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CHAPTER I

INTRODUCTION

The viscosity of several well defined fluids was measured in
a capillary-type viscometer. The fluids were subjected to pressures up
to 80,000 psi, temperatures of 100, 210, and 300°F and shear stresses

6

from 300 to 1.2 x 10 dynes/cme. The shear stress was varied via the
pressure differential across the capillary which was independent of
Pressure level. Four interchangeable capillaries were employed to cover
the shear stress range. The viscosity range examined was from 1.0 to
100,000 centipoise.

The behavior of ten fluids was observed including one (bis-2-
ethyl hexyl sebacate) which had been previously examined and reported in

(10)

the 1953 ASME Pressure-Viscosity Report. Agreement within two percent
was obtained between the present results and the ASME report. Data
correlation and presentation techniques were also investigated in order

to facilitate comprehension of the significant trends and interrelations

among the fluids examined.

A. DNeed for this Research

There is a need for knowledge of the rheological behavior of
liquid lubricants under the combined effects of high pressure and high
shearing rates (or shear stress). Such information will not only contri-
bute to the understanding of the physics of lubrication mechanisms but
also act as a guide in the formulation of future lubricants. Many mech-
anisms of lubrication formerly thought to be in the category of "boundary"

2)

1
>’ (i.e. dependent on the chemical interaction of the

lubrication

-1-



lubricant and the surface being lubricated) are, in light of recent
analytical and experimental investigations, now thought to be of the
o (3,h,5,6) .
elastohydrodynamic type (i.e. dependent on the mechanical
interaction of the physical properties of the lubricant and those of

7)

the solid being lubricated). Orcutt( in his studies in elastohydro-
dynamic lubrication and others (c.f, 8) recommend that the rheological
models of the lubricant be modified to include effects of shear stress
and time dependence. Existing work does not consider either of these
effects because of the mathematical complexity involved and lack of
realistic physical properties. Thus, a major problem associated with
the work in the area of elastohydrodynamic lubrication is the lack of
data on the behavior of the liquids when they are subjected to the com-
bined effects of high pressure and high shear rate. This lack of realis-
tic data arises because the viscosity-pressure relation has generally
been investigated at low values of shear stress, and the viscosity-
shear stress relation has only been investigated at pressures up to
15,000 psig.

The research described herein is an attempt to determine the
combined effects of pressure, temperature and shear rate on lubricating
fluids. A capillary viscometer has been employed and ten chemically
well defined fluids investigated. Only time independent properties
have been determined. It is recognized, however, that time dependent
properties may be significant in high speed, highly loaded devices.
Therefore some lubricants may behave differently in some applications

than they did in this investigation.
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This data should contribute to the understanding of the rela-
tive importance of the two modes of lubrication in highly loaded contacts
such as gears, cam followers and rolling element bearings. A better
understanding of the relative importance of boundary and elastohydrodyna-
mic lubrication mechanisms is clearly of value in the formulation and
use of lubricants because on the oné hand the chemical properties of
the lubricant are more important and therefore must be studied and en-
hanced, and on the other hand the physical properties are more important.
A clear understanding of the two modes of lubrication is also of value
in the mechanical design of lubricated mechanisms. The results of this
research will also allow elastohydrodynamic lubrication theory to be
advanced by extending the knowledge of the combined effects of pressure,
temperature, and shear stress upon rheological properties. These effects
can be considered in future rheological models. The existing models
may also be improved by using more realistic data.

Previous investigators have examined the rheological properties
of lubricants over wide temperature and pressure ranges at low shear
rates. There is a need to include viscosity data over a wide shear
stress range in order to obtain a better understanding of the lubricant
behavior. The knowledge gained from data obtained over a wide range of
thege three variables could then be used to improve the behavior of
lubricants by the addition of viscosity-index improvers to hydrocarbon
lubricants or by changing the chemical composition of synthetic lubricants,

i.e., silicone fluids could be altered by varying molecular structure.



B. Previous Research

1. TFluid Properties

The effect of pressure upon the viscosity of liquids has
received much attention. The earliest investigation reported was dated
in 1892.(9) The most extensive single investigation was that reported

(10)

by the ASME in 1953. This ASME viscosity-pressure report presents
viscosity and density data for forty lubricating fluids of known composi-
tion at pressures to 150,000 psi and temperatures to Loser,

(11)

Hersey summarized the work reported in the literature prior
12

to 1952 and more recently has summarized the work conducted between

1952 and 1965. The maximum pressure in past investigations has ranged

(13)

from as low as 2000 psi to as high as 425,000 psi by Bridgmen. With

few exceptions the research into the effect of high pressure on viscosity
has been conducted with a falling-body type viscometer. The disadvantage
of this type of instrument is that the fluid is subjected to very low

2
shear stresses (approximately 250 dynes/cm in 10) and therefore gives

no indication of the effect of shear stress upon viscosity.

2. Experimental Equipment

One exception to the trend of low shear stresses has been the
work of Philippoff(lu) in which he émployed a vibrating crystal visco-
meter in a pressure cell. This technique made possible the measurement
of viscosity at discrete shear rates which are a function of the crystal
geometry used. By employing a reduced variable approach the data could
then be made applicable to a wide range of shear rates. Philippoff's

maximum pressure was 15,000 psi which was limited in part by the fact
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current instrumentation for vibrating crystal viscometers is limited to
the measurement of viscosities below about 5 to 10 poise.
The National Aeronautics and Space Administration has published

(15)

a bibliography on "Lubrication, Corrosion, and Wear,' which contains
abstracts of reports and journal articles published during the period
January, 1962--March, 1965. This bibliography indicates that very few
researchers have investigated effects of elevated pressure upon viscosity
during that time. The only paper directly concerned with high pressure

(16)

rheology of fluids is that by Bell in which he reported an attempt

to determine rheological behavior of a lubricant in the contact zone of
rolling contact bodies. This was accomplished by rolling two contacting
disks together with a small amount of sliding superimposed on a relative-
1y high rolling velocity. This equipment does not readily produce
viscosity data because the specimen is not uniformly stressed in the con-
tact region (extreme pressure variation, for example). Therefore inter-
pretation of the experimental results is necessary and it remains to be
seen how well the results can be used to infer purely rheological
properties of a fluid.

Two additional previous investigations deserve special mention
because of their relation to this work. These are the works of Hersey
and Snyder(l7> in 1932 and that of Norton(l8) et.al., in 1941. Both of
these investigations also employed a capillary viscometer to determine
the pressure-viscosity variations.

(17)

Hersey and Snyder studied the flow of liquids in capillaries
which exited to the atmosphere with inlet pressures up to 40,000 psi.

This pressure was high enough to cause an appreciable change in the
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viscosity of the test fluid. Thus, the viscosity could not be treated
as uniform throughout the capillary. The results were put in the form
of Poiseuille's law with a correction factor obtained by integration

of the empirical viscosity-pressure relation for each fluid. If the
form of the viscosity-pressure function was unknown, it was determined
by differentiation of the flow rate versus inlet pressure curve. This
method was less sensitive and less accurate but much more rapid than the
rolling ball and falling weight methods previously used.

Norton(l8) was the first to eliminate the problem of viscosity
variation along the capillary at elevated pressures. His equipment had
a maximum pressure level of 50,000 psi and eliminated the viscosity
variation by using two capillaries in series. The first was a short
test capillary with a Bourdon pressure gage at each end. The second
capillary was a long flow resistance tube with atmospheric pressure at
the exit. This technique enabled him to subject the test fluid to a
high pressure level and still maintain a small pressure drop across the
capillary. The results were presented as preliminary and the problems
associated with the technique were not solved before his untimely death.
The lack of repeatable accuracy of the Bourdon gages was the major pro-

blem in accurately measuring the pressure drop across the capillary.

C. Equipment Selection

The viscometers most frequently used to detect non-Newtonian
behavior are the rotational and capilléry types. Since many varieties
of these are commercially available, a survey was made to determine if
any available viscometers could be modified to obtain data over the de-

sired ranges of temperature, pressure, and shear stress.
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Two commercially available high pressure viscometers are
described by Van Wazer.(l9) The first has a maximum operating pressure
of 2,000 psi, the second 30,000 psi. Since this research is concerned
with much higher pressures, neither of these was acceptable. Van Wazer
also describes several other types of viscometers. Some of them utilize
a rolling ball, a rising bubble, or a vibrating reed to determine the
viscosity. All of the commercially available viscometers have the same
major limitation. That is, they do not operate at the desired high pres-
sure levels. Since an existing viscometer could not be modified to
obtain the desired range of variables, a viscometer was designed speci-
fically for this research.

As previously mentioned, the viscometers most frequently used
to detect non-Newtonian behavior are the rotational and capillary types.
Therefore, the feasibility of using both types was investigated. The
two most common rotational viscometers are the concentric cylinder, and
the cone and plate types. One of the advantages of these viscometers
is that it is not necessary to account for the elastic energy* stored in
the fluid (if any exists), while this energy can be very significant in
capillary viscometers. The major disadvantage of rotational viscometers
for this research is the difficulty of accurately measuring torque through
a high pressure seal. Another disadvantage is that temperature control
of the test fluid is very difficult. For these reasons a capillary
viscometer was designed. The details of this viscometer are presented

in Chapter III.

The elastic energy correction is discussed in Chapter ITI.



CHAPTER II

EXPERIMENTAL METHOD

The basic concepts of capillary viscometry are discussed in
the first section of this chapter. The second section contains a dis-

cussion of the data reduction techniques used in this research.

A. Basic Concepts

The data necessary to determine the viscosity of a fluid in a
capillary viscometer are the volumetric flow rate, pressure difference
across the capillary, and the capillary geometry. Since viscosity is
greatly affected by temperature and pressure, both of these must also
be measured. The pressure difference and capillary geometry are used
to determine the fluid shear stress at the capillary wall. The volumetric
flow rate and capillary diameter are used to calculate the shear rate
(i.e. velocity gradient), also at the capillary wall. The viscosity of
the fluid at any set of conditions is the ratio of shear-stress to
shear-rate. TFor a detailed justification of the standard techniques
employed in capillary viscometry the reader is referred to Philippoff
and other standard references (cf. 19).

An analysis of the forces acting on the fluid shows that the
shearing stress at the capillary wall is determined by the expression
(ef. 21):

APy

"o = 5 (5/D) @)

where AP, 1s the total, or measured pressure differential across the

capillary, L and D are the capillary length and diameter, respectively.

8-
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This shear stress is a mathematical reference gquantity and is only
correct for the special case of an infinite capillary where all of the
mechanical energy supplied to the fluid, APtQ , 1is dissipated in shear-
ing the fluid "layers'". In the general case for capillary viscometry,

(20)

however, Philippoff states that the energy balance for the capillary

can be written as:

APLQ = AP,Q + KE + EE (2)
or

AP, = AP, + KE/Q + EE/Q (3)

where AP, is the pressure differential held in equilibrium inside the
capillary, KE is the kinetic energy of the fluid leaving the capillary
and EE 1s the elastic energy stored in the fluid. This last term, EE ,
also accounts for any geometrical end correction.

A fluid which discharges from a capillary may have an appreci-
able amount of kinetic energy. Thus, an error in the viscosity calcula-
tion will result unless this energy is reversibly recovered in a pressure
rise or considered separately. For a parabolic velocity distribution
(i.e. Newtonian fluid) the kinetic energy correction per unit volume,

KEC , is expressed by:

KEC

11

KE/Q = oV /g (4)

*
where p 1is the fluid density and V is the average velocity.

If a fluid acquires an elastic energy in steady flow, this

energy is imparted to the liquid at the capillary entrance, carried

*
For a uniformvgeloeity profile, the kinetic energy is expressed by

KEC = (1/2) oV /g .
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through the capillary, and finally dissipated outside the capillary.

20
In Philippoff’s( ) discussion of the elastic energy he states that a
measure of this energy per unit volume is the "normal stress", constant

for each shear rate, which acts as a tension in the flow direction. He

has shown (cf. 22) that the normal stress, P, , is a product of the

true shearing stress, Toy » and the recoverable shear, S, .
EE/Q = P, = Top Sy (5)
Thus Equation (3) can be rearranged to give
APy = AP, + KEC + P, (6)

Since any real capillary has a finite length, the entrance
region in which the fluid wvelocity profile is developed must be considered.
This region increases the active capillary length by OL = nR , where
n 1is proportional to the Reynolds number and is called the "Couette

Correction".” The true shearing stress at the capillary wall is then

AP AP

Ter = h(L+6§)/D ) M(L+SR)/D ’ (7)

Substituting Equations (5) and (7) into Equation (6) results in

+
APy - KEC = Top 4 LDnR> + 5,

Thus the true shear stress at the capillary wall is

AP

_ corr
"er = ) (1,/D)+ERC (9)

where

*
The entrance region is discussed further in the next section of this
chapter.
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P, opp = AP - KEC, (10)
EEC = (2n + sr) . (11)
AP is the corrected pressure differential across the capillary

corr

and EEC is the elastic energy correction.
The elastic energy stored in the fluid must be evaluated experi-
mentally by obtaining constant shear rate data from capillaries with

(20)

different length-to-diameter ratios. Philippoff presents two tech-

niques for evaluating EEC which are based on the fact the AP, .. 1is
a linear function of the capillary length-to-diameter ratio for constant

ghear rate.

Equation (9) can be rearranged to give
APLorr = Ty [A(L/D) + EEC] . (12)

By letting AP approach zero, one obtains

corr

EEC = - 4(L/D) (13)

This technique is presented in Figure 1(a) which shows that when the
corrected pressure drop across the capillary is plotted against four
times the length-to-diameter ratio, the intercept of the resulting
straight line with the abscissa is equal to the negative of the elastic
energy correction.

An equivalent method for evaluating the magnitude of the
elastic energy correction utilizes the calculated shear stresses (in-
cluding the kinetic energy correction) and the capillary diameter-to-

length ratios (Figure 1(b)). The corrected shear stress, Teorr is
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defined as:

PCOTT
T = l)-l-
corr J-L(L/D) ( )

Substituting Equation (12) into Equation (14) and simplifying, gives

= T 1+ E—f—q (p/1)]. (15)

T
corr

Equation (13) is again obtained by letting T corr approach zero. In
this method, however, the intercept of the resulting straight line with
the abscissa is equal to the negative of the reciprocal of the elastic
energy correction (i.e. - 1/EEC). Thus a horizontal line is obtained
when the fluid has negligible elastic energy whereas the previous method
resulted in a line passing through the origin when the elastic energy

is negligible.

This latter technique leads to an easy method of determining
whether or not an elastic energy correction is negligible. It is negli-
gible if, at a constant shear rate, the corrected shear stress is the
same for all capillaries. In other words, the elastic energy is negli-
gible if the uncorrected data are consistent between capillaries of
different lengbth-to-diameter ratios. The flow curves of each fluid
readily indicate whether or not an elastic energy correction must be
made. If data from different capillaries coincide, or "over-lap", the
correction is unnecessary, i.e. elastic energy is negligible.

The above discussion is valid for all fluids because it is
only based on force and energy balances and is independent of the fluid
properties and fluid behavior. The technique used to evaluate the fluid

shear rate (i.e. velocity gradient), however, is dependent upon the fluid
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behavior. The technique assumes the fluid has a Newtonian behavior and

(23)

*
then applies the Rabinwitsch analysis to determine the correct
shear rate at the wall where this method indicates that the fluid has
a non-Newtonian behavior.

Steady laminar flow of a Newtonian fluid through a circular

tube produces a parabolic velocity profile (cf. 21). This is expressed

by
)= 5 (1 e (6)
where AP = pressure difference across tube (psi)
R = radius (inches)
L = length (inches)
KM = absolute viscosity (poise).

The velocity gradient at the wall is
R
wEg| = %o (17)

Integration of Equation (16) shows that the volumetric flow rate through

the capillary is

L
Q= ggag— (ins/sec). (18)

Thus from Equations (17) and (18), the shear rate at the capillary wall

for Newtonian fluids is expressed by the relation

320 _ 8V -1
')/N = TE ]js = D (SeC ) <l9)

where V 1s the average fluid velocity.

*
This technique is often referred to by other names such as Mooney-
Metzner or Weissenberg.
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The shear stress and shear rate data obtained by using the
above techniques, (Equations (9) and (19)), can then be used to determine
whether or not the assumption of a Newtonian fluid in the shear rate
calculation is valid. For Newtonian fluids, these data produce straight

*
lines with a unit slope when plotted on log-log paper . Similar curves
for non-Newtonian fluids may be straight lines with a slope greater or
less than one, (i.e. Power Law Fluids), or curved lines, (i.e. Psuedo-
plastic Fluids).

The Rabinowitsch analysis is valid only for purely viscous

1
fluids with time independent properties. Van Wazer< %) presents a com-
plete discussion of this analysis and lists the following basic assump-
tions:
steady, laminar flow,
no radial or tangential velocity components,
no slippage at the wall,
negligible end effects,
incompressible fluid,
no external forces,
isothermal conditions prevail throughout,
viscosity does not change appreciably with the change in
pressure down the tube, and

the shear rate is an arbitrary function of the shear
stress.

O3 OV Fw O

\O

This analysis shows that the true shear rate at the capillary wall is:

3+5
7= (T) N (20)
or
7 (T D3 (
where S 1is the slope of the 7N versus shear-stress curve
*
For a Newtonian fluid T =Wy

log 7 = log p + log N
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plotted on log-log paper. As mentioned previously, this slope is unity
for Newtonian fluids and thus the additional factor reduces to unity.

Of the assumptions listed by Van Wazer, only the following four
need to be checked in this work: (a) time steady flow, (b) negligible
entrance length, (c) negligible viscous heating, and (d) the absence of

thixotropic or rheopectic fluid behavior.

B. Data Reduction Techniques

The raw data as described in Chapter III were transcribed
into digital form and analyzed by a computer program which determined
the pressures, kinetic energy, shear stress, shear rate, viscosity and
additional quantities such as the Reynolds number and entrance length.
The details of these calculations are presented in Appendix C as well
as an explanation of the computer program. This computer program only
evaluates one of the four assumptions listed by Van Wazer which needed
to be checked, namely the magnitude of the entrance length. The validity
of the other three assumptions was checked by other means.

The entrance length is that distance from the capillary en-
trance in which the fluid velocity profile is developed to some percen-
tage (i.e. 95%) qf the profile which would exist in an infinitely long

capillary. This distance is expressed by the relation (cf. 20)
Lo = 0.029 Rg D (22)

where Re is the fluid Reynolds number and D is the capillary dia-
meter (approximately 0.0l inch). In general the Reynolds number was not

greater than 20 and always less than 750. Therefore, the entrance length
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was a negligible fraction of the total capillary length. Note that this
also insures that only laminar flow conditions (i.e. R, < 2000) exist.
The shape of the capillary ends were not well rounded, but the method

of determining the capillary diameter included the appropriate end cor-
rection (cf. 20).

Time steady flow could be assured by observing the recording
of the transducer signals because the fluid motion transient time” was
at least one order of magnitude shorter than the slowest responding ele-
ment in the recording system. Hence, if the data record indicated steady
behavior over a time period large enough to obtain readings, the fluid
motion was steady during that time.

The problem of viscous heating in capillary experiments has
often lead to misleading results. Physically it cannot be avoided be-
cause the experiment is based on the visous dissipation of mechanical
energy supplied to the system. The only question is whether or not the
thermal energy is removed at a rate sufficient to keep the resulting
decrease 1in viscosity negligible. The work of Gerrard gﬁ_g&.<2h,25’26>
was used to minimize heating effects. No correction was applied to the
data for any possible heating effect.

The absence of thixotropic or rheopectic behavior is indicated
by the agreement between data on the same fluid taken in capillaries of
differing length-to-diameter ratios as long as there was no gelatin in
the fluid. Gelatin results from the solidification of some constituents
in the fluid at certain combinations of pressure and temperature. It

was readily detected in the instrument because it caused the differential

* See Chapter III, Section B for calculations.
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pressure signals to be delayed with respect to the displacement signal
and resulted in an inability to repeat data successively under supposedly
identical conditions. The temperature-pressure combinations at which
gelatin was observed to begin agreed well with those at which "solidifi-

(10)

cation" was reported in the ASME Viscosity-Pressure Report for
similar fluids. Although it may be possible, no attempt was made to
systematically determine the rheological behavior of the fluids when a

gel structure existed. The gelatin problem is discussed further in

Chapter III.

C. Summary

The mathematical model used to reduce the raw experimental data
was basically the Hagen-Poiseuille relation for flow in a tube. Modifi-
cations of this model were made when necessary to account for the kinetic
energy, elastic energy, and/or non-Newtonian behavior of the test fluid.

The viscosity was determined from the following expression:

A P, - KEC
b= K [ (23)
Q \4 n/D + EEC

where
W = viscosity (poise)
K = constant

APt = measured pressure differential across the capillary (psi)

Il

KEC = kinetic energy correction (psi)
Q = volumetric flow rate (in3/sec)
L = capillary length (inches)

D = capillary diameter (inches)

EEC

elastic energy correction (in/in).



CHAPTER III

EXPERIMENTAL EQUIPMENT

A. Description

The experimental apparatus* used to measure the steady-state
rheological behavior of liquids was a two-way high pressure capillary
viscometer which has an upper pressure limit of 100,000 psi. The tempera-
ture of the test sample was controlled by a constant temperature bath
which has a range of approximately -30 to 450°F.

A schematic drawing of the test apparatus is presented in Figure
2. The test fluid is in two reservoirs, Rl and R2 , the high pressure
tubing, and the capillary section. The fluid in the test section is
pressurized by pumping low pressure hydraulic fluid into cavity I and
venting hydraulic fluid from cavity II. The high pressure is generated
by an intensifier which has a 50 to 1 area ratio between piston PL
and the high pressure piston P2 . After the test fluid is pressurized,
the moveable ram is locked in position by sealing both cavities I and II.

Flow through the capillary is caused by venting hydraulic fluid
from cavity IV and pressurizing cavity III which results in the trans-
lating piston (pressure chamber) moving along the high pressure rams.

The test fluid is then forced from reservoir R2 through the capillary
into reservoir R1 . The motion can be reversed. The test section,
the high pressure tubing, and the pressure transducers are attached to

the translating piston, and, therefore, move with it.

*
4340 steel used for all components except as noted.

-19-
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The moveable high pressure seals at P2 and P3 were Bridgman
type seals with urethane washers and metal anti-extrusion backup rings.
The pressure transducers were sealed with standard "O-rings'". The remain-
ing high pressure seals, in the standard 100,000 psi tubing, were metal-
to-metal conical seals. TFigure 3 is an exploded view of the high pressure
moveable seals which shows the seal head (No. 1), the anti-extrusion
rings (No.2), the polyurethane washer (No. 3), and the base of the seal
(No. 4) which is actually the end of the moveable ram in reservoir Rl
and the end of the fixed ram in reservoir R2 (Figure 2).

