Lawrence Berkeley National Laboratory
LBL Dissertations

Title
TECHNIQUES FOR THE MEASUREMENT OF SMALL AMOUNTS OF HEAT RELEASED ON
PLANAR SURFACES.

Permalink
https://escholarship.org/uc/item/2114z50d

Author
Gupta, Ramesh Chander K.

Publication Date
1968-02-01

Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2114z50d
https://escholarship.org
http://www.cdlib.org/

UCRL-18089

&

University of California

~noct Q. |awrence
dlatlon
L%oratory

TECHNIQUES FOR THE MEASUREMEN™
1 OF HEAT RELEASER ON PLf T OF SMALL AMOUNTS

.ANAR SURFACES
y, e

mes - Gi k. Gupta
(M.S. “Thesvs)

February 1968

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, cail

Tech. Info. Division, Ext. 5545

b

2048) -14/

-

vy

A



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
_reflect those of the United States Government or any agency thereof or the Regents of the
University of California. - . o



UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
. Berkeley, California

AEC Contract No. W-ThO5-eng-h8

TECHNIQUES FOR THE MEASUREMENT OF SMALL AMOUNTS
OF HEAT RELEASED ON PLANAR SURFACES .

Ramesh Chander K. Gupta

(M.S. Thesis)

February 1968

UCRIL-18089



v |

1II.

A, ' Construction of Thermopile Devices ......};}..,..........;.Q

mTRODUCTION 0..00.00000.0.'..OO."..‘..'Q....0...00..‘.0.0.00...

TmeOIJPIIE DEVICE “...QQ..'QOQ‘.‘.0..‘00..‘.'...00.....Q..'.O. B

PmOEIJECTRIC DEVICE ...'...0".....'.........0......’.Q.....".‘.. 26 .

_Effect of Change of Bulk Temperature of Pyroelectric

~iji- .

CONTENTS

Simple Relatlonshlp between Heat Released on the Surface o

- a.nd the Eo_.'MoF. PI‘Od_.uced by 'Lhe Thermopile o.oooooooooooooeoo .

Theoretical Relationship between Heat Released on the

Surface and Output of the Thermoplle...........o............

Simplified Relations betweet Heat Liberated on the Surface

1 of ‘a Thermoplle and the Output of Measuring Instrument......

Optimum De51gn and-Sen31tiv1ty of the Thermopile............

Minimum Detectable Heat Release Based ou Noise :

lh

18

»

’Consideration.....O....‘..‘000.‘0"......‘0.OQQQQOOQO‘QOOOOOQOEB

Crystal on Pyroelectric Voltage evsccsesccsecrcsssroscsosrns

Pyroelectric Voltage Resulting from s Non-Uniform Tem-
perature of Pyroelectric Flement due to Heat Releasc
on One of itS SUTTACES sessvesveesvsersscosossnsacossssiosscnses

Simplified Relations Between Heat Liberated and VOItage
Across the Electrodes eeeoesoesccccvescscsesoscosersoossvossse

nEffect of Electrical and Thermal NOLSE eeescecssescocccssses

vaIOSTAT SYSTEM .0....0.9".0...'.0'0‘..‘0.’..;'0;-‘0....'.".b..‘_..v.

ABSTRACT
';I..
: II.‘»I_
A
" Ce
. D.
"'~_on v.
Ao
B.
v _C;
v,
A..-
v.

 B.

c.

D.

Mathematical Analysis of Characteristics of Model Thermo-

stat System 00 e P00 0060008008000 00000000esntsstscntsnsiosses ,

’ mmI}'EI\H}AL ..00.',.0'..0’...’0...."..!...0..’0.0.0.'.'..,....0...

Construction of Pyroelectric Device ..;;..;;;....;..........

Experimental Arrangement of Thermostat SyStem eeeseescessees 5

'xperimental Arrangement end Procedure for Calibration of ..
Thermopile and Pyroelectric DevicesS ceecvcesesvrstosssrcecsne

Experimental Procedure for Testing the Thermostat eceeeceess

28

35
.
1o



- iv - . . "o 'v

CONTENTS (continued) .

VI. REMS A.ND DISCUSSION ._....‘...'._..'.‘...._.......‘..o;.....v.‘.'.. 60

A. Thermopile DEVICE cevsavcoccsavssvcsrencosconsssscasnsasosss 60

B. PyToeleé‘tric DEVICE eevocssscescasesncsssncsessscassnscccoss 79

c. Thermosta.t~.............o.....o......_o.o........o..o......... 79

VII. CONCLUSIONS Ol.OQOOOQ.0..‘.00000000’0‘0."0‘0400000.0'0'.060'.“O000 81

ACmO:‘IILEDGm\‘TS .00'.’;...’0.0....."......-..“.‘..’...‘...Q........' 85

A.PPE.ND:EX Aooooooo.ooq.000000.0000’0'0"00,0.00000000.00.00-00000000.oo 81!‘

MPENDH B.O......‘O....O.Q..OO.'.'."".'.'0‘...‘....."C‘.‘......‘. 86

NOTATIONS OQ'."...OQ..Q..O';00‘00...‘...'.‘..‘.00‘O...‘...‘......... 90

R.EF'ERENCES CE TGP L0 00000000V DQRPCPTRLEOCPCEIECESLOEPEREEIPNESEELIPOIOGLBESLOOso0OROROEOGEPOSOEOYS 93

v

v




"piles under different conditions of heat release has been used for

~teristic time constant and magnitude of the heat release on a surface

-v—

TECHNIQUES‘FOR THE MEASUREMENT OF SMALL AMOUNTS L S
OF HEAT REIEASED ON PIANAR SURFACES ST
Ramesh C. Gupta
Inorganic“Materials Research Division, Iawrence Radiation Laboratory, and

Department of Chemical Engineering, University of California,
Berkeley, California

ABSTRACT
) The measurement ofvsmall quantiﬁies of heat released on planar solid
surfaces has been attempted by the use of thermopile and pyroelectric
elements, Calculations to relate the heat released to the output of ' ‘ :
these devices have been performed. Considerable simplification is
achieved for caseé where the time bonstént éf heat liberation on the
surface Is either very large or very small as corpared to the time con-

stant of the probe, The experimentally observed output of two thermo-

deriving calibration parameters which have been found to be independent

of the calibrating conditions. Thus, under certain conditions, charac-

can be derived from the measurement.



I. INTRODUCTION

The meésurement of heat liberated on a solid surface is of interest
inithe study of different interfacial phenomena, sﬁch_as adsorption of
gases and solﬁtes,fﬁetting process or electrochemical reactions,

Conventionally, thé\ﬁeasurement of heats of adsorption and wettiﬁg
processes are carried out by using powdered materials which because of
their large surface aiea per unit masé,give rise to relatively large tem-
perature changes. Such»determinations have the disadvantagés of poorly
defined surface structure, difficulties in removing and preventing con-
tamination of the surface and ~ uncertalinty about the surface ares
measurement. These difficulties could be reduced greatly by the use of
well defined planar solid surfaces. HdWever,'because of their small
specific surface area, it is neceséary to.meaéure small amounts of.energy
released.

The direct experimentai methods for measuring hest releaged on g
surface can be divided into two classes, name}y static and dynamic methods.
In staticymethods, the heat content of the caloriﬁeter and its contents is
measured before and after the heat release has taken place. In dynamic
methqgs, the heat liberated is allowed to be conducted away In a well de~-
fined way énd the temperature at the surface, which is changing with time,

~ 1is related to the heat reléased by means of the heat transfer equation,

It should be noted that both methods involve measurement of tempera-v
ture changes of either the surface on which heat effects are taking place .
or of the bulk, The temperature measured at any time may be either

absolute or relative to a reference point, kept at constant temperature.




Static methods have the disadvantage that only total heat evolved can. be .
obtained. Also, because of the large heat capacity of the system, the ' y
' temperature changes are small and difficult to measure. A large number of
methods are available to measure change of temperature with time., However,
only raf~few:fappeargitorlberﬁsuitableiv for measuring small temperature
~ changes (of the order of'10-5°c)-confiaed to small regione,vvhich are
eneounteredz during_-the;'dynamic}'meaSurementsn of" heat  effects on a
surface., These are listed below.
‘l. Resistance thermometers.
v 2. Pyroelectric devices
: 5; Thermocouple'devices . ‘
o Resistance thermometry,is-based.ohgthevchange in_thelelectrical ree15t~
ancetof;the probezdue,to change‘in;temperature; The ultimate sensitivity of
the resistance thermometry is limited by coneideratioﬁs of electrical noise'
of the circuit and heat dissipation in the probe., A theoretical analysis
.taking the above two factors into consideration,;iﬂdiéates a lower limit
of 10-5°C for the measurement of temperature changes} The reported value
of smallest temperature change measured by resistance thermometry is also
about 107 ¢.?
P&roelectric crystals provide an accurate means of.measuring tem-‘
perature etanges. A change in temperature produces a spontaheous polari-
zation of the erystal which gives rise to a pyroelectric voltage between
two electrodes placed perpendicular to the polar axis, This pyroelectric
voltage can be measured by an electrometer. Using a barium titanate crystal,

3

Lang and Steckel” reported the measurement- of bulk temperature changes of
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the order of 10"6°C.

Thermocouples aré probably the most wildely used temperesture measuring
device and have been used successfully for measuring both large and small
temperature differences. Increased sensitivity is obtaihgd Wifh mﬁltiple
Junctions ih seiies. o |

The obJect of the present work ls to examine theoretically the

- possibility of using thermocouples and pyfoelectric‘drystals to measure

small heat effects on solid surface,'to fabricate probes of optimum
design and to study thelr performance under known rates of heat release

on the surface,



I

II. THERMOCOUPLE DEVICE

lhvorder to arrive at 8 definite relationship betweehrthe heat
liberated on the surface and its change in temperature with time meas-
ured by thermocouples relative to a reference polnt kept at constant
vtemperature, it is necessary to know exactly how the heat is being dis~=
sipated from the surface. Heet is lost from the surface by conduction
through the thermocouple wires, by‘conduction through the solid providihg
the surface, and by conduction and convection through the surrounding -
fluid‘medium. The accuracy of the_relationship between the heet libereted
on the surface and the change of temperature of the surface depehds on
theAaccuracy mith.which these heat losses from the surface can be pre-
dicted. By using a definite shape of the solid which provides the sur-‘
face for heat release and by embedding the thermocouples in the solid'
it is possible to obtain a relationship between the heat liberated on
the surface and its temperature change.

For this work, a rectangular shape has been selected for the solid:
~ because of the relatlve ease of fabrication. Hedt lost by conduction
and convection in the smrrounding fluid has been neglected in the theo-
retical analysis, The relative amouht of heat dissipated by conduction
through the solid containing the thermocouples, the thermopile, and
through the fluid medium depends upon their relative thermal conductivities
and thermal diffusivities, and can be approximately calculated for different
cases of heat release on the surface.

The thermopile consists of a number of thermocouples connected in

series and embedded in a block of some thermally insulating material such

B
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as epoxy resin, with theiélternate junctions-beingvon the two oﬁpbsité faces
of the.block. A cross-section of the thermoplle is?shown in Fig. 1. ©One

of the faces of the thermopilé coﬁtaining the junctilons is kept in contact
with a constant temperature heat‘sink, heat 1s released on the other face |
containing the junctiqné.

