LR L i) LR LS LU i

08 10013 1517

RESEARCH REPORT NUMBER OU-AMNE-78-12 o
EXPERIMENTAL INVESTIGATION OF
SOLAR HEATING OF BRIDGE DECKS

BY J. E. FRANCIS. T. J. LOVE, F. O. CALVERT,
L. P. YAO, & A. H. ZARGAR

UNIVERSITY OF OKLAHOMA

AEROSPACE, MECHANICAL & NUCLEAR ENGINEERING

0
_.dij

v Sk

Y [ a1 ]
o

A LR ]|

fﬂlj.\'

i
~ X

- 3
RS R

4

k.
1

2 APIPE NI

';';'J".-. Jent

LTS o TR S B T
L wili M LBuTs

'.-f‘f (A

_

B e SR




Final Report
0DOT Study 77-08-2
ORA  158-631

EXPERIMENTAL INVESTIGATION OF SOLAR
HEATING OF BRIDGE DECKS

Prepared By

J. E. Francis, Professor AMNE

T. J. Love, George Lynn Cross Research Professor
and Halliburton Professor AMNE

F. 0. Calvert, Professor Environmental Design
P. Yao, Research Assistant AMNE
A. H. Zargar, Research Assistant AMNE

Submitted To

The Oklahoma Department of Transportation

From The
Office of Research Administration
University of Oklahoma
Norman, Oklahoma

December 1978



TECHNICAL REPORT STANDARD TITLE PAG

U Heem e ——J [ 2 Govetnmant Accasvion Mo, ) 3 Recipiant's Caralag No
000T 77-08-2 ]

—— —— ———— —  ————————

4. T.se ans Subtirie S. Feborl Dinte

Experimental Investigation of Solar Heating of October 1978 -

. »F F;n;-;:t‘ng c";or\. tatian Code o
Bridge Decks ORA-158-631
| 7. Authos! ) il e " ‘E‘. p.-‘a-—;‘;u.:-afgan 1900 Raeport Ny,
. 1]
J. E. Francis, T. J. Love, F. 0. Calvert, L. P. Yao
—and-A._ t. = -
9. Performing Organization Nome and Address 10 Wark Unit No.
University of Oklahoma . B
865 AS 11. Contract or Grant No
P 77-08-2

Y. Typs of Roport and Pericd Covered
- = 1 Type

4/1/77 to 6/30/79

i Norman, OK 73019 |
lisg

| 12. Svonsoring Agancy Name ond Adduw'

The Department of Transportation

Research Division Wy v N u—_—

200 N.E. 21 | s o Wegamie ) Co 4
—Oklahoma City, OK_73105 _

!
|
|
|
}

L

]“3 Supplementary Notas
Performed in cooperation with the Federal Highway Administration
|

14 Ahs'r—acl ———— e e e .

| The addition of monomers or the inclusion of wax within highway bridge decks are
two methods being used to prevent salt penetration during winter deicing. Both of
fthese methods require the addition of heat until the upper two inches of bridge deck
'reaches from 160-190 F. This study investigated the potential for using solar energy
las a means of providing the required heat. The bridge was modeled analytically and
the time varying temperature distribution was determined for both a flat plate type
|cover collector and focusing tracking solar collection schemes. The models indicated
the flat plate approach for typical summer conditions in Oklahoma was at best marginal
ibut that the focusing collector scheme did show promise for providing the required heat.
Both models suffered from lack of accurate thermal properties data for the concrete.
Experimental studies were conducted on a simulated bridge deck using flat plate covers
and Northrup focusing Fresnel Lens collectors. Neither scheme was able to provide

the desired temperatures. A major difficulty encountered was the design of an appro-
priate heat exchanger to transfer the collected energy from the heat transfer fluid

to the bridge deck. Several different designs were tested, but none of the methods
used would provide the desired bridge deck temperatures for the collector area used.
The collectors did not perform up to their expectations.

l 17. Koy words 13. Diarribution Statement

Solar, Bridge Deicing, Temperature This document is available through the
Distribution National Technical Information Service,
Springfield, Virginia 22161

21. No. of Pages 42, Price
unclassified 110 {

19, Socurity Clossif. {af this report] 0. Secveity Closait. (ol thie pggel 1

Form COT F 1700.7 (s.89)



TABLE OF CONTENTS

Page
ACKROMLEDEMENT . 5 o om0 e ™ & 9 @ @ & . iti
LIS “BF TRBLEES . & o s 5 & 3§ & @ @) GG % 8 en ¥ 8 5 0 e S s e . vi
LEST W0F TEEUSTRATIONS 2 5 & 3 5 e S o 5 8§ & 3 @ e wwls & s o » Vii
LIST OF SYMBOLS .« & & v v 4 4 4 4 4 o o = o o o o o = o « » = & Xxiii
Chapter

f. INTRODUCTION .« v v v v v e v v e e e e e e 1
S MATHEMATECAL STUBY .« v & o & o = @' o v e o 0 3
Governing Differential Equation. . . . . . . . . . . 3

PRI EHE] CRR@ITCIED-. . = 5 5 5w 5 W o o & o & @ o 3

Boumdalry! CONGiltion . + o s & w @0 = s & & & & & 5

An Explicit Method of Finite Differencing. . . . . . 5

1Lh. ANALYTIGAL STUBY . . . . s 5 2 @ 6 & v & & & & = 8
Weather STmulation. o & a5 % o /o & & & » 5 7 % 7 %% 37

Physical Properties of Concrete. . . . . + . + + .« . 40

Model I. Flat Plate Studies . . . . . . . . . . . 42

Model II. Focusing ‘Collectom. = « & « « @ < .@ o @ » 49

Iv. EXPERTMENTAL STURY. < ¢ « . v o m @ & & o & [ o % @ & % & 54
Description of Apparatus . . . . « « « « & « « & « 54

Resulitssoif iEXPEiMeNtS: . w e & w o= o=@ i 69

PUSCUSSIONT . . . . . . wirerie o w % w0 a0 e e o w 84

V. CONCLUSIONS AND RECOMMENDATIONS « « « « + o o & = o « « = 99
VI. REFERENCE '« = & v v v v v v i e e e e e e e e e e .101

iv



APPENDIX A
APPENDIX B
APPENDIX C

---------------------------

-------------------------

--------------------------



LIST OF TABLES

TABLE Page
3.1. Physical Properties of Concrete . . . . . . . . . . 4]
4.1 Data Measured on May 15, 1978 with Northrup Focusing

Collector and Tube-in-Sheet Type Heat Exchanger. . . . . 70
4.2. DataMeasuredon October 13, 1977, Tube-in-Sheet Heat

Exchanger with Thermal Cement. . . . . . . - m o= M
4.3 Data Measured on June 17, 1978, Tube-in-Sheet Exchanger with

SHiNgNE Covelr w w o /& & « 6 % W @ % 4 &% 3 w @ 79
4.4 Data Measured on June 25, 1978, with Copper Tubes Submerged

in the 0il. e B e B M AT e b W & G
4.5 Data Measured on June 30, 1978, Blackened Top Bridge

Surface with Single Cover (Cover Area 40" x 36"). . . . . 86
4.6. Data Measured on July 4, 1978, Blackened Top Br1dge Surface

with Single Cover (Cover Area 52" x 44") . & B
4.7. Comparison of the Edge and Center Temperatures . . . . . 92

4.8 Data Measured on June 25, 1978, Temperature Difference
between Inlet and Outlet End of Solar Collector. . . . . 94

vi



Figure

2.1

LIST OF ILLUSTRATIONS

Model for bridge deck. . . . . . . . . ..

Sensitivity study of the bridge thermal

0.15 Btu/1b+°F, v = 7.5 mph,

310 Btu/h- ft%).

response (c

p
(qsolar )max

Sensitivity study of bridge thermal response
(cp = 0.22 Btu/1b - °F, v = 7.5 mph,

(" = 310 Btu/h - ft9).. . . . . .
so]ar)max )

Sensitivity study of bridge thermal response
(cp = 0.28 Btu/1b - °F, v = 7.5 mph,

1] _ 2
(qsolar)max = 310 Btu/h - ft).. . . . . ..

Sensitivity study of bridge thermal response
(cp = 0.22 Btu/1b -°F, v = 15 mph,

(q" 1. ) . =310 Btu/h » ft2). . . . . . ..

solar’/max

Sensitivity study of bridge thermal response
(cp = 0.22 Btu/lb - °F, v = 7.5 mph,

1} = . 2
(Aggrar)max = 280 Btu/h - ft%)

Sensitivity study of bridge thermal response
(cp = 0.22 Btu/1b . °F, v = 7.5 mph,

" _ . £42
(qso]ar)max 280 Btu/h - ft°©)

Sensitivity study of bridge thermal response,

vii

10

11

12

13

14



3.8

3.9

Page
one cover (c_ = 0.15 Btu/lb - °F, v = 7.5

meh (qso1ar max = 310 Btu/h * ftz)--- S L

Sensitivity study of bridge thermal response,
one cover (cp = 0.22 Btu/lb + °F, v = 7.5

; ) P
mph, (qsolar)max 30 Btush - € ). o e e 16

Sensitivity study of bridge thermal response,
one cover (cp = 0.28 Btu/1b + °F, v = 7.5 mph,

(@" .. ) =310 Btu/h « FE9). » . v v o 0 . 17

solar’/max

Sensitivity study of bridge thermal response,
one cover (c_ = 0.22 Btu/1b + °F, v = 15 mph,

" x 2
(82 1ap)max = 310 Btush « ££5). . ... L, 18

Sensitivity study of bridge thermal response,
one cover (cp = 0.22 Btu/1b - °F, v = 7.5 mph,

: ] . il
(08 yar ey = 280 BEu/h - £} . o s oww 19

Sensitivity study of bridge thermal response,
one cover (cp = 0.22 Btu/1b - °F, v = 15 mph,

" % . £42
(qso]ar)max = 280 Btu/h - ft°). . . . . . .. 20
Sensitivity study of bridge thermal response,
two covers (cp = 0.15 Btu/1b - °F, v = 7.5 mph,
n = N 2
(qsolar)max 30 Beufh ~ P& ) . . . . . o 21
Sensitivity study of bridge thermal response,
two covers (cp = 0.22 Btu/lb -+ °F, v = 7.5 mph,
n = R 2
(qso]ar)max = 310 Btu/h « ft).. . . . . . .. 22
Sensitivity study of bridge thermal response,
two covers (cp = 0.28 Btu/1b - °F, v = 7.5 mph,
n = . 2 '
(qsolar)max NG Bew/h - PE). .. ... .. 23

Sensitivity study of bridge thermal response,

viii



A7

.18

.V

.20

.21

.22

.23

.24

V.o

two covers (c_ = 0.15 Btu/1b * °F, v = 15 mph,
2 -

(qso]ar)max = 310 Btu/h - ft°). . . .

Sensitivity study of bridge thermal response,

two covers (c_ = 0.22 Btu/1b * °F, v = 7.5 mph,
.25

2

(qsolar)max = 280 Btu/h - ft7).. . . . ..

Sensitivity study of bridge thermal response,
two covers (c_ = 0.22 Btu/1b - °F, v = 15 mph,

1 = 0 2
(qsolar)max 280 Btu/h - ft°)

Summarized result of the sensitivity analysis., .

Upper: Efficiency curve of Northrup con-

centrating solar collector. . . . . . . . . . .

Lower: Comparison of different collector
PEPTORMBNER: . ; 3 « o = s & 5 5 5 = w s

Bridge .thermal response study with focusing-
solar collector (cp = 0.15 Btu/1b - °F,
area ratio = 1.0). . .

Bridge thermal response study with focusing
solar collector (cp = @16 BEu/I6 = °E,
Beed Fabd S .9 . . 5 . . - . . e

Bridge thermal response study with focusing
solar collector (cp = 0.15 Btu/1b - °F,
Arey ratiie = 2.8). . . . . . . . . e @i .

Bridge thermal response study with focusing
solar collector (cp = 0.22 Btu/1b - °F,
Area ratio = 1.0). . . . . T

Bridge thermal response study with focusing
solar collector (cp = Q.22 Btu/1b - °F,
T59.. . . ... ..... ..

Area ratio

iXx

Page

. 24

..26

.30

. 5l

. 38

.33

. 34



.26

A7

.28

.29

.30
.31

Bridge thermal response study with focusing
solar collector (cp = 0.22 Btu/1b - °F,

Area ratio = 2.0).. . .« . e 4 et w4 e s

Bridge thermal response study with focusing
solar collector (cp = 0.22 Btu/1b * °F,
Area ratio = 2.5). . . . . v v v v e ..

Simulation of ambient air temperature and

solar insolation. = & = @ ¢ & i & 5 & & & @i

Flat plate solar collector . s o & « & +

Directional transmittance of cover glass .

Lumped system of collector/fluid/heat
exchanger at time i+1 and i respectively.

Cross sectional view of highway bridge . . . . .

Locations of all the thermocouples inside
the sllab: = o wce vomve e a5 2 5 6w weopow b

Thermalcouples in the tubes to the proper
depth. Steel rebars inserted at different
levels and Tocations. 4 » & & & @ = ve s

After concrete was poured on forms and sur-
face being levelled. . . . . . . . . .

Scheme of solar collector frame. . . .

Left Side: Insulated pipe from heat
exhanger to the pump. . . . . . . . . . . .
Right side: Insulated pipe from solar
collector tothe heat exchanger.

Thermocouple locations of solar collector
and heat exchanger system. . . . . . . . . .

X

Page

.36

38
44

45

50

55

56

58

58

60

61

61

62



4.8

4.9

4.15

4.17

Thermal properties of Mobiltherm 603 . .
Tube-in-sheet type heat exchanger. .

Left side: Outlet end of heat exchanger,
where the top surface and the edges were

covered with fiberglass board insulation..
The expansion tank shown was also well in-
sulated with fiberglass sheet. « « « « «

Right side: Outlet end of solar collector
where the S shaped copper tubes were insu-
lated with fiberglass sheet. . . . . . ..

Scheme of single glass cover.. . . . . . . .

Copper tubes embedded in oil type heat ex-
changer. .

Temperature distribution in the bridge deck
with tube-in-sheet type heat exchanger.

