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Résumé

Au Japon, I'équipement pour faire fondre la neige dont le liquide chauffé de circulation est
fourni par des tuyaux fixés sous le réseau de la chaussée a été installé sur la route du
réseau de sécurité. Et, I'asphalte poreux est largement construit également dans une zone
froide et neigeuse. Comme pour ce type de revétement a beaucoup de lacunes dans son
corps, la conduction de la chaleur du sol est génée et une couverture de neige a tendance
a se produire.

Jusqu'a présent, il a été développé des codes de simulation numérique qui ont été
considérés comme un transfert de chaleur entre la neige fondue (= eau infiltrée a travers
la chaussée) et le corps de la chaussée (= matériau constitutif). Et, il a été vérifié que la
conductivité thermique de la couche de surface a largement contribué plus au phénomene
que la taille de la cavité avec les progrés de la température.

Dans cet article, ce code a été amélioré et testé a travers plusieurs cas d’etude. Quant a
la capacité thermique du matériau de revétement (limitée a la couche de surface) et de
I'eau infiltrée dans la cavité, (méme si elle était saturée) la capacité calorifique de I'eau
saturée est d'environ 28%. Mais, a partir du résultat de I'examen, I'énergie (perte de
chaleur) avec vidange représente seulement approximativement 15%.

1. INTRODUCTION

In Japan, approximately 28 million people are living in cold and snowy area that occupies
about 60% of the country. In order to secure the safe passing space in winter season, the
Snow-Melting Equipment has been installed at lifeline network road. The Snow-Melting
Equipment which heated circulation liquid is supplied to pipes set under the pavement
body is most popular system. And then, this system is able to melt snow and keep anti-
freeze at road surface. As a heat source of this system, Groundwater which are
mentioned taking advantage of the merit of constant temperature and heated circulation
liquid etc. are used. In recent years, from the nuclear power plant accident of the previous
Great East Japan Earthquake, ground source heat which is the one of the renewable
energy is adopted. For the ground source heat is the low density energy, it need to
construct a lot of heat exchangers in the ground. The usage of ground source heat
combined with Heat pump system has possibility of reduction for the electric power supply
[1].

On the other hand, the porous asphalt pavement is adapted to the lifeline network road. In
the summer seasons, because of the rainfall is drained rapidly and water does not remain
at road surface, it dose not cause hydroplaning phenomena and avoid reflection of running
vehicle's light at night. However, in winter season, since the pavement has many gaps in
its body, heat conduction from ground is prevented and melted snow infiltrate into the
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pavement. If the Snow-Melting Equipment applied to the porous asphalt pavement, it will
be able to get safe and comfortable traffic space through all seasons.

It is more significant to consider not only heat source but also the part of pavement which
become the heat exchanger. Until now, an applications of numerical analysis for the
Snow-Melting System which applied to the normal (=non infiltration) type pavement can be
seen [2],[3],[4],[5]. In case of porous asphalt pavement (=Drainage type which the rain is
infiltrate into surface layer), the behaviour of melted snow infiltration have to consider
during snow-melting term. This kind of numerical approach has not seen. The simulation
code which could consider heat transfer between melted snow (=Infiltrated water through
the pavement) and pavement body (=Constituent material) was constructed and it was
good agreement with experimental result [6].

In this paper, for the sake of effective planning of Snow Melting System for the porous
asphalt pavement, numerical examinations have tried in many cases and it was described
to the effective planning of Snow Melting System to the porous asphalt pavement.

<Nomenclature>

T : Temperature [deg.C]

cp : Volumetric heat capacity[J/(m®- K)]

a : Heat transfer coefficient between the fluids and particles [W/(m?- K)]
Oc ; Heat transfer coefficient at the road surface[W/(m?:K)]
A : Thermal conductivity[W/(m - K)]

D : Thermal dispersivity[W/(m-K)]

a : Average particle diameter[m]

Ahs Sensible heat [=334 kJ/kg]

uw Velocity of saturated water[m/s]

Y : Particle contacted ratio[-]

hs : Melted snow height[m]

ns Heat transfer area between the fluids and particles[m?m?]
n : Number of the particle per unit volume[1/m?]

s : Saturation[-]

€ : Porosity[-]

P : Density[kg/m®]

dinf - Infiltration volume at divided cell[m®/s]

Qint Amount of infiltration[m?]

