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INDIRECT MINE AIR-COOLING
BY COOLER OF WATER

1. Introduction

Air coolers for water are installations often used in mine air-conditioning systems.
This cooler is equipped with a fan and a channel-shaped membrane heat exchanger, through
which cooled air is forced by the fan. Water then flows through a system of copper pipes,
picking up a heat from cooled fresh air. Water circulates in a closed cycle between the air
cooler and the refrigerator evaporator, which is a part of the water cooler system (Cold wa-
ter cycle). This is shown schematically in Figure 1, where the directions of flow of water,
air and refrigerant are indicated — which are only examples as in real situations results can
be different.

The condenser, which is invisible in Figure 1, is either cooled via water from a fire-
fighting pipeline or heat is discharged from circulating water in a closed circuit between
the condenser and evaporative cooler of water, where heat is passed over to the used air
(which is a warm water cycle). Due to the fact that in this system a heat is transported
to an evaporator via water, this form of air cooling is known as indirect cooling, as op-
posed to direct air cooling in an evaporator. An air cooler of water can be situated a great
distance from the refrigerator — several hundred or even several thousand meters. Water
temperature changes at this distance can be substantial therefore it is necessary to insulate
all pipework.

Later in the article, mathematical equations and descriptions of indirect air cooling
as well as a system using an evaporator for the cooling of water are shown. Both heat
exchangers are the concentrated spatial elements, which allow for any sudden changes in
the parameters of flowing media.
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Fig. 1. Scheme of the flow of cooled air, cooled water and refrigerant through cooler
and evaporator of refrigerator

Mathematical description of work of indirect air cooling system

The equations below look at the time allowed before either the air cooled water system,

or the refrigerated cooler system are introduced. The following assumptions are accepted,
which are known from previous elaborations, e.g. [1, 2]:

2.1.

heat losses to the surroundings in both exchangers are negligibly small (this assumption
corresponds to the fact, that the heat exchange in cooler is between air and water and in
evaporator — between water and refrigerant),

thermal resistance of heat exchanger membranes is negligibly small,

fan blowing air to the cooler of water raises the temperature without changing its spe-
cific humidity,

a constant pressure of refrigerant, which is equal to evaporating pressure p,, is in the
evaporator,

refrigerant flows to the evaporator as a wet saturated vapour (its partial evaporation is
in expansion valve situated before evaporator) with temperature ¢,, equal to evaporating
temperature of refrigerant under pressure p,. ‘

Cooler of water

Cooling air flows to the fan of the cooler with temperature ¢,, specific humidity x, and

relative humidity ¢ , to the exchanger it flows with parameters ¢, x, and @,, and comes out
with parameters ,, x, and @,.

60



Taken into account these assumptions, it can be written:

L, =t +At X, =X (1

wen >

where Az, — temperature increase of air in the fan [°C].

Cold water at a temperature ¢, | flows to the exchanger (usually counter-current flow),
then it is heated to Az, and leaves the exchanger charged with temperature ¢ ,. It can be
written:

toy =L, AL, ()

aow2 T Cewl

When, condensation of water vapour from air does not occur, which is when the tem-
perature of outer surface of exchanger membrane (copper pipes with cold water) is higher
than or equal to the temperature of dew point of air, dry cooling is set — temperature of air
decreases and its specific humidity is constant:

t, <t
350 3)

X3 =X,

Otherwise, water from air is condensing on the pipes and temperature of air and its specific
humidity are lower:
<t

4)

X, <X,

Result of cooling air enthalpy in exchanger of cooler of water — dry cooling

In steady state the enthalpy of air flowing to cooler exchanger in time At is equal 3, 4, 5]:
HSZ = Qm |:(cp + C, X, )tz + rpx2] At (5)

The enthalpy of air flowing from exchanger in the same time:

Hy=0,[(c, +e,x)[A=b )ty +bt,]+7,x, |AT (6)
where:
b, — cooler by-pass coefficient, understood as [6, 7] a ratio of cooled mass (conven-
tional) to the whole mass [],

¢, - specific heat of dry air at constant pressure [J/(kg-K)],

¢, — specific heat of water vapour at constant pressure [J/(kg-K)],
Q. — mass flow rate of dry air in the cooler [kg/s],

r, - latent heat of water evaporation/condensation [J/kg]

temperature of cooled part of air at the outlet of exchanger [°C] (in the method
of by-pass coefficient is assumed that in the heat and mass exchange partici-
pates only this part of air, at mass equal Q (1 -5 AT, while the rest part at mass
0, b At flows by the exchanger without temperature and humidity change; state
of air leaving the exchanger is a result of these two streams mixtures).

