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Abstract: In large-scale air conditioning water systems, variable water flow (VWF) control strategies
are frequently utilized to conserve energy. This paper presents a variable differential pressure (DP)
set-point control strategy for VWF air conditioning systems based on the pipeline characteristic curve.
This strategy bifurcates the most unfavorable loop into two segments: the equivalent main pipe
(EMP) and the most unfavorable terminal branch pipe (MUTBP). Initially, the impedance of the EMP
is obtained by curve fitting the measured values of the water supply and return main pipes (WSRMP),
as well as the MUTBP. Subsequently, by calculating the disparity between the DP of the actual pipeline
and the DP of the EMP, and comparing it with the DP of the MUTBP, the optimal working condition
point for pipeline operation can be identified. Finally, a theoretical calculation is conducted on a
typical air conditioning water system. This adjustment strategy achieves an energy-saving rate of
15.27%, 12.10%, and 11.50%, respectively, under the three adjustment conditions of closing the nearest
terminal, the middle terminal, and the most unfavorable terminal, as compared with the constant
DP set-point control strategy of WSRMP. This strategy boasts fewer control devices, a simple control
system, and better operability and engineering applicability than other strategies.

Keywords: chilled water pipe network; energy-saving; differential pressure set-point; variable water
flow; control strategy

1. Introduction

In public buildings that utilize central air conditioning, the energy consumption of
air conditioning comprises between 50% and 60% of the building’s total energy consump-
tion [1]. In load conditions ranging from 40% to 80% [2], a substantial amount of energy is
wasted. Within the air conditioning systems of public buildings, the chilled water system is
responsible for roughly 15% to 20% of the total air conditioning energy consumption [3].
Consequently, decreasing the energy usage of the overall air conditioning water system
carries great significance in building energy preservation.

In a conventional central air conditioning water system, the underlying cause of high
energy consumption can be attributed to issues such as “large flow and small temperature
difference (TD)” stemming from mismatches in cooling water demand amongst branch
users and partial load conditions [4]. In light of this, numerous scholars have introduced
the concept of an air conditioning variable water flow (VWF) system, which has been
theoretically analyzed and experimentally tested, proving its feasibility [5-8]. As variable
flow technology becomes increasingly commonplace, scholars place greater emphasis on
the control strategy of VWF systems.

In engineering, common VWEF control strategies can be categorized into two groups
based on their control objects: the TD set-point control strategy and the DP set-point
control strategy. As illustrated in Figure 1a, TD control regulates the flow rate of the
water pump by driving variable frequency drivers (VFD) to ensure that the TD between
the water supply and return main pipe (WSRMP) matches the set value. When this set
value remains constant, it is referred to as constant TD control. A straightforward control
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principle and strong operability characterize this strategy. Compared to conventional fixed
air volume control strategies, it boasts a higher energy-saving rate [9-11]. Some researchers
have proposed variable TD control by varying the TD set value [12,13]. Compared to
constant TD control, this strategy is more energy efficient. Nevertheless, this type of TD
control strategy of VWEF systems cannot reflect the load demand of each terminal, and the
hysteresis of water temperature change results in suboptimal control effects. Therefore, it
is only suitable for users without regulating valves and in air-conditioned areas with low
individual requirements [14].

=

=2 ACT1

TD of WSRMP control
module

Adjust water speed of
variable frequency pump

DP of MUTBP

DP of intermediate loop

1
1
1
1
1
1
1
i
i
_________________________________________ ,
-------- ;
1
1
1
1
1
1
1
1
1
1
1

_ _
K] 2\
ACTI DP of WSRMP [ control

module
-------- --------- -

%o
<
-
o

Adjust water speed of
variable frequency pump

(b)

Figure 1. Common VWEF control strategies in engineering: (a) the TD set-point control strategy; and
(b) the DP set-point control strategy. ACT represents the air conditioner terminal; VFD represents
variable frequency drivers; TD represents temperature difference; TS represents temperature sensor;
DP represents differential pressure; and PS represents pressure sensor.