A. Simple Relationship between the Heat Released on the Surface
and the E.M.,F. Produced by the Thermopile

Consider a thermopile of the construction described above connected to

an instrument to measure thé E.M.F. produced by theé thermopile, Let a(t)

be the rate of heat released per unit area of the surface at time, t.
Neglecting the heat conducted away by the surroundings and using the ar-
gument that part of the heat is stored in the thermoplle and part' is lost

to the sink, the following equation can be der:T.ved.LL

N2 B € Z

1 . dz
q(t) = Réz (pZ + u a‘%‘ + (NL(rl/Al+

/WS Y. (IT-1)

Here p is the effective thermal conductance of the thermoplile, p is the

effective thermal capacity of the thermopile, N is the number of_junctions,

" B is the Peltier coefficilent, €y is fhevthermoelectric coéfficiént, L iS

1 2

sistivities of the two materials of the thermocouples having cross-section

the length of the thermopilé,'r and r, are the specific electrical re-

areas Al and A2 respegtively. A 1is the area of the surface on which heat
is released, Rl,is the resistance of the external circuit, gy 1s a con-
stant defined asvthe units of output, z, of the measuring instrument
produced at steady state by one degree centigrade difference in tempera-

ture between the two opposite faces of the‘thermopile. The first term
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XBL 682-128

.Schematic diagram of thermopile probe.

A - Surface on which heat is released

B - Thermocouple wires '

C - Thermal insulation

D - Insulation over the thermocouple Junctions
E - Electrical leads '

¥ - Constant temperature heat sink
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on the right hand side of Eq; (11-1) denates‘heat lost by conduction,
the second term denotes heat stored in the thermbpile and the third term
is the correction term to take care of the Peltier effect. Generall&,
the Peltier effect is‘very'small and can be neglected.

Equﬁtion.(II-l), called Tian's equation, ﬁas been successfully used
for cases where the heat is liberated over_a.large period of time wﬁich
may extend over g feﬁ ﬁours.u However, for heat release o#er short time
?eriods, this equation is not applicable 5ecause of thé markéd dependence
of p and pvon the rate of heat release on the surface,

"B. Theoretical Relationship between the Heat Released on the
Surface and the Output of the Thermopile

For any thermopile, the electrical output is proportlional to the
instantaneous temperature difference'between the junctions on the opposite
sides*of the thermopile. This electrical output may be related directly
'£o a heat.rélease on one of the thermopile surfaces, once the'unsteédy state
temperature distribution is known., For this purpose, & ﬁheoretical dériva—
| tion of the unsteady state temperature distribution is develpped below.

Consider & thermopile of length L and cross;sectional area A with one
face containing the Junctions iﬁ contact with a constant temperature héat
sink ms shown in Fig. 2. ILet q(t) be the rate of heat released-pef unit |
area of the surface at'time t, and let all of it be conducted away through
the thermépile.' (Heat losses by conduction through the surrounding medium
can be taken into account during calibration of the thermopile as given in
Appendix B.) Iet T be the temperature of any element of the thermopile
relative to the temperature of the heat sink.‘ |

The flow of heat in the thermoplle 1s essentially two-dimensional and

can be represented by the two-dimensional heat conduction equation:
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s

Surface on which heat is
released :

x=L j%{ ‘ v
_ ””;”,, Heat probe

x=0

—> Y

Constant temperature heat sink

XBL 682-129

‘?ig.'E Coordinate system for heat released on the

surface of the heat probe.
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: [a(;.kg-;‘%) - a(.'.kg-f;)] o aT' |

ol Benr anli iy 2 B T . | (I1-2)
lwhére k is the thermal cogductivity, p 1s the densify and ¢ is>the specific
heat. Because three differeﬁt materiais of the thermopile are conducting
heat, the exact solution of the above equaﬁion WOﬁld be very complicated.
However, the problem is greatly simplified if only one-dimensional beat con-
duction is assumed with no flow of heat along the y axis (Fig. 2). Then,
k,p and c beéome:averége.properties'éf.the;thermOPile.,

For the simplified heat conduction equation, the initial and boundary

conditions become:

at t T =0 for all x

]
&)
-

cat x'=0, ' T =0 forall &

’

and at x = I, 5 = ‘QLEL

The rate at which heat is liberated on the surface can be represented .
by:

q(t) = i: a,e - (11-3)

where ai'and wi are constants, The reason for selecting such a represent-
ation of heat liberation is that in the processes of interest the rate of

heat release as a function of time shows generally a peak followed by a

,monotonicbdecay, Such a function can be described by the first two terms

of the expansion (II&B).A In such cases, using the condition that a(t) = 0

at t = 0, Eq. (II-3) reduces to:



' w0, t #wét . -
q(t) = a(e -e ) (1I-%)
~ where a, &l and w, are constants. By using Eq. (II-3)? the last boundary

condition becomes:

. b3
T R
X 1 ‘

The one-dimensional heat conduction equation~Can’be¢$olved_for,the'v.f i’
ebove boundary conditions by meens of the Laplacé;transfbrm,(Append;xmA)}v3\;

The resulting solution is -

| s & sin WOI/T xj Ot
T = ;T e
: n | v 25+1 .ome o 2n+l - ﬂ'2 '
- ' Y M v e
T 1 n=0 (2n+l , )2 o “’i 12 : .
| 2. 7 1- ,
- (2ol |y
(—-2—— 'rr),a'

(11-5)
where T is the difference between the temperatﬁre of any point inside the
thermopile at a distance x.. from the heat sipk and the tempe?ature of the
heat sink)l‘k is an.average conductivity of the thermopile,and n is an
integer., | |

In order to take the‘finite thermal capacitance of fhe surface into |
accouht, let the thickness of the extra insulation between the junctions

and the surface on both faces of the thermoplle be each equai to B.
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‘where L, 1s the length of thermocouple elements between the junctions, r

-1l

Then the.two sets of Juctions of the thermocouples lie at a distance 8 and
(L-S) from the face in contact with the congtent: tempergbure heat sink., The .
" difference of temperature, Ts’ between the junctions of the thermécouples
situated on oi)posite faces can be given by:_
ay [sin W, /a (L- ) - sin ( Jaﬁ/d 8)] -,

1
g = _ e

i k~Nwj/a cos (\/wi7a L)

oo. 2 a. (—l) I [Si (2n+l | —8) - i ( 2ntl TFS )J

- 3
1 mo k(2n+l\ )2 . wiL?
v(EnE-‘l-l 1‘_)20[
o(2ntL “*1 '") (11-6)
¢ e

-If N'is:the number of thermocouple Junctlons In‘the thermopile and €
1g the thérmoelectric conmstant, then the E.M.F., E(t), generated by .the

thermoplle can be given by:
E(t) = eO.TS N
and the current, I(t), flowing in the external circuit is given by:

e T N
"o '8

M) = § Lo(T1/A] ¥ 1 /Ay) T R,

AT (1I-7)

M

¢

1

and r2 are the specific electrical resistivities oﬂf the materials of the

thermocouple wires having cross-sectional ares A, and A2 respectively, R

1 2

is the external circult resistance and A is defined by Eq. (II-7). The

t

!



length, Iby' of the thermocouple wires cari bé fbakén as approximately equal
- to the length, L, at the thefmopile. ©ocwinoeo. If zois the output pro-
duced by the measuring instfument when a curi'ent, I(t), passes through it,

then one can write,
I(t) = gz - | (11-8)

wh‘ere g is the sensitivity of the instrument. ,Neglecting Peltier's
efféct, ' Z.can be obtained as a function of time from Egs. (II-6, II-T
and IT-8) as: |

&,  [sin( ~/w17a (L-S)) - s8in ('Jwi'?a 8)] -t

z = 2 {5 e
g }i .

k’_\/wi;a - cos (\/wi/oc L)

| . -
. + 2 + 2n+
1 1n=0 k(2n+l )2 R Lg |
1. —

The> Above equation assumes an insf;a.ntaneous response of the measuring
instfumer;ﬁs. For meagsuring .instfunier;ts with finite: réspbnse time, Eq.
(11-8) can.be ﬁodified to: | | _
© (II-8a)

4z
(t) = SZ""}'IGEE

where 'rI is the time constant of the measuring insfrument. Then from Egs.
(11-6, II-7, and II-8a) the output,z, produced by the measuring instrument

can be given by:



N iv[s.in.(xlwﬂot (L-S) - sin( o.)i706 i. 8)] Q‘t/TI _e'wit) ]

s>
11

% N
. - Z — 8, .
i & + kvo,./a cosWw, /oo L) - . (w,7_ - 1)
i i : i'I
RN entl. . _ L-3 2n+l - d
o0 L 28,1(-1)% [sin( 5 ™w T) - sin(-—-—§—- - -i'— )}
n=0 . k(2n+l ca) w,L
2 : 1 - 5
2n+l
G
2
2n+l 77
{e't/ T, = 7 t)
- (II-9)
’ ntl .o T | ‘

This equation can be used to calculate the output at any tiine, t, |

Por known rates of heat liberation on the surface of thé thermopile.

-
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C.Simplified Relatlons Between. the: Heat Liberated on the Surface
- of 'a Thermopile and the Output of Measuring Instrument

Equation (II-9) can be considerably simplified under certain conditions.

‘1) Constant rate of heat release on the surface (0 =0, @, = @)

Equation (II-9) gives:

. | - ontl_ L-8 2n+l T

\ -t/c [sin ( ==) - sin(55= - D]

A f'-‘EL- (L-e 1) -% 2a(-1) L
' n=0

Z =
2n+1 2
- 7T)

_k( :

®

< -t/TI : (2n+l 1r) t) .

( (2n+l,‘ %)2 - l)

(iI-lo)

For time t, much greater than the time constant T (t/ TI>> 1); one gets ‘

on+l WAL-a) sin (2n+1 . T8y

g Mlel e 2a(-1)L [sin(Z5= - ™ L.
& l% no _onnn 2
k( 5 'ﬂ')
s
+
_a(Qngl _7f1:) " |
s & (II-ll)

2) Slow heat release on the surface.

Under the condition:
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' - S | —— <1 R (11-12)
v : (3) o S o SR S
? | , and assuming that the heat liberated ozj the surface can be represented

by Eq. (II- 4), the Eg. (II-9) reduces to.

4k{sin(~/5)l_/a‘ (L.-8))- Sin(\/_a—)l—/?z 8)} (e-t/TI ;e-w__lt)

_A sl '
“Te Voja L - cosWafat) - (wpry -1)
{sin'f(,\}we;d (1-8) ) ;sin(xlwz/a 8) } (e-t/‘rI -e—a)Et) (11-13)
' \/&2/05 L - cosNw,/a L) (&QTI_ -1) . |

- Usually. the value of l/(lbi is very high as compared to the time

constant of the instrument, t._. This fact, together with Eq. (II-12)

) I
- . further simplifies the Eq. (II-13) to give

L = A aL [e-mlt ;e—w2t]
8. k.
or
AL ’ S
z % =% - alt) | o o (II-13a)

This indicates that in such a case, at any time.t, the output from the mea.s -
ing instryment is proportional to the rate of heat released at the surface..
-~ . Fpr a typical epoxy resin-embedded thermopile with length of 1l cm

end thermal diffusivity of about 107 cme/sec., Eq. (II-12) gives:

®, <K 2.5 X 107 sec™t

g g
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This value corresponds to the characteristic time constant of the
heat release on the.surface of the order of a few hours.:.Therefore, for s
the cases, where heat is released on the surface over a beriod of one hour
‘or ‘more, the rate of heat releaseonthe surface as a fuhction of time can
be obtained from Eq. (II-13a) by mulﬁiplying the output, z, at any time
by a factor (g,k/KL), where, g. is the sensitivity of the'measuring
instrument given by Eq. (II- 8), 'k is the average conductivity of the
thermopile, A 1s the current produced in the circuit by 1°C difference
of temperature between the opposite set of junctions as defined by .
Eqo (II-T7),and L is the length of the thermopile.

