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An Investigation on the Underground Cooling by Air Current

By

Yoshio HIRAMATSU and Junichi Kokapo

Department of Mining Engineering

(Received December 19, 1955)

1. Introduction

It is well known that the ventilation of mines developed in the rock mass, which
has a high temperature, with the air which is cooler than the ground temperature is
one of the effective means to cool the mine. Indeed, not a few analytical studies have
been conducted on the theory of heat exchange between mine air current and the rock
mass around it. But the effectiveness of ventilation for the underground cooling and
the most effective method are not yet fully known. Looking over several analytical
investigations made up to date, it seems as though they are repeating similar discus-
sions on the same subject, and we shall point out the differences among them.

Dr. Heise and Dr. Drekopf carried out an analysis on the periodical change of
temperature in the rock around an airway on the assumption that the wall temperature
is subject to a periodical variation which is given as a known function.” This inves-
tigation has proven to be very useful for us for it was one of the first theoretical
studies made pertaining to underground air temperature and developed a concept of
a heat balance mantle. The assumption in this analysis, however, cannot be said
sufficient as it will be discussed later.

To analyse the heat exchange with heat transfer across the wall of airways taken
into consideration is far more troublesome than to analyse it taking only the heat
conduction in the rock mass into consideration. Dr. Maegawa made an analysis
about thirty years ago on the periodical temperature change in a thick hollow cylinder,
assuming that the air in the cylinder was subject to a stationary periodical temperature
change and that heat exchange took place across the inner wall.?> About the same
time, Dr. Kumabe carried out an analysis on the two-dimentional unsteady heat trans-
mission in a hollow cylinder assuming that the air temperature in the cylinder was
given as a general function of time.*> He has reduced a formula that gave the varia-
tion in temperature distribution along a radius of the cylinder with time. These two
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investigations, although they were not conducted for the purpose of solving the under-
ground cooling problem, have presented a material aid to the authors.

Recently, Dr. W. De Braaf has studied on the variation in the rock temperature
with time on the assumption that the wall temperature keep constant.*> Although this
investigation stands on the same simple assumption as that of Dr. Heise and Dr.
Drekopf, it surpasses what have ever been published up to date by mining engineers
because it deals with variation in rock temperature with time. Mr. K. Amano has
published three theses™ treating the temperature change of air current with time in
which the authors of this paper have found some errors.

All the investigations described above are based on the assumption that the tem-
perature of air or wall at 2 point under consideration is constant or is subject to a
steady periodical change. Such an assumption may be inevitable to make the analysis
possible, but it is not enough for the discussion of underground cooling by air current,
because the very problem into which we aim to inquire is to clarify the variation of
the air temperature with the distance travelled as well as time. The authors have,
therefore, proceeded to study the theory of heat transmission in a system composed
of an airway and a rock mass around it aiming to clarify the cooling effect of air
current. A strict analysis of the theme, however, is almost impossible as the succeeding
explanation shows and the authors have given up the idea of a strict analysis this
time, but have instead endeavored to reach a solution of this problem by means of an
approximate calculation.

It is assumed in this paper that airways are horizontal ; that the heat transmis-
sion in the system takes place owing to the heat conduction in the rock mass, move-
ment of air, and the heat transfer across wall surface; that the change of air
temperature with the distance travelled is due to the heat exchange between the rock
mass and air current; and that in the air current or on the wall surface there appears

no evaporation or condensation of water.

2. Theoretical Consideration

2.1. Equations of Heat Transmission

The temperature of the air is denoted as: 6 °C,

the specific heat of the air under constant pressure: Cp kecal/kg °C,
the specific weight of the air: 7. kg/m?,

the thermal conductivity of the air: 2, kcal/m hr °C,
the mean air velocity: w m/hr,

the temperature of the rock: 8 °C,

the wall temperature : 0., °C,

the thermal conductivity of the rock: Agkcal/m hr °C,
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the specific heat of the rock: Ckcal/kg °C,
the specific weight of the rock: 7 kg/mé,
and the heat transfer coefficient of the wall surface: a kcal/m? hr °C.

