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Abstract

Heat islands are formed as a result of construction that
replaces vegetation with absorptive surfaces. Air temperature ri
as a result of formation of heat islands. One suggested met
reduce the emitted heat from asphalt pavement surfaces |
reduce the temperature of the surface by flowing a sui
through the pavement. The heated fluid could then
different end applications. Laboratory experime ere carried
out using compacted hot mix asphalt samples With quartzite and
metagranodiorite aggregates. Pipes with di nt surface area were
used to flow water through the samples the processes were
modeled using finite element method.<THe results clearly show the
feasibility of the proposed method, indicate the beneficial
effects of higher thermal conduetivity of aggregates and larger
surface area of pipes. VeIociQ&a d thermal profiles of water in the
pipe inside asphalt pave;@ are analyzed, and the necessity of
good contact between asp alt mix and fluid carrying pipe is
illustrated. C)\
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Heat islands are formed as vegetation is replaced by asphalt A
and concrete for roads, buildings, and other structures, which 0‘9
absorb - rather than reflect - the sun's heat, causing surface 00
temperatures and overall ambient temperatures to rise (1). The heat v
from asphalt pavements is a major contributor to the rise in &6"

temperature in areas with asphalt pavements, resulting in what is
known as the Urban Heat Island Effect (2). The urban heat island
effect is created by the high absorptivity of the pavement surface \,o
which subsequently leads to an elevated surface temperature a
therefore higher emission from the pavement (3).
Asphalt pavements get heated up by solar radiati& d
numerous studies have been conducted on evaluation
temperature profiles inside asphalt pavements, and @ ffect of
different parameters on such temperature (4-15) cause surface
radiation follows the Stefan-Boltzmann equatiéh, which involves
the fourth power of temperature, a slight incrgase in the surface
temperature results in a significant incr In the emitted heat.
This leads to significant increase in y consumption in order to
maintain comfort level. Additionally; studies have shown that air
quality also deteriorates under iagreased temperature due to the
heat island effect (16). e
Various techniqu @ve been proposed to lower the heat
island effect. For asphajt pavements, one prominent method
proposed is to use \falized reflective coating so that the albedo
is significantly i sed (17). This approach has allowed
significant lo g of surface temperature. Increased surface
reflectivityay increase visibility problems during the daytime.
Also, thet&Is a possibility that the reflected light may be absorbed
by o@ surfaces. Therefore, further studies are required to
imize the pavement thermal features for reduction of heat island

One approach being experimented by our group is to use a
piping network below the surface of the asphalt pavement. By
flowing an appropriate fluid that is cooler than the asphalt mix, we
can reduce the temperature of the asphalt pavement surface, while
using the heated fluid for different end applications such as
heating, power generation or refrigeration. This dual purpose



system would require a detailed understanding of the heat transfer
characteristics of the asphalt pavement-fluid system and how the
different parameters affect the surface temperature of the system.

Background

In our previous work on thermal properties of asphalt pavement
materials and heat extraction from pavements (18, 19) we have
shown the following:

1. Temperature profiles along the depth of pavements with

. _ O\/
different structures/subsurface layers are different.

2. Backcalculated thermal conductivity and heat capacj
values for similar materials but placed with differ, ase
layers are different.

3. Determination of thermal properties of in- p

mixes/layers can be made by testing fuII pavement
samples under controlled conditions i laboratory and
then using Finite Element method t ckcalculate the
properties.

4. Use of an aggregate with hig ermal conductivity can
significantly enhance the heattransfer efficiency from an
asphalt pavement.

5. An effective heat exzﬁ%er design is the key in extracting
maximum heat fr e pavement.

The harvestj \of heat energy from asphalt pavements
could also be us lower the surface temperature of pavements
and hence red?the amount of radiated energy. This study was
conducted

&O
&Q/o Objective, Scope, and Approach
The objectives of this study were:

Q_‘b 1. Quantify the reduction in pavement surface temperature as
& a function of flow of water within a pipe

amine the feasibility of application of this concept.



