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PREFACE

This report was prepared by William F. Quinn, Chief, Northern Engineering
Research Branch, U.S. Army Cold Regions Research and Enginecring Laboratory
(USA CRRFL); Haldor W.C. Aamot, Mechanical Engineer, Construction Engineer-
ing Research Branch, USA CRREL,; and Marcus M. Greenberg, Mechanical Engi-
neer, Research and Technology Division, U.S. Army Nuclear Power Group.

The study was performed at the request of the U.S. Army Engineer Reactors
Group, Nuclear Power Division, Office, Chief of Engineers.

Investigations were conducted under the general supervision of Kenneth A,
Linell, formerly Chief, Experimental Engineering Division, and the direct super-
vision of Edward F. Lobacz, Chief, Construction Engineering Research Branch,
USA CRREL.

Many people participated in the experiment, The authors are especially
grateful to Republic Steel Corporation and the staff at the Adirondack Ore Mines
under William A. Blomstran, District Manager. Their support of this project was
always timely, responsive and co..perative.

Richard Guyer, CRREL Electtonicz Technician, installed and checked out
the temperature-monitoring systems. ¥our Scientific and Engineering enlisted
men from CRREL provided valuable contisoutions to the project in general and
to solving the many prablems which are always encountered in putting such a
field test together, making it work, and monitoring outputs. The contributions
of SP David Karr and SP Joseph Wilhelm are particularly appreciated; they were
involved in designing the experiment and assembling the components in the
field. They were then most ably assisted by SP Brian Murray and SP Throdore
Maffei in monitoring the test 24 hours a day, 7 days a week for 38 days.

The authors appreciate the constructive comments and criticisms of
Dr. Richard L. Berg, Frederick E. Crory and Edward F. Lobacz of USA CRREL,
and Frederick J. Sanger (formerly of USA CRREL) who reviewed the manuscript.
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FIELD TEST OF A STEAM CONDENSER HEAT SINK CONCEPT

by

W. Quinn, H.W.C. Aamot and M. Greenberg

INTRODUCTION

Power plants may be located deep underground for security purposes; this requires that spe-
cial consideration be given to the dissipation of waste heat associated with power generation.
During most of the plant’s operation, heat rejection would probably be accomplished at the surface
as is typical for aboveground power plant operations. However, some means for temporary re-
jection of this waste heat below ground must Le available to utilize the full security potential
of the buried location. This imposes the requirement that all the waste heat produced by a buried
power plant be contained and stored underground for a specified time. A functional and economical
heat rejection system is an important design consideration for such installations.

The designer of a hardened underground power plant is presented with several alternatives in
his choice of a waste heat sink. The alternatives include water (either at the in situ ground temp-
erature or at some lower temperature provided by mechanical refrigeration), a chemical solution at
a depressed temperature below the freezing point of water, an ice-water mixture utilizing the latent
heat of fusion, the surrounding ground, or combinations of these materials.

Analytical and laboratory studies have been made of chilled water, chilled brine, and ice-
water systems.” '* '* '7 But in none of these studies has the use of the surrounding medium as the
primary heat sink heen considered in detail. At the request of the Nuclear Power Division, Office,
Chief of Engineers, the U.S. Army Cold Regions Research and Engineering Laboratory conducted
a study to determine ¢ he feasibility of such a concept. This concept, as developed by OCE,’ in-
volved disposing of tuibine exhaust steam from a nuclear power plant by discharging it into rock
tunnels. The condensate was o be collecied and reused in the power cycle after appropriate
chemical treatment. The primary advantages of this concept are that it obviates the need to store
and maintain large quantities of heat sink substances (water, ice, etc.) underground and also per-
mits the use of tunnels for other than just heat sink purposes. If existing tunnels can be used, the
concept becomes economically attractive.

Although the study seemed feasible theoretically,' a field test was required to establish its
practicability. (Although a field test of an ice-water heut sink concept was reported in the litera-
ture,’’ no information was available involving the use of rock as a steam condenser.) The field
test was conducted to study saturation levels and heat transfer coefficients and to validate the
analytical approach for predicting the amount and rate of heat storage by the rock.
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SITE DESCRIPTION

The site selected for this study was a magnetite mine owned and operated by Republic Steel
Corporation in Miueville, New York, approximately 5 miles west of Port Henry. The test was con-
ducted 2250 ft below the ground surface in a tunnel roughly 10 ft high by 13 ft wide (Fig. 1). The
tunnel floor was sloped at a grade o 0.75% toward the northwest. The choice of a test area with-
in the mine was limited by the general requirement for a tunnel section with a relatively stable
roof, located where the test would not interfere with the production ining operation. It was also
4 test requirement that the face rock be as homogeneous as possible, that faulted zones be avoided,
and that power, water and drainage facilities be available. The tunnel had been constructed by the
drill, blast and muck method which had caused some fracturing of the face rock.

The drift for the entire length of the test area was in a granitic gneiss made up mainly of
quartz and feldspar and sparsely disseminated magnetite, its compressive strength was from 30,000
to 43,000 psi.® The general dip in the location was approximately 26 degrees downward to the left
(northeast) and the strike was approximately parallel to the drift. An almost vertical minor fault
cut across the drift beyond the end of the test area. The ores and adjacent rock in this drift were
possibly Grenville meiasediments.?

. s ndicErE CEEE BElP
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Figure 1. Plan view of tunnel used for heat sink test, Mineville, N.Y.

TEST PLAN AND ROCK THERMAL PROPERTIES

The overall plan involved the introduction of steam at 4 constant 1ate into a 300-ft section
of tunnel until the chamber temperature was within a few degrees of the saturated steam tempera-
ture. At that point, the rock can no longer accept heat at the same constant rate and the steam
flow (or heat input) must he reduced to avoid an unacceptable increase in the total pressure in the
tunnel section. It is essential, in this heat rejection application, that the designer satisfactorily
predict the length of time required to reach this critical tunnel temperaiure condition. The study
involved the initial theoretical prediction of this warmup time and a subsequent field test to vali-
date or disprove the prediction.

Four stations within a 300-ft length of tunnel were selected for temperature observations, and
thermocoupie assemblies were installed to depths of 40 ft in the roof, floor and two side walls at
each of the four stations. The position of each station within the test area and the locations of
rock bolts we shown in Figure 1. Rock bolts (29 bolts altogether) were installed in the section
of roof which were obviously loose. Holes were drilled to accommodate the thermocouple assem-
blies; a log of the core extracted from each hole is given in Figure 2. Thermal conductivity tests
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Figure 2. Logs of holes cored for thermocouple assemblies.,

were performed on several core samples by Professor Francis Birch of Harvard Umversity. Both
vertical and horizontal cores were tested. Thermal conductivities were measured with divided ha
systems similar to that described by Birch.' The sanples were 0.500 in. thick and either 1,420 or
1.180 in. in dianeter. In order to determine the effect of moisture, conductivity tests were pet-
formed on both air-dry and saturated rock at 1047F. To establish temperature effects, tests were
run on saturated rock at 77 F. The results of these tests are given in Tubles T and 1 and mdicate
that {4) the effect of moisture on both the granitic and biotite pneiss was to increase the thermal
conductivity by about 2% above the air-dry conditions, (b) the effect of increasmg the temperature
from 77 'F to 104" F for the water-saturated condition of the granitic gneiss was to decrease the
thermal conductivity by about 3% (a change in mean temperatwe had no apparent effect ou the
biotite gneiss), and (¢) the thermal conductivity of gramitic gneiss was about 12% preater in the
horizontal direction than in the vertical direction. As previously noted the dip m the area of the
test is 25" from the horizontal. The appuarent specific gravities of the Mineville rock are given
Table IIl.

The 300-ft section of tunnel was sealed off by welded steel bulkheads which were insulated
with foamed-in-place polyurethane. Pipes, tracks and ballast were left in place within the test
area; however, they were removed at the bulkhead locations. Ditelies were excavated on both
sides of the track so that the condensed water could return by gravity to the boiler area. The
ballast beneath the track varied in thickness trom 18 10 21 iu.
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Table I. Thermal conductivity test results: Mineville rock.

Thermal conductivity (Btu/ft hr °F)

Depth Dry Water- saturnted
Rock type Station Location (ft-in.) (104°F) (104°'F) (77°F)

Granitic gneiss 1 Roof 1.0 2,02 2.11 -
-2 1.99 2,06 2,12

1 West wall 0.10 2.30 2.41 --
1.0 o 2.30 2,37

13.6 2,126 2,35 -
13.8 213 2,22 2,31
1 Floor 2.11 1.99 2.02 2,07

2 Floor 2-11 1.87 1.98 -

S East wall 1.0 2,22 2,33 =
1.2 2,16 2,85 2,31
3 West wall 1.1 2.37 2,38 2.48

4 Roof 1-2 1,97 2,04 --
14 o) 2.09 2,14
Biotite gneiss 1 Roof 17.2 1,18 1,21 1,21
17.4 1.20 1.23 ~-

29.0 1.11 1,14 -
29.2 1.4 1.05 1,05
2 Roof 18-10 1.04 1.06 1,06

19.0 1,03 1,04 .-

3 Roof 5.8 1,21 1,288 ==
6-0 1.21 1,238 1,24
Ore 2 Roof 15.7 2,80 2.90 2,95
15.49 2,73 2.83 o

3 West wall 23.3 3.19 3.2 ==

23.5 2,97 3.92 o

Table II. Summary of average thermal conductivities.

