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The application of refrigeration on deep South African gold mines is mostly 
achieved through the medium of chilled water which is produced in central 
installations either on surface or underground. The amount of refrigeration 
has been increasing rapidly over recent years, and the total installed capacity 
on all gold mines now exceeds 1000 MW(R), with annual running costs ex
ceeding RlOO million for electricity alone. Hence, there are strong incentives 
to design such installations for optimal cost-effectiveness. 

The duty required of these installations varies considerably, owing to daily 
and seasonal climatic changes and the varying nature of the water demand. 
It has long been recognized that a computer program to predict installation 
performance as a whole under any given conditions would be highly desirable. 

An interactive computer program, CHILLER, is described which enables 
the user to build an installation, consisting of any configuration of cooling 
towers, water storage reservoirs and packaged water chilling machines. 
Externally-dictated conditions such as the weather and chilled water demand 
must be specified, and all quantities under control of the installation, including 
internal water flow rates and compressor capacity regulators, must be set. 
The time-varying performance of the installation can then be simulated. 

Examples are given of the application of the program in the design of a 
new installation, and in evaluating the effect of any modifications to existing 

installations. 

Introduction 

Cooling of deep South African gold mines is 

mostly achieved through the medium of 

chilled water, which is produced in central 

installations either on surface or under

ground 1 • The total refrigeration capacity 

of these installations has trebled since 

cooling towers, storage reservoirs (dams), 

and one or more water chilling machines of 

the packaged air-conditioning type. These 

packaged water chillers commonly incorporate 

evaporators and condensers of the shell

and-tube type and compressors of either the 

1976, and is currently 1 125 MW(R). As 

mining continues to greater depths, the pro

vision of refrigeration becomes ever more 

essential, and its overall cost more signi

ficant. Hence, there are strong incentives 

to design centralized water chilling 

installations for optimal cost-effective-

ness. 

Currently, most installations comprise 

centrifugal or screw type. A typical 

arrangement of a conventional installation 

is shown in Figure 1. In all installations 

there are two separate water circuits. The 

water to be chilled first passes through 

pre-cooling towers, if the installation is 

on surface, and then passes through the 

evaporators of the packaged water chillers. 

In the condenser circuit, the water serves 
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FIGURE 1. Typical mine water chilling installation 

as the transport medium to reject heat, via 

cooling towers, to the ambient air in the 

case of surface installations, or to the 

exhaust air in the case of underground 

installations. Storage dams provide volume

tric and thermal buffering in both circuits. 

Well-established procedures 2 ,3 exist for 

the effective design of such installations. 

But to facilitate optimal design, certain 

virtues are desired in addition to effec

tiveness, and it has been recognized that a 

computer program which can predict the per

formance of installations under varying con-

ditions would be a useful tool. 4 ,5 The 

main reason for this is that most water 

chilling installations experience signifi

cant variations in duty, due both to daily 

and seasonal climatic changes, and to the 

unpredictable nature of mining. 4 ,5,6 
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While such installations must be able to 

provide the anticipated peak duty, their 

performance under all significant off-peak 

duties is equally important for optimal 

design, where energy-efficiency and adapta

bility are desirable. 

In order to predict off-peak performance 

with acceptable accuracy and precision, 

realistic mathematical representations of 

vendor-supplied equipment (such as packaged 

water chillers 7 ) must be available from 

manufacturers. In addition, the complex 

interactions between all the various compo

nents require that these representations 

must be incorporated into an overall algo

rithm to predict installation performance as 

a whole under any given duty. The develop

ment of a computer program to carry out such 

calculations offers the ideal solution. 
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Two other uses for such a program are 

immediately evident. The effects of changes 

to existing or envisaged installations can 

be simulated and evaluated. Also, it can 

assist in identifying causes of problems 

experienced with existing installations. 

The program 'CHILLER': Description and 
facilities 

The computer program CHILLER is an interac

tive program which simulates the performance 

of entire water chilling installations. It 

runs on any IBM PC compatible microcomputer, 

and has been designed with a high degree of 

user-friendliness. The manner in which the 

installation is represented is outlined, 

followed by a description of the program's 

two principal facilities, termed 'Catalo

gues' and 'Installation.' 

