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Precise Measurements With Bingham Viscometers and 

Cannon Master Viscometers 
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A cri t ical study has been made of t he techniques used at the National Bureau of Stand
ards wi th Bingham viscon~eter s and Cannon kinemat ic vi ~ cometers. All corrections appli
cable to measurements wIth t hese lllstruments were cntlCally examined . Instruments of 
each type were calibrated using the viscosity of water at 20° C as the primary viscosity 
standard. The visco meters were used to determine the viscosit ies of four hydrocarbon 
liquids in t he range 0.4 to 40 centipo ises. With each liquid the values obtained in the 
two types of viscometers were in agreement by 0.05 percent ~r better, indicating that no 
gross error was involved in the use of either instrument. It is considered however that 
t he inherent relat ive simplicity of operation of the kinematic viscometer n'1akes it a' pref
erable instrument for t his t.vpe of measurement. 

1. Introduction 

~ As the result of a recent determination [1J 1. the 
Kational Bureau of Standards on July 1, 1953, 
adopted the value of 1.002 cenLipoises (ep) for the 
absolute viscosity of water at 20° C as the primary 
standard for vi cosity determinations. The Amm,i
can Society for T esting Materials, The National 
Physical Laboratory in England, and the Physik a
lisch Technischen Bundesanstalt in Germany have 
concurred in this action. Previous to this, the 
values of the secondary standards of viscosity issurd 
b.Y the Bureau werc based upon 1.005 cp for Lhe 
viscosity of water at 20° C. In eonnection wi th th e 
reevaluation of the secondary standards on the basis 
of the n ew value for water, a comparative study has 
heen made of the use of t,wo types of viscometer's 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 fOlll' hydrocarbon 
liquids in the range 0.4 Lo 40 cp and of th e viscosity 
of each liquid a.s 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 N a
tional Bureau of Standards standard viscosity sam
ples and to call attention to the magnitud e of certain 
corrections often neglected in viseometry. The ex
tension of these teehniques to the calibration of 
viscometers wi th larger capillari es suitable for the 
measurement of t.he viscos ities of more viscous 
liquids is relaLively simple and involves the same t .mct.hod, "" m-e cov,,-ed hm-e_ 

? 2 . The Bingham Viscometer 

l 
2.1 . General 

A short treatment of the use of the Bingham 
viscometer, shown diagrammatically in fi gure 1, has 
been givrn previously [2J, and it will be assumed that 

I Figures in brackets indicate the literature references at the end of this paper. 
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the reader has some frtmiliarity with the instrumen t. 
With the usual procecilll'e, pressure is applied to the 
right limb of the viscometer, rtnd the rate of flow is 
determined by measuring Lhe time req uircd for the 
meniscus in the lef t limb Lo pass from the fiducial 
mark d Lo mark c. To ayoid the necessity for drain
n.ge corrections, each determination is made with the 
bulb A initially dry. This is accomplished by intl'o
dUCIl1g Lhe sample in to bul b B with a sperial pi pet, 
sufficient liquid being added to fill Lhe viscome(rr 
br~w ee n the marks d and g at the test temperature. 
With the excepLion of certain calibraLion r uns with 
:va.trr, the viscometer is cleaned and a fresh sample 
IS II1trodu ced for each measurement. By th is P1'O

cedUl'e (,he volume of flow is kep t constant for each 
in ~t ru ment ~' ega rdle ss of Lhe viseosi ty or rate of flow. 

Pressure IS applied to the liq uid in the viscometer 
by air supplied from a tank having a capacity (about 
60,000 cm3) suffi ciently large Lhat the increase in vol
ume (a b~ut . 4 cm3 ) in the pressure system during the 
flow of liqUId from bulb B causes no significant re
duction in press ure. The tank is thermally insu
lated to prevent rapid changcs in its temperature 

FIGURE l . Bingham viscameler. 



with fluctuations in the ambient temperature. In 
general, pressures above 150 mm Hg are read with a 
mercury manometer, a watcr manometer being used 
for lower pressures; differences in liquid levels in 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 rcading telescopes. The 
heights wcrc read to about 0.02 mm with thc cathe
tome tel' 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 wcre 
made with the viscometcrs immersed in a well-stirred, 
30-gal oil bath whose temperature was controlled by 
supplying a heatcr from the output of a manually 
adjusted variable transformer. Wl) en 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 werc 
measured with a resistance thermometer, and their 
recorded values are believed to be accuratc 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 

where 

mpV 

8V(l + nr) 
(1) 

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=coefficients associated with the flow at the 
ends of the capillary 

71, 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 n 
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. Equation (1) then takes the form 

7j =OPt-0' pit, (2) 

where 

O 1l'r4 dO' 
= 8V(l+nr) an 

mV 

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 l it, and 0 and 0' 

arc evaluated from the resulting straight line by in
troducing known values for 71 and p. For the t.wo 
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 0 and 0' could not be treated as con
stants. For this reason and for simplicity, the 
purely empirical formula, 

71 jPt, (3) 

was used with the viscometel's. 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 ch ar
acterized by the corresponding value of the R eynolds 
number as calculated for the flow in the capillary 
(R = 2 Vpl1l'r7jt) , and therefore j will have a definite 
value for each valuc of the R eynolds number. The 
calibration of these instruments, then, consists of 
determining the value of j as a function of thc Reyn
olds number. 

~ '\lthough the Bingham viscometer is designcd to 
minimize the effect of hydrostatic head in the 
instrument, actually small head corrections to an 
applied external pressure, Po, 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 (L-R) in the viscometer. The correction is 
largely independent of the magnitude of the applied 
external pressure but is proportional to the density 
of thc liquid. The level head was evaluated in this 
work by making flow measurements in the L-R 
direction and then repeating in the R-L direction, 
using approximately the same applied pressure. The 
runs werc made at the lowest applied pressure that 
could be accurately measured, and under conditions 
chosen to insure that the volume of flow was thc 
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. 

I 

{ 

A second head correction, which becomes very . 
slh'gnificant atl low val duels of the appliedd pressur~, is ~i 
t e common y terme ogarithmic hea correctIOn. 
If we neglect for the moment the level head discussed . 
above, the initial pressure drop through the capillary I 
is Po+x, where x is the initial hydrostatic head of J 

liquid, and the final pressure is Po-X, but the mean ) 
effective pressure is not exactly Po, 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 

IDS 



time. For bulbs of regular shape, however , the 
efi'ective pressure is readily calculable. For this 
work, the calculations were made by using BaIT's 
equation [4]. This equation is written P(l + y2/10 
+ 11/3:5 + .. . )= Po, rapproximately, where Y= 
x/Po. }3arr states that this equation is derived "for 
a bulb that has the form of a pair of opposed cones, 
each of a h eigh t equal to the radiu s of the common 
base, discharging into air, or for such a bulb dis
charging symmetrically into a similar one, as in 
Bingham's viscom e ter" . The correctness of this 
expression was verified in an independ ent 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 heigh t-to-base ratio . 
It is of importance to note in conn ection wi th runs 
at low pressures, that the logarithmic head is a 
function of the ratio of the initi al and final pressures, 
and therefore iL increases in absolu te n' agnitud e as 
the applied pressure is redu ced. 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 t he net contribu tion of surface tension 
to the mean efrective pressure indicate a maximum 
correction of abou t 0.001 mm Hg, which was ne
glected in this work. 

