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Abstract
The current commonly used nitrogen oxides (NOx) emission reduction techniques employ hydrocarbons (HCs), urea solutions,
and exhaust gas emissions as the reductants. Two of the primary denitrification NOx (DeNOx) catalyst systems are the HC-lean
NOx trap (HC-LNT) catalyst and urea-selective catalytic reduction (urea-SCR) catalyst. The secondary injection method depends
on the type of injector, injection pressure, atomization, and spraying technique. In addition, the catalyst reaction efficiency is
directly affected by the distribution of injectors; hence, the uniformity index (UI) of the reductant is very important and is the
basis for system optimization. The UI of the reductant is an indicator of the NOx conversion efficiency (NCE), and good UI
values can reduce the need for a catalyst. Therefore, improving the UI can reduce the cost of producing a catalytic converter,
which are expensive due to the high prices of the precious metals contained therein. Accordingly, measurement of the UI is an
important process in the development of catalytic systems. Two of the commonly used methods for measuring the reductant UI
are (i) measuring the exhaust emissions at many points located upstream/downstream of the catalytic converter and (ii)
acquisition of a reductant distribution image on a section of the exhaust pipe upstream of the catalytic converter. The
purpose of this study is to develop a system and measurement algorithms to measure the exothermic response distribution
in the exhaust gas as the reductant passes through the catalytic converter of the SCR catalyst system using a set of
thermocouples downstream of the SCR catalyst. The system is used to measure the reductant UI, which is applied in
real-time to the actual SCR system, and the results are compared for various types of mixtures for various engine operating
conditions and mixer types in terms of NCE.

1 Introduction

Nitrogen oxides (NOx) are exhaust gases emitted from a diesel
vehicle that produce photochemical smog, which can enter the
human body through somatic cells, causing respiratory prob-
lems. Due to the serious social problems associated with
smog, restrictions on emission regulations have intensified
[1]. Accordingly, various combustion techniques have been
developed and combined to adequately respond to such regu-
lations. However, such efforts have reached a limit on dereg-
ulation, and therefore are inevitable to adopt the inevitable

technology [2–5]. The DeNOx after-treatment technology
commonly used to reduce NOx employs HC and urea solution
as the reductants and a secondary injection type catalytic con-
verter system that sprays these reductants directly on the ex-
haust gas downstream of the combustion chamber [6–8].
There is a widely used DeNOx system that includes lean
NOx trap (LNT) catalyst and selective catalytic reduction
(SCR) catalyst. The LNT catalyst system is commonly used
for the HC-LNT system, which uses hydrocarbon (HC) as the
reductant. Since the HC-LNT system utilizes fuel, there is no
need for an additional fuel. Therefore, the HC-LNT system
can be used for engines smaller than 2.5 l. HC-LNT systems
involve the unavoidable disadvantage of low fuel efficiency,
so efforts have been made to maximize fuel efficiency [9, 10].
In contrast, the urea-SCR system that utilizes a urea solution
as the reductant is commonly used for SCR catalyst systems
[11]. The urea-SCR system features high NOx conversion ef-
ficiency (NCE), but a separate urea solution tank is required
for each vehicle. Therefore, this technique is used for vehicles
equipped with relatively large engines (more than 3.0 l). In
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general, an additional catalyst is needed to remove ammonia
(NH3); this is because NH3 slip can be harmful to humans, and
research to minimize the amount of NH3 slip is in progress
[12–19].

