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Proper VPT design identifies the upper limit of the 

vapor pressure bulb region, the beginning of the gas bulb 

region, and fixes the liquid level of the bulb below a 

level consistent with quick response over the entire oper

ating range. These points are determined by charge pres-

sure and the ratio of, and details of connections Between, the 

warm and cold volumes. Knowledge of the volume ratio and 

the charge pressure can be used to specify the temperature 

range of the VPT, and leads to increased utilization as a 

gas bulb thermometer. 

GAS BULB CURVE 

Determining the VPT/gas bulb thermometer transition requires 

plotting a curve of P vs. T, for a given geometry, in the gas 

region and locating the intersection with the vapor pressure 

curve. Generating that curve requires knowledge of the follow

ing parameters: charge pressure PI, charge temperature TI, warm 

volume Vw' cold. volume Ve' and the length of capillary tubing 
experiencing a thermal gradient from ambient temperature to the 

temperature at the sensing bulb T . The capillary length L , is c c 
only· the. portion experiencing a gradient~ i.e. , the distance from 

the point on a heat exchanger where the tube enters a vacuum 

jacket to the point it connects to the sensing bulb. The tube 

outside the vacuum jacket is included in·vw. Knowing PI and 

TI defines the initial system density Pr' which can be found us

ing the NBS tables of thermophysical properties for the charging 

fluid. The total system volume,VT,is known and the system mass, 

M
5

,follows: 

*M.E.Co-op Student, Univ. of Illinois. Sponsor: G.T.Mulholland 



As the bulb cools the measured pressure Pm decreases. It 

is important to determine how mass is distributed in each part 

of the system. K."lowing Pm and the ambient temperature defines 

the warm density -N Mw' the mass in the warm region, follows: 

= p •V w w 

Finding the mass in the capillary tube Mcap' is more in

volved. A plot o= thermal conductivity vs. temperature is 

shown in Figure 1. Integrating the curve from ambient temper

ature to T yields a value of K(T) (watts/cm) .. L can be 
c c i c 

divided into i segments such that rLi = L . The thermal con-o c 
ductivity over segment i is Ai' and the temperature difference 

is ~T .. The length of the segment L. then follows as 
i i 

L. = 
i 

A. L T. 
i c i 

K(T ) 
c 

Note that L. is independent of capillary cross section. Each 
i 

segment L. has a temperature which is the average value over 
i 

~Ti. Each ~Ti has a unique pi since Pm is constant for the tube. 
Each segment's mass may then be calculated, assuming the area of 

the hole in the tube is known 

M. = L. •Area'P. 
i i i 

The mass in the capillary tube follows 

The density in tb.e cold bulb pc is 

p = c 

M - (M +M ) s w cap 
v c 

Knowing p and : defines a cold temperature T in the bulb. The m · ~ c 
correction for <::..e portion of the capillary tubing having a ther-

mal gradient is especially important in the gas bulb range. If 

the tube is assumed ambient along its entire length, errors of 

30% to 75% can be introduced for temperatures 15°K and above. 
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INTERSECTION OF GAS ~~~D VAPOR C~RVES 

Figure 2 shows a plot of P vs. T for ~NO syst~~s. 3oth 

systems have exactly the same geometry, .but their char;e pres

sures are different. Pr of 5 atm intersects the •1apor curve at 

~. 7° K. Pr of 8 atm intersects· at 5 .1°K. ~aising P:;: l':as increased 

the useful '!PT range significantly. ?igure 3 shows a ~lot of 

~~ vs. T to illustrate the gas bulb temperature sensi~~7ity of 

the VPT. 

In the temperature region of =5°K, ~ is 2.3 ti.~es that cap 
at an assumed Tcharge = 300°K. Defining the volume ra~io R in the 
vicinity of 5°K as 

V +2. 3V w cap 
v = 

c 

is a good approximation and avoids dealing with absolutes. Figure 4 

shows a plot of Pr vs. R. The curves represent the lccus of points 

whose Pr and R give intersection temperatures of 4.5, ~.75, s.o°K. 

If the geometry of a system is fixed, Pr may be adjusted to opti

mize the range of the VPT. If Pr is fixed because of ;auge reso

lution considerations, R can be appropria.tely adjusted. 

