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A Study on the Effects of NOx Reduction
for the Tandem System

Jeong—-Gil Namt

Abstract : The effects of a WI(Water Injection) at the intake pipe and an urea injection
at the exhaust pipe for a 4-cylinder DI(Direct Injection) diesel engine were investigated

experimentally. The water quantity was

controlled by temperature of intake manifold

and MAF(Manifold Air Flow). In addition, the urea quantity was controlled by NOx
quantity and MAF. Effects of WI system, urea-SCR system and tandem system were
investigated for with and without EGR(Exhaust Gas Recirculation). As the results, the
SUF(Stoichiometric Urea Flow) and NOx map were obtained. In addition, NOx results

can be visualized with engine speed and

engine load. It was concluded, therefore, that

the NOx reduction effects of the tandem system without the EGR were more than those

with the EGR base engine.

Key words : Water injection(E £A}, Manifold air flow(F7183We &7 &%), Urea-SCR
(84 4938 39 Zv)), Tandem(WI + urea-SCR). Stoichiometric urea flow
(FH9 24 BAE), NOx map(ZAAEE X&)
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Table 1 Specifications of test engine
Item Specification
Manufacturer VM Motori
Block 2.5 Liter,
Configuration in-line four cyl.
Fuel Injection Common rail,
System direct injection

103 kW@4000 rpm
333 Nm@2000 rpm

Max. Power
Max. Torque

Min. BSFC 195 g/kWh
Max. Speed 4800 rpm

Turbocharger, intercooler,
Additional cooled EGR, 16 valves,
Features dual overhead cams,

twin balance shafts.
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Data Acquisition Unit

Uea — Water —  Ar--— Sanple— Sgds —

. MAF Sensor,
. Oxidation Catalyst

A B. VM 2.5L CIDI
C
D. Hydrolysis & SCR Catalyst
E
F
H

. Horiba MEXA-7500
(el : NOx, THC, CO, CQ;,, O2 e2:NOx, THC)
. Water Tank G. Water Injection Pump
. Urea Syringe Pump I. Air Regulator
J. Compressed Air Tank P. Pressure Sensor
tl - t4 : Temperature Sensors

Fig. 1 Schematic diagram of experimental
measuring apparatus
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MAF = 2.0143 = @
abs_humid = 3.7016 * @™ ... @
V_dot_w =(@ * (3/1000))/0.997 - ®

~ duty_cycle = (©-0.6081)/0.0336 (1)

(SUR) & Asldth 24 BEAlES A gstA
A7) st A EA HEE 3]
o} %¥ (clogging) 4= A st

Y 84
Astel 2k FEA PA AEACE 45

eps(Ratio of H/C in fuel, %) = 4/(4+1.8)
psi(Constant for HC fuels, %) = 3.773
phi(F/A equivalence ratio, %) = 0.66

MAF V(EYF7HE, Volt) oo, @
NOX FIOW(DPI) oo oerrreoereseeseveeeserreee ®
SOR_AEmP. () oo ®
mm_NO(NOx molar mass, %) - @
mm_Ex(Exhaust molar mass, %) - ®

Ex_flow(g/s) = 0.9369+D"-4.7098+D° +

14.385+(1°-6.8208+D-3.6155 -ovvcvvrevves ®
Nb(Moles of unburned mixture, %) =
(1-eps)*phi+14+psi v @

(a) View of engine equipped with water
injector system and urea-SCR system

(b) Syringe pump for urea injection

(c) Exhaust pipe with Oxidation catalyst
and hydrolysis & SCR-catalyst

(d) Water injection system

Fig. 2 Photographs of test equipments
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Mrp(Mass of mixture, %) = 32+

4xphix(1+2%eps) + 28.16%psi oo
Mb_Ex(Molecular weight of burned
mixture, %) = ®/@ s ©)
NO_flow(NO flow, %) =
©®* (/105 (@/@) vvvvererererrrreiriece )

. Stoichiometric urea flow(ml/min.)
= @0/30*%(17/0.567)%(100/32.5)*
(1/1085)%60+1000 (2)
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Table 2 SUF, NOx reduction rate by WI and
Max. conversion rate by urea

_ WI NOx [Max. NOx
Fie | m/10 | i eduction reduction
(a) | 1500/150 3.2 36.4 97.9
(b) | 1750/ 60 0.8 495 94.9
() | 2000/ 90 1.2 66.1 97.0
(d) | 2250/120 2.0 55.6 94.9
(e) | 2500/150 3.9 48.0 95.1

Uraa SCR + Water Injaction Resuits: 1500 RPM, 150 {t-Ib (No EGR)
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(a) NOx emissions at 1500 rpm and 150 ft-1b

Stoich; Urea Flow = 3.2 mLimin
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Urea SCR + Water Injection Results: 1750 RPM, 60 ft-Ib (No EGR)
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(b) NOx emissions at 1750 rpm and 60 ft-lb
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(¢c) NOx emissions at 2000 rpm and 90 ft-1b

Urea SCR + Water Injection Results: 2250 RPM, 120 ft-Ib (No EGR)
T
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(d) NOx emissions at 2250 rpm and 120 ft-1b
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Urea SCR + Water Injection Results: 2500 RPM, 150 ft-Ib (No EGR)
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(e) NOx emissions at 2500 rpm and 150 ft-1b