2. Evaluate the effects of different important factors on the
heat flow process out of the pavement

In order to develop a fundamental understanding of the heat
transfer between the pavement and the fluid carrying pipe system,
HMA samples with embedded copper pipe were prepared. A
100W halogen lamp was placed precisely at a given height (for a

radiation of 1,000 W/m?) to simulate solar heating. The approach &6"
utilized in this study is shown schematically in Figure 1. \t'o
Can the radiated heat be reduced by drawing away heat from the \/O
pavement? eo
_9

v

Collect temperature data
from surface of asphalt mix
sample subjected to
radiation; analyze the data

K&

&
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\ 4
Use same setup as Ebut flow
water through a{? inserted 25 mm
below the su , Collect temperature

data fro ce; analyze the data
o2
, v
Compare temperature data from S
two cases
,(‘\O
N
O
)  there
6 significant
Q/?' difference?
&
<0
o How can the heat flow (temperature
&Q/ reduction) be increased?

'

What are the important factors
affecting the heat flow process?

Figure 1 Approach of this study



First, data were collected from samples subjected to radiation,
with and without flowing water through inserted pipes. The ch
analysis of the results proved the hypothesis that the reduction in ,19
surface temperature can be attained by flowing water in embedded A
pipes. Based on this result analysis was carried out to understand 0(9
the effect of the more important factors in maximizing the heat 00
flow out of the pavement (and hence minimizing the radiated heat). v
The results of these analyses were then validated with further tests. &6"

General Laboratory Test Set Up O\,O
- o
The test setup, as described in References 18 and 48,
consists of a thermocouple instrumented asphalt mix 5621 le,
subjected to radiation from a halogen lamp (Figure 2»Relevant
information on thermocouples, data acquisition m and
software are shown in Figure 2. A ¥ inch copper'pipe was used for
flowing water through the asphalt mix sa .

e
‘§~2~
Repeatab@t?’of Data
o)

D

In every case mext&]ed in the paper three measurements

(repetitions) were m he variability in temperature at different
depths of a sample a repeated set of experiments was found to

be very low (exétp e is shown in Figure 3).



Figure 2 Test set up (Note: Thermocouple.{j?om Cole-
Parmer, Type K (chromel-alumel) therrgg&uple, -250°C to +482
5

°C temperature range. Response tim seconds and sensitivity
is approximately 41 uV/°C.; Data uisition system: National
Instruments SC-2345 Series. @Nare: LabView 8.1
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Figure 3 Test data for different mixes




For the asphalt mix used in this part of the study, two types
of aggregates were used — a quartzite (consisting of approximately
95% quartz with traces of hematite from New Ulm quarry, MN),
and a metagranodiorite (from Wrentham quarry, MA). The asphalt
is of PG 64-28 grade. Finite element analysis was conducted using
COMSOL (20) software. The quartzite and the metagranodiorite
aggregates/mixes are referred to in this paper as Q and M
aggregates/mixes, respectively.

The M aggregate was selected as it is a locally available
material. The Q aggregate was selected because of its high

quartzite content. quartzite aggregate has been reported to have a_s, ;

higher thermal conductivity and heat capacity compared to ot
aggregates (21). In this study, the thermal conductivity and
capacities of the Q and the M asphalt-aggregate mixes w,

estimated from backcalculation of results from heatin%e s, by
comparing the temperature obtained at different de of samples,
with those predicted by Finite Element (FE) ana@sing
different “seed” values of thermal conductivity@nd heat capacity).
A FE model of the sample, the location of th hermocouples and a
sample plot showing the predicted and imentally obtained
results are show in Figure 4. The the conductivity (K) and heat
capacity (C) of the Q and M mixesWére estimated as follows: Q
mix: K= 1.8 W/m-K; C= 1050 8(9; M mix: K=1.2 W/m-K; C=

800 J/k
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Figure 4 Examples Gf'experimental and FE analysiswork for
backcalculation ermal conductivity and heat capacity
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C ein Heat Radiation asa Results of Heat Flow
<O
Q/o The transfer of energy by electromagnetic waves is called
'\$adiation heat transfer. All matter at temperature greater than

N\ . .
Q)Q absolute zero will radiate energy. Energy can be transferred by
‘,90 thermal radiation between a gas and solid surface or between two

Q- or more surface. The rate of energy emitted by an ideal surface
QQ, (black body) with emissivity equal to 1 is given by the Stefan-
Q?. Boltzmann law:
A
<
Ay
Q



E, =eoT"

Where Ey is the rate of black body radiation energy, ¢ is the
emissivity of the material, and ¢ = Stefan-Boltzmann constant =
5.68x10°® W/(m? K%, and Ts is surface temperature, K.