Figure 4 is a general view of the experimental apparatus which
shows the high pressure viscometer, low pressure hydraulic system and the
instrumentation cart as well as the constant temperature bath. Control
of the low pressure hydraulic system is achieved by two manual pumps and
a series of valves. The pump with the lower operating pressure (800 psi
maximum, 1.08 in3/stroke) is used primarily to control the translating
piston motion. The major function of the other pump (3,000 psi maximum
operating pressure, 0.28 in3/stroke) is to pressurize the test fluid.

One valve is positioned between the two pumps which allows both pumps to
pressure the test fluid, move the translating piston, or to be isolated
from each other. There are eight additional values in the hydraulic
system, two for each cavity. ZFour of these are connected to the common
pressurizing line, the other four are connected to the common return
line.

The capillary section (Figure 5) consists of a fine-bore stain-
less steel capillary of 0.0l inch nominal inside diameter pressed into

. . . . *
a 3—1/2 inch long nipple of standard 100,000 psi tubing. Four cagpillaries

*
Purchased from American Instrument Company, 1/4% inch 0.D., 1/16 inch I.D.,
Chrome Molybdenum Alloy.
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were available for this research which had length-to-diameter ratios of
11.6, 50.9, 100.2 and 280.0. The method used to determine the dieameter
of each capillary is discussed in Section C of this chapter.

In addition to the capillary diameter, the data required con-
sisted of the fluid temperature and pressure, the volume flow rate, and
the pressure drop across the capillary. The temperature of the bath, in
which the capillary section and much of the high pressure tubing was
immersed, was determined with the calibrated mercury-in-glass thermo-
meter.* The bath temperature was controlled by a proportional tempera-
ture controller which could maintain a temperature variation of less
than 0.1°F.

Three pressure transducers and a displacement transducer were
used to obtain the remaining data. The signals from these four trans-
ducers were supplied to galvanometers in an ultraviolet oscillographic
recorder and were recorded continuously as a function of time. A time
base signal was also recorded. A typical recording trace is shown in
Figure 6.

The volume flow rate was determined by measuring the displace-
ment between the fixed high pressure ram and the translating piston
(see Figure 2). This measurement was made with an inductance displace-
ment transducer. Precautions were taken to keep the fluid which was in
the high pressure tubing above the constant temperature bath from flow-
ing into the capillary section. The permissible volume displaced was

calculated and this calculation was confirmed by performing an experiment

*
ASTM 64-F, 66-F, and 67-F thermometers were used.
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with thermocouples mounted in the test fluid at each end of the capillary.
3

The maximum volume permissible was 0.037 in~ which was more than required
to obtain the necessary data.

Two displacement transducers* were available which enabled a
wide range of displacement magnitudes to be measured. Table I contains
data which show that the available transducer signal-to-displacement
ratios (amplification) range from a minimum of L4.24 to a maximum of 2870.
The sensitivity switch position refers to the five position rotary switch
on the instrumentation control box. The first five positions are for
the model 1000 transducer and the second five positions are for the
mddel 050 transducer.

One of the important features of the instrumentation is that
the fluid pressure and the differential pressure across the capillary
are measured directly in the high pressure fluid and thus the influence
of seal friction on these measurements is eliminated. The unique in-
novation of the system, however, is the differential pressure measurement.
The instrumentation is capable of measuring small pressure fluctuations
about the high pressure level with considerable accuracy (i.e. 1.0 psi
variation about 10,000 psi is detectable).

The pressures (pressure level and pressure differential) were
measured with three identical commercial strain gage pressure transducers,**

two mounted at one end of the capillary and the third mounted at the other

*
Model 7DCDT-050 and 7DCT-1000 manufacturered by the Sanborn Division
of Hewlett-Packard Company.

**Norwood model 114 manufactured by the Advanced Technology Division of
American-Standard.
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TABLE I*

DISPLACEMENT TRANSDUCER SIGNAL SUMMARY

Sensitivity Transducer Amplification Shear Rate Slope
Switch (8,/) 7/ (Bu/t)
Position (SSk) (in*/in) sec™l/(in/sec).
1 119.1 1.68 x 1ou
2 4.2k h.72 x 107
3 6.41 3,12 x 107
4 18.55 1.08 x 107
5 74.8 2.67 x 10"

6 2870, 7.2 x 10°
7 26.6 7.51 x 10"

8 40.9 4.89 x 10
9 113.1 1.53 x 10"

10 722, 2,77 x 103

Six-volt excitation. The first five positions of the
sensitivity switch, SSk, are for the model 7DCDTLO00 dis-
placement transducer. The last five positions are for
model 7DCDTO50.
end. The pressure level of the test fluid was measured with pressure
transducer Gl , (see Figure 2). The pressure differential across the
capillary was measured with a pair of pressure transducers, G2 and
G3 , which were placed at opposite ends of the capillary. At any pres-
sure level, the electrical outputs of G2 and G3 were nulled through
electrical balancing. Then, by amplifying the signals from these trans-

ducers through high gain dc amplifiers, small pressure fluctuations

about the high pressure level were detected.
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The maximum sensitivity of the differential pressure instrumen-
tation is such that a galvanometer deflection of 0.11 inch was produced
when the pressure in the dead weight gage was increased from 10,000 to
10,0001 psi. Thus the maximum sensitivity was 9.1 psi/inch. However,
in order to increase the maximum measurable pressure differential the
data were collected with lower amplifier gain settings (12.1-256 psi/
inch): The following tables summarize the galvanometer output of the
three pressure transducers. These tables show the sensitivity and range
of each signal assuming six volt excitation for all transducers. The
sensitivity of the differential pressure transducers can be increased
or decreased by changing the gain of the appropriate amplifier. The
ranges of the three pressure transducer signals were calculated assuming

a maximum galvanometer deflection of five inches.

TABLE IT

DIFFERENTIAIL PRESSURE TRANSDUCER SIGNAL SUMMARY

s Transducer No. 1 Transducer No. 2
Sensitivity
Switch ’ .
Position Galvanometer Signal
(ss1) Sensitivity Range | Sensitivity Range
(psi/in.) (¢psi) | (psi/in.) (+psi)
1 2h7. 1235. 256. 1280.
2 ’ 82.1 L1o. 8.7 423,
3 37.0 185. 38.5 192,
it 12.1 60.5 13.0 65.0
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TABLE III

PRESSURE LEVEL TRANSDUCER SIGNAL SUMMARY

Galvanometer Signal

Sensitivity .
Switch slope Range
Position (881, (psi/in.) (psi)
1 15300 0-77400"
2 ol70 0-48000
3 6070 0-29500
b 3420 0-18000

*
100,000 psi can be measured by recording the output signal at any

arbitrary pressure, then electrically nulling the output, and finally
increasing the pressure. The correct galvanometer signal, 63 , 1is
equal to the sum of the nulled signal and the recorded signal.

B. Experimental Limits

The two measurements which limit the range of experimental
data are the shear stress and the flow rate. The minimum shear stress
obtainable (approximately 300 dyn/cmg) is limited by the largest capil-
lary length-to-diameter ratio and the smallest measurable pressure differ-
ential across the capillary. The maximum shear stress obtainable (approx-
imately 1.2 x 106 dyn/cm2) is limited by the smallest capillary length-
to-diameter ratio and the pressure difference at which the viscosity of
the test fluid in the capillary cannot be considered uniform. These limits
are represented by the vertical lines in Figure 7. The positions of the
two constant shear rate lines in Figure 7 are determined by maximum and
minimum flow rate. ‘If the viscosity of the test fluid is greater than
200 cp, the minimum obtainable shear stress is limited by the smallest
l)‘

measurable flow rate (shear rate of 100 sec” Similarly, if the vis-

cosity is less than 150 cp, the maximum obtainable shear.stress is limited

6 -l).

by the maximum measurable flow rate (shear rate of 10~ sec
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Figure 7. Approximate Experimental Limits.
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2 t0.1.2 x 10° dyn/cn) is satis-

The shear stress range (3 x 10
factory and there is little to be gained by any extension less than an
order of magnitude. There are only two possibilities for increasing the
maximum shear stress. Namely, increase the maximum pressure differential
across the capillary or decrease the capillary length-to-diameter ratio.
The meximum pressure difference across the capillary (1000 psi) already
causes a significant viscosity variation inside the capillary. Therefore
increasing this variable by an order of magnitude is not permissible.

The capillary length cannot be shortened much less than the existing

0.1 inch without causing fabrication problems. The 0.0l inch capillary
diameter cannot be increased significantly without increasing the flow
resistance of the high pressure tubing (I.D. = 0.06 inch) to an unaccept-
able magnitude. The minimum obtainable shear stress approaches the
magnitude obtained in falling weight viscometers and thus the lower

range does not need to be extended.

The minimum measurable flow rate is determined by the smallest
displacement transducer signal which can be accurately measured. Thus
any reduction in the flow rate measurement must be accompanied by an
increase in the transducer signal. Amplification of the existing trans-
ducer signal is not practical because machinery induced vibration may
result in an unacceptable noise level. Vibration isolation might
sol&e this problem, however. A more sensitive displacement transducer
may be helpful, but any such transducer should be able to measure large
displacements as well as small ones. Thus a cantilevered beam. for
examnle, would not be satisfactory even though it would have an increased

sensitivity.
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The most promising methbd for decreasing the measurable flow
rate would be to increase the flow time. Thus satisfactory displacement
signals could be obtained, even though the slopes of these signals would
be decreased. This solution requires that the steady flow period be
increased by increasing the duration of constant pressure in the low
pressure hydraulic system.

The above limits are only imposed by the differential pressure
transducers, the capillary geometry, and the displacement transducer.
There are other factors, however, which may further reduce the experi-
mental range. These include significant viscous heating, the low pressure
hydraulic system characteristics, seal friction, the transient response
of the test fluid, and gelation of the test fluid.

In Chapter II it was mentioned that the problem of viscous
heating could not be avoided because the experiment is based on the vis-
cous dissipation of mechanical energy to determine the viscosity of the
fluid. This heating effect can be reduced, however, by employing short
capillaries‘and low pressure drops to obtain the high shear rate data.

In this investigation the pressure drop across the capillary was generally
in the range of 100-200 psi and always less than 1000 psi. For a given
capillary, shear rate, and shear stress, Various.fluids will exhibit
differing viscous heating behavior depending on their thermal diffusivity,
and viscosity-temperature characteristics. The thermal diffusivity does
not vary greatly for the fluids examined, hence, the viscosity-temperature
characteristics will have the most influence on viscous heating effects.
The fluids with the greatest change of viscosity with temperature will

be more likely to show the effects of viscous heating.
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The best indication of the extent to which viscous heating
was negligible is found in Figures 11, 13 and'25 where fluids which are
expected to be Newtonian exhibit Newtonian behavior to shear stresses of
600,000 d/cmE, Figure 25 shows the viscosity of the naphthenic base oil
beginning to decrease at a shear stress of 220,000 d/cmg, (shear rate

010 ergs/sec

of 45,000 sec_l), or a shear-rate shear-stress product of 1
em3 (1 kw/cm3) at the wall. This fluid has the largest variation of vis-
cosity with temperature of those examined. Thus it seems that the vis-
cosity decrease is the result of viscous heating and not a pseudoplastic
behavior of the fluid. Hence the data itself is an indication that vis-
cous heating is negligible over the range of shear-rate shear-stress pro-
duct up to 103 watts/cmao

The capillary geometry and the short time duration required to
obtain data appear to be the reasons that viscous heating is not a problem
below 103 watts/cms. This high rate of viscous dissipation only occurs
for a few seconds at the capillary wall. Thus the volume of fluid actu-
ally subjected to this high rate of energy input is extremely small. The
high thermal capacity of the capillary wall enables it to act as an
effective heat sink during this short time period, thus justifying the
assumption of an isothermal wall.

The low pressure hydraulic system characteristics also influence
the range of experimental data because a constant flow rate of the
hydraulic fluid is necessary to obtain steady flow through the capil-
lary. This factor is only a problem when the viscosity of the test
fluid is relatively low and thus only a very small hydraulic pressure
is necessary to move the translating piston. Various methods such as

applying weights to the pump handles and using the control valves as
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flow restrictors were only partially successful in eliminating the
relatively minor problem of unsteady flow through the capillary. The
easiest solution to this problem is to use an experienced operator with
a "gentle touch".

Friction between the high pressure seals and the translating
piston can also reduce the experimental data range because of stick-slip
behavior at low shear rates and pressures above 60,000 psi. This be-
havior increases the difficulty of obtaining steady flow through the cap-
illary.

One additional factor which might have further restricted the
range of useful data is the transient flow behavior of the test fluid.
Bird(gl) presents thg solution to the problem of transient flow in a
tube for a fluid initially at rest and subjected to a step pressure
gradient. The solution shows that the time, t , required for the fluid

to reach more than 92 percent of its final velocity is:

2
b= 22 B (sec)
v

where R

i

tube radius,

14

il

kinematic viscosity.

For the available capillaries, R s 0.005 inch.

Thus,
£ = (.5)(5 x 1073 in)° 8,07 x 1073 sec
= L0 _
1.55 x 1073 (HELE0) y (cg) }

where
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Vmin ® 1.0 c¢cs, and

Vmax X 102 cs,
Therefore, t_ . = 8.07 x 1073 sec and
typin = 807 x 10"8 sec,

The response time for the differential amplifiers is approximately 0.1
sec, therefore the transient behavior of the test fluid is negligible
compared with either the amplifier response or the normal test runs of
0.4k second or greater.

As mentioned in Chapter II, gelation of the test fluid results
from the solidification of some constituents in the fluid at certgin
combinations of pressure and low temperatures (usually below O°F). For
this research, gelationof ﬁhe paraffinic and naphthenic based fluids
occurred in the high pressure sections outside the constant temperature
bath. The existence of this phenomena is readily observed because the
differential pressure transducer signals lag the displacement transducer
signal, thus making the results meaningless.

An unsuccessful attempt was made to prevent this gelation
problem by heating the appropriate sections with electrical heaters.
Other possible solutions were also considered but were not feasible for
various reasons. Therefore it was concluded that the gelation problem
could not be eliminated for certain fluids without major equipment
modifications.

Another factor which might have further restricted the range
of useful data, or required correction, was change in the capillary

diameter at elevated temperature and/or pressure. This factor was
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investigated analytically and the possible effect on the viscosity data

was shown to be negligible.

C. Calibration

In this section the method used to determine the capillary
diameter is discussed. The calibration methods for each of the four
transducers are also explained. Typical calibration curves and a summary
of the calibration data for each transducer are presented in Appendix B
as well as a discussion of the accuracy of each transducer signal.

The diameter of each capillary was determined by passing a
viscosity standard fluid* through the capillary and measuring the
volumetric flow rate, the pressure drop, and the capillary length.
These quantities were then substituted into the Hagen-Poiseuille equa-
tion to determine an "average" or "effective" diameter. This was per-
formed separately from the high pressure system and employed relatively
low pressure drops (i.e. 50 psi) across the capillary which exited to
atmospheric pressure. Table IV contains the dimensions of the four

capillaries available.

TABLE IV

CAPILLARY GEOMEIRY

Capillary  Length  Diameter  Length-to-Diameter

No., GnJ) (in) Ratio
1 0.109  0.00938 11.6
2 0.501  0.00983k4 50.9
3 1.007  0.,01004 100.2
L 2.933 0.01048 280.0

*
These fluids conform to the ASTM viscosity standard and were purchased
from the Cannon Instrument Company.
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The instrument (Figure 8) used for the calibration of the
capillary diameters was also used to obtain the atmospheric high shear
data. It consisted of a pressure source (bottled gaseous nitrogenﬁ, a
pressure regulator, a ballast tank, a pressure gage, the fluid reservoir,
the capillary section, a fluid collector, and a flow meter. The capil-
lary inlet pressure, was measured with a calibrated 500 psi Heise bourdon
gage., The capillary exit was connected to one end of a glass fluid
collector. The other end of this collector was connected to a calibrated
bubble meter. The bubble rise time was measured with an electronic
timer which was triggered by pulses from a Wheatstone bridge circuit
containing two light sensitive resistors. When the bubble passed be-
tween the light source and corresponding resistor, a signal pulse was
generated which started or stopped the timer.

The temperature of the fluid in this system was controlled by
placing the fluid reservoir, the capillary section and the fluid collector
in a constant temperature bath. The temperature was measured with a
calibrated mercury-in-glass thermometer (ASTM 6h-F).

Calibration of the displacement transducers was very straight
forward because the core of the displacement transducer was attached
to a micrometer head mounted on the translating piston. Thus the calibra-
tion was obtained by recording micrometer displacement versus recorder
galvanometer displacement. Table I (Chapter III, Section A) contains a
summary of the amplification ratios available. The calibration curves
are presented in Appendix B.

The manufacturer of the three strain gage pressure transducers

supplied calibration data for each transducer up to 100,000 psi. Because
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of the extreme amplification of the signal from the two gages used for
the differential pressure measurement further calibration was made.

This consisted of a calibration on a dead weight gage to 12,000 psi and
of the measurement of viscosity in the system of a well defined fluid
for which viscosity-pressure data had been reported. The dead weight
gage calibration is discussed in the following paragraphs and the system
verification procedure which compared measured data with reported data
1s discussed in the next section of this chapter.

The goals of the calibratiocn procedure for the pressure trans-
ducers were (1) to check the accuracy of the manufacturer's data where
possible, (25 to determine equivalent pressures for the calibration re-
sistors, and (3) to demonstrate the feasibility of the method for deter-
mining the pressure difference across the capillary. The ideal equipment
to calibrate these transducers would have been a dead weight gage capable
of accurately producing small pressure variations about any pressure
level between atmospheric pressure and 150,000 psi. The small pressure
variations should have been between one and one hundred psi. Since there
is no such dead weight gage in existence; it was necessary to use the
equipment available at the University of Michigan. The dead weight gage
which was available was a Ruska Model 24L00. With certain corrections,
this device is capable of accurately‘determining pressures to within ten
parts per million at any pressure level below 12,140 psi. Without using
any corrections, the accuracy is approximately 0.2 psi. The existing
instrumentation could not detect pressure deviations of this latter
magnitude and thus it was not necessary to use any corrections for the

calibration data.
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Since the available dead weight gage had an upper pressure
limit of 12,140 psi, it was necessary to rely on the supplied calibration
data above this limit. The Ruska equipment did allow a means of satis-
fying above mentioned goals for pressures below 12,140 psi. The equiva-
lent pressures for the calibration resistors are summarized in Appendix
B. The method for determining the pressure difference across the capil-
lary is based on the assumption that the slopes (percent output versus
pressure) of the calibration curves are constant between the calibration
points supplied by the manufacturer. The accuracy of all experimental
data therefore depends upon the accuracy of this assumption. Figure
9 shows that this assumption is verified at 10,000 and 12,000 psi.

Since it was not possible to obtain the desired calibration
data above 12,000 psi, it was necessary to verify that the equipment
worked properly for pressures greater than 12,000 psi. This was ac-
complished by comparing the measured low shear viscosity values of a
chemically well-defined fluid with those published by the American

(10)

Society of Mechanical Engineers. This verification procedure is

discussed in the next section.

D. Verification

As mentioned previously, it was necessary to verify that the
accuracy of the experimental apparatus was satisfactory above 12,000 psi
because calibration above this pressure level was impossible. This
verification procedure consisted of comparing the measured low shear
viscosity data of a chemically well-defined fluid with the data published

by the American Society of Mechanical Engineers.(lo) The fluid used for
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this purpose was Plexol 201, bis-2-ethyl hexyl sebacate, (ASME, A-1),
donated by the Rohm and Haas Company. The properties of all other
fluids examined are presented in Appendik A,

Figure 10 is a curve of visccsty-versus-pressure for this fluid
(Fluid A) which contains both the reported ASME data and the mean value
of the measured data. This figure shows that both sets of data agree
favorably. Table V is a summary of the reported and measured data, the
percent deviation between the two data sets, and the standard deviation

for the measured data.

TABLE V

SUMMARY OF REPORTED AND MEASURED DATA FOR FLUID A
BIS 2-ETHYL HEXYL SEBACATE

Pressure n¥ m Deviation  Standard S/p
(psig) ASME Data  Measured (Percent) Deviation
(cps) (cp) for u(s)

0 11.22 10.95 -2.40 -- --
10,000 29.0 28.8 0.69 1.24 .0k3
18,800 60.0 59.0 -1.67 2.14 .0357
29, 500 133. 131.6 -1.04 4.0 .030
375300 232. 235. 1.29 15. .06k
47,500 455, 455, - 30. .0675
58,500 880. 870. 1.1h4 18.2 .0210
67,500 1500. 1460. 2.66 89.8 .060
79,300 2900. 2900. - 153. .0527

Data taken from Viscosity-Pressure Curve, Figure 10.
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Figure 11 is a curve of viscosity versus shear stress for the same
fluid. It shows that Fluid A is Newtonian at both atmospheric pressure
and 50,000 psi for the shear stress range shown.

The data in Table V deviated from the reported values by less
than 1.7 percent for all but one case. This is within the two percent
accuracy estimated for the comparison data. As a result of this verifica-
tion procedure, it can be concluded that the accuracy of the experimental
apparatus is sufficient ( < # 5%) for the complete range pressure levels
obtainable. The overall accuracy of the equipment is further discussed

in the last section of this chapter.

E. Error Analysis

The major source of error which limits the accuracy of the
data was the measurement of the galvanometer signals on the recording.
The magnitudes of these signals were determined by using a scale, with
0.0l inch graduations, to measure the distance between the projected
references and the galvanometer traces. Thus both the projection of the
reference points and the measurement of the distance between the refer-
ence points and the galvanometer traces were possible sources of error.
The possibility of error in the reference projection was minimized by
first setting all four galvanometer traces to convenient positions and
then running several inches of recording paper before the signals were
produced. The maximum error in the distance measurement between the
reference lines and the galvanometer traces was estimated to be less than
0.02 inch. Thus the percentage of error could be reduced by obtaining

*
large galvanometer deflections.

*
The linearity of any deflection is with t 2 percent of the reading.
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The possible calibration error is discussed in Appendix B,
Section 2. This discussion shows that the error of the galvanometer
signals for all four transducers was less than one percent of the pheno-
menon being measured. Therefore, the measurements of the galvanometer
signals during data acquisition presented a much greater possibility of
error than the possible error in either the transducers calibrations or
the calibration constants. Hence, the following discussion only considers
the measurement error of the data acquisition signals because this was
the most important factor.

From the Hagen-Poiseuille equation, the viscosity, p , of

a fluid is:

- JIDM AP (24)

128 LQ

where D is the capillary diameter in inches,

L is the capillary length in inches,

AP is the pressure drop across the capillary in psi,

Q is the volumetric flow rate through the capillary in in3/seco
The length of each capillary was measured with a micrometer. The dia-
meter to the fourth power of each capillary was determined by passing a
fluid of known viscosity through the capillary and measuring the pressure
drop and volumetric flow rate. The equipment used to determine the
capillary diameters is described in Section C of this chapter. The
test fluid temperature was controlled by a constant temperature bath
and was measured by a calibrated mercury-in-glass thermometer.