How the installation is represented 

A conventional water chilling installation 

consists of three interdependent parts: 

- a chilled water circuit 

- a condenser water circuit 

- a group of packaged water chillers 

(refrigerant circuits). 

CHILLER represents each of these 

separately, as described below. 

Chilled water circuit 
The various components permitted in the 

circuit, and their corresponding symbols, 

are shown in Figure 2. These symbols are 

sufficiently large to be easily distinguish

ed and labelled. 

The following features are included in the 

chilled water circuit: 

(a) Components can be inserted at any loca

tion, and can be connected to any neigh

bouring component in either series or 

parallel fashion. In particular, it is 

possible to insert a component between 

existing components, the circuit 'expan

ding' to accommodate if necessary. 

Evan 1 Evaporator 

Condenser 

Cooling Tower 

Storage dam 

Link 1 
Link 

Ent. 1 ] Entrance from outside 

[ Exit 1 Exit to outside 

FIGURE 2. Allowed components in water circuits 

(b) Components can be deleted at any loca

tion. 

(c) Feedback streams of water are permitted 

between any two points. 

The water circuit can be considered as a 

generalized, series-parallel arrangement. 

It is essentially a grid where lanes (hori

zontal axes) represent parallel water 

streams, and steps (vertical axes) represent 

series connections. A maximum of 10 lanes 

and 10 steps is allowed in the circuit, of 

which the screen can display any portion of 

3 steps and 5 lanes. The concept is illu

strated in Figure 3. 

Connections between components are made 

through numbered nodes, located on the boun-

daries between adjacent steps. As these 
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FIGURE 3. Co-ordinates of symbolic water circuit 

nodes can be extended in either direction to 

as many lanes as desired, parallel connec

tions of any multiplicity are possible. In 

Figure 4, for example, nodes extend into an 

adjacent lane to connect an additional 

cooling tower in parallel vlith an existing 

one. 

Any desired circuit can thus be built from 

the range 6f permitted components. The user 

builds this -interactively through the use of 

a highlighting window vlhich is moved to the 

place in the circuit where a component is to 

be included or deleted. Nodes are included 

and extended automatically as required. 

Water flow can be directed backwards if 

required, thus enabling feedback streams to 

be incorporated. Figure 5A shows a diagram

matic sketch of a simple circuit, and Figura 

58 shows two displays of its corresponding 

representation on the computer screen. 

Cooling Tower 1 

Condenser water circuit 

This is represented in similar fashion to 

the chilled water circuit. The same range 

of components is allowed except that conden

sers are substituted for evaporators. 

Packaged water chillers 

A directory of packaged water chillers is 

FIGURE 4. Parallel connection of two cooling towers 

-i r~~~--~D~a-m~2r---~~ 
Evap. 2 

FIGURE SA. Simple chilled water circuit 
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FIGURE 5B. Corresponding representation of Figure 5A 
on computer screen 

stored in the program, from which any 

chiller can be accessed. An example is 

shown in Figure 6. 

permitted in each 

Up to ten chillers are 

installation. Each 

chiller is represented as a closed refrige

rant circuit, with various symbols represen

ting its components. A compressor can be 

FIGURE 6. Directory of packaged water chillers 

incorporated into a chiller in one of three 
ways; 

- single-stage, screw compressor 

- single-stage, centrifugal compressor 

- two-stage, centrifugal compressor 

Figures 7A and 7B show single-stage and 

two-stage configurations, respectively. 

Once the user has specified a particular 

chiller it is automatically displayed on the 

screen. The refrigerant to be used - R 11, 

R12, R22 or ammonia - must be specified for 

each chiller. Ammonia can not be specified 

for centrifugal chillers. 

The 'Catalogues' facility 

The I Catalogues I facility allows the user 

to create, and modify, bui It - in catalogues 

containing the specifications of up to 15 

different models of the following types of 

components; 

FIGURE 7 A. Single-stage packaged water chiller 

FIGURE 7B. Two-stage packaged water chiller 
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FIGURE 8. Catalogue directory for centrifugal compressors 

- evaporators - condensers 

- cooling towers - centrifugal compressors 

- screw compressors 

Each component in an installation is 

identified as a particular model in the 

appropriate catalogue. 

