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ABSTRACT 

The performance of the amb i ent air res i stance temperature detectors 

(KTUs) just after t he hydrogen burn i n  the TMI-2 Reactor Build i ng is exam

ined. The performance of the sensors i s  compared w i th phys i cal models of 

the sensor/ambient a i r  system. Wlth one except i on, the RTD data appear to 

be valid for the peri od exami ned . Based on the data, the hydrogen bur n 

ended considerably before the first data points were recorded. 
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ANALYS IS OF AIR TEMPERATURE MEASUREMENTS 

FROM THE THREE M ILE ISLAND UN I T  2 R EACTOR BU ILD I NG 

I NTRODUCTION 

This is the second in a series of reports on the resistance temperature 

detectors (RTDs) used to measure ambient air temperature in the TMI-2 keac

tor build i ng .  The first report detailed the current status of  the RTUs an� 

compiled data for the period of the TM I acciuent. 1 This report deals with 

the performance of the RTOs for the period just after the hydrogen burn in 

the TM I-2 Reactor Building. During this per1od, the ambient air sensors 

were subjected to extreme temperat ure changes, and some of them were sprayeu 

with a water and sodium hydroxide solution. 

The performance of these instruments during and after tne hydrogen burn 

is important because of what the RTD data imply about the survivability or 

the instruments and about the hydrogen burn. 

··---. . 
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RTD DATA 

Freguencey of Record i ng 

There are s i xteen Rosemount Ser i es 78 ambi ent a i r RTUs i n  the TMI-2 

Reactor Bu i ld i ng . 2 The read i ngs of these i nstruments were recorded i n  a 

round rob i n fashi on on a str i p  chart recorder . F i fteen seconds elapsed 

between each record i ng, and no d ata  were t aken for 2 mi n between the f i rst 

and last sensor . Each sensor read i ng was recorded once every 6 m i n .  The 

slow frequency of record i ng precludes obtai n i ng i nformat i on about the first 

few seconds after hydrogen i gnit i on from the RTD d ata . Longer term bu i ld

i ng heat i ng and cooli ng i nformat i on can be obtai ned, as w i ll be shown. 

Locat i ons of Instruments 

The locat i ons of the sensors are g i ven i n  Table 1.
1 

are at the 282-ft elevat i on of the Reactor Build i ng, f i ve 

and 330-ft elevat i on, and two at the 353-ft elevat i on. 

Ni ne of the RTDs 

between the 305-

TABLt 1 .  RTU LOCAT IONS 

Foot Foot 
RTlJ Locat i on Elevat i on RTU Locat i on Elevati o n  

5Ul0 Sump pump 282 5018 Pri mary sh i eld 2BL 
5011 i..etdown cooler 282 5019 Pri mary shi eld 282 
5Ul2 RC dra i n tank 282 5020 Top ce i li ng 353 
5013 Impi nge barri er 282 5021 Top cei li ng 353 
5014 NR equ i pment hatch 305 5022 SE stai rwell 330 
5015 A/C plenum out 319 5023 WE s t a i rwe 11 330 
5016 Pri mary sh i eld 282 5027 A/C plenum out 305 
5017 Pri mary sh i eld 282 5088 SE st ai rwell 310 

Accuracy 

Steady state accuracy of the RTUs i s  ±l°F at 200°F
2

, and the str i p 

chart recorder i s  accurate to ±l°F . The t i me cal i brat i on of the stri p  

chart recorder was rather poor, and t i mi ng for d ata  reduct i on and model i n g  

was taken relat i ve t o  the hydrogen burn . The t i me ori g i n of the dat a  i s  

2 
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uncertain to ±90 s because the burn occurred during a period when no data 

were recordeu and the primary shield sensors showed no response to the 
burn.3 

Response time of the RTDs is less than 5.5 s in 7 6°C water flowing at 

3 ft/s.
2 

The response time in air is not specified in the manufacturer•s 

literature, so it was estimated as part of the modeling effort described in 

this report. a Appendix A contains plots of the RTU data recorded d uring 

the time of the TMI-2 accident. In all the plots (except for the RTUs in 

the primary shield) a jump in temperature is seen at the time of the hydro

gen burn. The primary shield data are not analyzed further because they do 

not provide any information about the hydrogen burn. One of the RfUs on 

the 353-ft elevation shows a jump decrease in temperature at the time of 
the hydrogen burn. This is probably due to its being sprayea with water. 

The instrument is obviously suspect and is not analyzed further in this 

n�port. The data from the remaining eleven sensors were analyzed to est i

mate what temperatures the RTOs experienced and the RTU•s time response 

ct1aracteri st ics. 

a. The manufacturers claim that response time should be less than 4U s. 

3 



MODELS 

After a prelimin ary examination of  the RTU d ata, it  appeared that lhey 

could be explained by postulationg a jump in amb i ent a i r temperature at the 

time of the hydrogen burn, followed by an exponent i al temperature decay. 

The RTD behavior was modeled w i th a first order heat transfer equat i on. 

Sensor Model 

The rate of change of RTU temperature was assumed proport i onal to the 

temperature d i fference between t he RTO and the ambi ent a i r, 

where 

t = 

= 

T = 

= 

( l ) 

time 

amb i ent temperature 

RTD temperature 

an unknown parameter depend i ng, i n  a compli cated way, on the 

const ruct i on of the RTD, the amb i ent cond i t i ons, ana T; a 

was assumed constant over the t i me i nterval of i nterest, 

i . e . ,  the f i rst hour after t he burn. 

Ambient Air Temperature Model 

The model assumed for the ambi ent a i r  temperature was a step followed 

by an exponential decay . Specifically, 

t ·- t s 

t > t 
s 

4 
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where 

T 
0 

= 

= 

= 

initial temperature 

constant parameters 

time of the burn. 

Obviously, this model does not account for the details of the hyJrogen burn, 

but is probably adequate on average for long-time intervals after the burn. 

