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Summary

A pulsed thermocouple is used for measuring gas
temperatures above the melting point of common
thermocouples. This is done by allowing the
thermocouple to heat until it approaches its melting
point and then turning on the protective cooling gas.
This method requires a computer to extrapolate the
thermocouple data to the higher gas temperatures. In
earlier work by this author the extrapolation was
done by using a first-order exponential curve fit to
predict the final thermocouple wire temperature.
Since radiation effects were neglected, the gas
temperature was not computed. Hand calculations
had to be used to estimate the gas temperature. This
report describes a method that includes the effect of
radiation in the extrapolation. Computations of gas
temperature are provided, along with the estimate of
the final thermocouple wire temperature. Results
from tests on high-temperature combustor research
rigs are presented.

Introduction

An earlier investigation by the author (ref. 1)
described the use of a pulsed thermocouple to
measure gas temperatures above the melting point of
common thermocouples. This method of measuring
temperature is intended for the measurement of
temperatures at the exit of experimental aircraft
combustors at temperatures to 2400 K and pressures
to 4 MPa (40 atm). The previous investigation
described an approach that uses a thermocouple
cooled by a small jet of inert gas. When a
measurement is to be made, the cooling jet is turned
off and the thermocouple is allowed to heat up to
near its melting point. When the temperature of the
thermocouple approaches its melting point, the
cooling is reapplied. The data are then fitted to a
first-order exponential function. The final
temperature that the thermocouple would have
attained is then calculated by extrapolation.

The computer program (ref. 1) did not take into
account the fact that at the higher temperatures the
heating curve deviates from a true exponential. This
deviation is the result of radiant energy (obeying
Stephan’s T4 law) being absorbed or emitted by the
thermocouple wire.

The analysis described in this report takes into
account the T4 radiation terms in the differential

equation describing the temperature of the
thermocouple wire as a function of time. The report
describes the solution of this differential equation for
time as a function of temperature. This solution
cannot be inverted (except numerically) to give
temperature as a function of time. A computer
program is described that fits measured data to the
theoretical curve based on this more complete
analysis. The computer program uses the gradient-
expansion method (ref. 2) to fit the data to the
theoretical function. The program computes final
thermocouple wire temperature and final gas
temperature.

This report also presents typical input and results
for the computer program. Data and results are
discussed from tests in two combustor test facilities.

Theory

This section describes the theoretical equations
necessary to compute gas temperatures with a pulsed
thermocouple. Most of the time the thermocouple is
protected with a jet of cooling gas, as shown in figure
1. When a temperature measurement is to be made,
the cooling gas is turned off and the thermocouple
output is sampled at a high rate and recorded. Just
before the thermocouple reaches its melting point the
cooling is reapplied to protect the thermocouple wire.
The gas temperature can then be calculated by
extrapolation from the initial heating curve. For the
extrapolation to be valid, it must be based on a
theoretical heating curve. The derivation of the
theoretical equation is described here. All symbols
are defined in appendix A.

The equation that describes the pulsed-
thermocouple wire temperature can be derived from
the basic heat transfer relations (ref. 3). Assume a
bare wire thermocouple with infinitely long leads in a
hot gas stream. This assumption causes the
conduction effects to be neglected. Very little error is
introduced if we neglect the transfer of heat to the
junction by conduction along the wire for carefully
designed probes. Thus in the absence of conduction,
heat can be transferred to the wire by convection of
the gas, by radiation from the gas, and by radiation
from the duct walls. Also heat can be transferred
away from the wire by radiation.

The rate of heat storage in the wire will be equal to
the rate of heat entering the wire minus the rate of the
heat leaving the wire. The rate of heat storage g5 per
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unit length is given by

4ds=d4c+4, 1

where g, is the rate of heat convected per unit length
to the wire by the gas and g,is the net heat radiated
per unit length to the wire.

The rate of heat storage per unit length of the wire
is given by (ref. 3)

=D? dT,,
ds=p 4 dr )

where p is the wire density, C is the specific heat of
the wire, T,, is the wire temperature, ¢ is the time,
and D is the wire diameter.

The rate of heat transfer to the wire by convection
g is given by (ref. 3)

gc=7NuKg Psc (Ty —Ty) &)

where Nu is the Nusselt number, K g is the thermal
conductivity of the gas, Py is the probe shape
constant, and 7, is the gas temperature. For an
infinitely long wire in crossflow Py, is unity. The
probe shape constant was introduced to take into
account the fact that the presence of a probe to
support the wire will cause a reduction in the
effective Nusselt number of the thermocouple. In

practice the P, must be determined experimentally
and generally falls in the range 0.8 to 1.0.

The rate of heat transfer by radiation g, is given by
(ref. 3)

q,=aew[(1—a)T;+egT4—Tﬁ,]7rD )]

4

where o is the Stefan-Boltzmann constant, e,, is the
emissivity of the wire, « is the effective absorptivity
of the gas, Ty is the duct temperature, and €g is the
emissivity of the gas. The first term in equation (4)
represents the heat received by the wire from the hot
walls of the duct. The second term represents radiant
heat received from the gas. The third term represents
radiant heat emitted from the wire.
Combining equations (1) to (4) gives

di= __—kKydT, 6y
Td +K, T, —K;
where
_pCD
1= 40¢,, (©)
NuK, P
- glsc
K2=—F% o, %
and
K3 =KT, + [(1 —a)T;}+eng] ®)

To solve equation (5), we integrate both sides of
the equation. The integration is easier if we factor the
denominator. The roots of a fourth-order equation
can be found by algebraic methods (ref. 4). The roots
of the equation are

Tw=011 :i:iB, g, 03 (9)
where
1
oy =5V Y, (10)
172
1 2K
B== (Yl + _2> 11
5 v an



2K
a2=%[\/?}+<—Y1+—Yi> ] (12)
v
1/2
1 2K,
a3=—=|VY +<-—Y1+—> ] (13)
3 2[ 1 \/Tx
1/241/3
Y= 1§+ 1§+64K§> ]
1712 4 27
1/241/3
K: (K} 64K§> ]
2 (22 14
+[2 <4 t 7 (14)

Equation (5) can then be rewritten as

dt=
~K, dT,, _
Ty —oy — BT, —ay + iBY(T,, —a)(Ty, —a3)
(15)
or
_| H Hy
dt_l:Tw_o‘z * Ty, —aj
H; H}
T,—ay=iB " T,~a +i5]dTW 16
where
-k,
Hy= — an
' (aa—an)l(ep —an)? + B2
_K'1
= S (18)
2 (a3 —ap)|(az — a1)2+ 82]
H; ~Ki 19

= (ay —ay +iB)ey — a3 +iB)2iB)

If the denominator of Hj is multiplied out, we get

_Kl

=2 20
E+iF 20)

Hj3

where

E=-232Qa; —a3 —a3) @1
and
F=2[B(ery —az)(ery — or3) ~ B3] @2

Thus H3 can be rewritten as

_ —KiE . KiF
TR R EiR2
=H3p +iH3p (23)

Equation (16) can then be integrated to get

t=Hln(ay ~ Ty,) + HyIn(T,, — 3)

+H3pIn[(T,, —oty)? + B2]

-1 B
+2H3gtan < T

w— ]

> +Hy (24)

where H, is a constant of integration.

Equation (24) shows the theoretical relationship
between the wire temperature 7T, and the time #. In
general all the parameters in the equation are known
except for the gas temperature 7,, the probe shape
constant P, and the integration constant H4. After
a measurement a set of wire temperature readings are
known. The procedure used finds the values of T,
Pg., and H, that result in the best fit of the
temperature data to the theoretical equation (eq.
24)). The next section describes the computer
program written to fit equation (24) to the data.

Description of Computer Program

The FORTRAN IV computer program described in
this report is designed to calculate gas temperature by
using data taken from a separate pulsed-
thermocouple controller. A listing of the program
and its various subroutines is shown in appendix B.
The program input requirement is a set of wire
temperatures taken at regular time intervals, the
Mach number, the total pressure, the wall
temperature, and the probe shape constant. The
computer program output is the extrapolated wire
temperature and the computed gas temperature. In
addition, if the probe shape constant has not been
entered, the computer program will calculate and
output PSC, the probe shape constant.

The program uses a curve-fitting procedure from
reference 2 called the gradient-expansion method to

3



fit the theory to the input data. Two parameters, gas
temperature TGAS and possibly probe shape constant
psc, are ddjusted for best fit of the theory to the
data. These parameters are adjusted until the sum of
the squares of the differences between the measured
wire temperature and the theoretical wire
temperature is a minimum. The error, which is called

CHISQR, is defined by

CHISQR = E [( Tdata) i (Ttheory ) i] 2 25

=

where Tg4aa is the measured wire temperature,
Tiheory is the corresponding theoretical wire
temperature, and » is the number of measured data
points. Note that the theoretical wire temperatures
must be evaluated point by point at the same values
of the time parameter used for the measured data.

Both the gradient-expansion procedure and the
evaluation of CHISQR require computation of
theoretical wire temperature at every measurement
time. In addition, the gradient-expansion method
requires values for 47T, /8T, and 8T, /3P at every
measurement time. These requirements create a
difficulty because the analytical solution to the
differential equation expresses time as a function of
wire temperature in equation (24). The equation
cannot easily be inverted to yield the needed wire
temperature as a function of time and its derivatives.
As a result a great amount of the computer time is
devoted to numerically inverting the equation and
evaluating the derivatives. Since theoretical wire
temperature values at the measurement times are not
available directly from equation (24), they are
calculated by interpolating in a table of wire
temperature-time pairs that do satisfy equation (24).
This table must be regenerated whenever equation
parameters are changed.

This procedure must be repeated once for every
evaluation of wire temperature and twice for every
evaluation of the derivatives. The derivatives are
approximated by computing the differences in wire
temperature that result for two values of the
parameters TGAS and PSC: one value slightly above
the present value and one value slightly below the
present value.

The main computer program takes care of reading
the input data, calling the curve-fitting routines,
deciding when the curve fit is good enough, and
writing the results. Initially input data of Mach
number, pressure, and duct temperature are read in
as well as 1000 readings of thermocouple wire
temperature. The temperatures represented by these
numbers are taken at equal time intervals before and
during the temperature rise. The first 100 readings

represent the thermocouple wire temperature while
the cooling air is on. The rest of the 900 temperature
readings are taken during the temperature rise of the
thermocouple wire when the cooling air is turned off.
If the cooling air is turned on again before the 900
readings are taken, the remaining readings are zero.