In light of these problems, DP set-point control strategy has emerged as the preferred
control strategy due to its sensitive response capability and reliable controllability. As
depicted in Figure 1b, DP set-point control drives the VFD to regulate the flow rate of the
water pump by ensuring that the DP at the relevant position within the pipeline system is
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maintained at the desired level. Typically, the WSRMP, the intermediate loop, and MUTBP
are selected as control positions, and the water pump is adjusted by fixing the DP setting
value [15-17]. In separate studies, Zeng [18] and Zhao [19] analyzed the three constant DP
set-point strategies across different locations. Their findings indicate that the constant DP
set-point control strategy for the WSRMP has the highest energy consumption. In contrast,
the intermediate loop constant DP set-point control strategy has slightly lower energy
consumption. The constant DP set-point control strategy for the MUTBP has the smallest
energy consumption. While this constant DP set-point control strategy boasts improved
control effect and universality compared to TD set-point control, the DP setting value must
consider various factors, such as load distribution on the user side and the position of the
DP sensor. These factors directly impact the level of energy consumption in the VWF air
conditioning system and the efficacy of the control effect.

In contrast to the abovementioned approaches, numerous scholars have explored
avenues for further optimizing energy consumption in water systems by collecting terminal
information and algorithmic optimization. For instance, He et al. [20] proposes a strategy
for variable flow and variable DP control which is based on valve position. This approach
enables the control of flow and DP by collecting information on the opening of the terminal
valve. This strategy is characterized by its stability in control and, when compared with
conventional constant DP control strategies, can achieve significantly greater energy savings.
In another study, Zhao et al. [21] identifies the most unfavorable thermodynamic loop by
implementing an optimal DP reset strategy, and subsequently controls the position of the
end valve within the optimal valve position range by collecting information on the terminal
valve position. This results in greater energy savings for water pumps. Additionally,
Yu et al. [22] proposes a distributed iterative optimization algorithm based on a novel
distributed control architecture and the alternating direction strategy of multipliers with
regular term. This strategy requires the installation of only one distributed controller in
each piece of equipment, and the results indicate that the proposed algorithm can save
up to 28.54% of energy when compared with strategies that are not optimized, while
simultaneously realizing dynamic hydraulic balance in the pipe network.

This control methodology offers greater flexibility in its control mode and is more
energy-efficient than the constant DP set-point control technique. Nevertheless, it typically
requires more sensors to gather terminal information, resulting in a complex control system.
The extended information transmission loop also presents difficulties, such as information
loss during the callback process.

The preceding analysis reveals that the current VWEF control methodologies exhibit
their respective merits, while also suffering from numerous limitations in practical appli-
cations, including the existence of many control elements, complex control systems, and
the vulnerability of control information loss, as demonstrated in Table 1. Accordingly,
this paper advocates for a simplistic control approach that utilizes variable DP set-point
control strategy, thereby guiding the frequency conversion of water pumps with fewer
measurement instruments and a simplified control system, ultimately attaining energy
conservation objectives.

Table 1. Advantages and disadvantages of traditional VWF strategies.

Traditional VWF Control Strategies Advantages Disadvantages

The constant TD set-point control strategy Simple control principle

The constant DP set-point control strategy for

Significant latency
Low control precision
Long control circuit

the MUTBP High reliability Information callback is easy to lose
The constant DP set-point control strategy for Simple system - . .
the WSRMP Easy to maintain and operate Insufficient potential for energy-saving

The variable DP set-point control strategy
based on valve position and others

A large number of detection points

Maximum energy savin .
! energy saving Control system is complex
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This strategy shares a common concept with the conventional constant DP set-point
control strategy for the MUTBP, which guarantees the equitable flow distribution of the
entire water system by ensuring the DP control value at the MUTBP. However, unlike the
constant DP set-point control strategy for the MUTBP, this strategy employs measurement
and control units installed on the WSRMP rather than at the farthest terminal from the
chiller room. This removes the issues related to information loss during callback and
control system failure caused by the lengthy control line. Additionally, calculations indicate
that this approach results in more significant energy conservation than the installation of
measurement and control devices in the constant DP of the WSMRP. Thus, for most VWF
systems currently in mainland China that do not control or utilize the constant DP set-point
control strategy for the MUTBP and the WSRMP, this technique can be utilized to effect
energy-saving retrofits.

