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Development of '20 Model GIGA
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Yasumichi Hagimori Mitsumasa Akagi

Abstract

We developed 20 model GIGA focuses on three points:
“pursuit of a car that does not collide”, “realization of
a comfortable driving environment”, and “prevention
of breakdowns” in response to increasing safety, driver
shortage, and high operation rate. The contents of the

development will be described.
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Product Outline of '20 Model GIGA
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Osamu Matsushita Taisuke So

Abstract

The 20 model GIGA has been developed as a new
generation heavy duty trucks for Japan market. At this
model we have focused on “Advanced Safety”, “Driver
friendly” and “Improved MIMAMORI for Reliability”.
Let me show you some key aspects of 20 Model GIGA.
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Advanced Driver Assistance System of ‘20 Model GIGA
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Abstract

The Isuzu’20 model year GIGA is equipped with new
functions with market needs and technological trends
as the starting model for the next stage of advanced
safety technology.

Overview of new advanced driver assistance system
is explained.
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Abstract

Introducing the outline of chassis development
of '20 Model GIGA released in December 2019.For
the '20 Model GIGA, various product characteristics
have been improved, including the establishment of a
failure prevention system that utilizes information and
communications.
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Abstract

2020 model “GIGA” has been changed the cabin for
the purpose of development goals “Evolution of the
functions of ‘No collision’, ‘No tired’ and ‘No break’.
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Abstract

In order to meet the needs of these days, we have
adopted ADAS (Advanced Driver-Assistance Systems)
and full size high roof cab in the new GIGA. Adopting
these makes it possible for the driver to operate safety
and comfortably.

At the same time, a new function was installed to
support improvement in operating rate, which is a need
from business owners, and the product strength was
improved. The following is a description of evaluation
contents.
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Abstract

20MY GIGA is a model change equipped with a
number of Isuzu’s first specifications, and the production
department has been working on how to plan for high
quality, highly productive products and equipment. The
following are examples of our activities.
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Product Overview of New ISUZU D-MAX (EU/Australia Model)

Moo SRR SEH B
Hideaki Maki Akira Hirata
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Abstract

Isuzu Motors Ltd. has started exporting the small-
size pickup truck, New D-MAX, which had the full-
model changed after 8 years, to various countries
around the world, starting with the sales in Australia
in September of 2020. In this article, we will introduce
the main development items by focusing on Europe &
Australia spec.
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Introduction of Advanced Driver Assistance System of the New ISUZU D-MAX
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Abstract

In recent years, the standard installation of advanced
driver assistance system (ADAS) is increasing in
passenger cars. Since these ADAS are devices that
suppress human error and are effective in reducing
traffic accidents, they are devices that attract a lot of
attention from users.

Pickup truck vehicles are used in the market in the
same way as passenger cars, and the required functions
are the same.

Against this background, in the 20MY new D-MAX
for Europe and Australia, ADAS was first installed on
Isuzu pickup trucks. I would like to introduce the points
that were devised when developing these functions and
development.

1 [FU&IC

HEIHOEABERETHS [E5 #1235 - 1EF5] D
3 DOEREE A [GEKI-FIWr - 178y 2475 2L T, H
B3R S T0%, ADAS (et igs 27
2 Advanced Driver Assistance System) &1, Z
oD% [HARENZIGE T, AOHRAEE FEW
5] Z&T, HRERRCHI<EHEEITS,
ADAS B8 I3 B B3)E s D S 312 H 7258 DTH
0, SHBFEES P RS e ANTRHAEL TS
WED1DOThb,

ADAS X, HOREZHI HELEL EHF LT
B0, ZOWBEOR UELIZOEOREMAHEL
TWBZLLlfs s> TETNS,

NCAP (#r#Hi7tZ AV b : New Car Assessment
Programme) TiE, ZOWREAFMEIL L7z D TR A
HEZRHF U TR —RICAR LTS,

B D-MAX (%, NCAP T:K& 615 HREA R
F D KIEZHEK L7z Euro NCAP 2020 471 baL
ASUHICE PR A D TE 2, BiRA- 7L —F -
2T 7)) v rEEEOMEEIZLD, SHEFMELL
B LT D0 ADAS M5ER L7z, ThoDORERE
IZDWTHEIT L7z,

2 I D-MAX {&&E ADAS B7

2.1 fE#EREE

x£1 3B D-MAX iBHEiike—5

HEREL T

Forward Collision Warning FCW
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Pedal Misapplication Mitigation —
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Intelligent Speed Limiter ISL
Manual Speed Limiter MSL
Traffic Sign Recognition TSR
Adaptive Cruise Control ACC
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Lane Departure Warning LDW
Lane Departure Prevention LDP
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Blind Spot Monitor BSM
Rear Cross Traffic Alert RCTA
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Al Driven Revolution in Methodology Developments for
Predictive Maintenance and Autonomous Driving

Yong Sun *

Abstract

Wenbo Yu*

Xuejiao Li*

Al is bringing revolution to automobile industry with its unique properties: I.AI bridges the existing development
problems, latest methodology and up-coming changes (reflected by data); II. Al serves as infrastructure for other
developments, such as predictive maintenance, autonomous driving. III. Al serves as a perfect platform for
combining accumulated engineering knowledge and data. In order to illustrate Al's potential in improving efficiency
and quality, this article reviewed several examples in engine, big data and autonomous driving. Benefits and
limitations were reviewed. And possible next steps were suggested.

1 Unique Properties of Al and Its Influence on
the Automobile Industry

I. Al(Artificial Intelligence) bridges the existing

development problem, latest methodology and
newest changes: Al methodology is applicable even
for existing age-old problems within auto industry,
such as optimization, calibration, control, predictive
maintenance and etc. As a traditional industry,
OEMs(Original Equipment Manufacturers) usually
accumulated large, sparse, transient data set, which
were difficult to be reused. Al provides a great
opportunity to centralize, standardize the existing
data by its capability of summarizing and analyzing

big data.

II. Al

developments. The influence of AI is not limited

serves as infrastructure for other
to data management but also serves as backbone of
autonomous driving, predictive maintenance. For
example: deep learning-based Al predictive platform
would fuse data collected from on board sensors,
service record and driving behavior. And then the
model will produce multi-level predictions, such as
next scheduled service, deteriorating components
replacement. Furthermore, using predictive analytic
the driver could be alerted to an imminent service
while dealers would also be forewarned of the
service so that the necessary workshop time could

be allocated, and the correct servicing and repair

parts ordered. And for autonomous driving, Al model
has been extensively utilized in multiple critical
components, including object detection, trajectory
prediction, localization. After model was built, Al
could also do uncertainty analysis which is beneficial

for knowledge transferring.

I AI

knowledge and data. The cooperation between human

is a platform combing human domain

beings and Al is gradually changing the mindset of
working. By reviewing high-impact successes of Al
so far, the AlphaGo (winning against world top Go
champions) and OpenAI’s progress in dominating
video game (OpenAl’s Al model in Dota II is winning
99/100 against top human players) stands out.

The common part for the above and other successful
utilization of AI is that human beings are providing
the cognitive understanding. No matter in the game of
GO or video games such as Atari, Starcraft II, Dota
II, all rules were defined by human beings and this
understanding is fed into the AI system. Although Al
model does not necessarily demand the learning from
human beings about how to play, the core cognition of
the task or “the world” is the key for Al to reach its
full potential. And currently that is also the biggest
problem for utilizing Al in the real world, as Eero
Simoncelli put it “You can’t model the probability
distribution function for the whole world, because

the world is too complicated.” But in order to utilize

* Isuzu Technical Center of America, Inc.
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Al to its actual potential, it needs to be combined
with human knowledge. The most feasible way to get
a robust Al for practical task is to get the reasoning-
based approach. In order to make this happen, human
being need to be involved. And that’s why we put a

dedicated section for interpretation of Al model.

2 Al Serves as the Bridge Between
Existing Development Problem and New
Methodology

Data-driven models have been increasingly used
to solve problems in automobile industry. Models
such as emission model, engine stall prediction or
DTC(Diagnostic Trouble Code) code clustering have
been studied in ITCA. In this section, we introduce a
predictive maintenance project to predict engine stall

failure a week ahead.

2.1 Engine Stall Prediction

In this section, we provide an example of Al
solution to an old-age problem, engine stall on the
road. It is extremely difficult to predict engine stall a
week ahead with traditional methods due to the lack
of failure cases and large amount of high dimensional

data for analysis.

Our solution was to first divide the sensors into
two groups based on domain experts’ suggestions.
The first group of sensors was considered as
reference sensors. The second group was categorized
as target sensors. Our idea was that the values of
the target sensors could be represented by the
regression results of the reference sensors. The
logic flow is shown in Figure1. The anomaly detection
process can be divided into three stages: training,
validation, and testing. In the training stage, the
vehicle status patterns are uncovered by a regression
model, where features and labels are the reference
sensors and target sensors respectively. During the
training stage, only normal data are used to train
the regression model from the reference sensors, to

obtain the target sensor values.

Step 1 Reference

sensars ._\\\\
:_-:-:::: N re-'-siﬂn :
Target —\\\

| sensors |

3 Being trained model

I well trained model

Step 2 [ v | Predicted |
P | Reference | ! target oo ¢ .
-_{‘_5_"_"2".’2_,' Fosensors A e 13 Adapiive
! Difference i~ \

"""" 11 threshold !
REEE R NSNS

Step3 o

e ) Predicted
1 Reference Regression target ' e . Normal
Normal data [N | sensors | [ [l Adaptive
R L e + Difference i~ SN
Abnormal data S PSNEE e ; Abnormal
| sensors ,‘
Figure 1 Logic flow for failure prediction.

Once the model for analyzing the normal patterns
in the dataset is well designed, whenever anomaly
occurs in any sub-system, the actual sensor reading
will deviate from corresponding prediction given by
the reference sensor variables. After that, a threshold
can be set to identify abnormal cases. In other
words, the differences between the predicted and
actual target sensor variables are used to train the
threshold. This step is shown as Step 2 in Figure 1.
When both the regression model and threshold are
trained, the model is used for validation of unseen
normal and failure data to quantitively evaluate the
model performance by criteria such as the recall or

precision.

The data we used were collected with records
of 40 s in length, with 4 FPS(Frames Per Second)
every 12 min while each vehicle was operating. Data
were collected from 75 sensors, which we divided
into 14 reference sensors and 16 target sensors. The
data were from 16 buses, 9 of which experienced
failure cases and 7 of which operated consistently
well. The training, validation, and test data roughly
corresponded to 70%, 20%, and 10% of the dataset.
Note that the samples in training set are summarized
in units of days, while the validation and test sets
were organized biweekly, only the data from the first

week were used as input.

159x 14 Xe-q

Figure 2 Adopted LSTM network structure.



