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Predicting Asphalt Pavement Temperature
with a Three-Dimensional Finite

Element Method

Manuel J. C. Minhoto, Jorge C, Pais,

Paulo AL A Peraira, and Luis 6. Picado-Santr
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stow and provides information about temperatwres in the observed
period orly. Conversaly, a wemperature theoretical model may suffer
slightly because of alack of accuracies but witl give g emperature ¢
tribution quickly and cheaply and cun be used 1o predict temperature
distribenions under » wide range of conditions, including any unusual
or extreme conditions.

The stmulation model suggested in this paper is based on the
finite element (FE} method. which involves weather data as input.
The simulation madel was validated by comparing the caleuluted
temperatures with measured pavement femperatures obtained from
December 2003 1o April 2004, The model computes the pavement
emperatures by using measured climate data values as input for the
s Hirse period.

Although this thernal approach may have the nature of 4 one-
dimensional problem of the hreat conduction in the vertical direction.
given the infinite nature in the horizantal direction, the suggested
model was develeped on a 3D basis, having in view ifs fature com-
paribility with a 3D mechanical reflective eracking model used by
the authars in other projects.

BACKGROUND

To develop the pavement temperatures prediction model, basic prin-
ciples needed to be adopted. The following sections present the nei
principles adopted in the proposed model onee the hourly temper
ture distribution was govemned by heat condnction principles within
pavement and by aneryy interaction between the pavement and its
swroundings,

3

Conduction Hest Transfer

Conjugating the #
mal energy is conserve E
with the thermal gradient, e problem of heal ransfer by conduc-
tion within the paver tved, For an isotropic maedivm and for
conssant thermal cond this adopted principle is expressed as
follows (5

23]

') + (9°/32%),

o = e thermal diffusivity,
L= rﬁxem
= density,
[

T

i

conductivity,

specific heat,
rmperare,
= time, and
Xy, and 2 = compoenents of the Cartesian coordinate system.

interaction Between Pavement
and Surroundings

On a sunay day, the heat ransfer by energy interaction betwsen
the pavement and its surroundings consists of radiation balavce

g7

and exchanges by convection. The radiation balance (or thenmal
radiztion) invelves the consideration of ourgoing longwave radia-
tion, longwave counterradiation, and shortwave radiation (or solar
radiation) {7

The earth sarface is assumed to emit longwave radiation as a
black body. Thus, the outgoing longwave radiation follows the
Stefan-Bolman faw (3, 7)

(2

o, =€ 0T,

where

4. = outgning radiation,
ussion coctficient.
Swefan-Boltzman constant, and
Ty = paverment surface temperature,

=]
i

As the atmosphere absorbs radiation and emits it s longwave
radiation to the earth, this counterradiation absorbed by the pave-
ment surface is caleulated as proposed by Hermansson (7) and
Dewitt and Incropera (5):

g, = absorbed counterradiation,

pavement surface absorptivity for longwave radistion and
the ampunt of clouds, and

air teniperature,

eral authors (4, §) consider the Jongwave radiation intensity
¢ {or thermal radiation) through thx following expression:

halane

g = 87, - T} {4y
shere ¢, is longwave radiation intensity balance, and 7, is the ther-
ation coefficient. The expression used to obtain 4, is as

follows ()

mal

(3

where ¢ i the emissivity of the pavement surface,

Parr of the high-frequency (shortwave) radiation emitted by the
sum is diffusely scattered in the atmospherg of the earth in all direc-
tons, and the diffuse radiation that reaches the earth is called dif
fused fncident radiation, The radiation from the sun reaching the
carth surface, without being reflected by clouds or absorbed or scat-
tered by atmosphere, is called direct incident shortwave radiation.
The total incident radiation (direct and diffused) can be estimated
using the following equation (4-6 %

¢, = N feos 8 (6}

where

g, = therroal fncident solar radiation,

11 = Josy or avcounting for scattering and ahsorption of short-
wave radiadon by atmosphere,

solar constant, assumed to be 1383 W/m?,

actior secounting for the cecent v of earth orbit, and

8 = zenith angle.
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The effective incident solar radiation absorbed by pavement
surfgce may be determined by the following equation (8):

g, = x g, 7

where g, is the incident solar radiation absorbed by the pavenent sur-
face and o, is the solar radiation absorpticn coetficient.