Thus for each available capillary, the equation for viscosity

was reduced to



w=xek (25)
Q
where AP = (K; B - K 85) - KEC ,
Q= ko 8/t .
&, and & = galvanometer displacement for the two differential
pressure signals
By, = galvanometer displacement for the displacement signal
t = time during which ) occurred”
KEC = kinetic energy correction

The displacement signal 8, , was only measured for discrete time incre-
ments, thus reducing the possible error of the time measurement to a

negligible quantity. Since K, was approximately equal to Ko and

1
the kinetic energy correction was usually negligible, the viscosity

equation reduced further to:

K(87-80) ,.
) (26)
L

Figure 12 shows the maximum possible random error in the viscosity
calculation as a function of the galvanometer signals. The smallest
possible random error of + 1.0 percent would be reached if the three
galvanometer signals each produced their maximum displacement of five
inchesa For the majority of the experimental data, however, the dis-
placement transducer signal was between 0.5 and 1.5 inches while the
differential pressure signalswere between 1.0 and 3.0 inches. Thus
from Figure 12 it can be seen that the random error for one data point

was usually between + 2.0 percent and approximately # 6.0 percent.

* Time signals were produced by the internal circuitry of the oscillo-
graphic recorder with an accuracy of approximately one percent.
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It must be emphasized that Figure 12 shows the maximum possible
error for any one data point. The probable error for each point is less
than the values shown in Figure 12 because the possible errors of the
three signals may tend to cancel each other. The reliability will also
be increased if several data points are obtained and their mean value
used. This fact is exemplified by the data for fluid A recorded in
Table V. The majority of this data would have a maximum possible random
error of approximately four percent if Figure 12 was used. The mean
value of several data points, however, deviated from the reported values
by less than 1.7 percent for all but one case. Only a few data points
were taken for the mean viscosity value whiéh deviated from the reported
value by 2.66 percent.

The accuracy of pressure level data will also significantly
affect accuracy of the measured viscosity data. The slope of the vis-

cosity-pressure curve, S , (plotted on semilogarithmic paper) is:

. d(logyg 1) d(log, 1)
N dp 2.3 dp
1 4
g = ap 2
2.3y dpP (27)

Thus the fractional change of viscosity with pressure is
28 2.3 8P (28)
I

where AP 1is the possible inaccuracy of the pressure measurement. The

possible error in the pressure measurement, Ep , 1s

_ AP
By = & x 100 (29)
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and therefore

Thus the possible error in the viscosity measurement, Eu , 1s

E, = %% 100 = 100 x 2.3 x § x AP (31)

Hence, substituting Equation (30) into Equation (31) results in

B, =23x85xExP (%) (32)

The fractional change of viscosity with pressure (2.3 x §) for fluid A,
for example, varies from about 1.07 x lO'u psi'l at low pressure to
0.59 x ]_O"LL psi_l at high pressure. The maximum error in the pressure
level, which is the sum of the calibration error and the galvanometer
signal measurement error is approximately one percent. Therefore the
resulting inaccuracy of the viscosity measurement is about 1.l percent

at 10,000 psi and 5.9 percent at 100,000 psi.



CHAPTER IV

FLUID BEHAVIOR

A. Experimental Fluids

The ten fluids investigated in this research are listed in
Table VI and further characterization of the components of each fluid
is shown in Appendix A. These fluids were chosen because they are well
defined counterparts of some typical commercially available lubricants
and this selection enables several trends and interrelations to be
invegtigated. The list of fluids includes both a paraffinic and a
naphthenic oil and these blended with two polymeric viscosity-index

improvers. It also includes four synthetic fluids.

TABLE VI

EXPERIMENTAL FLUIDS

Letter Description

Diester-Plexol 201 bis-2-ethyl hexyl sebacate
Paraffinic Base Oil R-620-12

B + 49 polyalkylmethacrylate (PAMA)

B + 8% polyalkylmethacrylate (PAMA)

B + 49 polyalkylstyrene (PAS)

Naphthenic Base 0il R-620-15

F + 4% polyalkylmethacrylate (PAMA)
Polybutene LF-5193

Dimethylsiloxane
Trifluoropropylmethylsiloxane

GCHTDQERBOOQE >

Some of the questions to be answered by the experimental data

(and the fluids chosen to do so) are presented in the following list.”

*
The answers to these questions are presented in detail in Section B

of this chapter and summarized in Chapter V.

-52-
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1. What is the effect of adding various amounts of a given
polymer to a given base 0il? ' (Fluids B, C, D)

2. How are the results affected when a given amount of dif-
ferent polymers are added to a base 0il? (Fluids B, C, E)

3. How are the results for a given amount of polymer affected
by the selection of the base 0il? (Fluids B, C, F, G)

L. How does the behavior of some synthetic fluids differ
from that of the petroleum oils? (Fluids H, I, J)

B. Experimental Results

The figures presented in the following discussion are visual
aids which help in understanding the behavior of the experimental fluids
and do not contain all of the data obtained. Section D of this chapter
does contain a complete tabulation of the experimental data. All of these
tabulated data do account for the kinetic energy of the fluid leaving the
capillary while some data account for the elastic energy stored in the
fluid and/or account for the effect of a non-parabolic velocity profile
(i.e. the Rabinowitsch analysis). Since a parabolic velocity profile
does exist for Newtonian fluids and the elastic energy is negligible,
or nonexistent, the tabulated data for the Newtonian fluids (A, B, F, H,
I, J) are in final form and therefore need no further interpretation.
However, for the non-Newtonian fluids, the effect of a non-parabolic
velocity profile must be investigated and also the magnitude of the
elastic energy must be determined. These two effects are discussed
later in this section.

The density of the experimental fluids at all temperatures
and pressures was determined from bulk modulus correlations.(27’28)

These density data were necessary in order to convert the experimental
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absolute viscostiy data to kinematic viscosity necessary for the

standard ASTM viscosity-temperature charts.

1. General Trends

The flow curves, the viscosity-temperature relations, and the
viscosity-pressure relations for all ten fluids examined are presented
in Figures 10, 11, and 13 through 38. These figures indicate the follow-
ing general behavior:

(1) The flow curves show that the basic behavior of a fluid
is not affected by temperature or pressure unless gelation occurs. Six
of the fluids (A, B, F, H, I, J) exhibit a Newtonian behavior at all
temperatures and pressures examined. The other four fluids (c, D, E, @)
are non-Newtonian at all temperatures and pressures.

(2) Straight line relations are obtained on the ASTM
viscosity-temperature charts for all fluids when pressure and shear
stress are constant.

(3) The viscosity-pressure relations for the silicones are
basically different than the viscosity-pressure relations for the other
fluids examined. The viscosity-pressure curves for the silicones (Figure
38) posses inflection points while similar curves for the other fluids
do not.,

() The flow curves for the four non-Newtonian fluids show
that the viscosity is constant in a low shear stress range (initial
Newtonian region) and then begins to decrease with increasing shear
stress. The shear stress value at which this temporary viscosity loss
begins seems to be only a function of the viscosity level, and indepen-

dent of the temperature. This is observed by noting that for Fluid C
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the flow curve (Figure 16) for 100°F and 20,000 psig is almost super-
imposed on the flow curve for 210°F and 50,000 psig. This same trend

is indicated by the flow curves for Fluid G (Figure 28). As the first
Newtonian viscosity increases, the maximum shear stress in the first
Newtonian region increases while the corresponding shear rate decreases.
Thus the temporary viscosity loss seems to begin near a line of constant
energy input, i.e. a line of constant shear—stress.shear-rate product.

No permanent viscosity loss was observed.in these fluids.

These four general trends were observed after Fluids A, B, C,
F, and G had been examined and this information led to the conclusion
that it was not necessary to obtain flow curves over a wide shear stress
range at all temperatures and pressures in order to define the behavior
of the remaining fluids. Therefore, the decision was made to eliminate
any further data at 300°F. Additional flow curves were only obtained at
atmospheric pressure and both 100°F and 210°F as well as at some elevated
pressure and 100°F. Low shear data, however, were still obtained at
several pressures and temperatures of 100°F and 210°F. This reduced
quantity of data still enabled the validity of the above mentioned
trends to be examined for each additional fluid.

A partial summary of the experimental data is presented in
Table VII which contains viscosity values as well as viscosity-tempera-
ture and viscosity-pressure coefficients at two pressures for all fluids

examined.
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2. Specific Fluids

a. Diester
As mentioned previously, ‘the diester (Fluid A) was investigated
to verify the accuracy of the experimental equipment. Figures 10 and
11 contain the experimental results for this fluid which have been dis-
cussed in Chapter IIT.

b. Paraffinic Based Fluids

Figures 13 through 24 and 39 through 44 contain data for the
paraffinic based fluids with varying amounts of two polymer additives
(Fluids B through E). Gelation limited the maximum pressure to 50,000
psig for these fluids. As discussed in Chapter III, Figure 13 shows that
Fluid B (Paraffinic Base 0il) is Newtonian at all temperatures and pres-
sures examined and indicates that viscous dissipation was negligible for
this fluid. The flow curves for Fluids C, D, and E (Figures 16, 19, and
22) show that these fluids are non-Newtonian at all temperatures and
pressures investigated. The elastic energy stored in these fluids is
negligible below a shear stress of approximately 107 dyn/cm2 as indicated
by the consistency of the data obtained with different capillaries. The
data at atmospheric pressure and 100°F show that a small elastic energy
is present in these fluids for shear stresses greater than 10° dyn/cmg,

Figure 39 contains the flow curves of the four paraffinic based
fluids at atmospheric pressure and temperatures of 100°F and 210°F. The
flow curves are drawn through the data points which contain the elastic
energy correction. The uncorrected data points are also included. The
elastic energy stored in these fluids was evaluated from the data pre-

sented in this figure according to the method discussed in Chapter II.
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Table VIII and Figure 40 summarize the elastic energy calculations for

the four non-Newtonian fluids. Figure 40 shows that, at a temperature

of 100°F and a given shear rate, the elastic energy in Fluid E is greater
than the energy in Fluid C and less than the energy in Fluid D. It was

not possible to evaluate the elastic energy in any of the non-Newtonian
fluids at atmospheric pressure and 210°F because the lower viscosity values
made it impossible to obtain the necessary high shear data in the available
equipment.

Equation 23, Chapter II, and Figure 39 show that if the elastic
energy stored in the fluid is not taken into account, the viscosity data
will be higher than the correct value. Figure 41 contains the flow curves
for Fluids B, C, D, and E, at 20,000 psig and 100°F, and shows that the
high shear viscosity of these fluids does not begin to approach the
viscosity of the base oil (Fluid B). This relatively small temporary
viscosity loss led to some speculation that the recoverable shear strain,
Sy , might be large. Considerable effort was expended, with little suc-
cess, to evaluate the magnitude of the elastic energy stored in the
polymer blends at elevated pressures by obtaining data with different
capillaries.

With the present high pressure data on Fluid C it is not pos-
Sible to evaluate the elastic energy above 105 dyn/cm2 because this data
was obtained with a single capillary. The high pressure data for Fluid
D are also insufficient to evaluate the elastic energy because the maxi-
mum shear stress (2.8 x 10° dyn/cmg) obtained with capillary Number 2
(L/D = 50.9) was smaller than the minimum shear stress (4.7 x 109 dyn/cm®)

obtained with capillary Number 1 (L/D = 11.6). These data, however,
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TABLE VIII

ELASTIC ENERGY CALCULATION SUMMARY®

Fluid |Temperature Pressure Shear Stress Shear Rate | Recoverable
(°F) (psig) (dyn/cm?) (sec-1) Shear Strain
(in/in)
C 100. 0. 1.5 x 107 3.2 x 10° b7
C 100. 0. 3.0 x 107 7.6 x 107 7.2
D 100. 0. 1.4 x 107 1.2 x 10° 7.1
D 100. 0. 2.4 x 107 2.8 x 10° 8.2
D 100. 0. bl x 107 5.9 x 107 10.1
D 100.  |50,000. ~ 3 x 107 ~ 103 0 < 8y < 13.8
E 100. 0. 2.6 x 10° k.2 x 107 6.5
G 100. 0. .9k x 107 2.1 x 10° h.6
G 100. 0. 1.5 x 10° h.1 x 107 11.8
a 100. 0. 2.5 x 10° 8.0 x 10° 15.5
*

The values in this table were calculated from data obtained from
capillaries Number 1 and 2.

With these capillaries, the smallest
measurable recoverable shear strain is approximately four.
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were sufficiently close together to enable an estimate to be made of the
possible bounds of the elastic energy correction. This was accomplished
by placing a band of + 5 percent around each data point obtained with
capillaries Number 1 and 2. When a smooth curve is drawn through these
data, it indicates that no elastic energy is stored in the fluid at a
shear stress of approximately 3.3 x 105 dyn/cm2 (shear rate of 103 sec'l,
viscosity of 330 poise). When separate curves are drawn, the curve
through the capillary Number 2 data is below the corresponding curve
through the capillary Number 1 data, thus indicating that elastic energy
is etored in the fluid. When this energy is taken into account the re-
sulting viscosity (280 poise) is 15 percent below the uncorrected value.
The elastic energy in Fluid E cannot be evaluated at high pressures
either because of insufficient datao* Thus it was not possible to obtain
the necessary high pressure data with the existing equipment. However,
the high pressure data which was obtained did show, that the elastic
energy effect is not large. The atmospheric pressure data confirmed

that the elastic energy correction is small for the shear stress range
investigated. The corrected data in Figure 39 also show that the high
shear viscosity of the polymer blends does not reach a second Newtonian
value close to that of the base oil, as expected. Thus it appears that
the small temporary viscosity loss at high shear stresses for the fluids
examined is the actual behavior of the fluids and is not caused by an
elastic energy effect. However, the recoverable shear strain is known

20)

to increase with shear stress,< to some maximum value, and hence the

Chapter V contains further discussion of the elastic energy in these
fluids subjected to high pressure.
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temporary viscosity loss may increase significantly outside the experi-
mental shear stress range obtained in this research and thus a second
Newtonian region may occur in which the viscosity is significantly closer
to the viscosity of the base oil than the data obtained.

The technique employed to determine whether or not any permanent
viscosity loss was caused by high shear stresses applied to the fluids
consisted of first obtaining the low shear viscosity data and then ob-
taining data at ever increasing shear stresses. After the maximum shear
stress is obtained, the fluid is again passed through the capillary with
a low shear stress. If the two low shear stress viscosity values agree,
it 1s assumed that a permanent viscosity loss was not caused by the high
shear stresses. The fallacy in this method is that it does not assure
that the permanent viscosity loss is negligible because only the fluid
near the capillary wall is actually subjected to the high shear stress
and therefore permanent viscosity loss only occurs in a small percentage
of the fluid. When the fluid is repassed through the capillary, the
probability will be very small that the "ruptured" fluid will again be
near the capillary wall. Thus a permanent viscosity loss may not be
detected by this technique when subsequent low shear data are obtained.

The Rabinowitsch analysis for Fluids C, D, and E showed that
the effect of non-parabolic velocity profiles increased the shear rate
at the wall by less than five percent in all cases. Therefore, the
resulting reduction in viscosity was also less than five percent. Since
in many data sets it was impossible to account for the elastic energy
stored in the fluid, the Rabinowitsch analysis could not be used because

these data must be corrected for the elastic energy stored in the fluid
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before the true shear stress can be evaluated,and hence the true
shear rate determined.

Contant pressure data for Fluid B yield straight line relation-
ships on an ASTM viscosity-temperature chart, Figure 14. The slopes of
these lines decrease with increasing pressure. However, the percentage
change in viscosity, for a given temperature increase, actually increases
with increasing pressure. Constant pressure and constant shear stress
data for Fluids C, D, and E also yield straight line relationships on an
ASTM viscosity-temperature chart (Figures 17, 20 and 23). The slope of
any viscosity-temperature line for Fluid C is less than the slope of the
corresponding line for Fluid B and greater than the corresponding slope
in Fluid D. This trend was expected because the viscosity of polymer
blends is known to decrease less with increasing temperature than the
viscosity of the base oil. This viscosity-temperature curves at 10,000
psig for the paraffinic based fluids (Figure 42) and the viscosity-pres-
sure curves for these fluids (Figure 43) at 100°F indicate that the four
percent styrene (Fluid E) has both a steeper viscosity-temperature slope
and a higher viscosity-pressure coefficient than the four percent
methacrylate (Fluid C). Figure 4L shows the effect of polymer in the
paraffinic base oil as a function of pressure.

The viscosity-pressure curves for the paraffinic based fluids
partially answer the first question presented in Section A of this
chapter: what is the effect of adding various amounts of a given polymer
to a given base 0il? Figure 43 shows that the slope of the viscosity-
pressure curve for Fluid B decreases with increasing pressure. The same

trend is true for Fluid C except that the viscosity-pressure curve tends
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to become straight near 50,000 psi. The corresponding curve for Fluid
D has a constant slope throughout the pressure range examined. Thus
while the slopes of the viscosity-pressure curves decrease with increas-
ing polymer content at atmospheric pressure the opposite is true at 50,000
psi. This trend can readily be seen by studying the viscosity-pressure
coefficients for these fluids presented in Table VII.

Figure 4l also helps to explain the effect of various amounts
of polyalkylmethacrylate (PAMA) in the paraffinic base oil. This figure
shows that viscosity of the blend increases with increasing polymer
content as expected, but it also shows that eight percent PAMA has more

of an effect at 50,000 psi than it does at lower pressures.

c. Naphthenic Based Fluids

The data for the naphthenic based fluids (Fluids F and G) in-
dicate a behavior similar to the corresponding paraffinic based fluids
(Fluids B and C), as anticipated. The flow curves for the naphthenic
base oil (Figure 25) show that this fluid is also Newtonian at all
temperatures and pressures examined and indicates that viscous heating
appears to be negligible below a shear-rate shear-stress product lOlo
dyn/cm2 sec. The flow curves for Fluid G (Figure 28) indicate that this
fluid is non-Newtonian at all temperatures and pressures investigated.
The elastic energy stored in Fluid G appears to be negligible below
107 dyn/cm2 at elevated pressures. Figure 45 contains the flow curves
of these two fluids at atmospheric pressure and temperatures of 100°F
and 210°F. As in Figure 39, the flow curve is drawn through the data

points which contain the elastic energy correction and the uncorrected

data points are included for completeness. The values of the recoverable



6l

shear strain obtained from these atmospheric data are presented in Table
VIII. These data indicate that, for a constant shear rate, four percent
polyalkylmethacrylate has a larger elastic energy when blended with the
naphthenic base oil (Fluid G) than when blended with the paraffinic base
oil (Fluid C).

As with the paraffinic based fluids, the high pressure data
for Fluid G were not sufficient to evaluate the elastic energy. The
general comments regarding the elastic energy in Fluids C, D, and E
also seem to be applicable to Fluid G. These comments are:

1. the high pressure data indicate that the elastic energy
is not large;

2. the atmospheric pressure data confirmed that the elastic
energy correction is small for the experimental shear
stress range; and

3. it appears that the small temporary viscosity loss observed
at high shear stresses is the actual behavior of the fluids
and is not caused by an elastic energy effect.

The third comment must be qualified by noting that the recoverable shear
20

strain increases with shear stress,( ) to some maximum value, and hence

the temporary viscosity loss may increase significantly outside the experi-

mental shear stress range obtained in this research and thus a second

Newtonian region may occur in which the viscosity is significantly closer

to the viscosity of the base oil than the data obtained.

The Rabinowitsch analysis for Fluid G showed that the effect

of non-parabolic velocity profiles increased the shear rate at the wall
by less than 10 percent for the high shear data at atmospheric pressure
and a temperature of 100°F. For all other data sets the resulting in-

crease in the shear rate was negligible or it was not possible to apply

the Rabinowitsch analysis. As explained previously, in some data sets
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it was impossible tc account for the elastic energy stored in the fluid
and thus the true shear rate could not be determined.

Straight line relations are obtained on ASTM viscosity-tempera-
ture charts when constant pressure data are plotted for Fluid F and when
constant pressure and constant shear stress data are plotted for Fluid
G. The slope of any constant pressure line for the polymer blend (Fluid
G) is less than the slope of the corresponding line for the base oil
(Fluid F), as expected.

Figures 46 and 47 contain data comparing the naphthenic based
fluids with some of the other fluids examined. Figure 46 contains the
viscosity-temperature relations at atmospheric pressure for the six
petroleum oils examined and shows that at 100°F, (1) the viscosity of
the naphthenic based fluids is less than that of the paraffinic based
fluids and (2) the viscosity of the naphthenic based fluids decreases
more with increasing temperature than the viscosity of the corresponding
paraffinic based fluids.

Table VII shows that the viscosity-pressure coefficients for
the naphthenic based fluids are greater than those for all other fluids
examined except the polybutene. TFigure 47 contains the viscosity-pres-
sure data for five of the petroleum oils as well as the diester and the

polybutene.

d. Polybutene
Figure 31 is the flow curve for the polybutene which shows that
this fluid also has a Newtonian behavior at all temperatures and pressures
investigated. The viscosity-temperature and the viscosity~pressure rela-

tions are presented in Figures 32 and 33. Table VII shows that the
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viscosity of this fluid changes more with temperature and pressure than
the viscosity of the other nine fluids investigated. Thus the viscosity
of 1.2 x 105 cp. at 39300 psig and 100°F was the largest value obtained

in this research (cf. Figure L47).

e. Siloxane Fluids

The flow curves for the siloxane fluids (Figures 34 and 36)
indicate a small temporary viscosity loss (~11 percent for Fluid I and
~15 percent Fluid J). As mentioned previously, the viscosity-pressure
relations for these fluids are basically different than the viscosity-
pressure relations of the other fluids examined. The viscosity-pressure
curves for the silicones (Figure 38) possess inflection points while
similar curves for the othei fluids do not. This behavior was also

(11)

observed by Bridgman on dimenthylsiloxane fluids. Figure 35 and
37 contain the viscosity-temperature data for these fluids. The dime-

thylsiloxane examined has the least change in viscosity with temperature

of the ten fluids examined.

1. Techniques
The experimental data obtained covered a wide shear stress
range at various pressures and temperatures. The effect of these three
variables upon viscosity is very desirable, but it also presents a
problem in presenting the experimental results in a convenient form.
Therefore, a literature survey was made to determine whether or not any
satisfactory data correlation and presentation techniques were readily

available. The techniques surveyed included analytical and graphical
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methods for both Newtonian and non-Newtonian,fluids (References 29-38).
Of these several techniques, only the four to be discussed were inyesti—
gated because they were considered to be the most promising and useful.
Graphical presentation of the data for the six Newtonian fluids
was considered sufficient since these data are independent of shear stress.
The most informative presentation of these data are lines of constant
temperature oh viscosity-pressure curves. Flow curves and lines of
constant pressure on viscosity-temperature curves are also presented for
completeness.