W s HE 1325

We adopted long short-term memory (LSTM)
network for the data were time-series data (Figure 2) and
30 Gaussian threshold. The LSTM network contains
two layers both of which have 500 hidden neurons.
The length of each data sample is 159 with dimension
14 (14 control sensors). We then analyzed the data
and ranked the critical sensor using recursive feature
elimination (RFE). Based on the critical sensor
ranks, only the five highest-ranking sensors were
considered in the summary of the sensors for each
case. The results are listed in Table 1. In that table,
abnormal cases have more anomaly sensors detected
than normal cases. Cases with numbers over 1 were
taken as failures; the failure prediction results are
listed in Table 2. Hence, we achieved 100% accuracy,

precision, and recall.

Table 1 Test results considering five highest-
ranking critical sensors (“Ab” and
“N” indicate abnormal and normal,
respectively) .
Case Num | Case Num | Case Num | Case Num
Ab 1 4 N8 1 N 24 0 N 40 0
Ab2 4 N9 1 | N25 0 [ N41 0O
Ab3 3 | N1I0 1 |N26 0 | N42 0
Ab 4 3 N11 1 N 27 0 N 43 0
Ab 5 3 N 12 1 N 28 0 N 44 0
Ab 6 3 N 13 1 N 29 0 N 45 0
Ab 7 3 N 14 1 N 30 0 N 46 0
Ab 8 3 N 15 1 N 31 0 N 47 0
Ab9 2 | N16 1 | N32 0 |N48 O
N1 1 [ N17 1 [ N33 0 | N49 0O
N2 1 | N18 1 [ N34 0 |[N50 0O
N3 1 N 19 1 N 35 0 N 51 0
N 4 1 N 20 1 N 36 0 N 52 0
N5 1 N 21 0 N 37 0 N 53 0
N6 1 N 22 0 N 38 0 N 54 0
N7 1 N 23 0 N 39 0 N 55 0

Table 2 Failure prediction results considering
five highest-ranking sensors.

Positive Negative Total Number
Normal 0 55 55
Failure 9 0 9
3 Al Serves as Backbone for Other

Developments

With the breakthrough on AI, deep learning
specifically, autonomous driving has seen rapid

expansion. Al serves almost all the topics in

autonomous driving including perception, motion
planning and decision making. Another progress

made by AI to automobile industry is uncertainty

analysis. In this section, two Al use cases at ITCA -
trajectory prediction and uncertainty estimation, will
be discussed.

3.1 Trajectory Prediction for Autonomous

Driving

Trajectory prediction is an important part for
decision making. Understanding and predicting the
trajectory of surrounding vehicles and pedestrians
could benefit the safe planning and efficient decision-
making processes of Autonomous Vehicles. In this
part, we show a study for vehicle lane-changing

behavior prediction.

3.1.1 Vehicle Lane-changing Behavior Prediction

We developed our model based on [1]. By assuming
that the observed trajectories are generated from
multiple realizations of a stochastic process, this
model first comprehensively captures the sequential
interaction behavior through a recurrent neural
network (RNN) framework, and then the predictive
trajectory is obtained by estimating a distribution of
the mapping from surrounding vehicle information to
corresponding target vehicle trajectory conditioned
on the history input-output pairs. The framework of
Attentive Recurrent Neural Process (ARNP) model
is shown in Figure 3.

ENCODER

) ()
e DECODER
LPD% ﬁ:‘ﬁf&”|—>r*

w56~ 2
~ N(p,o%)

Figure 3 Framework of the proposed Attentive
Recurrent Neural Process (ARNP)
model to predict the target vehicle
trajectory in a lane-changing
scenario [1].

Lane-changing scenarios were extracted from
the NGSIM" dataset as our data. The trajectories
of all involved vehicles were recorded as a period of

10 seconds before and after the ego vehicle crossed
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the lane-marking. ARNP is trained by aligning the
distributions of observed context and targets together.
To check the results more straightforwardly, we
directly visualized the lane-changing scenarios,
shown in Figure 4 as an example. It shows that
the predicted trajectory, starting from an average
straight line around 0, fitted the true trajectory well

(heavy blue line) with small uncertainty (light blue).

75 100 125 150 175 200 0 25 50 75 100 125 150 135 200

Figure 4 Visualization of ARNP model prediction
results.

Figure 4 on the left demonstrates the initial state
(iteration = 0). Figure 4 on the right demonstrates
the final state (iteration = 1000). Blue line represents
the predicted lane-changing path of the target vehicle
while black dotted line represents the actual path.
Green dotted lines represent the actual paths of the
5 surrounding vehicles. Light blue region indicates
the confidence interval of our predicted path. Heavy
lines represent the context from which we train our
model.

Note”NGSIM : Next Generation Simulation. Traffic

Database by Department of Transportation

US Government.

3.2 Uncertainty analysis and Adaptive Learning

In order to deploy solutions to various customers
with different applications, commercial vehicle OEMs
need to consider the foreseeable variations and adapt
quickly to unexpected scenarios. In this section,
we introduced how to do uncertainty analysis with
deep learning methods for both variation in existing
scenarios and adaptation to brand new scenarios. For
variation quantification, Neural Processes (NPs) [2]
related methods have been employed to evaluate how
similar the target scenario with existing scenarios in
the training set and model the uncertainty. For a brand-
new scenario, we used online transfer learning-based

approach. The detailed work is introduced below.

3.2.1 Modeling Uncertainty of
Scenarios
We proposed a model called Recurrent Neural

Adaptive Processes (RNAP), combine both RNN
and Neural Processes (NPs), and trained with meta

Existing

learning methods. Neural Process (NP) combined the
strength of neural networks and Gaussian processes.
It could input some background information to firstly
predict random variables containing the scenario
features as well as the uncertainty. Then the random
variables are used as guidance to make the final
prediction. Since the number of scenarios is big
considering the limited data for each scenario, we
added meta learning into the training process to fit
the multi-task few-shot learning problems. RNN
is applied to model the time series data recorded
during vehicles are running. The mathematical model
is shown in Figure 5. It is different from NPs on two
parts to adjust for the time series data: the encoder
and decoder.

o Encoder Since the cardinal pairs (x,¥); in NPs
become a sequence of ordinal pairs {(xf, ¥} =1},
correspondingly, the produced representation
should be changed to 7, = R({{(x},y)}=1}:). We
model h by RNN.

e Decoder g(x;,2) applies RNN in accordance to

recur the input in time order.

()
JOE0JO
®® O

C T)

Figure 5 Graphical model of RNAP.

“ %

x” and “y” correspond to the input and output
data. C and T are the number of context points and
target points respectively. z is the global latent
variable. r is the encoded representation. h stands
for encoder and g for decoder. In our implementation
h and g correspond to neural networks. A shaded

background indicates that the variable is observed.

The context and target points are
C = {(xbyDY=1s and T = {6 yDY=1 3. So, for
a single target pair at time t, the network could be

expressed as:
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Pl 1Y, 2l 10, €) = p(u? IR I, 22, 2)p(=1C) (1)

So, the RNAP could be given as:
(¥, Hr|C, X, Ho) = [ p(¥ilz, X, Eo)a(GIC)dz +++(2)

We used RNAP to do DTC code classification
as an example to show how the proposed method
could help for predictive maintenance tasks. RNAPs
could consider the uncertainty and help to reveal
the relationship between different DTC codes.
When it comes to the modeling the uncertainty, the
maintenance history could be modeled by the time-
series data recorded when the failure previously
happened (freeze frame data). We arranged the
history time series data in time order to be the
context set (Figure 6).

Time order  Context
—_—

Pcode | B -

Data % %

Figure 6 RNAP application for DTC code
classification.

The data we used were recorded at every 0.25
seconds in a 30 seconds time frame, resulting
in a total of 121 timesteps. Each timestep has a
corresponding fault code as its label. The number of
recorded features is 13. We picked 10 DTC codes
which have more than 20 failure records. We split
the data of each DTC code into 75% for training
and 25% for test. And the quantity of the test set
was 299. We adopted two-layers LSTM for RNN.
It was a 5-shots-14-tasks meta learning task. Batch
size was set as b and update step was 5. The result

was improved from 73% to 80%.

3.2.2 Online Transfer Unseen
Scenarios

To make the existing models adaptive to new

Learning for

scenarios. We developed an online transfer learning
algorithm based on Monte Carlo method. The existing
models forms a set that either one could be used as
initialization to train the new model, so the uncertainty
for each of the models are the same. After making
observations, the uncertainty scores for the models

were reappraised until making sure the final model.
By following this idea, we modified the HomOTLMS

algorithm proposed in [3], which was designed for
classification problems. Our HomPlusOTLMS is
described in Algorithm 1(Figure 7).

Algorithm 1 HomP1usOTLMS

Input: LSTMs from source domains f§ = {f;, f2,..., f*}, weight discount parameter 5 € (0,1),

online data stream X’ and labels ), and data-stream length m.

Initialize: f{ with random weights, u},...,u} = 1/(n +1),v; = 1/(n + 1), loss function L, and
imization function optimizer.

1: ford=1,2,..,m,do

2: receive instance: z4 € X, yg € Y
3: loss}y = L(f (za), ya)

4 fL_l = optimizer(loss})

5: fori=1,2,..,n,do

6 lossj' = L(f"(za). va)

7 /ds;, = optimizer(loss}')

8:

i Ty, Tyt Ty = rank(lossy', ..., lossy", lossy)
9: fori=1,2,..,n,do
0 ph=ulf (S v+

11 Uy = uhfrd

12 py=va/ (i, vy + va)
13 vayr =vgfTd

b Suwa) = (St ut5 @a) + pifd @)
Output f,,(.)

Figure 7 The General Form of HomPlusOTLMS

In accordance with the raw algorithm, we used
the domain to represent the vehicle. In the pseudo-
code, the input includes a list of models built for
different domains in an offline batch learning
paradigm, which are labeled 5t to f5». Note that
£ is the weight discount parameter for resetting the
weights for each step. The input also contains the
online data stream X, the corresponding labels Y,
and the ending iteration m. The target model fT
is first initialized with random weights. Then, a
weight vector u= (uu? ...,u™)" and a variable v
are constructed to represent the contributions of the
source and target model. During the loop, the online
data stream is input in each iteration. All the source
and target models are used to generate predictions
and to compare the loss. The loss is used to update
the networks and rank the performance. Then, the
weights are updated using /5. The updated weights
are then normalized to reflect the possibility. The

final model f is got as:
f(2) = (Zp‘fs-'(m) +p”fT(w)) “+(3)
=1

with  the HomOTLMS
HomPlusOTLMS (1) explores homogeneous transfer

Compared model,
learning adjustment to become suitable for regression
problems besides classification problems and (2)
enables updating of model parameters from the source
domain. To enhance the target task performance, we
leverage knowledge extracted from offline source
data. In the validation task performed in this study,
we treat each model built for a certain vehicle as a
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source domain and explore online transfer learning

to make those models adaptive to a new vehicle.