IE : Internal Energy[kJ]

n : Ratio of heat loss with drainage[-]

<Subscript>

p : Particle-phase

f : Fluid-phase

S : Snow

w : Water
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2. THEORETICAL TREATMENT

2-1.  Governing Equations of Temperature Change

The temperature at the surface layer that melted snow infiltrates were distinguished in this
numerical model as the particle-phase(=pavement body) and the fluid-phase(=melted
snow). Each temperatures were calculated by (Eq-1) and (Eg-2)[6].

<Particle-phase>

oT o’ T
(1—5).(0 )p atp :(1—5)./1p [ aX; + aZQpJ_HS .a.(Tp _T[) (Eq.-1)
<Fluid-phase>
oT, o1, T, oT, oT,
e A e e S 2 [

where 1, ,a | and S are heat transfer area between the fluids and particles, heat
transfer coefficient between fluids and particles, saturation at surface layer. Thermal
dispersivity D, is the parameter which has same dimension of thermal conductivity and it
means that the heat spreads with flow in porous medium.

Heat transfer area between the fluids and particles 22, is given the following simple
relations that the porosity ¢ and average particle diameter a contacted with » . An
average particle diameter 2 become smaller, heat transfer area between the fluids and
particles become very large. Therefore, for the purpose of correcting, the particle
contacted ratio 7 is considered.

3 2
n%n(gj =l-¢ .'.nszn-47r(gj -yz@ (Eq.3)

2-2.  Snow Change at the Road Surface (Melting process and Infiltration)

The energy from buried heating pipes was used to melt snow, and the melted snow height
h_ is shown the following (Figure1).
(7, -7.)-Ax 1-At=h, -Ax-1-p, -Ah PRI ) L
a . —_— . X . . = . X . . . S ." =
c P s s ps S ps AbS ( q )
The melted snow (=water) infiltrates to the surface layer inside at once. At this time,
amount 4i,s of the inflow is revealed next equation.
p.-h -Ax-1

Ax-1-h -p, =p, qu At ey = T Eq.5
Pe =P Qins Tins AL (Eq.5)

w

The velocity of infiltrated water movement u, w estimated in permeable layer. In this
paper, in order to deal with simple flow condition, vertical direction of water movement was
only considered. Horizontal direction of water flow was ignored (uz =0 ). The vertical
velocity w changes by response to the amount of Zix. At the bottom of surface layer,
melted snow (=water) was drained in an instant according to the infiltration amount.

_ e
"= Ax -1 (Ea.6)
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The saturation change takes place by the supplied amount of infiltration. It is considered
that the melted snow infiltrate through the gap continuously according to the volume of
melted snow. If the snow-melting will be finished completely, it has assumption that the
saturation at surface layer is maintained as it is.

_ @,
= (AX-Z] -1)-6‘ (Ea.7)

where, z/ is the thickness of surface layer.

| A x |

Snow

; Snow hight (t=t1)
hs (=Melted snow hight[m]l)
Snow hight (t=t1+A t)

. Road surface

3 dinf (=Infiltrationlm3/s])

F‘igure 1 - Snow melting and Infiltration.

The internal energy for the particle-phase( /£ ) and the fluid-phase( I£') of surface layer
were estimated respectively by (Eq.8). And the ratio of heat loss with drainage was
defined as (Eq.9).

IE, = [(ep); -&- 8T, -T,|,,)-dV

Eq.8
[E'p:J.(cp)p-(l—g)-(Tp—Tp|t=0)-dV (Fa®)

m o-5-lep), 1,1, )
B (]E[ +]Ep) B 5‘(6‘/7)[ (T[ _Tp|t:0)+ (1_‘9)'(0/0)17 ’(Tp _Tp|f=0)

n (Eq.9)

where, for example, Tp|t:0 means the initial temperature of particle-phase.
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3. NUMERICAL ANALISIS

3.1. Numerical Model and Analysis Conditions

The numerical model which has some courses is two-dimension (Figure2). This model
could consider the material properties (ex. thermal conductivity, volumetric heat capacity
and porosity etc.) at each courses. The infiltration of melted snow occurs at the surface
layer only, and at the other layers no infiltration occurs. Melted snow (=water) is drained at
the surface layer’s bottom in proportion to infiltration. The snow height upon the road
surface changes by heat flux from the road surface. At heating pipe cell, constant
temperature was set as heat source. The conditions(Inlet Temperature, amount of supply
volume) were able to give arbitrarily possible.

