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APPLICATION OF THE GMC-1000 AND GMC-2000 MINE COOLING UNITS FOR CENTRAL
AIR-CONDITIONING IN UNDERGROUND MINES

ZASTOSOWANIE GORNICZEGO URZADZENIA CHLODNICZEGO GMC-1000 I GMC-2000
W CENTRALNEJ KLIMATYZACJI KOPALN PODZIEMNYCH

The paper describes the design and results of operating measurements of the GMC-1000 and GMC-
2000 Mine Cooling Units. The first part describes the design of the cooling unit and its key components: the
chiller, evaporator, condenser, oil cooler, evaporative water cooler and gallery air cooler. The possibilities
of use in central air conditioning systems of underground mines are described. The second part discusses
the results of the workstation and operating measurements and determines the coefficients for evaluating
the performance of the mine cooling unit.

Keywords: central air conditioning of underground mines, cooling unit, evaporator, condenser, cooling
power, counter clockwise cycle

Wraz ze wzrostem glgbokosci eksploatacji pogarszaja si¢ warunki pracy w wyrobiskach podziem-
nych, a w szczegodlnosci warunki klimatyczne zwiazane ze wzrostem temperatury. Przy temperaturach
pierwotnych gorotworu przekraczajacych 40°C utrzymanie temperatury w wyrobiskach eksploatacyjnych
ponizej wartosci 28°C, uznawanej za warto$¢ dopuszczalng ze wzgledu na warunki pracy zalogi, wymaga,
oprocz zwigkszonej wydajnosci wentylacji wyrobisk, takze ich klimatyzacji. Mozna znalez¢ wiele prac
dotyczacych tych zagadnien. Probleméw klimatyzacji i chtodzenia wyrobisk dotycza migdzy innymi prace:
Filkaijego zespotu (1999, 2002, 2004, 2006), Luska i Nawrata (2002), Kalukiewicza i jego zespotu (2008).
W krajowym gorictwie dotyczy to zar6wno kopaln wegla kamiennego, jak tez rud miedzi.

W wigkszosci przypadkow konieczno$¢ utrzymania wymaganych warunkéw klimatycznych w rejonie,
przy jednoczesnym nacisku na ekonomiczna strong procesu pozyskiwania kopalin, powoduja koniecznosé
stosowania klimatyzacji grupowej przy zastosowaniu urzadzen o duzej wydajnosci zlokalizowanych na
dole kopalni.

W niniejszym artykule omoéwiono wybrane zagadnienia doboru urzadzen klimatyzacji grupowej na
przyktadzie urzadzenia chtodniczego GMC-1000 i GMC-2000. Konstrukcjg urzadzenia opracowano w fir-
mie EUROTECH Sp. z 0.0. przy wspoélpracy z pracownikami Katedr Maszyn Gérniczych Przerébezych
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i Transportowych oraz Systeméw Energetycznych i Urzadzen Ochrony Srodowiska Wydziatu Inzynierii
Mechanicznej i Robotyki Akademii Gorniczo-Hutniczej w Krakowie w ramach projektu dofinansowanego
przez Ministerstwo Nauki i Szkolnictwa Wyzszego.

Gornicze urzadzenie chtodnicze jest przeznaczone do chtodzenia powietrza wentylacyjnego w chod-
nikach wydobywczych kopani podziemnych. Znajduje zastosowanie wszgdzie tam, gdzie panuja trudne
warunki wydobywcze powodowane migdzy innymi duzymi obcigzeniami cieplnymi. Wysokie temperatury
utrudniaja prace gornicze. Powoduja koniecznos¢ skrocenia czasu przebywania pracownikow w rejonach
0 najwyzszych temperaturach. W polaczeniu z zapyleniem i wilgotnoscia stanowig istotny problem przy
eksploatacji maszyn i urzadzen scianowych. Agresywna atmosfera powoduje znacznie szybsze zuzycie
sprzgtu. Problemy te uzasadniaja koniecznos$¢ stosowania systemow chtodzenia powietrza bezposrednio
w rejonach, w ktorych prowadzone jest wydobycie.

Gornicze urzadzenie chtodnicze GMC stanowi kompletny system chtodzenia powietrza wentylacyjne-
go w chodnikach wydobywczych. Realizowane zadania powoduja, ze system ten musi by¢ rozbudowany
pod wzgledem technicznym jak réwniez przestrzennym. Czgs¢ zadan stawianych przed urzadzeniem
chtodniczym jest realizowana w znacznej odlegtosci od chodnikow wydobywczych. Dotyczy to przy-
gotowania wody chtodzacej, ktora stuzy do schtadzania powietrza w chtodnicach $cianowych. Woda
z rejonu jej schtadzania przeptywa rurociagami do rejonéw wydobywczych, gdzie jest wykorzystywana
do chlodzenia powietrza. Urzadzenie pracuje w uktadzie zamknigtym. Nalezy zwroci¢ uwagg, ze system
chtodzenia musi spetnia¢ wszystkie wymagania okreslone przez odpowiednie przepisy gornicze dotyczace
zasad eksploatacji i bezpieczenstwa.