Comparison of experimental data and analyt-
jcal data (cp = 0.14 Btu/1b - °F, area
ratio = 1.75, heat losses = 60%). . . . . .

Comparison of experimental data and analyt-
ical data (cp = 0.15 Btu/1b - °F, area ratio =
Y. 7SphEat lossEl = 65 oo « + o o s s

Comparison of experimental data and analyt-
jcal data (cp = 0.22 Btu/1b -+ °F, area ratio
= 1.94, heat 1osses = 65% ). . . . . « « . .

Comparison of experimental data and analyt-
jcal data (cp = 0.22 Btu/1b * °F, area ratio
= 1.80, heat losses = 55%).. .

xi

Page
63

64

65

65

67

68

73

74

75

76

77



4.20

4.21

4.22

4.23

Comparison of experimental data and analyt-
ical data (cp = 0.22 Btu/1b - °F, area ratio
= 1.75, heat losses = 55%).. .

Temperature distribution in the bridge
deck with modified tube-in-sheet type heat
exhanger. & « ¢ ¢ & w 4

.......

Temperature distribution in the bridge deck

with the o0il embedded tube heat exchanger. .

Temperature distribution in the bridge deck

with small plexiglass cover over the bridge
SHFEREmE: . . . -« -« « « . FREES ¥ Fs aF

Temperature distribution in the bridge deck
with large plexiglass cover over the bridge
surface. . . :

Comparison of experimental data with dif-
ferent cover areas. . . . . ... . . ..

xii

Page

78

80

83

88

89

90



LIST OF SYMBOLS

A Area

cp Specific heat at constant pressure

D Tilt angle in degrees

d Dust factor

P Function

h Heat transfer coefficient

hc Convective heat transfer coefficient

hwind Convective heat transfer éoefficient related to the wind
effect on the flat plate

K Length extincion coefficient

k Thermal conductivity

L Thickness of bridge deck, actual path of the radiation
through medium

m Mass

n Index of refraction

N Number of glass cover

6 Rate of heat flow

q" Heat flux

R Thermal contact resistance

S Shade factor

T Temperature

Tamb Ambient air temperature

xiii



avg

XsYs2

Temperature of solar collector, fluid, heat exchanger
and piping system

Effective sky temperature

Time

Overall heat transfer coefficient
Wind velocity

Space coordinates in the rectangular coordinate system

GREEK

Absorptance

Emittance

Efficiency

Angle between surface normal and beam radiation
Reflectance

Stefan-Boltzman Constant

Transmittance

Angular frequency

SUBSCRIPTS AND SUPERSCRIPTS
Absorption, ambient
Bottom
Diffuse
Glass
Nodal location

Loss

Mean
Time interval

xiv



Initial

Plate

Radiation, reflection
Released

Sky

Top

Useful

XV



SOLAR HEATING OF HIGHWAY BRIDGE DECKS
CHAPTER I
INTRODUCTION

Currently the Oklahoma Department of Highways is investigating
two methods of protecting bridge decks from prevention of salt penetration
during winter deicing which may cause corrosion of bridge reinforcing
steel and decrease the life span of the bridge. These two methods require
the use of monomers which polymerize and seal the concrete or using wax
to internally seal the bridge deck. Both of these methods require the
application of heat to the bridge deck until the concrete is heated to
temperatures from 160°F - 190°F at a depth of approximately two inches.
Gas fired heaters and electrical heating blankets are means of achieving
the desired temperatures, however, these are quite expensive and require
a considerable expenditure of energy. The present study is designed to
evaluate the use of solar energy for this application.

Compared with the other energy sources, like fossil fuels,
nuclear energy etc., solar energy is one of the most dilute and inter-
mittent forms and therefore requires different methods of collection.
Modified flat plate type and concentrating type solar collectors are
studied for the purpose of heating highway bridge decks. The study is

divided into two phases as follows.



PHASE T - ANALYTICAL STUDY

A. FLAT PLATE
1. Blackened bridge surface without a glass cover.
2. Blackened bridge surface with a single glass cover.

3. Blackened bridge surface with, two glass covers.

B. CONCENTRATING COLLECTORS

Northrup collectors with tube-in-sheet type heat exchangers and

an area ratio of 1, 1-1/2, 2, and 2-1/2.

PHASE II - EXPERIMENTAL STUDY

A. FLAT PLATE

Blackened bridge surface with a single glass cover.

B. CONCENTRATING COLLECTORS

Northrup collectors with tube-in-sheet type heat exchangers and

an area ratio of 2.

This study was sponsored by The Oklahoma Department of
Transportation. It is hoped that the study will be a contribution to
the prevention of highway bridge deterioration caused by the salt pene-

tration during winter deicing.



CHAPTER II
MATHEMATICAL MODEL

A representation of a lateral cross section of a bridge is shown
in Fig. 2.1. In this diagram, the traffic flow is in the 2z direction,
perpendicular to the page. The y direction is parallel to the surface
of the bridge. Compared with the dimensions in z and y directions of
the bridge, the x dimension of the bridge is very small. Therefore, the

models used in this study were all one-dimensional transient models.

Governi ngDifferential Equation

T _ 1ol
g = = (2.1)
3X ot
where o = thermal diffusivity = K.
pC
p
p = density
cp = specific heat at constant pressure
k = thermal conductivity
T = temperature
t = time

Initial Condition

Since the governing equation is of the first order with respect
to time, only one initial condition is required.

-3-



Net heat loss or gain from the top
surface of the bridge ty means of = q"(t)_t tal. t
convection and radiation il otal,
Uniform Flux
O ) v e
1 i
Slab L
Thickness l ﬁ\

'R
Bridge
Deck

[Net neat loss or gain from the
btottom surface of the bridge by means|=

L3 qnét)total, b
of convectlion only

Fig. 2.1. Model for bridge deck.



This is
T=F(x) for t=0 in 0 < x < L (2.2)

where F(x) specifies the bridge's initial temperature distribution.

Boundary Conditions

Since the governing equation is of the second order with respect

to x coordinate, a proper solution requires two boundary conditions in the

x direction.

(1) -k 2 = (), ey ¢ 3t x=0, for t>0 (2.3)
(i) -k - 9"(t) grqy. p 3t X =L, for t>0 (2.4)
where L = thickness of the bridge deck

q"(t)tota1,t = heat loss or gain from bridge by means

of convection and radiation from top surface
heat 1oss or gain from bridge by means of
convection only.

9" (t)0ta1,b

An Explicit Method of Finite Differencing

The governing differential equation of a one dimensional tran-
sient heat conduction problem can be expressed in the finite-difference
form by using an explicit method. The x and t domains are divided
into small intervals of Ax and At so that

Xx=nax, n=0,1,2,. .. .NwithL = Nax

tohakes =0, 0,2,3, . ..

Then, the temperature T(x,t) at a location x and a time t is denoted

by the symbol T; , that is

i

T(x,t) = T(nax, iat) = Tn



The second derivative of temperature with respect to x , at a

position nax and time iAt , is represented in the finite - difference

form as
i i i
2%T - Tha1 * Toey ~ 2T (2.5)
“E‘(n,i ] ’
ax (AX)
| i - . . i
where b and Tn+1 are the two neighboring points of the node Tn

and all of which are evaluated at the time iat .

The first derivative of temperature with respect to the time
variable t at a poistion nAx and a time iAt 1is represented by
T1+1 o

n n
i (2.6)

substituting equation (2.5) (2.6) into (2.1), the finite - difference form

of the time - dependent heat-conduction equation becomes

i+] i i i i
I W o= s _ n-l + Ty, = €Ty
) At - I (2.7)
(ax)

which can be rearranged to

s S

Tn n-1

i i
+ (1-2r)Tn + rTn+

REl &8 v @Y, .. (2.7a)

where r = aAtz = F
)

)
(Ax

the solution of this equation is stable if the value of the parameter r

is chosenas 0 <r <

By central differencing, the boundary conditions can be written

in finite-difference form as follows



(T} r Tl]) _ i
{ -k 24X = A total, t %8
. . 2qi AX
TJ] _ T} N total, t (2.8a)

Substitution of (2.8a) into (2.7a) yields

§
i+ i i i 9total, t XX
at n=0 (2.8b)

i i
(Tyr = Ty-1) i

(11) -k 2 AX = %otal, b (2.9)
Ti _ Ti - 2q}cotal, b &% (2.9a)
N+T N-1 k e

Substitution of (2.9a) into (2.7a) yields

;
. . . . q AX
1 . | i . ogd _ total. B
™ Ty + 2Ty, - Ty k )
at n=N (2.9b)
The initial condition can be written as:
Tg = F(ntx), n=0,1,2,...N for i=0 (2.10)

Due to the non-homogeneous boundary conditions occurring for
this one dimensional transient problem, the exact solution is difficult
to solve. Therefore, the numerical method of explicit finite-difference

technique is adopted to solve this problem.



CHAPTER III

ANALYTICAL STUDY

Before the final model was determined for the experimental
study, two computer programs were designed using the explicit finite dif-
ferencing technique, for the purpose of feasibility studies. The first
computer program was solved to study thebridge's thermal response with the
different top surface boundary conditions of: (1) A blackened top bridge
surface without glass cover, (2) A blackened top bridge surface with single
glass cover (3) A blackened top bridge surface with two glass covers.
Typical plots of these different boundary conditions are presented in Fig-
ure 3.1 through Figure 3.18. To summarize the results of these plots, Fig-
ure 3.19 shows the effect of number of covers, wind, solar flux and specific
heat on the maximum temperature attained at 2" depth. It also shows that
under optimal conditions such as: low specific heat (0.15, for a dry con-
crete condition), jow wind velocity, high ambient air temperature etc., these
temperatures may be increased, however, the temperatures are still very
marginal to achieve the required bridge heating.

The second computer program was designed to investigate the usage
of solar concentrating collectors. The collector we chose to model for this
study was a commercially available Fresnel lens trough collector manufac-
tured by Northrup Corporation. To model the focusing collector we selected

1200 ft2 of the bridge deck and used solar data for 32° North Latitude on

-8-
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July 21 [1, 2]. The ambient temperature was modeled in the same manner as
the first computer program which will be discussed later. The surface of
the bridge deck was assumed to be in contact with an isothermal heat ex-
changer. Since a minimum amount of fluid is desirable, the model did not
allow for any storage. The mass of heat transfer fluid and heat exchanger .
was taken to be 17552 1bm. This was based on the assumption of approxi-
mately 14.63 1bm of heat exchanger and fluid per ft2 of bridge deck. This
number was considerably greater than the value actually used in the experiments.
Computer runs were also made with different values of contact resistance.
The fluid and collector were treated as a bulk system, and the solar heat
gain and the calculated heat transfer from the fluid to the slab were used
in the thermal balance of the collector and fluid system. In all cases the
collector and fluid system were assumed to have thermal losses of 10% of the
total energy absorbed. The varying collector efficiency was determined from
a graph published by Northrup Corporation and reproduced as Figure 3.20.
Typical results of this study are presented in Figure 3.21 through 3.27.
The contact resistance was assumed to be negligible. These figures show
the effect of different specific heats and area ratio on the temperature at
the two inch depth. The area ratio is defined as the ratio of collector
area to bridge deck surface (heat exhanger) area. These results show the
concentrating collector system to be promising. The temperature at 2 inch
depth should reach 160°F with the area ratio = 2 system in a period of
approximately 5 hours.

The detailed simulations and different boundary conditions for

these mathematical computer models are discussed as follows.
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Weather Simulation

The analytical transient heat transfer study of these bridge
models can be greatly affected by the climatic data in many ways, such as:
ambient air temperature, solar flux and wind velocity, etc.

The simulation of ambient air temperature and solar insulation
made in this analytical study are shown in Fig. 3.28.

The incident solar radiation was modeled as sinusoidally varying
in time and was represented by

Q5o1ar - 9o Sin ut

where 9% in this study were 310 Btu per h-ft2 and 280 Btu per h-ft2 which are
representative for Oklahoma in the summer. The value of w was w/12
where 12 denotes 12 hours of sunlight.

The ambient temperature was varied by the representation
Tamb = T0 + 15 Sinw(t - to) where the value of t, was taken to be 3.
This allowed the air temperature to lag the solar flux by 3 hours. Various

ambient air temperatures were simulated in order to show the effect of dif-

ferent air temperatures. A typical summer ambient temperature was chosen

as T, = 80 + 15 Sin [ f%-(t - 3)] , which allowed for a range from a
minimun 65° at night to a maximum of 95° in the day time. Time zero is con-
sidered to be 6:00a.m.

The effect of varying wind velocity was also accounted for in
the convective heat transfer coefficient used in calculation of heat losses.
Wind velocity in the simulation was assumed to be a constant all through
the day. Therefore, the convective heat transfer coefficient used in the
calculation was a constant instead of a function of time, and the actual

unsteady nature of the wind has been neglected. The variation in wind
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velocity did have appreciable effect for no cover condition but as expected
the effect was much less when covers were incorporated.

The heat loss from flat plates exposed to outside winds are
found from a dimensional expression given by McAdams [3] which relates the
heat transfer coefficient in w/m2 °C to the wind speed in m/s

hwind = L7 % 38y @.4)

The sky can be considered as a blackbody at some equivalent sky

temperature so that the actual net radiation between a flat plate facing

the sky and the sky can be expressed by

4 4
e T =W !
where
ep = flat plate emissivity
g = Stefan-Boltzmann constant
Tsky = effective sky temperature
Tp = flat plate temperature

The equivalent blackbody sky temperature of equation (3.2)
accounts for the fact that the atmosphere is not at a uniform temperature
and that the atmosphere radiates only in certain wavelength bands. The
atmosphere is essentially transparent in the wavelength region from 8 to
14 ym while outside the "window" the atmosphere has radiating bands cover-
ing much of the infrared spectrum. Several relations for clear skies have
been proposed to relate Tsky to other measured meterological variables.

Swinbank [4] relates sky temperatures to the local air temperature in the

simple relationship.

- 19
Tsky = 0.0552 Tamb
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where Tsky and Tamb are both in degrees Kelvin.

