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I. INTRODUCTION 

Our principle weapons in the 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 

application of chloride salts has proved to be an effective and rela

tively inexpensive deicing agent in the milder climates; but 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 concrete, and pollution of water. One study estimates that the 

national cost of salt related damage is approximately 15 times its cost 

to purchase an.d apply (1). There is therefore an enormous incentive -to 

develo.p deicing alternatives to chloride salts - especially on and 

around bridge decks. 

Conventional snow and ice control procedures can also be disruptive 

to traffic and often prove to be inadequat_e if there is a significant 

delay in their commencement after snow accumulation occurs. For this 

reason, various thermal snow melting systems have been proposed for 

particularly critical or hazardous sections of highway. The more ortho

dox techniques employ eithel! embedded electric resistive heating 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 installations. 

· Waste heat from power plants or industrial processes, and . geo

thermal water (3) are viable inexpensive energy sources, but these 
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high-grade resources rarely 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 development of 

systems that utilize the renewable thermal energy below the. earth's 

frost level because of its accessibility and dependability. Conversely, 

this segment of ground is obviously too low-grade an energy source to be 

able to immediately handl.e severe snow storms and drifting, or to even 

prevent the pavement from freezing during frigid weather. In spite of 

this, the few field tests that have been conducted with these systems 

have been surprisingly successful in reducing the duration of icy 

surface conditions. In situations where snow accumulates, either melting 

or a decrease in the ice bonding strength occurs at the pavement-ice 

interface, which strongly augments the clearing action by traffic and 

plowing. Any snow melting system can aggravate an icy condition 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 capability of this form of geothermal energy was 

constructed in Trenton, New Jersey in 1969 (6). This system circulated 

an ethylene glycol-water mixture between pipes embedded 5 em (2") below 

the pavement surface artd a horizontal grid buried 0. 9 to 4. 0 m (3' to 

13') below the pavement on 0.6 m (2') levels. The total length 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 varied 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 rates were 0.6 to 1.3 cm/hr 

when the corresponding air temperature ran~ed 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 /m2 (68 BTUH/.ft2) electric pavement heating 

system while .requiring only 1/45 the electrical power to operate the 

circulation pump. Despite its impressive performance and very low opera-

ting cost, the New Jersey system is not practical because of its prohib-

itive expense--mainly due to the excavation required for placement of 

the ground pipes. 

More recent research has concentrated on vertical. ground heat 

' exchangers since some cost savings can be obtained b)t replacing excava-

tion with conventional drilling. This configuration also permits the 

utilization of long, gravity operated heat pipes to efficiently trans-

port the low grade thermal energy from the ground to the road surface.-

J. R. Tippmann (7) was the first person to propose the use of this type 

of heat pipe in 1965, but it was not until the 1970's before any serious 

development 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 upper portion serves as the condenser. When the 

evaporator is warmer than the condenser, a portion of the liquid vapor-

izes and travels to the condenser where its. latent heat of vaporization 

is released upon condensing. The evaporation and condensation processes 
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create the driving pressure potential that is required to transport the 

vapor _upward, while gravity returns the condensate from the slightly 

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 mechanical or 

electrical parts. Because the t~ermal energy is transported in the form 

of latent heat of vaporization, the heat pipe can transport large 

amounts of energy over long distances ["-'55m (180') at two installations] 

with a relatively small temperature difference. Ammonia and Freon have 

been utilized as the working fluid partly because they are not suscept-

ible to the freezing problem that plagues water based systems, and they 

are chemically inert with respect to most steels. 

The preliminary engineering concept studies that were performed in 

the early 1970's indicated that a viable ground heat pipe snow ·melting 

' system could be developed. The key attributes of this system can be 

summarized as follows: 

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

temperature several meters below the surface is typically 2° or 3°C 

above the local yearly average air temperature. This implies that a very 

large media with temperatures at or above ten degrees celsius would be 

available throughout most of the continental United States right at the 

· site of a proposed heating system (24).. Source temperatures of this 

magnitude are capable of handling a majority of the snow storms in a 

moderate climate. 

2. No operating or maintenance cost. The heat pipe self activates 

anytime the ground encasing the.evaporator is warmer than the pavement 

in which the condenser is embedded. No external mechanical or electrical 
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power is therefore required. 

· 3. Mechanically simple·. The grav:ity qperated heat pipe is a closed 

container that is formed by welding pipes together an~ charging it with 

a refrigerant. Since there are no moving or 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 function of the local environment, heat ~ipe geometry, thermal 

properties of the ground and deck, and the thermal interactions between 

ground evaporators. 
. . 

T.l:le experimental development of heat pipe snow melting systems was 

initiated in 1972 at the Turner-Fairbank Highway Research Station (8) 

when a field test slab was heated by 44 ground-coupled heat pipes. The 

pipes. were spaced on·l5.2 em (6") to 20.3 em (8") centers in the slab 

and extended from 9.1 m (30 1
) to 12.2 m (40') into the ground where the 

average ground temperature below 9.1 m (30') was approximately l4°C. 

This test, which was proposed and conducted by the Dynatherm Corpora-

tion, successfully demonstrated the concept. It also pointed out the 

necessary construction precaution that proper internal cleaning of the 

heat pipe was essential to prevent the generation of noncondensable 

gases which subsequently reside in and, therefore, block the condenser. 

The above experimental results were sufficiently promising to 

justify a full scale demonstration on a highway ramp in Oak Hill, West 
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Virginia (16-). This system was constructed in 1975 and utilized 1213 

ground heat pipes to heat ~800 m2 (19,200 ft 2) of pavement. Each heat 

pipe was 22.9 m (75') long and extended 18.3 m (60') into the ground. 

Several bundles of these heat pipes are pictured in the foreground of 

Figure l.lA ·while the drilling operation ·is shown in the background. 

These ground heat pipes were generally successful in preventing snow and 

ice accumulation (Figure l.lB) except when drifting occurred. The far 

field ground temperature at this site. averaged around 13:°C. Unfor-

tunately, very little quantitative information has been published on the 

performance of. this system that would 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 40%. Mass prodt,tction and 
. 

efficient installation techniques were anticipated to make the installed 

cost of this type of heat pipe system competitive with an electrical 

system but it would be more durable and not require any maintenance or 

operating costs. 

Another earth heated ramp went into service in Cheyenne, Wyoming in 

1982 and its companion ramp is under construction. These 7% grade ramps 

interface overpasses and terminate at stop lights. Each ramp utilizes 

2 
177 field constructed heat pipes to warm 990 square meters (10, 600 ft ) 

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 



·A. Construction Site 

Drilling 
·iuif ' 

.Heat Pipe 
Bundle 

Snow 
Covered •• 
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Heated 
Ramp"""" 

B. Completed System 

Figure 1.1. Oak Hill, West Virginia Ground Heat Pipe Installation. 
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l2°C (54·°F). The system was therefore designed to prevent preferential 

freezing of the ramp relative to the road and bridge surfaces, and to 

provide a moderate amount of snow melting. The performance of ·this 

system has not been quantified to date, but visual observations indicate 

that it has more than met the above objectives. 

The use of heat pipes to transfer energy from the earth to roads is 

also under development· in Europe and Japan. Small field tests were 

initiated in 1977 in Japan a!ld, as of February 19~4, twenty experimental 

installations were reported to have been CG>mpleted or under construction . . 

in that nation (17,22). 

A recent offshoot of the ground heat pipe research has been systems 

that utilize water energy sources. The Japanese (1_7,22) and the Colorado 

Department of Highways (4,5) have tested geothermal water powered heat 

pipe systems, and their use in some bridges on I...,.7Q near Glenwood-

Springs, Colorado is :under review. ' A similar heat pipe system that 

utilizes well water as the low grade energy 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 melting alternative when an available water source that 

has both a reasonable temperature 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 temperature and decreases with the water 

transport distance~ This ratio should be well over ten for ground water 
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systems that draw from a high and abundant water table, and well over 

100 for adjacent hot water sources. 

To develop ground heat pipe technology further, the University of 

Wyoming, under the sponsorship of the Wyoming Highway Department and 

FHWA, has designed and operated two experimental facilities in south-

eastern Wyoming. The goals of thes.e projects have been to investigate 

the performance of ground heat pipe systems for bridge decks as well as 

to develop the analytical framework that is required to extend these 

experimental results into a general deslgn. procedure. A schematic of 

the two different types of ground heat pipes that were installed at 

these facilities is p_.resented in Figure 1. 2. 

The Sybille Canyon facility (13-15) was constructed in 1976. A 

small section of this bridge was heated by twelve 24.4 m (80') long heat 

pipes with grQund evaporator lengths -that averaged around 12.2 m (40'). 

This experimental site was extensively instrumented to monitor both the 

environmental conditions and the resulting thermal response at various 

locations in the deck, roadway, and ground. At the conclusion of the 

study, 22 months of essentially continuous data had been collected. 

The Sybille 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 

Integrat~d Temperature 90. 79 
below Freezing (°C Days) 



10 

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 provides a· measure of the severity of a freeze period. The 

performance of the Sybille system was reasonably impressive when one 

considers that it was heating a bridge exposed to. the severe Wyoming 

climate (the second wint.er being unusually severe) whereas the West 

Virginia test was performed in a milder climate on a ramp in thermal 

contact with the ground. The far field ground temperature at Sybille 

Canyon averaged l0°C (50°F) ·as .compared to l3°C (55°F) at the West 

Virginia installation. 

The ~etails of this experimental facility along with much of the 

experimental data obtained through December of 1978 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 characteristics of this system will be presented 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 an 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 alongside the heated pavement. The energy must instead be 

extracted from the ground adjoining the bridge-road interfa.ce which 

requires very long heat pipes as demonstrated by the Spring Creek bridge 

system in Figure !. 2. This complicates their utilization in bridges 

since these systems must be field assembled and charged. The Wyoming 

Highway Department was also interested in these large heat pipes 
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for use in the previously mentioned ramps in Cheyenne and wished to 

obtain both performance data and some construction experience with them. 

The thermal design procedures that were utilized in the earlier 

heat pipe 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, 1980, the Wyoming Highway 

Department and the Federal Highway Administration contracted with the 

University of Wyoming to document, evaluate and report on the design, 

construction and subsequent operation of the Spring Creek bridge heat 

pipe system; and to prepare a bridge heat pipe design manual for State, 

County and City design and construction engineers. This document reports 

on the above scope of work. 

Construction of the bridge was completed in the Spring of 1981 in 

Laramie, Wyoming. The instrumentation and the subsequent performance of 

this facility from January 1982 to February 1983 are described in a 

thesis by Mr. John Sackos (20). The refinement of the analytical model 

and its verification against experimental data from the two Wyoming 

bridge test facilities were addressed in a thesis by Mr. Ron Lee (21). 

These two theses should be consul ted for details but this report is 

intended to be a self-sufficient documentation of the Spring Creek heat 

pipe project. 



II. SPRING CREEK HEAT PIPE FACILITY 

Figure 2.1 is a picture of the com~leted Spring Creek Bridge heat 

pipe experimental facility in Laramie, Wyoming and Figure 2. 2 is its 

corresponding plan view. The bridge deck is 24.4 meters (80') wide and 

18.3 meters (60 1
) long. The unique features. of this facility include 

the sixty large heat pipes, two header pip.e vaults; four service vaults, 

7. 6 em (3") thick layer of polyurethane insulation on the under side of 

the heated portion of the deck~ an array of thermal and environmental 

instrumentation, an instrumentation bunker, and a computer controlled 

data acquisition system. 

A. Heat Pipe System 

As depicted in Figure 1. 2, four condenser pipes were manifolded to 

each evaporator pipe which eliminated the need for placing one 

evaporator in the ground for each cond.emser pipe in the deck, · and 

introduced some economies of scale that did not exist in the previous 

single pipe systems. In an effort to further reduce costs and simplify 

installation, the Spring Creek heating system was modularized as much as 

possible. The evaporator pipes, interconnecting 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" (Scm) schedule 80 

steel pipe with a spiral groove machined on the internal surface to 

enhance the wetting of the wall by the returning condensate. Previous 
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Figure 2.1. Photograph of the Spring Creek Heat Pipe Test Facility. 
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Figure 2.3. Schematic of the Spring Creek Heat Pipe System. 
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designs had utilized wire springs to increase the wetting of the 

evaporator walls (8,13,16). The internal surfaces of each heat pipe were 
.. 

grit blasted and cleaned with inhibited trichlorethylene. 

The evaporator pipes were butt welded together in 30. 5 m (100') 

lengths with a plug welded in the bottom. After the final pipe butt 

weld had been completed in the field (Figure 2. 4), each evaporator was 

successively evacuated (Figure 2.5), pressurized with dry nitrogen, leak 

tested at all welds' temporarily seaied at its top, and inspected· for 

any damage· to the external epoxy coating. The evaporators were· hoisted 

into predrilled 20 em (8") diameter holes and the holes were backfilled 

with a high thermal conductivity grout (Figures 1.2 and_2.6) to increase 

the apparent thermal conductance between each- evaporator and the 

surrounding earth. Figure 2.4 shows the temporary plastic casings that 

were p~aced in_ the top 6 m (20')-of the evaporator holes to prevent them 

from caving in. Fifte'en evaporator pipes wer~ located on 3 m (10') 

centers in the ground a:t each corner of the bridge (Figure 2.2). 

The pipes which connected each evaporator to . its respective 

condenser section in the bridge deck were insulated to a 3 m (10') depth 

to reduce the energy loss to both· the air and the cold upper ground 

levels (Figure 2.6). These connecting pipes and the condensers were all 

constructed from 1" (2.5 em) schedule 40 pipe, and a minimum grade of 2% 

was specified throughout these components to 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 em (6") centers to a manifold pipe and 

sealing the other end of ·each condenser pipe with a welded plug. The 

lengths of the condenser pipes alternated between 12.5 m (41') and 6.4 m 
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(21') so that half of the pipes extended from the manifold on the side 

of the deck to the center line of the bridge, while the other half only 

extended through the outer traffic lane. The preferential heating of the 

outer two lanes :was a cost cutting measure. Each condenser section 

. 2 
heated approximately 7. 6 square meters (82 ft ) of bridge deck surface 

area. Figure 2. 7 illustrates the positioning of the manifolded 

condenser sections along the side of the bridge deck prior to the 

manifolds being foam insulated and enclosed in the header vault. 

Exposed condenser pipes· can be seen extending into the deck from their 

respective manifolds, along with the connecting pipes that run alongside 

the bridge between- the manifolds and the service vaults located at the 

corners of the bridge. The connecting pipes :from an evaporator and its 

corresponding condenser were socket weided together with a tee that 

contained a service 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 lbs) of annnonia which produced around a 0.3 m (1.0') high 

liquid level at the bottom of the evaporator to ensure that the ammonia 

remained in the liquid-vapor state over the operating temperature range 

of the system. 

Examples of the special provisions that are required in the 

construction of the heat pipe system are presented in Appendix B. These 

include provisions for the earth work and grouting required in the 

installation of the evaporators arid interconnecting pipes; pipe shop and 

field fabrication, installation, 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 assembly and calibration, and in the 

instrumentat~on.vault at the Spring Creek site. The two computer racks 

contain a Hewlett-Packard 1000 series programmable computer with a 

RTE: II software system and a 32K 2100S processor, 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 Digital Pathway's SLC-1 

battery operated back-up clock to aid in the automatic restart of the 

computer system after a power failure, and a DeckWriter-II terminal for 

. bo.th system programming and monitoring. The system was configured tb 

monitor a maximum of 48 of the 176 temperature sensors that were 

installed. This repo.rt details the heat pipe performance for the period 

from January 1982 through November 1983 during which the data 

acquis,ition system was operational 83% of the time. 

C. Instrumentation 

The environment at the Spring Creek facility was characterized by 

the measurement of ambient air temperature, wind speed, wind direction, 

solar radiation, relative humidity, barometric pressure, precipitation, 

and the 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 wat.er level which were 

each erratic at times. 

The surface conditibns of the bridge deck and the adjacent roadway 



Parameters 

Relative 
Humidity 

Solar 
Radiation 

Wind Speed 

Wind 
Direction 

Barometric 
Pressure 

Precipitation 

Ground Water 
Level 

TABLE 2.1. METEOROLOGICAL INSTRUMENTATION 

Sensor 

General Eastern 
Model 400-C 

Eppley Labs 

Electric Speed 
Indicator 
Model 420C-l-SS 

Electric Speed 
Indicator 
Model 420C-R2 

H.E. Sostman Co. 
Model 2014 

Bel fort 

u.w. 
constructed 

Sensor Range 

0-100% 

2 0 - 1400 W/m 

0 - 51.4 m/s 

0 - 360 degrees 

48.8 - 6 5.3 em: Hg. 

0 - .30.5 em. 

0 - 9.2 m 

Senso.r Accuracy 

±0.5% 

'±1.0% 

±1.0% 

±1.0% 

±0.1% 

±0.25% 

±1.0% 

Measurement Accuracy 

±0.5% 

2 ±14 W/m 

±0.514 m/s 

±3.6 degrees 

±0.165 em. Hg. 

±0.08 em. 

±0.003 m 
N 
.j::-. 
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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 min':ltes 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 the thermal response of the deck, capped PVC pipes were 

inserted through the bottom of the bridge deck's concrete forms ·and 

secured to the rebar (Figure 2 .·11) at pJ:'edetermined instrumentation 

locations prior to the concrete pour. After the ·-• construction of the 

bridge was completed, instrumentation· cables were pulled through steel 

conduit from the various instrumented sites into the instrumentation 

vault. The PV<;! caps were then drilled through to the desired· depth 

(Figure 2 .12), and a thermistor probe was inserted into each hole and 

secured in place. These probes we3:'e coated with grease to improve their 

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

were takeri on the top surface, on condenser pipes, on the midplane, and 

on the bottom surface of the bridge deck. 

All temperature measurements at the Spring Creek site were made 

with YSI 44203 Thermilinear Thermistor Networks'I'M. This is a composite 

device consisting of res"istors and a precision thermistor which produces 

an output resistance that varies linearly with temperature. An output 

voltage that is essentially linear with temperature is therefore-

produced when this network 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 bridge deck 

temperature cable was attached to a precision fixed resistor to monitor 
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the precision current source, to permit continuous system calibration 

and to flag proble~s in a given cable. 

Ten ·11-pair and seve:n 3~pai:r ground instrumentation cables were 

also constructed to permit. the temperature measurement at 118 ground 

locations. One 11-pair and one 3-pair cable were attached to each of 
.· . 

five heat pipe evaporator sections prior to their installation into the 
. . 

ground. The 11-pair cables were designed to measure the eva1?or13.tor pipe 

temperatures at locations along the lower· 26 meters {85 ') of the pipe 

while the 3...;.pair cables measured temperatures on the upper 4. 6 meters 

(15') of the pipe (Figure 2.·14). Although care was taken in installing 

the instrumented evaporator pipes; the uncontrollable motion of the 

pressurized concrete grouting nozzle and tube used to backfill the 

evaporator holes punctured the protective sheath of all the evaporator 

instrUmentation cables. The subsequent penetration of grbund water into 

these cables produced a fluctuating thermistor resistance when 

measurements were attempted. This eventually caused all of these 

thermistors to give eri;"oneous measurements. In an effort to ensure the 

safe installat;i.on of instrumentation cables on some evaporators' a 

1" (2. 5 em) steel pipe was welded along the length of two evaporator 

sections (pipe number 12 in corners 1 and 3, Figure 2.2) prior to their 

installation. Instrumentation cables were installed in these two 

protect:Lve 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 11-pair cable was used to 

instrument two interconnecting pipes in corner 4 (pipes 8 and 9), while 

the final two 11-pair and 3-pair cables were used to instrument one 
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remote ground location and the ground beneath the center line of the 

roadway (see' Figure '2~2). The procedure used to instrument these· last . . 

two locations consisted· of drilling a 20 em (8") diameter, 30 meter 

(100') deep hole into the earth, lowering an instrumentation cable into 

the hole, ·and then backfilling it with sand. Temperature probes were 

positioned near the surfaces of both the gro1.1nd and the asphalt road~ 

The roadway cable failed when it slipped approximately 1. 5 meters (5') 

due to the backfill sand wa~hing .· away. The top surface roadway 

temperatures and field observations indicate that the cave-in occurred 

on 10/13/82. This situation was corrected on 1/24/83 when the cable was 

repositioned and the hole was pressure grouted with concrete. 

