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DEVELOPMENT OF AN APPARATUS TO MEASURE THERMOPHYSICAL PROPERTIES
OF WIND- TUNNEL HEAT TRANSFER MODELS

By R. Romanowski and I.H. Steinberg
Grumman Aerospace Corporation

Section 1
INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

The phase-change coating technique, Reference 1, is a relatively simple
and useful means of measuring aerodynamic heat transfer to small, complex
wind tunnel models. It consists of using a model made from a low-conductivity
material (usually plastic) covered with a phase-change coating which is an
accurate indicator of surface temperature. One commercially available indi-

' consists of wax crystals with a calibrated melting

cator, called "tempilaq,'
point; it is available in small temperature increments from 310.92 K(100 F)
to 16LL.26 K (2500 F). As a model is heated in a wind tunnel, the coating
melts at various surface locations when the calibrated melting point is
reached at the respective surface locations. With the melt temperature and
the thermophysical properties of the model material known, the time required
for each surface location to reach- the melt temperature can be measured, and
the heat transfer coefficient can be determined for all these body locations
by using solutions to the transient one dimensional heat conduction equation.
Current methods of determining the thermophysical properties of the

model material, specifically /pck, where p is density, c is specific heat,
and k is thermal conductivity, are costly, time consuming, and insufficiently
accurate. Grumman thus initiated a study to determine whether the basic
phase-change coating technique could be used with a specially constructed
~laboratory apparatus to determine thése thermophysical properties more
efficiently and accurately. That study led to the development of such an

apparatus under a NASA-LRC funded program. This report describes the work



performed by Grumman in this program. The specific program objJective was to
‘develop an apparatus and technique for directly determining vpck as a

function of both test time and surface temperature.

1.1.1 Apperatus and Test Technique

The apparatus used for the Ypck determination must include a radiant |
heét source of variable intensity, a means for subjecting the model or test
sample to a sudden step input in heating rate, control area of about one foot
squafe which is subjected to & constant heating rate, several reference heat
gages to measure imposed radiant heating fate, end a speciman holder. Thin-
skin thermocouple calorimeters or other equally suitable devices can be
used as. the reference heat gages. The specimen and the reference heat gage
should be coated with a layer of tempilag with the melt temperature desired
for a particular date point, so that the emissivity, and thus the heat rate,
ﬁould be the same for both. The temperature of the radiant heat source
should be high [about 3033.15 K (5000 F)] relative to the highest temperature
for which /EEE is to be determined [about 533.15 K (500 F)], so that the
change in specimen wall temperature has a negligible effect on the imposed

heat rate, and the heat rate can be considered constant during the test.

The test apparatus must include or provide for an exfernal means of detef;
mining when the phase-change coating melts and the tempefature~time response
of the reference heat gage. The value of /EER can theh be determined by
solving the equation for one dimensional transient heating in a semi-
infininte solid subjected to a step.input of constant heating rate-at the

surface:

a
vock = o/ — Vi

2
Toe = Ty v

where: q is the imposed heating rate

Tpc is the phase-change tempersature

T, is the initial temperature

t is the elapsed time at which the phase-change coating melts.




1.1.2 " Tasks

The required tasks included development, construction, and test of
apparatus as described in'paragraph l1.1.1. Work was performed to demonstrate
the following equipment characteristics:

‘o The one fbot square control area is subjécted to an essentislly

A uniform heating rate (any variations must have'a~négligib1e effect

" . on the Vpck measurement). |

¢ The apparafus'can operate with a sufficient variety of heating rates

" to vary the time required to melt a 366.48 K (QOO:F) coating of

'tempilaq on & stycast piastic specimen from 0.1 secohd to 20

seconds; this variation corresponds to'a'heating rate range of

2.384 x iOh to 33.0LT x 10h W/mz[a.lAto 29.1 Btﬁ/(ftz's)].

e The specimen and reference heat gage have the same emissivity when
coated with the same tempilaq. |

@ The apparatus cen be used for accurstely determining /SER of a
representative plastic specimen at foui'éﬁifaée fempefatufeé, from
1338.70 K (150 F) to 533.15 K (500 F), with three test times, ffom

approximately 1 to 30 seconds, for each surface pemperatﬁré.
1.2 SUMMARY

The apparatus that was designed and constructed, Figufe 1-1, consists of
a radiant heat source of variable intensity positioned above a 9.290 x 10-2 m2
(1 ft2) test plane containing tempilag qoated'material samples and adjacent
slug-calorimeter-type reference heat gages. The apparatﬁs was successfully
tested, yielding /EER values for é representative plastic at various heating
rates between 1.930 x th‘and 12.492 x th W/m2 (1.7 and 11.0 Btu/(ft2-s)];
various test times between 0.3 and 20.6 seconds; and coating melt temperatures
of 338.70 K [150 F], 366.48 K [200 F], 422.03 K [300 F], and 533.15 K [500 F].
The heating.rate step ihputs were effected by a spring-loaded shutter system.
Motion picture and temperature recording equipment were used to respectively

monitor sample coating melt time and reference gage heating rate, respectively,

during these tests.



The apparatus that was developed has proven capable of producing nomlnal
1nc1dent heating rates of 1.135 x th to 130.599 x 10 W/m [1 to 115 Btu/ '
(ft -s)]. Black body calibration data show that less than a 1.7 percent digl
ference in incident heating rate exists between adjacent sample and refer- |
ence gage ports. Calibratiqn data also show that no more than half of the/
incident heat is absorbed by a given reference gage when coated with tempilaq.
The difference in the amount of heat absorbed by the reference gage and the
sample, for a given incident heating rate and coating thickness, is related
to coating transmittance, ?l,lcoating reflectance, 51’ and sample reflect-

ance 53, according to the following equation:

. . - -2
[qcal B qsa.m] _ P37y S
1. abs 1 - 5.5 ©(1-1)
a; 5. 1 - pyPq | o

Based on an experimentally determined maximum value of coating transmittance

(?l = 0,20) and its associated reflectance (51 = 0,57), this difference is

.held to within 2.1 percent if sample reflectance (p.) is less than 0.L0.

3
Reference gage heat losses are minimized by the application of aluminized
h-film insulation. Copper slug type calorimeters, 3.810 cm (1.50 in.) in
diameter, have been supplied in nominal thickness of 0.635 cm (0.25 in.)
and 0.203 cm (0.08 in.). For their prescribed measurement ranges, the calori-
meters experience less than a 2.1 percent loss when test times are limited to
35 seconds and 20 seconds for the larger and smaller thlckness, respectively.
The estimated heat loss for low conduct1v1ty plastic samples, based on a 35
second test time and a 56.782 x th W/m [50 Btu/(ftg-s)] absorbed heating

rate is less than 1.75 percent.
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Section 2
PROGRAM PLAN

The program plan for this study, Figure 2-1, consists of four basic tasks:
the design,.fabrication, and experimental verification of the prescribed
thermophysical properties measurement apparatus, and evaluation of associated
equipment and extended apparatus capability. Extensive analySes and supporting
experimental investigations were performed in efforts to provide a "minimum-

error" design.

The organization chart for this program is shown in Figure 2-2.
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Section 3
BACKGROUND

The phase-change coating technique for measuring aerodynamic heat transfer
to small complex wind funnel models has proven to be an effective tool in
experimental aerodynamics. The ever increasing use of this tool has led to
a number of improvements over the last two years; New solutions which have
been obtained allow for accurate data reduction on thin model sections heated
at both surfaces; painting, lighting, and photégraphic techniques have been
improved; methods for automating date reduction have been developed; and
several promising new model materials have been studied. However, one factor
currently exists which seriously limits the accuracy of the data, and thus the
usefulness of the entire technique. This factor is the uncertainty in.the
thermophysical properties of the model material. The accuracy with which
the heat transfer coefficiént can be determined is directly dependent on
the accuracy of thermophysical property /EEE. The ﬁncertainty in Vpck is
large for ﬁ number of reasons., For examplé, one of the better model materisals
that has been used is a high temperature plastic which contains a filler.
Experience with this material has shown a large variation to exist in Ypck
for a various models; Ypck may also vary with depth near the surface, and
with temperature. Thus, samples must be made for each model cast, and p, c,
and k must be separately measured over a range of temperature in order to
obtain acceptable accuracy. Unfortunately, the standard means of independently

measuring these thermophysical properties have a number of disadvantages:

. ® Accuracy - The most serious disadvantage of the standard techniques,
the inability to obtain accurate heat transfer data, is due to
inaccuracies in determination of Ypck. Several factors are respon-
sible for these inaccuracies. The standard techniques now used

measure p, ¢, and k independently, under steady state conditions,

11
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and these measurements are average values for the thickness or bulk
of the sample. As & result, the total error in Ypck is the square
root of the product of the errors. in each individual factor; but

an even more important cause of inaccuracies is the fact that the
thermophysical properties in a very thin layer near the surface
may be different from the average value in the materiel. Since the
transient tunnel testing technique allows heat to penetrate to only
a small depth (dependent on time), an undetermined error is involved
in the use of average values. Since different test times produce
different depths of heat penetration in wind tunnel tests, a method
of determining Ypck in a transient environment similar to that
experienced in a wind tunnel test should provide improved accuracy;
this would be particularly true if Yock can be measured as onée
entity.

Cost - The standard techniques for measuring heat transfer, Reference'Q
for example, require elaborate equipment, speéially traiﬁed tech-
nicians, and samples instrumented with thermocouples. The measure-
ments cost for such a technique may exceed the fabricatioh cbst for

a complex wind tunnel model, depending upon the temperature range and

the number of data points reguired.

Time ~ Since instrumenting the thermal conductivity sample with
thermocouples is very complex, and the actual measurements are best
made in laboratories specializing in this type of work (which requires
sending the samples elsewhere for analysis) the procedure‘is somevhat
time consuming. Often, the models are received, the wind ﬁunnel test
program completed, and the data reduced several weeks before the

thermophysical properties are determined.

Samples - The thermophysical properties of the samples may be different

. from that of the model. Moreover, since some of the model materials

contain fillers of variable concentration, especially near the surface,
the thermophysical properties may vary with the size and shape of the
casting, thickness of the section, or with the pouring technique and
curing time. Thus, development of a nondestructive method for measur-

ing vYpck on small nearly flat surfaces of the model would be desirable.



Section 4

APPARATUS AND TEST TECHNIQUE

4,1 THERMOPHYSICAL PROPERTIES MEASUREMENT

The Thermophysical Properties Measurement (TPM) Apparatus, Figure L4-1,
consists, essentially, of a bank of variable intensity, high density radiant
"heaters (1) which, when positioned sbove the base plate (5), is supported by
two notched side tracks (7). The side tracks and end plates (8) completely
enclose the heater bank around its perimeter and provide & nominal one foot
square area of illumination to the base plate., This area, or test plane, can
be shielded from illumination by split shutters (11), which slide along the
.channel férmed.by the base plate-side track Junction. Rollers (18) guide the
shutters in the channel. When retraéted, the shuttérs provide & step input

in heating to the test plané..

