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ABSTRACT

To predict the energy performance of a chilled
water system more accurately, the hydraulic resistances
of its water pipe network should be calibrated before
simulation. However, it is a challenge to calibrate the
hydraulic resistance of such a complex pipe network
that are compose of chillers, terminal units, variable-
speed pumps, valves and many pipes installed in
different floors of a high-rise building. In this study, a
new calibration method is proposed elaborately to
adapt the vertical structure of the water pipe network
in a high-rise building. The proposed calibration method
utilized an optimization model and a general pipe
network hydraulic solver. To overcome the severe
nonlinear characteristic of the pipe network, Genetic
Algorithm (GA) is used to solve the optimization model.
Then, the proposed calibration method is validated in a
real-life chilled water system in a high-rise building.
With the hourly measured data from the chilled water
system in operation in a typical summer day, the
hydraulic resistances of 200 terminal units, 46 valves
and 912 pipes are calibrated in detail. The calibrated
hydraulic resistances are used to predict pressures and
flow rates of the chilled water system in the next day.
Compared with the uncalibrated simulation results, the
average pressure error between the calibrated
simulation results and measured data from the 42
onsite pressure meters is reduced from 2.2% to 0.6%.
The average flow rate error between the calibrated
simulation results and measured data from the 3 onsite
flow rate meters is reduced from 5.3% to 0.9%.
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1. INTRODUCTION

Central air-conditioning system contributes a
significant proportion to the total energy consumed in
buildings [1]. As the increasing number of high-rise
buildings in future urban construction, the energy
performance of the central air-conditioning system in a
high-rise building can be a key issue for energy saving
[2, 3]. Therefore, the efficiency of chilled water system
that contributes the main part of the energy
consumption of a central air-conditioning system should
be enhanced. To conduct better operation strategies for
a chilled water system, using simulation tools is one of
the effective approaches. For a chilled water system in
operation, the hydraulic resistances of its water pipe
network should be calibrated to predict its energy
performance more accurately.

The hydraulic model calibration methods had been
discussed in many studies in term of water distribution
network [4, 5]. Lingireddy and Ormsbee [6] presented a
general calibration approach using genetic optimization.
Sophocleous et al. [7] developed a new graph-theory
based technique for clustering water distribution
networks. Savic et al. [8] reviewed the water
distribution network calibration problem and various
solution approaches. Wang et al. [9] presented a
method that hydraulic resistances of all the pipelines in
the district heating network can be obtained. There are
already many simulation models for energy efficiency of
chilled water system or building heating system [10,
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11]. However, a practical calibration method for the
chilled water system in a high-rise building is still rare in
previous studies. To calibrate the pipe network in a
high-rise building, a suitable hydraulic model is quite
required to estimate the water pressure and flow rate
at the location of the meters. Syed et al. [12] developed
a numerical model for pumping system of an academic
building. Energy savings with variable speed pumping
systems is identified. Lee et al. [13] presented the
performance model of variable speed chillers using
standard regression techniques. Ma et al. [14, 15]
improved energy efficiency by using variable speed
pumps and bypass check valve in a chilled water
system. Moore et al. [16] investigated the pump
pressure differential set point position in a chilled water
system. Fang et al. [17] proposed an evaluation method
for optimal design for chilled water system. Though
there are already some models for chillers, pumps and
terminal units in term of energy performance in
previous studies, the hydraulic model of chilled water
pipe network is still too simplified to be qualified for the
calibration approach in a high-rise building.

In this paper, a new calibration method is proposed
for a chilled water system considering the vertical
structure of the chilled water pipe network. The
proposed method uses an optimization model and a
general pipe network hydraulic solver, which considers
the water density difference between the supply and
return water pipes. To overcome the sever nonlinear
characteristic of the pipe network, Genetic Algorithm
(GA) together with a local are used to solve the
optimization model. The local optimizing algorithm can
obviously accelerate the searching efficiency of GA in
practice. Then, the proposed calibration method is
validated in a real-life chilled water system in a high-rise
building. The pressure meters for calibration are
installed at the entrance of each floor. The simulation
results are significantly improved by using the calibrated
hydraulic resistances of the pipe network.

2. SYSTEM DESCRIPTION

The chilled water system is usually composed of
chillers, terminal users (AHU or Coil), circulation pumps,
valves and pipes, etc. A typical configuration of the
chilled water system is shown in Fig.1 and Fig.2.

