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THE EFFECT OF ULTRA-HIGH PRESSURE ON

THE EMF OF THERMOCOUPLES

INTRODUCTION

Statement of the Problem

The accurate measurement of high temperatures presents a

challenging experimental problem in a high-pressure environment.

Such conditions are routinely encountered in the study of phase trans

formations in solids, where temperatures exceeding 2000° C and

pressures of more than 100 kilobars are not uncommon

(1 kilobar = 14, 504 pounds /inch2 108 newtons /m2). When the tem-

peratures involved are no more than a few hundred degrees Celsius,

an entire pressure vessel may be heated externally, often by immers-

ing the vessel in a heated fluid. Under such conditions when the

system attains thermal equilibrium the temperature within the vessel

may be conveniently determined externally with considerable accuracy

by conventional means, such as a calibrated thermocouple or resist-

ance thermometer, at atmospheric pressure. At temperatures above

approximately 400°C the strength of the material of which the pressure

vessel is constructed begins to decrease rapidly with increasing tem-

perature, thus limiting the maximum safe operating pressure. This

difficulty is commonly circumvented by heating only a relatively

small, thermally-insulated high-pressure region by means of an
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internal electric furnace, while the pressure vessel itself remains

safely cool. Because of their simplicity, ruggedness and small size,

thermocouples have become the principal means of determining the

internal temperature of the pressurized region in such high-pressure

devices. The absolute accuracy of such temperature measurements

is in question, however, since the thermal emf produced in a thermo-

couple is itself dependent on the ambient pressure. As an example,

for the commonly-used platinum-10% rhodium/platinum thermocouple

(Pt10%Rh/Pt) the pressure effect at 1200°C and 50 kbar is believed to

produce readings approximately 50°C lower than the true tempera-

ture (39,40).

Review of Previous Work

Before reviewing in detail the efforts of previous investigators

we present a few necessary introductory remarks concerning the

experimental configurations commonly used in this field of research.

Attempts to experimentally determine the effect of pressure on the

thermal emf of metals and alloys have generally employed either of

two configurations: a single-wire method or a thermocouple approach.

In the single-wire method a single, continuous, homogeneous wire of

the material under investigation is passed through pressure and tem-

perature gradients as shown schematically in Figure 1. Also shown

in Figure 1 are the temperature and pressure as a function of position
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along the wire, both for the idealized case of isothermal pressure

seals and for a more physically realistic case which might be

encountered in an actual laboratory situation. Under atmospheric

pressure (p = 0.001 kbar) the wire passes from the reference

temperature
0

(typically an ice point bath at 0° C) to the pressure

seal at temperature T1 > T0. The wire then passes isothermally

(in the idealized case) into the high-pressure region at pressure

After leaving the pressurized region through another isothermal

pressure seal at some temperature T2 > T1, the wire returns

under atmospheric pressure, PO'
to the reference temperature,

p1.

T0. Denoting by S(p, T) the Seebeck coefficient or thermoelectric

power (also referred to as the "thermopower") at pressure p and

temperature T, the total thermal emf generated in the circuit is

determined by summing the contributions from each segment around

the circuit.

E = CQ S(p, T)dT
sw

T1 T2
To

S(po,T)dT + S S(pi,T)dT + J S(p0, T)dT
To T1

T2

Esw = .51 [S(p1 T)-S(p0' T)1dT
T1



5

The alternative method most commonly used exposes a

thermocouple composed of two dissimilar metals, denoted here by

subscripts a and b, to pressures and temperatures as depicted

schematically in Figure 2. Both wires pass from reference tem-

perature T
0

at atmospheric pressure, p0,

at temperature

to the pressure seal

T
1

> To. The wires then pass through an (ideally)

isothermal pressure seal into the pressurized region at high pres-

sure pl. Under pressure pi., the wires then increase in tempera-

ture from T1 to T2, the temperature at the thermocouple

junction. Again, evaluating the total thermal emf around the circuit

we have

Etc

Etc

S(p, T)dT

T1

= J Sa(po, T)dT + J S a (p
1,

T)dT
TO

Tl TO

+ J Sb (p1' T)dT + J Sb (p0' T)dT
T2 T1

T1

= S [Sa(po, T)-Sb(po, T)idT
TO

T2

+ J [Sa(pc T)-Sb(pi,T)idT (1-2)
T1
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or

where
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T T2

Etc = S S ab
(p

0,
T)dT + S S ab

(pi, T)dT (1-3)
TO T1

Sab(P' T)
Sa(p, T) - Sb(p, T) (1-4)

is defined as the relative Seebeck coefficient. The first term in

Equation (1-3) is simply the contribution due to the unpressurized

portion of the circuit between the reference temperature, T0, and

the pressure seal temperature, T1. For T
0

= 0°C and a known

temperature T1, this first term may be evaluated for standard

thermocouple pairs using published reference tables (71) for use at

atmospheric pressure

One modification of this thermocouple configuration consists of

connecting two identical thermocouples in a differential mode with one

thermocouple under pressure and the other at atmospheric pressure,

with both hot junctions at temperature T2,

in Figure 3.

as shown schematically

Evaluating the total thermal emf around the circuit we find
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T1

Ediff = .51 S a
(p

0,
T)dT +

TO

T1

S
a

(p
1,

T)dT + S Sb (p
1,

T)dT
T

2

TO T2 To

S
b

(p T)dT + Sb (p0,
T)dT + .51 S a

(p 0' T)dT
T

2T1 To

T2

[Sa(pi, T)-Sb(pi, T)]dT
T1

T2

[Sa(po, T)dT-Sb(po, T)]dT
T1

9

(1-5)

T2

Ediff = [Sab (p
1,

T)-Sab (p 0,
T)]dT (1-6)

T1

which gives directly the change in thermal emf which results from

placing the thermocouple under pressure. This quantity can also be

obtained using the absolute corrections from single-wire experiments.

Rewriting Equation (1 -5) we obtain

T2 T2

Ediff .51 [Sa(pi, T)-Sa(po, T)]dT [Sb(pi, T)-Sb(po, T)]dT
T T1

which demonstrates that Ediff is also equal to the difference

between the single-wire corrections for each of the individual

(1-7)
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materials, represented by subscripts a and b, which constitute

the thermocouple; that is, from Equations (1-1) and (1-7)

Ediff (Esw)a (Esw)b (1-8)

Finally, a common variation of the thermocouple configuration

used in ultra-high-pressure systems which employ a solid pressure-

transmitting medium is illustrated in Figure 4. The pressurized

junction is heated by means of an internal electrical resistance

furnace. The total thermal emf for this configuration is also given

by Equation (1-3),

T1 T2

Etc 51 S ab (p 0, T)dT + J S ab (p
1,

T)dT .

TO T1
(1-9)

Proceeding with a review of this field one finds that high-

pressure research falls generally into two pressure ranges. Studies

done under truly hydrostatic conditions requiring the use of a liquid

or gas as the pressure-transmitting medium have generally been

limited to pressures up to 12 kbar and temperatures of no more than

a few hundred degrees Celsius. To attain higher pressures and tem-

perature one must be satisfied with quasi-hydrostatic conditions using

a solid pressure-transmitting medium.
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Within the hydrostatic pressure range the first significant study

of the effect of pressure on the thermal emf of metals and alloys was

that of Bridgman (16), whose extraordinary pioneering efforts laid

the foundations of modern high-pressure physics. Using a single-

wire approach (Figure 1), Bridgman studied 18 metallic elements and

two alloys under pressures up to 12 kbar and temperatures up to

100 °C, concluding that even over this rather limited range of pres-

sure and temperature the results were "unexpectedly complicated".

Unfortunately, Bridgman did not study most of the thermocouple

materials in common use today.

Birch (10), using a thermocouple configuration (Figure 2),

studied Pt10%Rh/Pt and chromel /alumel thermocouples at pressures

up to 4 kbar and hot junction temperatures (T2 in Equation (1-3))

up to 470°C, His results for Pt10%Rh/Pt indicated an emf pressure

correction of +15 p.V at 470° C and 4 kbar, corresponding to a tem-

perature correction of approximately +15° C. (Note: According to

convention the "emf pressure correction" is the voltage which must

be added to the emf of the pressurized thermocouple in order to obtain

the true temperature using standard atmospheric pressure thermo-

couple reference tables. The corresponding "temperature correc-

tion" is the number of degrees which must be added to the uncorrected

temperature indicated by the pressurized thermocouple to obtain the

true temperature. ) Birch found the thermal emf of the chromel/alumel



thermocouple to be essentially independent of pressure to within

10 p.V. However, he did not record the temperature of the pressure

seal (T1

13

in Equation (1-3)), which implies that the actual tempera-

ture gradient under pressure was somewhat smaller than otherwise

indicated.

Bloch and Chaisse (11) employed a thermocouple configuration

(Figure 2) to study the effect of pressure up to 5 kbar on copper/

constantan thermocouples at low temperatures from -196°C to

+89°C. They found a linear positive correction of 0.048°C/kbar at

89°C which agrees with the results of Bridgman (16) and Bundy (21)

over the mutual range of measurement.

Bell, Boyd and England (8) employed a differential thermocouple

arrangement (Figure 3) to study the effect of pressure on Pt10%Rh/Pt

thermocouples under hydrostatic conditions up to 10 kbar and tem-

peratures up to 509°C. Their results indicate that pressure

decreases the thermal emf of a Pt10%Rh/Pt thermocouple, thus

requiring the addition of a positive correction at pressures above

atmospheric. An emf pressure correction of 20 1,LV was determined

at 509° C and 3.5 kbar, corresponding to a temperature correction of

approximately 2°C, values which compare favorably with results

extrapolated from solid-media experiments at much higher pressures.

Freud and La Mori (32) conducted single-wire (Figure 1) hydro-

static studies on chromel, alumel, copper and constantan at pressures
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up to 8 kbar and temperatures from -195°C to +290°C. Results

computed for the copper/constantan thermocouple (Equation (1-8))

agree within experimental error with those of Bloch and Chaisse (11)

and Bridgman (16). For chromel/alumel at 8 kbar the emf pressure

correction was found to be essentially zero between -83° C and

+27°C, increasing to approximately +1 p.V between 100°C and 200°C,

then decreasing and changing sign between 200°C and 300°C. This

behavior agrees essentially with the results of Getting and Kennedy

(34) for chromel/alumel extrapolated to these lower pressures.

Using hydrostatic pressures up to 7 kbar and an internal

furnace to produce temperatures from 500° C to 980° C, Lazarus,

Jeffrey and Weiss (56) employed a thermocouple approach (Figure 4)

to compare differences between temperatures indicated by a pres-

surized chromel/alumel thermocouple as compared to a pressurized

Pt10%Rh/Pt thermocouple. Their results indicate that the

chromel/alumel thermocouple is definitely pressure dependent above

720°C with the correction reversing sign (becoming negative) above

this temperature in agreement with higher-pressure results of

Getting and Kennedy (34). Lack of knowledge of the precise tempera-

ture of the internal furnace precluded the quantitative evaluation of

emf pressure corrections for the individual thermocouples.

Lallemand, et al. (53), using a Pt10%Rh/Pt thermocouple,

studied the effect of pressure on the fusion curves of gold and silver.
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By comparison with thermodynamic calculations they concluded that

for pressures up to 8 kbar and temperatures between 960°C and

1100°C, the thermal emf of the Pt10%Rh/Pt thermocouple decreases

with increasing pressure resulting in a temperature correction of

approximately 0. 5 °C /kbar. This value is consistent with results of

Lazarus et al. (56) and Getting and Kennedy (34).

Using a differential thermocouple arrangement (Figure 3),

Cheng, Allen and Lazarus (23) have studied the effect of hydrostatic

pressures up to 2 kbar and temperatures up to 950°C on chromel/

alumel and Pt10%Rh/Pt thermocouples. Results indicate positive emf

pressure corrections for PtIO %Rh /Pt in general agreement with

Getting and Kennedy (34), while the corrections for chromel/alumel

thermocouples may be even more negative than those indicated by

Getting and Kennedy. The pressure dependence of the difference

between indicated temperatures of the two thermocouples is generally

in good agreement with the earlier work of Lazarus, et al. (56).

The most recent hydrostatic determinations are those of

Diatschenko and Chu (30) for a chromel/alumel thermocouple (Figure

2) at pressures up to 22 kbar and temperatures between -269°C and

+27°C, which indicate extremely small emf pressure corrections of

no more than ±1 'JAI. over the entire range of temperatures studied.

This result is consistent with previous studies at temperature above

0°C (34,40,56).



16

Within the relatively limited pressure range of hydrostatic

studies the results have generally agreed within experimental error.

In the ultra-high pressure range above approximately 20 kbar, how-

ever, the currently available thermal emf corrections due to pres -

sure are only approximate because of several inherent experimental

difficulties (41):

(1) uncertainty in the absolute pressure in the nonhydrostatic

solid pressure-transmitting medium,

(2) lack of precise knowledge of the true temperature within

the pressurized region,

(3) pressure seals which are not isothermal,

(4) plastic deformation of the thermocouple wires, and

(5) environmental problems including chemical contamination

and electrical shunting of the thermocouples at high tem-

peratures.

In spite of these difficulties a number of significant results have

been obtained in this higher pressure range using solid-media sys-

tems. Bundy (21) employed a single-wire method to study the effect

of pressure on the thermal emf of eight metals and alloys at pres

sures up to 72 kbar and a temperature difference of 100°C. Taking

differences between the single-wire corrections (Equation (1 -8)) to

determine the appropriate thermocouple emf pressure corrections

Bundy found corresponding temperature corrections of nearly +5°C
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at 100°C and 40 kbar for Pt10%Rh/Pt and slightly more than +1°C at

100° C and 40 kbar for chromel/alumel. The extrapolated results for

chromel /alumel are shown in Figure 5 for a pressure of 40 kbar.

Bundy also conducted common-junction thermocouple experiments

which compared chromel/alumel against Pt10%Rh/Pt at pressures to

42 kbar and temperatures to 1200°C. The difference was found to

first increase to as much as +15°C at 42 kbar and approximately

500°C; then to decrease, eventually changing sign at temperatures

above 800°C. Bundy thus clearly demonstrated the danger inherent in

extrapolating thermocouple corrections far beyond actual measured

temperature and pressure ranges, a warning that has often been

ignored in practice presumably for lack of better information.

Hanneman and Strong (39) used a thermocouple approach to

determine relative temperature corrections for several thermo-

couples including chromel/alurnel against Pt10%Rh/Pt. Their results

differ from those of Bundy at high temperature, the relative tempera-

ture correction reaching +47° C at 1200°C and 50 kbar. Comparing

experimental results with theoretical thermodynamic calculations for

single-component phase transformations and for diffusion at high

pressures, Hanneman and Strong were able to estimate the true tem-

perature of the internally-heated pressurized region, thus determining

the absolute temperature corrections for the individual thermocouples.

Their results for chromel/alumel at 40 kbar are shown in Figure 5.
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Later work by the same investigators (40) using different high

pressure cell materials and attempting to correct for temperature

and pressure gradients in the pressure seal region resulted in a

downward revision of their previous estimate for the temperature

correction in chromel/alumel, also shown in Figure 5. Peters and

Ryan (65) also measured relative temperature corrections for

Pt10%Rh/Pt against chromel/alumel at 40 kbar and temperatures from

200°C to 1000°C, but found values exceeding those of Hanneman and

Strong (39,40) by as much as 35% at 1000°C,

Getting and Kennedy (33, 34) have used a single-wire method to

determine absolute thermal emf corrections for Pt, Pt10%Rh,

chromel and alumel for pressures up to 35 kbar and temperatures up

to 1000°C. Thermocouple corrections obtained from differences in

the appropriate single-wire corrections indicate temperature correc-

tions for Pt10%Rh/Pt of approximately half those of Hanneman and

Strong (40) at 35 kbar and 1000°C. For chromel/alumel the tempera-

ture corrections differ considerably from previous work, becoming

large and negative with increasingly negative slope at the higher tem-

peratures (Figure 5). Freud and La Mori (32) also performed single-

wire measurements on the same materials for pressures up to 40 kbar

and temperatures from 30°C to 380° C. Their single-wire results

agree with those of Getting and Kennedy for Pt, Pt10%Rh and alumel.

For chromel, however, the results of Getting and Kennedy are lower
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by about 30% at 20 kbar and 400°C. Freud and La Mori attribute the

difference to possible strain effects on the chromel used by Getting

and Kennedy.

A totally different approach has been attempted by Wentorf (75)

using a Pt10%Rh/Pt thermocouple at pressures of 40 kbar and 50 kbar

and temperatures up to about 1400°C. The true temperature of the

thermocouple junction is estimated by measuring the minute fluctuat-

ing voltage (1Ythermal noise") generated within a small carbon resistor

by thermal agitation of the charge carriers (48). The technique is

quite difficult experimentally, requiring extremely low noise

electronics, but the rather sparse data available indicate temperature

corrections which agree with those of Hanneman. and Strong (40).

Most recently Stokes (68) has employed Mossbauer effect

studies to estimate the true temperature of a chromel/alumel thermo-

couple at pressures of 27 kbar, 50 kbar and 75 kbar at temperatures

up to 600°C. Results for the temperature correction agree within

rather large (±3°C) experimental error with the results of Hanneman

and Strong (40) and Getting and Kennedy (34) at 27 kbar and 50 kbar

up to 600°C. However, at higher pressure (75 kbar) the Mossbauer

estimates give much larger positive temperature corrections than

even the early results of Hanneman and Strong (39), suggesting cor-

rections of the order of +25°C at 600°C.
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The considerable uncertainty in the corrections for thermal

emf and temperature measured with chromel/alumel thermocouples

under ultra-high pressure is evident in Figure 5. It was hoped that

the new approach employed in the present work might help to resolve

this discrepancy.

Theoretical Considerations

Although the theoretical understanding of thermoelectric

phenomena is currently inadequate to allow reliable calculations of a

quantitative nature for the effect of high pressure on thermal emf, it

is nonetheless instructive to attempt to determine at least the order

of magnitude for the pressure effect which might be considered

physically reasonable. From formal Boltzmann transport theory we

obtain a general expression for the absolute thermopower of a metal,

due to electron diffusion (6,61,78)

where

S
Tr2k2T r a (1n cr(E))

31e1 aE

cr(s) = electrical conductivity

e = electronic charge

= -1.60 x 10-1
9 coulomb

k = Boltzmann constant

= 1.38 x 10-23 joule/°K

s =eF
(1-10)



T = absolute temperature (degrees Kelvin)

EF = Fermi energy

The thermopower can also be written in the form

-rr2 k
2T

r a In cr(e)
31e 1E 8 In E jE

Tr
2

k
2T

31e EF

22

(1-12)

where the dimensionless parameter is commonly referred to as

the thermoelectric parameter. The magnitude of is generally

taken to be of order unity. Values of from 1.5 to 3 are common,

depending upon the energy dependence of the electron scattering

mechanisms contributing to the resistivity of the material.

We wish to derive an expression which will allow us to estimate

the magnitude of the effect of pressure on the thermopower for simple

metals, and further, to estimate the magnitude of the pressure cor-

rection for the thermal emf of such a metal under idealized high-

temperature, high-pressure conditions. For the pressure derivative

of the thermopower we write

asas as F )(av)
ap ' asF 1 ay ap

(1-13)



Since the Fermi energy may be expressed in terms of the

number of free electrons per unit volume we write (6)

where

thus

tl2

E F 2m
(3Tr

2N/V)2/3

N = number of free electrons in volume V

= Planck's constant/27

= 1.054 x 10-34 joule-sec

m = electron rest mass

= 9.11 x 10-31 kg

aEF
2 I-12 )(37

2 N)
2/3

V
-5/3

av
(2m

2
CF

3 V

Using the expression for S in Equation (1-12) we have

as Tr
2

k
2 2 EF aV

)( )
ap 31eleF2 3 V ap

which on re-arranging may be written as

as 27
2

k
2

`.1' 1 aV
ap 91e1EF (- V ap )

23

(1-14)

(1-15)

(1-16)



where the factor in parentheses is just the isothermal cubic corn-

pressibility of the metal

Finally,

av
v ap

35 2-7 k
2 T13.

ap 91eIEF
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(1-17)

(1-18)

To obtain an expression for estimating the magnitude of the

pressure correction for the thermal emf we expand the pressurized

thermopower S' in a Taylor series to first order in pressure.

as
S' = s + (-3p)p (1-19)

Thus, the emf measured in a single-wire experiment, Equation (1-1)

yields

T2

E = (St-S)dT
sw T1

T

= Sz (as )p(T)dT,ap
T1

(1-20)

where p(T) describes the pressure-temperature profile of the

pressurized wire. This is possible since both p and T can be

expressed parametrically in terms of position. We may in principle
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eliminate the position parameter between p and T, and express

p as a function of T. For an idealized single-wire configuration

with isothermal pressure seals, Equation (1-20) becomes

E =p
sw

as(ap)dT

2
Tr k

2
131D 2 2

91elEr (T2 -T1) (1-21)

where we have assumed the temperature dependence enters only

through the explicit dependence of S on T in this approximation.

Substituting typical values

p = 60 kbar

T
1

0°C = 273°K

T2 :1-- 1000°C = 1273°K

E F =-1 5 eV

R 10-3 /kbar

3 (for free electrons (6))

in Equations (1-18) and (1-21) we find

and

as
ap

- 0.013 p.V/°K-kbar

E 0.45 m.V
sw
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These results compare favorably with experimental single-wire values

for platinum and platinum-10% rhodium (34). Single-wire corrections

for chromel and for alumel are found (34) to be greater by factors of

approximately 4 and 2, respectively.

For studies involving composite thermocouples we would

reasonably expect the pressure corrections to be of this order or

smaller since the composite thermocouple correction has been shown

to be essentially equivalent to the difference between the two corres-

ponding single-wire values. Thus, we might physically expect the

pressure correction for Pt10%RhiPt thermocouples at 60 kbar and

1000°C to be 0.5 my or less, while that for a chromel / alumel

thermocouple in similar conditions might be of the order of 1-2 my,

corresponding to a temperature correction of 25°C or less.

The Present Study

Previous attempts to determine the pressure correction for the

emf of thermocouples using solid pressure-transmitting media and

internal electric furnaces have been limited by a lack of precise

knowledge concerning the true temperature of the pressurized junction.

In each case the true junction temperature has been estimated by

some indirect means. In the present study a method is employed

which requires no such initial estimate of the true temperature. The

unknown temperature is written parametrically as a function of a
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directly measured quantity, the electrical power delivered to the

internal furnace. The emf of the pressurized thermocouple is then

written as a function of the true (as yet unknown) junction temperature

and a set of unknown coefficients. The temperature-versus-power

function is then substituted into the pressurized emf-versus

temperature relationship to obtain an expression which gives the

pressure-corrected thermocouple emf in terms of the furnace power.

The coefficients for both the temperature-versus-power function and

the pressure-corrected emf-versus -temperature function are then

obtained simultaneously by performing a nonlinear least-squares fit

to the directly measured emf-versus-furnace power data. The tech-

nique, first proposed by Waxman and Hastings (74), has been success-

fully used for determining coefficients in highly nonlinear equations of

state for gases (73, 74). The present work represents the first

attempt to apply this approach to actual experimental data for pres-

surized thermocouples.
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EXPERIMENTAL APPARATUS AND TECHNIQUE

The Tetrahedral Press

The ultra-high pressures employed in this study were generated

using a tetrahedral-anvil press designed by Hall (35, 38) and con-

structed by McCartney Manufacturing Company, Inc. , Baxter Springs,

Kansas. The press consists essentially of four tungsten carbide

anvils with 1.0-inch triangular faces which are driven together by

four hydraulic rams, each capable of exerting a force of up to 300

tons against the faces of a sample holder having the form of a regular

tetrahedron (Figures 6 and 7). The anvils are electrically insulated

from each other and from the main frame of the press, thus allowing

electrical power and signals to be transmitted to and from the pres-

surized region through the anvils themselves. Each anvil is equipped

with channels through which a fluid may be circulated to heat or cool

the anvil. In the present study cold water was circulated through

these channels to maintain the temperature in the pressure seal region

at approximately 10°C. The oil pressure in the hydraulic rams is

measured by means of a 0-12, 000 psi Heise gauge of the Bourdon tube

type. A common hydraulic system together with a series of sliding

anvil guide rods ensure that all four anvils move simultaneously in

proper alignment with each other toward a common center. Three

1/2-inch thick Plexiglas safety shields surround the pressurized
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Figure 6. The 300-ton tetrahedral-anvil press.
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Figure 7. Detail view of pyrophyllite pressure seal.
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region to protect the operator from flying debris in the event of

sudden failure of the pressure seal,

The High Pressure Cell

The tetrahedral high-pressure sample holders, or "cells",

were cut from 1" x 1" x 12" bars of pyrophyllite supplied by the

American Lava Company, Chatanooga, Tennessee. Pyrophyllite, a

soft, gray mineral resembling talc, is the most widely used solid

pres sure transmitting medium. The blank tetrahedra were cut with

a 1.25-inch (3. 175 cm) edge length for use with the 1. 0 -inch anvils.

When these oversized tetrahedra are placed under pressure, the

excess pyrophyllite is extruded between the anvils to form the high-

pressure seal, or "gasket". The 25% oversize factor has been found

to provide the most efficient transmission of anvil pressure to the

interior of the pyrophyllite cell (1, 57). The blank tetrahedra were

machined as shown in Figure 8 to accommodate an internal graphite

furnace and the thermocouple assembly. The internal furnace was

made of spectroscopic graphite rod (37), 0.180 inch in diameter.

