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Absolute Viscosity of Water at 20° C 
1. F. Swindellsr 1. R. Coer Jr. r and T. B. Godfrey 

An accurafu knowl edge of t he viscos it ies of liquids in absolute units is of fundamental 
importance in man y scient ifi c fi elds. The measurement of t hese viscosities is almost 
universally based upon the absolute viscos ity of water at 20° C as a primary standard. 
During t he past 50 years t here has been an in creasing need for a more accurate determina­
t ion of t his s tandard. Consequent ly, with t he coopera tion of t he Society of Rheology and 
so me financial assistance from t he Chemical Foundation , this project was undert aken by 
t he National Bureau of Standards and has now been completed. 

The determination was made by t he method of capillary fiow. By means of a calibrated 
i njector, various known constant rates of flow were prod~ced in capillaries of meas ured 
dim ensions and observations were made of the co rrespondmg pressure drops through t he 
capillaries.' The effects of t he ends of t he capillaries were r endered negligible by t he 
s imu ltan eous t reatment of da ta obtained with pairs of capi llaries having essent ia lly t he 
same diam eters but different lengths. 

The value found for t he viscos ity of water is 0.010019 poise as compared wi th 0.01005 
poise, which has generally been accepted for t he past 30 years. The estimated accuracy 
of t he !lew determination is ± 0.000003 poise. 

As a r esult of this work, begin nin g 0 11 JIIly 1, 1952, the Nat ional Bureau of Standards 
is planning to use t he value 0.01002 poise for t he absolu te viscos ity of wa:ter at 20° C as 
t he basis for the calibrat ion of viscometers and standard-sample otis. It]S r eco mm end ed 
t hat other laboratories adopt t his value as t he primary reference standard for co mparative 
m eas urements of viscosity. 

1. Introduction 

The viscosity of a liquid is its intel'l1al l'esistan ce 
to flow. The aCClU'ate measuremen t of viscosity 
in absolute units is a difficult undertaking, and the 
difficulty is magnified greatly as the accuracy 
desired is increased . . However, if the viscosity of 
one liquid is known, viscosities of 0 ther liquids in 
terms of that of the known may be determined very 
accurately with relative ease. Because of its l'eady 
availability, water at 20° C has been genel'ally 
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 litera tUl'e 
[2], however , are in disagreement with this value 
by as mueh as ± 4 parts in 1,000 . 

I In view of this UllCel'tainty, 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 (dlU'ing the first 2 years) considerable 
financial assistance was obtained from The Chemical 
Foundation . The problem was assigned to J . R. Coe, 
with e program subject to the review of N. E. 
Dorse , who gave valuable advice and encourage­
ment. It was agreed that, although other methods 
migh t also be explored, measurements should be 
made by the capillary flow method. An aCCUl'acy 

t 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 
de igned 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 
I Figures in brackets indicate the literature referenccs 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 tube by the examina tion of many. 
This work was described in a progr ess repor t in . 
D ecember 1932 [3]. This part of the project was 
not completed , because it was fOlmd in 1933 tha t 
satisfactory capillarie were then being made by the 
J ena Glass Works in Germany. During the period 
1933 to 1938, work on the project was subj ected to 
frequen t interrup tions 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 lUltil the 
fall of 1941 , when i t was again delayed by reason of 
the war. During the period 1938 to 1941 the 
apparatus was completed and assembled, the methods 
of calibra tion and flow measuremen t work:ed out in 
detail , and two series of How measurements com­
pleted . Tentative values for the viscosity of water 
at 20° C 2 and at other temperatures based on these 
early measurements were r eported 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 con templated series of 
measurements, only the necessity of indefulitely 
suspending work justified any statement at that time. 

'Vork on the determination was r esumed 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 th e conditions to 
laminar flow within the capillary t ube. Turbulent 
flow is governed by factors that make conditions 

2 T he value of 0.Ol()()20 poise for the viscosity at 20° C, which was reported at 
that time. is in good agreement with the value 0.010019 ± 0.OOOOO3, which is the 
fiual result of the completed determina tion. 



unsuitable for evaluating the viscosity. According 
to the laws of similarity, it has b een shown [5] that 
th e type of flow in a capillary is characterized b y a 
dimensionless ratio , the R eynolds number , 2v1'D/'Y/, 
in which v is th e m ean velocity, l' is th e radius, and D 
and 17 are th e density and viscosity, r espectively , 
of the flowing liquid. Under ordinary conditions 
of capillary flow, sustained t urbulence is not to b e 
expected [5 , chap ter III] a t R eynolds numbers less 
than 2,000 . The presen t measurements were con­
ducted in the r ange 100 t o 650, and consequen tly 
th e flow is assumed to b e laminar, except possibly 
at th e ends of the capillaries. 

Th e system under consideration consists of a 
capillary having square-cu t ends and located b e­
tween two chambers that are large with respect to 
th e bore of th e capillary . The liquid in one chamber 
is accelerated from essen tial r est to th e velocity 
in th e capillary and th en is brought to essenti al 
res t in the exit chamber . The m easured quantities 
used in calculat ing the viscosity are P , th e pressure 
drop between th e two chambers; l , the length of 
th e capillary; r, its radius; and Q, the volume rate 
of flow . 

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

(1) 

wher e dp /dl is the pressure gradient. Two kinds 
of corrections are necessary to modify eq 1 so that 
in its integrated fonn i t will hold for a tube of fini te 
length, in which account must b e taken of the special 
conditions exis ting at the ends of th e tube. First, 
th e liquid en tering th e capillary is accelerated at 
th e expense of the measured pressure drop . The 
amount of this conversion of static pressure to 
kinetic energy may be expressed as a par t of the 
measured pressure drop by the addition of a term 

in which m is a coefficien t whose magnitu de depends 
in par t upon th e flow pattern at th e en trance end 
of th e tube. Within the range of R eynolds numbers 
covered h ere, it is probable that th e kinetic energy 
of th e flowing liquid is en tirely dissipa ted as heat 
in t he exit chamber [6] . However , if th ere should 
b e som e conversion of kinetic energy to static pressure 
in the process of deceleration, it would b e accounted 
for in th e magnitude of m. 

The second correction that is r equired to account 
for th e phenomena peculiar to th e ends of th e tube 
is th e result of th e work done against viscous forces 
in the rearrangement of the velocity distribu tion. 
The effect of this resistance in the converging and 
diverging str eamlines at th e ends of the tube. is 
proportional to the radius and may b e expressed as 
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a hypothetical addition to th e length. The effective 
length of th e tube then b ecomes l+ n1', in which n 
is a constant. A rather complete discussion of 
both of th ese corrections is given by Barr [7]. 

The complete equation for the flow through a 
capillary tube is usually expressed in one of th e 
following equivalen t forms : 

mAP m DQ 
8 Q(l + n1') - 8 71"(l + nr)' (2) 

8 Q'Y/ m DQ2 
P = -:;iX (l + nr)+ 71"21'4- ' (3) 

(4) 

To calculate the viscosity from measurements 
made with a single capillary , numerical valu es 
must be assigned to m and n . If, for a given liquid, 
the values of the pressure drop corresponding to 
various rates of flow are m easured , values of P/Q 
may b e plotted against Q, and a straight line r esults 
as long as m and n r em ain constant. Such data 
may b e used to demonstrate the constancy of m 
and n under given condi tions and also to evaluate 
m for a particular capillary through use of eq 4. 

When using capillaries of relatively large length­
radius ratios, it is obvious that n is less significan t . 
Conversely, this fact has preven ted its evaluation 
with mu ch certainty. Most of the publish ed ex­
perimental valu es lie between zero and uni ty [7], but 
in many cases th e experimental error is n early as 
large as th e quantity being m easured. 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 
m easurements were made with capillaries that were 
no t sufficiently long for th e parabolic distribution of 
velocities to b ecome completely established, and 
consequently his r esul ts may no t be s trictly appli­
cable to longer tubes. 

