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A Study on the Internal Flow Optimization of a Swirl
Type Scrubber

Jin Woo Park

Department of Mechanical Engineering
Graduate School of
Korea Maritime and Ocean University

Abstract

NOx and SOx, which are major pollutants of ships, are continuously regulated because
they cause soil and water pollution. A scrubber is a typical SOx reduction device
and being studied many ways. In this study, the guide vane was installed in the
scrubber to improve the scrubber efficiency, and the influence of the swirl flow
generated by guide angle on the exhaust gas reduction was analyzed through a
computerized analysis. The pressure distribution, velocity distribution, exhaust gas
flow, and cleaning water distribution tendency were analyzed when the guide angle
was increased from 0° to 75° . The exhaust pressure increased greatly after
60° . The exhaust gas movement distance was maximum at 45 ° and the cleaning
water distribution was also distributed most widely at 45° . As the result of the
analysis, it was confirmed that the guide angle 45° was most suitable in terms of
swirl flow, gas movement distance contacting with cleaning water, cleaning water
distribution and exhaust pressure drop. Based on the results of the analysis, a
scrubber for a 3300cc commercial diesel engine was installed and tested.

The experiment is conducted under the following conditions. Experimental con-
ditions are guide angles of 0 °, 30 °, 45 °, 60 °, 75° and packing rates of
0%, 100% and engine speeds of 700RPM, 1000RPM, 1300RPM, 1600RPM and engine
loads of Idle 25%, 50%, 75%, 100%. Fuel consumption time, exhaust temperature,
back pressure, NOx reduction rate and smoke reduction rate are measured and
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compared with the computational analysis results. The results show that the opti-
mized angle of the scrubber guide vane is about 45 ° .

KEY WORDS: NOx, SOx, Scrubber, Guide vane, Swirl flow, Exhaust gas, Diesel
engine
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~
Fig. 2.1 Scrubber modeling

Fig. 2.2 Scrubber inlet holes
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Fig. 2.3 Guide vane at 60°

(a) External scrubber grids

(b) Top Scrubber grids

Fig. 2.4 Scrubber grids
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Fig. 2.5 External and Internal area in Scrubber

Table 1 : Input data for scrubber simulation

Collection @ kmou

Diameter Boundary Condition

Air inlet 63.6mm Inlet gas velocity 22.4m/s

Air outlet 100mm Outlet
. Nozzle velocity
Water inlet 3mm
6.36m/s
Water outlet 50mm wall
- 9 -
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(@ at (0°, 15°, 30°)

(b) at (45°, 60°, 75° )

Fig. 2.6 Pressure distribution of horizontal section
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(@ at (0°, 15°, 30°)

(b) at (45°, 60° , 75°)

Fig. 2.7 Pressure distribution of vertical section
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Fig. 2.8 Pressure variation of guide vane angle
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(a) at (0%, 15° , 30°)

(b) at (45°, 60° , 75°)

Fig. 2.9 Streamlines of exhaust gas
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(b) at (45° , 60° , 75° )

Fig. 2.10 Exhaust gas streamlines in internal area
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Fig. 2.11 Moving distance of internal area
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(@) at (0°, 15°, 30°)

(NG gy gy

Fig.2.12 Vector distribution of horizontal section
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(@ at (0°, 15°, 30°)

(b) at (45°, 60° , 75°)

Fig. 2.13 Vector distribution of vertical section
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Fig. 2.14 Gas flow vector distribution in the horizontal section

_22_

)Collection @ kmou



7} 0° oA 75° 72 Wt & wjeo] MA

29% 39 FEEEE UEATh AASE 9EIY AR 1,
FEoll A B AN =EAA EAMET FEGA A BAE A 2
w71 7k2=0] e 2~ §5Y FFoE PAAYEE dEdA ofgE
st 7HgAE ] 2Rl AAFY dE = f5e wE 23y yRYGY
0° & At utgolx AL FHoR &tk FY=
Z S7¥ste]l ALl £ WA YTt 3
43 TAH ol FolHA E& FE=E YeRALh 0° ¢
2 Zatm g 57} 45°  o]fo] =W

