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FOREWORD

This document constitutes the final report for the NASA contract
NAS 3-12012, "Fundamental Study of Transpiration Cooling"
initiated in July 1968. The authors are indebted to A. Fortini,
the NASA-Lewis technical manager, for assistance and technical

advice essential to the successful completion of this contract.
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ABSTRACT

Isothermal and non-isothermal pressure drop data and heat transfer

dats generated on porous 30LL stainless steel "Rigimesh”, sintered
spherical stainless steel powder, and sintered spherical OFHC copper
powder are reported and correlated. Pressure drop data was collected
over & temperature range from 500°R to 2000°R and heat transfer data
collected over a heat flux range fram 5 to 15 BTU/in®-sec. it was
found that flow data could be correlated independently of transpirant
temperature and type (i.e., Hs, Np). Heat transfer data was correlsted
on the basis of Nu/Prl/3 vs. Re. Also, it wae found that no simple
relation between heat transfer coefficient and specimen porosity was

obtainable.
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SUMMARY

The rational approach %o the design of a transpiration cooled structure
is dependent upon an understanding of fluld transport and heat
transfer phencmena in porous metal materials. The research reported in
this document was specifically designed to provide a fundamental
understanding of these phencmena under conditions of high heat flux and

large transpirant mass flow rates.

The research progran was divided into three separate but Interdependent
efforts. First, the porous materials selected for thls study were
characterized in detail to yleld e complete guentitative description
of the internal microstructure. The materials selected were stalnless
steel "Rigimesh” wire form, stainless steel sintered powder, and OFHC
copper sintered powder. Samples of Rigimesh in 10%, 20%, and k0%
porosity were studied. The stalnless and copper powders were 10%, 20%
and 30% porous. Three thicknesses (1/4", 3/8", 1/2") of each material
type wexe evaluated. Also, a 1" thick piece of each material type and
porosity level was tested to determine the thermal conductivity and
electrical resistivity of the specimen. The characterization results
and the thermal conductivity data and anslysis are reported in

references 1, 2, 3 and reference & respectively.

The second effort was a camprehensive test program undertaken to generate
flow and heat transfer data on each of the three porous metal types as
well as each porosity and thickness variation. Transpirant mass flow

rate, temperature, temperature gradient and pressure drop data were

viii



SUMMARY (Cont.)
generated for both isothermal and applied heat flux conditions.
Test temperature levels varied from S00°R to 2000°R with applied
heat flux levels as high as 15 BTU/ing-sec. The pressure range over
which data was callected was from 15 psia to 2000 psla with differential
pressures from O to 1000 psid. The t¥an5pirant was gaseous hydrogen
for the major portion of the test program; however, nitrogen was used
on same tests to evaluate the effects of a different test medium.
Camplete, tabulated, test data is reported in Appendix A and B of this

document.

Analysis and interpretation of the test data constitute the third
major effort of this research program. Data is correlated on ﬁhe
bagis of isothermal and ncﬁ-isothermal pressure drop data and also on
the basis of the heat transfer characteristics of the porous metals.
The analytical effort and data interpretation constitute a large
portion of the body of this document. The pressure drop correlations
and the heat transfer correlations are pfesented separately in

Sections 4.2.4 and 4.2.5 respectively.
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1.0 ' INTRODUCTION

Historically, transpirastion cooling has been of interest because of
its capebility to maintain the structural imtegrity of permanent
surfaces exposed to a wide range of thermal enviromments. Logical
application areas are: the throat region of solid propellant or
regeneratively cooled rocket engines, high performance turbine‘

blade cooling, and for the entire combustion chamber and nozzle
regions of advanced technology liquid chemical and gas core nuclear
rockets. In addition, transpiration cooling offers a unique solution
to the problem of maintaining a fixed aerodynamic nose cone shape on

a8 re=entry vehicle.

Considerable analytical and experimental work has been done in the

last twenty years in an effort to provide the requisite technology
base to allow the design of '"working" transpiration cooling systems.
However, insufficlent infomation exists regarding the heat transfer
and transpirant pressure drop at the high heat flux levels for which
transpiration cooling would logically be applied. Therefore, it has
been the purpose of this research to study the fluid flow and hesat
transfer phencuena in porous metals to proﬁide the detailed information

required for the successful design of transpiration cooled systems.

The research effort presented in this report is a combination of
experimental and analytical work. Experimentally, deta on thermel
conductivity, electrical resistivity, pressure drop, and heat transfer
in porous metals has been generated under conditions indicative of
proposed transpiration cooled systems. The date in sach of these test

categorioen has bean analyzed and correlated 1in a form upefiul for design

application.



1.0 Cont.

The porous metals under study in this research include stainless steel
"Rigimesh"” wire forms, sintered stainless steel spherical powders, and
sintered O.F.H.C. copper spherical powders. Bulk porosities of the
porous metals ranged from O.1 to 0.4 and thickness fram 1/4" to 1/2"

for flow tests, with 1" specimens for conductivity measurements. The
gselected metals were characterized in detail to yleld a comprehensive
definition of the internal geometry and dimensions. Table 1 is & listing
of the materials tested. A more detailed coverage is given in Sectiom 2.1

and in references 1, 2 and 3,

Thermal conductivity and electrical resistivity of the porous metals
were measured by Dynatech Corporation (references 2 and 6) amd the

results were correlated and reported in reference 7.

Pressure drop and heat transfer characteristics of porous metals were
measured and correlated. The facility and the method of measurements
are described 1n Section 2. The data analyses and correlations are
discussed in Section 4. Finally, in Section 5, conclusions drawn from

this effort, and recommendstions for additional work are presented.



2.0 EXPERIMENTAL APPARATUS AND TEST PROCEDURES

The test conditions used in this program can be divided into two
categories. These are: (1) tests conducted under isothermel conditions
at temperature levels ranging fram smbient to 2000°R, and (2) heat
transfer tests with incident radiant heat flux levels ranging fram 5 %o

15 BTU/sec-in? (720 to 2160 BTU/sec-£t2).

To satisfy the specialized requirements of the two test categories
unique test equipment was developed. The resulting isothermal and
heat transfer test facilities constitute two separate test set-ups

with some common camponents.

The porous test specimens, their mounting development, and actual test
coupons are common %o botlh test set-ups. The mounting techniques
developed were different for the Rigimesh wire-form material and the
sintered spherical powder metals. A description of these designs and
the description of the two test facilities and their capabilities are

outlined helow.

2.1.0 Specimen Description

Three porous metal types were chosen for investigation in this program.
They were (1) 304L stainless steel "Rigimesh” wire form, (2) 304L
stainless powder form, and (3) OFHC (oxygen free high conductivity)
copper powder form. These metals were produced to program specifica-
tions and fully characterized prior to testing. The characterization
determined the following physical parameters: general contaminate level,
bulk porosity, degree of 1nterconnected porosity, uniformity of micro-

structure, mean hydraulic pore diemeter, and chemical camposition of
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the parent wrought metal. The characterization data and the details
of the experimental procedure are given in reference 1 for the Rigimesh

material and in references 2 and 3 for the powders.

2,1.1 Rigimesh Specimens

A brief outline of the characterization data is given here. The

Rigimesh metal was produced by the Pall Corporation, and Rigimesh is a
trade name. The metal specifications were written to satisfy the program
requirements, but do not constitute a major deviation fram the standard
Rigimesh specifications. The program required a wire form porous metal,
baving a2 uniform open porosity in three porosity levels {10, 20, and 40%).
Each porosity level was to be produced in four thicknesses (1/4", 3/8",
1/2" and 1"). The original wire cloth was 24 x 110 mesh of a plain dutch
weave with the warp wire at 0.010" dlsmeter and the £i11 wire at 0.015"
diameter. The meterials were produced in squares 2 1/2" on a side in
each porosity and thickness. In socme cases several squares were produced
in a given porosity or thickness in order to obtain an "in tolerance”

part.

The characterization of these Rigimesh materials showed the following
results: the degree of imterconnected porosity for the 10%, 20%, and
L% Rigimesh was 86.8%, 94.2% and 99.2% respectively. This is an
average value based on three sPecimeﬁs in each porosity and 1s the
result of mercury penetration measurements. The mean pore diameter
for the 10%, 20%, a..nd 40% material is approximately 20 & , 65 5 i and

100 /Zl" respectively, where/ indicates linear distance in microns.
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The /4", 3/8", and 1/2" thick materials were used for febricating flow
test specimens while the 1" material was used for thermal conductivity
measurements, ' The thermal conductivity determination was made on each
of the three porosity levels and the resulis are detalled in references
6 and 7. Briefly, it was determined that thermal conductivity of porous
metals (including the spherical and non-spherical powders, foamed aml
felt metallic porous metal) can be computed fram the information of
solid metals conductivity or solid metals electrical resistivity. For

sintered powder and Rigimesh, the dimensionless thermal conductivity is

given by
A= - 3 vhere A is the porous metal conductivity
Aa 1+ 1q;
2Asis the solid metsl conductivity

§ 1s the porosity

The reader is referred to reference 7 for more detalled explanations

and for the electrical resistivity correlations.

Figure 1 shows a typical Rigimesh specimen mounted for testing. The
sample mount deslgn shown in the figure is the result of an extensive
design analysis. The design is an effort to satisfy the conflicting
structural and heat transfer requirements imposed by the test objectives.
The eleveted temperature isothermal tests were conducted at 2000°R for the
stainless parts and 1700°R for the copper specimens. The pressure drop
across the porous specimen at the elevated temperature was a test
varieble, with a maximm value of 1000 psid. The coupling of high

pressure drop and elevabed temperature put rigld structursl restraints
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on the specimen mount design. The structural requirements of the mount
design are in opposition to the isothermal requirement. During both
heat transfer and isothermal tests there exist conduction paths through
the test hardware which allow heat transfer from the porous specimen to
the surrcundings. Such conduction hest losses cause temperature
gradients in the specimen which disturbs the one-dimensionality of

the temperature and flow field. The need to minimize conduction losses

is apparent.

The requisite structural strength and thermal isolation was achieved by
the mount design shown in Figure 1. The mount is machined from a 1/2"
thick disk of 3041 stainless steel, 2 1/2" in diemeter. The mount has
a slightly tapered hole 3/4" in dismeter located on the disk center
line. The taper total angle is 3°. The Rigimesh specimen is machined
to a tapered cylinder to match the mount hole. The specimen/mount
asgsemblies were then joined by electron beam welding. The weld ylelds a
metal to metal fusion joint over the entire specimen/mount interface.
This method of joining the specimen and specimen holder gives a high
strength assembly with minimum possibllity of gas flow along the
specimen/mount interface. The electron beam power settings and the
specimen positioning parsmeters were determined with compsrative ease
by trial and error with dummy specimens. The electron beam weld on

the Rigimesh specimens produced a drop-through "flash" on the underside
of the specimen. The flash was removed down to the specimen surface
by electric discharge machining with a 3/4" diameter graphite bar

as the electrode.
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Thermel isolation of the test specimen 15 accamplished by interrupting
the conduction path between the specimen and the support structure

heat sink. The mount material is removed in a cylindrical configuration
around the specimen. Only a thin flange and four stiffening webs remain
in contact with the porous specimen. This increased the effective

thermal resistance between the porous specimen and the heat sink.

After fabrication of the Rigimesh tes? assemblies the parts vere
cleaned by exposure to a hot trichlorethylene degreasing bath and
subsequent 'bake-out" in a "hard" vacum. The parts were held at

1800°F in the vacuum furnace for a period of 2 hours.

2.1.2 Porous Powder Specimens

The porous powder specimens were provided to Boeing as "govermment
furnished meterisl". The materials were produced by Nuclear Metals
Division of Whittaker Corporation through NASA contract HAS 3-13309.
Coamplete details of the manufacture and characterizatlon of the
porous powders is given in references 2 and 3; a brief description is

given here.

The starting powders, OFHC copper, and 304l stainless steel were

produced fram bar stock meeting the chemical composition requirements

of ASTM B-133 and Mil-S~4O43 respectively. The patented "rotating bar"
technique was used t¢ produce the spherical powders fram the raw stock.
This process is described in references 2 and 4. The powders so produced

were then screened until only the 105 to 125 micron particles remained.
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The powder was then sintered by hot isostatic compaction to yield 1"
diameter bars of 10%, 20%, and 30% porosity. The specimens for test
and characterization were machined fram the 1" diameter bars. Metal
smearing that oceurred due to machining wes removed by an acld etch
process. The specimens were then sealed 1n polyethylene hags to prevent
oxidation and delivered to Boelng for verification of vendor characteri-

zation and for mounting in the specimen holders.

The characterization measurements yielded the following results: the
percent of intercomnected porosity for the 10%, 20%, and 30% porous

powders is 92.2%, 97.9% and 98.1% respectively for the stainless material
and 100% for all the copper materials. The mean hydraulic pore diameter
for the 10%, 20%, and 30% porosity levels is T.4 &, 19.1 i, and 25.56 <
for the stainless and T.4 &, 1h.k 4/, and 20.3 4/ for the copper specimens.
The data 1s based upon mercury penetration measurement and is presented

in detail along with other data in reference 3. The summary of the

results of the porous powder conducfivity measurements is given in

Section 2.1.1. The detalled results are presented in references 2 and 7.

The porcus powder specimens are subject to the same requirements for
mounting as outlined sbove, and therefore the mounts are of ardesign
similar to the Rigimesh mounts. Figure 2 shows a typical powder specimen
mounted and ready for test. Unlike the Rigimesh specimens, the powders
proved very difficult to electron beam weld to their holders. After many
attempts to develop sound welds between solid and porous OFHC copper

and solid and porous 304L stainless steel, it was decided that sufficient
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weld quality and reliability could not be achieved. The primary
problem encountered with the weld joints centered around the low strength
of the porous material. The residual stress field in the weld joint
produced by the weld process caused radial amd circumferential cracks
in the porous material directly adjacent to the heated zone. This
problem was evident in all specimen types but was more severe in the
copper material apd in the high porosity specimens. Becsuse of these
problems the specimen mount design was modified to eliminate the electron
besam welding process. Successful specimen mounting was achieved by
brazing the sample materials to théir mounts. The braze alloy was pre-
loaded into two small grooves in the holder and the porous specimen

and holder assembly was heated in a vacuum furnace to produce the

braze joint. The porous powder specimens were sealed on their outside
circumferential surfaces to prevent braze alloy penetration during the
oven heat cycle. Thls was accamplished by electroplating a thin layer
of material on the circumferential surface of the specimens. The
electroplate layer was 0.008" to 0.010" thick and was copper for the
copper specimens and nickel for the stainless specimens. The braze
glloy used was 62% Cu + 35% Au + 3% Ni for the stainless steel specimens
with a melt temperature of :§300°R. The copper specimens were brazed

with 65% Au + 32% N1 + 3% Cu with a melt temperature of 2160°R.

The porous powder test sssembly was cleaned by flushing with dlstilled
water and x-ray 1mspected prior to testing to check for any possible

braze infiltration.
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It should be noted that two problems were recognized with the mounting
process outlined above. First, the electroform process to seal the
outer circumferential surface of the powder parts ylelds a seal thick-
ness that is somevhat variable and has a relatively rough exterior.
This then, requires a machine 'clean-up” of the parts to give the tight
tolerance to the specimen dismeter required for the brazing cperation.
Also, the electroform process occurs in a suitable electrolyte which
penetrates the entire volume of the porous specimen. Consequently,
great care must be taken not to contaminate the material with partl-
culates or residual electrolyte. Electrolyte removal was accomplished
by specimen cleaning in distilled water at or near the normal boilling
point. The second problem area is the braze operation itself. Here
again, painstaking attention to detail must be exercised to ensure the
porous specimen does not become infllirated with the braze filler.
This can occur two ways; elther the ligquid braze filler can penetrate
microscopic exacks in the electroform seal surface or the liquid can
overflow the boundaries and enter the specimen through the front or
back surface. Some slight degree of braze infiltration was evident

in a few specimen X-rays. This was primarily due to penetration of
imperfections in the seal layer. Due to the dimensions of the affected
area, as seen in the x-ray, it was felt that the program test results

would not be significantly affected.

2.2,0 Isothermal Test Hardware

The isothermal test system is shown schematically in Figure 3. It
conslsts of three basic components: the hydrogen supply and control
network, the hydrogen heater, and the system instrumentation., A des-

eription of each element is given below.

10



2.2.1 Hydrogen Supply and Comwtrol System

The hydrogen supply system utilizes a bottle farm made up of 28 bottles

of 1.3 ft3 (water volume) each. Initially the bottles were 3500 psi
charge pressure which gave a total hydrogen capacity of 8700 SCF. The
fam was upgraded during the test program to 6000 psig bottles of 1.15 £t3
each giving a total hydrogen capacity of 13,150 SCF. A regulator at the
nanifold end of the bottle farm gives a controlled supply pressure of
2000 psig during a test run. The hydrogen flow rate is controlled by
manually regulating the pressure drop across the porous epecimen. This

is accomplished by two remotely driven dome motor type needle valves
located upstream and downstream of the test specimen. The upstreem and
downstream pressure on the specimen is independently variable over the
supply range of O to 2000 psig. The specimen is mounted within a stainless
steel pressure vessel which is water cooled and equipped with sufficient
ports to satisfy the instrumentation requirements., The hydrogen is

piped away from the test plece and 1s vented to atmosphere 20' above

the roof of the test bullding. Test control of the hydrogen flow is
maintained from a remote lécation vhere the test operator can monitor

and regulate the pressure drop and flow rate at will.

The 13,150 SCF of hydrogen on hand allows a test duration of S to 6
minutes at the highest flow rates and up to 1 1/2 hours at the lowest
rates. Operator safety is maintained by separation of the operator
and the hydrogen flow system. Also, the flow system was pressure
tested and equipped with pressure rellef devices prior to the initisl

hydrogen flow tests.

11



2.2.2 Hydrogen Heater

The isothermal test requirements define the operating criteria of
the hydrogen heater. These criteria proved very difficult to
satisfy with & single heater design. The heater must be capable

of generating a 2000°R outlet gas temperature over & mess flow range
of 150:1 with & gas density variation of 4:1. This means that a
heater of fixed configuration would experience a gas velocity
variation of 600:1 and consequently & very large variation in heater

pressure drop and power dissipated.

A hydrogen heater capable of meeting these strenucus requirements was
developed after the application of conventional heater designs proved
unsuccessful. Figure 4 gives the layout of the hydrogen heater as
finally configured. The unit is driven by an electrical resistance
hested core of molybednum wire, helicglly wound in & dense array
suppdrted by beryllia insulators. The insulators are stiips of
beryllia mounted in slots on a molybdenum ber at six evenly spaced
radial locations, like longitudinal fins on a tube. Evenly spaced
holes in the edge of the strips hold the molybdenum wire coils in place.
There are three discrete circuits or legs to the heater, all wound
through the same insulators in alternating holes. The resistance wire
is 1/16" in diameter and the heater contains 45' of wire. The resistance
heater assembly is 1 1/2" in diameter and approximately 18" long.
Concentric with the heater core 1s a cylindrical heat exchanger device.
This device is constructed from a 60' long 1/4" dlameter stainless

steel tube of 0.020" wall thickness. The stainless tube was wound over
& bhar to form a cylinder E.Q" in diameter in the same manner as a coil

spring. The seam between adjecent coils of tube wae welded along the

12
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entire coil length to form a sealed cylinder. When installed in the
pressure vessel the heat exchanger and resistance core are arranged

so that the incoming hydrogen flows through the heat exchanger before
passing over the resistance heater core. 4lso, the system is equipped
with a valve, external to the pressure vessel, which allows a bypass
flow of hydrogen directly from the supply to the resistance core.

Energy transfer in this arrangement is‘accomplished by direct convection
transfer between the flowing ges and the wire core and indirectly by
radiation transfer between the core and the coiled tube heat exchanger.

This arrangement yields a heater with a very wide operating range.

For tests where the mass fiow is very small, essentially all the heat
transfer takes place in the tube coil where convection coefficients
are relatively high and the core veloclty is extremely low. On the
other hand, for the high flow rate tests the heat exchanger is partially
bypassed to avoid excessive pressure drop, and velocity in the core is
sufficient to accamplish the required heat transfer. The resistance
core temperature ranged between 2500°F and 3900°R (lengthwise aversage)
depending on test conditions, while the stainless tube ceil ranged
from 1TO0°R to 2500°R. Power consumption by the heater ranged from

5 KW to 120 KW during the fest program. During tests with the densest
specimens at the lowest specimen pressure drop, excess hydrogen flow
through the heaster was required to stay below heater operationsl
limits. On these occasions, the excess hydrogen was cooled and

carried away by the exhaust system.

13
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The experience of this program demonstrated the need for an extremely
clean transpirant flow so as not to contaminate the porous specimens and
change thelr flow characteristice. After some initial problems involving
boron-nitride as a heater constructlion material, the above described

design and choice of materials proved successful.

2.2.3 Isothermal Test Inetrumentation

The gignificant measurements made during the isothermal tests were those
required to yield three categories of information. These are: the
transpirant flow rate, the temperature level, and the pressure at
various locations. The test set-up schematic, Figure 3, shows the
relationship between the different measurement devices. The hydrogen
mass flow was measured by "short radius" ASME orifice plates of six
different dismeters. The orifice diameters used are 0.009", 0.014",
0,020", 0,0L8", 0.052", and 0.085". This dlameter range is required to
measure the whole mass flow range experienced in the testa. The two
largest diameter orifice plates were used upstream of the specimen,
directly following the control regulator. These plates measure the
high end of the flow range and were not allowed to approach choked
conditions. The other plates, mounted downstream of the specimen,

were for the low range of hydrogen mass flow and rah choked, with their
downstream pressure held at atmosphere. The upstresm and downstream
orifice plates were plumbed in parallel with the valvee separating easch
orifice. This arrangement allows quick orifice size selectlon by
slmply opening or closing the proper valves. The orifice plates were
calibrated by Boeing Metrology Labs in nitrogen, and in hydrogen at

the test site by the test personnel. The supply pregsure on the

upstream side of the selected orifice plate and the differential across
14
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the plate were measured with strain gag; transducers calibrated "end

to end” on site. The differential pressure ranged between 10 psid

and 300 psid, consequently two transducers were requirdd. A O to 50 psid
and a 0 to 300 psid transducer were connected in parallel across the
orifice and the desired range could be selected by the test operator

by remote valve selectien. The overall error in the mass flow measure-
ment system is less than +3% based upon the accuracy of the individual
components and upon the camparison data between orifices at fixed

maess flows,

The pressure date was collected as shown in the schemstic (Figure 3).

