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Abstract High-temperature fixed points (HTFP) have the potential to make a
step-change improvement in high-temperature metrology, significantly reducing the
uncertainty of scale realization of the current ITS-90 and improving dissemination
of high-temperature scales to industry. However, in a practical implementation, the
performance of HTFP could be limited, by, for example, injudicious use of insulation
in the vicinity of the fixed point, furnace gradients, or incomplete filling. This article
investigates some of these aspects for a selection of HTFP. Steady-state modeling
of the influence of insulation on the radiance temperature was performed for Co–C
(1,324◦C), Pd–C (1,492◦C), Pt–C (1,738◦C), Ru–C (1,953◦C), and Re–C (2,474◦C)
fixed points. This included studying mitigation scenarios through the insertion of
different types and designs of insulation. The optimum design was identified to min-
imize the temperature drop in a particular furnace. It was found that, for the furnace
and fixed-point combination modeled, the actual effect of the insulation was almost
insignificant. Transient modeling was performed for a Re–C fixed point, to track the
evolution of the radiance temperature through the melting transition. The starting point
of the model was the beginning of the melt. The evolution of radiance temperature
with time in “perfectly” filled cells was modeled with a range of linear temperature
gradients across the eutectic cell. The gradient had a significant effect on the duration
of the transition and on the structure of the melt itself. Despite the model’s simplicity,
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it qualitatively demonstrated that the melt transition temperature, as identified by the
point of inflection, could be significantly affected by the presence of furnace gradients.

Keywords Eutectics · High-temperature fixed points · Thermal modeling

1 Introduction

High-temperature fixed points (HTFP) based on the eutectic reaction of a pure metal
(or a metal–carbide) and carbon have been the subject of intense study since they were
first proposed [1,2]. An up-to-date survey of the current state of research is given in
[3]. Within 10 years, it is envisaged that these fixed points will become established as
primary references at high temperatures, be used to establish traceability to industry,
and potentially form the basis of a future international temperature scale [4,5]. How-
ever, before full benefit can be taken from these new fixed points, several technical
questions remain to be answered [5]. One of these is the effect of the furnace environ-
ment and, in particular, the influence, if any, that furnace temperature gradients have
upon the measured temperature of the fixed point. The only realistic way to assess
the effect of furnace environment is through thermal modeling. The work described
in this article details thermal modeling that:

(a) calculates the temperature drop across the back wall for NPL-designed HTFP
cells;

(b) investigates the effect of inserting insulation (e.g., graphite felt) in front of the radi-
ating cavity (while leaving the radiating aperture unobstructed) on the temperature
drop; and

(c) investigates the effect of furnace gradients on the melt.

The implications of these investigations are discussed in the context of practical
implementation of HTFP. The results reported here were for non-contact thermometry
fixed-point blackbody cells.

2 Construction of the Model

The model was constructed around the design of the HTFP and furnace of NPL [6].
Various assumptions were made to simplify the modeling process.

These assumptions were:

(a) The problem is axisymmetric.
(b) The heat transport by argon gas inside the furnace/fixed-point assembly was

neglected. This is reasonable as radiation is by far the dominant heat transport
mechanism at the temperatures of interest.

(c) For steady-state models, the region of the blackbody in contact with the eutectic
is at the fixed-point temperature. This is certainly valid at the end of the melting
process.

(d) For a given steady-state model, the thermal properties, in particular the ther-
mal conductivity, of the graphite are constant. This is reasonable, given the very
restricted range of temperatures over which each model was run.
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Fig. 1 Drawing of the blackbody model geometry (a) with no furnace and (b) with a furnace, indicating
the types of boundary condition applied in different regions

The assumptions above mean that the steady-state models can be created that are
effectively two-dimensional slices through the blackbody and furnace. Material prop-
erties were taken from [7]. The model is constructed as illustrated in Fig. 1. Two models
are shown: one with a furnace and one without. Dotted lines are held at a fixed-point
temperature. Solid lines are in radiative exchange with one another (some solid lines,
e.g., the furnace and the outside world, are also at a fixed temperature). Dashed lines
are assumed to be perfectly insulated. The outside world is held at 293 K throughout.

Models of two different furnaces were constructed; one was of a 100-mm long
furnace held at the fixed-point temperature, the other was of a furnace 130 mm beyond
the front of the blackbody with temperature gradients similar to those measured for
the NPL furnace. Models were constructed with and without insulation, with baffles
of different types, and the effect on the resultant temperature drop investigated.

