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Abstract

Normal emissivity of ablative thermal insulators at different temperatures is determined
comparing the radiation emitted and the surface temperature for a cylindrical sample. A
microthermocouple {diameter 50 um) is carefully inserted under a very thin sublayer of the surface
sample and a CO, laser is used to heat it at different temperatures. The sample is observed by an
infrared camera which allows the determination of the radiating energy emitted from its surface in
the wavelength interval of 3.0 - 5.4 um.

Nomenclature

A suwrface area

Co speed of light in vacuum
Planck's constant
radiance
absolute temperature

-

Greek Symbols

€ emissivity

0 co-latitude in spherical coordinate system
'3 Boltzmann's constant

A wavelength

1) azimuthal angle in spherical coordinate system
T transmittance ’
@ solid angle

¢ radiant flux

S

b

ubscripts
blackbody
w window

1. Introduction

Experimental research activities in the field of aerospace propulsion typically concern
reacting materials such as solid propellants and ablative thermal insulators.

Standard instruments and investigation methods are often not applicable and new
techniques have to be devised to measure the wanted properties [1] [2].

Emissivity of ablative materials, used as thermal. protections for space vehicles, is an
important parameter to characterize their behavior and consequently to optimize their use.

Previous works [3] underline the importance of _meaéuring emissivity 'during the ablation
process, due to the strong dependenice of this property on the material surface properties:
the heating process required to measure emlsswlty affects both, dens:tv and porous
structure of the pyrollzed material, thus stressi =~ . .. .. perform the
measurement dunng the material degradation, BRSO S o =
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2. Experimental set up

The experimental set up (Fig. 7) is composed of several parts.

The test chamber contains the sample holder and is endowed with two infrared
windows and one optical window.

A nitrogen circulation is created in the chamber to prevent the sample from burning in
air when high temperatures are reached.

The CO, laser produces a beam of radiating energy at a wavelength of 10.6 pm, and it
is set to different power levels to heat the sample at different temperatures.

The infrared camera is an AVIO TVS 2700TE whose detector is sensible in the range
between 3.0 and 5.4 pm, thus avoiding the possibility of errors due to the reflection or
scattering of the laser beam.

A cylindrical sample (15mm in diameter and 10mm in height) is positioned in the test
chamber.

A microthermocouple (Pt/Pt-Rh 10%, 50 pm) is inserted in a sublayer of the sample
surface and must be in good thermal contact with the surface.

A digital oscilloscope is used to detect the signal of the microthermocouple.

The positioning of the microthermocouple just few microns under the surface of the

sample is critical for the success of the technique.

The consistency of the sample is similar to that of a strong rubber.

The microthermocouple is inserted with a thin needle and after this operation the
sample is carefully inspected, to see if the thermocouple was inserted in too much depth:
in this case the sample is rejected.

This inspection is done both: optically, with the use of a microscope and
thermographically, using a very low current to heat the thermocouple and seeing in the
infrared how visible the heated thermocouple is under the sample surface.

The thermocouple is also disposed in a Z shape to allow the determination. in the
infrared of the exact position of the thermocouple junction, being the two corners of Z
equally distant from the junction (Fig. 2).

3. Theoretical considerations

The spectral radiance L?L,ém is the radiant flux emitted at the wavelength A, in the

direction (8,¢) per unit of emitting surface normal to this direction, per unit solid angle at
this direction, and per unit wavelength interval dA at A.

d9em

La,em(:0.0) = 327Cos6. do-an- @

For a blackbody, the spectral radiance is a function of the temperature and the
wavelength following the Planck law:

2hc%

Ly bR T)= (2)
’ 2 -[exp(heg / AKT)—1]
The spectral directional emissivity is defined as:
La,em(»:6,¢,T)
£2.0(A;0,9;T) =———r— (3)
AMOE® D = ST

In our case, if Ty is the surface temperature measured by the thermocouple and T1 is -
the radiant temperature measured from the thermocamera, having set the emissivity to 1, -
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the radiation impinging on the sensor is equal to that emitted from a blackbody at
temperature T} in the wavelength interval between 3.0 and 5.4 pm.

