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SUMMARY

Several types of heat-flux transducers now in use were cvaluated experimentally
to determine their applicability and accuracy under specific heating environments and
installation conditions. The transducers are utilized to give, as nearly as possible, an
aécurate measurement of the fundamental heating environment to vhich the instrumented
structure is exposed. Calibration and/or data-correction procedures were developed tc
account for the effect of thermal disturbances resulting irom transducer-structure
interaction.

It was found that the most scrious problem faced in the use of a heat-flux transducer
results from the possible changes in temperature distribution in the heated instrumented
structure. These changes can cause cross conduction and, in the case of convective
heating, surface-temperature-discontinuity effects. The magnitude of the difference
between the heating rate to the undisturbed structure and that to the transducer Jdepends
on the heating environment, the type of transducer, and the installation. For example,
nonisothermal-sur.ace effects caused a transducer to indicate heating rates as much as
140% in error with respect to the heating rate to a ihermally undisturbed structure.

Primarily because of the different perturbations resulting from thermally mismatched
transducer-structure conditions, it has beer. determined taat a single calibration procedure
for heat-flux transducers used in a variety of environments is questionable. The desired
output of the transducer is an indication of ihe heating environwent of the instrumented
structure in the absence of the transducer, but the cal:i:ration of the transducer may be
strongly dependen: upon the nature of the structure in which it is n ounted and upon the
type of heating. Consequantly, a single calibration often does not apply te heating conditions
significantly different from the czlibrating conditions.

Experimental and analytical investigation of the above problems kas led to the con-
clusion that'it is possible and ¢xtreniely beneficial to perform a thorough experimental
evaluation of heat-flux transducer s ir. addition to the general transducer calibration. The
results presented show that if a heat -flux transducer can be evaluated for a number of
mounting structures and under a variety of heating conditions, a prediction of the probable

accuvracy of the transducer in a giver. appl.cation can be made, provided a reasunable
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knowledge of the actual heating environment 13 known,
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INTRODUCTION

The importance of measuring heat transfer to surfaces exposed to aerodynamic
heating and rocket-engine exhaust gases ha. letd to the development of 4 isumber of
techniques and instruments for this prrpose. The basic requirement is to install a
sensing element in the heated surfa~e in such a way that its output is proportional to
the heating rate to the undisturbed structure. For corzparatively high heating rates
and thick structures, precisely located thermoceruple junctions have been used success-
fully, 1.2 For lower heating rates, measurement of the average temperature change in
a thin plate is satisfactory. A wide variety of heat-flux transducers (or calorimeters)
have been designed based on this principle because of its simplicity and adaptability.
Such slug-type calorimeters have been applied to the measurement of both raziant and
convective heating, as well as to the combiration of the two. In the latter case, the
meter is called a "total calcrimeter. " .

Another type of caiorimeter design is based on the principle of heat input flowing
radially in a thin metal skin (membrane) to a surrounding heat sink. 3 The temperature
difference between the membrane center and the heat sink is a measure of the imposed
beating rate

Although both slug-type ard membrane-type calorimeters avre very adaptaile, they

introduce different types and varying degrees of thermal disturbances in the structure in

which they are installed Phase 1 of the progi-am reporied here was an analytical investi-
gation of the iccuracy arc applicability ot several of these meters, with emphasis on slug-

type meters because of th-ir convenieuve and widesp:ead use. Experience has shown that

results cbtained with the.e meters were often not in full agreement v.ith theoretical pre-
dictions. A study of the important para:neters affecting the accuracy of the meter was
therefore condueteq, 4 Fhase 2 was an e perimental verification of the Phase 1 results
and the evaluation, under vivious heating conditions, of slug-tvpe ineters. >

Work performed during these two phaes ied to the conclusion ihat, o be effective,

any slug-type heat-flux meter must meet the following three desigr requirements:

1 See References. page 53.

------
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1) The thermal solation of the slug from the supporting structire must be
sufficiently effective to miake negligible the rate of heat exchange hetween the slug and the
gtructure.

2) The method of insulation and isolation must be such that it does not excessively
perturb the desired behavior of the meter by altering the heat-transfer characteristics from
those of the surrounding structure.

3) Tecbniques niust be developed to permit practical utilization of data gathered,
recognizing that requireinents 1 and 2 above cannot be fuily met in most applications.

The current program, Phase 3, was aimed at further investigation of ilie above heat- '
flux-transducer design parameters. The primary tasks involved were to evaluate zeveral
meters currently used by NASA, to study the effet of thermz1 disturbances on traasducer
performance, to evalusie variations in heat-flux-meter desigu, and to study calibration
and/or data-correction tectaniques. The results of the study and an analysis are presented

in this reoort.
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CALO.":METE!-INDUCED I'""TURBANCES

A. Necessity for Accura e Heat-Flux Measuremer ts

Current missile c.od space bcysters amp! wving nultiple engines cause complex flow
patterus in the base regicn and a:'ound the exn: ust *~zzles. In certain cases, hot exhaust
gases circulating into tre base 2rea cause excessive ueating, which may result in damage
to the missile. A heczt shield is often required io pres :nt this damage. For missile-bace
configurations util:zing a heut shield, the weigit of + ¢ saield imposes serious perfcititace

penalties and hence should be beld to a minimum. ..perience has shown, however, thst

" present knowledge is often [nadequate to permit theor etical predictions of heating rates

w.th the accuracy required for optimum design work. Accurute structural heating-raite
measuremenis for both ground ard flight test envi~orments are therefore necessary to
eliminate the costly possibility of vver design and to insure maximum perfor mance.

B. Cross Conduction

The temperature variation in a heated structure may be influenced by installation of a
calorimeter because of difierences in the thermal characteristics and optical properties of
the calorimeter and the siivrounding material. These two factors can cause a tempezature
difference to occur between the insirumented panel and the meter. One result is that the
meter znd the structure will each reczive different heat inputs and thus cross-conductior
heat flow may occur through the inetcr-structure interface. This can ohviously result iu
serious errors when slug-type meters are heing used because these meters rely on a heat-
storage principle. * Cross-conduction effects can be basically represented by*

T - Tm

q-_-.s —
ZR

1)

The cross conduction is showa to depend on the icmperature potential established, the
thermal resistance of the reter and the surrounding structure, and the resistance at the
meter-structure interface.

When slug-iype raeteirs are exposed to convective heating, cross conduction could he

manifested simu'taneously by both heat addition and heat loss. Such a situation might arise

*  See Nomenclature. page 51.
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if the meter were installed in a low-diffusivity siructure (insulation material). During
the convective-heating cycle, the high-diffusivity slug absorbs heat, which is distributed
evenly throughout the slug. The structure also absorbs heat, but because of its low
diffusivity, the heat is stored near the surface. The result is a large temperature differ-
ence between the slug and the insulation near the surface and a similar but reversed
temperature difference between the insulation and the slug below the surface. Since the
two resulting cross-conduction effects probably would not occur at identical rates, the
net heat input to the meter could differ from the flux to the surface of the undisturbed
structure. Thus a knowledge of the magnitude of the cross conduction is desirable for
interpreting meter readings.

C. Surface-Temperature Discontinuities

Another prominent source of calorimeter error is surface-temperature discontinuities.
Consider a structure subject to high-temperature gas-flow heating other than pure stagna-
von heating; i. e. , parallel-flat-plate flow or axially symmetrical flow. The convective

6
heat-transfer rate from the hot gases to the wail is given by

a=kA@T/dy) ' @

where y is taken as zero at the wall.

Expressed in terms of a film heat-trensfer coefficient, h, the heating rate is

4=hA(T,_ -T) , 3)

which is the form used in conventiona! Leat-iransfer work. In low-velocity flow, T'i.W is
the free~-stream gas temperature: in supersonic flow, it is the recovery temperature of
the fluid.
» An expression for the fitm coefficient, h, is obtained by coml 'ning equations 2 and 3:
IR
~ o AT/ @

T .~ T.)
aw ' w

‘the rvrivements for surface-temperature simulation on a calo "imeter surface can be
seen “rom equation 4. Generally the adiabatic wall temperature of the gas is not changed

by instr'inton of 8 calorimeter in a structure. Althougl the gas conductivity is affected

R
ig.%\},hnmm-ﬁlmm
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by the wall temperature, the effect is minor, especially when the temperature change of
the gas is small. Thus the heat transfer is basically identified by the wall vemperature
and the gas-iemperature gradient at the wall. The wall temperature, of course, rises
continually during a rocket firing.

If a calorimeter is instalied in a structure and assumes a tempe';'ature significanily
different from that of the surrounding material, the local convective heat transfer will
b affected, as indicated by equation 4. As the gases pass over a temperature discon-
tinuity, the telmnperature gradient in the boundary layer close to the surface must change

drastically since the temperature distribution must remain continuous. The heat-transfer

coefficieny and the heating rate must also change, since they are both a measure of the

~ thermal gradient in the gas at the wall.

This problem can become quite pronounced when the convective or total heat transfer
to an insulating structure is measured with a membrane calorimeter operating at a rela-
tively low temperature. Due to the small size of this type of meter, the sensing surface
is near the self-induced surface-temperature discontinuity. Directly at the discontinuity,
the heat transter can be expected, theoretically, to be infinite, as it is at the leading edge
of a flat plate. The small membrane will therefore be exposed 10 heating rates much
higher than normal and will rot give an accurate description of the heating environment to
which the undisturbed structure is exposed. Cons2quently, the output of the calorimeter
must be corrected to some reference heat flux. The desired convective heat-flux measure-
ment is that which vould be experienced by an isothermal surface at a known surface
temperature.

D. Analysis of Eifecis of Nonisothermal Surface on Convective-Heating Measurements

1. Analytical Results

Several investiigators have studied the effect on convective heat transfer of a
step discontinuity in the surface temperature, and the results obtained have been appiied
to erroys that may arise when using a calorimeter that assumes a temperature greatly
different from that of the surrounding structure. These results have been substantiated
hy experimental studies for gas and surface temperatures of moderately iow ranges.

The first widely accepted analysis of the local heat-transfer coefficient for

turbulent incompressible flo" over a flat plate with a step-surface-temperature

@Aﬁnmm-ﬁimdml
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discontinuity was presented by Rubesin. 7 Fignre 1 defines the system considered. The
following equation wag given for describing the local heat-transier coefficient at a point

X between L and W:

-b
1 2 L
hGL) =h (X,0){ =g+ o 1-(59J ! ©)
° )

The exponents a = 39/40 and b = 7/39 were determined from limited experimental data. 8

w o w w a’]

Of greater interest is the ratio of the average coeifi~ient between L aid W to the
local coefficient that would exist at (L + W)/2 in the undisturbed or isothermal case. This

average value was obtained by Rubesin through integration of equation 5 between L and W:

the resulting ratio is .
v+ -
h (W, L) I L. | Y2 W
= (=-\ 4 — e
W+L FG "o Q) T -1 . (6)
h(——z——, 0) w, o

The functions F(L/W) and Hl(L/W ) are geometrical terms that depend upon the exponents
39/40 and 7/39 and are plotted versus (L/W) in Figure 2.

Reynolds, et al. 9,10 made a further study of the problem, concluding that 2quation 5
holds over a wider range of Reynolds numbers when a = 9/10 and b = 1/9 are used. These
values ‘rere used by Westkaemper, 1 resulting in a modified term H2(L/W) in equation 6.
The function Hz(L/W) is compared to Hl(L/W) in Figure 2.

Brunner, et al. 12 extended these analyses to include a circular calorimeter, as
compared to the square configuration implied in equations 5 and 6. They also gave con-
sideration to nonuniform temperature distribution over the calorimeter itself. The effect
of this geometry was to increase the predicted error about 10%. The effective surface
temperature of a circular membrane having a parabolic temperature distribution was
found to be 0.75 of the center-point value. The combined effects were concluded to be
relatively minor in predicting meter errors in that they #end to cancel each other.