Thermal conductivity (Btu’ft hr 'F)

Rock type Environment Vertical core  Horizontal core
Gramtic gneiss Dry, 14" F 1,97 (6)* 2.24 (7)
Wet, 14 F 2,02 (8) 2,32(7)
Wet, 77 F 2,1143) 2,36 (4)
Biotite gneiss Dry, 14 ¥ 1,12 (8)
Wet, 14 F 1.15 (8)
Wet, 77 F 1.14 4)
Wet, 104 F 1.14 4)

* Nawber of samples tested,
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Table . Thermal conductivity test results: Mineville rock.

Thermal conductivity (Btu/ft hr °F)

Depth Dry Water- saturated
Rock type Statioa Location (ft-in.) (104°F) (104°F) (77°F)
Granitie gneiss 1 Roof 1.0 2,02 2,11 -
1.2 1,99 2.06 2,12
1 West wall 0-10 2,30 241 -
1.0 2,23 2.30 2,37
13-6 2,26 2.35 -
13.8 2,13 2,22 2.31
1 Floor 2.11 1.99 2,02 2,07
2 Floor 2.11 1.87 1.98 .-
2 East wall 1.0 2,22 2,33 s
1.2 2.16 2,25 2,31
3 West wall 1.1 2.37 2,38 2,48
4 Roof 1-2 1.97 2,04 -
1-4 2,02 2,09 2,14
Biot te gneiss 1 Roof 17.2 1.18 1.21 1.21
17.4 1.20 1.23 ==
29.0 1.11 1,14 ==
29.2 1.4 1.05 1.05
2 Roof 18-10 1.04 1.06 1,06
19.0 1.03 1.04 -
3 Roof 5.8 1.21 1,228 -
6-0 .21 1,238 1,24
Ore 2 Roof 15.7 2,80 2,90 2,95
15.9 2,73 2,83 -
3 West wall 23.3 3,19 3.24 =)

23.5 2.97 3,02 -

Table II. Summary of average thermal conductivities.

Thermal conductivity (Btu’ft hr °F)

Rock type Environment Vertical core  Horizontal core
Granitic gneiss Dry, 104' F 1.97 (6)* 2.24 (7)
Wet, 104 F 2,02 (6) 2,32(7)
Wet, 77°F 2,11 (3) 2,36 4)
Biotite gneiss Dry, 14 ¥ 1.12(8)
Wet, 104 F 1.15 (8)
Wet, 77 F 1.14 (4)
Wet, 104 F 1,14 (4)

* Number of samples tested,
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Table II1. Apparent specific gravity and density of Mineville rocks.

Depth Apparent Density
Rock type Station Location (ft-in.) spec. grav. (Ib/11*)
Granitic gneiss 1 Roof 0-1 2,822 176
1 West wall 0.2 2.871 179
2 West wall 1.0 2,895 180
2 Floor 1.0 2,767 173
3 West wall 0-1 2,886 180
Avg. 2,848 178
Biotite gneiss 2 Roof 16-8 3,140 196
3 Roof 5.7 3.036 189
4 Roof 4.2 3.335 209
Avg. 3.170 198
Ore 2 Roof 15.6 4,933 308
2 East wall 36.3 4,765 298
2 Roof 15-8 4,708 294
3 Roof 13.1 4,748 296
3 Roof 13.3 4,805 300
Avg, 4,791 298

Sixteen copper-constantan thermocouple assemblies, each 40 ft long, were installed as four
assemblies at each of the four stations. Each assembly consisted of 10 separate thermocouples
with spacings of 0, 1, 2, 5, 10, 15, 20, 30 and 40 ft and one in the air 1 in. from the surface of the
rock. The thermocouples were placed in 174-in.-diam (AX) cored holes and were grouted in place
with a portland cement slurry. The surface thermocouple was covered with a '/, to % in. thickness
of grout. In addition to these thermocouples, several were locair-d in the vicinity of each bulkhead
in order to monitor end losses. Thermocouples within 10 ft of the tunnel wall were recorded con-
tinuously on multiple point strip chart recorders. The deeper thermocouples were read daily using
a manually operated millivolt potentiometer.

Although the concept involved the recovery and reuse of the condensate, it was decided to
waste the condensate in this experiment after recording its flow rate and temperature. Samples of
feedwater and condensate were taken at various intervals throughout the test to permit the deter-
mination of the condensate chemical treatment which would have been necessary under this par-
ticular test environment.

Steam was developed by a 296-kw electric boiler operated continuously at approximately 460
volts. An electric boiler was chosen to avoid exhaust gas problems. A constant heat output. by
the boiler was selected as being a reasonable approximation to the waste heat generated at the
essentially constant power level used in operating an underground facility. Steam was distributed
within the test area through a two-pipe system. One pipe (pipe X) conveyed the steam in a header
running the full length of the test area; nineteen vertical riser pipes, spaced at 15-ft intervals,
discharged steam in essentially equal quantities throughout the tunnel. The other pipe (pipe Y) dis-

i churged steam at a single point, 22 ft from bulkhead B.

The original plan was to inject steam through pipe X until the air temperature was within a few
degrees of the saturated steam temperature. At that time the steam was to be injected through
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pipe Y in order to compare diffusion under the two distribution systems. When a saturated steam
condition had been reached in the test area, it was planned to reduce the constant heat input to
approximately three-quarters of its initial rate. This would simulate a reduction in demand on an
underground power generating facility and would thereby prolong the effective usefulness of the
heat sink.

Consideration was given to providing an initial partial vacuum in the tunnel as usual con- -
denser practice involves the initial extraction of the non-condensables. Such extraction has a sig-
nificant effect upon the surface transfer coefficients at the condenser walls. However, for this
test, it was decided not to attempt development of an initial vacuum condition. This decision made
it unnecessary to design the bulkheads to carry perhaps 8 psi (depending on the vacuum level that
could be produced) and to provide reliable seals both at the bulkhead/rock interface and within the
rock mass. The test was thus performed at atmospheric pressure with provisions for continuously
venting the non-condensables (air). The total atmospheric pressure, determined with an aneroid

barometer, varied between 30.9 und 31.1 inches of mercury (15.2 to 15.3 psia) during the experiment.

The following quantities were monitored.

Input: water flow, steam flow, bulkhead pressure, boiler pressure, pipeline pressure and
steam quality.

Output: condensate weight and temperature, rock and bulkhead temperatures.

Three photoelastic stress cells were placec af a depth of 2 ft in the rock in the vicinity of
Station 3; the intention was to obtain tliermal stress readings upon completion of the test.

MECHANICAL LAYOUT

A complete description of the mechanical system and its performance has been given by Karr
et al.”® A flowdiagran: depicting the steam supply, condensate return and vent systems is given
in Figure 3a. The pipe X distribution system is shown in Figure 3b. The spacing between the
roof and the riser pipe was maintained constant to provide a uniform distribution of steam through-
out the tunnel cross section.

An overall view of the test area is given in Figure 4; this photo was taken from bulkhead A
looking toward bulkhead B. Note the condensate trap at the terminus of the pipe X header (lower
right). The header was sized for a constant velocity of about 8000 ft/min which is reasonable for
processed steam. The header consisted of three sections: 100 ft of 2-in. schedule 40, 100 ft of
1%-in. schedule 40 and 85 ft of 1-in. schedule 80. The system was initially balanced volumetri-
cally using compressed air available at the site. The use of air avoided upsetting the existing
thermal regime in the test area and also provided a less hazardous environment in which to work.
Figure 5 shows the condition of the tunnel before the test in the vicinity of station 2, looking
toward bulkhead B. Thermocouple assemblies may be seen on the roof, floor and two side walls.
A closeup view of the thermocouple assembly in the west wall at station 3 is shown in Figure 6.
The hole at the lower left was drilled to hold a stress meter. A photograph of bulkhead A taken
from outside the test area is shown in Figure 7; it shows the insulation and thermocouple wires.

Each bulkhead was fabricated from % in. steel plate. The bulkhead frame consisted of 1%-in.
steel angles welded to 1% in. steel rods installed in the rock in the 1uof, floor and walls. To pro-
vide a tight seal between the rock surfuce and the steel plate, the plate was cut on the site to
conform to within about 1 in. of the irregular rock surface. Wire mesh was fitted in the joints and
welded in place on each side of the bulkhead and portland cement mortar was then placed in the
joint. Foamed-in-place insulation acted as both a thermal barrier and a vapor seal. The access
ports were closed by means of a bolted, insulated % in. steel plate.



