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Redesign of energy recovery device to keep the production recovery constant
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ABSTRACT: One of the problems of producing fresh water by reverse osmosis is its sensitivity to
process conditions. In this article, a method for redesigning the hydraulic turbocharger rotor as an energy
Recovery device in desalination units has been discussed. For this purpose, firstly, the performance of a
desalination unit in operation is investigated. Then, using turbomachinery similarity relations and CFD,
two new rotors have been designed for two high- and low-pressure modes and replaced with the primary
rotor. The validated results with the test show that despite changing membrane inlet pressure, the amount
of produced water was not changed, the total efficiency has increased by more than 4% and the energy
recovery has increased by about 2% in the high-pressure mode, which shows that this method can be
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used in situations where the pressure change of the membranes is noticeably higher or lower than the

initial design pressure.
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1- Introduction

The increase in the need for fresh water and the limitation
of natural resources have led to the use of industrial water
softeners, especially units that work with the reverse osmosis
method, to produce drinking water all over the world. [1].
Usually, in the reverse osmosis method, the waste energy
returned from the filtration membranes is used with the help
of energy recovery devices. The hydraulic turbocharger is
one of the centrifugal energy recovery equipment, which is
widely used in reverse osmosis desalination units due to its
simplicity of design, flexibility in operation and relatively
low supply cost [2]. This equipment has a rotor including
the impeller of the pump section, the impeller of the turbine
section and the axis connected to them, as well as the outer
shell in which the rotor is placed. In many cases, due to
the change of working conditions with the initial design, it
is necessary to adapt the hydraulic conditions of the entire
circuit to their optimal working point [3]. One of the common
ways to change the general conditions of desalination units
is to use a variable frequency drive (VFD), a pressure relief
valve and a turbocharger equipped with an electric motor.
However the use of these methods generally requires a waste
of'energy and a high cost [4]. In the current research, a method
has been adopted so that the flow rate of the produced water
remains constant and the total efficiency does not change
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significantly (more than 10%) as mentioned in section 2. The
main difference of this research is focused on the changes in
the inlet pressure to the membrane and as a result the return
water pressure from it at the inlet to the turbocharger, which
is discussed in section 3.

2- Method description

In this article, a more affordable option has been discussed.
To adjust the operating condition of the plant with raw water
condition and membrane inlet pressure, the performance
characteristic of the turbocharger has been modified by
replacing new rotors. A. When the site condition changes,
the existing rotor can be replaced with a new one which is
designed for that condition. To do this, two situations were
considered: The high-pressure mode when the membrane
required pressure is higher than the initial design pressure,
and the low-pressure mode when the membrane required
pressure is lower than the initial design pressure. The aim is
to modify the design of the turbocharger rotor in such a way
to achieve the required pressure without a significant change
in the permeate recovery in each case. In fig. 1, the steps of
the work are represented.

The steps of the work Firstly, the performance of an
existing turbocharger was investigated. For this purpose, the
flow field inside the existing turbocharger has been modelled
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Table 1. The geometric specification and hydraulic
parameters of the plant

Geometric Values hydraulic Values Geometric
dimension parameters dimension
s s
Dto 86 Qp (Inlet 150 Dto
mm Flow) (m3/h)

Dti 41 Pin_p 40 Dti
mm (bar)
bt 17.5 Pout_P 65 bt
mm (bar)

Dpo 86 Pin T 63 Dpo
mm (bar)

Dpi 48.8 Pout_ T 1 (bar) Dpi

mm
bp 18 Qg (Reject 100 bp
mm Flow) (m3/h)

Nb (blade 8 Number of 103 Nb (blade
number) membrane number)
s
SL 0.6 1 (Total 60.4% SL
(horizontal mm Efficiency, (horizontal
clearance)) Eq.2) clearance))
SR 3.5 SR
(vertical mm (vertical
clearance) clearance)
L 54 L
(clearance mm (clearance
length) length)

in three dimensions and simulated using CFD analysis. The
results have been compared and validated with the site data.
Then, using fluid mechanics and similarity relations, two
new rotors were designed and the new flow field inside them
simulated for two pressure modes. Finally, the obtained data
for new rotors were validated again with experimental test
results. It has been shown that replacing new rotors can lead to
a new situation where the amount of permeate water remains
unchanged despite the changing membrane condition.

