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Chemical melting agents have also been uséd to reduce preferential
icingB. 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, while the sensible heat of ground
is not used because it is a very low grade energy which 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 unfeasiblek. 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
Dynatherm Corporations. 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.



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
ground near the bridge) is at such a low temperature (about SO-GOOF) 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, 1In 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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Figure 2-1. Schematic cross section of a heat pipe.
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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. One of the earliest studies was by Cotteré. We will only
discuss here some of those parameters which are imﬁortant 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 commonly referred to as ambient temperature heat pipes. ~For such
heat pipes the maximum amount of heat that can be carried, Qmax’ is usually
limited by the ability of the capillary wick structure to return the liquid
from the condenser to the evaporater. (This is in contrast with high
temperature heat pipes whose Qmax can be limited, for example, by the
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. 0f 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
Qmax of an ambient heat pipe is proportional to hfg o/v (see, for example

Chi’, p. 34)
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Figure 2-2, Six heat pipe wick designs.
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where latent heat of vaporization

fg

o) = 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. Wwhile 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 ¢) 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 mnecessary 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 Qmax 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 #o 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
obtained from an existing bridgéﬁo Temperature response data -for a bridge
with an embedded cable was also given. Manuel Regis L. V. Leal formulated
a computer model for the heating of a plane slab with embedded cylindrical
sources for the transient or steady-state case}1 In our case, the bridge
was modelled by finite differences and solved using the implicit alter-
nating-direction method%2 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 . elimipnation for the special case of a tri-
diagonal matrix, again providing a savings in computation 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 pipe is homogeneous,
3. Heat pipe spacing is uniform.
4, Heat pipes are isothermal.

5, Side losses on ‘the bridge are negligible,

6. Contact resistance between heat pipe and surrounding

material is negligible,

Figure 3-1 shows a cross-section of a bridge deck with embeddec 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 distribution of the bridge deck. It can be
seen that, because of symmetry, the solution for temperature in one sec-
tion will be identical to any other section, so that by superimposing
solutions, the bridge deck temperature distribution,

The model consists of an isothermal half of a heat pipe. The two
sides of the model, not including the heat pipe, are adiabatic, since
the thermal gradient normal to these sides is zero,

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

convection and radiation. The convectiwve heat loss is found by the

equation
Q, = hcA(Tﬁ - Ts)
where >
QC = heat transfer rate (BTU/hr)
hc = convective conductance (BTU/hrftzF)
A = . surface area (ftz)
Ta = alr temperature (F)
TS =  bridge surface temperature (F).

The convective conductance is a function of wind speed, the charac~

teristic bridge length, and the air temperature,
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Figure 3-1., Vertical cross section-through bridge with heat pipe
installation. Section is perpendicular to traffic flow.
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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

. 4 4
Qg = €0(Ty - Tg)

where
€ = emissivity of bridge surface
0 = Stefan-Boltzmann constant (BTU/hrftzRA)

and Ta and Ts are expressed here in degrees Rankine.
For a clear sky, the long-wave radiation emitted by the atmosphere is
given by

4

Q = - 54.19+ 1.195 T "

where Ta is given in degrees Rankine.13 Thus, the heat transfer by

radiation with a clear sky is given by

4

4
QR = SG(TE - TS )

where

TE = effective air temperature (R).

The effective air temperature is found using

e, - ()
E ge

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
3% 3% ot
““§'+ 5 = o §§
ox oy
where
X,y = coordinates for the two-dimensional problem
o = thermal diffusivity (ftz/hr)
0 = time (hr)..

Our purpose in constructing a computer model was to determine the
effect of heat pipe spacing on temperature in the bridge,iand to deter-
mine the effect of the heat pipes on conditions conducive te¢ 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
4800R (ZOOF). 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 maximuﬁ 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. 1In order to study response for temperature cycles of -several
amplitudes, the model wasallowed to run through 5 cycles; at the end of

O . . .
each a 5 F increment in maximum air temperature was made.
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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
during winter months.14 The average wind speed for Okléhoma, 15 mph, was
selected as a design constant.15 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 wind 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 At.. 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 temperatures sometimes vary by more than 6,3°F
for the heat pipes with 8.25" spacing. When the minimum surface tempera-
ture reached 320F, freezing or thawing was assumed. Temperatures at
freezing were chosen to the nearest 30 minutes, giving & + 27 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 507 for any temperature variation.

The 4.5" spacing never allows freezing of the bridge surface 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 Heat pipe temperature; SOOF
Wind speéd: 15 mph Heat pipe diameter: 1.5 in
Characteristic bridge length: 26 ft Depth of center of heat pipe: 2.75 in
Bridge depth: 8.25 in Concrete emissivity: 0.940

Back loss: 10% 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 mimimum air temperature of 10°F.
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minimum temperature of ZOOF. For a minimum temperature of 15°F, the 4.5"
spacing gives an added differenceto the 6" 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,gcan
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 ;ondition, 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 0.375". The 8.25" 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 6" spacing initiate freeze-thaw cycles, and
there they occur for each variation of air temperature considered. The
4.5" and 6" spacing provide a decrease in freeze-thaw cycles for the 15°F
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 8.25" spacing would
aid in prevention of these cycles. The 4.5" spacing benefited the pre-
vention of freeze-thaw cycles for all cases considered, and the 6"

spacing benefited all but the 10°F minimum air temperature.
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Figure 3-7. Percentage of time below 320F of the minimum bridge
temperature, at a 0.375 inch depth, as a function of
amplitude of sinusoidal air temperature fluctuations
and hgat pipe spacing for a minimum air temperature
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Thermal Response of a Bridge for a Sample Month Section &

The preceding theoretical modeling 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 airport and usea 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
dropping 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 necessary data are not available to include ac-
curately these effects, In order to model the precipitation 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. Tt 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,



-25=-

NOO S OB DN GO~ 0B G b P e L 004D D M =d

3.7

DEPARTURE FROM NORMAL 2 2 ¢

HIGHEST 66 ON 1 7

LOWLST '1__,0'« 12
HUMBER OF DAYS WITH - °
MAX, 32° OR pELow __.____1.0
MAX. 20V O8 Amove .._,,_____O
WIN, 370 OH BEL OW ,_,._______%L,____,_.__
MiN, 00 OR BEL OW R 2 e
DEGREE OAYS {Hage §57) 975
TOTAL THIS MONTH -
DEPARTURE FROM NORMAL _ "{07
BEASONAL TOTAL _ﬁ__*__,_zgg‘;,

