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ARTICLE INFO ABSTRACT

Keywords: Traditional manual duct design can result in fan energy waste due to ducts network imbalance and human design
Duct routing error. This paper aims to develop an automated duct routing method, which is able to connect air diffusers across
Automation

space with the consideration of duct pressure balance, construction obstacles, air resistance reduction and
minimising construction costs. Treating air diffusers as nodal connections of a graph, the method uses a rule-
based traversal algorithm (RBTA) and a fast resistance calculation model (FRCM) to generate the duct
network. The methodology is tested on six different building layouts for the automatic design of ducts in a room
and the results meet designer’s requirements. Compared with the traditional manually designed duct network,
the new duct network is more balanced and costs less. The automated approach cuts design time by more than
ten folds and avoid human mistake and error in the traditional design process.
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grid and searched for non-obstacle cells. The cells were labelled with
different weights based on whether they were adjacent to the starting
point; the next element was searched until the target cell was reached.
However, this search method required a large amount of memory. In
1969, Hightower [4] suggested an escape algorithm that was fast and
had a small memory requirement, but could not guarantee a solution.
Beginning with Newell [5], studies on pipe routing generation algo-
rithms have focused on pipelines with branches. To generate branching
pipe routing, Park and Storch [6] considered a branch pipeline as a
composite of two simple forms (end-forked and middle-forked forms),
and presented a cell-generation method. Fan et al. [7] developed a
branch pipe-routing algorithm based on the maze algorithm, splitting
the multi-terminal connection into several two-terminal routings.
Similarly, based on the method proposed by Lee [3], Sui and Niu [8]
improved the genetic algorithm to generate branching pipeline routes in
3-D space.

Asmara and Nienhuis [9] combined particle swarm optimisation
(PSO) (proposed by Kennedy and Eberhart [10]) and Dijkstra’s algo-
rithm (Dijkstra, 1951 [11]) to solve the routing of pipelines with
branches. They used PSO to determine the order of connections, and
then used Dijkstra’s algorithm to sequentially connect the terminals.
Kimura [12] regarded pipe branches as devices and routed the pipeline
by removing them. Min et al. [13] applied an improved jump point
search algorithm that considered the number of elbows and piping rules.
The Steiner minimum tree (SMT) is another significant method that is
well-suited to the branching pipe routing problem, but its solutions are

1. Introduction

Fan energy consumption of central air-conditioning units in public
buildings is considerable. For example, in China, total fan energy use in
public buildings is 270 billion kWh in 2011, which is 3.25 times greater
than the annual power generation of the Three Gorges Hydropower
Plant (the world’s largest hydropower plant) [1,2]. Part of the fan en-
ergy consumption is caused by the poor duct design. Designers are un-
able to explore all duct design options due to time constraints. Engineers
tend to design duct work based on their experience. In China alone, if the
duct resistance loss is reduced by 1%, a total of 27 billion kWh will be
saved and carbon dioxide emissions will be reduced by 26.9 million tons.
Also, HVAC engineers must repeatedly change the duct design in
response to changes in upstream architecture design. Duct drawing
modifications are repetitive, simple, and error prone, and can be fully
automated by the program. Automated duct design reduces the design
workload and ensures optimal duct connections. This paper aims to
provide an algorithm for fully automated duct design to achieve the
optimal air diffusers connection network.

The distribution network in the heating, ventilation, and air-
conditioning (HVAC) is commonly referred to as “duct” in air systems
and “pipe” in water systems. Few studies have been conducted on the
automated design of air systems; most previous studies have focused on
the water system, mainly on algorithms for generating pipe routing. In
1961, Lee [3] proposed a maze algorithm that divided a region into a
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Nomenclature

Abbreviations

AD Air diffuser

DCAD  Air diffusers of two rows connected directly in ADRC
ICAD Air diffusers of two rows connected indirectly in ADRC
ADRC  Air diffuser row connection

FRCM  Fast resistance calculation model

HVAC  Heating, ventilation, and air-conditioning
LVPRC Lower virtual point row connection

MCP Must be connected point

MVPRC Middle virtual point row connection

NCP Non-connectible point

PSO Particle swarm optimization

RBTA Rule-based traversal algorithm

SMT Steiner minimum tree

VP Virtual point

VPRC Virtual point row connection

3-D Three-dimensional

List of symbols

A Cross-sectional area of duct

Adj;~ Left adjacent inlet of i inlet

Adj;*  Right adjacent inlet of i inlet

Bun Balance rate limit between duct branches

c Character in inlet string

C Connected point position indexes set

Ca, v Set containing position indexes of all ADs and partial VPs
cv Set containing all options of free VP connections;
D Duct hydraulic diameter [m]

Dis Set containing all possible AD assignments
Dinstall Minimum installation distance [mm]

F All-feasible inlet connections set

I Inlet position index set

k Number of free VPs

1 Length of duct cross-section [mm]

Lnin Length of smallest duct cross-sectional edge [mm]
L Duct air flow rate [m3/s]

L Left-side inlets of i™ inlet

m Number of inlets

M MCP position index set

n Number of ADs in AD row;

N AD number of ICAD segment

N NCP position index set

NV Set containing all free VPs in ICAD segment

(0] Full set of position indexes

o Full set of position indexes for ICAD segment;

p Potential connected point position index set

P, Perimeter of duct cross-section [mm]

PV; Set containing possible connections for i free VP
Ry, Right-side inlets of i inlet

s Partial string of inlet string

S Inlet string

s Partial inlet string for ICAD segment

S; i" character value of inlet string

Sp Set containing partial strings of inlet string

U Set containing specific connection for all free VPs
Vset Design air flow velocity of duct [m/s]

w Width of duct cross-section [mm]

w Set containing one connection approach for it free VP
x Power of a, integer

X Connected point position index set

Y; Set containing ADs distributed to i inlet

Z Set containing all AD allocation combinations

APy Friction resistance of duct [Pa]

