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I. INTRODUCTION

Our pfinciple weapons in Athe perpetual struggle with winter for
control of the highways have been the snowplow and the spreading of
mountainous quantities of deicing chemicals and abrasives. The
appiicati_on of chioride salts has proved to bé an effective and rela-
tively inexpensive .deic':ing .agent in ‘the milder ciimates;'bu-t one is
forced to question salt's real cost-benefit because of its corrosion of
vehicles, reinforcing steel and bridge structures, scaling of portland
cement conc;fete,. and pollution of water. One st'udy estimates that the
national cost of salt related damage is aplproxix.nately 15 times its cost
to purchase and apply (1). ' There is therefore ah efiormous incentive -to
devei'o.ia deiging alternatives to chloride salts - eépecially on and
around bridge decks.

Conventional snow and ice control procedures can also be disrupﬁive
to traffic and often prove to be inadequat.e. if there is a significant
delay in their coﬁlmencement after snow accumulation occurs. For this
reason, various thermal snow melting systems have been proposed for
ﬁarticularly critical or hazardous sections of highway. The more ortho-
dox techniques employ either embedded electric resistive heat'ing_ ele-
ments (2) or pipes that circulate a fossil fuel heated fluid, but the
expense of both ‘the hardware and these high-grade, non-renewable energy
sources restrict their application to small installétions.

‘"Waste heat from power plants or indust.rial‘ processes, and .geo-

thermal water (3) are viable inexpensive energy sources, but these



higﬁ-grade resourcesvrarely exist in close proximity to a structure that
requires heating., The utilization of geothermal water can also be
difficult because of its corrosive and fouling nature (4,5), and the
possibility of freezing generally precludes direct circulation of any
,water.based source within the structure itself. An intermediate heat -
exchanger is usually employed‘in these cases to transfer the energy
between the heated water and the structure.

Some recent efforts have been directed toward the developmentrof
sys;ems that utilize the renewableAthermal energy below the. eartﬁ's
frost lével because of its accessibility and‘dependability. Conversely,
this segment of ground is obviously too low-grade an energy source to be
able_to immediately_handle severe snow storms and drifting, or to -even
Vprevent-the pavemeﬁtvfrom freezing during frigid weather.‘In spite of
this, the few field ;ests that have been.conducted with theSé systemsl
'havé ‘been surpriSinély successful in reducing the duration of icy
-surface conditions. In situationS'Where snow aécumulates, either melting
or a decrease in the ice bonding strength occurs at the pavement-ice
interface, which strongly augmehts the clearing action by traffié and
plowing. Any snow melting systém can aggravate an icy conditioﬁ if
partial melting and then refreezing occurs, but this does not appear to.
be a serious problem with these low power systems.

The first experimental facility to successfully demonstrate the
snow melting caéability of this form of geotherﬁal energy was
cohst;ucted in Trenton, New Jersey in 1969 (6). This.system circulated
an ethylene glycol-water mixture between pipes embedded 5 cm (2'") below
thg pavement surface and a horizontal grid buried 0.9 to 4.0m (3' to

13') below the pavement on 0.6 m (2') levels. The total 1ength‘of the



"ground pipes was twice as long as the pipes in the pavement. The mea-

sured undisturbed ground temperature at a 2.1 m (7') depth wvaried be-
tween 9° and 14°C (48 & 57°F) during the winter and the antifreeze
temperature ranged between 4° and -11°C (40 & 52°F) during most of the
snow storms. Typical measured snow melting raﬁes were 0.6 to 1.3 cm/hr
when the corfespondiné air temperature ranged between -7° and 2°C (20° &
35°F). The performance of  this ground system proved to be superior to
that of ‘a companion 215 W/m? (68 BTUH/ftZ) electric pavement heating
sfstan while 'requiring only 1/45 the electrica; power to operate the
ciréulation pump. Despite ifs impressive performance and very low opera-
ting cost, the New Jersey system is not . practical because of its prohib-
itive'expense-—méinly due to the excavation required for flacement of
the ground pipes. |

More recent research has concentrated on vertical ground heat
exchangers'éincé some cost sa&ings can be obtained b& replaci;g excava-
tion with conventional drilling. This configuration also permits.the
utilization of long, gravity operated heat pipes to efficiently trané-
port the low grade thermal energy from the ground ;o the road surface.
J. R. Tippmann (7) was the fifst person to- propose the use of this type
of heat pipe in 1965, but it was not until the 1970's before any serious
develqpment efforts were initiated (8-23).

The gravity-operated heat pipe consists of a sealed tube which
contains a fluid in the liquid-vapor state. The lower end of the pipe is
the evaporator while the uppervportion serves as the condenser. When the
evaporator is Warmer-thaﬁ the.condenser, a portioh of the liquid vapor-
izes and travels to thé condenser where its latent heat of vaporization

is released upon condensing. The evaporation and condensation processes



create the driving pressure potential that is required to tramsport the
vapor upward, while gravity returns the condensate from the_siightly_
slanted condenser to the vertical -evaporator. This makes the gravity—.
operated heat pipe a .very attractive heat exchanger since it is a
completely passive system. which does not require any meéhanical or
electricai parts. Because the thermal energy is transportedrin the form
of .latent  heat of vaporization, the heat pipe can transport large
amounits of energy over long distances [m55m-(180')4at two installations]
with a relatively smgll.:emperature difference. Ammonia and Freon have
been utilized aé the working fluid partly because they are not suscept-
ible to the freezing'problém that plagues water based systems, and they
are chemically inert with respect to most steels;

The preliminary engineering concept studies th;t were performed in
the early 1970's indicated that a viable ground heat pipe snow melting
éYSéem could - be éevelopéd. The key»attfibutes o£ this system .can be
summarized as follows: |

1. The availability of its renewable energy - source. The'ground

temperature several meters below the surfaceAis typically 2° or 3°C
above tﬁe local yearly average air temperature. This impiies that a very
large media with teﬁperatures at or ébove ten degrees celsius would be

available throughout most of the continental United States right at ;he
"site of a proposed heating system (24). Source temperaturés of this
magnitude are capable of handling a majority of the snow storms in a

" moderate climate.

2. No oﬁerating or maintenance cost. The heat pipe self activates
‘anytime thé ground encasing the evaporator is warmer than the pavement

in which the condenser is embedded. No extermnal mechanical or electrical



power is therefore required.

‘3. Mechanically simple. The gravity operated heat pipe is a closed

container that is formed by welding pipes together and charging it with
a refrigerant. Since there are no mOving ér electrical parts, the system
is very durable and will continue to operate as long as it remains
sealed, properly orientated, and no noncondensable gases are internally
'generated.

The principal difficulties that were anticipated in its implementa-
tion were drilling costs, the integration of -this system into standard
construction procedures, and>corrosion. The development of a design
procedure was also required since a system's transient performance is a
complex func;ion of the local environment, heat pipe geometry, thermal
properties of the ground and deck, and the thermal interaqtidns between
ground evaporators.

Ihe-experimentél development of heat pipe snow méltiné syétems was
initiated in 1972 at the Turner—Eairbank Highway Research Station (8)
when a field test slab was heated by 44 ground-coupled heat pipes. ' The
pipes were spaced on-15.2 cm (6") to 20.3 cm (8") centers in the slab
and extended from 9.1 m (30') to 12.2 m (40') into the ground where ;he
average‘ground tempefature below 9.1 m (30') was approximately 14°C.
This'test, which was proposed and conducted by'the Dynatherm Corpora-
tion, successfully demonstrated the concept. It also pointed out the
neceésary construction precaution that proper intermal cleaning of the
heat pipe was essential to prevent the generation of noncondensable
gases whigh subsequently reside in and, therefore, block the condenser.

The above exﬁerimental results were sufficiently promising to

justify a full scale demonstration on a highway ramp in Oak Hill, West



- Virginia (16). This system was constructed in 1975 and.utilized 1213
ground heat pipes to heat 1800 m2 (19,200 ftg) of pavement. Each heat
pipe was 22.9 m (75') long and éxtended 18.3 ﬁ (60") into the ground.
Several bundles of these heat pipes are pictured in. the foreground of
Figure 1.l1A ‘while the drilling operation is shown in the background.
These ground heat pipes were generally successful in preventing snow and
ice accumulation (Figure 1.1B) excepf when drifting oécurred. The far
field ground temperature at this»siteAaveraged around 13°C. Unfor-
tunately, very little quantitative information has.been bublished on the
performance of this system that Wouid assist an engineer in designing
another system.

This facility .cost essentially twice as much as. an electrical
system would have but it was felt that the price for this initial
. installation was inflated by. approximately >40Z3 Mass production and
efficient installation teéhniques were anticipatéd té make the installed
cost of this type of heat pPipe system competitive with an electrical
system but it would be more durable and not require an? maintenance or
operating costs.

Another earth heated ramp went into service in Cheyenne, Wyoming in
1982 and_iﬁs companion ramp is under coqstfuction. These 7% grade ramps
interface overpasses and terminate at stop lights. Each ramp utilizes
177 field constructed heat pipes to warm 990 square meters. (10,600 ftz)
of pavement. The design of these very large heat pipes (18) is similar
to the Spring Creek design which is evaluated in this report. Each -heat
pipe has a 30.5 m (100') long. evaporator attached to a manifolded
-condenser section with a total length of 37 m (120'). Due to the

severity of the weather in Cheyenne, the ground temperature is only
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Figure 1.1. Oak Hill, West Virginia Ground Heat Pipe Installation.



12°G (549F). The-syétem was therefore designed to preventzpreferential
free21ng of: the ramp relatlve to the road and bridge surfaces, and to
prov1de a noderate amount of snow nmlting.v The:periormance of -this
system has not‘beenﬂquantified,toﬁdate,:but.yisual observatione indicate
that it has more thanamet:the'abowe‘ObjéctiveS. |

The use’ of heat pipes to. transfer energy from the earth to roads is
also under development in Europe‘and Japan. .Small=f1eld tests were
initiated in 1977 1n Japan and as of February 1982 twenty experimental
1nstallations were.reported to have been completed or under constructlon
in that nation (17,22),

A recent offshoot of the ground heat pipe researehihas been systems
that utilize water energy sources. The Japanese-(i7,22) and the Colorado
‘Department of Highways (4,5) have tested geothermal water powered heat.
pipe systems, and their use in some bridges on I-70 near Glenwood_
.éprings, Colorado” ié_ under review. A similar heat pipe s&stem that
utilizes well water as the iow'grade7energy source is currently being
evaluated by the University of Wyoming under sponsOrship'of-the Wyoming
Highway Department and FHWA; Water powered heat pipes appear to be a
promising snow meltlng alternatlve when an avallable water source that
has both a reasonableftemperature and a sufficient flow rate is in close
proximity to‘the structure. These heat pipe systems can be integrated
into highway structures without a lot of extra effort and expense, and
the operational overhead is limited to the water pumping ‘and disposal
costs. The ratio of the renewable thermal energy that is delivered to
the structure to the nonrenewable energy required to pump the water
increases with the water tenperature and decreases with the water

transport distance. This ratio should be well over ten for ground water



systems that draw from a high and abundant_water table, ana well over
100 for adjacent hot water sources.