3) Fast Heat release on the surface of the thermepile;;._;.

' Under the condition:
——>1 oo (IT-1s)

and assuming that the heat llberated on the surface can be represented

by Eq. (II-H), Eq. (II-9) reduces to

. W,

: _2ntl 2 , | :
-t/'rI -0 5 i) t ’

[e -e B fl/ai - 1/hb] (II1-15) -

Defining £(t), which is a function of time ast
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{sin(

. ‘ on+l  _ L-8 . on+l B,
201 ) sia(m - B

n=0 = + 2
n=0 = o ' {a(Qn L g) T -1)

—— I

2
. [e T e IR (II-16)

and noting that the totel heat liberated on the surface Q, obtained by the
integration of Eq. (II-4), is given by:
o ~th,t -t

L R

(o]

Eqs (II-15) can be rewritten ast -

Q= 2 IS | (II-17)

It is evident from Eq. (II-16) that £(t), which is a function of time,

is dependent only on the properties of the thermopile and the measuring

instrument and since the total heat 1iberated, Q, is not a function of time,

' Eqe (TI-17) indicates that the output,z, which is a function of time

should‘be.pfoportional' to  £(t) as long as Eq. (II-1k4) is satisfiéd.
Then the total heat liberated, Q, on the surfacé can be giQen by the ratio .
z/f(t) ‘at. any time. | -

For a typical epoxy resin embedded thermopile having a length of l cm
and thermal diffusivity of 10 S om /sec, "Eq. (II-lh) glves:

w; 3> 2.5 X 107 gect

This condition indicates that the characteristic time constant of the .
heat release on the surface should be less than about 10 seconds for ..

the above simplification to hold. Therefore, for the cases where
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most of the heat 1is released'dn the eurface in & period of about 10 B
seconds or less, ihe total amount of heat released can be obtained :

from the ratio of the function £(t), defined by Eq. (II-l6) and the out- o
»d. put, z, at any time. |

| Tt should be noted: from Eq. (II-17) that for the relatively Past

rates of heat release, it becemes impossiﬁlevto compute the time dependenee
.df the heat release from the time dependedce.of the output.

"~ D. Optimum Design ahd the Sensitivity of the Thermopile‘

The gsensitivity and optimum desigﬁ of the thermepile ceuld be obtailned

l from Eq. (II-9).> However, 1t is. cleer that the final design will depend
:strongly on the way in which the heat is liberated on the surface and will )
be optlmum -only for that particular manner of heat release. In order to |
Apravide some guidelines for the design of the thermopile, the case is
studied here in which the heat is being evolved uniformly and a steady _
state temperature distribution has'been established; This case 1s treated

~ here because of the relatively simple mathemetics involved.

| In such a case one can write: | |

N2 B €y

=pT + x e T
A .P 8 NL(r /A, + r,/A,) * R, "8

(11-18)

where q is the heet liﬁerated on the surface per unit area per unit time,'
A is the total cross-sectional area and T, is the temperature of the surface
on which heat is being liberated relative to that of the heat sink.

Under - steady state conditlions, the thermal conductanee, P, canibe

given bys;

}:3—A—1 (11-19)

N
"L _(klAl lghy)
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where kl’ k2 and k5 are the thermal conductivities of the two thermocouple-.

A materials and the matérial in which thermocouples -are embedded, respectlvely.

The factors NAl, NA2 and A3 are thg c?oss¥sectional_areas of the three
materials, respectively.

If z is ﬁhe output produced by thelmeasgxing instrument on péssing
current I through the external ecircult, then:

eoN Ts . ‘ '
ey /h, F iy F Ry = & (70

I

¢

where g is the current In the external circuit to produce a unit output.
From Egs. (II-18,.II-19, and II-20), one gets:

a N(klAl+k2A2)+k3A3:>+ ,mzaeo'
As B 5= 2 " [, /A, F 7, /A, )N ¥ R,

g DL(r /A +rp/A5) +R,]

eN
[a]

where 8 1s a measure of sensitivity of the thermopi}e.v A hilgher sensi;
tivity correspbnds to a smaller value of s.
v  The above equation simplifies to:
N(kAl+kA')+1%A3] [ ' ] '
_ 8 L 22 ~ +
As = e N [ Py : .1\11;(1'1/1&.:L +r2/A2) R, f_NBg |

(I1-21)

-

 The optimum dimensions of the thermopile could be obtained by setting the

derivativés of s with respect to the various parameters in Eq, (II-21)

equal to zero.
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os
=0
oL
.glves ' '
Rl ‘_ o
-

L
There is no finite minimum. However, the above equation indicates that I

should be large and R, should be small, Again-bs/aAl = as7aA2 = 0 ylelds: =

2
A = Jk5A3L r /R %y
and . '
Ay = _Jk5 Lr2/le2
“end as/aN' [ gives:

%/er R Cy /Ry ¥ B, - (rr-ee)

, and A, in Eq. (II-22), the number

of-therpoqouples‘Junctions, N,.can be obtalned as:

‘Using the above optimum values of A

[BRF
%/L(x/r +\/r2k2) + Be,

The expression for maximum sensitivity (corresponding to minimum

value of s) .cah’ be obtained by feeding the value of optimum N, A, and

A, in Eg, (II-21) which on rearranging  glves:

As =,Vg§ 5%33‘{ [(ﬁi‘{i torgly) + \/erkl * “/reke)g * Beo} .'

€
(¢]

As A X 2A3, one gets:
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o

- & JER. /LT . | \/ Jr k. + k)2
8 = k3Rz A3LV {(\_Eclkl + \/I‘le ) :+ ( ik, + r2k2) + f}eo:]
| S | (11-23)
The product of specific electrical resistivity and the thermal con-

~ductivity of & given metal 1s related to the Lorentz number;.Lé, which is

defined by the equation

ke = LT - L (TI-232)

where T is the absolute temperature. The Lorentz number for a given metal
1s constant but may vary from metal to metal.

One can define?

| — o | o (IT-2%D
Wigr, + Vigr,)? 2 Loy T | - (11-23D)
where L, avg is a sort of average Lofentzvnumﬁer. Also the Peltier coe-

'-.,fficient, B, ‘and the thermoélectric constant, €, are related by3+
B=e Ty - .0 (I1-23c)
where v is a constant to take into account the difference of units.

Therefore; Eqs (II-23) can'be modified to give:

-

s = %% fl%Rz/%L [VL + N1 +v e ) o iII-Qh)

oavg . O Aavg o

This equaéion can be rewritten ast

{

s =ygT ~/k_),R£/A_),L [ VI, avg/eo"‘ + NI, avg/e02v+_1] (iI-éha)- :
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The abové equ@tion indicafés that thevsensitiﬁityican be increased by
increasing the area of cross-section and léngth of the thermopile, by de;
© creasing the.resisténce in the external cirecuit andvby.having a lower value
of the diménsionless guantity (I.o avg/eoa ). Generally, an increase in the
vaelue of the fﬁermoelectricféoefficient,_éo, 1s assoclated with an increase:

5

in the Lorentz number.” This explains why the use of semiconductor thermo- '
. couple elements for a thermoplle of our requirement is not‘necessarily
beneficial even though a high thermoeiectric-cOefficient, e, might be achieved.

For a typlcal thermoplle made of copper and constantan thermocouples

embedded in epoxy resin and having the following properties:

Tength = 1 cm : . R _
Average thermal conductivity of epoxy resoni= hxlo’hcal/sec em’C
Thermoelectric coefficient = L4.0x107° volt/°C ‘

" Blectrical resistivity of éopper = 1.6x10-6 ohm em
Electrical resistivitonf constantan = h4.2x10"6 ohm em
Thermal conductivity of copper. = 0,925 cal/sec cm’C

 Thermal conductivity of constantan = 0,054 cal/sec en°C

and cénnected by a load of l0,000'ohms in the external circult to a measuring

1

instrument of sensitivity of 2x10~ 2 amp/unit of output, Eq. (II-2L4) gives:

-2
s = 2.3%10

VA~

2
ergs/em” sec

A = 2062X10-7 ) "/—AS cm2
copper 6 .
] . ) o 2
Aconsta.nta,n = 5.T1X10 Jk} em™
- and N = 717 J—AB

For such a thermopile having 2 cm2 area of the surface, one gets:

s = 2.3x10_2 ergs/cmzsec

' T2, -k .
Acopper 2.62x10 em” (=5.75x10" " cm dia)



o3

5.TIx1070 o (=2.69x107 om aia)

Aconstantan-g
| and‘ N = TLT
..It was~impossible to cohstruct‘g thermopile with TL7 Junctions'in
en area of 2 cm- using present fabrication‘techniqﬁes; The actual

thermopiie'constructed is described in_Section Iv-A.

E. Minimum Detectable Heat Release.. Based on Nolse Conslderation )

: : It‘is importent to anaiyze‘the electfonic and thermal noise which .
may impése a lower limit to the detectablility of abthermopile. The
hoise encountered in the thermopile and its cifcuit,consists'of:v
| | 1. Johnson néise due to the resistance in the circuit.

2. Curfent néiée in the circult due to flow of current.
3, Thermal noise (tempefature fluctuations) in the temperature
 probé.
Y, Electrical.and.maghetié induction in the circuilt from stray
- fields. ' | .
Thé igst source'of'nbisercan be minimized by properly shielding the
. circults.. Johnson nolse is the mostlimportant of fhe remeining kihdslbf .
noises, . |

The minimum measurable energy, Awt, can be glven by:

v 2 ‘
! 2 2 E - ' :
A ;2—— : _ (11-25)

where AMT:iS the minimum detectable energy due to the thermal noise}alone:

and VE/G 13 the one due to electrical noise alone, V being the minimum

- detectable voltage and ¢ the responsivity which is defined as the ratio



2h.

of the voltage produced in open circuit to the pcwer input.'
Equation (II-25) can be written in its deta.iled form as:6

h kT RtAf

2
.o

bAwta lLkT §Af+
'where Rtis the total circuit resistance, p is the thermal conductance,‘ _
Fa\ 4 is the frequency bandwidth of the ‘measuring instrument k is the- Boltzmann;'-t
constant and T is the absolute temperaturea _ | _ | o |
Since the responsiVity,o,depends on the rete at Whlch heat is being
released on the surface in addition to the properties of the thermopile, ‘
it is difficult to arrive at any definite value fbr'the minimum measurable .-’
energy. However, to get an estimate of the‘minimum detectable energy, it
:is sufficient to take the case ‘'of a.constant rate of heat release ‘on the-

surface of the thermopile. Then, ot steady state,

N € Ts N €
&=  evowvimens

g =

" where N 1s the mumber of thermocouples in the thermopile and €_ 1s the
thermoelectric constant, | )

. . P

e mw o= BETAT (ot

The thermal conductance, p, is given by: ' -

N(klAltkgAe) +k3A3
. I _

i
§

and the resistance of the circult, R , :is given by:

A  R,= IN (rl/Al + rE/AQ) + R,
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Usingthe values of Ay A, end N eva.lua,ted- in Section III-D for an
. optimally 'designed thermopile of copper and consta.'nta.n with epoxy insula.tion;.
‘ connected to an externa,l resista.nce, 2 of l0,000 ohms:. and a measu.ring in-

' strument of ba.ndwidth, Af, of one- cycle per second, one getsr

m P = 4.520x10" 18 att?
_or
-2
My = 2613%10 erg/sec

1.06><10,-2 emg/ cmgsec. '

The va.lue of the minimum detectable power is In the same renge as the
sensitivity of the optima.lly designed thermopile ca.lculated without noise
consideration in Sec. (II-D). . | A

