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Abstract

Presented in the paper is a mathematical model for an air-cooled twin-circuit chiller, with two
screw compressors per circuit. The chiller model comprises a series of linked mathematical
modules, each made up of a set of thermodynamic and empirical equations for modelling the
major components of the chiller. The coefficients in the component models were evaluated
using rated operating conditions obtained from the manufacturer and recorded operation data
of an existing chiller. The chiller model had been applied to simulate the performance of
another set of chiller of the same make and model. Comparison of the predicted and recorded
performance of the chiller showed that the model could yield accurate energy use predictions
over a wide range of operating conditions. The model is also able to provide good predictions
of the variation in chiller performance due to staged operation of the separate refrigerant
circuits in the chiller and of compressors in each circuit, which match with observations made

with measured chiller operation data.
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Performance modelling of air-cooled twin-circuit screw chiller

Nomenclatures

A Nozzle throat area of each compressor [m?]

AU a1 Overall heat transfer coefficient of the evaporator at first section of circuit A of
chiller [kW/°C]

AU a2 Overall heat transfer coefficient of the evaporator at last section of circuit A of
chiller [kW/°C]

AUcda Overall heat transfer coefficient of the condenser at circuit A of chiller [kW/°C]

AUcds Overall heat transfer coefficient of the condenser at circuit B of chiller [kW/°C]

AUevpa Overall heat transfer coefficient of the evaporator at circuit A of chiller [kW/°C]

AUevps Overall heat transfer coefficient of the evaporator at circuit B of chiller [kW/°C]

Ca Specific heat capacity of air [kJ/kg°C]

Cov Specific heat capacity of vapour refrigerant at evaporator [kJ/kg°C]

Cw Specific heat capacity of water [kJ/kg°C]

COP Coefficient of performance of chiller

En Evaporator effectiveness at first section of circuit A of chiller

Eny Evaporator effectiveness at last section of circuit A of chiller

Ecin Condenser effectiveness at circuit A of chiller

Eop Condenser effectiveness at circuit B of chiller

Eevpa Evaporator effectiveness at circuit A of chiller

Eevpp Evaporator effectiveness at circuit B of chiller

ha1 Specific enthalpy of superheated refrigerant leaving evaporator at circuit A of
chiller [kJ/kg]

hats Specific enthalpy of saturated refrigerant leaving evaporator at circuit A of chiller
[kl/kg]

ha2 Specific enthalpy at the compressor’s discharge at circuit A of chiller [kJ/kg]

has Specific enthalpy at the condenser’s discharge at circuit A of chiller [kJ/kg]
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hasa

he1

heis

hs2
hss
hsa
Mw
MrefA

MrefB

77 isen

Na
Ns
Ntot
PLR
Pcda
Pcds
Pevpa
Pevps
Qa
Qa1
Qa2
Qs
Qevp
Qn

Teda

Specific enthalpy entering evaporator at circuit A of chiller [kJ/kg]

Specific enthalpy of superheated refrigerant leaving evaporator at circuit B of
chiller [kJ/kg]

Specific enthalpy of saturated refrigerant leaving evaporator at circuit B of chiller
[kJ/kg]

Specific enthalpy at the compressor’s discharge at circuit B of chiller [kJ/kg]
Specific enthalpy at the condenser’s discharge at circuit B of chiller [kJ/kg]
Specific enthalpy entering evaporator at circuit B of chiller [kJ/kg]

Mass flow rate of chilled water [kg/s]

Refrigerant flow rate at circuit A of chiller [kg/s]

Refrigerant flow rate at circuit B of chiller [kg/s]

Isentropic efficiency
Combined motor and transmission efficiency

Number of operating condenser fans in circuit A
Number of operating condenser fans in circuit B

Total number of staged condenser fans

Chiller part load ratio

Condensing pressure at circuit A of chiller [kPa]
Condensing pressure at circuit B of chiller [kPa]
Evaporating pressure at circuit A of chiller [°C]
Evaporating pressure at circuit B of chiller [°C]
Cooling load at circuit A of chiller [kW]

Cooling load at first section of circuit A of chiller [kW]
Cooling load at last section of circuit A of chiller [kW]
Cooling load at circuit B of chiller [kW]

Total cooling load of chiller [kW]

Nominal cooling capacity of chiller [kW]

Condensing temperature at circuit A of chiller [°C]
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Teds
Teva
Teva

AT,

evsh
Tr

Ts

Ts1

TsZ

Va1
Vais
VB1

Veis

1.

