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a test sight near San Juan Bautista, California. The system consists of two 

legs at 75° with lengths of 243 meters and 193 meters. Each leg has two-

fluid lines which are both exposed to the same temperature environment, one 

containing methyl ethyl ketone and one containing N-butyl alcohol. The fluid 

and tubing sizes were selected using a number of criteria including accuracy 
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The dynamic responses of the system measured in the field compare well 

with theory. The measurement of tilt at the test site for times of geophysical 
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Introduction 

The need for a water-tube tiltmeter and the details of its operation 

were covered by Eaton [1]* in 1959. Since that time more modern instrumentation 

has allowed modification and further development beyond the basic single-tube 

fluid tiltmeter with a mechanical surface sensor. A number of instruments are 

discussed in connection with thermal errors in a paper by Bevan and Bilham [2] 

including one due to Huggett, et al. [3]. This particular instrument, the two-

fluid tiltmeter, is the subject of this project. A laboratory single leg 

prototype developed by Terra Technology Corporation [4] was modified and 

expanded for use in a field test site in central California. 

The two major differences in this fluid tiltmeter are the use of two para-

llel tubes filled with fluids of different thermal properties experiencing 

the same thermal environment and the design of the level sensors in the 

reservoirs. The latter being piezoelectric acoustic drivers (sonar type 

transducers) submerged in the liquid which detect the change in the surface 

height in the reservoirs. 

Thermal Compensation 

The use of two fluids with different expansion coefficients allows the 

elimination of temperature effects assuming the same thermal environments for 

both fluids over the complete tiltmeter circuit [3,4]. The basic principle 

can be demonstrated by considering the simple two-tube, two-fluid system 

shown in Figure 1. Assume there are different fluids in A and B which have 

a linear variation in density with temperature. Considering fluid Column A 

first and let 

p = Density at reference temperature,
A0 

p (T) = Density at temperature T,
A 

and 

a = linear density coefficient.
A 

*Numbers in brackets [ ] refer to references. 
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Then 

p (T) = p  (1+a T)
A AO 

and the pressure point p (Pp) is (1) 

h
1

Pp = p (T)gdx = (1p (h +a I ) (2)A AO 1 A 1 

hl 
where I1 = Tdx. 

0 

Also h3 p h +h
2 3 

P =jr (T)gdx + p (T)dx =
P A A 

o h3 

[(h +h )+a ( 3)gPAO 2 3 A2+3 
h+h

f 3 
where I = Tdx.

2+3 

Equating (2) and (3) 

h - h = h + - I ) = AA. (4)
l 2 3 aA(I2+3 1 

Similarly for fluid B 

H - H = H + - I ) = AB. ( 5)1 2 3 aB(I2+3 1 

The terms I - I are identical in (4) and (5) if both fluid columns
2+3 I 

see the same thermal environment. Therefore: 

(AA - h )/a (AB - H3)/aB-. 
3 A 

If the fluid columns are on the same base H = h and
3 3 

h = (AAa - ABa )/(a - a ). (6)
3 B A B A 

Thus by measuring the differences in the fluid heights in the two legs, 

AA and AB, and knowing the density (or expansion) coefficients for the two 

fluids the elevation change between the two stations can be determined without 

requiring a knowledge of the thermal profile along the fluid columns. The 
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effect of nonlinearities in the fluid density is discussed below under fluid 

selection. 

Fluids 

Thermal and Safety Considerations 

In the previous section the ideal operation of the two-fluid system was 

described using a linear variation in density with temperature for each of 

the fluids. The density-temperature behavior is actually better described 

by a polynomial. The coefficients for a quadratic variation with temperature 

are available for some fluids (5). Using this information the density can 

be more accurately described as 

p = po(1 + aT + f3T2). (7) 

Repeating the analysis in the previous section with the additional term 

AA = + a I+ (3 J (8)
3 A A 

AB = 11 + a I + f3, J (9)3 B B 

where I = I - I
1 2+3 

J = J - J
1 2+3 
h. 

and J = f 1 T2dx. 
io 

The elevation change based on the nonlinear temperature variation is 

T1 = AA-[(AB-AA)(a I+13 J)]/[(a -a )+0 -13 )] (10)
3 A A B A B A 

and is related to the linear result by: 

h = 171 +J(a P. -a )/(a -cx ).
3 3 B A AB A B 

J is a function of the unknown temperature variation along the 

tiltmeter but the last term is eliminated if 

a /a = (3 /13 (12)
A B A B 
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with the result that the correct elevation change is given by the linear 

estimate which is independent of the temperature variation along the fluid 

line. Therefore the fluids were selected so that ab and a the linear 
a 

coefficients were well separated to avoid a problem with the denominator 

in equation (6) but the ratios of the linear quadratic terms were selected 

to satisfy equation (12) as closely as possible. Other temperature aspects 

of the fluids considered were freezing and boiling points, viscosity, and 

the magnitude of the linear expansion coefficient. The minimum operating 

range (freezing to boiling) was taken as -5°C to 70°C. The viscosity 

effect is discussed below in connection with the dynamic response. The 

ratio of the expansion coefficients was controlled by equation (12) but 

the magnitudes were controlled by the desire to avoid draining or adding 

fluid to the reservoirs to accommodate seasonal changes. Twenty degrees 

centigrade was used as the minimum range. 

A computer program was written to compare fluid properties and a list-

ing of the program (FLUIDPH) is given in Appendix A. Three hundred and 

sixty-nine fluid combinations were considered. An excerpt from the output 

is also shown in Appendix A where melting point (MP), boiling point (BP) 

and the ratios of the linear coefficients (A) and quadratic coefficients 

(B) are shown for the two fluids. The error coefficient caused by an 

inability to exactly satisfy equation (12) is also given. The magnitude of 

the linear and quadratic coefficients, the reference densities at 0°C, and 

the viscosity variations as a function of temperature are also given in 

Appendix A. 

Other considerations were cost and safety factors. The fluids 

selected were methyl ethyl ketone and N-butyl alcohol. Appendix B shows 

the hygienic guides for the two fluids. NIOSH/MSHA approved respirators 
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were used when handling the fluids. The description of the respirator used 

(3M #8712) is also given in Appendix B. 

Dynamic Response Considerations 

The dynamic response of the two leg tiltmeter was an important design 

parameter. The response is a function of the tube and reservoir diameters, 

the tubing length, and the density and the viscosity of the fluid as a 

function of temperature. The dynamic response for a triangular closed three 

leg array and a two leg array were discussed in a previous report [6]. A 

set of coupled second order differential equations, with fluid heights in 

the reservoirs as dependent variables, result for each leg (fluid) of the 

tiltmeter. The natural frequencies (eigenvalues) and critical damping ratios 

for each mode can be computed from the linearized equations. To provide an 

adequate time constant (time to l/e of the initial distrubance) the damping 

ratio was kept near the critical value. The equations for dynamic response 

were programmed to find the natural frequencies, damping ratio and settling 

time of the tiltmeter as a function of tube diameter, length, and temperature 

for the fluids selected above. 

Appendix C gives a listing of the computer program (DYNAM) and a typical 

output for the pipe diameters selected. The pipe diameter selected for methyl 

ethyl ketone was 1.905 cm. (0.75") and N butyl alcohol of 3.175 cm. (1.25"). 
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TEST SITE INSTALLATION 

TEST SITE 

Background information on the test site selection in the Hollister-San Juan 

Bautista area was covered in a previous technical report [6]. The final 

installation site is shown in figure 2. It is located in San Benito County 

California between Rocks Road and the San Juan lateral on the property owned by 

L. E. Schumaker* and leased by W. L. Caldera**. The actual geometry of the site 

is shown in figure 3. 

Tubing diameters were 1.9 centimeters (0.75 inches) for the methyl ethyl 

ketone and 3.2 centimeters (1.25 inches) for the N-butyl alcohol. The lengths 

of the lines were 243 meters for the North-South leg and 193 meters for the 

East-West leg. The burial depth was 46 centimeters (18 inches). Figure 4 

is a view South along the leg between piers 1 and 2 and figure 5 is a view North 

along the same leg showing the metal enclosure for pier 2. The tubes were placed 

side by side at the edge of the trench with the conductors on top. Strain relief 

covers for the joints in the tubes were made of 6 foot sections of 4 inch diameter 

PVC pipe cut in half and placed over the joint (Figure 6). Figures 7 and 8 show 

the valves and tubing layouts for the methyl ethyl ketone and N-butyl alcohol 

respectively. 

The data logger was located at the center pier and the electronics to drive 

the surface sensing transducers at piers 2 and 1 or 3, depending on the leg 

being tested. Note that the three reservoir sets are all complete with 

transducers and connectors but only two driving units are available for the 

transducers. One leg was tested at a time linking one to two or three 

to two. Each reservoir contains both a reference transducer focusing on a surface 

target and a surface detecting transducer. Therefore, each station contains 

* 1145 Fifth Street, P. O. Box 4345, Denver, CO 80204 

* * 
9 Rocks Road, San Juan Bautista, CA 95045 



	

	

	

	
 

7 
4 transducers, two for each of the fluids, Figure 9. The data logger samples 

the transducers in pairs so that the reference transducer is always sampled with 

the associated surface transducer [4,6]. 