It is desirable, th er efore, to calcula te th e viscosi ty 
from flow m easurem ents tha t render uncertain ties in 
the value of n completely n egligible. This m ay be 
accomplished through the Simul taneous solution of 
data obtained in two capillaries having the same 
radius but different lengths. If we deno te the 
measured quantities associated with the longer 
capillary by the subscrip t 1, and those pertaining to 
th e shor ter by th e subscrip t 2, we ob tain from eq 3 
for the longer capillary 

(5) 

and for th e same rate of flow in th e shorter 

(6) 

Subtracting eq 6 from eq 5 



from whi ch 
7fr 4(P ]- P z) 
8Q(ll - l 2) . 

(7) 

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 th e 
flow data may show m and n to be constants for each 
tube, they may not be the same for bo th . Con­
sequently, assigning the proper subscripts to r, m, 
and n in eq 5 and 6 and proceeding as before, th e 
more gen eral equation becomes 

i(iPlri-P2r~) - ~(ml-m2) 
(ll - l2)+(n lr l-n2r 2) 

( ) 

But if any reasonable valu es whatever are assigned 
to nl and n2, and 1'1 doe no t differ greatly from 1'2, 
t he quantity (nl1'l - n21'2) will be negligible with 
respect to (l l - l2) within the order of accuracy wi th 

which the lengths can be measured. Accordingly, 
the viscosity may be calculated by the equation 

iQ(P1r1 - P2r~) - p/!:(ml-m2) 
7] = , 

ll - l2 
(9 ) 

in whi ch values for ml and m2 are obtained from the 
flow data through use of cq 4, as mention ed above. 

3. Apparatus 

3.1. General Description 

The experimental method involves flowing water 
through a capillary at various known constant 
rates and measuring the corrcsponding pressure 
drops through the capillary by m eans of a differen­
tial mercury manometer. The general arrangement 
of the apparatus llsed in making tIl e flow measure­
men ts is shown diagrammatically in fLgure 1. The 
main elements are the viscometer, tIle inj ecLor for 
producing the flow of water through the capillary, 
and the dif)'erential m ercury manometer. The 
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viscometer consists of a capillary mounted vertically 
b etween glass entrance and exit chambers. Glass 
tubes connect the en trance 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 
t ubing 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 various rates of flow are produced in the 
capillary by inj ecting 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 con trolled frequency. Different rates of 
flow are obtained by changing the gear combina tions. 

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 mer cury reservoir shown in th e auxiliary batb. 
Constant-volume stopcocks are provided to shu t 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 th e 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. Ma in 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 constan t when 
the manometer is at equilibrium. 

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

The injector consists of a vertically mounted, 
mercury-filled steel cylinder into which a steel piston 
is forced by a rigidly coupled screw. The screw, h eld 
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 
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FIGURE 2. Main injector with thermostat removed. 

nut is 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 diam eter, is made 
of hardened, ground, and lapped K etos steel. Its 
diameter is uniform to ± 0.00004 in. The piston 
en tel'S the steel cylinder through a vacuum-tight 
gland that con tains cloth impregnated with ceresin 
wax. The cylinder has an inside diameter of l}~ in. ; 
thus th ere is a X6-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 fill ed 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 a s to have no periodic error 
greater than 1 part in 10,000 of th eir 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, H-in. face, 
helical gears. The drive is a 3-phase, llO-volt, X­
horsepower, synchronous motor. 

Power for driving the inj ector mechanism is ob­
tained from a constan t-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 I 
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. ignal originating in a quartz-crystnJ oscillator main­
tained by th e Radio Division of the Bureau . Th e 
p is ton and cylinder are immersed in a stirred oil bath 
whose temprrature can be maintained at a chosen 
point within ± 0.002 ° 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 inj ec tor 
is calculated from the measured delivery prr turn of 
the worm chive shaft and the rotational speed of the 
haft. Th e speed of the shaft is calculated from th e 

motor speed and the ratio of the gears employed . 
Variations in speed caused by imperfections in the 
change gears can be neglected as they arc of short 
period and tend to be integrated by the slow reac­
tion of the manometer to changes in pressure. (Th e 
time constants for the system will be discussed later. ) 
Variations in motor speed arising from frequency 
fluetuations in th e power supplY are guarded against . 
A permanent magnet, held in a collar, is installed on 
th e drive-motor shaft in su ch a way tha t it induces 
pulses in a stationary coil wi th every revolu tion. 
The frequency of th ese plllses is compared with t,hat 
of th e 50-cycle control signal. If the power supply 
shifts more than 120° in phase with respect to th e 
50-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 driv e sp eed 
is taken to be l,SOO rpm withou t error. 

The dis placement of mercury by the pis ton per 
drive-shaft tUI'll was determined by advancing th e 
pis ton through i ts stroke in s teps, catching and 
weighing the mercur~T displaced in each step . For 
this purpose a revolution counter and a divided drum 
were attached to the drive shaft , permi t ting reading 
of in tervals to ± 0.001 tUI'll . The mercury is ejected 
tlu'ough a delivery tube attached to the mercury line 
from the cylind er . This tube, similar to those used 
in ice calorimetry [9], was mad e by blowing a small 
spherica l bulb at one end of a glass capillary tube . 
This bulb was th en ground off in a plane perpendic­
ular to the axis of the tube until th e wall at th e 
bottom was just broken t11l"ough. With such a ter~ 

I minal configuration, the tube being mounted verti­
cally, the m ercury thread tends to break, leaving the 
bulb full , and variations in the delivery of mercury 
are minimized . 

The smalles t interval into which the total stroke of 
the pis ton 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 clastic cyli.nder and connecting tube. Re­
peated m easurements of the mass delivered by the 
piston over a shor t part of its s troke showed a 
s tandard deviation of 3 mg from the mean. 

The total delivery for a complete stroke of the 
piston is 109 cm3 (1,470 g of mercury) . The drive 
shaft makes 2,700 turns in dl'ivin& the piston through 
thi distance . For calibration, t,he total stroke was 
divided into 20 approximately equal intervals, each 
corresponding to about 135 turns of the elr'ive shaft 
and a displacement of 73.5 g of mercury. In each 
in terval th e inj ector was driven under power for the 
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required number of turns and allow ed to coa t to res t. 
The next interval was begun from this point of rest. 
In this way the slack in the drive wa always kept in 
the same direc tion, minimizing variations arising 
from play in the driving gears and scr ew. The deter­
mination of the exact length of a particular interval 
in terms of number of turn s of the driv e shaft was 
ob tained from the difference of two readings of the 
counter and divided druni on the shaft. As each 
r eading was made to ± 0.001 turn, th e length of each 
interval could be determined to ± 0.002 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 for 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 strol,e. The uniformity of the rate of displace­
ment tlH'oughout the stroke was obtained by a com­
parison of the rate calculated for each interval with 
the mean rate. 

The first calibrations of the inj ec tor indicated that 
rate of displacement was not constant throughout the 
entire s troke of th e pis ton, being more uniform dur­
ing th e second half of the s troke. As a consequ ence, 
only the second half of the piston s troke was em­
ployed in the earlier measurements. 

Six calibrations were completed prior to 1941 , 
five being made with the inj ector at ::WO C and one at 
35° C . The mean rates of delivery obtained in these 
calibrations 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 a t 30° C , usina 

37.S X 1O- 6;oC as the cubical coeffi cient of thermal 
expansion for th e K etos steel pis ton [12] and 
l S1.0 X I0- 6;oC for the coef£ cien t for m ercury. (See 
appendix A .) 

T AB L E: 1. Jl!Iain inj ecto1' calibrations, i1Iarch 1939 through 
J an uary 1940 

Calibration 

1 ........ _ ... _ ... _ ... _ .• 
2 ...... _ .•.............• 
3. ___ .. _ ... _ ... . . _ ..... . 
4 .. _ ..•... __ •.•..• ____ •. 
5 ...................... . 
6 ........ _ ........... _ .. 

