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Precise Measurements With Bingham Viscometers and

Cannon Master Viscometers
J. F. Swindells, R. C. Hardy, and R. L. Cottington

A critical study has been made of the techniques used at the National Bureau of Stand-
ards with Bingham viscometers and Cannon kinematic viscometers. All corrections appli-
cable to measurements with these instruments were critically examined. Instruments of
each type were calibrated using the viscosity of water at 20° C as the primary viscosity
standard. The viscometers were used to determine the viscosities of four hydrocarbon
liquids in the range 0.4 to 40 centipoises. With each liquid, the values obtained in the
two types of viscometers were in agreement by 0.05 percent or better, indicating that no
gross error was involved in the use of either instrument. It is considered, however, that
the inherent relative simplicity of operation of the kinematic viscometer makes it a pref-
erable instrument for this type of measurement.
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1. Introduction

As the result of a recent determination [1]!, the
National Bureau of Standards on July 1, 1953,
adopted the value of 1.002 centipoises (cp) for the
absolute viscosity of water at 20° C as the primary

standard for viscosity determinations. The Ameri-
can Society for Testing Materials, The National

Physical Laboratory in Jun(rlamd and the Physika-
lisch Technischen Bundesanstalt in Germany have
concurred in this action. Previous to this, the
values of the secondary standards of viscosity issued
by the Bureau were based upon 1.005 cp for the
viscosity of water at 20° C. In connection with the
reevaluation of the secondary standards on the basis
of the new value for water, a comparative study has
been made of the use of two types of viscometers for
relating the viscosities of other liquids to that of
water as a primary standard. Bingham viscometers
and Cannon viscometers were used, and comparisons
were made of the viscosities of four hydrocarbon
liquids in the range 0.4 to 40 cp and of the viscosity
of each ]1(1111(1 as determined in each type of instru-
ment. This paper presents in some detail the
techniques used in making these determinations to
describe the methods employed in evaluating the Na-
tional Bureau of Standards standard viscosity sam-
ples and to call attention to the magnitude of certain
corrections often neglected in vise ometr v. The ex-
tension of these 10(11111(|uos to the calibration of
viscometers with larger capillaries suitable for the
measurement of the viscosities of more viscous
liquids is relatively simple and involves the same
-methods as are covered here.

2. The Bingham Viscometer
2.1. General

A short treatment of the use of the Bingham
viscometer, shown diagrammatically in figure 1, has
been given previously [2]. and it will be assumed that

I Figures in brackets indicate the literature references at the end of this paper.

the reader has some familiarity with the instrument.
With the usual procedure, pressure is applied to the
right limb of the viscometer, and the rate of flow is
det ermined by measuring the time required for the
meniscus in the left limb to pass from the fiducial
mark d to mark ¢.  To avoid the necessity for drain-
age corrections, each determination is made with the
bulb A initially dry. This is accomplished by intro-
ducing the sample into bulb B with a special pipet,
sufficient liquid being added to fill the viscometer
between the marks d and g at the test temperature.
With the exception of certain calibration runs with
water, the viscometer is cleaned and a fresh sample
is introduced for each measurement. By this pro-
cedure the volume of flow is kept constant for each
instrument regardless of the viscosity or rate of flow.

Pressure 1s applied to the liquid in the viscometer
by air supplied from a tank having a capacity (about
60,000 em?) suffic 101111\ large that the increase in vol-
ume (about 4 em?®) in the pressure system during the
flow of liquid from bulb B causes no significant re-
duction in pressure. The tank is thermally insu-
lated to prevent rapid changes in its temperature

Ficure 1. Bingham viscometer,
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with fluctuations in the ambient temperature. In
general, pressures above 150 mm Hg are read with a
mercury manometer, a water manometer being used
for lower pressures; differences in liquid levels i the
manometer up to 600 mm are read with a cathetom-
eter and greater differences are read by using a cal-
ibrated steel tape and reading telescopes. The
heights were read to about 0.02 mm with the cathe-
tometer and 0.1 mm with the steel tape.

Times of flow are measured using a stopclock oper-
ated from a constant-frequency source of power.

All of the flow measurements reported here were
made with the viscometers immersed in a well-stirred,
30-gal oil bath whose temperature was controlled by
supplying a heater from the output of a manually
adjusted variable transformer. When operating be-
low ambient temperature, heat was taken from the
bath through cooling coils in which cold water was
circulated at a constant rate. Temperatures were
measured with a resistance thermometer, and their
recorded values are believed to be accurate to
+0.002° C.

2.2. Calibration

The usual form of the modified Poiseuille equation
for the calculation of viscosity by the capillary
method is

. mpV 1)
T=8VI+nr) " Sx(+nr)t

where

r=radius of capillary
P=mean effective pressure drop through the
capillary
V=volume between fiducial marks
t=time for volume V to flow
l=length of capillary
m, n= coeflicients associated with the flow at the
ends of the capillary
7, p=the absolute viscosity and density of the
liquid whose viscosity is to be deter-
mined;

As over a considerable range of rates of flow, m and =
can be taken as constant for capillaries having square-
cut ends [3], certain of the quantities in eq (1) are
usually grouped to give two constants for the instru-

ment. KEquation (1) then takes the form
71=CPi—C"pft, (2)
where
wr4 ,  mV
e L S

With viscometers having capillary bores small enough
for calibration with water, these two constants are
commonly evaluated by measuring the times of flow
of water at 20° C for various applied pressures.
The product Pt is plotted against 1/¢, and C and O’

are evaluated from the resulting straight line by in-
troducing known values for 5 and p. For the two
water-calibrated viscometers used in the work re-
ported here, however, it was found that such plots
did not yield straight lines over the complete range
of rates of flow in which the instruments were to be
used, indicating that m and n were both varying, and
consequently €' and €’ could not be treated as con-
stants. For this reason and for simplicity, the
purely empirical formula,

n=fPt, (3)

was used with the viscometers. In this equation, f
is a multiplying factor that varies with the condi-
tions of flow. It is convenient to assume that the
conditions peculiar to a given rate of flow are char-
acterized by the corresponding value of the Reynolds
number as calculated for the flow in the capillary
(R=2Vp/rrqt), and therefore f will have a definite
value for each value of the Reynolds number. The
calibration of these instruments, then, consists of
determining the value of f as a function of the Reyn-
olds number.

Although the Bingham viscometer is designed to
minimize the effect of hydrostatic head in the
instrument, actually small head corrections to an
applied external pressure, p,, are necessary to give an
exact value of P.  The first correction, which will be
called the level head, arises from the fact that, despite
careful construction, the two bulbs (A and B in fig. 1)
will not be geometrically identical and at the same
level. This condition results in a residual hydro-
static head that is of the same magnitude but
opposite sign for flow right to left (R-L) and left to
right (I.-R) in the viscometer. The correction is
largely independent of the magnitude of the applied
external pressure but is proportional to the density
of the liquid. The level head was evaluated in this
work by making flow measurements in the L-R
direction and then repeating in the R-I. direction,
using approximately the same applied pressure. The
runs were made at the lowest applied pressure that
could be accurately measured, and under conditions
chosen to insure that the volume of flow was the
same in each direction. Under these conditions, the
difference in the time of flow for the two directions
was attributed to a corresponding difference in
pressure. Then, knowing the applied pressures, the
magnitude of the correction was calculated.

A second head correction, which becomes very
significant at low values of the applied pressure, is
the commonly termed logarithmic head correction.
If we neglect for the moment the level head discussed -
above, the initial pressure drop through the capillary
is py+x, where z is the initial hydrostatic head of
liquid, and the final pressure is po—x, but the mean
effective pressure is not exactly p,, the arithmetic
mean of the two, since the higher pressures during
the first part of the run cause more rapid flow and
are therefore effective for a proportionately shorter
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time. For bulbs of regular shape, however, the
effective pressure is readily calculable. For this
work, the calculations were made by using Barr’s
equation [4]. This equation is written P (1-F%?/10
+9*/35+ . .)=po, [approximately, where y=
x/po.  Barr states that this equation is derived “for
a bulb that has the form of a pair of opposed cones,
cach of a height equal to the radius of the common
base, discharging into air, or for such a bulb dis-
charging symmetrically into a similar one, as in
Bingham’s viscometer”. The correctness of this
expression was verified in an independent derivation,
but because the radius of the common base dropped
out in the derivation, it is concluded that the ex-
pression holds for cones of any height-to-base ratio.
It is of importance to note in connection with runs
at low pressures, that the logarithmic head is a
function of the ratio of the initial and final pressures,
and therefore it increases in absolute magnitude as
the applied pressure is reduced. The sign of the
correction is always negative, no matter which
direction of flow is being used in the viscometer, and
therefore it does not affect the determination of the
level head, as described above.