2. Application of Theory to Heat-Flux Measurements

In many applications, it is desired (v evaluaie the heat transfer to an insulating

surface directly from the calorimeter measurement rather than to evaluate a heat-transfer

coefficient. This can be accomplished in the following manner.
.Axxumx-.‘tﬂuh
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Values of h can be determined from the calorimeter measurement by

h= q/(TO - Twz) . (7)

It is conventional to consider h over both ihe isother.nal noninsulating structure and the

isothermal insulating structurc (ref. Figure 1) to be egual and defined by

h = qisn/(To - Twz) = qibi/(mo - Twl) ) ®

Consequently, the heat flux to an isothermal (undisturbed) insulating structure is related

to P and the temperature potentials according to

q =h(@,-T )=q_ |[=——7=| . ©®

From equations 7 and 8, the ratio of i/h is obtained as

h_q
a_4 (10)
h qisn
and from. equations 7, 8, and 10 the ratio c-l/qibi becomes
I | SR
a9 2 (11)
d4, . Q. T -T
isi Cisn |70 Tw,

The available theory can therefore be used to predict corrections required for
calorimeter measurements, provided that:
1) Gas-strean), surface, and calorimeter temperaturas are known.
2) The flow in the boundary layer at the surface approximates the flat-
plate flow assumed in the analysis.
3) The distance of the calorimeter from ti.e point of bouniary-layer
incention is known.
It is unlikely that all of the ‘nformation above will be accuraiely known for
typical flight conditions. However, based on available flight data, engineering estimates

ot the required corrections can often be made.
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E. Simulaticn Theory

One of the first steps in an evaluation of 2 heat-flux meter is to ascectain what,
eractly, it should measure. The measurement that is usually of primary concern is
the net flux to a heated structure. To obtain this measurement, the heat-flux meter
should indicate the heat transfer that would exist at a test station if the meter were
not present. In praciice, of course, it is rarely possible to achieve this goal because
a calorimeter that is placed in a heated struct re disturbs the thermal characterictics
in the immediate vicinity. Since these thermal disturbances introduced by a calorimeter
are often difficult to determine accurately, a practical approach is to 1) minimize the
disturbar.ce, 2) recognize its presence as a potential source nf error, and 3) attempt to
correct for the errors it introduces.

F. Calor:meter Calibration

The foregoing discussion shows how errors in heat-flux measurement are inherent
in the installation of a calorimeter when the temperature distribution in the heated structure
is disturbed. It would, of course, be desirahle to est-Llish a laboratory calibration tech-
nique that would always nccount for and correct theze errors., Tbis demand is difficult to
fulfill, however, because of the many variables that cannot be sufficiently contrelled during
either laborato -y calibration or actual application of a meter. Furthermore, a valid cali-
bration of this t: pe apparently requires a precise knowledge and laboratory simulation of
in~flight conditions. Labeoratory simulation of such conditions is often nighly impractical.

Although a truc single calibration is desirable, its feasibility appears to be question-
#ble. A m«re practical approach might be to conduct a thorough performance evaluation
of the calorimeter and then compare the calibrated-meter output to the actual incident
heating. If a general knowledge exists of the environment to which the meter will be ex-
pesed, and if the accuracy of the meter can be experimentally determined under conditions
¢asigned to simulate the environment, meaningful flight data could be obtained. formation
acquired from a study of this type would permit a well grounded evaluation of the expected
accuracy of a given meter in a proposed application. Becausa of the large number ¢i °
different m. ers presently being used and the broad spectrum of heating conditions being
encountered, this information would be extremely useful in selection of the calorimeter th: t

would best adi7t t0 & given heating envirorment and irdicate the heat flux to the instrumented
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approximate a wide range of heating environments.
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structure with the greatest accuracy. With a view to coilecting such information,
several popular heat-flux meters were experimentally evaluated. Laboratory heating
apparztus capable of providing convective, radiant, and combined convective-radiare

heatiug conditicns was userl, in conjunction with a variety cf mounting structures, to
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HEATING APPARATUS

An experimental progr.sm was conducted to investigate the magnitude of the errc s
previously described and to evaluate their effect cn current heat-fiux calorimeters. The
heating apparatus utilized for this study is essentially identical to that used during the
previous phases of the program, 4.5 Since this equipment constitutes an integral part of
the Phase 3 work, a description of the apparatus is repeated here.

The heating apparatus (see schematic, Figure 3) consists essentia''y of the 30-tip
oxyacetylene heaiing torch and an electrically heated graphite block. The heating-torch
system includes seven manifolded acetylene bottles and a single oxygen botiie, a flow-
meter for each gas to insure close reproducible control of heating rates, soleroid valves
for automatic operation, and throttling valves for fine control of gas flow. The graphite
block is heated by current from a power supply capable of developing 75 kva. This biock
is bathed in argon during the heat-up period. and a shutter is opened automatically in
conjunction with the opening of the gas solenoid valves. The block temperature is moeni~
tored and controlled with a Leeds & Northrup Rayotube and power controller.

Figures 4 and 5 (front and rear view, respectively) show the over-all layout of the
heating apparatus. The central portion of Figure 4 shows the graphite radiant heater
with water-cooled cover and control Rayotube directly alove it. The large slotted stand
provides variable positioning of the torch, which in this photograph is shown in a hori-
zontal position. Positions of the torch other than hoiizontai ave for convection heating
only, without the radiatio:: source. On the right is tke water-cooled exhaust duct; on
the left is a portion of the instrument panel containing various control switches, throt-
tling valves, and flowmeters.

Figures 6 and 7 are close-up views of tue heating zone. In Figure 7, the water-
cooled cover has been removed from the graphite block. A 0.125-inch-thick stainless-
steel test plate (described below) is shown in plzce, recessed into the brick base. During
warmup. the underside of ihe radiant heater is covered by a sliding shutter that is actu-
ated by an air cylinder This shuiier is visible in Figure 6.

The entire test procedure is automated. The oxygen and acetylene solencid valves
and a solenoid valve contrblling air to a pencii-iype cylinder driving the shutter are

operated by a microswitch sequence timer. The oxygen valve opens first, followed

-11 -
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closely by the acetylene vaive. A pilet flame, which is ignited prior to initiation of

- the timing sequsnce, ign:tes the torch at the instant the acetylene valve opens. When
- bouth convective and radiant heating are to be used, the graphite heater is brought to
— equilibrium before the tirning sequence is initiated. Equilibrium is Jdetermined

- visually with an chiical pyrometer sighted through a hole in the heater cover. The
solenoii valve controlling the shutter-actuating air cyiindzr is opened by tbe timer

— in conjunction with the ace'ylene valve. The result is essentially a step heat input.

The test then proceeds for a predetermined period of time, after whizh a reverse

ag shat-oif sequence occurs.
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EXPERIMENTAL PROCEDURES

A. Reference Heat-Flux Measurements

In a test program of the tvpe described, it is necessary to obtain an appropriate
heat-flux measurement to which all heat-flux-meter data can be referenced and com-
raved. This heat flux should be representative of the heat flux to which the instru-
mented panel is exposed. The underlying theory and procedure employed in estab-
lishing a reference-calorimeter heat-flux measurement is presented below.

Convective-heating rate to a surfa.ce is given by

¢, =h(T -T) . a2

The heat-transfer coefficient, h, is dependent upon mass flow rate and gas-stream
properties. It can be assumed that h is a constant by maintaining the mass flow rate
of both the oxygen and the acetylene constant. Maintaining the gas flows constant will
also permit the assumption of constant gas temperature, To’ since the combustion
conditions are invariant. The only remaining variable on the right-hand cide of equa-
tion 12 is the surface temperature, Tw. The validity of these assumptions is assured
by measuringoxygen and acetylene flow with precision flowmeters. The meters used
have a 10-inch scale with 100 equal divisions. As uuted earlier, each gas line is pro-
vided with a throttling valvc for fin: adjustmeut so that the flow can be easily repro-
duced within 1% of a specified value.

13
Radiant-heating rate to a surface is given by

9= 9% % F (Tr4 - Tw4) ’ as
The geometrical-shape factor, F, is a constant of the system as is the Stefan-Boltzmann
constant. The surface absorptivity of the plate surface, o, and the emissivity of the
graphite hlock, €0 will both be about 0.9 and can be assumed to be constant, since the
test plate and meters are prepared with a special high-absorptivity high-temperature
finish. The radiation-source temperature, Tr’ is controlled through a feedback to the
power controller from a Rayotube viewing the source. Tr can therefore aiso be assumed

constant. The only remaining variable on the right-hand side of equation 13 is, as in

il

equation 12, the surface temperature, Tw'

@Aﬂm-asundud
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The total heating rate to a.surface subject to both convective and radiant heating

is given by
q=q,+q_ - (14)

Since, under any set of constant test conditions to be employed, equations 13 and 14 are
shown to be functions of Tw only, q in equation 14 will also be a function of the surface
temprrature only., This fact provides the basis for the method of zvaluating the reference
heat. flux.

The first step is to determine the true heating rate to a test pl=te under 2 given set
of mass-flow and/or radiant-heating conditions. This is acccmplished by determining
the heat stored in a thin standard:.ing plate as a function of time. The slope of the
resulting curve of heat storcd versus time is the rate of heat storage. This rate of
storage plus the rate of heat loss from the rear surface of the plate is the true heating
rate. Separate reference calorimeters were fabricated to measare either purely radiant
or convective and total heating.

1. Radiant-Heating Reference Meter

The radiant-heating reference meter consists of a copper slug 0.500 inch in
diameter and 0. 120 inch thick, suspended in a guard plate of the same thickness and
2 inches square. The slug is separated from this plate by an air gap 0. 002 inch wide and
is held in place by four strips of Constantan foil (0.1'" wide x0. €003 ikick) bridging the
air gap on the back surface. The back surface is insulated with commercially available
Fiberfrax insulation material.

A surface coating of Parsons optical black !s.cruer (absorptivity > 0.99) is air-
brushed on the slug and guard plate. The resulting surface has a deep veswvet-black
appearance which is maintained after heating to 1000°F geveral times. The temperature
of the copper slug is measured witk a Chromel/Alumel thermocouple (0.003 inch in
diameter) spot-welded to the back «f the slug.

The resultant temperature history is assumed to be the average slug tempera-

ture. It can be ccmbined with specific heat data from the literature to give the heat

content for the copper slug. The syecific heat of copper can be represented by14' 15
i ¢ =(0.092 + 1,142 x 10'5'1‘) Btu/Ib-°F . (15)
‘Annm—ﬁtmdml
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The heai content as a function of temperature is thea given by

T

Q= | cdT = (0.092T + 0.57 1% x 107°)Bra/ib . (16)
o

The validity of this device can be besi demonstrated by the linearity of its
temperature rise under constant heat-flux conditions and especially by the slow decay
of the slug temperature when the incident heat flux is reduced to zero. A portion of
the cooling period of the radiation reference calorimeter after a typical test is shown
in Figure 8. In no case did the slug temperatur. drop at a rate greater than 3°F/sec,
clearly indicating that during the heating periods losses are negligible and 211 heat
anscrbed is “2ing stored. Thus the meter consists of an isothermal mass whose heat-
flux measurerient represents the true heating rate.

2 Couvective- and Total-Heating Reference Meter

The measurement of a reference convective and total heat flux is much more
difficult than that for radiation. The reference calorimeter must be free from the un-
certaintics commor. to fvpical flight-type calorimeters. Since most problems in heat-
flux measurements arize from thermal perturbations of one type c¢r another, the refer-
ence total calorimeter should be designed such that the presence of the sensor does not
altey the heat transfer being measured. This can best be done by placing a sensor in a
thermatly infinite thin plate such that the sensor does not influence the plate temperature
in ar 7 way. The sensor best suited for this application is an in-wall or surface thermo-
coupl. plug made of the parent plate material. The plate itself can then be treated as an
isothermal mass as in a slug-type calorimeter.

'The reference convective-total calorimeter chosen was a 1/8-inch-thick plate of
Type 316 stainless steel. (A low-conductivity material was selected to prevent lateral
conductjon.) Sarface and in-wall temperature sensors were made using techniques well
established in the mannfacture of standard ATL temperature sensors (Delta-Couples).