FIELD TEST OF A STEAM CONDENSER HEAT SINK CONCEPT

YENT
SYSTEM
e 48+
Woter trapped )
g
H
z
Pressure [ _Fioe
= Reducing i L tol 19 risers
Witer (=) Station Calori- ?,
Mine _ Reducer meter Tolel Z Pipa
woter —O‘—D—O—‘ T
Supply C.ol Steam
A Storoge
(430ps1) Tank Boiler ::’;,

STEAM SYSTEM

To Scale
Mineg =

Droinoge Pump
CONDENSATE SYSTEM

a. Steam, condensate and vent systems.

Buthhead
'

Bulkheod
)

19 My, 19 0se
15

eeebttt L |
| Jesen sy |

0%’ - 9 — —— i —
b —— —

300" —

Not to scaie

b. Intemal pipe distribution system.

Figure 3, Steam production and distribution system.

Bulkhead B is shown in Figure 8. The recording system shown in the lower right of Figure
8a was used for audio-monitoring of rock movement that took place during cooling after the experi-

ment wos completed. An overall view of bulkhead B is shown in Figure 8b and a closeup view of
the boiler in Figure 9.
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—_—
Figure 4. View of test tunnel from bulkhead A Figure 5. Viewof station 2 looking toward
(hefore test). bulkhead B (before test).

e

Figure 6. Thermocouple assembly (station 3, Figure 7. Bulkhead A.
west wall).
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Figure 8. Bulkhead B.
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Figure 9. Electric boiler.

PRELIMINARY HEAT TRANSFER ANALYSIS

Thermodynamic process

The measured ambient rock and air temperatures in the test area were initially constant at
60°F. The relative humidity as measured with a sling psychrometer was 100%, which corresponds
to a water vapor content of about 1% by weight. The partial pressure of the vapor (saturated
vapor pressure) for this temperature condition is 0.25 psia. As previously noted, the average total
atmospheric pressure was 15.25 psia. The partial pressure of the vapor is governed by its dew-
point, in this case the rock surface temperature (condenser temperature). When steam is introduced
into the tunnel, the rock surface temperature gradually rises, resulting in a corresponding increase
in the dewpoint and associated vapor pressure.

The total pressure (air pressure plus vapor pressure) was maintained constant at atmospheric
throughout the test by the continuous venting of air. Thus, the partial pressure of air (difference
between total pressure and vapor pressure) continuously decreased. The vapor pressure can rise
to a maximum of 15.25 psia, at which the dewpoint (rock surface temperature) is 213.8°F. Varia-
tions in atmospheric pressure during the test resulted in a dewpoint ranging from 213.6° to 214.9°F.

The experiment is considered complete when the rock surface temperature reaches about
213.6°F at which time all of the air has been displaced and the tunnel is filled with pure steam.
At this point the rock can no longer accept heat at the same constant rate. The steam flowrate
must be reduced or the excess steam will either overflow through the vent or pressurize the tunnel.

Upon entering the test area the steam expands to ambient pressure and mixes with the air in
the tunnel. Heat is transferred to the rock by both air convection and steam condensation on the
rock surface. No information could be found in the literature regarding the heat transfer coefficient
associated with the condensation of steam on rock. An objective of this test was to develop such
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information. A lower limiting transfer coefficient can be inferred from published data on heat trans-
fer between aiv and rock surfaces which is on the order of 1.2 Btu/ft? hr “F for ‘ree convection.®
An upper limiting transfer coefficient is obtained from experimentation with steam condensation in
the absence of air on smooth metal surfaces which gives values on the order of 2000 Bru/t? r

F."" However, it 1s known that the presence of non-condensables has a significant effect on the
coefficient of heat transfer,

It was estimated that the transfer coefficient between the tunnel atmosphere and the rock will

increase during the course of the test as air is continuously vented from the test area. It was also
estimated that mitially, for an air-rich mxture, the transfer coefficient would probablv he on the

order ot 1.2,

Prediction of air and rock surface temperatures

Heat transter to the rock may be approximated using an analvtical model in which the test
tunnel 1s represented by a hollow evhinder 1 an infinite medium, initiall' at a4 constant temperature,
with heat flow at a constant rate by conduction in the radial direction. ‘The problem has neen
treated by Carslaw and Jaeges® and the equation .s given in the Appendix. The solution can be
vxpressed as a4 dieasionless telationship between tenperatuie Tise at the surface AT and time 1.

ATk f( al )

a o a~

fon exact analvtical soluton of the basie vymtion 15 not possible, DA Teetinical Manwal TH-855-1°
provides a numerically computed graph of these dunensionless functions. A numerical solution of
the equation was also developed by Stanley and Fellers,'* whose results are presented in the
Appendix.

The underlying assumptions are: a homogeneous rock material with constant thermal conduc-
tvity k and diffusivity a, a circular tunnel cross section of radius a, and a constant heat flux ¢.
The actual situation wvolves a heterogeneous rock naterial warh variable thermal properties, a
rectangular tunnel cross section with rounded corners, and a slightly variable heat flux.

The theoretical relationship between heat flux and time to veach a rock surface temperature of
213.6 F for a temperature difference \T of (213.6 - 60 ) 153.6'F is given in Figure 10 for a tunnel
diameter of 10 ft and for both high and low values of the thermal conductivity for a rock of granitic
composition. As indicated by the curves, the rock’s thermal properties have a significant influence
on warmup time. Figure 11 presents the influence of variation in the tunnel diameter on warmup
time. For the same heat flux, the warmup time increases as the tunnel diameter decreases. Of
course, a heat flux of 50 Btu/ft? hr in a 10-fti-diam tunnel represents a smaller total heat load (on
a lineal foot basis) than the same flux in a 15-ft tunnel. Lines of eqyal heat load per lineal foot
are also shown in the figure. As would he expected, the smaller diameter tunnel attains saturation
sooner.

For the Mineville experiment, a flux vs warmup time curve was prepared. As the tunnel was
rectangular rather than circular, an equivalent radius was used on the basis of equal perimeters:

a - 210, 13)/2¢ - 7.331t,

The following rock properties, estimated from handhook values,* were used (the experiment was
designed prior to the measurement of thermal properties):
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Figure 10. Theoretical effect of thermal properties on
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Figure 11. Theoretical effect of tunnel diameter on warmup time.
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Figure 12. Theoretical relationship hetween Figure 13. Theoretical vapor-air and rock sur-
heat flux and warmup time. face temperatures vs tine.

k 1.7 Btu'ft e I
p e 7711

p 0.19 Btu Ib F.

The flux-warmup time relationship is given i Figure 12 and calculation details are given i Table
All in the Appendix. A temperature of 212 F was onzinally taken to represent the maximum dew-
point. A period of 20 days was considerea to be a reasonable length of fime to permt a compre
hensive evaluation of both the thermal and physical processes. Fntering the sraph at 20 days a
heat flux of 60 Bru t1¢ 1s found to be requued. The tunnel surtace aea 1s on the order of 12(13
10) « 300] 13.800 11° which represents a demand load ot 60 13.800 828 . 10‘ Btu/hr.
Assuming that the heat from the saturated steam 1s solely s heat of condensation at 212 F (970
Btu 1b). the steam production required 1s

828 » 10* Btu In 1
ekt es 851 1h hr.

0.97 . 10" Biu 1b
A 5% allowance tor end losses and steam quality results i a total requirement ot 896 1h. . Heat
dissipation by the condensate was not considered. Assummg boiler teedwater at 60 F. the boiler
was sized as follows

Heat of vaporization at 212 F 970 Btu 'Ib
Water enthalpy at 212 F 180
1150
Water enthalpy at 60 | 28
Energy required 1122 Btu/lb
Boiler s1ze (1122)(896) 3412 295 kw

The predicted change 1 surtace temperature with time 1s cwven m Figure 13 and the details of the
calculation are presented in Table ALIl of the Appendix.
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The cutve depretinge the vapot-ain mixture tempetatw e with tie s onlv an approxmnation. At
the statt of the test, the theotetieal tempetature dattetent il between the an-tieh tunnel anmosphere
atid tock s on the otder of 18 F L assumine a transter coethictent ot 1720 The tunnel temperate
was expected 1o nise rapidly at st to about 108 F 60 1500 The heat capacity of the tunnel
o was abont 1O Brao Foand wirh 8280 100 Bra he tles tempetatute difterential would oceur m
Teess than 3 gunttes, Toward e end of the test the subaee ftanster coefficient meh' be on the
order of 100 winel wouldd resalt i a ditterential ¢ of 0.6 F. Between the hecmmne and end of the
Peest, the tempetatute ditterence hetween the tock sutface and tunnel atmosphete was expected 1o

dAecrease exponentialls .