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

The three Bingham viscometcrs used are identified 
in table l. Of these, viscometers 1 and 20 were 
calibra ted with water, whereas number 5 was cali
brated subsequ en tly by using two hydrocarbon oils 
whose viscosities were determined in viscom eters 1 
and 20 . In ma king the calibra tion 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 abou t 80 sec with viscometer No . 1, and 120 
sec with No. 20 for the fidu cial bulb to empty. After 
allowing about 18 min for further drainage from the 
walls of the bulb , another R-L 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 fidu cial bulb was obtained from 
the diffel"Cnce in the product Pt between wet and 

TABLE 1 . Essential dimensions of Bi ngham viscometeTs 

Viscometer 

Radius 

em 
L ____ . _____ ._ 0. 012 
20 ____ ._ .. _ .. _ . 011 
5 ___ __ ._______ . 017 

Length 

em 
10.2 
12. 3 
10.0 

cm3 

3.96 
5. 07 
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 waLer at 20° C 
for viscometers 1 and 20 are given in appendices 7 .1. 
and 7.2. All runs were made in the R -L directioll, 
except for the few special runs made for the deter
mination of the level head corrections. From these 
data the plots of Ptversus R given in figures 2 and 3 
were constructed . Each plotted point represents 
the mean of at least two runs made at approximately 
the same pressure . For each viscometer, it is seen 
that the plo t is not linear at certain values of R, 
as was mentioned previously . Since the data are 
not adeq uate to position accurately the eurves at 
the lowest R eynolds numbers, the lines were drawn 
horizontal in this region on tbe basis of theoretical 
considerations r5]. From these curves values of 
Pt corresponding to selected values of Rwere ob
tained and, tak ing 1'} = 0.01002 poise, were substituted 
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in eq (3) to calculate cOl'l'esponding values of f. 
The values of f were then plo tted as a function of R, 
yielding 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 n ecessary to choose a value of from the calibration 
curve corresponding to a tentative value of the 
R eynolds number based on an estimate of the vis
cosity of the unlmown. If th e viscosity value 

108 

cfl:lculated by substituting this value of j, together 
wlth t,he measured values of P and t, in eq (3) differs 
matenally 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 al'e given in appendix 7.3 . 
As all calibrating runs and viscosity measurements 
made in viscometer 5 were at R eynolds numbers 
less than 10, it was assumed that / 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 

T A BLE 2 . R esults at 20° C with Bingham viscornelel's 

Oil 

i/-Hcptane ___ 
D o __ ____ 

A _______ . __ .. 

A .. _ .. _ ...... 

B ..... _ ...... 
B .. _ .. _ ... __ . 
C _._ ...... __ . 

Visco
meter 

1 
20 

I 
20 

1 
20 

5 

R 

--~-

98 . 9 
154 .3 

28.2 a.nd 2.4 
18. I 

2. 4 
1.5 

0. 2 a n d 0.5 

11. rnca.ll 

~~-- -~--

cp cp 
0.4 11 2 } 0. 4111 
.4110 

1. 9250 } 1. 9250 
1. 9251 

7.609 } 7. 610 
7. 610 

42.82 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 percont pure. 
The viscosities of n-hep tane and oils A and B were 
determined in viscometers 1 and 20, employing the 
normal procedure of running in the R -L direction 
with the fiducial bulb initially dry. Oil A was run 
at as high and as low R eynolds numbers as was 
practical. Higher appli ed pressures were avoided 
because experience has shown th at oils as ligh t 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 foJ' accurate 
measurement of pressure and of t ime. In calculat
ing the viscosities, small corrections were made to 
account for the change of viscosity of the oils with 
pressure. Observed v iscosities were reduced to a 
pressure of 1 atm, as described elsewhere [2] by 
adding a second term to eq (3), which then be c~ m es 

T/ = j Pt - FPT/, (4) 

- -- ---~-

\ 

I 
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" 'herr F is a factor represent,ing the fractional change 
in Tl 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 percen t wi th n-heptane. In addition , results 
obtained with oil A in viscometer 1 at R = 28.2 a nd 
R = 2.4 were in equally good agreemcnt (see ap
pendix 7.4 ), which tends to confirm the shape of the 
calibra tion curve at the lower range of R eynolds 
numbers (fig, 4). 

Runs made wi th oil C in viscometer 5 at high and 
at low pressures were in good agreemcnt (see appen
dix 7.4), indicating that the corrections applied for 
change of viseosi ty with pressure are not in serious 
errol'. 

3. The Cannon Viscometer 

3 .1. General 

In outlin e, the teclmiq ues used at the N'ational 
Bureau of Stand ard s with the Canno n viscometers, 
shown in fi gure 6, are substantially as described by 
Cannon [7], the principal differences consisting of a 
more rigoro us treatment of the various corrections 
to be ap plied to the observed data. With inst ru
ments of the kinematic type the value of P applicable 
to eq (1), neglec ting surface tension effects, is 
given b.\' 

P = hg(p- Pa), (5) 

in which II is the mean effective head, P is the liquid 
density, and Pa 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 

_~ = rrl'4y h (1 - pa) l- m V . 
P 8 V(l + nT) P 81T(l + nT)l 

If we let 

and 

cq (6) becomes 

mV 
B, 

Tl B 
-=Kt - - · 
P t 

(6) 

(7) 

It is apparen t that K and B will not be constant for 
all test conditions, bu t their values will reflect any 
variations in m and 11, with R eynolds number. As 
is done with the Bingham viscometers, these changes 
in m and 11, are implicitly determined experimentally 
as a part of the viscometer calibration. In addition, 
the value of K changes with any change in h or 
(1 - Pal p) , and a small correction for variation in the 
value of g may be required if the instrument is used 

~2.5~ -r 
1.2 

8 
UPPER CAPILLARY 
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FH1UR E 6. Cannon JU as/e,' viscometer. 

at a location other than where it is calibrated . If 
we let K c be the determined value of K und er the 
parti eular hydrostatic head at calibration, we can 
find from it the value of K under other tcst condi
tions by calcula ting changes in hand (1- Pal p). 
Since a change in (1-Pal p) is equivalent to a change 
in h, i t is grouped wi th thc other factors which 
affect h. For any test condition , eq (7) ma..\T then 
be written 

!J...= J{ (1 +D.h) t-!!', 
P C h l 

(8) 

in which D.h is the difference in effective head between 
tcst and calibrating conditions, and is made up of 
the sum of D.h I, D.h2' etc" arising from the scveral 
factors involved, In practice it is convenient to 
treat K as a cons tan t equal to I'C, and to apply the 
eOl'l'ections to the time of flow t. The viscosity is 
calculated by means of the equation 

(9) 

in whieh tc= t(l + D.h/h) . 
Of the factors affecting h, the filling volume will 

be considered first. T o in troduce a reproducible 
volume of liquid in to the viscometcr , the viscometer 
a.nd the liquid must both be at some standard tem
perature (20 0 C for this work) each timc thc vis
comcter is charged. To obviate the inconvenience 
of this procedure, fillin gs are made at am bien t tem
pcrature, which is observed, and an appropriate 
correction, D.hl' is th en calculated to accoun t 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 I::,.h2 , which follows. 

A second factor affecting h, which gives rise to a 
correction I::,.h2, is 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, figure 
6, [8]. For the most prccise work an accurate 
knowledge of the internal diameter of C is necessary. 
Tbis measurpment 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 whicb 
data a mean internal diameter was calculated. 

From differences in the factor (1 - Pal p) between 
calibrating and operating conditions a I::,.h3 is calcu
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 viscometel'. 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 tub"e 
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. Thp 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, hi' was estimated for 
each of the 20 intervals. Then, knowing the volume, 
1::,.17, and the capillary rise, h-y, for each interval, 
terms of the form 1::,.17h-ylh i were calculated for each 
interval. The quotient 

then gave a time-weighted mean value for the capil
lary rise in the bulb as a wbole. 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, I::,.h4 , was calculated for 
application to data obtained with oil. 