The scnsers are made by locating the junction of the thermocouple at the desired depth
from. the heated surface in a plug of the reference plate material. The instrumented plugs
are then pressed into the reference plate. providing a homogeneous system with essentially
no thermal disturbance due to the preserce of the s2nsors. The plate surface is painted

with Pyromark high-temperature black paint having an absorptivity of approximate.y 0. 9.

.Amum»m

- 15 - ADVANCED TECHNOLOGY LABCRATORIES CIVISION

JPREEEes

ey A W

SN = - -~ o R s o, AR w1 e S e e S I S A, e T A



i

i - . . K4
R = . RS R (a1 y B R T LR R it A SC SRR S

Using these sensors, teinperature measurema=nts were made at the surface,'
m.dplane, and rear of the stainless-steel plate. 'Test results iudicated that under
convective heating, the slope of the siainless-steel surface temperature is a valid
and consistent measurement of the slope of the average plate temperature and that
rear-surface iosses are negligible. Therefore, only the surface temperature wus
used in subsequent tests.

Heat-content (enthalpy) measurements were made as a fitnction of te. perature
on saraples of Type 316 stainles:s steel tuken from the stocl- from whica the test plates
and temnperature sensors were fabricated. These measurements were conducted by the
University of California at Berkeley. The resultant heat-content data represerted =
maximum uncertainty of +0.5% and werc in gced agreement with previous results for
Type 316 stainless steel. 5

Based on the above data, the stainless-steel reference-meter temperature history
can be converted to a plot of heat content versus time. The slope of the heat-content curves
(measured graphically) then represents the heating rate to the reference meter.

The accuracy of the reference total calorimeter is substantiated by its linear
temperature rise during heating under a constant heat flux and by the minimal change in
its slug temperature when the incident flux has been reduced to zero (see Figure 8).

Measurements in radiant heating made with the reference radiation calorimeter
and the reference total calorimeter were compared tc measurements made with a mem-
brane radiometer suppliea by an independent manufacturer; all three instruments were
found to exhibit excellent agrcziment. This is discussed further in part E. of the "Experi-
mental Results and Discussion' section of this report.

B. Test Program

The experimental portion of Phase 3 of this program consisted primarily of studying
the effects of mounting structure and mounting-structure temperature variations on heat-
flux measurements using currently available calorimeters. The effects, in convective
heatirg, of a discontinuity in the surface temperature created by the presence of the
calorimeter were also studied. These effects were evaluated to determine the magnitude
of the errors in calorimeter measurements which werc produced and to define the conditions

under which these errors occurred. The data were collected employing heat-flux meters

@ S
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supplied by NASA | including various radio a~.ers, a copper- and a nickei-sluyp, tota’
calorimeter, and a membrane ‘otal calori.neter. Rad‘ant, convective, an! combined
rediant-convective heating were used ii- the tests.

A brief study of the effects of a 1a1',e radiant heat input on a gas-temperature
probe was also conducted. The test procedure consisted basically of subjecting a
calorimeter to the test conditions that would best prcmote the desired effects. For
example, the conper-slug total calorimeter was mounted in a high-conductivity struc-
ture to study certain aspects of cross conduction. Identicul heating condivions were
then imposed on the appropriate reference meter,

The data collected permitted a critical evaluation of the performance o” a specific
instrument under particalar test conditions. Based on the results of meter perform.ance
under the laboratory heating environment, the applicability of the calorimeter calibration
to the actual application and any required calibr.stion-correction techniques could be es~
tabiished, provided the proposed application sufficiently resembled the test environment.

i C. Data Acquisition

The signal from each thermocouple in a test specimen was amplified and recorded on
a Minneapolis-Honeywell Visicorder. The Visicorder was calibrated just prior {o each
test. A Leeds & Northrup Model 8662 potenticmeter was used as a voltage reference.

D. Data Reduction -

The technique used to determine the heating rate to the reference meters is described
in A. above. The manner in which all other dzta were reduced depended on the specific
meter tested and on the environmental conditivns encountered. A complete descriptior of

these data-reduction metnods :s presented with the experimental results.
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EXPERIMENTAL RESULTS AND NISCUSSION

A. N-123 Copper-Slug Radiometer

A schematic of the N-123 copper-slug radiometer used for calibration evaluation
is shown in Figure 8. The slug itself is 0.188 inch in diameter, 0.259 inch thick, and
is instrumented vith Chromel/Alumel wire forming an effective junction at the bottom
of the slug. The radioweter is provided with a purge gas flow around t¢.: window to keep
its surface free of foreign material. The purge gas is nitrogen run at 750 psi to a
0.018-inch-diameter surface in the purge line. This provides the recommended f'ow rate
of approximately 3 scfm.

An eva'uation of the copper-slug radiometer was conducted to determine the effects
of variable mounting conditions and of the purged and unpurged flow conditions on the cali-
bration of the instrument. These tests were performed under raciant heating. A brief
test series was also made to investigate whether the calibration of the radiometer is
altered by the addition of a large convective heat load to the rad:ometer flange.

During the tests, the temperature histories at various points of the structure and
meter were recorded, The locations of these temperature measurements are shown in
Figure 9,

Variable mounting-structure conditions were obtained with a 9-7/3" x 9-7/8'" x 1/8"
copper plate, which was used in both an uncooled and a water coolec-condition., Thus, a
wide range of structural operating temperatures was achieved.

1. Unpurged N-123 Radiomcier

The coppes slug radiomete.” was tested without purge gas for both the uncooled
and the water-cooled mounting structure., The test procedure consisted of subjecting
the radiometer-instrumented structure to a step radiant-heat input. The radiation
reference meter was then exposed to an identical radiant-heat flux. E.treme care was
taken in placing the slug of the reference meter at the same coordinates relative to the
radiation source as the test radiometer.

The experimental data were collected i the form of temperature histories as
shown in Figures 10 through 13. These data were for radiant-heating rates varying from
7 to 36 Btu/ftz-sec. Slopes of the radiometer copper-slug tempe'rature were taken at

slug temperatures of 100, 200, 300, 400, 500, and 600°F. These slopes were then
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plotted as a function of the reference heai flux, with the radiometer-slug temperature

as the parameter. Slopes taken during the cooling cycle, wien the incident heat flux ‘was
zero, are also included on th.zse calibrition curves. The resulting curves are shown in
Figures 14 through 19, ecch graph being for a different slug temperature.

It can be readily concluded from these curves that the calibration of an unpurged -
N-123 copper-sig radiometer is dependent on the structure in which it is mounted.

The two structural conditious tested produced two distinctly different caiibrations. The
glopes of the two radiometer eignals differ 1¢ te 15% at 30 Btu/ftz—sec and as much as
75% 2.t 10 Btu/ftz-sec. The absolute value of this difference varied from 2 to 6°F/sec
over the U to 40°F/sec slope range.

The zero heat-flux points shown on the calibration curves (Figures 14~-19) fall on an
extrapolation of the positive-slope curve for the water-cooled structure but not for the }
uncooled structure. In addition, there is ~onsiderably more scatter in the zero-heat-rlux
points Ior the uncooled structure. These results might well be expected, however, since
the "cooling potential" is relatively constant for the water-cooled structure while it is 1
more time- and heating- dependeni variable for the uncooled structure.

A rather surprising conclusion can be drawn from the data shown in Figures 14
through 1¢. The data indicaie that for a given raference heat flux, the slope of the radiometer L4
signal for a water-cooled structure is much greater than the :lope for the same uncooled
structure. That is, for the same radiant-heat flux and for the two structural conditions —
tested, the strucwure that operated at the higher recorded tempera‘ure levels (see Figures 10-13)
promoted the greatest heat losses from the radiometer copper slug., Attempts to explain
this result in light of the existirg data met with little success. Further study would be .
necessary to explain thie discrepancy. However, since the calibration of the radiometer S ow
in the unpurged condition was found clearly to depend on the mounting structure employed,

i.e., radiometer output is seriously influenced by the type of installation, the value of addi-
tional study of the unpurged radiometer appeared questionable in terms of zractical appli-
cations. Therefore, the tests employing the unpurged radivmeter were discontinued. !

2, Purged N-123 Radiometer

In order to study the calibration of the radiometer with purge-gas flow conditions,

it was necessary to modify the instrument slightly to prevent cooling of the radiution source

S
"]9' ADVANCED TECHNOLOGY LABORATORIES DRIVISION % .

3

o _ )

L8 " I N — W:‘:‘t.m b e e
' “ ”"- ‘,)"";#u. e . "
. . \ o - .

s e i S A A, Tonb 1 YD it e BB Ty ot ot 0] R R HabIE e e ORI R e et B £ g s . amnild



L e S .- P e

Cerm taet NAEr e A 4 AR MY K e st ey < PP Ao e 6 o avews aw

by the purge gas. Since the radiometer is located only about 1% inches from the graphite
heater during calibration, the purge gas, under normal operation, wouid impinge directly
on the heater element. This problem was resolves by adding a deflecting ring (shown in

the sketch below), which causad the purge gas to flow outward along the flange, nnt onto

the heater.

Mica Ring, Held Down ,— Thin Foil Ring, Spot-Welded to
by Tabs, Deflecting ’ Body, with Tabs to Fold Over
Slightly under Flow ‘ ( Mica Ring

Pressure

)

Purge-Gas Flow Path

w27 4——-\&{ Y

—— Radiometer Window

The thin mica ring shown above acted as a flexible flow deflector and, at the same time,
permitted most of the incident radiation to pass through it: thus the ring did not alter the
heating of the body adjacent {0 the window.

As previously noted, the purge gas was nitrogen flowing at approximately 3 scfm.

Tests were conducted for radiant-heating rates from 9 to 3¢ Btu/itz—sec as
measured by the reference calorimeter. The radiometer was mounted in both the water-
cooled and the uncooled copper plates previously described, Typical temperature his-
tories measured during these tests are shown in Figures 20 through 23.

Again, a calibration curve was prepared by plotting the slope of the radiomcter-
slup temperature as a function of the laboratory roference heat flux, with the slug tempera-
ture as the parameter. The results are shown inFigures 24 through 29, each graph being
for a different temperature. These curves can also be compared in Figure 30,

Within the range of heat flux and mounting conditions testeu, these curves indicale
that, for a given slug temperature, the N-123 radiometer, when purged, is uot influenced
by mounting-structure conditions. It appears, from anaiysis of the data, that the purge

gas provides a relatively constant heat-sink condition which dominates the heat-loss modes.
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It can be seen that the temperatuires of the copper piate ar: corsistently lower with purge gus
than without, indicating that the purge gas is cooling the ontire assembly.

The points on the calibration curve taken during cu~ling (a conditior of zerv incideimn
neat flux) can be seen to fall on or new the extrapclation «.f 2 cu.ve through the positive-
slope points for the uncooled as well as the cooled struct.. 2. These cooling points also
exhibit excellent reproducibility with the zero-heat—-flux points determined for the unpurged
radiometer when n:ounted in the watec-cooied sisucture. The noticeable scatter of the
cooling points in the unpurged tests was reduced jrom an average of 2. 25°F/sec to 0.94°F /sec,
apparently because of tiie relatively constont cooling effect of the purge gas.

It should be noted that, for a given slug teranerature  the ealihratiz,, curve for the
purged radiometer generally faiis well within tre limits of the two calibration curves obtained
with the radiometer in the unprrged environment, Furthermore, the calibration curves
for the purged rodiometer are, in every case, sieeper than for the unpurged radiometer
(indicating largev heat losses), giving a'ditional evidence of the cooling effects attributable
to the purge gas. These results further substantiate the dominance of the purge gas as the
parameter most effective in controliing cross-conduction heat losses from the slug. That
is. the heat-loss trends remain relatively constant and independent of the structure tempera-
tures encountered. This result, of course, s extremely useful in aerospace applications
because of the large structursl temperature viriations involved.