Podstawowymi elementami gorniczego urzadzenia chlodniczego sa nastgpujace aparaty (rys. 1):
agregat chlodniczy, chtodnica wyparna wody, chtodnica chodnikowa powietrza. Wymienione aparaty sa
urzadzeniami, w ktorych nastgpuja przeptywy ciepta. Maja one rézny charakter w zaleznosci od prze-
znaczenia danego elementu. Urzadzenie chtodnicze jest uzupetnione dodatkowymi elementami, ktore sa
niezbgdne do jego prawidtowego funkcjonowania. Do grupy tej naleza maszyny z uktadami napgdowymi
wymuszajace przeplywy czynnikow w poszczegoélnych wymiennikach ciepta. Mamy tutaj wentylatory
i sprezarki czynnikow gazowych oraz pompy do wody jak rowniez cieczy technologicznych. Urzadzenie
chtodnicze musi by¢ wyposazone w dodatkowy sprzgt i aparaturg kontrolno-pomiarowa. Konieczne sa
filtry do gazu i cieczy. Czujniki przeplywu, temperatury i ci$nienia. Schemat gorniczego urzadzenia
chtodniczego z opisem poszczegoélnych elementéw jest pokazany na rysunku 1.

W ramach projektu celowego nr 6 ZR8 2007C/06934 wykonane zostalo Goérnicze Urzadzenie
Chtodnicze przeznaczone do klimatyzacji grupowej (centralnej) w kopalniach podziemnych. Konstrukejg
urzadzenia opracowano w firmie EUROTECH Sp. z 0.0. przy wspotpracy z pracownikami Katedry Maszyn
Gorniczych Przerobezych i Transportowych oraz Katedry Systemoéw Energetycznych i Urzadzen Ochrony
Srodowiska Wydziatu Inzynierii Mechanicznej i Robotyki Akademii Gérniczo-Hutniczej w Krakowie.
Prototyp urzadzenia byt badany w WUCH ,,PZL — Dgbica” S.A., nastgpnie przeszedt proby ruchowe
w O. ZG ,, Rudna”. Obecnie kilka egzemplarzy goérniczego urzadzenia chtodniczego jest eksploatowa-
nych w kopalniach wegla kamiennego. Prototyp urzadzenia GMC-1000 miat moc chtodnicza 1000 kW,
wykonano rowniez egzemplarz GMC-2000 o mocy chtodniczej 2000 kW. W tabelach 1-3 przedstawiono
wyniki pomiaréw agregatu GMC-1000 przeprowadzonych na prototypie oraz wyniki uzyskane w czasie
eksploatacji w Kopalni Wegla ,,Ryduttowy-Anna”, tabela 4 zawiera wyniki uzyskane w czasie eksploatacji
urzadzenia GMC-2000 w Kopalni Wegla ,,Bielszowice”. Urzadzenie chtodnicze w kopalni ,,Ryduttowy-
Anna” pracuje od lutego 2009.

W trakcie prob, za pomoca regulatora wydajnosci, zmieniano wydajno$¢ sprezarki chtodniczej. Re-
gulator wydajnosci zapewnia ptynna regulacjg strumienia od 0% do 100%. Ilo$¢ sprezanych par czynnika
R134a w danej chwili, a tym samym zmiang¢ wydajnosci spregzarki, uzyskuje si¢ za pomoca sterowanego
hydraulicznie suwaka regulacji wydajnosci.

Temperatura wody lodowej doptywajacej do parownika (#,,5) byta stabilna w trakcie poszczegdlnych
pomiar6w, ale specyfika stanowiska nie pozwalata na utrzymanie statej wartosci temperatury dla kolejnych
prob. Wynikat stad rozrzut wartosci ¢,s w granicach 11,1°C do 17,4°C. Kolejna wielkos$cia regulowang
byla temperatura parowania 7, (cienienie parowania), ktéra w trakcie pomiaréw byta zmieniana w gra-
nicach —1,4°C do +1,4°C.

Badania eksploatacyjne miaty na celu sprawdzenie przydatno$ci agregatu do pracy w warunkach kopal-
nianych. Poszczegolne proby byly realizowane przy roznych wartosciach nastaw i wielkosci wejsciowych
uktadu. Brak mozliwos$ci ustalenia warto$ci wybranych parametréw wynikat z faktu przeprowadzania
pomiardéw w czasie prowadzenia prac wydobywczych w O.ZG ,,Rudna”. Wartosci wielkosci wejsciowych
zalezaty od chwilowego stanu obcigzen i warunkow otoczenia.
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Temperatura wody lodowej doptywajacej do parownika byta stabilna w trakcie poszczegdlnych po-
miar6éw (tylko te byly przyjmowane jako reprezentatywne), ale zmieniata si¢ ze wzgledu na wspolprace
agregatu z dziatajacymi w wyrobisku chtodnicami powietrza. Temperatura ¢, 5 zmieniata si¢ w granicach
12,7°C+19,1°C. Kolejnag wielkoscia regulowana byta temperatura parowania ¢, (ci$nienie parowania),
ktora w trakcie pomiaréw zmieniata si¢ w granicach —1,1°C++1,1°C.

