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INTERNAL TWEXATURES IN ABLATION MATERIAL BY 

VARIOUS THERMOCOUPLE CONFIGURATIONS 

By Marvin B. Dow 
Langley Research Center 

SUMMARY 

The internal temperatures measured by various thermocouple configurations 
in a charring ablator and in a porous ceramic subjected to severe heating in an 
electric-powered arc jet are presented and discussed. The results show that 
measurement errors of several hundred degrees can result from the conduction of 
heat from the hot junction of the thermocouple by the thermocouple lead wires. 
The measurement of internal temperatures in materials with low values of thermal 
conductivity subjected to severe heating by thermocouples requires that the 
thermocouple produce a minimum temperature disturbance within the material. 

A comparison was made of several thermocouple sensors designed to minimize 
internal temperature disturbances caused by heat conduction from the hot junc- 
tion by the sensor material. These thermocouple sensors had short lengths of 
the sensor lead wire in the isothermal plane of the hot junction. This compari- 
son showed that the temperatures indicated by these thermocouple sensors agreed 
reasonably well. 

INTRODUCTION 

The flight-test and ground-test evaluation of ablation materials, subjected 
to severe heating, often requires a history of the rapidly changing temperature 
at an interior point in the material. The validity of analytical procedures for 
determining the temperature distribution within an ablation material depends 
upon a comparison with experimental measurements. The experimental tpmperature 
history may be obtained from a thermocouple sensor in the interior of the 
ablating material, but attention must be paid to the method of installing the 
sensor. 

The objective in using thermocouple sensors to measure temperatures within 
materials is to measure the temperature that would exist in the region of meas- 
urement if the thermocouple sensor were not present. Temperature measurements 
obtained from sensors which cause significant temperature disturbances in the 
region of measurement are therefore erroneous measurements. This error follows 



despite the fact that the temperature of the hot junction of the thermocouple 
sensor may be correctly measured. 

Experiments (ref. 1) and analysis (ref. 2) indicate that considerable error 
in the measurement of internal temperatures may be introduced by the thermo- 
couple sensor itself if heat is carried from the place of measurement by the 
sensor material. The temperature disturbance is particularly severe when there 
is a large difference in the thermal conductivity of the thermocouple sensor and 
the surrounding material and when the thermocouple lead wires are parallel to 
the direction of heat flow within the material. 

Because ablation materials have low values of thermal conductivity com- 
pared with those of the thermocouple wire, it has been found that certain 
methods of installing thermocouple sensors can produce significant errors in 
the measurement of internal temperatures. The present paper presents the 
results of an experimental investigation to determine the magnitude of temper- 
ature disturbances within a charring ablation material subjected to severe 
heating, when thermocouple sensors are installed with the lead wires parallel 
to the direction of heat flow. A comparison is also made of several thermo- 
couple sensor configurations designed to minimize heat conduction from the hot 
junction in the manner suggested in references 1 and 2.. The results were exam- 
ined to determine whether certain thermocouple-sensor-assembly configurations 
were susceptible to electrical shorting by the conducting char layer formed by 
thermal degradation of some plastic ablation materials. 

Temperatures were measured within a charring ablation material and within 
a low-density porous ceramic material. Specimens of these materials were 
exposed to the hot gas stream produced by an electric-powered arc jet. The 
tests of the porous ceramic material were performed to obtain data from a mate- 
rial of low thermal conductivity which does not pyrolyze and form a char layer 
when exposed to severe heating. 

SYMBOLS AND NOMENCLATURE 

The units used for the physical quantities defined herein are given both 
in the U.S. customary units and in the International System of Units, SI 
(ref. 3 ) .  
ships between these two systems of units. 

H dimensionless enthalpy of test stream 

A n  appendix is included for the purpose of explaining the relation- 

k thermal conductivity , Btu/f t- sec- OR (W/m-OK) 

X distance from thermocouple-sensor hot junction to original front or 
unheated surface of specimen, in. (m) 

K Instrument Society of America (ISA) symbol for chromel-alumel 
thermocouples 
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R ISA symbol for platinum-platinum 13-percent rhodium thermocouples 

S ISA symbol for platinum-platinum 10-percent rhodium thermocouples 

TEST SPECIMEN MATEXLAIS AND INSTRUMENTATION 

Materials 

Charring ab1ator.- The material used in the fabrication of the charring 
ablation specimens was composed of 55-percent epoxy resin, 30-percent phenolic 
microballoons and 15-percent silica fibers by weight. The pertinent physical 
and thermal properties of this material are listed in table I. 

Porous ceramic.- The material used in the fabrication of the porous ceramic 
specimens contained 99.8-percent fused silica with aluminum oxide as the major 
impurity. 
presented in table I. 

The pertinent physical and thermal properties of this material are 

Instrument ation 

Char-ring ablator specimens.- The specimens were 3-inch (7.62-cm) diameter 
The specimens were flat-fac-ed cylinders with a thickness of 1 inch (2.54 cm). 

purchased fully instrumented. 

Each specimen was instrumented by installing several types of thermocouple 
sensors into flat-bottomed blind holes drilled on a 7/8-inch (2.2-cm) diameter 
circle about the center of the 3-inch (7.62-cm) specimen as shown in figure 1. 
Care was exercised to insure that the hot junctions were at the same depth rela- 
tive to the heated surface of the test specimens. The depth of the blind holes 
was mechanically measured after drilling. After insertion of the thermocouple 
sensors, X-ray photographs of the specimens were made to insure that the hot 
junctions were properly located. The hot junctions of the thermocouple sensors 
in the completed specimens were determined to be within k0.002 inch (f-0.05 mm) 
of the measured depths of the blind holes. 