In the model suggested in this paper, shartwave radiation is given
as input dala obtained measured values. The convection heat trans.
fer batween the pavement surface, and the air immediately above is
giver as follows (4, 7):

G, = hi, ~ T [¢}]

where g, is convection heat transfer and A, Is the convection heat
transter coetficient. The conveetion heat ansfer coefficient can be
caleutated as follows:

Aeos 698244144 w107

el <100, - 7,00

wihere 7, is the average emperatore given by Ty w (T = T2
and & s the wind speed,

FINITE DIFFERENCE METHODOLOGY

The transient wmperature response of pavements may be analyzed
through a numerical incremental recursive moded, using (he finite dif-
ferences method, by applying the encrgy bulance principle and the
Fourier heat transfer equation, The thermal conductivity and thernyat
ditfusivity of pavement are estimated through a convergence process.

The discrete form of Fourier equations within the tayer cun be

writlen as follows (4

oy

= {me increment;

depih increment;

# = tme superseript, such that |
w depth subseript, such tha
thermal conductivity coeflicient of layer i; and
temperature in the node # at time g,

The diserete form of Fourier equations in the interface zone of
fayers can be written as Tollaws (4);

(K +72

e

+ K.,

()

where 1= Oy Cg Por. Inféraction belween the pavement and its
surroundings at surfuce (2 = 0 can be written as follows (4n

g+ b (T - 15

e - 75 an

At

An Excel spreadshect was developed (o solve the transient stute tem-
perature moxdel using the finite differences method. The cquations were

Transpoctation Hesewrch Record 1998

sotved ncrementally wt each 30-5 time step to predict semperatore at
any given depth at 1 given time step. The model solution requires the
determination of initial temperature distribution in the layer system
before transient analysis. The initial lemperature distribution adopted
wis oblained from Reld measuresents.

FE METHOD

This study is based on the use of the FE method in e prediction of
temperatare distributions in AC pavements. In the Just several years,
this methodology has been reveated to be a tool of great applicability
in the pavement research domain,

Conduction

The first law of thermodynamics. which states that thermal energy
is conserved, was used (o build the solution of the pavement thermal
prablem through FEs. Considering a differential control volume of
a pavement, in that methodology, the conservation of thermal
energy is expressed by Eyuation 12:

':)? S{LF g} = 0 12

pe

where

-~

= lemperature = T(x, v, z, 1),

{Lt =

vector aperator, and

1y} = heat flux vector,

The terus {117 {g] atso may be interpreted as ¥ % {g}, where V rep-
resents the divergence operator, Fourier's law can be used to relate
the heat flux vector to the thermal gradients through the follawing
expressiom

{4} = ~[DHLYT {13y
where

ik, o 01
D= 6 Kk, 0]

00 Kk

is the conductivity matrix and K. K, K., are the thermal conduc-
tivity in the clement x, v, and 2 directions, respectively.
Expanding equation to its more familiar form gives the following:

67') g (., oy
b wxice § K v | 14
J * " s

oy 9z /)

Considering the isotropy of material (K = K, = K.} yields

the following:

SRt}
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Boundary Conditions

Three types of boundary conditions, which cover the entire model,
were considered: heat flow acting over the model surface limits,
susface convection applied in the superior surface of model, and
the radiant energy hetween the miode) superior surface and its
swrroundings,

Specified heat flow acting over a surface follows the general
expression shown in Equation 16:

{gY {n} = ~¢" {18)

where (M} is the unit outward normal vector and % is the specified
heat flow,

Specitied convection-surfaces heat flows acting over a surface
follows the general expression shown in Equation 17:

g} () = n(7,, - T an

where

= convection coefficient,
Tor = temperature at the surface of the model, and
7' = bulk temperature of the adjacent fuid,

Radiant energy eachange between a surface of the modet and its
surcoundings is iranslated by the following expression, which gives
the heat transfer rate between the surface and 4 point representing
the surroundings:

\/’

:‘W'f'

2

=
SR

/{/j}/?'/

e}

9. = oe(T;, ~ T3 (%

30 FE METHOD PAVEMENT THERMAL MODEL

The 3D FE method (FEM) was used to made! the thermal behavior
of pavement. The pavement structures traditionally are idealized as
a set of hortzontal layers of constant thickness; homogeneous, con-
tingous, and infinite in the horizontal direciion; resting on a subgrade;
and semi-infinite in the vertical direction. The thermal configuration
of the pavement model was defined based on those principles and is
presented in Figure 1. This model considers the possibility of data
production for a mechanical mode! with tie same mesh,

The adopted mesh also has been designed for study of the reflec-
tive cracking phenomenon caused by the traffic loading and repre-
senis an existing pavement, in which a crack is simulated through
an element with zero-stiffness and a layer on top of the existing
pavement represents an overlay. This mesh was described in other
warks by the authors (93,

The FEM used in numerical thermal analysis was performed using
a general FEs analysis source code, ANSYS 5.6 (J0). This analysis
is a 3D wransient analysis, using a standard FE discretization of the
pavement. In the design of the thermal FE mesh, the compatibility
of mesh with other mechanical models was observed.

