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Absolute Viscosity of Water at 20° C
]J. F. Swindells, J. R. Coe, Jr., and T. B. Godfrey

An accurate knowledge of the viscosities of liquids in absolute units is of fundamental
importance in many scientific fields. The measurement of these viscosities is almost
universally based upon the absolute viscosity of water at 20° C as a primary standard.
During the past 50 years there has been an increasing need for a more accurate determina-
tion of this standard. Consequently, with the cooperation of the Society of Rheology and
some financial assistance from the Chemical Foundation, this project was undertaken by
the National Bureau of Standards and has now been completed.

The determination was made by the method of capillary flow. By means of a calibrated
injector, various known constant rates of flow were produced in capillaries of measured
dimensions, and observations were made of the corresponding pressure drops through the
capillaries. The effects of the ends of the capillaries were rendered negligible by the
simultaneous treatment of data obtained with pairs of capillaries having essentially the
same diameters but different lengths.

The value found for the viscosity of water is 0.010019 poise as compared with 0.01005
poise, which has generally been accepted for the past 30 years. The estimated accuracy
of the new determination is - 0.000003 poise.

As a result of this work, beginning on July 1, 1952, the National Bureau of Standards
is planning to use the value 0.01002 poise for the absolute viscosity of water at 20° C as
the basis for the calibration of viscometers and standard-sample oils. It is recommended
that other laboratories adopt this value as the primary reference standard for comparative
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measurements of viscosity.

1. Introduction

The viscosity of a liquid is its internal resistance
to flow. The accurate measurement of viscosity
in absolute units is a difficult undertaking, and the
difficulty is magnified greatly as the accuracy
desired 1is increased. However, if the viscosity of
one liquid is known, viscosities of other liquids in
terms of that of the known may be determined very
accurately with relative ease. Because of its ready
availability, water at 20° C has been generally
adopted in the United States as the primary refer-
ence standard, its viscosity being taken to be 0.01005
poise [1].!  Other values reported in the literature
[2], however, are in disagreement with this value
by as much as +4 parts in 1,000.

In view of this uncertainty, in October 1931,
chiefly at the instance of the late E. C. Bingham,
the National Bureau of Standards began a redeter-
mination of the viscosity of water at 20° C. This
work had the cooperation of the Society of Rheology,
through whom (during the first 2 years) considerable
financial assistance was obtained from The Chemical
Foundation. The problem was assigned to J. R. Coe,
with E£10 program subject to the review of N. E.
Dorsey, who gave valuable advice and encourage-
ment. It was agreed that, although other methods
might also be explored, measurements should be
made by the capillary flow method. An accuracy
of at least 1 part in 1,000 was to be sought.

By the end of 1932, the apparatus and experi-
mental procedures described below had been largely
determined upon, much of the apparatus had been
designed in detail, and some of it had been built or
procured. In addition, rough experiments to estab-
lish the feasibility of the method had been concluded.

Initially, sufficiently uniform tubes were not

1 Figures in brackets indicate the literature references given on p. 23,
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easily available, and a machine to lap the bores of
glass tubes was built as an alternative to attempting
to find suitable tubes by the examination of many.
This work was described in a progress report in.
December 1932 [3]. This part of the project was
not completed, because it was found in 1933 that
satisfactory capillaries were then being made by the
Jena Glass Works in Germany. During the period
1933 to 1938, work on the project was subjected to
frequent interruptions and necessary delays.

In the fall of 1938 conditions made it possible
for T. B. Godfrey to join J. R. Coe in the work,
which was continued without interruption until the
fall of 1941, when it was again delayed by reason of
the war. During the period 1938 to 1941 the
apparatus was completed and assembled, the methods
of calibration and flow measurement worked out in
detail, and two series of flow measurements com-
pleted. Tentative values for the viscosity of water
at 20° C ? and at other temperatures based on these
early measurements were reported in a letter to the
Editor of the Journal of Applied Physics [4]. It
was recognized, however, that with the completion
of so small a part of the contemplated series of
measurements, only the necessity of indefinitely
suspending work justified any statement at that time.

Work on the determination was resumed in Jan-
uary 1947 by J. F. Swindells, who completed the
experimental program and reduced all the data.

2. Theory of the Capillary Method

When accurate viscometric measurements are
desired it is necessary to limit the conditions to
laminar flow within the capillary tube. Turbulent
flow is governed by factors that make conditions

2 The value of 0.010020 poise for the viscosity at 20° C, which was reported at

that time, is in good agreement with the value 0.010019 =4-0.000003, which is the
final result of the completed determination.



unsuitable for evaluating the viscosity. According
to the laws of similarity, it has been shown [5] that
the type of flow in a capillary is characterized by a
dimensionless ratio, the Reynolds number, 2uorD/y,
in which » is the mean velocity,  is the radius, and D
and n are the density and viscosity, respectively,
of the flowing liquid. Under ordinary conditions
of capillary flow, sustained turbulence is not to be
expected [5, chapter 1I1I] at Reynolds numbers less
than 2,000. The present measurements were con-
ducted in the range 100 to 650, and consequently
the flow is assumed to be laminar, except possibly
at the ends of the capillaries.

The system under consideration consists of a
capillary having square-cut ends and located be-
tween two chambers that are large with respect to
the bore of the capillary. The liquid in one chamber
is accelerated from essential rest to the velocity
in the capillary and then is brought to essential
rest in the exit chamber. The measured quantities
used in calculating the viscosity are P, the pressure
drop between the two chambers; /, the length of
the capillary; », its radius; and ¢, the volume rate
of flow.

In the portion of a cylindrical tube remote from
the ends the distribution of velocities across the tube
is parabolic, and Poiseuille’s laws are known to
apply when the flow is laminar. These laws are
expressed by the equation

dp_ 8n{
v (1)

where dp/dl is the pressure gradient. Two kinds
of corrections are necessary to modify eq 1 so that
in its integrated form it will hold for a tube of finite
length, in which account must be taken of the special
conditions existing at the ends of the tube. First,
the liquid entering the capillary is accelerated at
the expense of the measured pressure drop. The
amount of this conversion of static pressure to
kinetic energy may be expressed as a part of the
measured pressure drop by the addition of a term
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in which m is a coefficient whose magnitude depends
in part upon the flow pattern at the entrance end
of the tube. Within the range of Reynolds numbers
covered here, it is probable that the kinetic energy
of the flowing liquid is entirely dissipated as heat
in the exit chamber [6]. However, if there should
be some conversion of kinetic energy to static pressure
in the process of deceleration, it would be accounted
for in the magnitude of m.

The second correction that is required to account
for the phenomena peculiar to the ends of the tube
is the result of the work done against viscous forces
in the rearrangement of the velocity distribution.
The effect of this resistance in the converging and
diverging streamlines at the ends of the tube. is
proportional to the radius and may be expressed as

a hypothetical addition to the length. The effective
length of the tube then becomes [+n7, in which n
is a constant. A rather complete discussion of
both of these corrections is given by Barr [7].

The complete equation for the flow through a
capillary tube is usually expressed in one of the
following equivalent forms:
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To calculate the viscosity from measurements
made with a single capillary, numerical values
must be assigned to m and n. 1f, for a given liquid,
the values of the pressure drop corresponding to
various rates of flow are measured, values of P/Q
may be plotted against @, and a straight line results
as long as m and n remain constant. Such data
may be used to demonstrate the constancy of m
and n under given conditions and also to evaluate
m for a particular capillary through use of eq 4.

When using capillaries of relatively large length-
radius ratios, it 1s obvious that 7 is less significant.
Conversely, this fact has prevented its evaluation
with much certainty. Most of the published ex-
perimental values lie between zero and unity [7], but
in many cases the experimental error is nearly as
large as the quantity being measured. The most
reliable work seems to have been performed by
Bond [8], who concluded that n=0.566-0.020 for
the tubes that he used. However, some of Bond’s
measurements were made with capillaries that were
not sufficiently long for the parabolic distribution of
velocities to become completely established, and
consequently his results may not be strictly appli-
cable to longer tubes.

It is desirable, therefore, to calculate the viscosity
from flow measurements that render uncertainties in
the value of n completely negligible. This may be
accomplished through the simultaneous solution of
data obtained in two capillaries having the same
radius but different lengths. If we denote the
measured quantities associated with the longer
capillary by the subscript 1, and those pertaining to
the shorter by the subseript 2, we obtain from eq 3
for the longer capillary
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and for the same rate of flow in the shorter
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Subtracting eq 6 from eq 5



P—P=2% 4 1,

wrt
from which

4

T (PP .
8QL—12)

However, it is not practicable to select two lengths of
capillary having identical radii, even if they are cut
from the same length of tubing. Also, while the
flow data may show m and 7 to be constants for each
tube, they may not be the same for both. Con-
sequently, assigning the proper subscripts to r, m,
and 7 in eq 5 and 6 and proceeding as before, the
more general equation becomes

o (Pirt—Part = L —ma)
S . ®
1 (11—12)+(1117'1-712]‘2)

But if any reasonable values whatever are assigned
to n, and n,, and 7, does not differ greatly from 7,,
the quantity (n,r,—mngr,) will be mnegligible with

which the lengths can be measured. Accordingly,
the viscosity may be calculated by the equation
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in which values for m; and m, are obtained from the
flow data through use of eq 4, as mentioned above.

3. Apparatus
3.1. General Description

The experimental method involves flowing water
through a capillary at various known constant
rates and measuring the corresponding pressure
drops through the capillary by means of a differen-
tial mercury manometer. The general arrangement
of the apparatus used in making the flow measure-
ments is shown diagrammatically in figure 1. The
main elements are the viscometer, the injector for
producing the flow of water through the capillary,
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viscometer consists of a capillary mounted vertically
between glass entrance and exit chambers. Glass
tubes connect the entrance and exit chambers to the
short and long arms of the manometer, respec-
tively. A reservoir above the viscometer is con-
nected to the exit chamber by a spiral of glass
tubing as shown. Mercury in the entrance chamber
and the two arms of the manometer is represented
by the black areas. The parts of the viscometer
and manometer above the mercury are filled with
water to a level in the reservoir that is higher than
the point where the side tube from the exit chamber
connects with the manometer.

The wvarious rates of flow are produced in the
capillary by injecting mercury into the entrance
chamber at various constant rates, thus displacing
water upward through the capillary. The water
flows from the exit chamber into both the long arm
of the manometer and the reservoir, maintaining the
same level in each. The mercury is injected by
means of an accurately ground and lapped piston
driven at a uniform rate. The piston is geared to a
synchronous motor operating on a source of electric
power of controlled frequency. Different rates of
flow are obtained by changing the gear combinations.

The manometer consists of a mercury-filled U-tube,
in which the short arm level is adjusted to a fixed
height, and the level in the long arm is adjusted by
addition or removal of mercury until the resulting
mercury column balances the pressure drops through
the capillary. The mercury in the manometer is
manipulated by means of the manometer injector
and mercury reservoir shown in the auxiliary bath.
Constant-volume stopcocks are provided to shut off
the two arms of the manometer from each other and
for injecting mercury into either arm independently.

The viscometer and manometer are mounted to-
gether in a liquid bath maintained at the test tem-
perature of 20° C. The temperatures of the main
injector and the auxiliary apparatus for the manom-
eter are held constant in separate baths, which are
maintained somewhat above room temperature for
ease in thermostatting. The connecting mercury
lines between the injector and auxiliary baths and
the viscometer bath are jacketed with liquid pumped
from the viscometer bath to bring the mercury nearly
to 20° C before it enters the manometer or viscometer.

3.2. Main Injector

The function of the injector mechanism is to pro-
vide a known constant flow of mercury into the en-
trance chamber of the viscometer, thus forcing water
through the capillary at a rate that is constant when
the manometer is at equilibrium.

Figure 2 shows the injector and its driving
mechanism without the constant-temperature bath.

The injector consists of a vertically mounted,
mercury-filled steel eylinder into which a steel piston
is forced by a rigidly coupled screw. The screw, held
from turning by outriders bearing on tracks parallel
to its axis, is moved by a rotating nut held between
thrust-type ball bearings. On the periphery of the

Ficure 2.

Main injector with thermostat removed.

nut 1s a worm gear driven by a worm on a horizontal
drive shaft. This mechanism is driven through a
change gear box by a synchronous motor.

The piston, nominally 1 in. in diameter, is made
of hardened, ground, and lapped Ketos steel. Its
diameter is uniform to 40.00004 in. The piston
enters the steel cylinder through a vacuum-tight
gland that contains cloth impregnated with ceresin
wax. The cylinder has an inside diameter of 1} in.;
thus there is a }e-in. radial clearance between cylin-
der and piston. With a clearance of this magnitude,
the formation of voids is unlikely except in the pack-
ing gland, and the volume of mercury expelled from
the cylinder should be precisely the volume of the
entering piston. The cylinder was thoroughly
pumped out and filled with mercury under vacuum.

The screw is made of hardened steel. It has a
maximum diameter of 1 in., and an 8-pitch Acme
thread. The mating threads of the nut are made of
Babbit metal. The worm gear that forms the pe-
riphery of the nut is of mild steel, and the mating
worm is of hardened steel. These parts were spe-
cially machined so as to have no periodic error
greater than 1 part in 10,000 of their lead. The
worm and gear give a 40-to-1 reduction.

Speeds are changed by changing one or both pairs
of meshed gears mounted outside the gear box.
These are commercial grade, 32-pitch, %-in. face,
helical gears. The drive is a 3-phase, 110-volt, Y-
horsepower, synchronous motor.

Power for driving the injector mechanism is ob-
tained from a constant-frequency generator driven
by a special motor that takes its power from the
commercial lines but has its speed automatically
held in synchrony with a highly accurate 60-cycle



signal originating in a quartz-crystal oscillator main-
tained by the Radio Division of the Bureau. The
piston and cylinder are immersed in a stirred oil bath
whose temperature can be maintained at a chosen
point within 40.002° C. The worm-gear mech-
anism, gear box, and motor are in a cork-lined
inclosure directly "above the oil bath.

The rate of delivery of mercury from the injector
is calculated from the measured delivery per turn of
the worm drive shaft and the rotational speed of the
shaft. The speed of the shaft is calculated from the
motor speed and the ratio of the gears employed.
Variations in speed caused by imperfections in the
change gears can be neglected as they are of short
period and tend to be integrated by the slow reac-
tion of the manometer to changes in pressure. (The
time constants for the system will be discussed later.)
Variations in motor speed arising from frequency
fluctuations in the power supply are guarded against.
A permanent magnet, held i a collar, is installed on
the drive-motor shaft in such a way that it induces
pulses in a stationary coil with every revolution.
The frequency of these pulses is compared with that
of the 60-cycle control signal. If the power supply
shifts more than 120° in phase with respect to the
60-cycle control signal, a buzzer sounds. An oscillo-
graph is used to determine whether buzzer warnings
indicate oscillations or actual gain or loss of cycles
With these safeguards in operation, the drive speed
is taken to be 1, "800 rpm without error.

The displacement of mercury by the piston per
drive-shaft turn was determined by advancing the
piston through its stroke in steps, catching and
weighing the mercury displaced in each step. For
this purpose a revolution counter and a divided drum
were attached to the drive shaft, permitting reading
of intervals to 40.001 turn. The mereury 1s ejec ted
through a delivery tube attached to the mercury line
from the cylinder. This tube, similar to those used
in ice calorimetry [9], was made by blowing a small
spherical bulb at one end of a glass capillary tube.
This bulb was then ground off in a plane perpendic-
ular to the axis of the tube until the wall at the
bottom was just broken through. With such a ter-
minal configuration, the tube being mounted verti-
cally, the mercury thread tends to break, leaving the
bulb full, and variations in the delivery of mercury
are minimized.

The smallest interval into which the total stroke of
the piston can be divided is governed by the precision
with which the mercury thread in the delivery tube
can be broken, and the constancy of volume of the
somewhat elastic cylinder and connecting tube. Re-
peated measurements of the mass delivered by the
piston over a short part of its stroke showed a
standard deviation of 3 mg from the mean.

The total delivery for a complete stroko of the
piston is 109 em?® (1,470 ¢ of mercury). The drive
shaft makes 2,700 turns in driving the piston through
this distance. For calibration, the total stroke was
divided into 20 approximately equal intervals, each
corresponding to about 135 turns of the drive shaft
and a displacement of 73.5 ¢ of mercury. In each
interval the injector was driven under power for the

required number of turns and allowed to coast to rest.
The next interval was begun from this point of rest.
In this way the slack in the drive was always kept in
the same direction, minimizing variations arising
from play in the duvmg gears and screw. The deter-
mination of the exact length of a particular interval
in terms of number of turns of the drive shaft was
obtained from the difference of two readings of the
counter and divided drum on the shaft. As each
reading was made to +0.001 turn, the length of each
interval could be determined to ;t().()()) turn, or 1.5
parts in 100,000.

The increments of mercury were weighed with an
accuracy of about 0.3 part in 100,000.

The mean rate of delivery f01 the entire stroke,
expressed as mass displacement of mercury per turn
of the drive shaft, was calculated by summing the
masses of mercury delivered in all of the intervals and
dividing by the total number of turns for the com-
plete stroke. The uniformity of the rate of displace-
ment throughout the stroke was obtained by a com-
parison of the rate calculated for each interval with
the mean rate.

The first calibrations of the injector indicated that
rate of displacement was not constant throughout the
entire stroke of the piston, being more uniform dur-
ing the second half of the stroke. As a consequence,
only the second half of the piston stroke was em-
ployed in the earlier measurements.

Six calibrations were completed prior to 1941,
hvo being made with the injector at 30° C and one at

° (. The mean rates of delivery obtained in these
(-a‘libmtions for the portion of the stroke used in the
flow measurements (intervals 12 through 19) are
given in table 1. The rates at 35° C were computed
from the calibrations made at 30° C, using
37.8X107%/°C as the cubical coefficient of thermal
expansion for the Ketos steel piston [12] and
181.0X107%/°C for the coefficient for mercury. (See
appendix A.)

Main injector calibrations, March 1939 through

January 1940

TaBLE 1.