DEFARTORE FROM NONM!\L._-’:{ 3 2

DEPARTURE PROM NRORMAL M. 1. CLEAR (Scale &3

OREATEST N 24 nouns,__l*_os»_on'%&

PARTLY CLOUDY (o
INOWFALL, SLEET CLBAIY (Scate §-10,

TOTAL FOR THE MONTH 8" — N

GRE ATEZST IN 28 HOURS .M

GREATESTOEP THON GROUKRD ﬁ ON 8

BAROHETRIC PRAESSURE
(Climatolnglcal station alsvation)

e k238 FEL ML
;k

FAONTHLY AVEBAGE 51ATION 28 xlgi._
9

L MIGHEST SEALLVEL D T, OR e

LOWEST SYALEVEL ZQ s ;Q__m. on_ 21

"":" L2535 W ;
20

7

WITH 0,01 INCH OR MORE paccm‘_li
WITH 010 INTH O MORE PRECIR,
WITH 6,80 INCHM Off MORE PRECIP

WITH .00 THGM OR BORE PRECIP, 0

B 2 FOG WITH VISI®ILITY

8 MILE QR I.ESS

= HAL

P R

= THUNDER
= ICE #ELLETS

9

% GLAZE OR RIME
¥ DUSTSTORM

= BMOXE OR NAZE
B BLOWING: SHOW

__HanrnaLJanua:;L zi.m:g 1%49 MTmensﬂlmymnum m__lﬁg&u_;emusm&m_m ocguy |

PRELIMINARY LOCAL CLINATOLOGICAL DATA preevrn — !
’ Senwary 1973
LATITUDE LONGITUDE SROUKHD BLEVATION K] BTARDARD TiMg
3% o % o 87 o 6 1w 1283 5T, Centrel
TEMRERATURE OF PRECIFITATION {In) v, WINO BUNSHINE :
7 r ' P:{.‘C?(;s FAATEST L g gmg m
o oL | pg. R R g WEATHER Prasgure
a | maxie | min [ aven.| FAR fonge] TUTEE | mwow. | (SE | Avenaou et emer | | occurneuces lhvarage
v | waun mum | ace | rrom ‘(’;‘: squases .“L‘ anogno [ (oop, | 3PEE0 | omse. | et ::& g;:é
ol W | meviens) gage fmplo)| TION | wede) fygig i 64 |GEN
1 z 3 « 5 8 ¥ 8 *_9“ 16 1t 12 18 18 % W il i
| kb | 24 135 - 4130 O 0 G [10.6 | 17| &% (8.7 1 THIETS
:} A0 | 27 134 - &1 331 .22 4 0 g5 & & 6.2 215 11,4 LI
: 41 30|36 |~ 2| 29 .83 2.7 1 2 &.0 19| 8 3113118 11,46 201853 1
o 30| 2095 iS00 7} F IR T B TH T8 9500 TEIERS
o] 23 | 19 | 21 |~ib 2T ¢ o (1R TR T O uIiLE JE IS
ol ZE I 2L FIe @A 5 1A 138 i 8 yearraele FBYI5 | GE 8T
1 28 | 1818 [-19] 47 24 ] 3.3 1 5 [15.2 ) 198 6.6 §0 11,6 PHIGCHREN T S 1)
o] L7 3110 [-271583 ¢ % TS| W RLAEY 8 TOLUsSyT S 2TB
s 11 0l & -3115% % T 5 113, 2B 4.0/40 10 1 1,6 29,1401 36 | 175
el 16 9113 =340 53 % | % 5 1 5.6 3w 1o |oilaied 231930 26 116D
wl 20 3132 [-25] 831 @ 1] 5 13:9 | &3 9,1i33 1 k16 29ls9al 35 1318
2] 271 -L 133 1=~340 33 O 1] 2 821 39188 | 9.1151 1616 23,875 18 1333
vi o35 15125 (-3121 40 O g 5 9.1 13 8 951911 & g 23 ‘i?g gig 2222
i & o 7.0 1ol g8 1 9.8197: 8 28L80 4 23
L i? §§ JIE + g 23 g 8 ? EN K w.% %2’ g ] edTois T 71237
w] S6 1 251 &9 1+ 9119 © 4] € 115,13 2351 8 God i (2 1 1 Zapead| 18 | 193
vl 65 | SL| %9 422] 6 ¥ | @ 6 |..0] 23/ 8 |1.534]9 RIS IV AR
vl 61 ] A3 51 Hial 14 021 O 0 |iJ.B] 3l EF | 9.9{987Q 13 23.2&5 zé gﬁ
18 2 £ 6 1.3 ¥31 8 G.00 53 38 23.493
B 22 7i"”5%‘“1§§” 1 g g 3 LLST 308 Tw T aiuTe PRI T LN >
wl 44| 351461 [+ & ::; RENIE] ¢ 'id.ol L3jLA (O oo T4a,d G eh0] 38T %%
] bh | 3h| 4% 1* 2l 5 G | © R IR R IRy TELERT IR [ 1EL
o]ty T 2o (39 w127 6 | © o o T T a8 TELESE IR AT
PSR N C I C P LG I BN R S N N I R IR FLYRAT A T
wl 47 1 5163 1+ 3] a0 31 © O | f.ui 33l :3 e T ehet KINiCIC R
5] di | 29143 1+ 6 L4 b D O | 48] 33310 | ol2ll S hE0] b | &3
o] ¢4 ] 79137 1 ol o .c5] 6.3] 0 |17.4| &2 td . | 03 [1,5 TSI L
w] 32| 23y o9l 33 9w | ® | % 1en.6] i id 1926810 31593 55 [ 50
dol 21 1710y {-9l 28 @ e 1w 6.0 101 B 9.7.931 4 JaLiia) 201 335
Rl 601 26143 45 | 22 Q Q2 Q 16.1 251 8 1.0167 15 2814451 19 1320/
w1 S8 1 44 151 14131 14 A5.0 8] 17.2 a8 0,11 1 80 8 2811631 18 84
ol 12841779 10 T 4 bt 3,390 8.3 0 o 13787 (e e 4142, 3 — R % 889373 - 604
Al 2 o T T — T 1 12,2 (PRTEIRIS (5. ® — 2816891 36 194,59
‘ s et Ldmsc e 4 | d 13105146 6 O - 28le93 ) =) -
TEMPERATURE DATA PHECIPIVATION DATA YEATHER SYRBOLS USED 8 COLUKH 18
AVERAOGE MONTHLY 33. 3 TOTAL FOR THE MONTH 3. 39_3& NUMBER OF DAYS - t xPOG

Table 4-1,

Meteorological data for the month of January, 1973,

recorded
by U.S, Weather Bureau at the girport weather station in
Oklahoma City.
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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 walue reported
in thé 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 10, 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) occﬁring 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. 1In 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.
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 conditioms.
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Figure 4-1. Thermal reéponse 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 fellow within 2
degrees the results shown here for 6 inch spacing, but are omitted
for clarity.
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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
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,
without the heat pipe, 11 occur for a freeze based on 320F, 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 small 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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FREEZE - THAW CYCLES

"""" Hem pioe | Sreae 7 E e
TRE| " 5
SEE| e ° ©
I';DBIEZP'LH ( 0 0
l';DggT}g 9 0 0
HOURS FROZEN |
HER‘? PIPE M “sEp‘Zch&EE 6"HES§:\CFT§\3PGE
~ SURFACE 298 23 38
SUREACE 0 0

Table 4-2, Predicted effect of heat pipe installation on number
of freeze-thaw cycles and time that bridge surface is
below freezing. Values shown are totals for the month

o 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 of maintaining its condenser end at 50°F, 1In
this section, we will consider the design of a heat pipe which is cépable
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, ;he 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 pressurized 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
horizontal, the heat pipe is assumed to be also horizontal. Any inclination of
the heat pipe (e.g. the evaporatorend 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

o . . .
assumed the condenser was at 50 F, this implies that the evaporator is
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at SZOF. 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
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 notkbe significant. A more
accurate estimétion of this temperature for the particular installation
being considered would 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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SCREEN COVERED GROOVES

i 1 i
i€ * ig 9roove , 33 space, 50grooves
200 x 200 mesh screen
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CONDENSER LENGTH , L (ft)
Figure 5-1., Heat delivered per foot of condenser as a function of

condenser length for a horizontal, screen covered groove
heat pipe with evaporator length of 15 -and 30 ft.
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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 15 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.

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 ité maximum heat capacity.