The heater, side track, and base plate assembly is supported by an in-
verted table frame (U) to which the shutter retraction system is mounted.
This system consists of symmetrical shaft assemblies (15); associated 1inkagé
components (14), (16), (17), and (19); and a spring loading mechanism (22)
and (23).. The shutters are locked in place above the test plane by position-
ing a pivoted handle assembly (24), (25), and (26) éo as to restrain the
linkage wheh.%he springs are taut. This is accomplished by manually closing
the shutters until the retainer (20) is located to the outside of the catch
piece (25), pivoting the pull handle (26) until the retainer rests against
the catch, and locking it in place with the safety latch (21). The pull
"handle is split to allow the left and right shutters to be set individuaily.
The interlock (27) connects the two handle pieces so that both shutters

release simultaneously. ' .

The four units comprising the heater bank are both water and air cooled.

Cooling manifolds are shown as components (2) and (3). Water is circulated
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through the heater housings; air cools the lamp cavities and exhausts to the
atmosphere, . The shutters are also water cooled. Water source and exit lines
for shutter cooling attach to fittings at the base of the apparatus. Metal
tubing is routed from the entrance port along the frame, then jumped by means
of flexible plastic tubing (13) to the shutters. Water leaves the shutters
through similar jumpers (12) and is carried along metal retﬁrn tubing to the

exit port.

The base plate contains ten specimen mounting holes, Figure L4-2.
Locations 1 through 5 accommodate material saﬁples of nominal 3.810 cm
(1.5 in.) diameter and 1.905 cm (0.75 in.) thickness. Corresponding reference
heat gages of the same diameter are positioned symmetricélly, adjaéent to ‘
the samples, at location 6 through 10, Prior to installation, the samples
and reference gages are sprayed with a uniform layer of tempilag phase-change
coating to equalize their emissivities. Testing begins by closing. the
shutters ebove the test plane and locking them in place, and. then placing the
radiant heater bank in position above the test area. The lamps are prought to
a preselected intensity by application of a constant voltage. Wﬁep conditions
are stabilized the shutters are retracted, thereby subjegting'the teﬁt-plané
to a constant heating rate step input. The resulting heéting disﬁrihution
provides the same average heating rate for each sample and iﬁs coriespondipg
reference gage, even though the average heating rate from sample tqvéample
(and thus from reference gage to reference gage) éan différ in a uﬁiform

manner.

Data that must be acquired include the temperature-time responses of
each reference heat gage, and the elapsed time between initial heating-and melt
(phase-change) of the tempilaq coating for each sample. The tempefature—time
data may be obtained from either a multi-arm pen recorder or digital computer.
These data are used to determine the imposed sample heating rate.' Time-to-
melt is best determined from a motion picture film; a.éamera portvis pro-
vided in the right end plate, component (10) of Figure 4-1. The value of .

Ypck can then be determined from solution of the equation for one dimensional

‘transient heating in a semi-infinite solid subjected to a step. input of

constant heating rate at the surface:



pe i (L-1)

where q is the imposed heating rate

Tpc is the phase-change temperature
'Ti is the initial temperature

t 1is the elapsed time at which the phase change coating melts.

4.2 TEMPERATURE CONTROL

A modular temperature control system was used in conjunction with the
TPM apparatus to provide power regulation. The system basically consists of
& temperature controller, proportional power controller, run control panel,

circuit breasker, ammeter, and load voltage monitor.

The temperature controller is a solid state null balancing instrument
designed for both high and low response closed loop control systems. It can
be operated manually (by switch selection), from a set point dial, or by a
remote programmer. Manual control allows for selection of 0 to 100 percent
of full output for open-loop operation; the set point dial provides 1000
part logging for precise setting of the selected value. The remote control
feature allows the instrument to accept commands from automatic programming

devices.

A power controller regulates power to the radiant heaters in response to
the temperature controller signals. The unit has a maximum input voltagé of
480 VAC and maximum current rating of 450 amperes. Maximum power output at

the maximum line voltage is 216.0 KW.
4.3 RECORDING EQUIPMENT

Any accurate means of recording the temperature-time response of the
reference heat gages may be employed., Initial apparatus calibration and
thermophysical properties measurements were performed using 4-pen millivolt-

meter recorders with the following characteristics:
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"Accuracy: *X percent of span, or 20 microvolts

Deadband: 0.1 percent of span maximum

Slidewire Resolution: Better than 0.1 percent of span

Minimum Span: 1 millivolt, DC '

Source Impedance: 10,000 ohms maximum for 1 millivolt span

Pen Speeds: 2 or I seconds for full-scale travel

Standardization (Potentiometers): Zener diode reference voltage source

Primary Power: 120 volts, 50 or 60 Hz.

4.4 PHOTOGRAPHIC EQUIPMENT

The initial calibration tests performed at Grumman used é precision
motion picture camera equipped with a 3.45 mm wide angle lens. This 1ens has ¢
2.879 radian (165 degree) field angle and maximum aperture of f 1.5. An N.D. !
filter was required when the apparatus was operated at high intensities.
Cemera speed was calibrated at 20 frames per second. Standard 16 mm positive
color film with normal processing provided good results. The exposure

settings used during the tests are given in Table he1,



Table 4-1. Camera Fxposure Settings
Nominal Nominel 4 Lens '
Voltage, (With Templaq Coating), Opening, Filter
. Volts 10% Wm® (Btu/(£t2- s) £
50 1.782 (1.57) 2.8 None
75 3.63L (3.20) 5.6 None - .
100 5.791 (5.10) 8.0 None
220 17,602 (15.50) 2.8 N.D. 4
460 58.485 (51.50) 5.6-8.0 N.D. k4
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Side Track

Dimensions in Centimeters . ’///

5.715
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End Plate Pnd Plate
i
—
Side Track
5.080 )
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e 3.970 Reference Heat Gage _Alum um
I ' 3.810 /}///’ (Calorimeter) Test Plane
i ,
Sample '

Y

Rubber Bushing

Ceramic ‘Supports

Thermocouple Wire :
Section A-A ‘
Figure 4-2 Reference Heat Gage and Material Sample Installation
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Section S
COMPONENT DESIGN

5.1 RADIANT HEATER BANK

‘The heater bank is>eemprised of four high density modular radiant heeter
unlts, assembled as shown in Flgure 5-1. Each unit has six tungsten filament
lamps 1nstalled in a water cooled reflector housing. Clear quartz windows
- seal the lamp cav1ty at the hou31ng base and thus prov1de a cooling air passage.
(Figure L-1 shows the cooling air and water manifold.) An argon atmosphere
surrounds the tungsten filaments which are enclosed in clear quartz tubes of
0.952 em (0.375 in.) outer diameter. The filaments of each unit operate be-
tween 2477.59 K (4000 F) and 3255 37 K (5400 F) over their half to full rated

_voltage range as follows-
o Rated Voltage: h80 VAC
TotalAPower Dissipated'at-Rated Voltage: 36.0 KW

Net Heat Flux at Window Surface at Rated Voltage: 1.209 x 106 W/m2
(780 W/in.2) '

Current at Rated Voltage: T5 amperes

Cooling Water Flow Recommended: 4.163 x 10 -3 3/m1n (l 1 gal/mln)

Cooling Air Recommended: Plenum Gage Pressure at Port P 158.579 x 103

N/n° (23 psig); Flow = 0.877 m>/min (31 £t>/min)
5.2 TEST SAMPLES
" The TPM apparatus is designed to accept samples of 3.810 cm (1.5 in.)
"diameter and 1.905 cm (0.75 in.) thickness. This thickness permits the testing
of 'a wide range of materials, from low conductivity plastics to stainless steel,

coverlng the range of thermophysical propertles 0.408 x lO3 = Ypck < 8.176 x lO3
3/ (w25 %K) [0.02 = Vpck =0.40 Btu/(ft 2-F)]. Maximum test time before the
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semi-infinite slab assumption is violated is approximately 300 seconds for low.
conductivity plastic and 30 seconds fbr‘stainless steel; theée times aré more

- than adeQuéte for TPM apparatus operation. An analysis of conduction and

' radiation heat leakage experienced by samples of these two materials under |,
test conditions resulted in the selection of the 3.810 cm (1.5 in.) sample
diameter. The detailed analysis is presented as Appendix . A. Figure-5-2 sum-
marizes the results: The stainless steel sample experiences a net héaf gain
whereas the low conductivity plastic sample experiences a net heat loss. .How-
ever, in both cases, the magnitude of heat leakage increaseé with time; and is

relatively insensitive to absorbed heating rate.

Thé percentage of heat gained by the stainless steel sample is less than
1.2 percent for a 30 second test time with a 56.782 x 10" W/mZ [50 Btu/(£t2.s)]
absorbed heating rate. This value represents the heat gained by the entire
sample; the error at the center of the sample face should bg_significantly
less. The heat loss from the low conductivity plastic sgﬁple is, coincidently,
of the same order of magnitude as the heat gained by the stginless steell
sample. Thus, the plastic sample heat leékage for a 35 secéhd tes£ time and
56.782 x 10" W/m® [50 Btu/(£t35)] absorbed heating rate is less than 1.75

percent, as determined from the applicabie curve for stainless steel.
5.3 REFERENCE HEAT GAGES

The details of an analysis performed to determine the proper design of
reference heat gages for use in the measurement of sample heating rate are
presented in Appehdix B. A 3.810 em (1.5 iq.) diameter, pure-copper-slug-type
calorimeter, instrumented with a backface thermocouple and insulated with
.aluminized h-film, was selected as the optimum-design, Figure 5-3. Thermo-
couple wires were -0.127 mm (0.00S:in.) diameter éhromel-and:alumel; with re-
frasil insulation. Calorimeter and sample diameter were kept the same so that
when each is located in zones of similar heating, the calorimeter measures the
seme average heating rate as the sample absorbs. Calorimeters with thicknesses
of 0.203 cm (0.08 in.), 0.635 cm (0.25 in.), and 1.270 cm (0.50 in.) thus are
needed to measure material thermophysical properties across the 0.408 x lO3
= /pck =8.176 x lO3 J/(m2's;5-K) range [0.02=Vpck $0.40 Btu/(fte‘s}é'F) range ]
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for selected nominal incident heating rates from1.135x 104 W/m? [1 Btu/ft2-s)]
t07113.565 x"th W/m2<[100 Btu/(ft2's)]. For a given material and incident
heating rate, calorimeter thickness must be selected to insure a temperature
rise sufficiently ldrge and rapid to provide an accurate heating rate reading;
in addition, thisvtemperature rise must lag behind that of the sample surface
so that the phase-change coating on the sample melts before the coating on
the calorimeter.