The net surface tension effect for water in the 
viscometer was also obta,ined 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 I::,. 17h-ylh i was calculated for 
each. With the aid of Bashforth and Adams' tables 
[10], each value of 1::,.17 was calcula,ted by using the 
geometry of the bulb as plotted and the calculated 
change in meniscus volume between the top and 
bot.tom of the section. The tables were also used 
in calculating h.y 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 wit.hin 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 
Kin eq (7), it has been assumed that the volume of 
flow, 11, is constant under all conditions. For 
application to the work reported here, the validit.y 
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 cm 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 bulb could be quicldy dis
connected. The capillary bore was selected to give 
about the same time of flow for a particular liquid 
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 liq uid , a correction to 
K c 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 t est . Liquid is drawn into the 
viscometer by applying suction to the other arm 
until the level reaches a position slightly b eyond the 
mark F (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 . W'ith the 
instrument s till inverted, excess liquid is carefully 
bled out of the capillary past the finger tip until 
th e liquid level reach es F. The viscometer is then 
returned to i ts normal upright position , and the finger 
is removed with a gentle wiping action. In this man
ner a reprodu cible filling volume is introduced . 
After filling the viscometer i t is mounted in its bath, 
and sufficient time is allowed for the fidu cial bulb 
B to emp ty a nd for the sample to come to the baLh 
temperature before starting a test . To make a 
determination, the liquid is push ed up under 17-
mm-Hg air pressure un til Lhe upper meniscus stands 
about 5 mm above t he mark at the top of bulb B. 
The air pressure is then r eleased , and t he time for 
bulb B to empty is observed. Wi th relatively Jow 
viseosity oils, Taising the liquid with vacu urn at th e 
start of a run sometimes results in a t ime of flow 
sligh tly high er than when air pressure is used. Such 
differences ar c attributed to the removal of all' from 
th e sample under reduced pressure. It IS therefore 
considered b etter technique to use air press ure as 
any change in the amount of air dissolved in th e oil 
will start at the surface faTthcst removed from till' 
liquid passing through th e capillary. 

When the liquid is push ed up at th e sLart of a run, 
the m eniscus level in rcservoiT C is lowered , l eaving 
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 th e same 
pressure in pushing th e liquid up , th e level in C 
is lowered at a rate inversely proportion al to the 
liquid viscosity, which leaves about the same amount 
of liquid on the walls for each test. Calculations 
indicate that this procedure eliminates significan t 
variations in h. 

3 .2 . Calibration and Results 

The calibration of the Cannon viscometers con
sists in evaluating K c and Bin eq (9) . To illustrate 
th e m ethod, eq (9) is r ewritten 

(1 0) 

in which t; is substituted for tet without detectable 
error . Liquids having different kinematic viscosities 
(TJ!p) arc run in the viscometer, and values of TJ / (ptc) 
are plotted against 1 I t ~ . Values of K c and Bare 

then obtained from the r esulting curve. As un
published r esults in this and other laboratories have 
shown that B may no t rem ft in consLan t over Lhe 
Llseful range of R eynolds numbers for this Lype of 
viscometer, the calibration must emhmce th e r a nge 
in which th e instrument is to be used . In practice, 
therefore , the calibration curve cons ists of a plot of 
TJ / (ptc) as a function of 1 / t ~ or H, and for a particular 
viscosity determination values of Ie and Bare 
obtained from the curve at the appropriate value of 
l / t ~ or R. 

The four Cannon viscometers used in this work are 
identified in table 3. Of these, M25- 1 and ~12 5 - 2 

were calibrated with water, whereas M104 and M105 
were calibrated subsequently \vith two hydrocarbon 
oils whose viscosities were determined in M25- 1 and 
M25- 2. The calibration data obtained wiLh M25- 1 
and 1125- 2 arc given in appendix 7.5 , and from 
these data the calibration curves in fi gure 7 were 
plo tted. 

The curves were arbitrarily drawn Lhrough Lh e 
values of TJ/ (pt c) at R eynolds numbers of about 15, 
which were obtained with water at 20° C , because a 
value for th e viscosity of water at 20° C was taken 
as the primary standard for calibration. The points 
at higher R eynolds numbers were obtained with 
water at 40°, 60°, and 80° C. The values used for 
th e properties of water at these temperatures ar e 
given in appendix 7.6. As K c r efers Lo the conditions 
existen t wi th water at 20° C, times of How obtained 
at the higher Lemperatureswere corrected by appro
priate values of th e factor (1 + /:::,.h /h) in eq (8). 

I t is evident that the valu e of B is zero (m = O) for 
th ese two viscometers up to a R eynolds number of 
at least 110 . Because they were used at values of 
R n ever exceeding 50, the determinations m ade in 
these instruments were calculated by m eans of the 
equation 
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Calibration CUl'ves for Cannon viscometers numbers 
A125-1 and j1{25-2. 
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TABLE 3. Essential dimen s1:ons of Cannon viscometers 

I r V I h Fillin g 
volume 

1----1-------- - ---,--- ---. 

Viscometer 

em em cm3 em cm3 

M25-L ____ 44 .5 0.0180 3. It 46. 5 6.85 
M25--2 _____ _ 44.5 . 0185 3.13 46. 3 6. 7i 
MIOC ___ _ . 44 . 3 . 0294 3.64 46.6 7. 68 
M105.. _____ 44. 5 .029Z 3. 54 46. 6 7. 53 I 

Radius of 
reserVOir 

em 
1. 52 
1. 50 
1. 53 
1. 55 

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 = O and eq (11) was applicable. 
For consistency, the values of Kc for these viscom
eters were also calculated for the conditions tha t 
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. 

TABLE 4. Results at 20° C w1:th Cannon viscometeTs comp01·ed 
with Bingham Tesults 

Oil I Viscom- II ~ / p I cter ., 7J P mean 

-------I- :~- -~~- (J / cn ~ - - e- p-

n. H'i:l'~ ~ l~ ~ : ~m = ~ o:~gg~~ } 0. 60070 0.6841 0. 4lO9 

~. by 
Bingham 

e1' 

0. 4111 

A ________ M25- 1 2. 46-11 } 2. 4640 A ____ ._._ M25- 2 2. 4645 . 781!o I. 9249 I. 9250 

B ________ M25-1 9. 1809 
} 9. 1812 B ________ M20-2 9. 1815 

C ________ Ml04 49.583 
}49.584 C _______ _ MI05 49.585 

4. Discussion of Results 

4.1. Sources of Error in Using Bingham Viscometers 

From a thorough examination of the various fac
~o r s involved in the usc of the Bingham viscometel's, 
It. appears that the gr~atest source of uncertainty 
anses £rol?- the uJ?-a~Oldable use. of relatively low 
pressures III estabhshmg 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 
precisio~, ?-nd. larger errors are introduced for given 
uncertallltws III 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 cm H 20 ), 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 cm 
H 20 ), the level head correction is 0.31 percent , and 
the logarithmic head correction is 0.24 percent. 
Thus in thc 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. AI
~ hou gh this simple geometry is not exactly realized 
III 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 variables, 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 0, with an appl ied pressure of 595 mm 
Hg. As the pressure co rrection for these runs is 
0.08 percent, an erro r of 30 percent in the co rrection 
will amount to only 0.02 percent in the viscosity 
determination. 