Once the general description of the model had been developed, the finite element
package Abaqus [8] was used to create a working version. This package was chosen,
as it can handle radiation calculations within closed cavities and was able to solve the
more general transient case. During initial trials, the model was run with increasingly
finer finite-element meshes in order to ensure that the results were not affected by
the mesh size. Once a suitable mesh was identified, it was used for all subsequent
models.

3 Results of Modeling

The modeling took place in three stages. First, a steady-state model was constructed
to calculate the temperature drop across the blackbody cavity back wall; second, the
model was extended to include the heated furnace tube and investigations of gradients
and the effect of baffles and insulation were undertaken; and, third, the model was
further extended to include transient effects during the melting process. This was used
to investigate the effects of imposed temperature gradients across the length of the
cavity. The results of this modeling will be described in turn.
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Table 1 Thermal properties of
graphite and graphite felt used in
modeling the high-temperature
fixed points

Eutectic Graphite felt thermal Graphite thermal

conductivity conductivity(
W · m−1 · K−1

) (
W · m−1 · K−1

)

Co–C 0.46 53.6

Pd–C 0.54 49.9

Pt–C 0.76 45.6

Ru–C 0.92 42.5

Re–C 1.32 36.6

Table 2 Comparison of modeled temperature drop between the results of equivalent models produced by
Abaqus and previous work

Previous work [9,10] (mK) Abaqus model (this work, [13]) (mK)

Eutectic 1.25 λgraph λgraph 0.75 λgraph 1.25 λgraph λgraph 0.75 λgraph

Co–C 10.5 13.0 17.0 10.5 13.2 17.5

Pd–C 16.5 21.0 27.0 16.8 21.0 27.8

Pt–C 29.0 38.0 50.0 30.9 38.5 51.2

Ru–C 49.0 60.0 80.0 49.5 61.8 82.1

Ir–C 96.0 113.0 150.0 95.8 119.2 158.1

Re–C 130.0 156.0 204.0 132.0 164.4 217.8

3.1 Calculation of the Temperature Drop Across the Back Wall

These calculations were undertaken to validate the model by comparison to previous
results (using a different software package) given in [9,10]. A model was constructed,
as closely identical as possible, to that reported in [9,10].

Three different conditions were then run:

1. a simple model with no furnace and the standard material property values for
graphite (given in Table 1) at the fixed-point temperature (the dimensions of the
cavity are given in [9,10]);

2. two models in which the thermal conductivity of graphite [λgraph] was changed to
75% and to 125% of its usual value; and

3. a model including a 100-mm long furnace extension from the front of the fixed-
point cavity, radius of 8 mm, uniformly held at the fixed-point temperature.

The results of these models are given in Table 2 (Models 1 and 2) and Table 3
(Model 3).

A comparison of the two models in Table 2 indicates good agreement with the pre-
viously published work; even the largest difference is less than 10%. Small differences
can be attributed to differences in mesh details or in differences in the way the software
packages solve the radiation transport problem. The agreement is sufficiently close
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Table 3 Results of temperature drop values from models with a furnace, comparing previous results to
Abaqus results using different furnace radii

Eutectic Previous model Abaqus 8 mm Abaqus 10 mm

8 mm radius [9] (mK) radius (mK) radius (mK)

Co–C 10.5 9.3 11.4

Pd–C 16.8 14.8 18.1

Pt–C 30.5 27 33.1

Ru–C 49 43.3 53

Ir–C 94 82.8 101.5

Re–C 129 113.6 139.1

to consider that the model is validated, at least in the sense that it could adequately
reproduce the results of the previous model.

The results of the third model are given in Table 3. Normal values for the thermal
properties of graphite are used, i.e., the same as that used for λgraph in Table 2. Two
things are to be observed. First, by comparing this model to that in the previous table,
the temperature drop is seen to be less than that of a freely radiating fixed point.
This is to be expected as a proportion of the radiation lost from the back wall that is
replenished from reflected radiation from the furnace walls. Second, the agreement
between the previous model and the Abaqus models is not quite as good as the results
presented in Table 2. It is thought that this is due to detailed differences in the way that
the boundary conditions were imposed in the models; it can be seen, for instance, that
the result is quite sensitive to small increases in radius.

3.2 Investigation of Effects of Insulation and Furnace Gradients on the Temperature
Drop

With the model validated, heat flow within the cavity was investigated, and in particular
how the introduction of baffles and insulation in the furnace in front of the radiating
aperture affected the heat flow and resultant temperature drop. Figure 2 shows the
steady-state model of the back-wall region of a Re–C fixed point in the absence of a
furnace. The aperture of this cavity is 3 mm. As expected, the heat loss is predominantly
from the back wall to the outside world—however, some heat loss is compensated by
thermal radiation from the side wall (note arrows indicating direction of heat flux on
the horizontal wall pointing right to left, i.e., toward the cavity back wall).