We validated our algorithm by transferring two
well-trained models (LSTM model in Section 2.1)
to a new vehicle. The /8 value was set to 0.9. Our
online transfer learning results are visualized in
Figure 8(a). The losses of a model trained from
random weights f.7 in Algorithm 1), a model obtained
from transfer learning (f. in Algorithm 1), and a
well-trained model are plotted. These models were
tested on a test set of 1000 elements obtained from
new-vehicle data. The results for the Cylinder-1
balancing fuel compensation sensor only are shown.
Note that the curve of the model incorporating our
online transfer learning algorithm indicates low loss
at the beginning and has a steeper decline than the
original models; this indicates that transfer learning
can accelerate existing models. To clarify that the
existing model assisted the training of the new model,
the weights u and v are visualized in Figure 8(b).
The u7 trend of Model 2 increases continuously with
time, whereas the trends for the other two models
decrease; thus, the final model was trained based on
Model 2. This finding further validates our online

transfer learning algorithm.

05

— Original model ©
——— HomOTLMS f,

= HomPlusOTLMS
=== Well trained model

04

03

MSE loss

02

01

\

ldﬂ 260 Bdﬂ Adﬂ 500
Samples {in time order)

(a) Losses of various models on test set as
function of time order.

0.0

—— Model 1 1n
Model 2, u=
—— Original model, v

Weight distribution

b % @ &0 & 100
Samples {in time order)

(b) Weight distributions changing in time order
in the HomPlusOTLMS model.

Figure 8 On-line transfer learning result
comparison.

4 Al Is a Platform Combing Human Domain
Knowledge and Data

In engine stall example listed in Section 2.1,
engineers provide domain knowledge in dividing the
reference and target parameters. The information
was fed into the AI model. For further utilization
of AI, engineers understanding and interpretation
about AI model and results are critical. Therefore,
in this section, interpretation examples are discussed
to illustrate the importance of interpretation in

utilizing Al model results.

The current interpretation model developed by
ITCA could generate general interpretation and
individual interpretation. General interpretation
is capable of finding all root causes for one type
Individual
individual failure vehicle for root causes analysis.
Also, the

understand whether the

of failure. interpretation zooms into

interpretation could help

high

predict failures with correct reasoning. As is shown

individual

accuracy model

in Figure 9, general interpretation is based on
comparison between normal data and failure data,
which could be obtained without pre-trained models.
Individual interpretation is based on pre-trained
model. The

combined after the well-trained classification model.

individual interpretation module is

53: choose one vehicle

Testing dataset

2 e B Interpretation
[Traim'ng dalaset} [y oo BY " models
77777777777777777777 LIME/SHAP

§st 1s3

PDF distribution comparison Individual interpretation:
s failure reasons for one vehicle
General interpretation:
failure reasons for one type failure

Figure 9 Interpretation model architecture.

4.1 Piston Crack Al Model Interpretation

To explain the interpretation model, piston crack
root causes analysis is demonstrated below. This
project includes 1306 data records with 6667 features.
1208 records are normal data without crack history,
while 98 of 1306 records are crack piston data. 6667
features are included in several feature groups, such
as intake pressure, engine temperature, common rail,
etc. We utilized two AutoML methods (AdaNet and
H,0) and SVM(Support Vector Machine) method
with six feature selection strategies to classify
normal and piston cracked vehicles. The prediction

results are shown in Table3.
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Table 3 Piston crack prediction results.

Errors out of (80 normal, 17 crack cases) AdaNet | H20 SVM
All features (0,13) |(0,4) |(0,0)
Selected 77 features from all features (0, 0) (0.4) (0, 0)
INTPRES features (2,3) (1,4) |(0,0)
BST features (2,5) (9,3) |(7,6)
ENG features (1,3) (1,6) |(11,8)
COMRAIL features (0,10) [(0,3) |(4,1)
BSTCNG features (3,8) (2,6) |(7,6)

With pre-trained models, we tested 80 normal and
17 cracked data points. SVM and AutoML AdaNet
methods could classify normal and crack vehicles
with 100% accuracy with selected 77 features and the
INTPRES feature group. Then the next step is to
combine the high accuracy classification model with

interpretation modules to explain prediction results.

For the genera interpretation, one feature group
is divided into four sections based on the ranges of
two variables, intake pressure and rpm. Figure 10
shows these four sections of INTPRES(Intake Boost
(blue)

(normal)

Pressure) feature group. The red bars

and curves indicate failure vehicles.
Figure 10 shows the Probability density function
(PDF) distribution comparison for the high/low
intake pressure and high/low rpm ranges. The x-axis

represents for working hours, while y-axis stands

High INTPRES High rpm

= Fias

(a) High intake pressure high rpm

Low INTPRES High rpm

(c) Low intake pressure high rom

Figure 10

for the probability density for the vehicle groups.
Comparing Figure 10(a) and Figure 10(b), normal and
failure PDF distributions show obvious difference in
Figure 10(a), which means failure vehicles exhibit
longer working times under high intake pressure
and rpm conditions. While based on Figure 10(c)
and Figure 10(d), it shows failure vehicles operated
longer time with low engine water temperature and

low rpm condition than the high rpm.

Figure 11 shows individual interpretation with
Local Interpretable Model-Agnostic Explanations
(LIME) LIME

builds explainable model locally to represent any

module for one testing vehicle.

sophisticated model we provided, then perturbs the
input around the neighborhood and sees how the
model’s prediction behave. The feature perturbed
with small variance but resulted in big prediction
difference is the critical features for the model. In
Figure 11, Orange bars represent failure reasons.
The length of the bar means the importance of this
reason. top orange bars are failure reasons for the
testing vehicle. Figure 11(a) and Figure 11(b) show
individual interpretation reasons from INTPRES
super-feature and intake temperature super-feature
correspondingly.

High INTPRES Low rpm

=t

(b) High intake pressure low rpm

Low INTPRES High rpm
= fo

(d) Low intake pressure low rpm

Intake pressure and rpm
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(a) Individual interpretation from INTPRES
super-feature.
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(b) Individual interpretation from intake
temperature super-feature.

Individual interpretation for testing
vehicle.

Figure 11

As deep learning models and most machine learning
models are “black boxes”, which are difficult to
understand how the model works. If a model has high
accuracy, but predicts samples with wrong causes,
we still cannot trust the model. Figure 12 shows
individual interpretations for two different models.
These two models all have high accuracy. However,
the critical reason from the model in Figure 12(a) is
mileage, which is not correct. On the contrary, the
individual interpretation shown in Figure 12(b) from
non-bias data model predicts the correct reason.
So even both models have high prediction accuracy
on the same problem, the one without reasonable

individual interpretation cannot be trusted.

1l
i

TPRES 20004 2600RF <= 2,08 {

TP sonpa cansonm <= 0.0
INTIRES B0KPA Z200RH <= 8,04 {

A En

(a) Individual interpretation based on model
trained with bias data.

i

v ) w5 YTy EC

(b) Individual interpretation based on model
trained without bias data.

Individual interpretation from
different models.

Figure 12

With the interpretation model, engineers could
understand single failure problem, such as one DTC
code from the general interpretation model. The
individual interpretation model not only could help
engineers understand whether the AI model predict
samples in the right direction, but helps target
the vehicle’s failure parts for maintenance, thus

decreasing the time and financial cost.
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5 Conclusions

Inthisarticle, the unique properties of Al have been
discussed that: I. AI bridges the existing development
problem, latest methodology and newest change. I1. AI
serves an infrastructure for other developments. III.
Al is a suitable platform to combine human domain
knowledge and data. Al utilization examples have
been discussed in predictive maintenance, uncertainty
estimation, trajectory prediction and interpretation.
It has been demonstrated that AI could solve age-old
problem with latest methodology. Also, Al is critical
for many latest topics such as autonomous driving
and IoT. In order to maximize the potential power
of AI, cognitive understanding from human being is
necessary. And the communication between Al and
engineers will be critical for advancing Al technology

in actual production project.
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Abstract

In recent years, stricter emission regulations have
been enforced in the world for industrial engines. The
most advanced regulations came into January 2019 in
Europe, which are called as EU StageV . Each company-
developed own engines in order to comply with the
regulations.

This report introduces the development history and
technology of 4LE2 of 2.2 L. displacement from the
lineup of industrial engines that comply with StageV
emission regulations.

In addition to complying with particulate matter
regulations that are more stringent than previous
regulations, we have improved performance, reliability,
and durability over conventional models.
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Development of 1D-CAE Tool for Diesel Engine Radiated Noise Prediction
at Planning Stage
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e AR INEE fE*
Seiya Yamagishi Hisashi Ozawa
Abstract

1D-CAE tool for engine radiated noise prediction to
enhance the early assessment at planning stage was
developed. Proposed automation program and estimating
tool encourage planning designers who are not noise
experts to resolve contradictory matters in the engine
development.
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Road to Rig - A Systematic Development Methodology for
Robust RDE Calibration Using an Advanced Test Bench
Environment

Holger Hiiners * Joachim Franck™ Deniz Serifsoy * Henning Nies **

Abstract

The European exhaust emissions legislation standard has been extended to include real driving tests on public
roads with mobile emission measurement systems - measures of this kind will also be taken and implemented from
a global perspective in the short to medium term. The change from a synthetic certification environment of a test
bench towards the road, as a complex, yet unpredictable test site, poses a major challenge and considerably increases
the measurement and calibration effort for vehicle manufacturers. Methodical adaptations to existing development
processes as well as efficient data handling are essential to enable early and robust compliance with Real Driving
Emissions (RDE) legislation and to prevent over-engineering. In view of increasing system complexity and high
time and cost constrains, it is necessary to ensure functionalities and emission conformity at an early stage of the
development cycle. This applies in particular to the emission behavior of vehicle powertrains under RDE boundary
conditions, since not only the extension of the operating range of the powertrain to areas which remained unnoticed
by original certification cycles, but also the emission relevance of transient driving conditions clearly move into the
focus of development.

In this paper, ISUZU Motors Germany and the Institute for Internal Combustion Engines and Powertrain
Systems of Technical University of Darmstadt present progress in a methodical development approach that ensures
robust compliance with RDE legislation and an integration into OEM development processes. The paper reports the
content of a publication published at Expert-Forum Powertrain Conference in Hanau, Germany 2019 [1] added with
further project outcomes and information. The paper focuses on important aspects of the development of a vehicle
powertrain under RDE boundary conditions - a comprehensive characterization of powertrain behavior with respect
to specific emission-critical aspects as well as detailed analysis and application in test bench environments. For early
identification and optimization of critical operating ranges, powertrain-specific test scenarios (Most-Relevant Tests)
are developed and used in advanced test bench environments for engine- and vehicle applications.

1 Project motivation & methodical objectives

The introduction of RDE within the framework
of the European exhaust emissions legislation Euro
6d-temp and further strengthened with Euro 6d
brings a profound change in the legal certification
procedure, which poses great challenges for the
automotive industry.

Despite a steady tightening of the legal emission
limits as a measure to control air pollution, no
significant reduction of pollutant immissions,
especially of nitrogen oxides in urban areas, could be
achieved through the respective stages Euro 1-5 [2],
[3]. The main reason for this is the deviation of real
driving emissions from the laboratory test results
determined during the type approval procedure of

new vehicles. The development of this discrepancy

is mainly due to the originally used test procedure
(2], [4]. Under defined and standardized boundary
conditions, the certification was carried out by means
of a test cycle under laboratory conditions, which did
not adequately reflect both environmental influences
and realistic driving conditions. This development
was to be counteracted by extending the homologation
procedure to include an RDE test. In order to obtain
type approval for passenger cars and light commercial
vehicles, a new test procedure (WLTP) with a new,
more realistic test cycle (WLTC) and the testing of
exhaust emissions in real driving conditions using a
mobile exhaust gas measuring system (PEMS) have
been in force since September 1, 2017.