Before being inserted in the tetrahedra, the graphite rod was coated

with a thin layer (approximately 0.005 inch) of a 1:1 mixture (by

volume) of finely divided boron nitride and Duco cement. The mixture

was diluted with acetone until it had a watery consistency. The

graphite rod was then dipped briefly in the dilute mixture to apply a
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Figure 8. The pyrophyllite tetrahedron.
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fairly uniform coating of the boron nitride. Early high-temperature,

high-pressure cells were found to suffer from intrusions of apparently

molten pyrophyllite in the graphite furnace region, which often

increased the furnace :resistance enough that furnace temperatures

were limited to less than 200`C. The boron nitride seems to effec-

tively prevent the formation of these intrusions. The furnace was

inserted into the pyrophyllite tetrahedron, trimmed to proper length

and drilled for the insertion of the thermocouple assembly. The

interior detail of the assembled high-temperature, high-pressure cell

is shown in Figure 9. The chromel /alumel thermocouples were pre -

pared by spot-welding the two #36 AWG wires together and inserting

the resulting junction in standard two-hole mullite ceramic thermo-

couple insulator (0. 160 cm 0. D. ) prepared as shown in Figure 10.

Both the thermocouple wires and the ceramic insulator were supplied

by Omega Engineering, Inc. , Stamford, Connecticutt. Kern Ceram

Cement, an inorganic two-component refractory cement from Elec-

tronic Space Products, Inc. , Los Angeles, California, was used in

the preparation of the thermocouple assembly. With the thermocouple

inserted, two wafers of pyrophyllite were cemented on either side of

the mullite insulator where the insulator emerged from the tetra-

hedron. This produced a pre -formed gasket which minimized the

pinching-off of thermocouple wires during the extrusion of the

pyrophyllite pressure seal. A copper strip was placed across each
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Figure 9. Interior detail of high-temperature, high-pressure cell.
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Figure 10. Thermocouple assembly detail.
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end of the graphite furnace and topped with a pyrophyllite prism on

each end. The copper furnace contacts were connected to a 6 VDC,

500 ampere power supply through the opposing pairs of anvils (Figure

9). An exploded view of the complete cell is shown in Figure 11. An

example of a typical pyrophyllite gasket is shown in Figure 12.

Thermocouple Circuitry

The instrumentation and circuitry used in making the thermo-

couple readings is shown in Figure 13. The four thermocouple leads

emerging from the tetrahedral pressure cell could be connected in

four possible pairings. This minimized the risk of total failure

should one, or even two, of the thermocouple wires be sheared in the

process of gasket formation. The thermocouple extension leads which

connected the pressurized thermocouple with the ice point reference

junctions were of the same chromel /alumel material. All other

circuitry, including the switches, were of copper. The ice point

bath was surrounded by a Bayley Model 118 constant temperature bath

kept at 1. 0°C. The distilled water-and-ice mixture was constantly

agitated by bubbling pre--chilled air up from the bottom of the bath.

Measurements of the furnace voltage were made with #30 AWG

copper wires soldered directly to the copper furnace contacts, while

measurements of furnace current, were made by measuring the

voltage drop across a standard high-current resistance (0.0002 ohm)
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00

Figure 11. The tetrahedral pressure cell. Exploded view.



Figure 12. Tetrahedral cell, before and after pressure run.
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in series with the power supply.

Collection of Data

The steps involved in a typical experimental run were as follows:

1. The assembled tetrahedral cell was coated with a mixture of

jeweler's rouge in methanol to increase friction between

tetrahedron and anvils, thus minimizing amount of pyro-

phyllite extruded during gasket formation.

2. Tetrahedral cell was dryed at approximately 70'C-80'C for

24 hours prior to run.

3. Tetrahedral cell was connected (soldered) to extension leads.

4. Anvils were advanced to make contact with cell.

5. Coolant (water) was allowed to flow through anvils until

system came to thermal equilibrium.

6. Thermocouple emf with power off was recorded.

7. Pressure increased slowly to form gasket, then increased to

desired working pressure.

8. Thermocouple emf with power off was again recorded and

compared with low pressure reading. (In all cases the dif-

ference was no more than a few microvolts, quite small for

this thermocouple. )

9. The furnace power was increased; the system allowed to

attain thermal equilibrium (as indicated by the stabilizing of
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the emf of the pressurized thermocouple), usually requiring

about 2-3 minutes.

10. Readings were then taken in the following order:

a. furnace voltage (five readings)

b. furnace current (five readings)

c. thermocouple emf (five readings for each pair of thermo-

couple leads still intact)

d. furnace voltage (five readings)

e. furnace current (five readings)

f. thermocouple emf (five readings for each pair)

g. furnace voltage (five readings)

h. furnace current (five readings)

(Average values were used in the final computations.

11. The run was terminated when the chromel/alumel thermo-

couplecouple began to drift (usually at temperatures over 800°C).

Pressure Calibration

The pressure in solid-media high-pressure systems is generally

determined by calibrating the hydraulic oil pressure gauge using well-

established phase transformation in certain materials. Intermediate

values of pressure are then obtained by interpolation. For the present

study the tetrahedral press was calibrated using three well-

established room-temperature transitions: bismuth I II at 25. 5 kbar



42

(13,18,29,43,50,51,72); thallium IIIII at 36.7 kbar (13,17,20,29,

50, 5 1 , 72); and barium I II at 55. 0 kbar (19, 20, 29, 42, 47, 54, 72, 76).

The lack of hydrostatic conditions within the solid pressure -

transmitting medium requires that the calibration be carried out using

an internal cell configuration which conforms as closely as possible

to that used in the actual thermocouple cell. The calibration cell used

is shown in Figure 14. The calibration assembly is simply inserted

in place of the usual thermocouple, the remainder of the tetrahedral

cell being unchanged. The electrical resistance of the calibrant

shorting link is recorded (Figure 15) as a function of hydraulic oil

pressure as the pressure is gradually increased. The results are

plotted (Figures 16, 17 and 18), the onset of the phase transition being

taken as the calibration point in solid-media systems (28, 77). We

obtain hydraulic oil pressures of 4100 psi, 6300 psi and 10,500 psi

for the transitions in Bi, Ti and Ba respectively. (Though our cali-

brants are of high purity; 99. 9999%, 99, 999% and 99. 5%, respectively,

the purity of the material is fortunately not extremely critical to reli-

able calibration (77). ) Fitting the three calibration points with a

quadratic function we obtain the pressure calibration curve of Figure

19. The hydraulic oil pressures of 4000, 6000, 8000, 10,000 and

12,000 psi correspond to cell pressure of 25.0, 35.2, 44.6, 53.0

and 60.6 kbar, respectively.
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COMPUTATIONS

As mentioned earlier in this work, the principal advantage to

be gained from this method is a determination of the effect of pres-

sure on the thermal emf of the chromel/alumel thermocouple without

actually having to measure the pressurized junction temperature

directly. The unknown junction temperature is written a ametr lc ally

as a function of the electrical power delivered to the pressurized

furnace. In our case we have used a quadratic function for the

temperature-versus-power function since this is the simplest function

which gives an acceptable fit to the uncorrected temperature-versus

furnace power data, as will be seen in the chapter dealing with the

results of this work. The pressurized emf is then expressed as a

function of the (as yet unknown) junction temperature, the form of

this function being determined by the thermocouple emf-versus

temperature data at atmospheric pressure. In the case of the

chromel/alumel thermocouple, emf values for 66 equally-spaced

temperatures between 0-900°C were taken from standard thermo-

couple reference tables (71) and fit with power series of the form

E = c Tn
n

n=1

using linear least-squares methods. The maximum deviation of the
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fitting function dropped by a factor of 3 to less than 10 fiV (corres-

ponding to a temperature error of less than one-fourth of a degree

Celsius) on passing from k = 7 to k = 8. Thus, the eighth-degree

power series was chosen for the form of our pressurized emf-versus-

temperature function. Then, substituting

into

2

T = amwm (°C) (3-1)

m=0

8

E = cnTn (mV) (3-2)

n=1

where w = furnace power in watts, we eliminate the unknown tem-

perature T, and obtain

8

E = I cn

n=1

ma wm
m=0

n

(3-3)

expressing the pressurized emf E as a function of the furnace

power, w, both of which are directly measured quantities. The

problem is then to solve the nonlinear function in Equation (3-3) for

the unknown coefficients a and c
n

, which will then provide usm

with expressions for the junction temperature and pressurized emf

(Equations (3-1) and (3-2)).
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The iterative method ultimately chosen for the nonlinear least-

squares fit is known as the damped least-squares method (60, 63).

The particular form of the method we have used is an algorithm due to

Marquardt (62), which is globally convergent, that is, if a minimum

exists for the objective function (sum of the squares of the residuals),

Marquardt's algorithm will converge to the minimum no matter what

starting values are given. The method claims to combine the most

attractive features of both Taylor series methods and steepest-decent

methods while avoiding the pitfalls of each. The computer program

which incorporates this algorithm for the specific problem under

study is given in Appendix A. A typical output listing is presented in

Appendix B. The computational procedures are summarized in Figure

20. The starting values for the coefficients a1 and a
2

were

determined from a linear least-squares fit of the uncorrected

temperature-versus-furnace power data. The value of a0, which

was held constant throughout the nonlinear fit, was determined by

direct measurement of the pressurized thermocouple emf with the

furnace power off, neglecting the pressure correction since a
0

is

of the order of 10°C. All estimates give pressure corrections of less

than 5µV at this temperature for the range of pressures treated here;

and 5 ia-V is approximately the magnitude of the fluctuations in our

emf readings.
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The initial values of the emf-versus -temperature coefficients

are given in Table 1.

Table 1. Coefficients of eighth-degree linear
least-squares fit to NBS chromel/
alumel tables, 0-900°C.

c
1

= 3.893861 x 10
-2

c2= 5.117805 x 10
-5

c
3

= -4.755624 x 10 7

c4 = 2.042506 x 10
9

c
5

= -4.625686 x 10
-12

c
6

= 5.780822 x 10
-15

c
7

= -3.784051 x 10 -18

c
8

= 1.014250 x 10 -21

The convergence criterion found most satisfactory was to

require that all of the coefficients change by less than some small

fraction E > 0 at any given iteration. Values of E between 10-5

and 10-7 proved generally strict enough to ensure that the sum of

squares also changed by a fractional amount less than
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RESULTS

General Remarks

A program of nonlinear regression analysis using Marquardt's

algorithm was carried out at each of five pressures: 25.0 kbar,

35.2 kbar, 44.6 kbar, 53.0 kbar and 60.6 kbar (corresponding to

hydraulic oil pressures of 4000, 6000, 8000, 10000 and 12t 00

pounds /inch2). In each case, as previously mentioned, the initial

values for the coefficients of the temperature-versus-power function

were determined by direct measurement (a ) or by linear least-

squares analysis of the uncorrected thermocouple temperature

(measured emf referred to standard thermocouple tables) as a

quadratic function of the measured furnace power. The initial esti-

mates of the coefficients of the pressurized emf-versus -temperature

function were obtained from a linear least-squares eighth-degree

polynomial fit to standard atmospheric pressure thermocouple refer-

ence tables (71) for type K (chromel/alumel) thermocouples between

0°C and 900°C.

A typical graph of uncorrected temperature versus furnace

power is shown in Figure 21. Each data point shown represents a

mean value of 20 to 40 individual thermocouple readings. The solid

curve represents the linear least-squares fit of a quadratic function

to those points lying below the point of inflection of the experimental
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Figure 21. Typical furnace temperature versus furnace power curve.
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curve. It is the measured emf-versus -furnace power data corres-

ponding to these points which are subsequently used in the nonlinear

regres sion.

Empirically it was found that the hyper surface (representing the

sum of the squares of the residuals for the fit of the nonlinear model

to the data) possesses multiple local minima. The Marquardt

algorithm, in common with all other methods currently available,

cannot distinguish between a local minimum and the global or absolute

minimum (3). Thus, if the initial estimates of the coefficients are not

sufficiently close to the "physically correct" final values, the

algorithm may converge to a local minimum that will generally pro-

duce results which are obviously physically unreasonable (52); for

example, temperature corrections of hundreds of degrees at tem-

peratures of only a few hundred degrees Celsius. Predictably this

becomes more of a problem at the higher pressures where the pres-

surized coefficients would logically be expected to differ from the

unpressurized initial values by amounts increasing with increasing

pressure. It was found that convergence to a physically acceptable

minimum was most rapid when the data were equally weighted.

Weighting the data with the reciprocal of the variance of the mean

value for each data point often resulted in extremely slow convergence

to physically unsatisfactory minima, the algorithm seemingly trapped

in a deep valley, slowly changing only one coefficient while the rest of
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the coefficients remained essentially unchanged over many iterations.

This may have been a manifestation of the "ridge paralysis" phenome-

non referred to by Zwart (79).

Since we have no means available for including the effect of

multiple minima in our estimate of experimental error, we will

assume that the algorithm has converged to a physically acceptable

solution and base our estimate of the limits of experimental error on

the more tangible aspects of the experimental configuration. The

uncertainties associated with the final values of the pressurized emf-

versus -temperature coefficients are taken to be an indication of the

precision with which the final minimum is defined and contribute very

little to the experimental uncertainty. The uncertainty in the abso-

lute pressure within the pressurized region due to calibration error

may be as great as ten percent at the highest pressures studied here

due principally to hysteresis effects. However, since the thermo-

electric power of the chromel/alumel thermocouple is not strongly

pressure-dependent the net uncertainty introduced in the emf and

temperature corrections by the uncertainty in pressure is probably not

more than five percent. Errors due to uncertainty in determining the

temperature of the pressure seal should be quite small for chromel/

alumel thermocouples since both the magnitude and slope of the emf

pressure corrections are extremely small for temperatures in the

range between 10°C and 15°C (34). The effect of plastic deformation



58

of the thermocouple wires should also be quite small since deforma-

tion is chiefly confined to the pressure seal region where the tem-

perature gradient should be very small. Temperature and pressure

gradients within the pressure seal region are extremely difficult to

measure in solid-media systems, but uncertainties of as much as

ten percent are not unreasonable (40). The lack of specific temperature

calibration data at atmospheric pressure for each individual thermo-

couple used requires that we consider the manufacturer's limits of

error, which could introduce an additional uncertainty of the order of

ten percent in the pressure corrections for emf and temperature.

Errors in the measurement of the thermocouple emf are generally

quite small, much less than one percent for the temperature range

studied. Thus, we consider the overall limits of experimental error

for the present work to be of the order of 25% to 30% for the emf

pressure correction and for the corresponding temperature correction.

Effect of Pressure on Thermal Emf

The results of the nonlinear regression are summarized for

each of the five pressures studied in Tables 2-6. The final values of

the fitted coefficients are given for both the temperature -versus

furnace power function
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(°C) (4-1)

and the pressurized emf -versus -temperature function,

8

E cnTn (mV). (4-2)

n =1

Also given are the initial values of the temperature-versus-power

coefficients, number of data points used in the nonlinear regression,

number of iterations required to meet the convergence criterion,

total running time of central processing unit (CPU) of computer

(Digital Equipment Corporation PDP-15/30) and the maximum and

standard deviations for the fit.

Temperature Corrections

The temperature corrections for the pressurized chromel/

alumel thermocouple are plotted as a function of the true temperature

in Figures 22-26. At 25.0 kbar (Figure 22) present results indicate

temperature corrections which rise initially at temperatures below

400°C in the manner of the early estimates of Hanneman and Strong

(39) but are approximately twice as great as their values at 400°C.

Decreasing above 400°C and becoming negative at approximately
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Table 2. Summary of results at 25.0 kbar.

Pressure = 25.0 kbar
Data points used = 31
Iterations required = 23
CPU time required = 5 min. 41.5 sec.
Maximum deviation of fit = 0.095 mV
Standard deviation of fit = 0.036 mV

Temperature-versus-power function
Initial values (linear least-squares)

a0 = 10.6567 (fixed)

al = 1.305072

a
2

= 8.992534 x 10-4

Final values (nonlinear regression)
a0 = 10.6567 (fixed)

a
1

1.357304(±0.000048)

a
2

= 8.088715(±0.001323) x 10 -4

Pressurized emf-versus -temperature function
Final values (nonlinear regression)

cl 3.836105(±0.000123) x 10-2

c2 = 4.835669(±0 000200) x 10-5

c3 = -4. 742510( ±0.000030) x 10-7

c
4

= 2.051190(±0.000004) x 109c4

c5 = -4.622069(±0.000006) x 10-12

c6
5.770335(±0.000008) x 10-15

c7 = -3.799801(±0.000012) x 10 -18

1. 031922(±0.000016) x 10 21
c8
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Table 3. Summary of results at 35.2 kbar.

Pressure
Data points used
Iterations required
CPU time required
Maximum deviation of fit
Standard deviation of fit

= 35.2 kbar
= 31
= 35
= 8 min. 23.8 sec.
= -0.080 mV
= 0.035 mV

Temperature-versus-power function
Initial values (linear least-squares)

a
0

= 10.9421 (fixed)

a
1

= 1.298049
-4

a
2

= 8.494781 x 10

Final values (nonlinear regression)
a

0
= 10.9421 (fixed)

al = 1.381652(±0. 000151)

a
2

= 6'594274(±0.004157) x 10-4

Pressurized emf-versus -temperature function
Final values (nonlinear regression)

c
1

= 3.824104(±0.000405) x 10-2
-5

c
2

= 4.574962(±0.000674) x 10
7

c
3

= -4.686723(±0.000102) x 10

c4
= 2.056860(±0.000015) x 10 -9

c5 = -4.624962(±0.000021) x 10
12

-15
=

c6
5.756365(±0.000029) x 10

c7 = -3.813415(±0.000040) x 10
-18

c8 = 1.058906(±0.000054) x 1021
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Table 4. Summary of results at 44.6 kbar.

Pressure = 46.6 kbar
Data points used = 44
Iterations required = 55
CPU time required = 16 min. 45.8 sec.
Maximum deviation of fit = 0.067 mV
Standard deviation of fit = 0.029 mV

Temperature - versus -power function
Initial values (linear least-squares)

a
0

= 10.6757 (fixed)

al = 1.309262
-4

a
2

= 7.708974 x 10

Final values (nonlinear regression)
a0 = 10.6757 (fixed)

al = 1.283038(±0.000412)

a
2

= 1.008781(±0.001011) x 10-4

Pressurized emf -versus -temperature function
Final values (nonlinear regression)

cl = 3.985510(±0.000932) x 10 2

c
2

= 5.864072(±0,001254) x 10-5

c3 = -6.227969(±0.000154) x 107

c4 = 2.593573(±0.000018) x 10-9

c5 = -5.537769(±0.000021) x 10 -12

6.461893(±0.000024) x 10 15
c6
c7 = -3.923298(±0.000026) x 10 -18

c8
= 9.692577(±0.000295) x 10 -21
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Table 5. Summary of results at 53.0 kbar.

Pressure
Data points used
Iterations required
CPU time required
Maximum deviation of fit
Standard deviation of fit

= 53.0 kbar
= 21
= 31
= 5 min. 51.1 sec.
= -0.044 mV
= 0.028 mV

Temperature- versus -power function
Initial values (linear least-squares)

a
0

= 11.1700 (fixed)

a
1

= 1.288227
-4

a
2

= 7.592047 x 10

Final values (nonlinear regression)
a0 = 11..1700 (fixed)

a
1

= 1.331208(±0.000525)

a2 = 6.630124(±0.011824) x 10 -4

Pressurized emf-versus -temperature function
Final values (nonlinear regression)

c1 = 3.880417(±0.001375) x 10-2

c2 4.377894(±0.001826) x 105
c3 = -4. 516860(±0. 000220) x 107

=
-4

1.962530(±0.000026)x -910

cs = -4.457024(±0.000029) x 10
-12

-15
c6

5.678940(±0.000033) x 10

c7 = -3.841081(±0.000036) x 10
-18

c8 1.068597(±0.000040) x 10-21
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Table 6. Summary of results at 60.6 kbar.

Pressure = 60.6 kbar
Data points used = 22
Iterations required = 44
CPU time required = 8 min. 29.2 sec.
Maximum deviation of fit = 0.038 mV
Standard deviation of fit = 0.026 mV

Temperature versus -power function
Initial values (linear least-squares)

a
0

= 11.1748 (fixed)

al = 1.247312
-4

a
2

= 7.380479 x 10

Final values (nonlinear regression)
a0 = 11.1748 (fixed)

a
1

= 1.312159(±0.000179)

a
2

= 8.495842(±0.004359) x 10 -4

Pressurized emf-versus -temperature function
Final values (nonlinear regression)

c1 3.869921(±0.000433) x 10-2
-5

c2 4.129931(±0.000609) x 10

c3 = -4.711172(±0.000077) x 10-7

c4
2.053068(±0.000009) x 10-9

cs = -4.623358(±0 000011) x 10-12

c6
c7 = -3.797166(±0.000015) x 10 -18

c8 = 1.024677(±0.000017) x 10-21

5. 774496( ±0. 000013) x 10-15
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Figure 22. Temperature correction. Comparison of results at
25.0 kbar.
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Figure 23. Temperature correction. Comparison of results at
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Figure 24. Temperature correction. Comparison of results at
44. 6 kbar.
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800° C, the curve more closely resembles the results of Getting and

Kennedy (33,34) at these higher temperatures. Similar results are

seen at 35.2 kbar in Figure 23 with a maximum positive temperature

correction of +10.9°C at 370° C, finally becoming negative at 680°C.

At 44.6 kbar (Figure 24) the temperature correction curve takes a

different form entirely, indicating a negative correction below 160° C,

then rising to what appears to be inordinately large values at higher

temperatures (+30°C at 800°C), suggesting the likelihood that the

nonlinear algorithm has converged to one of the local minima dis-

cussed previously. At 53.0 kbar the indicated temperature correc-

tion follows the values of Hanneman and Strong (39) very closely at

temperatures below 500°C, reaching a peak of +12.2°C at 430°C,

then dropping rapidly between 500°C and 750°C to follow the estimated

corrections of Getting and Kennedy (34) above 750° C. Finally, at

60.6 kbar the temperature correction rises rapidly above 100°C to

rather large positive values (+44°C at 800°C), two to three times the

magnitude of the Hanneman and Strong results (39). Though it is

tempting to suppose this large positive correction is again due to

convergence to a local minimum, it must be pointed out that recent

M5ssbauer effect studies by Stokes (68) suggest a temperature cor-

rection of as much as +25°C at 600° C for this thermocouple at

75 kbar.
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Effect of Pressure on Relative Seebeck, Peltier
and Thomson Coefficients

Although it is not specifically the goal of this study to evaluate

any pressure corrections except those for the thermal emf of the

chromel /alumel thermocouple, the fact that the model used expresses

the thermal emf, E, as an analytic function of the temperature,

T, permits the direct calculation of the effect of pressure on the

relative Seebeck, Peltier and Thomson coefficients, defined as fol-

lows:

1. Relative Seebeck coefficient (thermoelectric power)

where

aEab
S ab a T (µV / °K)

Eab = thermal emf of thermocouple

2. Relative Peltier coefficient

ab TSab (mV)

3. Relative Thomson coefficient

asab
= T aT (H.V/°K)

(a,b)

The relative Seebeck coefficient is shown in Figure 27 as a

function of true temperature for six different pressures. With the
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exception of the curve for 44.6 kbar, the effect of pressure is to

decrease the relative thermoelectric power at temperatures below

375°C compared to its value at atmospheric pressure. Near 400°C,

three of the five high-pressure curves become greater than the cor-

responding value at atmospheric pressure.

The differences between the pressurized and unpressurized

values of the relative Peltier coefficient and relative Thomson coef-

ficient are shown in Figures 28 and 29, respectively. No attempt is

made to interpret the individual curves. As Bridgman observed (16)

from his study of similar properties under a much more limited

range of temperatures (0-100°C) and pressures (0-12 kbar), the

results are "unexpectedly complicated".
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SUMMARY AND CONCLUSIONS

An indirect parametric method has been successfully used to

determine the effect of ultra-high pressure on the thermal emf of a

chromel/alumel thermocouple under pressures of 25.0 kbar,

35.2 kbar, 44.6 kbar, 53.0 kbar and 60.6 kbar, and temperatures up

to approximately 900°C. A model is chosen which expresses the

temperature of the pressurized thermocouple junction as a quadratic

function of the electrical power delivered to the pressurized furnace,

while the thermal emf of the pressurized junction is approximated

using an eighth-degree polynomial power series function of the tem-

perature. Combining the two functions to eliminate the unknown

junction temperatures, the pressurized emf is given as a function of

furnace power, which is nonlinear in its coefficients. Through the

application of an iterative nonlinear least-squares algorithm, the

coefficients are obtained. The nonlinear objective function (repre-

senting the sum of the squares of the residuals for the fit of the

model to the emf-versus -power data) being minimized is found to

possess multiple local minima, thus requiring carefully chosen initial

values for the unknown parameters. The temperature corrections

obtained using this method compare favorably with previous estimates

obtained by other means, especially at the lower pressures studied.
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Suggested further study of the method would include:

improved instrumentation allowing simultaneous digital

recording of furnace power and thermocouple emf,

2. application of the method to other types of thermocouples, in

particular ones such as Pt10%Rh/Pt for which the emf-

versus-temperature curve can be fitted with a simpler

polynomial power series,

3. modification of the Marquardt algorithm (70) or use of

recently-developed more efficient nonlinear least-squares

algorithms (49), and

4. attempts to systematically identify and compare the solutions

corresponding to the multiple minima of the objective func-

tion (14, 15).
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PAGE I

CLCCCCCCCCOCGCCCCCCCCCITCCGCCCCCCCGCCi:CC,',CCCCCCCCCCCCCCCCCCCCCCCCCCCCC

C PROGRAM IRO-I FORTRAN IV <POP S. H. El CE 14 c:',EP 76

PURPOSE
C PERFORMS Fl LEAS T-OUAFES rtT TO Dian WITH A SPECIFIED

F UNC:T I ON MICH AA% b NON-LINER IN PAPANFTE
II IL HN ITEATIVE N-N-LINEA nLoorrkn OF

C MAPQOARDT. (SEE J.SION, VOL 11, PR 4-I,J.1-441.

