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The finite element method is used to examine the thermal prop-
erties of functional ceramics, which were used in metallurgical
processes during antiquity. Based on the ceramics’ microstruc-
ture a model is developed considering the impact of porosity and
inclusions and the heat transfer from ceramics to environment.
An example of a Bronze Age copper smelting furnace from Cy-
prus is presented. Particularly the influence of pore shape and
pore orientation on the thermal conductivity is investigated.
Temperature development in the entire furnace is simulated
and compared with estimations of the firing temperature in
particular areas of the furnace.

I. Introduction

N the history of humankind and material culture the utiliza-

tion and processing of metals marked an important step. The
initial exploitation and processing of pure metals was soon fol-
lowed by the utilization of metal ores, which required the de-
velopment of elaborate metallurgical techniques. These
included, apart from generation of necessary process tempera-
tures and use of suitable fluxes, the production of heat resistant
tools, such as furnaces, tuyeres, moulds, or crucibles. The main
material used for the production of these equipment was ceram-
ic, a material with a long history of production and with bene-
ficial properties in terms of refractoriness and heat insulation.
Common pottery clays, in antiquity, were usually fired at tem-
peratures up to 1100°C, as they would normally distort at higher
temperatures. This behavior was due to the nature of the raw
materials, comprising considerable amounts of basic compo-
nents such as CaO, MgO, K,O or Na,O, which were reacting at
comparatively low temperatures.! Furthermore, the raw mate-
rials contained natural inclusions in the clay matrix, most com-
monly quartz, feldspars, micas, but also other kinds of minerals
and rock fragments, depending on the particular geological en-
vironment. Therefore, for the production of metallurgical cer-
amics either more refractory clays had to be selected or the clay
paste preparation and ceramic construction had to be modified,
in order to enable them to withstand high temperatures.

A variety of approaches to improve the thermal properties of
archaeological ceramics, used at high temperatures, have been
reported in the bibliography. A common approach was the fab-
rication of rather thick walls, which stabilized the ceramic body
and reduced heat transfer. In this way, thermal stresses were
suppressed due to smaller temperature gradients. Another com-
mon technique was the generation of porosity, either by adding
organic material to the unfired clay body, which was burned out
during firing, or by the ways clay was processed and wedged.
Apart from reducing heat transfer, pores and voids improved the
toughness of the ceramic body by interrupting the propagation
of cracks in the matrix.? Finally, high volume fractions of non-
plastic inclusions were added to improve the refractory proper-
ties of the ceramic body. Thermally inert inclusions, such as
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quartz, stabilized the ceramic matrix at temperatures at which
clay minerals started to decompose. Furthermore, due to heat
expansion coefficients, different from the ceramic matrix, inclu-
sions generated microcracks and therefore additional porosity.

Apart from sufficient refractoriness, depending on the type of
heat source and the direction of the heat, different material
properties of the ceramics are required concerning heat insula-
tion and thermal shock resistance. For example, internal heat-
ing, like in a smelting furnace, requires low thermal conductivity
in order to maintain the heat. On the contrary, when the heating
source is external, like in a crucible, high thermal conductivity is
required to accelerate heating of the content. At the same time
moulds should exhibit high resistance to thermal shock. Fur-
thermore, mechanical properties, such as strength and tough-
ness, had to be regarded as they are both related to thermal
performance.

A technological investigation of metallurgical ceramics from
a Bronze Age copper smelting site in Cyprus, conducted by the
authors,” revealed that a considerable improvement in the re-
fractoriness was achieved by the addition of volcanic temper and
sand, and at the same time increased porosity ensured thermal
insulation of the furnaces. It also became apparent that model-
ing of heat transfer in ceramics was necessary in order to inter-
pret analytical results. The present article focuses on two aspects
of the modeling. First, thermal properties of archaeological cer-
amics will be assessed in relation to their microstructure (shape
of inclusions and porosity). Secondly, an example of macro-
scopic modeling will be presented, demonstrating examination
of ceramic function and metallurgical process. Using recon-
structed size and shape of the smelting furnaces, parameters like
temperature and length of the smelting process and environment
of the furnaces were investigated. The results were compared
with temperature profiles in furnace fragments, which were es-
timated by observations of the microstructure under the scan-
ning electron microscope (SEM).

II.

