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Chemical melting agents have also been used to reduce preferential 

icing3 • Because of the immediate action of these chemical agents, the 

control system for the dispensing mechanism does not have to anticipate 

the icing conditions, thus the control system is simplified. However, 

most chemical agents tend to be corrosive so that this method of reducing 

preferential icing often increases deterioration of the bridge surface. 

Embedded pipes circulating a heated fluid have also been proposed. 

Two sources of heat for this fluid have been considered: the heat 

produced by the decay of radioactive waste and the sensible heat of the 

surrounding ground. Both of these heat sources have the desirable feature 

that they do not require any energy from traditional, useable energy 

sources. The heat of decay of radioactive wastes is currently not useful 

because of its low energy density, vihile the sensible heat of ground 

is not used because it is a very low grade energy vihich is widely dispersed. 

Thus both of these heat sources could conceivably be exploited without 

additionally burdening our nation's already short energy supply. A study 

of the radioactive waste source proved it to be unfeasible4 • While the 

sensible heat of the surrounding ground is a feasible heat source in 

many locations, the complexity and expense of the pipe and pumping system 

have discouraged its use. 

An alternative method to use the sensible heat of the ground near a 

bridge is to carry this heat by means of a heat pipe. A heat pipe is a 

relatively recent invention (whose operation is explained in a subsequent 

section of this report) which can carry heat very efficiently i.e., with 

a very small temperature drop. A further advantage of the heat pipe is 

that it is completely passive in that it is a closed system which requires 

no supplementary energy to move the heat from the ground to the bridge deck. 

Thus its operating cost is zero. 
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The use of heat pipes to carry thermal energy from surrounding 

ground to a highway surface has been most thoroughly investigated by 

h C 
' 5 Dynat erm orporation . This work has centered on highways rather than 

bridges, and has included an experimental installation of heat pipes in 

a concrete test slab. Initial tests appear promising, but data are 

limited due to the unseasonably warm weather during the reported test 

period. 

This study will analyze the thermal response to a bridge as it might 

behave in weather typical of Oklahoma when it is equipped with a heat pipe 

system to conduct earth heat to the deck. A computer program to thermally 

model a bridge is discussed which can predict the reduction in freeze-

thaw cycles resulting from the heat pipe installation. Consideration 

of the elements of an appropriately designed heat pipe is also made. 
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Heat Pipe Theory Section 2 

A heat pipe is a device which can transfer a large amount of heat 

across a relatively small temperature difference. Thus it can more ef-

ficiently transport thermal energy than can such good conductors as alumi-

num or silver. Such high efficiency is important in this particular 

application of bridge deck heating because the heat source itself (the 

0 

ground near the bridge) is at such a low temperature (about 50-60 F) that 

if significant temperature drop occurred between the heat source and the 

bridge deck, then the bridge deck could not be kept warm enough to signif-

icantly reduce freezing. 

A heat pipe is a closed tube which contains a working fluid (Figure 2-1). 

Thermal energy (heat) is carried from one end (the evaporator) to the other 

end (the condenser) by the change of phase of the working fluid. In the 

evaporator end, heat enters the heat pipe and evaporates the working 

fluid. This evaporation of working fluid at the evaporator results in 

a higher vapor pressure in the evaporator end causing the vapor to flow 

to the condenser end. The condenser end is at a slightly lower temperature 

which causes the working fluid to condense. This evaporation and condensa-

tion of the working fluid results in a transport of thermal energy from 

the evaporator end of the heat pipe to the condenser end. 

This is briefly the operational concept behind a heat pipe. However, 

in order for the heat pipe to continuously transport heat, there must be 

a mechanism to return the condensed working fluid to the evaporator end 

so that the evaporator does not dry out. In a heat pipe, this return 

occurs by capillary flow of the working fluid through a wick. As the 

working fluid evaporates in the evaporator, the depletion of liquid causes 

the liquid-vapor interface to retreat into the wick. This produces a 
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capillary pressure which pumps the condensate back to the evaporator. As 

long as the capillary pressure thus produced is greater than the sum of 

pressure drops due to gravitational forces acting on the liquid and 

pressure drops due to vapor and liquid flow resistance, then the heat 

pipe will operate without drying out the evaporator. 

Considerable work has been done to theoretically analyze the operation 

of heat pipes. 6 One of the earliest studies was by Cotter We will only 

discuss here some of those parameters which are important to the design 

of a heat pipe for this particular application. More general discussions 

can be found in the literature following Cotter. 