PIER 

The bases of the piers were placed at approximately 4.2 meters below the 

surface to obtain good foundation material and to obtain a stable temperature 

environment. The piers are compensated for vertical temperature variations by 

using reentrant concentric tubes of materials with different expansion coefficients. 

Aluminum and steel were used in the configuration shown in Figure 10. 

The inner pipe which extends from the base to the top of the pier is made of 

steel which has an expansion coefficient of about one half that of aluminum. The 

center aluminum pipe between the two steel pipes extends from the top of the pier 

down to within 10.2 cm (4 inches) of the bottom of the footing. The outer steel 

pipe extends from the bottom of the aluminum pipe to the top of the pier again. 

The platform is clamped to the outer steel pipe. The combination of the two 

lengths of steel pipe and the single length of aluminum pipe gives an effective 

expansion coefficient about 1/21.5 that of a single steel pipe. Change in length 

(A) due to thermal expansion is: 

A = LaAT (13) 

Where: 

L = Length of tube 

a = Expansion coefficient 

AT = Temperature Change 

The total length change in the composite pier is: 

A = (L  + L  )a  20 a cm (14)
T SO SI S LA aA 

since a  = 2 a
A S 

L*  + 10 cmSO L51 LA 

*Depends on the table adjustment 
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Where the subscripts are: 

SO = Steel outer cylinder 

SI = Steel inner cylinder 

S = Steel 

A = Aluminum 

The length change in an uncompensated steel pier would be 

A  = L  = 430 a  cm.
S SI aS S 

The ratio of compensated to uncompensated expansion of the pier for the config-

uration in Figure 10 is therefore 1/21.5 as noted above. 

The table is carried on a split tube which slides over the outer support 

tube and is clamped in place by a collar. Lateral stability for the pier is 

given by the nylon glides between the respective pipes (Figure 10) and support 

braces cast in concrete attached with turn buckles to the clamping collar for 

the table. Figure 11 is a photograph of the pier in place with the table, 

clamping collar, turn buckles and support braces removed. Figure 12 shows 

pier one complete with the reservoirs, valves and associated tubing installed. 

The reference target for the height sensing system can be seen in the front bell 

jar (methyl ethyl ketone). Figure 13 shows pier two, the center pier, with the 

associated valves and manifolds for allowing single or multiple leg operation 

of the system. 

The pier was tested in the laboratory for temperature compensation by en-

closing the pier in an insulated duct and using an electric heater and fan to 

pass heated air axially along the pier. Thermocouples were used to measure 

temperature at six places on the three tubes. Dial indicators were used to 

measure the expansion over the complete, compensated pier and the expansion of 

the central steel pipe alone for comparison. Heating and cooling rates were too 

rapid to obtain quasi equilibrium conditions but the data in Appendix D shows that 

the pier configuration does compensate thermally for the expansion even in a transit 

condition. The tests were performed the day before the pier was to be transported to 
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California for installation so the tests could not be repeated at slower 

heating and cooling rates. 

RESPONSE 

The system was tested at the site in California by using one leg at a time 

since only two remote transducer units were available as noted above. All 

units were operated successfully in pairs. Dynamic response data were taken for 

comparison with the theoretical predictions. To perturb the system, one reser-

voir platform was raised with the line valves closed. After equilibrium had 

been reached, the valve was opened thus putting a displacement step function 

into the system. 

The initial height was obtained by using the data from the logger. Because 

of the sampling rate limit [6] the time history response was obtained by visually 

observing the change in the height of the fluid in the reservoirs with scales 

attached to the bell jars. CB radios were used to coordinate readings taken at 

both ends of the line for averaging purposes. 

The results of the initial tests indicated that there were bubbles trapped 

in the valves and possibly one of the lines. The valves were purged by cycling 

fluids back and forth between the reservoirs. During this process two important 

operational features were noted. First, it is important to have clear tubing, or 

at least clear tubing sections, near valves or other places where bubbles may 

be trapped. This makes it possible to observe the effect of the purging process 

to remove the bubbles. Also, flexing of the pipes or flexible joints must be 

provided to allow changes in elevation and angle for effective purging of these 

areas. 

Tubing failure was noted over one of the serrated male tube connectors at a 

valve where the tubes were flexed and rotated. A longitudinal failure in the 
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tubing occurred where the tubing passes over the serrations rather than 

at the end of the tube. This indicates that the flexing and rotation of the 

tubing due to the purging process may have initiated the rupture. Ruptures 

originating in the pipe, rather than at the end of the pipe, were not observed 

-_in laboratory operations with shorter pipe sections where purging problems with 

valves were not encountered. 

After purging, readings were obtained which show excellent correlation with 

the predicted response. Table 1 gives the results of the response measurements 

for the methyl ethyl ketone and Table 2 for the N-butyl alcohol. The methyl 

ethyl ketone line was predicted to be an underdamped system with the result 

that the height of the reservoir should behave according to the following 

equation: 

R = H/Ho = e-Pwt[(p/Iii-p2)Sin(w),I=P2)t + Cos(wif= 2)t], (15) 

where 

H = fluid height relative to the equilibrium position 

Ho = the initial height 

w = the undamped natural frequency 

p = the critical damping ratio. 

The predicted values of the parameters are: 

1/2
w = (2gAT/LAR) = 0.0327 rad/sec 

p = 4711/wdAT = 0.08363 (dimensionless) 

where 

g = acceleration of gravity 

AT = area of a tube for the fluid 

AR = area of the reservoir 

L = length of fluid tube 

d = fluid density 

p = fluid viscosity. 
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Using these values in the above equation, the fluid heights for the response 

of the methyl ethyl ketone were predicted and are also shown in Table 1. Note 

the time constant (time to l/e of the original amplitude) is predicted to be 

36.5 seconds. 

The N-butyl alcohol line is predicted to be overdamped and therefore, the 

governing equation is 

-Pwt 2)sinh(wif=i7)2)t + cosh(w 2)t], (16)R = H/Ho = e[(p/ 

where the variables are defined in equation (15) above. 

The predicted values of the parameters are: 

w = 0.0613 rad/sec 

p = 2.489. 

Table 2 shows the predicted values for the N-butyl alcohol with a time constant 

of 82 seconds. 

The determination of the tilt requires the conversion of four pairs of 

frequencies recorded on the data logger, using the system geometry, in a digital 

computer program. Ideally, this computation would be done with a microcomputer 

at the test site. However, the data logger was constructed so that long term 

data may be stored in memory and then the data logger disconnected from the 

system and brought to the laboratory for interrogation. Field tilt data was 

not analyzed since the system was turned over to the Geological Survey after 

the dynamic test runs. Sample runs were made previously in the laboratory. 

Appendix E gives a listing of a computer code (TILT) run on a PDP 1143 computer 

to compute the tilt for a single or multiple leg system. The details of the com-

puter code are explained in the comment cards within the code. Note that the fre-

quency (counts) for the different transducers are compared with bounds based on the 

reference target counts to automatically detect malfunctions in the transducers. A 

copy of the data as obtained from the data logger and used directly by the computer 

program for tilt calculations is also given in Appendix D for reference. 



CONCLUSIONS AND RECOMMENDATIONS 

The two fluid tiltmeter system has been successfully installed in the 

test site at San Juan Bautista, California. The dynamic response can be 

accurately determined theoretically using linear theory as demonstrated by 

field experiments on both methyl ethyl ketone and N-butyl alcohol legs of 

the system. 

The thermally compensated pier performs satisfactorily in a laboratory 

test and can be assembled and installed with minimal effort at a remote test 

site. Computer codes needed to evaluate field combinations based on thermal 

error conditions and dynamic response are available. A computer program to 

determine tilt from the recorded frequencies obtained from the measurement 

system and data logger is operational. 

It is recowniended that a third reservoir, transducer driver package be 

constructed and appropriate modifications made to the data logger so that both 

legs of the system can be operated simultaneously. Long-term tilt data must 

be taken to supplement the response data already taken to qualify the instrument. 
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TABLE 1 

RESPONSE TO AN INITIAL DISPLACEMENT 

Methyl Ethyl Ketone 

Fluid Height (cm) Ratio 
Time(sec) Measured Predicted H/Ho 

0 13.36 

15 13.11 12.96 0.664 

28 12.85 12.72 0.465 

36.5 0.369 

38 12.60 12.60 0.354 

53 12.34 12.46 0.235 

71 12.09 12.36 0.143 

TABLE 2 

RESPONSE TO AN INITIAL DISPLACEMENT 

N-Butyl Alcohol 

Fluid Height (cm) Ratio 
Time(sec) Measured Predicted H/Ho 

0 13.77 

10 13.51 13.54 0.92 

17 13.26 13.31 0.84 

26 13.00 13.06 0.75 

33 12.75 12.85 0.68 

47 12.50 12.55 0.57 

75 12.24 12.07 0.40 

82 0.364 
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Figure 1 

Thermal Compensation Schematic 
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Pier 2 

Tubing Path 

Location: 
San Benito County, CA

A between Rocks Road and 
The San Juan Lateral 

(Nominal Burial Depth 
46 cm) 
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( 

Figure 3 

Tiltmeter Geometry 
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Figure 4 