As mentioned above, the NCEs of the HC-LNT system and
the urea-SCR system, which require secondary injection, will
vary depending on the type of injection system or the type of
injector, injection pressure, atomization, and spray technology.
Therefore, a secondary injector mounted on the exhaust pipe
upstream of the catalytic converter is best suited for controlling
the exhaust gas supply. Since the distribution of the injected
reductant from the catalytic converter system to the catalytic
converter directly influences the efficiency of the catalytic re-
action, the uniformity index (UI) of the reductant distribution is
the basis for system optimization. The UI for high reductant
rates is an outstanding indicator of the NCE. Therefore, finding
the necessary amount of catalyst can help reduce the required
capacity. This can significantly reduce the manufacturing cost
by reducing the amount of precious metals required for the
catalytic converter. In addition, the UI of the reductants can
be utilized to optimize the system components such as the re-
ductant injection system, exhaust pipe layout, catalyst location,
and arrangement. Therefore, measuring the UI is considered an
important process during system development [15–17].

There are two commonly used methods for measuring the
reductant UI: (i) measuring the emissions at each measuring
point in the catalytic converter both upstream/downstream and
(ii) acquiring reductant distribution images in the exhaust pipe
upstream of the catalytic converter. Although these previously
researched methods are the most reliable, they involve repeat-
ed tests at the same test conditions to obtain the results for one
experimental condition. This process is not advantageous for
several reasons, including the cost of engine operation, the
time spent to repeat the same experiment, the multiple tasks
involved (including graphing the results and compensating for
disturbances in the exhaust gas flows due to the measuring
probe), the high price of the equipment used to measure the
exhaust emissions, and the maintenance costs [20, 21].

Measurement of the droplet uniformity index (DUI) in the
exhaust pipe section of the catalytic converter section was intro-
duced in a previous study [22, 23]. This is preferable to measure-
ments using high-speed cameras upstream of the catalytic con-
verter. The high-speed camera method has the advantages of
bypassing the reductant distribution upstream of the catalytic
converter and ensuring visual observation. However, since the
section upstream of the catalytic converter is visualized without a
catalytic converter, the effects of the catalytic converter installa-
tion are unknown, and the requirements for maintaining a proper
back-pressure cannot be determined. Therefore, the correct flow
rate and distribution cannot bemeasured after combination of the
reductant and exhaust gas in the exhaust pipe.

The reductants are injected over the exhaust pipe that con-
tains the high-temperature exhaust gases, resulting in

evaporation of the reductants. The reductant evaporation results
in a decrease in the local temperature, and the evaporated re-
ductant travels through the catalytic converter and converts the
NOx in a chemical reaction. Therefore, the reductant distribu-
tion UI can be estimated by measuring the temperature distri-
bution upstream of the LNTcatalyst system or the SCRDeNOx

catalytic converter system. In addition, when the reductant of
the SCR DeNOx catalytic converter system is excessively ac-
tive, an exothermic reaction occurs at approximately 20 °C
when passing through the catalytic converter. In this case, the
local excess concentration differs from the temperature distri-
bution and the reductant distribution, and it may be possible to
measure UI in real-time by measuring the temperature increase.

The purpose of this study was to develop systems and algo-
rithms to measure the emission of exhaust gases using thermo-
couples for thermo uniformity index (TUI) in the urea-SCR
system, through which the reductant distribution or UI can be
measured in real-time. Various experiments were conducted to
minimize wall-wetting, which is a problem in catalytic effi-
ciency. Then, the correlation of temperature was derived. The
results of the measurements were compared in terms of NCE
for the various types of mixers used in the actual SCR system.

2 Experimental apparatus and procedures

2.1 Reactions of the SCR

The water-soluble urea used in the SCR system for vehicles is
composed of 32.5 wt% urea and 67.5 wt% water. When the
urea solution is injected onto the hot exhaust gas flow up-
stream of the SCR catalytic, the urea solution starts to hydro-
lyze and to generate NH3 at 160 °C or higher through the
following three steps [24]. Urea is usually applied in urea-
SCR as an aqueous solution. If this solution is atomized into
the hot exhaust gas stream the first step is the evaporation of
water from the droplets:

NH2−CO−NH2 aqueousð Þ→NH2−CO−NH2 solidð Þ þ xH2O gasð Þ
ð1Þ

Pure urea will then heat up and decompose thermally ac-
cording to:

