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Abstract: The lack of information on the correlation between root causes and corresponding control
criteria in the importance calculation of root causes of design problems results in less accurate
determinations of core problems. Based on the interaction between customer needs, bad product
parameters, and root causes, a hierarchical representation model of the design problem is established
in this paper. A network layer of bad parameters, including various types of correlations, and a control
layer, including technical feasibility and cost, are constructed. Then, a method based on the network
analytic hierarchy process is proposed to rank the importance of root causes of the design problem
and determine the core problems. Finally, a product design process based on the core problem solving
is established to assist designers with improving design quality and efficiency. The design for the
coolant flow distribution device in the lower chamber of a third-generation pressurized water reactor
is employed as an example to demonstrate the effectiveness of the proposed method.
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1. Introduction

In the manufacturing industry, most research and development of products is based on previous
products. This kind of design can be regarded as incremental innovation [1–3]. The purpose of
incremental product innovation design is to improve product performance without changing the
working principle of the product. In other words, incremental innovation is aimed at solving various
problems that hinder designers from realizing the desired functions, through which the performance
of a previous product system will be further improved [4,5].

The key to incremental innovation is to analyze and determine the core problems in the previous
product system, and to develop suitable strategies to generate better design solutions. At present,
many researchers have integrated innovative methods with complementary advantages to assist
designers with improving design quality and efficiency [6,7]. The theory of inventive problem solving
(TRIZ) was adopted by Li et al. [8] to define conflicts in the product system and solve these conflicts
with effective tools (i.e., a contradiction matrix). The environmentally conscious quality function
deployment (ECQFD) approach was proposed by Vinodh et al. [9] to analyze and identify the problem.
In this approach, customer needs are converted into corresponding technical feature conflicts, then the
conflicts are solved with TRIZ. A process combining the TRIZ method with the design for manufacture
and assembly (DFMA) method was proposed by Lucchetta et al. [10] to solve various problems
occurring in the simplification process of a product system. Caligiana integrated the QFD and TRIZ
methods to define and overcome some core problems that can affect the development of a product [11].
The morphological matrix (MM) method was adopted by Liu et al. [12] to identify various conflicts in
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the deformation process of product system components, and to solve those conflicts with the TRIZ
method. An integrated process was proposed by Li et al. [13] to solve key problems with a process
trimming-based TRIZ, and it also helped to identify and inventively solve key problems. The axiomatic
design (AD) was adopted by Ko et al. [14] to analyze the problems existing in the product system
and solve them with the TRIZ method. The theory of constraints (TOC) method was developed to
analyze the root causes of various problems in a product system through current reality trees (CRTs),
to identify the conflicts with a conflict resolution diagram (CRD), and to solve these conflicts with
the TRIZ method [15–19]. Although these methods provide effective strategies for analyzing various
problems and solving conflicts that exist in a product system, there still seems to be some difficulty in
identifying the core problems.

The problems that occur in incremental innovation are often not independent. A solution to one
problem may affect the solution to others [20]. Hence, it is necessary to determine the solving order of
the root causes of problems. The fault tree analysis (FTA) method was adopted by Wei et al. [21] to
qualitatively and quantitatively evaluate the importance of root causes. Then, the core problems are
identified in the order of importance. A method based on the FTA method was proposed by Shu et
al. to calculate the importance of root causes of failure events in a product system [22–24]. Garcia et
al. [25] adopted the failure modes and effects analysis (FMEA) method to analyze potential failure
problems in a product system and assign weights to them. A method combining FTA and FMEA
was proposed by Azadeh et al. to qualitatively and quantitatively calculate the importance of root
causes of the fault [26–28]. The fishbone diagram (FD) method was employed by Yazdani et al. [29] to
analyze the root causes of the problem and was combined with the analytic hierarchy process (AHP)
method to determine the importance of root causes. Although these methods are applied to calculate
the importance of root causes, they are based on the premise that root causes are independent of each
other. Such an assumption will lead to analysis results deviating from the actual situation. At the same
time, there is a lack of corresponding control criteria in analysis process to constrain and evaluate the
ranking of the importance of root causes. The above methods will result in less rational and accurate
importance order and determination of core problems.

In order to solve the above problems, a hierarchical representation model of the design problem is
established in this paper including customer needs, bad parameters, and root causes based on their
interaction. The correlations in the bad parameters layer and the control criteria for the ranking of the
importance of root causes are taken into consideration. Therefore, a method based on the network
analytic hierarchy process is proposed to rank the importance of root causes and determine the core
problems. Furthermore, a product design process based on solving the core problem is established to
assist designers to improve design quality and efficiency.

