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SUMMARY

Thermal and mechanical properties data were obtained for
a low density elastomeric resin based ablation material with
phenolic-glass honeycomb reinforcement. Data were obtained
for the material in the charred and uncharred state.

: The properties of the virgin material were as expected
with the exception of a slight inflection in the thermal con-
‘ductivity versus temperature curve. For the virgin material
from approximately 100 K to 500 K the thermal conductivity
ranged from 0.048 W/m K to 0.077 W/m K, and the heat capacity
ranged from 0.5 J/gm K to 2.0 J/gm K. The tensile strength
at room temperature averaged 267,000 N/m? in the "a"” direc-
tion (continuous reinforcement) and 154,000 N/m? in the "b"
direction. The average compressive strength at room tempera-
ture was 420,000 N/m? in the "a" direction and 552,000 N/m?
in the "b" dlrectlon.

Ablation material specimens were charred in a laboratory
‘furnace at temperatures in the range from 600 K to 1700 K to
‘obtain char specimens representative of the ablation char layer
.formed during reentry. These specimens were then used to obtain
- effective thermal conductivity, heat capacity, porosity, and

permeability data at the char formation temperature. This pro-
vided a "boxing” of the data which enables the prediction of the
transient response of the material during ablation. Limited
comparlsons were made between the furnace charred specimens and
*spec1mens which had been exposed to simulated reentry conditions
‘in one of the arc-jet test facilities at Langley Research Center.

The properties indicated that in the range of 500 K to 800 K
- all degradation and volatilization occurs since at 800 K the
. weight loss was maximum and bulk density minimum. The resulting
800 K char was unstable as observed primarily from the data scatter
present for the various specimens. From 800 to 1100 K carboniza-
“tion of the pyrolyzed matrix was initiated as indicated by signi-
‘ficant increases in thermal conductivity and true density. Above
“1100 K to 1700 K the thermal conductivity increased rapidly and
the heat capacity decreased slightly indicating progression of car-
bonization to a more ordered state.

. In the 1600 K to 1700 K range a firm crust is formed on both
the Langley chars and the furnace chars by molten glass from the
honeycomb wall, sintering and some melting of the silica spheres.
This crust was not air tight but it was less permeable (10 times
hlgher resistance to flow) than the rather .open comp051te formed
at the lower temperatures.



Of particular significance was that the structure of the
Langley char contained several large gaps or separations due
to the interaction of the reinforcing honeycomb and the char-
ring filler. A major gap existed underneath the crust as well
as several other cracks at random depths within each cell. 1In
addition, the filler did shrink away from the cell wall except
at the crust. This created gross anomalies in the material and
allowed radiant shunting affecting the heat transfer through the
composite. Some modeling was done to account for these anomalies
in the measurement of effective thermal conductivity.

INTRODUCTION

This is a report to the National Aeronautics and Space
Administration, Langley Research Center, for work performed under
Contract NAS1-11499. This program involved the evaluation of
thermal and physical properties on a low-density elastomeric abla-
tion material in both the uncharred (virgin) and charred state.

The material evaluated is being considered as an ablative
material to be used in the thermal protection system for the
shuttle. Both thermal and mechanical data were measured on both
the virgin and charred material to provide meaningful inputs to
the design of the thermal protection system. To accomplish this,
the evaluation of thermal conductivity, heat capacity, tensile
strength and compressive strength for the virgin material was
necessary, and for the charred material, thermal conductivity,
heat capacity, permeability and porosity were examined.

The properties of the char composite were intended to pro-
vide data to predict the transient response of the material
during ablation. Therefore, the "boxing" approach developed at
Southern Research Institute was used. [1]' This method involves
predegrading the material at some preselected temperature; pre-
paring specimens and performing property measurements up to the
precharring temperature with steady-state devices. The locus of
points of property versus precharring temperature is assumed to
represent the transient behavior of the property during the first
exposure. The advantages of this method are that it provides a
dimensionally stable specimen and allows the use of steady-state
measurement techniques. This approach seems to represent the best

lBracketed numbers indicate reference listed at the end of the
report.



state-of~-the-art technique provided that the structures of
the flight and laboratory chars are similar and that addi-
tional time-at-temperature during the measurements does not
significantly alter the properties. Data indicate that chars
are similar and that time-at-temperature does not alter the
property as we control it.

The evaluation of the virgin material included the thermal
conductivity and heat capacity from 150 to 500 K. Mechanical
properties that were determined on the virgin material were
tensile and compressive strength and modulus at room temperature.
The mechanical properties were determined in the two in—plane'
directions and the thermal conduct1v1ty was determined in the
thickness direction.

The first step in evaluating the charred material was the
investigation of the methods necessary to prepare chars which
would best simulate the chars formed during flight. This inves-
tigation was conducted by charring several samples in a furnace
under various conditions and comparing the resultant char with
several chars supplied by NASA that were formed in a ground test
. facility. The major criteria of the char preparation was to
prepare chars suitable for evaluatlon as well as simulate the
char formed during ablation.

The furnace chars were prepared at five temperature levels
from 600 K to 1750 K. This temperature range was selected since
the arc jet chars were formed over that range, which is inclusive
of the temperatures predicted during flight.

Properties determined on the chars were effective thermal
conductivity, heat capacity, permeability and porosity. - The
effective thermal conductivity was determined in the thickness
direction on the various chars up to their formation temperature
enabling a boxing analysis of the data. Data were measured in an
env1ronment of nitrogen at 1,333 N/m2?, 49,329 N/m? and 101,325
N/m2? (10,370 and 760 torr). _ '

The heat capacity was determined on the various chars up to
the formation temperatures.

The permeability was determined on the various chars at room
temperature, with a few runs being made to 800 K to assess the
effect of temperature.



The porosity of the chars was determined with bulk and
true density measurements at room temperature.

The philosophy of testing the chars was to provide
engineering data that would assist in the prediction of the
materials performance during flight. This required the.
determination of the effective properties of the bulk piece
with some characterization of the filler alone.

In keeping with this philosophy, the permeability was
determined on the crust of the arc jet char as well as the
furnace chars prepared to represent the zones beneath the
crust. Because of the separation between filler and the cell
wall, the admittance values were very high and not precise
for the furnace chars and somewhat lower for the crust. The
values measured served only to predict pressure build up
behind the crust during reentry rather than characterize. the
porous structure of the material.

The effective thermal conductivity of the total composite
was determined at the three pressure levels. Some modeling
was performed to enable the prediction of conductance in
flight conditions. :

The porosity was determined on the bulk piece, which would
include filler to cell wall separation, and on the filler alone
in an attempt to evaluate its porous structure.

The heat capacity was determined on a bulk piece, pulverized
and packed in a drop cup to obtaln maximum weight and signal for
enthalpy measurements.

MATERIAL DESCRIPTION AND CUTTING PLANS

Only one material was evaluated under this program and it
was designated as Material A. It is a molded, low-density,
elastomeric material that is filled within a phenollc glass
honeycomb reinforcement. The elastomeric filler consists of

15% silica spheres

10% Powdered nylon

25% Silicone elastomer resin
50% Phenolic microballoons

The silica spheres are Grade S-1 made by Emerson and
Cuming, Inc., and were passed through a 32 mesh sieve. The
phenolic microballoons were passed through a 20 mesh sieve.
The phenolic-glass honeycomb was supplied by Hexcal Products.



A total of four panels were received which were 30.5 cm
x 30.5 cm square by 1.9 cm thick. The honeycomb cell shape was
similar to a hexagon and a drawing of the structure of the
panels is shown in Figure 1. As seen in the figure, direc-
tions "a", "b" and "c" were identified. The "a" direction was
that in-plane direction where the honeycomb ribbon was
continuous and the "b" direction was also in-plane but perpen-
dicular to the "a" direction. The "c" direction was in the
thickness of the panel. The effective thermal conductivity of
the virgin and charred material was determined in the "c" ‘
direction, as was the permeablllty of the char materlal. The
mechanical properties of the virgin materlal was determined in
both the "a" and "b" directions.

Cuttlng plans for the four panels (numbered 1 through 4)
are shown in F1gures 2 through 5. These cutting plans show the
extraction of specimens for the evaluation of the virgin
material and the extraction of blanks employed for charring.
The specimen extracted from the char blanks after charring are
also indicated in the figures.

A numbering system was devised that designated the type of
specimen, specimen number, direction (if applicable), panel
number from which it was extracted, specimen number, material
and charring conditions (where applicable.)

The numbering system for the virgin specimens was as
follows:

as - 1 ¢ - 2 A
I— Material Designation

Panel Number
(1 through 4)

Direction of Evaluation
(where applicable)

Specimen Number

Type of Specimen

AS Conductivity Specimen
HC Heat Capacity Specimen
T - Tensile Specimen
C Compressive Specimen



The numbering system for the char blanks was as follows:
cB - 1 - 2 A - 819 RID
| _[:.Charring Conditions
R1D - Rapid One Dimensional

S1D - Slow One Dimensional
R2D - Rapid Two Dimensional

Maximum Exposuré Temperature
in K c

Material Designation

Panel Number

Blank Number

Char Blank

The specimens extracted from the char blanks were designated
as follows:

CR -~ cC - CB-30 -~ 2
= T -

—

A )
T;—Material Identification

Panel Number

Char Blank Identification

Direction of Measurement

Specimén Number

Type of Specimens

CR - Thermal Conductivity
(Comparative Rod)
RI - Thermal Conductivity
(Radial Inflow)
HC - Heat Capacity
P - Permeability
BD - Bulk Density
(total composite)
BDF - Bulk Density (filler)
TD - True Density
(total composite)
TDF -~ True Density (filler)



In addition to the four panels, eight blocks were received
that had been exposed to the arc jet. These were necessary to
provide a baseline for comparison of the furnace chars prepared
at various conditions. The eight blocks were 12.7 cm by about
6.3 cm by 3.8 cm thick. Originally these blocks were 12.7 cm
x 12.7 cm that were subjected to the arc jet and then sectioned
in half. Some pieces and specimens were extracted from one of

the blocks, the cutting plans for which are shown in Figure_6.
The specimen numbers ekXtracted from the arc-jet were as follows:

CR - 1 ¢ - Al - AJ

L——Arc Jet Char

Block Number as Received from
NASA

Specimen Number (designation
same as before) '

APPARATUSES AND PROCEDURES

Char Preparation

Chars were prepared in a high temperature furnace which
employs an electrically heated graphite heater tube. 'The heater
tube is cylindrical in shape. The heater tube temperature is
. controlled manually with a powerstat which drives a 25kw
transformer. '

In most cases, chars were prepared by immersion of the char
blanks in the furnace after it had been preheated to a selected
temperature level. The char blanks which were 3.81 cm wide x
7.62 cm long x 1.91 cm thick were supported in a holder which
could be rapidly inserted or extracted from the furnace. A
picture of the specimen holder is given in Figure 7. Shown in
the figure is the final system decided on after the preliminary
char evaluation was completed which will be discussed later. One
blank was charred at a time with both faces exposed to the
radiant heating from the heater tube of the furnace. The graphite
felt insulation around the edges prevented lateral heating. This
arrangement provided two-dimensional heating of the blanks which
caused the char formation to progress from both faces to the
center. :



The maximum temperature was measured for each char
prepared. This was done by measuring the face temperature
of the char through the sight port in the furnace. Tempera-
tures were measured either with chromel/alumel thermocouples
installed at the specimen surface through the sight port or
by direct readings with an optical pyrometer. When using the
optical pyrometer, appropriate corrections were made for the
sight window.

The specimens were cooled rapldly by withdrawing the
spec1men from the furnace at the end of the heating cycle and
immersing it inside a cold cylinder purged with helium.

A helium purge was used in the furnace during all of the
char work. A helium purge also was inserted at the bottom of
the heater tube and the gas traveled from bottom to top. This
was used to sweep the pyrolysis gases toward the top of the -
furnace. '

The furnace preheat temperatures employed were approxi-
mately 600K, 800K, 1100K, 1370K and 1730K. ' The correlation
between furnace preheat temperature and cold wall heat flux is
given in Table 1. As previously reported [2], the correlation
is rather good between the radiant cold wall heat flux and the
convective cold-wall heat flux in a high enthalpy nitrogen gas
stream.

The thermal response of the chars prepared in the labora-
tory were defined from measurements of temperature at the surface
and in-depth. Chromel/alumel thermocouples were installed in the
char centrally between the two heated surfaces. The thermocouple
wires were housed in double bore alumina tubing and were inserted
in holes drilled parallel to the heated surfaces. The thermo-
couple wires melted at the point of exit from the specimen unless
special provision was made to insulate them. The wires weére
insulated above the specimen with phenolic-nylon tubes placed
around the insulator. These tubes were made to about the same.
thickness as the depth of the thermocouple from the surface.

The temperature measurements were used to define the heat
treatment of specimens as to the time required for the front face
and the .in-depth thermocouple to achieve equilibrium. This aided
in defining the uniformity of the char with regard to temperature
exposure. The results of the initial measurements, which estab-
lished the response, were used throughout the program as being
representative for all chars prepared.

Some of the chars prepared at temperature were made into speci-
mens by careful hand sanding; however, most of these samples were
extremely friable and were impregnated with polyalphamethylstyrene
(Armco resin 18-210) prior to a machining operation. Then, the
samples were machined to the desired dimensions. The impregnant was



removed by baking the machined sample in an inert environment
for about 1 hour at 672 K. At this temperature the resin turns
to a gas and leaves. the specimen with essentially no residue.

Thermal Conductivity

Three apparatuses were employed to determine the thermal
‘conductivity of both the virgin and charred material. The ASTM
C-177 guarded hot plate was used to 600K for the virgin and 600K
precharred material. The comparative rod apparatus was used to
1100K for the chars prepared in the arc jet and in furnace above
800K. The radial inflow apparatus was used up to 1730 K for the
chars prepared at 1300 K and 1730K.

Guarded Hot Plate Apparatus. = A complete description of
the ASTM C-177 guarded hot plate apparatus is included in
Appendix A. For these evaluations the smaller apparatus with
the 8.25 cm heater plate was employed. Due to the nature of
this material, the evaluations required the following exceptions
to the described procedures:

1. The specimen discs were split into a central and
guard ring to minimize radial heat exchange.
Figure 8 is a drawing of the specimen disc employed.

2. Temperatures on both runs were measured internally
with thermocouples inserted in 0.1 cm diameter
temperature wells ending within the filled cell of
the honeycomb (see Figure 9). The internal thermo-
couple beads were potted in place with an RTV
adhesive. The wires were insulated with a double
bore alumina tube broken every 0.64 cm along its
length to minimize thermal drain from the bead.

3. Surface temperatures were measured on the first
specimen only. Here the bare but separated
thermocouple wires were held in electrical contact
with the Grafoil interfacial material pressed .on the
specimen's surface. Electrical contact was made at
the central region of the Grafoil disc and the
remainder of the wire was insulated from the Grafoil
with Teflon tape. This provided a direct measurement
of the surface temperature of the Grafoil. The
surface temperature of the specimen was calculated
from this measurement by adjusting for the temperature
drop across the Grafoil, which was almost negligible.

4. Temperatures in the guard ring of the specimen were
measured and maintained within 10 percent of the
temperature gradient across the specimen.



Comparative Rod Apgaratus. - The comparative rod apparatus
is completely described in Appendix B. This apparatus consists
basically of two cylindrical reference pieces of known thermal
conductivity stacked in series with the cylindrical specimen.

A small electrical heater is placed at one end of the rod, to
introduce heat through the stack, and a heat sink or a second
heater is employed at the opposite end of the stack to maintain
the temperature drop through the specimen at the desired level.
Radial losses are minimized by means of radial guard heaters
surrounding the rod. The annulus between the rod and the guard
heaters and surrounding the guard heater is an insulation,
usually diatomaceous earth or thermatomic carbon.

Essentially, this method compares the conductivity of the
specimen to that of the references and obviously requires true
axial heat flow down the column w1th a minimum of radlal heat
exchange.

Modification of this apparatus was necessary for this
program since the standard assembly is only accurate for measure-
ments of conductivity above 1.4 W/mK. The reason for this is
that analyses [3, 4] have shown that heat can shunt the specimen
(through the insulation) when the thermal conductivity of the
specimen is not an order-of-magnitude or more than that of the
insulation and the guard heater is, say, twice the diameter of
the specimen or more. Note that the shunting effectively gives
a larger specimen area and results in an erroneously low
temperature difference in the specimen relative to the reference
(assuming that the references have a higher thermal conductivity
than the specimen). This yields erroneously high wvalues of
thermal conductivity. With certain values for the thermal
conductivities of the references, specimen and insulation, guard
heater to specimen diameter ratio and guard to specimen tempera-
ture profile, these errors can easily reach 100 percent.

Analyses [3, 4, 5] have shown that the heat shunting problem
can be overcome if the following conditions are satisfied:

1. The guard profile matches the specimen profile.

2. The ratio of guard diameter to specimen diameter
"is as near unity as possible.

These concepts were applied to the modified technique used here.

The experimental configuration used for the measurements is
shown in Figure 9. The assembly consisted of a central column
comprised of a 2.54 cm diameter specimen sandwiched between two
references of known thermal conductivity. Guard rings made of
the same materials as the specimen and references surrounded the
central column. The guard rings were constructed to match the
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specimen and reference lengthwise. The annulus between the
central column and guard ring was 0.16 cm wide which gives a
ratio guard diameter to specimen diameter of 1.125.

The references used were made from slip cast fused silica,
the conductivity of which has been evaluated and well defined
from several measurements made in the ASTM guarded hot plate.
apparatus.

Heaters made of Armco iron were placed on either end of

the column to control heat flow and mean temperature. Armco .
iron was used because its thermal conductivity is about 200

~.times that of the specimen and; hence, the temperature gradient
along a radial line at the top of the build-up was estimated to
be no more than one or two degrees. Thus, the guard and central
temperatures are matched at the ends. The entire assembly is
surrounded by diatomaceous earth insulation contalned inside a
10 cm diameter guard heater.

Temperatures are measured at two axial locations in each
reference and in the specimen. A beaded chromel/alumel thermo-
couple was inserted into the drilled holes in a double bore
alumina insulator. The insulator was broken about every 0.3 cm
to minimize conduction losses. The thermocouples in the
specimen were potted in place at the bead with Silastic RTV-731,

silicone rubber.

Specimen gage lengths were determined from radiographs or
X-rays. The X-rays were examined at 10x magnification to
determine the gage distance relative to the overall thickness.

The idea for the assembly shown in Figure 9 was‘to use
identical materials for a guard ring and thus create as closely
as possible a matched guard condition  to minimize radial heat
exchange. Also, a thin specimen, 0.635 cm, is used because this
also minimizes radial heat exchange and heat shunting. Further,
the annulus is kept small to minimize heat shunting which occurs
even with matched guarding.

In practice, perfect matching of the guard and central
columns is not achieved. Hence, corrections for radial heat
exchange are made to the measured data based on the measured
temperature profiles. Further, correctlons are made for the
heat shunting through the annulus.

Details of the corrections made to the measured data are
included in Appendix C. Even though two different corrections
are applied to the data, the maximum value for both corrections
during this program did not exceed 10 percent with the exception
of two data points. Hence, sizeable uncertainties in the correc-
tion procedures do not create large uncertainties to the final
data. The combined'uncertainty for the several sources of
uncertainty present is #8 percent 1ncrea51ng to 10 percent above
800K.
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Radial Inflow Apparatus. - A complete description of the
radial inflow apparatus is included in Appendix D. Due to the
structure of this material, cylindrical specimens could not be
employed; therefore, the strip assembly was used. A sectional
view of this assembly is shown in Figure 10.

The assembly consisted of four specimen strips sandwiched
between strips of ATJ graphite which contain wells for
temperature measurement. The corners of the build-up were
packed with thermatomic carbon to minimize extraneous heat
flows. Pyrolytic graphite strips were used on the inside to
aid in maintaining the isotherms normal to the directions of
heat flow. The assembly was placed concentric about a calori-
meter with a 1.27 cm gage section, and _the annulus between the
calorimeter and the pyrolytic graphite strlps was packed with
graphite. A

Positive interfacial contact between the strips was assured
in this assembly by the addition of expansion pistons to the
support cylinder. These pistons were designed to counteract
differential expansions that would cause a separation at the
interfaces. For this program the plstons consisted of a stack
of two pieces, pyrolytic graphite in "c" direction at 0.254 cm
thick, and CS graphite at 0.508 cm thick.

The specimen was built up on the calorimeter tube and guards
packed with thermatomic carbon were used above and below the
specimen to retard longitudinal heat flow. ' Graphite felt
insulation was used between the specimen and guards. The top
guard.section contained graphite sight tubes which align with the
temperature wells in the specimen and provided access from outside
the furnace.