Condensing temperature at circuit B of chiller [°C]
Evaporating temperature at circuit A of chiller [°C]
Evaporating temperature at circuit B of chiller [°C]

Degree of superheat at the suction of the compressor [°C]

Chilled water return temperature [°C]

Chilled water supply temperature [°C]

Chilled water temperature entering circuit B’s evaporator [°C]

Chilled water temperature leaving circuit B’s evaporator [°C]

Specific volume of refrigerant at compressor suction of circuit A [m*/kg]

Specific volume of saturated vapour refrigerant at evaporator of circuit A [m*/kg]

Specific volume of refrigerant at compressor suction of circuit B [m?/kg]

Specific volume of saturated vapour refrigerant at evaporator of circuit B [m?/kg]

Mean isentropic coefficient

Volumetric displacement rate of each compressor [m?/s]

Diverted refrigerant flow rate of each compressor at circuit A of chiller [m?/s]
Diverted refrigerant flow rate of each compressor at circuit B of chiller [m?/s]
Compressor power at circuit A of chiller [kW]

Isentropic work input to compressor at circuit A of chiller [kJ/kg]
Compressor power at circuit B of chiller [kW]

Isentropic work input to compressor at circuit B of chiller [kJ/kg]

Fan power at circuit A of chiller [kW]

Fan power at circuit B of chiller [kW]

Introduction

So far, vapour compression chillers are the most widely used type of chillers in central

air-conditioning systems of modern buildings, but they are intensive energy consumers. For
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instance, chillers alone may already account for up to 35—-40% of the annual electricity
consumption of an office building in Hong Kong [1]. Chiller performance modelling is a very
useful technique to development of optimized chiller control strategies [2] and automatic
detection and diagnosis of chiller and sensor faults [3], which can help optimize chiller

energy use and avoid waste of energy due to chiller and sensor faults.

Various empirical, physical and dynamic modelling techniques have been employed to model
the performance of chillers [4]. Empirical models are either ‘black-box’ or ‘grey-box’ models
developed based on curve-fit or thermodynamic models established from empirical data.
Such models [e.g. 5, 6] are relatively straightforward to establish but their application is
limited to the specific chillers from which the empirical data were obtained. Physical models
[e.g. 7] developed based on fundamental governing principles, such as mass and energy
conservation, are more detailed and more widely applicable, but they are also more difficult
to establish and use, as they usually involve a wide range of characteristic parameters of the
modelled chiller which could be difficult to quantify. Dynamic modelling [e.g. 8] is similar to
physical modelling, but takes into account the rate of change of the system variables with

time.

Although a large variety of chiller models have been developed, few are for air-cooled screw
chillers and among them, none can model in detail chillers that comprise multiple, separate
refrigerant circuits, despite that this type of chillers is already widely used for its good
part-load performance. Chan & Yu developed an air-cooled screw chiller model with four
refrigeration circuits [9, 10] by assuming that the evaporators in the four refrigeration circuits
would operate in parallel, as depicted in Figure 1. This implies that the same amount of heat

transfer surface in the entire evaporator would remain available for cooling the chilled water
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even if only one circuit was in operation [10]. In reality, however, the evaporator is

compartmentalized with each compartment belonging to one refrigerant circuit.

<Figure 1>

Presented in this paper is a steady-state thermodynamic model for an air-cooled chiller with
two separate refrigerant circuits, denoted as circuits A and B, and two screw compressors per
circuit, as shown in Figure 2. The evaporator shell comprises two separate compartments,
each connected to one refrigerant circuit. The tubes inside the evaporator are in a two-pass
arrangement allowing chilled water to flow within the tubes from one shell compartment to
the other and back. The evaporator model comprises three sections; the first and the third
section jointly represent the shell compartment in circuit A and the second section represents
the shell compartment in circuit B, which would allow the heat exchange between the chilled

water and the refrigerant in the two circuits to be properly modelled.

<Figure 2>

In the next section, the characteristics of the chiller being modelled and the modelling
assumptions made are described. The methods used to model the performance of individual
chiller components are described in Section 3. Section 4 is on evaluation of the coefficients in
the models, which was based on performance data records of an existing chiller. A
comparison of the model predictions with measured operating data of another chiller of the

same make and model is presented in Section 5.

