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INTRODUCTION

Mine operators in the Menominee iron range have
beocome aware of the need for adequate ventilation to
reduce the amount of dangerous dust in the air, Dust-
excluding respirators and water sprays are used but 1t
is apparent that the prevalence of diseases caused by
dust will be appreclably reduced only if an adequate
amount of fresh alr reaches the working places,

During the past five years the necessity for direct
control of the underground working environment has become
particularly urgent, The increase in production rate,
with two-shift and three-shift operation replacing the
single shift, has complicated the problem of dealing with
excessive concentrations of blasting fumes and gases,
heat, and oxygen deficilency.

The objects of the study deacribed below weres

To determine the guantity and quality of air
reaching the working places,

To determine the amount of heat flowing into
the mine alr and to ascertain the importance of easch source
of heat.,

To sascertain the most economic method of in-
creasing the amount of fresh air reaching the working places.

The field work was carried out between December 22,

1947 and January 1, 19648,



DESCRIPTION OF THE OREBODY

The Hiawatha orebody lies along the steeply dipping
north limb of a syncline which closes around on the east
end to form a bath-tub shaped structure, The orebody
dips vertioally and strikes east throughout most of its
length of 3600 feet although near the east end the strike
changes to & northerly direction, The average thickness
of the orebody 1s 40 feet. The footwall is a black
graphitic slste whioh 1s liable to spontaneous combustion
on exposure to air; the hanging wall is a cherty, falrly

hard iron formation which stands well in open stopes,

DESORIPTION OF THE MINE

Because of the slize and shape of the orebody, sub-
level stoping has been an efficlent method of extracting
the ore, PFormerly stopes were not filled but in recent
years stope filling has been necessary because of the
outbreak of flres in the slate and the steady orushing
of the pillars, Stopes are filled with glacial drift
through raises and 30 inch diameter churn drill holes.

The upcast shaft, 2100 feet deep, is used to holst
men and ore in two counterbalenced units, each of which
is & combination of a skip and a cage, All Arifts are
8 feet by 8 feet in eross-section. About 380 gallons

of water are pumped from the mine each minute,



VENTILATION SYSTEM

The mine is ventilated by two intake raises from
the surface to the third level where the air splits into
the maln east slde current and the main west side current.,
The east slde current is drawn from the third level by a
fan located at the ninth level and forced down two vertical
raises to the No, 17 level, where it 1s distributed to
the working places.

The west slde current 1s drawn through an open stope
by two fans located on the ninth level; from the ninth
level the alr is forced down raises end open stopes to
the No, 17 level where it is distributed to the working
places, The distribution of the alr is shown in Figure 1.

In summer a 30 in, diameter drill hole and & raise
on the extreme east side of the orebody lnorease the
amount of intake airj in winter these airways become
blooked by the formation of lae,

METHOD OF CONDUCTING THE SURVEY

Measurement of air currents
The guantity of alr was oaloulated from the veloolty

of the air and the cross-sectional area at the place of
measurement, Each measurement of air veloclty was made
in the following mannerg

The anemometer, mounted on the end
of a 4 foot stesl rod, was held upstream in the upper right
corner of an airway and allowed to run freely before setting

the gear train in motion,
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As soon as the gear train was set in motion, the
sanemometer was traversed slowly across the airway in
vertical movements as shown in Figure 2, The time
elapsing between the start and finish of the traverse
was recorded on a stopwatch,

The average veloclty of alr was obtained from the

following formulats

Av. veloolity = &E%?EES;EE.;&&%&EE - gorrection in fpm
meé in minutes

Measurements in drifts were taken as far from other
alrways as possible to obtein uniform air flow over the
whole cross-section. WVhere the drift was timbered the
measurement was made in the vertical plene of a timber set.

A low velocity anemometer was used in the same menner
for all velocitlies below 200 fpm. In very sluggish air
currents the velocity was determined by timing & ocloud of
smoke over a meassured distansce. Although this method was
inscourate, accuracy was not necessary because of the
small qusantities of air involved; moreover, the method
was useful in determining the direction of the movement
of alr and in detecting leakage,

The ocross-sectional area was measured by teking offsets
at one foot intervals along a rod held vertically in ths
center of the airway, In timbered drifts the helght
sand width at mid~height werse measured.
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The velocity in the discharge tubing of a fan was
measured using a pitot tube connected to e water gage in

e manner similar to that described by Weeks.(l)

(L] Weeks, W, 3., Ventilation of mines, p. 26, New YOrk,
VeOreaw-H1ll Book Company, 1926.

The anemometer could not be used for this messurement
becauss the high air veloocities in fan tubing woﬁld damage
the bearings of the instrument.,

The quantity of eir pessing iIn the drift was calcu-
lated immedlately after the velocity was measured end was
compared with the ¢uantitles messured in the airways that
connected with the drift. 1In this way dilscrepancies between
the alr guantities were detected immediately and, 1f necessary,
further measurements were made until agreement was reached,

The =urvey was carried out in sequence starting at
the intake airways and working dowvnward to the No. 18
level, It was not possible to follow the course of the
alr currents all the way down because some of the airways
were inamocesasible. By keeping check of the alr guantities,
however, deviation of the air ocurrents from their expected
course was detected immediately, Upon detection of any
leakage all possible exits of the sir were entered and
measurements were teken to ascertein where the air was
leaking, From the results of these measurements the dls-
tribution of the alr to the wvarious parts of the mine was
mapped, Figure 1 shows the distribution of air by full
lines, the thiockness of whioch 18 proportional to the

quentity of air,



Mine temperatures

Alr temperatures were measured with a mercury ther-
mometer graduated to 041°C. To avoid erroneous readings
of air temperature resulting from heating of the air by
the body, the thermometer was held upstream at arms length
and swung slowly in the air current, The wet bulb and dry
bulb temperatures were measured with a whirling hygrometer
which was swung slowly basck and forth for several minutes
before a reading was taken., Three readings were taken at
each station and the lowest wet bulb reading and the average
of the dry bulb readings were taken as the wet bulb tempera-
ture and the dry bulb temperature respectively,

Wet bulb temperstures and dry bulb temperatures in
the shaft were measured by holding the hygrometer at arms
length in the center of one of the shaft compartments and
swinging it slowly until the mercury column was constant.

