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Designing of nozzle diameter based on the IMO regulation

for discharging scrubber wash-water
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Abstract: In this study, numerical analysis was conducted for designing nozzle diameters to recover the pH value of scrubber
wash-water of ships in accordance with the IMO (International Maritime Organization) regulation. It is prescribed that the
scrubber wash-water should attain a minimum pH value of 6.5 at a distance of 4 m from the discharge point. By employing
theoretical acid-alkali chemical reactions, titration curves were obtained, and the dilution ratio and volume fraction were calcu-
lated at the pH value of 6.5. Subsequently, CFD diffusion analysis was conducted for calculating the volume fraction with re-
spect to various discharge velocities and nozzle diameters. The obtained analysis results indicated that the discharge velocity
marginally affected the diffusion process, whereas the nozzle diameter significantly affected the diffusion process. Furthermore,
based on numerical results, a correlation was developed according to the dilution ratio for predicting the nozzle diameter re-
quired for attaining a pH value of 6.5 at a distance of 4 m from the discharge point.

Keywords: Computational fluid dynamics (CFD), Dilution ratio, International maritime organization (IMO), Nozzle, Scrubber, Wash-water

2 Ahgake Aol AAHol, 4 o)4

LA = vbe] A% AR
selgh e el Abgol A2 A

o
IMO(International Marine Organization)+= 20201 1€ 1< o AR7IRES
5-E] ECA(Emission Control Area)®]2] % oA Hu} A
4

29 3 FHEFS V1L 3.5%4 0.5% = Aslelr] & Aukg ~g8 = A5 wlE Wy o] welA open loop

A3LSITHI. olo] e tLow= 3 WA, A4S A system, closed loop system 223l hybrid scrubber system <.
S8 WL, 3 WA, e 0l serubber) S} g FAY  F TEHVL S open loop system S 22 i
A2 Axsh= Wl Tg)a wpAto 2= NG 2 -2 st 7| 7kel A3 BARE EtelE S AlA
9 ARE AHgEHE eto] AV, aga % O AT pH we SwE g we Aol
0 oE kel dorae BusE e el ggs =l A

2 oEA ~Tes AR Auakelch Ade] oE A Bell and Nebeker et al. [5]©] <17tel w2 tfF-2e] &

T Corresponding Author (ORCID: http://orcid.org/0000-0002-3925-0731): Professor, Division of Marine Engineering, Korea Maritime &
Ocean University, 727, Taejong-ro, Yeongdo-gu, Busan 49112, Korea, E-mail: kyunlim@kmou.ac.kr, Tel: 051-410-4256

1 Senior researcher, Atmospheric Environment Team, Korea Marine Equipment Research Institute, E-mail: choiys@komeri.re.kr, Tel: 051-400-5178

2 Researcher, Atmospheric Environment Team, Korea Marine Equipment Research Institute, E-mail: chamh@komeri.re.kr, Tel: 051-400-5177

3 Team leader, Atmospheric Environment Team, Korea Marine Equipment Research Institute, E-mail: km0098@komeri.re.kr, Tel: 051-400-5172

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-nc/3.0), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © The Korean Society of Marine Engineering



284 - A1

GHAEES pH
ol3tol| A BEEL

Avto] A3

5 9] 3ol A 96X 7+ AE7V 535, pH 3
FApI agth webd Mool A =
A5, g ARFE e
o] Fojef FtiaL et slvk

R

Al
fo
o
olN
tlo
i
o
)
o]
)
%
=

2 AT AFEAE H. Ulpre et al. [7][8]2] 47
oAl ARE-3 38l Nk RdS BEUlE Ay 348 18
ol wE AW HEFe} 5o AuE @
o]
2 Fbsas Fassith

B AFoe Mure Amed AASE wE AT
IMO°I A AAIGE kol = 2] 9 3 7)) AF-E 4
3lal, o] 7|Wro 2 CFDE o]&3 X344 We A
Bato] ek 238y wjE&S 918 =& A4S s
A= 278k} w3 CFD AX A3=
¥ wE 1<l 4molulel A pH 6.5 3 5-&

474% WEse Jnae ARstah

[
N U

b

Bronsted-Lowry 2]

& ooleg E 4

24 493,
pH=—log[H] (1)

2 Aol M= H Ulpre et al. [7]2] 2h-<F47]
7Rk wegagleh. s oFd7] €% &< (buffer
solution) . 24|, gk Abo] o7k 7} Hojkm 4
ol&& FTTeEMN pH WEF A dojuA] Fe &
oaig ottt e 4F &% FER ol o
HCO; ol <] ZAAHrH9).