4 .2 . Sources of Error in Using Cannon Viscometers 

The first considerations arc concerned with the 
establishment ~f the calibrati~m curves given in figure 
7 for the two vlscometers calibrated with water. In 
the work reported here these viscometers were used 
at Reynolds numbers in the range 0.03 to 42, and 
h~nc!'l only factors affecting this portion of each curve 
WIll mfluence the resJlts. As the determinations in 
the viscometers were to give results based on a value 
for the viscosity of water at 20° 0, each calibration 
curve was arbitrarily put through the point at a 
R eynolds .number of. about] 5, which represents the 
data o~tal.ned . at tins temperature. At this poin t, 
uncerta.lIltlCs 1Il the value of I'C, which is equal to 
17/ ~t e, WJll de~ e nd only on errors in te, as the value of 
17 IS taken wI~hout error and p is known with high 
accuracy. ' Vlth reference to appendix 7.5, it is seen 
that for the data a.t 20° 0, te is obtained from the 
observed Lim~ of flow t, by applying only a relatively 
s ma~l c?rrectl~n for fillinO" temperature. This cor
rectlOn IS readIly ca.lculable and is not considered as 
a source of error. Of t he factors affecting t, the 
effects of elTors in temperature measurement or of 
tempera:ture va~' i ations, arc probably small. ' Both 
the platmum resLstance thermometer and the 11ue11er 
G - ~ bridge used for measuring temperature were 
calIbrated shortly before or after tests ,vere made, 
~o that no error larger than 0.001 deg ° is expected 
III the measured temperatures. Observed tempera
t ure v~ riation s during the tests were 0.002 deg ° or 
less, WIth the mean temperature closer than is indi
cated by this spread . lL is probable that the actual 
bath temperatures were within 0.002 deO" of 20° C 
which is. e quival~nt ~o an uncertainty at only 0.005 
percent III the VISCOSIty of water. Calculations 2 of 
the precision of the mean values of t as recorded in 
appendix 7.5 ind~cat e an uncertainty in the mean 
time of fl?w for viscometer M25- 1 of ± 0.03 percent 
and for viscometer M25- 2 an uncertainty of ± 0.007 
percent. These limits reflect elTors due to variations 
in filling the :riscometers, bath temperature, timing, 
and unrecogmzed factors. From the above consid
erations, the values of K e at R = 15 for the two vis
cometers are probably within ± 0.03 percent of their 
true values. 

Ha ving establi shed one poin t on each calibration 
curve, the other important factor is the shape of the 
curve 1ll the range R< 50. From theoretical con
siderations . [3], with increasing values of R these 
curves sho uld be horizontal lines until some value of 
R is excee.ded and a gradually increasingly negative 
slope be\Sll1s to d~velop. No known theolY can 
account for a posltrve slope at these Reynolds num-

2 rrhc cal ~ ulation s. were made by the Amel'ican SOCiety for rL'csti ng Materials' 
methods [L3]. assummg that the true value of the mean will lie within the limits 
gl ven 99 times in 100. 
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bel'S. The values of fJ /pte (or water at 40° 60° and 
80° C were therefore obtained and plotted t'o inclicate 
whether the curves could be as Ulned to have zero 
slope up to ~ = 50. These values of 17/Pte were com
puted by U Sll1~ the values of fJ / p given in appendix 
7.5. and are belIeved to be accurate within 0.1 perce nt. 
It IS seen that zero slope is indicated in the ranO"e of 
Reynol.ds numbers covered, and unreasonably large 
errors 1ll the values of fJ / pte for water at 40° 60° 
and 80° O.wou~d be required to change the position ~ 
of the cahbratlOn curves at R < 50 by as much a 
0.01 percent. 

. The calculations of the viscosities of n-heptane and 
oLls A and B from the data obtained with these two 
w:ater-calibrated viscometers are recorded in appen
d LX 7.8. These data show that the times of flow for 
repe.at fillings of a gi ven viscometer with a given oil 
are 1ll even better agreement than was the case with 
rcpeatfillings with water. It is estimated that the 
mean times of flow for the two fillinO"s with each oil 
should be within ± 0.01 percent of their true values, 
bas C' cl upon 99-percent confidence limits. 

In ~ppendix 7.8 the values ~f te are obtained by 
applymg at least three correctlOns to the observed 
t imes of flow. Of these, t:;.h1 /h is calculated without 
significant error. Wi th reference to section 3.1 it is 
seen that M1.3/h is dependent upon differences in 
p air/ p liq uid between calibrating and test conditions. 
'1~he.value s o~ t:;.h,/h were calculated by assuming the 
alr . lll the VLscometers to be 50-percent saturated 
under all conditions, which was Dot always the case. 
No significant error J ~ introduced by this assumption, 
lIOwever , as the dIfference between the values of 
t:;.h3!h, as llming dry air and again assuming satura
tion, affects tc by only 2 parts in 100,000. The third 
cOlTeetion, t:;.h4 /h, which is applied to account for the 
difference in h ead caused by the difference in surface 
tensIOn beLween water ancl the oils, is perhaps the 
greatest so urce of uncerLainty. As described previ
ously, the calculated value of the effect of surface 
te?sion for \ , n~er at 20° C was in good agreement 
WIth the expenmental value, but both calculations 
and experimen ts were sufficiently complex as Lo 
ma.ke it. difficult to est imate the acc uracy of eith er. 
It IS beheved no elTor greater than ± 0.02 percent is 
introduced by this correction, but this can not be 
said 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 
therefor~ 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 MI04 and MI05. 

In the calibration of viscometers M104 and MI05 
with oils A and B and the subsequent determinations 
of the viscosity of oil 0, 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 
t~e !l1eas~re~ent. Be?ause heat is generated in the 
hqmd as It lS sheared m the capillarv it is obvious 
that this assu~ption cannot be strictlY'true. As the 
temperature wIll vary from point-to-point within the 
capI ll ~ry, the vis.cosity will vary accordingly, and 
what IS ~easuredls a ~ea~l value of the viscosity cor
respondmg to some effectIve mean value of the tem
perature w~thin the . ca~illary. In attempting to 
calculate tillS mean effectIve temperature, one is un
a~le t? postulate what conditions of temperature dis
t~l?utlOn and heat transfer exist for a given flow con
dltlOn. ~ersey [14]. and Hersey and Zimmer [15] 
have. denved equatlOn.s for calculating the mean 
effect~ve t~mperature I"lse, first assuming conditions 
of adiabatIC flow and then for conditions of thermal 

. equilibr~um in the liquid flowing in the capillary. 
CorrectlOns based on these equations have been cal
culate? 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 
sl~ould assu~e the conditi?ns defined by Hersey and 
Zlmmer as 111complete adiabatic flow and calculate 
correct~ons, using their eq (5) [15], we get a viscosity 
correct.lOn of + 0.70 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 Ha uncor
rected, should be about 0.7 percent lower tI1an 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, it 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 
und~r .the conditions o~ ther!l1al equilibrium, yield 
neglIglbly small correctIOns, 111 agreement with the 
evidence of the tests referred to above. 

It sh~)Uld be noted that the effects of heating in 
the cap1l1aly ar.e .not only probably negligibly small 
~nder ~~e concl1tlOns of the tests reported here , but 
111 adchtlOn, 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 111 a negatIve correct ion to the calibra tion 
?onstant, . while in a subsequent determination made 
ill the. VIscometer. the effects result in a positive 
correctlOn. to the tIme . of flow. Thus, even though 
no correctlOns are apphed, 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 thro ugh the capillary is the same for both 
the calibration and the determination and when the 
liquid whose viscosity is being deter~ined and the 

calibrat ing liquid have the same heat capacity and 
temp.erature coe~cient of viscosity. The pertinent 
phYSICal propertIes of the liquids involved will 
usually be su!ficiently alike, however, to minimize 
an accumu l atlO~ of ~rrors in the usual laboratory 
practIce of cahbratmg a series of viscometers 
graduated as to capillary diameter, by calibrating ~ 
larger ~api ll~ry with an oil whose viscosity has been 
determlllE'd m a smaller one. 