The catalogue for each component type 

consists of a directory of models with a 

model number, class, and a user-specified 

name. An example of the directory for 

centrifugal 

Figure 8. 

compressors lS shown in 

Through this directory, any model 

can be accessed and its specifications crea

ted or modified. 

For each component type there is a range 

of available classes. For example, cooling 

towers may be counterflow or crossflow; 

centrifugal compressors may be either guide

vane-regulated ordiffuser-blade-regulated. 

The user may select the class, whereupon a 

corresponding specification sheet is created 

and displayed. Individual specifications on 

this sheet, initially set to default values, 

may then be modified. 

An example of a specification sheet for a 

centrifugal compressor is shown in Figure 9, 

which illustrates two further features. 

Firstly, for' numerical specifications, the 

allowed minimum and maximum limits, as well 

as the actual values, are displayed. 

Secondly, to prevent insight being hampered 
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by too much detail, intricate specifications 

such as parameters for formulae describing 

compressor curves are 

such specifications 

not given; rather, 

are qualitatively 

described in terms immediately relevant to 

the user. In this example, each built-in 

family of formulae describing compressor 

curves is identified by name (providing a 

quick reference to documentation if requir

ed); hence the desired family is selected 

through the specification 'Compressor curve 

family'. Similarly, meaningful variation 

within this selected family is provided 

through a range of descriptive adjectives 

('very flat' ... ' average slope' ... ' very 

steep'), selectable through the specifica

tion 'Slope of full-capacity curve'. Each 

adjectiv'e sets the parameters of the family 

of formulae to appropriate values. 

Simulation of installation performance 

Having incorporated the specifications of 

the desired models of components In the 

catalogues, the other principal facility of 

CHILLER, 'Installation', is then used to 

represent an installation and simUlate its 

performance. To aid insight as well-as ease 

of use, it does this through six options: 

- Edit - Controls 

- Specifications - Simulate 

- Conditions - Results 

FIGURE 9. Specification sheet for centrifugal compressor 
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As mentioned earlier, an installation is 

represented as a chilled water circuit, a 

condenser water circuit, and a group of 

packaged water chillers. All of the above 

options, except 'Simulate', have access to 

any of these circuits, but only to one 

circuit at a time. 

Edit option 

Here, as described previously, the water 

circui ts are built, and all packaged water 

chillers are built as one of the three 

staridard types. Any of these may subse-

quently be modified. 

Specifications option 

The specifications 'of all evaporators, 

condensers, cooling towers, and centrifugal 

and screw compressors are determined by 

designating each as a particular model ln 

the appropriate built-in catalogue. The 

highlighting window is first moved to the 

component concerned; upon command, the cata

logue directory, showing all available 

models, with that of the component concerned 

highlighted, is displayed. The directional 

arrow keys may then be used to move through 

this directory, thereby changing the model 

of the component. Figure 10 illustrates 

this procedure for a two-stage water 

chiller, where the first compressor stage is 

FIGURE 10. Specification of first compressor stage of two
~stage water chiller 

FIGURE 11. Specification of a cooling tower 

being specified. The catalogue directory on 

the left is identical to that in Figure 8. 

In the corresponding procedure for a 

water circuit, the catalogue directory may 

be displayed on the left or right of the 

screen, enabling the user to leave a prefer

red side of the circuit displayed. In 

Figure 11, a cooling tower in a chilled 

water circuit is being specified. 

Conditions option 

By 'conditions' is meant conditions external 

to the installation as a whole, over which 

it has no control. They include weather 

conditions, and flow rates and temperatures 

of water streams entering the installation. 

The user has to specify these conditions, 

which form part of the performance quanti

ties known beforehand. 

The highlighting window is moved to each 

component for which such conditions have to 

be specified; upon command, the performance 

sheet for that component is displayed. Only 

the values of the conditions are displayed; 

values of the other quantities are.not shown 

and cannot be accessed in this option. The 

directional arrow keys may be used to access 

each condition, whereupon it may be speci

fied or amended. Shown in Figure 12 is the 

procedure for the cooling tower of 

Figure 11; the external conditions comprise 

SIMULATING THE PERFORMANCE OF WATER CHILLING INSTALLATIONS 297 



FIGURE 12. Cooling tower in chilled water circuit: 
Specification of conditions I 

barometric pressure and wet-bulb tempera

ture. 

