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Abstract

Companies compete greatly with each other today, so they need to focus on innovation to develop their products and
make them competitive. Lean product development is the ideal way to develop product, foster innovation, maximize
value, and reduce time. Set-Based Concurrent Engineering (SBCE) is an approved lean product improvement
mechanism that builds on the creation of number of alternative designs at the subsystem level. These designs are
simultaneously improved and tested. The weaker choices are removed gradually until the optimum solution is finally
reached. SBCE implementations have been extensively performed in the automotive industry and there are a few cases
studies in the aerospace industry. This research describes the use of trade-off curve as a lean tool to support SBCE
process model in Configuration Optimization of Next Generation Aircraft project (CONGA), using NASA simulation
software version 1.7c and CONGA demonstration program (DEMO program). This method will help designers and
engineers to extract the design solution according to the customer requirement to achieve low noise engine at an
aerospace company, and also extract the infeasible region where the designers cannot make any prototype in this region
before manufacturing process begin, that will lead to reducing rework, time and cost.
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1. Introduction

The lean knowledge management is known as
an important condition that enables companies to
obtain the right knowledge of the right people
with form and quality at the right time. Significant
enhancement of decision taking in product
development is achieved when it is based on
proven knowledge. This is achieved by creating a
knowledge-based framework and knowledge
visualization via the use of trade-off curves.
Trade-off curves will allow designer engineering
to compromise alternative solutions due to

conflicting attributes in any aspect of the product
lifetime [1]. Simply, the trade-off curve (ToC) is a
tool to understand the relationship of various
design characteristics to each other. They usually
describe the link between at least two key factors
that relate design decision(s) to parameter(s) that
clients concern about over a set of values. Ward et
al. [2] presented “set-based concurrent
engineering”, a procedure that demands various
design solutions in comparison to conventional
point-based product creation, to explain how



Esraa M. Mohsin

Al-Khwarizmi Engineering Journal, Vol. 16, No. 4, P.P. 1- 10 (2020)

Japanese companies gain an advantage by relying
on adequate information to postpone design
decisions; the point-based approach restricts
design space and offers less versatility in adapting
design solutions among the different functions of
product development. In comparison, a set-based
approach allows product improvement functions
to investigate design space and converge during
the system narrowing process into an optimal
design solution. To describe the knowledge
environment, the researchers grouped methods
and techniques in lean product creation into three
main groups: decision-making, knowledge
provision, and knowledge visualization.

Previous research work identified “trade-off
curves” in various ways that are at some points
identical to one another. For example, Sobek et al.
[4] defined a “trade-off curve” as a relationship
between two or more factors. According to
Kennedy et al. [5], a “trade-off curve” is a
relationship between two or more design decisions
and is the knowledge of the subsystem from
which design options are evaluated and narrowed
until the optimal design is selected, thereby
providing reusable information for future product
design. Simply, it can be said that the trade-off
curve is a tool to understand the relationship of
various design characteristics to each other.
Trade-off curves have a two-dimensional (2D)
form and a multidimensional form.

Ward et al. [2], interviewed with Toyota's
supplier, pointed the importance of trade-off
curves. The teamwork of Toyota Company tried
to reduce the noise with the Muffler. To reduce
noise, they created back pressure in the exhaust
and the gas flows out of the engine. Therefore,
there was a trade-off between reducing the noise
and creating the backpressure, and the
backpressure reduces the performance of the
engine. Haselbach and Parker [6], used a
multidimensional trade-off curve to describe key
technologies within aircraft engine combustion
and core turbine systems contributing to low
emissions products, fuel-efficient in the large civil
aircraft engine market. Araci et al. [7], created a
knowledge environment using trade-off curves
during the early stages of the set-based concurrent
engineering (SBCE) process of an aircraft jet
engine for a reduced noise level at takeoff. Data
was collected from a range of products in the
same family as the jet engine. Knowledge-based
trade-off curves are used as a methodology to
create and visualize knowledge from the collected
data. Findings showed that their method provides
designers with enough confidence to identify a set
of design solutions during the SBCE applications.