4 .4. Variability of End Corrections With Reynolds 
Number 

The possible existence of curvature in Pt versus R 
plots foy viscometers of the Bingham type, such as 
shown. III figures 2 and 3, has not been generally 
recoglllzed. :Most observers have confined their 
caIib.rations to the higher rates of flow in order to 
?btalll .l!l.ore accurate pressure measurem.ents, and 
~n addItIOn, qlere. has often existed a disregard or 
maccLlrate estImatIOn of the level head and loaarith
mic head corrections, which may mask th~ true 
nature of the calibration curve at the lower Reynolds 
n~lmbers. The curvature found in the plots for 
vl.scometers 1 and 20, however, is not inconsistent 
wIth. the theory of end corrections and may be 
explall1ed through a consideration of the nature of 
the coefficien ts m and n in eq (1 ) . 
. The valu~ of m is dependent upon the work done 
m acceleratmg the liquid from essential rest to the 
para~olic distribution of velocities exist ing after a 
suffiCIen t entrance length has been traversed. This 
~vork is d.one. not against viscous forces, but only 
lmparts lnnetIC energy to the flowing liquid at the 
expense of the applied pressure. The value of n 
arises in part from the excess work: done aaainst 
vi.scous forces in the entrance length as compared 
WIth an eqmvalent length where the distribution of 
v~ l oc i ties is parabolic throughout. At sufficiently 
l~lg~ Reynol~s numbers the kinetic energy of the 
~lqUid streammg out of the exit end of the capillary 
IS dISSIpated. as heat [16] in the enlarged part of the 
Vlscometer past the capillary . For this condition, 
the p~len~mena at the exit end will make a negligible 
contnbutlOn to the values of m and n . At lower 
R:eyn.olds numbers, however, part or all of the 
kJ~etlc energy may be expended against visco LIS 
reSIstance close to the exit of the capillary. The 
value 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 ene!'gy 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 
nnmbers, ~ shou~d 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 n has a constant value of 1.14 up to ~ Reynold~ 
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, howeve1", 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 viscometcrs some glass blowing was done 
at the ends of the cap illaries so that they arc not 
precisely square-cut, but evidence slight fire polishing 
at the edge of the bore. Wi th this geome try i t is 
no t surprising tha t these viscometers show an 
extended transition region (approximately R = 10 to 
60) between th e range where m = O and the range 
above R = 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 fo r capillaries with squarecut end s [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 M 25- 1 and 
M25- 2, it wa,s found that m = O up to at least a 
Reynold s number of 120, which is as high as the 
calibration was carried. This condition is un
doubtedly associated with the gradual tapers through 
which the bores of these cap illaries expand. It is 
probable that at suffi ciently high er rates of flow 
these calibration curves would also pass through a 
transition region and then ass ume a constant slope 
corresponding to a value of m which is close to one. 

5. Conclusion 

the calibra tion curve with \I'ater at low Reynold s 
numbers and the uncertain crfects of heating in the 
capillary are perhaps the weakest points in the 
method. On the other hanel , the relative implicity 
of the method wi th the Cannon viscorneters makes 
this method singularly attracLive and inherently 
more accurate. The greatest difficul ty 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 ar e cumbersome and 
time consuming to the extent that less accurate 
estimates of the cOlTection 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 read ily 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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In making the measuremen ts reported here, every 
reasonable precau tion was taken so that th e res ults 
would reflect the accuracy of which each viscometric 
method was capable. The viscosity values of the 
foul' liquids as determined independently by the 
two methods were in better agreement than was 
anticipated, and hence it is believed th at both 
methods are relatively free of error. Reviewing 
the techniques and so urces of error cri tically , how
ever , it is apparen t that the necessary steps in cali
brating the Bingham viscometers are more compli
cated and contain more possibili ties of uncertainty 
than a re present in calibrating the Cannon viscom
eters. The experimental difficulties in establishing [161 S. Erk, J . RheoL 2, 205 (1931). 
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7. Appendices 

7.1. Calibration of Bingham Viscometer 1 with Water at 20° C 

I 

Direction Condition PI Correction PI 
PI 

R 
Run of flow of bulb P o Level head Log head P I Wet bulb wet to dry Dry bulb 

Dry bulb 
M ean 

Mean 
-~~- -~~-

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

---
mmHg mmHg mmHg mmHg sec 

1- 24 R-L Wet _________ 15. 093 + 0.047 -0.036 15.104 2456.00 37095.4 + 24.0 3711 9.4 

} 1-25 R-L Wet-_____ ___ 14. 835 +. 047 -. 036 14.846 2498.71 37095. 8 + 24.0 37119.8 37124 8.5 
1-34 R-L Wet- ________ 15. 132 +. 047 -. 036 15.143 2450.62 37109.7 + 24.0 37133.7 

1-31 L-R Wet- ________ 15. 225 -. 047 -.036 15. 142 2448.02 37067.9 + 24.0 37091. 9 

} 1-32 L-R WeL _______ 15.161 -. 047 -.036 15.078 2460.65 37101. 7 + 24. 0 37125.7 37125 8.5 1- 33 L-R Wet- ________ 15. 005 -.047 -. 036 14.922 2486.90 37109. 5 +24.0 37133.5 
1- 35 L-R WcL ________ 15. 244 -.047 -.036 15. 161 2448.81 37126.4 +24.0 37150.4 

1-26 R-J. WcL __ _____ _ 29.335 +.047 -. 018 29.364 1264.24 37123.1 + 24.0 37147. 1 

} 1- 27 R-L WcL ________ 29.313 +. 047 -. 018 29.342 1264. 81 3711 2.1 + 24. 0 37136.1 37143 16.5 
1-42 R-L Wct- ___ __ ___ 29. 142 +.047 -. 018 29.171 1272.52 37120. 7 +24.0 37144.7 

1-40 R-J. Wet- ________ 42. 970 +. 047 -. 01 3 43.004 862.94 37109.9 + 24.0 37133.9 } 37135 24.2 1-41 R-L Wet _________ 43.029 +.047 -. 013 43.063 861. 81 37112. 1 +24.0 37136.1 

1- 28 R-L Wct _________ 43. 199 +.047 -. 013 43.233 859.04 37138.9 +24.0 37162.9 } 37170 24. G 1- 29 R-L Wet _________ 43. 805 +. 047 -.013 43.839 847.51 37154.0 +24.0 37178.0 J 
1-38 R-L Wet ______ ___ 72.831 +.047 -. 007 72.871 509.55 37131. 4 +24. 0 37155. 4 } 37161 41.4 1-39 R-L Wet __ _______ 73. 846 +.047 -.007 73.886 502. 71 37143.2 + 24. 0 37167.2 

1- 36 R-L Dry _________ 104. 169 +. 047 -. 005 104.211 356.94 - -------- --- - - - -. ---- --- 37197.1 } 37200 58. 6 1- 37 R-L Wet ____ ___ __ 104. 169 +.047 -. 005 104. 211 356.77 37179.4 + 24. 0 37203.4 

1- 15 R-L Wet ___ ____ __ 149. 480 +. 047 -.004 149. 523 248.89 37214.8 +24. 0 37238.8 } 37237 84.2 1- 16 R-L Wet ____ _____ 150.074 +. 047 -. 004 150. 117 247.88 37211. 0 +24.0 37235.0 