Ay A A
Lp(AM1 - 22, Ty) = J2 La,b(AT)dA= 12 &(A,0)- L), b (A, T2)dA “@
M M
Assuming the emissivity to be constant with A {gray body) and calling €5 the normal
emissivity:

A
Jz L, b(A, T1)dA

A
1 )

en = x
Jz Lo b (A T2)dA
Al

The gray body assumption is important; otherwise the different sensibility of the sensor
to different wavelengths should be considered.

In case that between the sample and the infrared camera there is an infrared window
with transmittance Ty, the equation becomes:

A ' A
Jz L b(ATp)dA= J2 £(A0)-T1w(A,0)-Ly (A, T2)dA (6)
A A

where T} is the new temperature read by the infrared camera.

4. Test procedure

After the sample has been placed on the axis of the laser beam and after the exact
position of the thermocouple junction has been identified by the infrared camera, the
thermocouple is connected with a digital oscilloscope and the laser is switched on.

The temperature of the irradiated surface increases until it reaches a steady value.

The transmissivity of the infrared window in front of the infrared camera was calibrated
in advance using a commercial blackbody.

In base to a conversion table obtained from this calibration, the thermocouple
temperature T) was converted to a temperature T3 which was the temperature that the
infrared camera should have read, after the absorption from the infrared window, if the
emissivity had been set at the correct value.

The emissivity value was then obtained, adjusting the emissivity on the infrared
camera, so that the temperature read in correspondence to the thermocouple junction was
T3. :

In order to measure the emissivity at different temperatures, the power of the laser
beam has to be changed and the whole procedure repeated.

Some problems can arise if the material cracks during the experiment in the position of
the thermocouple joint, thus preventing the thermocouple from being in good thermal
contact with the material and possibly exposing the thermocouple junction directly to laser
radiation.

Another problem is due to the gaussian shape of the laser beam and the fact that if the
thermocouple moves (because of thermal dilatation for instance), the point, at which the
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infrared camera reads the temperature, may not coincide with the thermocouple joint
which can be at a different temperature.

5. Results

Figures 4, 5 and 6 show the results obtained from experiments made on three different
kinds of materials that are conventionally named: ABL1, ABL2 and ABL3.

It is possible to see that the scattering of data is proportional to the temperature at

“which the emissivity is evaluated.

It is known [4] that, for strongly absorbing materials, the emissivity exclusively
depends on the conditions at the surface of the material.

The intrinsic difficulty of the experiment is due to the fact that the surface is reacting
during the measurement.

Cracks can form on the surface and produce misleading measurements from the
thermocouple that can be directly irradiated from the laser.

The ablation process can produce gases responsible for the absorption of the radiation
omitted by the surface.

For ABL1, results have a good reproducibility up to 300°C. Between 300°C and
500°C there is an increasing dispersion of data. Above 500°C the dispersion of data
increases too much to reach any conclusion for emissivity evaluation.

For ABL2 the dispersion of data begins at 175°C. The higher dispersion of data for this
material can be considered as a consequence of the larger cracking of the surface,
compared to the others. Another explanation can also be found in the larger production of
absorbing gases during the ablation process.

The dispersion of data for ABL3 is comparable to that of ABL1.

The results obtained are good for temperatures under 300°C, satisfactory for
temperatures up to 500°C and not significant above 500°C.

The agreement with previous works [3] is good.

The value for the hemispherical emissivity [5] can be obtained, with reasonable
approximation, from the normal emissivity through a multiplying factor equal to 0,935 [6].

6. Conclusions

This procedure has shown to be very interesting for evaluating the normal emissivity of
reacting materials at different temperatures.

The results, for the range of temperature under 500°C, are in good agreement with the
few results that can be found in the literature.

Several sources of errors can be sighted out as the cause of the excessive data

dispersion for high temperatures.

These sources of errors can be minimized, but not eliminated for these materials.

Particular attention must be paid to the correct insertion of the thermocouple under the
sample surface.

Microcracks of the heated surface are an important source of errors, preventing the
correct evaluation of emissivity at high temperatures.
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