AP, Local resistance of duct [Pa]

a Length-to-width ratio of duct

n Variance rate limit between two schemes
13 Local resistance coefficient

NP-hard and discrete problems. Many researchers have improved the
optimisation algorithm to solve NP-hard and discrete problems. Hu
et al. [14] and Luyet et al. [15] used the ant colony optimisation
approach to obtain results for rectilinear SMT and SMT in graphs,
respectively. Liu and Wang [16,17] used PSO to find the SMT of recti-
linear and multi-terminal branch pipe routing. Currently, only Medj-
doub and Bi [18] are concerned with the duct routing of air systems.
They used a “branch and bound” [19] algorithm for the duct routing for
ceiling-mounted fan coil systems in buildings. However, they have only
implemented a semi-automated design that relies on user experience to
select a partial connection solution.

Although ducts are connected similarly to pipes, the algorithms
appropriate for pipes can produce unreasonable connections for duct
routing. First, the nodes in pipe routing algorithms are terminal points,
whereas most of the nodes in ducts are air outlets. These duct nodes are
open nodes and imply a dimension in the vertical direction. As shown in
Fig. 1, the same joint connection represents different components in the
two systems, indicating an elbow and a 3-D tee in the pipe and duct,
respectively. However, a 3-D tee does not exist in an actual duct system.
Second, owing to the different characteristics of air and water, four-way
connections are often used in ducts, but not in pipes, as they tend to
cause hydraulic imbalances. Third, the main optimisation targets of
previous pipe algorithms are minimum pipe length and number of
bends, without considering hydraulic stability and pipe size. However,
pressure balance is very important to duct design. An unbalanced design
will concentrate airflow mainly on one duct, resulting in an oversized
duct, which is not conducive to construction. At the same time,

Pipe connection

v
—

Duct connection

Fig. 1. Difference between pipe and duct with the same connection.

imbalance can lead to high or low air velocity at the air outlet, resulting
in a blowing sensation or insufficient fresh air, which affects the user
experience. The pressure characteristics between two points vary with
the connection of all points, and cannot be calculated by existing pipe
algorithms.

Traditional duct design (air outlet placement, duct routing and
sizing, and pressure balance) is commonly produced manually,
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according to the ASHRAE instructions from look-up tables. HVAC en-
gineers also need to consider low construction costs and not overlap
with building structures (obstacle avoidance) when designing ducts.
Duct design needs to be automated, but there are no algorithms suitable
for air diffusers connection. Therefore, this paper aims to generate a duct
routing connecting air diffusers across space with the objectives of
pressure balance, obstacle avoidance, resistance reduction and low
construction costs. This study proposes a new method to address com-
plex and combinatorial problems (NP-hard problems) in HVAC distri-
bution system design to achieve more precise duct design through
automated calculation of feasible solutions. The methodology proposed
in this study is divided into two main parts: (a) achieving feasible duct
routing based on practical connection rules by representing an air
diffuser and a virtual node with binary characters ‘1’ and ‘0’, respec-
tively; (b) fast resistance calculation of multiple connection results to
obtain the best routing solution.

Compared to previous research, the innovations of this study are:

(1) Rule-based traversal algorithm (RBTA) and fast resistance
calculation model (FRCM) are established, enabling fully automatic duct
design for the first time.

(2) A duct routing algorithm is proposed that is suitable for different
numbers of air outlets and virtual nodes to satisfy construction
requirements.

(3) Resistance calculations are incorporated into the optimisation
process; the optimisation objectives consider pressure balance, pipeline
cost, and operational resistance.

(4) This approach has been tested for different optimisation objec-
tives and different numbers and arrangements of air outlets.

The remainder of this paper is organized as follows. Section 2 pre-
sents the duct routing mathematical model and the knowledge base of
traversal rules. The process of establishing RBTA and FRCM is described
in Sections 3 and 4, respectively. Section 5 presents the running results
of the duct-routing generation approach. A conclusion is presented in
Section 6.

2. Knowledge model
The knowledge model in this study introduces the rules of duct
connection, and the created principles and definitions for the routing

algorithms. Fig. 2a shows the CAD design drawing of the duct connec-
tions for an all-air system in a large space. The rules that must be

r \‘//l=.
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followed during duct routing generation can be summarised from the
duct layout. Based on these rules, an algorithm can be proposed to tra-
verse and find all matching options. Some principles are added to the
traversal process to remove solutions that are unfit for the optimisation
target. Screening options accelerates the searching process, and reduces
the computational effort of the FRCM.

2.1. Problem transformation

As shown in Fig. 2a, duct connections share the following common
features:

a. The main ducts (mostly in the corridor) into the room are on the
same side of all air diffusers nodes (top, bottom, left, right), and can
be converted to enter the room on the bottom side of all air diffusers
by transforming the relative coordinates. Starting from the joints of
the main ducts, the air diffusers are connected upward, row by row.

b. For convenience in construction and installation, ducts are aligned
horizontally or vertically in the plane relative to the main duct (or
corridor). Thus, the distribution of the potential connected points is
fixed and uniform around the air diffuser.

Based on these characteristics, the duct routing problem can be
described as finding the best solution from a set of points (Fig. 2b),
where the air diffusers must be connected and other virtual points are
indeterminate. Thus, spatial connectivity is transformed into a two-
dimensional topology-generation problem. To find the optimal routing
layout, the connection weights between points should be specified,
which is not possible because the resistance characteristics must be
calculated when all air diffusers are connected. Thus, all connections
must be determined before resistance calculations are performed.