1- 1 R-L Dry _________ 187. 703 +. 047 -. 003 187.747 198.64 .------ -. --- --- --- --. - -- 37294. 1 
1- 5 R-L Dry _________ 187.270 +.047 - .003 187.314 199.08 - --- -- -- . - - - --- -- - .-. --- 37290.5 
1-7 R-L Dry _________ 187.832 +. 047 -. 003 187.876 198.57 ------------ --- -.- .-. --- 37306.5 37296 106.0 1- 9 R-L D ry ___ ______ 190.737 +. 047 -. 003 190.781 195.48 --- .- ---. --- --- -- ---. --- 37293.9 
1- 11 R-L Dry ________ _ 190.678 +.047 -.003 190.722 195.51 -- --.--- . -.- --- -- - --- --- 37288. 1 

I 

~ 
1- 23 R-L Dry ___ ____ __ 188.862 +. 047 -. 003 188. 906 197.48 ----- ---. -.- .-- -----. - -- 37305.2 

1-2 R-L WeL __ ______ 187.480 +.047 -. 003 187. 524 198.78 37276.0 + 24.0 37300.0 

f 
1-6 R-L WeL __ ____ __ 187.039 +. 047 -. 003 187. 083 199.27 37280.0 +24.0 37304.0 
1-8 R-L Wet _________ 187.655 +.047 -. 003 187.699 198.54 37265.8 +24.0 37289.8 37296 106. 0 
1-10 R-L Wet ____ _____ 191. 037 +.047 -.003 191. 081 194.97 37255. 1 +24. 0 37279. 1 
1- 12 R-L Wet- ________ 190.810 +.047 -.003 190.854 195.36 37285.2 +24.0 37309.2 

1-17 R-L Wet ____ ___ __ 232.251 +.047 -.002 232.296 160. 79 37350.9 +24. 0 37374.9 } 37378 130.0 1- 18 R-L Wet _________ 232.0ll +. 047 -.002 232.056 160.98 37356.4 +240 37380. 4 

1- 19 R-L WcL ________ 358.515 +. 047 -.001 368.561 101. 97 37582.2 + 24.0 37606. 2 } 37604 205.2 1- 20 R-L Wet ____ . ____ 368.476 +.047 -.001 368.522 101. 97 37578.2 + 24. 0 37602.2 

1- 21 R-L WeL ___ _____ 531.552 +. 047 -.001 531. 598 71. 22 37860.4 +24.0 37884.4 } 37875 293. 7 1- 22 R-L WoL ________ 531. 285 +.047 -.001 531. 331 71. 22 37841. 4 + 24.0 37805.4 
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7 .2. Calibration of Bingham Viscometer 20 with Water at 20° C 

Direction Condition Pt Correction Pt 
Pt 

R 
R un 

of flow of bu lb P o Level head Log head P t \Vet bulb wet to dry Dry bulb 
Dry bulb 

Mean 
Mean 

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

-------

mm H g mm Hg mmHg mmHg St C 

20- 26 H-L WeL .. _____ 14.914 - 0.097 - 0.034 14. 783 5470.29 80867 +33 80900 } 80893 5.2 
20- 27 R-L W et .... _____ 14.229 -.097 -. 035 14. 097 5735.43 80852 +33 80885 

2O- 2R L-H WeL .. __ __ _ 15.255 +- 097 -. 033 15.3J9 5276.28 80827 +33 80860 

} 20- 29 L-R W et - ~ ---- 15. 207 +-097 - .033 15.271 5299.55 80927 +33 80960 80893 5.5 
20- 30 L-H Wet ------ 15. J89 +- 097 -.033 15. 253 5299. 06 80827 +33 80860 

20-31 R -L Wet ____ ____ 28.97'1 -. 097 -. 017 2S. S60 2803. 05 80896 +33 80929 

} 20- 32 H-L Wet. .. ______ 29. 190 -. 097 -. 017 29. 076 2782. 02 80890 +33 80923 80916 10.5 
20- 51 H-L \VeL .. _____ 28.910 -. 097 -. 017 28.796 2808. J2 80803 +33 80896 
20- 52 H-L \Vet .... _____ 29. 098 -.097 -. 017 28.984 2790.56 80882 +33 80915 

20- 33 R-L \VeL .. _____ 43.374 -.097 -. 012 43. 265 1869. 48 80883 +33 80916 } 809 1:) 15.6 
20-34 H-L WeL .. ____ _ 43. 191 -.097 -. 012 43. 082 1877. 25 80876 +33 80909 

20-43 R-L \VeL _______ 74 . 965 -. 097 - . 007 74.861 1081. 15 80936 +33 80969 } 80966 27.0 
20-44 H-L Wet ... ______ 74 . 714 -. 097 -.007 74 .610 1084. 69 S0929 +33 80962 

20- 37 H-L Wet .. _______ 69.628 -.097 -. 007 69.524 11 63.14 80866 +33 80899 } 80910 25.2 
2O- 3S R -L W et .... _____ 69.853 -.097 -. 007 69.749 1159.70 80887 +33 80920 

20-35 R-L WeL _______ B7.942 -.097 -. 006 87.839 920.63 B0867 +33 B0900 } 809JO 31. 7 
20-36 H-L WeL .. _____ B7.731 -. 097 -. 006 B7.628 923.06 B0886 +33 S0919 

20-39 R -L Wet.. .. _____ 105. 450 -. 097 -. 005 105.348 768. 21 B0929 +33 80962 

} 20-40 R-L \VeL .. _____ 105.919 -. 097 -. 005 105.817 764.80 80929 +33 80962 80963 38. 0 
20-4 1 R-L Dry _________ 105. 452 -. 097 -.005 105.350 768. 40 -- -- ---- - - -- ------------ 80950 
20-42 H-L WeL _______ 105. 196 -. 097 -. 005 105.094 770.22 80946 +33 80979 

20-45 R-L WeL .. _____ 140.328 -. 097 -.004 140.227 577. 66 81004 +33 81037 } 81027 50.5 
20-46 H-L WeL .. __ ___ 140.074 -. 097 -. 004 139.973 578. 56 B0983 +33 81016 

20- 15 R-L Wet .... ____ _ 159.491 -. 097 -. 003 159.391 507.81 80940 +33 B0973 } 80961 57. 4 
20- 16 H-L W et .... _____ 158. 835 -. 097 -. 003 158. 735 509.75 80915 +33 80948 

20- 17 H-L Wet .... _____ 244.479 -. 097 - .002 2'14 380 331. 89 811 07 +33 81140 

) 
20- 18 H-L WeL _______ 244.589 -. 097 -. 002 244.490 331. 68 81092 +33 81125 
20- 25 H-L WeL .. _____ 244.963 -. 097 -. 002 244. 864 331. 05 81062 +33 81095 81115 88. 0 
2O ~ 1 7 H-L \\·et .. _______ 244. 297 -.097 -.002 244. 19S 332.05 81086 +33 81119 
2O ~ 1 8 H-L \YoL .. _____ 243.924 -.097 -. 002 243.825 332.53 81079 +33 81112 
20- 24 H-L Dry .. ____ ___ 245.341 -.097 -. 002 245. 2'12 330. 68 ----- - --.- -- ----- - - -- --- 81 097 

20- 2 R-L W et .... _____ 400. 796 -. 097 - .001 400.698 202.94 81317 +34 81351 
20-4 H-L \ret .... _____ 410. 912 -. 097 - . 00 1 410.814 198. 05 81362 +34 81396 
20- 6 H-L WeL .. _____ 406.918 -. 097 -.001 406. 820 199.97 813.12 +34 81386 
20-8 H-L Wet .... _____ 404.893 -. 097 -. 001 404 . 795 200.89 81319 +34 81353 