SHEROUTIWIS nND FuNETIoN SuLFR:.i REOUIRED
MARO4A

INITIALIZES PARAHETERS USED IN NON-LINEAR REGRESSION

ANALYSIS
MARO4C
HANDLES NON-LINEAR REGRESSION SI.OFMTINES AND CLrCKS

THE CFU TIME REWIRED FOP ANALYSIS
MARO4C

MONITORS CONVERGENCE, TEI-:NINATES ITERATIONS AND CONTROLS

C PRINT--OUT OF RESULTS
C Hig;!.04D

C PROVIDES OUTPUT OPTIONS INLUDING ANALYSIS OF REE,IDUALS,
RESIDUAL HISTOGRAM, PRF.SSOFE EFFECT ON i?.NF, .F.LEE:ECK,

PaTIEP THoNSON COEFFICIENTS AS A FUNCTION OF

TEN:'F.RATUAE. ALSO CONTROLS RESTARF CATIONS.
FUNCTN T, A, K. L. AO)
EVALUATE? FITTING FUNCTION FOR NON-LINEAR LEAST-SUFT7 El -r

OMIVI < , L. HO. -r-. iv:

EvUFITEs THE DERIVATIVES Or- Th' FITTIN13 FUNnliON Fru:

ITA TFRN NITH !;JZSRECT TO EACH FARAAETER
SUNSDR (Y. ONAY, N2F,T. YFIT),
-EVALUATES PEDOCED CHI LOUWE i-OF FIT To EFTA

(PRPAY, EE")
C INvERTS A SYNNETRIC MATRI AND CALCULATES

ITS DETERNIMANT
MARf::PT

P:IREnPNS 14 LEA--:T-SWARES Fa TO A NUN-LINEA:;; FUNCTION

USING NARWAr.DT'S ,7:LGOITHN
PrinE j NP G, LUN, LADD)

C COURTS LINES RNo NO0ERS r-.P1NT-U7

TI yrLT NETS, LUN )
PRINTS A LINI7.c.P PLOT OF rii.rny!,:: x vs V ON TELETYPE Li2N

HL;TO NiNf.
PRODUCES .7;.,ACED HISTOORAM OF MINT IHTERVALS CM TlY LON

TEMP (n. r. L, no)

C coNroTEs TurPEnnTwF_ FOR IND VARTFPLIT F COE':FICIENTS

El-IF T, K. L, ND')

COHRJTES EMF f.FOR OF CNC: 1411H

REFECT TO TENf,'ERATURE (ND-1), CR '.:ECOND PARTIAL (ND.2:, FOP

TEMPERA TOPE 1 It I iJ CCEFFICILNT ARRHY A (CODE N.. L)

COMMENP?.
DINEH?TuN ..vrnT!:-!rc!:r VALID FOR C!' 1.m0 TOIA RUINP??, AND

UP TO P171AN!iihrS <A.-.0E.1-CICILNI-, IN 111,!: EUNCIION

IL uJl
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SRC PAGE 2

C pkor_iPAM vlApt:.!4

DOUE:LE
OWE10N '..':(11.00), 'er.: To:71, , Yr} T(100),11(20), COEF(12)

HEN'7,". I ON E l i tPA(2,A 11 .17.N 2), FiI ..21,, A I N(20 )

E(.1...-.+0), C.:1100), NTC(.100)

NpTs, rin:RNS, r);AE: i".±..1.1 iK, H r 1.E. I PRESS, AO. IITEMP, MTV

COMMON S Ii33. 'FI T, '..--,11:111HA, FEE l'! NP, .:1011E.C, NS?"-CV, L. K

COMMON E. ITC, V, 0, NA, NC, L2:, K2:, JCR' T, NTC

COMMON PFlir:TOL, CHI 'TOL, I it 1[1.,, II ER, 311, TIC, 311. ti. NPR. L THE, NPG

C.rJMilN .JSAV, Tri7NEE: CH I JPASS, CHI 1M, I S. I S10, SEC.
CCHHON NSET, F I LEN, CHUM, SET, T.iV, NTH, ttTOT, COEF ..fLAM, MO

CALL I NI T 1)
CALL [5i31 14 (2400)
CALL ERASE
t,PTS

C
C
C

NEXT 6 STATEMENTS ALLOW USER TO SELECT INPUT DEVICE

WR I TE(C, 10)
IN FORMAT ( //5X, 'DEPRESS DIGIT KEY INDICATING THE FORM OF".

1 ' YOUR INPUT DATA. '1. PAPER TAPE './1

2 '2. DECTAPE (DTI, ) ' /10X, TELETYPE KEYBOARD "l)
CALL CHIN ( J )
IF (J 50) 15, 25. 55

C NEXT 6 STATEMENTS PREPARE FOR PAPER "MF'f: INPUT

15 WITE (S. 20)
20 FORNAT(//5X,'LOAD PAPER TALE READER. DEPRESS ANY CHARACTER',

1 ' LE'' Ti) CONTINUE. ')

KKK = 6
CALL TPAUSE
HA TO 70

C

NEXT 16 STATEMENTS OREN INPUT.FILE ON MGMETIC TAPE (DECTAPE)

WR/TE(C,,30)
i-.0':;.:MAT(//JX,'ENTEA DATA FILE NAE Ao EXTENSION IN COLE 1-9',

1 ' BELTQ. '/511,'ThE FILE rr,17 HHT.i CU... 1 -V5X,

2 THE EXTENLION SRC 111_1!-,T UOJAJLY COL:.

3st5) F 'LEN
'25 1--Gr;!NAT (m5, A.1)

GAL L FETE F I LEN, I F

IF (LE . NE. 1)) GO TO 45
WRITE(*.:, 40)

4i. FORMAT /5X, 'DATA FILE NOT FljUND.
GO TO 34
WI TE (8, 50)

50 FOS'NAT(Z5X, 'I.'iITfl FILE FLIOD, )

CALL EiEl( (1. F I LEN)

KKK = 1
CO TO 70

NEXT 42 STATEMENTS ALLOW InpuT DATA FLOM TELETYPEC
C

LKK 8
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SPC FA5F 3

CALL EFJi
WRITE(8.)

ENIER DnTn FIL NAMF ALMANUMERIC mnx)-)

bc
RFAD(8, FILEN
FORMAT(FL.,A4)
PRITE( 8,5)

58 FORMAT'OENIM SAMPLE NUMSER (A4)')

REFO(z.15S' srm
59 FOR;0.A1(A,1)

0,:ITF(8,r0)
6U i-ORMAT("ENTER DATA 'T.:I NONCER OR LETTER (A1)')

READ(8,61) SET
poRmi<ni)
WRITE(8,62)

62 FORMAT('OENTER HYDRAULIC PRESSURE IN PSI (I5)')

READ(8,63) ICEESS
FORNAT(PD
WRITE(8,64)

64 FONAT('OENTER AMBIENT TEMPERATURE IN DEGREES CELSIUS (F4.1)')

RF.AD(.:;,6!i) no

US FOMAT<F4. 1)
L.:RITE(2,66)

66 FORMAT('OENTER COOLING HATFR TEMPERATURE (F4. 1)')

READ(8,65) HTEMP
CALL ERASE
WRITE(P,E7)

67 FORMAT(///' ENTER DATA P.! COL_LOMING FORMAT. ',

:1 'COLS 1-7 --.
Yri.il2LE F7. 4)"/5X,

7 'COL 9 = TWT.RNOCuUT,LE IL LIFE2 (AB-LOC=2,D,DC-4)'/5X,
3 'COLS 11-17 = PFES5Ui. THERMOCOUPLE EMF M-111..IVOLTS) (F7.4)'

4 /5:U 'CUES 19-25 STHNi".:7.r0 IA.TV7ATiCN 07 EMF WILLIVALTS) (F7. 4)"

/'ONEGATIVE VALUE OF INDE:'Cia:EN-1 'ILPHINATES I NPIJT. '!

£ ' IND. V;r1P I **ENF,i, SIC:L!,;A;)

68 RFA0(0, 69) NHL .1", ELF, E.EMF

69 FORMAT(F7. 4,1X, 11,1.7, F7. .1: F7. 4)

IF (MN . LT. 0. 0) 1.10 TO CS

NPPZ. rIFTS +
V(NPTS) = NIN
M111(NPTS) = J
E(NPTS) = EMF'
DE(NPTS) = DEMF
CO TO CO

NEXT 12 STATEMENTS READ INPUT ClITrl FEOM PRIER TAPE OR DECTAPE

7(1 CALL FrA,E
f.,"Fra)(1)72) SNIR-1, SET

-(2 FORMAT(T,A4,1X,A1)
READ(KKK,74) IRRES, AO, t..iTEMP

74 FORMAT<I5,1X,F4.1,1N,F4.1)
DO 7O
kER,DC.:.KK,76) E(J),OE<J).NTC<J),V(J),C(J)

16 4,17..1=6.
3>

IF ("F(J) . EU. O. 0) GO fo

71-I IlPIE. = NRTS + 1
79 IP 010'; .E0. 1) CULL. 1:_0!.7;E c'1)
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H1204 SRC PAGE 4

60 IF (KKK .E0. 8) GO TO lo3

NEXT 7 STATEMENIS ALLOW USER TO SELECT INDEPENDENT VARIABLE

80 CALL ERASE
WPI1E(8,88)

8 FORMAT(///5'/,'DEPRESS DIGIT INDICATING INDEPENDENT VARIABLE"!
1 1M'1. FORNFiCE 1-Ut.L./10X,'2. FURNACE V1JLTAGE"/10X,

2 FURNACE CUPRENT")
CALL CHIN (JJ)
NIV = JJ 48

NEXT 30 STATEMENTS ALLOW CHOICE OF THERMCCOUPLE(S) TO BE

INCLUDED IN FINFLYsia

100 NP = 0
JCODE = 0

126 CALL ERW,E
IF (JCODE .GE. 15) GO TO 200
WRITE(8,150)

150 FOPMHT(///FJ,X,'D7I'RESS DIGIT FOR DESIRED THERMOCOUPLE DATA"/

1 10X, "0. DATA ENTRY CciPLETED CEGIN ANALYSIS'/
2 AERV1/1" DC'/

:< 1M "s. COMBINE 1,2!,:.4 ABOVE AND BEGIN ANH_YSIS')

CALL CHIN (..J)
J = 45
IF (J 0) GO TO 200
,7CODE = JCODE + 2*-J1)
IF CI .En. 5) jGODE = 15
DO 180 I=1 NPT
IF (J .EQ. 5) GO TO 100
IF NTO (I) NE. J) CO TO 10

1610 MR = NP + 1
ITC(NE) = NTC(I)
IF (LEE .E.O. 8) GO TO 170
IF <NIV - 2) 165 , 170, 175

160 >(NP) = V(1) 4, C(1)
GO TO 178

170 X(NP) = V(I)
GO TO 178

175 X(NP) = ('(I)
178 Y(NP) = E(I)

:,IGMAY(NP) = DE(I)
186 CONTINUE

IF (J . NE. 5) CO TO 120

NEXT STATEMENTS CALL MAJOR SUBROUTINES AND PROVIDE

RESTART OPTIOQS.

2010 NsAV = NETS
NMTS NP

210 CALL cRnsE
criLL M1 RO4A

210 COLL MCA41;
LAU I' 11.:')-I

IF (IN .13. 0) GO TO 215
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CALL MAR 0
IF NSET . EQ. 1 . OR. T 'EC!. 1; CO F) 210
Np NSAV
IF <NSET E0. 2> 00 1-A
GO TO 5
END

91

PAGE 5



9 2

Pt1GE. 1

CCI-CCMCCCOCCCCCr:CCCeCCI-.CCI:.r.T..OXI:COrCC.:::C!::CCCc-CCCCCCCCCCC(-:C.Cf7.CCCCCCCC

SUNf;!OUT INE Nnro4n FO$7.!Trim :rc,P ,7o) S. n. El CE

C
C PUr:POSE

INITIALIZES RARAN ."..:ED IN NN-LTNErn REGRESSION
C ANALYSIS nt.( ) PRINTS FIRST FAGE OF :1-:.:I NT-OUT

C USAGE
C CELL NARCMA
C
C SUBROUTINFS AND FUNCTION SUBPROGRAM,; REGUIRED
C PAGE (LINE, NPi L IL LIDD)
C COUNTS LINES III; NUMBERS PAGES OF PRINT-OUT
C

CCCCCCGCCCCCCCOCCOCCCCOCCCCOCCCOCCCCCCCCCCrCCCCCCCCCCCCCCreCCCCCCOCCCCCCC
SUB OUT I NF mm0411
Douc:LE PREC I S I cti n, ncHK, AIN, ATEST, COEF
DIMENSION X<1.00), 'f'(16c10, SICY(1O0), YFIT(lf:10), A(20), TC(4)

D I Mr7NS., ION 511 MAA(20), F LEN(2), ACHK(20), AIN(20), 7C1EF(12)
DIMSNIGN E(10W, bEllOu), I TC(J..0), V ( 1 C(1 c2,0), N fC(10O), FMAR0(2)

co; MON NPTS. NTE7:M7 . ilOCE, A, N, CCC, IPESS, AO, WT-:MP, NI V

COMMON X, Y. S I 13711 YE I T, rp, JCC,DE: NSAV, L, K

CONNON E, DE, ITC. V, C, NA, MC:., L2, L.1-2.. K3, rLomon, JcR I T, NfC

CI?! ON RARTOL, c.-: : TEL (THW!, jh, r'., J'72. NPR, LINE, NPG

COPiPrjN Oi-CI- F. CHI SIR, Ch !SW, III. IS, IS1O, SEC

rOmNoN SECTOT, N7FT, FILEN, SNUN, SET, KSAY, N NT OT, JLAN, MO

DErm riN3z5H /, IF/SHED /,

1 De./rJuc /, Ft,iRosr.:WIMflq, 4H PAT/

IF il,F.ET E0. 4) GO Ti' 297

NEST 12 STATEMENTS NRE COEFFICIENTS USED IN FULL NDS TYPE K
THERMOCOUPLE Et17 VS TEMPER-2. (NBS TYPE K Ti-ISLES

ARE GENERATED USING THESE COE.:- IC IENTS).

C

C
C
C

C.0 E ) = -1. *IF.;

rOEF (2) = 3.
COEF( = 1. 4' 154.

COIF ( 4) =-7.
C0Er<to
c:0EF ( ) .....:;7c.i'7,2IffM 13

7 ) = 2. 99 TS

COE F ( =-1. 2:49:1 :,1:.*:21) -19

COFF = 22.f.99i---121.-23

COE.F (1.0) = 0. 1.2I51.0

MET' (11) 127. CEO
COEF (12) 65. 0:)::"

NE:-:T 7 sTATEMENYS PLLOW USER TO SELECT NE IGHTING MODE TO CE

USED IN FITTING DATR

2214

OR I TE 120)
I- CINAT ( /// DE`'PESS. DIGIT ';1-1 I ND1 f WE I Ulf I NG MnDE

1 '1. Ins-, . . 1 T (I ) 1. MMAY I )

2 cl NO MLA 6MT . ICHT(1.1 1. "'.t;M..

3 '3. STN I ST I criL. . .
1011 V ( ) 1. . - Y 1 > )
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IRSIRIVIIIVINIMONMS,M.C., .,".......veitrfifil.46.11.1.1.,(4,7.4.71.,...,N11111101107,

MARATASRC F'1"(GE

COLL CHIN (KK)
MODE = 50 - KK

NEXT C STATEMENTS ILL .CH CHOICE. OF mOLEL TEWrRnTuRE FUNCTION
THRATIOM PARAMETER ASOLWE VALUE OF L GIVES
DEGREE OE POLYNOMIAL (1-AMER no'l; (L> .LE. 5

WRITE(r.4,20)
236 FoRMAT(//' ENTER FUNCTION COD FOR TEMPERATURE

1 ' VARIFCLE <12).')
RE AC 223> L
FORMAT(I2)
IF (L . GE. 0) GO TO 239

VS INDEPENDENT',

NEXT 9 STATEMENTS ALLOM CONSTANT TERM IN TENEERATIJRE FUNCTION

TO BE FIXED FOR L .LT. 0

WRITE(8,26) AO
21:6 FORMAT(' CURRENT VEIL OF Hr.) (Fl1220 AMBIENT TEMPERATURE) =

1 F6.2,' DEG C'/' TO ,MANGE, TYPE 1; OTHEFWISE, 2')

CALL CHIN (TAO)
IF (TAO .UK. 49) CO 10 239
WPITEM237)
TORMAT(' ENTER NEW VALUE OF AU FOR THIS ANALYSIS ONLY (710.7)')

READ(;:, 2I AO
2E:0 FORNAT(Fla 7)

NEXT 14 ';;TATEHENIS ALLAN CHOICE" OF MODEL ENE FUNCTION TAROUGH

C PARAMETER K. K LUST BE .LE. 11. FOR K .LE. 10, K. IS THE

C. DEGREE OE THE POLYMMIAL <POHER SERIES) TN TEM?-ERATUFE,

C FOR K = 11 THE AliEL THE El .1 NF'E, TYPE K FUNCTION WHICH

C CONSISTS. 'IF AN EIOTA-TEGREE roL'-'NominL (roHER SERIES) PLUS

C A onossIAN EXPONENTIAL TERN.
C

CALL CROCK
W2ITE<C,240)

246 FORMAT(//' ENTER F(..(CTION CODE FOR THERMOCOUPLE EIIE VS',

1 ' TEMPERATURE (12)')
READ(C,25) K
IF (L 0) GO TO 242
NA = -1.
GO TO 243

242 NA = L + 1
IF (K .LT. 11) GO TO 246
NC = K + 1
GO TO 247

246 NC = K
24.7 NTERMS = 1111 + NC

C NEXT 9 STATEMENTS ALTON orTIOnL OUTPUT FILE TO CE CREATED

C ON WONETIC 1APF (:)E.CTAPE). FA',:AMTER FiND SON OF

C SQUARES OE RESIDUALS ARE RECORI) F02 EACH ITERATICa

C
(:ALL. AASE
ARITF(A,2,iU)

210 i-OFHAT(//' TYPE 1 TO CREATE N-iTn FILE MAROT DAT LISTING',
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PAGE 3

' AF-IETIA1-dER CHI FOR EACH ITETFITION ON',
2 ' DUO-FARE (. DAT sLca. 2» -//' OTHISE TYPE 2')
CALL CHIN(A0)
ND = MD 48
IF (Hit .raL 1> CO
CALL ENTER <2, FAHR!"

C
C NEXT 63 STATEMENTS CONTROL INPUT OF INITIAL ESTIMATES OF
C MODEL PARAMETERS.

249 CALL ERAP.E
l2 = 0
IF (L .LE. 0) L2 = 1
1<2 = 0
IF (K .NE. 11) 1<2 = 1
K3 = K2
L3 = L2
1XITE(8,250)

256 t-ORMAT(// TYPE 1 TO ENTER INITIAL ESTIMATES OF PARAMETERS'',
i ' OTMERMISE :a ')
CALL PHIN (JJ)
IF (JJ .NE. 49) GO TO 280
CALL ERASE
IF CL .ED. 0) GO TO 267
KRITE(!D'252)

252 FORMAT(//' ENTER INITIAL c...,:irmAT I PARAMETERS FOR TEMPERATURE',
1 ' VERSUS')
IF (NI V 2) 25f,13,

257( KRITE(8,254)
254 FORMAT(SX,"FURNACE POWER FUNCTION IN COLS 1-15 BELOW (D15.8)')

GO TO 259
MRITF(8,256)

2556 FO3MAT(5)( ,'FUANACE VOLTAAE FUNCTAII:! IN COLS 1-15 BELOW <[.155. 8)')
CO TO 259

2557 MRITF(.0,250)
258 FORMATC-iX0"FURNACE CURRENT FUNCTIC.N IN COLS 1-15 BELOW (015.8)")

RITE(8,260)
'7,60 FORMAT(/' +A,.

DO 2655 LL=1, NA
1,!PITE(8,2f.7.2) L3

262 FORNUT(' * =

FE130 (.24) nrcsT
26:4 FO031011 (015. 8)

IF (ATEST CO.. (I. H) GO TO 265
AIN(LL) = FITEST
L3 = L3 + 1
CALL [KASE
IF (K 11) GO TO 2:37.
WRI1(268)

2E1- VOPHAT(//' IF YOU WISH 10 USE WAS. TYPE K TEMP VS ENE COEFFICIENTS',
l', TYPE 1'.'' (IT! RISE TYPE a )

CALL 6U!1 (JJ)
IF (JJ .NE. 49) AO TO 26e
DO KK1,r:c

Goar(r
266 CONTINUE

,4,14," )

modiedONSIMIsmor somalwim./19.1.411101117.1a



C
C
C LFINEva
C

WRITE(8,290)
290 FORMAT(//' ENTER INITIAL LAMODR (TYPICALLY 0. 001) (E9.2)')

READ(8,25) FLAMDA
995 FORMAT(E.9. 2)

C
C NEXT 20 STATEMENTS ALLOW CHOICE OF CONVERGENCE CF:ITERION

ESTALLISH CONvERGENOE LIMA
C
297 CALL ERASE

LIRITE(e,702)
7.00 FORMAT(//5X,"CHOOSE CONvEPAFN.CE CRITERION FOR TERMINATING',

1 ' ITERATICNS'/1, '1. FOTHT,NAL 0-4ANGE IN CHI SOHARE'/1.0X,

2 '2. FRACTIONAL CHANGE IN :A_L OCErFICIENTs')
CALL CHI(J)
JCPIT = J 48
IF (.JC:RIT .E0. 1) GO TO 34

WRITE(8"301")
301 FORMAT(//' ENTER LIMITING FRACTIONAL CHANCE FOR ALL COEFFICIENTS',

(E9.2)"
READ<8,02) PARTOL

7f.02 FoRmAT(E9.2)
DO :03 J-1, NTEPFIS

70:: ACHK(J) = F...1)
CO TO :07

:1714 M3ITF(C. 305)
:05 FOHAT(?/- ENTER LIMITING FRACTIONAL CMANGE FOR CHI SQUARE',

1 ' (E9. 2)-)
CAITOL

obwarnrassemmommoonata Amax. ess.......rapramagaamsrararrAerr.

95
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GO TO 220
267 wr,ATE(r-4,270)
270 FORMAT(//' ENTER INITIHL FSTIMATE.8 HF FARANETERS FOP PREScUPI:ED',

1 ' IHERMACOURLE"/"LHE VCUS TEMYERAIURE FUNCTION IN COLS',

2 ' 1-15 Of.r:LOM (D15. Cr')
WRITE(8,2C,O)
DO 275 KK-,1,NC
WRITE(2,272) K3

272 FORMAT(' 4 C<",12,') = ****,)
READ(8,264) ATEST
IF (ATEST .ECI. 0.0) Om TO 275
AIN(NFA-KK) ATE ST

275 K3 = K< + 1
280 DO 283 J=1, NTERMS

ACHK(J) = AIN(J)
285 A(J) = AIN(J)

CHISAV 0.0

NEXT 4 STATEMENTS SET INITIAL VALUE OF DAMPING PARAMETER

C
C tIET 14 STATEMENTS SET urPR LIMIT ON TOTAL NUWER OF

C ITERATIONS CHAT' GE INCREH...,iLD LATER).