Heat pipes which operate in the temperature range of concern here 

are conunonly referred to as ambient temperature heat pipes. For such 

heat pipes the maximum amount of heat that can be carried, o , is usually 'max 

limited by the ability of the capillary wick structure no return the liquid 

from the condenser to the evaporator. (This is in contrast with high 

temperature heat pipes whose O can be limited, for example, by the 111ax 

vapor flowing from the evaporator to the condenser reaching sonic velocity) . 

For this reason, ambient temperature heat pipes are designed with 

a wick structure which has a low pressure drop for the fluid which flows 

through. Of the six wick designs shown in Figure 2-2, the wrapped screen, 

open groove, and screen covered grooves have proved to be most effective 

for the ambient temperature heat pipes due to their lower pressure drop. 

The wick pumping limitation also has a strong bearing on the selection 

of the working fluid for a horizontal ambient temperature heat pipe. The 

�ax of an a�bient heat pipe is proportional to hfg cr/v (see, for example 

Chi7, p. 34) 
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hfg = latent heat of vaporization 

cr = surface tension 

v = kinematic viscosity 

Figure 2-3 shows this figure of merit for various fluids in dif-

ferent temperature ranges. It can be seen that for temperature ranges 

of interest here, water and ammonia are the best choices. While water 

is somewhat better from a heat transfer standpoint, it has the dis­

advantage that, in practice, it may contain dissolved minerals and 

gases which inhibit its wetting characteristics (thus reducing cr) and 

lead to the formation of scale. Ammonie is not so sensitive, yet is 

compatible with most steels and aluminum so that it has found wide 

acceptance in ambient heat pipe designs. For example, the Dynatherm 

installation5 uses ammonia as a working fluid. 

Thus, the important consideration in the heat pipe design is that 

it be sized, and that the wick structure and working fluid are selected, 

such that it will supply the necessary heat flow at the appropriate 

temperatures to perform the desired warming of the bridge deck. 

The approach taken in this study is to determine the temperature 

and heat flux of the heat pipe which corresponds to a certain thermal 

response of the bridge (see next section) . With these �x and temperature, 

the heat pipe design can be considered. Following traditional analysis 

of heat pipe performance (e.g. Chi7) a computer program has been developed 

which can be used to design a heat pipe for various sizes and wick types. 

This program is used to study such design variables as wick type, nec­

essary evaporator length, possible condenser length (thus bridge-span 

capability), and effect of inclination angle. This program is listed in 

Appendix A. 
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Mathematical Modeling Section 3 

To date several computer models for heat transfer through a medium 

with embedded cylindrical heat sources have been used to study the thermal 

response of bridge decks. Schnurr and Rogers modelled the heat transfer 

for such a case as steady-state and found design data by which tube heat 

flux and tube surface temperature were correlated to tube spacing, depth, 

diameter, and weather conditions.8 Nydahl and Pell used TOSSA; a tran-

sient or steady-state heat transfer computer program, to model the ther-

mal response of a bridge and compared the numerical results to data 
10 

obtained from an existing bridge. Temperature response data for a bridge 

with an embedded cable was a lso given. Manuel Regis L. V. Leal formulated 

a computer model for the heating of a plane slab with embedded cylindrical 

11 
sources for the transient or steady-state case. In our case, the bridge 

was modelled by finite differences and solved using the implicit aiter-
12 

nating-direction method. This scheme is stable regardless of the size 

of time step used in the computation, a clear advantage over the explicit 

method of solution which restricts maximum time steps. A minimum of com-

puter time could then be used, according to the size of time steps chosen. 

The implicit alternating-direction method provides a means of solving the 

grid equations by Gaussian elimination for the special case of a tri-

diagonal matrix, again providing a Havings in computatio� time. (Appendix B) 

Assumptions made in the heat transfer model of a bridge deck with 

embedded heat pipes are as follows: 

1. Temperature variation in the z-direction (i. e. in direction 

of traffic flow) is small compared with variations through 

and across the bridge. In other words, the model is two� 

dimensional. 
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2. The material surrounding the heat p is homogeneous. 

3. Heat pipe spacing is 

4. Heat pipes are isothermal. 

s. Side losses on the are negl 

6. Contact resistance between heat 

material is 

Figure 3-1 shows a cross-section of a deck with embedde<:i 1. 5 

inch OD heat pipes. Traffic flow in this diagram is in the z-direction, 

perpendicular to the page. 

Figure 3-2 shows sections of the model used to numerically solve for 

the transient temperature of the bridge deck. It can be 

seen that, because of symmetry, the solution for in one sec-

tion will be identical to any other section, so that superimpos 

solutions, the bridge deck temperature distribution. 