To measure the power transmitted by the ground heat pipes,. a 

section of the interconnecting pipe through the service vault was 

removed from heat p~pe ht1mber 8 ip corners 3 and 4 (Figure. 2. 2). A 

reservo~r with three 500 watt pipe heaters was welded to·· the condenser 

side of each of these two heat pipes (Fi.gure 2.15). These reservoirs 

were charged with ammonia and heavily insulated. The computer syste~ 

monitored the condenser- temperature-s of these two electrically powered 

heat pipes and two corresponding earth coupled heat pipes (pipes 12 and 

10 in corners 3 and 4, respectively) and minimized the condenser 

temperature difference between an earth and electric ·powered pair by . 

controlling the power to the electric heaters. The electric power to 

each of these electrically powered heat pipes was included in the 

experimental record as a measure of the power supplied by the ground 

heat pipes. 



III. SPRING CREEK EXPERI~NTAL RESULTS 

.. 
Data acquisition was initiated at the experimental facility in 

January of 1982 and continued through December of 1983. Fifty-five 

environmental and temperature data channels were digitized and recorded 

every ·ten minutes except when system failures and maintenance caused 

interruptions. 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 climate is quite severe since the site elevation 

is 2208 m (7244') and the latitude is 41°N. Table 3.1 indicates that 

the average annual air temperatures during the two. years monitored in . . 
this study were only 5. 2° C and 4. 7° C respectively while the thirty year 

average is reported in reference 25 to ~e 5.9°C. The monthly average air 

temperatures were below or near freezing for eleven of the twenty-four 

months. December 1983 had both the coldest average monthly air 

temperature.at -l0°C and the coldest instantaneous temperature of -35°C. 

The temperature difference between the diurnal maximum and minimum 

temperatures were typically l5°C in January and l7°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) during the significant 

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* % data 
Month/Year Temp. Speed Solar2 Creek Field Recorded 

(°C). (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 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 though the bridge 

crosses a small creek that flows throughout the winter. The city's mean 

annual precipitation is normally 283 mm (11.1") of water with approxi

mately half of this precipitation fallin~ as snow. Because of mechan

ical problems with the rain g_age, the precipitation record that is 

presented 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 3.1. The annual precipitation totals that ~Here 

measured 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 of the predominance of clear, dry skies and its low 

baromet~ic pressure, 79.1 kPa (11. 5 psia). The average daily levels. of 

insolation measured at the site by a horizontal pyranometer (Figure 

~.10) .are also tabulated in Table 3.1 by month~ 

The site geology around the evaporators is characterized by reddish 

brown silt stone bedrock overlaid with 2.3 to 2. 7 meters of sa~dy silt 

and gravel. The 2.7 to 3.7 meter thick surface layer is composed of silt 

~nd 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 study 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 thermal 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 lS m (60') over 

a 23 month period. The three most important points that this figure 

illustrates are: 1) the ground tempera.ture is essentially constant below 

15 meters, 2) this constant ground temperature is only S°C above 

freezing, and 3) the warmest ground temperatures occur·during the early 

winter months around the upper portion of an evaporator. As 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 

energy losses to the cooler upper ground levels. Table 3.1 indicates 

that the mean air temperature was below the invariant ground temperature 

of S°C for fifteen out of the twenty-four months monitored. The 

experiment"!-1 data also supports the rule of thumb that the invarient 

. ground temperature is typically 2 to 3°C above the long-term mean 

ambient air temperature. 
.. 

Although the remote ground temperature represents th~ theoretical 

temperature potential of the system, the temperature field encasing 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 

extraction as well as the evaporator field's thermal recovery over the 

summer. Figure 3. 2 compares the weekly average temperature history of 

evaporator pipe number 12 in corner 3 (see Figure 2. 2) at a 23 m (7 5 ') 

depth to the remote ground temperature at lS m (60'). This figure also 

includes the maximum and minimum weekly evaporator temperatures and 

these data indicate that the evaporator temp~rature was as much as l0°C 

below the far field ground temperature and that it fell below the freeze 

line on several occasions. The significant temperature depression that 



36 

8 
~-....,----------"-- ..... ----..../-- --............ -...... 

6 

-~ .,...,;-- \ 
~"'" I 

~~ I I / ... ~ 
.,., -I t I I :;,' 
I I, I I I 't; .. l 

'\,/ - .' '.: I :I \ I / ~~ 
• 111\1 I "1\ I I"' : I, I II / I I I 

/ \ ( ~ ~ : I II I ..... I~ ..... , I 

I • r1 11 1 ::1 ~ I ~ I 1\ : 
\ : ~ :~ : ~ , ~ : ; ,, \J : ', • : 
\ I , ~ I I I I : I , I ~ I Ill , 

I , •' \I - ,, I I v \ , 
I I

I t i t I - 1 I, 1 
J I II I ' I 
t :· I "'I \ I \ 1 

I ~,' \: 1: 
I II \1 II : ~ ~: ~ 

I I 11 -T l"----------.-·= ~:~ ·y·---- ~---- -.--- ~------- -~~~- ~v~:o~:r~: ~~H~~----
0 

I I - - - - A\IERAGE EVAPORATOR TEHP. 
',: -------- MlNIIUI EVAPORATOR TEHP. -2 

GROUND TEMPERATURE 

~ 
J F M A M J J A s 0 N D J F M A M J J A s 0 N 
Fl E A p R u u u E c 0 E Fl E A p A u. u u ~ c 0 ... 
N B R R y N L G p T v c N B R R y N L G p T v 

1982 1983 

Figure 3.2. Weekly Averaged Evaporator and Ground Temperatures. 



37 

occurred in the ground adjacent to the evaporato! can be inferred from 

the maximum evaporator temperature line in this figure since these 

values were generated during intervals when the heat pipe was not 

operating.. This ground depression reached a maximum value of 4 °C in 

early February of 1982. 

The ground heat pipe fi~ld recovers in the summer when there is 

essentially no load applied to the system since the air temperature 

rarely dropped below the 8 °C constant ground temperature. According to 

Figure 3.2, the ground adjacent. to the ,evaporator returned to within l°C 

of the undisturbed ground during. the summer of 1982. The same trend 

appears to -be occurring throughout the second summer, but then 

two problems developed in the fall. First, the remote ground instrumen

tation began to fail as evidenced by the dropping ground temperature at 

the end of 1983. This failure- is· believed to be caused by moisture 

pr'oblems in the instrumentation· cables since the thermistors above the 

water· 'table continued to operate. The second problem is much more 

serious because Figure 3.2 indicates that the heat pipe that was being 

monitor.ed failed. to turn on in the Fall of 1983. As Figure 3. 3 graphic

ally illustrates, failed heat pipes could be readily identified during 

. periods of snow cover (also see Figure 3. 7). Surface observations 

indicated that all the heat pipes were functioning in January 1982,and 

that approximately twenty of the fifty-five heat pipes that were orig

inally charged with ammonia had totally 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 corner two; pipes 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 apparently 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 form in some of the connector pipes which prevented any vapor passage 

and thereby failed these heat pipes. This conclusion was drawn from the 

fact that most of the failures occurred on the east side where 

significant vertical displacements between the bridge deck. and .the 

service vaults have been observed. The ammonia charges in the five 

failed heat pipes in corner three were also checke.d by measuring the 

time requ~red to vent each of these pipes. This test indic~ted that all 

of these failed heat pipes had an adequate charge. The upper portion of 

these heat pipes were subsequently attached to two water· powered 

evaporators and they all oper~ted properly. This implies that the 

problem did not involve the connector p~pes in the header vaults along 

the side of the bridge ·or the condenser finge:t:s. 

As a practical construction precaution in future installations, the 

slope of ground connector pipes must be liirge enough 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 (T ) at the 18 m (60') depth. Because 
g 

heating events are of present interest, only situations were considered 

where the heated surface temperature was below that of the remote ground 

(T -Th>l °C). . g 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 



12 

10 

8 

6 

4 

(.J z 
13 
9 0 
a..! 
0:: 
~ 
1- -2 :2 
UJ 

~ -4 UJ 
1-

-6 

-8 

-10 

-12 

-14 
J 
Fl 
N 

r FRR-FIELD GROUND 

--._L-.- - - -- --

f• 11 A 11 J J A ·s 0 N 0 J F H A H J 
E A p A u u u E c 0 E Fl E A F A u 
B R R y N L G F T v c N B R R y N 

1982 1983 

Figure 3. 5. Spring Creek Weekly Ave·raged Heated and Unheated Deck 
Temperatures During Heating Events. 

40 . 

J 
u 
L 



41 

corresponds to the amount of heating that actuallY, occurred. Weekly 

averaged temperature ·incre~ses as high as 10 o C (18 °F) were achieved 

during the coldest periods. 

F-igure }.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 geology. The invariant far-field ground temperature 

reflects the ground's steady state response to the seasonal thermal 

loads that the environment imposes upon it. If these climatic loads are 

expressed in terms of seasonal effect~ve temperatures, the amplitude of 

the effective temperatures relative to the respective invariant ground 

temp.erature has been found to not vary significantly between locations 

having similar latitudes. This imi>lies. that the thermal performance of 

a given ground heat pipe system in various climates will be similar if 

the deck temperature responses are referenced to the corresponding. 

invariant ground temperatur"es. For example, the ground temperature at 

the FHWA Fairbank Highway Research Station, where the first ground heat 

pipe system was tested (8), was found to be approximately l4°C (57°F). 

The performance of the Laramie system in a Virginia climate should ·be 

essentially characterized by Figure 3.5 if all the temp_eratures were 

increased by 6°C (ll°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 in supplied power. These observations are discussed further in 

Chapter 5. 

Table 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 Freeze/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 (4 7. 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 26 

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 18 

10/82 Heated 3.3 (0. 6) 2.7 (1. 2) 10 (6) 
Control 93 14.3 (13. 2) 4.9 (50 5) 15 (13) 
Roadway 

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 

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 (Figure 2.2). The data for both the 

control and heated bridge sections were from the outer two lanes which 

contained the 15 em (6") condenser spacing and where ~here. was little 

traffic. The predicted values listed in this table are from simulations 

which are described in Chapter 5. Because of the low ground 

temperature, the heat pipe system reduced the frozen time of the lieated 

section by only 37% relative to the unheated control and the °C-days 

below freezing by 69%. The heating system was found to be more than 

capable of preventing preferential fr~ezing of the deck relative; to the 

roadway which was the system's main design criterion •. · . The ·heating 

reduced the deck's frozen time relative to the road by 42% and the 

corresponding degree-~ays below freezing was reduced by 65%. 

The time lapse movie camera shown in Figure 2.10 provided the film 

record.of the heat pipe system performance in terms. cif snow melting. 

Figure 3. 6 presents an example ·of this photographic record during a 

minor snow event along with the corresponding· ambient air and bridge 

surface temperatures. This particular sequence is interesting because it 

illustrates several characteristics of low powered· heating systems •. The 

influence of "traffic is demonstrated since the heated ·deck had very 

little advantage in this case over either the unheated control or the 

road in the center two lanes 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 pictu_re ·in this sequence in fact 

indicates that the unheated control and the failed heat pipe sections in 

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 an 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~ plow. 

To characterize the snow melting performance of the system, 

specific observation sections were established on both the heated and 

control portions of the bridge and ori theadjacent roadway as denoted in 

Figure 3. 8 • The film -record from the movie camera was then used to 

characte:dze the surface conditions of these designated sections in 

terms of whether they were dry, wet, slush covered, partially snow 

covered or to~ally snow covered. 

The classification of surface conditions from this film record was 

obviously somewhat subjective but a reasonable comparison in terms of 

snow cover duration was obtained between the sections. Table 3.3 

' summarizes some of this information on a monthly basis over fifteen 

winter,months for the north non-traffic lane. These data indicate that 
..:~ 

the heat pipes reduced the periods with snow and ice cover by 

approximately 50% relative. to the unheated control and by 4 7% relative 

to the road in the non-traffic lanes. Table 3.4, which presents the same 

information for the two traffic lanes, shows that the snow and ice 

duration on these ):leated 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 
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Figure 3.8. Observation Sections Used in Photographic Record. 
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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 o.o 26.0 
Control 100 220.5 4.0 0.0 80.5 
Roadway 240.5 1.0 o.o 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 o.o 4.5 1.0 
Roadway. 56.5 1.5 3.5 1.0 

10/82 Heated 51.5 3.5 o.o 0.0 
Control 17 51.0 4.0 0.0 o.o 
Roadway 51.0 4.0 o.o 0.0 

11/82 Heated 242.5 25.0 0.0 50.5 
Control 100 199.5 20..0 o.o ·9-8. 5 
Roadway 199.5 20.0 o . .o 98.5 

12/82 Heated 190.5 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 o.o 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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TABLE 3.3 (CONTINUED) • 

% Data Clear · Wet/Slush Ice Snow 
Month Surface Present (Hours) {Hours) (Hours) (Hours) 

10/83 Heated 68.0 o.o o.o o.o 
Control 23 68.0 o.o o.o o.o 
Roadway 68.0 o.o o.o o.o 

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 
Roadwai 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. 
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TABLE 3.4. SPRING CREEK SURFACE CONDITIONS ON TRAFFIC Lk~ES. 

Clear Wet/Slush 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 o.o 

3/82 Heated 322.5 25.0 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 
Control 56.0 2.0 4.5 0.0 
Ro_adway 58.0 1.0 3,;5 o.o 

10/82 Heated· 51.5 4.0 0.0 0.0 
Control 51.0 4.0 o.o 0.0 
Roadway 51.0 3.5 o.o o.o 

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 63.0 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 14.5 . 45.0 

4/83 Heated 210.5 72.5 5.0 59.0 
Control 211.5 77 .o 2.5 56.0 
Roadway 215.5 78.0 4.5 49.0 

10/83 Heated . 68.0 0.0 o.o o:o 
Control 68.0 o.o o.o o.o 
Roadway -68.0 o.o 0.0 0.0 

11/83 Heated 196.0 46.5 14.0 66.0 
. Control 197.0 39.5 16.0 70.0 

Roadway 197.0 39.5 16.0 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 .o 
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 upon daylight film record. 
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can also be found in that chapter. 

In summary, the Spring Creek syst7m demonstrated that large heat 

pipes for bridge decks can be field constructed as long as careful 

consideration is given to cleaning, welding and the maintenance of 

proper grades on the pipes. The working heat pipes prevent~d any 

preferential freezing of the heated deck relative to the road, and they 

performed a reasonable amount of snow melting in the section with the 

15.2 em (6") condenser spacing when one takes into account the very low 

ground temperature 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 State Highway Number 34 near Laramie. Only a 

brief description of this facility and the· performance. of these ground 

heat pipes will be presented in this chapter since this information is 

documented in reference 15. The Sybille Creek facility has an elevation 

of 1820 m (5960 1
) which is 380m lower than Laramie's. elevation. The 

layout of this facility's fifteen heat pipes and associated 

instrumentation is given in Figure 4.1. Twelve of the heat pipes 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 electrically powered for short 

periods during 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 em (0.125") wall thic;:kness. The heat pipes 

were installed in the ground on 10/29/76 in 15 em (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 

levels could be periodically checked. The condenser sections of the 

heat pipes were bent into the bridge· forms on 15 em (6") centers ·in · 

December of 1976 and the deck was poured. 



·~J-· r---- --,----/- I 
---- 210m 

' IUOIII 

CRHK -I 

I -r 8l·· I 121 Uhl 

STANDARD UHHtAUD 

Olfl'f 
I'll'[$ ----.....--.. 

THIIU DUAL -~~),. ...-:;; 
WOOl I I _ 

INSIILAHD 
SECTION ---"""'". ~'----- " ---1----r---. -----

ti1 •' ,.,,., reno 
INS f RUM(HTAliOII 

ROADWAY 

CABlE 

I ••• I I 111.0111 

I I . I 111111111111111 ' I~ 
az .. -- "' 1"!:\ I 

~
411) ~-\b-0-m~ /'NtH 

• OAIIIC 
UCTIOr.! 

• THICK 
SECfiON 

I'll'( 

I IHSTRUMt:NJAL IIACI( 
loiOUHTEP ON 111100( 
RAILING 

. rp r.-, ~ _/"' fi[LO 

;.~Af I' ~-~-®-~ 
LD I b- @-@-@ 'V 

e - l.z., ~DIAL 1411 j_l.- IN$111UiolfNTATION 
5Hl0 

I 
I lm 

(&hi_ 

'~"-1 J ' l 
CAIL[ 

l!lm 

·~r· I I I - _j 
1.------, ' "' I 

Figure 4.1. 

• ______ _! 
STANDARD llfloiOU 
GROUND CADL£ 

Sybille Creek Experimental Facility. 

(10 11.1 ----------1 

U1 
_p.. 



55 

Unfortunately some of the formwork in the immediate vicinity of the 

heat pipes slipped during the· p~ur_, which caused both the thickness of 

the deck in the heated section to vary between 15 and 18 em (5. 8 and 

7 .1") and the concrete cover above the condenser pipes to vary from 

around 1.6 to 4.8 em (0.6 to 1.9"). This created some difficulty in 

characterizing the bridge deck in terms of the two dimensional geometry 

that is required in the thermal model of the bridge deck. 

A serious geometric problem also occurred in characterizing the 

drilling mud height in the evaporator holes s:i,nce the mud level in some 

of the holes fell during the study. The mud depth. encasing the two 

evaporator pipes that are utilized in this report (evaporator pipes 6 

~nd 8 in Figure 4.1) was initially 13.4 m (44') going into the 1977/78 

winter ap.d was 10 m (33') with 2 m (7 ') of water above the drilling mud 

at the conclusion of the 1978/79 winter. In simulating the thermal 

performance of these two heat pipes, a constant e{fective evaporator 

length of 12.2 m (40') was assumed. This experience demonstrates that 

caution must be exercised in backfilling evaporator holes with drilling 

mud in fractured or 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 approximately 

one half that of saturated bentonite. Drilling mud was also utilized at 

the Fairbank Highway Research Station (8) and at Oak Hill, West Virginia 

(16) but the mud levels at these two demonstration sites were never 

monitored. 

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

and before the adjacent road was completed. The heated portion of the 



Figure 4.2. Sybille Creek Heat Pipe Facility. 
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Figure 4.3. Sybille Creek Weekly Averaged Heated and Unheated Deck 
Temperatures during He::1.ting Events. 
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deck is clearly outlined ~n this picture by the unmelted snow around it. 

