
' ^ -< ^JU'C-/^ : . , 

DESIGN OF A BURNETT TYPE GAS COMPfCSSIBILITY APPARATUS 

by 

RONALD GLEN LAWRENCE, B.S. in Ch.E. 

A THESIS 

IN 

CHEMICAL ENGINEERING 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfi l lment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

IN 

CHEMICAL ENGINEERING 

Approved 

Accepted 

December, 1970 



A6H'3i^? 

So-

l9?o 
/v^oJ77 

ACKNOWLEDGEMENTS 

I am grateful to Dr. H. R. Heichelheim for his guidance in 

carrying out this investigation. His wisdom, patience, and sense 

of humor has helped ms achieve whatever degree of success I had 

in this work. 

Special thanks are offered also to Mr. B. R, Gunn for his 

help during the construction phase of the project. 

A debt of gratitude is ov/ed to Shell Oil Company for the 

g i f t of the o i l used in the constant temperature bath. 

11 



11 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS 

LIST OF TABLES iv 

LIST OF ILLUSTRATIONS ^ v 

NOMENCLATURE \ vi 

I . INTRODUaiON 1 

I I . THEORY 3 

III. MODIFICATIONS TO THE BURNETT METHOD 12 

IV. EXPERIMENTAL APPARATUS 16 

Vacuum System 19 

Constant Temperature Bath 20 

Temperature 21 

Pressure Measurement 26 

Piston Gage 26 

Differential Pressure Indicator 26 

Compressibility Chambers 36 

V. CONCLUSIONS 40 

Summary 40 

Recommendations 42 

LIST OF REFERENCES 43 

APPENDIX 45 

111 



LIST OF TABLES 

1. Slope of Resistance Curves 35 

d. 

IV 



LIST OF ILLUSTRATIONS 

I . Burnett Apparatus 5 

I I . Experimental Apparatus 18 

I I I . Temperature f̂ leasurement and Control 25 

IV. Null Resistance y£. Pressure 34 

V. Compressibility Chambers 39 



NOMENCLATURE 

B,C,D, = Second, t h i r d , and fourth Leiden v i r i a l c o e f f i c i e n t s 

B' ,C*,D' , = Second, t h i r d , and fourth Berlin v i r i a l c o e f f i c i e n t s 

DPI = Dif ferent ia l pressure indicator 

K = 1000 ohm 

^t»*^^^ ^ Apparatus constants 

\*^r " Volumetric rat io af ter the rth expansion 

n = Number of moles of gas 

n^ = Original moles of gas in tJie measuring chamber 

n^ = Moles of gas in the measuring chamber after the rth 

, expansion 

P = Pressure 

pQ = I n i t i a l pressure in the measuring chamber 

P = Pressure in the measuring chamber after the rth 

expansion 

^J^J-r. ~ Run constant 
0 0 0 

R = Universal gas constant 
^^•K ~ Resistance of platinum res is tance thermometer at 
0 t 

o°.t°c. 
T = Temperature 

t = Temperature of the platinum res is tance thermometer 

T = I n i t i a l temperature of the gas in the measuring chamber 

T = Temperature of the gas in the measuring chanter af ter 

the rth expansion 

VI 



(V,) = Volume of th$ measuring chamber after the rth 
I r 

expansion 

(V,+V„) = Volume of the measuring chamber and the larger 

expansion chamber after the rth expansion 

(V,+V^) = Volume of the measuring chamber and the smaller 

expansion chamber after the rth expansion 

Y = Molar volume 

Z = Compressibility factor 

a,3,Y = Constants in thermometer calibration 

Vll 



CHAPTER I 

INTRODUCTION 

Experimental studies on the pressure-volume-temperature 

(PVT) relationships of gases have been carried out for over 

a century (15). However, th is area of investigation is s t i l l 

Important for the chemical engineer, since i t is not possible 

to predict accurately, by theoretical or empirical means, the 

PVT properties of a l l gas systems. This shortcoming is part ic

ular ly acute for multicomponent systems. Since the impossibil ity 

of studying experimentally a l l the possible multicom.ponent gas 

systems is evident, correlations must be developed which w i l l 

allow prediction of the PVT properties of gas mixtures based on 

a knowledge of the pure component properties. Before general 

and accurate correlation can be developed, experimental data on 

many different systems must be available. 