Measured rate of de- |
livery at calibration ata
temperature— Rate of

Calibration | Date delivery
e e e (VA (1852 O)
i 30° C 35° ©

g/turn glturn
3/17/39 0. 54359
3/21/39 . 54358
3/27/39 .54% 59
3/29/39 . 54357
1/2/40 . 54357
1/5/40 |  .54399 | _______- . 54360
0. 54358

Deviations from the mean rates of delivery for each
calibration are shown in table 2. The computed
standard deviation from the mean of a given calibra-
tion is given, and the standard (1(‘\'1(],11011 from the
mean Of each interval is given for the six calibrations.
On the basis of the exper iments with the delivery tube



which showed a standard deviation of 3 mg of mer-
cury as previously stated, the deviation to be ex-
pected from this cause weuld be 4 parts in 100,000
for intervals of this size. It is seen that the devia-
tions in the first four calibrations are about twice this
great and are over 10 times as large in the last two.
It must be concluded then that variations in rate of
delivery do exist along the piston. There are also
real variations from calibration to calibration, espe-
cially in the last two. The relatively large changes
between the fourth, fifth, and sixth may have been
caused by sligcht shifts in the packing gland. These
variations are not considered serious as the agreement
between the mean rates, as shown in table 1, is very
good for all six calibrations, and short-period varia-
tions along the stroke of the piston tend to be inte-
grated by the manometer.

TasLe 2. Deviations in parts per 100,000 from the mean rate
of delivery for each calibration
Calibration Standard
= deviation
Interval I each
1 2 3 4 5 6 interval
12 -1 -3 +3 —5 | =31 | +13 +12
13 +21 +16 -1 +4 +78 =1 =+27
14 = i —+4 =il —58 +60 =430
15 = =) +5 +3 +7 +18 +8
16 —+4 -2 —6 =16 =452 —66 =433
17 —17 | =10 -7 +9 | —10 | +41 +22
18 -2 +1 =1 +5 —31 ==l =426
19 +2 +6 +3 +1 -8 | —12 +8
Standard |
deviation | =9 +8 +5 48 | 46 | 44

It should be pointed out that the variations in the
separation of the mercury at the end of the delivery
tube enter only twice in the determinations of the
mean rates given in table 1. A deficiency in delivery
at the end of 1 interval results in a high delivery in
the following interval, and only the start of the first
and the end of the last interval have any effect. The
expected deviation from this cause is thus reduced to
4+ 0.5 part in 100,000 for the portion of the piston 8
intervals long.

The earlier flow measurements (series I and 11, to
be identified later) were made with this filling
with the injector thermostatted at 35° C, and rates
of flow in the viscometer were based on the value of
0.54358 g/turn, which is the mean of the values given
in table 1.

Following these calibrations, work on the project
was interrupted until January 1947. When the work
was resumed in January 1947, the laboratory was
air-conditioned. This made it possible to thermostat
the injector at 30° C instead of 35° C. After the
injector had been disassembled, cleaned, and refilled,
three calibrations of the rate of delivery of the in-
jector at 30° C were completed before making flow
measurements. These data indicated that the useful
part of the stroke of the piston could be extended to
include intervals 5 through 19 without seriously
affecting uniformity of delivery. Consequently this
longer portion of the stroke was used for the later
measurements.

Six calibrations were made in 1947 and 1948 on this
filling of the injector before the injector was again
refilled. The results of these six calibrations are
given in table 3.
stroke of the piston was not interrupted at the end
of each interval, the total delivery of the injector for
intervals 5 through 19 being collected and weighed

In calibrations 10, 11, and 12, the |

in one bulk. The weighings of these relatively large

quantities of mercury were made by the Mass Section
of the Bureau with an accuracy of 1 part in 100,000.
No significant difference was apparent in the mean
rate of delivery as determined in bulk as compared
with the calibrations by intervals.

Tarre 3. Calibrations with second filling of injector
Measured
Calibration Date rate at
30° C
glturn
4/2/47 0. 54391
7/7/47 . 54393
7/22/47 . 54303
8/4/47 . 54392
1/3/48 . 54391
1/3/48 . 54390
____________ 0. 54392

a Calibrations not made by increments.

The deviations for calibrations 7, 8, and 9 are given
in table 4. They are seen to be somewhat larger
than those for the first four calibrations with the
initial filling but are much smaller than those for
5 and 6.

TasrLe 4. Second filling of injector

Deviations in parts per 100,000 from mean rate of delivery for each calibration

Calibration Standard
deviation
Interval each
7 8 9 interval
—8 —2 +2 +6
—1 —29 —15 +14
—25 —12 —17 +8
+7 —+9 —8 +11
—18 —19 —13 +3
+13 +13 +15 +2
—12 —10 —14 +2
1 —+1 +10 +6
+24 +24 +27 +2
—9 +2 -3 +6
+6 +13 —+14 +5
—8 +3 -9 +8
S0 —27 —19 +20
—+18 +8 +10 +5
+3 +26 -+19 +14
Standard
deviation_ _ +14 +17 +17

Flow series I1I and IV were made with this second
filling with the injector thermostated at 30° C, and
rates of flow were calculated by using the mean value
of 0.54392 g/turn shown in table 3.

Following the fourth series of flow tests, the
injector was again cleaned and refilled. The results
of the five calibrations made with this third filling
are given in tables 5 and 6. The deviations shown in



T g

table 6 are about the same as were found for the
second filling. The data given in table 5 indicate an
increase in the delivery rate of about 7 parts in
100,000 over the period of about a year and a half
covered by these calibrations. This was not con-
sidered serious, and as with the previous fillings, the
mean of the five calibrations was used in calculating
the flow rates. The latest flow tests, series V
through XTI, were completed with this filling,
0.54396 tr/turn being taken as the rate of delivery for
the injector.

Tarvre 5.  Calibrations with third filling of injector

|
| Measured |
Calibration Date rate at ‘
30°C |
—_— —— | -
g/turn
13 [ . 5/24/48 0. 14 W'i
14 . e i e e | 12/8/48 :
| e e S v . 1/6/49
16 . S W - 8/19/49
17 . o . 10/21/49
| e
Mean______ . | 0. 54396 '

Tavre 6. Third filling of injector
Deviations in parts per 100,000 from mean rate of delivery for each calibration
Calibration Standard
Tl e e ______deviation
| | | each
l 13 14| 15 ‘ 16 ‘ 17 | interval
. T T T
5 —7 —4 +4 | 45 | +5 | £7 |
6 —20 —10 —5 0 —6 =) |
7 -9 —17 -8 | -2 +6 | 8 |
8 +19 IL031 +22 +26 +24 I
9 —20 —23 = =251 =1 1 +8 |
[ |
10 =% +13 —6 | 420 | 410 | =11
11 “+12 +6 +11 | +23 | —+22 | +8
12 —17 -8 —22 | -2 2 +11
13 -+30 +29 +25 +21 —+30 +4
14 +2 —12 =5 =10 -+4 +8
15 +4 L] —4 =03 -9 | 6 |
16 —6 —6 —9 —-28 | =32 | £15 |
17 —31 —25 =31 =30 | —58 =+13
18 +17 +8 —7 —1 ‘ —7 +11
19 =431 +27 +43 +8 +23 +13 |
Standard -
devia- |
tion_____| =419 =18 +18 | I8 =422
| | |

The over-all performance of the injector was very
satisfactory. No significant changes in the mean
delivery rate were found even after the injector had
been idle for the period of 6 years between the first
and second fillings. The mean of the six calibra-
tions with the first filling was recalculated to in-
clude the intervals 5 through 19 and found to be
0.54394 g/turn. This result compares very favor-
ably with the values of 0.54392 and 0.54396, which
were obtained with the second and third ﬁlhngs
respectively, and it is felt that the mean rates of
delivery used were known to somewhat better than
1 part in 10,000.

3.3. Manometer

The general operation of the manometer has been
described above. Both arms of the manometer
are constructed of glass tubing, the inside diameter
of which is 0.97 in.

The lower ends are ground on a taper and cemented
imto matching stainless-steel seats, which connect
to the mercury lines, as shown in figure 1. These
connectors are mounted in a duralumin frame, which
also supports the upper parts of the manometer and
viscometer.

The short arm 1s about 3.5 in. high and is ground
at the top to fit a stainless-steel cap which is
cemented 1 place. The small tube that runs from
the side of the cap to a gas-tight valve situated above
the liquid level in the bath, serves to vent air from
the top of the short arm when the apparatus is being
filled with water. A weight, not shown in the
figure, bears on the cap to prevent its being unseated
under pressure.

The level of the mercury in the short arm is
adjusted until it just makes contact with a fixed
stainless-steel rod that projects downward from the
‘ap as shown. This rod terminates in a point having
an included angle of 60°.  Contact between mercury
and rod is determined electrically as described below.

The heights of mercury in the long arm are meas-
ured from a fixed surface plate above the mercury
by means of calibrated stainless-steel depth gage
rods, which fit in a mic mmvlm head having a range
of 1 in. These rods are % in. 1n diameter and cover
the range from 11 to 50 in. in 1-in. steps. They
terminate in pointed tips similar to the tip of the
fixed rod in the short arm. The surface plate is
bolted to the duralumin frame, which supports the
viscometer and manometer. The depth gage 1is
clamped in a position directly over the long m'm, as
shown in the figure. Glass flats are used to insulate
the gage electrically from the surface plate. The
rods pass through a hole in the steel plate and enter
the long arm, which extends above the liquid level
in the viscometer bath.

The electric circuit in each arm, used to locate
the mercury surface, consists of a 1.5-volt dry cell,
a 30,000-ohm resistor, and a microammeter, all in
series with the contact. With pointed tips ‘on the
rods and reasonably clean mercury-water interfaces,
the mercury does not cling to the point, and contact
is sharply indicated. 1t was found essential that
the potential of the rods be negative with respect
to the mercury. When the rod is made positive a
nonconducting layer is immediately formed. Even
with negative contacts some electrolytic action takes
place, and if the current is left on too long (several
hours) a troublesome precipitate may form on the
mercury surface. It is not necessary to 1nsulate
the rods from the water. For convenience in
matching the contacts in the two arms, twin micro-
ammeters having 50-ua scales are mounted side-by-
side.

The long arm is mounted as nearly vertical as
possible, and the surface plate is carefully leveled.
Nevertheless, the rods did not always make contact
with the mercury in the center of the meniscus. In
these cases the rods were rotated in the gage head
until & minimum micrometer reading was obtained.
This procedure was followed during the first three
series of flow measurements. Thereafter the gage



rod in use was provided with a brass centering disk
fastened near its tip. This disk has a diameter of
% in. Thus the tip was constrained within a }-in.-
diameter circle at the center of the mercury meniscus.
Calculation of the shape of the mercury meniscus
[11] indicates that the error in locating the apex is
not more than 0.0003 in. with the tip so restricted.

Loss of sensitivity in the long arm was encountered
occasionally when the meniscus became contami-
nated with foreign matter. This surface was cleaned
by applying vacuum to a long glass tube that was
inserted in the long arm until 1ts tip just touched
the mercury surface.

It is estimated that the height of the column of
mercury in the manometer may be measured with a
precision of 0.0005 in. or better over the range of
0 to 40 in.

The auxiliary apparatus for manipulating the
mercury in the manometer system has been men-
tioned previously. Coarse adjustment of the mer-
cury in the long arm is attained by forcing mercury
from the reservoir by gas pressure applied through a
connection in the gas-tight cover, as shown in

oure 1. Fine adjustments in either arm are made
fig 1. F
with the manometer injector. This injector is

essentially similar in design to the main mercury
injector. It has a %-in. piston fixed to a 12-pitch
Acme secrew.  The piston i1s driven manually through
a worm and gear having a 40-to-1 ratio. One turn
of the hand crank on the drive shaft raises or lowers
the mercury level in one arm by 0.0012 in.

The valves in the steel valve block are of the plug-
and-barrel type. The rotating plugs are Ketos steel
cylinders, hardened, ground, and lapped into hard-
ened Ketos steel sleeves held in the mild steel body
of the wvalve block. In the open position, X%-in.
transverse holes through the plug and block are
brought into alinement. In the closed position
reliance is placed upon the very small clearance
between plugs and sleeves to insure mercury tight-
ness. The valve stems pass through vacuum-tight
packing glands, which permit evacuation of the
system for filling with mercury.

The first step in using the manometer is to obtain
the manometer zero, which is a measure of the
vertical distance between the contact point in the
short arm and the surface plate on which the microm-
eter depth gage head rests.  With no flow of mercury
into the entrance reservoir of the viscometer, the
manometer will come to equilibrium with the mer-
cury at the same level in each arm. Mercury is
added to the manometer system until this equilibrium
is reached at the level of the contact in the short arm.
The mercury level in the long arm is then measured
from the surface plate, using the longest rod in the
depth gage. The micrometer head reading for this
condition is a measure of the desired vertical distance
and is called the manometer zero. This reading is
designated by M,.

To obtain the height of mercury in the manometer
for a given flow condition, mercury is forced into the
long arm until it stands at its anticipated height.
Then, with the main injector running and water

flowing through the capillary at the desired rate, the
two arms of the manometer are opened to each
other. Mercury is added or withdrawn from the
manometer system as necessary until equilibrium is
reached with the mercury in the short arm at the
level of the contact point. = The mercury then stands
as shown approximately in figure 1. The distance
from the surface plate to the level of mercury in the
long arm is measured by means of a gage rod of
suitable length. The micrometer head reading for
this condition is designated by M. The differential
height of mercury in the manometer is calculated
from the difference between this reading and the
manometer zero. The height of mercury is equal to
M, minus M, plus the difference in length between
the longest gage rod and the particular rod used in
obtaining M.

When the differential heights of mercury are
measured in this manner, the actual lengths of the
gage rods need mot be known, and hence only
differences between the longest, which is used in
obtaining the manometer zero, and each of the other
rods are determined. As it was not practical to cut
the rods such that the differences in length were in
steps of exactly 1 in., this was closely approxi-
mated, and the actual differences were measured,
using Hoke gage blocks. These calibrations were
repeated as often as was necessary to follow the
changes in the lengths of the rods. It is felt that the
corrections were known to within at least 0.0004 in.
The results of these calibrations are given in detail
in appendix B.

3.4. Viscometer

The viscometer is arranged as shown in figure 1.
The capillary is mounted vertically between two
terminal chambers. Terminal pieces are perma-
nently cemented to the ends of the capillary with a
phenolic elastomer (Permacel JX-5). The outer
surfaces of the terminal pieces are conically ground
to fit the tapered joints in the hemispherical ends of
the chambers, as shown. The tapered joints are
sealed with Apiezon, Hard Wax W to insure water
tightness and permit the interchanging of the
different capillaries used in the viscometer. The
lower, or entrance, chamber is constructed of glass
and is about 2.2 in. in diameter and 4.5 in. high. Its
lower end terminates in a tapered joint that is
cemented with the Hard Wax W, to the end of a
fitting connecting to the mercury line from the main
injector. The wax joints are coated with an auto-
mobile gasket shellac to protect the wax from the
solvent action of the bath oil. The exit chamber,
also of glass, 1s about 1.7 in. in diameter and 4 in.
high. It is connected by glass tubing to both the
reservoir and the long arm of the manometer, as
shown. By this means the same water level is main-
tained in both the viscometer and manometer. The
capacity of the reservoir is sufficient to accommodate
the volume of water that is displaced through the
capillary by a full stroke of the main injector.

In this system, an increase or decrease in the
height of mercury in the short arm of the manometer
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requires a corresponding flow of water out of, or
into, the short arm through the side tube connecting
it with the entrance chamber. Thus, until equilib-
rium is reached, the rate of flow of water through
the capillary will not correspond to the rate of flow of
mercury into the entrance chamber, but at any time
will depend on the pressure indicated by the differen-
tial height of mercury, £, in the manometer. 1If ¢ is
the rate of flow through the capillary and @ is the
rate of flow of mercury into the entrance chamber,
it can be shown that ¢ approaches ¢ as h approaches
the limiting value corresponding to flow ¢ through
the capillary.

As there 1s flow through the tube connecting the
exit reservoir with the long arm, this tube offers
some viscous resistance in series with the capillary.
It can be shown that the pressure drop through the
capillary plus this connecting tube is given by
h(Dug—Dy)g, where Dy, and Dy are the densities
of mercury and water, respectively, and ¢ is the
acceleration of gravity. However, neglecting for
the time being the small viscous resistance offered
by the connecting tube, and using only the relatively
large first term in eq 3, we can write

Sy(l-+nr)

th ‘(DH;:D“)(/ (10)
If
8n(l+mnr) r
1 (Dag—Dw)g
eq 10 is rewritten
= (an

For the condition where ¢ is not equal to @, the
flow of water into or out of the short arm of the
manometer is given by A(1/2)dh/dt, in which A is
the cross-sectional area of the manometer tubing
and dh/dt is the rate of change of pressure head.
The total flow may then be expressed as

Adh
Integrating with @ constant gives
2
h=kQ+C-¢ *4, (13)

in which C is a constant. This equation shows that
the height of mercury in the manometer approaches
a value corresponding to flow @ through the capil-
lary, being precisely £€ at infinite time.

In practice, the manometer is preset to approxi-
mately its final height and then allowed to approach
its precise equilibrium value. The flow time until
final readings may be taken depends on the accuracy
attainable in measuring the height of mercury in
the manometer.

Letting Ak, represent the amount by which &
differs from k@ at the start of flow and Ak, the dif-

977170—52 2

ference after time ¢ has elapsed, we can write

2
Ahy %4
Khl——c ) (1 4)
from which
_k A _\ho -
= (Ah, o)

Thus, through use of eq 15 one can calculate the
time required to reduce Ah, to any desired fraction
of Ahy.

The results are given in table 7 for each of the
capillaries used. These times are designated as
time constants of the manometer and are shown for
various values of the ratio Ah,/Ah,. The capillary
designations given in the table will be identified
later.