The model consists of an isothermal half of a The two 

sides of the model, not including the heat p , are adiabatic, since 

the thermal gradient normal to these s is zero. 

Heat loss from the bridge's top surface can occur in two ways --

convection and radiation. The convective heat loss is found the 

equation 

where 

Q = h A(T - ) 
C C ¢ 

o,, 

QC 
"" heat transfer rate (BTU/hr) 

convective conductance 2 
h = (BTU/hrft F) 

A ::::: surface area (ft) 

air temperature (F) T 

T 

The convective conductance is a of wind speed, the 

teristic bridge length, and the air temperature. 
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DIAM R 

Figure 3-1. Vertical cross section-through bridge with heat pipe 
installation. Section is perpendicular to traffic flow. 

ADI 

Figure 3-2. Subsections for mathematical model. These subsections 
can be added together to represent.the bridge cross 
section. 
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The radiative heat transfer from the bridge surface for a cloudy sky 

is given by 

where 

= E:<1 (T 4 - T 4) a s 

e: = emissivity of bridge surface 

2 4 cr = Stefan-Boltzmann constant (BTU/hrft R) 

and T and T are expressed here in degrees Rankine. 
a s 

For a clear sky, the long-wave radiation emitted by the atmosphere is 

given by 

Q = - 54.19 + 1.195 T 4 
LW a 

h . . ' d k" 13 w ere T is given in egrees Ran ine. 
a 

radiation with a clear sky is given by 

where 

TE = effective air temperature (R). 

Thus, the heat transfer by 

The effective air temperature is found using 

The bottom surface of the bridge transfers heat only by convection. 

Radiative transfer is negligible because the transfer surroundings have 

approximately the same temperature as the bridge bottom surface. The 

convective bottom heat transfer is found as a percentage of the upper 

surface convective heat transfer. This percentage becomes smaller because 

the wind speed across the bottom is reduced by means of exposed steel beams 
! 

under the bridge, hills and the like. 
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Heat transfer in the bridge deck itself is by conduction and is 

given by 

where 

x,y = coordinates for the two-dimensional problem 

a = thermal diffusivity (ft2 /hr) 

e = time (hr). 

Our purpose in constructing a computer model was to determine the 

effect of heat pipe spacing on temperature in the bridge, and to deter-

mine the effect of the heat pipes on conditions conducive to ice forma-

tion. To do this, we assumed cloudy days and clear nights. This combi-

nation of sky cover is most conducive to the formation of ice, thus our 

model represents the most pessimistic sky conditions. Clear days provide 

the bridge with added heat via solar flux and long-wave radiation. Cloudy 

days omit these added heat sources. The effective temperature of a clear 

night sky is of the order of 430°R (-30°F). A cloudy sky emits approxi-

mately as a black body at air temperature, which is of the order of 

480°R (20°F). Thus, the clear night is most severe for night sky 

conditions. 

The air temperature variation is modelled as a sine wave. Each com-

puter run was given a minimum air temperature and several maximum air 

temperatures. In order to establish a reasonable initial condition, a 

constant initial bridge temperature was first assumed. The model allowed 

a 24 hour period to find the true transient temperature distribution in 

the bridge. This distribution then serves as the subsequent initial 

condition. In order to study response for temperature cycles of several 

amplitudes, the model was allowed to run through 5 cycles; at the end of 

each a 5°F increment in maximum air temperature was made. 
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0 The heat pipe temperature was assumed to be 50 F. This is less than 

Oklahoma's integrated average earth temperature to a depth of 10 feet 

14 during winter months. The average wind speed for Oklahoma, 15 mph, was 

1 d d . 15 se ecte as a esign constant. Larger winds increase the convective 

heat transfer process. Thus, to increase wind speed as a design para-

meter would lower temperatures at night and raise temperatures at day, 

resulting in a greater daily bridge temperature fluctuation. Smaller 

wind speeds simply decrease the fluctuation of the daily bridge tempera-

ture. The ,,ind is assumed in a direction perpendicular to traffic flow 

across a two lane bridge. Other constants are noted in Table 3-1. 