The design of the Bingham viscometer is such as
to minimize the effect of surface tension upon P.
Calculations of the net contribution of surface tension
to the mean effective pressure indicate a maximum
correction of about 0.001 mm Hg, which was ne-
glected in this work.

A more complete discussion of the above correc-
tions is given by Barr [3, chap. 3].

The three Bingham viscometers used are identified
in table 1. Of these, viscometers 1 and 20 were
calibrated with water, whereas number 5 was cali-
brated subsequently by using two hydrocarbon oils
whose viscosities were determined in viscometers 1
and 20. In making the calibration runs with water
an exception was made to the usual procedure of
flowing into a dry bulb, most of the runs being made
with the fiducial bulb wet. Following each R-L
run, the liquid was drawn back at such a rate as to
require about 80 sec with viscometer No. 1, and 120
sec with No. 20 for the fiducial bulb to empty. After
allowing about 18 min for further drainage from the
walls of the bulb, another R-I: run was started. In
this manner a reproducible volume of flow was
obtained without the necessity of drying the instru-
ment between runs. The difference between the
volume of flow under this wet-bulb condition and the
true volume of the fiducial bulb was obtained from
the differences in the product Pt between wet and

TasLe 1. FEssential dimensions of Bingham viscometers

== = = =
Capillary ‘ 1
ricoometer  |—————o - | Volume |
Viscometer | of flow
Radius | Length i ‘
P —— s
cm cm cms
e 0.012 10.2 3. 96
.011 12.3 5.07 |
.017 10.0 4.00 ‘

dry-bulb runs made with the same applied pressure.
On this basis, all the wet-bulb runs were corrected to
dry-bulb conditions.

The calibration data obtained with water at 20° €
for viscometers 1 and 20 are given in appendices 7.1
and 7.2.  All runs were made in the R-L direction,
except for the few special runs made for the deter-
mination of the level head corrections. From these
data the plots of Pt versus R given in figures 2 and 3
were constructed. Kach plotted point represents
the mean of at least two runs made at approximately
the same pressure. For each viscometer, it is seen
that the plot is not linear at certain values of £,
as was mentioned previously. Since the data are
not adequate to position accurately the curves at
the lowest Reynolds numbers, the lines were drawn
horizontal in this region on the basis of theoretical
considerations [5]. From these curves values of
Pt corresponding to selected values of R were ob-
tained and, taking n=0.01002 poise, were substituted
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Ficure 2. Pt as a function of Reynolds number for Bingham

viscometer number 1.

8.25——— ‘» — 1 ——
! | B I | B S /
|
I ‘ | L 4/ -
820 |
I /7* — e
| e -
g e
2 gl ]
x
& el 1 .
giof |, 2 ‘
1 [
SHoegg 160 200 300 ‘
R
Ficure 3. Pt as a function of Reynolds number for Bingham

viscometer number 20.

107



2.700
|
—~ ‘ }
N !
\
2.695 L \
“
> — L
x
2.690— \
. = I .
\
| L L1
2‘6850 50 00
R
Ficure 4. Calibration curve for Bingham viscometer number 1.
1.240 T T T
A N I |
|
235
w
)
pad
1.230
1225 : —
(0] 100 200
R
Ficure 5. Calibration curve for Bingham viscometer number

in eq (3) to calculate corresponding values of f.
The values of f were then plotted as a function of R,
vielding the calibration curves for viscometers 1 and
20 shown in figures 4 and 5, respectively.

To calculate the unknown viscosity of a liquid
from flow data obtained in one of these viscometers,
it is necessary to choose a value f from the calibration
curve corresponding to a tentative value of the
Reynolds number based on an estimate of the vis-
cosity of the unknown. If the viscosity value

calculated by substituting this value of f, together
with the measured values of P and ¢, in eq (3) differs
materially from the first estimate of the viscosity,
a second calculation is required.

Viscometer No. 5 was calibrated with oils A and
B (to be identified later), using values of their vis-
cosities as determined in viscometers 1 and 20.
These calibration data are given in appendix 7.3.
As all calibrating runs and viscosity measurements
made in viscometer 5 were at Reynolds numbers
less than 10, it was assumed that f in eq (3) was
constant for this viscometer under these conditions.
The level head was measured and the logarithmic
head calculated for this viscometer as outlined
previously.

2.3. Results with Bingham Viscometers

The viscosities of normal heptane and three
additive-free hydrocarbon oils were measured at
20° C. The mean results are given in table 2, and

TABLE 2. Results at 20° C with Bingham viscometers
0il X;Lsff){ R n } 7, mean ‘
N B *‘A* -
H 1 98.9 ohz P
n-Heptane ___ 8. k 2
| Do . 0 | 154. 3 “4110 ‘} 0.4111 |
A 1 28.2 and 2.4 1.9250 | ;
) 20 181 1.9251 ‘} 1.9250
|
B_. 1 2.4 7.609 -
. B 2 15| 7.6 oL
| C-- 5 0.2and 0.5 | 4282 42,82
data from individual runs in appendix 7.4. Normal

heptane was included to furnish comparative results
with a liquid whose viscosity is less than that of
water. The heptane was not of highest purity, but
was taken from a lot which met specifications for a
primary reference fuel for the determination of octane
number [6] and was at least 99.5 percent pure.
The viscosities of n-heptane and oils A and B were
determined in viscometers 1 and 20, employing the
normal procedure of running in the R-Li direction
with the fiducial bulb initially dry. Oil A was run
at as high and as low Reynolds numbers as was
practical. Higher applied pressures were avoided
because experience has shown that oils as light as A
dissolve air rather rapidly under these conditions,
with a consequent lowering of their viscosities.
Conditions for the other runs were chosen to strike
a balance between optimum conditions for accurate
measurement of pressure and of time. In calculat-
ing the viscosities, small corrections were made to
account for the change of viscosity of the oils with
pressure. Observed viscosities were reduced to a
pressure of 1 atm, as described elsewhere [2], by
adding a second term to eq (3), which then becomes

n=fPt—FPn, (4)
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where /'is a factor representing the fractional change
in 7 for unit change in pressure. Good agreement
was found between results obtained in the two
viscometers 1 and 20, the largest discrepancy being
0.05 percent with n-heptane. In addition, results
obtained with oil A in viscometer 1 at R=28.2 and
R=24 were in equally good agreement (see ap-
pendix 7.4), which tends to confirm the shape of the
calibration curve at the lower range of Reynolds
numbers (fig. 4).

Runs made with oil C in viscometer 5 at high and
at low pressures were in good agreement (see appen-
dix 7.4), indicating that “the corrections applied for
change of vise 051t\ with pressure are not in serious
error.

3. The Canncn Viscometer
3.1. General

In outline, the techniques used at the National
Bureau of Standards with the Cannon vise ometers,
shown in figure 6, are substantially as described b_\
Cannon [7], the principal differences consisting of a
more rigorous treatment of the various corrections
to be applied to the observed data. With instru-
ments of the kinematic type the value of 22 applicable
to eq (1), neglecting surface tension effects, is

given by
=hg(p—pa), (5)

in which % 1s the mean effective head, p is the liquid
density, and p, is the mean density of the air column
in the left arm of the viscometer, as shown in figure 6.
For application to the Master viscometers, eq (1)
then becomes

mV :
t_S?(l;Ln/)t ' {9

) K

_‘r! mreg __Pa
p RI('+nn]<1 )

If we let
wrtg
SV(I-+nr) r)
and
mV
Seran P
eq (6) becomes

1 D (7)
p t

It 1s apparent that A and B will not be constant for
all test conditions, but their values will reflect any
variations in m and n with Reynolds number. As
is done with the Bingham viscometers, these changes
i m and n are implicitly determined experimentally
as a part of the viscometer calibration. In addition,
the value of K changes with any change in A& or
(1—pa/p), and a small correction for variation in the
value of ¢ may be required if the instrument is used
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Ficure 6. Cannon Master viscometer.

at a location other than where it is calibrated. If
we let K, be the determined value of K under the
particular hydrostatic head at calibration, we can
find from it the value of K under other test condi-
tions by calculating changes in A and (1—p./p).
Since a change in (1—p,/p) 1s equivalent to a change
in h, it is grouped with the other factors which
affect h. For any test condition, eq (7) may then

be written
Al B
*_K ( 14 ‘> —= (8)

in which Ak is the difference in effective head between
test and calibrating conditions, and is made up of
the sum of Ah;, Ah,, ete., arising from the several
factors involved. In practice it is convenient to
treat K as a constant equal to A, and to apply the
corrections to the time of flow t. The viscosity is
calculated by means of the equation

1_g B, 9)
p t

in which t,=t(1+Ah/h).