:1\ fean ........ _ .... . 

Date 

3/17/39 
3/21 /39 
3/27/39 
3/29/39 
1/2/40 
1/5/40 

M casllred r ate of de· 
li very at cali bration 
tcm peraturc-

30' C 35° C 

q/t"Tn 
0.54398 

. 5439i 

. 54398 

. 543dG 

.54399 

ultu.rn 

0. 54357 

R ate of 
deli very 
at 35° C 

o/turn 
0. 54359 

. 54358 

. 54359 

. 54357 

. 54357 

.54360 

0. 54358 

Deviations from the mean rates of delivery for each 
calibration arCl shown in table 2. The computed 
standard deviation from the mean of a given calibra­
tion is given , and the standard deviation from the 
m ean of each interval is given for the six calibrations. 
On the basis of the experimen ts 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 would be ± 4 parts in 100,000 
for intervals of this size. It is seen that the devia­
t ions 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 
bet'ween the fourth, fifth, and sixth may have been 
caused by slight 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. 

T ABLE 2. Deviati ons in parts per 100,000 f,'01n the m ean rate 
of delivery f 01' each calibration 

Calibration Standard 

In terval deviation 
each 

1 2 3 4 5 6 in terval 
----- - ----- --

12 - 1 -3 +3 -5 -31 + 13 ±12 
13 + 21 + 16 - I + 4 +78 -5 ±27 
]4 - 2 -5 + 4 - j - 58 +60 ±30 
15 -5 - 2 +5 +3 + 7 + 18 ±8 

Hi + 4 - 2 -6 - 16 +52 - 66 ±33 
17 -17 - 10 - 7 +9 - 10 + 41 ± 22 
18 -2 + 1 - J +5 -31 - 51 ± 26 
19 +2 + 6 +3 + 1 -8 - 12 ± 8 

----:-1---:-----
Stand ard 

dcv iation_ ± 9 ±8 ± 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 tbe 
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 
± O.5 part in 100,000 for the portion of the piston 8 
intervals long. 

The earlier flow measurements (series I and II, 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 l. 

Following these calibrations, work on the project 
was interrupted until January 1947. 'iVhen 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, 
till'ee 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 th e piston could be extended to 
include intervals 5 tlu-ough 19 without seriously 
affecting uniformity of delivery. Consequently this 
longer portion of the stroke was used for the later 
measuremen ts. 
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Six calibrations were made in 1947 and 1948 on thi 
filling of the injeetor before the injector was again 
refilled. The results of these six calibrations are 
given in table 3. In calibrations 10, 11 , and 12, the 
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 colleeted and weighed 
in one bulle The weighings of these relatively large 
quan tities 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. 

T ABLE 3. Calibrations with second filling of injector 

Calibratioll 

7 ______ ____________________ _____________________ _ 
8 _____ ________________ . ________________________ ._ 
9- ___ ' " _______________________________________ _ _ 
10 • __ __________________________________________ _ 
11 • ____________________________________________ _ 
12 a ______________ _ _____________ ____ __ __ ___ ___ __ _ 

D ate 

4/2/47 
7/7/47 

7/22/47 
8/4/47 
1/3/48 
1/3/48 

Measured 
rate at 
30° C 

u/turn 
0.54391 
.54393 
.54393 
. 54392 
. 54391 
.54390 

Mean _____________________________________ ___ _______ __ 0. 54392 

• Calibrations not made by incremen ts. 

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. 

TABLE 4. Second fi lling of injector 

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

Calibration Standard 
deviation 

Interval each 
7 8 9 interval 

5 __________ - 8 -2 + 2 ± 6 6 __________ - 1 -29 - 15 ± 14 7 .. ________ -25 - 12 - 17 ±8 
8 __________ +7 +9 -8 ± ll 
9 __ -------- - 18 - 19 - 13 ±3 

10-. _______ + 13 + 13 + 15 ±2 
11 ___ ______ - 12 - 10 - 14 ±2 
12 _________ + 1 + 1 + 10 ±6 
13 _________ + 24 + 24 +27 ± 2 14 _________ - 9 +2 - 3 ± 6 

15 _________ + 6 + 13 + 14 ±5 
16.. _______ -8 +3 -9 ±8 17 _________ +6 - 27 - 19 ± 20 
18 _________ + 18 +8 + 10 ±5 
l L _______ +3 + 26 + 19 ± 14 

Standard 1 
deviation __ ± 14 ± 17 ±17 

Flow series III and IV Were made with this second 
filling with the inj ector thermostated at 30° C, and I 

rates of flow were calculated by using the mean value I 

of 0.54392 g/ turn shown in table 3. I 

Following the fomtb series of flow tests, the I 

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 



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 th e 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 How rates. The latest flow tests, series V 
through XII, were completed with this filling , 
0 .54396 g/ tUrll being taken as the rate of delivery for 
the injector. 

TABLE 5. Calibrations with third filling of injector 

Calibration 

13 ____________________________________________ __ _ 
11. ________________________________ _____________ _ 
15 _______ _______________________________________ _ 
16 __________________________________ ____________ _ 
17 ______________________________________________ _ 

Date 

5/24/48 
12/8/48 
1/6/49 

8/19/49 
10/21/49 

Measured 
rate at 
30° C 

ottum 
0. 54393 
. 54395 
.54396 
.54397 
.54397 

Mean _ _ __ __ _ ___ __ _________ ______ ___ _ ___ _ _ _ ___ _ ___ __ _ __ 0.54396 

T A H LE o. ThiTd fill ing of i njector 
D eviations in parts per 100,000 from mean rate of dolh'cry for each calibration 

Calihration Stand ard 

I_I_nt_e t_.v_al_I_~~1-3_-_'I--I4-"'--1 5-'I===16==:===17==~_I_die_n1.~_~_.~_:_:' 
- 7 --- -4 - - :;:-1 +5 5 

(j 

7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
.17 
18 
19 

-20 - 10 -5 0 
- 9 - 17 -8 -2 

+ 19 + 21 + 22 +26 
- w - n - 7 -~ 

- 2 
+ 12 
- 17 
+30 

+ 2 

+ 4 
-11 

-31 
+ 17 
+3 1 

+ 13 
+" -8 

+29 
- 12 

+ 1 
-6 

- 25 
+B 

+ 27 

-6 
+ 11 
- 22 
+25 
-5 

- 4 
-9 

- 31 
- 7 

+ 43 

+ 20 
+n 
-2 

+ 21 
- 10 

- 6 
- 28 
-30 
- 1 
+8 

+5 ± 7 
- 0 ± 'i 
+ 6 ± 8 

+24 ± 3 
- 13 ±8 

+ 10 
+22 
+ 2 

+30 
+ 4 

- 9 
-32 
-58 
-7 

+n 

± II 
± 8 

± Jl 
± 4 
±8 

± 6 
± 15 
± 13 
± ll 
± 13 

1----1-------------1----
Standard 
d ev ia-
tion _____ ± 19 ± 18 ± 18 ± 18 ± 22 

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 t he values of 0.54392 and 0.54396, which 
were obtained with the second and third fillings, 
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. 

~L 
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The lower ends are ground on a taper and cemented 
into matching stainless-steel seats, which connect 
to the mereury 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 is about 3.5 in. high and is ground 
at the top to fit a stainless-steel cap which i 
cemented in place. The small tube that runs from 
the side of the cap to a gas-tight valve sit uated above 
the liquid level in the bath, serves to vent air from 
the top of the short arm when the apparatus is being 
fill ed with water. A weight, not shown in the 
figure, bears on the cap to prevent its being unseated 
und er preSSUl'e. 

The level of the mercury in the short arm i 
ad:iusted until it just makes contact with a fi xed 
stainless-sLee! rod that projects downward from t he 
cap as shown . This rod terminates in a point having 
an included angle of 60° . Contact between mercury 
an d rod is deLermined electrically as described below. 