After the data are read in, a call to subroutine
STCFIT determines the best estimate of the
temperature ramp starting time. This is necessary
because the theoretical curve is always forced to pass
through this point.

With the starting time determined, the curve-
fitting process begins. Repetitve calls to CURFIT and
FDERIV result in adjustments to several parameters
such that CHISQR is decreased. With every
adjustment in the parameter values a call to CONGEN
is needed to evaluate the constants in equation (24).
The parameters adjusted inciude the gas temperature
TGAS; the probe shape constant PSC; and FLAMDA, a
parameter whose value controls the curve-fitting
process. The probe shape constant is adjusted only if
its value is not included in the input data. If the PSCis
to be adjusted, the variable NTERMS is set equal to 2
by the computer program; otherwise NTERMS is set
equal to 1 and only TGAS is adjusted. Thus the main
program recalls FDERIV and CURFIT until the decrease
in CHISQR is less then 1 percent. This value of 1
percent was chosen by trial-and-error methods to
provide a wire temperature within 1 or 2 K of the
ultimate wire temperature without using an
unreasonable amount of computer time.

Subroutine CURFIT

Subroutine CURFIT makes a least-squares fit to a
nonlinear function by using the gradient-expansion
algorithm described in appendix C. The algorithm is
really two curve-fitting techniques combined into one
program. One of the techniques works well when the
variables are far from the correct values, and the
other works well when they are close to the final
values. A parameter A (called FLAMDA in the
program) is used to change the curve-fitting routine
gradually from one technique to the other.

The subroutine works by starting with
FLAMDA =0.001 (when FLAMDA is less than 1 the
fitting technique that works close to the minimum is
dominant—see appendix C). The error x2 (appendix
C) between the measured and theoretical data is
called both CHISQ1 and CHISQR in the program.
CHISQI is an initial value of x2 calculated once when
the subroutine is entered. The program makes
changes in the wire temperature, the probe shape
constant, and FLAMDA until a new value of x2 (called
CHISQR) starts to decrease, at which time FLAMDA is
divided by 10 and the subroutine returns to the



calling program. It is the responsibility of the calling
program to check CHISQR to see if the change in
CHISQR since the last call to CURFIT is small enough
to stop the program. If it is not, subroutine CURFIT
should be called again without changing the value of
the current FLAMDA.

Subroutine FDERIV

Subroutine FDERIV computes data needed by the
curve-fitting routine CURFIT. The data needed are the
derivatives of the wire temperature with respect to
both gas temperature and the probe shape constant.
Also needed are theoretical values of wire
temperature evaluated at the measured time (the
times corresponding to the measured wire
temperatures). The derivatives are determined from
(ref. 5)

Ty _ T\ (Tg+1,PsC)—T,(T; —1, PSC) 26)

T, 2

oT,, _ T\ (Tg, Psc+0.001)— T, (T, PsC—0.001)
apsc 2(0.001)
27

If the probe shape constant is not to be calculated
(NTERMS=1), only equation (26) will be calculated.
The theoretical values of wire temperature are
generated from equation (24) with a call to
subroutines TABL and INTRP.

The subroutine returns a 1000- by 3-element array.
The derivative of the wire temperature with respect to
the gas temperature at time 7 is returned in array
DERIV(,1). The derivative of the wire temperature
with respect to the probe shape constant at time 7 is
returned in array DERIV(,2). The table of the
computed wire temperatures at time I is returned in
array DERIV(],3).

Function XICALC

Function XICALC computes the sum of the squares
of the differences between the measured wire
temperature and the theoretical wire temperature
(from the numerically inverted equation (24)). The
sum of the squares of the differences will be

RANGE 2
[TW(I)— Ttheory(z)] 28)

XICALC=
I=START

The program first calls subroutine CONGEN to
generate new constants for equation (24) since the gas
temperature and the probe shape constant may have
changed. Subroutine TABL is then called to generate a
table of theoretical temperatures and times. The
interpolation necessary is done by this subroutine
and not by subroutine INTRP because the output of
this routine is a single number, the error XICALC, and
not an entire table of numbers.

Subroutine TABL

The purpose of subroutine TABL is to generate
values of theoretical wire temperatures and times for
subroutine INTRP. Subroutine CURFIT, FDERIV, and
function XICALC require a value of theoretical wire
temperature at every measurement time. These wire
temperatures must be obtained by inverting equation
(24). However, because of the form of equation (24)
a numerical inversion will have to be done. A call to
subroutine TABL generates a table of temperature-
time pairs that satisfy equation (24). Then a call to
INTRP interpolates in this table to get temperatures at
the measurement times.

To generate the interpolation table, a set of
temperatures is needed to put into equation (24) to
obtain computed times. The values of computed time
that result from equation (24) should be as close as
possible to the measured times for accurate
interpolation by subroutine INTRP. The set of
temperatures is determined one at a time, starting
with a known point on the theoretical curve. Each
succeeding temperature is computed from the
previous one by using a linear approximation to the
theoretical curve (fig. 2). The linear approximation
will have a slope equal to the slope of the theoretical

Linear
approximation ~
\
AY
\
h Theoretical
o H—————— heating
3 | curve
ol
g | 1
= |
T:
’ |
TAVE I ||
| |
| ||
| O — -
1 L)
§ 5 G
Time

Figure 2, - Graphical representation of linear approximation to
theoretical wire heating curve, The t; are measured times

and the tj are computed times from e&uation (24).



curve at the previous temperature. Thus each

succeeding temperature will be

t; _tl
T j+1 =Y 29
Tj+ TJ+(dt/dTw)T _r 29)
w=4j

where j=1,2,3,..., n measured data points. The times
corresponding to the measured data points are ¢;.
The times ¢/ are computed by evaluating equation
(24) with T, =T;. The derivative of equation (24) is

dt _ —H, 4 Hy
dTw _Olp_—Tw TW—Ol3
+ 2[H3A(Tw_al)—H3BB] (30)

(Ty—ay )2 + 62
In the program ¢; .1 —¢; is defined as DELTIM and

DELTMP = — DELTIM 31
(dt/dTw)Tw=Tj

The program starts by setting 7 = 7| = TAVE, which
is the temperature on the theoretical curve; and
tj=t{ is equal to MSTIME*START. The next
temperature 7;,; is evaluated by setting
tiy1 =1 =MSTIME*(START+1) in equation (29).
What results is a table of theoretical time-
temperature pairs that do satisfy equation (24),
where the times are not exactly equal to the
measurement times. The array of times is called
TIMC, and the array of temperatures is called TC in
the program. A linear interpolation will need to be
done because temperatures at the exact measurement
times are needed.

Subroutine INTRP

Subroutine INTRP ‘is used to correct the table of
theoretical temperatures (array TC) generated by
subroutine TABL. Subroutine INTRP performs a linear
interpolation between the calculated data points so
that the calculated times (and corresponding
temperatures) fall exactly on the measured time. The
resulting interpolated values of temperature are
stored in array TC.

Subroutine STCFIT

Subroutine STCFIT determines the starting point of
the thermocouple temperature rise. The starting
point is defined as the intersection of two straight
lines. One line is the best fit through the data before
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Figure 3. - Search process for subroutine STCFIT.

the cooling is turned off. This line is called TAVE. The
other line is the best fit through approximately the
first 50 points of the temperature rise. Since a
solenoid is used to turn the cooling air on and off,
there will be some delay between when the power is
removed and when the cooling air actually stops
flowing. The solenoid power is turned off at data
point 100, and the starting point search ranges
between data points 100 and 130.

The starting point of the search process is shown in
figure 3. A standard least-squares fit to a straight line
of the data from point 100 to point 160 is performed.
In general, point 100 is not the true starting point; so
this line (line 1 in fig. 3) will not intersect the TAVE
line at point 100. In fact, if the starting point of the
data for the least-squares line is varied from 100 to
130, the intersection of the least-squares line (line 2)
with TAVE will approach the true starting point and
then back away. Therefore the intersection point will
have a maximum as the starting point is varied. The
output of this routine is this maximum value of the
starting point. This represents the best
approximation to the start of the ramp.

Subroutine CONGEN

Subroutine CONGEN computes the constants
necessary to evaluate equation (24). Constants K,
K5, and K3 are evaluated by using equations (6) to
(8). The wire emissivity €,, for clean platinum was
found to be (ref. 6)

€ ~0.085+(0.76 E-4)T,, s (32)

where T, is the final wire temperature in K. The
other parameters used for platinum (type R)
thermocouple wire are (ref. 7):



Wire density, kg/m3 ......ccoovviniieinnannn. 0.2078 x 105
Stefan-Boltzmann constant,
J/K4secm2..ceiniiniiiniiieininnennes 0.56697 x 10-7
Wire specific heat, J/kg K................ 0.1427x 103
Gas effective abSOrptivity..cceeeeeevrerriernennenienennens 0
Gas effective emiSSiVILY ceveueinniiiiieineienerneriaiannn. 0
Wire diameter, M....cccoevereeneerennnnnn 0.8128 x 103
K, =(0.3007 E-3)*»1GAS% 78 J/(sec K m) 33)

Nu = 188.41 +(VWDIA*MN*P)*TGAS ~0-6

o[140.20mny2| 34

where WDIA is the wire diameter, MN is the Mach
number, P is the pressure in pascals, and T, is in K.
The gas effective absorptivity and emissivity are
assumed to be zero. This corresponds to a
transparent gas and the worst case for radiation
effects.

The subroutine also computes oy, a3, a3, 8, Hy,
H,, H35, and Hyg from equations (10) to (23). The
value of H4 is computed by putting the initial
conditions into equation (24) and solving for Hy.
The initial temperature is the average cooled
temperature TAVE. The initial time is the
measurement time interval MSTIME times START.

Function EVALTM

Function EVALTM evaluates equation (24) to
obtain a calculated time for an input of wire
temperature. The input wire temperature must be
between the initial average cooled temperature TAVE
and « in order to avoid taking the logarithm of a
negative number. Values of oy, a3, a3, 8, Hy, H,,
H;p, and H4 must have been previously calculated
with a call to the CONGEN subroutine.