There are some corrections to Figure 4 when L becomes suffi-
c 

ciently large. Figure 5 shows Pr vs. R at T. t t' = 5°K for in ersec .:..on 
two values of L , c 1.5 and 7.0 meters. The correction is important 

in analyzing heat exchangers with large Le. 

EXCESS MASS SYSTEMS 

It is possible, through over-charging the system, or making 

R too large, to preclude the intersection of the gas and vapor bulb 

curves. A volume ratio of R = 79, charged to PI= 10 atm demon

strates this effect in Figure 6. The gas in the bulb cools, drop

ping the system pressure as: before. ~low, however, i. t passes above 

the critical pressure at the critical temperature. At exactly the 

critical temperature it can be shown that the bulb density at 

point A is greater tlian at the C.P. The critical conditions at 

c.P. require the system at point A to rise in pressure to provide 

a lower density equal to C.P. Therefore, A is a stable point. 

Figure 7 shows a temperature-entropy chart for helium where C.P. 

and A are shown at 5.2°K. Point A at 3.4 atm follows the solid 

line to the left of the liquid dome, ~ever ~enetrati~g it. 
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Liquid is formed but never in an equilibrium state so it is 

useless as a VPT. The same arguments can be applied to points 

Band C to show that Bis stable; i.e., has a greater density 

than point c. The generalization is that the two curves never 

meet. 

This can be thought of as over-filling the bulb. The 

point B represents a bulb full of subcooled liquid (like a 

bubble chamber). that cannot exhibit control over the system 

pressure by condensation. Figure 8 shows PI vs. R where 

T = 5 1°K The shaded region represents combina-intersection • • 

tions of PI and R which cause excess mass problems. No attempt, 
beyond defining the region of excess mass, is made to quantify 

this case. 

PERCENT LIQUID IN BULB 

To prevent over-filling bulbs, and maintain speed of response, 

it is useful to know the fraction of liquid in the bulb in the VPT 

range. There are two densities defined by Tc' that of the liquid 

p1 , and that of the gas Pg· The fractio~ of liquid follows: 

Liq. Frac = 

If the fraction is less than 50%, the response of the gauge 

will be improved. · VPTs which meet the criteria of Figure 8 will 

fill to 50% at coldest operating temperatures, thereby making bulb 

over-fill impossible. 

CONCLUSION 

The calculations shown can lead to a greater understanding of 

VPTs, however, because of the number of calculations which must be 

performed for each change in the system, a computer program has 

been written to solve these equations. The program is written 

specifically for helium VPTs and utilizes subroutines for the 

thermoph.ysical properties of helium-4, developed by R.D.McCarty 

of the National Bureau of Standards in Boulder, Colorado, The 

data for all of the Figures shown are results of the program, 
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except Figure 1, which is taken from R.L.Powell and W.A.Blanpied, 
NBS, and Figure 7, aiso from NBS. The prog~am is under public 
file name TEMFIL. 3y changing the subroutines to properties of 

other gases, and by making slight modifications, the program can 
be used to study VJ?Ts. with any charging fluid. 
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Figure 1. Thermal conductivity .-

SS 304 vs. temperature. 
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7. Condensation in 
over-charged systE 
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Fermilab 

FILE/TEMFIL 

PROGRAM: HELIUM 

ANALYZES HELIUM VPT DESIGN 

Initial Parameters: 

PC = Initial charge pressure 
PM = Pressure measured from gauge 
CT = Initial charge temperature 

August 14, 1981 

TM = Ambient temperature at time of measurement 
VW = Warm volume, excluding cap tube experiencing 

thermal gradient 
CAPLEN = Length of cap tube experiencing gradient 

DENO = FINDD (PC, CT, DI) 
Finds density in system at initial conditions 
where DI is an initial estimate of density. 

CONST = VT*DENO 
Finds system mass CONST, where VT is total 
system volume. 

DENW = FINDD (PM, TM, DI) 
Finds density in warm region for a given PM and TM. 

DENC = (CONST - VW + VCAP}*DENW)/VC 
Calculates cold density assuming no thermal gradient 
in CAPLEN. 

TEMP = FINDT (PM, DENC) 
Finds temperature in bulb defined by PM and DENC. 

FACTOR= ((-4.33E-3}*TEMP)+2.3 
Finds factor of increase for VCAP which is the mass 
factor of increase in CAPLEN as temperature of bulb 
drops. 