There are also heat rejection units for the chillers,
which are not shown in Fig.1 and Fig.2 for simplicity.
The primary pumps are usually operating at constant
speed. The bypass pipe with check valve is used to
guarantee the chillers in operation with a minimum
water flow rate when there is not enough water

returning from the terminal users. The secondary
pumps are operating at variable speed according to the
current cooling demand. In each floor, the throttle
valves are installed to keep hydraulic balance among
the terminal units. The terminal units, such as AHU or
coil, provide cooling energy to the rooms as demand.
The supplementary pump set the basic static pressure
for the inlet of the primary pumps.

mr & & & &

Terminal units in n™ floor

' 1*;1325 & & & &

Terminal units in 2" floor

Throttle
valves

Terminal units in 1% floor
Secondary pumps @@

Check valve[—03— Bypass pipe

X Block valve =
Water tank

A

CWS
CWR

Pump

Chillers Primary pumps

Fig.1 The configuration of a chilled water system

3. HYDRAULIC MODEL

In a chilled water system, the circulating pumps
(both primary and secondary pumps) delivery water
passing through chillers, valves, terminal units and
pipes, etc. The hydraulic resistance of the pipes and its
fittings can be caIcuIated as [18],

Rpipe = n'zd4 (f + Z fplpe) (1)
Where f is the Darcy frlctlon factor; /is the length of the
pipe; dy, is the inner diameter of the pipe; &pipe are
the local resistance factor of fittings, such as junctions
and accessories; p is the density of chilled water; Vs
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Fig.2 The configuration of a chilled water system in a high-rise
building of 22 floors

the volume flow rate of the pipe. For simplicity, the
fittings are treated as parts of the pipe. Then the local
resistances can be treated as part of modified
roughness of the pipe, Eq. (1) can be revised as,

Rpipe =f' 7.[82‘0;151 V2 (2)
Where f' is the modified friction factor, which can be
given as [19],
f'= 2—2 laminar

1 251 € (3)

\/_f_' = —210g10 (?\/f_' + 374,
Where ¢ is the modified roughness of the inner pipe
surface, which considers the fittings as parts of the pipe.

The chillers and terminal units can be treated as
local resistances as,

N
{Rc =& (Vo)
N2
Ry =¢r- (VT)
Where & and &7 are the local resistance factor of the
chillers and terminal units, respectively. Vo and Vg

) fully turbulent

(4)

are the volume flow rate of the chillers and terminal
units, respectively.

The resistance of a throttle valve can also be
simplified as a local hydraulic resistance,

R, =k, (I'/V/ZAV)2 (5)
Where R, is the resistance of a throttle valve; VV is
the volume flow rate through the valve; A, is the
opening area of the valve; k, is characteristic
coefficient of a valve, which is usually provide by the
manufactory.

The hydraulic characteristic of the primary pumps,
which are usually paralleled to operation in constant
speed, is given by

ARyp = pg [kZ(Vpp)Z + k1 (Vop) + kO]

AP,V
oy = St

Where AP, is the pressure increment of the primary
pump; I'/pp is the volume flow rate of the pump; kg,
ky and k, are fitting coefficients which are usually
provided by the pump manufactory. W, is the total
power consumption of the pump; 7, is the efficiency
of the pump.

The hydraulic characteristic of the secondary
pumps, which are paralleled to operation in the same
rotation speed, is given by

. ) 2

APy = pg [ka(155)” + I (V5p) () + o (i) |
_ APy Vs
SP " 36007y

(6)

(7)
Where AF, is the pressure increment of the
secondary pump n; Vsp is the volume flow rate of the
pump; kg, ki and k, are fitting coefficients which
are provided by the pump manufactory. Fr is the
operation frequency of the pump. Fr7®t€ is the rated
frequency of the pump. W, is the total power
consumption of the pump; 7, is the efficiency of the
pump.

The hydraulic modeling of the pipe network is
treated as a conventional fluid network based on the
Graph Theory, which have been elaborated in the
previous studies [20, 21]. The chillers, terminal units
and junctions are aggregated as nodes of the network.
With respect to the Kirchhoff’s current and voltage
laws, the basic incidence matrix A and basic circuit
matrix B of the pipe network can be used from the
topology structure of a pipe network layout. From the
Kirchhoff’s current law, it can be written as,

A-V,=0 (8)
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where V}, is the flow rate column vector of each
branch in the pipe network.

From the Kirchhoff’s voltage law, it can be written
as,

B-(Ry — pgHy, + pgZ,) =0 (9)

where Ry, is the resistance column vector of each
branch in the pipe network. H, is the pump head
column vector of each branch in the pipe network. Z
is the height difference column vector for each branch.

4. CALIBRATION METHOD

For such a chilled water system, the hydraulic
calibration is to determine the actual resistance
coefficients of these chillers, terminal units and pipes,
i.e., the values of € and &. Based on the measured
data from the pressure meter and flow rate meter, an
optimization model can be developed to calibrate
chilled water pipe network, as shown in Table.1.

value of g, is 4000 (um). Then the feasible region of
&y is discretized into 4096 values as {1, 2, 3, -+, 4096},
the resolution is 0.976 (um). Such a resolution has
already met the requirement of roughness of a pipe
inner surface in most circumstances. The value of ¢, is
then expressed as a binary string with 12 bits. For its
sophisticated mechanisms, the detail of GA is not
studied here [6].