Physical Properties of Concrete

Wide variations in reported properties were listed in Table 3.1
which shows a typical range of property values as reported in the liter-
atures [5, 6, and 7]. These variations may cause large differences between
the results for computer analysis and experimental analysis if we choose
values of concrete physical properties in our computer program, which dre
different from the actual model. Therefore, a sensitivity analysis relative
to these properties was made.

Variations in concrete density, thermal conductivity and specific
heat were studied by means of the computer runs. The sensitivity analysis
showed specific heat to be the prime consideration. The variations °
in the amount of moisture in the concrete would cause a great change in
property values. It should be noted that since the specific heat of water
is unity, the amount of moisture present in the slab will drastically affect
the temperature achieved.

A brief analysis indicates that the effect of the steel rein-
forcing rod will be negligible since the density-specific heat product is
not greatly different than that for concrete. This is especially true
since the steel is more than 2" from the surface. Near the edges there is
the possibility that the steel may afford a path for the removal of heat
from the slab which would cause lower temperatures to be reached; however,
the cross-section area of the steel is small relative to the concrete and

the area-thermal conductivity factor assures that this effect will be small.
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TABLE 3.1

PHYSICAL PROPERTIES OF CONCRETE

Thermal Conductivity Density Specific Heat
(Btu/hr-ft-°F) (1bm/Ft3) (Btu/1bm-°F) Literature
C— —_— Source

Unimpreg- Polymer Unimpreg- Polymer Unimpreg- Polymer

nated Impregnated nated Impregnated nated Impregnated
Concrete Concrete Concrete Concrete Concrete Concrete

1.24 134.78 0.31 9

0.54 140 0.21 6

1.352 1.265 144.6 148.9 0.241 0.220 7




-42-

Model I Flat Plate Studies

1. Blackened Bridge Surface Without Cover

This study was made to analyze the thermal response of the high-
way bridge model. During the day time, the top surface pf the bridge will
receive the incident solar radiation, also it will have convective heat
loss to the ambient cooler air and the long wave radiation loss to the sky.
The surroundings at the bottom side of the bridge have approximately the
same temperature as the bottom bridge surface, therefore the long wave
radiation from the bottom side to these surroundings can be neglected. Also
there is no incident solar energy. Therefore, the radiative heat transfer
from the bridge's underside is assumed to be negligible and the bottom heat
loss was assumed to be by eonvection only. The net heat gain or loss on
both sides of this model can be shown as:

4

" a T . _ 4 _
q (t)tota1, £ = odg Sin wt - eo[T (t) Tsky

(t)]

- hc] [(T(t) - Tamb (t)] , at x

"
o
—
w
w
~

(ttotal, b= he,[T(t) - T, | ()], at x

[}
=
P )
w
S
-

amb
where
a = concrete absorptivity
€ = concrete emissivity
g = Stefan-Boltzmann constant
= 0.1714 (107°%) —Bfu
hr.ft= R
T.np = ambient air temperature (°R)

Tsky = effective sky temperature (°R)



=i

hc] = convective heat transfer coefficient
of top surface ( th?-0
bptie B
hc2 = convective heat transfer coefficient of
bottom surface,( BK%-
hreft=s F

Thermal responses of this model are shown by means of the com-
puter plots in Figure 3.1 through Figure 3.6. These results indicate that
the top 2" temperature will not be heated to the desired 160 °F.

2. Single and Double Covers

An alternative method derived from the flat plate solar collector
is shown in Figure 3.29 with a single transparent cover on top of the bridge
surface. The transparent cover over the bridge surface reduces greatly
the convective and the radiative heat losses in the same manner as storm
windows in a home or the well known green house effect.

The scheme of double covers on top of the bridge surface may re-
duce more heat losses but it also reduces transmission of incident solar
radiation. The directional transmittance of the covers is shown in Figure
3.30. Studies were made of the thermal responses of the bridge model with
one or two glass covers on the top. The result shows that the temperature
increase is very sma]].. Figure 3.19 shows that it is not necessary to add
another cover for such a small improvement.

The analytical method as outlined by Duffie and Beckman [8]
was incorporated into a computer program designed to calculate the net heat
absorbed with one or two covers on top of the bridge surface. The net heat
gain or loss at the bottom surface is calculated in the same manner as in the pre-

vious discussion of the flat plate without cover. The only difference will be
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the top boundary condition. Due to the transparent cover, the losses from
the top can be greatly reduced. But the cover also can cause a decreasing
amount of transmission of incident solar radiation due to the reflection

and absorption of the cover. Therefore the net energy absorption is cal-

culated by means of the following equations:

for 8 # 0
tanz(e -9,)
3 o 2 1
P] - 2 ¥ (3-5)
tan (e2 + e])
Sinz(e - 0y)
- 2 1
PR % L2 " (3.8
Sin“(e, + e])
where
Py = polarized reflectance component in the plane perpen-
dicular to the interface that contains the incident ray.
by = polarized reflectance component in the direction perpen-
dicular to the above-mentioned plane.
e] = angle of incidence
6, = angle of refraction

The angle e] and 92 are related to the indices of refraction by Snell's

1aw
" Sin 62
2 Sin e]

refractive index of medium 1

=
—
"

refractive index of medium 2
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Transmittance through N covers can be represented as:

1 (-I = 02) (] = p'])
W () = 7 [7vne Mo, © T# (N - o] (3.8)
where
T (e]) = transmittance due to reflection for the incident
angle e]
N = number of transparent covers.
3 (e]) 5 e-NKL/Cos 62 (3.9)
where
L transmittance concerning only the absorpiton
K = extinction coefficient

—
1]

actual path of the radiation through the medium

A special case for radiation at normal incidence, both e] and 92 are

zero.
n, -n
p = (——]—-—_vr-—n—z—-)z (3.]0)
n.l 2
N 1-0p
w0}, ~ rrorTe] (3.11)
LI (3.12)
where
t = transmittance for both reflection and absorption
15,0
(ta) = T 0 _'a)p'd' (3.13)
where
(ta) = Transmittance - absorptance product
°q diffuse reflectance which can be estimated by using

the specular reflection of the cover system at an

incident angle of 60°.
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W) = (9g Sinwt)(z)(1 - d)(1 - 5) (3.14)
qu(t) = useful solar flux absorbed

d = dust factor

s = shade factor

An empirical equation for Ut was developed by Klein (1973),
referenced from [8], following the basic procedure of Hottel and Woertz

[9], which can be applied to calculate the energy losses due to convection

and the radiation through a transparent cover,

-1
N 1
U ={-——— e —_— g + —}
b (@t - T+ )03y
p p a
2 2
. | o1+ T1a)(Tp + 7°)
[e + 0.0425N(1 - e )1 ' + [(2N + f - 1)/eg] - N

(3.15)

Ut = overall heat transfer coefficient at 45°
collector tilted angle
N = number of glass covers

f = (1.0-0.04 h, +5.0x 1074 hi)(1 + 0.058N)

& = emittance of glass (0.88)
ep = emittance of plate
= o
Ta Tamb (°K)
Tp = plate tempearture (top surface temperature °K)
hw = wind heat transfer coefficient from equation (3.1)

An equation used to interpolate for other plate emittance and for the tilted

angle of the plate was proposed by Klein as:
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U, (D)
t = 1-(D- ,
H;TEET- = 1 (D - 45)(0.00259 - 0.00144 ep) (3.16)
where
D = the tilt angle in degrees

Therefore, the losses from the top surface can be represented as:

gt (t) = U (OIT(L) - T, (8)] (3.17)

The net energy gain or loss from the top surface can be shown as:
9" (orar, ¢ = 9y (B) - af (t) (3.18)

Model II. Focusing Collector

As a result of the flat plate studies, we conclude that the in-
cident solar flux absorbedlby the bridge surface with this simple model
is not sufficient to heat the bridge to the desired temperature. A method
that can provide a higher energy flux to the bridge surface must be made
to achieve the required heating. One way that this can be achieved with
solar energy is to use a solar focusing collector, heat exchanger system.

The focusing collectors utilize optical system reflectors or
refractors, to increase the intensity of solar radiation which is absorbed.
Therefore, higher temperatures will be achieved by the focusing collector
and this higher temperature energy can be more readily used with a heat
exchanger to heat up the bridge to the desired temperature. A concept as
shown in Figure 3.3] was designed to achieve this purpose. The solar
collector, fluid, heat exchanger, and piping system were treated as a lumped
system at temperature T;V , where i indicates a certain time intervq]

9

i . An amount of energy (leeful
.

(QR) (at) is the energy released from the heat exchanger to the slab

) (at) 1is absorbed by solar collector,
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during time interval (i - 1) to i . The remaining energy (leefu] -

(at) will be stored to increase the lumped system to the temperature

i+] . . .
Tavg (Tavg at time interval (i + 1)). An energy balance was made for

the slab system so that the amount of-energy (Q&)(At) absorbed by the slab

minus the energy (QE)(At) lost from the slab to the surroundings by heat

0)

convection in time interval (i - 1) to i can be stored in the slab to
raise the slab temperature from T;_] » where n indicates the temper-
atures at different depths of the slab, to the temperatures of T; . The

mathematical model can be arranged as:

i+] i ki By
(mcp)sys(Tavg i Tavg) s (Quseful QR)(At) (3.19)
where
(mcp)sys = mass-specific heat product of the whole
lumped system
o1 o p iy
Qusefu] = )(Qso]ar) (3.20)
where
ﬂ = the efficiency of the solar collector at
time interval i
g o= e (Mot [ e e g (3.21)
R At b N . N L ’
where p - Density of concrete slab
¢ - Specific heat of concrete slab
L - Thickness of concrete slab
@ = (he,) (A) (1) - T ) (. 3n228)
L 2 N amb :
where

hc2 = bottom convective heat transfer coefficient
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A

-area of slab

T& bottom surface temperature at time interval i

From equation (3.19)

P+ i v z
TaVQ > Tan * (QUSEfU] B QR) At/(mcp)sys (3-23)

The temperature difference between heat exchanger and slab sur-
face can be determined if the contact resistance between them and the
amount of heat released from the heat exchanger is known. The equation
for contact resistance can be written as follows:

i+] i+]

i1 _ Fayg " To At
R = = = . (3.24)
Q] 1 Q1+1
R- R
where
i+l .
R = (Contact resistance
21 I © ) i+]
AT g~ U (3.25)

Then, the top boundary temperature at time (i + 1) interval can be ex-

pressed as:
{2l . ) i+]
Uy = Tavg =&l (3.26)
where
T;+] = top surface temperature at time interval (i + 1)

An idealized assumption was made that the temperature ranges

for T;:; and T;+] will not be too large and the heat released from
heat exchanger is a constant, then AT1+] can be treated as a constant

that can be programmed in the computer program in order to investigate the

bride thermal response. The values of 0°F and 20°F were assumed as
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il

in the computer program. The results indicate that the slab
temberature at 2" depth from the top will reach 160°F in less than 9
hours, (with area ratio = 2 system). The results are shown on Figures

3.20 wo 3.27.



CHAPTER 1V
EXPERIMENTAL STUDY

Experiments were conducted on the North Campus at the AMNE research
center of the University of Oklahoma, Norman. The temperature profiles of
the concrete slab bridge model were measured during tests involving several
different heat exchanger concepts which incorporated two Northrup focusing
solar collectors, piped in parallel, and also with the single covered
blackened surface of the bridge model.

The reason for introducing focusing solar collectors to heat up
the bridge is to deliver the heat into the slab at a higher temperature.

More detailed descriptions concerning these models and the results

are discussed in the following chapters.

Description_of Apparatus

A bridge model was designed according to the drawing furnished
by the Oklahoma Highway Department, drawing No. PCB-42.75-1. A Section as
shown in Fig. 4.1 was chosen for this model. To simulate the bridge, a
slab 57" by 47" by 8" thick was poured on forms such that the completed
bridge deck rested on concrete block piers 4' high along the 47" edges.

The bridge had rebar steel inserted according to the bridge specifications.

Copper-constantan thermocouples were placed in the center of the

slab and at the edge locations as indicated in Fig. 4.2. 1In order to
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insure the thermocouples were in the proper location, the following pro-

cedure was followed. Copper tubing 1/8" dia. was cut to 10" lengths. Holes for
thermocouples were drilled in the bottom of the concrete form and the cop-

per tubes were positioned over these holes. As shown in Fig. 4.3. The
thermocouples were inserted in the tubes to the proper depth in the bridge.

As the concrete was poured and reached the 8" level, the tubes were removed
upward with a gentle vibratory motion to insure that the concrete settled

around the thermocouple. This procedure was followed in order to be cer-

tain that no aggregate was directly above a thermocouple which might cause

the thermocouple to settle to a lower position.

After the bridge deck had cured for about a week, the forms were
removed but the concrete was covered with a plastic sheet. The slab was
then exposed to the summer sun for several days in order to remove the
moisture.

Two of the Northrup focusing collectors were purchased for this
experimental study. The collector is 1' wide by 10' long for an effective
area of 9.72 ft2 as shown in Appendix A. The target tube is 2" wide and
has a black chrome selective absorber coating with : &« =0.93 , ¢ = 0.12
or af/e = 7.75. The tracking unit is rated at 2.59 °/min or 10.21 times
sun speed with an accuracy of + 0.20°. The published efficiency of the

tracker is shown in Fig. 3.20. The purchase price for these units was:

collectors $154.00 each
tracker $284.72 each
frame $ 67.26

A special aluminium steel frame was constructed to hold the collectors.

The frame is mounted on casters for easy moving and has an adjustable rear
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Fig. 4.3. Thermocouples in the tubes to
the proper depth. Steel rebars inserted at different
levels and locations.

