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ABSTRACT 

This dissertation presents the design criteria, the performance, 

and the author's evaluation of the potential for further work of a free* 

piston type apparatus for the determination of the compressibility of 

liquids. In addition, the results of the tests of a particular fluid, 

Oronite High Temperature Hydraulic Fluid 8515, are reported, Isentropic 

bulk moduli were determined over the range of pressure and temperature 

of 0 to 10,000 psi and 80°F to 500°F, respectively. 

The apparatus was designed to obviate certain difficulties here

tofore encountered In this type of research} 1) leakage about the dis

placement sensing component, 2) unaccountable distortion In the apparatus, 

and 3) cumbersome volume change instrumentation. The first two of these 

difficulties were overcome by enclosing the entire sensing element in a 

pressure vessel* In this way the sensing element was exposed only to 

uniform hydrostatic pressure, by virtue of which there Is no potential 

for leakage flow. Distortion effects are In principle completely/com

pensated by this apparatus. The third indicated problem was approached 

by the use of a piston which moved so as to equalize the pressure dif

ference within and without the sensor. A mass was rigidly attached to 

the piston and the shift in position of the moving mass was detected by 

a load cell. The load cell and a knife-edge provided support for the 

apparatus, and the output of the load cell was used to control the posi

tion of an external mass which was servo-posltloned to maintain a con

stant force on the load cell. The motion of the external weight was thus 

directly related to the motion of the piston, ..and consequently to the 
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volume change# Pressure and pressure change were determined with a 

strain gage bridge pressure cell, and temperature was measured with an 

Ice-bath reference thermocouple ensemble. 

The apparatus was constructed for the purpose of studying a dis

crepancy in compressibility values of Oronlte HTHF 8515 which has appeared 

in the literature* Data from speed-of-sound measurement techniques did 

not agree with directly determined data, the order of magnitude of the 

disagreement being 20%, It was considered that possibly heretofore over

looked phenomena were the source of the discrepancy. 

It was found that the data obtained with the above described 

apparatus agreed with spead-of-sound data within five percent. This 

difference Is within the maximum uncertainty of the spaed-of-sound data 

alone. 

An unexpected phenomenon was observed in the course of the exper

imentation. Since the fluid is of moderate viscosity and relatively not 

dense, It was not expected to find effects of pressure-temperature 

history. Changes in the compressibility were observed to occur If the 

liquid was allowed to sit at the higher test temperatures for several 

hours prior to the test* 

The design objective was to construct an apparatus which gave 

data with a maximum uncertainty of one percent. This objective was not 

absolutely accomplished. Forty-six of the sixty-eight points had mean 

deviations of less than 1.3 percent, although one point had a mean devi

ation of over four percent. The apparatus performed satisfactorily 

functionally, and it is believed that with existing available components 

and materials, apparatus capable of tests to 100,000 pounds per square 



inch will require no specialized developmental work* 

Adiabatic bulk modulus was found to be remarkably near a 

straight-line function of the pressure. 



CHAPTER I - INTRODUCTION 

1„1 General 

The stimulus which produced this work is the use of high pres

sure hydraulic control systems in high performance aircraft. Knowledge 

of state behavior of the hydraulic fluid is necessary, for without it 

one cannot establish the control system operating characteristics,, 

102 Definition and History of Problem 

In order to obtain state data for new hydraulic fluids, a major 

defense industry member initiated a test program in the early years of 

the previous decade,, The information gained from this test (Ref, l) 

satisfied the current needs of the industry and was used rather widely 

(Refo 2)o This program no doubt marked the entry of engineers of the 

aerospace and mechanical engineering backgrounds into the field of liquid 

compressibility0 

Although immediate data requirements were satisfied, an author 

of Reference 1, Dr» M0 Rt Bottaccini, felt that additional experimenta

tion was desirable0 WiCh this in mind, he directed another experimental 

study of the same fluids in the same ranges of temperature and pressure, 

but with a different type of apparatus (Ref« 3)0 

Although sound in principle, the apparatus presented technical 

problems at high pressures and temperatures., Since the data thus ob

tained opened a triangular discrepancy with the data of Reference 1 and 

of that of References H and 7» it was concluded that the technical 
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difficulties compromised the accuracy of the associated data. 

The pressure and temperature ranges covered by all the above 

discussed data are 0 to 5000 psl and 0 to 500°F respectively. 

The test methods which yielded the data of Reference 1 and Ref

erence 3 are direct methods. The volume change which Is associated with 

a particular pressure change Is measured for a given process. This In

formation, along with the Initial pressure, volume, and temperature, 

allows one to compute the average compressibility 

• K1> " £ (fp̂  " " | [Equation 1-1] 

where 

P • thermodynamic pressure - force per unit area, 

p » ~ • density - mass per unit volume, 

A 
tp - a parameter describing the process, (e.g,, 

ip • a defines a constant entropy process, 

i|» • T defines a constant temperature process), 

a bar over a parameter Indicates an average value over the 
Implied Interval, 

a delta over the equal sign Identifies a definition. 

There are a number of variations of this definition, and It Is 

pointless to pursue them. Suffice It to say that each has Its special

ized appllcatlonal advantage. One should recognize that Equation 1-1 Is 

meaningless should phase transitions occur In the Interval, 

All definitions of the type of Equation 1-1, however, have the 

common characteristic that 



A?" oir * [Equation 1-2] 

which Is the thermodynamic definition of compressibility. The most com

mon compressibilities In terms of utility are those of the Isothermal 

(• • T) and of the lsentroplc (tfi - S) processes 9 

An Indirect test procedure yielded the results of References 4 

and 7, This method, which possesses a high degree of potential exper

imental precision, Is the measurement of the velocity of propagation of 

pressure waves through the liquid. 

It Is easily shown that 

(V2 " (lp% " Y* [Equation 1-3] 

where 

a. • the velocity of propagation of an arbitrarily small 
pressure pulse. The process of propagation is described 
by a constant value of the thermodynamic property \l><, 

Thus by measuring â  and p one can determine tê  However, what 

may be for the test is not easily ascertainable. It is this fact and 

the previously mentioned discrepancies that provide one of the motiva

tional reasons for this work. 

Another motivation is the recently referred to lag (Ref» 5) in 

high pressure state parameter measurement techniques. It is apparent 

that relatively little has been done since 1935 (Ref. 6), 

If the discrepancies in compressibility are fact, then another 

useful phenomenon to check liquid state models has arisen, since any 

accurate model must explain such phenomena, 

While considering the variations .of apparatus which might be 

advantageous to use to obtain static compressibility, two innovations 



k 

occurred to the author. These two features, when integrated into the 

test apparatus obviate many of the difficulties encountered in more con

ventional apparatus and promise improvement in high pressure techniques0 

lo3 Closure 

The purpose of this work is to present the results of tvo en

deavors in the field of the liquid stateo The first is the design and 

construction of a "prototype" apparatus for the measurement of liquid 

compressibility parameters0 This apparatus is evaluated in terms of its 

potential applicability for measuring compressibility in the 100,000 

psi - 200,000 psi range„ . The apparatus incorporates the above mentioned 

two featureso 

The second purpose is the presentation of compressibility data 

for the fluid from which the large discrepancy arose, Oronite Hydrau

lic Fluid 8515o The data axe in the temperature range 0 to 500°F and 

in the pressure range 0 to 10,000 psio 



CHAPTER 2 - REVIEW OF ANALYTICAL STUDIES OP THE LIQUID STATE 

2ol General Considerations 

The liquid state represents one of the most difficult forms of 

the many-body problem0 No suitable models have been found which allow 

sweeping simplifications analogous to the gaseous and crystalline states0 

Although the liquid state has fluidity features somewhat analogous to 

the gaseous state, the densities of the former are much nearer to that of 

the solid stateo Such contradictory characteristics as these would lead 

one to suspect that to mathematically describe the liquid state accu

rately is a very complex task, and indeed it has never been done com

pletely 0 

There is neither space nor need here to attempt a detailed review 

of the attempts to describe the liquid state. Very complete presentations 

may be found in the btok by Hirschfelder, Curtiss, and Bird (Ref„ 9)o Ref

erence 9 is a comprehensive coverage of virtually all known aspects of 

the liquid state up to 195̂ » and unfortunately there is little to report 

since then. For a stimulating and enlightening description of the char

acteristics of the liquid state, one should read the book by H0 S0 Green 

(Reft, 10) o A later book (1959) by Ha V0 Rowlinson (Ref„ 11) treats the 

properties of liquid mixtures and also presents a comprehensive review 

of the analytical models of the liquid state. 

The successes of the various attempts to define the liquid state 

will be described in the following materialo It is quite proper to say 

at this point that success is always associated with monatcmic, diatomic, 

5 



or triatomic, etc<>, molecules in order of decreasing success, and to hope 

to describe a polyatomic molecule, vith perhaps both chain and ring con

figurations in its structure, vith present theory is at best a wishful 

thoughto Certainly the theory can be used to attempt description of gross 

behavior or trends in behavior, but not to attempt to resolve discrepan

cies of even 100$ or more0 

202 The Cell Theory 

The cell model of the liquid state has one advantage over other 

proposed models9 it will yield numerical results for thermodynamic-

•properties of the fluid which the model represents0 The analysis allows 

one to employ a particular intermolecular potential model to express the 

"average" energy of each particle of the systemo The price of simplic

ity is generally validity, however, and since the model is a very rough 

description of the actual phenomena, the results compare only roughly 

with actual experimental results0 The smaller and more nearly spher

ically symmetrical the actual molecule, the better the agreement0 The 

description of the method which is presented here is essentially that of 

Hill (Refo lb)o 

To apply the cell theory to a system9 one divides the volume into 

r 

cells such that there is one molecule per cello The molecule is assumed 

to be for the most part confined to this cell and to move in the average 

potential field established by its neighbors a Assuming indistinguish-

ability of particles essentially accommodates the necessary requirement 

that any of the particles may infrequently move out of their currently 

occupied cells and take positions in different cells„ 
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The potential field that the molecule In any cell moves in is as

sumed to be the sum of the potential fields set up in the cell by all the 

other molecules. 

In the cell theory of Lennard-Jones and Devonshire (LJ-D), the 

first (1937) and simplest, only the nearest neighbors are assumed to af

fect a molecule (assumed spherical) in its cell (Ref, 15), The material 

of the nearest neighbors is assumed to be uniformly distributed on the 

surface of a surrounding sphere, rather than in discrete parcels. The 

potential energy of the molecule is analytically determined as a function 

of its position within this uniform spherical shell. Having this poten

tial allows one to write the expression for the partition function of the 

system which allows one then to express the thermodynamic variables as a 

function of the assumed molecular mechanical properties. 

The state equation which this model yields has no second vlrlal 

coefficient* It is found that the thermodynamic properties computed 

from the LJ-D cell model are relatively Insensitive to the assumed form 

of the potential (Ref, 9), This essentially indicates that the model is 

not powerful enough to discriminate between accurate potential models and 

less realistic ones. The cell model does fairly well in predicting the 

critical temperature—essentially to one part in 130. However, It does 

not do well in predicting the critical pressure and the critical specific 

volume, 

- It has not been customary to compare the compressibility charac

teristics predicted by such models to test data. Thus one cannot gener

ally find an author's evaluation of his own work based on compressibility, 

However, only models of spherical particles have been investigated and 



silicones (the class of fluids we are concerned with) cannot be des

cribed as even remotely spherical, 

A logical extension of the cell theory is to account for the 

effect of the "next to nearest" neighbors by another spherical shell, 

This shell is concentric with the nearest neighbor shell but with radius 

/T times larger. The case of three such shells has been analyzed (Ref. 

16) but the added refinement has no significant effect on the quality 

of the predictions of thermodynamic variables, A simple check of the 

state equation which results from the cell model analysis will lead one 

to conclude that It does not predict the proper isothermal bulk modulus-

pressure relationship even over small pressure ranges (Ref, 9), 

2,3 The Hole and Multiple Occupancy Theories 

Shortcomings of the cell model are not difficult to find. The 

assumption that one molecule is In each cell is especially unrealistic. 

At low densities, many cell sites (as many as 50% near the critical 

point) are vacant, At high densities, more than one molecule might oc

cupy a single cell. Both these features have been added to the model 

(the former by Rowllnson and Curtlss (Ref, 17) and the latter by Janssen 

and Prigogine (Ref» 18) and independently by Pople (Ref, 19), although 

not simultaneously), The results are discouraging; no significant im

provement was gained by use of these "more realistic" features. Again 

the investigators have not reached the point of Investigating the com

pressibility of the fluid model. 

The simple models examined in the cell and hole theories do not 

promise future success in describing the behavior of silicone fluids. 

Liquid helium at low temperatures appears to behave in reasonable 
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conformity with the basic cell model when cast in the quantum model, and 

considerable work has recently been done In this area (Ref, 20, Ref, 13)* 

2,4 The Distribution Function Technique 

An alternate and more promising approach to the analysis of the 

liquid state is the distribution function technique (Ref. 21), Detailed 

descriptions of the techniques may be found In References 9, 10, and 14, 

The validity of the technique is based on the existence of a 

radial distribution function, g(r\ which establishes the probability 
% 

that any solecule has a neighbor at distance r In the direction of r 
% 

within a specified volume, dVr« Thus 

n[r,dVj-§- g(r) dV [Equation 2-1] 
1i C r\, T 

where 

n[r,dV ]• probable number of molecules in the differential 
* r volume element dvr vhich Is situated at r from a 

reference molecule* * 

N 
A 
m total number of molecules in the system. 

Vr 
A 
m volume occupied by the system. 

to A • radial distribution function* 

The number of particles In a finite portion of Vr, V̂ , Is 

then 

n[r,v'] - / g(r) dV [Equation 2-2], 
r v

r J y» r 

r 

With g(r) one may predict the contribution of the lntermolecular 

potential energy to the thermodynamic parameters. For Instance (Ref, 

14), in a system composed of a monatomlc material with symmetrical 



10 

lntermolecular potential, the total Internal energy U Is (regardless of 

configuration)I 

U • (Total Kinetic Energy) + (Total potential energy) 

[Equation 2-3], 

The first term of Equation 2-3 Is straightforwardly handled by 

both kinetic theory and statistical mechanics„ With the radial distri

bution function, one may express the second term asi 

N r 
Total Potential Energy - ( r )  gO) dV [Equation 2-4] 

r J * r 

V 
r 

where 

<t> (r) - mutual potential energy of separation of two molecules 

and the other parameters have been defined. 

Implicit In Equation 2-4 Is the assumption that 4> (r) Is a func-
% 

tlon of the distance of separation of two molecules only. 

Actually g(r) Is a function of more variables than the vector of 
% 

separation. Both the density of molecules and general level of kinetic 

energy affect the form of the curve. In general <t> Is also a function of 

the mutual relative orientation of the members of the molecular pair* 

e.go» any polyatomic molecule, any polarized atom or molecule, and those 

having net dlpole or quadrupole moments, may arrange themselves selec

tively, Helium (and the other Inert gases) Is an example of spherical 

symmetry. 

There are In principle the usual two available methods for the 

determination of g(r), analytical and experimental, and as usual both have 
% 

practical disadvantages which limit the accuracy attainable by use of them. 
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2,U,1 Analytical Methods of Determining g(̂ ) 

Although three analytical procedures nay be used to evaluate 

g(r), all three methods yield equivalent integro-differential equations 

which must be solved (Refo 9)« The equations may be derived by the ex

pression of the average force in terms of g(r), by putting g(r) into 

Liouville's Equation, and the coupling parameter method due to Kirkwood 

(Refo 22)0 

The stumbling block involved in all three approaches is that the 

triplet distribution function arises in the integro-differential equa

tions, The triplet distribution function expresses the probablity of the 

simultaneous existence of three molecules with specified relative posi

tions. 