The upetream, downstream, and differentisl pressure at the specimen

vere measured independently for greatest accuracy. The upstream trans-
ducer was 0-2000 psia, the aownstream was 0-1000 psie and the differential
transducer was #1000 psid. The transducers were calibrated "end to end”
on site against a *1/4% standard snd the calibration was repeated at
regular intervals during the program or whenever the system was dismantled.
The pressure measurements are in error by less than 1 1/2% over their

useful range.

Temperature measurements were made with chromel-alumel thermocouples
referenced to a 150°F standard. The gas temperature was measured
directly upstream of the test specimen with a shielded thermocouple
and egain downstream of the specimen just beyond the specimen exit
surface. The specimen material temperature was measured in three
locations at the downstream surface. The three locations were at the

center, the edge and at mid radius on the specimen. The multiple

15
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indication gives a measure of the radial gradient in the specimen
which in turn is an indication of the conduction heat loss in the
specimen. All the thermocouples in the system were grounded Junction,
sheath type, wlth stainless steel sheath; their relative location is
shown in Figure 6. The thermocouple junctions were held in contact
with the specimen surface by & high spring force. The gas thermo-
couples were free standing and shilelded to minimize errors in measure-
ment. Errors in the temperature measurement are virtually impossible to
assess under test conditions; however, the thermocouple materials
used throughout the test system were within ISA specifications and the
reference junction was calibrated to be within #0.25°F of the 1S50°F
standard. The statle Instrumentation errors in the temperature
measurement system are therefore believed to be within #1% of reading

but not better than #2°F at the low end of the range.

The data acquisition system used was a 200 channel "Dymec" digital
system. The data was collected on printed paper tape at the rate of
10 channels per second. There were 20 channels used, counting the
actual datsa and the control information. The data was lupmped in
consecutive chammels so as to limit the time interval over which the
dats was collected. This tends to limit the distortion in the data

due to any transient effects.

2.3.0 Hegt Transfer Test Hardware
The general layout of the heat transfer tesi system 1s shown

schematically in Figure 5. Comparison with Figure 3 shows that the

heat transfer test set-up 1s somevhat more elaborate than the isothermel
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set-up. This is the result of a move of the test site from the
remote test location for the isothermal tests, to a site of general
test and office use. Due to the hazardous nature of the test,
additional safety precautions were required at the new test site.

The layout schematic shows these safety features. The arc-lmage
furnace and the test chamber were placed in a steel "explosion proof”
room with the hydrogen supply located outside the rocm in an open
court. The test operstions site was within a large room containing
the steel room. A sensitive hydiogen detector was placed in the
exhaust vent to the steel room. The ééteétor was interlocked to the
hydrogen controls and the electrical supply for the arc-image furnace.
Camplete system shutdown would occur if a hydrogen concentration above

the set-point was detected by the sensor.

The major test system components relavent to the obJectives of the
heat transfer test are the hydrogen supply, arc-image furnace and
1ight pipe, and the test chamber and instrumentation. Each of these

camponents is described below.

2.3.1 Hydrogen Supply System

The hydrogen supply system for this test is eassentially the same 8s
the isothermal test set-up. However, modifications were made to
provide for remote shutoff of the 28 bottle farm end increased purge
capability was added to meet facility safety requirements. DBecause of
the reducedlmass f£1ow in the heat transfer tests the hydrogen supply

capacity will allow continuous flow for up to two hours. The hydrogen
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exhaust system was different in the heat transfer tests, in that the
exhsust stack was equipped with & back-pressure device. This device
maintains a positive back pressure of 35 pesia on the exhsust line through
the action of a "fleasting" weight valve., This device precludes back
diffusion of air into the vertical exhaust stack and the possibllity of

explosion.

2.3.2 Arc~-Image Furnace

A comprehensive description of the development and calibration of the
arc-image furnace is given in reference 5. The design and development
of this thermal radiation device was & response to the test requirements
of this program. The thermmal radiation generator is a high radiasnce arc
lamp coupled with a weter cooled alumi:niZed collector. Figure T shows
the furnace operational schematic and Figure 8 is a schematic of the

furnace as set up for actual test.

A phote of this lamp is shown in Figure 9. A speclal feature of the lamp
135 its small (6 millimeter) arc gap. The small gap provides the high
radiance a;nd source geometry required to yileld the desired irradiance

&t the target with the 22 inch collecter. The arc gap dimensions are |
controlled by a high veloclity jet of xenon gas flowing between the
electrode and cathode. This jet “pinches" the arc and maintains the

arc dimensional stability. The unique lamp was designed -and built by
the Tamarack Sclentific Company and is designatied model MTF-50. Its

nominal power rating is 50 KW for 50 hours of operation.
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Figures 10 and 11 show the energy distribution from the lamp and collector
at the target (3/4" dismeter), at high and low power settings. These
measurements were made by use of a calibrated radicmeter. As the figure
demonstrate, the energy distribution is radially non-uniform. The

maximm to mindmum power levels within the 3/4" diameter target circle
define the uniformity ratioc. The ideal uniformity ratio would, of course,
be 1.0. However, as seen in the figures the ratio is greater than 3.

This degree of non-uniform energy distribution was not acceptable for

the heet transfer tests, which are intended to be one dimensional.

The non=uniformity of incident energy at the target was greatly

reduced by the application of a "light pipe”. The light pipe used in
the arc-image furnace was developed Jointly by Boeing and Tamarack

with technical design assistance from NASA-Lewis. The specific design
configuration chosen was the result of an evolutionary deVeiqpment,
involving several iterations to complete. The light pipe configuration
used is shown in Figure 12. It consists of a water cooled structure, |
through the center of which is & tapered hole. The sides of the hole
form a hexagonal reflecting surface. The side spacing at the entrance
hexagon 1s 1.35 inches across the flats and the exit spacing is 0.75

inches across the flats.

The light pipe improves the uniformity of the energy distributien by
accepting the available energy at the entrance, and reflecting it
repeatedly through the pipe. Ths uniformly redistributes the energy at
the pipe exit. The reflecting surfaces are high efficliency reflectors.

However, due to the multiple bounces ¢of the majority of the rsys, the
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overall pipe efficiency is 80%. The arc-image furnace coupled with the

light pipe yields 2 maximm flux level of 17.27 BTU/inZ-sec. {2490 BTU/fta-sec)
with a uniformity ratio of 1.07 at the target plane. A typical heat

flux scan with the light pipe is shown in Figure 11A. In this test

program the irradiated specimen and the energy source must be separated

by a quartz window because of the hydrogen transpirant used. This

quartz window was 1" thick and reduced the effective flux level to just

over 15 BTU/in2-sec. (2160 BTU/ft2-sec).

2.3.3 Heat Transfer Test Instrumentation

The 1nstrumentatioﬁ set-up for the heat transfer tests is very similar
to the arrangement used for the isothermal test. The hydrogen flow
rate was measured with the same orifice plates used in the isothermal
set=up. The mass flow was mesasured upstream of the porous specimen
with sub=-critical flow through the plateg. Pressure date was collected
upstream, across, and downstream of the test article. The pressure
levels were from 50 to 1000 psia differential. Due to the wide range,
two transducers were used in the upstream as well as the differential
location. Upstream the transducers were either O to 300 psia or O to
1000 psia, while the differentials were O to 200 psid or O to 1000 psid.

A1l pressure transducers were calibrated "end to end” at the test

location.

" Test temperature at the orifice location and the upstream gas and
specimen temperature were measured with chramel/alumel thermocouples
referenced at 150°F. The thermocoupleslwere sheath type 1/16" in

dismeter with a stainless steel sheath and grounded junctions. The
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downstreanm {(hot side) specimen and gas temperature measurements
required specisl instrumentation developed specifically for this

test application. The hot-side temperature measurements are

extremely difficult to make becsuse of the very high level of incoming
thermal radiation. The specimen and light pipe are arranged so that
the specimen heated surface is within 0.025" of the end of the light
pipe. Consequently, the only access to the specimen surface is
through the center of the light pipe. The rediant flux level within
the 1ight‘ pipe center is sufficlent to generate extremely high tempera-
tures in exposed materisls which are uncooled. Also, temperature
measurement devices placed in the flux field in the center of the pipe

will cause shadows and disturb the uniform flux distribution on the

specimen.

A development effort was required to explore and evolve methods to
measure the hot side surface temperature and the exlt gas temperature
with sufficient reliability and accuracy to generate useful test results.
After testing and evaluating many alternate thermocouple designs and
considering infrared and other measurement schemee, the final measurement

configuration was decided upon.

Tests with multiple thermocouples located on various test specimens
gshowed that there exists only very small radial temperature gradients
in the porous specimens. Therefore, a surface temperature measurement
made st the specimen edge will yleld nominally, the same data as a
 measurement made at the center. The material surface temperatures were

measured by spot welding & emall (.005" dlemeter wire) thermocouple
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junction at each specimen edge. Tests also showed that there is a
significant variation in the gas temperature between the specimen
center and edge. This is due to circulation and mixing of cooler geses
from the test chamber volume. The test chamber is water cooled and
the hydrogen is dumped imto the chsmber volume at the exit of the
specimen. A small amount of entraimment of the cooler hydrogen
cccurs due to the light pipe position. Therefore, the gas tempera-
ture at the specimen edge 1s reduced and the measurement must be made
at the specimen center line and very near the exit surface. Also,
because the specimen material exhibits a significant reflectivity

& certain amount of thermal radiation will be "bounced" off the
specimen surface. The gas temperature measurement device must be
shielded from this energy source so as not to influence the measure-

ment.

Figure 12 shows the probe developed to measure the hot side gas
temperature at the specimen center. The probe is basically two
tubes, one copper and the other stainless steel. The stalnless
tube has a coolent flow of gaseous nitrogen which flows down the
tube interior and returns via a smaller tube within the steinless
tube. The nitrogen turns the corner at the termination of the
stainless tube, this eﬁd.being at the sample end of the light
pipe. The copper tube runs parallel with the stainless tube in
such & way that it is in the shadow of the cooled stainless tube

at the entrance to the light pipe.

22



2.3.3 Cont.

This arrangement reduces the heat load on the copper tube by protecting
it with the cooled stainless tube. The two tubes are joined together
by & full radius braze joint along the entire length of the exposed
assembly. Therefore, the copper tube can conduct its heat energy

into the stainless tube. The copper tube terminates 1/4" from the
heated specimen surface. The copper and stailnless tubes pass through
2 pressure seal in the vessel wall and the stainless tube is plumbed
to a nitrogen supply while the copper tube 1s vented to atmosphere. A
small {0.025" diameter) sheathed thermocouple i1s located within the
copper tube, and. held on the center line by emall spacers. The down-
stream end of the pressure vessel 1s held at a positive pressure
between 25 and 40 psia. A sample of the heated hydrogen flows through
the copper tube and past the thermocouple junction ylelding the desired
temperature data. The pressure drop avallable for this flow is largely
gpent at the thermocoupie junctilon anﬁ near vicinity. Therefore, the
velocity at the junction is guite high and the thermocouple set-up has

a high recovery factor.

The outer copper tube acts as the conduit for the hot gas sample and
as a radlation shield for the thermocouple junction. Radiation errors
are minimized by locating the thermocouple junction 3/8" inside the
termination of the copper tube. This effectively reduces the view
factor between any reflecting surface and the thermocouple junction.
Also, because of the relatively high flow rate of hydrogen within the
copper tube, the tube ie held near the hydrogen temperature and
therefore radiation transfer between the thermocouple end the tube

is negligible.
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The instrumentation errors associated with the heat transfer test are

of the same magnitude as the lsothermal test, error level, Mass

flow measurements are within +3%, the pressure measurements are within
*1 1/2%, and the temperature errors are *1% of reading or +2°F, whichever
is greater. This applies to all the temperature measurements except

the hot side gas temperature and the hot side material temperature.

These two measurements are difficult to quantitatively aseess. On

the basis of test results with multiple thermocouples used simultaneously
and through many hours of test experlence on this program, it is felt that
the temperature measuremenits on the hot side of the specimen are within

+2 1/2% of reading or *10°F whichever is greater.

Data acquisition equipment used in the heat transfer tests was the 200
channel "Dymec" digital system, and two Hewlett Packard, T100B, strip
chert recorders. The "Dymec” system prints the data on paper tape

and was the principal data acquisition system. The two, two-chamel
recorders gave four channels on which to monitor test parameters. A
continuous real time dieplay of the specimen pressures drop, the orifice
pressure drop, and the hot side gas and speclmen temperature were visible
on the recorders. These displays were useful in indicating both the
absolute level of each parsmeter and the timewise gradient. The attain-
ment of steady state condltions from one test point to another was

clearly visible on the recorders.
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3.0 GENERAL DISCUSSION OF TEST RESULTS
This test progrsm has demonstrated the sensitivity of thé tast data to
specimen microstructure. Flow through the porous specimen 1is qualitatively
gimilar to flow through & series of interconnected orifice passages.
Also, for the largest portion of the flow range the flow acress eny
given pseudo orifice is subcritical. Therefore, & small variation in
equivalent pseudo orifice diameter (actually, mean pore dismeter) will
result in a much larger variation in the pressure drop. Fer non-choked
flow, this pressure drop ve. pere diameter is a fourth power lav as
gseen by the following orifice equatlon. For frictionless, subsondc
flow through an orifice the mass flow rate 1s given as

M = CA(a pf)l/2 where M = mass flow rate

AD = orifice pressure drop

At a constant mass A = flow area (pore area)
flow rate and noting d = pore dlameter
that AX d.2 then C = constant

apeat

For choked flow at a constent mass flew rate the preésu.re drop i& &
complex function of the pore diameter and aebsolute pressure level.
However, as the pressure ratic across a given pore increases the
pressure drop versus pore diameter approaches a second power law.

The effect of a change in the mean pore dismeter between specimens

of the same nominal porosity would be felt in both thé heat transfer

and the flow tests. This effect would show a8 an inconsistency between
gpecimens for which the specifications were to be the sama. In addition,
correlations of the flow cheracteristics vs. porosity between specimens

would be scattered in relation to the pore size variation.
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A gecond problem associsted with the specimen microstructure is the
variation in local permeability from locetion to location within a

given specimen, Unless these variations are gross, this effect will

not be evident in the pressure drop data. This is because the pressure
drop and flow rate data eare not spacially local measurements, but are
integrated averages over the entire specimen c¢ross section. The hest
transfer data, on the other hand, is sensitive to spacial distributions
of mass flow for two reasons. First, if a non-uniform coolant distribution
is exhibited by the specimen, there will exist a non-uniform temperature
distribution as well., The magnitude of the temperature variations, due
to variations in specimen permeability, 1s increased because the gas
density is sensitive to specimen temperature. If approximate local
equilibrium is assumed, then the coolent temperature iz near the specimen
temperature. Also, tﬁe pressure drop acroes any given element of the
specimen is the same from location to location. Therefore, a less dense
coolant is flowlng through the hotter portlon of the specimen. Conse-
quently, the tempersture of this portion of the specimen is elevated

gtill further.

Secondly, there exists on the gpecimen a locatlion where the temperature
has the same value as the area weighteﬂ average tempersture, However,
there is no assurance that the location of the thermocouples will
coincide with this spot. In fact, it i3 quite unlikely that the two
locations will coincide since the temperature distribution 1is not

known, a priori.
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During the initial isothermal flow tests with the porous powder
materiais, it was observed that the date could not be correlated

on the basis of thickness for a given porosity level. It was

expected that the mass flow rate for & given porosity and pressure

drop would be inversely related to the thickness. Despite the great
care taken in the preparation of the raw specimen material, as described
in references 2 and 3, there is evidently nen-uniform microstructure
between specimene in the powder grou:p.‘ It is felt that this nay be

the result of local compaction of the individual specimen during
machining operations required to mount the test material in the specimen
holder. Further evidence of the micrestructure non-uniformity was
demonstrated with a Si!nple. soap solution test. The specimen was placed
in a test fixture which allows & slight fleow of clean nitrogen to flow
through the piece. A meniscus of soap solutlon is placed upen the
horizontal specimen exit surface and the nitrogen allowed to flow. The
bubble pattern and formation rate show cle'arly the degree of nen-uniformity
in the mass flow rate per unit surface area. This type of test showed
sone non-uniformity in all specimens. However, the non-uniformity was
lowest in the Rigimesh materials and highést in the copper powders.
Alge, the nen-uniformity was consistently less in the high poresity

specinens.

This speciﬁen behavier accounts to a large extent for the scatter

present in the heat transfer data. In the case of the cepper powder,

the non-uniformity 18 of such a degree that the heat transfer coefficients
are not presented. However, the raw data for all specimens tested has

been included in Appendix B.
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It wae observed that the material temperature at the back face (unheated
side) of the porous specimen was only slightly elevated during the heat
transfer tests. This phenomenon was observed throughout the test series.
During the heat transfer test series the axial temperature variation
was measured. This was accomplished by placing thermocouples at various
axial locations along the specimen perimeter. Portions of the specimen
support were removed to sllow the attachment of the thermocouples. The
results of theée measurements demonstrated that the temperature gradient
within the porous metal was considerably steeper than expected.
Generally, it was concluded that the heat transfer between the porous

structure and the coolant takes place in the first 1/8" below the hested

surface.
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4.0 DATA ANALYSIS

The data presentation and analysis are given in two parts. The data
were correlated on the basis of pressure drop vs. mass flow rate for
both iscthermal and non-isothermal cases. Also, heat transfer

coefPlcients between the material and the coolant are determined.

L. Pressure Drop

The pressure drop through the three varieties of porous metals was
measured under both isothermal and non-isothermal conditions. The
isothermal data was collected over a temperature range fram S00°R to
2000°R. The non-isothermal tests were conducted at heat flux levels
between 5 and 15 BTU/in®-sec. with coolant temperatures varying from
slightly above roam temperature to over 2000°R. Complete listing of

the test data is given in Appendix A.

b.1 Basic Flow Equations
A1l the pressure drop data are correlated in a form derived from the

following modified Darcy equations

-9,2 = of é' +/6;ﬂ.2
ax /as Wl

Using the ideal gas equation of statg/° = 2~ y equation (1) can be
' RT

integrated to give:
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Equation (2) may ve rewritten in terms of the more familiar paremeters,

friction factor (£}, and Reynolds number {Re), as follows:

fRe® = 2,44 Re + 28 Re® (3)
3 S
where

£ =/3'&§ g (&)
L (=5
2 .

Re =m d (3)
A

ha.2 Characteristic Lengths

The specimen characteristic lengths used in the Reynolds mumber and
friction factor are the hydraulic diameter, 4, and the reciprocal
of the internal surface area per unit volume, S. The data on 4 and S
is given in references 1 and 3. For this correlation, the numerical
values of & and S, as taken from the mercury penetration measurements,
were plotted as & function of porosity,lf . Smooth curves were then
faired through the dats. The equations written for these curves are
as follows:
Rigimesh
a=h2x1073 p 1.68 (£t.)
S = 1050 };‘-55 (r6~1)
Sintered Stainless Steel Powders
d = 7.22 x 10"’*; 1.16 (ft.)l
§ = 5540 ;'-16 (£e=1)
Sintered QFHC Copper Powders
d = 4.95 x 10-47 1.16 (get.)
5 = 8080 f-.16 (££-1)
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The isothermal flow data presented in references 8 and 9 is also

correlated here for comparison. The surface area per unit volume

for the packed bed of spheres or cylinders in reference 8 is calculated

by the followlng equations. Assuming polnt contact:

S= b6 (1 - ;) spherical particles

d)p

S = 2g1d- E ) [ %-1- 2] cylinders
C

where (d)p ~ diameter of particle
de = diameter of cylinder
H = height of cylinders

The hydrauvlic diameter is then calculated fram

a=_f
]

For the packed bed of spheres, cylinders, and cubes in reference 9,

(6)

(M

(8)

the surface area per unit volume listed in that reference 1s used and

the hydraulic diameter is calculated by use of equation (8).

4,1.3 Correlation Equation for.Pressure Drop

When the isothermal test data are plotted in a log-log format, it
is found that fRe® can be represented by a.set of parsllel lines.
For non-iscothermal tests, the same correlation is valild provided
that‘the propexrty valueq/# anﬁ,ﬁrare evaluated at the log mean

temperature defined ss:

Ty = 11 = Tp
M o
1nTy - 1nTs

vhere T} and Tp are the gas temperature at the inlet and outlet

surfaces, respectively.

3l
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As shown in equation (19) (see Section 4.2,2) the log mean tempersture

is the true average temperature of the gas when the temperature is an

exponential function of (x), the distance through the specimen.

It

was found that the coefficients of and & of equation (3) are functions

of material structure and porosity. For each material structure, the

correlation can be simply represented by:

fRee = Cl

Re
oo |

1+¢C

2 __Re j}
[F-FJIn

(10)

For the materials in this study and the data on packed beds of spheres,

cylinders, and cubee (references 8 and 9), the constants €y, Cp, and n

are given in the following table.

Poroua Structures

Range of
Porogitiesn

Range

Particles, Cylinders .

Woven and Sintered 3.9 | 1.99 | 7.39x10"5 | ,087-.50 | .7-870 |Present
Wire Mesh (Rigimesh) data
Sintered 30LL Stainless 3.8 | 3.42 |8.88x10°5 | .1-.31 .5~150 "
Spherical Powder

Sintered OFHC Copper 2.8 | 10.7 | 7.55xa0=F | ,1..3 .35-96 "
Powder '

Packed Bed of Spherical | 2 | 22.8 |1.17x10"3 | .359-.478 | 30-1100|Ref. 8, 9

or Cubes

The correlation is spplicable for all gases.

This is because test data

collected with different flow media such as nitrogen and hydrogen were

properly accounted for and correlated through the gas properties (molecular

weight and visc@sity).

32



4,1.3 Cont.
A comparison of test data and correlations is shown in Figures 14 to

17. Clearly, the correlation is satisfactory.

It may be pointed out that the correlation given by Ergun (reference 10)
was also derived from equation {1). However, the functional relationship
betweend, & and the porosity ; given by Ergun does not fit the present
data or the data of references 8, 9 and 11. This may be due to

different porosity ranges. Ergun employed the data from a porosity
range of 0.4 to 0.65, while the correlation given in equation (.5) is

for a porosity range fram 0.1 to 0.478.

In principle, the constants C;, Co2 and n are functions of the micro-
structures only. Since these constants are different for the stainless
steel sintered spherical powder and the OFHC copper sintered powder,
the microstructures of these two porous metgls are apparently different.

This microstructure variation (or local nonwuniformity) is discussed

under Section 3.0.