N
|
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To the exchanger membrane the enthalpy At is passed from air in time:

Hcp =0 _F (t— tpc) AT @)
where:
o — heat transfer coefficient on the outer surface of exchanger membrane [W/(m*-K)],
F_ — afield of outer surface heat transfer in the exchanger [m’],
t. — average temperature of the cooled part of air in the exchanger [°C],
t ~— average temperature of exchanger membrane [°C].

pc

Result of the air enthalpy in the exchanger at steady dry cooling takes a form:

Hs3_H52+Hcp :O (8)
After substituting formulas (5)—(7) into the formula (8) the equation is received:
o F,
t—t ez (t.-1,) )

ye 0,(1=b,)(c, +c,x,)

Result of cooling air enthalpy in exchanger of cooler of water — wet cooling

The enthalpy H , of air flows to the exchanger in time At is expressed in this case, as
previously, by the formula:

H,,=H,=0,[(c,+cx),+rx |At (10)
While the enthalpy /7 of air flows from the exchanger in time At is equal:
H, =0, [(1 - bf)(cpt(,3 +e b X,,+ rpxc3) + bf (cpt2 +e,bhx, +1,X, )] At (11)
where x  — specific humidity of cooled part of air at the outlet of exchanger [kg/kg].

The enthalpy H, given the membrane is expressed by the formula (7). The enthalpy of
condensed water H should be included; it was assumed here, that the temperature of con-
densed water is equal to the temperature of cooled part of air at the outlet of the exchanger:

H,, =0,(0-b,)ct;(x,—x;) At (12)
where ¢, — specific heat of water [J/(kg-K)].
Result of the air enthalpy at wet cooling is expressed as follow:

H,,-H,+H,+H, =0 (13)
After substituting formulas (7) and (10)—(12) into the formula (13) the equation is received

arF
cp (t2 - tc}) + cw (t2x2 - t(t}xc}) + (Vp - cctc3 )(xz - xc3) $(tc - ch) (14)

" 0,(-b,)

Is easy to observed that equation (14) is in the form (9) at dry cooling (i.e. when x ,= x,).
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Result of membrane enthalpy in exchanger of water cooler

Enthalpy received from air in time At is equal (formula (7)), and enthalpy transferred
to cooling water is:

H, =o,F,(@t,-t,)At 15)
where:
o~ — heat transfer coefficient on the inner surface of exchanger membrane [W/(m?*-K)],
F — afield of inner surface heat transfer in the exchanger [m?],
t

— average temperature of cooling water in the cooler [°C].

In steady state, result of membrane enthalpy has the form:

H,=H, (16)
and after substituting it gives:
o ot —1,) =, F, (1, ~t,) (17
Result of water enthalpy in exchanger of water cooler
Enthalpy of cold water flows to the exchanger in time At is:
H,, =0.ct,.At (18)
and enthalpy of water flows from the exchanger in this time:
H,,=0,c.1,,At (19)
where:
Q, — mass flow rate of cold water (in the cooler of air and evaporator) [kg/s],
t,,, — temperature of water at the inlet of the exchanger [°C],
tcw2

— temperature of water at the outlet of the exchanger [°C].

From the membrane of exchanger to water the enthalpy H_ is transferred in time At
(formula (15)).

Result of water enthalpy in the exchanger of cooler of water has a form:

chZ _chl _Hz‘w = O

(20)
After substituting formulas (15) and (18)—(20) the equation is received:
tpc _ tcw — chc (tcw2 _ tcwl)
o, F

(2]

Equations (9) or (14), (17) and (21) create a system of equations, which describes the
work of air cooler of water in steady state.