Define r and z in the direction of the radius and the axis of an airway. An
assumption is made here that 1 and 2 are two sections, dzm apart on a horizontal
circular airway, 7, in radius, in which air flows with velocity w m/hr.

Considering the heat transmission in an air current, the following equation is
formed on the assumption that the air temperature in a section is regarded as uniform:

9 . 90 _ 4 00, 2a .
67_—{_“)?,2‘ . Cpia 022 +Cp)'a7’1 (0w @) ’ (1)

As for the heat conduction in the rock mass around the airway, the well known
Equation (2) is established:

00 Ag (620 1 00 6’21‘))’ r>r. (2)

Of T Crg\0rr " ¥ or 92

Let the initial condition of Eq. (1) as @ is a function of z only when #==0, and

the boundary condition of the equation as @ is constant when z=0; whereas the
initial condition of Eq. (2) as #=6, (the ground temperature) when {=0, and the

boundary condition of the equation as:

00 «
0T & _ = 7. 3>
ar Ag (010 @) » for r rl < Vi
To solve the simultaneous Equations (1) and (2) under all the initial and bound-
ary conditions and to express the air temperature ©® and the rock temperature
# as functions of distance z and time ¢ respectively are very difficult if not
impossible.

2. 2. Approximate Calculation

Taking all the necessary conditions described above into account, the authors
propose the following way as a method of approximate calculation of the temperature
change of air current with distance.

The distance travelled and time elapsed are divided into small sections respec-
tively, and the temperature of air current in question is found by integrating the
results of approximate calculations of the wall and air temperatures of each section.
These calculations are carried out under the following assumptions.

It is assumed that the wall temperature is constant in each division of distance
although, strictly speaking, it is a function of both distance and time (assumption 1),
and that the air temperature is constant in each division of time although it is a
function of both time and distance (assumption 2). As a matter of course, according
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to the initial condition, the wall temperature is constant throughout the airway at the
instant the ventilation is started, while according to the boundary condition, air of
constant temperature is supplied continuously through the entrance of the airway.

Let the distances from the entrance of an airway

Tn E C D and the points along the airway in one section where
the ventilation begins be L,, L,, L,,--, and the instant

7;17—7 E A

when the ventilation is started be 7, and the points

H at which time is divided be 7,, 7,,---. Now, taking
distance on abscissa and time on ordinate, as shown

T in Fig. 1, any point at any time is represented by a
’ Lo Las Ln point in this figure. Therefore, the interval L,—L,_,

Fig. 1. is represented by ABDC for the time interval T,,—T,,-,
in Fig. 1. The details of the method are as follows.
(a) According to the assumption 1, the wall temperature is taken as constant for

the interval AB, so that the temperature at the point B is to be determined from

Eq. (1) by putting -g—t@—:O and neglecting the first term in the right side.

O = 0uw— (0u—04) exp {—2a(Zp~Z4)/Cprath0} . (4)

(b) From the assumption that the air temperature during the time interval AC

is taken as constant, the wall temperature at the point C can be presumed in the
following manner.

It is assumed here that a circular airway, », in radius, is driven into the rock
mass having a uniform temperature and the rock mass is cooled continuously by
passing air current with a constant temperature @4 through the entrance of the airway.
Now, taking into consideration the heat transmission around the airway and neglecting

the third term in Eq. (2) and put v=0—04, we obtain:

Ov % 1 ov
— 2 Yy D)
ot (arz+r 87)’ (5)
where
KE=1g/CVg.

In order to solve Eq. (5), we need one additional boundary condition besides the initial
as wellas boundary conditions described above. Assuming that the rock temperature
at a point, », m apart from the axis of the airway in radial direction, is so close to
the ground temperature 6, even after # hours have elapsed since the beginning of the
ventilation, we can put 8,,=6,.