This difficulty is circumvented by assuming that the probablity 

of occurrence of any triplet configuration is the product of the prob

abilities of the individual pair configurations which make up that 

triplet. This is the so-called "superposition approximation," the 

validity of which decreases with increasing density0 

Analyses have been done for hard sphere molecules, and for those 

with a modified LJ-D potential (Refo 9)0 Argon is the only liquid which 

has been extensively studied experimentally0 There is relatively good 

agreement in g(r), but only mediocre agreement in values of thermodynamic 

parameters. 

2,U,2 Experimental Determination of g(r) 

Direct experimental determination of g(r) has been done by utlli-f\, 

zation of X-ray diffraction techniques (Ref0 23)0 There is some difference 
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of opinion on the precision with which g(r) may be determined in this way 

(e<,go, Refo 9 vs Refo 10) 0 

At any rate, the pattern of a scattered beam of monochromatic 

X-radiation may be recorded photographically0 Since the-variation in in

tensity with position is due to interference of the electron shells of 

the constituent molecules, the space distribution of the molecules can be 

deduced (Ref0 10)0 

For a bibliography of early work in this area the reader should 

consult References 10 and 11„ Liquid Argon was studied in 19^2 (Ref„ 2k) t 

and as was mentioned in Section 20U02j agreement with analytical predic

tions of g(r) is relatively good<, 

A later technique, that of neutron beam scattering, promises 

additional and perhaps better infonation on g(r) (Ref0 25) o Whereas 

X-ray scattering is affected by the electron contingent of the molecular 

structure, the neutron must be deflected by mass interactions with the 

nucleus. Thus actual relative nucleus position is indicated by the 

resultso 

There has to this time been no comparison of experimentally de

termined compressibility and that predicted by use of g(r) and 6 (r)0 

The magnitude of disagreement of the values of other thermodynamic para

meters indicate that it would be useless at this point0 

2,14,3 Closure 

The current status of analytical treatments of the liquid state 

is such that compressibility characteristics of liquids cannot be predicted 

with acceptable accuracy0 Test data are required for design parameters0 



CHAPTER 3 - REVIEW OP EXPERIMENTAL STUDIES 

The bibliography of a subject studied for so long will have 

hundreds of entries as the reader can see from Reference 6, which has an 

exhaustive bibliography of pre-19̂ 9 worka Reference 11 provides addi

tional bibliography through 1959 o According to Bridgeman (Ref0 6), the 

earliest compressibility measurement attempt was an unsuccessful endea

vor by the Florentine Academy prior to 1762,, An attempt to measure the 

compressibility ofwater by crushing a spherical lead tank containing 

water ended with the conclusion that water was incompressible, Although 

interesting, such history as the foregoing is of no purpose here, and 

the object of this chapter is to give a short description of more or 

less successful methods which have been used to determine the compres

sibility of liquidso Detailed descriptions of some of these may be 

found In Bridgeman (Ref0 6) along with his evaluation of the advantages 

and disadvantages of each method0 

3«1 Mechanical Measurement of Compressibility 

Bridgeman (Refo 6) divides the higher pressure methods employed 

prior to 19̂ 9 into five groups; l) the "small plunger" method, 2) the 

Almg method, 3) the piston displacement method, U) the sylphon method, 

and 5) the pump and drain method0 

3«lol The "Small Plunger" Method 

The small plunger method was developed for use when large pressure 

changes were to be effected. The liquid was placed in a steel cylinder 

13 
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and pressurized by pushing a plunger (ideally leakless) into the cylin

der 0 Monitoring pressure and plunger position, along vith initial (or 

final) volume and temperature, yielded sufficient compressibility 

informationo In this type of test leakage was found to be a problem0 

The problem of leakage was alleviated by putting the cylinder-

plunger ensemble into a pressure vessel and raising the pressure in the 

pressure vesselo The plunger would then move to equalize the pressure 

within and without the cylinder0 The methods used to monitor the move

ment were of a nature such that only one reading could be taken and the 

apparatus had to be dismantled to determine the movement of the piston, 

which thus made the process slow and unwieldy0 

30102 The Method of Alme 

Another slow, tedious method of data acquisition was the substi

tution of mercury for the plunger„ A capillary was used to allow mercury 

to enter the test chamber to fill the volume vacated by the liquid as it 

was compressedo The apparatus waB arranged so that the mercury which 

entered the chamber was trapped̂  Then, when the pressure was released, 

the amount of mercury trapped indicated the volume decrease affected by 

the pressure increase» 

Again, the apparatus had to be disassembled after each test to 

measure the amount of displaced mercuryo In addition, the compressibil

ity of mercury had to be known„ 

30103 The Piston Displacement Method 

An intermediate fluid (Bridgeman used kerosene) has been used to 

transmit the pressure to the test element» In this arrangement, the 
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test fluid was placed in an element with a one-way in valve0 The element 

was placed in the pressure chamber which was in turn filled with kerosene0 

The pressure chamber was equipped with a temperature sensor, pressure 

sensor and a movable piston« The piston was actuated with a press or 

other suitable force-producing device» Measurement of the displacement 

of the piston gave volume change information, which along with pressure 

change and initial volume yielded the compressibility of the kerosene 

test fluid systemo Knowledge of the-compressibllity of kerosene and the 

relative quantities of the two constituents allowed the determination of 

the compressibility of the test fluido 

3ol<b The Sylphon Method 

The sylphon was a flexible bellows with provision for admitting 

and removing fluid from its interior, It was filled with the test fluid, 

sealed, and hydrostatic pressure was applied to the outside. The bellows 

was free to contract and equalize the pressure difference (except for a 

pressure difference equivalent to the stiffness of the bellows), 

Volume change could be related to length change which was measured 

by a sliding resistance potentiometer ensemble with a claimed resolution of 

less than a wave-length of light , The bellows was externally and inter

nally constrained by cylindrical guides to assure only axial distortions, 

3»lo5 The "Pump and Drain" Method 

A relatively fast method for obtaining compressibility data has 

been introduced since 19̂ 9 (Ref's, 1 and 26), The test fluid was pumped 

into a known volume, and the temperature and pressure were adjusted to 

the desired levels. Then a valve was opened and fluid was bled off until 
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the pressure decreased to the desired value« The quantity of fluid bled 

off was measured, thus indicating the volume change<, 

3olo6 Closure 

It is felt that the inaccuracies and required corrections due to 

the physical configuration of the individual methods are almost self 

evidento The object in discussing them is to introduce their desirable 

features rather than play on their shortcomings„ Volume anomalies due 

to distortion, leakage, dealing with the properties of intermediate 

fluids, etco, have all been a problem0 

A characteristic common to all these methods is that they are 

suited to gross "secant" measurements and do not approximate compress

ibility at a pointo The term used by Rowlinson (Ref0 11) for this gross 

measurement is the compression of the liquids 

3o2 Indirect Methods of Compressibility Measurement 

Two practical methods are currently available for evaluating 

compressibility indirectlyo However9. only one is suitable for high 

pressure work0 

3 o 2 0l Velocity of Sound Measurement 

As outlined in Section lo2, the compressibility of a material may 

be deduced from the velocity of propagation of pressure waves in it0 Be

cause wave length of a cyclical pressure wave varies inversely with the 

frequency, ultrasonic frequencies (frequencies between 50 kcps and 500 

kcps roughly) are desirable so that small equipment may be used and its 

dimensions will still be large compared to a wave-length„ There are a 
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number of variations of configuration, but the basic technique Is common 

to all,, 

In the tests* the fluid was placed In a pressure chamber which 

was equipped for pressure control and temperature control. Two piezo-

eletrlc crystals (X-cut quartz was typically used) were placed with the 

X-planes facing (and parallel to) each other,, One of the crystals was 

pulsed with an ultrasonic signal which caused associated vibration of the 

crystal. Pressure waves generated by the vibration were transmitted to 

the other crystal, thus yielding electrical signals from lt» Calibration 

and measurement of the distance of separatlor allowed the Investigator to 

establish the velocity of propagation of the pressure waves. If the fre

quency was higher than the absorbtlon threshold, the waves were appar

ently transmitted lsothermally (Ref, 27), This configuration was used 

by Peeler and Green (Ref, 7), 

Since the relation between the compressibility and the speed of 

propagation of pressure waves Is given by (see section 1,2) Equation 1-3 j 

i" P C V 2  '  

one must know the density p at some relevant fiducial point to the same 

degree of accuracy as he wants to know K̂ , This he must obtain from 

separata test data. Another disadvantage In accuracy is that whatever 

relative error occurs In a. contributes a relative error In K. of twice 

the magnitude of that in 

3,2,2 Small Angle Scattering 

Green (Ref, 10) shows that the Intensity of the radiation 
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scattered at small angles to the direction of the incident beam (X-ray, 

for instance) is proportional to the isothermal conpressibility, the 

number density, and the absolute temperature of the fluido 

The method, however, is limited In pressure range because the 

pressure vessel would interfere with the path of the radiated beam0 



CHAPTER k - DESCRIPTION OF EXPERIMENTAL APPARATUS 

U.l Philosophy of Design 

U o l o l  Maximum Uncertainty Considerations for Volume Change 

Whereas the primary objective of previous investigators was to 

obtain accurate P-V-T data for various materials, the primary objective 

of this endeavor is to obtain accurate AP - AV -P-V-T dataQ These 

are not equivalent problems by any means, as the following examples will 

illustrate„ 

First, suppose one knows an initial volume V exactly and detects 

a volume change AV of (l) one percent of V0 Assuming AV is measured to 

within (10) ten percent, one knows the final volume to within or 
X 0 Uw 

0ol#o Thus one could plot V va P with good precision,, If P could be. 

measured with comparable precision, one might be led to believe any de

rivative taken from a P - V plot would be equally precise• However, it 

AV 
happens that if is directly calculated from test data, a ten (10) per

cent uncertainty exists0 In practice, a somewhat more complicated con

dition faces one0 In general, AV is established by evaluating the 

difference in the output R of some Transducers 

AV • Function [(Rg ± ER)-(R ± Ê ] 

= Function (Rg - \ ± 2ER) 

Thus, if AV is proportional to (Rg- (the usual case), Rg- R̂  must be at 

least 200 times the maximum uncertainty of one (l) percent in AV0 Conse

quently either a sensitive AV sensor is required, or AV must be large0 

19 
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A large AV is undesirable "because a large AV/V requires a large 

AP0 This in turn means that one is not accurately approximating the 

local slope of the P-V curve hut rather is reading gross "secant" 

AV - AP combinationso 

Examination of the compressibility curves of Oronite 8515 indi

cates that pressure increments of about one hundred pounds per square 

inch (psi) will give good approximation to actual slope-at-a-point be

havior (Section A„9 of Appendix A)0 

U,l02 Maximum Uncertainty Considerations for Pressure Change 

A similar consideration is necessary to evaluate the accuracy 

requirements of the pressure transducer,) A device which will indicate, 

say 1,000 psi to within one percent may indicate a 100 psi pressure 

change to a maximum uncertainty of twenty (20) percent, as the following 

simple analysis will show: 

1) one percent of 1000 psi is 10 psi 

2) (1100 ± 10) - (1000 ± 10) « 100 ± 20 

Consequently one must be sure that neither accuracy nor resolution com

promise the possible accuracy of his data readings„ . 

Hd,3 Leakage and Distortion 

Two additional problems arise in connection with compressibility 

measurements which involve high pressure0 One is leakage of the appara

tus and the other is volume anomalies due to the distortion of the appara

tus as a result of the stresses induced by the large pressure differences 

involved„ 

The leakage problem is discussed fully by Bridgeman (Ref0 6)0 
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Basically, it arises because the conventional volume indicating mechan

ism must be brought out of the high pressure region in the laboratory„ 

This arrangement requires a high performance dynamic seal which must al

low no leakage, and the design of such a seal dictates to some extent 

the configuration of the apparatuso 

The nature of a tight high-pressure dynamic seal is such that it 

can exert considerable force on the -emerging member in the direction of 

motion0 This is because the high normal pressures which it exerts can 

give rise to large friction forces which tend to oppose motion of the 

emerging member„ Consequently9 corrections for the distortion due to 

these forces, and to the forces arising from the large pressure differ

ences acting on the emerging member must be applied0 There is a certain 

degree of uncertainty involved in determining these corrections„ 

By applying the theory of elasticity, one may predict the defor

mation of many idealized structures,, The validity of applying these 

results to actual structures depends on how closely the model considered 

in the analysis describes the real structure0 Such things as inhomogene-

ity of the structural material and difficulty of defining non-uniform 

boundary effects (e0go, corners with uneven rounding, etc0) result in an 

uncertainty in analytically predicted volume change due to pressure dif

ference 0 

UoloU The Criterion of Design 

With these possible problems in mind, the design of a test instal

lation was undertaken,, The innovation used by John Canton in 1762 (Ref0 

8) seemed to promise almost complete freedom from problems in predicting 



distortion and thus from uncertainties of this origin. The principle is 

simple: the calibrated volume into which the test liquid is introduced 

would itself be completely surrounded by the test pressure at all times„ 

Thus, with no pressure difference of magnitude acting on the test volume, 

no non-uniform distortions could occur. This is not to say, however, 

that a correction for the compressibility of the structural materials 

would not be'applicable, but for metals like steel and aluminum the cor

rection is of the order of one in one thousand (see Section A*k of Ap

pendix A). It was decided, then, to place the volume change sensor (VCS) 

inside a heavy pressure vessel (Fig. U.2-7). The pressure vessel would 

be required to sustain the high pressure differences, while the VCS would 

be free to give readings unaffected by the associated distortions. 

Prom John Canton (ibid) also comes a reasonable approach to the 

AV sensitivity problem. The use of a capillary allowed him to see the 

indications of a volume change of a relatively small amount of water as 

a result of a relatively small pressure change. One could let the volume 

change be indicated by a piston which would sweep a total volume of per

haps one one-hundredth of the sensing volume's total volume. If the 

displacement of the piston were of the order of one to two inches, then 

the resolution problem discussed earlier would be obviated. 

The remaining design feature to establish was the manner in 

which AV would be indicated. The desire to have no moving member emerge 

from high to low pressure eliminated the more conventional means of indi

cation. A viewing glass could have been used in the side of the pressure 

vessel. Then one could read the indication of the piston's position. 