The heights of mercury in the long arm are mea -
ured from a fixed surface plaLe above the mercur 
by means of calibrated sLainless-steel depth gage 
rods, which fit in a micrometer head having a range 
of 1 in. These rods arc J{6 in. in diameter and cover 
the range from 11 to 50 in. in I-in. steps. They 
terminate in poin ted tips similar to the Lip of Lhe 
fixed rod in the short arm. The surface plate i 
bolted to the d uralumin frame, which supports the 
viscometer and manom eter. The depth gage i 
clamped in a position directly over the long arm, as 
shown in the figure . Glass fla ts are used to insulate 
Lhe gage electrically from Lhe surface plak The 
roels pass through a hole in t he 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 slll'face, 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 th 
rods and reasonably clean mercury-water interfaces, 
the mercury does not cling to the point, and contact 
is sharply indicated . It was found essential that 
the potential of the rods be negative with respect 
to the mercury. WIlen the rod is made positive a 
nonconducting layer is immediately formed. Even 
with negative con tacts, som e electrolytic action take 
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 insulate 
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 a 
possible, and the surface plate is carefully leveled. 
Neverth eless, 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 h ead 
un til a 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 i ts tip . This disk h as a diameter of 
% in. Thus th e tip was constrained within a ~~-in.­
diameter circle at the center of th e mercury m eniscus. 
Calculation of th e shape of th e mercury meniscus 
[11] indicates that the error in loca ting th e ap ex is 
no t more than 0.0003 in. with the tip so r estricted . 

Loss of sensitivi ty 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 tub e tha t was 
inser ted in th e long arm until its tip just touch ed 
th e m ercury surface. 

It is estimated that th e h eight of the column of 
m ercury in the manometer may b e measured with a 
precision of 0.0005 in. or better over th e range of 
o to 40 in. 

The auxiliary app ara tus for manipula ting th e 
m ercury in th e manometer system has b een men­
t ioned previously . Coarse adjustment of th e mer­
cury in th e long a,rm is a t tained b~T forcing mercury 
from the reservoir by gas pressure applied through a 
connection in the gas-tight cover , as shown in 
fi gure l. Fine adjustmen ts in eith er arm are mad e 
with th e manometer inj ector. This inj ector is 
essentially similar in design to th e main mercury 
inj ector. It has a %-in. piston fixed to a 12-pi tch 
Acme screw. The piston is driven manually through 
a worm and gear having a 40-to-1 ratio. One turn 
of th e hand crank on th e drive sh aft raises or lowers 
th e m er cury level in one arm by 0.0012 in. 

The valves in the steel valve block are of the plug­
and-barrcl type. The rotating plugs are K etos steel 
cylinders, hardened , ground, and lapped into hard­
ened K etos steel sleeves h eld in the mild s teel body 
of the valve block. In the open position, }~-in . 
transverse holes through the plug and block are 
brought into alinemen t. In the closed position 
reliancc is placed upon the very small clearance 
between plugs and sleeves to insm e mercm y t igh t­
n ess. The valve stems pass through vacuum-tigh t 
packing glands, which permit evacuation of the 
system for filling wi th mercury. 

The first step in using th e manom eter is to obtaiF 
the manometer zero , which is a measure of the 
ver tical distance between the contact poin t in the 
short arm and the surface pla te on which the microm­
eter dep th gage h ead res ts. 'Wi th no flow of mercury 
into the en trance reservoir of the viscometer , the 
m anometer will come to equilibrium with the mer­
cm y at the same level in each arm. M ercury is 
added to the manometer system un til this equilibrium 
is reached at the level of the contact in the shor t arm. 
The mercury level in the long arm is th en measured 
from th e surface plate, using the longest rod in the 
dep th gage. The micrometer h ead reading for this 
condition is a measm e of the desired ver tical distan ce 
and is called the manometer zero . This r eading is 
designated by Mo. 

To ob tain the heigh t of m ercury iIi the manometer 
for a given flow condition , mercury is forced in to the 
long arm until i t stands a t its anticipa ted height. 
Then, with the main inj ector running and wa ter 
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flowing through the capillary a t the desired rate, the 
two arms of the manometer are opened to each 
o ther. M ercury is added or withdrawn from the 
manometer system as noccssary until equilibrium is 
r eached with the mercury in the short arm at the 
level of the contact poin t . The mercm y then stands 
as shown approximately in figure l. The distan ce 
from the surface pla te 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 condi tion is designated by M Q • The differen tial 
h eigh t of mercury in th e manometer is calculated 
from the difference between this reading and the 
manometer zero . The h eight of mercury is equal to 
Mo minus M a plus the difference in length between 
the longest gage rod and the particular rod used in 
obtaining M o. 

vVhen the differen tial heights of mercury are 
measured in this manner, the actual lengths of the 
gage rods need no t b e lmown, and hence only 
differences between the longest, which is used in 
obtaining th e manometer zero , and each of the other 
rods are determined . As it was not prac tical to cu t 
the rods such tha t the differences in length were in 
steps of exactly 1 ill ., this was closely approxi­
mated , and the actual differences were measured , 
using Hoke gage blocks. These calibrations were 
r epea ted as often as was n ecessary to follow the 
changes in the lengths of the rods. It is felt tha t the 
correc tions were Imown to within a t least 0,0004 in. 
The results of these calibrations are given in detail 
in appendix B . 

3.4. Viscometer 

The viscometer is alTanged as shown in figure l. 
The capillary is mounted vertically between t \\-O 
terminal chamber s. T erminal pieces arc penna­
n ently cemen ted to the ends of the capillary with a 
phenolic elastomer (P ermacel 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 
scaled with Api<lzon, Hard ' Vax W to insure water 
tightness and permi t the interchanging of the 
differen t capillaries used in the viscometer . The 
lower , or en trance, chamber is constructed of glass 
and is about 2.2 in. in diameter and 4.5 in. higll. Its 
lower end termina tes in a tapered joint that is 
cemen ted with the H ard W ax TV, to the end of a 
fi t ting connecting to the mercury line from the main 
inj ector. The wax join.ts are coated with an au to­
mobile gasket shellac to protect the \-vax from the 
solven t ac tion of the bath oil. The exi t chamber , 
also of glass, is about 1.7 in. in diameter and 4 in. 
high . It is connected by glass tubing to both the 
r eservoir and the long arm of the m anometer , as 
shown. By this means th e same water level is main­
tained in bo th the viscom eter and manometer . The 
capacity of the reservoir is sufficien t to accommodate 
the volume of wa ter th at is displaced tlll·ough the 
capillary by a full stroke of the main inj ector . 

In this system, an incr ease or decrease in the 
height of mercury in the short arm of the m anometer 

----------------~~ 



requires a corresponding flow of water out of, or 
into, the short arm through the side tube connecting 
it with tbe entrance chamber. Thus, until equilib­
rium i 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, 11" in the manometer . If q is 
the rate of flow through the capillary and Q is the 
rate of How of mercury into the entrance chamber, 
it can be shown that q approaches Q as II, approaches 
the limiting value corresponding to How Q thTOugh 
the capillary. 

As there is 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 
II, (DHg-Dw)g, where D H g and Dw are the densities 
of mercury and water, respectively, and 9 is the 
acceleration of gravity. However, neglecting for 
the time being th e small viscous resistance offered 
by the connec ting tube, and using only the relatively 
large first term in cq 3, we can write 

II, 

If 

8 1) (l + n1') 

81) (l + n1') - k 
1rfl( DHg- Dw)g - , 

eq 10 is rewritten 
II, 

q= - ' lc 

(10) 

(11 ) 

For the condition where q is not equal to Q, the 
How of water into or out of the short ann of the 
manometer is given by A(I /2)clh/dt, in which A is 
the cross-sectional area of the manometer tubing 
and dh/clt is the rate of change of pressure head. 
The total flow may then b e expressed as 

Integrating With Q constant gives 

2t 
- k A 

h= kQ+ C·e , 

(1 2) 

(13) 

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

In practice, the manometer is preset to approxi­
mately its fulal 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 fj,ho represent the amount by which 11, 
differs from lcQ at the start of How and fj,h t the dif-
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ference after time t has elapsed, we can wnte 

2t 
fj,h o kA 
fj,h t=e , (14) 

from whi ch 

t= k A In (fj,ho) . 
2 fj,h t 

(15) 

Thus, through use of eq 15 one can calculate the 
time required to reduce fj,h t to any desired fraction 
of fj,ho. 