During the run the procedures were similar to those detailed
in the appendix.

Thermal conductivity was calculated from the measurements of
temperature difference and heat flow. The equation used is:

where
k = thermal conducﬁivity - W/mK
AX = thickness of specimen - cm
A = area of gage section of one specimen strip
Q = total measured heat flow - watt |

AT = temperature difference across specimen strip - K
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A correction to the conductivity calculated in Equation 1
is necessary for this assembly. The measured conductivity will
be erroneously high due to the heat transferred through the
corners packed with thermatomic carbon. The correction required
has been determined analytically for the geometry of the assembly
‘by dividing the configuration into several radial segments and
assumlng the temperature distribution in the thermatomic carbon
is the same as in the specimen and surroundlng strips. This
analysis yields:

ks k
= - 0.19 2 2
Km - 1701 | (2)
where
kg = true thermal conductivity of the specimen

=N

measured thermal conductivity of the specimen
kp = thermal conductivity of the packing in the corners

As observed in Equatlon 2, the lower the measured conductivity
the greater the bias. For these runs the maximum bias was 19
percent. The correction made on each point for the bias is shown
in the table of values reported under "Data and Results.

The uncertainty of the values measured in the radial inflow
apparatus can be derived from the summation of the following
random uncertainties:

1. Errors associated with the basic equipment that have
been set at *7 percent. This includes the uncertainties
- involved in temperature measurement, heat flow measure-
ment and other factors as discussed in the appendix.

2. Error in the analytical correction of the measured data.
The error involved here is certainly no more than %50
percent of the correction. With the maximum correction
being #19 percent the maximum error would be #9 percent.

The combination of the above uncertainties yield a total
error for the modified radial inflow system of +12 percent.

Impregnant Removal from Conductivity Specimens. - As part of
the procedures for all the conductivity runs where impregnated
specimens were employed, the system with specimen was assembled
and prior to the measurement of data was baked at above 670K to
remove the impregnant from the specimen. After the run, photographs
were taken of the "hot" and "cold" surfaces of the specimen. This
was done to examine the structure of the specimens which was
necessary to thermally model the specimen.
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Heat Capacity

The heat capacity of both the virgin and charred materials
were performed in both the adiabatic and ice calorimeter. The
adiabatic calorimeter was employed to 800K and the ice calori-
meter from 800K to 1730K. Both apparatuses are described fully
in Appendices D and E. .

A major problem with these materials, particularly that of
the chars, is the very low mass times heat capacity product
(mCp) due to the low density of the material. With a low mCp,
the signal is, of course, very low and the measurement is
subject to a lack of precision.

To minimize this problem, the chars were pulverized and
packed within an aluminum container for the determinations in
the adiabatic calorimeter. The pulverization increased the mCp
product sufficiently and the additional mCp of the container
remained a very small percentage of total signal; therefore,
the correction for the mCp of the container was small. These
conditions provided the precision normally obtained with this
‘apparatus.

For the determinations using the ice calorimeter, the low
density char was pulverized and packed within our normal -
graphite container. Unfortunately, the mCp product of the
container was a significant percentage (about 50 percent) of
the total signal. Since the correction for the container was
significant, the heat capacity of the cups employed for the
measurements were confirmed with several determinations over the
temperature range of interest.

Permeability

All permeability measurements for this program were made
with the high temperature permeability apparatus which is
described in Appendix F. The low temperature measurements were
made in this apparatus because it measures total pressure and
is probably better for the high flow rates expected with these
chars.

The diameter of all specimens was approximately 1 inch, but
the thickness varied from 0.0438 in. to 0.3215 in. Silicone
rubber (Dow Corning RTV-731 Silastic) was used as the sealant
for all but one of the char specimens which were run only at
room temperature. The arc jet crust and the furnace char
specimens run at elevated temperatures were sealed in the fixture
with Sauereisen 32 cement. '
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All except the two furnace chars formed at 600K were
placed between two pieces of wire screen before belng sealed
in the fixture. This was done to prevent the specimens'
destruction by the differential pressure across it. A cali-
bration curve was obtained for the screen wire giving pressure
drop as a function of gas flow rate. This correction was
applled to the pressure drop measured across the permeability
spec1mens which were backed with screen wire. The 600K char
specimens were sufficiently strong that this was not necessary.
Figure 11 shows a typical specimen assembly. One specimen of
the chars formed at 600, 800, 1100, 1300 and 1700K and the arc
jet char were run at room temperature using nitrogen as the
permeating gas. Also, one room temperature run was made on the
char formed at 600K using helium as the permeating gas. A
second specimen of the 600K char was run at 500K using both
nitrogen and helium as the permeating gases. An additional
specimen of the 1100, 1300 and 1700K chars was run at 800K
‘using nitrogen as the permeating gas. All specimens which were
run at elevated temperatures were run at room temperature before
and after the high-temperature measurements. This enabled us to
ascertain if any physical change in the specimen occurred during
the measurements at elevated temperature.

The specimens of the 1700K char and the arc jet char
represented the crust of the charred honeycomb structure.

The 600K char was capable of belng machined without
impregnation. However, because of the fragile nature of the
other chars, they were impregnated with pblyalphamethylstyrene
prior to machining. After the impregnated specimens were
machined each one was measured, weighed and wired between two
pieces of screen. This entire assembly was weighed and then
heated to about 700K for about one hour to bake off the 1mpregnant..
The assembly was again weighed so the density of the specimen could
be determined. Sealant was then placed around the circumference
and allowed to cure to prevent pieces of the spec1men from becomlng
dislodged. The specimen assembly was then sealed in the specimen
holder and allowed to cure. Figure 12 shows a picture of one
spec1men sealed with Dow Corning RTV-731 Silastic and another
specimen sealed with Sauereisen 32 Cement.

‘Porosity
The porosity of the chars were determined by calculation
from measured values of bulk and true dens1ty in accordance with.

the following equation:

P=(1-"P7b) 100 (3)
ot '
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where

total porosity in percent by volume

P =
pb = bulk density
pt =

true density

The bulk density was measured by machining a specimen to
.a definite geometry from which volume and weight were accurately
measured. Due to the friable nature of this material, the
specimen was impregnated with polyalphamethylstyrene (Armco
resin 18-210) then machined. After the volume was measured,
the impregnant was removed by heating to above 670K. - The weight
of the specimen is then measured and represents the true weight
since essentially no residue remains after the heat soak.

The true density was determined using a liquid pycnometer
in accordance with ASTM 135-66. . The sample was pulverized and
passed through a 100 mesh screen to assure that all particles
were free of voids. The wetting agent used was methenol and a
25 ml pycnometer bulb was used primarily.

On some of the samples, complete wetting was not obtained
as evidence by some (about 2 percent) particle floatation in the
bulb. Apparently, the pulverization and passage through a 100
mesh-screen did not remove some of the porosity. It is possible
that some of the smaller phenolic or silica microspheres were
not crushed. The small amount of particle floatation was removed
from the bulb and weighed to adjust the results to a corrected
value of true density. This correction was less than 5 percent.

Early in the program water absorption measurements were
made; however, for these materials where the porosity is close
-to 90 percent and many large voids exist, the accuracy of the
measurement is very poor. The main source of error is the reten-
tion of the absorption fluid when obtaining a saturated weight.
The large pores can not retain this fluid (even for the short
period of time necessary) when it is removed. Due to this, the-
absorption measurements were merely employed for rough comparisons
between the various furnace chars and the arc jet chars at the
beginning of the program. The procedures for the absorption
measurements are included in Appendix G. -

Tension
All of the tensile evaluations were made in a Tinius-Olsen
universal testing machine at 294K. Strain gage extensometers

were utilized to measure strain over a 5.08 cm gage length. Two
specimens were tested in each honeycomb. direction (a and b).
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Figure 13 shows the tensile specimen configuration. A schematic

of the load train is shown in Figure 14. strain gage exten-
someters were calibrated over a 0 to 0.305 cm range with 0.020

- cm/cm chart calibration, and this calibration was linear within

1.0 percent over the full scale. Load was calibrated to 1 percent
accuracy. The specimens had aluminum pads epoxyed to each side

of each end. These pads provided load transfer to the gage section
and support at the pin holes. Chain segments were used in the load
train to assure uniaxial alignment. - ‘

Compression

All of the compressive evaluations were made in a Tinius-
Olsen universal testing machine at 294 K. Strain gage exten-
someters were used to measure strain over a 5.08 cm gage length.
Figure 15 shows the compressive specimen configuration. Two
specimens were evaluated in each honeycomb direction (a and b} as
shown in Figure 15. The extensometers were calibrated over a 0 to
0.305 cm range with 0.020 cm/cm. Chart calibration, and this
calibration was linear within 1.0 percent over the full scale.
Load was calibrated to 1 percent accuracy. The specimens were
tested in a special loading fixture to provide uniaxial alignment
and avoid specimen buckling. A schematic of the load fixture is
shown in Figure 16. '

RESULTS OF VIRGIN MATERIAL EVALUATION
Thermal Conductivity

‘The thermal conductivity from 110K to 500K in the "c¢" or
thickness direction of the panel was measured in 1 atmosphere of.
nitrogen. The data are shown in Figure 17 and Table 2. As seen
in the figure, the values increased from 0.048 W/m K at 120 K to
0.077 W/m K at 500 K. The data for both specimens agreed rather.
well except for some scatter at the temperature extremes. Also,
note that the conductivity calculated across the specimen thick-
ness agreed well with the "internal gage" measurement.. Recall
that the surface temperature monitors an average of the surface,
whereas the internal temperature monitors a local area within the
cell where the thermocouple 'is located. This indicates that
perturbations in temperatures created by the honeycomb cell walls
were negligible.

The conductivity exhibited an unusual character. An inflec-
tion in the curve occurred below room temperature (297 K) and it
is unknown what caused the inflection. Apparently, a physical or
structural transition occurs. A second-order transition such as
that which occurs in rubber below room temperature may be
responsible for this behavior.
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Some comparative values are plotted in Figures 17 of
a silicone phenolic in a phenolic-glass honeycomb (Material
MG-45, NASA CR-111909). These data, represented with a
dashed-line, were lower; however, the density was also lower,
the silicone content lower, and the phenolic microballoon
content higher than those for Material A.

Heat Capacity

Enthalpy and heat capacity from 120 K to 490 K were
determined. The values of enthalpy and heat capacity are shown
in Figure 18 and Table 3.

The heat capacity increased from 0.5 J/gm K .at 120 K to
2.0 J/gm K at 490 K. These values were about 10 percent higher
than the heat capacity previously measured here on the MG-45
silicone-phenolic in honeycomb measured and reported in NASA CR-
111909. This is fairly close agreement considering the varia-
tion in the elastomer resin and constituents.

Attempts to determine the enthalpy at temperatures higher
than 500 K resulted in values that were biased high. Observa-
tions of the thermal response of the specimen within the furnace
indicated that at slightly higher temperatures an exothermic
reaction initiates which would obviously alter the measurement
of enthalpy.

Tension

The results of the tensile evaluations are shown in Table 4
and the stress-strain curves are included as Figures 19 through
22,

In the ngv dlrectlon, ultimate strengths for Spec1mens T-1a
and T-2a were 348,198 N/m? and 186 165 N/m?2, respectlvely and
elastic modulii were 31,372 x 103 N/m and 30 476 x 103 N/m
respectively.

In the "b™ dlrectloné ultimate strengths for Spec1mens T-1b
and T-2b were 138,590 N/m“ and 168 238 N/m?, respectlvely, and
elastic modulii were 18,479 x 10° N/m and 13,376 x 103 N/m?2,
respectively. Tensile fractures did not follow the honeycomb
configuration. A typical tensile fracture is shown in Figure 23.

Compression
The results of the compressive evaluations are shown in

Table 5 and the stress-strain curves are included as Figures 24
through 27.
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In the "a" direction, ultlmate strengths for Spe01mens
C-la and C-2a were 372,330 N/m? and 468, 860 N/m ' respectlvely,
and elastic moduli . were 32,820 x 103 N/m and 46,610 N/m?,
respectively. '

In the "b" direction, ultlmate strengths for Specimens
C-1b and C-2b were 537,810 N/m? and 565, 390 N/m2, respectlvely,
and elastic moduli were 19,582 x 10° N/m and 21,857 x 10%® N/m?,
respectively.

| Cbmpressive-fractures followed the honeycomﬁ configuration
and were "x" shaped, crossing generally at the center of the
gage section. A typical compressive fracture is shown in Figure
28,

CHAR PREPARATION IN THE LABORATORY FURNACE

Criteria

To conduct a meaningful evaluation of the thermal properties
of a char formed during re-entry, one must be able to prepare
suitable specimens from the char. Obviously, these specimens
must be stable, compatible with the environment and other condi-
tions of the test and be representative of the char formed during
flight. In addition, to characterize a char formed at specific
temperatures, the char specimen must be prepared under isothermal
conditions. :

Of course, the best simulation of a flight char is one that
is made under a high enthalpy arc jet stream; however, the chars
prepared in an arc jet are normally not practical for use as a
specimen. This is due to both (1) a temperature gradient that
exists during char formation and (2) gross anomolies (separations
and cracks) that are present in the structure. Therefore,. the
chars were prepared in a furnace under this program, and the condi-
tions of charring were selected to provide the best representatlon
of the flight char.

To best meet the criteria of char preparation, an initial
evaluation of optimum procedures was conducted, the first step of
which was a study of the arc jet chars prepared by NASA.

Arc Jet Char Description
Several samples of char formed in the arc jet were received

for our inspection and formed a baseline for comparison of the
furnace chars ‘at various conditions.
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The arc jet specimens were prepared by mounting the block
on a wedge and the hot gases impinged the.surface at an angle
under a constant heating rate cycle of 20 minutes. The cold
wall heat flux was monitored from the leading edge to the back
edge. At the midpoint, the cold wall heat flux density was
18.2 x 10" W/m? (16 Btu/ft? sec). The variation in heat flux
density was linear and it ranged from 30.1 x 10" w/m? (26.5
Btu/ft? sec) at the leading edge to 7.26 x 10" W/m? (6.4 Btu/ft?
sec) at the trailing edge. Assuming only radiation, heat loss
from the sample and an emittance of 0.6 (probably low), the
maximum equilibrium temperature of the crust on the arc jet was
calculated to be 1728K or 2650F. Therefore, the temperature
range for charring under this program was reduced to 1730K from
the originally proposed figure of 3000K.

A photograph of a sample, as received from NASA is shown in
Figure 29. TFigure 30 is another photograph of a sectioned sample
after impregnation. As shown in the figures, the structure of
the char was quite unique. A crust was formed at the hot face of
the material where a maximum temperature of about 1730K was :
obtained. Under the crust was a major separation or gap between .
the crust and the filler material. The filler within the honey-
comb cells was cracked primarily in a direction parallel to the
heated surface. These cracks occurred at different heights and
had different widths in each honeycomb cell. The cell size
remained the same as that for the virgin material since the honey-
comb, was rigidly attached to the virgin material at the cold face.
With the exception of the crust, the charred filler shrank away
from honeycomb cell wall. The formation of the gap and cracks
occurred at temperature prior to cool down since gross shrinkage
of the elastomer and phenolic does take place during degradation,
which we have observed in previous measurements of thermal
expahsion.

Suitable Monitors

To properly conduct the initial evaluation of optimum char
preparation in the furnace, suitable monitors and inspection
procedures were necessary and a brief search was performed.

Several of the monitors and inspections techniques developed’
under our previous program performed under Contract NAS1-10517 [2]
were considered. Unfortunately, many of the monitors that were
effective under the previous program were not effective or prac-
tical for these materials. The primary reason for this is that
under the previous program a phenolic-nylon composite was charred
-at higher temperatures and the most sensitive monitors were those
that quantitized degree of graphitization or ordering of the
crystallites. The lower temperatures of char formation under this

20



program has precluded meaningful results with moniFors or
graphitization. As a matter of fact, some X-ray dlffractlon
tests were run and no ordered carbon was detected. The results

of the X-ray diffraction measurements presented later merely
indicated the presence of a cristobalite which would be expected
from the silica spheres present in the virgin material. :

A photomicrographic study was not a very sensitive
inspection. To demonstrate the photomicrographs of the arc
jet char and various furnace chars are shown in Figures 31 and
32 and as can be seen, the material consists of spheres bonded
- together with a minimum amount of matrix. For the arc jet char
and various furnace chars, the structure is gquite similar and
any variations that may exist and be correlated to the char
formation were not observed.

Some information can be extracted from the photomicrographs
even though they were not sensitive monitors. During the charring
process, the phenolic microballoons remained as a sphere. The
sectioned spheres in the photomicrographs are most likely the
charred microballoons. Figure 31 illustrates that the cohesion
of the crust was obtained with a thin layer of continuous material
at the surface. This layer was most likely caused by the molten
glass from the honeycomb, but there appears from the photograph
some evidence of the silica spheres melting and flowing to the
surface layer. This would suggest some impurity in the silica
spheres since pure silica melts at a higher temperature than that
reached on the surface. ' :

. The best inspection procedure appeared to be the examination
of the chars gross physical structure. Consideration was given
to parameters such as cell size, crack probagation, shrinkage of
filler from the cell wall and color. These monitors were observed
sufficiently by visual inspection and side by side comparison with
the arc jet char. Recall that the philosophy of testing under
this program involved the determination of the effective values of
a property for the bulk piece of the material. Therefore, examina-
tion of the gross physical structure was directly relatable to the
effective properties desired.

The use of the 10X to 20X stereo microscope assisted in the
visual inspection. The specimens were viewed in a natural state
without preparation such as polishing. and impregnation. This way
the color of the beads and the residue formation prevelant on some
of the chars could be investigated and compared.

The feel of the structure was also quite revealing. Crumbling
the specimen indicated the degree of cohesiveness in the chars
which varied for the various charring conditions.

The bulk density was used as a monitor. Values were obtained -
by both gravimetric techniques and water absorption. Due to the
structure of the material, the values measured were sometimes
approximate, however, important trends were detected.:
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Thermal conductivity was also determined on a few selected
char blanks prepared in the furnace and the arc jet. Since
this was an important property to be examined under this program,
it was employed as a monitor in the preliminary investigation.

Preliminary Char Preparation and Study

Essentially, three methods were attempted to provide
representative chars. These methods are referred to as:

1) Rapid one dimensional (R1D)
2) Slow one dimensional (S1D)
3) Rapid two dimensional (R2D)

The term rapid refers to the chars formed by a rapid heating
rate which was obtained by immersion into a furnace preheated to
the desired temperature. Typical temperature versus time curves
for the surface and internally at a depth of 0.635 cm from the
heated surface are included in Figure 33. The term slow char
refers to a slower heating rate where the specimen was installed
in a furnace and power to the heater tube was manually controlled
and to provide the desired heating rate and temperature. The
conditions for the slow heating rate were a rise rate of about
18K per hour to char temperature, held constant for 20 minutes at
char temperature and allowed to cool slowly within the furnace
after power shut down. :

One dimensional and two dimensional indicated the application
of heat to the specimen. The one dimensional chars were prepared
by allowing exposure of only one surface to the radiant heat from
the heater tube. This was done by using the assembly discussed
under "Apparatuses and Procedures" section but two specimens were
installed back to back with a piece of graphite felt inserted
between them. This provided an insulated back face boundary condi-
tion and allowed one dimensional heating to occur.

The two dimensional heating allowed radiant heating to- both
surfaces of a specimen as discussed under the "Apparatuses and
Procedures" section.

Table 6 summarizes all the char blanks prepared during the
preliminary investigation. The table includes various measurements
made to characterize and compare the blanks made. Some of the same
measurements were made on the arc jet specimens for a basis of
comparison.
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The rapid one dimensional chars warped severely and
exhibited significant shrinkage of the cells particularly at
the back face. The cell area at the back face was 32 percent
smaller than the cell area of arc jet char while the front
face exhibited about 15 percent smaller area.  This made it
unsuitable for use as a specimen; however, the rapid chars
exhibited several characteristics that were similar to the
arc jet chars. Visual appearance was similar to that of the
arc jet. Figure 34 shows a picture of the structure at 10X
compared to the arc jet. Note the deposition of residue on
the spheres of the arc jet and a similar deposition on the
furnace chars was observed although to a lesser extent. A
feel of both the structures was similar in that both the arc
jet and the rapid one dimensional chars exhibited some cohesive-
ness upon crushing. The material crushed to cohesive chunks
rather than a powder.

The slow one dimensional charring conditions formed a very
flat specimen that was suitable for specimen preparation; how-
ever, its structure was unlike that of the arc jet char. Figure
35 shows the comparative photograph between the two chars and
the significant difference was that less residue was formed on
the furnace char with the surface of the beads being cleaner.
Cell shrinkage was fairly high with the area of the cells being
about 30 percent smaller than the cell of the arc ijet.

