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FOREWORD

This report contains the analytical and experimental results obtained

during the investigation of heat flux measurement by using surface thermo-

meters applicable to the Wave Superheater Hypersonic Tunnel.

This research was sponsored by the Advanced Research Projects

Agency and monitored by the Arnold Engineering Development Center of theI\
Air Force Systems Command under Contract AF 40(600)-804 and internal

funding by Cornell Aeronautical Laboratory, Inc.

I

t

.[

XL
[I



ABSTRACT

SjClassical solid conduction theory is applied to a composite semi-infinite

slab for the constant surface heat flux case to determine the operating limits

of surface thermometers. It is shown that two dimensionless parameters o-

and 4F specify the operating range of surface thermometers. A surface

thermometer is selected on the basis of thesct dimensionless parameters, the

heat flux range, the testing time, and the output sensitivity. Experimental
resulto of thin and thick film surface thermometers are compared with solid

[ conduction theory to indicate the effect of thermal contact resistance between

the film and the mounting material, and to verify the theoretical film thickness.

[ The results indicate that thick film thermometers (calorimeters) can measure

heat flux one to two orders of magnitude higher than thin film thermometers

p for the same time interval. The thin film thermometers are useful for

measuring lower heat flux where high sensitivity is required..

A comparison of experimental heat flux results using thin and thick film

thermometers indicated that the thin film data was 15 to 40% below the thick

film data. This difference was postulated to be the use of thin film thermo-

meters with thicknesses of 1A4 instead of the required thickness of . 11 A

or less.
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NOMENCLATURE

7" = temperature rise above initial temperature = t-ti

= surface temperature rise of semi-infinite slab

7'Y = average-temperature of film = "

q = constant heat flux at surface

q = instantaneous heat flux

S = film thickness

time

I = distance normal to film measured from surface of
mounting material

I A = thermal conductivity

j p = mass density

I O = specific heat capacity

(T = thermal diffusivity = A/pC

= AVIOIA P 14IEi,~ CF

= Fourier modulus = aT

P• = transformed variable

U = Laplace transform of T (?)

f x = complementary error function = l-crf X

• x -\2

[A f
isr•fcX = complementary integral error function =
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NOMENCLATURE (Cont.)

SA heat transfer surface area

n m,"ass

film resistance

" = film currentI
I Subscripts

F refers to film material

M refers to mounting material

I" refers to interface
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1. INTRODUCTION

Surface thermometers have received wide recognition within the last
15

decade. rhese instrumr ents htve become an indispensable tool for obtain-

ing surface temperature and heat flux (rate of heat transfer per unit area)

measurements under transient heating conditions in intermittent and continuous

flow facilities. The magnitude of the heat flux may vary from typical values of

I to 10 Btu/ft-sec where the measurement must be ol-tained within typical

times varying from microseconds to seconds.

II Surface thermometers have bee:r. further subdivided into "thin film" and

"_ thick film" (calorimeter) thermometers. The purpose of this report is to

S[ investigate the criteria for the selection of thin and thick film thermometers

utilizing solid conduction theory and to formulate some parameters which will

S[ specify the operating range of the surface thermometer. It is hoped that this

report will clarify some of the nebulous numbers that are used to specify the

selection of thin and thick film surface thermometers as well as substantiate

others. Researchers should be able to quickly select surface thermometers

or assess the accuracy of their measurements using thin and thick film

thermometers by evaluating the magnitude of the parameters eF and o-

Finally, the range of these parameters was modified to take into account the

,F effect of thermal contact between the film and the mounting material by com-

paring the theoretical range with experimental data.

t
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II. SURFACE THERMOMETER RANGE DICTATED BY

COMPOSITE SEMI-INFINITE SLAB CONDUCTION THEORY

IISurface thermometers consist of a film (usually metallic) mounted on a

semi-infinite backing material. The heat conduction problems can be formu-

lated by applying one-dimensional heat conduction theory to a composite semi-

infinite slab. The constant surface heat flux case will be considered here

since the heat transfer source is usually at a high temperature and the film

temperature rise does not exceed 500"F during the time which usable data

S[ is obtained.