However, stress concentrations will be generated near the aperture so as 
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to complicate the pressure vessel design,, Also, a problem in reading 

can arise in the case of opaque fluidsa 

It was decided to use an indirect displacement indicating systemo 

This system consisted in principle of a weight and a load (or force) 

measuring cello The weight was fixed to the indicating piston so that 

it moved with the piston0 The pressure vessel and its contents were sup

ported by a line and point suspension systemo A knife edge supplied the 

line support and the load cell supplied the point support0 When the in

dicating piston moved as the result of a volume change, the weight was 

carried along, thus changing the force on the load cell, which in turn 

supplied a voltage change indicating the load change„ 

To exploit the inherent advantages of a nulling instrument, an 

additional feature was added« A movable weight on a beam was fixed to 

the pressure vessel externallyo By use of a scale and a vernier, the 

position of the external weight can be read to o001 inches0 The exter

nal weight is moved until the force on the load cell assumes its original 

value, and the displacement change of the external weight can be read to 

0002 incheso If one knows the relative masses of the internal and exter

nal weights, he can compute the displacement of the internal weight„ 

Actually, since the indicating piston must be constrained to travel within 

certain limits, the travel relationship between internal and external 

weights can be established directly,, To do this one measures the possible 

total travel of the internal weight and observes the travel of the exter

nal weight caused by forcing fluid into the apparatus so that the internal 

weight moves from one extremity of its travel to the other0 

If one chooses zero load as the null condition, the nulling servo 



gives an additional advantage of eliminating hysteresis effects on the 

load cell due to creep0 However, creep or hysteresif is no significant 

problem as far as the load cell is concerned since the time elapsed be

tween first and second reading is smallo 

The advantages gained by the use of this system are three-folds 

1„ The relation between the external weight position and the 

sensing piston position is exactly lineara If one should use 

the output of the load cell to indicate the sensing piston 

position change, he would have to contend with the non-linearity 

of the load cell, the instrumentation amplifier, and the angu

lar position of the pressure vessel0 

20 One can employ much higher values of static gain in the 

sensing system electronics since the process is that of 

sensing and nulling a deviation from zero0 In a direct voltage 

indicating system, the maximum static gain would be limited by 

the saturation characteristics of the electronics and the maxi

mum sensor piston position change encountered, 

3o The system automatically renulls after each test and there 

no need to re-zero manually the electronics after each testo 

Higher gain has the effect of increasing the precision of the 

system since smaller deviations from the null can be detected and compen

sated o Accuracy is increased because non-linearities are removed, ard 

in the sense that the maximum uncertainty of the output of the system is 

decreased, increased gain improves the "accuracy,," 



U02 Description of Apparatus 

U020l The Volume Change Sensor (VCS) 

The volume change sensor (VCS), "being the heart of the apparatus, 

was designed first, and the remainder of the apparatus was designed to 

"be compatible with ito The VCS may be discussed most easily in terms of 

its two sub-assemblies, the VCS envelope (VCSE) and the sensor piston as

sembly (SPA)o As the name of the former implies it contains the latter0 

Structurally, the VCSE is a three (3) inch outside diameter steel 

cylinder (A) with threaded ends onto which screw the end caps (B&C) (re

fer to Figo ̂ o2-l)o The inside of the cylinder is honed to give a uni

form interior surface with which the indicating piston and its weights 

are constrained to move only along the axis of the cylinder0 Compressed 

asbestos seals (M) prevent leakage through the threads of the end caps0 

The sensor piston assembly (SPA) is contained inside the VCSE0 

The SPA (Figo U02-2) includes the sensor piston rod (D), the packing 

boot (E), two weights (F&G), the traverse rod (H), and the supporting 

spider (l)0 Very low frictional resistance to axial motion of the tra

verse rod is provided by a ball bushing (J) which is pressed into the 

supporting spider, The distance that the sensing piston can move is 

fixed by the contact of weight F with the sensing cylinder (L) on one ex

treme of travel, and by contact of weight G with the steel stop pin (K) 

at the opposite of extreme of travels This travel distance is typically 

108 inches, but changes slightly after each disassembly,, This is because 

of the plasticity of the asbestos sealsa Consequently, after each dis

assembly the maximum travel of the sensing piston had to be remeasured0 

Variations in travel from this cause were typically 0o01 incho 



The spider (I) and the barrel (A) of the VCS yield a rather hard 

hand push fit. This arrangement wai chosen to simplify disassembly« In 

assembly, the SPA is Inserted into the barrel of the VCSE so that the 

sensing piston rod and packing mate with the sensing cylinder (L), which 

is screwed into the end cap (C). 

In order to introduce fluid Into the VCS (and to remove it) and 

to purge air from the VCS, two 1/8 inch brass compression adapters are 

mounted In the end cap (B)„ They are at equal distances from the center 

and are on the same diametric line. In addition, a 3/16 inch brass comr-

presslon adapter is mounted on the center of the cap. A stainless steel 

sheathed copper-constantan thermocouple Is inserted through this fitting 

into the VCS lnterlorg To prevent the thermocouple probe from interfer

ing with the motion of the SPA when the motion of the SPA placed the 

weight (G) in the proximity of its nearest approach to the stop (K), a 

hole is positioned In the weight (G) so that there Is no contact between 

the two„ Figure 4,2-3 shows the assembled VCS with the location of the 

thermocouple probe and fluid inlets * 

With the exception of two items, the VCS is constructed of carbon 

steel« The exceptions are the supporting spider, which is made of alum

inum, and the sensing piston packer, which is a teflon boot-type packing,, 

The configuration of the boot is shown in Figure 4,2-4, In order 

to assure good contact with low leakage between packer and cylinder, a 

coil-spring expander is Inserted into the teflon boots 

4,2,2 The Pressure Vessel 

The pressure vessel, which contains the VCS, consists of four (4) 



27 

parts, the barrel (N), two end plates (O&P), and the through-bolts (Q) 

of which there are eight (Fig. U.2-5), 

The barrel, of seamless cold-rolled high carbon high pressure 

tubing, is 11 3/U inches in length and has 3 lA inches and 5 inches as 

its inside and outside diameters, respectively. The diameter of the end 

caps of. the VCS is such that they slip into the barrel with 0.005 inch 

clearance. This arrangement provides support for the VCS and prevents 

sagging of the sensing piston free end, since without it the VCS would 

be cantilevered by the tubing which enter it at the opposite end to the 

sensing cylinder. 

The tubes which conduct the fluid into "the VCS from the reservoir 

must also penetrate the pressure vessel, as must the thermocouple. This 

is accomplished with stainless sr -.-.el adapters of the cone-compression 

collar type. Figure h.2-6 is an edge view of the end plate (D) showing 

the arrangement. After the first assembly, the cone compression collars 

are permanently fixed to the tubing and cannot be moved axially, although 

they can be rotated freely. This is also true in the case of the brass 

compression collars on the interior side of the end plate, except that 

they cannot be rotated. These collars, with their associated compres

sion nuts, connect the VCS to the thermocouple and tubing in a leak̂  

proof manner. 

In order to introduce fluid into the pressure vessel volume ex

ternal to the VCS, fluid is introduced through the end plate (0), Two 

of the 1/8 inch tubing cone compression adapters described above are 

employed (Fig, U.2-5). Since the apparatus is operated with the barrel 

in the horizontal position, a small problem arises as to air pockets which 



may be trapped either within the VCS or between the VCS and the pressure • 

vessels An associated problem is that of recovering all the fluid from 

the two areaso Obviously, unless the two purging tubes enter the VCS at 

the highest point on the inside surface of the VCS, all the air or all 

the fluid cannct be removed and the same is true of the pressure vessel0 

To obviate this problem, "risers" are attached to the ends of all four 

tube3 so that the open ends of the risers are very close to the high and 

lev points of the volume (see Figure U02-7)o 

The end plates (O&P) are made of mild steel, are 2 1/2 inches 

thick and are 9 inches in diametera In them are eight 1-5/16 inch holes 

drilled on a seven inch diameter0 These holes accomodate the eight 2-1/U 

inch, twelve threads per inch, single thread, through-bolts which con

strain the pressure vessel in its assembled form0 In addition, the end 

plates have the tubing adapters screwed into them, and have a circular 

V-notch on the proper side to mate with the sealing ridge which is ma

chined into the barrel (see Figure ̂ 02-8)0 

The weight of the pressure vessel and its contents is borne by 

a knife edge which is six inches longo The knife edge is made from 1/k 

inch mild steel plate, and is affixed to the pressure vessel by four 

round nuts on two of the lead screwss The arrangement allows easy ad

justment of the knife edge position and quick disassembly (see Figure 

H02-9)O The knife edge mates with a V-groove in the supporting block 

(also mild steel) which is cut to give 30° of clearance to the sides of 

the knife-edge0 

During the operation, the attitude of the pressure vessel is ad

justed so that the center of mass of the system is very nearly over the 



knife-edge contact» Thus almost all the weight of the apparatus is borne 

by the knife edge, and only small torques are required to alter its posi

tion or to hold it statically0 To hold it statically and to sense sensor 

weight position changes, a one pound load cell is used to bind it to the 

supporting frame (item 6 in Fig's, 2-10 & 11, item 2 in Fig, U,2-12), 

1+o2o3 The Heating System 

The temperature of the pressure vessel and the fluid it contains 

is controlled with a NiChrome (R) heating element0 This element is an 

asbestos insulated, NiChrome ribbon wound cylinder which slips over the 

barrel, and is essentially the same length as the barrel. Its resistance 

is about 50 ohms<> A Variac variable transformer, an auto transformer and 

an ammeter complete the heating ensemble« Up. to 3 amps can be supplied 

to the heating element with this arrangement (see Pig. U,2-13), 

U,2,U The Fluid Transmission System 

Two pumps are used during the test program0 One, a Sprague pneu

matic aircraft hydraulic fluid pump (item 12 in Fig, U,2-10) is a conven

ience only,, Through its use less time is required to pump the fluid to 

be tested into the pressure vessel« The other pump, a Blackhawk Porto-

pump (item 11 in Fig, U02-ll) is used during the tests, Both pumps are 

rated to 10,000 psi. 

Figure U,2-lU is" a schematic of the fluid circuit defined by the 

tubingo The circuit allows the filling and emptying of both separated 

volumes within the pressure vessel, the sensing of pressure within the 

VCS, and has separate connections to bring in compressed air for purging. 

The path marked "crossfeed" is included to prevent overpressuring the 
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VCS on those occasions where it might otherwise be done. 

Ordinary glass jugs are used for fluid reservoirs, and a Nielson 

vacuum pump is used to evacuate the system and to degas the fluid prior 

to testing. 

k.2,5 The Pressure Sensing System 

The pressure in the system is monitored with a Baldwin-Lima-

Hamilton strain gage bridge pressure transducer (zero to 10,000 psi 

range), A Sanborn Model 150-1100 carrier preamplifier supplies the 

bridge excitation and amplifies the output of the bridge. The output of 

the carrier pre-amplifier is read with a John C, Fluke Model 801B differ

ential voltmeter. 

U.2.6 The Sensing Piston Position Monitoring System 

The position of the sensor piston is monitored with a feed-back 

counterbalancing system (Fig. U.2-15), The system consists of seven 

modules: the counterbalance mechanism, a Statham load cell (zero to one 

pound range), a Sanborn FIFO (floating input-floating output) instrumen

tation amplifier, a D.C. Power supply, and an A.C. servo control unit 

consisting of a power supply, a servo amplifier, and a D.C, modulator. 

The only function of the D.C, power supply is to provide excita

tion for the load cell's strain gage bridge. The instrumentation ampli

fier increases the voltage of the load cell output, and supplies the 

amplified signal to the D.C. modulator for conversion to an A.C. control 

signal. The servo control positions the counter-balance weight so that 

the load cell has zero output. The counterbalance position can be read 

to within 0,001 inch via a stainless steel scale and vernier (Fig, U.2-11), 



k 2o7 The Temperature Monitoring System 

The temperature of the fluid is sensed with a stainless steel 

clad copper-constantan thermocouples The voltage output of the thermo

couple relative to a similar one in an ice bath.is read with a Leeds-

Northrup Millivolt Potentiometer (Item 13 in Figa U02-10)o The 

thermocouple, as already described, penetrates both the pressure vessel 

IFigo ha2-6) and the VCS (Figo Uo2—3)« protruding about 1-1/2 inches in. 

-co the VCS o 



Figure Ho2-1 

The Volume Change Sensor Envelope (VCSE) 

Index of Components 

A, VCSE Barrel 

Bo VCSE End Cap 

Co VCSE End Cap 

K o  Sensor Piston Travel Limiter (Stop Pin) 

L o Sensor Cylinder 

Mo Compressed Asbestos Seal (one"also in C) 

Figure kt2-2 

The Sensor Piston Assembly 

Do Sensor Piston •Rod 

E« Sensor Piston Packing Boot 

Fo Sensor Weight 

Go Sensor Weight 

Ho Sensor Weight Traverse Rod 

I0 Traverse Rod Supporting Spider 

J, Ball Bushing 
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FIGURE 4.2 -1 

THE VOLUME CHANGE SENSOR ENVELOPE (VCSE) 

Qo9 
MOTION 

FIGURE 4.2-2 

THE SENSOR PISTON ASSEMBLY 
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AIR PURGING INLET 

FLUIO INLET 

THERMOCOUPLE PROBE INLET 

FIGURE 4.2—3 

THE ASSEMBLED VOLUME CHANGE SENSOR (VCS) 

COIL SPRING 
EXPANDER SENSING PISTON ROD 

TEFLON BOOT 

CYLINDRICAL PORTION 
MATES WITH SENSING 
PISTON ROD 

RETAINING SCREW 

FIGURE 4.2-4 

THE SENSING PISTON ASSEMBLY 



Figure Uo2-5 

The Pressure Vessel 

Index of Components 

Pressure Vessel Barrel 

Pressure Vessel End Plate with Test Fluid Entrance and Exit 

Pressure Vessel End Plate with VCS Filler Tube, VCS Discharge 

Tube and Thermocouple Entrance 

Through Bolts (8) which constrain the End Plates to the Barrel 
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0 0 
- 0 0 

0 
S&3 

0 0 
0 

FIGURE 4.2-5 

THE PRESSURE VESSEL 

SZ si 
(P) 

a 

L 
ENTRANCE 
TUBE 

] 

THERMOCOUPLE 

D 

r ENTRANCE 
TUBE 

FIGURE 4.2-6 

THE END PLATE —ENTRANCE TUBE-THERMOCOUPLE ASSEMBLY 
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I I 

U 

PRESSURE 
VESSEL 

RISER (4 )  

I I vcs 

FIGURE 4.2—7 

THE ARRANGEMENT OF THE PURGING R ISERS 

/ / / / / 
/ BARREL ' 

END PLATE 

GASKET -COMPRESSED 
ASBESTOS WITH GRAPHITE 
IMPREGNATION 

FIGURE 4.2—8 

THE SEALING GROOVE-SEALING RIDGE ARRANGEMENT 
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- THROUGH 

BOLT 

KNIFE EDGE 

COLUMN 

SUPPORTING BLOCK 

FIGURE 4.2-9 

THE KNIFE EDGE ASSEMBLY 



Figure !•„2-10 

Apparatus in Test Posture 

List of Components . 