Prediction of radial temperature gradients

The tadius of temperature mflaence tor tunes of 15, 10020 and 10 davs s wven i Fieure 11
tor « tlux of 60 Bro ' e a conduenivaity of 1.7 Bro ol Foand a vads of 7.33 11, These curves
wete developed ftom the tabulated nwmencal solutions presented i the Appendix. A temperature
chanee ot about 1T Fas predieted at o cadiad distance of 20 10 a0 a 20-day test. Note that the gradie
ents ot the curves at the wall surtace ate patallel, idieatime the constant heat flux across the

suttace,

TUNNEL CONDITION AFTER THE TEST

Betore discussing the expenimental tesalts, o s useful 1o have an appreciation of the 1ock
distress caused by the mtroduction of Iive steam.

Upon tetmmation of the test and atter overnight cooling, the aceess doot in bulkhead B was
opened to teveal a prle of tock tubble about 511 deep (Fre. 1500 ‘The fog  the tunnel ar that tine
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Figure 16. Rock debris adjacent to bulkhead B.

15
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obscured vision beyond about 50 ft. A view of the east side of the test area just within the access
door is given in Figure 16. This photograph shows the damage to pipe X and to some of the thermo-
couple wires. The slabby nature of the rock debris is evident.

Prior to the cleanup operation a muck pile averaging 5 ft in depth covered the floor from bulk-
head B for a distance of 70 ft into the test area. From 70 to 115 ft (vicinity of sta. 2) a heavy rock
fall occurred which enlarged the drift from 13 to 17 ft in width and from 10 to 35 ft in height. The
rubble pile in this region was about 30 ft high. From 115 to 165 ft, the drift roof sloped downward
to a height of 12 ft at which location another, smaller dome developed about 14'ft wide by 16 ft high
from 165 to 183 ft. The remainder of the tunnel was covered with a pile of rubble about 2.5 ft deep.
The mucking operation required the removal of 323 carloads or roughly 2585 tons of rock. Using an
in-place density of 178 1b/ft*, this represents an average of about 3 ft of rock-fall from the two walls
and roof of the test area.

Figure 17 shows roof lagging installed after the test; but the most significant feature is the
extremely smooth walls which developed as a result of the spalling. (Figure 5 shows the condi-
tions in this region before the test.) Figure 18 shows the condition of the tunnel in the vicinity of
station 1. Severed thermocouple wires can be seen hanging from the ceiling. Again note the smooth
texture of the roof and walls and the tendency for the corners to round out. A view of the yet-to-be-
cleared rubble pile in the vicinity of bulkhead A is shown in Figure 19; damaged header pipe X is
also evident. In some cases the rock bolts held sections of roof intact, in others the bolts remained
in place and the rock spalled away (Fig. 20). As noted above, considerable distress developed in
the vicinity of station 2 (Fig. 21). This catastrophic collapse is attributed to an open seam less
than ',, inch wide which diagonally intersected the tunnel as shown on Figure 1. The seam can be
observed in the roof above the lagging in Figure 21. Although several other seams were present in
the test area, they were oriented normal to the tunnel axis and did not develop the distress pattern
found at station 2. Figure 22 is a photo taken just prior to mucking in the vicinity of the large fall.

TR =T

\

Figure 17. View of tunnel after it was cleared of rubble. (Camera at
station 2, personnel at station 3.)
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|

Figure 19. Rubble pile near bulkhead A,

17
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Figure 21. Cathedral-like roof developed at station 2.




I' g e I I I I I by l ——— ““ I”’“."“ T e e g b Voutad i aot Lo

FIELD TEST OF A STEAM CONDENSER HEAT SINK CONCEPT 19

Figure 22. Rock debris near station 2.

The camera was held in a horizontal plane with the rubble pile essentially vertical. For size
perspective, the twisted 2-in. header X is shown in the lower left corner. The pile resembled a
very tight, dry stone wall. It is interesting to note the similarities between this rubble pile and
those associated with failure attributed to erosion of gouge-filled seams in unlined hydraulic tun-
nels.®* Slabs developed during spall ranged from fines up to about 8 in. in thickness.

TEST RESULTS

The test was begun at 1030 hours on 18 June 1968 and was conducted for 37.2 days (892 hours),
ending at 1415 hours on 25 July.

As previously mentioned, it was planned to use pipe X to distribute steam uniformly throughout
the major portion of the experiment. This plan was aborted after 10% hours of testing because a
large slab fell and broke the pipe. Steam was then diverted to pipe Y for the remainder of the test,
and the entire steam load was dumped between stations 3 and 4. The air temperature measured
1 in. from the rock surface on the west side of the tunnel (Fig. 23a) indicates that the distribution
of steam longitudinally throughout the test area was relatively uniform. The temperature on the
surface of bulkhead A at the far end of the test area is also given for comparison. Air temperatures
at stations 2 and 3 are in close agreement. The air temperature at station 1 is consistently about
3° to 4°F less than at stations 2 and 3, indicating a slight longitudinal variation (3° to 4°F/100 ft).
A similar relationship is found in comparing air temperacures on the east side of the tunnel (Fig.
23b). The comparison also shows that the air temperatures on both sides of the tunnel were in
good agreement at each station. It is noted that the air on the east side at station 3 apparently
cooled on 27 June (10th day); cooling was not observed on the west side.

Figure 24a compares air temperatures at the roof and wall at station 1 and shows that roof
temperatures are about 3°F higher. Figure 24b gives the roof, wall, and floor surface temperatures
at station 1 and indicates that a definite temperature stratification existed, with the floor being
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parnientidy cooler. The tapid nse and sudden Towermg ot 10of an temperature on 18 June (Fie.
2ha) resalted from the sudden change m distnbuting steam tiom pipe X to pipe Y. The eftect of
herght on temperature at statton 1 1s also depreted m Figure 25 which shows the wmeasited tempera-
tures an the floor. toof ind wall at various raial distances trom the suiface. The varation m
temperatme at divient stations s shown m Freure 26, tadial giadiems mothe wall ar stations 2
and 3 e o close auieement. The simlaniv i temperatute stadients w the wall at stations 1 and
415 behieved 10 be doe 1o end elfects, becanse higher temperatmes would be expecied nea the sw-
tace at station 4 wineh s within 22 {1 of the souwce of steam. An mprovenent i the heat nanstor
coefficient with time between the an and rock smtiace 15 mdicated w Figute 274 whiel shows a
contmual decrease i the temperature difference wirh time between the an and 1ok surface at
stations 1. 2and 3. An overall average temperatme difference 1s siven i Fiaure 27h. The pii
mary reason for thas decrease 1s attributed 1o the continnons 1eduetion i the quant iy of wr m the
test area. The relationship between the anre and vapor pressute with fime 15 shown 1 Froure 28
which was developed from measured an-vapor temperatines at sttion 3. Differonces of only D

1o § F were teached by 24 June after 6 davs of steam mection (Fig, 27a). at wineh time the an-
vapor temperature had teached about 155 1. The an pressue then amomited 1o 720, of the total
chaniber pressure.

The aur temperature vanation with tune at station 3 1s shown m Fiome 2y together with the
surface tempetature of bulkhead BL25 11 trom station 3. and the temperatne of the condensate
leaving the tmnel. The an temperate mereased ftom 60 F on 18 June 1o 200 Foon 7 Julv (19
davs). Starting on 8 Julv a distinet an cooling was recorded at station 2 and the sane tendency
was observed at the bulkhead.,  An explanation for this sudden diop in the heatinge cinve was not
obvious at that tune. B owas mitadly suspected it the steam rae had probuhly decieased. how-
everda compiatison of feed-water rates mdicates only a shelt decrease i stean ipu between
7and 18 July. The pimary explanation tor the cooling trend became evident after the test when
the hulkhead door was opened and the tabble pile was observed.
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The event loe mantaaned dotine the test etted numerous tock talls on 7 and 8 Julv and azain
on 17. 19, 20 and 21 Julv. This contuual! tall of woof 10k exposed new. cooler surfaces for con-
densation and a Luzer mass tor heatine and thereby slowed the tate of heatig of the tunnel at-
imosphere. Althoueh 1t wias evident that 1oek Tall was taking place duting the experiment, the mag-
mitude ot the tall was not tullv appreciated nmnnl the test was completed.