The initial condition of the pavement temperature gave uniform. The boundary conditions
at pavement side and the bottom were given heat transfer condition that estimated from
the experimental results. And at the road surface, heat transfer coefficient was given. The
heat transfer coefficient was determined by trial and error that referred Experimental
results[7]. The other parameters were given as Table 2.

surface course (Opengrade As)
0_ X intermediate course(mastic As)
binder course(dense grade As13F)
base course (crusher run C40)

T RATT ST IR Road Surface

(1
. i

Snow Cel |

N/

Heating pipe Cel I/

Figure 2 - Numerical Model Section.

Table 1 - Property of the Pavement materials.

Open grade As Mastic As Dense grade As
Appearance
Thermal Conductivity 2.02 1.52 2.79
[Wi(m-K)]
Density[kg/m3] 2177 2,367 2,347
Specific Heat[kJ/(kg-K)] 1.72 0.9 2.38
Porosity[-] 0.214 - 0.043
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Table 2 - Parameter of Calculation conditions.

Parameter Remark
Oc [W/(m?-K)] 35(Melting term) Refereed by Experimental Obs.[7]
5(After melted)
a [W/(m?-K)] 10 Yokoyama et.al[8]
a [m] 1.3x107°
' [-] 0.01
pw  [kg/m] 1,000
ps  [kg/m’] 400 Experimental Obs.
D [W/(m?-K]] 10 Yokoyama et.al[8]

3.2. Compare the Experimental Observations to Numerical Output

3.2.1.

Figure 2 showed the particle-phase temperature, remained snow weight change at road
surface, and the counter map(After heating t=2[h], 4[h], 8[h]). Plot shows experimental
observations(Supply to pipes as heat source :30[deg.C], 20[L/min]), and the Line is
numerical output. It is able to conform that numerical output temperature of each points
had good agreement. The temperature at road surface where above the heating
pipe(Ab_1,) raised rapidly after 4 hours heating. This means, snow melting is end at that
point. But the middle of heating pipes(Bet,) is under snow melting. The remained snow
weight at surface decreased, and about 6.7 hours after, snow melting was completely
finished.

Temperature progress of pavement section was confirmed by the counter maps. Dash-dot
lines showed layer bounder that showed Figure 1. In a surface layer, for example, while
snow melting(t=2[h]), the influence of melted water infiltration was not seen so clear.

Particle-phase Temperature and Remain Snow Weight Change at road Surface.
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Figure 2- Compartments of Temperature change and Temperature Counter.
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3.2.2. Saturation and Drainage Temperature Change at Surface Layer

Figure 3 shows saturation change at surface layer. The saturation changed by according
to the heat flux and as the Eq.7 showed, it was equalized for vertical direction at surface
layer. As a result, amount of snow melting infiltration occurred and it had deference at
each point. The saturation progress at above the heating pipe was faster than middle of
heating pipes. In the early stages of heating, the big change of saturation could be
checked. About 4 hours later, above pipes was already saturated, but the middle of
heating pipe, because of the heat flux was smaller than above pipe, the saturation was
about 0.7. 5 hours heating, all the surface layer was saturated. In this numerical model, if
the infiltration from road surface had lost, the saturation at pavement was maintained as
S=1, until the calculation is finished.

1
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Figure 3- Distribution of Saturation.

The drainage temperatures and average saturation in surface layer change was showed in
Figure 4. In this case, the drainage temperature which at above heating pipe(Tf_pipe) and
middle of heating pipes(Tf_mid) were about 4[deg.C] after 4hours heating. It mentions
above, the infiltrated water reached at the surface layer's bottom, and it was drained
immediately. While permeating, melted water get an energy by heat transfer among
particle-phase and fluid-phase, so the fluid-phase temperature raised. Like the particle-
phase temperature of a road surface, the temperature difference between at above
heating pipe and at the middle pipes was not seen greatly.

As the whole surface layer's saturation, it was averaged. Average saturation changed
almost linear. After 4 hour heating, most surface layer was saturated.
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Figure 4- Drainage Temperature and Average Saturation Change.

3.2.3. Internal Energy and Heat Loss with Drainage

Since a particle-phase temperature and fluid-phase temperature were able to deal with
separate, the internal energy based on each temperature was computable. Figure 5
showed internal energy of particle-phase(lE,) and fluid-phase(=heat loss with drainage),
IEf) changes, and the ratio of heat loss with drainage change. The situation which each
internal energy change(lE,, IEs) increased with time was able to checked. The internal
energy of particle-phase(lE,) increased rapidly after 4 hours. The internal energy of
fluid(=Heat loss with drainage) was smaller than particle-phase's internal energy(lE;). The
internal energy of whole pavement body was dominated by particle-phase's internal
energy(IEp).