The sections of heat pipes that were exposed to the air were insulated 

with 7. 6 em (3") of fiberglass pipe insulation ·which was wrapped with a 

thin plastic covering in an attempt to protect the insulation from the 

elements but, in spite of this, most of the insulation became damp. 

This exposed section was approximately 2. 9 m (9 .5 1
). in length for heat 

pipes number 6 and 8. The bottom of the heated section of deck was 

insulated with 10 em (4") of closed cell insulation. 

Data acquisition was init-iated on 2/15/77 and continued. through 

June of 1979. A one minute sample rate was utilized so that line noise 

could be filtered. Over the 2-1/3 year study period, the data acquisi-

tion system performed satisfactorily 92% of the time. The monthly 

meteorological record during this period is presented in Table 4.1. 

This record indicates that Sybille 1 s .climate was signi:l:icantly milder 
. 

than the one recorded for Laramie in that the mean annual air tempera-

tures were 7.6°C and 6.7°C (46° and 44°F) for the two consecutive years. 

The second year had the more severe winter with monthly averaged air 

temperatures of ortly -7.2°C and -9.6°C (19° & l5°F) for the months ~f 

December and January respectively which were 6°C and 4.8°C (11° & 9°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 repre'sented the maximum of the monthly averages. The 

prevailing wind direction in this canyon was essentia~ly parallel to the 

bridge. 
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TABLE 4.1 MONTHLY METEOROLOGICAL RECORD AT THE SYBILLE CREEK FACILITY. 

Month/Year 

3/77 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1/78 
2 

·3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1/79 
2 
3 
4 
5 
6 

Ave. Air 
Temp. (°C) 

-1.6 
6.5 

12.3 
19.3 
20.3 
17.4 
15.7 
9.1 
2.2 

-1.2 
-4.8 
-3.5 

2.1 
5.7 
9.6 

17.1 
21.1 
17.5 
15.6 
8.4 

. 1.4 
-7.2 
-9.6 
-1.7 

1.2 
7.0 
9.5 

14.0 

Ave. Wind 
Speed. (m/s) 

4.2 
2.1 
2.6 
2.0 
2.3 
2.2 
3.7 
5.5 
5.2 
6.4 
7.9 
3.8 
4.1 
4.2 
3.6 
2.8 

2.2 
3.2 
4.6 
5.2 
6.7 
7.2 
5.0 
4.7 
4.7 
3.0 
2.7 

Ave. Daily 
2 

· 
Solar (MJ/m ) 

16.0 
19.0 
21.0 
24.2 
22.3 
19.3 
18.4 
14 •. 8 
9.0 
6.3 
7.3 

11.8 
16.1 
16.3 
20.6 
25.1 
24.6 
20.4 
19.5 
13.8 
8.8 
6.7 
8.1 

12.4 
15.1 
20.9 
20.6 
25.7 
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A comparison between the. heated ·deck and the unheated control 

section is presented in Figure 4.3 in terms of weekly averaged surface 

temperatures during events when the heated deck temperature (Th) was at 

least 1 °C below the 12 m (40') far field ground temperature (T ) . This . g 

figure indicates that the heat pipe system was capable of maintaining 

. the weekly average heated surface temperature above freezing during the 

first year. The severe second winter froze this section for an extended 

period of time even though its weekly average temperature was as much as 

l2°C (22°F) above the average temperature of the unheated control. 

During th¢ coldest four months; the heated deck was on the average 

4.4°C (S°F) warmer than the unheated control in the first year and 4.9°C 

(9°F) in the second year. Table 4.2 indica.tes that this resulted in a 

consecutive yearly reduction of 75% and 54% in the total time the heated 

surface was frozen as compared to the control. The control surfac'? was 

preferentially. frozen with .respect to. the. road for an approximate total 

time -·of six days during the first winter and ten days in the second 

winter. The heated surface was never preferentially frozen with respect 
/' 

to the road. The degree-days below 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, sequence of photographs that depicts the 

operation of this.system during a snow 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 is still covered with packed 

snow. Table 4.3 summarizes the snow cover duration. for the various 
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Sybille Creek Snow Meiting Sequence. 
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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 11.1 (4.8)* 7.0 (3.9)* 29 (13)* 
Control 95 47.7 (46. 2) 11.8 (10.2) 29 (24) 

4/77 Heated o.o (0. 0) 0.4 (0. 7) 8 (2) 
Control 85 4.6 (10.5) 3.2 (3.6) 5 (8) 

10/77 Heated o.o (0. 0) o.o (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 o.o (0. 0) o.o (0.2) 0 (1) 
Control 81 2.7 (3. 3) 2.0 (2.1) 10 (11) 
Roadway o.o o.o 2 

1st Winter Totals: Heated 32.5 (120.1) 20.2 (45.4) 72 (84) 
Control 401.4 (402. 6) 79.6 (80.1) 119 (113) 
Roadway 
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TABLE 4.2 (CONTINUED) 

% Data °C - Days Time Below Freeze/Thaw 
Month Surface Present Below 0°C 0°C (Days) Cycles 

10/78 Heated o.o (0.0) o.o (0.0) 0 (0) 
Control 91 2.7 (4. 3) 1.7 (2 .1) 7 (10) 
Roadway o.o 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. 
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TABLE 4.3. MONTHLY PRECIPITATION AND SNOW COVER DURATION. 

* 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 () 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 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 relative to the control by 48% during the first winter 

but the reduction in the second winter was only 28% due to the very cold 

and snowy months of December 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 Creek site (see Figure 3.1). The 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 performance 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. Figu~e 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. 



65 

12 

10 

8 

u 6 

ffi 
9 
11.1 

4 !>:: 
:::l 
1-a: 
!>:: w 
~ 
11.1 2 ~ 

0 

-~\ ' 4 A""~ I ------ ,..:-~1 I I '\ /. -::-r""\ I· \ \ ~--:;; ·;/ \ \ , ~ _,.,."r>.' . I \ \ ~?'"""• I \ 
.' '/". " I I \ I "\ I ...... ,, ~ I \ I 

/'·. ........... \} I. \ /"I I I \:\ \ \ I ;?' \ ~~~ \. ',',1.: I I 'I \ I \ /f.",. 
./," \ \ J p - J ' I I -"'I '/ . I< \ n· I II f'l I \ • \., I 
\ I 'I ,., I I\ I I I 1\ I / I 

.1· • I I " \ ~ 1 ~ I I , /- J\ I .... ,.,, \ r. I I I I I I v J I I f 
1 '\ 1 A 1 , I / ""-1 \ 1 1 r 1 \ , 

~ I I I " \ I I ;.! I I " I I I I• / I ~ 
Ill/ \ "I 'I I \Ill I"' 

1'1 11• I I • ~ ' I v ~ \1 I : ~ I 

I ~, 1 v\ i\1\ ~IN \ \':\'~ r ... J 
JJ ~ II~ I~~ ~~ J --------------:~·,::: 7 --- ~---- -------------------- J t<r=-~---------

GROUND TEMPERATURE 
-2 ---- MAXIMUM EVAPORATOR TEMP. 

-------- AVERAGE· EVAPORATOR TEMP. 
----- MINIMUM EVAPORATOR TEt1P. 

-4 
M F A M j A s 0 N 0 j F M A M j 

A E p A u u E c 0 E A E A p A u 
R B R y L G p T v c N B R R y N 

1977 1978 1979 

Figure4.5. Weekly Averaged Experimental Ground and Evaporator 
Temperatures at Sybille (12m). 

j 

u 
L 



V. HEAT TRANSFER MODEL 

A. General Description 

The ultimate goal of this research project was to formulate a 

design procedure for bridge heat pipe systems that could be utilized by 

state, county and city design and construction engineers. This was 

obviously 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 dynamic interactions between the heat 

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 data 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 the thermal performance 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 validation, and the 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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Figure ?.1. Heat Transfer Schematic. 
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2) Thermal interaction between the transient environment and the 

top and bottom surfaces of the bridge deck. 

3) Heat transfer from the ground to an evaporator pipe. 

4) Thermal interaction between the evaporator pipes. 

5) 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. 

included: 

These 

1) Homogeneous and constant thermal properties in both the ground 

and deck. 

2) Conduction dominated heat transfer in the ground. 

3) Dry surface conditions. 

4) Perfect insulation on the connecting pipe between evaporator 

and condenser sections. 

5) Surface temperatures of the top and bottom of the deck, conden

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

6) Clear sky. 

The boundary conditions for this problem are time-dependent, 

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 t~ese 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 



aT 2 --= av T at 
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(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 respect to computer time (26). For this reason it 

is currently being used in programs that model the heat transfer 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 research 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 one 

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 while 

the other two boundary surfaces are adiabatic due to the symmetry of the 
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Figure 5.2. Deck Surface Designation and Temperature History 
Representation. 

70 



71 

condenser pipes. The heat transfer through each of the isothermal 

surfaces at any given time can be written as a function of the 

temperature histories of the three numbered surfaces. The classical 

form of the response factor method replaces the three continuous surface 

temperature records with discrete values taken at equal time intervals 

and assumes a linear temperature variation with time between each 

. 
temperature record (see Figure 5. 2). The power Q. through one of the 

~ 

surfaces i (i = 1, 2 or 3) can then be calculated from an infinite 

series in terms of this temperature record Tjk for 

(j=l, 2 or 3) 

the three surfaces 

. 
Qi, k=O 

A. 
~ 

3 00 

L L X .. kTJ.k -
j=l k=O ~J 

(5. 2) 

where k is the number of time intervals back in time, and X .. k is the 
. ~J 

response factor. These response factors represent the power through 

surface i due to a triangular temperature pulse 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 cS. 

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 X~j k may be defined which 

truncates the above infinite series to the following finite summation: 

3 N . 
Qi,k=O A. l: l: x~.kTJ.k + cR·Q;,k=l 

~ j=l k=O ~J .._ 
(5. 3) 

. 
where Qi,k=l represents the instantaneous power through surface i at the 
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previous time step (k = 1). 

A one hour time interval was used in the above equations since 

this is the normal recording rate utilized by the U. S. Weather Bureau 

for their weather and solar tapes. Only six sets of response factors 

were required, N=5, in the above series for the two heated deck 

configurations that were investigated in this study. 

Heated deck response factors were evaluated through the use of a 

finite element package (28) to numerically integrate the differential 

heat transfer equation. In the case of an unheated deck, the deck 

geometry is one dimensional which allows the response factors to be 

determined analytically (26). 

In order to evaluate the current (k=O) surface temperature T. , 
J,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 of heat transfer depicted in 

Figure 5.1; solar radiation (qsolar)' long-wave atmospheric radiation 

(qatm), long-wave radiation from the deck (qJI,w), and convective heat 

transfer (q ). That is, 
conv 

3 N 

I L Xl' "kTJ.k + CR•ql,k=l = 
j=l k=O J 

- h (T
1 0

-T . ) 
u , a1r 

(5. 4) 

which contains not only the unknown upper surface temperature Tl,O but 

also T
2

,
0 

and TJ,O in the summation term on the left. The remainder of 
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the temperatures given in the summation are previous temperatures (k~l) 

which are known values. 

The bottom surface energy balance was performed in a similar manner 

except that radiation terms were neglected. The energy balance for an 

insulated bottom where u <<h is: insul Q, 

3 N 
\ \ X2' .kTJ.k + CR•q =-u (T -T ) 

j:l k~O J 2,k=l insul 2.0 air 
(5. 5) 

and the corresponding energy balance for an uninsulated bottom is: 

3 N 

j~l k~OX2jkTjk + CR•q2,k=l =-hQ,(T2,0-Tair) (5. 6) 

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 N 
I I X3' "kTJ.k + CR•q3,k=l = Q /A 

j=l k=O J 3 cond 
(5. 7) 

0 

where Q3 is the condenser power and A d is the total condenser pipe con . 
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 



Term 

Eair 

h (W/m2°C) 
u 

hQ, (W/m
2

°C) 

TABLE 5.1. ENVIRONMENTAL HEAT TRANSFER CORRELATIONS 

Definition 

Atmospheric long-wave emissivity 

Top surface convective film 
coefficient 

Bottom surface convective film 
coefficient 

Correlation 

0.70 + 5.95xl0-5e e(l500/T . ) 
0 

a~r 

e =Partial pressure of air (mB) 
0 

T . = Air temperature (K) 
a~r 

,0.3 T0.3V0.7+0.68IT1,0-Tair m 

Tl,O = Surface Temperature 

T . = Air Temperature (K) 
a~r 

T = ( T 1 0 +T . ) I 2 {K) 
m , . a~r 

v = Wind speed (m/sec) 

64.6/Tml/2+22.2V'728/T .591 
m 

T = (T 2 0+T . )/2 (Y.) m . , a~r 

V = Wind speed (m/sec) 

(K) 

Reference 

31 

32 

33 

....., 
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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 distribution adjacent to the evaporators 

may itself vary with depth and time. 

The interest in the design of vertical 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 utility 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 theory was built 

around the thermal response 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 modei. As shown in Figure 5. 3, the 

evaporator pipe was represented 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 · 

evaporator. The ground is assumed to be homogeneous with a thermal 

conductivity K and a thermal diffusivity a , and to have a zero initial 
g g 

gage temperature when the line source is· pulsed with a constant power 

per unit length for a time duration o k. The temperature on the 

adiabatic plane at a distance R from the line source due to a train of 
e . 

past rectangular power pulses Q k is given by 
p . 

where 

T 
e 

T 
g 

00 

1 
21TK g_ 

g p 

(5. 8) 
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The isothermals surrounding the line source are ellipsoids but they 

closely approximate the thermal profile surrounding an isothermal pipe 

with a large length to diameter ratio. The effective radius R that 
e 

appears in the above response factor equation was determined by matching 

the steady state conductance obtained from an ellipsoidal model to the 

steady state line source conductance. The ellipsoidal represerttation of 

the cylindrical evaporator in a backfilled hole is presented in Figure 

5.4, where the difference between cylindrical and elliptical geometries 

is greatly exaggerated for purposes of illustration. The ellipsoidal 

geometry was determined by matching the volumes and surface areas of the 

cylindrical evaporator pipe and its corresponding elliptical model along 

with the outer surface areas of the backfilled ·holes in the two 

coordinate systems. The steady state conductance for the ellipsoidal 

model was obtained by solving the appropriate one-dimensional conductive 

heat transfer equation in prolate spheroidal coordinates which, after 

some simplification, renders the result 

2.1621T~t 
u ~ ----~~~--------~~~------~~~--

eg ( 3.670tp) (~ ) ( 3.670tp) 
ln - + -- -1 • ln -

d K dh eo g 

(5.10) 
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while the conductance of the line source under steady state conditions 

reduces to: 

u s 

2.162'ITK 9-
!::! _____ g_p, 

(
2 .1629-. ) 

ln p 
R 

e 

(5 .11) 

The effective radius of the ellipsoidal representation of the evaporator 

pipe-backfill combination is therefore given by: 

R 2 162 n -2.162'ITK 1 /U 
e = • ~pe g ~ eg (5 .12) 

D. Evaporator Pipe Interaction 

The interaction between evaporators can be very significant. The 

line source model was again utilized to calculate the average 

temperature response of evaporator "i" to a previous power pulse of unit 

magnitude along an adjacent evaporator "j". (Figure 5.5). This response 

factor wjk is given by the expression: 

(5 .13) 
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where the power pulse occurred between the times tk and tk+l and the 

dimensionless quantities are defined as: 

a. t R .. 
= ___g_ X =~ = _1:1_ 't 

t2 
1;; - ]l r .. 

t t l.J t 
p p p p 

The evaporator temperature change due to the energy extraction 

history of the primary evaporator pipe and all N surrounding evaporator s 

pipes is therefore given by the expression: 

T ..., T 
e g 

0 

(5.14) 

where Qpk is the power extraction by the primary evaporator pipe. The 

response factors W 'k are each evaluated with the appropriate separation 
. J . 

distance Rij between the primary and jth adjacent evaporator and Qjk 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, Qpk' which simplifies the 

previous equation to 

where 

wk _ -w -ak 

(5 .15) 

(5.16) 
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The above terms in the series have a limiting common ratio of one, 

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 that the ground has an extremely long memory. To 

accurately but efficiently handle these long ground energy extraction 

records, power pulses of arbitrary duration <\ were utilized. This 

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 T , but the ground temperature can vary 
g 

signi·ficantly due to annual and diurnal temperature cycles (see Figures 

3.1 and 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 energy 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 



0 

Tsk 

Transition 

I 
1 

~~ I \ I I 
\ 1\ ,).' \ I \I I I 

o I I o o I I I 1 \ I • • I ]' \1 
v I \ ,, ) 
!\ . I I !\ 
1\1\ I \1\1\ 

. ~ f J I . I ( ¥' ' I I I \[ If ~ t I · r I I 
tm+l t.. '<+2 . + . "• 't-1 tt-2 tt-3 r-- 0m-~+2-1 J-- 0

3 . 
0

2 ~~· 0 1 -1 8
1 r-- t3 .~ 61 tf- 'o 

Figure5.6. Discrete Representation of the Ground Surface Temperature History. 

CX> 
~ 



85 

(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 

rectangular 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: 

TD = I ZkT k 
k=O s 

(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 tk. The response functions for the 

triangular pulses shown in Figures 5.6 and 5.7 are obtained by 

consiq~ring 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. 

T (t) = Ct s 

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

Ct [(1+ 2~~)erfc ( D k )- D '2 .exp(-n
2
/4at)J 

2(a.t) 2 (rra.t) 
(5 .18) 

:: f
1 

(C,M, t) 

where M=D
2

/2a.. This implies that the first response factor at t o
1 

is: 

(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=2o1 : 

(5. 20) 

The remainder of the response factors due to unit triangular temperature 

pulses for 2o 1<t<t1 (see Figure 5.6) are: 

(5.21) 

2<k<1-2 

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 

TD = B•erfc(--) 
4at 

The transition response factor is therefore given by: 

and the rectangular response factors by: 

where 

m-Q,+l 
tm = < Q, - 1 )01 + I 8n 

n=l 

(5.22) 

(5.23) 

m>1 (5.24) 

(5. 25) 

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

evaporator pipe can be obtained from an average ground response factor: 
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00 

T I Zk_T k g k=O s 
(5.26) 

where 

fD' 1 
z' Zk(x)dx 

k 
D -D 

.Q, o D 

(5. 27) 

0 

and D
0 

and D.Q, are the depths corresponding to the top and bottom of the 

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 syst.em: 

00 00 

(5. 28) 

where the term R . is included in the energy balance to account for 
p~pe 

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

R. 
p~pe 

ln(d /d .) 
eo e~ (5.29) 

The terms h and h correspond to the evaporative and condensing film 
e c 

coefficients in the heat pipe. Experimentally based estimates of their 

values were utilized since appropriate correlations were not readily 

available or required in this analysis. Equation 5. 28 contains two 

unknowns; the current heat pipe power (Q 
0

) and the current condenser 
p, 
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pipe temperature (T3 0). 
' 

F. Numerical Model 

A computer program was developed to simulate the performance of the 

heat pipe system using the four surface energy balance equations 

developed in the previous three sections. 