In 1936, E. S. Burnett (6) of the U. S. Bureau of Mines 

Helium Plant and Cryogenic Laboratory in Amarillo, Texas, des

cribed a method for determining compressibility factors (Z=PV/nRT) 

of gases. The main advantage of the Burnett method over classical 

techniques l ies in the fact that no direct measurement of volurr,2 

or of mass - the two most d i f f i c u l t of the four variables to measure 

accurately - is required. The Burnett method i s , however, l imited 

to single phase gaseous systems. 

A project has been started at Texas Tech University for 

the determination of the compressibility factors of gases using 
1 



the Burnett method. The present work was undertaken first to 

design, construct, and assemble a Burnett type gas compressibil

ity apparatus, and second to test several segments of this ap

paratus for satisfactory performance. 



CHAPTER II 

THEORY 

The Burnett method basically consists of making a series 

of measured pressure reductions under isothermal conditions. 

The original Burnett apparatus design, shown in Figure 1, 

consists of a measuring chamber of Volume V,, and an expansion 

chamber of volume Vpf interconnected by an expansion valve. 

The measuring cliamber is provided with connections for filling 

and for a pressure tap; while the expansion chamber has an 

exhaust line leading to a vacuum system and to an atmospheric 

vent. Both chambers with accompanying lines and valves are 

submerged in a constant temperature bath. 

A run consists of closing the interconnecting valve, 

and charging the measuring chamber with the gas or gas mixtures 

being investigated. When temperature equilibrium is obtained, 

the pressure and temperature are recorded. The equation of 

state for the gas in the measuring chamber can be written as 

0^ I'O 0 0 0 

where the subscripts indicate the values of the quantities be

fore an expansion. 

The gas is then allowed to expand into the previously 

evacuated expansion chamber. After thermal equilibrium is again 

obtained, the pressure and temperature are recorded. Since the 
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n^ noles of the gas occupies the volume of both vessels, the 

system is described by the equation. 

The expansion valve is then closed, and the gas in the expansion 

chamber is discarded. The pressure remains the same, but now n, 

moles occupy the measuring chamber so that the equation of state 

describing the system will be 

Pl(Vi)i = Z^N^RT^ . (3) 

Another expansion yields 

^Z^Vhl = Z2N1RT2 • (4) 

This process is continued until the pressures are too small to 

measure. In general, the expansion previous to the "rth" 

expansion can be written as 

and after the "rth" expansion as 

The relationship betv/een the compressibility factors at 

successive pressures is then found by dividing Equation (5) into 



Equation (6), 

PjVi+Vj^ Z T r I c T _ r r /7\ n p j — - - 7 — J — \n 

^ r - r ^ V - l V l ' r - 1 

For convenience, the volume ratio, N , is defined as 

N - ^ ' l ' ' 2 ^ ^ (8) 

Substitution of Equation (8) into Equation (7), after slight 

rearrangement, results in 

Applying Equation (9) to the first expansion and solving for 

Z, gives the following result: 

And for the second expansion 

'^^J^ 
h-'A^r^^T^ ' ^''^ 

h-'2^¥^^^^ • ^''^ 



In a like manner, the compressibility factor after the "rth" 

expansion can be written as 

r 

r̂ = ^TT"i^r)(r) (13) 
* * or 
1=1 

Thus i t can be seen that the compressibility factor following 

a given expansion can be determined from a knowledge of the 

measured pressures and temperatures, the initial compressibility 

factor, Z ,̂ and each of the volume ratios, N , up to and including 

the one for that expansion. 
« 

Determination of the Volume Ratio, N 

Deformation of the two chambers and the associated apparatus 

will occur at high pressures before and after an expansion. How

ever, procedures have been developed to estimate the deformation 

in terms of the volume at zero pressure. Therefore if the zero 

pressure volume ratio, N^, (the apparatus constant), can be deter

mined, each of the volume ratios, N , at higher pressures can be 

estimated from that value. The value of the apparatus constant 

is determined in a separate calibration run. From Equation (9) it 

can be seen that the limit of the ratio 

r r 

at zero pressure is equal to the cell constant, N^, since both Z^_i 

8 



and Z approach unity as either P or P , zpproach zero. There

fore a plot of 

Pr-l/Vl 

versus either P or P^ , should extrapolate to N . 
r r-1 **» 

-Determination of the Run Constant, P Q / T ^ Z ^ 

The value of the run constant is determined for each run as 

follows: Rearrangement of Equation (13) gives 

^ = ̂  rr (15) 
0 0 

1=1 

Taking the limit of both sides of Equation (15) as P approaches 

zero gives. 