2. Establishment and Transformation of Hierarchical Representation Model of Design Problem

The product design process of incremental innovation is a process of converting from problem
analysis to concept generation. Before problem analysis, customer needs should be characterized and
transformed into technical problems of the product system. Then problem analysis tools are used to
analyze the root causes of those problems. Finally, the conflicts of root causes are solved by employing
problem solving tools.

Customer needs can be divided into technical targets and economic targets. Technical targets
include safety and reliability, functionality, and environmental protection. Economic targets include
costs of purchase and use [30,31]. As initial customer needs are vague and involve perceptual
understanding of target products, they are characterized by low professionalism and strong
subjectivity [32]. Hence, in this paper, customer needs are classified into technical and economic targets
to obtain corresponding new product performance targets. These new targets are compared with
previous ones, and the performance targets that show poor consistency between the new and previous
ones are regarded as the product’s bad parameters.
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Generally, a product’s bad parameters are not independent of each other. A solution to a certain
root cause of a bad parameter may lead to the reconstruction of other root causes. Therefore, there is
not only an inclusion relationship between the elements in the bad parameters layer and the elements
in the root causes layer, but also correlations between bad parameters and root causes.

According to the relationship among customer needs, bad parameters, and root causes,
a hierarchical representation model of the design problem is established, as shown in Figure 1.
In this model, the customer needs are classified and turned into bad parameters. Then the root causes
of the bad parameters are analyzed. Finally, the importance of root causes is analyzed based on the
correlation of the bad parameters layer to determine the core problems.
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The hierarchical representation model of the design problem that includes customer needs,
bad parameters, root causes, and core problems is illuminated as follows:

Customer needs (Cn) layer: An acquisition method is used to obtain various types of customer
needs. Then a set of customer needs will be obtained by standardizing and filtering them.

Cn = {Cn1, Cn2, Cn3, . . . , Cnn} (1)

Bad parameters (Bp) layer: In this layer, the corresponding new product performance targets are
identified and compared with previous ones, then a set of the product’s bad parameters is determined.

Bp =
{
Bp1, Bp2, Bp3, . . . , Bpn

}
(2)

Root causes (Rc) layer: This layer is a set of root causes affecting bad parameters. It includes
indirect and direct causes leading to the bad parameters.

Rc =
{(

Rc1
1, Rc1

2, . . . , Rc1
k

)
, . . . ,

(
Rc j

1, . . . , Rc j
l

)
, . . . ,

(
Rcn

1 , Rcn
m

)}
, (3)

where Rc j
i is the ith root cause of the jth bad parameter.

Then, the relationship between the root causes layer and the bad parameters layer can be
expressed as
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Rc =



Rc1
1
. . .
Rc1

k

→ Bp1

. . . . . .

Rc j
1
. . .

Rc j
l

→ Bp j

. . . . . .
Rcn

1
. . .

Rcn
m

→ Bpn



= Bp. (4)

Core problems (Cp): The core problems in the root causes are the main cause of bad parameters,
and their solution may affect the solution to other root causes.

Cp j ∈
(
Rc j

1, Rc j
2, . . . , Rc j

l

)
, (5)

where Cp j is the core problem that causes the jth bad parameter.

3. Method to Determine Core Problems Based on Analytic Network Process

In order to assist designers with obtaining the importance order of core problems from a large
number of problems that affect the product system performance, a determination method of core
problems based on ANP is proposed in this paper.

3.1. Construction of Network Layer and Control Layer for Design Problem

In the hierarchical representation model of the design problem, there is not only an inclusion
relationship between the elements in the bad parameters layer and the elements in the root causes layer,
but also correlations between bad parameters and root causes. These correlations are characterized by
vertical clustering and horizontal correlation. In this paper, a network structure of cluster elements [33]
is adopted to construct the network layer of bad parameters. In order to analyze the correlations among
the clusters of different design problems and obtain the core problems that affect the bad parameters,
a control layer, including technical feasibility and cost, is constructed to constrain and evaluate the
prospect of solving different design problems.

