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W The insulating properties of rock surrownding underground
openings have been used to advanlage in crealing environments
that bave stable femperalures and are characterized by the mean
annual climatic condition at a particular geographic location.
However, significant flow rates of air at surface temperatures inlo
subsurface space will cause much of the insulated advantage of the
tempered environment to be lost unless the air is first passively
conditioned by passage through a vock-lined tunnel.

Changes i1 temperature and enthalfy as air passes along a
length of rock-lined tunnel will be affected by many parameters, the
more important of whick include:

* the airway length,

s the amount of free waler present on dirway surfaces,

o the thermal conductivity and thermal capacity of the rock,

® the temperature of the rock, and

® the air velocity through the airway,

To achieve efficient tempering of outside air that exhibils exiremes
of climate, the influence of these conditions and the interrelation-
ships of changes over time must be considered when designing an
arrway.

An in-situ study to examine these conditions over time was
undertaken at the University of Missouri-Rolla Experimental Mine.
Afr was passed through a 185-m length of passageway in dolomite.
Continuous measurement of airfrock for 2.5 days gave dala that
can be wused to ascertain appropriatc design conditions for a
particular application. To examine seasonal effects, these tests were
conducted during the summer, fall, and winter montbs,

Thermadynamic conditions at the air/rock interface arve impor-
tant in ventilation engineering of deep underground mines. Airflow
beat transfer studies are of particular significance in bot mines in
whick air refrigeration is necessary. From various studies, theorel-
ical relationships bave been developed for predicting beat flow
across the interface. Results of this siudy are compared with the
theoretical relationships from which conclusions are drawn.

Introduction

The temperature of soit or rock at even 3 few meters depth
demonstrates a profile markediy different from the diurnal and
scasonal readings recorded on the surface. The earth tends to act as 2
thermal blanket because the low heat conductivity of soil and rock
slows changes in temperature. At a depth of 10 m, an unfluctuating
temperature is reached that characterizes the annual mean conditions
at a particular location. Figure 1 illustrates the measured tempera-
tures with depth and season at Rolla, Missouri. Note the rapid
damping effect the soil has on the fluctuating air temperatures.

*Repringed with permission from The Pofential of Earth-Sheliered and
Underground Space, Proceedings of the Underground Space Conference and
FExposition (Kansas City, Missouri), T. Lance Holthusen, ed. (Gxford: Perpa-
mon Press, 1981). pp. 209-226,
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Fig. 1. Average daily temperatures, Rolla, Missouri, Air tempera-
ture and ground temperatures at depth,

The placement of structures pardally or fully underground is a
method of incorporating this natural insulation 1o achieve tempered
or controlled environmental conditions throughout the year.

In the static environment in which little or no air enters or leaves
an underground space, thermodynamic theory can predict the
psychrometric conditions of the closed system, A number of studies
have been undertaken to emmpirically verify these relationships.
Stauffer (1978), Lorentzen (1978), Boileau and Latta (1978), and
Warnock (1978) have used these relationships in examining the
effects of heating and cooling underground rooms 1o maintain
conditions above or below the virgin rock temperature. in the design
of underground housing, however, some account must be taken of
air movement from owside. Positive ventilation is necessary to
satisfy respiration requirements and, in hot humid climates, to
reduce moisture condensation on interior walls. Significant flow
rates of air directly into the dwelling at surface temperatures will
cause much of the insulared advantage of the tempered environment
to be lost. Te overcome this dynamic change in conditions as air
movement occurs, conventional mechanically operated cooling or
heating equipment can be used fo condition surface air. Alterna-
tively, passive systems <an be incorporated in the design of under-
ground openings.