The formal heat conduction solution was obtained in Appendix I. The

[temperature T, at the interface was norn-alized with respect to the surface

temperature of a semi-infinite slab with a constant heat flux at its surface,

Tr. = . The temperature ratio 7i/T. was found to be

~I.- .. € -nZf

[ The heat flux at the interface ip, was found by differentiating the expression

for the temperature distribution with respect to the normal to the surface and

solving for 0 = 0. The resulting heat flux ratio was

f znU (2)

Equations (1) and (2) were solved on an IBM 704 computer. The results were

presented in graphical form in Figures l and 2 and in tabular form in Tables I

and II. The results illustrate the importance of the Fourier modulus,

L • p = z'/8z, where c, is the thermal diffusivity of the film of thickness ,
exposed to heat transfer for the time r . Other authors 1 ',23 prefer to use the

ratio of the film thickness d , to the thermal diffusion length yp r which

is the square root of the inverse of the Fourier modulus.I

iI



Figure 2 indicates that the heat flux transferred through the interface

Sbecomes negligible when the Fourier modulus approaches zero. This means

that the heat is being stored in the film and a negligible amount of heat is

being conducted into the mounting material. As the Fourier modulus approaches

infinity, the heat flux entering the film surface is transmitted through the inter-

face to the mounting material with a negligible amount of heat being stored in

the film. In reality, the film is recording the surface temperature of the

mounting material as shown in Figure 1. These two limits, small and large

S[ values of the Fourier modulus, define the appropriate operating range of

transient surface thermometers.

The other important parameters that must be given considerati..n is

sigma, o0 = - (Apc),/(*pc). . The thermal properties of various materials

are summarized in Table III. The range of sigma varies between . 03 and . I0

for a metallic film mounted to an insulative backing material.

A. Thin Film Surface Thermometers

Surface thermometers that are used to measure the surface temperature

of the mounting material are called thin film thermometers. The reference to

thin film is readily apparent when it is remembered that the Fourier modulus

must be of the order of 105 so that the film has a negligible heat capacity. To

achieve such large values of the Fourier modulus the metallic film must be made

[ extremely thin to function as a thin film thermometer or be used for long

testing times.

F, The surface temperature of the mounting material with zero film thick-

ness was shown to be4

7.. (3)

or it can be deduced from the temperature expression for the composite semi-

infinite slab derived in Appendix I by considering the film to be of the same

material as the semi-infinite mounting slab and let the film thickness 46

approach zero. Figure I indicates that the thin film surface thermometer does

indeed approach the surface temperature of the semi-infinite mounting material

3
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for large values of the Fourier modulus. In fact, Figures I and 2 indicate as

[ the asymptotic values of the surface temperature or heat flux are approached

the product of the Fourier modulus of the film and the square of sigma is a

[ constant for a given value of temperature ratio or heat flux ratio. For

example -- = Mlo/r or r- for = .943.

When the testing time is much greater than the time for the thin film

thermometer to approach, the asymptotic value of the surface temperature of

the mounting material, the heat flux V. can be calculated from Equation (3)

using the measured temperature-time history and knowing the thermal

[properties of the mounting material.

The successful use of thin film thermometers is dependent upon the

precision with which the properties of the backing materials are known. The

techniques that are presently used in determining the thermal properties of

the mounting materials are described in References I, 2, 5, 6 and 7. The

surface temperature rise of the thin film is usually restricted to 500"F 1

because of variation of the thermal properties of the mounting material with

temperature. The variation of the thermal properties with temperature for

pyrex, quartz, and plate glass was considered in References 7 and 8.

[ The general case of determining the, heat flux which is a function of

time was discussed in References 1, 2, 6, 9 and 10, but their solutions still

require that the lag of the surface thermometer is negligible, that is, the

surface temperature of the thin filmr has approached the asymptotic surface

temperature of the mounting material.

Thin film thermometers are generally used as resistance thermometers.