RATIO= (VW + (PACTOR*Vc;AP))/VC 
Vw 

Determines R =v-
c 
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Subroutine CAPMAS 

Array contains values of ~emperatures and their respective thermal 
conductivities for SS 304 from 300°K to 5°K. 

CONDUC = (-l*((-4.17E-7*TEMP)+SE-4)*TEMP*TEMP)+30.6 
Determines t..~e integrated value of thermal conductivity 
vs. temperature from 300°K to TEMP where TEMP is the 
initial temperature estimate assuming CAPLEN warm. 

DELTAT is difference between two temperatures in the array. 

AVET is their average temperature. 

AVEK is their average value of thermal conductivity. 

IF(AVET.LT.TEMP)GOTO 503 
Stops loop when it has read through the array down to 
temperature i~ bulb. 

SEGLEN = AVEK*CAPLEN/CONDUC*DELTAT 
Determines Li for a section of CAPLEN. 

DENSEG = Pi for a section of CAPLEN. 

SEGMAS = 

SOMMAS 

M· l. 

DENCC = (CONST- (VW*DENW+SUMMAS) ) /VC 
Corrects cold density in bulb now taking into account 
thermal gradient. 

IF (DENCC.LX.O.O) TEMP = TEMP+l2 
IF (DENCC.LT.0.0) GOTO 400 

If initial estimate of TEMP is very low, DENCC can be negative 
because SUMMAS will have too large a value. This occurs in the 
gas bulb region where ~:E:MP is usually a low first estimate. 
These statements correct this situation by increasing TEMP. 

TEMPC = FINDT(PM,DENCC) 
Corrects initial temperature estimate. 
Corrected temcerature TEMPC, will be too large if 
initial ~stimate TEMP is too low. 

TEMP = TEMP + 0.2 
IF (TEMPC.GT.TEMP) DIFF = TEMPC - TEMP 
IF (TEMP.GT.TEMPC) DIFF = TEMP - TEMPC 
IF (DIFF.LT.0.4) GOTO 403 

Cont'd. 

This series cf statements makes TEMP and TEMPC converge 
to an accuracv of 0.4. For lower temperatures the 
accuracy can Se increased. 
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The pressure at TEMPIN follows: 

PRESIN = (SLOPl*TEMPIN) + Bl 

By repeating the procedure until the slopes are equal, or until 
the intersecting pressure is just greater than the pressure given, 
the point of intersection can be found. 

Subroutine MTEST 

This subroutine tests to see if the system mass is too large. If 
the temperature on the gas curve at 2.2 atm is less than 5.2°K, 
the gas curve has "over-shot" the vapor curve and an over-massed 
system exists. 

EL: er 
8/14/81 
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RE AO*• PC 
PRINT 25 
RF Ao+:, PM 
PIHNT ~O 

--- ;~ t~~· ~~ 
RFA0+1Tl1 
PRINT 40 
RFAn•.vw 

GIVE INITIAL PARAMETERS 

PIHNT. 4!; 
PEA0•1CAPLEN 
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~~ f ~f r~ t TEH P, ne Nc, oENCC, oeNw ---- · ------------- ------ --- -- -- --------------------
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CALL HTEST 
JF(TEHPT.LT.~.?.014t GOTO 50 
IFlPH.GT~2;245) 'GOT0-50 - --· 
c ALI. ntTSEC 
IF f PQE'ifN.tf.1PtU r.ora 50 
TE Hv£C~~~~~ ~~.ft~ ~CflH Of ~ BHHQ IN _JHUJL _______________ _ 
Ol•OSATL CTEl1VI 
OG•OSATVITEHVt 
WM•VW+OENW+SU~~4S 
CH•r.IJNST-l'M .... 
Y•(C~-CVC•Dltt/(OG-Olt 
X•Vr.-Y 
P fQC•U lVC I •100 
tF IPERC .lTelOI GOTO 50 
PRINI 101 -
FOR~ Tf t CHA PRES HEAS PR CHA TEH RATIO 
PRINT 1~5.PC,P~,CT1RATIO -

., 
105 --·FnRMATIH2XIF6-;;2)) _____ _ 

DOT~IT11'\t. 