A special condition affecting the entire 

installation is termed 'elapsed time', and 

allows the. user to specify a time interval 

over which the installation performance may 

be dynamically simulated, with all other 

conditions being held constant. Its value 

in minutes is displayed at the bottom of the 

screen, as may be seen in Figure 12. 

Controls option 

There are no automatic control strategies 

presently incorporated into CHILLER. Hence 

the user has to specify all quanti ties, 

termed 'controls', which are capable of 

being adjusted from inside the installation 

(by a human operator or an automatic 

controller) . Such quantities include all 

internal water flow rates, and settings of 

all regulators such as vane angle settings 

on centrifugal compressors. 

These control quantities are specified in 

the same way as the conditions. In this 

option, the performance sheets display the 

values of the conditions as well as the 

controls. Only the controls may be accessed 

and specified; the values of the conditions 

are displayed for information only. 

Figure 13 shows the procedure for the 

cooling tower of Figure 11; the controls 
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comprise the state of the fans (switched on 

or off), and the air and water flow rates. 

Those quantities whose values are still not 

displayed constitute the resultant behaviour 

of the cooling tower, which will be shown 

only when the 'Simulate' option has been 

selected and a calculation performed. 

Simulate option 

Once all conditions and controls have been 

specified, the resultant behaviour of all 

installation components is calculated to 

yield the predicted performance of the 

entire installation. 

Performance lS calculated as follows. 

Ini tial estimates of the behaviour of all 

components are first generated. A multi

dimensional Newton-Raphson technique is then 

employed to refine these estimates until the 

estimated and calculated values agree suffi

ciently closely. Numerical integration for 

dynamic simulation over a time interval is 

carried out by the standard fourth-order 

Runge-Kutta technique, checking step sizes 

to ensure sufficient accuracy. 

Results option 

After the performance has been calculated, 

the water circuits and chillers may again be 

accessed, and complete performance sheets 

for any component, with all values of condi-

FIGURE 13. Cooling tower in chilled water circuit: 
Specification of controls 
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tions, controls, and resultant behaviour are 

displayed on command. For example, Figure 

14 shows the complete performance sheet for 

the cooling tower of Figure 11. 

Up to ten consecutive sets of results may 

be printed in a single table, allowing easy 

observation of the trend (over time) in any 

quantity of interest. 

Examples of application 

Two examples are given below: the first 

relates to the preliminary design of a new 

installation, and the second to the effect 

of modifying an existing one. 

New installation with alternate tasks 

A new surface installation is required to 

perform the alternate tasks of 

(a) bulk cooling of air, or 

(b) chilling of service water, 

and may be switched to either task at any 

time. 

Initial estimates of the average mag

nitude of each task in mid-summer are given 

in Table 1. 

Table 1. Al ternate mid-summer tasks 
of new installation 

IBUlk air Service 
I cooling water 
I chilling 
r 

Water flow rate, £/s' 250 125 
Entering water 

temperature, °c 10 30 
Leaving water 

I temperature, °c 4 4 
Barometric pressure, I 

I 
kPa 

I 
86 86 

Ambient wet-bulb 
temperature, °c 16 16 

In service water chilling, a pre-cooling 

tower would normally perform the first 

stage of cooling, which would reduce the 

water temperature to between 18 °c and 

1'9 QC. Therefore, for this task, the duty 

of the water chilling machines involves more 

FIGURE 14. Cooling tower in chilled water circuit: 
Display of performance 

than double the temperature reduction of the 

bulk air cooling task; the water flm'l rate 

is, however, halved. Hence, for each task, 

the total cooling load on the machines is 

approximately equal. This suggests that the 

evaporators of these machines should be 

connected in parallel for bulk air cooling, 

but connected in series for service water 

chilling. 

For eCQnomy of scale, it is proposed to 

employ two identical, large-capacity pack

aged vlater chillers. These are envisaged 

to be single-stage, with screw compressors, 

employ ing R 12 as refrigerant. The tvlO 

alternate chilled water circuits are shown 

in Figures 15A and 158, which also show 

the common condenser water circuit, with the 

condensers in parallel. 

All components have been initially sized p 

for bulk air cooling; details of the corre-

sponding mid-summer performance (design 

performance) are summarized in Figure 15A. 