Sensor Response 

Inserting the ambient temperature expression (2) in the RTlJ sensor 

response Equation (1), and solving the resulting differential equation, 

gives 

-a ( t-t ) -a ( t-t ) 
+ [e s - e s ] x 

for a :fa, which is the case. 

a - 8 a 

5 
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EST IMAT ION OF MODEL PARAMETER S 

A good technique for estimating model paramenters based on repeated 

measurements is Kal man fil tering. The fil ter produces minimum variance 

estimates of the model parameters. Several excel l ent references are avail

abl e on Kal man fil tering, so a theoretical devel opment of the method will 

not be presented in this report. An iterated and extended Kalman filter 

was used
4 

because of the nonl inear rel ationship between RTU temperature 

and model parameters. 

Fil ter Formul ation 

The fil ter state vector is 

X = 

The measurements (Z) are t he RTO data and 

Z :-: h(X) 

The measurement equation relating the states to the measurements is given 

by (3). The H matrix is defined as 

The initial state covariance mat;ix is 

l.5 � 10
3 

0 u 0 

p = 2. 5 X l 0
5 

u 
1 o-2 

0 
0 0 1. 5 x  0 

0 0 6.5 X 10-5 

b 

(4) 

( 5 ) 

(6)  



The filter algorithm is as follows: 

1. Save current state estimate 

xsave = xk, 

where 

k is the discrete time index 

2. Calculate gain 

where 

Rk = measurement noise matrix 

Pk = state estimate covariance matrix 

3. update state, using linearized measurement equation 

4. Test for convergence of each element of state vector 

5. lf converged, read in next measurement, Zk+l' and update the 
covariance matrix and state, 

then go to 

b. If not, go to 2. 

7 
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The filter was run on the data for each sensor, covering the period of 1 h 

after the hydrogen burn. Estimates of the model parameters T
1

, TL, n, 

and a were obtained for each sensor. Covariances of these estimates were 

also obtained. The results are discussed in the next section. 

Appendix B contains a list of filter computer programs designed to be 

executed on the INEL CYBER 176 system, and these programs use library 

routines available on the system. 

Parameter Estimates 

Table 2 shows the temperature values and time constant estimates for 

each RTD. The standard deviations of these estimates are includ ed  in the 

table. 

ihe standard deviations are probably somewhat too small because the RTG 

and ambient air models were assumed correct in their calculation. The aver

age value of the sensor time constant is 41 s, with a standard deviation of 

less than 24 s. This is not an extremely precise estimate of the time con

stant, but it limits the expected values to much shorter times than previ

ously estimated.
b 

Time constants of the magnitude calculated in tnis 

report are consistent with the plots of RTD shown in Appendix A; i.e. , RTU 

readings are rapidly declining within 90 s after the hydrogen burn. 

TABLE 2. PARAMETE� ESTIMATES 

Sensor 
T

l a 
T
2 a (l a 8 a 

� ---

5010 ·11 L 6 20 4 0.031 o. 015 0.0006 O.OOlJb 
5011 114 2 15 4 0.027 0.022 0.0009 0.0006 
5012 124 3 31 4 0.025 0.015 O.OlJ09 0.0004 
5013 121 7 41 4 0.022 0.009 0.0007 0.0004 
�014 122 2 32 3 0.0006 0.0001 

5015 106 8 33 3 0.003 0.0004 
5021 144 8 5� 3 0.004 0.0004 
50�2 139 6 51 3 0.020 0.03 0.0009 0.0004 
SUd 123 1:: 51 3 0.0001 0.00002 
5027 106 1 25 2 0.001 0.0003 
5088 126 1 35 4 O.OOL 0.0003 

8 
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The sensor time constants (a1S) were not calculated for several of 
tr1e RTlls because the f"ilter failed to converse. Since the values of Tl' 
Tz, and Bare not 'Jery sensitive to the a value, Tl' T2 and B were esti
mated for these sensors with the value of a fixed at 0.02/s. A 3-state 
filter was used f or these RTUs • 

The maximum air terrperature experienced at each RTU is the sum of T
1 

and T2• The maximum temperatures are given in Tabl2 3. As would be 
expected, the higher elevation sensors got hotter than lower elevation sen
sors, with the exception of 5015 and 5027, which are located at air condi
tioning plenum outlets. These sensors experienced different cooling than 
the others, probably because of better heat exchange. 

The maximum air temperatures are su�ject �o considerable uncertainty, 
especially at higher elevations, becau�e of the watEr spraying the' occurred 
just after the burn. But the maximum temperature estimates �re probably 
good upper bounds on the air temperatures a few minutes after burn. Most 
sensors are on the long-term cooling trend by the time the fir�t data were 

recorded after the burn. Extremely high temperatures, of more than 1000°F, 

could not have lasted for more than a few minutes, according to the RTU 
data. This information will be useful in any consideration about fire 
resistant design of items in the Reactor Building. 

TABLE 3. MAXIMUM AIR TEMPERATURES ACCORDING TO MOUEL 

Temperature 
Sensor (of) 

5010 132 
5011 129 
�012 155 
5013 162 
5014 l tl4 

5015 139 
5021 203 
5022 190 
5023 184 
!J027 131 
50�� 1 61 

9 



MODEL VALIDATION 

Figures 1 through 1 1  show plots of model temper�tures and KTU data. 

As can be seen from the plots, the model fits the data well in most cases. 

The air conditioning plenum outlet sensors and higher elevation sensors 

show the most disagreement betwec· the model and the data. Again, this is 

probably the result of better heat transfer at the AC outlets and spraying 

at higher levels, respectively. 

Taule 4 shows the average difference, maximum difference, and standard 

deviation of the difference between the model and data for each sensor. The 

accuracy of the sensor/strip chart recorder is within ±L°F. The model and 

ddta agree to better than this at nearly all points for most RTUs. 