The resul ts 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 M" t/ fj,ho. The capillary 
designations given in the table will be identified 
la ter. 

T ABLE 7. llIanometer time constants in minutes 

C apillary 

2.5 2.5a 1.4 I J.4a 

l /L . _____ . ______ .. _______ ... __ ---;- --:;---;-1-;-
i )~ii :::::::::::::::::::::::::::: ~~ l ~ : ¥i 

It is evident that with time constants of the mag­
nitudes shown in table 7, periodic variations in Q 
resulting from imperfection in the change gear and 
inj ector delivery will not introduce appreciable error 
in the measured pressure. 

As mentioned before, the m easured pressure in­
cludes the pressure drop tln'ough the tube connecting 
the exit re ervoir and the long arm. If P is the dif­
ference in pressure between the end reservoirs, IT is 
the length of the connecting tube, rT is the radius of 
the connecting tube, B is the cross-sectional area of 
the reservoir , and the other symbols arc as before, 
it is seen that 

[ IT 1'4 ( A ) ] h(DHg- Dw)g = P l+Trt A+B ' (16) 

or 

P = h(DHg- Dw)g [ l,,,Ie ~ )J' (17) 
1+ l 1'~ A+B 

The calculated value of this factor by which II, (DHg -

Dw)g must be multiplied to give the pressure drop 
across the capillary alone is as follows for each 
capillary used : 

Capillary 

2. 5 __ __ ___ _______ __ ______ ___________ _ 
2.5a ________________________________ _ 
1.4 ____________________ ___________ __ _ 
1.4a __________ _________ ________ _____ _ 

Factor 

O. 999995 
. 999980 
.999997 
. 999991 

1 
\~ 



J 
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 corle Inside each 
tank and close to the side is a vertical stirrer tube 6 in. 
iu diameter extending from above tbe 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 
urfaces. 

The viscometer bath is held at 20° C by artificial 
cooling. To effect this cooling a tank of light oil is 
maintained at 15° ± 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 
teady rate through a coil in the stirrer tube in the 

v iscom eter bath, and the temperature is controlled 
by a thermostatically regulated heater . This system 
of temperature regulation was used during the fu·st 
t wo series of flow measuremen ts and provided con trol 
to ± 0.004 deg C. Following these tests the appara­
t us was idle for 6 years. 'When work was resumed, 
i.t 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, 
t his control was more than adequate. 

The main inj ector and auxiliary baths were h eld 
above room temp erature, and therefore no artificial 
cooling was required . Th e injector bath was found 
to hold its temp erature consistently to ± 0.002 deg 
C. Th e thermoregul ator in the auxiliary bath was 
not designed to b e as sensitive as th e oth er two, and 
th e temp erature control in this bath was ± 0.01 
deg C. T emp erature variations of th e magnitudes 
found in these baths cannot affect th e measurem ents 
by as much as 1 par t in 100,000. 

Standard electric circuits were used wi th th e 
th ermoregulators. Steady currents through th e 
heating coils, not quite suffi cient to maintain temp er­
ature, were p eriodically augmented by intermit tent 
currents controlled by the r egulators. By means 
of motor-driven variable resistors, the steady cur­
ren ts were automatically adjusted to changing room 
temp erature, temperature distribution in bath insula­
tion , and line vol tage. 

Two thermometers were used in the viscometer 
bath , one at the level of the entrance chamber of 
th e viscometer and the other a t the level of the exit 
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chamber. Temp erature gradients were so small 
that r eadings on these two thermometers always 
agreed within 0 .002 deg C. 

Wh en flow m easurements are being made th e 
mercury leaves th e inj ector at a temperature 10 deg 
or more higher than that of the viscometer bath. 
In order to bring tbe temp erature of the mercury 
close to 20 deg C before it enters the entrance 
chamber of th e viscometer, oil is pumped from the 
viscometer bath through a copper jacket placed 
around the mercury line. Th e r eturning oil is dis­
charged into the top of the viscometer bath stirrer 
tube, and hence its effect is to improve stirring 
ra th er than to increase temperature gradien ts 
throughout the bath . Experiments were p erform ed 
to m easure the effectiveness of the precooling of th e 
mercury entering th e viscometer. A thermometer 
was introduced into th e en trance ch amber through 
th e ground joint normally holding the capillary. 
With the viscometer bath at 20° C and the main 
inj ector bath at 35°C, the temperature of the water 
in the chamber was measured at various rates of 
flow of mercury into the chamb er. Even at th e 
highest rates of flow used (0.25 cm3jsec), no measur­
able temperature difference between the 'water and 
the bath liquid was observed . 

T emp eratures 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 
frequ ent readings were taken at th e ice point or 
triple point of water. Every 2 months, or oftener , 
th e bridge was calibrated in terms of a 10-ohm 
secondary standard. R egular calibrations of the 
standard 'were made by the R esistance M easure­
ments Section of th e Bureau. It is believed that 
temperature m easurements were made with an 
accuracy of ± 0.001 deg C. 

4. Capillaries and Their Measurement 

4.1. Selection and Preparation 

Flow measurements were made wi th four capil­
laries. One length of capiallary was selected in 
each of two diameters, and, after m easuring their 
cl imensions and making th e necessary flow measure­
men ts, th ey were cu t in half, and th e m easurement 
were rep eated with one h alf-length of each tube. 
In this manner flow data were obtained on two pairs 
of capillaries, th e tub es in eac~ pair b eing close to 
the same di ameter but having different lengths. 

The capillaries were selected from FS Precision­
Bore capillary tubing obtained from th e Fish­
Schurman Corp. Th e first selection was made in 
1938 from three tubes of J ena Duran Glass 3891- III 
having external diameters of about 5 mm and 
internal diameters of abou t 0.5 mm. The capillary 
selected was numb ered 2.5 and the half-length, which 
was later cu t from this tube, was number ed 2.5a. 
Three more tubes were obtained from the same com­
pany in 1947. These were of Pyrex and had abou t 
th e same external diameter bu t had a bore diameter 
of 0.4 mm. The capillary chosen from this stock 



wa designated as No. 1.4 and th e half-length as 1.4a. 
The tubes were chosen for uniformity and straight­

ness of bore a.nd freedom from blemishes. The 
character of the inner surfaces was examined under 
a micro cope with the bores filled wi th water, while 
the examination for uniformity of bore was made 
with the tubes m ercury-filled . The uniformity of 
t he tubes was such that the selection could be made 
from the first few obtained. 

An unused length from the stock of J ena glass was 
sectioned part way along its bore in such a way as 
to expose the sUTface of the bore for examination . 
A portion of the exposed surface was pho tographed 
at a magnification of X 200 and is shown in figure 
3, A. 

This section is typical of the surface of the bore of 
capillaries 2.5 a nd 2.5a. The surface shown in 
figure 3, B is typical of the Pyrex capillaries 1.4 and 
1.4a. I t 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 J ena 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 , tha t i t is believed theil' viseometric effects 
cannot be erious. 

To examine for uniformi ty of bore the mer cury­
fill ed capillary was immersed in oil having the arne 
index of refraction as the glass. Diameter meas ure­
men ts were made with a microscope having a filar 
micrometer eyepiece. Such measurements were 
made at points sp aced 5 cm apart, excep t that the 
points nearest the two ends of a tube "vere taken 1 
cm from the end. 11easurement were made at 
each point in four radial directions spaced 45° apart. 
'1' he results obtained with capillary 2.5 arc given in 
table 8. The micrometer eyepiece was no t accumtely 
calibra ted , and th erefore the numbers in the table 
are in arbitrary units. The precision of the measure­
men ts wa about 1 part in 500. The ends of thi 
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. 