" Design considerations dictate that a thin coating [épproximately 0.025 mm
- (0.00L in.)] of high temperature/high emissivity black paint be applied to the
calorimeter face pridr to appliéation of the phase-change coating. Many ‘
commercial precoats are available for this purpbse; almost éll may be cured
following application for high temperature operation. Since the curing renders
them solvent resistant, tempilaq coatings may be‘repeatedly'applied and removed

without affecting the black base coat.

One cbmmercially}aVailable precoat, "sperex," is supplied in spfay cans
for ease of application. A thinly applied coating air dries in 15 to 30
minutes. Baking.for 30 to 60 minutes at 588.70 K (600 F) to 616.48 K (650 F)
'impfovés the finiéhvand provides a more durable surface. 'brying and curing
sperex coafiﬁgs as described enables thém to survive températures of

1922.03 K (1200 F). ' \

The calorimgter heat leakage for the prescribed heating rate measurement
ranges is shown in Figure 5-U4. Heat leakage may be minimized by limiting test
time. For example, a tempilag coated calorimeter ‘subjected to an incident
heating rate of L5.426 x th W/m2 [ﬁo Btu/(ftz's)] absorbs about half of the
incident flux;'hnd;AFigure 5-4(a) shows that a 0.203 cm (0.08 in.) thick
‘calorimeter loses no moré than 2.1 percent of~the heat it absorbs if test time
is limited to 20 seconds. If a 0.635 cm (0.25 in.) thick calorimeter is used,
test fime may be increased to as much as 39 seconds before a 2.1 percent heat:

loss is incurred, as shown in Figure 5-4(b).
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Section 6
TEST RESULTS
6.1 HEATING DISTRIBUTION
Heating across the test plane waslmeasured to-demonstrate uniformity of
distribution and to verify that adjacent reference gage and sample ports had
essentially the same heating rates. Preliminary distribution measurements
were made, for optimization purposes, prior to assembly of the TPM apparatus.

Calibration heating distribution measurements were made after assembly of the

‘ apparatus.

"6.1.1 Preliminary Measurements -

Preliminary measurements of fhe test plane heating distribution were made
by mounting the rad@ant heater bvank to a four—legged frame and track assembly,
and positioning the'lamps above the base plate as shown in Figure 6-1.
Calorimeters coated with a 0.025 mm (0.001 in.) layer of sperex flat
black paint were installed in all ten base plate ports, Figure 6-2. Four
.nominal lamp voltages #ere~sélected: 50, 100, 220, and 460 volts; and three
sets of heating rate data were taken at each voltage. The first set of data
was obtained with the lamps on center, Figure 6—2(a), the second with the lamps
positioned 5.715 cm (2.25 in.) to the left of center, Figure_6-2(b), and the
third with the lamps positioned 5.715 cm (2.25 in.) to the right of center,
Figure 6-2(c). N - '

The heating rate data are presented in Tables -6-1 through 6-4. Data in
each of the three sets, presented in columns (1) and (2), (3) and (%), and (5)
and (6), reépectively, were taken simultaneously, at the nominal voltage.
Asterisks denote interpolated data which were substituted for faulty calorim-
eter measurements. Note that columns (2) and (3), andllikewise columns (k)
and (S), represenﬁ duplicate measurements taken on separate runs. Correction

factors Kl and X, were applied to the data in columns (1) and (2) and columns

2
(5) and (6), respectively, to compensate for slight nominal voltage differences
between runs. The average heating rate across both stations B and C (Figure

6-2) thus is donsérved, and a fourth order curve fit to the corrected data at
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-these stations [columns (2) through (5)] can be uee¢ to -obtain the Reating

rate at the center of the test plahe (X =0, Y=0), Corrected heating~rate
data are normalized with respeét to this value, and plotted in Figﬁres 6-3
through 6-6. SOlld symbols in these flgures represent 1nterpolated data

substituted for faulty calorlmeter measurements.

In general, the heating distributions varied unlformly along calorlmeter

~rows (Y direction),. reach1ng a maximum at the center of the test plane, and the

tapering off to between 85 and 89 percent of maximum at the outer,ports.

" Heating rate levels remained relatively constant across calorimeter rows (X

N

direction); the maximum incident heating rate varled from 2.908 x 10 W/m

‘_(2.562 Btu/[ft s]) at 50 volts to 118.684 x 10 W/me (1ok.507 Btu/[£t2+s])

30

at L60- volts.

6.1.2 Final Measurements

Calibration heating distributions obtained for the assembled apparatus
are presented in Tables 675 through 6-8 and plotted in Figure 6-7. These

data show the diStributions to be more uniform than in the'preliminary measure:

- ments, and the edge ‘effects to be sllghtly less severe (due to. the side track

"and endplate enclosure of the heater bank). Maximum incident heating rates

at the various voltage settlngs were increased by an average of 6 percent

over preliminary values.

Percentage differences in heating rate between corresponding pairs of
calorimeters are presented in Table 6-9. Since the greatest difference is no

more than 1.7 percent over the apparatus operating range, the fact that

- corresponding sample and reference gage ports are located in zones of similar

 heating is verified.

6'2y OPTICAL PROPERTIES OF PHASE-CHANGE COATINGS

Results of transmittance and reflectance tests on phase-change coatings
verified the absorption of equivalent amounts of heat by identically coated
calqrimeters and samples located in zenee of similar heatling. This equivalent

sbsorption is a necessary requirement for the calorimeter measurement to re-

present the sample heating rate accurately. Other requirements include



~F

establishing that the phase-change coating, and not the substrate, is the

r prime verieble that determines the amount of heat entering the sample or

calorlmeter determlnlng the transmittance and reflectance characterlstlcs of
varlous temperature phase-change coatings, and applying these data to estimate
the dlfferences, if any, in the amount of heat absorbed by the sample and

calorimeter under test conditions.

6.2.1 Effect of Substrate

‘Spectral .reflectance measurements of a 422.03 K (300 F) phase-change

coating applied to both high and low emissivity substrates were obtained by

-means -of a,heated,ca&ity reflectometer. Reflectance versus wavelength data

for both cases, Figures 6-8 and>6—9;”bear marked similarities and result in

identical values of near normal emittance: 0.895. The substrate can thus be
considered to have no appreciable effect on the reflectance characteristics of

tempilaq phase~change coatings.

6.2.2 Transmittance and Reflectanée Tests

. Results of,.transmittarice and reflectance tests of 318.15 K (113_F) and

 533.15 K (500 F) phase-change coatings are presented in Figures 6;10 through

6-17.. Data were-obtained for each coating at two nominal thicknesses: .0.177 mm
(0.007 in.) and 0.406 mm (0.016 in.). The average values of transmittance,
reflectance, and hence absorptance, are determined by integrating the curves

of Figures 6-lQ through 6f17 over the quartz lamp spectrum as follows:

(-]

- .0 rmrx Jxldk -'- (6e1)
o) 9
oo
= L oupw Py Iy dA - (6-2)
' ol S I, a
g = 1-(7+5p) (6-3)
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where T = average transmittance
p = average refiectanee
o = average absorptance
A = wavelength, microns
1TA = transmittance at wavelength A
Py = reflectance at wavelength A
JA = watts radiated per square eentimeter of surface, per

.micron wavelength band at wavelength A, for tungsten

at a selected filament temperature.

Results of these integrations are shown in Table 6-10 for filament
temperatures of 810.92 K (1000 F) and 3255.37 K (5400 F). These temperetures

‘cover the entire voltage range of quartz lamp operation. In general, values

of average transmittance and reflectance increase as filament temperature

increases; as expected, increasing coating thickness reduces transmittance and

increases reflectance.

6.2.3 Coated Calorimeter and Sample Heat Absorption

Differences in heat absorption between tempilaq coated calorimeters and
samples mustvbe minimized to insure that'calorimeter»measurements aceuretely.
represent sample heating rates. Fortunately, an analytical method for esti- -
mating the differences that do exist is available. The analytical heating
models used in the analysis are shown in Figure 6-18. The caldrimeter is
assumed to have a base coating of black paint ﬁith an emissivity of'1;0; any

incident heat passing through the phase-change coating thus should be abéorbed

by the black paint, and transmitted via conduction to the copper slug, Flgure

6-18(a). The amount of heat reflected thus is glven by

(qcal)refl = Bl qi . 2 . (6-4)



where 51 is the average reflectance of the phase-change coating and éi is the
inoident heating rate. The amount of heat absorbed, therefore, is
(aug1)ans = (1 = Py) 94 (6-5)

Figure 6-18(b) shows the mechanism by which heat is transmitted to the
sample. The incident heat first strikes the phase-change coating, where some
is reflected, some absorbed, and the remainder transmitted to the sample. A
portion of the transmitted heat is absorbed by the sample; the remainder is
reflected back to the paint where, again, some is transmitted away, and some
reflected back to the sample. The total reflected heat may be expressed as

an infinite series:

- = 2= 2.
q, + pl(p3) ()74,
(6-6)
= \2/= \3/= \2,
+ + ¢ o0
(p1)%(p3) (7,074,
where subscripts 1 and 3 denote phase-change coating and sample, respectively.

Dividing through by di, Equation 6-6 becomes

(4. ) - - - .
—szljr—eﬂ =py t §3 (rl)2 (1 + Py Py ¥ (pl ;3'3)2 + .0 ] (6-7)

Equation 6-7 may be reduced as follows:

(6__) (L - p,p,) :
—salfl——mf-l-=p + p.(7 )2 —13 [1 +p.p +(pp)2+'“](6-8)
q. 1 3] - - 173 1°3
i (L -p,p,) :
173 )
. - =2
a__ ) p(T,)
samrefl S5 ¢ 1= (5507 -] (6-9)
q 1 - - 173
i 1l - 0103
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Neglecting higher order terms, Equation 6-9 becomes

(qs&ﬁ)refl - ‘53(¥l)2
_—é—_- = pl +__:—' : (6—10)
1 1= 9yP3

The amount of heat absorbed by the sample is

am’abs - E;3(;1)2
__Ea;___. =1-1|p + — (6-11)
1 =010,

Using Equations 6-5 and 6-11, the difference in the amount of heat absorbed by

the calorimeter and sample may be written as

T, - = (2
q - q p.(1,) ,
[—‘——calq _Sam] = 22 (6-12)
i afosv 1l - plp3

The data in Table 6-10 show that the maximum averagé transmittance of a
0.203 mm (0.008 in.) thick 318.15 K (114 F) tempilaq coating is about 0.200.
Substituting this value along with its associated reflectance of Of566 into

Equation 6-12 yields an expression dependent solely on sample reflectance:

. 0.0k
[_EE%T___EEE] = Z _ (6-13)
i abs l;- 0.566 P

As léng as sample reflectance is less than 0.40, the error in“heat absorption

between sample and calorimeter is less than 2.1 perﬁent; if a material with a

" reflectance greater than 0.40 is tested, a high emissivity coating must be

34

applied to the sample face before application of the_phase—change coating.
6.3 APPARATUS CALIBRATION

Results of tests conducted to determine the variation of meximum absorbed
heating rate as a function of voltage for tempilaq coated calorimeters are

shown in Table 6-11 and Figure 6-19(a). Phase-change coatings in a variety of



temperatﬁres and EOlors wvere used. Figure‘6-19(a) shows that the absorbed
heatlng rate is approximately half the ‘incident value when phase-change coatlngs
are applled. This permits materlal samples to be tested in the 1.703 x 10h W/m
[1.5 Btu (£t2.5)] to 56.782 x 10t W/m [50 Btu/(£t2+s)] heating rate range.
- Figure 6-19(b) presents approximate filament temperature and current as a func—.

tion of voltage.