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 (Surface 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) T
1 0 - The current top surface temperature 

' 
2) T2 0 - The current bottom surface temperature 

' 
3) T3 0 - The current condenser surface temperature 

' 
4) Qp,O - The current heat pipe power 

·.;.e 

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 time'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 T1 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 ~k (heat pipe powers) and Tsk (the far-field ground 



TABLE 5.2. SURFACE ENERGY BALANCES 

Energy Balance Simulation Type 

Top Surface 

NS . N 
I I Xi.kT'k + CR•ql 1 = 
j=l k=O J J ' 

a + a E crT4 
swqsolar tw air air 

4 
En cr Tl O - h (T1 0- T . ) 
~w , u , a1r 

Bottom Surface 

NS N 
I l xz'·kT.k + CR•qz 1 =-u. 1(T2 o-T · ) j=l k=O J ] , 1nsu , a1r 

Insulated 

NS N 
I I x2.kT.k + CR·qz 1 =-ht(T2 o-T ir) 

j =1 k=O J J ' ' a 
Air-Coupled 

Condenser Surface 

NS N 
.I I x;jkT'k + cR·q 
J=l k=O J 3,1 Q/Acoild Heated Deck 

Evaporator Surface 
00 00 

T3 o = Q o<wo-R · ) + I wkQk + I zk'T k 
' p, p1pe k=l k=O s 

Heated· Deck 

Assumption 4 
. . 
Q3,0 = Qp,O 1.0 

0 



91 

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 

and Z~ response factors were calculated for 100 hour, 100 day, and 100 

month time intervals. An attempt was made to account for initial 

conditions by initializing the T . (ground temperatures) array with a 
s~ 

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 continuous 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 were 

missing. Short gaps (less than six hours) were filled with linearly 

interpolated 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 propert·ies 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 £ that a system with a 
c 

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

Parameter Sybille Spring Creek 

K (W/m°C) 1.8 2.1 cone 

(pc) (J/m3°C) 6 6 2.06xl0 2.16xl0 cone 

* € = tw atw 0.85 0.85 

* (J, o. 60 0.60 sw 

b (m) 0.1524 0.1524 

h (m) 0.0349 0.0548 

H (m) 0.1588 0.2096 

d (m) 0.0254 0.0334 co 

d . (m) 0.0191 0.0266 Cl. 

fl, (m) 4.877 40.5 c 

h (W/m2°C) 3 3 7.95xl0 7.95xl0 c 

K (W/m°C) 1.21 2.1 g 

~ (W/m°C) 0.80 2.0 

2 -7 -6 
(J, (m /sec) 5.6xl0 1. OxlO g 

dh (m) 0.1524 0.2032 

d (m) 0.0254 0.0603 eo 

d . (m) 0.0191 0.0493 el. 

fl, (m) 12.19 30.48 p 

uinsul (W/m2°C) 0.4 0.4 

h (W/m2°C) 3 3 2.04xl0 2.04xl0 e 

K (W/m°C) =K 45. 45. c e 

* 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: 

s1K ~ = 4S1K ~l + 2S2K (~ 2-~1 ) cone c cone cone (5.30) 

where s
1 

and s2 are the shape factors for the Spring Creek condenser 

pipes on 15.2 em (6") and 30.5 em (12") spacings respectively (see 

Figure 6. 7), and ~l and ~2 are the shorter and longer condenser pipe 

lengths respectively. 

A plan view of the Sybille and Spring Creek evaporator pipe fields 

is presented in Figure 5. 8 and the primary evaporators 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 

·necember, 1977. This figure present;s a representative example of the 

model's performance over a large range of temperatures and during 

periods 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 unheated deck simulation indicates that the model can 

accurately handle the dynamic interactions between a dry deck and the 

environment, 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 

unheated 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 conditions in Figure 

5.9, but the predicted heated surface temperatures were generally lower 

than the experimental values over the winter months. Table 4.2 displays 

this trend since the predicted reductions in the heated deck 1 s frozen 

time and °C-Days frozen over the two years are 36% and 66% respectively 

while the corresponding measured values are 60% and 86%. 

The Sybille Canyon simulation proved to be more conservative than 

desired, but the heat pipe system 1 s dynamic performance was obviously 

characterized accurately enough that it could 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 

formulated to be somewhat conservative because of the adiabatic boundary 

condition that was placed through the top of the evaporators, but there 

are probably other contributing factors. Many uncertainties in the 

experiment itself exist such as the nonuniform dimensions in the heated 

deck section and the accuracy 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 

evaporato~. 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 variation of the drilling mud and water levels in the 

evaporator holes caused the characterization of the evaporator geometry 

and the backfill lumped thermal conductivity 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 temperature that 

is plotted in Figure 5.10 is the mean far field ground temperature over 

the length of the evaporator. This temperature was calculated from the 3 

m (10') experimental ground record and equation 5. 26. The evaporator 

temperature is assumed to float with this effective ground temperature. 

The evaporator math model is based upon a uniform far field ground 

temperature which is a good approximation for most locations at depths 

below 3m (10'). The effect that these large amplitude thermal waves had 

on the thermal model's accuracy was not investigated. 

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 which 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, uncertainties and simplifications that were involved. 

The Spring Creek test proved to be a much more controlled 

experiment when compared to the Sybille Canyon test which is probably 
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responsible for some of the improved agreement between the predicted and 

experimental results. Figure 5.12 compares a typical simulation of the 

Spring Creek heated and unheated top surface temperatures to the 

corresponding experimental values. This figure indicates that there was 

excellent agreement between the experimental and predicted values over a 

large temperature range and that the heat pipe system increased the 

heated surface temperature by as much as 15 °C during this particular 

week. The simulation of another time period is also plotted in Figure 

5.15. The surface freeze characteristics which are detailed in Table 3.2 

were also reasonably well predicted for both the heated and unheated 

surfaces. 

Figure 5.13 compares the experimental temperatures that were 

recorded by two probes next to the evaporator at two different depths 

and the predicted average temperature of the evapo.rator pipe. The 

simulation was based upon a twelve evaporator field since pipes 1, 2 and 

3 in corner 3 (see Figure 2. 2). had malfunctioned by the second winter . 
. \ 

The predicted evaporator temperature remained below the experimental 

values throughout this simulation with a major divergence occurring in 

the 1982-83 winter. Part of this depression may be the result of the 

model underpredicting the ground's thermal recovery during the summer, 

but it appears that the gradual failures of the two remaining heat pipes 

with functioning evaporator thermal instrumentation was the essential 

cause of this divergence. These failures are believed to be due to the 

formation of liquid locks in the interconnecting pipes which are dis-

cussed in Chapter 3. Figure 5.13 shows that the coldest measured weekly 

averaged evaporator temperature occurred during the first winter even 
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though the coldest monthly air (see Table 3.1) and predicted evaporator 

temperatures occurred during the second winter. This indicates that the 

performance of these heat pipes were declining. The influence of the 

evaporator interactions at this site can be obtained by comparing the 

predicted response of an isolated model (Figure .5.14·) to the response of 

the heat pipe field (Figure 5.13). The experimental values are sig-

nificantly above the,isolated model predictions for a long period in the 

second year, which is also a consequence of the heat pipe's gradual 

failure. 

An attempt was made to measure the ground heat pipe power with an 

electrically powered heat pipe (Figure · 2.15) by matching respective 

condenser temperatures in the region with 30 em (12") condenser spacing 

(Figure 2.3). Table 5.4 tabulates the monthly electrical energy consumed 

by the electric heaters.and the values predicted by the ground heat pipe 

model and the deck response factors. The latter calculation utilizes the 

expertwental temperature record for the top surface, condenser pipe and 
..• , ... f\ 

bottom surface (see Figure 5.2 and Equation 5.3). The results of this 

experiment show that the model's prediction was on the average only 17% 

below the measured values while the deck response factors calculations 

were 20% higher. Figure 5.15 indicates that the best agreement between 

predicted and measured heat pipe powers occurred during the major events 

when the 1500 W heater did not have to cycle as much. 

In summary, the Spring Creek experimental record indicates that the 

ground heat pipe model's predictions of the freeze-thaw characteristics 

of the heated deck (Table 3.2) and the ground energy extraction (Table 

5.4) were reasonably accurate on the conservative side. Similar results 
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TABLE 5.4. MONTHLY ENERGY EXTRACTED PER SPRING CREEK EVAPORATOR 

Electric Model Deck Response % Data 
Month/Year Heaters Prediction Factors Available 

(HJ) (MJ) (MJ) 

12/1982 854 830 1097 65 

1/1983 660 611 964 80 

2/1983 493 388 586 60 

3/1983 401 257 367 53 

4/1983 220 91 144 26 
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were obtained for the Sybille Canyon system. Since these two heat pipe 

systems were geometrically and thermally dissimilar, the validity of the 

model has been substantiated. 

H. Parametric Studies 

One of the primary purposes of developing the computer model was to 

be able to characterize system performance as a function of the 

significant system variables. Numerous parametric studies were performed 

to accomplish this goal. In all these studies, the predicted system 

performance over the second year of operation was used to characterize 

each system because long term simulations indicated that there was 

little degradation in performance after the second year, and the model 

appears to underpredict thermal recovery during the summer. The segment 

of the environmental record which covered a complete year that began in 

the spring was cycled twice in these two year parametric studies. 

Figure 5.16 shows the sensitivity of the Spring Creek system 

performance to variation in key system parameters. The performance was 

defined in terms of the total annual energy extracted from the ground 

per evaporator and the system parameters which were varied were U , 
system 

a , K , R , and ~ . U t is defined as the thermal conductance from g g e p sys em . 

the outside wall of the evaporator pipe to the ambient air 

u = 1/ system [ 
1 

h A 
u deck 

+ SK ~ 
cone c 

1 
I+ R J pipe 

(5. 31) 

where Adeck is the deck area associated with one heat pipe and S is the 

steady-state shape factor of the heated deck (see Figures 6.5, 6.6 and 

6. 7). This parameter characterizes that part of the system's thermal 



150 

140 

130 

z 
0 120 ..... 
1-
w 
a:. 
0::: 
1-

110 ""-.. X 
LLI ""-.. 
1- ""' a: ......_ 
LLI :c 100 

......._ 
LLI 
(J") 

7 a: 
Ill 

u.. 90 / 0 

1- / z 
LLI 

/'/ w 
0::: 80 LLI 

4'/ 0.... 

/.I 
70 

, 
/./ 
~ 

I 
60 

50 

/ 

/ 
/ 

/ 
/ 

/ 

~ 
-/ 

/ 

-:/ 
/ 

108 

~ 
P- ~--~----~-~------------------------------

----------------.. ---
SYSTEM. CONDUCTANCE 

GROUND THERI-IAL OIFFUSIVITY 

GROUND THERMAL CONDUCTIVITY 

EVAPORATOR PIPE DI~1ETER 

EVAPORA"TOR PIPE LENGTH 

200 
', PERCENT OF BASE PROPERTY 

Figure 5.16. Percent Change of Base Energy Extraction at 
Spring Creek as a Function of Various System 
Parameters. 



109 

conductance which is not associated with the ground. For purposes of 

gross characterization, the transient behavior of the deck and heat 

transfer through the insulation are not included in this variable, 

although the simulations did not neglect them. An average top surface 

film coefficient was used and was determined from the data to be 'Vl2 

W/m2°C. The results of this parametric study, Figure 5.16, indicated 

that a smaller evaporator pipe diameter could have been employed with 

little loss in performance. 

The essential heat transfer parameter to be characterized is the 

conductance between the ground and the heated deck surface. If the 

system were to operate at steady-state conditions, then the relation 

u 
ss 

(T -T )· 
g surf 

(5. 32) 

would be valid, where q · is the top surface heat flux and u is the 
s ss 

steady-state specific thermal conductance between the ground and bridge 

top surface. A system's steady state conductance can be uniquely -

determined but this value only represents a lower limit on the 

conductance due to the transient nature of the heat transfer 

process--especially :in the ground. A dynamic conductance between the 

ground and bridge surface can be defined as follows: 

T -T 
g surf 

when I 
q >0 

s 

T >T 
g surf 

(5.33) 

This quantity varies during each heating event and over the heating 
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season. It has been found, however, that the dynamic conductance was 

reasonably constant over that portion of a single event where the heat 

pipe power was significant. A daily average conductance was therefore 

defined using heat pipe power q
3 

as a weighting function: 

24 
I (Q3udyn) i 

i=l 
u - 24 (5.34) dyn 

I (Q3)i 
i=l 

where values are calculated on an hourly basis. These daily values were 

then averaged in 30 day blocks and the characteristic dynamic specific 

conductance was defined as the minimum of these 30 day averages: 

1 30-
il _ min[ 30 I ( ud ) . ] 

j=l yn J 
(5. 35) 

This minimum value will provide a conservative estimate of the dynamic 

conductance during most of the winter. The predicted monthly averaged 

dynamic conductance plus and minus one standard deviation are plotted 

for the Sybille and Spring Creek systems in Figures 5.17 and 5.18. The 

dynamic behavior of both these systems are quite similar in that their 

monthly averaged dynamic conductances approach constant values which are 

significantly higher than their respective steady state conductance u ss 

The primary environmental parameter that influences the value of il is 

obviously the air temperature record. To obtain an estimate of the 

magnitude of this influence, two simulations of the Spring Creek system 

were made in which the differences between the hourly air temperatures 
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ll2 

and their yearly average were consecutively increased and decreased by 

20%. The values of u calculated from these simulations were within 3% of 

the base value. This indicates that the environment at a particular site 

in the continental United States should have a weak influence on u, 

whereas the local environment essentially specifies the far field ground 

temperature, T • 
g 

Twenty-five computer simulations were performed which systematic-

ally varied the significant thermal and geometric parameters of the heat 

pipe system. Table 5. 5 tabulates this information in terms of the 

geometric and thermal parameters that were varied and the resulting 

principal conductances. These data formed the bases for determining an 

empirical correlation of u that can . be utilized in the design 

algorithm. Figure 5.19 presents the results of this study which 

correlates the dynamic conductance in terms of the steady state system 

conductance field conductance ufield' evaporator to deck surface 

conductance U and Fourier modulus T. The procedure required to 
es 

calculate each of these terms is presented in Chapter 6. Despite the 

complexity of the system, Figure 5.19 indicates that the recommended 

empirical correlation collapses essentially all the simulation results 

in a manner that produces an accurate or a conservative estimate of the 

minimum dynamic conductance ii. The only major discrepancy to this trend 

occurred in the Sybille Creek case (/;xl00=34 in Figure 5.19) where the 

proposed empirical correlation gives a significantly larger value than 

the theoretical value. Table 4.2 shows that the measured performance of 

the Sybille Creek system was notably superior to its theoretically 

predicted performance. 



TABLE 5.5. PARAMETRIC STUDIES OF DYNAMIC CONDUCTANCE 

IT u ufield 1\:ieck U (W/°C) U (W/°C) 3 (pc) (J/m °C) es ss g 
Simulation* X 100 (WjCC) (WfCC) (m2) [u . (W/m2°C)] [u (W/m2°C)] X 106 

ss 

S:erin~ Creek 
Standard 18.41 204.8 11.6 6. 2 ** 11.0. 48.3 2.1 

(1. 78) (7 .8) 

U (!1, = 87 m) 18.41 427.0 11.6 13.3 11.3 68.6 2.1 
sys c (0.85) (5.2) 

U (!1, = 19.6 m) 18.41 100.5 11.6 3.0 10.4 34.4 2.1 sys c (3. 5) (11.5) 
. 

-6 2 26.04 204.8 11.6 a = 2x10 m /s 6.2 11.0 42.2 1.05 
g (1. 78) (6.8) 

-6 2 13.02 11.6 6.2 a = .5x10 m /s 204.8 11.0 56.5 4.2 
g (1. 78) (9.2) 

k = 4.2 W/m°C 18.41 204.8 23.1 6.2 20.8 69.2 4.2 
g (3. 4) (11. 2) 

k = 1.05 W/m°C 18.41 204.8 5.8 6.2 5.6 33.2 1.05 
g (0.91) (5. 4) 

R -2 = 6.65x10 m 18.41 204.8 11.8 6.2 11.2 49.5 2.1 
e (1.81) (8.0) 

R -2 = 1.66x10 m 18.41 204.8 10.6 6.2 10.1 47.1 2.1 
e (1. 63) (7.6) 

fl., = 60.96 m 9.21 207.5 18.8 6.2 17.2 68.6 2.1 1-' 
e (2. 8) (11.1) 

1-' 
w 

!1, = 15.24 ni 36.83 199.5 7.4 6.2 7.1 33.9 2.1 
e 

(1.16) (5.5) 



TABLE 5.5 (CONTINUED) 

rc u ufield Area U (W /°C) U (W/°C) (pc) (J/m3°C) 
es 

(m2) 
ss g 

Simulation* X lQQ (W/°C) (W/°C) [ u (W /m2°C)] [u (W/m2°C)] x 106 
ss . 

Isolated Evaporator 18.41 104.0 53.5 3.2 35.3 51.6 2.1 
£ = 20.3 m (11. 2) (16.3) 

c 

Q, = 15.12 m, 37.12 102.6 7.4 3.2 6.9 24.3 2.1 
R..e = 20.3 m (2.2) (7. 7) 

c 

£ = 60.96 m, 9.21 104.7 18.8 3.2 15.9 46.8 2.1 
e (5 .0) (14.8) Q, = 20.3 m 
c 

k = 1. 05 W/m°C, 18.41 104.0 5.8 3.2 5.5 23.4 1.05 
Q,g = 20.3 m (1. 74) (7.4) 

c 

k = 4.20 W/m°C, 18.41 104.0 23.1 3.2 18.9 4.75 4.2 
R..g = 20.3 m (6.0) (15.0) 

c 

U = 13.55 W/°C, 18.41 52.1 11.6 1.6 9.5 24.0 2.1 
£8~8 10.1 m (6 .1) (15.5) 

c 
-6 2 41.99 204.8 11.6 6.2 11.0 36.1 .40 a = 5.2xl0 m /s g (1. 78) (5. 8) 

R..e = 15.24 m_6 2 79.84 199.5 7.4 6.2 7.1 22.0 .45 
a = 4.7xl0 m /s (1.16) (3.6) 

£ = 60.96 m 9.21 564 18.8 17.18 18.2 101.7 2.1 
e 

Q, = 112.7 m (1. 06) (5.9) 
c 

80% T
00 

range 18.41 204.8 11.6 6.2 11.0 49.8 2.1 
(1. 78) (8.1) I-' 

I-' 
~ 

120% T 
00 

range 18.41 204.8 11.6 6.2 11.0 47.1 2.1 
(1. 78) (7.6) 



TABLE 5.5 (CONTINUED) 

h u ufield Area U (W/°C) U (W/°C) (pc) (J/m3°C) es 
(m2) 

ss g 
Simulation* X 100 (W/°C) (W/°C) [u (W/m2°C)] [u (W/m2°C)] x 106 

ss 

Sybille 
Standard 34.45 26.2 2.6 o. 74 2.4 4.3 2.2 

(3. 2) (5. 8) 

Spring Creek 34.45 26.2 2.6 0.74 2.4 4. 8. 2.2 
Environment (3.2) (6.5) 

-6 2 79.75 26.2 2.6 0.74 2.4 3.8 .403 a = 3xl0 m Is g (3. 2) (5.1) 

*See Table 5.3 for base case values; parameters listed in this column denote the variation. 
**See Table 6.1A. 

J-1 
J-1 
Ll1 
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Figure 5.19. Dynamic Ground to Surface Conductance Correlation 
Compared to Simulation Results. 