-icf6-" ... --F.OIHI Al(. - . - PE lfc CI lf-·1 N 'iW( R - .. --+ r· ---
PR I~ T 107,PFRC 

107 FnQ~ATCF7.3l 
PRHHllO 

110 FO~MATf • Tf~? OfNCG OE UCL OENW ., 
240 

50 zoo 
210 

211 c - -
212 
c 
150 
200 

c 

E 

15 'j 

c 
c 

~ 

c 
c 
c 

PRINT 240,TEMV,nr.,nL10F.NW 
F rJR MAH 5 (Fl 0 • 6)) .. - ·-- - -··- .. -
J~lP~.~~ 8 2.245) GOTO 200 . 

~~~~i TH 0 YOll ~RF. HL T!-IE .G ~~ . B!!l!LBA!HiE_tl_ ___________ -----··-- -·-- --------------··---------.. ----·-··--·---- ··--·-- .. ·-·-···--·-
FORMAT ( • r~A P~ES HEAS PR CHA TEH RATIO t) 
PPINT ?ll1PC1PM,CT1RATlrJ 
FORMAT(5 2X,fb.?)) . PRINY-212 ____ --· - . 
FnRMATf• TE~P DENC nENCC 

PRINT l50,TE~P.OfNf.1Df:Nr.r,oeNW 
FrJRMATf4fFl0.61t 
CnliTINUE 

~~BP 

.. -· - ····-··--· -·-- .. ·----·-------· ··--···-·-··-··--.. ··-· 

OEN" .. 
s llR ~ M~~ ~UP ~i EI~ H ~T H s T ti-! t1 ~ ~ ~ - - - ··-·--··-·-··· --------·-- -·-·- ---· ..... ·- ........ -- ............ --·· -..... . 

, 5P.~~2N vw,vc,cnNST1TM1PRESIN,TEHPT,PM,C~P~~N,SUH"AS,T~MPtOENW, 
hO~~ss~~TG'~Ecu~~~RAlu~v~. ATM .HLSEE._lf __ lLHAS __________ . ---------·- ·--- . ---·-·-··-···· .... -· - '"·-··--········ ........ -· 

n 1 •,·012 
PRES•2.~ 
OENWAR•FINOO(PQES1TH10I) 
DE NC OL• ( C OHS T• f V W+OEN WAR+ S l111H4 SI ) I VC --- ------ -·-···. ----- .. -....... ·· ·· ···· .. · ·--·--- ----····· ... · · ·· · ·· -- · -· · 
TF~PT•FINOT(PRE~10ENCOl) 
IFCTEMPT.LT,5.2014) PRINT 155 
~~~a:~o M4$S TOO t~Bt;F, .. l ...... 
ENO 

SlJl\ROIJTINE TO CALrlJLAH HASS JN CAP TURf 
EXPERif~CJ~G T~ERHAL r,RADIENT SIJRROIJTINE-CAPMAS ... ·-·--· ·--- --· ---·-----------------------·-··----·-······-· - ····--·-· ·-·-···· ·-·--· · .. · -·-

CnMHO~ vw,vc,cn~ST~TH1PRESTN1TEHPT1PH,CAPLEN,SUHNAS,TEHP10ENW, 2 OENCC . . ' . 
ARRAY CONTAINS TEMPS ANO 11~ER"iel rnNnUCt VALUES FOR 
Sl\ 304. EXH>APOLATEO OAT 'PTS FROM FJG;-11·--· - ----

