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Numerical Analysis of Flow Mixing of Urea-Water-Solution

According to Mixer Configuration in SCR Systems

Hye Jin Jun

Department of Control and Mechanical Engineering, The Graduate School,

Pukyong National University

Recently the SCR system is spotlighted due to reduction policy of the
NOx. The NOx is ingredient in the formation of smog and acid rain.
Urea-SCR system is known as the most efficient method to resolve the
problem of NOx emission.

The process of urea water solution (UWS) evaporation and mixing is
important in SCR system. Optimizing the injection of UWS is influenced by
multiple factors such as gas temperature, injector angle and mixer
configuration. Especially effects of mixer configuration on flow mixing of
UWS in SCR system are important. Therefore, it is necessary to analyze
the flow mixing characteristic using computational fluid dynamics (CFD)
tool. The flow mixing characteristics for UWS was analyzed according to
mixer configuration in a straight SCR duct using ANSYS FLUENT tool.

In this paper it was compared the effect of mixer configuration, injection
angle and gas temperature on the flow mixing characteristics of UWS such
as conversion ratio and uniformity of NHs in a SCR system. As a result in
case of vane type mixer the NHj3 conversion ratio and uniformity increased

27.86% and 97.22% respectively.
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A, droplet surface area [m’]
B, Spalding mass number for species i [—]
c.,G.,C, constant [—]
vapor concentration at the droplet surface

C

e [kmol/m®]

vapor concentration in the bulk gas

C o

[kmol/m®]
d, particle diameter [m?]
Fa additional acceleration term [—]
k turbulence kinetic energy [J/kg]
k, mass transfer coefficient [m/s]
By mass transfer coefficient of component i
o [m/s]
M,, molecular weight of species i [kmol/kg]
m; mass of component i in droplet [kg]
m, droplet mass [kg]
N, molar flux of vapor [kmol/m® « s]
P local absolute pressure [Pal
P, saturated vapor pressure [Pal
R universal gas constant [kPa « m®/kg * k]
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01y0,

reynolds number [—]

boiling point [K]

particle droplet temperature [K]
vaporization temperature [K]

local bulk temperature [K]

fluid phase velocity [m/s]

particle velocity [m/s]

local bulk mole fraction of specise i [—]
vapor mass fraction at the surface [—]
vapor mass fraction in the bulk gas [—]
uniformity [—]

field variable [—]

average value [—]

fluid density [kg/m®]

density of the particle [kg/m?’]

density of bulk gas [keg/m®]

molecular viscosity of the fluid [kg/m « s]
dissipation rate [—]

turbulent Prandtl numbers [—]
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Fig. 1-1 Explain the Tier I ,I,II for NOx regulations.
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2.1 9A 71#9 NOx A4 ¢ A
2.1.1 NOx¢ 44

NOx+= #ZAo T7F 9 Akst HAoA shshikgo wel d 4 (thermal)
NOx, &3 E (prompt) NOx % < Z(fuel) NOx9 37HA 2 EH 4+ <
t} durA ¢l A FHo| = thermal NOx7F NOx o] thi-E& x}1#]5}#]
7 AL SEES e S A dadAol M= fuel NOx7}

23 NOx9 A4 elolth
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0 +N,—NO +N (2.1)
N +0,—NO +0 (2.2)

N+OH—NO +H (2.3)

- BS wi(fuel lean condition)v =%7F @325 (adiabatic fuel
temperature) 2.t} v stowv g NOO| AT @A g F7|eo o]
olE& 7ol Hlste] vl AHS wjolx 2E7F AA @SR v
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A= fuel NOx9] #AS FAl& 4 9l
300
. PO ot MO

250
— = - =Thermal NOx
< 200 s
E Total NOx ’
=3 ’
eh 150 .
£ ”
& 100 -~
= -

50 -

- —
1000 1100 1200 1300 1400 1500

Flame temperature["C)

Fig. 2-1 Comparison of formation for prompt NOx, thermal NOx,
and fuel NOx.