TaBLE 7.  Manometer time constants in minutes
‘ Ahe Capillary
| Ahy | 25 | 25 | 14 1.4a
| 120 7 4 | 18 | 8
y e Rt 16 8 | 38 19
YA0a oo | 2 12 | 5 | 27
‘
\

It is evident that with time constants of the mag-
nitudes shown in table 7, periodic variations i ¢
resulting from imperfections in the change gears and
injector delivery will net introduce appreciable error
in the measured pressure.

As mentioned before, the measured pressure in-
cludes the pressure (hop through the tube connecting
the exit reservoir and the long arm. If P is the dif-
ference in pressure between the end reservoirs, [, is
the length of the connecting tube, 7, is the radius of
the connecting tube, B is the cross-sectional area of
the reservoir, and the other symbols are as before,

it 1s seen that
<A+H>] (16)

1
ZT 7 A
75 (4 )
The calculated value of this factor by which i (Dgg—
Dy)g must be multiplied to give the pressure drop

across the capillary alone is as follows for each
capillary used:

lTr

h(Dgg— Dvw)g=P l:l -+ !

or

P=h(Dyg— D)y . (17)

} Capillary | Factor 1

0. 999995
999980

. 999997
L9990 K




While these corrections are insignificant relative to
the precision with which the manometric measure-
ments were made, the corrections were applied.

3.5. Temperature Control

The oil baths by means of which the temperatures
of the various parts of the apparatus are maintained
constant consist of metal tanks insulated with a mini-
mum thickness of 3 in. of ground cork. Inside each
tank and close to the side is a vertical stirrer tube 6 in.
in diameter extending from above the oil surface to
a point a few inches above the bottom. A propeller
on an axial shaft in the tube draws oil from the bath
through a port just below the oil level and discharges
it into the tank near the bottom with sufficient veloc-
ity to keep the main body of oil in fairly rapid mo-
tion. Electric heating coils and mercury-in-steel
thermoregulators, annular in form, are mounted, one
above the other, in the stirrer tubes in such fashion
that oil flows down over both their inner and outer
surfaces.

The viscometer bath is held at 20° C by artificial
cooling. To effect this cooling a tank of light oil is
maintained at 15°4-0.1° C by a refrigerating system
in conjunction with an automatically controlled elec-
tric heater. The oil from this tank is pumped at a
steady rate through a coil in the stirrer tube in the
viscometer bath, and the temperature is controlled
by a thermostatically regulated heater. This system
of temperature regulation was used during the first
two series of flow measurements and provided control
to+0.004 deg C. Following these tests the appara-
tus was idle for 6 years. When work was resumed,
it was found that this thermoregulator was insensi-
tive. For the later flow measurements this bath was
controlled by manual regulation of a variable trans-
former. Although tedious, the control was of the
order of +0.001 deg C. As the viscosity of water
changes by only 1 part in 10,000 for a temperature
change of 0.004 deg C in the neighborhood of 20° C,
this control was more than adequate.

The main injector and auxiliary baths were held
above room temperature, and therefore no artificial
cooling was required. The injector bath was found
to hold its temperature consistently to 40.002 deg
C. The thermoregulator in the auxiliary bath was
not designed to be as sensitive as the other two, and
the temperature control in this bath was +£0.01
deg C. Temperature variations of the magnitudes
found in these baths cannot affect the measurements
by as much as 1 part in 100,000.

Standard electric circuits were used with the
thermoregulators. Steady currents through the
heating coils, not quite sufficient to maintain temper-
ature, were periodically augmented by intermittent
currents controlled by the regulators. By means
of motor-driven variable resistors, the steady cur-
rents were automatically adjusted to changing room
temperature, temperature distribution in bath msula-
tion, and line voltage.

Two thermometers were used in the viscometer
bath, one at the level of the entrance chamber of
the viscometer and the other at the level of the exit
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chamber. Temperature gradients were so small
that readings on these two thermometers always
agreed within 0.002 deg C.

When flow measurements are being made the
mercury leaves the injector at a temperature 10 deg
or more higher than that of the viscometer bath.
In order to bring the temperature of the mercury
close to 20 deg C before it enters the entrance
chamber of the viscometer, oil is pumped from the
viscometer bath through a copper jacket placed
around the mercury line. The returning oil is dis-
charged into the top of the viscometer bath stirrer
tube, and hence its effect is to improve stirring
rather than to increase temperature gradients
throughout the bath. Experiments were performed
to measure the effectiveness of the precooling of the
mercury entering the viscometer. A thermometer
was introduced into the entrance chamber through
the ground joint normally holding the capillary.
With the viscometer bath at 20° C and the main
injector bath at 35°C, the temperature of the water
in the chamber was measured at various rates of
flow of mercury into the chamber. Even at the
highest rates of flow used (0.25 cm?®/sec), no measur-
able temperature difference between the waterand
the bath liquid was observed.

Temperatures were measured with platinum re-
sistance thermometers and a Mueller thermometer
bridge. The thermometers were calibrated several
times at the steam and sulfur points, and more
frequent readings were taken at the ice point or
triple point of water. Every 2 months, or oftener,
the bridge was calibrated in terms of a 10-ohm
secondary standard. Regular calibrations of the
standard were made by the Resistance Measure-
ments Section of the Bureau. It is believed that
temperature measurements were made with an
accuracy of +£0.001 deg C.

4. Capillaries and Their Measurement

41 Selection and Preparation

Flow measurements were made with four capil-
laries. One length of capiallary was selected in
each of two diameters, and, after measuring their
dimensions and making the necessary flow measure-
ments, they were cut in half, and the measurements
were repeated with one half-length of each tube.
In this manner flow data were obtained on two pairs
of capillaries, the tubes in each pair being close to
the same diameter but having different lengths.

The capillaries were selected from FS Precision-
Bore capillary tubing obtained from the Fish-
Schurman Corp. The first selection was made in
1938 from three tubes of Jena Duran Glass 3891-11T
having external diameters of about 5 mm and
internal diameters of about 0.5 mm. The capillary
selected was numbered 2.5 and the half-length, which
was later cut from this tube, was numbered 2.5a.
Three more tubes were obtained from the same com-
pany in 1947. These were of Pyrex and had about
the same external diameter but had a bore diameter
of 0.4 mm. The capillary chosen from this stock



was designated as No. 1.4 and the half-length as 1.4a.

The tubes were chosen for uniformity and straight-
ness of bore and freedom from blemishes. The
character of the inner surfaces was examined under
a microscope with the bores filled with water, while
the examination for uniformity of bore was made
with the tubes mercury-filled. The uniformity of
the tubes was such that the selection could be made
from the first few obtained.

An unused length from the stock of Jena glass was
sectioned part way along its bore in such a way as
to expose the surface of the bore for examination.
A portion of the exposed surface was photographed
at a magnification of X200 and is shown in figure
3, A.

This section is typical of the surface of the bore of
capillaries 2.5 and 2.5a. The surface shown in
ficure 3, B is typical of the Pyrex capillaries 1.4 and
1.4a. It is seen that both of these surfaces are
characterized by many longitudinal grooves. These
grooves vary in width between about 0.002 and 0.008
mm and are considerably less deep than wide. The
Pyrex capillaries are singularly free from very many
other markings. The Jena capillaries have regions
of pits and elevations superimposed upon the grooved
markings. All of these surface markings are so
small in relation to the diameters of the capillaries,
however, that it is believed their viscometric effects
cannot be serious.

To examine for uniformity of bore the mercury-
filled capillary was immersed in oil having the same
index of refraction as the glass. Diameter measure-
ments were made with a microscope having a filar
micrometer eyepiece. Such measurements were
made at points spaced 5 em apart, except that the
points nearest the two ends of a tube were taken 1
cm from the end. Measurements were made at
each point in four radial directions 5])(1(‘(‘(1 45° apart.
The results obtained with capillary 2.5 are given in
table 8.  The micrometer eyepiece was not d(‘CllIut.(‘ly
calibrated, and therefore the numbers in the table
are in arbitrary units. The precision of the measure-
ments was about 1 part in 500. The ends of this
tube were designated as 1 and 2, and the distances
to the points at which the diameter measurements
were made were taken from end 1.

8.  Optical measurements of the diameter of capillary

2.5, arbitrary units

TaBLE

|
Radial direction— ‘
Distance
from end 1
0° 45° 90° { 135°
cm
1 1124 1123 1128 s 1120
5 1124 | 1121 1127 1121
10 1125 1127 } 1124 1123
15 1129 1123 | 1131 1126
20 1127 1122 1131 1123
25 1124 1124 1123 1129
30 1125 1121 1126 1128 |
35 1122 1121 1131 1123
40 1129 1127 1131 1124
45 1129 1123 a 1132 1124
49 s 1120 | 1124 1124 1126

s Highest and lowest values.
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3.

Ficure

Photomicrographs of surface of capillary bores.
Magnification X200.

A, typical of Jena glass; B, typical of Pyrex glass.

It 1s seen that the maximum variation shown by
the measurements given in table 8 is only 1 percent.
The effect of variations of this order will be discussed
later under “Caliber corrections.”

Similar measurements made on capillary 1.4 are
given in table 9. The ends of this tube were num-
bered 4 and 5, and the distances are measured from
end 4. The bore of this capillary is seen to be about
as uniform as that of capillary 2.5, showing a maxi-
mum variation of 1.3 percent.

Following this selection, the ends of the capillaries
were fitted with glass terminal pieces so that the
bores terminate in circular planes 1 em in diameter.
The end planes of the terminals were ground normal
to the axis of the bores and then polished until good
sharp edges were obtained at the intersections of the
cylindrical bores with the terminal planes.

When the longer capillaries 2.5 and 1.4 were cut in
half, new terminal pieces were cemented at the cut




TaBLe Y.  Optical measurements of the diameter of capillary 1.7,

arbitrary units

Radial direction—

Distance
from end 4

0° 90°
P 2t | e e
cm

1 892 887 892
‘ 5 892 889 892
| 10 895 888 891
| 15 894 888 893
1 20 893 892 802
} 25 893 895 895
! 30 892 801 892
| 35 891 895 a 897
! 40 890 892 896
[ 44 889 890 i ,wa

! 1

a Highest and lowest values.

ends only. Thus, the shorter capillaries 2.5a and
1.4a each had one new end and one end from the
original tube. Capillary 2.5a retained the original
end number 1 from capillary 2.5, and its new end
was numbered 3. Similarly, capillary 1.4a had the
original end No. 4, and the new end was numbered 6.

These numbers will be used later in identifying the
direction of flow through the capillaries during the

flow measurements.

The ends of the bores of the capillaries are shown
in figure 4. The finished edges of the bores were
not always perfect, as shown particularly by A and F.
The badly chipped edges shown in D occurred after
the flow measurements involving this end had been
nearly completed. The three series of flow measure-
ments had been completed with capillary 1.4, and
the chipped places appeared on disassembling the

apparatus after the first series with capillary 1.4a.
The second series with 1.4a was made after the chips
were discovered. It will be apparent from the data
given later that these chipped places did not measur-
ably affect the results.

4.2. Mean Radii of the Capillaries by the Gravimetric
Method

Although optical measurements of diameter are
useful in describing the variations in shape and area
of cross section of the bore along a tube, such meas-
urements cannot be made with sufficient accuracy
to deduce a mean radius that may be used in calcu-
lating the resistance to viscous flow offered by the
tube. Consequently, other methods were used to
obtain the mean radii of the capillaries.

The first method used involves the weighing of
the quantity of mercury required to fill the tube.
The mean area of cross section is calculated by using
the known density of mercury and the length of
the tube.

For these determinations a clamp was made so
that one end of the capillary could be closed off by
means of a glass optical flat clamped against the
polished face of the terminal piece. The optical
flat extended sufficiently bevond the edge of the
terminal piece to permit a nickel ring to be cemented
to it to hold mercury as a vacuum seal when the
capillary was supported vertically. By means of
a ground glass joint, the terminal piece at the upper
end of the capillary was cemented to a vacuum
system. The tube was then filled under vacuum
with double-distilled mercury and disconnected

FicUure 4.

Magnification X75.

Photomicrographs of the ends of the capillaries.

A, Capillary 2.5, end 1; B, capillary 2.5, end 2; C, capillary

2.5, end 3; D, capillary 1.4, end 4; E, capillary 1.4, end 5; F, capillary 1.4, end 6.
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from the vacuum system. The mercury-filled tube
was mounted vertically in a well-stirred water bath
with temperature control. A platinum resistance
thermometer was used to determine the temperature
of the water in the bath. The upper end of the capil-
lary was allowed to extend about 4 mm above the
water level, and on the flat horizontal surface of
the end piece was placed a small glass optical flat
through which the suitably illuminated end of the
bore could be observed with the aid of a magnifying
glass. Observations were then made to determine
the exact temperature at which the bore was com-
pletely filled. As the temperature was increased
the area of contact between the mercury and the
optical flat increased until the area became equal
to the cross-sectional area of the bore. The appear-
ance of the interference fringes between the flat
and the face of the end piece aided in determining
when the flat was in close contact with the face and
not pushed up by the mercury.

Having determined the temperature at which
the bore was just full, the bath temperature was
lowered until the mercury was no longer in contact
with the flat. The flat was then removed and the
capillary taken out of the bath and dried. The
mercury in the bore was then ready to transfer to
a small bottle for weighing. This was accom-
plished by first carefully removing the mercury
from the seal at the clamped end. The capillary
was mounted in a position about 30° from horizontal
with the closed end high, and the clamp seal was
opened slowly allowing the mercury to flow into the
weighing bottle.  Occasionally the mercury thread
would break leaving a small filament of mercury
in the end of the tube. This was removed by the
gentle application of air pressure at the opposite
end. The capillary was then examined with a
magnifying glass to make certain that no mercury
remained.

Measurements of the air temperature made in
the region up to about 3 em above the liquid level
in the bath showed that, under the prevailing con-
ditions, the temperatures were about 0.5 to 1 deg
C above that of the bath. This was found to be the
case for bath temperatures between 20° and 31° C
for all room temperatures experienced. On this
basis, the error in determining the mass of mercury
required to fill the capillary, 1atroduced by not cor-
recting for the temperature of the 4 mm of capillary
exposed above the bath liquid, was less than 3 parts
per million for any of the capillaries used.

A further calculation showed that the dilation of
the tube and the compression of the mercury caused
by the pressure exerted by the ‘column of mercury
changed the mass required to fill the tube by not
more than 3 parts per million for any of the capil-
laries. This correction was also neglected.

As the capillaries were to be used at 20°C, the
dimensions at this temperature were required.

If M; is the mass of mercury that just fills the
capillary at 0° C, Dy, is the density of mercury at
20° (C, « is the temperature coefficient of linear
expansion of glass, 8 is the temperature coefficient

of density of mercury, A0=(0—20), and 7y and Iy
are the capillary radius and length at 20° C, we can
write

Meo=mr3, (14 ad8)?ly (14 adb) Dy, (1 —BA6). (18)

Also

Myy=mr3ly Dy, (19)
in which My, is the mass of mercury that would be
required to fill the capillary at 20° C. Combining
eq 18 and 19, we can say, with more than sufficient
accuracy for the purpose,

M,

Mo =T Ba—p) a6

(20)

Through use of eq 19 and 20, values of 7, are com-
puted corresponding to the measured quantities
6 and Ms.

The capillaries were cleaned prior to each measure-
ment of the radius. The cleaning procedures in-
volved the discreet use of either nitric or chromic
acids, followed by distilled water and drying air.
When chromic acid was used, after the removal of
the bulk of acid and preliminary rinsing, the bores
were soaked with distilled water for at least 1 hour
before the final rinsing with water. The cleaning
agents and distilled water, as well as the drying air,
were always passed through a sintered-glass filter
before being introduced into the capillary. Radius
measurements made at various times provide good
evidence that the sizes of the bores were not changed
by any of these cleaning procedures by any measur-
able amounts (see table 11).

The measurements of the lengths of the four
capillaries were made by the Gage Section of the
Bureau by comparison with Hoke end gages.

The results are as follows:

Capillary \ lao
2.5 .. BRI R LT e n T
2.5a_ gy B 24. 316
[ 1.4_. o ; 45. 208
[ 1.4a_ AL I 22, 525

It 1s believed that all the figures given are significant.

The weighings of the quantities of mercury were
made by the Mass Section of the Bureau. The
details of the weighings concerned with capillary 2.5
are not known. For the other capillaries each quan-
tity of mercury was weighed twice. In connection
with the weighings made on the fillings of capillaries
2.5a and 1.4a, a detailed study of the behavior of the
glass weighing bottles used in the measurements was
made in the Mass Section under the direction of
[.. B. Macurdy. The results of this study are given
in appendix C.

It was concluded that the masses of the samples
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from the fillings of capillaries 2.5a, 1.4, and 1.4a were
known with an accuracy of +0.01 mg or better.
The samples from the fillings of capillary 2.5 were
probably weighed with comparable accuracy.

In the calculation of My, through the use of eq 20
the values used for « were those recommended by
the manufacturers. These values are 3.6 X 107%/° C
for the Jena Duran Glass 3891111, of which capilla-
ries 2.5 and 2.5a are made, and 3.2 X 107%/° C for
Pyrex capillaries 1.4 and 1.4a. The density of
mercury at 20° C was taken as 13.54589 g/cm® and
B as 180.9 X 107% These values were obtained from
the work of Beattie [12] (see appendix A).

Five separate fillings of each capillary were made,
the results of which are shown in table 10. The
temperatures given are those at which the bores
were judged to be exactly filled. The values of M,
given for capillaries 2.5a, 1.4, and 1.4a are the means
of the two weighings made on each quantity of
mercury. The values of My are calculated by using
eq 20.