Studies of heat pipes with wrapped screen wicks showed them to
have significantly lower heat transfer capability for a given temperature
erp. Thus these wicks will not be useful in highway bridge applications,
since such a heat pipe ﬁould 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.

Accurate 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 éptimization 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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Length of Bridge Span Section 6

The results of the previocus bridge thermal model can be combined
with the analysis of heat pipe performance to determine the bridge span
length which can be accommodated for a particular heat pipe, Takle 6-1
shows that during the month of January, 1973, the maximum amount of heat
which would flow from a 50°F heat pipe is alwavs less than 60 Btu/hrft
with 6 inch spacing. From Figure 5-1, it is seen that for this heat
"demand" by the bridge, the screen covered groove heat pipe can have a
maximum condenser length of about 25 ft for a 15 ft evaporator and about
30 ft for a 30 ft evaporator. Since this would correspond to one half
the distance across the bridge, this result implies that a bridge 50 to
60 ft long could be heated by heat pipes with this spacing.

For heat pipes with & inch spacing, the maximum heat demand is always
less than 40 Btu/hrft. From Figure 5-1 this corresponds to a condenser
length of about 40 feet with a 15 ft evaporator and about 50 £t with a
30 ft evaporator. This yields span lengths of 80 and 100 ft respectively,

There are several methods available to increase this span length.

A straightforward design technigue for the case of a bridge that is sup-
ported in the center would be te bring additional heat pipes up through
the center support. In this case the 30 ft condenser would only need

to heat 1/4 of the span. Thus with 6 inch spacing a 120 ft bridge would
be heated. It would also be possible to bring two sets of & inch spaced
heat pipes through each end of the bridge. One set would be insulated
and remain under the concrete until 30 ft across the bridge at which
point it would enter the concrete for 30 ft. The other set of heat pipes
would heat the first 30 ft. Thus these two sets would heat a 60 fr half

span.
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Table 6~1. Heat flows from a 50°F condenser to the bridge deck for each day of the sample
month, Under each date is indicated the number of hours for each range of heat
flow. Data are given for both 6 and 4 inch heat pipe spacing.
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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
of 520F, 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 installed with a 50 ft
condenser,30 ft evaporator, and 6 inch heat pipe spacing. For our sample
month- of January, 1973, this heat pipe would supply enough heat (up to
45 Btu/hrft) to keep the condenser at 50°F (or higher) during all but 28
hours (from Figure 6-1). During this time the heat pipe would not trans-
mit enough heat to keep the condenser at SOOF, thus the condenser temper-
ature would drop to 48°F or 49°F until equilibrium is again established
between the heat '""demand" of the bridge and the heat supplied by the heat
pipe.  During these hours, the slightly lower heat pipe temperature would
have little effect on the surface icing condition or in the number of
freeze-thaw cycles since the surface is below 32°F for this time anfway
(Figure 4-1),

This discussion simply points out one of 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, 1In 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 well below its maximum

capacity.  In these models with 6 inch spacing, the assumption that the
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heat pipe condenser is at 50°F is accurate for condenser lengths up to
30 ft.  For a condenser length of up to 50 ft the 50°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 2" 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 2'" 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
of the concrete would be being heated to (approximately) 50°F. 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 smaller diameter by

using the bridge thermal-response model.
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Conclusions and Recommendations Sectiog 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 fiexibility 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 recommendations for future work which, by building
on this study, can bring closer to practice the benefits indicated here:

‘ @) 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.



(2)

(3)

(4)

(5)

(6)

“41-

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.

Development of a plan for realistic field fabrica-
tion of a heat pipe system for bridge installation,
Assessment of possible corrosion problems with the
installed heat pipes.

Selection and analysis, using the computer models
of this study, of a specific bridge site which might
be used later for field test.

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 omnly
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 A

A Computer Program for the
Analysis of Ambient Temperature

Heat Pipes
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55 51 DPLL=NPOX*(2i.*1E+32.%2A)
5% 63 T0 83
51 52 wNMzEXPIO.B¥ALUGI4.T20WLA 3. L4LSIOFHFGR2ERVSG) )
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58 Dis#'=0.0%BY + C.06947DH4
59 LPGL=DPGXE(ZEJUNNME3 L ZA) ¢
e B0 B AR PS Rl ALy €00 80 e
61 60 QWL = ©
67 wi TO 103
e, 63 6i_ AT=LDGZ

, b4 _ ac (LPF+DPG1) /2.
A . L=NPS-LPT,

66 103 QnL {-BC+SO T(RO*Bu~AQ®CO)) 740 o .

67T - 10=Nu+l
: 00 lus Ve=l,1G
IFAIMG-1) 72,7172

T773 CTGE=EXP(0.B*ALOGI4.7+3/(3.14159%ZECHFG¥VSG)))
DTGE=2. %L 2ZE#VSu/1 3. 141 39%DENG#(DG*+4)%(0.C4B1+0.04947JTGE)+HFG)
OTGA=128.2VS3%(*2A7 13,16 159%DENGS(DG*%4) HFG)
DTGC=32.%0%C/{3.16159*0ENGEHFG#HFG*{DG*+4) )
L DTGF=TSAT*DBTLE/ ( UENGEHFG)
 DTGA=TSAT*DTGA/{NENGEHFG)

OTLC=TSAT#DTGC/ {LDENG*HFG)

[FIMTHP-1) 82y 81:R2
e B __,__51_»05 COF#(COF¢COWK-§1.~EPSIL)*{COF-COWK)} ) /{COF+CO¥K#+ {1, -EPSIL}*(CDF.
. . 1-CNwKY ) . e i
e o DTWE=Q#{RI-RG1 /(3. 16159%COESZE*(RI+RGD)

B3 CTACEQ#(RI-RGI/{3.14159%CDE#ZC*{RI+RG))

B G TQ 63
25 RZ EPP=GRVN¥WINTH/{ 3. 14159%{R1+RG) )

o, BO - CDESEPPRCDF+(1.-EPPY#DNWK o
LTAC=C*(RI-RG)I/ {3, 1%15%CDE*LC*(RI+RGI) o
DTWRE=UEXP( 5, 4% DEPTH/ WIDTH) -EXP (-5, %*DEPTH/WIDTH) ) /LEXP(5.4*DEPTH
1/ IOTH) +EXP(-5.4%DEPTH/WIDTH) )
DTWE=C,.185¢P%DTWE/(5RVN¢LE*CDF)
TE=TSAT-UTGE+DTAE
TC=TSAT=2,#)TGE-0TGA-DTGC-DTRC
DTEC=0Tue+DTOLA+DTLUC+OTWCEDTNHE =

w71 W=l - T o
G2 . T0 713
- L=6a+Du o e e e et e e e e e

22 FURPAT (//69H. . TSAT. . QMAX 0 e T T
o1

CUFIMG-1092,91,92
FORMAT 1/53H Q TE Tc ot
LARITE (6,22)