To develop ground hea; pipe technology further, the University of
Wyoming, under the spbnsorship of the Wyoming Highway Department and
FHWA, has designed and operated two experimental facilities in south-
-eastern Wyoming. The goals of ;hese projects have been to-investigate

the performance of ground heat pipe systems for bridge decks as well as
to develop the analytical framewérk that is required to extend.thése.
experimental results into a general design . procedure. A’schematiciof
the two different types of grdund heat pipes thaf were installed at
these facilities is presented in Figure 1.2.

| The Sybille Canyon facility (13-15) was constructed.in 1976. A
small section of ;his bridge was heated by twelve 24.4 m (80') long heat
pipes with ground evaporator lengths that averaged around 12.2 m (40').
~This expérimental site Qas extensively instrumented to monitor both the
envifonmental'conditions and the resulting thérmal fespohse at various
locations in the deck, roadway, and ground. At the conclusion of the
study, 22 months of essentially continuous data had been collectedf

The Sybillé system proved to be capable of eliminating preferential

freezing of the heated bridge relative to the adjacent road. The
measured reductions in some of the other freezing parameters that were

used to characterize its performance are as follows:

Heated Surface Percent Reduction
Parameters 1977/78 1978/79
Snow Cover Time - 48 - 37 .
Time Frozen : 72 57
Integrated Temper#ture 90 - 79

below Freezing (°C Days)
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- The integrated temperature below'freezing is the. area under the freeze
line (0°C) on a plot of surface temperature as a function of time. This
parameter pro_vid_es- a measure of the severity of a freeze peribd. Thév
performance ‘of the Sybille system was reasonably .impressive when one
considers that it was heating a bridge exposed to  the severe Wyoﬁing
climate (the second winter being unusually severe) wﬁereas the West
Virginia test was performed in a milder climate on a ramp in thermal
contact with the grqund. The far- field ground temperature at Sybille
Canyon averaged 10°C (50°F) as . compared to 1_3°C (55°F) at the West
Virginia installation. |

The details of this experimental faé.ility aloﬁg with much of the
experimental data obtained through December of'l978 are presented in. a
dissertation by Dr. Vic Cundy (15). Since these results are used to_
help verify the ground heat pipe model presented in this report, addi-
“tional’ chara-cteristi_cs of this system will be prés-ented in. subsequent
chapters. |

The success of the small scale Sybille Canyon bridge heat pipe
system encouraged the Wyoming Highway Department to - pursue the .develop-
ment-and testing of a system that would be capable of heating a1;1 entire
bridge deck. This entailed major changes from previous ground heat pipe
designs since the energy cannot be drawn from the ground that is direct-
ly below or alougside the heated pavement. The energy must instead be
extracted from the ground adjoining the bridge-road interface which
requires very long heat pipes as demonstrated by the Sﬁring Creek bridge
system in Figure 1.2.VThis coméliéates-their utilization in bridges
since these ssfstems must be field assemb}:e_d and charged. The‘Wyoming

Highway Department was also interested in these large heat pipes.
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for .use in the previously ‘mentionec_l ramps in Cheyenne and wished to
obtain both performance data and some construction experienc;.‘e with them. -

The thermal design procedures that were utilized in the earlier
heat piﬁe systems were somewhat simplistic and empirical in nature. The
development of a comprehensive analytical model which could accurately
predict the dynamic thermal performance of these systems in a given
environment was therefore needed. In July, 198b, the Wyoming Highway
Department and the Federal Highway”Admi'nistration cohtracted with the
University of Wyoming to document, evaluate and report on the design,
construction and subsequent operation of the. Spring Creek bridge heét
pipe system; and to prepare a bridge heat pi'p'e._‘design_manual for Staté.,
County and City design and construction enginee‘rsa This document reports
on the above scope of work. .' | |

Construction of the bridge was éompleted in the Spring of 1981 in
Laramie, Wyoming. The instrument-a.tion and the subsequent performance of
this faciiity from January 1982 to 'Februa.ry 1983 are described in a
thesis by Mr. John Sackos (20); The refinemenf of the analytical médel
and_ its verification against experimental data from the two Wyoming
bridge ﬁest facilities were addressed in a thesis by Mr. Ron Lee (21).
These two theses should be consulted for deﬁails but this report is
intended to be a self-sufficient documentatbion of the Spring Creek heat

pipe project.



II. SPRING CREEK HEAT PIPE FACILITY

Figure 2.1 is a piéture of the completed Spring Creék Bridge heat
pipe experimental facility in. Laramie, Wyomiﬁg and Figure 2.2 is its
cbrresponding plan Viewf The bridge deck is 24.4 meters (80') wide and
18.3 metersv(60') long. The unique features. of this facility include
tﬁe sixty lérge'heat pipes, twé header pipe vaults;,foui_service vaults,
7.6 cm (3") thick layer of polyurethane insulation oﬁ the under side of
the heated pé;tion of the deck, an array of thermal and environmental
instrumentation, an>instrumentation'bunker, and a computef controlled

data acquisition system.

‘A. Heat Pipe System

As depicted in Figure~i.2,'four condenser pipesvwére manifolded to_
each evaporator pipe which eliminafed the need for -placing bne
evaporator in .the ground for each condénsgrv pipe in fhe deck, ' and
introduced some economies of séale that did not exist in the previous
single pipe systems. . In an effort to further reducé costs and simplify
installation, the Spring éreek heating system was modularized as much as
possible.. The evaporator pipes, inteérconnecting pipes, and manifolded
condenser sections that characterized this modular design (Figure 2.3)
are detailed in Appendix A. |

The evaporator pipes were constructed from 2" (5cm) schedule 80
steel pipe with a spiral groove.ﬁachiﬁed on the‘internai surfacé td

enhance the wetting of the wall by the returning condensate. Previous
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designs had 'utilized wire springs to increase the wetting' of the
evaporator walls (8,13;16)¢ The internal.éurfaceé of each heat pipe were
gcit blaéted and clcaned %ith inhibitedmtrichlorechylene;-

The eVapofator pipes were butt Weided tpgethér ip 30.5 m (100'")
lengths Withga.plug ﬁeldéd“ih thc bottom. After the final piﬁe butt
~ weld had beeh comﬁléted'in_thé.field (Figure 2;4); éach evaporatof was
successivély evacuated (Figure 2.5), pfessurized,Wich dry nitrogen, leak
tested at ali.Welds, tcmﬁcrérily séaled.at its top, and inspected for
.any damage’ £§ tﬁc egtérﬁa1'époxy coating. The évabcrators wcre‘hoisted
into predrilied 20ﬁcm'(8") ciameter'holes and the holes were backfilled
with a highxthermél c0hducti§ity grout (Figures 1.2 and 2.6) to increase
the apparent thermal conductance between each. evapcracor' and the
surfounding earth. Figure 2;4 shows the temporary plastic casings that
were placed in the top 6 m (20')-of the evaporator-holes to prevent them
from CaVing in. - Fifteen evaporator pipes wérc located on 3 m (10')
centers in.the ground at.each corner of the bridge (Figure 2.2).

Tce pipes Awhich coﬁnected each evaporator to - its respectiVe
condénser section in the bridée deck were insulated to a 3_m_(10') depth
to reduce the energy loss to both-the aif:and the cold cpper ground
le&eis (Figu:e 2.6). ‘These connecting pipes and the condensers were all
constructed from 1" (2.5 cm) schedule 40 pipe; and a minimum'grade of 2%
was specified throughout these compcnents co ensure condensate drainage
back to the evaporators.

The condenser sections (Figures 1.2 and -2.3) were manufactured by
welding four parallel pipes on 15 cm (6") cenccrs to a manifold pipe and
sealing the other end of each condenser pipc with a welded plug. The

lengths of the condenser pipes alternated between 12.5m (41') and 6.4 m
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Figure 2.5.
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(21') so that half_qf the pipeé extended from the manifold on the side
of the deck to the cénter line.bf the bridge, while the other half only
eitehded through the outer traffic lane. The preferential heating of the
outer two lanes was a cost cuttiné measure. Each condenser section
heétedséﬁﬁﬁégiﬁately 7.6 square meters (82 ft2) of bfidge deck surface
aré%i‘% Figﬁfé 2.7 illuétrates the positioning of the manifolded
coédenséf sections along the side of thg~pridge:deck prior to ﬁhe
méﬁifoldév‘being foam insulated an@_‘éhclosed ‘in the header vault.
EXfo;eafcoﬁ?énser pipeS'caﬁ bé seen‘ektending into the deck from their

fespédtivé’manifblds, along'wiﬁp théfconﬁecting pipes that run alongside
the‘bridgé Betﬁéeﬁ-the manifoldsiénd'the service Qaults located at the
c6fg¢f§ 6fAth§ bridge.‘The\cbnnecting pipes ffém an. evaporator énd its
c;f£é§éOndiﬁg”condenser were socket welded ﬁbgether with a tee that -
Acoﬁtained a serfice nipple to permit the evacuation and ammonia charging
of the heat _pipe (Figure 2.8), Each heat pipe was charged witH .
3 kg (6.5 1bs) of ammonia which'prpducéd around a 0.3 m (1;0')vhigh
liquid level at thevbottom of fhe»eyépofaﬁor to ensure'thatAthe ammonié
remained in the liquid—vapdt ét;;g QVer-the opefating:témperature range
6f the sysfem. .

Examples of the special provisions that are required in the
construction of the heat pipe system afe presented in Appendix B. These
inciude provisions fpr the garfh ﬁork and grouting required in the
installation of the evaporatﬁrs and interconnecting pipeé; pipe shop and
field fabrication, instaliation, charging and inspection; and the

insulation of the interconnecting pipes.

B. Data Acquisition System

Figure 2.9 shows the data acquisition system in a university
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laboratory during its initial assemblyk and calibration, and in the
instrumentation vault at the Spring Creek site. The tﬁo computer racks
contain a Hewlett-Packard 1000 series programmable computer with a
RTE:II software system';nd a 32K 21008'processqr, an H.P. 5M byte disk
drive, an H.P. 800 b.p.i. - 9 track tape drive, a power supply, a panel
of .relay strips to which the 176 thermistor leads from the 24
instrumentation cables were connected, a thermistor amplifier panel, an
H.P. extender unit and an H.P. 2240A instrumentation and control
processor. The data system also included a Digifal Pathway's SLC-1
battery operated back-up clock to aid in the autdmafic réstaft of the
~computer system after a power failure, and a Deckwriter-II terminal for
.both sy;tem programming and monitoring. The system was configured to
monitor a maximum of 48 of the 176 temﬁerature sensors that  were
installed. This report details the heat pipe performance for the period'
from January- 1982 through N§vember_ 1983 duriﬁé‘ which the déta

acquisition system was operational 83% of the time.

C. Instrumentation

The environment at the Sﬁring Creek facility was characterized By
the measurement of ambient air temperature,lwind speed, wind direction,
solar radiation, relative humidity, barometric pressure, precipitation,
énd ;he ground water level. The transducers used to measure these
parameters, including their ranges and accuracies, are listed in Table
2.1. Figure 2.10 presents a photograph of the placement of these .
instruments. All the meteorological instrumentation functioned as
intended except for the rain gage and the ground water level which were
each erratic at times.

The surface conditions of the bridge deck and the adjacent roadway



TABLE 2.1. METEOROLOGICAL: INSTRUMENTATION

Sensor Accuracy

Measurement Accuracy

Parameters Sensor Sensor Range
Relative General Eastern 0-100% ' £0.5% +0.5%
Humidity Model 400-C :
. _ ) | o : )

Solar Eppley Labs 0 - 1400 W/m +1.0% £14 W/m
Radiation ' :
Wind Speed Electric Speed 0 - 51.4 w/s +1.0% +0.514 m/s

Indicator :

Model 420C-1-SS '
Wind ) Electric Speed 0 - 360 degreés +1.0% +3.6 degrees
Direction Indicator

Model 420C-R2
Barometric H.E. Sostman Co. 48.8 - 65.3 cm. Hg. +0.1% +0.165 cm. Hg.
Pressure Model 2014 ' ' :
Precipitation Belfort 0 - 30.5 cm. +0.25% +0.08 cm. -
Ground Water U.W. 0-9.2m +1.0% +0.003 m
Level constructed

‘92
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were monitored with a time lapse camera which is also pictured in Figure‘
2.10. One photograph was taken every ten minutes during the daylight
hours. Each exposure included an analog clock in the field of view so
that the photographic record could be merged with the computer generated
record.