Maksimovic [8], used a trade-off curve to capture
the information when designing the structures of
car seat. The capture of trade-off information
involves the required sheet metal selection during
the design of the structures of car seat, based on
the criteria defined for the decision. Araci and Al-
Ashaab [9], developed a systematic process for
set-based concurrent engineering to develop a new
product. They noticed that ToCs based on physics
could help to define different product physics
characteristics in the form of design parameters
and visualize in a single graph for all stakeholders
to understand without the need for a
comprehensive background in engineering. Araci
et al. [10], demonstrated the integrated use of
ToCs in the SBCE process model in an industrial
case study for a surface jet pump. The evaluation
of a set of 60 different design solutions using a
conventional approach could potentially be very
resource-intensive; the application of knowledge-
based and physics-based ToCs allowed the
design-set to be progressively reduced until the
optimal design solution was found.

As a result of the literature review, a research
gap has been defined that "There is no clear
framework and sequence of stages that will assist
the creation and visualization of a knowledge
environment to support set-based concurrent
engineering applications”". This research aims to
construct a systematic approach for knowledge
provision and visualization to support decision
making in the early stages of “set-based
concurrent” engineering applications via the use
of “trade-off-curves (ToC)” during concept design
of low noise engine identified decision criteria by
designers and engineers. Trade-off curves will be
based on these decision criteria (engine thrust
force, bypass ratio, thrust specific fuel
consumption (TSFC) and engine noise level),
which is part of CONGA (Configuration
Optimization of Next Generation Aircraft) project
collaborated with aerospace company supported
by Technology Strategy Board (TSB). The
CONGA consortium has 6 industrial partners:
Airbus, Airbus Group Innovations, Aircraft
Research Association, Eurostep, MSC Software,
and Rolls-Royce - including Cranfield University.

CONGA project aims to develop new multi-
disciplinary design and integration processes to
support the conceptual design and assessment of
future aircraft configurations. Such developments
are essential if designers are to be able to deliver
robust product concepts (at the early stages of the
design cycle) for novel aircraft and power plant
configurations that embed new technologies.
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2. The SBCE Process Model

The SBCE process model developed by Khan
et al. [3] composed of principles which can be

Table 1,

The fundamental CONGA SBD process model.

applied at the early phase of a development
process [5], it consists of several key phases. Each
phase is divided into activities, as shown in table

(1).

1. Define Value

2. Map Design
Space

3. Develop Concept
Set

4. Converge on
System

5. Detailed Design

1.1 Classify
projects

1.2 Explore
customer value

1.3 Align project
with company
strategy

1.4 Translate
value to
designers (via
product
definition)

2.1 Identify sub-
system targets

2.2 Decide on level
of innovation to
sub-systems

2.3 Define feasible
regions of design
space

3.1 Extract (pull)
design concepts
3.2 Create sets for
sub-systems

3.3 Explore sub-

system sets: simulate,

prototype, and test
3.4 Capture
knowledge and
evaluate

3.5 Communicate sets

to others

5.1 Release final
specification

5.2 Manufacturing
provides tolerances

4.1 Determine
intersections of sets
4.2 Explore possible
product system
designs

4.3 Seek conceptual
robustness

5.3 Full system
definition

4.4 Evaluate possible
systems for lean
production

4.5 Design process
planning for
manufacturing

4.6 Converge on final
system

This study will explore the activities that trade-
off curves can enable to support SBCE in the
aerospace company as follows:
a. Choose the activity (2.3): Define a feasible
region of design space.
b. Choose the activity (3.4): Capture knowledge

and evaluate.

c¢. Choose the activity (3.5): Communicate sets to
others.
d. Choose the activity (4.2): Explore possible
product system designs.

There are many steps to construct ToC as
shown in figure (1) to achieve low noise engine in
CONGA project
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The process of constructing ToC

\ 4

v

Define decision criteria/ key
attribute

Get the data related to each of the key
attribute

v
v v

Real data from Aerospace Data from NASA simulation
Companv software
v
Data from engineering Data from CONGA
calculation for engine noise demonstration program for
level engine noise level

Generate different trade-off curves

Y

Get the requirement (customer) and plot these requirements against

v

Extract/ locate the design solution (where is it physically)

v

Define feasible/ infeasible/ comfort

v

Develop set of potential solution that could be useful for project under

v

Convert these potential solutions to useful solution

Fig. 1. The process of constricting ToC.

3. Defining Decision Criteria/ Key
Attributes

Capturing of trade-off knowledge during
concept design of low noise engine identified a
decision criterion by designers and engineers.
“Trade-off curves” will be based on certain
parameters for decision (engine thrust force,
bypass ratio, TSFC, and engine noise level).