Uzyskane przez gornicza maszyng chtodnicza GMC-1000 i GMC-2000 wartosci parametrow pracy na
stanowisku badawczym i przy probach ruchowych potwierdzity przyjgte zalozenia projektowe. Wartosci
parametrow zalozone na etapie projektowania zostaly osiagnigte w trakcie badan stanowiskowych. Zato-
zona moc chtodnicza wynosita 1000 kW, w czasie pomiarow udato si¢ osiagna¢ moc chtodnicza 1250 kW.
Moc ta zostata osiagnigta przy 100% nastawie suwaka regulujacego przeptyw czynnika chtodniczego
przez sprezarke i spadku temperatury wody lodowej w parowniku 11,4 K. Wynik ten daje 25% zapas
mocy chtodniczej wzgledem mocy chtodniczej nominalnej, spadek temperatury wody lodowej, w tym
przypadku, jest mniejszy o 15,5% w stosunku do zatozonego. Zapas mocy jest wigkszy w stosunku do
niedoboru spadku temperatury oznacza to, ze mozliwe jest osiagnigcie wymaganego spadku temperatury
nawet przy mniejszych mocach chtodniczych. Stwarza to mozliwo$¢ regulacji parametréw pracy urza-
dzenia chiodniczego w szerokim zakresie.

W kilku pomiarach uzyskane temperatury schtodzenia wody byly korzystniejsze niz to zatozono
na etapie projektowania GMC. Szerokie przedzialy zmiennosci wartosci parametrow stwarzaja duze
mozliwosci sterowania praca gorniczych maszyn chtodniczych GMC-1000 i GMC-2000. Osiagnigcie
wymaganego stopnia schtodzenia wody lodowej pozwoli na wymagane schtodzenie powietrza w chtod-
nicy $cianowe;j.

Rezultaty uzyskane w czasie prob stanowiskowych, ruchowych i eksploatacji w kopalniach pozwa-
laja na stwierdzenie, ze gérnicza maszyna chtodnicza moze by¢ eksploatowana w centralnych uktadach
klimatyzacyjnych kopaln podziemnych.

Stowa kluczowe: centralna klimatyzacja kopaln podziemnych, agregat chtodniczy, parownik, skraplacz,
wydajnos¢ chtodnicza, obieg lewobiezny

1. Introduction

As the exploitation depth increase, the working conditions in underground mines, especially
the climatic ones, worsen mainly because of the increased temperature. With the rock mass origi-
nal temperatures above 40°C, maintaining the temperature below 28°C, which is considered as
the working limit, requires air conditioning in addition to increased ventilation in the headings.
There are many papers pertaining to this problem available. The cooling and air conditioning
issues are discussed in the works of: Filek et al. (1999, 2002, 2004, 2006), Lusek and Nawrat
(2002), Kalukiewicz et al. (2008).

In case of the domestic mining industry, this applies to both the hard coal and cooper ore
mines. There is a number of solutions to the air conditioning problem, ranging from individual
workplace conditioning, mostly of the operator cabins, to central air conditioning systems, with
the cooling medium supplied from a high-power cooling unit located on the surface.

Each of the systems has its advantages and drawbacks while considering such criteria as
the cooling power, efficient operating range, investment cost and operating cost, resulting with
such factors as the reliability, durability and servicing. The choice of a specific system, and thus
the equipment and installation, depends on the local conditions of the mine.

In most cases, the necessity to maintain the required climatic conditions in the working
area, bearing in mind the economy of exploitation at the same time, causes the need to utilise
a centralised system using high-performance equipment located underground. Due to the place
of operation, the equipment has to meet a number of conflicting requirements, for example to be
compact enough to allow transport to the site and installation in a specially prepared chamber
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with standard dimensions and, at the same time, offer high cooling power to achieve the required
climatic conditions. Furthermore, it has to ensure a high level of comfort and safety to the crew,
which in turn demands possibly high efficiency. Dust, humidity, high temperature and, in many
cases aggressive mining atmosphere, also put high demands on the choice of materials and
such parameters as the thickness of ducts and tank walls, which determine the durability of the
components. Furthermore, the necessity to ensure favourable conditions for heat exchange and
minimising the loss in ducting are in conflict with the cost of the equipment and its installation,
which is critical for the investment cost of the user.