To measure'thehthermal resﬁonse of the'deck4 capped-PVC pipes were
inserted through the bottom of the brldge deck's concrete forms'and

secured to the rebar (Flgure 2 ll) at predetermined instrumentation

1ocations prior to ‘the concrete pour. After the construction of the

bridge was completed,-instrumentatibngcablesﬁWere»pulled through steel

conduit from: the varxous 1nstrumented 51tes_1nto the instrumentation
vault. The PVC caps were then. drllled. through to the desired - depth
(Figure 2.12), and a thermistor probe'Was inserted into each hole and

secured in place. These probes were coated with grease to improve their

“thermal contact with the deck. As depicted in Figure 2.13, temperatures

were “taken on the top surface, dn coudeuser pipes, -on the midplane, and

on - the bottom surface of- the brldge deck

| A11 temperature measurements at the Sprlng Creek site were made
with YSI 44203 Thermlllnear Thermlstor Networks‘M. This is a composite
dev1ce cthisting of re51stors‘and a precision thermistor whiéh produces
an‘output,resistancelthat variesllinearly mith»temperature. An output
voltage that 'is essentially lihear with temperature 1is therefore
produced;'when. this netwbrk is supplied with a constant and precise
current. This voltage is then: sampled and recorded by the data
acquisition SYStem. One pair of wires on each earth and hridée deck

temperature cable was attached to a precision fixed resistor to monitor



Figure 2.12. Placement of Thermistors in Bridge Deck.
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the precision current source, to permit continuous system calibration
and to flag problems in a given cable.

Ten "ll-pair and :'seve,n 3~pair ground instrumentation cables were
also constructed to pernit '.the temperature measurement at 118 ground
locations. One 1l—pa1r and one 3-pa1r cable were attached to each of
five heat plpe evaporator sect1ons brlor “to their 1nstallat10n‘1nto the
ground The ll-palr cables were de31gned to measure the evaporator pipe
temperatures at locat:Lons along ‘the lower 26 meters (85 ) of the plpe
while the S—oalr ” cables vmeasured temperatuvres onv the upper 4, 6 meters
(1s") of the p:Lpe (Flgure 2 14) Although care was taken in 1nsta111ng
the 1nstrumented evaporator plpes, “the uncontrollable motlon of the
oress,urize'd concrete grouting nozzle and tube used to backfill the
e:vaporator holes punctured the protective sheath of all the evaporator
instrumentation cables. The subsequent penetration‘of ground water into-
these cables »pr‘oducedv a fluctuating th_ermistor resistance when
measurements uere: a'ttempted. This e‘ventually 'caused al_l' of these
thermistors ‘to -give erroneous measurements. In an effort__ vt‘o ensure the.
safe installat"ion‘ of instrumentation_ cables on some vevaporators, a
l"_'(2.5 cm) steel p.ipevuas welded along the length of two evaporator
sections (pipe number 12 in cornmers 1 and 3, Figure 2.2) prior to their
installation. InstrUmentat‘ion cables were installed in these .two
protective pipes, and the pipes were filled with transformer oil to
increase the thermal contact between the 'encased thermistors and the
attached evaporator and the surrounding earth.

Of the remaining ground cables, one ll-pair cable was used to
lnstrument two interconnecting oipes in corner ‘4 (pipes 8 and 9), while

the final two 1ll-pair and 3~pair cables were used to instrument one
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remote ground locatlon and the ground beneath the center line of the
roadway (see’ F1jgure_'»2_-'."2). The procedure used to 1nstrument these last
two locations c"c)nsis,_ted'.\_of drllllng ‘a 20 'cm v(8-")-. diameter, 30 meter
(100') deep hole into the earth lowerlng an instrumentation cable into

the hole, and then backfllllng it w1th sand. ”.Temperature probes were

pos1t10ned near the surfaces of both the ground and the asphalt road.

The roadway cable failed when it .sl_ipped approx1mately 1.5 meters (5').
due to the-_} hackfrll sand washlng away._.:-_ i The- top surface roadway
temperatures .and fleld ob'sernaticn_s 'i‘indica'te, that the cave-in occurred
on 10/13782. V'Thvisr 51tuat10n was correctedon 111_/121‘&/__83.1When the cable was
repo}s.itio.nedv and the 'hole Wa's"p-res‘surei grouted w1th ,c"oncrete.

To measure ’tihe. poner Atr'anSmitt{ed 'by.' vth:e v’g'ro‘u"nd "heat pipes, a
section of the interconnecting- pipedthrough' the service vault was
rexnoved from ‘heat pipe. number 8 incorners "~'3 ~and: 4 (Figure 2.‘2). A
reservoir with.‘:""t’hre-e' SOOV Wavtt PiPe' hea'te'r's- v'ra‘s'-w'elded to the c.ondenser
31de of each. of these two heat plpes (Flgure 2. 15) These reservoirs
were charged Wlth ammonia and heav11y 1nsulated The computer system
monitored the»condens.e'r-temperatures of these two électrically powered
heat pipes and'tno corresponding earth. counled' hieat“pipes (pipes 12 and
10 in corners. 3 and 4, res_pectiveldy) 'and‘ mininized the condenser‘
temperature difference between an earth and electric ‘powered pair _ by .
controlling the p.oner to the electric heaters. The electric power‘to
_each.of these electrically pdwered heati pipes was included in the
experimental record as a measure ._of the poWer supplied by the ground

heat pipes.



III. SPRING CREEK EXPERIMENTAL RESULTS

Data Aacquisition.'was initiated ét the experimental facility in
Januafy of 1982 and continued through December of'1283; Fifty-five
. environmental and temperature data channels were digitized and recorded
evéry ‘ten minutes except when system failures and maintenance caused
ihterrupéions. Over the two year study period, 83% of the experimental
record was obtained and the completeness of this record on a monthly

basis is delineated in Table 3.1. |

The Laramie winter‘climaté is quite severe since the site elevation
is 2208 m (7244') and the iatitude'is.41°N. Table 3.1 -indicates that
‘the average annual air temperatures during the two years monigored iﬁ
this study were only 5.2°C and 4.7°C respectively while the thirty yéar
average is reported in reference 25 to be 5.9°C. The monthly average air
temperatures were below or near freezing for eleven of the tﬁenty-four
. months. Deceﬁber 1983 had botﬁ the coldest..average monthiy air
temperature at ~10°C and the coidest instantaneous temperature of -35°C.
The temperature difference between the diurnal méximum, and minimum
temperatures were typically 15°C in January and 17°C in July.

The mean wind speed over the full two years was 3 m/s (6.8 mph)
while the average was around 3.2 m/s (7;2 mph) dufing the éignificant
heating months. The measured prevailing wind direction was from the SSW
while the bridge deck orientation is 110°.

Laramie has a dry climate. The measured average winter relative
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TABLE 3.1. MONTHLY METEOROLOGICAL PARAMETERS AT THE SPRING CREEK

FACILITY.
Precipitation
mm water -
Ave. Air Ave. Wind Ave. Daily Spring Brees, 7 data
Month/Year  Temp. Speed - Solar2 Creek Field = Recorded
o). (m/s) MJ/m™)
1/82 =4.4 3.7 10.0 -~ 5 84
2 -4.1 3.3 13.5 - 3 99
3 0.6 3.8 16.0 .- 9 97
4 3.1 - 4.0 21.2 - 14 99
5 8.3 3.1 20.1 - 54 85
6 - 13.3 3.2 23,9 - 20 96
7 18.0 2.8 23.9 - 21 - 81
8 18.7 2.6 21.5 - 26 - 79
9 12.2 2.7 15.5 67 42 y 98
10 4.7 3.3 13.5 14 9 92
11 -2.1 2.9 9.8 - : 23 57
12 -6.3 3.1 7.9 - 48 - 80
1/83 -2.9 - 2.8 8.5 4 4 97
2 -2.2 2.8 11.7 0 -2 76
3 =1.2 3.5 17.5 30 - 62 85
4 -0.6 2.9 22.3 97 94 97
5 7.0 3.7. 23.9 25 32 93
6 12.3 2.6 21.6 66 51 - 78
7 18.6 2.7 . 25.3 42 < 24 84
8 19.7 2.3 21.9 16 31 94
9 16.2 2.9 20.6 10 11 67
10 6.6 2.2 12.2 18 - 14 51
11 -7.3 3.4 7.5 - 64 . 41
12 -10.1 2.9 7.9

16 .10 79

* Brees Field Airport, Laramie, Wyoming

** Air temperature, wind speed and solar radiation
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humidity at the experimental site was only 21% even’thoughithe bridgé
crosses a small creek that flows throughout the winter. The city's mean
anhﬁal precipitation is normally 283 mm (11.1") of water with approxi; :
maﬁely half of this precipitation falling as snow. Because of mechan—
ical prbblems with the rain gage, the ﬁrecipitation record that is
.>presenfed_in Table 3.1 is incomplete and some of the monthly entries are
possibly inaccurate. For comparison, the precipitation that was measured
at Brees Airfield, which is approximately 8 km west of Laramie, is also
presented in ' Table 3.lf- The annual precipitation_ totals that were
méaSured at Brees Field during the two year experiment were 274 and 399
mm of water.

The solar intensity in Laramie is higher than most cities at its'
latitude because 6f the predominance of clear, dry skies and itsbldw
barometric pressure, 79.1 kPa (11;5 psia). The average daily.levels.of
insolatioh measured at- thé site by a horizontal pyranometéf (Figure
2.10§Jare‘also_tabulated in Table.3.l by.monthi

fhe site geology around the evaporators is characterized by réddish
brown silt stone bedrock overlaid with 2.3 to 2.7 meters of sandy silt
and gravel. The 2.7 to 3.7 meter thick surface layer is composed of silt
and silty sand with rock fragments. Two local faults and the resulting
fracturing give the bedrock a high permeability to water. The ground
water table level varied during the étudy between 3.2 and 5.7 meters
below the surface. Most of the earth encasing the evaporators is
therefore saturated which is very beneficial because it increases the
ground's thermal conductivity and insures good therﬁél contact between
the ground and'the evaporators.

Figure 3.1 presents the measured daily averaged undisturbed ground
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temperature profile from the surface down to a depth of 18 m (60') over
a 23 month period. The three most important points that this figure
illustrates are: 1) the ground temperature ie essentially constant below
15 meters, 2) this constant ground temperature is only 8°C above.
freezing, and 3) the-warmest ground temperatures occur ‘during the early
winter months around the upper portion of an evaporator. Ae depicted in
Figure 1.2, the evaporators were placed approximately 3 m (10') below
the ground surface and their connector pipes were insulated to avoid
A energy losses to the cooler upper ground levels. Table 3.1 ‘indicates
that the mean air temperature was 5elow the invarient ground temperature
of 8°C for fifteem out of the twenty-four months monitored. The
experimental data also suppqrts the rule of_thumb that the invarient
.ground temperature is typically 2 to 3°C above the long-term mean
ambient'airitemperature. | .

Although the femote ground teﬁberature represents the theoretical
temperature potential of the system, the temperature field eecesing the
evaporator pipes is depressed due to energy extraction. This thermal
depression can degrade the system's performance with time, and its
magnitude is a complicated function‘of_the amount and rate of energy
exeraction as well as the evaporator field's thermal.recovery over the
summer. Figure 3.2 combares'the weekly average temperature history of
evaporator pipe number 12 in cornmer 3 (see Figure 2.2) at a 23 m (75")
depth to the remote ground temperature at 18 m (60'). This figure also
includes the ma#imum and minimum weekly evaporator temperatures end
_ these data indicate that the evaporator temperature was as much as 10°C
below the far field ground temperature and thae it fell below the freeze

line on several occasions. The significant temperature depression that
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occurred invthe ground adjacent to thesgvépératqr éan be inferred from
tﬂe maximum evaporator temperature .iiﬁe in this: figure: since these>
values were generate@ during intervals wheq the heat pipe was not
operating;. This.ground depressiéq reéched a méximum value of 4°C in
early Fébruary-of»l982.