81363 144.9 
20- 10 H-L WeL _______ 404.433 -. 097 -. 001 404.335 20 1. 12 81320 +34 81354 
2O- J2 H-L WeL .. ____ . 403. 796 -.097 -. 001 403. 698 20 1. 36 81288 +34 81322 
20-49 R-L Wet .... _____ 403.883 -.097 -.001 403. 785 201. 43 SI334 +34 81;j68 
20 -50 R-L \VeL .. _____ 403.961 -.097 -. 001 403. 863 201. 40 81338 +34 81372 

20- 1 H-L Dry .. _______ 400.860 - .097 -. 001 400. 762 202.97 --.- - ------- -- ._. - - -- - -- 81343 
20-3 H-L Dry .. _______ 410.850 -. 097 -. 001 410. 752 198. 18 - - -- -- - - ---- - -- -- -- - - --- 81403 
20- 5 H-L Dry .. _______ 407.486 -. 097 -. 00 1 407.388 109. 76 ------------ - -- - - - - -- - -- 81380 

81362 145. 4 
20- 7 H-L Dry .. _______ 404.853 - .097 -. 001 404. 755 200.94 ------------ ---- - - - - - - -- 81331 
20- 9 H-L Dry __ ____ ___ 404.632 -. 097 -. 001 404. 534 201.13 ------------ ----._------ 81364 
20- 11 H-L Dry .. _______ 404.078 -.097 -. 001 403.980 201. 38 -- -- -- - - - - - ---_.-----.- 81353 

20- 19 !l-L Wot .... _____ 595. 256 - .097 -. 00 1 595. 158 137.12 81608 +34 RI642 } 81642 212. 9 
20-20 )(-L WeL .. _____ 595.038 -. 097 -.001 594.940 137. 17 81608 +34 81642 

20- 21 R-L WeL .. _____ 994.44;' -.097 ----. _.- ---- 994.348 82. 67 82203 + 34 82237 

} 20- 22 H-L W et. ____ __ __ 995. 422 -.097 .-- - ------ -- 995.325 82. 64 82254 +34 82288 82250 353.2 
20- 23 H-L WeL .. _____ 994.676 -.097 ------------ 994.579 82.64 82192 +34 82226 

-
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7 .3. Calibration of Bingham Viscometer 5 with Oils at 20° C 

Run Oil 
Direction Condition 

Po 
Level Log 

I 
p t PI Pt 

R c,p. f 
oftlow of bulb head head Mean " ---------------------------------- -----------------

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

------------------------------------ ---------------
mmHg mmHg mmHg mmHg sec cp 

5-3 A R ·L WeL ____ 20.069 -0.045 - 0.017 20.007 884. 28 17691. 8 

}17690.6 
---- -_.--- -- .-.- --- ------ - - -

5- 6 A R-L WeL ___ 20.679 -.045 -.017 20.617 857.90 17687.3 -- -- -- - --- "'. ---. - - - ---- --- - . 
5-9 A R- L WeL ___ 19.883 - . 045 -.017 19.821 892.62 17692.6 

5-2 A L-R WeL __ __ 20.029 +.045 -.017 20.057 881. 80 17686.3 
}17691.2 5-5 A J~R WeL ___ 20.589 +.045 -.017 20.617 858.30 17695.6 ---- --- --- - --- -- -_.-- - ---- --

5-8 A L-R WeL __ __ 19.973 +-045 - . 017 20. 001 884.54 17691. 7 

5-1 A R-L Dry ____ _ 19. 946 -.045 - .017 19.884 889.86 17694.0 

}17692. 1 
5-4 A R- L Dry ____ _ 20.285 -.045 -.017 20.223 874.32 17681.4 

6. 8 1. 9250 0.00003 1. 0881 X 10-' 
5-7 A R- L Dry ___ __ 19.996 - . 045 -.017 19.904 889.03 17695.3 
5-14 A R- L Dry ____ _ 19.940 -.045 -.017 19.878 890.32 17697.8 

5-10 B R-L Dry_. ___ 296.132 - .048 -. 001 296.083 236.36 69982 

}69946 
5-11 B R- L Dry ___ •. 296.112 -.048 -.001 296. 063 236.22 69936 

6.9 7.6097 . 00224 1.0883 5-12 B R-L Dry ___ .. 296.924 -. 048 -.001 296.875 235.63 69953 
5-13 B R-L Dry ___ .. 296.722 - . 048 -.001 296.673 235.66 69914 

7.4. Determinations in Bingham Viscometers 

1 __ 
O_il __ co~:t~: L Run __ :~ ~ ~~~ l _ h~~~ _ __ P __ ___ t __ I ~ __ Je~ _____ f __ +_f_P_t ___ C_'P_ " ___ " __ __ R __ 

n·H ep· 
tane_ .. 
Do __ __ _ 
Do. ___ _ 
Do ____ _ 

Do ____ . 
Do. ___ . 
Do. ___ _ 

A ____ _ •. _ 
A ____ _ • __ 

A. _ .. __ .. 
A .• • ___ ._ 
A .••• __ • . 

A .••• _ ••• 
A .• __ .• __ 
A . ____ ... 

B .. .. __ .. 
B _ ...... . 
B _ ...... . 

B . ______ _ 
B __ .• _._. 
B .••....• 

C •• • ••••• 
C_ ...... . 

C .••...•. 
C •....... 

1 
1 
1 
1 

20 
20 
20 

1 
1 

1 
1 
1 

20 
20 
20 

1 
1 
1 

20 
20 
20 

5 
5 

5 
5 

1-52 
1-53 
1-54 
1-55 

2D-80 
20-61 
20-62 

1-49 
1-50 

1-43 
1-44 
1-45 

20-53 
20-54 
2(}-55 

1-46 
1-47 
1-48 

2(}-56 
20- 57 
2(}-58 

5-15 
5-16 

5-17 
5-18 

mmHg 
43. 133 
42.992 
43.310 
43. 321 

106. 122 
106. 025 
106.172 

20.002 
20.010 

237.532 
237. 133 
z:n.415 

237. 405 
237. 704 
237. 460 

296.634 
296.674 
296.394 

296.751 
296.679 
296. 650 

302. 259 
303.062 

595.110 
595.070 

mmHg 
+0.032 

+ . 032 
+.032 
+.032 

-. 066 
- .066 
- .066 

+-037 
+.037 

+. 037 
+.037 
+- 037 

-.076 
-.076 
-. 076 

+ . 039 
+.039 
+-039 

-.081 
-. 081 
-. 081 

-. 050 
-. 050 

-.050 
-.050 

mmHg 
-0.006 
- . 006 
-.006 
- .006 

-.002 
-.002 
-. 002 

-.016 
-.016 

-. 001 
-.001 
-.001 

-.001 
- .001 
-.001 

-. 001 
- . 001 
-.001 

-. 001 
-. 001 
-. 001 

-. 001 
- .001 

-.001 
-.001 

mmHg 
43. 159 
43.018 
43.336 
43.347 

106. 054 
105.957 
106.104 

20.023 
20. 031 

237.568 
237. 169 
237. 451 

237.328 
237. 627 
237. 383 

296. 672 
296. 712 
296. 4:32 

296. 669 
296.597 
296.568 

302.208 
303.011 

595.059 
595. 019 

sec 
354. ,\1 
355.65 
353.00 
352.95 

314.75 
315.15 
314. 67 

3.562. 24 
3561. 22 

300. 45 
300. 97 
300. 62 

655.16 
654.30 
654.92 

950.80 
950.45 
951. 49 

2071 . 92 
2072.19 
2072.65 

9 10 

15300.3 } 

m8~ : ~ 15299. 1 

15299.3 

33380. 5 } 
33392. 3 33386.8 
33387. 7 

71326. 7 } 71330. 8 
71334.8 

71377. 3 } 
71380.8 71380. 2 
71382.5 

155488 } 
15.0479 155478 
J55467 

282076 } 
282010 282046 
282052 

614674 } 
614605 614654 
614682 

1302.81 393720 
}393716 

}393830 

1299.33 3937lJ 

661. 92 
661. 79 
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393881 
393778 