Now, we divide » into two parts, v, and v,, which satisfy the conditions shown
in Table 1.
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Table 1.

vy Uz

Equations | S04l 9o ) | By (Tepd W)y

drt ' r dr ot or2 " r or
d
For r=r, d—f‘—:hv,, h=a/Ag. g’r’z =hv,, h=a/r;.
For r=r, v1=0,. 0,=0.
For ¢=0 Vy=0y—V;.

v, and v, are found by solving Eq. (a) and (b) in the table, taking into consideration
the necessary conditions, as follows:

v, = {1+ hrlog (#/r)}/{1+hrilog (ro/r)} (6)

() ty(a,ry) exp (—kaldt)
v = 2 e iy (7

~ where

e Yalaur)
W(@nt) = Py Vulaurs)’

and «, are possitive roots of the following equation :
oy (a,ry) = hu(a,r,) .
Therefore, the solution of Eq. (5) becomes:

0—-64 _ Llthrlogr/s LA i o) (1) exp (—ralt) (8)
0—04s  1+hr log rz/r £ y riakild (a,r,) — ri(a2+ B wdla,r,) °

Putting =7, in Eq. (8), we get Eq. (9) which gives the rate of change in the wall
temperature.

0op—B6s 1 i"‘ 2rlhu3(a,,71) exp (— Kkadt) . (9)

O—0a 1+ hrilog (ro/r)  a=ir3agl(a,rs) —rilag+h) us(a,r:)
Eq. (9) thus reduced gives the wall temperature of a rock mass at any time under
the assumption that an air current of constant temperature is supplied continuously.
Actually, though, as the air temperature varies with time, we cannot derive the wall
temperature of the point C directly from Eq. (9). For this reason, we further as-
sume that the temperature distribution in the rock mass along a radius at any time
is equal to an imaginary temperature distribution in the rock mass, which is presumed
to be cooled by constant supply of air of the same temperature as that of the present
air temperature ®4 and reached at the instant the wall surface temperature coincides
with (f,)a, (assumption 3).

The time #/ which may be required for the temperature to reach the wall tem-

perature can be found from Eq. (9). Consequently, the wall temperature at the point
C can also be determined from the same Eq. (9) by putting t=¢'+Tp1— T -
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(¢) The wall temperature at the point A and B are determined by applying the
method described in (b) to the adjacent section GHBA.

(D

described in (a) to the other adjacent section EACF.

(e) Because the determination of the wall temperature and the air temperature

The air temperature at the point A can be obtained by applying the method

within any section can be made in successive order from the neighboring sections,
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the calculation may be
started from the first sec-
tions on the oz-axis and
ot-axis for which both
the wall and air tempera-
ture are determined by
the initial and boundary
conditions respectively.
The calculations in the
sections along the both
axes in turn can be
started from the original
point. In this way, the
wall temperature and the
air temperature of every
be

section can deter-

mined.

2.3. Discussion on the
Approximate Cal-
culation
(1) The

of the division

fineness

of time and
distance.

In the approximate
calculation, it is a matter
of course that the finer
the division, the more
accurate the result ob-
tained. To what extent

of fineness the division
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should be made depends upon actual individual case.

For example, the relations between the rate of air temperature rise ¢ and the
distance z along the airway (see 3.2.) obtained from the calculations based upon
rough, medium, and fine divisions, I, II, III, are as shown in Fig. 2, 3, 4, assuming
that 7,=2m, w=7200m/hr, &«=10kcal/m?hr °C, 1,=2.0kcal/mhr °C. It is noticed
in these figures that there is considerable difference between the results of I and IJ,
however, it appears that only a small difference is noticed between those of II and III.
In order to obtain an accurate result, finer divisions than III is preferable, but we are
compelled to satisfy ourselves with the division III because the calculation with finer

divisions than that requires enormous time and effort.

(2) On the process of determining wall temperature.

Comparing the temperature distribution in the rock in a real case with that in
an imaginary case in which the rock is cooled by air current of constant temperature,
it is noted that the air and wall temperature, the temperature gradient in the laminar
sublayer in contact with the wall surface, and the temperature of the part of the rock
beyond a sufficient distance from the wall surface of the former are equal to those of
the latter because the heat transfer coefficients of both the airways are equal. But it
is felt that the temperature distributions of both the rock masses may be somewhat
different. The temperature distribution determined experimentally in the rock mass
around East 2nd Level, Yotsuyama Coal Mine, by Mr. D. Miyazaki, is shown in
Fig.5 with a solid line> This actual survey