5. CASE STUDY

The chilled water system in a hotel with 22 floors is
demonstrated to validate the proposed calibration
method. The schematic diagram of the chilled water
system is shown in Fig.2. There are 4 identical chillers
and primary pumps in the underground floor of the
building. The primary pump’s rated volume flow rate is
164.0 m°/h and its rated water head is 15.3 H,0 m.
There are 8 identical secondary pumps with rated
volume flow rate as 82.0 m®/h and rated water head as

Table.1 The optimization mode

. . . . . 2
Object function min {w, ey S — P92 + oy They S (U7 — V) (20)

Decision Variable

gm' fn

S.t.

et < g < gmax

it S & S &
w, = [100/Max(pi)]* fori=1,-,;t=1,-,T
wy = [100/Max(V;)]” forj =1, ;t =1,-,T

The object function is formulated to minimize the
square of the difference between measured and
estimated values of the pressures and flow rates. In Eq.
(8), pii and pfi are measured and estimated
pressures at location of meter i at time t; .j‘t“ and V]et
are measured and estimated flow rates at location of
meter j at time t; | is number of pressure meters; J is the
number of flow rates meters; T is the number of data
collection times for all meter readings. w, and wy
are normalized weights for pressure and flow rate,
respectively. &, and &, are decision variables. &, is
the modified roughness of the pipe inner surface, m is
the index of the pipe, m=1, ... , M. &, is the local
resistance factor of the chillers and terminal units, n is
the index of the chillers and terminal units, n=1, ..., N.

To solve the optimization model, GA is used as basic
solution. The decision variables are edited as
chromosomes for processing, i.e., each decision variable
can be expressed as a binary string. For instance, the
minimum value &, is set as 1 (um) and the maximum

16.6 H,0 m. There are usually 3 primary pumps and 6
secondary pumps in operation. The static pressure at
the outlet of the supplementary pump is 0.9 MPa.
There are 48 water pressure meters and 3 flow rate
meters installed as shown in Fig.2. Then, /=48 and J=3.
The resolutions of water pressure meters and flow rate
meters are 0.1 kPa and 0.1m*/h, respectively. The
hourly measured data (pressure meter P1-P48, flow
rate meter V1-V3) in a day in summer are used to
calibrate g, and &,. Then, T=24 (from 0:00 AM to
23:00 PM). There are 3 chillers, 202 terminal units and
904 pipes in operation. Then, M=904 and N=205. The
initial values of all modified roughness of the pipes are
set as 100 (um). The initial values of local resistance
factor of all chillers are set as 0.80 (Pa - h?/m®). That of
all terminal units are set as 8.0 (Pa-h?/m®). By solve
the optimization model, the modified -calibrated
roughness values of all pipes are obtained as shown in
Fig.3. The average calibrated roughness value of all
pipes is 141.1 (um). The calibrated local resistance
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factor values of all terminal units are shown in Fig.4.
The average calibrated local resistance factor value of
all terminal units is 25.8 (Pa-h?/m®). The calibrated
local resistance factor values of 3 chillers are 0.940,
0.949 and 0.958 (Pa - h?/m®), respectively.

Fig.3 The calibrated value ¢, of all pipes

Fig.4 The calibrated value ¢, of all terminal units

measured data
Calibrated simulation result

Uncalibrated simulation result

Gauge Pressure (kPa)

Pressure meter index

Fig.5 The estimated pressure results and measured data

The calibrated values are used to predict the
pressures and flow rates in the next day. The simulation
results are compared with the corresponding measured
data in the next day as shown in Fig.5 and Fig.6,
respectively. Compared with the uncalibrated
simulation results, the average pressure error between
the calibrated simulation results and measured data
from the 42 onsite pressure meters is reduced from
2.2% to only 0.6%. The average flow rate error between

the calibrated simulation results and measured data
from the 3 onsite flow rate meters is reduced from 5.3%
to only 0.9%. The number and locations of the meters
are also very important for the calibration results, which
would be discussed in future’s work.

measured data
% Calibrated simulation result
Uncalibrated simulation result

Flow rate (m?/h)

Flow rate meter index

Fig.6 The estimated flow rate results and measured data

6. CONCLUSIONS

The chilled water system is vital important to
enhance efficiency of a central air-conditioning system.
To predict the hydraulic behavior or evaluate the
performance of the chilled water system, the hydraulic
resistance of the chillers, terminal units and pipes
should be calibrated in advance. In this study, a new
calibration method is proposed for the chilled water
system in a high-rise building. The main conclusions are
summarized as follows.

(1) A hydraulic model is proposed to adapt the
vertical structure of the water pipe network in a high-
rise building. The chilled water density variation
between the supply and return pipes and flow regimes
are considered in the proposed model.

(2) A new calibration method is proposed using an
optimization model and a general pipe network
hydraulic solver. Genetic Algorithm (GA) is used to solve
the optimization model, which can effectively overcome
the severe nonlinear characteristics of the pipe
network.

(3) The proposed calibration method is validated in
a hotel of 22 floors. In the case study, the roughness of
all pipes’ inner surface, the local resistance factor of all
chillers and terminal units are calibrated by the
measured data. And the calibrated values are used to
predict the pressures and flow rates in the next day.
Compared with the uncalibrated simulation results, the
average pressure error between the calibrated
simulation results and measured data from the 42
onsite pressure meters is reduced from 2.2% to 0.6%.
The average flow rate error between the calibrated

5 Copyright © 2019 CUE



simulation results and measured data from the 3 onsite
flow rate meters is reduced from 5.3% to 0.9%.
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