LARLTE (6515). TSAT.Q.TF TC,DTEC .
LLoRITE U6923) .
&=C1-rQ
GJ TC 93
nRITE (6.14) @y TES,TC,DTEC
IFANTEC.GEL111)G0 TO 10%
CONT INUE_ .
CuMNMTiNUE - o
CCONTINUE -
CuNT INUE
CAaLL EXIT
R e
EMD it i
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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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i TEMPERATURE VARIATION (F) : S S S o
A ~CENTER COEFFICIENT OF TRIDIAGONAL MATREX, !1ION-DIMENSIiONAL '
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_ CLUTKR ~TIME ELAPSED (HR)
CUN . ~THERMAL CONNUCTIVITY OF CONCRETE (BTUSHRLFY,F)
CINST —-A CONSTANT,DETERMINED BY GECOMETRY, ARiSING FROM THE NON~UNIFORM
b&lb SPACING NEAR rHE HEAT PIPE

v = 0 If CLOUDY
) ~=CALUMY MATRIX N
_ DALANG-TAILY LANSLEYS OF SOLAR RADIATION
T DEPTH ~THILKNZSS OF CONCRETE OF BRIDGE DECK (FT)
DePTHL-THICKNESS UF CUMCRETE OF BRIDGE DECK (IN)
el DTAU__ ~NIN-CIMENSIINAL TIME INCREMENT--FOURIER NUMBER
DX —IN-DIMENSIBNAL GRID SPACING
EMI3S -EMISSIVITY DF CONCRETE
F . =NIN=LIMEMSIPNAL CONSTANT
F1 “hON-DIMENSTONAL CUNSTANT
FTAIR =AI2 TEMPERATURE (F)
. _FTEMP ~AVERAUE SURFACE TEMPERATURE USED IN DETERM;NING RADIATIVE _ SR
" TRANSFER CPEFFICIENT &F) ' T
"FTPIPE-HEAT PIPE TEMPERATURE (F) o
oW -0VEALL HEAT TRANSFER COEFFICIENT FOR CONVECTTON aMD RADIATION 7~ "7+
{3TJ/HR.FT2.F) Tt
HC —CONVELTIVL HEAT TRANSFER COEFFICIENT {BTU/HR.FT2.F}
. MR =RADIATIVE HEAT TRANSFER CGEFFICIENT {BTU/HR.FT2.F) I A
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IFAEQ TIME STEPS -
IDAY._ —CAY NF ThE ¥WONTH { = 0 FOR PROGRAM TO STOP:
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JGRID -STARITING SURFACE GRID POINT IN THE X-DIRECTION
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CUDIMENSICM TF(3G,200 ATRMING 2)

T QSAYMX=0.87323%0aLANG

 WRITE(6s03)FTPIPE

CREALESy LULIFTPIFE

T RuAD{ Dy Lub)IGRIT,COVER

CDEPTH1={*Pl-1GRITI®5PACE

JWRITET 652020 IGRTL4RALGTH

| e R L  C N SR S | | SR ST EERE

N -NU4BER PF GRID BLINTS ALONG X-AXIS

NP1 ~HUYBZR OF LRIN PUINTS PLUS ONE ALUNG X-AXIS
_GQPIPE —-4EAT TRANSFEARED FRI4 HEAT PIPE TO BRIDGE (BTU/HR.FT)
CSKYMX-MAX ol 1TACI7ENT RADIATION FRGCH4 SKY AND SUN {BTU/ZHR.FTZ2)
KATIC —F7J LR N <RER LIVIGED BY HOU-DIMENSIONMAL GRID SPALCING
CKULGTH ~CHARACTERISTIC LENGTH OF THE BRICSE (FT)

SPACE -GRID SPACING (1IN}
 STEMP —AVERAGE B(DGE SURFACE TEMPEXATURE (R) o
-NIN-DIMENSTI.4AL BRIDGE TEMPERATURE AT THE START OF THE FIRST
HALF TIME INTREMENT

it —INITIAL WIN-DLMENSINNAL CUNCRETE TEMPERATURE
CTAIR O =NJN-DIASNSINNAL Al® TEHPERATURE
~ TAuy ~N3N-DIMEWSID 1AL TIME , o o ) o
TEFF -EFFECTIVE MJI4-DIMENSIONAL AIR TEMPERATURE FOR A CLEAR SKY.
TIF  =BRIDGE TEMPERATURE, (F}

TIME —TIME STEPS OR INCREMENTS (MIN)
TPIPE =nNIN-DIMENSIONAL PIPE TEMPERATURE
TPRIME-CH_UMY CR 7% J4F TEMPERATURES AS FOUNMD IN SUBROUTINE TRIDAG AND. -~~~
‘ C TRANSFERRED TO MAIN PROGRAM, NON-DIMENSIONAL

©_ TRANCO-NAME 1F SU3ROUTINE USED TO SOLVE FOR TRANSFER COEFFICIENTS AND

, EFFECTIVE AlR TEMPERATURE , o o
TRIDAG-NAYE JF SUSRUUTING USED 1IN SOLVING TRIDIAGONAL MATRIX FOR BRIDGE
PEZS TEMPERATURES

TSTa -NIM-PIVENSIDtAL BRIDGE TEMPERATURE AT THE START OF THE SECOND
YELY  ~WIND SPEED {HPH) - R ; B
W -ANGULAR FREPUENCY OF AIR TEMPERATURE VARIATION (RADIANS/HR)
WIDTH -CENTe9-TD-CENTER DISTANCE OF HEAT PIPE SPACING {(1IN) 5 , e
WIDTHL-HA_F ThE CEMTER-TO-CENTER DISTANCE OF THE HEAT PIPE SPACING (IN)
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DIMENSION AL3UI,B130),C130)90(30),T7130,20),TSTARE30,20), TPRIME(30)

cesesREAL AND CHECK INPUT PARAMETERS <.
REAP{S, 10 ) ALPHA, TIMcoNgMy IFRED
AEAL(5, 10210 N, ENTSS,ABSORP

ReAulS5s 104 IVEL Ly RLGTH ; ‘ _ o ,
READ(S, LUSIALIRVAK, ATRYINC(L)sAIRMINC(2),DALANG -~

REALLD,IVTIRLOSSSSPACE

LREADI S, 10PYIDAY
W=(.2613

_TPIPE=1.0 o

__T1=AIRMAX/FTIPIPE.

AMAX=8 [RHAAX
4P L=N+1

WIDTHl={#-2)355PACE ; L e
NEPTH={{NP1-TGRILI*SPACE}/12.0
WIDTH= c, C¥hI0THL

CX=SPACE/DErTHI

BT AU=( ALPHA=TIMEL/{ ( DEPTH&DEPTH}*50.0)
RATIC=LTAJZ{CA*UX)