The emitted radiation intensity from the pavement surface
to its surroundings is calculated as

qr = go_(TS4 - Ta?r)

Where g, = emitted radiation, h is heat transfer coefficient, ¢ is the
emissivity of the material, o = Stefan-Boltzmann constant =

5.68x10°° W/(m?K*), T is surface temperature in Kelvin, T is . O

air temperature Kelvin. O\'
The emissivity of a material ¢ is the ratio of energy ra@ed
by the material to energy radiated by a black body at the
temperature. It is a measure of a material's ability to a and
radiate energy. A true black body would have the va@of e=1
while any real object would have € < 1. EmissivityXdepends on
factors such as temperature, emission angle, arQ avelength.
Based on Stefan- Boltzmann law, the“variable that would
reduce the back radiated energy is the te ature difference
between the asphalt pavement surface ambient temperature
(air). The hypothesis of this study i%faat the surface temperature of
the asphalt pavement will be r% ed due to the convective heat
transfer of water flowing undern€ath it, which will decrease the
back radiated energy emit& rom asphalt pavement to the air.

c)\?’
‘.OO Experimental work
2
I& first step three thermocouples were used for the
tempegajure data collection from the surface one directly at the
ce and other two 0.0254m (1) from the sample edge (Figure
his arrangement was made for four samples — two for Q mix

,(%nd two for M mix. The samples were compacted in similar
Q\ manner, using the same amount of asphalt binder. (Bulk specific

gravity for Q mix=2.208 and M mix= 2.265). Of the two samples
made for each mix, one was fitted with a copper pipe
approximately 1 inch below the surface to flow water through it.
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Figure5 Sampleswith ther mocouples

\e
For the san&?without pipe, the lamp was left on for eight
hours, and then ched off, and data were collected for the next
eight hours; this-procedure was repeated three times for each
sample witfi€24 hours interval between two successive heating
cycles, A
or the sample with pipe, the lamp was left on for four
hoegys, without flowing water, and water was flowed for four hours
After which the lamp was switched off and the water was kept

éflowing for another four hours. This procedure was repeated three

oQ’&

times for each sample with 24 hours interval between two
successive heating cycles.

Plots of surface temperature versus time are shown in
Figures 6 and 7. Figure 6 shows that the maximum temperature of
the M mix is higher than the maximum temperature of the Q mix.

10
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This is due to the higher thermal conductivity of the Q mix. Figure
7, in comparison to Figure 6, shows clearly that the maximum
temperature reached in the two samples with water flow are
significantly lower compared to those without any water flow.

Quartzite and Metagranodiorite Mix Heating (8 hours) and No
heating (8 hours) T2 Temperature
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Figure 6 8-hour heating and 8-hour eatlng datafor surface
temperaturefor quartziteand m anodiorite mixes
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In the next step, a detailed investigation of the quartzite

samples only was conducted, using seven thermocouples for each ch
sample, as shown in Figure 8. ,19
S
150mm Diameter 0

. \y .
Figure 8 Layout of thermocouples feg¥iext set of experiments

The following plots (F%Qeg.) show the temperature versus
time data for each of the sev ermocouples (T1 through T7) on
the surface, for the case w the sample was heated for 8 hours
and then not heated for tﬁe\next 8 hours (designated as 8/8 hrs),
and the case for whi e sample was heated for 8 hours, where
water was flowed r the first 4 hours of heating and then not
heated for 4 honﬁsignated as 4/4/4 hrs).

All of ffie plots, except the one for the T7 thermocouple,
show th e is a significant reduction in surface temperature of
the sa as a result of flowing water. They also show that at the
end e heating period, the cooling rate is higher for the samples

ave water flowing through them.

The results are more prominent for the T1, T2 and T3

N\ thermocouples, which are at the center line of the sample and fall
immediately above the copper pipe carrying water inside the
sample.

12
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Figure 9 Plots of time ver sustemper ature (continued)
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Figure9. Plots of time ver sus temper ature (continuegl)
S

Note that the filament of the halogen Iam@perates at very
high temperature and delivers a “cone” heat (% onto the sample
surface. The thermocouples on the samp, rface are very
sensitive to the position of the halogen lamip; this causes slight
variation in temperature measurem'evrg_.gas seen for T7).