2. Characteristics of the modelled chiller

Measured chiller performance data were collected from an existing chiller plant to provide a
basis for the chiller model development work and for verification of the model predictions.

There are five identical air-cooled twin-circuit screw chillers in the plant, each with a cooling



Lee, S.H., Yik, FW.H., Lai, J.H.K. and Lee, W.L. (2010), Performance modelling of air cooled twin-circuit
screw chiller, Applied Thermal Engineering, Vol. 30, No. 10, pp. 1179-1187

capacity of 300 tons of refrigeration (TR, 1TR = 3.517kW). For each refrigerant circuit, there
are two identical screw compressors, one electronic expansion valve, and four heat rejection
fans, and these components are identical between the two circuits. The refrigerant used is

R134a. Other key characteristics of the chillers are summarized in Table 1.

<Table 1>

Since any one of the two circuits (circuits A & B, Figure 2), or both, in a chiller may be
operated at any one time, and each circuit may have its cooling output adjusted independently
from each other through varying the refrigerant flow rates in the two circuits, knowledge
about the automatic control strategy being used to distribute the load between the two circuits
and to sequence the operation of the compressors in each circuit is crucial to the development
of a model for the chiller. However, this information was not given in the chiller
manufacturer’s catalogue while the local chiller supplier could not provide the information.
Fortunately, the total power demands of the compressors in the two refrigerant circuits were
separately measured and recorded by the building management system, which allowed the

control strategy to be identified by observing the changes in the power demands.

Inspection of the available chiller power demand records unveiled that the operating sequence
of the two refrigerant circuits in a chiller was as shown in Figure 3, which was based on the

observations described below:

1. When the cooling load on the chiller was small but rising, only one circuit would be
operated until the circuit was loaded to slightly exceeding half of the total cooling

capacity of the chiller at which time the other circuit would be called upon to operate.

2. When the two circuits were operating simultaneously, the compressor power demands

of the two circuits were approximately equal.
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3. When both circuits operated together and the load dropped to about 40% of the total
cooling capacity of the chiller, the circuit that came into operation earlier would be

shut down.

<Figure 3>

Based on these observations, the sequencing control strategy assumed in the model is that
circuit A will be started first when the part-load ratio (PLR) of the chiller is lower than 0.52.
Both circuits will be run whenever the PLR exceeds 0.52. Circuit A will be stopped when the
PLR drops to 0.42. When the load rises again, both circuits will be run when the PLR goes
beyond 0.52. This time, when the PLR falls to 0.42, circuit B will be stopped. The cycle will
be repeated until the chiller is shut-down. The method for determining the number of
compressors to be run in each circuit is described in the next section together with

descriptions on the compressor model.

Furthermore, since the two circuits comprise identical components and the total power
demands of compressors in the two circuits, when both are in operation, were found to be
approximately equal, it is considered reasonable to assume that the two circuits have equal
rated cooling capacity and would each output half of the total cooling output when both

circuits are in operation.

Since details about the head pressure control algorithm used in the chiller to cycle on and off
the condenser fans were also unknown, the assumption was made that the condenser fans
would be cycled on and off with reference to a high and a low condensing temperature
settings. When the condensing temperature of the refrigerant in the condenser exceeds the
high setting, more condenser fans would be switched on one by one until the condensing
temperature drops below the high setting or all fans are running. The number of running

condenser fans will remain unchanged as long as the condensing temperature stays within the
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dead-band between the high and the low settings. When the condensing temperature drops
below the low setting, the running condenser fans will be switched off one by one until the
condensing temperature rises above the low setting or all fans are stopped. The high and low
settings were determined by observing the records of condensing temperatures (Figure 4),

and were taken as 55°C and 42°C respectively.

<Figure 4>

In addition to the abovementioned assumptions, development of the chiller model was based

on the following assumptions:

1. The simplified vapour compression cycle shown in Figure 5 applies to both circuits;

2. The expansion valve will keep the state of the refrigerant entering the compressor at a

degree of superheat of 3°C at all times [10];

3. The refrigerant pressure drops across the condenser and the evaporator are negligible;

4. The refrigerant enthalpy will remain unchanged as it passes through the expansion
device;

5. The refrigerant leaving the condenser is at a saturated liquid state without sub-cooling;
and

6. Heat exchange between the refrigeration system and its surroundings is negligible.

The last assumption implies that the heat rejection rate at the condenser will always be equal
to the sum of the cooling output rate at the evaporator and the power input to the

COmMpressors.