dR{IE(ﬁv?DQ)FTAUvDXqR&T[h;N;H,lFREQ

WRITE{6.20L4)CON
WRITE(692)P)EMISS ABSTIRP
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29 NRITE(b,c13)BLOSS.SPACE.DEPTﬁl.HlDTHI
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o € eeewsSET INLTlal TEMPERATURE YALUES<eenss
30 LG 2 J=2.M
31 vl 2 I=]luRIPyNPYL
; 32 e W Led) =11
33 2 TSTARLT,4)=T1
o o€ eeeesVARIABLFS REQUIRED FGR CALCULATION OF = - =~ e .
C COEFFICIENT AR2AYS Ay By AND Lecoee
34 Feoi¥{1.0/RATI=1,.3)
3% _ Fl=2.5%{1.G/RATIS*#1D) | . ... e e e
o€ CONST=(1.0/SPACC)=SurRT{(3.0)
o L 4eessPTRFMRY CALCULATINNS JVER SUCCESSIVE TIME-STEPSewees -~ o - -
) 37 IC3JNT=C
33 TAL=L T
29 TAu=TAU+LT Ay ) L
&2 CLNCK=1{T AUSDTPTH*LEPTHI/ALPHA
4] 4 JCOuNT=ICIJUNT+1
~
C eeseoFIND FEAT 12ANSFER COEFFICIENTS AND EFFECTIVE
c 5Y TEVPERATUREeeoes
e 62 AR TaN=AIRMING 1 o ~ . - ~
43 IF{CLU KeuT 18 2)VANMIN=AIRM]IY(2) -
L4 [F{LLDCK. 5T 6. 0) AMAX=ALRMAX )
e o FTAIRS(AMAY S AMIND/ 2. U-(LANAX-AMIN) /2. 0¥ *SIN(W*CLGCK) . - R R -
46 TAIR=FTAIR/FTIPIPE
a7 (FCILRID21=TLTORID,2ISFTRPIPE
- 68 TECIGRITyM)I=TL {GRID,M)®FTPIPE e -
@3 FTEMP={TFL{ JuRIDy2)+TFIILRIBM}}/2.0 ) o
20 CALL TOaNIZO{VEL1sRLGTH,FTAIR,FTEMP,EMISS HeHCsHRyCOVER,,TEFF,FIPIPE
14 ABSURPICSKYMX.CLONKY - L
51 IF{ICOUNT NELLFRECILG TO 86
52 AP iTE(es 2011 0LIUCK FTalIR
i 53 . DL NI Teloe 11 IB0 ) - oo B
S b6 RN={n%SPACE)/{CUN%12.9)
37 CBNCUN=(HCHSPACE ) /{CON%12.D)
gy o DDORAD =M HRESPACE) /L CUMEL2,0) - S N e
57 lLOn={BLOSS>*HC*SPACEY/{CUN®1 2.0
€
e e G . . . R - - . e e
G . acee CTHPYTE TEMPERATURES AT END OF HALF o
. C. i CTIVE INCRCMENT s IMPLICIET BY COLUMNS)cescewm | . .
e LB D025 J=E24 8 L - PR e e e e
59 NN 19 i=[GRIN,NPL
&3 IF{1 . EQ.IGRIUJANLJL.EQ.2)G0 TO SO
— 61 o APl e IGP I De ANL I EReMIGO TO S - e e e e e
&2 IF{letwe IGRIDIVY T 56 . B N
&3 IR LLEQ NP L ANDJGEQL2)VGD_T0 B3
&4 . O IR GEG NPl ANU e oFwea™)GD TO 9S4 i o o
() IF(lecQenNPtILO Ty 70
66 §F1Jd6T.5)60 T 16
IR -3 ANAURUIEENE § o G IS -S AP K16 BN § SIS - . R e e
tol -] GO TR e
&9 > IF(1.EQe91Gu TO 9 S B,
e L TO ,Nw“”iFtl.GE.IO.A%D.i.LE,l&jGGFIONIOM;J” o . e .
71 IFil.EW.15)6D T0 11
72 Gl T 16
13 B IR 380306070 7 o e i
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! 75 T IF{1.E4W.19163 10 12 )
R £ - S CIFLELEC.L14IGU TO 13 S c e
77 IFULeuTo10,AND.1.LT.16302 TO 10
78 6l TN 17
i 79 B IF LY ebke e AN dech s LIIGH TO L& _ _ ~ R
890 AF(JEG. % ANDlEDL2)0u TO 1C .
a1 o AF(JED 4 ANDL T EGa13)00 TQ 1S .
b 82 IFtJeEWeD AND.1.EQ.12)60 TD &4 e N
83 G0 TN 17
C
o € seeeslUMPUTE SURFACE NOEFFICIENT ARRAYSesoes B T R 5 .
84 T 50 Ol 11=ENCON*TAIR+BORADSTEFF+T (I, J¢1)41F/2.00%T{L,J)
&5 ) GO 17 52 o
~ 66 51 DII)=cUZIN*TATR+BORADRTEFF+T(I43-114(F/2.0)0%TLL1,J) o o -
€7 22 Alfdi=c.C
88 E11)=2F1/2.0+b0
e 8 O ) = o D e e e e e i _— e
93 Gud TQ 19
91 53 N{1)=BOLUN*TAIR+T{ 1,J%1) +{F/2.016T{1,J)
“2  .......G3 T0 Ty SR e -
93 54 DIIV=0ULL A TAIR*TE Iy J=L)#0F/2.00%T(15J)
94 GJ TO 71
L L85 70 DUL)=rCLON*TAIR¢0. 53T { I J2182{F/2.0)%2T{14J)¢0.9%T Led=-1) -~ - . . [ -
96 LTl AtL¥==1.0
97 .. . BlI)=F1/2. OfBr‘L'“w
e 9B o O = O e e e e e e e e e
39 wild TO 19 ]
1C0 56 DUI)=BOCON®TAIR+BORAIVETEFF+CoS%T{IsJ+1)+{F/2.0)%T{15J}40.5%T{Tyd~1
. i M e e e e e i e - BT
161 .. GU TO 52
C . B O U
i B easesCIMPITE CODEFFICIENT ARRAYS FOR MATERIAL e .
c DIRECTLY SURRPUNDING HEAT PIPEeovesae
162 F Lli1=2.0*T{1:3)+FT{{,2)¢TPIPE
N 193 35 AT Y == Y o O e e R I
164 o e{l)=FL
105 ClL)=0.0 ..
e 10¢ e GJ TG 19 e e e i L I
167 14 0310=2.7%CUNST®TUI,J+1)42.0¢{CONST+1,0) % (CONST/RATIO-1.0)*T{1,J)+
12eu*TPIPE+CONST*{CONST+ 1, 0)1%TPIPE
LATB o ALL)=-COMNSTH(CLNST#1.0) - o e B
169 T BU11=2 . 0*CUNST#(CUNST+1.0)#8 1. 0/RATIO#1.0) T T e
110 L CI Y S0 00 i i e
R | . Bu TP 19 L i e R . . -
112 10 A(13=0.2
113 8{11=0.0
SR B B S Ll =ue0 " i e - e e e
115 P{i)=v.0 .
e .60 T 19
117 11 uitd=2. a*ru,mw*ru.znrpzpe ) ) B .
118 36 All}=u.0
119 Bl{1i=F]
W0 oo CiTi==1,.0 S T O S U ST S .
121 , G3 TU 19 o
122 A5 N{11=2.0%CONSTET I d 1) +2, O¢€EOVST*laOl*(CONSTlRAT[O-L OI*TLL, 3+
o a2 eU¥TPIPE4CONST®{CONSTe 1. 0% TPLPE I -
123 A At13=0.0
1e7 BL{I1=c o CHCUNSTEICONST#1.0)%{1.C/RATIO®1.0)
125 LCUIV==COUNSTRICONST#L.0)
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12 CEIY=C03ST#(LUNST#1.00%{0.5%YPIPE#{1.0/RATIO-1.0)%T(1,J)+0.5%T(1,J
L1+l )eTPIPE

A1) ==L0ONST
RLETI=(CONST#+ 1.0 )*{COANST/RATID 1 .D)
LL1)=3.0

Gl TU. 19

13 DOI)=CuNST#{CUNST+1.01%{0.5¢TPIPES (1.0 /RATID=1.0)8T{1,J1+0.5%T (14

R ET R

139
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. lal

142
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Lh &
145
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a7