the} o] A HAS 997] MOH®| 3}8H2] 33 2o
olaj ] FFHE}

[e)
‘ﬂ"o_‘—é‘

[+ ] =[0H 1+[A47] @)

of W o)t GBS AFE 4 @), @ 2ol u
Fat

ol A Yol et ] 2438 A45(2019.5)

ol

V=14V, + V) ®

GV, = ([MOH + M)V, + V) )

o7|A HEE [ 15 EEE(mol/l)E dnsH, 0% a
V= af AAE YRt A F 4 @)
SdstAl =W vt 2ol (415 AAT F Ak

o] =1=
&,

cV

aVa

([ + (M= [oH D (V,+ V) ®)

a8al (M1E 2A7] Y8iM A 5)E 4 @l
dail 4 (@) 2ol UErd 5 gon, A @ A ()
7 o] v} Violl thelAl FolA m@d 4 gtk

()I/{L

GV, =|[MOH + VG+V’)—[H+]+[OPF] (6)
< (V. + W)
vic,~lm+lom)=v(c+mi-lom)) @)
—[MOH|(V, + V)
2, A agar 9719 o] &3} A 4 gsa 2ol
Aol Hrh
K, =oH|[H"] ®)
_ 74T

o= {mA] )

_ for] K,
5= (MoH K (10)

a

A @E (moH|(V,+1;)9 Foz Aelsta 4 10
o] g5t Thawt o] Follt,

[MOH|(V, + V,)= G,V,— (11)

7~/ N\
Q
gla

~

N———

2 ans A el ygdsta [0 1=

st o3 o] AME-9718 EF A4 2(standard
acid-alkali titration equation)®] =%t}
K,
C —HT+—
Y _ 7] =3 (12)
IG. va + [H—F} K;U
1+ &,/ ([ K) iy

286



9 T
851 ]
8 T e mmm—————— T
750 e 7
- o
Tr T T eaame s ]
6507 -
6! 7
%-5'5 7! —pH2.5| |
h - -pH 3.0/ |
l pH3.5
4.5H 7
4 ==pH 4.0
4l ]
35rF 1
3 i 4
25F ]
2 ‘ ‘ . |
(] 1 5 N " !

Dilution ratio

Figure 1: Theoretical titration curves

Table 1: Dilution ratio at pH 6.5 with respect to initial pH
of wash-water

Initial pH of wash-water Dilution ratio at pH 6.5
pH 2.5 4.66
pH 3.0 1.74
pH 3.5 0.65
pH 4.0 0.22
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Figure 2: Domain for numerical analysis

2N 249N £AT HALE 24492 2d2 o
UASUNSAIGS

kg3 arelshA| egz ﬁv}aﬂﬂi =34 swu]e 7

B Aol e ARFTE dl4 Fol BAbslo] Sk
& CFDE ol gate] BT olul, AQ5s} 8%
e 2el Egabgel walA ulg e
Ao sl [10], 5
agreh. e AL
B2, S5 sbgat
A S ) Ssle) A e sl

%174 2] (transport

equations)oﬂ Ag3ste] E9em 1], TS A
A& =91 ANSYS CFX V17.0 & ©]&38}9it)

alpg) _

o TV (pB)=V « (pD,V )+ 5 (15)

e A% s =dle] F42 Figure 2] Y
o AA =uole HF 4m, do] 8m= HA3SA
L AE AAY s g8 fsiAE 8m Eu o
AFo| A= am7tA 9] AA &
Zo] EAolng gm ZolE A

2E 05~ 25 mso £ %
Tle] &= opening ZX1

_n

U o
=2
>
Mo
>
i,
rlr
BN
o
o J
tlo

S39h =F AL 50 ~ 300 mm E H-E3iT)

AT AR GREEE k—e on, ¥ GFR
2o 45 WakaeE ARgstel AAISOIAM e e A5T
ot} aE)al k—e 29 S t;ﬂugow 2 WA AR
o] FA AYE YEME y+ F2 30014 3000]5k]
WS AHEsHE Aol Wardc

287



R — s |
} \ tonm
5 , , e | 493912
? [ — 3
Zos. 1,009,391 ]
g 2,036,160
Z o
g I .
g%
5]
]
£
0041
5]
=}
(]
>

02+

o 1 2 3 4 s 6 T 8

Distance [m]
Figure 3: Mesh independence with respect to the number of

nodes

Figure 4: Hexahedral mesh of the flow domain
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Figure S: Variations of volume fraction of wash-water with

respect to discharge velocity
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Table 2: Required dilution ratio with respect to nozzle diam-

eter
Diameter of Nozzle|Volume fraction at| Required dilution
[mm] 4m ratio
100 0.09 9.82
150 0.14 5.99
200 0.20 4.09
250 0.25 2.97
300 0.31 2.23
350 0.38 1.62
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Figure 9: Comparison between the CFD results and new

correlation
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Table 3: Required nozzle diameter with respect to initial pH
of wash-water

Initial pH of wash-water | Required nozzle diameter [mm]
pH 2.5 168
pH 3.0 336
pH 3.5 668
pH 4.0 1,410
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