The-gfoﬁnd’heat pipe field récovers in the summer ‘when there is
eséentiélly~rk) load applied to the'éystan éince the air temperature
rarely dropped below'the>8°C constant ground temperétgre; According to
--Figuré 3;2,.the groﬁnd.adjacent.to,tﬁe,evaporator returned to within 1°C
of the undisfurbéd ground duriﬁg the suméer 6f»l932. The same trend
appears to -be occurring throughout the second ~summer, but theﬁ
" two problems developed in the fall. First, the remote ground ins;rumen—
tation began to fail as evidenced by the dropping ground temperature at
.the end éf 1983. This failure is believed to be caused by moisture
prbblems.inrthe'instrumentation'cables.éince.the thermistors above the
wéter'établé continued to operate. The second prdblem 'is much more'
serious because Figure 3.2 indicates that the heat pipe that was being
monitored. failed to turn on in the Fall of 1983. As Figure 3.3 graphig—
ally illustratés, failed heat pipes could be readily identified during
. periods of snow cover (also see Figure 3.7). Surface observétioﬁs
indicated that all the heat pipes were functioning in January 1982, and
that approximately t&enty of the fifty-five heaf pipes that were orig-
inally charged with ammonia had tbtally or partially failed by November
of 1983. The malfunctioning heat pipes as enumerated in Figure 2.2 were:
pipes 4 and 12 in corner one; pipes 5, 14 and 15 in cornmer two; bipes 1,
2, 3, 11 and 12 in~corner three; and pipes 1, 2, 3, 4, 5, 9, 11, 12, 13

and 15 in corner four. The problem was apparentlj due to the ground
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connector pipes having an insufficient grade to compensate for
nonuniform settling. This caused a liquid lock as depicted in Figure 3.4
to fofm in some of the connector pipes which prevented any vapor passage
and thereby failed these'heat pipes. This conclusion wés drawn from the
fact that ﬁostb of the failures occurred on . the eaét side where
significant vertical displacements between the Bridge deck and ;the
service vaults have been obsérved. The émmonié charges in the five
faiied heé; pipes in corner three were also checked by measuring the
time requifed,to vent each of these pipes. This test indicated that all
of'thégé'faiieQ[héat pipeé had an adequate charge. The upper poftionfof
these heat pipes -weré subsequently attached to two watef” ﬁowered
evaporators and they all operated properly. This implies that the
problem did not involve the connector pipes in the header vaults along
the'side of the bridgé~or the condenser fingers.

As a practical construction précauti;n in future installaéions, the
siope of ground connector pipes mustibe large énough to tolerate any
subsequent settling or any waves that are introduced between the
supports during the back filling operation; This precaution was in fact
incorporated into the design for the Cheyenne ramps.

Figure 3.5 presents a plot of weekly averaged temperatures on the
top surfaces of the heated (Th) and control (Tc) sections, as well as

_the remote ground temperature (Tg) at the 18 m (60') depth. Because
heating events are of present interest, only situations were considered
Qhere the heated surface temperéture was below that of the remote ground
A(Tg-Th>l°C). The remote ground temperature represents the maximum
temperature that the heated surface can approach during these events,

while the difference between the heated and control temperatures
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corresponds to the amount of heating that acfﬁally\occurred. Weekl&
averaged temﬁerature ‘increases as high as 10°C (18°F) were achieﬁed
during the coldest périods.

Figure 3.5 can also be used to obtain a. crude prediction of how
this heat pipe system would perform in a different location which had a
similar ground géélogy. Thé invariant far—-field ground temperature
reflects the ground's steady state respﬁnse ‘to the seasonal thermal
loads that the environment imposes upon it. If these climatic loads are
expressed in terms of seasonal effective temperatures, the. amplitude of
the effective temperatures-relative-to the respective invariant ground
temperature has been found to not vary significantly between locations
having similar latitudes; This implies that the thermal. performance of
a given ground heat pipe system in vérious climates will be similar if
the -deck témperature responses. are referenced to the corresponding
invariantvground temperatures. For example, the ground temperatufe at
the FHWA Fairbank Highway Research.Station, where the-first ground heat
pipe system was tested (8), was found to be approximately 14°C (57°F).
The performance of the Laramie syétem in a Virginia climate should -be
essentially characterized by Figufe 3.5 if all ﬁhe temperatures were
increased by 6°C (11°F) to account for the warmer ground temperature due
to the milder climate. This would obviously have a large impact on the
system's snow melting performance since this represents a 75% increase
in ground source temperature relative to freezing.and a corresponding
increase inAsupplied power. These observations are discussed further in
Chapter 5.

Tablg 3.2 presents the freeze-thaw characteristics recorded over

eleven winter months for the top surfaces of the road, control and
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TABLE 3.2. SPRING CREEK TOP SURFACE EXPERIMENTAL AND PREDICTED
FREEZE-THAW CHARACTERISTICS.

% Data °C - Days Time Below Fréeze/Thaw
Month Surface Present Below 0°C 0°C (Days) Cycles
1/82 Heated . 31.1.(29.6)% 11.2 (11.1)* 23 (24)%
Control 84 115.2 (123.7) 19.9 (18.7) 19 (21)
Roadway -~ 101.6 ’ 18.7 26
2/82 Heated 44.0 (47.6) 10.3 (11.1) 22 (20)
Control. 100 135.5.(143.2) 15.4 (14.4) 22 (16)
Roadway 130.8 ' 16.9 29
3/82 - Heated - 5.8 (10.1) 3.2 (5.6) 10 (14)
Control 98 37.7 (44.2) 9.4 (10.7) 24 (28)
Roadway . 29.6 ' 9.5 C26
4/82 Heated 6.5 (6.8) 3.1 (3.9) 12 (11)
Control 100 25.2 (26.7) 6.0 (6.2) 17 (17)
Roadway 15.4 4.9 8
10/82 = Heated 4 3.3 (0.6) 2.7  (1.2) 10 (6)
Control 93 14.3 (13.2) 4.9 (5.5) 15 (13)
Roadway C e . - -
11/82 - Heated 11.0 (10.2) 6.6 (5.3) . 17 (11)
Control 57 46.9 (55.5) 11.6 (11.0) 16 (17)
Roadway T - - -
12/82 Heated : 47.6 (64.6)  15.4 (15.6) 21 (24)
Control 80 146.3 (172.7) 20.4 (20.1) 14 (14)
Roadway ' - - ' -
1/83 Heated - 41.1 (39.5)  16.3 (16.6) 38 (30)
’ Control 97 116.0 (110.4) 21.7 (20.5) 23 (24)
Roadway - .- -
2/83 Heated . 29.0 (35.0)  10.7 (11.7) 31 (25)
Control 96 88.2 (85.2) 15.9 (15.2) 22 (25)
Roadway 78.8 16.7 35
3/83 Heated 14.4 (20.6) 6.5 (8.4) 17 (20)
Control 85 39.7 (51.4) 10.4 (11.4) 22 (24)
Roadway 25.0 9.8 25
4/83 Heated 12.4 (19.6) 4.9 (6.3) 16 (14)
Control 98 38.4 (50.7) 9.5 (8.7) 14 (18)
Roadway 27.6 8.9 16
Totals: Heated  246.2 (284.2) ~90.9 (96.8) 217 (199)
Control 803.4 (876.9) 145.1 (142.4) 208 (217)

*Predicted values are enclosed in parentheses.
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heated instrumented sections (Figﬁre 2.2). The data for Aboth the
control and heated bridge sections were from the outer two lanes which
contained the 15 cm (6") condenser spacing and where there was little
traffié. The predicted values listed in this table are from simulations
‘ which are: . described in Chapter 5. Because of . the low ground
temperatﬁré, the heat pipe system reduced the frozen time of the heated.
seétibn‘by-dnly.37% relative to the unheated control and the °C-days
below freeZing b&~69%; The heating system was found to be more than
capabléfofxprevehting preferentiéi freezing of the deck relétive to the
roadwayi_whiqﬁ;*Waé the system's main design criterion.- The ‘heating
reduced. fhe deck's frozen time relative to the road by 42% and the
‘correSpohdihg dEgree—géys below freezing was reduced by 65%.

The time lapse movie camera shown. in Figure 2.10 provided the film
record:of fhé heat pipe system pgffOrmancé in terms. of éﬁow ﬁelting.
Figure 3.6 presents an'exaﬁple-of this-photographié-fecord ﬁuring a
minor snow-e&eﬁﬁ along with the corresponding'ambiént air and bridge
éurfaée temperafufes. This particular Sequencé is iﬁtefesting because it
illustrates several characteristics of low powered heating systems. The
influence of.traffic is demonstrgtéd since the-heated'deck had very
little‘advantage iﬁ this case over either the unheated control or the
road in the éenter two lénes which are utilized by all the traffic. This
is not true for the outer two nontraffic lanes where the heated-sections
cleared demonstrably faster. The last picture in this sequence in fact
indiéates that the unheated controi and the failed heat pipe sections }n
the outer two lanes are preferentially snow covered relative to the

road. The corresponding temperature plot depicts a typical melting event

in which the surface temperature remains between 1° and 2°C during the
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phase change period.

| Figure 3.7 gives en example where both the road and the unheated
control are covered with ice while the heated deck is dry. The snow
cover near the rail was pushed there by a sno'wg.plo'w.

_T'o' characterize the snow melting performance of the system,'
specific 'obse.rvatvio"n' sections were Iestablished .'o‘n both the heated and
cont::'rel ’p'o_ril:ion's' .of the bridg_e and on the -,}adj_acen‘tl roadway as denoted in
Figure.vS.é,‘,) >The film..fre‘e’bfd froﬁ_x_,'the ju.xovie camera. w’a’s then used to
char.aév'tefize the eurfece conditi:qne of these deéignvat‘ed' sections in
- terms of whether they were dry, wet, slush covered, partially snow
covéred»or .to‘_tally snow ’co.vered‘,

The .’c'lassificatiqn of sux.'faeevconditions frem‘:b’thlik‘s: ffilm record was
obviously somewhat subjective bet e' reasonable coméerison in terms of
.snow cover duratien was obtained between the sections. Table 3.3
‘s-umx-narizes -s‘ome"of ~this information on a. monthly basis over fifteen
winter,__imonths forbthevnorth non-traffic lane. These data indicate 1.:hat'
the h{eat pipes reduced the periods with snow and ice cover by
approximately 50% relative to the unheated control and by 477 relative
to the r'oed in the non-traffic lanes. Table 3.4, which presenes the same
information for the two traffic lanes, shows that the snow and ice
duration on these heated sections was only reduced by 25% relative to
both the road and control. The reduced effectiveness of the heat pipes
on the traffic lanes is caused by the condenser spacing in the inner
lanes being twice the condenser spacing in the outer lanes, and by the
influences of traffic and snow plows..

The evaluation of the Spring Creek system in terms of heat transfer

parameters is performed in Chapter 5. Additional experimental results



Unheated
Control.

Heated Deck--m.:' - Failed Heat Pipe

- i

Figure 3.7. Clear Heated Deck and Iced Covered Road and Control.

46



47

0 / '

HEATE

Observation Sections Used in Photographic Record.

Figure 3.8.



48

TABLE 3.3. SPRING CREEK NON;TRAFFIC LANE SURFACE CONDITIONS.

