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ABSTRACT

The Burnett method was employed to study the 

volumetric behavior of fluoroform gas from 200 to 350°C 

at pressure up to 150 atmospheres. An estimate of the 

assignable measurement errors indicate the data should be 

accurate to 5 part in 10,000. A nonlinear regression 

analysis method was used to evaluate the second and the 

third virial coefficients of fluoroform gas. This data 

analysis method considers both the dependent and the 

independent variables are subject to error and eliminates 

the need for prior knowledge of the run constant and the 

apparatus constant to evaluate the second and the third 

virial coefficients of the gas. The parameters of Benedict- 

Webb-Rubin equation of state were evaluated by using the 

experimental Burnett p-v-T measurements. The Benedict- 

Webb-Rubin equation of state represents the data within 

the experimental error of the measurements.
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CHAPTER I

INTRODUCTION

The search for new physical property information is 

as endless as the search for new chemical systems and new 

conditions for processing and application. Demands for 

accurate values of bulk properties are consistently made. 

Although statistical mechanics can be used to describe the 

configurational properties of the fluids, yet it requires 

information about the intermolecular forces. One primary 

source of information about molecular forces is the experi­

mental measurements of physical properties.

The best known application of configurational 

statistical mechanics is provided by the virial equation 

of state which express Z, the compressibility factor of gas, 

as a power series in density P in

pv ?
Z = ---- = 1 + BP + CP4 + . . . (1-1)

RT

Por a gas at constant composition, the virial coefficients 

B, C, . . . are function only of temperature (43).

The statistical mechanical derivation of equation 

(1-1) is discussed in several texts (12,28,37). From
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statistical mechanics, one obtains the equation of state

3 ̂ 2M P = KT(-- L )
SV x

(1-2)

where ZN is the partition function for the gas. 

From this we see that the configurational part of

the partition function ZN , must be obtained to get the 

equation of state. If we write the system Hamiltonian as 

the sum of the kinetic energy of each particle pf/2m^ plus 

a potential energy term that depends on the system con­

f igurati on <p ( r ) t

H(rN ,pN ) = Z . —  + <b(rN ) (1-3)
i=l 2m^

then we get a density expansion for pv/kT again that is the 

same form as the virial expansion equation (1-1). Further, 

the coefficient of the P term from this procedure leads to 

a configuration intergal that involves only molecules inter­

acting in pairs. The coefficient of P depends upon inter­

actions between three particles, etc. In order to do this 

expansion one must assume that 4>(r ) can be split up into 

a sum of contributions for pairs, three particles, etc.

The procedure is complicated and was first treated in detail 

by Meyer (39) in 193?.

One can also get the virial equation of state from 

the virial theorem of mechanics (37)* The virial theorem
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states that the average kinetic energy of total system is 

given by

K = i £ v^m. = ¿ E  r.• P. (1-4)

where F is the force acting on the particle» This leads to 

an equation in terms of the radical pair distribution 

function. This procedure is usually applied to liquids 

rather than gases, It is more cumbersome to use because 

one must now expand the radical pair distribution function 

in a power series in density. 

It is important to maintain a clear distinction 

between experimental coefficients (coefficients obtained 

from equation (1-1)) and mathematical relationships between 

pair potentials and the density expansions from statistical 

mechanics.

Knowledge of experimental second virial coefficients 

over a wide range of temperature, preferable from the triple 

point temperature to the dissociation temperature, may be 

used to evaluate the parameters in an intermolecular poten­

tial function and to calculate the thermodynamic and trans­

port properties for that substances (29,57).

Knowledge of experimental third virial coefficients 

provides information about molecular three particle inter­

actions. The unsolved three-particle dynamics problem make 

it necessary to consider the intermolecular forces as pair­

wise additive. The magnitude of the deviations from the
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pair-wise additive model are not well estiablished. Using 

the pair-wise interaction model developed from experimental 

second virial coefficients and the transport properties, the 

proposed non-additive corrections can be examined by com­

paring them with experimental third virial coefficients (13, 

14,37,38,54).

Little is known about fourth and higher virial 

coefficients although several theoretical studies of higher 

virial coefficients have been reported (2,47).

The purpose of this work is to show how the virial 

coefficients, both the second and the third, can be experi­

mentally determined from the Burnett (11) p-v-T measurements. 

A special nonlinear regression analysis method was used to 

obtain the experimental virial coefficients from the Burnett 

p-v-T measurements. This new data analysis method eliminates 

the need for prior knowledge of the instrument run constant 

and the apparatus constant to obtain the gas compressibility 

factors and for evaluating the second and the third virial 

coefficients of the sample gas. The parameters for the 

Benedict-Webb-Rubin equation of state are evaluated by using 

the experimental p-v-T data. The compressibility factors 

given by the BWR equation are in excellent agreement with 

the original data.

The Burnett method of measuring gas p-v-T behavior 

was introduced in 1936. Since then the procedure has been 

used by many investigators (1,4,5,8,17,20,23,24,25,26,32,34, 

36,41,42,44,45,48,49,50,51,52,53,55,56,60,61,62,63,65,67,69)



over a wide range of temperatures and pressures to deter­

mine gas compressibility factors and virial coefficients. 

The main advantage of using the Burnett apparatus is that 

neither the volume of the apparatus nor the mass of the 

experimental gas need to be measured. Only the isothermal 

pressure measurements are required and these temperature, 

and pressures can be measured with high precision and 

accuracy. Based on these advantages the Burnett apparatus 

was selected for this investigation.

Fluoroform was chosen for this investigation because 

it is a simple polar molecule (dipole moment =1.65 Debyes 

(64)), It is available in a very pure state (purity = 

99<9899^>in.). There are essentially no p-v-T measurement 

on fluoroform over 200°C and the data should be generally 

useful.

The second chapter describes the method for reducing 

the Burnett data to compressibility factors and to virial 

coefficients. The experimental apparatus and the procedure 

are described next followed by the results, discussion and 

conclusion sections. Recommendations are made for future 

work and the Appendixes contain descriptions of the instru­

ments, and measurements, details of computations and the 

original experimental data.
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CHAPTER II

METHOD OF REDUCTION OF BURNETT EXPERIMENTAL DATA TO 

OBTAIN COMPRESSIBILITY FACTORS AND VIRIAL COEFFICIENTS

The Burnett p-v-T method (11) is based on an 

apparatus made of two cells of unspecified volume and 

connected by an expansion valve. The cells and the expan­

sion valve are immersed in a constant temperature bath. 

To start a run, one cell is filled with test gas to some 

initial pressure and the other cell is evacuated. When 

thermal equilibrium is restored, the temperature and the 

cell pressure are recorded. The expansion valve is opened 

and when thermal equilibrium is restored the expansion 

valve is closed the cell temperature and pressure are again 

recorded. The second cell is evacuated and the process 

repeated to make another expansion. This procedure is 

continued until the pressure is too low for accurate 

pressure measurements. The sequence of isothermal pressure 

measurements constitutes a run. The process is then 

repeated with a different starting pressure a sufficient 

number of times to estiablish the isotherm.
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A< Statistical Analysis of the Burnett Measurements to 

Obtain Virial Coefficients

The Burnett method can be analyzed using the 

compressibility factor equation of state. At a selected 

isotherm temperature T, nQ moles of gas are charged into 

the first cell Cj. The pressure pQ is

P0°I = n oZ oR T  ( I I-1)

where R is the universal gas constant and ZQ is the 

compressibility factor of gas at initial pressure pQ and 

temperature T.

The change in volume of the Burnett cell Cj due to 

the internal pressure pQ can be expressed as,

0CT
---—  = apo (II-2) 
<C l)o

with ôCj = Cj - (Cj)Q . Voltune (Cj)o is the volume of the 

Burnett cell Cj at some arbitrary reference condition, 

which is taken as the isothermal volume at zero pressure. 

The pressure distortion coefficient a for the cell has 

been shown to be (7),



8

where

3(1 -  2a)R^ + 2(1 + a)R?

E x (R? -  R*) ( I I - 3 )

a = P o isso n ’s r a t i o

E = Young's modulus

R„ = ra d iu s  to  i n t e r n a l  w all o f th e  c e l l r

E quation  ( I I -2 )  can be r e w r i t te n  a s ,

C I  = « P o  ( 1  +  a Po> ( I I - 4 )

A fte r  expansion  in to  th e  p reev acu a ted  c e l l  C^j th e

p re ssu re  p 0  w i l l  be reduced to  p, due to  th e  volume in c re a s e . 

At iso th e rm a l c o n d itio n s ,

PJ_(CJ  t  CJ J ) n^Z^RT ( I I -5 )

The change in  volume o f th e  B u rn e tt c e l l  (Cj + CJ J )

due to  th e  in te r n a l  p re s s u re  change to  p^ can be exp ressed 

a s .

^C I  +  C l P  =  ^C I  +  C n > o  ^  +  r t p J ( I I -6 )
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Dividing equation (II-5) by equation (II-l),

Pl Z 1
— —  N, = — -
P X Z*o o

where

(II-7)

(II-8)

Substituting equation (II-4), (II-6) into equation (II-8),

or

N1 = < — -— )o 
CI

1 + apx

1  +  “Po
(II-9)

N1
1 + apy= N o (------- 1

1 +  *P0

(11-10)

Before the r 6 expansion,

p r-lC I =  n r-lz r-lR T

After the r 6 expansion, 

p r^C I +  C ll) =  n r-lz rR T

(11-11)

(11-12)
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Dividing equation (11-12) by equation (11-11),

Pr— ^  Nr  = ---£—  (II-13)
p r-l Z r-1

where

= (— ±--- ^ ) o (— — )
C I 1 +  a Pr -i

1 + ap_
= N (-------E— ) (11-14)

1  +  a p r-l

Applying equation (11-13) and equation (11-14) to 

the first, second, ... r 6 expansion and combining, the 

results are,

p r ^ ( P i - P i - l ’ = ( W  Z (11-15)

Assuming at the low-pressure limit that the compressibility

factor approaches unity, equation (11-15) becomes,

Lim 

pr— 0

r
p r iZ1 N ( p i'p i-l) =  p </z o (11-16)
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One way to evaluate the run constant, PQ/ZQ » IS to plot 
r

the pr IT N(p^,p^_1 ) versus pr and extrapolate to pr = 0.

In this work, the run constant for each series of expansions

was calculated by substituting the apparatus constant, N, 

and the low-pressure range expansion pressure measurements 

into equation (11-16). The experimental compressibility 

factors for each expansion in a run were then obtained by 

using the run constant, (p0/ZQ ), the apparatus constant, N, 

and the equation (11-15),

The compressibility factor Z can also be expressed 

by an infinite power series in pressure,

Z S b.p* 
i=l 1 r

(11-17)

(11-18)

where b^ is the i* coefficient in the pressure series.

These expansion coefficients are related to the density

virial coefficients (43) given in equation (1-1) by the

following expressions (18,19,46),

B * RT^

(11-19)
C = (RT)2 (b2 + b2 )

where B, C, are the second and third virial coefficients.

respectively.
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Substituting Zr _p Zr into equation (11-13) for a run with 

S expansions, a residual function Fr (p,b) is obtained.