Lim P̂  
N . = 

•^0^0 
(16) 

1 = 1 

since Z approaches unity as P^ approaches zero. Classically the 
jf r 

value of the run constant was obtained graphically by plotting 

'rj\. 
as the ordinate and P^ as the abscissa, the resulting zero pressure 



intercept being the desired quantity. However recent methods for 

the determination of the apparatus constant and the run constant 

have been developed and will be discussed in the next chapter. 

From the previous discussion it would appear that i t is not 

necessary to make the runs at isothermal conditions, since the 

temperature after each expansion enters into the calculations. 

However for convenience in operating the equipment and orderly 

reporting of the data, all runs are made isothermally. Although 

for a purely isothermal run, the temperature terms in the derived 

equation would cancel out, they are frequently retained to account 

for small deviations from the nominal isotherm during a run. 

For*studies with a theoretical basis, the compressibility 

factor can be expressed as an infinite series in reciprocal molar 

volume (density). 

Z = 1 + B/7+ C/V^ + D/¥^ + ••• (17) 

where B, C, D ••• are called the second, third, fourth ••• virial 

coefficients. This series expansion is called the Leiden expan

sion and is of interest because the virial coefficients can be 

related to statistical mechanics. 

Since pressure rather than density is measured in the Burnett 

method, investigators have concluded that the Leiden equation can

not be used directly to analyze the data from a run. Consequently 

the Berlin equation of state is also widely used. 

10 

Z = 1 + B'P + C'P^ + D'P^ + ••• (18) 
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The coefficients B', C , and D', etc. , in Equation (18) are also 

known as virial coefficients. The corresponding virial coeffic

ients appearing in both Equations (17) and (18) are not identical, 

but a definite relationship exists between each of them. 

c> 



CHAPTER I I I 

MODIFICATIONS TO THE BURflEH METHOD 

The Burnett method has several inherent disadvantages. 

Several modifications have been made to both the apparatus and 

to the reduction of the raw data to reduce the severity of the 

problems. 

One of the main disadvantages of the Burnett method, as 

usually applied, is the poor distribution of the data points. 

The pressure after each expansion is approximately 1/N of the 

previous pressure. Therefore at high pressures, each expansion 

results in a large spacing betv/een points, and as the expansion 

process progresses, the pressures get closer together. The 

addition of a third coll with volume V̂ , smaller than the existing 

expansion chamber, was introduced by Heichelheim (11) to reduce 

the severity of the problem. Either expansion chamber could be 

used at any time during a run, depending on the pressure interval 

desired. The volume ratio for making expansions from the measur

ing chamber into the smaller expansion chamber is defined as 

. (V1+V3) 
H = - r ^ r ^ ^ . (19) 

Equations (13), (15), and (16) are still applicable except N^ now 

denotes N. or M., whichever is appropriate for the particular ex

pansion. The value of the apparatus constant, M^, is determined 

in the same manner as described for the apparatus constant, N^. 
12 



13 
Another modification was proposed by Hall (10). He placed 

a magnetic pump in the line connecting the measuring and expansion 

chambers. The purpose of this is to speed equilibration by forced 

mixing of the gas from each chamber. The pump proved especially 

useful when dense mixtures v/ere being used. 

Yntema and Schneider (23) developed a technique to evaluate 

the data at different temperatures by maintaining the measuring 

chamber at one temperature and the expansion chamber at a lov/er 

temperature, preferably 0°C. 

Briggs and Barieau (5) have developed an experimental tech

nique for the determination of the pressure distortion of the 

chambers with pressure. Mueller (17), Canfield (8,9), Suh (21), 

and Anderson (1,2) made distortion corrections to the Burnett 

volumes by using the Lame formula and literature values for the 

required elastic properties. 

A number of investigators have developed methods for the 

reduction of the raw data to compressibility factors. A few of 

the more significant ones are worth mentioning at this time. 

Barieau and Dalton (3) made use of a rigorous, non-linear 

least squares technique developed at the Bureau of Mines Helium 

Research Center. Their method minimizes the sum of the squares 

of the residuals of pressure to derive the "best" virial coef

ficients. 

Silberberg (20) recently presented a graphical method that 

allows very accurate determination of the compressibility factors 

as v/ell as the run constant and the apparatus constant. This 
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method of data analysis is based on the Leiden virial equation 

of state and permits accurate determination of the second and 

third virial coefficients. 

In 1962, Canfield (0,9) presented a new method for the 

determination of the apparatus constant. Canfield showed that 

whenever the value of N̂  was determined (by trial and error 

search procedures) correctly, the behavior of Y (z _,) plotted 

against 1/Y^ would be linear at low 1/Y . r r 

While working under Canfield, Hall (10) observed that the 

apparatus constant did not remain invariant throughout his 

experimentation; indeed, each run seemed to have its own apparatus 

"constant". He developed a technique utilizing the method of 

least squares employing orthonormal functions to determine poly-

nominal approximations for an infinite series to obtain the "best" 

run constant, run apparatus constant, and the compressibility 

factors. 