View Toward Station One 
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Figure 5 

View Toward Station Two 
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Figure 6 

Joint Protection 
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Transducer Locations 
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Compensated Pier 
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Figure 11 

Pier Components 
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Figure 12 

Station One, Complete 
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Figure 13 

Station Two, Complete 



28 

APPENDICES 



29 

Appendix A 

Fluid Properties Selection 

1. Program FLUIDPH 

2. Sample Output 

3. Properties of Fluids Selected 



	1. FLU IDPH 
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__UNI VER_SIT_Y OF MINN ES OTA FORTRAN COMPILER (VERSION 5.4 — V/ 22/7Q - ON 01. /17 /BO - AT 1Q•35 

_c _ * # * *_ * * 4_ *___* * . 4c * _ * _* _ ..*_*._ _* * .* * _* * *_ _ * * _ * 
C * * * * * * * * * * * * * * * * * * * # * * * * * * * * * * * 
C THIS "PR OGRAM IS TO AID IN TH SFLECTI ON OF THE FLUIDS 

FOR THE TWO—FLUID TI LTME TER 
C T=TEM_PE P ATU RE. IV C.. 
C, DO(L)=DENSITY OF THE FLUID AT 0 

D(L)*DENSITY__OF _THE.FLUID—AT TE MPERATUR F -• --
C A( 1.),B(L)rC(L ) ARE THE COFFFICI ENT'S TNTHF EQUATION 
C _ D (L) =DO (L )+ A* T+B*T**2+C *T**3 + • • •-• II • • • • • 
C MProMELTING POINT OFTHE FLUID 

B Pr*B CILI NG _P_OINT_ 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C * * * * * * * * * * * * * 4, * * * * * _ * _ * * * 
C MAIN PR Cl GR AM 
C * * * * * * * * * * * * * * * * .* * 

1. 0000008 PROGRAM FLUID (1 NRUT• OUTPUT, TAP E5*INPUT, T A PF h. OJTPUT) 
__C_* * * * * * * * * _* _*_ ##_ ## * _*_____ 

DIMENSION 
C * * * * * * * * * * * .4' * * * * _ _ * * * * 4 4 _ 

2. 002131B DIMENSION NAME(80o 2 ) oD(RO) A(RO) oB (BO) o: (BD ) •ALP—i4( B 0) • 
1BE TA (8 0) /GAMMA ( 80 ) RATIOA ( 8 0,80 ) R AT I OB(8 0.1 0) • R. & TI OC ( 80 • 80) • 
2E COE F ( 8 0,8 0) MP( 80 ), BP( 80) • RAT IOD (8 OtB ) ATI nE( B0,80) 

C * * * * * * * * * * * * * * t_ t____4! __#_ 'it. 4. _it_ 4_4 _ 
3 • 002 1318 E=0. 5 
4 • 1167118 .L=47 
5 • 116713B DO 10 J zl• L 
6 • 116 7228 READ(5/1000)NAME(J•1 ),NAME(JP2),D(J),&(J),3 (J)oC(J) pMP(J),BP(J) 
7. 3170018 10 CONTINUE 

C * * * * * * 41 * * * * * * * * * * • * * *_ * * 
8 • 117005 B WRIT E(6,2000) 

--- ___117013B D0_15_ Jxl•L 
10. 1170228 ALPHA(J)=A(J)/D(J) 

_11_1_ _117027B BETA_(J)=B(J)/D(J) 
12. 117034 B GAMMA (J )2C( J) /D( J) 

_ 
14. 117044B J=1 
15. _ 117045B 20 DO 850 K=1,L 
16. 117056E RATIOA(J,K)=ALPHA(J)/ALPHA( K ) 
17 • 1170738 IF (B ETA( K) ) 40930,40 
18. 1171018 30 RATIOB(Jt K ) z0 *0 



	 		
	 	
	 		

	 		
	 	
	 		

	 	 	
	 		
		 		
	 		

	

	
	 	
	 		
	 		

		 	 	
		

	

	 	  

	 	
	 	
	 	
	 	

	 		
	

			 		 				
	 	

	 		
	

	 	 	

 		 	 	
 
		 	 	

	 	
	 

18. 117101B 30 RATIOB(J,K1z0 .0 
19 _1_1_7-1 B GO TO 5 0 
20. 117 114B 40 RATIOB ( JO( ) =BETA (J )/ BETA( K) 

_ 50 ____I F (GAMMA (K )_) 70,60s 70 _ -
22 • 117144B 60 RATIOC(J,K)=0.0 
23 • 117154B GO TO 80 
?4. 11 71 568 70 RAT IOC(J sK) ,BGAMMA( J) /GAMMA( K ) 
25, -1171768 80__I F R. A_T 1O_A ) -L.0 ) 90 s 8501100 
26. 117212 B 90 IF (RATIOA (J,K)-0.95)1059850.850 
2_71 11_7226B 100 I F(RAT_IOA(JsK)- 1. 05)8 50,850 s101 
28. 1 172428 101 IF (ABS (RAT 'DA(J, K)-RA TIOB(J ,K) 1-E)1109111,850 

260B .105_ RA.T IOD(J sK )_21 /R ATI OA(_ g). _ 
30 • 117272B IF (RA TIOB(JsK ) )107,106,107 
31. 1173028 106 RATJQBUtici =0,.0000.001 
32. 1173138 107 RATIOE(J.K)=1/RATIOB (JsK ) 
33 . 117325 B IF (A B5 (RAT1_OD( JP.K)-RATIOE (J H-E )110. 110,9 50 
34. 1173408 110 ECOEF (./ph() ..(BETA( J)*ALPH A(K )-ALPHA(J)>BETA( K) /(4LP HA (J )-ALPHA(K) ) 
35. 117363B WRI TE(6.s 30.00)_N_AM E (Js 1 )I_NA ME (Js2)/MF_(1)_, B_P(J ), (K, 2), ._. 

1MP(K),BP(K )sRATIOA(J,K),RATIOB( JsK),RATIOC(J.K), ECOEF (J,K) 
36 • 117502B 8 50 CONTINUE 
37. 11 750 6B J =J+1 
18. 117.507B IF-(J-L).20s20o 900 
3 9. 117507B 900 CONTINUE 

C * * * * *_ * * * * * * * *_ * .* * * * * *. * * * * * * * * * * *__*_ 
FORM AT SECTION 

C * * * * * * # * * * I. # * 4r * * 4. * * *_ * _* * 
40. 11 7512B 1 000 FORMAT (2 A10, 4F 12.8 •24 5) 

111512B__2000_ F 0 RM.A.TA.1H 1 40X p_TF LU ID S____S_EL F R ___T_H W L U 11-T1_1-TM 
120XstA-Re MANNAAts////s4X. tNAME OF FLUID,' olOX • tMP 3[3 1. ..7 X, 
2t NAME _0 F ELUIDts 8X p.t MP B.P_t_s6_Xs ?RAT LO Ate 8 X, t RAT LO-B BX 
3tRAT 10 Ct s3X tERR OR COEFFICIENTtp//) 

• .1 1151.28 3000 FORMAT(2_)0_2-( A101.12X s A5 sZX .I.A_5s 2.-ts2 X., A5 •.2X. A5 ,.2X.,4 (E1-2- .-8,-3X)-$ 
1/ /) 

_ --_- C- _ _* -*-*-*-*-+ ifr * *__ * * 
43. 1175126 STOP 
_ 4. 4 .-- -11_7.513_8 END 

N 

https://RM.A.TA.1H
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FLUIDS DEL EC TI04 FOP_TAE_ T AD-FIJI D TIL_TME TER 

AM E__O F _FLU ID _NAME__DF MP B P 

ALPH-EPICHLOROHYDRIN -25.6 117.0 BROMOBENZENE--C6H5BR -30.6 156.2 

ALP P-EP I CHL_OR C/tY_D_RIN -2_5 .6_I17.0 CH LOP OB E NZ EN E7t 6H5EL -45.2_ _132 .1 

AL PH-EPI CHLORD-1 YDRIN -25.6 117.0 IODOBENZ ENE--C6H5I-- -31.4 189.6 • 

_A_L PH- E PICH L_OR 04__Y_D_RIN -25 .6_111 • 0 B ENZ_DNIJRLIE---_C7H5N _133 7_ _ 

ALPH-EPICHLOROHYDRIN -25.6 117.0 METHYLANILINE--C7H9N -57.0 195.7 

_A LP H-_E P I C OHY DRI N 6_117 . 0 OUI KEINE C9H7N -19.5 _ 237. 7 

ALPH-EPICHLJROHYDRIN -25.6 117.0 ETHYL -BENZOATE -34.6 213.? 