<Figure 5>
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3. Model development

Given that the chiller has two refrigeration circuits, circuits A and B, the chiller may operate

in any one of the following three modes:

a. Only circuit A operates
b. Only circuit B operates
c. Both circuits operate

Since the same model can be used to simulate either circuit in the chiller while only one of
the two circuits is in operation, a model for a single circuit (circuit A) and a model for both

circuits in operation were developed, as described below.

3.1.  Evaporator of circuit A

When only circuit A operates, the cooling output of the evaporator can be related to the

properties of the chilled water and the refrigerant, as shown in equations (1) to (3).

QA:mw'CW'(Tr_Ts) (1)
Qa = Mpgpa '(hAl - hA3) (2
QA =Eepn” m,, -C, '(Tr _Teva) (3)

Where &vpa, the evaporator effectiveness, in equation (3) is given by:

AU evpA
geva =1- exp(— ) (4)
m,-C

w w

10
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The term AUewpa in equation (4), the overall heat transfer coefficient of the evaporator, can be
expressed as a function of the chilled water flow rate and the cooling output rate as shown in
equation (5) [11]. The coefficients ai, a2 and a3 in the model have to be evaluated based on

operating data of the specific chiller to be modelled (see Section 4).

AU

1
07 )

A T 0.
o m, " +a,-Q,7 +a,

Equations (1) & (3) can be combined to yield the following equation for evaluation of the

evaporating temperature of the refrigerant.

U -1, ©)
m,-C, &

T

evpA — Ts +

w evpA

Having evaluated Tewpa, the corresponding refrigerant evaporating pressure can be determined

using the Clausius-Clapeyron equation below [12].

b
P —exp(@a+— — 7
evn = EXP( TeVpA+273.15) )

The values of the coefficients in the above equation are: a = 15.489 and b = -2681.99.
3.2.  Compressors in circuit A

The actual power input to the staged compressors in circuit A is given by [12]:

WA,isen
WA = Mgy ——— (8)
Misen Mec

Where, from equation (2), mrefa, the refrigerant mass flow rate, is given by:

Qx

— )
hAl - hA3

m refA —

11
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The isentropic compressor work per unit mass of refrigerant is given by [9]:

7-1

Y Paa |7
W isen :E' IDeva Var [P = ] -1 (10)

evpA

The constant coefficient y for the refrigerant R134a is 1.072 [12]. The specific volume of the
superheated refrigerant at the compressor suction (Vai) in equation (10) can be evaluated from
the saturated specific volume of the refrigerant in the evaporator, vai s , the refrigerant degree
of superheat at the compressor suction, ATevsh, and the evaporating pressure of the refrigerant

in the evaporator, Pevypa, using equation (11) [8].

v (=0.0007 +0.00002- P, ,)- AT, q, (b

VAl VAl,s

The following regression model for screw compressor developed by Solati [13] was used in

the chiller model for evaluating the isentropic efficiency (7isen):

2 2
Misen = OOl(al 'Tch +a, 'Tch +a, 'Teva +a, 'Teva

(12)

+a, T,°-T

e

VpA +ag 'Tch 'Teva +a7'Qﬂ + ag)
Where

a1 =-0.0316958 a2=2.90112 az =—-0.0296849 as=-1.45279

as =0.000321176 as = 0.00683086 a7 =0.00170575 as=-16.5018

The combined motor and transmission efficiency (77cc) for a single compressor and two
compressors working in parallel can be determined using equations (13) & (14) but the
coefticients b1 to b3 and €1 to ¢3 had to be estimated by regression using operating data of the

chiller (see Section 4):

12
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.. =b, +b, -PLR+b; - PLR?, for a single compressor in operation (13)

=C, +C,-PLR+c, -PLR?, for two compressors in operation (14)
MNee =6 6 3 p p

The refrigerant flow rate (Mrefa) through a single compressor can also be determined using
equation (15) for the full load condition and equation (16) for the part load condition [12].
Equation (16) differs from equation (15) only in the additional term Vpumpa, which is the

refrigerant flow rate that is re-circulated to suction when the sliding valve is opened under

part-load operation [12].