Of the factors affecting A, the filling volume will
be considered first. To introduce a reproducible
volume of liquid into the viscometer, the viscometer
and the liquid must both be at some standard tem-
perature (20° C for this work) each time the vis-
cometer is charged. To obviate the inconvenience
of this procedure, fillings are made at ambient tem-

perature, which is observed, and an appropriate
correction, Ahy, is then calculated to account for
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any difference between the filling at the observed
temperature and a standard filling at a temperature
of 20° C. The calculation of this correction is
similar to that of Ah,, which follows.

A second factor affecting h, which gives rise to a
correction Ahy, 1s the change in effective head with
differences between the calibration temperature and
that of subsequent runs. The calculation of this
correction is based on the cubical expansion of the
viscometer and test liquid, together with the mean
diameter of the working part of reservoir C, ficure
6, [8]. For the most precise work an accurate
knowledge of the internal diameter of C is necessary.
This measurement was made by plugging the lower
end of the capillary with wax and then filling the
bottom part of the viscometer with mercury to a
low level in C. Weighed increments of mercury
were added, and the resulting increases in level
in C were measured with a depth gage, from which
data a mean internal diameter was calculated.

From differences in the factor (I—p,/p) between
calibrating and operating conditions a Ah; is caleu-
lated. The density of the air in the viscometer is a
function of the temperature and amount of water
vapor present, neither of which is known accurately,
but no serious errors are introduced by assuming the
air to be 50-percent saturated and at the test tem-
perature.

The factor most difficult to evaluate is the varia-
tion of the mean head with surface tension. In the
work reported here, viscosity measurements of oils
made in water-calibrated viscometers required the
most careful estimates of the effects of surface ten-
sion. In the case of water, the contribution of
surface effects to the effective head was determined
experimentally and also calculated. The experi-
mental determination was made with a glass bulb
blown as nearly as possible to the size and shape of
the fiducial bulb in the viscometer. The bulb was
connected through a U-shaped tube to a cylindrical
glass tube about 1 cm in diameter and held vertically
close to the side of the bulb. The bulb and tube
were then mounted in a small bath of oil having close
to the same index of refraction as the bulb. Water
was introduced into the tube until the level stood in
the neck at the bottom of the bulb. The difference
between the liquid levels in bulb and tube was then
measured with a micrometer microscope mounted
for vertical measurements. From this difference
and a calculated value for the capillary rise in the
cylindrical tube, the rise at this particular level in
the bulb was obtained. The calculation of the rise
in the cylindrical tube was made by using Sugden’s
table [9]. A known volume of water was then added
and the measurements repeated. The portion of the
added volume going into the bulb was the difference
between the added volume and the volume increase
in the tube as calculated from the change in level in
the tube. This process was repeated, taking about
20 increments of volume to fill the bulb. From
these data and a measured value of the head in the
viscometer at a known level in the bulb, a value of

the mean head in an interval, A, was estimated for
each of the 20 intervals. Then, knowing the volume,
AV, and the capillary rise, ky, for each interval,
terms of the form AV “hy/h; were calculated for each
interval. The quotient

AV
thfh‘r

AV
ZT;

then gave a time-weighted mean value for the capil-
lary rise in the bulb as a whole. The rise in the
cylindrical lower reservoir was calculated by using
Sugden’s table and subtracted from the mean value
for the bulb to get a net effect for water in the
viscometer. The same techniques were used to
determine a net value of the surface tension for each
of the oils tested. From the difference between
water and oil, a correction, Ahy, was calculated for
application to data obtained with oil.

The net surface tension effect for water in the
viscometer was also obtained by calculation alone.
For this purpose, a vertical section through the
fiducial bulb was plotted on a large scale as accurately
as possible. The bulb was then divided into 13
sections, and a value of AVh,/h; was calculated for
each. With the aid of Bashforth and Adams’ tables
[10], each value of AV was calculated by using the
geometry of the bulb as plotted and the calculated
change 1 meniscus volume between the top and
bottom of the section. The tables were also used
in calculating h., for each section. This method has
been given in more detail by Barr [11]. The mean
value for the bulb was obtained weighting each
section with respect to time, as was done in the
experimental method. The calculations yielded a
value within 0.01 percent of the experimental result,
which lent confidence to both methods. Because
of limited range of Bashforth and Adams’ tables,
the calculation could not be made for the oils.

Thus far in the treatment of the factors affecting
K in eq (7), it has been assumed that the volume of
flow, V, is constant under all conditions. For
application to the work reported here, the validity
of this assumption was carefully tested. Bulbs
similar in size and shape to the fiducial bulbs
in the Cannon viscometers were blown with capil-
lary stems about 1 c¢m long above and below
the bulb. To detect differences in the volume of
flow of water and the several oils from a bulb,
a capillary was attached below the bulb with neo-
prene tubing so that the pulb could be quickly dis-
connected. The capillary bore was selected to give
about the same time of flow for a particular hquld
as was found in the Cannon viscometer. By weigh-
ing the test bulb empty and again after a liquid had
been run from it at the rate controlled by the
resistance of the capillary, the volume of liquid
remaining on the walls of the bulb was obtained.
From the difference between results obtained with
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a calibrating liquid and a test liquid, a correction to
K, could be calculated. Only one instance of a
correction as large as 0.01 percent was found, and
this so-called drainage correction was applied.

The viscometer is filled by holding it in an inverted
position with the end of the upper capillary immersed
in the liquid under test. Liquid is drawn into the
viscometer by applying suction to the other arm
until the level reaches a position slightly beyond the
mark I (fig. 6). Applying just enough suction to
hold the liquid level at approximately this position,
the upper capillary is lifted from the liquid and the
operator’s finger is placed over its end.  With the
instrument still inverted, excess liquid 1is carefully
bled out of the capillary past the finger tip until
the liquid level reaches . The viscometer i1s then
returned to its normal upright position, and the finger
isremoved with a gentle wiping action.  In this man-
ner a reproducible filling volume is introduced.
After filling the viscometer it is mounted in its bath,
and sufficient time is allowed for the fiducial bulb
B to empty and for the sample to come to the bath
temperature before starting a test. To make a
determination, the liquid is pushed up under 17-
mm-Hg air pressure until the upper meniscus stands
about 5 mm above the mark at the top of bulb B.
The air pressure is then released, and the time for
bulb B to empty is observed. With relatively low
viscosity oils, raising the liquid with vacuum at the
start of a run sometimes results in a time of flow
slightly higher than when air pressure is used. Such
differences are attributed to the removal of air from
the sample under reduced pressure. It 1s therefore
considered better technique to use air pressure as
any change in the amount of air dissolved in the oil
will start at the surface farthest removed from the
liquid passing through the capillary.

When the liquid is pushed up at the start of a run,
the meniscus level in reservoir C is lowered, leaving
some liquid behind on the walls. The amount of
liquid left on the walls influences the level in C and
hence the value of h. By always using the same
pressure in pushing the liquid up, the level in C
1s lowered at a rate inversely proportional to the
liquid viscosity, which leaves about the same amount
of liquid on the walls for each test. Calculations
indicate that this procedure eliminates significant
variations in /.