OJMENStnN lRRAYC2166) 
DATA ARRAY/300.o,.152,2q4,b,.l511289,21.l50,203~a •• 14q, 

2 21a.4,,14a,213.o,.l47,?68.4, .1461263.e,.145,259~2,.144, 
1 l "i 4e 6; • 1 tt 3 ; 2 5 o 110 ; • 4 2 ; 2 4 1 • 6 , •: t u ; 2 3 1 • 3 ii t 19 ; 2 2 5 ;· o • • f 3,; ' 
4 21&.61.114,2oe,3,.13z,~oo.·o,,110,193,3,.l2e,1e6.1,. ?.6• 
5 100.0 •• 124,11,.4,.12~.166.1,.120;160,o,; ee,1s3,4,.116, 
9 ~~~1 ?: a~l~& A!,8: !109At~2!ij~: ~~6!9~: A~~oi2:l~~o!~8~l; 1 ~ 9-~ i_ -·· ---- ---
a 10.o,.014,65.o,.010,60.o,.0661~5.o,.o&2,50.o,.05e, 
q 46.o •• 0~4,4~.o •• oi;o,39,o,.046,1h.o,.042,33.o,.010, * 31.0, .034, ~a.o, .o:\o,zi;.o, .021, 24.o, .o?.6123, 0,.025, * z 2 • o; • tJ 2 ~; ~ l • o; •!Oz z; z o• o, 110? 1; t 9 910; • o 2 o; 1 e i o;; o 1 e; .. 
• t1.o •• 011,1~.o •• 016,t5.o,.o1s,14.o,.01'jl3~0,.o12, 
+ 11.o,.010.10.o,.ooa5,q.o,,007~,R.o,.0065i7,0i.0055, 
• h.n,.0045,5.0,.00341 · no 400 K•li 'iOO - .. - - . . ·- ··-·--· --·--·-· --- .. 

PRINT 401,TEH?,nfNCC,TFHPC 
nfTER'1T~ES TUE INTEGR4TEO VAL'.IE OF THER'1. CnNn. 
FROM JOOK rn Rtll R TEMP 

r.nNnllC• f-1* ( f -4. l 7f-7+THIP, .. 'if-4). TENP+l p hl0•6 
~ 11 f'-PIA ~ • n n 



····bo ______ ... _t .. riNr1N·~1E··-· .. ·-·--·· -- . ····· ..... ·····- . -····-- .. ___ , ----·------·---· ····-·· - ---·-----
C PRT~THO 
120 FORMAJ(t SLnPF•l PRES TfMP • 1 
C PQINT Z501SLOPl1PR1TfNP,ijl 
C PR TNTl '0 
130 FnR~AT(t ~LnPf #2 PRES TEMP ~) ····· --··-· ........... ' c . PRINT"2~o;sLOP21PR1TE~1B2" . 

140 

119 
2~8 2 
270 

c 
c 
c c 

t c 

c zoo 
100 

PRltHl'tO 
FOPMATf •IHT T~~p INT PRES*) 
£ ~ f ~JF~t ~! 1. ¥~; ! ~ ~ ~' E ~a ~NT. 11 q ... --·-·--·--- ---
F n RH AT u INT. p R Es A 8 av E r. R I T. pp Es •• 
FORMATf6f2X1F6Jf )) FORHAT f~(F9 1 4 . 

FOP HAT( 2 ( F9,·4 
i~~lJRN 
FUNc~l~~s F I~a~,: I o~NOWH PRESS. _f, __ nEHS-1.lY._ ________________ ·-·--------------·-· ------·-···· - ····-···-····----·-------··· 

CRITICAL PRLSSUREe 
OATA PC /?,?.4ri/ 

SllPPl Y JNITI Al. TEHPERATIJPE . 4 NO DENS I TY - ESTIMATES;.··- --- ·---·--·-- --··-· -·- .... -·.. .. . .. . .............................. . 
T0•250.0 
or • 0.120 

FINO 2-PHASE TEMPEifATU~E";--·-
TV'• 2.0 
IF(P.LTf PC) TV • VPTEHP(P) on 100 TER•lt20 
OO•FfNO~(PiTO.nr1 ' 
OP•FTNOO(P1TO+Otl10I) 
OOOT• (OP-00 tJO. 
~~\i~o~:f8. 01:0) DllOT•OEl lA ····-····-·--···· 
T0•0.25+DElT /OOOT+TO 
IFCTO.LT.TVt TO • TV 

PRINT ?.oo. n1.no,op,nnn1,oELTA1T01PtO f 0 IHU T "( 8 F. q ~ 3 l . . - .. - . . . - -· ... - - .... - - ··-·-·-··--·· --·- ... ·-· . . ....... . 
0 I • O'l 
FINDT•TO 
Pf TURN 
ENO 