1 s R Lﬂ 2 !
mrefsz_‘ Vf - A I:)eva‘VA _(Pi)Z}/ ' 7(_1j (15)
A evpA y+

7+l

1 P\ 2
Meta :V_' Vf _VpumpA - A\/ I:)eva “Va (PA) 77

A evpA

(16)

If the refrigerant flow rate determined using equation (9) exceeds the refrigerant flow rate
determined using equation (15), which corresponds to the condition where one compressor is
running at full load condition, then both compressors in the circuit would need to be run to
cope with the load. However, if the reverse is true, then Vpumpa will have to be equal to or
greater than zero in order that the refrigerant flow rates estimated from equations (9) & (16)
will agree with each other, which means that only one compressor needs to be run under that
condition. This is how the number of compressor(s) in a circuit to be run is determined in the
chiller model. The volumetric displacement (V) and the nozzle area (A) of each compressor
had to be estimated based on the manufacturer’s performance data for the full-load condition

(see Section 4).

13
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The specific enthalpy of the superheated refrigerant at the discharge and suction sides of the

compressor (haz & ha1) can be found using equations (17) & (18).

hAzzhAl"'ﬂ (17)
Misen " Tee
hA1 = hAl,s + va ’ ATevsh (18)

3.3.  Condenser in circuit A

The heat rejection rate in the condenser in circuit A can be described by the following

equations:
Qun = Qu+W, 19
Quon =My C - (Tyo = Tour) (20)
Quon = Mreta - (Nay —hiy) 1)
Quoa = €can Ma "o (Toga = Tour) (22)
Where
o =1 —exp(—%) (23)
AU, =d, -Qu’m,” (24)

Equation (19) is based on the assumption that the refrigeration system is isolated from the
surroundings. Equations (20) & (21) relate the heat rejection rate to the states and flow rates

of the condenser air and refrigerant while equation (22) relates the heat rejection rate to the

14
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condensing temperature of the refrigerant (Tcda) and the leaving air temperature (Tout), using
the effectiveness method, with the heat transfer effectiveness (&da) described in equation (23).
For the overall heat transfer coefficient AUcda of the condenser shown in equation (24), the
coefficients d1 to ds were estimated by regression based on available chiller performance data
(see Section 4). The condensing temperature and the condensing pressure can finally be

estimated using equations (25) & (26) respectively.

Tch = Tout + L (25)
gch'ma'Ca
b
P.,=expa+———— 26
o =@t s (26)

Values of the coefficients a & b in equation (26) are same as those in equation (7) mentioned

above.

The condenser air mass flow rate, ma, in the above condenser model would vary depending
on the number of condenser fan(s) being run under the head pressure control of the chiller. As
discussed in Section 2, cycling on and off of condenser fans is determined by comparing the
refrigerant condensing temperature with the high and low temperature settings. In each new
time-step, the number of condenser fan(s) that should be run, Na, will first be assumed to be
equal to that in the previous time step (when the chiller has just been started, this number will
be set at 1), but whether this number of condenser fan(s) would be sufficient to keep the
condensing temperature within the dead-band between the high and low settings will be
checked. If the condensing temperature is found to be over 55°C or below 42°C, the number
of fan(s) to be run will be adjusted up or down by one at a time, and the condensing
temperature of the refrigerant will be checked again each time until the condensing

temperature is kept within the dead-band or all or no fans are running.

15
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Having determined the number of fan(s) to be run, ma can be determined, as follows:

atot (27)

3.4.  Expansion valve in Circuit A

The modelled chiller is equipped with an electronic expansion valve. Inside the expansion
valve, a piston is driven by an electronically controlled linear stepper motor to move up and
down to vary the cross sectional area of the refrigerant flow path such that the refrigerant is
kept in a superheated vapour state at the suction side of the compressor. A series of calibrated
orifices are installed into the wall of the refrigerant inlet port. When the refrigerant passes
through the orifices, the refrigerant expands and becomes a mixture of liquid and gas. Despite
the complex components involved, in the chiller model, the expansion device is modelled
simply by assuming that the throttling process is adiabatic, thus the entering and leaving

enthalpies of the refrigerant are equal, as depicted by equation (28).
hps =ha (28)
3.5. COP of circuit A

The COP of circuit A of the chiller, when only circuit A is in operation (same applies when
only circuit B is in operation), as defined in equation (29), takes into account the cooling

output (Qa), the total compressor power (W, ) and the condenser fan power (W, ).

cop, =3 (29)

16
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3.6.  Chiller model when both circuits A & B are in operation

The evaporator of a twin-circuit chiller is modelled by breaking it down into three heat
exchangers in series, as shown in Figure 6.

