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Temperature Measurement of a Burning Surface
by a Thermocouple

Atsushi Ishihara*
Saitama Institute of Technology, Saitama 369-0293, Japan

A thermocouple has been used to measure the temperature profile near the surface of a burning solid propellant.
An inverted U-shaped thermocouple was better than an inverted V-shaped one in this situation, because there was
less heat loss through the leads. However, producing an efficient inverted U-shaped thermocouple and embedding it
perfectly parallel to the burning surface are difficult. In this study, the error introduced by heat conduction through
the thermocouple leads was examined experimentally, using ammonium perchlorate. The decrease in temperature
due to heat conduction through the leads of a 50-m thermocouple was estimated using a simple expression. The
results showed that for a 50-um thermocouple, a lead angle greater than 120 deg is necessary to prevent errors
due to heat conduction losses from causing a deviation that exceeds the normal experimental scatter in the data.
In addition, it was found that the temperature of the burning surface of ammonium perchlorate is between 460

and 470°C at atmospheric pressure.

Introduction

OTH the temperature and the temperature gradient near a burn-

ing surface are important in modeling the combustion of solid
propellants, because the temperature of the burning surface provides
a critical boundary condition for models that are used to predict
the regression rate of the propellant. To date, the use of imbed-
ded microthermocouples has been the only successful method for
measurement of temperature profiles through the entire combustion
waves of solid propellants. Thermocouples may remain the best
method for measurement in the condensed phase for the foreseeable
future. However, temperature measurements using thermocouples
introduce systematic errors such as time lag in the response, lim-
ited spatial resolution, catalytic effects, radiation losses from the
junction, and heat conduction through the leads.

The use of imbedded thermocouples in solid propellants was first
described by Klein et al.,' who discussed the catalytic effect that oc-
curs when platinum wires are used in double-base propellant flames.
They also recognized the value of temperature profiles in provid-
ing heat release distributions through flames. The surface temper-
ature of a burning surface was derived graphically from a plot of
log(T — Tp) vs distance. The point of departure of this plot from
linearity is taken to be the surface temperature. They measured the
surface temperature of a double-base propellant to be about 250°C,
which is significantly lower than the value of 300°C?? obtained in
other studies.

Suh et al.? and Suh and Tsai® measured the temperature profile
near the burning surface of a double-base propellant at pressures
of 5, 10, and 15 psi (0.034, 0.069, and 0.103 MPa) and observed
the emergence of the thermocouple bead from the solid phase into
the gas phase, using high-speed motion pictures. In their study, Pt—
Pt10%Rh thermocouples with wire diameters of 12.7, 25.4, 51, and
76 pm were used. A V-shaped thermocouple with a lead angle of
40 deg was imbedded in a double-base propellant. Some of the
temperature—time records showed the plateau region at the burning
surface. Although the thermocouple they used was relatively large
compared with the temperature gradient in the propellant, they con-
cluded, by using one-dimensional heat transfer analysis, that the
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surface temperature of a double-base propellant was between 300
and 330°C.

Strittmater et al.* modeled leads as insulated conductors with an
exponential heat input at the hot end. The analysis concluded that
the conduction error increases as the thermocouple wire diameter
decreases. Thus the ratio of heat input into the junction to heat loss
by conduction through the leads increases for small beaded ther-
mocouples. However, this conclusion seems unreasonable for mi-
crothermocouples, because the error introduced by the leads should
decrease for thinner thermocouple wire. Thus, the assumption of in-
sulated conductors is not good in the limit of small wire diameters.

Miller’ examined the effect of lead angle in the thermal wave
near the burning surface in a triple-base nitrate—ester propellant
experimentally. In his experiment, Pt—Pt10%Rh thermocouples with
50-um beads were used. The angle was varied from 150 to 30 deg at
1 MPa. The results of the temperature measurement at 1 MPa show
that the angle of the leads affects the temperature profile, because
of heat conduction from the junction site. However, he does not
report the burning surface temperature; only temperature profiles
are shown. In addition, it is apparent that the thermocouple does not
have adequate spatial resolution to examine the thermal wave near
the combustion surface.

Zenin®7 is one of the preeminent practitioners of this kind of
experiment. He discusses the errors in temperature measurements
inside flames with a thermocouple.6 Furthermore, Zenin et al.” use
a U-shaped ribbon thermocouple with very small thickness to gain
the appropriate space and time resolution for temperature measure-
ments.

In a previous paper,? the surface temperature of ammonium per-
chlorate (AP), a major ingredient in composite solid propellants,
was measured using thermocouples. In that study, the thermocouple
leads were aligned parallel to the burning surface to reduce heat con-
duction along the leads. However, in some cases the thermocouple
leads cannot be aligned parallel to the surface.

Though a numerical simulation of the thermocouple is required
for accurate estimation of heat loss through the leads, the objective
of this study is to primitively and experimentally evaluate the mea-
surement error associated with an inverted V-shaped thermocouple
in measuring the burning surface temperature of a propellant.