The analytical method investigated for Newtonian fluids was

2
the following equation presented by Appeldoorn.( 9)
log u/ug = a log (T/Ty) + P + cP log (T/T,) (33)
or
. _ vatcP _  bP
u/u, = (T/1.) 10 (34)

where u 1is the dynamic viscdsity, T and P are the temperature and
pressure, respectively, and the subscript o refers to reference values.
These equations are only valid for fluids which have a constant slope on
viscosity-pressure curves. Thus these equations cannot be used for the
diester, the paraffinic base oil, the polybutene, or the silicones.
They are valid, however, for the naphthenic based fluids as well as the
paraffinic base oil blended with eight percent polyalkylmethacrylate.

This technique was successful for Appeldoorn because his data
were limited to pressures below 15,000 psig. Since the viscosity-pressure
relations for the data obtained in this research can also be approximated

by straight lines at low pressures, this technique should also be applicable
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in this narrow pressure range. The method was not employed, however,
because the majority of the data was outside the limited pressure range
in which satisfactory correlations could be obtained.

Graphical techniques for the presentation of non-Newtonian
data are not very useful if quantitative information is desired. But
the carpet plots presented in Figure 48 can be helpful in qualitatively
understanding the fluid behavior.

One advantage of the analytical techniques in general is that
they readily permit viscosity values to be predicted outside the limits
of experimental data thus allowing the range of variables to be expanded.
A disadvantage of these techniques for non-Newtonian fluids, however,
is that the fluid behavior is generalized in such a manner that physical
interpretation of the data is not possible as when the flow curves, the
viscosity-temperature relations, and the viscosity pressure curves are
used. Another possible difficulty is that the final equation may require
a large number of data sets to evaluate all necessary constants and
hence the value of the correlation is limited.

The two analytical techniques for non-Newtonian fluids which
seemed to be the most promising were reported by'Wright(Bo) and Pl'l:"Llipoff:,(lLF>
The first method reduces the viscosity-shear stress data (at a given
temperature and pressure) to a straight line by plotting the energy
dissipated by the fluid (shear-stress shéaf—rate product) against a flow
function. The second method is more general because it considers all
three variables: temperature, pressure, and shear rate.

The technique presented by'Wright(3o) is valid for fluids whose

flow curves are characterized by the existence of initial and ultimate
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Newtonian flow regions., It is postulated that the lograithm of the
viscosity has a normal distribution between the limits of the first and
second Newtonian regions when referred to the logarithm of the rate of
energy input. Thus for a given temperature and pressure the flow data
can be expressed as a straight line relationship (Figure 49). Even though
the data for the non-Newtonian fluids examined are not complete enough
to assure the existence of an ultimate Newtonian region, this method was
investigated in detail because of the possibility that it could be ex-
panded to include the effects of temperature and pressure.

This technique was employed by'assuming that the viscosity of
the fluid in the initial Newtonian region was equal to that of the data
point with the lowest shear stress (point 1 on Figure 49). Similarly,
the viscosity of the fluid in the ultimate Newtonian region was assumed
to be equal to that of the data point with the largest shear stress
(point 2 on Figure 49). The flow function which is plotted against the

rate of energy dissipation is defined as

5 - log(w) - log(uo)

~ log(py) - log(py) (35)

or

b= u2(ul/u2)¢ (36)

where p 1s the absolute viscosity and the subscripts 1 and 2 refer to
initial and ultimate Newtonian regions, respectively. A computer program
was written which, at each temperature and pressure, calculated and printed
the values of the slope and intercept of the line in Figure 49. The
viscosity was then calculated from the measured energy input and this

value was printed along with the corresponding temperature, pressure,
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Figure 49. Generalized Non-Newtonian Flow Data.
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shear stress, energy, flow function, measured viscosity, and the percent
deviation between the two viscosity values. The results obtained from
this method and the reduced variables technique are discussed later.
Ferry<Sl> described a reduced variables technique for correlat-
ing viscosity-temperature-shear rate data. This method resulted in a
straight line relationship when the logarithm of the reduced viscosity
was plotted against the logarithm of the reduced shear rate. The equa-

tions used for obtaining the reduced variables are:

Treq = 21 7 (38)
and
NS
— o~o
where Hpeq = reduced viscosity,
Hp oo = viscosity at T and v ,
»7
“T,o = viscosity at T and 7y ,

I = viscosity at TO and low 7 ,
¥ = reduced shear rate,

measured shear rate,

=
[l

ap = shear rate scale factor,
T = absolute temperature,
p = density,
and the single subscript o refers to the reference values.
Philippoff(lu> expanded Ferry's reduced variable technigue to
include the influence of pressure. One difficulty immediately encountered

was that the scale factor ap requires viscosity values obtained at low
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shear rates. Since Philippoff's equipment was not capable of producing

the necessary low shear rates, he had to obtain these data by other
methods. Ordinary capillary viscometers were used at atmospheric pres-
sure and different temperatures. But he could not obtain low shear rate
data at different pressures, This difficulty was circumvented by noting
that for his data the relative viscosity* of the polymer blend is nearly
constant with pressure. That is, the polymer blend has the same viscosity-
pressure slope as the base oll at low shear ratesg** Thus knowing the be-
havior of the base oil under pressure, the low shear viscosity of the
blend at the given temperature and pressure (“T,P,o) could be calculated.

Hence Philippoff's equation for the shear rate scale factor, aTP , was

v
Topo HT,o,o TO’P’O
aqp = - L ——— (40)
M Blend M Base 0il
Tred = 2rp 7 (b1)
_ LLTEPZO (42)
Hred = Ho,p,y | T =

2 Base 0il
The definitions of terms in the above equations are identical to those
in Equations (37), (38), and (39) except for the addition of the subscript
P for pressure.

Since the experimental apparatus used in this research enabled
the low shear viscosity to be measured, it was not necessary to use the

method presented by Philippoff and the following equations were used:

Relative viscosity is defined as the ratio of the viscosity of the

blend to the viscosity of the base oil.

*%
Table VII shows that this relation is not true for the petroleum oils
used in the research.
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T.p, W
arp = oo ‘I':_P,O (LB)
To M
Yreda = @r,P 7 (k)
boog = M f1,250 (45)
red T,P,y m

where all terms are identical to those in Equations (40), (41), and (42).
A computer program was also written for this method which was
very similar to the one written to apply the generalized non-Newtonian
technique. At each temperature and pressure,‘the shear rate scale factor
was calculated and printed as well as the slope and intercept of the
straight line. The measured shear rate was then used to calculate a
viscosity and this value was printed along with the corresponding tempera-
ture, pressure, shear stress, measured viscosity, and the percent devia-

tion between the two viscosity values.

2. Results

These two analytical techniques employed for the non-Newtonian
fluids both reduced the viscosity-shear stress data to straight line
relationships for a given temperature and pressure. Therefore the slopes
of the resulting straight lines and their intercepts with the ordinate
had to be determined for each temperature and pressure. The reduced
variables technique also required that a scale factor be evaluated as
a function of temperature and pressure. This latter method also required
that all data be represented by a single line. Therefore, the slope
and intercept had to be constant for all ﬁemperatures and pressures.

The objective of the correlation for the generalized non-

Newtonian technique was to obtain equations for both the slope and the
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intercept which were explicit functions of temperature and pressure. The
objectives of the reduced variables technique were (1) to determine whether
or not a single curve could represent all the experimental data, and (2)

to obtain an expression for the shear rate scale factor which was an
explicit function of temperature and pressure. If the objectives for
either correlation could be accomplished, it would then be possible to
predict viscosity values under a wide range of conditions and possibly

the results could be extended to include the effect of polymer content.

The first step in each of these correlation methods consisted
of applying the technique to the data and determining whether or not the
methods were satisfactory at each temperature and pressure. If the methods
did give satisfactory results, the next step could be taken to determine
the necessary explicit functions, if possible.

Both the generalized non-Newtonian method and the reduced
variables technique produced satisfactory results at any given temperature
and pressure as the error between the calculated and measured viscosity
values was in general less than ten percent. The results for Fluid C,
for example, showed that the slope of the straight line in the generalized
non-Newtonian technique decreased with increasing temperature and pres-
sure, while the intercept increased with pressure up to 20,000 psig. The
intercept for 50,000 psig, however, was less than that for 10,000 psig.
Both the intercept and the slope in the reduced variables technique be-
haved in a similar manner.

As a result the intercept in the generalized non-Newtonian
technique could not be evaluated by a linear equation. It could be des-

cribed by a higher degree polynomial but this is unsatisfactory because
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of the increased number of data sets required to evaluate the necessary
constants. Since the slope and the intercept in the reduced variables
technique varied with temperature and pressure, the experimental data
could not be represented by a single curve.

In summary, both of the analytical correlation techniques inves-
tigated for the non-Newtonian fluids produced satisfactory results at
each temperature and pressure. The generalized non-Newtonian technique
was developed for atmospheric pressure data and it was also shown to be
applicable to high pressure viscosity data, but it could not be gener-
alized to include the effects of temperature and pressure. quilippow_“f(lu>
has previously shown that the reduced variables technique was capable of
correlating viscosity data at pressures up to 15,000 psig for certain
fluids, but this method could not be successfully applied to the data

obtained in this research.

D. Tabulated Data

As mentioned previously, all of the tabulated data account for
the kinetic energy of the fluid leaving the capillary, while some data
account for the elastic energy stored in the fluid and/or the effect of
a non-parabolic velocity profile. The capillary number listed with each
data set can be used to determine whether or not the elastic energy has
been evaluated. These capillary numbers contain one, two, or three
digits. The one digit numbers (one through four) refer to the stainless
steel capillaries designed for this research. The three digit numbers
refer to the standard glass capillaries used to obtain the low-shear,

atmospheric pressure data. The data sets with the one or the three digit
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capillary numbers do not account for the elastic energy in the fluid.
Only the data sets with two digit capillary numbers account for this
energy. The two digit number is formed by using the numbers of the two
stainless steel capillaries employed. For example, a data set with a
capillary number of 12 means that the elastic energy was evaluated by
using data obtained from capillaries 1 and 2. Where necessary, some of
the tabulated data sets for the non-Newtonian fluids contain two visco-
sity values. The first value, in parentheses, is the final value which
does account for all necessary effects, including a non-parabolic velocity
profile. The second value accounts for the kinetic and elastic energies
where necessary but does not account for the non-parabolic velocity
profile. The shear rates in these data sets correspond to the second

viscosity value.
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FLUID A

TEMP. PRESS. DENSITY VISCCSITY SFEAR SHEAR CAPILLARY
STRESS RATE NUMBER

{DEG. F) (PSIG) (GM/CC) (PCISE) (CYN/SGQ.CM.) (SEC-1)

100 0 .903 110 0 0 100
100 N <903 . 106 3440 32453 3
100 0 .903 110 S0 50 82273 2
10e 0 TL903° LI1C 18100 164545 2
100 0 903 . 109 3200 332110 2
100 0 .903 11 72000 654545 2
100 1C040  .940 .298 137 3480 4
100  1C040  .940 .280 1281 4575 4
1000 1C640 940 TO29€ 1229 4460 4
100 10040 . 940 .285 2055 7211 4
100 €99 .940 .285 2288 8379 4
100 10040 <940 .302 5¢20 16623 4
100  1€770  .964 605 1C41 1709 4
1000 1€77C ~.964 €14 2¢61 4334 4
100 18830 <964 <554 2€55 522€ 4
100 1€830  .S64 553 2563 4597 4
100 18830 <964 .578 4C97 7088 4
100 18830 . 564 592 4€38 7834 4
100 26530  .S89 1.26C 2¢78 2125 4
100 29590 .989  1.320 2740 2C7¢ 4
100 2S59C  .989 1.27C 2346 2442 4
100 25590  .989 1.33C 2¢10 2714 4
100 2S59C  .985  1.340 3865 2884 4
100  25€50 ~.989  1.30C “3¢66 2974 4
100 25530  .989  1.260 4567 3648 4
100 255SC .989  1.33¢C 4559 345¢€ 4
100 29530  .989  1.300 5044 3880 4
100 25550  .989  1.350 £166 3827 4
100 25590  .989  1.310 5627 7578 4
100 37460 1.030  2.420 2€53 109¢ 4
10C 37160 1.030  2.18C 2319 1522 4
100 37310 1.030  2.490C 2755 1524 4
100 37310 1.030  2.26C 4C07 1773 4
100 37610 1.G30  2.29C 4173 T 1822 &
100 3746C 1.030  2.480 4400 1774 4
100 37460 1.030  2.23C 4€33 2078 4
100 37460 1.030  2.53¢C 4739 1873 4
100 37210 1.030  2.2SC 4762 2C19 4
100 47360 T1.200  4.33C 1232 285 &
100 47360  1.200  4.840 1543 319 4
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FLUID A

TEMP. PRESS. DENSITY VISCGSITY SEEAR SHEAR CAFILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (CYN/SQ.CM.) (SEC-1)

100 475190 1.200 4.630C 2484 5317 4
100 47510 1,200 4,74C 2028 635 4
100 47360 1.20C 5.C0C 3068 €20 4
100 47510 1.270 4.47C 4€57 1042 4
100 41510 1.200 4.,2CC €310 1264 4
100 47590 1.200 4.88C €180 1799 1
100 415590 1.200 4.30C 23260 7735 1
100 47590 1.200 4.13C €3¢&80 154617 1
10C 47590 .« 200 4.34C €EESQO 15864 1
100 47560 1.200 4.54C €C450 17729 1
100 47590 1.200 4.35¢C 58240 22584 1
100 4759C 1.200 4.41C 119500 26823 1
100 47590 1.20C 4.43C 124€00 28172 1
100 41290 1.200 4.36C 121600 30183 1
100 475G0 1.200 4014C 141100 34C82 1
100 41550 1.200 4.34C 142800 32903 1
100 45280 1.200 $5.22C 1€9500 32471 1
100 4€430 1.200 4.730 274200 51692 1
100 58350 1.370 8.91C 7611 854 4
10C 58670 1.370 8. 84C 163260 1854 4
10C €510 1.270 8.50C 16600 1953 4
100 583590 1.370 8.77¢ 17580 2050 4
10¢ 58510 1.370 8.45¢C 19240 22117 4
10¢C 67700 1.500 14.C0C geis5 398 4
100 67540 1.500 15.€CC 122¢0 853 4
100 €7540 1.500 13.70C 18280 1342 4
100 67700 1.500 14.10C 23470 1665 4
100 1578C 1.650 29.400 17450 594 4
100 1867C 1.650 28.60C 19420 672 4
100 15460 1.650 27.20C 21220 780 4
100 18680 1.65C 30, €CC ¢<S11¢ 945 4
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FLUIC B

TEMP. PRESS. DENSITY VISCOSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (CYN/SC.CM.) (SEC-1)

100 0 4849 <292 0 0 200
210 ¢ .809 . 045 0 0 100
300 0 777 .C19 0 0 150
100 0 B4 .295 1204 4081 4
100 0 849 .29¢C 4€16 16607 4
16¢ 0 .849 .286 $C30 31573 4
100 0 .849 <295 1860 36814 2
100 0 .849 .28¢ 18100 63287 2
100 0 84y L2272 25500 108456 1
100 $945  .882  1.€2C 4436 4349 4
100 $S45  .882  1.020 5537 5428 4
100 $$79  .882  1.100 E434 16617 4
100 $945 .882  1.15C 16680 14504 4
100 ssil .882 I 110 TEST0 16730 %
100 SS11  .882  1.120 24070 21491 4
10C 10140  .882  1.C7¢ 74230 69374, 1
100 10180  .&82  1.04C 81450 84087 1
100 1C020  .882  1.040 12200 $9231 1
100 10060  .882  1.040 124400  T19615 1
100 20070  .S08 3,350 2¢04 177 4
100 15940  .S08 3,290 €174 18717 4
100 20070  .908  3.28C 7202 2196 4
100 1500  .908  3.350C 18150 5418 4
100 15440 .6C8 3,360 321150 9271 4
100 15440  .908 3,410 23400 5795 4
100 15380  .908  3.40C 47€40 14012 4
100 15380  .908  3.350 49€00 1480¢ 4
100 15440 .908  3.440 188500 54513 1
100 16630 <508 3.33¢C 426700 128138 T
100 4S080  .961  72.7CC 36530 544 4
100  4€77C  .S61  72.000 44570 625 4
100 50530  .961  76.200 3C6€00 4026 4
100 45900  .961  73.500 4752C0 6465 1
100 50220 (S61  76.500  £Z12C0 6813 1
100 45900 .961  77.20C £25€00 6808 1
210 0 .809 .Ca4 2408 55229 4
210 0 .809 <046 8240 179913 4
210 0 .809 041 18100 381053 2
210 1C270° 849 .134 €66 6463 1
210 1C160 . 849 .128 1€99 13273 1
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FLUID B

TEMP. PRESS. DENSITY VISCCSITY SEEAR SHEAR CAPILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SQ.CM.) (SEC-1)

210 10250 - 849 «130 2194 16871 4
210 10330 «B849 «135 2400 177178 4
210 1€370 « 849 0124 €309 50879 4
210 10370 « 849 124 6734 €4308 4
210 20260 «878 «325 1104 3397 4
210 20190 «878 « 2SS 1€50 5518 4
210 20260 878 290 5€65 16534 4
210 45420 «935 2.40C 4499 1875 4
210 45420 «935 2.380C 6784 285C 4
210 48540 «935 2.360 7302 3094 4
210 48560 «935 24450 29450 12¢02¢ 1
210 46280 «G935 2.30¢C 40700 1769¢ 1
300 1C180 « 825 « G432 1191 27698 4
300 1C180 .825 .C44 1430 32500 4
300 10220 « 825 «C4é 1506 32739 4
300 1€180 «825 «C46 3316 12087 4
300 19€30 . 857 .088 513 5830 4
300 15630 « 857 «CS1 1211 13308 4
300 15690 +857 .088 2818 32023 4
300 15750 «857 «C86 5160 60000 4
300 20130 «857 .089 24380 273633 1
300 2€130 «857 «090 31580 350889 1
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FLUID C

TEMP, PRESS. DENSITY VISCOSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

(DEG. F)} (PSIG) (GM/CC) (POISE) (DYN/SC.CM.) (SEC-1)

100 0 « 849 «720 0 0 200
100 0 « 849 414 3C3C00 731884 12
100 0 + 849 «688 1204 1750 4
100 0 « 849 +651 4816 7398 4
100 0 «849 «633 9C30 14265 4
100 0 « 849 «515 68G00 132039 2
100 0 « 849 «485 132000 272165 2
100 9 <849 2469 152000 324094 12
100 0 « 849 «518 167500 323359 1
100 0 « 849 «47S 353000 736952 1
100 10290 .882 2.20C 2014 915 4
100 10610 .882 1.360 5570600 409559 1
100 10210 882 2.140 3364 2507 4
100 10280 «882 24140 8563 4188 2
100 10280 «882 2.120 11250 5307 2
100 9902 . 882 1.980 14200 7172 4
100 10280 882 2.110 15540 7365 2
100 10130 «882 1.800 179540 9961 1
100 9936 «882 2.000 21880 10940 4
100 10280 .882 1.950 24420 12523 2
100 10130 882 1.810 29940 16541 1
100 $902 «882 1.950 32460 16646 4
100 10280 . 882 1.820 32920 180838 2
100 S760 « 882 1.900 43360 22821 4
100 10280 «882 1.830 44220 24164 2
100 10470 .882 1.840 65C00 35326 2
100 10210 «882 1.740 71200 40920 1
100 10430 «882 1.780 13110 41073 2
100 10510 - 882 1.820 84420 46385 2
100 10510 . 882 1.810 51450 50525 2
100 10510 .882 1.75C 113500 64857 2
100 10290 .882 1.510 117900 78079 1
100 10170 +882 1,400 155600 139714 1
100 10250 . 882 1.320 272100 206136 1
100 19950 «508 6.230 15830 2493 4
100 20070 «908 4.370 112700 163089 1
100 15740 «908 6.400 2C420 3191 2
100 20140 « 508 5.98C 23210 3881 4
100 15800 »908 5.41C 50€20 9394 2
100 15860 «908 5.370 12360 13475 2
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FLUID C

TEMP. PRESS. DENSITY VISCOSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SC.CM.) (SEC-1)

100 15630 +908 5,180 84€00 16332 1
100 19760 «908 4,750 116300 24484 1
100 1880 .908 4,280 223300 52173 1
100 19880 «908 4,180 414700 99211 1
100 45740 .96l 123 13400 109 4
100 47400 .96l 105 231300 2199 2
100 49900 <961 120 26360 220 4
100 47870 <961 119 55680 468 2
100 47720 .961 109 61100 563 2
100 47870  .961 109 $5890 884 2
100 47720 .96l 110 170300 1554 2
100 47560 «961 109 197000 1812 2
100 47560 .961 106 226000 2124 2
100 49420 .961 106 328600 3109 1
100 45260 <961 106 840200 8394 1
210 0  .809 .125 0 0 150
210 0 809 J111 3440 30991 3
210 0 809 .105 16200 154286 2
210 0 _ .809 <110 44600 405455 2
210 0 «809 L1111 57600 518919 2
210 10650 849 «309 $29 3006 4
210 10250 «849 W171 120300 703509 1
210 9945  .849 <296 1900 6419 4
210 10240 . 849 .287 4345 15139 2
210 9945 <849 . 289 4876 16872 4
210 10200  .849 .275 6510 25127 2
210 9877 849 <249 7804 31341 4
210 10160 . 849 .272 8C42 29566 2
210 10220 849 <264 8590 34053 2
210 9945  .849 .235 9329 39698 4
210 10240 <849  ,261 10160 38927 2
210 10160 . 849 .248 12580 50726 2
210 10330 849 .251 15€90 62510 1
210 10410 849 .238 18780 78908 4
210 10090  .849 «249 221750 91365 1
210 10370 .849 219 41550 189726 1
210 10290 849 .181 109100 602762 1
210 22370 .878 .758 1255 1656 4
210 15940 .878 «445 215500 493258 1
210 22370 878 747 4037 5404 4
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FLUID C

TEMP, PRESS. DENSITY VISCGSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SC.CM.) (SEC-1)

210 15800 - 878 «610 $468 15521 2
210 19740 «878 «589 12340 20951 2
210 15770 878 2365 14360 23416 2
210 19740 .878 « 545 17150 31468 2
210 19710 .878 « 507 24€¢00 48521 2
210 15680 878 466 35790 85386 2
210 15750 »878 463 §3250 201404 1
210 18750 878 443 128800 290745 1
210 19940 «878 «451 167100 370510 1
210 50840 « 935 5.32¢C 24260 4560 2
210 51330 «935 3.87¢C 1C39000 2684175 1
210 51660 »935 5.77C 24480 4243 4
210 51820 2935 2445C 28060 2149 4
210 50840 + 935 5.140 28€00 5564 2
210 50840 «935 5.160 35600 6899 2
210 50840 «935 5.020C 42340 8434 2
210 51000 « 935 4.820 54570 11322 2
210 50840 2935 4.790 61160 14021 2
210 50840 »935 4.720 1€7200 22712 2
210 50690 « 935 4,030 165100 48412 1
210 51010 935 3.960 €29100 158864 1
210 50530 «935 3.950 625400 2342718 1
300 108970 «825 145 356 2455 4
300 11€10 « 825 « 100 37770 377700 4
300 11250 « 825 144 1103 7660 4
300 11210 « 825 128 3167 24742 4
300 11130 «825 111 12190 109820 4
300 10690 «825 «106 19290 184811 4
300 11590 825 «102 30000 294118 4
300 19500 « 857 245 1510 7796 4
300 20000 «857 «190 15870 81947 4
300 19750 « 857 .188 23560 125319 4
300 19750 «857 «195 29380 150667 4
300 19750 «857 187 34350 183690 4
300 50530 917 1.280 5889 4601 4
300 5C370 917 925 5€240 60908 4
300 49100 e 917 1.260 6048 4800 4
300 50210 2917 1.100 19700 17909 4
300 50370 «917 1.100 40520 37200 4
300 50580 <917 1.000 47C40 47040 4
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FLUID C