A,

A i

Fig. 4.4. After concrete was poured on forms
and surface being levelled.
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height from 69" to 103". The front height of the frame is 9". This is
sketched in Fig. 4.5. The adjustable height allows for positioning the
collector at angles with the horizon ranging from 19.28° to 40.6°. A
Viking pump series 432 FH with nominal rating of approximately 3 gallons per
minute at 1800 rpm was incorporated in the circuit. The pump was calibrated
with scale and stop watch, and the calibration shows that the pump in this
circuit delivered between 3.2 - 3.3 .gallons per minute with the Mobiltherm
603 fluid in the circuit. A1l piping was covered with 1% fiberg]éss insu-
lation (k = 0.275 Btu in‘per h'ftz- F) as shown in Fig. 4.6. A one gallon
expansion tank was placed in the system to allow for volumetric expansion
of the heat transfer fluid during heating. Copper-Constantan thermocouples
were located in the piping as indicated in Fig. 4.7. The heat transfer fluid
chosen was the mobiltherm 603 used in the aha]ytica] study. The specifica-
tions for this fluid are shown in Fig. 4.8. The fluid was chosen since we
intended to utilize high temperatures, but the acutal results never achieved
the desired temperatures. A Bell and Gosset flow indicator was placed in
the system to give an indication of flow rate and to insure air entrainment
was not present. Several heat exchanger concepts were evaluated.
1. The first exchanger design was made with 1/8" steel plate and
1/2" by 1/2" square tubing in a serpentine pattern as shown in
Fig. 4.9. Calculations based on 1.5 gallons per minute flow
rate through the tubes indicated a mean heat transfer coefficient
of hm = 58.6 Btu per h-ftz- F. The heat exchanger was placed
on the bridge deck and the top of the heat exchanger was covered
with 6" of 700 series (high temperature) fiberglass insulation

board (k = 0.375 Btu in-per h-ft%- F), as shown in Fig. 4.10.
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Fig. 4.6.

Insulated pipe from heat exchanger to the pump.

Left side:
Right side: Insulated pipe from solar collector to the heat

exchanger.

...'[9..



Flow Meter

:

3

ion Tank l
et |
e m e e — = i

[_- Solar Collector l

xpansi

l:r Solar Collector

E
I
|
!
|
|
]
|
|
|
|
|
|
|
|
]

—:

Pump

Heat Exchanger
Pressure Gauges

i Solar collector inlet
2 Solar collector outlet
3 - Heat exchanger inlet
L - Heat exchanger outlet

Thermocouples Locations:

Fig. 4.7. Thermocouple locations of solar collector and heat exchanger system

-29-



-68

Specific Gravity
@478

.076

072

.068

Specific Heat (Btu/lb- F)
a

. 064

Thermal conduetivity(Btu/h . ft . F)

14 L] T 1 ] 1] L]
100 200 300 400 500 600

Temperature op

Fig. 4.8 Thermal properties of Mobiltherm 603.
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Fig.4.9. Tube in sheet type heat exchanger.



Fig. 4.10.

—

Left side : Outlet end of heat exchanger, where the top surface and
the edges were covered with fiberglass board insulation. The expansion
tank as shown was also well insulated with fiberglass sheet.

Right side: Outlet end of solar collector where the S shaped copper
tubes were insulated with fiberglass sheet.
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2. The second heat exchanger is a modification of the first
heat exchanger. Instead of putting fiberglass insulation
on the top of it, a glass cover designed as shown in Fig.
4.11 was positioned on top of the heat exchanger, so that the
heat exchanger will function as a solar absorbing plate
which can therefore absorb more solar energy than the first

concept, and will be able to deliver more energy to the

bridge slab.

3. A final concept as shown in Fig. 4.12, is a pooled oil con-
cept intended to reduce the thermal contact resistance
between the heat exchanger and the surface of bridge slab.
The contact resistance was one of the major problems for the
bridge heating with the first and second concepts of the

heat exchanger.

The tracking system, bridge deck and the first heat exchanger
were completed and put into operation in late summer of 1977. At this time
we experienced leaks in the quick connect swivels provided with the Northrup
collectors and poor tracking caused by poorly aligned copper "S" shaped
connecting tubes. After elimination of leaks, and realignment of copper
tubes we began to take data, however, we experienced difficulty in keeping
both collectors focused while tracking. This seems to be a problem inherent
in the steel cable drive used with the trackers. For large systems this
is not a serious problem because one or two collectors in forty does not
make an appreciable difference. However, for our system with only two

collectors this was totally unacceptable. Only with careful adjustments
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and constant surveillance were we able to keep both collectors forcused.

At this time the daily weather involved a great deal of intermittant cloud
cover. The system tracked nicely when there was no cloud cover, however,
with the intermittant clouds the tracker would stop while the cloud passed
between the sun and collector and then start tracking again. By the time
the tracker has refocused the collectors, another cloud was blocking the
sun. This experience showed an important difficulty one might expect with
focusing collectors. During the November of 1977, the tracker malfunctioned
and had to be replaced. In May, 1978, the tracking control panel was

replaced, and data was collected for the different experiments.

Results of Experiments

1. Tube-in-Sheet Type Heat Exchanger. The heat exchanger was made

40" by 36" for 10 ft2 of heated area. With this heat exchanger we experi-
enced a contact resistance which produced contact temperature differences
as shown in Table 4.1. The data was taken on May 15, 1978. The maximum
value at 1400 hours (approximately half an hour after the solar noon) was
55.4°F while the collector fluid temperature was only 169.3°F. Of course,
some contact temperature difference was expected due to the difficulty of
maintaining good contact with a flat (not perfectly flat) steel plate to

a somewhat uneven concrete surface. To reduce the contact resistance we
introduced "Thermon" thermal cement between the heat exchanger plate and
the surface of the bridge deck. The cement is water soluable and therefore
can be easily removed. With this modification, the contact temperature
difference was reduced to approximately 26°F as shown in Table 4.2 (the
highest value from the data taken on October 13, 1977). This scheme is

more acceptable, but the cement is expensive and may be too expensive to



TABLE 4.1
DATA MEASURED ON MAY 15, 1978, WITH NORTHRUP FOCUSING COLLECTOR
AND TUBE IN SHEET TYPE HEAT EXCHANGER

Time T (°F) oT(°F) TG(°F)  T(°F)  T(°F)  T,(°F) ?4(0” T5(°F) T_a;"bFF)

a

(h) %

09:30 104.9 3ill 5 73.4 7/ (A5 72.5 72.5 71.6 71.6 72:5
10:00 116.2 3516 80.6 78.8 77.0 757 2 7.6 71.6 74.8
10:30 132.4 46.4 86.0 83.3 80.6 77.9 73.4 /245 7947
11:00 141.4 49.1 92.3 89.2 85.8 83.3 76.1 752 81.0
11:30 149.5 52.5 97.0 93.2 89.6 85.0 77.9 76.1 82.4
12:00 154.9 52.7 102.2 97.7 93.4 88.7 80.6 79.0 84.2
12:30 160.3 53.6 106.7 102.2 97.7 92.3 83.3 82.0 88.0
118::00 - - - - - - - - -
13:30 166.6 An/A 113.9 109.4 104.9 99.5 89.6 86.9 89.6
14:00 169.3 55.4 113.9 112.1 107.6 102.2 92.3 89.6 91.4
14:30 168.4 50.0 118.4 113.9 109.4 104.0 93.2 90.5 89.6
15:00 168.4 48.2 120.2 115.7 ns2 105.8 95..0 92.3 89.6
15:30 168.9 46.0 122.9 1.5 113.9 108.0 97.7 94.1 88.7
16:00 168.4 43.7 24 7. 119.3 115.7 110.3 99.5 96.8 88.7
16:30 168.4 41.9 126.5 li22.50 .5 113.0 102.2 98.6 88.7
17:00 168.1 39.8 128.3 123.8 119.3 114.8 104.0 100.4 87.8
17:30 166.7 Y/ 5 129.2 125.2 2R 115..7 105.8 102.2 86.0
18:00 161.2 32.0 129.2 125.6 122.0 117.5 107.6 104.0 85.6

Remarks: 1) Time indicates daylight saving of the central area.

2) Ts’ T%, T], T2, T4, and T5 show the temperatures measured at the depth of surface,

bty NS 2 pd™~and' (55", Tavg means the average temperature of heat exchanger.

3) Wind: 5-10 mph
4) Tracking Condition: very well
5) Clear sky all through the day.

_OL_
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TABLE 4.2

DATA MEASURED ON OCTOBER 13, 1977, TUBE-IN-SHEET

HEAT EXCHANGER WITH THERMAL CEMENT

o or), o o o

Time Tavg( F) AT(°F) TS( F) T2( F) Tamb( F)
(h) T o : Iy

08:45 84.2 = Fai2 91.4 91.4 46.0
09:15 1187 17.1 98.6 91.4 50.0
09:45 127.9 22.1 105.8 9B 2 38-0
10:15 136.9 24.8 g -7 o 55.0
10:45 144 .5 26.1 118.4 104.0 57.0
11:15 sl 7 26.1 125.6 107.6 60.0
11:45 157.1 24.3 132:8 L2 64.0
12:15 162.5 26.1 136.4 116.6 68.0
12:45 166.6 28,7 140.9 120.2 73.0
13:15 170.2 26.6 143.6 122.9 i
1345 172.0 23.9 148.1 125.6 80.0
14:15 172.0 23.0 149.0 129.2 80.0
14:45 W33 22-.5 150.8 131.9 729
15:15 173.8 20,3 153.5 134.6 79.0
15:45 176.0 20.7 19se.3 136.4 79.0
16:15 176.9 19.8 s .1 138.2 79.0
16:45 177.4 18.5 9 140.9 78.5

158.

Remarks: 1) Time indicates daylight saving time of central area.
2) Clear sky all through the day.

3) Solar collectors inclined at an angle of 23.88°.
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use on an installation as large as a real bridge deck. Typical data taken
with this heat exchanger is shown in Table 4.1 and Fig. 4.13. Also shown

in the figures from 4.14 through 4.18 are the comparison with the analytical
model which was assumed with various specific heat, effective surface area
and the pércentage of heat loss from the entire system. The analytical
computer program was modified to simulate with the measured ambient tem-
peratures and contact temperature differences. However, the assumed heat
losses from the system must be incredibly high in order to force the tem-
perature profiles of the experimental result and analytical results to be
comparable. The effect of lTow efficiencies for the Northrup solar collectors
will cause the same result as the high heat losses assumed in our analytical
computer program. The former was later found to be more reasonable in our
experimental program. The details will be discussed in the latter part of
this chapter.

The highest temperature of the fluid only reached 169.3 °F. Also,
due to the effect of thermal contact resistance, the highest surface tem-
perature was 129.2 °F and the temperature at 2 inches depth was only about
118 °F after 8% hours of continuous tracking period. In summary, the

desired concrete slab temperatures were not achieved.

2. Modified Heat Exchanger of the First Type. Instead of putting

fiberglass insulationon the top of the first type heat exhanger, a plexi-
glass cover was laid on top of it. The result is shown in Table 4.3 and
Fig. 4.19. The maximum temperature of fluid was 177.4 °F which showed
8.1 °F increase. The maximum surface temperature and 2 inch temperature
were 136.4 °F and 121.1 °F respectively after 7 hours tracking period.

Somewhat higher temperatures than those shown in Table 4.3 could have been
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Data taken on May 15, 1978,
Tube-in-sheet type heat exchanger
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Fig. 4.13. Temperature distribution in thé bridge deck with tube-in-sheet

type heat exchanger.



TEMPERATURE (°F)

Model Parameters

130 -
| Area Ratio: 1.75
. Specific Heat: 0.15 Btu/lb+ F
Thermal Conductivity: 1.0 Btu/hr+.ft: F
140 Heat Losses: 60% (or efficiency 27%)
--- Experimental data
—— Analytical data
110
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DEPTH (INCHES)

Fig. 4.14. Comparison of experimental data and analytical data
(cp=0.15 Btu/1t. F, Area Ratio = 1.75, Heat Losses = 60%)
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Model Parameters

Area Ratio: 1.75

Specific Heat: 0.15 Btu/lb. F _
Thermal Conductivity: 1.0 Btu/hr.ft.F
Heat Losses: 65% (or efficiency 23%)

--- Experimental data
—— Analytical data
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. 4.15. Comparison of experimental data and analytical data

(cp=o.15 Btu/lb. F, Area Ratio=1.75, Heat Losses=65%)
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140 Model Parameters

Area Ratio: 1.94

Specific Heat: 0.22 Btu/1b - F

Thermal Conductivity: 1.0 Btu/hr.ft.’F
Heat Losses: 65% (or efficiency 23%)

---Experimental data

——Analytical data

#* Experimental data and analytical
data are on the same line.
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110
17: 30
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TEMPERATURE (°F)

90

80

i [FF510)
A{0)r=5 (0]
1
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Fig. 4.16. Comparison of experimental data and analytical data
(0p= 0.22 Btu/lb. F, Area Ratio=1.94, Heat Losses = 65%)
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Area Ratio: 1.80
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Thermal Conductivity: 1.0 Btu/hr.ft. F
15 Heat Losses: 55% (or efficiency 30%)

~--- Experimental data
Analytical data
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Fig. 4.17. Comparison of experimental data and analytical data
0.22 Btu/1b- 7, Area Ratio= 1.80, Heat Losses = 55%).
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Model Parameters

Area Ratio: 1.75

Specific Heat: 0.22 Btu/lb. F

Thermal Conductivity: 1.0 Btu/hr.ft. F
Heat Losses: 55% (efficiency 30%)

--- Experimental data
—— Analytical data
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Fig. 4.18. Comparison of experimental data and analytical data.
0.22 Btu/lb+ F, Area Ratio=1.75, Heat Losses = 55%)
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Tawg(F)  ATCF)  T(OF)  TL(°F)  Ty(°F)  T,(°F) T (°F)  Tg(°F) T, (°F)

Time

(h

10:
10:
11
11:
AR
12:
1;3k
1,3k
14:
14
15
151
16:
16:
17:

Remarks:

)

00
30

:00

30
00
30%*
00
30
00

:30
:00

30
00**
30
00**

TABLE 4.3

DATA MEASURED ON JUNE 17, 1978, TUBE IN SHEET HEAT EXCHANGER WITH SINGLE COVER

73.4 -18.0 91.4 89.6 86.9 83.3 1759 77.0
106.7 1513 91.4 . 89.6 87.8 85.1 793 78.8
136.6 38119 S8 95.0 91.4 86.9 80.6 197
153.1 47.3 105.8 100.9 96.8 91.0 82.9 81.5
160.7 49.0 111.7 106.7 102.2 95515 86.0 84.2
164.5 46.1 118.4 113.0 105.8 lion. 3 90.3 87.8
165.0 43.9 121.1 115.7 LLURSZ 104.0 92.8 89.6
168.4 41.9 I126..'5 120.2 114.8 108.5 96.8 93.2
174.7 44.6 130.1 123.8 118.4 112.1 99/.5 951. 5
177.4 45.0 132.4 125.6 120.2 1189 100.4 96.8
177 .1 42.0 135.1 129.2 123.8 NZE] 104.0 100.0
169.3 82.99 136.4 131.0 125.6 118.8 106.7 102.2
150.1 15%.19 134.2 130.1 126.1 20 8 109.4 104.9
155.8 22140 {3817 29512 125.6 21 109.9 105.8
149.0 18.0 131.0 128.3 125.6 121.1 L2 106.7

1) Time indicates daylight saving time of the central area.