Table 1 shows the averag uction of temperature for the
different locations on the sampley

Table1 Average Reduc{rsa in surface temperature dueto
flowing water o

Thermocouple | TAM| T2 T3 T4 T5 T6 T7
Max G083 | 76.77 | 61.30 | 66.98 | 64.31 | 61.71 | 57.12
Min ©1-57.40 | 72.09 | 56.33 | 57.32 | 58.94 | 55.69 | 55.10
AT(°C) & | 1343 | 468 496| 965| 537 6.02]| 202
Note: Th€ position of T2 is right underneath the halogen filament
and LQQneasured temperature is always slightly higher

,%Q/o From the various plots in Figure 9 it can be seen that for the
irst 4 hours all thermocouples showed similar rise in temperature;
however when water was turned on thermocouples T1-T6 show

lower temperature over the next four hours. The mean drop of

temperature (AT) was 13.43 °C for T1 because its location is near
the pipe (water) entrance region which had the coldest water (25.5
°C) that led to the largest drop in temperature. The effect seems to

16
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taper off in the midsection by T2 and also in the tail-end section
(T3). The other prominent effect was the significant lowering of ch
temperature at T4 which is placed 38.1 mm from the centerline of ,19
the pipe. The temperature at this location fell by almost 10 °C. A
The numbers steadied to between 5 and 6 °C in the midsection at 06
these far locations (38.1mm). Results indicate that the cooling 00
potential of water flowing through a pipe can radially extend for g
almost 40 mm. &t'oﬂ

To evaluate the effect of increased surface area of pipe on \g
the drop in temperature, experiments were conducted with pipes of (9
serpentine (S) shape (Figure 10), so as to cover more area of the \,O
HMA sample. The plots for the experimentally obtained data f
the 28 inch serpentine pipe for T1-T7 are shown in Figure e
results clearly show the higher reduction of surface temp re for

Figg{ entine pipein a sampl (during compaction)

17
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Quartzite Mix Heating and Cooling T7 Temperature
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Figure 11 Plots of time ver sus temper atur e (conti n@d)
K\
Under stand the Effect of | mpor;eﬂ?actors
W

The more the heat can be trarézﬂtted away from the
pavement, the less will be the di%eknce between the surface and
air temperature and hence less y§H be the heat radiated back into
the atmosphere. Hence, the t rational way to minimize the
urban heat island effect aximize the transfer of heat away
from the pavement. A\&lcated in Figure 12, this process
involves two |mpo steps- a) Maximizing the heat extraction
from the pav @ the piping network and b) Absorbing the
maximum sol?éédlatlon in the pavement.

f the paper presents results of work that was

conducté@%\ 0 explore step a), as mentioned above

21
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Ein Eout Sur face Ener gy Balance:
/ Role of Coating Qo)
o=Absorptivity, e= Emissivity. QQ
\ p= Reflectivity &‘L
. Ein= 0stGs+ 0G4 0%
. Eou= £6T N 4+0+Gs + paGa 0
................. \ %
¥ Heat EX.Change{pgimf?ig(ﬁeLptT\?“ %&
. Pipe material, diameter, length \
Pavement Material and Composition . Fluid properties, flow rate 0
Role of conductivity . Piping network geometry (including O
Role of heat capacity separation of pipe/counter pipe etc) OV
Figure 12 Different important components of the heat 0‘2‘
exchange process from pavements R
Note that efficiency is defined as 4\9
E — MC(Tout _Tin) QV'
GA A&

specific heat of water, J/kg-K, Tout IS t rature of outgoing
water, or final temperature of water_i#a bath, °C, Ti is
temperature of incoming water, Mtial temperature of water in a
bath, °C, G is radiation, W/m? @ s area of heat conduction
(pi*pipe diameter*length e inside HMA), m?. Everything
else remaining constant,&\ therefore directly proportional to the
difference in temper between initial and final water
temperature or betygen incoming and outgoing water (delta T),
which was used&he subsequent analysis as the indicator of
efficiency.

v.
/\‘?‘(o

&O Temperature Profilein Water

Where, E is efficiency, M is mass flow rag\erf water, kg/s, C is

The optimum heat transfer condition is achieved when the
temperature of the heat exchanger fluid (water, in this case)
reaches the temperature of the asphalt pavement at that depth.
Analytical work was conducted to explore the temperature
distribution within the water at different lengths from the inlet
point.