Weight loss during slow charring was a bit higher than that
for the rapid chars. The feel of the char was different than that
observed for the arc jet. Crushing the slow furnace char produced
a fine powder, which lacked the cohesiveness exhibited by the arc
jet char.

The rapid two dimensional charring conditions produced a
specimen that was flat and quite suitable for specimen preparation.
Cell shrinkage was nil with the area of the cell being equivalent
to that of the arc jet char. Being a rapid char, the structure was
quite similar to the arc jet char. Figure 36 shows a photograph
comparing the two structures at 20X. The residue formation
discussed above was also apparent and similar for both.

Visual appearance of the two dimensional char was quite similar
to the arc jet char.. The crack network was similar, mainly due to
the fact that the furnace char was formed with little cell shrinkage
such as the case with the arc jet char. This condition, therefore,
would generate similar stress patterns creating 31m11ar crack
networks.

An examination of Table 6 clearly illustrates the contrasting
- as well as similar features of each char. In all cases the filler
shrank more than the reinforcing cell in the thickness direction
and the percentage of filler shrinkage was about the same for the
various conditions attempted at each temperature.
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The bulk density was the lowest for the chars prepared
at 800K than that measured on the chars prepared at higher
temperatures. At each temperature level, no significant
systematic variation was detected between the furnace chars,
Ss1p, R1D and R2D, except the R1D specimens did exhibit the
hlgher densities than the others.

The bulk densities determined on the arc jet chars were
running slightly higher than those of the furnace .chars, but
the trend of lower density in the zone just above transition
(800K) was observed.

An effect of residence time (time-at-~temperature) was
examined with two char blanks (CB-23 and CB-24), where one was
held at temperature for one second and the other for thirty
minutes. Both were R2D chars. No significant difference was
- observed in weight loss, bulk density and wvisual appearance.

This is in agreement with our previous work where residence-

time above one second is of little importance when the matrix

is not graphitizable. In all cases the matrix for this composite
was not graphitizable. ' '

The conductivities exhibited a distinguishable difference
with formation temperature but little sensitivity was seen for
the different heating rates. The R2D did exhibit somewhat lower
conduct1v1ty most likely reflectlng the increased crack network
in these blanks.

The important observation in the conductivity is the fair
agreement observed between the values of the arc jet and furnace
chars. Values measured on a specimen at a zone subjected to a
temperature of 1050K to 1150K (estimated by assuming linear
gradient from the crust to the transition zone) were similar to
the R1D furnace char made at 1050K.

The results of the thermal conductivity evaluation did indi-
cate that the boxing analysis for these materials will work since
‘the furnace chars appear to be representatlve of the arc jet, and
the values of conductivity were sensitive to formation temperature.

Selection of Charring Conditions

The rapid two dimensional (R2D) heating was selected to
process the charred specimens. This selection was based on the
fact that the bulk and filler structures (crack network, cell size)
were most similar to those of the arc jet char. The rapid heating
appeared necessary since the cohesiveness and deposition on the
spheres more closely matched that of the arc jet char. Although
the effective conductivity did not appear to be grossly affected
by heating rate, the other properties to be determined may be
correlated to heating rate.
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All the chars prepared for evaluatlon under thlS program
‘were done under .the "R2D" conditions with the exception of the
" 600K char prepared for the specimens used for thermal conduc-
tivity. Here the 8.26 cm diameter guarded hot plate was
employed for the conductivity measurement and two discs shown
in the prev1ously presented Figure 8 were employed. To accom-
modate this conflguratlon a chamber was constructed which
enclosed the specimens and the chamber was purged with helium
~and installed within a laboratory oven. The heating cycle
- consisted of heating the material to 590K in 90 minutes,
‘holding at constant temperature for 30 minutes and a110w1ng to
cool within the oven after power shut down. '

The R2D chars were prepared, as: dlscussed prev1ously in
the Apparatuses and Procedures Section, by immersing a-3.81 x
7.62 x 1.90 cm thick plate, insulated around the edges, within

- the preheated furnace and as stated earlier held for 50 seconds

- after thermal equilibrium was established. The resulting char
- was ‘then impregnated with Armco resin 18-210. In most cases,
the char . blank was sectioned along the center plane of the

.“thickness. Specimens were prepared from each half thickness.

- This procedure was adopted due to previous experience in the 2D
charring of the low density phenolic-nylon chars which created

a central region of low density and poor structure which was not
representative of the arc jet chars. This low den31ty reglon

- was not as obvious in these specimens as it was in the previous
phenollc—nylon material, but we avoided the inclusion of this

. zone in our specimens where possible. Therefore, as far as the

- specimen was concerned, the formation of char durlng preparatlon
‘progressed from one. surface to the other rather than a progress1on

. ‘from both surfaces into the center.

' The one exceptlon to this was the preparatlon of the

ﬁ'wspec1mens from the 1700K char. Here a crust was formed on each"

surface with some'cracklng below the surface. The area from the
-center of the specimen to the surface was unde31rab1e for specimen
~preparation. Therefore, the conduct1v1ty specimens were taken

- from the core. The crust was used for permeability and the whole
blank was used for porosity and heat capacity determinations.

Typlcal time versus temperature plots for the furnace chars

- employed for evaluation are shown in Figure 37. The character of

- the curves were quite similar to the cycles measured under the -
preliminary investigation and shown in Figure 33. On most of the

curves a- slight inflection is seen at 380K, which is about the

boiling point of water. This inflection indicates that some water

- exists within the composite and is driven off at this point.
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Table 7 is a summary of all the char blanks prepared and
the specimens extracted from them. Included in the table are
various physical measurements made prior to and after the cycle.
The more significant parameters are shown in Figures 38 and 39.
The trends were consistent with the preliminary investigation.

Figure 38 shows the weight loss versus temperature of char
formation. Between 600 and 800K the highest rate of weight loss
was observed which is obviously the zone of pyolysis. The
maximum weight loss of 51 percent was observed at 1100K.

The shrinkage in the thickness direction is shown in
Figure 39 for both the reinforcement and filler. The maximum
rate of shrinkage of the filler occurred between 600K and 1100K
where the value changed from 1 to 20 percent. At 1700K the
shrinkage of the filler was only 14 percent and this was obviously
‘due to the crust formation on both surfaces. The shrinkage
occurred below the crust creating cracks and delaminations in the
filler. The shrinkage of the reinforcement was quite different.
Slgnlflcant change did not initiate until above 800K and the
maximum shrinkage occurred at 1730K at 11 percent.

The variation between the shrinkages of the filler and cell
wall accounted for the separation between the two during charring.

Approximate bulk density and change in bulk den51ty is shown
in Table 7, however, a discussion of these results is included
later under'Data and Results."

The structure of the composite after charring was consistent
with that reported under the preliminary investigation. From 800K
to 1370K, the filler shrank away from the cell wall leaving separa-
tions or gaps in the composite. All area remained about the same.
A more detailed account of the structure is discussed under "Data
and Results" on thermal conductivity since this information was
necessary for the thermal model constructed.

DATA AND RESULTS

Thermal Conductivity

" Model Analysis. - To provide more meaningful input to the
computation of heat transfer through the flight char, a simple
thermal model was prepared. This model enabled the adjustment of
the measured data to values that better represent intrinsic heat
transfer in this material without the radiant and gas conduc¢tion
contribution provided by the major gaps and separations found in
this material.

26



Figures 40 and 41 illustrate the typical cell structure
of the specimen (furnace char) and the flight char (prepared
in the arc jet). Basically, the structure of the specimen
consists of the charred honeycomb cell wall, the charred elas-
tomeric filler and a gap or separation between the filler and
the cell wall. This is similar to the structure of the flight
char with the exception of the large cracks and separations
running perpendicular to the heat flow existing in the filler
of the flight chars. Except for the gap immediately under the
top surface crust of the flight char, the location of the other
major cracks are random and represent gross anomalies in the
structure which were not present (and would not be tolerated)
in the specimen. Therefore, the purpose of the modeling done
here was to enable the calculation of the effective conducti-
vity of the "solid" (charred filler composite and cell wall)
phases of the charred material. This value used in conjunction
with the predicted effects of any anomalies such as the cracks
running perpendicular to the heat flow can then be employed to -
derive the heat transfer present in the flight chars.

It is obvious from Figure 40, model of the typical furnace
char cell without the cracks perpendlcular to heat flow, that a
parallel conduction model is present in the specimen involving
three paths. Heat is transferred through the charred filler,
the cell wall and the gap between the cell wall and filler.
The effective conductivity of the specimen can be described by
the following equation:

km = Af kf + By kp + Ag kgs + Ag kypg | (4)
where

k = effective conductivity

A = area fraction
Subscripts

m = as measured

f = charred elastomeric filler

h = honeycomb reinforcement

S = gap or separatlon between honeycomb and flller
~gs = contribution of gas conduction in gap

rs = contribution of radiaot transfer in gap

The summation of the first two terms reflects the heat
transmission through the "solid" portion of the specimen.
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The term solid is used in contrast to the gaps present for
which the last two terms of the equation apply. Obviously,
the "so0lid" portion, due to its porous nature in itself can

be thermally modeled but was not done since it was beyond the
scope of this program and was not necessary in the analysis
of the data measured here. Intuitively speaking, however, we
would expect little contribution by radiation in the "solid"
phase particularly at the temperatures employed under this
program and thus, the model would mainly include solid and gas
conduction components. Since this material consists of silica
and charred phenolic microballoons adhered with a small amount
of charred matrix, the model would be of the type describing
heat flow through powders.

The last two terms of Equation 4, describing the heat
transferred along the gap, can be better defined with the
follow1ng relatlonshlps. For the effect of the conductivity
in the gas:

kgs=kg — L , (5)
s L + Lg

.where
kgs = contribution to thermal conductivity of the

gas in the gap

w
It

g thermal conductivity of the gas

L = mean free path of a molecule before collision

' with a boundlng surface in the direction of
heat flow. In this case L is the thickness
of  the spec1men

Lg = mean free path of the gas

The conductivity of nitrogen (k) is given in Figure 42.
Values of the mean free path L, at vgrlous temperatures and
pressures can be calculated based on a Maxwellian velocity
distribution by:

Ly = 0.707 KT
- 4mp? p : (6)
where
K = Boltzmann's constant
T = temperature
p = radius of the molecule
P = pressure |
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For the. radiant contribution

= F L o Tp? 7
rs (1R2)g o m‘ _ (7

contribution to thermal conductivity of the
radiant heat transferred in the gap

F(1R2)94= radiation factor for the radiant transport
: through the gap. Boundary emittances assumed

at 0.55
L = thickness of the specimen
. 0 = Stephan Boltzmann constant
T =:meanvtemperature'(K)

The values for the total radiation factor (F;R3) were
assumed equivalent to those for long slots which %ave been
defined by Jakob [6] and were used in Equation 7 for the
various gap widths. present. The total radiation factor was
then corrected to F1po for boundaries having emittances
of 0.55. The values ranged from 0.13 to 0.23.

In Equation 2, the f1rst two terms Af kf + Ap k, can be
combined to As k¢ Wthh defines the heat transfer through the
"solid" phases (honeycomb cell wall plus filler). The term
Ac is equivalent to (1 - Ag) and k. is the intrinsic value
of conductivity we wish to define. Rearranglng Equatlon 4
yields

km - Ag (kgqs + krs) ~ ' _
ke = S—=2p 91 (8)

In the following sections the measured conductivity kp
will be presented for the determinations on the various chars
.formed at the different temperature levels. In the boxing
analysis k., will be reported since it represents a more intrinsic
value of tﬁe charred filler and cell wall without the effects of
major cracks and separations within the composite.

Data. - The measured values of effective conductivity (kp)
and pHoto raphs 111ustrat1ng the structure and condition of the
specimens are included in Figures 43 through 58. Tables 8
through 14 include the effective thermal conductivity measured.
The photographs provided the information tabulated in Table 15
which indicates the size and cross-sectional area of the gap
present between the filler and the cell wall. This information
was used to calculate the term Ag gS + kyg) of Equation 8 from
which the conductivity of the " 011d phases was determined.
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Before discussing the data, a brief review of the struc-
ture and condition of the spec1mens is in order. For the 600K
char, for which a photograph is not shown, the material had
essentially the same structure as the virgin material with no
separations between the filler and the cell wall. Localized
areas of separations were observed (see Figures 45 and 46) for
the 800K char with the filler contalnlng no visible cracks.
The remaining chars (1100-1700K) shown in Figures 48, 50, 51,
52, 53, 54, 56, 57 and 58 had a uniform separation about the
cell and several cracks in the filler were visible. As shown
in Table 15 the cross-sectional area of the gap occupled 8 to
24 percent of the total cross-sectional area. This is probably
somewhat consistent with that of the flight char.

The effective thermal conductivity of each char was deter-
mined at mean temperatures up to just below the charring value
since the hot face temperature of the specimen was not allowed
to exceed the prechar temperature. To determine the effective
thermal conductivity at the charring temperature, the curve was
extrapolated a small amount. The value of the intrinsic conduc-
tivity (k¢) was deduced from this value by use of Equation 8 and
the calculation is tabulated in Table 16. The locus of k¢ was

..then plotted against charring temperature in Figure 59. The

- " values shown in this figure are those to be used for the effec-

tive thermal conductivity of the "solid" phases of the flight
- char as it is being formed.

It is interesting to note that the value of k¢ deviated
from km by less than 10 percent in most cases and was no more
than 20 percent. This small deviation reduced considerably the
effect of any errors involved in the modeling calculations and
it is estimated that with all sources combined an uncertainty of
the values shown in Figures 59 is less than *13 percent at and
above 1300K and +10 percent at and below 1100K.

The boxing values at one atmosphere blended quite well with
the values measured on the virgin material. At one atmosphere a
~gradual increase in conductivity from 0.045 W/m k at 100K to 0.10
W/m k at 800K was observed. Above 800K the rise in conductivity
was about five times greater than that below 800K. The wvalue at
1400K was 0.42 W/m k.

The data measured on the 1700K chars were not consistent
" with the other specimens. As can be seen in Figure 59, the values
fell lower than the indicated trend. The measured data on the '
‘1700K char shown in Figure 55 was widely scattered which indicated
anomalies present in the specxmens. In preparing the 1700K char,
the resulting blanks consisted of a crust formation on both faces
and a slight crack: separatlng the crust from the core of the blank.
Measurements were not attempted on the crust, which would have
simulated the crust on the flight char, since the thickness after
machining suitable surfaces was about 0.076 cm or too thin to
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obtain a reasonable measurement. Instead a measurement was
attempted on the core of the blank, the structure of which was
obviously not consistent with the other specimens. We suspect
that thin delaminations across the path of the heat flow were
present causing the scatter and lower values in the measured
data.

Due to the inconsistency of the data measured on the 1700K
char, an extrapolation of the values obtained at the lower
charring temperatures was made to estimate the thermal conduc-

tivity of the crust.

. The character of the curve in Figure 59 was as expected.
Up to 800K the increase in conductivity was gradual. At 800K
the material was still unstable and in a transitional state,
"as can be observed with the wide divergence of the duplicate
data measured on the 800K char shown in Figure 44. Above 800K
the thermal conductivity increased significantly from the effects
of continuing carbonization of the matrix, an increase of the
radiant contribution in the porous filler and an increase in the
thermal conductivity of the interstitual gas.

The variation of effective thermal conductivity with
pressure is observed in Figure 59 as well as in the individual
plots of conductivity for each char temperature level. There is
very little difference (less than 0.01 W/m k) in the conductivity
measured at 101,325 N/m2? (760 torr) and that measured at 49,329
N/m? (370 torr). A larger difference is seen with the data
measured at 1333 N/m? (10 torr), but the difference remains less
than the conductivity of nitrogen.

Porosity

The porosity of the charred material was calculated from the
bulk and true densities. Values were measured on the total
composite and charred filler for the furnace chars. Some values
were also measured on the arc jet char for comparison.

Figure 60 and Table 17 report the bulk densities measured
versus char formation temperature. The values decreased from
0.262 gm/cm® at 300K (virgin material) to a minimum at 800K of
about 0.16 gm/cma. Above 800K the values 1ncreased slightly and
then remained about constant at 0.19 gm/cm from 1100K to 1700K.
The furnace chars prepared at 1700K formed a crust similar to the
one formed on the arc jet char and the bulk densities were
determined on both the crust and core of the charred blank. As
expected, the dens1t1es of the crust were higher ranglng from
0.225 to 0.265 gm/cm . :
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. The bulk density measurements of the charred filler
(without the honeycomb cell) are also reported in Figure
60 and Table 17. These values ran slightly lower, but due
to the uncertainty of the measurement on these small pieces,
one can only deduce that the bulk density of the filler is
about the same as the total composite.

The increase in.den51ty from 800K to 1100K was somewhat
‘expected from the appearance of the material (see the photo-
graphs: of the thermal conductivity specimens and Table 15)
where larger gaps'existed in the 800K char.

This phenomenon was also observed in the bulk density
values of the arc-jet char. filler determined with water
-absorption shown in Table 6. As stated before, the absolute
values of the water absorption determination were probably
biased high, but the trend in increasing bulk density is defi-
‘nite from the transition zone to the zone adjacent to the top
crust. The minimum bulk density at 800K is attributed to a
high initial weight loss, (outgassing of volatiles) without .

full shrinkage of the bulk comp051te which does occur at the

higher temperatures resulting in increased bulk density. This
same trend was also observed and reported. [7] for another
elastomerlc materlal MG—l, prev1ously evaluated for NASA.

_— - The true den51ty is shown in Flgure 61 and Table 18. For

" the furnace chars, the measurement was made on the same speci-
men used in the determination of bulk density. The true density
]1ncreased as expected since the polymers are carbonized from 1.4
gm/cm® at 600K to 2.0 gm/cm?® at 1100K. Above 1100K a slight
decrease was measured. At 1700K the crust exhibited sllghtly
'hlgher true density. than that of the core.

The arc Jet char . agreed within 10 percent of the furnace
chars and also showed a decrease with increasing formation
temperature. - - _

‘The true den51ty of the filler alone was about 5 to 10
' percent lower. Obviously, the constituents in the honeycomb
- reinforcement does increase the true density of the composite.

The porosity is shown in Figure 62 and the data measured -

was rather consistent for all the chars examined. The porosity
. increased from 83 percent at 600K to between 89 percent and
90 percent at 800K and remained fairly constant above that
‘temperature. The crust of the 1700K char did reduce back to 87
percent but the .core remained at 89 percent. Notice the agree-
.ment 'in porosity between the filler and total composite of the
furnace char and the arc jet char, all belng between 89 and

91 percent por051ty.
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Heat Capacity

The enthalpy and heat capacity data are shown in Figures
63 through 66 and Tables 20 through 26. As shown in the
figures, the enthalpy did decrease in magnitude with increasing
temperature of char formation. This would be expected since
the degradation of the phenolic microballoons, nylon and the
silicone resin would increase the weight percentage of carbon
and silica in the charred compos1te which results in lower
enthalpy values.

A boxing analysis was performed to predict the heat
.capacity of comp051te during degradation. The result of that
analysis is shown in Figure 67. Below 500K the wvalues increased
with temperature in accordance with the values measured on the
stable virgin material. Above 500K initial degradation occurs,
and when the material reaches 811K a weight loss of about 47
percent occurs 1nd1cat1ng the complete loss of all volatile
material in the virgin composite. A slight decrease in heat
capacity occurs dquring that initial degradation which is due to a
higher weight percentage of the silica and some carbonaceous
formation. From 811X to 1089K the heat capacity increases at a
slope similar to that exhibited for the virgin material. The
weight loss in this region is not significant and the increase
in heat capacity represents a normal behavior for a stable
material. Above 1089K, however, weight loss did not increase
and the heat capacity decreased indicating a variation in material
- composition, probably the further carbonization of the charred
matrix. It is suspected that if data were obtained at higher
temperatures the heat capacity would have leveled out or even
increased slightly with the further stabilization of the material.
Note in Figure 66 the constant heat capacity above 1089K does
indicate that the 1700K furnace char is becoming stable and is
characteristic of a carbon-like material.

Permeability

The permeability was determined on all the furnace chars
prepared at the five charring temperatures and on the crust of
the arc-jet char. The values were measured at room temperature
on all the chars; however, determinations at elevated tempera-
tures of the specimen and permeating gas were obtained on the
furnace chars prepared at 600K,1100K, 1300K and 1700K (crust). The
intent of the permeability measurements was to predict the pressure
~gradient through the thickness of the flight char as it was formed.
Due to the significant separations between the filler and cell wall
particularly for the furnace chars prepared at 800, 1100 and 1300K,
the resistance to flow was quite low and the measurement reflects
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mainly the flow through the separations rather than flow
permeating the charred filler material. Even with the low
permeability, significant trends were observed.