Dianly vinnations i weichts of feed-water and condensate are given i Frgure 30, Feed-water
amounts were montored with o standand honse-totalizing water weter. Condensate was metered
with i Hd-wallon dinm o a plattoim seale. the condensate was allowed to build up i the ditches
which were then dioned at approximately hourly mtervals. The essentially constant difterence
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Frgure 30, Datly fluctuations i feed-water and condensite
quantiies

noted between the teed-water dand condensate quantities G000 1h davy was manally beheved doe
to calibration errors 1 etthey the plattorm scale o water metet. A cahibration clivek on both de
vices ndicaicd the platforn seale underestimated condensate tlow by ondy 0.7 and the water
meter overestinated teed-water by only 0.57 0 These adpstiments have been made i proepating
Fieute 300 Water losses between the water meter and the test area ate due 1o botler blow-down,
and bleed-oft at o pressare teducing valve. Boiler blow-down 0wier o dav) accounted tor about
B0 1h dav and valve blecd-oft tor about 39 1h ‘'dav. The heated an vented ftom the tunnel was
water-trapped by a 1- 10 2.0 colunin ot water at toom tempetatute. The :r enteted the water tiap
after passimye throueh approx:nately 6 1t of pipe wineh mcluded a vertieal nise of roughly 2 1.
Condensate which developed i the pipe flowed back into the test clinber. thus the ventine pro-
cess did not contribute to watet loss, Condensate losses could have tesulted from dramaze of
witter through cracks m the toek beneath the bulkhead iand subsequently mro the mine drainage
svstent. Roughly 500 1h of condensite per dav was colleeted on the botler side of the bulkhead.
Poor 1o mnttating the test, an attempt was made to erout the joimts i the 1ock beneath bulkhead B
Ly placne a portland cement slurry on the tunnel floor and applving an an pressure of 2.5 psig 1o
the tunnel atmosphere. The ballast was soaked with water prion 1o the start of the test to minnmze
the amount of condensate held m the ballast pores. Ditfferences between the feedswater and con-
densate quantines were areatest duting the earlv davs of the test, mdieating that some condensate
was hemng held either wmthe ballast pores o e surface wreculanties i the dranage ditches, It
would appean that the water meter readings are g valiud mdication of the wput and that condensate
vt tost by seepase tirongh the ok amd o0 Badlast sto the mmne deathage Svstenm,

Chemcal analvses of the teed-water and condensate wete petforined by the Industrial Watet
Labotatory. Buteau of Mines, tesults of these tests e wiven n Table IV, The feed-water was

~ - ~
# )

sliadeb b ol ane (pd A Beaccimee <Diohifly neme sl KT 7 Lo 800wl meiupedd s
condensate. A compatison hetween the chemeal content of the feed-water and the condensate 1s
ditficult hecause the concepttation of salts and nnnerials m the feed-water would tend 1o decrease
duting borhing and possibly inctease dutinie passave through pipes to the tunnel,  Analvses of the
condensate mdicated a decreasine coneentratton ot Calewm (Ca), Magnesium (Mz). Chloride (Cl).
and Sultate (SO and an mereasime concentratton of Sthea (10 with time. These observed van-
ations were undoubtedly mtluenced by the continual exposime of new tock surtace developed by
spalhme.

The quantity of heat mtroduced to the test area 1s wemtzed 1 Table V. The averave daily
holler pressute was used to determine the enthalpy of steam m the hotler, and the temperanue of
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Table IV. Chemical analysis of water, parts per million.

20 June 2 dune 27 Jund 20 June  DJulv 12 Julv 16 Julv 16 dale i Jul
pHT Y pH A pHT Y pU T pH ST PpHT.E pH TS pH A S pH oSG

Y

Catonam (Co 1o 66 n ol 3y S0 ™~ 0 87
Maaities i (Mg H ’ 3 1 " i 5 , ,
Sultate (SO 1 3 o " IS i 10 ‘" HH
Disvolved solids (IS by
eviapaation o o
Sthea (8109 i’k HE] 1 1 i 1 19 1 W
Rt of DSt conduc iy iy 1 s T
Tota b athalnty (a0 10 1o 143 1H0 150 15 168, 150 165
Chlonde O Gl 1 R Do iy 1 o 6 6
=S 130 W Bih il TR, i) T
at tothos w07 b
Solubie o Fea 11,4
CFeedewator o others condensate

Table V. Determination of heat injut.

Coluem b e Jire b crosomU s feat added nsing feed-watel quanities,
Colung 6y o 0pe cnl crisomec et added us g condensate quantities,

Mve (1 Exiing [
hoiler Enthalpy  copdensate  bnthaipy Ty (4 (5) (i)
Date press, (IN) temp OUT)  Feed-water  Heat added  Comdensate  Heat added
chuncr  psigr (B Ihy v Fy (Bt 1hi (1h) (Btu ft° hr) (Ih) (Bru 1t hn
I e 118001 6 30,0 10, 100 6.6 1.8h
19 €M 118807 N SL0 15,150 HeLu 11,1361
20 o 1181, 11 2.0 15,0530 6.5 3,802
# 6:! 118224 117 5.4 15,860 62.0 16,260 0.0
e 6! 118:2.4 12 N4 19,070 62.9 17.300 H7.0
23 60 11831 130 47,49 19,680 1.1 16,810 HENY
21 61 11821 a0 H7.Y 15,060 60,4 17,800 1798
o 60 11001 11 9%.9 15,690 61,2 16,370 PR
6 [1hY 1150,0 1.0 10:2.9 18,740 61.0 16.5810 n4.4
il 61 1182201 110 107.9 19,260 6:2.5 16,110 R
A 610 Ave 00,0
Aless 2% 118G
HIEN.

¢ Adjustment for end losses aud stean quahty.,
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Table VI. Period of temperature record.

Penod of recond Penod of record
Location tFrom 18 June) Location (From 18 June)
Station 1 Station 3
Raot 2R June 10 davs Ruot I8 June O davs
Wedl wall 29 June 11 West wall 21 June 83
Fast wall 2 June 11 West wall (suttacer 27 June 9
East wall cant and sutface) N July 20 Fast wall Full 11
Flom 20 June 6 Fast wall «h 1t R July 20
Station East wall (1011 28 June 10
Koot 20 June 2 days Flom I8 June 0
Weat wall 2 June O Station 4
Eastwall Full term Roof 19 June 1
Fast wall tanr and switaeey 20 Jupe 2 West wall Full term
Flom 22 June 4 Fast wall Full term
Floo 30 June 12

the returning condensate was used tor computing the restwdual heat i the water leaving the test
atea. o order 1o establish maximam and pununie tates of heat tanster, both feed-water and con-
densate quantinies are used 1o petmt acompaiative analvsis. The resulting average heat pat,
dassumme o 1380000 suface aea, vanes between 55 and 60 Bro 14 he. The total heat lost by
venting an ftom the chamber amounted to 106 < 10" Btu and the heat temaming in the vapor-titled
tunnel atmwosphere at the completion of the test was on the order of 1600 - 10° Btn. The combiua-
ton of these heat quantities teptesents shiehtly over 2 howrs of botler production or 0.247 of the
total heat added duninge the comse of the test,

A comprehensive assessment of test results was complicated by the frequent loss of tempera-
ture sensors which oceutred contimnonsly througheuat the test. The penod of record for each of the
16 thetmocouple assemblies mstalled i the rock 1s histed i Table VI

The test was terminated on 20 July betore the tock suiface reached the satuation tempetatuge
of 2138 Foo The decision to prematutely tenmmate the test was the resalt of two factors: 1) the
mwine was scheduled 1o shut down for a month on 26 July, and 2) the slow warnnng rate in the
chamber mtlhienced by toek tall made the estimation of a possible termination date unpredictable.
As previonslv mentioned, stress meers wete mstalled. however, becanse of toek fall, no readmes
wete possible at the completion of the test,

ANALYSIS

Surface transfer coefficients

~

i temperatute differences hetween the ar-vapor and rock swrtace de-
ctedased with tune, thereby tdicating an merease m the combined surtace transfer coefficient.

For a temperatare difference of 1 F and heat mput rates of 55 to 60 Btu ‘tt* by, a combined switface
tanster coeftterent on the order of 13 10 15 18 dicated. During the early days of the test, temp-
erature dittetences of 6§ 10 8 F were obsetved, toepresenting coefticients of 7to 10 Bt e F.