Premium quality commercial duplex thermocouple wire of types R and S was 
used in specimen instrumentation. The duplex thermocouple wire had silicone- 
resin impregnated double-glass wrap on each wire and a silicone-resin impreg- 
nated glass braid overall. This insulation will hereafter be referred to as 
resin-glass insulation. The ceramic tubing used in specimen instrumentation 
was 99-percent-pure aluminum oxide (alumina) with silica dioxide as the major 
impurity. Approximate values of the thermal conductivity of the materials used 
in instrumentation are given in table I. 

The various thermocouple sensors used to instrument the specimens are as 
follows: (Details of each sensor are shown in fig. 1.) 

(1) Sensor 1 was constructed with a 0.25-inch (0.64-cm) diameter plug of 
the charring ablation material. Slots were machined across one end and along 
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Thermocouple lead wires 

Brass mounting ring 
1.75-in. (4.45-cm) diameter 
by 0.125-in. (0.314-cm) thi 
aluminum - alloy disk 

Sensor 2 Sensor 3 
Slot on two sides Slot on two 
of plug. Resin- sides of plug. 
glass insulation One-hole 
on individual ceramic tube 
wires along insulation on 
sides of plug. individual wires 
Bare wire across along sides of 
end of plug. 36 plug. Bare wire 
B . & S .  gage across end of 
type S T.C. plug. 36 B.8.S. 

I I xf Y- Heated surface 

Sensor 4 
Two-hole ceramic 
tube insulation. 
36 B.& S. gage 
type S T.C. 
wire. 

Sensor I 
Slot on one side 
and across end 

hole ceramic 
tube insulation. 
36 6. & S. gage 
type R or S 
T. C. wire. 

of plug. TWO- 

(Hot  junction (Ho t  junction LHot junction LHot junction 

_ .  
wire. 

T.C. wire. 

Sensor 5 
Duplex resin- 
glass insulation 
36 B. & S. gage 
type S T.C. 
wire. 

Figure 1.- Detai ls  of thermocouple sensors used i n  charring ablator  specimens. Plugs 1 t o  3 are  
made of the same ablation material  a s  t h a t  used i n  the t e s t  specimens. 
( 0 . 6 3 5 4  diameter. 

All plugs are O.25-in. 
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one s ide of t he  plug. A short  length of t h e  resin-glass insulat ion w a s  removed 
from one end of a duplex thermocouple wire and t h e  individual wires were inser ted 
in to  a two-hole alumina tube. 
form a hot junction and f l a t t ened  against  t h e  end of t he  alumina tube. The 
alumina tube w a s  then bonded with a ceramic adhesive in to  t h e  s l o t s  i n  the  plug. 
The hot junction was located a t  t h e  end and f lu sh  with the  outside diameter of 
t he  plug. The plug w a s  then coated with t h e  same epoxy r e s in  contained i n  the  
charring ablat ion mater ia l  and inser ted and bonded in to  a bl ind hole i n  t h e  
specimen. (See f i g .  1.) The diameter of t he  b l ind  hole d r i l l e d  f o r  i n s t a l l a -  
t i o n  of t h i s  sensor w a s  not more than 0.004 inch (0.102 ram) l a rger  than the  
plug diameter. This sensor had approximately 0.20 inch (0.51 cm) of sensor 
wire across the  end of t he  plug. The alumina tube gave the  lead w i r e s  e l e c t r i -  
c a l  insulat ion with a high-temperature capabi l i ty .  

The protruding w i r e s  w e r e  res is tance welded t o  

(2) Sensor 2 a l so  was constructed by using a 0.25-inch (0.64-cm) diameter 
plug of the  charring ablat ion material. Two diametrically opposed s l o t s  w e r e  
machined along t h e  length of t he  plug t o  posi t ion t h e  thermocouple w i r e .  A 
short  length of  t he  outer  resin-glass insu la t ion  w a s  removed from one end of a 
duplex thermocouple wire t o  separate the  individual  w i r e s .  The two wires were 
welded t o  form a hot junction and the  resin-glass insulat ion was s t r ipped from 
each wire a distance of 0.129 inch (0.32 cm) from t h e  hot junction. The thermo- 
couple wire was posit ioned i n  the  s l o t s  on the  plug as  shown i n  f igure  1 and t h e  
plug w a s  bonded in to  a bl ind hole i n  the  specimen i n  the  same manner as sensor 1. 
Sensor 2 had approximately 0.10 inch (0.25 cm) of uninsulated wire extending 
both ways from t h e  hot junction across the  end of t h e  plug. 

( 3 )  The plug f o r  sensor 3 w a s  i den t i ca l  t o  t h e  plug used f o r  sensor 2. 
Sensor 3 had uninsulated wire extending from t h e  not junction across t h e  end 
of the  plug i n  t h e  same manner as  f o r  sensor 2. Sensor 3 d i f fe red  from sen- 
sor  2 i n  that the  resin-glass insulat ion w a s  completely removed from the  indi-  
vidual wires along the  s ides  of the  plug and the  w i r e s  were inser ted  in to  one- 
hole alumina tubes before forming the  hot junction. The alumina tubes were 
bonded in to  the  s l o t s  on t h e  s ides  o f  t he  plug with t h e  same epoxy r e s in  as t h a t  
used t o  bond the  plug in to  the  specimen. 