Temperatures were measured at the surface eaoh day
at 8 a.m, and 2 pem. It was found that at a dry dbuld
temperature of several degrees below freezing point, a
wet buldb reading could be obtained by swinging the hygro-
meter for a prolonged period of time,

The relative humidity, moisture content, and vapor
pressure of the air at various points in the mine is
shown in Table 1, These guantitles were obtained from
tables.(z)

(2) Jeppe, C. W, B., Psyohrometric Tabless Jour. Chem,
Met, Min. Soolety of South Africa, Jenuary 1651,




Flgure 4 shows the ohange in temperature of the air in
its passage through the mine.

Pressure measurements

Barometric pressures in the mine airways were measured
with a small anerold barometer which had been calibrated
against a Fortin mercury barometer in the Mining
Department of the Missouri School of Mines. Thirty-seven
duplicate readings of the Fortin barometer and of the
aneroid barometer were taken over a period of two months
before, and one month after the survey. The Fortin reading
when corrected for temperature and capillary errors,
averaged 0.07 in. of mercury lower than the aneroid
reading.

Although the readings were taken at various tempere
atures and pressures, the difference between the readings
of the berometers did not exceed 0.085 in., and was not
less than 0.060 in. The difference did not appear to vary
with temperature. |

The aneroid readings in the mine airways, when
reduced by 0.07 in., were coneidered to be within 0.0l in.
of absolute sccurscy. Because the error, if any, in two
consecutive measurements of pressure would be the same, 1t
was clear that the error in measuring difference of pressure
was dependent only on the error of observation. With this
in mind, care was exercised in reading the aneroid to obtain

maximun accuracy.
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Because of the accuracy with whiech the barometric
pressure eoculd be measured, the static pressure produced
by & fan could he determined from the difference in
barometric pressures on the intake and return sides of
the fan. As the statlc pressure obtained in this way 1s
In terms of inches of mercury, it may be expresssed in
inghes of water by multiplying the figure obtained by the
specifioc gravity of mercury (13.6).

Barometric measurement of static pressure provided a
check on the more accurate water gage method which is
descibed below.

The static pressure across fans and bulkheads was
measured with a water gage. The method of measurement waas
as followst

A hole was drilled in the bulkhead and a
pliece of hollow metal tubing was inserted in the hole. The
metal tubing was eonnected by flexible rubber tubing to
one arm of a water gage the other arm of which was open
to the surrcunding air. The static pressure of the two
main fan units was measured across the intake and return
doors as shown in Pigure 3.

DISTRIBUTION OF THE AIR

After making an extensive survey of air ccaditions in

(3)
the lichigen iron mines, Urban recommended thal a minimum
rban, K. C. J., Health hazards associated with iron
mining operations in the lake Superior region: Am. Inst.
« Met, Eng. Tech 20, 1943,
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of 800 ofm of fresh air be supplied for each man under-
ground, On this basis, the total quantity of air for the
average ghift of 40 men should be at least 32,000 ofm of
fresh alr. The survey showed that the total quantity of
fresh air reaching the working places was less than this.

Reciroulation occurs at the fifth level, where 4500
ofm of air from the upcast shaft mixes with the fresh
intake air. Because of this regirculation 156 percent of
the air reaching the working places is foul upsast air.
It is apparent from Figure 1 that the total quantity of
air reaching the working places 1g 28,500 ofm and of this
about 85 percent is fresh air. Thus the total quantity of
fresh air reaching the working places is 22,000 cfm which
is equivalent to 550 ofm for each man underground.

In one of the stopes between the No. 17 level and the
No. 18 level, 4000 ofm is being reciroulated by a forcing
fan on the No., 17 level. It is apparent that the practice
of ventilating stopes by foreing air down from the upper
level tends to induce recirculation because the heated
exhaust air tends to rise and return to the fan.

Natural ventilation

Natursl ventilation resultes from the difference in
weight of the intake air and of the upcast air. The
natursal ventilation pressure in ibs. per square foot is
equal to the difference in weight of two vertical columms

of air, one of whieh is in the upcast shaft and the other

48 in the intake airways.



The calculation of the weight of each colum of air
#énd of the netural ventilstion pressure is shown in Teble I1I.
Baoh column wes considered to extend from the No. 18 level,
541 feet below sealevel, to an elevation of 1650 feet whieh
is the elevation of the top of the sheft headframe, Becsuse
the top of the gheft headframe 1s higher than the collar of
each intake raise, it wes necessary to ineclude in the
intake air e¢olumn the air sbove the collar of the intake
raise and beloww an elevation of 1650 feet, Esch sir colum
was divided into portions and the sverage weight of air in
each portion was calculated from the measured temperatures

end pressures using Jeppe's tebles{4)

{4) Jippt,_ﬁ. We Be, OP. olt.

The somputation shows that the difference in weight of
the two columns is 3.83 1lbs. This is the natural ventilation
pressure acting on one square foot; in terms of inches
water gage this pressure is equal to 0.73 in. water gage.

Because the intake sir column is heavier than the
uposst air column, natural ventilation pressure is positive;
that is, it aots in the same direction as the pressurs
prodused by the fens.

In the swummer months, when the surface air temperature
1s usually sbove 60°F, the weight of the intake air would be
less than the weight of the upcast air, consequently
patural ventilation pressurs woulll become negative and would

sct against the pressure produced by the fans.
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PRESSURE LOSSES

Pressure losses in the mine airways because of air

friotion were calounlated by using the following tormula‘sj

{5) MeElroy, G. E., Engineering factoras in the ventilation
of metal mines: U.i. Bur. Mines Bull. 385, p. 41, 1935,

Hf = k PLa &

» L]

Hf is the pressure loss in inches water gege
k 4s the friction factor obtained from tables
P ie the perimeter in feet

L 4s the length of the airway in feet

g 4s the quantity of air in efm

d is the dengity #f air in lbs. per cubis foot
A 18 the area of the airway in square feet

The value assumed for k in the calculations was governed
by the condition of the airwey. For straight, relatively
unobstructed reises;, k was assumed to be 100 X 10'103 for
raises congested by ladders and pipes, k wes assumed to be

x107'°
110 X 10'1°. A value of 165,.was given k for all
drifts except the ninth level, which wes given a friction
feotor of 176 X 10 ~1° because of its greater sinuosity snd
its congested sondition.