3.2. Calibration and Results

The calibration of the Cannon viscometers con-
sists in evaluating K, and B in eq (9). To illustrate
the method, eq (9) 1s rewritten

n_g B
o 15 £ (10)
in which # is substituted for ¢t without detectable
error.  Liquids having different kinematic viscosities
(n/p) are run in the viscometer, and values of n/(pt,)
are plotted against 1/#2. Values of K, and B are

then obtained from the resulting curve. As un-
published results in this and other laboratories have
shown that B may not remain constant over the
useful range of Reynolds numbers for this type of
viscometer, the calibration must embrace the range
in which the instrument is to be used. In practice,
therefore, the calibration curve consists of a plot of
n/(pt;) as a function of 1/ or R, and for a particular
viscosity determination alues of K. and B are
obtained from the curve at the appropriate value of
1/t2 or R.

The four Cannon viscometers used in this work are
identified in table 3. Of these, M25-1 and M25-2
were calibrated with water, whereas M 104 and M 105
were calibrated subsequently with two hydrocarbon
oils whose viscosities were determined in M25-1 and
M25-2. The calibration data obtained with M25-1
and M25-2 are given in appendix 7.5, and from
these data the calibration curves in figure 7 were
plotted.

The curves were arbitrarily drawn through the
values of 7/(pt,) at Reynolds numbers of about 15,
which were obtained with water at 20° C, because a
value for the viscosity of water at 20° C was taken
as the primary standard for calibration. The points
at higher Reynolds numbers were obtained with
water at 40°,°60°, and 80° C. The values used for
the ])mpmlu\s of water at these temperatures are
given in appendix 7.6.  As K, refers to the conditions
existent with water at 20° C, times of flow obtained
at the higher temperatures were corrected by appro-
priate values of the factor (1-+AA/h) in eq (8).

It is evident that the value of B is zero (m=0) for
these two viscometers up to a Reynolds number of
at least 110. Because they were used at values of
R never exceeding 50, the determinations made in
these instruments were calculated by means of the
equation

n
1_Kd.. (11)
P
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Fraure 7. Calibration curves for Cannon viscometers numbers
M25-1 and M25-2.
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TaBLE 3. FHssential dimensions of Cannon viscometers

| | | ] T
‘Viscumeter\ l | r v | h Filling |Radius of

volume | reservoir

|
| cm ‘ cm cms cm ‘ cmd | cm ‘

4.5 0.0180 | 3.11 | 46.5 | 6.85 | 1.52
4.5 | .08 | 813 | 46.3 6.77 1. 50
4.3 L0294 .64 | 46.6 | 7.68 1.53 |
4.5 L0292 3.54 46.6 7.5 | 15 |

Viscometers M104 and M105 were calibrated with
oils A and B, using values of their viscosities as deter-
mined in M25-1 and M25-2. The calibration data
are given in appendix 7.7. These viscometers were
calibrated and used at R<10, and hence it was
assumed that B=0 and eq (11) was applicable.
For consistency, the values of K, for these viscom-
eters were also calculated for the conditions that
would exist with water, even though water was never
run in these viscometers. The values of the viscos-
ites of n-heptane and the three mineral oils, as deter-
mined in the Cannon viscometers, are given in table
4. Detailed calculations are given in appendix 7.8.
In table 4, kinematic viscosities are converted to
absolute units for comparison with the measurements
made in the Bingham viscometers. The results
obtained independently in the two types of viscom-
eters are in good agreement, the largest discrepancy
being 1 part in 2,000 in the case of n-heptane. As
the techniques employed and the nature of the cor-
rections applied are quite different with the two types
of instruments, it is not likely that similar errors are
involved in both methods. Hence, there is indica-
tion that the treatments of the data obtained in both
types of viscometers are free of gross error.

TaBrLE 4. Results at 20° C with Cannon viscometers compared

with Bingham results

—_— — —
oil Viit(:(-)rm- ‘ nle 7/p mean P n Bi7]1.1;§)h'\zvml
] ;;jiﬁizi : g;cnﬂ 3 7{'17) E cp 1
”"H‘J’g’éff“f': Q} 3;5 0: ggg;}g } 0.60070 | 0.6841 | 0.4109 | 0.4111 ‘
ﬁ:ﬁ::j Q%jgj (_fixﬂ }2. 4643 78110 | 19249 | 1.9250 |
B Maos | oieee beasiz | Lmeor | 712 | 7610
gjj“:: Lbl AR 3}19. 584 8637 | 42.83 | 42.82
o I r |

4. Discussion of Results

4.1. Sources of Error in Using Bingham Viscometers

From a thorough examination of the various fac-
tors involved in the use of the Bingham viscometers,
it appears that the greatest source of uncertainty
arises from the unavoidable use of relatively low
pressures in establishing the portion of the calibra-
tion curve corresponding to low Reynolds numbers.
The lower pressures are more difficult to maintain

relatively steady and measure with a given relative
precision, and larger errors are introduced for given
uncertainties in the values of the head corrections.
This point is illustrated from the data for viscometer
number 1 by a comparison of run 1-24, made at a
Reynolds number of 8.5, with run 1-38 made at
R=41 (see appendix 7.1). For run 1-38, with an
applied pressure of 73 mm Hg (100 em H,0), the
level head correction is 0.07 percent, and the logarith-
mic head correction is 0.01 percent, whereas for run
1-24 with an applied pressure of 15 mm Hg (21 em
H,0), the level head correction is 0.31 percent, and
the logarithmic head correction is .24 percent.
Thus in the necessary extension of the calibration
curve from R=41 down to R=8.5, the sum of the
head corrections is increased from 0.08 percent to
0.55 percent of the applied pressure. For each of
the three Bingham viscometers used in this work
the value of the level head was determined experi-
mentally, as described previously, the accuracy of
the determinations being limited chiefly by the
precision with which the pressures could be measured.
The experimental evaluation of the logarithmic head
corrections with sufficient accuracy, however, was
not found feasible, and hence, the corrections were
calculated, use being made of an equation given by
Barr [4], by which the mean effective pressure for a
run is calculated from the known initial and final
pressures. This equation was developed on the
assumption that each bulb of the viscometer had
the shape of two cones placed base-to-base. Al-
though this simple geometry is not exactly realized
in any of these viscometers, the correction is not very
sensitive to instrument dimensions. Further confi-
dence is lent to the calculations by the fact that good
agreement is always found between viscosity meas-
urements made first under conditions where the
correction is relatively large and again when the
correction is small. This is shown to some extent
by the viscosity determinations made on oil A in
viscometer 1 (see appendix 7.4). This oil was run
first at a pressure of 20 mm Hg, with a logarithmic
head correction of 0.08 percent, and then at a pres-
sure of 237 mm Hg, where the correction is negligible.
The agreement between these runs is very good,
which indicates that the shape of the calibration
curve, and the values of the head corrections applied
are essentially correct.

It has been shown [12] that the viscosity of water
is not significantly affected either by change in the
amount of air in solution or by change in pressure
under the conditions of these tests. Although the
viscosities of the hydrocarbon liquids are more
sensitive to these wvariables, the experimental con-
ditions were chosen such that the variations in the
dissolved air under the different test conditions
would not be expected to have measurable effects.
Furthermore, unpublished experiments at the Bureau
have shown that the corrections as applied for the
change of viscosity of these hydrocarbon liquids
with pressure [2] are probably not in error by more
than 30 percent. In the tests recorded in Appendix
7.4, the largest correction occurs with runs 5-17 and
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5-18 on oil C, with an applied pressure of 595 mm
Hg. As the pressure correction for these runs is
0.08 percent, an error of 30 percent in the correction
will amount to only 0.02 percent in the viscosity
determination.