D Error Analysis of Pressure Drop Data
The error analysis is performed for the Reynolds mmber Re and the

product of friction factor and Reynolds number squared as follows:

Lahb.l Error in Reynolds Rumber
Res-'rlq V'
A
dRe | . |db +1i(%)_| +l_§£.|
_iRe =& A

For a fixed specimen and temperature, the hydraulic diameter and gas

viscosity i« are constant. Therefore, the error in Reynolds mumber is
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directly proportional to the error in the maxx flux (&) measurement.
It is estimated that the error in the mass flux measurement is +3%.
Thus, the Reynolds number calculation is accurate to within i'3$_

assuming that there is no error in d and s

fRe? = 2PAPa%g

Ls 2
o i :
d fRe<| - -+ |d4p + 2]did + |é8] + 2|44

Thus, for a given specimen and temperature, the maximm ‘error of fRe?
is equal to the sum of the errors of / and Ap. As discussed in the
section (2.2.3) on instrumentation, it is estimated that the error i.n 1 7
and Ap is #1.5%. Therefore, for a given specimen and temperature, the

paximum error in fRe? is nominally +3%.

In Figures 14 to 17 it is evident that the data points are scattered
a8 much as 20% from the best correlation represented by the solid lines.
This is due tc & combination of the error in, ﬁ,/s'Ap, &y 4, 8, ,E-gs

well as the approximate nature of the correlation itself,

h,1.k4.2 Application of Results
For given jorous metal, the porosity, (E R ha;draulic diameter, d,
internal surface area, S, and thickness, L, are presmédly known or
can be found. The pressure drop as a function of mass flux m can be
calculated by the following equation which is ancther form of equation
(10): . | |
n?-p? - EE&éé;f_ C, &4 _ + iy P42

| g @ //[f'u'fj_lﬁ AT ¥ (I-F”’"
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Thue, for a fixed downsiream pressure Do, the upstream or reservoir
pressure p; required to provide a mass flux m at a given temperature 7T
can be camputed by equation (11). Notice that if the gas temperature

~ through the porous materials is not a constant » 8 log mean temperature
Ty defined by equation (9) must be used in place of T in equation (11).
Also, under this condition, Ty 18 to be used for evaluating the

viscosity of gas /tl .
.2 Heat Transfer

k,2.1 Determination of Heet Transfer Coefficient
The heat transfer coefficient between the porous material and the

coolant is determined by the following equations derived in reference 12:

N % 1,
Trw =Tp =1| 1~ @y C‘jﬂ.'eff‘_ 1l - 6C TC{;’ (12}
L B emmen 0 - g |
whare ' _ - . , : SR
Bamipl | (13)
X
—
f= A [_-1 +Y1+ 4B , . (14)
2 A ‘
f=a[ 1Y% im
B A
A=1hl = HSL ' (15)
Kp HCp

For a givexi specimen under a Bpecif:led_., test condition, the temperatures,
'wa, T 5 Tyys a.nd the property values Cp, and k, as well as the thickness

L are known. Therefore, the heat transfer coeffieicnt h'cen be determined

fram equation (12). ‘

For some conditions, equation (12) can be greatly simplified by considering

the following :'
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(a) 7,4 is always positive

{v) ?Z;,s a\lw;’ys negative

(e) €"> €

Therefore, when lﬁ l is relatively large the following approximations

became nearly exact.
7 N, X
e-e= e

ﬁ.
1 -(Qmo)e =.1
ey
nLe*=0o

then equation (12) can be written as

' Tow = Te ' ‘
For all the heat transfer data evaluated in this report, the absolute

velue of is relatively large and therefore equation (16) can be

substituted for equation (12).

The heat transfer parameter A may be expressed in terms of ?:' and B

as Pollows! .
Ae b | | (1)
B~ 7
Thus, for any data point for which Te , Tp, , Ty, and m are known,
the parameter B can be calculated fram equation (13) and the walue

of 7, and A may be camputed fram equations (16) amd (17), consecutively.

k2.2 ' Reference Temperature
The propertles of the gas snd porous material are functions of
temperature. Since the temperature of both the coolant and the porous

materials varles along the flow direction, & reference temperaturs must
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be used for the eveluation of property values. If it is aeeumed that
the temperature of the gas and the porous material can be approximately
expressed by a single-termed exponential function, the mean temperature
along the flow path as shown in the following equations is the log mean

tenperature between the inlet and the outlet surfaces:
L . .
T=1 Tax (18)
L
o
let T = aebX (19)
At x =0, T=To =&

At x =L, T=T = aePl a 7, &L

il

]

-~ 8nd L =1nT - In T,

Substituting equation (18) into (17) and performing the integration,

one gets
L
T=1 {a,bx =laebI'-a=': Ty - To = TiM
Lo o oL in Ty - 1nT,

where

Ty = log mean temperature = T, = Ty (20)

When To amd Ty, ave very close, l.e., Ty, = T, + 4T, the log mean

tempefatuxe Tyy can be reduced to the form shown in the following

equation:
TIM = (2-1- = A 7 a Tn (21)
1n (1 + %7 ) ol - I op .2 1-1 ¢&T -
To To 2 (@;— ) 2 ("w;)
For 4T=0
:Tu,i HVTO

Thus, for isothermal condition, the log mean temperature is the

prevailing temperature, as it should be.
: ‘ .37



h.2.3 Presentation of Heat Transfer Results
The dimensionless parameters in heat transfer are Nusselt number,
Sté.rrton number, Prandtl mmber, and Reynolds number, They are defined
as follows:

Nu =

St =

S (22)

~Re = md

The property values of the gas, including thermal conductivity k, hesat
capacity at constant pressure Cp, and the viscosity & are evaluated

at the log mean temperature Tym.

Some of the resulis of the tests are presented graphlically in the form

of Nu vs. Re and S5t Pr2/3 Re2 va. Re. HNu ¥s8. Re was used
Pri/ 3 Pri/ 3

because, in the case of incompressible fiow over a body, Nu is found
Prl/3

to be a function of Reynolds number. St Pr2/ 3 Re2 was used because
it corresponds to the parameter fRe2 in momentum transfer. When the
plot of St Pr2/3 Re? vs. Re is campared with the plot of fRe2 vs. Re,
one can see whether or not there 18 a simllarity between momentum and

energy transfer for flow through porous materials.
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k.2.3.1 Stainless Steel Rigimesh Porous Materials

Figures 18, 19 and 20 show the parsmeter Nu as a function of Re
© pr/3

for the stainless steel Rigimesh at porosity levels of .116, .187

and .369 to .0l. The nominal incident heat flux levels were T.5

and 15 BTU/in®-sec, for this data. It appears that the dimensionless
heat transfer coefficlent is independent of the heat flux level. The
heat transfer results of Denton (reference 15) and Coppage and

London {reference 16) are shown as dotted lines in Figure 20 for
comparison. Their results are 25% to 40% lower than the present data.
'I'his could be due to the difference in porous structures, since their

results are for the case of a packed bed of spheres.

Figures 21, 22 and 23 show St Pr2/3 Re? as a function of Re for the same
three specimens. Notice frow FiMa 18 through 23, the slope of the
dats line incresses as the porosity decreases. This same phenomenon
was also found in reference 16. Haweve:lr, this trend does not appear

in the pressure data. Therefore, it is concluded thet there is no
similarity between heat a.nd momentum t:&nsfer in the porous materlals.
This same conclusion was also found in references 8, 9 and 16. It is
for this reason that the heat tra.nsfér data cannot be combined in a

single correlation, as has been done for the pressure drop data.

%.2.3.2  Stainless Steel Sinterered Powder

Figure 24 shows Nu as a function of Reymolds mumber for the sintered

stainless steel powder in two porosity levels. Figure 25 shows the
same data 11_1 the form of St Pr2/3 Re va. Re. Again, Figures 24 and

25 show the increase in slope as the porosity decreasas.
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4.2.3.3 Packed Bed of Particles

Figure 26 shows Nu__ &s a function of Reynolds number for a packed bed
Pri/3

of spherees, cylinders, and cubes from references 8 and 9. Figure 27
shows the same data in the format St Pr/3 Re2 vs. Re. Considering
the difficulty of the experiment and the variety of geometry of the

particles, the correlation is satisfactory.

b2k Error Sensitivity Analyses for the Heat Transfer Measurement

From equation (17),

InA = 2 1nTl = 1In (B-'Ji)

ar=2laty] + la@T)| = |2+ 71 |lal (23)
A i B-7 B-71 '7%‘

From equation (16)
108y = 16B + 1n (Tp, - T ) = 1n (T, - T¢)
afy _ |aB| + |aTey o ATy (24)
I B Tow - T¢ Tow = Tg

Substituting equation (2l4) into equation (23),
a - 2+j;; aB| + |a T + |d Ty (25)
A B 1 B llfw - 'Ilf % ; - Tf

1P ’g.g’ £ .02, |dTa, < .05, |aT, 05

Bl Tow - Tow Tow - Tow

aal £ 22 je+ 1
A B- 4.
where the nmumerical values are taken from the accuracy assigned the

measured parapeters involv;d.

Test data show that B amdgﬂ, in general, are of the same order of
1

megritude and the term 71 cowld be fram 1 to 10. This indicates
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h.2.h Cont.

that the maximum uncertainty of the parameter A could be from 36% to 150%.
This inherent error sensitivity, together with the non-uniformity of

flow through certain test specimens 1s responsible for the scattering

of the heat transfer data.

L.2.5 Correlation of Heat Transfer Dats
Approximate equations were fitted into the heat transfer data presented

in Figures 18 to 27. The results are shown below:

Nu = .01 Re2:5 (Rigimesh, F .116) (26)
pri/3 | |

Nu = ,163 Re - 0.22 {Rigimesh = .187) (27)
Prl/3 ’ F ‘

Nu = 4 + 0.11 Re (Rigimesh, = .369 to .401) (28)
B 7

Hu "= .1 + ,16 Re (Sintered stainless steel powder, {(29)
prl/3 F = .218)

Nu_ = .228 + .0358 Re (Sintered stainless steel powder, £30)
prl/ 3 ; = .3186)

k2.6 Appliéation-of Heat Trensfer Data

The information on heat traqafer coefficlents between the porous materials
and their gaseous coolant may be used to design a tramspiration cooied
system; For given envirormental conditions and vehicle configuration,

such as a nose cone or nozzle throat, the heat flux 1s specified or can

be estimated. The allowable surface temperature is also specified from
the structural considerations. The problem is usually to determine the
coolant mass flux & such that the metal temperature will not exceed the
allﬁwable value, This calculation may be performed by the following steps:

1. Estimate a mass flux m
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h,2.6 Cont.
2. Compute the coolant temperature wa at the exit surface by the

energy balance equation:

wa, = Tfoo + mcpz ZG (31)

where
}27 = blocking function due to mass injection (see referenmce 17).
3. For a given porous material, estimate the hydraulic diameter 4 and
the surface area per unit volume of the porous structures. Campute
the Reynolds number and determine the dimensionless hemt transfer
coefficient Nu fnin'the approﬁriate equation or graph. Compute A,
B, 71 and.7; from equations (13) to (15).
L. Test data show that the thermal boundary layer of the coolant at
the inlet sﬁrface is negligibly small and the gas temperature at
the inlet surface can be taken aé the coolant temperature immediately
upstream of the surféce. Thus, the dimensionless porous material
temperature at the inlet surface can be found by the following

equation (reference 12):

o= J1:7a (3
T e

S. A check is now made to see if the estimated m is the correct one

by use of the following expression for the dimensionless temperature

of the coolant at the exit surface (equation 12).

7;
Trw - Te = 1| 1-Gp.e ' eﬂ_ 1008 " f‘ (33)
me - Tf B eil . eil ! i 5

Since all the quantities in equation (33) sre either given or calculated,
agquation (33] can be used to check the correctness of the estimsted m,
If equation (33) is not satisfled, a new estimate of m must be used and

+ the caleulations repeated until a2 correct m is found.
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h,2,6 Cont.
In cases where the coolant and the material temperatures are very close
at the inlet surface, step 3 can be bypassed and equation (33) is

simplified by putiing 6y, = O.

Once the mass flux is found, the pressure drop across the porous material

can be found by the method outlined in Section 2.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

Sed Conclusions

Pressure drop and heat transfer for flow through three different porous

metals having varicus porosity and thickness values have been measured

and analyzed. Based on this study, the following conclusions are given:

(1) TFor a given porous metal structure and porosity, the dimensionless
product of density and pressure drop, fRee, is a funetion of
Reynolds number only, independent of the kind of gas. This
functional relationship is applicable for isothermal flow i;t‘
rocm temperature and at high temperature as well as for non-isothermal
flow provided that the property values are evaluated at a log mean
temperature between the coolant at the inlet and the outlet surfaces.

(2) The dimensionless product of d_ens;ty and pressure drop for the

porous materials can be correlated in the form of

#Re? = C; Re [- 14+Cp Re }

[FO=p77" F=777"
C1, €5, and n are functlons of the microstructures of the porous
materials. This correlation is valid for sintered porous materials
as well as for packed beds of various sliaped particles.

(3) The heat transfer coefficient is plotted in the form of Nu vs. Re
poll 3

and St Re> Pr2/3 vs. Re. No simple correlation has been found to

represent the heat transfer coeffilecient independent of specimen

poresity.

(%) There exists no simple direct relation between momentum transfer

an,d- heat transfer for flow through porous materials.
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oY Recamendations

In the fRe2 vs. Re plots, it was found that the slope of the curves
increases as the Reynolds number increases. Therefore, the correlation
is valid only for the Réynolds number range measured in the tests.
Qutside this range, extrapolation is uncertain, and additional test
data 18 required. The quality of heat transfer data is less than
desired due primarily to the non-uniformity of mass flux across the
sample. To generate better heat transfer data, development work is

needed to produce more uniform test specimen.
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NOMENCLATURE

Unless specified otherwise, the symbols in this report are defined

a8 follows:

A heat"transfe; parameter

B mags flux parasmeter

cp specific heat of coolant at conetant pressure .
a characteristic diameter

4 - friction factor

g gravitational constant

v’ heat transfer coefficient per unit volume
k thermal conductivity

L thickness of porous material

n mass flux

Mu Russelt mumber

P pressure

Pr Prandtl number of fluid

q heat flux

R gas constant

5] interns) surface area per unit velume

Re Reynolds number
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8t Btanton number

T temperature
X ' distance measured from the fluld inlet surfece along flow
direction ‘ :
d' viscous permeability parsmeter
/.9 inertia permeability parameter
7: defined in equation (14)
7 defined in equation (1k)
-3 T - Tpp
o
M viscosity of fluid
/‘—‘. micron (10-6 meter) k
; porosity = Yoid volume _
total volume -
/0 density of coolant
Subsecripts
L~ log mean
f fluid
fw fluid at exit wall surface
T reservoir of-fé.r Iupatream
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matrix

matrix at inlet surface
matrix at ocutlet surface
at lnlet surface

at outlet surfa.ce
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Parameter

U.S. Engineering

BIU

BTU

ft‘-g-sec-°R

BTU
Tbm="R

BTU
SeC~C Reft

om
ft.é-sec

1hm
ft=gec

P 1bp
f"l.‘.E
lbm
S P
NOTATION:
meter (m)
kidlogram (kg)

degree Kelvin (°K)

Conversion Factors

Conversion Factor International System

 1.63k2x108 e
e
6.7021x10° v
m3-°K
4,1868x103 ¥
| k="K
="K
& 8824x10~% xg
ma-_sec
1.4882x10° N-sec
2
L .7880x10 g
‘ =
1,6018x10 %_
) m
Newton (N)
Joule (J)
wett (w)
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FIG. X0 TYPICAL HIGH POWER IRRADIANCE SCAN
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FIG, 11 TYPICAL LOW.POWER IRRADIANCE SCAN
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= o .187 40 0 (Ng)
A +408 45 0
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FIG. 14  PRESSURE DROP CHARACTERISTICS FOR FLOW THROUGH SINTERED 30LL
WIRE MESH (RIGIMESE) ,
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69

10



— R -
10&,@ ' SYMBOL . POROS GEOMETRY OF ,
i PARTIC LES
8 O o404 0.22 Sphera
B ® A5 09" Sphere
B o 414 «12" Sphers
¢ 422 0.332" Sphere
B . 436 «1875" Spherse
v 357 .75" Cylinder
v .38 «125* Cylinder
10— A 37 .25" Cylinder
C A $39 +5% Cylinder
- &L A1 0.375" Cyllnder
™ X 478 0.375" Cylinder
B [ ] Al7 1/4" Cube
B o 469 3/8" Cube
10°k
:t‘Re2 i

T

10k
L ]
1041_ | ) 1'11“171_ l Lt 1 1 ) [N
10 10 3 104 10
Re '
[fa-9)]°

FIG. 17 PRESSURE DROP CEARACTERISTICS FOR FLOW THROUGH A PACKED BED
OF SPHERICAL PARTICLES » CYLINDERS OR CUBES
' 70



~1

«01

AEAT FLOX
{BTD/10.%-Secs)

745
15

Re

FIG., 18 NUSSELT, PRANDTL VS. LDS
RIGIMESH MATERTAL R-10-3/8 (.11
' 71

COR
PORCSITY

TION FOR

10



SYMBCL HEAT FLOW
(BTU/in.°-Sec.)
B " 7.5
x 15
107
L *
Mo < *
pri/ 3
b 1
X,
10
. /
X TR NN Y [
1 10 102 10

" Re

FIG. 19 NUSSELT, PRANDTL VS, REYNOLDS NWUMBER CORRELATION FOR RIGIMESH
MATERIAL R-20-1/2 (.18T POROSITY)

72



307 — ' —3 -

10
Nu N
/3 [
-
s ‘ .
, -~ SYMBOL POROSITY  HEAT FLUX
- // a o (BIT/in.2-Sac,) |
e .35 745 1
S «369 15
— ) (-] #HOL TS
—=ma .37 =39 Ref. 15, 16
1 l | 1 1t 1t | b 14111
10 102 105
Re

FIG. 20 RUSSELT, PRAKDTL VS. REYNOLDS NUMBER CORRELATION FOR RIGIMESH
MATERIAL R-40-3/8 (ponos:rrr .369), R-40-1/2 (POROSITY .401)

73



10

}

I

SYMBOL HEAT FLUX
{BTU/ in. E—Sec o)

. 75

X 15

Re

FIG. 21  STANTON, PRANDTL, REYNOLDS VS, REYNOLDS NUMBER CORRELATTON
FOR RIGIMESH MATERIAL R-10-3/8 (.116 POROSITY)

74

10



.
—
-
10°
-
-
st Pri/3pe?® |-
102
-
- -SYMBOL HEAT FLUX
= (BPU/in.%-8ec.)
- . 7.5
10 | RN NN e
1 ' 10% ‘ 10°

FIG. 22 STANTON, PRAMDTL, REYNOLDS VS. REYNOLDS NUMEER CORRELATION FOR
RIGIMESE MATERIAL R-20-1/2 {.187 POROSITY)

75



- STMBOL  POROSITY - HEAT FLUX
' (BTU/in.E—-Sec o)
B . .369 7.5
x +369 15
- ° 401 7.5
—s=a= .37 - 439 Ref. 15, 16
10"
st Pre/pe® |
|
10°
-
.
102 ! L | |
10 102
' Re

FIG. 23 STANTON, FRANDTL, REYNOLDS VS. REYNOLDS NUMBER CORRELATION
FOR RIGIMESE MATERIAL R-k0-3/8 (.369 POROSITY); R-40-1/2
(k01 POROSITY)
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FIG. 2 NUSSELT, PRANDTL V3, REYNOLDS RUMBER CORRELATION FOR

SINTERED STAINEESS STEFL POWDERS
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STANTON, PRANDTL, REYNOLDS VS. REYNOLDS NUMBER CORRELATION
FOR SINTERED STAINLESS STEEL POWDERS
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TABLE I Test Specimens

Mean Hydreadic Sxrface Aren
Description Porosity Thickness Diameter Diemeter per Unit Volime
(in.) (in.) (££.) (£t=1)
R-10-1/4 .093 .216 .683 7.77x10™° 4160
R=10-3/8 095 377 .T54 8.05x10"2 4110
R=-10-1/2 087 M55 T16 6.94x10°5 4330
R=20-1/4 194 .267 675 2.67x207% 2720
R-20-3/8 .198 .383 JT5h 2.76x10~* 2690
R-20-1/2 187 «515 707 2.51x10'4 2780
RebO-1/4 7 R W 687 9.05x10~% 1780
R=40-3/8 399 407 738 8.9Tx10-h 1790
RebO-1/2 108 292 670 9.3ua07% 1770
5=10-1/4 1123 25 T3k 5.71x10"2 T860
§-10-1/2 0962 «500 735 k,78x10°° 8058
' 5-20-1/4 .206 248 RE 1.15x07% n%
5-20-3/8 .2118 .369 730 1.19x10°% 102
5-20-1/2 .22 2495 .73 1.,25x107% 7060
S-30-3/8 3186 375 732 1.92x107% 6652
C=10-1/% <1101 247 749 3.83::.10'5 : 11500
C-10-1/2 .1038 48 .750 3.58x10"2 11600
c-20-1/2 .1988 .501 THO 7.6x10"7 10500
C-30-1/2 « 3004 Aok 703 1.23::10"‘ 9790

a2
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TARLE A-1 Eow Temperature Isothermal Test

Specimen R-10-1/4

84

F = 093 L= .216" A= 2.5%xi0"~r%
5= 460 et* g o 7,77x1077 = 3.9
Pm Pagp P T m Re fRe2 RE/
(pst) | (psi) | (psi) | (R) (e
815 - LT 292 532 403 5.24 | 1.kox10° B,MQr
926 512 406 539 .507 6.5 | 2.x10° |1.00x10% |
1094 so7__| 578 539 620 | 709 | 3.3200° |1.2300°
1295 507 | 778 540 Bob | 104 | 5.030° | 1.59x10°
1513 503 | 1000 540 959 12,5 | T.22x10° | 1.92x10°
1517 sob | 1002 540 972 12.5 | 7.25210% | 1,93x10°
1388 507 870 540 BTh 11.3 5.9::.106 1.73610°
13 491 630 540 .681 8.77 | 3.66x10° | 1.35x10°
9k6 516 118 538 .526 6.66 | 2.19%10° {1.03x10°
711 _ kg5 204 538 .38 L1 | 8.85x10° 6.32%10"
709 Lo3 204 538 316 4,09 | 8.82x10° | g, 29x0"
753 180 272 526 .37k 5.9 | 1.27x0° | 7.58x10"
928 182 146 527 .528 6.9 | 2.37x10° |1.,06x10°
1104 Lg2 612 521 665 8.7 3.7::.106 1.%:3.05
1311 487 82k 521 831 ;m__ﬁéxmé_wlml
Cst0 | wee |08 | ser | 988 [ 129 [7.Tme® [a.09m0°