AL P H- EP I CF OR_OtiY_DRI_N - 2 5.6 1171. C_l_DH1 4 -0 

ALPH-EPICHLOROHYDRIN -25.6 117.0 DI ETHYL AN ILINE----- -34.4 71.1.6.3 

MET HY - E Y L - KET ONE -66.4 0._9.6 NBJIYL-ALCI IDLC 4H_LO 11 -S9 .A 11 7. 7 

ME THYL-E THYL-K ET ONE -85.4 079.6 AC ETYL A CETONE-2 51-1802 -23.2 137.0 

MET HY L - H Y L - KE__TaN E 6 _ID isLE -_f_C5_41_013 -42,0 111,7 

METHYL-ETHYL-K ET ONE -85.4 079.6 METHYL--N--BUTYRATE- -95.0 103E3 

M_ET L-E T-I YL-K E TO N E -86..4 079. 6 _____D_I E_IH YL ---0 X A A_LE - - 40. _6_135,1_ 

ME THYL-ETHYL-K ET ONE -85.4 079.6 ETHYL--N--BUTYRATF-- -93.3 121.3 

MET HY L ETNYL-K E_TOV E -86 • _019. 6 _____B_ENLYL 1-4 _CDH131=_CTH_BD: ____-_-15. _3 _ 2_05 . 8 
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F L UID S SEL _EC TID4 FOP_ T 1E_ T pl 0-F LJI D_ TIL TME TE P _ 

BP PA _RATIO 8 RATID _ C ERROR CflEFF 

156.2 1 .14584633 1.31804470 0 -.00000019 

132.1-- .D 70693133_ .93_74231 0 .0 0 0 0 0 0 42 

189.6 1.2.7152207 .92053366 0 .00000029 

193.7 1.182_29838 0 -.00000025 

195.7 1.26415705 .86815657 0 .00000036 

_2_37_4..1 1 .4_81364307_ - 7_7_2_66421 - 0 .00030007 

213.? 1.19200853 .92218366 0 .00000032 

--1_75.0 1.12639_079 .648-17-673 0 -.000001-21 

216.3 1 .22621063 .75989591 0 .00000056 

117.7 1. 45921717 1.4346.9643 -00000002 

137.0 1.22829084 1.38903829 0 -.00000028 

1. 098_02064 703_8B443 .0000031-8-

10,3E3 1.06413960 .72209327 0 .00000412 

_19_5,1 1_. 1_9_12D 47_6 1.46167074 --_00000054 

121. 1 1.08035780 1.08987172 0 -.00000006 

205.8 _____1_. _7_09512 08 1_.22514494 0 _._00000026 
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3. Fluid Properties 

N-BUTYL ALCOHOL 

Density = 0.823 gm/cm3(0°C) 

-4/ °Ca = -8.49X10 

-3.88X10-7/ °C 2 

Temp °C Viscosity (poise) 

0 0.07911 
10 0.05735 
20 0.03658 
30 0.030658 
40 0.022392 

METHYL ETHYL KETONE 

Density = 0.82251 gm/cm3(0°C) 

a = -1.24X10-3/°C 

-7 2
= -5.59X10 /C 

Temp °C Viscosity (poise) 

0 0.05361 
10 0.04522 
20 0.04170 
30 0.03861 
40 0.03342 



Appendix B 

Safety Considerations 

1. Hygienic Guides for Fluids Selected 

2. Respirator Specifications 
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Au/ RICAN 

Industri,11 

A$SOCIATION 

Hygienic Guide Serie!HYGIENIC GUIDE SERIES 

METHYL ETHYL KETONE (Butanone) 

I. Hygienic Standards 

A. RECOMMENDED MAXIMUM ATMOSPHERIC 
CONCENTRATION (8 hours) : 250 parts of 
vapor per million parts of air, by volume 
(PPm).1 

( 1 ) Basis for Recommendation: Hu-
man experience plus animal 
studies. 

B. SEVERITY OF HAZARDS : 
(1) Health: Low, for both acute and 

chronic exposures. Capable of 
causing narcotic symptoms in man 
and animals, but irritant proper-
ties of vapor limit the possibility of 
voluntary exposure to high concen-
trations. No confirmed reports of 
serious chronic effects below irri-
tating levels. It may cause drying 
and irritation of the skin. 

(2) Fire: High. Flash point is —5.6°C 
(22°F) (open cup). Explosive 
limits are 1.8-11.5% by volume.5 

C. SHORT EXPOSURE TOLERANCE: Limited 
by irritant properties of vapor; .30,000 ppm 
is intolerable to man because of irritation of 
eyes and nasal passages; 3000 ppm is intoler-
able for more than just a short period of 
time.4.6 

D. ATMOSPHERIC CONCENTRATION IMME-
DIATELY HAZARDOUS TO LIFE: Unknown, but 
probably 10,000 ppm or above. 

II. Significant Properties 

It is a colorless liquid with a characteristic 
ketonic odor. Although the product now 
available usually has a high degree of purity, 
the following properties will be somewhat 
modified for the commercial grade: 

Chemical formula: CH3COCH,CH, 
Molecular weight: 72.10 
Specific gravity: 0.805 (20°/4°C) 
Boiling point: 79.6°C 

Relative vapor 
density: 2.49 (air = 1) 

Vapor pressure: 90.7 mm Hg, at 25°C 
At 25°C and 760 

mm Hg, 
1 mg/liter of 

vapor: 340 ppm 
1 ppm of vapor: 0.00294 mg/liter 

Solubility: Moderately, in water; 
forms azetropic mix-
ture with water 
(boiling point 73.5°-
C), at 89% by 
weight methyl ethyl 
ketone 

III. Industrial Hygiene Practice 

A. RECOGNITION : It has been widely used 
as a solvent for resins and lacquers, in paint 
removers, and in miscellaneous organic syn-
theses. It can be recognized by its character-
istic odor (somewhat similar to acetone, but 
slightly more irritating). 

B. EVALUATION OF EXPOSURES : Can be 
determined by methods similar to those used 
for other ketones. It can also be determined 
by mass spectrometry and by suitably cali-
brated explosimeter type instruments.2.3 

C. RECOMMENDED CONTROL PROCEDURES: 
Any operations involving spraying should be 
conducted in a properly designed spray 
booth. It should be used only in the presence 
of spark proof equipment and with due care, 
to avoid exposure to any other sources of 
ignition. Occasional short exposures to small 
quantities can usually be controlled by good 
general ventilation. If irritating levels are 
encountered, this can be controlled by the 
use of personal respiratory protective equip-
ment. 

IV. Specific Procedures 

A. FIRST Am: Remove any contaminated 
clothing promptly and flush skin with copi-
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ous amounts of water. In case of eye burns, V. Literature References 
flush with water for 10 minutes. 

1. American Conference of Governmental IndustrialB. PROPHYLACTIC PROCEDURES : Attempt Hygienists: AMA Arch. lad. Health, 14:186, 1956. 
2. ELKINS, H. B.: The Chemistry of Industrial Toxi-to maintain workroom atmospheres below 

cology, p. 323. John B. Wiley and Sons, Inc., New York,
50 pm. 1950. 

3. FAIRHALL, L. T.: Industrial Toxicology, p. 235. TheC. SPECIAL MEDICAL PROCEDURES : None Williams and Wilkins Co., Baltimore, 1949. 
generally necessary. If trapped in an area of 4. LA BkLLE, M. S., and BRIRGER, H.: AMA Arch. Iva. 

Health, 12:623, 1955.high concentrations, causing narcotic symp- 5. MARSDEN, C.: Solvents and Allied Substances Manu-
toms, remove individual to fresh air and treat al. Elsevier Press, Houston, Tex., 1954. 

6. PArrY, F. A., SCHRF.NIC. H. H., and VAN; W. P.:symtomatically. Public Health Reports, 50:1217-1228, 1935. 

Because of space limitations, it is impossible to list all methods of exposure evaluation. 
The selections have been made on the basis of current usage, reliability, and applicability 
to the usual industrial type of exposure. Any specific evaluation and/or control problem 
will involve professional judgment. This can best be done by professional industrial hygiene 
personnel. 

Respiratory protective devices are commercially available. Their use, however, should 
be confined to emergency or intermittent exposures and not relied upon as primary means of 
hazard control. 

A relative scale is used for rating the severity of hazards nil, low, moderate, high, and 
extra hazardous. 

HYGIENIC GUIDES COMMITTEE 

WILLIAM E. MCCORMICK, Chairman WILLIAM B. HARRIS 
FRANCIS F. HEYROTH, M.D. MELVIN W. FIRST, Sc.D. 
HERVEY B. ELKINS, Ph.D. H. E. STOKINOER, Ph.D. 
DAVID W. FASSETT, M.D. PAUL D. HALLEY 
CLYDE M. BERRY, Ph.D. EDWARD V. HENSON, M.D. 