TABLE 4. MODEL VALIDATION 

Average Standard Maximum 

Difference Deviation D1fference 

Sensor 
(of) 

(Of) (of) -

5010 0.1 3 0.17 -1.5 
5011 -0.07 0.28 -1.7 
5012 0.04 0.12 -0.87 
5013 -0.19 o. lO -0.48 
5014 -0.45 0 . 42 -3. 1 

5U1!:> -0.36 1.3 -6.� 
5021 0.02 0 . 83 4. 1 
5U22 -0.21 0.30 -2.12 

5023 -3.3 3.3 -29.7 
son -l . b 1.4 -12 

5088 -0.35 0.58 3. 1 

10 
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DURATION OF HIGH TEMPERATURES 

Information about the d uration of the hydrogen burn can be obtained 

from the RTO data . An anal ysis was done for an RTO with average time 

response characteristics and average initial temperature to determine when 

the burning must have ended. Appendix C contain$ the mathematical details 

of the analysis . The results indicated that temperatures of greater than 

l 0U0°f must have persisted for less than 1 00 s after the start of the burn. 

CONCLLJS IONS 

The RTDs behaved in a manner predictable from simple physical models. 

When these models were used to fit the data, good agreement was obtained in 

nearly all cases. It appears that the RTD data are valid for the period 

examined, with the exception of RTO 5020, which showed lower temperatures 

just after the hyd rogen bu rn. 

The high temperatures (>lU00°F) indicative of hydrogen burning must 

have ended considerably before the first d ata points were recorded after tne 

hydrogen bu rn. 
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APPENDIX A 

PLOTS OF RTD DATA 

Figures A-1 through A-1� are RTD data plots of temperature excursions 

for the duration of the TMI-2 accident. The temperature excursion caused 

by the hydrogen burn is indicated on each plot. Other temperature excur

sions on the plots are closely correlated with operator actions, such as 

opening and closing the block valve. 

A-3 



iL 
0 -
Q) .... 
:::::J -
«S .... 
Q) 
a. 
E 
Q) 

1-

iL 
0 

Q) .... 
:::::J -
«S .... 
Q) 
a. 
E 
Ill 
f-

200 

180 

160 

140 

120 

80 

60 

40 
,...._ ,...._ co co CX) CX) CX) 0> 0> 0> 
N N N N N N N N N N 
.... .... .... .... .... .... .... .... .... .... 
«S «S «S «S «S «S «S «S «S «S 
� � � � � � � � � � 
0 
0 
10 
T'"" 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 T'"" CD T'"" CD T'"" N ,...._ N N T'"" T'"" N T'"" 

Time (hr, mo, d) '"!EL 2 3155 

Figure A-1. RTD 5010 temperature excursions during the TMI-2 acc ident. 

160 

140 

120 

100 

80 

60 

40 
,...._ I'- CX) 00 CX) co CX) 0> 0> 0> 
N N N N N N N N N N 
.... .... .... .... .... .... .... .... .... .... 
«S «S «S «S «S «S «S «S «S «S 
� � � � � � � � � � 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
10 0 T'"" CD T'"" CD T'"" N ,...._ N 
T'"" N T'"" T'"" N T'"" 

Time (hr, mo, d) INEL 2 3154 

figure A-�. RTU 5011 temperature excursions during the TMI-l accident. 

A·-4 



0 -

� 
:J -
� 
Q) 
a. 
E 
Q) 

t-

0 

� 
:J -
� .._ 
Q) 
a. 
E 
Q) 
t-

40 ___L_ 
,._ ,._ tO tO tO tO tO 0> 0> 0> 
N N N N N (\j N N N N 
.... ..... .... ..... ..... ..... ..... .... .... .... 
� � � � � � � � � � 
� � � � � � � � � � 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
1.() 0 ..... co ..... co ..... N ,._ N 
..... N ..... ..... N 

Time (hr, mo, d) INEL 2 3152 

Figure A-3. RTD 5012 temper ature excursions durino the TMI-2 accide:1t. 

200 

40 
,._ ,._ Cl) tO tO tO CJ) 0> 0> N N N N N N N C'J N 

.._ .._ .._ .... .._ .._ .._ .._ .._ .... 
� � � � � � � co co � � � � � � � � � � � 

0 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.() 0 co ,.... <0 ·-· N ,._ N ..... N ..... ..... N 

Time (hr, mo, d) INEL231 47 

�igure A-4. RTU �013 temper ature excursions during the TMI-2 acc ident. 

A -5 



lL 
" -
Q) .... 
::::J -
tU .... 
Q) 
a. 
E 
Q) 

t-

0 

� 
::::J "§ 
Q) 
a. 
E 
Q) 

t-

200 1 
180 

160 

140 

120 

100 

80 

40 
...... ...... co 
N N N 
.... ·- .... 
tU tU tU 
� � � 
0 0 0 
0 0 0 
ID 0 ,... 
..- N 

F-igure A-5. RTD 5014 

200 

40 
...... ...... co 
N N N 
..... ..... ..... 
«< tU co 
� � � 
0 0 0 
0 0 0 
ID 0 ,.... 
,.... N 

I iyurt 1\-b. IHU 501b 

<X> co co co 0> 0> 0> 
N N N N N N N 
.... ..... ..... ..... ..... .... ..... 
tU tU tU tU tU tU co 
� � � � � � � 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
<D ,... co ,... N ...... N 

,... ,.... N 

Time (hr, mo, d) INEL 2 3148 

temperature excursions during the TMI-2 ace i dent. 

co OJ co <X> 0> 0> 0> N C'll N N C\1 C\1 N 
..... ·- ..... .... ..... ..... ..... 
co CIS tU tU tU ttl ttl � .. - � � � � � .� 

0 C:l 0 0 0 0 0 0 C:l 0 0 0 0 0 co T- co ,.... N ...... N 
T- ,.... N ,... 

Time (hr, mo, d) INEL 2 3153 

temperature excursions during the TMI-L accident. 