The public road thus developed into a decisive
a test environment

certification criterion and

characterized by a large number of influencing

* Isuzu Motors Germany GmbH

** Technical University of Darmstadt
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variables (see Figure 1), many of which were ignored in
the conventional development environment. The RDE
legislation deliberately defines the test procedure
only in terms of boundary conditions with regard to
the route profile and the test scope in order to create
the greatest possible test variability. Stochastic
factors such as traffic and environmental conditions

make certification tests unique and unpredictable.
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Figure 1 RDE influencing factors

With the introduction of RDE, the objective
of powertrain development has shifted away from
meeting and optimizing requirements defined in
a test cycle towards a robust compliance with
stochastically varying

emission regulations to

and unpredictable real driving conditions. The
emission behavior in real driving operations is thus
becoming more than ever the focus of application
and calibration, accompanied by major challenges in
terms of development technology and methodology.
Whereas in conventional, cycle-based development
processes, real-world driving emission tests were
only possible with prototype vehicles, frontloading
of development tasks to early development phases is
essential to ensure compliance with RDE [5], [6]. In
this way, it can be avoided that identified problems,
particularly with regard to emission behavior, can
only be solved in late development phases by a great
deal of effort and correspondingly high costs. The
use of test benches to investigate the real-emission
behavior of powertrain systems in early development
phases is becoming increasingly important [7], [8].

A decisive advantage of the early integration of
test benches into the development tool chain is the
possibility of reproducing the emission-determining
real driving behavior. Emission events that would

only occur on the road under certain conditions

can thus be examined in detail in the test bench
environment.

The challenge for new development methodologies
is to generate test results that can be validated on
the emissions side at an early project stage and that
allow a reference to realistic driving situations and
thus to the real driving behavior of the powertrain
system [7], [9]. Since the criticality of emission events
is largely determined by the selected powertrain
configuration and the resulting mechanisms, an early
evaluation of the powertrain-specific behavior under

real driving conditions is necessary.

2 New Challenges for
development

RDE powertrain

The mandatory introduction of the RDE test
procedure not only has a major impact on the
technologies to be used for emission-conform coverage
of a significantly extended operating range of the
powertrain, but also on the development processes
and test methods. In particular, the missing of a test
cycle as a reference basis for emission certification
and thus the changeover from a defined and known
optimization target to an unknown and stochastically
random test scope represent a major challenge for
powertrain development and application.

Methodical changes in the entire tool chain from
development to application and validation of the
powertrain are necessary in order to achieve a robust
passing of an unknown RDE test [9]. A paradigm change
in development methodology is taking place from a
stationary operating point optimization to a transient
maneuver-based approach with optimization or
elimination of critical emission events [5], [6]. Figure 2
compares the original sequence of cycle-based testing
with maneuver-based testing for RDE development.

As already explained in the previous section, the
application with vehicle tests in late development
phases cannot be efficiently implemented due to poor
reproducibility. In terms of frontloading to reduce
costs and effort, test bench environments must be
supplemented by tools to determine real driving
influences such as driver, vehicle, route and traffic
and used throughout the development process.
Further research results regarding this field have
been published by VKM (TU Darmstadt) in various
publications (including [5], [9], [12]).
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The main focus of RDE calibration is thus on
the application of dynamic states from real driving
maneuvers. However, the wide range of possible
RDE tests, limited only by the legislative framework
conditions, carries the risk that not all emission-
critical states can be identified. This makes it even
more important to identify the individual weak spots
of each powertrain concept in a first step in order
to eliminate them afterwards. A generic approach is
not sufficient for this powertrain-specific focus [9].
Dynamic states that can lead to critical emission
events can in some cases only be identified if they
are excited by characteristic maneuvers. In addition
to the powertrain specification, this also applies to
the individual emission components [9]. Here, too, it
is necessary to identify critical events individually
for each pollutant and assign them to characteristic
operating states or maneuvers.

The approach of an early, powertrain- and
pollutant-specific identification of weak spots allows
a complete evaluation and the delimitation of the
possible test area. Concept-specific optimization
can also be used to address conflicting goals with
regard to other development criteria such as fuel
consumption, NVH or drivability [6], [11]. “Over-
engineering” in the form of a generalized solution by
investigating non-critical conditions and by specifying
conservative engineering targets can thus be avoided
[11], which is a major advantage, especially in times of
high complexity and stringent time and cost pressure.

In summary, the methodical objective for
powertrain development can be formulated as follows:
For the efficient and robust validation of RDE, new
methods are required within the framework of an

integrated RDE development environment that
specifically detect real-world driving situations
that represent powertrain- and emission-specific
weak spots. These dynamic maneuvers should be
the focus of RDE calibration. In order to identify
and address the driving scenarios at an early stage
of development, suitable advanced development
environments (e.g. RDE-focused X-in-the-Loop test
benches) must be provided which enable maneuver-
based testing. Furthermore, the identified behavior
must be embedded in test structures which allow a
calibration approach and a statement regarding the
fulfillment of engineering targets. The idea of a
concept-specific “Most-Relevant Test” is introduced
and investigated in multiple methodical approaches
(19], [12], [13], [14]) and is a substantial element of the
developed RDE-Methodology which is discussed in

the following.
3 ISUZU/VKM RDE-Methodology

The methodical approach presented below was
developed in a joint research collaboration of IMG
with VKM of TU Darmstadt and represents a
holistic approach to the RDE development process.
The aim of the approach is to identify RDE relevant
powertrain behavior and to develop and provide
powertrain-specific, synthetic Most-Relevant Tests
(MRT) that can be used in calibration, application and
validation processes to ensure the robustness of the
developed powertrain concept with regard to RDE
requirements and boundary conditions. Figure 3 shows
the schematic process of the developed approach.

The decisive element of the methodology is the
identification of the powertrain to be applied. This
could either be a new development or a subsequent
project. Using various submodules, the concept-
specific emission behavior, especially for transient
driving conditions, is analyzed and evaluated with
regard to project-specific weak spots. Input data for
the analysis can be existing emission measurement
data from previous projects, statistical information on
operating areas and emission behavior from the fleet, as
well as test bench measurements, simulation data and,
if already available, real-world driving measurements
of the project with regard to RDE suitability.

There are three major methodology submodules

within the powertrain identification process: First,
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a submodule for the detection and analysis of
emission-critical RDE events from measurement
and simulation data. Within this module the input
measurement data is filtered by defined thresholds to
find emission-relevant driving events. They are then
analyzed in detail regarding the effective emission-
mechanisms and are labeled and classified in a
subsequent step. The focus of the second submodule
is the generation of synthetic emission-critical RDE
driving scenarios. Therefore, a synthetic RDE-
related testrun is applied and evaluated within
a realtime simulation on a X-in-the-Loop engine
or chassis roller test bench (further detailed in
following section). By use of parameter variations of
RDE-relevant parameters such as payload, driving
style (e.g. max lateral and longitudinal acceleration)
or road composition (variation of road grade, corner
layout etc.) a great variation of synthetic real-driving
testruns can be generated for simulation and applied
on the test bench with the benefits of reproducibility
and emission analyzation. In the third methodology
module synthetic, emission-critical events are
derived from the analysis of RDE driving statistics.
Here emission-critical operating point distributions
and operating point changes are evaluated and
furthermore investigated in the aforementioned RDE
test bench environment. From the results, critical,
synthetic real driving events are derived.

Within all 3 major submodules, characteristic,
emission-relevant driving events and maneuvers
are detected and identified. In a subsequent process
step, these are stored in a standardized format in
a RDE event database. Based on this database,
powertrain-specific, emission-critical Most-Relevant
Tests are generated. A MRT describes a synthetic
test scenario that addresses the identified, emission-

critical (relevant) weak spots for a specific powertrain

ISUZU/VKM RDE-Methodology

concept and thus contributes to a robust powertrain
development with regard to RDE boundary conditions.
The application of Most-Relevant Tests is conceivable
for various development stages. A fundamental
distinction is made between MRT versions for the
calibration process and for the validation process.
A MRT for calibration is a shortened and efficiently
applicable test for the calibration process. It can
be generated from the identified data basis, which
should focus on calibration-specific aspects in a
temporal scope comparable to conventional test
cycles. These tests are mainly composed of driving
situations and driving maneuvers that are intended to
stimulate a functional behavior to be calibrated. In
this context, Most-Relevant Tests are conceivable for
the calibration of basic functions that influence raw
emissions such as EGR and fuel processing as well as
for the adjustment of specific exhaust aftertreatment
systems. In contrast to short, function-specific Most-
MRTs for validation
are compliant with the legal RDE specifications and

Relevant-Calibration-Tests,

thus cover a wide range of possible driving situations
over the whole duration of a valid RDE test (up
to two hours), which are, however, still emission-
critical with regard to the identified, concept-specific
weaknesses. This RDE-valid worst-case approach
(see also [10], [13]) makes it possible to validate RDE
development work already carried out and evaluate
it with regard to specified engineering targets. In
this way, a reliable statement can be made on the
reliability of compliance with RDE requirements.

In order to guarantee a consistent and flexible
application of the generated tests in the test bench
environment, a test output in various formats is
possible. Thus, the test can be generated as a
setpoint specification of load and speed signals for

the application on engine test benches, but also as
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a control specification of the speed over time, over
distance, but also over the road gradient for chassis
roller test benches. Figure 4 shows first results of
an application of a RDE-valid MRT on the engine
test bench.
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Figure 4 NOx (mean CF) results from MRT
(engine testbed) compared to RDE
street measurements with D-MAX
MY 17 EU6b vehicle

The MRT is generated based on an event-database
from D-MAX MY17 EU6b vehicle. The test bench
results are compared to real driving test results
from street measurements. The MRT results clearly
show a higher criticality regarding NOx emissions
(here CF NOx) as the MRT is generated mostly form
NOx-critical driving events.

By applying the developed methodology in the
process-chains of RDE development, a frontloading
of important development phases is realizable,
resulting in an enhancement of the overall RDE
testing efficiency. It is content of the ongoing research
collaboration to develop and work out methodical
validation criteria to support the assessment and
generation of a statistical confidence level of the
applied MRT-tests regarding RDE compliance. With
the application of the developed testcases and the
growing statistical database from test results from
application and calibration the criteria to assess the
confidence level will get more and more exact. By
this an objective definition of the MRT development
targets to reach RDE conformity and cost/effort

benefits is possible.