TEMP. PRESS. DENSITY VISCOSITY SHEAR SHEAR CAFILLARY
' STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (PCISE) (DYN/SG.CM.) (SEC-1)

300 59450 * 549 2,200 4673 2260 4
300 59850 949 2.160 24340 11269 4
300 59930 « 949 1.99C 872 4361 4
300 59610 «949 1.950 15650 8026 4
300 0 1T « G55 0 0 100
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FLUID D

TEMP. PRESS. DENSITY VISCCSITY SFEAR SHEAR CAPILLARY
STRESS RATE NUMBER

{DEG. F) (PSIG) (GM/CC) (PUISE) (DYN/SC.CM,) (SEC-1)

100 0 « 849 1.57C 0 0 300
100 0 « 849 « 746 438C00 587131 12
100 0 « 849 1.540 3440 ..2234 3
100 0 «849 1.490 3C50 6074 2
100 0 » 849 1.320 17200 13030 3
100 0 « 849 1.140 68800 60351 2
100 0 « 849 1.01C 126600 124752 12
100 0 « 849 . 883 240000 271801 12
100 0 « 849 1.180 145000 122881 1
100 0 849 « 985 170C00 172588 2
100 0 « 849 1.04¢C 283000 272115 1
100 0 « 849 « 909 534000 587459 1
100 101090 882 5.580 3860 692 4
100 10140 « 882 3.880 18570 4786 4
100 10189 .882 4.520 5610 1201 4
100 10140 . 882 4.42C S873 2234 4
100 10140 «882 4.230 12500 2955 4
100 10140 . 882 4.250 13420 3158 4
100 10140 « 882 4.250 14110 3320 4
100 10100 «882 34920 16460 4199 4
100 15750 «908 14.53C €204 427 4
100 16500 «908 12,290 32520 2646 4
100 19640 « 908 13,670 11650 852 4
100 195090 «908 12.900 17850 1384 4
100 19509 «508 12.600 19060 1513 4
100 51320 «961 448 221700 51 4
100 51160 « 961 269 1C40600 3866 1
100 51010 + 961 4l4 37100 90 4
100 51010 « 561 414 43900 106 4
100 51000 « 961 424 49240 116 2
100 50850 « 361 401 15C85 187 2
100 51000 «961 415 68870 238 2
100 510090 2961 424 110400 260 2
100 50610 961 386 188400 488 2
100 506590 961 332 285600 860 2
100 51480 «961 308 477500 1553 1
100 51249 961 300 641500 2138 1
100 51480 « 961 275 122300 2621 1
100 51160 « 561 271 €83500 3629 1
210 0 « 806 «296 0 0 150



-122-

FLUID D

TEMP. PRESS. DENSITY VISCOSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYM/SC.CM.) (SEC-1)

210 0 « 809 171 130000 760234 1
210 0 « 809 232 G503 3892 4
210 0 « 809 «216 3439 15921 3
210 0 <809 212 16500 79717 2
210 0 «809 «208 38800 186538 1
210 0 « 809 182 €3700 350000 2
210 0 « 809 179 88400 493855 1l
210 9 «809 172 118500 6912179 2
210 10160 « 846G «692 2106 3043 4
210 10060 «849 « 565 7070 12513 4
210 10180 « 849 » 646 2721 4212 4
210 10120 « 849 632 4100 6487 4
210 10120 « 849 «589 6400 10866 4
210 16870 «878 1.530 2177 1815 4
210 19570 «878 1.120 31630 28509 4
210 16810 .878 1.47C 3686 2712 4
210 19810 <878 1.440 5647 3922 4
210 16720 «878 l1.240 10750 8669 4
210 19660 .8178 1.210 14500 11983 4
210 19530 878 1.120 25600 228517 4
210 50060 «935 12.600 4790 380 4
210 50060 «935 9.830 37C00 3764 4
210 50060 « 935 11.000 10€30 366 4
210 5C060 +935 18.900 15600 1431 4
210 50060 «935 10. 800 23360 2163 4
210 50060 +935 10. 300 27500 2709 4

300 0 177 «122 0 0 150



-123-

FLUID E

TEMP. PRESS. DENSITY VISCOSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

{DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SC.CM.) (SEC-1)

100 0 «849 1.240 0 0 200
100 0 849 . 616 259000 420455 12
100 0 «849 1.160C 3440 2966 3
100 0 « 849 .975 17200 17641 3
100 0 «849 . 868 68500 78917 2
100 0 . 849 . 825 73750 89394 1
100 0 . 849 . 734 135C00 183924 2
100 0 «849 « 7129 147500 202332 1
100 0 . 849 . 701 295000 420827 1
100 10090 .882 4.570 3650 799 4
100 G911 . 882 3,690 35970 9748 4
100 10170 .882 4,440 4213 949 4
100 10170 .882 40420 5405 1223 4
100 10130 . 882 4,120 6823 1656 4
100 10170 .882 3,990 6781 2451 4
100 9945 .882 3,830 13080 3415 4
100 9945 .882 3.740 26160 6995 4
100 19880 .908 17.200 5044 293 4
100 20190 .908  10.300 €50000 63107 1
100 19820 .908 164600 5840 352 4
100 19820 .908 16,900 6438 381 4
100 19190 .S08  15.000 12080 805 4
100 15770 « 908 14,500 15C80 1012 2
100 15570 .908  14.700 16550 1126 4
100 15630 «308  14.500 17120 1181 4
100 15800 .508  15.30C 22500 1471 2
100 19820 .908 15,000 25100 1673 4
100 19880 .908 14,100 32600 2312 4
100 19740 .908 13.800 33880 2455 2
100 15620 .908 13,300 54270 4080 2
100 16750 908  13.400 68210 5090 1
100 19650 .908 12.300 83740 6308 2
100 19620 +908 12.200 S0420 7411 2
100 19620 .908  12.000 115700 9642 2
100 15630 .908 11.20¢C 187200 16714 1
100 20080 .908  10.300 201800 19592 2
100 20170 .908 10.300 241800 23476 2
100 19750 908 10.900 274200 25156 1
100 20000 .908  10.300 547700 53175 1
100 29400 «925 54,000 29780 551 2



-124-

FLUID E

TEMP. PRESS. DENSITY VISCOSITY SHEAR SHEAR CAFILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SQ.CM.) (SEC-1)

100 29590 «925  36.C0C 592000 16444 1
100 29400 .925  49.C00 37210 759 2
100 26340 $925 45,600 71610 1570 2
100 26280 0625 43,300 94750 2188 2
100 26280 .925  40.100 103400 2579 2
100 26590 «925 44,400 17200 2414 1
10C 29660 0925 40,300 123100 3055 1
100 29590 «925  37.100 168900 4553 1
100 26030 «925 33,500 240200 7170 2
100 256530 «925 34,400 318200 9250 1
100 26590 .925 35,700 534800 14980 1
100 39240 . 943 174 15550 90 4
100 36590 . 943 122 470400 3872 1
100 35240 +943 174 23910 137 4
100 39860 «943 178 57580 324 2
100 36860 +G43 160 75750 474 2
100 35860 « 943 161 87280 543 2
100 36740 «943 154 86550 581 1
100 36710 0943 156 15700 679 2
100 36740 . 943 153 166200 694 1
100 35860 .943 143 157900 1107 2
100 36710 «943 128 218800 1716 2
100 39740 .943 120 255700 2136 1
100 36560 0943 113 278900 2459 2
100 39740 «943 116 27200 2562 1
100 50530 . 961 516 105400 204 1
100 50370 . 961 372 617300 1659 1
100 50370 .961 446 142500 320 1
100 45980 . 961 463 143400 310 2
100 46900 961 400 243800 610 2
100 50370 .961 389 480000 1234 1
210 0 « 809 .180 0 0 150
210 0 . 809 124 36200 291935 ?
2190 0 .809 .153 3440 22484 3
210 0 « 809 o141 18100 128369 2
210 1C410 . 849 478 2309 4831 4
210 10550 . 849 414 1590 18333 4
210 10410 .849 e 452 3604 7973 4
210 10410 . 849 e 448 5840 13036 4
210 20200 .878 1.130 2GC33 1799 4



-125-

FLUID E

TEMP. PRESS. DENSITY VISCOSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

{DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SC.CM.) (SEC-1)

210 20390 .878 . 850 34860 41012 4
210 15820 .878 1.110 3641 3280 4
210 20130 +878 2991 1217 1283 4
210 20130 .878 904 10620 11748 4
210 20130 .878 868 11490 13237 4
210 20070 878 .861 19920 23136 4
300 0 JT77 «073 0 0 150



7TEMD,

(DEG. F) (PSIG) (6M/CC)  (POTSE) (DYN/SQ.CM.) (SEC-1)
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FLUTD F
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FLUID 6

TEMP,  PRESS, DENSTITY VISCOSITY =~ SHEAR SHEAR CAPILLARY
STRESS RATE  NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SQ.CM.) {SFC-1)

ke n .904 .798 n 9 300
190 0 .9n4(.390) ,272 153009 411290 12
100 n .94 . 706 3440 4873 2
10n ) LA04  JANG 181090 29957 3
100 n 004 L5570 29n00 50877 1
100 0 -1 VA W512 £ 680N 130469 2
100 4] . 0N 4?3 133000 314421 2
oo o «904 (281) 208 246000 798701 12
100 A L99% W 593 192800 208519 Y
100 n 004 AS 192000 411135 1

170 o) 904 L 410 32 8000 800000
100 10230 . 235 2.749 96172 3508
100 117970 . 034 1.620 633400 290988
100 1N6178 .83 2,760 12290 4453
100 1nonn . 936 24480 15930 6423

N N e

170 105°0 935 2,750 16300 5927
107 10869 (934 2,779 24540 8859
10 17220 L0935 2,340 24820 10697

100 10310 .93 2,050 43082 21015
107 17019 .36 2,170 47240 21770

- NN PP

100 10380 <034 2,000 58230 28827
100 17240 .934 1.980 61780 11202
101 17381 934 2,020 65580 32465

171 17127 024 2.030 66470 32744
107 1n3cn . 936 2.N10 92240 45891

N = N

100 18n6n .9 36 2.020 105700 52327
100 17717 «935 1.840 143700 78098
1n3 10207 ,934  1,R50 194000 104865
170 117657 .935 1.740 301700 173391

10N 17450 . 9256 1,720 514400 297341

| e r-!.- o  onad

107 20017 ,960  11,600 12400 1069
100 19450 «9AN T.610 929800 122181
107 16680 ,967 11,150 14840 1331
101 20200 « 96N 10,800 16810 1601
100 27140 L9640 10,500 23620 2250

1
{H-P!Nv-:

177 19680 .960  10.500 23660 2253

100 19680 967 - 9,840 34120 3467
100 19620 .96N 9.250  4D26D 4352

170 19560 .960 8.790 67840 7718
100 19567 . .967  8.900 75210 8451

NN N N[




~128=

FLUID G

TEMP.,  PRESS. DENSITY VISCOSITY  SHFAR SHEAR CADILLARY
STRESS  RATE  NUMRER

ADEG. F) (PSIG) (GM/CC) (POISE) (DYN/SQ.CM.) (SEC-1)

100 19520  .940 8,600 90460 10519
100 19440 YY) B.540 121600 14239
100 19440 <960 8,710 172600 21548

109 1934D <950 7. 890 186400 23625
100 19880 «967 B.620 231500 26740

e N NI NI N

100 19880 L9860 8,260 346200 41913
100 19579 .950 8,730 475500 54457
100 19570 960 2,779 521200 77450

210 0 . Rb66 127 ) 5 15§
210 N o864 . 092 36000 292585

N D) et e e

210 .0 «B66 o101 7200 71287
210 ) « 865 .195 18100 189727
210 9980 .9n5 .782 4350 15426
219 10090 . 94N .61 18440 70651
21n 10250 . 905 .300 4613 15377

s RS I Y

211 - 99¢1 .05 « 248 6962 28173 ?
210 9945 .905 «239 9279 38787 2
219 10280 .908 e 262 9943 37806 4
210 9945 .905 236 11019 4kA52 2
210 10250 . 905 o264 1106N 41894 4
210 11370 «9RN o267 13177 49324 4
210 1004Q0 . 98" . 249 Q228 370410 1
210 19620 .933 <685 _.5367 _ 7835 2
210 19829 . 923 .388 152100 302010 1
210 19620 . 923 e 636 9157 14129 ?

210 20010 9133 £48 12460 19223
210 19550 .933 59N 12650 21641
210 19829 .0133 635 14817 23323

21019620 933 .547 19257 35192
210 19629 2933 <509 22760 44715

NS = 0 N

210 19680 .933 <481 3nngn 62534
219 19940 .933 503 36949 73479
210 19880 .9023 YA 49080 111405
210 19880 CEE Y 89730 223209

__300 9970 -881 131 517 3947

i e N0

300 20390  ,913 0242 15172 6258%
300 9934 381 <134 1007 7515
300 10950 .881 <127 2199 17315
300 10410 .881 <103 5317 61339
300 10410  .881  L103 7016 69117

N N S




-129-

FLUID G

TEMP, PRESS, DENSTITY VISCDSITY SHEAR SHEAR CAPTLLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SQ.CM.) (SEC-1)

300 10410 881 « 100 156210 152100 4
300 20200 .913 296 1907 6443 4
300 20390 «913 «296 3032 10243 4
300 0 «835 « 053 n 0 150



-130-

FLUID H

TEMP. PRESS. CENSITY VISCCSITY SHEAR SHEAR CAPILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (cCM/CC) (POISE) (CYN/SC.CM.) (SEC-1)

100 0 «836 « SC7 ) c 3co
210 0 . 796 .84 0 C 1CC
300 0 136 .C31 0 C 150
100 0 . 836 « 881 6EEN 7809 3
100 0 836 « 890 12750 8286¢ 1
100 0 « 836 «SC5 2C5C00 22€516 1
150 16220 « 869 74250 4449 614 4
100 102690 « 865 6.5909 €454 335 4
100 1C3GC 869 6.€8C 1365¢C 2043 4
100 1€220 «869 6.64C 45 €320 €502 4
100 1€220 «869 6.71C 46290 €895 4
100 1C260 «869 7.040 4GC00 6560 4
10¢ 15€50C « €54 37.40C €125 180 4
100 16630 894 36.600 15C60 377 4
190 165C0 « 894 37.600 ¢113n 722 4
190 155C0 «8G4 39.000 38ECC S1¢C 4
100 16380 «894 38.708 43C170 1113 4
10¢ 1S€70 « 8594 38.30C SECOC 2480 1
102 16870 « 894 39.00¢C 114€00 2544 1
1006 1<87¢C «894 38.61C 128C00 3548 1
100 16870 «894 38.6CC 17440C 4518 1
120 15579 894 34.90C glélce 23384 1
100 2S410 «Gll1 182 2CCs¢e 111 4
190 26240 2911 188 28Con 202 4
1¢C 25280 «Gll 161 36¢10 206 4
100 26780 911 196 51€S0C 263 4
102 26519 «911 15C 1€Ccon 526 1
102 268410 « 511 181 280C0C 1378 1
102 26849 911 174 340C00 1854 1
122 2¢56C «911 16C $2C700 5824 1
100 36740 «9390 1142 2EELCC 252 1
100 3€810 «930 1163 c57C0n 823 1
100 36430 « 630 1C5¢€ 1C17¢00 961 1
210 0 « 796 187 32340 38391 3
210 C « 196 .82 1240 88293 2
219 0 « 796 +C8S 18100 203311 2
210 0 « 136 .088 3€200 411364 2
210 1€22¢ « 837 « 336 4S75 1467¢ 4
219 1C140 . 837 341 G€43 28865 4
210 1C14¢ « 837 «333 11660 3591¢ 4



-131=

FLUID H

TEMP.  PRESS. DENSITY VISCCSITY  SHEAR SHEAR CAPILLARY

STRESS RATE  NUMBER

(DEG. F) (PSIG) (GM/CC) (PCISE) (CYN/SQ.CM.) (SEC-1)

210 15870  .853  1,20C 4170 3475 4
210 15540  .853  1.200 5178 4315 4
210 15870  .853  1.230 €450 527¢ 4
210  TS8T0 853  1.150 7459 6486 4
210  1$870  .853 1,170 12160 11248 4
210 19870  .853  1.100 14700 13364 4
210 29530 .876 3,380 €295 1862 4
210 29590  .876  3.40C 1505 2207 4
210 25470 J876 3,260  TI3€00 34847 %
'210  2547C  .876  3.340 125260 37515 4
210 29470  .876 3,300 145€00 44182 4
210 25400  .876  3.260 165400 50736 4
210 39270 .900  9.800 12800 1306 4,
ZI0 39350 1900 T10.000 14700  T&T00 &
210 39270 .900  9.50¢C 18060 1824 4
210 35430  .900 10.500 23800 22617 4
210 394300 .900 10,500 26360 2510 4
210 35430  .900  10.400 28€20 2152 4
210 3%430  .900 T10.600 31800 3000 4



-132-

FLUID 1

TEMP. PRESS. DENSITY VISCCSITY SFEAR SHEAR CAFILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (PCISE) (CYN/SC.CM.) (SEC-1)

100 0 «G57 192 N n 1CO
210 Q « 506 « 30€ e 0 200
390 n <864 o157 n C 1¢C
100 0 « 657 «832 6880 8269 3
100 0 «G57 . 814 144¢0 17785 2
100 0 G517 . 80C 432400 5425C 2
100 0 957 o €37 49¢C0 56256 2
100 1C439 1.020 2.57C 3056 1186 4
100 1C€390 1.020 24527 4€62 1850 4
100 10330 1.020 2. €0C 2704 2154 4
100 1¢3¢cn 1.€20 2.52¢C 1305 2899 4
100 1€260 1.C020 2.51C 15480 6161 4
100 1C220 1.020 2.380 16150 1038 4
100 16350 1.020 2.48C €2130 21120 1
100 1C350 l.220 2.27¢C CEEED 40866 1
100 1C35¢ 1.020 «38C 1CeECC 44748 1
100 10350 lL.020 2.28C 11€£00 51574 1
100 2C22¢0 1.050 5.59(C 4C05 T1¢€ 4
100 20220 1.C59 5036C 4265 8l4 4
199 20229 1.050 5.55C 523 S6C 4
100 2016C l1.C5¢C 5¢34( 11240 2108 4
100 20090 1.059 5.41C 15840 2628 4
100 2C060 1.050 5.13¢C 121230 23€45 1
100 20060 1.050 5.18C 2140 3888 1
100 2CCID 1.050 5.32C ¢18sn 411¢ 1
100 3C€370 1.C8C 12.CaC 114C00 S500 1
100 30400 1.080 11.600 163500 14095 1
100 3C24C 1.£80 10.60C 281400 26541 1
100 30370 1.C80 11.20¢C 3celce 6195 1
109 40420 1.110 26.40C €127 194 4
10¢C 40420 1.110 25.5CC CEES 387 4
100 40420 1.110 25.80C 12100 492 4
100 4C420 1.110 26.,20C 16370 625 4
100 4C590 1.110 26,200 21£6¢C 1C52 4
100 40130 1.110 25.20C 147207 £84l1 1
100 4C13¢0 1.110 23.50C 1£28cCC €486 1
100 401390 1.110 23.400 320000 13615 1
100 513590 1.140 58.3CC 1€e6¢e00 2858 1
100 515190 l.140 61.30C 215¢00 3522 1
100 5135¢C 1.14C 59.€00 2€£EQC 4500 1



-133-

FLUID I

TEMP, PRESS. CENSITY VISCCSITY SHEAR SHEAR CAFPILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (CYN/SG.CM.) (SEC-1)

100 51350 1.140 57.20C 214500 5505 1
10C 56979 1.160 124 17Cs00 1380 1
100 56E1¢C 1.160C 112 ¢713200 2426 1
100 56730 1.160C 108 2€1€00 3348 1
100 5865¢C 1.160 116 3€5€00 3197 1
100 71370 1.180 371 20€1C0 556 1
19¢C 71371 1.180 368 259800 705 1
100 112C0C 1.180 31¢ £2CE(C0 1389 1
109 71370 1.180 3658 705C00 1629 1
100 81430 1.2C0 G592 2G6€200 301 1
100 81270 1.200 546 280200 401 1
10¢ 81430 1.20n0 G565 418900 434 1
210 C « 506 «312 18100 58013 2
210 0 «906 .288 26200 125694 2
210 0 «906 «312 £4000 173077 2
210 1C430 976 1.020 c238 2194 4
210 1C470 «576 1.08¢C 4C04 3707 4
210 1C47C 976 1.C5¢C 4435 4224 4
210 1C470 «976 1.C00 £169 5165 4
210 1CE50 « 576 «G8C 1C€170 1088¢ 4
210 1C51¢C «G76 °54C 14220 15234 4
210 20250 1.C20 2.13C 3692 1874 4
210 20290 1.020 2.(SC €105 2921 4
210 2C290 1.020 2.C00 17190 8595 4
210 2C290 1.02¢ 1.65¢C 17¢00 5026 4
210 2C350 1.020 1.870 19£80 1C471 4
210 513590 1.110 11.€0C 10¢70 868 4
210 51350 1.110 11.€0C 15350 1323 4
210 51350 1.110 11,.70¢C 18220 1557 4
210 51190 1.110 11.€0C a7¢1¢ 3234 4
210 51190 1.110 11.80C 3817130 3282 4
210 5135¢ 1.110 12.10C 4C190 3321 4
21C 11600 l.160 33.40C 650S 201 4
210 71430  1.160 32,400 11770 363 4
210 71430 l.160 30.700 124€9 406 4
210 71430 1.160C 32.50C <1110 650 4



=134~

FLUID J

TEMP. PRESS. DENSITY VISCGSITY ShEAR SHEAR CAFILLARY
STRESS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (POISE) (DYN/SC.CM.) (SEC-1)