A-6 



Temperature (°F) Temperature (° F) 
-,- ....... ...... 1\J "T] ....... ....... ....... 1\) � en CXl 0 1\J � a> 0'> 0 � � a> CXl 0 u:::: 0 0 0 0 0 0 0 0 0 <.0 0 0 0 0 0 c:: 1500 Mar 27 :::: 1500 Mar 27 ) } m (J) 
� � I I 0:: -....J . 2000 Mar 27 . 2000 Mar 27 
:::0 :::0 
-1 -·I 
c C' 
<..r 100 Mar 28 tT1 100 Mar 28 c 0 N N 

0 

600 Mar 28 � (""!- (""!-
(J) (J) 
3 600 Mar .:8 3 "0 "0 (J) (J) -.; } 
oj p.o c-+ .. � c c 
} } (J) -I 1100 Mar 28 ·- (!) -I 1100 Mar 28 

::J::o ro 3 (J) 3 I >< (I) >< (I) '-J (") _, (") 
c ::T c -

:r } _ ..... } _ ..... (/') 1600 Mar 28 (/') 16nO Mar 28 3 3 0 _o 0 _o ::::l ::::l 
(/') 8: (/') s 0... 0... 
c L100 Mar 28 c 
} } 2100 Mar 28 
::::l ::::l 

<.0 <.0 
c-+ (""!-
:::; :::; 
(J) 200 Mar 29 (J) 200 Mar 29 
-1 -1 
3: 3: 

,_ 
I I 

N N 

p.o 700 Mar 29 p.o 700 Mar 29 
(") (") 
(") (") 

0. z c.. z m 
(!) m ro r 

r 1200 Mar 29 ::::l N 1200 Mar 29 c+ N r-+ w 
w ..... 

� ..... 
C1l � 

(0 



i.L 
0 -

� 
:::::1 -
� 
Q) 
c. 
E 
Q) 

1-

CL 
0 -
Q) .... 
:::::1 -
cu .... 
Q) 
c. 
E 
Q) 

1-

40 
,.... 
C\1 
.... 
CIS 
� 
0 
0 
It) 
..-

Figure 

200 

180 

160 

140 

120 

100 

80 

60 

40 
,.... 
C\1 
.... 
CIS 
� 
0 
0 
It) 
.... 

i gure 

,.... c:o 
C\1 C\1 
.... .... 
CIS CIS 
� ::E 
0 0 
0 0 
0 .... 
C\1 

A-9. RTD b022 

,.... co 
C\1 C\1 
.... .... 
CIS CIS 
� � 
0 0 
0 0 
0 ·.-
C\1 

A-10. KTIJ 5023 

co co c:o co m m m 
C\1 C\1 C\1 C\1 C\1 C\1 C\1 
.... .... .... .... .... .... .... 
CIS CIS CIS CIS CIS CIS CIS 
� � � ::E: � � � 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
co ..- co ..- C\1 ,.... C\1 

..- ..- C\1 ..--

Time (hr, mo, d) INEL 2 3150 

temperature excursions during the TMI-2 acc ident. 

c:o c:o c:o c:o m m 0> C\1 C\1 C\1 C\1 C\1 C\1 C\1 
.... ..... ..... ..... .... .... .... 
CIS CIS CIS CIS CIS CIS CIS � � � � � � � 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
co ..- co T'"" C\1 ,.... C\1 ..- ..- N ..-

Time (hr, mo, d) INEL 2 3156 

temperature excursions during the TMI-L acc ident. 

A-8 



180 

� 140 
� 
::J 

-

� 
Q) 
c. 
E 100 Q) 

..... 

40 
....... ....... 
C\1 C\1 
...... .... 
!U !U 
::E ::E 
0 0 
0 0 
10 0 
..... C\1 

Figure A-ll. 

200 

180 

160 

(L 
0 

140 Q) 
...... 
::J 

-
120 !U 

...... 
Q) 
c. 
E 100 Q> 
I-

80 

60 

40 
...... ....... 
C\1 C\1 
...... .... 
!U !U 
::E ::E 
0 0 
0 0 
10 0 
.... C\1 

Figure A-1�. 

co 
C\1 
...... 
!U 
::E 
0 
0 
.... 

RTU 5U27 

00 
C\1 
...... 
!U 
::E 
0 
0 
.... 

RTD 5088 

co co co 00 m \�i) m 
C\1 C\1 C\1 C\1 C\1 N C\1 
...... .... .... ...... ...... ...... ...... 
!U !U !U !U !U !U !U 
::E ::E ::E ::E ::E ::E ::E 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
<0 .... <0 .... C\1 ...... C\1 

..... .... C\1 .... 

Time (hr, mo, d) INEL 2 3151 

temperature excursions ouring the TMl-2 ace i aent. 

00 00 00 00 m m m C\1 C\1 C\1 C\1 C\1 C\1 C\1 
...... ...... ...... ...... ...... ...... ...... 
!U !U !U !U !U !U !U ::E ::E ::E ::E � � � 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
<0 T'"' <0 ..... C\1 ...... C\1 

..... C\1 ..... 

Time (hr, mo, d) INEL 2 3157 

temperature excursions during the TMI-2 ace i dent. 

A-9 



-------��·-· --

APPENDIX B 

FILTER PROGRAMS 



PROGRAM RTD<TAPE1,TAPE2,TAPE3> 
COMMONVFILTER/XC10),XI<10),GAINC10,10>,Z<10>,HMAT<10>,H<10,10> 

+,PMATC10,10>,HT<10,10>,RMATC10,10>,TIME,TBOOM,NMEAS,NSTATE 
+,TSTART,ZMEAS<10> 

REA_ f'R< 
DII'EJ'tSIO'f xi SAVE< 113 > 
DlrwENSION ERRMAG< U�> 
DirwENSION AI'EAS<10J 
DATA Xl/10*0.0/ 
DATA PMAT/100*0.�/,H/100*0.0/,RMAT/100*0.0/ 
DATA HT /100*0. 0/, Gf=IIN/100*0. 0/ I HMAT /10*0. 0/ 
TBOOM•0.0 
PMAT<1,1>•2.5E+03 
PMAT<2,2>•2.5E+05 
PMAT<3,3>•.015 
PMAT<4,4>•6.5E-05 
�Tel, 1>•4.24 
READ< 1 I*) NDATA, tf'Ef:S, I'ISTATE 
READ<l,*> TSTART,<XI<J>,J•1,1'1STATE> 
DO 1000 IIU'I1Y•1, NDI�TA 
READ<l,*> <ZMEAS<I> .. I•1,NMEAS> 
AI'EAS < I IU'I1Y > • ZI'EAS I( 1 > 
READ< 1 I*) TII'E 
IF< IIU't1Y. EQ .  U STirE•TIME 
DO 50 I •1 I I'ISTATE 