1648
149
i50

151

174

L AFYNIATPIPE

N0 TO 18

a4
c
c
1o
G) TG 1
17 DUI)=Ti1,0-1)4F=T{E,J)+T{L,d¢1)
1o AliY=-1.G_ . i . )
BlI)=F1L
Cliy==1.0
_19 Cuwlinue R P B .
CALL T®IDAG(IGRICMPLloAsB+CoD, IPRIME, TPIPE)
BC 20 I=iGRIDe9PL
20 TSTARLI,J)=TPRINE(C]] ~ L
c
c o .
G eesesCOMPUTL TEWMPERATURES AT EMD OF WHULE o
c TIMT INCREMENT (IMPLICIT EY ROWS}ewaow
N0 32 1=IGKID.wP1
DO 3L J=2,h S -
IFAT.EC.IGRILANTLJ.20.2160 TN S7
[F{leEn. 16210, AND.3.20.4)G0 TU 59
IF(l. EC AP L ANC. J.ER.2V 60 T0 61 o s i e
FF(LoEGNPL ANG.JES.MIGO TO 62
IFI1.EC.IGRILIGT T 63
L AFU1.£0.NPLIGC TJ 63 o e . -
1FEJ.6T5 00 1O 30
CLF{J.LT.3)6D TO 21
. 6L Tm 22 o B A I
21 1F{1.5E.10.AN0.1.LE.16)GU TG 23
[F(l.twe 3000 1D 4u
e IFUILERLL51G0 T 61 R T R A B
, GO Tr. 30 _ , R . R
222 TFLTEQ.L0AND L JEQe3¥63 TO 24 o o o o
CLFUT.EC.11.AN0.J.80.3060 T 23 - - S k
IF(ieCrul2.AN0e JoEda33G0 TR 23
[FUT.EGe 1343 . 0.Cua3)GD T 23
e F{lEN. 16 AND L J.E.3)00 T8 25 - - o )
IF(T.EG.11.AND.J.EQ.%) GO TO 27
CIF{I.E0.12.440.J.EU.4)GD TO 23 e
. IF(1.EL.13.49D.J.EQ.43G0 ¥n 28 o R
o

Atl)=0.C
ECTI={rUNST+#1.3)*{CINST/RATIO1.0)
COI)=~CONST. . ..
L3 TO L9 e e
DUIN=TPIPE+F*TAI,30¢T(1,8+0) _

woeesCI¥PUTE CNEFFICLENT ARRAYS FOR REMAINING
B PORTIGN OF SLABaveos
TF(JolT M AND e doNE<21GD TU 17
PF{J.E0.2) DUI1=2.0%T{1,s3)¢F&T(1,2) .
AFUJLECM) DIL)=2.0%T L M=1)oF*T(T, M)

IFII.%0.59.A0D.1cB12)60 TH 42
vl TO 30
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o eoss sLPYPUTE SURFACE CDEFFICIENT ARRAYSceeas
176 57 (14122, 0*TSTAR 1+, JI+(F-2.04R0)*TSTAR(I ;J}+2.0%BOCON=TAIR+2.0¢BOR
. _ VAGRTERF o e N B
177 SE A{J)=0."
173 oldi=F1
I | T o B F B P ¥ O ST S, R -
120 6D TO 3L e N , L
1&1 59 D{J)=2.0%TSTAR(I+1pJIe{F~2,0%BO)*TSTAR(I ,J)¢2.0%B0CON=TAIR#2,0%BOR ~ -~~~
. el LADETEFF B E— e e e i
1£2 60 ALJ)=-2.0
1e3 plii=r1
ARG O AN =0 e e el .
15 : Gd TO 31 . o . o
1£6 861 D{JII=2. 0%TSTARLI-1,J)4(F-2,0%BOLOWI*TS1ARII,J)+2.0%BOLOWRTAIR
187 B ¢ B € - O S SV e N .
1e8 62 T{I1=2D¥TSTAR I I=1sJ) +{F—2.0%BOLOWI*TSTAR(L, §) +2.0%80L0Ow*TAIR
IEE Go TC 60
9D 65 MU =2 0 TST ARG T4, ) #F~2.0¢BDI*TSTAR( 1, J)+2.0%B5CON*TAIR42,0%BOR -~~~ = - - o )
IAD*TEFFR
191 . &4 A{J¥=—1.0
182 o BAdY=FY . . R B IR i
133 C{J)=-1.0
194 GJ TO 31
L9965 DUl 0*TSTAR(I-1,J3¢(F~2.0%B80L0OW)*TSTARI[ ,3)#2.0%BOLOWSTAIR =~~~ -~ "~ B . R
186 .. Gus TO o4 . e i
Coe o o . : R S T S
G aeessCIMPUTE COEFFIGIENT ARRAYS FOR MATERIAL n 3 )
o DIRECTLY SURRPUNDING HEAT PIPEcesse
197 23 A{J)=0.0
_oolee o BlId=0.0. R IS e,
199 C{d)=v.0 . .
Z00 L Dtd)=0.0
c €OV B0 T B i
2u2 42 DUII=TSTARGI-Lsd ) +F2TSTARL [, 3)¢TSTARII#1,J)+TPIPE
263 26 Al41=0.0
AV e B Y b e e e e .
205 Cldy==~1.0
200 24 D43)=2  0%CONSTHISTARTII-1953+2.0%{CONST¢1.0)*{CONST/RATIO~1.038¥ST74A -~ -~~~ -
IR 15 J) 82, 3%TPIPE+CUNST*ICONST#1.0)5TPIPE
G868 30 A1J}=3.0
..... 209 BUJI=2.0%CONSTAICONST+L. 0)%{1, O/RATIOCL,0) - - - -~ — S
21u CLI)==CNNSTZ{CONST+1.0)
2ii G0 TN 3L ST e . e et e
o212 25 DUAI =2 DR ONSTHTSTARL (41,0342, 0%{CONSTe¢1.0)*{CONST/RATIO~1.03%T5TA
IRE LS 3V +2 OXTPIPE4TONST#(LCUNST# L. 0) = TPIPE
Z13 Gl 10 92
Co o 2Ya 27 DLIYSCONSTH(CUNSTH Lo ud#4 0. 5%TSTARTI~14J3+(1.0/RATIO-1.0) $TSTARLT o
1343.5%TPIPE}+TPIPE ~ .
215 4 AlJI=u.O e e e
215 . BlII=(CONST+1.0)*{CONST/RATIONLLO0Y ) B . o s
217 C{J)=-CCNMST
Z18 63 TO 31
@17 23 DUJ)ETUNSTHCUNST#1.03%10.56TSTARII%1 541, O/RATIO-1, O *TSTARLIL,J TR
‘ LieQ.5%TPIPE)4TPIPE e B
.22 43 L131=ToTAR(I-19J)¢F*TSTAR I 8deTPEPE ~ : e
222 - 60 10 37 o B
fEs 41 DL3)sTPIPE+F*TSTARI I« J)+TSTARII+1eJ)
€e%_ Q0 IN 3T o ; e SV
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C
C eesesCIMPITL CUEFFICIENT ARRAYS FUR REMAINING
e RN S POKTION _NF SLAR eose. et e e e oy e it s+ i e i S £ o o
223 33 ?(J) TSTARY f~ lel+F¢TSTAK({pJ)&TSTAR‘l*lyJ)
2o IF{s.E€.2)160 Tu 39 ,
e 22T e e VF e MIGT TO .38 e - ¢ et b i
228 A(3)==1.0 .. . R
25U, Cldy=-1.0 — . — - N
231 w3 T0 31
<32 38 Aalm)=-2.0
L @33 _etRky=F)Y L - SRS o et — e et e .
254 Ci™)=5.0 S
235 . wo TO 31 . bt e e
i 236 .39 tFll. Gc.lOgAVO le LE. l&)GO Tﬂ,‘A, — = . . S .
2317 37 Afci=u.0
238 E121=F1
i 239 e Cl2)==2.0 . R S o e .
240 31 CONT W MUE L i .
241 CALL TRIDAGIZ2:MsA3BeCeDy TPRIMELTPIPE) =
e B4R _LC 37 J=2,+ e e e e i e i
243 32 T(IQJ)'IQRIME(J3
244 IFLICOUNT.NELIFRER)ISS TO 36
e 25 ALOUMT =0 b e o i o e e o it e i i 2 o e £ e e e e i
C. :
C eeee o CHANGE NIN-DIMENSIONAL TEMPERATURES TQO
- ARSI o . ... DeGREES FAHDEVHC‘T-c--',_ g e o s - o e ot it bt 1o
246 s 80 1=IGRID.HPL i
247 PG EC J=24 M
 £48 e B0 TFLTLJ =T, Q)¥FTRPIPE. . L i e . - .
C S e A . .
C. ees»ss LALCULATE HEAT TRANSFER FROM THE HEAT PIPEceces - . ) e
L R6TD PP IPES? 0% CONRI . 5% {TF(IR0,2)-TF(9923)+2. 0¥ TF{1043)-TF{9+3)-2.0%TFL -~ o o .
1le )+ JOXTF(11,40~ Tc(ll'53fTF112 63-TF{12,5)42.0%TF(13,4)~-TF{13,5
21 e u¥TFLitays)42.0%TF (149 3)-TF{1593)+0.5%{TF{14,2)~TF{15,2)1}}
i 20 - CWRITE(B, 210 WP IPE ety -} et st 1 et e i 5 = i i e e o 4 fmmmy o i I oo | o e
..... ¥ . . e L e
C eeoos o PAINT TEMPERATURES THROUGHOUT THE QUADRANTsseoe -~ -~ - -
8B WRITEAS,2153 L i e e
52 £u.33 1= 15%109NP1
255 3 ARIT el 6, 20201 TFl1sd)9d=24H)
C eosesCHECKR CYCLE TiIMEBewooeo .. .. ...
25% 34 TAU=TAU+DTAY B
255 . o o FLnCh= lTAU*D:PTH*DFPTH)/AL?HA o ] e
255 IF{CLOCK-GE.c4.0}60 TN 72
257 6 T «
e, 298 72 _CLOLK=LLOCK-724.0 e i - B - o 5 . L
i 259 . FTAU={ ALPHA%]1L 00 K}/{D PTH*DEPTH)
i . €bu 1CuuNT=0 . . . e e e e
‘ AT CREATIS, LU JIDAY  ATRMAY, AIRMINTI L), ATRMINTI2) » VEL1sCOVERyDALANG _ R
&2 FFCIDAY . EQ.O)GL TU 300
WSKYMA =N, S5TI23%NALANG
- hRth(é;LlT)iDAY ATAMAX, ATRMINTILIISAIRMINGZ) o VELL;QSKYMXsCOVER L ~ _
. B T G e e e e
P . £ . meeesFURMATS FUR INPUT AND DUTPUYT STATEMENTSssees - =~ -~ . - e . N
266 10w FORMATIBXF04.2:21iXsF 3020821280124 12%6123
<07 138 FrR¥AT{3X.F7.3)
i 258 o 102 FURMATIOA FDe 30 LA F 330120 FBa3Y . e e