The ealculated friction losses theoratically should
equal the pressure potential produced by the fans and by
naturel ventilation. As the west side fans produce a
pressure of 2.2 in. water gege, and the east gide fan
produces & pressure of 1.8 in. water gage, end natural

ventilation pressure is equal to 0.73 in. water gage,
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the total pressure produced is 4.7 in. water gage. The sum
of friction losses in all the important airways, as given in
Teble III, is 3.2 in. water gage, Thus there is 1.5 in.
weter gage of pressure potentisl that is not scoounted for
by friction losses. There are other minor sirwasys which have
not been considered but as these carry s small quantity of
iy friction loss in them would be negligible. Nor does it
seem likeip thet the friction factors are too low. Hemce 1t
appears that the major portion of the pressure potential of
1.5 in. weter gage that heg not been acoounted for is due to
ghock lossea. Inasmuch as all the inteke airways have
numerous constrictions and sudden ohanges in size and
direction, it 1s likely that ghook loss 1s considerable.

Because the pressure loss due to shook doesnot vary
exactly as the square of quentity, the pressure loss in a
mine airway due to shock can not be calculated exactly using
arbitrary coefficients.

For practical purposes the friestion fsoctor msy de
inoreased to inelude intermittent shock losses and the
pressure loss due to friction snd shock may dbe treated aps
friction loss, which varies as the square of guantity.

To compare the resigtence of en airway or s asystem of
airways with that of another airwey it is necessary to
know the quantity of eir that will be passed through each
sirway or system of eirways at a standerd preasure potential.
Meny expressions have been proposed to meke a direct

comparison of airway resistance.



ueElroy(e) gives two formulse which ere commonly used

(6) MeElroy, G. E., Engineering factors in the ventilstion
of metal mines: U.S. Bur. Mines Bull. 386, p. 75, 1935,

in comparing mine resistances.

Equivalent orifice = 0.0004 q

VHE

Resistance factor = Hf X 1010
q

The equivalent orifioce as determined by the above
formula is 4.6 square feat. The resistance fsctor of the
mine is found to be 72.

MECHANICAL VENTILATION

The performance of a fam is measured by the pressure
produced by the fan snd the qusntity of air psssing through
it. The pressure produced by s fan 1- the sum of the
stetic pressure and the velocity pressure; the velosity
pressure is generally small enough to be neglected in
ocomputing the performence of the fan. The performance of a
fan_is usually stated in terms of air horsepower, which is
the rate at whioh useful work is being done. If the input
horsepewer to the motor driving the fan and the air
horsepower produced by the fan are known, the combined
effiolency of the fan and the motor may be ecomputed.
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MoElroy(V’givea the following formule for air horse=-

(7) McElroy, G. BEey ODe elt. p. 764

powert

Al hp = 6.2 X g X gﬁs + Hv)
]

q is the gquantity of air in efm
Hs is the etatic pressure in in. water gage
Hv is the velooity pressure in in. water gage
It 1s usually inconvenient to determines velooity
pressure directly and it is computed from the sir velosity

using the following formult(a)t

{(8) MeElroy, G. E., op.eit. p. 15,

Alyr velooity = 4008 / Hv

Likewige, if the velocity pressure is known, the air
velocity may be determined from the ebove formula.

Tests were made on each fan to determine the quantity
of air produced by the fan and the static pressure soross
the fan.

The location of the east side fan is shown in Figure 3;
this fen is & double inlet Jeffrey fen driven by s 15 hp
slectriec motor which 1s working et 10 KW input. The door on
the intake side of the fan is ndt absolutely leakproof bdut

because there is no measurable pressure difference across it,
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leakage from the west side air current is very small.
Although the pressure difference across the return door is
considerable, thig door is well oconstructed end the amount

of eir lesking through it 1s negligible.

Hesult of test on eest gide fen:

Quentity of air passing
Static pressure
scroes both doors
across intake door
acroegs return door

10,200 efm

i

1.8 in. water gage
Negligible
1.8 in. water gage

e u

Ag the velocity on the discherge side of the fen g only

500 fpm, veloecity pressure msy be neglected so thst the
totel pressure produced by the fan is equsl to the astatiec
pressure whioh is equal to 1.8 in. water gese. The air
horesepower &e determined from the fobmule given above is
2.9, This is the useful work resulting from a power input

of 10 K¢ whieh 18 equivelent to 13,4 hp. Thus the efficiency

of the fen and motor combination is equal to:

2.9 X 100 which is 21.6 ¥
13,4

The meln ventllating unit for the east side air
ocurrent consists of two fans working in perallel, The
larger of these two fans is en Americen Blower, size 63,
single inlet fan. The smeller 1s e Coppua TM 8 fan. Each
fan is driven by & 15 hp eleciric motor working et 10 KW
input. The velosity pressure in the discharge duot of each

fen was meagured by mesns of & pitot tube.
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The stetic preasure across both fans was measpured with

2 water gage se shown in Pigure 3.
heaull of test on wost sglde {ans:

Coppus Ti 8 fan

Area of discharge funt - 2,1 sg. feet
Velocity pressure = 0,85 in, weter gege

Velooity mey be computed from the velooity
pressurs using the formulas given on p. 17.

Veloeity (computed) = 3650 fpm

uantity of selr = 3650 X 2.1 efm
= 7700 efm

Ameriocan Blower fan

Ares of discharge duoct = 6,0 sq. fest

Velocity preagsure = 0,40 in. we.g.

Computed veloeity = 2620 fpm

Quantity of air = 2580 X 8.0 efm
= 18100 eofm

The statlc pressure s measpured epplies to
both fans.

Statio presasure

across both doors = 2.2 in. w.ge
scroes return doors 0.8 in, w.g.
across intake door= 1.4 in. w.g.

As the veloscity of air in the drift on the
return side of the fans is $00 fpm, the veloscity
pressure may be computed from the formule given on p. 17,

veloeity pressure = 0,06 in.w.ge.
totel pregsure peo 0.08 « 2.2 in. Wello
= 2.28 in. weg.
The air horsepowsr produced by each fan may

be computed by using the formula given on p.l7.