T ABLE 8. Optical measurements of the diameter of capillary 
2.5, arbitrary units 

Radial direction-
Distance 

from end 1 
0° 45° 90° 135° 

----------------
(m 

1 1124 1123 1128 - 1120 
5 1124 1121 1127 1121 

10 112~ 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 - 1132 1124 
49 • 1120 1124 1124 1126 

• IIighest and lowest values. 
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FIGU RE 3. Photomicrogra phs oj smJace oj capiLlm'Y b01·es. 
Magnification X200. A, ty pical of Jella glass; D, typica l of Pyrex glass. 

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

Similar measurements mad e 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
mun1 variation of 1.3 percen t. 

Following this selection, the ends of the capillaries 
were fitted with glass terminal pieces so that the 
bores termina te in circular planes 1 cm 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 cu t in 
h alf, new terminal pieces were cemented at the cut 
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TABLE 9. Optical m easurem ents of the diameter of capi llary 1.4, apparatus after the first serIes with capillary l.4a. 
arbitrary un its The second series with 1.4a was made after the chips 

R adial directioll-
D is tan ce 

from en d 4 

I 0° 45° 90° 135° 

------
em 

1 895 892 88i 892 
5 89G 892 889 892 

]0 893 895 888 891 
15 895 894 888 893 
20 889 893 892 892 

25 893 895 893 895 
30 892 891 891 892 
35 891 895 888 a 897 
40 890 892 889 890 
44 889 890 a 885 892 

• Highest and loweSL valu es. 

ends only. Thus, the shorter capillaries 2.5a and 
l.4a each had one new end and one end from the 
original tube. Capillal'.\' 2.5a retained the original 
end number 1 from capillary 2.5, and its new end 
,vas numbered 3. Similarly, capillary l.4a had the 
original end No.4 , and the new end was numbered 6. 
These numbers will be used lat.er in identifying the 
direction of flow thr0ugh the capillaries during the 
flow measurements. 

The ends of the bo res 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 

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 shapc and area 
of cross section of the bore along a tube, such meas­
urements cannot be made with sufficirnt accuracy 
to deduce a mean radills 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 hy 
means of a glass optical flat clamped against the 
polished face of the terminal piece . The optical 
flat extended sufficiently be.vond 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 
wi th double-distilled mercury and disconnected 

F IGUR E 4. Photomicrographs of the ends of the capi Llm·ies. 
M agnifica tioll X i 5. A, Capillary 2.5, end 1; B, ca pillary 2.5, end 2; C , capillary 
2.5, end 3; D, capillar y 1.4, end 4; E , capillary 1.4, end 5; F , capillary 1.4, enel ti . 
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from the vacuum system. The mercury-filled tube 
wa s mounted vertically in a well-stirred water bath 
wi Lh temperaturc control. A platinu m resistance 
th ermomete r was used to determine the temperature 
of the watcr 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 
throuf?;h ,,~hi ch the suitably illuminated end of the 
bore could be observed with the aiel 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 co ntact between the mercury and the 
optical flat illcreased until the area became equal 
to the cross-sectional area of the bore. The appear­
ance of the iflterference fringes between the flat 
and the face of the end piece aided in cl etermining 
when the flat was in close contact with the face and 
not pushcd up by the mercury. 

Having determined the temperature at which 
the bore was just full , the bath temperature was 
lowered until the mercury Wfl,S no longer in contact 
with the flat . The flat wa then removed and the 
capillary takrn out of the bath and dried . TIl(' 
mercur y in the bore was then ready to transfer to 
a smail bottle for weighing. Tllis was accom­
plished by first carefully removing the mercm .,· 
from the seal at th e 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 mercm.,· 
in the end of the tube . This was removed by the 
gentle application of air pressure at the opposite 
end . The capillar.v was then examined with a 
magnifying gla ss to make certain that no mercury 
remained. 

::V[easurements of the air Lemperatufe made in 
the region up to about 3 cm above the liquid level 
in the bath showed that, under the prevailing con­
ditions, the temperature were abont, 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, introduced by not cor­
recting for the temperature of the 4 mm of capillary 
exposed above th e 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 capilla ries were to be used at 20° C, the 
dimensions at this tempera Lure were req uired . 

If Mo is the mass of mercury that just fills the 
capillary at eo C, D 20 is the densi ty of mercury at 
20° C, a is the temperature coefficient of linear 
expansion of glass, {3 is the temperature coefficient 

,... 

of density of mercury, t-e= (e-20), and 1' 20 andl20 

arc the capillary radius and length at 20° C, we can 
wri te 

Mo = 71"l' ~O (1 + aM)2l20 (1 + at-e) D 20 (l-{3t-e). (18) 

Also 
(19) 

in which M 20 is the mass of mercury that would be 
required to fill the capillary at 20° C. Combining 
eq 18 and Ill , we can say, with more than sufficien t 
accuracy for the purpose, 

1\110 
(20) ] +(3a- {3) t-e· 

Through use of eq 19 and 20, values of 1'20 arc com­
pu ted corresponding to the measured quantities 
e and 1I1fo. 

The capillaries were cleaned prior to each m easure­
ment of the radius. The cleaning procedures in­
volved the discreet usc of ei ther nitric or chromic 
acids, followed by distilled water and drying air. 
'Vhen chromic acid was used, after the removal of 
the bulk of acid and preliminary rinsing, the bore 
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-gla s fLl ter 
before being introduced into the capillary. Radius 
measurements made at variou 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 Lhe four 
capillari es were made by the Gage Section of the 
Bureau by comparison wi th Hoke end gages. 
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The results arc as follows : 

Capillary 

2 .5 ~_~_~_~_~_~_~_~_~_~ _____ ~ ________ _ 
2.5a ~~_~_~~~~~ ___ ~ _______ ~_~ ________ _ 
1.4 _________ ~ _______ ~~~_~~ ____ ~~ ____ _ 
1.4a ___ ~_~ __ ~~~~~~~~~~_~_~~~_~_~ ____ _ 

48. 736 
24. 316 
45. 208 
22. 525 

It is beli eved that all the figures given arc significant. 
The weighings of the quantities of mercury were 

made by the :Mass Section of the Bureau . The 
details of the weighings concern ed 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 bo ttles used in the measurements was 
made in the Mass Section uncleI' the direction of 
L. B . Macurdy. The results of this study are given 
in appendix C. 

It was concluded that the masses of th e samples 



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 1\1[20 through the use of eq 20 
th e values used for ex were those recommended by 
th e manufacturers. These values are 3.6 X 10- 6;0 C 
for the J ena Duran Glass 3891- III , of which capilla­
ries 2.5 and 2.5a are made, and 3.2 X 10- 6;0 C for 
Pyrex capillaries 1.4 and 1.4a. The density of 
mercury at 20° C was taken as 13.54589 g/cm3 and 
{3 as 180.9 X 10- 6• These values were obtained from 
the work of B eattie [121 (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 M9 
given for capillaries 2.5a, 1.4, and 1.4a are the means 
of the two weighingsmade on each quantity of 
m ercury . The values of M 20 are calculated by using 
eq 20 . 