Subroutine MATINV

Subroutine MATINV does an inversion of a 1- or
2-degree matrix. For a 1-degree matrix only a simple
reciprocal is needed. For a 2-degree matrix the
adjoint matrix is calculated. Then each element is
divided by the determinant to form the inverse
matrix. The original matrix is then replaced by its
inverse.

Tests and Results

A pulsed-thermocouple system was tested in a
combustor rig at the Air Force Wright Aeronautical
Laboratory (AFWAL) as part of a joint AF-NASA

program on instrumentation. The system included a
probe, a sample-and-hold voltmeter, a
microcomputer-based controller, and a digital
recorder, as shown in figure 4. Figure 5 shows the
probe that was put into the combustor. The probe
consisted of a water-cooled shell with a replaceable
platinum (type R) thermocouple. Compressed-air
cooling for the thermocouple was controlled by a
fast-acting solenoid valve. The thermocouple voltage
was converted to digital form by a sample-and-hold
digital voltmeter. A microcomputer was used to
control the voltmeter and turn the cooling air on and
off. The time between data points (called MSTIME)
was controlled at 0.0042 second. This value was
chosen so that most of the ramp would be included in
the 1000 data points. If a different probe with a
different time constant were used, this MSTIME would
have to be changed.

A full curve including the final wire temperature
could be recorded for each pulse because the gas
stream of the combustor configuration under test
was not hot enough to require the cooling air to come
on. The data were first processed by the computer
program to compute the probe shape constant. The
average computed probe shape constant for 20 pulses
at fixed combustor conditions was 0.91, with a
maximum deviation of 0.09. This deviation is the
result of the fact that the burning process is not
constant during the pulse and thus results in a
temperature that can vary during the pulse by as
much as 3.2 percent.

With the average probe shape constant of 0.91 the
data were curve fit 60 percent of the way up the

Compressed

- Hot gas
flow
gas | ;

. e Sample-and-
Microcomputer | hoid voltmeter

Digital
recorder

Temperature
computer

Figure 4. - Block diagram of pulsed-thermcouple system,
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readings. The actual final wire temperature varied
from 1525 K to 1575 K because of fluctuations in the
burning. A comparison between the final wire
temperature computed using 60 percent of the ramp
and the actual final wire temperature measured for
the 20 readings showed a maximum deviation of 3
percent.

The average of the 20 computed gas temperatures
was 1691 K, with a maximum deviation of 47 K, or
2.7 percent. The difference of 130 K between the
computed wire temperature and the gas temperature
is the radiation error. It is estimated that the
radiation error can be computed to within about 20
percent, which for this case would be +26 K.

Results for a pulsed-thermocouple probe different
from the probe just described were obtained during a
high-temperature combustor test at the Lewis
Research Center as shown in figure 7. The probe
shape constant for this geometry was determined at
lower temperatures than shown in figure 7 to be 0.96.
The gas temperature for the data shown in figure 7
was 2300 K, and the final computed wire temperature
was 2190 K. The wire melts at 2215 K. The protective
compressed air was set to turn on at about 2000 K in
order to assure a long thermocouple life.

Concluding Remarks

The pulsed thermocouple was developed as an
instrument to determine high gas temperatures. The
pulsed feature is needed at temperatures above the
melting point of common thermocouples or when
streaking of a combustion process is occurring. The
cooling gas was found to adequately protect the
thermocouple during this high-temperature
operation.

The computer program for computing gas
temperature was designed to take the 7% radiation
error into account. The program requires as input the
Mach number, the wall temperature, and the total
pressure in addition to the thermocouple data. Tests
at temperatures below the melting point of platinum
thermocouples show that the pulsed-thermocouple
system can compute the gas temperature to within
about 4 percent with as little as 60 percent of the
temperature step as input data.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, December 15, 1980



Appendix A

Symbols
Mathematical Computer Definition
symbol symbol
7 2 — parameter of function x2
C SPHT specific heat of wire
D WDIA wire diameter, m
H{,Hy,Hjp, H1,H2,H3A, intermediate constants
Hip, Hy H3B,H4
K : thermal conductivity of gas, J/sec K m
K|,K; K3 K1,K2,K3 intermediate constants
----- MN Mach number
Nu NU Nusselt number
P P pressure, Pa
Py, PSC probe shape constant
qc rate of heat transferred by convection into surface of wire, J/sec m
q e rate of heat transferred by radiation, J/sec m
q - rate of heat storage, J/sec m
r e temperature, K
----- TAVE average temperature
Tq TDUCT duct temperature
T, TGAS gas temperature
Tw TWIRE wire temperature
Ty TWF final wire temperature
i time
Xy general independent variables
Y, - intermediate constant
a ALPHAG effective absorptivity of gas
oy,a7, ALPHAI, intermediate constants
o3 ALPHA2
ALPHA3
B8 BETA intermediate constant
€g EGAS emissivity of gas
€w El +E2+T emissivity of wire
I SIGMA Stefan-Boltzmann constant, J/K4 sec m2
x2 CHISQR, least-squares error
CHISQI
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ROUTINE
THERMOC
natTaA FO
HEATED

Appendix B
Computer Programs

FOR CURVE FITTING
OUFLE DAaTA SHOULD
INTS (THERMOCOUFLE
ON AN EXFONENTIAL

DATaA FROM A FULSED THERMOCOUFLE.
RE CONSTANT FOR THE FIRST 100
COOLEDY) ., THE THERMOCOURLE IS THEN
HEATING CURVE (200 DATA FOINTS).

THE FROGRAM NEGLECTS CONDUCTION ERRORS.

INFUTS
WIRE T

REQUIRED ARE?
EMPERATURE (1000 D

MACH NUMEER.

FRESSU
noeT T
FRORE

ALSO TH
THE FRO
THERMODC
MSTIME
WONTA =
WIHENG
SFHT ==
WIRE E
EGAS =
ALFHAG

RE (Fa).
EMFERATURE (K).,
SHAFE CONSTANT.

E FOLLOWING FARAME
FER VALUE UEPENDIN
OUFLE USED?

= TIME BETWEEN ME

WIRE DIAMETER. (8
= WIRE DENSITY. (&

WIRE SFECIFIC HEA
[UITY . (SURBROU
WSTVITY OF GAS
= ARSORFTIVITY OF

ATA FOINTS)Y (KD,

TERS MUST BE SET TO
G ON THE TYFE OF

ASUREMENTS (THIS FROGRAM).
URROUTINE CONGEN) .

T. (SUBROUTINE CONGEN).
TINE CONGEN).

« (SURBROUTINE CONGEN).
GAS. (SUBROUTINE CONGEN).

REAL TWIREC(LOQOY s TAVE ¢ ALFHALyALFHAZ » ALFHAZ«RETA Y
HleHZ2 o HEZAYH3B HA» TOUCT » MSTIME » MN» ' s MNN » MTMF

INTEGER

START s RANGE

REAL TCOCLO0O»2)y TIMCC(LO0O«2)» DERIV(1000 32

naTa MS
MSTIME

INTEGER

TIME/Q.42E-2/
IS TN SECONDS.

T« NTERMS

REAL CHISQOsFLAMDA»TGAS» TWF yFSCsCHISAR X

COMMON /BLKL/ZTWIRE» TAVE»ALFHAL vALFHAZy ALFHA3yRETAY
HLyHZ2yH3AYH3Ry HAy TOUCT ¢ MET IME » MN » v MNN » MTHF

COMMON

/BLK2/START » RANGE

11



e Rw e

OO0

20

100

OO0

101

SO0

110

OO0

C

118

120

12

COMMON /BILLK3/TCyT

READ TEMFERATURE
IN DEG. K . (1000

oo 20 I=1»1000
READN(180) TWIRE(

READ INFUT DATA

WRITE(Z»30)
FORMAT (1Xy * INFUT
READ(S»40) MN
FORMAT(F7.4)
WRITE(7»50)
FORMAT (11X« " INFUT
READ(S&60) F
FORMAT(F11.3)
WRITE(?+70)
FORMAT (1X» ZINFUT
READ(S80) THUCT
FORMAT (F?.2)
WRITE(Z720)
FORMAT(1X s 2 INFUT
READ(S»100) FSC
FORMAT(F6.3)

THE NEXT 3 STATEM
FOR THE EXAMFLE I

WRITEC(Z7»101)
FORMAT (1Xy "MACH N
READC(S »80) MTMF

AVERAGE COOLED WI

TAVE = 0.0

DO 110 I=1,99
TAVE = TAVE4TWIRE
TAVE = TAVE/99.

DETERMINE START O
CaLL STCFIT
TEMFERATURE OVER

g 120 RANGE=100y

IMCyDERIV

DATA (TWIRE)
DATA FOINTS).

I

MACH NUMERER')

FRESSURE IN Fa.’)

DucT TEMFERATURE IN DEG.

FROBE SHAFE CONSTANT.’)

ENTS ARE NEEDED ONLY
N THIS REFORT.

Ke’)

UMBER TEMFERATURE DEG. K.7)

RE TEMPERATURE.

(I)

F RAMF.

MELTING FOINT?

1000

IF (TWIRE(RANGE).LE.400.) GO TO 130

CONTINUE



00

130

135

s B I R OO0 oc

oo

140

150
160

170

180

RANGE = RANGE-1
CURVE FIT.

CHISQROD = 0.

FLAMIA = 0.001

TWF = TWIRE(RANGE)

TGAS = TWF

NTERMS = 1

IF (FSC.NE.0.) GO TO 140
NTERMS = 2

FSC = 0.8

"FOERIV" COMFUTES THE DERIVITIVE 0OF TWIRE WITH RESFECT
TO TGAS & FSC. ALSO IT RETURNS VALUES OF CALCULATED
THEORETICAL WIRE TEMFERATURE A5 A FUNCTION OF TIME.

CAlLL FRERIV(TGASyFSCyNTERMS» TWF )

"CURFIT®" MODIFIES TGAS aND FSC TO ORTAIN THE BEST
MATCH RETWEEN THE THEORETICAL CURVE AND THE ACTUAL DIATA.