Coppus T 8 fen
sir horsepower
efficiency

2.7 hp
2,7 X100 =20 %
15.4
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Americen Blower fan

Alr horgepower = 35.3% hp
efficlency = 5.35 X 100
L
= 40 %

The test shows that all the fans are working at an
effiocienoy which is lower than that whieh should be attaine
ed in main fans., The fan efficieney should be sbout 85 percent
and 1f the efficiency of the driving motor is 85 perocent,
the combined efficienscy should be about 55 percent.

TLMPERATURL ANL EUMILDITY

The dry bulb temperature and the wet buld temperature
were mesasured at verious points in the mine and the dry
buldb temperature was plotted ageinst depth ss shown in
Pigure 4. The wet bulb tenperature and the moisture
content of the slr at various points in the mine is showmn
in Table 1.

The heat produced by the operction of the fens has
an sppreciable effect on the air tempersture. This wee
shown on the ninth level where it wes observed that the
temperature of the air on the return side of the west side
fans wee 1.6°F higher than the temperature of the &ir omn
the intsake side of the fans.

The difference between the dry buld temperature snd
the wet bulb temperature wes slways less than 2°F, except
above the third level. In the upeast shaft the wet bulbd
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temperature was the same as the dry buldb temperature at
all points sbove the No. 18 level.

It was noticed that the amplitude of the variation of
surfsce temperature wap greatly reduced in the inteke aire
ways. At the ninth level, 1033 feet below the surface, the
effect of a verietion of surface temperature of 10°F was
imperceptible.

In the inteke eirways, the rate of change of temper-
sture with depth was greater than the rate of shange of
temperature due to adiabatic compression; in the upcast
shaft the rate of temperature change with depth was leas
than the rate of change of tempsrature due to adisbatie
sxpension. It is apparent thet there are ceauses of change
of temperature other than that due to adiebatic compression
and expension.

The rock surrounding the intake airways did not affest
greatly the temperature of the air except where the veloeity
was low,

The intake air rapidly sbsorbed moisture; the relative
humidity of the air supplied to the working places was

about 88 percent.

GEOTHERMAL GRADIENT

To measure the geothermal gradient of a mine, it is
necessary to obtain either by messurement or caleulation
the rock temperature at verious depths and et the surface,.
fhe rook tempersture at the surfece varies sessonally, the

emount of veriation decressing with depth.
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Direot measurement of the meen rock temperature at
the surfeace 1s difficult becsuse of the depth at which
temperatures must be taken to reduce seasonsl variation to

(®)
an inslignificant emount, Van Orstrand hes pointed out

(¢) Van Orstrand, C. E., Jour. Weashington Acad. Science,
pp. 529-536, 1932,

thet the mean rock temperature at the suwrface iz not the
same as the mean air temperature, but differs from it by
geveral degrees. Thisg difference, in colder climates, is
due mainly to the blanketing effect of snow, which shields

the underlying rock from the colder surface alir, Lanoao)

(10) Lane, A. C., Am. Inst, Min. Met. Eng. Trans. vel. 110,
Ps 538, 1834.

has proposed s method of calculating the mean rock temper-
sture from the mean monthly temperatures as given by the
U.5. Westher Buresu. In Lane's method of calculation the
rock temperature is assumed to be the same as the surface
air tempersture for each month sxcept the winter months
when the air tempersture falls below 32°P; during the
winter months the rock tempersature is sssumed to remain at
32°F, Teble IV shows this method applied to the computationm
of mean ook temperature at the Hiawatha mine.

Rook temperatures were messured directly in the No. 17
level and in the No. 18 level by inserting a thermometer in
& freshly drilled hole in sn sdvancing drift., The thermom-

etor was placed in a grooved rod and packed with glass wool
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to prevent damsge through shock. An air pocket was formed
around the bulb of the thermometer by inserting it into a
bubble of alr that had been blewn from the liquid plastic
known as "Flastic-loong". This air pocket appreciably
slowed down the response of the thermometer to sudden
cshanges of temperabure such as would oocur when the ther-
mometer was withdrawn from the hole.

The thermometer was left in the hole for one hour
after which it wes quickly withdrawn and the temperature
resd. Messurements were mede in two holes in the Neo. 17
level and in two holes in the lo. 18 level.

The rock tempereatures at the ninth and the third
levels was meepsured by taking the tempersture of the

water uopiixg from the rock.
Results:

Nes 18 level

No. 1 hole = ‘3.2"
No. 2 hole = 63.8%

No. 17 level

No. 1 hole = 61,19
No. £ hole o 62,200

Water seepage

No. § level = 52.7°F
Noe 8 level o 48-8"?

Mean rock temp. at
surface (caleulated) = 44.8%

These temperatures, when plotted against depth, lay on &
line, the gradient of whisch was 1°F for each 110 feet.

25
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It 1s not known whether other meagurements of
geothermael gradient hnvo been made in the Iron River
district, but in the Michigan copper district, 65 miles
north eagt of Iron River, the geothermal gradient has
been found to be 1°P for each 125 feet(1l),

(11) Pisher, James, Ingersoll, L. R., and Vivian, Harry,
Regent geothermal messurements in the Michigan copper

gi;:riott Am, Inst, Min, Met. Eng. Trens. vol. 110,p.532,
934.

REMOVAL OF HEAT

To determine the rate at which heat is being removed
from the mine it is necessary to know the content of heat
in the intske air and in the return air, The heat content
is known as the total enthalpy and the heat content of
each 1 1b, of air is known as the unit enthalpy.

The unit enthalpy of an air-vapor mixture may be
defined as the emount of heat required to reise, under
constant pressure conditions, 1 1lb. of dry air from an
assumed base temperature to the dry buld temperature, plus
the amount of hest necessary to ohange a weight of water
at an assumed base temperaturse to vapor under the conditions
existing in the atmosphere. The base temperature for the
2ir wes sssumed to be 0°F and the base temperature for
water was assumed to be 320F, The following formuls for

unit enthalpy is given by “'.k.(lﬂj.