Figures 3-3 and 3-5 show the effects of the heat pipe on the sur-

face temperature of the bridge. The percentage of the 24 hour period 

that the bridge surface is frozen is plotted against the maximum air 

temperature. The maximum air temperature is simply the minimum air 

temperature plus 6t. Each graph is of a constant minimum air tempera-

ture. The bridge surface temperature is not uniform but is a maximum 

directly above the heat pipe center and a minimum halfway between the 

heat pipes. The surface t emperatures sometimes vary by more than 6.3°F 

for the heat pipes with 8. 25" spacing. When the minimum surface tempera­

ture reached 32°F, freezing or thawing was assumed. Temperatures at 

freezing were chosen to the nearest 30 minutes, giving G ± 2% error for 

the percentage of day the bridge surface is considered frozen. The 

heat pipe spacing is measured from the center of one heat pipe to the 

center of the nearby heat pipe. It is seen from the graphs that the heat 

pipe, at any spacing given, significantly reduces freezing of the bridge 

surface. The 6" heat pipe spacing reduces the percentage of time the 

bridge surface is frozen by at least 50% for any temperature variation. 

The 4 .5" spacing never allows freezing of the bridge su:cface for a 
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Table 3-1. Parameter values used in theoretical study of bridge ther­

mal response to sinusoidal temperature fluctuations. 

Material: concrete 

Wind speed: 15 mph 

Characteristic bridge length: 26 ft 

Bridge depth: 8.25 in 

Back loss: 10% 

Heat pipe temperature: 50
°
F 

Heat pipe diameter: 1. 5 in 

Depth of center of heat pipe: 2.75 in 

Concrete emissivity: 0. 940 

Concrete conductivity: 1.0 BTU/hrftF 
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Figure 3-3. Percentage of time below 32
°
F of the minimum bridge 

surface temperature as a function of amplitude of 
sinusoidal air temperature fluctuations and heat pipe 
spacing for a minimum air temperatµre of 10°F. 
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Figure 3-4. Percentage of timE.'. below 32°F of the m1.n1.mum bridge 
surface temperature as a function of amplitude of 
sinusoidal air temperature fluctuations and heat 
pipe spacing for a minimum air temperature of 15°F. 
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Figure 3-5. Percentage of time below 32°F of the minimum bridge 
surface temperature as a function of amplitude of 
sinusoidal air temperature fluctuations and heat 
pipe spacing for a minimum air temperature of 20°F. 
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0 0 minimum temperature of 20 F. For a minimum temperature of 15 F, the 4.5" 

spacing gives an added difference to the 611 spacing of 25% to 30% of a 

day that the bridge is unfrozen -- quite significant. However, for the 

10
°

F minimum temperature this difference is apprciably less, 0% to 13% 

of a day. It is expected that the 8.25" spacing will not permit enough 

heat to appreciably delay icing, as the ice will be an added heat load. 

The straight lines at 47.9% of the day, on two of the graphs, '.can 

be explained physically. At 12. 5 hours, the effects of clear sky night 

radiation are seen on the bridge surface. The bridge surface temperature 

drops several degrees Fahrenheit as the sky becomes clear. At this jump 

in surface condition, extra heat is required to keep the surface from 

freezing. The straight lines represent this transition. 

Figures 3-6 to 3-8 show the effects of the heat pipe on the minimum 

bridge temperature at a depth of 0.37511 • The a.zsn heat pipe spacing 

increases the freeze-thaw cycles as compared with the unheated bridge 

for each of the air temperature minimums considered. Only for the 10°F 

air temperature does the 611 spacing initiate freeze-thaw cycles, and 

there they occur for each variation of air temperature considered. The 

4. 511 and 6" spacing provide a decrease in freeze-thaw cycles for the 15
°

F 

0 and 20 F minimum air temperature, and no freeze-thaw cycles occur for 

either the unheated bridge or the 4. 5" spacing at the 10°F air tempera-

ture minimum. Therefore, the 8.25" spacing hinders the freeze-thaw 

characteristics for the temperatures considered. However, it is ex-

pected that at higher air temperature minimums the 8. 2511 spacing would 

aid in prevention of these cycles. The 4. 511 spacing benefited the pre-

vention of freeze-thaw cycles for all cases considered, and the 611 

spacing benefited all but the 10°F minimum air temperature. 
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Figure 3-6. 
0 Percentage of time below 32 F of the minimum bridge 

temperature, at a 0. 375 inch depth, as a function of 
amplitude of sinusoidal air temperature fluctuations 
and heat pipe.spacing for a minimum air temperature 
of 10°F. 
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Figure 3-7. Percentage of time below 32°F of the minimum bridge 
temperature, at a 0. 375 inch depth, as a function of 
amplitude of sinusoidal air temperature fluctuations 
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Figure 3-8. Percentage of time below 32°F of the minimum bridge 
temperature, at a 0.375 inch depth, as a function of 
amplitude of sinusoidal air temperature fluctuations 
and heat pipe spacing for a minimum air temperature 
of 15°F. 