C
(NF:ET AIE 4) (:,0 TO 311

WRITE8,:06)
:06 FOPMAT(//' ENFER NUAMER OF HHDITIONAL ITFT-AT(ONS <14,-)
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C
C
C

C
C
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NTAD(8,309) IT
ITNFsX = ITER + IT
CO TO 313
WRITE(:1 308)

208 FORNAT(//' EAfFR MAXiMLM NUMER OF ITERATIONS (I4)')
READ(8,209> (1MAX
FORMAT( I4)
ITER = U
JM = U
JS = U
..1510 = 0

NEXT 20 STATEMENTS ALLOW CHOICE OF EXTENT AND FREQUENCY OF
PRINT-OUT (Hai,65 COPY) FOLLOWING ITERATIONa

313 CALL. ERASE
WRITE(8, 310)

3111 FOf?ilAT(//' DE-TS DIGIT INDICATING EXTENT OF PRINT-OUT',

1 ' DESIRED' .'10X '1. COMPLETE PRINT-OUT OF DATA AND RESULTS'/

2 1.03. '3I.JAMF,RY OF NON-LINEAR REGRESSION ANALYSIS ONLY')
CALL CHIN (APR)
NPR = NPR 48
KSAV = NTH ,-, NTOT = 1
WRITE(0,212)

312 FORMAT (/.'' CHOOSE DESIRED PRINT-OUT IF CURRENT PARAMETER VALUES'/

1 10X, '1. Hnr73 CORY T701 ALL 1 TEFAT I INS. /

2 1.03. '2. HARD CORY FOR EVERY NTH 'JULY. ')

CALL CHIN (NiT,./
NSAV = KSAV - 48
IF (KSAV .NE. 2) GO TO
WRITE(2,2:14)

314 FORMAT(// ENTER DESIRED VALUE FOR NTH (12). ')
PEED(8,31C1) NTH

316 FOR1AT(I2)
NTOT = NTH + ITER

NEXT 95 STA-TEMENTE. CONTF,X,L PRINT-OUT OF INITIAL VALUES

31*: NINE = 60
IF (N5-ET NE. 4) !IRO = 1
CALL PAGE LIME, NPG. 3. 0)
WRI1C(0) IFRE1S,FILN,..710.SNuM,IITEMP,SET

*30 FORMAT(' PYOAMEIC = I SI',21X,-DATA FILE ',A55,A4/-

1 ANS1:INNT Ua'IRERATURL LATFi 11

2 ' NUMDR ',14/- MATER TEMPERATURE = F4. 1, ' DEG CELSIUS",15X,

3 'DATA ART ',01)
GO TO (332, NIV
WRITEC)

32::.< FORMAT(' INDEPENDENT vARIArLEJ
GO TI' 740

324 PRITE(.. 335)
FORMAI(' INDEPENDENT VARIMLE, X
AO 10

236
32 1-,ORMAT(' INC)ERENDEN1 ...ARIMMLE, X
40 WRI1 E(Z-34::)

FURNACE POF1ER IN WATTS')

FURNACE VOLTAGE IN VOLTS')

FURNACE CURRENT IN (MPERES')
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342 FORMAT( DEFF:NOENT VMHPLE, Y THC.ROOCOUPLE EMF',

I' IN MILLIVOLTS')
JSAV = JCUDE
DO 343 1=1,1

343 TC(I) = GLGNK
III = 0
IF (JCODE / 8 .N17. I) GO TO 344
Jr.:ODE .31:ODE - S

III = III + 1
= DC

314 IF (JCGDE / 4 . NE. I) GO TO 345
JCODE = JCODE 4
III = III + 1
TC(III) = De

345 IF (JCODE / 2 . NE. 1) GO 10 346
JCODE = JCODE - 2
III = III + 1
TC(111) = AC

346 IF (JCODE .NE. 1> 60 TO 347
III = III +
TC(III) = Re

34? WRITE (3,318) (TC(I), 1=111,1,-1)
348 FORMAT(' THERMOCOUPLE Dian INCLUDED = ',4115),

WRITE(3,334) NPTS
354 FORMAT(' NUPER OF PAIRS CF DATA POINTF, = ',I3)

JCODE =
1RITE(3,35G) K.

356 FORMAT(' FITTING i,ANCTION CODE, K ,I2,', L =

WRITL(Ti:,35,?) NTERMS
3)8 FORMAT(' NUR OF FPRRHETERS = ',I2)

FREE = N3 1E
WRITE(30> NFPFF

36f1 FORMAT(' NUMCFR OC I',!:OREL:7; OF FR7E:ON = ".I2)
IF (MODE) 36,I, :GC, 367,

: JrITE(7,763)
36!.:; FORMAT(' PTHOD OF ;,:EY.OHYING LEAST-SHUAPES F I 1, FEICHT(I) =

1 '1. /Y(I)')
Iii) TO 370

366 WRITE(3,367)
FMIAT(' METHui) OF 1-JE16HTING LErr,7--PRES FIT, WEIGHT(I)

1 ')

GO TO 370
1RITE(::,:C9>

3G:- FORMAT(' METHOD OF FEIGHTING LEAST-SUAPES FIT, WEIGHT(I) =

I 1. /SIONAY(I)**rf')
WRITE<3,374)

374 FORMAT(' ITFEnTIoN YERMINHLD [3 FRACTIONAL CHaNGEIN
IF (JCR1T .NLL 1) 60 TO .J.70

WRITF(3,376) CH1TOL
37K; FORMAT(CHI-SOUARE LP:S MAN ',1PE9. 2)

GO TO :80
378 1,I11 TU(3,3E9) RARTOL
3-r9 FAMAMETEFS LESS THAN ',1PR9.2)

PPITE(3,3:::2) FLAMPA
FORMAT(' INITIAL VOICE OF LAMCTA =
WRITE(:,:84)
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3E:4 r0F(HAT(/,'INITIAL P.:JIHTES OF PAR0METER=7)
LINE = 22
LS = L2
KS = 1(2

LO c3 LL=1, NA
CALL PAr.i: (LINE, 3, 0)

OPITE(3,SC6) LS, A(LL)
FOrellAT(CA(',I2,') =

390 LS = L3 4. 1

WRITEC<,S92)
SSJ2 FORNAT(")

LINE = LINE +
DO ,WO KK=1, NC
CALL PAGE (LINE, NrG, o)
IgnTE(S.S9) KS, A<KK÷NA)

396 FORMAT(0X,-C,I2,') = ',1PD15. 8)
400 KS = KS +

WRITE( 7.410)
41L'; FORMAT(")

RETURN
END.
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ccrr:cck,ccr,Cccccertxcccccr=ccr,cccrcccec ccfccccccccccecccr_ccocrx_ccco

C SUEROU II NE WiR0,1B ;---e!-TFrEN IV (PDT' 15/20) S. A. El DE

C
C

PURPOSE
CONTROLS NON-LIP:AR REGRESSION SUBROUTINES AND CLOCK CPU

C TIME FOR nnvILYsis.

C USAGE
C CALL MARQ4D
C

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
MARORT

C PERFORMS A LEAST -SQUARES FIT TO A NON-LINEAR FUNCTION
C USING MARQUARDT'S PLGCRITHM.
C FUNCTN I, A, K, L. no
C EVALUATES FITTING FU(-4CT I AU FOR NON-L 'NEAR LEAST-SQUARES FIT

C DERIVI I, F. l L, AG. DER i V )

C UVALUATES FIRST' RAPTIH_. DERIVATIVES OF FITTING FUNCTION WITH

RESPECT TO EACH P1im7.TER AT ITH POINT.
C MI-INV (ARRAY, [FT;
C INVhRTS A SYMMETRIC THO-DIMENSIONAL ARRAY AND CALCULATES

C. ITS DETERM I NANT.

C SUMSQR S I GMAY, NFREE, YE I T

C EVALUATES REDU,-.:ED CHI SQUARED FOR F ii Ti:' DATA.

C c c r:c c cc c c cccc CCCCCCC:CCCCCCC:CcccceccCcoCCccCcCCCccCCCCCCCcCecCecCcCoCCCr.
I NE

DCLIE:L.E. PPEC I ION A, P.CI ;K, TN

DI HENS ION 7:(:.1:10)! '(1CD . ( "CO ) YF I T(100), FI ( 2.0)

D I ME NSIQN IGMAA(2 +71 !..)F.I.; I C. ) 17 1 t. 2 ) ACHK (20 ) II I N(30)

DI Vila NSION E(100), DE (.10 I f C ( O V 100 ) C (.100 ) N TO < 100 )

COMMON t 4P TS, NT ERMS, MIDT.E, ft, fiGHR. N., I P-7ESS, AO, NTE.711P, N I V

onTIMGN Y, SI °MAY, Yr I T. S I cn..!no, T.ER I Y. ir JiFOF.. NSE1v.. L.. K

COMON E. DE, 1 TC, V f KrL NC.. L2, 1.2, I T.. NTC

CONNOTI PARTOL, CHI TOL, I I 'TER, S, NPR, L I NE, NPr3

CONHco; ,TSAV, NFREE, CI !I i f,JPI1SS, CHI SAV, ill, IS, I S10, SEC:

COMMON SECTOT, NSET, F I LEN. ':HUM, SET
CALL. T I ME-1.0 ( I 11, IS I S1.0, I OFF )

CALL MA:,...:ORT

IOFF = 1
RETURN
END



.....1.7WWWAIMOMMOMMUMIMMI.WWWWMOUIVR.MOIMAftWr,101.,.rAra,wilaWIWWWWWWWWOW

MNRO4CSRC rncL

100

ccrocro..7ccocccrAccrcorcrcrocco( 1occOCCrACCCGCCCCCCCCCOCCCOCCCCCGFC
C
C

PURPOSE

S. R. EIDE

C
C

9JBROUTINE NARA4C FORTRAN IV (RiX1' 15/-2,0)

C NONITOPS CONVERGENCE. TEANINATES ITEMATIONS AND CONTROLS

C PRINT-OUT OF RES!): TS.

C USAGE
C CALL MARC
C
C SUBROUTINES 3111' FUNCTION sABflROGRAMs REQUIRED
C PAGE <LINE, NPG, LUIL LADD)
C COUNTS LINES ANC' HUMMERS PAGES OF PRINT-OUT
C EMF <A, T, F L, ND)

C COMPUTES EFIF (FUR tn-o), FIRST FRPTIAL DERIVATIVE OF EFIF

C WITH ArlfTOr,T. TO TETIFEPATURE 04D=1) , OP SECOND PORTIA! (ND.,=2>

C FOR TEHP:EROTURE T USING COEFFICIENTS IN ARRAY A <CODE K, L)

CCCCCCACCOCCCCCCCCi7CCCCOCCCCCCCOCCCCOCCCCCCCOCCCCCCCCCCCCCCCCCCCOcCCCC.CCC
SUDROUTINE MARQ4C
COUPLE RFECISON A. A'7,H, AI N, AJ, ACJ, DAPS, COEF
DIMENSION X(...W0),Y<10),SIGMAY(1O,7.1).YFIT<IOO),A(.20),ORD(100)

2IGMMA(20),DERIV(20),RILEN(2),ACHK(20),ATN(20)
DINENSION E<J.7:;?),DE<LO0),ITC(100),V<100),C(10,NTC(1.00)
DIENSION m(1. F2T(.5), COEF(1.2), ECOP.'5)

COMMN NPTS,NrEAMS,MODE,A,ACAK,AIN.P,IRRESS,A0,MTEMP,'NIV
';Or y if, S OHhO, E'ER I' NP, JCODE, ;-.iSA V, L,

COMMN E, CIE, I TC, V, C. ft s. L2, L3, K73. FLAMDA, JCR II, NTC

11:N OL, CHI TOL TUO, FTEJ;!., NPF;:, PINE, NPG

COUHON
SECT11 T,NET,FILEN,SNNA,SET.:,-.SAV,NTM,NTO1 ,COEF,JLA11. 110

ROTH AT(.1),A.2)/2. 7U2O:T:51 E-15/

DATA AT(7:),11":(43.627, E-16?

DATA AT(.1),I:JK2),BY<:..)/C.2-30071.,:=2.
DATo Er(4),FDT(!J)/1. 3:2S.9742. R-.12,-1.fJ07J41. E.-±e/

[.0Th ALANK,CONV/514 ,5ACONVG.,

= JM + IN
Js = JS + IS
Js.1.0 JS10 + I010
ITER = ITER + 1

C
C
C
C

NEXT 7-< STATFM:.,ATS WR!I1E CURPENT PARAMETER vAL!JEs rum OF
SQUARES OP I,USIDUALS FIN DEC TOPE (OPTIONAL).

IF <NQ -I) GO TO -'.45
<A<I),I=1,NTERN.S)

440 F(MAT<AX,14,:;'0515,11,112. 5))
C

NEXT 16 STATEMENTS TEST FOR CONVERGENCE
C
445 LNN = A

IC- (Kcrliv Ac. 2.OR . 11cR :1101) LUN = 3

IF <JORIT .FL.1. I) AO TO 410
JF10:7S - 0
DU -V:0 J-1, NTERMS
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C
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C
C
C
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AI = A(J)
ncJ
MST = DAL3S((ACJ - 03)/ACT)
IF (TEST .LT. PC:iRTOL) = JPASS + 1

4.50 CONTINUE
460 TEST = (CHI5O3: CHISAV)/CHISAV

APS (TEST)
PCTEST = IUU. *TEST

46..) LT = 11 + NTERMS
IF (13:71,!. NE. 2. 03. ITER, EC!. NTOT) CALL PFrtE, :LINE, NPG iM LT)

CALL ERASE

NEXT 15 STATEMENTS COMPUTE CPU TIME FEE ITERATION AND

CUMULATIVE CPU TIME.

!WC = FLOAT(IS) + FLOAT(IS10).
46? IF (SEC .LT. 60. ) GO TO 46:

SEC = SEC GO.

IM = IN + 1
GO TO 457

450 IF (JS10 .LT. 10) GO TO 469
3510 = 3510 10

= JS + 1
GO TO 468
SECTOT FLOPT(JS) + FLOAT(JSI0)/10.

470 if- (f',ECTOT . LT. 60. GO TO 472
SECTOT = SEC:TOT so.

35 JS 6.0

3M JO + 1
GO TO 470

NEXT 78 STATEMENTS PRODUCE MINT-OUT (HARD COPY OPTIONAL)
CF SUMMAPY FOLLOMING EACH 1.-M.nTI:Ott

WRITF(LUN,473) ITER, CHISCR, PCTEST
473 FOP/AT. ITEMTICM MOMDER ',I4/' REDUCED CHI-SQUARE = ',1PC13. 5,3X,

1 '(,03310. 2, E CHANGE>')
143ITE(1 UN,474) Ift SEC

474 FORMAT(' CPU TIME FOR THIS ITERATION = 13 MIN.. ',F4.1,' SEC"

NRITE(LON,475) ITER. SECT'JT

475 FORMMT(." IOTAL Oil U TIME FOR ITERATIONS = MIN, ',

1 34.1,"
HEITE(LUN,475) F-lruDn

4e6 FoRM1-0(' CUFRENT WiL.:.;E LIE

IF (JCPIT EQ. 1) CO TO 1177

IF i:Ksny. CO NTOT) LINE=LINE+1
HRITE(LUN,,177> IflA55, NTERMS

47( FOflMHT(' PARAMETCPS SATISFYING CONVERGENCE CRITERION

1 ' OF ',I2>
147, [.'mw:

MO 478 I=1, NETS
YTEST = ms<Y(I)
IF ('(EST .LE. oymn) GO' Tel 4(0

umw: - YTEST
IMAX = I

47:3 CONIINME

= ',IPE10.

ANIONNINIIIIM11101171.1111MIIIIIIMWA

,12..
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1)71111X = 7( [(lox) yr I <

F.CD IF 3.60. 4: DYN0X / 7( I MAX)
XSET = i MAX)
YSFT = Y(1MAX)
MR I TE (1 1.Ki. FCDIF, :::.ET,

479 FCIRMATC. ' MAXIMUM ' = X AT X' =',
1 OFF(:. , 7 = r...YCLES. "MIS I TERAT ION I4,
2 , C1_11-,.!RENT EHF COPRECT IONS (AV) ARE' )
DO 1479 1=1; 5
T = 200. 0 4: Fr LOAT ( )
ECOF.!( I) EMT (COD:, 1, 11, l3 0) - K U U>

1479 CONTINUE
WRITL(LUM,1420) (ECOR(I),I=1,5)

1480 FORMAT (IX, F7. 3., ' (200), ', F7. 3, (400), ', F7. 3, '(GOO), F7. 3,
1 "(800), F7. 3, (1000 C) )

480 WRITE ( LULL 421)
481 f- °RNA-TU-5X, 'CURPENT VALUE OF PARAMETERS', 5X, 'PERCENT CHANGE'?

1(3 = 1(2
L3 = L2
1)0 485 LL-1, NA
Air = A(LL)
ACJ = ACHK (LL.)
PC = CR5 FiC3)/FICJ
FCC: = 100. * PC
PASS = PLANK
IF (Jr.P.IT . EQ. 1) 00 TO 402
IF (ABS<PC) . LT. PAPTOL ) PASS = CONV

4( 2 1:1R1 (LUN, 403) M<LL ), (CC, PASS
48:: FORMAT < 8X, '11( ", 12, ') = 1PD15. 0, 7X, OPF10. )", 3X, A5)
48I.; L3 L3 + 1

1:1R TE(Lur).. 487)
48? oRMAT ( )

DO 490 KK=1 , NC
ft..7 = Raj( + NA>
ACJ = ACHK (KK+NA)
F2'C = (AS ACJ )/ACJ
PCC 100. * PC
PASS = BLANK
IF (JCP I T . Et). I) GO TO 400
IF ( A0S( RC ) . LT. PART0L ) PASS =
Iv. I 409) K3, A ), PCC, nSg,

' C -, 12, ) = IF D15. 8, ' 0PF10. 3, )", 3X, AS)

= K3. +
11P TE OWN, .491)

491 FITIPM0 )
DO 492 J=1, !ITCRMS

492 ItCHK(J) = Ft(T)
IF ( I TER . E0. [TOT ) NTOT NTOT I NTH

115117 = CH1 SOP.
IF ( TER . EQ. 1) GO TO 490
IF (JCR' T . EQ. 1) 00 TO 495
IF (.1"PFiSF:, . EQ. NTERMS) CO TI) 520
Oct TO

. t_T. CHI TOL) 00 TO 7:20
.198 IF . LT. I TMAX) i";0 To Si?

CALL CHOUT <7)

.1.31*Wer,..INIMPITIMVIONNOM
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C NEM 28 STAFEMENT':, CONTROL OPTIONS MMEN ITERATION LIMIT

C IS REACHED.
C

C

C

499 CALL ERASE
ARITE(C,50Q)

506 FOFAAT(7/5X,'MWeNMUH ITERATION NIJMEER COMPLETED. "i5X,

1. "CELECT DESIRED PROCEDURE PELT '//1(.7 MAM:UPV,

2 ' ITERATION NLU AND AOMTINUE'/10X, PRODUCE FINAL',

3 ' FAINT 'SOT USING CURENT RA-INITICERS'/A., DIspLicr,

4 ' RESTART OPTICNS'/10X,'4. ENTER NEW LAHBDA'/10X,

5 '5. ENTER NEW 11(0)')
CALL CHIN (JJ)
JJ = JJ 48
GO TO (510, 520, 925, 5n2,

ON? ARITE(2,503)
FORMAT(//' ENTER NEN VALUE FOR LAMEDA (Ela 3)')

READ(8,504) FLemn
564 FORMAT(E10.3)

GO TO 499
WRIIE(,506) no

500 , I-ORMAT(//' A(0) IS NOM .-, ',10.4,'; ENTER NEM A(0) (E8.4)')

REA9c8,507) hO
5( FORMAT(FO. 4)

GO 10 499
510 PRITE(3,512)
512 FORNAT(//5X,'EMTER NUMBER OF ADDITIONAL ITERATIONS DESIRED (I4)')

KEAD,51.5) IT
FTTWN111(I4)
ITNAX = ITNAX + IT

Si.? IN .., TO
GO TO 925

RENHINDER OF UROUTINE CONTROLS PRINTOUT OF FINAL VALUES

520 LINE =-= 61

CALL RAGE (LINE, NEC, 3, 0)
WRITE(3,540>

540 FORNOT(/16X,'SONMARY IF NONLINEAR REGRESSION ANALYSIS'//

1 13X,..TINOL VAL1JE.', 'STD EPP01,,STO ERROR'/12,
2 'OF PniiMETER':"Y:,'KPERCENT)')
FECTOT FLOAT(JS) ELOAT(JAT)./lti

550 IF (SECIOT ET. 60. ) AO TO 560
SECTOT SECTOT 60.

JM + 1
GO TO 1,-,1,..;0

560 1(7.": fl
L3 = L2
DO 5C.1 LL=1, rn
Fill , w:_s(sIGHnnow).,1-1(LL) ) lOO.

WRI1Ek..3,570) L3, H(EL), SIGAR(LL), PCU
5'I) F0RHATC9X,'A(.',I2,') ',1P01.5.0,.3X,IPE15.,4X,1FE.10. 3)

1.3 +

NRITE(3,51.0)
590 FORMAT(' ')

LINE ,-, LINE + I

1111/11110911111i
411111,116
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:)0 620
PCU = ADS S If 1 Kr-4
WR 1 TE(2:, 610) PCLI

61.0 1:0!;!illif CC 12, - C, 4, 1PE:10, 3)
626 K2: +

TE < 622) TIFF..
FO.'01:11-1 " TO TAL / TERFiT I ONS 4/9:`,.., "PrDUCED CHI -5;f:UPIP.E

-1 1PE1
;!71E FLANDil

INAL LANCDA
WR *IF (3, 62,1 ) IN. Et.'TOT

624 TOTAL CPU F.!ECIJ I REA) = ' MIN, ", F4. 1, SEC" )

1..!!;: I TE 625> DYNAX, PC!::111

6;?!.r. FOi.0.1111 (SIX, NA:-?, I OU;-1 I .LiT I 00 OF F ITT I NO FUNCT I ON = " ,1PE11.3. 3,

1 ' PE0 J., ' )
WR TE (::, 626)

624 Flirt 5, Y 4)
F Nr'1:;; . NE. L., Go 11) 9:25

L I NE'
PACE (L I NE, N)"CI, 1. )

RITE 630>
63G F- Of,.11!"."-{T "COM-AP I SON OF DATA AND RE?:OLTS." 'OE:'ERVED

1 'IDF:SE...'Ef)', T1 ED' "STD 'RESIDUAL 2:-;, 'RES ID12'RL

2 11._>, Y" , Y J.6X, (.) ; yoBS> )
DO 642 L=1, NPTS

6.-Iff4 I ) )
250 11=1, OPTS

I N S-19S4f,.

.L.J NT' TS

IF Q01.11.,.(JJ . GE. :-iiu> Co TO 61.7,0
XM I >,:OpD(..T.J)

-JOIN JJ
641::; COOT I FOE

RIFF Y(JilIN) IT(JOIN)
PCDIF = 100. i RIFF Y(..TOIN)
L I NE = L. I NE 4- .1

00 TO (700, 750, *:i:70,N, NIY
)'eits.1 WP I IF (?:, 710> ) IN),SI CNA,'" ( JO N), F, PCD I

'11.0 FORMAT FO. F)'. 4, 13, F7. 4., 3%, F)'. 4, 2X, F9. 5, 2K, P-3.

'30 TO
756 1:1;::: I Ty: 770) T N (JO I N >, T (JO I N ) '2:: OMIN (JMIW,DI FP, PCD I E.-

FORr4;71-1(EX, FO 6, 1. 4, F 7. 4, F7. 4, F9. 5, 2%, P)).

Go 10 7.10
261; W-,!1 TE ( ))20) ( 11 1 !1) , ( .JO ro, 'TT: 'I N), SIGNAY (MAI N). DI FF. PCD I F

[201;7NA T (:E);<, Fa T.', 4, Fr. 4, 2%, F9. 5, F:D. )

IF IL . LE. 5C) CO Ti) !350
CALL PAITiE (.L I NE, OPG, 3, 5)
WR TE (3, 67.0)

JO I O > 94,'.:49. 9

LINE = 614
CALL 11173 IL I NE, OP 0, 3, 4)

:2.52)
OR(111 JP!:

1. 17, LNi.-11., I IC ,

Y." 1 E 1, C

3 J1i, (ECG C 161, ( ) )



105

1)0 1=1, OPTS
TM = a 0

=. 1
IF (L . GE. 0) GO TO 80-.)
Let = U

= TM AU
860 DO 870 J=1, NG

TN = TO -1- fl(J) 4 X( /:!**(J-L4)
870 CONTINUE

El = E( I ) 1000. 0
- a 0

IP (EI . GT. 1E395. 4) GO TO 875
DO 872 I1=-1, 4
102S = TOES AT(11) * EI*.I1

072 COOT I NUE
GO TO 820

075 DO 877 I1=1,5
TN8S = TN22 (IT(I1) * EI**(I1 -1)

87r CONTINUE
E = TM - TOES

PCCOR = 100. * CORR/TNBS
LINE = LINE 4. 1

?.ITEr....?., .3 ri ( I ) E( I ), ITC( I ), TNE3S,1-0, CORR, PCC.OR

900 1-0;T.NOT(.6',2 F.0. 3, 2::<, F7. 4. S7 11, 3X.,17. 2, F7. 2 3::0 F7. 2, 2:;,178. 3)

INE . LE. 58) GO TO 905
0FLL 1-002 (LINE.. NF'G, 4)

ITEC, 852)
05 CONTINUE

1-19:7;

'425 RETURN
END
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1.06

PA6E

OCPCO11.:CCCCCCGCOCCO:CCi.:OCCCCA..:..0::!::J.f...;.Lciww_l_iCi.:-.0-......-...CCCCCCOCOCCOCCGCCCCCCOCCCCC

C
C. =1..icourirE NnRo4c, F6:7"-77-IN IV t17.1'..4.' 15/-_-50) S. A. EIDE

C.

C RUPPOs.E
PRwVID':'7. OUTPUT OPTiCi..1.'1,

INCLUDING ANALYSIS OF RESIDUALS,

FESIDUL F.-j-FEGT ON EMF, SEFT:EOK,

FELT IF::: AND THONIJI'M ,T0E+1-11..11,..NCS
HS 0 FUNILAION UF TEMPERATURE.