The permeability coefficients were derived from the
Cornell and Katz plots shown in Figures 68 through 73. The
calculations required for the Cornell and Katz plot are shown
in Tables 27 through 32. A summary table is shown in Table 33
for all the coefficients including a, the viscous flow coef-
ficient, k, Darcy's constant which is 1/a, and 8, the inertial
flow coefficient.

There was a significant variation in the room temperature
Cornell and Katz plot between the two specimens from the 600,
.800, 1100 and 1700 degree chars. There was also a bulk den51ty
variation in the duplicate specimens from these chars. In each
case the specimen with the higher bulk density gave the higher
value of a, the viscous flow coefficient and, therefore, the
lower value of Darcy's constant, k. The value of B, the inertial
. flow coefficient, was also higher for the specimen with the
higher bulk density, except for the 600 degree char where the
value of B was not well defined.

The Cornell and Katz plots for both specimens of the 1300
degree char showed excellent agreement in the values of ‘a and 8
for the room temperature runs. These specimens also had a
smaller percentage difference between their bulk densities than
any of the other specimens.

. These same correlations with the bulk density also held
‘generally for all the furnace chars. The 800 degree char had
the lowest average bulk density and the highest average wvalue

of Darcy's constant. The 600K char, 1700K char crust and the
arc jet crust had the highest bulk density values and the lowest

permeability values.

Although the 600K char had about the same bulk density as
the 1700 degree crust and the arc jet crust, its permeability
was an order of magnitude lower. This resulted from the lack of
cracking in the 600K char and its structure was still similar to
the virgin material.

Both the 1700K crust and the arc jet crust had a thin layer
of dense material which had condensed on the surface as a result
of heating. Immediately below this the hardened coating the
material was quite porous. Therefore, the gas flow rate through
the crust specimens was not dependent on the thickness of the
specimen, but on this thin coating of condensed material. This
is subtantiated by the permeability values obtained for the 1700K

- ‘and the arc jet crust specimens. Since the arc jet crust specimen

was thinner than the 1700K crust spec1men, its permeablllty should
be higher since the thickness of the specimen (L) appears in the

denominator Of(ggTﬁ Another reason for this might be that the
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1700K char allowed the evolved gases to escape through the sides
of the charring block as well as through the surface. Since the
evolved gases of the arc jet char would be forced through the
surface, this may have resulted in more holes formed in the crust
of the arc jet char.

During the high temperature runs the value of o decreased
by 40 to 60 percent of its room temperature value. The value of
B also decreased during the hlgh temperature runs on the 1100,
1300 and 1700K char specimens. 'The value of B was not well deflned
for the room temperature run of the 600K char specimen. Equation
(2) in Appendix F shows the significance of changes in the coeffi-
cients. Note that if the coefficients o and B decrease, the flow
corresponding to a given pressure drop increases, hence there is
less flow resistance. Since Darcy's constant, k, is the reciprocal
of the viscous flow coefficient, o, a decrease in flow resistance
will be manifested by an increase in Darcy's constant. Thus, the
results of the measurement show that the flow resistance becomes
less as the temperature is increased. The thermal expansion of the
material as it is heated probably opens up the cracks, thus decreas-
ing the flow resistance; however, it must also be considered that
some mechanical failure under the pressure drop and temperature of
the material probably occurred during the high temperature runs.
This was demonstrated by obtaining room temperature data after each
high temperature run. The data indicated that the degree of speci-
men failure varied from a maximum for the 600K char to a minimum for
the 1700 char. The following table shows the percent decrease in
the viscous flow coefficient from the initial run at room tempera-
ture to the room temperature return.

Specimen Percent Decrease in a
600K ‘ - 44 .3

1100K | 33.8"

1300K 11.9

1700K | 8.2

The above results led us to the conclusion that except on the
1700K char the effects on the coefficients at temperature are due
primarily to a physical structure change in the material during
measurement and do not reflect changes in the fluid dynamics of the
system. On the 1700K char the variation in values between room
temperature and 800K evaluation is due to fluid considerations.
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CONCLUSIONS

This study has characterized Material A in both the virgin
and charred states. The data have revealed the typical progres-
sion of various thermal and physical properties that will occur
during the process of ablation upon reentry.

" In the virgin state the behavior was as expected with the
exception of a slight inflection in thermal conductivity below
room temperature, which infers the occurrence of a physical or
structural transition at these temperatures.. Since only the
thermal conductivity appeared to be affected, and the inflec-
tion was not severe, this behavior should not greatly perturb
the design or prediction of the materials performance.

The degradation of the virgin material appears to initiate
at above 500K as was observed with the apparent exothermic reac-
tion that occurred above 500K with the heat capacity specimens.
To summarize and draw certain conclusions concerning the pro-
gressive change in properties of Material A during ablation,
Figure 74 was included. A summary of all pertinent data measured
- on the chars prepared at the various temperatures up to 1700K is
included in the figure and it reveals the following conclusions.

In the range of 500K.to 800K all degradation and volatili-
zation occurs. This is obvious from the weight loss history and
bulk density profile with temperature since the maximum weight
loss and the lowest bulk density occur at 800K. Above 800K both
weight loss and bulk density remained relatively stable. At 800K
the material is degraded but very unstable. Definite variations
in the measured values for thermal conductivity and heat.capacity
on the 800K char indicated lack of specimen to specimen consis-
tency. It was also observed that the 800K char did not remain
chemically or physically stable when heat soaking at 670K ‘was
performed to remove the impregnant used. Impregnant removal from
the other chars was performed without affecting the material.

With an increase in temperature from 800K to 1100K, the car-
bonization of the pyrolyzed matrix becomes evident as indicated
by the significant increase in thermal conductivity and true .
density. Above 1100K and up to 1700K carbonization progresses to
a more ordered state as is observed with the continued increase
in thermal conductivity and slight decrease in heat capacity.

In the 1600K to 1700K range the glass and silica -in the
system cause the formation of the crust. This is obviously from
the melting of the glass within the honeycomb reinforcement and
some sintering and possibly melting (as demonstrated in the photo-
micrograph of Figure 31) of the silica spheres. This liquid phase
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forms a thin coating at the surface and acts as the cohesive
bond for the crust. Although the permeability measurements
indicated a higher resistance to flow than the open structure
immediately below, it was still relatively permeable indicating
that liquid phase did not form an air light seal.

. In conclusion, the performance of the program was successful
in that the data measured can be employed toward design and
performance prediction of the thermal protection system. However,
precise thermal analysis will be difficult in the fact that the
physical structure of the flight char contains several large gaps
and separations randomly located in each cell. These anomolies
do create sites for radiant shunting of heat which must be
included with the reported thermal conductivity in calculatlng the
heat transfer through the composite.

FUTURE WORK

We are continuing this program with one additional elastomeric
material supplied by NASA. The performance of this new study will
be in accordance with the philosophy and procedures reported herein.
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Figure 11.
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Typical Permeability Specimen Build-Up




Typical Specimen Sealed in Fixture
with Sauereisen No. 32 Cement

Typical Specimen Sealed in Fixture with Silicone Rubber
(Dow Corning RTV-731 Silastic)

Figure 12. An example of both methods used to seal specimens 1in the
fixture
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Figure 23. Typical fracture for tensile specimen
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Figure 28.

Typical fracture for compressive specimen
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‘<\?hipped out during sectioning

gl ARC JET A-1
B CoNTER —

Specimen A, Section 1
(Section A-A from Figure 29)

Figure 30. Crossection of arc jet char illustrating the structure
of the composite
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Epoxy
Impregnant

Figure 32.

1373 K Slow Heating

Photomicrographs of chars prepared

in furnace
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arc Jet Char
(zone 2)

Furnace Char

(1380 K)
Figure 34. Photographs of the gtructure at 10X of a R1D furnace
char and the arc jet char 71
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Figure 35.
72

Arc Jet Char
(Zone 2)

Furnace Char
(1380 K)

Photographs of the structure at 10X of a S1D furnace
char and the arc jet char




Arc Jet Char
(Zone 2)

Furnace Char
(1380 K)

Figure 36. Photographs of the structure at 10X of a R2D furnace
char and the arc jet char 73
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Heat Flow
2
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Figure 40. Model of Typical Furnace Char Cell
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Heat Flow

Separation Under Crust Formation

Crust (Typical)

Gap or Separation
of Filler from
Cell Wall (Typical)

Honeycomb
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Figure 41. Model of Typical Arc Jet or Flight Char Cell
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Thermal Conductivity - W/m K

0.20

IRAAAERAEAREEEEEEEEENEAREENESEENEN NN
[ Oair - Kreith, Frank, Principles of ||| ]
- Heat Transfer, International T[T
) extboo o., Scranton, Pa., {1 11E
& 1958 EEREEE
0.18 T
SESEEENENNS __ Uncertainty
IEEESEENEED Below 350 K - +3%
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i
4
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TPRC Data Book
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NSRDS-NBS 8, R. W. Powell, C. Y. Ho, and P. E. Liley,
Thermal ConductiviEy of Selected Materials, National
0.02 Standard Reference Data Series - National Bureau of
1T Standards-8 (Category 5 - Thermodynamic and Transport
Properties) issued November 25, 1966 (Report prepared
under contract at the Thermophysical Properties Research
(T 71111~ Center, Purdue University)
o HHHH A H
0 500 1000 1500 2000 2500 3000 4000
Temperature K
Figure 42. The thermal conductivities of gaseous nitrogen at pressure

of 1 atmosphere
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CR-1¢-CB-30-2A
(Hot Face)

CR-1c-CB-30-2A
(Cold Face)
Figure 45 Photographs of the comparative rod specimen after the
run, showing the structure of the rfurnace char of
Material A rormed at 800K
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CR-2c-30-2A-802 R2D
(Hot Face)

CR-2¢c-30-2A-802 R2D
(Cold Face)

Figure 46. Photographs of comparative rod specimen after the run
showing the structure of the furnace char of Material A

formed at 802K 83



CR-1c~-CB-27-3A
(Hot side)

CR-1c-CB-27-3A
(Cold side)

Figure 48. Photographs of the comparative rod specimen after the
run showing the structure of the furnace char of
Material A formed at 1127K 85



Figure 50.

RF: o ol i

i

CR-1c-CB-6-3A
Hot Surface

CR-1lc~CB-6-3A
Cold Surface

Photographs of the ccmparative rod specimen after run
showing structure of furnace char of Material A formed

at 1372K , . @3



Specimen R1-1C-CB-9-3A Hot Face
(Front-Back Strips)

Specimen R1l-1c-CB-8-3A Hot Face
(Side-Sside Strips)

Figure 51. Photographs of radial inflow strips after run
showing structure of furnace char of Material A

formed at 1380K
88




-CB-9-3A cold Face

n Rl-1c
Back strips)

gpecime
(Front-

specimen Rl—lc—CB—8—3A cold Face
(Side—Side gtrips) ’
Figure 52. Photographs of radial inflow strips after run showind
gtructure of furnace char of Material A formed at

89

1380K
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s

Specimen R1-2c-CB-10-3A Cold Face
(Front-Back Strips)

Specimen R1-2¢-CB-11-3A Cold Face
(Side-Side Strips)

Figure 54. Photographs of radial inflow strips after run showing
structure of furnace char of Material A formed at 1372K
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Specimen CR-1c-CB-17-3A Hot Face

Specimen CR-1¢-CB-17-3A Cold Face
Cold Face for Conductivity Run

Figure 56. Photographs of comparative rod specimen after run showing
structure of furnace char of Material A formed at 1733K
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Specimen R1-2c¢-CB-14-3A Hot Face
(Front-Back Strips)

Specimen R1-2c-CB-15-3A Hot Face
(side-side Strips)

Figure 58. Photographs of radial inflow strips after run showing
structure of furnace char of Material A formed at 1740K
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Heat Capacity J/g K

Enthalpy 273 K Reference J/g

2.0

800 ¢

600
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| Temperature of
Char Formation
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- Temperature K
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It n A RERRES
I E ® Specimen: HC-1-CB-25-2A Adiabatic Calorimeter

] A Specimen: HC-2-CB-25-2A Adiabatic Calorimeter
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Figure 63. Enthalpy and Heat
Pormed at 800 K

Capacity of Purnace Char of Material A
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Q Graphical Solution
-+ Analytical solution
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Temperature K
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Enthalpy and Heat Capacity of Furnace Char of Material A Formed at 1100 K

400

Figure 64.
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Enthalpy 273K Reference J/g

Heat Capacity - J/g K

p
Solution
Solution
:
0 . - :
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Figure 65. Enthalpy and Heat Capacity of Purnace Char of Material A Pormed at 1388 K
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TABLE 1

COLD WALL HEAT FLUX
OF FURNACE CHARS

Furnacé Preheat Approximate Cold
Temperature Wall Heat Flux

K ' W/m-K

600 0.6 x 102

800 17.0 x 10°
1100 ' 65.0 x 10°
1370 160.0 x 10°
1730 . 400.0 x 10°

Note: Cold wall heat fluxes are for immersion of specimen
~ within preheated furnace. Emittance of surface
assumed at 0.8.
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TABLE 2

THERMAL CONDUCTIVITY OF A LOW-DENSITY ELASTOMERIC

ABLATION MATERIAL (MATERIAL A) IN 1 ATMOSPHERE NITROGEN
MEASURED IN THE ASTM C177 GUARDED HOT PLATE APPARATUS

Avg. Specimen | Total Heat Average Specimen | Specimen Thermal Time to R
Mean Temp. Input Specimen AT Gage ' Conductivity Temperature
K Watts K cm W/m- K hr
Specimen AS-lc~2A Run: 6613-26-3 Ni
Internal Gage
121 1.365 41.47 0.5006 0.0465 7.0
124 1.401 45,28 0.0437 8.0
126 1.395 43.67 0.0451 9.0
232 0.727 18.50 0.0555 2.4
231 0.727 18.49 0.0555 3.0
335 1.440 34.05 0.0597 21.5
335 1.440 33.96 0.0599 22.0
421 2.893 59.24 0.0690 16.3
422 2,838 59.47 : 0.0674 16.8
499 4,868 86.97 0.0790 5.0
499 4.868 86.95 0.0791 5.5
Gage Over Total Thickness
119 1.365 62,51 0.763 0.0453 7.0
124 1.401 63.40 0.0458 8.0
123 1.395 65.94 - 0.0453 9.0
230 0.727 26.72 0.0565 2.4
232 0.727 26.71 0.0565 3.0
334 1.440 48.60 0.0615 21.5
334 1.440 48.36 0.0618 22,0
417 2,893 85,08 0.0706 16.3
418 2.838 . 85.17 0.0692 16.8
493 4.868 125.38 0.0806 5.0
493 4.868 125.36 0.0806 5.5
Specimen AS-2c~2A Run: 6613-33-3 Ni - Internal Gage Only
113 1.356 36.29 0.4872 0.0500 3.0
121 1.356 36.36 0.0505 3.5
192 4,092 100.46 0.0545 3.4
194 4.082 100.29 0.0544 4.2
282 2,712 64.66 0.0561 4.3
282 2.712 64.64 0.0561 5.1
377 1.796 38.28 0.0627 18.0
377 1.796 38.25 0.0628 18.5
490 4.488 80.96 0.0742 l6.0
490 4.488 80.83 0.0743 18.0
Notes:
1. Diameter of central heater = 4.826 cm.
2. Thermal conductivity values based on measured gage at each
temperature level.
3. Time to temperature implies the time elapsed between adjustment
of power and obtaining data.
Bulk Density and Specimen Weights
AS-1C-2A Bottom Disc 0.261 gm/cm®; Initial Weight, 3.6610 gm
Final Weight, 3.6605 gm
Top Disc 0.273 gm/cm®; Initial Weight, 3.8399 gm
Final Weight, 3.7884 gm
AS-2C~-2A Bottom Disc 0.271 gm/cm®; Initial Weight, 3.8064 gm

Final Weight, 3.6927 gm

Top Disc 0.260 gm/cm’; Initial Weight, 3.6523 gm
Final Weight, 3.5428 gm 113
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TABLE 6

SUMMARY OF CHAR BLANKS PREPARED DURING THE PRELIMINARY INVESTIGATION

: BuTk
. char’  [Change in Density| Effective
EBhrinkage” Bulk Bulk Bulk® | Water |of riller Therwal -
virgin in Thickness Density | Density |Density|Abaorp- ¢rom |Conductivity | Diffraction
Bulk [Max Weight|RGInforce| of Entire of Entire| of tion |Absorp- ¥/m-K Intensities
Temp Specimen | Denaity |Temp Losa 1Cell Piller {Composite Composite(Fillar {Filler tion at at
lca tegory No.! gn/cm’ | X [ [} gn/cm Y m/cm’ [ gn/cn’ [STIR " HIIK =i, 05 d=2405
- gook | cB-1-2a-819 }0.2721 | 919 | 41.98| 0.54 11.42 { o0.1947 | 20.44 [ 0
(R1D
=75-2A-BI5| 0. 2630 | 818 | 43.36| 0.26 5.66 | 0.1744 | 33.78 [ 0.1723
R20
1100K | CB-B-ZA- U 2500 (1358 51.27| 6.37 17,87 92010 21,78 ITIT28 (0. 2475
;nxn[
CB-20-TA- B.2I703 (1056 SL.4G| 5.94 3651 T.I097 87T B.095 (0.1
1056 ;nm) !
TB-26-3A- | 0.2637 [TTO0 | SI.74| 0.66 | 16.80 | 0.1938 | 76.8%
1100 {R2D
T3S cn-E-SA-ﬁLn_To. €96 [1373 | 57.00 7.11 16T | 0.2005 ( 35.66 [ 0. 1500500
{510}
CB-17-2A-  |0.2720 [1369 | 54,09 7.78 21.46 | 0.2217 | 18.49 0.143 [0.196
1369 (51D) :
TB-7-ZA=13E9, 0. 2700 1369 | 54. TAT 7038 | 0.2191 " I2E.57 [0.23T5
(51D) .
CB-2-2A-1373°0.2593 [1373 | 45.84| 9.22 20,08 | 0.2192 | 15.46 324.74 |0.2376 2000 | 200
RLD;
CB-18-2A- 0.2590 (1303 | 47.40] 9.87 77,37 7.728 1335 T, 1961 TTTT PLI9E
1383 (R1D)
TIh- (0TI T ATITI 05T 4 2% TR GRE P k (IR S 0.2
1383 (R1D
cn:i!‘-in-_l_ N O - | 17.9% LA = =
1390 (R1D)
TB-T{-ZA T-I685 1390 | - LI 7757 = =
1390_(R1D)
CB-15-2A 0.2720 [1354 | 46.07| 3.17 20,30 - 15738 [ 02330
1354 (R1D,
CB-16-2X [0.260¢ [1370 (49,78 9.9% .38 LRIty 7,27
1378_(RID)
CB-9-2a-1355]0.2715 [1355 | 50.41| 10.70 23,32 | 0.2156 | 20.58 |0.1915 P37.80 [0.2253 p.113 P.160
2p
CB5-10-2A- - TSI.53] 9.57 TS 0L I | LI [0 I TIITpTEY
€5, 22-2A-13640. 7854 364 [48.41] ©6.00 19.09 | ©0.1892 | 20.71 [U.1988 P32.79 [0.281%
Tota!
CB-22-2A-13640.265¢ [1364 | - - = = - T, 1555 PIC.UT (0.2530 P.I0T pLIA7
R2D) _)1/4
© [CB-23-2A-1306]0.2650 [1306 | 45.17 17.64 5.37 T.2039 77,28
{rR2D)
1 Second Soak 1. i
[ CB-Z4-2A-[I79U- 2630 P I75 [A5. 36| 17.28 IS 0TS [ TR Co
(R20) 30 Min.
Soak
1650K | CB-5-2A-1644 [0.2585 [1644 [5B.42[ 6.81 20.60 | ©0.1781 | 31.10 [o0.2841 6000 o000
(51D
—{-2h- 0. Z5TT 84 [15.78 ] 10.0% T9.06 | 0.2239 | IZ.97 [0.703T 700 300
RID.
CB-21-2A- [0.2603 [1635 |47.95¢ 10.23 137 T.IB#E 29,08
(R2D}
[TYTOK [ CB-3-2A-1927(0.2734 1527 [40.35 { IL. 713 TI79 TIEIT I0.85 T T
{R1D)
Arc
Jet | sone 2° 0.2061 [217.06 [0.3044 s00 | ©
char | (1250-1550K -
Tone TI0T0 ET6.09 T [0.2888  p.095 P.126
(800-1250K) "
Zone “BBE.1E _(0.7309 T L)

'specimen number contains designaticn R1D, R2D, SID which infer the following:

RID - Rapid heating rate, immersed in preheated furnace at desired temperature
and held at temperature for 50 seconds. One dimensional heating.