It c4n be concluded from the abuve tests that the calibration of the radiometer must
include operation with purge flow. It can b~ further cocluded that unless adverse structure
ter © tures are expected in flipht, the mounting condition need not be seriously considered
in calibration,

3. Combined Radiant-Convective Heating of Purged N-123 Rad.ometer

A brief test serics was conducted to determine if the output of the purged N-123
radiometer is altered by the addition of a large couvective heat load tc the flange. During
the first portion of the test series, combined radiant-convective heating was imposed on
the radiometer mounted in a waier-coolzd structure. For the second portion of the test
series, combined radiant-convective heating was to be imposed on the radiometer mounted
in an uncooled structure., However, the second portion was not performed because of radio-

meter malfunction (discussed below). Note that during the first portica of the test series, the
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potential cooling effect did not iower the flange temperature even though the radiometer
flange was attached to the wat=.-cooled structure. That is, the convective heating clearly
causci much higher flange temperatures than previously encountered. This fact can be
readiiy observed in Figures 23. 32, and 34,

Measurement of the reference heat flu::, undesr the neating conditions described,
presernted somewhat of a problem because the convective-heating source (an oxyacetylene
flame) adds an additional radiaticn component to the radiation from the graphite heater.

It was decided, therefore, to measure the two radiation components separately and add
thcse quartities to obtain the combined reference radiant-heat flux.

The heat flux from the radiation source was measured in the usual manner, using
the laboratory radiation calorimeter, Next, the radiation from the flame was measured.
Such a measurement, however, requires a radiometer with a window so that convective-
heating effects can be isolaied from radiant-heating effects. It was believed that since the
N-125 radiometer itself had been calibrated in the previously described tests, and since very
small heat losses were observed at low radiomeater-slug temperatures, the N-123 radiometer
could be used to measure this radiation component from the flame by employing the cali-
bration curves at hand 2nd using only Jow-slug-teraperature data.

Using the above technique for establishing the radiant-heat loads, the radiant-
convecliv~ testing was initiated. Test results indic:ite that the radiation component from the
flame was indeedt sigynificant: it meusured 3 Btu/t’tz—sec on a low-flux teial heat test and
7 Btu,/ftz-sec on a higher flux test. Combined radiant-heal loads from both the flame and
the radiant source in the two tests were 6 and 11 Btu/ft2~sec. The magnitude of the
total heat load from the convective source to the flange was determined with the reference
total calor'meter. Measurements indicated that the total heat load from the flame during
these tests 'was 18 and 19.5 Btu/ftz—sec. respectively.

The results of the first two combined- heating tests are compared to the original
radiation calibration curves for the purged radiometers in Figures 31 and 32. Temperature-
history data are indicated in Figures 33 and 34,

At the conclusion of the second combined-heating test, the radiometer copper-slug
thermoccuple hecame inoperative and was not readily repairable.

Although the combined radiant-convective heating data gathered are somewhat
meager, Lthey are encouraging n that the calibration points fall on the original radiation
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calibration curves for the purged radiometer. These results indicate that, within the
limitations of the test conditions, a convective ioad on the flange will not change the purged-
radiometer calibration obtained for purely radiant-heating conditions.

- Another method that provides an excellent substitution for the separately measured
radiation components previcusly discussed involves measuring the combined radia‘ion by
the same method that was employed to measure the flame radiation ccmponent, i.e., with
the slug radiometer at low sensor temperature. Then if the radiation component that ssues
from the graphite heater and passes through the flame is desired, the individually measured
flame component could be subtracted from the combired-radialion effects measured by the
radiometer. However, in view of the ex:ellent agreement exhibited by the data in Figures 31
and 3% , it was concluded that this approach wouid indicate the same radiant-heat loads as
those suggested by the separate measurements.

B. Slug-Type Total Calorimeters

I

The Fenwal copper- and nickel-slug total calr,rimeters tested were identical in dimensions.

The exposed suriace was 3.5 inches square, consisting of a 2. 5-inch-square sensing surface
surrounded by a 0. 5-inch bolt flange, as shown in Figure'35.

Due to the popularity of this type of meter, a rather intensive performance evaluation
of the two instruments was conducted. The basic purpose of this study was to determine the
exteni to which the meter calibrations were influenced by mounting structure, mounting-
structure temperatures, and mode of heating. Based on the belief that valid calibration .
curves could be generated, an additional objective was to determine the feasibility of extra-
polating the curves into the zero incident-heat-flux region (represented by a negative slope
on the temperature-history curves).

Tests were conducted for radiant, convective, ard combined radiant-convective heating.
All tests employing convzctive heating were performed ai a single downstream position from
the point of gas-ilow boundary-layer inception.

Two types of mounting structures were investigated. The first type included both water-
cooled and uncooled copper structures. The second type consisted of 1 heat-shield panel
fabricated from a stainless-steel frame covered with } inch of "M-31" castable high-

*
temperature insulation material supplied by NASA.

x
Designated by NASA/George C. Marshall Space Flight Center.

-23- ADVANCED FTECHNGOLOGY LASOARATORIES DIVISION




Combining th:se different heating and structural conditions permitted the calorimeters
to be evaluated unider a wide variety of heating environments. Figures 36 and 37 illustrate
the calorimeter 1uunting details and the locations of the thermocouples used to obtain the
varicus temperatu:'e histories.

1. Copper-Sluyr Total Caiorimeter

Experimentil temperature histories at different points in the calorimeter-mounting
structure assembly mecsured for radiant heating, are presented in Figures 38 through 54.
The mounting 2ondit:cu and the laboratory reference heat ilux for each test are noted on the
grarus. Instrummentition problems prevented recording of the copper-mounting-structure
temperatures during the initial portion of the test series. The structure temperatures
shown for these tests are therefore approximate and were obtained by interpolating sub-
sequent radiant-heating data collected at different heating rates.

Calibration data were generated by pilotting the slope of he calcrimeter-<lug tempera-
tureyas a function of the reference heat flux, with the temperature of the test-calorimeter
slug as the parameter. Slopes of the slug-calorimeter signal were also determined during
the meter cocling cycle (zero incident heat flux) and are presented,with the positive-heating
slopeg in Figures 55 through 58,

Before the actual results are discussed, a brizf description of the various trends one
could expect from calibration data is presented. If the meter calibration is unaffected by both
the heating and the mounting conditions, all calibration data would fall on a single straight line
which would pass through a specific point al zero heat flux. This implies a perfectly in-
;ulated slug capable of storing all incident energy and producing a signal that is independent
of the mode of heating. Fowever, the use of slug-type calorimeters often produces noticeable
conductive heat losses due to an effective .. nperature difference between the slug and the
surrounding material. When a calibration curve of the type described (including heating and
cooling points) is constructed for a meter whose operation includes these losses, their etfect
on the calibration curve becomes quite noticeable. For example, if tle heat-loss mode
depends solely on the presence of a temperature difference, but is independent of the heating
corditions that produced the temperature difference, the calibration data will devi..te from a
struight line but will pags through a specific zero-heat-flux point, Should the temperature

difference show a strong dependence on the heating environment (actmal heat-flux level,
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duration of heating required tc reach desired slug temperature, ‘etc. ) and the material thermaf
properties. the calibration curve will azain deviate from a straight line but will also exhibit
exireme scatter in the zero-incident-heating slopes.

Thke evident scatter of the calibration data in radiant heating is attributed to lateral-
conduction effects in the meter and across the meter-mounting structure interface. The
irend of the scatter indicates that the conductive losses are governed by the mounting conditions
and by the heating environment of the test structure. A description of the heating environment
includes the type of heating, the heating rate, and the " ‘ration of heating (the slug temperature
achieved).

Due to the degree of data scatter, it is difficult to accurately represent the results of
Figures 55 through 38 with a single curve. Each individual test has therefore been identified
by connecting the positive- and zero-heat-flux-slope points (deterr:ined during calorimeter
cooldown) with a.separate line..

These calibration data indicate that all tests produced a significant spread in the
zero-heat-flux points, with the degree: of scatter increasing progressively with meter tempera-
ture, The increase at the higher slug temperatures is reasonable, however. hecause of the
large temperature difference established between the copper slug and the structure. Com-
bining the resultant temperature gradient with the high conductivity of the copper slug will
obviously promote significant corductive heat losses. as indicated by the data.

Calibration results further show thai the mounting structure exerted a strong influence
on the instrument calibration: this influence also increased with calorimeter temperature. i
The significant effect of the mounting structure is that each structure promoted a different
heat loss for the same incident heating rate. .1 fact, due to the presence of these heat losses,
the variation in the calibration data obizined for ihe three structures is of such magnitude i
that the accuracy in applying the results to an environment diiferent from laboratory conditions
is extremely questionable. For example, at a calorimeter t:mperature of 300°F and a
reference heat flux of 20 Btu/ftz—sac. the copper-slug-calorimeter sigual is 27. 2°F/sec
for the thick copper structure and 34.7°F/sec for the thin (1/8-inch thick) water-ccoled ;
structure. For the same reference heat flux and at a transducer temperature of 500°F,
these same outputs are -10°F/sec and 9°F /sec, resgpectively The difference in the readings:

res.ilts in errors of 27.6% at 300°F and 190% at 500°F.
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The greatest scatter in the zero-heat-flux points occurs for the thick struciure, Whiie
the least scatter occurs for the thin water-cooled structure. This result appears reasonable,
since tke taick structure could conceivabiy possess the raost variable temperature distribution
hetween tests (depending on the heating rate), while the thin water-cooled structure would
promote a relatively stab'c and constant cooling effeclt, The data furthevr indicate that,
generally, the thick copper structure produced the greatest heat losses, even though it did
not operate at the lowest structure temperature.

An effect of the heating environment can be seen by noting that, independent of the
slug temperature, the conduction losses are lower for the lower heating rates during both
heating and cooling purtions of the tests. This can he attributed to the fact that when the
test assembly is exposed to a Jow heat flux, smaller temperature gradients are developed
due to the combination of the lower heating rate and the prolonged duration of heating required
to attain a given slug temperature. This reascning indicates why the heat losses are the
greatest. after the test assembly has been heated rapidly.

The trends of lateral-conduction effects can well be anticipated by reviewing the
temperature histories. These curves (Figures 38-54) show that, especially at the higher
slug temperatures, the temperaiare differerces occurring between the main thermocouple
and thermocouple No. 4 can generally produce extreme temperature gradients, which
result in lsteral conduction. Additional insight concerning these effects ie possible by
studying the temperature difference between the center of the transducer slug and the grecove
around its edge (thermocoupie No. 1). During initial heating, this gradient promotes heat
addition to the slug. However, after sufficient heating, the net effect is such that lateral-
conduction losses occur quite readily.

Several attempts were made to achieve a more satisfying correlation of these test
results. Typical attempts included plitting the ratio of sensible to incident heat flux versus
various dimensionless parameters whii. trying to iccorporate the struciure temperature
into a meaningful calorimeter performance curve. Unfortunately, these attempts met with
little success. It was concluded that the heat lcsses are dependent on temperature gradients

that are too complex to be described by the point temperature measurements made during

the tests.
lmm-.sundard
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Rased on these observations, it has been concluded that data taken with the copper-
slug total calorimeter in a structure of unknown temperature history resulting from an
unknown heaiing environment cannot be effectively utilized without some additional tempera-
ture information. It can be seen that a measurement of only the calorimeter temperature
indicates very little about the structure temperature and the temperature gradients around
the calorimeter that control the heat losses.. A wide variety of loss gradients can exist
at any given calorimeter temperature, and these loss gradients are strongly dependeut upon
the structure properties and the heating environment. Because of these results. it sppears
necessary to achieve an exact reproduction of the flight-structure temperatures and heating
conditions during the calibraticn of this type of meter. Since it is often difficult to obtain
this information, the obvious limitations and errors introduced by a high-conductivity-slug
calorimeter must be accepted.

2. Nickel-Slug Total Calorimeter

It is evident from the previous discussion that the high conductivity of the copper slug
plays a prominent role in promoting lateral-conduction effects. It was therefore considered
possible that a meter of identical design bui possessing & lower thermal conductivity would
reduce the heat losses from the calorimeter and thus produce more stable ealibration
results. With this in mind, a nickel-slug calorimeter, ideniical in design (r<f. Figure 35)
to the copper-slug unit, was evaluated.

a. Mounting-Structure Study

Typical temperature histories axe presented in Figures 59 through 73. The
type of heating and the mounting structure utilized for each test are noted on the graphs.
Calibration curves were again constructad and are presented in Figures 74 through 81.
The mounting-siructure temperatures that occurred for specific calibration points are
also shown on these graphs. The calibration data shown for radiant heating and the copper-
mounting-stracture conditions were coliected with the same three copper-mounting- structure
conditions utilized during the previous copper -slug-calorimeter performance evaluation.

