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Abstract - The value of the convective heat transfer coefficient (htc) is 
determined under different loading conditions by using a computer aided 
method. The thermal load has been applied mathematically as well as 
experimentally to the coronal surface of an axisymmetric tooth model. To verify 
the assumptions made for the mathematical tooth model, the results predicted 
with this model were compared with those of an experiment using mercury as 
the tooth surrounding medium. For all the other thermal loading conditions the 
medium water has been used. During the experiments the temperatures were 
recorded at one point within the resin model. The temperatures within the 
theoretical model have been calculated according to the FEA. Comparison of 
the calculated data with the experimental recordings led firstly to a verification 
of the theoretical model, and secondly to a htc-value of 5.104 J/m2s~ From the 
findings of this study it can be concluded that this value of the htc satisfies for 
the experimental conditions used. However, additional in vivo experiments will 
be needed to verity the htc-value during the consumption of liquids. 
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The convective heat transfer coefficient 
turned out to be an essential parameter 
in a study on temperature distribution 
in restored human teeth using a mathe- 
matical model (1). In convective heat 
transfer processes, the heat transfer co- 
efficient (htc) represents the quantity 
of thermal energy transferred in a unit 
time at a fluid-solid interface of a unit 
area having a unit temperature differ- 
ence. Its value is a complex function of 
the flow rate of the fluid, the fluids 
physical parameters, and the interface 
geometry of the solid into which or 
from which the thermal energy is trans- 
ferred. 

In the oral cavity most values fell in 
the 3.400-11.400 J/mZs~ range as pub- 
lished by Boehm (3). Enlarging the 
value of the htc results in an increase in 
temperature change of the underlying 
structures due to the faster energy 
transfer. In general, the heat transfer of 
a beverage will be larger in comparison 
with solid food of the same tempera- 
ture (2). So, the temperature changes 
in teeth are larger from drinking a hot 
beverage than eating hot solid food of 

the same temperature. Since we are in- 
terested in the worst case, the thermal 
load in this study will be limited to fluid 
applications. 

Jacobs (2) investigated the heat 
transfer coefficient during application 
of a constant flow rate of the fluid. In 
the oral cavity, however, the flow rate 
is not constant drinking a liquid. More- 
over, the outer surface of the dentition 
is not necessarily uniformly wetted. 
Thus the value of the htc during the 
heat transfer may vary over the outer 
surface of the coronal part of the den- 
tition. Determination of the htc-value 
for such a complex process might yield 
a mean value, which depends on the 
physical factors involved. In recent 
studies on temperature distribution in 
restored teeth (1,4), the value of htc 
given by Jacobs (2) has been used. 
However, comparison of our results 
with the in vivo measurements of Tib- 
betts (5) indicates that a larger value of 
htc might be more realistic (4). Since 
the value of the htc is an important par- 
ameter in studies concerning heat 
transport, and since only limited data 

on the value of htc could be derived 
from literature, it is the purpose of this 
study to determine its value under dif- 
ferent loading conditions. 

The complexity of and variation in 
human tooth structure make natural 
teeth unsuitable for standardized ex- 
periments. This points to the needs to 
used a simplified axisymmetric tooth 
model. Since this heat transfer process 
is complex in nature, it is rather diffi- 
cult to determine the value of the htc in 
the laboratory alone. Consequently, a 
computer-aided method was used. The 
different thermal loading situations 
were exerted in theoretical simulation 
models as well as in laboratory experi- 
ments. Combining the calculated data 
of the theroretical model with the re- 
suits of the corresponding experiments 
will yield the value of htc for the given 
conditions. 

Material and methods  

A numerical, as well as a corresponding 
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Fig. 1. (A) cross-section of the axisymmetric model, including the element mesh; and the 
nodes S and P corresponding to the 2 thermocouples S and P of the replica (B). 

experimental, method has been used to 
determine the value of the htc for water 
running along the coronal surface of an 
axisyn~netric tooth. The geometry of 
each theoretical and experimental, axi- 
symmetric tooth model was based on 
the buccopalatal contours of a maxil- 
lary first premolar tooth, as derived 
from an X-ray (Fig. 1). These models 
were composed of one material, i.e. ep- 
oxy resin. 