C ALSO OGNIF.ULS FEEft,RT OPTIOTLi

USAGE
CALL MARI:11D

C SUPROUTINES AND FUNCTION SU.ePPOGRAMS REQUIRED

TI YPLT NRiS,

C PRINTS A LINEAF!. PLOT OF ARRWYS VEE V ON TELETYPE LON

HISTO NPTS, ruar, LON)
r: FRGDUI:ES SCALED MISTOGRWM Cr N I NT INTERVALS ON TELETYPE

LON

C PHGE (LINE, N1.A., LON, LAD[)
COUNTS LINZs. AND N0WP,E,7.:',-, PACE:,-, OF PRINT-OUT

EWE (W. F. Y, L. ND:
CONRUTFS EMF (FUR. FIRST Pni,..TInL DERIVATIVE OF EMF WITH

C RESPECT TO TEMPE:.:HIOF. (IND---1), CC: -ZECoND AnPTIAL DERIVATIVE

FOR T U3ING COEFFICIENT ARRHY A :CooL

TEMP (A. P. L, RO)
COWPUTEZ:. TEMPEFJ.WTUflE.: ICE INDEPENENT F' UEINIE

COEFFICIENTS IN HPRAY

,LCci:CCcci7.-CCCCI:COCCCCOCCCCOCCC,:-.CCCCCCCCOCCCCCOCCOOCCOCCOCCCCCCCCOCCCCOCCC
sU2f7:01..WINE MARw4D

r:CUFLE A, ACI-i) AIN, Cf:-,EF

CI WENS I eN 60 YPL T .Ni. . Ff.
COEF (12)

DIWENSION
DIMENSION S I r

ii CI.E!'1" I 20 ), (2 I), ACHY:. n I to:.20)

DIMENSION E.,...10O), DE,j.>1-;,... I I ( I I ti Ti I C.:.1O0

CONNCU WETS., NTERNS Ii N. I PRE HTEHP, N IV

comi-.0:sr; Y., r I 1 , f. I
K

E, E., ITC, V, C. rTh,.. L2, L FLANtAli.. JITR I f riTC

CONNON CHI TIT4 I
NF T NE, NAG

COMMUN r.IrPtITE-.... CI II tr.1 I IN.. i S I 'SEC

'TLC t-
N m r.vroy, coEF, JLAN.. FIG

= O. Cl
PfUTI = C 0

TNr-N - Cl

C.

NEXT 1 STATEMENTS RT:!:FOM
Hr*Lysis OF RESIDUHL

YWqX =
C0 TOIL) NPT.-7,

IF <WI) .GT. C'CT Y(A)

Y:A)

1010 r.ON1INur
FLOAT(NRY*,..)
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nriH:pc PAGE 2

RHEIN' = RSUM / FLOAT,:.NPIS.;,
PSUM = G.0
DO 1020 I i., NETS

PSUM 4 RMEHN)**2
10:70 CONTINUE

rvnR - RSUM FLOAT(NIS NTERMS)

RSIG = SORT mveIR-:,

C NEXT 18 STATEMENTS ALLOW USER Ti:' CHOOSE ONE OF NINE

OUTPUT ORTION'T..

C

C

1025 CALL ERASE
WRITE(2,1.02:0)

107:6 FORMAT(//' CHOOSE DESIRED OUTPUT OPTION EELOWW5X,'1. ANALYSIS OF

1. RESIDUALS WFLOT-/5:, '2. RPITJE:.E. 121iRRECTIONS FOR Elf= 0ND TEMP 11/

2FLOTS(2) '/5..'; PRESSURE. REED:2T ON SPEE:EM PELTIER AND THOMSON

:COEFFICIENTS '4. run TEVP VS SFEPEO,.. COEFFICIENT'

4/5,-.5. FLO' VS FRESSURIZ.E,7:. FEL1IFR 00EFFICIENT'Zi 'E. PLOT

5TEMR VS FRESSUITED TH:.:IMSW! LOEFFICIET4T'S5 PLOT FITTED tifF

ES °ESE:RYE:2, 'a. PLOY INUEFENDENT VF:RIABLE VS RESIDUAL DIE'?

75X, '9. DISPLY RESTART
':FILL CHIN (10'-'T)
IOPT = IOPT 4C
IF (TORT .GE. 9) GO TO 1700
LINE - 60
(TILL PAGE (LINE,
111I) E(1040)

1040 F01.;:.NFIT<1: 'INPUT DI-TH FILL ",P5,H1/)
GO TO (11.150,111:0,100,1500,10,11650,1620), IOPT

NEXT 45 STNTEMENTS ((CPL= tTh.VS-IS OF RESIDUALS AND PRINT

RESULTS INCLUDINc TELI7M-YRL PLOT FITTED EMF VS RESIDUAL EMF.

1050 PRITE(7,10S0) P.MEAN,PAIPSIG,FPCS
1.0G0 FOFIIHT(11-2: 'uNHLASES FESI:DuALSW1X,T12:"RESIDUnL. NEnN",5:4.,

l'= ,F10. ViRIFiNCE = ',F10.

STD DEV fiSS MEAN = F10.6//

2-.1X,T27,'RESIDUAL HISTOGRAN'f)
CALL HISIO NP IS,

LINE 60
CALL PAGE .:LINE,NPA,:,0
VRITE,:.7,1040> FILEN<I), SET

1070 ELIAim(1:-..T:5,'AN;',LYSI OF ELSIDUALS'/1X,T12,'CUMULATIVE FF.EOUENCY

fL UNIT NUEE:H.L. UEVT0TE
NORMAL' ,1 'CUMULAT/

1:-It-. ERSIDUAL DEVIA1F FORM FREOUENCY')

LIFE] - 10
DO 1090 X=-.1 f']

PIEST = RES(I)
DC 10A0 4 =1,I
IF kl .E.O. I) GO TO 1075
IF .:.RTEST .0E. Xl-ifliJ)) CO TO 100

DUMMY XARDJ)
ORD(1>

- DumnY
GO 10 1000
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1475 'Mr.-.1171.), .5) RTEST
140 CONTINUE:
1.11S14 CIDf IT I NUE

[...0 11:10 I=1, NFTS
TINT = G<TIRD4:. >

curiru --(FLCIF; r< -)

MP I 1144> I 1 ) ) CUNFO

11.110 M.0T.'. 1X, T172:, I_ T20, ES 7, -2, ES. L 1%19, E7. 4)

LINE = L. (NE 1 1

IF (I_ THE . L.E. 51) CO 14 1110
CALL_ PAGE (1.. I rF 4)

MP I *FE. .1044) f--- I LEN (I ), SET
MP I -FE :10)13)

L I NE = 10
1110 cONT NUE.

LINE =
CALL l'ACE (L I NE, iqF13, Ii)

1040) FIEE1(1), SET
TIP I TE 7, 1:124)

.1120 FOIT!ITEIT.:1::..:. 112. F T. 7- TED ENE 01\0

CALL T-My'11_ T I., RES.. NETS,
GO .10 1025

PAGE 3

= RESIDUAL ENF <NV).-)

C NEXT 7-2-. 17TATENE4TS comruJE, PRINT AND PLOT TEl AND

EMT- CORRECTION&

11::4 TIP I TE 11.25)

11.7:M FLIT1'1O-N1X, F I TIED TEMP', 125.. 144. ITED',

1 'ENE' -T5, 11.4, TEMP'. 'DIFF i.21 ." /IMF

.LT $5., 'EMT'', DI Fr', 1441 'F'0I.IEF.! T4, DE5 C ) DEG C.) (DEG C)

((Ty') <NAT TS)

T = TETT = 0
P = 10.4

.120C.1 1=11.. f

IF ii .
:1) GO TO .1.173

T 27:5. 0 F--LOA ( I-1)

ElF 10. 0

1110 TEST = I -. TEMP (AIN,P,L,A0)
IF PE-1S ( TEST) LE. 0. 04_1) 50 TO 1170

IF

=

'NS '30 ) 00 TI; 121

IF TEST . LT. O. 4) t.:10 TO .1.120

P P -4- IF

cr.( TO
1:1..5M =

11F.1.) F F
N.:,

TEST T TEMP fT.M N.. P, A0)

IF . LE. 0. 041) 10

+ 1
IF 51. 1,54) 50 TO :1214

IF L.T. Ci C.) MO TO 1.1A

= )
50 10 1...1'41

.1111 U.' IT ENE T, 0)
=

DT = 104. 0
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109

AGE 4

iF I T 7 0 0
11/,1 TFIT = TFIT DT

TEST = EF I T ErIF LOEFH TF I T, 11, 0, 00

IF (APS( TET.T ) . LE. O. !:4-1!...C) (10 TO

DT = AES(DT)
IF ( TEST .

LT. a CE DT = -DT/2. 0

N5 = 45 + 1
IF <Nti GT. 500) GO TO 1210
GO TO 1174

1175 'CF = T TFIT
EF I T = EMF (A, T, K, L, 0)

ENDS = EMF (I..:OEF, T.. 11, 0 0)
= ENDS EF IT

IF (I Ala 1) P = 9. 9E9
N5 = 0

11S0) T TFIT YP, ENBS, EFIT, X0, r

lmo FORMAT F7. 2, F7. 2 2X, F7. 2, R F8. 4, 22, FS. 4, 2X, FS. 4, 3X, F6. 1>

IF (I . EU. I) P = 10.0
IF (ENDS . GT. YHA) GO TO 1200
04 = I

YPLT( I = YP
XPLT( I ) = I
XORD( I > = X0
THAX = T

126G CONT I NUE
1211i I = N4
121!.- LINE = 60

CALL PAGE 'LINE, NFU, 3, 0)
1.1=:ITE(3,1040) FILEN(1), SET
I.1F. I TEC?, 1220)

122f-i FORMAT ( T19, 'X = UNO0flPFTED TFMPEATURE (DEG C) /1:, T.5 ' )

!..;P I TE(7f,

123fTi FOFMAT(..1 T12, 'Y = TEMPEA1URE CCCECT ION (DEG C> DUE TO",

1 )

CELL TTW'LT YPLT,I,3:)

LINE = CO
CALL Pi--Y3E (LINE, N111, 3, 0>

t.:MTE(7f., 1040) FILEN(1), SET

HET TEl.. 12.20)
HP' TE (3, 12,!0>

1240 FOPMAI(.1,T1,'Y = EMT 1...OPECTION (NV) DUE TO PRESSURE')

CALL TTYPET (XPLY. ::OFD, I, -Jr)

GO TO 1025
C

NEXT STATEMENTS CCMH.ITE, PRINT AND rLor f...:0RECTIONS FOR

SEEFECK, PELTIER AND IF OML:00 COEFF Ti TENTS.

1300 I TE<3,120)
FORMAT K.1 T17, 124, 'F I TIED SE_FET.1.74:-', T4E, 'NE:S", T54,

I'F I TIED DS/DT' /IX, 15. ' f 115, '2,EEPECK [11-FI 145,

2' DS/DT DS/DT D I FF 14, ' T16. ' (UY/C) ':UV/C) (U

:-.<k,/c) KNVSC2) (r4V,'O2) (NV/C2)")

DO 110
T 25.0 J. FLOAT( I-1)

0 1, EiC kT4,1,K,L,1)
1000.0 1 MF <COLF,T.11,0,1)



VMAka.rli.171,4/77,^9 0M104.0 40.600411,

YF= Pr IT
j .f" = 1. ki7C, ErIF (A6 i IS L 2)

.,-. 1. T
- DSN[3'S.

02ITE0:.::., 1:240) I I.. VP. C,Si." I T.,
FS. 2))

!T . GT. 1,2 1'350
XPL I( I ) T

YPL.T I I ) = YP
..--,:c.)R1)( I )

N4 = I
C:ONT I NuE
LINE -=
CALL PACE (L I NE., 3, 0)
WR TE (. 3. .1,7110) 1: I LEN (1), SET
WR .1O)

I. 701 FOP.VViT(1, T2S = IERPERATURE ,;()EG 'VS )

l..1,! I YE ( 1.370 >
11:70 FCIPNP[T,...1.,',:, T10, Y = S;EESECi::: PRESSURE 1.:ORRECT I ON Ni( CEO VOL TS/DEG

1' C)' )
CFILL TTYPET 'T'FLT, N4., 3)
LINE = 0
CFLL NPG, 0)

FIL.EN(1), SET
E -14 t:Ti

1.4;51:-. I TIL-D PELTIER'. ss T541,

1' F I I [ED TH1.-v:A.Drr/..1.:-1, FEFP'.. T1.5, 'PELTIER FLT 1151 DIFF
THONf.ON L)If7f:' 0-, C.) T2'5. (IT.") ',

(i.jy/c) (U.12/C) 1./C)')
A:0 I=L. 52:

T = 25. + +:-LCAT(
P IF I T = (.1T + Ertit 1)
PIrIES = T criF ..1.2EF, T. 11, a. 1)
'T'P = P IF T. I
IHf-IT T + 27. 15) E[F (A.. T., K. 2)

01-1'0. f + UHF 0.-.A3EF, 1. 1.1, 0, 2)
THE 11 THNB.S

1.-iF! I TE(3, 1. AlLIES. PIFI 1.. YP, THNE:S.. 'UHF IT, SO
IF .51 TMHX) GO TO 1420
YEL TI I ) VP

)
..1.4211 CrNi IEEE

LINE
LINE.. SRI.

lrI .1XJ-ni> FILE:N(1),
WP I
IF I:

1-10, !FR Pi-v!E5':..3...iF:L ION (HILLIVOLTS)')
Tr,'"... I SELlS, YFL.T., N1,

I IF [1.11:5(1

1,4F. 1,
- r..q4 1.1

0> 2)

1 1 0

LSPISINIIIMIVAltar 41.171MICIMMINIMIMO.. naM6.11
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C
C

C

111

PAGE 6

GALL TTYPLT (XPLJAXCE)
GO TO 1025

NEXT 11 STAIENENTS AND -'LO TESSURIZED SEEEECK
COEFFICIENI VS TEAFEPAIURE.

1500 HRITE(E,1760)
APITE(E,1510)

15Th FO141AT1X,T::"Y PRESSURIZED SEEBECK COEFFICIENT (MICROVOLTS/',

IT'DEG C)')
DO 154.0 I=1 TM

= 25. 0 * FLO5IT(-1)
XPLT<I) = T
YFLT(I) = 10110. 11 * ENF

15411 CON-1100E
CALL TTYPIET (7PLT,YPLT,N4,2)
GO TO 1025

NEXT 10 STATENENT COMPUTE AND PLOT PRESSURIZED FELT I ER
COEFFICIENT VS TEMPERAICRE.

1550 NRITE(,13-50)
l:PITE(3,1550)

1560 FORMAT(1X,T11,'Y = PRESSURIZED PELTIER COEFFICIENT (MILLIVOLTS)')

DO 155:11 I=1,N4
T = 25. 0 * P_on3(I-1)
XPLT<I) = T
YRLT(I) + 2T'2. .15) * ENE (A,T,K,L,1)

1560 CONTINUE
CALL TTYPLT (XPLT,YPET,N4.7;)
GO TO 11125

C NEXT 11 STATEMENTS CONFUTE AND PLOT PRESSURIZED THOMSON
COEFFICIENT VS TENPEPATURE

1505 WITT:C-2,1E60>
WRITE3,1610)
FORNAT1X.-R-3.",. = PRESSUFILED THOSON COEFFICIENT (NICROVOLTSe,

1'DLG C)')
DO 16270 rj. TM
T .., 25. 0 * FLJ-J1,1T,:,1-1)

=.r T
YPLT(I) = 1000. Ti * + 27E,:.15) v ENF (A,T,L,L,2)

150 CONTINUE
CALL TTYPLT (.ItT,YETA-, N4, :Ie.>

GO TO 11)25

C
C

NEXT 4 STATENENTS PLOT 001-LRVED ENE VS FITTED ENF

1550 APITE(.1660)
1550 = FITTED fl'.,' ) VS 'I) OBSERVED ENE (MV).".)

C01L TTYFLT OFIT,Y,NFTS,2:)
no TO 1025

NEXT 4 STATENENIS PLOT RESIDUAL ENE VS INDEPENDENT VARIABLE

40.11111.1010.....10.11111101......741.31.11.71IMMOSS.
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160 PRITE(:',1690)
169ki FOMAT(1,T14,' 7WD Y T:E.:ADUAL Jr <M.'')

criLL TTYPLT
GO TO 1025

C
C REMAINDER OF SUDPOUTINE 17:f NTP012;> PE.::.,1ART OPTIONS.

17(10 CALL ERASE
HRITE(S,1710)

1710 FORMATf:///' SELECT F)ESIRED PI:START OPTION"//5X,

1'1. SAME DATA SET. NLN FI1TIN6 FUNCTION-7,
22. NEW DATii SET, '31r1E D;1TA

NF DATA FILE ,RE5TART PROOFAH)
44. CONTINUE ITFRATiO6'2, NI TA NEW CONVERGENCE CRITERIO'/5,
55. ENTER NEN LCMEDA',..

CLOSE OUTPUT FILE MARQT DAT ON UNIT

CALL CHIN (NEET)
NSET = NSET 4a
IF (NET .riE. 6) 00 TO 1715
CALL CLOSE':

1715 CONTINUE
IF (WIFT . NE. 5) GO TO 1740
WRITEYT.f.,1720)

172(i FOMAT,'.//' ENTER NEI.; V(U_IE OF LANCDA (E1a3)"..)

READ(C,171-10) FLniipH
2)

GO TO 17cJO
1746 E,:ETURN

END
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FUNOTNSRO PAGE 1

prrprcccocccroccoccocrfrri-raccii-ifirryfrroCCCFrprrirpcprrirrcrrrp

C FUNCTION FUNCTN FORTRAN IV (RDP 15/30) S.A.EIDE

PURPOSE
EVALUATE FITTING FUNCTION FOR NON-LINEAR LEAST suunRcs FIT

MACE
RESULT FUNCTN (X, I, A, K. L. AO)

DESCRIPTION OF PARAMETERS
C X = ARRAY OF DATA POINTS FOR INDEPENDENT VARIABLE

I = INDEX OF DATA POINTS
C A = ARRAY OF FUNCTION PARAMETERS

C K = FUNCTION CODE FOP CI11:: VS TEMPERATURE

C L = FUNCTION CODE FOR TEMPLATURC VS FONER (A0 FIXED IF L...<0)

C AO = ANDIENT TEAFERATUE

CCCCCCCOCCOCCCOCCCCCCOCCCOCCCCCOCCCCCCCCCCCGCCOCCCCOCCCCCOcCOCCACCUCCCO
FUNCTION FUNCTN X., I, n, L. no>

DOURLE PRECISION it E, DEEP
DIMENSION X(1), A(1)
L2 = L
Ii. = 1

C
C
C

'7<T 18 F.TATEMFNTS COMPUTE TEMPERATURE ACCORDING TG MoDEL

FUMTION CODE L. ADS(L) . LE. 5.

IF (L.) 5,
3 I n X(I)

El = 0
GO TO 20
L2 -L
1:1 = 0

10 = 0 a

00 TO (15, 14, 13, 12, 11),

11 T = A<L1+5) * XI**5
12 T = T + A(L1+4) * )I**4
13 1 = T + A<L11-3) 'I x1**3

T = T + 3I0_1+> * XI**2
1U T = I + A(L14-1) * XI

IF (L1 .CO. 1) GO TO 19
T = T + AO
AO TO 20

19 T = 1 + n(1)

NEXT :.)3 sTATEMENTS el:IMPUTE EMF ACCORDINA TO MODEL FUNCTIGN

CODE K . L-l. 11 (K = 11 IS FULL MRS TYPE K MODEL).

20 F = U 0
IF (K .NF. 11) GO TO 2a5
K1 - 11 + L2 * 1
AO TO 23

20U I. = 11 + L2
IF (K . AT. 7: GO TO :147



.Invormammommarmerwals..r. vn..-..,.....ormuntfraagrmasarwmiwtrastee....ma...tear..

GO TO :">0, 29 20, 2?, r

20/ 1(2 = K 7
GO TO (2.1., 22, 21. 2JJ), K2

21 F = (K1+10)
2 F = F + A(K1+9) * f4,9

F = F + * T*O
24 F = F + A(K1+7) * T**7
2!J F = F + A(K1+6) T**6

F = F + FKK1+5) *
2' F = F + A(K1+4) 4 T*44
20 F = F + A(K1+1) * T**:3
29 F = F + 0(1(1+2) T**2
30 F F + A(K1+1) * T

IF (K .NE. 11) GO TO 40
E = -0. 5 * (CT A(K11-10))/ A(K:1+11))**2

F = F + A(K1) 4 0(K14-9) * DEXP(E)
40 FUNCIN = F

RETURN
END

114

PAGE 2
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CCCCCOOCOCOCCOCtCOOCCGOCCCOMGOOCCGPCCCHCCCCCC.CCCCCCCCCCCCCCCCCrrcocc

C SUHROUTINE DERIVI 'ORIRAN IV (PU.,, A.EIDE

C
C PURROA:
C avnLunms FIPST CF FITTINC FUNCTION FOR

C NON-LINEAR LEAST-a:P...`ARPE. SEARCH (KAP.aJAPDT ALGORITHM)

C
C USAGE
C CALL DER I VI ( X, I A, K, L. AO o DER I V >

C 0ESCPIP1ION OF PAPANTEPS
X = AFRAY OF DATA POINTS FOR INDEPENDENT VARIADLE

= INDEX OF DATA :ANT

C A = ARRAY OF FITTING FUNCTION PAROMETERS
= FUNCTION COLL:: FOR VS TEMPERATURE
= FUNCTFON COVE FOR PEMPERATURL VS FOI,ER (AU FIXED IF L(0)

C AO = ANAIENC TEMPERATURE
C DERIV = lauly OF FIRST PARTIAL DERIVATIVES OF FITTING FUNCTION

C
CCOCCOCCCCCOCCCGCCCCOCCCCOCCCOCCOCCCCCCCCCCCCOCCCCCOCCCCCrCrcri-PCOOrrrCP

SUEROUTINE DEPIVI (L. I, A, K, L, AcJ, DERIV)
DOUPtE PRECISION Fl, EX, DEEP

X(1), ri( 1 ERIv(20)

XI X(I)
LI = 1
12 = L

C

NEXT 17 STATEMENTS CCAFU1E TEMPERATURE ACCORDING TO MODEL

FUCTION CODE L.

IF (L) 10, 5, 20
T XI
Ll --,, U
GO TO 90

10 L2 = -L
Lt = 0

20 T 0.0
Go T (2, 2,1, 23, 22, , L2

2t T n(LA+.t..) * XI445

22 1 = T + no.-1+4) * XT+44
T T + I(L.140)

74 1 -' T i 1,'10_14-2) *

25 T = T + A(L1+1) * XI
IF (L1 .E0. 1) GO TO E-0

T +
GO TO 9O

= I + n(1)
IF . E G. II) 0 1.0

NFT 14 STAILM-.NDT; COMPUIE FIRST DERIVATIVEZ. 'TiF ENE FUNOYION

101 PONEK. SERIES MODEL

A.

DO 10H tT,1. V
SUNK ,-, SUNK + A(L311.1+M) 4 T*4<11-1)



C

C
C
C

4.2 ,r,s+vmetr....* v.miolowroverwal....a.,"eam.wwwasionriamos

116

DLRiV1SRC PAC,E

00 CONTtNU:
JHAX L2 + Li
IF (L 0) GO TO '112
DO 110 JHAX

1Y0 LrRIV(J) = * Xl.!,*(J-L1)

11;! K1 = t. 1- LI. + 1

K2 Li. + K
DO 120 .3,-K1,K2
JJ= J - JMIX

120 DERIV(J) = T**JJ
60 TO 200

NEXT 29 SIRTENENTS COMPUTE FIRST DERIVATIVES OF ENE FUNCTION

USING FULL Nes WFE K NODEL.

130 Li. = L2 4 Ll + 1
SUN11 = 0.0
DO leq3 H=1, 9

146 1JiMi + FLonT(m) AcKl+to * T**(M-1)
PROD = (r A(K1+10) > A(K1+11)
EX = -0.5 * PROD**2
SUH11 = SUNii A(.K1-9) q PROD * DEXP<EX> / A(K1 i-11)

IF (L Ea 0> CO TO 152
JNAX 02 + Ll
DO lt:fD Jmnx
Df-2.1v(J) JLii
DEi'AV(K1> = L 0
K2 ' 01 + 1

= K1 +
DO 160 J=K2, K2
J J = j K1
E)EPIV(J) T**JJ
DFTV(KI49> DEXPOEX>
DrPIVX.1+10:, &ERIV,K!+9> * A(K1+> * PROD / A(K1+11)

DER).V(K1+11) DERIViK1+1O> * PROD
200 RETURN

OLD
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PAGE 1

CCOCCCCOCCCCOCCCOCCCOCCACCOCCCOLCCCCCOCOCCCACCOCCOCCCrOcCcorcccc
C
C FUNCTION SUMSOR Fol-FriN IV (POP ..1'.5/0) S.A.EIDE

C
C PURPOSE
C EvALuarc REDUCED CH; SOMAPE FOR FIT TO VITA

C SUMSR = SUN (Y YEIT)**2 ..E;u3Nr14-4,2) iNFREE

USAGE
C RESULT = SUMSOR sInmny, NFREE, YFIT)

C
C DESCRIPTION Cr PARAMETERS

= ARRAY OF DATA POINTS

C sicimny = APR AY OF STIJ DEVIATIONS FOR DATA POINTS

NPTS = NUMPER Cr DifiTi POINTS

C NFREE = NUNI7,E2 OF DEGREES OF FREEDOM

HIDE = DFTLRAINES METHOD OF HEIGHTING LEAST-SOUARES FIT

C
+1 (INSTRuMENTAL ) MEIGAT(I) = 1. /SIGMAY(I)**2

C 0 (NO PEICATING) HEIONT(I) = 1.