F (p,b) = p^ TP ^ £ b. (pi - N o~ i) 
r \ri / r r-l r^_^ i r r r'r-l

+  p r-l “ M r  I r = 1 ... S (11-20)

Equation (11-20) will be zero when the pressures are known 

with absolute accuracy and equation (11-17) exactly repre­

sents Zr _ .̂ It will usually be nonzero because the pressure 

measurements are subject to experimental error and the 

compressibility factors expressed as infinite series in 

pressure must be truncated to a finite number of terms. 

Thus in terms of actual variables, equation (11-20) becomes,

Fr (p\b') = p;_iP; . ^ - ( p ^ 1 ’^  - N ^ i j ^ b

+ p r-l " N rp r « 0 » r = 1 ••• S (11-21)

where the primes indicate experimental measured or observed 

values. J.M.H. Levelt-Sengers (35) suggested a nonlinear 

regression method outlined in Appendix A which can be used 

to obtain the ’’best fit" of the coefficients in the pressure 

series from experimental measurements of the Burnett pressure 

sequences. Equation (11-21) is linearized by truncating its 

Taylor's expansion around the pressure and the b^ values in
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equation (11-20) after the first derivatives. The results

written in matrix form are,

F(p’,b‘) = F(p,b) + F Ap + Fb Ab (11-22)

where F is the S-vector,

(II-23)

^  is  a (S, S+l) Jacobian matrix of F with respect to p,

9 F 1 
— i 0 0 0 0

3F, 3F9
— - — - 0 0 0
3P± 3PX

0 — - . 0 0
3P 2

0 0 . . 0

9 F
0 0 0 . --- —

5 p S-l

0 0 0 0 — -
» s

(II-2M



1^

A2 is the (S+l)-vector,

4£ =

4 p s+l

where

APr = Pp - Pr l r = 1 ... S

(1 1 -2 5 )

(1 1 -2 6 )

Fb is a (S,k) Jacobian matrix of F with respect to b̂ ,

(1 1 -2 7 )

abx

and *b is the k-vector,

Ab = (1 1 -2 8 )

Ab, k
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w ith

* b i  =  b i  " b i  ’ i  = 1 . . .  k (11-29)

The elem ents o f th e  Jaco b ia n  m a tr ic e s  a re  o b ta in ed  from 

eq u a tio n  (11-21) by d i f f e r e n t i a t i n g  w ith  r e s p e c t  to  Pr - 1 » 

Pr , b i ’ r e s Pe c t i v e ly* a n d  d ropping th e  prim es to  s im p lify 
th e  n o ta t io n .

3Fr 

2 P r - l

k  i  k  i - 1= i + s M i  - 2 iMi i + P^^_^ i  r  r r i= i  1  r - 1  r  r

a k .
(------------- )(  1 + s  M i - i )

1  +  a p r - l  i= l

r  = 1 . . .  S ( I I -3 0 )

3 P r

k  i - 1=  Fp r - 1T  ¿=£1  i b i. pHr
1  x  -  Nr ( l

k  i
S b .p  , 

i= l  1  r - 1

ap r
" N

o <-------~
1 + ap

r  = 1 . . .  S ( I I - 3 D

3P r =  p r - l p r ( p i - 1 
r - M r ^ ’ '

i  = 1 . . .  k j r  = 1 . . .  S ( I I -3 2 )
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Statistical weighting factors are assigned to the 

measured values by assuming the precision of the pressure 

measurements is constant, that the pressure measurements 

are uncorrelated and of unequal variance. The weighting

matrix then becomes,

l/w1 0 0 0 0

0 • 0 0 0

A SS 0 0 • 0 0 (11-33)

0 0 0 • 0

0 0 0 0 1//wS+l

The weighting factor w ^ d  = 1  ... S) may be assigned a priori 

as proportional to p£(i = 1  ... S). The functional form of 

this weighting factor is unknown and Blancett, Hall and

2 
Canfield (4) have shown that when arbitrary form w^=(p^+a) 

(i = 1 ... S) is used, a minimum variance is obtained when 

a = 3. This form was adopted without attempting to adjust 

the value of a with the experimental data.

When there are additional runs, each with S^, S2 » 

... expansions, the F is a matrix of S^+ 1 + S2+ 1 + ... 

rows by S^+ S2+ ••• columns, F^ is a matrix of S ^  S2+ .•• 

rows and k columns. The A matrix for several sets of

consecutive uncorrelated pressure measurements can be formed

by joining the A matrices of the individual sets of runs

along the diagonal in the same order as for F^ and F^
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An L matrix is then formed,

I- = A £ p  ( H - 3 M

With all of the matrices defined, the following 

results are obtained by the application of nonlinear 

regression method. (The detailed derivation of the 

following results are presented in the Appendix A.)

4£ = (Zb ^ - b ^ 1^  -”1- (11-35)

Var b = (F^ L“1^ ) " 1 Op (11-36)

*2 = Zp L"1 ^  - Zb
4^  (H-37)

~ 42 A A£ Z(w.ap.)
<  = --- =----- = ---i - L -  (11-38)
p  ZS - k ZS - k

a V  ^ i ' 1^ " 1 GP (H-39)

The calculational procedure is summarized as followst 

(1) Assume the initial value of the virial coefficients and 

the approximate volume ratio for each isotherm of 

consecutive Burnett measurements.

(2) With the assumed b^ and the measured pressure from the 

vector F and the matrices F , F^, and A.
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(3) Form the L matrix from ^  and the weighting matrix A.

(4) Invert the L matrix.
—  T -1(5) Form the matrix of the normal equation F^ L F^.

(6) Calculate the corrections to the b^.

(7) With the new values of virial coefficients, repeat 

steps 1 to 6. Continue the iteration until coefficients 

are within some arbitrary small value of Ab^,

(8) Use the last step of the iteration to calculate the 

corrections to the pressure.

(9) Use these corrections and the necessary statistical 

information from the matrices ^ ,  F^» L» and the 

normal equations to calculate the standard errors of 

estimate of the virial coefficients.

The above calculational procedure is an approximation 

to the exact, because ¿p in equation (11-22) does not go 

to zero. The "exact" solution were developed by Britt and 

Luecke (9) and were programmed in Fortran using double 

precision arithmetric. The computer program is listed in 

Appendix D.

B. Regression Analysis to Obtain Constants of Benedict- 

Webb-Rubin Equation of State

Emperical equations of state are very useful for 

representating the experimental p-v-T surface of fluids. 

The Benedict-Webb-Rubin equation appears to be a reliable
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expression in correlating experimental p-v-T data (3).

p = RT/> + (B0RT - Ao - C y T 2 )^2 + (bRT - a)p3

+ aaP6 + (C/ V T 2 )(1 + Y/^)exp(-YP2 ) (II-40)

In the compressibility factor form, this becomes,

Z = 1 + (Bo - A0/RT - CO/RT3 )P + (b - a/RT)?2

+ aaP^/RT + (cP2/RT3 )(l + Y?2 )exp(-yp2 ) (11-41)

A method for evaluating these constants has been 

given by Brough et al, (10), and a computer program in 

Fortran language has been written by Dripps (15) to carry 

out the calculations. The parameters in Benedict-Webb- 

Rubin equation for fluoroform gas between 200°C and 35O°C 

and pressure up to 150 atmosphere are presented in Table 1 

and Table 2. This equation must be used with caution to

extrapolate outside the range of the data.
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CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus constructed by Suh (55) 

and modified by Epperly (17) for obtaining p-v-T data of 

gases was used for this work. The dimensions of the Burnett 

cell as well as the volume ratio were changed. Helium gas 

was used to check the integrity and accuracy of the experi­

mental equipment before obtaining the p-v-T data for fluoro­

form.

A. Experimental Apparatus

The Burnett cell consists of two separated volumes 

interconnected by an expansion valve and this is the heart 

of the experimental apparatus. The Burnett cell, the expan­

sion valve, the charging system, the vacuum system, tempera­

ture control and measurement system, and the pressure measure­

ment system are discussed in this section in that order. 

Schematic diagrams of the equipment installation are shown 

in Figure 1 and 2. The arrangement of the instruments are 

shown in photographs in Figure 5» 6, 7, and 8.
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The Burnett Cell

The detailed construction of the Burnett cell is 

shown in Figure 3» The cell consists of two cylinderical 

chambers, Cj and CJJ. They were both made of 304 stainless 

steel. The over all length of the assembled cell was about 

11 in, with an outside diameter of 4.5 in. and inside 

diameter of 1.6 in. The inside length of the top chamber 

was 5 in., the bottom was 2 in. Both chambers were welded 

closed with 1 in. thick ends and hydrostically pressure 

tested after the first weld pass. This welded construction 

was necessary to eliminate of any possible leaks and to 

minimize the distortion of the vessels as pressure was 

applied. Three ports were put in the top chamber for con­

necting the charging line, the differential pressure cell, 

and the expansion valve. A thermal well was drilled into 

the wall of the top chamber for insertation of a platinum 

resistance thermometer for the temperature measurements. 

Two ports were put into the bottom chamber. One connected 

to the expansion valve and the other to the vacuum system. 

The Burnett cell and all connecting tubing were thoroughly 

cleaned by washing with cleaning solution and acetone before 

final assembly. Two high temperature valves with extended 

bonnets were used as block valves for charging the system 

gas into chamber Cj and for evacuating the chamber CJJ.
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The Expansion Valve

The expansion valve used in this work was designed 

in this laboratory. This bellows type valve provides 

positive leak-tight closure after each expansion. Figure 

4 is a schematic diagram of the expansion valve.

The type 321 stainless steel bellows was 15/32 in. 

O.D. and 0.4-56 in. I.D. and had a 0.004-5 in. wall thickness. 

The bellows had 14 convolutions with a maximum stroke of 

0.056 in. This bellows was silver soldered to the valve 

stem and to the base of the valve. The valve bonnet was 

about 11 in, long. Both the valve body and the stem were 

made of type 316 stainless steel.

Clean, dry nitrogen was introduced into the upper 

part above the bellows to equalize the pressure differential 

across the bellows. "Teflon" packing is provided at the top 

of the bonnet to prevent the loss of nitrogen from the 

pressure transmitting system. Standard £ in. high pressure 

tubing was welded to the valve ports which connected the 

valve to the Burnett cell Cj and CJ J , and the nitrogen 
pressure system.

The Charging System

The charging system as shown in Figure 1 was capable 

of charging the system gas from gas cylinder supply pressure 

up to 8,000 psi using a hand operated mercury positive

displacement pump (MP). The hand-pump was a Ruska model
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2250 positive displacement pump with a capacity of 250 cc. 