As shown n Frawe 2

Ina desten analvsis tor predietine waimup tane 1o reach satutation, the governing factor 1s
the tock suttace tempetatute (dewpoint), which establishes the vapor presswe in the chamber.
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When tins tempetatine equils the satutated vapor temperature, cotresponding to atiosphiene pres:
sute, the heat acceptable by the tock s o babinee with the heat itroduced into the elamber. The
comtmtied mtroduetson oF Deat ab the sase cousbanl Cate subsegpeent Toothes tinee will pesult
pressuttzation of the chamber o the overflow of steam mto the vent svsten. By making several
assumptions, the watmup tQime can be approxuimated by athematically estabhishimg the telanionsing
B dwnsirdd piwek S e IEREIT E R AR TTEERE T R R Tl waraietaiche i 1l iroRiiliite b il iee TEGlisTed aroe]
frcetent will not sizmtweantly attect the tine for the 1ock swtace 1o reach the saturated sieam temp-
eratme, however, it will have o magor eftect upon the tiate of tempetature 1ise of the ai-vapor -
twe.  Although the relantonship between tock swface tempetaiare and tinee 15 nor attected by the
surface tanster coefticrent. the chamber tempetature 15 absolutely dependent on thirs coctfiewnt,
Surface transfer covtficrents are uppottant i predictmg the tate at whieh air will be vjected from
the chamber 1 order 1o nauntan a constant pressure or to prediet the rare gt whieh chamber pres
sute will develop i the event that air is not ejected,

Measured vs predicted surface temperature

Estabhishime o conrelation between measwed and predicted temperatme was conphicated by
the problem of tock tall which tetarded the rate of temperatuie rise. Incompaning actual with
theotetica] vidues, the mathematieal model must be Kept wamnd. The model assumes unitory
radtal et tlow over the entire surfiaee atea of a hollow eviinder and g constant e tadins, In
this expenment. the heat tlow was uol stietly adial because the coolet condensate duned alonz
the tloor and the et vads was not constant due to spalling of the 100t and walls. Also the
intal tunnel cross section was rectanenlat tther than cocalar. Had roof spall not ocewted, the
an tempetanutes would have mereased more tapidly than observed.

An indiegtton of the significance of tock tall, both i tets of magnttude and e, iy be oh-
taned rom Figue 29, Two discontmuities we evident an the relationship between condensate
temprerature and time. Between 23 and 25 June the condensate tempetature 1emained relatively
constant while the tunnel air tempetatute continued to wetease. From about 4 to 17 July the con-
deusate temperature temained nearly constant, after which it tended to dectease (except for 16
Julv)., A possible explanation for this behavior 1s that the condensate, in flowing past the rock
rubble on the tunnel tloor, was giving up some of its heat to the numerous rock slabs (with then
assoctated high surface areas). The dectedse i an temperature on the west wall at station 3 and
the leveling our of the bulkhead B temperature probably indicate a substantial rock fall withm the
test darea sunsequent to about 9 July. The exposure of a sinificant amount of cooler 10¢k surfiace
could explain the cooling trend 1 the condensate obsetved duting the final two weeks of the ex-
petiment. The slope of the condensate temperature vs time curve up to about 23 June mdicates
that substantial tock tall probably did not develop prior to that time.

A previously discussed, the tempetatute pracdient in the floor differed trom those observed
the wall and o1 root (Fig. 24h) The heat stored an the rock surrounaing, station 1 was estimated
usig the radial distance-temperature cutves given i Figme 25 for 0600 on 21 June. This amounted
1o an average heat flux of 77 B 1t b to the toof 69 Bru 't hr in each wall and 14 Bt ft9 1w the
tloor. Although these values ate only approximations of the heat budget, they do mdicate that
beat stGiane i the oot was ot bdeiably Tess than i the walls 6 roof dwng the catly stages ol

the experyuent and piior to the rock fall.

The heat flux to the floor. i addition to condensation, also includes some sensible heal as
the condensate tempetature was always less than that of the vapor-air mixture (Fig. 29) . The
temperature ditference between the vapor-amr mxture at station 1 and the exiting condensate is on
the order of 20 F and tor an average stream flow rate up 1o 24 June of 750 1b ‘hr (see Table V).
Uit pepesorts g telyrely small svorsge ey Tun o Mooy of gbow 3 Bra 17 1 due to oxbea

tion of sensible heat from the condensate water. Subtracting this amount from 44 tesults in about
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Figure 31. Floor surface and condensate temp- Figure 32. Adjusted theoretical surface temperature —

eratures vs time. time relationship.

a 40 Btu/ft? hr heat flux to the floor attributable to change of state. This lower heat transfer to the
floor was due to a combination of factors: 1) the temperature ‘‘stratification’’ existing in the tunnel,
which represented an air-rich mixture of air and vapor near floor level and consequently a poorer
transfer condition, 2) the insulating effect of the water layer flowing along the floor, and 3) the
gradual buildup of fallen rock. A comparison of the floor surface temperatures at stations 1, 2 and
4 with the exiting condensate temperature is given in Figure 31. There is reasonably good agree-
ment between the condensate temperature and {loor surface temperatures at stations 1 and 2 during
the early stages of the test. This indicates that the loss of heat by the condensate to rock rubble
was probably not significant during the early stages of the test. The higher floor surface tempera-
ture at station 4 was probably the result of its proxim: .y to the region of steam discharge.

Figure 32 compares the average measured rock surface temperature vs time with the theoretical
curve, assuming a flux of 59 Btu/ft? hr. The measured temperatures are greater than predicted dur-
ing the early portion of the test although they do imtersect after about 22 days. As previously men-
tioned, the exposure of cool rock surface due to spalling resulted in prolonging the warmup period
over what it would have been had no spalling developed. It would therefore appear that the math-
ematical model tends to overpredict warmup times, a situation that is undesirable for the purposes
of this application. Analytical predictions of the time required for the rock surface to reach the
limiting temperature must be modified to account for the relatively slow heat transfer to the floor.
Such adjustment can be most easily applied theoretically by reducing the amount of surface area
exposed for heat transfer or in effect increasing the heat flux. The deletion of 40% of the floor
area results in a revised heat flux of 67.4 Btu/ft? hr which is 12.7% greater than the heat flux de-
termined using feed-water quantities and the entire surface area (Table V), A theoretical curve
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(Fig. 32), so adjusted, is compared with average surface temperatures measured in the walls and
roof at stations 1, 2 and 3. The departure from the theoretical curve on the 8th day undoubtedly
represents the influence of rock fall.

Measured vs predicted radial gradients

A comparison of measured and predicted radial gradients is shown in Figure 334 for station 1
using data from Figure 25. The measured wall gradient parallels the predicted gradients for heat
fluxes of 60 and 70 Btu/ft* hr. Figure 33b compares predicted and measured temperature change
vs time for a depth of 1.9 ft in the wall at station 1 (this depth corresponds to the location of a
thermocouple). Again the radial flow model appears to be a realistic representation for this loca-
tion. The higher measured temperatures during the early stages of the test undoubtedly reflect the
departure from a radial heat flow pattern due to the rectangular shape of the tunnel. The radial
gradient in the roof does not parallel the predicted gradients, indicating the possibility of a time
variation in heat flux to the roof. Comparisons between predicted and measured temperature change
with time for a depth of 1.6 ft in the roof are given in Figure 33c. Indications of a high initial flux
to the roof may be inlerred from this chart. The high heat load to the roof during the early stage of
the experiment was also indicated in Figure 24a. Although rock fall had a substantial effect on
heat flow patterns, the writers consider that the successful application of radial flow theory to the
wall at station 1 should also apply (for the same time interval) to the roof at that station.

Water-filled vs vapor-filled tunnel

The inherent advantage of the concept tested in this experiment is that it permits tunnel space
to be used for access as well as for heat storage. Thus the major expense of constructing such
tunnels is not incurred as a heat sink expense. Tunnel use for access subsequent to use as a
heat sink may be complicated by the high temperatures that will exist. Should it be determined
that heat sinks must be developed separately and that access tunnels may not be used, it would
then be desirable to consider filling the heat sink tunnels with water and thereby take advantage
of heat storage by both the water and the surrounding rock. A theoretical comparison of heat flux
versus warmup time for both vapor-filled and water-filled tunnels is given in Figure 34. The tun-
nel used for this comparison is identical to that used to develop the relationship for the Mineville
experiment (Fig. 12). For the same warmup period of 20 days, a flux of roughly 110 Btu/ft? hr
could have been used, which is 1.8 times greater than the heat flux selected for this experiment.

120 T T I |
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Figure 34. Heat flux vs warmup time
for vapor-filled and water-filled tunnels.
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CONCLUSIONS

A comparison between the theoretical and measured results is particularly difficult because of
the rock fall which occurred throughout the test, but the following conclusions can be drawn from
the results of this experiment.

1. An unlined tunnel constructed by drilling and blasting was the primary cause of slabbing
in the roof. The following expedients would reduce, or possibly eliminate, this effect: lining
the tunnel, using rock bolts or roof screening, or machine-boring the tunnel. The test did show
that using steam in an unstable cross section like the rectangular, drilled and blasted tunnel used
in this experiment could result in serious rock fall problems. Some of the rock fall occurred early
in the test at a time when air temperatures had reached only about 100°F. A machine-bored tunnel
would have had .. much more stable geometric shape and the boring operation would probably not
cause the extensive fracturing that results from typical blasting procedures.

2. As indicated in the figures, the longitudinal distribution of steam within the 300-{t test
area was remarkably nniform. Although most the mocouples at the far end of the tunnel were even-
tually lost, the uniform mixing during the early stages of the test was readily demonstrated by
measurement. An air temperature observation was available at station 1 up until 8 July (20 days).
The average longitudinal temperature variation amounted to 6° to 8°F in 300 ft. The total pressure
in the tunnel was maintained at atmospheric by continuously venting heated air; thus the drop in
steam supply line pressure remained constant at about 10 psi. Rock falling on the discharge pipe
caused an unknown decrease in this differential.