2) Mo Toas il T2, T4, and T5 show the temperatures measured at the depth of surface,

s 2 2l

Bty I, 2% QMNalnd W5, T means the average temperature of heat exchanger.

avg
3) Wind: 5-10 mph

4) Tracking Condition: * partly cloudy sky.
** off tracking.

5) Partly cloudy at 12:30, continuing throughout the afternoon.

83.
84.
85.
86.
8V
87.
88.
89.
89.
91.
92.
92
92.
92.
924

OO0 OOOOOOO WL

_6[..
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Data taken on June 17, 1978.
Single cover on top of heat
exchanger.
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Fig. 4.19. Temperature distribution in the bridge deck with modified

tube-in-sheet type heat exchanger.
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achieved if we had not suffered the partly cloudy sky on June 17, 1978 which
caused the off-tracking of both solar collectors. However, this scheme
will still be faced with the large contact temperature differences like

those faced with the previous heat exchanger.

3. Copper Tubes Embedded in 0i1 Type Heat Exchanger. In order to
reduce the thermal contact resistance faced in the previous two types of
heat exchanger, the type of heat exchanger as shown in ﬁig. 4,13 was eval-
uated. An aluminium sheet was laid on the surface of the bridge deck and

‘a wooden frame was placed on top of the aluminium sheet, then, the aluminium
sheet was folded to the frame. The internal region of the frame was then
filled with Mobiltherm 0il to a level approximately at the centerline of

the copper tube heat transfer coils. These coils had oil from the collector
circulated through them. The entire system was then covered with fiberglass
insulation board.

Due to the fact that the concrete surface was uneven and the cop-
per tube coils cannot be made on the same level, more than 5 gallons of o0il
was used. After this amount of 0il was poured inside the frame, there are
still several copper coils just barely touched with oil and some coils were
completely embedded in the oil. The result of this scheme is shown in
Table 4.4 and Fig. 4.20. This is also a negative result. The temperature
profile of this scheme was worse than that of the first scheme. The contact
resistance may be reduced to some degree but the additional mass of oil
(approximately 32.5 1bm for 5 gallons of 0i1) in the heat exchanger will
also absorb heat in order to be heated up. This disadvantage will reduce
the effect of possibly reduced thermal contact resistance, and still cause

the large temperature differences between the 0il inside the coil and the

slab surface.



TABLE 4.4
DATA MEASURED ON JUNE 25, 1978, WITH COPPER TUBES SUBMERGED IN THE OIL

TME T (°F) aN(F) T TF)  TOF) T(°F) TF)  TUF)  T(°F) T .(°F)

av
(h) i
08:30 86.7 750 79.7 79.7 79.7 79.7 78.4 77.9 81.0
09:00 106.3 24.8 8ilri5 81.1 80.6 79.7 78.4 77.9 82.0
09:30 125.2 40.5 84).Y/ 84.2 82.4 80.6 78.8 78.4 83.0
10:00 131.5 42.8 88.7 87.4 85.6 82.9 79./3 78.8 84.0
10:30 139.8 47.5 92.3 90.5 88.7 85.1 80.6 79.7 85.5
11:00 146.8 51.8 95.0 94.1 91.4 87.8 81.5 81.1 87.5
11:30 153.8 5.2 98.6 96.8 94.1 90.1 83.3 82.4 89.0
12:00% 15252 50.9 101, 3 100.4 96.8 93.2 86.0 84.2 89.0
12:30 158.9 54.9 104.0 101.8 98.6 94.1 86.9 85.1 91.0
13:00 162.1 55.4 106.7 104.9 101.3 96.8 89.6 87.8 92.0
13:30 162.8 55.6 107.2 105.8 104.9 100.4 91.9 89.6 94.0
14:00%* 156.3 45.1 k.2 109.0 105.8 102.2 93.2 92.3 94.0
480 157.1 44,1 NSLIO 109.4 107.6 103.6 95.0 90.5 94.5
15:00 161.6 47.2 1Mi4."4 .2 108.3 104.0 95.9 931,57 95.0
15:30 166.4 49.8 116.6 113.0 109.4 105.8 96.8 95.9 96.0
16:00 167.6 48.3 119.3 5. 7 113.0 108.6 100.4 98.2 96.0
16:30*** 160.7 40.5 1R20r.2 116.6 113.9 110.3 162.2 99.5 97.0

Remarks: 1) Time indicates daylight saving time of the central area.
2) Ts’ T%, T], T2, T4 and T5 show the temperatures measured at the depth of surface,

iars DM 2 AW and) 5% Tavg means the average temperature of heat exchanger.
3) Wind velocity: 10-25 mph. '
4) Tracking Condition: * right solar collector off tracking and being adjusted.

** strong wind caused collector off tracking.
*** stop tracking.

5) Clear sky all through the day.
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Data taken on June 25, 1978.
Copper tubes embedded in oil.
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Fig. 4.20. Temperature distribution in the bridge deck with the oil

embedded tube heat exchanger.
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DISCUSSION

As previously mentioned, we experienced the following difficulties
and problems which caused the temperature profiles of the experimental
results to be much lower than the temperature profiles predicted from the

analytical result:

1. Thermal Contact Resistance

The rough surface of the concrete slab, the slightly curved heat
exchanger p]éte and welded square tubes, which are not welded continuously
to the steel plate, caused the large contact temperature differences.
Except the limited directly contacted spots, heat transfer is mainly by
conduction and radiation through the air in between the two surfaces. The
conductivity of the air.is only 0.0181 hr‘ii? F at 200 °F. No satis-
factory theory is yet available to predict the thermal contact resistance
[10]; thus, an experimental approach appears to be-the only means to pre-
dict thermal contact resistance for practical purposes. The only way that
the thermal contact resistance can be reduced is to insert a good thermal

conductivity compound, like the Thermon thermal cement we used between

the two surfaces, and between the square tubes and the steel plate.

2. High Heat Losses or Low Collector Efficiencies
In order to force the temperature profile of the analytical
result to fit our experimental result, a 55% - 65% heat loss of the absorbed
solar radiation was required. The effect of Tow efficiencies of the North-
rup solar collectors would also cause the same result as the high heat
losses assumed in our computer program. In the following, an analysis of

the effect of heat loss in the system piping, one dimensional error, heat
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loss from concrete slab is made. Also the solar collector efficiencies
were modified to determine the main reason or cause for the low temperatures
obtained experimentally.

(i) System Piping. The losses from the flow piping of the
system for this size installation are disproportionately large. Steady
state calculation was made with the assumed temperature difference between
the fluid and the ambient air equal to 80 °F, the loss is about 300 Btu/hr
which is approximately 10% of heat absorbed from the solar collector on the
basis of 274 Btu/h - ft2 average solar flux, 60% collector efficiency and
1.75 area ratio. The reason that we chose 1.75 area ratio was that we
estimated about 10% deduction from the effective solar collector area should

be made due to the effect of dust and shade to the solar collectors.

(ii) One-dimensional Error. The analytical study used was a
one-dimensional transient model. For the 1200 ft2 bridge simulation, this
is reasonable, but for the 10 ft2 heat exchanger the edge losses cannot be
ignored. In our model, the edge area for conductive losses is about 8.5 ft2
and the additional bridge surface is about 8.2 ftz. Relative to the smaller
model we have chosen, the area of heat losses is increased by almost a
factor of two. This was one of the reasons the temperature profile was
lower than expected. A study was made with two different sizes of plexi-
glass covers. The inside surface areas were 36" by 40" and 52" by 44" re-
spectively. The bridge surface was blackened with commercial black paint.
For each size of plexiglass cover used, its edges were well insulated. The
results are shown in Table 4.5 and 4.6 and Fig. 4.21 to Fig. 4.23. A
higher temperature profile was achieved with the larger cover, the reason

for the higher temperatures were the higher initial temperature and the
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TABLE 4.5

DATA MEASURED ON JUNE 30, 1978, BLACKENED TOP BRIDGE SURFACE

WITH SINGLE COVER (COVER AREAS 40" x 36")

109.
1 1584
1
120.
124.
1286,
129.
130.
131.
1S
18il
18]

COCWWN—NANN—OPOWWOO O

106.
110.
112.
114.
116.
8.
Lt
9
120.

NO WP —WNOPRARNNDOIOO —~WwWO

116.

bbooooowwmomoomooo

Time indicates daylight saving time of central

areds .

T, T,, Ty, T,, T,, and T. show the temperatures measured
s 'L "1 "2 4 5

the depth of top bridge surface, %", 1", 2", 4" and 5".

Time P ) T, (°F)  T,(°F)
St Lol 1
oL -
09:45 96.8 93.2 90.5
10:00 101.3 97.7 94.1
10:30 105.8 101.3 97.7
11:00 TRI6 107.6 103.1
1,280 117.5 112.6 108.1
12:00 121.1 5 5% 111.2
12:30 127.4 122.0 116.6
13:00 11328 127.0 122.0
13:30 136.4 130.1 1°25152
14:00 140.0 133.7 128.8
14:30 143.6 137.3 132.8
15:00 145.0 139.1 134.2
115880 146.3 140.9 136.4
16:00 146.3 141.8 137.3
16:30 145.9 141.8 138.2
17:00 144 .5 141.4 118V 8
17:30 142.3 140.0 136.4
18:00 140.0 137.3 11351 1t
Remarks: 1)
2)
3) Sunrise: 6:15
Sunset: 20:45
] o
) (Tamb)min =
=3 [=]
(Tamb max 95 °F
5) Wind: 5-10 mph.
6)

Clear sky all through the day.



Remarks:

DATA MEASURED ON JULY 4, 1978, BLACKENED TOP BRIDGE SURFACE

a7 .
102.
oo,
114.
I8
26
128.
134.
138.
142.
144.
148.
150.
150.
145.
149.
149.
142.

"'

TABLE 4.6

WITH SINGLE COVER (COVER AREA 52" x 44")

7 95.5 98, 2 90..5
74 9975 96.8 93.2
0 104.9 101.3 96.8
8 110.3 105.8 100.4
3 114.4 T, 8 104.0
6 H84+38 114.8 108.1
3 123.4 118.4 PR
2 128.3 V228 115.7
2 131.9 126.5 118.4
7 136.4 130.6 122.9
5 140.0 134.2 126.1
6 142.7 137.3 282
8 146.3 140.9 132.8
8 146.3 141.8 134.6
4 144 .1 141.4 13645
9 146.3 142.3 135.3
0 145.4 142.3 136.4
3 140.9 140.0 136.0

Time indicates daylight saving time
Ts’ T%, T], T2, T4, and T show the
at the depth of top bridge surface,

Sunrise: 6:21
Sunset: 20:49

B o
(Tamb)min & M ¥
(Tamb)max e 'r
Wind: 5-10 mph

Scattered clouds from 15:30

125.

of central areas.

temperatures measured
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121.
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Fig. 4.21. Temperature distribution in the bridge
plexiglass cover over the bridge surface.

Data taken on June 30, 1978.
Cover area: 36" x L4ov.

deck with small
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Data taken on July &4, 1978.
Cover area: 52" x Lu»,
140
130
™
o
120
3] 17:00
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3 1
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g 110 '
! 4100
100 : 00
12:00
90 11:00
0:00
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80 | 1 | (| 1
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Fig. 4.22. Temperature distribution in the bridge deck with large
plexiglass cover over the bridge surface.



TEMPERATURE (°F)

150

140

130

120

110

100

90

80

Surface

_06-

--- Experimental data taken on June 30, 1978.
(Cover area: 36" x 40").

—— Experimental data taken on July 4, 1978.
(Cover area: 52" x 44v)

1 1 1 1 1 1 1 1 1

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
DAYLIGHT SAVING TIME (H)
Fig. 4.23. Comparison of experimental data with different cover areas
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larger area of the cover. The smaller heating area (smaller cover) has
more bridge surface which is not exposed to solar heating. This of course
would render the one dimensional analysis less valid for the smaller area
since there would be a boundary condition variation over the bridge surface.
In addition the smaller collector would collect less solar energy and
therefore the average slab temperature would be lower. Thus the observed
higher initial slab temperature for the larger collector. By comparison
of these two temperature profiles, it may be observed that there are only
small differences between the slopes of the temperature curves during the
same time intervals. Therefore the one dimensional error is not the main
factor explaining the 55% - 65% heat loss assumptions we made in our ana-

lytical results.

(iii) Edge Heat Losses from the Edge Insulation. The edges of
this bridge model (57" x 46") were insulated with 1%" thick fiberglass
sheet and 2" fiberglass board, then a thin plastic cover was covered and
wrapped around by a rope to prevent the moisture or rain penetration. The
edge temperatures at surface, 1 inch and 2 inches can be checked by the
thermocouples embedded in the concrete (with the code letter B-S, B-1, and
B-2) as shown in Table 4.7. They are only slightly above the ambient
temperature and therefore the losses from the edges through the edge insu-

lation can reasonably be neglected.

(iv) Top Heat Loss through the Top Insulation. A 1% fiberglass

sheet was placed on top of the heat exchanger and then was taped to the
concrete slab to reduce the convective losses to a minimum. Afterward,

three 2" thick-fiberglass sheet laid on top of each other to the top surface
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TABLE

4.7

COMPARISON OF THE EDGE AND CENTER TEMPERATURES

T

B-S

79
81.
82.
85§
86.
89.
9.
98

95

97.

99.
100.
102.
104.
104.
105.
106.