2.1.2 NOx A% 7<=

1) w717} Al+3 (exhaust gas recirculation, EGR)

7)1 72~ o] NOxE A 7sts 3 Wy oz Fig2-29F #Zo] Eg4e
w71 7k2=8] dRE FY ATow Aed A7, Al FdHEE £F
Tho] EEgE A Ah Ale Hu 2EE g NOxe A4S AA 3
FA o)t}

EGRE 92 EHES 44717 Aiste] w7t Q28 ol gdth A
88 WtaE AR Ak F SAHE U A¥E Fete]
al

A2LEE REo] NOxo| AHE JAAA AW ZLw AeA



EGR Cooler

Coolant{out) Coolant(in)
EGR Control valve

T

d ‘ Intake

g - Cylinder Head
| 4 |

Exhaust

Li]
|
i

L

Fig. 2-2 Exhaust gas recirculation system®.
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40% urea solution -
Y ,_. coO (NHz)Q s S{HZO) -7 5

4NO + 4NH3 + 0 = 4N + 6Hy0
6NO, + 8NH3 = 7Ny + 12H,0

Fig. 2-3 NOx reduction mechanism in SCR catalyst.

SCR Alzwlol A 24 Fgae A7 W73 Fu% AvnA 14
A

HE B3 #4 A &

o},
CO (NH,), (ag)—CO (NH,), (sorl) + 6.9H,0 (g) (2.9)
CO(NH,), (sorl)—NH, (g) + HNCO (g) (2.10)
HNCO (g) + H,0 (g)—NH; (g) + CO, (g) (2.11)
o3t W3S T3 AP NHz= NO9 wkg-3le] Noot H. 02 3913

. NO7F AAYH = 22 Al vkgo] thsEAolth. NHzet NO7F 1=

WH$-5Hs ¥ F(standard) SCR ¥Hgo] 7H8 F 23t

)

oo
ol

w5 (fast) SCR Wk 22 o NO9 NO.7F NHz¢ ub8-3h= Aoz
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EF SCR wHg Rt w9 wE Ao dejA 9tk 300T elshe] Ao
A NOx®| Azt &7t F7] witol Asxte] A4, o] wgs F&3hd
A E T BAE A7) 918 Al=TF o] Foj A itk H< SCR Wk
S5 do7]7] 9siA SCR Fuj Axke] Akst FHuls AdAste] wj7]F <]
NOZ NO,Z Wal7| = dh=d, NOw7F #2384 AAde]l 5 H4 SCR
HEgol Eua FE NO7F A& (slow) SCR ®ES-oll AMEHTh A4 SCR

Standard : 4NH; + 4NO + O,—4N, + 6H,0 (2.12)
Fast :4NH,; 4 2NO +2NO,—4N, +6H,0  (2.13)

Slow  :8NH; + 6NO,—7N, +12H,0 (2.14)

2.2.2 SCR &

NOx A4S $13 SCR Al2=d2 & | 5 24 tAqzle] o
AbgE o] $kth SCR Alz=glel Al NOxt= FHuly- deto] A8 NHz9b kg
g}, Bl (vanadium, V), A28kl E(zeolite, 244 4F 1= 14 9]
Z3), W (paltinum, P& AME3stE A2 g2 Su) A2yl A2 g
DS 7HA AL e w ARG EHA o wel S0 A A 2HS Aok
gt SCR Sl AM dixlo M= AMEHAL glow, A8 o= 2hol=
SCR 1= A& o2 oy 71x 9 7|88d 2 FA AT, At
Ao w Zul & (honeycomb) E}Y 3 Z# ol E(plate) EFYJel F 7HA
FEj7b 20k YA ESle] Fuirt Aol WA © AA Aot %
o] HAS FAsE 7|E Y5 o]akslE El g (titanium  dioxide, TiOs)
o, FAYFTE QAF}HIYE (vanadium pentoxide, VoOs)3} AFAM3}E] ~

gl (tungsten trioxide, WO3)©] A7} ),
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Sl &dEs 23 2oy kAl gl os] wopA 7] witel
g wjojok ghrh. Fig. 2-4l4 RoAE