- 24-

Thermal Response of a Bridge for a Sample Month Section 4 

The preceding theoretical mode ling has given some indication of the 

effect of heat pipe installation on a bridge . This same computer model 

was next used to represent the thermal response of a bridge with and 

without heat pipes during a sample month. 

The month of January, 1973, was selected as a month with particu­

larly severe weather conditions . The following data were collected by 

the National Weather Bureau at the Oklahoma City and used for 

this representation : daily maximum and minimum temperature , daily 

average wind speed , average daily sky cover, and daily incident solar 

radiation (Table 4-1) . 

Precipitation data is not used in this model because we have neg­

lected the latent heat of any moisture on the bridge deck . This assump­

tion is somewhat pessimistic from a freeze-thaw cycle viewpoint , because 

the latent heat of liquid on the bridge deck would tend to retard the 

dropp ing of the surface below the freezing point. Of course , it is some­

what optimistic for the case of snow falling on a warmer bridge deck. 

In addition to the rather complicated mathematical aspects of modeling 

this precipitation, the nEicessary data are not available to include ac­

curately these effects. In order to mode l the prec itation with any 

degree of relevance it would be necessary to know the distribution of 

rain (or snow) fall throughout the day as a function of time . These data 

are not available. It is felt that these latent heat effects will be 

small  and will be best verified with a field experiment . 

The instantaneous air temperature was represented by fitting a con­

tinuous sine wave between reported maximum and minimum air temperatures. 
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The time difference between maximum and minimum air temperatures was 

taken as 12 hours . 

Daily wind speeds were assumed constant at the average value reported 

in the climatological data. The wind was considered to be constant in 

direction -- perpendicular to traffic flow. 

Sky cover was input as either cloudy ,  for the climatological data 

scale. 8 to 1 0, or clear, data scale O to 7. Mathematical modeling of a 

partly cloudy sky is extremely difficult , and no data are available to 

account for its random effects . Therefore, partly cloudy days were : in­

cluded as clear days, thus providing a minimum contribution of long-wave 

radiative heating of the bridge surface . 

Instruments of the Weather Bureau used in measurement of the daily 

Langleys are insensitive to long-wave radiation. Therefore , the Langleys 

given in the climatological data account only for short-wave solar radia­

tion . Incident solar radiation was modelled as a half sine wave with a 

maximum heat flux found from the given day's Langleys . This variation 

in solar flux occured during a 10 hour interval each day. The sun's 

heating began when air reached its minimum temperature. Thus, bridge 

and air responded by lagging the solar heat flux. It should be noted 

that even cloudy days contributed some short-wave energy, as the sun's 

rays partially penetrated the cloud cover. After 10 hours, there was 

no solar heating for the remainder of the day, and only long-wave radia­

tion transfer occured . The concrete's solar absorptivity was 0 . 65. 16 

The heat pipe ' s  outer diameter , for the study of January , 1973, 

weather conditions, was changed to 2 inches. There were 3 reasons for 

doing this . First , the 2 inch pipe's larger surface area exposed more 
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concrete to the heat input, thus providing warmer temperatures through the 

bridge deck. Second, a larger diameter heat pipe has greater capacity for 

heat transfer. Finally, a larger node spacing could be used in the com-

puter model of the bridge deck , resulting in a savings in computer time. 

Results from the computer model are shown in Figure 4-1 for January 

8 through January 13 .  This period of time represents the most severe 

weather conditions in January, 1973 .  Plotted are the air temperature and 

the bridge surface temperatures with and without heat pipes. The graph 

of the bridge with heat pipes is for the minimum surface temperature, 

which occurs at the midpoint between the pipes . 

Sudden changes in surface temperature variations are seen to occur 

at the beginning of each day. This is due to the sudden change in wind 

speed (in the model) occuring as the day changes. Also , cloud cover 

changes occurs at this time, as seen for January 11, which effects radia-

tive heat transfer and, therefore, the surface temperature. 

It is seen that the bridge with heat pipes drops under 32°F in 

temperature 5 times, while that without heat pipes passes only one time 

over this temperature. Thus, based on this period, the bridge without 

heat pipes has better freeze-thaw characteristics, based on 32°F freez­

ing. This is not the case if 25°F is taken as a reference for freeze-

thaw. In this instance there is no freeze-thaw for the bridge with 

heat pipes and 4 freeze-thaw cycles for the bridge without heat pipes. 

