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QUESTION 1

1.1 Atadeep level mine a new project is being developed, a computer simulation
has confirmed the calculated additional cooling load for this project to be 30 000
kW. This is a long life project (15 years) and is deep (max depth = 3600m). The
decision has been taken to use ice to supply the additional cooling load required.

The water will leave the underground ice discharge dam at 3°C and arrive at

arrive at the air cooling installations at 5°C and return back to the same dam at

19°C.
X /s surplus 4 X kg/s icelwater
water return — & mixture
to surface 19°C
X /s return water / / |
back to “melting
dam”
“Melting dam”
> N
/ circulating pumps
3°C ‘
Air cooling 5°C
installations—",
30 000 kW 19°C

1.1.1 Determine how much ice must be produced at the surface ice plant.

Assume water temperature leaving air cooling installations is the same as the water temperature
returning to the melting dam (i.e. 19°C)

IMF of ice = 80%

a. Determine the flow rate (MFw) through the air cooling installations to (1)
achieve 30 000 kWw.

If g=MFw x Cp x dT
Where :

q =duty of air cooling installations



MFw = mass flow of chilled water in circuit (I/s)

Cp =thermal capacity of water (kJ/kg °C)
dT =temperature difference of water across air cooling installations
(°C)

assume that the water temperate returning from the cooling installation to
the “melting dam” remains constant (i.e. 19°C)
Therefore:
MFw =q/(CpxdT)
=30 000/(4.187 x 14)
=512 1/s

. Determine The heat energy (including line losses) that is transferred (2)

to the water circulated between the melting dam and the air cooling

installations.

If g=MFy x Cp x dT

Where :
q =heat removed from circulated water (kW)
MFw = mass flow of chilled water in circuit (I/s)
Cp =thermal capacity of water (ki/kg °C)
dr =temperature difference of water across air cooling installations (°C)
Therefore:
q =512x4.187 x 16
=34 300 kW
Determine the flow rate of the ice/water mixture transported from (2)

surface to the melting dam.

Latent heat of fusion of ice = 335kl/kg

If =M x {(335 x 0.8) + (dT x 4.187)}

Where :

q =heat transfer across “melting dam” (kW)

M = massflow of water/ice mixture supplied to “melting dam” (kg/s)



dT =temperature difference between ice/water inlet to “melting dam” and
water out (°C)

Then;
M =q /{9335 x0.8) + (dT x 4.187)
M =34300/{(335x0.8) +(3x4.187)}
M =34 300/ 280.561
M =122 1/s
d. Determine the ice generation rate “ice maker”. (2)

If the IMF is 80% and ice/water mixture= 122.3 kg/s

Then Ice “made” at the ice maker = 122.3 x(80/100)
Ice “made” at the ice maker = 97.8 kq/s

1.1.2 Determine how much water must be circulated underground, between the (2)

air cooling installations and the underground ice discharged dam.

From the calculation above (1.1.1.a)

Flow rate is 512 I/s

1.1.3 Assuming that the surplus ‘melt’ water is pumped to surface from the (2)

lowest level, assuming overall pump efficiency is 68%, how much power is used

to pump this surplus ‘melt’ water back to surface.

As calculated above in (1.1.1.c) 122.3 kg/s of ice/water mixture is transported
from surface to the melting dam. Calculate power (q)required to pump surplus

water to surface
q =MFw X g x h/1000 X Pe
Where:

Qi = electrical input power to pumps (kW)



MFw = massflow of water in circuit (I/s)

h = pump head (m)
Pett = pump efficiency
Qi =(122.3 x 9.79 x 3600) / (0.68 x 1000)
Qi = 6339 kW
1.1.4 Ifice were not used and all cooling water was generated and pumped (2)

back to surface refrigeration systems, assuming the same pump head and
efficiency, how much power would be required to pump this cooling water out of

the mine?
Assume that the cooling water reached the heat exchanger at 5°C
Assume 512 I/s chilled water reticulated from surface (for air cooling purposes)

Calculate power (q) required to pump 512 I/s water to surface from 3600 m

qi = (MFw x g x h) / 1000 x Peff)
Where
qi = electrical input power to pumps (kW)

MFw = massflow of water in circuit (I/s)

h =pump head (m)
Pett = pump efficiency
di = (512 x 9.79 x 3600) / (1000 x 0.68)
ai = 26 537 kW
1.1.5 Discuss the difference between your answers 1.1.3 and 1.1.4 (above). (2)

With 4.2 times less water in circulation, the ice option (1.1.3) requires 4.2 times

less pump power than that required to pump the full 512 I/s to surface (1.1.4).