Resistance thermometers measure the change in film resistance with tempera-

ture by measuring the change in output voltage for a constant value of current.

The small thicknesses of thin film thermometers produce resistances of the

order of ohms and only require miUiamp currents. The output sensitivity of a
6thin film thermometer might be 1. 17 mv/F .' The thin film thermometer also

gains an order of magnitude increase in sensitivity due to the measurement of

the surface: temperature of an insulative material instead of a metallic material.

The thin film temperature has also been measured by infrared techniques

(bolometers) and thermocouple techniques. 9, 12

4
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Thin film thermometers that are used in shock tubes and hypersonic

4shock tunnels are made by painting a thin layer of Hanovia Liquid Bright

Platinum solution on pyrex, quartz, or glass mounting material and curing

at high temperatures. 1,2,6,7,9,10,13,14 The solution contains platinum and

L gold (silver) compounds of a resinous character in volative oils and other

solvents. The resulting thickness of the film is quoted by the manufacturer

I to be . 1I. while measurements indicate . 3 to 4. 5A. The resulting

thin films are actually an alloy of platinum and small amount of gold (silver).

The alloy would be expected to have a slightly lower density and a much lower

thermal conductivity than pure platinum. Figures I and 2 indicate that a

I platinum alloy should not influence the response of a thin film thermometer

if the product (po)p does not change since the heat flux ratio (temperature

[I ratio) becomes independent of the film thermal conductivity as its asymptotic

value is approached.

B. Thick Film Thermometers

Surface thermometers that measure the average temperature of theA film with negligible conduction to the mounting material are called thick film

thermometers. When the film makes perfect thermal contact with the mount-

I ing material the value of the Fourier modulus must never exceed . 25 for

negligible heat conduction through the interface, (Figure 2 for O0 = . 10). If

TIpoor thermal contact exists at the interface, the thick film thermometer can

be used at larger values of the Fourier modulus. If the mounting material is

considered to be air at standard conditions the heat flux through the interface

would be reduced by two orders of magnitude. An upper limit on the Fourier

modulus for thick film thermometers with poor thermal contact might be 100.

To keep the values of the Fourier modulus small the films must be made

[ thicker, hence the name thick film thermometer.

The difficulty in using thick film thermometers is the ability to record

the variation of the average film temperature with time. The temperature

distribution in the thick film will reveal the value of the Fourier modulus of

the film at which the temperature gradient through the film becomes

negligible.

I
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The temperature distribution in a thick film for negligible heat conduction

to the mounting material can be developed from Equation (15) in Appendix I by

assuming that the thermal conductivity of the mounting material is zero since

[• = or found on page 112 of Reference 4. The value of sigma

would be zero for Am = 0 and Equation (15) would become

.I___ cp- ,o [ zn*I. I-#:"t___r4 (4)l77 ? r~-L7yU- L*j'eT (4

for the temperature distribution in an insulated slab. Equation (4) was solved

on an IBM 704 for values of = 0, -. ZS, -. 50, -. 75 and -1.0. The results

[ were plotted in Figure 3 and tabulated in Table IV. The temperature gradient

between the surface of the film and the backside of the film converges very

rapidly with increase in Fourier modulus (Figure 3). The temperature gradient

through the film was obtained from Equation (4) and plotted in Figure 4. The

temperature gradient is less than 3% for a Fourier modulus greater than 10

and 4i/xz greater than . 4 or for a Fourier modulus greater than 1.0 and

f /t 1  greater than .95.

t The average temperature of an insulated film can be found by integrating

Equation (4)

0

r.- d. , - ,, p.,.8 9- , ?

and the change of the average temperature of the thick film with time will be

[. '~q A__ (6)

The negative values of the ratio A/6 are consistent with the geometry as
specified in the sketch in Appendix I.