Initially, the system gas was charged into the surge tank 

(ST) as well as the Burnett cell Cj. Higher pressures were 

obtained with the mercury hand pump. The surge tank made 

of type 304 stainless steel had a volume of 19 cubic in., 

and was designed for a working pressure of 10,000 psia (55)» 

The mercury level in the surge tank was calibrated against 

the mercury level in the mercury reservoir (MR) of the hand 

pump. Mercury accidentally carried over was collected in 

the mercury trap (MT). To prevent this carry over, a mercury 

indicator (MI) was installed in the charging line between 

the surge tank and the mercury trap. The mercury trap was 

a stainless steel vessel located between the surge tank and 

the Burnett cell Cj. The mercury indicator was made of type 

304 stainless steel and has two leads connected to a DC 

battery and a warning light in series. When the light came 

on the mercury level had reached the probe level and the 

pumping was stoped. A nigh temperature block valve isolating 

the charging system from the Burnett cell was submerged in 

the constant temperature bath. Standard high pressure valves 

(rated at 30,000 psi) and i in. O.D. by 0.083 in. I.D. high 

pressure tubing (rated at 60,000 psi) were used to construct 

the charging system.

The Vacuum System

The vacuum system attached to the apparatus consisted
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of a Welch Scientific Duo-Seal, Model 1402B vacuum pump (VP) 

and a Virtue McLeod vacuum gauge (MG). The pumping rate was 

of 150 liters/min, in free air. It look less than 10 minutes 

to evacuate the whole system to 50 microns (0.05 torr). 

The low pressure vacuum was measured with the Virtue McLeod 

vacuum gauge. The McLeod vacuum gauge had a scale reading 

from 0.005 torr to 5 torr.

There was another vacuum system attached to the low 

pressure air lubricated dead weight gauge. The pump 

attached to this vacuum system was a Precision Scientific 

Model 75 vacuum pump. The pumping rate was 70 liters/min. 

in free air. An Ace McLeod vacuum gauge with a scale 

reading of 0.01 to 10 torr was attached to this system. 

This vacuum system served as the reference pressure when 

making the atmospheric pressure measurements through the 

low-pressure range air lubricated piston gauge.

Temperature Control and Measurement System

The Burnett cell C p  c u »  ^ e expansion valve, two 

high temperature block valves, and the high temperature 

differential pressure indicator cell were all submerged in 

the constant temperature bath. The bath temperature was 

controlled by a Hallikainen Model 1053A Thermotrol (TC), with 

a resistance thermometer sensing elements (RT2 ) and two 125 

watts adjustable internal heaters.

The constant temperature bath was made of stainless
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steel tank of 18 in. in diameter and 30 in. deep with a 

capacity of about 4 cubic feet of fluid. A thin asbestos 

cloth was wrapped around the bath tank to electrically 

insulate the tank from the resistance heating wire. Four 

fixed and one adjustable external heaters were wound around 

the bath tank. Each of these external heaters were made of 

40 feet of A.W.G. No, 20 Chromel-A asbestos insulated wire 

with resistance of 0.6375 ohms/ft., the power to the heaters 

was controlled by individually fused circuitd.

The bath tank and the heater assembly was insulated 

by 6 in. of insulating material and helded in place by an 

outer jacket made of 24 ga. stainless steel tank.

The bath fluid was a mixture of 40% sodium nitrite, 

53% potassium nitrate and 7% sodium nitrate by weight which 

melts at about 140°C. The bath fluid was circulated by two 

draft tube, down flow stirrers. The sterrers were driven 

at 1725 rpm by induction motors.

The desired coarse adjustment of the bath temperature 

was first made by using one or more of the five external 

heaters. The final temperature was controlled by the 

Thermotrol temperature controller that operate the internal 

heaters. It was possible to control the temperature of the 

bath within i 0.001°C of the desired set point temperature 

over the full range of these measurements. The temperature 

changes of 0.001°C could be easily detected.

The temperature of the gas in the Burnett cell was 

measured by a National Bureau of Standards calibrated



26

platinum resistance thermometer (RT^) inserted into a 

thermometer well in the wall of the Burnett cell Cj. 

The resistance of the thermometer was measured by a Mueller 

Bridge (MB) coupled to an optical Galvanometer (GA) and 

this resistance converted into the temperature reading.

Pressure Measurement System

The pressure in the system was measured with dead 

weight gauges (DWG) manufactured by Ruska Instrument Corp. 

Two oil lubricated dead weight gauges and two air lubricated 

dead weight gauges were installed during the previous 

experiment. The low-pressure oil lubricated dead weight 

gauge (DWGT ) range from 6 to 2428 psig. The high-pressure 
XI 

oil lubricated dead weight gauge (DWGH ) range from 30 to 

12,140 psig. The high-pressure air lubricated dead weight 

gauge (APGH ) range from 2 to 600 psig. The low-pressure 

air lubricated dead weight gauge (APG^) range from 0.2 to 

15 psig* Detailed descriptions of these dead weight gauges 

are given in Appendix Bi

In this work the general range of the system pressure 

was between 20 to 2,300 psig. The system pressure was 

measured with the low-pressure oil lubricated dead weight 

gauge. Atmospheric pressure was measured with the low- 

pressure air lubricated dead weight gauge and with a mercury 

barometer located near the Burnett apparatus. These baro­

metric pressure reading was used to convert the pressure
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measured by low-pressure oil lubricated dead weight gauge 

to absolute pressure. All pressure measurements were 

subject to corrections due to room temperature changes, 

elastic distortion of the pistons, local accelerating 

gravity, and buoyancy. Details of these corrections are 

given in the Appendix C.

Measuring the pressure of the system gas in the 

Burnett cell was the main purpose of this project. The 

transmission of the gas pressure to the dead weight gauge 

consisted of an elaborate piping system. A schematic 

diagram of the pressure measuring system is shown in Figure 

1.

Two sets of the differential pressure indicators 

(DPI) were used in the pressure measurment system. The high 

temperature differential pressure indicator was submerged in 

the constant temperature bath and this separated the system 

gas from the pressure transmitting fluid. The pressure of 

the system gas was sensed by a thin stainless steel dia­

phragm located in the high temperature differential cell. 

A differential pressure across the diaphragm caused the 

diaphragm to deflect which changed the core-coil position 

in a linear differential transformer. This motion was shown 

by the electronic null indicator. The linear differential 

transformer was located at the top of the differential 

pressure cell outside of the constant temperature bath for 

the protection of the electronic components. Clean, dry 

nitrogen gas served as the pressure transmitting fluid.
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The system gas pressure was balanced by the adding or re­

moving nitrogen gas with a hand operated mercury positive 

displacement pump.

A second differential pressure cell is used to 

separated the nitrogen gas from the oil in the oil lubricated 

dead weight gauge system. A second differential pressure 

null indicator was attached to the differential pressure 

cell for adjusting the differential pressure across the 

diaphragm of the differential pressure cell. A reference 

manometer was placed in the oil line between the dead weight 

gauge and the differential pressure cell indicating the 

reference oil level.

A Heise gauge was attached to the sample gas system 

to give an approximate reading of the initial gas pressure 

in the Burnett cell. This approximate pressure could be 

adjusted by a Ruska Model 2250 hand operated positive 

displacement mercury pump. Two Heise gauges were attached 

to the nitrogen gas system to permit a close estimates of 

the weight loads for the dead weight gauges and to balance 

the pressure in the bellows of the expansion valve.

Two Ruska Model 2426.1 hand operated positive 

displacement mercury pumps were attached to the nitrogen gas 

system and the oil system, respectively. These pumps are 

used for the necessary pressure adjustments.

Standard high pressure stainless steel £ in. O.D. 

tubing and high pressure valves were used through the

pressure measurement system.
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Safety Precautions

All of the electrical equipment was protected by 

circuit breakers or time-delay fuses located in the power 

control panel. The constant temperature bath was protected 

by a Fenwal Thermoswitch (FT) located in the constant 

temperature bath and set at 390°C. Power to the electrical 

control panel was cut off if the bath temperature went above 

this preset thermoswitch temperature. Two remote cutoff 

switches were located outside the laboratory for emergency 

power shut down. Power to the circuits of the system were 

controlled by the power switch located on the control panel.

B. Experimental Procedure

Before operation the whole system was pressure 

tested by charging the helium gas into the system to 2,000 

psi. When the helium in the test system and the nitrogen 

in the pressure transmission system remained for three days 

with no detectable leaks, the system was assured to be free 

of leaks.

The procedure for one series of pressure expansion 

on an isotherm using the Burnett method is described below. 

All expansion series were run according to this procedure. 

1. The heat transfer salt in the constant temperature bath 

was melted with the external heaters.

2. The constant temperature bath was then lifted into

position. The bath fluid was circulated with the two
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stirrers in the bath tank. An air blower was used to 

cool the electronic components at the top of the high 

temperature differential pressure cell.

3. When the predetermined isotherm temperature was 

approached, the thermotrol was turned on. The coarse 

control setting of the thermotrol was set to a point 

close to the predetermined temperature set point.

^. The final temperature was controlled by the adjustment 

of the fine control setting of the thermotrol. It 

took about 30 hours to attained the predetermined 

isotherm from the time power was turned on to melt 

the salt.

5. Good room temperature control was a very important 

factor in controlling of bath temperature. The 

temperature of the room was controlled within t 0.5°C.

6. The bath temperature was measured with a platinum 

resistance thermometer, mueller bridge, and galvano­

meter with optical scaling reading device. The thermo­

meter resistance indicated on the mueller bridge were 

converted to temperature reading.

7. When the bath temperature had remained constant for a 

period of at least 60 minutes, the electronic indicator 

on the high temperature differential pressure cell was 

zero adjusted by venting both sides of the differential 

pressure cell to atmosphere. This procedure was 

necessary on each isotherm to eliminate the possible

zero shift due to thermal expansion.
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8. The entire system was evacuated to less than 0.05 torr. 

The system was flushed with the test gas and evacuated 

again. This flush-evacuation sequence was repeated 

three times to insure a clean system.

9. Nitrogen gas and the test gas were introduced into the 

system simultaneously. Keeping the pressure difference 

between the system gas and the nitrogen gas within 50 

psi to prevent over pressuring the bellows of the 

expansion valve. This safety range could be easily 

controlled within the 50 psi limit.

10. The nitrogen gas pressure was kept slightly higher than 

the test gas pressure. The diaphragm of the differential 

pressure cell then deflected in one direction only.

This eliminated any zero shift due to deformation of 

the diaphragm that occurs when the diaphragm is over­

pressured from both sides.

11. Pressure balance was attained by adding or venting 

nitrogen gas. Weights were placed on the dead weight 

gauge until both the differential pressure null 

indicators were nulled.

12. At the balance point, the weights on the dead weight 

gauge, the temperature of the Burnett chamber, the 

room temperature, the barometric pressure, and the time 

of the day were all recorded.

13. The expansion valve was slowly opened to allow the test 

gas to expand into the preevacuated chamber C^^.

Precautions were taken to prevent the pressure difference
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between the test gas and the nitrogen gas from exceeding 

100 psi in order to protect the bellows of the expansion 

valve.

14. When thermal equilibrium was restored after the expansions, 

the expansion valve was closed.