P o]
Zoje] ALg SR WAE Udon FESW, 4L Zul: 160~300T,

T2 = 280~420C, 11 Zul= 350~450C AEeoltk. SCR w2+
E] E} o] o} (titania-), H}L}T]ok(vanadia-) S°] AFE&¥ il vl A28 2 1
<& Zvw|E vyt ol/E By o} (vanadia/titania) w7} HEE o A
7Hg wol ARgE AL Sl
100
S
. 80
c
e/
£ 60
o
> i
c "
8 40 L Sesv— ____.(_.A 1 - Pt e
e | 2-Modified Pt
g 20| ——" " |3-V205/TiO2
- |4- Zeolite
100 200 300 400 500
Temperature, °C

Fig. 2-4 Operating temperature windows for different SCR catalyst.
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G = 144, G, = 1.92, C, =0.09,0;, = 1.0,0, = 1.3
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(2.20)
o714, C, = 0.0845°]|t}.

3) Realizable k-¢ 2 ¢

W 2488 mean-square vorticity fluctuationg ©] &3] =% o]
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involving rotation), & &= FajelA e AAZF, vrele} =S F
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off
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Major Physical Phenomena

[ ] Convective
.. 0 ° ° heat transfer
Impinginé‘\‘ 2plashirlg *
Fuel Drops p Evaporation | Shear Forces T I separation and
N/ A A N % sheetbreakup
)= o
3 o~ ®

Fig. 2-5 Mechanisms of splashing, momentum, heat and mass transfer for

wall—film.

Uze wel#th of w7y
& o £xol 25 oiAdl o3 Fig.
263} 2 47HH) FeE WA Th Wel B B(stick), Mol FE3}o]
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o
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= & A IAA YrtE @4 (rebound) el o).
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Stick Rebound Spread

Fig. 2-6 Impingement regimes of a single drop impacting a unheated dry wall.
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Fig. 2-7 Simplified decision chart for wall interaction criterion.
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Fig. 3-1 CFD modeling for SCR system.

B Ao w7 7kxe) 24X E Table 3-13 o] AAstsich w7
=z

el zAAE AQaA A Ax Aol ohd AW Feoly L& %
o e Wi Moy WEe AAF G A/ o BE Aol

_24_



Table 3-1 Composition varies from diesel engines.

Material Mass Fraction
N, 0.743
O 0.113
H,0 0.081
COq 0.03
NO 0.00225
SO, 0.0003

Ggele] Bal A% w77t Lxst W) s &

=S
ol mhE NHzol wekgol s sids ddsiglon, 24z g =

3.31 9A FA

Ao el WE Fuli Aol 4] NHz¢ ¥W8k& 3 nlusiict
AW FFoRE WAE MAASA e w7, WP wA(vane type
mixer), Bl E]Z & 2] A (vertical type mixer)® 733t}

Fig. 3-2v= YA F4E& ved Ao, (a)= WJE A, (b= HE

A% Ao},

¢}
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(a) (b)

Fig. 3-2 CFD modeling for mixer. (a) vane type, (b) vertical type.

717k 2t 6 m/sel £EE AT 40T SRR fU5M, 84 5§

= =

e AAEE Fa 106 m/s2 BAHEE Agsart.

Table 3-2 Boundary and urea injection conditions for mixer configuration.

Variables Unit Value
Gas temperature °C 400
Gas velocity m/s 6
UWS flow rate kg/s 0.00033
UWS velocity m/s 10.6
UWS injection cone
deg 70
angle
Urea mass fraction - 0.4
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332 &4 $89 B 7tx

slo] Wl
ESA=
Table 3-3 Boundary and urea injection conditions for injection angle.
Variables Unit Value
Gas temperature °C 400
Gas velocity m/s 6
UWS flow rate kg/s 0.00033
UWS velocity m/s 10.6
UWS injection reference axis - Z
UWS injection angle deg 0, +Y 15, +Y 45
UWS injection cone angle deg 70
Urea mass fraction - 0.4
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333 Hi717tE 2= & NHzo ¥Hds

¢

2%7F NHze Aol 93-S FEA dotrr] {8 w717k=9 §9) &
TE 150~400C= 3o ZF 28 NH;e W& njusrr &
2 ymx A4 2AE] taiA T

&5 98l NHy7b @] g5 A9, Algsts Sulo upeg} 44
L7 gt27] wFol NH; 9ol HAst= A% ilgste] NHzel Wi&
o] 71FEAE B%E ste], o FiFate Hage] Wyt 2EE

obr gk},

fo b H1

1

Table 3-4 Boundary and urea injection conditions for gas temperature.