NH2−CO−NH2 solidð Þ→NH3 gasð Þ þ HNCO gasð Þ; ΔH298 ¼ 186kJ

ð2Þ

Equimolar amounts of ammonia and isocyanic acid are
thus formed. Isocyanic acid is very stable in the gas phase,
but hydrolyzes easily on many solid oxides with water vapor
originating from the combustion process:

HNCO gasð Þ þ H2O gasð Þ→NH3 gasð Þ þ CO2 gasð Þ; ΔH298 ¼ −96kJ

ð3Þ
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Among the SCR catalyst reactions noted above, Eq. (1) and
Eq. (2) are related to the evaporation upstream of the exhaust
gas inflow of the catalytic converter, which may cause heat
absorption from exhaust gases. In the case of Eq. (3), an exo-
thermic reaction may occur within the SCR catalyst.
Therefore, the heat distribution upstream/downstream of the
catalyst may be measured during the endothermic and exo-
thermic reactions; therefore, the sectional distribution or UI
can be properly measured.

2.2 Urea-SCR system with the temperature
measurement module

Figure 1 shows the diesel engine exhaust system with the
temperature measurement module. The urea-SCR catalyst
system was installed downstream of the engine exhaust man-
ifold and upstream of the catalyst to reduce the NOx. The urea
solution is supplied from the urea tank and pump module to
the injector at the exhaust manifold. The injection quantity of
the urea solution is relayed to the injector operating driver
based on a pulse width modulation (PWM) signal provided
by the computer. The injector pulse width and duty ratio can
be controlled using this computer-based approach. The urea
solution is evaporated, travels through the SCR catalyst, and
then enters the temperature measurement module that was
developed in this study and installed downstream. The ex-
haust gas temperature fluctuation is measured at each point.
The temperature data are delivered from the data acquisition
system (DAQ) connected to the temperature measurement
module to the computer in real-time. The local temperature
increase after the exothermic reaction due to the SCR cata-
lyst is measured by means of the measurement program
developed in this study to measure the temperature distri-
bution and UI.

As shown in Fig. 1, the injector, which is attached at a
certain angle to the wall of the straight exhaust pipe, requires
a mixer. This mixer prevents wall-wetting (which prevents
urea deposition), creates a uniform distribution of reductant
droplets injected into the hot exhaust gas flows, and facilitates
mixing of the urea with the exhaust gas. In previous study,
when the GCP type mixer was used, the loss of reducing agent
due to wall-wetting was smallest; thus, the NOx conversion
efficiency was the highest [23]. In this study, a grid channel
plate-type mixer (GCP mixer) and a spin-type mixer were
used in the UI comparative experiment as shown in Fig. 2.

2.3 The structure and design of the temperature
measurement module

The temperature measurements in this study included mea-
surements from 19 thermocouples. The measured temperature
of the exhaust gas flow area was divided into measurements of
the same size and can be separated by dividing the tempera-
ture measurement area at certain intervals. A 2D CAD hexag-
onal lattice was used for each unit area (cell) to individually
measure temperatures, and a honeycomb-shaped inner frame
was added to the outer frame, which had the same diameter as
the catalyst downstream. ‘POS.1’ was identified as the unit
area at the center of the measuring range, and unit areas were
added on all sides. The temperature was measured at the cen-
ter of each unit area. The inner frame in a stainless consisted of
squares or triangles. For triangular inner frames, the distance
from the periphery of adjacent units to neighboring units may
differ from areas adjacent to neighboring areas. Therefore, the
thermocouples in each unit were not separated or arranged at
the same time in every direction. In addition, although ther-
mocouples can be separated equally in all directions when the
unit is formed, it is difficult to design the interior frame for

Fig. 1 System layout of the urea-
SCR catalyst and the thermo-
measure module with the engine
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such a case. Therefore, the internal frame was designed as a
hexagonal checkered structure so that the unit areas were hex-
agonal and the center-to-center distance of the unit areas were
the same in all directions. This internal frame was easy to
produce. Using the hexagonal structure for the internal frame,
the external space inside the external frame can be fully uti-
lized, and an external force can smoothly supply the exhaust
gas flow, which improves the durability. The parts of the
hexagonal-shaped structure formed a hexagonal grid.
Figure 3 shows such a 2D CAD-based hexagonal structure
and the corresponding system.