-1 (STATISTICAL) WEIGHT( I) = I. /Y(1)

C YFIT = ARRAY OF cnLcuLATED wiLues OF V

SUE:ROUTINES AND FUNCTION SUBPROGRAMS REWIRED

NONE

rcrrr.rr'-rr

FUNCTION S!.AL (Y, SIGHAY, NFREE, YFIT)
DOWLE AREOISAON GAISO, HEIGHT
DINSIOM SIGMHY(1), WIT(1)
COMMON MFTS, NTERMS, MODE
CHISO = 0.0
IF (NFRFE . GT. Cl) CO TO 1.0

SUMsO2 =
RETURN

C

C
NEXT 11 STATEMENTS ACCUMULATE THE SUN OF THE SQUARES

10 DO "20 rt.. NPTS
IF (NODE) 12, 20, 25

12 IF <Y(I)) 16, 14
14 HEIGHT - 1. /

CO TO 2:0
11:"..; WEIGHT 1. / (-Y(1))

GO TO
20 HEIGHT =

AO TO SO
25 HEIGHT L / SIGMAY(I)**2

CHISO = LISA FLICHI * <Y(I) YEIT(I))**2

COMPUIF REDUCED CAI SQUARED AND RETURN

cUMSAR CHISA / FLOAT (NFPEE)
RUJIIPN
END
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MIXINVSRC PAGE 1

CCCCCOCCCOCCCCCCr.CCCOCCCuCCCCU.LCMCGCCCOCCCCCCCCCCCCOCCCUCCCCCC
C

C SUEROUllNE MTXINV N IV ( 1.5/30) S. A. FIDE.

C
C PURPOSE
C INVERT A SYMMETRIC USING 1:AI.ISL7i-JORDAN ELIMINATION

C METHOD AND CALCULATE THE DETERMINANT.

C USACE
C CALL MTXINV (ARRAY, DET)
C

DESCRIPTION OF PARAPPCTEP'S

C AFT,..AY = INPUT DATE ICA IS REPLACED BY ITS INVERSE

C NORDER - DEGREE OF mATRIX (ORDER AP DETERMINANT)

C DET =, DETERMINANT OF INPUT ulTRIX

SUBROUTINES 000 FUNCTION sUDPROGRAMS REQUIRED

NONE

COMMENTS
DIMENSION STATEMENT VALID FOR HORDER UP TO 20

C INVERSE MATRIX OVERLAYS ORIGINAL MATRIX.

C
CCCCBCCCCCOCCCCCCCCOCCCCOCCCCECCCCCECCACCCCCCCCCCOCCOCCCCCOCCCECCCOCCCOC

:SU,7;2OUTI0 HTXINV (BARRY, MET)
CoFLE FRECISION SWE, C17,BS

D/MENSION AAPAY(.202 1K(.20), J(20)

EEC OPTS, NO1=, A(OE
DET 1. 0

DO 100 K=1, NORDER

C
C

C

C

NEXT 8 STATEMENTS LOCATE THE LARGEST ELEMENT IN REMAINDER

oy MATRIX.

AMAX = 0.0
20 DO :10 MORDER

DO 2J.:1 J=K, NORDER
IP (DAMS AMAX) DASS(APPAY(I,J)) GT. 0. 0)

ARRAY(I,J)
IK(K) = I

JK(K) = J
'3:0 CONTINUE

GO TO :OA

NEXT 15 STATEMENTS INTEHANCE PA MS AN.) COLUMNS IF NECESSARY

Ti.' PLACE LARGEST ELENIZNT ON c.1-A,:c:ont. FOR 1 7:PLATER PRE, ISION

IF (.1MAX . NE. O. 0.) GO TO 4G

pur - 0. 0

I = IK(K)
IF <I 200 51, 4!3

5 00 50 J-A, NORDER
SAVE = ARRIA)0:.J)

ARRAY(I,J)
50 ARKAY(1,J) -SAVE
51. J JK(K>
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HTXINVSRC FACE 2

(J K) 20, 6ti, N7.:j

55 DO CO 1=1, NORDER
SHE = FRAY(I,K)
ORFAY(1,K) = 0,-NnY(1,1)
ARP.OWI,J) =

NEXT 15 .T-fl E1-1NI=": COMPUTE FIENENTS CF INVERSE MATRIX

TIND DETET;Ii1NPAT.

00 70 1=1, NOPDER
IF (I . E0. K) CO TO 1'0
ARPAY( I,K) = 1 / Arinx

70 CONTINUE
DO 80 I=1, NORDFR
NO 00 .1,-1., ar'...R0

IF (1 .EO. .GR. J .EO. K) GO TO 80

ARAY(.(,J) = 4 ARRAY( ) * fiRPAY(K,J)

80 CONTINUE
DO 90 J-A, NORDER
IF (-I .Ea K.) GO TO 90

= fiPPAY( N.,,J) / AMAX

90 CONTINUE
ARRAY(K.K)

100 LET = DET T ONAX
C

NEXT 1J S'UOHNENT msTor::E INV= NFITRIX TO ITS ORICINOL

ORDEPING CF kJyZ, rY.D DDLums.

00 L=1, NMDER
K = NORDEi-: - L 1

J = IK(K)
IF (J .LE. L) 60 13
DO 110 I=I
SAVE = ARRNY(I.,K)
FPRHY(I,KIJ er -nrpny( A,J)

llo AFTJT-e(I,J) = Sf-IVE

115 I = JK(K)
IF (I . LE. K) GO TO *T0
CO 120 J = 1, NMDER
c,nvE oRAY(,J)

lI: fwrirek:I,J) 24:IVE

ii CONTINUE
RETURN
Ern

MINI11111111011.00"MMay
110,111
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CCCOGCGCCcOCCCOCCCOCCCOCCGCT.GCOCCOCI7:07..:T..7..COGCCOCCCCOC1:OCCCCOCOCCOCCCUCCC
C

!SUBROUTINE MAPORT FOR IRAN IV (TV,--' 10/30) S. R. LIVE

C
C PURPOSE
C MAKE f! LEnST-soun FIT m I I N1_-.'.1-L1N-L'AR FUNCTION COMBINING A

GRADIENT sr,:nRcH WITH A LINEARIZATION OF THE FITTING FUNCTION

UTILIING MARQUARDT'S ALGORITHM SITIM, VAL 11, PP. 4a-441.

1`;'62.

C

USAGE
CALL MARORT

DESCRIPTION OF PARAMPTEFS
X 11,'PAY OF DATA POINTS FOR INDEPENDENT VPRIAOLE

= ff,J:1:1Y OF [Ill ri MINTS FOR DEPENDENT V;-:?.I AELE

- ARRAY OF STAT.:,ARD DEVIATIONS FOR Y DATA POINTS

NETS NUMDER Cl PAIRS OF FOINTS

NTERMS NUMBER OF P1:011 FTERS

MOVE ,-- DETERMINES METHOD OF WEIGHTING LEAST-SQUARES FIT
<INSTRUHENTAL) WEIGHT 1. /SICHAY(I)4.4:2

0 (NO W17:GHTING) WEIGHT) 1.

-1 <STATISTICAL) WEICHT(I) 1. /Y(I)

A = ARRAY OF ('-RI- i:TERs

sIcimAn = ARRAY OF STADAPD DEVIATIONS FOR PARA1'7ETERS A

FLAMDA = FROFORTION 10 011:01 ENT scric1-1 INCLUDED

YFIT 1:1:RAY OF CALOULATED VALUES OF Y

CHISQR = REDUCED CHI SQUAWr.L FOR F- 11

WE:ROUTINES AND FUNCTION 1.7,ODPROGRAM5 REQUIRED

FUNCTN I, A, K, L HO)
-EVALUATE'S THE FITTINri FUNCTION FOR THE ITH TERM

SLIMS k, 5 tU0-' NF1LE YFIT)
EVALUATES REDUCED CHI scs!uni:c FIR FIT TO DATA

DERIV1 (';;.. I, A, u. L, DEP I V)

C 1:VALUATEs. THE it RIVATIVEs OE THE FITTING FUNCTION

C FOR THE ITH TERN MTH RESPECT TO EACH PAERMETER

C rTxINV (ARRAY, CE I>

C INVERTS A SYMMETRIC TWO-DIMENONAL MATRIX OE DEGREE

C NTERMS AND CALCULATES ITS DETERMINANT
C

COMMENTS
C DIMENsION STATEMENT vnLID FAR UP TO 20 PARANFTERS (NTERNS)

FLAMDA GENERALLY SET ,-, II. oat HT CT:GINNING OF SEARCH

C
CCOCORC1"CCOCCf:.CCOCCOCCOCCCCOCCCCCOOCCOCCG GCCCCCCCCCOCCCCOCCOCCCCCCCOCOCC

SUBROUTINE MAR9RT
DOUBLE PRECOSION A. F0 AIN. ARRAY, B. mpHA, 'LOP I, CLEF

DI OCNS I ON CMAY(1.f. Yr I T n (2o ) e (2o) COEF (12 )

DIM:NSION SIGNAP(-20).1-FRI1(.210,FILRW2).ACHKX20).AIN(20)

DIMLNSION E(1.c!'.'.!IoDEf.100).11G,-1OA),Vc-A00),C(100).NTC400)

D 1^1":N:7. GN 1 1 Ii I

i (20, 20)

Rc.A A N IV

f SI IL-I'-1. V. NE, LL,

Cl :114 F . f.F, I f R. V.. C. NA, NO. L2, K 11 WD!--1, .CP IT, N IC

0+110N GeltlilL.
LINE, 141,13

100/10.011011/MIII.A0/41,^
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t!flISRC PAGE 2

commor4 NET:1:TE, jPASS, 11.1, IS, I>tO. SEC

CrAiriCIN SrCTOTo NSET,1:;1.17.1.1.1.I,T,01.1, SE I , NTH, racir, coLF, ILAN
FNU rr, lo. c

NFF'EE = NETS - NTERNS
JLAN r= 0
IF (NERCE .GT.
CHTSOR 0.0
RETURN

0) GO TO 10

NEXT 11 STATEMENT'.; COMPUTE AND STORE WEIGHTING FricToRs TO CE

USED IN LEASf-SOUARES

10 00 2:0 I=1, NETS
IF (NODE) 12, 20, 25

12 IF (Y(I)) LS, 20, 16
16 WEIGHT(I) 1. /Y(I)

GO TO
WEIGHT(I) r-= 1. /(-Y(I))
GO TO :e

20 WFIGHT(I) 1.

60 TO 2:0
WEIGHI) 1. /SIG1-AY(I)*2

30 CONTINUE

NEXT 15 STATEMENTS COMPUTE SYNME.TRIC CURVATURE MATRIX (nLpHn)

C AND MF'JRIX CEPa

C
C

00 40 J=.-1, NILLNS
PETA(J) = 0.0
00 40 E2=1, J

4U HIEHACJ,K) = 0.0
DO 50 I=1, NE CS
CALL DERIV1(X, I, A, HO.. LL, AO, DEEIV)
DO 45 J=1, NTERMS
HETA(J) = EETA(J) 0EIGHT<I)*(Y(I)-FUNCTN(X,I,A,KK,LL,A0))

1 * DERIV(J)
00 45 K=1, J
HPRAA(J,K) r= ALPHA(J,K) WEIGHT<I)*DERIV(J)*DERIV(K)

50 CONTINUE
HO 55 J=1, NTERMS
00 55 K=1,

55 ALEHA(K,J) = ALEHA(J,K)

NEXT 3 STATEMENTS CONFUTE INITIAt SUN OF SOLW'F'ES

1.:0 60 I NETS
Fn7:c TN< X, I R.

CHIS01 rr SUMSOR (Y, NFREE, YFIT)

NEXT 4 STATEMENTS SCALE illiRwilurE MATRIX AND MODIFY

DIAGONAL I:LEMENT&

65 00 75 J,r1, or; EAS

00 70 K=1., NI'7.INS

WRHY, HIPPCI(j,P) (ALRMA(J,J)

1WFWi.J,J) I. + FLAADH
HLUNIA(K,K))
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NEXT .2 STATFNENTS IMVEPT MODIEIED CURVATURE MATRIX For)

INUREMENT INVER:SIGN COUNiER.

JLAN = JIAN + 1
CALL NTXINV (ARRAY,DET>

NEXT 4 STATEMENTS COMPUTE NCH FARAHETER VALUES

DO 80 j.=1, NTERNS
B(J) = n(J)
DO 80 W-1, NTERNS

C@ H(J) = R( J) + BEIA(F)*ARRAY(J,K.)/DEDRT(ALPHI,J)*ALPHA(.,10)
C
C NEXT 6 STATEMENTS CONFUTE NEW SUM OF sclJnEJ-Es, IF GREATER

C THAN INITInL SUN Cr SOUARES, PLAME:A IS MULTIPLIED BY FACTCP.

c FNU nND NEW FflF'HMi TrIIE ff)mPirrizi). PROCESS REPEATED UNTIL

C SUN OF se!Es DET.CS.

DO 90 I-1. NPTS
9@ YFIT(I) = FUNCJN (X, I, B, 10,@ EL, 00)

CHISM = SUMF.OR NFR.a:T, 'F IT)

IF (CHISOR .LT. OHISIA) GO TO 10J
FLANDA = FNU * FLGHDA
GO TO 65

C NEXT 5 STATENENT5 R:PLACE OLD F-,.;;ANETERS WITH NEW AND COMAUTE

C PARAMETER UNCERTAINTIES. FEAMT!A IS DIVIDED BY FNU BEFORE

C RETURNI!:G CONTROL TO CALLING PROGRAM.

100 PO 110 J=1, NTERNS
A(J) = R(J)

(APRAY(....I., T. HI:RAY( J .5) rz

110 SIOMPA(J) = DSRRI (ARRAY(J,J) / AEPHA(J,J))

FLANDA FLAMDA FNU

RETURN
KND
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CCCCCGCCCCCCOCCOCCCCCCCOCCOCCI-X;20:.CCI.-.ZCCCCCCOCCOCCr.00CrCCOCCOCcC

SUE:ROUTINE PAGE

C PURPOSE
c. COUNTS t OF Pi:!Plf-OC.T, IT.JECV. AFTER SO LINES, PRINTS

C PAGE NUMFP IN UPFTR CNEF. OF PAGE

C

C

USAGE
CALL PACE (LINE, NPO, L.UN, LADo)

DESCRIPT;ON or PARAMETES
C LINE = LINE NUMER f...JECTS WHEN LINE EXCEEDS 57)

NEC PAGE NUMFER (USED FOLLOWING PAGE EJECT ONLY)

C LIJU = OUP'2ER OF PPINT-J=OT UNIT
LADD = NUHCER OF LI FF3 cOR TEST OF REMAINING spncE ON PAGE

(WILL ADVA"_:E ro NEXT PilfliE AND SET LINE = LT IF

LT LINES WILL NOT FIT ON CIM;3::ENT PAGE)

C
COMMENTS

C PRIOR TO FIRST CALL SET LINE ,,. 60 AND NPCI = 1

SUDOUTINE CALLED I'..;MEDIATELY CEFORE EACH FEINT-OUT LINE

C TO Pi.INT EtOCK or U LINES ALL ON SAME RAGE, SET LT N

C
ccccmccccccccccccccoccccccccrcccr_.cccccccccocccecccocccoccccccccrcc

SUflif.JTINE IiLJNE. NF'C6 LHN, LT)

LINE = I./NE + LT
IF (LINE .LE. GO TO 20
WRITE (LW)...

19 FORNAT,C2,4HPACE.13 /)

NPG = NM + 1
LINE = Lt

20 LINE LINE + 1
RETURN
END

FOTPCIN IV S. 8. EIDE
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TTYPLISRC PAGE 1

CCCCCMCCCCF:CCCcecoccca:DIJ:oi::cCrIC(A7CCOCCrCCOCCOCCrCOCCCOCrCCCCXCCC

C SUBROUTINE TTYPLT FORTRPN Iw (PDP 15/70) a A.EIDE

PURPOSE
PRINTS A ONE-PAGE LINLY.(R FLOT OF X VS Y ON TELETYPE LUN

C
C USAGE
C CALL TTYALT (X,Y,NPTS,LUN)
C

DESCRIPTION OF PARANFTERS
C X = ARRAY OF D:=:TA TO BE PLOTTED ON HORT2ONTAL AXIS

= ARRAY OF DATA TO BE PLOTTED ON VEPTICAL AXIS

C NPTS = NUMEER OF PAIRS ['F DATA POINTS TO PE PLOTTED

C LUN = LOGICAL UNIT NUMBER OF OUTPUT TELETYPE

C
C SUBROUTINES AND FUNCTION SUSPROGRAMS REQUIRED

C

C

NONE

1:70MMENTS
C PLOT REQUIRES 53 LINES INCLUDING X-AXIS LABEL

C
CCPCCGCCCoCCGOCCOCCGCCGCCCCCCCOCCCOCCOCCOCCCCOCCFDXGCCOCGCFCCCCCCF1-FAPC

SUBROUTINE ITYPET (X.Y.NPTsLUN>
DIMENSION
bOTA :-.1-1AR/1P1,1H2,1H3,1A4,1H5,1M6,1MI",1H9,1H9,1HT/
DATA PLANKIiH /

C
C
C

NEXT i0 STATEMENTS COMPUTE SCALE FACTORS FOR X AND Y

XMAX = XMIN = X(1)
YMAX YHIN -
DA 19 I,-.2,NrTS
IF .XI) i. XMAX) xr.im

IF (X( I) 1.1. -MIN) XNIN
IF (Y( I) .GT. ?MAX) ','MAX

IF (Y(I) .LT. YMIN) YAIN
10 CONTINUE

XINC (MAX - XMIN)/O.
YINC = (YMA - 9

AXES

NEXT 40 STATEMENTS 7,riTA IN -DIRECTION STPWING HITH

MAXIMum Y. PRINTING Y-LOPEL::4 AN!1, APPPOPRIATE CAARflCTER IN

50 LINE:, CF bki uHAPA:.:TES EACH cx1Do ADDRESSHBLE REGIONS).

IP = 1
YHI YINC
DO t,00 Tr. =1,50

YAI VIII YINC
YLO = YAI -- YINC

LO ;!..)

70 11(K) = 0. 0
Di) :-..00 I

. Eu, I. AND. 1) NT. YLO.) GO TO 109

IF (sY [Ti. . AND, Yi 1 . LE. Y! Ii) 1.00

IF (Y4, I ) . LE. 'MI AND.- Y( ) . GT. YLO) GO To
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ITYPI ,TSRC PAGE 2

60 TO 300
100 XL0 = - SING

DO 200 jX=1,60
X10 = MLO + XINC
XH I = + X I NG

IF (jX. . CO. 1. . Hi.C.). X( ) L I. > GO TO 150

I F J X . ECL CO . AND. X ( I ) .
XL0 ) GO TO 130

IF I . GE. XLO .L. I) LT. :;HI ) TO 130

GO TO 200
150 A J X ) = ricJx> + 1. 0

200 COLT I NU5

300 CON 'I I NAF

DO 450 K=1, 60
IF ( A (K > . E0. O. 0) CO TO 400
IF (11( . GT. 9. 0 ) K ) = 10. 0

IK = IFIX (ACK))
) CHAR ( 1 K

GO TO 450
400 IV K BLANK
450 CONT I NUE

IF IP . EC!. 2> CO TO 400

470
IV. I TE ( .UN, 4 0 > 'T'H I..

FON10T (1X. 1r-E:10. 3, '+ 60A1)
2,

IP = 2
GO TO 5')1

4O0 I TE(: 45'0) (0(.3X), JX=1, GO>

490 FU''.'.MfiT

I P = 1

sou GONTINOE

rq(T In STATEMENTS PRINT 110r) );-AxIs.

WR I TE LUN, 510 )

.510 FORMnI (J X, .1.PE10. 1X, '+ , 6( . . +'

X10 =i.:1. mrle.
= xtlIN +

X2 = +
X3 = X2 X1.0
X4 t. xs + X10
>:5 = + X1.0
NR TE _TN, 520) >a, :,c3, XMAX

.520 FOF610T J.PE.1 0. 3', 2 <'.LO2 11Kb 3 )..'7X, 1PE10. 2 2(10X, -IFE10. ),

I 6:...;" 'PE:0. 1)
RETURN
END

immossimmerimainnwp...44r.mmonoteurdanINVIIMMI1011..
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HISTO SPC PAGE 1

CCCCCC0CCCCCCCO:CCCCCCT.CCCCCI:'CUCC,X0.;CCCCCCCCCCCCCreCCCCCCOCCrC
C
C SUBROUTINE HICTO ;7'.:TN IV (TDP 1%/1>0) S. A. El DE.

C
C PURPOSE
C PLOTS n SCALED HIST002AN ON TrLLTYPE LUN

USAGE
C CALL MISTO NPTS, NI UT, LUN)

C
DESCRIPTION OF PARANETEPS

C = rppny OF Dm-ro POINTS TO CF PLOTTED

C NPTS HIJMEER OF cm fl POINTS TO /7.- PLOTTED

c. NINT = NUMTLER or INTERVALS IN HISTOGRAM (mnx 55)

C LlJt = LOGICAL UAIT NUM3ER OF OUTPUT TELETYPE

C
SUIDROUTINES AND e:UNCTION SUCERCGRAMS REQUIRED

r: NONE

C COMMENTS
PRINTOUT REQUIRES NINT + 2 LINES

ccccccccirlir.rrrnrc-:ccrrrnrcccccccfr-rGcccccccrccceccr..c.ccecci:;cocrccc
SUBROUTINE HIST° NIT, FIN)
DIMENSION Y..1), IT(-S)..
DATA ';-ISTER/Illt!,/

C NEXT i. TATEMENTS CIMPUTE SCALLD HISTOGRFIM FUR GIVEN

C NUMBER OF INTERVALS UP TO 55.

C

IF (NIT .GT. 55) N/NT
MAX AEY(1))
DO 100 1=2, NPTS
IF (A5.11(I)) .GT. YMAX) YMAX =

100 CONTINUE
YINC 2. Ymox FLOT(UINT)
DO 200 .3=1,Niili

2e1 INT(J) = Li

INTKNINT.I-1) = 0
Di) =,.0O

J + + 1

rrJr< j fJ + 1

CONr1NUE
INTKNINT) r. INT(NINT) + INTk.NINT+1)
IMAX INTt.1)

DO 40.0
IF INT(J) - INT(Ji

4C:T CONTINUE

NEXT 17.; STATEMENTS PRINT SCALED HISTOGRAM ON ourPuT TELETYPE

1.12IT,r7KLUN,r.:00)

:NA1 1111 ,

IIISTUOPAM'/)

vkl.1001151M10.

YHI
mmw.; FLA-,:11<f)
DO 600
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LT = t.1INT 1
YLO II YIt 1C

RINI = TNT(.JJ))
RNU1,1 = 45. /FIT1OX
NUM = IF I X F: i_
WRITE(1 UN, , T (1V.;"!1--;,,:.:(1-::), K=1, Num)

FOkURT (1, if[-10. 71.F.E10. 1X, ,1111>

F.)0 i'H I YLO
RETURN
END

AWIMONVI.N.
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TEMP SRC PAAE

CCLCCCCCCCCCCCCCCCCCIII_COECCCCI_CCOCCCCCOCcCCCCCCCCCCCCCCCGCCCCCOCC
C

FuNCTION TEMP FOFTRN v . EIDE 26 ArR 76

PURPOSE
EY111.1ATES. TEMPERATURE IN DFCRERS CELfIAS FOR GIVEN SET OF

COEFFICIENTS A(J) AND INDCPENDENT VARIALE X

C USAGE
C RESULT ---, TEW (Ft X, L, AO)

C
DESCRIPTION OF FARF:NETERS

1 ARRAY OF COEFFICIENTS KSEE F-UNCTN)

X VALUE OF INDEPENDENT VARIAPLE
L CODE FOP INDEDENFENT vs TEl FUNCTION

C KSEE FUNCIN)
C AO CONSTANT TERN (USED ONLY rAEN LEO

C. %CROW-INES AND FUNCTION SUEFFOGRANS REOUIRED

NONE
C

COMMENTS
ORDER OF COEFFICIENTS A(.,0 IS IDENTICAL TI' TAAT USED DY

SUCROUTINE'-:, FUNCIN AND DEIV1 OF THE MAR04 SYSTEM

CCCCCCCCOCCOCCCCCCCCCCCCCCCCCOCCCCCCCCCCCCCCCCCCCCCflACCCOCCCcCCOCcCC
FUNCTIoN TE.i.Ti, X, 1_, AO)

DOuULE PRECISION A
DINENSUA A.A.>
U. lArJS(L)

= AL)
IF (L LE. 0) 1 AU
L2 = 1
IF CL .LT. 0) L2 =, 0

IF (L EQ. 0) GO TO 20
Do 1.0
T AKII-L2) X*I

lO CONTINUE
20 TEMP .,.. I

RETURN
END
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LN!, SRC PAGE 1

CCCCCGCCCCCGGCCCCCCCCCCCCCCCL711CCOCCI.Cr:CCCCCCCI:CrCerMCCCCCCCC

C FUNCTION ENV' Foil IAN IV' S. H. EIDE 24 APR 76

C
C PURPOSE
C 1-70 A GIVEN TEAPEIrE C (DEG C) AND SET OF COEFFICIENTS n(J)

r THIS FU--/ION COPOMS FI1PM TFIE F-7(1 THE FIRST

PARTIAL D'ERIVATIVE Or: E;.IF WITH R7SECT TO T, Ofl THE SECOND

C PARVIAL DERIVATIVE OF ENF N ITN RESPECT TO T HS PARAMETER

C ND = 0, 1, OR 2 RESPECTIVELY.