TABLE

A=l Continued

Specimen R=10-1/L

Pyny Payn P T m Re fRe®  |Re/
L1b/ fS"
(psi) fpad) {psi} (R) -5eC,
‘ 6 5
1320 - k78 840 523 .850 1.2 15,8110 [1.72x10
1101 490 610 518 bTT 8.96 3.81::1()b 1.38:~:1o5
8o 18l 1408 517 .508 6.72 2.22x100 |1.0Ux105
} z —
696 479 220 51k .329 4,37 1,02x10° |6.73x10




TABLE A-2 Low Temperature Isothermal Test

Specimen R-10-1/2

E = 087 L = b55" A = 2.8x1073pt?
s = 4330 £t7t d = 6.94x1077r% n= 3.9
Pup Pan » T m | Re fRe” Re/
(ps1) | (pst) (pe1) | (r) | ‘TBTH
815 582 240 540 229 2.65 | b42x10” | o 16000"
68k 463 228 | 537 206 | 2.8 | 3.44x10° |4.64x10
97 kot SOTI 537 -375 4.33 9.98x10” | 8.44x10
1160 495 676 537 H67 5.39 _ 1.47x10° 1.05x10°
1h5k 505 962 531 621 7.18 | 2.48x10° | 1.4210°
150 499 1024 537 654 7.55 | 2.71x10° |1 47107
1320 493 835 537 2557 643 _ | 1,00210° |3 ,25%107
172 490 691 537 482 5457 1.51x10° | 1.,08x10°
919 485 4o 537 o3k 3.97 | 8.16x105 | 7.74x10"
881 kop 95 537 316 3.65 7.26x10° | 71210
135 495 246 | 537 225 | 2.6 | 3.98%10% | 5.07m0"
709 503 212 | s37 203 | 2.35 | 3.36x10° |b.58x10"
€87 501 181 516 A79 | 2402 | 3.axmo0’ |kabmot
925 503 415 516 .325 1,85 8.5&@05 Z.50510"
L1092 495 568 516 425 5.03 Loao® 9.81&9#—
1316 501 81| 516 | .43 | 6.3 | 2.01m0% |1.25m00
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TABLE A-2 Continued Specimen R=-10-1/2
P Pan r T m Re fRe® Re/
‘_(D:ﬁil__.(nﬁi.)___(p_ﬂi) (R) q‘ﬁ
1526 503 1014 516 65T T.78 2.96::106 1.52_x_195
133 5Q0 823 517 +557 6,50 | 2.16x10° | 1,28:m107
1112 499 608 317 2439 5.20 | 1.41210°| 1012105
905 506 39] 517 316 .74 7.93x10% | 7.3910"
72k 498 223 517 207 245 | 3.92810% | k78m0° |
316 31 290 532 ,108 1.25 | 1.%6x10° | 24310 |
L5 32 Lo 52 170 1.98 | 2.95210% | 3,86m0"
566 30 she 531 22 | 247 | b.%x10° | 4,80m0"
659 o 636 531 252 2.93 | 5.9%x10% | 5.71m10"
g1 | 832 531 0 | 3.95 | 9.,9x10° | 7.70030"
1024 33 1008 531 418 5.86 | 1.14x10° | 9,48x10"
139 3 720 531 289 | 3.36 | 7.48%10% | 6.55x10"
59k 31 572 531 .22} 2.61 | b.9kx10° 5,09x10"
398 28 375 531 b1 1.6k 2,16x10° 3,2_110“
1038 3 102k 538 128 hoob | 1.43010° | 9,60m10°
70 29 752 538 305 | _3.52 | 7.88x10% | 6.87x10"

a7




TABLE A-2 Continued Specimen R-10-1/2

Pwp Pan D by m Re fRe | pE/
(ps1) | (psi) (1) | (m) | \IBLEC

630 29 610 540 24 2.77 |5.24x10” | 5.hox10
557 535 540 21 2.0 |4.09710° | 4,70x10" |
352 327 539 121 1.39 |1.63x10° | o 72x10"
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TABLE A-3 Low Temperature Isothermal Test Specimen R-20-1/4
| £ = a9k L = .267 A = 2,800 £t°
S = 2720 £5-1 4 = 2.67x10 st n= 3.9
Pip Pan P T n Re fRe®  Re/
(pea)_ | (ps1) | (pst) | (R (p{Y
209 18,5 190 526 2.1k 96.6  |2.4x0° | 1,3x10°
&'L.ﬁ
429 21 407 526 L.66 210 1.02x107 | 2.91:30° |
482 21.9 460 526 5.20 23  |1.28x0' l3..25x105
635 24 .6 610 526 6,94 12 |2.220107 | k,3%x10°
i 782 28.3 754 526 8.83 397 3.39:;107 5.52::105a
8hg 28.9 820 526 9435 421 |3.99x07 | 5.85x107
104k 33.3 1011 526 1.7 528 6.04x107 | T.34x10”
851 28.9 822 527 9.31 b9 |hmof 5,82x10°
T27 26,3 697 527 7.82 352 |2.90m0' 4,89x10° |
k22 | 20.9 399 527 b.52 203 [9.77x10° |, goxaod |
55 28 23 sk W36k 16 9.71;:;1_01* 2.22x10" |
63 29 31 542 A8 21.1  |1.46x10° | 2,04p0"
69 37 545 504 22,3 [1.87x105 | 3.09x10%*
ue | 29 80 k6 Lo | o¥6.2 |5.81m0° | 6.hemi0”
123 91 548 1.12 k9.3 [7.13x10° | 6.86x10°
332 3N 298 548 3.72 164 s.56x0° | 2,28x10°
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TABLE A-3 Continued Specimen 3-20-3_/4
P Pan P T m Re fRe? IR/

| (pst) | (o) | (pei) | (R) | 22EH
315 3 P 548 b.72 208 |7.11x10° | 2,805107
3n 3 337 549 3.76 166 6.95x10° | 2.3x10°
525 2 489 549 5 o6k 249 |14x0" | 3 474005
925 33 884 54E 10.6 L&6 h.‘%ﬁixlOT 6.&8:105
532 32 496 slpé 5.68 251 1hx10" 1.h9x105
226 33 192 523 2.2k 96 |2.8010° | 3.330°
395 56 #2 526 4,36 | 196 |8.56x10° | 2.73x105
485 68 116 531 4,96 g2 |1.25%0" | 3,08x10°
72 102 612 535 7.5 3% 12,66x107 | k,64x10
us | 1 1012 56 13.1 sth | 6.99x107 | 7.98x10°
921 | 13 9 546 9.92 | 436  |4.29x0" | 6,06x10°
813 | 116 696 546 8455 376 |3.3:0' | 5.22x10°
696 99 506 | sk 7.2 318 [2.47x107 | k.A3x10”
419 60 360 she v28 | 189 |8.0kx10° | 2.63a0°
253 3 216 539 | 242 | 107 [3.300° |2.hgmo’
i_so a:s T 124 525 1.42 64 1.2::3.06 8.89:&.#:?ﬁ
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TABLE A-3  Continued Specimen R=20~1/%
P Pan D T m Re fRe” | Re/
(psi) | (pst) | (pst) | (R Ty
225 35 190 526 2,25 100 le.umo® | 1.4x10% |
396 58 340 531 k.38 196 8.h5x106 2.72x10’
1810 1054 753 527 17.0 767 ;_..-19::108 1.06x10°
_____ 1812 105k 755 526 17.2 177 Leno® | 1.08x0°
1423 _ 1024 392 523 10,5 475 5.39x] o 6._6_;1.;;105 ,
ek | 1025 390 523 10.5 475 |s.3rx107 | 6,61x10°
1210 | 1002 202 523 7.18 24 [2.51x0' | 4513107
1210 | 1003 200 523 7.18 i lpkox1ol | b.51x10
1497 999 488 523 1.7 530 16.85x107 | 7.37x10°
628 Lo1 223 52U I .84 218 |1.28x107 | 3.03%10%
629 4oL 226 52l b o8k 28 11.3307 | 3.03x10°
8oz | oo 396 52k 706 | 38  |2.67x10 | 4.hox10’
796 | 400 394 524 6.96 ak  |2.64x010" | 4.36110
985 b78 504 52k 8.81 397 %1307 | 5.52%105
97k w72 500 | 524 8.7 32 |b.06x10' | 5.45%10°
1148 557 589 524  10.5 bl 5,62x10" 6.5931_92_
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TABLE A-3  Continued Specimen R-20-1/%

Pup Pan P T m Re fRe® | Re/
{psi) (psi) (psi) (R) (Egégﬁ |

1135 552 579 524 10.3 | W65 |5.47a0l | 6.46x107
989 2h) 45 502 9.9k 450 |5.18x107 | 6.25%10°
977 238 137 522 9,83 Wl 1506007 | 6,28x0° |
787 190 595 520 7.60 | #8  13.28x10" | i,84x10”
778 188 590 522 7466 %6 13.22x10" | k.81x10”
506 122 B3 | s b8y | 221 {1.36x10" | 3,08x10°
50k 122 380 521 oo 27 l1.35w0" | 3.00910°
403 97 303 521 3.74 169 8.59:;106 2.36::105
405 97 306 521 3.83 173 |8.71x0° | 2.41x10°
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TABLE A-4  Low Tempersture Isothermal Test

Specimen R-20-1/2

£ =.87 L=.515 A = 2.73x2073p¢%
s =280 £t1 4= 2.51x07% n = 3.9

P Pan D T Re fRe® Re/
(ost) | (psi) | (pst) (r) | (1o/ees

203 29 184 500 1.2 52,5 [1.19x10° | 8,12xa0

5 3
4y oh 373 500 2,66 116 4,83x10 1.8x10
602 79 546 500 3,96 173 |1.08x0° | 2.68x10°
812 108 Thl 500 5,72 251 |1.9%30' | 3,80x10°
807 108 734 500 5.23 208  |1.87x107 | 3,54x10°
1008 134 917 500 6.71 293 |2.92%10° | k.5kx10”
906 120 825 500 5.97 261  |2.36x10° | k.0x10°
699 93 636 500 4,75 207 |1.kx10" | 3.2110°
3 5|

501 65 452 500 3.22 W1 [7.13x20° | 2.18x10
294 39 265 500 1.81 79 |2.46x0° | 1.20m10°
207 29 185 500 1.27 55  |1.22x10° | 8.58x10"
710 516 194 513 2.95 127 |6.250° | 1.96m0°
916 530 386 | 513 4.69 202 |1.47x07 | 3.12%10°
1091 550 538 514 6.00 258 |2.32x107 | 3,00m107
962 oy | ko | ;3 | s.2b | zes 180" | 3uom0’
814 S0l 308 513 3,96 170 |1.07220 | 2.6400”
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TABLE A=k Continﬁed Specimen R-20-1/2
Pup Pan p T D Re fRe®  |Re/
(o) | (o) | fost) | (®) | UERLEY
718 - 495. ey 513 3,17 136 |7.08m0° [2,100°
316 2 35 543 2,26 93.2  |3.22010° |1.4bx10
L3 B bsh 554 2.98 | 122 |5.23a0° |1.88:10°
| 6s2 13 68 553 bo3 | 166 l9.66§106 2.57x10°
783 34 760 553 B.91 202 1.39x07 a.m;;;g_?:
653 3 632 553 406 | 168 9.7x10°  |2,6x10
373 30 W7 553 2.22 91,5 |3.14x10° 13 .42x10°
198 26 174 500 by, 5k 100 |3.92200° 11.55%10°
405 5% 367 500 9.93 220 11650107 |3.41x10
. 406G 53 367 500 30 201 11.66m0" 3.43x20°
608 80 ssL | 500 | 13 133 [3.72x10" |5.06m0°
806 107 132 500 2.1 L67 6.54x10 724107
| 1097 17 992 500 28 621 |1.21:10° lg.62x10
989 132 899 500 24,9 551 |9.84x107 18.54x10°
11 103 705 500 20,k w51 |6.01x10° l6.99x10°
555 72 505 500 B 309 |3.007  l.79x10° |
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Specimen Re20-1/2

TABLE A=} Continued
Pyp Pin P T 11; Re fRe®  |RE/
(pat) | (pet) | (pas) | (m) | '=bcd)

| 327 ho 293 500 7.8 173 1.07x10 2.@:&05
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TABLE A-5 Low Temperature Isothermal Test Specimen S~10-1/h
F= 1123 L = .25 A= 2950 <=
s = 7860 gt~1 d = 5.71x1077 n= 3.8
Pup Pan p T mo Re fRe® |RE/
=4
(ps1) | (pet) | (pst) | (R) | VZ2EEY
283 ) 236 pY-rd 190 1,84 T.Rc;xlo“‘ j.,lB_;;(ﬁ
572 11k 458 526 482 .65 2.95x105 2.9‘7x1011
803 172 608 527 30 7.00 |5.72x10° | b.u8xa0"
1060 o2 816 s27 1.0 9.83 |9.94x10° | 6.28x10"
I 1413 337 1074 52{ 1.43 13.8 1.76::106 8.78::104
1148 200 o80 523 1,13 10,9 1.18x106 6.96x;g1f,,
0 h
1028 23 792 523 992 9,59 19.5x10 6,12x10
Iy
760 165 594 522 699 6.78 |5.28x10° | 4.33x10
493 97 398 520 11 3.99 2.2600° 2.5&::101‘
406 75 | 330 520 .37 3.07_11.53x10° | 1.96x10"
274 bk 251 517 .189 1.84 |7.13x10° | 1.18x10°
563 124 195 522 486 k.69 [2.93x10° | 2.99x10"
1057 239 897 526 1.02 9.85 [9.99x10° | g.o6x10"
350 92 258 520 .2l 2.3 |1.11:0° | 1.4ox0°
888 298 594 526 167 742 [6.64x0° | 1 qumo’

96



gpecimen S5-10-1/4

TARLE A~-5 Continued

Pup Pan P T m_, Re fRe® Re/

(s1) | (pat) | (pa) | (R) | “22AEY)

1241 439 806 528 1.3 10,9 p.270° | 6,96x0"
4 N

1562 571 996 522 1.48 14,3 L05x10 9.13x10

1232 139 796 517 1.13 1.2 f.3xoe” | 7.09x0t

"

888 300 592 516 TTh 7.57 _6.95x10° | 4.83x10

581 180 ROk 515 A65 456 PB.05x10° | 5 grpch
b 4

273 67 206 513 «173 1.7 7 .0kx10 1.,08x10
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TAHLE A-6  Low Temperature Isothermal Test Specimen S-20-1/k
F = 206 L = 248" A= 2”75‘}{/&”3/—-}'2
s=73% s d=1.5q0" = 3.8 .
| P P P Re fRe Re/
L up an P P 8 e
(pst) | (pst) | (ee1) | (R | \2/E%
245 . 21 N 528 1.08 21 2.5x10° | 2.05x10"
451 40 b1k 530 2,28 Wh2 |8.46x10° | k,32x10°
. g
658 59 602 531 3.72 71.8 _11.79x1 06 7.03x10
: ' 5
913 83 832 533 5.12 98,5 | 3.41x10 9.6#::101’
1093 102 998 535 6.49 125 h.85ﬂ06 1.22%10°
858 78 786 533 4.8 92.4 3.03xlos 9.ohx101’
687 62 628 533 3.49 67.2 |1 .9l+x10° 6. 58::101‘
456 w1 420 533 2.8 46 18.6x10° | k.5x10"
233 19 21k 531 1.04 20.2 |2.2kx10° | 1.98x10"
163 17 146 530 612 1.8 [1.09x10° | 33600
540 39 10k 527 2,07 4%0.2 |8.18x10° | 3,9300"
- 8 5
672 60 614 527 3.53 68.6  11.9x10 6.72x10
ol 86 860 530 b.95 | 95.6 |3.68:10° | 0,360
1117 103 1016 527 6.18 120 |s.28x0° |3 .37010°
933 85 850 526 4,88 o8 3.68x10° |9.28x10
728 66 666 524 | 3.59 0 |2.26a0° | 6.85010"
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TABLE A-6  Continued Specimen S$-20-1/4
Pop Pan P T m | Re fRe®  |pe/
(TH/TEE
(psi) {psi) (ps1) (R} )
264 107 160 523 1.05 20.4 agsx:!.os 1.99::10&
Lh1 16k 250 526 1,91 7. | 6.72210° |3.63x10°
766 357 412 529 3.47 67.2__|1.93x10° |5 sam o
1134 shs | 5ol 533 5,41 108 [k.x0® |1,00510% |
1299 630 67k 53 6.26 120 |5.31x10° |1.18x105
1085 519 570 533 | st 99.7 | 3.75220° |9,76010"
856 ko2 458 533 3.98 76,7 |2.31x10° |7.500"
577 262 318 531 2.58 49,8 |1.11x10° |4,88x10"
3 T
351 150 206 529 147 28,5 [ 4.32%307 {2.78x10
191 Th 120 527 Rt 13.8  |1.34x0° |1.35000"
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TABLE A-7 Low Temperature Isothermal Test Specimen S=20-1/2
; = 22 L = 495" A= 2:9r0 3 ~r®
§ = 7060 £t™1 d=1.20" paa8
P@ Pd.n P T n N Re fﬂe‘? Re/
| (ost) | (ps1) | ¢ {1bget”
. . {psi) (R) =BEC .
739 518 200 523 2.30 18,6 |7.150° | 3.9%x10"
918 505 b 523 3.55 75 1.5x10° 6.08::1@”’
104 506 602 525 4,70 98.8 |2.45x10° | 8.01x10°
- 5 Y
1320 569 752 526 5.82 122 3.57x10° | 9.92x10
1610 706 90l 526 7.21 151 5.28510° | 1.23x10°
1468 6h1 830 524 6.53 137 [b0x0° | 10107
1195 515 682 52k 5,23 ‘110 [2.96x10° | 8,00m0"
6 L
7ha 342 3G 517 3.00 63.7 1.13%1.0 5.16x10
510 202 308 517 2.05 43.5  |5.73%30° | 3,530
Y 120 206 515 | 1.0 25.6  |2.41x10° | 2.08x10"
380 131 248 562 1,34 27 2. 742107 2 l@ﬂ.ﬁ&_
51k 186 328 562 1.90 B4 |5.96x105 | 3.22x10°
31 217 452 562 2,86 57.5 _ |9.85x105 | b 66x10"
o8k 388 594 5ST | 4.0 81 1.8x10% | 6.56x10"
1287 523 762 553 5,22 130 3ax0® | 8.91x10"
449 600 86 549 6.18 126 [3.96010° | 1.00m0°
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TABLE A-T Continued Specimen §-20-1/2

P Pin p T m Re fRe® | Re/
(pst) | (pst) | (pst) | (R) (o/2%)
1s7h | 659 912 Shiy 6.79 10 |%.730° | 1.13%207
1370 570 796 | 540 5.86 121 3.67x0° 9.82::10”’
1104 451 652 535 k.65 96.5  |2.45x108 | 7,82010%
769 304 L62 533 3.13 65.2  |1.21x10° | 5 agxo®
206 64 140 531 562 13.8  |9.3x0" | 1.12x10°
196 63 13k 52k 615 13 8.82x10* | 1.05x10"
389 145 oh6 527 1.k2 29.7  |3.28x10° | 2.xio*
671 268 4ol 532 | 2.67 55.7 |9.3x10° | k,52x10"
1048 438 612 537 bob 91.3 2.18x10° "-(.hxlol’
1218 516 T06 537 | 5.19 108 |2.94a0° | 8.78x10"
1410 60l 810 539 6.08 126 |3.86x10° | 1.02x10
1626 Tk 926 | 539 7.08 146 5.12x10° | 1.19510°
1402 600 806 532 6.05_ 126 |3.96:x0° | 1.02x10°
1027 428 600 530 4.3 89.7 2.16::_106 T.z'rxlol‘
709 286 428 528 2,84 59.2 J.,.peﬂo6 L--4.8:«10’“
308 110 200 526 1,08 02,7 l2.ax10° | 3.84xm0"

101




TARLE A-8 Low Temperature Isothermal Test

Specimen C=10-1/k

? = ,110 L = 27" A= 8DGxo™S 7=
s = 11500 £t~% d = 3.83x107°ft n=2.8

Pup Pan D T m Re fRe®  [Re/
(ps1) | (psi) (ps1) | () (To/7%5

770 - | b6 274 527 128 b7 1,01x10° | 3.14x303
960 520 136 527 1.04 6.73 | 1.88x10° | b.kgx103
1080 527 552 526 1.26 8.1 2.58x10° | 5 41103
1295 467 828 528 1.66 10.7___| h.22%10° | 7.15%103
1498 523 97k 528 1.96 12.6 5.67x10° 8.u5x103
1322 b7l 850 526 1.70 n 4 ,43x10% | 7,35x103
1071 423 646 525 1.3 8.45 2.83x10° | 5.64x103
891 Wi iy 522 1.01 6.56 | 1.76x10° | 4.38x103
ru | 43 2h2 8 JGlth 4.9 | 8,05m0% | 2,800
64 519 238 570 506 3.8 | 7.4x10° | 2.12%10°
956 520 b32 562 778 b.82 1.6x10° | 3.22%103
1116 495 616 557 1,01 6.32 2.54x107 | 4.,22%10°
1325 531 790 553 | 1.26 7.86 | 3.81x10 | 5.25:10°
1596 21 g5k 553 1.55 9.68 5.55x10° | 6 47x10°
1248 490 756 59 1.9 T.46 3472007 _l_r.98x103
1016 s 566 sk | 925 5.83 | 2.23%10° | 3,9x10°
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TAHLE A-8  Continued Specimen C-10-1/k

Pup Pan_ D T LS Re fRe® g/

(psi) {psi) (psi) {R) (%gég?):