As shown in Fig. 3 (a), the location and insertion direction of
each thermocouple in the 2D CAD were converted from 3D
CAD as in Fig. 3 (b), and the resulting image is shown in Fig. 3
(c). The exhaust gas flow through the center of each cell was
separated from the inner frame of the hexagonal image.
Therefore, the effect of internal frames was minimized without
influencing the internal frame design. In the area adjacent to the
internal frame or the edge of the cell, however, the friction with
the inner frame causes changes in the flow patterns. Therefore,
to obtain measurements at the thermocouples that would be
similar to the case without an internal frame, the center of each
cell was chosen as the temperature measurement location. In
addition, the insulator was distributed across all internal areas
except for the edge or temperature sensing part of the thermo-
couple in order to avoid thermal conduction through the internal
frame and thermocouples. The white section inside the figure
represents the area covered with heat insulating ceramics.

The thermocouples used in this study were K-type-A-class
1.6 mm. The small size of the thermocouples minimizes their
influence on the exhaust gas flow. Since mild temperature
variations were measured at relatively high temperatures, all
thermocouples were specially manufactured at the same tem-
perature to ensure accuracy from thermocouple to thermocou-
ple. In addition, the test results were certified in terms of the
measurement uncertainty of one thermocouple, where the
standard deviation was ±0.5–0.8 °C, the level of reliability
was approximately 95%, and k = 2. The results of the temper-
ature difference between the thermocouples at the normal tem-
perature (max. 0.0965 °C) demonstrated excellent reliability.

2.4 Temperature data acquisition and data conversion
algorithm

Temperature data were obtained using the data acquisition
system (DAQ) and were passed to the computer.
Temperature measurements were initiated after the input of
basic data regarding sensor positions, numbers, and measure-
ment ranges. The reductant UI is expected to be more accurate
if the exhaust gas flow section is specified and the number of
thermocouples in the unit is large. However, excessive in-
creases in the size of the internal frame to accommodate an
increased number of thermocouples resulted in flow failure in
the exhaust gas. As a result, the accuracy of the reductant UI
was decreased.

(a) GCP type mixer                                               (b) Spin type mixer 

Fig. 2 Photographs of the mixer
types

(a) Coordinate of the measuring points (b) 3D CAD drawing (c) Photograph of the actual structure

Fig. 3 Coordinates of the
measurement points of the
thermo-measure module
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In this study, the urea section was 159 mm, and it was
divided into 19 cells with a thermocouple in the center of each
cell. Therefore, it was necessary to expand the data provided
by the thermocouples to cover the entire cross-sectional area.
Interpolation was used for this purpose. In general, interpola-
tion methods include linear interpolation, polynomial interpo-
lation, and spline interpolation. The linear interpolation meth-
od is used to link data sets linearly, which does not guarantee
accuracy. In addition, linear interpolation is disadvantageous
in that it involves Runge’s phenomenon, which is the serious
fluctuation of the graph at the breakpoints, and this makes the
values different from the actual measurements. In contrast,
spline interpolation uses polynomial expressions of a low de-
gree by dividing data sets into sections. This is different from
polynomial interpolation, in which all the sections are consid-
ered one single polynomial. This process produces a relatively
stable result. The algorithm developed in this study, therefore,
calculates the temperature data of each unit area by means of a
biharmonic spline interpolation to estimate the value of Zi
(temperature) resulting from the 2-dimensional interpolation
at the point corresponding to the Xi/Yi coordinate of each tem-
perature sensor. The temperature values obtained through the
interpolation method were applied on a grid 1 mm apart for
color mapping. Using this process, the temperature distribu-
tion can be accuratelymeasured at a temperature measurement
point, and the distribution can be expressed smoothly. If the
image of the catalytic converter is circular, the boundaries are
truncated, and the UIs are calculated. Background zero level-
ing is carried out before the reductant is injected. This process
was used to reset the temperature distribution to zero prior to
the background zero operation. Thereafter, the injection of
reductants was likely to cause a decrease in the temperature
due to the latent heat of vaporization or an increase in temper-
ature due to an exothermic reaction, which results in temper-
ature deviation. The reductant distribution and UI can be mea-
sured based on the calculations of the color plot and UI.