15» Steps 11 and 12 were repeated until the pressure re­

mained constant.

16. The valve to the vacuum pump was closed when the chamber 

CJ J gas was vented to atmosphere outside of the labor­

atory building. The vent was then closed and the chamber 

CJ J was again evacuated to less than 0.05 torr. The 

pressure measurement on chamber Cj were observed during 

the venting and evacuation process to check for any 

possible leaks through the expansion valve. This 

pressure must remain constant during the evacuation 

of Cn .

17. About one hour was required to make each expansion. 

Successive expansions were obtained by repeating steps 

13 to 16 until the test gas pressure down to about 30 

psi.

18. This completed one series of isothermal expansions. 

About 12 expansions were required to expand from the 

initial pressure of 2,200 to about 30 psi.

The experimental data obtained are recorded in 

Appendix E.
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CHAPTER IV

RESULTS AND DISCUSSIONS

A. Calibration of Burnett Cell with Helium

The performance of the Burnett apparatus was 

tested by taking p-v-T measurements on helium on the 200, 

250» 300» and 350°C isotherms. Helium was used as the 

calibrating gas because accurate p-v-T data are available 

in the literature. It also has nearly a linear isotherm 

on the Pr _j/Pr  versus pr curve which makes it much easier 

to obtain the instrument constant. This constant should 

be close to but not necessarily the same as the instrument 

constant for another gas. The original experimental data 

for helium are presented in Table E-l of the Appendix E. 

The second and the third virial coefficients, the apparatus 

constants with the standard error of estimate obtained from 

the helium measurements are presented in Table 3» The 

average values of the second, the third virial coefficients 

and the standard errors of estimate for each isotherm are 

presented in Table 4. The second virial coefficients for 

helium are compared with the values reported by other 

investigators in Table 5« The agreement between these 

values is within the experimental error of this experimental 

method.
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B. Fluoroform Data

Experimental measurements on fluoroform were made at 

pressure up to 150 atmosphere over the temperature range 

from 200°C to 350°C at 50°C intervals. Two runs were made 

on each isotherm. The original experimental data are 

presented in Table E-l of the Appendix E. The nonlinear 

regression method described in Chapter II was used to 

calculated the second and the third virial coefficients. 

The results of these calculations and the standard error 

of estimate are presented in Table 6. The average values 

of the second and the third virial coefficients with the 

standard error of estimate for each isotherm are presented 

in Table 7. The virial coefficients versus temperature 

plots are presented in Figure 9 and 10. No data were found 

in the literature in the 200 to 350°C range to compare with 

the second and the third virial coefficients obtained from 

this work. The available low temperature second virial 

coefficients are shown on Figure 9 for comparison with the 

high temperature values. No values of the third virial 

coefficients were reported

The method described in Chapter II. was used to 

calculated the compressibility factors of fluoroform at 

each data point. The run constant of each series of 

expansions and the experimental compressibility factors 

for fluoroform at each data point are presented in Table 8. 

Compressibility factors calculated from the Benedict-Webb-
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Rubin equation of state reproduce these experimental values 

well within the experimental error of the data in the range 

between 200°C and 350°C and up to 150 atmospheres.

C. Error Analysis

The inherent errors in the Burnett experiment are 

those associated with the measurement of the temperature, 

the pressure, and those arising from uncertainties in the 

nonlinear regression analysis.

The measurement errors are those assignable to the 

instruments used. The uncertainties due to the incomplete 

evacuation of the lower cell before each expansion, the 

temperature variations during each run must be accounted 

for, and the errors in the pressure measurements must be 

assigned.

The effect of these assignable errors on the 

compressibility factor are defined as follows» with Z 

defined by

pv p
Z = ----- = ----- (IV-1)

nRT P RT

A virtual change in Z is given by,

az az az
dZ = (----) dp + (---- ) dT + (— “ ) dp (IV-2)

3P 3T Sr
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Computing the coefficients in equation (IV-2),

Oz/ap) = 1/PRT

(az/aT) « -(p/PRT2 ) (IV-3)

(^Z^p ) = - ( P /P 2 RT)

Substituting equation (IV-3) into equation (IV-2), and 

rearrangeing,

1 P P
dZ = (-----)dp - (---- 7 )dT - (— 3— )dp (IV-4)

PRT PRT^ P RT

The assignable error was obtained by taking the absolute

value of each term of equation (IV-4),

(IV-5)

The relative error was obtained by dividing equation (IV-5)

by equation (IV-1),

idzi - ldpl + 1^1 + Hi!
Z p T p

(IV-6)

The assignable error in pressure measurements were 

in the range, 0.030% <: dp/p < 0.049%.

The maximum temperature variation during each run 

was O.OO55°C. This uncertainty in the temperature
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measurement will contribute less than 0.03% error to the

calculation of compressibility factors. The assignable 

errors in the temperature measurement were in the range, 

0.006% $ dT/T < 0.003%.

The maximum uncertainty due to the incomplete 

evacuation Burnett cell CJ J , before each expansion were 

less than 0,0035%. The assignable errors due to the 

incomplete evacuation of Burnett cell were in the range, 

4.3X10“5% ̂  dP/p < 0.0035%.

The total assignable error contributed to the 

calculation of compressibility factors were in the range, 

0.037% £ dZ/Z < 0.056%.



38

CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The Burnett apparatus is a very useful way to obtain 

highly accurate pressure sequences which can be used to 

determine the gas compressibility factors and the virial 

coefficients in the virial equation of state for gases. 

The Burnett apparatus in this laboratory can be operated 

to 8,000 psi and in the temperature range of 200°C and higher.

Measurements were made on helium and fluoroform 

between 200°C and 35O°C at a 50°C intervals and pressures 

up to 150 atmosphere. From this measurements, the following 

conclusions can be drawnt 

(1). The second virial coefficients of the helium were in 

good agreement with the values reported by a number of 

other investigators. This indicates the present 

equipment is reliable for obtaining accurate p-v-T 

data.

(2) . At 200, 250, 300, and 350°C the second and the third 

virial coefficients of fluoroform gas were calculated 

from the Burnett p-v-T measurements. These represent 

new experimental results.
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(3). The parameters for the Benedict-Webb-Rubin equation 

were obtained by fitting the experimental Burnett 

p-v-T data. The Benedict-Webb-Rubin equation 

represent the data within 99.99% confidence level 

based on the standard estimate of error between the 

computed and the experimental values. The compress­

ibility factors computed with the Benedict-Webb-Rubin 

equation are within experimental error for all data 

points for the fluoroform gas over the temperature 

between 200 and 350°C and pressure to 150 atmosphere.

B. Recommendations

The following suggestions are made for future work»

(1). From a review of literature, p-v-T measurements of 

fluoroform gas are available only from 0 to 130°C. 

It would be useful to obtain compressibility factors 

and the second and the third virial coefficients for 

fluoroform gas in this lower temperature range. In 

order to do this, the heat transfer salt in the 

constant temperature bath would have to be replaced 

by commercially available heat transfer oil. 

Physical adsorption as well as chemisorption of the 

fluoroform on the Burnett cell wall may be a problem 

when using the Burnett apparatus for p-v-T measure­

ments at these lower temperature level. Both 

theoretical and experimental suggestions has been
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made by several investigators (l,20,25»45) to overcome 

these adsorption effects. A careful review of these 

papers is recommended before this work proceeds.

(2) . Evaluation of the second and the third virial 

coefficients of a selected binary gas mixture at 

moderate and high temperature levels would be a 

worthwhile experiment, this would supplement data 

that are available at low temperature.

(3) . The Pr _]/Pr versus pr plot of the experimental data 

points shows scatter of the data points when the 

experimental pressure is less than 100 psi. This may 

be due to reduced sensitivity of the high temperature 

differential pressure cell in this lower pressure 

range. Careful inspection and analysis of the design 

of these cells to possibly improve the performance is 

recommended.

(4) . The assignment of the weighting factor in equation (II 

33) is arbitrary and the detailed functional form 

that factor should take is unknown. Because the error 

in each pressure measurement is nearly constant over 

the pressure range of this work, an a priori assign­

ment of the weighting factor suggests w^ = (pj , 

The simplest imperical correction to this weighting 

factor is a linear translation of the pressure so that 

= (Pi + a) where the ’’best value" of a is selected 

by minimizing the standard error of estimate. Because

the third virial coefficient is so sensitive to the
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"best fit", it is recommended that the functional 

form of this weighting factor be examined and 

additional emperical procedures be used to study the 

effect of the weighting of the experimental data.
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LIST OF SYMBOLS USED IN FIGURES

APG^ High range air piston gauge 6 - 600 psig 

AOG^ LOW range air piston gauge 0.4 - 15 psig 

AT Auto transformer

Cj Upper Burnett cell

CJJ Lower Burnett cell

CT Cold trap

D?H T  High temperature differential pressure cell

DPL T  L o w  ‘t e mPe r a 't u r e differential pressure cell 

DPIH ,p High temperature differential pressure indicator 

E^LT k°w  temperature differential pressure indicator

DWG^ High range dead weight gauge 30 - 12,140 psig

DWG-̂  Low range dead weight gauge 6 - 2,428 psig 

EH External heater

G, Heise gauge 0 - 5,000 psig

Gg Heise gauge 0 - 100 psig

G^ Heise gauge 0 - 5»000 psig

GA Galvanometer, scale, and light source

H, Elevation of high temperature dead weight gauge 

diaphragm from reference plane

Hg Elevation of the highest point in pressure 

transmitting tubing from reference plane

HP0 Hand pump for DWG oil

HPG  Hand pump, mercury, sample charging
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HPN Hand pump, mercury, nitrogen system 

IH Internal heater

MB Mueller bridge

MI Mercury indicator

MR Mercury reservoir in Fig. 1
Magnetic relay in Fig. 2

MV^ Sample discharge flow control valve

MV2 Nitrogen charge flow control valve

MV^ Sample charge flow control valve 

MV^ Nitrogen discharge flow control valve 

OT Oil trap

PC Pressure control pack

RT^ Resistance thermometer for temp measurement

RT. Resistance thermometer for temp control

SG Surge tank

ST Bath stirrers

SW Fenwal thermal protect switch

T Mercury trap

TC Temperature controller

VAC| Main vacuum system

VACO Vacuum system for APG-.