Analytic network process (ANP) is a multicriteria theoretical measuring method. It obtains the
relative priority of an indicator by comparing the relative influence of two elements on a third element
under a certain potential criterion [33]. On the one hand, ANP method can be used to consider the
correlation of same-level elements with their network structure. On the other hand, it also can be
used to constrain and evaluate the ranking of the importance by adopting the control criteria [34,35].
According to the characteristics of ANP method and considering network layer and control layer,
the ANP method is adopted in this paper to determine the importance order of root causes.

In this paper, every bad parameter (Bpi) in the bad parameters layer is called a cluster, and the
root cause (Rci

j) is regarded as an element in the bad parameter cluster (Bpi). If an element in a cluster
affects or is affected by at least one element in another cluster, it is called an externally dependent
correlation between two clusters. If an element in a cluster affects or is affected by at least one element
in the same cluster, it is called an internally dependent correlation. On this basis, a product hierarchy
model is built, as shown in Figure 2.
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3.2. Calculation of Importance of Root Causes and Determination of Core Problems

The steps to calculate the importance of root causes and determine the core problems with ANP
method are as follows:

Step 1: Construct the judgment matrix (A
i j
m) and calculate the weight vector (w

(i j)
m ). If an element

(i j) in a cluster (i) has an external dependency on an element in another cluster (m), or has an internal
dependency on an element inside its cluster, this element (i j) is taken as a subcriterion. The influence
degree of the elements in another cluster (m) to this element (i j) is compared in pairs. In this

way, the judgment matrix (A
i j
m) is constructed to calculate the corresponding weight vector (w

i j
m).

When comparing elements in pairs, an industry expert must determine which element has the greater
influence on the third party element (i j) and by how much. The comparison value E of the two elements
is assigned on a scale of 0–9, and the ratio scale as shown in Table 1. The constructed judgment matrix

(A
i j
m) is a positive reciprocal matrix. Taking the above demonstration as an example, the judgment

matrix (A
i j
m) and weight vector (w

(i j)
m =

[
w
(i j)
m1

, w
(i j)
m2

, . . . , w
(i j)
mn

]T
) are obtained by pairwise comparison,

as shown in Table 2.

Table 1. The ratio scale [32].

Ratio Scale Meaning (If: Element 1 Is A; Element 2 Is B;
The Third Party Element Is C)

1 A and B have the same effect on C
3 The effect of A on C is slightly larger than the effect of B on C
5 The effect of A on C is medially larger than the effect of B on C
7 The effect of A on C is highly larger than the effect of B on C
9 The effect of A on C is extremely larger than the effect of B on C

2,4,6,8 Median value of the above adjacent scale

Reciprocal of the above scale
The ratio of the effect of A on C to the effect of B on C is EC

AB;
The ratio of the effect of B on C to the effect of A on C is 1/EC

AB
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Table 2. Judgment matrix (A
i j
m) of elements in cluster (m) based on element (i j ).

ij m1 m2 . . . mn Weight Vector w
(ij)
m

m1 e11 e12 . . . e1n w
(i j)
m1

m2 e21 e22 . . . e2n w
(i j)
m2

...
...

...
. . .

...
...

mn en1 en2 . . . enn w
(i j)
mn

Step 2: Construct supermatrix (Wp). The obtained weight vector (w
i j
m) in Step 1 is sequentially

written into every column of the matrix in Equation (6). In this way, the submatrix (Wim) of the
supermatrix is constructed. As shown in Equation (7), all clusters are arranged in numerical order.
Then the elements in every cluster are placed vertically and horizontally on the left and top of the
supermatrix, respectively. Finally, the submatrix (Wim) calculated by Equation (6) is filled into the
corresponding position of the supermatrix (Wp). (Wp) is constructed with p as a control criterion.

Wim =



w(i1)
m1

w(i2)
m1

. . . w
(i j)
m1

w(i1)
m2

w(i2)
m2

. . . w
(i j)
m2

...
...

. . .
...

w(i1)
mn w(i2)

mn . . . w
(i j)
mn


(6)

Wp =

Bp1 Bp2 . . . BpN

Rc1
1 . . .Rc1

n1
Rc2

1 . . .Rc2
n2

. . . RcN
1 . . .RcN

nN

Bp1

Rc1
1
. . .

Rc1
n1

Bp2

Rc2
1
. . .

Rc2
n2

...
...

BpN

RcN
1
. . .