The results clearly show that the previous effect of mounting-structure conditicns
on meter calibration has been eliminated through the use of a nickel-slug meter. In addition,
the scatter in the zero-heat-flux points that was evident for the copper-slug calorimeter

was reduced significantly. For example, under the radiant-heating envirenment, the average
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zero-heat-flux point scatter for the copper-slug meter is 24. 3°F/sec with a maximum of
34.8°F; the equivalent scatter for the nickel-slug meter is 3.8°F/sec with 5. maximum of
4,5°F/sec.

The data obtained for the copper mounting structures further indicatcd that
the nickel-slug calorimeter signal is not influenced by the type of hezting. Both convective
and radiant heating produced the same calibration curve over the range of test conditions.
Finally, the zero-hecat- flux points determined for the convective-heating environment fell
well within the range of similar radiant data.

Additional testing to determine the influence of a coider mounting structure on
the nickel-slug-calo1r imeter calibration was considered but could not be justified. The
resulis of such a study can be aaticipated if one considers the test data obtained to date.
Further cocling of a copper mounting structure will merely result in a greater heat loss
potential at all heat-flux levels. However, since the cooled and uncooled structures already
tested indicated no effect on calorimeter calibration over thz tested conditions (convection
to the uncooled plate produced temperatures up to abnut 550°F, while radiation to the cooled
plate produced temperatures as low as 200°F), fur. or cooling of the structure cannot be
expected io cause any additional effect.

The trends in calibration data exhibi by the -icket-siug tolal calorimeter
when mounted in the M-31-coated heat-shield panel e gwite <. " v to those produced by
the copper mouniing structure. For exampie, the data show that. wiien mounted in M-31
materiai, the reter can be calibrated by either radiant, convective, ¢r combined radiant-
convective heating, FLither mode of heating will produce a single calibration curve for the
conditions tested.

The zero-heat-fluv calibration data collected for the M-31-coaied panel were
determined only for convective heating, as shown on the calibration curves (Figures 74-81).
These points also show the least degree of scatter of all the zero-heat+flux data presented.
Since the mounting-structure temperature gradients produced by convective heating are
generally more extreme than the gradients resulting from the equivalent radiant heating, and
gince the greatest heat losses would be expected to occur for convective heating, it is

believed that, for the M-31-coated panel, the zero-heat-flux data presented represent ihe

maximum degree of scatter of any combhination of convective and radiant heatiﬁg.
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The calibration data alsc indicate that favorable agreement exists among all
zero-heat-flux data collzcted for ike nickel-sh.g calorimeter. Since these zero-heat--flux
points were deterxined for extreme variations in mounting-structure temperature (a very
high- and a very low-conductivity niaterial), coupled with a broad range of different heating
envirornments, their degree of sca.ler suggests that the heating environment does not signifi~
cantly affect meter caiibration. That is, for a given mounting conditior and slug temperature,
the type of heating, the actual heat-flux level, and the duration of heating necessary to achieve
a spzcific slug temperature do not exercise sigr.dficant control during the calibrsiion process.

b. Comparison of Copper Mounting Siructure and M-31-Coated Heat-Shield Panel

The calibration curves for the calorimeter mounted in the M-31-coated heat-shield
panel (Figures 74-81) agree quite favorably with the data obtained for the copper structure
up to laboratory reference heating rates of approxifnately 15 Bt:u/ftz-sec. The indication
is, therefore, that for any mode of heating less than 15 Btu/ftz—sec, calibration data for the
nickel-slug meter will exhibit complete independence of mounting structure. Either a high-
concductivity inateriai possessing a relatively even temperature distribution or an insulating-
type structure with an extremely high surface temperature and large temperamre gradient
could be employed as the mounting structure during calibration. Either of the two described
conditions and any combination of convective-radiant heating (within the limits of the test
conditions) wculd generate identical calibration data. ) .o
However, for incident heating rates above 15 Btu/ft2—sec, the calibration results

begin to exhibit two distinct trends. These trends appear to be independent of the method of

- heating snd predominantly determined by mounting-structure conditions. Since these conditions
utilize two extremes in thermai conductivity, the deviation present in the calibration data is
attributed to conductive heat losses. Tha slope of the calibration curves determined for
both the copper mounting structure and the M--3i-coated panel indicates that heat losses from ¢
the calorimeter are much more prominent for the copper mounting condition, That is, the
slope for the copper-mounting condition increases with heating rate at a noticeably smaller i
rate than tixe slope for the insulating mounting condition. Furthermore, the curve for the
heat-shield panel approximates a straight line which suggests that the calorimeter heat-loss

effe--:s for this mounting condition are relatively constant and minimal,
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Since the M-31-costed heat-shield panel developed very high surface temperatures
during convective heating, one might conclude that the absence of heat losses exhibited by
the calibration data. is not due to tiie insulating qualities i the M-31 material but is instead
due to the increase in heat transfer to the meter resulting from the induced surface-temperature
discontinuities (discussed in parts C.and D.of the "Calorimeter-Induced Disturbances' section).
However, the presence of this effect can be disregarded because of the different types of
heating used to define the calibration curves of Figures 74 thcough 81. Both of the combined
heating tests (radiant and convective heating) shown cn the calibraiion curves are predominantly
radiant heating. The measured combined flux of 22 Btu/ftz-sec resulted from the individually
measured components, trat is, 16 Btu/ftz-sec from the radiation source and 12 Btu/ftz-sec
total heating from the convection source; the combined flux of 20 Btu/ftz-sec was the resuit
of an 18 Btu/ftz—sec radiant input and a 9 Btu/ftz-ssc total heat load from the convective source.
These two tests, in conjunction with the purely radiant-heating data, verify that any effect of
a step temperature discontinuity at the meter-structure interface does not alter meter output.
It is noted that the individual heating cuimponents presented cannot be directly added to give
the combined result. Although this discrepancy could not be fully explained using available
data, its presence does not justify additional testing.

An interesting result can be seen from a comparison of Figures 36 and 37. Early
radiation tests (Figures 38-54) were conducted with the mounting structure of Figure 36,
which prevented the presence of large slug-edge temperatures (indicated by the low thermo-
couple No. 4 readings) and therefore suggested the presence of a high-cénductance path for
heat losses, However, all succeeding heating tests used the mounting-structure configuration
shown in Figure 37 which resulted in consistently high slug-edge temperatures in the vicinity
of tuie mounting bolts for aii ihree types of heating. Since radiant heating on the c¢opper-
mounting struct-re shown in Figure 27 resulted in high temperatures (large thermocouple
No. 4 temperature readings), the role of stagnation heating in maintaining large slug-edge
temperatures is not as important as one might assuine for the tested mounting configurations.
In addition, the calibration data from these tests indicate tha' for the nickel-slug calori-
meter mounted in a copper structure and subjected to radiant heating greater than 15 Btu/ftz—sec,
" the same heat losses from the nickel slug occur regardiess of the slug-edge te.xperature;

i.e., regardless of either of the two mounting methods shown in Figures 36 and 37.
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Temperature histories presented in Figures 59 through 73 show that structure temperatures
are lower for the M-31-coated panel than for the coppe-~ structure. This result is attributed
to the significant difference in the thermal conductivities of the two materials. Further,

the temperature difference between the center and edge of the slug varies from test to .est.
However, for similar heating conditions, this temperature difference is greater for the M-31
panel than for tie copper structures, but the: magnitrde of this difference shows no diract
correlation with the heat losses. The structure temperature shows even less correlation.

It is possible, thereiure, that the temperatures measured are not really indicative of the true
structural temperature effects.

Although a deviation in the calibraticn points exists between the M~31-coated
panel and the cop: zr mounting structures at the higher heating rates, the over-all influence
of this variation n=ud not be of great concern. The calibration points for the M-31-coated
panel clearly aLrroach a siagle calibration curve over ail ranges of the three types of heating
used. If the ca.rimete: is actually calibrated in a low-conductivity structure, the calibration
can be expect. U t be quite consistent under any of the three heating modes and valid in a
flight environment. Stould the calorimeter be calibrated in other mounting structures
(similar to the ‘ested copper _structures), the calibration will be valid at the lower heat-flux
levels bui migat not be applicable at the higher heat fluxes‘. Errors of as much as 25 or 30%
can be recognized at the higher fluxes if flight-type mounting conditions are not gimulated
during calibration.

It is of interest to noie that some of the calibration points at a slug temperature
of 700°F (ref. Figure 79) zhow a slight deviation from their expected values. A typical
example concerns the calibration point for the M-31 mounting condition at a convective-
heating rate of 27.2 Btu/ftz-sec. This discrepancy is caused by the discontinuous change
in the specific heat of nickel, which occurs at the Curie temperature of approximately 670°F.
The resuvlt is a sudden change i» the slope of the slug temperature, making the exact slope
difficult to determine.

The above discussion indicates that the nickel-slug calorimeter possesses many
features that are desirable for a flight transducer. For example, although calibration is
usually performed under radiar! heating, the calibration curves for a given mounting

conditicn are valid whep applied to a purely convective-heating environment. This result
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is very encouraging because it gives considerable support to the validity of past calibration
and flight measurements employing this type of meter. In addition, the results show that
for heat-flux levels below 15 Btu/ftz-sec, calibration of the aickel-slug towal calorimeter
mounted in a copper structure unde. radiant heating is directly applicable to mar~ aero-
dynamic heating conditions, e.g., when the meter is mounted iu an insulating structure and
subjected to convective heating.

The akility of this calorimetcy to withstand the large variations in flange cou- ;
ditions while maintaining a single czalibration indicates that the design incovporates para- ’
meters thet are highly advantageous to the measurement of convective heat transfer. One
of these parameters appears to be the thermal conductivity of the slug. Since the tempera-
ture at the center of the slug was not influenced by the variation in flange temperature, the
conductivity of the slug can be assumed to be sufficiently low, However, fhe measured
temperature gradients indicate that a similar design incorporating copper as the slug material
would be subject to considerable conduction effects. -

Another parameter of importance is the size of the slug. Although the slugs in '

the meters tested are somewhat cumbersome, several advantages are introduced. In addition

to physically locating the main thermoccuple far from the edges where large iemperature
variations have been observed, the unusually large slug area provides a buffer area against

both thermal and hydrodynamic boundary-layer effects. In view of the high temperatures

measured around the mounting bolts, it is obvious that serious stagnation heating effects could
develop. Associated with the stagnation flow would be both fluid and thermal turbul=nce on

the downstream side of the bolts. This turbulence occurs on the sensing surface but is apparent-

apparently dampad-out before reaching the center of the slug. Also, any thermal-boundary-
layer perturbations caused by surface-temperature discontinuities appear to be damped-out.
A smaller slug, however, could be expected to ecxhibit some dependence on the edge effects.
To summarize .he evaluation nf the nickel-slug calorimeter for the test con-
ditions, it can be concluded to be a much better insirument than a copper-slug calorimeter
of the same design . In addition, variation in the structure temperature has not been found
to noticeably affect the ca'’ibration. However, the difference between mounting conditions L
in a copper pla}e and in an M-31-coated h2at-shield panel does pi'oduce a change in cali-

bration, This change, which cannot be directly attributed t{o a difference in structure
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temperaturg, was, however, accompanied by a change in slug-edge temper-atures, The
exact mechanisms of these changes were not established.

. Based on these results, it can be concluded that calibration generally should
be carried out with the calorimet:r mounted in an M-31-coated heat-shield panel when the
calorimeter is to be used in such a mounting. The calibration itself, however, can be per-
formed under radiant or convective heating; either should produce a valid set of calibration
curves.