One of these passive systems for tempering air flow involves
passing the intake air through tunnels or buried pipes before it enters
the subsurface dwelling. Contact with rock or earth-pipe surfaces
transfers heat and moisture to or from the surrounding rock mass
and adjusts the air temperature to subsurface conditions. As part of
an fr-situ investigation of roof stabilisy in coal mines, Bruzewski and
Aughenbaugh {1977) found that surface air used for ventiating 2
mine undergoes rapid tempering as it passes down the air shaft and
along the passageways of a mine. Figures 2 and 3 illustrate some
results from this study.
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In discussing passive ventilation, Weils (1977} states:

. we think about ¢arth pipes, about drawing fresh air
into buildings through long, buried pipes that would
warm the icy winds of winter and cool the hot air of
summer, making air conditioning and heating far iess
expensive . .. we know that a straight buried pipe,
even a hundred-feet-long pipe, will not do the job very
well . . . but if 2 whole maze of such pipes was laidin a
buried bed of stones?

in the ventilation of deep mines, consideration has to be given o
the transfer of heat from hot country rock as air passes through
wunnels. Practical engincering criteria used in the design of mine
ventilation systems or underground refrigeration units has applica-
tion 1o the tempering of intake air 1o subsurface dweilings.

To study the tempering effect of passing surface alr along roclk-
lined passages before it enters occupied subsurface space, a series of
tests were undertaken using ventilation facilities at a small mine in
dolomite rock at the University of Missouri-Rolla. Experimentai
resuits have been collated and compared with thermodynamic
relationships and heat transfer equations used successfully in South
African goldmines, in an effort to determine their application to the
design of inhabitable subsurface space at shaltow depths.

Experimental Procedure

The tempering effect of passing air along rock tunncls was
investigated by the following in-situ test procedure at the mine:

(1) A continuous airway 185 m in length from the surface intake to
the flow outler in part of the mine was prepared. This air-flow

surface blowing fan and associated ductwork, and a horizontal
section through the dotomite mine with average dimensions of 2 m
by 2 m. The airflow was forced to pass around a number of bends;
the depth of the rock and soil cover was approximately 10 m
throughout the airway length.

(2) A wvariable speed vane-axial fan powered by a 15 kW motor
forced air through the test airway. During the tests, an air velocity of
approximately 1.0 m/s through the system was measured, giving a
quantity flow rate of a little over 4 m®/s.

'tests were run in the summer f‘fdi :md wmtu (‘ommuou

pathway was composed of a 10-m long vertical shaft conpected to a -

ments were recdrded over 44910 54-hour period aieach :
(4) During €ach test; air-témperatife readiigs’ wcre'nkcn at rcgu]nr :
intervals (30 minutes initially, less frcqucntly a5 differéntial changes
became less) on the surface and at points along the tinderground
airflow path. Further, airfiow rate was checked regilaity, and rock”
emperatures were mkcn at a number of test Stations. At these” ;
stations, rock emperatures were recorded at depths of 28 mni, 100 -
mm and 300 mm from the airrock interface by use of previcusly -
instalfed thermister temperatare probes. All tests were undertaken at
an approximately uniform flow rate. Further details as to experimen-
tal test procedures are recorded in Smith, Ortandi, and Gillies (1981).

Experimental Results

Because the University of Missouri Experimental Mine is not an
operating mine, ventilation fans are inoperative for most of the year,
and natural airfiow passing through the workings is slight. Through-
out the year, air temperatures in the underground passageways and
rock mass temperatures (virgin rock temperature) are almost con-
stant, varying from 10 to 15° C. The minimum value demonstrases a°
seasonal lag, occurring in carly spring, while the maximung [ak(_c; o
place in carly fail. -

The test sequences were undertaken at different tlmcs ciurmg thc o
vear; summer — July 16, 17, and 18, 1980; fail - Septembér 5:.6,7,
1980; and winter — January 30,51, February 1, 1981. OutSiclé'suffact B
readings recorded during the first 24 hours of cach’ test seflected o
diurnal and seasonal changes. Weather conditions were relativety '
stable during each 2.5-day test period; daily tempcmture pattcrns
repeated themselves. o o

As the surface air p,mcs along mck lmcd pas‘;agcw.lys (

winter than th(, intake air), the air is tcmpercd The mtc '0
can be scen on a plot comparing air temperatire agains
distance along the wnnel where the measurements were made
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had been flowing continuously for 49 to 54 hours. Statistical curve
fitting demonstrates that the relationships follow an exponential
function, with a rapid rate of change in the first tens of meters of the
air course and a slower rate of change towards the ends of the
airway. For each season the flow air temperature at the end of
the passageway closely approximates the virgin rock temperature
(Fig. 4).