C USAGE
C RESULT = ECIF (A, T, K.. L, ND)

C
C DESCRIPTION OF PARAMETERS
C R = FRAY OF CIY:-.PFICJENTS FOR EMF FUNCTION (SEE FUNCTN) )

C T = TEMPERATURE IN DEMLES CELSIUS

C IT = CODE FOR TENPLAATUE VS ELF FUNCTION (SEE FUNCTN)

C L = COP= FOR P01,:ER VS TMPERAJURE FUNCTION <SEE FUNCTO)

C ND = COOS FOR ORDER OF EMF DERIVATIVE DESIRED

C = 0; ENE = SIR (NV)
C = 1; ELF = FIRST PARTIAL OF ENF (MV/DEG)

C = 2; ELF = SECOND PARTIAL OF ENE (MV/DEG**2)

C SUBROUTINES AND FUNCTION 'I;UDFROGRANS REOUIRED

NONE

C COMMENTS
C Or= OF COt-.EFICI::.NTS A(J) AND CODES K FIND L APE IDENTICAL

TO THO'-,7 USa ICY SUBROUTIES FUNCTN AND [ER 171 OF THE

C M0R04 SYSTEM.

i:CCCCOCCCOCCCCCCCCCCCCCCCOCCCCCCCCCOCCCCCCCCCCPCCCCCrnrCCCCCCrOCCC
FUNCTION EMI:- (A,T,i-..,ND)
D(UPLE PRECISION A
DIMENSION 11(1>
NN = ND + 1
Ll = L + 1
IF (L .LE. 0) Li = IABS(L)
OUT = O. 0
IF (1( ,Fa II) GO TO 100

NEXT 1.2 STATEMENTS Elf if Err FUNCTION OR AFFROPRIATE
DERIVATIVE WITH FF51-NC T 13 TEMPERATURE FOR PONER SERIES

MODEL ACCORDING TO G6OE K, L.

CO TO (10.20,M),NN
10 0_i 20 N=1 K

our OUT + A(Ul+N) + T*4N
20 CFI:TIME

Or) TO C.00

D:') 00 40 N.L.
OUT = OUT -I-

FLonr(N) * n(L1.411) *

CON1fNU
1A11 10 '1,00

Fill



C
C
C

.1171151111.111A111141WilM31111116.M.
VAC All^ If MZ 1, 1, .1,110.10.41V..1,1111.111t1110111MINIMINIM

(.;UT = OUT + FtCHT(N*(/!-1):, A<L.I'Y!) * T±(N-2)

GO CONTINUE
GO TO 500

130

NC.n 1.`71 'i.:;TOTEME:NTS
ENF FUCTIeN OR WPROPPIATE

DEIVOTIVE FM FULL K

1U EX = (CT O(L1+11))/O(L1+12))**2
EXX = n(L1-1-1o> * E'/P (-O. 5 * EX)

GO TO (11.0,1,150),NN
1!7) DO 120 N=1,9 .

OUT = OUT + A(L1+N) * 1+(H-1>

120 CONTINUE
OUT = OUT + EXX
GO TO 5c?3

1:12 : 00 140
OUT = OUT FI(E1N+1) * FLOAT(N) * T**(N-1)

149 rONTINUF
OUT = OUT (T A(L1+11)) * EXX /1--1(1.1+12)**2

GO 10
150 00 160 N',2.,8

OUT = CUT + A(Ll+N+1) * FLOGT(N*(N-1))

1i1C., CONTINUE
oUT Guy + (EX - 1.0) .4, EX / O(L1+12)**2

O3 E1. = ouT
PCTUr;N
END

1111611111100MONIMIM11041101111ffilk
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APPENDIX B

Sample Computer Output
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r1rq,?10.11

Tj.-:1-E-17P0 = 11.

PF-1 I V.-I,'
9. 2 1...r;

INr+PENDr:_.NU VAtIASLE, X = FURN'A:E rowLr IN HATTS

DFRLI.!HLNT Y = T:LPP6COUPLE
1HFU:',U1.1)::!AP;F tri INCLUDLD =
NUNPLu. Cr PHTP:::, OR DATA POINTS = 21

FITTINA FUNClION CADE, = C, L = -2

NAAFI+. OF PCP5AF_TEPS = 10
NAMPO,: OF DLHPLES OF FPREDON = 11

Il-F OF HFIGATING LEn.z.T-SOJHrES FIT, WFIGHT(I)
TEPNINAVED IJHLN PACTIONAL CHANAE IN

ill PAN'TIETEkS LESS THAN 1.00E-07
INITIAL vnLuE OF LAMBDA = 1.00E-03

IN)TIAL EFJINATES OF PAPANETERS
A( I) = 1.2CS227355+00
A( 2) = 7. 5Si204D-04

C( 1) = 3. S93CE,1000-02
C( 2) = S 117S 0500D-05

= -4.7552450D-07
C( 4) = 2. 042500000-09
C( 5) = -4. 6256!7:600D-12
C:, 6) = 5. 7A0A22AUD-15
C( 7) -3. 78455150D-1S
CF S) = 1. 01125COD-21

FF.-Eli ON NAABLR
= 2. 235037E-03

CPU TINE FOP THIS ITERAVION = e AIN,

TOTAL CPA Tf:---7. FOR 5 TICPATIONS =
CITT VOLU_I 1,1 LANCDA = 1. OCOE-54

PAPAITERS5ATIFYING CONVFFGEN3E CRITEPION = 0 OF 10

NHX0',UN RESIRAHL = T = 4F-01 % AI X = 23 Y = 30. S030

CYCO-'=; THIS ITERATION = CUP:PEN-LEK= FRE.SSUPE CORRECTIONS (AV, APE

Cl. ;:?.'-25(200), O. CTS( 400), Cl. e22(600), O. 273(A00), -O. C)

rnGE

DnTn FILE P2017ASPC
':14 NI NIER 2017
DATA SET H

EHF IN MILLIVOLTS

=

% CHANGE>
11. 0 CEC

NIN, 51. 9 SEC

CAI-'PENT VALUE OF FAPAHETFA5 PERCENT CHANGE

A( 1) = 1.3301A392D+00 F I. 014)

A( 2) = 7. IOCC5'.7:,J9C.,-04 F 2. eif:::0

CC = 3. Sc..i74.1224D-02 (". -0. 726)
r< 2) = 4. TI:U(.:-.C.-1-775-,:45

IF 3) = -4.7313159D -OF 1.3 Z)

C( 4) = 2. 0470!-..:55!0 U9 i O. )

C( 5) = -4. G22(7.7,1:175-12 < -0.003)

C( C) = 5. 7S07;-'0.14D-i5 -0.00f.")

C( 7) = -3 7S67111:20 -1S
c.i,:15)

C( A) = I. 0107GT2D -21 0 013>

9,44.411111,911.111.P.IMOMMIONIM



.1141,1,Pan AR4,-.041.101101.1......413.4,01111.111(
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I 1 -:.Pf.H it ON NI 10
PL. CHI unRE = 7. ; -0. CHANGE)

.11HE THIS ITE5TI1 InN FUN. So:

TrAf cpU TIME f-Ok 11.1 I AIN, H:5. 7 IEC

If- Or
[cPH1.11- 11 II SPT' IN 17.:oN'...;

0 oF

rlfr-11111 P.:ES T.EAJFit. 0.-'4F--0T.: -4 GE-i..11 1 AT = 40 Y 2:321

0Y0I I rckcir I o i :uFFENT EHT-7 P1,17S8URE CORRECTIONS (Mv) ARE

r 200), f:4:71(400>, 7. :3 ),

0.11..!YENT '..1HLUE OE PA!:'AMETEiS PERCENT CHFINGE
(. -0. 483)
( -2. 739)CO:: I) = I. 3:25-/1.1!;.;;31.H-00

AC 2) - 7. ::4993i:--o4

CC 1) ,,. 3. 2752E:55D-02
r ( 4. G3195i;29D-05
c( -If.) . -4. 210523iE:D-07
CC 4) -,.. ",-.-L Oi:7.3.1.'/J95Si::--7:19

CC 5) = -4. 615034G,D-12
CC 5) . 5. 7-.441::9D--1.5
CC -,,) r- --3:. :::,:o728342D ,1:-:::

CC 2) = I. 03224454D-21

I TFEfIi ). ON NU!..-ii:ER

C. -0. 009>
( 5.478)
< I. 575)
f.: 0. :59)
C -0. 134)
C -0. 115)
( 0.307)
(. I. 012)

F:E 1J :Et) CH I --'717,HHPE = 7. 779T.,. 7347-04 ( -0. 095 :; CHANCE)

CPU -1 THE F:In = 1.1. Ti' SEC

FO CRO TINE FOR 2 MIN, 0.3 SEC
vciLfIL CC LANSDA = 1. Ok-.'0E-0:::

13J-LC.
= 0 OF 10

NH:-1I-.IN FETi51[LCIL = -4. 39C,,.-12 = AT >-; = :113.40 , Y = 10. 2i:721

ITEPATTON = 2, CFir P EN I EHF FIT.E.SSUFE CORRECT I ONS (1.1'..") ARE

200), Ti.J; 6-31,'( .Z.,1::10), O. 2.37(800), -O. 154,:. 10,J C)

1:1 hi-FlIT VALLiE OF Pri.F.:ANEI ENS PE-;.:,-...ENT CHANGE

AT = L 317043051)+00 0. 027)

A( 2) 7. 555045911. -0. 375)

C( I) = 2.. 251 ( -A. 001)
C( 2) = 4. -.75103377.Y3D -05 ( -c.i. 248)

C( 7.0 = -4.94997619D-07 ( --Cl. 219)

C( 4) = 2. 0911:_a5!..r.:,--03 C -H. 143)
C( 5) = -4. 11:721::::.! :::' OD it 2 C -U. 05i,-.:>

C( 5) = 5. 71.:E:11:1)--113 is 0. 020)
CC 7) = -17:. 740:145030--1. C 0.113)
C( g) = 1. 003639701- 21 ( 0.203)

1111.11111/11,11.MOROVOMI.11C



1111111111110147w,..a. +1,1MICR.
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PnriE

1EP/1110H 2'T

VE1.4_1iT.1) CII = 7. -14:0-'.2L (

-1 I NE F-201' 'I-HIS I TEFAT I Or ruN, 1

ToTHL cpu r 21i MIN.. 2.1. 7 SEC

1)5 op ,
I HI I I HT [SF':

0 OF .1.O

Is,sIIi PE'. I L.I.:11-1 -1. 2.00E- 2E- 01 Fi = 173. 40 Y = 10. 2221

TI 15 I TEP Fir 1 011
.-:11v) ARE

0..17..,r200).. O. 607(400).
-0. 32.4(1000 C)

'...'ALOE OF Pfli--..:OHETEP.F.
A( 1) = 1.3121000w.--00
A( 2) = 7. 43:.::020D-.04

PEI:CENT CHANCE
a C2;'.

-Q. '3;'2)

(.: ( 1> = 21. 223123571) 02 C --0. 005)
Cr = 4. :::o4511)-115 r -O. 19!) )

--t. S:7:,9 -1940 ;-'1.) -01 ..:. --0. 190)
Cr 4) = 2.--,274,:'.:25:::D-09 ( --0. 128)
C( 5) = -4. 60-,.'91294D-12 ( -a. 1151)

CC 6) = $. 7161039D-15 ( 1.-:.017)

ce:. - -7.. 759-159521)--12 0. 10.5)
I: ( :3) = :L. 0162:2 21L,0 21 r. a 196)

IIEPOL11(4 NOr'.0EP 25
1;E000-1) = ?. 6550::.,E--o4 ( -O. 246 CHAI.00E:)

FCF.' THIS II-ED:JIM = U Plit-4,

Fill 25 I 32,-jf1.10115 0 111 r'.1 179. 2 SEC

CUPH.%:.,JT VA:.).X-cl. Cr -

PFV.H1 !ERS fri,JTI'LFYIN:J
CRIIEF,J0N = 0 OF 10

= = -4.2E-01 I 1 X - 173.40 Y - 10. 2221

THT. ITEPATION = 3, CUFRENTEMF COF:.PECTIONS FIRE

III.
0.57:7-5(4(i0). 0.4-.'2(.600:.., -O. 011(C00), -0.205(1017)u C)

1.7 PAPHIIETF-PS PER0ENT CHAWAT

AC 1) 1. -3:24,2-.470.15-i-110 C -0.046)
AC 2) = 7.1u,54a,L,$)D-4 O. 521)

fr:(1.) 13; T-.74315[ 02 0, 102)
C( 2) = 4. 5567157-03 ( -0. 903)

-1. 5-11-221200-0 a 728 )
CC 4) 2.

C. -a 1-3:1)

CC --4. -0.025)

112 5.' = an?7)
CC -

Cis = 1. C. 022)



.cat .r 10110.11,111111.1=1=1.
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I TEPtIl I N rium----.CP. ?:c

FE.r.:0_11.1 7. . (.1. 1316 CHFINCIED

CPU "1ME F1-.1r:: THIS ',1-i-=Err 11:44 LI

IT:Fl. 1 F: 11 IWL 21. 6 SEC
11:14.:.44.4!T

4 2 oF 10,
= -4. Fif 4U =

CYCAV = 9! EME PRESSUE CUI;TEC-111DNS (al>

200) , 40174 ( ) , -0. .]:4!"..., --1 . )

CI VPTNT ,H UF OF Fff.RNF4r7P-7. GHaNGE

Ii f.. 1) = 1.1:3120;31CDfOC -a coo;
H( 2) = 6. 67:4'1i2-1091)-04 C -0. 000>

C( 1) = ...7.%C30416:D-02 < 0.090)

C( 2) = 4. 1,-.77-.452D-05 ( 0. 001)
-0. 00111 )

C( 4) = 1. D62F',S(.15-(1)-09 (." --0. eoo)
CC F.i) = -4.457022:951) -12 . . .

--a. 000)
5. 6744-14:.T.1)-15 ( O. 000)

c c. ..,, ) --.-.. -::. 8..1 I ,:e ;-:: J.7t-,,7217.-11.:3 ( a. 000)
C( :3) = 1. Oir..,;::::;._5:F.*25j,r.,....:21 ( a 000)

[1.3177,1161113.1.1[111e

CONVG
CONVG



sr-Jonas.. iza:utt .,1111D.Aer.Var-10,1111MIMINW.1110.
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PAGE 5

SV-,AAPY 0F N07,LINFAv

F: I Nil!. ',,,'HL UE

17,1F

FirinLysIs

STD ERROR
(PERCENT)

11(
5 7. 945E-0%'

n( 2) 1a2-i523/E-6 1. 781E-01

cr . 2. 543E-2

C 2)
C( 3) = 202:.L44E-1.1 4 876E-03

C( 4) I

1. 303E-03

C( !J.) = 2. 91.04..1.40-17 6.5]:0E-04
5. 76 - 4

C( 7) - :7:A-1088720-1;7i
9. 494E-04

C( 8> 1. 06859725D-21
Z. 778E -03

roTAL I TErA I INI, - 31

PEDU.EFD 7,601590E-04
WiLUE = I. 005El-02

TOT0L 0F0 171.1 = 5 AIN, 51. 1 SEC

MAXINUA DEIAri0N 02 FIFTINA FUNCTION = -4.30E-02 = -4.3E-01 7.:

AT X = 173. 3903-A, Y = 10. 2821
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CONPARION L'ATH

OBSERVED 1:1.1-1.LD RESIDUAL

PAGE G

PE:SIDON_
(.% YOBS)

0. 000 0. 4437 O. 0052:9 1.. 216

3.0. 292 2. 0..-.,22 0. 0. 00224 a 107

47. 352 .. 0::54 3. Cd. F"; -O. 375

6?. 91.0 4 2059 4. 0021. -0. 00::::32 -0. 055

.1.49 5 1:-.:52 [1. 00622 0. 121

100. 6!:=-..4 6. 0;-_:02 o. 0, 0o64 O. a 207

119. 293 7.1541 U. 011.4 -O. 0156 --0. 215

1:6. 263 2. 1.446 a 1172 0. 0026 O. 027L.6

1.73: -.f79-2 .10. 2221 1.0. 0O 0. 0222 -a. 043:20 -O. 427

21.Thl. .354 12. 2605 atai tj. O. 047

235. 227 14. 3421 14. 31.60 0, 0070 C'. 03:151 O. 220

264. 743 16. 16. 0:..'"f,0 -0, 00011S 001

292..117 12. 2519 IS. 2213 0, [0.41. -O. 03043: -0. 167

319. 24;.i.: 20. 4'90 0, 1-):::),:1 0: 0?:121 0. 153

349. 002 22. 6100 O. 0226 -0. 02231 -a 125
372. 202 24. 5660 0 0240 O. 01037 a 042

:145. :7:33 30. 2":.1. 7291 c:1620 CI. 01322 O. 045

47:D.471 0. 0242 0272:2:

496. 2-11 1.0522 L1:7.;74 091.5 a. 01700 II 050

526. 335 37. 5429 27. 5130 0. 0064 -0. 00104 -0. 004

546. 421. 112 3109 339. 3101 0. 0121 --0. 00010 -0. 000



AMINIMIRENIMaMPInr
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ory7f.T.R,...ED

'X

o. e;7/o

OP'....S.4.;.!..,ED
y

U. 1137

I T r':

1

!.);46
:..t !:". uf.;--.!.

TENP)
10. 32

PRP',:.'"-4.JPE
I.;,:j:::f::.

IENPJ'..)
11. 17

Pi:."ESSURE.

<DEG
2. 35

PI 16E. 7

PPES0F.T---

-3. 224

30. 2:3 2. 0322 1 -.:',1.. 09 11 1. 0 2. 007

47, 3:53 7. '-.)354 1 ..24. 13 ?'',.,. vo 1. 52 2. 045

67. 910 4. 2059 1 102. 92 304. 6.; 1. 71 1. 665

34, 149 5. 1252 1 1.25, 73 127.32 2. 1.0 1. 671

100. 650 6 0302 1 14.9, 33 .151. 37 2. 79 1. 373

119. 39-3 7.1.511 1 -75 59 130. 70 4 71 2. 631

13'6. 263" 3. 1446 1. 200. 07 201. 37 4. 31 2. 403

173. 793 1G. 2221 1 252. 21 261. 93 9. 12 3.609
204.354 12. 2505 1 301.2p 310. 90 9. 61 3. 139

235. 327
264. '74:

14. 3431
1.6. 77.032

1
1

3.51. 67
397. 76 412.'1.. j 1-'1:r'i7;-::

12. 31
12. 30

2. 932
3. 4.93

292. 117 17. 2539 1 447. 71 456. 61 12. 91. 2. 909

719. 343 22. ,i030 1 494. 11 73 12. 47 2. 159

349, 4359 22.6400 1 515 . 64 575. 64 10. 00 1. 329

372. 202 24. 5.660 1 291. 72 599. 50 6. 52 1. 102

445. 233 30. 3030 1 740. 36 73.5. 30 -5. 06 -0. 534

1 33. 5900 I 307. 36 799. 9tj -7. 96 -0. 935

196. 241 25. 1250 1 344. 97 3:35. 24 -9. 97 -1. 172

526. 723 77. 512Q 1 :-...,05. 52 155. 51 -10. 01 -1.. 106

546. 421 39. 3100 1 949. 30 53 -13. 27 -1. 393



:.;F0-f DATA FILE R201711
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PrIGE 8

ANHLYS-IS oR RE3 IDUALS

RESIDUAL HEIN
RCSJDUAL VFPIANCE
RFSIDUAL STD
Ii;rT rics MEHN

t-1-1 ERVA)

4. 4.

- 2

3. 2 t 2 1:

2. <:( F-02 2.

2. 22::)!).- -02 7.

2. o
I.. 7D -02 7.

1

??:1 1.

9
1.0

- ,-*E--01- -2.

-1. -D7 --H

0 000156

17). o-2

O. 0154 7 9

E /7_12

02
02

047E-02
rE -17.12

RESIDUAL HI S TORAM

NO. SCALED VI 1 fST 0131;17M

0
0
1:3

2 :4*-s-34,4,34, 4,4. 4: 3:4: 3.,3.. 34'4.4:4:A44:

1 :4 ,4 f:4-; --4--4.---

t3

I

4E
1Li

11,

4
4,

.4.4,4

92 1E-0 47:1

13

2. -1 .

--2. 02

-3. t'

P- -II..

-I.
lit t2 E

-4. - o2

Mell..411.111.11111411.111Milr

1.. 4'

4...i.. +: -+- ?,4"i, . 4.44. 4,1,4,4' 4-i 4'. 4,3, 4 .4. 4; 4,4.t 4,

.i. :3, 4 A.:

:-4:4.-+ 4. -4 -.4 4. 4,

4 4.4: 4. 4

1,1

11

J. 4,4, 4, 3. 34,



ItesP.O.r....MIRNLMEM.incra.z *Ia. ......1e1.11V.s. arr.perrA.,-4140441t,
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INPU1 OAFA FILE 1201711

OF PP.-:.:ID:.OLS

PAGE 9

CUMUL A T I E LEt T5UJ 4 Urn DEVIATE FORM

UN Ii' t..; Lq.'..i.ii,.. C1..011.11.. AT I VE

PANK. PES I EA..if it. L..HVIATE TORN FF,Fourr4L:Y

J. -0. 044 -1. 5.:::ii: 0. 0232
2 -0. 050 --J.. 110 a 1-21714

3 -0. 02::: -1. 033: 0. 1190
4 -0. 027 -0 997 a isa
..., -0. 01,3 -0, 553 0. 2143
6 -U. au -0. 412 O. 2519

7 -a 002 -0. 090 0. 2:095

8 -a 002 -0. t365 O. 3571
9 -o. 000 -0. 012 0 404:3

10 -0 o00 -0. 009 O. 4'524'

al -51. 002 a 076 a 5I.j'100

12 0. rio5 0. 10 a 5475
13 0. 005 a 205 0. 5952
-14 0. 005. a 220 0. 6429
15 0. 010 0. 2751 O. 6905

16 a 01..3 a 451 0. 7321
1.7 U. 014 0. 45,3 0. 7857
12 Si. 013 a 63:3 a ::;333

19 a 027 a 937 0.13:310

20 a o_::...,_ 1. 125
21 0. 032 1. 137 a 9752

.....KITIM....,...111.0.11.1rWOWISIA.11..PMMILIOIMIIMPAYMI
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wrsonovnere....,,,,mum-aAciak,m. wase....,....ssamt,smorosroumovemoomaftwes.
womilmwsworamarama

inruT 'H.I FII E

F I T TED

3. 1!:.1 v.-02 +

2. f.=.301: -02 +

2. :149E-02 +

2 247E-02 +

1_ 946E-02 +

1. 6,14E-02 +

L +

1. -02 +

7. + 1

.

4. 41C-03 +

1

t (E +

EllF
DUHL F.HF 0.1V )

3 1

-1. -)3 +

-4. 66::E-c-13 +

-7. 6 +

-t 1

-t +

-1. 6 .,217 02 +

-3. -02 +

-S. 4r.-:1E-02 +

+

-4. E +

91 i'E+00
+ti

1

1

PO-jE 0

1

1-:.+0 I

4. -01 I. S4OL +01 2. 611i: 3. 9:1E+01



INPUT 1:.ATA

NU":
1.1.. U2

(r+.1-3 c)
9. 00

2%. /41.L1

t.d....: 09
75, 90

11,...A.1. 90

.325. 90
-1.5i-i 04
175. G9

14

225, 09
00

235. 951
Z111 +:11,1

2:59. 09
2.:-.11-.,. 09

1.37:-.:. 1.310

45A 1421

499. 99
425. ::-.19

4-,-.5. 99
19A. 99
525. 00
559. 99

ri.i.-50. 90
575, 99

4-.3.-..;.: 99

9

700. 90

75A, 90

925. 90
909. LIU

9,......,. 5,3
.t. 00

:90, 09
92.5. ID. j
550. I.-.0

00
10:-..:9 9.3

1112!..., 99
1959. 99
10,..''..:. 99
1. 1.1..;1' k:3)

:1123 ,. 139
1.350. 1141

1.295 :3

1.375 11'1

12Z . 44"

17' ,.-! . ci,:i
I

1.i: .f.; 09

An,...-,..1.1APPUIMISINIMI7,7,,IWIR

14Z

FILE P:2917A

PAGE 1:1

FIT ?ED
TEMP D I Fl---

TErlp
EHMF

r: I TTED ENF
D I FF

FuRr4FicENE35

(DEG C) (DEG C-) (NV)
i::::1-.7,)

(NV) tWFIFTS)
P9ME.F.!