It is arithmetically intensive and requires a large amount of memory
to directly search for all connection schemes for air diffusers (ADs) and
virtual points (VPs). For a room with n, x n, ADs, the total number of
nodes including VPs is (2n, + 1)(2ny + 1), and the number of possible
connected edges is 8nyny + 2n, + 2ny, as shown in Fig. 3. Each edge can
be connected or not, resulting in a total of 28% 2%+ 2mgolutions. Thus,
directly traversing through all nodes is not reasonable, as the compu-
tational cost increases exponentially as the number of air diffusers in-
creases; many solutions violating the AD connection rules are stored,
which requires cumbersome filtering rules and involves numerous
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Fig. 2. Possible connection points.
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Fig. 3. Possible connections for n rows and n columns of ADs.

unnecessary calculations and memory use. To address this issue, prin-
ciples are established in the traversal process to remove schemes that are
not suitable for actual connection, reducing the computational effort.

2.2. Rules of traversal

To discard node topologies according to the actual duct layout, and
ones that are apparently non-optimal in terms of pressure balance, duct
consumables, and operational resistance, some general rules are pro-
posed for selecting duct connection solutions to establish traversal al-
gorithms. These rules can be divided into two categories: duct
connection rules that must be obeyed according to the needs of the
actual project, and defined filtering rules that remove clearly not
optimal results.

2.2.1. Duct connection rules

a) Each node has only one entry point, but multiple exits are allowed.

b) All branch terminal points in the connection topology can only be
ADs, and not VPs.

¢) To avoid a 3-D tee (Fig. 1), ADs cannot be connected with an elbow
(Fig. 4).

2.2.2. Defined filtering rules

By transformation, the main duct is always at the bottom of the ADs;
thus, an algorithm was proposed to search connections from the bottom
to the top, row by row. The setpoints in Fig. 2b indicate two types of
rows: AD rows contain both ADs and VPs, and VP rows contain only VPs.
Based on the type of row, AD connections can be classified as AD row
connections (ADRC) or VP row connections (VPRC). In ADRC, ADs are
connected by the VP of the AD row or two ADs are connected directly
(Fig. 5a). In VPRC, ADs of the same row are not connected to each other,
and some ADs are connected by the VP of the VP row and supplied with
air by one air inlet (Fig. 5b).

As shown in Fig. 6, the combination of ADRC and VPRC (Fig. 6a) has
more imbalance points (points in red) than VPRC (Fig. 6b), greater duct
consumption than ADRC (Fig. 6¢), and can generate many not optimal
connections. Fig. 7 shows all VPRC solutions for two AD rows. Fig. 7a
shows a middle VP row connection (MVPRC), which is obviously the
best layout for double AD rows. Fig. 7b—d show solutions with dual AD
rows connected separately via VPRC of a single AD row; these connec-
tions are pressure imbalance and require more ducts. The green boxes in
Fig. 7 indicate two types of VPRC for a single AD row. The connection in
Fig. 7c is much better because the entry point is on the lower side of the

t +-
b4+

— O o
(a) (b)

Fig. 4. (a) Ways ADs can be connected; (b) ways ADs cannot be connected.
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(a) (b)

Fig. 5. (a) Connection of ADs in ADRC; (b) connection of ADs in VPRC (single/
dual row).

Ty

(a) (b) (©)

Fig. 6. (a) Combination connection; (b) VPRC; (c) ADRC.

% ‘ % o o
(a) (b) (© (d)

Fig. 7. (a) MVPRC of two AD rows; (b—d) single AD row VPRC for two AD rows.

ADs. Based on the analysis, the stipulations were set as follows:

a) Combination connections are discarded during the traversal; all ADs
in the same row must be connected to the same VP row in a two-row
VPRC.

b) Two adjacent rows of ADs cannot be connected by VPRC in isolation,
and only MVPRC is considered.

c) The VPRC of a single AD row only considers the lower VP row
connection (LVPRC).

With the rules of traversal, all VPRCs selected in the algorithm are

o o (b)

(a)

2
™

(c)

Fig. 8. (a) ADRC of single row; (b) LVPRC of single row; (¢) MVPRC of
two rows.
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the LVPRC of a single AD row and the MVPRC of two AD rows (as shown
in Fig. 8b and c), which can be considered as extensions of the ADRC of a
single AD row (Fig. 8). All VPRC can be transformed from the ADRC, so
the traversed set points are simplified from Fig. 2b and C.

3. Duct routing algorithm

Based on the rules proposed in Section 2, the duct routing algorithm
(RBTA) is established to search for all reasonable AD connections; a
flowchart is shown in Fig. 9, consisting of three main modules: (a) pre-
treatment of ADs; (b) calculation of input for AD row; (c) Computation of
AD row connections. The first module generates the string representing
AD rows. The second module calculates the must be connected and non-
connectable nodes in one AD row. The third module computes all
reasonable connection results of an AD row. After computing all feasible
connections in an AD row, the inputs and connections for the next AD
row are calculated based on these results. This operation is repeated row
by row to seek feasible solutions until the final AD row. Non-optimal

AD locations
Obstacle boundaries
Main duct position

:

[
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|
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I
[
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Position conversion of ADs |
|
|
[
i
[
|
|
I

(a)

relative to main duct

;

Generate representation
string of AD rows

'_
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I—

Calculate must be and must not
be connected points of next row

or dual AD rows for next row

|
I
Calculate connections of single |
I
l

Fig. 9. RBTA flowchart.
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solutions are discarded during traversal in part b and c. Part b filters
unreasonable connections between two AD rows and part ¢ removes the
unreasonable connections in a single AD row.