CALLL CURFIT(NTERMS:FSCyTGASy CHISAR «FLAMDA TWF )

"CHISAR® IS THE ERROR BETWEEN THE THEORETICAL CURVE AND
THE ACTUAL MEASURED DATa,. IF THERE IS LESS THAN A

ONE FERCENT CHANGE IN THE ERROR SINCE THE LAST

CALL TO CURFIT THEN THE FROGRAM IS5 FINISHED.

X = ARS{(CHISAR-CHISRO) /CHISAR)

IF (X.LT.0.01) GO Tk 150

CHISRO = CHISAR

TWF = ALFHAZ2

GO TO 140

WRITE(7+1460) TGAS

FORMAT(1Xy 7 GAS TEMPFERATURE = ‘yF?.257 K’)
WRITE(7+170) ALFHAZ

FORMAT(1Xy "FINAL WIRE TEMFERATURE = ‘»F2.2s7 K’
WRITE(7+180) FSC

FORMAT (1Xy ‘FRORBE SHAFE CONSTANT = ‘«F&6.3)
STOF 123

ENII

SUBROUTINE CURFIT(NTERMSyFSCyCHISQRyFL.AMIOA TWF)

13
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FURFOSE
THIS SURROUTINE MAKES A LEAST SQUARES CURVE FIT TO
A NON-LINEAR FUNCTION.

TIME = SET OF INTEGERS TAKEN AS INDEFENDENT VARIAERLE.

TWIRE = ARRAY OF WIRE TEMFERATURE REAUINGS TAKEN
AS DEPENDENT VARIARLE.

START = INTEGER VALUE OF TIME FOR START OF DATA.

RANGE = INTEGER VALUE OF TIME FOR ENID OF DATA.

NTERMS = NUMBER OF FARAMETERS (MAX. = 2).

TGAS = FARAMETER 13 GAS TEMFERATURE.

FEC = PARAMETER 2! FRORE SHAFE CONSTANT.

A = ARRAY 0OF FARAMETERS,

FlL.aMDld = FROFORTION OF GRADIENT SEARCH INCLUDEDR,

TWF = ESTIMATED FINAL WIRE TEMFERATURE.

CHISAR = CHI SQUARE FOR FIT.

SUBROUTINE CURFIT(NTERMS«FSCy TGASyCHISOR»FLAMDAY TWF)

REAL TWIRECLOOOY y TAVE v ALFHAL r ALFHAZ » ALFHAZ e RETA »
HivyH2yHIAYyH3ByHA TOUCT ¢+ METIME » MN s F » MNN » MTMF

INTEGER STARTy RANGE
REAL TC(1000«2) s TIMCCLOOO»2Y s DERIV{1000:3)

REAL BEC2)sAL (222X yFSCy TEASyCHISAL y CHIGSAR s FLAMDA « TWF »
AC2) s BLI2) v ARRAY (2520

INTEGER IrJyKeNTERMS ERFLAG

COMMON /RLKL/TWIREy TAVEsALFHAL ALFHAZ »ALFHAZyRETAY
HisHZ2sHIAYHIB HA» TOUCT yMSTIME v MN o s MNN » MTMF

COMMON /BLK2/START y RANGE

COMMON /BLK3/TC»TIMCDERIV

ALFHA MATRIX.
BETA MATRIX.

AL
RE

i}

no 20 J=1sNTERMS
RE¢.) = 0,

0o 20 K=1sJ

AL CJsK) = 0,

TRUNCATE TGAS SINCE SMALL CHANGES IN TGAS
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40
30
&0

70

tei
S

C

g0

GoTO

?0
100

110

120
130

oo n

[ R Rw]

Qo0

CAUSE UNNECESSARY ITERATION

ACL) AINT(TGAS)

AC2) F8C

00 60 I=START s RANGE

ne 50 J=1sNTERMS

RE(J) = BE(DH(TWIREC(ID)-DERIV(I»3))XDERIV(I .1
00 40 K=1+s.

ALCI KDY = AL(IyRKIFOERIV(I» DXDERIV (T ¢K)
CONTINUE

CONTINUE

ng 70 J=1»NTERMS

nno 720 K=1-.J

ALIK» ) = AL (JKD

EVALUATE CHI SQUARE AT STARTING FOINT

CHISA1

XICALCMACLY yAC2) yERFLAG: TWF)

0o 100 J=1yNTERMS
0o 20 K=1sNTERMS

CALCULATE ALFHA FRIME MATRIX (CALLEDI ARRAY)
AND ALSDO INVERT IT.

ARRAY (e KD =AL (I KD

ARRAY .y D) =ARRAY (Je DXL AFLAMDAD
CONTINUE

Coatl. MATINVIARRAY » NTERMS)

B{2) = AL

0o 130 J=1sNTERMS

B¢ = Al

ng 120 K=1yNTERMS

EC)Y = BOD) + BERIXARRAY (JK)
CONTINUE

TRUNCATE RB(1) & R(2) TO CONSIDER ONLY INTEGER VALUES
OF TEMFERATURE AND ONLY 2 SIGNIFICANT FIGURES FOR FSC.

BC1l) = AINT(RC1))
BC2)Y = B(2)¥100,

BO2Y = AINT(RZ2Y)
B(2) = R(2)/7100.

CALCULATE CHISQR FOR NEW PARAMETER VALUES,
CHISQR = XICALC(R{OL) fR(2YyERFLAG TWF)
ERFLAG=6 IF ALFHAZ IS TOO L.OW,

IF (ERFLAG.EQ.&6Y GO TO 140
IF (CHISQR1I-CHISGR)Y 140,150,150

15
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IF CHISAR INCREASEDs INCREASE FLAMDA.

FlL.AaMDA = 10.0XFLAMDA
GO TO 80

IF CHISQR DECREASEDy DECREASE FLAMDA & GET NEW
VALUES FOR TGAS & PSC.

TGAS = B(1)

FSC = B(2)

FLAMDA = FLAMDAS10.
RETURN

END

SUBROUTINE FOERIV(TGASyFPSCyNTERMS y TWF)

FURFOSE
COMPUTE THE DERIVATIVE OF TWIRE WITH RESFECT TO BOTH
TGAS & F&C AND ALSO EVALUATE THE THEORETICAL EQUATION.

TGAS = ESTIMATED GAS TEMPERATURE (K).

FSC = FRORBE SHAFE CONSTANT.

NTERMS = NUMEER OF TERMS (1 OR 2).

TWF = ESTIMATED FINAL WIRE TEMFERATTURE (K),

COMMENTS

THIS FROGRAM COMFUTES THE DERIVATIVE OF TWIRE WITH
RESFECT TO TGAS AND STORES THE VALUES IN THE ARRAY
DERIV(I»1) WHERE I=1,1000. THE DERIVATIVE 0OF TWIRE
WITH RESFECT TO FSC IS5 STORED IN DERIV(I«2). THE
THEORETICAL EQUATION EVALUATED AT EACH MEASURED TIME
CHMSTIMEX(TIME INTEGER)I IS STORED IN DERIV(I«3).

SUBROUTINE FROERIV(TGAS FSCyNTERMS» TWF)

REAL TWIRE(CL000) s TAVEsALFHALYALFHAZ »ALFHAZ s RETA»
HisH2+H3AYHIBYHA» TOUCT yMSTIME y MNs F » MNNy MTMF

INTEGER STARTs»RANGE
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REAL. TC(1000¢2) s TIMC(1000,2)yDERIV(1000y3)
REAL DELTAC(2)yT+PL+TGASSFSCy Xs Y s Zy TWF
INTEGER FeFFsERFLAG»I L1

DATA DELTA/1.0+0.001/

COMMON /BLKI/TWIRE»TAVEyALFHALYALFHAZALFHA3Z»BETAY
H1sH2yHIAYH3R s HAs TOUCT yMSTIME s MNPy MNN y MTMF

COMMON /BLK2/START » RANGE

COMMON /BLK3/TC»TIMC»DERIV

COMPUTE DATA FOR DERIVATIVE OF TWIRE WITH
RESFECT TO TGAS.

COMFUTE DATA FOINTS FOR T=TGAS+DELTA{L)
AND FC=FSC.

T = TGAS + DELTA(L)
FC = FSC

GENERATE CONSTANTS.

CALL CONGEN(T FLCeERFLAG: TWF)
IF (ERFLAG.NE.O) STOF 997

GENERATE A TARBLE OF COMPUTED TIMES AND TEMFERATURES.
TAEL PUTS DATA INTO TC aND TIMC

Cal.l. TARL (1)

COMFUTE DATA FOINTS FOR T=TGAS-DELTACL)
AND FOC=FS5C.

T = TGAS - DELTACL)
FC = FSC

GENERATE CONSTANTG.

CALL CONGENC(T+PCrERFLAGY TWF)
IF (ERFLAG.NE.O) STOF 996

GENERATE ANOTHER TARLE.
CAaLLl TABRL(2)

INTERFOLATE RETWEEN DATA FOINTS 80 THAT THE
CALCULATED TIMES (TIMC) CORRESFOND TO THE
MEASURED TIMES (IXMSTIME).

17



INTERFOLATE FOR T=TGASH+DELTACL).
CaALL INTRF(1»1)

INTERFOLATE FOR T=TGAS-DELTACL).

[ i I

CALL INTRF(2+1)

CALCULATE DERIVATIVE OF TWIRE WITH RESFECT TO
TGAS AND STORE IT IN DERIV(I«1).

G000

30 DERTV(START 1) = 0O,

L1 = START + 1

nn 3% I=L1yRANGE

DERIV(T s 1)=(TO(T v 1) -TC(T2)) /(2 XDELTACL))
35 CONTINUE

IF (NTERMS.EQ.1) GO 70 60

C
C COMFUTE DATA FOR DERIVATIVES OF TWIRE WITH
C RESFECT TO FSC.
C
C COMFUTE UATA FOINTS FOR T=TGAS AND
C FC=FSCH+DELTACZ) .
C
40 T = TGAS
FC = PSC + BELTACR)
C
e GENERATE CONSTANTS.
C
CALL CONGEN(T+FCyERFLAG»TWF)
IF (ERFLLAG.NE Q) STOF 995
C
C GENERATE A TAERLE OF COMFUTED TIMES AND TEMFERATURES,
c
CAaLL TABRL (1)
C
C COMFUTE DATA FOINTS FOR T=TGAS AND
c FC=FSC-DELTA(2) .
C
T = TGAS
FC = FSC - DELTA(2)
C
C GENERATE CONSTANTS.
C
CALL CONGEN(T FC ERFLAG»TWF)
IF (ERFLAG.NE.Q) STOF 994
C
¢ GENERATE ANOTHER TARLE.
c

CALL TARL(2)

18
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INTERFOLATE BETWEEN DATA FOINTS FOR FPC=FSCH+DELTA(2).

