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FOREWORD 

This report was   jointly prepared by Southern Research 
Institute and Atlantic Research to document work performed under 
Air Force Contract F04611-69-C-0070.  The work under this contract 
is  presented in  a series of three volumes which  cover the techni- 
cal work  (Volume  I) ,   the nondestructive  testing   (Volume II) ,   and 
the materials  characterization which  is   in  this Volume III.   The 
work described in Volume III was conducted under Subcontract No. 
P0 3583  over the period of July 24,   19 70,   to December 31,   1970. 
The prime contract was  administered under  the direction of  the 
Air Force Rocket Propulsion Laboratory,   Edwards,  California,  with 
Captain John Ellison as   the  Project Officer.  This  report was 
submitted  4 January   1970. 

Mr. Eugene Olcott served as  the Project Director of  the 
prime contract.  Mr.   S.G.  Bapat conducted  the experimental work 
at Southern Research.   The helpful suggestions and guidance of 
Mr.   CD.  Pears  of Southern Research Institute are acknowledged. 

This technical report has been reviewed  and is  approved. 

CHARLES   R.   COOKE 
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ABSTRACT 

The thermal conductivity and specific heat of castable 
carbon   (ablative material)   and carbon fiber reinforced pyrolytic 
graphite  composite sleeves were determined.  Measurements  above 
ambient on  castable carbon were conducted on precharred material. 
Thermal expansion measurements also were made on castable carbon 
precharred  at  4000* F, 

The  castable carbon virgin material had a  low conductivity 
of about  12 Btu in./hr ftT,-   the  ISOOT prechar had about the 
same value up to  ISOO'F and the  4000* F prechar had  a value six to 
ten times  higher.  The castable  carbon is  an Isotropie material and 
these values  are  intermediate between the conductivities  in the 
two directions  for molded carbon-phenolic ablatives. 

The  conductivity values  of  fibrous PG in  the   tta-h,t 

direction are  lower by a factor of  about 7,  than the conductivity 
values  of   ••normal,•  PG tile,  or plate,  in the  '•a-b**  direction. 
This probably results from the combination of circumferential 
layers  of carbon  fibers  and PG infiltration in between.  The 
conductivity values of fibrous  PG  in  the  ••c"  direction are of 
the same order of  those found  for PG tile in the   ••c**  direction. 
Thus,   the anirotropy ratio   (ratio at  about "ISO'F of  thermal  con- 
ductivity  in  the   «'a-b'*  direction  to  that in the   • •c"  direction) 
for fibre rei nforced PG is of the order of 20 compared  to about 
150  for PG  tile. 

The  thermal expansion data  indicated that  the  castable 
carbon material is stable up to the precharring temperature.  The 
thermal expansion data fall in between with and across grain 
expansion values  for ATJ-S  graphite. 

The heat capacity values  for castable carbon and  fibrous 
PG sleeve are  about  10 percent higher  than the values   for poly- 
graphites. 
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I.  INTRODUCTION 

Under Contract F04611-69-C-0070, Atlantic Research con- 
ducted a study of materials for high pressure solid rocket motor 
nozzles. Volume I of this Final Report describes program tasks, 
test procedures, and program results. Volume II describes the 
nondestructive testing applied to the graphite components of the 
high pressure nozzles. 

One of the program objectives was to identify new or 
improved materials which would be useful in high pressure solid 
rocket motor nozzles. Further, in the event that these promising 
new materials were not adequately characterized as to thermal or 
other properties, the prograiu provided for such characterization. 
Particularly desired for these new materials were those properties 
over a temperature range which serve as input to the computer 
programs us^d to conduct thermal analyses and predict chemical 
erosion. The thermal conductivity and specific heats are necessary 
for these calculations. 

During the course of the program, two such rasterials were 
identified. One was castable carbon, a furane resin bonded dense 
coke filler, which is of low cost and was found to be a good 
performer in the converging and diverging section of the high 
pressure nozzles. The second was a carbon fiber reinforced 
pyrolytic graphite composite (PYROSTRAND*) which iv  attractive 
for throat inserts and blast tubes for high pressure nozzles. 

Southern Research Institute was selected as a subcontractor 
to determine the required properties. Southern Research is fully 
experienced in conducting such measurements at temperatures up to 
5000°F and has the equipment and staff available for such work. 
In addition, because of their knowledge of behavior of similar 
materials and the comparative data they have generated on other 
Air Force sponsored programs, they can authoritatively interpret 
the data measured. This Volume III of the Final Report presents 
the data measured by Southern Research along with a description 
of the test materials. 

♦Trademark, The Susquehanna Corporation 



II.  SUMMARY 

During the conduct of the program to study high pressure 
nozzle materials, two recently developed materials were identified 
as having promise for nozzle application. Thermal properties re- 
quired for design and performance predictions for these materials 
were not available, and so a materials characterization task was 
included in the program. These studies were conducted at Southern 
Research Institute on subcontract. 

The materials identified as promising for high pressure 
applications were castable carbon, a low cost ablative, and a car- 
bon fiber reinforced pyrolytic graphite (Pyrostrand). Castable 
carbon is a furane resin bonded dense coke filled material, the 
raw materialL, of which cost 11 cents per pound.  It is fabricated 
by casting in open molds and curing. The erosion resistance 
approaches that of pressure molded carbon-phenolic material. 
Pyrostrand graphite composite is a carbon fiber reinforced pyrolytic 
graphite fabricated by depositing pyrolytic graphite on a removable 
substrate which also serves to position the filamentary reinforce- 
ments. It differs from other carbon-carbon composites in that it is 
fabricated at a high temperature (3,6500P), contains no carbon char 
constituent, and is impermeable. 

The thermal conductivity of an ablative material such as 
castable carbon is difficult to determine because the process of 
ablation is rather violent, the char is in a transient state, and 
the heat conductance is a combination of several modes of heat trans- 
fer, difficult to simulate. Because of these difficulties, precharred 
materials are used for measurements at temperatures above the decom- 
position temperature. The ablative is heated in a furnace and con- 
verted to a char at some temperature above that at which the measure- 
ments will be made. This technique represents an estimate of the 
thermal conductivity when the virgin material first reaches that 
prechar temperature in the ablation process but does have some 
limitations in analysis of time effects. 

The castable carbon virgin material had a low conductivity of 
about 12 Btu in/hr ft2*F, the 1,500* F prechar had about the same 
value up to I^OO" F and the 4,000^ prechar had a value six to ten 
times higher. The castable carbon is an Isotropie material and these 
values are intermediate between the conductivities in the two direc- 
tions for molded carbon-phenolic ablatives. 

The thermal expansion for 4,000*F precharred castable 
carbon increased from 1.65 x 10*3 in/in from 75 to 9 80*F to 11.10 
x 10"3 in/in from 75 to 4,49 6*F. The thermal expansion data 



indicated that the castable carbon material is stable up to the 
precharring temperature. The thermal expansion data fall in be- 
tween with and across grain expansion values for ATJ-S graphite. 

For measurements on the fiber reinforced pyrolytic graphite, 
a standard specimen size used for determination of properties on 
other composites was selected.  This is a cylinder 1 inch in O.D., 
0.850 inch in I.D., and 2 inches long. Techniques previously 
developed at Southern Research Institute to measure conductivity 
in both the thickness direction (principally c direction orienta- 
tion) and in the axial direction (principally a-b orientation) were 
employed.  Conductivities measured in the c direction were 9.59 at 
2,069 op, 11.79 at 3,106op, 16.02 at 3,804op, all in Btu inch/hr ft2op. 
Conductivities in the a-b direction were measured at 271 at 544 op, 
281 at 9940F, and 289 at 1,5290P, all being in units of Btu in/hr 
ft2op. The conductivity values of fibrous PG in the ««a-b*» direc- 
tion are lower by a factor of about 7, than the conductivity values 
of PG tile, or plate, in the "a-b** direction. This probably re- 
sults from the combination of circumferential layers of carbon 
fibers and PG infiltration in between. The conductivity values of 
fibrous PG in the **c** direction are of the same order of those 
found for PG tile in the **c** direction. Thus, the anisotropy ratio 
(ratio at 150Op of thermal conductivity in the ••a-b** direction to 
that in the "c** direction) for fibrous PG sleeve is of the order 
of 20 compared to about 150 for PG tile. 

The slightly increasing thermal conductivity (a-b direction) 
with increasing temperst re as shown by the fiber PG composite is 
unusual in that other refractories, including PG plate, show de- 
creasing conductivity with increasing temperature. 

The electrical resistivity of fiber reinforced PG composite 
(a-b direction) decreased from 1,650 gohm-cm at ambient to 1,550 
uohm-cm at 1,000oF,  This is approximately four times the electrical 
resistivities of PG plate, and the composite shows less resistance 
decrease with temperature than does PG plate. 

The heat capacity of castable carbon increased from 0.31 
Btu/lbOp at 500oP to 0.56 Btu/lb0F  at 4,5000p. The heat capacity 
of Pyrostrand graphite composite increased from 0.28 Btu/lb°F at 
500DP to 0.60 Btu/lbop at 3,500op.  The heat capacity values for 
castable carbon and the fibrous PG composite are about 10 percent 
higher than the values for polygraphites. 
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III.  MATERIAL DESCRIPTION 

A description of the two materials, castable carbon and 
graphite fiber reinforced pyrolytic graphite, is presented to 
familiarize the reader with these relatively new materials. 

CASTABLE CARBON 

Resin-bonded carbon-filled ablative materials have 
generally been found useful as rocket nozzle components. The 
Atlantic Research castable carbon material is a 20 weight per- 
cent furane resin binder and a balance of dense coke filler. The 
average raw material cost in these proportions is 11 cents per 
pound which makes it an attractive low-cost ablative. Performance- 
wise/ it is competitive with pressure-molded carbon-phenolic 
materials which have a raw material cost of over $20 per pound. 
The material is fabricated by mixing the liquid resin binder with 
the filler, casting in open molds without pressure, and slowly 
curing to 340oP, The dense coke filler is not graphitized and, 
therefore, contributes to a low thermal conductivity. It is also 
characterized by relatively low chemical reactivity and so con- 
tributes resistance to chemical erosion. Additional information 
on this material may be found in Reference 1. 

FIBER-REINFORCED PYROLYTIC GRAPHITE 

Carbon fiber-reinforced pyrolytic graphite (Pyrostrand) 
composite was recently developed at Atlantic Research to take 
advantage of the desirable properties of pyrolytic graphite and, 
at the same time, to reduce the anisotropy and thereby make a 
material more suited to structural applications. This composite 
differs from the carbon-carbon composites under development for 
reentry applications in that those materials contain a pyrolytic 
carbon deposited at a relatively low temperature (1,800 to 2,4000P), 
are permeable, or at least contain predominantly connected pores, 
and may or may not contain carbon from a charred resin. The 
Pyrostrand graphite composite contains only pyrolytic graphite 
deposited at a temperature of 3,650oF and a carbon filament rein- 
forcement. There are some disconnected pores which exist between 
the graphite filament turns. A dense pyrolytic graphite layer 
between each yarn layer also contributes to the impermeable nature 
of the structure. 
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The pyrolytic graphite is formed by passing methane over a 
heated mandrel which also supports the positioned graphite fila- 
ments. Deposition conditions are 3,6500F temperature and 26 inches 
of mercury vacuum. The nature of the composite can be varied by the 
use of different graphite filament reinforcements and in different 
quantities.  Union Carbide WYB 85, Thornel, and Kureha KC-100 are 
typical reinforcements.  They are generally used in quantities of 
5 to 15 volume percent. Higher fiber content promotes strength, 
whereas higher PG matrix content favors greater erosion resistance 
in reactive environments,  Density varies from 1.75 to 2,0 depending 
principally on the yarn content. Potential applications for this 
composite are rocket nozzles, thrust chambers, blast tubes, biomedi- 
cal, and reentry heat shields or nose cones. Additional information 
on this composite may be obtained in References 2 through 5. 



IV.   SAMPLE PREPARATION 

The castable  carbon material was supplied In 
various shapes  and sizes and In three different conditions 
by Atlantic Research and was machined Into the desired 
specimen shape by Southern Research Institute. The 
Pyrostrand graphite composite,  on the other hand, was 
fabricated and machined to size prior to submlttal to 
SRI. 

The  castable  carbon was  furnished In three 
different conditions;     (1)   cast and cured,   (2)   cast, 
cured,   and pyrolyzed at  1,500'F,   (3)   cast,   cured,  and 
pyrolyzed at 4,000*F.     All pyrolyzlng operations were 
conducted In furnaces.    The characteristics of furnace 
chars have been found to be quite similar to those 
formed in rocket motor nozzles   (Reference 6),  the 
furnace chars  showing slightly higher density because 
they are free to contract during pyrolysls.   Furnace 
charring at  1,500 degrees was accomplished by packing 
the material In a stainless steel box filled with 
carbon powders,  placing the box In a resistance heated 
muffle furnace and utilizing the thermal lag of the 
box charge to provide a moderately slow heating rate 
through the resin pyrolysls region.    A 24-hour period 
was provided for heat-up, hold,  and cooling.  Some of 
the  1,500* F char material was then placed in a graphite 
susceptor Induction heating furnace and heated to 
4,000* F where it was held for 1 hour and cooled. 

The castable carbon starting material was taken 
from a number of different castings which were originally 
made for other purposes,  such as  for components of test 
nozzles. Generally,  for one or two test pieces,  the prac- 
tice has been to casJ: a solid billet and machine the 
component from this billet. Material cut from the end or 
cored from cylinders  is  retained for other purposes. 
Also,  some of  the material was cut from the sound portion 
of a billet which had been rejected  for a crack. The 
formulations were the same for all of the various billets 
used,  and it was believed that the random selection of 
materials from different cachings gave a more represen- 
tative material sample. 



The test sample size for the graphite composite 
was determined by the standard specimen size previously 
used at SRI for other carbon-carbon composites. This is 
a cylinder 1 inch in O.D., 0.850 inch in I.D. and 2 inches 
long. Originally, seven test pieces were required; but 
since it was anticipated that the thermal testing cycle 
would not affect the specimens, this number was reduced 
to four which required some specimen reuse. 

Two fabrication runs were made with substrates 
0.850 inch in I.D. by 4-1/4 inches in length. Fabrication 
was at 3,650* F and 26 inches of mercury vacuum. Each 
piece was cut at midpoint, trimmed at the ends, and the 
outside surface was machined to provide a 1.0 inch O.D. 
For the fiber reinforcement, Kureha KC-100 single-ply 
carbon yarn was used. This material is made from a pitch 
precursor and has 500 filaments per ply. The maximum 
thermal exposure during manufacture is probably around 
2,200*F, considerably lower than that incurred during 
the composite fabrication process. The single-ply yarn 
is approximately 10 mils in diameter. There was approxi- 
mately 20 mils spacing between turns, and four layers 
of yarn were used for each fabrication run. Portions 
of the fourth and outer layer were partly removed during 
mcichining of the outside surface to give a constant wall 
thickness. The sleeves were identified by numbers from 
2 to 5. These identifications are maintained with the 
data. About 1/8-inch-long rings from one of the ends of 
each sleeve were cut and used for NDT evaluations at 
SRI. 



Typical nomenclature utilized to identify the specimen 
was as follows: 

CR - 1 70 

L_ Temperature of heat treatment 

70 for uncharred (really 340 F) 
1,500 - 1f500

yF precharred 
4,000 - 4,000oF precharred 

Number of the specimen (note this number 
is followed when necessary by **a'* or 
••c»t Where *•a•• is for the axial direc- 
tion, •*(:'* is for the thickness or radial 
direction) 

Type of specimen - CR - comparative rod, 
RI - radial inflow, HC - heat capacity, 
CTE - thermal expansion 



MATERIALS  INSPECTION 

Castable Carbon 

Various NDT/monitor inspections were performed on the castable 
carbon materials:    visual, radiography, bulk density,  ultrasonic 
velocity,  electrical resistivity,  and porosity by liquid absorption. 
Inspections were performed on bulk shapes and specimen configura- 
tions.    Visual and radiographic  inspections were performed on 
bulk shapes to select specimen sites from the best material. 
After final machining,  the test specimens were inspected for flaws 
and by the monitors.   The NDT work was conducted at SRI. 

