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Errors of optical vitreous silica heat diffusivity determination
by pulse method
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Abstract. The accuracy appraisal of thermophysical characteristics determination of
optical vitreous silica was carried out by a pulse method by comparison of numerical
solution results of problem of a non-stationary temperature sample field at collimated laser
impulse of final duration impact on its surface and reference values of heat diffusivity.

1. Introduction
In recent decades, increased attention is drawn to methods for determining the heat diffusivity and
thermal conductivity and heat capacity of materials under high enough temperature conditions. A
method of the laser impulse [1–4] which essence consists in absorption of a frontal (“hot”) surface of a
radiant energy impulse sample in a thin layer and its return (“cold”) surface temperature measurement
registration in time represents the greatest interest for researchers.
The maximum temperature of an overheat (Tmax ), attainment time (05 ) of a half the maximum
temperature of “cold” (not heated) sample surface overheat is determined by the received temporary
temperature dependence of the sample’s return surface and heat diffusivity of a material (a) is calculated
using a formula [1]:
a = 0, 1388 · L2 /05 .
If we know the heat diffusivity, it is rather simple to determine the heat conductivity and specific heat of
materials by formulas [1].
The use of this method for determination of heat diffusivity of the optical vitreous silica which is
characterizing from used modifications of glasses by the limit characteristics: high temperature of a
softening and evaporation, low coefficient of thermal expansion, high optical transparency and chemical
firmness [5] is of known interest.
General analysis theory of heat transfer processes in partially transparent materials was developed
for a long time [6–8]. The applicability of the laser pulse method to determine the heat diffusivity of
silicate glass samples with different additives was studied in [9–11]. In [9] found that for conditions
of small values of optical thickness and low heat transfer from the sample’s surfaces it is possible to
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Figure 1. Scheme of solution domain.

determine the heat diffusivity of the material by laser pulse. On the basis of the developed analytical
model of radiation-conductive heat transfer it was shown [10] the influence of the sample’s thickness
and the heat transfer from its surface on the results of silicate glass heat diffusivity measurement by
the laser pulse method. Based on the analysis of heat exchange for the scattering medium, heated by
diffused and collimated radiation flows it was shown [11] that the analysis of heat transfer processes can
be carried out in the framework of the linear thermal conductivity models at small pulse length of the
laser heating.
However, to date analysis of the quantities of methodological errors in the determination of heat
diffusivity of optical vitreous silica by laser pulse was not performed. Possible intensification of heat due
to radiation heat transfer can lead to the growth of errors in the determination of thermal characteristics
compared with previously established ones [12] for opaque materials.
The purpose of this paper is to estimate the errors in the determination of heat diffusivity of optical
vitreous silica by laser pulse method [1] due to radiation heat transfer in the sample material unrecorded
at developing of method.

2. Statement of the problem
It was hypothesized when the problem statement that the material and the boundary surfaces of the
sample are gray. The one-dimensional heat conduction problem for an infinite plate when impact of
the collimated laser beam of finite time duration imp on its surface and absence of heat exchange
on the “hot” and “cold” boundaries was solved by the finite difference method.
Computational errors of heat diffusivity by laser pulse method were determined by comparing the
reference values of these characteristics with the values obtained by numerical simulation of realization
conditions of experiments on determination of thermal properties of materials by this method, in terms
of radiation-conductive heat transfer in the sample.
Solution domain presented the endless optical vitreous silica plate with thickness L (Fig. 1), surface
part x = 0 of which was heated by a collimated energy flow directed perpendicular to the plane of the
plate at a density of radiation H0 and the duration of the pulse imp .
It was assumed that the natural radiation of environment is small in comparison with the external
radiation flux. Problem reduces to the solution of the energy equation (1) with boundary (2–4) and the
initial (5) conditions:
c
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where H0 , H (x) – the radiation flux density on the heated sample’s surface and the material in the
coordinate direction x; c – specific heat capacity;  – thermal conductivity;  – density; imp – pulse
length of laser radiation; T , T0 – current and initial temperatures; t – time.
Changing the energy density of the material was determined by the Bouguer-Lambert-Beer law [13]:
H (x) = H0 · exp(−k · x),

(6)
−1

where k – energy absorption coefficient of collimated laser radiation flow, m .

3. Solution method
The method of finite differences was used to solve the system of differential equations and boundary
conditions (1)–(5). Difference analogues of differential equations and boundary conditions were solved
by the sweep method using implicit iterative four-point difference scheme [14].
An iterative algorithm developed for solving the nonlinear problems of heat transfer in terms of
the local intense heating [15, 16] was used. The verification of difference schemes conservatism by
the method [17], developed for testing the heat and mass transfer problems in terms of fast phase
transformations processes was conducted to justify the validity of the numerical simulation results in
the absence of experimental data on the material sample’s temperature fields under conditions of the
heat by radiation fluxes of high intensity (appropriate to methodology [1, 2]).

4. Results and discussion
Simulation of experimental conditions was conducted for optical vitreous silica KU-1 with thermal
characteristics:  = 1, 35 W / (m · K), c = 728 J / (kg · K),  = 2200 kg/m3 . Value of the initial
temperature and the thickness of the sample for the considered experiments were, respectively, T0 =
293 K and L = 0, 003 m.
The wavelength range of the transparency region of the vitreous silica is 2100 ... 2800 nm, which
corresponded to a change in the absorption coefficient from 10 to 250 m−1 . Radiative heat flux
values H0 = 5 · 107 W/m2 and a pulse duration imp = 0, 5 ms were selected according to the actual
characteristics of the laser source in the experimental apparatus to determine the thermal conductivity
of materials. Likewise, the basic position of the method [1] – a mandatory “temperature overheating”
on “cold” sample surface at least 3 ... 6 K was taken into account at choosing these parameters. Steps of
the difference grid in time and space were respectively 50 ms and 12 m.
The dependences of error a of vitreous silica KU-1 heat diffusivity determination on absorption
coefficient k (Fig. 2) illustrate the influence of this effect – additional heat inflow into the deep layers
of the sample due to radiative heat transfer. The values of a are increased and they are respectively
about 30% when k = 150 m−1 with increasing absorption coefficient.
The results of the conducted simulation provide a basis for concluding that the practical
implementation of methods for determining the heat diffusivity by the laser pulse [1] required strict
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Figure 2. Dependence of the error a of optical vitreous silica KU- heat diffusivity determination on absorption
coefficient k .

limits on the value of the wavelength of the incident radiation and the absorption coefficient. Error a
reduction up to minimum admissible values is possible at considerable reduction of laser radiation wave
length in the field of translucency.
Therefore, the possibilities of substantial reduction of methodological errors of the laser pulse
method in determining the heat diffusivity of vitreous silica are limited. At the same time it should
be noted that the established by the results of theoretical studies variation error range of determination
of heat transparent materials diffusivity (and hence other thermal characteristics) at moderate (up to
30 m−1 ) absorption coefficients are acceptable for many applications.

5. Conclusion
The values of systematic error, heat diffusivity, caused by radiative energy transfer as a result of
mathematical simulation of heat transfer processes in silica glass under conditions corresponding to
the implementation of a pulsed laser heating method of determining the thermal characteristics were
calculated.
Expediency of values estimates of additional methodological errors which are due to material
transparency, was justified at experimental design for determining the thermal characteristics of glasses
for different purposes.
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