The positional efficiency of the ice option (1.1.3) is also better than that of the

water option (1.1.4)

1.2 List at least 5 advantages and disadvantages of using ice as a (20)
medium for providing underground cooling in a deep mine.
Advantages Disadvantages
Water for cooling can be delivered at | Very expensive capital outlay makes
extremely low temperatures (<5°C) to | this technology on suitable to very
cooling installations far from surface | deep or long lived mining operations
(Excellent PE)
Relatively low volumes of water (ice) | Large excavations required for melting
circulated from surface — greatly | ice underground
reduced pumping costs
Capacity of installation virtually | Large piping infrastructure required to
unlimited, modular can be expanded | circulate cooling water
relatively easily
Situated on surface — can use freely | Relatively large plastic conveying
available refrigerants (ammonia) piping required from surface through
shaft infrastructure to melting dam.

On surface, maintenance and
supervision better
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QUESTION 2

2.1 A quantity of 75m3/s of air enters a bulk cooler at 29.5/33.8°C. The barometric

pressure is 112.5 kPa and the total heat removed is 3 850 kW. The water flow rate



through the bulk air cooler is 80 I/s and the temperature of the water entering the
cooleris 9.5 °C.
Calculate the following:

2.1.1 The temperature of the air leaving the bulk air cooler (state any assumptions) (4)

Mass flow of air entering the cooler
M air intake = Q/V

=75/0.811

=92.5 kg/s

Where ASV = 0.811 m3/kg read off from the 112.5 kPa chart at 29.5/33.8 °C

But Total heat (kW) = Mass flow x AS
AS =kW/m
=3850/ 92.5
= 41.6 kJ/kg

Assuming that the air leaving the cooler is saturated
AS removed from the air = 41.6 kJ/kg

Sigma heat of the air entering the cooler = 87.4 kj/kg (read off from 112.5 kPa
psychometric chart)

Sigma heat of the air leaving the cooler =87.4-41.6
= 45.8 kJ/kg

Assuming that the air that is leaving the cooler is saturated then the temperature
read off from the 112.5 kPa chart is as follows;
17.7/17.7 °C (air is saturated)

2.1.2 The quantity of air leaving the bulk air cooler. (2)
Mass flow of air entering the cooler =92.5 kg/s
Mass flow of air leaving the cooler = 92.5 kg/s — mass flow constant

ASV of air leaving the cooler at 17.7/17.7 °C from 112.5 kPa chart = 0.755m3/kg
Therefore the Quantity of air leaving the cooler can be determined as follows:
Qair exit = M X V
=92.5 x 0.755
= 69.8 m3/s

2.1.3 How much water has evaporated or condensed in litres per day. 3)



Moisture content of air entering the cooler = 21.9 g/kg (from 112.5kPa chart at
29.5/33.8 °C)

Moisture content of air leaving the cooler = 11.4 g/kg (from 112.5kPa chart at
18.4/18.4 °C)

Amount of water condensed in litres per day (I/day)
Ar =219-11.4
=10.5 g/kg

The amount of water condensed can be determined as follows:

Amount of water condensed =m x Ar/ 10000 convert k to kg)
=92.5 x 10.5/ 1000
=0.969 I/s (assuming 1llitre =1kg)
Amount of water condensed per day can be determined as follows:
Amount of water condensed per day =0.969 x 60 x 60 x24
=83 734.6 say 83 735 |/day

2.1.4 The temperature of the water leaving the cooler. (1)

2.2

2.3

q =mxX Cp WaterXAt
=m X Cp water X (to —t)

tout :(q / mx Cp) + tin
= (3850 /80 x 4.187) + 9.5
=21.0°C

Water leaving the cooler = 21.0 °C

Briefly describe the process of auto-compression which occurs when (5)
Ventilating air descends into a mine. In your description, explain why auto-
compression of air is of greater significance in deep mines than in shallow mines.

The law of conservation of energy states that energy can never be destroyed, but
it can be changed from one form of energy to another form of energy. When a
mass of air descends into a mine, it loses potential energy — as energy cannot be
destroyed it stands to reason that this “loss” of potential energy correlates to an
increase of the heat content of that air. As the potential energy contained in this
mass of air is directly proportional to the depth to which it is to descend, the
deeper the mine, the greater the effect of its “ auto-compression” on the heat
content in the mass of the air entering the intake airways of the mines.