Upon receipt of initial material,  a charred bulk shape was 
selected and radiographed to select specimen sites.     However, 
because the outer surface of the material contained several large 
voids and material separations   (striations or cracks)   it was 
concluded that the bulk shapes would have to be machined to a 
regular configuration before radiography could be an effective 
selector.    The bulk shapes were then machined and radiographed. 

The radiograph   (radial direction)  of one of the  1500oF 
precharred  samples   (machined bulk shape)   is given in Figure 1. 
In the axial view,  no materials  separations were revealed.    However, 
in the radial view,  several large ones were apparent indicating, 
of course,   that the major dimensions of the separations were 
aligned in diametrical planes. 

A photomicrograph of the 4000oF precharred material is 
presented in Figure 2. 

From the radiographs on the machined bulk shapes,   specimen 
sites were selected and the test  specimens were removed and machined, 
A comprehensive visual inspection was performed on each test 
specimen.    No apparent anomalies were observed for Specimens CR- 
2-70 and CTE-3-70.    For the other  specimens,  however,   large 
voids and material  separations occurred frequently.     Photographs 
selected to depict material background are given in Figures 3 
through 12.     Some selected radiographs are given in Figures 13 
through 17. 

One result of the visual and radiographic inspections was 
that the uncharred material   (cured at 340oF)  was relatively free 
of material  separations and large voids;  however,  for material 
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precharred to 1500oF and above, material separations and large 
voids occurred frequently. For example, a photograph and radiograph 
of an uncharred specimen (CR-1-70) are shown in Figures 3 and 13. 
Relatively speaking, this material was sound when compared with 
photographs and radiographs of the other chars (1500oF char - 
Specimen CR-1-1500 photograph shown in Figure 4, radiograph shown 
in Figure 14; 4000eF char - Specimen RI-2-4 000, photograph shown 
in Figure 9 and radiograph shown in Figure 15). Further, as shown 
in the selected photographs and radiographs, some of the specimens 
contained some gross material delaminations: CR-1-1500, visual, 
refer to Figure 4; CR-2-1500, visual, refer to Figure 5; 
CR-1-4000, visual, refer to Figure 7; CR-2-4000, visual, refer to 
Figure 8; RI-2-4000, radiography in 0° and 90s views, 
refer to Figure 15; RI-3-4000, radiography in 0°, 90°, 180° and 
270° views, refer to Figure 16. 

The results of inspections by monitors (bulk density, velocity, 
electrical resistivity, and porosity by absorption) are given in 
Table 1. The density for the uncharred specimens was about 
1.53 gm/cm3, for the 1500eF precharred specimens about 1.34 gm/cm3, 
and for the 4000oF precharred specimens about 1.29 gm/cm3. Velocity 
for the uncharred material was 0.1067 and 0.1082 in./ysec; 
however, velocity could not be measured for the charred specimens 
because of signal attenuation. Electrical resistivity for uncharred 
and 4000oF specimens measured in the ranges of 426,000 - 431,000 
yohm cm and 12,000 - 12,400 yohm cm, respectively. This result 
indicated that the uncharred resin had a very high resistance 
which decreased with the heat treatment.  Open and closed porosities 
determined by liquid absorption measurements for 4000oF charred 
material were 25 percent and 12 percent.  It should be noted 
here, that the closed porosity measurement was based on a total 
porosity assuming the true density of graphite of 2.22 gm/cm3. 
The true density of the dense coke filler is actually less than 2.22 
gm/cc, and so the porosities calculated by this method are above actual, 

For comparison purposes, some typical values measured at 
Southern for some polygraphites are given below: 

With Grain  With Grain   Open      Closed 
Density  Velocity  Resistivity Porosity   Porosity 

Material gm/cm3   in./ysec   yohm cm      % I 

ATJ-S medium grain 
1.82 0.1030     801 9 9.2 

G-90 coarse grain 
1.90       0.1130     850 6 9.3 

AXF-5Q fine grain 
1.83 0.1200 1300 14 3 
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Fibroua PG 

NDT/monltor inspections of fibrous PG were not as exhaustive 
as those on the castable carbon primarily because of the bulk 
specimen configuration (1" O.D. x 0.85" I.D. x 2" long). Successful 
NDT inspections consisted of visual and radiographic inspections. 
A filtered particle inspection using Partek P-1A in alcohol was 
also used on the bulk sleeves, but no new material anomalies were 
revealed. Monitor evaluations consisted of bulk density (gravimetric) 
and porosity (by liquid absorption) maasurements. 

Photomicrographs (35X and 8OX) made in the axial direction 
showing the cross-section in the material are presented in Figure 
18. 

Visual inspection of the as-received bulk sleeves revealed 
a background of residual porosity (aligned circumferentially) 
in the outer surface. A photomicrograph (10X) of the outer 
surface of Sleeve 2, which typified this background porosity, 
is shown in Figure 19. Partek P-1A penetrant was used here to 
gain further insight into the smaller voids; however, the struc- 
ture of the material was such that the results were confounded 
resulting in no new information on the material. 

The as-received bulk sleeves were inspected for flaws by 
radiography using a "sidewall" technique. This technique, which 
has been used quite successfully here at Southern on large carbon/ 
carbon cylinders, consists of merely radiographing the specimen 
(sleeves)  radially for the correct exposure of the sidewall. 
This technique causes circumferentially aligned anomalies to be 
aligned in their most advantageous orientation to require the least 
sensitivity for disclosure. Using this technique, a background of 
uniformly spaced low-absorptive spots was revealed in all four 
sleeves.  The spots were somewhat spherically shaped and about 
0.02 inch in diameter. The radiograph (photographically reproduced) 
showing these low-absorptive spots in Sleeves 2 and 3 is shown in 
Figure 20. 

In addition to the "sidewall" radiographs, some 0.125 inch 
high rings were removed from the as-received sleeves (for ab- 
sorption measurements and photomicrographs) and were radiographed 
in the axial direction for material background information. This 
radiograph clearly showed the Kureha C-100 carbon material as 
either one or two low-absorptive rings. This radiograph (photo- 
graphically reproduced) is shown in Figure 21. 
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The results of Inspections by monitors   (bulk density,  velo- 
city,  electrical resistivity,  and porosity by absorption)   are 
given in Table  2.     Bulk density   (gravimetric)  of the  four  "as- 
received"  sleeves  ranged from 1.766 gm/cm3  to 1.800 gm/cm3. 
Velocity and electrical resistivity measurements were not made 
because of the geometrical shape of the specimens   (1.0  inch O.D. 
x 0.85  inch I.D.   x  2 inches long) .     Open and closed porosities 
by liquid absorption ranged from 1.9  to  3.2 percent and from 
15.4  to 16.5 percent,  respectively.     This result   (high closed 
and low open porosity)   indicated that the background of 0.02 
inch voids revealed in the sidewall  radiographs and the low- 
absorptive circumferential rings  revealed in the axial radiographs 
on the 0.125  inch high rings constitute part of the closed porosity 
system.    The theoretical density used in the calculations   (2.22 
gm/cc is above the actual because  the yarn component   (spun from 
pitch and pyrolyzed)   has a significantly lower density.  Thus  the 
calculated porosities  are high. 

12 



V.      PROPERTY  DETERMINATIONS 

APPARATUSES  AND PROCEDURES 

Several apparatuses were used in this  program to evaluate 
thermal  conductivity,   specific heat,  thermal  expansion and 
NDT/monitors on the castable carbon and  fibrous PG sleeves.   Each 
apparatus ir briefly described under the proper heading and 
detailed descriptions of  these apparatuses  are included in  the 
appendices. 

Thermal Conductivity 

Comparative Rod Apparatus 

Thermal conductivities of a wide variety of materials 
are determined  from about -1600F to  2,000oF utilizing a 
cylindrical specimen  stacked.in series with two cylindrical 
references of known thermal conductivity.     Temperature gradients 
are measured when axial  steady-state heat  flow is obtained.     A 
comparison of the temperature gradients  in the specimen and 
references is used to compute the specimen thermal conductivity. 
For  a standard specimen configuration  2  inch  in diameter X   1 
inch long,  the uncertainty in measurements  is   estimated,  from 
error analysis at  ±5 percent. 

With castable  carbon   (uncharred and  1,500 F precharred) 
Code  9606 Pyroceram references were used.     For  4,000 F 
precharred material one specimen each was evaluated with Code 
9606 Pyroceram and 316  Stainless Steel references. A standard 
specimen size was utilized for all measurements. 
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For thermal conductivity measurements on fibrous PG sleeve 
In the  axial   ("a-b")   direction,   additional experimental work was 
necessary before actual measurements could continue.    This was 
necessary due  to the thin wall   (~0.070 inch)   of the sleeve. 
For sufficient wall thickness,  we usually either glue pieces with 
graphite glue   (National No.   14  Cement)   to create a normal con- 
figuration or prepare one of the surfaces of the references with 
a curvature so as to mate at the interfaces of the cured specimen, 
Neither of the above approaches was    practicable due to  the thin 
wall of this material.     It was  therefore necessary to make 
measurements on the sleeve in the cylindrical configuration and 
check calibrations on a similarly configurated sleeve made of 
material of known thermal conductivity, prior to the actual 
runs. 

For calibration,  two sleeves  from 316 Stainless Steel were 
machined to the same configuration as that of fibrous PG sleeve. 
The schematic  for the calibration buildup is shown in Figure 22. 
Chromel/Alumel  thermocouples were placed in the  316  Stainless 
Steel adaptors on both sides of the  sleeve and a thin Grafoil 
ring   (0.010 thick)  was placed at each interface of the sleeve 
and the adaptors.    The Graf oil ring provided good thermal 
contact between the «ileeve and the adaptors.     Corrections were 
made to the temperature drop across  the Grafoil ring from the 
known in-house thermal conductivity data on Grafoil.    The Inside 
of the sleeve was  filled with thermatomic carbon. 

The system    was analyzed for the heat bypass  through 
thermatomic carbon.    Calculations indicated that the heat by- 
pass through the thermatomic carbon was less than ±1 percent 
of the  total heat flux through the specimen for the temperature 
range covered   (5000F to 15000F) . 

The calibration data on  316 Stainless Steel sleeves are 
shown in Figure 23 and in Table  3.     Excellent agreements were 
obtained at  500,   1000  and 1500oF with the thermal  conductivity 
curve established for 316 Stainless Steel references. 
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After calibration runs were completed, identical procedures 
were used for fibrous PG sleeve and measurements in the axial 
("a-b") direction were made at 500oF, 1000oF and 1500oF. 

The uncertainty in measurements on fibrous PG sleeve in the 
axial ("a-b") direction is conservatively estimated at ±10 percent. 

Radial Inflow Apparatus 

Measurements are made from 15000F to 55000F in furnaces 
resistively heated with graphite heaters utilizing a water calorim- 
eter to measure the heat flow through the specimen.  A standard 
specimen of size 1-1/16 inches in diameter x 1 inch long plus 
two 1/2 inch long guards is utilized with this apparatus.  Thermal 
conductivity is determined by measuring the heat inflow to the 
calorimeter and the temperature drop across the gage section of 
the specimen.  The uncertainty in measurements using a standard 
specimen configuration is estimated, based on error analysis, 
at ±7 percent. 

Measurements on castable carbon (4000oF precharred) were made 
from 15000F to 45000F.  A standard specimen size was used.  To 
check any anisotropy in the material, a pair of cold and hot 
holes were drilled to the specimen.  Two values of thermal con- 
ductivity were generated at each temperature level using one 
pair of temperature measurements for the front to back direction 
and the other pair of temperature measurements for the side to 
side direction.  Figure 24 is self-explanatory. 

To measure thermal conductivity of fibrous PG sleeve in the 
"c" direction from 2000oF to 4000oF an optical method and the 
water calorimeter were employed.  The configuration for this 
method is shown in Figure 25. The technique involves measuring 
inside and outside specimen surface temperatures with an optical 
pyrometer.  The sleeve is centered on a calorimeter by means 
of ATJ graphite specimens support cylinder fitted into the top 
and bottom CS graphite guards.  In order to view the inner 
walls of the specimen, no packing is used in the annulus.  The 
calorimeter is painted with a flat black enamel. Heat transfer 
takes place from the specimen to the calorimeter by gas conduction 
and radiation.  A 0.100 inch diameter hole is drilled in a 
surrounding cylinder to measure the face temperature of the specimen. 
This hole provides a blackbody cavity with a length to diameter 
ratio of about 2.5:1.  A similar hole 0.100 inch in diameter is 
drilled through both the specimen support cylinder and the speci- 
men. This hole is offset 0.130 inch from the centerline so that 
the view of the inner wall is not obstructed by the calorimeter. 
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Thermal Expansion 

Graphite Dilatometer 

Thermal expansion measurements are made from 70oF to 5500oF 
utilizing graphite tube dilatometer with a dial gage.    The specimen 
is radiantly heated in graphite tube furnaces. 

Thermal expansion measurements on castable carbon  (4000oF 
precharred)  were made to 5000°?.    A 3 inch long specimen was used 
for the measurements. 

Enthalpy and Heat Capacity  (Specific Heat) 

Adiabatic Calorimeter 

A specimen, either cooled   (dry ice or liquid nitrogen) or 
heated in an electric furnace to temperatures up to 1000AF is 
dropped into copper calorimeter cup which is thermally guarded 
so that all the heat loss by the specimen is sensed as a change 
in temperature of the calorimeter cup from which enthalpy at 
temperature is calculated. 

The uncertainty in measurements is estimated,  based on error 
analysis,  at ±3 percent. 

Ice Calorimeter 

A specimen, heated in a tube-type graphite furnace to tempera- 
tures from 1000oF to 5500oF, is droppe . into an ice calorimeter. 
The enthalpy of the specimen is determined from the amount of ice 
melted in the ice mantle. 

The uncertainty in measurements is estimated, by error 
analysis,   at  ±5 percent. 

From the enthalpy versus temperature curve obtained experi- 
mentally by the above apparatuses,  the heat capacity is computed 
by two methods,  a graphical solution and an analytical or least 
squares curve fit solution. 
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ultrasonic Velocity 

Ultrasonic velocity measurements and flaw detection by pulse- 
echo are accomplished using a Sperry UM721 reflector ;ope. Acoustic 
velocity is measured using the through-transmission, elapsed-time 
technique.  The Sperry UM721 is used as the pulser, and a Tektronix 
564 oscilloscope complete with a 3B3 time base (precision of 1 
percent) and a 3A3 vertical amplifier is used as the signal 
measuring device.  The detection of macro flaws is accomplished 
using the pulse-echo, reflection technique. Frequently used 
test specimens are the tensile blank specimen having dimensions 
of 1/2 inch diameter by 4 to 6 inches long and the 1/4 inch long 
segment from gage section of a fractured tensile specimen which 
is removed and machined after the tensile test has been performed. 
Ultrasonic inspection is performed on specimens having machined, 
flat surfaces normal to the longitudinal axis of the specimen. 

In using the through-transmission, elapsed-time technique 
for measuring acoustic velocity, a short pulse of longitudinal- 
mode sound is transmitted through the specimen. An electrical 
pulse originates in a pulse generator and is applied to a ceramic 
piezoelectric crystal (SFZ).  The pulse generated by this crystal 
is transmitted through a short delay line and inserted into the 
specimen.  The time of insertion of the leading edge of this 
sound beam is the reference point on the time base of the oscillo- 
scope which is used as a high-speed stop watch. When the leading 
edge of this pulse of energy reaches the other end of the specimen, 
it is displayed on the oscilloscope. The difference between the 
entrance and exit times is used with the specimen length in 
calculating ultrasonic velocity. A short lucite delay line is 
used to allow time isolation of the sound wave from electrostatic 
coupling and to facilitate clear presentation of the leading edge 
of the entrant wave resulting in a more accurate "zero" for time. 
Alcohol is used as the couplant to reduce errors incurred by 
solid couplants. The precision of measurement for tensile test 
blanks is ±0.002 inch per microsecond; for the 1/4 inch removed 
section, ±0.010 inch per microsecond. 

In using the pulse-echo, reflection technique of ultrasonics 
to detect macro flaws, test blocks from a similar material are used 
as calibration references for estimating the location, depth and 
size of discontinuities. These blocks are normally about 5/8 
inch square by 2, 3 and 4 inches long.  At one end, a single hole is 
drilled along the longitudinal axis to a depth of 1 inch.  For a 
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polygraphite such as ATJ-S, the hole sizes range from 1/32 to 1/4 
inch in 1/32 inch increments and an ultrasonic frequency of 1 MHz 
is used. At 1 MHz, propagation of acoustical energy is limited 
by attenuation to dista .ces on the order of 12 inches. When using 
pulse-echo, this means P. specimen 6 inches long is within test 
range. Alcohol is us A  as the couplant between the transducer and 
the specimen. Instrument settings are duplicated as much as 
possible for evaluations on similar material. 