(4) Sensor 4 was constructed by removing t h e  resin-glass insulat ion from a 
short  length of duplex thermocouple w i r e  and in se r t ing  the  individual wires in to  
a two-hole alumina tube. The protruding w i r e s  w e r e  res is tance welded t o  form a 
hot junction and f l a t t ened  against  t he  end of t h e  alumina tube. The sensor w a s  
bonded in to  a 0.035-inch (0.8-ram) diameter b l ind  hole i n  t h e  specimen with t h e  
same epoxy res in  as that contained i n  the  specimen material .  The lead w i r e s  of 
t h i s  sensor extended d i r ec t ly  from the  hot junction p a r a l l e l  t o  t he  1-inch 
(2.54-cm) depth of t h e  specimen. 
hot junction p a r a l l e l  t o  t he  3-inch (7.62-cm) diameter faces of t he  specimen. 

There was no lead  wire i n  t h e  plane of t h e  

( 5 )  Sensor 5 merely consisted of commercial duplex thermocouple w i r e  with 
resin-glass insulat ion.  A minimum of t h e  resin-glass insu la t ion  w a s  removed t o  
permit forming t h e  hot junction. 
diameter b l ind  hole i n  t h e  specimen i n  t h e  same manner as sensor 4. 
difference between sensors 4 and 5 w a s  t he  use of d i f fe ren t  insulat ion material 
on t h e  thermocouple lead  wires within t h e  specimen. 

The sensor w a s  bonded in to  a 0.07-inch (1.6-IIUII) 
The only 
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The lead wires f o r  the  sensors were 12 inches (30.3 cm) long. These lead 
wires were attached t o  temperature-compensated copper-alloy duplex lead wires 
15 f e e t  (4.6 m) long. 

Each of the  charring ablat ion specimens contained a t  l e a s t  two of the d i f -  
fe ren t  plug type of thermocouple sensors (1, 2, and 3 ) .  
arrangement was t o  obtain a d i r ec t  comparison of the  temperature h i s t o r i e s  
obtained from these sensors a l l  of which were designed t o  minimize conduction 
e r ro r s .  However, some of the  sensors were damaged p r io r  t o  t e s t ing  o r  malfunc- 
t ioned during the  t e s t  and this comparison could not be made. 

The purpose of this 

Porous ceramic specimAns. - Two 4-inch (10-cm) diameter f la t - faced cylinders 
of the porous ceramic mater ia l  were used t o  construct each specimen as shown i n  
f igure  2 .  
t i o n  was used f o r  both specimens. The second cylinder,  hereaf ter  referred t o  
a s  the surface cylinder,  w a s  0.5 inch (1.27 cm) th i ck  f o r  one specimen and 
0.1875 inch (0.47 cm) th ick  f o r  the  other specimen. 

A 1.5-inch (3.8-cm) th i ck  base cylinder containing the instrumenta- 

L ~ o t  junction Hot junc t ion  
Heated 
surface  

sensor 7 Sensor 6 
Duplex res in-g lass  
i n s u l a t i o n .  50 B & S 
gage type K T. C .  Wire. 

Duplex res in-g lass  
insu la t ion .  50 B & s 
gage type K T. C .  wire.  

LHot  junction 

sensor a 
Resin-glass inevla t ion  on 
individual wires along 
depth of holes in  ceramic. 
=re Wire alone in te r face .  
30 B & S eafir type K T. c. 
w i r e .  

Figure 2.- Deta i l s  of thermocouple sensors used 
i n  porous ceramic specimens. 

Each of t he  specimens w a s  
instrumented with three thermo- 
couple sensors which were spaced 
on a 0.4-inch (1-cm) diameter 
c i r c l e  about the  center of the  
specimen as shown i n  f igure  2. 
The thermocouple sensors were 
representat ive of the  types used 
i n  the charring ab la tor  speci- 
mens. Premium qual i ty  commer- 
c i a l  duplex thermocouple wire 
of type K was used i n  ins t ru-  
mentation. The wire insulat ion 
w a s  the  resin-glass  insulat ion 
described previously. 

The types of thermocouple 
sensors used t o  instrument the  
specimens are  as follows: 
(Details of each sensor a r e  
shown i n  f i g .  2.) 

(1) Sensor 6 w a s  similar t o  
the  sensor 5 i n  the charring 
ab la tor  specimens. The sensor 
w a s  bonded by using ceramic 
cement i n t o  a hole d r i l l e d  
through the  base cylinder per- 
pendicular t o  the  4-inch 
(10.2-cm) diameter faces.  The 
hot junction w a s  located i n  the 
plane of one face of the speci- 
men base cylinder.  
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(2) Sensor 7 merely consisted of commercial duplex thermocouple w i r e .  A 
minimum of t h e  resin-glass  insu la t ion  w a s  removed f o r  t he  formation of a hot 
junction. The sensor w a s  inser ted  i n t o  a hole d r i l l e d  through t h e  base cylinder. 
The duplex thermocouple w i r e  w a s  then bent goo approximately 0.25 inch (0.64 cm) 
from the  hot junction. The 0.25-inch length of t h e  sensor thus formed w a s  posi- 
tioned i n  a prepared groove i n  the  face of the  specimen base cylinder. The sen- 
sor  w a s  then bonded i n  place with ceramic cement. The hot junction w a s  located 
i n  t h e  plane of t h e  f ace  of t h e  base cylinder, and approximately 0.25 inch of 
thermocouple lead wire w a s  located p a r a l l e l  t o  t he  face  of t he  base cyl inder .  