3- Analysis of the Existing Plant Conditions

To investigate the effect of the rotor design on working
conditions, a medium plant with a production capacity of
1260 m3/day (150 m3/h of raw water), has been studied. In
this plant, a high-pressure pump is used with a turbocharger.
The hydraulic parameters of the plant and the main geometric
specifications of the original turbocharger are presented in
Table 1 and Fig. 1.

Using CFD Analysis, the working condition for the
existing turbocharger has been obtained at about 16570 rpm
and the shaft power of 127 kW (Fig. 10). The result has been
validated with test results.
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Fig. 1. The main effective dimensions in the hydraulic
characteristics of the turbocharger rotor

Table 2. Hydraulic conditions for the main rotor and
two new rotors

Hydraulic Existing High pressure Low pressure
Parameters rotor rotor (1) rotor (2)
(Pout_P) 65 bar 68 bar 60 bar
(Pin_T) 63 bar 66 bar 58 bar
(Pout_P - Pin_P) 25 bar 28 bar 20 bar
(Pin_T - Pout_T) 62 bar 65 bar 57 bar

(Qp) 150 m3/h 150 m3/h 150 m3/h
(Qr) 100 m3/h 100 m3/h 100 m3/h

4- Flow field analysis in new rotors

Using new hydraulic conditions for low- and high-
pressure modes, the new rotors were preliminary designed
using turbomachinery affinity law and the flow field at the
pump and turbine section has been simulated. Two pressure
mode parameters are presented in Table 2.

Fig. 2 shows the contour of the static pressure in the pump
and turbine section for new working conditions in a section
parallel to the impeller plane.

5- Results

In the test process, to adjust the flow rate of feed and
produced water, in accordance with the values used in the
hydraulic analysis, the speed of the high-pressure pump
and the outlet valve of the wastewater was been adjusted.
To compare the design parameters of new rotors, the data
obtained from the test and the results obtained from the
simulation are shown in Table 3.

HPIP is the input power of the HP pump, Wturbo is the
power generated by the turbocharger, and ER is the energy
recovery percent.
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Fig. 2. Static pressure contour in pump and turbine
section for new working condition

6- Conclusion

The obtained results show that the design parameters
obtained from the similarity methods agree with both the
flow field simulation results and the experimental test data
with an acceptable difference, and in cases where computer
optimization or experimental testing is not possible, it can
be a reliable method. According to the results, it can be
concluded that in order to keep produced water constant,
replacing a new redesigned rotor with the existing one makes
sense and is effective economically and hydraulically. In
some cases (when high pressure is needed), this method even
could lead to higher efficiency and cause a longer life of the
turbocharger (due to the use of two or three rotors during the

year).

Table 3. The results of the test data for three rotors,
original, high-pressure and low-pressure rotor

Wrurbo
fotor Eff (%)  HPIP (kTvv3 ER
(kw) (%)
Original 60.04 205.5 102.2 30.2
Rotorl 64.6 205.5 114.4 323
Rotorl 58.8 205.5 81.7 26.3
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Fig. 1. Process flow diagram in a reverse osmosis desalination unit with energy recovery turbocharger

Joul p3lSe 3 (S5l Span (i Gl ()Sen 5 jerz gyl
55 €Ll Climed g g8 S oy il glaplony ¢posSae
3590 1) 6551 ALk iy cilizes lgl b g dumlia So085 L,
DET L0 Y18y
bl 8bil ile a2l piesw (2lb Jgol (Sl St
SiP Span (il lnly (2lahgy g Wlosls )13 o g 45 390
Sl ) plededlygios deil Slados wisgei 1)) g &5 Sl g
Sl Jlles bl cow (o5, bl slealiaws clwl 5 ok