Using a Tektronix Oscilloscope C-12 camera, two techniques are 
used in recording pulse-echo signals from specimen blanks. The 
first technique involves taking photographs of the signal as 
transmitted from one or both ends of the specimen to determine 
"standing signals".  The second technique involves recording a 
multiple trace (smear) of the signal. This is done by revolving 
the specimen on the face of the transducer on about a 1/8 inch 
radius with the camera shutter open. This technique tends to 
randomize the background noise and to define the more repetitive 
"standing signals". 

Radiography 

Radiography of graphite materials is performed using state- 
of-the-art X-ray techniques for low-absorptive materials.  The 
radiographic unit is a Radifluor 360 manufactured by Torr X-ray 
Corporation, a division of Phillips Electronics. This unit is 
rated for operation from 0 to 120 kv at either 3 or 5 ma, making 
it ideal for carbon and graphite materials having thicknesses 
up to about 2 inches.  It incorporates certain basic characteristics 
which are necessary for examining low-absorptive materials with 
high resolution and sensitivity. For example, the X-ray tube has 
a 0.015 inch thick beryllium window with a focal spot size of 
0.35 mm.  The beryllium window provides low inherent filtration 
for low energy rays permitting them to exit the tube for utiliza- 
tion.  The small focal spot provides distortion-free imaging of 
small discontinuities.  The radiographic sensitivity using extra- 
fine grain film is less than 2 percent. 

Operational and film development procedures used are consis- 
tent with conventional good radiographic practices. For example, 
lower power settings are used by extending development time in 
order to enhance image contrast. Extra-fine grain film (such as 
Eastman Type M) is used to ensure sharp imaging.  Further, when 
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specimen geometry will permit, image unsharpness is reduced by 
using a focus-to-film-distance of 42 inches.  Image quality is 
checked using a penetrameter made from K similar material. 
Drilled holes indicate 2 and 4 percent sensitivities.  No inten- 
sifying screens, filters or masks are used to af act imaging for 
graphite thicknesses up to 2 inches.  Film processing is con- 
sistent with good standard practices. Examination of radiographs 
is made using a variable, high intensity spot illuminator. 

Electrical Resistivity 

Electrical resistivity is measured using the potentiometer 
method.  The test specimen may be either a specimen blank or a 
finished specimen configuration having a uniform gage length of 
1 inch or more. The attachment taps tu the specimen are spring- 
loaded graphite discs.  Potential taps which have a gage length 
of 1 inch are normally clipped to the specimen. 

The procedure used in the potentiometer method involves 
comparing the voltages for a standard resistor with a specimen of 
unknown resistance when a common, known current flows through 
both.  For example, with 1 amp flowing through the specimen and 
a standard 5000 y ohm resistor, the potentiometer leads are 
connected across the standard 5000 y ohm resistor, the potentiometer 
set on 5000 yV, and the rheostat adjusted until there is no 
current flow through the galvanometer. Then, the potentiometer 
leads are switched to the specimen. The potentiometer is adjusted 
for zero current flow through the galvanometer, and the voltage 
across the specimen is read. 

From the relation 

R - E (D 
I 

the relationship between the standard resistance,   the unknown 
resistance and the associated voltages can be expressed as 
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Ru Ey Ey 2L--£-0rRx-R12 (j) 
R8 E8 E8 

where 

Rx = Resistance of specimen 
Rs > Resistance of standard resistor   (5000  yohm In this care) 
Ex * Voltage drop across specimen 
Es = Voltage drop across standard resistor 

A full-wave rectified DC power supply operated by an AC 
regulatec  power source Is used to Induce current  flow through the 
specimen.     & galvanometer having a sensitivity of 0.8 yv per 
millimeter with a 1000 ohm series resistor Is used with a poten- 
tiometer having a dial graduation of 0.0005 yV to measure voltage. 

Using the measured voltage drop across the  specimen,  the known 
current  flow, and the dimension measurements from the specimen, 
the volume electrical resistivity Is calculated using the equation 

P   -*    Xx ,3, 
L    I 

where 

p     = Volume elctrlcal resistivity 
A    * Cross-sectional area of specimen 
Vx = Voltage drop across gage length of specimen  (corrected 

for open-circuit voltage) 
I = Current flow through specimen 
L = Gage length of specimen 

The normal uncertainty for the value of electrical  resistivity 
determined from this apparatus  Is ±2 percent. 

Open and Closed Porosity by Liquid Absorption 

Liquid absorption measurements are made to  further characterize 
the nature of a material.     A vacuum-Impregnation technique using 
mineral  spirits   (s.g.  about 0.77)  as the Impregnant Is used. 

20 



Using this  technique,  the three weights - dry weight,   suspended 
weight and saturated weight are determined for evaluating the 
absorption,   density and porosity of a material.    This  technique 
is used frequently to characterize material near the  fracture 
zone of tensile specimens.     For such evaluations,  1/4  inch segment 
or segments  from the long and/or short halves of the tensile 
specimens are used.    A 1/4 inch  "fracture" section is  a 1/4 Inch 
long section including the fracture face.    A 1/4 inch  "removed" 
section is a section behind the 1/4  inch "fracture"  section; 
that is,  a section from 1/4 to 1/2 inch behind the fracture face. 

The normal procedure used in making liquid absorption measure- 
ments  involves  first of all thorough drying and then precise 
weighing of specimens to determine dry,  suspended and saturated 
weights   (recorded to nearest 0.0001 gram).    First,  the  specimens 
are oven dried at 3000F for two hours to drive out absorbed moisture 
and then weighed to determine dry weight.    Individual specimens 
are then placed in small beakers which are placed on their sides 
in a desiccator.    After the desiccator is sealed off,  a vacuum 
of 50 microns of Hg is pulled and held for two hours  to remove 
entrapped air from the specimens.     The desiccator is  then purged 
with mineral spirits until the beakers containing the specimens 
are submerged.     The desiccator is  then vented,  and the specimens 
are left in the desiccator for 20 minutes to allow vapor inside 
the specimens  to condense. 

The suspended weight is obtained by weighing the  saturated 
specimen while suspended in the mineral spirits.    The specimens are 
kept submerged by righting the beakers in the desiccator to main- 
tain the mineral spirits  level above the specimen.    Figure 26 
illustrates  the procedure used for suspending the specimen in 
mineral spirits from a balanced beam.    The tare weight of the 
basket, which is subtracted from the total suspended weight to 
determine the suspended weight of the specimen,  is determined by 
weighing the suspended basket submerged in mineral spirits to 
the same depth that the specimen is weighed.     Care is exercised 
to ensure that no air bubbles cling to the basket and that a 
clearance between the basket and sides of the beaker is main- 
tained . 

For determining saturated weight, the specimens are removed 
from the mineral spirits and wiped carefully to remove excessive 
surface mineral spirits. The specimens are then weighed immedi- 
ately to determine the saturated weight. 
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From the three weights taken for each specimen   (dry weight, 
suspended weight and saturated weight)  percent water absorption, 
open porosity,  bulk density and apparent density are determined. 
The total porosity can be determined also when the true density of 
the material is known.     The equations used for these calculations 
are: 

Wa .[W8a'wdj     pw      x ioo percent (4) 
Wd   /     Pm 

100 percent (5) sa    d I       x 
wsa~wsu/ 

Pb "I 1       * Pm (6) 
'wsa~wsui 

Pa-( ^—I       x pjn (7) 
Wd-W8u 

Pt 
Wd 

Pt/ x 100 percent (8) 
w8a"wsu j 

Pm 

where 

Wa = Water absorption 
W8a = Weight of sample when saturated with liquid m 

Wd = Dry weight of sample 
Wsu = Weight of sample when suspended in liquid m 

Pm » Density of liquid m  (about 0.77 gm/cm    for mineral 
spirits - s.g.   checked after each run) 

pw m Density of liquid water 
Pt = True density of sample 
Pb = Bulk density of sample 
pa « Apparent density of sample 
Po = Open porosity 
Pt ■ Total porosity 
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Weights for this evaluation are determined using an analytical 
balance sensitive to 0.0001 gram.  Instrument precision for mea- 
suring absorption is ±0.10, bulk density is ±0.002 gm/cm3, open 
porosity is ±0.15 and total porosity is ±0.05. 

Gravimetric Bulk Density 

Each specimen is initially machined to a predetermined blank 
size and the bulk density of each blank is determined from direct 
measurements of weight and dimensions. Weight measurements are 
made on an analytical balance having a sensitivity of 0.0001 gram. 
Dimensional measurements are made to the nearest 0.0005 inch using 
micrometers. 

Filtered-Particle Inspection 

For inspecting porous materials whose particle size is 100 
mesh or smaller, the filtered-particle inspection method is appli- 
cable.  The filtered-particle system consists of a fluid (suspending 
medium) containing a dispersion of properly sized and shaped 
particles.  Differential liquid absorption between an area con- 
taining a crack and one that does not is the phenomena which 
causes the particles to congregate about a surface discontinuity. 
For example, when the filtered-particle penetrant is applied, 
more liquid is absorbed at the site of a crack than in flaw-free 
material because of the extra absorptive area within the defect. 
As the liquid enters the defect, the suspended particles are 
filtered out at the surface causing a higher concentration of 
particles along the defect. 

The procedure for using the filtered-particle system consists 
first of all in applying the system to materials which are applicable 
to the system. Partek P-1A used on materials such as some poly- 
graphites reveal minute cracks which measure about- 0.002 to 0.003 
inch wide on the surface.  Application is by hand using an eye 
dropper.  Inspection is done under black light.  Results are 
recorded photographically using a Polaroid NP-3 camera with a 
Polaroid No. HNCP 37 x 0.030 inch filter and black light illumina- 
tion. 

The filtered-particle system used at Southern for polygraphite 
type material is Partek P-1A, manufactured by Magnoflux Corporation. 
This system can be obtained with either an oil or alcohol base 
with a fluorescent particle which becomes clearly visible under 
black light. 
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DATA AND RESULTS 

Thermal Conductivity 

Castable Carbon 

The thermal conductivity data for the castable carbon on 
virgin (cured at 340oF), 1500oF precharred and 4000oF precharred 
materials are shown in Figure 27 and in Tables 4 through 8. 
The conductivity values were 12.5 Btu in./hr ft2oF at 1500F for 
virgin materials (cured at 340oF), 11.0 Btu in./hr ft2oF at 1450oF 
for 1500oF precharred material and 70 Btu in./hr ft2oF at 4000oF 
for 40000F precharred material. 

In order to check any anisotropy in the material, the compara- 
tive rod specimens were machined in such a way that the direction 
of heat flows was mutually perpendicular for two specimens during 
conductivity measurements on the virgin and 1500eF precharred 
materials. For 4000oF precharred material two mutually perpen- 
dicular directions of heat flow were covered during the radial 
inflow conductivity measurements and the third direction was 
covered during the conductivity measurements in the comparative 
rod apparatus.  From the conductivity data, it was concluded 
that the material is isotropic for the thermal conductivity. 

The comparison of the data at 15000F indicates that the 
thermal conductivity for 40000F precharred material is about 
7 times the conductivity for 15000F precharred material at about 
the same temperature.  This increase in conductivity for 40000F 
percharred material undoubtedly is due to ordering of the structure 
(graphitization) of the material. 

The "boxed" values of conductivity are shown in Figure 28. 
In this technique the materials are precharred to certain tempera- 
ture levels.  Thermal conductivities of the precharred materials 
are determined at a steady-state up to precharring temperatures, 
thus providing conductivity values for each precharring temperature 
level and permitting a "boxing" of the best probable conductivity 
value within the temperature intervals selected.  Thus, the 
"boxing" technique represents an estimate of the thermal con- 
ductivity when the material first reaches that temperature, 
during ablation process. 
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To make the point clear, suppose the virgin material reaches 
1500°F in the ablation process. Figure 27 predicts that the 
thermal conductivity value should be 12 Btu in./hr ft2oF when 
the material first reaches 1500oF in the ablation process. 
This is opposed to the value of 85 Btu in./hr ft2oF observed at 
1500oFforthe 4000oF prechar. Similarly, the virgin material 
would have a value of about 70 Btu in./hr ft2oF when it first 
reached 4000oF.  Figure 28 includes a plot of the probable 
"boxed" value of conductivity as a function of temperature. 
Observe that one would expect a conductivity of 39 Btu in./hr ft2oF 
at 30000F when the virgin material first reached 30000F. 

Fibrous PG Sleeve 

The thermal conductivity data in the axial ("a-b") direction 
for the sleeves are shown in Figure 29 and in Table 9. The con- 
ductivity increased linearly from 273 Btu in./hr ft2oF at 5000F 
to 295 Btu in./hr ft2oF.  It was expected that the conductivity 
values should decrease initially with temperature, a behavior 
similar to PG in the "a" direction. An additional rerun was 
made using Armco-Iron references. The data agreed with previously 
obtained data using the 316 Stainless Steel references. To 
understand this result electrical resistivity measurements were 
made from 700F to 10000F.  The data are shown in Figure 30 and 
in Table 10. The electrical resistivity slightly dropped from 
1600 yohm cm at 7C0F to 1500 u ohm cm at 1000oF. 

A composite plot of electrical resistivities, thermal con- 
ductivities of PG, fibrous PG and glassy carbon is shown in 
Figure 30. The behavior of electrical resistivity and thermal 
conductivity on fibrous PG are somewhat similar to glassy carbon. 

The thermal conductivity data on fibrous PG in the 
••c,• direction are shown in Figure 31 and in Table 11. The 
determinations at the three different temperature levels were all 
made on the same test sleeve. Thermal conductivity values were 
slightly higher (about 10 percent) for the second run compared to 
the first exposure. The conductivity increased from 10 Btu 
in./hr ft2» F at 2,000* F to 18 Btu in./hr f t2, F at 4,000* F. 
Increased conductivity above 3,000*F in helium may be due to 
the presence of delaminations. Also the 4,000*F test temperature 
is above the original fabrication temperature of the material and 
some further graphitization of the fiber and the matrix may occur. 

The measured thermal conductivity of fibrous PG has been 
plotted for comparison with that of other refractories in Figure 
32. 
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Data at about 2000eF were also obtained In vacuum and In 
helium during the rerun. These data were obtained to provide a 
direct comparison between the data In vacuum and In helium and 
permit a feel for the extent of the delamlnatlons. Vacuum data 
at above 20000P were lower by about 2.0 Btu ln./hr ft2oF when 
compared to helium data at about the same temperature.  This shift 
Is relatively small and detailed calculations jrobably would 
Indicate that the delamlnatlons are not continuous.  SRI data on 
PG tile In the "c" direction are also shown In Figure 31 for 
comparison. 

The thermal conductivity of the fibrous PG sleeve In the 
"c" direction will depend upon several factors such as (1) number 
and locations of delamlnatlons, (2) width of the delamlnatlons 
and (3) gases present In the delamlnatlons.  These factors were 
not analyzed In this program; however, they have been analyzed for 
PG sleeves, and may be found In "The Effective Thermal Conductivity 
of Pyrolytlc Graphite Cylinders In Various Gas Environments", a 
paper presented at the Thermal Conductivity Conference, Iowa 
State University, October, 1969. 

Thermal Expansion 

Castable Carbon 

The thermal expansion data obtained on 4000eF precharred 
material are presented In Figure 33 and In Table 12.  The expan- 
sion Increased linearly from the reference point of 70eF to 
10.6 x 10"3 In./In. at 4000oF which Indicated that the material 
was stable up to the precharrlng temperature. Above 4000eF, 
the material started shrinking and the data at 50000F were 
obtained while the dial gage was moving. 

The specimen contraction (zero return at 70oF) observed 
by the dial gage and micrometer were In excellent agreement. 

The thermal expansion data were compared with typical SRI 
data on ATJ-S graphite In the with and across grain directions. 
The thermal expansion data for castable carbon are higher than 
the with grain but lower than the across grain expansion of ATJ-S 
graphite. 
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Enthalpy and Heat Capacity 

Caatable Carbon 

The enthalpy and heat capacity data are shown in Figure 34 
and in Tables 13 through 16. The heat capacity increased from 
0.31 Btu/lb'F at 500* F to 0.56 Btu/lb'F at 4500* F. 