<Figure 6>

The two heat exchangers at both ends represent the evaporator in circuit A and that in the
middle represents the evaporator in circuit B, which mimic the path through which the chilled
water will flow through the two shell compartments of the evaporator. The water tubes in the
two heat exchangers at the two ends are submerged in the same bath of evaporating
refrigerant at the shell side of the part of the evaporator in circuit A, and thus the evaporating
temperature and pressure of the refrigerant in these two heat exchangers are identical. The
cooling output of circuit A, Qa, is the sum of cooling output of the first and the last heat

exchangers, i.e.:

Qa=Qa1 + Qa2 (30)
It follows that:

Qu=m, -, (T =T) GD

Qg =m, €y (T =Ts,) (32)

Qu=m,-C, (T, =T,) (33)

By assuming that Qs equals half of the total cooling output of the chiller, the value of (Ts1 —

Ts2) 1s known:

T, ~T,) =2 (34)

mWCW

17
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The heat transfers from the chilled water to the evaporating refrigerant in the evaporators are

governed by the effectiveness equations shown below:

QAl =&p 'mw'cw'(Tr _Teva) (35)
Qu =&pn M, -C, (T, _Teva) (36)
QB = EeypB m,, -C, - (Tsl _Teva) (37)

The effectiveness of the three heat exchangers and the overall heat transfer coefticient for the

part of the evaporator in circuit B are as shown in equations (38) to (41) below.

AU
En=1- exp(—ﬁ) (33)
AU
Epy =1- exp(—ﬁ) (39)
=1 AY e 40
Eepn =1— eXP(—W) (40)
1
AU evpB —0.745 (41)

a,-m, " +a,-Q, +a,

In the model, the assumption is made that the overall heat transfer coefficients AUa1 and
AUn2 are approximately equal, as depicted by equation (42), and that equation (5) for the
overall heat transfer heat coefficient of the part of the evaporator in circuit A (AUewpa) remains

valid.
AUn = AUa2 =0.5-AU,, (42)
Based on the above equations, the following iterative steps are used to estimate Tevps .
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1. Assume a value for Tevpa.

2. Using equation (35) and the assumed value of Teypa, evaluate Qai.

3. Using this value of Qa1 and equation (31), evaluate Tsi.

4, Based on the assumption that Qa = Qs = 0.5 Qevp and using this value of Tsi and

equation (32), evaluate Ts2 and then Qa2 = Qa — Qa1.

5. Using equation (36), Tewpa can be determined and checked with the value assumed in
step 1. If the difference between them is large, the process will be repeated from step

1, taking the Tewa value just estimated as the assumed value.

6. When a converged solution is found, Teyps can be determined using equation (37).

For the other components, including the compressors, condensers and expansion
valves, the same set of models developed for circuit A can be used for modelling the

corresponding components in the two circuits when both are in operation.

3.7 The whole chiller model

A chiller simulation program has been developed by assembling the component models
presented above. The inputs to the program include the chilled water supply (Ts) and return
(Tr) temperatures and the outdoor air temperature (Tout) under the actual operating conditions.
Since the chiller model includes component models the coefficients of which need to be
determined based on operating data of the specific chiller to be modelled (see Section 4), it
cannot be applied to simulate another chiller of a different make and model unless the

component model coefficients have been re-established.
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For each set of inputs corresponding to a particular operating condition, the model will first
determine the cooling load on the chiller (Qewp), based on the known (constant) chilled water
flow rate (mw) and the input chilled water supply and return temperatures (Ts & Tr), and then
the part load ratio (PLR). With reference to the PLR, whether only one circuit or both circuits
will have to be run can be decided. When only one circuit needs to be run, the
abovementioned alternate sequencing algorithm will be used to decide whether circuit A or
circuit B will be operated. The iterative procedure for determining the evaporating
temperatures in circuit A and circuit B will be implemented only if both circuit needs to be

run.