Variables Unit Value
Gas temperature °C 150~400°C
Gas velocity m/s 6
UWS flow rate kg/s 0.00033
UWS velocity m/s 10.6

3.34 9 7|7}A& £59 wE NH.e #H3$

Hi 717k =8 #§9 £=7F NHzol Aol d3Fe T4 dotrr] s £
E5 6 m/s, 8 m/s, 10 m/s= 3}o] 7} £ NHzo WHSES v H
aoth HFr B ymA A zdE disiAl Table 3-501 AElakith #i
717F=0] 2= 370T R slen, o= A FA A w7 7bs 2
=7F 350TC oldel Z&AQ As ek, 7lofse] A dHolHE

stol 3 el
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Table 3-5 Boundary and urea injection conditions for gas velocity.

Variables Unit Value
Gas velocity m/s 6, 8, 10
Gas temperature °C 370°C
UWS flow rate kg/s 0.00033

UWS velocity m/s 10.6

ot
ok

SCR Alz=®le] ozl wj7]FoA FALE = 84 809 Fi 2
S0 #g Hak A4S #3887 skl ANSYS FLUENT RI1S.0& ©
43t Ay A7E 249 A9V 2 At §49 NHy; HE&S v ashel

o Al @l oig FAHA e HES At Akl
&5 SCR Alz=wle] tiste] A A& Fr7]d = Aloke] @ol 4]
iAol mlaL gho 2 AFEE A9 dHolEHE AA Rakqivh webA, AA A
§ AAE o AP dolee FAHAES st AL HolEE Hag

=20l NP AZFS eted Adeivtn Fuy Qo)

_

#4300 mm, Zo] 6.2 me|H, &4 FENE &5 Fa A
7078zt A w7 el qE Suji dde s FAZE fd Al 7
=4 9 A (sampling points)&= i 7] el A JAAEZRYH FHujF ddo
3m, 45 m, 283 6 mel 3o ¢ 3k},

B AT A8 sia o wE w777t 64 R 83 m/se] HEo)
350C, 400Ce] &X= <zl wj7] 5 oA Fjo] €k JAAHE F3

BEALE = 94 899 F2S 0.0003 kg/s o)1, 106 m/sY 27 £5E

=



7bAt} o] ZAES Table 3-6, Table 3-7¢1 Aelsle] vehnda, 77t

o] 4 1A NHzo] W3&S vugoar AF5S FdaAth

sampling points

15 15
|t >m |t T | e T |
Tg, Ug - \ f;' gT
—_— 70° ) . ~ = .
‘-\._\‘ ‘:‘1 Bl

Fig. 3-3 Sketch of the experimental setup of Kim et al'?.

Table 3-6 Boundary conditions used for validation of Kim et al®,

Variables Unit Value
Gas temperature °C 350, 400
Gas velocity m/s 6.4, 8.3
Injection pressure bar 2
UWS flow rate kg/s 0.0003
Cone angle from
injection deg 70
Initial droplet velocity m/s 10.6

Table 3-72 w7]# o2 FJ=H= w772 24 S e, 23 =
I = w7 7b 2] Ao e A 7] Wi LNGZF &4 Ax
stAths =8kl AAsle] F-kgloh
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Table 3-7 Conditions of the combustion gases.