The technological aspects modeled in this paper are based on
evidence coming from the detailed study of metallurgical cer-
amics from Cyprus, previously conducted by the authors,® as
well as on work published in the bibliography.*!°

Archaeological Evidence

(1) Metallurgical Ceramics from Politiko-Phorades
(Cyprus)
Politiko-Phorades is the earliest primary copper smelting site
discovered in Cyprus up to now, dated approximately 1600 BC,
which is the beginning of the Late Bronze Age. It is located in the
northeast foothills of the Troodos Mountains, probably as one
of a chain of similar sites close to the mines where the copper
sulfide ores were exploited. Politiko-Phorades represents the start
of a period of large-scale copper production in Cyprus, acting as
a supplier of Eastern Aegean and other regions of the Mediter-
ranean.'"!'2 Apart from slag remains, a large number of ceramic
fragments was discovered, which provided basic information
about the construction of furnaces and tuyeres and their use.
Out of the ceramic assemblage, 15 tuyere fragments and 25
furnace fragments were selected for more detailed examination.®
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According to analytical results, the raw materials used for fab-
rication of the metallurgical ceramics were local non-calcareous
clays, similar to the illitic clays used in contemporary pottery
production, albeit comparatively coarse. Their microstructure
was dominated by inclusions of volcanic rock fragments, ap-
parently related to the local geological environment. Porosity
was intentionally generated in the ceramic body, as indicated by
the clear traces of burned out organic fibres. Other frequent and
elongated voids were apparently related to processing of the
coarse clay paste without extensive mixing or compressing.*
Open porosity was found to be around 25% for a typical tuyére
and up to almost 40% for some furnace wall fragments. In all
samples, a preferred orientation of pores and voids parallel to
the surface was noticed, apparently generated during construc-
tion. Finally, furnaces and tuyeres presented no significant dif-
ference in terms of raw materials and fabrication technique,
although the furnace fragments generally appeared to present
higher proportions of coarse inclusions. The furnaces had cy-
lindrical shape with an outer diameter of 420440 mm and
they were made entirely of clay. They presented a thick base
of 40-50 mm and walls of 3040 mm with well-defined rims.
Occasional finger impressions on the outside of the furnace walls
indicated freestanding construction of the furnaces. Therefore,
in the modeling that follows the possibility had to be considered
that at least a part of the furnace outside was exposed to air
during use.

(2) Further Case Studies

Former studies on ancient metallurgical furnaces concerned pri-
marily furnace linings, but also crucibles and moulds were exam-
ined.* '° The studies revealed a variety of methods in order to
improve the thermal performance of the material. In most cases
this was achieved by non-plastic inclusions, either intentionally
added as temper to the clay paste or a natural ingredient. Quartz
was determined in most cases, but also slag remains,'® grog or
carbonaceous materials, such as charcoal or graphite. Carbon-
aceous materials additionally were assumed to inhibit the oxi-
dation of the molten metal.” The widespread and systematic use
of kaolinitic cla;ls, i.e., fireclays, became common only since the
Roman period.” In many cases tempering with organic materials
was observed, though the related high porosity was not gener-
ally assumed as an advantage, especially in view of the vessel
strength. The addition of organic temper, particularly fibrous
materials, was usually assessed as advantageous for strengthen-
ing the unfired ceramic body and as a carbon source.’

In some studies of furnace linings, the heat transfer during use
also was considered and the operation time was estimated by ob-
servation of the degree of vitrification in the ceramics in different
distances from the furnace inside.>%1°

III. Heat Transfer in Ceramics

For estimations about the temperature developments in particu-
lar parts of the furnaces and about their operation conditions,
the heat transfer during the smelting process has to be examined.
Therefore, primarily two heat transfer processes have to be con-
sidered, heat conduction and heat convection. In the present
model, heat transfer by radiation will be neglected because it is
expected to be small at the assumed temperatures.'?

Heat conduction depends on the thermal conductivity &k of
the specific material which describes the heat flux dQ/df normal
to an area A under a particular temperature gradient V7.'*
Typical values for thermal conductivity of ceramics are in the
range of 0.5-1.5 W - (m - K)~', normally with decreasing values
for higher temperatures. For a single crystal, however, possible
anisotropy of the thermal conductivity has to be considered.'*
Particularly phyllosilicate minerals, due to their platy crystal
structure, present a lower thermal conductivity perpendicular to
their main orientation. As long as crystals are randomly oriented
in the material the effective thermal conductivity arises from the
mean thermal conductivity. But in the case of a preferred orien-
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tation of the phyllosilicate minerals, anisotropy of the thermal
conductivity also could emerge macroscopically.