2. Control Strategy
2.1. Control Theory

The relationship between the resistance loss of the pipe network and the volume flow
of the pipe network in the air conditioning water system typically conforms to the following
equation [23]:

AP = SQ? (1)

where the AP is pipe network resistance loss, mH,O; S is pipe network impedance, s2/m>;
and Q is volume flow of pipe network, m3/s.

Within the formula mentioned above, S represents a coefficient that comprehensively
characterizes the resistance features of the pipe network, known as pipeline impedance,
and is only related to the intrinsic characteristics of the pipe network, such as the pipe’s
diameter, length, and material. Pipeline impedance remains unchanged if no modifications
are made to the pipeline itself. In practice, valve aperture is typically adjusted to modify
the size of pipeline impedance S and, as a consequence, regulate the flow of the pipeline
network. The larger the valve aperture, the greater the S value, and the steeper the curve;
conversely, a smaller valve aperture results in a reduced S value and a milder curve.

Figure 2 illustrates a schematic diagram of a typical variable flow air conditioning
water system. ACT represents the air conditioner terminal, PS denotes the pressure sensor,
and FS represents the flow sensor. It is assumed that the loop containing the farthest
terminal ACTn represents the most unfavorable loop. In practical operation, the user
may adjust the terminal due to varying requirements, causing the pipeline impedance S
to increase. Nonetheless, there is no change on the main pipe’s inherent characteristics
because of no modifications. Thus, the water system pipeline is divided into two distinct
parts: the equivalent main pipe (EMP) depicted in red and MUTBP illustrated in blue.
Under any working condition, the impedance, S;;, of the equivalent main pipe essentially
remains constant.

The differential pressure, AP, on WSRMP and the corresponding differential pressure,
AP;, at the fully opened least favorable terminal valve, are obtained through pressure
sensors. In contrast, the flow rate, Q,, of the WSRMP is measured using flow sensors. A
functional relationship, denoted as AP, = f (Smez, APt) , relates the three variables as
per Formula (1). Once this functional relationship and S;, are known, the flow rate Q,
and pressure difference AP, measured on the WSRMP can be utilized to infer the DP at

the terminal. This information can then guide the frequency conversion adjustment of the
water pump based on the concept of determining the DP at the most unfavorable terminal.
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Figure 2. A typical air conditioning water system. ACT represents the air conditioner terminal; DP
represents differential pressure; PS represents pressure sensor; FS represents the flow sensor; Q,
represents the flow rate of the supply and return main pipeline; S, represents the impedance of
equivalent main pipe; AP, represents the differential pressure of the water supply and return main
pipe; and AP; represents the differential pressure of the most unfavorable terminal branch pipe.

It is important to note that during the actual process, the flow rate of each section
of the main pipeline will vary once it is divided into each terminal. Hence, the “EMP”
referred to in this context does not pertain to the actual main pipeline. Rather, it can be
comprehended as the section of the most unfavorable loop, excluding MUTBP. The flow
rate of the equivalent main pipe corresponds to the total flow rate, Qp, on the WSRMP.

2.2. Control Strategy

The relationship mentioned above is represented in the form of a characteristic pipeline
curve, which is utilized to elucidate the control strategy further. Figure 3 depicts Cq4 as
the characteristic curve of the pipeline under design conditions, Cr, as the characteristic
curve of the EMP, and Cy as the dynamic characteristic curve of the pipeline, reflecting
the interdependence between pipeline power and flow. The curves’ resemblance is to the
pump’s performance. The operating state point of the pipeline under design working
conditions is denoted by point a. At this juncture, the pipeline’s flow rate is Q,, the
pipeline’s DP is APy, and the DP of MUTBP is AP;. Upon the user adjusting the terminal,
the pipeline’s total impedance will increase, resulting in a steeper curve and assuming the
actual pipeline characteristic curve becomes C’. Based on the functional relationship, the
optimal operating point, ¢, can be identified, subject to ensuring DP of the most unfavorable
terminal by ensuring that the difference AP; between the curve Cp, and the curve C’ remains
unaltered.
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Figure 3. Measurement control system diagram. a represents the operating state point of the pipeline

under design working conditions; b represents the operating state point of the pipeline with the user
adjusting the terminal; and c represents the operating state point of the pipeline utilizing this strategy.