4.2. Sources of Error in Using Cannon Viscometers

The first considerations are concerned with the
establishment of the calibration carves given in figure
7 for the two viscometers calibrated with water. In
the work reported here these viscometers were used
at Reynolds numbers in the range 0.03 to 42, and
hence only factors affecting this portion of each curve
will influence the resalts.  As the determinations in
the viscometers were to give results based on a value
for the viscosity of water at 20° C, each calibration
curve was arbitrarily put through the point at a
Reynolds number of about 15, which represents the
data obtained at this temperature. At this point,
uncertainties in the value of K., which is equal to
n/pt., will depend only on errors in t,, as the value of
7 1s taken without error and p is known with high
accuracy. With reference to .Lppvn(llx 7.5, 1t 1s seen
that for the data at 20° C, ¢, is obtained from the
observed time of flow ¢, by :Lpplvmw only a relatively
small correction for ‘1111110‘ temperature. This cor-

rection is readily cale ulable and is not considered as
a source of error. Of the factors affecting ¢, the
effects of errors in temperature measurement, or of
temperature variations, are probably small. Both
the platinum resistance thermometer and the Mueller
G2 bridge used for measuring temperature were
cahblatv(l shortly before or 11’1(\1 tests were made,
so that no error larger than 0.001 deg C is expected
in the measured lompmdluus. Observed tempera-
ture variations during the tests were 0.002 deg C or
less, with the mean lomp( rature closer than is indi-
cated by this spread. It is probable that the actual
bath temperatures were within 0.002 deg of 20° C,
which is equivalent to an uncertainty of only 0. 005
percent in the viscosity of water. Yalculations ? of
the precision of the mean values of ¢ as recorded in
appendix 7.5 indicate an uncertainty in the mean
time of flow for viscometer M25-1 of +0.03 percent
and for viscometer M25-2 an uncertainty of +0.007
percent. These limits reflect errors due to variations
in filling the viscometers, bath temperature, timing,
and unrecognized factors. From the above consid-
erations, the values of K, at =15 for the two vis-
cometers are probably within 40.03 percent of their
true values.

Having established one point on each calibration
curve, the other important factor is the shape of the
curves in the range R<750. From theoretical con-
siderations [3], with increasing values of I these
curves should be horizontal lines until some value of
R is exceeded and a gradually inereasingly negative
slope begins to develop. No known theory can
account for a positive slope at these Reynolds num-

2 The calculations were made by the American Society for Testing Materials’
methods [13], assuming that the true value of the mean will lie within the limits
given 99 times in 100.

BE: 2

bers. The values of n/pt, for water at 40°, 60°, and
80° C were therefore obtained and plotted to indicate
whether the curves could be assumed to have zero
slope up to £=50. These values of n/pt, were com-
puted by using the values of n/p given in appendix
7.5 and are believed to be accurate within 0.1 percent.
[t is seen that zero slope is indicated in the range of
Reynolds numbers covered, and unreasonably large
errors in the values of 5/pt, for water at 40°, 60°,
and 80° C would be required to change the positions
of the calibration curves at R<'50 by as much as
0.01 percent.

The calculations of the viscosities of n-heptane and
oils A and B from the data obtained with these two
water-calibrated viscometers are recorded in appen-
dix 7.8.  These data show that the times of flow for
repeat fillings of a given viscometer with a given oil
are in even better aglvvnu\nl than was the case with
repeat fillings with water. It is estimated that the
mean times of flow for the two fillings with each oil
should be within 4-0.01 percent of their true ralues,
based upon 99-percent confidence limits.

In appendix 7.8 the values of ¢, are obtained by
applying at least three corrections to the observed
times of flow. Of these, Ak, /h is calculated without
significant error.  With reference to section 3.1 it is
seen that Ahg/h is dependent upon differences in
p air/p liquid between calibrating and test conditions.
The values of Ahy/h were calculated by assuming the
air in the viscometers to be 50-percent saturated
under all conditions, which was not always the case.
No significant error is introduced by this assumption,
however, as the difference between the values of
Ahs/h, assuming dry air and again assuming satura-
tion, affects ¢, by only 2 parts in 100,000. The third
correction, Ahg/h, which is applied to account for the
difference in head caused by the difference in surface
tension between water and the oils, is perhaps the
greatest source of uncertainty. As described previ-
ously, the calculated value of the effect of surface
tension for water at 20° C was in good agreement
with the experimental value, but both calculations
and experiments were sufficiently complex as to
make it difficult to estimate the accuracy of either.
It is believed no error greater than -4 0.02 percent is
introduced by this correction, but this can not be
sald with certainty.

The drainage factors recorded in appendix 7.8
based upon experiments described in section 3.1, are
believed to be known to about 0.002 percent and are
therefore not significantly in error. No satisfactory
explanation has been found for the different behavior
of oil A, as compared with n-heptane and the other
two oils, in bulbs of similar shape and volume to the
fiducial bulbs of viscometers M25-1 and M25-2 (see
fig. 6). Oil A did not show this different behavior
in a somewhat more elongated bulb similar to the
fiducial bulbs of viscometers M 104 and M105.

In the calibration of viscometers M104 and M105
with oils A and B and the subsequent determinations
of the viscosity of oil C, the sources and magnitudes
of error are essentially the same as described above
for the oil runs in viscometers M25-1 and M25-2
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4.3. Heating Effects in Capillaries

So far in the treatment of the data it has been as-
sumed that, once the liquid under test has reached
the temperature of the bath in which the viscometer
is immersed, it remains at this temperature during
the measurement. Because heat is generated in the
liquid as it is sheared in the capillary, it is obvious
that this assumption cannot be strictly true. As the
temperature will vary from point-to-point within the
capillary, the viscosity will vary accordingly, and
what is measured is a mean value of the viscosity cor-
responding to some effective mean value of the tem-
perature within the capillary. In attempting to
calculate this mean effective temperature, one is un-
able to postulate what conditions of temperature dis-
tribution and heat transfer exist for a given flow con-
dition. Hersey [14] and Hersey and Zimmer [15]
have derived equations for calculating the mean
effective temperature rise, first assuming conditions
of adiabatic flow and then for conditions of thermal
~equilibrium in the liquid flowing in the capillary.
Corrections based on these equations have been cal-
culated for the data in both the Bingham and Can-
non viscometers. Referring to appendices 7.4 and
7.8 it is seen that oil C was run in a Bingham vis-
cometer at pressures of 595 mm Hg (runs 5-17 and
5-18) and 303 mm Hg (runs 5-15 and 5-16), and
also in Cannon viscometers at 29 mm Hg. If we
should assume the conditions defined by Hersey and
Zimmer as incomplete adiabatic flow and calculate
corrections, using their eq (5) [15], we get a viscosity
correction of 40.70 percent for the tests in the Bing-
ham viscometer at 595 mm Hg, and a correction of
+0.02 percent for the tests in the Cannon viscom-
eters. On this basis the tests at 595 mm Hg uncor-
rected, should be about 0.7 percent lower than the
runs at 29 mm Hg. As the results recorded in table
4 and appendix 7.4 are in good agreement at all three
pressures without these corrections, 1t must be con-
cluded that conditions of incomplete adiabatic flow
are not approximated in these tests. Calculations
based on Hersey’s eq (13) [13], which assumes flow
under the conditions of thermal equilibrium, yield
negligibly small corrections, in agreement with the
evidence of the tests referred to above.

It should be noted that the effects of heating in
the capillary are not only probably negligibly small
under the conditions of the tests reported here, but
in addition, through the course of calibration and
use of a viscometer, the effects tend to be minimized.
In the calibration of an instrument, heating effects
result in a negative correction to the calibration
constant, while in a subsequent determination made
in the viscometer the effects result in a positive
correction to the time of flow. Thus, even though
no corrections are applied, the product of the instru-
ment constant and the time of flow tends to yield a
correct result in the viscosity determination. Of
course this will only be strictly true when the pres-
sure drop through the capillary is the same for both
the calibration and the determination, and when the
liquid whose viscosity is being determined and the

calibrating liquid have the same heat capacity and
temperature coefficient of viscosity. The pertinent
physical properties of the liquids involved will
usually be sufficiently alike, however, to minimize
an accumulation of errors in the usual laboratory
practice of calibrating a series of viscometers,
egraduated as to capillary diameter, by calibrating a
larger capillary with an oil whose viscosity has been
determined in a smaller one.

4.4. Variability of End Corrections With Reynolds
Number

The possible existence of curvature in Pt versus R
plots for viscometers of the Bingham type, such as
shown in figures 2 and 3, has not been generally
recognized. Most observers have confined their
calibrations to the higher rates of flow in order to
obtain more accurate pressure measurements, and
in addition, there has often existed a disregard or
inaccurate estimation of the level head and logarith-
mic head corrections, which may mask the true
nature of the calibration curve at the lower Reynolds
numbers. The curvature found in the plots for
viscometers 1 and 20, however, is not inconsistent
with the theory of end corrections and may be
explained through a consideration of the nature of
the coefficients m and n in eq (1).