The following factors have béen considered in the design of the
FE mesh:

* Afinerclement size is adopted closer to the pavenient sarface and
closer o the wheel load zone, where stress gradient may be highest.

5
%%@?i%?

FIGURE 1 FEM mesh tharmal mods! (L1-L4 and Si are boundery surfaces of modal and §8 represents

pavemant surface},
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* A finer element size is required in the overlay above the crack.

* Becanse of the symmetry, only half of the model needs to
be modeled, which reduces the time consumed in the computing
process,

After designed mesh, the number of ¢lements was 13,538, For 3D
thermal analysis, a 3D solid clement, SOLID70, was used (Figure 2),
This element (applicable to a 3D transient thermal analysis) has the
capability for 3D thermal conduction, according to the previous expla-
nation. The element has eight nodes with a single degree of freedom
(temperature) at each node.

The thermal properties of pavement material (e.g., thermal conduc-
tivity, specific heat, and density) for cach pavement layer were defined
inthe “material properties” of this element, when the mode! was devel-
oped. For surface effect applications, such as radiation exchanges by
convection heat transfer, the surface element SURF152 was used. The
geometry, node locations, and the system coordinates for this element
are shown in Figure 3.

The element is defined by four nodes and by matedal properties,
An extra node (away from the base element) is ased to simulate the
effects of convection and radiation and represents the point where the
houtly air temperature is introduced (epresenting the atmosphere), It
was overlaid onto an area face of 3D thermal element SOLIDT0, as
shown in Figure 4. The element is applicable to 3D thermal analysis
and allows these load types and surface effects, such as heat fluxes, to
exist simultancously. The surface elements were placed on the entire
surface 88 (Figure 1).

The convection coefficient {or film coefficient) must be used to
cansider surface convection in the conductivity matrix calculation.
When an extra node Is used, its temperature becomes the air tem-
perature. This element allows for radiation between the sarface and
the extra node “M.” The emissivity of the surface is used for the con-
ductivity matrix calealation, for considering surface radiation, and
the Stefan--Boltzman constant is uged for the conductivily mairix
calculation.

The: solar radiation is considered as a heat flux that is applied on
surface $S. To define the boundary conditions, a nufl heat flux is
applied on surfaces L1, L2, L3, L4, and SI, presented in Figure 1.

X

FIGURE 2 3D thermal solid efement (SOLID70) t-P are
elament nodas).

Transportation Research Record 1619

M (Extra node)

»
L
Z
y
I
X —

J

FIBURE 3 Surface thermal element (SURF152)
{1-M are slament nodeg?,

PAVEMENT TEMPERATURE
PREDICTION—CASE STUDY

The main goal of this study was to validate an FEM simulation model
developed to calculate the temperatures of a pavement. A FEM numer-
ical analysis for the distribution of temperature in a full-depth asphalt
pavement in a trial section located on km 197.700 of P4 (Braganga,
Portugal) was performed for the weather conditions (air temperature,
solar radiation, and wind speed) from December 2003 to June 2004.

M (Exira node)

FIGURE 4 SURF152 and SOLID7G coupling (1-P are
element nodas).
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The model validation was made by statistical analysis between the
FEM numerical temperature resalts, finite differences temperature
results, and the field-measured temperatures,

Field Data Coliection

For 4 months (December 2003 o April 2004), pavement tempera-
tares were measured at a new pavement section, located at 1P4 main
road, near from Braganga, in the north of Portugal. At that location,
seven thermocouples were installed in the AC layer at seven differ-
entdepths: 0. 27.5, 55,125, 165, 220, and 340 mm, The top thermo-
couple was installed just at the pavemnent surtace. The depths for the
other six were chosen to give a good representation of the whole AC
layers ar different locations, AC temperatures were recorded every
hour of every day.