Heating rate measurements obtained with tempilaq eoated specimens in all
ten base plate ports show that the non-dimensional heating distributions of
paragraph 6.1.2 still apply, Table 6-12 a@nd Figures 6-20 and 6-21.

6.4 THERMOPHYSICAL PROPERTIES MEASUREMENTS

A final series of TPM apparatus tests were performed to obtaih thermophysi-
cal properties measurements on samples of a low conductivity plastic suitable for
fabrication into tunnel models. Four phase-change coatings, 338.70 K (150 F), |
366.48 K (200 F), 422.03 K (300 F), and 533.15 K (500 F), were tested at three
different heating rates; the results are presented in Table 6-13.

The accuracy  of the Table 6-13 measurements can be determined, and sub-
sequently corrected, by estimating the errors'incurred due to absorbed and.
incident heating'rate differences between sample and calorimeter, their
respective heat leakages, and by measurement of temperature at the calorimeter
backface. These errors are defined by Eqﬁatidn 6-13; Table 6-9;,Figures;5—2,
5-4, and 5-5; and Appendix B (Figure B-2). Table 6~1L4 lists the errors for the
complete set of thermophysical properties measurements. Data correctiens are

derived as follows:

e Error in.Absorbed Heating Rate - From Equation‘6—l3

(qcal)abs -(qsam)abs _ O-Oh p3
d; - 1- 0.566 Py
Assuming sample reflectance, p3, = 0.30,,an§ (qcal)abs = qi, then,
(4o gpg = 4 (1 - 0.004) =0.986 4, (6-1h)
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‘6' Péréént Eﬁrbr in Incident Heating Rate ~ From Table 6-9

(a,) 0y = (@), Co
ql cal ql sam 100 (6-15)

(6, = | et
(qi)lamps
Assuming (qi)cal = (ﬁi)lamps’ fhen,
(@) = () (4;)e
Y’sam - ‘Y’1amps |1 - A .. (6-16)
100

e Accumulated Error in Absorbed Sample Heating Rate - Substituting
 Equation 6-16 into Equation 6-1k yuelds ‘

: : (4;)e - :
(Ggamabs = (it)1amps |2 === (0:986) (6-17)

. Sample-Heat Leakage - From Figure 5-2 and Appendix A (Table A-2), and
as defined by Equation A-6,

Q L. | 4d ' -
[—Qleak] =555 | e ~ (6-18)
abs | sam sam (qsam)abs
where

Lsam is sample thickness (1.905 cm)

Dsam is sample diameter (3.810 cm)
Sample heat leakage as a percenﬁ of total absorbed heating rate is
defined as
(4 ) = 9 eak
qsa.m leak TR ]
-qsam abs

(100) (6-19)



Substituting Equation 6-18 into Equation 6-19 yields

0.25 D ; Q ‘
(4 )]’_ea_k—= - sam Z’leak = 0.5 [Qlea.k] (6-20)
se sam . sam

Tsam abs abs

o Net Sample Absorbed Heating Rate

dlea.k
(a__ )

sam’abs

(6-21)

(qsa.m)net = (qsam)abs 1L -

Substituting Equations 6-17 and 6-19 into Equation 6-21 yields
o () ©(a., )
SRR e i’e sam’leak
igam)net = (44 1amps [1 - oo | (0-986) |1-—To5 (6-22)
sam’leak

_where (4__ ) is defined by Equation 6-20.

e Calorimeter -Heat Leakage - From Figures 5-4 and 5-5 and Appendix B
" (Table B-1), '

Q L q
Qleak] = 2‘;&% _ '[(.le‘”; 100 (6-23)
abs Jcal ' Acal cal’abs] -

L is calorimeter thickness
cal

D,y 1s calorimeter diameter (3.810 cm)

where

Calorimeter heat leakage as a percent of total absorbed heating rate

is defined as

) - U eak

leak ( . )
qca.l abs

(4 (100) (6-24)

cal
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Substituting Equation 6-23 into Equation 6-24 yields‘

. 0.25 Dcal Qle .
(qca.l)lea.k= L [Q. ] cal | (6-25)

cal abs

For a calorimeter thickness of 0.203 cm (0.08 in.),

abs

. o leak
(qc ])leak = 4.6875 [——Q ] - (6-26)

For a calorimeter thickness of 0.635 cm (0.25 in.)

Q
. _ leak 57!
(qcal)leak = 1.5 [Q ] cal . - (6-27)

abs

Net Calorimeter Absorbed Heating Rate

. . leak
(qcai)net (qcal)abs 1- (s ) (6528)
: qcal abs
Assuming (qcal)abs = (qi)lamps and substituting Equation 6-24 into
Equation 6-28 yields
' (a._,) _
. _ 4 A *cal’leak
(qcal)net - (qi)lamps 1 ""ZBB“" ' (6-29)

vhere (qcal)leak is defined by Equations 6-26 and 6-27T..

Calorimeter Measurement Error - From Appendix B (Figure B-2),

calorimeter measurement error is expressed as a percent of net

absorbed heating réte as follows:

(4..,) |
(qmeas)e =11 - __Efg_ffff (100) | . (6-30)

(qcal)net



Solvmg_for-,(qcal)meas yields
(@)
. oo e eas’e
(qcal)meas - (qcal)net 1-— (6-31)
: 100
Substituting Equation 6-29 into Equation 6-31 yields
. . (qcal)leak (qmeas)e
(qcal)meas - (qi)lamps 1- —— |1 - ——| (6-32)
100 100

Equation6—3éméybeL$édtocaiculatetheimposedheatingrate,(dl)lamps,
, cal)meas’ (qcal)leak? and (qmeas)e’ as defined in Table 6-1L.
Corrected values for calorimeter heating rate, (qcal)net

determined from Equation 6-29-. Similarly, corrected values for sample heating

with values of (g

, can subsequently be

rate (@ ) , can be determined from Equation 6-22, with values of (qi)e and

sam’'net
(qsam)leak defined in Table 6-1L4. Corrected v/pck values are obtained by re-
reducing the thermophysical pfoperties data using (qsam)net in place of
cal)meas'

(4

The total percent error inv/pck measurements may be expressed as

V gck - (\/pck)'cor
Vock

(\/p_ci)e = 100 . (6-33)

Corrected sample and calorimeter heating rates, together with corrected +/pck

values -and their réspective measurement errors, are given in Table 6-1b.

Figure 6-21(a) is a gbmparisonAof laboratory and corrected TPM apparatus
measurements, as a function of temperature on samples of a low conductivity
plastic suitéble for ﬁihd tunnel model fabrication. Different sample sets cast
from the same batch of material were used for each method of measurement. The
variation of corrected TPM apparatus thermophysicql properties measurements
with the square root of time-to-phase-change and with corrected sample heating

rate are presented in Figure 6-22(b) and (c), respectively.
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Table 6-5. Final Central Heating Distribution, Nominai Voltage = 50 V

Calorimeter Measurements with 0.025 mm (O. OOl in.) Sperex Coating,
4 cal’ 10h W/n® (Btu/[ft s])

Y, em (in.) Sta B ' Sta C
(1) (2)
-11.430 (-k.50) 2.896 (2.550) 2.868 (2.525)
~5.715 (-2.25) 3.166 = (2.788) 3.12h (2.751)
0.0 (0.0) 3.176 (2.797) 3.208 (2.825)
5.715 (2.25) 3.150 (2.77L) 3.132 (2.758)
11.430 (4.50) 12.899 (2.553) 2.896 (2.550)

Fourth order curve fit to data at stations B and C:

4,1 = (A0) + (ALY + (a2)¥% + (a3)Y> + (a)Y"
(A0) = 3.19195366 x 10h (2.81097794)
(A1) = -6.93924259 (-0.00155720)
(A2) = -12.277681L40 (~0.00700062)
(A3) = 0.10503383 (0.00015372)
(Ab) = -0.08309158 (-0.00030417)
Standard Deviation = 0.015 {0.013)

Heating Rate at Center of Plate: ‘é(O 0) = 3.192 x th W/m2 (2.811 Btu/[ftg-s])
. 9

Normalized Central Heating Distribution, qcal/q(o 0)
E]

Y, cm (in.) Sta B : Sta C

(1) ' (2)
-11.430 (-k.s50, 0.907 0.898
=5.715 (-2.25) 0.992 0.979
0.0 (0.0) 0.995 1.005
5.715 (2.25) 0.987 0.981
11.430 (4.50) 0.908 0.907

Ly



Table 6-6. Final Central Heating Distribution, Nominal Voltage = 100 V

Calorimeter Measurements with O. 025 mm (0.001 1n ) Sperex Coating,
q a1’ 10 W/m (Btu/[ft s])

Y,:cm (in.) ~ Sta B 7 Sta C
(1) o (2)
J11.430  (=4.50) sz (7.434) 8.461  (7.450)
- ~5.715 . (-2.25) 9.239 (8.135) 9.177 (8.081)
0.0 (0.0) 9.628 (8.478) 9.475 (8.343)
5.715 (2.25) 9.261 (8.155) 9.273 (8.166)
11.430 (4.50) 8.416 (7.b411) 8.369 (7.369)

Fourth order curve fit to data at stations B and C:

qcal = (A0) + (AL)Y + (Az)Y2 + (A3)Y3 + (Ah)Yh
(A0) = 9.55122375 x 10h (8.41030121)

(A1) = 112.411380 (0.01748697)

(A2) = -105.377L436 (-0.05632966)

(A3) = -1.05800689 (-0.00114891)

(Ak) = 0.14493838 (0.00035680)

Standard Deviation = 0.048 (0.036)

Heating Rate at Center of Plate: q<0 0) = 9.551 x th W/m2 (8.410 Btu/[ft245])
, R .