The value of m is dependent upon the work done
in accelerating the liquid from essential rest to the
parabolic distribution of velocities existing after a
sufficient entrance length has been traversed. This
work is done not against viscous forces, but only
imparts kinetic energy to the flowing liquid at the
expense of the applied pressure. The value of n
arises in part from the excess work done against
viscous forces in the entrance length as compared
with an equivalent length where the distribution of
velocities 1s parabolic throughout. At sufficiently
high Reynolds numbers the kinetic energy of the
liquid streaming out of the exit end of the capillary
is dissipated as heat [16] in the enlarged part of the
viscometer past the capillary. For this condition,
the phenomena at the exit end will make a negligible
contribution to the values of m and n. At lower
Reynolds numbers, however, part or all of the
kinetic energy may be expended against viscous
resistance close to the exit of the capillary. The
ralue of m for a given Reynolds number will then
depend upon the difference between the work done
in acceleration at the entrance end and the amount
of kinetic energy used in overcoming viscous resist-
ance at the exit end. The magnitude of n will be the
sum of the extra work done against viscous resistance
at the two ends. It follows then that higher values
of m correspond to lower values of n and conversely.
Also, when m is constant over a range of Reynolds
numbers, n should also be constant. Dorsey [5] has
treated this subject at some length and concludes
that, for capillaries with square-cut ends, m is zero,
and 7 has a constant value of 1.14 up to a Reynolds
number of 10, while at higher Reynolds numbers,
m=1 and n has a constant value of 0.57, He
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recognizes, however, that the values of m and n will
be affected by the geometry of the entrance and
exit ends of the bore. In the construction of the
Bingham viscometers some glass blowing was done
at the ends of the capillaries so that they are not
precisely square-cut, but evidence slight fire polishing
at the edge of the bore. With this geometry it is
not surprising that these viscometers show an
extended transition region (approximately =10 to
60) between the range where m=0 and the range
above =60 where m becomes constant.

For Bingham viscometer 1 the constant value of
m is 1.12, which is in agreement with values reported
by others for capillaries with squarecut ends [3].
The lower value of m=0.95 found for Bingham No.
20, may be the result of some peculiarity in the shape
of the ends of the capillary bore as a result of glass
blowing. With the Cannon viscometers M25-1 and
M25-2, it was found that m=0 up to at least a
Reynolds number of 120, which is as high as the
salibration  was  carried. This condition is un-
doubtedly associated with the gradual tapers through
which the bores of these capillaries expand. It is
probable that at sufficiently bigher rates of flow
these calibration curves would also pass through a
transition region and then assume a constant slope
corresponding to a value of m which is close to one.

5. Conclusion

In making the measurements reported here, every
reasonable precaution was taken so that the results
would reflect the accuracy of which each viscometric
method was capable. The viscosity values of the
four liquids as determined independently by the
two methods were in better agreement than was
anticipated, and hence it is believed that both
methods are relatively free of error. Reviewing
the techniques and sources of error critically, how-
ever, it is apparent that the necessary steps in cali-
brating the Bingham viscometers are more compli-
cated and contain more possibilities of uncertainty
than are present in calibrating the Cannon viscom-
eters. The experimental difficulties in establishing

the calibration curve with water at low Reynolds
numbers and the uncertain effects of heating in the
capillary are perhaps the weakest points in the
method. On the other hand, the relative simplicity
of the method with the Cannon viscometers makes
this method singularly attractive and inherently
more accurate. The greatest difficulty with this
method seems to lie in adequately correcting the
head for the difference in the surface tensions of
water and oil. The procedures described here for
evaluating this correction are cumbersome and
time consuming to the extent that less accurate
estimates of the correction are resorted to in most
laboratories. It is possible that a redesign of the
shape of the fiducial bulb of the viscometer would
simplify the evaluation of this correction. For
example, a cylindrical bulb with a conical top and
bottom would present simple geometric shapes for
which surface tension effects are readily calculable
by Barr’s method [11].  Any redesign of this nature,
however, would have to be accompanied by consid-
erations of the drainage characteristics of the bulb
as well.
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7. Appendices

7.1. Calibration of Bingham Viscometer 1 with Water at 20° C
R Direction | Condition P Toevtiepdl|| Tomm il P ' 5 Correction JE By P !t)ulb R
Lt of flow of bulb D Butilis 02taca Wet bulb | wet to dry | Dry bulb Nfean Mean
1 2 3 4 5 6 7 8 9 10 1l 12 13
mm Hg mm Hg mm Hg sec
1-24 R-L —+0. 047 —0.036 15.104 2456. 00 37095. 4 +24.0 37119. 4
1-25 R-L +. 047 —. 036 14. 846 2498. 71 37095. 8 +24.0 37119.8 37124 8.5
1-34 R-L +. 047 —.036 15.143 2450. 62 37109. 7 +24.0 37133.7
1-31 L-R —. 047 —.036 15.142 2448.02 37067. 9 +24.0 37091. 9
1-32 L-R —. 047 —. 036 15.078 2460. 65 37101. 7 +24.0 37125.7 37125 8.5
1-33 L-R —. 047 —. 036 14.922 2486. 90 37109. 5 +24.0 37133.5 .
1-35 L-R —. 047 —. 036 15.161 2448. 81 37126. 4 +24.0 37150. 4
1-26 R-L +. 047 —.018 29.364 1264. 24 37123.1 —+24.0 37147.1
1-27 R-L +. 047 018 29. 342 1264. 81 37112.1 —+24.0 37136. 1 37143 16.5
142 R-L +. 047 018 29.171 1272. 52 37120.7 —+24.0 37144.7
1-40 R-L +. 047 —.013 43.004 862. 94 37109. 9 +24.0 37133.9 } 37135 24,9
141 R-L +. 047 —.013 43.063 861. 81 37112.1 +24.0 37136.1 .
1-28 R-L +. 047 —.013 43.233 859. 04 37138.9 +24.0 37162.9 } 37170 2.6
1-29 R-L +. 047 —.013 43.839 847.51 37154.0 —+24.0 37178.0 A
1-38 R-L +. 047 —.007 72.871 509. 55 37131. 4 +24.0 37155. 4 } 37161 1.4
1-39 R-L +. 047 —. 007 73. 886 502. 71 37143. 2 +24.0 37167.2 .
1-36 R-L Dry.._______ 104.169 +. 047 —.005 104. 211 30604 SN | SR | S 37197.1 } 37200 58. 6
1-37 R-L 104. 169 +. 047 —. 005 104. 211 356. 77 37179. 4 +24.0 37203. 4 08
1-15 R-L 149. 480 +. 047 004 149. 523 248.89 37214.8 +24.0 37238.8 } 37937 84.92
1-16 R-L 150.074 +. 047 —.004 150.117 247. 88 37211.0 +24.0 37235.0 .
1-1 R-L 187.703 +. 047 —.003 187.747 198. 64 37294.1
15 R-L 187.270 +. 047 —. 003 187.314 199.08 37290. 5
1-7 R-L 187. 832 +. 047 —.003 187.876 198. 57 3730€6. 5 37206 | 106.0
1-9 R-L 190. 737 +. 047 —.003 190. 781 195. 48 37293.9 .
1-11 R-L 190. 678 +. 047 —.003 190. 722 195. 51 37288.1
1-23 R-L 188. 862 -+. 047 —.003 188. 906 197.48 37305. 2
1-2 R-L 187. 480 +. 047 —.003 187. 524 198.78 37276.0 +24.0 37300. 0
1-6 R-L 187.039 +. 047 —.003 187.083 199. 27 37280.0 +24.0 37304.0
1-8 R-L 187. 655 +. 047 —.003 187. 699 198. 54 37265. 8 +24.0 37289.8 37296 106.0
1-10 R-L 191. 037 +. 047 —.003 191. 081 194. 97 37255.1 +24.0 37279.1
1-12 R-L 190. 810 +. 047 —.003 190. 854 195. 36 37285.2 +24.0 37309. 2
1-17 R-L 232. 251 +. 047 —.002 232. 296 160. 79 37350. 9 +24.0 37374.9 } 37378 130.0
1-18 R-L 232.011 +. 047 —.002 232.056 160. 98 37356. 4 +24 0 37380. 4 ! .
1-19 R-L 368. 515 +. 047 —. 001 368. 561 101. 97 37582.2 +24.0 37606. 2 } 37604 205. 2
1-20 R-L 368. 476 +. 047 —. 001 368. 522 101. 97 37578.2 +24.0 37602, 2 .
1-21 R-L 531. 552 +. 047 —. 001 531. 598 71.22 37860. 4 +24.0 37884. 4 } 37875 293. 7
1-22 R-L 531. 285 +. 047 —.001 531. 331 71.22 37841.4 +24.0 37865. 4 .
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7.2. Calibration of Bingham Viscometer 20 with Water at 20° C