Figure 2 demonstrates that in the absence of water pump adjustment, the characteristic
curve of pipeline power will remain unaltered, resulting in the actual operating point
shifting from point a along the curve Cyy to point b. At this stage, the pipeline’s resistance
will increase to AP,’, and the energy consumed by the pipeline will be E' = AP,’ x Q,’
(represented by the rectangular area at the upper right vertex with point b as its boundary).
However, upon adopting this adjustment strategy, the energy consumed by the entire
pipeline will reduce to Ec = APpc X Q) (represented by the rectangular area at the upper
right vertex with point c as its boundary). This strategy guarantees that the resource
pressure head at MUTBP is maintained under the design working conditions, naturally
meeting the pressure head requirements of other loops. Moreover, the energy consumed in
the pipeline using this strategy (E) is lower than that consumed by the unadjusted water
pump (E'), guiding further frequency conversion adjustment.

2.3. Measurement Control System

The implementation of the control strategy mentioned above in an actual engineering
system is discussed in detail below. Figure 4 illustrates the measurement control system
for this strategy, which involves two stages. In the initial preparation stage, it is necessary
to install measuring equipment at MUTBP of the VWF air conditioning system and the
power source side for on-site commissioning. Under design conditions, ensure the valve
at MUTBP is fully open. Measure the differential pressure AP and flow rate Qp1 of the
WSRMP. Simultaneously, measure the differential pressure AP;; at MUTBP. The first set of
data represents the parameters of the design operating point. Subsequently, the water flow
rate of the WSRMP is changed through a series of means, such as frequency conversion
of the water pump. The measured values of multiple data sets are obtained and included
in Table 2. The differential pressure AP, of the EMP is equal to the measured WSRMP
differential pressure AP, minus the most unfavorable terminal differential pressure AP;.
Based on Formula (1), quadratic regression is performed on the pipeline flow Q, and the
equivalent differential pressure AP, to obtain the characteristic regression parameter S;; of
the equivalent main pipe. The preparation phase is over.
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Figure 4. Measurement control system. In this process, three parameters are fed into the control
module, namely the impedance of equivalent main pipe (S;;), obtained during the initial prepara-
tion stage, the real-time flow rate (Qp’ ), and the real-time differential pressure (APP’ ), measured,
respectively, by the flow sensor and the pressure sensor during the control stage. The control module

generates the corresponding inverter command in accordance with the control logic to guide the
pump inverter.

Table 2. Measured value during preparation.

Measurement Parameters Parameter Source 1 e n
WSRMP flow Flow meter Qn ... Qpn
DP of WSRMP Differential pressure meter APy .. APy
DP of MUTBP Differential pressure meter APy ... APy,
DP of EMP AP, = AP — AP; AP . APy

During the control stage, flow and differential pressure sensors will be installed on
the water WSRMP. Real-time differential pressure AP," and flow rate Qp; measurements
from the sensors will be inputted along with the previously calculated equivalent main
pipe impedance S, into the flow regulation control module. The specific control logic is
depicted in Figure 5, which can be used to adjust the water pump accordingly. The control
logic begins by assessing whether any changes have occurred in the working conditions
based on the flow rate. If the difference between the measured flow rate Qp’ and the set
flow rate Q) falls outside the allowable accuracy range ¢1, then, the module compares the
measured pipeline differential pressure AP, with the product of EMP resistance S, and
Q,'? as well as the set differential pressure AP;; at the most unfavorable terminal. If the
difference between the two is outside the allowable accuracy range ¢;, the pump flow rate is
adjusted and re-measured until the optimal operating point is achieved. The specific values
of &1 and ¢, need to be determined according to the particular engineering conditions.
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Figure 5. Control logic diagram.