100 0 1.230 «95¢ 0 0 300
210 0 1.170 169 0 0 150
100 0 1.230 2968 3440 3554 3
100 0 1.230 «598 8600 8617 3
100 0 1.230 1.040 3€200 34808 2
100 0 1.230 1.060 5400 5094 2
100 0 1.230 1.020 71800 76392 2
~100 10360 1,290  4.46C 5870 1316 4
100 10340 1.290 4.37C 6600 1510 4
100 10160 1.290 44290 S604 2239 4
100 10160 1.290 4.22C 9844 2333 4
100 10320 1.290 4.100 9652 24217 4
. 100 8962 1.290  4.100 13730 3349 4
100 10120 1.290 4,270 19020 4454 4
100 10430 1.290 4.630 38560 8328 1
100 10470 1.290 4.51C 53360 11831 1
100 10470 1.290 4.430 8€300 19481 1
100 10470 1.290 4,220 1€0500 23815 1
100 20080 1.330 16.500 4524 274 4
100 20080 1.330 16.700 5700 341 4
100 20170 1.330 16.400 27350 1668 4
100 20210 1.330 17.200 36160 2137 4
100 20220 1,330 15,200 541750 3602 1
100 20280 1.330 16.C00 86800 5425 1
100 20220 1.330 15.40C 117100 7604 1
100 19710 1.330 15.40C 152000 9870 1
100 20410 1.330 14.500 253900 17510 1
100 20380 1.330 14.400 216500 21919 1
100 20350 1.330 14.100 400000 28369 1
100 30010 1.360 53.800 10170 189 4
100 30070 1.360 52,600 13540 251 4
100 29940 1.360 51.700 17680 330 4
.-100 29940 1.360 52,600 . 18770 357 4
100 30560 1.360 55.70C 116000 2083 1
100 30500 1.360 50.400 153500 3054 1
100 30460 1.360 49.300 242900 4909 1
100 30430 1.360 52.800 354800 6720 1
100 40290 1.380 182 214300 1127 1
100 40130 1.380 182 3€4S00 2005 1
100 40210 1.380 178 39600 222 1



-135-

FLUID J

TEMP. PRESS. DENSITY VISCGSITY SHEAR SHEAR CAFILLARY
STRFSS RATE NUMBER

(DEG. F) (PSIG) (GM/CC) (PCISE) (DYN/SC.CM.) (SEC-1)

100 4C290 1.380 180 442600 2459 1
100 40290 1.380 184 122300 3926 1
2100 40130 1.380 176 167700 612 1l
100 51190 1.410 720 267700 372 1
100 51350 1.410 - 122 310400 430 1
210 0 1.170 «173 . 3440 19884 3
210 0 1.170 « 157 8€00 54771 3
210 103990 1.2690 <686 4075 5940 4
210 10350 1.260 «691 6040 8741 4
210 10430 1.260 « 675 10020 14844 4
210 10430 1,260 «648 13100 20216 4
210 20730 1.290 1.840 4066 2210 4
2190 20480 1.290 1.690 5866 3471 4
210 20800 1.290 1.720 12730 7401 4
210 20730 1,290 1.750 12900 1371 4
210 30240 1.320 3.560 9806 2754 4
210 3C0240 1.320 3.650 13250 3630 4
210 30270 1.320 3.640 15240 4187 4
210 40260 1.360 8.900 21940 2465 4
210 40260  1.360 8.820 22200 L2511 4
210 40780 1.360 8,890 26100 2936 4
210 40940 1.360 8.860 29820 3366 4
210 40780 1.360 8.730 31070 3559 4
210 51350 1.390 18.200 11840 651 4
210 51350 1.390 18.100 12100 669 4
210 51680 1,390 18.100 14520 802 4
210 51510 1.390 19.000 24840 1307 4
210 51510 1.390 19.000 32740 1723 4
210 62120 1.410 37.000 11000 297 4
210 62120 1.410 38.100 12030 __ 316 4
210 62120 l.410 36.900 21340 __141 4



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations are presented in two
sections. The first section considers the experimental equipment while
the second considers fluid behavior. Both of these sections summarize
the discussion in previous chapters and then recommendations are made

concerning future work.

A, Experimental Equipment

A unique two-way high pressure capillary viscometer was
proven to produce accurate viscosity measurements at pressures from
10,000 to 80,000 psig, temperatures from 100 to 300°F, and over a shear

6

stress range from 300 to 1.2 x 10 dynes/cme. The system accuracy was
verified by comparing measured low shear viscosity-pressure data with
previously reported data on a chemically well defined fluid (bis-2-ethyl
hexyl sebacate). The two sets of viscosity data differed by less than
2 percent. As a result of this research, a useful system has been
developed which can measure viscosities from 1.0 to 100,000 centipoise.
The equipment is designed for a maximum pressure of 100,000
psi and is presently capable of producing viscosity measurements at this
pressure provided the viscosity is less than 100,000 centipoise at this
pressure and room temperature. Higher viscosities could be measured if

1 could

the system is modified such that shear rates less than 100 sec”
be measured. The minimum measurable shear rate could be reduced if the
period of steady flow through the capillary could be increased by in-

creasing the duration of constant pressure in the low pressure hydraulic

~-136-
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system. In order to achieve long constant pressure periods (greater than
thirty seconds) in the hydraulic system, some mechanical system should
replace the present hand-actuated pumps.

The temperature of the experimental fluid in the capillary sec-
tion can presently be varied from approximately -50 to 450°F. The
temper ature of the fluid in the high pressure reservoirs, however, can-
not be adequately controlled at this time. This inability led to pre-
mature gelation of the petroleum olls examined. As a result, the maximum
pressure was limited to 50,000 psig for the paraffinic based fluids and
to 20,000 psig for the naphthenic based fluids. Since gelation occurs
when some constituents in the fluid solidify at certain combinations
of temperature and pressure, it can be prevented by controlling the
temperature of the experimental fluid outside the constant temperature
bath. An attempt was made to prevent gelation by heating the appropriate
sections with electrical heaters. This effort was unsuccessful because
of inadequate instrumentation. An automatic temperature sensing and
control system could be designed which would solve the gelation problem.

Considerable effort was expended in an unsuccessful attempt
to evaluate the elastic energy stored in the petroleum oils at elevated
pressures. The two major reasons for the inability to obtain the neces-
sary data were (1) equipment limitations and (2) the small magnitude of
the elastic energy.* In order to evaluate the elastic energy (recover-
able shear strain) it is necessary to obtain constant shear rate viscos-

ity data from capillaries with different length-to-diameter ratios.

*
The existing system is capable of measuring large elastic energies,

Sp > 5.0, at elevated pressures.
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Even though constant shear rate data are required, the experimental
shear stress range for each capillary is the limiting factor. Thus
the maximum shear stress obtainable for the longer of the two gapil-
laries must be increased, and similarly, the minimum shear stress
obtainable for the shorter capillary must be decreased. The corrected

shear stress at the capillary wall, r 2 s defined by Equation (1k)

TCOI‘

in Chapter II is

AP-KEC
Teorr = L+ L/D (14)

where AP 1is the measured pressure differential across the capillary,
KEC 1is the kinetic energy correction, and L/D is the capillary length-
to-diameter ratio. Since the maximum AP is used when the maximum
shear stress is sought, the only way to increase the shear stress is to
use a capillary with a amaller length-to-diameter ratio. Thus the maximum
shear stress for the longer of the two capillaries can only be increased
by using a capillary with a smaller length-to-diameter ratio than the
one previously employed. The minimum measurable shear stress for the
shorter capillary can be decreased by either decreasing the minimum
measurable pressure differential or by increasing the capillary length-
to-diameter ratio. This latter suggestion is not desireable because

it is advantageous to use capillaries-with as large a difference in
their length-to-diameter ratios as possible. Thus decreasing the mini-
mum measurable shear stress is the best method. This decrease can be
achieved if the sensitivity of the differential pressure measurements

is increased by increasing the amplifier gain settings or by increasing

the differential pressure tranéducer excitation voltages from six to
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twelve, or even twenty-four, volts. Therefore, by using capillaries
with length-to-diameter ratios of 25 and 11, instead of the ratios of
50 and 11 used in this work, and by also increasing the sensitivity of
the differential pressure measurements, it should be possible to evalu-
ate the recoverable shear strain at elevated pressures in the fluids
examined.

The noise level in the differential pressure transducers was
acceptable but could possibly have been reduced further. The following
three measures may or may not accomplish the desired results:

1. twist all pairs of wires where possible,

2. obtain a better ground,

3. ground cable shields, avoiding ground loops.

This first item may reduce the noise level because twisting pairs of wires
tends to cancel the induced voltages. The existing common electrical
ground in the laboratory is sufficient from a safety viewpoint, but in-
adequate for noise suppression. Therefore, a ground point as close as
possible to the equipment should reduce the noise level by significantly
reducing the path resistance from the equipment to ground. All the
transducer cables are shielded but the shields are not grounded. Ground-

ing the shields should also reduce the noise level, if done properly.

The major difficulty in achieving noise reduction via this method is
the very high probability of ground-loops which may increase the noise
level. The major objective in grounding the complete system is to start

from a common ground and work radially outward.
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B. Fluid Behavior

The viscosity of ten well defined fluids was measured in a
capillary-type viscometer at pressures up to 80,000 psig, temperatures

6 dynes/cmg.

of 100, 210, and 300°F and shear stresses from 300 to 1.2 x 10
In addition to the fluid used to verify the accuracy of the system, the
nine additional fluids were: (1) a paraffinic base oil (A), (2) A plus
four percent polyalkylmethacrylate (5.6 x 10 weight average molecular
weight), (3) A plus eight percent polyalkylmethacrylate, (4) A plus four
percent polytertiarybutylstyrene (3.9 x 107 weight average molecular weight),
(5) Naphthenic base oil (B), (6) B plus four percent polyalkylmethacrylate,
(7) polybutene (409 Number average molecular weight), (8) dimethylsilo-
xane (82.6 cp. at 100°F), and (9) trifluoropropylmethylsiloxane (81.3 cs.
at 100°F). Data correlation and presentation techniques were also investi-
gated in order to facilitate comprehension of the significant trends and
interrelations among the fluids examined.

The experimental data indicate the following general trends:

1. The flow curves show that the basic behavior of a fluid is
not affected by temperature or pressure unless gelation occurs. Six of
the fluids exhibit a Newtonian behavior at all temperatures and pressures
examined. The other four fluids are non-Newtonian at all temperatures
and pressures.

2. Straight line relations are obtained on the ASTM viscosity-
temperature charts for all fluids when pressure and shear stress are

constant.
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3. The viscosity-pressure relations for the silicones are
basically different than the viscosity-pressure relations of the other
fluids examined. The viscosity-pressure curves for the silicones pos-
sess inflection points while similar curves for the other fluids do not.

L. The flow curves for the non-Newtonian fluids show that
the viscosity is constant in a low shear stress range (initial Newtonian
region) and then begins to decrease with increasing shear stress. The
shear stress value at which this temporary viscosity loss begins seems
to be independent of pressure and temperature. This temporary viscosity
loss also seems to begin near a line of constant energy input, i.e. a
line of constant éhear—stress shear-rate product. No permanent viscosity
loss was observed in these fluids.

The various amounts of polyalkylmethacrylate (PAMA) added to
the paraffinic base oil resulted in the following effects being observed.

1. The slopes of the viscosity-pressure curves (or viscosity-
pressure coefficient*, a) decreased with polymer content at atmospheric
Pressure while they increased with polymer content at 50,000 psig. Thus
the viscosity-pressure curves approached straight lines with increasing
polymer content.

2. The viscosity of the polymer blends decreased less with
increasing temperature than the viscosity of the base oil.

3. The elastic energy stored in the fluids at high shear
stress increased with polymer content. A measure of the elastic energy

1s the recoverable shear strain which was negligible, or nonexistent,

Q

il
T i
O/IO/
g =
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for the base oils at atmospheric pressure, 100°F, and the shear stress
range examined. For the same temperature and pressure, the recoverable
shear strain was also negligible for the polymer blends at shear stresses
less than 107 dynes/cm2° However, the recoverable shear strain was
measurable in the polymer blends for higher shear stresses. The four
percent PAMA blend had a recoverable shear strain of 7.2 at a shear stress
of 3.0 x 10° dynes/cm2 and a shear rate of 7.6 x 107 sec'l, while the
corresponding value for the eight percent PAMA blend was 10.1 at a shear
stress of h.b x 10 dynes/cm2 and a shear rate of 5.9 x 10° sec™t. It

is not possible to evaluate the recoverable shear strain at elevated
pressures with the existing data. But these high pressure data do indi-
cate that the recoverable shear strain is negligible (i.e. Sy < L) at
shear stresses less than 107 dynes/cmg.

4. Some of the constituents in these paraffinic based fluids
solidified at room temperature and pressures above 50,000 psig and thus
gelation prevented viscosity measurements above this pressure.

The following differences were noted between the data for the
paraffinic base oil blended with four percent polyalkylmethacrylate (PAMA)
and the data for the same base oil blended with four percent polyalkyl-
styrene (PAS).

L. The slopes of the viscosity-temperature and the viscosity-
pressure curves for the four percent PAS blend are greater than the cor-
responding slopes for the four percent PAMA blend.

2. The recoverable shear strain is 6.5 for both the PAS and
the PAMA blends at atmospheric pressure, 100°F and a shear stress of

2.6 x 10° dynes/cmg.
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3. Gelation also occurred in these fluids at room temperature
and pressures above 50,000 psig thus limiting the viscosity measurements
to pressures of 50,000 psig or lower.

A comparison of the data for the paraffinic and naphthenic
base oils and the data for these oils blended with four percent polyalkyl-
methacrylate (PAMA) indicates the following trends.

1. Gelation of the naphthenic based fluids occurs at pres-
sures greater than 20,000 psig at room temperature while gelation does
not occur in the paraffinic based fluids at room temperature until the
pressure exceeds 50,000 psig.

2. At atmospheric pressure, the viscosity of the naphthenic
based fluids is less than the viscosity of the corresponding paraffinic
based fluids and the viscosity of the former also decreases more with
temperature than the corresponding paraffinic based fluids.

3. The wviscosity-pressure coefficients for the naphthenic
based fluids are greater than their paraffinic based counterparts.

L. The recoverable shear strain is greater for the naphthenic
blend (15.5 at a shear stress of 2.5 x 107 dynes/cmg) than for the para-
ffinic blend (7.2 at 3.0 x 107 dynes/cmg).

The experimental data for the four synthetic fluids indicate
the following behavior.

1. Gelation did not occur in any of these fluids and there-
fore the maximum pressure at which viscosity measurements were made was
limited by the smallest measurable shear rate.

2. The diester (bis-2-ethyl hexyl sebacate) has the lowest
viscosity-pressure coefficient of the ten fluids examined while the

polybutene has the largest viscosity-pressure coefficient.
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3. The polybutene also has the largest viscosity-temperature
coefficient*, VIC, of the ten fluids and therefore has the largest change
in viscosity with temperature.

L. The dimethylsiloxane has the smallest viscosity-temperature
coefficient and hence the smallest change in viscosity with temperature.

5. The viscosity-pressure curves for the two siloxane fluids
are basically different than similar curves for the other eight fluids
because the curves for these two fluids possess inflection points while
similar curves for the other eight fluids do not.

The viscosity data for the Newtonian fluids can be adequately
presented by constant temperature lines on viscosity-pressure curves.

The viscosity data for the non-Newtonian fluids cannot be adequately
presented on a single curve.

The analytical correlation methods surveyed for Newtonian
fluids were unsatisfactory because they were either difficult to employ
or were only applicable to relatively low pressure data. The generalized
non-Newtonian technique as presented by Wright(go) was shown to be appli-
cable to high pressure viscosity data but it could not be generalized
to include the effects of temperature and pressure. The reduced variables

(14)

technique presented by Philippoff could not be successfully applied
to the data obtained in this research.

The high pressure data for the petroleum oil-polymer blends
examined indicate that the temporary viscosity loss is not large for the

shear stress range investigated. The polymers used in this research were

in the relatively 1low to medium molecular weight range. Therefore,

* .
VIC = (1 - pp1o/k100)p
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if subsequent data prove that the elastic energy is not large at shear
stresses outside the range examined, there is a possibility that it may
be more desirable to use a larger quantity of low molecular weight poly-
mer to obtain a given low shear reference viscosity than to use a smaller

quantity of high molecular weight polymer.



APPENDIX A

FLUID DESCRIPTICNS

The following table summarizes the experimental fluids used
in this research. The remaining pages in this appendix contain the

descriptive data supplied with the fluids.

EXPERIMENTAL FLUIDS

Letter Description
A Diester-Plexol 201 bis-2-ethyl hexyl sebacate
B Paraffinic Base Oil R-620-12
C B + 4% polyalkylmethacrylate
D B + 8% polyalkylmethacrylate
E B + 4% polyalkylstyrene
F Naphthenic Base 0il R-620-15
G F + 49 polyalkylmethacrylate
H Polybutene LF-5193
I Dimethylsiloxane
J Trifluoropropylmethylsiloxane

-146-
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FLUID CHARACTERIZATION

Symbol: A
Type: bis-2-ethyl hexyl sebacate

Source: Rohm and Haas Company

Property

Viscosity at 210°F, cs

Viscosity at 100°F, cs

Viscosity at -65°F, cs

Viscosity Index (ASTM D-974)
Neutralization Number (ASTM D-974)

Cloud Point (ASTM D-2500)°F

3.32

12.75
7988
150

0.02

below -65



Symbol: B and F

-148-

Types:  Paraffinic (B) and Naphthenic (F) Base Oils

Source: Sun 0il Company

Fluid B

Viscosity at 100°F (cs) 33.33
Viscosity at 210°F(cs) 5.336

SUS/100 156.2

sUs/210 h3.7h
Viscosity Index (ASTM D-2270) 102
Flash Point (°F) L1o
Fire Point (°F) k70
Pour Point (°F) 5
Refractive Index 175k
Density at 68°F (gm/cc) .8596
Molecular Weight 401
Percentage of Carbon atoms in aromatic rings2 4.0
Percentage of Carbon atoms in naphthenic ring52 28.0
Percentage of Carbon atoms in paraffinic ring52 68.0
Percentage of Carbon atoms in aromatic rings3 4.0
Percentage of Carbon atoms in naphthenic ring53 27 .4
Percentage of Carboﬁ atoms in paraffinic rings3 68.8
Average number of aromatic rings per molecule3 0.20
Average number of naphthenic rings per molecule3 1.59
Average number of total rings per molecule3 1.79

1

Inst. Petroleum, 32, 133-61, 1946,

2

F
2L, 06
3.728

115.2
38.59

213
315
365
-5
1.5085
9157
305
21.5
36.0
La.s
20.3
3k.5
bsg.2
0.77
1.7k

2.51

Calculated from viscosity data using the method of A. E. Hirschler, J.

Obtained using the Viscosity-Gravity Constant and the Refractivity

Intercept using the method of $.85. Kurtz, Jr., R.W.XKing, W.J. Stout,
and D.J. Gilbert, from a paper, "Relationship between Carbon Type Com-
position Viscosity-Gravity Constant and Refractivity Intercept”,
presented before the Petroleum Div., ACS, Sept., 1955.
3 Calculated using the n-d-M method of structural group analysis of
of mineral oil fractions of Van Nes and Van Westen, "Aspects of the
Constitution of Mineral 0Oils", Elsevier Publishing Co., Inc. 1951.
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Symbol: (None; used as additive in C, D, G)
Type: Polyalkylmethacrylate

Source: Rohm and Haas Company

The polymer had a viscosity average molecular weight of 560,000
and was in solution with a paraffinic hydrocarbon very similar to fluid
B in this investigation. The solution contained 36.1 percent polymer and
had a viscosity of 796 cs at 210°F. The percent additive reported in

Table III (i.e. 4 or 8%) was the percent polymer in the final solution.

Symbol: (None; used as additive in E)
Type: Polytertiarybutylstyrene

Source: Dow Chemical Company

The polymer had a weight average molecular weight of 375,000
as determined by an ultracentrifuge method. The polymer was supplied
in solution with a paraffinic hydrocarbon similar to Fluid B. The solu-

tion contained 25% polymer. Fluid E contained 4% polytertiarybutylstyrene

polymer.
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Symbol: H
Type: Polybutene

Source: American Oil Company

Figure Al shows the molecular weight distribution of this fluid

as determined by a gel-permeation chromatograph.

Viscosity: 0°F, c¢s/SSU 18836/86740
100°F, cs/SSU 109/505
210°F, cs/SSU 10.6/61.6

Viscosity Index (ASTM D-2270) 87

Flash Point, COC, °F 300

Unsaturation by Hydrogenation, % 91

Density at 25°C, gm/cc. 0.8443

Molecular Weight (No. average) . 409

Symbol: I and J
Types:  Dimethylsiloxane (I) and Trifluoropropylmethylsiloxane (J)

Source: Dow Corning Corporation

Fluid 1 J
Viscosity: 100°F, cs 82.6 81.3
210°F, cs 33.1 14.3
Flash Point, °F 575 500
Freeze Point, °F -67 -55
Density at 25°C, gm/cc 0.968 1.23

Molecular Weight 7000 4000
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APPENDIX B

EXPERIMENTAL EQUIPMENT

B.1 Operating Procedure

The following list briefly outlines the steps necessary to
operate the high pressure viscometer and associated electronics used in

this research. Explanations of the steps follow when necessary.

Operating Procedure Check List

I. Clean and Fill Viscometer Test Section and Reservoirs
II. Calibration
A. Pressure Level Transducer (at atmospheric pressure)
1. Excite transducer and turn on galvanometer No. 3.
2. Null output signal by balancing wheatstone bridge circuit.
3. Select sensitivity and calibration switch positions.
4. Record zero position.

5. Push red calibration button and record calibration signal
(Table B3).

B. Differential Pressure Transducers (at each elevated pressure
level)

1. Excite ftransducers and null output signals by balancing
wheatstone bridge circuits.

2, Select sensitivity and calibration switch positions.
3. Turn on galvanometers No. 1 and No. 2.
L. Record zero position.

5. Push red calibration buttons and record calibration signal
(Table B2).

C. Displacement Transducer

Step IT A. automatically calibrates this transducer.

-152-
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III. Data Acquisition
A, Obtaining Pressure Level

1. Turn off galvanometers No. 1 and No. 2 and battary excita-
tion switches for the differential pressure transducers.

2. Increase static pressure to desired level with by-pass
level open.

B. Viscosity Data

1. Set visicorder timing switch to desired position and select
visicorder paper speed.

2. Set displacement transducer sensitivity switch (SSM) to
desired position and set galvanometer No. 4 signal at a
convenient position by adjusting micrometer head.