AAE A Ak & A= 0° oA 30° € wE 2dH9
AE wi77berh ARE WEA §E5S stHA Aot EEA
"k Zt=7F 45° ool HW FYE wirviaE R FES
gt Qo] FdSA ZExHY AATY F EFHI HF

Ml of
flo 12 £

ézg
[F@jﬁ—{mr{m
o =
Hkmﬂ

e

_23_

Collection @ kmou



(@ at 0°

(b) at 15°
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(©) at 30°

(d at 45°
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(e) at 60°

(f) at 75°

Fig. 2.15 Cleaning water distribution and flow velocity under the guide vane
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Fig. 3.1 Schematic of experiment system

Fig. 3.2 Diesel engine and exhaust gas line
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Fig. 3.3 Data measuring point of experimental system(from up to down, P1, P2, P3)
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Fig. 3.4 Experimental scrubber
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Table 2 Specifications of test engine

Type

Turbo diesel engine(D4AK-C)

Cooling method

Water cooler

No. of cyl. & arrangement
Valve mechanism

4-IN line

Overhead valve

Combustion chamber type

Direct injection

Bore X stroke

100mm X 105mm
Total piston displacement 3,298cc
Compression ratio 16:1
Rated output (KSR 1004) 80/2400(ps/rpm)
Peak torque (KSR 1004) 25.5/1800(kg.m/rpm)
NO-load minimum Speed 700~750 rpm
NO-load maximum Speed 2640+20 rpm
Firing order 1-3-4-2
Injection timing

16° + 1° BTDC

1--. '-I.---. — = \
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—1000| 44 10.3 16.2 221 28
1300/ 5.1 119 | 187 255 323
e 1 600 g 137 214 29.1 36.8

Fig. 3.5 Basic condition of engine for data acquisition

Fig. 3.6 Packing
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Fig. 3.8 Exhaust gas tester
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Fig. 3.9 Temperature tester

Fig. 3.10 Smoke tester
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700rpm 1000rpm 1300rpm 1600rpm
w— |l 163.57 140.69 80.7 58.89
—_— 5% 115.19 73.19 49.3 34.87
— D0% 79.86 51.22 33.6 2414
—F 0% 58.27 3717 26.25 1731
s | 00 % 4528 29.18 18.92
(@) at 0°

700rpm 1000rpm 1300rpm 1600rpm
| | 169.42 121 79.8 57
— 5% 111.16 72.6 48.83 3431
 —1k 7833 50.2 32.6 24
 — 59.17 37.78 24.88 1717
~——100% 43.13 27.21 18.8
(b) at 30°
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700rpm 1000rpm 1300rpm 1600rpm
T 1661 115.79 77 57.6
— O} OF 107.2 71.3 48 33.45
= 10 5] 91.3 489 331 23.64
— 7 OG 5E.1 36.3 2259 17.05
—l{]{HE| 447 25.5 18.16
(©) at 45°
200
e, 180
vy 160
5 120
v 100
& 80
i — Eg
- 28
700rpm 1000rpm 1300rpm 1600rpm
—d|e 176.54 116.2 85.5 b2.1
m—) 00 110.42 71.3 47.95 36.32
s T, 095 78.5 50.6 37.9 23.2
— 000 bl1l.12 37.1 24 16.59
—100% 48.05 27.3 18.02
(d at 60°
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700rpm 1000rpm 1300rpm 1600rpm
s | 2 153.19 122.55 80.25 bbb
— ) 5% 107.79 8091 48.93 43.9
—50% 81.88 5281 33.17 2977
— 75 % 60 3687 24 1942
—lﬂUE'rE- 48,22 2931 18.71
(e) at 75°

Fig. 3.11 Fuel consumption time at packing 0%
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Time(s)