2.2. Evaporator

The evaporator is a component of the water cooler similar to a cooler of water. It consists
of a membrane exchanger — with piped refrigerant, with external chilled water. Refrigerant
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flows under the influence of a working compressor, evaporates and receives the heat from
water via the membrane, which is a wall of pipes.

The refrigerant circulates in a closed circuit to and from the evaporator in form of liquid
and vapour mixture at temperature 7, and vapour quality x,, it arises its temperature at Az,
and leaves the evaporator in the form of superheated steam temperature A and vapour qual—
ity Y- (vapour quality — mass of gaseous phase of wet steam to its total mass) While water
flows to the evaporator at a temperature LA is cooled in it at At and flow out with tempera-
ture 7, . It can be written:

Ly =ty +AL X =1 (22)

t =t —At (23)

pw2 pwl - pw

Result of cold water enthalpy in evaporator

Enthalpy of water flows to the evaporator in time At is:
H wl = Qw c pwlA’E (24)

and enthalpy of water flows from evaporator in this time:

=0, (25)

Enthalpy His transferred to the membrane of evaporator from water in time At:

H, =o.F (1, —1,)At (26)
Result of water enthalpy in evaporator has form:
prl - pr2 - pr = 0 (27)

After substituting formulas (24)—(27) the equation is received:

_ chc (tpwl - tpr)

t, -t = 28
pw “pp o, sz (28)
where
t,, — average temperature of water in evaporator [°C],
1, — average temperature of membrane in evaporator [°C],
o, — heat transfer coefficient on the outer surface of evaporator membrane [W/(m?-K)],
F — afield of outer surface heat transfer in evaporator [m?].

Result of enthalpy of evaporator membrane

Enthalpy received from water in time At is equal H (formula (26)), and enthalpy trans-
ferred to refrigerant is:

H, =05, =1, (29)
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where:
o, - heat transfer coefficient on the inner surface of evaporator membrane [W/(m?-K)],
pr — afield of inner surface heat transfer in evaporator [m?],
t, — average temperature of refrigerant in evaporator [°C]; it is generally considered
[e.g. 7, 8] that L=l

In a steady state enthalpy of evaporator membrane has a form:
H,=H, (30)
after substituting it gives:

o, F. @, -t,)=0,F (@, 6 ~t,) (31)
Result of refrigerant enthalpy in evaporator

In the evaporator a pressure p, is obtained inside the refrigerant pipes. As mentioned,
a wet vapour of refrigerant with a temperature equal to the evaporating temperature at pres-
sure (t_/o) and degree of dryness 0 < % <1 flows to the evaporator and dry superheated steam
with parameters ¢, > ¢, and x , = 1 flows from the evaporator.

Refrigerant enthalpy flowing to the evaporator in time At is:

prl = Qf I:Ccfotfo (1 - X,ﬂ ) + (qu'ot/o + rp/'o)Xm :| At (32)

and refrigerant enthalpy flowing from the evaporator in this time is:

H,,=0/c,, (tfl —1,0)+Cool yo F 101 AT (33)
where:
Qf — mass flow rate of refrigerant [kg/s],
¢, — specific heat of refrigerant in evaporator [J/(kg-K)],
Co — specific heat of refrigerant in evaporator at constant pressure [J/(kg-K)],
Fop heat of evaporation of refrigerant in evaporator [J/kg],
Xy — degree of dryness of refrigerant at the inlet to evaporator [—].

From evaporator membrane to refrigerant the enthalpy H, is transferred in time At
(formula (29)).
Result of refrigerant enthalpy in evaporator:

H,,~H,, ~H,=0 (34)
After substituting formulas (29), (32) and (33) to (34) the equation is received:
t —t —ﬁ[ (t,, —t.,)+ 1- ]
o F Cprolls fO) rpfO( Xpl) (35)
pws pw

Equations (28), (31) and (35) create the set of equations describing the work of evapora-
tor in steady state.
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From the evaporator, refrigerant vapour flows to the refrigerator (directly or through
inner heat exchanger), to the condenser, then an expansion valve (directly or through inner
heat exchanger) and back to the evaporator. These elements of the refrigerator, excluding the
evaporator, are not a subject of consideration in this article.