4  Application in test bench environment (X-in-
the-Loop)

In order to validate the real driving behaviour in

early phases of the powertrain development, intensive

investigations on advanced, dynamic test benches are
inevitable. As introduced with the developed RDE-
methodology, it is necessary to create test bench
environments which enable testing of user-definable
and repeatable virtual scenarios which correspond
to real driving on the road. To make use of a full
frontloading of RDE relevant development phases to
early project stages, where the availability of hardware
and prototypes is still limited, the combination of
available hardware components with a simulation
environment is reasonable. Such test bench setups are
often called X-in-the-Loop (XiL.) test benches [15].
Within this setup, the available hardware systems
are embedded in and are interacting with a virtual
environment simulation. In this simulation, real
world influences such as road scenarios with traffic,
a vehicle model as well as the driver behaviour are
simulated. The hardware on the test bench replaces
the corresponding model in the simulation. Depending
on the advancement of the project development status,
starting from early simulation at the beginning of
the development V-process, up to in-vehicle testing
for final validation, various applications of Xil.-test
benches are thinkable (see Figure 5).

In a first development step, Engine-in-the-I.oop-
test benches (Eill) are suitable. The unit-under-
test on an engine test bench is embedded into the
real world simulation and enables reproducible
emission measurement, while propelling a virtual
vehicle on a virtual road. With the advancement
of the development as well as the availability of
hardware prototypes, Powertrain-in-the-Loop (PiL.)
and Vehicle-in-the-LLoop (VilLl) test benches are
common before finalising the development effort with
vehicle tests on the road. For PilL and Vil setups,
a powertrain on a powertrain test bench or a vehicle
on a chassis roller are combined with the real world
simulation, replacing model-based structures with
real hardware.

Especially for RDE development processes,
Engine-in-the-Loop- and Vehicle-in-the-Loop setups
bring significant advantages. As engine test benches
and chassis roller are proven test environments for
base and emission calibration, the extension to RDE
capable In-the-L.oop test benches enables not only
a reproduceable measurement of emission behavior
for real world driving situations but also a targeted

examination of RDE influencing parameters for the
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given hardware specimen. Therefore, it is possible
to vary variables like the simulated vehicle type e.g.
with a different gearbox, different tires, exhaust
aftertreatment setup as well as scenario parameters

such as payload or driving style (see Figure 6).
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Detailed parameter studies of this kind can
also be examined beforehand in office simulations
with the possibility of a subsequent validation with
real hardware on the test bench. Supplementing
these frontloading approaches is the opportunity to
transfer real road tests to the test bench (Road-to-
Rig) with the target of reducing test effort and costs.

The general functionality of Xil.-test benches is
described in the following with the example of an
Engine-in-the-Loop test bench (see Figure 5):

As portrayed in previous sections, the hardware
on the test bench (here: the ICE) is connected with

a real-world driving simulation. This simulation runs
in realtime and depicts a 3D environment model with
a road scenario, with road signs as well as traffic
objects, a parameterizable vehicle model as well as a
driver model. In a closed-loop control, the driver (as
the controller) interacts with the driving scenario by
operating the pedals (gas, brake, clutch) as well as by
shifting gears. For the Eil.-test bench, the gas pedal
value of the virtual driver model is transferred as a
set value for the unit-under-test on the test bench.
Furthermore, the engine speed, calculated from the
driving velocity of the simulated vehicle serves as
a set value to the test bench dynamometer. By this
means the engine is put into a defined operating
state. To close the control loop, the measured engine
torque from the test bench is now returned back
to the simulation to propel the virtual vehicle. The
overall methodology is adaptable for Powertrain- as

well as Vehicle-in-the-Loop test benches.

ISUZU Motors Germany implemented an Engine-
in-the-Loop setup at the engine test bench as well
as a Vehicle-in-the-LLoop setup at the emission
roller test bench offering various possibilities for
applications regarding RDE and vehicle development
(see Figure 7).

In terms of the previously introduced RDE
methodology developed with TU Darmstadt, the EiL
and Vil test benches are a significant element in the
RDE development tool chain. For the identification
of the powertrain, virtual test scenarios are
implemented and investigated on the test benches.
This enables the evaluation of emission results when
changing RDE relevant parameters of the testruns
(such as payload, driver style, road gradient, route

etc.) as well es the investigation of the emission
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behavior in a variation of dynamic driving maneuvers.
The created Most-Relevant-Tests will be examined
on the test benches in an ongoing feasibility study.
The existing In-the-Loop test benches at IMG
furthermore show great benefits for advanced
development projects. Especially with the advanced
emission roller and engine test benches offering
climate and altitude simulation, RDE testing on the
test bench is realizable under RDE relevant and
exceeded boundary conditions (e.g. from -10° up
to +40° C air conditioning) offering an opportunity
to reduce testing effort on the road. Hardware
variations such as different tires or different exhaust
aftertreatment systems, which so far where only
possible in late project phases with prototypes
available, are now possible in virtual studies with a
subsequent investigation of the impact on available
systems on the test benches. These approaches are
offering great possibilities to frontload development
phases and gaining great advantages concerning

testing and development cost and efficiency.
5 Conclusion

The introduction of RDE tests as part of the
homologation process to verify and ensure the legal
conformity of a vehicle’s real driving emission
behavior requires far-reaching changes and further
development of methodical development approaches.

An RDE development methodology has been

developed for the efficient and robust development
in compliance with RDE. This methodology reduces
the wide range of possible RDE driving scenarios
in a powertrain-specific manner, identifies potential
problem areas and addresses them individually in
Most-Relevant-Tests. As a new RDE development
basis, this enables an early and consistent approach
to calibration, application and validation.

The utilization of X-in-the-Loop test bench
environments offers not only early and reproducible
of RDE driving

scenarios but also great potential for advanced pre-

maneuver-based investigations

development projects and feasibility studies.
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Particulate Matter Formation Analysis by Using In-Cylinder Total Gas Sampling and GCMS/
Carbon Analyzer

willl ik
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53 =

TR RS

Hiroaki Saito

® §F

SR 0T 257 L7 B & 5 L 72 AR 7 4 —
LTV DV ERWT, MNERES YT VYR
T AR LU, BBEEP ORI XD SRELL 7297
Z 6 PM (K 7 IRY'E ¢ Particulate Matter) %
7 4 LAt L7=#%, TD-GC/MS (MBS 4 %
oua~ 777 4 "M &E5Hr + Thermal Desorption -
Gas Chromatograph Mass Spectrometry) 47 #7
KRORBRIM 24T > 720 RFEEHOTHRNICET
% PAHs (% BR77 & %R LK 3K * Poly-Aromatic
Hydrocarbons) XU 3D HOETE % fRAT L72,

R S BT
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A Sl e
Yoshinori Ishii Naoki Shimazaki

Abstract

In-cylinder total gas sampling technique has been
developed by using hydraulic variable valve actuation
system. PM included in the sample gas was trapped
on quartz filter, and PAHs components and soot
were quantified by TD-GC/MS and carbon analyzers,
respectively. Cylinder-averaged histories during/after
combustion were obtained by changing the sampling
timing. PM formation processes were analyzed by using
this technique.

1 AN Z

T4 =¥y sl Ehs PM (KK
'® :Particulate Matter) OEIkIZ, PEH 7 2 BLHIAN
DR, DPF (Diesel Particulate Filter) ~\®
BAHEIROB RS HELRETH S, /2, WED
PM %, EGR (Exhaust Gas Recirculation) KU
PBRABRS 27 APNICHERE LT, EEOEREIKT, #2
g OKE/DN, ZELREOMEEZ G| RTINS
%, INSZNZTNDJR KNI PEH A Z b DFEE DRy
I2&BenEEZoND, — T, P I 2K IR
BHERIZE KELS B E 2T 5, BEINIZEWTE, A
HWEEANF O, BB WA EEL L LCO (4
f##E : Light Cycle Oil) O A ST\,
GRIDED a8 R OZALISIIE LT0L 7281213,
TV YV ERRGAE & PR 7 2 AR & OB TRIZE THEA
AATZHREZIUCIEDS Y I 2 b =Y g YETAD
METH D, TORDITIE, YL A 2B G5 O
FAZMD , RBEIRRE L DPYRZ R T2 LN EHET
b5,

BRISEAT A+ Ki- B oy O A G R 2 FER I LR 975

728, FHELRBHMANT 4 — ¥y Yy EHWER
NH AR YTV oy AT Lk cEr Y, &
FE, 2RO XS 2 JERE A 5 22 18 43 i 5t
W3 ETERNEOD, FNBEOAKRG A TR
IZIAOND R THMTHS, £z, HES VTV
SFHMIZISCTY Y IO i k& @& IR T, [Hk
IZZ DR OERERONDIHTEEHTHS,

FH DIZIRBESR A & Bt 77 2 ML O BE £5 % {2
L, PE A 2K A2 I 2V — 9522 HIELT
Wb, ARTIE, 9, P 2o PM & RIS
ZOEGEFE AR5, ZD728012, fRNA S FRHL
LYY THAH»E PMET 4 L2t L, TD-
GC / MS (Ess5EH 22~ 257 4 B
Thermal Desorption - Gas Chromatograph Mass
Spectrometry) M URFZEHIEEEHWT, 2hz
N PAHs (ZBR5FIERALKE  Poly-Aromatic
Hydrocarbons), ¢ DEE %17 - 72, BRBESA 13,
EGR %M U TR RIRE 2 2L 22754, &
12, JIS2 B E ZHUTH LT s VIERMEL, 7
o~ - FIFVIRRAEIS A E LCO BERE %
=358 % i Uiz,

g s gL ZE AT



W s HE 1325

2 RBHF &

21 BRHRLEY TV IV RAT L

F1MUR11Z, AR THWZ DV DiILE
FEERAEE O BEIE X %2 897, AT D w3l SR Ey A]
BT A BER L ELR T - Ly oy
b0, KT ORFR, PR, V7 b EIIMT
OALRIC BT & 28 > TB W, LT BB RS %
INL7BEEM AR 2 1R T, AR TE, STt
FTofEdhh & T, 7L TERBIHEZ by &4 LT
LT HLUFFBZ 812k, BREITS . BFRENT
G L2 AFERh O = &R LT, 277 v K%
AEADINZEO/ LT EPHC S, fEBIIOALES, B
JREEEIC XD LT ORATR, PHFRREE] A2 E RIS 3E ]
BETHD, 1EEh A MG L TEfE A2 IEd 52
L¥TED, £7-, ATV oVIZ 2 20K LT &%
NENOFIEHS ML LI=PERA — 2 $ib, —hHad
WOHER, &GN ZOWEUCFIHT2 (E1),
WO T V7)) VLT A BE X GEE
BRBEY A 2)L), H5 134 BN TOAPER VL
TOEHEE IR, SV ) v IILT EEEXES (Y
VIV VTHA D) B TINH IR, TR, R LUk
MEH VT VS RARNITE N, RIBERIS 23 BEAS &
N5, VTV VI RHBNEHENCD 1 RIEDEERT
W7z TED, ZORRIITHEEMON 105 ELE
(13.2 L),