: % Data Clear Wet/Slush Ice Snow
Month Surface Present (Hours) (Hours) (Hours) (Hours)
-1/82 Heated 184.5 19.0 7.5 48.0

Control 84 141.0 15.5 . 13.0 89.5

Roadway 141.5 14.5 1.5 101.5

2/82 Heated 273.5 6.0 0.0 26.0
Control 100 1220.5 4.0 0.0 80.5

Roadway 1240.5 1.0 0.0 63.5

3/82 Heated ' 315.5 24.5 2.0 15.0
Control 100 . 308.5 23.5 2.5 22.5

Roadway 316.5 19.5 0.5 20.5

4/82 Heated . 56.5 1.0 4.0 1.0
Control 17 57.0 0.0 4.5 1.0

Roadway - 56.5 1.5 3.5 1.0

10/82 Heated 51.5 3.5 0.0 0.0
Control - 17 51.0 4,0 0.0 0.0

Roadway 51.0 4.0 0.0 0.0

11/82 Heated 242.5 25.0 0.0 50.5
. Control 100 199.5 -20.0 0.0 98.5
Roadway . 199.5 2050 0.0 98.5

12/82 Heated l90.5 11.5 9.5 106.0
Control 100 103.0 35.0 41.5 138.0

Roadway 103.0 35.0 41.5 138.0

1/83 Heated 290.5 6.5 © 0.0 13.0
Control 100 210.0 28.0 40.0 32.0

Roadway 210.0 . 30.0 40.0 30.0

2/83 Heated 282.0 21.5 2.0 13.5
Control 100 210.5 33.0 50.5 25.0

Roadway 213.0 27.5 54.0 24,5

3/83 Heated 246.0 76.5 6.0 43.5
Control 100 190.0 74.0 10.0 98.0

Roadway 215.0 66.0 1.0 90.0

4/83 Heated 231.5 50.0 2.5 63.0
Control 93 210.0 56.0 0.5 90.5
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: % Data Clear - Wgt/Slush Ice Snow |
Month Surface Present (Hours) (Hours) (Hours) (Hours)
10/83 Heated . 68.0 0.0 0.0 0.0

Control 23 68.0 0.0 0.0 0.0

Roadway 68.0 0.0 - 0.0 0.0

11/83 Heated 203,0 46.0 15.5 58.0
: Control 100 '129.0 45.0 27.5 121.0
Roadway 151.0 33.0 16.5 . 122.0

12/83 Heated 127.0 65.5 52.5 44.5
' Control 100 97.5 43.5 40.5 108.0
Roadway 105.0 36.0 41.5 107.0

1/84 Heated 154.5 9.5 22.0 32.0
Control -77 71.5 - 6.5 34.5 105.5

Roadway , 64.0 18.5 17.5 118.0

Totals: Heated 2916.5 366.0 123.5 514.0

Control 2267.0 388.0 265.0 1000.0

Roadway  2357.0 361.5 218.0 983.5

Note:. Times are based on digitized film results during daylight.



TABLE 3.4. SPRING CREEK SURFACE CONDITIONS ON TRAFFIC LANES.

Wet/Slush

Clear ' Ice Snow

Month _Surface (Hours) (Hours) (Hours) (Hours)
1/82 Heated 205.5 30.0 11.0.  12.5
Control 179.0 34.5 33.0 12.5
Roadway 172.5 40.5 33.5 12.5

2/82 Heated 293.0 4.0 8.0 0.0 -
Control 294.0 2.5 8.5 0.0
Roadway - 294.0 2.5 8.5 0.0

-3/82 Heated 322.5 25, 3.0 6.5
Control 322.0 24.5 4.0 6.5
Roadway 323.0 24.5 3.0 6.5
4/82 Heated 56.5 2.0 3.0 1.0
o Control 56.0 2.0 4.5 0.0
Roadway 58.0 1.0 3:5 0.0
10/82 Heated - 51.5 4.0 0.0 0.0
Control 51.0 4.0 0.0 0.0
Roadway 51.0 3.5 0.0 0.0
11/82 Heated 243.5 37.5 2.5 34.5
: Control - 231.0 48.5 2.0 36.5
Roadway 231.0 48.5 2.0 36.5
- 12/82 Heated 200.5 26.5 27.0 63.5
Control 180.0 22.5 59.0 56.0
Roadway 176.0 22.5 63. 56.0
1/83 Heated 293.5 11.5 2.5 2.5
Control 245.0 38.0 25.0 2.0
Roadway 245.0 38.0 25.0 2.0
2/83 Heated 289.0 15.5 2.0 12.5
Control 285.0 17.5 2.0 14.5
Roadway 285.0 17.5 2.0 14.5
3/83 Heated 240.0 72.5 15.0 44.5
Control 235.0 78.5 14.5 44.0
Roadway 235.0 77.5 14. 45.0
4/83 Heated 210.5 72.5 5.0 59.0
Control 211.5 77. 2.5 56.0
Roadway 215.5 78.0 4.5 49.0
10/83 Heated .68.0 0.0 0.0  0:0
Control 68.0 0.0 0.0 0.0
Roadway -68.0 0.0 0.0 0.0
11/83 Heated 196.0 46.5 14.0 66.0
. Control 197.0 39. 16. 70.0
Roadway 197.0 39.5 6 70.0
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TABLE 3.4 (CONTINUED).

Clear Wet/Slush Ice . Snow

Month Surface (Hours) (Hours) (Hours) (Hours)
12/83 Heated 80.0 48.0. 48.0 113.5
' " Control 33.0 - .56.0 63.5. 137.0
Roadway 21.5 55.5 71.0 141.5

1/84 Heated 140.5 25.0 25.0 27.5
Control 52.0 33.0 48.0  85.0

. Roadway 47.0 29.0 32.0 110.0
Totals: Heated 2890.5 420.0 166.0 443.5
' Control 2639.5 478.0 282.5 520.0
Roadway 2619.5 478.5 278.5 543.5

Note: Times are based ﬁpon'daylight film record.
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can also be found in that chapter.

In>summar§, the Spring Creek system demonstrated that large heat
pipes for bridge decks can be field comstructed as long as careful
consideration is given to cleaning, welding and the maintenance of
proper - grades on the pipes. The working‘ heat pipes prevented anf
preferential freezing of the heated~deck relative to the roéd, and they
perforﬁed a reasonable amount of snow meltiﬁg in the section with the
15.2 cm (65) condenser spacing when one takes into account the very low
‘ground tempér#ture and the severe climate. In a milder climate, the snow
melting capability of the heat pipes would have been much more

substantial.



IV. SYBILLE CANYON HEAT PIPE FACILITY

The second data base that is utilized in this report was generated
by a heat pipe system that was-installed_in a portion of a bridge over
Sybille Creek on Wyoming Staté Higﬁway Number 34 near Laramie. Only a
brief description of this facility and the performance of these grouna
heat pipes will be presented in this chapter since this informatién is
documented in reference 15. The Sybille_Creek facility has an elevation
of 1820 m (5960') which is 380 m lower than Laramié's.elevation; The
layout 1of this faciiity's bfifteen‘ heat pipés and associated
instruméntation is givén in Figure 4.1. Twelve of the heat piﬁes are
24.4 m‘(80') long with 4.9 m (16") embedded in the deck,while the other
three pipes are 6.4:m (21') long and were electricallyApowered for short
periods bdufing the experiment. . The heat pipes were .fabricated from
seamless, cold rolled, low carbon steel tubing with an outside diameter
of 2.54 em (1") and a 0.3 cm (0.125") wall-thigkﬁess; Tﬁe heat pipes
were installed in the ground on 10/29/76 in 15 cm (6") diameter holes on
1.2 m (4') centers (Figure 4.1) and>the holes were backfilled to 3 m
(10') of the surface with drilling mud (bentonite). A removable
insulation was placed in the upper 3 meters of the hole so that the mud
leQels could be periodically checked. The céndenser sections of  the
heat pipes were bent into the bridge forms on 15 ecm (6") centers in

December of 1976 and the deck was poured.
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Unfortunately some of the formwork in the immediate vicinity of the
heat pipgs siipped dﬁring the pour, which caused both the thickness of
the deck in the heéted séétion to vary between 15 and 18 cm (5.8 aﬁd
7.1") and the éoncrete cover above the condénser pipéS'to vary from -
around 1.6 to 4.8 cm (0.64tdzi.9“); This created sbme-difficuity in
charactefizingjfhé bridge aeck in tegms ofvthé two dimensional geometry
that is requirediin the thermalvmédei-of the bridge‘déCR.

A seridusngeomeffic_pfoblem also océurrédkkiﬁi gharééteri;ing ‘the
dfillingfmud heiéht'in thelevéporator,hdlgs singé the mud léﬁél.in soﬁe
of the holes‘feII dufing ﬁhé.Stﬁdy. Thé-ﬁudldepth encasiﬁé tﬁé twp
evaporafor pipes that.are utiiiéed in this rgpbrt”(evaporator pipéé 6
~and 8 in Figure'4.l) was initiallf 13.4 m (44') going into the 1977/78
winter and was 10 m (33') with‘Z m (7') of water above . the drilling mud
at the concluéionrof the 1978/79 winter. In simﬁlating the.thermal
performaﬂée 6f these two hea£ pipes, a cﬁnstant effective evaporator
1ength.of 12.2 m (40’)'was assumed. This experience demonstrates that
caution must be exercised in backfilling evaporator holes with drilling
mud in frécfured Qr porous terrains. Even if the drilling mud that is
lost  due to seepage is replaced by Water,: the system's performance
should degrade since the thermal conductivity of water is apﬁrokimately
one half that of saturated bentonite. Driﬁling mud was also utilized at
the Fairbank Highway Research Station (8) and at Oak Hill, West Virginia
.(16) but the mud levels at theée two demonstration site; were never
monitored.

Figure 4.2 is a picture of the site righﬁ after the deck was poured

and before the adjacent road was completed. The heated portion of the
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deck—is_clearly outlined in this picture by the unmélted snow around it.
The sections of heat pipes that were exposed to the air were insulated
with 7.6 cm (3") of fiberglass pipe insulation which was wfapped with a
- thin plaétic'covering in an attempt to pfotect the insulation from the
elemenés but, in spite of this, most of the insulation became damp.
This exposed section was approximately 2.9 m (9.5') in length for heat
pipes number 6 and 8. The bottom of the heated section of deck was
insulated with 10 cm (4") of closed cell insulation.

Data acquisition was initiated on.2/15/77 and continued.through
June of i979. A oné minute sample.faté was utilized’éo that line noise
could be filtered. Ovef the 2-1/3 year study period, the data acquisi-
tion system performed satisfactorily 92% of the time. Ihe monthly
meteorologicai record during this period is presented in Table 4.1.
This réecord indicates that Sybille'é.cli@ate was significaﬁtly mildef
thanvthe oﬁe recorded for Laramié in that the mean annual air tem@era—'
_tures wére 7.6°C and 6.7°C (46° and 44°F) for éhe two consecutive years.
The second year had t@e more severe winter with monthly averaged air
temperatures of only -7.2°C and -9.6°C (19° & 15°F) for the months of
December and January respectively which were 6°C and 4.8°C (11° & §°F)
colder than the corresponding temperatures from the previous year. The
solar radiation record for these two very cold months indicate that
there was also‘less cloud cover in the second year. The monthly averaged
wind speeds during.these two Januaries were 7.9 m/s (18 mph) and 7.2 m/s
(16 mph) and represented the maximum of the monthiy averages. The
prevailing wind direction in this canyon was essentially parallel to the

bridge.
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TABLE 4.1 MONTHLY METEOROLOGICAL‘RECORD AT THE SYBILLE CREEK FACILITY.
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A comparison between the .heated deck and the unheétéd control
section is presented in Figure 4.3 in termsvof weekly averaged surface
temperatures during events when the heated deck temperature (Th) was'at
least 1°C belQW the 12 m (40') far field ground temperature (Tg). This
figure indicates that the heat pipe systém»was capable of maintaining
. the weekly average héated’sﬁrface témperature above freezing during'the
first year. The severe second winter froze this section for an extended
period of time even though its weekly avefége temperature was as much as
125C (22°F).above thé average temperature'of the unheated control.