Excluding temperature of membrane of cooler of water and evaporator from equations
can be obtained:

— for air cooler of water (equations (36) and (37) occur alternatively):

k (1, =1,,)=0,(d=b,)c, +c,x)(t, ~1,5) (36)

k.F.(t,-1,)=0,(1- b_/‘ )[cp (t, —t3)+c, (Lx, —1,x,)+ (rp —Cl3 )%, = x,5)] (37)

kz‘ E (tc - tcw) = chc (tcw2 - tcwl ) (38)
— for evaporator:
kap (tpw - tpf) = chc (tpwl - tpr) (3 9)
ke, (2, =1,) = Qe gt —10) + 700 (1= ,0)] (40)
where:
F F
kCF:, — a’z‘w Lwa’cz cz (41)
(X‘CWF;‘W’ + aCZF:’Z
a F o F
a pWpr +a sz e

Substituting the log mean temperature differences (LMTD) of media in heat exchangers
to the above equations [8]:

t,—t —(t,—t

tc —t, = ( 2 cw2) ( c3 cwl) (43)

ln t2 _tch

tc3 - tcwl

t —t

_ pwl pw2
fow =y ==~ (44)

ln pwl f0

tpw2 -t 10

can be obtained:

L=, _ kch [(tz _thZ)_(tc3 _tcwl)]
tc} - tcwl Qm (1 _bf)(cp + Cw'x2 )(tZ - tc3)

In (45)

1n tl - tch — kcF; [(tz - tch) - (tc_“a - tcwl )] (46)

tc3 - tcwl Qm (1 - bf )[Cp (12 - to3 ) + Cw (tZ'xZ - tc}'xc} ) + (rp - cctc3 )('x2 - xc3 )]
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t2 - tmvz _ kCF:‘ [(tZ B tch) B (tc3 - tcwl )]

In = 47
tcB - tcwl chc (thZ - ZLcwl )
In Lot — 110 _ kap (48)
tpr - th chc
t o~ kF(t  —t
ln pwl f0 p p( pwl pw2) (49)

Lo ~lpo OrlCurot =10) #7100 (1= %))

The system of equations (45)—(49) is a mathematical model of the steady air cooling by
a cooler of water with the evaporator of refrigerator constituting a water cooler. In the equa-
tions of air cooling (45)—(47) parameters of part of the air-cooled (¢, and x ) occurs rather
than parameters of whole stream at the outlet of cooler (¢, and x,). These last parameters can
be determined from the system of equations:

B (e tste Xy +r,x,)1=b)+(c b, +c 0,x, +1,5,)b, —r,x;

w'e37e
’ ¢, te,x
(50)
x3(1=b,)+x,b,  where x;(1-b,)+x,b, <x,(1)
@) where x,(1-b,)+x,b, > x,(1,)
In the system (50) x (£,) and x , (equal x (¢ ,)) relationship [9] can be expressed:
.8-10" 7.5¢
xn(t3)=M where u=—-"-1— (51)
b-610.6-10" t,+237.29
.o 379.8-10" where o 7.5¢,, 5
< 5-610.6-10" (52)

C1,+237.29
where:

b — absolute pressure of air [Pa],
x (f) — specific humidity of air in state of saturation in temperature ¢ [kg/kg].

3. A numerical example

Temperature, specific humidity and relative humidity of the air at the outlet of cooler of
water supplied by cold water from evaporator of the refrigerator with refrigerant R507 should
be determined.

This example was solved by using a computer program based on a system of equations
(46)—(50), where the unknowns are the water temperatures at the inlet and outlet of exchang-
ers and outlet parameters of air. Numerical data concerning cooler of water are as follows:
— bypass coefficient b ,=0.1,

— absolute pressure of air b = 103 kPa,
—  volume flow of air Q = 10 m%/s,
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air temperature at the inlet of fan 7, = 30°C,
temperature increase of air in the fan Az =2.5°C,
relative humidity of air at the inlet of fan ¢, = 80% .