Fig. 3 Comparison of the SUF and NOx
emissions from each test conditions
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NOx Raductlon [%]

I

NOx Reduction Comparison for All Tests for VM 2.5L Engine at 1250 RPM (Stoich. Urea}
100 T T T

EGR
Urea SCR (No EGR)

%0 Urea SCR (With EGR)

80

70 ™

NOx Reduction [%]
o«
g

o - - 1

0 90 120
Engine Torque [ft-Ib]

(a) NOx reductions at 1250 rpm

NOx Reductlon Comparisen for All Tests for VM 2.5L Engine at 1750 RPM (Staich. Urea)
T T T

I EG
EE3 Water Injection (No EGR)

23 Water Injection (With EGR)
[ Urea SCR (No EGR) H
[ Urea SCR (With EGR)
1 Wi+ SCR (No EGR)

B8 W1+ SCR (With EGR)

120~

NOx Reduction {%)

401

90
Engine Torque [ft4b}

(c) NOx reductions at 1750 rpm

NOx Reduction Comparison for All Tests for VM 2.5L Engine at 2500 RPM {Stoich, Uraa)
140 T T T

Bl EGR
EZ2 Water Injection (No EGR)

£ Water Injaction (With EGR)
[ Urea SCR (No EGR) H
] Urea SCR (With EGR)
[ Wi + SCR (No EGR)

BB W1 + SCR (With EGR)

120

30 50 90 120 150
Englne Torque [ft4b]

(e) NOx reductions at 2500 rpm

NOx Redustlon [%]

NOx Reduction [%]

NOx Reduction (No EGR) [%}

(f) NOx reductions from Tandem system

NOx Reduction Comparison for All Tests for VM 2.5L Engine at 1500 RPM (Stoich. Urea)
T T T

IR EGR
EZH Water Injoction (No EGR)
7 Water Injoction (With EGR)
120 [3 Urea SCR (No EGR} H
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BER W1 + SCR (With EGR)
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401
20
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(b) NOx reductions at 1500 rpm

NOx Reduction Compariso far All Tests for VM 2.5L Englne at 2000 RPM {Stolch. Urea)
T T T

NOx Reductions from Water Injection + Urea SCI
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EZ3 Wator Injection (No EGR)
£ Water Injection (With EGR)
] Urea SCR (No EGR) H
[_1 Urea SCR (With EGR)
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Englne Torque [ft4b]

(d) NOx reductions at 2000 rpm

R (No EGR) for VM 25L Engine (Stoich. Only)
T T

@
3

@
3

»
s

w
b=}

T T T

Avg. Reduction = 72.4525%

1500 1750 2250

2000
Engine Speed [RPM]

by each rpm and loads

Fig. 4 Comparison of NOx reductions from each test conditions(Stoichiometric points)
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NOx Az Ade AL ARIJHSE A4S T
Zolde ¢ + JoH, EGR glo] e A" ¢
7Rl AR NOx M#padss A& FFs=
AerE o Foly e IHZE Fid ¢ F U
Fig. 4 ()= EGR glo] ®d A&grt 7=
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Table 3 SUF, NOx reduction rate by WI and
Max. conversion rate by urea
rpm Load SUF WI NOx | Max. NOx
(ft-1b) | (ml/min.) (%) (%)
30 - - -
60 - - -
1500 | 90 - - -
120 2.5 57.0 99.1
150 3.2 36.4 97.9
30 - - -
60 0.8 495 94.9
1750 | 90 1.3 51.1 99.3
120 2.0 64.0 98.3
150 2.6 75.6 97.8
30 0.5 53.8 64.7
60 0.9 56.7 90.1
2000 | 90 1.2 66.1 97.0
120 1.93 67.0 96.1
150 4.6 59.7 95.7
30 0.6 63.8 711
60 0.73 60.9 83.1
2250 90 1.24 60.8 95.9
120 2.0 55.6 94.9
150 3.6 51.7 96.5
30 0.5 61.6 68.1
60 1.0 53.3 80.2
2500 90 1.7 51.7 93.0
120 2.6 51.6 96.5
150 39 48.0 95.1
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(a) NOx reductions at 1500 rpm

NOx Reductions from Water Injection + Urea SCR (No EGR) for VM 2.5L Engine (2000 RPM Stoich.)
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(b) NOx reductions at 2000 rpm

NOXx Reductions from Water Injection + Urea SCR (No EGR) for VM 2.5L Engine (2500 RPM Stolch.)
100 T
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23 NOx Reduction from Wi
@ Total NOx Reductlon
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(c) NOx reductions at 2500 rpm

Fig. 5 Comparison of NOx reductions by water
injection and urea injection for tandem system
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(a) NOx map for with EGR base engine

VM 2.5L NOx Map forWaler Injection + Urea SCR Without EGR (Stoichiometric Urea)
150

|0 o5

/0.00"

(), 003

N\

Engine Torque [ft-1b]
©
8

[ NOx Emissions [g/s]

230 i s 1
1500 1750 2000 2250 2500
€ngine Speed [RPM]

(b) NOx map of tandem system without
EGR engine(Stoichiometric points)

Fig. 6 Comparison of NOx maps for each test
conditions
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