3. The heat transfer coefficient between rock and air mixed with steam is at least ten times
as great as that between rock and air alone. The continued improvement in heat transier was pri-
marily due to the venting of air throughout the test. Had a vacuum been established at the start of
the test, heat transfer would have been more rapid iuitially but this would have had no effect on the
total warmup time. One consideration in extending the warmup time period would be to allow a slight
pressure (above atmospheric) to develop in the chamber. The effect of this modification would be to
increase the maximum condensing temperature. A theoretical relationship between warmup time and
pressure (above atmospheric) is given in Figure 35.
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Figure 35. Effect of slight pressure (above atmospheric) on
warmup time extension.
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4. Heat transfer to the floor was less than that to either the walls or roof. This resulted in
two unfavorable conditions: 1) a departure from radial flow, causing a decrease in warmup time,
and 2) the greater extraction of heat from returning condensate. A desirable goal would be to ex-
tract only the heat of condensation and no sensible heat from the steam-condensate as the conden-
sate would be reused as feed-water in the power cycle.

5. Analytical predictions of the time required for the rock surface to reach the condensing
temperature must be modified to account for the relatively low heat transfer coefficient at the floor.
Such an adjustment can be most easily made by reducing the amount of surface area exposed for
heat transfer, i.e. increasing the heat flux. For this particular test, an increase in flux of 13 to
15% would have been an appropriate adjustment. Although such an adjustment is considered to be
conservative, full-term validation was not possible in this field experiment.

6. In the event that rock debris can be tolerated in either all or a portion of the tunnel space,
the advantageous use of spalled rock for additional heat sink capacity was made obvious by this
experiment.

7. Water-filled tunnels provide an attractive alternative to vapor-filled tunnels in the event
that personnel access is not a requirement.

RECOMMENDATIONS

1. This experiment was conducted primarily to compare theoretical with actual warmup time
for a steam-air mixture to reach the saturated steam temperature associated with atmospheric pres-
sure. It was not the intent of the test to evaluate a steam distribution system. From the stand-
point of economy and structural integrity (least amount of hardware), a strong reliance on free con-
vection is desirable. However, in the design of such a distribution system the spacing and sizing
of steam discharge points must be established, as well as the pressure differentials required to
move steam long distances within a tunnel complex. The disposition of tunnel air must be con-
sidered. In this test, the evacuated air was dumped into the atmosphere. Under the button-up mode
as formulated for this experiment, such dumping would not be possible in the prototype and thus a
provision must be made to store evacuated air under pressure below ground. It is recommended that
the problem of steam distribution and condensate collection be studied analytically and that a scale
model experiment be conducted to simulate the ‘‘button-up’’ condition.

2. The prime difficulty involved in analyzing the results of this test was the consideration of
the effects of rock fall. Due to this continuous fall, the tunnel never reached saturated steam temp-
erature; also, thermocouple data (including differences between the air and rock at various loca-
tions) were lost during the test. At the conclusion of the test only 25% of the installed thermo-
couples were still functioning. Following the completion of the study recommended above, the
writers consider that a final determination on this concept would greatly benefit from an additional
field test that would be conducted in a machine-bored and lined, or well-reinforced (bolted) unlined,
tunnel. Such a test would involve a longer tunnel and would permit evaluation of the steam dis-
tribution - condensate collection system in addition to providing more comprehensive heat transfer
information.
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APPENDIX: TABULATION OF THEORETICAL ROCK TEMPERATURES

Conditions

A hollow cylinder in an infinite medium, both at the same temperature.

Constant thermal properties in the medium.

Constant heat flow through the cylinder surface.

Solution'*

Temperature change in the medium:

g Jolur) Y. (ua) - Y(ur)J (ua)
T % f 0 _e-a.ﬁ,) 0 1 0 1

mk u2[112(ua) + Yf(ua)]

Transformation by setting V - au and n - t/a;

nk

% 2,2
: -(at/a*)v Jo(aV)Y, (V) = Y, (aV)J, (V)
AT:__@f(l_e ) 0N D e
0

Dimensionless form:

AT P I(-‘-zt—).
as a2

Nomenclature:
a = Cvlinder radius
- at/ae
p = Specific heat of rock
J.Y = Bessel functions
k - Coefficient of thermal conductivity of rock
n = 1/a, radius ratio
r = Radial disrance
t = Time
a = Coefficient of thermal diffusivity = k/p ¢y
AT = Temperature change
é = Heat flux density

p Density of rock

V2 IEW) + YW

Ft
Dimensionless
Btu/lb °F

Btu/ft hr °F
Dimensionless
Ft

Hr

Ft?/hr

°F

Btu/ft? hr
Lb/ft?
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Table I. Computer printout of f(c) for radjus ratios of 1, 1.25, 1.50, 1.75, 2, 4, 6, 8, 10 (from
Stanley and Fellers'®).
Witle the ranges of Cand o were onginally selected on the basis of newed, as the tables were developed
the numeniead vilues dieated that te untial and tetmmal vidues of € should e altered for varnons
values of no For suall o the € seale was oxpanded, aid as o ereased the € seale was compressed,
Thos thete are five tables forp 1 and only twofor n 10,
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+1000

«.0000
.0100
+05CS
<1008
<1511
.1988
«2433
«J3230
.3588

1.0000

0073
.4207
«6603
8213
9427
1,0402
t.1217
1.1918
1.2%534
1.3082

2.0000

«JVOO0
1.0521
1.J188
1,4907
1.018¢
1.7200
1,8049
1.n780
1eS82<
1.9999

«0200

.0000
+0000
+0000
<0000
+0001
«0004
.0011
«0021
+0030
+00985

.2000

«0000
.0130
«0554
<105y
<1560
«2034
2475
.2885
«3267
«3623

2.0000

<0457
4505
.6789
.8348
1.0490
1.1292
1.,1983
1.2591
1.3134

J.0000

«5218
1.,0804
1.3389
1.,50%0
1.0294
1.7291
1.8127
1.8848
1.9484
2,008)

«0300

«0000
0000
.0000
«3000
«0001
«000%
0012
«0022
«0038
0087

«3000

0000
«0163
«000J3
«1110
«1009
»2080
«2518
«2925
«3303
» 3657

3.0000

«0957
4787
6969
<8481
+9628
1.0578
1.130606
1.2048
1,2648
1.318%
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4,0000

.6201
1.1184
1.3%43
1.5189
1,6403
1e7J381
1.8204
1.8019%
1,9543
2.0107

0400

<0000
0000
.0000
0000
«0002
0005
0012
0024
<0039
«00%9

4000

«0001
«0199
+ 00653
PR RY}
« 1058
2125
«2560
«29064
« 3340
« 3691

5.0000

<7011
leldba
1.376¥
1.532%
1.06509
17470
1.8279
1.8981
1.9604
¢.0160

0500

«0000
.0000
+0000
«0000
.0002
+00006
«0013
«0025
+0041}
+0002

5000

«0003
.0238
«0703
1212
2170
+2001
+ 3003
« 3370
e 372>

5.0000

1942
«53006
»7310
«873>
«9840
1.0744
1.14519
1.2174
1.2/760
1.3280

0.0000

#7701}
1.17067
1.3948
15456
1.0014
1.7%5¢
1.8354
1.904/
1.90601
2.0213

«0600

«0000
0000
0000
+0000
«0002
«0006
«0014
«0027
<0043
«0004

<0000

«000Y
«0278
« 0753
«1262
«1794
«2214
v 2043
«JU4al
«J412
e 3758

6.0000

«2390
«5547
o 7473
84857
« 9938
1.082¢6
11589
102235
le2815
163385

7.0000

8703
1.2034
1.4121
1.558%
Le071¢
le7042
1.8427
1.91131
Lew719
2,0205%

<0700

.0000
.0000
0000
.0000
.0002
.000/
.001%
.0028
«+0045
0060

«7000

0019
.0321
.0804
«1312
1801
2259
2684
3079
«J44d
3792

7.0000

«2806
5727
70630
8976
1.0035
1.0907
1.1650
l.22908
1.2870
1.358%5
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84,0000