6
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The change of the film temperature with time can be shown to be (Appendix II)

9 aTF -- & -I- -[ 2WOTF + (7)

Sfor a constant heat flux. Equation (7) was normalized with respect to

Equation (6) and was plotted in Figure 5 for %/8 = -1 and 0. The rate of

change of the thick film surface temperature is 1. 17 and 1. 00 of the average

temperature rate of change for 9G = . 25 and 1, 0, respectively. The rate

of change of the interlace temperature is . 83 and . 995 of the average

temperature rate of change for Op = 2 25 and 1. 0, respectively.

The linmitations of achieving negligible temperature gradients and

negligible heat conduction to the mounting material aictates the range of the

Fourier modulus that the thick film thermometers should be used. When both

of these limitations are satisfied the thick film thermometer can be called a

calorimeter, and the instantaneous heat flux can be calculated from the

I expression

rmp (8)

Thick films with good thermal contact at the interface must be restricted to

values of the Fourier modulus of .4 to 1.0 for o-< . 10, Figures 2 and 5.

Thick films with poor thermal contact at the interface should be restricted

to Fourier modulus values of . 4 to 100.

f Several methods have been used to measure the average temperature

of the thick film thermometer. Thick film thermometers used as resistanceL thermometers tend to suffer a decrease in output sensitivity compared to

thin film resistance thermometers. The decrease in resistance due to the

increase in thickness of the film has to be offset by an increase in current.

However, the joule heating, IAR , limits the current increase. The thick film

also suffers an order of magnitude decrease in sensitivity since it measures

the temperature rise of a metallic material instead of an insulative material.

7
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Thick film thermometers that use chromel/alumel thermocouples to sense

the temperature rise of the film would have an output sensitivity of .OZ2 mv/'F,

Other temperature measurement techniques that have been applied to

f thick film surface thermometers with varying degrees of sensitivities are

summarized in Reference 1. Some of these techniques are: replacement of

a thick film with a thermistor; the replacement of the thick film with a pyro-

electric material; and the use of the thick film temperature rise to vary the

j reluctance of a magnetic circuit.15

I8
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III. EXPERIMENTAL RESULTS USING SURFACE THERMOMETERS

[, The previous conduction theory for transient heating provided an estimate

of the approximate range of the Fourier modulus for perfect thermal contact

at the interface of thin and thick film surface thermometers. In practice a

perfect thermal contact never exists and the ordinate of the curves in Figures I

and 2 would be displaced downward a finite amount. Poor thermal contact is

[ desirable for thick film thermometers since it extends the range of the Fourier

modulus. On the other hand, thin film thermometers are hampered by poor

Sthermal contact since they would not approach the asymptotic surface tempera-

ture of the mounting material as quickly as expected. Examination of experi-

mental results from thin and thick film thermometers used at various

laboratories will reveal the effect of contact resistance and material properties

on the Fourier modulus range.

Thick film resistance thermometers used in shock tubes and hypersonic
shock tunnels were made of chemically pure platinum foil bonded to pyre 3,6

Stagnation heat flux measurements in a shock tube 13 were made with thick

r film resistance thermometers with a film thickness of 33'A . The thick films

L exhibited a constant slope during testing time of 10 to 100 microseconds or a

Fourier modulus of . Z to 2 for stagnation point heat flux of 1300 to 35, 000

Btu/ft -sec. In another application 16 a 126/, platinum film used as a resist-

ance thermometer was bonded to pyrex to measure the throat heat transfer in

a 2-inch diameter nozzle utilizing the Cornell Aeronautical Laboratory 48-Inch

Hypersonic Shock Tunnel. The oscillograms indicated a constant slope during

the time interval of .3 to !. 3 milliseconds or a Fourier modulus of . 5 to 2

for a heat flux of 1900 to Z400 Btuf/ft -sec, Figure 6.

V Reference 17 reports the measurement of heat flux in a hotshot tunnel with

thick film (calorimeter) thermometer's made of . 1002 to . 020 inch thick

copper. Chromel/constantan thermocouples are used to sense the thick film

temperature. Heat flux in the range of 2 to 1000 Btu/ft -sec has been

measured for 5 to 80 milliseconds testing time. The approximate range of

the Fourier modulus is 1 to 100 since the copper films are insulated from the

nylon mounting bushings by an air space.