3. Computational Analysis
3.1. Basic Information of Typical Pipe Network System

To underscore the strategy’s performance in a VWF system, we will integrate calcu-

lations and analyses with a representative pipe network system. Figure 6 illustrates the
schematic diagram of a typical primary pump VWF system’s pipeline network configura-
tion. Notably, the system comprises ACT1 to ACT9, which are air conditioner terminals,
and Lyg ... Ly, which constitute the water supply and return branch pipes. Prior to
conducting a theoretical analysis, we propose the following assumptions:

@

@)

®)

4)

©)

Except for ACT9, each terminal has a balancing and a regulating valve. The hy-
draulic adjustment of the balancing valve has been completed during design, and the
regulating valve can be adjusted as per user needs.

ACT9 represents the most unfavorable terminal, as the hydraulic balance adjustment is
calibrated with it as a reference. Hence, it lacks a balancing valve, with the regulating
valve set to its maximum capacity.

The pressure drop of each water supply and return branch pipe is identical, and
the pressure drop of each terminal is equivalent, satisfying the hydraulic balance
requirements during the design phase, thereby enabling convenient calculation.

The supply pressure on the power source side fully complies with the differential
pressure regulation requirements, with each terminal operating under the designed
working conditions.

Upon terminal closure, the default impedance becomes infinite.
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Figure 6. Composition of typical pipe network system. ACT represents the air conditioner terminal;
L represents water supply pipe; and Ly, represents water return pipe.

According to the five assumptions above, Table 3 illustrates the initial conditions based
on engineering cases and design experience. The table shows that the pressure drop at the
most unfavorable terminal is AP; = 7mH;0O, the pressure drop of the loop in which it is
located is 10.6 mH;0, and the flow rate of WSRMP is Q1 = 90 m3/h. Thus, the designed
operational point of the pipeline is A(90,10.6).

Table 3. Control system measurements.

Pipeline Object Kot FlowRate - Rated FressureDrop - Impedance
Lig, L1 90 0.2 320
Lag, Loy, 80 0.2 405
Lsg, Lay, 70 0.2 529
Lyg, Lyy 60 0.2 720
Lsg, Lsy, 50 0.2 1037
Leg, Len 40 0.2 1620
Lye, Ly 30 0.2 2880
Lge, Lgy 20 0.2 6480
Log, Loy, 10 0.2 25,920
ACT1-9 10 7 907,200
Balancing Valvel 10 3.2 414,720
Balancing Valve2 10 2.8 362,880
Balancing Valve3 10 2.4 311,040
Balancing Valve4 10 2 259,200
Balancing Valveb 10 1.6 207,360
Balancing Valve6 10 1.2 155,520
Balancing Valve? 10 0.8 103,680
Balancing Valve8 10 0.4 51,840

The constant DP set-point control strategy for WSRMP represents a VWF control
strategy that sustains the DP on the WSRMP at the specified value. Similar to the strategy
mentioned above, it incorporates a measuring device on the WSRMP. Both strategies
exhibit low failure rates and are amenable to information collection, thereby warranting
a comparative assessment of their energy consumption across three working conditions,
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specifically, the closure of the most unfavorable terminal, ACT9, the middle terminal, ACT5,
and the nearest terminal, ACT1.

3.2. Determination of Working Condition State Point

As this case study is based on theoretical analysis without real-time measurements
from relevant sensors, determining the working condition point is a relatively intricate
task. Therefore, the calculation and analysis diagram are illustrated in Figure 7. In
Figure 7, Cn, Cq, and C’ represent the characteristic curves of the EMP, the design working
condition pipeline, and the actual working condition pipeline, respectively. Moreover, the
diagram illustrates the dynamic characteristic curves Cgy; of the pipeline in design working
conditions, the dynamic characteristic curve Cyyp of the constant DP set-point strategy for
WSRMP, and the pipeline dynamic characteristic curve Cyys of this strategy. A, B, and C
denote the operating points of the pipeline under design conditions, the operating points
of the constant DP set-point strategy for WSRMDP, and the pipeline operating point of this
strategy, respectively.

AP/mH,0

——The operating point under design working condition

B——The operating point by utilizing the constant DP set-point
control strategy of WSRMP ,
C——The operating point of this method

AP, /AP,
AP,

Figure 7. Schematic diagram of analysis process. C’ represents the characteristic curves of the actual
working condition pipeline; Cq represents the characteristic curves of the design working condition
pipeline; and Cp, represents the characteristic curves of the equivalent main pipe.