Hygienic Guide sheets may be obtained from the AMERICAN INDUSTRIAL HYGIENE ASSOCIATION, 
14125 Prevost, Detroit 27, Michigan at 25 cents each. All orders for less than $2.00 must 
be prepaid. Discount of 20% on orders of five or more Guides; 40% discount on orders of 
100 or more Guides. Special loose-leaf binders for the Guides may also be ordered from 
the Association office for $1.25 each. 
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Amt ',CAN 

imlustrial 

''.1-1.11iene 7 : . ''- • 

ASSOCIATION 

Hygienic Guide Serie,HYGIENIC GUIDE SERIES 

BUTYL ALCOHOL (N-BUTANOL) 

I. Hygienic Standards I mg/1 
A. RECOM M ENDED MAXIMUM ATM OSPH ERIC (25°C and 760 

CONCENTRATION (8 hours) : parts of mm Hg) : 330 ppm 
vapor per million parts of air (ppm) .1 Odor threshold: Ca. 25 ppm 

(1) Basis for Recommendation: Devel-
opment of eye irritation upon pro- III. Industrial Hygiene Practice
longed exposure to levels over 100 
ppm.3,4 A. RECOGNITION : 

B. SEVERITY OF HAZARDS : ( 1 ) May be recognized by its odor. It 
( 1 ) Health: Low. Volatility is low and is a lacquer solvent, as well as an 

odor response good. ingredient of some rubber and 
(2) Fire: Moderate. The limits of in- plastic cements. It is also used in 

flammability are 1.5% and 11.3% the plastic fabrication and chemi-
by volume.2 Because of the low cal manufacturing industries. 
volatility, however, explosive at- (2) By its irritant action on the con-
mospheres are unlikely, except at junctiva and mucous membranes, 
elevated temperatures. Flash point and by its minor skin irritant ef-

fects.is 84°F (closed cup). 
B. EVALUATION OF EXPOSURES : Because it 

is frequently used in association with other 
C. SHORT EXPOSURE TOLERANCE : Occa-

sional eye irritation at 200 ppm with several 
alcohols, a specific analytical method is diffi-hours exposure.3 
cult to achieve. In the absence of other 

DIATELY HAZARDOUS TO LIFE: Unknown. 
D. ATMOSPHERIC CONCENTRATION 1M M E-

alcohols an iodometric estimation of the 
amount of chromate necessary to oxidize it 
to butyric acid has been used by Tabershaw.4II. Significant Properties 
A DAVIS M-6 VAPO-TESTER, properly cali-

Butanol is a flammable, colorless liquid, brated, has also been used. The vapors may
slightly soluble in water, miscible with most also be determined by either a gas interfe-
organic solvents. It has a pungent odor re- rometer or a mass spectrometer.
sembling fusel oil. C. RECOMMENDED CONTROL PROCEDURES: 

Chemical formula: C21-15CH,CH2OH Enclosure of the processes using butanol
Molecular weight: 74 should be practiced. Adequate ventilation of
Specific gravity: 0.810 (20°/4°C) the surfaces of the benches at which the 
Boiling point: 117.7°C cementing operations are conducted is rec-
Relative density: 2.56 (air = 1) ommended. 
Vapor pressure: 6 mm of Hg at 25°C 
Solubility: In most organic sol-

IV. Specific Proceduresvents and in water 
to the extent of A. FIRST AID: Usual procedures, such as 
8.9% at 25°C removal from exposure, washing of affected 

1 ppm of vapor skin areas, and irrigation of the eyes with 
(25°C and 760 water should be practiced. 
mm Hg) : 0.00303 mg/1 B. PROPHYLACTIC PROCEDURES : Maintain 
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workroom atmospheres below ppm by V. Literature References 
means of process enclosure and/or ventila- 1. American Conference of Governmental Industrial Hy-
tion. This can best be done by personnel gienists: AMA Arch. of Ind. Health., 11:521, 1955. 

2. Cowaan, H. F., and JoNas, G. W.: U. S. Bureau ofspecifically trained in industrial hygiene pro- Mines, Bulletin 503. 1952.
cedures. 3. Snartra, J. H., CROUCH, H. C., BROCKMYRE, H. F., 

and Cusack, M.: AIHA Quarterly 10:53, 1949.C. SPECIAL MEDICAL PROCEDURES (includ-
4. TAPIERSHAW I. R., FAHY, J. P., and SKINNER, J. B.:

ing preplacement) : None. J. Ind. Hyg. arta Tox., 26:328, 1944. 

HYGIENIC GUIDES COMMITTEE 

WILLIAM E. MCCORMICK, Chairman WILLIAM B. HARRIS 
FRANCIS F. HEYROTH, M.D. MELVIN W. FIRST, Sc.D. 
HERVEY B. ELKINS, Ph.D. H. E. STOKINOER, Ph.D. 
DAVID W. FASSETT, M.D. H. E. SEIFERT 

CLYDE M. BERRY, Ph.D. 

Hygienic Guide sheets may be obtained from the AMERICAN INDUSTRIAL HYGIENE ASSOCIATION. 
14125 Prevost, Detroit 27, Michigan at 25 cents each. All orders for less than $2.00 must be 
prepaid. 
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Acetone Ethyl Acetate Isopropyl AlcoholTYPICAL Benzene Ethyl Alcohol Kerosene
ORGANIC p-Dioxane Gasoline Methyl Cellosolve 

VAPORS Consult 3M Respirator Usage Guide tor a more complete listing 

NIOSH/MSHA APPROVED 
3M Brand Organic Vapor Respirator #8712 has been tested and ap-
proved in accordance with NIOSH/MSHA specifications detailed in 30 
CFR Part 11 Subpart L: §11.162-1 (breathing resistance), §11.162-2 (valve 
leakage), §11.162-3 (face fit), and §11.162-8 (cartridge performance). 
The 8712 meets or exceeds these requirements for an organic vapor 
respirator. 

Respirator life depends upon the activity of the wearer and specific 
type and concentrations of the organic vapors present. The 8712 can be 
worn until the wearer begins to smell or taste the organic vapor or an 
irritation occurs. 
IMPORTANT: The 8712 should only be used for respiratory protection 
against organic vapors with good warning properties (e.g. smell, taste). 
It is to be used only for protection against not more than 1000 ppm 
organic vapors by volume. Maximum use concentrations will be lower 
than 1000 ppm where that concentration produces atmospheres im-
mediately dangerous to life or health. Areas of use should be ade-
quately ventilated (containing at least 19.5 percent oxygen). Respirator 
must not be worn when atmospheric concentrations of contaminants 
are unknown or immediately dangerous to life or health. IF YOU HAVE 
ANY DOUBTS ABOUT THE APPLICABILITY OF THE 3M BRAND ORGANIC 
VAPOR RESPIRATOR #8712 TO YOUR JOB SITUATION, IT IS RECOM-
MENDED YOU CONSULT AN INDUSTRIAL HYGIENIST OR CALL 3M CO. 
TOLL FREE 1-800-328-1300 AND ASK FOR OH&SP TECH SERVICE 
DEPARTMENT. 

For information on any other 3M Brand respiratory products, call 
OH&SP Customer Service department at the toll free number listed 
above. 

Methyl Ethyl Ketone Toluene 
Naphtha Tung Oil 
Stoddard Solvent Xylene 

PERMISSIBLE 
CHEMICAL CARTRIDGE RESPIRATOR 

FOR 
ORGANIC VAPORS AND DUSTS AND MISTS 
AND FOR PAINT, LACQUER AND ENAMEL MISTS 

I\AHA NIOSH 

1•11,1 SAFI T1 w,t) III AFTII 
hATIONA1 1,111111 WY (X ITA110,A1 

SAII A,I) HI Al TN 

APPROVAL NO. TC-23C•123 
nSu( D TO 

MINNESOTA MINING AND 
MANUFACTURING COMPANY 

St. Paul, Minnesota, U. S. A. 
IL,MISA110111S 

A►r •0011 Ibr p..ri•on 1.1.11 0,M 11...1 000 P.n. 00. 
wren b, 'Ob.* .111 bur, .4 mom • berm ......... Si'..,'.S 
▪ pt, t.lw 0001111 a; 2 ...b.,. b.n.Nl bt, t.le Not .41 IV N..,1 abb 
win 1.1 let vs, w ovr.,phem (001044, M OW. 19 S pb•cebi .br• ••••• 

.1,1•1111 11.1^A 19 111111 .1111 b... 6, thou 1.11.ch boner. Igh 
boob of reectre• vb,11, abt,bol op Ilbs ben.,11” Ma.blea, to 1..nt,Thow, yob b• 
b,..br p•rt, pro .01 .1K11,11101.116 pr•Cfmt 
00011410,,110,4, 0W110 ble •11.611, 

CALn11:91 
T. wt... stet At 9A.elt tlao.d.d whin am et vnel at h oetr.A. • dew.) et Alt 
twww111.99d 81 .1. •19.11,88 IYIe. wk.. trolorm. M.n 8. 1.19 rearon den 
• 0011 11.1t l9texte9 br 1M Av.... in. 11. wpm./ Wel be mown. DUI 
re..tn stet to Wm.! A.8 td us. in Erlyslito vv. Mm Se m w 1.89111 At) 
rrtneretax Sa1r and Nu, Acr.ositt. red bur 8.4abit recast.. 