The least squares treatment of the enthalpy data resulted 
in the following equation for enthalpy: 

h32 - 0.395T + 0.161 x lO-^T2 + 0.769 x lO'T"1 - 356 

where the temperature (T) is in degrees Rankine. 

The derivative of the enthalpy equation resulted in the 
following equation for heat capacity after the equation was 
adjusted to agree with graphical solution for heat capacity 

■  at 500oF. 

HC - 0.395 + 0.322 x 10-'*T + 0.107 x 106T-2 

Good agreement existed betv/eer the analytical solution and the 
graphical solution both for heat capacity and enthalpy. The 
plots for heat capacity and enthalpy as shown in Figure 34, 
represent the best fit of the values determined by both methods. 

Fibrous PG Sleeve 

The enthalpy and heat capacity data are presented in Figure 
35 and in Tables 17 and 18. The heat capacity increased from 
0.28 Btu/lb'F at 500* F to 0.61 Btu/lb'F at 3500* F. Heat capacity 
values are about 6 percent higher than those of pyrolytic graphite. 

The least squares treatment of the enthalpy data resulted in 
the following equation: 

haz ■ 0.280T + 0.431 x lO^T2 + 0.544 x lO'T'1 - 259 

where the temperature (T) is in degrees Rankine. 

The derivative of the enthalpy equation was adjusted to 
agree with graphical solution at 5000F to establish the following 
equation for heat capacity: 

HC - 0.280 + 0.862 x lO^T - 0.766 x 105T"2 
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Good agreement is found between analytical solution (least 
squares fit) and the graphical solution both for heat capacity 
and enthalpy. The curves for heat capacity and enthalpy as 
shown in Figure 35, present the best fit of the values determined 
by both methods. 

A composite plot for heat capacities of castable carbon, 
fibrous PG sleeve, pyrolytic graphite and polygraphite is shown 
in Figure 36. In general, heat capacity values for both the 
materials evaluated for Atlantic Research are higher than those 
found in literature for polygraphites. 
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VI.  OTHER CASTABLE CARBON DATA 

In addition to the properties measured by SRI and described 
previously, the Atlantic Research castable carbon has been included 
in an Aerojet-NASA program for large motor ablatives; and some 
property determinations were made at Aerojet (Reference 7). The 
TGA of this material is shown along with several elastomeric 
materials in Figure 37. These data, measured at a heating rate 
of 20>C/min., show far less weight loss for the castable carbon 
than the other elastomeric materials.  Since the furane resin 
system yields a high char content on pyrolysis, the weight loss of 
the binder is relatively low. Thus 50 percent carbon char formed 
from the binder, which was originally 20 percent, gives a 10 per- 
cent weight loss. From the same reference are reported thermal 
conductivity, diffusivity, and heat capacity for the virgin material 
and are shown in Table 19. The Aerojet determined values for the 
conductivity of the virgin material are approximately 30 percent 
higher than the SRI values. This is explained by the Aerojet 
samples being of slightly higher density and also by the calcu- 
lation of conductivity from diffusivity measurements. Conductivity 
data calculated from the diffusivity are generally higher than 
the values obtained by direct measurement. 

Erosion data also determined by Aerojet are shown in Figure 
38 (Reference 8) and, a1* determined in the high pressure nozzle 
studies at Atlantic Research (Volume I of this Final Report) , 
show that it performs similarly to the pressure molded carbon 
cloth-phenolic materials. 

Typical mechanical properties, as reported in Reference 1, 
are 2,000 psi modulus of rupture and 5,000 psi compressive strength. 
Some versions of castable carbon contain from 3 to 5 weight percent 
chopped carbon fibers which tend to enhance the structural charac- 
teristics of the material. 
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VII.  CONCLUSIONS AND RECOMMENDATIONS 

For castable carbon it was found that the material is Iso- 
tropie, and the thermal conductivity is intermediate between the 
two different directions of molded carbon-phenolic. The heat 
capacity is approximately 10 percent higher than bulk graphites. 
The thermal expansion data of castable carbon show that the 
material is stable up to precharring temperature. The thermal 
expansion data fall in between the with grain and the across grain 
expansion values for ATJ-S graphite. 

The thermal expansion of castable carbon increases linearly 
from ambient to 10.6 x 10"3 inches per inch at 4,000oF which indi- 
cates that the material is stable up to the precharring temperature. 
The thermal expansion of castable carbon is higher than the with 
grain, but lower than the across grain expansion of ATJ-S graphite. 

The conductivity values of fibrous PG in the **a-b*' direc- 
tion are lower by a factor of about 7, than the conductivity values 
of ••normal*» PG tile, or plate, in the ••a-b" direction. The 
conductivity values of fibrous PG in the ••c,, direction are of 
the same order of those found for PG tile in the ••c** direction. 
Thus, the anisotrc; y ratio (ratio at 1500F of thermal conductivity 
in the ••a-b*» dir-.stion to that in the ••c,, direction) for fibrous 
PG composite is of the order of 20 compared to about 150 for PG plate. 
This reduced anisotropy, along with the retention of good insulating 
properties in the ••©•• direction, should facilitate the use of the 
composite material in lieu of pyrolytic graphite shapes which suffer 
from extreme anisotropy. 

The heat capacity for the fiber reinforced PG is about 10 per- 
cent higher than the values for bulk graphite. 

Now that the measured data on castable carbon and the fiber 
reinforced PC are available, it is recommended that they be used 
for design and performance predictions.  It is also recommended that 
thermal expansion data be measured on the fiber reinforced PB.  Also, 
in the future, it may be desirable to measure the thermal conductivity 
of the fiber reinforced PG containing several different levels of 
fiber reinforcement, both above and below that of the specimens 
measured in this program. 
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Low-Absorptive Areas 

90 

Figure  1.     Radiograph   (Photographically Reproduced)   of a 
15000F Heat Treated Castable Carbon Material 
(Machined Bulk Shape)   -  Radial View 
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Figure 3.  Photograph {3.3X) of Specimen CR-1-70 
(50° Orientation) from a Castable Carbon 
Material 
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Index 

Material Separation 
(Striation or crack) 

Void   (Typical) 

Figure 4.  Photograph (3.3X) of Specimen CR-1-1500 
(90° Orientation) from a Castable Carbon 
Material 

35 



o rH 
■«r m 
n •H "^ >-( 

a) 
o -p 
o »0 
in s 
rH 

| c 
<N o | XI 
tt u 
u m 

u 
c 
0) a) 
B  rH 

•H 
O 1 -p 

W 03 
CJ 

IH 
0 m 
_ E 
X o 
ro *H 

• *u 
ro >-' ^~> 

c 
£ o 
a-H 
(t3 -p 
H «0 
O^+J 
0 c 
-p a) 
0 •H 
£ n 
A o 

in 

s 

36 



CM 
0 U 

•rl   fl c 
■P U 0 
10 U •H 
M +J 
(0 H (0 
ao VI 
0) H nj 
w c 0 cu 

0 0) 
H-H TJ m 
(0 4J •H 

■ri   (0 0^^ 
H-rl > (0 
0) Wt •H 
+> 4J 0) M 
(0 w 0>(U s^- M +> 
\ n) m 
\ j e 

0 ■H 
o m 
a\ •H 
—< n 

a) 
o -p 
o to 
o £ 
■»r 

l ß 
rH o | ä 
K u 
u (0 

u 
c 
0) a) 
e-n 

•H J3 
U ro 
0) -P 
a (o 
w m 

u 
4-1 
0 (0 

^-s E 
X 0 
n u 

• »w 
n 
—' ^^, 

c 
ja o 
04-H 
(0 -P 
M 03 
Cn-P 
0 c 
■P 0) 
0 ■rH 
d n 
(^ o 

37 



Material Separation 
(Striation or Crack) 

Index 

Void   (Typical) 

Figure 7.  Photograph (3.3X) of Specimen CR-1-4000 (15° 
Orientation) from a Castable Carbon Material 
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Material Separation 
(Striation or Crack) 

Void (Typical) 

Figure 8.  Photograph (2.5X) of Specimen CR-2-4000 from a 
Castable Carbon 
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Material Separation 
(Striation or Crack 

Void (Typical) 
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Figure 9.  Photograph (4X) of Specimen RI-2-4000 (0° 
Orientation) from a Castable Carbon Material 
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Material  Separation 
(Striation or Crack) 

Index 

Figure 10.  Photograph (4X) of Specimen RI-3-40C0 (0° 
Orientation) from a Castable Carbon Katerial 
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Material  Separation 
(Striation or Crack) 
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A 

Figure 11. Photograph (3.6X) of Specimen CTE-1-4000 from 
a Castable Carbon Material 
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Material  Separations 
(Striations or Cracks) 

*epRo OUCIB LE 

Figure  12. Photograph   (3.6X)   of Specimen CTE-2-4000  from 
a Castable Carbon Material 
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Figure  13. Radiograph   (Photographically Reproduced)   of 
Specimen CR-1-70  from a Castable  Carbon Material 
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Low-Absorptive ^ 
Areas 

6TI 40M 

Figure  17. Radiograph (Photographically Reproduced) of 
Specimen CTE-1-4000 and CTE-2-4000 from a 
Castable Carbon Material 
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Axial. Direction 

•Circumferential  Direction 

Background 
of  Residual 

Porosity 

Figure 19.     Photomicrograph   (10X)   of Outer Surface of an As- 
Received Fibrous  PG Sleeve Showing Residual 
Porosity Background 
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Note: White spots in walls are 
-0.02 inch low-absorptive 
spots. 

Figure 20. Radiograph (Photographically Reproduced) Showing 
Typical Sidewall of Fibrous PG Slee\es - 0° View 
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316   Stainless 
Steel Adaptor  (TYP) 

"316  Stainless  Steel 
Reference   (Top) 

•0.0100  thick Grafoil 

0.0100   thick Grafoil   ring 
in interface 
(Top and Bottom) 

1.152 3     (Gage Length) 

Specimen  Sleeve   (316 
itainless  steel  for 

calibration) 

— Thermatomic carbon 

0.067   in Dia Hole   (TYP) 

316 Stainless Steel 
Reference   (Bottom) 

Ch rome1/Alume1 
T.   C.   Wires   (TYP) 

Figure 22.      Schematic of Calibration Buildup for  316 
Stainless Steel Sleeve used  in the Comparative 
Rod Apparatus 

Note:    The  same buildup was  used during evaluationn on   Fibrous PG Sleeve 
in the axial   (a-b)   Direction 
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Hot Holes 

Top Guard 

Front to Back Direction 

Cold Holes 

*• Side to Side Direction 

0.103 Dia Hole 

1/2' I V. 

Specimen 

Bottom Guard •• 1/2 

1 

0.073 Dia Hole 

Blank out first for 
density measurements 

Fractional Dimensions 1 

±1/64 

Dimensions: 
±0.0005 

Figure 24.  Configuration of the Cylindrical Thermal Conductivity 
Specimen for the Radial Inflow Apparatus 
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1.500 
1.000 

0.100 Dia through 
ATJ t PG 

0.130 

0.100 Dia through 
ATJ 

Section A-A 

Detail of Sight Hole 

0.B24 

ATJ Graphit« Sleeve 

ribroua PG Sleeve 

Calorimeter 

Sight hole 

Specinen Support 
Cylinder (ATJ Graphite) 

Calorimeter painted with 
flat black enaMl over 
•peclmen length 

Thermatomlc carbon 
Inaulation 

Top Guard 
(C.S. Graphite) 

Graphite Pelt 

Plbroua PG Sleeve 

Graphite Pelt 

Bottom Guard 
(C.S. Graphite) 

Thermatomlc Carbon 

Figure 25.  Buildup for Optical Meaaurementa of Inaide Surface 
Temperature of Plbroua PG Sleeve during thermal 
conductivity meaaurementa in the "c" Direction uaing 
the Radial Inflow Apparatua 
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Beam of Balane« 

Suspanaion wir« 

Mlnaral Spirits Laval 

Opan-and Baakar 
Ninaral spirita 

aat Spaciman 
Suapandad Baskat 

wmnrmm -Baakar Support 

Figure 26. Satup for Determining Suapandad Weight of Saturated Specimen 
for Liquid Absorption Evaluation 
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Figure 30.  Composite Plots of Electrical Resistivities and 
Thermal Conductivities for PG, Fibrous PG and 
Glassy Carbon 
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500 
27117 

1.000 2.000 3.000 4.000 
TEMPERATURE (0F) 

5.000 6.000 

figure 32.   Thermal Conductivity of Materials. 
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GRAPHITE DILATOMETER 

O 9p«c CTE-1-4000  Run 1 
Run 6047-29-127E 
Initial Langth: 2.9970 In. 
Final Langthi 2.9940 In. 
Danalty ■ 1.16 gm/cm* 
ER=12,390 tioh» cm 
Spacimen Contractioni 
13.0 x lO-' In. nloroaiatar- 
15.0 x 10'* in. dial w 

Temperatur« at which material 
pracharred 

Dial Oage 
noving 

4-Typical SRI Data on ATJ-8 
Graphite (with and acroaa grain) 

2000     3000 
Temperature - *P 

5000 

Figur« 33. Thermal Expansion of Castabie Carbon — 4000°F Precharrad 
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l*SIC«047-2(Uneh*"", '•t•rU1,  \     +l—.t Squirei rit 

■ Spac HC-2   (uncharred  material) - 
Run 6047-2 

+ 8(wc HC-1   flSOOT char) 
Run «047-3 

ABpmc HC-2   (1500*r char) 
Run «047-3 

ICE  CALORIMtTEB 

OSpac  HC-i   (1500T char! 

DSpae IIC-4   (ISOO'f char) 

OSpac HC-l   (400a*r char) 

AOpac HC-J   (4000«r char) 

j-Data on uncharrad • 
^aatarlal  (140^) 

0.395T ♦  0.1«1   x   l0"'•l,   +  0.78»  x   lO'T"1 -   35« 
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Figure 34. Enthalpy and Specific Heat of Castable Carbon 
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Figure 35. Enthalpy and Specific Heat of Fibrous PG Sleeve 

4500 

66 

\ 



.2 
« 
10 

« 

c 

3 
0 
8 
i« 
c 
i w 
N 
u 

E 
J 
o 
S 
ä o 
s. 

3 
i 

■ 
to n 
« k 
3 
Ol 
E 

o o 

67 



90 

80 

70 

60 

50 

CO 
to 
O 

CJi 

40 

30 

20 

10 

Castable Carbon 

40 SO 80 

V 61 

USR 3800 

X 
• 

/ 
f 

/ 
..^X 

100 200 300 

Temperature, 0C 

Figur« 37. Thermogravinetric Analysis of Insulation Materials 

800 

68 



22 

20 

18 

16 

14 

12 
I- 
< 

«10 
LU 
OC 
o 

8 - 

\\ \    ®. M-4028 

\\ 
Y       Qy MXC-113 

\     > v \             0 WB-7215 

\ \           (7) AD 365 

\ 

\         @ WB-8251 

\      0 MXA-6012 

V \ v  
^ V 

N U s ^        > v 
\^ >v                \ 

^N X ® 

N C^ ̂
 X i> ^   V^ \ V A 

ll\ ^ w v \ \S\ s 
600 500 400 300 200 

CHAMBER PRESSURE (p*j) 
100 

Figur« 38. Erosion Data of AR Castabla Carbon and Othar 
Ablativa Matarials (from raf. 8) 

69 



I 

- 

I 

I 

h i 
Jr. 

■ 

I 

Si 
8 
1^ 

r» 
e 

r r 

15 i 
H 

-        - 

II 

J 3 J 

III 
1 1 3 

III 
IIIUI 

oe ijiiij i 
3   3   3   3   3   3       3 mill   , 

ill IM      «4     <M      «M      «4 

«  4 <  4  « 
31331 n 111 

1 
J 

L il 
m      Cl     M     M 

n 
2  8 li 

I 
l 

- j— 
09       -3       M 

II III 

^        t» 
e e    ^ m    e 

i    T 

e    e 
s s 8  S 

? T I  

11 
• • • e    e 
s s 

? r 
&  8 

S 

I 

I 
o 

ii 
8  1   8 

M 

H 

70 

1 



i 
Jp 

IM 
O 

a 

I 

1 

I 

3 i 

I1 

Si 
11 

1 

1 

11 

«      M      (A 
• • t        • 

S  S 

N     N      *     U •        •        •        • 
n     M      H     N 

t s 

§ p 

I 
•o 

i 

I 
I 
I 

1 

1 
ft 

1 
I 
I 
I 
1 
8 

1 

71 



1 

1.1 
1J 
\i\ 
.13 

m    \m5 
H      « •■• 

Is3 

» 3 w 

n 
o 

J 

ll 

h<a 

h 

5 

|   -tu* 

I     0*1 

In' 
life 

go«5 

2 

4! n 

ji act • 

% ■ u 3 <u 

-r- 9 fi a »i 

5g la 

8° "^ 

H 9 aw 

J|'<H AM 

ill! 