RcN
nN



W11 W12 . . . W1N

W21 W22 . . . W2N

WN1 WN2 . . . WNN



(7)

Step 3: Construct a weighted supermatrix and limit weighted supermatrix. A certain cluster
is taken as a subcriterion; the relative importance of the two clusters connected with it is compared
to obtain the judgment matrix and weight vector. For example, with cluster (Bp1) as a subcriterion,
the judgment matrix is obtained by comparing the connected clusters in pairs, as shown in Table 3.

Table 3. Judgment matrix between other clusters based on cluster (Bp1).

Bp1 Bp1 Bp2 . . . BpN Weight Vector

Bp1 e11 e12 . . . e1n a11
Bp2 e21 e22 . . . e2n a12

...
...

...
. . .

...
...

BpN en1 en2 . . . enn a1N
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The obtained weight vectors are sequentially written into the respective columns of the matrix in
Equation (8) to obtain the weighted matrix A:

A =


a11 a21 . . . aN1

a12 a22 . . . aN2
...

...
. . .

...
a1N a2N . . . aNN

. (8)

Every element (Wim) of the weighted supermatrix (Wp) is equal to the corresponding weight
(aim) in the weighted matrix A multiplied by the submatrix (Wim) in the supermatrix, as shown in
Equation (9). Thus, the weighted supermatrix (Wp) is obtained:

Wim = aim ×Wim (9)

Wp =


a11W11 a21W21 . . . aN1WN1

a12W12 a22W22 . . . aN2WN2
...

...
. . .

...
a1NW1N a2NW2N . . . aNNWNN

. (10)

In order to make the weighted supermatrix (Wp) accurate, it is necessary to perform a stability
treatment on (Wp) by calculating its nth power, and letting n tend to infinity. As shown in Equation (11),
the limit weighted supermatrix (W∞) is obtained when the value of the columns of the weighted
supermatrix (Wp) does not change. The value of each row of the limit weighted supermatrix (W∞) is
the importance (wp) of the corresponding element:

W∞ = lim
n→∞

Wp
n. (11)

Step 4: Calculate the importance of root causes. Technical feasibility (CT) and cost (CC) are taken
as control criteria. So importance (wT) and (wC) are obtained by calculating the corresponding limit
weighted supermatrix according to Steps 1–4. In order to improve the product system performance,
two control criteria, technical feasibility (CT) and cost (CC), are weighted to obtain the corresponding
weights (wCT ) and (wCC). These weights of the control criteria are weighted for importance (wT) and
(wC), respectively, as shown in Equation (12), so as to obtain the importance (W) of root causes:

W = wCT ×wT + wCC ×wC. (12)

Step 5: Determine the solving order of root causes and core problems based on the importance.
(1) The solution of root causes is carried out in the importance order (W). In other words, the higher
the importance, the higher the priority of the root causes processing. (2) According to the importance
order (W), the first root cause (Rc j

i ) is determined as the core problem (Cp j) of the bad parameter (Bp j).
Based on above contents, the quality and effectiveness of design can be effectively guaranteed.

On the one hand, product design activities based on the importance order of core problems will
improve the direction of the product system and determine the quality of the design. On the other hand,
the solution to the core problem that ranks ahead will be beneficial to solve the non-core problems.
This will improve the efficiency of the whole design process.

4. Product Design Process Based on Solving the Core Problem

In order to assist designers to determine design core problems and to provide the right design
direction for designers to improve design quality and efficiency, this paper establishes a product design
process based on solving the core problem, as shown in Figure 3. The specific steps are as follows:
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Step 1: Acquire customer needs, then analyze and standardize them. The sorted customer needs
are classified by performance under technical and economic targets to obtain corresponding new
product performance targets.

Step 2: Compare new product performance targets with previous ones. Performance targets with
poor consistency between the new and previous ones are regarded as the product’s bad parameters.

Step 3: Employ current reality trees (CRTs) to analyze and determine the root causes of the
bad parameters.

Step 4: Use the ANP method to calculate the importance of the root causes and determine the
core problems.

Step 5: Identify conflicts of the core problems and employ the TRIZ method to solve the core
problems. In addition, design for root cause with lower importance should be based on the design
solution for root cause with higher importance.

Step 6: Evaluate the solution to get the best conceptual design scheme.
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5. Case Studies

The coolant flow distribution device in the lower chamber is applied in the third-generation
pressurized water reactor, and its main functions include: (1) to mix the coolant in the lower chamber
and suppress the generated vortex; and (2) to evenly distribute the coolant from the lower chamber
into the core to ensure complete cooling of the core fuel assembly [36]. In addition, the coolant flow
distribution device also plays an auxiliary support role in the core, so it has a certain buffering effect
on the falling of the core. The following is an incremental design for the coolant flow distribution
device. It uses the method proposed in this paper to determine the core design problems and offer
solving strategies.