3.1. Pre-treatment of ADs

Pre-treatment of ADs refers to the string conversion of ADs based on
AD locations and main duct position. To achieve row-by-row traversal,
all ADs are divided into rows and columns by relative coordinates using
the main duct direction as the x-axis direction. The characters “1” and
“0” are used for AD and VP, respectively; the AD rows can be represented
by a string (e.g., “01010... 0.010”). Assuming that there are n ADs, the
length of the AD row string is 2n + 1. If an AD is missing, the missing
point is replaced with a VP, and its character changes to “0”. Fig. 10
illustrates the process of adding VPs to a group of ADs and converting
them into multi-row strings.

3.2. Calculation of input for AD row

When filtering non-conforming connections between two AD rows,
the searching process is greatly affected by the previous row connection,
and more specifically by points that must or must not be connected to
the next row. Based on the established rules (Section 2.2.1), the points
must be connected (represented by MCPs) are the VPs acting as the end
points of row connections (Fig. 11) and the user-specified main duct
entry points. The non-connectible points (NCPs) include the horizontally
connected ADs, the VPs not connected to the ADs in the row (Fig. 12),
and the points overlap with obstacles in the room. The MCPs and NCPs
are the input parameters for calculating the connection of next AD row
and are determined by the connections of the previous AD row. MCPs
and NCPs can only be obtained after the previous AD row connection has
been determined. Thus, for the first row, MCPs and NCPs are generally
not present unless the user defines them in advance.

3.3. Calculation of connections for AD row

After the MCPs and NCPs have been determined, the connection
calculation for the next row begins by generating inlet strings that match
the connection rules between two AD rows. The inlet strings show the
number and location of points connected between two rows. The
generated inlet strings may not conform to the single row connection
rules, so the unfit part need to be removed. Within a single row, a
feasible inlet string can generate multiple connection solutions that must
be filtered to find all feasible solutions. Fig. 13 shows the calculation
workflow of the row connections.

3.3.1. Inlet string calculation
To correspond to the AD row string, the AD row inlet is also defined

[ [ @ e O eO @O0
@ [ O e O @O OO
® [ J ® O e@O @O @O0

0101010

01010O0O0

0101010

Fig. 10. Strings representing ADs and VPs.
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h

Fig. 11. Points that must be connected.

1L
A

(a) (b)

Fig. 12. Points that are non-connectible: (a) ADs connected horizontally; (b)
VPs not connected.

—»oém—

. Strin Segment

Inlet string R B
. feasibility connection

calculation :
assessment generation

AD row connections calculation

Fig. 13. Calculation workflow of row connections.

in this study as a string, where “1” and “0” indicate an inlet and no
connection with the previous row, respectively.

Performing the ADRC traversal process for an AD row without a
missing AD, the generation of inlet strings should follow the connection
rules for two AD rows; all characters in the corresponding position in
MCPs must be “1” and those in NCPs must be “0”. To ensure that each AD
has only one entry, the number of inlets cannot exceed the number of
ADs. For an AD row with n ADs, the rules can be expressed as

S,-:{1716C7CEF,i:1,2,...,2ﬂ+1 6

0,else

where S; is the character value of a position in the inlet string. The
connected point position index set C is an element belonging to the all-
feasible inlet connection set F. F can be calculated as

F = {XUM|XCP,|X|< n—|M|} 2
where M is a set that describes the position indexes of the points in the
MCPs. As a subset of P, X is a set that contains the position indexes of the
connected points in potential points. Set P, containing the position in-

dexes of all potential points that are not in MCPs or in NCPs, can be
determined as

P=0\(MUN) ®)

where N is the position index set of the NCPs, and O is the full set of

Automation in Construction 139 (2022) 104264

position indexes.
0={1,2,....2n+1} 4)

To ensure consistency, for AD rows lacking ADs, inlet strings
observing inlet connection rules can be obtained by collapsing, accom-
plished by replacing “00...0” with a single “0”, and performing the
calculations (Egs. 1-4).

For LVPRC and MVPRG, there is only one inlet for an AD row. Thus,
the constraints for reasonable inlet connections change, and set F
becomes

F={XUM|XCP,X|<1—|M|} 5)

An empty set of F indicates that there is no feasible connection
solution.

3.3.2. String feasibility assessment

The inlet strings generated for LVPRC and MVPRC have only one
entry point, and all ADs are connected to the VP row. The connections
represented by these inlet strings satisfy all connection rules, but the
inlet strings generated for ADRC may not. Because the inlet strings for
ADRC may have multiple inlets, and are directly connected to AD rows,
the location of the inlets may cause some unconnected or over-
connected ADs (e.g., AD row string = “01010”, inlet string =
“11,000”). Thus, further assessment is required for single-row
connections.

For ADRG, a lateral connection is not allowed after an AD is directly
connected by the previous row, in which case the inlet can only supply
air to one AD. However, an inlet connected to the VPs in an AD row can
feed multiple ADs at the same time, and may have multiple connection
solutions. Based on these differences, the inlet strings are split into
partial strings of directly connected (DCAD) and indirectly connected
(ICAD) ADs. Indirectly connected partial inlet strings should be
considered further.

The characteristics of an inlet string can be used to ensure that each
segment in an AD row without DCAD complies with the connection
rules; the number of “1” in each indirectly connected partial inlet string
must be greater than one and less than the number of corresponding
ADs. Table 1 presents the algorithms used for the function. When the
result of the algorithm is true, the inlet string meets all ADRC
requirements.