9. -_19 9. :J....) 1.--..1. 00..-_--;"f ...). 0000

24. 79 9. .,..2. O. D911
9, 0990

..15. 55. C.). 4.1 '..11:::!-.. s'-..:1::'.21 9, 919:-.2: 21. 62. 9042
9. 09.7(.9 19. 7

:4:;:: ,1_:.11,,1:17355 4a 274. 05 0. 55 -2... 050F..1 0. 9,355
99. 27 1. 72: 4. 09:,',3. 9, 0/10; 562 4

:122. 25 2.45 5.1255 5. 91.54 9.1091
145. 45 2:. 54 9. 1425
1.79. 54 4. 35

f73; :1,:-.".;:;;;;:!, ,5:: s';,:;,?...
O. 1.743 119. 9

101. 7

4 154, 31 5.19 9. 19:45 7. 3293 O. 2972 1315. 7

219. 99 5. 141 9. 1390 3. :955 0 2454 152. 3
242. 97 7.12 19. 1515 9. 9515 9. 2:399 169.12
255. 77
2.2.4.3. $5

a 2:
9. 51

11. 1749 10. :-'2.2.:E.7

12. 2074 11. 9213
_,,,,::-;:::,..-.::71.. 194 7

2451. 5

.-....::9. 92

-:::14. 71
11. 09:

13. 2471 1.2. 9195
.1.4. 2922 ./... 9292

O. 4295
0. 4541 231. 5

215.110. 29

9:59. 2:2 11. '::::3 15. 3419 14. 9519 9. 4999 246. 6

437. '59 Ill. 15127
!15.11.75z79 22.7r. Ii12-. !3-;

-2:97..55 12, 95 16. 2:954 15. 9273 9. 10.32

412. 91 12. 19 17. 4525 16, 9-3.57

45_::... 21
111.2.. 1719...1 10. 5173

1.9. 5756 1.9. 0/41 9 5014
299. :3
3:01. 2

4:::::3. 76 1.1. 24 20. 5402 24. 151.4 0. 4757 7313. 4

1.14. 5":: 21. 79.55 21. 2697 9. !:;.7.:2 223. 4
5.---:,0. 51

ILO. 44
9. 19 22. 7719 22. 2:715 1:31. 4095 2

59::::. 47
,.;--.:::::.. 51..::::9

24. 9916 L. 5272:5_',

9. 344:3.
O. 2-(73 374. 556,",:... 91 2.1 9:75 2.3. 4929 354. 9

5.:..0. 25 4. 74 21. 9535 213. 7524 O. 2911

574. 2:7
2:,:i.: i7:::5:: 27. 0224 25. 9959

23. 0775 7.,:-.: 9:593
0.1155
0. 9269

42:1!-/:17. 1:3

414. 24 647. 24

791. 5.9:: -1. 59: 29. 1295 29. 1925 -9. 9542 427. 2
729. .54 -..T.... 54 7:4. 173471 :9. 1.521 -41. 1519 449. 0

755.59 -5,19 31. 2142: 31. 4454 -5'. 2312 452. 7
757 20 -7. 29 .:::2. :::--:55 22. 5454 -0. 2969 445.5

9::....4. 1:3 -9..19 34. 2:7,95 34. 5722 -9. 2735 459. 2
477. :3393. 42 9:3. 2.769 2:3. 5215 -a :--:::44;3-9. 42

394. 35 -.5: 7!-...-, :5. 2:22F.i -41. :-].....70.2 51.4.
54

.:--.:59. :.:::,1 -9. 55 j35, ,;:1_:...9.: 25. 7000 -9. 2.951

91'3. :.13 -10. 21 37 2747 97. 724( --e 414[t 525. s

1:;.1."..];6. 1=1):: -11. ':),:.: ' CA .11.42 5-2..3. 5.7:. 2:94 -2:9. 79:45

55 1.6 -1;2. j...6 25. 2::::_c7-1."... 2:3 9417 -9. 52.4- .2 55'2.0. -Z

999. 91 -24.. 91 4..). 2953 41. 2553 -9. 57:34 552. 43

194] .12: -41 13 41. 2v255 ,,2. 9697 -1. 5520
1:.:T99 .99 --1-7.::::. .',.--: 42.. 229:5 ...;4. 9:::;07,3 ,

1.; _54, 47 -114. 47 413. 292:9 11. 1'202 -,4. :'.1:=.:2

1 .2.-::1.. 96; -194. 24.3 44 159i-...; 51. 929:5 -::::. 9..99 509. 9
1.z9::::. 2:5 -213. 25 45. 1::....13: 55. 7554 -19. 5571. 61.9. 2

1",:,7,..:. 44 -447. ...1.4 45. 9515 52 :11.2.1 -16. O6 539, 4
17.11. :71) -t-,....::1 39 45. 9.::49 ::9. 5224 -22, 9-9:75 541. '5

.1.;.:75. 93 -1:-...; :..,!:

3_394. :.:47.:.: -629 ....17..,

43. 929:..) 95 ::::;:::.3 --.0'.. 992
47 9199 91. 9214 -34, 91.114

f%..f..;: 4

1 :: :-.:.:,. t) 1: - .j..1. 5 .11
- i,...;,:, .`_:.43-.10

::-:::.4;:,. 34 -744. 5::: 51. .:.:-.1.,..:1 L...._.... 'r.,.....:20 '1+ A1 +: 1 tr:::;::11 ...:::11

I 1',...1.-+ !'.''..1 -799. 96 50. ...:'...:1 1-11 -...':20 -90 7296

...9..:.7 ....4 -/.....::.. ....4 .--:,.:.: .7: :,,1:1 :::14. 4; H.1. 4:1-1, 1 1. 4, 1, 796. 4



INPUT i:'1 fill 1 11 F P2017A

143

UNC07.1",'.I.11 TENF4LPICP.IPIE CDCG C)

Y = TETIPFrulUPE ION i OUE TO FrE,:surr=.-

+01 + 1 11 11
1. 1

1. 1.W.-,E+01 +
.1

9. .4-00 +

.1.

1

FTIGE.-: .12

8. 7WL+00

7. 65,4: .00

5.59F+00

5. 38!:47+00

+

+

+

+

1.
1

1

1

4.

+ -1
1

1. 9821-:+00 +
1

8. 48.1E-01. + 1 1

. 11

+

-I. 420F+00 + 1

+

53.-.3sE.+00 +

u. ,22F+00 +

-5. +

-7. 096E+00 +

+

-9. "2:5PF.-s 00 +

-1.. 0,19E+01 +

-1. +

-I. 2'16E+01 +

:::89E+01 +

!;!'17,:.E+01

1

1

-1.. .......i.i.,1. vol + + 4 -3.

1. 5333F ,. O2 4. 3..7.0,-.3E+O.: 3.. 5"1;'[.102

1



INPUT MIA FILE ;017A

wirst ,NTAftwwwweamater.....,atu,,,avl,

144

pno: :L3

5. JJ:iF-01

X

Y

= UNCOELTE!'..

ENV" COPF-.,,C7j ON

TEMPEPn TUF:E (DEG C)
VS

(MV) DUE T9 PRESSURE
11. .1.1

1

4. t17,E-01 +

4. 2-e./E-01

3. 716E-01 +
1

ci 5E-01 +

+

2. +
1

I. +

1.. + 1
-1

I. 01.+E-01 4

5. -02 +
. 1 I 1

9!:..0--.03 +1

:1 .?E-02 +

-8 :5:21+ +

-1 29..17 -01 +

-1. +

-2 21!.'4.-01 +
1

--2. +

-3. +

5917-01 + ii
C--0.1

--4. 5.:i.',!F-t.711

-4. +

+

1
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14

INVIJT IA r [I_E if

X FITTED ENV Y ENF OW)

931F+01

7761.- +01

i.1:;.:.:1E+01

4i25F+111

+

+

+

+

+

1

.t.

1

1.!'.i4F+1.11 +
1

2. 990E+01 +

2. r.-!.43E+01 +

+

2.

2: +01 + 1

2. 2:'.1E-1- +

2. 0.,E-1-01 + 1

!--.:107.-C-1-a1
. I

I. +

I. !:.;f7;3E+01 +

I. 444E+01 +

I. 2:':::;E-1-01 +

1. 1.<3E+01 +

+

E. 2:1.(-+00 +
1

+

4.

I

1. 20EA 01

1

3. 2:.>E401
2. 01 3. 931E+01



wIftwamomamamasaasmmarassmenroomo moms nr,..e....,wsonnalows.".10m.werras
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11411.JT :HTi Fit. F

X

P21.117F1

it!) \t1T: I E f;:L:.E,1. LA.1111_ EIIF

Prifa:

(r.v..1)

3. 1.51 V.- 4:12 .4.
1. 1

2. +

2. 549E-02 +

2. 7E-132 +

1. 946E-02 +

1. ;41E-U2 + 1

1. 7,3:<,..-1-.112 + 1

1. E-02 +

7. .3`--:!6;1 -03 +
1

4. +

1.. +
1

+

-4. +

-7. +

1. - f

:-,:;'1F a2
1

-1. ,r;.-f F-02 +

9 ',1E-0 +-

-2. /5E-til 2 +

-2. +

-2.

--4.

+

-
2. ;':-:L4-.. 4. '5$E4 '2

2 ".;. 64:,-7. +02 s. 464E102



WAIMIFORNICANY,..a.,..1,11., I f: 031.1.1191hGaVt., 2,,ARKx, ,i30411.1109.11011111..
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Fl:::: 16

INfrUT :RTA FILE F:01.7A

X = TDIPELAII.;RE C)

Y = f.J.11,CROVOLT/DE1 C)

+

4.f.7:19E+al +

4. +

4. (3E+01 +

4.7A7E+01 +

4.67E1.7:4-01 +

4. e-,...53+01 +

4. 5:44K+1.711 + 11
1 1

4. 5!....:F.:±01 +

4.12J--'01 + 1 1

4. 47:11:+cii 1

4..4:4*.+01 + 1

4. 7.-E+01 + 1 1

1

4...A7E+01 +

4. ..:,.:0617+ul +
1

4. 211!-.+01 +

4. 2:1,-417,+01 +

4. 11.821-..+01 + 1

4. +
1

:4 !:,11E+431. +

1

1. i'r:J.M.:1-.T..12

O. 0!:41-411

+



IIIMMOMI011111111011.1.
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INPUT :ilTI I F. 1,'....T.:1:11711

X A13

Y FiJff2T 1.LTJ11}. . ...till_ L. 1 VI.:ILTS

Sce).1t7.401 +
1

5.

5.

7'4E401

'..';,:',-*1174D1

+

+ 1

5. 1.%:±4E+01 +

+ 1

.192E+01 4- 1

4. + 11 '1 1
1

4. :2:A.7: +01. +
1

4. ;:..!f-12E+01 +

4.
1

1...11:1 +131 +

+ OIL 4.

still. 4.
1

+
1_

+01 +

+

+

2 43:4-4-a1 +

2. 2?:+131. 4

2. 0-1'21-.4-01

1. 8,11.7.'7+01 +

1. +331 + 1 1
1

45.4: 4 01 + I
.1

1 2! 4.: 4 0 + 1

1.

1 1;1..1.'1E4 0i 4- ,

4 ,-12

33 (1:10,-:-

4, ;T'i...)0
. .

3, 917".E +02
L 31 f-IY2



=E71,1140111WIMMISWEVORMOWIONIMAI.W.V.WWINIMP-
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1-11P
14 0)

I' I L.E. F."201. ru

f..i'S

31F1E:EI21(

r'-' I T1: : 1:-.

5[rEFI.,..-)..1-;

"5ECA..4,.C3.
Di FF

t..P8'.':-.-;

1..)-i.;,-.T4T

,-;.f.r.."./172)

F' I TIED
45347

.::1'..1%)./f.-.:2>

.

Cs6..-1)-1
lill-T:

,...tr..,/r22)

i ;I i:ri 7:9. 475 3.0. '254 --9. 671 45. 45 27. 55 41. 91

25. to 40. 498 40 25-:') -0. 2-37 3:5. 72 32.. -20 -2. 52
0 41. 225 40, 547 -0..571:4 21. 51 0. 00 -20. 81

75. CI 44. 531 40 43:2 -1. :105 2 r:::-1. -15. 82 -1 8. 4.3

:100. 0 41 3;''1 351. 944 -1. 425 -15.32 -21. 41 -4. 33

1274. 0 10. 849 29. 409 -1. 440 -24. 28 -50. 44 32 94

:1.50. 41 41. 256 28. ''1'.1:-.;7 -1. 309 -20. 1.4 -123. 25 4. 90

1.75. 0 39. 323 28. 455 -1. 261 -5. 36 -9.11 -1. 03
::.:!00. 0 39. 953 30.15.50 -1, 40 8. 17 -4'. 73 -8. 95

3.75. CI 40. 279 2:8. 5-1,:,-, -1. 461 16. 59 4. 02 -10. 57
250. 0 40. 722 23. 842 -1. 830 17. 80 11. 57 -6. 12

0 11.134 33. 190 -.1. 94-1 14. 85 15. 94 1. 09

...r...00. 0 41. 453 53. 628 -1. 8.:::-1. 1.1. 21 10. 35 7. 44

:325. 0 41. 704 40. 123 -1.532 S. i.:.:1 20. 55 :11. 95

:750. 0 41. 399 40 448 -1. 252 7.16 21. 32 14. 16

.175. CI 42. 047 41. 1033 -0. 004 4. 34 21. 43 15. 09

,.::.00. 0 42. 217 41. 71.4 -0. 502 t. 63 21. 14 15. 46

.-::-2-'5. 0 42. 351 42. 22:9 -0. 11.2 4. 95 20. 59 15. 74

'150.0 42. 444 42. 750 0. 385 4. 05 20. 19 16. 14

475. 51 42. 5!-:..2 43. 249 0. 497 2. 19 19. 7L3 15. 71

500. 0 43. 512 1. 122 1. 89 19. 15 17. 35

575. 0 42. 541 41.545 1. 543 0, 51 13. 39 17. 00

5.50. 13 42. E37 44. :-..!-..-io 2. 01.3 -0. 84 17. 13 13. 03

0 12. 589 15. 057 2. .459 -2. 21 15. 25 '17. 45

400. 0 42. 527 45. 404 2. 873 -3. 55 :12. 30 -15. 35

0 42. 422 .45. 452 3. 240 -4. 87 E; 05 12. 08

CS'). 0 42. 284 4Fi. 795 3. 509 -5. 412 2. :4 8. 74

42.132 45.745 .2. 444 -7.09 -4. 35 2.24
41. 937 45. 54.2 3, 509 -3. 02 -12. 39 -5. 27

725. 1) 41. 722 .45, 09,3 3. 324 -..--.-3, 31 -32. 44 -12. 53

750 0 41. 494 44 452. 2. 928 -9. 43 --31. 541 -21. 87

7;--5. 0 41. 252 43. 545 2. 294 -9. 90 -33. 35 -28. 46

800. 0 4J.. 090 42. 557 1. 527 -1.0. 22 -41.. 43 -31. 21

825. 0 40. 742 41 532 12750 -1.0.41 -37.55 -'27.15:

87.m. 0 40, 430 40. 750 3, 370 -10. 49 -22. 7'9 -12..29

0 40, 213 48. 534 0. :..07 --'53, 49 7. 34 18. 32

0 -,79. 95 41. 3:27 1. 310 -la -.42 Go. 5:-..9 71, 02

0 3'54. 6'97 43. 01.:12 4. 1,0,f; 1.43. 14 153. 40
4:3:9 4:4 :239 51 3.'1) -:13'. 57 254. 74 275. 413

:475. 0 7;3 1.52: 57 457 13. 274. -10. 24 4134. 55 444. 79

1000. 0 '23.324 32.227 -10. --..i:0 4133. 50 6:31_ 90

.1.0:-.5 Ii 7:::::. 1252' 91. 1.:::*5:i 53. 0:.14 -10. 47 935. 54 95:.5. 71

:i I i'.:;ii. to -.7.....a 102 1.21, 327 ::::2. !335 -1.0. '17 1395 5-4 .i.186. 01

1575. 0 ::::::. .12 ;.' 1...7..,.. ...4...:6 .1::::4. .2:48 -1.1. 21. 112-2. 06 1933". 28

1.-,00. 0 :::,'. 840 21!.7.'. -433 1.80. 5'''.'.;:i.: -U.. 81 252.9.12 ::-k.::+3'..71 93

1;."!5. 0 3.;'-' .. 2.:".1 .1.i5. 7315 -12. :...1 3422. 9'3 ; .1.35. 53

'1..1.. -Al. '1 3.i.'. 2L2 39.1.. 2:-;:r:-.: : .5..1. 014 -1.3. '3'1 44'f3 75 ,46;'-'. 12

1.1 55 0 ".-',:5. ::::.:-.7 -7;17. :-,?..::0 4,1:1. 1315 -1-1. 55 5715. .1:1 52-:29. 44

tip). 11.4
--15.52 7345.1.1 :2545.25

4:.-,...--j, ..3 ..: .:-. 1....1 ::.:::'!. :,-..::.4 .::4;. ..:-..1.. -1.5. ::1ii. ..,:1.0:..1!2.. ; ,-. ',11.r1. .72

1 .T.,50 ti ---...., 2cr:7. 1 !:- ,.. 1. 15' 1 .1.1. .2.10

0
-.!.(; ...!' 1,7:::::1,i!, .,--; 2. _1_ :::. i,' ..!

0 I I 4 -IS, .1. ..t i...1'7..i..:4. :L.r 1.,"



150

INPUT 14111 F I I. r, 1.201.711

Y sr:EPD:1'. PRESSURE
,:.HICT:OVOLTS/DEG C)

9. 3.;'+&.+00 +

E:, 7E+00 +

:3. 4 ir'.,`.5E7.. * On 4'

8. 0:1.2E4 +

7. !.''..,60En0 -;

7. 1.1:.+7E+00 +

4. t-i-Cilj
C. 202E+00 +

.,":E+00 +

+

4. .:-,9:.:E+00 + 1.

1-1 1

4C.7F.+00 +
-1

1

+
1

558iE+00 +
1

1

2. 12,.++00 +
1

1. f1:71:::J,.+00 +
1 1

1

+ 1
1

7. +
1

1:D'A. -01 +
1

'ii
1

-1. 4 1

-5 -01 4'.1.
1

-1. 0.1-00 4- 1 1

11 1 1

-1. + 1

11

-1. + . .

,,'5t:i1 T++::i 2 7. 91Z17.+02

E+%:12 !:x.li.JE-i-02
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INPUT 1:q1ITA FILE R241711

11-11P

(01.6 C)
Cl.

25. '3
0
o

1.1,10. 0

:125. 0
150. 0
175. 0
4;:110. ii

'lFiI"i is

2 .

Tf:75.

125.
cy

.175. 0
ci

:;t1

573.0
014. n

675. .1

700.

750. CI

800, 0

c34. o
::-175.

I_i

950. 0

040. 0

t./50. II
0

40. 0
.125. n

7,0.

:1.175. 0
0

1.::47,
1.:::7,0

t F1TTLE'
PELT IER PEL I 1. If:

:.11:./) (NV: :1:40
10. 747: 10
'12. CV-1 i3, ...!01. -.U. 071
.1.3:. 322 13.135 -O. 147
14. 4 14. 0 -a
15 430: 14. 906 -3. 532
:15. 264 15. 591 -0 573
17. 03:9 .J.6. 4:;5 -0 554
:17. :492 17. 326 345
1$. 904 14. 240 -O. E44
20. 055 19. 524
21. 304 413. 320 -0. 5183
22. 542 21. 442 -1.. 066
23. 762 23. 713: -1. 050
24. 945 23. 999 -4. 946
26. 110 25. 3:2:0 -13. 780
27. 265 24. 5'93 -O. 573
24. 419 38. 0:1:1 -O.
23 347 29. 449 -11 . 078
30. 757 30. 915 4.447
31. 935 32. 11 52A.

32 944 33. 413 1:

_4. 034 3. 442 1.. 44:4
097 35. 754 1. 657

34.1.34 34. 215
37. 132 39. 545 3. 513
34, 101 41. 411 2. 910
39.035 42. 375 3. 2.39
39. 3:2 43. 17:

40. 407 44. 319 3. 512
41.. 645 45. 012 3. 2:57
42 454 .45 450 2. 99t:
43. 234 45. 642 3. 404
47. 9 45. 449 1 650
44. 744 45. 442
45. 455 4-4. 759
46.176 45. 3.14 3.

45. 075 49. 1. :.09,
47, 55:: 52. 441 4. 5-3.9
45. 240 59, 701 1.1. 451.
44. 905 71. 715 42.
49. 559 94. 521. 11. 1142

1.5 119. 4119 ;!:. :433
50. 81.1 15.11. 40:3. 1.45 .391
51. 401
51, 950 470

4-1 41.0, 047 :1;37 557
5'2. 954 3%54 941

300 719
769 :.!
100

54. 719

14 544
54.

PHOE 20

F I TIT() THOtisON
1-11.3tL.01.1 Ti iort.:..0r4 1 41 FP

( 05/C )
:1.2. 47 23. 92 11. 45

9. 94 -O. 73
6, 94 O. 26 -6. 72
0 32 -5.51 --4.49

-5. 70 -8. 46 -2. 35
-9. 71 -8. 14 '1. 57
-8.52 -6. 45 2. 07
-2. 45 -3. 67 -0. 42

3. 07 -0 37 -4. 24
:3,27 2:. 00 -5.25
9. 31 6. 11 -3.213
8.14 8.74 0.655
6. 43 10. 8.1:.1 4. 38
5. 15 12. 30 7. '15
4. -14 12. 29 S. 4-3
4. 1:1 13. 49 9. 74
3. :33 14. 23 '10.
3. 45 14. 44 13. 99
2. 93 14. 613 :11. 57
2. 24 14. 1-4 12.501
1. 33 1.4. 21 13. 41
n 14. 64 '14. 27

-0. 59 14. -15 14. 44
-1. :47 14. 94 14. 01
-3. 10 10. 74 13. 84
-4.34 7.23 '11.57
-5. 55 2. 15 7. 72
-6. 72 -4. ,513 2. 12
-7. 51 -12. 54 -5. 13

79 -22, 40
-9. 65 -32.02 -22. 37

-10. 7:3 -40. 21 -29. :::3
-151. '17 -44. 45 -3:3. 49
-11. 44 -41. 23 -29. 79
-11. -79 -23. 39 -13. 41

04 9. 01 21. 05
--.12. 23 71. OS 23. 31
-12. 39 171. 50 103 . 43)

-'14.55 323. 04 335. 40
12. 79 544. 45 337. 57

-13. 11 04 858.14
-13. 39 1278. 59 1252. 54
-1.4. 23 1045. 1.1 1244. 1:6

:12 2591. 23 2546. 35
-15. 2:3555. 25 2571.. 46

3:9

-19. 4.; 6334. 36 524.7. 39
-20. 67'; 0476. -14 :3297. 10

22. :7:: 14572. :1.45.:5.

T... 7'5 =4 1-;9

-34. ;.127 1.!2 1-.1:11. :49
-27. 31 21.34:4. 70 21301_ 41
-24. '1'2



V1,71.1-n14.001,

PnsE 21

INPUT ROTO FILE. P291711

X = TENifRnTURE (P:'.1) 0)
VS

Y PELTIER FRESSUE CORRECTION ,A1ILLIVOLTS)
I. 14C.T.+01 +

1.09CE+01 +

1_046E+01 +

152

1

9. E+On +

9. E+00 +

0.91,7,E+00 +

0. 4!:;4E+00 +

7.95E+00 +

T. 42E+00 +

6.951E+00 +

6.45rIE+90 +

3. 9,1*=!E+00 +

3. 4,1E+n0 +

4. 9,-'?E+00 +
1

+

2.9,15E+00 +
1 1

414F+00 + 1 1.
1.

+

1
1

1.941E+00 +

1_440E+00 +

9. 2.+-01 + 1 1

1

4.374in1 +
1 1

-6. 3ii.AT.-92 11 1
1 1 1

-5. + 1 11 11
.11 11 1

+1.-.+14 +
+ .

+

1.
7. 917E+02

fl 000E-01 3. -1,,.::1Ei112 6. 32:.E+92 500E+92



I t.P111 i7 II. R201 (11

1 53

TF-WPFP.fiTURE <1.YCG C')

VS

y 11-i0;T;ON rREsswE CORPaCT:11)N (MICROVOLTS/DEG C)

2. +

3. .."1.6E+02 +

+

2. 02 +

2. 7f'2E+02 +

2. r.-:4E + Ci 2

2. el. .E+ O2 +

9. +

1.WE+Cf2 +

2. W2E+02 +

.
+

I. i'2.EE-i'2 +

+

1. 1E: c:$2 +

+

1. 1.1`1..;E:+02 +

9. '6:7..6 /C+01 +

P.. ,!!::h_+016 +

+

5. +

049E4 U +

2. +1.7,11

.

1:1:. 1,)1 +
1 111 11

+Lf + II 1 1

--I +

+ .

.)-1 7. .1

1

I 11 1 11 11 1
:1. 1. '11 1.

1
1 1

1
1 '1 1

+
4 7. 17F 4 U2

G. t;01--...1E 1-02
1.-;',"r

1



i 4 + " + 
4- 

T i T 

T + 104-:46 :7-- 

T T. 

+ TG i.:, I!, 'T- 

T 
Ti 

T Ti I T + TO--4 

I TT I 

T T. Ti T TT TT I T'r, I + T.ai-11., -T. 

I T TI 
T+ 

+ 

Tri+D 

+ 

(0 r_0,)/S1-10A0401H) 

1.10d liii 10-.! 

VS 