5.1. Importance Analysis of Root Causes of the Coolant Flow Distribution Device

According to the investigation of reactor customers, customer needs for the current coolant flow
distribution device [37] include good flow distribution effect (Cn1), good vortex suppression effect
(Cn2), simple structure (Cn3), prevention for core falling (Cn4), sufficient strength (Cn5), and small
vibration (Cn6). Customer needs are classified by performance under technical and economic targets
to achieve corresponding new performance targets of the coolant flow distribution device.

By comparing new performance targets with previous ones, the bad parameters of the coolant
flow distribution device are determined as follows: the uniformity for flow distribution is poor (Bp1),
and there are complex structures (Bp2), and lots of vortices (Bp3).

According to the bad parameters of the coolant flow distribution device, current reality trees are
established to determine the root causes, as shown in Figure 4. Figure 4a–c shows CRT diagrams of the
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bad parameters: the uniformity for flow distribution is poor (Bp1), and there are complex structures
(Bp2) and lots of vortices (Bp3).
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According to the correlation between bad parameters and internal root causes, the hierarchical
structure model of the coolant flow distribution device is set up as shown in Figure 5. The importance
of root causes is calculated by using the ANP method.
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The judgment matrix is constructed according to the influence relationship among root causes.
Then the weight vector is calculated. For example, the technical feasibility (CT) and root cause
(Rc1

2) are taken as the control criterion and subcriterion, respectively. The judgment matrix (A12
3 )

and weight vector (w(12)
3 ) are obtained by comparing the influence degree between the root causes{

Rc3
1, Rc3

2, Rc3
3, Rc3

4

}
of the bad parameter (Bp3) cluster, as shown in Table 4.
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Table 4. Judgment matrix (A12
3 ) of elements in cluster (Bp3) based on element (12).

12. Rc3
1 Rc3

2 Rc3
3 Rc3

4 Weight Vector w(12)
3

Rc3
1 1 6 3 1/2 0.33393

Rc3
2 1/6 1 1/2 1/6 0.06607

Rc3
3 1/3 2 1 1/3 0.13214

Rc3
4 2 6 3 1 0.46786

Similarly, the judgment matrices (A
i j
m) among root causes are constructed, and the weight vectors

(w
(i j)
m ) are achieved. The weight vectors are sequentially written into the subcolumn corresponding to

the supermatrix (WT). Then the unweighted supermatrix of the coolant flow distribution device is
obtained as shown in Table 5.

Table 5. Unweighted supermatrix (WT) of coolant flow distribution device.

CT Rc1
1 Rc1

2 Rc2
1 Rc2

2 Rc2
3 Rc3

1 Rc3
2 Rc3

3 Rc3
4

Rc1
1 0.25000 0.33333 0.16667 0.14286 0.12500 0.12500 0.50000 0.16667 0.14286

Rc1
2 0.75000 0.66667 0.83333 0.85714 0.87500 0.87500 0.50000 0.83333 0.85714

Rc2
1 1.00000 0.54545 0.59489 0.28571 0.63275 0.30915 1.00000 1.00000 0.28571

Rc2
2 0.00000 0.27273 0.27661 0.57143 0.19240 0.58126 0.00000 0.00000 0.57143

Rc2
3 0.00000 0.18182 0.12850 0.14286 0.17485 0.10959 0.00000 0.00000 0.14286

Rc3
1 0.00000 0.33393 0.33333 0.83333 0.33333 0.15385 0.12500 0.33333 0.54545

Rc3
2 0.00000 0.06607 0.00000 0.00000 0.00000 0.07692 0.25000 0.33333 0.18182

Rc3
3 0.00000 0.13214 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

Rc3
4 1.00000 0.46786 0.66667 0.16667 0.66667 0.76923 0.62500 0.33333 0.27273

According to the mutual influence among the clusters, the relative importance of the two clusters
connected with a certain cluster is compared under the subcriterion. Then the judgment matrix and
weight vectors are obtained. The weight vectors are sequentially written into the columns of the matrix
in Table 6, thereby the weighted matrix (A) of the clusters is obtained.