22
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This investigation was carried out using FE. For using FE
to explore the temperature distribution, one needs to understand the
velocity profile in the pipe. An uniform velocity profile was
assumed. The velocity profile of the fluid U, can be identified and
calculated based on the Reynolds’s number and Power Law of

Velocity (22).
Laminar flow < Re = 2300

T &
U =Ve(1-(2))
Turbulent flow >Re = 2300

U=Voax (1 - {%‘}F:)

O\/

Where Vmax IS maximum velocity, r is any point at the diameér of

pipe, and R is the radius of the pipe.

The fully developed flow and uniform velocit
assumed to minimize the velocity variation at the e
and the boundary layer, which increased the stat?’g\/
problem of heat transfer and water temperaturegiistr
in the copper pipe in the FE analysis.

&
)@r file were
ce region
of the

ibution/profile

rofiles are

The heat transfer module of CO@_ (20) was used to
simulate the problem, and the resultapoQt mperature p

shown in Figures 13 and 14.

(@)
A4
Quartzite Small Scale Water Teréture 10mL/mim (y-direction) (FEM)
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Quartzite Small Scale Water Temperature Profile 10mL/min (z-direction) (FEM)

-0.035275

-0.035775

-0.036275

-0.036775

-0.037275

-0.037775

-0.038275 # Entrance

Center
-0.038775

Copper Pipe Diameter (m)

A Exit
-0.039275

-0.039775

-0.040275

-0.040775

| |

200 22 24 26 28 30 32 34 36 38 40 42 44 46 48 S0 A

Temperature °C @ ,
A

Figure 14 Temper ature acrossthe pipe \
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Then, theoretical calculations were made@ etermine the
length of the pipe needed for specific diameter<drd flow rates, to
achieve the maximum temperature.

The value of the convection hea.({ﬁhsfer coefficient for
internal flow is dependent on the geqifétrical cross section of the
pipe, the thermal boundary conditigp-at the pipe wall, and the
distance at pipe entrance. The Nisselt number is defined as

(ﬁ het,
&
Where dy is the hydra &dlameter of the section, h is the heat
transfer coefficient & k is the thermal conductivity of the fluid.

There are types of boundary conditions used in
convection heat#ransfer, uniform wall flux and uniform wall

temperatur. )
Unifor | flux g, is when the heat flux at the wall of the pipe
is uq{@m, )
0 T = EL T
&&@ b m“::p + i
w = '&:r [:Tw - le::[

QQ’ Where Ty, is the exit temperature, A is the surface area of the pipe,

m iS the mass flow rate, C,, is heat capacity, T; is the initial
temperature at the entrance, hy is the local heat transfer coefficient,
and T,, is the wall temperature.
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Uniform wall temperature is when the temperature at the
wall is uniform; the local heat flux is replaced by & (T, = T} ), the ch
equation (23) can be rearranged as .-19

T, —T, ha A
T, -1, Wi, )

Where # is the average heat transfer coefficient. \)0

= gxp

For circular pipe, the typical Nusselt numbers for fully &6"
developed flow are 4.36 and 3.66 for Uniform Heat Flux and 0\(9
Uniform Wall Temperature, respectively. (@)

Prior experiments (19) showed that the maximum avera Q\’
temperature below 0.0254m (1) of the asphalt pavement surjé
was approximately 50 °C (for the case studied). This valug@as
then used (as an example) as uniform wall temperature té.Célculate
the effective copper pipe length with various pipe di er and

water flow rate. The results are shown in table 2. results for
asphalt mix temperatures of 40, 50 and 60°C aQVhown graphically
in Figure 15. A
\%
\s

Table 2 Required pipelength for WQlemperaturec 50°C

Water F ‘te (mL/min)
Pipe
Diameter (m) | 100 | 200 | 400 800 1000 | 2000 | 4000
0.005 75 | 15 | 308\™4s5 60 75 | 150 | 300
\)
0.01 75 15 | @G| 45 60 75 150 | 300
0.02 75 | 15,.N% | 45 | 0 75 | 150 | 300
0.03 75 | A5 30 | 45 60 75 | 150 | 300
0.04 75 OB | 30 | 45 | 60 75 | 150 | 300
0.05 15D 15 | 30 | 45 60 75 | 150 | 300
o