(12) Weeks, W. £,, Heat removed from & mine by ventilating
current: Eng., and Min. Journsl, June 1836.




E e Cp'l’+0.622( e )zl
. 2

E 1s the unit enthalpy

E; is the unit enthalpy of 1 1b, of sature
eted vapor at the dry bulb temperature T

Cp 1s the specific heat of air at constant
pressure

T is the dry bulb temperature in °p

p 1s the barometric pressure

@ 1s the vepor prescure at the dewpoint

The unit enthalpy of air at verious pointa im the mine
ie given in Teble V. The unit enthalpy is plotted sgainst
depth in Figure 6. The genersl form of the enthalpy curve
is very similar to the tempersture ourve es shown in
Figure 4.

If, at any given point in the mine, the unit enthelpy,
the weight of one pound of air, and the guantity of eir in
efm, are known, the total enthalpy of the air mey be come
puted. If the total enthalpy of the air entering the mine,
and the total enthelpy of the eir leaving the mine are
known, the amount of heat being removed from the mine may
be computed from the differemce in total enthalpies.

The eslouletion of the hesat being removed from the
mine is given in Appendix B which shows that the heat
ie baing removed from the mine at the rate of 35,000 E.T.U.

sach minute.

QURCES OF HEAT

There are several causes of heating of the mine air

which are considered below.
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Fig.6. UNIT ENTHALPY
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Heat evoled by underground workers

(13)

MoElroy states that one men working at average

{13) MeElroy, G. E., Mine ventilation, Seection 14, p.56%
Re Pesle, Mining Engineers' Handbook, 3d. ed., Wiley, 1941,

speed evolves heat at the rate of 17 B.T.U, per minute. As
there are about 40 men working underground in esch shift at
the Hiswatha mine, the heat evolved by them would bs about
700 B.T.U. per minute.
Heat eveclved by the operation of the fans

Part of the power input to & fan ig oonverted into
ugeful work as air horsepower; the remsinder is converted
immediately into heat whiech ig removed in the air current.
But the alr horsepower is oxpended on preasure losses, and
in this way it reappears as heat whioh ig removed by the
alr ewrrent.

noElroy(14) gtates that 1 hp 1is eonverted into heat

(14) MoElroy, G. E., op. cit. ( Mine ventilation) p.56.

at the rete of 42.4 B.T.U, per minute, As the tetal power
input to the fans is 30 KW whioh is 40 hp, the heat
resulting from the operation of the fens is 1700 B.T.U.
per minute.
Heat evolved by underground machinery and explosives

It was not possible to estimate the emount of heat
produced by underground meehinery or sxplosives but it is
thought that the heat produced by these sgencies would

not be large.
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Heat produced by fires and ehemicel reactions

The amount of heat produced could be epproximately
estimsted if the type of resction snd the composition of
the uposzt eir were known, In the sbsenge of this
Information the heet due to these ceuses cennot be
caleulated. Beceuse of the combustible nature of the wall
rooks, the heat resulting from firee and spontaneous
combustion may be considerable.

It is eapparent from Figure 4 that the air from the
west inteke raise incressess 16°F in passing from the
surface to the third level. Of this rige in temperature,
1.8%°F may be attributed té adiabatiec compression; the
remaining 14.1° must be due to rook heating to rook
heating and chemicsl reactions. From Figure 4 it 1is
spperent that rock heating does not cause more than 20¢
rise in tempereturs in the east intake raise. In the
west inteke raise where the tempersture difference between
air sand rock is about twice that of the east intake raige,
rock hesating would be expected to cauge about twice as
much rise in temperaturse, that is, about 49F rige.

Thus & total of 6°F rise in temperature mey be
attributed to adisbatic heating and roek heating. The
remaining 10°F rise in temperature results from the only
other known csuse of heating which i3 a fire at the

bottom of the raise.

This fllustration showse thet in some parts of the mine

fires and oxidetion are impertant sources of heast,
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Heat resulting from adiabatic compression and expansion

Adlebastic compreseion of descending alr causes a2 rise
in eir temperature of about 52°F for eash 1000 fest of
descent. The sloping lines in Figure 4 are drewn to show the
rate 2t which this rise in temperature takes plece, At the
same time, the exhsust alr on rising up the sghaft 1e cooled
by adiebatic expension at the sgeme rate of S5:0F for each
1000 feet of ascent.

Inasmuch as the collar of the intake raises i1s at the
same elevation as the collar of the shaft, the heating due
to adisbatic oompression will be balenced by cooling due to
adiabatic expansion, and none of the heat removed from the
mine is attributable to adisbatic effects.

Heating of air due to rock

As soon ag oooler air pegses through a freshly exposed
eirwey, the air is heated end the roeck is cooled. The sooled
zone of rock extends inwerd from the rock sutface until a
temperature gradient has been establighed after which the
amount of heat passing from the roeck to the air is
prectically oonstant,

Pormulae, which are based on mathematical reasoning,
have been developed for the purpose of ocalculating the
emount of heat flowing from the roek into the sir but in
order to apply these formulae, the density, conductivity,
gpecifie heat, and diffusivity of the mine rock must be
known. Because of the heterogensous nature of most mine

rocks, values for these factors can not be more than
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approximetely estimated, consequently the application of
these formulae to conditions in & mine is subject to a
large degree of approximation.

The application of these formulse is, thereforse,
restricted to comparison of the amounts of heet flowing into
eirways in the game type of rock and where even an spprox-
imate result is ussful.

In Appendix C, the time taken to cool the rock in one
of the mine eirwaye 1ia calculated by using formulse that
have been derived by mathematical ressoning. The salculated
time of 111 hours may be geveral times, or it may be only
2 fraction of the time actuslly teken to e¢ool the roeck in
the airwsy; neverthelegs the result ghows thet equilibrium
conditions in & mine airway sre reached much more repidly
then is eommonly believed.

Beceauge sll the mine airways have been open for several
years, it is econsidered that, if the surface air temperature
ig constant, the amount of heat flowing from the rock will
be constant.