' , The nolse level in the tle i'mopile bnilt,.whi_'ch eonta.insvconsidei'.e.biy
less junctions, should be' less than..lo'?erg/cme- sec because.,theftherma.l' con-
'ducta.nce, P, _a.nd the total circult resista.nce;, R, &re smaller then the |
‘corresponding' values .:E'or optimally designed thez;mop'ile._g. Noise ob‘served'
in the ‘measuremen_ts could largely be accounted for by the characteristics

of the measuring instrument.
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' IIT. PYROELECTRIC DEVICE

Some ofvthe ferroelectric crystals whicﬁ have no center of éymmetry

"~ and have a unigue polar axis posses a temperature dependent macroscopic '
velectric moment along the polar axis, These crystals are called pyro-
electrics, A change in temperature of such a material, which may alse be
ipolycrystalliﬁe, makes it electrically pelarizea ahd as a result‘electro-
static charge cellects'on the faees perpendicuiar to the ?olar axis; The:
‘direction ghd magnitude of the charge depends on the directioh and meg-

: hiﬁude of the temperaﬁure:change; |

A. Effect of Change of the Bulk Temperature of the
Pyroelectric Crystal on the Pyroelectric Voltage

The amount of charge pfoduced, M, as a result eprolerization canv

be related to the temperature eﬁange, AE, by the following equat.ion:_j3
M = pAar R o (zmm)

ﬁhere A is the area of the electrodes (piécedeperpendicular to the pelar
axis or fhe "direction of poling," p ‘is the pyrqelectrie eoefficient.which
is a function of temperatﬁie, its value being greateét near the Curie
point, which is the highest temperature up to which the pyroelectric
pheneﬁenon exists for a giVeh material. .When the pyroelectric element
1s connected to an electrical load,the accumulated charge 1s lost partly
. by internal leakage through the element and partly by external leakage
through the electrical circuit. A pyroelectric element can be regarded
as a. charge generator with i1ts own impedence in parallel to the impedence
_ of the external circuit. An eéuivalent.elecfrical diagram 1s shown

in Fig. 3.3 Cp and RP are the capacitance and resistance of the
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XBL 682-130

Fig. 3 . Equivalent elrcult of a pyroelectric element and
‘ " measuring clrcult for uniform temperature change
of the element. _ ' '

AE = voltage produced across the pyroelectric element
= AQ_: charge produced by the pyroelectricielemeht

CP,R = electrical capacitance and resistance, respectively,'

P of the pyroelectric element

b
_2 ! of the external circuilt

(

C,,R, = electrical capacitance and resistance, respectively,
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'

pyroelectric element and Cz'and Rz are the capacitance»and-resistance of 7'

the external circult. Then the voltage, AE, measured across the two
electrodes of the element can be related to the instantaneous change of
the bulk temperature, AT, of the element by the equations
pA At e"t/ ReCy,

c
P

AE = (11I-2)

~ where Rt and Ct are the total resistance and capacitance of the clrecuit

and are giveﬁ byt

and ' |
' Ct»= Cp + Cl

B. Pyroelectric Voltage Resulting from a Non-Uniform Temperature

. of the Pyroelectric Element Due.to Hesat Rélease on One of its Surfaces .

In order toifind a relationship between the pyroelectric voltage and’
the heat released on the surface, 1t i1s necessary to‘find the change of
temperature with time everywhere in the pyroelectric element; ThiS'rcte
of change of temperature at any point in the element could then be related
to thq pyroelectric voltage produced by the element.

Considef a pyroelectric element of cross-sectional area, A, (per-
éendicular'to the direction of poling) and the length, L, with its one
face in contact with a constant temperature heat sink,as shown in Fig. 2.

Let the temperature of the clement énd the sink be uniform at time,

t = 0. Let q(t) be the rate of heat evolved per unit area of the surface
at time t and let all of it be conducted away through-the element with no

loss by conduction and convection through the surrounding medium,



L]

" of very thin slices of cross-sectional area A and thickness 8x

-29.

The release of heat on the Surface causes a temperature gtadient

in the element. Howevér; if the element is divided into.a large number

42 the

temperature of each slice can be assumed to be uniform at any instent

but changing with time. As a result, each slice acts as a small charge
generator and the equivalent electrical circult of the pyroelectrle

element when connected to an external load is shown in Fig. L. Qi isvthé

charge produced by the'slicé; 1, (between points i and 1 + 1) which has an

electrical resistance. R, and thickness 8x,.

Cy 1s the total electrical
capacitance of the element between the electrodes. Rl and Cz are the

~ resistance and electrical capacitance of the external load, ILet I(t) be:
" the current flowing at any time, t, as shown in Fig. b4. ‘Then by Kirchoff's

" rule, the current, I(t), can be given by the sum of the current flowing.

through the condensers of capacitancé Cz and vaand the current flowing

through resister, Rz, or

aQ, Ly .
) = m * dip f,Eg)_ o ()

where dQl/at and de/dt are the rates of charging the condensers of cap-
acitance Cz and Cp respectively and E(t) 1s the voltage developed across

the resistance Rz.

Using the relatipn:

S - o®

at

~ Eg. (III-3) can be written as:

,I(t) - (cpv+c£) dﬁét) 1) N IV(III-'h)>

Rz'
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4 I(t) .
[ > T
9 1;R1
2
% g7
3
r 3
R
- % ! :J\
Cp C! % 5
‘P
U1 EIRn-l
n
Q 3R
- 1 % n
+
n+l R
XBL 682-127
Fig. 4 Equivalent circuit of a pyroelectric element with non-uniform
temperature change in the element.
Qi .- = charge generated by a slice, i, of the pyroelectrlc element
‘CD,C = electrical capacitance of pyroelectric element and external
pe circuit, respectively.
Ry = electrical resistance of a slice, i, of the element
Rz = electrical resistance of external circuit
E(t) = voltage produced across resistance, R!, at any time, ¢

pyroelectric current at any time, t.

i
—~
t
~r
|

.
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ConSider:point'"l" in Fig. b, Kirchdfffdfrulé gives:

. - &, = E-E
I(t) = B
SO > By

2 <m'-s>

'_where El and E2 are the values of electrical potential at points 1 and 2

' respectively. The charge, Q, is related to the temperature change of

the slice between‘points 1 and 2 by:

a
at PA F%

A(III-6)
1,2 -

,

" Here T is the ter.nperatureA of the slice between pointsland 2 relative to the heat

" sink temperature. Therefore, from Egs. (IIIQ5) and'(III-S),

E,- E '
dT 1l T2 .
I(t) = pA Y - R o ' (111-7)

Using the rélation Rl = raxl/A -in Eq. (III-7) and re-arranging, one

gets:

_dr S S
E,- E; = pr 3% 1 - I(t) I o

Bx
]:1,2 L

where r is the specific electrical resistivity of the material of the

element. Other slices can be treated in - &' similar way and for any slice .-

of the element between points i and i+l, the general equation is:

. +

v ‘ oo
E,- B,,, = P* — gx, - I(t) & & (111-8) .
17 P44 T at 1,141 i ARV i

Summing the Eq. (III-8) for i = 1,2,...., n, one gets:
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ar|

E(t) | EfKE ﬁ E.l ) = pr 2 l';a. | I(tj i 5 a#
= - R .= pr ——— X, . - e weiak
S R P B2
8s n —e, and 8ki7—*0 EQ-w(III—9) is-modified to:
: S L |
B(t) = pr f e ]dx-I{tv)K-ofdx,
Then, from Eqs. (III-10) and (ITI-k),
“ ar(t) . E(t)]
E(t) = j'[dt] ax - 7 [(c +C ) ( )  éz)]
where - fd.x-L
or, : o : _
L L[, dE(*) E(t) ] B
dx = c -+
o l I [ t at R, |
where R, 1s the total electrical resistance glven by:

t

1R = ;/Ri + 1/Rp ,

-

Ct is the total;electrical capacltance éiven by
! =0 +
Ct Cp Cz ,

and Rp is the resistance of the pyroelectric element,

4

© (111-9)

'(irf-lo) -

(IIT-1L)



Since the rate of heat release, q(t), can be expressed as?

a®) = S e e 1 (11-3)
1. ' . '

the integral in Eq. (ITI-11) can be evaluated from Eq. (II-5), which

gives,
ar 5 84 O cos ~/a>17a x) -t
& =L TR TS ¢
. x - . cosWwy /o L)
o 2 )(Doeos@E E . oL T
: v i 2 L - 2 L
-2z %) €
1 n=0 el 2 [y e
.+ g constant of integration ' _ - o ._ (IIi;lz)

In order to take the finite surface fhermgl capacity into account, let
the thickneés of the insulation at eaéh‘of the two opposite faces of
the pyroelectric element be & and let I be the total distance between

these twovfaces.
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The two electrodes then lie at a dlstance d and 1-3 from the heat sink,

. Evaluation of the intergral in Eq. (III-12) between the limits & and (L-5)

and substitution

5'info Bqi’ (III-11), results in,

o o a,0 [cos /O:(L 5) - cos v /Ot 8] -t
_E§t)+c de(t) _ ( ) o e 1
R St dt L- 26 Sk -\/.—_—
t - i cos a)i/a L)
o entl . L-8y 2n+l . '2n+1.\.'ﬁ2
s ; 28.4(-Jnoz [COS( ™ ( L)'_ os(—5—= )] 'O‘(T _L) t
1 n=0 1:(2”+l ) ( el >
| - 2n+1— 5 | g
- ( ™o _ (III-13)
Solution of this first order differential equation gives:
( ) ' oA | 1 8@ |[cos Jcni/a(L-S) - cos 'Ja)i/a 8] -At/RtC,C -0t
E(t) = 3 v - e -e )
oy L-28 € cos(s/a)i/a L) - (wi - l/tht) .
ontl M2 ,
~t/R.C ( ) )
2n+l L-5 _2ntl - t . 2. (¢t
® o(_1)" [cos( . T> - cos( 2 '-ﬁ)] ( b e L_
2n+l 2
n=0 (=) <l ] o, L > <oc(2n+l “ 7_1')2 Ty >
on+ 2 - )
L N



The above equation gives the time dependence of the pyroelectric VOltage,
E(t); on time for known.rates of heat releases. Equation (III~lh) does not

consider the response time of the measuring instrument. ; If . T 13 the

: time constant of the instrument, then taking it into account in Eq. (III-1%)
- in the same way as glven in Section II-B one gets" _ _

L : A o, [cos(\/a) o T~ 8) - cos\/a) /cx 8] | o _/TIvv _e‘t/RtCt

B . E(t) = 3 «(ra-sj——'_a & k‘l‘.’ . .
e T cos Woy /o L) (o - :L/tht ‘1/R,C, - /7,

..t b)) ‘ | on+l _on+l c
ey I ~<2( -1)" rcos(“» )-o(n ) )
®y = /7y Bty fr e 2ntl | M2 g4 g
R 7t - a( V f) - 1/R.C,
. ( "t/TI' "t/tht) c "'t/TI ( ) Z’I‘:) t
S el )e / -e / e -e - . . - . .'_(111;15)
1/RC =~ Ll/t.. . - . _2ntl 1 -
RO : I o~ - T -

This equation can be used for the calouﬂation of the output voltage

e a function of time for known rates’ of heat release on,arsurface.

"C. Simplified Relations Between Heat Liberated
c L L e and Voltage Across the Electrodes

,5simplified equations for cases where the time in Wnichthe heat is released on
| the surface is small compared to the time required by the heat to diffuse

through the pyroelectric element. Mathematically,this means.