Table 6. Weighted matrix (A) of each cluster of coolant flow distribution device.

CT Bp1 Bp2 Bp3

Bp1 0.40000 0.26429 0.30915
Bp2 0.40000 0.64556 0.58126
Bp3 0.20000 0.09015 0.10959

The corresponding weight (aim) in the weighted matrix A is multiplied by the submatrix (Wim) in
the supermatrix to obtain the weighted supermatrix (WT), as shown in Table 7.

Table 7. Weighted supermatrix (WT) of coolant flow distribution device.

CT Rc1
1 Rc1

1 Rc2
1 Rc2

2 Rc2
3 Rc3

1 Rc3
2 Rc3

3 Rc3
4

Rc1
1 0.10000 0.13333 0.04405 0.03776 0.03304 0.03864 0.15458 0.05153 0.04416

Rc1
2 0.30000 0.26667 0.22024 0.22653 0.23125 0.27051 0.15458 0.25763 0.26499

Rc2
1 0.40000 0.21818 0.38404 0.18445 0.40848 0.17970 0.58126 0.58126 0.16608

Rc2
2 0.00000 0.10909 0.17857 0.36889 0.12420 0.33787 0.00000 0.00000 0.33215

Rc2
3 0.00000 0.07273 0.08296 0.09222 0.11288 0.06370 0.00000 0.00000 0.08304

Rc3
1 0.00000 0.06679 0.03005 0.07513 0.03005 0.01686 0.01370 0.03653 0.05977

Rc3
2 0.00000 0.01321 0.00000 0.00000 0.00000 0.00843 0.02740 0.03653 0.01992

Rc3
3 0.00000 0.02643 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

Rc3
4 0.20000 0.09357 0.06010 0.01503 0.06010 0.08430 0.06849 0.03653 0.02989
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The limit weighted supermatrix (W∞) with technical feasibility (CT) as the control criterion is
obtained by calculating the limit (W∞ = lim

n→∞
WT

n), as shown in Table 8.

Table 8. Limit weighted supermatrix (W∞) of coolant flow distribution device.

CT Rc1
1 Rc1

2 Rc2
1 Rc2

2 Rc2
3 Rc3

1 Rc3
2 Rc3

3 Rc3
4

Rc1
1 0.06797 0.06797 0.06797 0.06797 0.06797 0.06797 0.06797 0.06797 0.06797

Rc1
2 0.24441 0.24441 0.24441 0.24441 0.24441 0.24441 0.24441 0.24441 0.24441

Rc2
1 0.28464 0.28464 0.28464 0.28464 0.28464 0.28464 0.28464 0.28464 0.28464

Rc2
2 0.19897 0.19897 0.19897 0.19897 0.19897 0.19897 0.19897 0.19897 0.19897

Rc2
3 0.07708 0.07708 0.07708 0.07708 0.07708 0.07708 0.07708 0.07708 0.07708

Rc3
1 0.04730 0.04730 0.04730 0.04730 0.04730 0.04730 0.04730 0.04730 0.04730

Rc3
2 0.00536 0.00536 0.00536 0.00536 0.00536 0.00536 0.00536 0.00536 0.00536

Rc3
3 0.00646 0.00646 0.00646 0.00646 0.00646 0.00646 0.00646 0.00646 0.00646

Rc3
4 0.06781 0.06781 0.06781 0.06781 0.06781 0.06781 0.06781 0.06781 0.06781

When technical feasibility (CT) is taken as a control criterion, the importance of root causes can be
seen (Table 7):

wT = [0.06797, 0.24441, 0.28464, 0.19897, 0.07708, 0.04730, 0.00536, 0.00646, 0.06781]T.

In the same way, the importance of root causes can be obtained when cost (CC) is taken as
a control criterion:

wC = [0.07361, 0.22145, 0.21058, 0.11387, 0.06148, 0.12448, 0.08122, 0.00250, 0.11082]T.

The weights of control layer elements given by experience are wCT = 0.5 and wCC = 0.5. According
to Equation (12), the importance of every root cause can be obtained as follows:

W = [0.07079, 0.23293, 0.24761, 0.15642, 0.06828, 0.08589, 0.04329, 0.00448, 0.08931]T.

The order of importance of every root cause is Rc2
1, Rc1

2, Rc2
2, Rc3

4, Rc3
1, Rc1

1, Rc2
3, Rc3

2, Rc3
3. Therefore,

core problems Cp1, Cp2, Cp3 can be determined by the order, which is Rc1
2, Rc2

1, Rc3
4.