I
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Thick film surface thermometers are being used in the Cornell Aero-

1' nautical Laboratory Wave Superbeater Hypersonic Tunnel. The calorimeters

are made from 1/8 to 1/4 inch diameter electrolytic tough pitch copper with

jfilm thickness of 1/32 to 1/8 of an inch. The calorimeter "buttons" were

mounted in a fiberglass cloth which used a melamine resin. Forty gauge

chromel/alumel thermocouples are used to measure the temperature of the

I tcopper button. The mass, the heat transfer surface area, and the thickness

of the copper buttons were determined by measurement and the .heat flux was

[then computed from Equation (8) using the slope of the temperature-time

curve recorded on an oscillograph.

Heat flux in the range of 50to 3000 Btu/ft -sec has been measured in

the Wave Superheater Tunnel. Constant slope data was obtained during the

Stime interval of 03 to 1. 2 seconds for the 1/32 to 1/8 inch gages indicating

a Fourier modulus of . 4 to 70. The testing time was 3 to 6 seconds.

SA typical temperature-time trace is reproduced in Figure 7. Two

copper calorimeters were mounted flush with the flat face of 3/4-inch diameter

[ rod 120* apart to compare the heat flux results when the range of the Fourier

modulus is varied. The 1/32 inch thick button indicated a heat flux of 66. 7

Btu/ft -sec for a Fourier modulus of 11 to 51. The 1/8 inch thick button

indicated a heat flux of 70, 0 Btu/ft -sec for a Fourier modulus of . 4 to 11.

It should be mentioned that the lower limits of the Fourier modulus can only be

1• approximate since the model is injected into the air flow and first passes through

a boundary layer with a stagnation pressure higher than the tunnel stagnation

pressure.

The experimental data for thick film thermometers indicate that they can

be operated over a Fourier modulus range of . 2 to 2. 0 when used as a re-

sistance thermometer with negligible heat lost to the backing material. When

L the thick film temperature is sensed by thermocouples attached to the back of

the film the Fourier modulus can range from . 4 to 100 if poor thermal

contact exists between the film and mounting material (air space). The

experimental results for thick film thermometers clearly indicate that the

rate of heat transfer through the interface has been reduced one to two orders

of magnitude by anair space or poor thermal contact when compared with the

10I



results in Figure 2 for perfect thermal contact. The experimental data for

S[thick films using thermocouples as film temperature sensors verify the

theoretical heat conduction solutions (Figures 4 and 5) that even though a

temperature gradient exists through the thick film the temperature-time
slope can be considered to be constant for a Fourier modulus greater than

S~.40.

References 9, 10, 13 and 14 report the use of thin film thermometers

to measure stagnation heat flux in shock tubes and shock tunnels. The thin

films were all made of Hanovia Liquid Bright Platinum. Henshall has com-

pared the measured stagnation heat flux results of his Laboratory10 utilizingI thin film thermometers with other investigators. 9 ' 13 The thin film results

are 15 to 40% lower than the theory of Fay and Riddell 1 9 while the thick film

Sresults 1 3 agree with the theory of Fay and Riddell. Hartunian 7 indicates that
the thin film heat flux results in References 9 and 10 would require a correc-

tion up to 20 to 40% due to the change of the thermal properties of the

mounting material with temperature for heat flux values greater than 1000

Btu/ft 2-sec. The thin film experimental results at lower values of the heat

flux cannot be accounted for by the change in thermal properties of the

mounting material. The thin film data was taken over a time interval of 20

to 500 microseconds indicating that fri(? was . 96 to .99 for a film . lu

thick or that ,/ was . 69 to .93 for a film 1A thick, Figure 2. The

thickness of the thin film thermometers used in these experiments seems to

be open to question. It appears that the thin films were too thick and could

not monitor the actual surface temperature of the mounting material. More

direction should be given to the measurement of the properties of the thin

films used and in particular their thicknesses. The thermal contact between

the mounting material was assumed to be perfect. Every effort must be
made to insure good thermal contact between the thin film and the mounting

material. If good thermal contact cannot be attained, the usefulness of the

thin film thermometer for measuring surface temperature and thus heat flux

is seriously limited.