o
has been conducted 62,000 hours after the level ”}G s =FH0C
was driven. The hydraulic mean radius of the 80 ,'/’

level was about 2m, and the mean air velocity 4 /,L

was 7200m/hr and the ground temperature of 407

40°C was noted at the time of the survey. As 16/

the level is driven in sandstone, estimating 20

that s=0.002m?/hr, Z,=LOkcal/mhr°C and 0 0 v
a=10kcal/m?hr °C, and introducing @=23°C, Fig. 5. The temperature
8.,=23.36°C, we can find, by making use of the distribution in the rock

around East Second Lev-

Curve E in Fig. 7 which is drawn on the basis el, Yotsuyama Coal Mine.

of Eq. (9), that the imaginary time # for this

level is about 50,000 hours. Substituting ¢ by #’ obtained above in Eq. (8) and put-
ting 7,=100 m (see 2. 3. (3)), the theoretical temperature distribution in radial direction
can be calculated as shown with a dotted line in Fig. 5. Since there is not much
difference between the actual and the theoretical temperature distributions shown in
Fig. 5, our method of estimating wall temperature may be allowed.
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(3) The depth where no more temperature change is recognized.

It is evident that the more terms in the series in Eq. (9) are taken, the more
accurate the results obtained will be, but at the same time the operation will become
more troublesome and at last it will be impossible. Therefore, we shall consider
whether or not it is possible to perform accurate calculation to serve a practical
purpose using a few number of terms sufficient to make the operation possible.
Experience and scrutiny show that more terms are needed as the ratio 7,/r; increases
or time ¢ decreases.

Doubtless, the cooling reaches deeper part in a semi-infinite body, on the surface
of which heat transmission takes place, than in an infinite body with a cylindrical
opening, on the surface of which heat transmission takes place. As the analysis of
heat transmission in the former is far easier than that in the latter, we shall find the
depth x, where cooling effect is hardly recognized in a semi-infinite body for the
purpose of determining 7, for an infinite body.

Taking direction x normal to the surface of the semi-infinite body and assuming
0=8, for t=0 and ﬂ:h(ﬂ—@) for x=0, we can derive the following Equation (11)

0x
by solving the fundamental Equation (10).
08 00
oo ao
ﬂ—@ RE+R2K
8- ~ <21/:ct)+e 1’{1 ¢( ,/—-Fhl/lft)}

(an
4 2
#(3) = =l ay.

Now, let us find the relation between x and ¢ so that the ratio almost equal to a unity.
The right side of Eq. (11) is a

10
_ RS < unity for =0, or it converges into a
@ < (¢ @gm\ unity for x—co. As we are discus-
K ad
2\: \&\5 sing a case in which # is not zero, x
) A must mathematically be infinite to
g G . .
z é > t Kept constant make the right side of Eq. (11) equal
=2 e, Tty to a unity. The values of the terms
J .
0 in the right side of the equation vary

t with x as shown in Fig. 6. It is noted

ig. 6 from this figure that the first term in
Eq. (11) increases with x and approaches a unity, while the second term approaches
zero, and the left side of the equation becomes almost equal to a unity as soon as
the depth x becomes so great the first term of the right side becomes almost equal

to a unity. Let x; be the depth x when the above mentioned state is realized, namely:
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p (27%) ~1. (12)

To obtain an accuracy to four places of decimals, we can write it as

%/27 'kt =3, (13)
or
ro =6kt . (14)

As for the infinite rock mass with a cylindrical opening, we suggest to use
Eq. (14) to find 7r,, the distance from the center of an airway where almost no
influence of air current is effected.

For the reason stated above, Eq. (14) is a safe assumption.

For example, it will be admitted to take 7,=12m, for {< 800 hours, 7,=30m,
for 800 hr<_¢< 6000 hr and 7,=100 m for #>>6000 hr, assuming x£=0.003 m?/hr.

3. Results of Calculation

3.1. Conditions Employed

Since the usefulness of the results depends much on the conditions selected, we
have paid great attention to determine the conditions to be employed in the approxi-
mate calculation.