VT Variable transformer

Vj_ Expansion valve

V 2 Sample charge isolation valve

V3 Sample isolation valve discharge side

V4 Sample isolation valve charge side

V5 Sample discharge isolation valve



46

V6
V 7 

%
V9 
v io 
v n 
V12 
V13 
V14

Nitrogen system isolation valve

Nitrogen system isolation valve

System pressure to control pack isolation valve

Nitrogen system vacuum shut off valve

Nitrogen system source shut off valve

Nitrogen system shut off for bellows side

Oil system DPT m  isolation valve

Oil bleed valve

Control pack to atmosphere valve

Vj^ Sample charging shut off valve

V ^  Sample source shut off valve 

V^? Helium source shut off valve 

Vl a Mercury surge cut off valve

V ^  Mercury trap drain valve

V20 Sample system vacuum shut off valve

V2i Charging pump outlet valve

V2 2 Charging pump inlet valve

V23
V 24
V25
V26
V2?
V 2tt
V 29
VJ0
V31

DWG«Tu isolation valve 

DWGnU isolation valve 

G± isolation valve

G2 isolation valve

G^ isolation valve

Oil pump outlet valve

Oil pump inlet valve

Nitrogen pump outlet valve

Nitrogen pump inlet valve
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V32 APGHiso la tion valve
V33 APGJ,u iso la tion valve
V ^ Three way valve for o il head reference
V̂  ̂ Pressure control pack vacuum shut off valve
V36 Atmosphere bleed valve
V37 Vacuum iso la tion valve
V3* Atmosphere bleed valve
V39 Vacuum pump #1 iso la tio n valve
V40 Vacuum pump #2 iso la tio n valve
V 41 Vacuum pump to bell ja r  iso la tio n  valve
V ^2 Vacuum system #2 atmosphere bleed valve
V ^  Nitrogen hand pump atmosphere bleed valve 
V ^ Oil hand pump atmosphere bleed valve
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Figure 3. The Burnett Cell
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Figure 4. The Expansion Valve
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Figure 7. The Contents of the Constant Temperature Bath



Figure 8, Temperature Control and Measurement Devices
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TABLE 1

NUMERICAL VALUES OF THE CONSTANTS IN

THE BENEDICT-WEBB-RUBIN EQUATION OF STATE

FOR FLUOROFORM

UNITS: P = PSIA, P = LB-MOLE/CU-FT, T = °R

K = 10.73185 (PSIA)(CU-FT)/(LB-MOLE)(°R)

¿o*1 0 '1

C xlO i u

0 —4
a xlO

-1.7492537

-1.0554567

I.III3494 

5 « 5 Ö3 8 1 5 Ö

c xlO"1 0 

a xlO+ 1

4.3249405

2.0060423

9.8075740

Y 6.9521530

Experimental Range of Data Fitted

T (°R)

P (PSIA)

Sample Error of ,n +4
Estimate

852 - 1122

32 - 2233

4.685399
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TABLü 2

NUMERICAL VALUES OF THE CONSTANTS IN

THE BENEDICT-WEBB-RUBIN EQUATION OF STATE

FOR FLUOROFORM

UNITS: P *  ATM, P » GR-MOLE/LITER, T = °K 
R = 0 .0 8 2 0 5 6 7 0 8  (L IT E R ) (A TM )/(G R-M O LEH °K )

A xlO"1

° +2
B xlO 4

0 A

b xl0+ 2 

c xlO’6 

a xlO+ 8 

Y xlO*2

-4.9784139

-6.5890407

9.7562312

9.9208863

1.6855548

I.IOOO557

4.4926370

2.7094564

Experimental

T (°K )

P (ATM)

Sample Error
Estimate

Range of Data Fitted

473.15 - 623.15

2.2 - 152
O f  X 1O + 4

4.685399
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TABLE 5

COMPARISON OF SECOND VIRIAL COEFFICIENTS OF HELIUM

T°C SOURCE B « (c c /m o le )

2 0 0 .0 T h is  work 1 0 .6 0
H o lb o m  (3 0 ,3 1 ) 1 1 .0 7
E p p e r ly  (1 ? ) 1 1 .1 0
Keesom (3 3 ) 1 0 .5 9
S c h n e id e r  ( 4 8 ,4 9 ,6 5 ) 1 1 .0 8
S i l b e r b e r g  (51 ) 1 0 .7 6
Suh (5 5 ,5 6 ) 1 0 .9 8
W iebe (66 ) 1 0 .7 2

2 5 0 .0 T h is  work 1 0 .4 1
E p p e r ly  (17 ) 9 .5 6
W itonsky  (67 ) 1 0 .6 9

3 0 0 .0 T h is  work 1 0 .3 1
E p p e r ly  (17 ) 9 .0 8
H o lb o m  (3 0 ,3 1 ) 1 0 .5 0
Keesom (3 3 ) 1 0 .1 1
S c h n e id e r  (4 8 ,4 9 ,6 5 ) 1 0 .7 6
Suh (5 5 ,5 6 ) 1 0 .5 9

3 5 0 .0 T h is  w ork 1 0 .2 3
E p p e r ly  (17) 9 .4 0
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TABLE 8 63

EXPERIMENTAL VALUES OF RUN CONSTANT AND 
COMPRESSIBILITY FACTORS FOR FLUOROFORM AT T = 200°C

RUN 5

EXPANSION 
NUMBER

RUN CONSTANT = 147.69408

P (PSIA) Z

0

1

2

3
4

5
6

7
8

9
10

11

12

1887.415406 0.8696

1381.557464 0.8962

1006.998072 0.9198

730.350072 0.9393

527.247497 0.9548

379.128380 0.9667

271.761843 0.9757

194.327913 0.9823

138.703339 0.9872

98.865142 0.9908

70.296350 0.9920

50.095523 0.9954

35.628784 0.9968

RUN 8 RUN CONSTANT = 155.50107

0

1

2

3
4

5
6

7
8

9
10

11

12

1977.729392 0.8654

1448.322786 0.8924

1056.426413 0.9165

766.769664 0.9366

553.903575 0.9527
398.512284 0.9651

285.778588 0.9745

204.417439 0.9815

145.939002 0.9688

104.041683 0.9904

73.986895 0.9917

52.729267 0.9951

37.503782 0.9966



TABLE 8 (CONTINUED) 6 4

EXPERIMENTAL VALUES OF RUN CONSTANT AND 
COMPRESSIBILITY FACTORS FOR FLUOROFORM AT T = 250°C

RUN 6 RUN CONSTANT e 142.40598

EXPANSION 
NUMBER P (PSIA) Z

0 1938.334804 0.9262

1 1397.742882 0.9390

2 1007.773548 0.9519

3 725.239028 0.9632

4 520.724902 0.9732

5 373.088604 0.9795
6 266.833455 0.9850

7 190.570594 0.9890

8 135.957126 0.9921

9 96.915445 0.9943

10 68.925013 0.9962

11 49.167993 0.9972

12 35.001665 0.9981

RUN 7 RUN CONSTANT = 157.30170

0 2127.406448 0.9203

1 1534.560720 0.9333
2 IIO7.5O356O 0.9470

3 797.883172 0.9592

4 573.457793 0.9693

5 411.209738 0.9772

6 294.290907 0.9833

7 210.285602 0.9878

8 150.077901 0.9912

9 107.010655 0.9937
10 76.142702 0.9941

11 54.307655 0.9968

12 38.666530 0.9979



TABLE 8 (CONTINUED) 6 5

EXPERIMENTAL VALUES OF RUN CONSTANT AND
COMPRESSIBILITY FACTORS FOR FLUOROFORM AT T = 300°C

RUN 9

EXPANSION 
NUMBER

RUN CONSTANT = 159.07477

P (PSIA) Z

0

1

2

3
4

5
6

7
8

9
10

11

12

2233.150750 0.9553

1599.153711 0.9598

1148.161514 0.9669

824.311878 0.9740

591.206994 0.9801

423.502274 0.9851

303.023707 0.9890

216.614068 0.9919

154.729449 0.9941

110.458911 0.9958

78.711763 0.9965

56.229003 0.9979

40.102195 0.9986

RUN 10 RUN CONSTANT = 153.38650

0

1

2

3
4

5
6

7
8

9
10

11

12

2153.956901 0.9555

1543.086695 0.9605

1107.916559 0.9676

795.307214 0.9746

570.305254 0.9806

408.460625 0.9855

292.217496 0.9893

208.864899 0.9921

149.177441 0.9943

106.489399 0.9959

75.855526 0.9971

54.202467 0.9979

38.656781 0.9987



TABLE 8 (CONTINUED) 66

EXPERIMENTAL VALUES OF RUN CONSTANT AND 
COMPRESSIBILITY FACTORS FOR FLUOROFORM AT T = 350°C

RUN 11 RUN CONSTANT = 126.09264

EXPANSION 
NUMBER P (PSIA) Z

0 1799.738038 0.9712

1 1288.758159 0.9750

2 923.789655 0.9797

3 661.987095 0.9842

4 474.038808 0.9879

5 339.185750 0.9910

6 242.527576 0.9933

7 173.315710 0.9951

8 123.800599 0.9964

9 88.401747 0.9974

10 63.008957 0.9982

11 45.043855 0.9987

12 32.147538 0.9992

RUN 12 RUN CONSTANT = 135.22785

0 1927.337761 0.9698

1 1379.545691 0.9732

2 988.847444 0.9780

3 708.701562 0.9826

4 507.575597 0.9867

5 363.241482 0.9899

6 259.764408 0.9925

7 185.654032 0.9944

8 132.633948 0.9960

9 94.706634 0.9971

10 67.505350 0.9978

11 48.261854 0.9986
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APPENDIX A

METHOD OF NONLINEAR REGRESSION

The method of nonlinear regression based on the 

work of J.M.H, Levelt-Sengers (35)» entitled "The Statis­

tical Analysis of p-v-T Data and Derived Properties" is 

presented in this section.

A matrix is denoted by a double underline. A vector 

is denoted by a single underline. The transpose of a matrix 

is denoted by superscript "T" and the inverse is denoted by 

superscript "-1".

For a given set of observed values P^ ... Pm  which 

are all subject to error, the expectation values of these 

observed quantities P^ ... Pm  obey a set of conditions 

involving certain parameters b^ ... b^.

pi ( pi ■•• V b i ••• \ >  ’ 0

• (A-l)

pn‘p l •’• p m-b l ••• V  - 0

where m>n>k



For the case where the P ’s have equal variance and 

are not correlated,

Var P. = Op x Im x m  (A-2)

It is assumed here that both the observed quantities 

and the parameters are subject to error. The conditions 

F1 **’ Fn a r e  n o t  linear' in the coefficients b^ ... b^. 

The coefficients b.(j = 1  ... k) can be determined by 

requiring that the sum-of-squares of the adjustments of the 

observed values P^(i = 1 ••• m), SSP^, to be a minimum under 

the constraints F$( £= 1 ... n).

in p
SSP. = E  ( APx) “ min. 

1 i=l 1

(A-3) 

with F, ... F =0, and b. = b.
1 n ’ j j

where b. represents the values of the coefficients which

will make sum-of-squares of the adjustments of the P^

(i = 1 ... m) a minimum under the constraints F̂  ( i= 1 ... n). 

Define

b. = b? + Ab. , j = 1 ... k 
J J V

P± = pj - APA , i = 1 ... m
(A-4)

where the superscripts ”o" represent the approximate value.