It im oleerly impossible to evaluate accurately the
smount of heat flowing from the rock; rock heating would
be expected to contribute the portion of the total hest

removed that is not sttributable to other causes of hesat,
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CONCLUSIORS

The survey showed that the totel quantity of sir
reaching the working pleces is 10,000 ofm less than the
quantity thet ie considered necessary to establish good
ventilation throughout the mine. Improvement of the venti-
lation of the mine ocan be achieved by reducing leskeage in
the intake alrways, by preventing recirculation, and by
inereasing the quantity of intake air.,

Becauge of the indirect passege of the intake alr to
the working pleces, some leaksge of air from the intake
sirweys is inevitable. Although no single source of leakage
accounts for more than 2000 efm, the total quantity of air
lost through leakage is considersdble. This leakage could
be reduced by:

l. Sealing the bulkhead on the west aide of
the No., 12 level through which 2000 ofm leake from the
west slde airways.

2. Repaliring the air doors on the No, 18
level east, through whieh 1000 efm pase to the Hiewatha
Fo. 2 mine.

3, Sealing off the main eest gide raise from
the No. 16 level.

The introduetion of 4500 e¢fm of foul upeest air into
the fresh air current at the fifth level should be pre-
vented. The consumption of power by the main fans would be
reduced and the entire ventiletion system improved by

placing sir doors on the fifth level to prevent this air



from reashing the intake airway.

Recirculation ocours in one of the stopes between the
No. 17 and the No. 18 levels. It 1s possible that a certain
amount of recirculation occurs in other stopes between the
No. 17 and the No. 18 levels because the practice of venti-
lating stopes by forcing air down from the No, 17 level
tends to induce recirculation.

Better stope ventilation would be attained if the east
séide air course could be teaken direotly to the No. 18 level
from which all stope air sould be drawn.

It 1s adviessble ta seleot suxiliery fans in accordance
#ith their probeble duty if their initial cost and the cost
of power are to be kept st a minimum. The fans that are
used for auxiliary ventiletion are Coppus TM 6 fens which
are ossentislly high pregsure fans and these are not
suitable for the low pressure requirsmentes of most stope
ventilation. For the ventilation of stopes where the total
length of tubing is not more than 350 feet it would be
better to use low pressure fans suoh as the Buffalo vaneaxial
type B, size 18 or the Joy model I-6. Both of these fans
are capable of supplying 4000 efm through 150 feet of
tubing at a power input of 1.8 hp.

The main esast side fan ias inadequate to deliver the
required amount of air, but as it 1s probeble that stoping
will become concentrated on the west side, it does not seem
economiec to make any major alterations to the east side

circuit,



In the west side circuit the demend for eir will no
doubt inorease when stoping becomes ooncentrated on this
side and the ventilation system should be planned to
anticipate this increased demend.

It 48 desirsble to remove the Coppus TH 8 fan from
the ninth level becsuse it ig unsuitable for psrallel
operation with the American Blower fan., The American Blower
fan, when operating alone shoulll be capeble of supplying
18000 efm at & power input of not more than 10 KW, Although
the removal of the Coppus TM 8 fan would reduce the power
input by 10 KW, the quantity of air supplied to the west
side oircuit would be reduced by 3000 e¢fm. Therefore this
step should be taken only after the quantity of air in the
west side oircuit has been ijcressed by placing a fan at the
top of the 30 in, diemeter drill hole to foree air down to
the ninth level.,

The fan at the top of the drill hole should have a
cspacity of 10,000 ofm at a static pressure of 4% in,
water gage. A fan suitable for this purpose would be the
Buffalo " Limit Load", single width, size 6%, This is &
centrifugel fan which will deliver the required rating at
1200 rpm and 10 hp input. These two steps would result in
s net increase of 7000 efm of fresh air supplied to the west
side oircuit at s saving in power input of 3% hp,

The date obtained during the survey showed that the
cooling power of the air is adequate in 8ll parts of the
mine.



Natursal ventiletion pressure, which is 0.7 in water
gage in winter, would be negligible in summer; conseguently
the total quantity of air passing through the mine in the
summer’ mohths womuld be €000 ofwm less than in winter.

Although their separste eveluation is difficult, it 1s
preobable that fires, oxidetion, and roek heating ere the
sources of most of the heat removed from the mine.

Adinbatio effects are the chief gauses of change of air
temperature withim the mine, but they de not contribute to
the amount of hest thet 1s remcved from the mine by the air

surrent,
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During a field study of the ventilation of the
Hiawatha mine, Iron River Michigan, data were sssembled

showing the distribution of air to esch part of the mine
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and the ochanges in temperature and molisture content of the

air in its pessage.through the mine. Consideration of the
distribution of the air indicated that ventilation could
be improved by eliminating leekege and by preventing

reocirculation,

The statioc pressure produced by each fan wes measured

and the natural ventilation pressure wasg computed from the

air temperatures and berometric pressures.

Prioction losses in esch airwey were calculated and
tabulated to fecilitete the computation of the pressure
potential nec¢essary to incresse the amount of air by a
given smount.,

The temperature of the rock at verious depths was
meagured and plotted against depth to obtain & value for
the geothermsl gredient of the mine.

The wet bulb temperatures and the dry bulb tempers-
tures were interpreted es far as possible to sscertain
the ceuses of trensfer of heat to the ventilation

current and the evaluate the importence of each cause,



APPENDIX A

Table 1 : Molsture content of #iine alr

Location Rel. Dry Wet Dew~- Grne. Vap.
Hum, Bulb Buld point water press.
% 1n°F in in P p.o.f. in in.
gsurface 75 17 15.4 11 0810 +«066
bottom of intake raises(3rd level)
west raige 80 33 31 28 1.755 «148
east raise 80 36 34 31 1.94 » 1686
_ eagt slde alrways
5 level 82 38 38 37 2.84 «218
g 10'.1 a3 50.5 48.5 4895 3.807 0“1
17 level g4 58 87.5 66 5,106 »448
18 level 84 62 60 60 5.703 «517
wost qido airweys
8 level oast 83 50 49 48 3.79 « 334
8 1."1 west g1 %) 81.5 50 4,175 + 381
17 level g4 62.5 61.5 60,5 5,751 «523
18 level 84 65 64 63 6,452 « 576
stope air
13 level 87 66.5 66 655 6,931 627
upcast shaft
18 1"‘1 95 6300 6205 51.5 6.102 .545
17 level LOU  0d satursted 6,348 +575
16 leval 100 62 saturated 6.142 «5566
13 level 100 63 saturated 6.246 «565
¢ level 100 60.5 seturated 5.746 «522
coller 100 53 seburated 4,526 +402