5.2. Solving the Root Causes Sequentially Based on Importance

According to the CRD diagram of core problem Cp2 (a lot of detachable connectors) shown in
Figure 6, a conflict between the number of fixed connectors and the number of components exists
in the lower chamber. If the number of components is reduced, the number of fixed connectors will
increase. The engineering parameters for improvement and deterioration can be defined by TRIZ
as energy consumption of stationary objects and productivity, respectively. The vortex suppression
plate is designed as a cylindrical shape according to the principle of versatility (No. 6), as shown in
the flow distribution cylinder in Figure 7. The cylinder can not only suppress the vortex, but also
distribute the flow and effectively support the upper flow equalizing plate. In this way, the number
of detachable connectors is reduced. The cylinder has a supporting function. It indirectly reduces
the number of supporting columns in the lower chamber and the amount of coolant blocked by the
components at a certain extent. Therefore, the solution to root cause (Rc2

1) also solves root cause (Rc2
2)

(a lot of supporting columns) and root cause (Rc3
1) (components hinder coolant).
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Figure 7. Conceptual design scheme of coolant flow distribution device: (1) core support plate;
(2) radial support key; (3) flow equalizing plate; (4) flow distribution cylinder; (5) supporting
column; (6) energy-absorbing device; (7) pressure vessel bottom head; (I) inverted cone structure;
(II) cap structure.

If the root cause (Rc2
2) is solved first, the number of supporting columns will be reduced by the

trimming method according to TRIZ. However, this solution cannot solve the core problem (Cp2).
The CRD diagram of core problem Cp1 (the coolant flow in the middle of the lower chamber is

greater than that in the periphery) is set up, as shown in Figure 8. It can be seen that the reduction in
the dimension of the active plates requires the setting of special holes in the active plates in the lower
chamber. The engineering parameters for improvement and deterioration can be defined by TRIZ as the
loss of substance and the quantity of substance or things, respectively. The flow equalizing plate with
a cap structure is designed based on the principle of pre-action (No. 10) and the characteristics of flow
equalizing plate. It can distribute the intermediate coolant at a certain proportion to the surrounding
areas in advance. The design solution of the core problem Cp2 is flow distribution cylinder. If the cap
structure is set on the flow equalizing plate that is installed on the flow distribution cylinder, the cap
structure will hinder the flow distribution function of the cylinder. According to above definition:
design for root cause with lower importance should be based on the design solution for root cause with
higher importance, and in order to eliminate the adverse effect on flow distribution function, the cap
structure should be set at the bottom of the flow distribution cylinder, as shown in Figure 7. There is
a certain inclination angle on the surface of the cap structure, and its holes are set perpendicular to the
surface. When the intermediate fluid passes through the cap structure, the cap structure can distribute
the intermediate coolant to the surroundings according to its surface and the holes.
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Figure 8. CRD diagram of core problem Cp1.

If the solution order of the core problem Cp1 and Cp2 is exchanged, the flow equalizing plate
with a cap structure is designed first, then the flow distribution cylinder is designed. According to
above definition, the flow equalizing plate with a cap structure is installed on the cylinder. In this
way, the coolant passes through the cylinder and then passes through the cap structure. However,
the cylinder has already distributed the coolant. When the coolant passes through the flow equalizing
plate, the cap structure will distribute the coolant again. It will cause a negative effect and is not good
for the prediction of coolant movement.

The CRD diagram of core problem Cp3 (motion direction of coolant changes dramatically) is
established, as shown in Figure 9. Whether the structure of the flow channel should be changed or
not is a physical conflict in the lower chamber. The principle of spatial dimension change (No. 17) in
spatial separation is selected to design a stepped flow channel inside the pressure vessel bottom head.
In this way, the variation degree of flow direction of coolant is effectively reduced. The structures
inside the pressure vessel bottom head is changed by the stepped flow channel. Thereby, it also solves
the root cause (Rc3

2) (curved channel structure of pressure vessel bottom head).
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Figure 9. CRD diagram of the core problem Cp3.

The CRD diagram of the root cause (Rc1
1) (core support plate has no function of equalizing flow) is

established as shown in Figure 10. A pair of physical conflicts can be seen over the unequal or equal
dimension of the hole on the core support plate. In the light of the principle of local mass (No. 3) in
spatial separation and the continuity equation of hydrodynamics, the cross section of every inlet hole
of the core support plate enlarges gradually from the middle to the periphery, and every outlet hole
has the same cross section, as shown in the inverted cone structure in Figure 7.