From the data above the following can be obtained:

temperature at the inlet of exchanger (formula (1)) £, = 32.5°C air,

specific humidity of air at the inlet of fan (and at the inlet of cooler) x, =x,=21.190 g/kg,
relative humidity of air at the inlet of cooler ¢, = 69.41%,

mass flow rate of dry air from formula:

0,-0, (53)

where p is a density of dry airparameters of air at the inlet of exchanger were obtained by
substituting ¢ = ¢, and x = x,;

/0
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b
T 461,5(t +273,15)(x +0,622)

P (54)
mass flow rate of cold water Om = 11.353 kg/s, Ow = 8 kg/s,

temperature increase of water on the way from cooler to evaporator (non-insulated pipe-
line) Az | = 0.5°C,

field of inner surface of heat transfer F, = 60 m2,

field of outer surface of heat transfer /_= 70 m2,

heat transfer coefficient from the water side o, = 5447.9 W/(m?-K),

heat transfer coefficient from the air side o = 183.06 W/(m*-K) (these coefficient val-
ues were received from formulas given in [2, 7, 10]).

From above data it can be determined according to (41), &/ =12330.8 W/K, for
evaporator:

degree of dryness of wet vapour of refrigerant at the

inlet to evaporator X = 0.35 ],

temperature increase of water on the way from

evaporator to cooler (insulated pipeline) Az = 0.1°C,

inner field of heat transfer /| = 90 m?,

outer field of heat transfer sz =100 m?,

heat transfer coefficient from the refrigerant side o, =757 W/(m?-K),

heat transfer coefficient from the water side a,, = 2000 W/(m?-K) (this value o, ob-
tained according to [2, 6], value of coefficient o, was given arbitrarily).

From above data it can be determined according to (42), kap= 50818.6 W/K:
evaporation pressure of refrigerant p, = 700 kPa,

superheated vapour of refrigerant at the outlet of evaporator At = 10°C, (from this value
A » value of mass stream of refrigerant was received),

mass stream of refrigerant O, = 2.134 kg/s.

Evaporative temperature of refrigerant ¢, its relative humidity €0 and evaporation heat

r,p Can be obtained according to [11, 12].



The results of these calculations are summarized in Table 1. Also presented in this Table
are the thermal powers of: air cooler of water N, — from the air side N_ (with division into
sensible capacity of air cooling N, and latent capacity of dehumidification N ) and from wa-
ter side N, and from the evaporator side N, - from the water side N, and from the refrigerant

side N, To their calculation the equation were used:

NL;,- =0, I:cp (t, —t;) +c,(t,x, —t3x3)] (55
N, =0,(r, —ct)(x, —x;) (56)
N,=N,+N, (57)
Ncw = chc (tcw2 - tcwl) (58)
pr = chc (tpwl - tpw2) (59)
Ny =Osle, oty =1,0) + 1,0 (1=7,1)] (60)
TABELE 1
Indirect air cooling by cooler of water — the results of calculations
Calculated value Symbol Unit Value
Air temperature at the outlet of the cooler of water t, °C 23.32
Specific humidity of air at the outlet of cooler of water X, g/kg 17.14
Relative humidity of air at the outlet of cooler of water 0, % 96.43
Temperature of water at the inlet of cooler of water ol °C 6.04
Temperature of water at the outlet of cooler of water ., °C 12.66
Temperature of water at the inlet of the evaporator ol °C 13.16
Temperature of water at the outlet of the evaporator Lo °C 5.94
Evaporating temperature of refrigerant in the evaporator ly °C 391
Sensible capacity of air cooler of water N, kW 111.0
Latent capacity of air cooler of water N, kW 110.7
Total capacity of air cooler of water counted from the air side N, kW 221.7
Total capacity of air cooler of water counted from the water side N, kW 221.7
Total capacity of evaporator counted from the water side N, kW 241.9
Total capacity of evaporator counted from the refrigerant side N, kW 241.9
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