( 3 )  Sensor 8 w a s  a l so  fabr ica ted  from commercial duplex thermocouple w i r e .  
A short  length of t h e  outer  r'esin-glass insu la t ion  w a s  removed from one end of 
t h e  duplex wire and t h e  individual  wires were then inser ted  in to  two holes  
d r i l l e d  through t h e  base cylinder. The protruding w i r e s  were welded t o  form a 
hot junction and t h e  resin-glass  insu la t ion  on each individual  wire w a s  removed 
f o r  a dis tance of 0.25 inch (0.64 cm) from the hot junction. 
(l.27-cm) length of uninsulated wire w a s  positioned i n  a prepared groove i n  t h e  
face  of the  specimen base cyl inder .  The sensor w a s  then bonded i n  place with 
ceramic cement. The hot junction w a s  located i n  the  plane of the  face  of t h e  
base cylinder midway between the  through holes f o r  t h e  thermocouple lead wires. 

The 0.5-inch 

The depth of t he  th ree  thermocouple sensors w a s  kept uniform by placing t h e  
hot junctions a t  the  surface of t h e  1.5-inch (3.8-cm) th i ck  base cylinder which 
had been ground f l a t .  After i n s t a l l a t i o n  of t h e  sensors, the  surfaces w e r e  
again ground l i g h t l y  t o  insure f l a tnes s .  Then t h e  surface cylinder which a l s o  
had ground faces  w a s  placed i n  contact with t h e  base cylinder containing t h e  
thermocouple sensors. The two cyl inders  comprising a specimen were bonded 
together with ceramic cement applied around t h e  periphery. 

TEST EQUIPMENT AND PROCEDURES 

Equipment 

The specimens were exposed t o  t h e  high-temperature gas stream produced by 
t h e  2500-kilowatt a r c  j e t  a t  t he  Langley Research Center. 
described i n  reference 4. 
pressure having a s t a t i c  temperature of about 6 b o o  F (3810' K) and a constant 
enthalpy of approximately 3000 Btu/lb (6.97 MJ/kg). 
shows t h e  arc- je t  f a c i l i t y  with a specimen i n  t h e  tes t  posi t ion.  

T h i s  f a c i l i t y  i s  
It produces a subsonic gas stream a t  atmospheric 

The photograph of f igure  3 

The output from t h e  thermocouple sensors i n s t a l l e d  i n  each specimen w a s  
recorded on magnetic tape a t  d i sc re t e  t i m e  i n t e r v a l s  by t h e  Langley cen t r a l  
d i g i t a l  data recording f a c i l i t y .  The data  were reduced t o  time-temperature 
tabula t ions  by means of a d i g i t a l  computer program. 

Procedures 

Tests  were performed by exposing the  f l a t  face  of the cy l ind r i ca l  specimens 
t o  the  high-temperature gas stream produced by the a rc - j e t  f a c i l i t y .  The 
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L-63-10026.1 
Figure 3 . -  Test setup fo r  charring ablator 

specimens. 

specimens were positioned i n  the  
t es t  stream by the  water-cooled 
s t i n g  shown i n  f igure  3 .  The arc-  
j e t  nozzle had a smaller diameter 
than t h e  specimens which resu l ted  
i n  splash tes ts  i n  which the  hot 
gas heated t h e  specimen f ron t  sur- 
face  but w a s  deflected away from 
t h e  s ides  so t h a t  l i t t l e  heating 
occurred on t h e  specimen s ides .  

Measurements of t h e  cold-wall 
stagnation-point heat-transfer rate 
i n  t h e  a rc - j e t  stream were made by 
using the  f la t - faced  metal calorim- 
e ter  shown i n  f igure  3. Unpublished 
experimental measurements of cold- 
w a l l  heating r a t e s  i n  the  stream of 
t h e  a r c  j e t  used i n  t h e  present 
inves t iga t ion  show that t h e  heating- 
rate d i s t r ibu t ion  i s  nearly uniform 
over a 1-inch (2.54-cm) diameter 
c i r c l e  a t  t h e  center of a 3-inch 
(7.62-cm) diameter calorimeter. 
Within the  accuracy of t he  measure- 
ments, t he  heating-rate values over 
the  1-inch-diameter c i r c l e  varied 
less. than 10 percent from t h e  
stagnation-point values. 

The lead wires of t h e  thermocouple sensors were routed through the  water- 
cooled s t ing  t o  a cold-junction terminal. The connection between the  type R 
lead wires and the  compensated lead  wires were within the  water-cooled s t ing .  
The cold-junction terminal w a s  located a su f f i c i en t  dis tance from the  a rc - j e t  
nozzle so t h a t  ambient temperature conditions a t  t h e  cold junction were not 
a f fec ted  by operation o f  t he  a rc - j e t  f a c i l i t y .  

The gas supply f o r  t he  a r c  j e t  w a s  control led t o  permit operation with 
varying percentages of oxygen and nitrogen. The charring ab la tor  specimens 
were t e s t ed  i n  gas streams of a i r ,  nitrogen, and 5-percent a i r  and 95-percent 
nitrogen by weight. ,The stream composition w a s  varied t o  obtain data  a t  d i f -  
f e r en t  r a t e s  of char formation and removal. The porous ceramic specimens were 
t e s t e d  only i n  a i r .  

RESULTS AND DISCUSSION 

Table I1 i s  a summary of t h e  specimens t e s t ed  i n  t h e  present invest igat ion 

(See f i g s .  1 and 2.)  
and shows the  various thermocouple sensors i n  each specimen, t h e  type of thermo- 
couple wire used, and t h e  depth x of each hot junction. 
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The t e s t  conditions, that i s ,  stream composition, heating r a t e ,  and enthalpy 
f o r  each specimen are a l s o  summarized i n  t a b l e  11. 