Table I1: Computation of natural ventilation pressure

Intake sirways

East side: Length Weight in Total wt.
- in feet 1bs./cu.ft. in 1bs.
above intake(west) 85 07623 6.72
eaat raise (3rd-tth) 688 07626 62.4
east raise (8th-17th) 888 07662 68.8
east raise(l7th-18th) 1756 07723 13.5
west inteke raise 345 07757 P8.8
TOTAL 18827
West side:
ebove emst inteke 110 07825 8.7
east intake 320 07694 24.6
stope(3rd-9th) 688 07621 52.5
weet raige(Sth-12th) 417 +07603 31.7
west raisef§l2th-17th) 481 +07652 36.8
west raisge(l7th-18th) 175 +07705 13.5
TOTAL 1878

Because about twice asg much sir passes through
the west side airways as through the east side airways,
8 weighted average of the two columnsg of air must be
taken.

Weighted average (168.2 X 1)(187.8 X 2)

= 167.83 lbe.
Upcagt shaft:

18th-17th 178 07715 13.5
17th-13th 326 «07651 24.9
13th-6th 72 .07528 43.1
gth-5th 506 «07431 37.6
5th to top headframe 612 «+07363 45.1

TOTAL 57,1

Natural ventilation pressure =(167.93 - 164.1) 1lbsfsq.ft
= 3.835 lbg. per sq. ft.

= .73 in. water gege



Teble III Calculated

friction loss

Adrway Length k X100 Fpriction
loss in
in. Wele

West intake raise 345 100 +038

East intake raise 320 100 +25

3rd level 2400 165 21

Tth level 800 168 002

Sth level 1500 165 »034

West reise(Sth-12th) 480 110 «18

West ralse (1l2th«l7th) 420 100 05

17th level $00 165 +008

18th level 1100 165 «01

Eagt reise (3rd-sth) 800 110 28

East reaise (8th-llth) 280 110 «18

East reise (11lth-17th) 640 110 39

g¢th level 3200 175 «53

Upceast shaft

divonniona

18th-17th 5°10" x 18§' 175 110 «008

17th-13th 5'10" x 13 3256 110 »036

13th-6th 5'10" x 13" 944 110 «265

6th-collar 5"10" x ¢! 661 110 «320

Total frietion loss _3,202" w.g

Dimensions of airweys: All levels are 8 feet by 8 feet,

A1l raises except the ones moted below are ¢ feet by

§ feet. East intake ralse is 4 feet by 5% feet. West

intake reise is 6 feet by 7 feet., West side airway

between the ninth and the 12th levels consists of two
reises each 4} feet by 5% feet.



Table IV Computation of mean soill temperature
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Month Mean air temp. Mean soll temp.
in OF in OF
January 10.6 32
February 11.7 32
Mareh 24,2 32
April 39.1 38.1
Ney 51.2 51.2
June 60.6 60.6
July 65.1 65.1
August 62.5 62.5
September 55.3 55.3
October 44,0 44.0
November 30.0 32
December 16.7 32
TOTALS mI0. B37.8
Meen air temperature is g;%ag or 39.2°
Mean soll temperature is or 44.8°F

537.8
oz
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Table V Unit enthelpy of 1 1b. of air

Loecation Bar. press. Temp.°F Enthalpy
in B.T.U
surface (average) 28.46 in. 17 5.82

Bottom of intake reises(3rd. level)

west raise 28,73in. 33 15.13
east raise 28.731n. 36 14.06

East side airways

5th level 28.98in. 36 14.68
gth level 26 .37 in. 50.5 17.63
17th level 30.50 in. 58 23.87
18th level 30,70 in. 62 26 .60

West side elrways

gth level eagt 2637 in. 50 19.46

gth level west 28.46 in. 83 20.97

17th 1.'.1 30.49 in. 62.5 26.32

18th level 30.70 in. 85 28,31
Stope air

13th level 30.18 in. 86.5 26.48

Upcasgt ahaft

18th level 30,70 in. 63.95 27 .43
17th level 30.48 1in. 63 27.74
16th level 30.34 in. 62 27 .88
13th level 30.18 in. 62.5 28.61
gth level 26.43 in. 60.5 27.29

collar £28.46 in, 83 23,08



43

APPENDIX B

Caleulation of the amount of heat remeved from the mine

A total guantity of 26,500 ofm enters the mine at
the surface through two intake raises end 25,500 ofm leaves
the mine through the upeast sheft and the remaining 1000e¢fm
passes to the Hiawatha No. 2 mine at the No., 16 level.

By calouleting the unit enthalpy, the speeific welght,
and the quentity of air entering the mine, we may cobtain
the total enthalpy, or the total heat content, of the air
entering the mine. In the seme way, the total heat sontent
of the air leaving the mine may be caloulated. If the total
heat content of the air entering the mine is subtracted
from the total heat content of the air leaving the mine, the
amount of heat being removed from the mine is obteined.

The unit enthalpy was calculated from the formula
given on p.27.

E mOp?+ o.aze(__ﬁ__:)nl

Ey snd Cp were obtained from Goodman's tebles!l®)

(15) Goodmen, Williem, Air conditioning analyses,
Maemillan, 1943,

Dewpoint, relative humidity, vapor pressure, and specific
weight of air were obtained from Jeppe's tables (ref. p.8)
Wet buldb temperatures, dry bulb temperatures, barometrie

pressures end quantities of alr were messured directly.
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At the intake

Data:
Average dry bulb temperature = 179F

Aversge wet bulb temperature = 15,4°
Barometric pressure = 28,46 in.
Quantity of air = 26,500 e¢fm

From tables:
Dewpoint = 110F
Relative humidity = 75%
Vapor pressure = 0,0665 in.
Specifiec welght of air = 0,07923 1bs/foot®
Ep = 1069

Unit enthelpy in B.T.U. per 1b.
% (0.241)(17) 4+ o.aee( 0,0865) (1069 )