V] e e Casy

P9y s Y
Kl by 5L )5 g5 (Sid 38l )y solate 4
LBV JSS )3 Siledd jgo 4 )55U555 9 ol pree 558 HLiS Gany
Abaal i (50 )y 435 Caew G bawgy il a8 Ol el o o3l
ol Sle 2o b ol JLd g 29300 (658 LB oy D)y e 5 00
F o ol a5 3 )18 )5)ldger dspe ol 5l am 25550 01>
@l p3Y b 4 ol Jltd g 3950 ol eay (150 3y (558 Ltd oy
Olyoe (293 Jbw b Gl aiias Lol sbaliee 4 3959
ol (ol proe Ola) 900 Ol g (00 il Ol) oy O i g3 &

Syl & 5)Weng g (el eslatul b jed Ol (6550 09d

DY 513 ey 3590 ulae 5 Llje 5 lasily (pogasee

N b L b sel 5 e g5y (S 5 oy S ol
So sl b 2yee 3Pl ey BB lade 39y 00 ] &7 K8
ol Ll adllas amd talS' ) (Logasio (65) e ol corSlo e
Bae pgw S b Slgi o (wgSan jamsl Gh9) b hgy nl S 5 W30
DY) ey jals ]y (oense g5,

3 os Pl oy 4 253 imgRy )3 glidllae ol g sl ol
$9) 259y Sy g 86 O55Lbeng (g 9 ey S
95 w9 Caomd walall 0 (S8 b Glise 156 5 )5)Lbg09 3 )Ses
VTl (23 9 98 (0lg5 s o) )5)L092)95 3 Sl

R 2 81y 5l cdbil laolans uil)San g byl 2 S
Lol 5 <S5 Pl aled ponss B 060l 1,8 oy 0 3590 M s (5, LB
Lol )3 555 5 bawgio b )b b oS (b o slosoly 5 s 4l
Ol 9 hicus (IS 5 rani 2)Sdes (slaodls (sl yadls 4 a0y
DIF] sz powlie (65,50 G pao

S5 Bpan Gl dulie sl el glgl (i Ken g Log: g2 )]
Ol 4 5 33,5 gyt (5 5 SaOS e Sl slasly 3 ) (55581
9 6 (S 5 ey 5503 Jl (wSne Jewsl (g & ey (g e
9 55 Brae dija gl g ania adllae ol ) el Saigg

VO] cuslaid 5515 () 3)90 (5551 Jl il p2

101



Pressure

el 5 ) peas Cesglie

o 45 5 pras Casgliie
NgEE

adgl lree

Flow rate

e Cunglile liseo (Sl 45 15,0595 ol poid &1 (595 Ui caoy (o2 — ) (Slg pd (Slewioio .Y JSUS

Fig. 2. Hydraulic curves (head-flow) of high pressure pump with turbocharger in different pressure modes

bwméwloTwl o.\&&;&-‘bgoj@dﬂ&c ool g0 &S by
Olyre 4 (9399 Pl T L8 15 4y 5o e )3 5 e baalpd pus
opl > les el ol (o3 B g o3y puis g5 4 B Ol S L
2959 >hb b e b )5l s lawgs oad algi jLid L (b,
ol 00b 0015 puusd Jupod Cpl )0 dalad oy 5 Jeol lgie @ Cj
N3 adllae 3p00 gyl oy Jla 3 aly S plate ol sl
il GleMbl Y Joun )3 g (wsin SleMbl Y Jgas ) cul a3
o1 03yl adllae dy90 S Cp s Ol Col ,d odlitul 3y90 ,5,Lbgr,e8
Glasuio Oy polze b a5 sl 039 Cijao (pl @ I8 g, (Gl
TR RO TR BRI SERRERR
bk 93 g9 (65 dail ) dngi b L Canol 0kel Candy 55 Lig0y95

Sl 93 (gl (o058 Sygo ) Gl 00 4B S L5 o ol gl a2 )