5 
m 
in 
m 
r« 
o 
I 

5 
8 
o 

§ 
9 
i 
i 
■ 

I 
o 

o 
« 
s 

m    m    r> 
r*     o     <* 

M     M     r*     rt 

in     m     e 

■     HOI* m     >•     m     M 

o     a.     r- 
H    le     in     r«    e 
•    «     «     in    in 

H o o m n 
• H H H «t 
■ H iH « « 
¥ mt H m M 

a    r>     H    ai 
•  i_a s- 

00      o 
e    H 

5J' 55 
n 

wo« 

w    in     m     t*     • 
^       ^       I»      !>• 

•        M PO 00        BO 

J5  

m » » oo 
oo     n     m     «O0i r> r-4 in « 
•-<     o     in     «DO   • » M oo » 
r»     oo     «>       •   »o vc ic oo oo 

OH 
             I __^_— 

I i 

55 = |||... Ill O       HH • HH ■ 
00      o       •«Ht-      IM      ff.      r- 

HH•        • •        •        • 
• rt     m m        ennaa        ••aiat 

uimm <unia« iw     n     IN     in     in 

.      o 0 

.3 
•  • I      oo »- 
- •■   • •• 

H HH        H O M I 
m     •     in     r> •       •       •      • 
r>     la     H    a« 

in     m     o        H 
H     H 

e    N 

HW 

ill 

M 

V 

s 

I 

■<    Hi 41 

I 
ä l 

■ 

it 
a 

•     a 

I 
H       IM 

"   8 

I 5 
■ 2 

ll 
H 
a    a 
« s h 
•H 

M 
a      *■ 3   M 2 
E   IM  H 11 

li 
3 
i 

72 

I 



I 
I 

IS 
I 
'I 

ill! i 
8»! s 

Br 
i? 

h        ■ 

sfl|s> 

^a 

5i 

It 8 

'hi 
% II 

II i 

I CO       ri 

' 's 0    2 m 

II 
III 

ll 

1: 

ll 

55J 
ooo in mm 

•  •  • 
ooo 
III 

r4HH 

! 

mm 
l   • 

W!f4 
I 

j it 
In! 

m     m 

•       ■ 
m     m So 

taw 

m    e 

«•    w 

r4 {«4 

«<•      M 

*      ft 

3. 

M      K» ll 
o    e 

ir     m 

e    H 

s s 

m     m 

«t     N 

■A     m e    « •     • 

e    e 

in    m 
in    m 

m 

a a 

?!      B 

P      R     3   3 

_—_   i     mm — 

a   H •• &   li 
mm        I    efi' e    M 
MM || m MM 

■ • ill! - - 

I 
I 
I 
1 

I1 

14 
! 

II 
4«J 

i 

I 
1 

i 
I 

! I 
i  I 

{ 

ll  i 
fj 

Irs 
■ ■ «   "jf 

-s- | 
■ 

73 



t 

& 11 i (f h 
w O 00 f» o    m 
m • • m • 

to 

00 
• 

n 

to      * 
•          ■ 

5Jfj-|. FH «n m ft m      m 

T
h

er
m

*!
 

of
 U

p
p

er
 

R
ef

er
en

ce
 

u 
in

./
h

r
 f

t»
 »

F
 

h 
o 

N «n • H o    e «sr» 
• 

m 

o • o • to 

o 

i*    i» •      • 
üi    «i ^   • 

•-•to 
N M rs .N H       -4 

fl 4J 8 |« 
u •H* 

I
fe

u
 

m
p

er
a-

 
u

re
 o

f 
U

p
p

er
 

sf
er

en
c 

•F
 1 ry o 00 M l")       fM 

5-2 
o 
91 to     I« 

V  it         Z 11 - H l-l    -1 

H f ! fe H h. 
o 00 o tn «    in 

• • • m ot • •      • 
5 e9ä5" 

o 
Olft 

9> X m    in 

■ oo 
»,    • oo 

ifilJ • • «1 ■ • m • m • 
H 
to • 00       00 •          • 

I -S J ,2 ^"r 9 " H m f» H e    o 
1 ■ IN n CM m IM       <N 

GO 

S M 

« 
Ifal 

•»» a 

31 
M 9) H r- o    et 

m m O 
H 

in    •* 

•-I        rH 

• 0 es 
H 

O 
r» 00 M fO        1« • • • • 

m 
«            • 

N    in ^Jr r> Ol et * 00       00 
■-I H r-l H      •-« 

*"* V) ■      •     » 
C   C  C            a 

b. 
555 

k^ fl         • o oo 
£* S      M in mm 

flVB        « i* i^ r» 

T
h

er
m

 
C

on
d

u
ct

i 
o

f 
S

p
ec

ii
 

tu
 i

n
. 
/h

r ooo 

I  I  1 
ir • 

PI 
•1 • 
CO 

m 
00 • 
00 

O 

• 
o 

<w    in 
in    «n •      • 

1 

§1 m 

m         B. 
o 
• 
•-I 

e 
•t 
o 
r- 

e 

2 
M      CM 
<•       * 

h 1          «e 
ft         f) 

1        M« 

S ij 

Uli 
9 1 a l a & 

S
p

ec
im

er
 

an
d 

T
im

e M 
H •• 
• 

e 
•• s •• 

o 
H 

to 

m    in 
♦    o ••     •• 
1-       00 

74 

\ 



I 
ft 

I 

s 

m    r» e    oo 

00 

^1 

i-i    e e    e 

111«' 
S 1 4 • 

'«5 

f 

I 

m    N     o    o 

«•      N       H      ^ 

r»    a 
e    e 

5 . 
o 
o 

M     Al     U 

•     0   Q* 

A8 

e © m o O -H eo «•» 
«o * m » A 
iH • m o 

H 
e 
H 

« O M O e •» H e M M 

<« n n i-t H 
«M Ol M r* N 

00 r« n m «0 
■-• «n «» <• * 
-4 w» «0 H 3 

■n    e    M « H 
ft     p«    m «• f. 
^     «<«    M o «« 

M    M *M H 
• •  •    "■•^■^■■^^■■^ 

oo o Min in 
l»i t» f 

• •   •          oo      o»     •• Irt M 
OOO          r^      in     i« in in 

III W0l«tHiH 
H i-l 

WH J 

o               m    <»    0i ie r* 
oo     w     «e m m 

&     I    & 
o    o    e m     n     O 
m     M    -i i      I 

75 



i 

-I 

'Jl 
5 

St 

J o 

IT' 

- m 
E 

5 ! 

ii 
Is 
I ■ 
i 

I 
2 = 2 

Mr 

t 
& 10 

r-o • • 
«1» 

n 

1 

If 

ilii 
Ii 
.5 s § 5 • - 

U     *      a 
I 

2 t S 
•)  J  O  l. u< 

SE 
In 

lie   C 

el; 0 o 

l#« 

* B 
* 's 

5 . 

OO • o 
FHO 

II 

555 
000 
mmm 

•   •   ■ 
000 

I I I 

o 
o 
o 
I 

r-l 
L 

I 
8 
a I 11 I I •-KCM 

>n     o\     o\ •      •       • 
•H        •!        0> 

«•       OB 

e    m 

o    «n 

IN 

o    e 

et 

^     r» 

in 

at 

9»       0\ 
W       CM 

K       I       A 
OOO m     «n    m 

76 

i 



i 

I 

il 

*> 3 •   *» 

P il 3 33 

o S 

8 J 

» n 
5 

1: 
is I 

2 

at**? 
31 S2D2 

J5 

fi1   ^ 

aa 

I 
«1 

! 

2 t 8 

A8 

I-8 i     . 
Hfiw     S 

0 
0) 

!» 

4* 

3| 3 

a. 
-a 
e on ee 

Si 
a. 

e 55 
eoo 

III 

0 

II 
* "x 

8 

0 8 
1 I 
i 

£   ••• 
O       M     • 

c  A- 
I s* 
llll 

r»    r» 

M> 

in     m 

e    e 

I 

~m 

fe 

5 

1 
i 
I 

I 

I 
s 
£ 
u 

I 

I 

1|| 

•   *   •       £ 

■ 

1 

77 



I 

< II 
U 9 
0 4. 

3' 

B £ B ^ 

I I 

i 4 o 

Si I 
■a 
•H • 

i* r 
• « 0* 
■M O B b 
9 « «o 
Oft. H 

I 

in in «n* 

eo « in rH 

u« o> o\ 00 g 

ß let o o o in mhN o o o in olr- 
In » oo r-o i-iWN eoeooioooleo 

oo« o» «o ruloo uxnooMNOol 
oo o> oco o i-iKri otoo^^^i 
nr)»»«n«<>*pi     «*) « « w «I 
Hi-li-IHi-t i-ll-t   0 r4 H .-1 •-« H Hk 

•0 
 «H   - ' (0       ———— 

& 

o o o in o 
in io oooo OQ 

: ao «o coat to 
>rM (M MM N 'S 

•H 
0) 

ooo o o 
mm m (N M 
00 00 oo o\ ^ 
CM N CN OS «M 

m (N O H « fMkN 4J o r- *ivo o isl 
m io P»r» oo »r* 10 lor« ("itotnl 
mmmmmmln 01 m m m m m ml 
Hi-tHiHiHf-iMlOr-iHH«-*HiH| 

0000m 
4i« <* mo« 0t 
B <N CM tM CM <N 
o ^ ••« ^ ^ ^ 

(A 

000 m o 
«nn* o«s 
«MM (M r> n 
en fo 'n r^ fo 

o 
o 
00 

« 
id 
M I 

I u I 
m I m 

o I 
u 

•I 
m    m 
HTJN 
•• tl •• 

o ss 
m 

la 
o 
o 
o 

I 

.. ,-IOIIOi^^OlU 

05 9 3 «n 
tfl   at JL I 

78 

i 



if« 

15 
5 

I 
e   E 

i 

I 
I 

hi 

e eo 
<«• min 
m in m 

as ifc 
i« 

o o o 
o oo 
f*% t*% fO 

r 

•Mo oo 
fl« MM 

«0 

I 

to oohn 
In        minln 

oo 

JSS 

I 

o»       wo» 

79 



If 
8 

5 

T 
T 

g     y ^    ^ 

«5 
ON   ff> O VO 
o oor»!"» 
iH O O O 
■-I r-trHlH 

r» r» in » nl 
O O Ol ON ONI 
(S N H H HI 

I I mmooolw ooooolo        oooo    kn ooolr» 
in«oinininkn infMnmiow <♦*««    kn ^nHlN 
«««««Rp ****'<'K»        inminin    >n •nminlin 

hi* o o tno o 
^ «r « in<*> \o 

ro ro co fo n 5 

mo o oo 
mcD ao n«0 

0 w n w fo r^ 
•0 f) fO fO fo n 

CO 

in NO in « 
j^ eo oo oo oo 
Otnmtnm 

ooo 
inr»ao 
00 00 00 

0 fo ro w 

3 
(0     _-— 

■H • P. 

* o I« 
4J in m in o o 
C ON O O00 rH 
O r** oo oo r^- oo 
Vi ••> *'• *•< fl f) 

mo o oo 
«OO iH OOH 
'O oo oo oo r^ oo 
•H fO ro ro fN ro ■ 

OOOO 
■P ON  O ON NO 

■P o o o 
ON O ON 

« «n^n 
•H 
CO 

Sal' 
» 

u 

I I I 
I 
I 

I m in 

•• n •• 
co> «o 
o «<-t 

•qo 

I: 
! I1 

—B 
o      l 
or»»« 
<•     "Ml >»   " 
I O < 4J to B 

•• i-i ro to I -H ot Ö 
U   I ON  CO fM\ 

O.Ofi   9  9        «H & 
cn    v6 &    a 

80 

i 



I 
i 
I 

■ 
• 

■ V »4 Sk 
P    a 

1 

B & 

{ 1 1 

ijl 1 

1" ooee   le 
in ininin   pn 

oeeelp 
«in •fie in in in in in 

|ü' eeee 

s  
or» r>r««e 

eeeo «««en 

« 

1* 1 
eeoo 

«Br"r«.r»r» 
«a 

lif' l f 
i 1 K 

!" 

81 

/ 



I 
9 
H 

I 

 K 

it* 
5 

S 
09 

«a 3 

I 
O O o 

8. 
to 

^ 

B y    ^ 

t i 

00 vo 
m m in lü pn        oooo i»r«F> E 

ß om oo 
fo rn fi fo 

H o in o o(« 
NP Mm n oolri 

Q !• 

hi* 
a mm» 
Oh H 

J 

fll 
0> 

O «0 OO MOl 
; oo oo at ao eo eo I •855 

04 0 MODO r^l 
AD Ol Ol 01 O Oil 

o «• ^; * * * *(»     • « « w m « 
«PH^HHHHM       ifi H IH r-t H I-I H 
      CO  

4J in m o r» o ooi 
(3 vo c^ oooo en ooi 
O «o «o IO IO «o tol 
M »H f-l H H r-l Hi 
m 

o r^ oo oo oo ao ooi 
■O 10 lO 10 10 10 101 
f4 •-• i-l f-l r-4 fH IH| 
CO 

om mo 

4100 mo 
§r»oB P»CI 

^r» r»co 
hNCI (MM 

m o o o 

•an (N mm 

5 
m m o o 

«in vo «o o 
•Or» r» ^ oo 
•rim m m m 
CO 

I 
u 

1 
o 
09 
00 I 

1 
o 
at 
(N 

I 
u 

1 
o 
at 
m 

« 

u 

o    m 
O TJ •-• 

a a« 
o £ 

i       olS+Jooe 
m -t ti) i ■HOB 0 

o I so «mx. fcllüil 

82 



I 

I 

ft 

I 
I 
If. 

TT o 

|8P 
B      Ü 

3 

I I 
ssl- 

ill-' 
||i. 
rt» 

j 

1 in 

^   i   ^   ^ 

i   i 
«mm OBJ fee        cir»«wta 

M W Fl Fl flrt 
M HHHHM 

OO ojp        eoek» 
«Kv minmln 

eeeelrn 
in in in in In 

o in omtn 
HIAWOEB 
lominwkn 

ooo e a> off» o» 
!  I1^ C^ fl  CO 

5" 

OO o 
r»«o I« 
W W fl 

© fO ft I") 
•a 
w i 

ooo 

I 
5 

«I« r^o 
W f*! w ro 

eeoo 
w w w m 

m« 

n — 

5 

em 

4<^I^«U1 r-WO -MMNiniH «010 
QOBoao» «eoo« dnmcm B«n«n win 

«•»in 

8« « 

I 
O 
O 

V 
9 

U 

I I 
«0 

I 
1 M 

m 

I' 

83 



•0 v 
Tl 
3 

iH 
o 
c 
0 u 

H 

t 

«141 

c c 
8J 

II i! 

« 

93 U 9 
m    o*> r 
i 

5 

P P 

i 

mm in 

oo 
Or-» 
«O«0 

o ob» 

«0 V»M 

oe oolo 
t0«0 \0«OM 

OO O O 
\o oo r> vo 
r<IM N CM 

oo oo 
00O <M0 
r*nrtr* UMMMN «CM f) IN 

pa 
o •• 

•P 0 Bft. 

Oh tt 

I 

111 
01 

■P o o o o 
C »o« oo r- 
SOD 00 00 00 

oo oo 
»OH M P* 

'O o\ o\ o\ OS 

■ 

m 
m 

m 

TJ m 

8. I 
<s CM 

5 

1 

5 

s I a 

J 
H 

i 
o 

u I 
I a 

s 

} 
IM 
0s 

h 
3 

I5 
«•a 
U-r* 

t 
, « 

I 
■ 
ao 
(Q<M 

<M 

I 
■p I 
I 

Jt 
•o 

« 

3 
u 

I 
ü Ö 

M 
IK 13 3 ^ 

11 I ■» 
I 
ca I 

o • 
o 

'. 