In the case that the temperature in the material is not con-
stant, the temperature development depends on the thermal dif-
fusivity o, which is the ratio of the thermal conductivity k& and
the heat capacity per unit volume p - ¢,, where p is the density of
the material and ¢, is the heat capacity. For ceramics a is typ-
ically in the range of 0.5-1.0 mm?®/s. The temperature change is
described with a partial differential equation, the heat conduc-
tion equation:'*

or

a:oc.vzr 1)

The second heat transfer process to be considered is heat
convection, being heat transfer between a solid surface and a
moving fluid with different temperature, in the present case the
air outside the ceramics. The film coefficient of the fluid de-
scribes the heat flux through an area A of the solid’s surface
subject to the temperature difference between surface tempera-
ture 7y and the bulk temperature of the fluid 7,. In earlier
studies of archaeological furnace linings, estimations of heat
transfer were focussed on heat conduction only, using an ana-
lytical solution of the heat conduction eqluation (Eq. (1)) and
assuming infinitely thick ceramic layers.>'° But in the case of a
furnace wall with finite thickness, the outer surface of which is
exposed to air, heat convection at the ceramic/air interface has
to be considered. The film coefficient for air is in the range of
10-100 W - (m? - K) ™" depending on humidity and the velocity of
the air draft, i.e., the wind force at the ceramic surfaces.

Developing a model of an entire smelting furnace, different
cases of heat transfer from furnace into environment will have to
be distinguished. In all cases it will be assumed that the inner
surface of the ceramics was in direct contact with the smelting
load, which acted as heat source. At a first stage, the parameters
which affect the heat transfer, such as microstructure and por-
osity, are modeled in order to understand their impact on the
manufacturing technology and then the procedure for modeling
of the operation of the entire furnace is described.

IV. Model

(1) Microstructure: Multiphase Composite

Archaeological ceramics were complex composites, consisting of
the actual ceramic matrix, commonly a mixture of different clay
minerals and respective high temperature phases, of pores and
voids with various shapes and dimensions and of miscellaneous
non-plastic inclusions, such as quartz, feldspars, carbonates, mi-
cas, or rock fragments. Therefore, regarding thermal properties,
the microstructure of archaeological ceramics can be described
as a multiphase composite. As the main component, the actual
ceramic matrix forms a more-or-less continuous phase. Pores
and voids, with clearly lower heat capacity and conductivity, act
as heat barriers and form the second phase. Finally, the non-
plastic inclusions form further phase, of considerable volume
fraction. These inclusions commonly present higher densities
than the ceramic matrix and different thermal properties.

The effective heat capacity cor of the composite can be
expressed as:

Ceff = Z Vi Cj (2)

with ¢; the heat capacities of the particular phases and v; their
particular volume fractions. In the same way the effective den-
sity pegr can be determined.

The effective heat conductivity kg is more complex because it
depends on the geometrical arrangement of the phases.'* The
simplest geometry is to consider parallel layers of the different
materials. Although this arrangement is commonly not ob-
served, it is of interest because it provides upper and lower lim-
its for a particular multiphase composition. The upper limit of
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conductivity corresponds to heat flow parallel to the layers’
orientation and can be calculated in the same way as c.gr and pegr.
The lower limit for k. corresponds to a heat flow perpendicular
to the layers’ orientation and it is given by:

Vi

&

1
o (€)

There are more appropriate models, such as the Maxwell
model describing isolated pores with thermal conductivity of
kpors d}islpersed in a solid phase with thermal conductivity of

1315
solid-

ke  24x4+2-T-(x—1)
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where IT is the porosity and « = kpo,/ksoiia. This model, however,
is rather suitable for dense ceramics with I1<20%. As for the
whole range of porosity in a continuous solid phase a more
general interpolation formula can be used:'?

keff
kesolid

:(1_1—[)3/2_‘_1—[1/4.@ (5)
ksolid
where kqqiq 18 the effective thermal conductivity of the solid part
of the composite.

According to these considerations, in the extreme case of 40%
porosity, the conductivity of the solid phase would be reduced to
approximately 50%. This would concern, however, arbitrarily
dispersed and shaped pores. But the observed ceramic micro-
structure with elongated pores oriented perpendicular to the
heat flow would be expected to have a stronger reducing effect
on the heat transfer.