Figure 4 shows both the temperature distribution down-
stream of the SCR catalyst prior to and after the background
zero, followed by urea solution injection. The temperature

distribution of the background images shows the exhaust gas
flow in the pipe at high temperatures. After equalization of the
general distribution to zero, the injection of the urea solution
resulted in an exothermic reaction within the SCR catalyst that
increased the temperature and created the distribution. This
can be regarded as the urea solution distribution. As shown
in Fig. 4, the droplets of the injected urea solution may be
affected by the flow field, but they are inclined to the bottom
and left sides in the pipe due to the atomization distribution.
The distribution of urea solution droplets can be changed in
real time whenever the onsite or SCR system changes.

2.5 Thermo uniformity index (TUI)

The concentration UI was suggested by Weltens [25], who
defined the uniformity of the flow velocity at the cross-
section monolith, and then this was redefined as a UI for
temperature. The defined TUI is as follows:

TUI ¼ 1−
∑n

i¼1 ti−t
�
�
�

�
�
�

2n t*
C
100

� � ð4Þ

Here, ti is the local flow temperature, t is the average tem-
perature at the cross-section of the monolith, n is the total
number of temperature data points based on interpolation
within the cropped boundary, and C is the correction factor.
The concentration of the element solution is uniformly distrib-
uted when the thermo uniformity index (TUI) is uniform. In
this study, 19 thermocouples were used to produce the tem-
perature data at intervals of 1 mm as shown in the color plots
in Fig. 4 (b), which illustrate how the TUI was calculated.

2.6 Experimental procedure

The experimental apparatus shown in Fig. 1 was designed and
tested to verify the applicability of the developed TUI. As
shown in Table 1, the engine used for this study was a

(a) SCR catalyst before the background zero                       (b) Urea solution injection after the background zero 

Fig. 4 Downstream temperature
distribution
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2199 cm3, 4-cylinder diesel engine with four valves per cyl-
inder, a common rail direct fuel injector (CRDI), and an elec-
trical variable geometric turbocharger (e-VGT). The basic per-
formance of this diesel engine was evaluated bymeasuring the
amount of NOx emitted as a function of the brake mean effec-
tive pressure (BMEP) and revolutions per minute (RPM). The
values are presented in Fig. 5. The engine operation conditions
were BMEP 12, 15, and 15 bar at engine speeds of 1500,
1800, and 2000 rpm, respectively.

To compare the mixers, a GCPmixer and a spinmixer were
installed at the locations shown in Fig. 1. The upside-down
GCP mixer condition, where the GCP mixer was inserted
against the gas flow direction, was added to the other three
conditions in order to compare with experiments without a
mixer and to examine the effects of the direction and arrange-
ment of the channel wings at certain angles.

The specifications and injection conditions of the urea solu-
tion injector are shown in Table 2. This jet spray-type, three-hole
prototype injector atomizes the pressurized liquid as it passes

through a hole with a small orifice. A urea solution containing
32.5% urea, which is commonly used for vehicles, was utilized
in this study. The solution was injected 60 times at a pressure of
0.5 MPa at 4 Hz for 30 s and at a ratio of 25–30%. It was
stabilized for more than 10 min while the engine was operated,
and the injection strategy included a cycle of 15 s of injection
followed by a 15 s rest period for a total of approximately 5 min.
As for the injection duty, the ratio was controlled between 25 to
30% so that the amount of NH3 slip remained as high as 10–
20 ppm, and the attached angle of the injector was approximately
30 degrees from the central line of the straight pipe.