T e ; Pt
Direction Condition . | Pt Correction B0 R

Run of flow of bulb Po Level head | Log head | P ¢ Wet bulb | wet todry | Dry bulb Dﬁegglb Mean

1 2 3 4 5 6 7 8 9 10 11 12 13

mm Hg mm Hg mm Hg mm Hg sec

20-26 R-L 14. 914 —0.097 —0. 034 14. 783 5470. 29 80867 +33 80900 } 80893 5.2
20-27 R-L 14. 229 —. 097 —. 035 14. 097 5735.43 80852 +33 80885 . .
20-28 L-R 15. 255 +.097 —. 033 15.319 5276. 28 80827 +33 80860
20-29 L-R 15. 207 +.097 —. 033 15. 271 5299. 55 80927 +33 80960 80893 5.5
20-30 L-R 15.189 +.097 —.033 15. 253 5299. 06 80827 +33 80860
20-31 R-L 28.974 —.007 —. 017 28. 860 2803. 05 80896 +33 80929
20-32 R-L 29.190 —. 097 =N017 29.076 2782.02 80890 +33 80923 80916 10. 5
20-51 R-L 28.910 —. 097 —.017 28. 796 2808.12 80863 +33 80896 .
20-52 R-L 29. 098 =007 —. 017 28. 984 2790. 56 80882 +33 80915
20-33 R-L 43.374 —. 097 —. 012 43. 265 1869. 48 80883 +33 80916 } 80913 15.6
20-34 R-L 43.191 —. 097 —.012 43. 082 1877.25 80876 +33 80909 e
20-43 R-L 74. 965 —. 097 —. 007 74. 861 1081.15 80936 +33 80969 } 80966 27.0
2044 R-L 74.714 —. 097 —. 007 74. 610 1084. 69 80929 +33 80962 .
20-37 R-L 69. 628 —. 097 —. 007 69. 524 1163. 14 80866 +33 80899 } 80910 25.9
20-38 R-L 69. 853 —.097 —. 007 69. 749 1159. 70 80887 +33 80920 -
20-35 R-L 87. 942 —. 097 —. 006 87. 839 920. 63 80867 +33 80900 } 80910 31,7
20-36 R-L 87.731 —.097 —. 006 87. 628 923. 06 80886 +33 80919 !
20-39 R-L 105. 450 —. 097 —. 005 105. 348 768. 21 80929 +33 80962
20-40 R-L 105. 919 —. 097 —. 005 105. 817 764. 80 80929 +33 80962 80063 38.0
20-41 R-L 105. 452 —.097 —. 005 105. 350 768.40 |ocoodocooo oo 80950 o
20-42 R-L 105. 196 —. 097 —. 005 105. 094 770. 22 80946 +33 80979
20-45 R-L 140. 328 —. 097 —. 004 140. 227 577. 66 81004 +33 81037 } 81027 50.5
20-46 R-L 140. 074 —. 097 —. 004 139. 973 578. 56 80983 +33 81016 .
20-15 R-L 159. 491 —. 097 —. 003 159. 391 507. 81 80940 +33 80973 } 80061 57.4
20-16 R-L 158. 835 —. 097 —. 003 158. 735 509. 75 80915 +33 80948 :
20-17 R-L 244. 479 —. 097 —. 002 244. 380 331. 89 81107 +33 81140
20-18 R-L 244. 589 —.097 —. 002 244. 490 331. 68 81092 +33 81125
20-25 R-L 244. 963 —. 097 —. 002 244. 864 331.05 81062 +33 81095 81115 88.0
20-47 R-L 244. 267 —. 097 —. 002 244,198 332.05 81086 +33 81119 .
20-48 R-L 243. 924 —. 097 —. 002 243. 825 332. 53 81079 +33 81112
20-24 R-L 245. 341 —. 097 —. 002 245. 242 330.68 |oeo. - ol o 81097
20-2 R-L 400. 796 —. 097 —. 001 400. 698 202. 94 81317 +34 81351
204 R-L 410. 912 —.097 —. 001 410. 814 198. 05 81362 +34 81396
20-6 R-L 406. 918 —. 097 —. 001 406. 820 199. 97 81352 +34 81386
20-8 R-L 404. 893 —. 097 —. 001 404. 795 200. 89 81319 +34 81353 81363 144.9
20-10 R-L 404. 433 —. 097 —. 001 404. 335 201.12 81320 +34 81354 : .
20-12 R-L 403. 796 —. 097 —. 001 403. 698 201. 36 81288 +34 81322
20-49 R-L 403. 883 —. 097 —. 001 403. 785 201.43 81334 +34 81368
20-50 R-L Wet___ = 403. 961 —. 097 —. 001 403. 863 201. 40 81338 +34 81372
20-1 R-L 400. 860 —. 097 —. 001 400. 762 202. 97 81343
20-3 R-L 410. 850 —. 097 —. 001 410. 752 198.18 81403
20-5 R-L 407. 486 —. 097 —. 001 407. 388 199. 76 81380 81362 145.4
20-7 R-L 404. 853 —. 097 —. 001 404. 755 200. 94 31331 :
20-9 R-L 404. 632 —. 097 —.001 404. 534 201.13 81364
20-11 R-L 404. 078 —. 097 —. 001 403. 980 201. 38 81353
20-19 R-L 595. 256 —. 097 —. 001 595. 158 137.12 81642 o
20-20 R-L 595.038 | —.097 —.001 594. 940 137.17 81642 } SLE2 gl
20-21 i—{»L 994. 445 —. 097 994. 348 82. 67 82237
20-22 R-L 995. 422 —. 097 965. 325 82. 64 82288 82250 353.2
20-23 R-L 994. 676 —. 097 994. 579 82. 64 82226
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7.3. Calibration of Bingham Viscometer 5 with Oils at 20° C