Using statistical curve fitting, the relationships can be described as:

(@t = 25.02e 0.014x for summer conditions,

{bYt = 33.19e 0.003ix for fall conditions, and

()t = 2.21 + ¢.05x for winter conditions, x in meters being the

distance from the air intake point.

The impact of the changing rate of airflow tempering at different
points along the passageway can be determined by plotting the
change in air temperature that has occurred at any point as 2
percentage of the total change that occurs between intake and outlet
of the passageway. Using data for the same time intervals as in Figure
5, it can be seen that 50% of flow temperature drop occurs within
the first 53 m in summer and fall, and in the first 69 m in winter.
These results emphasize the decreasing economic return that would
be achieved by lengthening an air-tempering tunnel or tube.

As the airflow is tempered in moving along a rock-lined passage-
way, two important energy transfer processes occur: cxchange of
heat energy between the rock mass and the airflow, and the latent
heat change as water vapor condenses in contact with cooler rock
sutfaces or free moisture on the rock is evaporated by the warmed,
unsaturated air.

(1) Energy conduction to or from the rock mass. The temperature-
sensing probes sct into the rock at points along the air passageway
recorded temperature changes in the rock mass during the tests.
Using datz recorded at the same times as in Figures 5 and 6, a
temperature profile was plotted at incremental distances into the
rock mass. The readings were recorded in the rock mass at a point 56
m along the air passageway from the intake air shaft,

These relationships demonstrate an exponential function with the
outer rock surface lavers adjusting at a much faster rate than the
inner layers. Although measurements taken to construct the piot in
Figure 7 were recorded after the air had been continuously flowing
for 49 to 54 hours, litle change cccurred in the rock mass

[

temperature at a short depth in from the airfrock interface,

(2) Latent heat energy changes. Passageways in the underground
mine in which measurements were taken had free water present;
groundwater inflow had formed puddles, and condensation had
formed on the wnnel roof and walls. The water vapor content of
absolute humidity level in the air at any point in the passageway was
a function of the intake ais level and the gain or {oss that occurred
from evaporation or condensation along the airway. Humidity levels
at it points in the system were determined by the use of wet and dry
bulb thermometer readings and psychrometric constants. The
amount of water vapor that air can hold is a function of its
temperature (with an assumption of constant aunospheric pressure);
unsaturated air can hold an increased mass of moisture, while
saturated air can hold more only if the air temperature is increascd.
Humidity levels can be calculated at points along the airflow
passageway, and from these data energy transfer from or to the
airflow system as latent heat of evaporation or condensation can be
determined. Humidity levels in the air along the passageway are
plotted from measurements recorded at mid-afternoon on the last

Table 1. Energy changes in airflow through rock-lined passageways.

Summer Eall Winter
Mid-afternocon readings
1. Enthalpy Change in Air 108.6 60.6 137.3
2. Air Energy — Sensible 111.7 69.7 60.0
— Latent -12.3 -14.8 39.4
— Total 90.4 54.9 99.4
3. Rock Energy 57.9 50.3 57.4
Early moraing readings
1. Enthalpy Change in Air 36.1 9.4 50.2
2. Air Energy — Sensible 41.0 6.6 237
— Latent 2.5 -7.4 22.1
— Total 39.1 9.2 45.8
3. Rock Encrgy 54.0 49.6 79.6
All calculated energy How values are
expressed in units of ks,
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day of the test sequence for each scason,

During the night, while suzface air temperature is cooler and drops
to 4 minimum recording (normally measured in the early hours of the
morning), the air humidity level remains relatively constant. Humid-
ity levels in the air flowing along the passageway are plotied from
measurements recorded at 3 am. on the last day of each test
sequence.

Thermodynamic balance

An examination of the energy changes occursing as air moves
along the passageway demonstrates the existefice of a number of
heat-transfer processes. In an endeavour to guantify the magnitude
of these changes, energy exchange pathways will be examined.

Entbalpy of air
Enthalpy is a measure of total heat or energy in a system. The
enthalpy of air is readily caicuiated by measurement of wet bulb and

dry bulb temperatures and reference 10 psychrometric charts or
tables. Energy change as air goes through the passageway system is
found by calculating the difference in enthalpy between intake
surface air and outtet system air. Calculations have been made t0
examine these changes. The data used arc from mid-afterncon and
carly morning readings on the last day of the summcr, fall, and
winter tests. These observed readings demonstrate day and night
airflow characteristics after 30 hours of continuous passageway flow.
System enthalpy changes are given in Tabie 1.