Several models of different fixed points were then constructed with different
boundary conditions, namely, (a) a freely radiating fixed point (no furnace, no
insulation), (b) a fixed point in a uniform furnace (i.e., no temperature gradient along its
length) with no insulation, (c) a fixed point in a non-uniform furnace with no insulation,
and (d) a fixed point in a non-uniform furnace with insulation. The non-uniformity of
the furnace used to model the Re–C point of Fig. 3 was based on measured gradients,
and similarly for the lower-temperature fixed points. The insulation, placed directly
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Fig. 2 Typical heat-flux vectors around the measurement region. The calculation is for Re–C, but would
be the same for other high-temperature fixed points

1500

1700

1900

2100

2300

2500

2700

0

Distance from upper surface of crucible, mm

T
em

p
er

at
u

re
, °

C

20 40 60 80 100 120 140

Fig. 3 Imposed furnace temperature gradient on model

Table 4 Temperature drops calculated from results of models with different furnace scenarios (all temper-
atures are given in mK)

Fixed-point metal Co Pd Pt Ru Re

No furnace, no insulation 13.2 21 38.5 61.8 164

Uniform furnace, no insulation 11.4 18.3 33.4 53.5 141

Non-uniform furnace, no insulation 12 19.4 36 57.2 152

Non-uniform furnace, with insulation 10.7 17.4 32.3 51.1 136

in front of the aperture, was a 20 mm thick section of graphite felt, held in place by a
5-mm graphite block. A 3-mm aperture was made in the felt/graphite block combina-
tion to allow unrestricted viewing of the outside world by the fixed point. The thermal
properties assumed for the graphite felt and graphite are given in Table 1. The results
of the modeling are given in Table 4. The modeling indicates that, for small-aperture
fixed points, the influence of thermal gradients, and even the presence of the furnace
itself, have only a modest influence on the resultant predicted temperature drops. Also,
the difference between a uniform and a non-uniform furnace and the role of insulation
is limited, the effect being less than 100 mK at the highest temperatures. Of course, this
effect would be significantly increased if larger-aperture fixed points were modeled.
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3.3 Gradient Effects on the Resultant Temperature

To understand the effects of furnace temperature gradients on the temperature of the
point of inflection of the fixed point, in this case a Re–C fixed point, a transient model
was constructed. The results of this model will aid understanding of the contribution
of temperature gradients to the overall uncertainty of the radiance temperature of these
fixed points. The thermal conductivities of the solid and liquid phases of the Re–C
alloy were assumed to be the same. To test the effects of this assumption, one model
was run with the liquid thermal conductivity set at 90% that of the solid; this only
affected the duration of the plateau. No mixing or convection effects were included in
the model of the melting ingot. The latent heat of fusion was taken to be 177.7 J ·g−1,
and it was assumed that melting took place over the range from 2,747.15 to 2,748.15 K.
One limitation of the model was that the effects of microstructure within the fixed point
prior to melting were neglected. This is a significant limitation, and a point that will
be returned to later in the discussion part of the article.

A two-dimensional axisymmetric finite-element model was constructed, using the
same overall dimensions for the furnace and crucible as above. Simulations were then
performed with the following imposed conditions:

(1) a transient model with crucible and a uniform furnace with insulation;
(2) a transient model with crucible and a uniform furnace;
(3) a transient model with the outer surface of the crucible at a uniform temperature;

and
(4) a series of transient models where the crucible is stepped to +20 K above the

nominal melting point of 2,747 K with the following gradients imposed on the
crucible outer wall, pivoted at the crucible center,: −2 to +2 K, −5 to +5 K, −10
to +10 K, −15 to +15 K, +15 to −15 K, +10 to −10 K, +5 to −5 K, and +2 to −2 K.

The first two models were to quantify the effect of the insulation and furnace, and then
just the furnace alone. The third model provided a baseline against which the models
run in (4) were compared. The temperatures reported, as before, are the areal average
over the region at the bottom of the blackbody cavity. The first three models yielded
essentially the same result, indicating that, for the purpose of this model, the crucible
alone could be modeled.

The results of (4) are shown in Fig. 4. As can be clearly seen, the point of inflection
of the plateau does not change—this is to be expected for a single-component system
whose plateau a priori is flat. However, the post-melt curve has structure and, critically,
the break-off point of the melt moves significantly, i.e., its duration changes by up to
35%, dependent upon which gradient is imposed. If this thermal effect was imposed
on a real binary (i.e., eutectic) system, then the fixed-point temperature, as determined
by the point of inflection, would definitely change.