With these approximate values the constraining equations can
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be d e fin e d  a s ,

? i  = V P? . . .  p ^  ^ *
o
k

(A-5)

F n = F n<F i FPm° ’ bD1°

I f  th e  ad ju stm en ts  P ^ ( i  =  1 . . .  m) a re  sm all and i f 

th e  b j ( j  “ 1 •••  k) a re  "good" f i r s t  e s t im a te s ,  th e  co n s­

t r a in in g  eq u a tio n s  F j ( | s l  . . .  n) w i l l  be c lo s e  to  Fj ( 2 = 

1 . . .  n ) . T his means th e  d i f f e r e n c e s  between FJ and F  ̂ a re 

c lo se  to  z e ro . L in e a r iz a t io n  o f th e  c o n s tra in in g  e q u a tio n s 

can be done by expanding th e  eq u a tio n s  F^( i=  1 . . .  n) in  a 

T a y lo r’s expansion  w ith  r e s p e c t  to  P . ( i  = 1  . . .  m) and b .( 

j = 1 . . .  k ) ,  and r e ta in in g  on ly  th e  f i r s t  d e r iv a t iv e s ,

pi  * V h  •••

<pi  - h>

m 3F* ^ ___ *
i= l  3P i

+  £ — - 
3=1 3 b , J

<b 3 - S P

£ = 1 . . .  n

o r

m 
E

?F t

i= l  5 ^
A p i  -

£  ap i
3=1 9b

A b 3

£ = 1 . . .  n (A-6)
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N ext, d e f in e  th e fo llo w in g  Ja co b ia n  m a tr ic e s ,

w (nxk) _ 
i b

p(mxn)

A 
api

•
•

5 ^
5 P I

•

• (A-7)

• •

A

m m

9 ^ 3 F 1
9  b, k

• •

• • (A-8)

• •

3 b x 5 b k

and th e  v e c to r s ,

A ^

A b ^ x 1  ̂ = (A-9)

A\
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Fi
n (nxl) 
F = (A-10)

A p (mxl) _

o 
n

(A-ll)

^Pm

The linearized constraining equation (A-6) can be 

rewritten in terms of these matrices as,

F° = ?£△£ + Zb A - (A-12)

The matrices Fp and F^ are calculated approximately using 

the approximate value P°, b°. These are substituted into 

the constraining equation. Because the solution involves 

the approximations, it may be necessary to carry the process 

through several iterations, in order to arrive at a satis­

factory results, especially if the first estimate of the 

coefficients are not very good.
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The v a r ia t io n  o f th e  sum -of-square  o f th e  d i f f e r e n ­

t i a l  AP i s  re q u ire d  to  zero  under sm all v a r ia t io n s  o f  th e 

optimum AP under the  c o n s t r a in t s  o f  th e  c o n d i t io n s .

BTÔAP = o (A-13)

where

FpÔAP +  4 6 ^  =  0  (A-14)

Using th e  L agrangian  undeterm ined m u l t ip l ie s 

^1 * * * ^n ^  eq u a tio n  (A-13) and (A -14 ),

(APT " ÀTZ p)5 A P " ÀTI b 6^  =  0  (A-15)

where

s  I • ' • k n I 
—  n

By choosing 1. a p p ro p r ia te ly ,  a l l  c o e f f i c i e n t s  can be made 

to  v a n ish , and

APT  -  A p  = 0 

~ (A-16)
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From equations (A-12) and (A-16),

F° = IpZpX +  Zb
AS

Define the (nxn) matrix L as,

i = ? p &

Equation (A-17) becomes,

F° = LX + Fb Ab

(A-17)

(A-18)

(A-19)

If L"^ exists and equation (A-19) is pre-multiplied by 

then,

^ " V  “ Z ^ Z b 4! (A-20)

and

F^L- 1! ̂  = F ^  =  0 (A-21)

Equation (A-20) as a set of normal equations which can be 

solved for Ab.

*5 = (F^"1^ ) " 1^ - 1 ?0 (A-22)
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n - k

Var F° * o^o  L

From equation (A-12),

F° 3  Zp^Z + Zb ^

Zp^Z s  z° ■ z b ^

By defin ition , the variance of coeffic ien ts can be w ritten , 

Var b = E [(b - b) (b - b)T]

« (FJ Î 1 ^ ) ' 1 ®?0  (A-23)

while

(F° - Z ^ S V i Z 0 - Zb
AS 

£¿0 = ----------Z-------Z----------- Z-------  (A-24)

(A-25)

(A-26)

Substituting equation (A-26), (A-16), (A-18) in to  equation 
(A-2M ,

in T “1 O T

a.p2°A n - k

△£T£JA APT AP
— — — —  s  - ■ ■ - .

n - k
(A-27)

n - k
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From equation (A-16) and (A-19)»

AP =  ZpL^CF 0 ~ Z b ^  (A-28)

A P can be found after calculating Ab,

If the observed P's are varied by amount 6P, then

8F° = Zp8Z (A-29)

so that,

Var F° = E[(6F°, (6F°)T )]

=  E(Fp6P, &Z T Zp)

= Fp(Var P)Fp

= dp L (A-30)

2
where VarP is diagonal with elements Op, Comparing equation 

(A-30) and equation (A-25)» (A-27)»

dp =  “n ^ F  A Z T A Z (A-3D

From equation (A-23)»

^b * ( Z & ^ Z b ^ M  (A-32)
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For the case in which P's are correlated and of unequal 

variance,

VarP = Op ^(mxm) (A-33)

Equation (A-33) can be converted to the same form as 

equation (A-2). Defining a matrix g,

RRT  = A“1 or RTAR = Im x m  (A-3^)
«*» «■» «* «* «BB «W 9

p = RT P (A-35)

VarP = RT VarP R = dp RTAR = Op Im x m  (A-36)

Equation (A-36) has the similar form as equation (A-2).

By following the same procedure as indicated from equation 

(A-3) to equation (A-32). The final results are«

L = F^AFp (A-37)

Ab = (F^’1 ^ ’1 ^ ^ 0 (A-38)

XP = AFpL"1 ^ 0 - F^b) (A-39)
«■•*«• •*

d| - (^PTA"1 AP)/(n - k) (A-40)
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2 _ 
b ~

( E b ^ b ) " 1 °? 
«* M M

(A-41)

The matrix A is a diagonal with elements 1/w^ ... l/*m »

(A-42)

where w ’s are commonly denoted as the weights of the

measurements P^ ... P , and equal to (P^ +3) , i = 1 ... m.
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APPENDIX B

DESCRIPTION OP THE MEASURING INSTRUMENTS

Detailed descriptions of the various instruments 

are included in the instruction manuals supplied by the 

manufacturers. Only a brief summary is presented here.

A. Pressure Measuring Instruments

The pressure measuring instruments were done on 

two instruments. One was a Ruska Model 2400 oil lubricated 

Dead Weight Gauge (DWG) with two Ruska Differential Pressure 

Indicators (DPI). The oil lubricated Dead Weight Gauge 

was used for measuring the system gas pressure. The other 

gauge was a Ruska Model 2465 Air Piston Gauge with one Ruska 

Model 2416 control box. This gauge was used to measure the 

atmospheric pressure and this was used to convert the system 

gas pressure to absolute pressure.

Oil Lubricated Dead Weight Gauge and Differential Pressure 

Indicator

The piston of the Ruska Model 2400 Dead Weight 

Gauge was made of tungsten carbide, and has an enlarged 

section on its lower end for the purpose of over pressure
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protection. The cylinder is of the re-entrant type which 

permits high operating pressure without excessive oil flow, 

and was made of A.I.S.I. type D2 steel. The tolerance of 

the piston diameter and the roundness was of the order of 

5x10”  ̂in. A circular table was mounted on the piston and 

the weights were placed on this when the gauge was in use. 

The combined mass of the weight table assembly and the 

piston constituted the tare weight of the piston. The tare 

weight divided by the piston area represents the minimum 

pressure which the gauge can measure.

During the operation of the Dead Weight Gauge, the 

piston was rotated either clockwise or counterclockwise by 

means of a pulley and an electric motor arrangement. The 

rotation of the piston provides the alignment of the piston 

in the cylinder due to the viscous force in the annulus, 

and eliminates the friction by preventing the direct contact 

of the piston and the cylinder. The counter rotation 

eliminates the screw effect of machining or polishing marks 

on the piston and the cylinder.

All weights used on the Dead Weight Gauge were made 

of type 303 stainless steel and were calibrated in English 

units, and dynamically balanced for rotation. The calibra­

tion of the weights was made and reported to a precision of 

one part in fifty thousand for weights greater than 0.1 

pound mass, one part in twenty thousand for weights 0.01 to 

0.1 pound mass and one part in ten thousand for weights 

0.001 to 0.01 pound mass. The calibration report for the
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weights is given in Table E-2. The constants and parameters 

necessary for the proper conversion of the gauge loading 

to pressure were obtained from the test report and are 

summarized belowi

(i) High-Range Dead Weight Gauge 

Manufacturer» Ruska Instruments Corporation 

Models 2400H

Serial number» 10210 gauge

Calibration job number» A3535/C2516

Cylinder number» HC-156 

Range» 30 to 12,140 psi 

Ao » 0.0260411 in2 

Reference temperature, 25°C 

b, -3.6xlO”$/psi

Thermal coefficient (C)» 1.7xl0“V°C

Resolution t less than 5 ppm 

Leak rate» 0.02 in/min

Plane of reference, 0.03 in. below line on sleeve 

weight

(ii) Low-Range Dead Weight Gauge 

Manufacturer, Ruska Instruments Corportion 

Model, 2400L 

Serial number, 10211 gauge 

Calibration job number, A3535/C2516 

Cylinder number, LC-147 

Range, 6 to 2,428 psi
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Ao i 0.130222 in
2

Reference temperature» 25°C 

b» -4.8xl0~8/psi

Thermal coefficient (C)» 1.7xlO”^/°C

Resolution » less than 5 ppm

Plane of reference» at the line on the sleeve weight

* The resolution is designated as the smallest change in 

the mass of the test gauge load that will produce a measur­

able change in the condition of equilibrium of the two 

gauges and expressed as the ratio of change in mass to the 

total mass.

The Differential Pressure Indicator, composed of 

Differential Pressure Cell and Electronic Null Indicator 

was capable of detecting any instantaneous pressure 

differentials in both low and high pressure system. A thin 

stainless steel diaphragm separates the two pressure 

chambers of the Differential Pressure Cell. The diaphragm 

assembly positions an iron core inside a linear differential 

transformer coil located in the upper pressure chamber. 

The deflection of the diaphragm caused by different press­

ures across the diaphragm change the relative position of 

the core and coil. This change of the core-coil relation­

ship causes an electrical output which was detected on a 

bridge circuit. A calibration curve for the zero shift as

a function of operating pressure was supplied with each unit
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by Ruska Instruments Corporation.

(i) Low Temperature Differential Pressure Indicator 

Manufacturer« Ruska Instruments Corporation 

Model« 2416.1 

Cell serial number« 10132 

Cell catalog number« 2413 

Electronic Null Indicator serial number« 10322 

Electronic Null Indicator catalog number« 2416 

Sensitivity« 1x10 psi/micro amp 

Maximum operating pressure« 15»000 psi 

Maximum over-pressure on either side of diaphragm« 

15,000 psi 

Temperature range« 40°F to 130°F 

Zero shift* ^  = Pu  + (0.229x10"^) x Pu 

Accuracy« The accuracy of the null point is t 1£ 

scale divisions under the worst case of 

combined operating conditions of 10% line 

voltage variation, 20°C to 40°C temperature 

variation and over a period of 2 hours 

continuous operation. This corresponds 

to a 3x10 psi variation.