3. Close by-pass valve.

4. Excite differential pressure transducer No. 1 and null
output as before.

5. Repeat step 4 for pressure transducer No. 2.
6. Turn on visicorder paper drive.

7. Record zero position of pressure transducer No. 3 by
temporarily pushing the black zero button.

8. Move traversing piston.
.C. Reset procedure
1. Turn off paper drive and galvanometers No. 1 and No. 2.

2. Open by-pass valve until the deviation amplifiers are
almost saturated.

3. Reposition galvanometer No. 4 (displacement signal).

4. Repeat steps B3 through B8.
The preceeding list shows that there are only two basic steps in using
the existing electronic control box. The first step is calibration
of the transducers and the second is adjustment of the transducer out-

puts at elevated pressures to obtain data.
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Calibration is accomplished in two parts. The first part

calibrates the pressure level transducer as well as the displacement
transducer and the second part calibrates the differential pressure
transducers. The first part, which determines the voltage of the battery
used to excite both the pressure level transducer (No. 3) and the dis-
placement transducer, is accomplished by nulling the output signal from
the pressure level transducer at atmospheric pressure. Next the sensi-
tivity and calibration switches (883 and CS3) are set at the desired
positions. Finally the zero position and calibration signal are recorded.
These latter signals are obtained by pushing the red calibration button
for pressure transducer No. 3. The second part of the calibration pro-
cedure determines the coefficients for the differential pressure trans-
ducers which are a function of the amplifier gain settings and the
excitation battery voltages. This calibration procedure is identical

to that for the calibration of the pressure level transducer except that
it should be followed at each pressure level to insure that the gain of
the amplifiers has not changed with time.

The positions of the sensitivity switches, (SS1 and SS3), the
positions calibration switches, (CS1 and CS3), and the calibration
signals (deflections of galvanometers No. 1, 2 and 3) are used as input
data to the data reduction computer program (See appendix C1).

The data reduction computer program is written such that there
is no need to calibrate any of the pressure transducers at more than one
position of the sensitivity switch. The program only needs the displace-
ment transducer excitation voltage and output signal in order to calculate

the translating piston displacement. Since the voltage of the battery
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which excites both the pressure level transducer and the displacement
transducer is determined in the pressure level calibration, there is no
need to calibrate the displacementltransducer,

Once the calibration data has been obtained, the collection of
viscosity data can begin. It is important to turn off galvanometers No.
1 and No. 2 before the pressure level 1s increased because of their ex-
treme sensitivity. Permanent damage to the galvanometers may result
if this step is omitted. The excitation voltage to pressure transducers
No. 1 and No. 2 should also be removed before the pressure level is in-
creased, otherwise the amplifiers will become saturated.

The pressure level should be set at a value slightly less than
desired because the pressure will increase when the by-pass valve is
closed. The rest of the operating procedure is straight-forward and
only one step requires additional comments. The translating piston is
moved in step B8. This motion should be made in such a manner that the
pressure drop (galvanometer signals No. 1 and No. 2) across the capil-
lary remain constant. Care must be exercised not to saturate the devia-

tion amplifiers when a large pressure drop is sought.

B.2 Instrumentation

B.2.a Measurement Error

The error analysis section, (Chapter III, Section E), discussed
the major possible error in the measurement of the galvanometer signals.
In this section other less important error sources are discussed as well
as the accuracy of the pressure transducer calibration data and the ac-

curacy of the calibration constants.
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The measurement of the transducer signals were made from the
edges of the galvanometer traces. This method eliminated the necessity
of accurately locating the center of the 0.050 inch wide trace. Other
possible errors inherent in this method were (1) measurements made from
opposite edges of the galvanometer trace, and (2) measurements made from
the wrong reference line. These minor errors were obviously eliminated
by exercising sufficient care.

The position of the reference lines for the differential
pressure signals could be affected by variations in the amplifier char-
acteristics. The amplifier gain and zero drift were the two character-
istics which had to be closely watched. The gain was checked by recali-
brating the amplifier signals after every series of runs at a given
pressure level. The zero drift was minimized by allowing at least one
hour warm up time and only using short time intervals for data collection.

The following discussion of the equivalent pressure values for
the calibration resistors assumes that the pressures produced by the
Ruska Model 2400 dead weight gage were exact. This assumption is accept-
able because, as mentioned in Chapter III, the possible error in the
pressure, approximately 0.2 psi, could not be accurately detected by
the existing instrumentation at normal gain settings.

With the above assumption, the equivalent pressure values for
the calibration resistors were evaluated and recorded in Table B2 of
the next section. The accuracy of these values only depended upon the
accuracy of the galvanometer displacement measurement. From Figure Bl

it is seen that the equivalent pressure, P is:

eq ’
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CALIBRATION PRESSURE

UPPER BOUND

EQUIBLIRIUM PRESSURE

LOWER BOUND //

6¢ =CALIBRATION PRESSURE
SIGNAL

6¢ = CALIBRATION RESISTOR
SIGNAL

€ = POSSIBLE ERROR IN
MEASUREMENT

~1 s-]:]« ——I e-l; e)—

GALVANOMETER DEFLECTION

Figure Bl. Typical Pressure Transducer Calibration Curve.



. . (8¢)
= )
eq C (60)
(8ete)
(Peq)max = Do (5 -€) ’
c
(ae—e)
and <Peq)min = P (5 +¢) ’
ote
where (Peq)max = upper bound of P, ,
(Peq)min = lower bound of P, ,
P, = calibration pressure, (psi),
60 = galvanometer signal produced by PC s (inches),

8e = galvanometer signal produced by the calibration
resistor, (inches), and

€ = possible error in any displacement measurement,
(inches). :

Thus it can be shown that the true equivalent pressure is less than

e[l +3,/5.]

R - <y

100

above Peq and less than

e[l +5,/8,]
(8/3:)(1 + ¢/8.)

100

%

below P,y. Table Bl shows that the possible error in the equivalent

9

pressure values for all pressure transducers is less than one percent.
It should be noted that the estimated possible error of the

displacement measurements was 0.0l inch instead of the 0.02 inch value

mentioned previously. The reason for the increased accuracy is that

€ = 0,02 inch is a maximum estimated value for normal data acquisition.

For the calibration measurements however, the reference points were con-

stantly checked, thus eliminating one possible source of error.
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TABLE Bl

PRESSURE TRANSDUCER CALIBRATION DATA

Pressure Transducer No. 1 No. 2 No. 3
Transducer Function Differential Pressure
Pressure Level
Sensitivity Switch Position n b 4
Calibration Switch Position 3 3 5
Calibration Resistor® (ohms) 20 M, 20 M. 75 K
Calibration Pressure, P, (psi) 150.0 150.07" {12,000
Calibration Pressure Signal, &, (inch) 3.72 3.98 3.50
Calibration Resistor Signal, & (inch) 1.33 1.51 3.37
Estimated Possible Error, (inch) 0.01 0.01 0.01
Possible Error in 8e Measurement (%) 0.75 + 0.66 + 0.296
Equivalent Pressure, P, (psi) 53.6 56.9 11,500.
Upper Bound, (Pgo)ay Tpsi) Sh.1 57.4 |11,600.
o
Lower Bound, (Peqlpyi, (psi) 53.1 56.4 |11,500.
Possible Equivalent Pressure Error (5) 0.93 + 0.88 + 0.43

Resistors most frequently used for calibration

The reference pressure level was 10,030 psi and the calibration
pressure difference was obtained by increasing the pressure level
to 10,180 psi.

*KX¥

This transducer is not linear over the complete calibration range.
Therefore derived equations are not correct, but they do give an
adequate approximation of the error bounds.
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Now that the error in the equivalent pressures has been evalu-
ated, the accuracy of the calibration constants can be determined. For
the three pressure transducers, these three constants converted the gal-
vanometef deflections to voltages, which were then used with the manu-
facturers calibration data to obtain the desired information. In the case
of the displacement transducer, the calibration constant was used to
convert the galvanometer displacement directly to the displacement of
the translating piston.

For the three pressure transducers, the accuracy of this method
was checked by using the galvanometer deflections, obtained from the
calibration pressure signals, as computer input data. The calculated
values were then compared with the values of the calibration pressure.

In all cases, the error in the calculated values was within the measure-
ment error of the galvanometer calibration signals.

Since this checking procedure verified the accuracy of calibra-
tion constants, it was assumed that for the three pressure transducers
the accuracy of the galvanometer signals were equal to the accuracy of
the equivalent pressure values.

These calibrations constants for the differential pressure
transducers were a function of the excitation voltage, amplifier gain,
and attenuation resistor magnitude. Therefore, these constants were re-
calculated frequently. The constant for the pressure level transducer
was only a function of the excitation voltage and attenuation resistor.
Therefore, only the excitation voltage had to be determined. This was
accomplished using the calibration resistor signal. This method of
determine the excitation voltage was verified by a vacuum tube voltmeter

which was calibrated with a standard cell.
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The calibration constant for the displacement transducer was
only a function of the excitation voltage and attenuation resistor. Since
the same battery was used to excite both the pressure level transducer
and the displacement transducer, it was not necessary to recalculate this
constant. This method was verified by‘comparing the calculated displace-
ments with the known displacement of the micrometer head. The calculated
values were within the possible error of the calibration signal measure-
ments. Thus for the displacement transducer, the accuracy of the gal-
vanometer signal was equal to the accuracy of the excitation voltage

calculation.

B.2.b Transducer Details and Calibration Data

i, Pressure Transducers

The three strain gage pressure transducers were manufactured
by the Advanced Technology Division of American-Standard. The following
four pages contain a technical data sheet for a typical transducer and
the manufacturer's calibration data for the three transducers.

As mentioned in Chapter III, Section C, the two goals of the
calibration procedure were (1) to check the accuracy of the manufacturer's
data where possible and (2) to determine equivalent pressures for the
calibration resistors. The pressure source was a Ruska Model 2400 dead
weight gage which has an upper limit of 12140 psi. A Heise bourdon tube
gauge was used to extend the calibration range of the pressure level
transducer because it was not accurate enough to calibrate the differen-

tial pressure transducers.
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34 14

PERFORMANCE>
BRIDGE Four active arms RESONANT FREQUENCY  Approx. 45,000 cps
COMBINED NON- Less than 1.0% of full scale by best straight PRESSURE LIMIT 150% F.S. for static pressures
IH|NSE1%IESYI é\ND line drawn through calibration curve Full scale for dynamic pressures
RY BT Within 0% of FS. NEGATIVE PRESSURE Usable to full vacuum
Epstuno 1 'f ": SAALL BURST PRESSURE Above 200% F.S.
RESOLUTION Miinite EXCITATION Recommended 10 volts DC or AC
ACCELERATION EFFECT  Less than 0.1% of F.S. per ""G”, all planes Maximum 17 volts DC or AC
VIBRATION EFFECT Irllsensitive from 50 to 2000 cps to 100 “G", 3 COOLING AIR 2 cfm at 15 to 20 psig clean, dry air
planes MATERIAL 347 stainless steel diaphragm and
TEMPERATURE RANGE - I65° to 300°F. uncooled; 2000°F. (gases) 17-4 PH stainless steel body
7ER0 PRESSURE QUTPUT 600 edh o - 34 BRIDGE Uncompensated. Maximum voltage output
+
i Less than = 2% of FS. — 35 BRIDGE Voltage compensated. Single shunt calibration
THREAD TEMPERATURE ~ 300°F. maximum resistor: ﬁ%gg o:ms, %g:/o l;g
THERMAL ZERO SHIFT—Lossthan L.02% F.5. . chnge 12200 ohms, 28% 13
° to 200°F.
— 36 BRIDGE Voltage compensated, Bridge input symmetrical,”
THERMAL SENSITIVITY Less than 0.02% F.S./°F. change External calibration resistor values not speci-
SHIFT (0° to 200°F.) fied.
ORDERING
CATALOG NUMBER SELECTION TABLE
BRIDGE MOUNTING THREADS
TYPE MAXIMUM IMPEDANCE F.S. QUTPUT
BASIC | COOLING § PRESSURE INPUT AT10V. MOUNTING § DIAPHRAGM
MODEL ORDER (psig) ORDER AS SHOWN EXCITATION § ORDER TORQUE ORDER
NO. NO. ORDER NO. NO. | OUTPUT % 10% (MV) NO. DESCRIPTION | (FT-LB.) NO.
114 -1 20,000 — 34 350 + 10% | 32 minimum | —13 1-1/16-16 42 — 61
air-cooled | 30,000 -3 350+ 2% 30 + 2% UN-2A (347 S8
or 50,000 — 36 350+ 2% | 30+2% welded)
-3 60,000
uncooled
-3 100,000
uncooled
114 —~3 — 50000 —34 —13 — 61
EXAMPLE ORDER NUMBER AS SELECTED FROM TABLE
EXAMPLE AS WRITTEN: 114-3-50,000-34-13-61
It is requested that the full six-part catalog number be used when ordering
PIN IDENTIFICATION ACCESSORY EQUIPMENT
CABLES (12 FT.) AND CONNECTORS
CABLE NUMBER
A = Signal (4) BRIDGE CONNECTOR
B = Signal (—) TYPE COOLED UNCOOLED NUMBER
~ bxeitation (—
¢ = buhation | +; 3 1922 1912 510092
£ — External Shunt | — 35 ~35 1921 1911 51009-1
F — External Shunt ¢ Bridge | —36 1922 1912 510092
only
Amzrican-Standard

ADVANCED TECHNOLOGY DIVISION
MONROVIA INSTRUMENTS DEPARTMENT

1401 SO. SHAMROCK AVENUE
MONROVIA, CALIFORNIA

Phone (2!3) 359-9317
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'e“ American-Standard

ApbvANceED TECHNOLOGY DivisioN
MONROVIA INSTRUMENT DEPARTMENT
1401 SOUTH SHAMROCK AVENUE o MONROVIA, CALIFORNIA 81016
AREA CODE 213 359-9317

CALIBRATION RECORD #/
Model No.: 114-1-100,000-34-13-61 Serial No. : 8458
Sensitivity: 8.159 MV/V Excitation: 10V_AC/IC
Input Resistance: 349.0 Pressure Range: 0-100,000 PSI
Mounting Torque: 42 Ft. ILbs. Coolant Inlet Pressure: 20 PSIG Flowing
Non-Linearity and Hysteresis Combined B, S. L.: .76 %F.S.
Input PSI Output in %
%Rated Pressure | Increasing | Decreasing
0% 0 -.07
10% 8.80 8.48
20% 18.85 18.55
40% 39.12 38.70
60% 59.37 59.16
80% 79.87 79.79
100% 99.95 L

PIN IDENTIFICATION

A = Signal E+)

B = Signal (—) .

C = Exctation () Calibrated by: _Little~& Zeeve
D = Excitation (+) RME

E = External Shunt | = 35 Inspected by: &

F = External Shunt B;':lg‘

Date: 3-23-66

AMERICAN RADIATOR & STANDARD SANITARY CORPORATION
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/g
\4@;—) AmEerican-Standard

ApbvaNceDp TecHNoLOGY DivisioN
MONROVIA INSTRUMENT DEPARTMENT
1401 SOUTH SHAMROCK AVENUE o MONROVIA, CALIFORNIA 91016
AREA CODE 213 359-9317

CALIBRATION RECORD

*#2

Model No.: 114-1-100,00-34-13-61 Serial No, : 8481
Sensitivity : 8.080 MV/V Excitation: 10V AC/DC
Input Resistance: 350.1 Pressure Range: 0-100,000 PST
Mounting Torque: 4o Ft. Ibs. Coolant Inlet Pressure: 20 PSIG Flowing
Non-Linearity and Hysteresis Combined B, S. L.: .49 %F.S.
Input PSI Output in %
%Rated Pressure | Increasing | Decreasing
0% 0 -.10
10% 9.53 9.15
20% 19.20 19.13
40% 39.03 39.2k
60% 59.15 59.49
80% 79.1k 79.72
100% 100.02 -—

PIN IDENTIFICATION

aed A
A = Signal (+)
= Signal (— . .
g = g;%ri‘:ati(on)(—-) Calibrated by: Devenport & Little
D = Excitation (4)
e E = External Shunt | — 39 Inspected by: @
8 F = External Shunt ( Bridee
A only L-1-66
ned Date:

AMERICAN RADIATOR & STANDARD SANITARY CORPORATION
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N
D) B Standard
y RICAN -,
CIP/ AN ADVANCED TECHNOLQGY LABORATORIES DIVISION
DATA INSTRUMENT DEPARTMENT
360 WHIBSMAN ROAD * MOUNTAIN VIEW, CALIFORNIA
SUNNYVALR PLANT

PHONE: 4153 9668-4481 TWX: 408 737-0083
CALIBRATION RECORD #3
Model No.: 114-1-100,000-34-13-61 8erfal No. : 7627
Sensitivity : 9.240 MV/V Excitation: 10V
Input Resistance: 351, 8 ohms Pressure Range: 100,000 PSIG
Mounting Torque: 42 ft, lbs, Coolant Inlet Pressure: _20 PSIG

Non-Linearity and Hysteresis Combined B, 8. L.: 1,02 % F.8,

Input P8I ‘ Output in
Rated Pressure | Increasing | Decreasing
0% 0 -.03
10% 11, 94 11.41
20% 22,05 21,44
0% 41,90 41, 55
80% 61, 40 61,30
80% 80. 60 80, 40
100% 100. 00 -~
PIN IDENTIFICATION
o, R o e = baiion () Calibrated by: Nicolai & Little
VR 0 = Excitation (4)
- - -3 . Zd !z!z
ke E = g:::::: ss:::: }9;‘::« Inspected by: .
A ’ Date: May 24, 1965

AMERICAN RADIATOR & STANOARD SANITARY CORPORATION
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The differential pressure transducers, No. 1 and No. 2, were
each calibrated at five different pressure levels, 3030, 4930, 5030,
10030, and 12030 psi. Table B2 contains a summary of the calibration
data. Figure 9, Chapter III, shows that the assumption of a constant
slope for the pressure-output curve between 10,000 and 12,000 psi is

correct.

TABLE B2

DIFFERENTIAL PRESSURE TRANSDUCER CALIBRATION SUMMARY

Transducer No. 1

Calibration Switch Position (C81) 1 2 3 b 5 6
Calibration Resistor 80M Lom 20M 10M 5M 2.5M
Pressure level (psi) Equivalent Pressure Difference (psi)

3030 15.75 31.5 62.k4

4930 14.75 29.25 58.5

5030 14.50 29.2 58.3 115. 225. L63.
10030 13.2  26.5 53.6 106. 218. L32.
12030 13.2  26.5 53.5

Transducer No. 2

Calibration Switch Position (CS1) 1 2 3 L 5 6
Calibration Resistor 8oM Lom 20M 10M 5M 2.5M
Pressure level (psi) Equivalent Pressure Difference (psi)

3030 15.75 31.75 64.75

4930 14.75 29.75 60.3

5030 4.7 29.75 60.0 120. 248. ho6.
10030 1h.L 28,8 56.9 11k, 222, W3,

12030 4.4 28.8 56.8
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Table B3 contains a summary of the calibration data for the
pressure level transducer while Figure B2 contains the pressure versus
galvanometer deflection curve for the maximum instrumentation sensitivity
(8S3 = 4). Figure B? contains the pressure versus galvanometer deflec-

tion curves for all four instrumentation sensitivities.

TABLE B3

PRESSURE LEVEL TRANSDUCER CALIBRATION SUMMARY

Calibration Switch
Position (CS3) 1 2 3 L 5 6

Calibration Resistor 1M 301K 150K 100K 75K 30.1K

Equivalent Pressure 750 2800 5630 8500 11500
(psi)

i1i. Displacement Transducers

The two displacement transducers were manufactured by the
Sanborn Division of the Hewlett-Packard Company. Calibration was
achieved by plotting the galvanpmeter deflection versus core deflection.
Figures B4 is a typical calibratidn curve. This figure shows that the
output signal becomes non-linear for large core displacements. The
problems associated with non-linearity were avoided by only operating

in the linear range.



PRESSURE (X I0° psi)

14

12

o

@

o

H

-168-

-
B 75 K=11,500 psi
—— 100 K = 8500 psi
B — 150 K =5630 psi
— —— 301 K=2800 psi
¥ — 1 M=750 psi
| l l 1
0 10 2.0 3.0 40

GALVANOMETER DEFLECTION
(inches)

Figure B2. Pressure Level Transducer Czlibration Curve.
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Figure B3. Pressure Level Transducer Output Signal Curve.
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GALVANOMETER
DISPLACEMENT

MICROMETER
DISPLACEMENT

Figure BL. Typical Displacement Transducer Calibration Curve.
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B.2.c Electronic Circuits

This section contains schematic circuit diagrams for the
instrumentation control box and equivalent circuits for all transducers.

The following is a list of figures presented in this section.

LIST OF FIGURES IN SECTION B.2.b

Figure Title

B5 Instrumentation Block Diagram

B6 Instrumentation Control Box Panel

BY Transducer Cables——Schematic Diagrams

B8 Deviation Amplifier Cables--Schematic Diagrams

B9 Visicorder and Battery Cables--Schematic Diagrams

B10O Control Box Schematic--Differential Pressure Transducer Circuits
B11 Control Box Schematic-~-Differential Pressure Transducer

Circuits (Continued).

Bl12 Control Box Schematic--Pressure Level and Displacement
Transducer Circuits.

Bl3 Equivalent Circuit for Differential Pressure Transducers
Blk Equivalent Circuit for Pressure lLevel Transducer

B15 Equivalent Circuit for Displacement Transducer

Figure B5 shows the general block diagram for the instrumenta-
tion. The transducer connectors are not numbered, but all connectors

on the control box and visicorder are numbered. _TFigure B5 should be
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Figure BS.

Instrumentation Block Diagram.
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referred to when studying figures B6 through Bl2 in detail because
the control box connector numbers are consistent in all figures.

Figure B6 is a photograph of the control panel and shows the
position of all control knobs, switches, and lights. Tables B2 and B3
summarize the values of resistors and their corresponding equivalent
pressure signals for the two calibration switches CS1 and CS3.

Figures B7, B8, and B9 are self explanatory and require no
further comments. TFigures BLO and Bll are the schematic diagrams for
the differential pressure transducer circuits in the instrumentation
control box. These circuits have been divided into two figures for
clarity. When studying these figures, it should be kept in mind that
the circuits for both differential pressure transducers are identical,
but physically and electrically isolated. Figure BlO contains the
portion of the circuits from the transducer cable connections (No. 1 and
No.2) to the DC amplifier input connectors (No. 9 and No. 10). The
balance potentiometers, excitation voltage connector (No. 5) and the
calibration resistors are also included. Figure Bll contains the por-
tion of the circuits from the DC amplifier output signals (connectors
No. 9 and No. 10) to the visicorder connector (No. 6). The attenuation
resistors and filter capacitors are also included.

Figures BlO, Bll, and Bl2 all contain indicator light circuits.
A single transformer provides the six volt AC source. The red lights
indicate when the excitation voltage is applied to each transducer. The
white warning lights indicate when the galvanometers are activated.