Charring Ablator Specimens 

Figure 4 shows a charring ab la t ion  specimen af ter  t e s t i n g .  The f l a t  reg- 
u l a r  surface of t he  char w a s  t y p i c a l  of a l l  specimens. The appearance of t h e  
t e s t e d  specimen indica tes  that i n  
t h e  region where t h e  thermocouple- 
sensor assemblies were located,  
one-dimensional heating perpendic- 
u l a r  t o  t h e  3-inch (7.62-cm) diam- 
e ter  face  of t h e  specimen w a s  
obtained. 

The r e s u l t s  of t e s t s  of char- 
r i ng  ab la t ion  specimens a re  shown 
as  temperature h i s t o r i e s  i n  f i g -  
ure  5. Figure 5(a) shows a com- 
parison of t he  temperature h is to-  
r ies  obtained from thermocouple 
sensors 1, 4, and 5 i n  specimen A 
t e s t e d  i n  an a i r  a rc - j e t  stream. L-64-5211 

Figure 4.- Charring abletor specimen after 
t e s t  inn.  The major point  of i n t e r e s t  i n  - 

figure 5(a) i s  t h e  la rge  var ia-  
t i o n s  i n  the  measured temperature 
t h a t  were obtained a t  a pa r t i cu la r  time from the  d i f f e ren t  thermocouple sensors. 
Note t h a t  a t  an exposure time of 15 seconds, sensor 4 which had alumina-tube 
insu la t ion  indicated a temperature approximately 1600~ F (1145' K) lower than 
sensor 1. 
temperature approximately llOOo F (868' K) lower than sensor 1. 

Similarly sensor 5 which had resin-glass  insu la t ion  indicated a 

Thermocouple sensors 4 and 5 were i n s t a l l e d  i n  t h e  specimens so that  t h e  
lead  wires would be p a r a l l e l  t o  t h e  d i r ec t ion  of hea t  flow. 
Since the  thermocouple mater ia l ,  including t h e  w i r e  and i t s  insulat ion,  had a 
considerably higher thermal conductivity than t h e  charring ab la t ion  material, 
heat  from t h e  hot-junction region w a s  conducted along the  w i r e s  t o  t he  cooler 
region within t h e  ab la t ion  material during t e s t i n g .  "his i n i t i a t e d  a tempera- 
t u r e  disturbance because the  heat conducted by t h e  w i r e s  had t o  be t ransfer red  
from t h e  material surrounding t h e  thermocouple hot junction. This heat t r a n s f e r  
resu l ted  i n  t h e  la rge  temperature drops of 1600~ F and llOOo F i n  t h e  low- 
thermal-conductivity charring ab la t ion  material surrounding t h e  hot junctions of 
sensors 4 and 5, respect ively.  

(See f i g .  1.) 

Thermocouple sensor 1 i n  specimen A had a length of t h e  lead  w i r e s  equal t o  
several wire diameters i n  the same isothermal plane as t h e  hot junction. Thus 
t h e  temperature disturbance which occurred a t  t h e  point  where t h e  d i rec t ion  of 
t h e  lead w i r e s  became p a r a l l e l  t o  t h e  d i rec t ion  of heat  flow w a s  a r e l a t i v e l y  
long dis tance from t h e  hot junction and caused a minimal temperature disturbance 
a t  t h e  hot junction. The plug type of sensor assemblies such as sensors 1, 2, 
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(a )  Specimen A. 

Figure 5.- Response of various 
thermocouple sensor assemblies 
i n  charring ablator  . 

and 3 are  an approach t o  the  desired condi- 
t i o n  of having i n f i n i t e l y  long thermocouple 
lead wires i n  the  isothermal plane of the hot 
junction. 

A comparison of the  temperature h i s t o r i e s  
obtained from thermocouple sensors 1, 4, and 5 
i n  specimen B t e s t ed  i n  an a rc - j e t  stream of 
95-percent nitrogen and 5-percent oxygen i s  
shown i n  f igure  5(b) .  
two each of sensors 4 and 5 .  This specimen 
developed a th icker  char layer  than the  spec- 
imen t e s t ed  i n  a i r  because l e s s  char w a s  oxi- 
dized a t  the  reduced oxygen content. Also, 
the  highly heated outer surface of the  char 
moved toward the hot junctions of t he  sensors 
a t  a slower r a t e  than f o r  the t e s t s  i n  a i r  
( f i g .  5 ( a ) ) .  The slope of the temperature- 
h i s tory  curve of sensor 1 shows a considerable 
decrease a f t e r  a temperature greater  than 
2400° F (1590° K) w a s  reached. The change i n  
slope may indicate  the  approach t o  an equi l ib-  
rium temperature before oxidation of t he  char 
layer  caused a s igni f icant  increase i n  the 
temperature-rise r a t e  at  the  sensor locat ion.  
The change i n  slope may a l so  have been caused 
by l o s s  of thermal contact with the  char layer  
due t o  separation. The temperature disturb- 
ances i n  specimen B caused by thermocouple 
sensors 4 and 5 were equal i n  sever i ty  t o  
those produced i n  specimen A t e s t ed  i n  a i r .  
A comparison of the  temperature h i s t o r i e s  f o r  

T h i s  specimen contained 

sensors 4 and 5 i n  f igures  5(a)  and 5(bj indicates  t h a t  the  sensors with alumina 
tube insulat ion on the  lead wires caused l a rge r  temperature disturbance than 
the  sensors with resin-glass  insulat ion on the  lead wires.  
probably due t o  the higher thermal conductivity of the  alumina mater ia ls .  