Normalized Central Heating Distribution, qcal/q(o 0)
Y, cm (in;) : Sta B » : Sta C
(1) (2)

-11.430 (-ﬁ.so) 0.884 0.886
-5.715 (-2.25) 0.967 0.961
0.0 (0.0) 1.008 ‘ 0.992
5.715 (2.25) 0.970 0.971
11.430 (4.50) 0.881 , 0.876




Table 6-7.< Final Central_Heaﬁing Distributioh, Nomiﬁal Voitage =220V

Calorimeter Measurements with 0.025 mm (0.001 in.) Sperex Coating,

. L 2 2
Gagy® 107 W/m“ (Btu/[ft°-s])
Y, em (in.) Sta B Sta C.
(1) (2) -~
;11.h3o (-4.50) 33.842 (29.800) 3&.060 (29.992)
-5.715 (-2.25) 36.808 (32.411) 37.288 . .(32.834)
0.0 (0.0) 38.767 (34.136) 38.474 (33.878)
5.715 (2.25)° 36.829 (32.430) 37.455 (32.981)
11.430 (4.50) 33.007  (29.073) 33.36L4 (29.379)

Fourth order curve fit to data at stations B andC:

qcal

(A0)
(A1)
(A2)
(A3)
(Ak)

(A0) + (AL)Y + (A2)Y2 + (A3)Y3 + (Ah)Yh

38.6200867 x>lO

220.623612.
-493.824184
-4,23524063
0.82138052

Standard Deviation

b

(-0.280k49922)
-0.00611742)
(0.00300955)
= 0.221 (0.194)

(.
Eo.oh9h3123)
(

34.0068970)

Heating Rate at Center of Plate: 'q(o 0) = 38.620 x th W/m2 (34.007 Btu/[

ftQ'S])

Normalized Central Heatiﬁé Diétribution, écal7d(0 05 e
Y, cm (in.) Sta B Sta C

(1) (2)
-11.430 (-4.50) 0.876‘ 0.882
-5.715 - (-2.25) 0.953 0.966
0.0 (0.0) 1.004 0.996
5.715 (2.25) 0.95h. 0.970
11.430° (4.50) . 0.855 0.864

L6




Table 6-8. Final Central Heating Distribution, Nominal Voltage = 460 V

Calorimeter Measurements with 0.025 mm (Q,QOl”in,) Sperex Coaﬁing,
' 10* w/m? (Btu/[£t2-5])

c.1cal’
Y, em (iﬁ.) Sta B ' Sta C -
(1) ‘ (2)
-11.430 (-4.50) 109.287  (96.233) 108.933  (95.921)
-5.715 (-2.25) 119.977 (105.646) 121.187 (106.712)
0.0 (0.0) 127.051 (111.875) .| 126.4kk (111.3h41)
5.715 (2.25) 120.396 (106.015) 120.438  (106.052)
11.430° (4.50) 106.953  (94.178) 108.786 (95.792)
Fourth order curve fit to data at stations B and C:
. _ 2 3 N
Gogy = (A0) + (A1)Y + (A2)Y" + (A3)Y” + (Ab)Y
>(A0) = 126.7h&995-x 1oh (111.604675)
(A1) = -11.8901767 (-0.00272573)
(A2) = -2083.67229 " (~1.18319035)
(A3) = =k4.06254781 (-0.005856L0)
(AL) = 5.25328796 (0.01922951)
~ Standard Deviation = 0.54k  (0.479)

)= 126.7hh x 10h w/m2 (111.605 Btu/

Heating Rate at Center of Plate:
| [£t%+s])

20,0

Normalized Central Heating Distribution, qcal/q(o 0)
2

Y, cm (in.) - . Sta B Sta C

(1) : (2)
-11.430° (-4.50) 0.862 0.859
-5.715 (-2.25) 0.947 : 0.956
0.0 (0.0) 1.002 0.998
5.715 (2.25) 0.950 0.950
11.k430 (k.50) 0.8k 0.858




Table 6-9. Percent Difference in Adjacent Colorimeter

Measurements*
(a, - an)
Voms Y, 100 =B ==C "

: a5

Volts em (in.) Percent
-11.430 (-4.50) 0.12

-5.715 (-2.25) 0.98

50 0.0 (0.0) 1.33
5.715 (2.25) -1.00

-11.430 (k.50) -0.51

-11.430 (~4.50) : -0.22

-5.715 (-2.25) '0.66

100 0.0 (0.0) 1.59
5.715 (2.25) _ -0.13

11.430 (k4.50) ‘ 0.57

-11.430 (-k.50) ' -0.6L

-5.715 (-2.25) , -1.31

220 0.0 (0.0) 0.76
5.715 (2.25) -1.70

11.430 (k.50) -1.05

-11.430 (-k.50) 0.32

. -5.715 (-2.25) ~1.01
460 0.0 (0.0) 0.L48
5.715 (2.25) -0.03

11.430 (L.50) -1.71

#From Tables 6-5 through 6-8.
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Table 6-11. Calorimeter Measurements with Phase Change Coatings*

T Color |Run Number | V a
pc nomn , cal,
K (F) volts 10)4 w/m2 (Btu/[ftz’s])
. 338.70 (150) | Lt Green 28 50 1.88L4 (1.659)
29 75 3.100 (2.730)
T 80 3.929 (3.460)
30 100 6.94%6 (6.117)
366.48 (200) | Dk Violet| . -16 100 6.528 (5.749)
17 " 115 7.834 (6.899)
366.48 (200) | Lt Violet 26 50 2.237 (1.970)
‘ 25 75 3.296 (2.903)
2L . 100 5.220 (Lk.597)
366.48 (200) | Off White 1 50 1.764 (1.55k4)
422.03 (300) | Pink 2 50 1.694F  (1.492)
22 75 h.oth (3.588)
11 80 3.713 (3.270)
9 100 L.876 (4.294)
21 100 6.322 ' (5.567)
10 115 6.301 :(5.549)
12 145 9.628 .(8.478)
23 160 10.793 (9.50k4)
_ 13 170 12.003 (10.570)
533.15 (500) | White 31 50 1.976 (1.740)
32 50 1.779 (1.567)
3. 100 5.082 (L.L75)
L 100 5.294 (L4.662)
20 100 5.619 (4.948)
19 - 130 8.851 (7.794)
18 - 160 12.503 (11.010)
3k 220 16.858 (1k4.8L45)
5 220 17.561 (15.46L4)
6 L60 57.602 (50.722)
~—— 33 L60 61.115 (53.815)
, 35 460 59.007 (51.959)

*Calorimeter located at Sta B: X = 2.857 cm (-1.125 in.), Y = 0.0.
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Radiant Heater Bank
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Figure 6-1 Test Setﬁp - Preliminary Heating Distribution
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Dimensions in Centimeters

Y
B C “f
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Figure 6-2 Radiant Heater Bank Position With Respect to
Test Specimens - Preliminary Heating Distribution
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Notes: 1. c';(o o) = 2.908 x 2t sl (2.562 Btu/ ree2 . s 1)

2. 0.025 mm {0.001 in.) Coating of Sperex Applied to
Calorimeters X

Figure 6~3 Preliminary Heating‘Distributiori, Nominal Voltage = .50V

56



Noves: 1. 4(0,0) = g.264 x 10* w/el (8,457 Btw/ [rte. s])

2, 0.025 mm (0.001 in.) Coating of Sperex Applied to
calorimeters
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Figure 6-h Preliminary Heating Distrivbution, Nominal Voltage = 100V
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Notes: 1. d(q o) = 37.031 x 10% w/n® (32.607 Bru/ [, 5] )

2, 0.025 mm (0.001 in.) Coatlng of Sperex Appliled to
Calorimeters
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Figure 6-~5 Preliminary Heating Distribution, Nominal Voltage = 220V
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118.68% x 10% W/n? (204.507 Btu/ [ft2~ s])

2. 0.025 mm {0.001 in.) Coating of Sperex Applled to

L. 4(5,0)

Notes:

Calorimeters

Lip
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{1854 D
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I ;
IR
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10

Y, cm

L60v

Nominal Voltage

tribution,

is

ing D

Heat

iminary

Figure 6~6 Prel
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0.025 mm (0.00% 1n,) Coating of Sperex Applled to
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Figure 6-19 Maximum Heating Rate Calibration Curves, Sheet 1 of k4
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Section T

EXTENDED CAPABILITY

T.1 CRYOGENIC COOLING

The following modifications to the TPM apparatus_are required in order to

perform testing with the samples at cryogenic temperatures:

e The base plate must be thermally isolated from the main assembly to
reduce the temperature conditioning period and minimize thermal
gradients over the test area; conditioning may be provided by circu-

lation of gaseous N, through suitably insulated ducts located on the

2
lower base plate surface, Figure 7-1(a).

e The existing shutters must be replaced, possibly by new shutters of
sandwich construction that will insulate the sample front face from
heat flux prior to shutter retraction, and thereby assist in efficient

cooling, Figure T7-1(b).

e Condensation on the cooled surfaces must be eliminated, possibly by
loéating the test apparatus in anvenclosuré equipped with an adequate

N2 purge; a remote actuation device would be necessary in this case.

T.2 TESTING OF WIND TUNNEL MODELS

As described in Section 3, the thermophysical properties of samples can
differ from those of concurrently cast wind tunnel models. Complete elimination
of sémples and determination of the thermophysical properties of fhe fabrication
material on the model itself would be ideal. However, in order to accomplish
this, the base plate must be modified. An insert arrangement such as shown
in Figure T-2 might be suitable. The insert shown iﬁ the figure contains .
“two symmetrically positioned ports, located in zones of similar heating. The
left portion of the insert is recessed to allow flat or nearly flat areas of
the model to be placed reasonably close to the test plane. The model should

be insulated to prevent heat conduction from the metal insert. A standard
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calorimeter, as described in paragraph 5.3, would be positioned in the

opposite port to measure the heating rate. Standard TPM apparatus test pro-~

cedure and data xeduction, as described in Section 8, may be used without
modification.
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Section 8

OPERATING PROCEDURE

8.1 SPECIMEN PREPARATION/SELECTION OF TEST CONDITIONS

The following procedure is recommended .for test specimen preparation:

1.

Select a tempilaq phése-change’coating for a specific melt temperature

and mix in a household-type blender.

Thoroughly clean five test samples, 3.810 cm (1.5 in.) in diameter

and 1.905 cm (0.75 in.) thick, with acetone.