Tasre 10. Computations of mean radii by the gravimetric

method
Cap- ‘
il Date ] My M 120 T20
lary
5@ q g cm? cm
5/10/41 | 19.91 1.313 12 1.313 10
5/14/41 | 20.18 | 1.313 19 1. 313 23
2.5 5/15/41 | 19.22 1.313 36 1.313 19
5/16/41 | 19.82 | 1.313 15 1.313 11
5/17/41 | 20.94 1.312 84 1.313 05
Mean 1.313 14 | 6.3315X10-4| 2. 5162X10-2
1/17/50 | 27.19 | 0.654 305 | 0.655 106
1/18/50 | 25.62 . 654 488 . 655 114
2. 5a 1/19/50 | 27.79 L6564 187 | 2,655 055
1/20/50 | 24.23 . 654 641 . 655 113
1/23/50 | 27.12 . 654 326 . 655 119
Mean____| 0.655 113 | 6.3309 2. 5161
11/22/48 | 23.28 | 0.774 995 | 0.775 431
11/23/48 | 23.59 L774 943 L775 420
1.4 11/24/48 | 24.68 L774 733 | 2,775 355
11/30/48 | 23.26 774 983 L 775 416
11/30/48 | 24.82 L7714 774 L775 414
Mean____| 0.775 420 | 4.0305 2.0076
1/24/50 | 27.52 | 0.3%6 255 | 0.386 753
1/25/50 | 31.39 . 386 015 . 386 770
1. 4a 1/26/50 | 29.87 . 386 099 . 386 753
1/27/50 | 28.14 . 386 217 . 386 756
1/27/50 | 30.68 . 386 052 . 386 759
Mean____| 0.386 758 | 4.0348 2. 0087

a Determinations discarded.

With capillary 2.5a the result of the third filling
shows a deviation from the mean of the order of
10 times as great as the other four. This is also the
case with the third filling with capillary 1.4. As no
discrepancies are found in the weighings, it seems
evident that in these cases there was an undetected
loss of mercury in the transfer irom the capillary into
the weighing bottle, and the results of these two
fillings were discarded. The values of 73, given in
the table were calculated from the mean values of M,
for each capillary and represent the squares of the
radii of right circular eylinders of the same volumes
and lengths as the capillaries measured.
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4.3. Mean Radii of the Capillaries by the Electric
Resistance Method

The second method used for the precise determi-
nation of the mean radii of the boresof the capillaries
is based upon the electric resistances of the bores when
filled with mercury.

The electric resistance, R, of a cylindrical con-
ductor of length /, radius 7, and resistivity p is given
by

ol

R = (21)

As the resistivity of mercury is accurately known,

eq 21 affords a means of calculating the mean cross-
sectional area of the bore of a capillary.

To adapt this method to the measurement of the
mean radii of the capillaries, glass terminal bulbs
were constructed with ground joints to fit the ter-
minal pieces of the capillaries. A capillary with the
terminal bulbs cemented in place is shown mounted
in its supporting frame in figure 5. The bulbs are
cylindrical with hemispherical ends and are 5 cm long
with an internal diameter of 2.2 em. Two tubes of
0.5-cm inside diameter are brought up from each
terminal bulb, as shown in the figure. The distance
from the face of the terminal piece of the capillary to
the level of the side tube in the upper bulb is 2.4 ¢m.
The corresponding distance in the lower bulb is
1.5 em.

For making a measurement, the apparatus was
evacuated and completely filled with double-distilled
mercury up to a level within about 1 em of the tops
of the four tubes leading up from the terminal bulbs.
Special electric connectors were placed on the tops
of the four tubes, as shown in the figure. Each
connector was made from a short piece of glass
tubing sealed at the middle to separate the two end
portions of the tube. A platinum wire was passed
through the seal to make electric connection between
the end portions of the tube. The connectors fitted
loosely on the tubes leading from the terminal bulbs
with the platinum wires making contact with the
mercury in the tubes. The connectors were filled
above the glass seals with mercury, into which the
copper lead wires to the resistance bridge were
dipped. The ends of the copper lead wires were
amalgamated electrolytically, and the platinum wires
were immersed in mercury for several months before
use. With these connectors good electric contact is
made without contaminating the mercury in the
capillary with copper from the lead wires.

The resistance measurements were made with a
Mueller resistance bridge. With the two leads
connected to each terminal bulb, the procedure was
similar to that used with a four-lead resistance
thermometer. The mean of the two readings taken
was the resistance of the mercury between the
branch points in the two terminal bulbs. This re-
sistance, corrected for the resistance in the terminal
bulbs, yielded the resistance of the column of mer-
cury in the capillary bore.

It has been shown (see, for example, Maxwell [13])



Fraure 5. Capillary mounted for the determination of its
mean radius by the electric resistance method
that the amount to be added to the measured re-

sistance to account for the flow of electricity at the
end of a tube may be expressed as an additional
length equal to a constant times the radius of the
bore at the end. A calculation by Rayleigh [14]
vields a value of 0.82 for this constant. As the
optical measurements of the diameters of the four
capillaries showed that the mean radii at the ends
of a capillary never differed from the mean for the
whole tube by more than 0.3 percent, we can say
that the sum of the corrections for the two ends is
2>(0.82r, where r is the mean radius for the whole

tube. Including the corrections for the ends, eq 21
then becomes

(I+1.64r) -

R=2VT --D=T) 29

' mr® Lea)

If subscripts refer to the temperature in © C, we can
introduce the coefficient of expansion of the glass into

15

eq 22, which then becomes

=tk (lyo+1.647ry) (14 aAf)
o ] T )

(02
mra (1 + alAf)? (23)
from which
2 Ps lzo‘f 1;(?41’20 94)
fun [7r (1+ a_\e)] 24)

For the solution of this equation, an approximate
value of 7y, 1s substituted in the second term on the
right.

In all of this work the resistances are measured in
absolute ohms. The following equation was used to
calculate the resistivity of mercury in absolute ohm-
centimeters at the temperature of the measurement:

94.1232 X
10-5(1+889.15X 1075.§40.99360 X 10-°- %), (25)

Po

in which isin ©C, and 94.1232 (10 %1s the resistivity
of mercury at 0° C. (See appendix A.)

The diameter of each capillary was measured at
several different times by this method. For these
measurements the capillary with the attached ter-
minal bulbs was immersed either in a liquid bath,
whose temperature was controlled within close
limits, or in an ice-and-water bath. The results
obtained with the four capillaries are given in table

Lk
TasrLe 11. Computations of mean radii by the electric resisi-
ance method
Capil- Date [} ) id} s 20
lary 2 2
C Ohms cm
+20. 000 2. 35007
+41. 336
+31. 971
2.5 8. 250 (
+20. 000 |
0. 007
1-23. 912 |
2. 5162102 !
] 2/18/49 -0. 002 5
2.5a 5/3/49 —~. 003 5.
| 11/19/49 . 006 i
6. 3303 2. 5160
| 10/18/48 —0. 003
11/17/48 -, 004
14 l 1/10/49 ~. 001
1 2/16/49 —. 001
: 1. 0303 2. 0076
1.45 [ 8/18/49 —0. 005 4. 0347
“8--1\ 10/7/49 —. 004 4. 0347
Mean 4. 0347 2. 0087
The measurements on capillary 2.5 made over

quite a range of temperatures are in good agreement,
which tends to confirm the values of the constants
in eq 25 in this temperature range. However, as it
is believed that the resistivity of mercury is known
best at 0° C, of the later measurements only those
made close to 0° C were included in the calculations
of the radii. The coefficient of expansion of the



glass need not be known accurately for use in eq
24, because an uncertainty in its value of as much
as 1 part in 32 will result in an uncertainty of only
2 parts in a million in the value of 73, as calculated
from a measurement made at 0° C.

The radius measurements on a particular capillary
were always made at times embracing the period
during which the capillary was being used in the
flow measurements. With each capillary, the agree-
ment among the different determinations is good,
and there is no evidence of any trend with time or
use, even with capillary 2.5, on which measurements
were made during 1941 and later in 1947 and 1948.

4.4. Caliber Corrections

The derivation of eq 2, expressing the resistance
to the viscous flow of a liquid through a tube, is
based upon the bore having the shape of a right
circular cylinder. The optical measurements of the
diameters of the capillaries used here have shown
that they all depart somewhat from this ideal con-
dition. Consequently, a correction must be applied
to a measured radius to account for the difference
between the viscous resistance in the actual capillary
used and in an equally long one of uniform circular
cross section. The determination of the mean radius
by the gravimetric method has yielded the radius of
a right circular cylinder of length and volume equal
to those of the bore of the capillary. This radius
may then be corrected appropriately for substitution
ineq 2. However, the resistance to flow of electricity
is also affected by the variable cross section of a
tube. Therefore, the radii of the capillaries as
measured by the electric resistance method must
first be corrected to yield the radii of equally long
capillaries of uniform cross-sectional areas and then
be corrected again for substitution in the equation
for the resistance to viscous flow.

In estimating the magnitudes of these corrections,
the data given in tables 8 and 9 are used for describ-
ing the actual shapes of the capillaries. Various
investigations of the effects of conicality and ellip-
ticity of bore upon viscosity measurements have been
made, but the above data on these tubes show that
they cannot be considered conical. Their cross
sections are irregular and resemble an ellipse in only
a few places. The tubes are therefore treated as
circular in section but with the area of section vary-
ing along the tubes. The mean of the diameters
measured in the four radial directions at a particular
point is taken as the diameter of the assumed circular
section at that point. The mean diameters at the
points measured along capillaries 2.5 and 1.4 are
given in tables 12 and 13. The areas of section S
calculated for each measured point are also given in
these tables. Since only arbitrary units are used, S
is taken equal to d® and, for the present purpose, can be
assumed to be known exactly. Part of the data
given in these two tables also apply to capillaries
2.5 and 1.4a, as they were cut from the longer
capillaries 2.5 and 1.4.

Figure 6 shows values of S plotted against position
along the tube for each of the four capillaries.
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These areas are represented by the plotted points,
and the mean cross section for each capillary is
shown by a horizontal dashed line.

TasLE 12. Variations in cross-sectional area along capillary
2.5, arbitrary units
Position along . s 2 ,‘ Area of cross f
Fibe Mean dlametui Eestion |
cm {
1 1123.75 | 126 281
5 1123. 25 | 126 169
10 1124.75 126 506
15 1127. 25 127 069 |
20 1125.75 126 731 i
25 1125. 00 126 563 |
30 1125. 00 126 563 |
35 1124. 25 126 394 |
40 1127.75 127 182 |
45 1127. 00 127 013 i
| 49 1123. 50 126 225
\
TasrLe 13. Variations in cross-sectional area along capillary
1.4, arbitrary units
- i 1
Position along |4, : | Area of cross |
HibS Mean dmmetew e |
cm
1 891. 5 794 77
5 892.3 796 20
10 891. 8 795 31
15 892. 5 796 56
20 891. 5 794 77
25 894.0 799 24
30 891. 5 794 77
35 892. 8 797 09
40 891. 8 | 795 31
44 $89.0 i 790 32

1270

1265

1260

1270

1265

1260

800

795

790f

AREA OF CROSS SECTION IN ARBITRARY UNITS

800 1
795k T R S——— 3
CAPILLARY lLé4a
790 —t— -
(o] 25 50
DISTANCE FROM REFERENCE END, CM
Ficure 6. Cross-sectional area of bore at regular positions

along the capillaries.



For one method of calculating the effects of such
variations on the electric and viscous resistance
offered by a capillary, the bore is assumed to be made
up of a series of right circular cylinders, each having
a cross-sectional area equal to the value of the corre-
sponding plotted points and a length equal to the
distance between the points. The area of section is
then assumed to vary along the tube, as indicated by
the stepped curve. Suppose the capillary of length [
be divided into n such intervals of equal length /,.
Let S be the cross-sectional area in any interval and
S,. be the mean cross-sectional area for the whole
tube, as calculated by the relation S,,=(1/n)ZS.
Then the resistance to the flow of electricity through
the variable cross section is proportional to =(/;/S),
and the electric resistance offered by a tube of the
same length but having a uniform cross-sectional
area S,, 1s proportional to //S,. From these rela-
tions the percentage increase in the resistance to the
flow of electricity of the nonuniform tube over the
uniform one is given by

=(4/S) =S,
l/Sm

For the laminar flow of liquids through the tubes,
the viscous resistance is proportional to =(/,/S?%) for
the nonuniform case and to //SZ for a uniform tube.
In this case the percentage increase in the viscous
resistance is given by

DS 1S 10,

As an example, this method is applied to the data
on capillary 2.5 in the following way. The value of
S calculated from the readings taken at the 5-cm
position 1s assumed to be the mean for the 5-cm in-
terval from 2.5 to 7.5 cm. As shown by the stepped
curve in figure 6, this is repeated for each position,
eiving nine 5-cm intervals covering the length from
2.5 t0 47.5 ecm. The two 2.5-cm lengths at each end
of the tube are combined to give a tenth 5-cm interval
with a value of S equal to the mean of the areas at
1 em and 49 em. These data are then substituted
in eq. 26 and 27 to give the desired corrections.

% 100- (26)

(27)

Similar procedures were followed with the other
three capillaries, and the results obtained with all
four are given in table 14. The signs are applied as.
follows: The signs are such as to correct the square
of the radius as measured by the electric resistance
method to yield the square of the radius of a uniform
tube. The signs of the correction for viscous resist-
ance are such as to correct the radius, calculated on
the basis of a uniform bore, appropriately for sub-
stitution in the equations for viscous flow. It
should be noted that the corrections given in the
table are applied to the radius squared in the electric
resistance measurements, whereas those for correct-
ing the viscous resistance are applied to the fourth
power of the radius.

TasrLe 14. Corrections to electric and viscous resistance
measurements as a result of nonuniformity of bore

Corrections in parts per
million

Capillary T
Electric | Viscous
resistance ‘ resistance
i +6 =
+6 —23
| +5 -19
| ol -3

It is seen in figure 6 that capillaries 2.5, 2.5a, and
1.4 show roughly harmonic variations in S. Assum-
ing this type of variation, integration under these
curves yields essentially the same corrections as those
given in table 14.

As a third method of describing the variations in
area of section, straight lines are drawn between the
plotted points, and the integration is performed under
these irregular curves. As would be expected, this.
method usually leads to somewhat smaller correc-
tions than those obtained by the other two treatments.

The only case where these corrections are of any
significance is the correction for viscous resistance in
capillary 2.5. This correction was applied by using-
the value given in the table.

A summary of the measurements of the dimensions
of the four capillaries is given in table 15. The values.

TasLE 15. Final dimensions of the capillaries
On the basis of a uniform bore Effective for viscous flow
Capillary| Length Method
Radius ? Radius 4 Radius 4 “Radius
om cm 2 cmt cm t cm
s 6. 3315X104
I s ————— L .. A
[N ean St e e 6. 3315 4. 0088X10-7 4.0087X10-7 2. 5162X10~2 ;'
RIS 6. 3309 [,
O T T L S A 6. 3303 !
Mean.__ . 6. 3306 4.0076 4.0076 2. 5161
: . 4. 0305
D (€ 64620 1109 (o1 7 o [ S0 U W U SO S S SN S B £
1.4 45. 208 {Eu-cmc.. 40303
8 L 4. 0304 1. 6244 1. 6244 2.0076
& 4 4. 0348
5 16000 oo [, TR N R S T U e el S O B T T 0 RS W A, Sk
1a | 22525 |{Grayimetr 40347
O e e e I 4. 0347 1. 6279 1. 6279 2. 0087




of the radius squared, as obtained by the two in-
dependent methods, were weighted equally, and the
mean value was used for each capillary. It is seen
that in each case the agreement between the two
methods 1s very good. The maximum discrepancy
occurred with capillary 2.5a and is only about 1 part
in 10,000.

5. Viscosity Determinations

The viscometer was assembled and filled for the
first series of tests at 20° C in the fall of 1940. The
measurements made with this filling were designated
as series I.  In this series several independent obser-
vations of the pressure drop through the capillary
were made at each of four rates of flow. Each
measurement of the pressure drop corresponding to
a particular rate of flow was assigned a run number
in the order in which it was obtained within the
series. In general, check runs at a given rate of
flow were separated by measurements made at other
rates of flow in order that the observations in a given
run be as independent as possible of the influence of
a preceding run. A similar procedure was followed
each time the viscometer was filled, and a new roman
series number was assigned to identify the particular
filling. Between fillings the viscometer and manom-
eter were disassembled and thoroughly cleaned.

The series I tests were used primarily for develop-
ing operating techniques and acquiring experience
with the apparatus. The results of this series are
therefore not considered as reliable as those of the
succeeding 11 flow series and are not included in the
final calculations. As a consequence of these pre-
liminary flow tests, the experimental procedure that
finally evolved is as follows:

After assembling the viscometer and manometer
some mercury is injected into the entrance chamber
of the viscometer and both arms of the manometer.
Freshly distilled water from a laboratory still i
introduced into the system through the open tube
at the top of the overflow reservoir until the desired
level is reached. Trapped air is removed by working
the main injector back and forth through its stroke.
The air trapped in the top of the short arm is forced
out through the bleed tube (shown in fig. 1) by a
forward stroke of the injector. After all of the air
is removed and the tube is filled with water, the
gas-tight valve at the top end of the tube is shut off.

All of the baths are adjusted to their proper tem-
peratures, and mercury is introduced into the short
arm of the manometer until the proper height is
indicated by the fixed electric contactor. The
longest of the gage rods, number 50, is then fixed in
the depth-gage head, inserted in the long arm of the
manometer, and the gage head is clamped in posi-
tion. The gage head is set at its expected reading
for the “manometer zero”, and mercury is injected
into the long arm until proper contact is made with
the tip of the rod. The two arms of the manometer
are now opened to each other. Any change in the
height of mercury in the long arm with time is
observed, and mercury is added or withdrawn in
sufficient quantity so that when the final equilibrium
position is established, the mercury in the short arm
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makes proper contact with the fixed contactor, and
the level in the long arm is at the same height. In
judging when this equilibrium position is reached,
due consideration is given to the time constant for
the particular capillary being used. These adjust-
ments and readings of course are made when there
is no flow of mercury from the main injector into the
entrance chamber of the viscometer. The head read-
ing of the micrometer for this final equilibrium
condition is referred to as the ‘“manometer zero”
and is designated by M,.