Value of the four decision criteria were
discussed with the designers and engineers at an
aerospace company and they decided:

. Engine thrust force is supposed to be high.
b. The bypass ratio must be high.

c. The engine noise level must be low.

d. TSFC is supposed to be low.

o

4. Getting the data related to each of the
key attributes from the aerospace
company

Data was compiled from the aerospace
company for different types of real turbofan civil
engines [11]; then data was extracted and eight
different types of engines were selected depending
on the highest maximum take-off mass (MTOM)
for each type. Further data will then be collected
from engineering calculation to compute the
engine noise level for each type of real engine as
shown in tables (2) and (3). The engine noise
level was calculated as follows:
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a. Take-off noise (TO): 100% of the noise is
engine noise.

b. Approach noise (APPR): 50% of the noise is
engine noise and 50% is airframe noise.

c. Flyover noise (FO): 75% of the noise is engine
noise and 25% is airframe noise.

d. Cumulative noise: 100% TO + 50% APPR +
75% FO = Engine cumulative noise.

Table 2,
Data from an aerospace company certified by ICAO [11].
ID Type Version Engine Take-off Flyover Approach Cumulative
Noise Noise Noise Noise
(EPNdB) (EPNdB) (EPNdB) (EPNdB)
AIRBUS_18615 A340 541 Trent 553- 95.4 96.4 99.5 291.3
61
AIRBUS_18634 A340 642 Trent 556- 95.8 95.9 100 291.7
61
AIRBUS_18642 A340 643 Trent 560- 96.8 94.2 100 291
61
AIRBUS_18881 A330 341 Trent 768- 96.9 89.6 96.9 283.4
60
AIRBUS_18817 A330 243 Trent 772- 97.4 91.3 96.9 285.6
60
AIRBUS_20919 A380 841 Trent 970 94.2 95.9 98 288.1
AIRBUS_20928 A380 842 Trent 972 94.6 94.5 98 287.1
AIRBUS_20927 A380 842 Trent 972 94.5 95.1 98 287.6
Table 3,
Engine noise level of the real engine from engineering calculations [11].
ID Type Version Engine Take-off Flyover Approach Cumulative
Noise Noise Noise Noise
(EPNdB) (EPNdB) (EPNdB) (EPNdB)
AIRBUS_18615 A340 541 Trent 553- 95.4 72.3 49.75 217.45
61
AIRBUS_18634 A340 642 Trent 556- 95.8 71.925 50 217.725
61
AIRBUS_18642 A340 643 Trent 560- 96.8 70.65 50 217.45
61
AIRBUS_18881 A330 341 Trent 768- 96.9 67.2 48.45 212.55
60
AIRBUS_18817 A330 243 Trent 772- 97.4 68.475 48.45 214.325
60
AIRBUS_20919 A380 841 Trent 970 94.2 71.925 49 215.125
AIRBUS_20928 A380 842 Trent 972 94.6 70.875 49 214.475
AIRBUS_20927 A380 842 Trent 972 94.5 71.325 49 214.825

The CONGA Case-Study
Requirements or (customer requirement)
are as follows:
a. Fan diameters between (2 —2.5) m.
b. TSFC: 0.055 kg/s.
c. Low noise aircraft.
d. Engine Cumulative noise limit for EU airports:
212 EPNdB.
e. Engine thrust force variants (315- 320) kN.
ToC was drawn on three-axis by using
MATLAB 8.4 software, the three-axis are
decision criteria, the X-axis spouse to be engine
thrust force, the Y-axis spouse to be either engine
cumulative noise level or TSFC and the Z-axis

spouse to be bypass ratio. By projecting the
customer requirements against ToCs then the
design required extracted physically in a faster
and easier way and also other real engines that
meet the customer requirement can be extracted to
generate a set of possible solutions.

5. Results and Discussion

Trade- off Curve used to generate a set of
solutions and also use during Set Narrowing as
follows:
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a. Mapping initial needs of customers versus the

created trade-off curves give a collection of
information that will create a set of design
solutions. Such information is focused on the
decision criteria that could relate to
manufacturing process ability, test efficiency,
material, and cost as captured in the trade-off

solution for the decision criteria bypasses ratio
and engine thrust force from trade-off curve
one is Trent 772-60, which is meet the
minimum customer requirements for bypass
ratio and has high engine thrust force and good
in engine cumulative noise level, but not good
in TSFC, as shown in figure (3).

curves shown in figure (2). The optimum

@ bypass-thrust ® real engine
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Fig. 2. Trade-off curve one between bypass ratio and engine thrust force with a real engine.