Energy changes in the air mixture

Energy changes in the air mixture can be described in terms of the
heat changes in its components:

(1) Heat change in dry air or sensible heat change. This is
quantified by multiplying air mass flow rate by air diy bulb
temperature change through the system and by the specific heat
constant for air,

(2) Heat change in water vapor. This is the energy to super heat
water vapor from the wet bulb to the dry bulb temperatare at 2
point. Quantified, this energy level is negligible and has been ignored
in the study.

(3) Heat to evaporate or condense water. Latent heat changes in an
air mixture can be considerable and are guantified by multiplying
moisture mass change in air passing through the system by the
constant for water latent heat of condensation or ¢vaporation.

Energy changes in the air mixture are quantified by summation of
these components and are listed in Table 1.

During the winter test, the cold dry air that cntered the air
passageway was warmed as it passed over relatively hot rock
surfaces. The resulting warm air could hold more of the moisture
evaporated from free water on the rock surfaces. Figures 8 and 9
demonstrate that air moisture levels increase steadily along the
passageway during winter. In the summer and fall tests, the warm
outside air loses its ability to hold moisture as it passes over relatively
colder rocks, The relative humidity of the ventilation air increases
until the dew point is reached; then condensation of moisture onto
the cold surfaces begins.

While this trend of decreasing moisture content can be seen in
Figures 8 and 9 in the later half of the passageway flow, another
influence significantly affects air moistuse level in the initial sections.
The warm intake air to these sections is exposed to free water on the

L1

38

Air Flow
Temperatures-
oc

-

23 4

2% <

IS +

-

-
-

3
U
25 50 73

140 123

Fig. 5. Airflow temperature at distance [from passage iniike.

September/October 1981

Underground Space 117




Table 2. Data on rock mass temperature profiles.

Mid-afternoon readings

Summer

Fall

Winter

Line of Best Fit
Rock Surface Tempesature °C
Virgin Rock Temperature °C

t=22.02-1.11Inx

1=29.94-1.58Inx

t=180+1.171Inx

Average Rock Temperature °C
Change

Early morning readings

Line of Best Fit

Rock Surface Temperature °C

Virgin Rock Temperature °C

Average Rock Temperature °C
Change

26.3 26.0 2.0
3.5 15.0 10.6
2.4 2.0 2.15

t=21.41-1.10Inx

22.0 21.0 5.5
13.5 15.0 10.6
1.66 1.44 2.19

1=20.04-0.61 Inx t=358+09Inx

1 denetes rack temperature, °C
x denotes distance into rock from rock: air interface, mm

tunnci roof, walls, and floor. Moisture evaporation in these early
sections cavses an initial increase in moisture level; further, consider-
able energy in the air is required for this latent heat of evaporation.
For the summer and fall test data examined, moisture evaporation in
the early sections of the passageway is more significant than the
condensation stages later in the airway. Energy flow leading to this
net increase in moisture level is given a negative sign in the data in
Table 1, as it is not in the direction of the assumed flow path from
high temperature air to cold rock mass.

Energy changes i» rock mass

As air fiows along the passageway, heat is conducted to the
surrounding rock in summer and fall, and from the rock mass in
winter. Figure 7 shows the effect of this flow on the temperature of
the rock. The total heat energy change within the rock mass can be
calculated by multiplying the average observed temperature change
by the mass of rock affected and by the specific heat consiant for the
rock. Results for each test are shown in Tabie 1.

The temperature change in an incremental unit of rock is a
function of the distance from the beginning of the passageway and
the distance into the rock from the air/rock interface. Figure 5 shows
that the maximum temperature change and the rate of heat energy
flow occurs at the air intake point. For all test results, the 50% air
temperature change point along the passageway occurred between,
S0 m and 70 m. The closest rock temperature probe location, at 56
m, has been taken as representative of average passageway air
temperatures. The average temperature change experienced by the
rock can be found from examination of the temperature profiles at
distance from the air/rock inierface. For the test data recorded,
profiles of these data were constructed and mathematical functions
representative of “lines of best fit” were calculated (Table 2).