·c--·--·-f"ui1 s-;1.A s"f''iN •t"4 p···rue E. "E°ic p E RI ENC'i'NG·-··GR Ao·re-trr--------·
no 500 T• 2• 66 
OFLTAT•ARRAVCl1I-lt-ARRAY(l,tt 
AVET•(ARRAYCl1l-l)+ARRAYfl•l)t/2 
AVEK•(ARRAYC'-1l•tl+ARRAYf21lll/2 
tf(AVET.LT.TFHP) r,nrn '>Ol AH i ;; 0 0 3 7" . - -··- -. • .. -. --. . - - : -. -- ·- --- -----·--·-·-·---- .. ·--··---... ···-··---------· --·-
SE Gl EN~ AVE K •CAPLE N / C 0 NO~ C +OE L TAT 
Ot•.012 
-~ ~~~ f ~:~ i~~Ri: ~~a r u' ~~ • --- ------------------
SlJHl1 AS· smtH AS+SEGMAS 

C PRINT 502tSllM1'1AS1SEGLEN1AVF.K1AVET10ElTAT1CONDUC 
502 FORMAT (6(F12.5)1 500 - r.ONTrnllE ____ - - - -- . . . - .. - - ---- -----------------------.. --.. -.......... ---- .. ----·-····-----·-------------- ------- -- ..... -
503 CONTINUE 
C P!ltNT 50 1;, SIJM1'14S 
·fQ~ . -.. .EORf1.~!A~l~c14 l CrllO- OEHSITY ANO-CORlfE-CTS-rt·tfp----------

OENCC•CCON~ -f VW•DENW+SIJMlltAS) HVC 

IF(OENCC.LT.O.OI TEHP•TfHP+l2 
FfOENCC.LT.0.01 GOTO 400 . 

- TF.HPCliFJNOTrP,.iDEHCC:l - ---
TEHP•TEMP+0.2 

--- --- - --- -- -··-···--·---·-··-· ·······------------

-----·-· ---- ----- --· --·-----·-··- ·······-----·-··--

I~f TEHPC.GT·T~MPJ BJFF•TEHPC-J.EHP 
"IFci~~~:fJ:6~4PlCGOTOEt~1e~~=TuMeC 
FORHlTf3CE13.4 ) 

--------- ---------------· -- -- -------- ·····----····---.. ·------

ltOl 
ltOO 
~<n 

c 

CONTINUE 
CONT TNUE 
R FTU RN ---
ENO 
s11AiHORn"i•ve1!~cfJNO INTfR~fCTlON ~f VPf f fi•~· ~URY~~ 
r.oMMnN T~w;vr.~crrnSTI THi PRE s Itff TEMPT'i PHltl'P[Elfi'SUMHlSiTE .. p-, DENw-. --

2 0 FNr.r. 
TAKES OfRJVATIVE AT PT. ON GAS CURVE 

PR•?.2 
c 
lO n l•O; 012 -- ... - --- .... -·-·----- -------------.. . ................ · - -- .-... __ ...... _ ........ -- - . - . . ... - -- ·- · 

OEN~l•FJNOOCPR,fH10J) 

J! ~~Ji f ! ~Ul l i ~ ~~~ ~E~~1 +~ ~ ~ '1_•s • ! .. ~ ~~------ --~- --- -- --- __________ .. _ ---------- ---- --· ------- ----------·--- .. --------- ------- ---- ------
0eNw2 ·Ft N no c PR 2, 1M,o11 
9~~~ ~:HQU~ f ;A~~~PQ~~~+SIJHM 4 ')I, I vc 
l~ ~na~i ~ { f !S~~l aJ~~!i lst oP l - · -- ... -----------------

~- -.. ---~~~;:~;~~~i1~l~~~t~ OH v~em~ CYftVf_ .. { __ UKES DfRUl!.IJ..VL _____________ -------------· ..... 

c 

. ~~~2!~;y~~Pf p1n t . 
SLOP2•0.1/C EHl-TfHZ) 
02 ·PR-il~R; 2 t~f~l!~~11nH nF VPT ANP--G~-$-c·u-~vis ______________ · ----·--- ·- --· ...... · 
IF(SLOPl.fO.SlOP21TEHPIN•TEMl . ·- . ' . · 
I~ I ~~B~l: Eg: ~lB~ ~I e~Bi,~"6CR -· -·-- ----------------------------------------·-------
TEMP 1N·-1• 1R1-R2•1cstor1-storz1 
PRESIN•CSLOPl•TEMPIN)+Rl 
JF(PRESIN.r.T.PR-.Ol) GOTO 60 
TF ( PRESJN~ l y; PR) PRi ( ( PR~PRESTN )J2r+PRE'STN---------------------------·----------------------- -
r.nrn ~o 

---------- ---------· 