The bridge with heat pipes has its surface under 32°F for 36 hours dur-

ing these 6 days, while that without heat pipes amounted to 140 hours . 

0 However, for 25 F surface temperature, the bridge with heat pipes had 

no hours while that without heat pipes amounted to 128 hours. Thus, 

based on this period , the bridge with heat pipes is far superior in 

reduction of icing conditions . 



60 

50 

40 t I \ 

g roU " 0::: 

... 

TEMPERATURE FLUCTUATIONS 
OF BRI  OGE SURFACE 

WITH AND WITHou1· HEAT P l  PE 

I ' I \ I \ 

"'-J "'-/ '\ ) � )  
I "- 6" 

S?�CING 

� /0tJ�P 
� 2o r J \  � I Jr\ / A  \ j 

" NO 
H.P. 

a.. 
::E 
w 
t-

· 10  

·20 

9 

DATE ( ' I ) 

13  

Figure 4-1. Thennal response of highway bridge during the period January 8-14 
with and without heat pipe installation • .  The bridge surface 
temperature plotted is the coldest point on the surface. Surface 
temperatures with heat pipes of 4 inch spacing follow within 2 
degrees the resuits shown here for 6 inch spacing, but are omitted 
for clarity. 

I 

N 
00 



-29-

Freeze-thaw characteristics for the total month have results sum-

marized in Table 4-2. These results are based on the minimum tempera-

ture at the midpoint between the heat pipes. By using heat pipes in the 

0 bridge, the surface freeze-thaw cycles based on 32 F have been reduced 

by 66% for 4 inch spacing when compared to the bridge without heat pipes 

and by 58% for 6 inch spacing. No surface freeze-thaw cycles based on 

25°F occur for the bridge with either of the heat pipe spacings, while 

12 occur for the bridge without heat pipes. The freeze-thaw character-

istics at 1 inch depth show penetration of cold temperatures in the 

bridge deck. There were no freeze-thaw cycles occuring at 1 inch or 

deeper for the bridge with either of the heat pipe spacings. However, 

0 without the heat p ipe, 1 1  occur for a freeze based on 32 F, and 9 occur 

for a freeze based on 25°F .  Table 4-2  also shows the time that the sur-

face is below 32°F or 25°F. 

Based on the above results, a 6 inch heat pipe spacing is recom-

mended for use in bridges. The smal l increase of performance in freeze-

thaw cycles and surface freezing for the 4 inch heat pipe spacing is not 

great enough to merit the extra cost for the additional heat pipes re-

quired to heat a bridge deck . More detailed examination of a particular 

installation might result in adjustments in this spacing based on economic 

considerations , more extensive (or different) meteorological data, and/or 

particular bridge design characteristics. 
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Table 4-2 . Predicted effect of heat pipe installation on number 
of freeze-thaw cycles and t ime that bridge surface is 
be low freezing.  Values shown are totals for the month 
of January , 1973 . 
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Heat Pipe Design Section 5 

In the previously discussed thermal model, it was assumed that the 

heat pipe was capable o f  maintaining its condenser end at 50°F .  In 

this section, we will consider the design of  a heat pipe which is capable 

of this performance . 

The heat pipe performance will be determined by the physical dimensions 

of the pipe itself and by the thermophysical properties of the working 

fluid. As discussed in the earlier section on heat pipe theory, ammonia 

has been selected as the working fluid for this installation primarily 

because its wetting characteristics are not as sensitive to contaminants 

as those of water, the other possible working fluid . Further, in an 

ammonia heat pipe, the working fluid will be above ambient pressure 

(89 psi) , whereas in a water heat pipe, the working fluid would be below 

atmospheric pressure (0. 18 psi) . It is felt that fabrication and main­

tenance of the pressuri zed heat pipe will be easier than the sub-atmospheric 

heat pipe. 

Several of the physical dimensions of the heat pipe are set by the 

assumptions made in the bridge thermal model. The heat pipe has an outside 

diameter of  2 inches. (The possible effects of a smaller diameter heat 

pipe will be discussed later). Since the bridge deck surface is nearly 

hori zontal, the heat pipe is assumed to be also horizontal . Any inclination of 

the heat pipe (e . g. the evaporator end as it goes into the ground) will 

only tend to increase the heat capacity, thus this is a pessimistic 

assumption. 