TABLE 10. Computations of mean radii by the gravimel1'ic 
method 

Cap· 
i]· Date 9 

lary 
lvI, N120 r~ o Too 

-------
°C g g em' em 

j 
5/ 10/41 19.91 1.313 12 I. 313 10 
5/ 14/41 20. 18 1.313 19 1. 31323 

2. 5 5/15/41 19.22 1.31336 1. 313 ] 9 
5/16/41 19.82 1. 313 15 1. 313 11 
5/ 17/41 20. 94 1. 31284 1. 313 05 

M ean ____ 1. 31314 6. 3315X lO- · 2. 5162XJQ-' 

j 
]/17/50 27. 19 0.654 305 0.655 106 
] / 18/50 25.62 . 654 488 . 655 11 4 

2.5a ] /19/50 27. 79 .654 187 ".655055 
] /20/50 24 . 23 . 654641 . 655 113 
] /23/50 27. 12 . 654 326 . 655 119 

Mean •.•. 0.655 113 6. 3309 2. 5161 j 11 /22/48 23. 28 0.774 995 0.775 431 
11 /23/48 23.59 . 774 943 . 775420 

1.4 11 /24/48 24.68 . 774733 ".775 355 
11/30/48 23.26 . 77491\3 . 775416 
11/30/48 24.82 . 774 774 . 7754 14 

M ean .... 0.775420 4.0305 2. 0076 

j 
1/24/50 27.52 0.386255 0.386753 
1/25/50 31. 39 .1860]" . 386770 

1. 4a 1/26/50 29.87 .386099 .386 753 
1/27/50 28. 14 .386217 . 386 756 
1/27/50 30.68 .386 052 . 386759 

I I 
Mean .... 0.386758 4.0348 2.0087 

" Determina\.ions 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 from the capillary into 
th e weighing bottle, and the results of these two 
fillings were discarded. The values of r~o given in 
the table were calculated from the mean values of M 20 

for each capillary and represent the squares of the 
radii of right circular cylinders 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 capillarie 
is based upon the electric resistances of the bores when 
fill ed with mercury. 

The electric resistance, R, of a cylindrical con­
ductor of length l , radius r, and resistivity p is given 
by 

(21) 

As the resistivity of m ercury is accurately kn6wn , 
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 th e 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 cm . 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 tub e in the upper bulb is 2.4 cm. 
The corresponding distance in the lower bulb i 
1.5 cm. 

For making a measurement, the apparatus was 
evacua ted and completely filled with double-distilled I 

mercury up to a level within about 1 cm of the top 
of the four tubes leading up from the terminal bulbs. I 

Sp ecial 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 th e 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 ,"vires making contact with the I 

mercury in the tubes. The connectors were fill ed 
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. W'ith 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 r esistance bridge. With the two leads 
connected to each terminal bulb , the procedure was 
similar to tha t used with a four-lead resistance 
thermometer. The mean of the two readings taken 
was t he resistance of the mercury between the 
branch points in the two terminal bulbs. This re­
sistance, corrected for the resistance in t he terminal 
bulbs, yielded th e resistance of the column of mer­
cury in the capillary bore. 

It has been shown (see, for example, Maxwell [13]) 
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FIGURE 5. Capillary mounted f or the determination of i ts 
mean mdius by the electric resis tance method 

t hat the amount to be added to the measUl"ed r e­
sistance to account for the flow of electricity at the 
end of a t ube may be expressed as an additional 
length eq ual to a constant t imes the radius of the 
bore at the end . A calculation by Rayleigh [l4] 

I'" yiclds a valu e of 0.82 for this constant. As the 
optical meas urements of the diameters of th e four 
capillaries showed that the mean radi i at the ends 
of a capillary n ever differed from the mean for the 
whole tube by more than 0 .3 per e-ent, we can say 
t ha t the sum of the corrections for th e two ends is 
2 X O.82 X 1', where T is the mean radius for th e whole 
t ube. Includin g the co rrections for the ends, eq 21 
then becomes 

R (22) 

If , ubscrip ts refer to the temperature in ° 0 , we can 
intl'od li ce th e coefficient of expansion of the glass into 

15 

eq 22, which then becomes 

Po (l20+ 1. 64T20) (1 + aM) 
71-r~o (1 + a~ 0)2 , 

(23) Ro 

from which 

(24) 

For the solu tion of this equation, an approximate 
value of 1'20 is substituted in the second term on the 
righ t. 

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
cen timeters at the temperature of th e mea urement: 

po = 94.1232 X 
10- 6(1 + 8 9.15 X I0- 6 .O + O.99360 X 10- 6 . 02), (25) 

in which 0 is in 0 0, and 94.] 232 X 10- 6 is the resistivit 
of mercury at 0° O. (See appendix A.) 

The diameter of each capillary was measured at 
several differen t times by this method. For th e e 
meas llrements the capillary with th e attached ter­
minal bulbs was immersed ei th er in a liquid bath, 
whose temperature was controlled within close 
limi ts, or in an ice-and-water baLh. The result 
obtained with th e fO llr capillaries are given in table 
11. 

TABLE 11. Computations oj mean mdii by the electTic resist­
ance method 

Capil· 
I 

lary Dale 0 R. r~o no 

-----
°c Ohms cm2 em 

" 1 

3.'25/41 +20.000 2.35007 6.3315X IO- 1 

3/25/4l + 41. 336 2.39(;65 6. 3316 
3/27/41 +3 1. 971 2.37596 6. 3315 
3/29/41 +8. 259 2.32532 6. 3315 
7/11 /47 + 20.000 2.35013 6.3313 
4/20/48 -0.007 2.30827 6.3315 
4/28/48 +23.9 l2 2.35846 6.3315 

]V[ca l1 . ___ u.33 l5 2.5162X IO-' 

2.5a __ { 
2/1 8/49 -0. 002 1. 15287 6.3302 

5/3/49 -.003 1. 15282 6.3305 
11/ 19/49 -.006 1.1 5287 6. 3302 

Mean ____ 6.3303 2.5160 

1.4.._ { 

10/18/48 -0. 003 3. 36341 4. 0302 
11117/48 - . 004 3.36334 4.0303 
1/10/49 -.001 3.36333 4. 0303 
2/16/49 -. 001 3.36332 4. 0303 

Mean ____ 4. 0303 2. 0076 

l .4a __ { 8/18/49 - 0.005 1. 67520 4. 0347 
10/7/49 -. 004 1. 67520 4. 0347 

Mcal1 ____ 4.0347 2. 0087 

The measurements on capillary 2 .5 made over 
quite a range of temperat ures arc in good agreem ent, 
which tends to confirm th e values of th e constant 
in eq 25 in this temperature range. However, as it 
is believed tha t th e resistivity of m ercury is lmown 
best at 0° 0, of th e la ter m easurem en ts only those 
made close to 0° 0 were included in th e calculations 
of the radii. The coefficien t of expansion of th e 
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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 r~o 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 meaSUI'8ments 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 
in eq 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 m ethod 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 
calcula ted for each measured point are also gi ven in 
these tables. Since only arbitrary units are used, S 
is taken equal to d2 and, for the present purpose, can be 
assumed to be known exactly. Part of the data 
gi ven in these two tables also apply to capillaries 
2.5a 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. 

These areas are represented by the plotted points, 
and the mean cross section for each capillary is 
shown by a horizontal dashed line. 
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T ABLE 12. Val'iations in cross-sectional area along capillary 
2.5, arbitrary units 

Position along M ean diameter Area of cross 
tube section 

em 
1 1123.75 126281 
5 1123.25 126 169 

10 1124.75 126 506 
15 1127. 25 l27 069 
20 1125. 75 126 731 

25 1125.00 126 563 
30 1125.oo 126 5fi! 
35 1124. 2.1 126 394 
40 I l 27. 75 127 182 
4., 1127. 00 127 013 
49 1123.50 l26 225 

TABLE 13. Variations in cross-sectional area along capillary 
1.4, arbitrary units 

Position along Mean diameter Area of cross 
tube 

-----
em 

1 891. 5 
5 892.3 

10 891. 8 
15 802. 5 
20 891. 5 

25 894.0 
30 891. 5 
35 892.8 
40 891.8 
44 889.0 
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section 

794 77 
79620 
795 31 
79656 
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For one method of calculating the effects of such 
variations on the electric and viscous r esistance 
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 I 
be divided into n such intervals of equal length l i. 
Let S b e the cross-sectional area in any interval and 
Sm be the mean cross-sectional area for the whole 
t ube, as calculated by the relation Sm= (1/n)"2S. 
Then the r esistance to the flow of electricity through 
the variable cross section is proportional to "2(l dS) , 
and the electric resistance offered by a tube of the 
ame length but having a uniform cross-sectional 

area Sm is proportional to II Sm. From these rela­
tions the percentage increase in the resistance to the 
flow of electrici ty of the nonuniform tube over the 
uniform one is gi ven by 

"2 (l ;/S)- lISmX lOO. (26 ) 
[ISm 

For the laminar flow of liquids through the tubes, 
the viscous resistance is proportional to "2 (ldS2 ) for 
the nonuniform case and to l iS?" for a uniform tube. 
In this case the percentage increase in the viscous 
1'e istance is given by 

~(ldS2) -lIS~X I00 . (27 ) 
liS?" 