This paper discusses chosen problems of the selection of central air conditioning equipment
based on the example of the GMC-1000 and GMC-2000 cooling units. The unit was designed by
EUROTECH Sp. z 0.0. in cooperation with the staff from the AGH University of Science and
Technology of Krakow Faculty of Mechanical Engineering and Robotics, Department of Min-
ing, Dressing and Transport Machines and Department of Power Systems and Environmental
Protection Facilities of Krakow, under the project co-financed by the Ministry of Science and
Higher Education.

The unit, intended for use in various conditions in underground mines, meets all stringent
standards of explosion protection design ATEX Directive, and the requirements of other direc-
tives, such as the Machinery Directive and Pressure Equipment Directive.

2. Mine cooling unit

The mine cooling unit is intended for cooling ventilation air in galleries of underground
mines. It can be used wherever difficult working conditions are present, among others, due to
high thermal load. High temperatures make mining work difficult. This requires to reduce the
working time in the areas with the highest temperatures. In addition to dust and humidity, high
temperature poses significant problems in operating the longwall machinery and equipment.
Aggressive atmosphere leads to premature wear of components. All those problems require the
use of air cooling systems directly in the mining areas.

The mine cooling unit constitutes a complete ventilation air cooling system for mining
galleries. The functions performed require the system to be technically complex and space con-
suming. Most of the functions of the cooling equipment are executed in a considerable distance
from the mining areas. This applies to the preparation of cooling water which is used for cooling
air in longwall air coolers. From the chilling area, the water is forced with pipelines to the min-
ing areas, where it is used for cooling of air. The unit operates in a closed system. It should be
noted that the cooling system has to comply with all the requirements prescribed by the mining
regulations regarding the operation and safety.

The main components of the mine cooling unit are the following (fig. 1): the chiller, water
evaporative water cooler, gallery air cooler. The components mentioned are devices in which
heat flows occur. They are of different types, depending on the application of a given component.
The chiller comes with additional components which are necessary for its proper functioning.
These include machinery with drive systems for forcing the refrigerant flow in individual heat
exchangers. There are ventilators, compressors for gaseous refrigerants, pumps for water and
process liquids. The chiller has to be equipped with additional accessories and C&I components.
Gas and liquid filters are necessary. Flow, temperature and pressure detectors are also installed.
Figure 1 shows the schematic diagram of the mine cooling unit, describing individual parts.
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Fig. 1. Mine cooling unit diagram

Chiller is a set of components for generating ice water for the gallery air coolers. The chiller
comprises the following devices: evaporator, condenser, oil cooler, oil separator, refrigerant tank,
dehydrator, water and oil pumps, compressor, accessories and C&I.

Evaporator. The main part of the cooling unit is the evaporator with heat power output
1100 kW (fig. 2). The refrigerant used is R134a. (The evaporation process is shown as the trans-
formation 4-1 in figure 5) The evaporation process is divided into two stages. The first part of
the process is effected in the initial evaporator with heat output 367 kW. In the initial evaporator,
the dryness of the medium changes from 0.3 to 0.55. The evaporation temperature is +0.5°C.
Water temperature in this process changes from 7.5°C to 3°C. The initial evaporator constitutes
the section of the heat exchanger in which the water is finally cooled.

Ultimate evaporation occurs in the end evaporator, in which the R134a refrigerant changes
it dryness from 0.55 to 1 and is slightly overheated to +3°C. Water temperature changes from
16.5°C to 7.7°C. It is the first stage of cooling water used for chilling air in the gallery cooler.
The heat output of the end evaporator is 733 kW.

The ODs of individual parts of the evaporator are different. The initial evaporator has
a smaller diameter than its end part.

Structural solutions incorporated in individual parts of the evaporator are the same. It is
a shell and tube exchanger (figure 3).
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Fig. 3. One of the evaporator sections — evaporator filling with a tubular segment

The R134a refrigerant flows inside the tubes. The water being cooled contacts the tube
surfaces while flowing inside the exchanger shell. To ensure longer contact of water with tube
surfaces and for increased turbulent flow, there are lateral partitions installed inside the shell.
Copper tubes are fixed to the tube plates, which are connected with the manifolds supplied with
the refrigerant. Water is forced to the evaporator with the manifolds, through which it flows
from or to the shell. In the bottom part of the shell, drain holes are provided for the removal of
contaminants and draining the exchanger.

Condenser is the second important part of the cooling unit (fig. 2). In this component,
the vapours of the R134a refrigerant are condensed. (The condensation process is shown as the
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transformation 2-3 in figure 5). The heat involved in the condensation process is transferred to the
water. The condenser is a typical shell and tube exchanger used for that purpose. Water cooling
the condenser is obtained from the evaporative water cooler. The refrigerant vapours leaving the
evaporators are compressed upstream the condenser with the compressor.

The evaporator and condenser are the main heat exchangers in the cooling unit. Proper
functioning of the system is ensured by additional components, such as: the oil separator and
oil cooler.