0.06 WS 15 | 30 | 45 60 75 | 150 | 300
007 s | 15 | 0| 4 60 75 | 150 | 300
008 AN | 75| 15 | 30 | 45 60 75 | 150 | 300
003 O 75 | 15 | 30 | 45 60 75 | 150 | 300

o 75 | 15 | 30 | 45 60 75 | 150 | 300

Pipe length (m)

WV
(\'&turbulent flow cases highlighted
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Effective Normal Pipe Diameter, Pipe Length, and Flow Rate Chart

. Wall Temperature for 40 °C, 50 °C and 60 °C Q%
N
Vv
A
&
1000 0
z \)0
: v
:; 100 :2; z &%ﬂ
E ——Aa0"C 0\%
10 VO
O
' 1 10 100 1000 0
Pipe Length (m) &@
Figure 15. Plotsfor wall temper atur e of 40°C, 502 d 60°C
(40°C and 50°C ar e overlapped) §\

The heat transfer coefficient is inversély proportional to the
hydraulic diameter (wet perimeter of pi meter), therefore, the
smaller diameter of pipe resulted in hi t heat transfer
coefficient and required shorter Ien%@ 0 achieve the wall
temperature. In contrast, the larger tiameter of copper pipe
required longer length.

The effect of pipe %@ﬁying water) spacing on asphalt mix
temperature was analy. y using FE, and this analysis helped us
to visualize the formation of low temperature zone between pipes.
Various pipe diaméters were used, with the pipe spacing ranging
from 0.0254m (&) to 0.6096m (24”). The results are shown in
Figure 16, ithan example model from FE analysis in Figure 17.
This figy§\§(<aarly shows the cooling effect of the more closely

spaceg-pipes.
<0
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Temperature Between Two Pipes (FEM) 4000mL/min
50 Q%
Q
48 &‘L
46 ()
a4 /W 00
T 7774 O
5 / / / =4=D=0.005m ?’
g 4 / ~B-D=0.01m &6"
E 38 —4—D=0.02m \%
i 36 /// —=—D=0.03m 00
w J f// = D=U.04m o\,
N/ S
/i X
30 QS)
00 02 04 D6 08 10 12 14 16 18 20 0&
Pipe Spacing (m) ‘®
Figure 16 Plots of pipe spacing ver sus temper@re for
different diameters &Q

Eighre 17 FE smulation for pipe spacing

Q\ Note that the slower flow rate (laminar flow) resulted in
OQ’ lower termperature variation between the pipes, when the pipe

) spacing were equal to 0.3556m (14”) and 0.4064m (16”), - the
((/Q- temperature variation was minimal. The overall heat transfer
Q coefficient is decreased in laminar flow and the temperature drop
QV’ between pipes is reduced. On the other hand, the overall heat
A
<
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transfer coefficient is increased when tubulent flow occurrs and
this results in higher temeprature drop between two pipe. ch
Since the actual length of pipe is limited, and it cannot be ,19
provided as a straight section, 3 different scenarios of pipe layout
were analyzed by using the FE simulation, (1) 0.1524m (6”) 0‘9
straight pipe, (2) 0.3556m (14”) serpentine style pipe, and (3) 00
0.7112 (28”) serpentine style pipe. The boundary conditions were '
assumed to be constant temperature (based on experimental data) &6"
along the interface with asphalt sample and thermally insulated at
other surface; 10mL/min water flow rate (fully developed laminar
flow) was used as water velocity; in actual experiment the \,O
temperature of the pipe is not constant along the diameter of th@
sample, since because of the entering cold water, the pipe pargrear
the inlet will be at a lower temperature than the remainiq%éﬁq this
could at least partially explain the difference between E);_ higher)
and the lab delta Ts.
The results of the FE analysis (Figure 18§)early show the
higher temperature of the water for the serpe 1€ pipes as
compared to the straight pipe.