r
I
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IV. SELECTION OF THIN AND THICK FILM THERMOMETERS

The selection of surface thermometers for a specific application can be

best illustrated by two examples which are representative of hypersonic testing[ facilities. First, consider the problem of determining the heat flux in a hyper-

sonic shock tunnel which has a testing time of 1 millisecond. Since the testing

time is short, a surface thermometer with a fast response and good sensitivity

will be required. These considerations would justify the use of resistance

thermometry for measuring the film temperature of the surface thermometers.

A thin and thick film surface thermometer made of platinum and used as a

resistive element will indicate representative values of heat flux that are obtain-

j able for testing times of I millisecond.

Representative surface temperature rises are . 5 to 400*F and 50 to

j 400*F for thin and thick film resistance thermometers, respectively. The

mounting material will be pyrex and good thermal contact at the interface

between the platinum film and the pyrex would be expected. The value of sigma

would be . I in both cases. The required thickness of the films can be calcu-

lated from the Fourier modulus ranges suggested in the previous discussions.

That is, the thickness of the thick film thermometer can be calculated from

Op = Z and the testing time of 1 millisecond. The time at which the data

I should exhibit constant slope can be obtained from the value of the thickness

and &. = . 2. The thickness of the thin film thermometer can be calculated

from the Fourier modulus and an assumed time which is less than the testing

time so that the thin film operates during a time interval where the lag of the

thin film is negligible. The value of the Fourier modulus used depends upon

the accuracy desired. A value of 0,a = 105 will result in a lag of approxi-

mately 3% between the thin film temperature and the surface temperature of

the mounting material. The range of the constant heat flux that can be

measured can be calculated from Equation (3) for the thin film and Equation (8)

j. for the thick film. The results are tabulated in Table V.

f *The lower limit of the temperature rise is dependent upon the sensitivity of

the thermometer while the upper limit of the temperature rise is dependent
on the variation of the thermal properties of the film.

I
12

I



K. TABLE V
Selection of Thin and Thick Film Surface Thermometers

, for the Case of a One Millisecond Test in a
Hypersonic Shock Tunnel

Quantity Thin Film Thick Film

Film material platinum platinum

Temp. measurement resistance resistance
technique thermometer thermometer

Assumed temperature rise (*F) .5 to 400 50 to 400

Initial time for taking data .04 (assumed) .10
(millisec)

eF at initial time for data 10 6 .2

OeF at ^C = 1 millisecond 2. 5x106  2 (assumed)

Film thickness 6 (microns) .10 110

j Constant heat flux range 1 to 800 785 to 6, 300
(Btu/ftZ-sec)

The results indicate that the thin and thick film thermometers com-

plement each other. The thin film thermometer should be used to measure

[ the lower range of heat flux values while the thick film thermometer is useful

for the higher range of heat flux values.

As a second example consider the measurement of heat flux in a hyper-

sonic tunnel facility where longer testing times are available. The heat flux

data is to be obtained during a 1 second time interval. A thin film thermo-

meter made of platinum and used as a resistance thermometer will be

compared with a thick film thermometer made of copper and using a thermo-

-couple to measure its temperature. The thin film thermometer would be

mounted on pyrex while the thick film thermometer will be mounted on plastic

or nylon with an air space behind the copper film. Good thermal contact at

the. interface would be expected for the thin film while the thick film would have

a very poor contact. The calculations for both thermometers will follow those

outlined in the first example with the exception that the Fourier modulus for a

thick film thermometer in poor thermal contact might be 50. The results are

summarized in Table VI.
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TABLE VI