Hoover (12,13) has proposed a novel method of treatment to 

be applied to Burnett data, v/hich he calls "the direct method". 

His analysis does not require a calibration experiment to deter

mine the apparatus constant; furthermore the run constant is 

eliminated from the calculations. Hoover claims to be able to 

determine the second virial coefficient a full order of magnitude 

better than all previous investigators. A disadvantage of the 

direct method is that it is limited to pressures for which the 

volumetric behavior of the given gas can be represented adequately 
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by the following truncated form of the Leiden equation: 

Z = 1 + B/7 + C/V̂  . (20) 



CHAPTER IV 

EXPERIMENTAL APPARATUS 

The equipment designed, constructed, and assembled in this 

investigation was operated between 25°C and 200°C. and between 

one atmosphere and 2000 pounds per square inch. For descriptive 

purposes the Burnett apparatus may be divided into five sections: 

the vacuum system, the constant temperature bath, temperature 

control and measurement, pressure measurement, and compressibility 

cells. A schematic diagram of the apparatus is shown in Figure 2. 

16 
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The Vacuum System 

The vacuum system was comprised of a Cenco Megavac vacuum 

pump and an Alphatron Vacuum Guage (Type 520B). The pump and 

gage \;ere connected to the remainder of the system with 1/4 inch 

stainless steel tubing. The vacuum system could be opened to the 

remaining parts of the apparatus through a 1/8 inch high pressure 

valve (30000 pounds per square inch) manufactured by High Pressure 

Equipment Co. (HIP). The pump was rated by the manufacturer to 

pull down to a total pressure of 0.1 microns. In actual operation, 

the vacuum system evacuated the system to 10-15 microns of mercury 

in approximately 30 minutes. Blancett (4) has shown that a residu

al pressure of 30 microns introduces negligible error to the exper

imental results. The vacuum gage was calibrated against a McLeod 

gage during the early stages of the work. In addition to providing 

a continuous readout of the pressure, the Alphatron gage was not 

as fragile as the McLeod gage. The Alphatron gage also proved to 

be an excellent leak detector. With air or nitrogen as the residu

al gas in the system, any tracer (acetone or helium) that leaked 

into the system would produce a response on the measuring instru

ment different from that of the residual gas. 
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Constant Temperature Bath 

In order to obtain isothermal operation conditions, a 

cylindrical oil bath, approximately 33 inches deep and 15 

Inches in diameter, was constructed from galvanized steel. 

A cylindrical baffle 21 inches long and 12 inches in diameter 

was concentrically positioned inside the bath. All measuring 

and expansion chambers and all interconnecting valves and 

tubing were placed inside the baffle. A stirrer v/as located 

in the bottom of the bath. The stirrer shaft passed through 

a stuffing box v/elded to the bottom of the bath and was driven 

by a one-horsepower electric motor through a gear box-belt-

pulley system. 

To provide a heat transfer medium, the bath was filled 

with oil to about four inches from the top of the bath. Any 

one of a set of three oils for various temperature ranges could 

be used. The capacity of the bath was about 35 gallons. The 

stirrer was designed to force the oil up the annular region be

tv/een the bath wall and baffle, and then draw the oil down in

side the baffle. The best mixing of the oil was obtained witli 

the stirrer operating at approximately 150 revolutions per min

ute. Complete mixing was obtained as evidenced by a tem.perature 

scan. 

The bath was enclosed by a rectangular plywood casing with 

Insulation filling the space between tlie bath and the casing. 

The entire assembly rested on a metal frame complete v/ith wheels 

for mobility and adjustable legs for stabilization and balancing. 
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Temperature 

A platinum resistance thermometer inserted in approximately 

the center of the bath was used to measure the temperature of the 

bath o i l at th i s po int . The thermometer was a Leeds and Northrup 

No. 8163 platinum resistance thermometer suitable for use over a 

range of -190°C. to +500°C. The sens i t i v i t y of the thermometer 

was approximately 0.1 ohm/°C. A Leeds and Northrup No. 8067 

Mueller Bridge, type G-1, with Commutator No. 8068 in conjunction 

with a Leeds and Northrup No. 2284-d Reflecting Galvanometer was 

used to determine the thermometer resistance. Both the thermometer 

and the bridge were cal ibrated by the National Bureau of Standards 

in May, 1965. The thermometer was cal ibrated from measurements 

at the t r i p l e point of water, the steam point , the sul fur po in t , 

and the oxygen point . The fol lowing values v/ere reported for the 

constants in the formula: 