From manufacturer specifibations or existing properties data, estimate
\/SEE in J/(mz-s%'K) for the test material, and determine the Figure
8-1 heating chart which most nearly corresponds to this estimated
value of v/ pck . For example, if the estimated value of \/EEE were
1.697 x 103 J/(mz-s%-K), Figure 8-1(e) would be selected. This chart
gives the relationship between heating rate, phase-change temperéture,
and test time for one dimensional transient heating in a semi-infinite:
solid subjected to a step input of constant heating rate at the sur-

face. Test conditions are obtained from this chart as follows:

a. Calculate the temperature difference (Tpc - Ti)’ where TPc is the
melt temperature of the selected phase-change coating and Ti is the
initial sample temperature (assumed to be nominal room temperature,
29k .26 K [TOF].) If Tpc = 422.03 K (300 F),

Tpc - Ti = 422.03 - 294.26 = 127.77 K

b.- Select a nominal test time, such as 9 seconds. (See Appendix D

discussion of backface temperature response/minimum test time

considerations.)

c. Read the required heating rate of 6.246 x 10% W/m2.
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Determine the apparatus voltage sétting, fr6ﬁ7Figufe 6-19, based

on the required heating rate; use the curve for tempilaq coated

-calorimeters. For example, a heating rate of 6.246 x 10% W/m2

corresponds to a voltage setting of lOS'V}

Select the calorimeter thickness which prov{des thé better temper-
ature response, using Figure 8-2 for thicknésses.of 0.203 ¢cm

(0.08 in.) and 0.635 cm (0.25 in.). As an example, for the

6.246 x 10% W/n2 required heating rate;,entéf the charts at

q = 6.246 x th W/m? and procéed to t = 9 seconds. Note-the

following cealorimeter temperature differences:

Calorimeter Thickness Teal = T3
0.203 cm (0.08 in.) - 76.38 K
0.635 cm (0.25 in.) | 23.33 K

SeXect the calorimeter with the better temperature response: 1in

this case, the one with the 0.203 cm (0.08 in.) thickness.

Check sample and calorimeter heat leakage errors for a¢ceptability.
Use Figures 5-2 and 5-4. to insure that these errors are not

excessive.

Refer to Figure 8-3 to make sure that the selected test time is
less than the maximum allowable test time for the chosen calori-
meter. Figure 8-3 indicates that the maximum allowable test time
for a 0.203 cm . (0.08 in.) thick calorimeter, of the cited example;
which absorbs 6.2h6 x lOh W/m2, is 46 seconds: wéll above the |
selected 9 second test time. Note that maximﬁm alloﬁable test
time is a limitation imposed'by calorimeter h-film insulation;
insulation service temperature is 699.81 K (800 F), and should not

be exceeded.

Estimate the reflectance of the sample face. If sample reflectance

is greater than 0.40, apply a 0.025 mm (0.001 in.) coating of high



emissivity black paint to all sample faces before applying the
tempilag. All calorimeters require such a coating; see para-

graph 5.3.

9. Appiy tempilag to each of the five material samples and five
calorimeters. Coating must be applied uniformly and in fhe same
- nominal thickness for all cases. Recommended nominal coating
thicknesses are 0.127 mm (0.005 in.), 0.152 mm (0.006 in.),
0.177 mm (0.007 in.) or 0.203 mm (0.008 in.).

10. Allow tempilaq coatings to dry thoroughLybefqreinstallingsamples»

and calorimeters in the apparatus base plate.

8.2 TEST PROCEDURE

Figure 8-h is a sequential series of photographs which illustrate the steps
to be performed in the test procedure. The TPM apparatus, power source and
temperature recording equipment are shown in Figure 8-L(a). This figure
shows the shutter system in the initia;, open position, with the radiant heater

bank removed from its position above the test plane.

Figure 8~4(b) shows the test plane and speéimen supports; these supports
consist of ceramic stilfs upon which the calorimeters and samples rest. The
sﬁilts‘protrude through rubbér bushings anchored in a split panel arrangement
which is suspended below the base plate, Figure 8-4(c). The two outer panels

are free to move laterally, thereby providing sufficient space between panels.
The folloying procedural steps should be followed in the prescribed order:

1. Install the tempilag coated calorimeters in the row of specimen
mounting holes nearest the viewing port in the left end plate. Pass
the thermocouple leads through the holes and then center the ceramic
stilts in all ports by bringing the split panels together. Tighten
the panel supports to prevent shifting.

2. Place the tempilaq coated samples in the row of specimen mounting holes

nearest the camera port in the right end- plate, Figure 8-kL(d).
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- 10.

11.

12.

Align calorimeter and samplé faces with the test plane by adjusting
the height of the ceramic stilts. Each specimen must be carefully
centered in order to maintain a circumferential gap between the

specimen and base plate.

After test specimen installation, manually close the left shutter as
shown in Figure 8-L(e and f). While’holding the shutter closed,

‘pivot the left handle to restrain the shutter llnkage Flgure 8- h(g):

Pivot the left safety latch, Flgure 8- h(h), to lock the handle in

place

Repeat the procedure of step 4 with the right shutter manuélly close
the shutter, Figure 8-L(i and J), plvot the right handle to restrain
the shutter linkage, Figure 8-4(k), and lock the right safety latch,
Figure 8-L4(1).

Rotate.the interlock as shown in Figure 8-4 .(m and r) to join both.

handle pieces; this primes the shutter release system for operation.

Install the radiant heater bank above the shielded test plane and >
mount the motion picture camers so that it can view the test area

through the right end plate port, Figure 8-&(0).

.Connect all thermocouple leads to the temperature recording equipment.

Activate lamp cooling air to provide a 158.579 x lO3 N/m? (23 psig)
plenum gage pressure at port P (see Figure 5-1). . This pressure -
corresponds to a flow rate of 0.877 m3/min-(3l ft3/min).

Provide cooling water at 4.163 x 1073 m3/min (1.1 gal/min) to the

lamps and shutters.

Allow calorimeter temperatures to stabilize under the influence of

shutter cooling; the apparatus is now ready for testing.

While holding the handle in position, release both safety latches,
Figure 8-L(p). Then bring the lamps to the desired intensity. When
voltage is stabilized, activate the temperature recorder and motion

picture camera.



8.3

where

13. Release the shutters by dropping the handle, Figure 8-4(q), and
maintain power at a constant level for a predetermined test interval

sufficiently long to allow the sample coatipgs to melt, Figuré 8-U(r).

14. Terminate the run when the specified time has elapsed; turn off the
temperature recorder and motion picture camera after the apparatus

'is turned off.

DATA REDUCTION

Data are reduced by the following equation:

a2
Vock = ——  —
: T-Tix/F

T (3/[we-sEK]) (8-1)
pc . ' . .

Tpc = melt temperaturé of the tempilag coating, K -

. 'I‘i = initial sample temperature, K (assumed equal to the recorded

initial calorimeter temperature)

t = elapsed‘time from initial shutter bpening to sample coating

phase change as determined from motion picture film, seconds.

The heating rate, 4, may be expressed as

where

sl

: Me. 4T . 5
§=— —  (/m°) g | (8-2)
A 4t -. : : : :

M = calorimeter mass, kg

c = specific heat of copper = 401.932856 J/(kg+K) .

A = calorimeter face area = 1.1&009 X 10-3 m2 for a 3.810 cm diameter
.aT S - : . :
— = slope of calorimeter temperature-time curve, K/s.
dt : ' : -
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Equation 8-2 thus may be expressed

M x h01.932856 aT

('1_ P
1.14009 x 10~3 at
. 4T >
.= M[35.25448 x 10°] — (W/m") (8-3)
- it

Mass measurements for the calorimeters supplied with the apparatﬁs are

given in Table 8-1.



Table 8-1.

Calorimeter Mass Measurements

Thickness = 0.203 cm (0.08 in.): Thickness = 0.635 em (0.25 in.)
Célorimeter Mass, kg Calorimeter Mass, kg
1 0.01885 1 ~ 0.06440
2 0.01910 2 0.064L5
5 0.02060 3 0.06430
8 0.01930 7 0.06L425
9 0.02015 8 0.06435
10 0.01895 10 0.064h0
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q. Releasing Shutters by Dropping
Handle

r. Power Maintained Until Sample
Coatings Melt

Figure 8-4 Test Procedure, Sheet 5 of 5
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Appendix A
TEST SAMPLE DESIGN AND INSTALLATION

A.1 SUMMARY

An analysis was performed to determine required design and installation
characteristics of the test sampie. These characteristics must enable the
sample to be mounted in such a manner that no heat enters or leaves, other
than through the face exposed to-the lamps. The temperature response at that

face thus could be calculated for a constant incident heating rate.

The initial design. that was chosen was 2.382 cm (0.938 in.) in diameter
and 1.905 cm. (0.75 in.) thick; installation was on a three prong support, in
a 2.5% cm (1.0 in.) diameter base plate hole, as shown in Figure A-1{a). The
support is made from a very low conductivity material to prevent conduction

losses, and provides a trapped air gap as additional insulation.

Results of.thg analysis showed that heat ieaking into a stainless steel
samplé was less than 3 percent for test times up to 30 seconds (which is the
maximum time before the semi—ihfinite slab assumption is violated). However,
the effect is opposite for low conductivity plastics: heat leaking out of
the sample exceeded 23 percent of the absorbed heat after 300 seconds. 1In
order to reduce these errors, the sample diameter and gap between the sample
~ and sample holder were increased, Figure A-1(b) shows the final sample design.
This modification of the original design reduced leakage from the low con-

ductivity plastic to 6 percen%, over a 300 second test run.
A.2 DISCUSSION

The first design that was analyzed consisted of a 2.382 cm (0.938 in.)
diameter, 1.905 cm (0.75 in.) thick sample mounted in a 2.54 cm (1.0 in.) thick
aluminum slab on a three prong support made from a good insulatiﬁg material.
'Twosamplenmterialswereanalyzedforradiatimnandéonductionheatlossthrough

the sides. These sample materials, a low conductivity plastic-and stainless
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3 to 8.176 x 103 J/(m2~s;é-K)

2 % . . .
[0.02 to 0.40 Btu/(ft"+-s?'F)]. The representative material properties used
are listed in Table A-1.

steel, cover a range of Ypck from 0.408 x 10

The analysis was performed under the assumption that test time was limited
to the maximum time before the semi-infinite slab assumption is violated. This
time is 30 seconds for stainless steel and 300 seconds for the low conductivity
plaétic. The samples thus were assumed to behave as semi-infinite slabs, and
.to have their backfaces mounted above good insulators; since no temperature
differences exist between the backfaces and the insulators, no-heat transfer
would exist at the backfaces. Leakage through the sides wag assumed to be
via radiation and conduction. Reference 3 shows that for enclosed annular
air spaces, convection effects are negligible compared to éonduction effects
when the product of the Grashof and Prandtl numbers is lé8s than 103. ‘This
criterion is applicable in this case for gaps between the sample and sampie

holder up to 1.524 cm (0.6 in.).