899 . LoT 396 she 740 %.68 1.5x10°% | 3,13x103
71 499 2r2 542 .561 3.5 | 9.46x10°| 2.37%10°
282 62 220 526 .248 1.6 2.21x10%| 1.07x103 |
525 130 | 3% 531 .523 3.3 | T.Ax10" | 2.25x10°
839 203 616 530 .82 5.7) 1.85x10°| 3.82%10° |
90k 269 726 531 1.08 6.92_ | 2.62x10° 4.63x10°
1252 %6 906 532 1.40 8,93 | 4.1x10° | 5.97x10°
1045 286 760 526 1.16 T.46 2.94x10°| k.98x103
880 239 6L sk .958 6.2 2,12x10°| k.14x203
615 160 158 522 637 .13 | 1.05x10%| 2.76x10°
3 73 240 516 297 1,04 | 2.82x10] 1.3x103
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TABLE A~ Low Temperature Isothermel Test

f-z.loh

L= .1&814

Specimen C-10-1/2

A =320 ~7*

8 = 11600 £t~1 d = 3.58x10"%¢¢ n=2.8 -

) b T ‘

(es) | (p::_) (plx:i) (R) 4‘?‘-’:&“? R R

730 W77 258 527 .355 213 | bx10" | 1.64%10°

96 519 u3 531 | .5 3.9 | 7.99x10%) 2,56x10°
1139 526 620 531 705 b2z | 3.3000° | 3.26x103
1275 503 780 531 839 5,02 | 1.7bx10” | 3.88x103
1498 50% 1002 532 1,028 6.16 | 2.51x10° | k.T6x103
1387 485 906 529 <IN 5.68 2.14:105 h.39x;03
1191 185 710 523 2780 4,72 1L.55x10° | 3.65x10°
100k 500 512 = .608 3.68 | 1x10° | 2.84x103
922 490 140 522 .53b 3.23 | 8.11x10" | 2.5%10°
721 539 192 522 .296 1.79 3.16x10" |1.38x103
75 511 268 595 ;301 1.67 | 3.3x0" [1.20m103
S48 506 blydy 593 Jh2 2.7 6.@101L 1.91x10°
1125 506 62k 591 576 3.23 1x10° 2,5x103
132 500 846 588 «ThS 4,18 1.55::105 3.23::103#
1551 518 ] 103 504 5ok 5.0l 2.16x10° |3.89x103
(130 | ko T a0 519 | 97 452 |1.78x10° |3.59x103
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TABLE A-9 Continuved Specimen C~10-1/2

P P P T m Re tRe? | Re/

(ps1) | (pst) | (pet) | (R) | IRLEY

16s | 483 684 573 633 3,60 | 1.19x10° | 2,78x10°
| 1002 488 _520 571 2509 2.91. 3_9,;,101+ 242‘53:103

781 495 288 570 328 1,88 | 3.92x10" | 1.45%103 |
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TARLE A~1C Low Temperature Isothemmsl Test

Specimen C-20-1/2

¥ = a L ~ +501 A = ZgFgw - T2
S = 10500 d=T.6x00° g

P Pan P T m | Re fRe®  |Re/

(pst) | fpst) | (ps1) | (m) | ‘BEEEY

209 18 192 526 | 578 7o | 2,6800% | 1.27x103
Y 23 202 527 1.06 13.5 | 6.06m0" | 2.32x103
210 18 192 527 581 7.4 | 2.6000% | 1.07x103
323 23 390 527 1.09 13.9 | 6.37x0* 2.38:5;.(;3_
412 28 386 530 142 18.2 | 1.08x10% | 3.11x103
646 43 606 53 | 245 D 2,50 | 5,30°)
86l 58 808 533 3.53 b9 | 4,5000% | 7.7x103
gh2 64 882 533 3.96 50.3 | 5.38x10% | 8.62x103
1051 71 984 535 4,16 52,7 | 6.65x10% | 9.04x103
871 58 822 535 3.61 45.7 1+._63§l_05 7,83x10°
639 43 600 533 2,42 30.7 | 2.48x0" | 5.27x103
423 29 396 532 148 18.9  |1.09x30° | 3.24x103
21k 18 198 531 602 7.66_ | 2.79x10% | 1.31%103
309 98 210 522 933 12 5,18x10% | 2.06x103
L72 163 308 52Y 1.55 19.9  |1.22x10° | 3.h1x103
628 226 | ko2 526 2.16 27.7 |2.12010% | b.75%10°
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2.39x10

TABLE A-10 Continued Specimen C-20-1/2
Pup Pan P T m Re fRe® | Re/
| (ps1) | (pst) | (pst) (R) | gAY

901 337 560 531 3.24 1.3 | k,24x10° |7.08x103
1117 428 686 531 .21 52.3 | 6.49x10° |8.96x103
1318 513 802 531 495 63 8.98x10° |1.08x10"
1506 59k 910 531 5,12 2.8 | 1.17210° 1.25x10%
1428 s62 | 86k 591 5.38 68.6 | 1.05x10° |1.18m10%
1184 458 724 529 4,38 55.9 | 7.28x107 |9.38x103
a9l 337 556 526 3,22 4.3 | 4.24x107 |7.08x103
L2g W7 280 22 | 1.3 17.9 | 1.01x10° | 3.07x103
206 61 142 518 .578 7.48 * 11,28x10°
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TAHLE A-11 Elevated Temperature Isothermal Test Specimen R-10-1/L

F-.093 1=.161. 4= 25456037 5 2 6o s87r D - T.TT % 1072 £t n =.3.9
Pup Pay p ¥ To Ty . “Th T | m Re fRe? | Re/
(pst) | (pst) | (pst) | (®) | () | (®) ()| “2ebct)
1507 L75 102k | 1565 1528 | 1532 -1532 1539 508 | 3.2 6.18x10%| .92x10Y
133 495 828 | 1676 1596 | 1612 1608 1623 L15 | 2,54 4.07x10°] 3.91%10
1095 ho1 59k | 1661 | 163 | 163 | 1637 | 160 | .15 | 1.92 |2.Ah7x107| 2.95x10"
916 507 hoo | 1640 | 1598 | 1603 | 1620 | 1615 238 | 1,46 |1.55x10%2.25x10"
717 | ko8 200 | 1587 | aswh | 1561 | 1566 | 1564 as52 | L9517 |7.box10*] 1.47x10']
1453 476 970 | 1182 97 | 1192 1189 1190 576 4,36 |1.05x10° 6.72x10']
1280 487 786 | 100k | 1159 | 1155 | w148 | 1166 495 | 3.8 [8,16x10°|5.85x10"
096 | 519 | 570 | 176 | 1355 | 1153 | ab7 | 1158 | 392 | 3.02 |5.5x10° |k.66x10]
924 505 410 1151 1139 1140 1141 '11h3 .3 2.42 3.6:2;:105 3.72::101‘
70U 506 190 1126 1126 1126 1139 1129 A81 142 |1.46x10° 2.19::101'

#5ze Figure 6 for thermocouple locetions
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TABLE A-12 Elevated Temperature Isothermal Test Specimen R=20-1/h
Feuagh 1-260 A=2epxr™ 52210 067 a=26m0%  n= 3.9
P o T 2
Pnp du P 1 T 3 Ty, T m . Re fRe Re/
(pst) | (pst)| (pst)| (®) ®R | ® | @® (r) | 'ZRLE%S
267 29 238 2023 | 1832 | 1817 | 1716 1848 1.29 | 24,9 l2.05x109] 3,475 04
435 L8 392 200k 1900 1895 1790 1900 2.2h 42,6 5.21x105 5.92:{101‘
631 7 562 | 2107 | 1996 | 1996 | 1882 199% | 3.33 | 61.2 [9.66x10% 8. 57510°
801 ol 7ik | 2092 | 2018 | 1996 {1904 2000 | 4.48 | 82.2 |1.55x10% 114107
1097 134 96k 2032 | 1992 1957 1882 1965 6.01 112 3.0::106 1.55x107
fa8 105 78l 2067 2018 1987 1900 1993 4 .62 85.2 1.91;:106 1,18x10
169 0 680 2003 1965 1921 1848 1935 ! 4.35 81.6 1.53:;106 1.13x104
539 61 L8 2001 1935 1904 1817 1913 2,83 | 53.4 |7.72x10° 7.14-3.7:10!'
330 36 292 2067 1921 | 1900 | 1800 1861 | 1.62 | 3.2 |3.06x107 b,3kx10

#Sze Figure & for thermocouple locations
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TABLE A=13 Elevated Temperature Isothermal Test Specimen R-20-1/2
F =187 L=.5151n. A= 2.?3:&0“3,-.—;—* S =280 £t d=2.51x107F  n = 3.9
N Pay D T ™ T T, 7 m | Re fRe®  |Re/
(ps1) | (psi) | (psi) [ (R) ® | (® |® () [\05Y
2h2 20 222 1783 1533 | 1557 }1568 1610 656 | 13 1.04x10%| 2 0py] o“
sre) 25 W6 | 1875 | 1635 | 1667 | 1587 1601 | 1.2 | 21.6 |2.19610°| 3. 3hx10
433 29 Lo6 20k1 1710 1740 1657 1830 1.2k 22.6 2.5x;g5 3.53.::101L
658 42 61k 2042 1858 | 1882 1796 1895 1.93 3.5 5.3;;05 5-35::101+
856 56 798 | 210k | 1972 | 108k |1046 2002 | 2,57 | ¥h.3 |7.90x10%]6.87x10']
1049 72 976 2060 1988 1996 2011 2014 3.3 56,7 1.17::106 8.79::101‘L
935 63 868 2040 1§50 1962 1991 1986 | 2,87 | 49.8  l9.59%10°|7.T1x10}
TS k9 694 2076 1952 | 1962 | 1961 1988 2.2 8.1 |6.09%10%|5.91x101
521 3 486 | 2056 | 188L | 1905 {1864 1927 | 1.8 | 261 [3.2x10° |4.05x10"
336 22 312 | 1977 | .1783 | 1800 | 1861 1855 | 4916 | 16.6 [1.4bx10%|2,57:009
270 20 248 | 1888 | 1651 | 1676|1703 1729 | 2.93 | 13.8  [1.09x10°|2.14x10"

#See Figure 6 for thermocouple locations
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TABLE pa-1l4 Elevated Temperature Tsothermal Test

= 01123

Specimen S-10-1/4

A = 2o m>% 5 o 7860 £1-1

L - .25 in. . D = 5.71x107  p = 3.8
Pop | Pay D o T, T, T, T "y Re fRe? | Re/
(psi)| (pet) | (pe1) | (R) | (®) | (R) () | (r) | ke,
519 L9 513 1995 1745 | 17h2 | 1740 1806 125 52k 1 3RYmIL 3.35x107
T12 81 689 2004 1771 1755 1740 1818 .208 872 2.56x10h 5.5'(x103
963 128 913 2027 "1782 772 1761 1836 .327 1.36 1+.53x101L 8.67x103
1075 150 1009 2016 1796 1785 1774 1843 384 1.59 3.63:;101‘.1-.02::10h
921 120 871 1987 1768 | 1760 | 1753 1817 309 | 1.29 h.25xloh 8.25x107
8hg 104 809 2040 1808 | 1792 11778 1855 2608 | 1.1 3 i1 04 7.05%10°
655 70 | 637 | 1996 | 1751 | 1753 sk | a8k | 180 | .755 |2.17x10°|4.82x107
533 49 523 | 1966 | 1693 | 1685 | 1678 1756 | .13 | 563 |1.54%10"] 3.59%107

¥See Figure 6 for thermocouple locations
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TABLE A«l15 Elevated Temperature Isothermal Test Specimen S—Qo-l/h

= 206 L = 248 1in. A= 2.9 3erts = T.36 g7l g = 1.15x10-uft. n= 3.8
P Pan | p Tl* To T3 Ty T n Re fRe? | Re/
{psi) (psi) | (psi) (R} {R) (R) (R) (r) (}gggﬁ
295 18 278 | 1886 | 7ok | 1693 | 1650 | 1733 As6 | 3,96 |2.24x107 3.88x10]
472 39 638 | 2038 | 1851 | 1817 | 1738 | 1861 | 1.6 | 121 |9.91x10Y 1.18%10]
8R7 55 836 1967 1858 | 1817 1769 1853 2,08 | 17.4% |1.74x0° 1.7x10%
1061, 69 994 1977 1900 1853 1803 1883 2,64 21.8 |2.39x10 2.13x10’f
Blyo 51, 94 1957 1864 1818 1755 1849 1.94 16.2 1.58::105 1.58x101|
GUT 37 610 1916 1810 | 1751 1691 | 1792 1.38 | 1.7 9.95:':10]* 1.1hx10"
458 25 b3 | 1983 | 3750 | ami6 | 1633 | a7s8 | .91 | 7.77 |5.28x10Y 7.6x103
273 17 256 | 1903 | 1708 | 1691 | 1649 | 1738 | .39% | 3.3 [1.9x0" [3,36x10°

#S5ee Figure 6 for thermocouple locations
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TARLE A-16  Elevated Temperature Iscthermal Test Specimen 8-20-1/2
}": 22 L= 495 1in., A= 2. %03 778 = T060 £t7F @ = 1.25x107Ht 0 = 3.8

Pun Pau o i Tp Ty T, T m Re fRe” |Re/

(psi)| (psi) |(pst) [(R) | (R) (®)__| (») (r)__| “IBEEY

738 L89 252 2076 1848 1835 1822 1895 801 7.9 3,86x10%] 6.4x103

oh1 496 | L8 | 1992 | 1848 | 1848 | 1852 | 1885 | 1.47 | 13.1 [B.11x10%|1 ogx10"
1142 501 | 642 | 2016 | 190k | agoh | 1902 | 1947 | 2.0 | 17.h  [1.24x10%{1.41x104
1315 508 806 | 2058 1926 | 1935 1948 1967 2.43 | 21.2 . [1.68x20% 1, 725107
1500 508 | 992 197k | 190% | 100k | 1905 | 1922 3.0 | 264 [2.4x105 |2,1kx10%
1340 489 | 854 | 2027 | 1908 | 1908 | 1908 | 1938 | 2.58 | 22.5 [1.85x105{1.82x10'
1097 499 598 2081 1921 | 1926 1930 1965 | 1.88 | 26.3 [1.09x107]1.32x10

96 | 502 b1k 2054 1891 | 1986 1882 1928 1.36 | 11.9 |7.05x10']9.65x10°

703 Lok 208 1948 1807 | 1796 1783 183k .78 7.07 3.35x101* 5,73x103

#See Figure 6 for thermocouple locations
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TABLE A-17  Elevated Temperature Isothermel Test Specimen C-10-1/4
f = .110 L = .247 in. A =.Zaéx/éf?"/-‘r"s = 11500 £t7% g 3.83 x 1077 £t, n = 2.8

P P, D T * T, Ty Ty, T m | Re fRe? | Re/
(pst) | (pst) | (pst) | (R) ® | ® |® [w® Y

Thl 525 | 216 1689 | 1431 26 | o2 | o2 | 210 | .863  |6.88x1075.77a0%
S0k b2 432 1663 | 1435 1430 1425 | 1488 AhT | 1.43 1.5::101+ 9.56x10°

| 1102 4a7 606 1721 1470 1462 1455 | 1527 <594 1,87 2. 3x10& 1.25x103

1319 496 822 1652 | 1470 1h67 1463 | 1513 [ 761 | 2,41 3.63:»:101‘1-6h<10j
1kg2 4ol 998 1682 | 1511 1505 1498 | 1549 855 | 2.65 |h.55%10".77x10°
1305 512 | 792 1650 | 1502 1498 | 1ol | 1534 687 [ 2.15  13.39%10R.b3x105
1086 S04 380 1659 | 1486 1483 1479 | 1527 522 | 1.6 {2 oy o L.1x10°
907 503 | 400 1680 | 1482 b6l | a3 | 1516 80 11,20 |1.36x10B.0%10°
697 481 | 21k 1642 | 1439 10 | akbo | oo | .ze7 | .725  |6.36x10%%.84x10°

#See Figure 6 for thermocouple locations
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TABLE A-18 Elevated Temperature Isothermal Test Specii-nen €-10-1/2
F = 10k L = B4 in. A =F@xio iz 8=11600 ft . a=3.58x10° ft n=2.8"
Pup Pau D Ty * Ty T3 T), T m | Be | Re® |[Re/
(psd) | (psi) | (psi) | (R) (R) (R | (R | (&) [=skl)
129 503 230 1647 1480 1479 1478 _ 1521 .122 1 358 3.0x103 2.,77x10°
92k 518 | Lk 1659 | 1490 oo | 90| 1533 | .200 | .386 | 6.2x103 |4.52:002
1100 w77 | 630 1661 | 1518 1518 | 1518 | 159 | .279 | .815 | 2.03x10]6.3x10°
1,303 503 806 1688 | 1520 1521 1521 | 1562 369 | 1,07 [1.45adis.6x10
m 516 78 16591 1525 1§25 1525 | 1559 Ab7 | 1,29 1.96x1§ _.96:~r102
1117 487 636 1727 1531 1529 1528 | 1579 279 .799 9 .89::.10?r 6 .lTxJ.O2
896 518 B2 ‘1693 1536 1535 1535 | 1575 A8 | .52 5.28x1074 ,02x10°
735 ol | 236 1633 | 1504 1504 | asow! 1536 | .20 | .35 | 3.03x1072.7x10°

#See Figure 6 for thermocouple locations
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TARLE p-j9  Elevated Temperature Tsothemmel Test specimen C-20-1/2
} = .199 L = 501 in. A = Z.99xw0~347% S = 10500 st a=7.6x1070 £t n=28
Pop | Pau p ¥ T, T3 Ty T m Re fRe® Re/
| (psi) | (pal) | (psi) | (R) (R) (R) (R) (R) (1945?)
276, 17| 260 1667 | ik | awas | ke [abr9 | .36 |2.08  |h.2x103 |3.56x107
4ot 20 | ho8 1667 | 1367 | 1376 | 1380 | 17 664 |4.29  [1.05x10%] 7.35%109
599 26 572 1809 1469 17T 1485 | 1560 1.0 |62 [1.73x10% 3 1x103
37 | 16k 1766 | 1sbh | 1553 | 1561 | 2605 | 1.6 [8.8  [2.89x10%|1.51x10
1036 bg | 988 | 1787 | 1587 | 1595 | 1603 | 1643 | 1.99 [11.8 [h.59x10% 2.02x10
gha 39 810 1774 1582 1592 1597 | 1640 1.5  19.16 3.1x16u 1.57x10"
537 23 512 1753 1519 1523 1532 | 1581 .922 5.61 :L.:ihxlo'+ 9.6;;;92
h35 20 | bk 1697 | au6g | by | 181 | 153 656 | 4.09  19.5%103 | 7.01x107
261 16 2Ly 1625 1514 1418 1422 | 1470 30 1.92  |3.76x10 3.29x%104

#See Figure 6 for thermocouple locations
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TABLE pB-1 Heat Transfer Test Specimen R-10-3/8
F=.095 L= .37 in. A= 3.20x07028° 8= b110 260 4= 8,050 n = 3.9
9 iPs | Py AP [T " | Tmoe [Tmw | Tew |Tim | Re fRe? Re/tso-p]
Pbec) (pet) l(pst) l(pst) |(R) | (R) 1(R) | (R)  [(R) | R0lf%y
0 78 | 31 46 520 465 | 6.35 [1.48x105]g,1410%
Q 703 36 665 518 ! 5.61 [1.2x10° [8.03x10
0 633 36 595 517 361 | k.95 19.72210%]7,09x10
0 550 35 513 517 .308 k.23 7.34x107 6.053:_101‘
0 bso | 33 L2 517 a7 3.39 5.1x10° |b.85x10%
0 387 32 353 518 .201 2.75  |{3.58x107| 3, glx10M
0 319 2 286 519 2161 2,2 l2.h2x107%]3.15x10
Q 233 30 202 520 00 | 1,5 l1.28x10%12.13x10
_Q 212 29 181 520 09tk | 1,33 h.ohxo’l1.9x10
7.5 .| 830 39 789 : 51T 530 731 €49 580 | JATT 6.08 11.3x10° |8,7x10"
75 | 58 | 35 | 50 | si7 | s;m | 806 | 683 | 596 | .219 | 3.88 |5.082100]k.90x10

i

#8ga Figure 6 for thermocouple locations
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TABLE B-1 Heat Transfer Test Specimen R-10-3/8
F=.095 L=.377in. A= 3.10x10"3ft2' S = 4110 ft™ 4 = 8.05x10"% @ = 3.9

1 |vg P4y AD | Trow #] Too {Toww |[Tew [Tim B Re fRe? T |
(0o (o) o) |(mst) | (R (R)___|(R) (R) ) | 'I/EE

7.5 | 538 3 L so1 | 517 | su | 808 | 690 | s99 | .29 | 347 |s.01x00 heorao]

Ts5 539 35 502 se0 | 531 810 | 691 601 | .279 3,46 |b,99x10°] 4.96x10"

7.5 | sko 35 503 | 518 532 | 812 69k 602 | .281 | 3.48 |5.01310%|L,994101

1s5 360 32 326 520 53 935 740 624 | 161 1.95 12,03x105] 2.79x10"

745 295 n | 262 501 532 | 1050 Th | 62k | .17 142 |1.36%10°] 2,03x10

1.5 | 266 30 234 522 533 | 1153 754 631 | 096k | 1.11 [9,88x10" 1.59x10

7.5 1 336 P | 302 522 533 | 99T 761 634 | bk | 1,73 |1.72%10°| 24810

7.5 439 3 3096 920 533 893 716 613 2206 2,53 13.06x10°] 3.62x10

7.5 | 460 423 520 533_| 873 709 | 610 | .2oh | 2.76 |3.49x10% 3.0kx10

15| 8u7 4Q 80s | 520 | 533 | oe8 193 647 471 | 5.8 2.04%10°% 7.99m10"
B 15 622 36 583 520 533 11043 860 676 .313 3.6  |5.1%10% | 5,15x107

#Sce Filgure 6 for thermocouple locations
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TABLE B-1 Heat Transfer Test sPecmén R-10-3/8
F= 1095 L= .37 in. A= 30000 3% 8= 1110 £t™0 a=8.05007° 1n=3.9

1 PP Pan AP |Tfw | Tmo  1Tmw |Tew |Tim m | Re tRe? | Reffro-p
ey pet) lost) loost) |} | [t | [m  [V308%

15 | 498 3% 162 522 53 | 1393 902 695 | .223 | 2.52 [3.06x10%|3.61x10"

15 k13 32 378 522 534 | 1448 1006 738 163 1.77 [1.83x105 2.51;::101’

15 360 3 | p6 52l 53 | 1689 | 1077 768 | 123 | 1.30 |1.25x30°{1.86x10"

15 3w | %0 301 526 535 | a8 | 1061 762 | 0L | 1.07 11.1x10° |1.53004

15 365 32 331 526 535 | 1625 | 1077 769 | .130 | 1.37 [1.28x105]1,96x10"

15 433 33 308 52k 535__| 1368 7996. 735 | .182 1.98 12.02x10”] 2,84x10"

i5 3@ 3] 362 522 535 | 167k 1012 780 | .15 1.63 |1.64x10% 2,330

15 350 29 7l 52k 535 | 1889 | 1116 783 | a1 | 1.6 |1.15%10%]1.66x10%

15 388 il 358 52k 535 | 1661 1039 752 1 b6 1.56 |1.54x10° 224101

15 bl 2 L12 ek | 535 | aues | 967 723 | 190 | 2.00 |2.22x10%] 310"
B 15 490 32 b58 523 536 | 1346 939 T | .22 2,49 [2.82x107] 3.56x10