Item Marked 
No, 

1 The pressure vessel (and its contents) with the insulation in 

place 

2 The counter balance system 

3 The Baldwin-Lima-Hamilton pressure cell (almost hidden by the 

marking card) 

U The John C <, Fluke differential voltmeter 

5 The Sanborn Carrier Preamplifier 

6 The Statham load cell (to the right of the marking card) 

7 The Sanborn Floating Input-Floating Output Instrumentation . 
Anrnlifî r 

8 An analog computer (Donner) patchboard for circuit connections 

9 The Power Designs, Inc. D«C. Power Supply 

10 Relay pack containing the Servomechanism, Inc., power supply, 

servo amplifier, and D«C« modulator 

11 The Blackhawk hand pump 

12 The Sprague pneumatic pump 

13 The Leeds-Northrup millivolt potentiometer (setting on top shelf 

of table; the ice bath is setting in the left front corner of 

the middle shelf) 

ih The autotransformer 

15 The variac 

16 The galvanometer used to balance the pressure vessel on the 

knife edge 

17 The A.C. ammeter used to monitor the heating system current. 



•FIGURE U.2-10 APPARATUS IN TEST POSTURE 



Figure Ho2-11 

The Pressure Vessel with Insulation Removed 
and the Supporting Equipment 

List of Components 

Item Marked 
Noo 

1 The Pressure Vessel (with its contents) 

2 The counter "balance system components including the servo 

motor (partially behind marking card), the counter balance 

weight (to the left of the marking card) and the scale 

(mounted with C-clamps) 

3 The Baldwin-Lima-Hamilton pressure cell 

U The Statham load cell (to the right of the marking card) 

Note the stops at each end of the pressure vessel, which 
limit its angular travel0 
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FIGURE 2-11 THE PRESSURE VESSEL WITH INSULATION REMOVED AND THE 

SUPPORTING EQUIPMENT 
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Figure Ho2-12 

The Disassembled Pressure Vessel and 
Volume Change Sensor 

List of Components 

Item Marked 
No, 

1 The Baldwin-Lima-Hamilton Pressure cell (to the right of the 

marking ca ̂  

2 The Statham load cell (to the right of the marking card) 

3 The disassembled volume change senior including from left to 

rightt 

(3a) The left end cap with three compression fittings 

(3b) The left veight 

(3c) The supporting spider (containing the ball bushing)* 
The traverse rod, and the sensing piston (on the 
right hand end)« 

(3d) The right veight 

(3e) The right end car containing the sensing cylinder* 

U The volume change sensor barrel 

5 The pressure vessel barrel 

6 The pressure vessel end plates and three through bolts 

(note the holes for the other five through bolts) 

T The heating element 
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FIGURE k,2-12 THE DISASSEMBLED PRESSURE VESSEL AND VOLUME 

CHANGE SENSOR 
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HEATING 
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FIGURE 4.2-13 

THE HEATING SYSTEM 
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THE FLUID CIRCUIT SCHEMATIC 
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FIGURE 4.2-15 

THE COUNTER-BALANCE SYSTEM 



CHAPTER 5 - TEST PROCEDURE 

5,1.1 The Preparatory Phase 

The preparatory phase of the test procedure consisted of (1) de

gassing the liquid, (2) introducing the liquid Into the test apparatus. 

(3) aligning of the instruments, and (A) securing the correct temperature 

and pressure of the test. 

5,1*2 Degassing the Liquid 

It was desired to have a test point as close to ambient 

pressure as was practical and it was found that 100 psi was a practical 

pressure coordinate to use. It was important that no air or vapor space 

be in the apparatus, however, because then one would essentially measure 

only volume changes of the gaseous space. Experience showed that degas

sing was necessary to ensure a valid test condition at 100 psi. 

The test liquid was freed of dissolved gas (air) by evacuating 

the vapor space in the reservoir to one-half inch of mercury (the limit 

of operation of the pump used), and then shaking the contents violently 

several times. The liquid would foam profusely during the first shaking, 

but foamed negligibly thereafter. Shaking was found to be absolutely 

necessary to Induce the air to come out of solution in a reasonable per

iod of time, 

5,1,3 Filling the Test Apparatus 

After the liquid was degassed, the pressure vessel and all the 
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associated tubing was connected to the vacuum pump and evacuated to a 

pressure less than one half inch of mercury,, After the minimum obtain

able pressure was reached, the liquid was allowed to flow into the VCS 

and the space between the VCS and the inside wall of the pressure vessel„ 

Usually the Sprague pump was used for this,, The apparatus was evacuated 

to minimize the absorption of air during the process, for experience had 

shown that during agitation (which certainly exists during filling) the 

liquid tends to absorb air at greater rates than is absorbed1 in the quies

cent state o 

Prior to filling the apparatus, the induction lines of the pumps 

were purged until occupied with freshly degassed liquid0 

While liquid was being pumped into the apparatus, the vacuum pump 

was left attached and pumping so that the airspace pressure remained as 

low as possibleo When the apparatus became full, the pneumatic pump was 

stopped and the valve through which it discharged was closed0 With the 

hand pump, the pressure of the vessel was raised to about one thousand 

psi, and each valve which might have trapped air was opened slightly and 

reclosed in succession, the pressure being returned to one thousand psi 

after each valve was treated„ The compression fitting on the pressure 

cell was loosened and any trapped air bled free«, In general it was 

found that there was no free air there, the liquid having absorbed what 

little air there was0 

5olô  Instrumentation Preparation and Standardization 

5„lol*ol Temperature Measuring System 

Preparation of the Leeds-Northrup Millivolt potentiometer required 



U5 

two operationss (l) zeroing the reflecting galvonometer, and (2) adjust

ing the potentiometer working voltage by comparing it with an internal 

reference (standard cell)0 Both these items were checked "before each 

reading was taken. The ice bath was checked periodically to insure a 

valid reference temperature» 

5oloU,2 Pressure Measuring System 

The Sanborn Model 150-1100 Carrier Preamplifier is equipped with 

a standardized circuit for calibrationo After allowing ample warm up 

time, this circuit was used to impress a voltage on the output terminals 

of the transducer (BLH pressure cell)0 This voltage represents two per

cent (2%) of the full scale load of the transducer0 The output of the 

Carrier Preamp was read for this input, thus giving the necessary cali

bration data0 

The John C„ Fluke differential voltmeter has an internal reference 

voltage (standard cell) to which its working voltage is adjusted„ Since 

the Fluke meter is used to read the output of the Sanborn Preamp, it was 

adjusted prior to calibrating the remainder of the system, and was checked 

frequently, 

5ol«b 3 Volume Change Sensing System 

Actually, preparation of the volume change sensing system (VCSS) 

could not be started until the sensing piston was in its test position 

(see section 5olô , Obtaining Test Conditions)« After the electronics 

had been on for a sufficient warmup period (thirty (30) minutes or so) 

and the sensing piston was moved into its proper place, a galvanometer 

(item 16 in Figure Uo2-10) was attached to the output of the Sanborn FIFO 



Amplifiero The load cell was then put in position under the pressure 

vessel and adjusted so that the galvanometer Indicated no output from 

the load cell (thus the pressure vessel was balanced on the knife edge 

within the sensitivity of the system). The counterbalance weight was 

also at its proper test position prior to the nulling adjustment, or was 

put there« The servo control was switched Into the system next, and 

any slight unbalance of the system was removed automatically, and the 

system was ready to take data* Since the system is of the nulling type, 

no calibration was necessary. 

5*1*5 Obtaining Test Conditions 

For temperatures above room temperature, the most time consuming 

part of the preparation phase was heating the apparatus and the liquid 

it contained* It Is a crucial requirement that the barrel of the pres

sure vessel not be so hot at any place so as to anneal it* The 

heating rate consistent with the requirement appeared to be that which 

resulted In a temperature slewing rate of 80°F/hr. It was necessary to 

vent the Interior of the pressure vessel regularly during heating in 

order to relieve the pressure increase due to the Increasing temperature 

of the liquid* 

To obtain the desired pressure, three steps were taken* (l) The 

orossfeed valve (please refer to Figure U<2-lU for the remainder of this 

discussion) (Valve 1) was opened and the system was depressurized to 

ambient pressure by opening valves 8, 12, and .p (p is internal in the 

pump)• (2) After having closed p, 8, and 1 and having opened 9 and 7, 

fluid was pumped into the VCS, thus forcing the sensor piston to move 



outward until contact with the corresponding stop was madeo (3) Valve 1 

was opened and the pressure was increased to a value roughly 10% greater 

than the desired pressure level0 This procedure allowed for the drop in 

pressure resulting from the temperature decrease after the adiabatic com

pression of pumpingo The heat capacity of the apparatus is so high that 

pumping considerable quantities of liquid had very small effect on its 

temperatureo After pressurization, ten to thirty minutes were required 

for equilibrium to be attained, after which valve 1 and valve 9 were 

closed (all the other valves were already closed) and valve 8 was opened. 

The apparatus was then ready for the test,, 

5»2 Test Procedure 

After the system was brought to the test conditions, the temper

ature and the pressure were recorded„ Subsequently, the input to the 

Sanborn Carrier Preamplifier was suppressed completely (this amplifier 

has the feature which allows one to add a voltage to the input voltage 

which is equal to it in magnitude but l80° out of phase, thus yielding 

zero as the sum and permitting use of the highest gain capacity of the 

amplifier for data taking)0 After suppression was accomplished, the posi

tion of the counterbalance was recorded, along with the pressure on the 

new scale» The setting of the Fluke Voltmeter was turned up an amount 

which corresponded to a 100 psi pressure change, and valve 12 (in Figure 

l»„2-lU) was opened. The pressure was increased by actuating the hand 

pump with a smooth, moderate speed stroke until the Fluke Voltmeter was 

approximately nulled0 Valve 12 was closed and the voltmeter was nulled 

as quickly as possible and its reading recorded0 By this time the 
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counterbalance would have nulled, and its new position was recorded. 

After the data were recorded, valve 12 was reopened, and with 

valve p the pressure was decreased 100 psi and held, This decrease in 

pressure moved the piston to its initial position, and the apparatus 

was thus ready for another test when equilibrium was re-established 

(approximately 20 minutes). When the pressure was observed to change 

no more, equilibrium was assumed and another test started. 

Before pressurizing the apparatus for a test, and after depres-

surizing the apparatus after a test, the travel of the counterbalance 

which resulted from full travel of the sensor piston was recorded to 

evaluate the consistency of the apparatus. This was accomplished by • 

venting one side of the VGS and pumping fluid into the apparatus until 

the sensing piston was halted by the corresponding stop. The counter

balance position was read, the opposite side of the VCS was vented, and 

again fluid was pumped in so as to move the piston to the opposite stop. 

The corresponding counterbalance position was again read, the differ

ence being the counterbalance travel for a calibrated sensing piston 

travel. 



CHAPTER 6 - TEST RESULTS 

6*1 Testing Chronology 

The data presented herein were the results of tests conducted 

over a long period of time* The sane oil sample was used for all tests. 

Since the results indicate that the compressibility of the fluid is a 

function of its history, the details of the history are presented here* 

The first checkout tests vere run on the sample on May 20, 196U 

and the last data vere taken on August 6, 196U, Thus the fluid vas sub

jected to tests for a period of eleven weeks. The first test for data 

vas begun on June 29, 196U, Between May 20 and June 29, checkout tests 

to U00°F and 5000 psi were run. 

The first test for data was conducted at a liquid temperature 

of 8o°F nominal* This was a "room temperature" run, and the temperature 

varied somewhat* The time required for the establishment of equilibrium 

between test points at the same pressure was ten to twenty minutes. 

Six measurements were made at each pressure, and data were taken in 1,000 

psi Increments. Consequently, two days were required for each test point. 

Accordingly, the test at room temperature was completed on June 30* The 

next test, at 200°F nominal was begun on July 3 and completed the next 

day* The fluid heating element was energized on the evening of July 2, 

and the fluid was held at 200°F until the test was completed with no 

temperature change being allowed between the first and second day's test

ing. 

Data for the 300°F condition were taken on July 5 and 6, 196U in 
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the same pattern as described above. The fluid was not allowed to cool 

from 200°F; a new power level was introduced into the heating element 

(matching the requirement for a 300°F equilibrium) at the end of the 

200°F test0 

, Data for the 400°F condition were taken after a two day pause* 

The heating element was turned off at the termination of the 300°F test 

and the apparatus was allowed to cool (the purpose of this pause was to 

check the head-bolt tension and thus the condition of the high pressure 

seal)„ On the evening of July 8 the heating element was turned on with 

power consistent with the requirements of 400°F equilibrium, and the 

test was conducted on the next two consecutive days (July 9 and 10), 

After the 400°F test was completed the power into the heating 

element was increased to give a 500°F equilibrium and on the next day 

(July 11) data were taken to 5000 psi„ At this point, however, it was 

necessary to discontinue the test (due to failure of the Fluke Voltmeter), 

and the heating element wan turned off. On the evening of July 14 the 

power was again applied to the heating element, and the next day the 

testing program at 500°F was completed and the apparatus was allowed to 

cool. 

After completion of the 500°F test, the data for all the tests 

were reduced to compressibility form. A plot of the reduced data indi

cated that the data for 300°F and 400°F should be checked. The test at 

300°F was Initiated on July 21 but a ruptured seal forced termination of 

the test and complete disassembly of the apparatus to replace the seal. 

The apparatus was serviced and on August 5 the data for 300°F 

were taken in increments of 2000 psl from 4000 psi to 10,000 psl. Data 
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for 400 F were similarly taken the following day. 

6,2 Test Data Reduction 

The nature of the apparatus is such that it could be operated in 

a way to be exactly compensating for distortion effects of temperature 

and pressure. The truth of this statement is shown in Appendix A. 

However, it was felt that the density-temperature behavior of 

the fluid was not known well enough to exploit this feature fully since 

the data of Reference 7 did not plot smoothly. Only one-dimensional 

corrections are necessary, however (see section A,6 of Appendix A), The 

iBentropic bulk modulus of the fluid was calculated by use of the rela

tion} 

Ar 
K (T.P) - V [--£] 
s b Ar, 

D 

<4rb> 
(1 r ) 

8 

t-r8-] c R R R- R 
A p t p f c 

8 

[Equation 6-1] 

where 

A - Sensing Piston cross-sectional area, S 

A 3P 'V; AP 
K8 - V ('gy™")g" V Ĉ y)8» fche adiabatic bulk modulus, 

V - Jensor Volume at the beginning of the test (V changes by 
S 8 

0,3% or less for a 100 psi pressure change), 

Ar̂  A change in pressure indicating instrument reading, 

Ar̂  ̂  change in counterbalance weight position. 

b̂ 

Ar 
4 ratio of total counterbalance travel conjugate to 

p maximum sensing piston travel for » room pressure, 
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- indicated sensitivity of the pressure sensing apparatus, 

C - calibration of the sensitivity of the pressure sensing 
 ̂ apparatus, 

R • sensing piston travel correction due to temperature dif
ference between the ''.est condition and the condition 
existing when travel was measured, 

R - similar correction due to compression by hydrostatic 
 ̂ pressure* 

Rj • correction due to the relative change in density of the 
rluid and steel with pressure, 

R « correction which is required because the pressure cell 
v,and the fluid which was in it) was at room temperature. 
Thus the fluid has a lower bulk modulus than that indicated. 

Each of the Instrumentation and correction factors is discussed 

in Appendix A, 

Each term of the relation is discussed fully in Appendix A. 

Bulk modulus was chosen as the function of compressibility to pre

sent because it has been observed (and predicted) to vary roughly linearly 

with pressure (The Tait Equation (Ref, 12), and for the ideal gas, for 

examples), 

At least six data points were taken per function point, and a 

statistical analysis was run for each function point to determine the mean 

(K ), the mean deviation (6) and the root mean square deviation (a) of the 

points. The mean deviation and the ratio of the root »?an square devia

tion and mean deviation (̂ ) are given with their associated points In 

Table 6-1, Consideration of ̂  allows one some Insight into the shape of 

the distribution curve of the point, and hence some idea of the factors 

affecting the distribution. The range of mean deviation is from 0,29% to 

4,6%, It is curious that the bulk modulus tended generally tfc increase 
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with successive test points, suggesting that the fluid was conditioned 

by working. 