C. C-1118 Membrane Total Calorimeter

The exposed surface of the C-1118 membyane total calorimeter tested consists of a
copper kody 0.5 inch in diameter with a 0. 2~inch-diameter membrane, as shown in Figure 82
The purpose of this test series was to evaluate the general performsance of the meter and
to investigate the effect of a meter-induced surface-temperature discontinuity on the measure-
ment of convective heating rates. I the study showed that the surface-temperature discon-
tinuity promoied ervoneous structural heating-rate measurements, an investigation of data-
correction techniques would be conducted. Finally, a study was conducted to determine
whether the heat flux to M-31 insulation material is affected by water absorption by the material.

1. Effect of Surface-Temperature Discontinuity

The effect of a surface-temperature discontinuity in measuring convective-heating
ra‘=s was studied by mounting the membrane total calorimeter in two thermally different
materialg, The reference test structure, promoting a basically isothermal surface qondition,
was a 3/8" x 4'" x 12" copper plate. Since the body of the membrane calorimeier was also
made from copper, temperature discontinuities at the instrument-structure interface were
essentially eliminated, introducing a reference surface condition with no temperature vari-
ation except thai across the membrane itself.

The nonisothermal surface condition was induced by the large difference between the
thermal conductivities of the meter copper body and appropriate mounting structures, Two
such nonisothermal mounting structures were fabricated. The ’irst was assembled using
commercially available fire bricks. The fire-brick mounting structures tested included
both smooth and rough surfaces to permit investigation of any effect of surface-contour mis-
match. The second nonisothermal mounting condition incorporated an M-31-coated heat-

shield panel identical to the one described in part B. of the "Experimental Results and

Discussion" section. The conductivity of the M-31 material is approximately 0.07 Btu/hr-ft=*F.
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The tests perform«d consisted of sequentially improsing a convective heat flux on
the laboratery total reference calorimeter and on the membrane calorimeter mounted in the
isothermal-surface structure. These tests were then repeated over a wide range cs
incident-heating rates. Identical convective-l.eating tests were then conducted for the
nonisothermal-surface mounting-structure conditions. During all tests, the reference-
calorimeter sensor and the test-meter sensor were situated in the same coordinate position
relative to the convection source and were subjected to the same flow starting lengths,
This procedure insured constancy and repeatability of test conditions. Additional validation
of repeatability was provided by the fine degree with which the gas flow could be controlled
and by the excellent reproducibility of the laboratory-reference~calorimeter measurements
betweorn the isothermal- and the nonisothermal-surface heating tests. Test series were
conducted for calerimeter locations of 6, 15, and 31. 6 inches downstream from the point
of convective-gas-flow boundary-layer inception in order to compare the theory and data at
different values of L/W (see part D. 1.of "Calorimeter-Induced Disturbances' section).

a. Surface and Free-Stream Gas-T-mperature Measurements

In order to correlate the test results with theoretical predictions, it was necessary
to measure the surface temperature of both mouncing structvres and of the calorimeter
body. as well as the free-stream gas temperature. Chromel/Alumel thermocouples were
used for all surface-temperature measurements. A thermocouple was attached to the calori-
meter body to provide a measurement of the body surface temperature and, in the :sothermal
case, of the stru-ture surfsce temperatures. since the entire system is made of high-
conductivity copper. The low-conductivity structures were instrumented with a thermo-
couple just b low their surface and approximately 0.3 inch upsti.am from the calorimr ter-
structure interface. Surface-temperature measur.ments showed excellent correlation with
calcilated values.

Accurate gas-temperature measurements were, of course, more difficult to
acti~ve than . .face-temperature measurements because of the exireme temperatures
ercounte’ xd; Lioichiometric temperature for complete combustion of oxygen and acetylene
is in . .cess of 5000°F. Thermocoupies capable of withstanding these temperatures must
be fabricated from refractory metals. Such thermocouples, however, exhibit very poor

oxidation resistar.ce and can be expected to last for only a matter of seconds at
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temperatures in excess of 3000°F. The free-stream gas temperature was assumed to remain
constant for a given incident heat flux. Therefore, if a measurement could be q:ade before
tue thermocouple oxidized away, the reading would be reasonably valid for the entire test.
Thermocouples mude from tungsten/tungsten-26% rhenium and platinum /platinum-10% .
rhodium were placed in the free siream through a fire brick in the same coordinate posi-
tion as the membrane total calorimeter. A number of gas-temperature measurements were
made over a wide range of convective-heating levels at each location downstream from the
boundary-layer inception point.

An additional problem arises during evaluation of the gas temperature because

of radiation losses from the thermocouple at high temperatures. It is therefore necessary

to correct for these losses. This is accoraplished by making a heat balance between convective-

heat input and radiant losses. Such a heat balance requires a knowledge of the heat-transfer
coefficient on the thermocouple wire. ‘The heat-transfer coefficient can be obtained directly

from the response time of the thermocouple, which is given by

T_QcD ) an

4h
A Leat balance on the thermocouple therefore becomes:
%‘2(’1‘0 -T)=e€0 Tt4 ) (18)
If thermocouples of two different sizes are used, it is possible té eliminate a‘li unknowns

in equation 18, including ¢. However, it was found that the resulting computation is extremely

sensitive to very small errors in the measured temperature, causing inconsistent resuits.

An emissivity of 0.8 was therefore chosen for the oxidized tungsten, and equaticn 18 was zpplied

to each thermccouple output. Tests were also run using a ceramic-coated thermocouple.
Because of unknowns in vroperties and variations in diameter, the data were not as consistent
as the base-wire data but did indicate the same average free-stream gas temperatures.
Typical surface-temperature and gas-temperature histories are presented in
Figures 83 through 86. These data were taken for meter locations of 31.86, 15,and 6 inches
downstrear: from the point of boundary-layer inception. Gas-temperature measurements
performed at the 6-inch location resulted in a relatively stable free-stream temperatur«

of 5000°F Varying the gas flow rates, while providing sufficient oxygen for complete
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combustiou. did net noticeably affect the readings. However, the magnitude of the gas
temperature varied significantly with the imposed convective heat flux at the 15~ and 31.6-
inch locations. This effect was apparently due to radiant and convective energy losses over
the longer heating lengths.

b. Heating History of Membrane Total Calorimeter

Typical heating histories obtained with the membrane total calorimeter for
both isothermal and different nonisothermal surface mounting conditions under convective
heating at the different downstream locations are compared to each other and to the reierence
measurements in Figures 8  through 90. Thesc curves indicate that during the first several
seconds of heating. when the meter is subjected to ¢ nenisothermal surface-temper:ture
condition, the calorimeter output is changing. Ho‘veve}', as the test progresses, the
membrane-calorimeter output begins slowly to stabilize. In all cas#s, these calorimeter
heat-flux measurements for the nonisothermal-surface conditicnc were much larger than the
relatively constant heat-flux measurements registered by the same calorimeter when mounted
in the struciure (copper) that produced the isothermal-surface condition. The repeatability
of the laboratory-reference-calorimeter heat-flux measurements for a given convective-heating
rate was well within 3%. thus indicating the consistency and accuracy in reproduction of heating
over the isothermal and nonisothermal surfaces. These experimental results , coupled with
the underlying theory, directly suggest that the noticeably increased output of the small
membrane czlorimeter when mounted in the nonisothermal structure is a result of the
surface-teriperature discontinuity established at the calorimeter-structure interface.

Because of the response time of the system and flame fluctmwation at ignition,
stable calorimeier readings could not be determined for the nonisothermal-surface
mounting condition until approximateiy 1 second after ignition, as shown in the heuting
histories (Figurcs 87-90). It should be further recognized that the actual calorimeter signal
was not a smooth curve. as shown in the heating histories, but was a sawtooth-type curve
similar to electrical '"noise'" zmignals. This indicates that the membrane calorimeter, due
to its extreme sensitivity and short response time, was able to detect the turbulence present
in the flame. These turbulent effects. however, did not zlter the over-all heat-flux deter~
mination or the long--term variations .

It was oviginally expected that the measurements made with the calorimeter

for the isothermal surface condition would agree with the reference measurements. The
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fact that thc two measurements disagree is of some concern and is discussed in part D. of
the "Experimental Results and Discussion' section.

c. Effect on Convective Heat-Transfer Coefficient and Heat-Flux Measucrements

Presentations showing the eifect of surface-temperature disconfinuity on heat-
flux measurements can be made in terms of either heat-transfer coefficients or actual heat
fluxes. The applicable ratios are:

1) l-i/h, the ratio of the average heat-transfer coefficient at the surface of the
calorimeter to the local heat-transfer coefficient at the surface of an undis-
turbed structure (this ratio can be compared to the analytical prediction of
equation 6).

2) a/qisi’ the ratio of the heat flux indicated by the calorimeter to the heat flux
at the surface of the undisturbed structure (this ratio defir-s the crror in
the calorimeter measuremeant).

These ratios, discussed earlier, were shown to be represented by:

h q
LI (10)
h qisn

T -T ]
- - o w,
i el (11)
qlsl qisn (o} \\'1

Vulues 0. q, Tywy, and Ty, were selected from experiment:l records for constant values of

the temperature discontinuity (T, - Ty.,)- The corresponding values of 9 the heat flux

to the isothermal surface of the copper structure, were determined for the same value of Tw2.

Thus, g and 4, Vere available as actua! calorimeter measurements and h/h and c-i/qisi
could be determined experimentally.

Analytical and experimental resuits are presented in Figures 91 through 93 for
the different downstream locations as 2 function of the heat flux measured by the laboratory
reference calorimeter. Experimentai values of the ratio h/h (direct measurements) indicate
that, in the presence of un 800°F temperature discontinuity at the structure-calorimeter
interface and at a 31.6-inch location, the heat-transfer coefficient at the calorimeter surface
was 30 to 50% higher than the coefficient that would exist at the surface of the undisiurbed
structure. There was a comparable increase of 20 to 30% in the heai- transfer coefficient at

the 15-inch and 6-inch locations. The ratio E/h tended to decrease at higher heat flux fo
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the test condilicas encountered at the 31, 6-inch location because the m-=asured gas tempera-
.are increased at higher heat fiux, with the result that the 800°F discontinuity exert=d less
influence on the calorimeter measurcment,

The analytical expressions of hoth Rubesin and Westkaemper (equation 6 and
Figure 2), evaluated {vi- the test conditions, are also shown in Figures 91 through 93. Ex-
perimental values of the ratic h/h tend to fall between the two correlations. At the shortest
downstream location tested, however, Rubesin's correlation appears to provide a closer
estimate of the measured increase in thé convective heat-transfer cocfficient over.a surface-
temperature disconiinuity.

In many aerospace heating applications, it is desirable to evaluate actual structure-
surface heating rates directly trom the calorimeter measurements instead of heat-transfer
coefficients. It has been shown that these heating rates can be conveniently represented
in the form 6/q'isi . In the present experiment, ﬁ/qiSi will differ noticeably from h/h be-
cause of the large temperature potentials involved.

Using equation 11 and the appropriate temperatiire and membrane-calorimeter
measurements, values ot (i/qisi were determined and are presented in Figures 91 through 93.
The magnitudes of this ratio indicate that when a membrane calorimeter of this type is
mounted in an insulating (heat-—shield) structure such that large snrface-temperature dis-
continuities are established, tae calorimeter measurement can be an extremely erroneous
representation of the actual heat flux to the instrumented structure. For example, the re-
sults show that the mambrane culorimeter was exposed to a heat flux 90 to 140% greater than
that to the insulating structure in the presence of an 809°F temperature discontinuity at the
31.6-inch location. The calorimeter error was 50 to 100% and 40 to 60% at the 15-inch and
6-inch locations, respectively, in the presence of a 1000°F temperature discontinuity.

These experimental results are compared in Figures 91 through 93 to predictions of the ratio
&/qisi calculated f:om equations 6 and 11 and the corresponding temperature data. This
compariscn shows good agreement between the actual error in the calorimeter measurements
and the predicted error. Tables I through III* present the data and results in tabular form.