•" '^^T^o' •'̂ loo ^ ^^m' " "^W (21) 

a 3.926501 X lO"^ 

6 1.49162 

B '^ 0.11032 t<0°C 
0.0 t>o"c 

^0 25.5505 Abs Ohms 

in which R. is the resistance of the thermometer at t C., and R̂  

is the resistance of the thermometer at 0°C. A l l ca l ibrat ion 

measurements were made with a continuous current of two mil l iam-

peres. Correspondingly, a l l temperature observations made in 
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this investigation were measured with a continuous current of 

two milliamperes. When properly calibrated with the Mueller 

bridge in use, the manufacturer guaranteed agreement with the 

International Temperature Scale to within 0.01°C. 

The G-1 Mueller bridge was calibrated by comparison to 

NBS standard resistors and a correction (usually less than 

5X10" ohms) was supplied for every position of the 1, 0.1, 0.01, 

0.001, and 0.0001 ohms per step dials. During the calibration 

and throughout this investigation, the bridge thermometer was 

maintained at about 23°C. The Mueller bridge was capable of 

reading a change of 0.0001 ohms which was roughly O.OOl̂ C. 

Heat was supplied to the bath by a 1000 v/att heater for 

steady heat and a 250 watt heater for control heat. The power 

to the steady heater was controlled by a variable transformer. 

The power to the control heater was supplied from the output of 

an E. S, Sargent Model S Thermonitor proportioning temperature 

controller which used a Sargent bead type termistor immersed in 

the oil as the sensing element. The power input to the ther

monitor was supplied through a constant voltage transformer to 

correct for fluctuations in the line voltage. The manufacturer 

claimed that the thermonitor was capable of controlling to * 0.01 C ; 

in this investigation the thermonitor was observed to control 

the bath temperature to ± 0.005°C. 

The control heater was composed of four 12-ohm calrod heat

ers connected in series and located in the annular region between 

the bath wall and the baffle. In order to raise the temperature to 

22 



23 

a higher level, a switch was placed in the control heat circuit. 

By throwing the switch, the heaters were isolated from the ther

monitor and changed from their connection in series to a parallel 

connection. This enabled the application of 4000 watts of "quick 

heat". Figure III shows the temperature control and measurement 

segments of the apparatus. 
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Pressure Measurement 

The pressure measuring system consisted of a piston type 

gage and a differential pressure null indicator for determining 

when a balanced condition existed between the gas pressure in

side the measuring chamber and the oil in the hydraulic system 

connected to the piston gage. 

Piston Gage 

The piston gage used with this apparatus was Ruska Instru

ment Corporation's Model 2400.1 Dead Weight Gage. The gage v/as 

supplied with two different size pistons; with the smaller piston 

pressures up to 12,000 pounds per square inch could be measured, 

and with the larger piston pressures up to 2400 pounds per square 

Inch could be measured. The gage and associated v/eights were 

calibrated by Ruska Instrument Corporation. Several authors 

(1,2,6,9-11,14-17,19,22) have described the design, use and 

accuracy of the Ruska Dead Weight Gage. The dead v/eight gage 

has been connected to the system for use in taking Burnett type 

data but was not used in this preliminary investigation. 

Differential Pressure Indicator 

A Ruska High Temperature Differential Pressure Indicator 

(DPI) Model 2439, for temperatures from 0°C. to 250°C., up 

to 3750 pounds per square inch, was used to separate the pressure 

transmitting oil of the piston gage from the gas inside the 

Burnett chambers. The DPI was composed of a Differential 

Pressure Cell and an Electronic Null Indicator. 
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The differential pressure cell consisted of two pressure 

chambers separated by a thin diaphragm. The lower chamber 

was directly connected to, and becanx2 a part of the measuring 

chamber. The upper chamber was connected to the dead weight 

gage and is to be filled with the pressure transmitting oil . 

The diaphragm, effective diameter-1.9 inches, thickness-0.002 

inches, v/ould be deflected by any difference in pressure in the 

two chambers. The pressure difference was detected as the output 

of a differential transformer v/hose movable core was attached to 

the diaphragm. The output signal of the differential transformer 

was indicated on an electronic null indicator. 