Oil cooler. As a result of the compression process, the temperature of the refrigerant and
oil increases. The oil serves as the lubricant and cooling medium in the compressor. Hot oil is
cooled with the water oil cooler. Water for oil cooling comes from the evaporative water cooler.
The water oil cooler is a typical shell and tube exchanger.

The oil separator removes oil particles which penetrate into the R134a refrigerant inside
the compressor.

The cooling unit is additionally equipped with special components ensuring its proper opera-
tion. Other components are the C&I and fittings such as filters, valves etc.

Evaporative water cooler with heat output 1350 kW is intended for preparing water used in
the process of condensation of vapours of the R134a in the condenser of the cooling unit and for
cooling the oil. It operates in a closed cycle. Heat drawn from the condensation of the refrigerant
vapours in the condenser is released to the air blown by the evaporative water cooler. The rate of
heat absorption is increased by the evaporation of water sprayed on the tube packs.

The evaporative water cooler comprises a series of profiled tube packs. One pack includes
four profiled tubes. Tubes constituting a pack are positioned in such a manner that they create
a plane, which comes in contact with air on the outside.

Temperature of the water flowing in the tube packs is reduced with the evaporating spraying
stream. To increase the intensity of the dissipated heat, air is forced between the tube packs. The
air flows through narrow gaps which are rectangular in section. Small cross sectional area of the
air duct allows achieving high velocity of the air flow. This has a beneficial effect on the heat
absorption ratio on the air side. Further intensification of the water cooling process is achieved
by creating water film on the surface of tubes. It is achieved by means of a specially designed
spraying system.

In the spraying system, particular attention should be drawn to the nozzles which disperse a
jet of water into a spout of drops. The design of the nozzles ensures achieving drops of a desired
size so that they evaporate in the time of flowing through the ducts of individual packs of water
tubes. The phase transition is characterised by very high values of the heat absorption ratio, which
considerably improves water cooling in the cooler. The air flowing sweeps the steam which is
created from the water film covering the tube packs. Air humidity increases in this process. The
part of spraying water which has not evaporated from the surface of the tube packs, flows into
the trays and is drained back to the sprinkling water tank. The profiled tube packs are connected
with the collection manifolds. In the evaporative cooler, copper tubes with diameter 18 mm and
wall thickness 1 mm are installed. The tubes are flattened to 15 mm. Air flow is forced with the
WLE 800 ventilator with the output of 13 m*/h.

Gallery air cooler (fig. 4) is designed for cooling ventilation air which is forced to the ex-
cavation area. It is placed near the areas of mining works. This means that it can be considerably
distant from the cooling unit in which ice water is prepared. For cooling air, the gallery cooler
uses water which is chilled in the evaporator of the cooling unit. The heat output of the gallery
cooler is 350 kW.
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The air cooler design incorporates the solutions utilised in the evaporative water cooler
(fig. 4). This design includes the profiled tube packs as well. The output diameter of the copper
tubes in the air water cooler is 12 mm, with wall thickness 1 mm. The tubes are flattened to
10.2 mm. The cooler is operated near the area of mining works and thus, it is exposed to adverse
effects of contaminants contained in the atmosphere. The sprinkling system of the gallery air
cooler is intended to periodically wash the dust accumulated on the surface of tube packs. Air
flow through the cooler is forced with the WLE 800 ventilator with the output of 13 m3/h.

Fig. 4. GCP 350 mine air cooler

3. Cooling cycle of the mine cooling unit

The mine cooling unit operates according to Linde cycle. The cycle, for the R134a refriger-
ant, is shown in figure 5. The cooling unit operates in the counter clockwise compressor cycle.

The following transformations are performed in the cycle: 1-2 process of compressing the
refrigerant vapours in the compressor, 2-3 condensation in the condenser, 3-4 depressurisation of
the refrigerant in throttling valves, 4-1 refrigerant evaporation in the evaporator. In the figures,
the calculated values of pressures in the condenser and evaporator are shown. The key role in
obtaining ice water with the desired specifications has the transformation taking place in the
evaporator. The process of the refrigerant evaporation in the evaporator takes place at a constant
pressure, hence the unit amount of heat supplied to the refrigerant corresponds to the difference
of enthalpy in the points 1 and 4 (g, =i} — i4).