Manometer heights under flow conditions are
measured in a similar manner. The change gears in
the main injector drive are selected to give the de-
sired rate of flow, and the mercury in the long arm of
the manometer is preset at an expected height, using
the gage rod of proper length. The injection of
mercury into the entrance chamber of the viscometer
is started, and the two arms of the manometer are
then opened to each other. As in determining the
manometer zero, mercury 1s added or withdrawn
until the quantity of mercury in the manometer is
such that the mercury level is at the contactor in
the short arm when the equilibrium pressure cor-
responding to the particular rate of flow through
the capillary is reached. Tt is often the case that
this condition is not realized during a single stroke
of the injector. In these cases the long arm of the
manometer is shut off before stopping the main
injector. With the manometer still closed the stroke
of the injector is then reversed. After the forward
stroke of the injector is started a second time, the
manometer is again opened. In this manner the
stroke of the injector is repeated as many times as
are necessary to establish equilibrium. The reading
of the micrometer head for this equilibrium condition
is designated by M,. This process comprises a run,
and a run number is assigned. Usually two or three
such runs, together with a repeat observation of the
manometer zero, can be completed in a working
day. In this manner all of the flow data on a single
filling of the viscometer may be obtained in about
2 weeks.

There is no known reason for measurable varia-
tions in readings of the manometer zero made with
the same filling of the viscometer, and any observed
differences in its value are attributed to experimental
error. Consequently, at the completion of a series
of flow tests all of the observations of A, are averaged
and the mean value 1s used in calculating the pres-
sure drop for each run. However, the value of M,
will differ between different fillings of the viscometer
as a result of the dismantling and reassembly of the
short arm for cleaning purposes.

When measurements are being made a second
operator keeps a continuous check on the temper-
ature of the viscometer bath and records the ther-
mometer readings every 5 minutes. Occasional
readings of the temperatures of the other baths are
taken, to be assured that they are operating properly.
From these records the mean temperature in the
viscometer bath is judged for each period during
which a run is being made.



In general, this procedure was followed, beginning
with series 11, except for the following changes:

(a). In series II, readings of the manometer
depth gage were recorded to 0.0001 in. In view of
the general sensitivity encountered with the depth
gage, together with other considerations, the read-
ings in series 11T and the subsequent series were
recorded only to the nearest 0.0005 in.

(b). As mentioned previously, beginning with
series IV, a centering disk was used with the depth-
gage rods for restricting the possible region of con-
tact of the tips to a central area of the mercury
meniscus.

(¢). During all of the experiments intermittent
electric contact was observed between the gage rods
and surfaces in the manometer. This was caused
by vibration of the stirring motor and pumps asso-
clated with the thermostating of the viscometer bath.
During the first six series the manometer readings
were taken matching the fluctuations in the l'oa(lmgs
of the microammeter in the long-arm ecircuit with
those in the short arm. It was felt that in this
manner the effects of these motions in the mercury
surfaces would be minimized. However, beginning
with series VII, after equilibrium had been reached,
as shown by observations made in the above manner,
both arms of the manometer were shut off, and the
stirring motor and other sources of vibration were
stopped.  Readings were then taken with the mer-
cury surfaces quiet. The two methods of taking
the readings usually yielded essentially the same
calculated hcight of the mercury column. Never-
theless, in a few instances (llﬂ(‘l(‘]l( es as great as
0.006 in. were found. In the cases where any dif-
ferences were shown, the readings taken with the
quiet surfaces were used.

The results obtained in flow series LI, T11, and IV
with capillary 2.5 are given in table 16. In the
first column the arabic number accompanying the
series number indicates the end of the capillary
that was mounted as the lower, or entrance, end in
the viscometer. The rates of flow @ were calculated
from the calibrated delivery rate of the main injector,
together with the gear ratios of the particular com-
binations of change gears used. The identical gear
ratios were used in series IIT and IV as were used in

11, the differences in the values of @ being a conse-
quence of the different delivery rates of the injector.
The injector was thermostated at 35° C for series 11,
and the mean delivery rate shown in table 1 was used.
For series I1I and IV a longer stroke of the injector
piston was used with the injector thermostated at
30° C, and the rates of flow were calculated from the
mean rate of delivery given in table 3. In the third
column of the table, values of the Reynolds number
corresponding to each rate of flow are given to
indicate the range covered in the experiments.
The values given for P, the pressure drop through
the capillary, are in each case the mean of several
runs at the particular rate of flow. The detailed
calculations of the values of P are given in appen-
dix D,

Using the data in table 16, the values given for the

\'1scos1ty were calculated by means of eq 4. This
equation is equivalent to
17 ,
Q:aqL bQ; (28)
in which '
= St
wr
and
mD
=

Introducing the measured dimensions of capillary 2.5
and the known density of water at 20° C, and taking
the value of n as 0.57, the values of 5 were obtained
from the relation

n=3.2292 10~ X a.

Similarly, the values of m for the capillary were
caleulated by the equation

m=23.9635>X107%<b.

The values of @ and b were obtained from least-
squares solutions of the straight lines represented by
eq 28. In these solutions, ¢ was assumed to be
without error, and the corresponding values of P/@
were weighted equally. These assumptions seem

TaBLE 16.  Results of flow tests at 20° C with capillary 2.5
= ‘ ‘ e
Series | 1 Deviation
number— 0 | Reynolds P | P/O b o RO} from line,
entrance | number observed n calculated observed
end | ‘ | —calculated
P ‘ 1 T N ¥ D —
| cemd/sec | Dymnes/cm? Poise
0.072232 182 ‘ 0. 225581 100 3.12301X100 3.12317X106 —160
o |} 128412 324 . 403177 | 313971 o 11208 L . 3. 13954 +170
-2 [ -je0818 6 | 608355 (s 15835 3. 10213100 0. 2913106 0. 010017 1.15 8 1504 Tiio
256824 | 648 | 815885 ‘ 3.17683 3. 17694 —110
1 ‘ . 072277 182 . 225762 gt 3.12358 —10
i v . 128492 324 . 403487 3.14017 o 10o4s T . 3. 14001 +160
IS 1192739 486 L 608767 | 3015850 il s AL | 3. 15879 —290
i (250985 | 648 | 816622 3.17770 3.17757 +130
| 072277 | 182 | .225775 3.12375 3.12433 —580
3 . 128492 324 . 403718 3.14197 T - 3. 14074 +1230
‘ LVl ‘ 192739 | 486 - 608808 3.15872 ahallshs 429 LA L 315949 —770
| .256985 | 648 . 816800 3. 17840 [ 3. 17824 +160
i ‘ 1 | Mean values__|  3.10260 0. 2918 0.010019 | 1.16
‘ |




justified from the spread of the pressure data shown
in tables 26 through 36 in appendix D, which indicate
that the probable accuracy of P/() is essentially
.independent of pressure. Furthermore, the results
of the repeat calibrations of the injector suggest
that € was always known better than the corre-
sponding equilibrium pressure, and hence ) was taken
as without error.

The calculated values of P/ given in table 16
were obtained by using eq 28 and substituting the
values of @ and b as given for each series. The
deviations of the observed points from the calculated
straight lines are also given and serve to indicate the
constancy of m and n over the rates of flow covered.

With series IT and I1I the observed values of P/Q
are all within 0.01 percent of the calculated line.
Differences of these magnitudes are attributable to
experimental error, and m and n are demonstrated to
be constant within the accuracy of the measure-
ments. The relatively larger deviations shown for
series IV are not explained, there being no known
reason for questioning any of these data.

The spread in the values of @ and b between the
three series was taken to be experimental error, and
therefore the values of 7 and m calculated from the
mean values of @ and b are believed best to represent
the results of the flow measurements with this
capillary alone.

Similar treatments of the flow data for the other
three capillaries are given in tables 17, 18, and 19.
With these capillaries also there is no evidence that
m and n are not constant, the data being well repre-
sented by straight lines in agreement with eq 28.
With these capillaries also the flow data are believed
to be represented best by using the mean values of @
and b as given in the tables.

The calculation of the viscosity by using the flow
data with each capillary as an independent determi-
nation, as is done in tables 16 through 19, may be
in error as a result of the uncertainty in the choice of a
value for the constant n. However, as was outlined
previously, the effect of an uncertainty in the value
of n may be rendered negligible by simultaneous
treatment of the flow measurements with each pair
of capillaries. Taking capillaries 2.5 and 2.5a as one
pair and 1.4 and 1.4a as another, the capillaries in
each pair have very nearly the same radii but differ-
ent lengths. The dimensions and flow data for
each pair can then be substituted in eq 9 and the
viscosity calculated without assuming a value for n.
However, in making the actual calculations eq 9 was
transformed somewhat.

If the least-squares line, based on the mean values
of @ and b, best represents the flow data for a par-
ticular capillary, that is equivalent to saying that
the calculated value of /@ at a particular value of

TaBLE 17.  Results of flow tests at 20° C with capillary 2.5a
Series ; | ‘ ‘[ Deviation
number— Reynolds / - [ , from line,
R Q | P P/Q, observed | a b n m P|Q, caleulated | b gt
end \ ( calculated
cm3/sec | Dynes/cm? f Poise
0. 096376 243 0.15189910 0 1.57611X100 | 1. 5763310 8] —T—m
’ 128502 | 324 - 203807 1. 58602 | P o = 1. 58583 190
VIFL G Cigorss | ase ehaasy o |} 1.54783X100 0. 2957X10 6 0.010012 | 1.17 IR 1170
L 27000 | 48 - 417293 1. 62368 \ 1. 62382 —140
.006376 | 243 151927 1. 57640 i 1. 57654 —140
. (128502 | 324 L 203825 1. 58616 5 A 1. 58597 190
IX-3 102753 ‘ 186 -300333 | 160482 [[ 154822 - 2038 -010015 | 1.16 1. 60485 —30
.257004 | 648 . 417303 | 1.62372 1.52373 —10
1
.096376 | 243 .151915 1.57627 1.57611 4160
. 128502 | 324 - 203741 1. 58551 ; o \ 1. 58566 —150
X1 1102753 186 1300305 1. 60467 1.54749 - 2070 -010010 | 1.18 1. 60474 —170
. 257004 648 . 417349 1. 62390 1. 62382 +80
| Mean values___. 1. 54785 . 2955 . 010012 1817 ‘
TAaBLE 18. Results of flow tests at 20° C with capillary 1./
| | |
Seg((:s | | i o ] 1 If)evialtion
number— | | Reynolds | R | valofile rom line,
el Q | rsreatormi 2 3 P/Q, observed a b n m | P|Q, calculated i
end { | calculated
! cmd/sec Dynes/cm? Poise
[ 0.033674 106 0. 239859106 7.12297X106 | 7.12240%106 +570
= L 072282 228 . 516662 7.14786 . 7.14908 —1220
V=5 00636 305 +690667 7.16636 p 70900 Q0ULLS L0 0O EOR R L { 7.16574 +620
[l -128502 406 . 923673 7. 18800 7.18794 +60
| 033674 106 . 239831 7.12214 ‘ 7.12234 —200
: . 072282 228 . 516787 7.14959 rant . . 7.14940 +190
VI4 006376 305 690695 7.16665 7. 09874 - 7009 -010014 | 1.13 7.16629 4360
[l 128502 406 . 923732 7.18846 \ 7.18881 —340
|
. 033674 106 . 239866 7.12318 | 7.12330 —120
e 8072280 228 . 516874 7. 15080 fil et i o 715041 +390
VIII-4 )~ 96376 305 £ 690736 7.16708 {02560 21028 -010015- | 1.13 7.16733 ~250.
- 128502 406 . 923917 7.18990 i ‘ 7.18990 0
‘ | _—
i Mean values._,_l‘ 7.00917 | eos1 010015 | 112 |
| |
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TasrLe 19.

Results of flow lests at 20° C with capillary 1.4a

Series | : | Deviation
;'1}.11'3«2':&: Q ol P P/Q, observed a b 7 m | P|Q, caleulated | O NN,
] end | | calculated
1= — — . e —

| |
l cm3fsec | Dynes/cm? | Poise
‘ 0.033674 | 106 0. 11968110 6 3. 5541110 6 3. 55468 %10 6 —570
| < L072282 228 J258081 3. 58202 o s AT . 3058223 | 4690
| Xl loossme 305 - 346951 3. 50096 [ BT | DR ORI SR, | 4840
, $128502 106 - 465395 3. 62169 3. 62235 ‘ —660
§ 033674 106 119687 3. 55429 3. 55456 | -0

_— [072282 228 1258938 3. 58233 . ; N 3.58195 +380
| xm -0 305 1346882 359925 SHLS SR MR | IGIE RS +200
“ 1128502 106 465379 362157 3.62185 ~280
‘ ‘ Mean values.___|  3.53066 “ 716 010015 | 115

@) is better than an observed value. Hence, the | TasrLe 20. Quantities used in the calculation of the viscosity,

best values of the pressure drops through the capil-
laries for substitution in eq 9 will be those obtained
from the calculated values of /). Toillustrate this
treatment, any particular value of  may be chosen
that is within the rates of flow common to the data
on both capillaries in the pair. The values of ¢ and
b appropriate to the longer capillary are substituted
in eq 28, and the value of /@ is calculated for the
particular rate of flow chosen. Multiplying this
value of P/Q by @ gives the value of P, the pressure
drop through the capillary. In a similar manner
the value of P; is calculated for the shorter capillary
at the same rate of flow. These values of the pres-
sure drops corresponding to the rate of flow @ in each
capillary are then substituted in eq 9, together with
the capillary dimensions and the mean values of m
as determined for the two capillaries. The identical
results are obtained more simply, however, by a
lcalh(‘ulation using the intercepts for the two capil-
aries.

In a manner similar to that in which eq 8 and 9
were derived, it may be shown that

T [ art—aor: ]
T=8 Lli—1) F (ari—nara) |

in which a, is the intercept in eq 28 for the longer
capillary, and a, i1s the intercept for the shorter.
As before, if 7, and 7, do not differ greatly, the quan-
tity (myr1—ngrs) may be neglected.

The values of the measured quantities in eq 29 are
given in table 20 for each of the four capillaries. The
intercepts used are the mean values for each capil-
lary, as given in tables 16 through 19. The values
of the viscosity as calculated from the data for the
pairs 2.5 and 2.5a, and 1.4 and 1.4a are given in
table 21. These two calculations result in values
that cover about the same range as the spread of
values obtained in the previous calculations, using
each capillary individually. For these two pairs it
is evident that the quantity (ng—nyr,) may be
neglected.

In addition, calculations were made pairing capil-
lary 2.5 with 1.4a and 1.4 with 2.5a. These results
are also given in table 21. The value of 0.57 was
used for both 7#; and 7n,. The magnitude of the
quantity (n,;—mnor,) is small in comparison with

(29)
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by means of equation 29

1
Capillary | a art ‘ ! 0.57r !
S O | N R | S | S |
| cm | cm ‘
25 3.10260X108 | 1.24374 48.736 | 0.014
2.5 1. 54785 | 0.62032 24. 316 ‘ .014
1.4 | 7.09917 [ 115319 | 45.208 | .011
Lda | 3.53066 | 057476 | 2252 ‘ .011 ‘
| |

TaBLe 21.  Values of the viscosity n, calculated from the data
for pairs of capillaries
‘ nat 20° C
Pair nat 20°C | mean L—12 nir1—mnara
| values
Poise | Poise ‘ cm cm
25and 25a .. 0. 010022 [ 24.420 0.000
| T4andlda .7 010014 ’} 0.010018 ‘{ 22,683 -000
| 25andlda _____________ .010022 | 010020 { 26. 211 +.003
i ldand 252 010018 | ° (1 20.892 —. 003
| |

(l;—1) in each case, and therefore the calculations
are not seriously affected by uncertainties in n; and
ns.  The agreement between the values of the vis-
cosity as calculated through the use of these four
pairs indicates an over-all consistency in the data.

6. Discussion of Results
6.1. General

In work of this nature, where the result is de-
pendent upon so many individual factors, it is
difficult to evaluate the final result in terms of the
estimated accuracy of each factor. It is believed that
the error in each contributing measurement was
reduced to 1 part in 10,000, or better, except perhaps
in the measurement of the equilibrium pressures less
than 10 in. of mercury. As the calculation of the
viscosity involves the extrapolation of the observed
data, however, the final result would not necessarily
be this accurate.

The calculation of the viscosity by means cf eq 29
probably represents the most reliable treatment of
the data, because uncertainties in the magnitude of
the constant n are minimized. The values given in
table 21 for the results with the capillary pairs



2.5-+2.5a and 1.4+ 1.4a are completely independent
of the magnitude of n. The calculations for the pairs
2.5+1.4a and 1.442.5a, however, are given equal
weight, because the introduction of any reasonable
value for n will not affect the mean of these two by
as much as 1 part in 10,000. The mean of the four
values given in table 21 is

0.010019 40.000002,

where the deviation given is the standard deviation
of the mean.

The values of the viscosity calculated by eq 28,
obtained by treating the data for each capillary
individually, and given in tables 16 through 19, show
a spread from 0.010012 to 0.010019 poise, with a
mean value of 0.010015. This would indicate that
0.57 is too high for the value of n. By taking these
same data and assuming n=0 for all four capillaries,
the following values result:

Capillary 7
D) e e e e e it 0. 010022
2.58 e . 010018
1.4 .. . 010017
l4a___ _ _ o ______ . 010020

The mean of these values is 0.010019, which is the
same as was obtained in the calculations with the
capillaries in pairs. Although the assumption that
n=0 results in better over-all agreement in the cal-
culated values of the viscosity, the measurements are
so insensitive for the evaluation of 7, that no accurate
conclusions may be reached as to its magnitude. It
is pertinent, however, to note that the results of the
calculations with eq 29 given in table 21 are not
significantly changed by taking n=0. For n=0 the
value of the viscosity calculated by using capillaries
2.5 and 1.4a is increased to 0.010023 poise, and the
value derived from the pair 1.4+42.5a is reduced to
0.010017. Thus the mean value remains the same,
but the standard deviation of the mean is increased
to 4-0.000003. In consideration of this uncertainty
in the value of n, the best result obtained from the
data is

720=0.010019 +0.000003.