For this analysis, we are allowing a 2°F drop in temperature between 

the evaporator and condenser ends of the heat pipe . Since we previously 

assumed the condenser was at S0°F, this implies that the evaporator is 
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0 at 52 F .  This should be a very pessimistic representation since the 

minimum ground temperature should be above 52°F in nearly every location 

in the state. For example ,  in Oklahoma City , the average ground temperature 

at 10 ft depth would be about 60°F. Even allowing for some cooling of 

the ground and for some contact resistance between the soil and the 

0 evaporator, the evaporator should be well above 52 F .  Further, it 

should be mentioned that on warm, sunny days the heat pipe actually 

reverses 'its direction and the ground is re-warmed around the buried 

end of  the heat pipe. Thus some of the sensible heat removed from the 

ground on cold days is restored even during this cold sample month of 

January, 1973, so that ground cooling should not be significant. A more 

accurate estimation of this temperature for the particular installation 

being considered wo uld be appropriate : a higher ground temperature 

(thus a higher temperature difference between evaporator and condenser) 

would permit a much longer bridge span to be heated . This temperature 

should be accurately estimated for any proposed bridge installation. 

The walls of the heat pipe were assumed to be 1/4 inch thick. 

Thinner walls would increase the heat capacity of the heat pipe, thus 

this is a pessimistic estimate. However, thinner walls should only be 

specified when an analysis which considers the structural role of the 

heat pipes shows that the thinner walls are structurally sufficient. 

With these assumptions about the heat pipe design, the performance 

of several wick types was analyzed , A heat pipe with screen-covered 

grooves (Figure 2-2) gave the best performance , Figure 5-1 shows 

typical performance for such a heat pipe with 50 grooves 1/16 inch 

wide by 1/16 inch deep covered with one layer of 200 X 200 steel mesh. 

This graph shows that for this wick, with a 2°F drop between evaporator 
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and condenser, as the condenser length is increased (i. e. as the bridge 

span is increased) the heat delivered per foot of condenser falls. This 

non-linear fall-off in heat delivered per foot is due to the fact that, 

as the condenser length is increased, the total heat transferred by the 

heat pipe remains about constant . Thus, the heat delivered per foot of 

condenser is approximately inversely proportional to the length of  the 

condenser . Figure 5-1 also shows that as the evaporator length is in-

creased from 1 5  ft to 30 ft, the heat transfer capacity per foot of 

condenser (again allowing a 2°F drop) increases slightly. The increase 

in heat transfer with increase in evaporator length is relatively small 

because all of these pipes are operating well below their maximum 

capacity anyway . 

0 For very short condensers with a 2 F temperature the open groove 

heat pipe performs as well as the one with screen covered grooves. 

However, due to its lower ability to return fluid by capillary action, 

it reaches its maximum heat capacity with a condenser length of only 

about 8 feet . Thus the open groove wick design is not practical for 

bridge installations unless it can be angled such that gravity can 

assist in the liquid return, thus increasing its maximum heat capacity . 

Studies of heat pipes with wrapped screen wicks showed them to 

have significantly lower heat transfer capability for a given temperature 

drop. Thus these wicks will not be useful in highway bridge applications, 

since such a heat pipe would not be capable of warming a bridge of reason-

able span. However it should be pointed out that mathematical modeling 

of a wrapped screen heat pipe can be inaccurate because the performance 

is very sensitive to the tightness of wick wrap during fabrication. 

Accura te estimates of the performance of such heat pipes are best made 

by experiment . 
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The precise number and geometry of grooves was not optimized in 

this study. Such optimization can really only be carried out if the 

economics and technology of fabrication are known. It was observed 

here that the condenser length (thus span length) was nearly directly 

proportional to the number of grooves. A larger number of narrow 

grooves transferred more heat for a given temperature drop than fewer, 

wider grooves , Thus it would be desirable from a heat transfer stand­

point to design the heat pipe with as many narrow grooves as possible. 
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A more direct method to supply more heat is simply to increase the 

temperature difference between the evaporator and condenser. The heat 

supplied is approximately directly proportional to this temperature dif­

ference. Thus if the evaporator temperature in the ground is 54°F instead 

0 of 52 F, then the condenser length can be increased to 60 ft  (total span 

increased to 120 ft) with the 6 inch spacing. 