For an accurate analysis of the Burnett data, i t is imperative 

that all of the gas be maintained at an isothermal state. Methods 

have been developed to correct for any non-thermostated portion of 

the gas (17,22); hov/ever these techniques involve considerable un

certainty. This necessitated the placement of the differential 

pressure cell inside the oil bath. Since the electrical compon

ents of the differential pressure cell v/ould not be stable at the 

high temperatures encountered in this investigation, the differen

tial transformer was located outside the bath. The upper chamber 

actually consisted of two cells, the lower cell contained the 

diaphragm, the upper cell contained the electrical components. 

The two cells were connected by 9/16 inch 0. D. high pressure 

tubing and supported by steel rods. A 19 inch extension joined 

the diaphragm and the movable core within the differential 
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transformer. The connecting rod passed through a "Teflon" guide 

bushing mounted at the top of the 9/15 inch high pressure tubing. 

To change the position of the transformer, a pinion adjustment 

was provided. The pinion was accessable through a plug placed 

In the top of the upper cell. 

One disadvantage of the DPI was that any applied pressure 

produced a displacement of the core within the transformer even 

though the differential across the diaphragm was exactly zero. 

This displacement resulted in a shift of the null reading v/ith 

any applied pressure. The manufacturer explained that it would 

be necessary to apply a slight excess of pressure to the appropri

ate side of the diaphragm to return the meter to an apparent null 

position. The amount of this pressure excess was called the 

"zero shift" and is defined by the equation. 

P^ = Py + AP . (22) 

P, = pressure in the lov/er chamber 

P = pressure in the upper chamber 

AP = zero pressure sh i f t at indicator null 

A calibration curve was supplied with the DPI to indicate the 

relationship between zero sh i f t and operating pressure. 

Most investigators have used the DPI in the above manner. 

Hov/ever for accurate Burnett type data to be obtainable, i t v/as 

impossible to accept that the position of the diaphragm could be 
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different at different pressures when the meter indicated a null 

position. Such changes of the position of the diaphragm would 

cause a volume change to occur in the measuring chamber and great

ly affect the value of the volume rat io . Also Blancett (4) cast 

doubt on the accuracy of the calibration data supplied by Ruska 

for the value of the zero shift . To avoid the problems associated 

with the zero shi f t , the electronic circuitry of the null indicator 

was changed. 

A recalibration of the DPI zero shift was undertaken before 

any dead weight gage oil was placed in the upper chamber. A tempo

rary, interconnecting valve was placed betv/een the two chaiTt)ers of 

the DPI to enable equal gas pressures to be exerted on each side 

of the diaphragm. Due to design characteristics of the DPI, i t 

was necessary intentionally to over-range the pressure on the upper 

side of the diaphragm before every measurement. If the pressure 

was over-ranged from the wrong side, a change in the null v/ould 

occur. Nitrogen gas was used in the recalibration studies. The 

most desirable way to calibrate the zero shift v/ould be to measure 

the output of the differential transformer while maintaining pres

sure balance across the diaphragm. A correlation then could be 

derived betv/een the zero shift and meter reading. However at 

maximum sensi t iv i ty , the null indicator pointer v/ould go off 

scale at very low total pressures. Coarse and fine zero adjust

ments were included in the circuitry of the null meter as delivered 

by Ruska. The coarse adjustment was accomplished through a 10000 

ohm (lOK), one-turn variable resistor . This coarse adjustrnent. 



variable resistor was removed from the circuit and replaced with ^° 

nine lOOO-ohm (IK) resistors and a IK, ten-turn variable resistor. 

The IK variable resistor was equipped with a ten-turn micrometer 

dial. The ten new resistors were assembled on a board and connected 

with jacks and plugs in such a manner that the IK variable resistor 

could be placed anywhere within the circuit. 

The recalibration consisted of observing the resistance 

of the zero adjustment circuit necessary to bring the null meter 

back to a null reading at varying total pressures, i ^ . , the 

coarse adjustment needed to null the meter was calibrated against 

the system pressure. As the dead weight gage could not be used 

for this application, a Helicoid bourdon tube pressure gage was 

used to indicate the system pressure. The gage had a range of 

2000 pounds per square inch and was readable to ± 5 pounds per 

square inch. 