#*See Figure 6 for thermocouple locations
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TABLE B-1 Heat Transfer Test Specimen R-10-3/8
F= 1095 L= .37 in. A=30x073pt? 5310 #70 d=8.050070 n=3.9
q V_J—p/@ pdg AP T_-an* T o T v Teuw Tim i - Re f‘Re2 Re[&('jﬁ |
el (ps1) l(pst) l(pet) () |(R) L(r)  b(r) () | CB/EEY
0 292 2 | 259 520 535 Ak | 1094 j2.07x105]2,78x10%
0 206 30 | 375 | se2 53 0193 | 1.25 [o.94x10%|1.79m204
0 830 Lo 788 518 53 487 6.7 |1.7x10° |9.50x10
0 710 B 670 517 533 210 | 5.65 11.25x10%8.09x10Y
0 473 35 436 51T 533 253 | 3.48 |5.5x10° |4.99%10
0 532 33 500 520 530 290 | 3.98 |6.95x10°| 5.71x10"
i ]
;
-

#See Figure 6 for thermocouple locations
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TABLE B-2 Heet Transfer Test Specimen R-10-1/2
f = 087 L = U455 in. A ; 2.8x10-3ft2 S = 4330 el 4= 6.95%x107%Ft  n = 3.9

1 1P Pan AP 1Tfo | Tmo  {Tww 1 Tew |Tim h | Re fRe? | Refip-p]
(B ec) (pe1) l(pst) |(ost) | (R) (RL__I(R) _ I1(r) l(ry  |(ibft

0 560 35 525 517 204 2,42 .hs5x105 [k 71x10"

0 788 37 750 516 .303 | 3.59 [8.8310%|tx0*

o 1001 38 964 516 Lok 4,78  h.A2x10°{9.33x10%

a 676 ag 641 516 249 | 2,95  16.5x10° |5.76x10"

5.8 | 962 36 92l 521 so2 | 82 657 586 | .35 3.87 [9.9x10° [7.54x20%

5.8 808 35 71 520 523 | 1029 672 593 | .282 3.05 |6.74x10%|5, glx10%

5.8 725 35 688 521 523 | 1049 67T 596 | .241 2.6 15.38x10%|5,06x10

5.8 521 33 486 522 526 | 1166 715 613 | 153 | 1.62 [2.58x103|3.16x10"

5.8 | 308 o) 365 523 531 | 1333 706 610 | .098% | 1.0 |1.51x105]2.03x10"

5.8 | 519 33 48l 523 529 | 1170 23 1 618 | 152 | 1.6 |2.51x10°] 3.13:009
B

5,8 6ol % | 656 522 526 | 1073 695 6ok | .227 | 242 |h.75%10%| 4 .730"

#5ee Figure 6 for thermocouple locations
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TABLE B-2 Heat Transfer Test Specimen R-10-1/2
F = ,087 L= .4551in. A - 2.8x10'3ft2 S =433 £t™ 4= 6.94x107786 1 = 3.9
4 ipe Pag AP | Tfe Tmo |Tww |Tew |Tim fn . Re £Re? Re ftyc-p}
Blec) (pet) l(pet) | (psi) | (R) () __|(R) ® (Lo/ee
7.8 | 778 29 | 748 522 5ol | 1176 Ths 627 | .256 | 2.67 [5.5x105 |5.2x10%
7.8 skl o7 515 | 523 | . 529 |a1382 816 659 | .151 1.52 12.38x10°]2.96x10"
7.8 L&o 26 I3y 525 533 1560 8Ly 672 113 1.12  [1.65x105]2,19x10
7.8 bl 30 ThD 523 529 1. 2227 176 g1 | .oug 2,56  15,16x10°|h.98x10
1 Bok 30 172 523 529 | 1453 855 6715 | .28 2,46  [4,95x105{4 ,81x10%
604 28 5Tl 526 533 [ 1679 922 T06 | .159 1.53  12.53%10%|2.99x10
11 512 27 L83 529 sk0 | 1893 963 24 .15 1.09 [1.7%10” 2,131
11 687 29 655 - 528 535 | 1549 895 695 | .196 190 |3.37x20° 3.72x10
1 773 30 1 | 526 533 | 145k 871 684 233 2,29 (4.43x107] 4. 47x10
% .L
a 655 3 623 523 : -235 2.72  |5.562109 5,20y10M
0 500 29 468 522 163 1.92  |3.3905 3,74x104

“See Figure 6 for thermocouple locstions
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TABLE B-3 Heat Transfer Test ) Specimen R-20-1/k4
F = 9% L= 455 in. A = 24821073762 5= 2720 £t 4 = 2.67Tk0 Mt g - 3.9
R Pan AP | Ttw ¥ Twe T Tew Tim i | Re fRe? Rﬂﬁr-?)j
LT P P T P N S I TS S T 5
0 395 %6 ! 38 | 535 b3 | 184 [8.21x10°| 2. 564100
0 b12 3% 375 539 4,28 | 190 18.77x10%|2.60x10°
0 238 29 208 shé 2.37 | 97.8  j2.5x10° {1.36x107
7.5 | W7 37 ¥ | 938 535 | 853 579 557 | k.31 | 187 18.35x10002.6x107 |
7.5 WT 38 381 53§ 538 | 858 582 560 hoa | 186 |8.28x107] 2.59x109
7.5 232 30 204 540 539 907 610 5Th 2,27 | 964 |2.bxac® 1.34x107
7,51 2% 0 208 | 539 539 | 906 610 573 | 2.27 | 96,4 |e.kex10%1.3ux10
75 85 29 59 | 53 531 | 1086 T3k 627 710 | 28.6 |2.47x10°| 1.34x107
7.5 85 29 50 | 531 11 53| 1085 T34 627 | 705 | 32.3 |2.47x10%|4.box10
Ta5-.] ST 28 2 ‘i SeT. .l 529 1 12h9 866 682 Jor | 19 ls.a8no* 2.6h_xl.9i"'
B 7.5 46 26 23 527 530 | 1363 985 732 279 | 10 [8.22x10%]1 .m0

#Sge Figure 6 for thermocouple locations
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TABLE B-3 Heat Transfer Test Specimen R=20-1/h
F= .92 L= .4551n. A= 2.48x1073t° S = 2720 67T d = 2.67x2077Pt 1 = 3.9
1 P Pan AP |Tfeo ™| Tme [Tonw |Tew [Tom . Re tRe? | Refipo-p}
BLES7AR PR R P e S T T T 65

T a3 81 31 | 53 527 529 1099 T 627 Bh2 25.8 2.18::1045 3,58x10

7.5 81 3 33 527 529 | 1098 T3 629 Bho | 25,6 |2.16x10° 3,56::101‘

15 {me 9 | 675 | s% | 5% 1067 | 598 | s65 | .43 | 318 |2,37x107| b, hax1o)

15 386 £ 356 533 53k | 1359 ) 589 3.92 | 164 16.29x10% 2 28x10%

15 149 32 119 530 Lal 1403 780 ad 1.36 534 17.32x107] 7,43x10/

15 8l 29 57 530 532 | 1595 975 T30 | .661 | 18.8 |1.65x10% 2.62x10

15 58 28 P 529 532 1 1763 | 1209 823 | .376 | 12.6 [5.3%d07 1.7hx1

s | s 28 | 25 | seo | 533 | 3800 Loaerh | 848 | o1 | g.5h |3.56x10%1,3000]

15 82 32 51 ! 529 531 | 1463 92l 708 622 | 23 |1.61x109 3,000

15 148 33 | 116 ; 528 | 530 | 1257 737 627 | 1.35 | sk 7.69x109 7,5x10"
] 15 632 37 59T T! 529 529 968 601 564 6.59 | 283 |[1.86x107 3.94x10]

#Ses Figure 6 for thermocouple

locetions
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TABLE B-3 Heat Transfer Test Specimen R-20-1/4
F=19% L=.51n, A= 2.48x107 32t 5= 2120 £t a = 2.67x107 et g = 3.9
q . ) fm p@_-,ﬂ AP T{w * T o T o T;w Tm fn 5 Re fRe2 Rejg(‘_?)i
Plec) (pe1) l(ops) l(pst) | (R) (RY__|(®)  |(r) |y |(ipfLe
15 6| 31 s95___| 529 529 973 602 | 565 | 6.56 |280  11.86x107|3 ov10”
0 501 3 by | 506 5.2 $235  |1.38x107} 3.27x10°
0 333 3 301 | 526 3.33 ]153  16.08x10°[ 2,124103

#See Figure 6 for thermocouple locations
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TAHLE B-4 Heat Transfer Test Specimen R-20-3/8
) . -3 -1 -
)? = .98 L= .383 in. A = 3.10x10 £° 5 = 2690 £t d = 2.76x10 * n = 3.9
APD Tfoo * T mo T o Tew Tipe fn N Re f’Rea Re/[f(l-ﬂ
T [=4
(ps1) | (R) (R) (R (R) __I(R) \1b/cty
0 638 41 6ls 518 k.90 230 Ppxol  |3.02x0°
o 479 P2 Lhl 519 3.32 156 19.66x10° 2.05x10°
c 378 28 A7 520 2.58 | 121 16.02610°01.50x107
0 188 29 158 517 1.19 56 1.h7x106 7.3hx15
Q a2 26 115 518 0,873 1 1.3 B,3x310° 5.39x10“-
7.5 191 30 160 517 517 780 635 574 1,20 52,7 .193106 6-9x10h
7.5 1 158 | 28 130 ] 518 | s19 | 708 655 s | .97k | k2.2 }7.81x10°]5.53x10"
7.5 103 24 78 | . 518 5.9 8h3 k' 119 613 2590 ol 8 b,88x10° 3,25xlo“
7.5 5 ol 50 517 519 | 877 781 650 | .39% | 16.1 [1.30x10°[2.11x10
15 i 6 2k 35 ;517 520 | 9ou8 sk 671 | 284 11,2 [6.88x10° |1.47x10
T
[ h 3
7.5 | b7 2 23 518 520 | 10k9 983 726 | ,188 7.06 [3,18x10° {9.26x10

#Sze Figure 6 for thermocouple locations
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TABLE 3B-4 Heat Transfer Test Specimen R-20-3/8
F=.198 L=.B3in. A=320003t7 522600 £l d=2.76x0" n=3.9
q ____'D/@ p(_j__n AP | Tfw ¥ T mo T Tew Tipm . > Re f'Ree RE/[}(:-[)j
LU Fe A P P T T T T L5
Te5. 4o 2l 16 519 522 1169 1149 793 132 4,66 L@ﬂo’* 6,11x107]
Te5 37 23 13 520 522 | 1279 1280 8lily 106 3:59 ;.06::10!* h,x:_c;o3 [
T8 R b7 4 500 503 865 69). 590 472 | 20,3 o?|2.66x10"
7.5 76 43 33 500 sob | 909 739 | 612 | .35 | 149 11.14x10%[1.95x10Y
7.5 & | ko 23 | s02 | 505 | 967 815 | e | .2s1 | 10,2 |6,00x10"]1.33010
7.5 57 39 19 503 506 {1003 882 | &15 | .1 8.3 I 2600%1 0gxah
TS, 3 15 50k 508 11056 | 966 | 710 | .7k [ 6.65 2,75x10*8.7x103
7.5 L8 3% 12 50k 509 |11k 1068 | 750 | .39 | 5.13  f1.82x10%]6.72x103
15 Ll k] 10 507 ! 513 [1266 1239 819 | .100 3,45 1 ,14x10*] 450510
T.+5 1 37 i | 505 510 ]1086 999 q24 163 6,15 a.haxlol* 8,06x103
B L 3
Te5 55 38 a7 504 508 1044 13 696 | ,191 Tkt 13.42%10°19,69x10°]

Sea Pigure 6 for thermocouple locations
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Heat Transfer Test

Specimen R-20-3/8

F=.98 L=.$B31n. A& - 31000382 5= 2690 £ a= 27600 0= 3.9
1 P Py AP [Tfo *| Tmoe [Twmw | Tew [Tem | i Re fRe? | Re/fyu-p¥
) (ost) ltost) |(men) | (&) S S S T L6
7.5 60| o 21 50l 507_| 999 851 662 | .230 | 9.9 |5.08x10%|1,2:0
15 596 | 40 555 | 516 s17 1860 61T 565 | 4.3 | 183  |1.2WnoTle.bxo’
15 382 350 51T 517 | 909 657 8 | 2.58 | 112 |h.7x10° |3 474109
15 189 Y, 158 57 517§ 1011 T61 631 | 1.18 48.6 19.32x10° 6.;,6::104
15 161 | 29 132 517 518 1045 804 650 | 984 39.7__16.32x10°| 5.21%10
15 15 | 26 88 | 518 520 | 1092 903 693 | 658 | 25.5 [2.71:10°|3.34x10
15 731 25 4T 518 s2L Lk | 0 773 | .37 | 12,8 |7.72%10%1.68%2
15 56 | o7 28 520 522 | 1h69 ] 1304 853 | .218 | 7.3 |3.08x10'|9,60x10°
15 s1 | 26 2 | s20 see | 1576 | 1heb 897 | .183 | 5.96 |2.2x10" |7.8x10°
19 kg 26 22 520. | 523 | 1697 1517 931 166 5.27 1.79::10h 6.9x10
bﬂis 296 35 260 516 517 | 524 521 518 | 1.96 92.7 3aTlx106-1.2lx105

#See Figure 6 for thermocouple locations
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TABLE B-l Heat Trensfer Test Specimen R-20-3/8
F=.198 L=.,3831in. A - 3.10:;3.0‘31“52- S5 =2600 £t a4 2.76x10% n= 3.9

q Pan AP | Tfw | Tmo  |Tww |Tew |Tim W {Re £Re? Re/fso-pY
(el o) Joan) lost) (@) [ ) [m)  |(m) ) | oIS

15 | L6s 8 b25s | 515 | 516 s22 | s1i7 | 516 | 3,00 1939325100 2x10°

15 595 39 555 | s1k | sk see | 517 | 515 | b.16 197 {1.5407|2.58x107

15 93 | u6 6 | soo | sob | 1215 | 873 | 669 | Ah | 28.8 [1.52:10%|2 hraoH

15 8L Ly ) 500 505 1278 géh 690 L1405 15.8 11.13%10°]2.06x10 ]

15 73 b1 2 | o1 | 56 | 1358 | 1009 | 726 | .321 12,1 |7.12%10"] 1585104

15 61 38 23 | s03 | 508 s | a5 | 805 | L230 8.03_[3.49x10"| 1.05x10%

15 53 35 17 | s05 | s10 1661 | 1496 | 12 | 162 5,29 |1.7x10" |6,84103

15 v 3 24 508 515 1938 [ 1831 {1032 2113 3.3 |9,72%103| 4. 37x107

15 18 33 % | 508 | s16 1943 | 1837 {1034 113 3.3 [9.67x103| k. 372103

15 35 36 19 _i 506 512 1632 | 1394 | 876 .180 5.96_12.16x10"| 7.81x103
B 15 60 38 22 505 510 1566 1284 | 835 »216 7.4 |3.04x10% 9.69%103

#See Figure 6 for thermocouple locations
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TABLE B-b Heat Transfer Test Specimen R-20-3/8
; = ,198 L = .33 in. A= 3.10}[10-323172 S = 2690 ft—l d= 2-76)(10“"" n= 3.9
1 Py Pan AP |Tfew ¥ | Tovo [T 1Trw  [Tim m  |Re tRe? | Re/fro-p]
‘ 2 -
ntohec) (pad) [(ost) l(wet) |(R)_ | (m)  |(m) () Jemy | CRolE9y 1
15 69 40 29 50l 508 k54 2087 758 28% | 104 | 5.59x1011. 36310
15 88 45 43 501 506 1313 930 694 43 16.7 | 1.250182,18x10"
o 75 b7 29 | soh 0 | 16,2 |1.6x10% 0 1310
0 0 | u6 My | 500 . 470 | 22,3 | 2,75%02,92x10"

#See Figure 6 for thermocouple locations
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TABLE B-5 Heat Transfer Test Specimen R-20-1/2
F= 87 L=.5151n. A = 273007302 g - 1330 £t 4= 2.50%107%8 0 = 3.9

1 P Pan AP [Tfe ™ | Tme  |Twme [Tew |Tim in Re tRe? | Re/fro-p}
L R P P N S T S S T 65

Te5 | 181 35 739 530 529|775 589 559 | 4.33 | 176  }.29x107 [2.73x107

7.5 | M8 | 29 B | 5 | se9 1856 | 629 518 | 2.2 | 888  B.38x10°] 1.38x0

7.5 22 P 205 530 529 9'?’6‘ T09 615 1.23 46.9 T5‘«'53='C1("->5 7.28x10

7.5 180 29 147 530 529 B0 756 68 | .83 | 323  h.8ux0dl oo’

25 lam | o 103 5 | 529 hioh | 81k 662 | o502 | 21,5 p.39x10% |3,34m10"

7.5 101 27 70 531 529 R187 899 699 422 | 148 ]L.2Ax10% {3, 00510

75 | 75 | 26 | 46 | s;m | se9 har  [ioks 759 | 276 | 9.16 }.89x10* [1.bex10®

725 65 27 k. 531 53L sk 1201; 822 .203 | 6.37  p.71x10" |0.88x10

7.5 55 26 26 531 1} 531 N599 1403 897 2871 b,37 N howio* 6,703

725 52 25 2k 529. 1 531 h6s0  lishk 948 228 | 3.66 b.15x10"|5.68x103]
75 | 61| 29 36| 529 | s; pw®  np | 72 | .2e2 | 7.5 B.2rao®[1iumol]

#See Figure 6 for tharmocouple lceatiors
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TABLE B~5 Heat Transfer Test Specimen R=20-1/2
Faa87 L= .si51n. A=273003062 5204330 870 4= 250070 n= 3.9

1 P Pan AP |Tfe ' | Tomo  |Tamw |Tew  |Tim @ Re fRe? Re/fr-p3
B2 R P P S S S T P I 2554 .

1.5 95 33 61| 529 531 | 1220 907 0L | .35 | 13.5 9.91x10%|2, 00510

7.5 | 123 3% 87 | 530 531 | 1343 827 668 | 537 | 19.4 [1,96x10°|3.01x10

7.5 | 20k 36 167 | 533 531 | 989 123 623 | .99 | 371.6 16,70 [5.84x10

7.5 3k 36 306 535 s32 | 878 665 598 1.81 | 70.5 2.13@,;(;2 1,09x10|

1.5 614 38 571 534 '532l 188 622‘7 57T 3h2 | 136 7.&31.06 2.11x10°

15 T80 35 735 533. 5% | 997 6& 59k bo33 § 1 1.11x107 |2.62x107

15 591, 30 555 1533 532 11072 632 609 3.26 ] 125 6,.gﬁﬂO6 Lgmf,
|15 430 29 396 533 532 1168 732 627 2.30 | 86,6 2.98g_of, 1,34x10°

A5 2hT 29 215 | 535 533 | 1376 849 680 | 1.22 | ¥2.7 |r.76m0°|6.62x10"

15 | 189 ]F 158 | 535 ) 533 labok | oMb | 720 | .885 | 0.8 [uoax10® |u.71m0t
B 15 1h6 28 445 535 533 1659 107Th 773 Bl 21 2,01x107 3027x101*

#Sea Figure 6 for thermocouple locations
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Heat Transfer Test Specimen R-20-1/2
F= 287 L= .55 in. A=2.73007302 5 =433 £t 4= 2.50007%t 1= 3.9
1 _1Pgp Pap AP | Tfw ¥ ]| Tmo Toww | Tew |Tim in Re fRe® Re/fra-p3
EET J , - (To/Tec
-aec) {psi) l(psi) (psi) (R) {R) (R} (R} {(R) —sec.)
15 | 13 28 108 | 53 533 |a7oe | 1123 | 792 578 | 18,6 [1.6x10° |2.89w10"]
15 181 30 19 | 5% 533 | 1523 969 | 30 | .837 | 28.6 [3.60x10° |n.uhzaot
25 {200 | 3@ 175 | s | 533 [y | on0 | 705 | 966 | .6 l5.28x10°]5.37a0"
15 433 33 397 535 53% | 1160 706 616 2,3 | 88,1 13.17x10°|1.36x10°
15 756 35 A7 533 533__| 1012 643 586 | 4.5 | 163 |1.08x10'[2.53x107
i 4
- - - '




el

TABLE B-6 Heet Trensfer Test Specimen R-40-1/k |
f - MOl L= .2k dn, A =2.57x0738t% 5 =1780 £t d = 9.05:07'rt  n = 3.9

1 Pe Pan AP | Tfoo | Tme  |Tww |Tew  |Tim n Re tRe® | Re/fpro-p}
1B%c) (pat) (pst) | (ost) | (®) & S ) W GO N [0 MO A 438

0 51 30 21 | see 2.2k | $#3  |1.82x10%(8,72:10

0 63 35 28 | s2b 2,93 | 8  2.92x10°]1,18x107

0 - 76 39 37 526- 3.69 | 563 1+.5x106 1.46x10

0 8l 39 wo | ser 5,18 | 640  |5.77x10°]1,66x109

) Lo 29 10 | 524 1.2 | 217 |7.35%109] 5. 655104
[ 7.5 7542 3.2 b h9§ Loy Toz 520 507 3.9 | 62k [5.65x10%]1.62x103

7.5 | 6.5 | 21.7 24,6] 496 bot | TT3 A 535 515 | 2.24 | 356 [2,02x10%(9.2x10"

Ts5 32.7 20.8 11,7] ho6 498 | 817 551 523 1.30 | 206 |7.55%10%] 5.36x10

Te5 29,0 20,7 8.1 | 496 ! 48 J 8k 56k 529 1,02 | 161  |4.85x10°|4,19x10

!