List 5 requirements of materials to be used for the insulation of chilled water (5)
piping.

e Have good protection against mechanical damage during transport,
installation and while in service



e Must have an effective vapour barrier to exclude air and water vapour from
penetrating the insulation resulting n “water-logging”.

e Must not be a fire hazard

e Must be durable, provide effective insulation and cost effective

e Should not be labour intensive to provide, maintain and install.

2.4 Give brief explanation of the following terms.

2.4.1 Partial pressure (1)
The pressure of each of the individual gases which makes up a sample of air.
Atmospheric pressure equals the sum of the partial pressures of all the gases
which make up that atmosphere.

2.4.2 Superheat (2)
The quantity of heat required to raise the temperature of a quantity of air/water
vapour mixture from its wet bulb temperature to its dry bulb temperature. This heat
is expressed as kilojoules per kilogram dry air (kJ/kg)

2.4.3 Wet-bulb temperature (1)
The temperature indicated by a thermometer whose bulb is covered by a wetted
wick, exposed to an air velocity f at least 3m/s and shielded from radiation from the
sun, furnaces, or other forms of radiant heat. The unit of measurement is degree
Celsius (°C)

2.4.4 Enthalpy (1)
This is the sum of sensible internal energy nd pressure energy of the dry air and
water vapour components of an air /water vapour mixture. This energy is
expressed as kilojoules per kilogram dry air (kJ/kg)

2.4.5 Isothermal process (2)
This is a process whereby the state of a substance changes without that
substance undergoing any change in temperature. Isotheral compression of air is
possible if enough heat can be removed to offset the temperature rise as a result
of compression.
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QUESTION 3
3.1  State typically thermal conduction values (k = W/m°C)
3.1.1 Copper 380 W/m°C
3.1.2 Steel 45 W/m°C
3.1.3 Plastic foam pipe insulation  0.034 W/m°C



3.1.4 Glass 1 W/m°C

3.1.5 Wood 0.17 W/m°C

3.1.6 UPVC 0.14 W/m°C

3.1.7 HDPE 0.34 W/m°C

3.1.8 Stillwater 0.62 W/m°C (8)
3.2.1 |If still air has a k-value of 0.028 W/m°C, how does this value compare (2)

to the k-value of that of pipe foam insulation.

“Plastic foam insulation” has a k value of 0.034 W/m°C, this value is larger than

that for still air. This infers that still air is a better insulator than tha plastic foam

insulation

3.2.2 Consider your answer in 3.2.1 (above), briefly describe how thermal (2)

insulation materials work.

Thermal insulation materials are designed to keep a layer of still air, in the form of

large numbers of tiny bubbles “trapped” around the vessel requiring insulation.

3.3.1 Briefly describe the following heat transfer processes and list the factors

which effect these processes.
3.3.1a Conduction (2)

Is a heat transfer process occurring in solid bodies such as, metal, rock, the walls

of pipes or in stationary fluids. Factors which affect the rate of heat transfer are:

The difference in temperature (between the “hot” side and “cold” side of the
body.

The thickness of the body

The cross sectional area of the body

The conductivity value of the material from which the body is composed



3.3.1b Convection (2)

3.3.1c

3.4

This form of heat transfer occurs when a moving fluid flows past a solid surface at
a different temperature. Factors which affect the rate of heat transfer are;

e The difference in temperate between the surface and the fluid

e The cross-sectional area of heat flow

e The convention heat transfer co-efficient

Radiation (2)
This is the transfer of heat between two surfaces by means of electro-magnetic
waves, no intervening medium such as a fluid or solid body required. Factors which
affect the rate of heat transfer are:
The difference between the fourth powers of the absolute temperatures of the two
surfaces exchanging radiation
The area of the smaller of the two surfaces

The emissivity and view factor

It takes a natural gas burner 30 minutes to heat 10kg of ice to water (5)
at 50°C. If the calorific heat value of the natural gas is 38.302GJ/m3

assuming all the heat produced by the gas burner is used to heat the

ice / water, calculate the volumetric flow rate, in cubic centimetres

per minute (cm3/min) of the natural gas to the gas burner.