R2D - Same as R1D except two dimensional heating. All held at temperatura 50
seconds except CB-23-2A-1306-R2D and CB-24-2A-1375-R2D which were held
at temperature for 1 second and 30 minutes, respectively.

51D ~ 5'1‘:: ?ueinq at 18K per hour-held at temperature 20 minutes. One dimengional
T

gnrinkage was measured in the thickness direction. Shrinkage in both the filler and
y cold was measured.

ity of char 1y after ion from the
of filler rather than reinforcing cell used in calculation.

“aulktgs:lé:{ of filler measured y by a ic means of the filler
por Y.

Spiagram of Arc Jet Char with fones 1 through 4 indicated

eated Surface

(Crust)
~0.254 cm
1
——— e
zone 2
zone 3
%2.556 a
SR
24
Zone 4
~3.15¢ @
1.651 ca
Zone 3 ©.98%
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TABLE 8

EFFECTIVE THERMAL CONDUCTIVITY OF FURNACE CHAR OF MATERIAL A FORMED AT 600K
MEASURED IN THE ASTM C177 GUARDED HOT PLATE

Specimen Thermal Environmental
Conductivity Conditions
Average Specimen Total Heat Average Specimen W Time to .Press
Mean Temperature Input Specimen AT Gage Temperaturé Nitrogen
K Watts K cm m/K hr N/M
Specimen: AS-2c¢c-2A~600 Run: 6613-50-3Ni :
Bulk Density: Disc 3, Top: 0.2484 gm/em®; Initial weight: 3.4719 gm; Final weight: 3.3700 gm
Disc 4, Bottom: 0.2383 gm/cms; Initial weight: 3.3345 gm; Final weight: 3.2340 gm
422 1.670 47.62 0.483 0.0463 4.0 1333
422 1.680 47.542 0.483 0.0466 4.8 1333
422 2,212 47.328 0.483 0.0616 2.0 101325
422 2,219 47.153 0.483 0.0621 2.5 101325
547 3.220 72.589 0.483 0.0585 3.0 1333
547 3.229 72.783 0.483 0.0585 3.8 1333
548 4.134 73.083 0.483 0.0746 1.8 49329
548 4.124 73.089 0.483 0.0744 2.3 49329
547 4,439 75.750 0.483 0.0773 1.5 101325
547 4.439 75.125 0.483 0.0780 2.0 101325
423 1.673 49.54 0.483 0.0445 3.5 1333
424 1.650 49,37 0.483 0.0441 4.5 1333
420 2,197 48.17 0.483 0.0602 18.8 101325
420 2,235 48.10 0.483 0.0613 19.5 101325
540 3.202 75.48 0.483 . 0.0560 2.5 1333
540 3.206 75.50 0.483 0.0560 3.0 1333
543 4.072 72.10 0.483 0.0745 1.8 49329
542 4.061 72.20 0.483 0.0742 2.3 49329
545 4.417 75.75 " 0.483 '0.0769 1.5 101325
- 545 4.417 75.80 0.483 0.0769 2.0 101325
Notes:

1. Diameter of central heater = 4,826 cm.

2. Thermal conductivity values based on measured gaée at each
temperature level.

3. Time to temperature implies the time elapsed between
adjustment of power and obtaining data.

Bulk Density and Specimen Weights

AS-1C-2A Bottom Disc 0.261.gm/cms; Initial Weight, 3.6610 gm
Final Weight, 3.6605 gm’ .

Top Disc 0.273 gm/cm®; Initial Weight, 3.8399 gm
Fipal Weight, 3.7884 gm

AS-2C~2A Bottom Disc 0.271 gm/cm’; Initial Weight, 3.8064 gm
Final Weight, 3.6927 gm

Top Disc 0.260 gm/cm®; Initial Weight, 3.6523 gm
Final Weight, 3.5428 gm

119



9eTT 0 692170 174 62E6Y 29°L0T| o06TT°T LT LT 089T° 1T €E°LT | €8°8Z9{2Z°6£9|00°9v9 |LT €69[00°Bps{6L° 0085 98 TS 0PA[SR €SS
ZETT'0 , 89Z1°0 voL 6ZEGY §6°90T| 06TI"T LT°LT 0891 T LT'LT | €8°929| vy"LE9[00°¢P9 [BL 06982 S¥LEL L6LI6Z €EALO"LERIID 058
ZSTT°0 882170 ove SZETOT L9°€0T|  o6TT'T §6°91 089T°T 68°9T | 28'529|91'9¢€9 (L zv9 |68°£B9os 0ovelos T6LlvE szaRI " 62BIEL 2VE uo 0ges g
151170 S8Z1°0 6EL S2ZETOT LTTE0T]  06TI'T €8'97 0891°T ¥8'9T | 82°9Z9| vy’ 9€9 |TT €v9 |€8°¢89 LT 0rL00°T6Lb0 528 3.2%@43 1oouvIBFOY
00600 8860°0 29L 3339 VE'ZIT|  06TT"T 0S"y1 vZ8T° 1T 0S"€ET | LZ°ZV9[6E €SI LL™9G9 [TT 90L|LT S94SP 8TB[BT 95815 858/89 698 uo peepo
€880°0 6L60°0 vSL €E€ET BT'ETT{ 0Q6TT'T 95971 vesT T LT'€T | 8E°GE9[8E'SPIIP6°6¥9 [00°869 (L9795, {8T TIBbE 6pE M8 TSBTS 298 tuswyoods
9090°0 . 0£90°0 w@wr €EET 10°0L v600°T 6€°9 S180°T 8L°g T6'E0¥{$9° 80 [TE 0TY LV 9CY (597 6348P 90559 625 BE OESEP"5ES
L2900 £090°0 697 €EET AN z8€0°T 0s°9 6560°T 68°5 TE'T0P[DT° 900 (187 L0V [po-veEp|ep - Lo¥]T2 POSEE Lo ST 82S[TR €| SUIbURT obup
8SL0°0 628070 65V SZETOT 15°59 v600°T TLtL ST80°T €€°L €S'E€6E|65°86E (ST 10V [80° 9TV [BY LSV 6S T6VVO ZTSSI ETSLE"6TS .
LSLO O . 8z80"0 (334 SZETOT 29°S9 v600°T L9 . ST80°T 62°L €5 €65 €5 86£ |02 TOV (60°92¥ |59 LS TL TEPHT ZTSEI LIS[EL 615 | Z-bL-ET99 iund
1580°0 i 9t60°0 1Z5 SZETOT sv-zs £2SQ°1 6£°01 £0TT°1 82°0T | 0L"8EVITE'SYY|60°6PY |8y 08Y |66°6TSE6 ZISPG LBSIL 68GZR"L6S| YT-0€-AD-DZ-HD
§580°0 LEGO"O 125 SZETOT sv°z8 L2s0°1 6€°0T £0TT°1T 6E°0T | 65 8EV|ST'SYY {86°8YY BZ 08¥ |94 6TGTL TISRE" LBGI6V 68S[TL"L6S
$880°0 z80T"0 STL 6ZE6Y - 8,706 €0TT"T SP6°ZT JEST'T| 2ZTT°ZT [ 88°LIF[9T'SZY [€8°069 (¥ 0LI[6€"0ZLET TILTS 66LLT I6LEI " TTB
¥680°'0 £80T°0 STL 62E6Y €2°06 €0T1°T T00°€T 9EST'T| SP6 TT | L2 8T9|6v 529 (L2 TES [BZ- 049 2L 6TL|TS 09Lj0s L6L[EP b6LISH 608 .
2680°0 ZETT1'0 we SZETOT | wcs'szT| eotr‘T 9v6°8T PZBI"T| 9¥p’LT | 69°009|LT CTI vy 619 [LL*9L9[8L 6PL|PE SOBIG6"LSB[6L 258l GLB 05€9°0
0060°0 STIT'0 e SzETOT €2°821] €0TT'T | 450°61 vee1'T| oecter [2e-009|zz z19 8 619 Po-LLso[e9-6vl62-S0Bl06  L5BEL 2SBl6Z SLB 10ouBIOFON
11L0°0 Zrgoo L €EET 29°L2Ti €01l T 6L2° 91 PZBI'T| 068°'ZT |88°809{T9'619 [9T°€29 6°089 |82 ¥SL|95 80829 8586 ES8ITS L8 o y6eEY 0
1TL0°0 Tv80°0 vhL €EET 89°L21 £0TT°T VEE PT ve8T°T| VEB™ZT |8L°809|6v'6T9 [TT°€Z9 B8 089 [cz psL]95 8089 858 P6 €SBV TLE 1usujoeds
29900 $080°0 6ES SZETOT €2°98 L2501 L99°6 EOTI"T| v€8°8 60°ZSY (EV°6SY [9L°T9v B6°S6Y J6v pyS|TZ 28S[G0°9TIPT E€T9(88°vZ9| sy3buwy obes
0990°0 $086°0 319 SZETOT L1798 e280°1 L9976 EOTT"T| ?€6°@ [€0°2SY(LE'65) (0L°T9Y E6°S6p (§C-PpS{0T ZBS[r6*STIEO ETIILL D29
0650°0 z290°0 €€ EEET 8Z°10T| z8€0°T 068°8 €0TT'T| TOO'g 86°€CY 8V T¥Y |L8°ZVY h9'z8y |28 LESBO EBS[V6 LEIDT 029|16°629|y-gzT-£T99 :uny
€L50°0 £290°0 €€S 1331 vE'TOT| zsgo'T 068°8 €0TT T | 950°8 TE6'EEV [TE TP T8 Z¥V ps 28 zg-LES[88 £85[00°BESTT 0ZIPE6°629| yz-gg-gI-oT~uD
X u/M 3 /M B /N X WM 3 X o X usurood,
Bugjunys 3wsy 4&31a1300pUOD usuyoads sahssexg usuroadg muwmuwuum mu:awmuum ow:owwmwm spuaxazey Ma wa Ma 9 vm_a wa m.u. L 1 va_a. ot
TeTXY pue sbueyoxy Tewasyl, vanjezsdw], | [e3UsUWUCITAUT SLy wo33og wo3jog doy, doy, paeny puy pIvny puy pIEnd puy
JW9H TeTpeY I04 paansver uwoN Zy Ly Ty Try souaIa ey uswydeds ooURIBIOY,
Pa300130) A3ITATIONPUOD wo330g . doy !
TPWIaYL aniy 1
¥ elnjeradwa], poinsesy

SNIVYVEAY qO¥ FAILVNVAIWOD GIMUVND FHL NI dTINSYAW
AZ08 IV dIWNOZ ¥ TVIHALVW 40 HVHD FOVNENZ J0 ALIAILOAANOD TVWIIHL

6 TTIVL

120




121

01220 vZsz o szoT SZETOT $6°€6 6€8T°1 00°1¢ YESZ Tl  Tz6z |z TO6f £97€26( ¢S 2E6) 9€78L6 | 69°TEOT| TE'ZLOY| £6°0TTY €5 BTTT|ST 0DTT
01zZ 0 vzsz o $Z0T SZETOT v8°c6 6£81°T 00°TE VEGT T TT°6Z |69°706| 08°€26|69°2€6| 85°BL6 | 267 TEOT| zv-zLot| oz trrd oL 8Tty |TE 00T
L5120 zLrzo €201 6660 95°96 66871 90°1¢ PEBZTT| 09°6Z7 | €T°L68(83°6T6(61°826( 80°SL6 | L6°0E0T| $9°TLOT[ (e TTTT] €5°6TTT (L8 00TT
oStz 0 vivzeo €201 14413 95796 6€81°1 90°T¢ PEBZ'T| 0S°6Z |96°968|25°616|20°826] L6°vL6 | 98°0¢0T| €5 Lot tetivi secettriTe oviy]
SE02°0 66220 0201 £EET TS OTT | 898T°T zzge vE8Z'T| TT°T€ |S8°SLB|ET°906[L0"606| S€°596 | zv-1e0T| 9g-srot| tervzrr zveozrrizv ssrt
6202°0 96220 0Z0T £EET 9S°0TT | 898T°TI{' =zZ'ge VEBZTT| TT°TE {69°5¢8|L0°»06(T16°806| 61°596 | o€ 1e0T| s sLot| oz vzryf te Tert]re sstf E.mmmwhm:x
SSTT0 65ZT°0 6LS SZETOT vE'26 [£90°1 LT 9LEIT| 00°9T (€6°5LPiB6°L8Y|PO Ceb | BE €ES | LL°8LS | ze 29 | 05659 |ee v99 los'sig i uww_ﬁw&m
. - - :— . WFNH. . . - 01" . - . N . . .
55T 0 Lsz1°o 6L SZETOT 62°26 1190 LT T 00°9T |66°SLb|B6LaY £6p| LE°EES | LL°BLS | 99°SZ9 | »p 659 | 8Z°995 |ppeSio su3bunT obes
LEOT 0 680T°0 06s £EET svez6 [ATT04 9701 8YZTT| TI°vT |66°L8Y[86°66¥|09°205| 99 €ps | 88-685 | T1°9€9 | 6c 1o |99°859 [og sag =43
. -€8-ET99 tuny
€010 680170 06g eceT speze z¥90°T 1991 8P2T°T| TU'PT |€6'L8Y|€6°66¥[vS-zos| 09 evs | ¢Less | so-9e9 | ce-teo | 1o ces |pr sas | we-Lz-ad-oT~uo
—
N u/m X u/m A L W/N X 3 u/M AF A w/m X P I o X s % K3 A$ ¥ uswyseds
buraunys jesH K3 TAT30NDUOD usurtoads 2Inssaxg UBWT vads] SRPIVFVY|FOUBIBIIY | BOUDIBFY 2dusIDIIY 6-L 8-L =L 9-L [-354 T A €-1 -3 1-3
TRIXY pue abuwyoxy TRwIsYL danjelsdway| TeIUSBWUOITAUF waq wo3z3zog| woj3jog doyg, dog, pIens puy pIeng puy pIend puy
3Jwsy TeIpey 104 paanseor uesy 27 244 Ty T | _eouszoyen wosaeq uewyoeds Douszezex_do
pa3991100 A3TATIONPUOD
TewIsyl aniy A sanjvzadua) painsean !

SNLVEVEdY dO¥ FAILVYYAWOD aIqNVYND HI NI QIUNSYIW
M LZIT LY Q3WE0d Y TYINILYW J0 ¥VHD HOVNEAL J0 XLIAILOAANOD TYWMTHL

0T FIAVL



Pai1dazi0) L3TATIONpUO)

[eursyl anxy

8ouaIazey wo33og

¥ oxnjerodudl poxnsvol

.awmo.o 566070 Z0s €EET PE“ES 28€0°1 Sv°6 6560°T [3-0y'3 L6 LEY| 26 SPY| 2o Lyy|TE LY - ST 6TSE €V °"TSS| BESSS| OT 656
0L60°0 ¥660°0 (414 £EET 8Z°€S Z8E0°T Sv°6 65601 L9°L L6 LEY 26°SPY|Zr LY | T8 SLY|TL S0S]|0T 625) LE°155]|2E 55S) 00658
8z1IT 0 68Z1°0 nos 62E6Y €285 TBE0'T BL"ZT 6560°1 6€°TT PT TEY| OL°ObY|26°EPYP|6S TLY|09°V0S |28 625| 66°055|9T°LSS|BE 29§
ETZT°0 0LET 0 003 6ZEEY L1°8S 28€0°1 €8°2z1 6560°1 6E°TT YO TIEY| 6S°0VY| L EVYP|6S TLP{BP POS[9L° 62| PS°ZSS| 0T LSS(E€6°€9S
90ZT°¢ 88ZI"0 10§ STETOT 90°29 78€0°T 90° 9T 6560 T LTIt T6°9ZY| 9L 9P| 867 OVY| 65 OLY|BE 0S|SO ZES| LL 95| 9T 195) 6¥ G98
€021°0 $8ZITO 108 SZTETOT 90°Z9 Z8E0°T 00°vT’ 6560°1 [4ANa s .Am.wﬂv €S 9P| TB OVP]|EP -OLP|9L YOS |6D ZES| 557955 667095} L2 896 ws .
azvito LEYT O 09¢L €EET 8L LB 8PZI T 0T 089T°1T TT°6T 8L PPI| TI°BS9(00°599|S6°STL|ZI SSL|EL €08 0P Zv8|9p 8¥8| TS 198 Eo~wmmwwmuox
LIP1°0 Q6T 0 09L €EET 8L L8 8¥eT°1 €E°0T 0891°T 9G° 61 T9°v¥9, 00°859( ¥6°v99(06°STL[95°55L189°€08| 62 zvalsc Bpa|GE 198 mmw___ﬂ-«monm
rLLT O ST6T'0 9L STETOT beETES 8rz1°l 68°02 0891°1 00°¢€C TL0S9) BLTS99( T9°GLI| LI 6TL|EZ LSL|TO €08 ¥Z"8€9|29°5P8} ¥Z 198 | BU3IBUOT vbep
PLLTTO ST61°0 19¢ SZETOT ve€g BYZI T 68°¥Z 089T°T 00°EZ TL°0S91 8L°599(T9°SL9 19" 6TL[00"¢5L|s56°z08| vz-acs|es svalvz 198 NMMWWMMWMHZH”M%
u:«uw«“%kuno: huwmﬂnu.“nunou nnﬁwua&w uk&ﬂmuum :uﬁmwmmm UW:.““Wuwz wucﬂu“wum ouWa...u_MWOm ou:awmuom mW—k m,ma hm.—. wma mm._. vma nma Nma Anm uourdeds
TeTxy puw oabuwyoxzm Teurayl ean3jvaadwol | TviuswuUOITAUT (411 Eowuom Eowuom Q.nma. wo.a paend puy paeny uM< o paung vﬂMo
J®oH [vTped 104 paanseay ueay X 59 e v uswyoods Juszegey doj,

SOLVIVAdY QO¥ FATLYIYIWOD QAGYVND FHL NI AIUNSVIW
A ZLET IV OIWE0Z ¥ TVINILVH 40 ¥VHD ADVNUNSZ J0 ALTAILIONANOD TYWIZHL

1T ZT8YL

122




TABLE 12

THERMAL CONDUCTIVITY OF FURNACE CHAR OF MATERIAL A FORMED AT 1375K
MEASURED IN THE RADIAL INFLOW APPARATUS

Average
Outer Average Heat Flow Average Mean Thermal Environmental
Face AT of to s Temperature Conductivity Pressure
Temperature Each Strip Calorimeter®™ of Specimen
Time K K Watts K mK m?2
Specimen No. On -
R1l-1c~CB-8 & 9-3A| 11:00 188
Run: 183
6228-100-69-3~GFE| Read 192
12:30
Initial ThicknessjAvg. 188 12 838 0.136 1333
0.254 cm
197
Final Thickness -
0.248 cm 187
1:30 198
Avg. 195 18 831 0.187 101325
210
210
2:55 217
Avg. 212 27 1240 0.265 1333
236
230
3:25 241
Avg. 236 38 1243 0.329 49329
238
231
3:40 242
Avg. 237 39 1237 0.335 101325
Specimen No. - On 151
R1-2¢-CB~10 & 11-| 8:00 151
3a 146
150
Run: 9:20
6228-110-69-3-GFE Avg. 149 13 833 0.174 1333
Initial Thickness igi
0.254 cm
153
Final Thickness i1s8
0.246 cm 10:10
Avg. 159 18 808 0.235 101325
174
173
167
168
11:25 -
Avg. 1339 170 24 1267 0.288 1333
202
192
190
192
12:00 .
Avg. 1334 195 31 1249 0.327 49329
206
202
193
196
12:45 ’
Avg. 1340 199 34 1250 0.345 101325
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TABLE 14

THERMAL CONDUCTIVITY OF FURNACE CHAR OF MATERIAL A FORMED AT 1728K
MEASURED IN THE RADIAL INFLOW APPARATUS

Time

Temperature
K

Average
AT of
Each Strip
K

Heat Flow
to
Calorimeter
Watts

Average Mean

Temperature

of Specimen
K

Average
Thermal
Conductivity
W

fK

Environmental
Pressure
N

Specimen No.
Rl-1lc-CB~16

& 18-3a
Run: 6228-120-

69~3-GFE

Initial Thickness
0.254 cm
Final Thickness
0.245 cm

Specimen No.

Rl-2c-CB-14

& 15-3a

Run: 6228-134-
69~3-GFE

Initial Thickness

0.254 cm

Final Thickness

0.242 cm

on
7:30

8:30
Avg.

9:00

i10:10
Avg.

10:50
Avg.

12:25
Avg.

1:30
Avg.

2:15

Avg.

On
7:20

8:40
Avg.

9:20
Avg.

10:20
Avg.

11:10
Avg.

12:15
Avg.

1:25
Avg.

2:10
Avg .