With respect to short-term temperature response, it can be argued
that subgrade femperature at 2.0-m depth is reasonably constant
over a given month. The hourly measurements of weather parame-
ters, such as air ferperature, solar radiation intensity, and wind speed,
were obizined from g meteorological station localed near the test
pavement section. These measurements were used as input data in
the simulation models 10 carry ont temperature distribution prediction
in & 340-mm full-depth pavement,

Input Data to Simulation

The pavement surface thermal emissivity for estimating the long-
wave radiation intensity balance was equal to 0.9, and the solar
absorption coetficient was equal to 0.95. Table 1 presents the val-
ues for the pavement material thernal properties adopted in this
study, The parameters have been adapted to give a good correspon-
dence between caleuluted and measured pavement temperatuses,
The adopted values follow the typical values for those parameters
suggested by previous research (24, 7).

As expressed in the conclusions obtained from a simulation made
by Hermansson (7, the infloence of the thermal conductivity of
the pavement is marginal for the pavernent temperatures close to the
surface. Thus, no further effort was made in this paper to study the
influence of thermal conductivity variation.

Analysis Procedure
"The thermal response of the FEM simulation model, representing a

multilayered pavement structure, was modeled using a transient ther-
mal analysis for 4 months (from Decernber 2003 to April 2004). This

TABLE 1 Layer Thermal Properties

101

is the best period (winter) of analysis to study the reflective crucking
phenomenon, subjected to influence of Iemperature variations. It was
assumed that the pavement hourly temperature profile depended
entirely on hourly air temperature value, hourly solar radiation value.
and wind speed daily mean value,

The analysis procedure involved multiple 3D FE ruas and was
initiated with the full depth at constant initial temperature, obtained
from field measurements. The analysis procedure was carvied out for
a period between December 2003 and April 2004, with a periodic-
ity of 1 h. The thermal response analysis performed by the finite dif-
ferences method was made for the same conditions used in the finite
element method.

RESULTS

As a measure of error, the absolute difference between caleulared
and measured pavement temperatures was calculated for every hour,
Then the average difference was determined for each month and for
the total time period, which is assigned as average error. Table 2
presents the result of this procedure, and Table 3 presents the stan-
dard deviation of errors, Figures 510 11 present the temperature dis-
tributions in the months of January and April 2004, locared at
surface, 35-mm depth, and 165-mm depth, and March for $5-mm
depth where a good correlation was obtained between the in situ
measurements and the calculated temperature.

CONCLUSIONS

The 3D FE analysis has proved o be an interesting 100! to simulate
the transient behavior of asphait concrete pavement temperature,
According 10 comparisons performed with field measurements. the
suggested simulation model can model the pavement temperature at
different levels of bituminous layers with good accuracy. To obtain
this distribution, a series of climatic data is needed as an inpat to the
model. The use of the results for other FEM mechanical modets
constitutes a great advamtage of the proposed model.

1 comparison of measured and calculated temperature data for
every hour for 4 months, an average error less than 2.1°C was obtained
in the depths close to the surface. At a depth of 340 mm, the aver-
age error may xeach 4°C in April. In cold months, the average error
is less thar in hot months. Thus, in the cold months, the developed
model presents better performance than in hot months,

The average error produced by the FEM simulation model is closer
t0 the average error produced by finite difference methodology. The
small error variations observed between these models can be caused
by the consideration of the average wind speed in FEM model. The

Thickness Density

{my KIWPCm) C{W .3/kg.oCh {kg/m¥)
Overlay——wearing cosrse 0055 850 2550
Overlay—hase course 0070 860 2350
Cracked layer 0.215 850 2550
Subbase 0.300 803 2370
Subgrade — 1106 2200




TSNP OHUY = LT UL T

SOHROT PLETE PG THOF0 FORIT FA AN O1P0Y VI SO0 a6 [ 2y outt ol rived LLRETE frd v-aagriasag)
O80T RILRT HTLUO TeL80 LOvT1 28N} 9TETl £l ISR %A 658771 [CUS et (BN 126971 My
96£0°T RCLLT 100870 €860 ¥LO1'L [23< ] 610171 R7AS G4 HuZ bt L¥L0"] FOLO'Y 96L60 9¥ze1 LL6TY e
eyt 1oL 9FRP0 £LOS0 £L69°0 TTELD 14329 4] £9PEG B0 19LL0 880G %0 EFR01 £LL01 Awrigag
PO ortel 6890 GIEH CHLLO FESO0 £EC8D A ] pOTALN REIL R 18T 0T SBLET TSeed Lenvey
R0 1619°¢ 90 S8R0 <9L9g WLH0 LG 6F1670 RL00°] YTO6e'0 LEpE] £9C6'0 £esty RQURI(]
Wil W g A 5] W g Wil AT U Wi WYY w Wi A g Wi HHCE ey JRGQ L] < pOYRpY s