Because determination of the refrigerant mass flow rate, the compressor power and the heat
rejection rate requires knowledge about the condensing temperature in the circuit (Tcda &/or
Teds) but the condensing temperature, in turn, can only be determined when the heat rejection
rate is known, an iterative loop is implemented in the model to solve for the condensing
temperature and the heat rejection rate simultaneously. Within this loop, there is another
iterative loop for determination of the number of condenser fans that need to be run. These
nested iterative loops are implemented for each operating circuit. The convergence criteria

used in computing the evaporating and condensing temperatures are both 0.01°C.

When a converged solution has been obtained, the compressor and condenser fan power
demand and the evaporating and condensing temperatures of each circuit, and the total chiller
power demand and COP will be output. The program will then proceed to the next set of

input until all cases have been processed.

4. Coefficient evaluation

As noted in the above descriptions on the chiller model, there are a series of model

coefficients that need to be evaluated based on known performance data for the chiller being
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modelled. For this purpose, the operating data of an existing chiller for a period of 4 months

(from February to May) were retrieved from the building management system.

The unknown coefficients in equations (5) & (41) for the overall heat transfer coefficients of
the evaporators AUevpa & AUevps were evaluated using the available chiller operation data that
were pertaining to the condition where only a single circuit was operating. First, equation (5)
was re-organized into:

1
AU

—a,-m, " +a,-Q, """ +a, (43)

evpA

For each operating condition, the value of AUewpa was determined beforehand using equation
(44) and the corresponding data available in the records. Based on equation (43), multiple
linear regression method was then used to evaluate the coefficients a1 to as. The values so
evaluated for these coefficients were 0.1748, 0.0549 and 0 respectively (R*> = 0.98), and they

apply to the evaporator models of both circuits.

Tr _Tev
AU,, =m,-C,-In ° (44)
Ts _Tevp

The overall heat transfer coefficients of the condensers (AUcda, AUcdB) are described by

equation (24), which was re-organized into:
In(AU ) = In(d,) +d, - In(Q4) +ds - In(m, ) (45)

For each operation record, the condenser air flow rate (ma) was determined from the rated
flow rate of each fan and the number of operating fans. The latter was estimated from the
ratio of the power consumed by the operating fans to the total rated fan power of the chiller.

By adding the compressor power and the cooling output of the chiller, the heat rejection rate
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(Qcda) was determined, which also allowed the leaving condenser air temperature (Tout) to be
found by using equation (20) and, in turn, the value of AUcda to be found using equation (46).
On the basis of equation (45) and the set of pre-calculated values for In(AUcda), In(Qcda) and
In(ma), the coefficients In(d1), d2 & ds were evaluated using multiple linear regression method.
The values of di to d3 so evaluated were 1, 0.6429 and 0.015 respectively (R? = 0.9).

Tq T,

out ] (46)

AU, =m,-C,-In
Tcd _Tao

For the combined motor and transmission efficiency, it was also estimated using the chiller
performance data for the condition where only one single circuit was in operation. By

re-arranging equation (8):

W, .
A . . .. .
Nee =Mpea - ———— ;  when circuit A is in operation (47)
isen YV A
WB,isen . . . .
Nee =M,s -*———— ; Wwhen circuit B is in operation
isen 'WB

The refrigerant flow rate (Mrefa or Mrefg), the isentropic power (Waisen Or Wa,isen) and the
isentropic efficiency (7isen) in equation (47) can be determined using equations (9), (10) &
(12) respectively in conjunction with the available chiller performance data, which allowed a
set of values for the combined motor and transmission efficiency (7cc) corresponding to
various operating conditions embraced by the available chiller performance data to be
calculated. The unknown coefficients b1 to b3 in equation (13) for 7cc were then evaluated
through multiple linear regression and the values found are -0.39, 1.4875 and 0.3043

respectively (R? = 0.98). Through a similar method, the values evaluated for the coefficients
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C1 to C3 in equation (14) for 7cc for two compressors working in parallel were -0.3422, 1.5444

and -0.1707 respectively (R2 = 0.96).