1000 Pipe Depth / Distance  : 0.07[m]/ 0.2[m] i 20
Inlet-water : 30[deg.C] 20[L/min] DDD
800 | Surface layer's Porosity : 0.2 0O

Total IE(=IE,+IEy)
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Ratio of Heat Loss

Internal Energy [kJ]
S
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Figure 5- The Internal Energy and Heat Loss with Drainage.
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In this model case, if the porosity in pavement was saturated, and the temperature of a
particle-phase and a fluid-phase equally, the ratio of heat loss with drainage become
28%(Maximum). 6.7 hours after heating that melting snow on road surface was completed,
the ratio of heat loss with drainage was 13.2%.

3.3. Case Studies

3.3.1. The Effect of Porosity and Pipe Interval

In order to confirm the effect of porosity and pipe interval, several case studies were
executed. The relation of average degree of saturation and the ratio of heat loss with
drainage was shown in Figure 6. The surface layer's porosity(0.1[-], 0.2[-], 0.3[-]), and the
pipe interval(0.1[m], 0.2[m], 0.3[m]) were changed.

As for the difference of porosity(expressed symbols), the porosity become bigger, the ratio
of heat loss with drainage had increasing tendency(Pipe interval : 0.2[m] and €=0.1, 0.2,
0.3). When a cavity was large, time was required by saturation and during this process,
ratio of heat loss become larger than the case of small porosity. When a cavity was small,
ratio of heat loss increased slightly, and then it increased greatly after saturation. The way
of operation that a degree of saturation does not become large leads to stopping a heat
loss.

The difference pipe interval(¢=0.2 :pipe interval=0.1[m], 0.15[m], 0.2[m]) were expressed
Line. In case of pipe interval was near, rapid saturation raise could seen, and increase of
the heat loss was confirmed. The pipe interval become near, because of the infiltration of
melted snow(=water) takes place rapidly as a result of heating to road surface uniformly.
Then, it was infiltrated through the high temperature area, the heat exchanged water was
drained. So, it was thought that the ratio of heat loss become rapidly increased.

20 Pipe Depth  : 0.07[m]
Inlet-water : 30[deg.C] 20[L/min]

€=0.3 & Pipe Interval=0.2[m]

€=0.2 & Pipe Interval=0.2[m]

€=0.1 & Pipe Interval=0.2[m]

€=0.2 & Pipe Interval=0.15[m]

Ratio of heat Llss with Drainage[%]
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Figure 6- Effect of Porosity and Pipe Interval.
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Figure 7 showed temperature counter maps(After 2[h] heating) that differs heating pipe
interval. The equivalent temperature line 10[deg.C] was expressed thick line. The dotted
line means boundary of layer.

The pipe interval become near, the road surface temperature at the middle pipes was
higher, and this means that the road surface was heated equally.

Distance[m] Distance[m] Distance[m]
00 0.95 0?1 0.j5 0‘.2 OA‘25 0;3 0.§5 04 0 0,95 0?1 0.j5 0‘.2 0.?5 0?3 0,?:5 040 005 01 015 02 025 03 035 04

A
02 | ‘ i ‘dist:‘:mce‘z e =2LJqu |

Figure 7- Temperature Distribution by Heating Pipe Interval.
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3.3.2. The Effect of Supplied Temperature to Pipe

About the case that the supply temperature to the pipe differs, the ratio of heat loss with
drainage were shown in Figure 8. Snow melted time which confirmed by the remained
snow weight in each case were showed together. The ratio of heat loss with drainage was
estimated at this time.

According to the supply temperature, the ratio of heat loss with drainage were 13.2~14.1%.
Although the ratio of heat loss with drainage did not change a lot with supply water
temperature, when the supply temperature become lower, the ratio increased about 7%.

In case of planning snow melting equipment to this kinds of porous asphalt pavement, it is
necessary to estimate larger about 15% for a heat requirement.
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Figure 8- The Ratio of Heat Loss with Drainage according to Supply Temperature.
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4 CONCLUSIONS

(1) The numerical model was improved, and then it was able to judge the snow melting
progress and take into consider the saturation change that occurred according to heat flux
in permeable layer.

(2) By the internal energy of particle-phase and fluid-phase, the ratio of heat loss with
drainage was evaluated quantitatively by the two-phase model. According to the water
supply temperature, about 13~14% of heat loss with drainage was confirmed. The pipe's
inlet temperature become lower, the heat loss with drainage increase several percent.

(3) Effective planning for the Snow-Melting System to the porous asphalt pavement, it is
necessary to estimate larger about 1/6 percent for a heat requirement, a little more than
conventional treatment.
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