L >> (ar)l/_

 The integral in Eq. (III-ll) can be easily evaluated to give considerably LA
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where 0 13 the thermgl diffusivity of the matéfiél and 7 is the characreristic -t
time constant of the heét_generation. "In such a case, 1t could be assuméd that.;

" no heat is lost from the pyroeleétric.element to the heat sink. Therefore,

o atl - .
a(t) .= pe _? [ag] dx,
where p is the'density and ¢ is the specifié heat of the matérial. Then
Eq. (IiIfll) glves: v_ | .
| o ¢, Iec [am(e) L E@)C -
a(t) ° Ip [ &t R,Cy ] o ' (;II';6).,_
* Generally the rate of heat evolution, q(t), can be represented by
' Eqe (II-4) in which case the solution of the differential Eqe (III-16)
glves: o ' _ . |
wt RC S -t  t/RC
Apa | e L e v Loe 2 e v
Ct:,ch | ' l/R‘bC'b - U.)l | _ 1/R‘bc'b -,

(ITI-17)

This‘eQuation can be further sim@lified under the following conditions,

1) Constant heat liberation (0, = 0, ©, = =)

Equation (III-l?) reduces to

ApR,  -t/RC
t oo et

-

E(t) = a

)

pec L

For barium titanate ceramic of 1 cm length and 1 e cross—sectioﬂ'area,

attached to a vibrating reed electrometer which has a resolution of

-5

2x10 “ volts,

= lOlo ohms

c. = 1070 feraq



10”2 cm?/sec

Q
]

_ v ' T
P =v2xlO.§ coulombs/cm2°c at 25°C.

7
0,12 cal/gm’C -

[¢]
]

L

: : 7
and . p = 5.3 gm/cm;

Using these numerical values in the above equation, one getss

E(t) = 0.752X10'5 a(lré-t) volts I o
The units of a being ergs/cmgsec.

2
For a value of a = 100 ergs/em sec,

o E(t) = 75.2x10™ (1 -e™") volts

90%'of the maximm value of E(t) will be reached in abou# 2.3,se¢onds.
Tt should therefofe be possiblé to méasufe, with'an aécuraéy of about 10%,:
" & total of 230 ergs/cm? of heat energy ieleaséd o#er a period of 2.3 seconds
at a uniform rate. | |

The assumptionAthat :
L>> Jar
1s also satisfied because

L=1ocmand JEE .; 6.1'cm.

2) Tristantaneous heat release on the surface =~  (large values of di

and.wb as gompared to l/RtCt)°

" In such a case, the Equation (III-17) simplifies to:

-t/R.C, - [/ -t -0t :

B(e) - Ape " T R (-1
.C, pecL o - w, - w, o

% 2 1 “ %
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‘or 'Ap -t /thct . N o
E(t) = [%;‘EEE e v ] [}hat produced up to time, t.
' (111-18)
This indicates that the valtage across the two. electrodes at any time 1s

proportional to the total heat liberated on the surface up to that time.
The condlitions to be satisfied are::

T << 17 o

and

T << tht'
where, T 1s the characteristig time constant for heat liberation on the

surface. For barium titanate ceramlc mentioned in case 1) Eq. (III-17)

is valid for T << 1 sec,

3) Slow heat releasé on the surface.

. (small-#alues of @, and w, as
compared to I/tht)a | |
In this case, Eq. (III-17) simplifies to:
' Ap R, ' ' .
E(t) = ~ ot at) ~(TII-19)

This indicates that the voltage across the two electrodes is proportional

to thé’rate of heat liberation on the surface.,“in ordér_to satisfy. the
assumption made, that is

2
RC, K7 <<L /o

the heat should not be released for more than 10 to 15 seconds and -
Rt should be less than 109 ohms.
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r

D« Effect of Elechtrical and Thérm@l Nolsge

it ié important to consider the noise whichvimposes lqwef 1imits to
the sensitivity of the pyroelectric device. 'Cbopers has estimdted the.’
miniﬁum detectable power of the pyroeiectric crystal after taking onto
‘account thermal and electrical noise;l The value. reported for barium
titanate ceramic 1s 4.8x10™ erg/sec at 300°K for a probe having 1 — area.
This minimum detectable power based on the nolse conslderation ig less than .
the value of 100 ergs/cm? sec obtalned without noise‘consideraticn in-

Section IIT.C.



IV, THERMOSTAT erTEM e

It is~necessary'to maintain the temperature‘of the.heat g8ink constant |
within & Very narrow limit such that the temperature fluctuations of the
" heat sink are much smaller than the temperature fluctuations being meas~.

ured by either 8 pyroelectric device-or-a thermqpile. Since the temperae m

ture difference arising due to liberation of heat on the surface 1s of |

=50

the order of 10 " C, the temperature of the heat sink should not fluctuate

by.more than about lO~8°C during the perlod of observation, which may
last for about five minvtes.
Control of temperature within such a narrow limlt can be obtained by
5 , ,

. the use of a composite concentric.cylinder thermostat, Awhich consists of
alternate cylinders of thermally insulatingvand thermaily conducting
materials, The temperature wave which_originatesﬁat the‘outer surface ‘t
of the thermostat dampens‘out.as itvtropagates towards the inside, Thus..
anj temperature fluctuation inside the tnermostat willYShou s greatly
reduced amnlitude compared to those on the outside .

In order to provide guidelines for the design of such a thermostat

i model -composite c¢ylinder thermostat of infinite length,'shcwn in
Fig. 5, has been analyZed tleoretically. Three cpncentric cylinders
ofjinfinitevlength, are consildered; the outermost and the innermost.

cylinders. are composed of conducting material and the central

one is composed of insulating material,
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COPPER CYLINDER

XBL 682-131

Fig. 5 Cross-section of the thermostat model for theofetical
calculations. ‘ ' '

Rt e ey o e & ot o4t on = e e e
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"A. Mathematical Analysis of the Characteristics
B of the Model Thermostat System-

Consider a sectlon of the thermostat shown in Fig. A. It is assumed
that the temperature of the outer surface varies sinusoldally with an
_1amplitude T3, and a frequency n cycle. /min. The.differential equation

which describes such a heat propagation for cylindrical bodles is given’

by°9 N : -
O
' ' .ar r5?5 o4 —. o . -

: where T is the temperature (all temperatures and fluxes obtained are to be
‘multiplied by ejmt to glve the time dependent temperature and flux), o is
‘the thermal dlffusivity, r 1s the radlal distance from the axis and

@ = 2m; J= ~fl1

 The solution of the differential Eq. (IV-1) isz9

T o= B*Ig(aral/é) * Q‘Ko(ﬁfjl/2)~ ()

where B ENND/ I (2) and K (z) are modified Bessel functlions of zero order
with imaginary argument and P*' and Q* are constants of integration. 'The.'

radial flux, f, 1s given by:

-

’

where k 1s the thermal conductivity of the material of the cylinder.
. With Eq. (IV-2), one obtains

1/2 1/2 .1/2 ’
£ = gt/ I, (Br3 / ) + qrpeg 2k . (Brd 2y (Tv-3)

where I (z) and Kl(z) are modified Bessel functions of first order with

imeginary argument,
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'Eduations‘(IV-2)rénd (IV-3) can be sélved stép by steplnumericall& to
get the attenuation factor which is defined as the ratio of amplitudes of
the temperature fluctuation on the outer surface to that on the inner sur-
face of the thermostat. The general prbcaimecxmsﬂnsiﬁ solving Eqse (1V-2)
‘and (IV-3) for P! and Q' fcr the inner side of the innermost cylinder in
terms of £ and T, These values of P! and Q' are then used to calculate
‘new values of £ and T for the outerside of the innermost cylinder. The
N ne#'values of £ and‘T'ére then used to calculate P‘bande‘ for the ilnner- A
side of_the next cylinder, The érocédure 1s repeated until the value 6f
f and T for the outermost surface of the thermostat has been calculated,9!v

The details of the calculations are glven beléwx

let

=1 (pr sH/2) - : S
Az"m =T (Bzrm : ‘. R (Iv-sa)
B)z,m =X (B,r 1/2 | | | (Iv-3b)
¢ n E-kBJl/E l(azrmdl/g) o (ase)
and D, =kp s E1Ch 5+2) | (1v-3a)

Subscript £ and m denote the cylinder number and are given in Fig. 4.

Then Egs. (IV—E)and (IV-3) reduce tot

.. = pt + 0t ' ' ' ATU.LY

“and f

(8

i}

. + ot ’ . S N

- At the axis (point Y), as r -0, b, , - which from Eq. (IV-}) ylelds:

Q' =0

Therefore, at boint X, on the right hand szide,



and

which gives:

Using these values of

the’ﬁalue of new P* and Q*

‘P!.A

- Shibe

L=}
QO

H
Hd

-
&
(@ 2.

H
il
)
”
Q

g = 20 ¢ (W)

1,0

T and £ for the left hand side at point X,

0 0 L
are obtained from Eqse (IV-4) and (IV-5) as:

.4+t
1,0 T 9P 0

% 4 Qr:
PPC1,0 79D o

‘Wr;ting>in metrix forny‘giveézh,q

t
To| _ |M,0 Bof |f
%o C,0 P10l O
which can be rearranged to glvet
. . - _
Pl A [P0 "]
- |
. .
Q. €0 M,0dl%
where‘m&’ﬁlszz,mpz,m - Bz,mpz,m is the dgtgrminant of the matrixt |

These values of P* and

with the help of Egs, (IV-k

Q* can be used to evaluate Tl ahd f, at polnt W = -.

1
) and (IV-5) ast | '

B Pt
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-or, rearranging,
0. c D

f 1,1

1,1

- Proceeding in the same way, one getsx

0 I F o =B, Ta, m

5|y %,3 5. e ] [fee Tel e e
M, 0,15, . | R

5,511C5,2 . 5,201 %20 P22 [C21 %21

 (nuﬂ

| This equation, along with Ed. (IV~6)‘cangbe nsed to'evaluaﬁe the
attenuation factor, [T | /1Tl | |
) " A typilcal comp051te cylinder thermostat whose dimensions are shown ‘in Fig.
5, and which has outter and inner cylinders_of copper~and7a,middle‘cylinder oi
: cnrk, waslusedfto?calculate:the effect Qf}frequency;ofian aftificially created
' teﬁperature oscillationi(on the outer surface) on the attenuation.factor.  Thev

following physical properties of copper and insulator (cork) were useds

Meterial . Thermal conduetivity Thermal diffusivity _
' cal/cm sec’C .. cm /sec
Copper - 7' : 0,925 | 1l.12

o _ 0 -~
Cork - 1.03%10" " 1.29%10™
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' 'fhe.Bessel functions needed were taken elther from tables or frém'
expressions given in ref. 10. - - _ |
Figure 6 shows the étrong dependencé.of tﬁe calgulated éttenuation
factor on the frequency éf the temperatufe-oscillation én the outer surface; N
From a value of 5*1016 foritemperature fluctuatlons of one'cycle pér minﬁfe |
-the attenuation factor‘drops to almost 10 for 1 cycle éer 1000 minutes,
‘Since the fast temperature fluctuations have a sgort penetration disﬁahce,
while the slow fluctuations penetrate deeper ihtq thé thermostat, in order
to get‘a high dégree Of‘attenuation, it 1is importaﬁt_torappiy drift;ffee
fast température osclllation to the outer surface. To reduce the effect of
‘possible low frequency componenfs, 1t 1s desirable to use & larger thick-
ﬁess oﬁ insulatibn., | ‘ |
Based on these considerations, the total thick#ess‘of the insulafidn
used in the construetlon Qf the thermostat ﬁas 12,5 em as compaied‘to 5 em
used for the above modei. Circulating water was used to control fhe tem-.
pefature of the outslde cylindér. The resldual temperatuﬁeffluctuations
between héating and cooling of tbe water thermésta£ were aboﬁt 0.2°C and
had a frequency of about one cycle per minute, Details of the‘thermostétv

constructed are given in Section V-C, .