11 

2. 6878 X lO-5 

I. 2310 

2.6986 

2.6973 

1. 2384 

2.6986 

1. 2385 

10.882 

10. 882 

12 13 14 15 

cp 

0.41121 0.00001 0. 41120 98.9 

. 41099 . 00002 .41097 154.3 

1. 9249 . 00003 1. 9249 2. 4 

1. 9253 .0003 1. 9250 28.2 

1. 9254 .0003 1. 9251 18.1 

7.6Jl3 . 0022 7.6091 2. 4 

7.6125 .0022 7. 6103 1.5 

42. 844 .017 42.827 0.2 

42.857 .034 42.823 . 5 

I 

. ~ 



7.5. Calibration of Viscometers M25- 1 and M25- 2 with Water 

I t, 
Viscometer Filling 'remper-

t t., moan adj usted ilhdh t1h,lh Ah'lh t1h,/h ( 1+ MIl " ) t, ~ /( pt , ) R 
ature fOr mean o. 

--------------------------- --- ----------------------------
° C sec sec sec sec 

M25-1.. ________ 1 20 736. 33 

} 
M25-1.. ________ 2 20 736.53 

736.46 736.46 +0.00002 0. 00000 0.00000 0.00000 1. 00002 736.47 1. 36299 X 10- 3 15 M25-L ________ 3 20 736. 58 
M25-L ________ 4 20 736. 42 

M25-1.. ________ 1 40 482.72 482.72 482.81 +.00002 -.00012 +.00008 +.0001 1. 00008 482.85 1. 3632 34 

M25-1.. ________ 2 60 348. 17 348. 17 348. 14 +.00002 -.00031 +.000 16 +.0002 1. 00007 34S.16 1. 3629 66 

M25-1.. ____ ____ 3 SO 267.90 267.90 267.85 +.00002 -.00056 +. 00026 +.0003 J. 00002 267. 86 1. 3630 III 

M25-2 ___ ____ ___ 1 20 674 . 95 

} M25- L ________ 2 30 674.95 674.96 674.96 +. 00002 . 00000 .00000 . 00000 1. 00002 674 . 97 l. 4871S 16 
M25- L ________ 3 20 674.97 

M25-L ________ 1 40 442. 43 442.43 442.44 +. 00002 - . 00012 +. OOOOS +. 0001 1.00008 442. 4S 1. 4875 37 

M25- 2 _________ _ 2 60 3L9.07 3L9.07 319. 07 +.00002 -. 00031 +. 00016 +.0002 1. 00007 319.09 I. 4870 71 

1\'[25- 2 __________ 3 80 245.44 245.44 245. -14 +.00002 -. 00056 +.00026 +. 0003 1. 00002 245. 44 I. 4875 120 

a The observed differen ces in t he ti mes 01 fl ow at 20° C lor t he di fferent fi llings a re assumed to be largely d ue to differences in t he vo Lume 01 liquid charged into 
t he v iseometers. Since t he data at 40° , 60°, and SOO C were obtained Wit h diffcrent s in gle fillin gs, the observed ti mes 01 fLow at t hese temperatures were adjusted to 
correspond to a hypothetical filling reprcsen ted by the mean 01 the observed times at 20° C . 

Viscometer Oil Fi ll ing 

----- ---- ----

MlOL ____ A I 
MlOL ____ A 2 

M IOL ____ B 1 
M104 ______ B 2 

MI05 ______ A 1 
M I05-- ____ A 2 

MI05 ______ B 1 
MI05 ______ B 2 

1_-

7.6. Properties of Water 

1'cmpcratu l'C 'Y' ~b p' ~ / p 

----- -----
°C Dyneslem ep glem' es 
20 72.7 1.0020 0.99821 1. 0038 
40 69.6 0.653l . 99222 0.6582 
60 66.2 . 4665 .98321 . 4745 
80 62.6 . 3548 . 97 L80 . 3651 

• International Critical T a bles. 
b Hardy and CotLington [12], based on ~ 20= 1.005 cp and converting to 

mo=1.oo2 ep. 
eN. E. DorRey, Properties of ordinary water substancc, table 93, in 

grams per miJIilitcr and converting to grams per cubic centimeter, 
usi ng I ml = 1.00oo27 em' . 

7.7. Calibration of Viscometers M104 and M105 with Oils 

t t, rncan Ahtlh Ah31h t1h,lh (Ht1hlh) t , ' Ip 
------- ------ -------------------- ----

sec sec sec cs 
298.08 } 298.08 + 0.00009 -0.00034 +0.00144 J. oolJ9 298.44 2.4642 
298.09 

1110. 54 
}1l1O.57 +.00009 -.00025 +.00142 J. 00126 111J.97 9. 1811 

1110. 60 

291. 30 
} 291. 28 +.00009 - . 00034 +.00144 J. 00119 291. 63 2.4642 

291. 25 

IOS5.11 
}1085.26 1085.40 +.00009 -.00025 +.00L42 1. 00126 1086.63 9.1811 

119 

I( , Kc,nlC' a.n 

------------

8. 2572 X 10- 3 

} 8. 2569 X 10-3 

S.2566 

8.4499 

} S. 4496 
8.4492 



7 .8. Results Obtained with Cannon Viscometers 

Oil 
I Visco- I I ! Drainage 
I Tllrtel' Fi1li ng I l t, m ean 

tlh ,[h tlh3/h tlhJ h (Htlh/h) factor t, J( , '!p R 

----------------- ----------- --------------- ---- ----

sec sec sec cs 
n-Heptane _______ M25-1 1 440.36 } 440. 37 +0.00009 -0.00055 +0.00126 1. 00080 1.00000 440.72 1.36299XI0- 3 0.60070 Do ___ _____ _. _. M25-1 2 440.38 

42.0 

Do ________ _. M25-2 1 403.60 } 403.59 + .00009 -.00055 +.00126 1.00080 1. 00000 403.91 Do __ ______ . __ M25-2 2 403. 58 
1. 48;18 .60069 45.0 

A _________________ M25-1 1 1806.05 
} 1805. 92 +.00008 -.00034 +. 00144 1. 00118 0.99900 1807.87 1. 36299 A ________ 

-------- M25-1 2 1805.80 
2.4641 2.5 

A _________________ M 25-2 I 1655.44 
} 1655.36 + .00008 -.00034 +. 00144 1. 00]]8 .99990 1657. 15 A ______ . ___ --_. M25-2 2 1655.28 

1. 48718 2. 4645 2.6 

B ________ . _. --- M25-1 1 6727. 52 
} 6727.41 +. 00008 - .00025 +. 00142 I. 00125 I. 00000 6735.82 B _________ -._-- M25-1 2 6727.30 

1. 36299 9.1809 0.2 

B _________________ M25-2 I 6165.99 
} 6166. 06 +. 00008 -.00025 +.00142 1.00125 1. 00000 B _______ ________ __ M25-2 2 6166. 12 

6173.77 1.48718 9. 1815 .2 

C _____________ ___ _ MI04 I 5997. 22 
} 5997. 43 +. 00007 -. (){){)19 +. 00139 I. 00127 I. 00000 6005.05 C _____ ________ ____ MI04 2 5997.64 

8.2569 49.583 .03 

C _________ ________ MI05 1 5860.62 
} 5860.89 +.00007 -. 00019 +. 00139 1.00000 C _________________ MI05 2 5861.16 

1.00127 5868.33 8.4496 49.585 .03 

I 

WASHINGTON, September 16, 1953 . 
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