3 Results and discussion

3.1 Characteristics of the exhaust gas flow rate
and temperature

The temperature control of the engine exhaust temperature is
sensitive to each component control condition in the engine.
As shown in Table 3, the exhaust gas temperature prior to the
addition of the urea solution was specified in the mixer exper-
imental conditions. Each engine speed and load were mea-
sured downstream of the SCR catalyst, and the exhaust gas
flow rate was calculated under the same conditions. At
1500 rpm and 12 bar, the temperature at the red part of the

Table 1 Specifications of the test
engine Description Specification

Engine type 4-stroke turbo-charged DI diesel engine

Number of cylinders In-line 4 cylinders

Bore ×stroke (mm) 85.6 × 96

Displacement volume (cc) 2199

Compression ratio 16

Fuel injection system Common rail (Piezo type)

Valve type DOHC valves per cylinder

Turbocharger type Electrical variable geometry turbo charger (e-VGT)

Max. power (ps / rpm) 200 / 3800

Max. torque (Nm / rpm) 436.4 / 2000

Fig. 5 NOx emissions as a function of BMEP and RPM

Table 2 Specifications
of the urea solution
injector and injection
conditions

Description Specification

Nozzle type Jet-spray

Spray geometry Triple stream

Urea solution 32.5%

Injection pressure 0.5 MPa

Injection frequency 4 Hz

Injection duty 25, 30%

Injection number 60

Repetition time 30s
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center shown in Fig. 4 (a) was between 359 and 379 °C, and
the mean temperature over the general area of the round pipe
was between 299 and 315 °C.When the load changed from 12
to 15 bar, the central temperature was between 430 and
437 °C, and the mean temperature drastically increased up to
362–379 °C. In contrast, when the engine speed changed with
the same load, the temperature increase was not significant,
which indicates that the exhaust gas temperature is significant-
ly affected by the load (or BMEP), and that the exhaust gas
flow rate is affected by changes in the engine speed.

Figure 6 compares the exothermic temperature deflection
for various mixers at different engine speeds and load condi-
tions.When nomixer was used, the temperature distribution at
seven o’clock direction was obtained. The droplets injected
from the injector that was attached to the exhaust pipe at 30°

were inclined in the direction of the injection without the
mixer. In contrast, when the GCP mixer was used, the temper-
ature distribution was the most widespread of all the experi-
mental conditions. The triple stream atomization was ob-
served based on the injector characteristics, which resulted
in minimal wall-wetting. Since wall-wetting can cause urea
deposits, and this is closely linked to the catalyst efficiency
[23], the GCP mixer should be most effective in terms of the
distribution of the exothermic temperature deflection. The
injected reductant was not widely distributed without a mixer,
and the distribution was better with the GCP mixer. The spin
mixer rotates the exhaust gas flow, which facilitated the dis-
tribution toward the column. As a result, the temperature at the
center of the hollow sphere was relatively low, while most of
the droplets were concentrated in the direction of the column.

Table 3 Exhaust gas temperatures for each set of experimental conditions

Engine speed (rpm) BMEP (bar) Exhaust gas flow rate (kg/h) Exhaust gas temperature central/mean (°C)

1500 12 130 Without mixer 379 / 311

GCP mixer 359 / 299

Upside-down GCP mixer 373 / 315

Spin mixer 376 / 303

1800 15 175 Without mixer 433 / 364

GCP mixer 430 / 362

Upside-down GCP mixer 437 / 379

Spin mixer 431 / 365

2000 15 200 Without mixer 444 / 380

GCP mixer 442 / 381

Upside-down GCP mixer 445 / 388

Spin mixer 438 / 375

Fig. 6 Comparison of the
exothermic temperature
deflection for each condition
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3.2 Comparison of the NCE and TUI without a mixer