T h i s  difference i s  

Figure 5(c) shows a comparison of the  temperature h i s t o r i e s  obtained from 
thermocouple sensors 1, 3 ,  and 4 i n  specimen C t e s t ed  i n  an a rc - j e t  stream of 
nitrogen. Because of a malfunction i n  sensor 1, a comparison with sensor 3 
w a s  not obtained over the f u l l  temperature range. A comparison of t he  temper- 
a ture  h i s t o r i e s  obtained from sensors 3 and 4 shows tha t  a t  a pa r t i cu la r  time 
the temperature indicated by sensor 4 w a s  considerably lower than  the  tempera- 
t u r e  indicated by sensor 3 although the var ia t ion  was not as large as the var- 
i a t ion  between sensors 1 and 4 shown i n  f igures  5(a)  and 5(b) .  The l e s s  severe 
temperature var ia t ion shown i n  f igure  5( c)  w a s  probably due t o  the  nonoxidizing 
a rc- je t  stream which resul ted i n  t h e  formation of a thicker  char layer  and a 
correspondingly l e s s  severe temperature gradient through the  char than exis ted 
i n  the  t e s t s  of specimens A and B. 
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(c )  Specimen C .  

Figure 5.- Continued. 

The p o s s i b i l i t y  of e l e c t r i c a l  short ing of thermocouple lead w i r e s  not pro- 
tec ted  by alumina tubes w a s  investigated i n  t h e  t es t  of specimen D, t h e  temper- 
a tu re  h i s t o r i e s  of which a r e  shown i n  f igure  5(d) .  
each of thermocouple sensors 2 and 3 and was t e s t e d  i n  an a rc - j e t  stream of 
95-percent nitrogen and 5-percent oxygen. 
from sensors 2 and 3 show reasonable agreement, with the  temperatures indicated 
by sensors 2 being somewhat higher than the temperatures indicated by sensors 3 
Sensors 2 which had the  lead  wires along the  s ides  of t he  0.25-inch (0.64-cm) 
plug insulated with resin-glass  did not appear t o  be a f fec ted  by e l e c t r i c a l  
short ing through the  carbonaceous char layer .  

Specimen D contained two 

The temperature h i s t o r i e s  obtained 

Because of damage t o  thermocouple sensors p r i o r  t o  t e s t i n g ,  a d i r e c t  com- 
parison of t h e  temperature h i s t o r i e s  of sensors 1 and 2 and sensors 1 and 3 i n  
t he  same specimen w a s  not obtained. However, a comparison of the  temperature 
h i s t o r i e s  of specimen D ( f i g .  5 (d ) )  with the  temperature h i s t o r y  of sensor 1 i n  
specimen B ( f i g .  5(b)) shows reasonable agreement. 
exposed t o  the  same t e s t  conditions. 

Specimens B and D were 

D a t a  furnished by R. A. Cocozella of AVCO Corp. are given i n  f igu re  5(e) 
which show a comparison of the  temperature h i s t o r i e s  obtained from thermocouple 
sensors 1 and 4 i n  a specimen t e s t e d  i n  a i r  a t  higher values of cold-wall 
heating rate and enthalpy than were used i n  t e s t s  of specimens A, B, C,  and D. 
These data  a l s o  ind ica te  a la rge  var ia t ion  i n  t h e  temperatures measured by 
thermocouple sensors 1 and 4. 
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(e) Specimen E. 

Figure 5.- Concluded. 

The t e s t  r e s u l t s  shown i n  f igure  5 indicate  t h a t  t he  var ia t ions  i n  temper- 
a tures  measured by the plug type of sensors (1, 2, and 3 )  and sensors 4 and 5 
reach m a x i m  values and t h a t  the var ia t ions  then decrease with continued 
heating. T h i s  e f f e c t  i s  probably due t o  two causes: F i r s t ,  the  thermal con- 
duc t iv i ty  of the charring ablat ion mater ia l  changes during thermal degradation. 
Pyrolysis of charring ab la tors  produces a carbonaceous char layer  which a t  e le -  
vated temperatures has l a rge r  values of thermal conductivity than the unpyrolyzed 
material .  The e f f ec t  of t h e  increase i n  the thermal conductivity 
of t he  ablat ion mater ia l  i s  t o  decrease the mismatch i n  thermal-conductivity 
values of the mater ia l  whose temperature i s  being measured and the temperature 
sensor; second, t he  temperature-rise r a t e  i n  the  v i c i n i t y  of the thermocouple- 
sensor hot junction decreases as the  ablat ion mater ia l  pyrolyzes and the  char 
layer  reaches highly elevated temperatures. 
t he  various thermocouple sensors tend t o  ind ica te  the  var ia t ions tha t  would 
e x i s t  with a steady-state temperature gradient through the  ablat ion mater ia l .  
The approach t o  a steady-state temperature gradient i s  demonstrated by thermo- 
couple sensors 3 and 4 of specimen C ( f i g .  5 (c ) )  which w a s  t es ted  i n  nitrogen. 
Removal of t he  char l ayer  by oxidation i s  a fu r the r  complication i n  that the  
highly heated surface i s  a moving boundary which approaches the  thermocouple hot 
junction a t  a r a t e  dependent on the  oxygen content .of the  t e s t  stream. 
e f f e c t  of char removal i s  t o  increase the  temperature-rise r a t e  so that there  i s  
no approach t o  a steady-state temperature gradient.  
demonstrated by specimen A ( f i g .  5(a)) which w a s  t e s t ed  i n  air .  Chemical reac- 
t i o n s  between the  thermocouple-sensor mater ia ls  and the  pyrolyzed charring 