700rpm 1000rpm 1300rpm 1600rpm
idle 1732 120 84.26 629
—25% 107.8 71.46 48.12 354
e 51096 77.37 50 32.66 25.75
—F 5% 57.46 37.73 2414 1842
w——1000% 43.86 27.39 18.95
(@) at 0°
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700rpm 1000rpm 1300rpm 1600rpm
—idle 170.03 117.16 80.28 53.18
—15% 110.02 7082 4792 3382
w5 0% 77.64 50.08 3345 24.02
w—75% 59.38 40.36 2391 17.26
—1000% 4553 28 1884
(b) at 45°
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Fig. 3.12 Fuel consumption time at packing 100%
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700rpm 1000rpm 1300rpm 1600rpm
—idle 16508 118.35 81.08 56.42
o— 5% 110.25 78.38 48.39 35.27
s 5,056 7912 49.35 3391 2451
—] 5% 58.14 37.38 24 58 18.66
m—1000% 4281 28.15 18.97
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E 400
= 350
-l‘,-u|I __ 300
i ¢y 250
U o™~ 00 e
Lo T 150 e, by, O
R e
= 50
0
P1 P2 P3
o kg 100 50 20
— 0 3kg.m 124 55 20
14 Bkg.m 154 59 20
e 18 Gk 190 70 21
e 25, 2|21 245 83 21
(a) at 700RPM
450
E 400
= 350
o 300 X
© 250 -
o &~ 200 —
o 150 H"“-}\K
E 100 k
o 50
0
P1 p2 P3
T 155 73 21
e 10 3k M 166 75 22
e 162k M 215 94 22
22 Tkg.m 271 113 23
e 28k M1 323 135 23
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(b) at 1000RPM
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450

E 400 “‘K
- 350
2 BSOS
i
.- U 250 =
ﬂJ [} 700 H -\‘\. \"'--.
Rl
E" 150
100
F'.'.J 50
0
P1 P2 P3
5 1kg.m 1429 738 235
e 11 Bkg. 1942 936 242
e 1 8 Thig.m 257 122 24.9
e 35 S kg m 338 1593 26.7
e 32 3k 420 219 795
(c) at 1300RPM
450
400
@
E 350 \\-
e’ 300 =
B ™50 LN
3 & 00 N e W
| S—
- 150 "\\
Q 100
= 50
0
P1 P2 P3
G g1 162 5 o946 244
—13 7kz.m 231 1321 26.4
e 31 Akg. 310 170.6 205
—120 1kg.m 401 231 325

(d at 1600RPM

Fig. 3.13 Exhaust gas temperature at no packing 0°
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450

E 400
= 350
)
8 — o
L.
O nUI 200 e
E- = 130 —
100 4%
m
[t 50
0
P1 P2 P3
— kg 105.2 52 213
e 3k 132 69 213
e 14 Gk m 1545 72 212
— 10 Gkg.m 1883 a1 214
15 2|g.m 745 o5 215
(a) at 700RPM
450
E 400
S 350
o 300 ~
0 r=
U 250 =
g o, 200 N
= 150
100
a
e 50
0
P1 P2 P3
e . kg Y 1278 637 217
— 10 3kg.m 164.2 76.1 221
e 1 6 2kg. M1 203 88.6 225
—27 1kg.m 753 1068 234
e 28 324 136.9 229
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(b) at 1000RPM




450

(i) S
v 400 S
= 350 \\
o 300
E — i -~ "\_ \'\
O 150 q\\‘\\\
E 100 —
b... 50
0
P1 Pz P3
o5 1kpm 146 75 21
—110kp.m 1957 9685 238
w18 ThE.m 265 127.2 248
m— 15 SkE.m 333 1651 26.3
—32.3kEm 425 220 281
(c) at 1300RPM
450

=

N SN

300 \\ \\L

200 e e,

i S N,

Temperature
[C]

100 w
50 =

a
Pl P2 P3
m— G leE M 162 945 241
—13 Tkem 236 1346 26.3
31 Akpm 322 1834 298
— 70 Tkg.m 412 238 21.7