6,3 Bulk Modulus of Oronlte 8515 High Temperature Hydraulic Fluid 

6.3.1 The Sample 

One quart of the test fluid which was received from the manufac

turer on or about March 1, 1964 and one quart which was used In a previ

ous test (Refo 3) were mixed to obtain the test sample. The sample used 

to obtain the data of Reference 3 was nearly four years old and had been 

tested to 5000 psi and 500°F, Communication with the manufacturer indi

cated that storage life (in reasonable conditions) has no effect on the 

macroscopic properties of the fluid (Ref. 31), Thus the decision was 

made to mix the two samples, 

6.3.2 Compressibility Data 

Table 6-1 presents the adlabatlc bulk modulus at each of the 

test points. The average valua of th« repetitive tests is given along 

with the mean deviation of tha points about tha mean and th« ratio of 

Che root mean square deviation and tha mean deviation All measure

ments are shown. These data are presented in curve form in Figures 6-1 

and 6-2. Since the data span a rather large Increment of bulk modulus 

value* no resolution can be given to the coordinates If one wishes to 

present them all on the same axes for comparison. 

The results of the tests can most conveniently be discussed by 

addressing the individual curves. 
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603O201 Bulk Modulus at Room Temperature (80°F nominal) 

As is the case vith all the data, below 5000 psi the K values 
3 

for 8O°F lie consistently close to the least squares line fitted through 

all the datao The largest difference is 2o5J&» at 3700 psi0 Above the 

5000 psi point, however, the largest variation from the straight line is 

k%t which occurs at 5500 psi, There is a great deal more absolute scat

ter in the upper range than in the low range and the mean deviations at 

high pressures are roughly four times as large as those in the lower 

pressure ranges. The latter fact led the author to review the test data 

above 5000 psi, and by applying Pierce's Criterion (Ref, 32), it was 

found that dropping two points could be Justified, It was found that 

dropping one of the six test points from the 9150 psi average moved that 

point to within 1*1% of the straight line, Dropping one point from the 

6U00 psi average moved the average to within Od/S of the straight line0 

The set of points at 5500 and 8300 had no striking, "out of order" points, 

however, and no elimination could be Justified» Tests in the range 5000 

psi to 10,000 psi were conducted on the day after those in the 0-5000 psi 

range. 

For a given test pressure increment, one would expect the great

est deviation to occur at the lower temperatures and the higher pressures, 

since the compressibility is smallest there, and consequently the volume 

change sensor would move the least distance« 

6«3.2,2 Bulk Modulus at 200°F 

The mean deviations of the data points are relatively low for 

the test points at 200°F, The largest mean deviation is 1,8# and occurs 

in the case of the 8660 psi test points} the lowest mean deviation is 



55 

0.3% which occurs in the case of the test point at 1950 psi. 

The really curious behavior of the test data is that the data 

lie very closely on straight lines. All data below 6000 psi lie on 

one straight line with all points deviating much less than 1%, except 

the point at 4750 psi which is less than 2% in deviation. Above 6000 

psl all points lie on another straight line, the largest deviation being 

0,6% for the 9750 psl points 

Again this sudden apparent discontinuity cane during the second 

day of testing at the test temperature, 

6,3,2,3 Bulk Modulus at 300°F 

The data at 300°F In the pressure range through 6290 psi lie on 

a straight line. The point at 6290 psl is the last point tested on the 

first day of testing at that temperature. No point lies more than 1% 

off the straight line. The mean deviation of the data points varies 

between ,3% and 3.8%, the last statement being true for the entire data 

set at 300°F, 

Above 6290 psi, the test data points (for the first series of 

data) fall lower than the extrapolated straight line, the greater the 

pressure, the greater the deviation generally speaking. At 9670 psi, 

where the mean deviation is 0.4%, the mean test data point is 6% lower 

than the extrapolated line, and the point at 6700 psl 2,6% lower. The 

point at 7680 psl is closest, being only 1.2% lower than the extrapo

lated straight line. 

The deviation of the higher pressure point from the extrapolated 



line being as large as it is, it was decided to rerun this data set from 

liOOO psi to 10,000 psia0 Also, a light film of the fluid was found on 

the outer case of the pressure cell, and it was felt that the points at 

8690 psia and 9670 psia were possibly affected by the slight leak0 Since 

the unit was checked prior to taking data at 6700 psi and no leak was 

evident, no positive conclusions can be made about its overall effect on 

the points at the higher pressures., This decision was made after all 

data were taken, however, and the fluid had set at ropm temperature for 

several days prior to this testo Testing at 2000 psi intervals allowed 

the entire rerun to be done in a single day* 

The mean deviation of the data points was essentially the same 

as those of the first run at 300°F, but the points lay rather consis

tently near a straight line higher than and steeper in slope than the 

previously discussed extrapolated line by as much as 7«5% in magnitude 

and by 22t5% in slopeo Three of the four points lie on the line and the 

fourth point, at 8700 psi lies within 2% of it0 

6o3o20U Bulk Modulus at H00°F 

The mean deviation of the test points taken at k00°T are in gen

eral larger than those at 300°F, to k»6% being the range and the 

points at higher pressure have generally somewhat lower mean deviations 

than those at the lower pressure« The largest deviation of the mean data 

points from the least squares line fitted through the data is 403/& and 

occurs at 6020 psi, In fact, the intermediate pressure range data de

viate more from the straight line than do those of either extreme,, 
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A slight decrease In slope of the locus of data points occurs 

at the higher pressure range. This observation led to the decision to 

repeat the high pressure portion of the test (4000 psl to 10,000 psT) , 

This test was run on the day following the repeat of the 300°F test, and 

no cooling was allowed between tests. The results substantiated the 

previous data, falling on the same line within 1%, 

6.3.2.5 Bulk Modulus at 500°F 

The mean deviations of the test points are very consistent in 

the 500°F data, with only four of the eleven points having mean devia

tion of more than 0.8%. The greatest mean deviation, 4,4%, occurred at 

1040 psl, and at 6902 psi the minimum mean deviation, 0,3%, occurred. 

Throughout the entire pressure range the data fall very close 

to the least squares straight line. The greatest deviation from the 

straight line is 5% and occurs at 154 psi. The point at 1041 psi is 

1.8% off the line, and the remainder are within 1%. Since at 500°F the 

bulk modulus Is relatively low the percent deviations are misleading. 

Thus, although the point at 154 pal Is off the line by 5%, the absolute 

magnitude of the deviation Is between two and three out of 40 which 

would be only 1% or less at 80°F, 

In view of the basic objectives of this research, the 500°F bulk 

modulus line is the one of the greatest interest. Consequently, a least-

squares straight line was fitted through the entire set of data points. 

The resulting equation for the straight line Is 

K - 11.33 (P-13,39) + 43.20 x 103 

whet* 
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A 
K •» adlabatlc bulk modulus - pounds force per square Inch, 
3 

A 
P • absolute pressure - pounds force per square inch. 

The root-mean square deviation of the points from this line is 

0«932 psi. If the deviations are random about the line, the most prob

able deviation is 0,699 psi and the mean line should be within 0,199 psi 

of the true value everywhere in the test range. 

6.3,3 Significance of Test Results 

6,3,3,1 Validity Considerations 

The general consistency which the data exhibits is good. The 

significant deviations involve entire subsets of data. For example, 

the locus of the data points in the low pressure range of the 200°F line 

is not the same as the locus of those points taken in the high pressure 

range. However, the deviations of the points about their respective 

loci are quite small. 

It is believed that the significance of these discontinuities is 

related to the temperature-pressure history of the liquid. Apparently 

the compressibility of the liquid increases with time for the same tem

perature in certain ranges of temperature, the lower limit of the range 

being between 200°F and 300°F, Pressure level Is also an important para

meter, with no discontinuities found below 5000 psi, 

6,3,3*2 Comparison With Other Data 

The only compressibility data which have been published (to the 

author's knowledge) for Oronite 8515 are those published by Peeler and 

Green (Ref, 7). These data were obtained with an ultrasonic wave propa

gation apparatus (see section 1.2). 
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At 500°F, the condition of greatest interest, there is less than 

5% disagreement between the least squares straight line and the data of 

Peeler and Green»• The data of Peeler and Green lie consistently higher 

than the results given here for 500°F, the variation being from one to 

4,1%. This trend is generally true at all temperatures. Agreement at 

other temperatures Is generally as good, with the exception of the 200°F 

line at pressures above 2000 psi, where the ultrasonic data is higher 

than the data presented herein by 10%, At 2000 psi , the ultrasonic 

data exhibit a curious 'Jump' discontinuity similar to those encountered 
% 

in this work which have been discussed (sections 6,3,. 2,2 and 6.3,2,3), 

6.3.4 Conclusions 

6.3.4.1 

Adlabatic bulk modulus data obtained with the apparatus described 

in the foregoing pages essentially verify the data taken with ultrasonic 

waves propagation apparatus. The liquid tested was Oronite 8515 High 

Temperature Hydraulic Fluid, Agreement is generally good, typically with-

in 5%. 

6.3.4.2 

The apparent discrepancy which was found to exist between the 

data of tha ultrasonic method and that of earlier tests (see section 1.2) 

is felt to be due to one (or any combination) of the following effects! 

1, Gross (secant) Isothermal bulk modulus data will have an 
apnarent value which Is lower than the local slope 
values at the beginning of the gross Intervals 

2, Leakage (the most likely) 

3, Correction for distortion of the test apparatus. 
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U0 Available adiabatic constant data and/or thermal coef
ficient of expansion data may have been of Insufficient 
precisiono 

603OU>3 

The apparatus performance fell short of the 1% overall maximum 

uncertainty goal which vas set. The maximum mean deviation obtained 

was k96% for six points0 The mean deviations of thirty of the sixty-

eight points were less than 1$, and fifty-one were less than 2%„ 

6«3 o Uo U 

The fundamental principle of operation of the apparatus proved 

to be soundo Relatively simple improvements at key points of the ar

rangement should reduce the mean deviation of the tests to a fraction of 

those obtained—for instance to 0.5# (see Appendix B). 

6.3. U,5 

No problems arose which indicated that higher pressures would 

present significant obstacles. The basic design could be used for test

ing up to 60,000 psia with "stock" fixtures, and possibly to 100e000 psi. 

The practical limit would essentially be the point at which one would 

have to use a "vessel-within-a-vessel" to prevent plastic deformation of 

the apparatus. 

6.3.5 Closure 

6.3.5*1 General Comments 

With proper environmental control, the apparatus described in 

Chapter U is adaptable to measuring two physical parameters in addition 

to adiabatlc compressibility3 l) isothermal compressibility and 2) the 
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ratio of specific heats of the constant pressure and the constant vol

ume processes, 

.If sufficiently sensitive temperature measurement apparatus is 

3P 3P 
employed, [̂ 7] and [jjjp] can also be measured directly. Such 

apparatus has recently become available (Ref. 30). 

6,3.5.2 The Nature of the Test Process 

During the process of increasing the pressure in the apparatus 

to produce a test AP, entropy is generated within the sensing element 

via two modes: l) friction in the ball-Journal bearing and 2) viscous 

effects due to liquid displacement. The liquid motions are of rela

tively small magnitude and are short time transients. The bearing 

friction is very small, requiring much less than an ounce of force to 

sustain motion, A simple model was analyzed to establish the entropy 

generated by these two modes. The process quite precisely approximates 

the isentropic process. 

Since the metal in the volume change sensor has much lower com

pressibility than the liquid and since the specific heats are roughly 

the same, the temperature of the fluid rises more than that of the metal 

during an adiabatic compression. Consequently, there is a potential for 

heat transfer from the fluid to the metal so that the entropy of the 

fluid can possibly decrease. The diffusivity of the liquid is very low 

f 2 
(0,003 ̂  ), however, and heat cannot transfer out at a high rate. Since 

readings were taken very quickly subsequent to the pressure increase, 

analysis (see section A,10 of Appendix A) shows that the entropy of the 

sensing system could have changed only slightly. 



It Is Interesting that the effects of friction and the effects 

of heat transfer are opposing and thus tend to cancel* 

Based on the above mentioned analysis, the entropy change for a 

100 psl Isothermal pressure Increase is 0,000285 Yb'̂ or * T̂ e entropy 
m 

change for the test process Is less than 5,5% of that amount ten (10) 

seconds after the compression process Is terminated» All pressure in

crement readings were taken within five seconds of the termination of 

the process• 

6.3,5c3 Slope of the Isentroplc Bulk Modulus Curves,, 

Figure 6-3 presents the locus of the temperature variation of the 

slopes of the least squares straight line fits of the data, 

Except for the 500°F line, the least squares fit was made using 

the mean value of the bulk modulus at each data point of which there are 

eleven or more for each temperature. The rerun data were included In 

this fit. In the case of the 500°F line, the straight line was fitted 

through the entire set of test points, of which there were 66, It can be 

shown that the two approaches give the same locus under the test condi

tions but the former approach does not give the true value of the mean 

squared deviation from the optimum locus. 

The locus of slopes appear to be asymptotic to the value at 

500°F« The slope at 400°F is higher than the curve fitted through the 

80°F, 200°F, 300°F, and 500°F points. No special significance can be as

signed to this fact, however, since the least squares technique used weight 

ed all points the same, the result being a slope which was intermediate 
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between the upper and lower portions of the 200°F and 300°F curves <, Tak