Figure 7 shows the results of a comparison of the NOx emis-
sions, TUI, and NCE as a function of the engine speed and load
when nomixer was installed.With no mixer, the NCEwas high
during the initial injection, which resulted from the active evap-
oration of the urea solution within the pipe after wall-wetting, as
shown in Fig. 6. After the second injection, the NCEwas lower
than in the initial stage. When 1500 rpm was reached, the NCE
changed based on the injection pattern instead of remaining
high. Although the urea solution injection was insufficient,
and this clearly had an effect, a 30% increase in the injection
duty did not change the TUI or NCE significantly, while the
NH3 slip increased. This result is because reductant was lost
through wall-wetting, and this lost reductant was supposed to
help decrease the TUI and NCE. However, some of the reduc-
tant was not fully activated. In general, the extent of the changes
in the TUI and NCE were similar to one other. Wave-like be-
havior was observed in the data at similar intervals, which is
more evident under other experimental conditions. Therefore,
we concluded that the TUImeasurement method could be com-
pared with the NCE results.

As the engine speed increased, the NCE decreased and the
TUI increased to some extent. This result was because

reductant concentration was insufficient or the exothermic re-
action was insignificant in most areas based on the function
used for the TUI calculation.

3.3 Comparison of the NCE and TUI based
on the mixer type

When a GCP mixer was used, the NCE gradually increased as
urea injection continued. The TUI and NCE remained at a
high level up to 85% or higher even though the engine speed
or exhaust gas flow rate changed. As shown in Fig. 6, the wall-
wetting remained minimal even at a high engine speed, and
the exothermic temperature deflection and urea solution drop-
lets were widely distributed.

In contrast, the TUI and NCE for the upside-down GCP
mixer (as explained earlier) were generally lower than those of
the regular GCP mixer installation. The same injection duty
was executed at an engine speed of 1500 rpm. Since the NH3

slip increased when the same injection duty was used at
1800 rpm, the injection duty was set to 25%. Therefore, the
TUI and NCE decreased when the injection quantity of the
urea solution was insufficient because more wall-wetting
occurred in the upside-down GCP mixer case than in the
regular GCP mixer case as shown in Figs. 8 and 9. At an

Fig. 7 TUI and NCE for various engine speeds and loads without a mixer
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Fig. 8 TUI and NCE for various engine speeds and loads with a GCP mixer

Fig. 9 TUI and NCE for various engine speeds and loads with an upside-down GCP mixer
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engine speed of 2000 rpm, however, the NCE increased
when the TUI decreased. One may have expected that
wall-wetting would increase based on the results shown in
Fig. 6, but evaporation of some of the droplets was facili-
tated due to wall-wetting.

The direction of the GCP mixer installation was reversed to
compare the effects of orientation and arrangement of the chan-
nel wings on the reflection of the structural characteristics of a
GCP mixer. The standard installation was found to be more
effective. These results illustrate that it is vital to optimize the
structure of the mixer to obtain an appropriate injection angle,
atomization shape, and pattern for the urea solution [23].

When a spin mixer was used, no significant changes were
observed as the engine speed changed since the temperature of
the hollow sphere shape of the TUI generally remained low.
The NCE remained high during the initial injection period for
all engine speeds because the evaporation of the urea solution
droplets was facilitated by the wall-wetting within the heated
pipe prior to the urea solution injection. At a low engine speed
or low exhaust gas flow rate, the NCE remained high, and low
wall-wetting was expected as shown in Fig. 10. In contrast, as
the engine speed increased, the level gradually decreased. This
is because urea solution wall-wetting occurred as the exhaust
gas flow rate increased within the pipe due to the rotational
force. Therefore, the efficiency of a spin mixer is expected to

be better under low engine speed and low exhaust gas flow
rate conditions where the liquid flows are not significantly
affected.