Bypass ratio

Engine cumulative
noise level
010J IS0 AWEug

TSFC

Fig. 3. Trent 772-60 optimum solution according to bypass ratio and engine thrust force.

b. The second Trade-off curve is between the ratio and better TSFC than Trent 772-60, but

decision criteria engine thrust force and engine
cumulative noise level; the optimum solution
from this curve is Trent 768-60 as shown in

not good in decision criteria of engine thrust
force, and it is well for engine cumulative
noise level, as shown in figure (5).

figure (4). Trent 768-60 has a higher bypass

i thrust- cummulative L] real engine
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Fig. 4. Trade-0ff curve tow between engine thrust force and cumulative noise level with a real engine.
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Bypass ratio

Jsuny awdug

Engine cumulative
noise level
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Fig. 5. Trent 768-60 optimum solution according to engine thrust force and engine cumulative noise level.

c. The third trade-off curve is between fan has a high bypass ratio, but not good for other
diameter and engine cumulative noise level; decision criteria when compared to Trent 772-
the optimum solution from this curve is Trent 60 and Trent 768-60, as identified in figure (7).

560-61, as shown in figure (6). Trent 560-61

® real engine fan di - lative noise

224

Trent 560-61
220

216
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208

204
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1.4 17 2 23 26 29 32 35 38 41 44 47
Fan diameter (m)

Fig. 6. Trade-off curve three between fan diameter and engine cumulative noise level with real engines.
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Fig. 7. Trent 560-61 optimum solution according to fan diameter.

d. The fourth trade-off curve is between decision bypass ratio and meet the customer requirement
criteria engine thrust force and TSFC; the for TSFC and engine cumulative noise level,;
optimum solution for these criteria is Trent972, Trent 972 is not well in engine thrust force as
as identified in figure (8). Trent 972 has high like as Trent 772-60, but better than Trent 768-
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60 and Trent 560-61. Figure (9) illustrates Trent 972 according to the four decision criteria.

® real engine @ Thrust-TSFC

0.08

0.075
0.07
0.065
0.06
0.055

TSFC (Kg/KN.S)

0.05

Trent 972

0.045

0.04

224 244 304 324

264 284
Thrust force(KN)

Fig. 8. Trade-off curve four between engine thrust force and TSFC with real engines.
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Z
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Fig. 9. Trent 972 optimum solution according to engine thrust force and TSFC.

The process for initiating a collection of provide the best suited design solution among
resulting design solutions is the unavoidable certain trade-off variables as identity in figure (10).
conflict between different trade-off curves to

2. Map 3. Develop -
1. Define : 4 Converge 5. Detailed
e

1. Bypassratio (High) %

2. Engine thrust force (High)

3. TSFC (Low)

4. Engine cumulative noise level (Low)

Customer interaction

Fig. 10: Mechanism of narrowing set base design.
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Throughout the face to face conversations,
designers and engineers in aerospace company
summarized four criteria for deciding according to
the importance (bypass ratio, engine thrust force,
TSFC, and engine cumulative noise level),
depending on the importance of decision criteria,
set of solution narrowed down from four solutions
to two solutions (Trent 772-60 and Trent 972), by
compromising engine thrust force. The optimum
design solution was Trent 972 that meet the
customer requirements.

6. Conclusions

To create better designs, it is critical to develop
a methodology to discover, retain, organize, and
present knowledge throughout all phases of the
aircraft life-cycle. This methodology must
consider knowledge management in the aircraft
design, production, and operations to be flexible
enough to capture the inherent variability of the
system. The significant enhancement of decision
taking in Lean product and process development
(Leanppd) is achieved when it is based on lean
thinking and implemented ToC as a source of
knowledge to support value creation to the
customers. The trade-off curves work so well
because they combine the power of mathematics
with the power of human visual processing system
and can be visually displayed multidimensional in
a single graph, that is mean we can generate ToC
in 2D or 3D or multidimensional depending on the
decision criteria, while visual cortex has a big part
in the brain, mathematics has a small part, so by
taking mathematics and putting it in the form of
visual curves we can understand it faster.

The trade-off curve support SBCE process
model by choosing some activities from this
model, as generated set of solution to meet the
customer requirement and then narrow down the
set of solution to meet the customer requirement
and then narrow down the set of the solution by
depending on decision criteria until reach to the
optimum solution.

7. References

[1]1T. A. Roemer and R. Ahmadi, “Concurrent
crashing and overlapping in  product

development,” Operations Research, vol. 52,
no. 4, pp. 606-622, 2004.