(ii) High Temperature Differential Pressure Indicator 

Manufacturers Ruska Instruments Corporation 

Model* 216R 

Cell serial number* 13221
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Cell catalog number: 216R 
Electronic Null Indicator serial number» 13153 

Electronic Null Indicator catalog number» 2416 

Sensitivity» 2.0x10 psi/micro amp 

Maximum operating pressure» 10,000 psi 

Maximum over-pressure on either side of diaphragm» 

10,000 psi 

Temperature range» 40°F to 130°F

Zero shift* P} = Pu  + (O.515xlO“4 ) x Pu

Air Piston Gauge

The Air Piston Gauge was an air lubricated Dead 

Weight Gauge for precise measurement of gas pressure. The 

design basis as the same as the oil lubricated Dead Weight 

Gauge. The piston was lubricated by the air as the pressure 

transmitting medium and rotated at a constant velocity to 

insure consistent pressure reading. The minimum pressure 

at which the gauge can perform is thus limited by the 

lubricating film and is of the order of four tenths of a 

psia. The low range Air Piston Gauge was equipped with a 

bell jar, remote weight loader and a special set of weights 

for atmospheric and sub-atmospheric pressure measurements. 

The pressure control pack connected to both the high 

pressure range and the low pressure range Air Piston Gauges 

served as pressure adjusting device. Two pressure gauges 

allow the operator to monitor the pressure at the outlet of 

the control pack. The fine adjustment of outlet pressure
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was controlled by a hand pump on the control pack. The 

specifications for each gauge supplied by the manufacturer 

are listed as follows:

(i) High Pressure Range Air Piston Gauge 

Manufactureri Ruska Instruments Corporation 

Modeli 2465 

Serial numberi 14672 

Calibration job numbert A7377/C7739 

Cylinder and Piston numberi V-281 

Normal rangei 2 to 600 psi 

Incrementsi 0.5 psi 

Effective area (A_) at 20°Ci O.O13OO3 in2 

Thermal coefficient of superfical expansion! 9.1xlO'V°C 

Piston material1 tungsten carbide 

Cylinder material: tungsten carbide 

Piston tarei 0.0260145 pound 

Piston density: 10.16 gm/cm^ 

-4 Resolution: 1x10 psi at 2 psi 

5x10”^ psi at 600 psi 

Humidity range: 0 - 80% relative 

Temperature range: 60 - 100°F 

Reference pressure: atmospheric or vacuum 

Recommended pressure medium: dry, clean nitrogen 

Sink rate: maximum 0.046 in/min

. Estimate system error in A_: 62 ppm

Random error of comparison (standard deviation): 

1.5 PPm
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NBS reference test number for reported value of

Ae i P7036B

NBS reference test number for reported values of 

mass: 2.6/167716, set B» 178648, set A

Pressure gauge weights from Ruska Instruments Corp, 

with catalog number 2460-910, serial number 14977 

are listed in Table E-2. Deviation from the true 

value of the mass will not exceed 10 ppm or 0.001 

gram whichever is greater.

(ii) Low Pressure Range Air Piston Gauge 

Manufactureri Ruska Instruments Corporation 

Model1 2465

Serial number: 14024

Calibration job number: C6556/A6489

Normal range: 0.2 - 15 psig

Increments: 0.0125 psig

Effective area (Ao ) at 20°C: 0.520372 in2

Thermal coefficient of superfical expansion: 

-2.0xl0"5/°C

Piston material: tungsten carbide 

Cylinder material: tungsten carbide 

Piston tare: 0.104056 pound 

Piston density: 10.16 gm/cm^ 

Resolution: IxlO“^ psi at 0.2 psi 

3x10"^ psi at 15 psi
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Humidity rangei 0 - 80% relative 

Temperature range« 60 - 100°F 

Reference pressure » vacuum 

Recommended pressure medium« dry, clean nitrogen

(iii) Pressure Control Pack 

Manufacturer« Ruska Instruments Corporation 

Model« 2461

Serial number« 14021

Catalog number« 2461.1

Inlet pressure to pack« vacuum to 1,000 psi

Outlet pressure from control packs vacuum to 1,000 psi

B * Temperature Measurement and Control Equipment

(a) Temperature Measurement Equipment

The platinum resistance thermometer, Mueller Bridge, 

and the optical Galvonmeter comprised the temperature 

measurement devices, and are discussed in that order.

Platinum Resistance Thermometer

The platinum resistance thermometer, manufactured 

by Rosemont Engineering Co. was designed for the range from

-183°C to 500°C. The annealed high purity platinum wire

resistor was hermetically sealed in a close fitting type
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321 stainless steel well. The sensitive portion was at the 

lower two inches of the well. The thermometer had two 

current and two potential leads. The current to the re­

sistance is maintained at approximately 0.5 milliamps to 

keep the self-heating of the thermometer in the range 

significently below one thousandth of a degree C. The 

measured resistance between the lead junctions can be 

converted to temperature reading by the following equation,

R+ t t
- S -  = 1 + a(t - 6 ( -----1)(----- ) - 0
Ro 100 100

( —  - 1 )( —  )3 ) (B-l)
100 100

where 0 is defined as zero when t is greater than 0°C and 

a = 0.0039257^2 » 6 = 1.491^, 0 = 0.1104 2 , Ro = 25.550 abs. 

ohm.

The thermometer was calibrated by the National 

Bureau of Standards and certified at -183°C, 0.001°C, 100°C 

and 250°C with the triple point of water as reference point.

Specifications

Manufacturer« Rosemont Engineering Company 

Model« 1620 

Serial number« 49

NBS calibration test number« 3.1/31709 

Temperature range« -200°C to 500°C
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Stability: better than 0.01°C 

Insulation resistance: greater than 5»000 megohms at 

100V. DC at room temperature 

Pressure range: 0 to 2,000 psi

Mueller Bridge

This bridge was designed for the accurate measure­

ment of temperature with a resistance thermometer. It had 

a one to one ratio and was made of two ratio arms of 1,000 

ohms each. The rheostat arm of 141.1110 ohms was controlled 

by one plug switch and five dial switches. There was also 

a reversing mercury commutator that was used to eliminate 

the effect of possible inequalities in the thermometers lead 

resistance. There was a calibration arrangement for checking 

the bridge zero and the equality of the ratio arms. It had 

terminal binding posts for connecting the resistance thermo­

meter, a battery and the galvanometer. There were two push­

button controlled keys for closing the circuit between the 

battery and the bridge. One of the keys placed a 10,000 ohms 

resistor in series with the battery to decrease the sensi­

tivity of the galvanometer for readings that were substantial­

ly away from the null resistance setting of the potentialmeter. 

The overall limit of error of the bridge is 0.02% of its 

setting or 0.00005 ohm whichever is greater.

Specifications
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Manufacturer* Minneapolise-Honeywell Regulator Co., 

Rubicon Instruments

Catalog number: 1551

Serial number: 125202

Galvanometer

A reflecting high sensitivity galvanometer equipped 

with focusing mirror for use with a lamp and scale at 1 meter 

distance is used to balance the bridge. A damping key is 

provided in the galvanometer circuit to reduce the oscilla­

tions of the moving coil.

Specifications

Manufacturer: Minneapolis-Honeywell Regulator Co.,

Rubicon Instruments

Catalog number: 3201, type T

Serial number* 120375

Resistance* 11.5 ohms

Sensitivity per mm at 1 meter distance, 0.071 microvolt

Period, 10 seconds

Ext. Crit. Damp, resistance, 17 ohms

Cat. No. for lamp and scale reading device* 3910

Cat. No. for right angle prism* 3280

Cat. No. for galvanometer bracket* 3290
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(b) Temperature Control Equipment

A general purpose laboratory temperature controller 

with a platinum resistance thermometer bulb temperature 

sensing element and two Cenco stainless steel strip heaters 

were used to control the bath temperature. This temperature 

controller was designed to control the temperature by any one 

of the three modes: on-off, proportional, or proportional 

with reset.

For on-off operation, wheatstone bridge with a 

resistance thermometer detector as the variable arm, was 

operated at balance using an adjustable ratio arm to select 

the temperature setting. The temperature difference between 

"on" and "off" operation was 0.001°C. With proportional 

control, a negative feedback signal was applied to produce 

an "on" period which is a function of the bridge unbalance 

voltage. The sensitivity of the proportional controller, 

expressed as the proportional band temperature differential, 

0 - 100% duty cycle, could be adjusted in nine steps from 

0.023°C to 5»888°C with the gain switch. For reset opera­

tion, a positive feedback circuit with an adjustable time 

constant was added to the negative feedback circuit to 

eliminate the characteristic off-set of the proportional 

control. When the controller was used in proportional and 

reset mode to regulate the temperature of the bath, this 

reduced the apparent proportional band by a factor of 100.

The reset rate for the temperature controller could be
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adjusted from 6 to 90 seconds in eight steps.

Specifications

Temperature Controller

Manufacturer» Hallikainen Instruments Co,

Models Thermotrol 1O53A

Serial number» 8379

Platinum Resistance Thermometer Bulb

Manufacturer» Hallikainen Instruments Co.

Models 11830

Serial numbers 8031

The room temperature could be controlled within 

t 0,l°C by using the combination of a Versa-Thermo electro­

nic controller (made by Cole-Parmer Instrument and Equipment 

Co.), a model 5OGAOO65OO Carrier Air Conditioner and a 

Kenmore room electrical heater.

(c) Gas Samples

The fluoroform or Freon-23 gas was donated by E.I. 

du Pont de Nemours and Company. It had a specified purity 

of 99*9899%. The principle impurity was tetrafluoromethane.

The purity of helium was 99.995% and the purity of 

nitrogen was 99.997%* The helium and the nitrogen gases

were purchased from the Matheson Co. Inc.
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APPENDIX C

CORRECTIONS FOR PRESSURE MEASUREMENTS

The true pressure measurements of the Burnett cell 

were obtained by applying the corrections described below 

to the readings of both the oil lubricated and the air 

lubricated Dead Weight Gauges, hydrulic head corrections 

were also applied due to the difference in elevation 

between the Burnett cell and the Dead Weight Gauges. The 

discussion of these corrections were given in the gauge 

manufacturers literature and the test reports for the gauges.