Figure Bl2 contains the complete circuits for both the pressure

level transducer and the displacement transducer.
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Figure Bl2. Control Box Schematic - Pressure Level and Displacement

Transducer Circuits.
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Figures B13, Bl4, and Bl5 are the equivalent circuits for
the transducers. For the differential pfessure transducers, the rela-
tion between the transducer output, (% of total), AE, and the galvano-
meter deflection & is:

R
) a 1 1 3 (Rsl 1
AE . = =< |R. + 18.2(——— + 1 + L] 100 + {281 + 1=
o K{ a 120 )]Cﬁsv %) 120 sv}

where K = £(V, Ry, Ry, G) (determined from calibration data)
V = excitation voltage
Ry = attenuation resistor
R:; = amplifier input impedance
G = amplifier gain
Sy = galvanometer voltage sensitivity (in/mv)

Si = galvanometer current sensitivity (in/pa)

For this circuit,

5, = (.125) 12000/12028.6 = .124703 (in/mv)

and

S = (4.37) 12000. (28.6 + 136) = 4.070098 (in/pa)
V12000 (28.6 + 119.6 + 18.2) + 28.6 (18.2 + 119.6)

The relation between the transducer output EO3 and the galvano-

meter deflection & for the pressure level transducer can be reduced

to
E03 = 100 K3 5/(9.24 V) %
where K3 = f(Ra) (determined from calibration data)
R, = attenuation resistor
V = excitation voltage (volts)
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R, =65.4 Q2

A
o

350n§

Figure B15. Equivalent Circuit for Displacement
Transducer.
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For the displacement transducer, the relation between the

core displacement and the galvanometer deflection is:

d=1K, V5

where: d = core displacement (inches)

K, = f(R,) (determined from calibration data)
Rg = attenuation resistor

V = excitation voltage (volts)

& = galvanometer deflection (inches)

B.2,d. Visicorder Oscillograph

A Honeywell visicorder oscillograph Model 906C was used to
simultaneously record the signals from all for transducers. This model
can record up to 14 channels of data at frequencies from DC up to 5000
cps. It contains a high-pressure mercury vapor light source, mirror
galvanometers, timing light, an optical system and a paper transport

system. Table B4 contains a summary of the galvanometer data.
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TABLE B.k

GALVANOMETER INFORMATTION

Channel® 1 2 3 L
Galvanometer M+0-120A  M4O-120A  MLO-350A  MLOO-350
Nominal Undamped
Natural Freq. (cps) Lo 4o Lo 100
Flat Frequency 0-24 0-24 0-2k4 0-60
Response (cps)
Required External
Damping Resistance 120 120 350 350

(ohms)
Nominal Coil
Resistance (ohms) 28.6 28.6 61.0 65.4
Current Sensitivity

(in/pa) .125 .125 .2h3 .158
Voltage Sensitivity

(in/mv) b.37 4.37 4.00 241

W o

* Channel Transducer

differential pressure
differential pressure
pressure level
displacement



APPENDIX C

DATA REDUCTION COMPUTER PROGRAM

C.1 Program Objectives

This program was written to convert the raw experimental
data to useful quantities such as test fluid pressure, pressure dif-
ference across the capillary, shear stress, shear rate, kinetic energy

correction, Reynolds number, entrance length, and finally the viscosity.

C.2 Program Description and Equations

The first data card read into the computer was a remark card
which could contain any comment punched between columns 1 and 72, in-
clusive. This had to be the first data card and no additional comment
cards were allowed. The second data card contained the capillary dimen-

sions and transducer calibration data in the following manner.
*
D= .xxxx, L = x.xxxx, CALI(0) = x,%,%x,x, CALF(0) = X.XX,X.XX,X.XX

where D and L were the capillary diameter and length respectively.
The first two quantities in the CALI vector were the integers SS1 and
C31 which were the sensitivity and calibration switch positions for the
differential pressure transducers. The third and fourth guantities in
the CALI vector were the integers SS3 and CS3 which were the sensitivity
and calibration switch positions for the pressure level transducer.

The quantities in the CALF vector were the floating point numbers DELL,
DEL2, and DEL3 which were the calibration signals from the three pres-
sure transducers. The computer used this information to calculate the
transducer excitation voltage V3 and the coefficients K1 and K2.

-187-
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The next data card was repeated for each data run until new

calibration data was to be read.
*
DATAI(O) = x,X,%, DATAF(0) = X.XX,X.XX,X.XX,X.XX,X.XX, -1.0 RUN NUMBER

The variables in the DATATI vector were the integers SS1, SS3, and SSk,
the sensitivity switch position for the displacement transducer. The
variables in the DATAF vector were the floating point numbers DEL1l, DEL2,
DEL3, DEI4, TIME and CALDAT. The first four elements were the galvano-
meter deflections which represented the output signal of the various
transducers. The fifth element, TIME, was the time interval in seconds,
during which the displacement transducer signal, DELY, was obtained.
The last element in the DATAF vector, CALDAT, was a dummy variable which
signaled whether or not the next data card contained calibration data.
If new calibration was to be read, this variable was set equal to 1.0,
otherwise it could be omitted from the list, or could contain any number
less than zero. The fluid density RHO was also included in this list
if the assumption of RHO = 50 1bm/ft3 was not sufficient. The last item
on this card, RUN NUMBER, was any desired identification in columns 61
and 72, inclusive.

After the calibration data had been used to calculate the
necessary coefficients and the experimental data had been read, the
computer calculated the desired quantities.

First the pressure level, P3 , was calculated.
P3 = PRESS.(V3) (psi)

The internal function PRESS used three variables to determine the
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percent output of the pressure level transducer, EO3.
EO3 = 100 * XK3(SS3) * DEL3/(9.24 * V3) (%)

This value was used with appropriate constants given by the manufacturer's

calibration data to determine the pressure level, P3 .
P3 = PI3 + DPDE3 ¥ (EO3 - EI3) (psi)
The displacement of the translating piston, DISPL , was
DISPL = SENSL(SSL) * V3 * DELM (in)
The flow rate through the capillary was
Q = PI * .hg % .4g/k. % DISPL/TIME (ind/sec)
The average velocity in the capillary, V , was
V=q/(PL ¥ D * D/L.) (in/sec)
The kinetic energy correction, KEC , was
KEC = RHO * V % V/(32.2 % 14k, % 1hk,) (psi)

As mentioned previously, the program assumed a density RHO of 50 lbm/ft3
unless RHO was included in the input data.

Next the pressure drop across the capillary was calculated. The
pressure levle determined the slope of the Pressure-Output curves for the
differential pressure transducers. The output of each transducer,

DEl and DE2, was then calculated and finally the corrected pressure

drop across the capillary, DELTAP.
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DELTAP = .ABS. (DPDEL * DEL - DPDE2 * DE2) - KEC (psi)

The pressure drop and capillary geometry were then used to determine

the shear stress at the capillary wall.

TAU = DELTAP/(4. * L/D) (psi)

TAUDYN = 68950. * TAU (dyn/cmg)

The Newtonian shear rate, or apparent shear rate, at the capillary wall

was

NSRATE = 32. * /(PI * D.P.3) (sec™t)
Thus the apparent viscosity was
VISC = TAU/NSRATE (Lbf.sec/ing)
VISCP = 68950. * VISC (poise)

The Reynolds number was

REYN = RHO * V % D/VISC

The Boussenesq relation was used to determine the ratio of entrance

length~-to capillary length.

LEOL = .065 ¥ REYN * D/L

Then the results were printed. Finally, the next data card was read

and the necegsary calculations repeated.
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C.3 MAD Symbol Definitions

Symbol

CALDAT

CALF

CALT

Csl
CS3

DATAF

DATATL
DEL
DE2

DELL

DEL2

DEL3

DEL4

DELPCL

DELPC2

DELTAP
DISPL

DPDEL

Definition

Dummy variable = 1.0 if next data card contains calibration
data. Otherwise, it can be omitted.

Vector containing the floating point calibration data DELL,
DEL2, DEL3.

Vector containing the integer calibration data SS1, CS1, 583,
Cs3.

Position of calibration switch No. 1, input data.
Position of calibration switch No. 3, input data.

Vector containing the floating point input data DELL, DEL2,
DEL3, DELL, TIME, CALDAT.

Vector containing the integer input data SS1, SS3, ssh,
Output of Pressure Transducer No. 1 (%)
Output of Pressure Transducer No. 2 (%)

Deflection of Galvanometer No. 1, Pressure Transducer No. 1
output signal. input data (in)

Deflection of Galvanometer No. 2, Pressure Transducer No. 2
output signal. input data (in)

Deflection of Galvanometer No. 3, Pressure Transducer NO. 3
output signal. input data (in)

Deflection of Galvanometer No. 4, Displacement Transducer
output signal. input data (in)

Vector containing calibration data for Pressure Transducer
No. 1.

Vector containing calibration data for Pressure Transducer
No. 2.

Pressure drop across capillary. (psi)
Displacement of transversing piston (inches)

Slope of Pressure-Output curve for pressure transducer No. 1

(psi/%)
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Symbol Definition

DPDE2 Slope of Pressure-Output curve for pressure transducer No. 2
(psi/%)

DPDE3 Slope of pressure-output curve for pressure transducer No. 3
(psi/%)

D Capillary diameter, input data (inches)

E3C Vector containing calibration data for pressure transducer
No. 3

EI3 Output of pressure transducer No. 3 corresponding to pressure

values on manufacturer's calibration data (%)

EO3 Calculated output of pressure transducer No. 3 (%)
HEAD Vector used to contain information on remark card.

K1 Quantity used to calculate DEL

K2 Quantity used to calculate DE

K3 Vector containing coefficients for EO3 calculation.
KEC Kinetic Energy Correction (psi)

LEOL Ratio of entrance length-to-capillary length. (in/in)
L Capillary Length, input data (inches)

NSRATE Newtonian shear rate at capillary wall (sec.'l)

P3 Pressure Level (psi)

PI3 Pressure values given on manufacturer's calibration data for

pressure transducer No. 3. (psi)

PI Program constant = 3.1415926

PUNCH Boolean variable = 1B if punched card output is desired.
input data

QL Integer used for list TAUSAV

Q2 Integer used for list VISAVE

Q Volumetric flowrate (in3/sec.)

REYN Reynolds Number
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Symbol Definition
RHO Fluid Density (Llbm/ft3)
RS1 Vector containing values of series resistors in pressure

transducers No. 1 and No. 2 electrical circuit (ohms)

RUN Vector containing identification in columns 60 through 72
inclusive

SENSK Vector containing coefficients for displacement transducer.

oIl Current sensitivities for galvanometers No. 1 and No. 2
(in/a) ‘

Ssl Position of sensitivity switch No. 1, input data

S93 Position of sensitivity switch No. 3, input data

SV1 Voltage sensitivity of galvanometers No. 1 and No.z (in/mv)

TAUDYN Wall shear stress (dyn/cme)

TAU Wall shear stress (psi)

TAUSAV List contain values of TAUDYN

TIME Time obtained from visicorder trace. (Sec)

V3 Excitation voltage for pressure transducer No. 3 and displace-
ment transducer (volts)

VISAVE Iist containing values of VISCP
VISCP Apparent viscosity (poises)
VISC Apparent viscosity (1bf sec/ing)

\ Average fluid velocity in capillary (in/sec)
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C.4h Program Listing

esssoHIGH PRESSURE VISCUSITY PROGRAM <ecee

REFERENCES CN
PARAMETER PI{3.1415626),S11(.124703), SV1(4.C70068)
EQUIVALENCE (CALF{(0)sDATAF(C)sDEL1)+(CALF(1).DEL2)+{CALF(2),
1 DEL3),(DATAF(3),0EL4), (DATAF(4),TIME) {CATAF(5),CALDAT),
1 (Ql,TAUSAV),(Q2+VISAVE)»(DATAL(0)sSS1)y(DATALI(1)+5S53),
I (DATAI(2)4554)
DIMENSION CALF(2)DATAF(5),TAUSAV(30C),VISAVE(300)
INTEGER CALI(3)DATAI(2)4RUNI1)+Q19Q295519553,5549CS1,CS3,KEAD(12
1)
BOOLEAN PUNCH

VECTOR VALUES RS1(1)=301CCC.y100000.+420CC.»15C0C.

VECTOR VALUES DELPC1{1)=1242+26¢5¢53.241C6.421849432.

VECTOR VALUES DELPC2{1)=14449284E956.691140922209443.

VECTOR VALUES SENS4{1)=0.001398+0.03635,0.02€+0.00899,0.00253,
1 C.0C005€1904CC62940.004CE9C.(012840.C0C238

VECTOR VALUES E3C(1)=.8%9€+342396.8391C.15913.53,33.2

VECTOR VALUES K3(1)=8.6595.42+3.50,42.25

eeoeees INTERNAL FUNCTICONy PRESSURE CALCULATICN.cese

INTERNAL FUNCTIGON PRESS.(VV)
EO3 = 100. *K3(SS3)#DEL3/(S.24%VV)
WHENEVER EC3.CE.8C.6
EI3=€0.6
PI3=€000C.
DPDE3=20C000./(10C.~-€0.60C)
OR WHENEVER EC3.Ct.€l.4
EI3=¢€1.4
PI3=€00CC.
DPDE3=2000C./{80.60-61.4C)
OR WHENEVER EC3.GE.41.S
EI3=41.S
PI3=4000C.
DPDE3=20000.7/(€1.40-41.50)
CR WHENEVER EQ03.G6E.22.(5
EI3=22.05
PI13=2000C.
DPDE2=2000Ce/{41.9C-22.05)
OR WHENEVER E03.GE.1ll.54
ElI3=11.94
PI3=1000CC.
DPDE3=1000C./(22.C5-11.54)
CTHERWISE
EI3=C.0
PI3=C.0
DPDE3 = 10C00./11.54
END OF CCONDITIONAL
P3=PI3+DFDE3*{ECZ-EI3)
FUNCTION RETURN P2
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END OF FUNCTICN
RHO=50.

SETECF.(PLGT)

PUNCH=08

C1=C

Q2=C

READ FGRMAT $12Cé6#%$,HEAC(1)...HEAD(12)

PRINT FCRMAT $1H1,510,12C6//%$,HEAD{1)...REAL(12)

eeees TRANSOUCER CALIBRATICN:aass
eeees s PRESSURE LEVEL TRANSCUCER (NCe3)eecee

NEWCAL READ DATA PUNCHDyLyCALI(C)=SS1,CS14552,CS24CALF(0)=DELL,
DEL2,DEL3*

CALCAT=-1.0

SS1=CALI(0)

CS1=CALI(1)

$S3=CALI(2)

CS3=CALI(3) |

V3 = 100.%K2(SS3)#*DEL3/(S.24%E3C(C53))

esee o DIFFERENTIAL PRESSURE TRANSODUCERS(NCel ANC Z2)ecssne

P3=PRESS.(V3)

DEL = 0.001005 * DELPCL(CS1)

DE2 = C€.000967 ¥ CELPC2(CS1)

Kl=({RS1(SS1)+418.2%(RS1(SS1)/120.+1.))*{.C8332/SVi+1./S5I1)%*
1 +001 +#{RS1(SS1)/120.+1.)/Svl) * DEL1/DE1

K2 = K1 * DE1/DEL]1 * DELZ2/0Ec

PRINT FORMAT CNE-SS39CS3,CEL31V3v$51vCSlyCEL]yDEL21K11K29p31L:DQL/U'
1 RHO

eees s VISCOSITY CALCULATICNS ¢esee

NEWDAT LOOK AT FORMAT $560,2C6%$,RUN(C) sRUN(1)
READ DATA DATAI(0)=S519883,5S84, DATAF(C)=DEL1,DEL2,DEL3,
1 DEL4TIME,CALCATX RUN NO.

SS4 = DATAI(2)

P3=PRESS.{(V3)

WHENEVER P3.Gt.80C0C.
DPDE1=2000C+/{55.55-75.87)
DPDE2=2000C./1(1C0.02-79.14)

OR WHENEVER P3.GE.600CC.
DPDEL1=2000C+/1{75.€7-59.27)
DPDE2=20C00./(75.14-59.15)

OR WHENEVER P3.GE.4COCC.
DPDE1=20C0C./(56.37-3G.12)
DPDE2=2CC0C./(56.15-39.C3)

OR WHENEVER P3.GE.200CC.
DPOE1=20C0C./139.12-18.85)
OPDE2=20C0C./(3S.C2-19.20)

OR MWHENEVER P3.GE.979C.
DPDE1=10C0C./(1E.E5-8.8C)
DPDEZ=1000C./(15.20-9.53)

OR WHENEVER P2 .GE. 490C. .ANC. P3 .LE. 51CO0.
OPDE1=1.1%10020./(18.85-8.80)
DPDEZ=1.032%10CCC./{19.20-9.53)



PLCT

Pt oot i Pt s

e

-196-

CTHERWISE
PRINT COMMENT $ CIFFERENTIAL PRESSURE TRANSCUCERS AR
E NCT CALIBRATED AT THIS LEVELS
PRINT RESULTS P2
TRANSFER TC NEWLAT
END CF CONDITIONAL
DISPL = SENS4{SS4)*xV3*0EL4

Q=P I*.4S%,4G/4 . %DISPL/TIME

NSRATE = 32.%C/{(PI*L.P.2)

V=Q/(PI1*D*D/4.)

KEC=RHO*V%V/(322.,2%144.%144.,)
DEL1=1.0/K1*({RS1(SS1)+18.2%(RS1{5S1)/120.+1.))#%{(.08333/SV1+
1./511)%,001+(RS1{SS1)/12C.+1.1/5V1)*DELL

DE2=1.0/K2%{ (RSL{SS1)+18.2*%(RS11SS1)/120.+1.))%(.08333/5V1+

1e/SI1)*.001+(RS1(5S51)/12C.+1.)/5V1)*DEL2
DELTAP = .ABS.(DPCE1*DE1 - CPDE2%*DEZ2)-KEC
TAU=DELTAP/(4.%L/0)

TAUDYN=£68950.*TAL

SET LIST TO TAUSAV,300
SAVE DATA TAUCYN

VISC=TAU/NSRATE
VISCP=6E8950.*VISC

SET LIST TC VISAVE,.300
SAVE DATA VISCP

REYN=RHC*V*C/(VISC¥32.2%144.%144,)
LEOL=.C65*%REYN*D/L
PRINT FURMAT TWGoRUN(O) RUN(L1)9SS19sSS2,SS4yCATAF(C) .+ «CATAF(3),TIME,
P3,VISCPyTAUDYNyNSRATECELVAP,KEC,VISC,yTAU,REYN,LEOL
WHENEVER PUNCHyPUNCH FCRFAT THREERUN{(O)RUN{1)4VISCP,TAUDYN,
NSRATE
WHENEVER CALCAT.G.0.0TRANSFER TC NEWCAL
TRANSFER TO NEWDAT
PRINT CCMMENT $1%
EXECUTE SETPLT.(1,TAUSAV(1)4VISAVE(1),Cl$%$,33,CRD)

PRINT CUMMENT $ TAU IN DYNES/{CM).P.2%
EXECUTE SYSTEN.
VECTOR VALUES ORD=% VISCGSITY IN PCISE*S$

VECTOR VALUES ONE=$S36,H*CALIBRATIUN CATA%*//S5,H*SS3%S2,H*(CS3%S52,
H¥DEL3%84 yH*V3%53 yH*S551%S2,H*CS1*S52,H*CEL1*S2,H*DEL2%*S4,
H¥K1%57 yH¥K2%S8 yH¥P3#/553129534129529F5.29S51+F643,52,
[29534129S524F5.2951yF5.2, E9.3 ES.2 , E10.4///536,
H*VISCOSITY DATA*//S12,H3L =#%F6.3,S8yH*0 =%,F5,3,58,H*L/D =

¥F6.19S8yH¥RHC =%F6.17//7/%$

VECTCR VALUES TWC=$S542C€+S3,H*5S1%*S3,H*SS3*S2,H*#SS54*S5S3,H*DEL1*S3,

H*DEL2%S3 yH¥DEL3%S3yH*DEL4*S3 o H*¥TIME*/S20412954912454412,
S39F5.29529F5429529F5429529F5e29529F€0c//S244H*P3%,595,
HE¥VISCP* 456 yH¥*TAUDYN*,S6 yH*NSRATE*,56,H*¥DELTAP#/S19,
SUELC.49S2)//S234H¥KEC* 4SO yH¥VISC*,S8,HXTAU#,SG,H*REYN*,
SBeH*LE/L#*/S19+5(ELC.4+S2)V//7/%$

VECTOR VALUES THREE=%2C6,3(ScyE1C.4)%8

END GCF PROGRAM
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C.5 Typical Input-Output

DATA REDUCTION PROGRAM-INPUT DATA

Card
No.

1 ANY COMMENTS BETWEEN COLUMNS 1 AND 72 INCLUSIVE

2 PUNCH=1B.RHO= . ,D=. ,I= . ,CALI(0)= s , s
(ss1) (Cs1) (ss3) (Cs3)

CALF(O)= . , .., . "
(DEL1) (DEL2) (DEL3)
3 DATAI(0)= s s GDATAF(O)= o, o, e .
(s81) (S83) (ssh) (DELl) (DEL2) (DEL3) (DELA4) (TIMF)
*
> T CALDAT=1.0 (Col. 60-72 inclusive)

if next card is
new calibration
data, otherwise omit.

COMMENT'S 2

Card #1: must be the first data card, no additional comment cards are
allowed. This card is printed before any calculations are made.

Card #: if the previous card #3 contains CALDAT=1.0, only the CALI and
CALF vectors need to be punched if other quantities are un-
changed.

Card #3: CALDAT=1.0 is included only when new calibration data are to
be used. Then card #2 must be the next data card. Columns
61 to 72 inclusive can contain any comment. When CALDAT is
omittéd the next data card is also #3.

If decimal points are omitted, the quantity is an integer.

*
An  cannot be preceded by a comma.
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SEPT. 18, 1967, FLUID A, CAPILLARY NO. 4y 100 F
CALIBRATICN DATA
$S3 CS3 DEL3 V3 SS1 CS1 DEL1 DEL2 Kl K2 P3

4 5 3.43 6.173 4 3 4030 4435 J137E+05 135E+05 .1157E+05

VISCOSITY DATA

L = 2,933 D = .010 L/D = 280.0 ‘RHO = 58.6
A4.10.1 $S1 $S3 SS4  DEL1 CEL2  DEL3 DEL4 TIME
4 4 10 "'079 065 2097 059 040

P3 VISCP TAUDYN NSRATE DELTAP

«S5812E+04 «3099E+00 «1122E+04 «3622E+04 «1823E+02

KEC VISC TAU REYN LE/L
«1973E-02 «4494E-05 «1628E-01 «97C0E+00 «2252E-03

A4,10,.2 SS1 $S3 SS4 DEL1 DELZ2 DEL3 DEL4 TIME
4 4’ 9 "1051 1.24 2095 .61 1010
P3 viSCp TAUDYN NSRATE DELTAP

«9746E+04 2 2926E+00 «2143E+04 «7323E+04 «3481E+02

KEC VISC TAU REYN LE/L
» 8069E-02 «4244E-05 «3108E-01 «2077E+01 «4821E-03

A4,10.3 SS1 5353 SS4 DEL1 DEL2 DEL3 DEL4 TIME
4 4 9 -2036 2083 3.00 065 060
P3 VISCP TAUDYN NSRATE DELTAP

«9911E+04 »2840E+00 «4063E+04 «1431E+05 «6599E+02

KEC vISC TAU REYN LE/L
«3079E-01 +4119E-05 +5892E-01 «4181E+01 «9706E-03
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