Following the control principle described in Section 2, determining the pipeline oper-
ating point using this strategy involves establishing the design working conditions and
the characteristic curve of the EMP. To obtain the characteristic pipeline curve Cq4 for the
design working condition, point A can be regressed based on Formula (1). As for the EMP
characteristic curve Cpy,, keeping the flow rate constant at point A, the pressure drop can be
obtained by reducing AP; = 7mH,O. Point A’ can also be obtained using regression fitting
based on Formula (1) and point A’.

Subsequently, when the user adjusts the terminal due to mismatching requirements,
the pipeline impedance Sy will change to S'. In fluid mechanics literature [24], the pipeline
network impedance for a pipeline system satisfies the following relationship during the
process of series—parallel connection:

Sc = Zsi )
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where S, is the total impedance of series pipes, s>/m?; S; is impedance of each series pipe
section, s>/m>; n is number of pipe sections in series; Sy, is total impedance of parallel
pipelines, s?>/m?>; S; is impedance of each parallel pipe section, s?/m’; and m is total
impedance of series pipes.

The above formula enables the calculation of the total pipeline impedance S’ under ac-
tual working conditions through multiple series—parallel iterations. The specific calculation
formula is presented in Table 4.

Table 4. Impedance calculation formula. The unit of the impedance is s? /m®.

Calculation Object Calculation Formula
The impedance of branch pipe where ACT9 is located S9 = SacT9 + S1, .+ SL,
The impedance of branch pipe where ACT1-8 is located S, = ( . 1 . )2 +SL. 451, (1=1-8)
VOnt1+VSacTn "8 "
Total pipeline impedance §"=8+S Ly T SLy,

Once the three curves have been determined, the state points for each working condi-
tion can be identified. The design condition point A has already been obtained, and the
pipeline operation point B corresponding to the constant DP set-point strategy for WSRMP
should be defined by searching for the pressure drop of the main pipe where the most
unfavorable loop is located under the design condition is used as the DP setting value,
which is 10.6 m.

To determine the pipeline operating point C for this strategy, it is necessary to maintain
a difference of 7mH,O between the curves S’ and Sy, as per the corresponding relationship
mentioned previously.

Two points in the above process are worth explaining:

(1) In the actual control process, the C4q and Cy, curves should be fitted based on multiple
sets of measured values described in Section 2.3. In this example, only one set
of values is used for regression to compare the energy-saving performance of the
two strategies.

(2) The above parameters are all derived from fluid mechanics formulas, which can
be relatively complex. In practical engineering, it would be more convenient to
measure and control the system through various sensors according to the control logic
and process.

3.3. Calculation Results

Following the calculation ideas and strategies described in Section 3.2, the pipeline
operating points for the three working conditions of closing the most unfavorable terminal
ACT9, the middle terminal ACT5, and the nearest terminal ACT1 were calculated and are
listed in Table 5.

Table 5. Calculation results of three working conditions.

Working Impedance of Cy, Impedance of Energy Consumption  Energy Consumption  Energy-Saving
Conditions (s2:m~5) C’ (s>m~5) at Point B (w) at Point C (w) Rate
1 5760 21,925 2286 1937 15.27%
2 5760 20,662 2355 2070 12.10%
3 5760 20,321 2374 2101 11.50%

Table 3 reveals that, in all three operating conditions, an increase in distance be-
tween the adjustment terminal and the power source side leads to a decrease in actual
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pipeline curve impedance and, consequently, a reduction in energy consumption. This
finding is consistent with the conclusion reached by Chi et al. [25] in their established
model. Compared to the constant DP set-point strategy for WSRMDP, this approach deliv-
ers energy-saving rates of 15.27%, 12.10%, and 11.50%, respectively, yielding remarkable
energy-saving benefits.