No attempt is made to assign an accurate value to
the constant m on the basis of this work, as the
values of the slope b given in tables 16 to 19 may be
appreciably in error as a result of heating effects in
the capillaries. The incomplete dissipation of the
heat generated by work done against viscous forces
results in a temperature rise in the flowing liquid.
The possible effects of such temperature rises in the
capillaries were investigated through the use of equa-
tions developed by Hersey [15] and Hersey and
Zimmer [16]. Their equations were expected to
yield either too high or too low an effective tempera-
ture rise, depending upon what extreme conditions of
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temperature distribution in the capillary were as-
sumed. Calculations based on these equations show
that for any of the conditions covered by these equa-
tions, the values of the intercepts a, as given in tables
16 to 19, are unchanged. Hence, for the purpose of
calculating the viscosity, it is not necessary to
attempt to evaluate the effects of heating in the
capillaries.

On the other hand, the heating effects may have a
marked influence upon the calculated values of m.
In fact, if certain assumptions are made with regard
to the distribution of temperatures in the capillaries,
it 1s possible to account for the differences in the cal-
culated values of m for the four capillaries. As the
real distribution of temperatures in the capillaries
under the particular flow conditions is not known,
no reliance is placed upon such calculations.

In attempting to compare the value obtained here
for the absolute viscosity of water at 20° C with the
results of other observers, it is found that all of the
earlier determinations are subject to criticism, and
therefore no good agreement is to be expected. The
three most recent careful determinations were made
by Thorpe and Rodger [17], Hosking [18], and Bing-
ham and White [19]. Their results at 20° C are
given in table 22. With regard to these results, it
should be pointed out that none of these investigators
attempted to make their measurements with the ac-
curacy of the present work. Furthermore, with the
capillaries that they were able to obtain, the devia-
tions of the bores from right circular cylinders were
large and in most cases not accurately known.

TasLe 22. Viscosity of water at 20° C by other wnvestigators
Investigator M9 m n
Poise
Thorpe and Rodger (1894) ._____________ 0.010015 1. 00 0
Hosking (1909) - - ______ . ______________ . 01006 1.158 1. 64
Bingham and White (1912) .____________ . 01005 13 0

In all three of the determinations referred to in
table 22 the viscosity was calculated from the ob-
served pressures and rates of flow by means of eq 2.
It is seen that Thorpe and Rodger’s value is in best
agreement with the value of 0.010019 obtained here.
Seemingly, this is simply fortuitous, as there is no
evidence that their determination was made with
greater accuracy than the other two given in the
table. They made no determination of m for their
capillary, and the value of 1.00, which they used on
theoretical grounds (probably not sound) is lower
than most experimentally determined values. They
were not convinced of the existence of the length cor-
rection involving the constant n, and hence assumed
that n=0.

In Hosking’s work neither the value of m nor n
may be regarded as determined. He evaluated m
for both directions of flow through each of four
capillaries and obtained results varying from 1.128
to 1.216, with a mean of 1.158. He then recalcu-
lated some of his earlier results obtained with other
capillaries, taking m=1.158 and n=1.64 and arrived



at 7 50=0.01006 as the best result from his work.
The value of n=1.64 was assumed, as with this cor-
rection, certain of his data were more self-consistent.

Bingham and White assumed that m=1.12 on the
basis of calculations presented in a series of papers
by Boussinesq [20]. They determined the value
of n for several combinations of capillaries and con-
cluded that its best value was zero. This value was
then assumed for the capillary in which the determi-
nation of the viscosity of water was made.

In view of the uncertainties in all three of these
determinations the lack of agreement with the
present determination is not significant.

6.3. Application in Practical Viscometry

One aim in this investigation was to obtain a value
for the absolute viscosity of water at 20° C that
could be used as a standard in practical viscometry.
Accordingly, beginning on July 1, 1952, the National
Bureau of Standards is planning to use the value
of 0.01002 poise for the absolute viscosity of water
at 20° C as the basis for the calibration of viscometers
and standard sample oils. Tt is recommended that
other laboratories adopt this value as the primary
reference standard for comparative measurements of
viscosity.

In evaluating the work reported here, considera-
tion is now given to any limitations in the general
applicability of the results obtained under the par-
ticular conditions of these experiments. In this
connection, various factors must be considered.

(a) Purity of the water with respect to deuterium
oxide. At20° C, D,0O 1s about 1.245 times as viscous
as H,O [21], and consequently the deuterium content
in the water used must be considered. Fortunately,
surveys (for example, [22] have shown that the varia-
tion in the isotopic concentration in water from a
variety of world-wide sources is only a few parts per
million. This variation is not great enough to affect
the viscosity by as much as 0.01 percent [23].

(b) Other impurities. Unpublished results, ob-
tained with water from various types of stills at the
Bureau, have shown that a simple distillation, such
as is accomplished by a commercial laboratory still,
yields water of sufficiently uniform composition.

(¢) Change of viscosity with pressure. Hardy and
Cottington [21, p. 575], using a Master Fenske vis-
cometer, found no measurable effect of pressure in
the range, 1 to 3.4 atm.

(d) Change of viscosity with rate of shear. The fact
that the data presented here are well represented by
eq 28 may be considered as evidence that the vis-
cosity does not vary with rate of shear in the range
covered (5,000 to 20,000 reciprocal seconds). Further-
more, Griffiths and Vincent [24] could detect no dif-
ference between the viscosity of water measured at
a rate of shear of 0.013 reciprocal second and that
measured at 5,000 to 10,000 reciprocal seconds.

~The authors acknowledge the following contribu-
tions to the project: N. E. Dorsey and C. S. Cragoe
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for their advice and encouragement; R. L.. Cottington
for his painstaking assistance in gathering many of
the data.
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8. Appendix A. Values of the Various Con-
stants and Quantities Used in the Calcu-
lations

8.1. Density of Mercury

From the work of Beattie, et al. [12], and using the relation
1 ml=1.000027 cm?,

" D, o,c=13.59546 g/ml, or 13.59509 g/cm?.
Also,
Dag, 20,c=13.54589 g/cms3.

The values of g for use in eq 20 were calculated from
Beattie’s results and found to be as follows in the ranges in
which they were used: -

Temperature range B
(6
19 through 24 __ _._________________ 180.9 < 10-6
25 through 32____________________ 181.0

8.2. Resistivity of Mercury

From the ICT wvalue of 9.40766X10-% international

ohm-mm, and converting, using the relation 1 international

ohm =1.000495 absolute ohms,
p0=9.41232 < 10~* absolute ohm-mm.
The equation of Jaeger and von Steinwehr [25],
pe=po (14889.15>10-% +0.99360 < 10~6?),

is used to calculate the resistivity at other temperatures.

8.3. Density of Water

The density of water at 20° C, used in the calculation of the
pressure drop through a capillary from the height of mercury
in the manometer, was calculated from the properties of
water as given by Dorsey [26]. He gives the value of
0.9982336 g/ml, or 0.998207 g/cm?® (1 ml=1.000027 cm?), for
the density of air-free water at 20°C and a pressure of 1 atm.
From Dorsey’s table 92, the corresponding value for water
saturated with air is 0.998206 g/cms3.

The pressure on the water, and therefore its density, varies
throughout the viscometer and manometer system, and also
varies with the height of mercury in the manometer. In
appendix D the calculations of the pressure drops were made
on the basis of a mean value for the density of water. This
mean was calculated on the basis of a mean pressure of 1.25
atm on the water in the apparatus. The density at this
pressure was calculated from the data given in table 105 of
Dorsey’s book and found to be 0.99822 g/cms.

The use of this mean value of the density instead of the
actual densities for each condition will in no case introduce
an error greater than 2 parts per million in the calculation of
the pressure drop through the capillary.

8.4. Acceleration of Gravity

The value used for the acceleration of gravity is 980.080
cm/sec?, absolute gravity, Dryden reduction. This value is
based upon accurate measurements [27] made on the same
floor of the building in which the work was done.
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9. Appendix B. Calibration of the Gage
Rods Used With the Mercury Manometer

The calibration of a gage rod consists in the determination
of the interval of length between that rod and the longest
gage rod. The result is expressed as a correction to the
nominal length of the interval.

The rods were calibrated with Hoke gage blocks in a room
where the temperature was controlled close to 20° C. A
shallow glass dish about 10 em in diameter and containing
mercury was placed on a leveled surface plate. A steel plate
with a 3-in.-diameter hole was supported above the dish on
parallel bars which rested on the surface plate. Hoke gage
blocks, wrung together in suitable combinations, were placed
vertically on the ground surface of this plate, and the microm-
eter depth gage was seated on top of the gage blocks. The
gage rods were clamped successively in the depth gage,
passing through the holes in the gage blocks and steel plate
to make contact with the surface of mercury in the dish.
Contact was indicated by the same electric circuit as that
employed in the manometer.

In this way the intervals between the longest rod and each
of the others were determined on various occasions, with the
results as given in table 23. After the first two calibrations,
only the rods that covered the particular heights used in the
tests were further calibrated.

TABLE 23.

[The values given are corrections to the nominal lengths of the intervals in ten
thousandths of an inch]

Calibration of gage rods

Date of calibration

Rod | Nomi-

nal in-| Jan. | Mar. | Deec. | June | Feb. | Jan. | Apr. | Oct.

terval | 1940 1941 1941 1947 1948 1049 | 1949 1949

in.
50 0 0 0 0 0 0 0 0
47 3 F183 | 4177 | ||| e e
46 4 +103 +98 s T R ) e D PO —+59 | +135
45 5 —34 —41 s & ] (S A St S ST -75 —78
44 6 +42 435 | 28 | i —4 +3 +3
43 7 —+48 -+41 +-38 +30 | 429 -+11 411 |-
42 8 +34 +26 || +13 —+29 +33 -+25
41 9 +2 =Bl s s f ol oA WS —22 —34 =357 |2 s LT
40 10 =+5 =8 T G +6 -9
39 11 —33 =51 =4 e S —44 —48
38 12 +47 = oo R RN L o -+18 +6
37 13 —28 —32 —33 —43 —41 —44
36 14 0 =4 —12 [ooaooo =0 —8
35 15 —50
34 16 —4
33 17 +41
32| 18 g
31 19 —65
30 20 7
29 21 —+17
28 22 +9
27 23 —99
26 24 —256
25 25 —196 !
24 26 —219 | =215 |-oo___--
23 27 =121 | =116 {_-Z_-Z.--
22 28 =191 [ 4195 |- _-_
21 29 —a9 —46 |

The rods were numbered according to their nominal lengths
in inches. The second column gives the nominal difference
in length between each rod and rod 50, which was the one
used in obtaining the manometer zero. The corrections
given for each rod are corrections to the nominal length of
the corresponding interval in inches. In all of the cali-
brations, measurements with each rod were repeated at least
once, and the corrections entered in the table are mean
values. Repeated measurements on a given rod showed
agreement, within 0.0002 in. in almost all cases.

It was not possible to attribute the changes in the lengths
to any one cause. In general, the changes were in the
direction of the intervals shortening with time, but the mag-
nitudes of the changes were not proportional to the interval



lengths and therefore were not explained by uniform shrink-
age of the rods. It is probable that growth and shrinkage
of the rods, together with possible electrolytic wear of the
tips, were all involved in varying extents. However, these
changes were followed closely, and it is felt that the corrections
were known to within at least 0.0004 in. of their true values
at all times when flow measurements were being made.

10. Appendix C. Radii by the Gravimetric
Method. Details of the Weighings

For determining the mean radii of the capillaries by the
gravimetric method, the quantities of mercury from the
fglliulgs of the capillaries were weighed in small glass-stoppered

ottles.

In the weighings concerned with capillaries 2.5 and 1.4a,
three bottles, 3, 6 and 25, were used. Bottles 3 and 6 were
used in the weighing of the mercury, and bottle 25 was
weighed each time as a blank. The weighing procedure
was designed to determine the effects, if any, of possible
variations in the surface condition of the glass upon the
constancy of weight of the bottles. The three bottles were
first weighed empty, and the mercury was transferred from
the capillary to bottle 3 and weighed. It was then trans-
ferred to bottle 6 and weighed. After this, the mercury
was discarded, and bottle 6 was weighed again empty.
Before each weighing the bottles were held in steam momen-
tarily to condense moisture of the surface so as to dissipate
any electrostatic charges. The bottle caps were loosened
and replaced. Then the bottles were placed in the balance
and weighed after about 5 minutes.

The results of the weighings of the empty bottles are given
in table 24, The weighings show small erratic changes, and

TaBrLE 24.  Mass of weighing bottles, empty

Bottle—
b Relative ~ R
Date humidity |
3 6 25
S— SRR | _ | E—
‘ e
Percent mg mq mg
. , 2199. 037 2291. 281 2401. 135
1/17/50 18 { 2199, 038 2201, 278 2401, 134
. ol 219002 2201, 283 2401. 135
1/17/50 17 { ,,,,,,,,,,, 201,282 |
. 2201. 290 2401. 147
1/18/50 31 oL | MmN
, 2201.289 | 2401.146
1/19/50 18 9291991 [ o
o 2199. 049 2291, 204 2401. 151
120/5 5
120,80 15 { 2199, 040 201,294 | L. 1
ST . 2199. 059 2991, 295 2401.151 |
1/23/50 38 { ,,,,,,,,,,,, 2201.202 | ...
; 2901, 208 2401. 156
2415
| 1/24/50 40 201,802 | ..
i i 2291. 299 2401. 153
5/,

1/25/50 48 2901.301 | .. __
o 2291. 300 2401. 156
1/26/50 44 2201.300 | ...
- | - 2991, 300 2401. 164
SR 201,299 | . il
TR | o 2291. 297 2401. 163

1/27/50 e 2291 306

evidence a definite over-all gain in weight of all three bottles
during the period of their use. The gain in weight of bottles
3 and 6 is probably not attributable to residues left by the
mercury samples, as bottle 25 showed the same increase.

In the course of the weighings, the relative humidity in the
room where the weighings were made was varied through the
wide range given in the table. Apparently the weighings
were not affected by these variations.

25

The results of the two weighings of each sample of mercury
are given in table 25. Samples A to E were from repeat
fillings of ecapillary 2.5a; F to J were from capillary 1.4a.
The agreement between the two weighings of each sample is
better than 0.01 mg in all cases. The mean values of these
duplicate weighings are given in table 10 and were used in the
calculations. Considering all sources of error, it is probable
that these mean values are within 0.01 mg of the true masses
of the samples.

TABLE 25. Mass of samples of mercury from fillings of
captllaries 2.5a and 1.4a

‘Weighed in bottle—
Sample Date ma

3 6

mg mg
1/17/50 654.303 654. 307
1/18/50 654.490 654. 485
1/19/50 654.185 654. 190
1/20/50 654. 638 654. 643 |
1/23/50 654. 329 654. 324
1/24/50 386. 252 386. 258
1/25/50 386. 016 386. 013
1/26/50 386. 099 386. 099
1/27/50 386. 214 386, 221
1/27/50 386. 056 386. 047

11. Appendix D. Data and Calculation of
the Pressure Drops Through the Capillaries

Tables 26 to 36 give the observations made in the 11 series
of flow measurements and the detailed calculations of the
pressure drops. The values of @ given in column 3 of these
tables were calculated by the relation

1
Diyig,200 ¢

grams mercury

=8 ol ol /e S R — —— —
[CeEReed CHIuTIT AR ><tm‘n of drive shaft
The speeds of the drive shaft in revolutions per second were
calculated from the motor speed and the ratio of the gears
used in each case. The rate of delivery of the injector in
grams per turn of the drive shaft was taken appropriately
from table 1, 3, or 5. The value used for the density of
mercury at 20° C is 13.59546 g/em? (see appendix A).

The gage-rod corrections given in appendix B were plotted
as a funetion of time, and the corrections entered in column 5
were taken from these curves.

Each observation of the manometer zero is entered in the
lower part of the tables. The mean of the observations in a
particular series was used in the computation of the pressures
for that series.

Values of Mg, the micrometer depth-gage head readings
under the flow conditions, are given in column 6. In column
7, A=mean My— M.

The differential heights of mercury in the manometer are
given in column 8  These are computed by the relation

hs=A-+interval +rod correction,

in which the interval is the nominal difference in length
between the rod and rod 50.

The difference between the actual temperature of each run
and 20° C is entered in column 9. On the basis of these
temperature differences, the corrections to iy entered in column
11 were computed by using 0.0025%/0.001 deg C for the
change in the viscosity of water with temperature at tem-
peratures close to 20° C [4]. The sign of each correction is
such that hyp=hg+ Ah, in which hy is the height of mercury
for a corresponding run at 20° C. Expansions or contractions
in the duralumin frame, gage rods, mercury in the manometer,
ete. were computed and found to be completely negligible for
these small temperature differences.

The mean value of hs for each rate of flow is given in
column 12, and the standard deviation of the mean is given
in column 13.



The pressure drops in dynes per square centimeter were
calculated from the mean values of Ay and entered in column
14. The calculations were made using the relation

P20=2.540005 X g X (Dgg— Dw)2° ¢ X ha,
in which 2.540005 is the factor for converting inches to

centimeters [30]. Substituting for ¢ and (Dgz—Dw)x° ¢
their values from appendix A,

P20=— 3.12363 X 104 X hgo.

As was mentioned in the description of the manometer,
the values of py given in column 14 include the pressure drop
through the side tube connecting the exit chamber with the
long arm of the manometer. Values of this pressure drop,
which is equal to the second term on the right hand side in
eq 16, are given in column 15. This correction was applied
to py yielding the pressure drops across the capillary alone,
which are entered in column 16. Standard deviations in
dynes per square centimeter are entered in column 17.