00772E C 

MSHANIOSH APPROVAL TC-23C-123 
ISSUED TO MINNESOTA MINING AND MANUFACTURING COMPANY 

APRIL 18, 1978 
Tbe ...not 1117 amonbly Iv moo. ti,,antz St 
5711 fiC 73C 1231 mg.., 
T. 5717 ftsombly egrag leptn ma dells .41 awn p•.•, 1“.••• end 
••••001 win t.nwn.l lbe loner, 3M psr, boonken 1711 (IC 23C 1171 ....lot 8711 
f2C 23C 12311.11, 6.8719 Mu, 

1.00231472C 

3.4 

https://12311.11
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2. Sample Output 
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[PJIVEF5ITY or MINNESOTA FrIT0e1 CnYDILER (VERSION - 80/10/30) 7N P1/03/11 AT 14.59 

1. c0000nB 
2. 0021313 

3 0021318 
4. 03111, P 
5. 0331578 
h. 0331608 
7. 0331618 
8. 031(30 
9. 0331b48 

10. 033173 13 
13 . 0332073 
1?. 01.3.?13f1 
13. 03.322?5 
14. 0332438 

C33247P 
16. 0333058 
17. (-̀ 133148 
19. 033317[ 
10. 0333 1713 
20. 0333428 
21. 033347B 
2?. 033413R 
23. .033413P 
?4. 033413P 
25. 03341613 
2h. (.̀ 33426B 
?7. 0334348 
?B. C3345?P 

20. 0334673 
30. 033',063 
71. 0335258 

033534B 
33. 033555P 
34. 0335578 
7'. 0?1t70 

MNF#1. 

n r-IrPAM DYHAM(INPU1,OUTPUT,TAPF=INPUT,TAPF6.nUTPUT) 
DIHFSTON VISC(50,50),[111(r0,50)•812(50.50),R22(50f50), 
inc(9n,90),NAME(50,2),ALPH(50),BETA(50),A(5n),DENSR(50),-
pnD(1n).AD(10) 
nr.1.1415n 

n=lfs.!51 
r,.QA0.0 
oL=2500n.n 

nn in H flP 
RPA0(5,9n)np(N) 

10 Cflt,ITT. NHP 
D1 20 J-lpv 
DFA0(5.100)NAMF(J/1),NAE(J,2) 

20 CrINTTNUE 
PFA0( 5 •15n)HVISCLI,K),X.1,5),,I=1,M) 
nn 4n J=1, 
09 1n K=1, 
vTcr(J,V)=vISC(J,K)/100.0 

30 crINTTMUF 
40 CONTINUE 

P7t,n(c;,159) (DFNSR(J),ALPH(J),RETA(J),c, AMA(J )/ ,m) 
T7.1. mptn.n 

Ao.(pi*n**7)/4.0 
nn 450 !,!=1,rinP 
AD(N).(0T*nP(N)**2)/4.0 
14111=50DT((2.o*G*Anm)/(RL*AP)) 
.)11p=oPTc(G*An(ri))/(RL*AP)) 
w02?=c0PT((3.0*G*A0(N))/(PL*AP)) 
1,1 0 TIF(h,Y10)DP(N),011,Y01?,W022 
0140n .1,.1,M 
1,i,TTr(h,c0)NAMF(J.,1),NAMF(J,?) 
on 150 v v1,5 
-1. (\1 TSC, (J•K ) )3?0.320.140 

140 nNC (J.K )=0ENSP(J)+ALPH(J )*TPAP+RETA(J )*TE LID** ?+GAN,A(J)*TE4P**3 
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033bn5H 
37. 

C33b 34n 
?Q. 03('445 
40. 033o556 
41. (136723 
4?. 0337009 

43. 0337039 

44. C3371 ̀ P 
45. 0337209 

46. 0337319 

47. 0337329 
4e, 0337349 

0337409 
5. C137t1n 

5]. 0137529 

5?. 0337';29 

53. 0337559 
033709 

b. r337709 

56. 0337729 

57. 034021P 

• C34C2'A 

59. 0340369 

60. 0340370 

03404[6 

h?. 0340459 

63. r340q6.9 
0340579 

65. 0340579 
66. 0340626 
67. 0340669 
6R. 0340729 
60. 0340729 
70. C34074k 
71. C341039 
7?. 03410511 
73. 0341129 
7". 0341349 

034137 9 
76. 0141 
77. 0341529 

911(.1.v)=(4.oAPI*Vr5c(J,K) )/(W011,,, npti5(J,K)4AP(N) ) 
n1?(J,K)-(4.0*PI*VISC(J.K))/(w012*nFHc(j.w)*nP(N)) 
n?'(J.K)=(4 .0*P1';,VIC(J,K))/(WO??*DPic(,),K)*&P(',i)) 
1,ITTr(6,,,,n0)911(J,K) '91? (J,K),92?(J ,V 
!.1)TTr(0) 

Tc(R11(J,v)-1.0)296,160,2()0 

160 1 -1ATTn=(1.n+',4011*TPr(EYP(-W011*T)) 

Tc(T-Rnr).0)100,190,19.5 

190 w'iTr(.7nn)HRATIC,T 

T,T+1.00.(1 
(7,1 Tn 1r,0 

19r; TF(T-3600.0)196,10290 
W)TTF (6.7n(1)HPATILI,T 

T=T+600.0 
r,1 Tr) 160 

?00 Cr1HTIMUF 

TP((111(J,Y)-1.0)296,270,20 

250 r ,c0pT(R11(J,K)**2-1.C) 

911(J,V)*W011 

HATTn=((911(J,K)+C)/(?.0*C))2!'EXP((-F WO 11 C)*T) 
1 +((C-01l(J,K))/(2.04C))*FXP((-F-W011*C)*T) 

"1'1(T-900.0)260,260+:65 
260 VITr(A,700)HPAT111,7 

T=T+100.1 

nn Tn 70 
T:(T--“155 ,no.n)266,266,290 

266 1.1.“Tc(6,700)HPATIO,T 
T=T+60.0.0 

(O Tn 2r) 
270 rItoTTHOP 

290 TP(TP4P-40..0)295,260,360 

295 1-240=TF4n+10.0 

T=0.0 
rn Tn lqn 

206 C-('‘OPT(1.0-(111(J,K)*#2) 
p.(11.1(.1.v)!,w011 
s2ATAN(C/R11(J,K)) 

297 HATTn=((rYP(-FT))/C)*!'-IN((C*0011*T)+C) 
Tc(T-400.0)298,2cLif299 

?()F7:T TI+. :0 700)HRATTP,T 

(7,r, Tn 907 



	

	
	
	
	
	

	
	
	

	
	

	
	
	

	
	
	

	

	

	

	

	

	 	

	
	

	

	
	

	

	

	 	
	 	
	

7Q. C -A419,OR 

HO. C 1.417111 
Pl. 03417211 
92. C34174P 
R3. 0341770 
H4. P342010 
R5. 03420313 
PE-. 034205B 
P 7. 03421013 
PP. 034329 
e9. 034233E 
90. 034234P 
91. 0342403 
Q2. 0342420 
93. 03424313 
04. c.342ri3 

9. 042;0n 
0(,. 034254E 
97. 014254B 
99. 03425513 

90. 03422B 
100. 0342620 
101. 03426213 
102. 014262E 
103. 0342629 

104. 0342629 

105. 034 26213 
106. 0342629 

107. 0342623 

irn, 

10q. CP42629 
lin. c14?6?5 
111. C 1426411 

":;u] 
T=T+6(10.n 
r;.-1 TO ?n7 

305 rg(TPv.P-40.0)306,3,0•360 
lob T:PP 2TFMP+10.0 

T=0.0 
(', -1 Tr 3rn 

320 TVHT.(v-1.)*10 
\./TTr(,940)NAML(J,1),NAYP(J,P),TVNT 
-1- 7:1D.TpAD4-10.0 

350 CnK/TTNII 

360 TEmn=0.1 
T.O.0 

400 (71HTTNIJF 
T:(N-mnn)440,900,Qu0 

440 cr,HTTHur 

T=0.0 
450 CrINTINHP 

C* * * * * * * * * * *F(IRMAT S F C T I 0 N * * * * * * * * * t * 

50 PnPmAT(F10.5) 
100 PripmAT(PA1O) 

150 FnPto tr( r P1.n.5) 

155 PrPmAT(4P12.8) 
500 PlDmAT(1J4 1,20(/),30Y, 

itTHTS PnnOPAH IS TO ESTIMATE THr SETTlINC, TIME FOP tp 
2tTidp rirTLLATING FLUlDSt,20YptA-P MANNAA t,///,40Y,t 1DTPF nTAMETEF 

:nn =t,F11.5,///,20x,tFRPOUENCY OF THE SINGLF LFr, SYSTFm:W011=1, 
4r1n,5.0.21X,TFIPT FPF0UFNCY OF THE nOURLF LEG SYSTEm:V012=f, 
9cin.5,//,3nx,tSFCON1) F.EOUENCY nF THE noURLE LFG SYSTEM W022.t, 

6F10.5, ///I 
540 F0P1AT(2.0Y,tDATA FOP VISCnS TTY OF 1p?t10,T. AT A TFMR. OF T, 

1Tqpt Tc AVAILARLE t•///) -
550 PlomAT(1 1-11.40X,2A1U,///) 
590 rromAT(40Y.TCALCHLATION IS CAPRIFO OUT AT TP. tt,F10.3,2(5X, 

1P10.r),///) 
600 rrirmAT(20x,T0AMP. COEF. OF SINGLE LFr, 

1 4 FincT flA4P. COEF. OF LnUBLF LFG SYST. pl 9 =t,Flo.qpiippoxp 
,t“--Crw) niop. CrIFF. OF, nrIHRLF Lfh =::F21t0.:1:/./5/)//'2"' 

650 r ,1 omeT( 10Y,tHRATIP=(H/P0)t,10Y,tSETTLIV: TTvrt,//) 

r-700 lomAT(10Y,F10.8,1`j,F10.2,//) 
cTrin000 



2 - Sample Output 
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THIS P__LO.G_FLAJA IS TO ESTIMATE THF SFLLIJN TIME FUR. THE OSCILLIkTINGELUIDS 

PIPE DIAMETFR :DP 2 1.90500 

F RF oti F Nr. Y EG S_Y S_1111_13.1_011= .02_4_16 

E_LR ST ETHTHE DOUBLE LEG SYSIEll I waLzm .02430 

SEC_ON_D_FREQUENGY___OE____THE DOUBLE _LE_G SY.STEW022s .04208 



	 	

	 	  	 	  

		

	

	 	 	 

	

_MET__HYL=ETHYL-KETONE 

CALCULATION IS CARRIED OUT A T__T 0— .00536 .82251 

DAMP CCEF• OF LUGLELEJ SYSJ.i Ek11 .8_3629 

El R.S_T_D_AIIP • COEF_._OF__CLOU.BL ELEG _S Y_ST : 812= 1.18269 

SECOND_ A M_P_aCLEF_s___ OF DOUBLE_ LE( S Y .6R282 

H R x (H/HO) SEITLINGIIMF . 