IH 

5 

ft 

S 

i s. 
5 5 

«HIH k 
0 0 0 

Ifbl 
P g o 

HH PUN 
•OTJ « g E CM 
«8 « • 5.H V 
M MA «      H 

I  I  I  R       I 

84 

i 



■^11 

A, 

11 

I. ? ä s  I 
• I ^ ^    '-    r.1 
SS SS 

.MN . mm 
« #M ■» . 

• • « 
m H F4 
r- • » 
et N r« 

■ • •        4i 

3 5 f 
3 

III' 
Infill 

i iU*3ä 
OK p S «w aK 

OS M     Mb 

— « s s 3 
„I   ^   s ? s 2 32   -.    a •* q I 

♦< 

m w ♦ 
M      « M « 
■        t • • 

3  S v a 
H   H 3 3 

-w—»r 
*    • 

r-     in     * 
0   • 

N 
Ml» 
• e» • • e • 

S     X S   M 
ft r4 
«t , 

e        • ^    S    Mtf* *    N    S    rt » «•     •     MM •     ir     •     m 

»i    «232 
* ft 

H 5   S   S 

5      iC   5   S   |i'        S   S   S 
S     '  a  s  11     ^ 3 * 

il 
•«    m     r-     7» 
w    r«    n    Ti'i 

- a s Is 
M <n e • » m • * « 
r» M •» 

llofir 

3* « 

11     *     3 
St»        m     

e    e    e    e 
•     •      •      t 

lit 
• • fl 
«•Mm 
M      <D       « 

BODO    in    «    e 
• •    if   ■    9 

I«      M      X«       «1 
•        t •        • 

n    *    i«    e 

e    e I 
• ■■ein« H « 

JJ^ ES    H   9    C ' J «J       B B 
j^-3 J|   •. 1  \ 5J"3    ". 1 
OOH 
M^O      »4»« 

• •  •     0 o 
OOH 

III      QQ 

M    eon 
tfllflH 
r-r-o . 
i  o o 

•in« 

Mm- 
\i\\ 

■ i ■ 

•j HO i        -TJ-JT ■   •    B 
N      M       M 

J so     m     r\ •       •       • 
« Ml      M      ^ 

•    M     r>     m 
«erne ■     •      •      • 
■   fe   B   fe «    m    «    m 

I 
•<«•« 

Msil S« 
^ a a g^lg "aas 

«f« 

Mil s s s s 
M M M M 

85 

■ 



I 

t 

ISA mil us as w 

HW 

l 
3lr 

a 

14 o 

I« *« 

III' 

-r- 9 B<M 9 p 

SJi   la 

M«^  O  ■ • a > ««a 
ha-» a 

8tiSf 
5Ä 

9 f<U4><M 
j i 041 ■» 
SH       0«t 

~       J3<u    k 
—- 9 « 9 M 

«I, 

5° yi 

9 Qi<U 

lt*n* 
Uü 

i 
»r 
N 
w_ i« » H eo oo eo 
«2 "* •« oo r- OK a> 
•S « N M N It M 

- ■♦» 
■H ä I«    w    «    in 

• e    e    n    ei    n    M 
H& ««eemin 
^3 H       H      >.      H      ^      ^ 

a -3 oMtiinism 
M k, ..... 

in      in     ot     H     oo     00 
. H     ■-«     »^     H     >4     iH 

«•*] q n M » N ^4 » 
m^ -9 r« N * * e e 
r«-, m in <rt » in in 
• S ** P4 F4 

o"     f* m     m     M    o>    oo     N 
~r« <•««««« 

- _ enanma» Oo ...... 
i~     i*     oo    oo    m    m 

I m     m    r*    n    *     •* 

iH f» • 3 H o fi n 9 m M t 
<•     M     H    «     •     •! 

iJ!    3 
in     H    r>     H     <*   i 

Jo     r-     r-     M     r«    n 
d      g ^     ^i H     i-l    o 

i I 
«v      U e     e    in    n    n    M    ■ 
8 . H    w    e    e    <>•    n   I 

«w 2      • r»     in     r»     o     o     o    • 
00      H »     w     »     m     H     o»   <M C     <  a 
• • — 00        00        »       »       IN        M      * 
SVl H       •-•      H      H      «      « 

^8 ii 
• o    >» o 

•H o» o m     m     oi    .r    oo     io    Q M     «     o     H    »     r-    ■ 
o o r4        «     «    »    •    n    n    B 
S      .,   i_i_a 

»     r»     »     m     «     p» 

II o     o     oo     oo    in     M    a 
<m~-        r-l i-l •H        rH IH        M      ■ E •• 

o o ■ r4 

e. .. 
f-< -1        MO 

m     m     n     M     in     in 

M   n   M   R   S   9 
M -       

  8 
S        «    e    ro    M    e    e 
p        e    o    e    n    «    ft 

«        IM     N    M    N    m    m 

__ t»     _——^—^—^—^—— 

M l e«    M    r»    r«    n    ^ 
i •-« ••        io     is    o    o    vo    w 
ö* st  ^ H H ^  
OIF ■ m     o     o     o    in     in 
• flagg       »    o   H   n   m   M 

w H fiCo        xtminMior» 

^^ I 
00 (J 
«> 
M S 

. • 
w B 
M 

J 1 
1 
* 
4 

t» ^ 0. 

olo i 
M h 

«4 1 J 5 
I £ Ü n 2 

-IS- 

N i 1 
-1 J oi-r 
• ■ 

i* 
■M 1 

£  - ft r» 

86 

1 



i 

I 
ill 
all 

4'^«' 

i 
I 

*> 

Jl3' 
"^ 

I 

ln> 

ii 
a** 

0 0 

II 
ü 

il 
II 
?^ 

11 
I 
41 4> 

O 0 

■ i 
%4 
o 

I 

§•••!• til* •    •    •    »I • ••••■• •    tl  • *     ■!  ■ 
inmamlo    niokr     e^MOW    ««H«ln    nttto     o r^bn 
o win ml«    «wi*     •<•«•'•&     ««««Iw    ««IW     «mw 

1-1 1 *-*-» 

oooo i     i        i        i     i     i <    ooK    eooe«    eooe«    o o ■<    e o <4 

me m 
Mann        >e«i         n o r-in         «ooifli^        H* f* <-* 
in«»««         Mm          rtmrtoi         Hinr«<»         i-t^ MM 
r-mm«        n»        wdHW        r«r4f-ir>        HH MW • •••         ••          ••••          ••#•         • • •   • 
.HMPtH       MM        ertne        OMMO       MH OIH 

s 

3     Si8 13.    I 
A  So ü0"0!.«5«!3 

lllaiissl?!!}:!!: 

5is 
i o     rt I 
s      M*5_«J 

5 
•i I 

87 



TabU 11 

•r-jl cmdaotlTltr    of rlbroiM Fyrolytlc Graphit« llcav* In th«  ■c* Diractlon 
(Haaaura«   .n tha  Radial  Inflow Appnratua with Optical Nathod) 

Av*   .«a Kvaraga ■paeiaan 
Ouiar Innar Tanp Opaeloan ■aat riom Avaraga 
WIM «all Oradlant Man to Thanaal 

TH» M T«m CalorlBBtar Conductivity rnvlronxant«! 
•paclaort and Run Muafcar Tlaa •r •f •r •r •tu/Oir ■tu ln./hr ft'T Condition 

•PMIMM «I-lc 
um 13 

OB 101 Apparatiia 
Hill 113 «vacuatad  twica 

nun 1 Raad 10« and all data 
Run «04T-44-ftS UtSO 10S obtainad In 
Initial O.D.i 107 haliua. 

1.000 1*. Avaraga nrr IB3B n IWT w f.Tt atiaoaphara 
Initial   l.D.i 

0.12« in. Raad 34« 
Initial Mlghti aiio 333 

la.ttoa mm 
Initial talk danalt»■ 

1.T07 vm/om' 

33« 

MWFSyt mr IWT m nw 
3ia 

nm 
Raad 302 
liJS 

» 
370 
337 
340 i ■MM» mv nw TTT ww irw 

OSMlMH  RI-1C 
Rill« f J 

on S4 Apparatus 
1.00 34 avacuatad twlci 

Run J Raad S3 prior to run 
Run (047-4«-*} IOIJO 31 

M Vacuua. 1 a 10- 
hsvrafi im IfW n IWT TJ rw torr 

Mad 11t 
lliM 120 

110 
110 
11« 

Avarag« im TWS rr nur m 

3«S 

WTt Hallun ataiaa- 
phara 

J.J0 371 
3«» 
33«            ! 
3SC Rallua 

Avara«« im HW m TOTI m TTT* atiaoaphara 

Mad 04« 
4.95 «30 

020 
04« 
(23 

Awara«. mr TTIT m nw Hl ItTTT MllUB 
•taoaphara 

Thanal Conduct*»ity of tha (laava   (K,) Calcnlatad froai tha following equationi 

m 8 rL AT 

whara 

*a • tharmal conductwitjr   of tha alaaaa 
Ro • outalda radtua  Of  tha alaava 
R, • üwtda radlu» of tha alaava 
g • taaal to caJorlniatar 

AT • taavaratuxa «radiant aoreaa tha apaolaan wall 

L • 1/2  Inch qa«a langth 

88 

l 



M 

t 

I 
5 
I 
5 

|s.g 
tali u 2 S 

o o 
n am 

I 

o   On 

g.9 

3 

a 

I« 
I1 

omomvBNotoH 
o»or»f<iii»r«Hnc» •  •  • • •  • 
OiH<>)inr*-oHotin 

o ro r« oo H a» ( 
o eo o ovmvo i o o 
OOi 

ovwNoo^no 

O^flBOBHflOOtO 
•■••••••#• 

HH       r-l 
I 

«ninmooooino 
• •••••••••     »r     »t     ••     •• 

OSOrHCMMfNnnOB 

inoi^f-tflBO««inin 
r~00 « r-IOH»*«^ 

a« r« m oove 

O 
O 

■ 

| 

^&^& 

H 

N v o tro • «n Dm 
a     r>     « ••    a» • H 

B     o «   •       • 4   * 
4i <      4ii-( «^ 

B   -H    a 
•H   a   •rf 

««KM    h   H    h 

89 



OOBOBinflOVOOtf) 
•   ••••••• 

H       i 

II- 
oor>iaovoo9»o 

•  ••••#•• 
oonrnini^oBO 

? 
8    0:* 

•   «••••*■ 
ooHNmni-i* 

•   ••••••• 
Oi-t*<BiHO*n«>l 

H f-t       ft 
I 

j 
inmminminoo 
fOHHHHHOO 

OOWOr-KNpHfMOO 

a 

i2- 

noiH^mm^in 
m r* invo * o 

5   3 
i «•) ••       •• 

N 8     0<    0     tr 
I   HO  ß O  > O -HOO 

r»    «e • m    m a i^ 
^ H ff» rH 00 iH V©   S«0 
o 4e\     o\ n» CM     H 

; & H      h       H       RM 

90 

1 



I 

5: 

H 

a 
« 

I 
fa 

ill 
i£Äm 

n* a 
a h 
«• 

I 

I 
8 e j 
id 

o 
o T 

3 

s 
3 

rt 
H 

m 

4- 
eo 

OS 

«0 

«0 
OS 

M 
O 

o\ 

r* 
«n 

u 
CM 
I 

o 
r» 
i 
N 

I 

91 



IM 0 

in 

• 
o H o n 

s* CD • • 0» • • 

l* 01 in f»> * 
o N ^ M 

la3« 
H w ^ f»> 

I'.J s 
• 

H 

H 
• 

O 
0* • 
m 

• 
«0 

l£ s H o 

■ 
«e rH 00 01 f ^ H • O 

t * 01 • I.H O 3 10 
o 9 3 

i 
...   «« 

<0 
0» * S 8 

F
in

al
 

W
t.
 o

f 
Sa

m
pl

i 
gm

 H M r» 0« 

• 
• 

in • o « 

-i ^ ± • | 10 t 
^ o U ■ in •^ r* 

i?l6 • 
• 

an 
• • 

OD 

e • 
00 

e e «0 
M m «0 e • • • 

H 
• 

e 
in e 

H 
m e 

f4 

H « i0 e 

Mg-Bu 
M • c* i0 
«n H H H 

i ü B ?• • • t • 
j - s • r» M r» e 
6.5 H N N 

o to 0> O 
9 M o «n 

Ijfl? 
r* 00 0» H • • 

00 
• • 

Jöl1 
00 ■ 00 S 

ijtif 
* •» «n O i «0 

00 
«0 |u g» • 

e 
• 

«0 
• • 

«      H OB r» r- r» 

§ H M H m i o 
o 

O 
o 
in 

| 
2 
H        1 

«n     s 

1        N 1 T 
i     r* r»     i r^ r* 

^ ■    e s u Z s 
iS « 10 10 «0 

92 

• 



Tabl« 15 

Enthalpy of Castable Carbon (1500'F Pracharred) 
Measured £n an lea Calorimeter 

Specimen 
SRI Bun 
Number 

Drop 
Temperature 

•F 

Initial 
Weight 
Orama 

Final 
Weight 
Orama 

Enthalpy 
from Drop 

Temperature 
to32*F 
Btu/lb 

HC-3 -1500 

6047-8 1 1013 13.0747 12.9615 307.4 

6047-11 7 1531 12.9615 12.7987 543.6 

HC-4 -1500 

6047-10 1 989 17.4138 17.2618 290.4 

6047-11 2 1540 17.2618 17.1005 561.3 
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Tabl« 16 

Enthalpy of Caatabl« Carbon  (4000AF Pracharrad) 
Maaaurad In an lea Calorimatar 

Enthalpy 
from Drop 

Drop Initial Final Tampa ratura 
SRI Bun Tampa ratura Walght Walght to32»F 

Spaclman Numbor •F Orami Qrama Btu/lb 

HC-1-4000 

6047-12 1531 11.3095 11.2843 545.1 
6047-13 2528 LI.2843 11.1791 980.2 
6047-14 3574 11.1791 11.0613 1538.2 
6047-15 3989 11.0613 10.9450 1729.3 
6047-17 4933 LI.9450 10.8675 2262.6 

HC-2-*000 

6047-12 1543 L0.2053 10.1793 525.0 
6047-13 2528 i0.1793 10.1006 1009.7 
6047-14 3594 10.1006 9.9835 1523.7 
6047-16 4020 9.9835 9.8764 1759.5 
6047-17 4984 9.8764 9.8202 2309.0 
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Tabl« 16 - Concluded 

Enthalpy 
from Drop 

Drop InltUl Final T«mp«rature 
SRI Bun T*mp«ratur« Wtlght Weight to32»F 
Number •F Qrams Orama Btu/lb 

HC-3 -4000 

6047-18 1 3023 B.8404 8.7953 1222.5 

6047-20 2 4557 B.7953 8.6792 2022.3 
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Table 18 

Enthalpy of Fibrou« PG Sleave Measured 
in an Ice Calorimeter 

Speciaen 
SRI Bun 
Number 

Drop 
Tamperature 

•r 
Initial 

Weight 
Grams 

Final 
Weight 
Grama 

Enthalpy 
from Drop 

Temperature 
to32*F 
Btu/lb 

Ring 12 
HC-3 

6047-21 1 1599 4.8523 4.8456 528.6 

6047-23 3 2543 4.8270 4.8103 969.7 

6047-24 4 3013 4.8103 4.7905 1244.4 

6047-25 5 4010 4.7905 4.7716 1835.9 

6047-26 6 2014 4.7716 4.7578 737.8 

Ring #5 
HC-5 

6047-19 1 997 11.3591 260.3 
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Tabl« II - Continued 

apmoimmn 
SRI Bun 
Number 

Drop 
T«mp«r*tur« 

•F 

InltUl 
Wtlfht 
QrmmB 

Final 
Weight 
Qrama 

Enthalpy 
from Drop 

Temperature 
to32*F 
Btu/lb 

Ring 12 
BC-4 

6047-22 1594 4.5403 4.5324 519.8 

6047-23 2553 4.5324 4.5183 976.4 

6047-24 3033 4.5183 4.5050 1298.7 

6047-25 3559 4.5050 4.4791 1585.1 

6047-26 4050 4.4791 4.4659 1915.5 
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Table 19. Properties of Atlantic Research Castable Carbon 
Measured by Aerojet (Reference 7). 