Canl S (28l s 55 aS) )l en 5L 350 HLid > puss bl (4l
o3l i @l Ol slod b (6y9 s (lpme (SEBS HbB 4

balgy 51 eolazwl b bl o)5,ligsy05 0,Sles s byl yid 090 aseiie

oy

25bbeny95 4 (539)9 Dl 9 29800 b o] ey 1T sl (SlSe
JooS5 il B ol Joges i a9 90,5 o @B o 4 cales
g oo

Sy Copo & )5)lbens ey GBS 9 (598 LS qaey <bg) (5
S g (p1 Of (23) s e 51 015,38 (03 domits )3 9 K5 oo )3
e cnlpl sl GiSe o s slaylis ggeone b pln IS
sy S5 LS (gomie S Cjgo 4 g ) 58 90 ol 2 Skes
Caglio o Wilad 55 55)Logn95 | dn olpea 2 (i Pl T (0
dais )5 1) ()3)Ubg2)55 5 Guag) JSHLES (goxie g 03,8 Jas (Sgpi
S o alad e ()8

S Caol o 02y ol Solos Cygo 4 ¥ S (3 &S jelailen
@) Bl s )by Job 5> blpd i > 4 Glieee Cuoglie
(olpme (S35 L g pl O (y9 b lad yuis b1 & dged lgie
iy oS e o J) NS a s JS L6 oeta by o] oblis Al
P T i s el Pl T (sl 03 S g Lt Sy Jole <ol
I8 oleily 5 (65 €83l liee o el (Mg Ol (00 50 i sl

MW IRVYPES



sy bl pdga> bl s 6l was g5, b
alas balg, 5leslatul b ogage ,5,Lhg 95 (69 ,5es

S blis b b aglio b2 e il 4
el gl Gull 52 5589, olal 3ol (il o550
8 St b sl DolBN Ay By gl

Cend daz o ss ool s e, gy, ceal g cS Lo
- O (6l cmly 9 YU 5Lad Ll &y (i (610
59,9

'

W y99) Cond 9 (§5lw dand o 15D (5152 00 @il Jol o Y S

Fig. 3. Work flow diagram representing steps of design and validation

o3 ISl B 3550 45,5 a5 3 55 5y IS o]l 4y oo ol
b Sl S Allie cpl 3 ABL eal)S L 95 IRl b lad
(Y 5 Jolin sl 039 siadio ¥ 250 5 iSTs) dopd Ve 5l a8
G3ly 329 bl slaygy) (il Bl dleg e g cnlpl

Cawl

axllo 8 yg0 Ao -F
15ly S5 o)lS bl s )3 )59y b 8L e oy sl
Jolee) 59, bl > caSe 20 WWFe Adgi Cudylo by yogSas jamsl Lawgie
@ o9b HLid Coy SOl ol &S] (P Of el > caSe ji0 VO
Slasuio bl 1,8 ddlles 3)50 Cuwl ol oolaiiwl 5,Ligsye5 ol yos

sl el V Jgar 55 F JS5 L Gillao 4yl )3 )lbgg cosin
ol (g ySojlul colw o &8 8 b o wely (Sdgyin lasuin

M PV | S PRESFOW

ol 5 4 dmsloxe (gliva —) -
3 S Lt s it ol 3 g dn dslre sl &S gl ]
ol 5 9 s S oIl )3 sl ()95 9 cuoy (295 U 2909
Canl JS 58 ol oty (ol )lid 1 jolate g5l s 5l ol Cawny

33W9P ey g Omg oS sladllyy bl dapdlegy e > 4lis
Wlyyy ,8es 31y 58l 3t 45 (g3 (505 5 295 kb Jeld)

el ol vy el 93 (clp W Heig) dwdin (35,
5 S aaled 0oy puis )3)Lss8 5l g3y Lise ks &S b ] ]