The null reading was also observed to be a function of the 

operating temperature of the oil bath. To counteract the effect 

of the system temperature on the meter reading, the differential 

transformer was repositioned by the pinion adjustment for each 

temperature. The calibration runs consisted of the following steps: 

a. bringing the system to the temperature level desired, 

b. setting the zero adjust circuit to a predetermined 

value (2.000K was used in this investigation), 

c. with atmospheric pressure on both sides of the diaphragm, 

adjusting the pinion and the fine zero adjust knob so that 

the null meter v/ould indicate a pressure balance. 
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d. closing the interconnecting valve and over-ranging 

the upper chamber of the DPI. 

e. slowly expanding the gas into the lower chamber 

through the interconnecting valve (too rapid expansion 

resulted in an alternate over-ranging of the diaphragm.), 

f. after pressure and temperature equilibrium was estab

lished on each side of the diaphragm as evidenced by 

stable null reading recording the setting of the zero 

adjust circuit, 

g. repeating steps (d) through (f) . 

Four calibrations v/ere run for the zero shift each at a different 

temperature, 25°C., 100°C., 150°C., and 200°C. Each set of data 

was approximated by a linear least squares analysis. The results 

are shown in Figure IV, and the slopes are tabulated on Table 1. 

In actual operation, the position of the differential transfor

mer will have to be adjusted in the same manner as described above 

at each new temperature. To avoid exposing the gas system to the 

atmosphere during this adjustment, a manometer system was construct

ed. One side of the manometer was connected to the gas side system 

and the other to the pressure transmitting oil-dead v/eight gage 

system. The oil and the gas v/ere separated by a mercury filled, 

glass U-tube. A mercury reservoir was provided to adjust the height 

of the mercury to a reference level. 

Two advantages of the DPI v/ere its ability to withstand the 

full working pressure across the diaphragm without injury and its 
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high sensitivity. The manufacturer listed the sensitivity as 

1.0 X 10 pounds per square inch per null meter division. Em

ploying the manometer described above, the sensitivity near 

atmospheric pressure and 25°C. was measured as 3.287 X 10"̂  pounds 

per square inch for a null meter reading of 0.001; that is if 

the null meter can be kept on scale the maximum differential 
.3 

across the diaphragm will be 1.64 X 10 pounds per square 

inch. Moreover the sensitivity can be related to the zero ad-
«3 

justment circuit as 3.65 X 10 pounds per square inch per 1000 

ohms. The assumption was made that an increase of total pressure 

had no significant effect on the sensitivity. 
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TABLE ONE 

SLOPE OF RESISTANCE CURVES 

Temperature Slope of Null Resistance Curves 

25°C 3.452 X lO""^ K/psi 

lOO^C 3.867 X 10"*^ K/psi 

150°C 4.271 X 10"^ K/psi 

200°C 4.338 X lO'^ K/psi 

:) 
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Compressibility Chambers 

Two different sets of Burnett cells have been used with this 

apparatus. The f i r s t measuring chamber was a 1000 cubic centi-

menter, thick-walled vessel. The expansion chambers v/ere helical 

coils of 3/8 inch stainless steel tubing, having volumes of 

approximately 400 and 100 cubic centimeters each. This arrange

ment proved to be diff icult to position within the bath, and i t 

was feared that difficulties in the calculation of N v/ould arise 
r 

from differences in the configurations of the measuring and ex

pansion chambers. Also the thick walls (one inch) of the measur

ing chaiit)er presented a considerable resistance to heat transfer 

and would result in an extremely long equilibration time. 

A second Burnett cell design has proven to be more satis

factory. All chambers were helical coils of 1/4 inch 0. D., 

0.049 inch wall thickness, 316 stainless steel tubing. The volumes 

of the measuring and expansion chambers v/ere approximately 70, 21, 

and 7 cubic centimeters respectively. The helical coils v/ere 

connected end to end (Figure V), allov/ing three different volume 

ratios to be available. This arrangement also greatly reduced 

the number of valves needed and required only tv/o connections to 

the parts of the apparatus located outside the bath. 

All the valves (v/ith the exception of three Ruska high 

pressure valves used in conjunction with the dead weight gage) 

were High Pressure Inc. (HIP) 30000 pounds per square inch, 1/8 

inch midget line with two-piece non-rotating stems. At room temp

erature they were provided with Buna-N 0-ring seals and proved 
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satisfactory. At high temperatures the 0-rings hardened and proved 

unacceptable. For the calibration of the DPI at the higher temper

atures, i t was necessary to by-pass the Burnett cells and the 

associated valves. 
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CHAPTER V 

SUMMARY 

A modified Burnett apparatus is now available at Texas Tech 

University for the determination of the compressibility factors 

of gases. As assembled, the equipment is operable to 3450 pounds 

per square inch and between 25°C. and 250°C. 

The vacuum system v/as assembled and is capable of producing 

an adequate vacuum. 

A 35 ga l lon , constant temperature o i l bath, complete with 

heaters, baf f le and s t i r r i n g assembly, has been constructed and 

found sat is factory . 