As to the volumetric displacement (Vr) and the nozzle area (A) of each compressor in
equations (15) & (16), they were estimated based on the rated operating condition of the
chiller as stated in the chiller manufacturer’s catalogue. The volumetric displacement of each
compressor was estimated using equation (48) [12] in which the power (W) is the rated

power of one compressor of the chiller.

W, -(y-1
Vf — A (7 )y_l (48)
I:)dA !
Ve Pev ’ : -1
" (Pevaj

The nozzle throat area (A) of the compressor was calculated by re-arranging equation (15)

into equation (49), with the refrigerant flow rate (mreia) estimated using equation (9).

A= Vf ~Migta Var (49)

Pan 157 2\
\/Peva'VA1'(PdA)27' 7( J

evpA

The results obtained were as follows:

Volumetric displacement of each compressor (Vi) = 0.5638m>/s

Nozzle area of each compressor (A) = 0.00092m?

S. Comparison of model predictions with chiller operating records

Besides the set of data used in evaluation of the model coefficients, another set of measured
operating performance data for another chiller of the same make and model in the same plant

for a period of 3 months (from August to October) was collected for a comparison with the
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predictions of the chiller model. These data cover a wide range of part load ratio (PLR:
0.05-1.2) and outdoor air temperature (Tout: 22-37°C). Figures 7 to 11 show the comparisons

of the model predictions with the recorded chiller operating data.

<Figures 7 to 11>

As shown in Figure 7, the predicted COP of the chiller agrees remarkably well with the COP
calculated from the chiller load and power demand data, with about 96% of the predicted
values falling within £10% of the calculated values. The predicted evaporating temperatures
in circuits A & B (Tewpa & Tewps) of the chiller (Figures 8 & 9) also compare well with the
measured data, with about 84% and 85% of the predictions falling within £10% of the
respective measured values. The data of each circuit shown in the corresponding figure
include the operating conditions when the circuit was the only circuit being run and when the

circuit was operating concurrently with the other circuit.

Although about 90% of the predictions were within £10% of the measured values, the
predicted condensing temperatures in circuits A and B (Figures 10 & 11) scatter about the
measured values in several cluster bands. Nonetheless, such discrepancies should be an
expected outcome because the accuracy of prediction of the condensing temperature is
dependent on how accurately the number of condenser fans being run was predicted and any
departure from the actual number would cause significant deviations between the predicted
and the measured condensing temperature. With the wide dead-band used in determining
whether or not to switch on or off condenser fans, having one more or one less fan running
may not cause the condensing temperature to go above or below the high or low settings but

the corresponding condensing temperatures could depart substantially from each other.
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Comparison of the predicted number of circuit(s) being run with the measured records
(indicated by the power demand of individual circuits) unveiled that only in less than 5% of
the cases that the prediction deviated from the actual situation. When the control algorithm in
the chiller model was disabled and replaced by the actual number of circuits in operation as
ascertained from the measured records, the difference in the predicted energy use was found

to be about 1% only.

Since the key improvement in chiller modelling method represented by the present chiller
model is in its ability to model changes in chiller performance due to staged operation of the
separate refrigerant circuits and of the compressors within each circuit, the predicted
variation in COP with PLR was compared with the measured data. Figure 12 shows the total
chiller COP predicted by the model for a range of PLR under the outdoor temperature of
28°C. This clearly shows that the chiller COP can rise and drop substantially as an additional
compressor or refrigerant circuit is called upon to operate to cope with a rising load. Such a

trend can also be observed from the measured data as shown in Figure 13.

<Figures 12 & 13>

7. Conclusion

In this paper, the model developed for an air-cooled twin-circuit screw chiller is presented
and the chiller energy use predictions of the model have been verified to be in good
agreement with measured data over a wide range of operating conditions. For chiller COP,
96% of the predictions fell within +£10% of the calculated values. The model is also able to
provide good predictions of the variation in chiller performance due to staged operation of the
separate refrigerant circuits in the chiller and of compressors in each circuit, which match

with observations made with measured chiller operation data.
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Table 1 Characteristics of the chiller being modelled
Chiller characteristics Value
Rated cooling capacity 1055kW
Rated chilled water entering / leaving temperatures 12°C/7°C
Rated chilled water flow rate 50l/s
Rated condenser air entering temperature 35°C
Rated condenser air flow rate 42.771/s
No. of condenser fans 8
Total condenser fan power 8kW
No. of compressors 4
Total rated compressor power 398kW
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