A.2.1 Radiation Leakage

The heating rate per unit area radiating from the inner to the outer

cylinder of two concentric cylinders is expressed as:

12 L H

0.477 x 10 (Ti - T )

%aa T 16, + (A /A1 ] - 1)

(Btu/ft° s) (A-1)

where the subscripts i and o indicate inner and outer cylinder. Since the
temperatures are not constant along the side of the sample or éample holder,
the integrated value of the heating rate must be calculated:

. _ o.hﬁ x 10712 1 (L, b 4 ,
Qgd = e, + (/A )([17e, - 1)) L.O/ [T; " (x) = T "(0)] ax (A-2)

where L, is the sample thickness.

A.2.2 Conduction Leakage

The heating rate per unit area of heat conducted througp/fhe air gap,

from the‘sample-to the sample holder, i§ expressed as:
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k (To - Ti) :

- — 2. H ) ' -
qcond = ——-——?—'—' (Btu/ft S) ‘ , . (A 3)

‘where g is the gap width and k is the thermal conductivity of air (k = 4.36 x 10-6

“Btu/ft.s-F). As for the radiation calculation, the inteigrated value of the

-ﬁéating rate is used:

=

- L : . ) ’
Goona T T [ [T00) - (0] &k (a-k)
0

.

ik;2;3 Total Heat Leakage

The total heat leakagé, Q, in or out of the sample is calculated as a
" percentage of the absorbed heat entering through the ‘top of the sample:

L

Qlea.k - Qrad,+ Qcond
Q‘a.bs Qabs (A-5)
where Qra.d = qrad Ai
'_ T
'Qcond = 9eona Ai
Q. =4da._ (n/4) (p,)°
abs abs i

Since Ai is the surface area of the side of the sample,
6

A, = m.L
i i

and Equation AQS may be rewritten as

Q1eak - (drad * qs9nd) L {A-6)
Q .

abs 0'25.Di Labs

A.2.4 Temperature Distributions

The temperature distribution into the sample was calculated by approximating

the solution for a constant heating rrate ‘into a semi-infinite slab. This

|
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approximation was obtained by interpolation of a straight line on semi-log

curve, Figure A-2, for the values 0 = ctt/L2 = 0.25. The equation of the

Jer
approximate solution is: . n
1.13 dabs Yot -2.41 x/2vat o
T.(x,t) = T(x,0) + e .
l .
Equation A-T is suitable for closed form intégration in Equations A~2 and =~
A-lL,
The temperature distribution in the aluminum sample holder was assumed ' %

uniform. Checking of the solution for a finite slab being heated at a constan““
heating raté showed that the ratios of the ébgolute temperatures on ihe front 'g
and back sides remained within 11 percent after 10 seconds. This narrow
temperature range is due tO'thé.high conductivity of aluminum. The equation
expressing the temperature .is:

q
_ abs

at

(A-8)

A.3 RESULTS

The results of the analysiis are présented in Table A-2. ‘i‘his table shows
thaf the net heé:b leakage is into the stainless steel sample, ahd out of the
low conductivity plastic sample. For both cases, the leakage increases with
time as the wall temperature difif‘erencé increases, but is relatively insensitivev
to -the absorbed heating rate. Ccnduction effects are significantly greater -

than radiation effects in both ca:ses.

For the initial design, heat .leakage into the stainless steel éa.mple was
less than 2.8 percent. However, this value represents the heat leakage into the
entire sample; the error at the center .of the sample face is significantly less.
Leakage out of the low conductivity plastic is significantly higher, reaching

23.3 percent after 300 seconds.

11k




Two modifications were made to the sample design to reduce leakage. The
between the sample and sample holder was increased from 0.078 cm (0.031 in.)

.317 cm- (0.125 in.) for all but a small, 0.160 cm (0.063 in.) length,

* re A-1(b), thereby reducing the conduction losses. by a factor of four,
(1 éfj?‘iution A-3. A small flange was maintained at the top fo keep incident heat
¢.t of the space between the sample and sample holder. Increasing the sample
diameter from 2.382 cm (0.938 in.) to 3.810 cm (1.5 in.) reduces the percentage

o* total heat leakage by a factor of 1.6. Improvements in the modified

semple, Table A-2(b), are obvious.

31

115



gT"0

06°0

6s'0

3 ‘AyTATSSTUN

[%9T] 0T X 129°2

[EET] 0T x OET"2

[9T$] (0T X S92°8

ﬁmp@\pau ma\mx
¢d ¢ARq1sus(q

[4-0T X 8$2] TSL 09T

ﬁguoa X TeT°0] ©6L0°0

[_OT ¥ L*62] €10°9T

f

[(d:S-2F)
/ag] (em) /M

‘3 ‘L3TAT3OMPUO)

-

S S w
[ \Npm_ \m
¢ 0 S LYTATSNIIIQ

[5-0T * TLL] g0T X 829" T4[ 0T X 8€"0]4-0T X £S€0°0[[g-0T X 9°01]g-OTX2LL E
UMUTUMTY oT3S®Id 19938 $SaTUTRLS
TBTI99BY

Ayasdoag

soT1qa9dodg TeIIS1Bl

*T-V ST9By

116



165 0ge ltg (00°0nT) T66°8ST (L°gST) lee-0gt 00¢
69°T 76°0 6L0 (00" Ln)  GLE‘ES (G°LE) 996 24 00T oT3sBTg
210 60°0 £0°0 (£9°1) 882" S (1) 685 T 0T (0°1T) SET T A1TAT70NPUO) MO
61" 1~ ge 0= 18" 0~ (00°Gn6-) 681 €L0T- (" n0f—) 95266y~ 3
05°0- £2°0- L2 0~ (62" ngs-) £05°€99- (G°9€T-) 9T0°GST~ (V4
91°0- 11°0- $0°0- (00°892~) 1SE* wOE~ (T-he-) 69¢°Le- 0T1. (0%) 28L 99
e o= ge o= 500~ {(0S°88T-) 0L0"fiT2- {g-6e-) @gT19-ge- ot
9e'0- £e o= €0°0- (GL°9TT~) Lg&-eet~ (€°€T-) HOT"ST- oe
el o- 1T 0- 10°0- (6L €S~y TTHO“T9- (8°%-) 164°6- 0T (01) 96E" 1T
2n°0- ge0- %0 0- (06°8T~) . €9% Te- (8" 1~) am0e- 0¢ - TP
9g°0~ LA 20°0- (GL°TT~) Exe-€1~ (T°T-) 6%2" T~ 02 ssaturngg
A 1tT°0- 8.0: (61°6-) 68T 9~ (€70~} £9€°0- ot (0°17) SET'T
JI938ureTq (UL §°T) WO QT € :ufrssq ardues pPsTIIPON
ge-ee ce gt 90°¢ (0°095) 196°6€9 (L°geT) L2z 0gt 00€
on'l 0c 9 e T (0°98T) =20s°t1e (6LE) 9g5°cH 00T DLYRT)
$9°0 19°0 t0°0 (6°9T) 60012 (n°1T) 686" T 0T (0°1) GET'T A3TAaLyanpuo) Mo
9L e~ 052~ 920~ (0°06LE-)ETT HOL H~ (w hon-) 9%2-65h- o¢
£9° 1~ RS T 60°0- (0-LEg2-)nT0 1592~ (§°9ET-) 910" 66T~ (614
€L°0- 1L 0~ 2070~ (0°2L0T-)9TH" L1t~ (T-qe-) 69€°Lle- 0T (0%) 2g.L°96
g5 e~ 052~ g0 0- (0°nSL-) 02 9sg- (2°62-) g19°ge~ [ol3
85" 1~ 7S 1~ ®0°0- (0°L9%-) gxe-0ES~ (£°€T-) #®OT"ST- 02
gLro~ TL°0- 20 0- (0°6T2-) 9T qne- (8 1~) T6n°6- 0ot (01) 9GE"TT
9¢-a- 0s°2- 90° 0~ (9:6L~) &g Sg- (8°1~) qno-e- [
86" T~ 66 1~ €00~ (0°in~) €LlE-€g- (T°1-) 62 1- 0e
€L°0- 2L o~ 100~ (g°1e~) LSl ne- (2e°0-) £9€°0- ot (0°T) CET'T
1939WRIQ ("UT g6 Q) wo ggE'g :udrsag a1dusg TeRUTITIQ
qusdaad qusdaad juadaad :m.Nuwu\sam :uo.C NE\3 :m.mﬁu\sum |OCNE\3 SpUo2ag :m.mp.:\:umv NE\3 oT
«SABy BTy | (SATy PUOD, | (SATy BB, <PUod, oo, Courg T -
s8syea] qway alduweg °2-y 3TqE]

117



118

Dimensions in Centimeters

Semple (2.382 diam.)

Gap (O{QZT) ///

Aluminum Sample
Holder

A\
N

Insulating Material

a. Original

Upper Gap (0.078)

Lower Gap (0.317) Sample (3.810 diam.)
(0.160)
// 7
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b. Final

Figure A-1 Sampie Design and Installation ~
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Appendix B
CALORIMETER DESIGN

'B.l SUMMARY

An analysis pérformed to determine proper calorimeter desi_gp sthV{gé thatat
least three sizes are required. Thicknesses of O.ébé é;n(d;QS-iﬁ;), 0.635 cm
(0.25 in.), and 1.270 cm (0.50 in.) are needed to cover the range of sample
thermophysical properties: 0.408 x lO3 z+/pck < 8.176 x 103 J/(m2's%-K)

[0.02 s</pck < 0.40 Btu/(ftzls%-F)] and incident heating rates: 1.135 x
1oh.s qi < 113.565 x 10h W/m2 [1 ;_qi < 100 Btu/(ft2°s)]. Each calorimeter is
3.810'cm (1.5 in.) in diameter, and is mounted in the sample holder in the

- same manner as the samples. The calorimeters consist of pure copper slugs,
insulated with a thin layer of h-film and instrumented with backface thermo-

couples;
B.2 DISCUSSION

Since the calorimeter is used to measure sample heating rate, it must be
of high accuracy. The following five criteria were established to meet the

accuracy requirements:

1. The calorimeter-must be of the same diameter as the sample so that
when each is located in zones of similar heating, the calorimeter

measures the sample average heating rate.
2. Calorimeter temperature distribution should be as uniform as possible.

3. Heat leaking in or out of the sides of the calorimeter should be

minimized.