269 156 FLRFATITZE :FS.2v11X,F 4,2}

L7170 1o FrPMAT {3y F a2 19X 3F0ece 15Kaf 0. 229RF6:2)

271 106 ¢PnVAT{EX, 11,0 1%, F 3.1}

272 12T FurMAT{okyFael, 14X 4F3,5)

273 15P FCOFAT{7¥%,1 4

274 199 TR AT TRl L2 Fhalal ke FbhalslOKeFb.27/TXeFba2sllXsFisle12XsF6.2)

2145 230 FERMAT(L1S%] UNSTZACY STATE mZAT CONCUCTIGNe COUNVEC TION, $ RADIA
LTIGN IN A RJIAD SLAB 41ThH EMREGDED HEAT PIPE, WITH PARAMETERS/
21203 PTAY = GF1).3712H DX . = sF10.57 i e
312+ RATIO = ,FLlj.S/
G124 w = o 14/12H M = g14af12H IFREQ = ,14)

276 221 FOPMATUZ /14, AT TIME = FB.3y30H HUURS AIR TEM2ERATURE IS ,
1F&.2480  F.)

277 . 252 FORMAT(1H 413F9.3)

278 L 233 FCRMATIIZH . FTPIPES ,F9.3)

279 L4 FUPEAT(12h 7y = o F8e3)

280 28 FUEMAT(LZH IFISS = oF9.3/12H ABSORP= 479,31}

oH1 DYl OFURAMAT{LUM HC IS oF%.3p25H BTUZ(HRSUFT.FY H IS ,FS.3,16H BT .
T/ R SukToF))

2F& 212 FUPMATIL2H 161D = 4 14/12H RLGTH = ,F8.2)

PRr) 213 FIR™aT(124 BLuSS = 4 FT7.2712H SPACE = ,FB+3/12H DEPTH = ,F
13.3/12hn WIDTH = 4¥9,.3)

264 214 FrasAT(3En REAT SUPPLIED BY THE HEAT PIPE IS sF6.2,12H BTU/{HR,

, 1FT 373

285 2i5 FNPRMAT{43H FAGRENHEIT TEMPERATURES [N QUADRANT AREY)

2R 217 FrRMAT{1zH] JANUARY 4 12¢6Hs 1973/31H MAXIMUM AIR TEMPERATURE
11 LF5.2430 F./31H MINTNMUM AL TEMPERATURE IS 4FS5.2,3H F./42H
70 TUORROWIS HitIres AT TEMPERATURE IS yFS5.2.3H F./184 WIND. §P
ZEEU 1Y e FBeiatr B PR/ 51 MAXIMUM SGLAR HEAT FLUK IS »F6.2,11d BT
GL/ 7o FT2/LTH SKY £¢ER 15 3177/

c

2867 30C LICY

e R END

283 SUSQMITIAE TRLUAG{IF LoAsBsleDo Ve TPIPED

SULRLUTEAHZ FOR SULVING A SYSTEM OF LINEAR SIMULTANIOUS
EGUATISNS HAVING A4 TRIDIAGOMNAL COEFFICIENT MATRIX.

THe EQUATINNS ARF NUSMBERED FRAOM IF THROUSH L. AND THEIR
SIR=013GT4AL, NLAGD WAL, ANE SUPCR-0TAGDONAL CUEFFIC{ENTS
A28 STuREY IN ThE ARRAYS Ay Op AND L. THE CUMPUTED
SOLULTION VECTOR VITFla.eovil) IS STORED IN THE ARRAY V.