Latent heat of fusion for ice = 335 kJ/kg

To heat 10kg of ice (at 0°C) at 10kg water (at 0°C) = 10 x 335 kJ = 3350 kJ
To heat 10kg of water from 0°C to 50°C) = 10 x 4.187 x (50-0) = 2093.5kJ

Total heat required to heat 10kg ice (at 0°C) to 10kg water (at 50°C) = 5443.5 kJ
If 1m3 of natural gas has a calorific heat content of 38.302 GJ (38.302 x 106 kJ)
Calculate amount of gas required to heat 10kg ice (at 0°C) to 10kg water (at 50°C)
Amount of gas required = (5443.5/ 38.302 x 106) m3

Amount of gas required = 0.000142 m3

Amount of gas required = 142.121 cm?3



This heating process occurs over 30 minutes, therefore volumetric flow rate
required = 142.121/ 30

Volumetric flow rate of natural gas required = 142.121 cm3/min (for 30 minutes)

3.5 Briefly describe an adiabatic process (2)
This is a process whereby the state of a substance changes without that substance
either gaining or losing heat. For example, air is compressed so quickly in a
compressor that no significant heat is transferred to the air, although at the end of
compression, both the temperature and pressure increases
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4
QUESTION 4
4. The following measurements were made on a R134a refrigeration plant operating

under full load conditions.

Evaporator

Water flow rate 75.51/s
Water temperature in 17.7°C
Water temperature out 3.5 °C

Evaporator temperature 0.5 °C

Condenser

Water flow rate 128 1/s
Water temperature in 42.8 °C
Water temperature out  54.5 °C

Condenser temperature 58.5 °C

Compressor
Motor amperage 1146 A
Voltage 6 600 V



Power factor 0.92
No of phases 3

Calculated compressor motor efficiency 83%

Condenser cooling tower

Water flow rate 1311/s
Water temperature in 55.8 °C
Water temperature out  43.9 °C
Pump input power rating 300 kW

Bulk air cooler

Water flow rate 106.2 I/s
Water temperature in 5.2°C
Water temperature out 16.3°C
Pump input power rating 230 kW



Temperaiure Prassure Vapour Velume [ Liguid densily Emalpr i Enlmpy
T MPa kg kgm' Liguid| Vapour | Liquid [ Vapour
kg § bk [RIRaK] k/keit
-B O0EES 429 1524 -1 054G | 2408 | 05623) 1,658
75 000545 284 1611 4,538 | “251.8 F0,5934) 1,841
70 000795 207 1408 10,68 25497 06235 1,828
-85 £o113s 1,48 1485 [ 168,77 | 2580 |06536( 1813
-0 0,01587 1,08 1472, 22ga ] 2842 |oeezs] 1.801
55 002179 0,803 1458 L2911 2645 | 07114 1.790
50 0,054 0,606 a4l | s5a3 ) 2674 |o7400] 1,780
45 0,0:3808 0,465 i4ats. | 488 2rae |overs] 4,0
-4 0,05118 0381 k. 14T = | arEE | 2727 |o7oas] 1,763
-35 006512 D284 fee 1402 ¢ | B4ze| 2768 |0e214] 1,756
-50 0, 08438 4388 80,60 | 2800 |o247%] 1,750
25 0, 10540, 4373 57,03 2831 fog7an| 1,745
-20 0,12270 Bk 73,51 | 2e64 joso0r| 1,740
A5 0,16380 1343 80,05 | =892 |og2sz| 1,75
113 0,20080 1327 g5.54 | 2oz22 |0g9s04| 1,732
-5 024320 f 1211 w328 | 2952 |08753) 1,728
il o2azsn S0 1206 1000 F 2987 | 1,600 | 1,725
5] 034520 -_-::';‘:" ; 1278 106,81 30,0 1,024 1.723
10 o4tze0 T Ao,050 1251 15,6 3039 | 1,048 | 1,721
18 G487400 |7 0,042 1244 1206 | 3066 | 1,073 ] 1,718
20 o ETEED 0,036 1226 1275 30935 | 1098 | 1,717
25 EU0e6840. 0,081 1207 124,89 3120 | 1,420 1,716
e G 0iETED .07 1186 141 8] 3145 | 1144 | 1,713
5. ) 088350 0,023 1168 1Me0) 3170 | 1067 1,712
Ay P tiigan 0,020 1147 ea 4] 3182 | 1480 1,70
45 = dagst | oM7 e o isasf ald {1Eia) 1T0e g
. B Al 3nee, oms T 108 w14 | azaz | 1ear) 1,7
B 0 1,48370 D3 107 e ] a2t fzec| 1,705 |
FET | o oal UEFER T wie |7 iosa fiarol3zes [ 1283 | .d2 |
ok v 85 1,88000 0,010 1025 165,1 | G278 | 1,307 | 1,869
o aEw T 210860 0,00% 9969 ana4 | aze7q | a3 | 1870
i 7e 235230 0,008 BE4.7 zi20) 3291 | 1,355 | 1,691
a0 262130 0,007 Qop,7 2291 | 2288 | 4580 1,888
o BS 291470 0,006 BBV 30,7 | 32719 | 1408 | 1677
an 3, 23480 0,005 B3T3 241,53 | 2256 | 1434 | 1,686
a5 3,58530 0,004 708 2537 2207 | 1467 1,548
100 3,97R00 0,003 G455 gre 7| sero | 1,517 | 1,602
101 4,15500 0,002 50,1 2254 | 2824 | 1.661 | 1.561
*Critical point
e tegg, Saturation pgints of Refrigerant 134 A