| '
. Direction| Condition Level Log J2is
Run | Ol | %5¢fow | ofbulb | P head | head | L t Pt Mean | B n CsPn I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
mm Hg | mm Hg sec cp
53 A R L —0.017 | 20.007 | 884.28 | 17691.8 ST R R I
5-6 A R-L —.017 | 20,617 | 857.00 | 17687.3 |}17600.6 | .- | ... e ||
59 A R-L —.017 | 19.821 | 892,62 | 17692.6
5-2 A L-R —.017 | 20.057 | 881.80 | 17686.3
55 A I-R —017 | 20,617 | 858.30 | 17695.6 |{17691.2 | oo | oo | e | .
58 A IL-R —017 | 20001 | 88454 | 17691.7
51 A R-L —.017 | 19.884 | 880.86 | 17604.0
s i Bl T | ) RTAS2 ) ITORL Y M7692.1 | 68 | 1920 | 0.00003 | 1.0881X1074
514 | A R-L —.017 | 19,878 | 890.32 | 17697.8
&0 | B R-L 206,132 | 048 | —00L | 20,088 | 2030 | Go0s
= T 2060112 | —l048 | —.001 | 206.063 | 236.22 | 69936
5-12 B R-L 1 296,924 | —.048 | —.001 | 296.875 | 235.63 | 69953 |(69946 6.9 | 7.6007 | .0022¢ | 1.0883
513 | B R 206,722 | —.048 | —.001 | 296.673 | 235.66 | 69914
7.4. Determinations in Bingham Viscometers
: Vis- Level Log 187
oil cometer| BUn Po head head P ¢ Pt Mean f TPt CsPy n R
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
mm Hg | mm Hg | mm Hg | mm Hg sec cp
1 19| B8 0w | -0 | 00 | aeol | 153003
1 153 | 42,992 032 | —.006 | 43.018 | 335.65 | 15209.4 ;
: 1B | B0 e | B8 | 360 | 10704 |t 152991 | 2.6878X10- | 0.41121) 0.00001 | 0.41120 | 8.9
1 1-55 | 43.321 | +.032 | —.006 | 43.347 | 35295 | 152003
20 | 2060 |106.122 | —.066 | —.002 |106.054 | 314.75 | 33380.5
% | 20-61 |106.025 | —.066 | —.002 | 105957 | 315.15 | 33302.3 |\ 33386.8 | 1.2310 L41099| .00002 | . 41097 | 154.3
2 | 2062 |106.172 | —.066 | —.002 | 106.104 | 314.67 | 33387.7
1 149 | 20,002 | +.037 | —.016 | 20.023 |3562.24 | 71326.7 |\ -
1 150 | 20,010 | -+.037 | —.016 | 20,031 | 356122 | 713348 } 71330.8 | 2. 6086 (L2 EECCOUSR 2 %!
1 143 | 237.532 | 4.037 | —.001 | 237.568 | 300.45 | 71377.3
1 144 | 237133 | -£.037 | —.001 |237.169 | 300.97 | 71380.8 |t 71380.2 | 2.6973 19253 | L0003 | 1.9250 | 8.2
1 1-45 | 237.415 | -4.037 | —.001 | 237.451 | 300.62 | 713825
2 | 2053 | 237.405 | —.076 | —.001 |237.328 | 655.16 | 155488
20 | 2054 | 237.704 | —.076 | —.001 | 237.627 | 654.30 | 155479 |t155478 | 1.2384 19254 | L0003 | 1.9251 | 8.1
2 | 20-55 | 237.460 | —.076 | —.001 | 237.383 | 654.92 | 155467
1 1-46 | 296,634 | --.039 | —.001 |296.672 | 950.80 | 282076
1 147 | 206674 | 4039 | —.001 |296.712 | 950.45 | 282010 }»282046 2.6986 B LLSH 0022 | JRrcl60] 2.4
1 148 [ 296,304 | 030 | —.001 |206.432 | 951.49 | 282052
2 | 20-56 | 206.751 | —.081 | —.001 | 296.669 | 2071.92 | 614674
2 | 20-57 | 206.679 | —.081 | —.001 | 206.507 | 2072.10 | 614605 |\614654 | 1.2385 7.6125 | .0022 | 7.6103 1.5
20 | 2058 | 296,650 | —.081 | —.001 | 206,568 | 2072.65 | 614682
Croeeee 5 5415 | 302.250 | —.050 | —.001 |302.208 | 1302.81 | 303720 . .
c.llll 5 5-16 | 303.062 | —.050 | —.001 |303.011 | 1299.33 | 393711 }393‘16 10. 882 42.844 1 . 017 42827 0.2
Cucoeeee 5 517 | 595.110 | —.050 | —.001 |595.050 | 661.92 | 393881 |\.
¢l 5 5-18 | 505.070 | —.050 | —.001 |595.019 | 661.79 | 303778 }393330 10.882 T | ollin ) SRR &
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7.5. Calibration of Viscometers M25-1 and M25-2 with Water

|
t,
Viscometer Filling Tgﬁfr’g" t t, mean | adjusted | Ahy/h Aha/h Ahs/h Ahs/h | (14 Ah/h) o n/(pt ) R ]
for means ‘
|
© (@ sec sec sec sec |
1 20 736.33
2 2 78658 10 736,46 | 736,46 |+0.00002 | 0.00000 | 0.00000 | 0.00000 | 1.00002 | 736.47 | 1.36209X10-3 15
1 2 736,42
1 40 482.72 | 48272 | 482.81 | +.00002 | —.00012 | +.00008 | +.0001 | 1.00008 | 482.85 | 1.3632 3
2 60 3817 | 34817 | 348.14 | +.00002 | —.00031 | +.00016 | +.0002 | 1.00007 | 348.16 | 1.3629 6
3 80 27.90 | 267.90 | 267.85 | +.00002 | —.00036 | +.00026 | +.0003 | 1.00002 | 267.86 | 1.3630 111
1 20 674.95
2 20 674.05 |- 674.96 | 674.96 | 4+.00002 | .00000 | .00000 | .00000 | 1.00002 | 674.97 | 1.48718 16 |
3 20 674.97 1
1 40 42,43 | 44243 | 44244 | +.00002 | —.00012 | +.00008 | +.0001 | 1.00008 | 442.48 | 1.4875 37 |
2 60 319.07 | 319.07 | 319.07 | +.00002 | —.00031 | +.00016 | +.0002 | 1.00007 | 319.09 | 1.4870 7
3 80 25.44 | 245.44 | 245.44 | +.00002 | —.00056 | +.00026 | +.0003 | 1.00002 | 245.44 | 1.4875 120

a The observed differences in the times of flow at 20° C for the different fillings are assumed to be largely due to differences in the volume of liquid charged into
the viscometers. Since the data at 40°, 60°, and 80° C were obtained with different single fillings, the observed times of flow at these temperatures were adjusted to
correspond to a hypothetical filling represented by the mean of the observed times at 20° C.

7.6. Properties of Water

Temperature o ‘ b ’ pe 7/p
°e Dynes/cm cp g/em? cs

20 72.7 1. 0020 0.99821 1. 0038

40 69.6 0.6531 . 99222 0.6582

60 66. 2 . 4665 . 98321 L4745

80 62.6 . 3548 . 97180 . 3651

a International Critical Tables.

b Hardy and Cottington [12], based on 520=1.005 ¢cp and converting to
720=1.002 cp.

¢ N. E. Dorsey, Properties of ordinary water substance, table 93, in
grams per milliliter and converting to grams per cubic centimeter,
using 1 ml=1.000027 em3,

7.7. Calibration of Viscometers M104 and M105 with Oils

Viscometer Oil | Filling t t, mean Ahy/h Ahs/h Ahs/h (14-Ah/h) te 7/p K. Kec, mean
sec sec sec cs
M104..___. A 1 298. 08 - o = |
M104 A 9 208,09 } 298. 08 0. 00009 0. 00034 —+0.00144 1.00119 208.44 | 2.4642 8.2572X10-3 |
8.2569X108 |
M104.__ . B 1 1110. 54 . ;
Miod B 2 | 111060 }1110. 57 +.00009 —. 00025 +.00142 100126 | 1111.97 | 9.1811 | 8.2566 f
MI105..--. A il 291. 30 _ 14 |
M105. - A 2 201,95 } 201,28 +.00009 . 00034 +.00144 100119 | 201.63 | 2.4642 | 8. 4499 ’ ’
8. 4496
B 1 1085. 11 ac
B 2 1085. 40 }1085. 26 =+.00009 —. 00025 +. 00142 1. 00126 1086. 63 | 9.1811 8. 4492 l
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7.8. Results Obtained with Cannon Viscometers

0il Visco | Filling| ¢ | t,mean | Ab/h | Ahgh | Ahgh | (+an/m) | Ppainagel K. "p R
sec sec sec cs

it il e : o } 440,37 |40.00009 | —0.00055 |+0.00126 | 1.00080 | 1.00000 | 440.72 | 1.36200X10-3 | 0.60070 | 42.0

S e ! i } 403.59 | +.00000 | —.00055 | +.00126 | 1.00080 | 1.00000 | 403.91 | 1.48718 60069 | 45.0

 —— s 2| }18{)5.92 +.00008 | —.00034 | +.00144 | 1.00118 | 0.99990 | 1807.87 | 1.36299 2.4641 | 2.5

. T R } 1655.36 | +.00008 | —.00034 | +.00144 | 1.00118 | .99990 | 1657.15 | 1.48718 24645 | 2.6

S g{gg:} e } 6727.41 | +.00008 | —.00025 | +.00142 | 1.00125 | 1.00000 | 6735.82 | 1.36209 9.1809 | 0.2

Mgig 5 || e } 6166. 06 | +.00008 | —.00025 | +.00142 | 1.00125 | 1.00000 | 6173.77 | 1.48718 9.1815 .2

S - } 5997.43 | +.00007 | —.00019 | +.00139 | 1.00127 | 1.00000 | 6005.05 | .2569 49.583 .03

i 5l B } 5860.89 | +.00007 | —.00019 | +.00139 | 1.00127 | 1.00000 | 5868.23 | 8.4496 49. 585 .03
WasHINGTON, September 16, 1953.
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