CALL INTRF(1+2)
INTERFOLATE FOR FC=FSC-DEILLTA{(D)
CALL INTRF(2+2)

CALCULATE DERIVATIVE OF TWIRE WITH RESFECT
TO PSC AND STORE IN DERIVIIF2).

DERIV(START»2) = 0.

no 35 I = L1sRANGE

DERTVC(T « 2)=(TC(Tp10-TC(I 22/ (2. XDELTAC2) )
CONTINUE

GENERATE A TARLE OF ONLY THE FUNCTION {(TWIRE VS,
GENERATE CONSTANTS FOR TGAS & FSC.

CALL CONGEN(TGASyFECERFLAG, TWF)
IF (ERFLAG.NE.0) STOF 993

COMFUTE A TARLE.

CaALL TABRL(1L)

INTERFOLATE RETWEEN DATA FOINTS
CALL INTRF(Ls32

STORE THE TINTERFOLATED FUNCTION (TWIRE V&S, TIME)
INTO DERIV(T«3),

D0 725 I=11000
DERTUCT »3) = TC(I«1)
CONTINUE

RETURN

END

FUNCTION XICALC(TGASyFECYyERFLAGy TWF)

FURFOSE

TIME) .

TO COMFUTE CHI SQUARE FOR FRESENT PARAMETER VALUES.

19
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TGAS = ESTIMATED GAS TEMFERATURE (K).
FSC = FPRORE SHAFE CONSTANT.
TWF = ESTIMATED FINAL WIRE TEMFERATURE (K).

REAL. TWIRE(1Q00) y TAVE yALFHAL yALFHARyALFHAZYRETA
Hi1yH2yHIAH3IBsHAyTOUCT v+ METIME sy MNP ¢ MNN » MTMF

INTEGER STARTy»RANGE

REAL TC(1000+2)yTIMC(1000+2)»DERIV(1000+3)

REAL Xs«YTOUMsER

INTEGER ERFLAGy Js T ol lrl.2sK

COMMON /BLRKL/ZTWIRE TAVErALFHALyALFHAZ» ALFHAZyRETA
HLsH2sH3AHIB s HA TOUCT s METIME y MN » F v MNNy MTMF
COMMON /BLRK2/7START » RANGE

COMMON /BLK3I/TC»TIMCy DERIV

GENERATE CONSTANTS FOR THEORETICAL EQUATION.

CALL CONGEN(TGASFECsERFLAGY TWF)
IF (ERFLAG.NE.O) RETURN

GENERATE TARLE OF THEORETICAL DATA FOINTS OF
TEMFPERATURE VS. TIME. THE VALUES OF TIME ARE ONLY
AFFROXIMATELY EQUAL TO THE ACTUAL MEASURED TIMES.

CALL TABRL L)

J = START

L1 = START+1
L2 = RANGE+1
ER = 0.

INTERFOLATE SO THAT TIMES FOR THEORETICAL DATA
CORRESFOND TO UATA FOR ACTUAL MEASURED TIMES.

o 20 I=L1RANGE

X = METIMEXFLOATC(I)

no &0 K=J-1.2

IF (XJLT.TIMCIK=1)) GO TO 70
CONTINUE
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J = K-1
IF NO CHANGE IN TC(Js1) NO INTERFOLATION NECESSARY.

IF (TC(K,1).EQ.TC(Jr1)) GO TO 85
TCM = TC(Jr 1) H(X-TIMC(I» 1 2IX(TC(R» 12 -TCC(ds1))/
(TIMC(K»1)-TIMCC(J»1))

CALCULATE XI SQUARED. THIS IS INCLUDED INSIDE
INTERFOLATION LOOF FOR CONVIENENCE.

ER = ER+(TWIREC(I)-TCM)¥X2
G0 TO 20

TCM = TC(Ady1)

GO TO 80

CONTINUE

XICALC=ER

RETURN

END

SUBROUTINE TABL(F)

FURFOSE

GENERATES A TAELE OF THEORETICAL TEMFERATURE Vs,
TIME DATA FOINTS. THE COMPUTEDR TIME CORRESFONDS
CLOSELY WITH THE MEASURED TIME BUT NOT EXACTLY.

F = SECOND TNDEX ON TC AND TIMC. (F = 1 OR 2).

REAL TWIRE(1000)»TAVErALFHALyALFHAZ ALFHAZsBRETAY
HL1+sH2yH3AyHIBsHAs TOUCT y METIME y MN o F o MNN « MTMF

INTEGER START »RANGE

REAL TCC(1000»2) s TIMC(10002) yDERIV(1000,3)
REAL DELTIMDELTMFTCALC»ZY

INTEGER FoedeIol1leLl2

COMMON ABLK1/TWIRE»TAVEyALFHAL s ALFHAZ yALFHA3YRBETA
HisHZyHIAYHIByHAy TOUCT y MSTIME » MN v F » MNNy MTHF

21
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COMMON /BLK2/START y RANGE
COMMON /BLK3/TCyTIMCyDERIV
TC(START «F) = TAVE

TCALC = TAVE

MSTIME = ACTUAL TIME BRETWEEN MEASURED DATA FOINTS
OF TWIRE.

i
Hi

DELTIM MSTIME

FIX FIRST FOINT.
TIMC(START»F ) = EVALTM{TCALLC)
INITIALIZE FOINT COUNTER FOR ACTUAL MEASURED TIMES.

J
Z

START
ALFHAZ-0.,01

I

COMPUTE TARLE OF TEMFERATURES

STARTH+1
RANGE+1
D0 140 I=L.1s1.2

L1
2

R

COMFUTE TCALC AT FOINT I - 1,

IF TCALC > Z WE ARE ON TOF FLAT FORTION OF CURVE
AND TEMFERATURE WILL NOT CHANGE ANY MORE.

IF (TCALC.GT.Z) GO TO 130

COMFUTE DERIVATIVE OF TIME WITH RESFECT TO
TEMFERATURE FOR THEORETICAL CURVE,

Y = ~H1/(ALPHAR-TCALD) + H2/(TCALC-ALFHA3Z)Y +
2. 0% (H3AX(TCALC~ALFHAL) ~HIBXEETAY /
((TCALLC-ALFHAL) XX2+BETAXX2)

DELTIM = CHANGE IN TIME FROM THE LAST DATA NECESSARY
TO MAKE THE CURRENT DATA FOINT FaALL AFPFROXIMATELY ON
THE ACTUAL MEASURED TIME.

LDELTMP = THE CORRESFONDING CHANGE IN TEMFERATURE.
NOTE THAT THE THEORETICAL FUNCTION (EVALTM) GIVES
TIME RACK FOR AN INFUT OF TEMFERATURE.
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DELTMF = DELTIM/Y

TCALC = TCALC+DELTHMF
TC(I«F) = TCALC

TIMC(IyF) = EVALTM(TCALC)

LDETERMINE THE CHANGE IN TIME NECESSARY FOR THE NEXT
CALCULATED DATA FOINT TO FALL ON THE NEXT MEASURED
DATA FOINT.

J o=kl
DELTIM = MSTIMEXFLOATC(J+1)-TIMCC(I»F)

CIF (DELTIM.LE.0.0) GO TO 120

GO TO 140

J o= 41

TC(IeF)Y = ALFHAZ

TIMCCIF)Y = MSTIMEXFIL.OAT(.))?
CONTINUE

RETURN

END

SURROUTINE INTRF(F¢FF)

FURFOSE
TO INTERFOLATE BETWEEN DATA FOINTS CALCULATED FROM

THE THEORETICAL EQUATION. USED BY SURROUTINE FRERIV.

= SPECIFIES THE SECOND INDEX <1 OR 2) FOR TC AND

F‘
FF = SPECIFIES THE SECOND INDEX (Le2y OR 3) FOR DERIV.

UFON RETURN TC(I«F) HAS THE INTERFOLATED VALUES.

SUBROUTINE INTRF(FyFF)

REAL TWIREC1000)» TAVE s ALFHAL » ALFHAZ » ALFHAZ y BETA »
H1»H2yH3AsH3BsHAs TOUCT « MGTIME » MN» F o MNN s MTME
INTEGER STARTy RANGE

REAL TCC(1000+2)» TIMCC(LO00Qy2)y DERIV(1000+3)
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REAL X
INTEGER FsFFedsIsKyl 1

COMMON /BLK1/TWIRE» TAVEALFHALyALFHAZ y ALFHAZ »BETA
H1yH2 e HIAYH3ByHAs TRUCT « METIME » MN » F s MNN » MTMF

COMMON /RLK2/8TART s RANGE

COMMON /BLK3/TCyTIMCDERIV

Ll = START+1

DERIV(IFFY HAS NOT BEEN USED YET AND
IS USED AS TEMFORARY STORAGE

ng 170 I1=1,1000

NERIV(IFF)Y = TC(T«F)

Jo= START

no 200 I=L1sRANGE

X = MSTIMEXFLOAT(LD)

K = J-1

K = K+1

IF (X GE.TIMC(K«F2) GO TO 180

J o= K1

IF (DERIV(K¢FF).EQ.DERIVCIFF)Y)Y GO TO 190

TCCI»F) = DERIVOIFF)Y + (X-TIMCCJeF)IX
(UERIVIKsFFI-DERIVIFF )/
(TIMC(KsF)-TIMCCJeF )

GO TD 200

TCC(IyFY = DERIV(JFF)
CONTINUE

RETURN

ENID

SUBRODUTINE STCFIT

FURFOSE
TO CALCULATE THE STARTING LOCATION OF THE RAMF,., THIS
LOCATION IS CALLED *"START".
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INFUT IS TEMFERATURE DATA "TWIRE". THE DATA FOINTS
I=100 TO 160 WILL BE CURVE FIT TO A STRAIGHT LINE
Y = M¥X + B WHERE Y=TWIRE(I) AND X=I=TIME.