312, v F) T EOLT) T (a), fENE
J1 (), T I EHENES () OFFIFIE RS,
W BREEY A 2L Sy ) V74 2L ANDEATIC
&0, EROXN T OEMENREL L TS, HV
T LT RIS RNEIE 28I, &
WNE I ER L TERD, [RNA 28I EH
DRETHRRTHNS, V7)) VI RITEHBRNDH X
KOOSR D a4T5 ., ZO8ELE, TV VoL

&K1 I IU#T

Engine type 4 stroke 1 cylinder engine
Bore x Stroke @115 mm x 125 mm
Displacement 1.298 L
Compression ratio 16.3

Swirl ratio 1.29
Combustion chamber Shallow dish

Electro-hydraulic variable
valve actuation system

Valve train

Top view

Exhaust gas
(Normal cycle)

Sample gas o=
(Sampling cycle) /

Chamber <~
Side view

Qver flow

filter I

Sorbent [

tube K
Heater

1 BALEY>T) I RREEREE

AIVTEENNIETITH T
ARG THZENTES,

12X, ST ORI

R 412, 7)) TP A 2T B RN
OFHHE 2R, K2y T v a4 35 % -8
75 30 °ATDC DO T2 X755 DGR # 5
RNTERLTNS, XKD, KTV 7524300
DB, fNEINEREITIE T L TNAZ e gh b,
ZOZ NS, RN ZIEZRP DAL — I VT
VIEINTWBEDEELLNS, YT v ERE A
FHli§ %728, TRNIERAY Y 7)) v 7 B DS
D50 % FTIK T TADIZET B M % K72, D
FER, fRNIE SO PRI 0.8 ms FEE Th - 7=,
ZONFPkRERIE, @EDORANA A TS VT v HE
R L A% Th DI eMERIN TS & 9

a | Hydraulic

P pressure

Magnet
Spring

2 HERRENRIZE/ LT BRI X
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I cycle Sampling cycle

(a) Exhhiust valve Sampliﬁg valve

Valve lift [mm]
o N BN %
e}
5

& J J

o
w

o N B [e)]
Pressure [MPa]

M

1 P ——
-900-720-540-360-180 0 180 360 540 720 900
Crank angle [°PATDC]

Pressure [MPa]
o
N

3 BAYTITEEDINIVT R ESEE (a)
HKROYTUTNVTIT N, (b) BRE
B, (c) YTV TRBRESN

Sampling timing
6 v v
— 5
©
X
23
>
[2}
3 2
o
\‘
o e e
40 60

Crank angle [°PATDC]

4 LEY TV IEBOERENBE (8x&%k
YT TR IV TBENERE ERTER)

2.2 YL TIVAIEE

RN EH Y 7)) VI HERNANFI U2 2O
PM % 55t 4578, MEWEREHTEHY T V7R
VT (Y —TNAHA Ly Z SP208-1000 Dual) 12&D
7 200 mL/min (2T 1571, PMA#H%T7 4 L4
Rz L7 (R1), ZOLXOHERRIZ ¢ 13 mm
L7z, I, PMfiEmA ¢ 3 mm & ¢ 8 mm (24T
L%, FhZFh TD-GC / MS (Varian CP-3800
- Bruker 300-MS), Jx & 7 # il (Model2001A,
Desert Research Institute, USA) ZFI\WTofrL
720 TD-GC / MS 12k D 53 L7z PAH B4 i3 3 BR
25 6B 6 HHTHD (R2), T9HDOERICITK
E LIRS LRt A= =PI o b Ve s X i
il &% IMPROVE vh% FV 7z, ABEE T, £

TAVYAFFSKIZT PM % 550 C £ CEREFICN
BT, OC (F¥XES7 : Organic Carbon) &%
EHD, TO%, 2% DBRREEALT, HIZ800TC
FCINEL, O DT % Al - BB S8 5, AT,
R ODEAFLIIRAL - RBEL 72 EC OURIRRFES) -
Elemental Carbon) OfR&E A9 & L7z,

2.3 FEBREM

KR Tl 72 EBROTY Y v #ilingb 23k 31
NT. R RIRE R R A ZEHE 522 210kD,
IN6H PM AEBGEFE I RIT TR ELHA L, X4
12, EERICHWZ LCO #5472 BEE (Test fuel
(LCO)) DMtk % 7R¥, ikl D tbig L ™9
ABRRNZ, JIS2 Sz LT, & U lin k<,
Ta~vhy, FITVAOBEENENZENREE 5
TW5,

3 ERERELEEERE

3.1 I T EEEGROMEESTMER

512, KHTHRICLETY Dy IR0
PRIBEY A 2B B TRINIE ) & B A R AR d,

%£2 TD-GC/ MSIZLBFEEWNRD PAHs K9

Name Formula Structure
Anthracene CisHio
Phenanthrene Ci4sHyo 000
yrene 16H1o
P CiH 080
Chrysene CisHiz QQO
Benzo(a)pyrene CaoHi2 Cg@
Benzo(g,h,i)perylene | CxnHia ‘:“O
x3 EBREH
Engine speed 600 rpm
Intake pressure 110 kPa (abs.)
Nozzle ©0.137 mm x 9 holes
Injection pressure 50 MPa

Injection quantity | 2.8 (Pilot), 37.8 (Main) mm?/st

-10.6 (Pilot), 1.4 (Main) °ATDC

Injection timing

Intake O, 20.8 % 19.6 % 19.6 %
Test fuel
Fuel JIS#2 JIS#2 (LCO)
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x4 PEH
Test fuel

Teo) JIS#2 (Ref)
Cetane number 42.0 54.4®
Density [g/em®] | 0.869 | 0.8216 ™, 0.8349®
Aromatics %) ®)
[vol%] 45.8 191, 20.6
Naphthenes ®)
[vol%] 453 26.8
T10 216.8 205.5(,226.0®
DISEQ(%‘]“"“ T50| 2784 | 280.00,287.0®
T90 336.9 327.50, 340.0®

JIS2 BHEHICHNT, WARRIRE 2 2L X47-
LA, B, BRAERICKEREVNEIR 6WED 72,
MEOPH A2 % ZE— 2 2 —4% (AVL 415S8) T
i L7245, FSN (Filter Smoke Number) {3,
0,=20.8 % 1Z%\1TC 0.38, 0,=19.6 % IZF\1T 0.65
THY, BEREOMK FIZX0 SO P &8
T A &2 > Td, KB RIRE 19.6 % (2350
THREI 2 ZE L2354, LCO B EHo bW,
JIS2 FEEMI X LT, 1 B H OECKAE »EN S (i
NHRON, X2 UAOENRBN TS, 72, 205
FCO FSN 13 0.84 TH, JIS2 SEEHOLAIZI
NT (FSN=0.65), 93O R IZBNN-§2 {dH|f &
EoT05 (F5), AHTIE, Fbonkkims K &
OB 255 3 R HICBWTRINT A7) v
AHAIE 1TV, PM O BOBTENDREE 45,

6 — JIS#2 0,=20.8%
[\ |— JIS#2 0,=19.6%
=9 / ‘\— Test fuel(LCO) 0,=19.6%
o P
S 4 / \ \ 150 -
(0] Y O
23 N 100 ©
2 |/ \ \ >
g 2 S 50 %
Qh_ ] \\-ﬂ-h__ . \ 0 (@]
T = Injection duration m
0 -50

20 10 O 10 20 30 40 50
Crank angle [°ATDC]

5 BAENEHFEERBRE

%£5 BERZXHICBIBICIUTINTORE—Y

BRHE
Intake O2 | 208% | 19.6% 19.6 %
Fuel JIs#2 JIS#2 | Test fuel (LCO)
FSN 0.38 0.65 0.84

3.2 HAD PAHs RUTTERERE

BEEOWI%EA»S O, $30EKiZ PAH ORI
L5 _BROEE»LMELE SN, ZDEED PAH
DY A ZIIIRFR 100 FEE L E A 5N TD, Al
THHT L7z PAHs D KIRFERIL 22 THBH, 39
OHIE LMD HZEDEE A, kR % R
35,

612, WA RIS 20.8 %, JIS2 Sigal% 1
WA OEGEER L PAHs, T30 MR E2 R
T, kS, TD-GC / MS KU ESITIZLD
o[ T A LA LORKIYERE, RN TOE
BICHRELTERLTWS, K&, 2BHOXA Y
DBEFEENLD B2 50253 ° ATDC LIRS
BT, PAHs, T9DOLEEDFMTEZ N D05,
PAHs IZZDEROENBE A D EIITKETHEH Z,
% PAH B OAEBR 6 REEBR & #5845, 35
DPAHDT7 = F VL Vid, FU3IBEROTY IRy
EDEERENE L, 48RO )y L VO
TIRELV VY DERENEZ K> Tnb, ZOT 5,
FEERKEELTT 2T VLY = ELUBRE LSRN
%, 58RO PAH DXV (a) BV Y OARHRME & LT
3, SO LD L Y A OoDRENE L5N, b
THTIED ENZOER AR TES, — T, 6BD
PAH DXV (gh,i) XYL VYRR Z < AR LT
WA Z EMNMERTES, Wang 513 PAHs O KBTS
LT, 72 F VLY = ELunh, XUV (e) EL
v (R7) ZRHELTNVY (ghi) RVLYPERT
DR A R LTS W KTIERY Y (o) ELYD
ERENPTETCEST SR 2 BE LB L0, The
BHLTEKTIEEZZONDRYY (ghi) NVLY
DHEREMN L > TS, ZOZENnE, AHRDOFER
1 Wang 5OWEAXFT2EDEEZ26N5,
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g 200
> 100 T\ ~
8 0F =L [jaction duration 8 LCJ»
AN a2
_ LA 6 5
; 't
2 8 000! O—o0 0 £
2 o o7 <
o 4
50 —© 8 3
5 VAR 6 2
& ey
C
- 2 g
> 8 |00000%00—0—0 0 ia
2° o =01
e 4 -~ VimmhY
2 2 3, ¥ —
—~ O
a =2
7N\ 652
()14 83
— 0O \:/:\_ 2 5 qc)
AS A m o
=38 000003 %0000 o ——o0 %
o3 6
\O/'E' 4 < '<\ >
€52 2a B=0
32 ) 0000d° b0o-0—0 =
g J:R‘ 2000 &
=3
O 1000 =
QOO . KQ— 0 O O :{O))
10 0 10 20 30 40 50

Crank angle [°ATDC]

X6 ZRERERE PAHs, $IDRAERBE (JIS2
S, RRERRE 20.8 % D5H)

(a) Benzo(a)pyrene (b) Benzo(e)pyrene
()
Qg@ Vo ¥

7 Benzo(a)pyrene (a) & benzo(e)pyrene (b)
DRFIEE

3.3 BREMEEED PAHs RUOTTERBREICR
EEp-7
812, IXE FIRE 20.8 £ 19.6 % 12ki15, 7 =
FrhLY, ¥Ly, XUV (ghi) RVLYETTO
ERIEREZR T, MbhoAXIE, 25V 2
20 °ATDC PREDTTIREOIE KX THY , F 5 TR
L7- FSN 25 8k W % v Ckpzoy oy 7y b
DOFTOREE LR ORT, migRRERFEE I,
T, BRAENLE EABr 50283 °ATDC