During the céldéét four months,vthé heéted deck was on the average
4.4°C (8°F).Warmer’thgn the unheated cdntrdl’in the first year and 4.9°C
(9°F) in the'éecéhd'year. Table 4.2 indigéﬁes that this fesulted in a
consecutive yéafly reduction of 75% and 54% in the total time the heated
surface was frozen as compared to the control. The control surface was
,preferentiallyVfrqzen wifhnrespect-to.themroad for an-approximate total
;imefdf six days during the first winter and ten days in the second
winter. The heated surface was never preferéntially frozen with respect
to the road. The degree-days belo& 0°C of .the heated surface was reduced
relative to the unheated control by 92% in the first year and by 82%
during the second winter.

Figure 4.4 presents a sequenée of photographs that depicts the
operation of this system during a sno% melting event. The first photo
shows an event where both the road and unheated deck are snow covered
and the heated deck is clear. The second photo‘indicates that the road
clears the next day while the unheated deck ié still covered with packed

snow. Table 4.3 summarizes the snow cover duration . for the wvarious
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TABLE 4.2. SYBILLE TOP‘SURFACE EXPERIMENTAL AND PREDICTED SURFACE
FREEZE~-THAW CHARACTERISTICS.

' % Data °C - Days Time Below Freeze/Thaw
Month Surface Present Below 0°C 0°C (Days) Cycles
3/77 Heated 0 11.1 (4.8)% 7.0 (3.9)% 29 (13)=%

Control 95 47.7 (46.2) 1.8 (10.2) 29 (24)
4177 Heated 0.0 (0.0) 0.4 (0.7) 8 (2)
' Control 85 4.6 (10.5) 3.2 (3.6) 5 (8)
10/77  Heated 0.0  (0.0) 0.0 (0.0) 0 (0
' Control - 100 2.6 (1.9) 1.2 (1.1) 4 (4)
11/77 Heated _ 3.7 (5.0) 1.5 (1.7) 3 (5)
Control. 99 40.9 (52.3) 10.0 (10.7) 29 (17)
12/77  Heated 7.6 (14.7) 4.8 (8.0) 16 (18)
Control 100 93.9 (103.3) 18.4 (16.5) 25 (20)
1/78 Heated : 10.4  (62.2) 7.3 (19.5) 26 (24)
' Control 100 139.6 (175.2) 24.6 (24.3) 20 (18)
2/78 Heated 7.5 (27.2) 4.7 (11.8) 18 (25)
" Control 100 86.6 (112.6) 17.0 (17.7) 18 (25)
Roadway 63.4 16.9 ’ 32
3/78 ©  Heated 3.3 (11.0) 1.9 (4.2) 9 (11)
#  Control 95 35.1 (44.0) 6.4 (7.7) 13 (18)
Roadway - 17.8 4.4 13
4/78 Heated 0.0  (0.0) 0.0 (0.2) 0 @)
Control 81 2.7 (3.3) 2.0 (2.1) 10 (1)
Roadway 0.0 0.0 2
lst Winter Totals: Heated 32.5 (120.1) 20.2 (45.4) 72 (84)
1.4 79.6

Control 401.4 (402.6)

1 .6 (80.1) 119 (113)
Roadway - - -



TABLE 4.2 (CONTINUED)
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% Data °C ~ Days Time Below Freeze/Thaw
Month Surface Present Below 0°C 0°C (Days) Cycles
10/78 Heated 0.0 (0.0) 0.0 (0.0) 0 (0)
Control 91 2.7 (4.3) 1.7 (2.1) 7 (10)
Roadway 0.0 0.1 2
11/78 Heated 0.5 (0.9) 1.1 (1.2) 9 (9)
Control 77 47.4 (56.3) 11.4 (11.0) 13 (15)
Roadway 24.5 9.9 18
12/78 Heated 33.9 (74.3) 14.5 (19.3) 25 (21)
Control 100 215.4 (239.0) 24.5 (24.4) 18 (15)
Roadway 164.4 24.9 25
1/79 Heated 61.4 (142.8) 19.2 (25.5) 26 (22)
Control - 100 279.7 (303.2) 27.3 (27.9) 15 (10)
Roadway 250.2 28.2 15
2/79 Heated 18.7 (33.2) 9.9 (12.1) - 28 (22)
Control 98 78.1 (84.4) 14.5 (15.7) 23 (23)
Roadway 58.7 14.8 27
3/79 Heated 3.1 (9.8) 2.5 (6.1) 9 (19)
Control 98 22.1 (37.0) 6.5 (10.2) 18 (24)
Roadway 9.5 4.3 14
4/79 Heated 0.2 (2.5) 0.4 (2.3) 3 (6)
Control 100 5.8 (10.6) 2.5 (3.8) 8 (9
Roadway 0.7 0.7 . 5
2nd Winter Totals: Heated 117.8 (263.5) 47.6 (66.5) 100 (99)
Control 651.2 (734.8) 88.4 (95.1) 102 (106)
Roadway 508 82.9 106

*Predicted values are enclosed in parentheses.



" TABLE 4.3. MONTHLY PRECIPITATION AND SNOW COVER DURATION.

oto
~

Frozen Precip. Snow Cover Duration (Hours)

Month/Year (mm water) Heated Control Road
10/77_ 5 : 3.1 2.2
11 6 : ©34.1 63.7 - 60.7
12 13 61.5 133.0 149.9

1/78 27 : 173.6 260.6 -272.2
2 } 26 36.3 110.7 66.0
'3 : ’ 21 ' 20.0 56.8 52.6
4 4 2.9 7.2 7.2
- Total: 102 - - 328.4 "635.1 610.8
10/78 - 49 0 69 5.6
11 11 18.0 .52.6 28.3
12 : 34 238.4 291.2- 291.4
1/79 13 305.7 330.4 324.3
2 o ‘3 12.5 35.5 12.5
3 35 19.0 73.5 56.4
4 15 1.4 21.9 8.5
5 19 0 13.5 2.9
Total: 179 595.0 824.6 729.9

" Frozen precipitation data obtained from U.S. Fish & Wildlife Service
Research Station in Sybille Canyon.
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surfaces over the two winters. The heat pipe system reduced the snow
cover duration ;elative to the control by 487 during the first winter
but the reduction in the second winter was only 28% due to the very cold
and snowy months of Deceﬁber and January. All the surfaces remained snow
packed over a significant part of these two months.

Figure 4.5 tracks the thermal response of the evaporator relative
to the ground temperature at a depth of 12 m (40'). The undisturbed
ground at this site still has a significant cyclic temperature amplitude
at 12 m whereas the amplitude had essentially damped out by 15 m at the
Spring Cfeek site (see Figure 3.1). fhe average temperature and
amplitude of this 12 m deep thermal wave is approximately 9.3°C and
1.3°C respectively during the first winter but there appears to be a
significant variation in these values over the two seasons monitored.
This variance of the far field ground temperature with time and over the
depths of the exposed evaporators obviously had a strong influence on
the éerformance of this system whereas these effects were minor at the
Spring Creek facility.

The question of whether the temperature in the heat pipe field
recovers to its undisturbed valued was not answered by the data taken
over twenty-eight months. Figure 4.5 appears to indicate that there is a‘
recovery problem but spot checks that were made after 6/79 implied that
the heat pipe field did recover. The weekly averaged evaporator
temperatures fell below 0°C on several occasions in 1979 and the
drilling mud began to freeze as can be seen in Figure 4.5 by the

constant minimum evaporator temperature for a period of time in January.
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V. HEAT TRANSFER MODEL

A. General Description

The ultimate goal of this research project was to formulate a
design procedure fbr’bridge heat pipe systems that could be utilized by
_state,'vcounty and "city design and construction engineers. This was
obvioqsly a very formidable task. The first step in this program had to
be the development of a numerical.model that was comprehensive enough to
accurately handle the complex and dymamic interactions between .the heét
pipes, the deck, the ground and the environment while remaining simple
enough to permit numerous multi-year simulations. The next step entailed
the validation of the thermal model against the experimental daﬁa that
was obtained from  the two -experimental -prototype installations. The
final step involved parametric studies to determine the influence that.
various ground and system parameters have on thé thermal perfbrmance of
the heat pipe system. Many simulations were performed since the
essential features of the heat pipe system had to be characterized in .
enough detail that dependable design algorithms could be formulated. The
above heat transfer model, its wvalidation, and thé results of the
parametric studies are discussed in this chapter.

A schematic of the heat transfer system that was modeled is
depicted in Figure 5.1. The model was divided into the following major
heat transfer components:

1) Heat transfer within the deck.
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2)

3)
4)

5)
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Thermal interaction between the transient environment and the
top and bottom surfaces of the bridge deck.

Heat transfer from the grouﬁdcto an evaporator pipe.

Thermal intefaction between the evaporator pipes.

Transient- far-field ground temperature distribution.

Because of the complex nature of the system, it was necessary to

make certain major simplifying assumptions at the outset. These

included:

1)

2)

3)

4)
5)

6)

Homogeneous and constant thermal properties in both the ground
and deck.

Conduction dominated heat transfer in the ground.

Dry surface conditions.

Perfect insulation on the connecting pipe between evaporator
and condenser sections.

Surface temperatures of the top and bottom of the deck, conden-

‘ser pipe, and the evaporator pipe are only functions of time.

Clear sky.

The boundary conditions for this problem are time—dependént,

involve both infinite and finite coordinates and are non-linear in the

case of the bridge deck due to radiative and convective heat transfer.

The environmental parameters that are required to specify these boundary

conditions are the ambient air temperature, pressure ‘and velocity;

incident solar radiation and (although not strictly independent of the

previous parameters) the ground temperature at some depth.

Under the assumption of constant thermal properties, the governing

differential heat transfer equation is
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—3%—= av2T , A (5.1)

This equation is linear and the principle of superposition can; be
utilized. The responSe factor technique is a powerful form of this
principle which was originally developed to numerically handle the
transient thermal behavior of one dimensional systems in a very
efficient manner with frespect to computer time (26). For this reason it
is currently being used in programs that model the heat cransfer through
the  outer envelope‘ and interior walls of large buildings (27). The
response factors that were developed in this research for bridge decks
with embedded condenser pipes and for ground evaporator pipes appear to
be one of the first examples where this method has been employed to
solve problems with complex two dimensional geometries. The response
factor model that was developed in this tresearch was capable of
accurately simulating the thermal behavior of the heat pipe system at
one hour intervals over a two year period and only utilized around ohe

minute of cpu time on a CDC Cyber 760.

B. Deck Response Factors

The determination of response factors for complex geometries can be
difficult. The details of the procedure that was used to calculate the
response factors for a deck with embedded heat pipes are delineated in
references (19) and (21) and only a brief description is included here.

In the heated deck depicted in Figure 5.2, the temperatures of the
top surface (#1), the bottom surface (#2), and the outer surface of the
condenser pipe (#3) are all assumed to be only functions of time Whiie

the other two boundary surfaces are adiabatic due to the symmetry of the
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condenser pipes.. The heat transfer through each of the isothermal
surfaces at any given time can be writtem as a function of the
temperature histories of the three numbered surfaces. The classical
form of the response factor method replaces the threé continuous surface
temperature records with discrete Qalues taken at equal time intervals
and. assumes a linear temperature variation with time between each

temperature record (see Figure 5.2). The power éi through one of the

surfaces 1 (i = 1, 2 or 3) can then be calculated from an infinite
series in terms of this temperature record Tjk for the three surfaces
(j=1, 2 or 3)
Q. 3
i,k=0 z Z —
= X, T. = q, (5.2)
Ai i=1 k=0 ijk ik i,o

where k is the number of time intervals back in time, and Xijk is the

response factor. These response factors represent the power through
surface i due to a triangularvtemperature pulsg on surface j of unit
magnitude which is centered k time intervals back in time and has a time
duration which is twice the surface temperature time interval §.