W OFg WL (7T W ¢gy ww ey W gg g7 wwp <tywdaq

£73 52183D) IR JO HCNRIAN PIRpURIS
S3NS8Y JuaJ3 4O uoHBIAB( PJEpURIS £ FIEVL
“SDOUIIY P O

TERLT LEORTT LLE8TH SESHy 2 XE HER A 8ETLY 891t} 9987 61487} [FAS IS A STRYL Pt tdyaagqrizaagy
PISad THETY £L0T71 8ELrd POTH' SYRTE 65r874 SI60T £999°] 19 rine Lire't £800°7 POE0T Hdy
iP9T PEIRTE 91080 18p0°1 LGPt §61871 656871 TH [TAN 6071 1602 YoLr! TH POOLT e
£CerT PAR IS69°0 PXATAY) SP160 19901 SEBL'G CFILD 81£0°1 ™01 9071 [E IR SLHETL RO9¢Y Amniqay
LR ZCR] RC®LL 6TTLN 9e8L0 L3EE0 SO0 £66171 T YOLEE OEOL" L £TEST TEOFL £869°Y L9y Aienueg
YELLT PIEOT ANy £LEPT RL60'S ¥Ry SHOC A8 () RO L9861 L8t [GhI s N 42quuan(]
Wiki I UL NELA RIS I INZL 13 g Wik TG g W ENCE U Wil Wztd ey SUPOURTIAL oy

W {jy W (7 Wit $H) W §7y anw g ¢y Wt sdagy

AFusay

synsay Joug abussy  z 31yl



B—

e

R

0w

20

PO02-10-18

POOEL0-08

OGS 1068

yO0L-10-82

YOS

POE 1002

pOOZ-L062

POCE-LOPE

$008- 1062

P0ZL0CR

Po02-L0me

$OOT-1008

PR LO-6L

PUOT- L0

YoOe- 4041

YEOT- 1091

#02-10-81

POOT L0

YOOR- Lol

200810771

#0022 10-44

»O0210-01

£008-13-680

0210080

$002-10~£0

#502-10-20

£002-10-60

PROZL010

POOZ 1060

008 10-30

YEOZ-L0-10

Date

= QO Omm - Fi, Diff wmines (3 Qyeny ~ FER

e ) ey - Measured

finite differences method).

FIGURE 5  January 0.0-mm depth temperature distribution (Fin. Diff.



A

oo swinN e .
e

.

B e

N
&

enctraotrd

e sersmatgisant

20

0020718

vo0z-10-08

$002-10-62

PO0S-10-82

POOB-10-42

¥002-10-92

¥002-10-52

¥002-10-+2

y008-10-62

pO0S-10-22

¥002-10-12

PO0S-10-02

$002-10-6)

¥OOT- 1081

FO0&- 1041

$002-10-91

Y002 10-51

Yoo 18-yt

- L0-eL

¥002-10-2}

YO0R-10-14

$O0E-10-01

FO0E-10-60

YO02-10-80

0021020

002-10-80

YO0%-10-50

PO02-10-40

008-10-EC

$002-10-20

Y002-10-10

Date

]

55mm - FEM

-~ ~ = 55mm - Fin, Diff.

58mm - Measured

FIGURE 6 January 55-mm depth temperature distribution (Fin. Diff. = finite differences method).



)

%

YT

14

<«

12
a
&
8
4
2

[LeuAingiy

- VOGEG0E

[ eauz-to-ee

OO LOBE

POOZADLE

PHLGE

$O0Z- 1067

- v00210ve
[ vooz-1o-ez
FO0E-LOTE
POOZL0° 17
- P00 1402
- oz L0-61

- 0A8-40r81

FOOZ 1024

Y02 10-91

FOOZ10-GL

- po0z-ioe

$O0E- L6}

L voozt0at

< Y00S 101t

100G 1001

. 007 1060

OO 10000

FUOL-107L0

- vovz 1090

FOUZ-L0-60

YOO2-L 00

FOOS- 186

T LGS0

© 0021010

Date

- FER

e 15

o~ VG - Fig, DL

1B5mm- moasund

finite differences methad].