3.3.3. Segment connection generation

Because there is only one inlet for LVPRC, MVPRC, and DCAD, the
distribution of ADs is fixed, and all ADs are connected to the inlet.
However, a reasonable inlet string for an ICAD segment can have several
connections, as shown in Fig. 14. One AD can be assigned to different
inlets and generate multiple solutions. Thus, the distribution of ADs
must be determined according to the position of the inlets during
segment connection generation.

The AD allocation process must also satisfy the established rules;
each AD must be assigned to one adjacent inlet, and cannot be connected
across inlets. In addition, each inlet must be connected to at least one
AD. For an ICAD segment with n' ADs and an inlet string §', the AD
distribution can be mathematically formulated as

Dis = {(Y1,Ya,..., V)|V, Yi = {2,4,...,20}, " ¥, = @,

(6)
Y: € Z,¥y € Y, Adj, <y < Adj,i=1,2, m}

where Dis is a set containing all possible AD assignments, and each of its
elements (Y1, Yo, ..., Yy,) represents a feasible allocation of ADs; m is the
number of inlets; I is a set that contains the position index of all inlets; Y;
is a set that contains ADs distributed to the it inlet I; and belongs to set Z;
Z is a set containing all AD allocation combinations; Adj;_ and Adjj.
denote the left and right adjacent inlets of the i inlet, respectively.

I, m, and Z are calculated as
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Table 1
Algorithm for determining reasonableness of inlet string.
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Input: S, an inlet string

Output: True or False, reasonability of §

1:  S,:= aset that contains partial strings of §

2:  for each character c in S do

3: if ¢ is "1" and its position index is an even number then
4: Sp:= split § at ¢ and remove ¢

S: end if

6: end for

7. for each partial string s in S, do

8: if the number of "1s" in s > (length of s - 1) / 2 then
9: return False

10: end if

11: end for

12: return True

01
ADRS: 0101010 <7190
Inlet String: 0010001 <7
00

0
1

0
1

1 010
= O S
0001
(a)
110 1 0
—> O &
0/0 0 1
(b)

Fig. 14. One inlet string generating multiple connections.

I={x|S =1xe{l,3,...20 +1}} @)
m=|I| (8
Z ={Y|yc{2,4,...,2n} Y # ®} 9)
Adj;_andAdj;, are expressed as
— 1, L[l =0
Adjy, = {max(L,,), else an
. ' +1, R,=®
Adjf = v 11
i {min(R,,), else (11)

where Ljand Ry, are the left-side and right-side inlets of the ith inlet,
calculated as

L, ={xxelx<IL} (12)

R, ={x|xelx>1I} 13)

In addition to the ADs, unconnected VPs (red circles in Fig. 14) also
have multiple connection solutions. However, unlike ADs, these VPs do
not have to be connected. Thus, one free VP normally has three
connection options: unconnected, connected to the left AD, or connected
to the right AD.

The set NV containing all free VPs in the ICAD segment can be
calculated as

NV =0 \Csy 14)

where O’ is the full set of position indexes for an ICAD segment, O’ =
{1,2,...,2n' 4+ 1}; Ca, v is the set containing the position indexes of all

ADs and partial VPs. The VPs are non-free VPs that act as inlets or are
between two connected ADs (the VP indicated by the dashed circle in
Fig. 14a). Ca, v can be obtained as

Cay = UL {x|min(Y; U{L;}) <x < max(Y; U{L;}),x € 0/} (15)

The possible connections for the it" free VP can be formulated as

PV; = {{NV; = 1,NV;},{},{NV;,NV; + 1}} (16)

Based on the connection characteristics, all combinations of free VP
connections can be expressed by Eq. (17).

cv = {U|U = U {W|WCcPV, |W|= 1}, U; = ®,U_ UcO'} A7)
where CV is a set containing all free VP connection options; its element
set U denotes a specific connection for all free VPs; k is the number of
free VPs, k = | NV|; W, like Uj, is a subset of PV; with one element, that is,
one connection approach for the ith free VP; constraint ﬂl‘zl U; = @ limits
each free VP to connect with no more than one AD; constraint Uﬁ‘zl coO
considers that an end-point-free VP has only two connection options.

For LVPRC and MVPRC, free VPs can only be endpoints that are not
the inlet; NV = {x|x € {1,2n’ + 1},x ¢ I}. Other calculations for possible
connections are consistent with those for the ICAD segment.

Route generation is based on the assumption that one row performs
one connection approach (VPRC or ADRC). In an actual project, an AD
row can perform both approaches (Fig. 15). This combination can be
achieved by dividing an AD row into multiple sections, with each section
considered as a row using a single connection method. In this case, the
VPs between the two sections cannot be simultaneously connected to the
ADs for both sections.

After calculations to search for all feasible connections in single or
double AD rows, the inputs and connections for the next AD row are
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(a) (b)

Fig. 15. One AD row with two connection methods: (a) VPRC; (b) ADRC.

calculated based on these results. This operation is repeated row by row
to seek feasible solutions until the final AD row; the results represent
possible routes of all ADs in accordance with the rules.

3.4. Adjustment of some nodes position

The connection of all ADs can be considered as a directed graph with
the main duct joint as the root node. Before calculating the resistance
characteristics of each connection topology, the actual positions of each
node need to be determined. For material saving and obstacle avoidance
in actual projects, it is necessary to adjust some nodes position of the
connection topology calculated by the RBTA.

Firstly, in the generated connection topology, the VP positions are
relative; their exact locations must be determined according to the
actual installation requirements (the VPs between two ADs change
location depending on the connection (Fig. 16)). When a VP is located at
the endpoint of the connected segment in an AD row, its position can be
adjusted to the minimum installation distance Dj;5q from the AD.