. -
= 5.82

Total enthalpy

= §,82 X 26500 X 0,07923 B.T.U./minute
= 12'200’ B.T.U. per minute

At the upcast collar

Data: ‘
Dry bulb temperature = B4°F
Wwet buld tamperature = B4OF
Dewpoint = B4Op
Relative humidity = 100%
Barometrie pressure = 28,46 in.
Quantity of air = 25,500 efm

From tebles:
vVapor pressure = 0,417 in. s
gpecific weight of air =0,0735 1bs/ foot
Eq = 1085

Unit enthalpy in B.T.U. per 1lb,
= (0.241)(54) <+ a.aee( 0.417) (1085 )

. -

Total enthalpy

= 23,08 X 25,500 X 0,0733 B.T.U./ minute
= 43,200 B.T.U. per minute
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At_the No. 16 level(where air passes to the Hiawethees No,2

mine )
Date:

dry bulb temperature = 58°F
wet bulb temperature = S7°F
barometric pressure = 30.33 in,

gquantity of air = 1000 efm
From tebles:

dewpoint = 56°F

relative humidity = 94%

Yapor pressure = 0,465 in.

specific weight of air = 0,0766 lbs/ footd
Unit enthalpy in B.T.U. per 1b.
= (0.240)(58) = o.azz( 0.465) (1086 )

= 25,89 B.T.U. per 1b. of air
Total enthalpy
: :gégs B)f!l..g?ol’froag:::'a.!.U./nixmto
The total enthelpy of the air entering the mine is
12,200 B.T.U, per minute.
The total eanthalpy of the air leaving the mine is
435,200 <= 1980 B.T.U. per minute
or 45,180 B.T.U, per minute
Therefore the heat removed from the mine by the air current

is 45,180 - 12,200 B,T.U. per minute
or 32,080 B.T.U. per minute
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APPENDIX G

Cooling time for freshly exposed rock

If the amount of heat flowing from the rock to the air,
and the difference between the air temperature and the
temperature of the uncooled rock are known, the time taken
to estadlish equilibrium conditions may be saleulated.

The data teken in the survey for the east side esirway
between the ninth level end the No. 17 level are uged in
caleulating the time taken to establish equilibrium cond-
itions in the sirway after it was frehly exposed to the
flow of air, It is asspumed that equilibrium conditions
hed been established at the time of the survey.

The temperature of the rock when it was frehly exposed
would be the same as the rock temperature at that depth,
which may be obteained from the geothermal gradient ourve
in Pigure 4.

To simplify the caleulations the figures are converted
into metric units.

The followingvalues are taken ag fair averages for
gedimentary roock:

Density = 2,75 grems per oc.
Conductivity = 0,005 gm cals per sec. per sg. om.
per °C diff, in temperaturs per em, thickness
Epecific heat= 0.22 » cale. per gm. per %,
Dgttulivity o 0.@00%'l

Legth of airwey = 898 feet

R rtase . " 56 X 000 aqe fost
osed surface ee
- . 3.00 X 10 ”lq. cm.
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Average eir circulation = 10,000 ofm
Specifie welght of sir = 0.076 1b./foot3
deight of alr eirculated = 10,000 X 0,076 1bs/min.

= 6.8 X 10° gms per sec.

LAir quelity at the ninth level o
dry bulbh temperature = 45,5 F
wet bulb temperature = 44,5°F
moisture content = 3424 grains per cub. foot

Alr quelity at the No. 17 level
dry bulb temperature = 57,5°%F
wet bulb tempersture = 56,5
molsture content = 5,02 grains per cub. foot

The temperature of the sir increeses by 12°F Between the
ninth level and the No. 17 level; of this inecresse, &,.10F
is due to edlebatie compression, therefore 5.8°F or 3.39C s

inorease dus to rock heating which 1s the only other known
cause of heating.

Therefore gain in sensgible heet 1n'paasing from the
ninth level to the No. 17 level ls equal to

5.8 X 107 X 0,241 X 3.3 gm. cals., per sec,

which 1if distributed over the rock surfsce will set up
2 heat current equel to

5,8 X 10% X 0,241 X 3.3 gm. cals. per see./sq.om
2,0 £ 10

or 1,54 x 1074 gm. cals. per sec. per sg. em,

The moisture content of the air increeses by 1.78
ereins per cubic foot of alr between the ninth level and
the Wo. 17 level.

Totel gein in moisture coutent per second is equal to
1,78 X 10'000 graings which is converted into
latent heat et the rete of 10,330 sm. cals. per second.
If this latent neat is distributed over the rock surface
ths hest current set up will be 3,44 X 10 ¢

The total heat currsnt will be the sum of the heat currents
get up by latent heat and by sensible heat,

Totel heaet ocurrent = (3.44 = 1.54) 10 ¢ = 4,98 x 1074
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From Figure 4, 1t will be apparent that the average
dirference in tsmporature btweesen air and uncooled reck
is 5c9°? or 3.3°C.

Considering the surface exposed as afalat surfece
boundery of en infinite mess of #ock, the temperaturs of
which differs from the 2ir temperature by 722 and with the
heet being sbsorbed by the eir current sg soon as it is
rele=sed from the rock, it will be seen that for equilibrium
conditions to become established, the tempereture of the roek
surface will approximete that of the air.

from

The rock temperature in,the surface will rise in
accordance with the following equetion whieh mey be obtained
from any standerd textbook on the conduction of heet.

R ie the rete of temperature rise with
distance from the rock surface

d 18 the thermal diffusivity of the roeok

%t is the number of seconds that have
elapsed since cooling began

It hes been oomputed that the cooling effeet of the
air on the roeck is equal to

4,88 X 10”% gm. eals. per sq. om per sec.

if this cooling effect is divided by the conductivity,
the quotient obtained ias equal to R the rate of inorease
of rock tempereature with depth.

RS 4,88 X 1004 = 0,1% per om. depth
=T 0.008

Equating this result to the temperature gradient es given
by the sbove formule

0.1 = 33

/7 0.0085¢

Therefore t = 41,840 seconds
= 11% hours.
Although this ocalculation is subject to a2 large degree

of approximetion, the result shows that equilibrium is
resched in a matter of hours.
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