The refrigerant suitable for use with the mine cooling unit is R134a. It belongs to the group
of synthetic refrigerants with the formula C,H,F,. The R134a refrigerant is absolutely safe to



www.czasopisma.pan.pl l @N www.journals.pan.pl
FOLSRA AKADEMIANAUK

207
o | { /@*‘ @ (a0 S S—
e Sl R
i Y e
240 s« MFe S5 fa"ﬁ L s
A it XA ™
10,00 4 £ 2 ¢ . ; A Coaf (N .!.!’ L
i 4 asan
.00 R /‘4 'l' -w
- 4z A
300 4 Do =t ‘éﬁféﬁ},"_ 3 F‘j-ﬁ )
g i
B} /%ﬁ??ﬁ, S hevily
7 A HAE. fi 1
%ﬁ”j’ rH A ] 1l 03
IS4y BN 2 U AT
i J%/ {.‘/ﬁﬂ'}!‘"ﬂ [ A T AT AT I"" Lo
W o
u ’ ) . " . . -
9 0 3 X0 N 40 ¥ = I 32 ;3;,&: H O 40 440 44 &4 &£ W 2 M M

Fig. 5. Comparative Linde cycle for the mine cooling unit operated with the R134a refrigerant
P, — evaporator pressure, p; — condenser pressure

the ozone layer ODP = 0 (Ozone Depletion Potential), increases the greenhouse effect, the GWP
ratio (Global Warming Potential) is 1300. Since it is a hygroscopic product, the system has to
be tight. The presence of water in the system causes the refrigerant to break down. Oils used
with the R134a refrigerant should be based on polyalkylene glycols (PAG) or ester oils (POE).
Moisture in excess of 100-200 mg/kg may initiate hydrolysis of the ester oil producing acid. If
copper components are present in the system, the “copper plating” effect may occur. Pure R134a
refrigerant has no harmful effect on ferritic steel, copper and its alloys and aluminium. Neither
is it aggressive to most plastics.

The R134a is a non-flammable and non-explosive substance under normal conditions.
Explosive mixture is formed in high pressure with 60% share of air. The product is not toxic.
Inhalation of a larger volume of R134a vapours causes narcotic effects, irritation of the mucous
membranes and heart arrhythmias. It is heavier than air and its presence may lead to suffocation
due to the displacement of air.
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4. Mine cooling unit performance analysis

Under the targeted project no. 6 ZR8 2007C/06934, the Mine Cooling Unit, designed for
central air conditioning systems of underground mines, was created. The unit was designed by
EUROTECH Sp. z 0.0. in cooperation with the staff from the AGH University of Science and
Technology of Krakow Faculty of Mechanical Engineering and Robotics, Department of Min-
ing, Dressing and Transport Machines and Department of Power Systems and Environmental
Protection Facilities of Krakow. The prototype was tested at WUCH “PZL — Dgbica” S.A., and
the, underwent operational tests at O. ZG “Rudna”. At present, several such units are operated
in hard coal mines. The prototype of the GMC-1000 unit had cooling power 1000 kW. Also the
GMC-2000 unit was built with cooling power 2000 kW. Tables 1-3 present the results of meas-
urements of the GMC-100 units carried out on the prototype, and the results achieved in use
in Ryduttowy-Anna Coal Mine, Table 4 shows the results achieved while operating the unit in
Bielszowice Coal Mine. The unit in Rydultowy-Anna Mine has been operated since 2009.

Workstation tests at PLZ Dgbica SA Cooling Equipment Factory were aimed at determining
the operating range, control system regulation properties, performance of the protective devices
of the unit and to verify the achieved operating parameters for compliance with the design. Be-
cause of the equipment power rating and the resulting cost of the measurements, the scope of
the experiments had to be minimised.

Table 1 shows the results of several chosen tests. Only the values measured during the
experiment are given, and which were essential for the evaluation and determining the indices
describing the performance of the equipment. Results achieved in the subsequent tests are given
in the following columns. In the “Design value” column, the nominal values of individual pa-
rameters of the mine cooling unit are given.

During the tests, the output of the cooling compressor was changed with the capacity regu-
lator. The capacity regulator provides for stepless adjustment of stream from 0 to 100%. The
quantity of R134a refrigerant vapours compressed at a given moment and, at the same time, the
compressor output, is changed with a hydraulically controlled capacity control slide.

The ice water temperature at the evaporator inlet (¢,,5) was stable during individual tests,
but the design of the workstation did not allow maintaining the temperature during the next
tests. This resulted in the difference of the #,,5 values from 11.1 to 17.4°C. Another value being
adjusted was the vapour point #, (vapour pressure), which was changed from —1.4 to +1.4°C
during the measurements.

The following stage of the tests included the prototype testing in an underground mine, in
operating conditions. The mine cooling unit was installed in O.ZG Rudna excavation. The results
achieved during the experiment are given in Table 2.

The operational tests were aimed at checking the unit suitability for working in underground
mine conditions. Individual tests were performed for different settings and input values of the
system. Since the measurements were taken during the exploitation works at O.ZG Rudna, it was
impossible to determine the values of the selected parameters. The values of the input parameters
depended on the momentary load and ambient conditions.

The temperature of ice water flowing into the evaporator was stable during the individual
tests (only such values were assumed as representative), but it changed because of the unit co-
working with air coolers operating in the excavation. The ¢,5 temperature varied from 12.7°C
to 19.1°C. Another value being adjusted was the vapour point #, (vapour pressure), which was
changed from —1.1 to +1.1°C during the measurements.
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Tables 3 and 4 summarise the measurement results from constant performance monitor-
ing of the GMC-1000 and GMC-2000 units, carried out remotely in the mines where the units
are installed. The values of the parameters depend on the conditions underground and the load
resulting from the ice water required for the gallery air coolers.