(2) Two-Dimensional Models

In reality, the calculation of k is not straightforward, especially
when preferred orientation of the phases exists.'® Therefore, nu-
merical solution using finite element method (FEM) was chosen
in order to assess the effect of certain microstructure arrange-
ment. To generate realistic two-dimensional models of multi-
phase microstructures, element maps of polished surfaces
obtained by SEM were evaluated with image processing. In
Fig. 1 an example SEM micrograph is presented with the cor-
responding three-phase model, considering ceramic matrix,
pores, and quartz inclusions. In this example the pixel size and
hence limit for the size of quartz inclusions or voids was ap-
proximately 2.6 um.

In order to examine the thermal conductivity of a particular
region in the sample by FEM, an area representing this region

300 um

Fig. 1.

assumed heat flux

—
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was created and meshed with PLANE77 elements. Each element
corresponded to a pixel of the region and according to the mul-
tiphase model the respective material properties were attributed
to each of the elements. For the thermal conductivity, the fol-
lowing values were assumed: keeramics= 1.0 W-(m-K)~!,
kair = 0.024 W (m-K) " and kquar, = 1.8 W-(m-K) ", A tem-
perature gradient was simulated by applying different tempera-
tures on two opposite sides of the model area (i.e., the internal
and external surfaces of the ceramic body). The FEM solution
of the described system provided the temperature distribution in
the area and the heat flux in every element. Finally, the effective
thermal conductivity could be estimated by evaluating the av-
erage heat flux. In Fig. 2(a) an example 150 x 150-pixel area is
presented, which corresponds to a section from the model in
Fig. 1. A temperature difference of 100 K was applied between
the top side and the bottom side of the model area, assumedly
parallel to the actual heat flux during furnace operation. Figure
2(b) presents the resulting heat flux in direction of the applied
heat gradient. In this case the average heat flux was lower
than in a similar area built entirely of elements with the as-
sumed material properties of the clay matrix. This observation
indicates the strongly reducing effect of the voids on the thermal
conductivity.

A series of six SEM micrographs of one tuyére and two fur-
nace sections, with porosities between 5% and 50%, was then
evaluated in order to examine particularly the effect of porosity.
From the above-described example it became clear that the ef-
fect of the quartz inclusions on the thermal conductivity was
small compared with the one of porosity. Therefore, quartz was
not considered as an independent phase and the problem was
reduced to a two-phase model, representing the solid part, i.e.,
clay matrix with inclusions, and voids. Regarding Fig. 2,
150 x 150-pixel model areas were selected and evaluated simu-
lating a temperature gradient in the assumed direction of the
actual heat flux and for comparison in a 90° rotated direction.
The relative effective thermal conductivity of the ceramic/void
compound was compared with theoretical values according to
Eq. (5). The results indicated clearly an additional reduction of
the thermal conductivity compared with the case of spherical
and arbitrarily distributed pores, from approximately 10% for
the smallest porosity values up to almost 70% for the highest
determined porosity (Fig. 3). Furthermore, except for a few
model areas, which included one large unusually oriented pore,
the reduction was particularly extreme in direction of the as-
sumed heat flux. Also the influence of the pore orientation ap-
peared to be larger for higher porosities, from 5% up to a factor
2. Hence the observed microstructure, which was assumedly in-
tentionally created by the ancient craftspeople by the specific
forming process and the addition of organic temper, enhanced
the heat insulation of the metallurgical ceramics (furnaces and

300 um

(a) Scanning electron microscope (SEM) picture of a polished surface sample from a tuyére from Politiko-Phorades: the heat supposedly was

flowing from the top to the bottom. (b) Three-phase model of the sample according to an Si element map of the section presented in the SEM picture:
gray, ceramic matrix; black, void; white, quartz inclusion. The pixel size corresponds to c. 2.6 pm.



March 2007

Modeling of Thermal Behavior of Ancient Metallurgical Ceramics 881

300 pum

! 300 pum L

Fig.2. (a) Subsection of the three-phase model presented in Fig. 1(b): the subsection corresponds to a 150 x 150 element area, with each element
attributed with the particular material properties. For the finite element method (FEM) evaluation a temperature gradient is simulated from top to
bottom. (b) Heat flux in each element as calculated by FEM: regions of low heat flux (dark) correspond to the areas of the pores whereas the regions of
high heat flux (light) correspond to quartz grains and narrow spaces between the pores.

tuyeres). It has already been shown that Bronze Age techno-
logical parameters, such as orientation of inclusions, were con-
trolled during pottery formation.!”