VARIABL e AND COMLTANT NAYES N SUBRUUTINE TRIDAS AREeesse

Ay Ly Cy e TPIPE =SaME A5 MAIN PROGRAM
BETA ~VARIadLE USED IN DETERMINATION OF V
GAMMA =VAKTABLE USED IM DETERMINATION OF ¥

if -SUSSCRIPT UF FLIRST NOGAL POINT IN THE INPUT COLUMN OR ROW MATRIX-

¥ -FIRST APPEARANIE GIVES FLRAST SIGNIFICANT PO:NT OF COLUMN OR ROW
MATALX

S =SELUND APPLARANLCE IS & DO LOUP PAKAMETER

L ~SAVE &5 NP1 N HAIN PADGRAM

LAST  =CONSTANT USED T3 INVERT SZQUENCE OF CPERATION

Vv ~SAME AS TPRIME IN MAIN PROGRAM

GO TN OGOOOOMIOOETTO0C OO0

299 ) UVIRTNS TN AL30),5030)sC{300.D(30),V{3C),BETA(30) sGAMMAL3D)

"g-g“
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323

OO0 OOGIOoO0OO000000

R y R [ S %. SN 3 ® i

esvesLI*PUTFE INTERMEDIATE ARAYS BETA AND GAMMAcoe.s
LC T 1=1F,1 ;

(P lalT)et0eseleAdDBII1.20.0.030 TO 7

K=1

G TT &

COUNT INUE

EETALX }=8{K)
GAMMA{KRI=N(K) /BETAIXY, .
CNn 9 [I=]FyL

AFLL CEQ.¥IGU T 9

IR ED U0 AN A{TILERLD0.0)G0 TO 1

0w

iF{A11).EQ,0e0.AND.C(1)MNELD0.0}GD TO 2

63 TC 3 .

CBETALLI=1eU g . e . _
GAMMALT}=0.0

wd TO 9

BETALII=R{I1) 5

G T2 4

ETA(TI ) =i )-A(T)%2{I~-1)/BcTALI-1)
GAMMALTI=(OUTI-A{ 1) *GAMMATI-1)) /3ETAL(L)
CONT sNUE

L eesssLIMPUTE FINAL SOLUTION VECTOR Veosse

V{L}=GaMMAIL)

LAST=L-IF

OO 6 K=1,LA5T

I=L-K

VEITI=0ANMACT )LL)V (isL)/BETAL])
IFvil}eER+0s0)GD I S

GL TO 6

IFIALTI) o FQaUe 0 ANDC{ 1) ELDOIVEII=TPIPE
CONTINJE
RETURN

_LEND.

SUSROJTINE TRANCI{VEL1sRLGTHFTAIR,FTEMP yEMISSsHsHC yHRyCOVERTEFF,
LFTPIPE, ABSTOR? , LSXYMX,CLOCKY)

SUBRIUTINE FurR FINDING JVERALL, RADIATI VE AND COMVECTIVE HEAT TRANSFER

COEFF ICTIENT2. - ThHe RANIATIVE CONTRIBUTION DEPENDS 3N SKY COVER.
EFFECTIVE SnY TEYPERIATURE IS ALSO COMPUTED.

VARIABLE AdD CUNSTANT NAYES IN SUBADUTINE TRANCD ARCeoees

ApSiPPe CLOCK, CUVS Ry EMISS FIEMP ,FIPIPC o H HCy HR s QSKYMXsRLGTH, TEFF, VEL L ~~

~SAMT AS MALN PRAOLRAM
ATEMP =AlR TcHMPEZATURE ()

CONSYT - ~A JUNSTANT FJUAL 1D 10,0363 (CONI {PRI*%0.33 USED IN DETERMINATION

Jf TJIRPULENT FILM DOEFFICTENT (BTUTHRLFTLF)

TUNST1-A CONSTANT =o0ab 10 {0.66431CON} {PRI%**0.,33 JSED {AN DETERMINATION

) PEOLAYINAR FILM CIEFFICTENT {BTU/HR.ET.F)
FTAaIx =SavE AS FTAIK]L 1IN MAIN PRUGRAM (§)

FTIEFF ~EFFECTIVE 3KY TEMPERATURE (F)

QCLIUD~LuNL~nAYE RADIATIVE HEAY FRUM A CLOUDY SKY (BTU/HRWLFT2)
WLk =LONG=WAVE RADIATIVE HEAT FROM A CLEAR SKY {ATU/HR.FT2)

GLAMAX-NMAXLINMUNM DATLY LING-WAVYE RADIATION FROM A CLZAR SKY {BTU/HR.FT2)

QSJLAA-5HEAT~-WAYE INCIDENT SOLAR RADIATION {BTU/HR.FT2}

_gg-



323

3c4
3&o
32¢
327
2¢8

329

Bse

331

332

333
3 3%
335
336

357
33k
339

340
3%

342
343

344

355

i

T

s EaNeNalte FaRuNe]

Inlal

YOy

Ao

i

o
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2g ~REYNILLCS NUNBER
WTEFF —EFFECTIVE SLY TEMPERATURE (R}
SIGMA =PLANCA®S CUNSTANT (BTU/HR.FT2.R4)

TAY =AVERALT TR«PZAATURE. JF BRIDGE SURFACE ANG A R {R)
VEL =AIN2 S§2ckl (FT/S5EC)
w SAND Je AR FACGUENZY OF SOLAR HEAT FLUX VARIAT,ON FOR

Cay (RAGIANS/HR)

w=G.3161%
CONT=uet4356E-3

CS1,¢A=1T16.0E-12
foiSTl=0 RernE=-u
Vel=(VEL 1#5230u. L)/ 360040
REZLVE.#KLGTHI/{1.56~6)

eees s TLMVERT TEVPERATURES TO DESREES RANKINE<«ass
ATT¥P=ALG L+ FTAIR

 STEMP=ah  CHFTEMP
TF{CuVIREbaloeddol T3 1

aeiw JRADIATINE COMPIHENT FJR CLOUDY SKYeeo.o
LFLCLIZC L Eaf o0 lR.CLICKLGEL16.0150 TO 3

e e DAYTIFFL ...,
WSLLAT=DSKYMX#S [N{Ws{CLNCR-6.00)
LCLNID=SIGHA*X{ ATEMP®£4, ()

ATEFF={ (ZMIS3=3CLTUT+ABSIRPEISOLARIZ(EMISSHSIGMA) ) 20,25
HR=ZMISS#S TuNA® (STEMP®43 S+RTEFFSISTEMP4%2.0)+ {RTEFF*42,0) #STEMP+R

LTEFF#3.0)
CFTEFFE=RTEFF-460.C
TEFF=FIEFF/FIPIPE
o TO 7

 es e dNIGHTIME. 4 vas

3 TAV={ATFMPRSTEND) /2.0

FER=6, %S [GMARELLSS*(TAY*23.0)
TEFF=FTAIR/FTPIPE
GO T 7

eeoesLuNU-WAVE PALIATINN COMPONENT FOR A CLEAR SKYeoows
1 Oln=-54.1341.195%SIGr A%{ATENPE%4.0)

IFAOLPI WLE e U.uR.LITCCR.GE16.0360 TO 2

eeee UAYTIME.,0u. ,
,HS”LA°=u5<\4X“51V§H3(CLUCK-b.O!)
ATEEF={ {A3SINd =0SPLARSENISS*QLA) FLEMISS¥SIGMA) ) 50,25

A TEN HOUR

A =P IS5 LoMad (STCHUPEX3  0eRTEFF*{STEMP =22, 0} ¢STEMP*{RTEFF&%2,0)+R

TeF Fx%3,.(C) :
FTEFF=TEFF~460.0
TEFF=FTEFRF/FTPIPE
ou TU 7

sesesNisHTIMEeesna

2 RTEFF={ L /3100 A 280,25

PKEZRIS S #S OMASESTEMP 223 0+ STEMPS(RTEFF*%2, 0) ¢RTEFF5(STEMP®#%2,0) +R

LTEFFe%3.0)
FTEFF=RTEFF-46D40
TEFF=FTEZFF/ETPIPE

eces e TJRFULENT CONVECTIVE COMPONENT..ews
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