(A) Corrections for the Oil Lubricated Dead Weight Gauge

(i) Temperature

The effective area of the oil lubricated DWG was 

temperature sensitive and had to be corrected to a reference 

temperature. The mean of the areas of the cylinder and the 

piston with the piston concentric to the cylinder and falling 

at such a rate that the volume displaced by the piston is 

equal to the volumetric leakage between them provides the 

area of the DWG piston-cylinder system. The fractional 

change in effective piston area due to the variation of the
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ambient temperature could be obtained by a straightforward 

application of the thermal expansion coefficients of the 

materials of the piston and the cylinder. The thermal 

expansion coefficients CQ was given in the test report 

information in the Appendix B. The relationship between 

the effective piston area and the ambient temperature 

was represented by the following linear equation,

AQ (t + St) - A (t=25°C) X ^  +  C oô t ^ ( C - l )

(ii) Elastic Distoration

In the piston gauge, there exists a pressure 

gradient along the length of the annulus between the piston 

and the cylinder. For high pressure measurements, the 

largest pressure gradient was at the bottom of the piston 

gauge with the total pressure equal to the pressure being 

measured. The stress in the piston-cylinder caused by the 

pressure drop through the annulus produced a elastic strain 

in the cylinder in the direction of the bore. Consequently, 

the bore in the cylinder was reduced in diameter and the 

area of the annulus around the piston was increased. The 

changes of the effective area of the piston gauge due to 

the pressure changes were represented by the following 

equation,

AeA  = A o il + BoP') (C-2)



100

The constant BQ was also given in the gauge test results. 

The correction introduced at 3,000 psi was less than 

0.011% with an estimated accuracy of about 0.001%.

(iii) Gravitation Force

Values of the weights for the Dead Weight Gauge 

were reported as "pound apparent mass vs. brass standard" 

which is proportional to the local acceleration due to 

gravity. The correction of the gauge reading for any 

location other than the standard value of the calibration 

was expressed by the following equation,

W = M x (g^gg) (C-3)

The standard value of gravity was choosen as 980.665 gm/sec . 

The local value of gravity for Columbia, Missouri was 
p 

calculated as 980.016 gm/sec (55)» The estimated correction 

was about 0.001%.

(iv) Buoyancy

The reported mass values for the weights shown in 

Table ¿-2 were those which the weights appear to have when 

compared in free air under normal conditions against normal 

brass standards. Since the air does have a buoyant effect 

on the masses it reduces the value of masses by an amount

equal to the mass of air occupied by the weights. An
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appropriate correction was made using the following relation,

W = M (1 - density of air/density of brass) (C-4)

The density of brass was 8.4 gm/cc and the density of air 

was about 0,0012 gm/cc. The approximation in equation (C-4) 

is good to about 1 ppm.

The corrections to the pressure for the oil 

lubricated Dead Weight Gauge can be combined to give the 

expression,

P = W/A

= M a^s l ^ s ^ ^  ~ ^air^^brass^

A O (25°C)(1 +  C o6 t ) ( 1  +  B oP >
(C-5)

The maximum correction was about 0.01% for the measurements

reported in this work.

(B) Correction for the Air Lubricated Dead Weight Gauge

The pressure corrections for the air lubricated 

Dead Weight Gauge included the variation of the acceleration 

of gravity, temperature, air buoyancy, and these can be 

expressed as,

^corrected ~ ^nominal^ +  F1 +  F 2 +  F 3̂  (C-6)
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The factor F^ corrected for the variation of 

effective areas from a nominal value due to the local 

acceleration of gravity.

F 1 ” ^local^standard^^o^e^ " 1 (0-7)

The factor F? corrected for the variation of 

effective areas from a nominal value due to the variation 

of temperature.

F 2 =  C o x ^20°C " ^auge^ (c ~8 )

Where Co was equal to 2.0x10“  ̂for low pressure range piston 

and 1.0x10“^ for high pressure range piston.

The factor F^ corrected for the variation of air 

buoyancy.

F3 = “( Pref x  1 0 ~5) ( C”9)

The maximum correction to the air lubricated Dead Weight 

Gauge measurements was about 0.002%.

(C) Correction for the Differential Pressure Indicator

Zero Shift

A differential pressure across the diaphragm causes

the diaphragm to deflect. The change in pressure in a
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series of Burnett cell expansions changes the null pressure 

position of the core in the linear differential transformer. 

This change in position is the zero shift. The zero shift 

calibration curve for each unit was supplied by the manu­

facturer. The estimated error magnitude of these calibra­

tion curves was about 0.002%.

(°) Corrections for the Hydraulic Head

In order to achieve the precise pressure measurements 

using the Dead Weight Gauge, it was necessary to consider 

the pressure gradient throughout the hydraulic system that 

results from the different densities of the pressure trans­

fer fluid and the relative position of each gauge with 

respect to the Burnett cell. The pressure exerted by a 

hydraulic head can be found by using the following relation,

P = 6H x (g,/gj (C-10)

Figure 1 shows the vertical dimensions of the system. 

Since the reference plane of the low temperature Differential 

Pressure Cell and the two oil lubricated Dead Weight Gauges 

coincided, the hydraulic head corrections in the oil system 

can be ignored entirely. The pressure exerted at the 

diaphragm of the high temperature Differential Pressure 

Cell by the hydraulic heads can be calculated by using the 

following equation,
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Ph = t PA
( H2 ’ H P  +  PR ( H O " H 2} ] X  S l/ g c ( C"1 1 )

where Ho = 0 (reference plane)

Hx = 16| in.

Hg =  3 ^  in *

Subscript A: property at average temperature set 

equal to arithmetical mean of the bath 

temperature plus room temperature.

Subscript Rt property at room temperature. 

^« density of nitrogen gas.

The density of nitrogen gas was determined using the 

Benedict-Webb-Rubin equation of state (6).

P = RTP + (BORT - Ao - CO/T2 )P2 + (bRT - a)p3

+ C/T2 (1 * Yp2 )(exp(-yp2 ) 3 + aap6 (C-12)

where Ao = 1.19257 a = 0.149013 a = 0.000291569

Bo = 0.0458013 b = 0.00198165 Y = 0.00750042

Co = 5889.0 c = 5^8.110

R = 0.0820567 liter-atm/(gram-mole)-°K

It was also necessary to determine the hydraulic 

pressure relating to the zero reading of the Differential 

Pressure Indicator at each temperature to the negative of 

equation (C-ll) evaluated at the atmospheric pressure.
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P h =  ( 6 f A( H 2 ” H l ) +  6 P R( H o " H 2 ) }  X g A  (C-1 ?)

where 6PA  = Pp (TA ) " Pp <T
A )

6 i R =  P P^R^ “ P p ^ V

Po  = th e  b a ro m etric  p re s s u re  when th e  DP c e l l  were 

zeroed .

The o rd e r o f  m agnitude o f th e  h y d ra u lic  head c o r re c ­

t io n  was 0.007% w hile t h a t  o f ze ro  c o r r e c t io n  v a r ie s  from 
0.007% a t  low p re ssu re  to  abou t 4x10“^% a t  2,000 p s i . 

The u n c e r ta in ty  of th e  com bination  o f ze ro  c o r r e c t io n  and 

th e  h y d ra u lic  head c o r r e c t io n  was abou t 0,015% a t  20 p s i 

and d e c re a se s  r a p id ly  a s  th e  p re s s u re  in c re a s e s .

The b aro m etric  p re s s u re  rea d in g  from th e  m ercury 

b a ro m etric  can be re a d  w ith in  an  accu racy  o f t  0 .2  mm Hg. 

T his u n c e r ta in ty  in tro d u c e d  an e r r o r  o f 0.02% o r l e s s  a t 

20 p s i  and d e c re a se s  r a p id ly  a s  th e  p re s su re  in c r e a s e s .

By com bining th e  c o r r e c t io n s  d e sc r ib e d  above, th e 

f i n a l  c o r re c te d  p re s s u re  re a d in g  eq u a ls  to  c o r re c te d  gauge 

p re s su re  p lu s  h y d ra u lic  head c o r r e c t io n  p lu s  zero  c o r r e c t io n 

p lu s  ze ro  s h i f t  c o r r e c t io n  and p lu s  b a ro m e tric  p re s s u re . 

The t o t a l  p o s s ib le  u n c e r ta in ty  in tro d u c e d  to  a l l  p re s s u re 

m easurem ents were l e s s  th a n  0.049%.



106

APPENDIX D

COMPUTER PROGRAM USED TO EVALUATE

THE APPARATUS CONSTANT, 

THE SECOND AND THE THIRD VIRIAL COEFFICIENTS

FROM BURNETT P-V-T MEASUREMENTS
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The program for computing the virial coefficients

of the virial equation of state from experimental data 

obtained by the Burnett method was based on the algorithm 

developed by Britt and Luecke (9)«

The approach differs from the regression analysis 

of J.M.H. Levelt-Senger’s work (35) in that the virial 

coefficients are found that fit the "corrected" experimental 

data exactly while minimizing the sum-of-squares of the 

error in the experimental pressure measurements.

The trum maximum likelihood estimates for the 

measured pressure, p, and the virial coefficients,b, 

requires an iterative solution of the following equations,

^ - ^  = (F^ L ' ^ ) " 1^  L(F(pi ,bi ) -

ZpiEm - Ri)) (D-D

R - Ri = (Rm  - Ri) +  A Zp i"1 (F(Pi »bi ) -

Ib (b - b.) - - £ .)) (D-2)

where the subscripts "i" represent the latest estimate of 

the true value, the subscripts "m” represent the experimental 

observed value.

The equation (D-l) and (D-2) differ from the equations 

(A-38) and (A-39) in Appendix A by allowing both the measured 

pressures and the virial coefficients to be simultaneously
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adjusted to their "true” values. The iterations are 

continued until a Ab is obtained that minimizes the 

sum-of-squares of the error in the experimental pressure 

measurements.

The detailed development of algorithm can be 

found in the paper by Britt and Luecke (9).
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TABLE E-2 

DEAD WEIGHT GAUGE CONSTANTS

139

AND WEIGHT CALIBRATIONS

APPARENT MASS VS BRASS POUNDS

GAUGE NUMBER

DESIGNATION

TARE

1 2 3 AND 4

-f
ru
> 
N
 H
X
Ï 
<
C
S
 A
W
 W
4D
 ̂
O
Z
S
t̂
C
H
l-
iW
Q
^
iS
tl
C
lW
^

0,104056 0.0260145 0.78107
1.30074 1.30075 26.03608
1.30074 1.30074 26.03606
1.30071 1.30076 26.03600
1.30072 1.30076 26.03594
1.30073 1.30075 26.03602

— — 26.03612
0.650368 0.520298 26.03596
0.130071 0.520298 26.03599
0.130073 0.260147 26.03577
0.130070 0.130077 26.03622
0.130076 0.0520309 26.03588
0.130073 0.0520306 13.01828
0.0650359 0.0260150 5.20698
0.0260148 0.0130068 5.20709
0.0260143 0.0065039 2.60359
O.OI3OO75 — 1.30182
O.OO65O36 — 0.52074

* 0.52072
— — 0.26038
— — O.I3OI7
— — O.O52IO
— O.O52O9
— • O.O26O5
— — O.OI3O2

0.0026015 0.0026015 O.OO52O27
0.0026012 0.0026015 O.OO51989
0.0013005 0.0013007 O.OO26OI2
0.0009509 0.0006506 O.OOI3OO9
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