SUBROUTINE STCFIT

THIS ROUTINE CALCULATES THE STARTING LOCATION
OF THE RAMF.

REAL TWIRE{(1000)»TAVEsALFHALsALFHAZyALFHAZBETA»
HirH2yH3AYH3IEyHA4y TOUCT y MSTIME » MNy Fy MNNy MTMF

INTEGER START s RANGE

INTEGER TsJeKrIX
REAL SUMX»SUMY» SUMXXySUMYY » SUMXY e By M X

COMMON /BLK1/TWIRETAVEsALFHAL Yy ALFHAZ r ALLFHAZ s RETA
HL1yHZ2 s H3AYH3ByHAy TOUCT y MSTIME r MN s F » MNN s MTMF

COMMON /RBIK2/7START » RANGE

START = 100

USE K TO INCREMENT STARTING INDEX FOR TWIRE FROM
100 TO 130,

Nno 50 K=100y130

INITIALIZE VARIARLES

SUMX = 0,
SUMY = 0.
SUMXX = 0.
SUMYY = 0.
SUMXY = 0,
J =0

FERFORM STANDARD LEAST SQUARES CURVE FIT TO A
STRAIGHT LINE.

no 30 I=Kr»140

S o= M1

SUMXY = GUMXYH(FLOATC(I))XTWIRE(L)
SUMY SUMY+TWIREC(T)

SUMX SUMX+FLOATC(T)

SUMXX = SUMXXHFLOAT(I) »%k2

i

CURVE FIT DATA TO Y = M¥X + R

25
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M= (FLOAT () Y XSUMXY-SUMX¥SUMY )/ ((FLOAT () ) XSUMXX~SUMXXSUMX 2
E = (SUMY-M¥XSUMX)/(FLOAT(J))

STRAIGHT L.INE CURVE FIT DONE.

DETERMINE IF LAST X WAS A MAXIMUM?

IF NO CONTINUE.

IF YES FROGRAM I5 DONE AND *START® IS SET EQUAL
T X AS THE STARTING LOCATION OF THE RAMF.

SET Y = TAVE

X = (TAVE-R)/M

IX = IFIX{X)

IF (IX.GT.START)Y START = IX
CONTINUE

RETURN

END

SUBROUTINE CONGEN(TGASsFSCYyERFLAGy TWF)

FURFOSE
THIS FROGRAM GENERATES THE CONSTANTS NEEDED FOR THE
THEORETICAL TIME V8. TEMFERATURE EQUATION (EQU. 24).

TGAS = ESTIMATED GAS TEMFERATURE (K).

FSC = FRORE SHAFE CONSTANT.

ERFLAG = AN ERROR FLAG => SET=0 IF NO ERROR.
TWF = ESTIMATED FINAL WIRE TEMPERATURE.

SUBROUTINE CONGEN(TGASyFSCYyERFLAGY TWF)
REAL TWIREC(1000)TAVErALFHALlyALFHAZ»ALFHAZYRBETAY
H1sHZ2yH3AH3ByHAy TIUCT y MSTIME y MNy F s MNNy MTMF

INTEGER START»RANGE

REAL NUsK1sRK2sK3yFSCrWITAWIENSySFHT v SIGMA Y
El1yE2+yEGASsALFHAGy XrAZyEsRBZsF oY

DATA WDIA/0.8128BE-3/y WDENS/0.20785E+5/s SFHT/0.1427E+3/»
SIGMA/0.56697E~7/y E1/0.85E~-1/y E2/0.76E-4/>
EGAS/0.0/y ALFHAG/0.0/



TEMFERATURE = DEG. K.
WOIA = WIRE DIAMETER (METERS).
WDENS = WIRE DENSITY (Kgm/mX%x3).
SFHT = WIRE SFECIFIC HEAT (J/(KdmsK)).
SIGMA = STEFHAN BOLTZMAN CONSTANT (J/(SEC. yKXX4rmXXK2) ),
EMISSIVITY OF WIRE = E1+EZ2XTWF. NO UNITS ON El.
E2 HAS UNITS OF 1/DEG. K.
EGAS = EMISSIVITY OF GAS.
ALFHAG = ARSORFTIVITY OF GAS,
F = PRESSURE (FASCAL).

gooonooaanaaaan

INTEGER ERFLAG

C
G AZrRZyEyF ARE TEMFORARY VARIAERLES.
e AZ & E ARE AT THE SAME LOCATION TO SAVE SPACE.
C
EQUIVALENCE (AZyE)y (RZ:+F)
C
COMMON /BLRK1/TWIRE s TAVEyALFHALALFHA2y ALFHAIYRETA
1 HIsHZ2sH3AyH3EsHAs TDUCT yMSTIME y MN e F y MNN » MTHMF
C
COMMON /EBLK2/START y RANGE
C
[
10 ERFLAG = O
MNN = MN
C
C THE FOLLOWING STATEMENT IS NEEDED ONLY
C FOR THE EXAMFLE IN THIS REFORT.
C THE MACH NUMRER WAS MEASURED DOWN STREAM OF THE FULSED
C THERMOCOUFLE SITE WHERE THE GAS WAS CODLER. THIS NEXT
C STATEMENT CONVERTS THE MACH NUMRBER AT THE LOWER
C TEMFERATURE TO THAT AT THE FULSED THERMOCOUFPLE SITE.
C
MNN = MNXSQRT(TGAS/MTMF)
Cc
C COMFUTE NUSSELT NUMRER.
C
15 NU = 188.41X%(SART (MNNXFXWITAY) /
1 ({TGASXX0O«AHIRCCL o+ 2KMNNKKZ I KK, 253
C
KI = WIIAKWOENSY¥SFHT /(4. %STGMAX (ELTHE2RTWF Y )
C
K2 = (TGASXX.78)XNUXFECX3.007E~4/
1 (WDIAXSTIGMAX(ELHE2XTWF))
C
K3 = K2XTGASH (L. ~ALFHAG) X (TDUCTXX4)HEGASK(TEASKXAE)
[
C

C COMFPUTE ALFHAL»ALFHAZALFHAZYRETAYHL yH2yH3ASH3E.
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SCALE NUMBERS DOWN EBY A FACTOR OF 1020 TO
FREVENT OVERFLOW.

AZ = (K2XX2IXK(LL0E-20) X (K2%X¥2) /74, +
K3k (64, 0E-20)%(K3%XXR2)»/27.0

RZ = AZ

Y = 1./3.

AZ = (SORTC(AZIXCL.0E410Y + (K2XX2)/72.9%XY
RZ = (K2%%2y/2.0 - SORT(RZYX(1,0E+L0)

X = ARS(RZ)

ERROR IF RZ IS FOSITIVE

IF (X.EQ.RZ)Y STOF 2
BZ = XXXY

EVALUATE ALFHA’S AND BETA.

Y = AZ-RZ

ALFHAL = SRRT(Y)/ 2.

RETA = Y+2.%K2/750RT(Y)
BETA = SQARTI(RETAY /2.

X = SORT(2,XK2/80RTLY YYD
ALFHAZ = -SART(YI/Z2. X2,
ALFHAZ = ~-SART(YI/AZ2.-X/2.

= =K1/ CC(ALFHAZ-ALPHAL Y XX24HBETAKX2Y ¥ (ALFHAZ-ALFHAZY)
= ~K1/CCCALPHAZ-ALFHAL Y KX RETAXX2Y X (ALFHAZ~ALFHAZ) )
= -2, KCRETAXX2) X (2. ¥ALFHAL-ALFHA2-ALFHAZ)
= 2L KCBETAX(ALFHAL-ALPHA2Y X (ALFHAL-ALFHA3Z) ~RETAX¥3)
= ERK2HFRRD
H3A = —-K1xE/X
H3R = KI1%XF/X

TIME = HI1X%ALOGC(ALFHAZ-TY + H2XALOG(T-ALFPHAZ) +
H3AXALOGC(T-ALFHAL Y XX2+RETAXX2) +
2oO0XHIBXATANC(RBETA/(T-ALFHALY) + H4

H4 = CONSTANT TO EBE DETERMINED.

TAVE = AVERAGE INITIAL WIRE TEMFERATURE.

METIME IS TIME SCALE FACTOR.

MSTIMEX(TIME INTEGER) IS TIME SINCE START OF IIATA.
TIME 0 AT DATA FOINT I=0

TIME MSTIME AT DATA FOINT I=1 etc.

HoH

SET ERROR FLAG IF ALPHAZ IS LESS THAN TAVE SINCE IT
WOULD REQUIRE TAKING THE LOG OF A NEGATIVE NUMEER.

IF (ALFHA2.GT.TAVE) GO TO 40
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00

40

s

s

ERFLAG = &
RETURN

X = TAVE-ALFHAL

COMFUTE INTEGRATION CONSTANT H4 RY SETTING T=TAVE
AT THE STARTING TIME AND SOLVING FOR H4,

H4 = MSTIMEXFLOAT(START) - (HI1XALOG(ALFHAZ-TAVE) +
H2%ALOG(TAVE-ALFHA3) +

H3AXALOG((TAVE-ALFHAL) XX2+RETAXXZ) +

2. 0KH3IBXATANZ (RETAY X))

RETURN
END

FUNCTION EVALTM(T)

FURFOSE
EVALUATE THE THEORETICAL EQUATION (TEXT EQU. 24)
FOR TIME AS A FUNCTION OF TEMFERATURE,

T = INFUT TEMFERATURE (K).

FUNCTION EVALTMC(T?

REAL TWIREC(L000) y TAVE»ALFPHAL s ALFHAZ » ALFHAZ»BETAY
HLyH2eH3AsH3RyHA» TOUCT » METIME » MN « F » MNN » MTMF

REAL TeX

COMMON /RBLK1I/TWIREyTAVE rALFHALYyALFHAZyALFHAZYRBETAY
H1yH2sHIAsH3RyHA» TOUCT « MSTIME sy MNy F vy MNN « MTMF

X = T-ALFHA1L

EVALTM = HI¥ALOG(ALFHAZ-T)+
H2%XALOG(T-ALFHAZ) +
H3AXALOGC(T-ALFHAL) XX2+RETAXXD) +
2.O0KHABXATANZ(RETA X)) +HA

RETURN

END

29



SUBROUTINE MATINY

FURFOSE ? .
INVERT A 1 OR 2 DEGREE MATRIX.