(d) at 1600RPM

Fig. 3.14 Exhaust gas temperature at no packing 30°
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@
v 400
= 350
e
E ™ -
0 & 200 - e
O ‘"'-.\
150 S
E 100
= 50
0
p1 P2 P3
— kg m 1146 523 21
—— g 3kg.m 137 554 21
e 14 Bk 170 63 21
19 5kz.m 206 677 21
—252lg.m 262 845 212
(a) at 700RPM
450
E 400
= 350
— 300 S
G r~ 1\'\.__
= (y 250 ﬂ
gf_‘mn -
= 150
100
|.f'.:.’ 50
0
p1 P2 P3
e 4 kg 1Y 136 60.5 213
e 1 (1. 3k MY 167.6 70.4 216
e 16 2k 210 87.1 221
—22 1kg.m 263 107.1 225
e 28kg.m 324 127.4 23
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(b) at 1000RPM
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450

()] 400 N
E 350 i
e 300 NN
E — s “ K\
(1] 5—-} 200 ..‘h"""-. K\
[ B
= 150
100
ﬂ 50
0
P1 P2 P3
e 5, 1 kg1 166.5 78.0 223
e 11 Gk M) 208 937 228
e 1 8 Thig.m 266 120.1 24 3
e 75 S kg 353 160.8 26.1
—37 3kz.m 435 207 277
(c) at 1300RPM
450
v 400 \\
— 350
-
- 300 NS S
T 1\"\_ \\
- U 250 \\\
gn 200 S~
| E—
£ 150 \\‘:\""
U 100
= 50
0
P1 P2 P3
e Gk 183 4 1046 23.3
13 Tkg.m 243 134 25
e 71 Ak 320 1718 o i
—10 1kg.m 417 725 30

(d) at 1600RPM

Fig. 3.15 Exhaust gas temperature at no packing 45°
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u 400
= 350
i
8
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D o~ ;00 —
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100
a
=t 50
0
P1 p2 P3
e g 1 116.4 56.2 206
s ) Sz ) 138.4 51.1 21
o 14 Gk 1Y 171 64.8 20.9
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(a) at 700RPM
450
E 400
= 350 .
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O 5
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E 100
= 50
0
P1 p2 P3
s |, Ak 1 1292 63.7 217
e 10 3k m 1593 74 219
e 16 2kg.m 205 891 227
— 22 1kg.m 263 1108 235
e 38 kg1 331 1393 24

(b) at 1000RPM
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450

O 400 b N
"5 350 =, \"
st 300 g
O N Ny
Q 5"} 200 E=t ‘."‘h‘ \\X
Ol e
E 150
100
Q
pa 50
0
P1 P2 P3
5, 1kg.m 162 6 778 22
—11 9kg.m 206 g5 226
e 1B Thg.m 272 1233 237
— 75 Sk m 358 164 8 254
e 32 3k m 438 209 275

(c) at 1300RPM

Temperature
['C]
/

a
P1 P2 P3
=—gkg.m 1854 1015 2313
w13 7kp.m 251 130.2 246
m—1.4kpm 348 176.2 26.7
10 1kp m 449 240 301

(d) at 1600RPM

Fig. 3.16 Exhaust gas temperature at no packing 60°
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E 400
S 350
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e
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100
§ w &
0
P1 P2 P3
s 1 7 1Y 105.2 52 213
s O 3k M1 132 69 213
e 14 Gk MY 1545 72 21.2
e 10 Gk 1Y 1883 g1 214
e 75 2.1 245 o5 215
(a) at 700RPM
450
Q
B
o 300 o,
E £+ 250 W
v P 200 x\
L —.y —— N
£ —
T 100
et 50
0
Pl P2 P3
— ] Ak 127.8 63.7 217
1} 3kg.m 164.2 76.1 22:1
e 1 5 2 kg M1 203 2E6 225
72 1kg.m 253 106.8 234
e PRk M1 324 136.9 229

(b) at 1000RPM
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ﬂJ P 200 HK \..
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100
N
0
P1 P2 P3
— 1kpm 146 75 71
11 Sk 1 1957 96.5 238
e 18 7k 265 1272 74 8
e 35, Sk 333 165.1 76.3
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(c) at 1300RPM
450

400
350
300

Temperature
[C]

200
-~ ", N
100
20
¢ Pl P2 P3
= gke.m 162 945 241
m— 13 7kEm 236 1346 263
e 31 4kg.m 322 1834 288
m— 00 1kg.m 412 238 217