4.1  Show the different energy transfer points in the 3 circuits, clearly assign the (10)

Heat transfer to each component.



Pump 300 Kw {}

Condenser 6270 + 300kw
= 6570 kW

Compressor
1000.4kwW

Evaporator 4489 kw +
230kW = 4719kW

A

Pump 230 kW

v ,| BAC :

4.2  With reference to the enclosed saturation point data sheet for refrigerant R134a,
perform a heat balance on the refrigerant side of the circuit given that the

compressor discharge refrigerant enthalpy is 320 kJ/kg. 5)



Next: Consider the data on the water circuit:

The BAC duty =mxcx At
=106.2 x 4.187 x (16.3 —5.2) °C
= 4936 kW

Added to which should be the (approximate) circulating pump rated power of 230 kW,
The heat balance is then calculated as follows (assuming condenser duty is correct)
6270 should = 5166+ 1000.4
6720 should = 6166.4
The % error must now be established:
% error = (6270 — 6166.4) / 6270 x 100 = 1.7%

This figure is well within acceptable limit of 5%
From the above, it therefore appears as if the evaporator water flow rate has been
measured incorrectly (75.5 I/s is therefore wrong)

Draw a simple enthalpy diagram:



From the above P-H diagram a heat balance can be obtained:

Hp — Ha = (Hc — Hg) + (Ho— Hc)

From the data sheet provided, calculate (by interpolation) the enthalpy for the liquid phase
A and B (which are the same, but at different temperatures) and for the vapour at
point C(point D is given). The temperature is 0.5°C (given) for the line BC and
58.5°C for the line A- the saturated vapour curve line. (Note: The point C
represents the saturated vapour position of the refrigerant on the pH
diagram at atemperature of 0.5°C and point A represents the saturated liquid
position of the refrigerant at 58.5 °C) Point B is a mixture of refrigerant liquid
and vapour and therefore not saturated.

Ha =Hs =179.1+[(58.5—55)/5x (187 —179.1)]
=184.6 kJ/kg



Hc  =298.1+[(0.5 - 0)/5x (301 —298.1)]

=298.4 kJ/kg
And
Perform balance (point Hp given as 320 kJ/kQ)
Ho—Ha = (Hc—He)+ (Ho—Hc)
(320 — 184.6)= (298.4 — 184.6) + (320 — 298.4)
1354 =1354

Note: The above answer is obvious and will be so for any mass flow of refrigerant, we
need to find out what the actual mass flow for the refrigerant in this example is.

4.3  What is the refrigerant mass flow rate at the inlet to the compressor. (5)

The refrigerant mass flow can now be determined by using the P-H diagram results as
obtained for the condenser heat exchange (6270 kW)

Massflow = Total heat exchanged at the condenser (kW)

Unit heat exchange in the condenser (kJ/kg)

= 6270 / Hp- Ha
= 6270 / (320-184.6)
= 46.3 kg/s

The evaporator duty using the unit heat exchange figures and the mass flow rate
determined in c, can be determined
Plant duty (using refrigerant data):
Evaporator duty = (HC — HB) x mass flow rate (of refrigerant)
=(298.4 — 184.6) x 46.3
=5269 kW
4.4  What is the plant duty based on the refrigeration side calculations and what
conclusions you draw regarding errors in the measurements obtained (5)
This figure very much to the figure used in improved heat balance (5166 kW, using
BAC duty and pump power input power rating). This therefore also supports the



previous argument that the evaporator flow rate is suspicious. The heat balance
then calculated as follows (based on the refrigerant data);

6270 should =5269+ 1000.4
6720 should = 6269.4

The % error must now be established:
% error = (6270 — 6269.4) / 6270 x 100 = 0.01%

The % error must now be established, but it is obvious that the figures are the

same. The heat balance is correct.
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