TaBre 26. Series I1, capillary 2.5
[Calenlation of the pressure drops]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Stand-
Stand- Correc-
Gage- . : ard de-
y Gage h %, |ard devi- tion for o
Date | Run R rod |rod cor-i Mg A ho Af Ah b | means | ‘ation of D0 side tube o VLR Gin
rection e of the
G mean
: Dynes/ Dynes|
cmd/sec in. in. in. in. el in. in. in. in. Dymnes/cm? cm? Dymnes/cm? cm?
8/4/41 2| 0.072232 43|4-0. 0040 (0. 6294|4-0. 2141]  7.2181| 0.000 | 0.0000, 7.2181
8/5/41 3 . 072232 43| +-.0040| . 6275 +.2160 7.2200| +.009 | +.0016/ 7.2216
8/8/41 11 . 072232 43| 4. 0040| . 6276 +-.2159| 7.2199| +.007 | 4.0013| 7.2212
9/26/41 15 . 072232 43| +-.0040| . 6195 +.2164| 7.2204| +.004 | 4.0007| 7.2211
10/3/41 19 . 072232 43| +4-.0040| . 6180 +.2179| 7.2219| —.005 | —.0009| 7.2210|) 7.2218| +6X10~4 0.225582X106|—0.000001| 0.225581X106| =419
10/9/41 22 . 072232 43| +-.0040| . 6155 +.2204| 7.2244| —.006 | —.0011| 7.2233
10/27/41 25 . 172232 43| +.0040| . 6165 +.2194| 7.2234] +.002 | +.0004] 7.2238
10/28/41 28 . 072232 43| +-.0040| . 6166 +.2193| 7.2233| —.002 | —.0004| 7.2229
10/29/41 29| .072232 43| +.0040| . 6166 +.2193| 7.2233] .000 0000, 7.2233
8/4/41 4 . 128412 37| —.0032| .9375| —.0940| 12.9028| +.013 | +.0042| 12.9070
8/6/41 5 . 128412 37| —.0032| .9366| —.0931| 12.9037| +.001 | +.0003| 12.9040
9/30/41 16 . 128412 37| —.0032| .9246| —.0887| 12.9081| +.004 | +.0013| 12.9094
10/1/41 18 . 128412 37| —.0032| .9248| —. 0889 12.9079 . 000 .0000| 12.9079/)12. 9074 +9 . 403179 —. 000002 .403177 =+28
10/8/41 21 . 128412 37| —.0032( .9240| —.0881| 12. 9087 . 000 . 0000] 12.9087
10/28/41 26 . 128412 37| —.0032| .9246| —.0887| 12.9081| +.001 | +.0003| 12.9084
10/29/41 30| .128412 37| —.0032| .9260, —.0901| 12.9067| .000 . 0000| 12.9067
8/4/41 1 .192618 31| —.0052| .3671| +-.4764| 19.4712| —.002 | —.0010| 19. 4702
8/6/41 6 . 192618 31| —.0052| .3620) +.4815| 19.4763| —.001 | —.0005| 19.4758
8/6/41 8 . 192618 31| —.0052| .3635 —.4800 19.4748) +.003 | 4-.0015| 19.4763
8/7/41 9 .192618 31| —.0052| .3660 +.4775 19.4723| —.004 | —.0019| 19.4704
8/8/41 13 . 192618 31| —.0052| .3675| +.4760| 19.4708| +.015 | +.0073| 19. 4781 }19. 4760 +£12 . 608358 —. 000003 .608355 +37
10/3/41 20 . 192618 31| —.0052| .3502| +.4857| 19.4805| —.005 | —.0024| 19.4781
10/10/41 23 192618 31| —.0052| .3518| —-.4841| 19.4789| +.001 | 4. 0005 19.4794
10/28/41 27 192618 31| —.0052| .3544| . 4815 19. 4763 . 000 . 0000| 19.4763
11/3/41 31 192618 31| —.0052| .3510| +.4849| 19.4797 . 000 .0000] 19. 4797
8/6/41 7 256824 24| —.0193| . 7110 +.1325| 26.1132 . 000 . 0000 26. 1132
8/7/41 10 256824 24| —.0193| .7102| +.1333| 26.1140| +.001 | +.0007| 26.1147
8/8/41 14 256824 24| —.0193| .7060| —+.1375| 26.1182| +-.006 | +.0039| 26.1221|:26.1199, <30 . 815889 —. 000004 815885 +94
9/30/41 17 256824 24 —.0193| . 6958 —+.1401| 26.1208| +-.006 | 4. 0039  26.1247
10/10/41 24 256824 24| —.0193| .6930| +.1429| 26.1236| +.002 | +.0013| 26. 1249,
Observations of My, August 1941 data
8/4 8/5 8/5 8/6 8/7 8/7 8/8 8/8
p.m. a.m. p. m. a.Mm, a. m. p. m. a. m. p. m.
0. 8433 0. 8432 0. 8432 0. 8434 0.8437 0. 8440 0. 8438 0. 8438
Mean value=0.8435. Standard deviation of the mean =4-0.0001
Observations of My, September, October, and November 1941 data =
9/26 9/29 9/29 9/30 9/30 10/1 10/3 10/3 10/8 10/8
p. m. a.m. p. m. a.m. p. m. a. m. a. m. p. m. a. Im. p. m.
0. 8349 0. 8357 0. 8364 0. 8355 0.8323 0. 8354 0. 8369 0. 8372 0. 8362 0. 8363
10/9 10/10 10/10 10/27 10/27 10/28 10/28 10/29 10/29 11/3
p. m. a.Mm, p. m. a.m. p. m. a.1m. p.m, a.m. p. m. a.m.
0. 8361 0. 8361 0. 8359 0. 8351 0. 8364 0. 8360 0. 8360 0. 8358 0. 8359 0. 8367
Mean value=0.8359. Standard deviation of the mean=-20.0002

a Following the August measurements certain shims were removed from under the surface plate on which the depth gage was mounted. Hence, these data are

expected to be different from the August data.
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TasrLe 27. Series 111, capillary 2.5

[Calculation of the pressure drops]

1 2 3 4 5 6 if 8 9 10 11 12 13 14 15 16 ilrf
»
Stand-
Stand-
Gage- 2 Correc- ard de-
Gage h 2 ard devi- : fati
Date Run Q =" [rod cor-| Mq A he A9 Ah hao b : D2 tion for P viation
rod ; means | ation of i t
{ rection the mean S (;If]e;lr?
Dynes/ Dynes/
cmd/sec in. in. in. in. g in. in. in. in. Dynes/cm? cm? Dynes/cm? cm?
10/29/47 1| 0.072277 43(--0.0029(0. 4600(+-0. 2275 7.2304| —0.001|—0.0002| 7.2302
FY 10/30/47 2 . 072277 43| +.0029| .4600| +.2275| 7.2304 . 000 .0000| 7.2304
10/31/47 7 . 072277 43| +.0029| . 4615 +.2260| 7.2289| —.003| —.0005 7.2284
18{;11537 (8; . 072277 43| +.0029| . 4605 +.2270| 7.2299| —.001| —.0002| 7.2297
31/47 ! . 072277 43| +.0029| .4630( +.2245| 7.2274| +.009| +.0016| 7.2290 = - 6
10/31/47 | 10| .072277| 43| +.0020| .d620| . 2255 7.2284| 003 40005 7.2289|( 7 2276|=E12X1070. 22576310 8 | —0. 000001 0. 22576210 ¢ | - 37
11/ 5/47 21 . 072277 43| +.0029| .4705| +.2170| 7.2199] —.006| —.0011| 7.2188
11/ 5/47 22 . 072277 43| 4-.0029| .4670| +.2205| 7.2234] —.006| —.0011} 7.2223
11/ 7/47 23 . 072277 43| +.0029| .4620| +.2255| 7.2284| +.005/ +.0009| 7.2293
11/ 7/47 24 . 072277 43| +.0029| . 4615 . 2260 7.2289 000 0000, 7.2289
11/ 5/47 17 . 128492 37| —.0042| .7670| —.0795| 12.9163| —.002| —.0006| 12.9157
11/ 5/47 18 . 128492 37| —.0042| .7640| —.0765| 12.9193| —.002| —.0006| 12. 9187
11/ 5/47 19 . 128492 37 —.0042| .7655| —.0780| 12.9178| —.004| —.0013| 12.9165|:12, 9173|6 . 403489 —. 000002| . 403487 +19
11/ 5/47 20 . 128492 37| —.0042| . 7645 —.0770| 12.9188| —.005 —.0016| 12.9172
11/ 7/47 25 . 128492 37 —.0042| . 7665 —.0790| 12.9168] +.005 -+.0016| 12.9184
11; %1; 13 . 192739 31 —.0060( .1910| +.4965| 19.4905 +.001| +.0005| 19.4910
11 14 . 192739 31| —.0060( .1915 +.4960| 19.4900, —.007| —.0034| 19. 4866 _ - . g
10/ 4/47 | 15| 192739 31| —.0060| . 1895| +. 4980| 19.4920( —.007 —.0034| 19, 4886| {19 489212 2803770 UG A =
11/ 4/47 16 . 192739 31| —.0060| .1875| +.5000| 19.4940| —.007 —.0034| 19.4906
10/30/47 3 . 256985 24| —. 0205 .5270| +.1605| 26.1400 . 000 .0000| 26.1400
{8@862; 4 . 256985 24| —.02056| .5260| +.1615| 26.1410{ —.001| —.0007| 26.1403
30/ 5 . 256985 24| —.0205| . 5220| +.1655| 26.1450 . 000 .0000| 26. 1450 y -
10/30/47 6| 256985 24| —.0205| 5225 . 1650| 26.1445  .000| .0000| 26, 1445|(20- 143512 - 816626 AT | i =
11/ 3/47 11 . 256985 24| —.0205| . 5260 +.1615| 26.1410| 4-.C06| —+.0039| 26. 1449
11/ 3/47 12 . 266985 24| —.0205| . 5235 +.1640( 26.1435| —+.004| -+.0026| 26. 1461
Observations of Mo
10/29/47 10/29/47 10/30/47 10/30/47 10/31/47 10/31/47 11/ 3/47 11/ 3/47 11/ 4/47 11/ 5/47 11/ 5/47 11/ 7/47 11/ 7/47
a. . p. m. a. m, p. . a. . p. m. a. m. p. 1. a.m, a.m. D. 11, a.m, p. m.
i 0. 6890 0. 6870 0. 6885 0. 6890 0. 6880 0. 6870 0. 6870 0. 6865 0. 6870 0. 6870 0. 6870 0. 6870 0. 6875
|
N Mean value=0.6875. Standard deviation of mean=4-0.0003
TaBLE 28. Series 1V, capillary 2.5
[Calculation of the pressure drops]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
a G- X Stag]d- t(' ?orre[c- srtgnd%:
age 2, | ard devi- ion for iati
Bl un Q rod r&%tfgg B 4 ho & ah hz0 | means | ation of P side tube & b ?}?Q
the mean mean
Dynes/ Dynes/
cmd/sec in. in. in. in. °C in. in. in. in. Dynes/em? cm? Dynes/cm? cm?
12/18/47 1| 0.072277 43|4-0. 0029(0. 4655|4-0. 2230| 7.2259|+40.006 |40.0011| 7.2270
12/18/47 2 . 072277 43 .0029| . 4645 +.2240| 7.2269| +.004 | +.0007| 7.2276
12/22/47 5 . 072277 43 .0029| . 4665 +.2220| 7.2249| 4-.002 | +.0004| 7.2253
12/22/47 6 . 072277 43 0029| . 4655 +.2230| 7.2259| +.003 | +.0005| 7.2264|) 7.2280(-8X10~¢ | 0.225776>X105 |[—0. 000001 |0. 225775X10 6 | =23
12/26/47 15 . 072277 43 0029 .4620| 4. 2265 7.2294| 4.001 | +.0002| 7.2296
3 12/26/47 16 . 072277 43 0029/ .4620| +.2265| 7.2294| +.002 | -+.0004| 7.2298
£ 12/29/47 ik . 072277 43 0029| .4620| . 2265 7.2294| +.004 | 4.0007| 7.2301
12;2644; 13 . 128492 37| —.0042| .7620| —.0735| 12.9223| +.003 | 4. Oﬂlg l;. gg3
12/26/4° 14 . 128492 37| —.0042| . 7620 —.0735| 12.9223| +.004 | +.0013| 12. 6 _
12/20/47 | 18| 128492 37| —.0042| . 7590| —. 0705| 12,9233 +. 002 | +.0006| 12, 9259 (12 9247|£9 2408720 SR A =2
12/29/47 19 . 128492 37| —.0042| . 7590 —.0705| 12.9253| +.002 | +.0006| 12.9259
]2/23;4; 9 . 192739 31| —.0060| . 1955 i 4930| 19.4870 i %4 —_t 0020 lg. 4890
12/23/4 10 . 192739 31| —.0060] . 1990 4895 19. 4835 . 005 . 0024| 19. 4859 _
12/24/47 | 11| .192739] 31| —.0060| . 1920| - 4965| 19.4905| . 002 | -+ 0010| 19.4915| (19 4905 =22 oIS ZLU0U3 RG0S0 2
12/24/47 12 . 192739 31| —.0060| .1880| . 5005 19.4945 +.002 | +.0010| 19. 4955
12519/47 3 . 256985 24| —.0205| . 5220 4. 1665 26.1460 i 002 | 4. 0013 %6. }4;3
12/19/47 4 . 256985 24| —.0205| . 5210 +.1675| 26.1470 .002 | +.001 6. 14 )
12/23/47 7| 256985 24| —.0205| .5210| . 1675| 26.1470| . 004 | +.0026| 26. 1496|(20- 1492|==10 Eelists SILEE G 2l
12/23/47 8 . 256985 24| —.0205| .5190| +.1695| 26.1490| +.004 | +.0026| 26. 1516
Observations of My
Date__12/18/47 12/18/47 12/19/47 12/22/47 12/22/47 12/23/47 12/24/47 12/24/47 12/26/47 12/26/47 12/29/47 12/29/47
Time.. a. m. p. m. a.m, a.1m. p. m. a. m. a.m. p.m. a. m. p.m. a. 1m. p.n.
M. 0. 6870 0. 6870 0. 6870 0. 6900 0. 6895 0. 6900 0. 6890 0. 6910 0. 6880 0. 6880 0. 6870 0. 6880
Mean value=0.6885. Standard deviation of mean=-0.0003
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TaBLE 29. Series VII, capillary 2.5a

[Calculation of the pressure drops!