Material Mass Fraction
N, 0.756
or 0.116
H,O 0.085
CO, 0.043

6.4 m/s % 83 m/s¢] ¢ FE 350T B 400TCe] w77k 22 =
Aol A A Azkel whE 84 89 NHz=9 We&S Fig. 3-4° 4
et #9 Hi7I7EE £= 64 m/s R O83 m/soll Wiske] 2z 0.3~1.0
so] AlFAIZbel tHske] NHzol ®ig&s SAskin

==
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Fig. 3-4 Calculated conversion ratio to NHs for different gas velocities

compared to experimental data of kim et al”.
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Fig. 4-1 Contour of Mass fraction of none mixer pipe at X-Y plane.
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Fig. 4-2 Measurement positions and contours of mass fraction.

(a) measurement positions, (b) contours of mass fraction.
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Table 4-1= A Fol mhe v Aol o] NH; He&3 #de
W7id ol M e difsaAdAs Yebd Aotk Table 4-15 HW <l
ol #Ae] NHzol W&ol #Arh gle wi7jdrnn 2786% <71 83

o, ¥AEE 9722% S7FE AE & vk EI wIdE A o

Ll

1

U A 7 HA7F Qe w7 B R Y 49749% TSRS & S
HAE Avs FA7E A BFoR EGSA EFEH oFE A
2tk o] A% WAE AY FAE 5o sEe TS wrof
gto] mof NHzo] Al 9&FS 5 3 & F Uk
Fig. 4-28 ®¥, A7} Qe w7l 3%
TEHASS & F vk 2y A7 de A<l Fig. 4-3, Fig. 445
B H¥W, 20 Ag XA NHy7b dAdew A4 Jes & F
Atk whebAl, NHzo] A4 S&8 ofyel Fuji Ao dd=e =

EFe 77 "ol YA E dAst= Aol aEAds & ¢ Ak

Table 4-1 Effect of mixer type on NHj conversion ratio, NHs uniformity and

turbulence kinetic energy.

] Conversion ) | Turbulence Kinetic
Mixer Type ) Uniformity (%)
Ratio (%) Energy (J/kg)
None 76.8 50.3 0.0991
Vane 98.2 99.2 0.59211
Vertical 98.0 96.6 0.496888

_36_



Fig. 4-3v= #19 #AM7F 9l wi7leke] NHzo 5% 225 ded 3
olth. (a)= xyHUE 7IEoR o = A4S @He NHso % &
Z, (b= ZoiF ddelA e NHzo &=
A NHy7F 5484 Ade As &l & 5 ok =9, #dd o

Aol go) mepel mhek NHoF S 223t A & & Qo

0 2.065e-03

(a)
1 2 3 4
mE | HE T - T ' T |
0 5.369¢-05 3.820e-06 8.066e-04 2.835¢-04 347%-04 3.319e-04 3.601e-04

(b)

Fig. 4-3 Contours of NH3 mass fraction of vane type mixer.

(a) at X-Y plane, (b) in front of SCR catalyst.
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Fig. 4-4= WEAE A7t = w7189 NH;o o= £¥5 yekd
Zolth (a)F xyBUE 7|Fo® 3o F4S A2 9o NHy9 %
2, ()= FulF AddAfe] N9 % 225 Y
HE Y 9ME AuaA G7je] Wkl me -SR] sk
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Y
Y
o
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Z
=
N

I O .
0 2.065e-03
(a)
1 4
mE | [ - m
0 7.122e-05 9 570e-06 5. 790& 04 2.254e-04 3.927e-04 2, 791e 04 3. 823e 04

Fig. 4-4 Contours of NHs mass fraction of vertical type mixer.

(a) at X-Y plane, (b) in front of SCR catalyst.
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Fig. 4-5% S0v)% AeolAe] NILol 5% 2£5 ebd 2ol ()%
W WA, (b HEAY DA NH, a2 &S Ued golth #d
St Aolsh Qo NHb M98 dAE wwe] Fgve, Hedgo
HAE 4R o AXsm 98 % F Ak ool A9 Pyl u

B FARSF GFL WE AL ¢ 5 Aok BH meh U4 34 2

(b)

B _
3.319e-04 3.601e-04

Fig. 4-5 Contours of NHj3 mass fraction at SCR catalyst area.