7.5 | 30.6 | 26.8 3.8 i kg6 | ko9 8ot 688 587 oT15 | 113 |2.62%10°] 2.94x104

75 | a3 | 220 2.0 i 197 502 | 1004 653 STL | L436 | 68.9 {1.11x107|1.79x10"

Ogse Figure 6 for thermocouple locations
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TABLE B-=6 Heat Transfer Test Specimen R=40-1/4
' - -1 =4
f = .1!'01 L = oej'l'h in, A= 2-57310 3ftc2 S = 1780 £t d = 9005310 't n= 309

1 Py Pdn AP 1Tfe” | Two  [Taw | Tew  |Tim i ol T fRe® Re/izo-py
o) (pe1) lpst) l(oen) 1) LR lm) | gy |CEolE®

745 22,4 20,7 1.6 | 498 503 1073 694 590 353 | 55.7 [8.23x10% 1 ysyof

7.5 | 20.2 | 19,2 .9 | 1498 505 | 1186 | 852 659 | .23 | 36.5 |h.2300M 9485107

15 20.0 | 19.b 51 k99 507 1367 | 1063 T46 k8 | 23.3 [2.35:0" 6,072107

7.5 | 22,8 | 21,8 .91 kg9 506 | 1175 | 84k 656 | 247 | 38,9 |W.76x10171.01x10

T.5 27.7 26.0 1.7] koo 50k 1037 612 581 120 | 66.2 [1.09%10% 1.70x10

7.5 | 50,5 | 35|  sol uos | uog | eu8 | s6s | 509 | ook | 157  |h.56x109 h.ogmdd

25 | w88 | wosl 7ol s b8 | gob | s s19 | .42 | 225 18.58x10% 5,860

7

15 7.2 | 33.6 9.3 ok 496 03 | _s31 95 | 3.7 | 512 }h.65x109 1,490

15 49,3 | 2.h 2h.8 495 ; bor | 912 | 558 526 | 2.3 | 3% [1.92x108 9,2x0%

15 2.7 21,5 11.0 k95 | ko8 { 2087 590 | .54 1,25 |. 187 5,89x107 4 ,8Tx1
s [ L

15 36,0 3006 5.2 Lkg6 499 1155 605 549 921 | 137 {3.32x305 3.55x10%

#See Figure 6 for thermocouple locations
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TABLE B=6 Heat Transfer Test Specimen R-40-1/4
F= 0L L= .2bbia. A . 2.57x10 1t2 5= 1780 2675 d = 9.05K07ft  n = 3.9
1 PPy Pan AP | Tfew #| Tmo T maw Tew TiM o Re fRe® He/m,_ﬁ,j
2hec) (pst) |(pst) |(pst) | (R) (R)__|(R) (R) _ [(ry | (%B/L¥y
15 3.2 | 27.5 3.5 | 496 500 | 1258 | 6k 566 | 681 | 99,6 h.85x10%]2.50:10%
15 26,4 23.9 2.3 498 504 1404 T09 597 AT0 66.1 9.15:10" 1.72x10
15 22,9 21.2 1.5 | 49 506 issh 853 660 .331 | 43.6 f.abziot 3_,,13&9_‘}_‘
15 2.h | 20, 1.1 | 500 508 | 1706 | 916 687 | 247 | 3.7 P.6x10% |8.24x103
15 23.5 22;.7 6 | 501 .510 T 88 | um | 790 188 | 22 B.1kx10%[5 725103
15 26,1 | 25.0 9 | s02 510 | 1667 | 943 699 264 | 33,5 [2.52x10%(8,71x109
15 29.7 | 28,2 1.3 | 502 508 | 1502 | 763 62 | .3r3 | 51 [5.36:0%]1.30x103)
15 37.5 34,7 2.6 | 499 506 1272 ¥ 648 570 635 | 92,3 h.66x10°|2.kx10%
15 hl.7 377 3.8 | 49 sob | 1170 508 552 859 | 127  [2.84x107]3.29x10
15 49,7 12,1 Tk f ko8 | 503 | 106k 571 536 | 1,37 | 206 [6.93x10%]5,36x10"
| 5 | 30 | 21 | 522 2,88 | 33 [1.82:000[8,72:00"

“*Soe Figure 6 for thermocouple locations
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TABLE B-6 Heat Trensfer Test Specimen R-40-1/4
' -3_2 ! b
; = 401 L= .28k in. A =2.5Tx107°2t° 8 = 1780 £t d= 9.05x10 £t n = 3.9
1 1P Pan AP | Trm # Tow | Tew  |Tim i | Re fRe?. Re/fra-pY
| [-4
(B ec) (083) |(ost) | (oet) L(R) (R)_ () |(r)  |CL/f
0 38 28 9.52 | 52k 1.25 | 191 [6.69x10°]},96x04
Q 36 21 8.57_| 52k 1.19 | 182  [5.95x10°|k.73x00M
Q 2 26 6,85 523 .992 | 152 h.asgl_g5 3.95::101*
0 35 32 2,85 | 520 632 | 96,8 l2.0ux105]2,52%10%
D '{L 29 2.00 j& . o,'"Tll- TaoT l ﬂos 1.893.1.0!;
0 26 25 1,05 521 268 | 41,1 S.Thxlou 1, xlol’ﬂ
0 25 ol .87 | 521 218 | 33.5 [h.62x10% B.Tmcj
1 |
| 1
13 1

8sc Figure 6 for thermocouple locations
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TABLE B-T. Heat Transfer Test Specimen R-40-3/8
f = ,399 L = 40T in. A -_- 2.97x10"3ﬂ-,2 8 = 1790 ™t da 8.97::10”1* n= 3.9

1 lvg Py AP | Tio ¥ Toe [Twe [Tew  [7em fn Re Re? | Reftsu-p]
Sovhec) (ps) llpst) [(ost) 1(m) | (R) |(m) |(r)  [(m) | CEoLEe

0 80 3 b5 | 503 2,78 | 435  |3.52x10%1 14107

0 61 28 2 | 503 1.99 | 311 }1.97x10°] 8,15x104

0 43 2 18 | 502 1.2k | 19k 18.32%10%] 5,08x10%

Q B 23 15 | soe 1.07 | 168  16.36x10%| 4.39x10M

0 Bk | 23 104 | 503 808 | 126  |3.93x10%| 3,310

0 30 2.8 7.0 | 503 626 | 97.8 |2.5ux108] 2,56x10"

7.5 1| 46 30 16 | 502 502 | 858 ST1 536 | 1.26 | 188 |7.25x107| k,oh10

7.5 L hp 28 13 502 s02 | 873 sto | sho | 1.07 | 159 [5.32x10% 4.16:0"

7.5 % 2349 6.95 503 503_| 953 626 | 562 | .623 | 89.7 |1.99x107 2.35x10"

7.5 .1 28 22 52 ‘2 503 . 503 | 989 653 1. -57% 498 | 70,9 |1.3x10% h.86x10"
_. Te5 25 22 2.8 | s0b 50k | 1067 730 610 3T | 43.5 |5.78x10% 1.14x10

#8ca Figure 6 for themmocouple locations



o1

#See Figure 6 for themmocouple locations

TABLE B-T Heat Transfer Test Specimen R-40-3/8
F= 0399 L= JOT1n. A= 2970 et° S=1790 £t75  d=8.97x10"" = 3.9

1 e Pan AP |Tfe ¥ T |Tme | Tew |Tim | Re fRe® | Refiy-pl
(B%ec) (2s2) fost) |(oen) 1(®) | () () |0 [m)  |CRLE6y|

7.5 | 23 21 1.9 | 5ok sob 1 1153 | 813 | 646 | .23 | 304 |3.20600%|7.97¥103

7.5 | 22 21 1.6 | 504 sob | 1189 862 | 667 | 200 | 25.8 [p.hhx10"|6.77x103

7.5 1 2% 21 1.95 50k sob | 213 | 701 | 600 | .2ho | 33,3 [3.79m0"[8.72003

7.5 | 26 23 2,85 504 sob | 1051 | 7ab | 6or | .336 | B4 i5.6000"[1.5m0"

7.5 | 83 41 411 so so1 | 776 538 519 2,72 | 116  |3.26:0%]1.00x103
35 | 83 41 b1 | 501 501 | 1008 5| 535 | 2.72 | %08 |3.03x10°]1.07x107

15 67 P | so1 sor 1050 | 588 | sh3 | 2.06 | 6 1.768x10°]8.,01:10

15 L3 21 15.5] 501 so1 | 1167 e | sto | 1.4 | 1.63 |5.58x105|b 28210

15 k-] 24 8.4 ] 502 | sp2 11299 710 600 697 | 96,9 |2.asm07 2.5hx_1i"

15 30 23 61| s03 | 503 | 1367 T | €6 | .55 | 75.2 |h.3emod|2.97=0"
B 15 27 23 3.45| 504 504 | 1506 874 672 [ i;67 47,2 6ooleol’ 1°2!+x101*



T

TABLE B-T Heat Transfer Test Specimen R=40-3/8
/'= 399 L= .40Tin, A= 2.97x10 22 5 a 1790 #6754 = 8.97x0™F = 3.9

1 P Pan | AP [Tfeo * | Twe T rnse Tew Tip D Re fRe? Re/m.j::
b (ood) [(pes) [(pet) |®) [ (R) () | (m)  |(m)  |COE%) |

15 32 30 1.5 505 505 | 1657 ‘ 1056 THT 23 | 28.1 J2.55x10%|7.36x10
15 30 29 1.25| 506 506 |1766 | 1212 810 | 193 | 21.9 ]1.66x10%]5.73x103
15 b2 |37 o2 | 504 5ok | 1369 745 617 | .59 | 7ah  11.29x10%]1 870"
15 53 39 12,91 so2 502 | 1168 638 567 | 1,28 | 170 16.16x10° | bobbxl
15 81 ho ks | so1 501 | 1029 567 533 2.90 | 435  [3.44m00)1. 38510
0 87 40 b5 | hog 2,90 | 456 |4,02x10%]1,19%109
0 64 33 0 | koo X 1,9 | 312 |2,0ux10°|8.18x10
0 ks 26 18 | koo 1.2k | 196  [8.99x10%|5,12x10"
0 39 25 1k.5] 499 1.04 | 163 [6.47x10%|8.28x10
o | 3 30 6.6 % 501 ] . 0,67 | 105 |[300° |2.75x10

“Soe Figure 6 for thermocouple locations
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TABLE p-8 Heat Trensfer Test Specimen R=b0-1/2
o 408 L= 92 in. A= 245007322 §=2770 #8571 d = 9.31x10%%et  n = 3.9
e Pan AP |Tfoo *| Tmo  |Twme | Tew  |Tim A |Re fRe? Re/m.-pj
T (oat) l(ost) |(pet) | (R) (RY__|(») (R)_ fry | IBAEY
0 91 ve | u6 | sou 3.57_| 518 _|3.78x105]3 k7100
0 79 39 % | 505 3.02 | 488 o®l1 24107
0 P .| 33 1 so4 2,56 b _lp ake10°]2,06%10°
0 L7 29 18 | sob _ 154 | 248 8,47x10°16.3kx10"
0 7 29 16 | sok 1.39 | 225 i7,.28x10%15.T4xao"
Q A2 28 AL 504 _ 1,26 | 205 |6,08%10°|5.22210"
7.5 | 38.9 | 336 | 5.7 | 500 so1 | 906 616 | 556 | .15 | 108  |2.02%10%]2,75%10")
7.5 | 36.5 | 2.3 ] 46 | s5m 50k 937 639 | s67 | 604 | 90.3 %@05 2.3x10"
75 | 28 | 20.7 | 3.4 | s02 | 506 | 9o [ 683 | s87 | 461 | 67.2 |9.1xao0* [1.7axmi0
7.5 | 28,2 | 264 | 22 | 505 | 508 [ a3 | 79 [ 6% | .203 | 40.8 [u.38x10*1.00n0f
7.5 | 26.9 | 254 | 1.9 | 505 508 | 1165 8h2 | 659 | 248 | 33.5 |3.28x10%]8.55x10

tfes Figure 6 for thermocouple locations
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#See Figure 16 for thermocouple locations

TABLE B-8 Heat Trensfer Test Specimen R=-40-1/2
= M08 L= .h92in. & = 2.45x107326% 8 = 1770 £67 4 = 9.qmo et 4 o 3.9
1 v Pan AP [Tt * | Pono [T (Trw [Tem fn Re fRe® | Re/req-p:
ofthec) (pat) oed) |(eet) |(R | (m) lm)_ ) lm) (Tofse}
7.5 | 25.3 | 241 | 1.6 | 506 s09 | 1247 927 | 695 | .95 | 25.% l2.3x10" 16.48x103
7.5 | 27.1 254 | 1.9 506, 509 1166 83 | 658 289 | 33,7 |3, ;x10418, 595105
7.5 28.4 26,2 2.1 505 508 1118 83 634 289 | Lo s 130 1&02x10h
75 | b | 28.5 | 28 | son so7 | 20w | 78 | 605 | 406 | s8.2 lg.7raao[1.48m0
Te5 333 ] 8.6 | s | sob | ks 68 | 567 | .68 | 92,2 J1.5300% ]2, 3550%
15 39 bs 51T 518 | 9% 568 | 552 | 3,32 | sos %@;&ﬁl. 0’
15 66 3h 32 518 518 | 995 608 | s62 | 240 | 361 h.52x0[9.1a0"
15 46 28 18 516 517 {1 ﬁL 653 982 1| 1,46 | o34 15865107 ]5.46x10
| 15 | ko 26 W | s17 | 518 | a5k 671 | 593 | 1.6 | 168  J3.01x10° Iu.3m10%
15 1| 3 | 25 8.8 517 ! 519 132 614 2829 | 11 £.02x105 2,90xi0%
15 3B 336 | 1.8 517 520 | 1352 790 okl 616 | 845 .2x10° [2.16x0%
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TABLE B-8 Heat Transfer Test Specimen R-40-1/2
}'= b8 L= 92 4n. A= 2h5x1073pt? 821770 £t 4= 9.31x07'f6  n = 3.9
RIEERES Pan AP |Tfw | Pme JTwe |Tew |Tim f Re fRe? | Refis-p]

Uothec) (pa) (pen) [(ost) |(®) | (m)  |(m)  |(m) Iy |COLEEC

15 % 0.8 | 3.2 | si7 520 | 1459 863 | 675 L66 | 62,1 l6.u6xa0"|1.5800"

15 0.8 | 284 | 2.6 | si7 522 | 1591 96k | mi7 | W7 | b aoao* | 1paok
119 28.8 26.9 2,1 517 522 1706 1060 756 272 33.6 |2,81x10% 8,57:{103

15 26 2.8 | 1.5 | s19 526 | 193 131 | 855 | 175 | 19.8 [.36x10%|5.06x10

15 29.3 | 27, 2,2 | 518 s23 | 1627 08 | the | 290 | 36 [3.05x10%]9.10107

15 1.8 | 29 | 2.8 [ s7 522 | abkot 93 | 703 | .383 | 49,7 |b.85a0%|1.07210

15 ko.1 T 555 J 514 517 | 1283 753 | 626 698 | 97.8 1953#05 249104

15 bl 36.5 Tos6 | 514 517 | 1203 701? €03 2900 | 129 [2.49x10%]3 3 oF

15 k9 3.0 | 17 514 1J 515 | 1069 642 516 | 1.52 | 225  [6.17210°[5 qing

—

0 38 o7 13 % 505. ; E 1,09 | 277 |s.b1m09| bosiaod

~ 0 33 25 8 505 851 | 138 L2086:ﬂ.05 3.51%100

#8ec Figure 6 for thermocouple locations
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TABLE B-8 A Heat Transfer Test Specimen R-kO-1/2
}: 4,08 L= 492 in, A= 24502073t §= 1770 £t~ a = 9.31x107Mft n = 3.9
q i “')@7 pd._‘; AP T.ﬁ o * Tmo T A Tﬁw TLJ"I l.n - Re fﬂee Re/[f("p‘{i
o
L P e T T S T T I L5
Q 31 o5 6 503 118 | 116 b.08x10% [2.g7x10"
0 30.7 25,4 543 1. 50k 2666 | 108 h.84x10° J2,75x10"
0 27 23,5 3.5 | 5ok W499 | 80.9 0.1x107 [2.06x10
0 23.8 21.8 2.0 | 504 2351 56,9 __15.64z10" 14551, ol”
ir_ i
A ____ bl J - }L_‘ L
| ] i
_J A

“Sse Figure 6 for themmocoupla locations
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TABLE B-9 Heat Transfer Test Specimen 8-20-3/8
F =218 L= .39 1in. A=2.91x03 162 saTioe et da 1,19x10°% £t n = 3.8
. log Pan A2 [Tse | T |Tow | Tew  |Tem & Re | fRe? Re/fr-p}
(e (pe) Jfoet) l(pet) |0 () | lm)  |m) VB[R
0 B3 | 8 798 | 5% .22 | 83.6 P.o1x10°[7.52510"
Q 679 33 64T 540 3.3 66.1 1.36::106 5.95:&01*
0 460 | 29 b 539 211 | W.7 J6@6::3.05 3.75x10%)
0 297 | 35 263 | 535 1.25 | 24,8 [2.54x107|2, 0300
0 268 | 33 2% | 535 1.09 | 21.6 [2.06x10°|1.94310
0 a1 | m 180 | 53 | 805 | 16 1027:@10'5!1,414;;10‘*
[ 0 173 29 145 533 618 | 12.3 [8.62x10%|1.135004
0 65 | 29 137 1 5% ST8 | 115 [7.87:107] Leokaao
0 &_T 28 119 531 ! 293 | 9.85 [6.16x10%| 8 865107
o | am [ = ! 90 [{_ 530 [ 3 | 73 [k0990" 660,07
: :
[ o % | 0 | 6 [ s» %‘.270 54 [2.66%10% i, 86x107

#8ee Piguxe 6 for thermocouple locations
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TABLE B-9 Heet Transfer Test Specimen S-20-3/8
= .2118 L= .3691n. A'=2.91x10"3 £t2 g5 7102 ££7F 4 = 1.29007%t 1 = 3.8
T P Pan_ AP [Tfw” | Tmo  |Tow |Tew |Tim @ Re tRe? | Reffro-p3
12 R T R T T TS TS (R) | B/
0 91 30 62 | s30 236 | b2 [2.2000% | k.25%103
0 8 29 56 | s29 206 | 413 |1.09x10" B.72x10°
0 68 28 4 | 528 Akl | 2,82 ),18x10% b.skxi03
0 62 0 33| set 212 | 2.2 b,1300° .02x10
75 830 37 795 ;ho 537 677 583 561 ] ;+.18 80.6 uoamo's 7925::13”
725 566 31 5% | 540 531 693 59k 66 2,69 | 51.6  B.2ex10° by ,65x20"
7.5__| 300 3 260 | 538 533 | 730 633 | 584 1.25 | 23.6  R.14%107 Jp,12510"
7.5 1259 | 29 23 | 538 | 533 | ho | &9 |52 | 1,04 | 395 f.ssmod 7smo
7.5 | 202 | 29 1h | 53 533 |t | 682 | sop 75k | 13,8 B.83x10* b .okmod
7.5 L6 | = 137 53 s | 79 i1 | 62 | .S73 | 10,3 5.62¢10" [9.30x10°
m'ros 133 29 105 5% 530 | 89 777 | 648 {I_,m 7.21 B.2x10" [6.49x103

#Zze Figure 6 for thermocouple locations
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TABLE B-9 Heat Transfer Test Specimen S-20-3/8
- 218 L=.3%91n. A-201x03 s s=702 £t a=1.a9a0% 8 n=3.8
1 1P Pan Aap | T ,,1 T mo T Tew Tim i | Re fRe® Re/m,-;ﬁ
(el (pat) |(pe) l(osh) () | (m) ) em) @y |l
7.5 | 107 3 77| 533 530 | 920 871 | 688 2k | 62 [1.75x0% 4165103
7.5 a1 30 68 533 s29_ | 910 929 | 713 221 | 3.6 |1.31%10%]3.28x103
7.5 84 28 57 1 s | se9 l1uipo | 124k | 799 236 | 2.07 |7.4x03 |1.8ma0
7.5 1 100 30 70 | 529 526 | 951 907 | 101 23 | 3.90 11.43:10% 3,51%103
7.5 1 174 32 wh | s29 | sp6 | 793 701 | 613 2584 | 10.7 |6.42x10" 9.615107
7.5 297 30 268 533 s | 121 629 580 1.26 | 23.8 |2.14x10%| 2.14x10M
15 820 | 31 | 785 | 538 535 | 704 619 578 va2 | 78 65x10% 7,02310Y
15 612 3 582§ 538 535 | 833 6k 589 2,92 | sk.7 [8.8x10° {4.92x10
15 10 30 411 537 53% | 871 678 605 1.96 | 36.1 [4.26x10%] 3,25%10
15| 308 0 | e % 535. | 533 | 928 73 629 1.26 | 22.6 |1.82%10% 2.03:00
B 15 265 30 236 | 535 533 550 762 642 1,06 | 18.8 [1.3400 1.69::101‘[

#See Figure 6 for thermocouple locations
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TABLE B-9

Heat Transfer Test

Specimen $-20-3/8

- 2118 L = .369 in. A - 2.91x1073t® s = 7102 £t a = 1.19x10°%8t 0 = 3.8
1 4Pmp | Pan AP |Tfw | Tme [Tow |Tew [Tim i Re | fRe® | mefyep]
T\ (oat) l(pet)  |(pst) | (R) (R) | (R) () (R (1b/ £ty
15 22Y 32 193 | 535 533 1012 | 797 657 845 | 147 0310t [1.30m10"
15 163 30 134 | 534 532 | 1128 | 917 708 538 | 8.92 [3.96x0" 8.03;;10
15 137 30 108 533 5313217 99T T 400 | 6,43 b 4ox10* 5.79310§
15 129 2 533 531 |1370 |1088 T70 282 | b1 1.68x10%[3.97x103
15 110 30 g1 | 533 531 | 1512 {1138 798 223 | 3.41 [1.32x10%}3,07x10
15 96 30 66 533 533 | 1820 {1692 | 1003 A1k | 1.9 [5.62x031, 34103
15 108 30 79 1 531 53| hk 11150 8oL 237 | 3.62 [1.25x10"}.26x103
15 20k 30 175 530 529 | 1okl 821 665 736 | 12,7 |7.29x10%| 1 .14510
15 | 286 P 253 | 531 529 | o2 | 735 621 1.16 | 20.9 |1.65x10%]1,88x10
A 302 35 268 ; 533 ) - 1.26 | 25.2  |e.72x10% 2.27x10
[ o 2n 33 239 | 533 1.0 219 |2.15x10°|1.97x

#See Figure 6 for thermocouple locations



0eT

TABLE B<9 Heat Trensfer Test Specimen 8-20-3/8
/E’,. 2118 L= .369 dn. A = 2.91x1071t2 g5 < 7102 ££71  d = 1.19x10°%ft n = 3.8
K3
. | Py Pan AP [Tfw | Two |Tww | Tew |Tim i | Re fRe® | Re/tro-p)]
Blec) (pa) ltps)  l(mst) | (®) (R) __ |(R) (r) __ l(R) (Ib/sey
)
0 198 30 169 | 533 729 1 ak,s  hoakaoSfi.zimo®

#See Figure 6 for thermocouple locations
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#See Figure 6 for thexmocouple locations

TABLE B-10 Heat Transfer Test | Specimen §-30-3/8
? = 319 L= .3754in. A= 2.92x0 722 5= 6650 £t d = 1.92x107%¢t  n = 3.8