1.00000000 0 

• 00001667 300.00 

—.00000004 600.00 

—.00000000_ _900.00 

—.00000000 1200.00 

.00000000 1800.00 

.00000000 2400.00 

_ .00000000 3000.00 

—.00000000 3600.00 

https://COEF_._OF__CLOU.BL


	 	 		 	

	

	 	 

 

 

	  

T H_LS _P RFIG ELA /.4 TS TO S N T H.E__f1S_C T-1N G_ L.U-I 

PIPE DIArETER :DP = 3.17500 

F_R_EQU_ENCY_LIF THE S_LNG1 F 1 E G SYST M :1,4011 . 06_5_3_0 

FIRS .L_F_R_EQU EN_CY 0 F LH_E_J101J BLE LEG S_Y_S_T_Elt: W012-1 _ .04617 

SECOND FRE QUENC..Y OF_THF DOUBLE LEG_ SYSTEM_W022_11 



  

	

            

              

               

  

	 	 	

  

      

      

	

	 	 	  

	 	 	  

	 		

	

	 	 

	

	 	 	 

	

 	 	 	 

	

	

	

NOULYL=AL L_C.24 

CA LCU Tin 1•1__T__S___C-AR.R__LED QU LA T TFMP. 

COFFA_DF SINGLF l Fr SYST. : Ril. 2.11652 

__ELKS L_D A t_IL E 1 F G S Y S .30434 

D A tiP_._C D EE. U B_LF 1 F G 1 . 90776 

EAR A_TI HQ_) c FT T1 LNG TT M F 

1.00000000 0 

.01288093 100_e0D 

00015753 600. 00 

.00000193_ 900,, C10 

.00000002 1200.00 

00000000 180_0 . 0_0 

.00000000 2400.00 

00000_00_0 3000 

0 . 07_9,11 . 82300 • 

.00000000 3600.00 

01 
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APPENDIX D 

Thermally Compensated Pier Test 

1.Schematic and Photograph of Test Set Up (D-1,D-2) 

2. Cooling Data (D-3) 

3. Heating Data (D-4) 
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Heater Fan 
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Blocks Insulation 

1 - 6 Thermocouples 

Dial Indicators 

Figure D - 1 

Pier Thermal Expansion Test 
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Figure D-2 

Pier Thermal Test 
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Appendix E 

Tilt Computations 

1. Program TILT 

2. Frequency data received from tiltmeter data logger. 



1. Program Tilt 

61 



	

	 

	 						 		 					

	

	

	

	

	

	

	 	 	 		 	

	

	
	 	

	

	
	

			 		 	 	 

	

	 	 			

	

	 		 	 		 	 			

							 			 	

62PROGRAM TILT 
PEAL ID , I1-1 , 1M , HRA3 , 1ARM2,HSA2,NSM2,NEM1,HRM1,NRA4,ME4-13,11SA4 

" 4 4 i i 4 II 4 4' 4 .4 9 1 . 4. r+ 4 * 4: 4 k 9. * * w 9 s * s 4 $ y .9 • , 1 $ I 

NRA3=0SCILLATION COUNT BETWEEN REFERENCE AND ALCOHOL SURFACE 
IN RESERVOIR NO. THREE 

N1 A4=0SCILLATION COUNT BETWEEN REFERENCE AND ALCOHOL SURFACE 
IN RESERVOIR NO. FOUR 

NRM1=0SCILLATION COUNT BETWEEN REFERENCE AND M.E.K. SURFACE 
IN RESERVOIR NO. ONE 

C NRM2=0SCILLATION COUNT BETWEEN REFERENCE AND M. E.K. SURFACE 
IN RESERVOIR NO. TWO 

BH=LENGTH OF BASE LINE 
N=NO. OF DATA LINES 
ALPHA=THERMAL EXPANSION COEFFICIENT OF ALCOHOL 
ALPHM=THERMAL EXPANSION COEFFICIENT OF M.E.K. 

C HR1=REFERENCE HEIGHT IN RESERVOIR NO. ONE 
HR2=REFERENCE HEIGHT OF RESERVOIR NO. TWO 

C HR3=REFERENCE HEIGHT IN RESERVOIR NO. THREE 
C HR4=REFERENCE HEIGHT OF RESERVOIR NO. FOUR 

LL=LOWER LIMIT OF FREQUENCY COUNT 
UL=UPPER LIMIT OF FREQUENCY COUNT 

C HSA3=MEASURED ALCOHOL HEIGHT IN RESERVOIR NO. THREE 
HSA4=MEASURED ALCOHOL HEIGHT IN RESERVOIR NO. FOUR 
HSM1=MEASURED M. E. K. HEIGHT IN RESERVOIR NO. ONE 
HSM2=MEASURED M. E.K. HEIGHT IN RESERVOIR NO .TWO 

C DELTA=THE DIFFERENCE IN ALCOHOL HEIGHTS IN THE TUO STATIONS 
DELTM=THE DIFFERENCE IN M.E.K. HEIGHTS IN THE T;.,10 STATIONS 
TILT1THE VALUE OF THE TILT CALCULATED BY CONSIDERING AfC0H(1! 

AS FLUID A AND M.E.K. AS FLUID B 
TILT2.,THE VALUE OF THE TILT CALCULATED BY CONSIDERING M.E.K. 

AS FLUID A AND ALCOHOL AS FLUID 
* * * * *. * * 4: * *. * * * * 4: * * >4 4: * * * 4: * * 

C DIMENSION 
DIMENSION ID( 100 ), NRA4( 100 ), NRA3( 1130 ), NSA3.(. 100 ), NSA4( 100 ), 
1NRM1( 100 >, fIRM2t, 100 ), NSM1( 1E0 ), NS Mgt1013), HSA3( 100 ), HSA4( 1E113 
2HSM“ 1013), HSM2( 100 ), DELTA(1013),DELTM( 10E1), EC1(1130),EC2( 100 ), 
3TILT1(11313), T I LT2f, 100 ), RA3( 1013),RA4( 100 SA3< 100 ), 
4SA4(100 ),SM1( 100), SM2( 100 RM1( 100 ), IM( 1 00 ),RM2( 100), 100 ), 

5Y1< 100 ), Y2( 1013), Y3( 100 ), 100) 
C. INPUT OF BASIC PARAMETERS 
C'44********************************1:***************************************** 

BL=1000.0 
N=4 
ALPHA=-0.000e99 
ALPHM=-0.00122 
HR1=8.890 
HR2=8.890 
HR3=8.890 
HR4=8.890 
LL=7;0000. 
UL=90000.0 

* *4: * *4: ** v: 4-4:* ** * **, 4:**:"1:* 4: ye: 4:* 3rc y+: * * ,+: 4: **.* *)4 . s 3,4 4, s y **. 4.,,:******* * 7! 