Secondly, as obstacles (e.g., columns) may exist in the actual build-
ing rooms, ducts connected between two nodes may collide with them.
The calculated optimal arrangement cannot be constructed in practice,
so the avoidance of obstacles needs to be considered at the design stage.
As shown in Fig. 17, the overlap of obstacles and connection solutions
can be divided into two cases, edge and node overlaps. In order to follow
the rules of duct connection, the nodes in one topology can be divided
into fixed connected nodes and variable connected nodes (Fig. 17.a). A
fixed connected node is a node whose location and connection direction
(horizontal or vertical) are unchangeable, specifically a non-endpoint
AD or a tee or a four-way. A variable connection node is a node whose
position or connection direction can be changed, corresponding to the
actual node being the terminal AD or elbow. The collision of an edge
with an obstacle can be divided into three cases depending on the type of
edge endpoints, and the specific methods of avoidance are shown in
Fig. 17.b. As the AD arrangement will avoid the obstacle, the over-
lapping nodes can only be VPs. VPs in the connection scheme are either
elbows, tees or four-ways. Since an obstacle cannot be circumvented by
moving the four-way nodes, the four-way overlap is considered as an
unreasonable solution, and then discarded. The method of obstacle
avoidance for elbows and tees is shown in Fig. 17.c. The tee’s obstacle
avoidance mainly considers two parallel branches, and is handled in a

. T

Casel

?

Fig. 16. Position of VPs in different connection cases.
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similar way to the collision of edges. Both node and edge offsets follow a
horizontal or vertical offset using the minimum installation distance as
the offset distance.

4. Fast resistance calculation

After generating connections for all ADs, the optimal value must be
determined through the optimisation objective. In actual projects, de-
signers are mainly concerned with the pressure balance, duct material
costs, and the operating expenses of a routing option. These objectives
require resistance calculations for all schemes; engineers traditionally
use look-up tables and interpolation methods to calculate, which is not
reasonable for a large number of computational processes. Based on
existing resistance calculation methods and some reasonable assump-
tions, an FRCM applicable to the automated routing optimisation pro-
cess is established in this study, consisting of two parts: duct sizing and
resistance calculation on a directed graph.

4.1. Duct sizing

To avoid the table look-up process, it is assumed that all duct sizes
meet certain criteria: the length and width of all rectangular sections of
the duct are in powers of a of the smallest edge lni,. From geometric
knowledge, all sectional areas of the duct are also in powers of a of the
smallest area (l,zmn). The formula for solving the cross-sectional area of
the duct is

A= L (18)

Vset

where A is the cross-sectional area of the duct at the design air velocity
(m?); L is the air flow rate of the duct (m3/s); vee is the design air flow
velocity of the duct (m/s).

As the duct size must meet the standard size, A ~ . Solving
yields

19)
Iga

where x is the power of @ and must be an integer; the symbol ‘[]” denotes
the rounding function.

The targets of duct design include achieving minimum distribution
resistance and saving space. For rectangular ducts, a more similar length
and width (squarer) produces less resistance. However, for installation,
a flatter duct section occupies a smaller space. Considering these re-
quirements, the length-to-width ratio of the duct is specified as

l a, x = odd number
wo { o, x = even number (20)
Thus, the perimeter of the duct Pe is:
2lsin (a% + a%), x = odd number

x x_
2Uin (™! + a27'), x = even number

4.2. Resistance calculation on directed graph

After the nodes are located by the actual connection and the topology
is transformed into a directed graph, the depth-first search algorithm
[20] can be used to calculate the characteristics of all nodes and edges in
the graph. The properties of each node and edge are shown in Fig. 18.
With the features of the duct connections, each node can only have one
predecessor and several successors (no more than three). Before calcu-
lation starts, the air flow rate must be assigned to all nodes, which is the
design value for ADs and zero for VPs.

The depth-first search explores edges out of the most recently
discovered node that still has unexplored edges leaving it. Once all the
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c. VPs obstacle avoidance

Fig. 17. Obstacle avoidance in two overlapping situations.

node’s edges have been explored, the search “backtracks” to explore
edges leaving the Fnode. This process continues until all nodes that are
reachable from the original source node are discovered. Before the same
operation is performed on nodes with the same rank, a series of opera-
tions must be performed. Each computation step involves calculation of
the attributes of a node and its Fedge, specified as

J
Fedge.F = Node.F + Z Sedge_i.F;

i=1

FedgeAS = (17 W) :f(FedgeFv lmimv:etva);

Fedge.L = \/(Fnode.X — Node X)* + (Fnode.Y — Node.Y)*;
Fedge SA =2 x (I +w) x Fedge.L;

Fedge.V = %;
Fedge.FR = f(Fedge.F, Fedge.S,Fedge.L);
Sedge.LR = f(Fedge.V, Fedge.S,Sedge.V Sedge.S);
Sedge.R = Sedge.LR + Sedge.FR;

Node.R = max(Sedge_i.R + Snode_i.R),i = 1, ..., j;

. . Node.R — (Sedge_i.R + Snode_i.R)
0,\V/l € [1,]}7 Node.R = Dun

1, else

Node.UB =

Where

Fedge.F Sedge.i.FNode.F = the corresponding air flow rate;
Jj=number of Snodes;

Fedge.S Sedge.S = the duct size,using the formula in Section 4.1 to calculate;
Fnode.X Fnode.YNode.X Node.Y = the 2 — D coordinates of the node;
Fedge.L = the length of the edge;

Fedge.SA = the duct surface area of the corresponding edge;
Fedge.V Sedge.V = the air velocity in the duct;

Fedge.A Sedge.A = the cross — sectional area of the duct;
Fedge.FR Sedge.FR = the friction resistance of the duct;
Fedge.LR = the local resistance of the duct;

Sedge.R = the total resistance of a duct section;
Node.R = the distribution resistance of the latter ducts;
Node.UB = the unbalance rate of the connected duct sections;

step, the frictional resistance of the Fedge and the local resistance of the
Sedge can be calculated, but not the local resistance of the Fedge.