FIGURE 7 Jenuary 165-mm depth temperature distribution (Fin. D



P

PO B

PEOD RO EY

P ET

R ety

PREETSL

SO

Rrssiara

5 E060

ket AR

SERATIG

VR0

Date

ite differances methodl

L= fi

i

i, D

A

§

FIGURE B March 58-mum depth temperstere disteibution



P F

Pertmessinal i

- N

s .

— -

g BN gy L
s C
I L

e L
SRR T
5,/"‘§ :

~4 :

_«AW{&::M““W :

gA.s o

. -

A S &

e -

oot WO o
S :
L L

LT -
— C

- I

- C

P e -
e

Lo = o [
L -

Lt N

' T o
I ey E

teo L

I e B

L or

e s

s -

$ 2 8 8 & § 2 2 v °

POOEHO-08

r00Z¥0-62

YO0e¥G-82

Y002-v0-43

$002-90-92

POQE-¥0-52

PO0Z-40-92

yo0Z-v0-£2

¥002-¥0-22

POCTH0-12

POOE-v0-02

pOOR-y0-61

YO0%-0-81

YO0Z-v0-L 4

POOS-F0-81

Y002-70-G1

yO02-v0 vt

¥002-v0-€1

jatraldi g4t

POOZ-p0-1 4

YOOZ-¥0-01

¥O0Z- Y080

P002-70-60

YO0Z-0-L0

¥002-¥0-90

$002-v0-60

FOOE-$0-v0

YO0Z-v0-£0

Y002-¥0-20

POOTV0-10

Date

e GO0 - Fin. DL 000 - FEM

0.00 - measured

finite differences methed).

FIGURE 9  April 0.0-mm depth temperature distribution (Fin, Diff.



L0 206 10 0 T 2 2

LA I BN 0 2 2 O 2

EA T 2 00 10000t O B - 2 2 e e

TTTTY

00 B 2 0 20 00 i e

T rTTYTT T

EAN 20 0 0 o 2 B O e 2

T T T TY

Ty

T

35

25

b~ U3
& -

O

THRYO-0E

TN 0BT

pORZ-$0-82

FOGL00-43

YOS+ 08

f ettt

FOOSPOYT

FUOTPOET

POUEPO-CE

W08

y0O2-+0-08

YOO 061

PEOZ-PO-BL

POUL-FO-4L

POGE GBI

PEOT P0G

PEOZ¢D-P1

Y002 #0-81

o0 023

SHOTPOLL

PUOL-VE-OL

POCZPCB0

POG $G-80

+R0Z-Y0-L0

POGE- YD)

FO02-¥G0

#0200

POGE-YOEY

POGE G20

hirZg Ligh]

Date

- FEM

%

Q.95

iy, Diff.

s = DOSS LS

45 - Measured

Iy
G

finite differences method],

FIGURE 10 April 55-mm depth temperature distribution (Fin. Diff.



N
Rt N
XS
I A
oo ]

T

EERC LI T B e 2 o )

TETT

LA N 2 At

Y

NI T 200 20 M D

LNE N T 20 T T S T 0 S R A M 0 2 e 20 2

s -

I o8 e L

o "Mgiyt\ :

»w”,,/, N

P [

Jac S SN N

wy fnd i < K3 f=] w o
(g 9 N & - -

o

POOZ-¥(-0E

YO0Z-v0-62

BO0Z-70-82

-~ YOOZF0-L2

YOO 7068

POUE-F0-62

POGEv0-vE

POGE-O-€2

YOOE-F0-22

YOGS eQia

YOOE-+0-02

YOOS- Q-84

POOE-P0-81

$OOZ 041

YOGE -9t

YOOI ¢G5

PO0Z 011

YOOZ-v0-Ry

YOOZ- 021

POOZFG-1

POoZ et

YOOZ 9050

YOUT +(-90

YO0 w20

YOOI +0-g0

YOOZ #0-50

YO0Z-2G-v

YOG VL0

PO0C-4G-20

PRV G- LG

Date

e (3 166G - FEM

e e GUVBS - Fin, Diff

- 3.168 - moasured

finite differences method}.

April 165-mm depth temperature distribution Fin. Di

FIGURE 11



1 model also produces good results when campared with
models of one-dimensional nature.
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