In order to evaluate the role of shape and orientation of the
pores, ellipses were fitted to the voids. Image processing pro-
vides information about ratio of minor to major axes and orien-
tation of ellipses, which are representing the voids as
approximation.'® In this way a series of sections of tuyére and
furnace fragments was examined using the public domain image
processing software ImageJ for particle size analysis of the cor-
responding Si element maps. Figure 4 presents an ellipse fit in a
tuyére section, representing the same area as the one of Fig. 1.
Sizes, shapes, and orientations of the ellipses in this area and
three other areas in the same section are presented in Fig. 5. It
can be seen that there is a concentration of points toward the left
part of the plot. Figure 6 indicates an orientation of the voids
with angles of 0°-30° of the minor axes to the assumed heat flux.
Furthermore, the majority of the fitted ellipses showed ratios of
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Fig.3. Relative effective thermal conductivity in model areas with dif-
ferent porosity: presented are simulated thermal conductivities in direc-
tion of the assumed heat flux and for comparison in a 90° rotated
direction. The curve presents the theoretical conductivity correlated with
porosity according to Eq. (5).

minor to major axes below 0.5. The main outcome is that there
is preference for elongated voids which are placed almost per-
pendicular to the actual heat flux. The observed trend appeared
to be clearer in the case of larger voids.

(3) Three-Dimensional Models

It has to be considered that two-dimensional models of the ma-
terial’s microstructure describe the heat transfer only insuffi-
ciently, because one degree of freedom is neglected. It has been
shown, however, that a two-dimensional model provides a lower
limit for the thermal conductivity and for this reason it is useful
in the modeling practice."®

The development of realistic three-dimensional models based
on the above-presented examination of two-dimensional sec-
tions is not straightforward. Considering three dimensions the
effect of pore shape and orientation can be examined by assum-
ing spheroid shaped voids. In this case Eq. (5) can be generalized
by introducing an additional shape factor and preferred orien-
tation.'® Alternatively, unit cells models can be examined, with a
single spheroid shaped pore of particular shape and orientation.

A possible approximation of a three-dimensional void struc-
ture can be modeled with randomly distributed spheroid shaped
voids.?® Typical shapes and orientations of the spheroids are
provided by the above described ellipse fit. However, by using

— Shape and orientation
o= Z Q of a fitted ellipse
2 &

assumed heat flux

Fig.4. Ellipse fit of the voids in the micrograph presented in Fig. 1
according to the Si element map of the section: the minimum size of
the fitted ellipses was 20 pixels corresponding to 135 pm?>. The porosity
according to the ellipse fit was 11.2%.
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Fig.5. Ratio of minor axis to major axis of fitted ellipses against the
angle of the major axis to the assumed heat flux: the ellipses correspond
to the voids of different areas in the sample presented in Fig. 4. The size
of the symbols corresponds to the relative size of the ellipses, the whole
range of which is presented in Fig. 4.

only spheroid shaped voids, the actual void structure might be
described incompletely. In the case study presented, for example,
some of the voids had an irregular shape, originating from
burned organic fibers. Therefore, a complete three-dimensional
model, considering different types of void shapes, is planned to
be developed in a future study.

(4) Additional Effects

Apart from the interference by the spatial distribution of pores
and inclusions, there are other processes which influence the ef-
fective heat conduction in the metallurgical ceramics.'**! For
example, in the case of extended pores or cracks, heat convec-
tion within the pores can play a role in heat transfer. Further-
more, thermal radiation emerges, which, however, reaches
considerable intensities only at temperatures above 1200°C.
Whereas the ceramic matrix itself is relatively transparent for
the respective wavelengths (at 1200°C) thermal radiation affects
the heat transfer in large pores.'?

Finally, when ceramics are heated, voids may be reduced in
size due to sintering and cracks may close by relaxation of ther-
mal mismatch stresses. Therefore in these cases the thermal con-
ductivity increases with increasing temperature. Additionally, in
the case of unfired or low-fired ceramics, the microstructure
changes completely when temperatures are reached at which the
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Fig.6. According to Fig. 5, the sum of the void areas in pixels are
presented against certain ranges of the angle of the major axis to the
assumed heat flux.
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clay minerals start to decompose and the matrix vitrifies. Apart
from general change in microstructure the heat transfer is also
affected by the energy consumed by phase transformation.