5. Testing and evaluation

After the resistance calculation of the directed graphs, the optimal
connection of the ADs can be selected according to different objectives.
In an actual project, the optimal solution can be the most balanced
pressure (MBP), the least use of duct material (LUM), and the minimum
distribution resistance (MDR). These objectives can be expressed by the
following equations:

MBP = min( 3 Node.UB) (22)
LUM = min( 3 edge.SA) (23)
MDR = min(root Node.R) @4

According to user requirements, these objectives can be ranked in
terms of importance; when the previous objectives of the two schemes
are within the variance rate limit # (considered as equal values), the
optimal solution of the next objective can be found.

This approach to generating the optimal duct route was tested and
evaluated using different numbers and arrangements of ADs. The
building structure and room sizes used in this paper comply with the
building module requirements [22], while the room lengths can be 4.5, 9
or 12 m. The building existing structure, which may collide with the
ducts, are beams or columns. The beams can be circumvented by
adjusting the height of the ducts, and will not affect the connection
scheme. Therefore, this paper only considered the influence of columns
in the room on the ADs connection. The column network is arranged at a
spacing of 9 m. The ADs in the rooms are arranged in an automatic and
uniform way, with one AD in a 4-6 m area [21]. Specifically, we cut the
rectangular room orthogonally with the corridor direction as the x-axis,
and arrange the AD in the midpoint of the small rectangle. The AD rows
are determined in parallel to the corridor, from the close to the distant.

By, = balance rate limit between duct branches (exceeding the value is considered unbalanced)

The resistance calculation consists of the calculation of friction
resistance and local resistance of the duct, which can be quickly calcu-
lated using empirical formulas instead of look-up tables. Table 2 pre-
sents the empirical formulas used in this study. As the local resistance of
each edge is influenced by the attributes of Fedge, in one calculation

Python software was used to implement the algorithm (Sections 3 and
4); the relevant parameter values are presented in Table 3.

The objectives can be divided into stability objectives (MBP) and
economic objectives (LUM, MDR) according to their characteristics.
Ordering them in combination produces four target combinations: PMR
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Duct connection tree

- Air flow rate of ADs

- Unbalance rate of connected duct sections

- Distribution resistance of latter ducts

- Node that feeds it (Fnode) and edge between
them (Fedge)

- Nodes that it feeds (Snodes) and edges
between them (Sedges)

Fnode
\-}‘:; eee
Node
Y| %
%cb*‘-?/ oz"g/'
Snode_1 ee e Snode j
o0 0 LN )
Node Edge
Attributes Attributes
- Coordinates of the node - Start node
- Node type (AD, reducer, bend, tee, four-way) - End node

- Duct direction (horizontal or vertical)
- Air flow rate of duct

- Air velocity of duct

- Duct length

- Duct section size (I, w)

- Duct surface area

- Resistance (friction & local)

Fig. 18. Attributes of duct connection tree.

— [MBP, LUM, MDR]; PRM - [MBP, MDR, LUM]; MRP — [LUM, MDR,
MBP]; RMP — [MDR, LUM, MBP]. The running results with different
numbers of ADs and different optimisation objectives are shown in Ta-
bles 4 and 5. The air supply nodes of all rooms are in the corridor, and
the corridor centreline is used as the main duct in this paper. The graphs
in Table 4 show the results of ADs connections from the main duct to the
individual rooms.

According to the calculation results for several cases, the algorithm
and model proposed in this study have the following characteristics:

a. The RBTA is effective in filtering connection solutions and can
remove greater than 99.9% of the schemes according to the duct
connection. With a large filtering capacity, this algorithm can still

Table 2
Empirical formulas for resistance calculation.

Item Description/Formula [21]

Rectangular, galvanized steel, duct absolute roughness

Duct type/material — 015 mm

Friction resistance of
Fedge

AP; =1.05 x 1072 x D! x (Fedge.V)"**® x Fedge.L

2w
T ltw N
Local resistance of Sedge  Ap, — ‘fSedg;e.V
28
Reducer — 0.065 Fedge.A — 0.036
¢ 77 Sedge A
Bend £=0.11
Local
resistance Sedge.V\*
coefficient Tee Branch: ¢ =05 (Fedge.V) 1
£
¢ 2
S .V
. Main: ¢ —035(1 - degz v
\;:; Considered as a tee witl?%vilo branches

10

compute quickly (on the order of 0.1 s).

b. The execution time of the FRCM increases exponentially with the
number of ADs due to the rapid increase in connection options. As the
number of VPs increases, more time is required to determine the actual
positions of points (Section 0), leading to an increase in the conversion
time from strings to directed graphs. In addition, the number of branches
and directed graph node layers increases considerably, increasing the

Table 3
Parameters used for testing.