1418

1416

1729

1722

1729

1418

1424

1722

1716

1724

109
109
107
106

107

132
128
125
iz8

128

127
125
119
117

122

168
164
162
158

163

133
133
134
129

132

159
157
161
1s5

158

166
157
168
165

164

134

13

19

34

27

42

45

13

19

31

48

42

30

825

803

1375

1353

le28

1625

1614

798

801

1327

1323

1601

1589

1613

0.167

¢.218

0¢.319

0.424

0.411

0.542

0.551

0.110

0.169

0.231

0.301

0.483

0.425

0.336

1333

101325

1333

101325

1333

49329

101325

1333

101325

1333

101325

101325

49329

1333

Mean temperature below 2000°F
Mean temperature above 2000°F

In (Ro/Ri) @
23L

where

K=

AT

thermal conductivity
outside radius = 0.437 in.
inside radius =
heat to calorimeter
temperature drop from hot to cold hole on

0.233 in..

the outaide and inside radius, respectively

gage length of calorimeter = 0.500 in.

calculated as the average of thermocouple readings.

is the average of hot and cold hole temperatures.
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TABLE 15

QUANTITATIVE EXAMINATION OF STRUCTURES OF
FURNACE CHARS OF MATERIAL A FORMED
AT TEMPERATURES FROM 800K to 1700K

Photo Gap Total Gap
. of Avg Area |Area Area
Maximum Structure Gap Gap Per Per Per
Temp Figure Width |Length| Cell |Cell Cell
X Nos. Cclm cm cm< | cm? %

Comparative Rod Specimens
CR-1C-CB-30-2A| 802 ' 45 0.043213.7236,0.160911.1055 {14.55
CR-2C-CB-~30-2A| 802 46 0.0706 ({3.642410.257811.0570 24;38
| Average - 0.0569 3;6830 0.2093|1.0816 |19.46
CR-1C~-CB-27~3A| 1127 48 0.0467 |3.4290(0.1602)0.9368 [17.10
CR-1C-CB-6-3A | 1372 50 0.0424 |3.4849}0.1480(|0.9678 {15.28
CR-1C-CB-17-3A| 1733 56 0.0340{3.540810.1208(0.9989 |12.09

Radial Inflow Spécimens

R1-1C-CB- g/éy 9-3A| 1380 51-52 0.0203 [3.4087|0.0692(0.9259| 8.70
Rl-lc-pﬁiio & 11-3A| 1370 53-54 0.0279 [3.566 {0.0995(0.9995| 9.95
' Average - 0.0241 [3.4874(0.0840[0.9627] 8.70
R1-1C-CB-16 & 18-3A| 1720 57 0.0643 [3.5814 {0.2303[1.0208 |22.59
R1-2C-CB-14 & 15-3A} 1740 58 0.0564 [3.6881 [0.2080{1.0850 [19.16
Average - 0.0602 3.6347(0.2188|1.0531|20.88
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TABLE 16

BOXING ANALYSIS OF THERMAL CONDUCTIVITY DATA
MEASURED ON FURNACE CHARS -

Temperature :
of Environmental ' K
Char Formation Pressure km Ag kea ky ko kn -%o
K N/m° W/m K % W/m K |W/m K| W/m K | /KM §
600 ~101325 0.0830 0 - - 0.0830
49329 . 0.0805 0 - - 0.0805
1333 0.0620 0 - - 0.0620
802 101325 0.110 19.5 0.055 |0.11 |0.099 10%
49329 0.107 19-.5 0.055 }0.11 [0.095 12%
1333 0.085 19.5 0.055 [0.11 |0.068 20%
1127 101325 0.245 17.1 0.068 | 0.27 [0.225 10%
49329 0.240 17.1 0.068 |0.27 |0.219 10%
1333 0.230 17.1 0.068 |0.27 {0.208 10%
1375 101325 0.390 8.7 0.078 [0.22 {0.399 10%
49329 0.375 8.7 0.078 | 0.22 |0.382 10%
1333 0.320 8.7 0.078 {0.22 }0.322 10%
1728 101325 0.575 20.8 0.097 [0.68 |0.524 10%
49329 0.535 20.8 0.097 |0.68 [(0.473 123
1333 0.430 20.8 0.097 |0.68 |0.342 20%
kp ~ Effective thermal conductivity as measured
Ag ~ Area fraction of gap or separation between honeycomb and filler
keg - Effective thermal conductivity of the gas within the gap
ky ~ Effective thermal conductivity through the gap due to thermal radiation
ke ~ Effective thermal conductivity of the "solid" phase. Contribution to

heat transfer by the gap is removed

Equation for calculation
km - Ag (kcd + kr)

ke =

1 - ag




TABLE 17

BULK DENSITY OF FURNACE CHAR OF MATERIAL A FORMED
AT TEMPERATURES FROM 600K TO 1700K
(MEASUREMENTS MADE ON MACHINED SPECTIMENS)

Maximum 1 Bulk
Specimen .|Temperature Length | Width. |Thickness| . _Weight wDensitX_-
No K o cm . (- Cm- [T em —gm gm/Ccm Remarks

Total Composite

Pe-1lc-CB-27-2A 603 0.8166 [*2.5146 - 0.9925 { 0.2447
Pe-2c-CB-27-2A 603 0.8166 [*2.5146 - 1.0447 0.2576 i
As-2c-2a (3} 600 0.7427 |*4.7940 - 3.4719 0.2589 . ) e -
AS-2c-2A (4)?} 600 0.7412 |*4.8000 - p 3.335 0.2486 . o
BD~1~CB~24-3A 592 . 7.1770 3.2370| 1.6840 9.4394 0.2412
Average = 600 ' Average = 0.2502
Pe-lc—CB—30—2A 802 0,6617 |*2.5400 - 0.5613 0.1674
Pe~2c~CB-30-2A 802 0.6617 |*2.5400 - 0.4842 0.1444
CR-1c~CB~30-2A - 802 0.4394 [*2.5400 - 0.5895 0.1676
CR~2¢c-CB-30-2A 802 0.4394 |*2.5400 - 0.6021 0.1713
BD-1-CB-22-3A 829 6.9253 3.2205) 1.5423 5.5075 0.1601
Average = 807 Average = 0.1621
Pe-~1lc-CB-31-2A 1111 0.5850 [*2.5400 - 0.5506 0.1857
Pe~2c-CB-31-2A 1111 0.6248 |[*2.5400 - 0.5291 0.1671
BD-1~CB-29-2A 113 ) 4.5791 2.9007 |- 1.3797 3.5925 0.1960
Average =1120 ’ Average = 0,1829
Pe~1lc-CB-6-3A 1372 0.6223 |*2,5400 - 0.5272 | '0.1671 —-
Pe~-2c-CB-6-3A | 1372 0.6223 |*2.5400 - 0.5446 0.1727
BD-1-CB-26-3A 1354 7.2941 3.3025) 1.440% 6.4812 0.1867
Rl1-1lc-CB-8 & 9-3A 1380 6.3500 2.2606| 0.2540" 0.7507 0.2058
R1-2c-CB-10 &11-3A 1370 6.3500 2.2606} 0.2540 0.6674 0.1830
Average =1370 . Average = 0.1830
BD~-1-CB-25-3A 1729 4.2113 | 3.6932( 0.8821 2.5365 0.1848 Core
BD-1-CB-12~3A 1746 6.3630 4.5301} 0.1314 0.8475 0.2237 Crust
BD-1-CB-19-3A 1724 5.7404 3.1570| 0.1041- | - 0.4994 0.2489 _ _|'Crust
BD-2-CB-19-3A 1724 5.3365 3.1547| 0.141 0.4365 0.2646 Crust
Pe~1lc~CB-17-3A 1733 0.1524 [*2.5400 - 0.1810 0.2343 Crust
Pe-2c-CB~17-3A 1733 0.1524 ([*2.5400 - 0.1945 0.2518 --}-Crust-
' Average =1732 ' N Average = 0.2446 . | crust
BDF-1-CB-23-3a | - 821 1.6109 | 0.7005| 0.6993 0.1191 { 0.1509 :
BDF-2-CB-23-3A . 821 1.6358 0.7269| 6.7140 0.1214 0.1430 No Impregnant Used
‘|BDF~3~CB~23-3A 821 1.6261 0.7180] 0.7086 0.1251 0.1511

Average = 0.1483

BDF-1-CB-21-3A 1366 1.3487 ((0.6350) - 0.0738 0.1728
BDF-2-CB-21-3A 1366 1.2700 }(0.6350) - 0.0708 0.1760
BDF-3-CB-21-3A 1366 : 1.0958 [(0.6350) - 0.0642 0.1850
BDF-4-CB-21-3A- 1366 1.2065 ((0.6358) - 0.0800 0.1795

Averagé = 0.1783

*piameter

1Density'det_ermined on specimen AS-2¢-2A (3) & (4) after charring at 600K prior to
~ Thermal Conductivity run
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TABLE 18

TRUE DENSITY OF THE FURNACE CHARS
OF MATERIAL A FORMED AT TEMPERATURES
FROM 600 to 1700K

Maximum _
Temperature True
of Density

Formation at 2993K
Specimen No. K gm/cm Remarks
TD-CB-24-3A 592 - 1.39
TD-CB-22-3A 829 1.51
TDF-CB-23-3A 821 . » 1.42 Filler only
TD-CB-29~2A 1137 2,01
TD-CB-26~3A _ 1354 1.95
TDF-CB-21~-3A 1366 1.80 Filler only
TD-CB-25-3A 1729 1.75 Core
TD-CB-19-3A 1724 . 1.83 Crust




TABLE 19

TOTAL POROSITY OF THE FURNACE
AND ARC JET CHARS OF MATERIAL A

Temperature
of Char True Bulk : Total
Formation Density | Densi}y Porosity
K ___jom/cm gm/cm %

Total Composite

600 1.39 0.2502 | 82
807 | 1.51 0.1621 89
1120 2.01 0.1829 91
1370 1.95 0.1830 91
1732 (Crust) | 1.83 0.2446 87
1729 (Core) 1.75 0.1848 89

Filler Only
821 1.42 - 0.1483 90
1366 1.80 0.1783 90

Arc Jet Filler

Zone 2 (1250-1550)| 1.93 0.2061 _ 89
Zone 3 (900-1250) 2.16 0.2070 90
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TABLE 22

ENTHALPY OF THE FURNACE CHAR OF MATERiAL A FORMED AT 1100K
MEASURED IN THE ICE CALORIMETER

3.2746

5 . : Enthalpy
Drop Injtial | Final 273K.
Specimen SRI Log Temperature|{ Weight Weight | Reference
Number Number K | _Grams Grams _ J/q
CB-26-2A~ 6613-124 1142 3.3261 3.2113 1397.11
1100 (R2D)| Run #1
-1
CB-~26~2A- 6613-117 810 3.4647 3.3509 757.28
1100 (R2D)| Run #1
Run #2 1142 3.3509 1381.29
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TABLE 24

ENTHALPY OF THE FURNACE CHAR OF MATERIAL A FORMED AT 1390K
MEASURED IN THE ICE CALORIMETER

: : Enthalpy
: Drop " Initial | Final 273K -
Specimen SRI Log Temperature| Weight Weight | Reference
Number Number ' K | Grams | Grams 3/9
CB-3~3A~ 6613-124 1141 3.4184 }3.3573 1248.72
1388 (R2D)
-1 Run #1
Run #2 1367 3.3573 3.2871 1722.95
CB-3-3A- 6613-117 815 3.1081 3.0501 771.70
1388 (R2D)
-2 Run #1
Run #2 1143 3.0501 |3.0265 1300.12
Run #3 1361 3.0265 2.9671 1710.39
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TABLE 26

ENTHALPY OF THE FURNACE CHAR FORMED AT 1740K OF MATERIAL A
MEASURED IN THE ICE CALORIMETER

e : Enthalpy
Drop Initial { Final 273K.
Specimen| SRI Log Temperature| Weight Weight | Reference
Number Number K - Grams Grams J/q
CB-5-3A- 6613-125
1735 (R2D)| Run #1 1146 2.7734 2.7268 1267.79
-1 _
' Run #2 1367 2.7268 2.6998 1689.23
Run #3 1727 2.6998 | 2.2671 | 2287.19
CB-5-3A- | 6613-123
1735 (R2D)| Run #1 1142 3.0512 3.0361 | 1259.65
-2 .
Run #2 1369 3.0361 3.0067 1651.32
Run #3 1401 3.0067 2.,9434 1661.78
Run #4 1727 2.9434 2.5031

2277.42
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APPENDIX A

THERMAL CONDUCTIVITY TO 1000°F

Apparatus and Procedure

Thermal conductivity runs can be made with any of the three
guarded hot plate apparatuses which are slightly modified from the
standard ASTM Cl177-45 deSLgn. All three are identical in operating
procedure and design except in size and are classified as either the
14", 7", or 3" apparatus depending on the diameter of the specimen
used. Actually the diameters for the 7" and 3" apparatuses are
7-3/8" and 3~1/4", respectively. Specimen thicknesses are from
1/8" to 3" and duplicate specimens are required per run. Figure 1
is a schematic of a typical assembly used for all three apparatuses.

The apparatus consists of a central heater plate surrounded by
a guard heater, each separately controlled. The guard ring is main-
tained at the same temperature as the central heater so that all of
the heat flow is normal to the specimen surfaces. The temperature
differences between the guard and central sections are measured by
means of differential-thermocouple junctions connected in series.
The 14" and 7" apparatuses contain eight differential junctlons,
whereas the 3" apparatus contains four. The heater plate is sand-
wiched between layers of filler material, the hot-face thermocouples,
the specimen, cold-face thermocouples, filler material, a copper
plate, and finally a cold source to dissipate the heat. The cold
source consists of a copper coil enclosed in an aluminum box on the
. 14" apparatus, a copper coil soldered to a copper plate on the 7"
apparatus, and a spiral baffled copper container on the 3" apparatus.
In addition to the thermocouples in contact with the specimen,
thermocouples are located in the central heater and the outer copper
cold plates.

To provide intimate contact at all interfaces, the entire sandwich
assembly is pressed firmly together by spring loading with the total .
load application desired, which is usually 600 pounds.

- Normally for the determinations between =-50°F to 150°F, a flller
material of gum rubber is used. From 150°F to 1000°F Flberfrax
paper is used as a filler. The overlapping data at 150°F provides
a check on any possible uncertalnty due- to poor intimate contact
resulting from either specimen or filler surface irregularities.

If the data agree within approximately 5%, the run is continued;
however, if the agreement is not within 5%, the thermocouples are
replaced, the specimen is removed, surfaces are resanded, and the
run is repeated.



‘The thermocouples used on the hot and cold side of the specimen
are made from 0.005" diameter chromel-alumel wire electrically in-
sulated with 0.003" teflon tape. The junction is made by soldering
the wires to a small sguare of 0.002" thick brass shim stock
called a "getter". The teflon insulated leads are sandwiched between
the specimen and filler material to assure isothermal conditions along
the length of the wire. This arrangement insures that there is no
air film between the specimen and the thermocouples, and that good,
intimate contact exists at all interfaces.

Single thermocouples in the center of the heater plate and cold
plate monitor the temperatures of the heater and cold plates in
order to obtain the over-all temperature drop through the assembly.

The assembly is arranged to operate with the specimen placed in
the apparatus horizontally, as shown in Figure 1. The specimen
required are flat panels sized to fit the apparatus. The assembly is
- insulated around the edges by either Fiberfrax or glass wool batt.

A constant voltage transformer is used in conjunction with variable
voltage transformers to assure a congtant power supply at each setting.
The central heater and guard heater are controlled individually by the
variable voltage transformers. The voltage and current to the central
heater are monitored by means of a voltmeter and an ammeter which
are switched out of the circuit except when actually being read.

The voltage to the guard heater is monitored constantly by a voltmeter.

All of the thermocouple readings are taken on a Leeds and Northrup
K-3 potentiometer in conjunction with a galvanometer of 0.43 microvolts
per mm deflection sensitivity.

To obtain mean sample temperatures above room temperature, water
is circulated through the cooling section. For mean sample temperatures
below room temperature, cold trichloroethylene is pumped through the
cooling section. This coolant is chilled by circulating it through
copper coils in a trichloroethylene dry-ice bath Equilibrium conditions
are certified before readings are taken.

Coefficients of thermal conduct1v1ty are calculated from the

express1on'
Qlg

ke =
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Improvement and ‘Calibrations on the ASTM C177-5 Technique

The ASTM C177-45 guarded hot plate apparatus is only recommended
for determining values below 5 Btu in./hr ft?°F. Due to the higher
conductivities of many of the new reinforced plastics such as the
phenolic graphites and carbons, considerable work was necessary
before the above procedures were lncorporated which prov1des accurate
data between 5 and 10 Btu in./hr ft2?°F. The following is a resume"
of the work and analysis performed which extended the range to
10 Btu in./hr ft?°F. ﬂ .

It was deCLded at the beginning of the investigation that data
from -50°F to 150°F would be determined u51ng a filler of gum rubber
and determining the conductivity of the specimen by both "dlrect"
measurement of the temperature drop across the specimen and a "series-
resistance" or "composite" method, as explained. From 150°F to the
maximum temperature, the data would be obtained by using an asbestos
.filler and determining the conductivity by a "direct" calculation
from the measured face temperatures of the specimen. Both methods
were used at the 150°F to determine if any uncertalnty existed due
to poor intimate contact resulting from elther specimen or filler
surface lrregularltles.

Con51derable dev1at10n of approximately 20 percent to 30 percent
occurred between the values obtained for the "composite" method and
the "direct" method for the higher conductivity materials. The
evaluations with plexiglas and pyrex at that time indicated the
following (see Table 1):

1. The "composite" method, when calibrated with pyrex .and
plex1glas,'exh1b1ted somewhat high values of 8 Btu in./hr
ft?°F at 150°F and +1.23 Btu in./hr ft?°F at 150°F
respectively. The major difficulty was the great scatter
between different data.

2. The "direct" method, when calibrated with pyrex, was in
error by exhibiting values averaging about 20 percent low.
However, the plexiglas calibration indicated excellent
agreement.

The above results indicated that the conduct1v1ty data for values
above 5 Btu in./hr ft?°F should be determined using the composite
method, with the direct method employed for the lower values.

However, the composite method is much too critical under certain
conditions, and data scatter was as high as 30 percent. By considering
equation 2 in close detail, it was found that normal experimental

error in determining (1r/kF) can result in a magnified error of

ks if (lp/kp) is critically close to (lt/kt). With certain conditions,



Q = total heat flow - Btu/hr

lg = average thickness of specimens - inches

A = area of éentral heater section - square feet

At = sum of temperature drop across each sample - °F

Theoretically, Q, the heat input, should split, with exactly half
of the input flowing through each sample. The temperature drops
indicate that this condition rarely exists. Instead, there is a
slight unbalance in the heat flow. The above formula then permits
a calculation of the arithmetic average for the two panels. 1In
this calculation the temperatures are measured directly at the faces
of the specimen by the "getters", resulting in a "direct" method.

As a check, the thermal conductivity is calculated for the specimen
with a "series-resistance" or "composite" expression. This method
utilizes the same run data, except that the temperature difference
between the heater plate and the cold plate is utilized and, since
the resistance of the filler is measured separately in the same
apparatus, the following series-resistance equation can be used to
determine the thermal conductivity of the specimen: '

(lr/kT) - (1v/kF)

1g = thickness of the specimen - inches

kg = thermal conductivity of the specimen -~ Btu in./hr ft?°F

(lT/kT)-= thermal resistance of the total composite of filler and
specimen, calculated from the temperature difference
between the hot and cold plate

(lF/kF) = thermal resistance of the filler alone, determined

under the same conditions that exist for (lq/kg)

The (lg/kr) term for the gum rubber filler is determined both
with and without copper plates inserted between the rubber pads to
simulate interface resistance that is present during the evaluation
.0f the specimen.



an error of 3 percent in (lgp/ky) can result in a 10 percent to 50 percent
error in ks. Therefore, it was mandatory that the direct method be
improved for use over the entire range of values, and that the composite
be used only as a check.