(See t ab le  I . )  

Thus the  temperatures indicated by 

The 

This type of behavior i s  
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ablat ion mater ia l  a r e  possible a t  elevated temperatures. These react ions,  i f  
present,  could a f f ec t  the homogeneity of the  thermocouple wire and a l t e r  the 
temperature indicat ions.  However, i n  view of the short  time period during which 
measurements were made, it does not appear t h a t  homogeneity e f f e c t s  would be 
s igni f icant .  

Porous Ceramic Specimens 

The r e s u l t s  of the  t e s t s  of the  two porous ceramic specimens a re  shown as 
temperature h i s t o r i e s  i n  f igure  6.  
sor  5 i n  the charring ab la tor  specimens. Sensor 7 resembled sensor 1 i n  the 
charring ablat ion specimens i n  t h a t  both thermocouple lead wires were extended 
side by side from the hot junction a distance of approximately 0.25 inch 
( 0 . 6 k m )  p a r a l l e l  t o  the c i r cu la r  face of t he  specimen and then extended out 
of the specimen normal t o  the  c i r cu la r  face.  Sensor 7 d i f fe red  from sensor 1 
i n  that sensor 7 was not constructed with a plug of the specimen mater ia l  and 
the  thermocouple lead wires were insulated with duplex resin-glass  instead of 
alumina tubing. Sensor 8 resembled sensor 2 i n  the preparation and the  posi- 
t ion ing  of the thermocouple hot junction and lead wires.  
sensor 2 i n  tha t  sensor 8 w a s  not constructed with a plug of the specimen 
mater ia l .  

Thermocouple sensor 6 w a s  similar t o  sen- 

Sensor 8 differed from 

Figure 6(a)  shows a comparison of 
the  temperature h i s t o r i e s  obtained from 
thermocouple sensors 6, 7, and 8 i n  
specimen F t e s t ed  i n  an  a i r  a r c - j e t  
stream. The surface cylinder of spec- 
imen F was 3/16 inch (0.48 cm) thick.  
It i s  not known what caused the  dis turb-  
ance i n  the  temperature h i s t o r i e s  a t  a 
temperature of approximately 200' F 
(367O K) . 
caused by unevaporated water i n  the  
ceramic adhesive used t o  bond the  ther -  
mocouple sensors i n to  the  base cylinder 
of the specimen. A t  temperatures above 
200' F (367O K ) ,  thermocouple sensor 6 
indicates  temperatures which a re  lower 
than  those indicated by sensors 7 and 8 
which had lead wire i n  the isothermal 
plane of the hot junction i n  the same 
manner a s  f o r  t he  t e s t s  of the charring- 
ablator.specimens. 

The disturbance may have been 

6 
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Time, Sec 

( a )  Specimen F. 

Figure 6(b) shows a comparison of Time, 6ec 

the  temperature h i s t o r i e s  obtained from 
thermocouple sensors 6, 7, and 8 i n  (b) Specimen G. 
specimen G t e s t ed  i n  an a i r  a rc - j e t  
stream. The surfa-ce cylinder of speci- 
men G was 1/2 inch (1.27 cm) th ick  and 

Figure 6.- Response of various 
thermocouple sensor assemblies 
i n  porous ceramic. 



therefore  the  temperature-rise rate a t  the locat ion of t he  sensor hot Junction 
w a s  l e s s  than t h a t  f o r  specimen F ( f ig .  6 (a ) ) .  Figure 6(b) shows that a t  the 
lower temperature-rise r a t e s  thermocouple sensor 6 again indicated the lowest 
temperatures. 

The measurement of i n t e rna l  temperatures i n  an ablat ion material subjected 
t o  severe heating i s  inherent ly  d i f f i c u l t .  
viously discussed, other po ten t ia l  d i f f i c u l t i e s  are t h e  obtaining and main- 
ta in ing  of good thermal contact between the  mater ia l  and the  temperature sensor, 
mater ia l  shrinkage and expansion during heating, and separation of the char 
layer  from t h e  unpyrolyzed material. Inherently,  the most accurate measurements 
of i n t e rna l  temperature should be obtained with temperature sensors which pro- 
duce a minimum disturbance i n  the  measurement region. The temperature sensors 
which most near ly  meet t h i s  requirement are those which have bare w i r e  i n  t he  
plane of the  hot junction of suf f ic ien t  length t o  minimize conduction e r rors .  
Examples of t h i s  type of temperature sensor are sensors 2, 3 ,  and 8 of t he  pres- 
ent  invest igat ion.  Also e l e c t r i c a l  shorting of t h e  sensor by a conducting char 
layer  i s  a poten t ia l  source of measurement e r ror .  Therefore, the high- 
temperature e l e c t r i c a l  insulat ion provided by the  alumina tubes of sensor 3 
( f i g .  1) would appear advisable. 