(a) vane type mixer, (b) vertical type mixer.
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Fig. 4-6% 9918 947 Q& w7 ¢e] dReEoAs] 222 v

A Aot} (a)F x-yEHES 7]|FoR dlo] 4SS A2 dHo URFEE

| u
1.869e-02 7.083e+0
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(b)

Fig. 4-6 Contours of turbulent kinetic energy of vane type mixer.

(a) at X-Y plane, (b) in front of SCR catalyst.

_40_



Fig. 4-7 HEZY 9UA7} = wj7jde] dFEsoyxe Ex&
Bl Aot} (a)x xyHEHHE 70w 3

o] ;i
sd|A 2E, (b= FMF ddoAe dFEsoldA £x5 Yerd

[ B = | |
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Fig. 4-7 Contours of Turbulent Kkinetic energy of vertical type mixer.

(a) at X-Y plane, (b) in front of SCR catalyst.
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Fig. 4-8 Contours of turbulent kinetic energy. (a) none mixer type.

(b) vane type mixer. (c) vertical type mixer.
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Fig. 4-9 Comparison of turbulent kinetic energy and

NHj; conversion ratio for mixer type.
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Table 4-2 Effect of injection angle.

Direction Flow direction Flow opposite direction
Conversion Uniformity Conversion Uniformity
Angle Ratio (%) (%) Ratio (%) (%)
0 76.2 43.8 73.8 41.6
+Y 15° 79.2 52.5 78.8 52.0
+Y 45° 89.0 43.3 87.5 40.3

Fig. 4-102 #A7F gle #i71#9 NHzo 5% #X&5 yed Zlojt

(a)-‘i X—yﬁé‘?i% 7]%9.E 3}04 %Oo]'% X]’% E‘r‘?ifﬂ NH3

Zuln AolA e NHy 55 RS Ued ol

= =
0 3.990e-03
(a)
1 2 3 4
[ o [ | ] [ | | [ u
4.637e-16 6.582e-05 1.398e-14 3.035e-03 1.48%e-07 2.064e-03 6.981e-06 1.357e-03

Fig. 4-10 Contours of NHs; mass fraction of none mixer type.

(a) at X-Y plane, (b) in front of SCR catalyst.
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Table 4-3 Effect of temperature of NHj conversion efficiency and catalyst

temperature.
(a) vane type mixer.
Vane type
Gas ) ) Catalyst
Temperature (°C) Conversion Ratio (%) Temperature (°C)
150 23.6 147.95
200 51.4 197.00
250 56.2 246.67
300 68.8 296.43
350 86.8 346.31
400 98.2 396.08
(b) vertical type mixer.
Vertical type
Gas ) ) Catalyst
Temperature (°C) Sestagon Hetio i) Temperature (°C)
150 19.8 148.05
200 51.4 197.01
250 56.1 246.67
300 68.1 296.36
350 86.8 346.20
400 97.7 396.06
(b)

Fig. 4-1114 w71 e 2271 555 NHzo| Wes
Ue 3 83 & gtk o= 2% NHz9 Aol #elo] ope A
= HojEu. 348 ko] dojur] AsiM = ke =de] dAEe] 24

s AqUA BT =2 FEI ANUYAE 7FA AL lofoF Fr} &5 whg2 2
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Fig. 4-11 Calculated conversion ratio to NHs for gas temperature.
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Table 4-4 Effect of velocity of NHj3 conversion efficiency.

Vane type Vertical type
Type
Velocity Conversion Uniformity Conversion Uniformity
(m/s) Ratio (%) (%) Ratio (%) (%)
6 93.2 99.2 92.8 96.1
8 88.7 99.1 88.7 96.1
10 85.4 99.1 85.0 96.3
100
Tﬂ;
L o9
]
m
o
C
o .-
E 20
a
z
Q m— (302 Type
Loo7o VP
T - = = \ertical type
=
&0
& g 10
Velocity (m/s)

Fig. 4-12 Calculated conversion ratio to NHs for gas velocity.
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