Selection of Thin and Thick Film Surface Thermometers
for the Case of a One-Second Time Interval

in a Hypersonic Shock Tunnel

Quantit, Thin Film Thick Film

Film material platinum copper

r Temp. measurement technique resistance thermometer thermocouple

Assumed temperature rise (*F) .5 to 400 50 to 400

Initial time for taking data (sec) .008 (assumed) .008

0 F at initial time 105 (assumed) .40

a atl second 1. 25 x 10 50 (assumed)

Film thickness 6 (microns) 1.4 1500

Constant heat flux range .03 to 24 11 to 87
(Btu/ft2 --sec)

The two examples indicate the effect of the time interval on the heat

flux range. An increase of the time interval causes a reduction in the magni-

tude of the heat flux that can be measured assuming an upper limit on the

* temperature rise of the film. The measurement of heat flux with magnitudes

of thousands (units of Btu/ftZ-sec) must be done during time intervals of 10"28econc

or less with thick film thermometers. For the same time interval the thick

film thermometer can measure heat flux that has a magnitude one to two

times that of the thin film thermometer.

L

[
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V. CONCLUDING REMARKS

Classical one-dimensional heat conduction theory was applied to a finite

slab in perfect thermal contact with a semi-infinite slab for the constant heat

flux case under transient heating conditions. The rate of heat tran3ferred

I from the finite slab to the semi-infinite slab was shown to be a function of the

Fourier modulus 9 and the thermal properties a- , Figure 2. These two

j parameters defined the applicable range of thick and thin film surface

the rmomete rs.

4 The thin film surface thermometer records the instantaneous surface

temperature of the mounting material from which the instantaneous heat flux

4 can be calculated. The rate of heat transferred to a thin film thermometer

can be used to measure heat flux when the Fourier modulus p 2 10 5 withf negligible error .97) for a o- . 10. A typical thin film made of

platinum would satisfy these conditions after 40 microseconds if it had a

thickness of . la . The experimental data from shock tubes indicate that

thin films are being used for testing times from 20 to 500 microseconds

with film thicknesses greater than . l/4 which can result in lower calculated

heat flux values than actually exist.

The thick film surface thermometer stores the heat in the film with

negligible heat conduction to the mounting material. The instantaneous

temperature is recorded and the instantaneous heat flux is determined from

(the slope of the temperature-time curve. Experimental data indicate that

thick film platinum resistance thermometers that have been used in shock

Stubes and tunnels can be used over a Fourier modulus range of .2 to 2.0

since perfect thermal contact does not exist between the film and the mount-

ing material. Thick film copper thermometers that use thermocouples

attached to the back surface of the film can be used over a Fourier modulus

range of . 4 to 100 if very poor thermal contact exists between the film and

[ the mounting material.

1 The successful design of a highly accurate surface thermometer entails

the integration of the conditions required by solid conduction theory with the

15I



available testing time, limitations of film temperature rise because of

[ variations in thermal properties and radiation, the magnitude of the heat

flux being measured, and the sensitivity of the temperature measuring

[technique that is being used. Over-all accuracies of thin and thick film

thermometers are probably *5%6 to *15%6 if the designer is careful in his

[ surface thermometer selection.

1

I
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APPENDIX I

F! |ONE-DIMENSIONAL HEAT CONDUCTION IN A COMPOSITE SEMI-INFINITE
SLAB FOR THE CASE OF A CONSTANT SURFACE HEAT FLUX ANDf PERFECT THERMAL CONTACT BETWEEN THE SLABS

I The transient one-dimensional heat conduction problem for a film in

perfect thermal contact with a semi-infinite mounting material is illustrated

I in the following sketch.

I

A- F._ __ _ : IN

1 CO4POSITE SEMI-INFINITE SLAB GEONETRY

The Fourier heat conduction equation is

,or ._ 4 r T

with the boundary conditions

Sr=~~7 0 s-,o l.o IZ

I .w. T.0 (1-3)

20



~;I

Ag 0 TA 0 ~ (1-4)

aT) ASS 0. ~ (1-5)

SThe Laplace transform of Equation (I-1) with respect to time 7' is

[Pu-T(r-o) -aiU 8x0 (1-6)

[ where r ( T = 0) is zero since the temperature T is defined as the tempera-

ture rise above the initial temperature. The boundary conditions now become

uM - 0 ;-0. 00 Txo (1-7)

zaCu•. .T~o (1-8)

00 RU X. Ur

au ,. o

The general solution of Equation (1-6) is

O /a-,( A xn. 4co A%,'P/w +Cz sL,ihz x (I~lZ)

TI
for Y4x%40 and.