4. Conclusions

Given the complexity of the existing VWF control strategy for air conditioning water
systems and the potential for information callback loss, a novel control strategy for the
variable DP set-point of VWF air conditioning systems is proposed. The principal findings
are as follows:

(1) The proposed control strategy divides the hydraulic loop most susceptible to unfa-
vorable conditions into two parts: EMT and MUTBP. During the preparation stage,
the equivalent main pipe impedance S, is measured. During the actual control stage,
the measured supply and return main pipe flow Q, and differential pressure AP; are
input into the flow control module to guide frequency conversion adjustment of the
water pump.

(2) This paper’s proposed control strategy only requires the installation of a flow sen-
sor and a differential pressure sensor in WSRMP of the water system to guide the
frequency conversion adjustment of the water pump. Compared to the constant DP
set-point strategy for MUTBP, the control line is closer to the chiller room, and infor-
mation collection is easier. Furthermore, compared to existing strategies, it requires
fewer sensors and results in a simpler control system, making it more operable for
VWE air conditioning systems.

(3) Based on the theoretical calculation of a typical pipe network system with nine ACT
terminals, this proposed control strategy achieved energy-saving rates of 15.27%,
12.10%, and 11.50% under the three working conditions of closing the most unfa-
vorable terminal, the middle terminal, and the nearest terminal, respectively, when
compared to the traditional constant DP set-point strategy for WSRMP. These results
demonstrate significant energy-saving benefits.

Theoretically speaking, although the adjustment of the main pipe is not considered, it
may impact the resistance characteristics of the corresponding three-way valve on the main
pipe’s closed terminals. Hence, the impedance of EMP is not strictly constant. This effect
can be deemed negligible in engineering and hence, not considered in this study. Further-
more, the research objective of this manuscript is to address the issues associated with the
conventional control approach of VWF air conditioning systems, which is characterized
by a complex control system and a propensity for information feedback loss. As for the
hydraulic stability of each user branch, caused by pipe network adjustments [26-28], and
the optimization of the water system, considering the efficiency of frequency conversion
pumps and chiller units, these aspects are beyond the scope of this paper. Further research
will explore these areas.
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Nomenclature

ACT Air conditioning terminal

a The operating state point of the pipeline under design working conditions
A The operating point of designing working

b The operating state point of the pipeline with the user adjusting the terminal
B The operating point of the main pipe constant pressure difference control strategy
c The operating state point of the pipeline utilizing this strategy.

C The operating point of this strategy

Cq Design Condition Pipeline Characteristic Curve

Cu Pipeline Dynamic Characteristic Curve

Cm Equivalent main pipeline characteristic curve

(G Actual Condition Pipeline Characteristic Curve

DP Differential pressure

FS Flow sensor

E The energy consumed by the pipeline without control

E. The energy consumed by the pipeline with control strategy of this article
EMP The equivalent main pipe

Lg Water supply branch pipes of the pipeline

Ly Water return branch pipes of the pipeline

L Water branch pipes of the pipeline

m Total impedance of series pipes

MUTBP  The most unfavorable terminal branch pipe

n Number of pipe sections in series

PS Differential pressure sensors

AP Pipe network resistance loss(mH,O)

AP, Differential pressure at point a(mH,O)

AP, Differential pressure at point ¢(mH20)

APy, Differential pressure of the equivalent main pipe (mH20)

APy, Differential pressure of the supply and return main pipeline (mH,O)
AP/p Real-time Pressure difference of the supply and return main pipeline (mH,O)
AP; Differential pressure of the most unfavorable terminal (mH,O)

Q Volume flow of pipe network(m?/s)

Qu Volume flow at point a(m3/s)

Om The Equivalent main pipe flow(m? /h)

Qp The flow rate of the supply and return main pipeline (m3/s)

Q' Real-time flow rate of the supply and return main pipeline (m?/s)

Qpe The flow rate of the supply and return main pipeline at point C(m3/s)

S Pipe network impedance (s> /m®)

Sy Total Impedance of Parallel Pipelines(s®/m?)

Se Total impedance of series pipes(s?/m?)

S; Impedance of each series pipe section(s?/m°)

S; Impedance of each parallel pipe section(s?/m°>)

S Impedance of the equivalent main pipe (s?/m?®)

D Temperature difference

WSRMP  The water supply and return main pipe

VFD Variable frequency drivers

VWE Variable water flow

€ Accuracy range
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