It was determined that a majority of the error obtained with the
direct method was due to the lack of intimate contact at the inter-
faces of the specimens when the load and fillers were improperly
selected. This error was magnified (even percentagewise) when the
conductivities were about 5 Btu in./hr ft2°F, 1In order to obtain
intimate contact at the interfaces, proper selection of compaction
load and filler material for each test material is required. An
extensive evaluation was performed on the effect of measured con-
ductivity of increased compaction loading using either no filler
material or fillers of gum rubber, Fiberfrax, or asbestos. The
specimens used in this evaluation were plexiglas, pyrex, and other
plastic materials, which represented a range of conditions including
different surface finish, flatness, flexibility, and conductivity.
Table 1 presents the calibration data obtained for pyrex and plexi-
glas in the 3" and 7" diameter and 14" square ASTM Cl177-45 guarded
hot plate apparatuses. ‘ '

" Under the normal compaction load of approximately 600 pounds,
the 3" diameter apparatus provided reliable data for plexiglas using
either filler or no filler, and for pyrex using the filler only.
Under the normal load the 14" apparatus provided accurate data for
plexiglas; however, the values were occasionally low on the pyrex’
using the direct method of calculation. The 7" diameter apparatus
provided data about 8 percent low for pyrex under normal load with
a gum rubber filler. For plexiglas, the 7" diameter apparatus
provided accurate data under normal compaction loads with no filler
and gum rubber of Fiberfrax filler; however, the data were 7 percent
low using an asbestos filler. Subsequent work indicated that the
7" apparatus was somewhat erratic, so the heater was rebuilt and the
agreement with standards improved even more to within about 5 percent,
although the trend remained similar. Such extensive data were not
reobtained.

. Under varying load, the 7" diameter apparatus with gum rubber
filler provided values for pyrex that increased 7.5 percent as the
load was increased from 100 pounds to 600 pounds and only increased
3 percent more from 600 pounds to 4000 pounds. The excessively high
compaction pressures provided values on plexiglas with a gum rubber
filler that were not orderly and were noticeably higher than reported
in the literature for this material, regardless of the technique.



The data obtained with increasing load on the other plastic
materials (not standards) demonstrated in most cases that an increase
in compaction load from the normal 600 pounds did not increase tne
values insignificantly but did introduce unorderly changes. It was
apparent, therefore, that excessively high loadings were neither
required nor desirable. As a matter of fact, the bonds between the
resin and reinforcement on some materials could be influenced,
thermally, by such high pressures. Further, stress fields are
created and data obtained here have indicated an influence of stress
on the conductivity of the structures involved for a material such
as plexiglas. The mechanism is probably one of the induced alignment
of the chains.

The major requirements was to provide intimate thermal contact
on all faces, which could be done by the proper selection of compaction
load and filler, depending on the properties of the particular
specimen. The actual load on the sandwich was more important than
the pressure since it is the load and not the pressure that best
correlates with flattening a curved plate or specimen. For example,
"it requires more’‘load:to®flatten a 7" plate than it does a 14"
plate. So, if the same pressure were maintained on the two apparatuses,
the lower compaction force on the smaller one would not flatten the -
bow. The pressure would be ‘'important in providing deformations,
locally, of the filler and/or specimen where a low or high spot may
exist; however, the data on plexiglas and pyrex with rubber and.
Fiberfrax, particularly, clearly demonstrated that small compaction
loads were sufficient to provide enough pressure to deform the filler
into local areas. The compaction load needed was not as excessive
as had been suggested in some literature in which the pressure was
considered of major importance. An indication of the importance ot
the load-filler combination rather than pressure was apparent from
the data, which provided higher conductivities on the 7" rig with
the rubber filler and 600 pound load than on the same rig with no
tiller at 3000 pound load. Higher - conductivities were obtained with
the lower pressure by substituting the proper combination of load-
filler. '

From the above, it has been decided that the higher thermal con-
ductivity materials can be evaluated accurately by the direct measure-
ment method using a filler if the flat surfaces are held flat, and
the compaction loads are held at a nominal level sufficient to
provide intimate contact at the interfaces. The amount of loading
depends on the flatness, the flexibility of the specimen, and the
type of filler used. For very rigid materials like pyrex, it is
doubtful if enough pressure could be applied when run without filler
without breaking the specimen. No one technique is adequate for the
determination of the conductivity of all specimens over the full
temperature range. Careful judgement is required by the investigator
in each case to select the compaction load, the filler (or no filler),
the heat flow level, and to evaluate the condition of the apparatus.



The above analysis led to the modifications and improvements
which have been made on the ASTM apparatuses beyond those normally
employed to assure better accuracy of the data. The screw loading
device on the 14" apparatus has been modified to incorporate spring
loading at the center and edge clamps to insure more uniform loading,
and thus provide flatter surfaces and more intimate contact. The
edges are monitored with 1 mil pull-out tabs to insure that no .gaps
existed in the plates. The thermocouple wires are more carefully
placed along the isothermal surface of the specimen. The Fiberfrax
paper has been adopted as a high temperature filler, since it con-
formed to any irregularities on the surface exceptlonally well
allowing the placement of the small thermocouple wires, electrlcally
insulated with 0.003" teflon tape, without disrupting the intimate
contact required. It has also been noted that increasing the heat
- level, and thus the temperature difference, across the specimen provides
less deviation at the 150°F overlap temperature. The minimum
heat flow level depends on the conductivity of the material and cannot
be defined at a given temperature drop. The random deviation be-
tween values on the same specimen as evaluated with rubber filler
from -50°F to 150°F, and with Fiberfrax filler from 150°F to 1000°F
has been reduced to a maximum of about 5 percent. Past experience.
has shown that the Fiberfrax filler provides slightly higher data
on-~30 percent of the runs and slightly lower data on the remaining
runs at the change—over temperature (from one filler to the other)
at about 150°F

Table 1 presents the many calibrations performed on the apparatuses
for both before and after the above improvements were: incorporated.
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Aluminum F‘oil'———J =~ 0. 005" dia Chromel/Alumel
: — \z‘hermocouple Leads
: Teflon (over Thermocouple

% X ~
(LZAN Leads and Getter only)

sl S5 Central 115585 (f 37
// Heater PR /:”/.’.'! ‘
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' Guard Heater

Nickel-Plated .
Copper Heater Plate Thermocouple Well for One Junction of
) Differential Thermocouples between
Central and Guard Heater Plates

Brass Thermocouple Getter
(1/4" x 1/4" x 0.0035)

Gum Rubber
(1/8" thick)

Bottom Half of Assembly Same as Shown above

Brass Thermocouple Getter
End of Teflon Strip Cutout in Aluminum Foil
Placed over

Thermocouple Thermocouple Leads? .

(qu T/C on Each 3
specimen_Surface)

—

End of Teflon Strip Placed
between Thermocouple Wires
and Specimen

Differential Thermocouple
Arrangement for Measuring
Temperature Difference between
Central and Guard Heater Plates
{G-Guard T/C; C-Central T/C)

View A-A

Notes:

1. Buildup shown is used up to 150°F. )
Above 150°F, gum rubber on hot surface of specimen is replaced by

2,
two Fiberfrax discs each 1/8 inch thick and a Fiberfrax disc of the
same thickness is placed between the gum rubber and the specimen

on the cold surface. : '
3. At elevated temperatures, an asbestos disc can be placed between

the gum rubber and Fiberfrax at the cold surfaces to control
temperature drop across the specimen.

Schematic ¢f buildup used for ASTM Cl77 guarded hot plate

Figure 1.
thermal conductivity spparatus



Table 1

CALIBRATIONS OF ASTM C 177 APPARATUSES AND PROCEDURES WITH
PLEXIGLAS AND PYREX 7740 STANDARDS AT ABOUT 150°F to 200°F
(DIRECT METHOD UNLESS OTHERWISE NOTED) .

Plexiglas Pyrex
Thermal Conducuvlty Thermal Conductivity
Apparatus Btu/hr/# [°F [in. Btu/hr/f?/°F/in.
14" rig with asbestos or rubber tiller, composite
method and 600 pounds 1.33t01.39 7.1t08.9
14" rig with asbestos filler and 600 pounds 1.17t01.20 : 5.96
14" rig and rubber filler and 600 pounds 1.19t0 1.22 t0 1. 30 7.35t0 7.38
14" rig with Fiberfrax filler and 600 pounds after
improvements made 1.34 7.64 to 7.83
T" diameter rig with rubber filler and compaction
of:
100 pounds , 1.25 o -1.5%
600 pounds ’ 1.26 to 1.09 with Q 0%, 7.74
1000 pounds 1.25 0%
3000 pounds _ - ‘ +2.0%
4000 pounds 1.14 to 1. 33 with Q +2. 1%
7" diameter rig with asbestos filler and compaction
of : .
100 pounds . - _ : .
600 pounds i 1.11 t0 1. 17 5.0
1000 pounds 1.11
3000 pounds -
4000 pounds - 1.16
7" diameter rig with no filler with compactxon
loads of:
100 pounds 1.12 » .
600 pounds : : 1.21 ) 4.0
1000 pounds 1.23
3000 pounds 1.27
4000 pounds 1.29
7" diameter rig with Fiberfrax and 600 pounds .
after improvements made 1.14 7.13108.1
3" diameter rig with rubber filler and 600 pounds 1.17 ’ 7.34t0 1.8
3" diameter rig with Fiberfrax filler and 600 pounds| 1.15, 1,18, 1.19, 1.41t01.19 7.4t017.86
3" diameter rig with asbestos filler and 600 pounds | 1.16, 1.16, 1.16 7.28
3" diameter rig without filler and 600 pounds 1.18t01.19 '6.70 to 6.79

1. Literature and prevnous work reports the thermal conductivity of plexxglas to be 1.19.

" 2. Literature reports the thermal conductxvxty of 7740 pyrex to be from 1. l to 8 1at about 200°F by
Knapp, American Ceramic Society, 1942, and the NBS, respectively. The NBS data are by the
series resistance or composite technique. Prior values by the NBS using direct method were
abouit 7.4 t0 7. 5.

3. Thicknesses of specimens vary with investigator.



APPENDIX B

A COMPARATIVE ROD APPARATUS FOR MEASURING
THERMAL CONDUCTIVITY TO 2000°F

Southern Research Institute's comparative rod apparatus is
used to measure thermal conductivities of a wide variety of materials
from -300°F to 2000°F. 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 1l-
inch diameter by l-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 sectlon.

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 potentiometer,
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 + K,AT AXg

s

2474 AX,.



‘where K, and K, are the thermal conductivities of the upper and lower
references; AT,, AT, and ATg are the temperature difféerences in the
upper and lower references and specimen,, . respectlvely, AXg and

AXy are the distances between thermocouples in the specimen and

references.

Note that for purely axial heat flow, the products K,AT, and
K2AT, should be equal. Due to imperfectly matched guardlng 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 malntalned as small as possible, usually W1th1n

5% of the smaller.

For identical specimens, the ratio AXg/AXy should be unity
but may vary due to the uncertalnty in hole locations. To prevent
introducing an additional error in calculatlons, 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 gas 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 Armco 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 conduct1v1ty of the Pyroceram
is given in Figure 4. Note that the curve is in good agreement

! Robinson, H.E. and Flynn, D. R., Proceedings of Third Con-
ference on Thermal Conduct1v1ty, pages 308-321, 1963 (w1th
author s perm1531on)



with the recommended values from NSRDS-NBS 8%, The standards of
Armco iron were made from the stock which was used in the round-
robin investigations from which Powell?® developed the most probable
values for Armco iron. The curve used for the Armco iron standards
is shown in Figure 5. Powell estimated the uncertainty to be within
+2 percent over the temperature range from 0° to 1000°C. Note in
Figure 5 that numerous evaluations of Armco iron from other batches
of material have agreed within *3 percent (coeff1c1ent 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. Thernal
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%. 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. "

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 0°F if temperatures between the guard and
test section are closely matched. Below 0°F, 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 improved 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

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.



Some additional data obtained on the comparative rod apparatus
are shown in Figure 7 and 8. " Figure 7 shows thermal conductivity
data for ATJ graphite, with grain, using Armco iron as the reference
material. These data show excellent agreement with earlier data
obtained. here and by other sources® 7. 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 Silverman® on an alloy of very similar com-
position. ‘

5 ASD-TDR-62-765, "The Thermal Properties of Twenty-Six Solid
" Materials to 5000°F or Their Destruction Temperatures," Southern
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 St@ndapdg,_lQGS;_
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APPENDIX C

GUARDED COMPARATIVE ROD APPARATUS

_ The guarded comparative rod apparatus is a modified
assembly of the basic comparative rod apparatus and is employed
for samples with thermal conductivities less than 10 Btu in./hr

ft2ep,

The reason for this is that analyses [1, 2]! have shown
that heat can shunt the specimen [through the insulation] when
the thermal conductivity of the specimen is not an order-of-
magnitude or more than that of the insulation and the guard
heater is, say, twice the diameter of the specimen or more.

Note that the shunting effectively gives a larger specimen area
and results in an erroneously low temperature difference in the
specimen relative to the reference (assuming that the references
have a higher thermal conductivity than the specimen). This
yields erroneously high values of thermal conductivity. With
certain values for the thermal conductivities of the references,
specimen and insulation, guard heater to specimen diameter ratio
and guard to specimen temperature profile, these errors can
easily reach 100 percent. '

Analyses [1, 2[ have shown that the heat shunting problem
can be overcome if the following conditions are satisfied:

1. The guard profile matches the specimen profile.

2. The ratio of guard diameter to specimen diameter is
as near one as possible.

These concepts are applied to the modified technique described
here.

The experimental configuration used for the measurements is
shown in Figure 1. The assembly consists of a central column
comprised of a 1 inch diameter specimen sandwiched between two
references of known thermal conductivity. Guard rings made of
the same materials as the specimen and references surrounded the
central column. The guard rings were constructed to match the
specimen and reference lengthwise. The annulus between the
central column and guard ring was 1/16 inch wide which gave a
guard diameter to specimen diameter of 1.125. A drawing of the

. specimen .and guard ring is. given-in Figure 2. . -

3

!Bracketed numbers denote references given at end of text.




The references used are slip cast fused silica, the
conductivity of which has been defined with the ASTM C 177
guarded hot plate apparatus. The thermal conductivity for
the references are shown in Figure 3.

Heaters made of Armco iron are placed on either end of
the column to control heat flow and mean temperature. Armco
iron is used because its thermal conductivity is about 200
times that of the specimen and; hence, the temperature gradient
along a radial line at the top of the build-up was estimated to
be no more than one or two degrees. Thus, the guard and central
temperatures are matched at the ends. The entire assembly is
surrounded by diatomaceous earth or thermatomic carbon insula-
tion depending on the specimen insulation contained inside a
4 inch diameter guard heater.

Temperatures are measured at two axial locations in each
reference and in the specimen. A beaded chromel/alumel thermo-
couple is inserted into the drilled holes in a 1/32 inch double
bore alumina insulator. The insulator is broken about every 1/8
inch to minimize conduction losses. The thermocouples in the
specimen are potted in place at the bead with Silastic RTV-731,
silicone rubber.

Specimen gage lengths are determined from post-run radio-
graphs or X-rays. The X-rays are examined at 10 x magnification
to determine the gage distance relative to the overall thickness.
Then the relative distances were converted to true distances from
the actual thickness of the specimens.

The idea for the assembly shown in Figure 1 is to use
identical materials for a guard ring and thus create as closely
as possible a matched guard condition to minimize radial heat
exchange and heat shunting. Further, the annulus is kept small.
to minimize heat shunting which occurs even with matched guarding.

In practice, perfect matching of the guard and central
columns is not achieved. Hence, corrections for radial heat
exchange are made to the measured data based on the measured
temperature profiles. Further, corrections are made for the heat
shunting through the annulus. The following paragraphs discuss
these corrections.

Note in Flgure 1 that guard temperatures are measured at the
center of each of the three guard sections. These temperatures
are used in the analysis of radial heat exchange. For.the analysis
a one-dimensional fin-type heat transfer analysis is used. The
analysis is applied to determine the actual heat flux density into
and out of the specimen based on the measured temperatures in the
references and under the assumption of a linear temperature profile



in the guard. Consider -the following sketch for the top reference
and guard (see Figure 1 for identification of thermocouples):

Extrapolated
from T and
T 1

L - ' : rofile in Reference
—sg—————Reference — =
. ‘Length : _ o

3

___Specimen —/\J—:—

Temp

_~—Profile in Guard
(slope = Al)‘

The temperature profile in the reference is given by

t=C e + Ce + T +A (5 - x) (1)
: 1 2 2 1 8
where
t = temperature
Cl, C2 = constants of integration
N =

\/ hp |
Ok




h = effective heat transfer coefficient between
two points of radial temperature measurement

p = perimeter of reference

k = thermal conductivity of reference

To solve for Qg, the heat flux density into the specimen
at X = L, equation (1) is subjected to the following boundary
conditions: ‘

t=T @ x=o0 (2)
k=9t - g ex=1 (3)
dx :

A solution is obtained from equation (1) and boundary condi-
tions (2) and (3). There are two unknowns in the resulting
equation; namely, Qg and t. Qg is determined from the known
temperature, T3, at x = 0.25 inch. Note that the interface
temperature at the heater is determined from a linear extrapo-
lation of the reference temperatures. The interface temperature
at the heater is assumed to. be the same for the central and guard
columns and is used along with T2, the guard temperature, to
calculate the temperature gradient in the guard, A,.

The same type of analysis is used to calculate the actual
heat flux into the surface of the bottom reference.

The radial heat loss along the specimen is calculated by
assuming a linear temperature profile through the specimen and
through the guard. The actual heat flux into the top of the
specimen is used and heat fluxes are calculated at each thermo-
couple location, at the midpoint of the specimen and at the
bottom of the specimen. If the heat flux calculated at the bottom
of the specimen differed from that calculated from the measurements
at the bottom reference, the difference is halved and the heat flux
at the top of the specimen is adjusted by that amount. The calcula-
tions for the heat flux profile through the specimen are then
repeated with the adjusted value.  Then, the average heat flux
between the points of temperature measurement in the specimen is
calculated from

= 953 + 2 Qs2 + Qs3

Psp. = 7 | (4)
where L S L o B}
| Q;p = averagé heat flux through specimen

Qg1 = heat flux at thermocouple No. 4

Qg2 = heat flux at midpoint of specimen

053 = heat flux at thermocouple No. 6




Now, the measured thermal conductivity is based on the
average heat fluxes through the top and bottom references as
calculated under the assumption of a linear temperature gradient
and no heat losses.. The measured thermal conductivity is
converted to the corrected value by the equation

kep = 250 Km | ” | (5)
Om
where
ker = effective thermal conductivity of spec1men corrected
for radial heat exchange
Qsp = average heat flow through specimen calculated from

analysis

Om = average heat flow in references under assumption of
no heat loss

k, = measured thermal conductivity of sample

Next, the method of obtaining the heat transfer coefficients
for use in the analysis of radial heat exchange will be considered.
Note in Figure 1 that the space between points of radial tempera-
ture measurements is filled with either the fused silica or the
specimen and the insulation in the annulus between the central
column and guard. The thermal conductivities of these elements
and the radial thicknesses are used to compute an effective heat
transfer coefficient for the analysis. For example, the heat
transfer coefficient across the 1/16 inch gap between the central
column and guard column is calculated from the equation

'h = k _ (6)
R 1
g 1 (Rg/R1)
where
k = thermal conductivity of material between R1 and R
2
Rg = radius of central column
R2 = outer radius
R = inner radius

The thermal resistances of the slip cast fused silica and
the specimen between the points of radial temperature measurement
are also included in the effective heat transfer coefficients. For
the central column the effective heat transfer coefficient is
calculated assuming radii (for Equation 6) of 0.25 and 0.5 inch.




For the guard ring, the radii used in Equation 6 are 0.562 and
0.781 inch. Of course, for this analysis the thermal conductivity
used in Equation 6 is that of the slip cast fused 31llca or the
specimen.

The overall heat transfer coeff1c1ent used in the ana1y51s of
radial heat exchange is calculated from the equation

h = h ha hQ

hg hg + ha hg + hy hg

(7

where

h = overall heat transfer coefficient used in Equation 1-

/" Tp
N = =
[ =2 | |

hg = effective heat transfer coefficient due to radial
thermal resistance of central column

ha = effective heat transfer coefficient of annulus
between central and guard sections

hg = effective heat transfer coefficient of guard ring

from inner radius to thermocouple location

The heat transfer coefficients are calculated as a function
of temperature. In the analysis of radial heat losses, different
values of the heat transfer coefficient are used for the top
reference, specimen and bottom reference based on the mean tempera-
tures at those locations.

The thermal conductivity values for the slip cast fused silica
which are used to calculate the heat transfer coefficients are
presented in Figure 3. The thermal conductivity values which are
used for the calculation of the effective heat transfer coefficient
of the insulations of diatomaceous earth or thermatomic carbon in
nitrogen at 760mm and vacuum are presented in Figure 4, 5 and 6.
Also shown in Figure 4 are thermal conductivity values for nitrogen.
Literature values for the thermal conductivity of the diatomaceous
earth in air (nitrogen) were found to a temperature of 800°F and
were extrapolated to 2000°F. Values for the thermatomic carbon
were obtained from previous measurements made in our radial inflow
apparatus.

With the above information and the measured thermal conductivity
of the spec1men,ithe heat transfer coeff1c1ents in Equatlon 7 are
calculated.