¢

7
5
9
1
5
2
4
2
.0
3
5
9
7
0
9
8
7

T

C-1

94.
/S
103.
108.
k.
116.
122.
25:
128.
| S12K
134.
136.
LEiZE
138.
137.
136.
188}

(°F)

= PO ENOONOON — -~y —

T

B-1

78.
80.
82.
84.
86.
89.
91.
985
95.
9.
98.
100.
102.
104.
104.
105.
106.

(°F)

WOWOWONPOAWONONONDOY®

T

Time indicates daylight saving time of central area.

C-2

89.

92.

Y.
101.
104.
109.
113.
N
120.
124.
126.
129.
130.
130.
131.
131.
130

(°F)

CLVU—=NUINN—ODOWWDON

B-2

%8
80.
82.
84.
86.
88.
90.
981,
94.
96.
98%
100.
101.
103.
104.
104.
105.

{9

POO—WPLPOO—=NOINONDO®

—

amb

87.
87.
89.
9ill.
92.
92.
935
94.
94.
94.
95
95.
95.
95.
94.
94.
94.

—
o
-n

-

OCOO0OO0COCOOULMUIUNNOULIOOULIO O

Letter C indicates the center location, Letter B indicates the bottom edge location.

Subscripts S, 1, and 2 indicate surface, 1" and 2".

Data measured on June 30, 1978, blackened top bridge surface with single plexiglass
cover (cover area 40" x 36").

-26-
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of the above-mentioned fiberglass sheet to insure good insulation and to

reduce the heat conduction from the top to the minimum. A calculation was

also made with 100 °F temperature difference between the surface of heat
exchanger and the exterior surface of fiberglass board. The heat loss

through the top insulation is only about 50 Btu/hr, about 1.7% of the solar
radiation absorbed from the solar collector (approximately 3000 Btu per h based
on 274 Btu per hift2 averaging solar flux, 65% efficiency, 1.75 area ratio).

In the actual case, the top surface of the insulation board will absorb

heat from the solar radiation and therefore can reduce the possible heat

loss from the top insulation to less than 50 Btu/hr. Hence, the loss through

the top insulation is very small and may be considered negligible.

{v) Efficiency of Northrup Solar Collectors. Our_analytical
studies were based on the solar collector efficiency curve from the Northrup
Commercial catalog as shown in Fig. 3.20. We linearized the efficiency
curve to be a straight line, and programmed it in our computer program for
the analytical studies. After the previous heat losses analysis, the only
possibility that could have caused the high losses was the solar collector's
lower efficiency than expected.

The effect of low efficiencies of the Northrup solar collectors
will cause the same results as the high heat losses assumed in our analyt-
ical computer program. The program showed that during 9 hours tracking
period, the solar collector will always have an efficiency higher than 60%.
From our experimental data as shown in Table 4.8 we can calculate the

average value of AT and S as follows:
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TABLE 4.8

DATA MEASURED ON JUNE 25, 1978, TEMPERATURE DIFFERENCE

BETWEEN INLET AND OUTLET END OF SOLAR COLLECTOR

TEFS Tin(°F) Tout (°F) sT(°F)  s(Btu/hr £t2)
08:30 86.0 86.5 0.5 250
09:00 106.7 108.1 1.4 -
09:30 124.7 126.5 1.8 268
10:00 131.5 185,10 3.6 -
10:30 136.4 140.9 4.5 278
11:00 142.7 145.4 2. -
11:30 153.5 154.4 0.9 284
12:60* 150.8 152.6 1.8 -
12:30 158.0 160.7 2:7 285
13:00 161.6 164.3 2.7 -
13:30 162.1 164.3 2.2 284
14:00%* 151.7 156.2 4.5 -
14:30 154 .4 157.1 g .7 278
15:00 159.8 163.4 6 -
15:30 165..2 167.0 1.8 268
16:00 167.5 169.3 1.8 -
16305+ 160.3 161.6 149 250
Remarks: 1) Time indicates daylight saving time of the central area.
2) Tin and T, t indicate the temperatures measured at the
inlet end ang the outlet end of the solar collector.
AT = Toyt - Tin » S indicates the hourly solar insolation
from []H.
3) Wind velocity: 10-25 mph.
4) Tracking Condition: * right solar collector off tracking
and being adjusted
** strong wind caused collector off
tracking.
+ stop tracking.
5) Clear sky all through the day.
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n (T, +T..,)
_ i i+] a
(8T)4yg = X —p—— » n=16

i=]

= 2.475 °F
B S, %S..-]

+
(8),,q = £ it | N-3g
avg j=1
= 274 Btu/hr- ft?
where N = 8 hour intervals
n = 16 half hour intervals

The average efficiency of the solar collectors over the entire

tracking period can be estimated as:

(”)avg = me(AT)avg/A(S)avg
= 29%
where .
m = 3.3 gpm = 1288 1b/hr
A = 20 £t (for area ratio = 2.0)"
Cp = 0.5 Btu/1b. F (at 150 °F)

our data indicated that a reasonable efficiency for the Northrup solar
collectors would be around 30% - 40% instead of 60%. OCther people [11]
have measured 60% efficiency for the Northrup, however, they are usually
under controlled conditions and also they do not have the difficulties of
strong wind, off-tracking etc., that we encountered.

With these focusing solar collectors, we experienced tracking
difficulties due to intermittant cloud cover and strong wind etc. These
are important factors that can cause low efficiency performance of solar

collectors.
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(vi) Burried Pipe Studies. In order to be able to better
understand the Timitations of the problem of heat transfer to the bridge
deck, the Oklahoma Highway Department asked us to determine the transient
temperature distribution in the bridge deck for the case when the heat
exchanger tubes are located within the deck 2" below the top surface.

The model we used was for 1/2" tubes located at 2" depth in the 8" slab
and located on 6" centers. The cross-section studied is shown in figure
4-24 with the elements and nodes indicated. A finite element model was
used to analyze the structure. The initial temperature of the bridge

was assumed to be at 80°F which was also the ambient temperature. A
thermal conductivity of 1 Btu/hr ft °F, density of 145 lb/ft3 and specific
heat of 0.28 Btu/hr °F were used. The tube temperature was assumed to

be 205 F.

The results of this study are presented in Table 4-9 after
a time of 3 hrs and 6 hrs. The temperature at node 55 is of particular
interest. After 3 hrs, it has risen to 153 F and after 6 hrs it has
risen to 173 F. Of course the model does not allow for any contact
resistance and the bridge is treated as homogeneous; however, the

results remain encouraging.
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TABLE 4.9

TEMPERATURES FOR FINITE ELEMENT ANALYSIS OF BRIDGE
WITH BURRIED PIPE

TIME = 3.000

1. 0.20500D 03 2. 0.20500D 03 3. 0.20500D 03 4. 0.20500D 03 5. 0.20500D

7. 0.20500D 03 8. 0.19602D 03 9. 10.19562D; 108 10. 0.719479D 03 11.  0.19408D
13. 0.19214D 03 14. 0.19106D 03 5. 10.9:8782D. (03 16. 0.18732D 03 17. 0.18589D
19. 0.18184D 03 20. 0.18022D 03 2. 0.i955D 108 2. (0.07961D, 108 23.  0.17836D
25. 4 0.1724i6D5.(08 26. 0.18806D 03 27. 0.16498D 03 28. 0.16387D 03 29. 0.17470D
31.  0.16831D 03 S2.  «0.Ak8sili2Dy (08 38. - 1041i5882D/F 108 34. 0.15173D 03 35.  0.74985D
37. " J0.169]18D. 08 38. 0.16664D 03 39. 0.16191D 03 40. 0.15759D 03 41.  0.14698D
43. 0.13876D 03 44. 0.13900D 03 45.  0.16260D 03 46. 0.16045D 03 47. 0.15756D
49. 0.13877D 03 50. 0.13333D 03 51l. 10.12788D 03 52, (0.12978D 108 53.  0.15991D
55, 401153350, 03 56.  0.14394D 03 5%  10ABN9NIDF 108 58. 0.1126M6D" 08 59.  0.12054D
61. 0.12239D 03 62. 0.11996D 03 63. 0.11610D 03 64. 0.11547D 03 65. 0.11486D
67. 0.11054D 03 68. 0.11012D 03 69. 0.10991D 03 70. 0.10644D 03 71.  0.10622D
73.  0.10276D 03 74. 0.10268D 03 75. 0.10252D 03 76. 0.10244D 03 77. 0.10001D
79. 0.99824D 02 80. 0.97748D 02 81. 0.97705D 02 82. 0.97620D 02 83.  0.97577D
TIME = 6.000

1. 0.20500D 03 2. 0.20500D 03 3. 0.20500D 03 4. 0.20500D 03 5. 0.20500D

7. 0.20500D 03 8. 0.19953D 03 9. 0.19937D 03 10. 0.19876D 03 11.  0.719810D
13. 0.719649D 03 14. 0.19629D 03 15.  0.19506D 03 16. 0.19468D 03 17.  0.19356D
19. 0.19019D 03 20. 0.18879D 03 21. 0.18823D 03 22y 0.]90880k 08 23. 0.18954D
25.  0.18462D 03 26. 0.18120D 03 27. 0.17846D 03 28. 0.17743D 03 29. 0.18777D
31.  0.18339D 03 32 O0xlFOl6Dk .08 38k~ OFSHSEF 08 34. 0.16918D 03 35.  0.16742D
37. 0.18458D 03 38. 0.18291D 03 39. 0.17984D 03 40. 0.17585D 03 41.  0.16714D
43. 0.15786D 03 44.  0.15921D 03 45. 0.18073D 03 46. 0.17930D 03 47. 0.17661D
49. 0.16069D 03 50. 0.15579D 03 51k - OL150680F 108 525 10L151¥60% 08 53. 0.17914D
55. 0 1/329pk 03 56. 0.16531D 03 57. 0.15495D 03 58, 0.14963D 03 59.  0.74429D
61. 0.14539D 03 62. 0.14395D 03 63. 0.13947D 03 64> 1+ 0L IISYIOBN 08 65. 0.13874D
6. 1 0L I3SYiDE .08 68. 0.13366D 03 69. 0.13354D 03 70.  0.12906D 03 My 0=12898D
73.  0.12441D 03 74. 0.12436D 03 75, | 0. 11242%Dk ', 08 76. 0.12423D 03 77. 0.12019D
79. 0.12009D 03 80. 0.11622D 03 81. 0.11620D 03 82. 0.11615D 03 83. 0.11613D

03
03
03
03
03

03
03
03
03
03
03

02

03
03
03
03
03
03
03
03
03
03
03
03

03
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

In this study we were not able to achieve the desired bridge deck
temperatures nor were we able to achieve the temperatures predicted in the
theoretical study. The analytical model gives the right trends but suffers
from lack cf accurate knowledge of the concrete properties and collector
efficiency. In addition the model was based on a one dimensional slab
with the entire top surface heated and under our test conditions this was
not the case. The analytical flat plate study showed that with optimal
property values we could achieve the desired bridge temperatures but that
this was only optimally marginal and therefore not a viable alternative.
The study was fraught with numerous experimental difficulties, many of
which would always be faced with using this type collector and heat ex-
changer system. The difficulty of keeping the collectors tracking, the
effect of intermittant cloud cover on collector performance and the esti-
mated collector losses due to the high prevalent winds rendered the collector
performance far below the values reported by others. By connecting the
collector performance to the measured efficiency value for a typical day,
the analytical model was shown to be quite reasonable. An anticipated
difficulty which we were never able to overcome is the contact resistance
between the heat exchanger and the bridge deck. While we did anticipate

this difficulty it is fair to say that we did not anticipate the severity
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of the problem. Preliminary studies of the effect of using buried pipes-
in the bridge deck did prove promising. An unknown contact resistance
would be present inthis case also but with good bonding it should be much
less of a problem. Experiments conducted showed that the one dimensional
assumption did not contribute greatly to the observed descrepency between
theory and experiment. In addition to the problems mentioned, this study
showed that the collectors we utilized may well require considerable
maintenance.
Possible future studies which might be undertaken are:
1) The determination of the efficiency of the Northrup solar
collector under Oklahoma operating conditions.
2) The scale of the study should be increased to minimize the
losses and similar tests made.
3) The buried pipe study should be undertaken to determine if
solar or conventional heating techniques can be used under

these conditions to achieve the desire temperature.
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APPENDIX A
Northrup Focusing Collector

Specifications

DIMENSIONS (std. size): 10'L x 1'W x 1.33'H
(3.05m x 0.305m x 0.406m)

EFFECTIVE COLLECTING AREA: 9.7 ft2 per unit (0.901 m2)
COLLECTOR WEIGHT: 95 1b per unit (43.1 kg)
ABSORBER MATERIAL: Copper

MAXIMUM OPERATING PRESSURE: 140 psia
(9.67 kgf-abs/cm2)

TEST PRESSURE: 165 psia (11.6 kgf-abs/cmz)
ABSORBER FLUID FLOW RATE: 0.4 gpm (1.51 2/min)

PRESSURE DROP AT RATED FLOW: 0.2 psi (0.014 kgf/cmz)
(Absorber Fluid:Water)

LENS LIFE: 20 years
LENS THICKNESS: 0.25 in. (0.635 cm)
LENS MATERIAL: DuPont Acrylic

TRACKING MOTOR: Rated Voltage - 120 v a ¢ 60 Hz
Rated Current - 0.38 amp

TRACKING SPEED: 0.25°/min
DRIVE SPEED: 7.56°/min
COLLECTOR END FITTINGS: %" female NPT

(Rotating End Fittings included with Collector)
NOTE: SI units in parentheses.
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APPENDIX B

THIS PROGRAM IS CESIGNED TO STUUY THE TEMPERATULKRE PRUFILE CF THE
HIGHwWAY BRICGE whERE CN TGP COF THC SRIODGE wlILL BE HECATED wiTH
NORTHRUP SCLAR COLLECTCR/ZHEAT EXCHANOGUR SYSTENM. THE RUNNING PERTIQO
DESIGNED FOkK THIS PRLCGRAM IS 9 HUURS TRACKING. l.E. FROM SCLAR
TIME 7230 — 16:30. THE TEMPiIRATURE BRUFILE wAS SuLVeD wlTH AN
EXPLICIT METHOD OF FINITE DIFFrExenCE TCCHNICGUE. THE GOVERNING
DIFFERENTIAL EUQUATICN WAS CUNSLIULEREDC A5 AN UNE OIMENSICNAL
TRANSIENT HEAT CONDUCTIUN EGUATICUN