When one is drinking a liquid, only 
the coronal part of the tooth is in- 
volved. This situation comprises sev- 
eral physical parameters. It also intro- 
duces the question of whether the api- 
cal side must be kept at a constant 
temperature or has to be loaded simi- 
larly to the coronal part. Thus, this 
question has to be answered before ex- 
periments are carried out with water as 
the surrounding liquid, and before a 
comparison can be made to the corre- 
sponding theoretical model. Therefore, 
one experiment is performed with mer- 
cury as the medium, which has com- 
pared to drinks effectively an infinite 
large value of htc. This implies that 
there is essentially no temperature gra- 
dient at the outer surface of the model 
(6). 

To determine the value of the htc, the 
following loading conditions were 
simulated: (A) a constant temperature 
of 0~ applied at the coronal surface of 

the model for at least 60 s, using mer- 
cury. At the apical side of the model, 
the temperature is constant, i.e., equal 
to the initial temperature of the model; 
(B) the same as A, however, stagnant 
water is used instead of mercury; (C) 
the same as B, however, the load is ap- 
plied for 10 s, and then the model is re- 
turned into an ambient condition of 
30~ for the remainder of time (50 s); 
and (D) a draught of 30 ml water at 0~ 
is simulated to determine a possible in- 
fluence of running instead of stagnant 
water on the value of the htc. 

For practical reasons, the initial tem- 
perature of the model was 30~ In the 
theoretical and experimental models, 
the temperatures caused by the various 
thermal loads have been calculated or 
recorded at one point. This point corre- 
sponds with the top of the pulpo-den- 
tinal junction (Fig. 1). The comparison 
of the theoretical data with the experi- 
mental results could lead to a verifica- 
tion of the theoretical model to the de- 
termination of the htc-value. 

Theoretical approach 

The calculations were carried out using 
to the finite element method. There- 
fore, an element mesh was made for 
the axisymmetric tooth model using 

quadratic ring elements with a bi-qau- 
dratic temperature field. The total 
number of elements and nodes was 238 
and 769, respectively (Fig. 1). 

The material properties of the epoxy 
resin used were assumed to be iso- 
tropic, homogeneous, and temperature 
independent. Its assigned value of ther- 
mal diffusivity was 1.40 10 7 m2/s (7). 

The heat input at the coronal surface 
of the model depends on the tempera- 
ture difference across the tooth-oral 
cavity interface, the ambient tempera- 
ture and the htc. In formula: 

q. = a (Tb-T~) 

(qn = heat flux perpendiculaqr to sur- 
face; a = heat transfer coefficient 
(htc); T b = local boundary tempera- 
ture; T= = ambient temperature). At 
the apical side, the temperature differ- 
ence between the environment and 
tooth surface is assumed to be zero. In 
view of the assumptions the boundary 
conditions are linear in nature. 

As a result of the axisymmetry, there 
is no heat transport in a tangential di- 
rection (i.e., at right angles to each 
cross-section). For the replica is com- 
posed of one material, the heat transfer 
in the tooth model is based on the heat 
balance law and Fourier's heat con- 
duction law. 

To complete the mathematical model 
it was assumed that there is no heat ra- 
diation from the tooth model. 

Using mercury as the medium (load 
A), the htc was given the value of 5.1012 
J/mZs~ resulted in a tooth surface tem- 
perature equal to the temperature of 
the mercury. Calculations were made 
and the results were verified with those 
from the corresponding laboratory ex- 
periments. 

After the verification of the model- 
ing chosen, the value of htc will be fit- 
ted to match the calculated data with 
the results of the experiments, follow- 
ing from the given loading conditions B 
and C using water as the medium. 

The value of the htc pertaining to 
load B, using water as the medium, was 
used to simulate load D. One draught 
of liquid was simulated as a function of 
time by the error function erf (0.453/ 
X/t) (8). The results of the modeling 
chosen were compared with the experi- 
mental data. 