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 ‘
WO LI ERGOG S «
Stand-
Stand-
Gage- i Correc- ard de-
Date | Run 0 (iﬁ.(gie rod cor-| Mgq A he A Ah hao ru,legjﬁs Zrt?oie?f Pao gi&mt f(t))r P v1[attll<1)n
rection side tube 0 e
g the mean A
Dynes/ Dynes/
cm3/sec in. in. in. n. G in. in. in. Dynes/cm? cm? Dynes/cm? cm?
3/3/49 10| 0.096376 45| —0. 0075(0. 8090|—0. 1319 4.8606/  0.000, 0.0000| 4.8606
3/4/49 13 . 096376 45 —.0075) .8060| —.1289) 4.8636 . 000! L0000 4.8636|; 4.8630| 414 X10=4| 0. 151902106 | —0. 000003| 0.151899X106| =44 “
3/4/49 17| .096376 45| —.0075| .8050| —.1279| 4.8646, —+.001| -.0001| 4.8647
3;2;49 5 . 128502 44| +4.0003| .1525| +.5246| 6.5249| . 83(1) = 8883 g g?ﬁ
3/2/49 8 . 128502 44| 4-.0003| .1530| +.5241| 6.5244 : 3 . 52: Lok
3/3/49 9 .128502) 44| - 0003| . 1525| --.5246| 6.5249 -+ 001 +. 0002| 6. 5251 O 5248=3 2 ML LI =4 |
3/4/49 14 . 128502 44| 4-.0003| .1530| +.5241| 6.5244 . 000! L0000 6. 5244 i
3/2/49 6 . 192753 40| —.0009| . 7715 —.0944| 9.9047) —.001| —.0002| 9.9045
3/3/49 ] .192753 40| —.0009| . 7725 —.0954| 9.9037 . 000! L0000 9.9037|¢ 9.9043 |3 . 309374 —.000006| .309368 aefY)
3/4/49 15 .192753 40| —.0009| . 7715| —.0944| 9.9047 L0001 .0000{ 9.9047
3/2/49 7 . 257004 37| —.0042; .3135] +.3636| 13.3594 .000 .0000| 13.3594
3/3/49 12 . 257004 37| —.0042| .3155| +-.3616| 13.3574| —.001| —.0003| 13.3571|,13.3595| +14 . 417301 —. 000008 .417293 +44
3/4/49 16 . 2567004 37| —.0042| .3110| 4-.3661| 13.3619 . 000 .0000] 13.3619 |
Observations of Mg
Date.__._____._. 3/2/49 3/2/49 3/3/49 3/3/49 3/4/49 3/4/49
Rimes SEEat- R8s p. m. a. m, p. m. a. m, p. m.
IVIgoee BT ae e 0 6785 0.6780 0.6775 0.6765 0.6770 0.6750 |
Mean=0.6771. Standard deviation of the mean==-0.0005
TasrLe 30. Serves IX, capillary 2.5a
[Caleculation of the pressure drops]
1 2 3 4 5 6 7 8 9 10 181 12 13 14 15 16 17 A
Stand-
Stand- \
Gage- o Correc- ard de-
Date | Run Q Gage |04 Gor-| M Q A he A9 Ah hao h%"' ard devi- D2 tion for P viation
rod |ection means | ation of side tube of the
the mean mean
Dynes/ Dynes/
cm3/sec in. in. in. in. 2E in. in. in. Dynes/cm? cm? Dynes/cm? cm?
3/28/49 6/ 0.096376 45|—0.0075/0. 8570| —0. 1300, 4. 8625 0.000] 0.0000] 4.8625
3/30/49 8 . 096376 45/ —.0075| .8560| —.1290| 4.8635/ --.001| +.0001| 4.8636|, 4.8639(3-10X10—4| 0. 151930106 —0.000003| 0.151927X106| 431
3/31/49 14 . 096376 45| —.0075| .8540| —.1270| 4.8655 . 000 .0000] 4.8655
3/28/49 7 . 128502 44| 4-.0003| . 2020| +.5250| 6.5253 . 000 .0000] 6. 5253
3/30/49 9 . 128502 44 4-.0003| . 2025| +.5245| 6.5248 . 000 .0000]  6.5248| ¢ 6. 5254 +4 . 203829 —. 000004, . 203825 +12
3/31/49 15 . 128502 44| +.0003| . 2015 4. 5255 6.5258| +.001| —+.0002| 6.5260
3/30/49 10 . 192753 40, —.0009| . 8250/ —.0980| 9.9011 . 000 .0000| 9.9011 l
3/30/49 12 .192753 40, —.0009| .8220| —.0950| 9.9041 . 000 .0000]  9.9041 |+ 9. 9032 +12 . 309339 —. 000006, . 309333 =+38
3/31/49 16 .192753 40| —.0009| . 8220, —.0950, 9.9041| +.001| +.0002| 9.9043 ]
3/30/49 11 . 257004 37| —.0042| .3640| +.3630) 13.3588 . 000 .0000] 13.3588
3/31/49 13 . 257004 37| —.0042| . 3635 +.3635| 13.3593 . 000 .0000| 13.3593|+13. 3598 49 .417311 —. 000008, .417303 428
3/31/49 i . 257004 37| —.0042| . 3615 +.3655| 13.3613 . 000 .0000] 13.3613 )
<
Observations of Mj
DR teEEnC TNt 3/28/49 3/28/49 3/30/49 3/30/49 3/31/49 3/31/49
Dime Teasi s a.m, p.m. a.m. p.m. a.m. p.m.
My-ziiids et 0. 7290 0.7275 0. 7260 0.7270 0.7255 0.7270
Mean value=0.7270. Standard deviation of mean=-0.0005
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TaBre 31. Series X, capillary 2.5a
[Calculation of the pressure drops]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Stand- Stand-
; Gage- . Correc- ard de-
Date | Run 0 |Yagelrod cor Mg | A hs A9 Ah hao mﬁ;"ﬁs BRI D2 tion_for 2 viation
rection the mean side tube of the
mean
" ; . . s ) Dynes/ Dynes/
cm3/sec in. in. in. in. C(e in. in. in. in. Dynes/cm? cm? Dynes/cm? cm?
8/12/49 1| 0.096376 45/—0.00780. 96353 —0.1280| 4. 2642 0. 000! f 0000] 4. 8642
8/12/49 5 096376 45 —.0078| . 96 —.1295| 4.8627| . 006! .0007| 4.8634 a .
8/15/49 7| 006376| 45| —.0078| (9650 —.1205| 4.8627|  .000| .0000| 4.8627|[ %8035 =£3X1074 0.151918X10°% —0.000003) 0.151915X10° 9
8/16/49 12 . 096376 45 —.0078| .9640| —.1285 4.8637 . 000 .0000| 4.8637
8/12/4; 2| .128502 44| 4. 0003 . 3125 i 5330 6. 5%33 L0000 . 0000 6.5233
8/12/4 6 . 128502 44| 4-.0003| . 3130 . 5225 6. 5! . 000 .0000| 6. 5228 - -
8/15/49 8| (128302 44| 1+.0003) .3115 45240 6,5243| .000| .0000| 6. 5243(f O-5227| 9 - 203745 —-000004| . 203741 +£27
8/16/49 13 . 128502 44| +-.0003| .3155| +.5200] 6.5203 . 000 . 0000| 6. 5203
8/12/49 3 .192753 40| —.0012| .9335 —. 09?0 9.9008) +.001| 4.0002| 9.9010
8/15/49 9 . 192752 40, —.0012| .9330| —.0975 9.9013 . 000 . 0000|  9.9013
8/15/49 1l 102733 40, —. 0012) .9310| —.0955 9.9033|  .000| .0000| 9.9033( %9023 +8 - 309311 —.000006| . 309305 +25
8/16/49 14 . 192753 40! —.0012| .9310| —.0955 9.9033| +-.001| +-.0002] 9.9035
8/12/49 4 . 257004 37| —.0047| .4700) +.3655| 13.3608, . 000 . 0000| 13. 3608
8/15/49 10 . 257004 37| —.0047| .4700| +.3655| 13.3608 . 000 L 0000| 13. 3608 :13. 3613 =48 . 417357 —. 000008| .417349 +24
8/16/49 15 . 257004 37| —.0047| .4685 +.3670| 13.3623 . 000 . 0000| 13. 3623
Observations of My
____________ 8/12/49 8/12/49 8/15/49 8/15/49 8/16/49 8/16/49 8/16/49
-- a.m. p. m. a. m. p. m. a. m. Noon D
0. 8355 0.8345 0. 8335 0. 8360 0.8355 0. 8360 0.8375
Mean=0.8355. Standard deviation of the mean=--0.0004.
Tasre 32. Series V, capillary 1.4
[Calculation of the pressure drops]
1 2 3 4 5 6 7 8 9 10 ’ 11 ‘ 12 ) 13 14 15 16 ilyf
Stand- Correc- Stand-
Gage- s 5 ard de-
e Gage A h 2, |ard devi- tion for ard. ¢e
Dale. j ki, i rod rroe(%:ticgrl; He 4 o 2 &t h2 | means | ation of Pn side tube P viation
the mean of the
mean
. . N ; : . Dynes/ Dynes|
cmd/sec in. in. in. in. e in. in. in. in. Dynes/em? cm? Dynes/cm? cm?
12/20/48 50 0.033674 42/4-0. 0029,0. 9090, —0. 3225 7. 68(9)3 0. 002/4-0. 0004, 7. 6808
12/20/48 6 . 033674 42 .0029| .9105| —.3230| 7.67 +.003 4. 0006/ 7.6805 X o
12/21/48 8| 033674] 42| .0020| .9125| —.3250| 7.6779| +.003| 40006 7.6785'[ 7- 6789 =13X107¢| 0.239860X10° —0.000001| 0.239859X10°| =41
12/22/48 13 . 033674 42 .0029| .9150| —.3275| 7.6754| +.002| +.0004| 7.6758
12/23/48 14 . 072282 34| —.0002| .0460| 4.5415| 16.5413| +-.004| 4. 0016| 16. 5429
12/23/48 15 . 072282 34| —.0002| .0480| +.5395| 16.5393| -.002| 4. 0008| 16. 54011416, 5405'4+-14 . 516664 —. 000002, . 516662 +44
12/28/48 17| .072282 34 —.0002| .0495 --.5380| 16.5378| +.002| +.0008| 16. 5386
12/20/48 7| .096376 28| +.0010( .4780| 4-.1095| 22.1105 i 001| 4. 0006| 22.1111
12/21/48 9 096376 28 .0010| .4755 4.1120| 22.1130 .002| +.0011| 22.1141
12848 | 18| 096376 28| .0010| .4800| 1075 221085 -.002| 40011 2. 1096 (> 111111 - 690669 —. 000002/ . 690667 34
12/28/48 19 096376 28| .0010| .4800| +.1075) 22.1085| --.002| +.0011| 22. 1096
12/21/48 10 128502 gl - 0053 5 Olég +.5765 g 2(7“0)6 i 004 i 0030, 29. 5736|
12/21/48 il 128502 1| —.0059| .01 +.5750 3 1 . 002 . 0015] 29. 5706
122248 | 12] 128502) 21| —.0059| .0130| 5745 20.5686 -+.002| +.0015| 29. 5701| (2% 5706 +11 - 923676 —- 000003 . 923673 34
12/23/48 16 128502 21| —. 0059 .0150| +.5725 29.5666| -.002| +-.0015| 29. 5681
Observations of My
12/20/48 12/21/48 12/21/48 12/22/48 12/22/48 12/23/48 12/23/48 12/28/48 12/28/48
p. m. a. m. p.m. a. m. p. m. a. m. p. m. a.m. p. m.
0. 5850 0. 5865 0. 5875 0. 5845 0. 5890 0. 5865 0. 5895 0. 5875 0. 5915
Mean value=0.5875. Standard deviation of mean=-+0.0009
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TABLE 33.

[Calculation of the pressure drops]

Series VI, capillary 1.4

i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Stand- Correc- Stand-
Gage o : d de-
Gage h s, |ard devi- tion for R B
Date Run Q rod cor-| Maq A ho A8 Ah hao , i P20 ; JE viation
rod gt means taltltel(;ﬁegfl side tube 5
mean
. . . . . . . 3 Dynes/ Dynes/
cm3/sec in. in. in. in. ° in. in. in. in. Dynes/cm? cm? Dynes/cm? cm?
2/7/49 1| 0.033674 43|4-0. 0011|0. 0005/ 4-0. 6770, 7. 6781 0.000] 0.0000 7.6781
2/9/49 3 .033674 43| +.0011| .0005| +-.6770| 7.6781| +-.001| +.0002| 7.6783|:7.6780 | £2X10-4 0.239832X106 —0. 000001, 0.239831 <106 46
2/10/49 7 . 033674 43| +.0011| .0010| 4. 6765/ 7.6776 . 000 L0000 7.6776
2/9/49 4| .072282 34| —.0002| .1350| . 5425| 16. 5423 .000] .0000| 16. 5423
2/10/49 8 . 072282 34| —.0002| .1320| +. 5455| 16. 5453 . 000 . 0000 16.5453|:16. 5445 =413 . 516789 —.000002| .516787 +41
2/11/49 10 . 072282 34| —.0002| .1315| +.5460| 16. 5458 . 000 L0000 16. 5458
2/9/49 5 . 096376 28| 4-.0010| . 5670| +.1105| 22.1115 . 000 .0000| 22.1115
2/10/49 9 . 096376 28| +.0010| . 5665 +.1110| 22.1120 . 000 .0000| 22.1120(:22.1120| =+3 . 690697 —. 000002 .690695 +9
2/11/49 11 . 096376 28| +.0010| . 5660 +.1115| 22.1125 . 000 .0000| 22.1125 .
2/7/49 2 . 128502 21| —.0059, .1015| +. 5760, 29. 5701 . 000! .0000] 29.5701
2/9/49 6] .128502 21| —.0059( .0995 --.5780( 29.5721| +-.001| +4.0007| 29.5728(:29. 5725| +14 . 923735 —. 000003 .923732 +45
2/11/49 12| . 128502 21| —.0059| .0970| +. 5805 29.5746 .000] . 0000| 29. 5746
Observations of Mg
Datea ctass T8 2/7/49 2/9/49 2/9/49 2/10/49 2/10/49 2/11/49 2/11/49
Time ~-a. m. o sl p. m. a. m. p. m. a. m. p. m.
1Y, 1 S 0.6760 0.6755 0.6780 0.6785 0.6785 0.6765 0.6795
Mean=0.6775. Standard deviation of the mean=4-0.0006
TaBre 34. Series VIII, capillary 1.4
[ Caleulation of the pressure drops]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Stand-
Stand- Correc-
Gage- . : ard de-
Gage h 2, |ard devi- tion for s s
Date Run Q Sl rod cor-| Mg A he Af Ah hao it || St G D20 S a5 P viation
rection the mean of the
mean
Dynes/ Dymnes/
cm3/sec in. in. in. in. e in. m. in. in. Dynes/cm? cm? Dynes/em? cm?
3/10/49 1| 0.033674 43|4-0. 0011{0. 1005|+0. 6754| 7. 6765| 4-0. 001|4-0.0002| 7.6767
3/11/49 4 . 033674 43 .0011] .0970| +.6779| 7.6790, +.001{ +.0002| 7.6792/57.6791 |[4-14>10~4| 0.239867X108|—0.000001| 0.239866X106| =45
3/15/49 10 . 033674 43 .0011) .0955| . 6804| 7.6815 . 000 .0000| 7.6815
3/10/49 2| .072282 34| —.0002| .2290| +.5469| 16. 5467 .0001 . 0000| 16. 5467
3/11/49 5 . 072282 34| —.0002] .2275| +.5484| 16.5482| +.001| +.0004| 16.5486|:16. 5473 |+8 . 516876 —. 000002 .516874 =+23
3/14/49 6| .072282 34| —.0002| .2290| . 5469 16. 5467 .000/ .0000| 16. 5467
3/10/49 3 . 096376 28| +.0010{ . 6650| +.1109| 22.1119| +-.001| +.0006| 22.1125
3/14/49 7 . 096376 28 .0010| . 6630 +.1129| 22.1139| +.001| +.0006| 22.1145|-22.1133|4-8 . 690738 —. 000002 . 690736 +24
3/15/49 11 . 096376 28 .0010| . 6635 +.1124| 22.1134] —.001| —.0006| 22.1128
3/14/49 8 . 128502 21| —.0046| .1935| 4. 5824| 29. 5778 +.001| +.0007| 29.5785
3/14/49 9 . 128502 21 L0046 . 1935| +.5824] 29.5778| +.001| +.0007| 29.5785/429. 5784 +2 . 923920 —. 000003 .923917 =+5
3/15/49 12 . 128502 21 .0046| .1925| +.5834| 29.5788| —.001| —.0007| 29.5781
Observations of My
3/10/49 3/11/49 3/11/49 3/14/49 3/14/49 3/15/49 3/15/49
- a.m, a. . p.m. a.m. p.m. a.m. p. m.
0. 7755 0. 7780 0.7765 0. 7745 0. 7750 0. 7745 0.7770

Mean value=0.7759. Standard deviation of mean=-0.0005
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TABLE 35.

[Calculation of the pressure drops]

Series X1, capillary 1.4a

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Stand- Correc- il
Gage- B : ard de-
G hao, - e
Date Run Q rggc r:d cor-| Mq A he A9 Ah hao me;ons ?a,rt(iio?ne‘gf P2 stil(%lmi(t))l:e JE viation
ection the mean of the
mean
. . . . . . Dynes/ Dynes/
cm3/sec in. in. in. in. e/ in. in. in. in. Dynes/cm? cm? Dynes/cm? cm?
9/14/49 1/ 0.033674 47|-40. 0135/0. 0830/ +-0. 8176| 3. 8311 0.000/ 0.0000| 3.8311
9/15/49 5 . 033674 47| +.0135| .0810| 4-.8196| 3. 8331 . 000! .0000]  3.8331|:3.8315 | 410X 1074 0. 119682X106 | —0. 000001| 0. 119681106 | 431
9/15/49 9 .033674 47| +.0135| . 0840, +.8166| 3.8301 | -+.001| +-.0001| 3.8302
9/14/49 2 . 072282 42| 4.0025( . 6105 4. 2901 8. 2926 .000] .0000] 8.2926
9/15/49 6 . 072282 42| 4.0025( . 6125 4. 2881 8. 2906 . 000! .0000| 8.2906|:8.2911 | 9 . 268983 —. 000002| . 258981 +28
9/15/49 10 . 072282 42| +.0025| . 6130| 4. 2876| 8. 2901 . 000 L0000 8.2901
9/14/49 3 . 096376 39| —.0053| . 7855 +.1151|11. 1098 —.002| —.0006| 11.1092
9/15/49 7 . 096376 39| —.0053| . 7875 4.1131|11. 1078 . 000 .0000| 11.1078|11. 1074|413 . 346954 —. 000003| . 346951 +41
9/15/49 11 . 096376 39| —.0053| .7905 +.1101|11. 1048 —+.001| 4.0003| 11.1051
9/14/49 4 . 128502 35| —.0061| .9940( —.0934|14. 9005 —.001| —.0004| 14. 9001
9/15/49 8 . 128502 35| —. 0061 .9950 —.0944|14. 8995 . 000 .0000| 14.8995| 14, 8993| =46 . 465399 —. 000004 .465395 +19
9/15/49 12 . 128502 35| —. 0061 . 9965 —.0959|14. 8980 +.001] 4-.0004| 14. 8984i
Observations of My
Date____.._______ 9/14/49 9/14/49 9/15/49 9/15/49
i a.1m. p.m. a.1m, . m.
0. 9005 0. 9005 0. 9015
Mean=0.9006. Standard deviatio of the mean=2-0.0003.
TasrLe 36. Series X1I, capillary 1.}a
[Calculation of the pressure drops]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Stand-
. Stand- N ! 3
. Gage | Gage- h 2, |ard devi- Correc- ard de-
Date Run Q roq |rod cor-| Mg A he A9 Ah hao N6 ati ¢ D2 tion for e viation
rection s || ot O side tube of the
the mean
mean
. . Dynes/ Dynes/
cmé/sec in. in. in. in. ¢ in. in. in. Dynes/cm? cm? Dynes/em? cm?
9/26/49 1| 0.033674 47|4-0. 0135 0. 0860|+-0. 8186| 3. 8321 0.000] 0.0000 3.8321
9/26/49 5 033674 47 L0135 . 0860 +-.8186| 3.8321 . 000 .0000]  3.8321| ¢ 3.8317) =4=4X10-4| 0. 11968810 6 —0. 000001| 0. 119687 X10 6| 414
9/27/49 9 . 033674 47 L0135 .0870| +-.8176| 3.8311| —.001| —.0001| 3.8310
9/26/49 2 . 072282 42| 4.0025| . 6180| +-.2866| 8.2891 L000) . .0000] 8. 2891‘
9/27/49 6 . 072282 42 L0025 6175 +-.2871| 8. 2896 . 000 . 0000 8 2896 } 8.2897| +3 . 258940 —. 000002 | .258938 =+8
9/27/49 10 . 072282 42 .0025| .6170| +-.2876| 8.2891| +-.001| 4. 0002
9/26/49 3 . 096376/ 39| —.0053| . 7945 +-.1101| 11.1048 . 000 .0000] 11. 104 8
9/27/49 7 .096376 39 —.0053| .7945) +.1101| 11.1048 .000  .0000/ 11.1048 +11.1052| +3 . 346885 —.000003 | .346882 +10
9/27/49 11 . 096376 39| —.0053| . 7935 +.1111| 11.1058| . 001| +.0003 11.1061
9/26/49 4 .128502 35 —.0061|1.0000 —. 0954 14.8985 L000/  .0000 14. 8985
9/27/49 8 .128502 35 —.0061| .9990 —.0945 14.8995 L000/  .0000 14.8995|:14. 8988 3 . 465383 —.000004 | .465379 =+8
9/27/49 12 . 128502 35 —. 0061 1.0000, — 0954\ 14. 8985 . 000 . 0000 14. 8985|
Observations of My
9/26/49 9/26/49 9/27/49 9/27/49
a. m. p.m. a. m. p. m.
0. 9050 0. 9035 0. 9055 0. 9045

Mean value=0.9046. Standard deviation of mean=-0.0005

WasaiNncTon, February 16, 1951.
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