(5) Two-Dimensional Model of a Smelting Furnace

Based on archaeological evidence from ceramics excavated in
Politiko-Phorades and the considerations from the basic calcu-
lations of the previous section, a furnace model was designed to
answer questions about its function and smelting process. Fur-
nace size and shape, reconstructed from excavated fragments,
were used to compile a two-dimensional model for evaluation
with finite element analysis (Fig. 7). The thermal properties,
which were applied to the ceramic body, were based on the con-
siderations about the microstructure and porosity, described in
detail in the previous paragraphs. Therefore, for the ceramics a
thermal conductivity of 0.4-0.6 W - (m - K)~! was assumed with
values increasing with the temperature. This would correspond
to ceramics with porosity of approximately 35%—40% and a
thermal conductivity of 1.0 W-(m-K) ™! of the actual ceramic
matrix. The density of the ceramics was assumed with 1500 kg/
m® and its specific heat capacity with 900 J-(kg-K)~'. The
temperature 7;,(x, y, 1) applied as load on the inner furnace sur-
face was correlated with the assumed necessary temperature of
the smelting process. Based on temperature estimations in pol-
ished sections in different distances from the surface, the peak
temperature at the exposed inner surface was estimated approxi-
mately between 1150° and 1200°C? (Fig. 8). Therefore in the
particular areas the degree of vitrification was determined by
SEM and compared with samples, which were refired at con-
trolled temperatures under oxidizing and reducing conditions.
Presuming a sufficiently homogeneous matrix the temperature
gradient was assumed as linear. The heating period until reach-

after
3 hours

1100 °C

furnace wall

temperature
distribution..

=

= 1200°9C~
furnace base

Fig.7. Two-dimensional finite element method model of a copper
smelting furnace: the model corresponds to a cut through a cylindrical
furnace from the center to the wall. The furnace was assumed to be
buried up to a certain height into the soil. Parts of the furnace wall and
the surface of the soil were assumed to be exposed to the air simulating
heat convection. Furnace and soil were meshed with PLANE77 elem-
ents. A heat source of 1200°C was simulated for the lowest part of the
furnace inside and a temperature of 1100°C for the inner surface of the
furnace wall. In the upper right part the temperature distribution after 3
h is presented. The temperatures in different distances from the heat
source are indicated by color variation using a step width of 100°C.
Certain temperatures are additionally specified following the section
through the furnace center.
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Fig.8. Temperature gradient in a furnace base fragment from Politiko-
Phorades based on scanning electron microscope observations: assuming
stable conditions and a sufficiently homogeneous ceramic matrix, a lin-
ear slope was fitted to the temperature estimations.

ing the peak temperature remained unknown but it was assumed
as short compared with the operation time. Another unknown
set of constraints concerned the environment of the furnace. The
furnace base was in contact with soil, the thermal properties of
which could be only roughly estimated. Furthermore, there was
the possibility that the furnace was buried up to a certain level
into the soil or standing against a stone wall. In all these cases
the heat transfer from furnace wall to soil or stone had to be
considered. Alternatively, a freestanding furnace wall could be
assumed or a furnace wall, which was exposed at least in part to
air—most possible, in view of the final tapping of the furnace to
extract the metal. As for the outer surface of the furnace, for the
part that it was exposed to air, heat convection had to be con-
sidered, which depended on the air temperature and, more im-
portant, on the wind S}zt)eed. For the present simulation a film
coefficient of 30 W - (m?- K) ™! with an ambient temperature of
25°C was assumed, corresponding to a moderate wind speed. As
for the soil the thermal conductivity was assumed with 1.0
W (m-K)~!, its density with 2500 kg/m?>, and its specific heat
capacity with 900 J - (kg- K)~'. The parameters were evaluated
with transient FEM analysis of the model. In this way the tem-
perature development in particular areas of the furnace could be
examined (Figs. 9 and 10). Furthermore, the comparison of the
simulated temperature development with the temperature esti-
mations based on SEM observations (Fig. 8) was expected to
provide information about the operation time of the furnace.
The simulation showed that the temperature gradient in a
freestanding furnace wall with a thickness of 30 mm would come
to equilibrium after approximately 30 min (Fig. 9). The tempera-
ture at the outer surface depended on the thermal conductivity of
the ceramics and on the film coefficient of the air, which was re-
lated to the assumed wind force.?* This result corresponded to the
SEM observations of furnace wall fragments, which showed only
a small layer of vitrified ceramics at the inner surface and a steep
temperature gradient to the outer surface.® On the other hand, the
simulation indicated that ceramic walls, which were in contact
with air during a metallurgical process, are scarcely applicable to
estimate the operation time, because, as it was shown, the time
period in which the temperatures in the walls reached stable con-
ditions, was comparably short. Therefore the observed degree of
vitrification could lead to underestimation of the operation time.
In contrast to the furnace walls, the furnace base fragments
presented thicker layers of vitrified ceramics and smaller tem-
perature gradients. This corresponded to the FEM simulation
concerning the furnace parts, which were in contact with the
soil. Here, the heat was conducted from the furnace into the soil
over the entire operation period with a continuing temperature
increase in the ceramics (Fig. 10). Even though the temperature