Parameter Value Description [21]
Ducts in the room are small, so a smaller aspect ratio meets
a 1.25 installation requirements. Choose a large aspect ratio for
standard ducts and its square is also a standard duct
Lnin 100 mm The shortest side in ASHRAE rectangular duct specification
When the indoor noise level is 35— 50 dB, the design
Node.F 0.3(?8 velocity of the AD is 1.5- 2.5 m/s; 2 m/s is chosen.
m°/s Assuming an AD size that is commonly used in engineering,
(200 mm x 200 mm), the air flow rate can be calculated
When the indoor noise level is 35— 50 dB, the design
Vset 2m/s velocity of the duct branches is 2- 3 m/s; the middle value
is chosen
Dinstail 1m Installation distance of duct local resistance components
Darrange 5m AD alignment space
A smaller value produces a more accurate calculation, but
increases the computational cost. If the value is too large,
Bun 0.001 an unbalanced solution may be considered balanced. Use
one order of magnitude smaller than the minimum local
resistance
A smaller value produces a more accurate calculation, but
increases the computational cost. If the value is too large,
n 0.001 multiple solutions are generated. Use one order of

magnitude smaller than the minimum order of magnitude
of all optimization targets
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Optimal duct routes for different numbers of ADs and different objectives.
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graph computation time. When the number of schemes selected by the
RBTA is less than 5000, the optimisation running time is within 5 min,
which better meets the time spent target of automated design.

c. The optimal design solution varies with the objectives. With sta-
bility as the primary objective, results with duct material consumption
or operating resistance as secondary optimisation targets vary little, and
in many cases have the same routes. However, with economy as the
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primary goal, the best solutions considering duct material cost or
resistance as the first objective usually vary greatly.

d. Fast resistance calculations with a fixed duct aspect ratio produce
some non-standard duct sizes; the resulting duct size is close to a stan-
dard duct as the aspect ratio is used in the majority of standard ducts.
The non-standard duct of the optimal solution can be replaced with a
standard size; this replacement has little impact on the pressure
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characteristics of the design solution.

e. The limitation of this approach is the long execution time when the
number of ADs is too large. For a room with more than nine ADs,
automated duct routing has no advantage over manual drawing. For
duct route generation in most rooms (less than 400 mz), this method is
effective.

The proposed automatic design algorithm only involves solving the
connection of ADs within a single room. For rooms with no internal
columns, the design can be fully automated without human interven-
tion. For rooms with columns inside, when the connection topology
collides with the building structure, automatic obstacle avoidance can
be achieved using the method in Section 3.4. However, when obstacles
cannot be avoided automatically (e.g., overlapping with a four-way), the
AD position needs to be adjusted manually.

There are few researches on the automated design of ducts, and the
only available study is the semi-automated designs by Medjdoub and Bi
[18]. In their study, the ducts in the room are defined as local ducts and
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the routing algorithm they use to solve Case 3 takes around 20s to
calculate. For an experienced designer dealing with the same case would
take several minutes to design and calculate the pressure characteristics
of the ducts using design software. However, the algorithm proposed in
this paper runs in less than 1 s, which is a significant improvement in
design speed. This advantage becomes even more apparent when the
number of rooms increases.

The application of the RBTA and FRCM to duct automation for the
entire area is still in the research process and our team is working on its
implementation. The automatic design of an entire HVAC duct system
also requires the automation of many complex issues (e.g., the automatic
determination of main duct locations, the division of supply air zones,
the appropriate setting of local resistance components, the location of
AHU rooms, the coordination between return and supply ducts, the
avoidance of load-bearing walls and columns). Therefore, only the
automated duct arrangements in one room is currently being tested and
evaluated.
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Table 5
Running results with different numbers and arrangements of ADs.

ADs Number of Number of duct Execution time (s)
(n, x connection schemes connection schemes —
RBTA FRCM
ny)
1x2 4.19 x 10° 7 0.0020 0.011
2x1 4.19 x 10° 11 0.0010 0.034
1x3 4.29 x 10° 19 0.0020 0.042
3x1 4.29 x 10° 39 0.0030 0.375
2x2 1.10 x 102 79 0.0060 0.606
2x3 2.88 x 10" 646 0.0430 13.861
3x2 2.88 x 10%7 343 0.0160 12.780
2 x4 7.56 x 10%2 5226 0.3651  271.249
4x2 7.56 x 102 4360 0.1700  631.052
3x3 1.93 x 10%° 8160 0.4611  1740.523

6. Conclusion

This paper proposed a new approach for the automatic design of
HVAC ducts, generating duct routings for the first time in a fully auto-
mated process. Compared with the traditional manual duct design, the
new duct network is more balanced. The automated approach cuts
design time by ten folds, avoids human mistake and improves the quality
of duct design. The process of this method is as follows. Firstly, the RBTA
is used to filter out the solutions that are suitable for actual project ac-
cording to the rules for duct connections. Each solution is then obstacle-
avoided so that all solutions conform to the building structure and are
guaranteed to be constructible. Finally, each of the remaining options is
then subjected to multi-objective planning and the FRCM is used to solve
for the optimal solution. The algorithm can be extended to optimise the
duct connections for multiple rooms, providing an algorithmic basis for
the automated design of duct systems.

The proposed RBTA is the first algorithm applicable to duct con-
nections; it considers a variable quantity of connected VPs and the
specificity of ADs, while effectively avoiding solutions that cannot be
used in actual projects. The RBTA uses strings to represent AD connec-
tions and filters solutions based on rules that can quickly manage the NP-
hard problem.

The presented FRCM is applied to perform fast calculations in RBTA-
generated scenarios. This model simultaneously computes the pressure
characteristics, duct material consumption, and operational resistance
in the resistance calculation process. By fixing the duct aspect ratio to
avoid table look-up and interpolation, the FRCM can perform fast and
accurate computations on directed graphs of AD connectivity.

This study has some limitations. The FRCM is more suitable for small-
quantity AD connection optimisation problems as the execution time
increases with an increase in the number of ADs. In addition, ranking
several objectives to search for an optimal solution may not be gener-
alised for different duct systems. Thus, future research should apply the
FRCM to large-quantity AD routing optimisation problems, and find a
generic integrated optimisation target for different duct systems.
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