Some values of the parameters of the cooling unit performance were derived from direct
measurements and some were calculated. The temperature increments, condenser heat power,
heat transfer coefficient, cooling power ratio, cooling efficiency and power requirement of the
compressor drive values are calculated. The power requirement of the compressor drive in mine
conditions was determined based on the evaporator and condenser energy balance (Table 3).

TABLE 3
Results of performance measurements of the GMC-1000 Mine Cooling Unit (Ryduttowy-Anna Coal Mine)

Measured or calculated | Sym- |y, ;| DeSIgN |y Fopce ) | Test3 | Testd | TestS | Test 6
value bol value
Evaporation point t, °C 0.5 0 3.9 2.8 6 3 5.2
Condensation point Y °C 42 53 53 53 53 53 53
Slide position H % 100 81 77 77 70 67 64
Vapour pressure Do bar 1.9 2.3 2.2 2.6 2.2 2.5

Water temperature at con-
denser inlet

Water temperature at the
condenser outlet
Condenser water flow rate Vi m’/h 125 135 145 145 145 135 145
Water temperature at eva-
porator 1 inlet

Water temperature at the
evaporator 2 outlet
Evaporator water flow rate v, m*/h 65 56 52 52 52 57 52
Water temperature change
in the condenser

Water temperature change
in the evaporator
Condenser power output Oy kW | 1450.9 | 940.2 | 841.5 |1009.8| 841.5 | 626.8 | 673.2
Cooling efficiency (calcu-

t3 °C 28 29 34 33 34 34 37

tya °C 38 35 39 39 39 38 41

tos °C | 165 | 17 | 19 | 17 | 21 13 16

tos °C 3 8 7 6 10 6 7

At,, | K 10 6 5 6 5 4 4

o K 13.5 9 12 11 11 7 9

0, kW | 1110.0 | 586.5 | 726.1 | 665.6 | 665.6 | 464.3 | 544.6

lated)
Power requirement P, kW 350.0 | 353.7 | 1154 | 3442 | 1759 | 162.5 | 128.6
Cooling power factor & - 3.17 1.66 | 629 | 193 | 3.78 | 2.86 | 4.24

Logarithmic mean tempe-

rature difference AT, K 727 | 1194 | 758 | 738 | 832 | 581 | 5.02

Heat transfer coefficient k| W/mPK | 638.61 |205.53|400.87|377.27|334.65 | 334.14 | 453.65
Cooling efficiency O,/0, E. — 1.00 | 0.53 | 0.65 | 0.60 | 0.60 | 0.42 | 0.49
Evaporation and water

temperature difference at | #,5— ¢, K 16 17 15.1 14.2 15 10 10.8

the evaporator 1 inlet
Cooling efficiency — me-
asured

O kW | 1110.0 | 593.0 | 696.0 | 677.0 | 690.0 | 484.0 | 532.0
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TABLE 4

Results of performance measurements of the GMC-2000 Mine Cooling Unit
(Bielszowice Coal Mine of Ruda Slaska)

Measured or calculated value Sym Unit Design Test1 | Test2 | Test3 | Test4 | Test5
bol value
Evaporation point Z, °C 0.5 5.8 7.8 9.9 4.7 3.9
Condensation point t °C 42 56.5 56.4 56.4 56.5 56.4
Slide position H % 100 74 68 60 57 57
Vapour pressure Po bar 2.5 2.8 34 2.4 2.3
Water temperature at conden- |, | o | gg | 455 | 448 | 464 | 487 | 484
ser inlet

Water temperature at the con- fs oC 38 501 50 506 546 547
denser outlet

Condenser water flow rate Vk m’/h 250 200 195 201 165 165

Water temperature atevapora- |, | o0 | 65 | 234 | 251 | 268 | 171 | 166
tor 1 inlet

Water temperature at the eva-

porator 2 outlet w6 C 3 6.8 7.9 11.2 53 53
Evaporator water flow rate v, m’/h 127 91 90 92 91 91
Water temperature change At K 10 6.9 79 6.2 59 63

in the condenser ws

Water temperature change
in the evaporator

Cooling efficiency (calculated)| O, kW |2000.0 | 1745.6 | 1788.8 | 1658.5 | 1240.8 | 1188.3
Logarithmic mean temperature

Aty K 13.5 16.6 17.2 15.6 11.8 11.3

. AT, K 7.27 5.79 3.34 6.08 3.90 5.12
difference
Heat transfer coefficient k |W/mPK|575.33 | 630.91 [1121.22] 570.47 | 666.25 | 485.11
Cooling efficiency Q,/0, E, 1.00 0.87 0.89 0.83 0.62 0.59
Evaporation and water tempe-
rature difference at the evapo- | 7,5 —1¢, K 16 17.6 17.3 16.9 12.4 12.7

rator 1 inlet
Cooling efficiency — measured | 0,, kW 2000 | 1758 1801 1670 1249 1196

Figures 6 and 7 present the scatter plots of the relationship between the unit cooling power
0, and the position of the H slide adjusting the compressor output.