ing the upper portion slopes would yield a curve to which all points 

would lie very closeo 

603o5oH The Least Squares Loci of the Adiabatic Bulk Modulus 

Presented below are the loci obtained from the least squares 

analysiso The 500°F line is repeated for completeness, 

82°FS K - 18,52 (P-13o39) + 211,0 x 103 
8 

203°Fs K - 13.M (P-13.39) + 13H.8 x 103 
s 

30U°FJ K - 11,95 (P-13,39) • 99.51 x 103 
8 

Uoo°Ft K - 11,88 (P-13,39) + 69.39 x 103 
s 

50U°Fi K = 11,33 (P-13,39) + 1*3,20 x 103 
8 

The parameters and their units are defined as in section 6,3,U, 



TABLE 6-1 

Adiabatic Compressibility of Oronlte HTHF 8515 

A 
F • Gage Pressure; ambient pressure • 130 psia - pounds per 

square incho 

t 
Ks « Adiabatic Bulk Modulus - pounds per Bquare inch* 

6 • Mean deviation - % 

a " Root-mean-square deviation - % 

O s 
j for 6 points on a Gaussian distribution is 1,25 

T 
°F P 

psi 
K xlO"3 
s 
psi 

5 
% 

a 
6 

80 
80 
82 
82 

I65 
967 
1900 
28olt 

216,0 
226,6 
2U3,0 
258, U 

0,87 
0,6U 
0,71 
0,98 

1,10k 
lokl2 
1,153 
1,260 

83 
85 
81 
81 

311k 
U630 
5U86 
6U00 

273,5 
293,0 
32U,6 
336,7 

1,12 
0,96 
1,87 
U.OU 

1,033 
1,210 
1.0U7 
1,190 

8k 
8k 
82 

' 81 
' 82 

7333 
82U3 
9158 
6U00 
9158 

3U2,2 
370,9 
368,3 
330,5 
37̂ ,6 

3.U6 
3.17 
H,15 

1,0U5 
1,165 
1,0̂ 9 

Notes Ône point dropped from the test data 

20U 
205 
205 
205 

151+ 
1057 
19̂ 8 
2955 

lUl.l 
151.8 
161, k 
nk>i 

0,50 
o,ui 
0,30 
0,57 

1,06U 
1.252 
1.130 
1,06U 

20lt 
20U 
20lt 
198 

3907 
U8UU 
5865 
6666 

183.0 
197.1 
205.3 
226.2 

0,U8 
0,Ul 
1,11 
0,9̂  

l,0fc8 
1.179 
1,028 
1,259 



TABLE 6-1 - CONTINUED 

T 
°F 

200 
202 
20h 

303 
30U 
30U 
30U 

303 
303 
302 
303 

305 
305 
306 
307 

302 
301 
302 
303 

P 
psi 

7656 
866H 
975U 

167 
173 
109U 
2085 

3136 
1*256 
521*8 
6289 

6703 
7682 
869!* 
9670 

1*276 
6l6l 
807I* 
9555 

-3 K xlO 
8 

23806 
252,8 
269,1* 

10U.9 
98,9 

109,1 
122,9 

135,9 
11*8,6 
160,7 
172,9 

171*, 2 
187,6 
191.2 
202,6 

158,1* 
18U .5 
205.1* 
229,1 

0,81 
1,82 
1.77 

3,83 
0,71 
1,1*3 
1.36 

0,1*7 
0,36 
0,30 
0,53 

1.31 
3.32 
1,53 
0,1*2 

1,76 
1.37 
1,35 
1.1*1 

a 
6 

1.18U 
1,200 
1.223 

1.057 
1,210 
1,128 
1,081* 

1.138 
1,1*1*8 
1.196 
1.085 

1.21*3 
1 
1 
1 

,03U 
.191 
,01*1 

,162 
,118 
,058 
,051 

1*02 
398 
1*00 
1*00 

1*00 
1*00 
1*00 
1*03 

1*06 
1*05 
1*07 
1*05 
1*00 

1*02 
1*01* 
1*01* 

166 
190 
101*8 
2126 

3005 
1*068 
5069 
6017 

6986 
7955 
8905 
9862 
1*183 

6231 
8275 
9692 

70,6 
71.3 
8l.l 
93,1 

10U.1 
119.1* 
131,3 
11*5,8 

150.5 
161.6 
170 
191 
122 

ll*2« 
166 < 
188, 

1*,61* 
2,77 
1,89 
1,30 

0,91* 
2,10 
2,51* 
3,30 

1,55 
0,89 
1,17 
3.68 
1,09 

0,1*1* 
0,63 
1,02 

1« 
1« 
1< 
1< 

1« 
1, 
1, 
1, 

1« 
1, 
1. 
lc 
1« 

0, 
1, 
1, 

,010 
,272 
,356 
,077 

,00U 
,11*0 
,086 
,121* 

,018 
,082 
,089 
,202 
,100 

,963 
Oil 
162 
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Figure 6-1 

Adiabatic Bulk Modulus of Oronit? 8515 
Constant Temperature Loci 

Ks 

82°P Line: Points marked with ® have at least one test point omitted 

from the averaging process (see Table 6-1)0 These points 

were not included in the least squares line fit, 

30U°P Lines Points marked with 0represent the data taken in the rerun 

discussed in section 6o3»H«3» All points were Included 

in the least squares line fit« 

U00°P Lines Points marked with ® represent the data taken in the rerun 

discussed in section 6,3»U03« All points were included in 

the least squares line fit° 



™ * . . . • 
0 2 4 6 8 K> 

-3 (P-13.39) x 10 -PSI 

FIGURE 6-1 

AOIABATIC BULK MODULUS OF ORONITE 
8515 

CONSTANT TEMPERATURE LOCI 



Figure 6-2 

Adiabatic Bulk Modulus of Oronite 
8515 

Constant Pressure Loci 

The data presented are a cross-plot of the least squares 

fit lines from Figure 6-1, Consequently, data points are not shown. 
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Figure 6-3 

Slope of the Isothermal Lines of Kg 

Oronite 8515 

slope of the least squares line fit of the data presented 

in Table 6=1 and in Figure 6-1 o 
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PARAMETRIC SYMBOLS 

TO 

k. Compressibility for a process vhere ij> remains constant (see page 
1-3) I area per unit force o 

K Bulk Modulus for a constant ifr process - reciprocal of k.; force per 
unit areas * 

P Thermodynamic pressure; force per unit area, 

p Density - reciprocal of specific volume; mass per unit volume* 

v Specific volume - ~ i volume per unit mass* 

1/ Arbitrary thermodynamic parameter« 

a. Velocity of propagation of an arbitrarily small pressure vave, mov
ing by a process such that the thermodynamic parameter V is 
constant| length per unit time* 

N Total number of molecules in a system» 

Vr Total volume occupied by a systems 

g(r) Radial distribution function (see page 9)* 

r Position vector* 

<#>(r) Intermolecular potential function ; energy, 

a__ Constant pressure linear coefficient of thermal expansion - r (=•) t 
71 (thermal units)**. L T p 

°F Thermodynamic temperature ; degrees Fahrenheits 

psi Pressure units; pounds force per square inch of area* 

MATHEMATICAL SYMBOLS 

n The average value of any parameter n( the means of averaging defined 
in context (or arbitrary)* 

= equals. 

• is defined as the 

A Symbol indicating a change in a variable, or the difference between 
two values a variable may takeo 
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NOMENCLATURE SYMBOLS 

VCS Abbreviation for "volume change sensor," 

LJ-D Abbreviation for Lennard-Jones and Devonshire,, 

n(r,dVr) Nomenclature referring to the probable number of molecules 
* which are in a diffeiential volume dVr situated a distance 

r from a reference molecule in the direction of r0 

Eq. Abbreviation for "Equation," 

Pig, Abbreviation for "Figure,," 

SPA Abbreviation for "Sensor Piston Assembly." 

VCSS Abbreviation for "Volume Change Sensing System#" 

VCSE Abbreviation for "Volume Change Sensor Envelope," 
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APPENDIX A - FUNCTIONAL THEORY OF THE APPARATUS 

A, 1 External Static Equilibrium Relations 

Figure A-l is a simplified schematic shoving the pressure vessel, 

the counter-balance, the knife edge support, and the load cell in a 

free body equilibrium configuration0 

Taking moments about the knife-edge contact lines 

+ mpgrp+ F#re • 0 [Equation A-3] 

where 

A 
• mass of the counter balance 

nip • mass of the pressure vessel and its contents 

A 
r̂  • moment arm of gm̂  about the knife edge contact line 

A 
r • moment arm of gm about the knife edge support 
P P 

A 
F • force exerted on the pressure vessel by the load cell Q 

A 
r • moment arm of F about the knife-edge contact 
9 0 

A 
g * local gravitational field intensity 

If the positions of m̂  and mp are changed and mp is changed, 

then ve have: 

n̂ g (rb +A rb) + (mp+ Amp)g(rp+ Arp) + re(Fe+ LFj - 0 

where the A's indicate changes from the original configurations. The 

servo nulling system forces m̂  to position so that AFQ = 0, Thus 

mbgrb + + mpgrp + mpgArp + Ampgrp + AmpgArp+ r̂  = 0 

[Equation A-2] 

Subtracting Equation A-l from Equation A-2 gives; 

75 
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COUNTER-BALANCE (MB) 

PRESSURE 

VESSEL (mD) 

KNIFE EDGE 
LOAD CELL 

FIOURE A-L 

MODEL FOR APPLICATION OP EXTERNAL STATIC EQUILIBRIUM 

ANALYSIS TO THE APPARATUS 
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in. Ar. + m Ar + im r + Am Ar • 0 [Equation A-3], 
o b p p p p p p  l M  

Equation A-3 relates the counter-balance position change to the 

pressure vessel ensemble center of gravity shift and mass Increase, 

A.2 Internal Static Equilibrium Relations 

Figure A-2 Is a schematic cross-section of the pressure vessel 

and its contents in a free body equilibrium configuration. 

The components of mp are conveniently cast into three categoriesi 

1) static rigid (m ), 2) moving rigid (m ), and 3) fluid (m.). The sens-
s n i 

ing piston and weights comprise the moving rigid components, and every

thing else the static rigid components. Expressing the overall center 

of weight of the pressure vessel in terms of the components: 

mr » m r + mr + m.r. 
pp ss mm ff 

where 

m 
8 

r A 
8 

m A m • 
m 

A r 
m 

ffif 
A 

ffif 
m 

rf 
A 

m 

« mass of the fluid In the system, 

rf £ moment arm of m̂ g about the knife edge. 

By expressing m̂  and iuf in terms of the corresponding densities and 

volumes, one obtains: 

m r  -  m r  + p  V  r  + P  -  V . r . ,  
p p s s Km m m f f f 

If one next adds and subtracts p. V r from the expression, he can ob-
£ m m * 

tain t 

ra r - M r + V r (P -  P.) + PF(Vfr + V r ) . 
pp ss mm m £ t t £ mm 



78 

KNIFE EDGE 

FIGURE A-2 

MODEL FOR APPLICATION OF INTERNAL STATIC EQUILIBRIUM 

ANALYSIS TO THE APPARATUS 
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For compactness I 

A Pf 
m * = V (p - p.) - m (1 - -*-) 
m m rm f m p 

n 

V V rf + vm V • °fV r 

yields t 

i 
f 

m r - m r + tn_* r + m ' r ' [Equation A-4] 
pp 98 mm xz 

The apparatus Is only useful If m ' + 0 (p + p_). The parameter m ' 
m m r m 

could be looked upon as an "effective" or "apparent" mass of the moving 

rigid weight. If more fluid is pumped into the apparatus: 

(m +Am ) (r+Ar) - m (r +Ar )+(m '+Am ') (r+Ar)+(ttu '+Am') 'r '+Ar. *) 
p p p p  a s s  m m m m t  i f  i  

. [Equation A-5] 

Subtracting Equation A-4 from Equation A-5 yields} 

mAr+Am (r+Ar) - mAr+An ' (r+Ar) +m • A r + m'Ar '+Am'(r.,+Ar,') 
p p p p p  s s m m m m m f x  f x  r  

[Equation A-6] 

A,3 Volume Change Sensor - Counterbalance 

Combining Equation A-3 and A-6 gives the counterbalance shift in 

terms of the corresponding shifts of the fluid and the fixed and moving 

components of the pressure vessel: 

-m, Ar. « «Ar + Am '(r + Ar ) + m ' Ar + m ' Ar,' + Am,* (r#* + Ar ') b  b  s s  m m  m  m m r x  f x  £  

[Equation A-7] 

What Is desired is the shift In position of the moving portion of the 

apparatus (which is the volume change sensor): 

Ar (m ' + Am ') « - m. Ar. - Am 'r - m Ar - m.*Ar.' - Am.'(rr' + Ar.') 
m m  m  D b m m s s x x  x x  x  

[Equation A-8] 



80 

One must know the last four terms in Equation A-8 In order to re

late Ar. to Ar , They can be evaluated by pumping fluid into (or allow-D m 

ing it to flow from) the apparatus so that the sensing piston does not 

move. For this case, Arm • 0 and the resulting Arfe indicates the value 

of the remaining termsg 

0 • - m-Ar.- Am 'r - m Ar - m 'Ar ' - Am '(r.' + Ar'), DD tn m s s t I it r 

The structure of the apparatus is such that it is very nearly 

symmetric about the center of weight and consequently the shifts in cen

ter of weight positions are extremely small. Raising the pressure from 

zero to 10,000 psi did not produce a discernible Ar̂ , and allowing the 

pressure to fall from 10,000 psi to zero yielded no Ar̂  (this check was 

made many times) <, Consequently, 

Am 'r + nAr+ m'Ar-'+Am.̂ r,1 •Ar-') - 0 [Equation A-9] 
m m 8 8 r r 11 r 

within the capability of the instrument to measure it (which is the 

-4 
equivalent of 10 Inches balance weight displacement), It is concluded 

that the individual terms of Equation A-9 must be nearly zero, since 

compensation among them is a remote possibility. With this circumstance, 

however, Equation A-8 becomes 

Ar (m ' •¥ Am ') • - m, Ar. [Equation A-10], 
mm m D D 

which directly relates the counterbalance weight motion to the sensing 

piston motion, 

A,4 The Effective Mass of the Sensing Piston 

At zero pressure for any temperature, it is convenient to deter-
in ' 

mine directly. This Is done simply by establishing Ar. for the 
"b b 
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case of m being moved from one limit of its travel to the other. The 
in 

limit travel distance may be measured prior to assembly. This procedure 

could be used prior to each test at a given pressure level and is desir

able, but there is considerable danger of overpressuring the sensing 

element. Since no pressure relief feature was fitted on the sensing 

element, travel calibration was done at zero pressure for each temper

ature, and the correction at higher pressures was made with the compres

sibility data. 

For the unpressurized case 

Ar - - , Ar [Equation A-ll] nu m bu 
mu 

where Ar • maximum possible travel of the moving parts of the 
sensor in the unpressurized case 

Ar̂ u • the corresponding motion of the balance weight, 

°b 
Thus "•*, can be determined by test at no pressure. For data taken at 

"mu 
other pressures than zero, 

"B A -Ar • Ar. 
m m ' b 

m 

- "P" "i Ar,——4— 
m ' b m ' 
mu m 

m ' mu 

Ar . 
" [Equation A-12] 

ArbU m mu 

Rectiling that (see Equation A-4) 

m ' - m (1 - ) 
m m n 

one can establish m ' at any pressure from m ' at zero pressure: 
m m 



m 
tn 
m mu 

i Pf 1 - — 
P_ m 

Pfu 
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[ Equation A-13] 

mu 
Since P„ and c can be expressed in terms p_ and p and the eompres-

i m i u mu 

sibilities of and m a 
I ZD 

e b o + f •1 'P' di3 ® o + Ad 
Hf fu o p fu pf 

[Equation A-lU] 

and 

P - P + * • •P • dp ® p + Ap 
m rau o K̂ ,m mu m 

[Equation A-15] 

where «= Bulk Modulus for the fluid, etc, 

Thus 

m 
m 
m 

r = i -
mu 

pfu 
1 + 

*Pf-

Pfu. 1 
p - Ap -1 
mu 1 + m 

ft 1 -
. mu. 

1 -
fu 

mu 

1 + Ef1 

1 + E 
mJ 

fu 

mu 
1 -

fu 

mu 

1 _ «£a [1 + (E . E ) - E (E E) + E* (E - E) - ....] 
p  " •  r  m  m  r  m  m f m  
mu 

1 -
fu 

pfu °fu 
1 - + -Att. (E- - E ) [1 - E + E -E + ooo o] 

p p f m — ~ 
mu mu 

mu 

2 - E 3  
m m m 

1 •• 
fu 

mu 

P~, (E_- E ) 9 - . 
m_' - 1 + " -.U - E + E - E 3 + E + »,.] 
m 

where 

mu 

A *Pf 

1 -
fu 

mu-i 

m m m m 

f P fu 

[Equation A-l6] 

and 

E. 
m "m ' 
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A more convenient form of Equation A-l6 is3 

m • (E - E ) . 
JL-- = ! + —I 2— [l-E + E2-E3 + E a»oo] 
V pmu . m m m • » - • •» X 

Pfu [Equation A-17] 0 

Since Effi« 1, the series is rapidly convergent0 

Thus Equation A-12 becomes 

Ar 
Ar = • PP Ar 1 _ 1 1 

m 7-— b (E - E ) 
Arbu 1 + — SL. [l-E +E2-E3 + Elt] 

V - 1 m m ra m 

pfu 
[Equation A-l8]0 

K̂ , of steel was assumed constant over the range of pressure and 

temperature, and of the fluid was computed from the equations 

K 
K̂ , = ~ [Equation A-19] 0 

where 

Y = Ratio of specific heats of constant pressure and constant 

CP volume processes, r—, 
W 
V 

Values of y were taken from Reference 7o K was taken from test 
s 

data as it was acquired0 Since the largest correction was only 0„5$, 

raw data values could be used in this correction. 