SUBROUTINE MATINV (ARRAYNORDER)

ARRAY = INFUT MATRIX WHICH IS5 REFLACED BY ITS INVERSE.
NORDER= DEGREE OF MATRIX.

oODo0 aooonn

REAL ARRAY(2+2)sDET»X
INTEGER NORDERsI».J

C
10 IF (NORDER.EQ.1L) GD TO 20
IF (NORDER.EQ.2) GO TO 30
STOF 800
C
C CALCULLATE INVERSE OF ONE DEGREE MATRIX.
C
20 ARRAY(1+1) = 1./ARRAY(1+1)
RETURN
C
C CALCULATE DETERMINANT FOR SECOND DEGREE MATRIX.
C
30 DET = ARRAY(1s1)XARRAY(2s2)~ARRAY (1y2)XARRAY(2+ 1)
IF (DET.EQ.0) STOF 801
C
C CALCULATE ADJOINT MATRIX
C
X = ARRAY(1ls1)
ARRAY (1»1) = ARRAY(2,2)
ARRAY (2:2) = X
ARRAY(1,2) = —-ARRAY(152)
ARRAY(2+1) = —-ARRAY{2s1)
C
C CALCULATE THE INVERSE OF SECOND DEGREE MATRIX.
C
DO 50 I=1.2
00 40 J=1.2
ARRAY (T .Y = ARRAY (I J)/DET
40 CONTINUE
50 CONTINUE
C
C
RETURN
END

30



Appendix C
Gradient-Expansion Method

This appendix describes the least-squares fit to a
nonlinear function that uses the gradient-expansion
algorithm taken from Bevington (ref. 2). The
objective of the process is to search for the values of
parameters in the theoretical equation that will
minimize the sum of the squares of the difference
between the data points and the theoretical nonlinear
function. This sum to be minimized is defined as

m 2
= L [Yi- o) (G}

where m is the number of data points, Y; is the
dependent variable, X; is the independent variable,
and Y(X) is the theoretical function with unknown
parameters 4.

The quantity x2 is regarded as a function of the
parameters a; of the fitting function Y(X). There are
m data points (X;,Y;). The idea is to choose the
values of the n parameters a; so that x2 is a
minimum.

The first approach is to take the gradient of x2

vxi= Y, +-d; (C2)

where the d; are unit vectors. The gradient of x2
gives the direction of the maximum rate of increase
of x%2. We want to 1ncrement the parameters from
some starting value Xo so that x2 decreases. Hence
we write

5aj= —(Vx(z))j Aaj

9 2
= —<§>Aaj (C3)
J

The Aa; are size constants that must be supplied. The
parameters a; are incremented by éa; and the process
repeated. The minus sign insures that the increments
are in a direction opposite to the gradient so that they
are in the direction of most rapid decrease of x2.
However, the method tends not to work well near the
actual minimum—it is better further away.

Another approach is to expand the fitting function
Y(x) as a first-order Taylor series in the parameters

Y00 = Yo+ 3 20X
= 9

ba; (C9

where Yo(X) is the value of Y(X) at the starting point
for the expansion. Then

= 2[ — Yo(X))

DOCOR ]2
l

6aJ (©5)

J=1

We now want to minimize x2 as a function of the
increments 6a;; so we take dx2/d6ay and set it equal
to zero

T

2[Y; - Yo(X))] a——):;)a(xi)

!
_ L o L 0Y (X)) aY (X))
= ; ba; ,-21 2 da; day (©6)

This gives a set of n linear equations for the n
quantities 6a;. Define

_ 10 aYo(X)
Bi= zm‘,E'Y YX)| == (€D
_ th aYp(Yy) 3Yp(X))
Yk = igl aaj aak €8
and
> m
X = E ¥, = YoXp|” (C9)
]=
thus
n
Br= Y dajaj k=1,2,...,n (C10)
J=1

31



This can be put into the form of a matrix equation

f=da«
or (C11)
Ba~

where 8 and éa are column matrices with » elements
and a is an n-by-n symmetric square matrix. This
method tends to work well near the actual minimum
but poorly far from the minimum.

By combining the two methods it is possible to

obtain an algorithm that works well far from the

minimum and also close to it. To combine the two
methods, one writes (ref. 7)

B=a'-ba (C12)
where

Qg =g for J#Ek (C13)
and

aji=a;i(1+N) for \=0 (C19)

32

where A is an arbitrary parameter that changes the
method from the Taylor series to the gradient
method. If A is near zero, the method is the same as
the Taylor series approach. If A is large, the diagonal
terms dominate and the equations are essentially

Bj=Noajaj

or

5a,_%jj5j— 2)\;] aaiaf? (C15)
= ez (933),

which result in the gradient method.

This technique can be used by starting with an
arbitrary small value of A, such as 0.001. If the
computed da; causes x2 to increase instead of
decrease, the initial guess at the a@; is not good
enough, and x2 is too far from the minimum for the
second method to work. Then A is increased by a
factor of 10 and a new set of éa; is found. Each time
A is increased the algorithm is more like just taking
the gradient, which works well for a; far from
(a . This continues until x2 starts to decrease, at
Wthrﬁ time A is divided by 10 at each iteration. By
this time the minimum will have been found.



Appendix D

Typical Program Input and Results

This appendix provides an example of data used by
the computer program. The following data were put
into the computer program:

INPUT MACH NUMBER 0.0286

INPUT PRESSURE IN Pa. 99805.

INPUT DUCT TEMPERATURE IN DEG. K. 396.0
INPUT PROBE SHAPE CONSTANT 0.0

MACH NUMBER TEMPERATURE DEG. K. 415.8

The following data were put out by the computer
program:

GAS TEMPERATURE =1707.00 K
FINAL WIRE TEMPERATURE =1565.79 K
PROBE SHAPE CONSTANT =0.850

The following data were not put out by the computer
program but may be useful:

CHISQR =0.267E+05
TAVE =677.0
ALPHA1=1183.2
ALPHA2=1565.8
ALPHA3 = —-3932.2
BETA =3218.3
H1=-0.902
H2=0.259

H3A =0.321
H3B=-0.260
H4=0.072

The 1000 data points of thermocouple wire
temperature are shown in the following listing:
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T

DN U D L kg

13

26

THERMOCDURLE TEMFERATURE IIATA (KD

TWIRECTL)

674.7
67547
47647
678. 4
675.7
67746
677+ 4
679.5
6795
b676.7
6757
&75.7
6757
674.7
6776
6767
673.8
6757
672.8
672.8
670.9
671.8
4671.8
671.8
671.8
671.8
672.8
669.9
669.9
671.8
672.8
671.8
673.8
673.8
67846
678.6
678.6
680.5
682.4
680.5
679.5
682.4
681.5
678.6
682.4
683.4
682.4
681.5
678, 6
67647

I

TWIRECT)

67647
b74.7
67647
b675.7
673.8
74,7
A72.8
6757
671.8
671.8
A73.8
673.8
673.8
672.8
4671.8
669.9
670.9
674.7
673.8
674.7
675.7
67647
67746
67746
680.5
679.5
680.5
679.5
680.5
4£80.5
680.5
684.3
684.3
683.4
683.4
682. 4
46863
685.3
682.4
6795
678.6
682.4
679.5
681.5
678.6
&77.6
678.6
6795
678,46
678.6

I

101
102
103
104
105
1046
107

108

141
142

TWIRE{(I)

678.6
678.6
&677 46
678, 6
678.6
681.5
682.4
684.3
687.2
4592.0
694.8
701.5
703, 4
708.2
713.8
715.7
717.+46
723.3
72461
730.8
729.8
734.5
738.2
738.2
741.0
744.,8
746. 6
750.3

752.2
754.0
757 .8
762,
76%.2
769.8
773.4
75.3
779.8
783.5
787.2
789.9
790.8
795.4
799.0
801.7
807.2
809.9
812.6
g14.4
816.2
821.6

I

151
152

153
134
155
156
1&7
158
159
160
161
162
163
164
165
146
147
168
149
170
171
172
173
174
175
176
177

199

TWIRE(I)

824.,3
B27.9
828.98
835.1
83%5.1
837.8
842.2
842.2
844.0
851.1
854.7
856.5
861.8
866.2
867.1
869 .7
871.5
877.7
878.5
882.1
886.5
889.1
8%90.8
892.6
896.1
g898.7
?02.2
?03.1
P06.5
909.2
?12.6
?16.1
?146.1
?18.7
920.4
PR2.1
925.6
?28.2
?28.2
?31.6
934.2
?35.0
235.0
9376
?40.2
44,5
P44.5
P47 .9
?50.4
?53.0



I

201
202
203
204
205
206
207
208

ol el

2195

241
242
243
244
245
246
247
248
249

250

THERMOCOUFLE TEMFERATURE

TWIRE(T)

957.3
?59.8
960.7
P64.9
?64.9
967.4
?73.4
?74.2
975.9
977 .6
?81.8
?81.8
983.5
?86.0
?86.8
?89.3
?89.3
991.9
?94.4
P96.9
997.7
999 .4
1004.,4
1006.1
1009.4
1010.3
1014.4
10146.9
1019.4
1021.,9
1026.0
1028.5
1029.3
1032.6
1036.7
1039.2
1040.8
1040.8
1045.0
1046.6
1049.1
1049.9
1053.2
1054.8
1055.6
1058.9
1059.7
1064.6
1065.4
1068.7

I

251
252

253

TWIREC(I)

1070.3
1076.0
1073.5
1077.6
1079.2
1080.8
1083.3
1086.5
1088.1
1090.5
1093.8
1093.8
1097.8
1099.4
1103.4
1104.2
1106.6
11092.0
1110.6
1114.6
1117.0
1117.8
1121.0
1121.8
1124.,2
1128,.2
1129.8
1132.2
1135.3
1136.9
1137.7
1140.1
1143.3
1146.4
1145.6
1148.8
1151.2
1151.9
1153.5
1156.7
1158.3
1162.2
1162.2
1164.6
1166.1
1168.5
1168.5
1170.0
1173.2
1173.9