The effect on ﬁ/h and a/qisi of different calorimeter-induced surface-temperature
discontinuities occurring at a given downstream location (31. & inches) is illustrated in

Figure 91. For the temperature conditions tested h/h appears to be relatively independent

%

See appendix s
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of different values of the surface-iemperature discontinuity, In fact, recognrizing the
presence of data scatter, no definite change ir experimental values of fz/h can be detected,
even though the surface-temperature discontinuities vary from 340 to 800°F, The predicted
values of h/h also approach this trend. Experimen-ral determinations of a/qisi’ however,
were found to be strongly dependent on the actual magnitude of the surface-temperature
discontinuity. This dependence was also noted for the calculated prediciior.s of a/o‘isi
The above-discussed results exhibit special significance, since heat-shield
pauels are often instrumented with small-diameter membrane calorimeters to determine
the convective heat-transfer coefficient over the panel surface. This study shows that if
the convective heat-transfer coefficient is determined dircctly from calorimeter output,
calorimeter surface temperature, and free-stream gas temperature, the resultant coeffi-
cient will be that represented by h in equation 7 (part D.2., "Calorimeter-Induced Distur-
bances'). 1t will thus not be the desired value of the convective heat-transfer coefficient
and will be in zrror by the amount h/h as indicated in Figure< 91 through 93. Of course,
if this erroneous convective heat-transfer coefficient is utilized with the gas temperature
and the heated-structure surface temperature, the resultant heating rate will exhibit 4
similar orror. If the heating rate to the instrumented structure is taken as the direct

output of the calorimeter, without correction for surface-ter-perature-discontinuity effects,

then the error will Le large and divectly related to <i/qisi as shown in Figures 31 through 93.

Satisfactory agreement between the test data (h/k and c-l/qjsi) ind the theory
presented (Rubesin usnd Westkaemper) indicates that error corrections can be estimated
for membrane calorimeters if the conditions of the measurement are known. However, it
is doubtiul that the necessary information is readily available foc the in-flight environmonts
that promote these errors. Thus, the potential errors in both convective heat-transfer
coefficients and structural heating-rate measurements that can result from calorimeter-
induced surface-temperature discontinuities must be recognized.

It should be realized that the appartus in the present study does not completely
satisfy th> cenditions assumed in the development of the theory prescnted. For the tests

in which the calorimeter was located 6 inches downstream, the gas temperature decreased
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clightly in the direction of flow. In the tests at the 31. 6-inch location, it was necessary

to provide a ceramic duct for most of the distance to prevent mixing of the gas stream with
surrounding air. This length of about 10 hydraulic diameters may bave been sufficient to
allow diict flow to develop. The exact nature of the flow in all tests is another factor per-
tinent to an evaluation of the test results, but the estimated Reynolds number and the
turbulence induced by the combustion process indicate thai the fiow was indeed turbulent.
The comparatively good agreement between data and theory indicates that these factors did
not introduce serious complications.

2. Transpiration Study

A preliminary investigation was conducted to determine the magnitude of the effect
of water absorption on both the heating of the M-31 material and the heat flux to a calori-
meter mounted in an M-31 heat shield panel. A stainless-steel panei coated with M-31 material
was instrumented with the C-1118 membrane total calorimeter and with three Chromel/Alumel
thermocouples (0. 008 inch in diameter) embedded at selected depths in the M-31 material
(0.002. 0.101, and 0. 251 inch). The thermocouples and calorimeter were placed adjacent to
each other at the same distance downstream from the leading edge of the panel. A series
of convective-heating tests was then made after the instrumented structure was exposed,
prior to each test, 10 each of the following environmental conditions: 1) a minimum relative
humidity of 95% for 24 hours at 100°F, 2) oven drying at 220°F for 24 hours, 3) direct contact
with water at room temperature for about 2 hours. The percentage of water-moisture absorp-
tior was estimated prior to each test by appropriate weight measurements. Note that condi-
tior. 2 was used as a reference condition fo which the results of conditions 1 and 3 can be con-
pared.

The experimental data collected for this tost series are presented as temperature
histories of the three thermocouples and heating history of the membrane calorimeter in
Figures 94 through 102,

Data presented in Figures 94 through 97 compare temperature histories for environ-
mental conditions 1 and 2 above and for heating from a constant convective source. These
curves indicate that when the M-21 insulation material has been preconditioned by exposure
to a relative humidity of 95% for 24 hours at 100°J", the temperature distribution varies sig-
nificantly from that occurring when the insulation has beex subjected to oven dry:ng at
420°F for 24 hours. The temperature cata collected for the oven-dried cases is tyrical
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of temperature histories determined for previous tests and thus verifies the temperature-
measurement procedure. However, the temperature data collected after the insulation was
subjected to the humid environment show that a) the rate of increase of the insulation-
temperature slopes is generally reduced, and b) in certain cases, negative slopes existed.
These results suggest that cooling mechanisms, both evaporative and transpirative, were
occurring in the moistened material curing th= heating test.

Due to recording-instrumentation malfunctions, heating rates of the M-31 material
as measured by the C-1118 calorimeter were nat obtained for the firsi set of tests (conditions
1 and 2 described above). However, tae heating-history trends can t¢ estimated from data
collected for conditions 2 and 3 above; i.e., instrumented structiire subjec d to oven drying
at 220°% for 24 hours (reference condition) and to direct contiuc!. with water at room temperature
for about 2 hours. A comparison of the heating histories measured Sor these two conditions
is showr. in Figures 98 and 99. The initial decrease in the measured heat flux from a constant
convective-heating source further indicates that the presence of water (liquid and/or gaseous)
in the M-31 insulation material promotes surface and boundary-layer cooling that aiters the
heat flux to the surface and to the membrane total calorimeter. Temporary reductions of
29% and 25% in the measuied heating rate due to water absorption are evident in Figures
98 and 99. Because of the large difference in the heat-flux measurements ror these two
environmental conditions, three additional hzating tests were made with the water-soaked
panel to study further the noticeable cooling effects. The results, shown in Figures 100
through 102, confirm the previous decreasing heat-flux trends. The temperature-history
records indicate that the two in-wall thermocouples failed. It was impossible, therefore, to
accurately determine the temperature variation within the insulation for the last three tests.
Comparative heating-history data on the oven-dried condition for the three tests (Figures
100-102) were also unavailable because of the deteriorated condition of the test structure and
the limited time aliotted for this portion of the study.

The importance of this brief tranepiration study is that an effect of Water absorption
by M-31 heat-shield material on the heat transfer to its surface and to a mombrane-
calorimeter surface lbas been measured, This effect is probably due to gas-transpiration
cooling by the released vapor. A significant variation in this heat flux was rucognized between

the wet and dry conditions. Ia fact, temporary reductions of 29% and 25% in the measured

heating rates due to water absorption are evident in Figures 98 and 99, respectively.
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D. Radiant-Heating Studies

A series of radiant-heating tests was conducted utilizing three commercially manu-
factured and calibrated calorimeters. The calorimeicrs tesied were the C-1118 membrane
total calorimeter and two membrane purged radiometers (models R-2006 and N-139). The
C-1118 and the R-2006 were fabricated and calibrated by the same manufaciurer. The N-139
(shown in Figure 103) and the R-2006 are essentially of identical drsign, with only the sensors
being of different size,

Prior to the radiant tests, the C-1118 had undergone extensive convective testing. The
sensor coating was therefore badly damaged and required recoating. The emissivity of the
original surface was 0.89, as quoted by the manufacturer, and the calibration was based on
absorbed heat flux, The new coating (Parsons optical black lacquer) was identical to that used
on the radiant referencc meter. This type of coatir.g has an emissivity very niar 1.0, making
tne calibration supplied with the C-1118 directlv applicable to both absorbed and incidental
heat fiux.

It v as also recessary to correct .ne manufacturers' calibrations of the radiometers for
view angle. Both radivmetZ.s were originally calibrated with a radiant source that was
effectively infinite in extent, The radiometers, however, have n view angle of only about 150
degrees. The calibrations, therefore, included a correction for the energy not seen by the
sensor, In the apparatus used in the tests under discussion, the source was entirely within
the view field of the radiometers. The correction automatically made during manufacturer
calibration was therefore not applicable and had to be eliminated. This reguired reduction
in the heat flux indicated by the radiome.>* hy a factor corresponding tc the ratio of the energy
not seen during calibration to the total incident energy. The percentage correction is given
by (1 - Frs ), whare Frs is the geometrical shape factor corresponding to a view angle of 150
degrees, The foilowing equation is applicable for an elemental area, with § being the half
angle of the view 'ield. 13

6

F =21 cosg singdo . ' (19)
rs ~0

Integrating equation 1! results in:

2 9 '
F = [sin 6 l . (20)
5 Jg
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For a view field of 150 degrees. 9 = 75 degrees. Substituting 9 = 75 degrees into

equation 20, the shape factor is:
F_ =0.933.
rs

The correction necessary is 1 - 0.933 =r 6.7%. Therefore, all radiometer readings
during this .est program were reduced 6. 7%.

The test procedure for comparing these three transducers was similar to that
described for convective testing. The graphite resistance-heated source was brought
to an equilibrium temperature, and the temperature, measured by an NBS-traceable
optical pyrometer, was recorded. The laboratory re erence radiation calorimeter
was placed in the test section, the shutter covering the source was opened, the calorim-
eter signal was recorded, and the shutter was again closed. The C-1118 calorimeter
was then placed in the test section and the process repeated. The R-2006 and the N-139
followed in respective order. During the entire test sequence, the source temperature
was monitored and the power to tne source adjusted as necessary to provide a stable
temperature. Six tests of this type were run. All test data were good except for
the last test, during which the N-139 lost continuity and no reading was obtained.

In order to compare the readings of the four transducers, the heat flux indicated
by each was plotted against that indicated by the lahoratory reference meter during
the same test; the reference-meter output thus appears as a straight line and serves
as abasis of comparison.

The resulting data, with the radiometer readings corrected, are shown in Figure 104.
As indicated, the N-139 agrees with the laboratory standard within 4% in all but one
test, while the C-1118 and the R-2006 are both considerably higher in all cases. The
latter two calorimeters also exhibit significantly more scatter.

It shduld be noted that two different mounting structures were employed for the
radiant-heating study of these three calorimeters. Both the N-139 and the R-2008
radiometers were mounted in low-conductivity brick structures, whereas the C-718
total calorimeter was mounted in a smooth z-inch-thick copper structure. Because of
the high reflectivity of the copper structure, it reflected more radiation back onto
the radiant source than did the rough surface of the brick structure. One might

sor tlude, therefore, that the noticeably larger output of the C-1118 total calorimeter
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is a measure of this additional radiation (which has been reflected from the mounting :
structure to the radiant scurce). However, thke data for the R-2006 radiomeier,
which was mounted in the brick structure, indicate that such a conclusion is invalid
because thzse data show similarly high heating rates and also exhibit better correlation
with the C-1118 total caiorim :ter than with either the laboratory radiation reference .
calorimeter or the N-139 membrane radiometer. These factis directly suggest that
the variation in the calorimeter heat-flux measurements that have been detected for
a given radiation-source temperature cannot be correlated solely 10 differences in
the opticai properties of ihe mounting-structure surfaces but rather is due to a basic
disagreement in the calibration of the actual instruments.
. Because of the close agreement between the laboratory reference meter and the i
N-139 calorimeter, the indication is that the error lies in the calibration of both the
C-1118 and the R~2006. This conclusion is further substantiated by previous tests
employing bo.h the radiation and the total lahoratory-reference.meters for calibration
studies of the nickel-slug calorimeter under radiant and convective heating. For
heating rates below 15 Btu /ftz—sec, the two calibrations showec excellent agreement
with one another and with theoretical heat capacities at the lower slug temperatures.
These results provide evidence of the consistency between the total and radiant
reference calorimeters and also substantiate the absolute magnitudes of measurad
heat flux. It is believed, therefore, that the reference calorimeters and the N-139
purged memb-ane radiometer indicate the correct heating rates. {: ‘
During these tests, another interesting phenomenon was observed. The millivolt A
signals from both the N-139 and the R-2006 radiometers during a typical test! {(with —
both rise and de.ay pariods included) are shown in Figure 105. These curves indicate
that the response of the radiometers to either a step input or a st:p cutoff of heat
flux is very slow. The N-139 appears to have a faster response but still exhibits a ,._
long-term drift before attaining steady state. The decay time for the R-2006 is
particularly slow. The cutoff of heat flux was very nearly @ true step change; the
shutter closed in less than 0.1 second
The only apparent explanation for the slow response is that “he air between the

sensor and the window heats up with time, taking heat frcm the sensing membrane,

.....
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The reverse would be true on cooling. The effect does not appear to be a result of

sensor response time, since the membrane is inherently a fast-responding device;

this fast response is seen in the initial rise and decay of the curves. The long-term
npward drift of the signals is not believed to be caused by- changes in source temperature,
since the temperature was monitored at all tirues and since no such drift was observed
with the C-1118 total calorimeter. In addition, the slow decay of the R-2006 indicates
tnat the problem lies in the jnstrument.