Thermal conductivity and thermal diffusivity of the rock: As the thermal con-
ductivities of several rocks are nearly uniform in magnitude, it is taken as
Ag=1kcal/m hr °C, a representative value. Assuming jg= 2500 kg/m?, C=0.2 kcal/kg °C,
we get k=1Ag/cyg=0.002m?/hr. In order to present a datum for adjustment of the
results of calculation for the different values of i, a set of calculation has been
carried out for Ag=2kcal/m hr °C, £=0.004 m?/hr.

Specific weight and specific heat under constant pressure of air:

7,=12kg/m? Cp=0.24 kcal/kg °C.

Radius of airway: r,=1, 2, 3m.

Air velocity : w=3600, 7200, 14400 m/hr for »;=1m,
w=3600, 7200, 14400 m/hr for 7,=2m,
w=="7200, 14400 m/hr for r,=3 m.

Heat transfer coefficient: The heat transfer coefficient is shown as a function of
the Reynolds’ number, of the coefficient of friction &, and of the dimension of the
airway and so on. The function for the underground airways, however, has not yet
been fully established. The authors have carried out theoretical and experimental

studies on this problem, and have obtained the following equation :
a = A Sw/8v, (15)

where v is the kinematic viscosity of air. In our calculation, Eq. (15) has been adopted.
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Putting £§=0.03, 2,=0.02 kcal/m hr °C, v=3600x1.5X10"° m?/hr in Eq. (15), we
have decided the heat transfer coefficient for each case as shown in Table 2. In order
to present data for adjustment of the results of calculation for different values of «,
two sets of calculation have been worked out for the values of a: one set with a half
the value and another with a quarter of the value described above.

Coordinating what have been described above, the conditions employed in our
calculations are tabulated in Table 2.

Table 2.
] 7 l w @ ' h ‘ Ag | ex10° Q
(m) | (m/s) |(kcal/m?hr°C)| (m~Y) |[(kcal/m*hr°C)| (m?/hr) |(m?/min)
A 1 1 5 5 1 2 188
B 1 2 10 10 1 2 377
C 1 4 20 20 1 2 754
D 2 1 5 5 1 2 754
E 2 2 10 10 1 2 1510
F 2 4 20 20 1 2 3020
G 3 2 10 10 1 2 3390
H 3 4 20 20 1 2 6790
I 2 2 5 5 1 2 1510
J 2 2 2.5 25 1 2 1510
K 2 2 10 [ 5 2 4 1510

3. 2. Calculation

As a preliminary work, the change of wall temperature with time has been cal-
culated for every condition, assuming the air temperature is kept constant. The results
are as plotted in Fig. 7. Dividing time and distance in the same manner as the fine
divisions III (see 2.3. (1)), and making use of Fig. 7, the temperature change of air
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Fig. 7. The change of wall temperature with time.
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current with time has been calculated by means of the method explained in 2.2. for
each condition in Table 2. Plotting the rate of air temperature rise ¢ against the
distance travelled and taking time as a parameter' the results obtained are as shown
in Fig. 8 A~K. The temperature change for any intermediate condition can be
estimated in interpolation. Frequently, however, lack of data takes place to carry out
interpolation. In such cases, therefore, it must be estimated without interpolation.

Example 1. Find the air temperature of a point, 800 m from the entrance of an
airway, 2m in radius, driven in the rock of 40°C, after 1000 hours from the begin-
ning of ventilation, assuming that air of 28°C is supplied from the entrance at the
rate of 2m/s i.e. 1510 m®/min.

Assuming 4g=1.0 kcal/m hr °C, £=0.002 m?/hr, & =10kcal/m?hr °C, it is found

from the point “a” in Fig. 8 E, that the rate of temperature rise is 29 per cent, so
the air temperature is 31.5°C after 1000 hours have passed.

Example 2. Find the air temperature of a section, 800 m from the entrance of an
airway, 10 m? in sectional area, supported with rail arches, and ventilated at the rate
of 1000 m®/min i.e. 1.67m/s, after 1000 hours from the beginning of ventilation,
assuming that the ground temperature, the air temperature at the entrance and the
kind of rock are equal to Example 1 respectively.