In addition to the errors associated with radial heat
exchange, there are errors due to the shunting heat flow v
around the specimen through the insulation. This error occurs
even with perfect temperature matching of the central and guard
columns. This error has been defined analytically by Flynn (3]

as _
I P } - (8)
o = Xy Er -kcr_g | o
k _ : '
kc=——-cr ' - . (9)
1-a _ _
where
ko = final corrected thermal conductivity
kcr = measured thermal conductivity corrected for radial

heat exchange
~ k; = thermal conductivity of insulation
k.. = thermal conductivity of references

a geometrical factor

&
i

Flynn [3] gives the following equation for the maximum
value of F ) : '

g
p 2 Ii(bz/az)-l_!_l -
g L_Z 1n (b/a) .] _ : (10)
where ‘ ‘
a = radius of specimen.
b = inner radius of guard cylinder

Equations 8, 9 and 10 are used to correct for the shunting
heat flow. The value used for F, is 0.116 which is calculated
from Equation (10) for the geome%ry of our system.

Note that two different corrections are applied to the
experimental data. However, lest one should become overly
- concerned with this it should-be -considered that- the maximum
"value for both corrections is about 10 percent. Hence, sizeable
uncertainties in the correction procedures do not lend large



uncertainties to the final data. The several sources of
uncertainty and the estimated values are summarized below:

1. Uncertainty in final data due to uncertainty in
correction analysis, property data used in analysis
and radial temperature differences = 5 percent '
(maximum) .

2. Uncertainty in thermal conductivity of fused silica
references = 5 percent to 500°F, 7 percent to 1800°F

3. Uncertainty in gage length'= 2 percent.

4. Uncertainty in temperature difference measurements
= 2 percent. :

The combined uhcertainty for the several sources of'uncertainty
listed above is 18 percent to 500°F and *10 percent to 1800°F.
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APPENDIX D

HEAT CAPACITY TO 1000°F

The heat capacity to 1000°F 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 tempera-
ture 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
calorimeter, 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 1" x 1" x 1".

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 reguired, injecting liquid nitrogen
vapors. The cold box consists of two concentric cylinders enclosed
in a housing. The smaller cylinder (3" diameter by 16" high) is
constructed of 1/4" mesh hardware cloth. The larger cylinder is
made of galvanized sheet metal (15" diameter and 16" high). The
annulus is partially filled with dry ice.

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

The covered cup of the drop-type adiabatic calorimeter is
approximately 2-1/2" diameter by 2" deep. Three thermocouple
wells are located in 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 main-
tained 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.



.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-! + 4 (3)

The temperature (T) employed usually is in degrees Rankine.

While this equation may not provide the best definition of the
enthalpy data over the entire temperature range, it does anticipate
the theoretical behavior and is consistent with methods recommended
in WADC TR 57-308 and by K. K. Kelley.! The derivative 6f this
equation, the heat capacity, is used with the constant "c" adjusted
so that the analytical solution agrees with the value determined
graphically at 150°F. This technique is similar to that of Kelley
an 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 (SRM 734 from NBS) and other standard
specimens. The results of the comparison on sapphire and other
data indicate that the overall uncertainty of the apparatus is at
+3 percent. . \

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,



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
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U.S. Bureau of Mines, Nov. 1958.
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APPENDIX E

HEAT CAPACITY TO 5500°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 32°F is circulated
through an annulus surrounding the mantle in order to absorb heat leak
from the surroundings. 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 3/4 inch diameter x 3/4 inch 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 to 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 percent!. Our theoretical calculations
indicate even smaller errors from this source.

The heat necessary to melt enough ice to cause a volume change
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

! Furukawa, G.T., Douglas, McCoskey, and Ginnings, "Thermal Properties

of Aluminum Oxide from 0° to 1200°K".

? Ginnings, D.C. and R. J. Corruccini, "An Improved Ice Calorimeter",
NBS Research Journal, Volume 38, 1947, p583.




displacement versus time for one drop using a synthetic sapphire
specimen. The correction for the stainless steel basket is sub-
tracted from the measured mercury displacement and the result used
to calculate specimen enthalpy above 32°F. 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

hy, = aT + bT? + cT™! + d (1)

using a least squares technique. The derivative of this equation,
the heat capacity, is computed with the constant "c" adjusted so
that the analytical solution agrees with the graphical solution at
5000°F.% This technique is similar to that of Kelley in forcing the
heat capacity equation through a known value®. The equations

are developed using a digital computer.

A compilation of all errors has indicated that the apparatus is
accurate to well within 5 percent 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.

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

* Kelley, K.K., "Contributions to Data on Theoretical Metallurgy",
Volume XIII, High Temperature Heat Content, Heat Capacity and
Enthalpy Data for the Elements and Inorganic Compounds, USBM 584,
November, 1958.




& 11 wond m 0f
b/l I7wisw/

WO/LDOFS ITFINZD

o e —

L1l 4V L3I0/

LAnvronvyvs DmS

: Il \ \
\ i) . saovy Wosd %
/7 A LIsSA40 P SIHL
: A ( < e vy
2 ¢ s |
@ i = e
®kkuk wy arIm | ¥
i 700/ SS¥7D HiuM yo¥d - = M/ = prope sy _

Ice Calorimeter, Drop Type ~ Specimens to 5500°F

-
= ly ==
R FEAZE
AAWIND AVYD MSINId ONY 3
IIW vl T LIWOIHD ONIZ M.
HiiM  SLIW SANZLXT ™ <
7a7L5 WV NIV <] f /@
i 9
SHZLSPD LinS ak o g
0T/ LAY UINOVIE S . % .
FEL LA Qﬁxk‘nnl‘ ~ \x \ > . \
o s | P AN\
- i y e st HE TN
. 1) LR 2 B ,_ 1 ot .
\ ! B B il 4 o h |
4 ) il f N W |
V-ty M3/ @/_u/z\ - 3 M J“ w/@ “ _
_ e ! /N H ik (N H ’ ol
g 72 g ( . ) Y
_ : g e/‘ 7./ W : \ il ﬁ\ “ “
i 1N ) 1S I g £ 37
| ~N i [ % N W v
. yJ/ i 1% (M 2 |
ol | AN i
A H—t 4 1 \MN ( “/®
L\
, o) _“ Y % 7
‘
; ) (N b
QW/ ( | e N ¥ |
~, = |
K L . ..wal. P / ;* , |
~ e Z 44—
=T 0 B {
1 % / [\ B T\ - = _
Ny’ , == | |
@ N 8 NF
2 iﬂll o u ” : o
i Y . U a
11
M\ 0/ N~ T il
; / —
> 3 1 \2
IH,I g \ w -q. **
LIVLNO) WWIXYW N Q
| e & gD Ny Sk 8 s -0 s 3o
: ' 2 Io0w WS
owroaL y3saw B () oz rrons~ | ) w O ,Muxxm,.\w...t & VoW
| B e L |*.< p ONTIIM YILIY

T
ot m li“ﬂ e S SR 3T n00 S THL
Foynd \nuG Yoo ow@nl Xawmus *@Uﬁy

R

t*- 37515 L1090

"o g

h

onvzg
OwTUx T S FRAAL

LinS Qb AIRewISSY yILAV
“v7re0 OvedzA 9

S WOIULDINNOD 4LSH 4
! YvIT Yad 5947 HOk
& Yeox FIINMINV
SyRA0O 0L p 130

R

A-295¢-D-T

Figure 1.




l I | ’*‘Il“lm
11111

Figure 2. Picture of Heat Capacity Ecuipment with Drop Shield
Tube in Place




. .Hg.m
. .—m

o g P L
AErenssen:
ARARABIRYT

A& PERRECTER )




—p
8.0 /O}‘fﬁ

Sapphire Enclosed in
304 Stainless Steel
Basket 1503°F Drop

0 6.0

5]

£

e

i3]

£4.0

3} : J

{; r Mercury

o Displacement = 5.95 cc

A

S

2.0

4]

e

)

E M/ﬁ

0 .

0 10 . 20 30 40 50
Elapsed Time - minutes
Figure 4. Mercury Displacement Due to Sapphire and

304 Stainless Steel Basket



APPENDIX F
PERMEABILITY TO 1000°F

We have two apparatus in which to make permeability measurements.
One apparatus is designed for operation to 1000°F and the other is designed
for room temperature measurements. These apparatus are basically the
same in principle, except for the method in which pressure measurements
are made. Static pressures across the specimen are measured with the
room temperature apparatus, whereas the total pressure is measured in
the 1000°F apparatus. ‘ A

Room Temperature Apparatus

This apparatus is shown schematically in Figure 1. It consists of
a copper housing and a copper specimen holder. AnO-ring is used as a
seal between the housing and the specimen holder. Gas is supplied to the
specimen from a commercial gas cylinder. Static pressures are measured
at the inlet and exit points to the housing. Flow rates are measured with
either a bubble type flowmeter, a variable area flowmeter or a wet test
meter; the type of instrument used to measure the flow rate depending upon
the magnitude of the flow.

The specimen, which is 1 inch in diameter by 1/2 inch thick, is
mounted in the housing as shown in Figure 2. The specimen is mounted on a
shoulder approximately 1/64 inch wide and 1/64 inch deep. On the upstream
side the specimen holder is bored out to a diameter of 1.5 inches and the
annulus between the specimen and the holder is filled with silicone rubber
(Dow Corning RTV-T31 Silastic). This silicone rubber has been employed
successfully as a sealant in prior permeability measurements. :

[

High Temperature Apparatus

This apparatus is shown schematically in Figure 2, A detail cutaway
view of the housing and specimen holder is shown in Figure 3. The
apparatus as shown in these figures was designed for operation to 1000°F,
Gas is supplied to the apparatus from a commercial gas cylinder. The
volumetric. flow rate is measured with a variable area flowmeter. The
inlet pressure to the flowmeter is read with a mercury filled U-tube manom-
eter. This pressure measurement is used to correct the indicated flow-
meter reading to the volumetric flow rate at standard pressure. Between
the flowmeter-and the specimen-housing, -the gas passes through a preheater

~section,—This consists_of thin-walled stainless steel tubing-which is

resistively heated using low voltage and high current. Power is supplied



from a 25 KV step-down transformer, the input of which is regulated by
a 220 V Powerstat. The gas then passes through the specimen and is
exhausted to the atmosphere.

The pressures upstream and downstream of the specimen are
measured with total pressure probes. These pressure monitors are con-
nected to U-tube manometers such that the manometers read the pressure
difference across the specimen and the gage pressure on the downstream
side of the specimen. - :

Temperatures are measured with two chromel alumel thermocouples.
" One thermocouple is mounted in the stainless steel specimen holder. The
other thermocouple is used to monitor the temperature of the gas leaving
the downstream side of the specimen. The exposed junction of the gas
thermocouple is placed so that the hot gas leaving the specimen impinges
directly upon it.

Knife edges are machined on the faces of the housing and specimen
holder. A copper gasket is used between these knife edges to prov1de a
leak tight seal.

The specimen is mounted in a stainless steel housing as shown in
Figure 4. The specimen rests in a recess approximately 1/64 inch wide by
1/32 inch deep. Above this recess the holder is bored out to a diameter of
1.5 inches. Normally, specimens used for the measurements are 1 inch
in diameter by 1/2 inch thick. Smaller specimens may also be accommodated.
The annulus between the specimen and the housing is filled with a sealing '
compound. A silicone rubber (Dow Corning RTV-731 Silastic) is used as
the sealing compound for low temperature measurements. For high
temperature runs, Sauereisen 31 cement is used as a sealant. Both of
these sealing compounds have been used successfully in prior evaluations.

A stainless steel washer is mounted on the exposed surface of the Sauereisen
cement while it is still wet. This washer reduces the exposed area of the
cement and serves as a secondary seal,

The procedure for setting up the specimen using the Sauereisen
cement is as follows. The annulus is filled about 3/4 full with a fairly dry
mix of the cement and then cured for about four hours at 250°F. Next, a
wet wash is applied and the washer placed on top. The assembly is then
_cured for about four hours at 700°F



Procedure

Ambient Temperature Runs - The procedure in making the runs at
ambient temperature is as follows: when the wet test meter is used, the
system is purged for about 30 minutes to remove residual gases from the
meter. The pressure regulator is adjusted to give the desired pressure
difference across the specimen. Several minutes are allowed for the system
to stabilize. Then the measurements are made

Flevated Temperature Runs - The procedure in making the runs at
elevated temperatures is as follows: the housing is brought up to tempera-
ture with no gas flow through the apparatus. After the housing temperature
stabilizes, the gas flow is turned on and the pressure regulator is set to
give the desired pressure drop across the specimen. The gas preheater is
then turned on and the input power is increased until the gas reaches the
same temperature as the housing. At least two data points are taken at each
pressure level to monitor that the two temperatures are in equilibrium and
to reduce the risk of obtaining spurious readings.

- General

During the runs the following data are recorded:

1. Atmospheric pressﬁre.

2. - Differential pressure across spe'cimen.

3. Downstream gage pressure.

4. Pressure at flow instrument (at inlet to wet test meter or ﬂow-
meter; when flowmeter is used on the downstream side of housing
no readings are taken because of the small pressure drop through
the flowmeter venting to atmosphere).

5. Flowmeter readings,

6. Housing temperature,

7. Gas temperéture .

8. "Temperature at wet test meter (when used); - — - — - — = — -

All flowmeter readings are converted to the volumetrlc flow rate at
standard pressure.



DATA CORRELATION

‘Theory

1 ' ' ' ~
Greenberg and Weger concluded from a review of some of the
literature on permeability that most of the data could be. correlated with
-an equation of the type: :

dpP n '
T T emVTReV . (1)
where
: %}?— = pressure gradient in the direction of flow
a = viscous flow coefficient (reciprocal oi; Darcy's constant, k)
V = instantaneous gas velocity
B = inertial flow coefficient
p = instantaneous gas density
= absolute viscosity

and where n is some number between 1 and 2,

_Carmanz, selected the value of n as 2 to account for turbulent flow,
Greenberg and Weger! also state that correlations of the data of Cornell
and Katz indicate that the value of n should be 2 to account for inertial flow
through consolidated media, '

In equation (1), the first term on the right-hand side represents the
resistance due to viscous flow. The second term on the right-hand side
represents the resistance due to inertial flow, Inertial flow results from
turbulence induced by the tortuous path the gas must follow through the
porous material and also by high velocities. Both of these phenomena
depend upon the kinetic energy of the fluid per unit volume, p V2. Thus,
in developing equation (1) it was assumed that the expression for the 1nert1a1

_ resistance could-be superlmposed upon the expressmn for the viscous

res1stance ) - - - -

i1See Refererences




Under steady-state conditions, the mass velocity of gas (for one-
dimensional flow) through a porous media must be constant. By letting
pV =G andn =2, equation (1) becomes '

_pgz Q’IJ-G+BG2 (2)

where G = mass velocity‘.

Now, for an ideal gas

. PM
RT (3)

where
= absolute pressure
molecular weight of gas

= universal gas constant

H =B B W
n

= absolute temperature

Substituting equation (3) into equation (2) and rearranging yields

PM_ dP _ ., BG ' S
Sl = o+ B2
RTpG dx - ° & (4)
or
P, L
~-M_ [ PP =(o+BG) [ ax

1

Integrating and rearranging equation (4) yields

MP,AP G
—_— = + -
LRTuG  © B(u) _ %)



where

)

1 : ' :
Py, = 3 (P, + P,) = mean specimen pressure

AP

(P, - P,) = differential pressure

n

L = thickness of specimen

Since G is a constant, one may write

G = ISTP PsTP | (6)
: A
where
| QSTP =.volumetric flow rate at standard conditions
PSTP = gas density at standard conditions
A = total cross section of p_orous media normal to flow

" Data Reduction

The dependent and independent variables in equation (5) are calculated
for each data point, Then a plot of MP,,AP/LRTyG versus G/ is made,
Such a presentation is known as a Cornell and Katz plot. A straight line is
drawn through the points thus plotted and the viscous and inertial coefficients
obtained from the intercept and slope of the curve, respectively. Thus, for
each specimen evaluated one viscous and one inertial coefficient are cal-
culated at a given temperature level, Data are obtained over a sufficient
range of the parameter ,(G/p) to allow a good correlation and reduce the
effects of spurious readings. The uncertainty in the reduced data is esti-
mated to be 5 percent,

Some reduced data for a low-density phenolic-nylon char are presented

" in Figure 3. This figure shows typical data scatter about a straight line

plotted thrbugh the data points. It has been our experience that the equation
shown plotted in Figure 3, equation (5), correlates the data for porous
materials which we have evaluated. '



i

sjudwansesm Ly1qeswaad aanjesadwal wood 10j snyexedde Lyjjqeamrag *1 sangig
Busnoy

J9ploy uswyoadg o
Jaj2wmol} Jo0 ,
J3j3W 183] jom

1232w 1823 }9M jEB aanyesadwal
SurInsesw a0j JI3jaWwowaay],.

. Jajaw 3833

194 e sanssaad Surinseaw
20} J9j3WOURW aqn -

Surg-0 m
uawyoadg : _
juejeag »

™ uvvaﬂho
<— | sen
/|
judwaanseaw arnssaad o
wreaxjsumop Joj aATeA
Jajawouew aqnl-n lred
_ .“:_:mSwwu
m._;mmoum

juawaInseaw
aanssaad jenyuazajp
J0} Jajowouewr aqnl,-f) ——T




d.,0001 03 Sudwamseaswt 30 snyesedde Lmiqeswasd g aIndiyg

aldnodowrrayy
axnjesadway se (A022)
je}saamod pasuen
MY GZ — >
aqoad aanssaad :
10} wreaJjsumoq :
a1dnooowmaayy
suisnoy
aam _
w.asou. AAAAAAAAAAAAAL 0O 0O
IQE'HQEH— 4 L Ll L Ll l Lk
pajeinsu] ————— S31q8D)

L

Lo
]
A,
¥
O w

1 mEoc.\

uawroadg

sdureio

Je—— spoaysaig —>

JajowIMoO]) uo adnssgaad

[ i

weaaisdn Surinseaws
J0J JajawourwW aqnlL-MN

(M0g) JowIOFSURTY

\| umopdais 1:61

kwquBO.nnHI'.‘

4

. 1

saqny uuummnmunl\

sed 199318 ssauIEIg

L

ons—

Jajawouewl
aqnL-N
arnssaaxd a8e8
wealysumo(

Ja3jawouew
aqnL-n aanssaad

Terjuagazg

aqoad sanssaad
1e303 wreaaysdpn

—

Japurifo meII'

Jojeindax aanssaad

9ATRA .
11eg



Flow

Total

pressure
probe

Stainless steel bolts
(Rotated 45°)

' Sealing compound
» (Sauereisen 31 Cement)
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Figure 3. Details of specimen holder for high temperature permeéblllty
measurements ’
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direction at room temperature
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APPENDIX G

LIQUID ABSORPTION
(In Monitor Laboratory)

Liquid absorption measurements are made to determine open and
closed porosity, bulk density and apparent density. These measure-
ments are made by vacuum impregnating specimens with mineral spirits.
Primary apparatuses used in this test are:

1. Mechanical vacuum pump (capability, 50 microns Hg)
2. Oven, thermostatically controlled
3. Balance, accurate chemical

Samples to be tested are dried at 300°F for four hours. After
removal from oven, they are immediately weighed for dry weight.
Then each dried specimen is placed in a small beaker. The end of
the beaker is closed off with gauze. The small beakers are then
placed on their side in the bottom of a desiccator with their open
ends aligned toward the center of the desiccator. The desiccator.
is then closed off and evacuated to about 50 microns of Hg. After
holding this vacuum for about two hours, the desiccator is purged
with mineral spirits. After about 15 minutes, the mineral spirits
is introduced more rapidly until the beakers are covered. Then the
desiccator is vented, and the samples are allowed to soak for 20
minutes to allow any vapor inside the samples to condense. Upon
completion of impregnation the samples are weighed (immersed in
mineral spirits and in air). When specimens are removed from
mineral spirits, they are carefully wiped to remove any excess
liquid from the surface and weighed immediately.

From the measurements taken (dry weight, saturated weight, and
suspended weight), the percent water absorption, open porosity,
closed porosity, bulk density and apparent density can be determined
directly. The total porosity of the sample can be derived from the
measurements if the true density of the material is known. These
values are calculated as follows:




LI T (I | O 1

(Wsa - Wd) (Ow) x 100 percent

W4 Pm
(Wsa - Wy ) x 100 percent
Wsa - Wéu

water absorption
weight of sample when saturated with liquid m

dry weight of sample

weight of sample when  suspended in liquid m

density of liquid m (0.774 g/cm® for mineral splrlts)
density of liquid water
true density of sample
bulk density of sample
apparent density of sample
open por051ty

total porosity