Experiment

The experimental apparatus used in this study is the same as that
described in Ref. 8. A propane gas stream impinged on the AP
specimen. Heat from the propane/air diffusion flame sustained the
combustion of the AP below its pressure deflagration limit. The
regression rate was adjusted by controlling the flow rate of propane.
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The specimen was moved at a rate such that the burning surface
remained in the same relative position. The temperature profile near
the burning surface was measured using Pt-Pt10%Rh thermocou-
ples with wire diameters of 50 and 12.7 um. The thermocouple was
sandwiched between two AP pellets without any glue. The effect of
the poor contact between the thermocouple and AP was confirmed
to be negligible.?

As shown in Fig. 1, the angle between the thermocouple leads
is defined by 6. A photo of the thermocouple is shown in Fig. 2.
The diameter of the bead was from 1.5 to 3 times larger than the
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Fig. 1 Thermocouple and lead angle.

Fig. 2 Typical thermocouple.
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diameter of the lead. The lead angle # was determined from the
equation

6 = tan~!{tan(6’/2) cos ¢} x 2 )

where 6’ is the lead angle measured on a television monitor and ¢
is the angle between the horizontal plane and the optical axis of a
charge-coupled device (CCD) camera.

Results and Discussion

Surface Temperature and Heating Rate

Figure 3 shows the thermocouple near the burning surface. The
thermocouple in Fig. 3 is illustrated in Fig. 4. In Figs. 3a and 4a,
the top of the thermocouple bead has just appeared on the burning
surface. In Figs. 3b and 4b, the bottom of the thermocouple bead
has reached the burning surface. In Fig. 3c, the lead angle can be
measured using Eq. (1).

Figure 5 shows a typical temperature—time diagram for
0 =90 deg. The photos in Figs. 3a and 3b were taken at the times
indicated by the letters A and B, respectively, in Fig. 5. The tem-
perature at point A in Fig. 5 is defined as Ty, and that at points B
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Fig. 5 Temperature-time diagram obtained by thermocouple.
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Fig. 4 Schematic side view of the thermocouple emerging from the surface.
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Fig. 6 Correlation between the lead angle and thermocouple temper-
ature (50-pm-diam wire).
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Fig. 7 Correlation between the lead angle and thermocouple temper-
ature (12.7-pm-diam wire).

is defined as T,y In the temperature—time diagram, no flat region
can be seen near the burning surface.

When the thermocouple has an inverted U-shape, the true burning
surface temperature is clearly between Ty, and Tpax (the temper-
atures of points A and B in Fig. 5), whereas when the thermocouple
has an inverted V-shape, the true burning surface temperature may
not be between Ty, and Tpax.

The relationship between the measured temperature and the lead
angle 6 is shown in Figs. 6 and 7. In these figures, the regression
rate is approximately 0.05 mm/s. The dashed lines in Figs. 6 and 7
are averaged temperatures as defined in the following equation:

Tsov = (Tsmin + Tsmax)/2 2

In the case of the thermocouple with 50-m-diam wires, the mea-
sured temperature decreases as the lead angle 6 decreases, as shown
in Fig. 6. The temperature was affected by the lead angle due to heat
loss through the leads. On the other hand, for the thermocouple with
12.7-pum-diameter wire, the burning surface temperature does not
decrease as the angle 6 decreases, as shown in Fig. 7. In addition,
the difference between Ty, and Ty in Fig. 7 is smaller than that
in Fig. 6. Therefore, the heat loss of the 12.7-;um thermocouple can
be considered to be smaller for a pressure of 0.1 MPa and r =0.05
mm/s. Because the burning surface temperature of AP has been
shown to be independent of the regression rate,® the true burning
surface temperature of AP is taken to be close to T, (460-470°C),
as obtained with the 12.7-um thermocouple. This temperature is a
little lower than the value obtained by the study.’
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Fig. 8 Effect of lead angle on heating rate (50-pm-diam wire).
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Fig. 9 Effect of lead angle on heating rate (12.7-pm-diam wire).

Figure 6 shows that for 6 > 140 deg, T, is lower than the actual
burning temperature, and Ty, is higher than the actual burning
surface temperature. On the other hand, when 0 < 140 deg, Tin.x 1S
lower than the actual burning surface temperature, and the actual
burning surface temperature cannot be found between Ty, and
Timax-

Using the temperature—time diagram shown in Fig. 5, the tem-
perature gradient at the burning surface (d7'/dx), can be estimated

by the equation
dr dT
(w).-(%)./"
dx /| dr J

where (d7'/dt); is the heating rate at the surface and r is the regres-
sion rate. Figures 8 and 9 show the relationship between the heating
rate and the lead angle. In these figures, the values of (AT /df)min
and (dT /dt)smax, Which correspond to the conditions of Figs. 4a and
4b, were obtained as shown in Fig. 5. In Fig. 9, the heating rate
(dT /dt), is almost constant; in Fig. 8, the heating rate (dT /dt);
slightly decreases as the lead angle decreases. Therefore, the data
measured with the 12.7-um thermocouple for » =0.05 mm/s are
used in the following section to evaluate the temperature gradient
near the surface.