Temperature 
(0F) 

74 

100 

150 

200 

250 

300 

Conductivity    Diffusivity Heat Capacity Density 
(Btu-ln/hr-ft2/^)   (cin2/sec)    (cal/gm-0C)  (gm/cc) 

16.491 

16.140 

16.086 

0.0172 

0.0151 

0.0148 

1.674 

0.216 

1.625 

0.234 

0.241 1.599 
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A COMPARATIVE ROD APPARATUS FOR MEASURING 
THERMAL CONDUCTIVITY TO 2000tF 

Southern Research Institute's comparative rod apparatus is 
used to measure thermal conductivities of a wide variety of materials 
from -300oF to 2000oF.  This apparatus, shown schematically in 
Figure 1, consists basically of two cylindrical reference pieces 
of known thermal conductivity stacked in series with the cylindrical 
specimen.  Heat is introduced to one end of the rod, composed of 
the references and specimen, by a small electrical heater. A 
cold sink or heater is employed at the opposite end of the rod as 
required to maintain the temperature drop through the specimen at 
the preferred level. Cylinders of zirconia may be inserted in the 
rod assembly to assist in controlling the temperature drop. 
Radial losses are minimized by means of radial guard heaters surround- 
ing the rod and consisting of three separate coils of 16, 18 or 
20-gage Kanthal wire wound on a 2 or 4-inch diameter alumina core. 
The annulus between the rod and the guard heaters is filled with 
diatomaceous earth, thermatomic carbon, bubbled alumina or zirconia 
powder.  Surrounding the guard is an annulus of diatomaceous earth 
enclosed in an aluminum or transite shell. 

The specimens and references (see Figure 2) are normally 1- 
inch diameter by 1-inch long.  Thermocouples located 3/4 inch apart 
in radially drilled holes measure the axial temperature gradients. 
Thermocouples located at matching points in each guard heater are 
used to monitor guard temperatures, which are adjusted to match 
those at corresponding locations in the test section. 

In operation, the apparatus is turned on and allowed to reach 
steady state.  The guard and rod heaters are adjusted to minimize 
radial temperature gradients between the rod and guard sections 
consistent with maintaining equal heat flows in the references. 
Temperatures are measured on a Leeds and Northrup Type K-3 potentio- 
meter, and the temperature gradients calculated.  A typical 
temperature profile in the test section is shown in Figure 3. 

The thermal conductivity of the specimen is calculated from the 
relation 

K.AT  +  Kz^T     AX0 
Ks = _     _ 

2ATS AXr 
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where Ki and K2 are the thermal conductivities of the upper and lower 
references; ATi, AT2 and ATg are the temperature differences 
in the upper and lower references and specimen, respectively; 
AXs and AXr are the distances between thermocouples in the specimen 
and references. 

Note that for purely axial heat flow, the products K1L11  and 
K2AT2 should be equal. Due to imperfectly matched guarding and 
other factors, this condition is seldom attained in practice; 
therefore, the average of the two values is used in the calculations. 
Their difference is maintained as small as possible, usually 
within 5 percent of the smaller. 

For identical specimens, the radio AXs/AXr should be unity 
but may vary due to the uncertainty in hold locations. To prevent 
introducing i»a additional error in calculations, AX is determined 
as follows:  the depth of the hole is measured by inserting a 
snugly fitting drill rod in the hole, measuring the projecting 
length and subtracting it from the total length of the rod.  The 
slope, or angle the hole makes with the perpendicular to the 
specimen axis, is determined by making measurements to the face 
of the hole and the outer end of the drill rod with respect to 
a datum plane, using a dial gage. From these measurements, 
the location of the bottom of the hole can be calculated. 

Generally, measurements with the comparative rod apparatus 
are performed in an inert helium environment.  The apparatus 
can also be operated in vacuum and at g&s pressures of up to 100 
psig.  We have had experience operating under all conditions. 

The primary reference materials which we use are Code 9606 
Pyroceram and Armee iron for measurements on materials with low 
and high thermal conductivities, respectively.  Primary standard 
reference sets are kept and are used to calibrate other references 
made from the same materials.  The standards of Code 9606 Pyroceram 
were made from a batch of material which NBS purchased shortly 
after their measurements on a sample of Code 9606 Pyroceram.  The 
curve which Flynn presented for the thermal conductivity of the 
Pyroceram is given in Figure 4.1  Note that the curve is in good 

1 Robinson, H. E. and Flynn, D. R., Proceedings of Third Con- 
ference on Thermal Conductivity, pages 308-321, 1963 (with 
author's permission) 
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agreement with the recommended values from NSRDS-NBS 82.  The stan- 
dards of Armco iron were made from the stock which was used in 
the round-robin investigations from which Powell3 developed the 
most probable values for Armco iron. The curve used for the Armco 
iron standards is shown in Figure 5.  Powell estimated the un- 
certainty to be within ±2 percent over the temperature range from 
0° to 1000oC.  Note in Figure 5 that numerous evaluations of 
Armco iron from other batches of material have agreed within 
±3 percent (coefficient of variation about curve) with Powell's 
original data. 

In addition to Code 9606 Pyroceram and Armco iron, several 
other materials have been used as references. These include 
copper for high conductivity specimens, 316 stainless steel for 
specimens of intermediate thermal conductivity and Teflon or 
Pyrex for low conductivity materials. 

Copper references have been calibrated against Armco iron 
and excellent agreement with literature data has been obtained. 
Thermal conductivity values obtained from calibrations of 316 
stainless steel against Pyroceram, Armco iron and a set of 316 
stainless steel standards are presented in Figure 6.  Note the 
consistency of the data obtained with the three different sets 
of references.  The coefficient of variation of the data shown in 
Figure 6, about the curve value, was ±3.3 percent.  These data 
indicate the internal consistency of the stainless steel and the 
reference materials. Note that the thermal conductivity values 
for 316 stainless steel presented in Figure 6 lie between values 
reported by several steel manufacturers and Lucks and Deem.1* 

The calibrations indicate that for materials with moderate 
to high thermal conductivities the apparatus operates with a 
precision of about ±3 percent and a total uncertainty of about 
±5 percent at temperatures above 0oF if temperatures between the 
guard and test section are closely matched. Below 0oF, the 
precision achieved to date has been about ±7 percent with a total 
uncertainty of about ±10 percent.  We anticipate that the 
precision and uncertainty at cryogenic temperatures can be im- 
proved by additional calibrations. 

2 Powell, R. W., C. Y. Ho and P. E. Liley, Thermal Conductivity 
of Selected Materials, NSRDS-NBS 8, Department of Commerce, 
November 25, 1966. 

3 Powell, R. W., Proceedings of Third Conference on Thermal Con- 
ductivity, pages 322-341, 1963. 

'• WADC TR58-476, "The Thermophysical Properties of Solid Materials", 
Armour Research Foundation, November, 1960. 
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Some additional data obtained on the comparative rod apparatus 
are shown In Figures 7 and 8. Figure 7 shows thermal conductivity 
data for ATJ graphite, with grain, using Armee Iron as the referene 
material. These data show excellent agreement with earlier data 
obtained here and by other sources   « The maximum scatter of 
the comparative rod points was about 5 percent. 

Figure 8 shows data for thermocouple grade constantan obtained 
on the comparative rod apparatus using Armco Iron references 
and on Southern Research Institute's high temperature radial Inflow 
apparatus. Note the excellent agreement.  These data also show 
close agreement with data obtained by Sllverman" on an alloy of 
very similar composition. 

5 ASD-TDR-62-765, "The Thermal Properties of Twenty-Six Solid 
Materials to 5000oF or Their Destruction Temperatures," Southern 

6 

Research Institute,  August,  1962. 

Pears, C.  D.,  Proceedings of Third Conference on Thermal 
Conductivity,   453-479,   1963. 

7 NSRDS-NBS 16, "Thermal Conductivity of Selected Materials", 
Part 2, by C. Y. Ho, R. W. Powell and P. E. Liley, National 
Bureau of Standards,   1968. 
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ZI      '«th .7 
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) Guard Heaters 

Thermocouple 
(Typ) 

Aluminum 
Housing 

N^ Cooling Coil 
for Cold Sink 

Figure 1. Schematic of "orparative Rod Thermal Conductivity 
Apparatus 
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•-0.125 

0.067 Dia 
(3 Places) 

(No.  51 Drill) 

Note;   All  dimensions+0.005 except where noted 

Figur« 2.    Drawing of Specimen for Thermal Conductivity Measurements 
In Comparative Rod Apparatus to 1800*F 
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Distance - Inches 

Figure 3.    Typical Temperature Profile  in Test Section 
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Temperature - •F 
Figure 8. The Thermal Conductivity of Thermocouple Grade 

Constantan Rod 
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THERMAL CONDUCTIVITY TO 5500"F 
BY RADIAL INFLOW METHOD 

The thermal conductivity is determined with a radial heat 
inflow apparatus that utilizes a central specimen 1" long.  This 
apparatus is normally employed for measurements over the temp- 
erature range from 15000F to 55000F.  Comparative rod apparatus 
is used at temperatures below 15000F where radiant heating is less 
effective.  The radial inflow apparatus gives a direct measurement 
of the thermal conductivity rather than a measurement relative to 
some standard reference material.  A picture of the apparatus 
ready to be installed in the furnace is shown in Figure 1.  The 
furnace and associated equipment for the thermal conductivity 
work is shown in Figure 2.  In addition to the specimen, the 
apparatus consists primarily of (1) a water calorimeter that passes 
axially through the center of the specimen, (2) guards made from 
the same specimen material at both ends of the specimens to reduce 
axial heat losses, (3) sight tubes that allow the temperature at 
selected points in the specimen to be determined either by thermo- 
couples or opt? .jal pyrometer, and (4) an external radiant heat 
source (see Figure 3). The water calorimeter provides a heat sink 
at the center of the specimen to create a substantial heat flow 
through the specimen and allows the absolute value of the heat 
flow to be determined. Thermocouples mounted 1/2" apart in the 
calorimeter water stream measure the temperature rise of the water 
as it passes through the gage portion of the specimen.  By 
metering the water flow through the calorimeter, it is possible 
to calculate the total radial heat flow through the 1/2" gage 
section of the specimen "from the standard relationship Q = MCAT. 
M is the weight of water flowing per hour, C is the specific heat 
of water, and AT is the temperature rise of the water as it passes 
through the gage section. 

The standard specimen configuration is shown in Figure 4. 
The specimen is 1.062"O.D. x 0.250"I.D. x 1" long.  Holes 0.073" 
in diameter are drilled on radii of 0.233 and 0.437 inch to permit 
measurement of the radial temperature gradient.  In specimens 
which are anisotropic in the diametral plane (for example, certain 
graphites) a second pair of holes is drilled 90° to the first pair; 
The diameters joining each pair of holes is located to coincide 
with the principal planes of anisotropy in the material. 

A 1/2" long upper guard and a 1/2" long lower guard of 
specimen material are placed above and below the 1" long specimen 
to maintain a constant radial temperature gradient throughout 
the entire specimen length and thereby prevent axial heat flow 
in the specimen.  The outer ends of the specimen guards are in- 
sulated with graphite tubes filled with thermatomic carbon.  These 
tubes also hold the specimen in alignment. The combined effect 
of specimen guards and thermatomic carbon insulation permits a 
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minimum axial temperature gradient within the specimen. This 
gradient is not detectable bv optical pvrometer readings. Visual 
inspection of the specimens after runs have verified that no 
large axial temperature gradient exists in the specimen.  The 
guards, made of specimen material, display axial distortion of 
the isothermal lines for approximately 1/4" from the outer ends 
before reaching an apparent constant axial temperature. 

When sufficient material is available the alternate specimen 
configuration shown in Figure 5 is emploved.  This snecimen, being 
1.5" in diameter, provides a larger gage length (0.357") between 
temperature wells and allows the installation of three holes on 
each radius without excessively distorting the radial temperature 
profiles.  Thus this specimen configuration permits a more precise 
measurement of the average temperature at each radial location. 
As with the smaller specimen, the location of the temperature wells 
must be altered for transversely anisotropic specimens. 

The annulus between the specimen inside diameter and the 
7/32" outside diameter of the calorimeter tube is packed with either 
copper granules, graphite or zirconia powder. This packing provides 
a positive method for centering the calorimeter within the spec- 
imen and promotes good hect transfer between specimen and calorimeter. 

Temperatures up to 20000F are measured with Chromel/Alumel 
thermocouples inserted into the specimen through the sight tubes. 
At high temperatures, the temperatures are measured through the ver- 
tical sight tubes using a right-angle mirror device and optical 
pyrometer. 

In Figures 1 and 3 showing a typical conductivit f  calorimeter 
apparatus ready for insertion into a furnace for a run, a water- 
cooled copper section can be seen at the top of the unit. This 
section provides permanent sight tubes to within about 2 1/2" 
of the guard specimen, in addition to a permanent mount for the 
right-angle mirror device used with the optical pyrometer. Within 
the short zone between the water-cooled section and the top guard, 
thin-walled graphite sight tubes are fitted.  The remainder of the 
annulus is filled with thermatomic carbon insulation. 

During thermal conductivity runs, the following data are 
recorded:  (1)  power input, (2) specimen face temperature, (3) 
specimen temperatures in the gage section at the two radii, 
(4) temperature of the calorimeter water at two points 1/2" 
apart axially within the specimen center, and (5) water flow 
rate through the calorimeter. At least 5 readings are made at each 
general temperature range to determine the normal data scatter and 
to minimize the error that might be encountered in a single reading. 
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All thermocouple readings z^e  measured on a Leeds and Northrup 
K-3 null balance potentiometer used in conjunction with a galvanometer 
of 0.43 microvolts per mm deflection sensitivity.  All optically 
measured temperatures are read with a Leeds and Northrup Type 8622 
optical pyrometer. The flow rate of the calorimeter water is measured 
with a Fischer and Porter Stabl-Vis Flowrater. 

The thermal conductivity values are computed from the relation 

QL K =- 
^TAlm 

where Q is the heat flow to the calorimeter within the specimen 
gage section, Aim is the log mean area for the specimen gage 
length, AT is the specimen temperature change across the specimen 
gage length, and L is the gage length over which the specimen 
AT is measured. 

The heat flow Q is determined by the calorimeter.  Aim and L 
are calculated directly for the particular specimen configuration. 
AT is determined directly from the observed temperature difference 
across the specimen gage length. 

Based on an extensive error analysis and calibrations on 
homogeneous Isotropie materials of known thermal conductivities, 
such as Armco iron and tungsten, the precision (co?-'ricient of 
variation) in the measurements has been established at ±7 percent 
over the temperature range.  For multiple runs on samples having 
similar properties, the uncertainty in a smooth curve through the 
data can be established to within ±7 percent,  A detailed error 
analysis has been presented in a paper by Mann and Pears.1 

Data obtained here on several high temperature materials 
are presented in Figures 6, 7 & 8.  Figure 6 is a plot of data 
obtained here on tungsten.  The specimen for these determinations 
were fabricated from stacks of 0.060 inch washers cut from hot 
rolled sheet stock. Also plotted are values reported by other 
investigators including "recommended values" given by Powell, 
Ho and Liley2 based on a compilation of 103 sets of data. Agree- 

^ann, W. H. Jr., and C. D. Pears, "A Radial Heat Flow Method for 
the Measurement of Thermal Conductivity to 5200oF", presented 
at the Conference on Thermal Conductivity Methods, Battelle 
Memorial Institute, October 26-28, 1961. 

2Powell, R. W., C. Y. Ho and P. E. Liley, "Thermal Conductivity of 
Selected Materials" NSRDS-NBS 8, National Standard Reference Data 
Series - National Bureau of Standards - 8, 1966, pp.11, 54-59. 
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ment between our data and the recommenced values is excellent 
throughout the temperature range. 

Figure 7 shows data obtained here on ATJ graphite, with grain. 
This material Is premium grade, medium grain graphite having a 
density range of 1.73 to 1.78 gm/cm'.  The crosses (+) shown In 
the figure are "recommended values" given by Ho, Powell and LIley.3 

Again agreement Is excellent. 