Figure 6 shows the results for the GMC-1000 unit obtained during the prototype tests (in
Dgbica and Rudna) and in Rydultowy - Anna Coal Mine. Due to a higher power rating, the results
obtained for the GMC-2000 unit are shown in figure 7.

The cooling power of a unit increases with the increase of the stream of refrigerant com-
pressed in the compressor (fig. 6). For the control slide position corresponding to H = 100%, the
cooling power was found both lower and higher than the nominal value. This depends on the
stream of ice water flowing through the evaporator and its temperature. Changes of the cooling
power depending on the position of the slide determine the adjustment and control potential of
the system parameters. With the cooling unit operating at normal conditions in a mine, the control
slide position is always below the maximum value. The highest settings of the control slide are
little above 80% (for the GM-1000). This means that there is a considerable reserve of cooling
efficiency of those units.
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Fig. 6. Cooling power depending on the slide position for the GMC-1000 unit
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Fig. 7. Cooling power depending on the slide position for the GMC-2000 unit

The following figures (fig. 8 and 9) show the relationship between lowering the ice water
temperature in the evaporator depending on the unit cooling power. Due to the differences in the
power rating of the cooling units, figure 8 shows the temperature decrements for the GMC-1000
unit, and for the GMC-2000 in figure 9.

The calculated decrease of ice water temperature in the cooling unit is identical for both
cases — At,,, = 13.5 K. The actual decrease of the ice water temperature in the evaporator can
considerably exceed the values assumed. The highest temperature difference values achieved are
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Fig. 9. Ice water temperature decrease At,,, w in the evaporator depending
on the cooling power in the GMC-2000 unit

17 K for both cooling units. Lower power rating of a unit correspond to smaller values of the ice
water temperature decrease. Markedly smaller temperature differences are the case when lower-
ing the cooling power by about 25%. With cooling capacities differing little from the nominal
capacity, it is possible to achieve higher temperature difference than assumed. Note, however,
that, if this is the case, the stream of cooling water for the gallery air coolers is smaller. Figures 8
and 9 prove the linear relationship between the ice water temperature decrease and cooling power
of the mine cooling unit.
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The cooling efficiency ratio was defined as the relationship between the actual cooling
power and the nominal cooling power. It is a dimensionless ratio with the values ranging from
0 to 1 (values slightly above 1 are possible for the cooling power above the nominal), therefore
its values for both power ratings are shown in one plot (figure 10). The wide range of cooling
efficiency values obtained from the measurements proves very good regulating properties of the
unit. A rule can be formulated that decreasing the capacity slide setting corresponds to a higher
decrease of the cooling efficiency ratio.

*Debica
Ee mRudna
» Rudaltowy —Anna
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Fig. 10. Relationship of the cooling efficiency £, of the mine cooling unit
and the position of the control slide H

The results achieved for the selected parameters are shown in a form of scatter plots, as for
the conditions of the prototype tests and the operation of mine cooling equipment did not allow
determining the values of the selected parameters and studying their effects on the performance of
the cooling unit. In this situation, the number of variables is too high to determine the functional
relationships for individual values. The results obtained make it possible to evaluate the mine
cooling unit against its designed specifications.

5. Summary

The values of operating parameters achieved by the GMC-1000 and GMC-2000 mine cooling
units on the testing workstation and in the operating tests have confirmed the design specifica-
tions. The values assumed at the design stage were achieved in the workstation tests. The cool-
ing power assumed was 1000 kW, and during the measurements 1250 kW was achieved. Such
power was achieved at 100% setting of the slide controlling the flow of the refrigerant through
the compressor and the decrease of ice water temperature in the evaporator 11.4 K. This results
in 25% cooling power reserve in relation to the nominal cooling power, the ice water temperature
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decrease in this case is 15.5% lower in relation to the assumed value. The power reserve is higher
in relation to the shortage of temperature decrease, which means that it is possible to achieve
the required temperature drop even with lower cooling power values. This makes is possible to
regulate the cooling unit parameters in a wide range.

In several measurements, the water cooling temperatures were more favourable than as-
sumed at the GMC design stage. Broad variability ranges of the parameter values create great
control possibilities for the operation of the GMC-1000 and GMC-2000 mine cooling units.
Achieving the designed cooling degree of ice water will allow the required cooling of air by the
longwall air cooler.

The results achieved in the workstation tests, during the test run and operation in mines
allow the conclusion that the mine cooling unit is suitable for use in central air conditioning
systems of underground mines.
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