The average rock mass temperature was found by integrating the
cquation for the “line of best fit” with respect to ““t.”" Examination of
the profile data from the tests shows that at a distance into the rock
of 1.0 m, the cemperature change was negligible. Rock mass energy
calculations were based on the assumption that heat flows in all

Fig. 6. Percentage change {n air temperature between intake and outlet airway points against distance along passageway.
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Fig. 7. Rock temperature at depth from rockiair interface.

directions from the passageway Lo that depth. Along a 185 m
passageway, 2,061 md, or 5,709,000 kg of rock (with a density for
dojomite of 2,770 kg/m?, Clark 1967) were affected. For the
calculations, a specific heat constant of 0.825 kl/kg-°C was used
{Touloukian and Ho, 1981).

Comparison of ihermodynamic balance resulls

The results in Table 1 indicate that while the correlation between
air enthalpy and air encrgy is good, rock energy values do not show
the same agreement.

(1) Since enthaipy values are a function of the air wet bulb
temperatuse, inaccuracies in taking this reading, or in calculating
values from psychrometric chart of table data, can lead 1o significant
erros.

(2) Accuracy in determination of air energy sensible heat readings
is dependent on the rejiability of dry bulb temperature readings in
the air fiow. The calcuiated latent heat readings rely on the accuracy
in the measurement of both wet and dry bulb readings and the
calculation of air moisture levels. Complex heat exchange processes,
in which moisture evaporation and condensation occur simultane-
ously in the system, Were observed in the passageway airflow. The
calcutated results are average readings for the system. Additional
detailed studics and data for sections of the passageway would be of
considerable value in evaluating the energy and heat-transfer pro-
cess. Despite the limitations in experimentally determined readings
for interpretation of the tempering phenomenon, the correlation
between total air energies and enthalpy results is good. For all tests,
except one, results indicate agreement to withio 10% accuracy.

{3) Rock cnergy values are based upon accuracy of experimentally
determined rock temperature data and assumptions with respect 1o
rock properties of density and specific heat. A special effort was

{e {6 cement the femperature probes within fock boreholés by 2
‘procedure that would ‘return ‘experimental temperatures Tepiesenta:
e of the rock mass 4t depth. Interpretation” of dats is based on
averiging technigues o obtain-system -valugs: fepresentative of a

comiplex “heat exchange process. 16 initefpretiog the results, ¢ 1S

assumed that the héat flow rate of eondittion through the rock mass
is uniforin and constant tHroughoUt the fest time period. While the
jntention of this study has been 16 jc'alculat(:-_:Ner'age'system results,
this assupption -opens up 2 -chance for potential ‘erfor by "not
accounting for shunting and diurnal changes in rite of heat conduc-
tion. Refinement of interpretation techiniques 1o account fot varying
rates of heat flow conduction in the mine rock at different times day
and night, and at different points along the aik-pa‘ssagewa’y,-would
considerably improve the model description’ of the heat exchange -
Process. B R SIS

Heat flow in underground mine airways R R

In the ventilation of deep underground minin'g-operations,'ﬂn:
understanding of the effects of heat flow from hot surtounding Tock
into airways carrying cool air to the working faces is important. Asa
result of conditions in South African gold mines, a pumber of studies
have been undertaken to optimize the design of mine refrigeration”
plants used to cool the air before it enters the mine Stoping areas.

Whilier and Ramsden (1976) bave proposed 2 formuia for
calculating heat pickup along mine airways. The formula has been
used wih success by Hemp and Deglon (19803 and Steyn (1980) in
determating heat Joad on mine refrigeration units. The relationship
proposed is:

= 5.57 (WE +0.255)(VRT-DB)CF
Q Heat pick-up, KW/100m length of airway
WF = Wetness Factor, 0 for dry airway, 1.0 for very
wet Airway
VRT = Virgin Rock Temperature, °C
DB = DryBulb Temperature, °C
CF = Correction Factor for Airway Size, Airway Age,
and Type of Rock

In application, the formula requires that a number of assumptions
be made. A subjectively determined airway wetness factor is needed
in the equation and a correct estimation of that factor is necessary in
order for heat flow values to be accurately calculated. A correction
factor can be apphied o account for:

(a) airway sizes varying from the normal South African dimensions
of approximately 3 m by 3 m,

{b) airway age, where airway surrounding rock is cooler than
normal due 1o heat liberation over time, and

(¢} rock type, if thermal characteristics vary from those of
quartzite, The equation takes no account of air quantity or air
velocity rate through the passageway.