DIRIZAER ARG L, ¥ =218 LRI 15,
AR T LIS, ®mAEN LT ITOERREIIBHD
A FSN 258 6Nz EISET 5, HDO—FHE, A
HUT) T ROGHTEO R4 % X R T 58DT
b5,

R FIRE DK P2k, 72V hLvide—
7 % OEREP I 52 o sh, Zhllst
DREEENIR SNED) 572, PAHs 13974 K
IZHETREEZONBETI NS, MHEDEI/NINE
W ZEIE, TIOAERBGEFECK ELEODENENS
Zhllhb, ZOZEIZHIR LT, T 3DEREIEZOE —
2 (W TR IARE 2RO R S NEh - 72, 3 JEEE
DY — 7 %D, TTOERKI LTI B
12857208 F A%, BRSO TIZKD, ¥—
2 BOTEAEREIIMLTED, Zhudddomz(t
DI N TCWE7208F L 65, ZRODFERNS,
AREERZEEOFPIZBTIE, WA RRE OK T
KT TP EORNNE, TFOAEHEME /=T
L&D, TTOMALLPIRI X NI=Z & ZHLH) 7o B
KR TN D,

: : 12 =
—0=0,-20.8%]| 1 2
- 0,=19.6% g =
; NN 2
Wanl, o
i ] 4 <
Bnl:h o 2 5
_ 12 — °
g " =)
A -
2
g ¢ =
= 2 >
o 0 oo = 12 %
AN =
7 {10 g
BEeINr
Cy=( N o
w6 §
4 =
9 2 5
3000 r=i=ie vl-l.lh'- ‘RJ.G = 0] 8
c
2500 - <5‘ﬂ1 @
= 2000 o 50
E: 1500 h 25 0
s | 9 | 1. 20g
8 1000 120 40 60 80 100 Exhl
500 :
*lotods . Mg |

-10 0 10 20 30 40 50
Crank angle [°ATDC]

8 MRBMHREBE208RV196 % ICHITS
PAHs ES9TDRRNERBRE. ARSI E
FED 20 °ATDC UBEDIARRUVI DT
7 hDEETRT (JIS2 BEH)
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3.4 BFEHERD PAHs RUTTOERERRICRIF
e

912, JIS2 Sigah & LCO BEEERRH & Hv 7235
A0 PAHs &5 §OA BRI 28§, Bl & Ak, i
BE IO EIZBBE FSN 226 &5 5+l
IETBTENG DB, LCO RREHRE & FVW 2354,
JIS2 Skl L b XT, PAHs OV — 7 A& B
LTCWBZEMNERTES, 2, D4R ATk
FTHRZELERBL TS, ZOZEIZHIBLT, T30
EREE, 790285 °ATDC LD LR B
HEHPSBIIL TS, ¥— 2 LI, T50mLiE
BUZRBAAIVTIZBWTY, BREBEOXEBBER
HERFLTHD, R 2Pk &I LCO BRI
WT <> T\b, Das bOMZIZksE 1P 3
ORI, 7Ta~vn>FTIT V>S5 T 4 VA DE
125 < A AR N TO S, LCO BEHREH I
L, 7u~sr, FITVAOEMS, IO A
HLZEEZE IS, ZhoDFER»6, JIS2 S
12X LT LCO MR B T P B A B L
72BN, ATE ORGSR IRE 2K N 282855 213
B, $TIOBLAME X2 k0E, 904
O XM= 7=0ThiLEZ NS,

: : ‘ 12 =
A -0 Jis#2 10 S
| —/— Test fuel(LCO) =
— 8 g
Wan W aLEE-
4 £
2 8
12 — o o £
= 10 : *
= = e
o =
> 8 <“(\ y )
A !
[0]
S 4 ’é-‘\ —
=3 P %A >
i nnnpgd % 2
S 10
@=SINE
8 o
I NN S
N 6 o)
H& 4 2
| 2 5
3000 MQQ'_J‘ e (T Al 0 @
2500 75 % g
= 2000 l‘ﬁ)} 50 a\
Es) o5
= 1500 25 N}
E R |
3 1000 D-E\‘ 20 40 60 80 100 Exh.
500 - S
0

-10 0 10 20 30 40 50
Crank angle [°PATDC]

X9 JIS2 BEHMRVTXMER (LCO) HIT3
PAHs ETTORANEKRERE. HEARIIETTO
20 °ATDC UEDILAR RV T T D
fBzRY (RKERFREE 19.6 %)

4 HEHE

HHHESREY ] 25 S0 7 Bk 2 S8 L 72 AR T 4 —
YLIyD Y EHOT, MNTAREY YT ) VTV
FLERESE L, YV TLHA0E PM %7 4 LA
#LTCTD-GS / MS RURFE S #1752 &12&D,
PMH D PAHs & 99457 % & Uiz, KA W,
W S RS & BORHEIR 28 PM AR BOBFRIZ T 5
AP L,

(1) 3725 6BETHD PAHs AKJEREN S, BRI D
fAiNTIX7 = F v by, ELy, XUV (gh,i)
XYLy OERREB I Z W &0 550 5 7,
INHDORE, BEDOM%E TR Eh/z PAH O
TR BRI & ThE Ky & 3T 5T &A1
AL,

(2) WX RIRE 2K T 872354, PAHs DAL
HICPHEFLEONIRONT, T34 EICK)
TZOY — 7 FEZOWAD 3K S b Z Lo
RENIz, 2O, KREBRFIFOHPHIZIW
TiE, WRBERIRE DMK Mk 5 9P RO
I, T304 MIEELD S, FALIH A AR
R L g ST

(3) LCO Ktk & =34, JIS2 Sigulie
2 LT, PAHs KO$OERE D BEIN$ 5 ()]
MH SN, LCO BRI CldTu~sy, 77
Vo DEIG NI L72728, PAHs OARK - B
MR SN, TFTOERBEIMULZ3DEHE L5
ha,

ARBIZBT B HBRICH720, At s e
ZeRT MR R 1K, FI i KO Anizz2nz,
ZZICRLTEHOB AR T,

ASCHRIE B B R 2 am S 49 & 5 5 p. 944
[F 4 —¥LT VD VRINICET S PM AR ZEE)IC
B4 2078 GE1#) -RNF2emyry 7Y vore
GCMS BLURK R EIZL S PM AEBGEFEOE - |
FONMEFEBEIELRETEEDTH S,

2EXM

(1) WIS, gaAusE, Ead =, AR, S
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Analysis of In-Cylinder Particulate Matter Formation Process in Diesel Combustion
by CFD Simulation Coupled with Chemical Kinetics Model

TRE KR dilll ik (EPIE T Sl R . —E
Hiroaki Saito Shinya Furukawa Yoshinori Ishii Naoki Shimazaki Kazuhiro Ishii
2 B Abstract

IV VHRPERANTRA T B PR A2 kD
{EVEBEIZ R X iGN B 728, BBEIREE Z g L7
PEH H7 2 %5y DA BB FE O Bl T 2 G TH 5, HE
7 2RO EREIE Pl A HS, ooV
FATTRE IR ET L AR § 2 L L 812, RN LR
&Nz T 2 D ERAER & g U7z f5 R % )
H95,

Purification performance of aftertreatment system
is depended on exhaust gas composition, therefore
numerical analysis of generation process of exhaust
gas components considering combustion state is useful
to engine design. To archive high precision prediction
of exhaust gas composition, we constructed a reduced
chemical kinetics model. This model was applied
to CFD simulation and the calculation results were
compered to combustion gas sampling experiments.

1 12UBIC

g, BETHAT ST 7 2 B~
B KO DPF (54 — YL b i 7 4 L4
Diesel Particulate Filter) OBEHEIROBEH S,
T4 —YhTyY UL P ENS PM (K IRPE -
Particulate Matter) OIKIRISFEHEELRETH S,
i, PM I3 EGR (BEXPHEER © Exhaust Gas
Recirculation) KOPERBALIES 27 APNICHER L,
Mg DREN - BHZE N U EGR 7 — 7 O IR T &
W 7B ER 5T RN DS, 25 L-MED A
PR ORFEDOWEIZKEDEEZE 260, TPV
HHR R L PR O BIR 2 2 35 Z &N HETH
%, £72, HEXURIBRREIRICE KE<IKFT 57
8, PR & BROBHEIR IO 0 B X FITRRET S b ab
WAH 5, AARENIZBWCE, EE-YOELEDH
SR O728, ElAE» S i b 872 LCO (St
i : Light Cycle Oil) DORFERFEHEL SN, FEkD
T4 —ELBBOMBE A ZIL T2 e TIN5,
L7225 ¢, Fab o & LD 2% < BRIFE O Z LIS G
T 5720121F, HEXH L O Z AU BRD TR BRBHE:
REBHUTRELARBRIE S I 2V -2 a VRERE
EZiohb,

74 — YL OB TIE, CFD (iR
#AJ1% : Computational Fluid Dynamics) &F&II A
R ERGETY — L &7 5 T3, RINDOBGRARET R
mz, RS &SRS E A=A D
VAN TER I RS L, RRMEIR A2 H & L2 Pk
S A B CE B WTREVED B 5 o TR D IRIE RIS
1, IEFICL O AR AL RIS B 5 5 2
BRTH D0, —BORIAKREST IO TIFEM
RIBETF L AR E TR S5 P, LiL
BH5, 29 ULIZETNME CEFD GHRICHEH 35138
BN R EL, FERICH X0, gk Lz s E
TILBRETHD,

PLEOE 576, HEX - PM MR OFH A Al g 2 =
YOvvIab—va YORMEEHIELT, AifRT
3T PM 2RI, HXF LYYy & HWRN T
2AH ) v EE ATV, PM OABGETE A T L
7= (Kt fRINERY YT e GCMS (270
< N5 7 EES5HTE: ¢ Gas Chromatography Mass
Spectrometry) MURZEFIIZES PM AEBGEFED
g & 2 i), AT, PMABGETED
Bz, CFD HRIEH T sg & g L s 7L
AR U7z, F72, BHRASR 2 RO TSR & Mg
THZLIZKD, RETIL &Gl L7z,
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2 ER1ET « — EIVIREETIL

2.1 MEREET « — EIVBBETIVER B &

Mueller 5 P 12k3F 4+ —¥LHuasr — b IZB
THWRTIE, & Al EE BRI 5 Th % HXD
(n- NFH¥F# > : n-Hexadecane) & HMN (N7
A AF) /) > : Heptamethylnonane) 127 T 753
kUOF 772 0% 1EETOMAz 4y yary —
MARHZ K > THBBIOWERR - (L2 PER %2 B <
BB TERZENRENTND, 7RV - FTT V5
BHEEMICEWEIE TE NI RO TED,
LCOIZE B FEhbLEA6N5, KA#HTIE, Z
DWFEH A2 SE 12, & U AFEUERREL 2 BT A,
7uv4r& LTTMB (1,2,4- PYXFARVEY :
1,2,4-Trimethylbenzene), 777 4r& LT TDEC
(b VA2 -FHY YV : Trans-decalin) #ZNZhf\E
Tz, ZO AR DOREGEIG ZHFT22LT, K
e LCO OF KM KU PM AR 2 8]
HeZ 4 KT 4 — VBBl ET L OREEEZ B L7,