11.7 

In summary, a heat transfer analysis of the ground-heat pipe-bridge 

deck-environment dynamic interactions has been developed and demon

strated to be both accurate on the conservative side, and computation

ally efficient. This model permitted the performance of a large parame

tric study which generated the data base that was used to formulate a 

practical empirical design algorithm for ground heat pipes in bridges. 



VI. DESIGN MANUAL 

This chapter presents a design procedure that is recommended for 

bridge decks that are heated by ground heat pipes, discusses the surface 

heating and snow control potential of these systems, gives a worked 

illustration, and includes example construction specifications. 

A. Thermal Design Procedure 

The thermal design of the ground heat pipe system is based on the 

minimum monthly averagec;l dynamic conductance u between the far field 

ground and the top surface of the bridge. Once this conductance is 

2 known, the minimum statistical specific power q (W/m ) that is delivered s 

to the heated bridge surface during a significant heating event should 

be: 

u(T - T ) g surf (6.1) 

where T surf 
is the heated surface temperature and T 

g 
is the 

characteristic temperature of the far-field ground. This dynamic 

conductance is a function of the deck and heat pipe system geometry and 

the thermal properties of the deck, heat pipe system, and the earth in 

the evaporator field. 

Table 6 .1 and Figure 6 .1 delineate the required geometric design 

parameters. Note that ~ represents the total length of the condenser 
c 

pipe that is connected to each evaporator pipe. 

evaporator pipes in close proximity to each other. 

N is the number of 
e 

For example, N is 
e 



TABLE 6.1. REQUIRED GEOMETRIC DESIGN PARAMETERS (See Figure 6.1) 

Symbol 

A 
deck 

H 

b 

d . 
Cl. 

d co 

h 

t 
c 

d eo 

t 
p 

N 
e 

R 
s 

Description 

Bridge Deck 

Deck surface area associated with 
each evaporator pipe: Ad k = t •b ec c 

Thickness of bridge deck 

Condenser Pipes 

Spacing between condenser pipes 

Inside diameter of condenser pipe 

Outside diameter of condenser pipe 

Distance from top surface to center 
of condenser pipes 

Total length of condenser pipe 
connected to each evaporator pipe 

Evaporators 

Inside diameter of evaporator pipe 

Outside diameter of evaporator pipe 

Diameter of the backfilled evaporator 
hole 

Length of evaporator pipe 

Number of evaporator pipes in each 
heat pipe field 

Characteristic separation distance 
between evaporator pipes 

Recommended 
Units 

2 
m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 
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fifteen at the Spring Creek facility where a quarter of the sixty 

evaporator pipes were placed at each corner of the structure. 

Table 6. 2 tabulates the required thermodynamic properties. The 

values of the condensing and evaporative film coefficients (h and h ) 
c e 

have not been accurately measured to date, and the values given are best 

estimates for ammonia. u, however, is not particularly sensitive to 

these two parameters. Table 6. 3 presents some representative soil 

properties but it is imperative that actual soil properties be utilized 

in any final design calculations. The magnitude of K and (pc) increase 
g g 

with moisture content. If possible, evaporators should be placed below 

the water table for the above reason, but it also minimizes the thermal 

contact resistance between the soil and the grout embedding an 

evaporator. The thermal conductivity (Kconc) of concrete bridge decks 

varies from 1 to 2 W/m°C depending on concrete type and aggregate 

content and size. In general, the concrete and aggregate should have 

the highest thermal conductivities available, and the aggregate should 

be as large as codes allow. 

The above geometric and thermodynamic parameters are used to 

calculate the component steady-state resistances that are listed in 

Table 6.4 and schematically depicted in Figure 6. 2. These component 

resistances are combined in the manner shown in Table 6. 5 to form the 

steady state sub-system resistances R , Rf. ld' and the total system 
es 1.e 

specific steady-state conductance u between the far field ground and 
ss 

the heated deck surface. u represents the minimum theoretical specific 
ss 

conductance that the system could ever produce. 

Finally, u is determined from Figure 6.4 as a function of the 



Symbol 

h 
c 

h 
e 

K 
c 

K cone· 

K e 

K 
g 

(pc) 

s 

T 

T 
g 

g 

TABLE 6. 2. REQUIRED THERMAL DESIGN PARAMETERS 

Description 

Condensing film coefficient 

Evaporative film coefficient 

Thermal conductivity of the 
evaporator hole backfill 

Thermal conductivity of the 
condenser pipe 

Thermal conductivity of the 
bridge deck concrete 

Thermal conductivity of the 
evaporator pipe 

Thermal conductivity of the 
ground (see Table 6.3 for 
approximate values) 

Heat capacitance of the 
ground (see Table 6.3 for 
approximate values) 

Deck shape factor (37), 
(see Figures 6.5-6.7) 

The Fourier modulus 
of the ground evaporator 
pipe based on 1 year 

T = 

7 (3.15 x 10 s)K 
g 

2 (pc) t 
g p 

Average far-field ground 
temperature al~ng the 
length of the evaporator 
pipe 

Recommended 
Units 

122 

Value 



TABLE 6.3. THERMOPHYSICAL PROPERTIES OF VARIOUS SOILS 

Soil Corps of % Moisture Density Specific Heat Thermal 
Designation Engineers Content (kg/m3) Capacity Conductivity 

Class (J/kg°C) K (W/m°C) g 

Crus~ed35 ' 
Gran1te SW 4 1730 860 1.1 

Graded Pure 35 

Silica Sand SP 4 1730 820 2.0 

Sand35 SW 4 1730 910 o. 9-1.6 

Silt Loam 35 
ML 10 1730 1050-1080 1. 0-1.3 

Sybille - 2 2300 910 1.2 

Spring Creek - 5 2500 840 2.1 

Heat 
Capacitance 

(pc) (J/m3°C) g 

1. 5x10 6 

1. 4xl0 6 

1. 6x10 6 

1.8-1. 9x10 6 

2.lxl0 6 

. 6 
2.1xl0 

..... 
N w 
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TABLE 6.4. STEADY-STATE COMPONENT THERMAL RESISTANCES (°C/W) 
(SEE FIGURE 6.2) 

Symbol 

R cone 

R cp 

R 
c 

R evap 

R ep 

R 
eg 

Description 

Deck resistance 

Resistance of the 
condenser pipe 

Condensing resistance 

Evaporative resistance 

Resistance of the 
evaporator pipe 

Equation 

[ SK 5I, ]-l 
cone c 

Jl,n(d /d .) 
__ C::..:O::_ CJ,. 

2'ITKc.2-c 

-1 
('ITd .51, h ) CJ,. C C 

-1 
('ITd .51, h) eJ,. p e 

Jl,n(d /d .) eo eJ,. 

(
3.6751,p I ( ~ ) (3.67!p ) 

d + K- 1 Jl,n d 
Resistance 
between an 
isolated 
evaporator and 
and the ground 

eo I g h 
R ~ ----~~~~~-'------~-
eg 2.1627r~JI,p 

Resistance due to 
evaporator pipe 
interactions (see 
Figure 6.3) 

(RIK 5I, )/(K 5I, ) 
g p g p 
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Figure 6.2. Schematic Illustration of Steady-State Thermal Resistances. 
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TABLE 6.5. STEADY-STATE SUBSYSTEM RESISTANCES AND STEADY-STATE AND 
DYNAMIC SYSTEM CONDUCTANCES. 
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Symbol Description Equation 
Recommended 

Units 

R es 

u ss 

u ss 

Resistance between 
the evaporator pipe 
and the bridge top 
surface 

Resistance between 
the far-field ground 
and the evaporator 

Steady-state conductance 
between the ground and 
the bridge top surface 

Steady-state specific 
conductance between 
the ground and the 
bridge top surface 

Dynamic specific 
conductance between 
the ground and the 
bridge top surface 

R +R +R +R +R cone cp c evap ep 

R +RI eg 

-1 
[R + Rf. ld] es 1e 

U /A ss deck 

See Figure 6.4 
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previously calculated parameters : 
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u and the Fourier 
ss 

modulus T. A parameter which has been assumed constant in the calculation 

of u is the heat capacitance of the bridge deck. The value of (pc)deck 

was essentially the same for both the Sybille and Spring Creek systems 

(2.1x106 J/m3°C) and it is assumed that this value would be character-

istic of future designs. 

B. System Performance 

Tqe expected top surface heat flux when the system is melting snow 

or ice can be calculated by using the relation 

= u(T -l°C) 
g 

(6. 2) 

where l°C is used for the heated surface temperature since values around 

l°C are typically observed during snow melting events (see Figure 3.6). 

T , the average far-field ground temperature across the evaporator 
g 

depths during the heating season, should be measured at the site in 

question but the average ground temperature is generally a few °C above 

the average annual air temperature. 

The value of q calculated by equation 6. 2 is the predicted melt 

minimum power that would be delivered during a melting event, but this 

power may not be sufficient to melt any snow. Figures 6.8 and 6.9 plot 

the minimum top surface heat flux, qmin' required to maintain a wet 

surface (with no snow cover and a minimal frozen precipitation rate) at 

l°C. Figure 6.8 is for clear sky conditions while Figure 6.9 is for 

heavy overcast. The value of requires knowledge of the 

incoming solar radiation (q 
1 

) and the top surface solar absorbtivity so ar 

(a ). A typical value of a for bridge surfaces is 0.6. If q . is 
SW SW m1.n 
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greater than the surface may become snow covered, which 

introduces an insulating effect that assists the snow melting process at 

the snow-concrete interface. 

Figure 6.10 plots the percent of snowing events that a heating 

system with a given rating (q lt) will melt snow as rapidly as it 
me 

falls. The environments which are characterized by Figure 6.10 are 

eastern states between latitudes 38 ° and 42° (36). While this figure 

indicates that the low power produced by a ground heat pipe system 

2 
(50<q 

1 
<lOOW/m ) can only melt a small fraction of the snow as rapidly 

-me t-

as it falls, the experimental observations show that a significant 

reduction in the snow cover duration is produced (see Table 3. 3 and 4. 3 

and references 8, 16 and 22). Since there is no simple method of 

predicting the effect that a proposed system will have on the snow cover 

duration, one is forced to rely on .past experience to make this 

projection. 

C. Worked Example 

The characteristics of the Spring Creek system will be used to 

illustrate the design procedure described in .the previous two sections. 

The geometric and thermal properties of this system were presented in 

Figure 1.2, Chapter 2 and Table 5.3. These parameters are again 

summarized in the following two tables (6.1A and 6.2A) which conform to 

the format outlined in Tables 6.1 and 6.2. The condenser spacing is not 

uniform in this case (see Figure 1.2). All the calculations will be made 

in terms of an equivalent condenser that has a uniform 6" (15. 2 em) 
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TABLE 6.1A. REQUIRED GEOMETRIC DESIGN PARAMETERS FOR SPRING CREEK 
(See Figure 6.1) 

Symbol 

H 

d co 

d . 
Cl. 

.Q,cl 

.Q,c2 

.Q, 
c 

d eo 

d . 
el. 

.Q, 
p 

R 
s 

N 
e 

A deck 

Description 

Minimum spacing between condenser pipes 
(see Figure 1.2) 

Maximum spacing between condenser pipes 

Distance from top surface to center 
of condenser pipes 

Thickness of bridge deck 

Outside diameter of condenser pipe 

Inside diameter of condenser pipe 

Length of short condenser pipes 
(see Figure 1.2) 

Length of long condenser pipes 

Total equivalent condenser pipe length* 

Diameter of the backfilled evaporator 
hole 

Outside diameter of evaporator pipe 

Inside diameter of evaporator pipe 

Length of evaporator pipe 

Separation distance between evaporator 
pipes 

Number of evaporator pipes in each 
heat pipe field 

Deck surface area associated with 
each evaporator pipe: Adeck = .Q,c•b1 

Value 

0.152 m 

0.304 m 

0.055 m 

0.210 m 

0.033 m 

0.027 m 

6.4 m 

12.5 m 

40.5 m 

0.203 m 

0.060 m 

0.049 m 

30.48 m 

3.048 m 

15 

2 6.17 m 

*The total condenser length of a system with a uniform 15 em (6") 
condenser spacing that would product the equivalent steady state 
conductance (see Eq. 5.30) 

.Q,c 4.Q.cl + 2(.Q.c 2 - .Q,cl)S2/s1 ={4(6.4) + 2(12.5- 6.4)(3.0/2.4)}m=40.5m 

See Table 6.2A for s
1 

and s2 



TABLE 6.2A. REQUIRED THERMAL DESIGN PARAMETERS FOR SPRING CREEK 

Symbol 

h c 

h e 

K = K 
c e 

K cone 

(pc) 
g 

T 

Description 

Condensing film coefficient 

Evaporative film coefficient 

Thermal conductivity of the 
evaporator hole backfill grout 

Thermal conductivity of the 
pipe walls 

Thermal conductivity of the 
deck concrete 

Thermal conductivity of the 
ground 

Heat capacitance of the ground 

Deck shape factor, Figure 6.7 
using b

1
, hand H 

Deck shape factor, Figure 6.7 
using b

2
, h and H 

Average far-field ground 
temperature along evaporator 
length 

The Fourier modulus of the 
ground evaporator pipe based 
on 1 year 

(3 • 15 x 10 7 s) K . g 

(pc) t 2 
g p 

. 7 J 
(3.15 x 10 s) (2.1--o-c) sm 
------------------~~~~ = 
(2.1 x 10

6 
-%--)(30.48 m)

2 

m °C 

Value 

'V8xl03 W/m2°C 

'V2xl03 W/m2°C 

2.4 

3.0 

0.0339 

0.18 
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condenser spacing and the same steady-state deck conductance as the 

actual condenser. 

The steady-state thermal resistance of the individual Spring Creek 

system components are calculated in Table 6 .4A. This table indicates 

that many of component resistances are relatively small and could have 

been neglected in this example. These calculations also show that the 

resistance due to the evaporator pipe interactions (R
1

) is the dominant 

resistance in the Spring Creek system. For comparison purposes, the 

resistance due to evaporator thermal interactions for an isolated 

evaporator (N = 1) and a twelve pipe field (N =12) are also included. 
e e 

Table 6.5A tabulates the steady-state and dynamic conductances for 

the Spring Creek system. The steady-state specific conductance for an 

isolated Spring Creek evaporator is 7.2 W/m
2

°C. The thermal interaction 

between the fifteen evaporators in each corner causes this steady-state 

conductance to drop to only 1. 5 W/m
2 

which represents the minimum 

conductance that would occur if energy were continuously extracted from 

the ground at a constant rate and no energy was transmitted through the 

surface of the ground. A correction of this conductance for transient 

effects results in a dynamic conductance of 7.1 W/m
2

°C which, by 

coincidence, turns out to be very close to the steady-state isolated 

evaporator conductance. This dynamic conductance, u, represents a 

conservative estimate of the minimum system conductance during signif-

icant heating events. 

The experimental data at the site was obtained from a twelve 

evaporator field since three of the pipes were disabled in the 

instrumented corner. The dynamic conductance of this twelve evaporator 
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TABLE 6.4A. STEADY-STATE COMPONENT THERMAL RESISTANCES FOR SPRING CREEK 

(See Figure 6.2) 

Description and Equation 

Deck resistance 

R = [SK t ]-1 = 
cone cnna c 

w -1 
[(2.4)(2.1moC)(40.5 m)] 

Resistance of the condenser pipe 

R cp 
= ~n(dco/dci) = tn(0.033m/0.027m) 

2~K ~ W 
c c 2~(45 moc)(40.5m) 

Condensing resistance 

= 

R 
c 

-1 
(~d .~ h ) 

C1 C C 

. 3 w -1 
= [~(0.027 m) (40.5 m) (8x10 - 2-)] 

m °C 

Evaporative resistance 

-3 4.9x10 

-5 1.8x10 

3.6x10-:5 

R = (~d .~ h ) 
-1 3 w -1 -4 

[~(0.049 m)(30.48 m)(2x10 - 2---)] 1.1x10 evap e1 p e 

Resistance of the evaporator pipe 

R ep 

~n(d I d . ) eo e1 
2~K ~ 

e p 

~n(0.060m/0.049m) 

w 
2~(45 moc)(30.48 m) 

Isolated evaporator resistance 

3.67t ~ 3.67t 
tn( d p ) + (K- 1)£n( d p ) 

R eo g h eg = ------~------~-~--------~---

2.162~~~P 

m °C 

-5 2.4xl0 
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TABLE 6.4A (CONTINUED) 

!n[(3.67)(30.48 m) ] + [2a0 W/m°C _ l] !n[(3.67) (30.48 m)] 
= ___ :....;O:....;•c....:0..;:.6..;:..0-'m=--::--::-::--::--:.:.:2:-c..-::l_W__,/7m"'-::

0

:-'C~~-:-:::--. .,..-----'-'0-'-• ..:..:.2..:..0 3::.......:;m=--- = 1 • 7 Sxl 0-2 
2.162rr(2.0 W/m°C)(30.48 m) 

Resistance due to evaporator interations (See Figure 6.3) 

R I 1 = 3. 048 m/ 30. 48 m = 0.1 s p 

Ne = 1 (Isolated Pipe), RI 

4.4 
w 

(2.lmoc)(30.48 m) 

= 0 

-2 6.87xl0 

-2 8.28xl0 



TABLE 6.5A. STEADY-STATE SUBSYSTEM RESISTANCES,AND STEADY-STATE AND 
DYNAMIC SYSTEM CONDUCTANCES FOR SPRING CREEK. 

Description and Equation 

Resistance between the evaporator and 
the bridge top surface 

R =R +R +R +R +R es cone cp c evap ep 

(4.9xl0-3 + 1.8xl0-S + 3.6xl0-S 

+ l.lxl0-4 + 2.4xl0-S)°C/W = 

Resistance between the far-field ground and 
the evaporator 

a) 

b) 

c) 

Isolated evaporator (N 
e 

N = 12 
e 

Rfield = Reg + RI 

1) 

= (1.75xl0 2 + 6.87xl0 2)°C/W 

N = 15 
e 

Rfield = Reg + RI 

=(1. 75xl0-2 + 8.28xl0-2) 0 G/W = 

Steady-state total and specific conductance 
between the ground and the deck top surface 

a) Isolated evaporator 

u ss 

u ss 

-1 
[R + Rf. ld] es 1e 

[(5.09xl0-3 + 1.75xl0-2)°C/W]-l 

U /Ad k = (44.3 W/°C)/(6.17 m
2

) ss ec 

Value 

1.75xl0-2 °C/W 

8.62xl0-2°C/W 

0.10 °C/W 

44.3 W/°C 

7.2 W/m2°C 
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TABLE 6.5A (CONTINUED). 

b) 

c) 

N = 12 
e 

U = [5.09xl0-3 + 8.62xl0-2]-l = 
ss 

u = 11.0/6.17 = ss 

N = 15 
e 

U = [5.09xl0-3 + 0.10]-l = 
ss 

u = 9.5/6.17 ss 

Dynamic specific conductance 

a) Isolated Evaporator 

-2 -3 
Rf. ld/R = 1.75xl0 /5.09xl0 = 3.4 

~e es 

and;::; = 0.18 (Table 6. 2A) * ii/u rv 1. 8 ss 

from Figure 6.4 

ii = (1.8)(7.2 W/m2°C) = 

b) . N = 12, Rf. ld/R ·· e ~e es 

c) 

= 8.62 X 10-2/5.09 X 10-3 = 16.9 

ii = (ii/u )u = (4.4)(1.8 W/m2°C) = ss ss 

N = 15, Rf. ld/R e ~e es 
3 = 0.10/5.09 X 10 

ii = (ii/u )u = (4.7)(1.5 W/m2°C) ss ss 

19.7 

11.0 W/°C 

1. 8 W/m2°C 

9.5 W/°C 

1.5 W/m2°C 
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field is predicted to be 7. 9 W/m
2

°C from the empirical correlations 

presented in this design chapter as compared to the original simulation 

2 
value of 7.8 W/m °C (see Figure 5.17). 