The Ramsden equation has been applied to the study of test data
from which calculated energy change values arc obtained, as shown
in Table 3. In the application of the Ramsden equation, no allowance
has been made for variation from the assumed airway size, airway
age, and type of rock, and a correction factor of 1.0 has been
applied. The wetness factor used for each determination is based on
personal observation of airway surface characteristics as tests were in
progress.

From the results, it can be seen that, while there is reasonable
correlation between energy flow levels determined by the Ramsden
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Tabie 3. Energy changes in airflow applying Ramsden equation.

Summer Eall Winter

Mid-afternoon readings

Energy Change — Section 1* 62.2 (0.25)** 45.4 (0,25} 32.5
— Section 2 50.1(0.75) 41.8(0.75) 53.1(1.0)
-~ Total 112.3 87.2 85.6

Air Enthalpy Change®** 108.6 60.6 137.3

Early morning readings

Energy Change — Section 1 27.5{0.29) 16.7(0.25) 15.7 (1.25)
— Section 2 36.2 (0.75) 25.1{0.7%) 32.2(1.0)
- Total 63.7 41.8 47.9

Air Enthalpy Change 36.1 9.4 50.2

* Airway Scction 1: Length Omto 85 m
Afrway Bection 2: Length 85 mto 185 m
** Assumed Wetness Factor in Calculation: All Surface Dry-0
All Surfaces Wez-1.0
***Enthalpy rcadings from Tabie 1

equation and air enthalpy calculation for winter iest readings,
discrepancies are apparent for results from other scasons.

For the summer and winter data, energy change by application of
the Ramsden equation exceeds that calculated from enthalpy consid-
erations. It is appropriate in this case to lock at how the Ramsden
equation was originally intended to be applied.

{1) The equation is put forward for use in determining heat flow
from rock at bigh temperature to cooler air.

{2) The equation is designed to be applied to situations of airflow
through long passageways where air is at a high relative humidity and
airway surface moisture is from groundwater inflow.

The summer and fall studies examine 2 heat exchange situation
in which the flow is from warmer air to colder rock mass. Further,
the passing air has not reached a high and stable relative humidity
fevel. Considerable energy transfer is involved in latent heat of
evaporation and condensation, and these changes requirg complex
explanation. Further detailed interpretation of test results by examin-
ing the response of airflow in different sections of the passageway
may allow most discrepancies to be explained, thereby improving
the correlation.

Conclusions

As air moves through a2 rock-llined passageway, temperature
changes take place 2s heat energy transfer occurs within the air and
rock mass system, To obtain a better understanding of this process,
an in-situ study was undertaken to monitor and record the changing
conditions at various locations along a 185-m passageway in dolo-
mite rock with regulated airflow. The investigation consisted of three
test periods of 2.5 days each, conducted in July 1980, September
1980 and January 1981.

Based on recorded data, relationships have been determined that
(1) describe the rate of change in air temperature and air moisture
level as outside air was circulated through the passageway and {2}
identify temperature changes occurring in the surrounding rock due
to the interfacing of exposed minc rock with the air. An attempt was
also made to calcuiaie the thermodynamic balance of the system.
The results of the study were compared with empirical and theoreti-
cal approaches used in deep mine air cooling investigations in South
Africa.

Changes in air moisture level along the passageway, the latent heat
of evaporation, and the condensation energy flow considerations are
important t0 a full understanding of the physical principles invotved
in the energy balance of a ventifation system. Such an understanding

120 Underground Space

involves a detailed examination of changes in air behavior along the
passageway on a scction-by-section basis. Experimental determina-
tien of conditions must be undertaken with care and accuracy, and
interpretation made on a basis that examines unit changes within the
system. Good correlation has been obtained between experimentally
determined and theoretically based results. Aseas where further
cfforts in interpretation are needed have been identified.
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