Figure 8 shows data obtained on AXM-5QI .  These data were 
obtained under a program sponsored by the Air Force Materials 
Laboratory to develop high temperature thermal conductivity 
standards.  Measurements were made on this material by four 
laboratories in addition to Southern Research Institute.  The 
bands shown in Figure 8 represent the range of data reported by 
the other participating organizations.  A complete presentation 
and discussion of the data is given in AFML-TR-69-2*. 

3Ho, C. Y., R. W. Powell and P. E. Llley, "Thermal Conductivity 
of Selected Materials, Part 2," NSRDS-NBS16 National Standard 
Reference Data Series-National Bureau of Standards-16, 1968, pp.89-128 

'•AFML-TR-69-2, "Development of High Temperature Thermal Conductivity 
Standards" submitted by Arthur D. Little, Inc., under contract 
AF33(615)-2874, 1969, pp.115-127. 
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Figure 1.  Picture of the Radial Thermal Conductivity Apparatus 
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Sight Tube 

Water Cooled Copper 
Sight Tube Extension 

Specimen Guard 

Thermal Conductivity 
Specimen 

Water Calorimeter 
Thermocouples 

Specimen Guard 

Water Calorimeter 
Tube 

Thermocouple 
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Thermatomic Carbon 
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Figure 3.   Cross-section Schematic of the Thermal 
Conductivity Apparatus 
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Figure 4.   1. 06 Diameter Thermal Conductivity Sped 
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Figure 5.   Dimensions of 1. 50 Inch Diameter Specimen and Guards 
Used for Radial Inflow Thermal Conductivity Measurements 
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APPENDIX C 

THERMAL EXPANSION TO 5500oF 



THERMAL EXPANSION TO 5500°F 

Thermal expansion is measured in a graphite tube dilatometer developed 
by Southern Research Institute for performance to 5500oF, see Figure 1. 
The specimen required is about }" diameter and 3" long, although the exact 
size can vary somewhat if it appears desirable from the standpoint of speci- 
men availability.   Specimens fH in diameter and only J-" thick can be eval- 
uated, but with a reduced precision.   Discs can be stacked to provide more 
length in many cases.   Of course, specimens can always be pinned together 
from smaller pieces to provide both length and columnar strength. 

In the dilatometer, the specimen rests on the bottom of the cylinder 
with a graphite extension rod resting on the specimen to extend to the top 
of the cylinder.    When required, tungsten pads are inserted at the ends of 
the specimen to eliminate graphite diffusion from the dilatometer parts into 
the specimen.   This entire assembly is inserted into one of the 5000° F 
furnaces described in another brochure. 

The motion of the specimen is measured by a dial gage attached to the 
upper end of the cylinder with the stylus bearing on the extension rod.    The 
system accurately indicates total motions of 0.0001" - or less than 0.00004" 
per inch of specimen. 

Either a helium or an argon environment can be employed.   Nitrogen 
has been used on occasion.   The equipment will permit operation at hard 
vacuums, but this procedure is rarely used. 

A CS graphite,  which has a fairly low expansion relative to other 
grades of graphite, is used as the material for the dilatometer.   Prior to 
calibrations, the dilatometers are heat soaked to a temperature several 
hundred degrees above the maximum temperature to which they would be 
exposed during normal service.   Dimensional stability is confirmed by 
measuring the lengths of the dilatometer tube and rod after each run.   Past 
experience has shown that following the initial heat soak the expansion is 
reproducible in subsequent repeated cycles to lower temperatures.   Repro- 
ducibility is also confirmed by repeated runs on standards. 

To calibrate the dilatometers we have developed in-house primary 
and secondary standards of ATJ graphite.   ATJ graphite was selected as 
a standard because of our vast experience with it, its stability after 
repeated exposure to high temperatures, and its relatively low expansion. 
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The true expansion of the primary standard was determined by a 
direct optical technique using a traveling Gaertner telescope.    The total 
error in the telescope readings,  based on calibration data, was estimated 
to be 0. 2 x 10"   in. /in.   For the direct optical measurements,  the 3. 5 in. 
long specimen was heated in a graphite furnace, and the expansion was 
determined by sighting on "knife" edges machined on the ends of the speci- 
men.    Typically a total of 11 runs have been made in two different furnaces 
both in vacuum and helium environments.   The two environments are used 
to check effects of refraction as reported in the literature.   The same 
standard was then machined to the configuration of a regular dilatometer 
specimen and several runs were made in our precision quartz dilatometers. 
The optical expansion data were fitted to a quadratic equation over the tem- 
perature range from 2500°F to 5000° F using the method of least squares 
and statistically analyzed to determine the uncertainty (primarily the scatter). 
Below 2500° F,  the quartz dilatometer data were fitted by hand since the 
uncertainty of this apparatus has been well established, and the imprecision 
is small (<0.1 x 10'3 in. /in.).   A typical plot of all data points with the 
curve fit is shown in Figure 2. 

A check of the expansion of the standard was obtained by making runs 
on round robin specimens of various graphites and synthetic sapphire which 
had been previously evaluated by others, including the National Bureau of 
standards.    Our data on these specimens agreed within a 2. 5 percent ran- 
dom difference with the data reported by the other laboratories. 

After establishing the expansion of the ATJ standard, several graphite 
dilatometers were then calibrated by making runs on this standard.   These 
dilatometers were used to establish the expansion of secondary standards 
(also ATJ graphite) which are used to calibrate new dilatometers and to 
make periodic checks on dilatometers currently in service.   This use of 
secondary standards thus minimizes the wear and tear on the primary 
standard and prolongs its life. 

Table 1 lists the uncertainties in the dilatometer measurements in 
10"   in. /in.   Observe that most of the uncertainty is in the expansion of the 
standard and includes both random and systematic uncertainties.   Other 
sources of uncertainty, resulting from such factors as dial gage and tem- 
perature measurement, are small amounting to less than 0.2 x 10 
in. /in.  at any temperature.   The precision in the dilatometer measure- 
ments is quite good and amounts to about 0.1 x 10     in. /in.   From Table 1, 
it can be seen that the maximum total uncertainty, which occurs at a 
temperature of 4500oF, is ±0.45 x 10~s in. /in.   For a low expansion 
graphite, such as ATJ, this amounts to an uncertainty of ±4. 5 percent at 
4500°F (see Figure 2).   For graphites having higher expansions, the 
percentage uncertainty would be lower. 

1/70-200 
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Figure 1.    Picture of the Graphite Dilatometer Tubes for 
Measuring Thermal Expansion to 5500oF 
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Table 1 

Uncertainty in Thermal Expansion Measurements 
Made in Graphite Dilatometers 

Uncertainty in Expansion 
of Standard in 10"   in. /in. 

Total Uncertainty 
in Dilatometer 

Random Systematic 
Random Uncertainty 

in Dilatometer 
Measurements 

from all Sources 
Temperature Uncertainty 

(See Note 1) 
Uncertainty 
(See Note 2) 

Measurements in 
10'3 in./in. 

in 10-3 

+ 

0.05 

in. /in. 

500 ±0.04 0 ±0.03 0.05 

1000 ±0.04 0 ±0.03 0.05 0.05 

1500 ±0.05 0 ±0.04 0.07 0.07 

2000 ±0.17 +0.03 ±0.05 0.21 0.18 

2500 ±0.11 +0.20 ±0.07 0.33 0.13 

3000 ±0.12 +0.21 ±0.08 0.35 0.14 

3500 ±0.19 -0.02 ±0.10 0.21 0.23 

4000 ±0.14 -0.09 ±0.12 0.18 0.27 

4500 ±0.14 ±0.25 ±0.14 0.45 0.45 

5000 ±0.19 -0.12 ±0.16 0.25 0.37 

Notes:   1. 95$) confidence limits. 
2.  Represents deviation between average measured value and 

least squares curve through all data. 
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HEAT CAPACITY TO lOOOT 

The heat capacity to 1000oF is determined from data obtained in an 
adiabatic calorimeter.   In this apparatus the heated specimen is dropped into 
a thermally guarded, calibrated cup, and the enthalpy is measured as a 
function of the increase in temperature of the cup.   The heat capacity is the 
slope of the enthalpy versus temperature curve.   A picture of the apparatus 
is shown in Figure 1. 

A tubular furnace and a cold box are used to bring the specimens to 
temperature.    By pivoting this equipment on a common post near the calorim- 
eter, the samples are transferred to a position directly over the calorimeter 
cup.   At this position the specimen is released from a suspension assembly 
that is triggered externally.   Thermocouples located near the specimen are 
used to measure specimen temperature.    The normal specimen size is about 
rxTxl". 

Elevated specimen temperatures are maintained by a manual setting of 
a variable voltage transformer, which controls the power input to the furnace. 
Cold sample temperatures are obtained by filling the cold box with dry ice and, 
when required,  injecting liquid nitrogen vapors.   The oold box consists of two 
concentric cylinders enclosed in a housing.   The smaller cylinder (3" diameter 
by 16" high) is constructed of ^ " mesh hardware cloth.    The larger cylinder is 
made of galvanized sheet metal (15" diameter and 16" high).   The annukis is 
partially filled with dry ice. 

Specimens of the materials are heated or cooled to the desired tempera- 
ture, and following a stabilization period, are dropped into the calorimeter 
cup.   Adiabatic conditions are maintained during each run by manually 
adjusting the cup guard bath temperature. 

The covered cup of the drop-type adiabatic calorimeter is approximately 
2-j" in diameter by 2" deep.   Three thermocouple wells are located i;i the 
bottom wall of the cup.   The cup is mounted on cork supports, which rest in 
a silver-plated copper jacket.   The jacket is immersed in a bath of ethylene 
glycol which is maintained at the temperature of the cup by means of a heater 
and copper cooling coils immersed in the liquid.   Chilled trichloroethylene is 
circulated through the coils to cool the bath below ambient temperature when 
cold enthalpy measurements are made.   A double-bladed stirrer maintains 
uniform bath temperature. 
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In the calorimeter six copper-constantan thermocouples, differentially 
connected between calorimeter cup and jacket,  indicate temperature differ- 
ence between cup and bath.   The six thermocouples enable a difference of 
0. 03oF to be detected.    This difference is maintained to within 0.150F.   During 
the runs, absolute temperature measurements of the cup are determined by 
means of the three thermocouple junctions, series connected, in the bottom of 
the calorimeter cup.   All of the thermocouple readings are taken with instru- 
ments which permit readout to within 0.10F; however, the system uncertainty 
is about 0. 50F. 

The enthalpy of the specimen at any initial temperature is calculated from 
the following equation: 

h = vT (t2 " ^ (1) 

where 

h = enthalpy above t, 
K ■ calorimeter constant, 0.2654 Btu/0F 
W ■ sample weight in lbs 
tj = initial cup temperature in 0F 
^ = final cup temperature in 0F 

The calorimeter constant of 0.2654 Btu/0F was determined by measuring the 
enthalpy of an electrolytic copper specimen of known specific heat. 

The enthalpy is referred to a common base temperature of 850F using 
the following linear interpolation: 

h. - h gi -85) ») 
(t, - «. > 

where 

h^   ■  enthalpy above the reference temperature of 850F in Btu/lb 
t,     ■  initial sample temperature in 0F 

The base of 85eF is used because this is usually near the actual final cup 
temperature. 
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The enthalpy-temperature curve established is used to determine heat 
capacity (specific heat) by measuring its slope at different temperatures. 
This is done both graphically and by analytical methods which first fit the 
enthalpy data to an equation of the following type: 

h.   =  aT   + bT2   +  cT"1   +  d (3) 

The temperature (T) employed usually is in degrees Rankine.   While this 
equation may not provide the best definition of the enthalpy d?+a over the 
entire temperature range,   it does anticipate the theoretical Ljhavior and 
is consistent with methods recommended in WADC   TR 57-308 and by K. K. 
Kelley.1  The derivative of this equation, the heat capacity,   is used with 
the constant "c" adjusted so that the analytical solution agrees with the 
value determined graphically at ISCF.   This technique is similar to that 
of KAlley in forcing the heat capacity equation through a known value. 
The equations are developed using a digital computer. 

The accuracy of the apparatus has been confirmed by measuring the 
enthalpy of sapphire and other standard specimens and comparing the 
results to literature values.   The results of the comparison on sapphire 
are shown in Table 1.    From these and other data the overall uncertainty 
of the apparatus was established at + 3%. 

1.   Kelley, K. K., "Contributions to Data on Theoretical Metallurgy, " 
Vol.  XIII High Temperature Heat Content, Heat Capacity, and Enthalpy 
Data for Elements and Inorganic Compounds, Bulletin 584, U.S. Bureau 
of Mines, Nov. 1958. 
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Figure 1.    Heat Capacity Apparatus 
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HEAT CAPACITY TO SSOO-F 

The apparatus used for heat capacity employs the drop technique in 
which the specimen is heated in a furnace and then dropped into an ice 
calorimeter.   The calorimeter contains a cup surrounded by a frozen ice 
mantle.   Water at an inlet temperature of 32CF is circulated through an 
annulus surrounding the mantle in order to absorb heat leak from the sur- 
roundings.   The entire system is insulated with glass wool.   The enthalpy 
of the specimen is sensed as a change in volume of the water-ice system of the 
calorimeter as the ice melts.    The annulus containing the flooded ice mantle 
communicates with the atmosphere through a mercury column in order that 
the change in volume can be read directly in a burette.   An assembly drawing 
of the calorimeter is shown in Figure 1 and a picture of the calorimeter is 
shown in Figure 2.   A picture of the ice mantle is shown in Figure 3.   The 
specimen nominally is f " dia x | " long. 

The specimen is placed in either a graphite or stainless steel basket 
and heated in the furnace in a controlled atmosphere such as helium.   The 
specimen and basket are dropped into the calorimeter and the volume change 
due to the resultant melting of ice is measured.   The flutter valve immediately 
above the cup and the diaphragm valve immediately below the furnace are 
major features of the apparatus since the first blocks off radiation losses from 
the specimen up the drop tube, and the second blocks radiation gains from the 
furnace down the drop tube just prior to dropping.   The volume changes due 
to the baskets are measured and correction curves are established.   Separate 
basket calibration minimizes the radiation error accompanying drop techniques. 
These errors are reported to be only about 0. 5%.1  Our theoretical calculations 
indicate even smaller errors from this source. 

The heat necessary to melt enough ice to cause a volume chance of 
1 cc has been established by the U. S. National Bureau of Standards   at 
3.487 Btu.   This value is reported as the theoretical one for any ice 
calorimeter. Figure 4   shows a typical curve of mercury displacement 

1, Furukawa, G. T., Douglas,  McCoakey, andGinnings,  "Thermal Properties 
of Aluminum Oxide from 0° to UOCTK. " 

2. Ginnings, O. C. and R. J. Corruccini, "An Improved Ice Calorimeter," 
NBS Research Journal, Vol. 38, 1947, p 583. 
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versus time for one drop using a synthetic sapphire specimen.   The correction 
for the stainless steel basket is subtracted from the measured mercury 
displacement and the result used to calculate specimen enthalpy above 320F. 
The heat capacity, which is by definition the slope of the enthalpy versus 
temperature curve, is determined both graphically and analytically.   The 
analytical approach is to fit the enthalpy data to an equation of the form 

hja   =  aT   +  bT2   + cT"1   + d (1) 

using a least squares technique.   The derivative of this equation,  the heat 
capacity, is computed with the constant Mc" adjusted so that the analytical 
solution agrees with the graphical solution at SOOOT. 3  This technique is 
similar to that of Kelley in forcing the heat capacity equation through a 
known value.4   The equations are developed using a digital computer. 

A compilation of all errors has indicated that the apparatus is 
accurate to well within 5% uncertainty over the entire temperature range. 
Comparison of Southern Research Institute data on copper,  Linde synthetic 
sapphire, and ATJ graphite all have confirmed this value. 

3. Pears, C. D., and J. G. Allen,  "The Thermal Properties of Twenty- 
six Solid Materials to 5000oF or Their Destruction Temperatures," 
ASD-TDR-62-765. 

4. Kelley, K. K.,  "Contributions to Data on Theoretical Metallurgy, " 
Vol. XIII, High Temperature Heat Content, Heat Capacity and Enthalpy 
Data for the Elements and Inorganic Compounds, USBM 584, Nov. 1958. 
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Figure 1.   Ice Calorimeter, Drop Type - Specimens to SSOC^F 
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Figure 2.    Picture of Heat Capacity Equipment with Drop Shield Tube 
in Place 
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Figure 4.    Mercury Displacement Due to Sapphire and 
304 Stainless Steel Basket 
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