[2]A. Ward, J. K. Liker, J. J. Cristiano and D. K.
Sobek, “The second Toyota paradox: how
delaying decisions can make better cars
faster,” Sloan Management Review, vol. 36,
no. 3, 1995.

[3]M. Khan, A. Al-Ashaab, A. Doultsinoua, E.
Shehab, P. Ewers, and R. Sulowski, “Set-
Based Concurrent Engineering process within
the LeanPPD environment,” 18th ISPE
International Conference on Concurrent
Engineering, Massachusetts, USA, 4-8 July
2011.

[4]1D. K. Sobek, A. C. Ward, and J. K. Liker,
“Toyota’s Principles of Set-Based Concurrent
Engineering,” Management Review, vol. 40,
no. 2, 1999.

[5]M. Kennedy, K. Harmon, and E. Minnock,
Ready, Set, Dominate: Implement Toyota’s
Set-Based Learning for Developing Products
and Nobody Can Catch You, CreateSpace
Independent Publishing Platform, 2008.

[6]H. Frank, and R. Parker. “Hot End technology
for advanced, low emission large civil aircraft
engines,” Combustion, vol. 2, 2012.

[7]1Z. C. Araci, M. U. Tariq, J. H. Braasch, A. Al-
Ashaab, and M. C. Emre Simsekler, “Creating
Knowledge Environment during Lean Product
Development Process of Jet Engine,”
International Journal of Advanced Computer
Science and Applications, vol. 11, no.5, pp.
58-62, 2020.

[8]M. Maksimovic, “Lean Knowledge Life Cycle
Framework to Support Lean Product
Development,” Ph.D. Thesis, University of
Cranfield, 2013.

[9]Z. C. Araci, A. Al-Ashaab, C. G. Almeida, and
J. Mcgavin, “Enabling Set-based Concurrent
Engineering via Physics-based Trade-off
Curves,” WSEAS Transactions on Business
and Economics, vol.13, pp. 620-626, 2016.

[10] Z. C. Araci, A. Al-Ashaab, P. W. Lasisz, J.

W. Hlisiak, M. I. Maulana, N. Beg, and A.
Rahman, “Trade-off Curves Applications to
Supports Set-based Design of a Surface Jet
Pump,” Procedia CIRP, vol. 60, pp. 356-361,
2017.

[11] https://www.icao.int/safety/iStars/Pages/API-

Data-Service-new.aspx.



(2020) 10 -1 4ada of dsnlf o] 6 thaald) Luatigh o )l g0 Alaa (s dana £ pesf

il pitdall A8y 8 dia) Jial) dpdigd) asalialll de gana ac Al daglial) dada (gl

*kadl) (el daal *rcidalline Jald dalud * s dasa & il
Mty dralas /(e j L o) Lstigh LS /0T pall mrivail] Luadia aned #% %
s ial] ASLal /oLl S dnola fasiontl] et
asowyasowy @ yahoo.com: s s 5SIY1 aall *
drosamah @kecbu.uobaghdad.edu.iq: s s ASIY) & ull **
a.al-ashaab @cranfield.ac.uk :5s &I}yl #k

AadAl

Cilatiall o ol 3 Aaaiiusall 30 (he s, dallall (3151 e 5 phand) m el saan Cilaiia IS Lgilatie jshad (m jal Syl il
ﬁ}@)ﬂ\?u\dw‘;‘:&ﬂ\ww\weﬂjd@d&:Gén)iﬂ\uaﬂiﬂ uﬁ;&\dﬂsﬂjwleﬂaud;\wdmﬂ‘a)ﬁe‘m\)ﬁ
%L&A@)&\Sd&u&ﬂ.\)ﬁ\b.\ﬁ&hy du\d#\&\ d};d)”@;@:).\.:d&-uw\“ubh:ﬂ JI&JJM‘}M‘)MGJ}AAJLG_AAA&J

_g_:\).\Ual\ aclia LGAA} d);Y\ Aleliall gs e\m‘}{l A_UB L@.\S}} u\)L}J\

Bl aebp aldisl CONGA §508e (s Al yiall dpunigll *L&aﬂ\ AC gana ?cﬂ IV BlalS Alealaal) (nia Caaall 138 PRt

Al 5 e gl cagal) il L) (g2 Lae cilaiiall st dglee ey O 23 50 (5l Jand L 7 sanse puid) Ailaiall (Bl Wiafl 5 caiils oy ke

10