The predicted minimum heat flux of this system during a melting 

event is 

(6.2) 

= 7.1 ~ (8°C- l°C) 
m °C 

Figure 6.9 implies that a heat flux of this magnitude will maintain the 

temperature of a wet surface above l°C for air temperatures above -5°C 

under calm, overcast, night conditions and 50% relative humidity. The 

air temperature must be at or above 2°C if the calm condition is 

replaced with a 5 m/s wind. Figure 6.10 indicates that 50 W/m
2 

would 

typically melt snow as rapidly as it falls in only 15 to 27% of the snow 

events that occur in the eastern states between 38° and 42° latitude 

(36). The corresponding experimental percentage was not determined but 

2 
computations that were made for the Cheyenne environment show 50 W/m 

would handle 15% of the snow events on the average. The experimental 

observations did show a 50% reduction in the duration of the snow and 

ice cover above the 6" (15. 2 em) spaced condensers relative to the 

unheated deck. Although this system was not capable of a significant 

amount of snow melting, it easily prevented any preferential freezing of 

the heated bridge relative to the road. 

If the Spring Creek facility were exposed to a 14 °C far-field 
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temperature and the implied milder climate, the minimum predicted 

average power delivered during a melting event would increase to 92 

W/m2 • Under these conditions which are characteristic of many of the 

eastern states, the system should keep pace with between 27 and 45% of 

the snow events. An isolated evaporator would provide over 170 W/m
2 

in this environment during a melting event. 

D. Mechanical Design 

The overall mechanical design of the Spring Creek heat pipe system 

as described in Chapter II and Appendix A was well conceived and is 

appropriate for large heat pipe systems. The design was based on the 

desire to factory assemble components which could be easily handled in 

the field and at the same time require a minimum amount of field 

assembly. These goals are at odds with the results of a thermal 

optimization which indicates that very long evaporators are desirable. 

On the Spring Creek proj ec.t this led to a compromise wherein the 

materials for the evaporators were precut, cleaned and grooved in the 

heat pipe plant and shipped to the site for field assembly as described 

in Chapter II. 

The condenser manifolds, on the other hand, were completely 

fabricated as a component in the heat pipe plant. The interconnecting 

pipes were also cleaned and prebent at the plant. 

There are four specific design modifications which should be 

incorporated in the design of future systems. First, the diameter of the 

evaporator pipes can be decreased without significantly decreasing the 

thermal performance of the system. It should be noted that 1 1/2" (3.8 
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em) 0 pipe was used for the evaporators on the Cheyenne I 180 ramps and 

it appears that this can be further reduced to 1" (2.5 em) 0 pipe. 

Sock~t welded tee's were used to fabricate the condenser manifolds 

which utilized 1" (2.5 em) 0 pipe in both the header and condenser 

fingers. Reducing the condenser fingers to 3/4" (1. 9 em) 0 allows the 

header to be manufactured by simp.ly drilling the header, composed of I"· 

(2. 5 em) 0 pipe, and welding the condenser fingers directly to the 

header. This decreases the number of welds on the manifold by approxi

mately 50% and simplifies the fixturing required for manufacture. A 

condenser finger diameter of 3/ 4" (1. 9 em) is believed optimum since it 

provides the minimum strength needed for construction although the 

diameter could be reduced and not degrade the thermal performance. 

For ease of handling, the interconnecting pipes should be 

precleaned and shipped to the site in straight lengths. It is essential 

that adequate fall for drainage of the condensate be provided during 

installation of this pipe. Compaction problems leading to post 

construction settling can cause sags that result in liquid locks. It is 

recommended that the slope be at least 5% in any area where problems 

might be anticipated. 

Insulation of all piping located underground within 1.5 meters (5') 

of finish grade is suggested in order to minimize heat loss during the 

winter. Urethane foam has been found to work well for this application 

when it is provided with a moisture barrier such as butyl or polyure

thane paint. A five em (211
) layer is adequate. It should be emphasized 

that, wherever possible, interconnecting pipes should be bundled 

together to minimize the overall heat loss. 
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In addition, the lower surface of the bridge deck must be 

insulated. A sealing coat such as butyl paint should first be sprayed on 

the surface to provide both a moisture barrier and a bond for the 

urethane foam which is recommended. Again, five em (2") of foam is 

adequate; however the foam should be coated with butyl or polyurethane 

·paint to prevent ultraviolet degradation. 

Weep lines should be provided on the lower deck surface so that 

excess moisture can drain from the deck. This was done at the Spring 

Creek facility by tacking boards on edge to the lower deck surface prior 

to insulating. 

The principle cause of failure of the heat pipe system is expected 

to be corrosive penetration of th.e steel leading to loss of ammonia. 

Assuming that a heat pipe system design similar to that described is 

utilized, the external surfaces of the heat pipe should be coated with 

either epoxy or urethane foam or, in the case of the evaporator, encased 

in concrete grout. It is possible that part of the evaporator or ·inter

connecting pipe may be in direct contact with the earth. This contact is 

the most likely area for corrosive failure to occur and the life of the 

system will depend on the nature of the soil. Cathodic protection may be 

warranted in some situations. Alternative materials to the steel pipe 

have been investigated in an attempt to eliminate the corrosion problem 

and reduce cost, but an alternate cannot be recommended at this time. 

In view of the difficulties associated with field assembly of large 

heat pipe systems including: the ·cleanliness requirements, inert gas 

welding, vacuum operations and charging of the pipes with working fluid, 

it is essential that the installer have some previous background in the 
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area. It is virtually impossible to repair a nonfunctional pipe after 

the project is complet.e, especially if. it involves a leak at an unknown 

location. 

Appendix B contains an example set of Special Provisions 

appropriate for use when a heat pipe system is included in the new 

construction of a bridge or section of highway. 

Special provisions should also be included for the heating of 

gutters and drains to prevent their blockage by snow and ice. One side 

of each of the Spring Creek drains was attached to a condenser finger 

but this did not prevent their occasional blockage by ice. The gutters 

were almost continuously filled with snow· that had been pushed into the 

gutters by the snow plows. The lack of drainage because of the above 

blockages caused the snow melt to refreeze at times. 



VII. CONCLUSIONS AND RECOMMENDATIONS 

The Spring Creek project successfully met most of its objectives. 

The first earth heated bridge deck was designed, fabricated and its 

performance monitored over a two year period. The installation of the 

heat pipe system had a minimal impact upon normal construction 

activities; the only unique equipment requirement was a crane with a 

boom that could be extended to 100' (30m). A chronological listing of 

the major construction milestones is presented in Appendix C. 

The only serious design flaw that .has become evident to date was 

the interconnecting pipe grades in the ground were insufficient to 

compensate for the settling that occurred in the earth adjacent to the 

bridge structure. Liquid locks were produced in many of the inter

connecting pipes which disabled the heat pipes. To prevent this problem 

from occurring at future installations, it is recommended that the 

minimum grade on the interconnecting pipes in the ground be increased 

from the 2% that was specified at Spring Creek to at least 5%, and that 

the compaction specification for the earth around these pipes be 

strengthened to minimize subsidence. This settling problem underscores 

the meticulous adherence to details that is required in the construction 

and installation of ground heat pipes. Cleaning, welding or grade flaws 

are generally not correctable after installation. 

The operating heat pipes performed as anticipated in totally 

preventing preferential freezing of the heated deck relative to the 

roadway. The heated surface temperature was increased by as much as l5°C 
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(27°F), while weekly averaged temperature increases of up to l0°C (l8°F) 

were achieved. Similar temperature increases can be expected from a 

comparable system at a different location, but the reduction that the 

heating produces in the seasonal duration of icy surfaces depends upon 

the severity of the local climate which is reflected in the region's 

far-field ground temperature. Despite a ground temperature of only 8°C 

(47°F), the Spring Creek system decreased the frozen time of the outer 

two, nontraffic lanes by 40% and their snow cover time by 47%. Past 

experiences with ground heating systems for slabs indicate that ground 

temperatures of the order of l3°C (55°F) can handle most of the 

nondrlfting snow storms that occur in milder climates ( 6, 8,16 and 22). 

There is, of course, some thermal advantage in heating a slab instead of 

an elevated deck, but most of the observed increases in snow melting 

capacity resulted from the significantly higher temperature difference 

between the frozen surface and the far-field ground. 

An easily implemented heat pipe thermal design procedure was 

formulated which accounts for the system's complex transient 

nature--including evaporator thermal degradation and interactions. This 

design procedure predicts the minimum dynamics conductance of power from 

the ground to the deck surface that can be expected during a significant 

heating event. The empirical correlations which the method utilizes were 

developed from a parametric study of the variation of system performance 

with the principal geometric and thermal properties of the ground, heat 

pipes, deck and environment. Experimental data from the Spring Creek 

site indicate that the heat transfer model that was utilized in the 

parametric studies predicts a minimum conductance that is low, yet 

appropriate for conservative design. 
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The Spring Creek system's cost itemization is presented in Append'ix 

c. These data indicate that the heat pipe related items contributed 62% 

of the project's $597,414 cost. Discounting the costs of the instrumen

tation vault, the four service vaults and the two header vaults, which 

could have been eliminated by embedding the manifolds in the concrete 

deck, would have reduced the cost to around $558,000. The heat pipe 

system accounts for 59% of this total or $67.43 per square foot 

($725.81/m2) of bridge surface. Thus, despite its conceptual and 

mechanical simplicity, the primary impediment to the extensive 

utilization of this thermal system is its capital expense. 

Some minor cost reductions were obtained in the Cheyenne system by 

replacing the welded condenser pipe fittings with simple saddle welds, 

by reducing the 2" (5 em) schedule 80 evaporator pipe to 1 1/2" (3.8 em) 

pipe, and by not epoxy coating the evaporator pipes. The heat ·transfer 

model indicates that the reduction in evaporator pipe diameter should 

cause only a small degradation in performance. Any effort to produce a 

significant cost reduction in this system would have to be directed 

toward the evaporator since it accounted for approximately 70% of the 

Spring Creek heat pipe cost. Unfortunately, there appears to be no 

viable inexpensive alternates to drilling, steel pipe, and concrete 

grouting. 

The utilization of this heat pipe technology on a much smaller 

scale may prove to be economically viable. For instance, the heating of 

gutters and drains to prevent their blockage by snow and ice, or limit

ing the heating to the tire tracks would require only a f.ew heat pipes. 

The thermal performance of a ground heat pipe system also improves as 

the number of interacting evaporators decreases. Table 6.5A indicates 



152 

that an isolated Spring Creek heat pipe should produce a minimtim dynamic 

conductance that is approximately 80% larger than the conductance 

produced by the pipes in a fifteen evaporator field. 

One alternate technique currently under study for extracting energy 

from the earth utilizes conventional water wells. Yater is pumped 

through an above ground, manifolded evaporator and then reinjected into 

the ground. A multiplicity of condens~rs are attached to each manifold 

to distribute the energy in the deck. This permits the heat pipe system 

to be manufactured as a complete module in the factory. Modules capable 

of heating up to 28 m2 (300 ft2) ~ppear practical. The utilization of 

heat pipes to distribute the thermal energy to the deck instead of 

directly circulating the water avoids any pipe fouling, corrosion, water 

leakage and freeze-up within the deck which could disable the system and 

possibly cause catastrophic damage to the deck. The heat pipe's very 

efficient thermal pumping also replaces the energy intensive mechanical 

pumping that would be required to circulate a warm liquid through the 

small tubing embedded in the deck. The temperature and pressure drops 

that occur in the circulation of water in small tubes also require many 

separate loops to be utilized which leads to balancing problems. The 

principle advantage of water based systems is economic. It appears that 

installed costs will be less than $7.00 per square foot ($75.00/m2) of 

heated surface, excluding the water system's cost. 

The disadvantages of a water based system relative to the ground 

base system include its usage being severely restricted by the avail

ability of a reliable and sufficient water source: Yater based systems 

also require external pumping and control, and maintenance. 

In summary, it has been shown that ground based heat pipe systems 
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are effective for controlling preferential icing and provides some snow 

control; however the high capital cost will limit their use to sites 

where the cost can be justified or to the heating of small bridge 

segments. Water based heat pipe systems appear to provide many of the 

advantages of the ground systems at a substantial~y reduced cost. It is 

recommended that future effort.be directed toward further development of 

water powered heat pipe systems. 
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;,~r-;M- 'd • PI/C COflduJI 81·0' ) (Corner No.4 ontvl 
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7'·6,. I Level) 

fifJIAIKJIJ 
tiQtft: II For olte cutoff etevotlono see sneet No. i. 

Z) Tne reltlforcklg steel foorJcoror sno11 f)i"eFix ou 
abutment bor marks with numerals os follow:. :I 
(Abut NO.I), i!(AbUtNo.Z). 

!J)Tne earimotea quantity of Closs B concrete Is 
ss. 1 cy per ooutment. 
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~06·1, 406·!1 or 406·:1 

SECTION B-B 
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~l!OUICUIOO 
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~bstome-ric Beorinq 

·--~~~~~':!,~ence 
AI Girder 

SECTIONS THRU END DIAPHRAGM 
., .. .. 
"' b 
~ ~ Al>ut No.I iADut NO.I:: 

1 ... ~"i~~.:.e .. it.r.e~ 1 
.. ~~co 0:,~ Q) co ll 'h ,..,!.l) .. ,,.. 

i!" GOIV Rigid Steel cooault RF Abut No.I "1-··~--J...:.- ~--~ L/RF Abut No.I:: 

TOpol Giraer Flonge ....._ I r 
•o.O·I ~Hq;;;-jlijll.!~3-l«!'~.'.iJ'·~(J.QeQ[~Q!!.L_Jjlilj,04N ~HqSpo 1'-!3•-· i0Eq5po•!57'·6' ~ --- ·ft1. ~· ~4?·91l'I?'•"'·O'ill2t.UIL.:i!f!l!l u'flj·-. ---- .::.:.::::::. --,;---·----- · 
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Voicts tT yp! Hala 2• . ' 4 51 l' I?'~.;!£:~-·- ____ .. ,¥1 SLAB THICKNESS DIAGRAM 
CJ ot end of slob Y ----·- ____ .. ~Q~:.Q• . ····-- ·--····-· __ At ( Gircler(lncludes CorrectiOn for Dead 

PLAN OF SLAB LOOd De/lectionJ 
f Bridge Roodwoy tSym e.ccept as nott~dJ 

7'·0" 68'-0"Cieor Rooawoy 7'·0" 

'4Eq 5jq 3Eq SEq 
3~~:· !lEq 3Eq SEq .3£q shtq"?i;q 3Eq~~[~~fl~ !SEq 3Eq. ,;~q 4Eq.ITopo/SIOO 

JSpo 

'I= ~ '!!' r-~· ... ;-... -p·.·:-:":-"1 ... · ..... • ... 
-~ SLAB CONST JOINT 

TYPICAL SECTION THRUROADWAY -~-!.J 
I Sflowln9lnci D.,pllr09f"l 4'·Z• 4'·4' 'il 

Oprlonoi-PIOCe parallel to 
transverse rel[llorcing 

·~s~ 

~: fJ tnc:JICOted portion of end diophrogm ~t.all ottoin BO" 
ol ultimote clesign strength by cylincler tests prior 
to PlaCement of concrete elob • 

a concrete Jn tne deck 15hall De ploceO in one cant in· 
UOU:II operation ot the min,mum rote of 20 L F pi!lr 
hour, 

t»For bridge roiling ond_pede:strion roit•ng ancnor 
bplt onddroinpipe locaf1otJ:s aee Sheet No. JZ. thru 
..IlL. 

4)For =-creed elevations see Reference ShE>et No~. 

5}r:-a:~oi~~~~~'::~J!e~e:;~~ ;~~~~nd 
b>Bor. marks lot loWed by on.:ostei-iolt I•) lncJicolo re

inforcing st~ to· bE> epowy coot~. Refer to EpQ.II'y 
coated Reinforclilg Steel special provision. 

7'This construct ton joint :shall holle the snrru~ d;-
mension~ os tile opt,onol !5Job cons.truct;on pnt 

8)1ne reinforcing ·:s teellobrlcotar ~Sholl prefi~ all 
supers#ructur~ bor tnorks with numeral 51. 

9./Tne e:ltimotetl quont•tY ol CAo:>s AAA Coocrete i5 
li:'4.4CY on<l tne estimotea quantity of Closs B 
concrete i:sU.6CV. 

O)For telepti6ne conauit support ana z• rlgia steel 
conduit· detoils see Sneet Na .eQ.; 

uJ Run insulation· cohtinuous lrom F~ to Fr: A.butmenr~ 
Uoli1 :~laewolk inoulotion Z" Clear lton1 exposed 
concrete sur/oCe:s. 

IZ)At.tocn srrlps tooorrom olaeck continuous lrom 
FF to FF At.NJfmenf.:s, priOr to insulot;ng. 

1$ The section o~ ·deck to be left unheated 
(Pipe"Nos e.10 and li! -cornttr NO.9) c:ind another 

~~~~~~ ~~~~>.Msv:.i:,f ~:'r::t~~~:;~~,~~&~~~ BF~~ IZ-
hall=' the ~idt~ ·of'·the bridge df:lcK. 
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• Snap Service Nipple 

(OOReQ'd) 

Instrument HOle 

Pipe section A- Type I 

r s·•llole •

1 
Drilling SurFace 

(Eiev shown in Teble) 

'0' .1! 
~I 

condenser 

t.on9. Relnf'orcing 
(Top of l51•.b) · 

fPipa 
s• 

SECTION A-A 

Styrofoam 
~lOCI< 

Pipe sec:tlon A- Jype il 

~~~ Grout :;0: $ Evt,f,";..";o;.::~:ng) 
Pipe Section 8 

Slope -a"- StyroroamY1Jl 
Pipe secc;on 8 Block 

p;pe support 
Structure Assembly 

SECTION a-a 

.... Pnj. 8RM-.. ZII(6) 

-• 137 .r aea -ta 

tt!U.!: 1 IJ The he11t pipe 5y5tem fabricator :sh•ll 
label illl he•t pJpes with the pipe number, 
section ilnd corner. 

c:) Of tsets are meesured left or center 
line survey ~or corn&r5 No. I and !I and 
ri9ht or center line survey_ ~or Corner:s 
No.eand4. 