operation time in ks

Fig.9. Simulated temperature development in the furnace wall in dif-
ferent distances from the inner surface. The examined part of the wall
was assumed to be exposed to air at the outside surface. An operation
time of 5 h was simulated. The temperatures in this simulation, however,
reach equilibrium after approximately 30 min.

increase was slowing down, a clear correlation between tem-
peratures in certain distances from the inner surface and oper-
ation time could be confirmed in the simulation. This correlation
could be used to estimate the operation time of a typical furnace
with approximately 4 h under the assumed conditions. In order
to assess the possible error for this estimation, further simula-
tions were conducted assuming temperature independent ther-
mal conductivities of 0.8, 0.6, and 0.4 W-(m-K)'. The
respective estimated operation time was between 3 and 6 h.
Apart from the thermal conductivity of the furnace, the thermal
conductivity of the soil also affected the temperature develop-
ment in the furnace base. Therefore, for more accurate simula-
tion of temperature development in the furnace, the
environment and possible furnace location has to be examined.
Furthermore, laboratory measurements of thermal properties of
the ceramics will complement the theoretical considerations
based on the observed microstructure. Finally, apart from the
simulation of the temperature development, the furnace model
also allows for an assessment of the thermal stress in the ceramic
body, considering thermal expansion and fracture strength of
the ceramics.

temperature in °C

0+ LI T T T T

0 3.6 7.2 10.8 14.4 18.0
operation time in ks

Fig.10. Simulated temperature development in the furnace base in dif-
ferent distances from the inner surface. An operation time of 5 h was
simulated. The dotted lines correspond to the assumed peak tempera-
tures for the particular distances in the presented case study, based on
the estimations presented in Fig. 8. In this simulation the respective
temperatures are reached after approximately 4 h.
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V. Conclusions

The multiphase model of the ceramic matrix presented here
provided an assessment of the thermal properties of ancient
metallurgical ceramics on the basis of their microstructure, con-
sidering the distribution of pores and non-plastic inclusions in
their ceramic matrix. In this way particular methods of ceramic
construction, which were used in antiquity to create materials
with sufficient thermal properties, can be investigated with the
FEM. In the specific case of fragments of Bronze Age copper
smelting furnaces from Cyprus, the study demonstrated the
beneficial effect of porosity and particularly the orientation of
the pores on the reduction of thermal conductivity. Non-plastic
inclusions influenced the heat transfer rather indirectly by gen-
erating additional porosity and fulfilled otherwise a function in
strengthening the ceramic matrix.

In the second part of the presented study a model of an entire
furnace was presented and an attempt to reconstruct the tem-
perature development in an ancient furnace during its operation.
Temperatures in actual furnace fragments were estimated by the
observation of the degree of vitrification with SEM. In this way
parameters, such as process temperature and operation time,
could be examined. It was found that in the areas of the furnace
which were exposed to air, equilibrium could be reached ap-
proximately in 30 min and for this reason operation time cannot
be extracted from the study of these ceramic parts. On the other
hand, modeling of the ceramic parts which were in contact with
the soil, an operation time of 3 h could be estimated. Apart from
providing realistic estimations of these parameters, the simula-
tion indicated the dependence on further parameters such as the
heat convection in the surrounding air or the position of the
furnace.

Studies like the present help to understand how ancient
craftspeople constructed technical ceramics that could be used
in high temperature processes. Furthermore, the ceramic re-
mains provide valuable indications for details of the actual met-
allurgical process.
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