Heat Loss from the Lead
The heat loss from the leads can be estimated by the following
equations:

ATinax = Tsmaxo — Tsmax 4
ATimin = Tsmino — Tsmin (5)

where suffix 0 indicates the temperature without heat loss. Using
Fig. 6, Tymino and Tymaxo are estimated to be 420°C and 510°C for a
50-pum thermocouple with 7 =0.05 mm/s. The heat losses ATy,
and ATgmax are shown in Fig. 10. The scatter of the temperature
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Fig. 11 Effect of the regression rate (6 = 180-160 deg, 50-pm diam).

measurements is approximately 50°C in Fig. 6. Therefore, for the
measurement using the 50-pum thermocouple in Fig. 10, one sees
that the lead angle should be set to an angle of 8 > 120 deg to
minimize the heat loss and thus keep the heat loss from exceeding
the experimental scatter.

Effect of Regression Rate

The relationship between the measured temperature using 50-um
thermocouple wire and the regression rate is shown in Figs. 11 and
12. The figures show that the temperature difference between Ty,
and Tynax increases as the regression rate increases. The average
temperature T, is shown as a solid line in the figures. Even for
6 = 180 deg, the average temperature Ty,, slightly increases as the
regression rate increases. Thus, a U-shaped thermocouple with a
larger bead and a higher regression rate does not show the actual
burning surface temperature.

The temperature in the center of the bead is estimated by the
following equations:

dr
Teo =T, — (_> . dB/2 (6)
dx J _
Tao=T,+ (5) - dp2 )
cg0 — L drx " B

where Ty and Tig are the temperatures in the center of the ther-
mocouple bead as shown in Fig. 13, and dp is the diameter of the
thermocouple bead, which was assumed to be 2.5 times larger than
the wire diameter used in the experiment. (d7 /dx),_ is the tem-
perature gradient on the solid phase side of the burning surface.
(dT /dx), is that on the gas phase side. Assuming that the thermal
properties and the heat of decomposition near the surface are inde-
pendent of the regression rate, the temperature gradients (d7 /dx),—
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Fig. 12 Effect of the regression rate (6 = 95-85 deg, 50-sm diam).
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Fig. 13 Schematic of the bead near the surface.
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Fig. 14 Relationship between the temperature and effective regression
rate (50-pm diam).

and (dT /dx),, can be estimated by the following equations:

dTr dr r

(a>x— B <a)smin0<%> (8)
ary (€ L 9
dx s+ - dx smax0 To ( )

where r is the regression rate 0.05 mm/s and (d7 /dx)smino and
(dT /dx)smaxo are the temperature gradients without heat loss, which
are estimated using Fig. 9 and Egs. (3), (8), and (9).

The results of Egs. (6) and (7) are plotted in Fig. 11 using dashed
lines. They show that the predicted temperatures Ty and Tcq agree
with T and T,y Therefore, the temperatures without heat loss,
Timino and Tymayo, can be estimated using Ty and Ty as shown in



ISHIHARA 459

150

>
>

(e]

100

&
g -
»

T =TT T

Heat Loss AT, C
a
o

O,
2 “ °

0 O ATsmax
'y AATsmin
‘6 6=180-80°
3

-50 : ot
0.000 0.040 0.080 0.120

r cos(6/2), mm/s

Fig. 15 Relationship between the heat loss and effective regression rate
(50-p4m diam).

Fig. 11. The lines for Ty and Ty in Fig. 11 and the data of Fig. 12
are plotted in Fig. 14 as a function of r - cos(6/2). The ordinate
r - cos(6/2) is used because it is the component of the regression
rate along the lead and can be considered to be related to heat loss
from the leads. Therefore, heat loss AT« can be estimated from
the difference between the solid lines Tmax and Teg in Fig. 14. Heat
loss ATgmin can be estimated from the difference between the dashed
lines Ty and Ty in Fig. 14.

Finally, all of the 50-m thermocouple data were plotted in Fig. 15
to estimate the heat loss from the thermocouple leads. The figure
shows that the heat loss of a 50-um thermocouple is obtained from
the following equation:

AT, = 1200 - r - cos(6/2) (10)

Using this equation allows one to assess the error in the heat loss in
the measurement of the burning surface temperature.

Conclusions

An inverted V-shaped thermocouple, which was used in the mea-
surement of the burning surface temperature of a propellant, has
errors due to heat conduction through the leads. In this study, these
errors were evaluated using ammonium perchlorate.

In the case of the inverted V-shaped 50-um thermocouple, the
heat loss from the leads was obtained by a simple expression. As a
result of the experiment, the burning surface temperature of AP at
0.1 MPa is estimated to be in the range of 460—470°C.

For a 50-um thermocouple, the results indicate that the lead angle
must be greater than 120 deg to keep the heat loss from exceeding
the experimental scatter.
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