50 X<I>•XI<I> 
DO 100 1•1, 100 

C---- 100 D-A'n:S TO COI'M:RGE 
au_ HVA_U 
C� KGAIN 
DO 60 J•l ,NSTATE 

60 XISAVE<J>•XI<J> 
C� STATE<I> 

DO 75 J•l,NSTATE 
75 ERRMAG<J>•ABS<XI<J>-XISAVE<J>> 

t'U1•0 
DO 90 J•1,NSTATE 

90 IF<ERRMAG<J>.LT.<.001*ABS<XI<J>>>> NUM•NUM+l 
IF<NUM.EQ.NSTATE> GO TO 101 
IF<I.EQ.20) I-I(!TEC2,' < " FAILED TO CONVERGE " ) ' > 

100 C<X'ITI� 
101 C<X'IT Il'l.£ 

lo.RITE<2, 105 > <XI< I>, I •1, f'fSTATE > 
105 FORMAT< ' STATE ' ,E12.6) 

au_ PROPP 
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000100 
000110 
000120 
�1� 
0ee132 
000140 
000150 
000155 
0001ffi 
0001.i'U 
000100 
00el�J 
�00 
000210 
000220 
�30 
00&'40 
�,u 
�ffi 
�::>·m 
0Cfa,?80 
{B}282 
� 
000292 
�'300 
�:310 
�320 
�330 
[01340 
0ee.:F.....0 
000360 
000370 
0003EE 

�� 
0ff)400 
00(1.110 
oo:Mzo 
OO:M:Je 
tn3440 
1?03450 
� 
�17D 
000480 
00f:W9f1 
000500 



LoRITE<2,'(///, " C�IANC£ ",/)') 
DO 110 I•1,NSTATE 

110 LoRIT£<2,112) <PMAT<I,J>,J•1,NSTATE> 
112 FORMAT<4<2X,E12.6)) 

10a0 cafl"Irt.£ 
LoRITE<3,'< " 1")') 
Tll'£•0.0 

C---- MR<E PLOT FILE OF MODEL FIT 
DO 1500 ll•1, 360 
EX3•EXP<-XI<3>*TIME> 
EX4•EXP<-XIC4>*TIME> 
DATA•EX3*TSTART+<1-EX3>*XI<1>+<EX4-EX3>*XI<2>*XI<3)/(XI<3>-XI<4>> 
TIME•TIME +10. 0 

1500 LoRITE(3,*> TIME,DATA 
loRITE<3, '< " END">'> 
AVE•0. 0 
I"'==X•0.0 
SIG•0.0 
N•0 
TIME•STIME 
DO 2000 11•1,NDATA 
EX3•EXP<-XI<3>*TIME> 
EX4•EXP<-XI<4>*TIME> 
DATA•EX3*TSTART+<1-EX3>*XI<1>+<EX4-EX3>*XI<2>*XI<3)/(XI<3>-XI<4>> 
A•AMEAS<II>-DATA 
TIME•TII'E +360. 0 
N•N+1 
IF<MAX.LT.ABS<A>> MAX•ABS<A> 

AVE•<AMEAS<II>-DATA>/N+AVE*<N-1>/N 
SIG•SIG+<AMEAS<II>-DATA>**2 

2000 CONTirt.E 
SIG•SQRT<SIG)/(N-1> 

LoRI TE < 2, ' V /, " AVERAGE , MAXII"l.J'1 , SAI'PLE \IAR I� OF ERROR" l ' > 
LoRITE(2,*> AVE,MAX,SIG 
STOP 
END 
Sl..JIR:UT INE HVFLU 
C0f't10ti/F"IL TER/X( 10>, XI< 10 >,GAIN< 10, 10>, Z< 10 >, t-r·w:n < 10>, H< 10, 10 > 

+,PMAT<10,10),�!10,10>,RMAT<10,10>,TIME,TBOOM,NMEAS,NSTATE 
+,TSTART,ZMEAS<10> 

DELTA•TIME-TBOOM 
EX3•EXP<-XI<3>*DELTA> 
EX4•EXP<-XI<4>*DELTA> 
ABA•XI<3)/(XI<3>-XI<4>> 
HMAT<1>•EX3*TSTART+<1-EX3>*XI<1>+<EX4-EX3>*XI<2>*ABA 
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000520 
001053d 
000540 
e83550 
000560 
000'570 
000'590 
� 
�10 
ea16c.'"'O 
an;30 
eo3640 
�50 
� 
�70 
�72 
an;73 
000674 
�75 
� 
an;90 
eoJ?OO 
eea?lO 
�20 
�24 
�31 
�32 
000734 

�40 
eee7'50 
�be 
00077U 
000700 
�'30 
� 
00el310 
�?0 
��'l3 
00e84e 
0000'::.3 
000f3be 
00e87U 
000fi8l) 
eoJB':A) 
eoo90e 

• 



H<1, 1>•1-EX3 
H<1,2>•<EX4-EX3>*ABA 
H<1, 3)•-DELTA*EX3*<TSTART-XI<1>-XI<2>*ABA> 

+ +<EX4-EX3>*ABA*Xl(2)/Xl<3>-<EX4-EX3)*(ABA**2>*Xl(2)/XI<3> 
HC1,4>•-DELTA*EX4*XI<2>*ABA 

+ +<EX4-EX3>*<ABA**2>*XI<2>1"'XI<3> 
RETl.R'I 
END 
Sl.JIRX.JT II'E KGAIN 
COMMONVFILTER/X(10>,XI<10),GAIN<10,10>,Z<10>,�MAT<10),H(10,10) 