An interesting feature of response factors in finite geometries is
that the ratio of succeeding response factors approaches a  constant,
defined as the common ratio (CR), after a certain number of terms k=N.

In this case a modified response factor Xi. may be defined which

ik

truncates the above infinite series to the following finite summation:

3 N .
Q. ,_~=A, Y JX!.T. +CRQ, ,_ (5.3)
i, k=0 i i=1 k=0 ijk7jk i k=1

where Q.

i k=1 represents the instantaneous power through surface i at the
b



72

previous time step (k = 1).

A one ﬁour tiﬁé iﬁtérval wés used in the ébove equations'since
this is the normal recording rate utiiized by the U. S. Wea#her Bureau
fof their‘wéather and solar tapes. Only six sets of response factors
wére required, N=5, in the above ISefieé for the twd heated deck
confiéurations that were inﬁéstigated in this study.

Heated deck résponsé factors.werg evaluatedvthrough the use of a
finite eiement paékage (28) to numerically integrate'the differential
heat transfer equation. In the case of an ﬁhhéated. deck,. the deck
geometry is one dimensional which allows the response factors to be
determined analytically (26).

In order to evaluate the current (k=0).surfaée temperature T',o’
the above response factor representation of the conductive heat transfer

-through each surface was utilized in a surface energy balance. In the
.case of the top surface, the surface conductive heat flux is equal to
the sum of the four environmental modes ofvhéat transfer depicted in

Figure 5.1; solar radiation (g )s long-wave atmospheric radiation

solar

(q )}, long-wave radiation from the deck (qzw), and convective heat

atm

transfer (qconv)' That is,

3 N
' * —1
jzl k£oxljijk + CR ql,k=l %swlsolar + ®owlatm + w + Yeonv

_ 4

= %swlsolar T *ewfair®lair

4
~ % T1,0 T BTy, 07 ey (5.4)
which contains not only the unknown upper surface temperature Tl 0 but

also T2 0 and T3 0 in the summation term on the left. The remainder of
b > .
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the temperatures given in the summation are previous temperatures (k>1)
which are known values.

The bottom surface energy balance was performedAin a similar manner
except that radiation terms were neglected. The energy balance for an

insulated bottom where u, <<h_ is:
insul %

N

3
1 . SN = - »
E LX)l + CR g g =001 Ty 7 Tasp) o 6

j=1 k=0

s

and the corresponding energy balance for an uninsulated bottom is:

) (5.6)

' ‘ . =] -

.2 Xy Ty ¥ CRoay q g =-hy (T, T 00

The environmental heat transfer correlations that were utilized in this
study are presented in Table 5.1.

The final deck energy balance is performed at the condenser pipe

surface,

3 0N
' ® —1§ A
jzl kZOX3jijk T CRqg g = Qy/A

(5.7)

cond

where Q3 is the condenser power and Ac is the total condenser pipe

ond
area. Since Q3 is unknown, a fourth equation which considers the heat
transfer from the ground is required.

In the case of an unheated deck, only the upper and lower surface

energy balances are required and the j summation in these two equations

would only be to two.

C. Isolated Evaporator Model

The most challenging of the heat pipe components to model is



TABLE 5.1. ENVIRONMENTAL HEAT TRANSFER CORRELATIONS

Term Definition Correlation ‘ Reference

€ Atmospheric long-wave emissivity 0.70 + 5. 95x10 e.e (lSOO/T ir) | 31

air

e0=Partia1 pressure of air (mB)

Tair = Air temperature (X)
h (W/m2°C) Top surface convective film T0°3V0'7+0.68|T ~-T ., |0°3 32
u . . m 1,0 "air
coefficient
T = Surface Temperature (K)
1,0 R .
Tair = Alr Temperature(K)
L= (T oM, 02 ®)
Y = Wind speed (m/sec)
h2 (W/m2°C) Bottom surface convective film 64.6/Tml/2+22.2V'728/Tm'591 33
coefficient '
' Tm = (T 2,0 alr)/2 *)
V = Wind speed (m/sec)

7
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obviously the evaporator because of its many inherent complexities. The
heat pipe field gives the semi—infinite ground a complicated geometry.
The thermal conductance between the evaporators and the ground varies
with time because of persistent residual temperature fields that are
induced into the ground when energy is extracted by the heat pipes. The
far field ground temperature distributidn adjacent to the evaporators
may itself vary with depth and time.

The interest in the design of wvertical and horizontal heat
exchangers has recently increased because of its heat pump applications
which were initially investigated in the 1950's. Reference 29 presents a
historical review of the various methodologies that have been utilized
. in the design of ground heat exchangers. The simplest of these methods
assumes that a quasi—static condition is approached sometime after
energy extraction commences which implies that a steady state analysis
is applicable. The steady state thermal conductance between the
evaporator and the ground is the minimum value that ‘the transient
conductance can approach but the results from this and other research
indicates that the steady state value is excessively conservative.

Most of the recent ground models utilize either-a finite difference
or a finite element formulations which have limited utiiity.because of
the prohibitive expense involved in setting up and running many of these
models. Even though these types of models can accurately handle the more
general situations such as inhomogeneous properties, there are some very
confining limitations on the physical size and the time interval that
can be simulated. In some respects many of these totally numerical
models are the antithesis of the steady state analytical model since

they assume that the evaporators can be characterized by the short term
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response of relatively small ground systems. The steady state analysis
on the other hand calculates the maximum long term thermal impact that
the evaporators can induce upon the infinite ground.

Ingersoll's (30) classical ground heat exchanger ;héory was built
around the thermal réspthe'of the ground to infinitely long Kelvin line
sources with time dependent strengths. Since ~“this theory has the
capacity to efficiently handle long-term transient responses in an
infinite medium, the evaporator response functions were based upon a
finite length version of Ingersoll's model. As shown in Figure 5.3, the
‘evaporator pipe was représénted by a line source that was twice the
evaporator's length. The plane of symmetry through the line source
represents an adiabatic plane. This provides a somewhat conservative but
simple boundary condition for the ground plane across the top of the-
evapdrator. The ground is assumed to be homogéneous with a thermal
conductivity Kg and a thermal diffusivity ag; and to have a zero initial
'gage'temperéture when the line source'is'pulse&‘“with'a constant péwer

per unit length for a time duration § The  temperature on the

K"
adiabatic plane at a distance Re from the line source due to a train of

past rectangular power pulses ka is given by

T -T =-)
g8 L2

Owakak (5.8)

where




77

.|
p)

» I \‘
I
' | Ellipsoidal  Isotherms
1
SLP ‘
|
I Adiasbatic Plane
2, ]

L B e A

L
b -
»

|
|
I
|
|
|

L
T
|
|
|
|

____i__

‘ﬂﬂ !
—ﬁ— x
/——— Line Source

I
R \1

%4

Infinite Media

Figure5.3. Line Source Representation of the Evaporator Pipe.



78

and
a t < Re
T = _&__2 s T = e and re =7 .
ip p P

The isothermals surrounding the. line source are ellipsoids but they
closely approximate the thermal prdfile surrounding an isothermal pipe
with a large length to diameter ratio. The effective radius Re that
appears in the above response factor equation was determined by matching
the steady state conductance obtained from an ellipsoidal model to the
steady :staie line source conductance. The eliipsoidal representation of
the.cylindriéal evaporator in a backfilled hole is presented in Figure
5.4, where the difference between cylindrical and elliptical geometries
is greatly exaggerated for pufposes of 1illustration. The Iellipso'idal
geometry was determined by matching the volumes and surface areas of the
cylindrical evaporator pipe and its corresponding elliptical model along
with ..the outer surfacev areas of the backfilled 'hoies in the two
coordinate - systems. The steady s_tate'uconductance‘ for the el'lipsoidal
model. was obtained by solving the approi)riate' one-dimensional conductive
heat transfer equation in prolate spheroidal coordinates which, after

some simplification, renders the result

2.1621er52,
U = P
eg 3.67082 Kb 3.6702 (5.10)
ln(-———2> + (— —1) -1n( —R)
d K d
eo g h
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while the conductance of the line source under steady state conditions

reduces to:

2.1627K 2
v »——E&FP (5.11)

2.16242
s
e

The effective radius of the ellipsoidal representation of the evaporator

pipe-backfill combination is therefore given By:

R = 2.162£pe-2'162“Kg2p/Ueg a (5.12)

D. Evaporator Pipe Interaction

The interaction between evaporatbfs can be very significant. The
line source model was again wutilized to calculate the average
temperature response of evapofator "i" to a previous power pulse of unit
magnitude along an adjacent evaporator "J" (Figure 5.5). This response

factor ij is given by the expression:

(c—u) +r (g u) +r
erf-{ ] —erfl[ ]

W, (t,5.) = (5.13)
JeTTRT AR A (e-w? + 2

lJ
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where the power pulse occurred between the times tk and tk+1 and the

dimensionless quantities are defined as:

Ot x z By
Tziz— L = — U= ri,E

% % g B %

P P . P P

The evaporator temperature change due to the energy extraction
history of the primary evaporator pipe and all NS surrounding evaporator
pipes is therefore given by the expression:

N (=]

o . ’ s
T -1 =‘kZWakak' )

W, 4. ' (5.14)
e g 0 j=1 k=0 jkTik o

where épk.is the power extraction by the primary eﬁaporator pipe. The
response fac;ors ij are each evaluated with the appropriate separation
distance Rij between the primary and jth adjacent évaporator and ij is-
the power extracted by evaporator pipe j over time interval k.

It was assumed that all evaporator pipes extract energy from the

ground at approximately the same rate, ka, which simplifies the

previous equation to

~3
|

T =) WQ . (5.15)
e k*pk .
g o) kP

=
"

NS
W - ¥ W, . (5.16)
k ak j=1 ik _
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The above terms in the series have a limiting common ratio of omne,
which has the theoretical implication that the series may not converge.
In this case, the series does converge very slowly which has the
practical implication thatvthe ground has an extremely long memory. To
accurately but efficiently handle these long ground energy extraction

were utilized. This

records, power pulseé of arbitrary duration 6k

permitted the energy extraction record to be represented by pulses of
increasing duration as time increased, but also entailed the calculation

of variable time length response factors.

E. Far-Field Ground Temperature

The temperature.change at the effective radius of the evaporator
as given by Equation 5.15 assumes a time-independent and uniform
far-field ground temperature Tg’ but the ground temperature can vary
significantly due to annual and diurnal temperature cycles (see Figures
3.1 aﬁﬁ 4.5). It will be assumed that the evaporator pipe temperature
floats  with the average far-field ground temperature along its length.
This implies that the same amount of energy enters the heat pipe field
from above as does the far-field ground. This is a conservative
assumption since more enefgy would be conducted into the heat pipe grid
due to its locally depressed temperature field.

A simplified but often used approximation is to assume the surface
temperature cycles to be harmonic functions of time. The surface
cycles are not, however, sinusoidal or consistent from year to year and
a more accurate model was developed using response factors. Figure 5.6

presents the response factor representation for the surface temperature
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(or the temperature at any given depth in the soil) that was utiliZed in
this analysis. The older data were again represented by time averaged
fectangular' pulses of increasing duration but, unlike the evaporator
analysis, the thermal record near time equal zero was approximated with
triangular pulses. This required the calculation of a special response
. factor that permitted the transformation from triangular to rectangular
temperature pulses (see Figure 5.7).

The response function representation of the far field ground

temperature at depth D is:
T.=) Z T (5.17)

where TSk is the temperature record on some reference ground plane and
Zk is the temperature rise at a depth D due to a unit temperature pulse

on the* reference plane at time ¢t The response functions for the

X
triangular pulses shown in Figures 5.6 and 5.7 are obtained by
considering the response of a semi-infinite solid with an initial

reference temperature of zero to a ramp temperature change on the

reference or surface plane.
Ts(t).= Ct

The temperature at a depth D below the reference plane is given by (34): .