SU. " C.• e••-e •'l (1-13)
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xI CU) - -f c V (1-14)

for x. 0. To satisfy boundary conditions (1-7) C. must be zero. To

satisfy boundary condition (1-8) C, must equal Cr . To satisfy boundary

condition (1-9)

C.z Cx Aw~.1 c," c .f• =- r,•

L The application of the final boundary condition (1-10) results in

Cv - C I.- * P~ ( /A)os F

The particular solution for Up is

UP ,- y. V ,--.[c sh i - ,•-s - /swh z /P

j- +.,.[,_~#(6*-) (1-0,,-) 7'

The denominator can be expanded in an infinite series, f-

so that CUw becomes nNO

fpiKia-, 00~ '~ ,'/r (nf)6x S+ a X]II~I6~J

I+

I

UF -0 P~o-,. Rn xIZO



Similarly UM becomes

UM -. P• (sV nh p (5l 1 nt-c osh 77 57ep )

i U• ~(f~o)e 0-0~o,~o,

j The inverse Laplace transform of UL and i0

7,-F (o)• -- 1ier~cCL +ý_ (-6

I

00 no - o '-/• .•+I

74(- i eric lam16

where 490 is the Fourier modulus cez,

The temperature 7j. at the interface between the f~ilm and the semi-infinite

slab can be found from Equations (1- 15) or (1- 16) for x=0.

41,q F2/#f] (1-17)

[ The interface temperature TZ was normalized with respect to the surface

temperature* of a semi- infinite slab with a constant heat flux at its surface,

FL ./IA The temperature ratiobcoe

2 f V0 /



[1

The heat flux at any location in the mounting ma:erial can be determined by

II differentiating the expression for the temperature distribution in the mounting

material with respect to %

I

I q
000 'apl

00 er& LZ~)

The heat flux at the interface, X = 0 becomes

l- 0 Cry erfc, (1-20)

I0
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APPENDIX II

TEMPERATURE DISTRIBUTION RATE OF CHANGE OF TEMPERATURE
FOR AN INSULATED SLAB (THICK FILM)

I The temperature distribution in an insulated slab can be found from

Equation (1-15) of Appendix I by setting a- = 0 (,gv = 0) since the boundary

condition of an insulated slab is that z " )-O 0. The expres-

sion for temperature distribution becomes

[0 [22 .0 1) " ,. On"1 -•

Equation (11-1) can be normalized with respect to the surface temperature that

I would occur if it were a semi-infinite slab

IP rp Frf [I FC
2.0. 1ý 7w __( 1-2X)

"7 7..1 .,, j'•

The change of the film temperature with time will be

-fie £2r'dievfoL . .

L

The partial derivative of the complementary integral error function can be

evaluated in the following manner:

I
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le~ Trlfc e~j A~ ( r
Cz

",9 -(9)• [ - c'(. ,(]
,e _2 r~C eýr A

I

I
The rate of change of the film temperature can now be written as

49T a 0z ~(2 n+ )L +___NM__ (2n+ 1) N1%6))

aT,7= ./-LIZ g erfa (2yw

2,4-- 2 77

+-0f (2n * ) an'.c + 24 rPII

aT, 910 7 4- C (-3)I 7._._ f--,+

I_ eL2 I÷)(l)_f/i+)(l)



I,

IL
The average temperature of the insulated film can be found by integrating

Equation (I-I)

-6 T-

and the rate of change of the average film temperature will be

a• 70 (H1-5)

[ The ratio of the rate of change of the film temperature with respect to the rate

of change of the average film temperature is

le4-e (11-6)

I
I
[
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