VARIABLE ANC CGNSTANT NAMES FOR THE MAIN PROGRAM AREecscscecccccece

ALPHA = PERCENTAGE OF HEAT LOSSES FROM THE SYSTEM

ANGCLN = ANGLE OUF INCLINATION (DEG)

AREA = HEAT EXCHANGER AREA (3Q FT)

AREAC - EFFECTIVE SCLAR CGLLECTCLR AREA (SQ FT)

ccC = CCNVERGENCE CRITERIA UF EXPLICIT FINITE OIFFERENCING
DECK = ThiCKNESS CF BRICGE DeECK (FT)

OEN = DENSITY UF CUNCRETE (LBM/CUFT)

oT = TIME INCREMENT (HR)

OX ~ GRID SPACING IN X DIMENSICN (FT)

EFF = SCLAR CCLLECTOR EFFICIENCY

HC = SPECIFIC HEAT OF CGANCRETE (BTU/LBM/CEG. F)

HCYV = CUNVECTIVE HEAT TRANSFER CUEFFICIENT (BTU/HR/SQ FT/DEG F)
NO = DAY CF THE YEAR

NT = NUMBER CF THE TIME INTZERVALS

NX = NUMBER CF GRID SPACING

QL =~ CCNVECTIVE HEAT LLSS FRGM THE BOTTAOM (BTU)

QSGLAR = SCLAR INSGLATION (BTU/SQ FT/HR)

Qu = SCLAK ENEKRCY ABSUKBED FrUM SOLAR COLLECTOKR (B8TU/HR)
RAT1QO - EFFECTIVE SOLAR CCLLZCTCR ARLCA/HEAT EXCHANGER AREA
SLQPE = ANGLE CF SCLAR CCLLECTU~ wIiTH HORIZCATAL (DEG)

SN = HEAT RELEASED FRCM HEAT EXCRANGER (ETU/HR)

SPH = SPECIFI1C REAT QOF THE LUMPED SYSTEM (ETU/LBM/DEG F)
T - TEMPERATURES CF Tre 3RICGE CECK (OUOEG F)

TANB = AMBIENT TEMPERATURE (DEG F)

TAVG = AVERAGE TEMPEKRATUKRE UF THE LUMPED SYSTEM (DEG F)

TK = THERMAL CCNDUCTIVITY OF CCNCRETE (BTU/HR/FT/CEG. F)
v = wlND VELCCITY (FT/SEC)

XASS = MASS CF TFHE LUMPED SYSTEM (LBM).

XLAT - LATITUCE (DEG)

FEREEET XKL ERESLFE L XN XEIFEL LV FE X R RX XXX LR F XXX XBXXLKFEBBRXEXRERER

DIVMENSION XIME(182)-.EFF(182).CSULAR(182)
ODIMENSICN GL(182),5(182)s5N(132)+0ELT(132 Q)
*

Je.Q(1 F(10),AMT(10)
DIMENSION T{11,182)+Q5(182),TAMU(182),TAVG(182)

+TOF (1
Qu(1i82)
THERMAL PRCFERTIES CF THE CGONCRETE SLAS8

DATA DENWHC+TK/145.0+0.2241.0/

MCDEL PARAMETERS

DATA AREAs ALPHALRATIOeSPHIVIXASS/ 12690643511 e7S530e¢15557e63012J3.0/
DATA CECK/0Q.667/

INCIDENT ANCGLE PARAMETERS
DATA ND+SLOPE s XLAT/135+40.08,35.217

DATA NS sNT sAX/31+1804+8/
NX1=NX+1
NTI=NT+1
READ(5,30 (N) +M=1,10)
FORMAT (1

&) N) «N=1,5S)
FORMAT (S

—0Ow—in~

SET TEMPERATURES THRCUGHOUT THE SLAB TO THE INITIAL VALUE
READ (S5+300)(T(1sANS)sl=1,NX1)
INITIAL

DELT(NS )=46.4
TAVG(NS)I=132.4

CALCULATE THE INCIDENT ANGLE OF SOLAR INSOLATICN
PI=3.181562
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ANGCLN=23.4535IN(360.%¥(284.+ND) P [/ 365.7180.)*F1 /180
CUANGT=CUS ((XLAT=SLCFE)*PI/180¢) *CCS(ANGCLN) +SIN(( XLAT-SLOPE)*PI/1
®8J)*SIN(ANGCLN)

CURRECTION CF THE NGRMAL SCLAR INSOLATICN

QSCLAR(NS) =268.0 *CCANGT

RUN=9

Z=NT

ODT=RUN/Z

Z2=NX

DX=0ECK/Z2

AREAC=AREA*RATI1O

ALFHA=ALPHA*OT

INTEGRATION OF THE INITIAL TEMPERATURE PROFILE IN THE SLAB B8y
TRAPEZOLIDAL RULE

NTZ=NT+2

00 2 I=NSsAT2

QsS(1)=0.0

DG 3 J=2.NX

QS(NS)=QS(AS)+T(JeNS)*CX
QUS(NS)=QSINSI+(T(1.NSI+TINX1sNS))EDX/26e
CC=(TK*DT)/ (DEN*HC*CX*0X)

CHECK FCR CONVERGENCE

IF {CC.GT.0.5) GO TQO 80

CALCULATE ANBIENT TEMPERATURE

TINE=0.0

DO & I=1,NT1

TIME = TIME4+DT

CALL AMBT (TIME»l.AMT,TAMB)

CONTINUVE

CALCULATE THE CONVECTIVE COEFFICIENT
HCV=1e40+208%V

CALCULATE THE COLLECTOR EFFICIENCY

ME (NS)=(NS—-1)/20.

I=SNSeAT1

)=TAVG(I)- DELT(I)

)=XIME(I1)+0T

OLAR(XIME,K,CCANGT ,QSGL AR +Q)
(TAVG(I)—TAMB(1))/QSCLAR(L)

= (81 «€£5-54 .E2*PARAM)/100.

HEAT ABSORBED FRCM SCLAR CGLLECTOR (BTU/HR)

QU( I1)=EFF( 1)*QSOLAR(1)*AREAC

CALCULATION OF BRIDGE DECK TEMPERATURES AND HEAT LOSSES
NI=NX+1

TON1 sKI=STUN

1LAME(I)=T(N1
D0 S J=2,NX

+2 . *CCH(TINXo I)=T(N1+1))+(2.*¥HCVXOT/ (DEN*HC*0X)) *(T

- -

J1=J-1

J2=J+1
TCIsKIZST(Jo1)+CCA(T(JI191)=2.3T(JeL)+T(J2+1))
QS (KJI=QS(K)+T(J,I)*DX .
GS(K)I=QS(KI+(T(1:+1)+T(N1,1))*DX/2s
S(K)=(QS(K)=QS({))*DEN*HC*AREA

CALL CELTM (XIME+KesCELTSTOF)

CUNVECT IVE HEAT TRANSFER FROM THE BCTTOM OF BRIDGE (BTU/HR)
QL(K)= HCY*(T(N1 +I)-TAMB(I1))*AREAsDT .
HEAT RELEASED FROM HEAT EXCHANGER TO HEAT THE ERIOGE (BTU/HR)
SN{I)=US(K)+QL(K))/0OT

CALCULATE THE AVERAGE TEMPERATURE OF
THE SULAR CCLLECTCR/REAT EXCHANGER SYSTEM

TAVG(K)=TAVG(I)+{ ALPHA*QU (I )-SN(1)*DT)/(XASS*SPH)
CUAT LANVE
CONT INUVE

EXXEEEXXXE XX K XXX XX XXX ERE LR XX L XEEEEE RN REIRR DRI RED
00 7 1=31.181.10Q
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WRITE (6+112) XINE(I)+EFF(I)

WRITE(6,113)
WRITE(6,1J04)2SOLAR(TI)sSNC(I)»QU(T)
WRITE(E,111)
WRITE(6,78)(T(Jl 1) sdl=1sAX1)
wRITE(6.102)TAVG(I)

FURMAT(F10.4)

FORMAT(YF1J.5

FUORMAT (11O + * SURFACE 1 INCH 2 INCHES
1CHRES 6 INChRES 7 INCHES 8 INCHES®')
FCRMAT (/+20X+*TINE = $,FS52,15Xe'EFFICIENCY
FOURMAT(1HO » *'SOLAR FLUX HEAT TO BRIOGE
FCAMAT(3F1443)

GG TC 81

WRITE (6+105) CC

FORMAT(/+2X+*'NO CCNVERGENCEs CC = '+FS.2)
CONTINUE

“t‘#3‘ttt*‘t#t#*‘##t#t##‘###“t‘#tt‘##t#.tt##tttt**t#

sTCP
ENC )
SUBROUT INE SOLAR(XIME+KsCOANGT+QSULARSQ)

THIS SUOBAROUTINE WAS CESIGNEDO TU CACULATE THE ANCRMAL SOULAR INSOLATION
AT EACH TIME INTERVAL 8Y KNOWING THE HOURLY SCLAR INSOLATICN

FRCM LITERATURES

DIMENSION CSOLAR(132),Q(10)+XIME(182)
TIME=XIME(K)

IF (KeGE.20)GQ TO 21
QSULAR(K)=Q(1)+(Q(2)-Q(1))*TINME

GG TO 10

IF (KeGE.40)GO TO 22
Q3CLARIKI=Q(2)+(Q(3)-Q(2))*(TIME-1. )
GO TG 10

IF(K.CE.60)GU TO 23
QSCLAR(K)=Q{3)+(Q(4)~-Q(3))*(TIME-2. )
GG TO 10

IF(K«GE«8J)GO TO 24
QSCLAR(K)=Q(4)+(Q(5)-Q(3))#(TIME-3+ )
GO TO 10

IF(KeGE.100)GO TO 2S5

QSOLAR{ K)=Q(S5)

GU TU 1
IF(KeGE.Ll2
QSCLAR(K) =

-~
(U]
-~
+
~
o
&
-
(o]
-
(U]
-
-
*
~
-
-
z
(
|
u
.
L

) Q(3))*(TIME-T» )

=Q(2))*(TIME~8e )
COANGT

q.~

QSCLAR(
RE TURN
ENO

SUBROUT INE AMEBT(TIMEs. [ JAMT.TAMB)

HEAT ABSGRBED?')

THIS SUBROUTINE WAS DESIGNED TO CALCULATE THE AMBIENT TEMPERATURE AT
EACH TIME INTERVAL BY KNOWING THE HUURLY AMBIENT TEMPCRATURES FROM
THE EXPERIMENTAL MEASUREMENT CF A CERTAIN OAY

(aXaXaYaXal

91

92

93

94

9S

96

97

DINMENSICN AMT(10).TANB(182)

IF ([.GE«20) GO TC 91

TAMB(I)=AMT (1) + (AMT(2)—=AMT(1))3TIME
GO 70 90 .

IF (I.GE.40) GO TO 92

TAMB(LI) = AMT(2) + (AMT(3)-AMT(2))*(TIME-1.0)

IF (I.Gte60) GC TQ
TAMB(1)=AMT(3)+(A~T(4)-AMT(3))t(TlME-z 0)
GO 10 92

IF ([ .GE«80) GC TC Sa

TAMB( [) SAMT(4 ) +{AMT(S)—AMT(4) )¢ (TIME-3.0)
GG TO 90

IF (1.GE.100) GO TO GS

TAMB( [)=AMT(S)+(AMT(6)—AMT(S) )*(TIME~4.3)
GO TO 90

IF (1.GEC.120) GG TO Sb6
TAMB(I)=AMT(6)+(AMT(7)=AMT(6))*$(TIME-S.0)
GO TC 90

IF (l.GE.149) GU TO 97

TAMBI(1)=AMT (7 )+(AMT (8)—AMT (7} )*(TIME-6.0 )
GO TG 90

IF (I .GE.160) GO TO 98
TAMB(I)=AMT(8)+(AMT(9)-AMT(8))*(TINE-7.0)
GO TO 90
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98 TANB(1)=AMT(9)
90 RETURN

ENO
SUBRUUTINE CELTM (XIMEK+DELT,TOF)

C .
C THIS SUBKOUTINE WAS CESIGNED TU CALCULATE THE CCNTACT TEMPERATURE
C DIFFERENCE AT EACH TIME INTERVAL 8Y KNU4ING THE HOURLY CGONTACT
C TEMPERATURE OIFFERENCES FROM THE EXPERIMENTAL MEASUREMENT COF A CERTAIN DAY
C
,DIN&NSXON DELT(182),TOF(10).XIMEK182)
TIME=XIME(K)
IF (K.GE.20) GC TO 31
DELT(K)=TOF(1)+(TCF(2)-TDF(1))*TIME
GO TG 30
31 IF (KeGE.40) GO TC 32
DELT(K)=TOF(2)+(TCF(2)-TOF(2))*(TIME-1.3)
GU TC 30
32 IF (K.GE.60) GO TC 33
DELT(K)=TDF(3)+(TCF(4)- TOF(3))*(TIME—2-O)
GO TO 30
33 IF (K.GE.8J) GO Ta 34
DELT(K)=TOF (4)+(TCF(5)—-TDF(4))*(TIME-3.0)
GO 710 30
34 IF (K.GE.100) GC TO 3S
DELT(K)=TOF (S )+ (TDF(6)-TDF(S))*(TIME-4.0)
GC TO 3)
35 IF (K.GE.120) GC TO 36
DELT(K)=TOF(6)+(TCF{7)-TOF(6))*(TIME~S.0)
GO TO 30
36 IF (K.GE.l140) GC TO 37
DELT(K)=TOF(7)+(TOF(8)-TCF(7))*¥(TIME-6.0J)
GO TO 30
37 IF (K.GE.160) GO 70 38
DELT(K)=TOF(8)+(TCF(9)-TOF(8))*(TIME-7.0)
GO T0 30
38 DELT(KI=TOF(Q)+(TCF(13)-TOF(9))*(TIME-8.03
30 RETURN
END
SEXEC
31eS 3S5.6 49cl 52.7 S3 .6 S55:4 48.2 43.7 39.8 32,0
250.0 26E.0 278.0 284.0 285.0

72e5 7947 82 .4 8840 G0eS 8Ge6 BE.7 8847 E6.0
B6e0 8Qe6 779 75¢6 734 7265 72.0 72.0 73.0
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APPENDIX C

THIS PROGRAM [S DESIGNED TO STUDY THE THERMAL RESPONSES CF THE
CONCRETE ORIDGE DECK FCR 36 HCURS wlTHH CIFFEREANT TUP SUKRFACE BOUNDARY
CONDITICUNS AS: (1) BLACKENED TuP BRIDGE SURFACE wlTHOUT GLASS CCVER.
(2) BLACKENED TCP BRIUDGE SURFACz #l1TH SINGLE GLASS CUVERe.