D5 ) 1 55 agte bt () Al 4 > alis Ly, Mee
(A5 o Cns Ll 138 | (Sgyaen g0 4 oS SWlaol 552
e J>) )5)Us95 9 ey i JS 55 ol e il 4 ]
Sl f g e o)) 0 5 abb (o,] Cunss sl (Gl e
bl (29,3 0558 9 skaB ) Slysd 390> gl sloaly S e
P38 ool 4 yaany (sl g 1m0 vty b bl b 4 g L
Sl ded @l @ a9 b ojluil 1S g b e JolS (g5l ans
oS 0dgaote 4y las dgds 38,5 )13 L Colps )0 Cowl 0l 48 )3 0 o
Oldse (g3de > g wlis balgy bodd pw i @lS ) Aoy ¥
PR LS y5is) sl 4 ol s g i y59) b & s (b2
Sy50 Cund gloodl b (il anid zols o i Como gl Cul 0l
Ui ¥ USS pLSL &g 4y 00 plosl ol ye .l 48,5 )13 dunlie

ol 00 00l

15 dtusgy Sl Ygane 45 sl 1) cels dngs o] 4 b & (gl

oA



25)W52595 5999) (swaid Clasule N Joso

Table 1. Geometric characteristics of the turbocharger rotor
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Fig. 4. The main effective dimensions in the hydraulic characteristics of the turbocharger rotor
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Table 2. Hydraulic characteristics of the reverse osmosis unit
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Fig. 5. Clearances between fixed and rotating parts in calculating frictional losses
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Table 3. Boundary conditions and numerical solution settings
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Fig. 6. Hydraulic elements in the analysis of turbocharger, pump section (impeller, diffuser and volute), tur-
bine section (impeller and volute)
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Fig. 7. Grid generation of the flow field of pump and turbine section of the turbocharger
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Fig. 8. Grid generation and cluster of the meshes near the impeller blade
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Fig. 9. Geometrical parameters in friction loss calculation
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Fig. 10. The CFD results of the flow field in the turbine and pump section for different rotational speeds
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Fig. 11. Static pressure contour in pump and turbine section
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Table 4. Hydraulic parameters of the pump and turbine with the original rotor at a speed of 16750 rpm
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Fig. 12. Installation position of the pressure gauges at the inlet and outlet section of the turbocharger
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Fig. 13. The process of applying changes and corresponding working points in new rotor

2 S Slp gy (293 10y ) dm S5 ) g (A s ) S
il ol (LS s 4
d)Lf alads % g KS o g2 a)'l..\il e L’;M:‘) dw ) o)".\jl goves)

K =GR 0-0K.

d2 = dle > bz = ble

(%)

shp (el S
Sl gigy b als jo cnl 5> Canl (gron) Slaad i3 SIS (25 & )

(Sl 05 4zl o5

2 > ol i) Wy (2 Bye ddme oS

b =b, %.,£:¢ (%)
2

Cody 38 Laily) L Ballae nir (6)5 abail 9 (gl Lol Sl

K20 lpsen ol odd (5,8 &S Cenl iy sl Jol <l losa]
3 5 altio g 2oy ol sy (gl g AL 0Ad (KBS 5 g
3509 (2 bl il I (lae 4 9399 P I L8 L (KBS
55 IS sl peme 4 sl tonidy (sl pyd o il 428 (6 pos

03,5 Iy E8lS o3 55 > &y o Ol ()98 9 13l (KBS 9
Loyd & ey o (6399 p Ol (clp i jLid b oyl sl