The question is whether these same packaged 

water chillers will be able to meet the 

requirements of chilling the service water. 

Corresponding details of performance 

predicted by CHILLER are shown in Figure 

15B. wi th both chillers at full capacity, 

the predicted temp~rature of water leaving 

Evaporator 2 is 5,23 °c, which represents 
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FIGURE 15A. New installation: Bulk air cooling task 

92% of the required chilling load. This is 

sufficiently close to target to suggest that 

only a small design change is required. 

One such change, suggested by examination 

of Figures 15A and 15B, is to increase the 

heat transfer capability of one or both eva-

porators. For, in the service water 

chilling task, Chiller 1 takes the most 

load, and the approach (difference between 

leaving water and refrigerant temperatures) 

in Evaporator 1 of nearly 4 ° C would appear 

to be excessive at this peak duty. 

It is generally preferred that the two 

chillers be kept identical, for logistical 

reasons. When re-simulation with bigger, 

identical evaporators is done, it is found 

that the 

returns 

300 

region of 

is entered. , 

rapidly 

The 

diminishing 

full-capacity 

refrigeration capability of the screw com

pressors, owing to their I constant-volume I 

characteristic, does not increase suffi

ciently to take full advantage of increased 

evaporator size. A 25% increase in heat 

transfer area, for example, merely reduces 

the temperature of the chilled water 

produced to 4,89 °c, representing 93% of the 

required load. As heat exchanger costs are 

the dominant component of chiller capital 

costs, this option is not cost-effective. 8 

A preferable option is to leave the two 

chillers unmodified, and pre-chill the water 

entering them such that 4 °c chilled water 

is finally produced. A smaller, auxiliary 

chiller is . thus required for the service 

water chilling task, connected as shown in 

Figure 15C. Its extra capital cost must be 
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FIGURE 15B. New installation: Service water chilling task 
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FIGURE 15e. Revised installation: Service water chilling task 

SIMULATING THE PERFORMANCE OF WATER CHILLING INSTALLATIONS 301 



balanced against its low energy consumption 

at this peak duty (the previous shortfall of 

8% in cooling requirements is made good with 

an overall 9% increase in electrical energy 

consumption) and its availability at any 

time to help meet off-peak duties more 

efficiently than can be achieved by regula

ting the larger, main machines. 

Existing installation: Effect of alterations to condenser 
water circuit 

Figure 16 shows the chilled and condenser 

water circuits of an existing surface 

installation. In this example, two-stage 

centrifugal water chillers are used (see 

Figure 7B), and attention is specifically 

directed at Chiller 2. As with most 

chillers installed on South African gold 

mines, the second compressor stage is unre-

gulated and guide vanes are only present on 

the first stage. The compressor is assumed 

to be driven at constant speed. 

Chiller 2 has been grossly oversized, 

having been specified to deliver 4 °c 

chilled water when its condenser inlet water 

temperature is 26°C. However, this tempe

rature is only likely to be briefly encoun

tered during unusually hot weather, unless 

the cooling towers in the condenser water 

circuit are very badly maintained. Even 

during mid-summer conditions, therefore, it 

hardly ever operates at this specified peak 

duty, hence operating at a reduced level of 

efficiency. 5 

To reduce energy consumption, especially 

during the hot periods of the year, it is 

proposed to modify the condenser water 

circuit to take advantage of the lower wet-

Cooling Tower 2 

1 J • 11 • ~ l~ond.'1 26,92 QC ICond.1, 35,40 QC t-
... 200,0 LIs I Dam 3L 
'" 20,00 QC 

Chiller 2 

EVAPORATOR 
Refrigerant temp. QC 1,06 

Cooling load kW(R 4 991,2 

Condenser water circuit 1 CONDENSER 
Refrigerant temp. QC 31,25 

COMPRESSOR 

Vane opening % 69,7 
Energy consumption kW 801,6 

Coeff. of performance 6,23 

Cooling Tower 1 

165'O~/S~ E loam 1) ~ IEvap.11 ~ IEvap.21 ~am 2) ~ ~ ~ 
30,00 QC 20,00 QC 11,22 QC 4,00 QC 

Chilled water circuit I 
FIGURE 16. Existing surface installation 
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bulb temperatures at night. The altered 

circuit is shown in Figure 17 .. During the 

day, cool water from Dam 3, generated during 

the previous night, passes through the 

condensers and the previously existing 

cooling tower, and is accumulated as hot 

water in Dam 4. At night, this water is 

passed through the new Cooling Tower 3 into 

Dam 3. 