Experimental approach 

To prepare a replica of the axisymmet- 
ric tooth model, an epoxy resin* was 
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Table 1. Direction coefficient of ln(T(t)/To) and the corresponding heat transfer coefficient 
(htc) as result of the thermal loads A/B. 

direction coefficient Value 
thermal load (~ ln(T(t)/To) of 

htc 
medium theory experiment theory experiment J/mZs~ 

A: mercury 0.0 0.7_+0.2 -0.023 --0.021_+0.001 
B: water 1.5 1.6-+0.4 -0.021 -0.019+0.001 5.104 

T(t) and To are temperatures at time t and t = 0, respectively. 

poured in a silicone rubber* mold in 
which the hot junction of a copper-con- 
stantan thermocouple was located (Fig. 
1) at the point corresponding to P in the 
theoretical model. The resin was mixed 
according to the manufacturers' in- 
structions. 

For initial heating the replica was 
stored for at least 60 min in a hot-air 
stove at a constant temperature of 
30~ 

A mercury bath was used to verify 
the theoretical model. The mercury 
was maintained at a loading tempera- 
ture of 0~ by a jacket of ice water. The 
replica was immersed into the mercury 
bath as specified in loading situation A. 

The temperature of the water bath 
was maintained constant at 0~ using 
ice-water. The experiments without 
running water (loads B and C) were 
carried out like the one with mercury; 
30 ml of ice-water was used to simulate 
loading condition D (a draught of liq- 
uid). The water was applied on top of 
the replica. 

During the various thermal loadings, 
the change of the ambient temperature 
and the temperature change within the 
replica were recorded using a copper- 
constantan thermocouple. The refer- 
ence junctions of the thermocouples 
were kept in ice-water. The thermo- 
couple output was amplified* and re- 
corded versus time using a tape rec- 
order s . All experiments were repeated 
5 timesl 

For comparison of the theoretical 
and experimental data of the loading 
conditions A and B, all temperature- 
time curves were plotted for ln(T(t)/To) 
as a function of time, where T is the 
measured temperature at time t, and To 

* Araldite D + Harder HY 956 (20%), 
Ciba-Geigy, Basel, Switserland. 

* Wacker Silicone: RTV-M45/ + Harder 
T40, Wacker-chemie, GMSH-Mfinchen, 
Germany. 

* Differential Amplifier 26A-2601 R2601 
Mainframe, Tektronix, Inc., Beaverton, 
Oregon, 97005, USA. 
3968 Instrumentation Recorder, Hewlet 
Packard, Palo Alto, Ca 94304 USA. 

is the initial temperature of the replica. 
Under the given loading conditions, the 
theoretical data had to correspond with 
the given results of the laboratory ex- 
periments. 

During the transport of the replica 
from air-stove to thermal loading place, 
its initial temperature will be lower 
than in the theoretical model. There- 
fore, all data obtained from the loading 
conditions C and D were normalized 
first, by dividing the calculated or re- 
corded temperatures by the initial tem- 
perature of the model. 

Results 

The mean initial temperature of the 
replica was 29.3_0.5~ for each load- 
ing condition (A and B), the chosen 
thermal load value (theory) as well as 
the recorded average loading tempera- 
ture (experimental) is given in Table 1. 
The modeling chosen in loading condi- 
tion A fits the experimental results us- 
ing mercury. Thus for loading condi- 
tion B, using water as medium instead 

0 . 9  �84 

of mercury, the given value of htc ap- 
peared to be the best value of the par- 
ameter fitting the experimental data. 
Increasing this value had no significant 
influence on the calculated data at 
point P. 

In Fig. 2, the normalized tempera- 
tures at point P for load C are plotted 
as a function of time. The calculated 
temperatures at node P using a htc of 
5.104 J/mZsoC are in agreement with the 
data obtained experimentally, whereas 
a smaller value of htc appeared to have 
a negative influence on the magnitude 
of the calculated data. Enlarging the 
htc-value had still no significant influ- 
ence on the temperatures at node P. 
The thermal load caused at P a mini- 
mum temperature of 24.8~ in the the- 
oretical model (i.e., htc is 5.104) and 
24.1_0.4~ within the replica. 