4 Discussion

Thermal modeling has been used to estimate the temperature drop across the back
wall of the NPL fixed-point cavities. The results were in good agreement with those of
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Fig. 4 Results of transient modeling with linear temperature gradient across the crucible. The crucible
was held 20 K above the melting point and then the following gradients were imposed: m15 was −15 K to
+15 K, m10 was −10 K to +10 K . . . to p15 was +15 K to −15 K. x-axis is time in arbitrary units, y-axis is
radiance temperature in K

other researchers [9,10]. The model constructed here could be used both to estimate
the temperature drop and to investigate its sensitivity to different parameters, such as
uncertainties in graphite thermal conductivity, emissivity at high temperatures [11], or
dimensional inaccuracies. In particular, the model showed that the temperature drop
was quite sensitive to input parameters (e.g., 30% for a reasonable range of graphite
thermal-conductivity values). However, its actual value was quite small, for this design
of fixed points, and it could be reasonably incorporated into the fixed-point uncertainty
budget rather than applying a correction. However, note that the situation might well
be radically different for large-area cavities where much larger temperature drops will
be encountered [9,10].

Optimization of experimental design can be augmented by the use of thermal
modeling. Previously, researchers have included graphite baffles and graphite insu-
lation, including felt and foil, in an attempt to negate furnace gradients. The model
constructed here allows the rigorous investigation of the effect of this furnace archi-
tecture on the temperature drop. As can be seen by comparing the values for Re–C in
Table 4, for this design of a fixed point, there is only a small improvement due to the use
of insulation. This is best illustrated by considering the Re–C point results in Table 4.
The first entry is the reference worst case, a “bare” crucible freely radiating with no
furnace in place. The second model included a uniform furnace, and this improved the
temperature drop by just over 20 mK. The third model was for a non-uniform furnace,
while the fourth model was a non-uniform furnace with insulation—the insulation
resulted in a nearly 20 mK improvement to the temperature drop. It can be inferred
that if a uniform temperature furnace with insulation had been modeled, the improve-
ment would have been similar. It can, therefore, be deduced that (a) a uniform furnace
is important to minimize the temperature drop and that (b) the use of insulation can
effect further improvements. However, the most important thing to note here is that,
for this design of blackbody, the temperature drop is quite insensitive to furnace con-
ditions, provided the furnace temperature is uniform over the crucible. This is a priori
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the case during a phase transition, and can be assisted during the heating and cooling
cycles by including pyrolytic graphite liners [12].

Transient modeling of a fixed point through a melt yielded valuable information
about both the thermal gradients within the furnace and also the possible contribution
that thermal gradients might make to the temperature, if it is defined by the point of
inflection (Fig. 4). The “post-melt” curve has structure in it, particularly for the models
where the gradient is higher at the front of the crucible and lower at the back. This
structure, particularly the slow rise out of the melt, indicates that the melt front is not
uniform and that there is break-through of molten material onto the blackbody tube
well before all the fixed-point material is melted. The “post-melt” kink is probably due
to the final melting of the remaining portion of ingot surrounding the back wall. This
structure is not seen in the models where the furnace gradient is reversed—i.e., hotter
at the back than at the front—although the melt duration is significantly reduced.

These curves can give some indication to users as to which type of gradients they
might have in their furnace and might suggest mitigation strategies, particularly if
slow rises out of melts and kinks in the post-melts are present. The limitation of this
model is that the eutectic is treated as a single system and, hence, has a flat plateau.
This is not the case for a non-equilibrium system like a eutectic which has intrinsic
structure in the pre-melt ingot. This internal energy leads to “pre-melting” and a non-
flat plateau. If the effects observed in the model are present, and the temperature of the
fixed-point is determined by the point of inflection, then a different temperature might
result, depending upon the quality of the furnace. This is because the fully melted con-
dition is achieved much more rapidly for some furnace gradients than others, causing
premature ending of the melt and shifting the point of inflection to potentially lower
temperatures. Although the point of inflection is stable and the reliable determination
of temperature in good (i.e., uniform) furnaces is relatively simple, it is probably not
the best general approach for determining high-temperature fixed-point temperatures.
The method proposed in [13], which involves extrapolation to zero solid fraction, may
well provide a more robust approach in the longer term.

5 Conclusions

Thermal modeling has been used to optimize the design of high-temperature
measurement experiments. It has been used to make inferences of the general thermal
conditions in a high-temperature furnace and to estimate possible corrections due to the
temperature drop and indicate how estimates of one component of high-temperature
fixed-point radiance temperature uncertainty might be determined.
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