:t) Evaporator holes 11-15; Corner NOS,I and 
s, ~"" beneath the de,our ,,.,, 
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PLAN OF CORNER NO. e e .3 
(5hawinq Pipe LoyoutJ 

Section A 

Fi'=ld .Service NippJe-·· 
~-Field Weld 

Service Voull 

Field'tNalc:J 

.Secll'on D 

..... ,. Cvoporotor Pipe 

.SCHEMATIC -HEAT P/P£ 5y5T£M 

-{
Foam 1n Ploce 

,.,.. {n~uloi,"On (TvPJ 

. : !: . -:ij 
~·~!X0:~ ·,·0 .. ·.':~jt 

.. · i! .·~·:· 

:·'{~·>,1 

.SECTION A-A 
(Corner No. I, c . .3 '4) 

.·:.@.<>lc ldfl 
~~"j 

.SECTION B-B 
(Corner No. I, C, ..3 • 4) 

:_:. ·:·_::;: :.:-•. ··.-.:,:: ·.: .• _:.:- ...... 1 

::- .. ir.~1L:~y~c.:~,.,ilil 
:·.:~._ .. :0-}b'® e.;~¥ 

.: .. :<ef®.rv<&::::j 
':: ~--. ·:'::::~~:j:_·:.::·\:·::. :.: :./.::::·: 

.SECDON C-C 
(Corner No. I, e ' .3) 

:.:_·d);6·-0.·@;j_ 
,:·.·:·:~~~:<;~r@;:~1~ 

~-~::-:·:';7~.:::;.1/.: .. .:::::~;. 
.SECTION C-C 

(Corner No.4) 

Ill¥•· Pn!• BRM-4211M) 
···Near RF Awl 

lloool filS ol Bi!6 llloolo 

- !i'~ '::,.:: ·-~~:~-~ Hi 0'0~ ·_.l~Y~.-,; ::: .· · · /~ 
1 •.•••• ~~'0.0) ... 
::·(~:Yt~"Y ·0. ·0J · 
·q~;®;; 

(Corner No. I 'eJ 

l:::&tJI: I) PiQe number a c'arre5pond fo Hole numbar.s :~how-non 
.Sheet No._z_~ 

t!) .See .5heet No.JA..for Corner location~. 
..3) ..See Sheet No. ...fl_ for Flt:ICI .Service NiPI.lle detOI/5. 
4) The Connection between .Section.:~ 8 and C on Pipe 

No. 14 Corner Nos 1 and a, Pipe Nos a. 10 and 1e Cor
ner NO. s and Pipe No.8 corner No.4 ShiiUI noc be 
welded by the contractor. 

.5) .Section~ 8 oncl C, the portion of .Section A outslcJe 
of lhe deck ond the portion of ..Section 0 obove the 
dnl,.nq .surfoc~ :~i1oll ba ~urrounded by .!S ir.c.hft'5 
Crnin) o( foam in place 1n~ulo#lon after heat pipes 
ore o.s~embled. 

6) Section C .3hall ~a :5...,pported by -' ;nch ~tvrotoarn 
blocX5 or interval~ not fa e-.eeecJ 10 lcet. · 

7) See Sheet No • .i!. ~or- Dim 8 and. Sheet Nos I!! &nd 11 
for-Dim c. 
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'TJ' ~~i 

~jJLi ~~t~r,~ (<o 
r:>eome .. &dc;uo. A ... 'l"fvyecJSO<.••tW•I<JinqTee(TvA) 
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P/PE. NO 7 TI-IRU 15 -CORNeR NO.;: f .3 

A 
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Vl~:fl 
(Fit:IO ~t·rviCE NtPille) 
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Detail B sme_t No.~ 
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PIPE NO. IS-CORNER NO.4 PIPE N0./4-CORNER NO.I PIPE N0.14-CORNER NO.4 

TABLE OF DIMENSIONS 
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PIPE NO. lit le-CORNER NO.4 PIPE NO.I3-CORNERNO.I 

fSeeDetciiF 
/l.§neet No. .li:. 
'-:'>' ~;~-~j-. ~;!> 

PIPE NO.I~-CORNER NO.I PIPE NO.IO--CORNER N0.4 
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otherwise shown. 
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are meo:wrcd vertically, All ott•cr t'/imeonsions or co moo
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ti!J!§: I) See snee~ No. ...JJL For Corner /oco~ion. 
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I 111ooUt1~ •• se& _,. 
1 •. 09.-Grlna Pipe to Previae lmJicote<J Misalignment 
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SEctiOn D·EVOPOrotor 
Pipe, Pipe 2 X·Strong SPIRAL GROOVE DETAIL 
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DETAIL A 
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SHOP SPLICE WELD 
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DETAIL C 
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CAP DE"TAIL" 
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oncJ ln.slrumental,"on l·lul w•lll lhe numeral 7. 

4) Reinforcinq ~tee/ mov be t.:ul os directed bV tt1e E:nq.neer to cJI low p/ocinq 
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b• 9round a moot h. 

7} Poa# boa• ~·· shall b• Ool.o'l•r 'obricolion. 
B) Raila Sholl no I be $hop $plic~d. 

POST DETAIL 

9J Ellh•r lop or bottom roil in l•rmingl 
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olignm•ril prior lo ploct~tm•nl of S'de.voiH. 
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Z) Eor:h roll l•nfllh aholl be continuoua over o 
min/mum .ol' two post a, •xc•~:~t of term/no/ 
aecflona. 
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the h•ot pipes: u~in9 tie wire • 
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DETAIL A 

Reinf. or. clng ~\ 
./ J 
'./ ·Cop·Giuea or Tnreaaeo 
'• . / 
--~-~'J Hole lor Tie w~e 

~ . . 

Wire!•Pvc securely to 
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ZJ For loco lion o£ w~n;,p holes sect Abutment 
DBfoila. 

3) The wefl'p ho/11 ossemblv shoiJ consist o£ 
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APPENDIX B 

EXAMPLE SPECIAL PROVISIONS 



1. SPECIAL PROVISION FOR EXCAVATION FOR PAVEMENT HEATING SYSTEM 

DESCRIPTION 

This work shall consist of all work necessary to excavate and 

backfill earth in the process of installing heat pipes for a pavement 

heating system. 

EXCAVATION AND BACKFILL 

Some excavation may be necessary preparatory to boring holes for 

the heat·pipes. Excavation shall also be necessary to construct the heat 

pipes at the locations shown on the plans. The Contractor shall 

establish a plan for excavating and backfilling, and shall obtain the 

agreement of the Engineer before proceeding. 

It is anticipated that some dozer type of earth displacement will 

be necessary to level-up the hole locations for drilling operations. The 

excavation for construction of the heat pipes will be mainly backhoe 

type of excavation, with some handwork. 

Backfilling operations shall not commence until the heat pipes have 

been constructed and accepted. The backfilling shall be to existing 

ground lines, to the extent practicable, outside the roadway embankment 

and to specified embankment slopes elsewhere. Compaction within the 

roadway embankment shall match that specified for the roadway 

embankment. Compaction outside the roadway embankment shall match the 

surrounding material. 

Backfilling around the completed and insulated heat pipes shall be 

done with great care, so as not to displace the pipes or to damage the 

insulation. It is intend~d that all heat pipes up to the slab be buried 

184 



a minimum of 5' (1.5 m). 

Where it is not possible to backfill around and beneath heat pipes, 

previous backfill material shall be used to bring the excavation up to 

grade, or as directed by the Engineer. 
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2. SPECIAL PROVISION FOR EVAPORATOR HOLES 

DESCRIPTION 

This item shall consist of constructing evaporator holes as part of 

a pavement heating system. 

MATERIALS 

The. grout for the holes shall be a pumpable grout conforming to the 

following approxim~te proportions for a one yard batch: 

658 lbs (296 kg) cement (7 sacks) 

329 lbs (148 kg) water 

1078 lbs (485 kg) aggregate 

1924 lbs (866 kg) sand 

This mix may be altered with approval from the Engineer. 

Coarse aggregate shall be graded so that it is uniform in size at 

around 3/8 inches (10 mm) and shall otherwise conform to any COARSE 

AGGREGATE FOR CONCRETE Specification. Sand shall conform to the mortar 

requirements of any FINE AGGREGATE FOR CONCRETE Specification. The 

casing used to case the holes shall be a schedule 40 PVC conforming to 

ASTM Dl785. 

CONSTRUCTION 

The evaporator holes shall be bored to the depth indicated on the 

project plans. 

The evaporator holes shall be 8" (205 mm) diameter holes. The holes 

shall .be cased to the top of bedrock or as required, to prevent caving. 

The casing shall be 8" (205 mm) nominal diameter PVC casing. Therefore, 
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the holes shall be bored. down to the top of bedrock with a sufficient 

diameter to get the casing down. These casings shall remain in place 

until the holes are grouted. The casings shall extend 1'± (.3m%) above 

the ground. After the evaporator sections have been placed in the holes, 

the grout shall be placed. 

The grout shall be mixed to a uniform consistency. The grout shall 

b~ placed by extending a grout tube, between the evaporator section and 

the side of the hole, to the bottom of the hole, forcing the grout into 

the hole in a continuous manner until grout comes. out the top of the 

hole. The grout tube shall then be removed, and then the casing shall be 

removed. The evaporator hole shall then be topped off with grout. The 

evaporator section shall be braced so the top is in the middle of the 

hole. An alternate grout placement method. may be utilized upon approval 

of the Engineer. 
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3. SPECIAL PROVISION FOR EPOXY COATING HEAT PIPES 

DESCRIPTION 

This item shall consist of furnishing the materials for, and 

placing an epoxy coating on steel pipes to be used in a pavementheating 

system. 

MATERIALS 

The epoxy coating material used to coat the steel pipes shall be 

one of the following products: 

Scotchkote 202 or 213 

CORVEL ECA - 1440 

DK23-0679 

An alternate product may be used, but only after the product has 

been approved by the State Bridge Engineer. 

Once a product has been se-lected for use on a project, every effort 

shall be made to use only the said product on the project. If this 

cannot be accomplished feasibly, approval shall be obtained from the 

State Bridge Engineer prior to switching to another product, whether it 

be one of the products listed above or an alternate. 

In addition to the coating material itself, patching or repair 

material shall be made available by the epoxy coating manufacturer. This 

material shall be compatible with the coating material and shall be 

inert in concrete. Additionally, the patching or repair material shall 

be suitable for use in the field by the Contractor installing the epoxy 

coated steel pipes. 



CONSTRUCTION 

Only the heat pipe elements in the pavement slab shall be epoxy 

coated. Prior to coating, the surface of the steel pipes shall be blast 

cieaned in accordance with the Steel Structures Painting Council's 

Surface Preparation Specification SP 10-63T. The anchor pattern shall 

have a profile of 1.5-2.5 mils (0.04-0.06 mm). Any remaining raised 

slivers, .scabs, laminations or bristles of steel shall be removed 

without burnishing or destroying the anchor· pattern. In no instance 

shall the steel pipes be cleaned more than eight hours prior to coating. 
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The coating shall be applied as an electrostatically charged dry 

.powder onto the grounded steel pipes, using electrostatic spray guns. 

The temperature of the pipes during coating and cure, as well as the 

duration of the cure and the method of quenching, shall be as specified 

by the coating manufacturer. 

Great care shall be taken in handling, shipping, storing and 

placing the coated pipes to prevent damaging the coating. Handling and 

bundling systems shall be padded, or otherwise designed, to prevent 

damage to the coating. All bundles shall be lifted with a strong back, 

multiple supports, or a platform bridge to prevent sagging of the 

bundles and subsequent pipe-to-pipe abrasion. Pipes or bundles shall not 

be dropped or dragged and shall. be stored above ground on wooden or 

padded supports. 

Areas damaged during fabrication shall be patched or repaired as 

soon as practicable, using patching material as previously specified, 

and always prior to shipping. However, any pipe with a total damage area 

of· two percent or more of the pipe surface area shall be deemed not 
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suitable for patching. The pipe may be cleaned and recoated. 

Areas damaged during shipping shall be patched or repaired using 

material as previously specified. However, areas smaller than 1/ 4" x 

'!/ 4" (6 mm x 6 mm) need not be patched. If the sum of all damaged areas 

on any one pipe equals or exceeds two percent of the total surface area 

. of the pipe, as determined by the Engineer, the pipe shall be rejected 

and replaced at the expense of the Contractor. 

It shall be the ultimate responsibility of the Contractor to repair 

all damaged areas, regardless of the source of the damage. The 

Contractor, at his option, may use coated tie wire and support chairs to 

reduce installation damage. The coating used first shall be approved by 

the Engineer and shall be inert in concrete. 

In all cases of damage repair, the damaged area(s) shall be 

thoroughly cleaned of ail rust, oxidation, and other foreign material 

prior to patching or repairing. 

SAMPLING, TESTING, AND CERTIFICATION 

The Engineer shall be furnished with two 3' -6" (1065 mm) long 

samples of each pipe size coated. The samples shall be accompanied by 

certification stating the samples were taken directly from the coating 

run(s) for the steel pipes for the project. In addition, the Engineer 

shall be furnished with a certification for the coating material which 

properly identifies the batch and/or lot number(s), material, quantity 

of each batch, date of manufacture, name and address of the 

manufacturer, and a statement to the fact that the production pipes were 

coated with the material identified in the certification and that the 
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coating material is of the same composition and quality as that 

submitted by the manufacturer to the National Board of Standards or 

Valley Forge Laboratories for evaluation and testing. 

The coated steel pipes shall be subjected to tests for thickness of 

coating, ~ontinuity of coating, and flexibility of coating. For purposes 

of testing the ~hickness and continuity of the epoxy coating, at least 

one sample shall be taken from each.production run of twenty-five coated 

pipes. These tests shall be performed by the designated Engineer_' s 

Inspector at: the place of coating application. The Engineer's Inspector 

shall have access to those areas of the coating plant dealing with 

surface preparation and coating at all times while work on the project 

is being performed. In addition, the coating applicator shall afford the 

Engineer's Inspector all reasonable facilities to satisfy that the 

coating is being furnished in accordance with these specifications. 

Non-destructive coating thickness measurements shall be made in 

accordance with procedures defined in ASTM Gl2-72T with the following 

exceptions: 1) The thickness device shall be calibrated on a cleaned, 

but uncoated, steel pipe which is from the same lot and of the same size 

as the steel pipes being production coated. The cleaning·process for the 

pipes used for calibrating shall be identical to that used for 

production pipes. A minimum of two calibration shims ranging in 

thickness from about three to fifteen mils (0.08 to 0.38 mm) shall be 

used to define the instrument calibration curve. 2) A single recorded 

thickness measurement shall be defined as the average of four individual 

tests taken evenly spaced along a one foot (0.3 m) length on both sides 

of the pipe under test. A minimum of five recorded measurements defined 
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above shall be obtained at equally spaced points along each test pipe. 

For acceptance purposes, ·thickness measurements shall not be permitted 

on patched areas of pipes, and all recorded coating film thickness 

measurements shall be five to nine mils (0.13 to 0.23 mm) after cure. 

The coating shall be inspected visually after cure for continuity 

of coating and shall be free from holes, voids, contamination, cracks, 

and damaged areas. In addition, there shall be no mor.e than an average 

of two holidays per linear foot (six per metre) on each-test pipe when 

tested as herein specified. Patching may be utilized to comply with the 

holiday requirement, except that, in no case, shall the total pipe 

surface area covered bypatching material exceed five percent. A holiday 

detector shall be used · in accordance with the manufacturer's 

instructions to check the coating for holidays. The detector shall be 

67-1/2 volts D.C. and may be either hand held or on line. 

Flexibility of coating shall be evaluated by a bending test on at 

least one pipe of each size coated per eight-hour shift, but with a 

minimum of two tests per eight-hour shift. The coated pipe shall be bent 

90 degrees (after rebound) over a mandrel. The bend shall be made at a 

uniform rate and may take up to one minute to complete. The diameter of 

the test mandrel shall be twelve times the nominal diameter of the pipe. 

If there is evidence of cracking or disbonding of coatings to the 

naked eye, two additional test samples from different pipes shall be 

secured and tested, from the pipes previously coated on the day's shift. 

Evidence of cracking or disbonding on either of these two additional 

samples will be considered cause for rejection of the coated pipes 

represented by these samples. 
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Coated pipes that have been rejected may be repaired, or stripped 

and recoated, and again submitted for test and inspection. They shall 

conform to the requirements of these specifications; otherwise, the 

entire lot shall be rejected. 

Visual inspection of coated pipes ready for shipment shall be made 

by the Engineer's Inspector to indicate conformity with the general 

requirements of these specifications. When inspection provides evidence 

to warrant rejection of a lot, the applicator may rearrange the lot and 

submit it once again for inspection. 
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4. SPECIAL PROVISION FOR FABRICATION AND INSTALLATION OF HEAT PIPES 

DESCRIPTION 

This item shall consist of all the work necessary to fabricate and 

install the heat pipes for a pavement heating system. 

MATERIALS 

Except for the field and shop service nipples, the piping as shown 

on the project plans shall conform to ASTM A53, Type E. Grade B, or 

better, shall be used in the straight portions. Grade A shall be used in 

the bent portions. The pipe shall be black pipe with plain ends. The 1" 

(25 mm) and 3/ 4" (19 mm) pipe shall be schedule 40, and the 1 1/2" (38 

mm) pipe shall be schedule 80. The pipe may be furnished in random 

lengths, but shall be epoxy coated in lengths of approximately 40' (12.2 

m). The 3/ 4" (19mm) OD seamless tubing in the field and shop service 

nipples shall be ASTM Al79, or better, crimpable tubing. The tubing 

shall have a 16 gage (U.S. Standard) wall thickness. 

The associated pipe fittings shall be American Standard, or 

equivalent, schedule 40 fittings, compatible with the pipe supplied. The 

bar stock used for pipe plugs and service nipples shall conform to ASTM 

A36 or to an approved alternate. 

The valves used in the testing, backfilling, and charging shall be 

stainless steel vacuum type valves. The valves shall remain the property 

of the fabricator and/or installer. 

SHOP DRAWINGS 

Shop drawings shall be required. 
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CONSTRUCTION 

SHOP FABRICATION: It is suggested that the heat pipe fabrication to 

be done in-:-shop should proceed according to the following general 

sequence: 

1. Coat pipes with epoxy coating .. (See Special Provision for Epoxy 

Coating Heat Pipes.) 

2. Make joint preparations for indicated welds and splice welds as 

required. 

3. Fabricate service nipples and bore for spiral groove. 

4. Clean the pipe lengths. 

5. Weld the pipe into heat pipe sections. 

6. Cap and/or plug the sections as indicated. 

7. Evacuate individual sections and test the. welds and the caps 

and/or plugs. 

8. Backfill the individual sections with dry nitrogen and crimp 

for shipment. 

It is suggested that the pipe be ordered in approximately 40' (12.2 

m) lengths. It shall be permissible to order the pipe in random lengths 

and splice the lengths into approximately 40' (12.2 m) lengths prior to 

epoxy coating. The splices shall be left uncoated for subsequent 

testing. It will not be necessary to coat the material to be used in the 

shop and field service nipples. 

The weld joint preparation shall be as shown on the project plans. 

As part of the weld joint preparation, care shall be taken that welds 

are not made over epoxy coating. Pipe ends where welds are to be made 

shall be thoroughly cleaned for a length of 1 1/2" (38 mm) of all epoxy 

coating and other weld contaminants prior to welding and/or shipping to 

the job site. 
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As shown on the project plans, the evaporator sections shall be 

bored to provide a spiral groove. The groove shall be bored in 

individual pipe lengths prior to connecting the lengths into a completed 

evaporator section. The groove shall be continuous within each pipe 

length, but need not be continuous from one length to the next. 

Before fabricating the prepared lengths of pipe and the prepared 

hardware into a hea·t pipe section, all surfaces of the aforementioned 

· components that will comprise the inner surface of a heat pipe section 

shall receive a thorough cleaning. 