Representative mid-day values of the pre

dicted mid-summer performance are also shown 

in Figure 17, where it is presumed that each 

chiller is regulated to maintain the same 

evaporator outlet water temperatures 

(11,22°C and 4,00°C) as before. The 

results show that the energy consumption of 

Chiller 2 is reduced by 17% as a result of 

its condenser inlet water temperature being 

reduced to 15 °C. 

However, as winter approaches, a point is 

reached where the pre-cooling tower cools 

the water sufficiently to make the operation 

of Chiller 1 unnecessary. As the weather 

cools still further, to the extent that the 

inlet water temperature of both the evapora

tor and condenser of Chiller 2 approach 

10 °c, it is found that this chiller can no 

longer down-regulate itself to maintain the 

temperature of the leaving chilled water at 

4 °C. The compressor operates in its stable 

region, but no matter to what extent the 

vanes on the first compressor stage are 

closed (the only regulating device) , this 

temperature drops below 4 °c, and the 

machine is in danger of 'freezing up' 

The reason, which is discussed in detail 

elsewhere,S is that the chiller is experien

cing a duty where the condensing temperature 

Cooling Towe:r 2 

loam 31_ .... _., I I. I I .~E ~ ""]Vond.2. ... .Cond.1, ... 
21,75°C 30,03°C I 

I 
I 
I 
I 
I 

Cooling Tower 3 I 
I 

4L _ ... _) (--+-- I 

..... 200,0 Lis lOam Chiller 2 ..... 
15,00 °c EVAPORATOR . 

Refrigerant temp. °c 1,07 

I 
Cooling load kW(R) 4 986,8 

Condenser water circuit 
CONDENSER 

Refrigerant temp. °c 26,08 

COMPRESSOR 

Vane opening % 63,5 
Energy consumption kW 667,0 

Coeff.of perlormance 7,48 
Cooling Tower 1 

165,~ LlJ E loam 1) ~ IEvap.11 loam 21 ~ ~. I Evap.21 ~ ~ • 
30,00oC 20,00 °c 11,22°C 4,00oC 

\Chilled water circuit I 
FIGURE 17. Proposed modifications to existing surface installation 
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reduces simultaneously with the chilling 

load. . Both these effects combine to reduce 

the work required of the compressor to the 

point where the unregulated second stage 

takes over this work completely, thus rende

ring the first stage idle and unable to 

exert any control. 

If guide vanes are incorporated into the 

second compressor stage as well, re-simula

tion indicates that this chiller will now be 

able to down-regulate itself satisfactori

ly. However, this must not be allowed to 

obscure the fact that the unnecessary over

sizing of the chiller caused this problem to 

appear earlier, and in more severe form, 

than would otherwise occur. As CHILLER ena

bles the sImultaneous performance of all 

components of an installation to be studied, 

insight into correct sizing of components is 

greatly aided. 

Future work 

The ' Controls' option in CHILLER will be 
extended to enable the user to select 

control strategies, both at global installa

tion level and lower levels if required. 

Such strategies, utilizing, for example, 

thermal storage 9 or predictive estimation of 

chilled water requirements,S will be embo

died in specifiable controller blocks, 

attempting to meet equality constraints 

(such as constant leaving chilled water 

temperature), inequality constraints (such 

as storage dams not being allowed to over

flow or empty), and criteria of merit (such 

as minimum energy consumption), all in 

response to time-varying conditions. 

Conclusion 

It has been observed that 'reality has, in 

principle, a complexity which cannot be 

taken in all at once, so that all influen

cing factors can never be accounted for. 

Hence, a choice of ~hese factors has to be 

304 

made.' 10 CHILLER is no exception; in 

common with all similar programs, therefore, 

trends of predicted performance, as condi

tions or components change, are of more 

significance, and less uncertain, than abso

lute values. The extent to which predicted 

values are accurate depends on the degree of 

co-operation between mines and equipment 

manufacturers. It is hoped that such co

operation will be facilitated in the use of 

CHILLER by the mines. 
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