8850
1.22080
led420y
1.5710
l.0817
17720
1.850V
1.9175
1.97/70
2,034/

«0800

0000
«0000
<0000
«0001
«0003
.0008
<0018
<0030
«0047
<000y

+8000

«0033
+03065
«085>
13063
«1848
224049
02725
3117
RRYIR]
23823

8.000u

«Jlvd
«OYYL
7282
TR
le0ley
l.0voo
beld718
le2357
1.29¢u
1.3454

¥.0000

¥Sl0
ledb2y
1.4451
l.b83¢
1,091
1,780y
letd/71
tev2da
lev83d
d.UI00

+U9U0

«U000
+u00U
«0L000
«u001
w00
+0008
«u018
+V04eY
U071

« w00V

«u05l
L4l
+UYUD
1412
«l8v>
«£340
. 2705
o195
LY
3858

JeulLU

AL LK
0207
o /930
¥20L7
levled
leluobd
led/c0
lecdln
leevw/7
lesdrs



000
1.000
2.000
3.000
4.000
5.000
6.000
7.000
A.000
9.000

.000
10.000
20.000
3o.000
40.000
S0.000
60.000
72.000
80.000
90.000

«000
1.J00
2.9000
3.000
4,000
5.000
5.000
7.000
4,300
9.000

.000
10,000
20.000
x0.000
40,000
50.000
60,000
70.000
80.000
90.000

«0000
.0001
.0027
0118
0266
.0680
08681
1076
«1290

.0000

«0000
«1500
«3330
4710
5799
«669%
7487
8118
«8704
9228

.0000

«0000
.0000
.0001
«0009
0034
0079
0143
0222
0313
.0414

+0000

0000
.0821
.1683
2737
3638
<4407
+5080
«5675
.6209
6691

«0000
.0001
0033
«0131
«0283
0408
00671
.0883
<1097
«1311

1.0000

«0001
1707
« 34895
«4829
«5898
8777
«7527
8180
8758
9278

+«1000

.0000
0000
«0001
.0011
0037
«0084
0150
20230
«0323
«0424

1.0000

«0000
«0633
1798
2833
3718
24478
+5143
«5731
+6259
«6737

2,0000

«0027
«1909
«3636
«5991
«7596
.8241
.8813
«9327

«2000

0000
.0000
<0001
«0012
«0041
«0090
«0157
«0239
«0333
«043%

2.0000

0001
«0748
219006
«2928
3799
45349
+5209
+5786
.6309
«6783

J.0000

«0118
«2105
«3783
+5061
<6085
«6936
« 7064
.8301
.8867
«9376

+3000

+0000
+«0000
<0002
«0014¢
«0048
«0096
<0168
+0248
« 0343
+ 0445

3.0000

«0009
«0865
«2016
«3022
<3879
«4618
5266
«5841)
«6358
«6828
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+4000

0000
0005
+0056
0172
«0335
.0527
0734
0947
<1161
«1374

4.0000

02606
«2296
«392%
5173
0176
«70t4
7732
<8301
8920
.9424

-4000

«0000
.0000
0003
.0017
0049
«0102
«0173
0257
»0353
0456

4,0000

«0034
.0982
2124
«J114
«J958
<4087
«5326
«5895
6407
<6872

«5000

+0000
+0007
+0004
«0180
+03%4
«0547
«075%
«0968
«1183
«1399%

5.0000

«0448
<2481
«40065
.5283
<0267
+«7090
«7798
8419
8973
9472

5000

0000
0000
+.0003
.0019
«00Sa
0109
«0180
«0260
0363
0467

5.0000

«0079
«1101
«2230
« 3204
+4035
«4754
«5380
«5949
«6456
<6917

+6000

«0000
«0010
<0074
- 0201
«0372
«0568
«0776
«0990
«1204
«1417

6.0000

«0650
«2661
«4200
«5390
+6355
«71606
« 7804
8477
9025
«9519

«0000

«0000
«0000
0004
«0021
+0058
«0115
«C188
«0275
«0373
<0477

6.0000

o0
o215
«2335
«3293
«4112
«4821
25445
«6002
.6504
«6961

«7000

«0000
«0013
«0084
«0391
. 0588
<0797
1011
1226
«1438

7.0000

0861
«<836
4332
«5405%
«0442
«7240
«7929
«8535
9070
«9560

«7000

«0000
«0000
0005
«0024
<0063
<0122
<0197
+028%5
0383
«0488

7.0000

<0222
+1336
« 2438
«3381
«4187
<4887
«5504
«6054
«0551
«7004

«8000

«0000
+0017
0095
<0234
<0410
« 0609
<0819
«1033
01247
1459

8.,0000

«1070
«3005
4401}
«5599
«65¢8
o 7413
7993
N-31 1
9120
«9012

«800v

0000
«0000
+00Ub
«0027
+00068
«0lcs
«0205
«0294
ORI
« 0499

8.0000

«0J1s
«1453
«2539
«J4b7
«4201
«495¢
«5502
«01U6
26598
«7047

«¥000

+0000
U022
ull0
ril}
UMY
0629
V040
«1054
1208
«1480

9.0000

«1290
«3170
<4587
«2700
«0b) ¢
«7J385
80506
+8040
wvile
11

«¥0UU

«UU00
«voul
+udu?
+U0J0
U074
ovidd
U214
<0304
+U403
«US10

9.0000

udld
«1508
4-X1]
e¥552
«4335
«2010
«D019
«0158
«0645
s /UYL



.000
1.000
2.000
3.000
4.000
c.000
A.000
?.000
A.000
G.000

000
10.000
2n.000
12.00C
40.00C
“7.000
60,000
70,000
AN, 000
$2.000

.0000
«0000
.0000
. 0000
.0003
.0010
. 0024
0048
.007¢
0114

.0000

.0000
0188
.0808
. 1553
.22%3
+ 2889
<3464
LY
L4459
<4898

0000
«0000
«0000
+0000
«0003
«0011)
«00206
«0049
.0080
«0118

1.0000

.0000
.0208
.0883
«1062%
.2320
«2949
<3918
«4034
<4504
<4937

«2000

+0000
«0000
+0000
0000
.0004
0012
.0028
0082
0083
.0122

2.0000

«0000
«0263
L0957
.10608
22186
.3009
«J572
«4083
4549
.4978

«3000

«0000
«0000
«0000
<0001
«0004
«0013
<0030
<0054
<0087
.0126

noo
3.0000

«0000
«0323
«1032
«1769
«24%1
« 3068
03625
<4131
<4594
«5019
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«4000

.0000
«0000
«0000
<0001
.000%
.001%
,0032
«00%7
«0090
0131

4,0000

0003
AL
1107
1840
2516
<3126
PRLYA)
4179
«4638
«5060

«5000

+U000
0000
«0000
0001
.00006
.0010
.0034
<0060
<0094
<0135

.0000

010
cUddY
1182
1911
«2H7Y
«Jl8a
«$730
4227
<4087
«5100

0000

»0000
«0000
«0000
«000L}
.0000
0018
«0030
<0004
<0008
0140

t.0000

«0024
«0%20C
« 1257
«lv8])
LY R}
oS4l
«378¢
4274
.4725%
«5140

«7000

.0000
.0000
.0000
»0002
«0007
0039
«00060
<0102
«0l44

/.0000

«UlU4L
« 059U
. 1432
» <050
o702
3297
3833
4321
47068
«5180

1

eBULU

e
«0000
«QUUU
«0Uu¢
SUlus
«0uel
+004]
+0u/0
«Olue
elldy

HalbUuL

«bL/0
Uo0¢
+ldub
el
/U,

RR-N
Joea
4500
<48l
PR

3

L

«ylLUY

U0l
stlbue
«UbUL
sulL/Z
+sulULY
sulcd
«ulaa
w073
Uil
IR

ewdilL

sulld
/3D
a4/
.eltre
el tsy
LY V8%
e dyJde
«udla
48D
«2250
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Table AIl. Heat flux vs warmup time.

Cc

0.19 Btu/1b °F

a

- 0.050 ft*/hr

7.33 1t p - 177 b/t T = 212-60 - 152°F
r/a - 1(surface) UL !(1!-) ShLP £(0.0224 t'); ¢' in days
ag a2
Heat flux, ¢ 35.3
(Btu/ft? hr) ® (0.0224 ' p* t' (days)
30 1.177 3.10 138
40 .883 1.30 58.0
50 .706 .70 31.2
60 .589 45 201
70 505 .30 13.4
80 .441 .22 9.8
90 .392 .166 7.4
100 353 .130 5.8
* Values obtained from Table Al.
Table Alll. Surface temperature vs time.
k - 1.7 c - 0.19 a = 0.050
a - 133 p - 177 é - 60
r’a - 1 LN {<.a_t.) AT - 2591(0.0224 t'). t' in days
ag a2
t 0.0224 ¢ £(0.0224 t*) AT *Ts =00+ T
0.1 0.00224 0.0523 13.5°F 73.5°F
1 0.0224 0.1587 41.1 101.1
2 0.0448 0.2189 56.7 116.7
4 0.0896 0.2996 77.5 137.5
8 0.1792 0.3954 102.3 162.3
12 0.2688 0.4808 124.8 184.8
15 0.3360 0.5268 136.5 196.5
20 0.4490 0.5920 153.0 213.0

*Ts - rock surface temperature.