The calculated and recorded normal- 
ized temperatures within the model (P) 
and at the surface of the model (S) as a 
result of load D, are depicted in Fig. 3. 
Although point S at the surface of the 
theoretical model does not correspond 
exactly with the localization of the 
nearby thermocouple, the calculated 
and recorded data show close agree- 
ment. For point P, however, the initial 
stages of the curves show a difference 
in temperature change. 

Discuss ion  

In this study, only one thermocoupte 
was situated in the replica. If more than 
one measuring site would have been 

norma l i zed  tempera tu res  
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Fig. 2. The normalized temperatures for load C at point P in the theoretical model and in the 
replica, having a heat transfer coefficient (htc) of 5.104 and 5.103 J/m2s~ during a period of 
60 s. 
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Fig. 3. The normalized temperatures for load D at the points S and P in respectively the the- 
oretical model and the replica during a period of 25 s after initiation of the heat flux. How- 
ever, the thermocouple (S) was located near point S not in it. 

present, more information could have 
been obtained about the temperatures 
at these sites and about the tempera- 
ture gradient between these points. 
However, the use of more than one 
thermocouple in such a small model 
was not possible without influencing 
the temperature field. The use of only 
one thermocouple is therefore limiting 
the conclusions. 

With respect to the temperatures at 
point P, all calculated results using 
FEA correspond with the experimental 
data using the given value of htc. How- 
ever, enlarging the htc did not result in 
other calculated temperatures at P, 
whereas the temperature gradient to 
the surface increased. On the other 
hand, reduction of this value caused 
smaller temperature changes within the 
entire mathematical model (Fig. 2). 
Thus, the value of htc obtained repre- 
sents the lower bound for the given 
conditions. If the thermocouple was lo- 
cated near the surface, it could be dis- 
puted whether 'the results could inform 
us better about this parameter, specifi- 
cally if the load is not uniformly applied 
to the coronal part of the model. Fur- 
ther research will be necessary to deter- 
mine the 'mean' value of htc during the 
heat transfer process of drinking a bev- 
erage, leading to a more accurate figure 
for the temperature level at the surface 
of a tooth. 

The temperature differences be- 
tween the curves for node P as shown in 
Fig. 3 can be attributed to the influence 
of running water on the value of htc, in- 
dicating that this value should be 
higher. In this study, however, the ap- 
plication of the liquid on top of the rep- 
lica caused a uniform-wetted surface, 
whereas in r i v e  the wetting degree will 
not be uniform at the coronal part of 
teeth When drinking a beverage. More- 
over, enlarging the value of htc did not 
have any influence on the temperatures 
at node P. Therefore, it is recom- 
mended that loading situation D be re- 
peated in an in v i vo  experiment. These 
results could then be compared to the 
data obtained from the theoretical mo- 
del simulating this loading condition. 
From those findings, it might be con- 
cluded whether the value of htc, i .e. ,  
5.10 4 , represents the 'mean' value. 

The values of htc for liquids deter- 
mined by Jacobs (2) are lower than the 
value presented in this study. In his 
study, the fluid was poured over a small 
cylinder used as measuring object. It is 
in question whether in that situation 
the volumetric flow rate of 6.0 cm3/s re- 
sulted in a similar situation along the 
surface of the dentition while drinking 
a beverage. A smooth surface copper 
cylinder was used, whereas the tooth 
replica used in our study had a rougher 
surface. This may cause a different tur- 

bulent flow and therefore higher heat 
transfer for the rougher surfaced model 
resulting in an effectively larger wetted 
area for the courser model, which fur- 
ther enhances heat transfer even under 
no-flow conditions. Moreover, the flow 
velocity of liquids passing the oral cav- 
ity is not known from literature. These 
factors could be responsible for the re- 
ported differences. The large value of 
htc appears to correspond with the cal- 
culations on temperature distribution 
within restored teeth as reported be- 
fore (4). 

From the findings of our study, it can 
be concluded that (A) the htc-value of 
5.104 j/m2s~ satisfies the experimental 
conditions used; and (B) additional in 
r i v e  experiments will be needed to de- 
termine the 'mean'  value of the con- 
vective heat transfer coefficient during 
and after the consumption of liquids. 
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