Estimate §=0.05, the periphery U=12.6m and Ag=1.0kcal/mhr°C, £=0.002m?/hr,
4;=0.02 kcal/m hr °C, v=15x10"° m?/s, then we obtain

r,=159m, a = A,$w/8v = 13.9 kcal/m? hr °C.
Now, from the point “b” in Fig. 8 A and point “c” in Fig. 8 B, it is found that ¢=78,
59 per cent for w=1.0, 2.0 m/s respectively for an airway, 1m in radius. From the
point “d” in Fig.8D, and point “a” in Fig. 8 E, it is found that ¢=50, 29 per cent
for w=1.0, 2.0 m/s respectively for another airway, 2m in radius. We can estimate

80
3}/ 40
X 322k~ == S S s
50 ’ 20 ’_.///‘ i :
46 | :
40 < 10 i
: I 1
50 Oy—35— 5 78410 183 20
20 ) — ok HKealmzhpoc
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¢ =46 per cent for ;=159 m, w=1.67 m/s by interpolation as shown in Fig. 9 A using

the values of ¢ above mentioned. But this percentage corresponds approximately to
a=8.4kcal/m® hr °C, while the value of & in this problem is 13.9 kcal/m? hr °C. The
correction for ¢ due to the difference in the value of « is found to be about 3.9 per

cent from Fig. 9B which is based upon Fig. 81 and J. Therefore, we get ¢==50 per

cent for a=13.9 kcal/m?hr °C. Consequently, the temperature of the air in question

is estimated to be approximately 34°C.

4. Conclusion

From the approximate
calculation of the rate of
air temperature change in
underground airways, we
have obtained several in-
structions concerning the
cooling of underground by
air current as follows.

(1) In the early days
of ventilation, the tempera-
ture of air current rises
rapidly with distance trav-
elled and this accounts for
feeling cool only in the
vicinity of the entrance of
the airway. As time goes
by, however, the air tem-
perature drops and cooling
gradually proceeds farther
into the inner part of the
airway. It is a matter of
course that the greater the
quantity of air, the more
rapid the decreases of tem-
perature. Consequently, it
is not impossible to bring
the temperature of air cur-
rent down near to that of
the air supplied. But, as
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is seen in Fig. 8 and 10, the rate of cooling decreases with time passed as well as
with increase in the quantity of air, and lowering of the temperature is not realized
in practice merely by expending time or by ventilating greater quantity of air. It
is concluded, therefore, that there is a certain limit in the applicability of the ventila-
tion for the purpose of cooling. In short, the ventilation by which the air velocity
exceeds several meters per second or such the ventilation which does not cool off the
temperature of mines to a desired temperature within one year must be considered as
an ineffective ventilation.

(2) As for the influences of several factors, the smaller the thermal conduc-
tivity or the heat transfer coefficient, and the higher the velocity, the more rapid the
decreases of the air temperature. The heat quantity transmitted to the air decreases
with decrease in the thermal conductivity or in the heat tranfer coefficient, but it
grows with increase in the air velocity. Thus, efficient cooling of underground does
not always mean reducing heat quantity from the rock and is contrary to what one
might imagine from the “cooling”.

(3) In order to promote the effect of underground cooling, such means are
available: (1) increasing air volume, (ii) lowering the thermal conductivity, and (iii)
lowering the heat transfer coefficient. The effectiveness of these means can be examined
by Fig. 8. As to (i), discussion must also be made from the standpoint of ventila-
tion. In order to lower the thermal conductivity, there is nothing that can be done
but to line the wall surface with materials of low heat conductivity. Pertaining to
the heat transfer coefficient, the authors propose a new idea: that lowering of the
resistance of an airway is effective to decrease the heat transfer coefficient; con-
sequently, it makes the cooling effective, as shown in Fig. 81 and J. Both the meas-
ures, of course, must be discussed also from the standpoint of economy.

(4) It is usually accepted that a smaller sectional area is preferable so far as
air quantity is kept constant. From the disscussion on this idea from Fig. 10, it is
found that there are cases indeed where a smaller sectional area is better, but there
is a few cases in which it is not so; at any rate, it is apparent that the sectional
area is of little worth consideration.
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