my

P ok G a9 5959, Sl pd Sl Jlas! Y
L gl )oig,

0818 5l e ()5 LB 4 (s jslaie @ j939) bl s (sl
Oty Coglol 3uind pl 50 sl o edlatnl Wb pidlogsyei 5> aslis
FB o3gu00 3 ST losily il gl )5lon00 bt (23 9 e 4
ol olesily cdl s s (65568 Cuadl (1o )d B 51 iaS) Al Jad
9 2jgsied Wle (Sgpden laglell plo ig) jom bxil > o cunl
WIS s )3 (WS (o036t dibogy) Mlo e (b yuiS (9 ool
Conl (o 3 (od 41 9 3,5 (03 g0 JolS g0 4 (g yien
kel yg59) Wile g o9 53 pleily alex 1503 sl yiall (S
b sl gSen jblie ()l a3 lasily dinge 0350500) 3,655 )13
&8 dai ) glosly Lol il ausls Slus Goles adgl ye5s, lesly
Fobet b e Sl (Ko S oy s el b Logil o e
Mg bl U aley yuss (e b 00 b oS canl o) (oo aisS L(wisl
W )3 g g ey bl bl pslaie nl ol ailes (Bl b
i 5w jblie 05 o) ase ) a8 wilens o3l i ojlul G 4 m
laailyyy 2o Lo IDAme ¢d (5255 ol (lyy Cal 03,5 iy
5 pgd b )3 (bl s Lol 33,5 adgl s a0 B ad 00ly s
2 b o B pl sl (e 93 ooy Jedg p 4SSl s 40 0SS
Wloy (293 gaw s el o Canl pdy Sl ladly (295 120
lie (00 Dgb oAb Culb Hlad yex g b Jaled Cans led &
DIV 85 o e s om b L

ol 0el W IS5 Jlaged 53 bt 6,8 blis g el pueis Jlas] g,

Al b 93 ) 55y pole pesd lp AL (le8 < bailgy )



SYA L SOV dio AF-T Jls D oylos OF 0,95 ¢5usS pool Sl usigee 4yl

W 5579, 99 9 (Mol 55ig, Slp (Slgyied Lyl B Jaua

Table 5. Hydraulic conditions for the original and two new rotors
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Table 6. First mode: rotor 1 - high pressure mode, total pressure entering the membrane 68 bar (turbocharger
pump pressure change: 28 bar, turbine pressure change 65 bar)
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Table 7. Second mode: Rotor 2 - low pressure mode, the total inlet pressure to the membrane is 60 bar (turbo-
charger pump pressure change: 20 bar, turbine pressure change 57 bar)
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Fig. 14. Power in terms of rotational speed for turbocharger with new rotor (mode 1)
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Fig. 15. Power in terms of rotational speed for turbocharger with new rotor (mode 2)
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Fig. 16. Static pressure contour in the turbine section of the new rotors
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Table 8. Pump and turbine hydraulic parameters for rotor number 1 at speed of 16300 rpm
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Table 9. Pump and turbine hydraulic parameters for rotor number 2 at a speed of 16900 rpm
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Table 10. Specifications of measuring equipment
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Turbocharger

Fig. 17.Turbocharger test setup according to PFD shown in Fig. 12.

Cond gl =) -
lhe cedg O 03 9 pl O 03 jlade walais (¢l cns anl B )
HUid Caos 90 palas 1 Wilosds ool (Sdgyaud Judow 3 &S (6 0lde b
2 sl 00 odlisl Ol Ol (298 b 35 9 ,5)lbgnyg 5 B (s58
ilodnd 3l otel Canndy (slaodls b« jl osel Cnds gl Ve g
Cusdy slp sl ool Wi> (glaygig, Sk @l (miylisl 4l
2 i)l ord odlital (Vo) abasly 5155 Logn,05 JS olasily 0,9]

oy (Sgyhn (g5 lon )5)lbg 65 bwgs e g5 ()lg5) ol Al

FB Ggge il g ) 58 g S35 )5 LE055 s95, Al > 4

Jias Jdos g ikl 551 )5y y99 og] sty el s S
Gy Lly dus )3 ol yguians yolato ol (6lys sl 00 o0lito] s paw & 55
L load Guad )5)Logn 58 dtwgy Byl 53 53 il sl JuSew <8l >
YO+/eve CPM U uslS )3 0390500 <yoigy (Jlyed Cas yus D9y dgb

1 FFT (Fast Fourier Transform)
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Table 11. The results of the test data for three main rotors, high pressure and low pressure
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