(d) at 1600RPM

Fig. 3.17 Exhaust gas temperature at no packing 75°
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(b) at 1000RPM
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= 400 =
o — 350 N
5 o 300 e
[ S
= 200 S, W N
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1]
= 100
50
0
P1 P2 P3
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11 8kg.m 191.9 927 232
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(c) at 1300RPM
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W 400 "-\
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[ I
= 150
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= 50
0
P1 P2 P3
— Gkg.m 155 81 232
—13 7kg.m 237 134 249
T 313 174 263
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(d) at 1600RPM

Fig. 3.18 Exhaust gas temperature at packing rate 100% 0°
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(b) at 1000RPM




o 450
= 400 ~
R
= (3 300 S
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[ 100
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(c) at 1300RPM
450

400

350

= h\
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50
: P1 P2 P3
m—Gke.m 1346 204 235
13 7kEm 180 1185 242
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(d) at 1600RPM

Fig. 3.19 Exhaust gas temperature at packing rate 100% 45°
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Temperature
['C]

50
0
P1 =h] P3
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— ke m 1075 403 223
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(b) at 1000RPM
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E 450
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i
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= ¢y 300
U o~ 250
Q =00
E 150 N i
jome 100
50
0
P1 P2 P3
e 5 Tk m 1236 61.8 229
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e 18 Tkg.m 204 921 239
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(c) at 1300RPM
450
E 400 N
350
E 300 \
= () 250
L1 1] o 200 S \\\
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Q 100 e e
= 50
0
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e k1 152 74 233
— 13 Tkg.m 223 1025 245
e 21 kg m 301 1404 265
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(d) at 1600RPM

Fig. 3.20 Exhaust gas temperature at packing rate 100% 75°
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3.2.3 Back pressure

Back pressureE A3l 7pol= Zmof wiEl X dArh 2GS vX=r}
vtotat At 3H9a Fig3.21 ~ 3.25& F3& 0%01A 7hol= Zhw= 0°, 30°, 45°, 60° ,
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21 50]| X 9] Back pressureE eERATH

= 2% 700RPM F3tolA = 443 1132l Back pressure=4lo| urmgu:] 27}
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TRl Ws) Al Skl e 80~100KPag] g 7HXIth
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pressurexado]  uskorn ZAErl AdSE HUkHe #e 71Xtk 1000RPM%
1300RPMol = TO0RPME G 2 7S 71X|A % 5 Alole] atele] 2p= 7] 2|8
okolt} 1600RPMo| A 2] ¢telzhe ok 7k s 34 2713k}

_60_

Collection @ kmou



100 ~
90—-
80—-
70—-
60—-
50—-

40

Back pressure[kPa]

'\ 0]
'
it ‘f '.. I"i\f
) ~|J,«'v“.| ”.

w0
*" il

1
1
|

A

‘M |r"':"‘:’w

Idle

Load 25%
Load 50%
Load 75%
Load 100%

100 ~
90
80

70

Back pressure[kPa]

(a)

004
Time[sec]

at 700RPM

0.06

i Mﬂ‘ i M‘%

Idle
Load 25%
Load 50%
Load 75%
Load 100%

Collection @ kmou

0.63
Time[sec]

0.04

(b) at 1000RPM

_6"_

0.05

0.06 0.07



100 ~
90—_
80—.
70;
60;
50;

40 4

Back pressure[kPa]

30 +

st
o
1

2l ﬂ
W

\W

"yl W "

Idle

Load 25%
Load 50%
Load 75%
Load 100%

100
90

80

Back pressure[kPa]

0.01 0.02

0.03
Time[sec]

(c) at 1300RPM

Idle

Load 25%
Load 50%
Load 75%

! T
0.02 0.03
Time[sec]

(d) at 1600RPM

Fig. 3.21 Back pressure at no packing 0°
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Fig. 3.22 Back pressure at no packing 30°
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Fig. 3.23 Back pressure at no packing 45°
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(b) at 1000RPM
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(d) at 1600RPM

Fig. 3.24 Back pressure at no packing 60°
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