4. The calorimeter surface temperature should always lag behind that of
the sample so that the coating on the sample changes phase before

the coéting on the calorimeter.
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5. Calorimeter temperature rise should be sufficiently large and fast

for accurate heating rate readings to be made..
B.2.1 Material

Pure copper was chosen for calorimeter fabrication because of its high
value of thermal conductivity, availability in a very pure form, and fully
documented properties. The high value of conductivity helps to insure a
uniform temperature distribution; the purity and full documented propérties
eliminate thé'need for calibration. The following property values are used

'in this analysis:

115.382 W/(m*K) [0.060 Btu/(ft°s-F)]
3
]

o Conductivity, k

9595.059 kg/m> [559 1b/ft

‘e Density, p,

118.238 J/(kg*K) [0.0915 Btu/(1b°F)]

1.124 x 10~ n2/s [0.00121 £t2/s]

e Specific Heat, c,

o Diffusivity, o,

B.2.2 Time to Reach Phase-Change Temperature

Based on.criteria 4, the time required for the calorimeter surface té
reach the ﬁhase-change temperature of a tempilag coating must be greater than
that for a similarly coated sample. Assuming tpat the sample heats up as a
semi-infinite slab, and that the caloriméter heéts up as a mass'of‘uniform
temperature, the time for each surface to reach thé phase-change temperature

can be expressed as
Sample:

. |
cam pe ") T F ' R (B-1)

Calorimeter:

1
H
[}
-3

cal ~ ‘“pc i (B—QX
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Since t: 2t » the thickness of the calorimeter may be expressed
cal - “sam :
Tpc -1 o (DCk)sam
L —— - — C (B-3) "
=4 Y (ee) | |
: cal
or

\/-n" ( /PCk)samvtsain 4 (B4)
- B-
2 (pc)cél- ‘ ’

L

v

Since the thickness is proportional to the square root 6f time, the minimum
calorimeter thickness required is based on the maximum test time. Maximum test
time is defined as the time at which the semi-infinite slab assumption is

violated for the sample; this time is derived from the equation
1 <o030 | . (B-5)
2] |
sam

By substituting Equation B-5 into Equation B-l4, the required calorimeter

thickness can be defined as a fraction of the sample thickness, Lsam:

, . (pe) A
L sam
.Lcal 2 0.486 o) (B-6)
sam PClial

The pc product of most materials that will be tested varies from about
41.398 x 10"‘ to 132.476 x 101‘ J/(m3~K) [20 to 64 Btu/(ft3-F) 1. For the worst

case, the required calorimeter thickngss, L fof a sample of 1.905 cm

cal’
(0.75 in.) thickness must be greater than 1.168 cm (0.46 in.).

B.2.3 Backface Temperature Response

Though the calorimeter temperaturé distribution is assumed constant, a

finite temperature difference does exist between the top, where it is heated,
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and the backface, where the thermocouple is located. The error in_assuming a

uniform temperature distribution can be calculated by dividing the temperature
rise at the backface by that of a body which behaves like a thin skin. Back=

face temperature response, Figure B-1, shows that the parameter (T - T, )k/q/—z
1s a functlon of-J;€7EE. Thus,

Tor = a Y rwhe/i?) | (1)
- | |

. Dividing Equation B-T by Equation B-2, the error can be'calculéted as

(T -T,)

i’backface _ f(\/at/Le)

(T - Ti)thinskin \/qt/L2

(B-8)

Figure B-2 presents the error as a function of Fourier number, at/L2, and also
shows the felat;onship between heating time and error for copper calorimeters

of 0.635 cm (0.25 in.) and 1.270 cm (0.50 in.) thicknesses. This figure shows
that for a 1.270 cm (0.50 in.) thick calorimeter, the error is less than

5 percent only after four seconds of heating, the error may be reduced by de-

creasing calorimeter thickness.

B.2.4 Calorimeter Temperature Rise

The rate of calorimeter temperature rise and its final, overall temperature
influences the accuracy of the heating rate measurement. vKuation B-2 shows
that the rate of temperature rise is directly proportional fo the heating rate
ahd inversely proportional to the calorimeter thickness. 'The increase in
calerimeter temperature for the time ih takes the sample surface to reach

phase-change temperature can be calculated by combining Equations B-1 and B-2:

(pck)

L]

o -’T samp ’ (B—9)

ks
4 L (pcL) cal
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*This equation shows that the samllest temperature rise occurs when samples
with low values of pck are tested using a low .temperature phase-change coating
and high heating rates. Reducing calorimeter thickneSs increases the tem-
‘perature rise. .

From Equation B-1, a sample for which+vpck = 0.408 x lO3 J/('2 1/Z-K)
[0.02 Btu/(ftz-s%-F)], coated with 533.15 K(SOOF)Immse—changecoatlng,canbe
tested for 58 seconds with a heating rate of 1. 135 X 10h W/m (1.0 Btu/[ft s])
or for 5 seconds with a heating rate of 3.861 x lO W/m (3.4 Btu/[ft sl).

The calorimeter temperature rise for these conditions, with Lcal = 1.168 cm
(0.46 in.), are ' 4

Time, t (sec) The? K (F) T - T,, K (F) aT/dt, K/s (F/s)
5 533.15 (500) 4.83 (8.7) . 0.96 (1.74)
58 533.15 (500) 16.66 (30.0) 0.28 (0.51)
In both cases the overall temperature rise is low and should be increased by
decreasing calorimeter th;ckness. Since the calorimeter size, Lcal =vl.l68 cm

(0.46 in.), was selected for a material with a very high value of pck and
tested for the maximum time (as defined in Equation B-5), more than one
calorimeter would be required for materials with low values of pck. However,
the minimum calorimeter thickness can be reduced if the test time is reduced.
Figure B-3 shows minimum calorimeter thickness aé é function of test time,
calculated as a percentage of the maximum test time for a given sample; max-

imum test time is defined by Equation B-5.

The calculations show that ﬁhéugh a 1.168 cm (0.46 in.) thick calorimeter
heated at 3.861 x 1ol*.w/m2 (3.4 Btu/[£t-s]) for 5 seconds has a 4.83 K (8.7 F)
temperature rlse, ‘a 27.77 X (50 F) temperature rise is obtained under the same
conditions with a 0.203 cm (0.203 em (0.08 in.) thick calorimeter. This latter
tempefature'rise is more desirable. As shown in Figure B-3, a 0.203 cm _
(0 08 in.) thick calorimeter (Lcal L sam = - 0.107) would allow materials with pc
products up to T4.517 x lOh J/(m3+K) [ 36 Btu/(ft -F)] to be tested for at least
10 percent of the maximum test time; for Th.517 x 10h S pc s < 132.476 x 10h

J/(m3'K) [ 36 S pc < 6b Btu/(ft3-F)], a third calorimeter would be required for
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medium to high heating rates, which produce overall temperature rises too

large for the 0.203 cm (0.08 in.) thick calorimeter to measure. A 0.635 cm
(0.25 in.) thickness (Lcal/Lsam 3 . :
pc products up to 144.895 x 10% J/(m>+K) [70 Btu/(ft°+F)] could ‘be tested for

= 0.333) is a logical choice since samples with

at least 25 percent of the maximum time.

B.2.5 Heat Leakage

Heatrcan leak in or out of the calorimeter through the side and bottom via
radiation and conduction through the air gap (see Appehdix A). Unlike the _
sample, where the backface never heats up, the temperature distribution in the .
calorimeter is uniform; the backface can heat up and radiate. This unfavorable
condition for heat leakage requires that both the backface and sides be
insulated. A suitable radiation barrier is aluminized h-film (emissivity =
0.05), which can be applied in 0.0127 mm (0.0005 in.) layers. This film is
sufficiently thin that the thermal mass of the calorimeter is not affected.

The one constraint that the h-film does impose, however, is that the maximum
temperature of the calorimeter should not exceed 699.81 K (800 F). Maximum

test‘time thus is limited by this constraint at each heating rate and calori-
ﬁeter thickness, Figure B-L. An additional requirement is that the h-film be

installed on the walls of the sample holder where the calorimeter is'installed.

Estimates for the heat leakage are given in Table B-1. (These data are
plotted in Figure 5-4.) These estimates were made based on the assumption that
the calorimeter is mounted in the sample holder in the same manner as the
samble. The 1.270 cm (0.50 in.) thick calorimeter shows very little error, but
at low heating rates lengthy test times are needed to produce adequate tempera-
ture rises. Leakage rates for the 0.203 cm (0.08 in.) and 0.63% cm (0.25 in.)
thick calorimeters are significantly higher due to the large conduction losses.
These losses occur because the gap between the calorimeter.and holder, which
is 0.078 em (0.031 in.) for the first 0.160 cm (0.063 in.) of thickness, widens
to 0.317 em (0.125 in.) for the remainder. Since 0.160 cm (0.063 in.) is a
greater percentage of the overall thickness of the O.203_cm (0.08‘in.) and
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0.635 em (0.25 in.) calorimeters than of the 1.270 cm (0.50 in.) calorimeter,
the percentage heat loss is greater. By limiting test time, calorimeter heat

losses can be held within 2.1 percent.
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Table B-1 Calorimeter Heat Leakage

. [Qrad [Qrad back— [Qcond\ ' Q‘leak
LoD @ 5 Time, %bs] side, Qabsl_ face, %bs side, %bs
107 W/m™(Btu/[ft"-s]) s percent percent percent percent
Thickness =1.270 em (0.50 in.)
102.208 (90) 10 0.01 0.01 0.09 0.11
15 0.02 0.02 0.13 0.17
ks5.426 (L40) 10 0.00 0.01 0.09 0.10
20 0.02 0.02. 0.17 0.21
Lo 0.08 0.08 0.3k 0.50
1.135 (1) 100 0.02 0.0k4 0.86 0.92
200 - 0.05 0.09 1.71 1.8k
300 0.10 0.15 2.57 2.82
- Thickness = 0.635 cm (0.25 in.)
k5. k26 (LO) 10 0.02 0.02 0.46 -0.50
20 0.07 0.08 0.92 1.07
22,713 (20) 10 0.01 0.01 0.46 0.48
30 0.07 0.08 1.38 1.53
50 0.26 0.28 2.30 2.84
1.135 (1) L0 0.02 0.03 4.60 L.65
100 0.06 0.09 9.20 9.35
200 0.18 0.23 18.40 18.81
Thickness = 0.203 em (0.08 in.)
22.713 (20) 5 0.01 0.02 0.4k 0.47
10 0.03 0.09 0.88 1.00
9.085 (8) 5 0.01 0.02 0.hY 0.47
10 0.01 0.0k 0.88 0.93
20 - 0.05 0.1k 1.76 2.05
30 0.11 0.35 2.63 3.09
1.135 (1) 20 0.02 0.05 1.76 183
Lo 0.0k 0.12 3.51 3.67
60 0.07 0.21 5.27 5.55
100 0.15 0.47 8.78 9.40
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