-
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1 cyclefmin - — 1 chle/hr : ) ﬁ.cvcle/dav‘

— Calculated: for Model
i o : Thermostat

=== Experimental: from
Constructed Thermostat

' L . L ; L
| 1 2 3 S
log (1/£) . o XBL 682-132

Fig. 6 Effect of the frequency of temperature cyéiing_on attenuation

factor (ratio of amplitude ‘of temp. wave outside to that of
inside) of thermostat. -
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V. EXPERIMENTAL

A. Construction of Thermopile DeviceS'

Three thermopiles, named A, B,.and S were bullt for experimental
studies. ‘ | _ |

Thermopile, A, was mede by taking a 1 cm3 block of epoxy resin and
,drilling thirty-two 0 025 cm diameter holes at small angles between two
Vopposite faces of the cube so as to form four rows of the zigzag pattern
- shown in Fig. 1. .025 cm dismeter .chromel and elumel wires were forced
, 1nto,adjacent holes and were connected in.such a wey'as to form 16 thermo- -
couples connected in series. The junctions of the thermooouples were
formed'by welding them with a smsa,llxa.cetylene-_torch‘° Two copper leadsvof
0,025 em diameterJWefe welded.to the remainlng two of the set of thermo~
voouples.f'Addltlonal epox& resin was applied to the tﬁovfaces of the cnbe
-‘containing'the junctlons. 'Thesevtwo faces were then ground untll adbout
. 6.025 em of epoxy resin'insulation was left over the junctions{ |

The thermopile Was then mounted on a short coppef bar by glueing the

. face of the thermopile containing the leads'to it. The copper'bar becomes :

a part of the heat sink when screwed to the top- of the innermost copper'
vessel of the thermostat.

In order to increase the sensitivity of the thermopile device, a new
thermopile, named B, was made using smeller diametef thermocouple wlres
and larger physical dimensions. A new teehnique was developed to make
the thermopile, as drilling accurately placed small holes (less than 0.025
.cm diameter) in epoxy resin blocks and welding the Junctions was found to

be impossible, Chromel and constantan wires of 0.0077 cm diameter were

E placed on either side of an'epoxy resin tape of 0.0l em thickness and



o

}1.7 cm widh at reguler spacing and anglesfand'then_sandwichéd between
two pleces of similar epoxy resin tape, asvshcwp in Fig; YA; The junc-
tlons were soft solderéd to give a total of twenty-seven‘therm§couples ‘
connected in series., Copper connecting wires were.attdched to the re-
‘maining two Junctioﬁs; | |

vThe epoxy resin teape containing the thermocouples was loosely wound -
aréuhd and gluéd by epoxyvresiﬁ to six 1.7 cm‘broad, 3 mm thick and ébﬁut
‘_ l.5l¢m long pleces of éolid epoxy resin,vas shown in Fié. 7B, to roughly

form a réctangular block, After éuring of the resin; additional epoxy

- resin was used to f£ill up the gaps so as to férm a rgctangular:thérmopile-
~of 1.74 cm length and 3.&8 cm? surfécé.area of each ofvthe faces :contain-
ing the thefmopi}e Junctions, In order to make the.surface,'cohtainihg
‘. the thermopilé'junctiéns,‘smooth and’té electricalLy insulate theijuﬁcﬁioﬁsﬁ
 ‘from the surroundings, a 0.0l cm thick epoiy tape was attachedvto the two
faées using epox& resin. | |

The face of the thermopile containing the leads was fixed to a short
2.5h.cm diameter copper cylinder which forms é part of the heat sink,
The comp;éted thermopilé is shown in Fig..8. |

Since nét much - could 5e done about: 1) reducing the size of thé thermo-~
coupie wires,HQ)‘increasing'the physical dimensions of the thermoplle, or
3) increaéing the nﬁmbér of junctions per unlt area, the only easy way to
improve the sensitivity appeared‘to be to use a construction materiai ﬁith
| lower thefmal conductivity than the epoxy resin. For this purpose, st&ro-
foam insuletion was selected. Because of its softness and heét sensitivity

a8 new téchnique was used to fabricate & thermopile named, S.
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Chromel wires (0.007T7 cm ) _ S B L

W Constantan wires- (0.0077 cm @)
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‘/“\ /“‘ /‘\, \ /‘\ _ /‘\\ /\ /‘ /‘\ —f; »

%\“V_A_\_‘“n‘\“_‘_‘_‘m“:}:’_— Em ow
resin tape
(0.01 cm thick)

Epoxy Ita.pe with sandwiched
Thermocouples

V777773
LLLLLA N

" Solid epoxy resin pleces -

v 777 7

(1.7 om wide X 3 mm thick)
= ~ |
o : | | XBL 682-133
- . Fig. T B :

Details of construction of thermopile "B"
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XBB 682-859

Fig. 8 Thermopile, B.
A Surface on which heat is released
B Thérmopile
C Part of heat sink
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Six, 1.9 cm long, l.7 cm broad and gbout 3 mm thick strips of styro- -
foam were taken. Chromel and constantan wires of 0.007T cm diameter nere

?enbedded inside each strip by making eleven fine cuts about 1.5 mm deep

" and spaced 0,16 em (1/16") along the breadth of the strip as shown in Fig. .

9. The thermocouple junctions were formed by soldering the ends of ad-
.jacent constantan and chromel wires so as to give a total of 10 Junctions
In series on each strip. All the strips Were then brought together to
form & rectangular block and free chromel and constantan wires of the

- adjeacent strips were also soldered so as to give a total of 33 thermo-
‘couples connected in series. In order to hold the strips together, to
_make the surface containing the junctions smooth and to electrically in-
sulate the junctions, 0,01 cm thick.epox& resin tape was glued to both‘the
"faces. The dimensions of the thermopile'are:b

| length = il.86 cm _
&rea of the faces containing Junetions =:3.27 cm? each.
The face of‘thefthermopile containing the*leadslwaspfixed;to & short 2,54
cm diameter copper piece. : o | |
In order to calibrate and study the performance of the thermopiles,

it is necessary to liberate heat on the surface containing ‘the junctionS‘_
in a'known.and reproducible manner. Electrical heating was chosenAforv '
thls purpose., A nichrome film'of about EQOK thickness; racuum deposited
on the snrface betWeen two thin copper electrodes (about'0.0077‘cm dianeter)
glued to the opposite edges of the face served as the resistor. The erapf
oratlon of nichrome was carrled out at about O.l micron pressure fromia '
0.075.cn diameter'tungsten filament through which a current of about 20

amps was passed. The distance between the filament and the substrate was

é -
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-

- Figi.9 Details of construction of thermopile, "s"
' o (one of the six elements shown)
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~about 12 cm, Deposition was carried out until a resistance of about
500"ohnw was measuredAbetween the copper éiectrodes. This required

~about five to ten seconds.

B. Construction of Pyroelectric Device

\

. The pyroelectric_element.used was &8 1.27 cm diameter and 0.63“cm '
(1/4") long ﬁarium:titanate ceramic.  Iead wires were taken from.the
two flat surfaces. The.surfaces had been made electrically conducting
by means of silver paint. Epoxy resin tape,‘0.0l cm thlck, then was used
 ‘to elecfrically insulate both}faces.j One, of the facés was then élﬁed to
8 shorﬁ, 2.54 ém diameter copper bar. For calibrationfand'pérformance'
studies, a nichrome.film was vacuum depésitéd on the othei face between

two thin cépper electrodes to serve as a reslstor for electrical heating.

C. Experimental Arrangement of thé Thermostat System

Baseci on the i‘esul‘ts in Sectlon IV.A, a compbsite cylinder thermostat '
}made of alternate cylinders of copper and styrofoam, respectively, was
conétructed. Details of the thermosta% are glven in Fig. 10, Four con-
céﬁtric éyiinders of copper and three of styrofoam were uséd inStéad of
"the fwo copper cylinders separated Sy one insulating layer considergd
_infhé'theoretiéél analysis. This-design further reduces the effect of
any slow grifts in the outslde’ surface tempéfaﬁute and uneven.heat

penetration,

% . ,
Gulton Industries, Inc.
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Fige 10 Detalls of the experimental thermostat.
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_ The“innermpet copperAveeeei acts es e constant‘temperature heaﬁ sink.,
for the probeg To facilitate the testing'of different temperatﬁre“pfobes,
the probe was fixed to a.short cepper barvof 2,5 cm In dismeter screwed
to the top of the innermost cylinderical copper:vessel.as shown 1n Fig.vlo.

'The fempefature of the outermost copper cylinder was controlled by
circulating water at a controlled temﬁerature ﬁhroughﬁ6a2.mm dlemeter
copper tube coil eoldered to the exterﬁal surface of the thermostat., In
order to avoid excessive heeting and cooling.loads of the circulating water
1 and also, to reduce the effects of the temperature fluctuations of the
.rooﬁ; the;thermostat wes enclosed in a reétangula? wooden box packed with
esbestoe.:_ _ o

'~ The circulating Weter of contfolled temperatufe was.pumped at the
rate of 0.5 g.p.m. from a water bath equipped with refrigeration aﬁd
‘peating units.* Under normai operatipn the water bath geﬁe ) tempefature:v
cycling with an amplitude of about 0.2°C and a frequeney of about one cycle
per minute. :- , :

The equipment 1s shown in Fig. 1l.

D. Experimentel Arrangement and Procedure for Calibration
of the Thermopile and Pyroelectric Devices

The test probe was fixed in position in the thermostat, as shown 1in
Fig. 10. Two leads for paesing current through the nichrome film heater
and two for transmitting the output from the probe to the measuring in-

strument were provideéd. Teflon coated wires were used fer this purpose'

5 ,
Model 2095, Forms Scientific Inc.
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Experimental set-up for measuring small heat release on the
surface of the probes.
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to increase the insulatiop‘and thus'reduce fhercurrent ieakage to a
minimum., The connection between the two ﬁires carrying the oﬁtput'from
-.the probe-and.the input leads of the ﬁeasufing instrument were made 1n &
‘small metal box, stuffed with coﬁton to minimize temperature fluctuations
and hence to.miniﬁize generation of spurious thermoelectric voltage at the
connections, To reduce the nolse due to étray electrical and magnetic
fields, all the wires were shlelded and the shields were connected to &
common ground. A micfovoltamme&aﬁewas.usédAto méasure the output from |
the thermopile and a Qibrating-reed electrometer*% was u§ed for the pPyTo-.
elec%fic devices., Thg output. from the meteré was recorded by a potentio-‘v
metric recordgr.***
A constant heat release at the surface was échieved by a consﬁant

' FRKRH
voltage supply.

Exponentilal decay type of heat release was achileved

by dischargling a condenéer through the surféce heater. The time coﬁstant

of ' the exponentially decaying heat release was controlled by changing .

Aeithér the capacitance of the condenser or the additional resistor con-

nected 4in series wifh the heater resistor, -Resistors up to a value of

105 ohms and capacltors of 11l.22 pf and 583 uf We;e used in the circuilt.
A ﬁeriod of aboqt T2 hours was allowed to bring thé thermostaﬁ,tg

equilibrium before taking readings.

E. Expérimental Procedure for Testing the Thermostat -

The thermostat was testéd by finding the attenuation factor for large

temperature oscillation at low frequencies applied to the outermost cylinder.

* Model 150AR, Keithley Instruments Inc.
*¥% .. Cary 31, Applied Physics Corp.