Temperature control of the bath to within * 0.005^0. was 

accomplished with a Model S, Sargent Thermonitor. The temperature 

of the o i l was measured wi th a Leeds and Northrup platinum resis

tance thermometer used in conjunction with a Leeds and Northrup 

6 -1 , Mueller Bridge. The thermometer system v/as calibrated by 

the National Bureau of Standards and guaranteed to within * 0.01 C. 

of the Internat ional Temperature Scale. 

Pressure measurement can be made with a Ruska Model 2400.1 

Dead Weight Gage. A Ruska High Temperature Di f ferent ia l Pressure 

Indicator (DPI), Model 2439, was used to separate the o i l of the 

piston gage from the gas inside the Burnett chambers. A calibra

t ion of the DPI was completed af ter a change in the electronic 

c i rcu i t was made. 

40 
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Burnett chambers have been constructed from 1/4 inch stain

less steel tubing, but have not been tested because of a last 

minute valve failure. 



RECOMfCNDATIONS 

Incorporating new "Teflon" valve stem packings ordered 

from HIP af ter the conclusion of t h i s inves t iga t ion , the Burnett 

chambers w i l l have to be assembled before the apparatus wil l be 

operable. 

Several suggest ions might prove helpful for future invest i 

gators. F irs t the inc lus ion of more safe ty precautions would 

seem in order. These would include a thermal switch that opened i f 

an unattended temperature r i s e should occur. Also a safety switch 

i s needed on the s t i r r i n g mechanism to stop a l l heating i f tlie 

s t i r r e r f a i l s t o operate . Second, to insure stable operation of 

the e l e c t r i c a l components, an a ir bath should be constructed 

around the DPI chamber housing the d i f ferent ia l transformer. I t 

might prove necessary to reca l ibrate the zero s h i f t of the DPI 

i f the a ir bath i s included. 

Tv/o further items would prove useful for more extreme operat

ing condit ions . F ir s t the design and construction of a pressure 

generation system w i l l be necessary i f the apparatus i s to be used 

at higher pressures . Second a fused quartz bourdon tube pressure 

gage would prove helpful for the measurement of pressures below 

60 pounds per square inch absolute . 
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APPENDIX 

RAW DATA 

For 25"C For 100°C 

Pressure (psig) Resistance (K) Pressure (psig) Resistance (K) 

0 
161 
260 
370 
495 
603 
708 
803 
905 

1072 
1225 
1350 
1500 
1685 
1852 
1425 
1070 
718 
450 
270 

0 

0 
210 

0 
430 
560 
715 
845 
985 

1100 
1205 
1305 
1395 

2.000 
2.420 
2.755 
3.132 
3.590 
3.970 
4.325 
4.665 
5.010 
5.665 
6.065 
6.605 
7.125 
7.775 
8.320 
6.970 
5.715 
4.470 
3.550 
2.943 
2.080 

For 150°C . 

2.000 
2.650 
2.000 
3.300 
3.890 
4.700 
5.260 
6.020 
6.500 
7.000 
7.300 
7.780 

0 
380 
755 

1145 
1580 
1385 
1620 
1550 
1420 
1335 
1270 
1115 

0 
178 
190 
310 
425 
530 
643 
745 
870 
995 

1105 
1255 
1415 
1660 
1795 

0 
160 
305 
415 
460 
610 
690 
790 
895 
995 

1105 
1205 

2.000 
3.160 
4.596 
6.330 
8.050 
7.260 
8.200 
7.970 
7.410 
7.045 
6.750 
6.000 
2.000 
2.545 
2.590 
3.000 
3.240 
3.690 
4.125 
4.450 
5.040 
5.540 
6.000 
6.130 
7.370 
8.235 
8.725 

For 200°C 

2.000 
2.475 
2.700 
2.910 
3.300 
4.000 
4.420 
4.950 
5.540 
6.000 
6.570 
7.000 
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RAW DATA...continued 

Pressure 

1490 
1600 
1530 
1350 
1190 
1055 

0 
670 
780 
475 

For 

(psig) 

150"C 

Resistance 

8.190 
8.450 
8.250 
7.500 
6.750 
5.900 
2.000 
4.230 
4.650 
3.200 

(K) Pressure 

1160 
1305 
1385 
1490 
1600 
1360 
1200 
600 
540 

1315 
0 

For 200°C 

(psig) Resistance (K) 

6.550 
7.230 
7.540 
8.000 
8.400 
7.490 
6.780 
3.700 
3.240 
7.400 
2.000 