@re 18 Temperature distribution in different shaped pipes
@(6 straight pipe)
RZ
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Trnes3600_ Surtce: Temparsiee [ €]
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Figure 18 Temperature distribution in different sh@éd pipes

(14" ser pentine pipe) (continued) 4\

2018

Figuf\g8 Temperature distribution in different shaped pipes
@ser pentine pipe) (continued)
A

& Experiments were carried with S pipes to validate the FE
<" analysis. The results from both experiments and FE analysis (in

"90 terms of delta T, that is difference between out let and inlet water
Q/Q. temperature) are shown in Table 3.

29



30

Table 3 Water temper atur e comparison

Quartzite Mix 10mL/min at 60mins
LAB AT FEM AT (2D Analysis)
6" Straight Pipe 11.21 20.65
14" Serpentine Pipe 19.76 28.35
28" Serpentine Pipe 27.13 33.25

The laboratory results showed that the pipe with larger
surface area yielded higher temperature at the exit. When the pipe
length increased from 0.1524m (6”) to 0.3556m (14”), the

temperature resulted in approximately 8.55°C difference; when thevo

pipe length increased from 0.3556m (14”) to 0.7112m (28"), the©
temperature increased approximately by 7.37°C, which me at
the large surface area of pipe yielded higher temperature he
efficiency of the process decreases with an increase inéﬁﬁ
temperature of water in the pipe. é

The effective pipe length is relative to pi%; ameter, water
flow rate, and wall temperature; these factors afe'needed to be
taken into consideration when designing th{'ﬁipe layout.

&
Difference between Predictegd-and Observed Delta T
o

Note that, signific ®%fferences were obtained between
laboratory test results a@}EM predictions (from 3-D analysis, as
shown in Figure 19 @samples in which the pipe was inserted
after drillinga h rough the compacted sample (Table 4). It
was hypothesizéd that this occurred because the pipes were not in
good contagt.with the mix. Another set of samples were then
compact&d?using a procedure in which the pipe was laid down
durig@ompaction (as would be expected in the field).

The results from these samples (Table 5) showed much
’@r difference from those predicted from the models, confirming

é e importance of the compaction process and the necessity to
ensure maximum contact between the sample and the pipe.
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Figure 19 Mode for 3-Dimensional FE analysis

Table 4 Temperature difference at time= 60 n@.ltes with
water, 10 ml/minute, for samplesin whlch{ pipe was placed
in adrilled holein the compacted sample.,

Lab AT, °C \Y| FE AT, °C (3DAnalysis)
100% Metagranodiorite Mix 722X 14.61
100% Quartzite Mix 8%e” 15.20

Table 5 Temper ature differnce at time= 60 minutes, with
water, 10 ml/minute, fo @nples in which the pipe was placed
during compaction o@h sample

Lab AT,°C | FE AT, °C (3D Analysis)
100% Metagranodoht’e Mix 9.87 13.91
100% Quartzutq(.&m 11.21 15.91

ugh the difference between the test results and the FE
were r€duced, most likely by the better contact between the asphalt
mix.ahd the pipe, some difference still remained. Reasons for the
@iining difference between experimental and model values
oul

6 d be one or more of the following:
Q)Q - Fully developed laminar flow (velocity profile) is assumed
in analysis but cannot be fully developed in experiment ;
- Overall thermal conductivity and heat capacity were back-
calculated based on temperature distribution of sample and

10% error was allowed:;
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- The FE analysis assumed a homogeneous material for the

sample. Qo)
QQ
&‘L
Conclusons and Recommendations 00%
N
Based on the results of this study, the following conclusions can be &%"
made: \t'g
1. Itis possible to lower the surface temperature of asphalt &)

pavements by flowing water underneath the pavement. \,o

2. The reduction in temperature is affected by the type of O
conductivity of the mix — higher the conductivity, h@@s
the reduction temperature.

3. The process of reduction in temperature can be-gptimized
by the maximum extraction of heat from th ement
through a fluid.

4. The amount of heat that can be extrac e@gépends on the
surface area of the pipes carrying the ftuid.

5. Serpentine pipes can be used to jg@'rove the efficiency of
heat transfer by providing lar, urface area.

6. Better contact between the ge and the pavement mix
would lead to improved-€fficiency of heat transfer.

7. Further studies are neaéded with different pipe geometries
and spacing to op 't@ze a system of reducing the heat
island effect an\Qu ing the heat energy for end application.

00
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