A,5 Deformation Corrections 

A,5«l Thermal 

As a result of the method chosen to acquire data (in particular 

the balance weight full travel procedure, supra Sect0 5«2), the measured 

travel of the sensing piston had to be corrected for thermal effectSo 
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The fractional change in volume of an isotropic material due 

to temperature changes is expressed by (from the definition of aPL̂ 8 

AVT  ̂
—p » (1 + "pjATT - 1 [Equation A-20]; 

where apL £ Linear thermal coefficient of expansion (thermal units)-1 

for a constant pressure process« Similarly the fractional change in 

area can be expressed byj 

 ̂- (1 + OpL&T)2 - 1 [Equation A-21]® 

Mild steel, an isotropic material, is the material of construction,, 

Ao5«2 Hydrostatic Pressure 

Bridgeman (Ref» 6) emphasizes the importances of correcting 

test data for the anomalies introduced by distortion due to pressure. 

Reference is made to unsuccessful attempts by Amagat to correct his data 

and it is implied that the problem was more than the current theory 

could handle« It is difficult to establish whether or not Bridgeman 

included the problem of uniform hydrostatic pressure on all surfaces 

of the volume or not, but analysis by the author indicates that the 

problem in the present investigation is straightforward to solve, and 

agreement was found in both Reference 28 and Reference 29„ 

For an isotropic material or for a cavity surrounded by an iso

tropic material, the change in volume resulting from an Isothermal 

uniform hydrostatic pressure increase can be approximated by (from the 

definition of K̂ Js 

% 1 VAP 
"v * "T~ [Equation A-22] 
Vo Vo «T 

where K̂ , • isothermal compressibility. 
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For a change in a linear dimension: 

AL £ 
L 

AV 
—J2. 
V 
o 

1 
3 

[Equation A-23], 

and for area changes: 

/ 
AA "x. M 
A 

AV 
V  
V 
o 

2 
3 

[Equation A-2U], 

A,6 Relation between Test Data and Bulk Modulus 

It is only necessary that one insert the characteristic physical 

parameters of the system into the equations: 

— AP K = - V — 
s AV 

V » V + AV 
o T,p 

[Equation A-25], 

AV„ AV rp T\ 
• v (i + —-»•) (l + -=*) 

O V V 
o 

Ar 
AV » A Ar a A 

s m s 
ma 

Ar̂  
Ar, 
bu 

E E . 
1 + £ ••• [1 - E + E Z,0„] P O M M 

P 

mu 

fu 
-1 

where 

Ar • Ar + (Ar ) + (Ar 
mu muo nuo T muo p 

A( Ar ) 
« Ar (1 + 

muo 

\ 

muo'T) ̂  + '"'muô i 
(Ar 

Ar 
muo 

Ar 
muo 

AP (Voltmeter Reading)(Amplifier pain)(internal amplifier 
calibration) x (external amplifier calibration) 

AA _ AA 

A»o (1 + (1 + "T̂  
so so 

A * sensor cylinder cross-sectional area, 
8 

subscript 'T' means 'due to temperature', 
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and 

subscript ®p' means ®due to pressure' 

subscript 'o® refers to some fiducial states 

Thus 

K • 
s 

Av AV 
VQ(1 + —2-)(l + AP 

o o 
AA AA 

A„o(1 * T** <1 • -T1L) SO SO 

Ar. mu 

Ar. 
*uo 

(1 + V-SL£)(1 +A • BB1 p ) 
or Ar 
mu mu 
o o 

E_- E _ 
1 + nL (1 - E + E + pmu , mm 

pfu - 1 

K -s 

Ar, 

vi*-»T>311 + 7- 'pX£)'p 

o o *• 
w. 

LV (1 +aPL 1
) 2 ( 1  • ' i  

mu 

Ar. 
L bu 

1 
(1 + a AT)(l + jP EgL)3 

oo T? 

1 + 
V ERN 
mu 
fu 

( 1 - E  + E 2 - E 3 + E ^ +  « . o )  v mm m m ' 

Ar, 

Ar. 
AP 

bu V 
o o 

Ar. 7— b Ar 
mu 

80 
1 + P (1 - E_ + E_2 + ,,.)j 

[Equation A-26], 

£2&L «. 1 
pfu 

m m 

By following the evolution of Equation A-25 into A-26, one sees 

that the system is exactly self-compensating for effects of temperature 

and pressure0 

However, if one does not know the atmospheric pressure density 

as a function of temperature to a sufficiently precise degree (which was 
ZTbu 

the case in this research) then he must evaluate 0 at the test 
Armuft 
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temperature and correct Ar for temperature effects* Thus the equa-
muo 

tion which was used vast 
E - E 

1 + f m (1 - E + E 2 -E 3 + ...) 
7? Si. i mm m 

„ M AP bu fu o 
8 ArbA7 U + °PLAV ASO 

mu 
[Equation A-27 ] 

where 

A T is the difference between the test temperature and the 
fiducial temperature where Vo and Ar is measured* 

mu 

A.7 Anomaly of K due to External Tubing and Pressure Cell 
8 

A.7.1 Anomaly due to Pressure 

The actual sensor volume includes that of the pressure sensor 

and the tubing which is between the sensor volume and the circuit valv-

ing, a total of forty-three (U3) Inches of tubing* The tubing, having 

an inside diameter of 1/16 of an inch, contributes 0*132 cubic inches 

to the overall sensor volume, and the pressure cell volume contributes 

0*1 cubic inches (which was found by draining the liquid in the cell). 

This composite volume contributes 0,626% of the total sensor volume. 

Ten thousand psl increases the volume of the external fixtures by less 

than Ool/G thus introducing an error 0*1% of 0*63% or 0,000655 of the to

tal volume. This is negligible for this work. 

A*7*2 Anomaly Due to Temperature Difference of the Pressure Cell Sur
roundings 

The liquid which is in the pressure cell and the external tubing 

is for the most part at room temperature. Thus a "mean" bulk modulus 

is really measured if the test temperature is different from that of the 

surrounding room<> 
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It Is easily shown that the average balk modulus exhibited by 

tvo interconnected volumes of fluids having different bulk moduli is: 

VP 
Ki(1 + T* 

KAVE " V0 K, [Equation A.7-28] 
.JL -i + 1 
T1 K2 

where the subscripts indicate the volumes and bulk moduli of the tvo 
KA K. 

systems. One measures K̂ VE and obtains by inserting for intoi 

V2 K1 (l + 1 1 r) 
V K 

K1 - KAVE V 2 [Equation A.7-29]. 

1 + 
vi . 

V, 
For the test configuration, rj— • 0,0063. 

V1 
Thus t 

K1 " KAVE ̂  + 0,0663 
.0063 + (.0063)2 + ,,,) 

[Equation A,7-30], 

The greatest effect will be on the data taken at 500°P and 150 psi, where 

—-r+-K2 09# 

For this case 

K • U3(l - .0050) x 103 

or K Is actually 0*5% lower than the mean value* 

A.8 Maximum Uncertainty of Experimental Results 

A,8,1 Sensor Volume 

The sensor volume vas determined with a graduated cylinder. Two 

variations were employed and the results of the two agree within 2,5ml., 



The first method consisted of filling of the sensor volume (along with 

the associated tubing) In the fully assembled condition* and then 

evacuating the contents into the graduated cylinder with compressed 

air. This result was checked by measuring the capacity of the detached 

sensor volume with fluid and adding the volume contributed by the tub

ing! etc. The volume measured in both ways was 648 + 2.5 ml, or 648 

ml ± 0.392%, The value 2.5 ml is a rather conservative statement of 

maximum uncertainty, being 1/2 the smallest division on the graduate, 

A.8.2 Volume Change Sensor 

The maximum uncertainty of the sensing piston full travel (meas-

.3 
ured with a micrometer) is conservatively within 1 x 10 Inches of 1.8 

inches nominally, or 0.06%. 

The diameter of the sensing cylinder can easily be measured to 

-4 
within 5 x 10 Inches by using a ball gage and a micrometer. Since its 

diameter is 0.248 inch, a conservative uncertainty of 0.2% can be as

sumed. Thus, the area swept by the piston conservatively has a maxi

mum uncertainty of 0.4%, 

A,8.3 Balance Weight Position 

Repeated calibration Indicated that the balance weight would 

_3 
reposition within 1 x 10 Inches which is the minimum resolution of 

the balance vernier. The percent error of a given volume change indi

cation would, of course, depend on the distance moved by the balance 

weight. However, the error in full-travel calibration is of the order 

of (2 x 10"3 • 5.3) or 0.04%. 
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A.8.1+ Pressure Instrumentation System 

Repeated calibration of the entire pressure instrumentation 

system (five runs) indicated that the maximum uncertainty of the system 

output is 0.6# in the value of pressure level. The calibration data 

were taken over a period of six weeks, Repeated testing was done to 

5000 pad,- and a single calibration to 9̂ 50 psi was consistent with the 

repeated data (see Fig. A-3). 

Six calibration runs on the 100 psi pressure change output re

sulted in a maximum uncertainty of 0.8$. Evidence of the effect of use 

arose in this calibration; the points obtained from the last calibration 

being almost 1% removed from the mean of the points of prior calibra

tions (see Fig. A - k ) .  

A. 8.5 Temperature 

Temperatures of the test fluid were obtained via clad copper-

constantan thermocouples with ice bath reference. The reference 

Junction was imbedded in an ice cube which in turn was surrounded by 

crushed ice. The ice was commercially made and nothing was known about 

its composition. A boiling distilled water reference calibration was 

made, and agreement within 0.1°F was obtained. 

A.8.6 Overall Maximum Uncertainty 

In sections A.8.1 through A,8.5, the maximum uncertainties in 

sensor volume, volume changê  balance weight position, pressure change, 

total pressure, and temperature were discussed. These errors gave 

corresponding errors in one or more of the basic parameters, Ka, tem

perature. or pressure. 
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A,8. 6.1 Maximum Uncertainty in Kg 

The systematic maximum uncertainties in K are contributed as 
s 

follows; 

1. sensor volume ± 3,39/5 
2. volume change sensor area ± O.U % 
3. sensing piston full travel t 0,06% 

or 0.85$. 

The random maximum uncertainties in K ares 
s 

1. balance weight position ± 0,5 % 
2. balance weight full travel t 0,0k% 
3. pressure change ±0.8/2 

or 1.3$. 

The overall maximum uncertainty in K is thus 2.1$. It is in-
s 

teresting to note that 60% of the test points have mean deviations of 

1,3% or less. It is believed that short-term electronics drift contri

buted effects for those points having mean deviations bigger than the 

"maximum" uncertainty due to random effects. The room environment was 

not controlled in temperature or humidity, a condition detrimental to 

quality performance of electronics, and conducive to corrosion of the 

knife-edge and anvil, both made of carbon steel. 

A,9 Accuracy Limitation of Test Pressure Increment Magnitude 

A.9.1 Use of Tait's Equation 

Since no other correlation of pressure-behavior was known, 

Tait's equation (Ref's. 11 and 12) was used to determine the maximum 

acceptable magnitude of the test pressure increments for the compres

sibility measurements, Tait's equation is basically 

<LV)
T 

= - (A + BP) 



\ 

9k 

where T ® thermodynamic temperature 

A and B are functions of T only 

P = thermodynamic pressure of the liquid system 

A 
v = specific volume of the liquid system. 

For a constant temperature process, this expression can be integrated 

to give 

A + BP 

t-Vf ' Vi]T= " i" ln(A + BPi) 

It is relatively easy to show that 

Ks = * Kt 

where K = isentropic Bulk Modulus 
s 

K.J, = isothermal Bulk Modulus 

Y = quotient of the specific heat for the constant pressure 

process and the constant volume process (y > l)» 

Since 

then K « - v(f|) = - YV(f̂  . 
s T 

3P 
Thus (f̂ ) - - Y(A + BP). 

*  ̂ /A + BPf 
[vf - vi] = - — 1-P(a + Bp ) [Equation A.9-1] 

For the isentropic process, then, 

A + BP. 
( 

s ?•" A + BPi 

if y is independent of pressure (Ref, T) and A and B are not strong 

functions of temperature (or the temperature change of the adiabatic 

compression is small: for Pf - P̂  • 100 psi, T̂ , - = 0,1+°F in the 
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case of 8515). 

Letting 

K» 
s 

(V f  + v i )  (Pf- P.,) 

(V f  -  V t )  
[Equation A,9-2] 

where 

K' » the adiabatic modulus based on the finite change in pres
sure and volume of the sensing element, 

one must compare this parameter to the true partial derivative formula

tion of K » 
8 

Putting Equation A.9-1 into Equation A<>9-2 one obtains 

v B P« 
k; 1 t,?vi - ln (1 + SSF 

) ]  
i Mln(l + 

BP' 
A + BP. 

[Equation A,9-3] 

where M = total mass of the liquid in the sensing element 

?,bfpi 

M  - I  
V 

If BP' < A 

 ̂1 then K ' = £ 
s 2 

or 

2V _ (-JEL.) . I (-2PL.)2 + k 
i yB A+BPi 2 A+BP̂  3 

. IBPL 
M BP' .1 (JBP!̂ )2 + 1 

A+BPi 2 A+BP̂  3 

K '  •  i  s 2 

2V. 
BP* 1 , BP' >2 1 

UA+BP1 ~ 2 ̂ A+BP̂  3 '*• 
YB 

YBP' 
M 

A+BP. 
V ( -) 
V BP' ' 

n 1 BP' 1 . BP' >2 1 
LK " 2 A+BP1 3 A+BP̂  ""IT"" 

M_ 
YB 

IBP' 
M 
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VA+BPi> M 
1 BP' . 1 , BP' x2 1 

1 - - + ~ (~ ) - f 

JLL. 
2 

2 A+BP. 3 A+B 

yji 

M 
+ BPi) 1 + 

i 

1 BP' 1 , BP' x2 . 1 
- ~ v ) + £•«„. 2 A+BPi 3 v A+BP̂  

1 BP' 1 f BP 2 1 
2 A+BP. " 3 A+EP ' X"° 

1 x 
+ , 

2 [Equation A»9-U]# 

Let us now compare this expression with the partial derivative defini-

P' 
tion of K evaluated at P = P. + r— : 

3 1 2 

K «= - V(—) = -
s 3V g vi-7Bln !i + STKb^T> 

BP'. =* (A • BP, • SL.) 

or 

K = V, -
— BP' 

M 2 
YB A+BP. 

1 2 BP' 2 i — (- ) + — ( 
2 A+BP. 3 ̂  

?BP',3 1 
A+BP.' " F* 

. J U + « P  ̂  

V, - TT 
M_ 
YB 
| BP' 

^A+BP"^1 

— BP' — ̂ P' 2 1 2 + 1 /2 r x* 1 x 
2 A+BP. 3 A+BP.' ~ F* * *' 

• M (A + Bpi+ B r' 

J Vj (A + BPj + B - i ?< (1 + ?
BP', 
A+BP,' 

i p BP' , | BP' 2 
(1 i- m i. ( \ 1 \ 
v 2 A+BPi 3 A+BP̂  ~ W 

* 
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X V (A + BP + _ — P» 
M i i 2 ' 2 

1 + 
| BP' 

A+BP. 
1 BF' 
R A+BP. 

+ 1_ (-BPL_)2 
12 A+BP. 

1 , BP' V2 
8 A+BP. 