+,PMAT<10,10>,HT<10,10>,RMAT<10,10>,TIME,TBOOM,NMEAS,NSTATE 
+,TSTART,ZMEASC10) 

DIMENSION PH<10 >,HPH<10,10>,TEMP<10,10>,TEMPIV<10,10>,WRK<1000) 
DO 100 I •1, NSTATE 
DO 100 1 •1, tf'EAS 

100 HT<I,J>•H<J,I> 
a:t...L Vl't..LFT<PMAT,HT,NSTATE,NSTATE,I'f'EAS,10,10,PH,10,IER> 
a:LL 'vtt.IJT<H,PH,NMEAS,NSTATE,I'f'EAS, 10, 10,HPH, 10, IER> 
DO 200 I •1 , l'f'EAS 
DO 200 J•1,H'EAS 

200 TEMP<I,J>•HPH<I,J>+RMAT<I,J> 
IDGT•0 
a:LL LINV2F<TEMP,NMEAS,10,TEMPIV,IDGT,WRK,IER> 

CALL Vl't..LFT<PH,TEMPIV,NSTATE,NMEAS,NMEAS,10,10,GAit-1,10,IER) 
RETI.Rf 
END 
SUBROUTINE STATE<NPASS) 
COMMON/FILTER/X(10>,XI<10>,GAINC10,10>,Z<10>,HMATC10>,H<l0,10> 

+,PMATC10,10>,HT<10,10>,RMAT<10,10>,TIME,TBOOM,NMEAS,NSTATE 
+,TSTART,ZMEAS<10) 

DIMENSION AKR<10),RESID<10>,DIFF<10>,HX<10) 
DO 100 I •1, NSTATE 
DIFF<I>•X<I>-XI<I> 

100 CONTI !'I.£ 
N .. 1 
a:t...L VI"U..FF<H,DIFF,NMEAS,NSTATE,.N, 10, 10,HX, 10, IER) 
DO 200 I •1 , H'EAS 

200 RESID< I) •ZMEAS< U-HMAT< I )·-HX< 1) 
a:LL VI'U...FF<GAIN, RESID, NSTATE, NMEAS, N, 10, 10, AKR, 10, IER> 
DO 300 I •1, NSTATE 

300 XI<I>•XCI>+AKRCI> 
RE� 
END 
SUBROOTINE PROPST 
RETI.Rf 
END 
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�"¥310 
000920 
�30 
� 
� 
OC10':.160 
�"i'0 
� 
�� 
001� 
001010 
001020 
001031 
OOHMel 
0010"-..Al 
0011:6) 
001070 
001080 
001090 

00110CI 
001110 

��1120 

0011 ]0 

OC11144) 
0011 ':.0 

0011&0 

00117H 

0011 E..-) 

0011'30 

0012fl.1 

0012W 

():)I ?.--:i� 
00 l ,:·:.J 

OOIZ4n 
0012'�*' 

�.1l?t.':.4J 
l..,, l :.:' ''t! 
001 �>t�n 
a:11ZC"�) 
0f11 :OJ 
001 ]10 
001:£0 

OC1133fl 

�)1 3,..'[1 
001 3':'.{) 
flfll ":lf,f1 



Sl..JJRXJT II'£ PROPP 
COMMONvFILTER/X(10>,XI<10>,GAIN<10,10>,Z<10>,HMAT<10>.h<10,10) 

+,PMAT<10,10>,HT(10,10>,RMAT<10,10>,TIME,TBOOM,NMEAS,NSTATE 
+,TSTART,ZMEAS<10> 

REAL KH<10,10>,TEMP<10,10>,KH1<10,10> 
DATA KH/100*0.0/,KH1/100*0.0/,TEMP/100*0.0/ 
CALL VHULFF<GAIN,H,NSTATE,NMEAS,NSTATE,10,10,KH,10,IER> 
DO 100 1•1,NSTATE 
DO 100 J •1 , NSTATE 
KH1(1,J>•-KH<I.J> 

100 IF<I.EQ.J) KH1<I,J>•1+KH1<I,J) 
CALL VMULFF<KH1,PMAT,NSTATE,NSTATE,NSTATE,10,10,TEMP,10,IER) 
DO 200 I •1, NSTATE 
DO 200 J•1,NSTATE 
PMAT<I,J>•TEMP<I,J> 
IF<I.GT.J> PMAT<I,J>•TEMP<J,I> 

200 C<l'ITII't.£ 
RE11.R'4 
END 
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0013';'0 
001�' 

0013':� 

0014ffJ 
001410 
001420 
0014:-lO 
001440 
001 •l:.O 

001460 

001..\70 

001400 

001490 

001 c:oo 
ootc:.to 
001":..� 

00153fa 

001540 

001550 

'I 



fiR()GRq1 RTD<T�1, TFFEZ> 
COMMONVFILTER/X(10>,XI<10>,GRIN<10,10>,Z<10>,HMAT(10>,H<10,10) 

+,PMRT<10110>,HT<10110)1RMAT<10110>,TIME,TBOOM,NMEAS,NSTATE 
+,TSTART1ZMEASC10> 

REA- MAX 
DIMENSION XISAVE<10> 
DIMENSION ERRMAG<10) 
DIMENSION AMEAS<10> 
DATA Xl/10*0.0/ 
DATA PMAT/100*0.0/,H/100*0.0/,RMAT/100*0.0/ 
DATA HT/100*0.0/,GRIN/100*0.0/1HMAT/10*0.0/ 
TBOCJ'1•0.0 
PMAT<1,1>•2.5E+03 
PMAT<212>•2.5E+05 
PMAT<313)•6.5E-05 
�T<11 1>•4.24 
READ ( 1 I *) NDATA. tf'EAS I tiS TATE 
READ<1,*> TSTART,<XI<J>,J•11tiSTATE> 
00 1000 IDLM1Y•1,NDATA 
READ<1,*> <ZMEAS<I>,I•1,NMEAS> 
�( IDLM1Y> •ZMEAS< 1 > 
READ< 11 *> TIME 
IF<IDUMMY.EQ.l) STIME•TIME 
DO 50 1•1, NSTATE 