I

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328

331

333

350

DATA (KD
TWIRE(TI)

1176.3
1178.6
1181.8
1181.8
1182.6
1183.3
1187.2
1188.0
1189.6
1192.7
1191.9
1193.4
1195.8
1198.9
1199.7
1202.8
1202.8
1205.9
1205.9
1208.2
1208.9
1211.3
1213.6
1215.1
1216.7
1217.4
1218.2
1219.8
1218.2

397

TWIRE(I)

12565
1258.0
1259.5
1259.5
1260.3
1261.1
1264.1
1262.6
1264.1
1264.8
1264.8
126741
1268.6
1270.2
1270.9
1271.7
1272.4
1274.7
1277.0
1276.2
1277 .7
1280.0
1282.3
1282.3
1284.5
1286.8
1287.5
1288.3
1288.3
1289.8
1290.5
1292.0
1294.3
1294.3
1297.3
1297.3
1298.8
1301.1
1301.8
1301.1
1303.3
1303.3
1304.0
1306.3
1305.5
1305.5
1307.8
1309.3
1312.3
1312.3
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36

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
434
437
438
439

441
442
443
444
445
446
447
448
449
450

THERMOCOUFLE TEMFERATURE

TWIRE(I)

1312.3
1312.3
1316.8
1317.5
1318.2
1321.2
1322.7
1324.2
1324.,9
1325.7
1327.2
1328.7
1329.4
1330.1
1332.4
1333.8
1333.8
1335.3
1336.8
1338.3
1339.8
1342.0
1342.0
1343.5
1345.7
1346.4
1347.2
1347.9
1348.7
1348.7
1353.8
1353.8
1353.8
1353.1
1355.3
1355.3
1358.3
1359.0
1358.3
1358.3
1369.7
1360.5
1362.7
13463.4
1365.4
1364.9
1367.8
1369.3
1348.6
1369.3

I

451
452
453
454
455
456
457
458
459
460

462
463
464
465
466
467
468
469
470

478
479

486
487

500

TWIRE(TI)

1370.0

1386.1
1388.3
1389.8
1388.3
1387.6
1389.1
1390.5
1392,

1392.7
1392.0
1374.2
1395.6
1396.4
1394.2
1395.6
1396.4
1396.4
1397.1
1395.6
1397.8
1396.4
1398.46
1397.8

I

501
502
503
504
505
506
507
508
G509
510
511
512
513
514
315
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

540
541
542
543
544

545

546
547
548
549

550

DATA (KD
TWIRECT)

1398.6
1397.8
1400.8
1400.8
1399.3
1402.2
1403.7
1403.7
1405.1
1404.4
1405.8
1405.8
1408.0
1408.8
1408.0
1411.7
1410.9
1411.7
1412.4
1413.9
1413.9
1416.8
1413.9
1418.2
1418.2
1417.5
14146.8
1418.2
1417.5
1415.3
14146.8
1417.5
1420.4
1419.7
1420.4
1421.1
1422.6
1422.6
1424.0
1425.5
1426.2
1426.9
1427.7
1427.7
1428.4
1431.3
1431.3
1431.3
1434.,2
1432.7

591
592
593
594
595
596
597
598
599
600

TWIRECT)

1434.,2
1435.6
1436.3
14346.3
1436.3
1437.8
1437.8
1438.5
1438.5
1440.0
1440.7
1441.4
1442.8
1444.3
1445.0
1443.46
1445.0
1446.5
1445.7
1445.0
1442.1
1443.6
1445.0
1443.6
1445.7
1446.5
1446.5
1447.2
1447.2
1447.9
1448.6
1448.6
1450.8
1450.8
1451.5
1452.2
1454.4
1454.4
1453.7
1455.1
1455.1
1455.8
1457.3
1457.3
1456.6
1455.1
1456.6
1458.0
1458.7
1458.7



601
602
603
4604
605
4606
607
4608
609
610
411
612
613
614
4615
616
4617
618
619
620
621
622
623
&24
625
626
627
628
4629
630
631
632
633
4634
635
636
637
638
639
4640
641
642
643
644
645
646
647
648
649
650

THERMOCOUFLE TEMFERATURE

TUIRE(I)

14460.2
145%2.4
1460.2
14460.9
1462.3
1463.1
1463.1
1463.1
1463.1
14463.8
1464.5
1466.7
1465,9
1468.1
1468.1
1468.8
1468.8
1468.,1
14468.1
14467 .4
1448.8
1468.1
1468.8
1471.0
1471.7
1471.0
1472.4
1473.8
1473.8
1475.3
1473.8
1473.1
1475.3
1473.8
1474.6
1476.0
1476.0
147647
1478.2
1478.2
1478.2
1477.4
1478.2
1478.2
1478.2
1478.2
1476.0
1477.4
1478.9
1477 .4

I

651
652
653
654
655
656
657
658
659
660
661
662
663
664
6465
bbb
667
668
669
670
671
672
673
674
675
676

684

700

TWIREC(I)

1478.9
1477 .4
1478.9
1478.9
1477 .4
1480.3
1480.3
1480.3
1478.9
1481.0
1479.6
1481.8
1482.5
1482.,5
1483.9
1482.5
1483.2
1484,6
1484.46
14835.3
1484.4
1486.8
1487 .5
1486.8
1487 .5
1488.9
1489.7
1489.7
1490.4
1490.4
14921.8
1490.4
1492.5
1492.5
1492.5
1493.2
1493.2
1496.1
1495, 4
1494,7
1496.8
1498.3
1497.5
1497 .5
1498.3
1497.5
1498.3
1499.0
1498.3
1499.0

I

741

743
744
745
746
747
748
749
750

DATA (K)
TWIREC(I)

1498.3
1498.3
1499.,7
1500.4
1501.8
1499.7
1503.3
1501.8
1503,.3
1502.6
1503.3
1504.0
1504.7
1%04.7
1505.4
1506, 1
1506.8
150641
1507 .6
1508.3
1508.3
1506.8
1507.:6
1509.7
1509.7
1509.7
1509.7
1509.7
1511.1
1%11.1
15104
15111
11.8
1.1
1.1

a

b b b R e
bt b b ek et
-
.
e

A aaa

I

751
752
753
754
755
756
757
758
759
760
761
762
763
7464
765
766
7467
768
769
770
771
772
773
774
775
776
777

781

TWIREC(I)?

fRIRS

525 .4
525.4
524.,7
524.7
524.7
526 .1

15276
15292.0
1530.4
1530.4
1528.3
1529.7
1529.7

37



38

801
802
803
804
805
806
807
808
809
810
811
812
813
814
813
816
817
818
819
820
821
822
823
824
825

826

THERMOCOUFLE TEMFERATURE

TWIRE(TI)

1534.7
1533.3
1531.8
1533.3
1531.1
1531.1
1531.1
1531.1
1530.4
1531.8
1531.1
1831.1
1529.7
1531.1
1531.1
1531.1
1531.8
1531.8
1531.1
1532.6
1534.0
1533.3
1534.0
1533.3
1533.3
1534.7
1535.4
1533.3
1534.7
1534.0
1534.0
1534.7
1534.7
1535.4
1534.7
15632.6
1533.3
1534.7
1534.0
153461
1534.7
1534.7
1535.4
1534.,7
1533.3
1535. 4
1535.4
1534.0
1534.7
1535.4

T

851
852
853
854
8355
856
a57
858
859
8460
861
862
863
864

870

877

8835

891
892
893
894
895
896
897
898
899
200

TWIRECI)

1536.1
1536.1
1537.6
1536.1
1539.0
1539.0
1536.8
1534.7
1534.7
1534.7
1535.4
1536.1
153641
153641
1536.8
1537.6
1538.3
1538.3
1537.6
1539.7
1539.0
1535.4
1537.6
1536.8
1537.6
1537.6
1537.6
1538.3
1636.8
1537.6
15392.0
1538.3
1538.3
1539.7
1539.7
1537.6
1537.6
1539.0
1539.7
1539.7
154141
1540.4
1541.1
1540.4
1539.7
1541.,1
1541.8
1541.1
1541.8
1541.8

I

201
902
203
204
P05
P06
P07
208
?09
210
?11
P12
213
914
P15
?16
P17
218
919
P20
P21

Q20

P23
924
9248
P26
927
P28
P29
?30
931
932
933
?34
P35
P36
937
P38
P39
?40
941
P42
?43
944
P45
P46
P47
P46
?49
950

DAaTA (K)
TWIRECI)

1541.8
1542.5
1543.3
1542.5
1542.5
1542.5
1541.8
1541.8
1544.0
1540.4
1539.0
1537.6
1539.0
15392.0
1539.0
1536.8
1538.3
1539.0
1539.0
1539.0
1539.0
1538.3
1539.¢
1539.0
1540.4
1539.0
1540.4
1540.4
1541 .1
1541.8
1540.4
1542,5
1542.5
1544.7
1542.5
1542.5
1542.5
1544.,0
1543.3
1543.3
1544.0
1545.4
1543.3
1543.3
1543,3
1545.4
1544.0
1544.,7
1544,7
1544.0

I

P51
P52
P53
254
P55
956
57
?58
959
?40
261
P62
P63
64
P65
Pbb
967
P68
P69
P70
971
P72
@73
974
975
9764
@77
978
P79
280
?81
962
983
284
985
Y84
287
288
289
290
991
P92
?93
924
P95
996
P97
298
P99
1000

TWIREC(I)

1543.3
1543.3
1543.3
1544.7
1543.3
1543.3
1544.7
1544.7
1544.7
1545.4
1544.,7
1544,7
1544.7
1544.7
1545.4
1545.4
1547 .5
1544.0
1544.7
1544.,7
1544.,0
1545.4
1544.0
1544.7
1543.3
1544.0
1545.4
1543.3
1542.5
1542.5
1541 .1
1539.7
15392.0
1539.0
1539.0
1539.7
1539.7
1539.0
1539.0
1539.0
1537.6
1538.3
1539.0
1539,7
1539.0
1540.4
1541.1
1539.7
1540.4
15411
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