*¥%  Model MR, E. H. Sargent and Co.

*%%%  Model 605, Power Design Inc.
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The temperature of the innermost copper vessei wa,s measured with &

.single copper-constantan thermocouple, whose reference Junction was kept :

at Q°C.- In order to reduce the fluctuations of the reference Junction,
it was enclosed in a thiﬁ glass tube filled with white oll and suspended
iﬁ the stirréd ice bﬁth contained in a dewar. The EMF generated.in the
thermocouple was measured by a microvolt-ammeter whose output was re-
cdrded'by a poféntiometric recorder. Precautions mentioned in Sectidn,‘
V.D were taken to preVént spurious e;ectrical nolse,

The frequency and the amplitude of the heating and cooling cycle of

the circulating water was varied by using two temperature controller ele-~

ments in the water bath. Both were connected by means of a timer system

to the feét of the controller circuit in such a way that ét any timé, only

'ohe of the .controller elements was effective., The desired frequency (one

cycle in one to three hours) and amplitude (lO?C) of the temperature cycle
was obtaiged'by adjusting the timers and the temperature settings of the

controller elements.
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VTI. RESULTS AND DISCUSSION -

A. Thermgpiie Device -

The experimenﬁailyldetermiﬁed outpﬁt curves'obtdined for a heat

pulse ﬁiﬁh an exﬁonential decay are shoWﬁ in Figs. 12 through 19.for 4
thermopiie; "Bf and in Figs..20'through 25 for thermopile, "s", The ;
 time constahts pf the decay were Between 0,005 seconds and 30 sgcondso
Bofh thermopilesvwere calibrated by the procedure given in Appendix 3.
The éalculﬁted oﬁtput curves which bést fit the experimental data are.
~also shown in Figg. 10 through 10. The.reéultiﬁg éalculatéd values‘of.
the thickness of the insulation over'thé Junctions, averagé thermal
conductivity and éverage thermal, diffﬁsivity are glven iﬁ Tables 1 and
- 2 for the two thermopiles, alohg with thoée éalculated from the(dimenéions .
land the pfoperties of the méterials of the thermqpile.. In the latter.case
the observed thickness ﬁf the insulation 1sg the thickneés over the 3uﬁctioﬁs:.
while the average thermal diffusivity and thermal conductivity are thqsé'
~ obtalned from the weighted average of the thermal conductivityband the
- thermal capacity of the different materlals ofvthermopile. Good agreement
~ 1s observed between the tﬁo. Since the thickness calculated for'the beét
fit is.the thickness of the insulation which has the same thermal properties
as tge bulk of the thermopile, the difference between this thickness and
 the obse:vgd thickness.of the epoxy resin insulétion for thermoplle S
could be due to the difference in the thermal properties of the two materials., .
It can be‘seen.from.Tables 1l and 2 that the values of»the calibration paré- :

meters for a given thermopile are independent of the rate of heat release.
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Fig. 14 Output-time relation for thermopile, B.
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Fig. 15 Output-time relation for thermopile, B.
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Fig. 16 Output-time relation for thermopile, B.
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- Fig. 17 Output-time relation for thermopile, B.
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Fig. 18 Output-time relation for thermopile, B.
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Fig. 20 Output-time relation for thermopile, S.
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Fig. 21 Output-time relation for thermoplle, S.
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Fig. 25  Output-time relatlon for thermopile, S.
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Table 1., Thermopile "B"

Iength = 1.75 cm.

Ares of the surface on which heat is released = 3,48 cmgp
Number of thermocouples = 27, chromel and constantan
Diameter of the Wireégs 0.0077 cme:- =00 -

Thermal iﬁsulation used = epoxy resin.

Thermoelectric coefficient = 60 uv/OC (experimental value)..
Electrical resistivity (chromel) = 8},5><10"5 ohm cm,

5

' Electrical resistivity (constantan) = 4%.9x107” ohm cm.
Input resistance of measuring instrument = th ohms «

Time constant of the instrument = 0.5 second.

Fig. No. 12 iy % 8 19

Thickness of the 0.028  0.028  0.028  0.028 0.028
insulation, cm,

Average thermsl
diffusivity, 0.00L 0.001 0,001 - - 0,001 0.00L

em?/sec

Average thermal
conductivity, 4,27 4,29 4,36 4,13 3.82

cal/cmasec°C %10

Thickness of the insulation over the Junctions (calculated from best fit)
= 0,028 cm. | |

Thickness of the insulation over the junctions (observed) = 0.015 cm.

Average thermal diffusivity of.the thermopile (calculated from best fit)
= 10D e [sec.

Average thermal diffusivity of the thermopile (calculated from physical
properties) = 1,1x10™° cm /sec. .
Average thermal conductivity (calculated from best fit) = AOEBXlO-ucal/cm.éecobn
Average thermal conductivity of the thermopile (calculated from physical

properties) = h.luxlo-h cal/em. sec.°C.
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Teble 2, Thermopile "S".

Length = 1.86 cm.
. _ ‘ o
Area of the surface on which heat is released = 3.27 cm .

Number of thermocouples = 33, chromel and constantan;
Diameter of the wires = 0.0077 cme '

Thermal insulation used = styrofoam.

Thermoelectric coefficlent of the thermocouple = 60 uv/°C (experimental velue)

Electrical resistivity (chromel) = 8.3x10'5 ohm em,
Electrical resistivity (constantan) = 1}.9><1O'5 ohm cm.
Input resistance of measuring'instrument = 10 ohms.

Time constant of the instrument = 0.5 second.

. Fig. No. 21 22 .25 25
Thickness of the insulation, 0.15 . 0.15 0.15 0.15
cm. o 1 . |
-2 -2 -2 -2
Average thermal dlffus1v1ty, lo ~. 10 10 10
em”  /sec : . o
Average thermal conductiv1ty, 3,65 3438 3.38. 3.13
.conductivity, cal/cm.sec.’C
x10

' Thickness of the insulation over the junctions (calculated from best’ fit)
= 0,15 cme o "

Thickness of the insulation over the junctions (observed) = 0.015 cm.

Averdge thermal diffusivity of the thermopile (caleulated from best fit)
= 10"2¢ /sec.

Average thermal diffusivity of the thermopile (calculated from physical
properties) = 9.6x10 3cm2/sec.

Average thermsl . conductivity of the thermoplle . - . (calculated'from
bestifit) = 3.309x10"*cal/cm, sec®C.

Average thermal conductivity of the thermopile (calculated from physical
properties) = l.3x10'ucal/cm. secoc. '

1



i

=T

Comparison of experimental curves obtained for the same time constants
but different total amounts of heat released on the surface is maede in
Table 3. Tt shows that for the same time constant of the heat release

the experimental output of the thermopile is proportional to the amount

.of heat released on the surface.

Table L gives the ratio of the heat liberated at the surface with

respect to the current at the peek for cases where the heat release is

fast. The constancy of the ratio for a given thermopile verifies Eq. (II-17)
which indicates that for fast heat release, the total heat released on the
surface can be given by the ratio of the output of the thermoplle at any

. time to the value of function, f(t) at the same time, where £(t) is a

fﬁncfion of time completely defined for a given thermopille and measuring
Instrument. | |

Inspection of the experiﬁental curves Indicates that the magnitude '
of the random fluctuations in the measuring instrument due to electrical
noiée is about 5xlo-l2 amp at th ohms inpu£ resistance., The instantaneous

release of heats of the order of 80‘ergs/cm2.and 35 ergs/cm2 on the sur-

-face of the thermopiles, B and S, respectlvely, with air as the surrounding

medium produces a peak current of about l.25x10—l; amp. The heat released

in these cases could thefefore be measured with an accuracy of 20 to 5%,
The accuracy of measurement is Improved for larger amounts of heat re-

lease on the surface,
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T &

Table 3..
rativof total ratio of
Fig. No. Thermopile - heat evolved the peak
T LT T T T rrent
12 and 13 B 2.01 2,03
1% and 15 B 2,0k 2,00
16, ana 17 B 2.06: . , 2.09
23 and B4 S U 2,600 T Tl 2,63
Table 4
time constant of ratio of total
Fig. No. Thermopile  heat released on ' ‘heat released to
' : the surface, sec " the peak current
2 . 12
12 B 0,0064 8.15 x 10
Tk B 0.0550 . T.82 x 10
16 B 0.3320 , 8,96 x 102
20 : S 0,0065 o 2.85 x lO12
Tl s 0,640 2,77 x 107

T o2 S . 0.3400 o 2,83 x 1072
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B. P&roelectric Devlice .

Attempts to measure the output of the pyroelectrie element for known

. rates of heat release on one of its surfaces, were unsuccessful, A

spurious output, which was larger than the expected outpﬁt was obtained

from the electrometer ﬁhen current was passed through the nichrome film
heater.. As a result, it was not‘possible to get a reliable experimental
outppt.
C. Thermostat

Table 5 gives the experlmentally observed attenuatlon factor givén
by fhe ratio of the amplitude of thé tempergture fluetuatlon on the outerQ.
most copper c&linder and the innermgst copper cylinder of the thermostat
for different frequenciles of ﬁhe temperature oscillatlons in the outer-
most copper cylinder of the thermostat.

, Experiments at lower cycle time could not be carried out due ﬁo the
difficulties in measuring very small tempefature changes with time in the
innermost copper cylinder. Table 5 shows that a decrease 1n the cyple
time results in an increase in the attenuatidh factor. Thils observation
is in qualitative agreement with the numerical resﬁlts,given in Fig. 6
for ﬁhe model thermostat.

Extrapolation of the curve passing throughlthe experimental polnts
shown in Fig; 6, based on the curve obtained by numerical calculations for

17

the model therMOstat, gives an attenuatlion factor greater than 107" for
temperature cycles of one mlnute at the outer surface of the thermostat.
Since; during normal operation, the temperature fluctuation at the outer .

surface of the thermostat occurs at about one cycle per minute with an
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Table 5.
Run Cycle time  Amplitude of the Amplitude of the -Attenuation
' min/cycle  temp, wave in temp. wave in factor
the outermost the innermost (T /T.)
. . o "1
. ¢ylinder, To. .‘,cyllnder,“l‘i
1 63 10°C 1072 10t
2 117 10°¢ 8x107°¢ | 1250
3 175 10°C ... . .2.25x107°°C kb5

emplitude of O.2°C, the extrapolation of the experimental date implies

that the temperature in the innermost copper cylinder of the thermostat

should not fluctuate by more than o108 (if such & temperature is

- defined). o o
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VII. CONCLUSIONS -

In the presence of air as the surrounding medium, total instantaneous -

heats of the order‘of-80 ergs/cm and 39 ergs/cm2 released on the surface

of the thermopiles B and,S, respectively, could be measured with an accur-

acy of about 20%. However, better accuracy can be obtained for larger
emounts of heat. The sensifivity of the thermoplle decreases as the rate
of heat release on the surface is decreased (which correspond to higher
time constants of heat release). |

The values of calibration parameters - thickness of the insulation

| over the junctions, average thermal diffusivity and thermal conductivity

of the thermopile are found to be independent of the rate of heat release.
The sensitivity of the thermopile is affected by the thermal properties

of the fluid medium in contact with the surface. In genéial, the higher

-the thermal dohductivity and the heat capacity of the Fluld, the lower will

be the sensitivity of the thermopile. In order to take the effect of
thermal properties of the fluid into account, 1t 1s essential to recalibrate -
the thermopile every time the fluid medium is changed. The change of the '
fluld ppoperties is reflected by the change in the value of the average

thermal conductivity, k, in the Eq.(B—la) which is used for callbration

‘of the thermopile.