(3) BLACKENED TUP BRIDGE SUKRFACE »lTH DOUBLE GLASS COVERe

VARIAELE ANC CONSTANT NAMES FOk THE MAIN PROGHRAM AREeceecesccccecs

Al = ANGLE CF INCIDENCE (RADIAN)

A2 ANGLE OF REFRACTIGN (RADITAN)

ALPHA ABSORPTANCE CF CCONCRETES.

8HCV CONVECTIVE HEAT TRANSFcR CCEFFICIENT OF BOTTOM SIDE CF THE
" BRIOGE . (BTU/HR/SQFT/DVEG F)

cc ~ CONVERGENCE CRITERIA CF EXPLICIT FINITE DIFFERENCING .

[5) - CEGKEES OF INCLINATION FRUM THE HUKIZONT AL SURFACE (CEGKEE)

DEN - DENSITY GF CUNCRETE (LBM/CUFT)

oL = THICKNESS OF BRIDGE UECK (FT)

DRFL - CIFFUSE REFLECTANCE

oT = TIME INCREMENT (HOUR)

ou - PBUST FACTOR

DX = GRIC SPACING IN X DIMENSIGN (FT)

E - EMITTANCE UF CONCRETE

EG - EMITTANCE CF GLASS

HC - SPECIFIC HEAT OF CCNCRETE (BTU/LBM/CEG F)

HCV — CONVECTIVE HEAT TRANSFEK CCEFFICIENT AT THE TOP SURFACE CF
BRIDGE (BTU/HR/SQFT/CEG F)

 §6) - IDENTIFICATICN FOR DIFFERENT TOP SURFACE HUUNCARY CGADITICNS
—1 INDICATES TOP SURFALZ wWITHOUT CCVER
O INDICATES TOP SURFACC «lTH SINGLE COVER
1 INDICATES TOP SURFACE «#ITH DOUBLE COVEKS

NG - NUMBER OF GI_ASS COVEK

NT = NJMBER OF TIME INTERVALS

NX = NUMBER OF GRID SPACING

Q - PEAX SCLAR INSGLATIUN AT SCLAR NOON (BTU/SQFT/HR)

alc = HeAT TRANSFERRED BY CONVECTIGN (BTU/SQF T/HR)

QR - HEAT TRANSFEKKED BY RAOILATION (BTU/SUFT/HR)

Qs ~ HEAT AESGRKBED BY ThE BRIVDGE TCP SURFACE (BTU/SQFT/HR)

KFL - REFLECTANCE UF GLASS5 CUVEk UR CCVERS

RFL1 = REFLECTANCE CF THE FLRST CCMPGNENT CF POLARIZATION

RFL2 ~ REFLECTANCE UF THE 5&CCND COMPONENT CF POLARIZATIGN

RN = REFRACTIVE INDEX OF THE GLASS

S = NET SOLAR FLUX ABSGRDED BY THE TOP ERIDGE SURFACE (BTU/SQFT/HR)

SH - SHACE FACTOR

SIGM - STEFAN—-BCOLT ZMANN CONSTANT (BTU/HR/SCFT/RA)

S1GM1 - STEFAN—-BOLTZMANN CUNSTANT (4/M2/K4)

- TEMPERATURES OF THE BRIDGE OECK (DEG F)

TA.TAM8 = AMOIENT TEMPERATURE (Cr& F) )

T AOQ - TOTAL TRANSMITTANCE ALLOWING FGCR BCTH KEFLECTIUN AND ABSCRPTION

TAQA -~ TRASMITTANCE CCNSICERING GNLY ABSORPTION

TAUR - TJRANSMITTANCE COCNSIVERING ONLY REFLECTION

T8 = BOTTUM SURFACE TEMPERATURE OF BRIDCE DECK {DEG F)

T8C - TOP SURFACE TEMPERATURc LF oRIDGE CECK (DESG F)

TH - EFFECTIVE SKY TEMPERATURE (DEG K)

T1 - INITIAL TEMPERATURES (F THE CCNCRETE SLAB (CEG F)

TK - THERMAL CCNOUCTIVITY GF CGNCRETE (ETU/hHR/FT/DEG F)

TPR — TOP SUURFACE TEMPERATURE (DEG R)

TPR1 - . TUP SURFACE TEMPERATURE (DEG K)

TR - AMBIENT TEMPEKATURE (DEG R)

TR1 - AMBIENT TEMPERATURE (0EG K1)

uL - CVERALL HEAT TRANSFER COEFFICIENT 'CF THE HORIZONTAL SURFACE
(BTU/HR/SQFT/UEG F)

us - CVERALL HEAT TRANSFER CCEFFICIENT AT 45 DEG SURFACE

(BTU/HR/SQFT/DEG F)
v = WwIND VELLCITY (M/SEC)
| ANGULAR FREQUENCY CF SULAR HEAT FLUX VARIATICN FOR A
TWELVE HOUR DAY (RADIAN/HR)

ERAXEIEXERXEE AXEEIXEER XXX BN KRR AKX EX TR IEE AT S EIXKEXBE LSRR ST #
DIMENSION T{9,901)+TAMB(900)
THERMAL PRCFERTIES CF THE CONCRETE SLAB
ODATA OENHC:TK/135+5 2201407
MOOEL PARAMETERS
DATA NX+DL ¢OT +sT19CsV/ 8905679004 +850¢310093353/
é?:é.xalsgz
NT1=500

w=PI/12. .
DX=DL/NX
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NI=NX+1
DX2=Dx*DX

CrRECK FCR CCNVERGENCE

CC=(TK*OT)/(DEN*HC3DX2)
IF (CCeGT.0.5) GO TO 44

SET ALL TEMPERATURES TQ THE INITIAL VALUES

00 1 I=
1 T(l.1)=

INITIAL

S=0.

TIME=0Q.
THETA=Da.

T8=T1

TBC=T1
¥RITE(6,120)DX

1 N1
T1
S

PRINT ONLY THE HOURLY VALUE

IC=0
L=25S
00 SS I[=1,.NT1

3 IF(lIC.GE.L)GO TO 7
[C=1C+l
TINME=TIME+OT
THETA=W*T I ME
THETAl=w%*(1IME=3,.)
GU TGO a2

7?7 WRITE(6,1J1)TIME
PRINT 1S+THETA
PRINT 20sS
IF (10.GTe.-1) GO TO S
GO TAa 4

S COMTINUE
PRINT 13.TAC
PRINT 16.UL

4 WRITE(O,132)(T(J1s12sJ1=1sN1)
PRINT 12
1C=3
GC TG 3

CALCULATE AMBIENT TEMPERATURE

42 TO=10.*SIN(THETA1l)
TA=TD+8S.
TANB(I)=TA
TR=TA+360.
TPR=TBC+460.

CALCULATE THE TOP AND BOTTOM BRIbGE CONVECTIVE HEAT TRANSFER COEF

HCV=(Se7+3.E*V)*0.1761
BHCV=HCV/2 .
IF(ID)30,40+40
30 CALL BNORY1l (HCV+TBCsTA+TPRsQsTHETASS)
GC

TA SO
40 CALL ONDRY2 (HCV.TBCsTAsTPRsTRsQsTHETASTIMEs IC+¥sSsULSTAQ)
SJ CONTINUE
K=1+1

CALCULATION OF THE TOP SURFACE TEMPERATURE

T(l.K)=TBC#2.#CCt(TlZ-IJ'fBC)fZ.*UTOS/(DEN‘HC’DX)
TBC=T(1sK)

CALCULATION OF THE BOTTOM SURFACE TEMPERATURE

TINI oKI=TB+2. *CCs (T(NX+[)-=TBI)+(2.*BHCV*OT/(DEN®HCSDX))*(TA-TB)
TB=T(N1sK)

CALCULATION CF TEMPERATURES AT DEPTHS

D0 2 J=2.NX
2 TCIKISTUIIIH4CCE(T(I=1s1)=Ze*T(Jeo 1) +T{JI+1,1))
SS CCANTINVE
44 CONTINUE

C FEIXXFIXXXIXXEEERXEXXELEXR XL R EXXXREXXRE X XXX B XXX XEX XS EEE XXX XXX SREE XL E$S

12 FORMAT('0')
13 FURMAT( '=? , * TRANSMITTANCE OF GLASS CUVERS =°+FE.3)
1S5S FORMAT('—* (*THETA=*+F3.4)
16 FORMAT(*=*, 'OVERALL CCEF ="' F8.4)
20 FCORMAT(*=*, *NET HEAT FLUX=',F1J.3)
100 FCRMAT(*=?® ,*INTERVAL WIDTH=!,FB844)
101 FORMAT(*=* ,*TIME=",FEa3)
102 FORMAT (*=* o 'TEMPERATURE AT GRID PUINTS=*t/%=",12(2X+sF6¢2))
STCP
END
FEEEXXEEEFEBEX IR LIRS LS LR SR FE XXX XLEFL SRS R XN XX S XBEEE XX B S S8 8
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SUBROUTINE EBNDRY1(HCV+TBC»TAsTPRsQsTHETA,S)

THIS SUBRGUTINE IS CESIGNED TO CALCULATE THE NET HEAT FLUX ABSCRBED
B8Y THE TUP SURFACE Wl ThOUT GLASS TOVER ON THE SURFACE

THERMAL RADIATION PROPERTIES

DATA EsSIGM + ALPHAZ0.94+0.1714E-8+0.94/
QC=HCV=( TBC~-TA)
TH=0.0411*%(TA+460,.)%%1,5
QR=E*+3IGM* (TPR22J3 .—~Th*%4,)
QS=ALPHA*Qx SIN(THETA)

(Q5)80+80+95
S=0.0

lF
Qs=
CCNT INVE

C
< CALCULATE THE NET FLUX
C

C
C
C
C
C
C
C
C

81

82

31

25
C
<
C

6
<
C
C
C
C
C
C

9

11

10

8

S$S=QS5—-QR-QC

RETURN

END

SUBROUTINE BNDRY2 (HCVsTBC+TAsTPReTRsQ+yTHETASTIMES»IDsWeSsULLTAO)

THIS SUBROUTINE IS CESIGNED TO CALCULATE THE NET HEAT FLUX ABSORBED
BY ThRE TOP SURFACE uiTH ONE AND T&«0 GLASS COVERS RESPECTIVELY
ON TRE SURFACE

THERMAL RADIATICN PROPERTIES

DATA E+sSIGM1sALPHA/0eG4456697E~803.94/
0=0.

IF (ID.EQ.Q0) GO TO 81

NG=2

DRFL=0.24

GO TQ 82

CCATINVE

NG=1

DRFL=)J.,16

COANT INUE

DU=0.02

SH=J0.23

IF(SIN(THETA)) 31,3125

TAC=0,.0

GG TO 8
Al=ABS{W*(6.-TIME)
A2=ARSIN(SIN(Al)/1
IF(A1)6+9+6

)
«526)

CALCULATION OF THE POLARIZZD REFLECTANCE COMPONENTS

RFLI=((SIN(A2-AL))%*22)/{(SINCA2+AL) )*%*2)
REL2=({TAN(A2=-A1))**2)/((TAN(A2+A1))*%2)
RFL=0.5*%*(RFLL1+RFL2)

GO TQ 11

CALCULATION OF NORMAL REFLECTANCE

TAQR IS THE FRACTICN ENTER;NG THE GLASS TAQA IS THE ABSORBED FRACTION
ACCOUNT FOR THE RAUIATICN REFLECTED FRUM THE UNDER SIDE OF THE GLASS

TAQR:({.—RFL)/(l.f(Z.lNG—l-)*RFL)

GG TQ 10

RFL=((RN=1 )/ (RN+1.))%%2
TACRI=(1le~RFL1)/(1.4(2.*NG—-1s)*RFL1)
TACR2=(1e—=RFL2)/7(1le+(2+.%NG—14)&RFL2)
CONTINVE

TAUR=05*(TAOKL1 +TACR2)

TAGA=EXP(-NG*0.037/CLCS(A2))

TAC=TAQR&TAGA

CUANT INUE

TAQAPH=TAOQ$ALPHA/(1le={1e—ALPHA)*DRFL) =
QS=U+SIN(THETA) .

c
C EFFECT OF SHADING AND 0OUST
C

QS=TACAPH#QS* (1.-CU)%(1.~-SK)

EG=2.88

HCVY=HCV/(0.1761) . -
TPRI=TPR/1 .8

TRI=TR/ 1.8
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SIGML=5.6687E-8
F=(1ea=0e03*rCV+J.J)JI3S*HCVEHCV)E(1.+DJ.I53%NG)
US=(NG/Z ((334a./TPRI)3((TPR=-TR)/(NG+F)) *¥3.31)+1 /HCV)*s#(—14)+SIGM1%(

1TPR1I+TR 1) (TPR1222-TR.I**¥2)/((E+0.04298NG*L 1e-E))®2(—1le)+((2e¢NGHF~
21 +)/EG)~NG)

CORRECT IUN FOR TILT OTHER THAN 45 DEGREES

UL=US*(1.—-(0-345.)%(0.00259-0.001443%*E))
CONVERSICN TG BRITISH UNITS

[aYaYa B aYaYa)

UL=UL*,1761
QL=yL*( TBC-TA)
Cc ENSURE SOLAR FLUX IS NEVER LESS THAN ZERO
LF(CS)603:60+65
60 QS5=0.0
65 CCATINVE

AnnO

CALCULATE THE NET FLUX

o S=GCs-CL
RETURN
END
SEXEC