Of course this discussion is somewhat misleading because in reality 

this increase in AT is exactly what would happen anyway in an actual in-

stallation. For example, let us assume the evaporator is at a constant 

52°F and this screen-covered-groove heat pipe is instal led with a 50 ft 

condenser, 30 ft evaporator, and 6 inch heat pipe spacing. For our sample 

month of January, 197 3, this heat pipe would supply enough heat (up to 

45 Btu/hrft) to keep the condenser at S0°F (or higher) during all but 28 

hours ( from Figure 6 -1) . During this time the heat pipe would not trans-

0 mit enough heat to keep the condenser at 50 F, thus the condenser temper-

ature would drop to 48°F or 49°F until equilibrium is again established 

between the heat "demand" o f  the bridge and the heat supplied by the heat 

pipe. During these hours, the slightly lower heat pipe temperature would 

have l ittle effect on the surface icing condition or in the number of 

freeze-thaw cycles since the surface is below 32°F for this time anyway 

(Figure 4-1) . 

This discussion simply points out one o f  the limitations of our 

model: we have decoupled the heat pipe performance (particularly the 

temperature drop between evaporator and condenser) from the thermal 

response of the bridge. In the actual situation these are of course 

coupled. This is not a serious limitation of this model, however, as 

long as the heat pipe is operating in a regime wel l  below its maximum 

capacity. In these models with 6 inch spacing, the assumption that the 
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heat pipe condenser is a t  S0°F is accurate for condenser lengths up to 

30 ft. For a condenser length of up to 50 ft the S0°F assumption would 

be accurate except for 28 hours during which it will be at most 2°F too 

high. 

Heat pipes with an outside diameter less than 2" might be desirable 

for economic and/or structural reasons. These studies have suggested 

that such heat pipes could work. However, of course , they would not 

deliver as much heat to the bridge as the 211 heat pipe, thus somewhat 

more freeze-thaw cycles could be expected , The limitation with smaller 

heat pipes is probably not so much their smaller heat carrying capacity : 

the studies with the 21 1  heat pipes suggest that the heat pipe would very 

seldom operate near its limit in these applications. Furthermore, maxi-

mum capacity could be greatly increased by arching the bridge slightly 

so that the condenser would be inclined at 2-3° . The smaller diameter 

heat pipes would not perform as well primarily because a smaller surface 

f h ld b b . h d ( . l ) S0
°
F .  o t e concrete wou e eing eate to approximate y This 

could be compensated for by using closer pipe spacing (such as 4 inches) .  

The extent to which this performance would be degraded by the smaller 

diameter heat pipe can be checked for any specific smal ler diameter by 

using the bridge thermal-response model. 
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Conclusions and Recormnendations Section 7 

The results of this study indicate that heat pipes can be success­

fully used to both reduce the freeze-thaw cycles of bridges and to re­

duce the time during which the surface of the bridge deck is below freez­

ing. Though this study was necessarily limited to a general model using 

limited meteorological data, similar results should be realized in more 

specific studies. 

It appears that heat pipes can be installed in a bridge deck to 

achieve any desired level of reduction in freeze-thaw cycles and time 

of surface freezing. There is enough design flexibility through choice 

of wick, inclination of the condenser, alternate routing paths, and heat 

pipe diameter and spacing that, technically, any realistic performance 

level could be achieved. The design choices should be strongly influenced 

by economic considerations : it will probably not be economical to design 

to prevent all freezing. Thus the consideration involves weighing the 

additional cost vs. the additional benefit of incremental heat inputs. 

The computer models presented here should provide the necessary tools 

to perform these optimization studies for particular proposed installa­

tions once the cost of the installation and benefits of freeze reduction 

are quantified , 

The following are recormnendations for future work which, by building 

on this study, can bring closer to practice the benefits indicated here : 

(1) Laboratory verification of the heat pipe performance 

that was mathematically predicted in this report, 

including effects of inclination and/or bends, effects 

of contact resistance at evaporation and condenser , and 

wick design. 
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(2) Analysis of the way (s) in which the heat pipes will 

fit into the structural design of the bridge including 

structural constraints placed on heat pipe wall thick­

ness, outside diameter, and spacing. 

( 3) Development of a plan for realistic field fabrica­

tion of a heat pipe system for bridge installation. 

(4 ) Assessment of possible corrosion problems with the 

installed heat pipes. 

(5) Selection and analysis, using the computer models 

of this study, of a specific bridge site which might 

be used later for field test. 

(6) Full-scale test installation of heat pipes in a 

bridge deck. So that this bridge can serve as its 

own control, heat pipes might be installed in only 

one half of the span. The longer that this test 

installation is monitored, the better correlation 

that can be made between expense of installation vs. 

savings in bridge deck maintenance. 
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APPENDIX B 

A Computer Program to Model 

The Thermal Response of 

A Highway Bridge 

Heat Pipe Installation 
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