A brief test series was also conductad t» evaluate the performance of a purged
radiometer possessing a 7-degree view angle. The purpose of the study was to investi-
gate the calibration of the instrument as a function of both its distance from the radiation
source and the magnitude of the purge pressure. Nitirogen gas was used for tne purge,
with pressures varied from 0 to 60 psig. The instrument, a photosensitive device,

was mounted in a 0 125-inch-thick stainless-steel structure and was subjected to

radiant heating, .

The radiometer originally evaluated lost continuity during the initial portion of
the test series. A second radiometer was therefore obtained for the study. However,
because of the subsequent dela; in testing, the original scope of the test plan had to
be reduced. Tae purge assembly of the second radiometer was fonnd to be defective ‘
and had to be replaced with components from the original radiometer.

The data for the second radiometer are presented in the form of transducer-output
histories (a calibration curve was not ncluded with the second meter), as shown in
Figure 106. The distance between the meter and the rad.ation source and the gas-
purge pressures for cach test are shown on the graph. Ali tests were conducted for |
the same radiant-heating rate corresponding to a block temperature of 2110°F. Except . 4
for the radiometer heating history at the 38.9-inch location, the range of data scatter
is about 7.5%. The results at the 38. 9-inch location suggest that the radiation source
did not completely fill the view ficld of the radiometer, due to incorre:t positioning
of the radiometer sensor directly bzlow the center of the source. Varying the purge

gas (20 to 60 psig) did not alter the meier output at the 16. 8-inch lccation. The curves

also indicate that the response of the radiometer to a step input ot heat flux is quite

slow; the instrument exhibited a long-term drift before approaching a reiatively
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constant heat-flux: measurement. There is also noticeable data scatter for the two tests

at the 16. 8-inch location, even though the test conditions were identical. The test results

, TS '

at the 7.5-inch location show that when the purge pressure is constant at 20 psig, the

radiometer output approaches a relatively constant value. However, increasing the

=

pusge pressure at this meter location causes a noticeable increase in radiometer output.
Should the purge prazssure be reduc:d to 20 psig, the traniaducer output would return
to its original measurement. The data coliected for this meter location are somewhat

surprising in ckat increasing the purge pressure resulted in a cooling effect on the block

and an increased output by the radiometer. Generally, the output of a phctosensitive
device increases with increasing incident energy. Kowever, these instrunents can
often exhibit unstab'le trends, depending un the tem).crature, the incident energy, and
the actual properties of the cevice. 18

E. %as-Temperature Probe

A brief performance study of a NASA-supnlied gas-temperature probe (No. 50M10100)

|

was couducteéd. The probe, shown in Figure 107, possesses a sensing element composed
of platinum/platinum-10% rhodium thermocouple material. The purpose of this experi-
mental study was to investigate the effect of large radiant-heating loads on the gas tempera-

ture indicated Ly the instrument.

The probe was mounted with its longitudinzl axis normal to both the radiation source

and the direction of gas flow; the sensing :lement was 3. 2 inches from the radiation

r

source. Actual testing consisted of exposing the probe to a free-stream gas tempera-
ture rot exceeding 2500°F; after a steady output was recorded, various radizzi-heating
levels were imposed on the probe. These steps were then 1epeated for different free-
stream gas temperatures.

The experimental results, recorded in the form of temperature histories, are
presented in Figure 108. The data clearly indicate that the output of the gas-temperature
probe is readily influenced by radiant-heating effects. That is, when the probe registers

a given gas tumperature and is then subjected to a step radiant-heating input, the probe

output begins to increase. If the radiant-heating condition is eliminated, the higher
output progressively decreases to the original free-stream gas-temperature measurement.
Apparently during total heating, the guard sleeve (see Figure 107) surrounding the

sensing device is heated by the radiation source and thus reradiates to the thermocouple
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. element. However, tuis heating condition diminishes when the radiation source is
removed. As would be expected, the largest increase in the gas-temperature measure-

' ment of the probe due to a given radiant-heating input occurred at the lower gas tempera-
tures. For free-stream gas temperatures of 921 and 1185°F and radiation-source
temperatures of 1200 and 2360°F, increases of 4.3 and 9%, respectively, were measured.
However, for the same radiation-source tertperatures and for free-stream gas tempera-

tures equal to 2196 and 2268°F, increases of only 2.3 and 2%, respectively, were detected.
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CONCLUSIONS

The calorimeter designs evaluated were subject to varying degrees of error in the
measurement of surface hest flux. These errors are attributed o temperature differ-
ences between the meter and the surrounding structure czused by the presence of the
meter itself and arise from 1) cross conduction between the meter and the surroundings:
and 2) in the case of convective heating, perturbation cf the boundary layer by the teixpera-
ture discontinuity at :he meter-structure interiace.

The over-all study shows that a single cal‘bration for a given heat-flox meter may not
be applicable for all heating envi conments and mounting conditions.

A thorough experimental evaluation of heat-flux meters on a laboratory scale has
proved extremely beneficial in establishing their expe.ted accuracies for various installa-
tions and heating concitions. Conclusions regarding each type of meter studied are pre-

sented below.

A. Copper-Slug Radiometer (N~123)

For a given radiation-source temperature, the output of the N-123 radiometer, when
unpurged, varied significantly and showed a strong dependence on the rounting structure
employed. This data scaiter and the dependence on mounting sirtvuture were eliminated
when the radiometer evaluation invorporated the purge-gas ifow. A radiometer calibra-
tion to be utilized in flight applications should therefore be made while operating with
purge gas. The presence of a large convective load on the radiometer did not change the
radiometer calibration vbtained for purely radiant heating.

B. . Total Slug Calorimeters

The copper-slug total calorimeter is strongly influenced by cross-conduction effects
and by the heating environment to which the structure is exposed. A nickel-slug total
calorimeter is su, rior to a copper unit because of the significart difference in the con-
ductivities of the two calorimeters. Heat-flux measurements wiih a large nickel calorim-
eter were independent of both the mounting structure and the heating conditions for heating
rates below 15 Btu/'ftz»sec. For heating rates above 15 Btu/ftz—sec, the output of the
calorimeter was deperdent on mounting-structure conditions but indepcndent of the type of
heating. Surface-temperature-discontinuity effects at the meter-structure interface were

minimized by the large surface area of this calorimeter,
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C. Total Memb:ane Calorimeter (C-1118)

Results obtained with the C-1118 membrane total calorimeter when mounted in
M-31-coated heat-shield panels shovr that the output of this instrument can be an ex-
tremely erronecus indication of the convective-he ting rate to the structure surface.

For the conditions tested, the heat-transter coefficient at the calorimeter surface is

20 to 50% higher than the coefficient that would :xi-i at the surface of the undisturbed
siruciure, and the calorimeter i.udicates heat fluxes 40 to 14¢% higher ihan would exist
at the surface of the undisturbed structur=. These errors result irom the temperatirc
discontinuity introduced on the surface by the presence of the calorimeter, causing the
convective-heating rates to be higher ‘han those experienced by the parent structure.
Satisfactory agreement between the data and the theory indicates that corrections can

be estimated for membrane-calorimeter measurements if the conditions of the measure-
ment are known.

Effects of water absorption by M-31 -coated heat-shield material instrumented with
a membrane caloriineter were studied. These effects were found to alter the heating rate

to the surface of both the material and the instrument in that temporary reductions of 25%

and 29% were evident in the heating rate measurad by the membrane calorimeter.

D. Radiant-Heating Studies

Significani scatter in radiant-heating da:a is evident between the C-1118 membrane
total calorimeter and the R-2006 and. N-139 membrane radiometers for a given radiation-
source temperature. The degree of scatter appears to be independent of the mounting-
structure optical properties and is clue to a basic disagreement in the techniques used in
calibrating the instruments. The cutput of the photosensitive 7-degree-view-angle
radiometer, when operatad with purge-gas flow, was dependent on the purge pressure at
a distance of 7.5 inches between the radiation source and the radiometer window. No such
dependence was evident at the larger distances tested (16.8 #nd 38.9 inches). However,
the radiometer did exhibit noticeable data scatter between successive tests, even though

the test conditions were identical.

E. Gas-Temperature Probe

The output of the gas~temperature probe (No. 50M10100) can be influenced by radiant-
heaiing effects.
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RECOMMENDATIONS
: Since it is difficult to calibrate a heat-flux transducer for universal application,
E .
it is recommended that iaboratory evaluations of current metevs be continued in order
" to determine their behavior in specific heating environments. Resulting information can
then be utiliz »d to predict the accuracy of a calorimeter in actual flight applications if
the eapected environmental conditions can be reasonably sstiinated.
- The practice of measuring convective heat flux (or convective heat-transfer coeffi-
3 cients) to a structure at elevated temparature using a relatively ‘'cold" calorimeter has
_— ) been shown to produce results of often dubious value. It is recommended that alternative
e
measurement techniques be investigated for potential elimination of these measurement
' errors.
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NOMENCLATURE

A Area (ftz)

a Exponent in equation 5

b Exponent in equa.icn 5

c Specific heat (Btu/15-°F)

D Diamcter (ft)

dT/dy Gas-temperature gradient

rs Geometric shape factor for radiation

F(L/W) Geometric function (defined by Figure 2)

H(IL/W) Geometric functior (defined by Figure 2)

h(X, L) Local heat-transfer coefficient at X in equation 5, L< X < W

h({X,0) Local heat-transfer coefficient at X with no temperature discor’iruity
in equation R

H(W, L) Average heat-transfer coefficient over area between L and W in equaticn 6

h(W + L/2,0) Local heat-transfer coefficient at X = (W + L)/2 for the case of an isothe rmai
plate in equation 6

Local heat-transfer coefficient (Btu/ hr—ft2—° F)

s

Average heat-transier coefficient {Btu/ hr—ft2-°F)

Thermal -oaductivity of a gas (Btu/hr-ft-°F)

Approach le gth 0 step discontinuity in surface tempcrature (ft)
Heat content (Bcu/1b)

Local heat flux (Btu/ft‘—sec)

- I T T B~ o

43
Average heat flux (Btu/ft”-sec)

Therinal resistance (hr -°F/Btu)

o B

Temperature (°F or °R}

o

Time (sec)

€

Approach length to downstream side of temperuture discontinuity (ft)

vz
[

Space coordinate in direction of flow (ft)
Space coordinite normal to direction of flow (ft)

Thermal ditfusivity (ftz/ i)

R R =

Surface absorptivity

Emissivity of radiant source
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NOMENCLATURE
’ (concl.)

-
e
B

e,

0 Half angle of radicmeter view field (degrees)
p wensity (Ib/ fts)
c Stephan-Boltz:mann conr stant
T Response time (sec)
Subseripts
aw Adiabatic wall
c Convection
isi Isothermal insulating structuvre
ien Isothermal noninsulating structure
m Calorimeter
o Free-stream conditions
r Radiation
8 Structure
t Indicated by thermocouple
w Wall surface conditions
1 Upstream of temperature discontinuity
2 Downsiream from temperature discontinuity
@\L BRICAN-Standard
~ 82 - ADVANCED TECHNOLOGY LABORATGNIES DIVISION
e e < et e e e < 1 ‘ T e s e
e et i




"

10.

11.

12,

3.

14,

15.
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