Figure 11 shows a graph that summarizes the results of the
TUI and NCE for various mixers at engine speeds of 1500,
1800, and 2000 rpm. In general, the TUI remained abnormally
high, but the lowest NCE was observed when no mixer was
used due to wall-wetting. As the engine speed changed, the
NCE fluctuated more significantly (TUI: 0.83–0.85, NCE:
42–69%). In contrast, when a spin mixer was installed, the
values of the TUI and NCE were a bit higher, and the fluctu-
ation rate of the NCE was accordingly higher (TUI: 0.83–0.9,
NCE: 58–92%). In the case of the upside-down GCP mixer,
the fluctuation rate was higher than that of the standard GCP
mixer (TUI: 0.8–0.86, NCE: 77–95%). When a GCP mixer
was used, the TUI and NCE were stable and changed the least
as the engine speed changed; in addition, the TUI and NCE
remained high (TUI: 0.86–0.91, NCE: 85–94%). Therefore,
we concluded that a GCP mixer is the most appropriate mixer
for general engine operation conditions. The upside-down
GCP mixer and the spin mixer (in that order) were found to
be more effective than an installation without a mixer. This
result shows that a mixer is an essential element when an
injector is attached to the wall of the straight exhaust pipe at
a certain angle.

Fig. 10 TUI and NCE for various engine speeds and loads using a spin mixer
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The graph in Fig. 12 shows the engine speed range over
which the effects of a GCP mixer would be the most signifi-
cant. The GCP mixer improved the TUI by 1.4 to 7.9% and
improved the NCE by 23.7 to 124.7%. No significant differ-
ence was shown with regard to the TUI in this study because
the temperature distribution of the hollow sphere shape and
the wall-wetting were highly influential. As shown in Fig. 11,
when wall-wetting effects are insignificant (as in the case of
the GCP mixer and the upside-down GCP mixer), this can be
an effective method for optimizing a system in terms of the
temperature deflection, distribution, and TUI.

4 Conclusions

A method of measuring UI for the urea-SCR system was de-
veloped using thermocouples to measure the TUI under dif-
ferent engine operation conditions using different types of
mixers. The characteristics and effects of each mixer were
compared based on the NCE, and we reached the following
conclusions:

(1) The distribution of the exothermic temperature deflec-
tion was measured for various mixers. The use of a
GCP mixer provided a wide distribution in comparison
to other mixer conditions. The experimental results also
clearly showed that atomization was of the triple stream
type, and that a GCP mixer was the most effective since
it involved the least wall-wetting.

(2) The exothermic temperature deflection results showed
that wall-wetting hindered the reductants from being suf-
ficiently activated, caused a loss of reductants, and de-
creased the TUI and NCE.

(3) Since the GCP mixer involved the least wall-wetting at a
high engine speed and facilitated the wide distribution of
urea solution droplets based on the exothermic tempera-
ture deflection, the TUI and NCE remained at a high
level (up to 85% or higher). In addition, a spin mixer
proved to be effective at a low engine speed and low
exhaust gas flow rate since the effects of the exhaust
gas flows would be insignificant.

(4) The values of the TUI and NCE were as follows: no
mixer, TUI = 0.83–0.85 and NCE = 42–69%; with a spin
mixer, TUI = 0.83–0.9 and NCE = 58–92%; with an
upside-down GCP mixer, TUI = 0.8–0.86, NCE = 77–
95%. When a GCP mixer was installed, the TUI and
NCE were stable and fluctuated less during changes in
the engine speed. The values of TUI and NCE also
remained high, up to TUI = 0.86–0.91 and NCE = 85–
94%.

(5) We concluded that a GCP mixer would be the most ap-
propriate to establish engine operation conditions. A
mixer is an essential element when an injector is attached
to the wall of the straight exhaust pipe at a certain angle.
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