I n  addition t o  the problems pre- 

CONCLUDING REMARKS 

The in t e rna l  temperatures measured by various thermocouple sensors i n  a 
charring ab la tor  and i n  a porous ceramic exposed t o  severe heating are presented 
and discussed. The tes t  r e s u l t s  show t h a t  i n t e r n a l  temperature measurement 
e r ro r s  of several  hundred degrees a re  possible unless heat conduction away from 
the hot junction of the  sensor by the  sensor materials themselves i s  minimized. 
Thermocouple sensors i n s t a l l ed  p a r a l l e l  t o  t h e  d i rec t ion  of heat flow which 
have no sensor material  i n  the  isothermal plane of t he  hot junction permit t he  
most heat conduction away from the hot junction. Therefore, it would appear 
t h a t  t h i s  type of thermocouple in s t a l l a t ion  i s  inadequate f o r  measuring in t e rna l  
temperatures i n  ablat ion materials o r  any material  which has values of thermal 
conductivity s ign i f icant ly  d i f f e ren t  from t h a t  of the  thermocouple sensor 
mater ia l  . 

The tes t  results a l so  show t h a t  t he  various thermocouple sensors designed 
t o  minimize heat conduction from the  hot junction do not indicate  the same 
in t e rna l  temperature a t  an isotherm i n  the  t es t  material. It i s  f e l t  t h a t  a 
thermocouple sensor having a suf f ic ien t  length of bare w i r e  i n  t he  isothermal 
plane of the  hot junction t o  minimize conduction e r ro r s  w i l l  produce t h e  minimum 
temperature disturbance i n  t h e  measurement region and thus give the  most nearly 
correct  temperature measurements. The tes ts  reported herein show tha t  cer ta in  
methods of i n s t a l l i n g  temperature sensors can produce large measurement e r rors .  
However, t he  t e s t s  do not es tab l i sh  t h a t  any of t h e  various temperature sensors 
indicate  the  correct i n t e rna l  temperature. Further investigation would be nec- 
essary t o  determine which of the various sensors indicates  t he  most nearly 
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correct temperature. Further investigation should also include the effect of 
thermocouple-wire size on internal-temperature-measurement errors. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., August 7, 1964. 
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U.S. 
customary unit 

Physical quantity 

Enthalpy . . . . . . . . . Btu/lb 
Heating rate . . . . . . . Btu/ft2-sec 
Length. . . . . . . . . . in. 
Temperature . . . . . . . 
Thermal conductivity . . . Btu/ft-sec-OR 

+ 460) 

APPENDIX 

I Conversion 
factor SI unit 

("1 
2.32 x I d  Joule s/kilogram ( J/kg) 

1.135 x 10 4 watts/meter2 (W/m2) 

0.0254 meters (m) 

degrees Kelvin (%) 
degrees Kelvin (%) 

519 
5/9 

6.24 x 103 watts/meter-degree Kelvin (W/m-%) 

The In te rna t iona l  System of Units (SI) was adopted by the  Eleventh General 
Conference on Weights and Measures, Par i s ,  October 1960, i n  resolut ion 12 
( r e f .  3 ) .  Conversion f ac to r s  required f o r  u n i t s  used herein are:  

m i l l i  (m) 10-3 

cent i  (c )  IO-* 

k i l o  (k) lo3 

6 mega (M) 10 
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11111 I, ....... - 1 1 1 1 1  -,-, 

at 1300° R (834O K) . . . . . . . . . . . . .  
. . . . . . . . . . . . .  
. . . . . . . . . . . . .  

TABU I. - MATERIAL PROPERTIES 

2 x 10-5 0.125 
1 x 10-4 
1 x 10-3 

.624 
6.24 

Charring Ablator 

Uncharred material.- 
Specific gravity . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.92 

Thermal conductivity, k 

at 540' R (300° K) . . . . . . . . . . . . . .  2.5 x 10-5 

Charred material.- 
Specific gravity . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.40 

I __ I I 

Thermal conductivity, k I Btu/ft-sec-'R I W/m-OK 1 
I 

Porous Ceramic 

Specific gravity . . . . . . . . . . . . . . . . . . . . . . . . .  
,-- - 

Thermal conductivity, k 1 Btu/ft-se:;OR 
. .  

at 760O R (423O K) 

at 1760' R (978' K) 
at 2260~ R (12%' K) . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  
at 1260° R (TOO0 K) . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  

Thermocouple Materials 

Thermal conductivity, k Btu/ft-sec-'R I W/m-% 1 
for chromel-alumel . . . . . . . . . . . . . . .  
for platinum . . . . . . . . . . . . . . . . . .  
for alumina . . . . . . . . . . . . . . . . . .  
for resin-impregnated glass cloth . . . . . . .  
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'< 
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sr m 

1 R 
A 4 

5 

1 0.103 R 
4 R 

B 4 R 
5 .io3 .262 R 

.io3 .262 

4= 

Heating rate Instrumentation 
. Dimen s i o n l e  s s 

Type of enthalpy, 
Btu/ft2-sec W/m2 H Test-stream 

assembly wire compo s i t  i on 
X, i n .  X, cm thermocouple Sensor 

I-' 
v) 

C 
1 
3 
4 

2 
I 3  

0.259 
.264 
.264 

I 3  

R 
R 
R 

I 

F 

G 

0.102 
. lo4 
.lo4 

0.103 
.io3 
.lo3 
.lo3 

6 0.1875 0.476 K Air 100 1.13 148 
7 .1875 .476 K 
8 .1875 .476 K 

6 0.50 1.27 K Air 100 1.13 148 
7 .5o 1.27 K 
8 .w 1.27 K 

co. 250 
-250 

Air 160 1.82 ~ 88.5 

100 percent N2 160 

5 percent 02 160 
95 percent N2 

Air I 250 

1.82 

1.82 
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