Throughout this work, 1t has been assumed that the heat is.transferred
from the surface by conduction alone. Thig assumption is valid for the
thermopile surface in contact with a stagnant fluid because in such a case,
the heat lost from the surface by hatural convectlon and radiation is

negligible due to the very small temperature differences involved.
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The calculations performed indicate that pyroelecfric devices shbuld
be able to measure with an accuracy of 10%, a total heat reiease of a
few hundred ergs/cme._ The pyroelectric device appears to be specially
attractive.fqr the measurement of short thefmal pulses or high rates of

heat release.

e
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APPENDIX A

Sblﬁtibﬂ'éfloné bimehsioﬁal.HéétvCéndﬁctionnﬁqﬁdfion for Timé-

Dependent Heat Release on the Surface of the Probe

The one dimensional heat conduction equation:

T 1 o
— oz = - ‘ o (A-1

can be solved to find temperature as a function of'timeﬂat any point in
the probe, shown in Fig. 2, by using.the follcwing initilal and boundary

conditlions.

at t = 0, T = 0 for all x'
at x =0, T =0 for all t
and%% ==q(};c)

x=T,

where, T ié the témperature relativeotoathéfheat;sink“at anyxpointjatva.dis-
tgnce x.from,the”heatesink;:daand k are the thermal dlffusivity and the
.-thermal condﬁctivity respectivel&,'of.the'prgbe.";Théjvalue a(t) 1Sxthe”iate
of heat release per;unit;surfaCe.area”of:the probe at time tgand.is repre-

sented by:
a(t) = = aje
1

where a, and w, are constants.,
\

1
Taking the’ Laplace transform of EqT'(A—l)5 and using the initial.cén-

dition, one gets:

é (01 ——2— = sT (A-E)

r
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conditions are:

85-

'where, T 'is the Laplace transform of T, given by -

0"

T = _[e"St T(t) dt
.o

Equation (A-2) can be solved to glvet
. Neax -Vo/o x | -

T = Ae ~  +Be o (A-3)

where, A and B are ‘constants of integration. .The. ‘ti‘ansforméd boundary

18 e -

at x =0, = 0
&
. = i
=L & -2 e
i i

The constants of integration, A and B in Eq. (A-3), can be evaluated

by the use of transformed boundary conditlons to glve:

haﬁi_\r&_ ’ _j sin(jV S/OK X)] _ | (A-)-l-)
ks (s@i) cos (jVs/oz L) _ o

£l
e M

where J =+ -1,

The function T has a branch point at s = O and poles é.t 5 = —wi and

at §,= -((2n+1)71'/2L)203, where n 1s an integer. Equation (A-4) can be

inverted by the usual contour integration to gilve the _'rela,tive temperature,

T, as a function of time, t, as:

' ot on+l
a, sin(\l‘*’i;oz x) e ' ° Qai(_l)nL Sin(% ﬂ%
T= 3 : -2 2
. - D w, L=
- +
Lk yo/a cos( yo /o L) R 7 -
(= M

. oa(entl/2 /)P



APPENDIX B

Procédﬁre”fo}“CéiibratioﬁAof ﬁhe Tﬁermdpiie“éhd the'Calculation
6f Heat Released at the Surface from the Experimental
Qutput of the Thermopile '

Calibration of the'thermopile basically consisté in experimentaily.f
deterhining~the%thickhesé:of the insulation.over%the'junction-S,gaverage
- thermal diffusivity'og and-dﬁerage‘thermal,cbnduCtivity k,wofkthe thermopile
sueh that’ Eq. (1T-9 ) fits the eXperimentél. output of the .thermopile. |

In the ﬁrocesses of iﬁterest, the‘heat,released on the surface can be

represented by the first two terms of Eq, (II-3), -
- (ot st R _ '
a(t) = ale -e _— | (I1-L)
where q(t) is the rate of heat release per unit area of,the;surfaceﬂat)timé ‘ 

%, and 8, ®© and ®,:.are constants. .For these cases,.Eq. (II-9) can be re-

arranged té glve:
' -t/t -0t
: : +
2 [s;tn(Mi(‘l-y) ) - sin(Miy>] [e e i] (-1t
(wiTI ) :

1=1 M, cos(Mi) -1

. ) L ‘ ; ‘ "t/T -
1 . . -+ ! .
2 o 2(-1)’““'l"-'l.[s,in(gn+l car(l-y))- -sin(g%—lu 7130] [e T e

. 2 .
- z 2 2 2 2 .
i=1 n=0 ontl < ontly ‘
o o

(3-1)
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" where,

= zgk
v alL
M.EEVUL/G L
i i
and . o L G -
.- ‘
yoe o

z is the output of the measuring instrument with time constant Ty at time

" t, A, defined by Eq. (II-7) is the current in the circuit due to 1°C

difference of temperature between the two sets of thermocouple Junctions,

: Otl and k 'are .averége. thermal diffusivity and thermal conductivity of

the thermopile of léngth L, ® is the thickness of the insulation over the
Junctions-and g iq' the sens thlLy of the measuring instrument.

For the callbratlon experiments, the rate of heat release decayed ex-

ponentially with time. This is given by the first term of the expansion =

-

(Ii-}). - In such a case, Eq. (B-1) becomes:

. ..t/'r .t
[sin(Ml(l-y) ) - sin(zv.?ly)] [e I l]

Mi cgs My (wlfrI - 1)

é B N .
(2n+1 Kig ) wl't

To calibrate the thermopile, U is plotted as a function of time for =an arral’

) . )
-; 2(-1)" [sm 22 —-y) ) -s in(?nﬂ' n‘y)] (e /_TI My )
. n=0 : ont ol w2
- [<C21 '”)2"12 ][‘sz (?'”et]"%) - ]
(B-1a)

of combinations of valJes of ? pd y Bach curve shows 2 peak at a time, t.
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The curves which have the peak at the same time t, as the experimental'out-

put curve, are redrawn by changing the scale of U in such a way that the

height of the peak 1is equal to that of.thelexperimental oﬁtputlcurve. The

values of Mi and y for the best fitting curve are used to calculate thermal
-diffusivity'a and the insulation thickness, 8. Thermal conductivity k, is

‘then given by

< (96

where U is the height of the peak of the bestrfittihgvcalculdted curve
given by Eq. (B-la) and z is the height of the peak of the experimental .
cCurve.s ‘ | .

In order to get méaningful resuits, it is necessary that the time :

constant lﬁnl of the heat released on the surface be gfeater,than the tlme .

‘fconstant of the measuring ihstrument.
. The heat released on the surface as a function of time can be cal-

culated by the same procedure as used for calibration of the thermopile.'

The only difference is that Eq. (B-1) has to be used instead of Eq. (B-la)

~ and the unknowns are a,_&l and wb instead of k, o and 8.

The above procedure faiis for "instantaneous" heat release on the sur-
face Ztime constant of the heat release very émail as.compared to that of
the measu%ing instrument). In suchléasés, Eq. (II-17) indicates that the
height of the peak of the expérimental curve is proportional to the total
heat réleased on the surface. Hence, the unknown heat release can be.

: determined'by compariﬂg the height of the peak of experimental output

curve with the one obtalned for a known instantaneous.heat release on

the same surface.

C’
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~Ifishouldibe notgd that dﬁring calibration,'the.effécﬁ of theAﬁeat
losses from the sufface by conduction thfough.the surrounding médiﬁm are
automatiéaliy inecluded in the calculated ﬁalue of the thefmal-conductivity,'
k, because the value of "a" actually used in Eq. (B-2)~tp evaluate k .

corresponds to the heat released on the surfa@e and not to the heat con-

“ducted away through the thermopile. So the thermopile should be recal-

ibrated each time the thermal properties dfbthe surrouhding medium are

changed.

Q
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NOTATIONS

area of the surface of heat release (cm2)~ .

cross-sectional areas of the two mgterials‘of the thermocouple
- and of the thermal insulation, (respectively (cm®)

defined by Eq. (IV-3a)

constant in Eq. (II-3) (cal/cmzsec) o . L

_ defined by Eq. (IV-3b)

electrical capacitance- of thevpyroelectric element and external
circuit, respectlvely (farad)

total electrical capacitance (= C +C ) (farad)

- defined by Eq. (IV-3c)

 average specific heat (cal/gm C)

defined by Eq. (IV—Bd)
; EJM.F. Produced (volt)

? pyroelectrlc voltage at point nyn (volt)

_ voltage across the pyroelectric element‘(volt)

heat flux (cal/cm?sec)
~ defined by Eq. (II-16)

bandwidth, cycle /sec

defined by Eq. (II-8) (amp/unit output of instruménf)

- - units of output produced by 1°C difference in temperature be- .

. tween two sets of thermocouple junctions (units_output/oc)

" current (amp) ’ . ' ‘ ‘ S

‘modified Bessel function of zéro order with imaginary argument

‘modified Bessel function of first order with imaginary argument

N -1 imaginary unit
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B

Ko(z) . modified Bessel function of Zero order with imaginary argument
Kl(z) modified Bessel function of first order with imaginary argument
k ' average thermal conductivity (cal/sec. cm’C)

kl,kg,k3 ‘thermal conductivity of the two materials of the thermocouple

and of the thermal insulation,’ respectively (cal/sec cm C)

k Boltzmann constant (= l»38x10 23 joule/oc) v |

L ' length of the probe (cm)

o . Lorentz number

eaverage Lorentz number

) avg .
N number of thermocouple junction
.n_ . an integer; frequency in Chap,; v
Pr - constant of integration in Eq. (IV-2)
el ' thermal conductance (cal/sec C), pyroelectrilc coefficient

' (coulomb/em2°C)

Q | total heat released on the surface (cal/cme)
Qi .pyroelectric charge produced by slice "1i" (coulomb)
Qt constant of integration in Eq. (Iv-2) "
- .charge produced by & pyroelectric.element (coulomb)

a(t) rate of heat release per unit surface area at time, .t
R, electrical resistance of the slice, 1 (ohm)
RI ~electrlcal resistance of the external circuit (ohm)
R electrical resistance of the pyroelectric element (ohm)

P . - T
R, total electrical reslstance (= l/R + l/R ) (ohm)

r Spec1flc electrical resistivity of the pyroelectrlc element

(ohm cm); radial distance in Chap. IV (em) :

rl,rg specific electrical res1et1vity of the two materials of the

thermocouples (ohm cm)



'defined by Eq. (II-7) (amp/°C)
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measure of sensitivity (cal/sec.cm? unit output)

absolute temperature (°x); temperature at any point in the a
" thermopile relative to the ten@erature of heat sink (°C)

temperature difference between two sets of junctions (°C)
. bulk temperature change of pyroelectrie eiement (°C);

time (sec) | |

minimm detectable voltage ‘due to electrical noise’ (volt)

minimum detectable energy due tovthermal nolse (Watt).

minimum measurable energy due to noise (watt) |

distance along x-axis from heat sink (cﬁ)

thickness of the slice, i (cm) | .

distance along y-exis from‘origin'(cm)

:output of the measufing instrument

average thermal dlffusiv1ty, ém [see)

Peltier coefficient (cal/sec‘amp.per Junction), B = L/f~—“~

in Chep. IV v

effective thermal capacitance defined in Eq. (ii—l) (cai/°c)
" thermoelectric censtant (volt/°C) |

average density\(gm/cmB}

‘constant in Eqa (II-3) (l/see)

thickness of the insulation over the junctions (cm) ) ’

characteristic time constant of heat release (sec)
time constant of the measuring instrument (sec)
constant in Eg. (II-23c¢) (L.18L4) -

responsivity of the device (volt/watt)
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