )3 (eled
&35 Umled Sz dwaie (2,5 (0 dd (i (635 0 bt sl uen a0 oo lid Gglaie slaojlal b slaasil
odel s gl ¥ JS jlog0d 9 ¥ Jgaz a4 az g b el oainddls olas IS ol 10 55 655 e b ol (59, 0 b, e
o8 4 S0 gl 5 03,80 Slaiz 5 ol et pe s 4 0 S0l I ST 5 )l g3 23 0,5 VFOAAR shass (sl
o] s s g o Cosdy U 3l sty 0,8 VAR Slasiiy canaShi b 45 0,5 e e ol by ks
ol bl 0,8 VFOAAR slaws b aSlils i dwain (giluans gl plcas 3 onl i ol oo a3l JRiuws 0,8 slaws ol 5
o 3Tl ey A ol 55 5 Sl T oo 5 sy 45 45, s (Bl 00 g5 (52 T USE
IREIPPN A PRV PP (o

' High Resolution
2 ANSYS Meshing
3 Hybrid

4 Tetrahedron

5 Pyramids



cliseo by guinased ¢l y g jlwant 5l Jolo (20:Y Jguar
Table 2. Flow rate obtained from simulations for different mesh configurations
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Figure 3. Radial velocity distribution at the outlet of the geometry for different mesh configurations
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Figure4. Mesh representation of the valve geometry
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Table 3: Simulated flow rates for different turbulence models
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Figure 5: Radial velocity distributionat the outlet of the geometry for different turbulence models
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2 Root Mean Square (RMS)
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Figure 6: Residual convergence plots for the continuity, momentum (X, y, z), turbulence model, and phase
volume fraction equations
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Figure 7: Convergence plot of the outlet volumetric flow rate over iterations

g Al Cewd (So8 a5l ies g goue Hhai TS Glal Cl S a4 goue S aS wips o plis IS jsbad bl (5]

I Monitor Point

AR

35910 mald gom s l by sla il sl (olis slus



T o —

Sad b s ool Gialeyl jo il a8 5 & g ooyl 5l ol il b g5lwancs ol awslie wll p mli v oo
6}[....:4.....»: )0 w‘ ol (_g)..fo)l..\a‘ g.,\.cL..u » ua_ia )...A 9’ L').i‘).b ‘5)9..& (50” ‘5’\) s)lJ. Y‘/? L5>5):> )LA-A.AS 9 )la VY/Y 6&5)5
» u.xio).“a ?f/fﬂ Jél:m 4...’[; » ‘0;5.1..5 \V/AA ))‘).v sg_;’>5).’> 9 ‘505)5 )LM.\B )JQLO.A Q"‘ ‘5‘)" UL)} LSAP ksh) )‘..\M R ‘nl.?u‘
b g Al B bl cdo o o VB oons sl L giluanss 3l o> o0 a5 aes oo las s oyl el s 4 el
Syl el ol 5l Jols asms

Ol g5 by e iols i cud 4o g3 ge slacudgaze ¢ iulej] o Cople 4 ax g b S ol msg 4 oY
e b g ecegn Jgy oo olm sl el )l ple el 00gs pal )8 ouli s pSoslul Jlade b soue Jow 5l ol oo anslis
J ol bl oo s jo 58 (eSS cud planl Sl g anilad 892y oy slassls o it slalad cél o oo
By S ileas® paigdast Jd BB Liel casmsglas (028 Jlade bogose Jao (298 (00 JeS B GLL
INVTP UV SV LTRSS

= -f

Le o 5 dsniod (gl domid 31 ool gl —-
JLad g L VVIY (6995 JLad L) F i3d 0 ol ja8 (650 Ll pd b g Lo aiin L3S 1ol (5lwand plosl 51 oy
3 e 09,0 Sl ol o 555 A 0,8 il 380 551 ol o 5 L8 sloyslS Gl VIP (g 5
ka3 b 5l el ol el s ools sl (s yin gl dnain slal Al o Gy mie8 (SO (pl jo a0 Ginled
ey awgine e (JSG pl (ulal p el 408 )8 s e s (ol o5h cewlin Gl g Ce s 5555 (600K, 00gue
Sl s oS i o (o F S8 5l Ol e b bl 0 0Ll L JS8 lalyial 5399 4l 8 b
i )0 g ez Sl o9l b Blhae oy Gl ol e 93 et 4 by Sepe )lo 1Rl ol al> e

bl ools F5 b 1 s by e ahate mhauw lalS

Velocity 1 mem
9.000e+00
1.042e+002 R
9.381e+001 7.000e+00
6.000e+00
- 8.339e+001 .
- 7.297e+001 4.0008+00
3.000e+00
- 6.254e+001 2.000e+00
- 5.212e+001 1.000e+00
0.000e+00

- 4.169e+001 ' )

- 3.127e+001

2.085e+001
1.042e+001

0.000e+000
[m s*-1]

oo duoiid b O e 50 3l y2r s o g8 :A S0
Figure 8: Flow velocity contours in the Tesla valve with the baseline geometry
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Figure 9: Flow pressure contours in the Tesla valve with the baseline geometry
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Figure 10: Water vapor mass fraction contours in the Tesla valve with the baseline geometry
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Figure 11: Flow velocity,contours for different stage diameters (d) and valve body diameters (D)
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Figure 12: Water vapor mass fraction contours for different stage diameters (d) and valve body diameters (D)
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Table 4:"Outlet flow rate, mean upstream pressure, and cavitation index for different diameters
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Velocity Vapor Mass Fraction
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Figure 13: Flow velocity and water vapor mass fraction contours in two-, three-, and four-stage valves
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Table 5: Outlet flow rate, mean upstream pressure, and cavitation index for two-,three-, and four-stage valves
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Figure 14: Flow velocity and water vapor mass fraction contours in the valve with differentstage angles
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Table 6: Outlet flow rate, mean upstream pressure, and cavitation index for different stage angles
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Figure 15: Volumetric flow rate versus pressure drop for different diameters, number of/stages, and stage angles
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