The root causes Rc2
3 (energy-absorbing device) and Rc2

3 (the pressure at the inlet is too high)
are less important and not the core problems. Moreover, the energy-absorbing device is a measure
for preventing the core from falling. The pressure at the inlet is an unchangeable parameter set by
the nuclear reactor. Therefore, it is verified that the importance of root causes and core problems
determined in this paper is in line with the actual design requirements.
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Figure 10. CRD diagram of the root cause Rc1
1.

5.3. Conceptual Design Scheme Generation

Through the optimization of the scheme, the conceptual design scheme of the coolant flow
distribution device was finally obtained, as shown in Figure 7. The hole of the core support plate
retains the previous upper straight hole, and the taper hole is set on its bottom. The taper gradually
decreases from the middle to the periphery at a certain proportion, and the axial length ratio of the two
types of holes and the taper ratio of the taper hole can be adjusted according to the actual requirements.
There is not only the function of vortex suppression, but also the function of flow distribution on the
flow distribution cylinder. It can effectively support the upper flow equalizing plate, and the bottom
of the cylinder is also provided with a cap structure. The surface of the cap structure has a certain
inclination angle and is also provided with holes perpendicular to the surface.

5.4. Simulation Analysis

Computational Fluid Dynamics (CFD) software has been widely used in engineering fields [38,39].
Therefore, in order to verify the effectiveness of conceptual design scheme, CFD software is used to
analyze the coolant flow characteristics of design scheme. Firstly, a three-dimensional model of the
design scheme was built by Solidworks (Dassault Systemes: Massachusetts, MA, USA); secondly,
the fluid field was divided into meshes by Meshing (Ansys: Canonsburg, PA, USA); and finally, the flow
field was calculated by Fluent (Ansys: Canonsburg, PA, USA) software. The boundary conditions
were set as follows:

(1) Turbulent model: K-epsilon (2 eqn)-standard
(2) Fluid material: water (liquid)
(3) Wall: no slip
(4) Inlet (velocity inlet): velocity magnitude: 5.084 m/s; turbulent intensity: 1.755%; hydraulic

diameter: 1200 mm
(5) Outlet (pressure outlet): gauge pressure: 0 pa
(6) Convergence absolute criterion: 10−3

(7) Number of meshes: 5.37 million

After calculation, the flow field of the design scheme of the lower chamber is obtained, as shown
in Figure 11.
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Figure 11. Velocity vectors of cross section of lower chamber. The velocity of the coolant around the
upper surface of the core support plate is slightly greater than that in the middle. Although the velocity
is not exactly the same on the upper surface, the velocity of the coolant in the middle is basically the
same. What is more, the change of velocity consistency from the middle to the periphery is very small.
This proves the effectiveness of the flow distribution effect of the design scheme. The direction of
coolant flow in the lower chamber is stable, the variation degree of the flow direction is slow, and there
is only a few of vortices. Structurally, the structure of the lower chamber is simplified by reducing
the number of supporting columns and detachable connectors. Therefore, the design scheme has the
characteristics of good flow distribution effect, a few of vortices, and simple structures.

6. Conclusions

In this paper, according to the characteristics of incremental innovation problems, the design core
problems and the corresponding solving strategy were obtained based on the hierarchical representation
model of the design problem. The main work included the following:

(1) A hierarchical representation model of the design problem was established, including customer
needs, bad parameters, and root causes. It is based on the interaction among them, and can help
designers to determine design core problems.

(2) This paper took into account the network layer and control layer in the hierarchical
representation model of the design problem. Then, a method based on the network analytic hierarchy
process was proposed to rank the importance of the root causes of the design problem and determine
the core problems.

(3) Based on the core problems and the importance of the root causes of the bad parameters in the
product system, an incremental product design process adopting TOC and TRIZ tools is established.

(4) The effectiveness of the proposed method was verified by a specific application in the design for
a coolant flow distribution device in the lower chamber of a third-generation pressurized water reactor.

In order to better apply the proposed method to practical design activities, several aspects still
need to be addressed: (1) improving the reasoning mechanism of design knowledge in the process of
solving design problems and establishing a corresponding design knowledge base; and (2) developing
a corresponding computer-aided design system based on the determination of core problems.
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