50 X< I> •XI< I) 
DO 100 1•1,100 

C---- 100 D-A"'CES TO CONVERGE 
CALL �u 
CALL KGAIN 
DO 60 J•1,N6TATE 

60 XISAVE<J>•XI<J> 
CALL STATE<I> 
DO 75 J•1,NSTATE 

75 ERRMAG<J>•ABS<XI<J>-XISAVE<J>> 
N....t1•0 
DO 90 J•l,NSTATE 

90 IF<ERRr'V=IGCJJ. LT.<. 001*ABS<XI < J> > > > N...l't•N...I't+l 
IF<N....t1.EQ.NSTATE> GO TO 101 
IF<I.EQ.20) �ITE<2, I ( .. FAILED TO CONVERGE .. ) • ) 

100 CONTII'I.£ 
101 CONTII'I.£ 

B-7 

�10lJ 

eu0110 

�120 

000130 

�140 

000150 

000160 

�152 

0001.;'0 

�lf30 

�190 

� 
�210 

�20 
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000310 

0003.::""'0 

�H3Cl 

�340 

0003'50 

�3i;g 

000370 
000380 
000.::-Ae 
000400 

0ll3410 
�1.0"0 
PA:O..t1fl 
00l1-l-1U 
(DJ..:jL"� 
W:_).�f.)\:) 
00(j4·,"'0 
01334a� 



101 CONliN.£ 
WRITE<2,105) <XI<I>,I•1,NSTATE> 

105 F"ORK:IT< ' STATE ' , E12. 6 > 
CA..L PROPP 
CA..L PROPST 
WRITE<2,'(///, " COVARIANCE " ,/) ' > 
DO 110 I•l,NSTATE 

110 WRITE<2,112> <PMAT�I,J>,J•1,NSTATE> 
112 FORMAT<�<2X,E12.6)) 

1000 CONTif\1..£ 
WRITE<3,'( " 1">'> 
Tlrw£:•0.0 

C---- I'A<E PLOT FILE OF MODEL FIT 
DO 1500 II•1, 360 
EX3•EXP<-.02*TIME> 
EX4•EXP<-XI<3>*TIME> 
DATA•EX3*TSTART+<1-EX3>*XI<1>+<EX4-EX3>*XI<2>*.02/(.02-XIC3)) 
TIME•TIME+10.0 

1500 WRITE<3,*> TIME,DATA 
�ITE<3,'< "END">'> 
AVE•0.0 
I'RX•0.0 
SIG•0.0 
ti•0 

- TIME•STIME 
DO 2000 I I •1, NDATA 
EX3•EXP<-.02*TIME> 
EX4•EXP<-XI<3>*TIME> 
DATA•EX3*TSTART+( 1-EX3>*XI< 1 >+<EX4-EX3>*XI <2>*. 02/(. 02-XI <31) 
AsAMEAS<II>-DATA 
Hf'E•TII"£+360.0 
N•ti+l 

IF<I'RX.LT.ABS<A>> MAX•ABS<A> 
AVE•<AMEAS<II>-DATA)/f'i+AVE*(f'i-1)/f'i 
SIG•SIG+<AMEAS<II>-DATA>**2 

2000 CONTII'l£ 
SIG•SQRT<SIG)/(f'i-1> 
WRITE< 2, ' U /, " AVERAGE , MAXI 1'1...11 , SAr'FLE VAR I �CE OF ERRffi" J ' J 
�IT£(2,*) AVE,MAX,SIG 
STOP 
END 
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STOP 
END 
SUBROUTII£ HVA....U 
COMMON/tiLTER/XC10>,XIC10>,GAINC10,10>,ZC10>,HMATC10>, HC10, 10> 

+,PMRTC10,10>,HTC10,10>,RMATC10,10>,TIME,TBOOM,NMEAS, NSTATE 
+,TSTART,ZMEASC10> 

DELTA•TIME-TBOOM 
EX3•EXP<-.02*DELTA> 
EX4•EXPC-XIC3>*DELTA> 
ABA•.02/(,02-XIC3>> 
t-mT{1) •EX3*TSTART+C1-£><3>*XI<1>+<EX4-£><3)*XI<2>*ABA 
HC1,1>•1-EX3 
HC1,2>•<EX4-EX3>*ABA 
HC1,3) •-DELTA*EX4*XI<2>*ABA 

+ +CEX4-EX3>*CABA**2>*XIC2) /,02 
RE� 
END 
SlJIR)UTII£ KGAIN 
COMMONVFILTER/XC10>,XIC10>,GAINC10,10) ,ZC10>, HMRT<10),HC10,10> 

+,PMRTC10,10>,HTC10,10>,RMATC10,10>,TIME,TBOOM, NMEAS,NSTATE 
+, TSTART,ZMEASC10> 

DIMENSION PH<10>,HPH<10,10>,TEMP<10,10>,TEMPIVC10, 10>,WRK<1000J 
DO 100 I •1, NSTATE 
00 100 J •1, l'f'EAS 

100 HT<I,J>•H(J, I> 
CALL VMULFF<PMAT, HT,NSTATE, NSTATE,NMEAS,10, 10, PH, 10,IER> 
CALL VMULFFCH, PH,NMEAS,NSTATE,NMEAS,10,10,HPH,10, IER> 
DO 200 I •1 , l'f'EAS 
DO 200 J •1, l'f'EAS 

200 TEMP< I, J) •HPH(!, J>�T< I, J) 
IDGT•0 
CALL LINV2F <TEMP,NMEAS,10, TEMPIV, IDGT, WRK, IER> 
CALL VMULFF<PH, TEMPIV,NSTATE,NMEAS, NMEAS,10, 10,GAIN,10, IER> 