C READ ING THE DAT A FROM THE LOGGER 
C.4g******4*4:i******************************t********4*******iw****4—i.4 

CALL ASSIGN(2,'COUNTS.DAT') 
PEAD2,1000)( K), I H(K ) , I M(K),NR111( N ;7: A 4 ( , < , 
1NSA4(K), NSA3( K),NS112(r. ),NRP.3(K ), NRM2(1/.), r=1,14 ) 

1000 FORMAT(F6.1,2X,F5.1,2X,F5.1,2X,F9.1,2X,F9.1,2X,F9.1,2X, 
1F9.1,2X,F.9.1,2X,F9.1,2X,F9.1,2X.,F9.1) 

74 4' 7f , 7+ 74 4" rr * * 7t, 7, *, w * * * * r * * si• * * * k-, 4, k• k n * 4- 4. *: )1. 4. :4. 4,1 . 4,, Lo. -

C WRITING THE HEADING 
* * * rt t * * *4, **: **: bt: 4. 8. 4,4: * * * 4,4 * * =4: n• 



	 	 			 	

	 	

	

	

								 			
	
	 	 	

	
	
	
	
	
	
	

	

			 	 	 		 	 				

	
			 			 	 	

63 
ORITE(6,2000) 

2500 FORMAT(1H1,10X,'THIS PROGRAM IS TO CALCULATE THE VALUE OF TILT ' 
1 'FROM FPEPUENCY COUNTS',30X,IA—R MANNAA',///) 
WRITE:6,2100) 

2100 FORMAT(10X,'LIST BELOW SHOWS THE DATA AS READ FROM THE DATA ', 
l'LOGGER',///,10X,'DAY',4X,'HOUR',1X,'MINUTE',4X,'NRM1',4X,'NRA4', 
26X,'NSM1 1 ,5X,'NSA4',5X,'NSA3',5X,'NSM21 ,7X,'NRA31 ,5N,'NRM2',//) 

C * * * * * * * * 4. * 4. 9. 
WRITING THE RAW DATA 

C 4 4 **4:***-**** * 8 * 9 9- *9.84.9.94**********: 9:** 4‹ 4:**4 ****:**4:4 4. * 9: *:21: 4:4 4:4 A. 4:*** 

WRITE(8,2500)(ID(K),IH(K),IM(K),NRM1(K),NRA4(K),NSM1(K), 
1NSA4(K),NSA3(K),NSM2(K),NRA3(K),NRM2(K),K=1,N) 

2500 FORMAT(10X,15.1,2X,F4.1,2X,F4.1,2X,F9.1,F9.1,F9.1,F9.1, 
1F9.1,F9.1,F9.1,F9.1,/) 
WRITE(6,2556) 

2550 FORMAT(1H1,10Y,'LIST BELOW SHOWS THE COUNTS REARRANGED.' 
11X,'THE COUNTS OF EACH FLUID ARE LISTED NEXT TO', 
2' EACH OTHER.',///,10X,'DAY',4X,'HOUR',1X,'MINUTE',4X, 
3)NRA3',4X,'NSA3',6X,'NRA4',5X,'NSA4',5X,'NRM1',5X, 
4'NSM1',5X,'NRM2',5X,'NSM2',//) 

MRI TE( 6, 2500)( ID(f< K ), 1M( K),NRA3(K ),NSA3(V; ), NRA4( K ), 
1NSA4(K)-NRM1(K),NSM1(K).NRM2(K),NSM2(K),K=1,N) 

WRITE:,2600) 
2600 FORMAT(1H1,10X,'LIST BELOW SHOWS THE VALUES OF FLUID HEIGHTS IN CM 

1 INCLUDING ERRORS DUE TO THE TEMPERATURE EFFECT ON DENSITY ',///,10 

'HSM2',/) 
C: * * * * * * *: * 4: * 4: 4: * 4, * $: 9: 4: 4: 4: * 

C TESTING LOWER AND UPPER BOUNDS OF THE COUNTS 
4:*. **- ****** A:* *** ***:**:**: * ************:******* *4:4: **** * *4: 4:*, * ** 4:4: * 1,*:**:1 

DO 80:4 K=1,N 
RA3(K)=NRA3(K) 
RA4(K)=NRA4(K) 
SA3(K)=NSA3(K) 
SA4(K .:=NSA4(K) 
SM1(K . =NSM1(K) 
SM2(K..=NSM2(K) 
RM1(K)=NRM1(K) 
RM2(K)=NRM2(K) 
IF(NS3(K)—LL)800,200,20E 

220 IF(NSA4(K)—LL)820,25E,250 
250 IF(NSOlf,K)—LL)800,300,300 

300 IF(NSP12(K)—LL))300,350,350 

350 IF(SW3(K)—UL)400,400,800 
400 IF(SA4(K)—UL)450,450,800 
450 IF(SM1(K)—UL)500,500,800 

500 IF(SM2(K)—UL)550,550,800 
* * • * * * *: 4: 4: 1, *: * x *: *: * *: *: * *: * n 4, 4 . . *: 1: *: *. 

C CORRECTING THE VALUES OF THE COUNTS 
C s:* * * * * *,+Y *: 4: * s: * *: *4.4. * **.4: 4. 8. *:*: ,f. 

550 RA3(K)=RA3(K)*(3.996/4.0) 
RA4(K:.=RA4(K)*(3.996/4.0) 
SA3(K)=SA3(K)*(3.996/4.0) 
SA4(K)=SA4(K)*(3.99 /4.0) 
RM1(K:=RMICK)*(3.996/4.0) 
RM2(K:'=RM2(K)*(3.996/ 4 .0) 
SM1(K=SM1(K)*(3_996/4.0) 
SM2(K:.=SM2<K)*,:3.996/4.0) 

https://SA4(K)=SA4(K)*(3.99
https://9.84.9.94


	
	 			 			 	 	 	 		

	

	 				 	 	 			 	 

	
	

		 		 			 	 		

	

	 		 						 		 		

	
	

	

 

			 	 	 	 	 

	
	 	 	 		 		

 

	
	 	 		 			 		

 

	

	

64 

C * 9 * ,t )1: 4.4 * >4 9• 9. >t l• * 1 *4 11. ** 4** )1 >V** ** 4. '414. :4 4 if.*AC 

C CALCULATING FLUIDS HEIGHTS 
C* *9 4. 4, 4. n. 4 * '4" *, ,t-S 4. >4 *, S: * 4. y '4- * 4 * * # *1: 9 '9: ,4.$.4.'4$:'4:49:$ $:. $ 1. 1 n s: 4 : 

HSA30: )=( RA:3( K )/SA3(K ),.*:HR3 

HSA40-: RA4(1-': )/SA4(K ))*HR4 

HSM1(:- )=( )/6111(K):,*HR1 

H3,M2(K)=(RM2(K)/5M2(K))*HR2 

C * * * * f *.1 * *. *1* =t . . * 4 # * i t 1..* st: S: i * * 4: 4: 

C WRITING THE HEIGHTS OF THE FLUIDS 
N 1- 4. * # * 7}, i :4 :+7 *Th -` 4: :4-, 71: *, * 4, 4 74 , •,. ,t 1 * "i * #::1: * II: is* 3. 

WRITE:;',7.000)ID(K),IH(K),IM(K),HSA3(K),HSP4(K),HSM1(K.,,HSM2(K) 

30DB FORMAI(10X,3(F6.1,2X).2X,4(F12.8,1EX),/) 

SOB CONTIUE 
WRITE:6,7.5EO) 

:,;501a FORNA-f(1H1,10X,'LIST BELOW SHOWS THE VALUES OF THE DIFFERENCES IN 

1THE FLUIDS HEIGHTS IN THE TWO STATIONS IN CM AND THE VALUE OF THE 

c TILT',//,11X,'DAY',7X,'HOUR',3X,'MINUTE 1,4X,'DELTA',10X, 

..-YDELIM',10X,'EC1',12X,'EC2',12X,'TILT1',11X./ TILT2',//) 
C * * s i. ri *4: * * :4. '4, =3, * t it. * * * * VI, 

C COLCULATING THE TILT 
s * i i * s A-4 * * * **: t . *, 4-,1: * 1-* !I 

DO 9E— K=1.1H 
DELTA.K)=HSA4(K)—HSA3(K) 
DELTM::K)=HSM2(K)—HSM1(K) 
EC2(K)=:DELTM(K)—(ALPHM/(ALPHA—ALFHM))*(DELTA(K)— DELTM<K))) 

EC1(K)=(DELTA(K)—<ALPHA/<ALFHH—ALFW;)>*(DELTM(1:)— DELTA<K., >) 

TILT2:-.K)=ABS(E02(K))/BL 

TILT1:-.10=ABS(EC1(K))/PL 

X(K)=;- LOAT(K) 

Y1(K), EC1(K) 

Y2(1<):-DELTA(K) 

Y3(K),-- DELTM(K) 
,4,4,44*************,f*****************,t1,4C:*>!.t.*.ii**********,t.314-,i******1,*********** 

C WRITING THE VALUE OF THE TILT 
.4* *31: it- * *C * )1: * **, **, ,ts *: 

WRITE!)S,50BEDID(K),IH(K),IM(K),DELTA(K),DELTM(K),ECI(K ),EC2(K), 

1TILT1(IC,TILT2(K) 
5EBD FORMAT(10X,3(F_1,2X),C.(F11.6,4X),//) 

?BB CONTINUE 
CLOSE<UNIT=6,DISPOSE='PRINT') 

STOP 

END 



2 - Data From the Logger 

65 



	 			 			 	 	

THIS PROGRAM IS TO CALCULATE THE VALUE OF TILT FROM FREOUENCY COUHTS 

LIST BELOW SHOWS THE DATA AS READ FROM THE DATA LOGGER 

DAY HOUR MINUTE HRM1 NR(4 NSM 1 NSA4 HSA3 NSM2 NRA3 NRM2 

30.0 12.0 47.0 91794.0 82692.0 55551.0 59332.0. 54552.0 61319.0 84589.0 79945.0 

30.0 12.0 48.0 82103.0 82e.e8.0 55983.0 59354.0 54594.0 61301.0 84579.0 79841.0 

30.0 12.0 50.0 82091.0 82683.0 60286.0 59349.0 54031.0 61293.0 84566.0 79834.0 

30.0 12.0 52.0 82024.0 82676.0 56099.0 59345.0 54609.0 61282.0 84543.0 79826.0 
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