T Py Pan AP | T4 b Two  |[Torw | Trw  [Tim B |Re fRe® Re/ﬁf""’i
HE/ P P P T S T P T (Io/eey

0 86.2 43.0 h2,6 | 513 733 | 241 | %.83x10% . 995103

0 1.3 L. 39.3 31.8 512 2538 | 17.7 3..14_::_101‘L 5,87x103

Q 65.3 37,2 | 27,9 | 512 466 | 154 | 2.53%10%5.11%103

0 58.7 ,8 23,6 | 513 .37 | 12.8 1.91;::10'*&.2&@”9_‘1

0 50 1,5 18.1 | 513 286 | 9.43 1.433:10‘* 3;{,3::163

0 b5 | 30.0 | 15k | 513 235 | 7.8 | 1.02002,57003

0 ¥3.h | 29, 14,0 | 513 212 | 6.99 |8,9603]2.39%103

0 41.0 28,2 | 12,5 | =13 L187 | 6,16 | 7.68x102,08x103

0 37k | 26.6 | 100 | 513 JA51 | 4.98 | 5.86x1091.65x103

Q .7 | 24,3 | 7] 513 . 20966 | 3.18 | 3.49x10%1.05x10
B b2,0 | 28,8 | 12,8 s13 2195 | 643 | 8.0x103]2,13x103
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TABLE B-10 Heet Trensfer Test Specimen 5-30-3/8
| =542 -1 i
Fa .39 L= .3751n. A= 2,92x1077#t° 8= 6650 £t} d = 1.92607%ft n = 3.8
. - :
@ % Pan AP Tfw Tome T Tew Tim m 2 Re fRe2 Re/gn-;)
Joochee) (ped) l(psa) |(oet) | (R} | (R) l(m) | (=) |(m) | CRolEes
0 4.5 | 30.6 ! 15.5] 512 240 | 7.90 |1.05%10Y 2.62%10
7.5 | 87.5 | %38 | 43.0] s12 512 | 928 léko . | 578 1331 22.3 |3.76x10% 7.39%107
7.5 | 68.9 | 38.8| 29.7] 513 513 | 997 | 7ok 603 oo | 1.5 [1.93a04 4,810 0°
7.5 | 58,8 | 35,1 | 23.k| 513 513 [1056 | 758 628 2363 | 10.5 {1.21x104 3.47x107
7.5 | 507 1 :.8] 18.5] =13 sty 1130 | 8% 663 265 | 7.8 7420 ] 245008
7.5 LA.2 30.0 15.9 513 515 11183 920 €97 2212 SaTl s,gﬂma 1.9;:103
7.5 ] 42k} 283 | 13,91 si1b 506 11279  hoie 735 168 1 .36 !3.73x03 1.84x10
75 1 %06 | 2| 132 s | st [ime  hiue 75 45 | 3.64 |2.99x103 1.21x100
7.5 | 388 | 26.1{ 12.3] s1s ! 517 |1kos  host 832 121 | 2.89 |2.27x07 9.58x1]
!
75 1 47.8 1 30,7 16.7 % siv | 516|175 | 900 689 226 { 6,12 |5.82x103 2.0300
_ T+5 Sh,1 33.5 20.2{ 5S4 515 | 1099 813 652 .300 | 8.4 18.88x103 2.8x103

#Sce Figure 6 for thermocouple locations
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TAMLE B-10 Heat Transfer Test Specimen S-30-3/8
; = ,319 L = ,375 in. A= 2.92::10"5ft2 S = 6650 £t1 A= 1.92610°% £t n = 3.8
q P Pay AP |Tfw ] Tonoe | Taw Tew 1Tem @ - Re fRe? Refisu-pid
() (2et) loat) e | | (R) (&) () lm)  |ClEey

7.5 | 72,5 | k0.7 | 31.5 | 513 514 987 | 693 | 598 52k | 15.6  R.19x10* |5 ,17:003
15 88,6 | W5 | k3.5 | 513 sib | 1296 | 757 | 627 729 | 21,0 13.10m0"|6.98x103
15 T5.0 4.1 33.5 51k 515 103 865 67l +538 14,8 8 07‘ L ,91x103
15 70.2 39.5 30.h 514 515 1519 999 730 L76 12,4 [1.29x10%4,12x103
15 j;x_,g 35.8 | 25.0 | 515 s17_ | 1625 | 1064 | 756 .363 | 9.25 18.68x10%|3.07x103
15 55,1 33.1 | 21.6 | 515 si7 | arn }ame | 8se 286 | 6.72  |5.130103]|2.230103
15 47,8 | 296 | 317,71 516 521 | 1826 | 1792|1025 2293 | b 12.38x103|1.33x103
15 51 .5 | 19,1 | 517 520 | 1689 | 130k | 851 2% | 5.5  [h,26x105]1.82x10
15 57.6 | . | 22.6] 516 | s20 | 1519 | 1059 | 755 319 | 8.k |7.49x103]2.70x10
5| ma gl oealoms |osg | jee | ss {68 | oan | e 1.88x10" | 4 .92x103
0 82.7 | B | 43.7) 513 05| 23.1  [b.59%10%|7,67x103

#5se Figure 6 for thermocouple locatlons



TABLE B-10 Heat Trensfer Test Specimen S-30-3/8

/’u 239 L = o375 dn. A = 2.9200772t2 8 = 6650 £t d = 1.92x10°%  n = 3.8

q __H,P'ﬁp Pd_n AP T.Fﬂ,* T e T e T&w TU“! x > Re fRea RE/Q("F)E
S P R e e T PO T I 65

0 .5 | 36.3 | 3.8 | s13 .555_| 18.2  [3.25x10% [6.03x103
0 59.3 32.3 26.6 | 513 L11 | 13.5 .12::10L‘ h.m@i
0 43.6 26,8 | 16,4 513 23 | 7,56 b.gex1e3]s. 510

95l

*See Figure 6 for thermocouple locations
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TABLE B-11 Heat Trensfer Test Specimen C-10-1/k
/ L 110 L= 247 dn. A = 3.060 0%t § = 11500 7t d = 3.83x107°2t n = 2.8

1 P Pan Tfo * | Temo Tew  |Tim i Re fRe? | me/fso-pi
T8 o) (os1) |(ps) (& ]| (&) ® ) |CB/EE

0 837 B 515 922 | 6,02 [2.08x10% |k ,02x103

o 607 35 515 G2 | k21 [laxo®]z.81x03

0 sh7 3 515 .563 | 3.69 [8.93x10%|2.46x103

0 463 33 515 268 | 3,06 l6axao® 2.Ollx104

0 362 3 515 M9 | 2.29 3.9::10“ 1.53x%10

7.5 8ok 3 515 523 630 570 846 | 5.9  [1.60x10%)3.47x103
1.5 | @15 29 515 513 668 | 588 579 | 3.48 _8.x10* |2.32x103

125 540 28 515 51k 693 | 600 Aoo | 2,91 [6.19x10% 1.95x103

7.5 45 26 515 51k T3 618 32 | 27 [3.92x0% 1.45x103

7.5 | 355 3], 515 1 s5ih 793 Bk 258 | 1.6 [2.25x10%|9.76x109
i a5 31 30 515 516 85k | 670 203 | 1,12 |1.58x10% 750,

#See Figure 6 for thermocouple locations
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TABLE B-1l Heat Transfer Test Specimen C-10-1/4
j = ,110 L = ,247 in. A= 3.06x0732t2 8 = 11500 £t} d = 3.83%1075¢t @ = 2.8

R P4y AP T4 "l Tmo  |Tww | Tew  |Tim i Re the? | seftro-p
ey (pat) ltpst) l(pet) | (R) (R} [(R) (R) R (TB7zeT

7.5 1 238 27 211 515 517 1069 997 730 2216 | 603 |7.52x103 4.03x10

7.5 | 35 3 25| 515 517 | ou | B9 | 660 | .225 |1.26 |1.78x10Y 8.hxi0?

7.5 510 | 35 416 | 515 516 790 | 702 60k 459 | 2,72 |5.41x10" 1,82%10]

7.5 1 508 28 571, 515 516 172 677 592 565 1 3.8 |7.80x104 2.26x10
- 15 828 31- 800 515 '516 91k 732 617 808 | b7l 11.36x107 3,15%103

15 664 29 6%__| 515 515 966 | 79h e | 597 | 3.39  |7.91x10"% 2.26x203

1 587 28 560 | 516 516 | 1010 | 846 667 | 98 | 2.6 |s5.7x00% 1c.81uc10§J

15 L7k 26 448 516 516 | 1095 ol 709 350 | 1.87  [3.24x104 1,25:003

15 Lo2 2 30| 516 507 | 1189 | 1032 hh 255 | 1.3 [2.06x101 8.710F

!

15 | 5 30 315 % 516 | 519 1257 | 1128 782 A9k | .967  |1.35%10% 6 4601 @

__15 308 29 280 518 s21 | 1327 | 1208 815 157 | 760 19.78x103 5.08:a

#Sge Figure 6 for thermocouple locations
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TABLE B-11 Heat Transfer Test -Specimen C-10-1/4
f: 10 L = 247 in. A = 3;06x10“3ft2 g = 11500 el 4= 3-83x10"5ft n=2.08
L B P4y AD | T4 *| Two 3 J Tew |Tim B |Re fRe® Re/{;c.-pi
LS R T P I S T I P T 5

15 268 28 241 | 518 519 w79 ] 1333 | 862 | .07 | .501  16,48x107)3. ux102
15 354 32 2h | 518 | sp2 189 | aoks | 751 | .23 | 1,8 |1.57xa0*7.86x10°
15 649 30 621 519 520 960 788 Glils 628 3.56 7,585,101’ 2.38:@93
15 830 3 800 | 510 518 951 1 619 | 877 | 5.1 11.3600%|3,432107
0 281 30 ‘253 515 +255 1.67 2.37::101* 1.16x10

Q 259 29 2% | s15 228 | 1.0 |1,08x10"9,95x10°
0 229 | 29 201 | 515 196 | 1,28 11,56x10*]8.55x10°
0 18] 27 155 | 515 b | .ob2  |9,7x03 |6.20%102
0 147 26 121 | 515 1{ 07 | .7 16.28x103]k .68x103

;

See Figure 6 for thermocouple locations
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TABLE Be~12 Heat Transfer Test Specimen C=20-1/2
F =019 L=.50lin. As 2.99x10~XE S = 10500 £t 4 = 7.6x107%pt n = 2.8
q [ 1/@ pdn AP T.‘F w * T rro T v Tﬁw TLM I.n - Re fRee RE/LF(I-}J_)B
} [

A e P P P T T P T L6
a 829 38 192 | 523 2,55 | 32,7 |4.21x10%5.6003
0 43k 37 396 522 1.22 | 15.7 }1.18x10%b.69x103
Q B2 35 W6 | 522 1.08 | 13.%  19.06x10% 34103
0 30k 32 271 522 -T789 10.2 5. TI&}I'J.OHJ_ _75x103
0 236 29 206 | se2 575 | 7.4 | 3.4300% 27503
) 232 30 203 522 562 | T.2% | 3.34x20% obhy103
0 192 28 164 522 d4s | 5,13 | 2.26x10M9,82x102
Q 132 3 99 | 522 262 | 3,37 11,03x10%s,78x10°
0 112 3 g1 | se 208 | 2.67 | T.2%x103.58x10°

|

o .| g5 30 65 | 522 - 161 | 2,06 15.1x103 [3.53x102
0 75 28 47 522 2107 | 1.38 | 3.03%1032,36x10°

#8ee Figure 6 for thermocouple locations
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TABLE B-12 Heat Transfer Test Specimen C=20-1/2
F= .19 L=.50lin. A - 2.99x107 382 5 = 10500 £t} a4 = 7.6007076  a = 2.8

1 1Py P&:L AP |Tfew# | Twe [Tww [Tew |Tim | Re £Re? | Reffy-p]
L P P R S S I T I T T

1.5 800 37 763 523 522 725 615 568 2.84 ] 29.7  [3.32x107|5,1x103

Te5 666 33 627 sol 522 740 630 575 1.93 | 23.4 |2.19x10%|4 0103

7.5 | ¥ | 26 bos | see | see | qrh | 670 | 593 | 1.7 [ 13.9 [8.67x10%]2,38x10

745 303 26 278 522 523 803 71; 612 71 | 8459 [3,99x 041 47207

7.5 258 35 203 | 500 526 836 | mie 612 | 590 | 6.86 |2.85x10%|1.17x10

7.5 | 229 33 196 522 529 865 738 624 Ao | 5.67 e.15x10% 9.715103

7.5 | 178 29 150 502 sLé oko | 813 657 327 | 3.63 [1.1500% ¢ 5714103

745 151 27 125 522 577 1020 84 691 232 | 2.49 17.30x103]%.26x107

7.5 135 26 109 | 522 606 1085 956 717 180 | 1.89 |5.52x103 3.23x107

7.5 .1 111 30 81 ; se2 | 890 | 1200 | 1060 760 2107 | 1,08 {3,01x103{1,85x107
i ) 14 33 108 522 584 1022 882 686 216 | 2,32 16.30x203| 3.99x10

#8ee Figure 6 for thermocouple locations
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TABLE Bel12 Heat Trensfer Test Specimen €-20-1/2
/? = o199 L= 501 4n. A= 2.99x1012  § - 10500 st g o 7.6x10°%¢t 4 = 2,8
1 P | Pay AP | Tt | Too  [Taw | Tew |Tom i | Re Re?® | Refreqpd
“hec) (psl) |( | (2s1) | (R) (R)___{(R) (R) _f(ry |UIB/e) ]
1.5 225 33 193 521 529 862 690 602 2517 | 6,08 |2.26x10% ,0bx103
Ta5 403 28 376 522 520 185 660 588 1,146 | 13.6 | 7.76x10"8, 310
15 838 810 s22 | spp | om 688 601 2.68 | 31,5 |3.2x10° J5.4y103
15 430 %03 | 522 s22 1013 | Tmh 60 | 119 [13F [7.26:0%, 3703 |
5 27 28 300 5aé 521; 1056 833 665 812 | 8,95 |3.83x1071.53x103
15 251 32 220 522 534 11l 889 689 2537 5.7 2°06x10h9a89x102
15| 199 21 are | sp 032265 L o3k | 7ho | .3 | 347 [1.06a0s qune?]
15 178 25 152 522 610 1407 1166 | 8o 2k9 | 2,42 | 7,21x103 .15%102
25 157 3? 124 522 707 156k 1314 858 1648 | 1,52 [ 4.65x10%2 . 605102
] :
|15 127 29 98 5 523. | 720 1596 1338 868 108 | 991 12.95x10%3 702
:15 1k2 33 109 523 648 1259 1060 T60 218 | 2,19 sao!axl@ 3.75%10°

#8ee Figure 6 for themmocouple locations
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TABLE B=12

Heat Tranafer Test

Specimen (=20-1/2

/E'-_- 199 L= 501 in, A = 2,99x107326° S = 10500 ££71 g = T.6x10798t 4 = 2,8
B%E{w:’& ;;_L AP |Tfew T o T ware Tew  |Tom i N Re fRe? Re/tro-
est) (R T ) L) | GEe

15 21k 30 184 522 542 1042 840 668 2527 | 5.79 R.60310% |9, 905102
15 N7 35 282 522 52l 960 739 62l 2955 | 11l.  %,14310%]1.881103
15 3718 29 39 522 522 916 | 721 619 1.208 | 13.9 [6.05x10%]2.39x103
a 358 29 330 | 522 1,208 | 15.5 [8.01x10%|2.66x103

0 313 27 286 522 1.027 | 13.2 [6.11310% 5 2610

0 202 33 169 522 259 7.6 [2.5)10% | 30403

]

#Seq Figure 6 for thexmocouple locations



29T

TABLE B-13 Heat Transfer Test Specimen C-30-1/2
= 2300 L= A9k in, A=2.7007386° 5= 9790 £t} d = 1.23x0"%¢ n - 2.8
q ijnr AP 1Tee® | Too  |Twme | Tew  (Tim W | Re fRe® | Reffyep
FEL7A O PR P P (&) |(r)_[(m) [CIB/E%V
i 0 622 38 585 525 booh | 96,2 16.76x109) 7.59%1.03
0 s27__| 33 495 | 53 390 | 80.1 _|b,72x105] 6. 32x103
0 400 0_ M| 50 2,83 | 58.3 [2.74%10% 4,610 |
0 323 29 295 530 2,21 | W5k {1.7Bx10° 3a58x153#
o___| 215 33 182 | ses 1.35 | 29.9 |omo" | 2.36x108
0 189 31 159 | 52k 1,35 | 23.9 [6.16x10%1.86x103
0 151 28 123 | 523 -868 | 18.1 [3.88z10% 1.43x107
0 e |30 0 | 523 635 | 13,1 |e.30a0"1.03007
0 106 29 79 | 502 -539 | 11.2 [1.89x10" 8.83x104
o | 8 | 33 55 S22 .388 | 8.0k 11.16x10% 6,34m10°
0 73 30 e | 522 2303 | 6,31 [8.08:203 4,98x10

“Ses Figure & for thexmocouple locations
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TABLE B-13 Heat Transfer Test Specimen C-30-1/2
| / a ,300 L = 494 in. A= 2.70x10 7¢2 g = 9750 £t™* 4 = 10233:10“1"':{'1: n= 2.8

q  Pip Pan AP | T # | Trme T o Tew  |Tim m | Re tRe? | Refyo-p]
LE0 [ P P e N I I S S T L5 1
0 63 29 36 521 235 | 4.88 |5.88x103]5.85x10
T 29 23 520 149 | 3.09 (3.26:10%]2.4x109
7.5 L Gkl .| 601 539 535 865 | 57T 558 | .75 | 9k.6_ 16.32%10%| 7, 46x103
7.5 | 58k L sso | sk | 58 | 8tz | se2 | s6r | k.30 | 85.3 15.13x10°[6.7300°
T.5 | k98 33 heT .sho 538 '892 586 563 | 3.59 7.1 [3.72x107] 5.61x107
7.5_1 356 33 325 54O 537 | 918 597 | 568 | 2.43 47.8  1.85%10°) 3.77x103
7.5 | 218 29 191 537 533 962 | 630 582 | 1.32 | 25.6 16.53x10% 2,02x103
1.5 | 196 28 170 533 531 972 | 643 586 | 1.16 | 22.3 |5.2x10% |1.76x107
Te5 | 13 102 532 533 1032 718 620 659 12,3 2005:;10!‘ 9,683:102
7.5 | 121 32 91 ; 531 535 1062 754 636 | 554 10,2 Jr1,57xlon 8 ,00x109
B Ts5 | 100 29 4 530 547 1138 834 670 | .391 6.92 9055x153r;l:é_x10

#Se¢e Flgure 6 for thermocouple locations
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TABLE B-13 Heat Tranafer Test Specimen C=30-1/2
(J?= 300 L= Jhob in. A =2.70:0 3% gaog790 6Tt a= 1.23x207%t  n = 2.8
4 P Pan AP [ Tfw *| Tmo  |Tww | Tew  |Tim D | Be fRe® | Re/fr-p)]
A PR T P T e T P I L5 - B
s | 87 21 63 530 s | 1219 | 926 720 | 283 | k.82 l6.28x103]3.80x0°
7.5 | & 25 58 529 sob | 1270 | 999 739 | .229 | 3.79 [s.89x103 2 .99:10°
7.5 |76 30 48 528 670 | 1k | 17 808 | .156 2.43  |3.28x103]1.92x10°
15 72 29 hs 528 749 1534 1311 861 +119 1,78 2o52x103 1.40x10
7.5 |85 P 55 526 6or | 1284 | 1011 42| 229 | 3.79 |5.08x103|2.o6m107
7.5 130 30 102 525 530 | 1046 | 723 619 | 637 | 11.9 [.96x10%[9.36x10°
7.5 |202 35 169 528 522 | 973 632 578 | 1.19 | 23.2 [5.64x10%]1 835103
1.5 |22b 37 189 529 522 | 965 620 573 11.36 | 26.6 {7.06x10%]2.10x103
15 |6us 39 609 534 532 | 1120 | 602 567 | Lok | 93.b  [6.11x10°[7.36x10
15 .531 33 500 E 535. 533 1166 614 574 3.85 75.4  [b.,03x107 5,94x103
s bn 29 ] Lok 535 533 | 1219 | 632 s82 | 2,03 | 58,7 l2.57x10%|b.63x103

#See Figure 6 for thermocouple locetions
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TABLE B-13 Heet Transfer Test Specimen C-30-1/2
} = .300 L = A%k in, A = 2,70x10" 3pt2 S =979 ft™1 4 = 1,23:410“1"% n=2,8

L B Pi‘l’g_ AP | Tfe Two  |Tww | Tew [Tim @ | Re £Re® Re/ts0-p1
[/ PR P P I T S Ry (r) _ |(3B/E%

15 318 28 | 292 535 s | 1279 | 662 596 | 2.1 | 40.2 [1.32x105]3.17x10

{20 | o8 [ amh | 533 | su | 1%0 | a9 | 635 | 1.5 | 21,0 lh.5om0"]s eeatod
15 162 3 133 532 532 | 143k | 829 610 | .83 | 1.7 [o.57x10"1 16103

15 139 28 | 113 531 537 | 90 | ok 705 [ 62 | 11, 1.68210%8.66x104

15 111 28 85 531 53;0 7ok | o1aTh -810 .376 577 |7.58%103 4, 55x1 09

15 225 33| 195 529 ser | 1382 | m5 617 | 1.3 | 25.1 [6.1x10" | 1.98x107

15 k95 36 461 530 527 | 1210 6157 5T | 3.55 | 69.8 [3.55%10%] 5 54903

15 831 39 795 531 529 | 1104 | 609 569 | 6.35 | 125 [1.01x20% 9,85x10

Q 62l 36 585 523 4,67 97. |6.86x10% 7.65x10]

Q 565 33 533 523 - | .23 | 87.7 [5.64x10% 6.92x10
B 0 459 32 hat 523 3.34 69.2 |3.71x10% 5.46x103

#5ee Figure 6 for thermocouple locations
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TABLE B-13

Heat Trans

fer Test

Specimen C=30-1/2

KL= 30 L= Aohin, A-2700730° 85-9190 o6t aa1.2ma0tn g o2
g 1 Pap p/c;n; AP | Tfew ¥ | Tmo T a e Tew Tom - & o Re fRe? RE/Q("Z)i
bee)l (oat) llost)  [(eet) | (R0 | () () |(m) l(m) | CROLE%:
G 18 30 289 523 2,16 4h .9 78x1.0° a.slmma

SN U S

#See Figure 6 for thermocouple locations
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