32 A+BP. 2U A+BP. 

90 

X v (A + BP + B —) - — P» 
M V i 2 ' 2 P 

1+ 1 BP' 1_ B̂P» 
b A+BP1 "12 VA+BPI 

) 

.1 / BP' \3 . 
+ & (Â P7) + 

[Equation A09-5]< 

Examination of Equation A,$-k and A.9-5 leads to the conclusion that 

P^ = 0 represents the worst case since A < A + BP^ and the series will 

converge most slowly. In this case we haves 

K ' 
s 

and 

Hi 
M 

1 4. I B£L I /BP'V2 1 
2 A ~ 3 A IT " *' 

II 
2 

XP* T V (A + B £—•)_ — P' 
"s M V a 2 ; 2 

1 + 
1 BP' 1 .BP * > A 

F A " 12 ' A ' 

By comparing the first term in each expression, one will see that they 

differ by 

r. 1 (BP1̂ 2 1 fBPVx3 
1 3 A ' 1*  ̂ A Y - ... J 

By referring to Reference 7 one will find that for the worst case anti

cipated for 8515 
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B ~ 10 

A 1*0 x 103 

If one should arbitrarily set the requirement that the difference in 

yv 
the first term of K and K ' "be less than 0,0001 -rr- , then 

s s M * 

1 BP* 2 

3 ̂  A '' e °'0001 

will satisfy this requirement. One obtains! 

P' - 10"2 /T F-

or 

P® = 69 psi. 

Using this value, one concludes that the difference in the second terms 

is insignificant since: 

P' 
2 " V 

•a 

For the case when K = Uo x 10 psi (the worst anticipated case); 
S 

p« 
» ,9x10 

s 

The first term of the difference is* • 

1 BP' /? . . - S  
V — r-10 

so that the relative error contributed by this difference is 

( 10"2) (,9xlO~3) 

or 

0.U x 10~3# . 

On this basis it was concluded that P' « 100 psi was an accept

able test increment. 
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A010 The Entropy History of the Test Process» 

A. 10.1 The Model 

To gain a quantitative insight into the entropy "behavior of the 

fluid in the volume change sensor, a simple model was analyzed, and this 

analysis is presented in the following paragraphs0 

The test situation is similar to that of the mathematical model 

of a finite circular cylinder with uniform initial temperature distri

bution. At some time (which corresponds to the time of the 100 psi pres

sure increase in the test procedure) the boundaries are forced to zero 

temperature and held at zero. The ensuing entropy history is similar to 

that of the test condition, since the temperature rise of the adiabatic 

compression is essentially uniform. Steel has a considerably higher 

thermal conductivity than Oronite 8515 (roughly U00 times as great), and 

there should be negligible temperature gradients in the steel surrounding 

the test fluid. Since the temperature rise of the adiabatic compression 

is small, no convection should occur and pure solid body conduction 

should be the only mechanism of heat transfer„ 

The fluid within the volume change sensor was taken as the above 

described cylinder, and the steel shell of the volume change sensor was 

taken as the boundary. 

A.10.2 The Analysis 

If v(r,x,t) is defined as the temperature in a right circular 

cylinder (at r, x, and time t) of radius rQ and length xq with the condi

tions that 

v(r,x,0) » Vq (a constant) 
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v(r,x ,t) = 0 t > 0, v(r,0,t) =0 t > 0, and 
o 

v(rQ,x,t) =0 t > 0 

then the solution of the general isotropic conduction equation (the dif

fusion equation) can be shown to be; 

8v - - Jo(V> [(2P+1) 

V(r-X>t) = V L Xo <V(2P+1> Ji<Vo> 0 ' 

• exp [-k[a 2 + (2P+1)2(—)2] tl [Equation A.10-1] 
L ia x_ j 

where r a = [the m̂ *1 zero of J ] 
o ® o 

P = 1,2,3,.... 00 

k = thermal diffusivity of the material of the system. 
r 

Inherent in this solution are the assumptions that the density 

(p), the thermal conductivity (K) and the specific heat (for a constant 

volume process in this case C ) are constants. One should recall that 

k = 
pCv ' 

One can determine the amount of heat which has been conducted 

out of the cylinder at time t in at least two wayss l) by integrating 

the rate at which heat is conducted out of the surfaces of the cylinder 

at a point over all the surface of the cylinder and up to time t, and 

2) by determining the total internal energy at time t by integtating the 

internal energy per unit volume over the entire volume and subtracting 

this quantity from the initial total internal energy. Either way one 

obtains; 

32 v pC x r . 1 - «P t-ktv • (2m)2(i-)2]t] 
Q(t) = 2-J-& Y_ V o. 

m=l P=0 o 2 (2P+1)2 
m 

[Equation A,10-2] 
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where Q(t) 4 heat which has transferred out of the system in time t„ 

The entropy change of the system can be computed froms 

d̂Q(t) 
v'(t) 

AS(t) -

where v' = absolute temperature of the system when dQ is transferred 

out of the system, 

For the worst case, v' = 560° R and changes by only 0,21° R during the 

entire process. Therefore AS is approximated quite well by; 

AS(t) = Qkb)• 

Thus 

32V O C X  - - 1 " [" kt%̂ (2P«)2(J-)2] t] 

«ct) • I I o 
m=l P=0 am (2P+1) 

[Equation A„10-3] 

Although the coefficients of the individual terms in this equation de

crease fairly rapidly with m and p, the series is rather poorly conver

gent for small t because of the nature of the numerator. It is not the 

initial terms of the series which establish the. values of AS (which is 

the more common occurrence). Instead, the intermediate terms (where 

exp J- k[am2 + (2P+l)2(̂ )]t] is significantly different from one and 

where —~ r is still significantly different from zero) estab-
a (2P+l) 
m 

lish the value of AS, 

An integral approximation to Equation A..10-3 can be introduced 

by recognizing that 

r A = IT [M-3] 
o n 

is an excellent approximation if B « 0.23̂ 6, 



One has: 
32v pC x f 

AS(t) = 0 vo 
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where 

ir v 

ktir 

1 - exp[-[o1(m-6)2+ o2(2P+l)2]] 
dm dp 

V<= I~(m.B)2.(2pfl)2 

r o 

1 2 
r o 

ktTT 
2 ~ 2 

x o 

This is not a precise approximation for small values of m and P, 

but the approximation becomes increasingly better as m and P get larger, 

and the first terms do not contribute to AS significantly. Integration 

by parts yields: 

AS(t) • 
32v pC x r o'v o o 

IT V' 2(1-6) " 

exp [-[ĉ l-B)2* a2]] 

2(1-0) 

+ â
1
a
2 

erfc[ ̂  (l-S) ]erfc[ ̂  ] 

ir a. 
erfc [/â  ] exp [-<̂ (1-6) ] 

'1TO 
—jj— erfc[ »̂ (l-$)] exp[-a2] 

[Equation A„10-U] 

As t •00, the temperature of the fluid returns to the original 

value which existed prior to the 100 psi pressure change„ Consequently 

the process approaches an isothermal compression process. The entropy 

change for this process is (putting t = » into Equation A.IO-U)J 
2 " 

32v pC x r , 
4S(-). - 0 v 0 0 1 

TT3V' 2(1-3) 
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It is convenient to look at the ratio of AS(t) and A S(«>), 
$ 

AS(t) . 
AS(») exp [-[q.̂ 1-3)2 + o2]] 

if rfc [»/â "(l-$)] erfc ] 

-/nô  erfc [-/â  lexpt-â l-S)2] -/rrô " erfc [ /ô (l-3) ]exp[-Ogl 

[Equation A.10-=] 

For the system and liquid under consideration: 

r = 1,31 in, 
o 

x * 10,1 in, 
o 

and k = 0,003 f2/hr. 

For t = 10 seconds. Equation A,10-5 gives 

AS(10 seconds) „ 
AS(°°) = °*°55 

Thus, ten seconds after the pressure is increased by 100 psi the entropy 

has changed by an amount which is 5 . 5 %  of the amount which would occur 

for an isothermal process. 

The first 600 terms of Equation A.10-3 (m= 12, P = 50) were ob

tained with a digital computer to check the analysis. The resulting 

AS(10 seconds)/AS(»), from this program was h,02%t which indicates that 

more than 20% of the series value lies outside the first 600 terms. 

A.10.3 Validity of the Model 

The model has one significant defect. Taking a solid cylinder 

ignores the fact that there is metal within the fluid sample (the sensor 

piston weight, the supporting spider, and the sensor piston rod). The 

effect of the presence of these items must be appreciable, since the 
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surface area-to-volume ratio of the fluid would be significantly greater 

than that accounted for by the analysis. The result is that the entropy 

will increase at a greater rate than that predicted0 A logical im

provement of the model would be to consider a hollow cylinder sized so 

that the surface area-to-volume ratio is correct, 

A less significant defect lies in assuming that the steel shell 

of the volume change sensor remains at constant temperature. As heat 

is transferred into the shell, its temperature increases, thus reducing 

the potential for heat transfer. The effect of this phenomena is to 

reduce the rate of entropy change, and tends to cancel the effect of the 

defect discussed earlier. 

A.10.U Validity of the Analysis 

The integral approximation basically appears to be good because 

of the nature of the series. The form used gives a higher percentage 

entropy change than a more precise approximation (translating the ap

proximating function so that it has as nearly as possible the same area 

under its locus as the original function). Using this form of the ap

proximating function compensates in part for the solid cylinder-hollow 

cylinder discrepancy. 
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APPENDIX B - COMMENTS OR DIFFICULTIES ENCOUNTERED 

B01 Counterbalance Servo Control Loop 

As is the case in any precision servo requirement, a very high 

gain is necessary for minimum steady state error0 However, the high 

gain tended to produce auto-oscillation0 Electrical compensation was 

used in the form of approximate (passive) integral control (filter) 

along with active derivative (tachometric feedback) control« These 

items resolved the basic instability problem, but increased the re

sponse time to the point that the inherent metastability of the pres

sure vessel suspension became a problem at times« The inherent 

metastability referred to here is the characteristic of the appara

tus to tend to deflect further from the original equilibrium position 

once disturbed rather than to tend to return to the original equilibrium. 

A "hunting" like phenomena would occur, with the limits of cycling of 

the counterbalance weight well defined« This gave no serious problem, 

since the corresponding limits of travel before and after a change of 

test variables were unchanged0 

Much of this problem could have been eliminated by use of fluid 

damping instead of electrical compensation<> 

Since a 60 cycles per second servo module was used, and a num

ber of sources of disturbing electomagnetic radiation of that frequency 

were nearby (notably flourescent lightinĝ , careful shielding and some 

additional filtering were requiredo It is interesting to note that a 

floating input-floating output, high common mode rejection amplifier 
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offers no particular advantage in the input circuit of a D0C0 modula

tor of the chopper type if the chopper frequency is the same as that 

of the extraneous electromagnetic field0 One must force one output 

terminal to signal ground or the extraneous signal vill be modulated<, 

A U00 cycles per second servo ensemble vould eliminate much of 

the 60 cycle per second noise problem, and a variable gain control cir

cuit should eliminate the instability tendency with the additional 

advantage of even higher null gains 0 

B,2 Pressure Vessel Suspension 

It is believed that the metastable suspension configuration is 

highly desirable for good sensitlyity0 The knife edge* however, is not 

so desirable because of its propensity to become damaged during handling 

of the apparatus, susceptibility to contamination by foreign material, 

and limitations on the fineness of the knife-edge due to bearing load 

requirements0 A taut-band suspension or perhaps an Euler column (the 

latter suggested by Dr.o H„ Do Chrlstensen of the Aerospace and Mechanical 

Engineering Department of the University of Arizona) would be superior0 

B«3 Volume Change Sensor 

B<,3<>1 Carriage 

The first design of the volume change sensor incorporated a 

single ball bearing under the center of gravity of the weights A race 

for the ball to track in gave support and constrained the motion0 Pro

per alignment was exceedingly difficult, and the arrangement was aban

doned at the first opportunity.) 

The circulating ball journal bearing and rod type suspension 
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proved to be rugged and self-centering, since the supporting spider 

was made for a push fit into the barrelo There is tendency for the 

balls to make depressions in the rod if allowed to stand unmoved for 

sufficiently long periods of time, and consequently the weight had to 

he moved to the full travel position after each test and left there 

until the next testo 

B03o2 Piston 

The combined requirement of excellent sealing characteristics 

and low static friction produced a difficult problem, A flexible boot 

type piston was chosen, and teflon was used to take advantage of its 

low static friction properties and its temperature resistance (over 

600°F with no stress)« Considerable trouble was encountered at pres

sures over 3000 psi as a result of apparent leakage past the piston 

booto The most probable reason is that the teflon compressed enough to 

leave flow area between the cylinder wall and the boot0 The problem 

was alleviated by inserting a coil-spring expander inside the boot so 

that the spring pressed the boot firmly to the cylinder wallo The high 

pressures and temperatures still imposed adverse effects on the teflon, 

which tends to "flow" under stresso 

It is apparent that teflon is not suited to this application for 

pressures in excess of 10,000 psio 

The desirable piston-cylinder configuration is one of a matched, 

honed cylinder-piston ensemble, similar to the compression ignition en

gine injectorso If madefof the same materials, temperature and pres

sure effects will be exactly compensated <, 



BOH Sensor Cell 
r 

The design of the apparatus is such that in the course of ex

perimentation the sensor is never subjected to pressure differentials 

of more than 10 to 20 psi0 However, inadvertant valving errors could 

impose large pressure differentials and a pressure differential limit 

valve is desirable0 No provision was made for this in the first ensem

ble, and a sensor cell and its contents were crushed and rendered use-

less by such inadvertant valving procedures« For reasons of expediency, 

the replacement was made much more sturdy rather than add a pressure 

relief valveo 

B o 5 Environment 

A manually controlled variable transformer was used to supply 

power to the heating element <, Combinations of the following effects 

led to problems in maintaining temperatures 

10 Variation in voltage of power supplied to the laboratory 

20 Uncontrolled laboratory environment including temperature, 
air currents, and humidity« 

Temperature variations in the fluid of the order of 001°F or 

less produce pressure variations of the same order of magnitude as 

those of the testo Consequently, it was necessary to be very careful 

that surrounding temperature transients' effects were not superimposed 

on the test effects, 

B,6 The Discontinuities in the Isentropic Bulk Modulus Data 

Since the discontinuous behavior of the constant temperature 

loci of the adiabatic bulk modulus data might be viewed as "dif

ficulty," some additional aspects of the phenomenon are presented here,. 
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In the case of the 8o°F and the 200°F lines, the discontinui

ties were positive ones (the high pressure locus was higher than the 

lov pressure locus), as was the rerun data for the 300°F line« The first 

set of 300°F and H00°F data, however, exhibited a curvature to lower 

slopes at the higher pressures, such behavior suggesting perhaps a col

lapse in the molecular arrangement of the liquid<, 

The possibility of temperature history sensitivity of the liquid 

has been discussed in Chapter 6, The possible effects of pressure were 

not discussed because the author had no relevant recorded data to sub

stantiate any speculation However, it is believed that the disconti

nuities in the 80°F and the 200°F loci may be explained as follows; 

At the termination of the first day's test at 8o°F, the pressure 

was left at 5000 psi to proof-test the apparatus before the higher pres

sures data runs were made (and, in addition, to test before the higher 

temperature tests were made)o The pressure level was left at 5000 psi 

throughout the night and the next day until testing was resumed, A 

similar procedure was followed during the test at 200°F« This procedure 

was not followed for the other three tests (300°F, U00°F, and 500°F), 

It is probable that the fluid was conditioned by having sustained the 

high pressure for a considerable length of tlme0 During this period of 

time the molecular distribution may have become more compact, thus giv

ing rise to a lower compresslbillty0 