2 .
D D D 2
T. = Ct|{1+ ——erfc ol B T exp(-D /4at4 (5.18)
D [< Zut) ( 2(ot)” ) (rat)?. '
= fl(C,M,t)

where M=D2/2a. This implies that the first response factor at t = 61

is:

Z0 = fl(l/dl,M,Gl) (5.19)
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The second response factor is the temperature rise due to pulse type 1

(see Figure 5.7) at t=261:

Zl = fl(1/61,M,261)-f1(2/61,M,61) | (5.20)
The remainder of the response factors due to unit triangular temperature

pulses for 261<t<t£ (see Figure 5.6) are:

(5.21)

Zk=fl(l/6l,M,(k+l)6l)-fl(2/61,M,k61)+fl(1/61,M,(k—l)él)

| 2<k<8-2

Under the same initial conditions, if the surface is subjected to a step
change in  temperature of magnitude B, then the temperature at a depth D

below the surface plane is given by (34):

D2

T, = B-erfc(—) | (5.22)
) 4at .

= fz(B,M,t)

The transition response factor is therefore given by:

Zz_l=f2(l,M,261)—f1(1/61,M,(2—1)61)+fl(1/61,M,(2-2)61) (5.23)
and the rectangular response factors by:
Zm = fz(l,M,tm + Sm_2+2) - fz(l,M,tm) m>2 (5.24)
where
m—191+1
tm = (g - 1)5l + 2 Sn _ (5.25)
: n=1

The average far-field ground temperature along the length of the

evaporator pipe can be obtained from an average ground response factor:



88

) Z,T | (5.26)

o=
& 120 k7sk
where
D
Y . y
| - . .
Zy = Zk(x)dx | (5.27)
Dl-Do
D
o

and D0 and D, are the depths corresponding to the top-aﬁd bottom of the

L
evaporator respectively. Equation 5.27 was evaluated numerically using
trapezoidal integration.

Equations 5.15 and 5.26 may now be combined to provide the fourth
energy balance equation necessary to evaluate the heat pipe system:

= ° - L] f
3,0 Qp,O(wO Rpipe) + X Wkak + Z Z kTs

k=1 k=0

T (5.28)

k

where the term Rpipe is included in the energy balance to account for

the thermal resistance of the heat pipe and is given by:

. ) ln(deo/dei) . ln(dco/dci) N 1 N 1
pipe 21K £ 21K 2 md .2 h md .2 h
: e’p c’c ei"pe cicc

(5.29)

The terms he and hc correspond to the evaporative and condensing film
coefficients in the heat pipe. Experimentally based estimates of their
values were utilized since appropriate correlations were not readily
available or requifed in this analysis. Equation 5.28 contains two

unknowns; the current heat pipe power (ép 0) and the current condenser
b



pipe temperature‘(T3’o).
F. Numerical Model

A computer program was developed to simulate the performance of the
heat pipe system ﬁsing the four surféce -energy balance equations
developed in the previous three sectioﬁs.

1) Top deck surface (Surface 1, Figure 5.2, Equation 5.4)

2) Bottom deck surface (Surface 2, Figure 5.2, Equation 5.5 or

5.6) |
3) Condenser pipe surface (Sﬁrface 3, Figure 5.2, Equation 5.7)
4) Evaporator pipe surface (Equation 5.28)

The above four equations are summarized in Table 5.2. This represents a

system of four equations with the following unknowns:

1) Tl,O - The current top surface temperature

2) T2,0 - The current bottom surface temperatﬁre

3) T3’0 - The current condenser surface temperature
4% Qp,O - The current heat pipe power

These equations, which are non-linear due to the top surface energy
balance, were solved using Newton-Raphson iteration. Because of the
nature of a gravity-operated heat pipe, the heat pipe power can never be
negative. When the above set of'equations produced a negative value, the
power was defined to be zero at that particular fime‘and the system of
equations was reduced from four to three. For the case of an unheated
deck, only the top and bottom surface equations had to be solved to
obtain Tl,O and T2,O°

Special accommodations were made in the program for the ground

response factors. A subroutine was developed to perform the time

~ averaging of the ka (heat pipe powers) and TSk (the far-field ground

89



TABLE 5.2,

Energy Balance -

Top Surface
NS . N

] - =
Z z leijk + CR ql,l 0tsquolar + 0LJZ,WEairO'I'

j=1 k=0

Bottom Surface

NS N
'A L] ] -
jzl kZO XosTye ¥ R4y 1 =501 T 07 Tasy)

NS N .
’ L = e -~
jzl kZO ijijk + CR ) 51 hQ(TZ ,0 Tair)

Condenser Surface

NS N

7V X,.,.T. + CReq =-0./A
j=1 k=0 3ik7jk 3,1 3" “cond

Evéporator Surface

[+

kZOZQTsk

73,0 = %,0M0 Rp1pe? +k£1Wka

Assumption 4

W o=%o

SURFACE ENERGY BALANCES

4 £ oT4 - h

air = “ow 1,0 u(Tl,d_Tair)

Simulatioﬁ Type

_Insulated -

Air-Coupled

Heated Deck

Heated Deck
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temperatures at a depth D). For simplicity, only hourly, daily, and
monthly (30 days) time intervals were considered. Based on the results

of several test cases to determine appropriate transition times, the Wk

1

and Zk

month time dintervals. An attempt was made to account for dinitial

response factors weré calculated -for 100 hour, 100 day, and 100

conditions by initializing the TSi (ground temperatures) array with a

nominal temperature sinusoid having a period of 1 year.

G. Model Validation

A test of the model was made by simulating the performance of the
Sybille and Spring Creek bridge systems using the computer data bases
generated during these experiments. A necessary first step was to place
the data for these sites on a céntinuous basis with a one hour time
'interval between data sets. Approximately 6% of the data at Sybille and
17% of the data at Spring Creek within the monitored time intervals Weré
missing. Short gaps (less than six hours) were filled with linearly
in;erpolated data while longer gaps were filled with data from adjacent
time periods.

The principal system parameters that were utilized in these two
simulations are delineated in Table 5.3. The concrete and ground
thermal properties were measured in the laboratory. The values that are
listed for deck thickness and the embedded condenser depth are.estimated
average values in the case of Sybille because of the variations that
existed throughout the heated deck. The alternating condenser lengths of
the Spring Creek System pictured in Figure 1.2 were handled by
calculating the condenser length per evaporator 2c that a system with a

uniform 15 cm (6") condenser spacing would require to produce the same
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TABLE 5.3. SYBILLE AND SPRING CREEK SYSTEM PARAMETERS.

* Parameter : Sybille
»Kconc W/m°C) - 1.8
36 6
(pc)Conc (J/m~°C) 2.06x10
Cow - %ow 0.85
0.60
SwW
b (m) : 0.1524
h (m) "~ 0.0349
H (m) 0.1588
d.o (m) 0.0254
»dci (m) 0.0191
L. (m) | ‘4.877
hC (W/m2°C) 7.95x103
Kg (W/m°C) 1.21
| K (W/m°C) 0.80
ag (mz/sec) 5..6};10-“7
dh (m) 0.1524
deo (m) 0.0254
dei (m) | 0.0191
[ : 12.19
p (m) ,
20
U ocul (W/m~°C) 0.4
he (W/m2°C) 2.o4x103
K (W/m°C) =k ' 45,
C e

*

Spring Creek

2.1
2.16x10
0.85"
0;60*
0.1524
0.0548
0.2096
0.0334
0.0266
40.5
7.95x10
2.1
2.0
1.0x10°
0.2032
0.0603

0.0493

30.48

0.4

3

2.04x10

45.

6

3

6

assumed to be the same as the corresponding value for Sybille
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steady state heat transfer as the actual system. This equality is given

by the expression:

81Keonc¥e = #31Kconc®1 T 252Kconc ¥274) (5.30)

where Sl and Sé are the shape factors for the Spring Creek condenser
pipes on 15.2 cm (6") and 30.5 cm‘ (12") spacings respectively (see
Figure 6.7), and li‘and 22 are the shorter and longer condenser pipe
lengths respectively.

A plan view of the Sybille and Spring Cfeek evaporator pipe fields
is presented in Figure 5.8 and the  primary vevaporators that were
simulated are also denoted. These primary evaporator pipes were chosen
on the basis of available experimental temperature data.

Figure 5.9 compares the predicted and experimental Sybille bridge
responses of both the heated and unheated bridge sections over a week in
‘December, 1977. This figure presents a representative example of the
model's performance over a large range of temperatures and during
periodé with and without snow cover. The duration of the daily snow
cover above the heated and:unheated sections are also denoted on Figure
5.9. The wunheated deck simulation indicates that the model can
accurately handle the dynamic interactions between a dry deck and the
environmént, but not the behavior of a snow covered deck. This
inaccuracy is of course expected since the predicted values are all
based upon the assumption of dry surface conditions. The close agreement
between the predicted and measured freeze-thaw characteristics of the
unheafed section which are tabulated in Table 4.2, likewise attest to

this model's accuracy.

The heated deck simulation also shows the same excellent agreement
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with the experimental data during the clear deck cénditibnsvin Figure
5.9; but the ﬁredicted heated surface temperatures were generally lower
than the experimental values over the winter months. Table 4.2 displays
'fhis trend since the predicted reductions in the heated deck's ffozen
time and °C-Days frozen over the two years are 36% and 66% respectively
whilelthe corresponding measured;values are 607 apd 86%.

The Sybille Canyon simulation provédvto be more conservatiyefthan
desired, but the heat pipe system's dynamic performance was obviously
characterized accurately enough that'it couid have been utilized in its
original design. The reason for the degree of conservatism in this
particular simulation is not totally understood. The heat pipe model- was
formulatéd to be somewhat éonservative because of the adiabatic boun&ary
condition that was placed fhrough the top of the evaporators, but there
are probably ‘other contributing factors. Many uncertainties in the
experiment itself exist such as the nonuniform diﬁensions in the heated
deck section and thebsaccuracy of some of the experimental data --
especially the ground and evaporator temperatures.

Figure 5.10 compares the weekly averaged experimental temperatures
from a thermistor that was placed on the outer surface and near the
bottom of an evaporator pipe to the predicted average temperature of the
evaporator. This figure shows that the predicted evaporator temperatures
are notably below the experimental values during the second half of the
heating seasons, except during the spring of 1977 which is only an
artifact of the assumed initial values and should, therefore, be
ignored. The ground depression is influenced by such natural phenomena

as water movement and nonuniformities of ground properties which this
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model cannot handle even if these properties could be quantified. The
significant wvariation of the drilling mud and water levels in the
evaporator holes caused the characterization of the evaporator geometry
and the backfill  lumped - tﬁermal condﬁctivity to be - somewhat
problematical. Defining the effective far field ground temperature was
also difficult since the amplitude of the thermal wave was as high as
2.5°C, 12 m (40') in the ground. The predicted ground temperaturé”that
is'plotted in Figure 5.10 is the mean far field ground temperature.over
the length of the evaporator. This temperatﬁre was calculated from the 3
ﬁ (10') experimental ground record and equation 5.26. The evaporator
temperature is assumed to float with this‘effective ground temperature.
The evaporaﬁo.r math model is based ﬁpon a uniform far field 'ground
temperature which is a good approximation for most locations at depths
below 3 m (10'). The effect that these large amplitude thermal waves had
on the thermal model;s accuracy was not iﬁvestigated.

Much of the thermal depression of ‘the ground surrounding an
evaporator is caused by the other evaporators. An indication of the
magnitude of this interaction can be obtained by comparing the predicted
response of the Sybille evaporators in Figure 5.10 to the predicted
response of an isolated evaporator whi¢h is presented in Figure 5.11.

To summarize, the heat pipe model predictions concerning the
dynamic performance of the Sybille Canyon system were too conservative,
but the results are quite reasonable when one considers all the
complexities, u