Immediately after cleaning, the components shall be fabricated into 

a complete heat pipe section, which shall then be evacuated, tested, 

backfilled with dry nitrogen, and sealed for shipping. Any delay in 

doing so may allow the formation of rust on the interior of the 

components and necessitate recleaning. 

The initial or root pass on t~e welds shall be a full penetration 

inert gas weld made without flux. The subsequent passes, when necessary, 

may be made using any conventional technique. The welds shall be made 

while flowing an inert gas past the interior of the weld, as a purge. 

A method that has worked successfully for evacuating, testing and 

backfilling heat pipe sections is as follows: 

A. The component was plumbed to a vacuum system as shown in Figure 

B.l. 

B. -5 The component was evacuated to 5 x 10 torr or less. (Heating 

of the component may promote outgassing.) 

C. With valve #1 closed and valves #2 and #3 open, the outside 

of each weld was flooded with acetone and the vacuum gaug·e 

monitored for indication of leaking. 
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D. If no indication of leaking was found and if the pressure did 

not increase over a period of 3 hours, the component was 

considered leak free. 

E. Valves #1 and #2 were opened, and the component was 

pressurized to 1.5 atm absolute with dry nitrogen. 

F. Valves #2 and #3 were closed and the component, with valve 

#2 attached, was removed for crimping. 

It shall be the responsibility of the fabricator to devise a method 

for crimp-sealing the components. The crimp shall be placed in the . 

service nipples between the heat pipe section and valve #2 and shall be 

1"± (25 mm±) long. After opening valve 112, a commercia~ leak test 

solution shall be used·to insure that the crimp has held. Once the crimp 

is leak tight, the end of the nipple is flattened and this end of the 

nipple welded across. 

The heat pipe sections shall be bent as shown on the project plans. 

For ease of shipping, the major bends may be made in the field. If the 

Contractor elects to make bends in the field, he shall submit to the 

Engineer for approval a plan for making the bends. 

Following the shop bending and prior to shipment, the shop welded 

areas that are not subject to field welding shall be thoroughly cleaned 

of all weld slag and other foreign material, preparatory to the areas 

being coated with epoxy coating. The coating to be used shall be 

"SCOTCHKOTE" 213PC or an approved alternate. The cleaning, coating and 

curing shall be done in strict accordance with the manufacturer's 

recommendations. 

Following coating and curing, the pipe sections shall be shipped to 
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the job site. The handling and shipping shall be done as specified in 

the Special Provision for Epoxy Coating Heat Pipes. 

FIELD INSTALLATION: The piping shall be erected· as shown on the 

project plans and in sequence with· the rest of the project' work. Care 

shall be taken that each heat pipe has a continuous downward slope from 

the extreme . tips of the heat pipes in the pavement to the top of the 

evaporator section. Additionally, that portion of each heat pipe in the 

pavement slab · shall be securely . fastened dow to prevent it from 

floating up during concrete placement operations. 

Each heat pipe will require field welding to complete assembly. 

Care shall be taken to insure that, following the unplugging of sections. 

and prior to making field welds, no foreign material is in either 

section. The field welds shall be made in the same manner as specified 

for shop welds, except that an inert gas purge need not be used. The 

welds shall be tested as specified for the shop welds. 

It is suggested that, once all heat pipes at each module are 

completed, the field welds be tested as specified for shop welds, using 

the field service nipples. Then, as the last operation after weld 

acceptance, the heat pipe being tested can be backfilled with ammonia by 

utilizing the vacuum in the pipe. Each heat pipe shall be backfilled 

with a minimum of 6.5 pounds (2.9 kg) of anhydrous ammonia. A procedure 

that has been used successfully for testing the welds and backfilling 

with ammonia is as follows: 

Field Evacuation 

Field evacuation and leak test will involve plumbing between the 

fill nipple and vacuum system as shown in Figure B.l and proceeding as 
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described previously for shop evacuation and testing. 

Charging the System 

Charging the system was effected by introducing a fixed amount of 

ammonia into the heat pipe system. This was accomplished by weighing a 

liquid ammonia supply bottle. 

A. After the filling reservoir was removed from the supply 

bottle, it was weighed to insure that, in fact, the 
- -

appropriate amount of ammonia was loaded.-

B. The supply bottle was plumbed to the fill nipple as shown 

in Figure B.l. 

C. The piping between valves #2, #3 and #4 was evacuated 

by leaving valves #2 and #4 closed and opening valves 

Ill and //3. 

D. Once the piping was evacuated, valve #3 was closed, and 

then valves #2 and #4 were opened. 

E. Heating of the fill rese~roir expedited transfer of the 

ammonia from the reservoir to the heat pipe system. 

F. After charging was complete, valves #2 and #4 were 

closed, and the piping was bled and removed from valve 

112. 

After charging is complete, the nipples shall be crimped leak tight 

between valve #2 and the heat pipe. The crimp shall be welded across, as 

described for shop crimping. 

After charging and sealing are complete, the field weld areas shall 

be thoroughly cleaned of all weld slag and other foreign material, 

preparatory to the areas being coated with field applied epoxy coating. 
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This shall be done as previously specified for in-shop coating of weld 

areas. 

WELDING 

Prior to initiating any fabrication, the fabricator and/or 

installer shall submit to the designated Engineer's Inspector sufficient 

documentation to indicate each different weld, position, and procedure, 

complete with type of welding machine and welding consumables, to be 

used during fabrication, for the Inspector's approval. The Inspector 

shall then observe each production welder making a butt splice weld 

connecting two 18" (460 mm) long pieces of 1" (25 mm) nominal diameter 

production pipe. The weld shall be made with the pipe in a horizontal 

position and not rotated. The pipe sample thus produced will be tested 

by the Inspector by bending 90° over a 12" (305 mm) diameter mandrel. 

When the Inspector is satisfied that the weld is.of good visual quality 

and has passed the bend test, the welder may proceed with production 

welding. 

The fabricator and/ or installer may request a letter of 

certification from the State Bridge Engineer for any of his production 

welders. Any welder so certified shall be approved to do production heat 

pipe welding on any project for a period of 3 years without 

recertification. The fabricator and/or installer need only provide the 

designated Engineer's Inspector with this documentation prior to 

initiating any fabrication. 

INSPECTION AND CERTIFICATION 

The designated Engineer's Inspector shall be notified in advance of 
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the anticipated commencement of shop fabrication. The Inspector shall be 

allowed access to all portions of the fabricator's facilities in which 

the project work is being conducted, in order that the Inspector can 

observe, as he sees fit, any or all of the fabrication process. The 

Inspector shall be notified in advance of the anticipated commencement 

of field installation and shall have free access to all facilities and 

operations. The Inspector shall have the authority to temporarily 

terminate any operation that, in his judgment, does not meet the intent 

of these specifications. The subject operation shall be commenced only 

at which time the Inspector is satisfied that the intent is being met. 

The Inspector shall be furnished with written certification from 

the fabricator and/or installer t~at all welds have been tested and are 

leak free, as herein specified. This certification shall be two part. 

The first part shall cover the welds made in the shop and shall be 

received by the Inspector prior to shipment to the job site of the 

subject sections. The second part shall cover the field welds and shall 

be received prior to insulating any of the heat pipes. 

BACKGROUND 

The fabricator and/or installer shall have a proven background, 

both technical and practical, in the fabricating and/or installing of 

the system implied in this Special Provision, or similar systems. The 

fabricator and/or installer shall be prepared to produce, upon request, 

evidence of said background to the Engineer for the Department's use. 
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5. SPECIAL PROVISION FOR INSULATION FOR PAVEMENT HEATING.SYSTEM 

DESCRIPTION 

This item shall consist of all work necessary to insulate portions 

of a pavement heating system. 

INSULATION 

Following the charging qf the heat pipes with ammonia and the 

sealing of the heat pipes, they shall be insulated. In general, the heat 

pipes shall be insulated all around, as shown on the project plans, all 

the way from the top of the evaporator sections to the edge of the 

pavement slab. The insulation at each heat pipe shall begin at the top 

of gr.out in the evaporator holes. Whenever possible, the pipes shall be 

insulated as a bundle. Styrofoam blocks shall be used to block the pipes 

off the ground. The insulation used shall be a foam-in-place type 

Polyurethane or an approved alternate. The material shall be installed 

in strict accordance with the manufacturer's recommendations and as 

directed by the Engineer. 

The insulation will be provided with a coating to act as a moisture 

barrier. The insulation and coating will conform to the following 

specifications: 

Primary Insulation 

Type: Polyurethane 

Density: 1.5 to 3 lb/in3 

Percent closed cell: 90% or greater 

Aged K factor: .16 or lower per inch 

Compressive strength: 18 psi or greater 

Method of application: spray or molded pour with internal mixing 



Insulation Coating 

Type: 2 component urethane 

Elongation: 450% or greater 

Tensile strength: 1000 psi or greater 

Permeability: less than 1 

Application rate: 18-20 mils 

Method of application: air or airless spray, brush or roller 
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APPENDIX C 

CONSTRUCTION RECORD AND COSTS 
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The bridge over Spring Creek is located in S. 1 T. 16 R. 73 on 

Wyoming Urban Route M-4211 at M.P. 330.64. This route serves as a 

connector for the town of Laramie to Interstate 80. The construction of 

the bridge was a result of an on-going state-wide bridge replacement 

program. 

The structure replaced was built in 1934 and consisted of a 39' 0" 

(11. 9 m) steel I beam center span with 16 1 -0" ( 4. 9 m) concrete slab 

approach spans for . a total length. of 71 1 -0" (21. 6 m) • Reinforced con

crete abutments and bents were founded on spread footings'. From bridge 

inspections it was found that this structure was in poor condition. The 

condition of the structure combined with a narrow roadway, 30 1 -0" clear 

(9.1 m), dictated the need for the structure to be replaced. 

Based on the encouraging results of the Sybille experimental heat 

pipe project, it was felt that the heating of a small concrete bridge 

deck was not only feasible but would be a worthwhile demonstration 

project. The Spring Creek location was determined to be ideal due to its 

proximity to the University of Wyoming and the size of structure re

quired for the crossing. 

Engineering studies were made not only to determine the most 

economical structure type, but also how to integrate an earth-heat pipe 

system into the bridge deck. Complete hydraulic and geologic investiga

tions were made to obtain data for determining the required structure 

length and foundation type. A structure 60 1 0" (18.3 m) in length was 

found to be adequate to convey the predicted floods. Using past cost 

histories, it was determined that a simple span, steel I beam super

structure utilizing composite action with the concrete deck was the most 

economical solution. The steel beams rest on concrete abutment caps 
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founded on steel piling driven to refusal in very hard siltstone. 

Predrilled holes in the bedrock were specified to insure proper 

penetration of the steel piling. 

The impact of installing the heat pipe with regard .to normal 

construction activities was minimal. The only equipment required, which 

normally· would not have been used for co11structing a bridge· of this 

type, was a crane with boom long enough to install the 100-foot (30.5 m) 

evaporator pipes in the ground. The type of construction and equipment 

used for building the structure were quite common and no major problems 

occurred. Specialized equipment was not required for installation of the 

condenser pipes in the deck. They were placed along with reinforcing 

steel in the deck without difficulty and caused no problems with placing 

the concrete and no cracking has occurred in the deck. Structural steel 

header vaults were constructed on each edge of the bridge deck to 

protect the heat pipes emerging from the deck. Also, no major problems 

occurred with integrating these vaults into the bridge construction. 

Some problems did occur with the grouting of the evaporator holes 

but these difficulties were associated with the evaporator thermal 

instrumentation and not the heat pipe itself. This is discussed in 

section II.C of this report. 

Settlement of the fill behind and adjacent to the abutments has 

occurred, causing cracking of the approach sidewalks and rough 

approaches to the structure. Also, it appears that the settlement of the 

fill has deflected some of the heat pipes downward, causing them to 

become inoperable. This problem is discussed in Chapter 3 of this 

report. 

The deck surface is sanded in the winter months. However, the 
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amount of salt included was found to be quite small. Cores of the deck, 

obtained after the bridge had been in service for two years, contained 

insignificant amounts of sodium chloride. 

In order to decrease construction time, it was decided to break the 

project into two contracts: 

1. Supply, fabrication, handling, shipping, unloading and stock

piling of structural steel, steel piling, and piling points. 

2. Construction of the bridge and heat· pipe system. Since the 

supply contract was let first, the structural steel and piling were at 

the contractor'sdisposal when the second contract for actual construc

tion of the bridge was awarded. This eliminated the normal waiting 

period for these items (which is usually four to six months) that is 

incurred when a complete contract is let, and the contractor is respon

sible for ordering the material after award of contract. The two con

tract approach was desirable, since the time required for preparation of 

plans dictated a July 17, 1980 letting date, and it was felt that having 

steel items pre-delivered would al~ow completion of the bridge in early 

summer of 1981. This would then allow four to five months for the 

University of Wyomix:tg to install instrumentation and data acquisition 

equipment in order to take data on the heat pipe system performance 

during the winter of 1981-1982. 

Bids were opened for the steel supply contract on March 5, 1980. 

The award of the contract was made by the Wyoming Highway Department 

Commission on March 13, 1980 to the successful low bidder, Tri-State 

Steel Co., Cheyenne, Wyoming. 

Bids were opened for the structure on July 9, 1980. The award of 

the contract was made by the Wyoming Highway Department Commission on 
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July 17, 1980 to the successful bidder, Structures Incorporated, of 

Riverton, Wyoming. 

The actual itemized bid prices, along with the Engineer's estimate, 

are shown in Table C.l, and the chronological listing of major construc

tion activities during the life of the project is delineated in Table 

C.Z. A complete set of contract plans are included in Appendix A. 



TABLE C.l. COST SUMMARY OF SPRING CREEK BRIDGE (PROJECT BRM-4211(6)) 

A. Supply, Fabrication, Handling, Shipping, Unloading and Stockpiling of Structural Steel 
and Steel Piling and Piling Points 

ENGINEER'S ESTIMATE CONTRACT 
Item Unit Ql!(lntj_t:y Unit Coe;t Total Cost Unit Cost Total Cost 

Structural Steel 
Steel Piling HP 12x53 
Contract Bond 

LS 
LF 
LS 

TOTAL COST 

* 80% of$ .75 
** SO% of $40.00 

Item 

Heat Pipes 
Excavation 
Structural Steel 
Evaporator Holes 
Insulation 
Class B Concrete 
Reinforcing Steel 

B. 

Unit 

LS 
CY 
LS 
LS 
LS 
LS 
LS 

TOTAL COST 

107500 Lbs 
400 

$ 0.60* 
20.00** 
1. 2% of 

$64,500.00 
8,000.00 

900.00 
total 

$73,400.00 

Bridge Deck Heating System 

ENGINEER'S ESTIMATE 
Quantity Unit Cost Total Cost 

$89,000.00 
2000 $ 15.00 30,000.00 

12400 Lbs 1.00 12,400.00 
80,000.00 
15,000.00 

31.5 CY 275.00 8,662.50 
2760 Lbs 0.75 2,070.00 

$237,132.50 

$ 0.428 
19.39 

$45,973.00 
7,756.00 

128.95 

$53,857.95 

CONTRACT 
Unit Cost Total Cost 

$184,000.00 
$ 9.00 18,000.00 

2.50 31,000.00 
91,700.00 
19,000.00 

815.87 25,700.00 
0.43 1,200.00 

$370,600.00 

N ..... 
0 



TABLE C.l (CONTINUED) 
c. Cost Summary for Bridges 

ENGINEER'S ESTIMATE CONTRACT 
Item Unit guantity Unit Cost Total Cost Unit Cost Total Cost 

SUPERSTRUCTURE 
Class AAA Concrete LS 124.4 CY $ 275.00 $34,210.00 $ 285.37 $ 35,500.00 
Class B Concrete LS 66.6 CY 250.00 16,650.00 249.43 16,612.33 
Reinforcing Steel LS 13610 Lbs 0.50 6,805.00 0.50 6,795.73 
Bridge Railing LF 100 45.00 4,500.00 38.00 3,800.00 
Erection of Structural Steel LS 107500 Lbs 0.20 21,500.00 0.11 12,000.00 
Reinforcing Steel (Epoxy Coated) LS 18580 Lbs 1.00 18,580.00 0.70 13,000.00 
Pedestrian Railing LF 121 45.00 5,445.00 65.00 7,865.00 

Subtotal, Superstructure Cost· $107' 690.00 $ 95,573.06 

SUBSTRUCTURE 
Class B Concrete LS 110.2 CY $ 250.00 $27,550.00 $ 249.43 $ 27,487.67 
Reinforcing Steel LS 8420 Lbs 0.50 4,210.00 0.50 4,204.27 
Dry Excavation CY 140 15.00 2,100.00 20.00 2,800.00 
Predrilled Holes LF 236 12.00 2,832.00 1.00 236.00 
Pile Driving LF 400 20.00 8,000.00 22.00 8,800.00 
Steel Pile Splices Ea 5 100.00 500.00 100.00 500.00 

Subtotal, Substructure Cost $ 45,192.00 $ 44,027.94 

MISCELLANEOUS 
Reinf Cone Approach Slabs Sq Yd 355 $ 45.00 $ 15,975.00 $ 51.00 $ 18,105.00 
Pervious Backfill Material CY 150 20.00 3,000.00 19.00 2,850.00 
Removal of Bridges Ea 1 15,000.00 15,000.00. 10,400.00 10,400.00 
Bridge Telephone Conduit System LS 66 LF 15± 1,000.00 15.15 1,000.00 
2" Rigid Steel Conduit System 

(for Bridges) LS 140 LF 7± 1,000.00 7.14 1,000.00 
Bridge Deck Heating System Items 237,132.50 370,600.00 
(See attached breakdown) 

Subtotal, Miscellaneous Cost $273,107.50 $403,955.00 
TOTAL COST $425,989.50 $543,556.00 

Superstructure Sq Ft $21.89 $ 19.43 
UNIT Substructure Sq Ft 9.19 8.95 

N 
COSTS Miscellaneous Sq Ft 55.51 82.10 1-' 

1-' 
Total Sq Ft 86.59 110.48 
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TABLE C.2 

Chronological Listing of Major Construction Activities 

1. Supply, Fabrication, Handling, Shipping, Unloading and Stockpiling 
of Structural Steel, Steel Piling, and Piling Points. 

1. Let to contract ••••• 

2. Contractor started fabrication. • • 

3. Material delivered to site •••• 

4. Contract completed and accepted by Engineer • 

• 3- 5-80 

• 3-27-80 

• .10- 1-80 

.10-22-80 

2. Construction of Bridge and Heat Pipe System 

1. Let to contract • • • •• 

2. Contractor started work • 

3. Steel piling driven at abutments •• 

4. Abutment concrete placement complete. 

5. Structural steel erected •• 

6. Heat pipes placed in deck (complete) •• 

7. Bridge deck placed •••• 

8. Insulation placed under deck. • • 

9. Concrete placed for instrumentation hut and 

service vaults (complete) • • 

10. Steel headers on side of deck complete. • 

11. Evaporator holes complete • 

12. Heat pipe system completed 

. . .. 

. 7- 9-80 

• 8-15-80 

• 9-22-80 

• .10-28-80 

.11-13-80 

• .12-17-80 

.12-16-80 

. 1-22-81 

. 4-24-81 

• 5- 7-81 

. • 5-14-81 

• • . • • 6~15-81 