INS AR OUMEERA IR T, FHAT O RIG
EFIILELT, HXD K O*HMN (Zida — L v 2 YN
7 ENLIZEH Y, TMB 2z 7 —~> TREA% @),
TDEC 2337/ TR W B A LT3 JIE A
H=ZX L&z, £72, PM A O$§O4 K E %K
B R<EHET 220103, ZONBWEEE L1605
PAHs (ZERFEIERILAKZE : Polyeyclic Aromatic
Hydrocarbons) #FETA2ZENEMEZLON
5, %2Z7TC, TEROPAH TH5aa x> (coronene)
LR 5 TOLERILRIBPETILAL &Nz, Wang
5 O OAER L7z PAH A RURIG * 1 =X 4 % BT L
7zo AWFFETIE, TNEDRUE A =X 1 % WAL - #i
BTBZ LKD) LIS ET N AER L7z, Th
1213 ANSYS tt O L RIS ET <%V 7 + o =

7 Chemkin-Pro Reaction Workbench® % Hi W,
DRGEP (Directed Relation Graph with Error
Propagation) EIZ&D g L L7z, &S X =X 4
ICHEELTE ENALFEREIIOWTL, MAEDBRIZEK
B9 BHEIBE L7z, AMTIE, 239 {L5FE 974 Kb
RO BIELBRRHET L &R L7z, 2D &S % g1l
ERA OMFE AR AR ET LI, BHERSEE 23 R
e TCnEnWeEZ6NM%, 22T, sfliIBET L %
RN ELT, GO - 53 OGO B K+ O
EIWBTHILIZKD, HAREO B ATz, &
B OFMIBETFIIZIZ ANSYS #£0 MFL (Model
Fuel Library) 20177 2 i U7z, B 1 3¢k *?
BBEITINT T 4 Y RIRACKR DKL R IB D —
AN L2ZXTH S, AWFFETIE, R1ITR
T 11 ORILOHER % FHE U7z, HXD OREAL - 77
fiie OS2 i, ELARRIAHR R (L SO IZ B fR 975 Ik
DRIEBA

C,,00H+0, = C,,00HO,
C,,KETO — OH+CH,CHO+nC ,H,,CHO

(R1)
(R2)

n-paraffin

(RH)
(1 @ 6 (4)

(10) 0, HO, OH, thermal cracking
olefin+R’ <€— R+HO,
&) o,
RO,
() © I
cyclicether+ OH <— QOOH
r1(7) I, 0,
0,Q00H
®]
KETO + OH

9
o
aldehyde + ketone + OH

1 BBERS (h-/N57 1 2) OBERISHSR

K1 ARPT 1 —EIVBHETIVORIEKFERFI O EETIVEIE

Mol_ecular Boili Dertved . N Number
Components weight'? pomt® (°C) reference source of species of
(g/mol) number@ () reactions
Lawrence Liver
n heégmm) e 996.4412 987.1 100 more National 2115 8157
Laboratory®
2.24,4.6,8.8 hepta
methylnonane 296.4412 240.1 15.1 Same as the above 1114 4469
(HMN)
1.2.4-trmethyl RWTH Aachen
benzene (TMB) 120.1916 169.4 89 University 119 527
trans decalin Polytechnic Univer
(TDEC) 138.2499 187.3 31.8 sity of Milan® 484 19341

“@Erom NIST WebBook"”. ®From NIST WebBook"” at 0.10 MPa. “Derived cetane number measured

at NREL"™ using ASTM method D6890.



W s HE 1325

1I2DWC, BHEIRT 22 L2 5A OREEIEAD
BER 2187, (R1) ROMER T % 0.1 51295
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S5ICMET ML TTHR S -T vy TERT,
22T, T9ERREE, ¢ -T vy 7 EOARGH
WARKRTLZEICKD, FHiLz, ZOEOITTE
Fuizix bkod MFL 20179 %, #55121% Chemkin-
Pro IZ## X715 moment & " & W=, T304
B & DA BGHRE B O B FUREIK A il E 7L T R
—HTHZ ML Nz,
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Temperature [K]
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Temperature [K]
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5 MREEETIV (L) EEFMRISETIV (F) %
AWEEETD ¢ -T vy 7 O ERATE
DEOHB

3 fHER{EARHETILOD CFD StEADEA

fERK U 7= i g AL OB £ 5L & 3 O CFD &
S LTI A E A 1T, BRI
WHZH YT ) v RERREDOENS, 35 K&
O PAH @ 4 5 5 BUKS B %GR L 720 AT,
CONVERGENT SCIENCE 4L 3 ¥%&Jt CFD #%&
) —J)L CONVERGE"? % v 7=, Gt E I ld FR
THEZLHELTIELDEIZ =Xy Y 2%k
=, GHEEIHEER 2 IR S0 5, IR SR
J§ % 2 KHETAA L &, BRRHZ JIS2 Skl e L.CO
BREEEL 727 2 MR A W2, F£72, REFR T,
CONVERGE (Z#£# X T 5 moment 3 P 12k 3
FTHTETIL A2, ZOEFIVICHT 553 A5
Bi3¥vr L, KRERILETVIZEKD IR SR
HOEL v B §5 K5 IT3E Lz,

3WIC CFD & i3, 4 DOMkHRS O #EIE %
PR B Z L TTEMBE JIS2 5, T MK (LCO))
DOFFVE 2 WEE U7z, 55— WO FER TR WO M
% B2, ANSYS #1 @ Chemkin-Pro Reaction
Workbench® @ Surrogate Blend Optimization #%
BE 2 FH O TR o3 #A & DE U 7z, 3R 3 IS FIRK)
EETN DB Z RS, 20 JIS2 FEGHORK
FrtElconadseEk MY 2B Lz, R4 IZETLD
BRI 73 #4278 d, LCO %R L7 2 bRk
X JIS2 BEhe e LTra~ - 777V 5a %L,
FLRB} & AR DA & 25 > Tvd,

%2 CFDEERH

Bore % Stroke @115 mm * 125 mm
Displacement 1.298 L

Compression ratio 16.3

Swirl ratio 1.29

Combustion chamber | Shallow dish

Nozzle ©0.137 mm % 9 holes
Engine speed 600 rpm

Intake pressure 110 kPa

Injection pressure 50 MPa

Pre Injection quantity | 2.8 mm?st

Pre mnjection timing 10.56 "ATDC

Maun mjection 37.8 mmst

quantity

Main injection timing | 1.44 "ATDC
{[:Iolnﬁt?-;ﬁon 20.8% | 19.6% | 19.6%
Fuel JIS#2 | JIS#2 Tbmgof;m]
Breakup model EHRT

Turbulence model RNG k= model

Soot model Method of moments

Soot precursor Pyrene
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x3 T4 —HIVRBOYMEELE

JISH#2 Test fuel (LCO)
Fuel type Exp. | Cale. | Exp. | Cal.
Cetane index | 50.6 (5496) | 436 | (43.10)
(Cetane
number)
Density 08216 | 0.7955 | 0.87 | 0.8197
(15°C) [gfem?]
Aromatics 19 1.0 458 | 284
[vol2a]
Naphthenes | 26.8 10.8 453 | 185
[vol2s]

Distillation

temperature

Cl

T10 206.5 169.4 216.8 | 1694
Ts0 280.0 228.0 2784 | 186.9
T9a0 3275 |275.9 336.9 | 2694

% 4 CFD EE_ETOBFR I HERK

Fuel type JIS#2 Test fuel (LCO)
HXD 424% 26.8 %
HMN 33.6% 232%
TMB (aromatics) 12.0% 30.0 %
TDEC (naphthenes) | 12.0% 20.0 %

4 CFD&R#HER

4.1 PAH RUTSTDERBEDILE

FEBR & CFD GHRIC K2 RNIE T R OB A F %
6, BIHRICBWTTTORIEMEIZERE L7 PAH,
LY OERIEREEAR 7, $IOEREREEZR 8 1IN
T LUV VLML, WKEBERIRE 19.6 %, JIS2 5
B A W56 Th 5, B 6 ORNITET RO EE
KO KD, FERIZBT 5 IREE2BBODRARBTS
WENME N, B 7 OYL Y OERIBRIZOWTE,
AR K O DN TR & GER T IR R < 3K
LTS Z DT SNz, F72, K8 O3 AR ERE
12OV, A VIRBEIC KB EREOY — 2 il
AERCBHAGRE], 9 DOBILICK 2 AR EDID &1 -
-HR AbBhBR SNz, TVIEHICKS T4
B BBALAETE TIN5 72, 72, ZHUIRIG
ETNDALST, EFHEZEBO B L O FEERGRE
JRIK 2B SRS H D, TR ZNOREE A EA BT
Thb,
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—— (Calculation
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AR OMEIE, FEBRE RISV TR R < —3X
% Z EAMERR Sz,

4.3 BAFHERD PAH RUTTERICRITTHE
X9z, MEMREZELEELGADOEL Y L
TIOERIERE AR, PN EERER, - 5]
NETEARERTH S, 'L v ROTTO4KIERIC
DN, Tuvw - FIFVAAEVWEIETEEZR
% LCO BB T, BB Y — & il 2 o fdl 1)
NGB L TR SNDA, ZoMEITFEE L &I
BOWCHBTH % Z &R X7, LCO H
BREHZIZ T T2 AR LT VWEELZOhSTEY -
FTITVORKRIMKRZDOGEHEELELL, Th
NPAHKRUTTOERARELZEDEEZEZS
hs,

5 HHYIC

KT, 74— EURBH & R U 7= 4 555 o fifiig
{LIRBFET L #MEEE L7, ZOMEILET L% 3 KIC
CFD V7 % = 7 CONVERGE IZ#lAA A TR
217\, PAH &3 OEBEHEIZOWTERM L7z,

(1) RV DRBAL - o3 IS O S (K1 % F34E 3
3287, aflETILOE KM% i R < fEB
L7z,

KAWL ET VA& B EHRAERIT TR TO BT
B# PAH RUT34KES R < R TEZ,

Wy E RS # 25 L84, PAH KUY$4
BT RK E 2B A <, B MR 23 5 70 % {8
FERLAHE TR L, ZOTENS, KBHRE
JE&ETIRBIL SR 25720, PR ED
B4 s & s s hiz,

BREHEIR 2 25 L7254, LCO BRI TIk
PAH K ON§ DA B S BN 2 i ) A3 S5k &
HEHT—E Lz, 2OZEN6, BEHZ & N5 T
u~ - FITVARENT 5 & PAH Q4R AME

HXN5720, $IOLKENINTEEE LS
hs,

A SRR B B Rl 2 dm S 49 & 55 p.950
T4 —YILTUDUENIZBITS PM AKZEENCB 3
028 (55 2 ) —x PV CFD NORHHIL Y RG
FHEEHIC & 5 PM AEBGHEFE D RN — % ITREIED
L#ET280THS.
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