RETI.R'I 
END 
SlJIR)UTII£ STATECNPASS> 
C()•f'UVFIL TER/X( 10>, XI< 10>, GAIN< 10, 10>, Z< 10>, HMAT < 10), H< 10, 10> 

+,PMATC10, 10>, HTC10,10>, RMRTC10, 10>.TIME, TBOOM,NMEAS,NSTATE 
+, TSTART, ZMEAS <10> -

DIMENSION �R< 10>, RESID< 11i:3>, DIFF < 10>, HX <  10> 
00 100 I •1, NSTATE 
DIFF <I>•X <I>-XI <I> 

100 CONT If'LE 
N•1 
CALL Vf'LLFFCH, DIFF,NMEAS,I'iSTATE,N, 10, 10,HX, 10, IER> 
DO 200 I • 1 , l'f"£AS 

200 RESID< I) •ZMEAC, ( I ) -Hf•lHT ( I I '1 . ( I ) 

0001370 
� 
� 
� 
000910 
000920 
0009:30 
� 
000950 
� 
� 
� 
0009'30 
001000 
001010 
001020 
001030 
001040 
001050 
001060 
00112170 
0010f.Jt1 
001090 
001100 
001110 
001120 
001130 
001140 
001150 
001160 
001170 
001100 
001190 

001.:?00 
00 1 210 
001220 
0012� 
001240 
001254:1 
00126e 
001270 

r�1�Ha 
001290 
001:D) 
001310 
001 3C.'O 
001 1_,., 



CALL VMULFF C H , DIFF , NMEAS , NSTATE , N , 1 0 , 10 , HX , 10, IER )  
DO 200 I • 1 ,  J'lf'EAS 

200 RESID< I > •ZMEAS< I > -HMAT < ! ) -HX < I >  
CALL VMULFF C GAIN, RESID, NSTATE , NMEAS , N, 1 0 , 1 0 , AKR, 10, I ER) 
DO 30B I • 1 , NSTATE 

300 XI<I > •X < I > +AKR<I > 
RETLR'f 
END 
SUBROUTII'E PROPST 
RETLR'f 
END 
SUBROUTII'E PROPP 
COMMONvFILTER/X ( 1 0 > , XI C 1 0 > , GAIN < 1 0 , 1 0 > , Z< 1 0 > , HMAT < 10 > , H < 1 0, 1 0 l  

+ , PMAT C 1 0 , 1 0 > , HT C 1 0 , 1 0 > , RMAT < 1 0 , 1 0 ) , TIME , TBOOM , NNEAS, NSTATE 
+, TSl�T , Zf'EAS ( 1 0 )  

REAL KH< 1 0 , 1 0 > , TEMP< 1 0 , 1 0 > , KH 1 <1 0 , 1 0 ) 
DATA KH/ 1 00*0 . 0/ , KH 1 / 100*0 . 0/ , TEMP / 1 00*0 . 0/ 
CALL VMULFF C GAIN, H , NSTATE , NMEAS , NSTATE , 1 0 , 1 0 , KH, 10, IER> 
DO 100 I • 1 ,  NSTATE 
DO 100 J • 1 , NSTATE 
KH1 C I, J > • -KH C ! , J )  

1 00  IF ( ! . EQ . J )  KH 1 <I , J ) • 1 +KH 1 < I , J >  
CALL VMULFF<KH 1 , PMAT , �BTATE , NSTATE , NSTATE , 10, 1 0 , TEMP,10, IER ) 
DO 200 I • 1 ,  NSTATE 
DO 200 J • 1 , NSTATE 
PMAT C I , J ) •TEMP C I , J >  
IF<I . GT . J >  PMAT C I , J > •TEMP<J , I >  

200 CONTIH..E 
RETLR'f 
END 

B-10 

00 1  : n o  
00 1 32U 

00 1 330 

00 1 340  

00 1 -DO 

00 1 3h!J 

00 1 3:'0 

00 1 380  
00 1 '3'::� 

00 1 4t\0 

00 1 4 1 0  

00 1 42() 

00 1 4 30  

00 t 4L1n 
00 1 ·-1'.:'"-1 

00 1 4E*l 

00 1 ·.t70 

00 1 48rl 

00 1 4'::)(J 

00 1 533 

00 1 '.::· 1 0  

00 1 5ZO 

oo t c:-. .Jo 
00 1 540 

00 1 5=.0 

00 1  '360 

00 1 570 

00 1 580  

00 1 5'::"l0 

00 1 Efi:j  
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APPEND I X  C 
ANALYS IS OF WORST-CASE AMB I ENT TEMPERATURE PROF I L E  

Consider t h e  worst-case ambient temperature profi le shown i n  

F i gure C-1 . Th i s  prof i le w i ll g i ve the longest durat i on of h i gh 

temperatures w i thout large d i fferences w i th recorded d at a .  A mathemat i cal 

express i on for the amb i ent temperature i s  

TAM� 
= 

·
' T

o 

T
l:) 

T + T e
-� ( t-t s ) 

1 2 

Gi ven thi s, the RTD temperature i s  

T (t ) 

t<t
B 

t 8<t< ts 

t>ts 

and the d i fference between the RTD temperature and the amb i ent at the first 

data po i nt t i me t 0 i s  

where T0 = T (t0 ) . We want to f i nd the max i mum ts so that the 

d i fference between the amb i ent and sensor temperature i s  smal l ,  s ay l 0° F .  
Such a t 5 can be found by sol v i ng the equ at i on 

C -3 
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Fi gure C - 1 . Worst-case ambient temperature profil e. 
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t 

us i ng the val ues 

To 
= l l 0°f  � = 0. 0009/s 

Tl 
= l 20°F to - ts = 270  s 

T2 
= JOO f 

a = O. U£5/s 

T
B 

= l 000°F  

and so l v i ng the resu l t i ng equat i on u s i ng Newton ' s  method we  get 

t0 - t
5 

= 1 70 . 5 s .  

C-b  