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 is 9,ssumed to be the mean for the 5-cm in­
t erval fTOm 2.5 to 7.5 cm. A shown by the stepped 
curve in figure 6, thi is repeated for each position, 
giving nine 5-em intervals covering the length from 
2.5 to 47.5 cm . 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 cm and 49 cm. These data are then substituted 
in eq. 26 and 27 to give the desired corrections. 

Similar procedures were followed with the other 
three capillaries, and the results obtained with all 
fOllr 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 r esistance 
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 . 

T A BLE 14. Corrections to electric and viscous resistance· 
measure ments as a result of nommifonnity oj bore . 

Capillary 

Corrections in parts per 
milliOll 

E lectric Viscous 
resistance resistance 

2.5 .............................................. +6 -21 
2.5a... .......................................... +6 -23 
104.. ........................................... . +5 - 19 
lAa ............... ... ........................... + 1 -3 

I t i een in figm e 6 that capillaries 2.5, 2.53., 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 
plot ted points, and the in tegration is performed under­
these irregular curves. As would be expected, this· 
method usually leads to somewhat smaller correc­
t ions than those obtained by the other two treatmen ts. 

The only case where these corrections arc of any­
significance is the corr ection 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 

T A BLE 15. Final dimensions of the capillaries 

On the basis of a uniform bore Effective for viscous flow 
Capillary Length M et.hod 

Radius 2 Radius ' Radius • 'Radius 
---------------------------------------------------1---------1---·------1--------1---------

em 

2.5 48. 73G 

2. 5a 24.316 

1.4 45. 208 

1. 4a 22.525 

cm 2 
6. 3315X lO- · 

{~;:~;~:~~:':i~ .. ~~ .. ~ .... ~~~ .... ~~ ~ .. ~ .. ~ ~~ ~~ ~~~~~ ~~ ~~ ~ ~ ~~ .... ~ .. ~ .... ~ .......... ~::::: ::::: 6. 3315 
1--------

M eau.......... .. . ... .. . . ................. . . . .... . . .......... ........ 6. 3315 

{~;:c~~Tc~:'.i~ .. ~ .. ~::: ....... ~~~~~:::::::::::::::::::::::::::::::::::::::::::: __ g:_~~_~~ __ __ 
Meau .. .........•.•.. ... .•............... ......••.•.......... ........ 6.3306 

4.0305 

mr~~~;rc~t~!~::: ::: ::::: ::::::::::::: :::::::::::::::::: :::: :::::::::::::: 4. 0303 1--------1 
M ean.......... •.................... ... ...... ..••.•.... ............ .. 4. 0304 

4. 0348 

{~ ;:c~~7~~:':i~~~~:~~: :::::::: :::: ::: ::: :::::: :::::::: ::: :::::::::::::::::: 1 __ 4_. 0_34_7 __ 1 
M ean....... •...•........•.. ... ... ......... ....••.•.................. 4. 0347 
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cm4 em' em 

4.0088 X 10-7 4. 0087X 10- 7 2. 5162X 10- 2 

4. 0076 4. 0076 2. 5161 

1. 6244 1. 6244 2. 0076 

1. 6279 1. 6279 I 2.0087 



of th e radius squared, as obtained b y the two in­
dependent methods, were weighted equally, and th e 
mean value was used for each capillary. It is seen 
that in each case the agreement between the two 
methods is very good. The maximum discrepancy 
?ccurred with capillary 2 .5.1t and is only about 1 part 
In 10,000 . 

5. Viscosity Determinations 
The viscom eter was assembled and fill ed for the 

first series of tests at 20° C in th e fall of 1940. The 
measurements made with this filling were designated 
as fl:8ries r. In this series several independent 0 bser­
vatlOns of the pressure drop through the capillary 
were made at each of four rates of flow. Each 
m easu!'em en t of the pressure dr?p corresponding to 
a partICular rate of flow was assIgned a run number 
in th e order in which it was obtained within the 
series. In general, ch eck runs at a given rate of 
flow were separated by m easurem ents made at other 
rates of flow in order that the observations in a given 
run be as independent as possi ble of the influ ence of 
a preceding run. A similar procedure was followed 
each time the viscometer was filled, and a new roman 
series number was assigned to iden tify th e particular 
filling. Between fillings the viscometer and manom­
eter were .disassembled and thoroughly cleaned. 
. The sen~s I tests ~vere used prima!'i~y for develop­
In.g operatll1g techmques and acqmrmg experience 
WIth th e apparatus. The results of this series are 
th erefore not considered as reliable as those of th e 
succeeding 11 flow series and are not included in the 
~n3:1 calculations. As a consequence of th ese pre-
11l1unary flow tests, the experimental procedure th at 
finally evolved is as follows: 

After assembling the viscometer and manometer 
some mercury is injected into th e entrance chamber 
of th e viscometer and both arms of the manometer. 
Freshly distilled water from a laboratory still is 
introduced into the system through th e open tube 
at th e top of the overflow r eservoir until the desired 
level is .re~cl~ed. Trapped air is removed by working 
th e mall1 ll1]ector back and forth through its stroke. 
The air trapped in the top of the short arm is forced 
out through the bleed. t~be (shown in fig. 1) by a 
forward stroke of th e ll1]ector. After all of the air 
is removed and th e tube is fill ed with water the 
gas-tigh t valve at the top end of the t ube is shu't off. 

All of th e baths are adjusted to their proper tem­
peratures, and m ercury is introduced into the shor t 
~rn~ of the manometer until the proper h eigh t is 
ll1dlCated by th e fixed electric contactor. Th e 
longest of the gage rods, number 50, is then fixed in 
th e depth-gage h ead , inserted in the long arm of the 
n:anometer, and the g~ge h ead . is clamped in posi­
tlOn. The gage h ead IS set at ItS expected reading 
!or the "manometer z.ero" , and m ercury is inj ected 
ll1to th e long arm untIl proper contact is made with 
th e tip of the rod. The two arms of the manometer 
ar~ now opened to each other. Any change in the 
hmght of m er cury in th e long arm with time is 
observed, and m ercury is added or withdrawn in 
suff!.c.ient. quantity so that when the final equilibrium 
posltlOn IS establIsh ed, th e m ercury in the short arm 

18 

makes proper contact with th e fixed contactor and 
th e level in the long arm is at the sam e height~ In 
judging when this equilibrium position is reached 
due consideration is given to th e time constant fo; 
the particular capillary being used . These adjust­
m ents and readings of course are made when there 
is no flow of mercury from th e main injector into th e 
entrance ch amber of the viscometer. The h ead r ead­
ing of th e micrometer for this final equilibrium 
condition is referred to as the "manometer zero" 
and is designated by Mo. 

:Manometer h eigh ts under flow conditions are 
measur~d ~n. a simila~' manner. The change gears in 
t~e mall1 InJ ector dnve are selected to give the de­
sll'ed rate of flow, and th e m ercury in the long arm of 
the manometer is preset at an ex,])ected h eigh t, using 
the gage. rod of proper l ength. Th e inj ection of 
mercury ll1to the entrance chamber of th e viscom eter 
is started, and the two arms of the manometer are 
then opened to each other. As in determining the 
m anometer zero, mercury is add ed or withdrawn 
until the quantity of m ei'cury in th e manometer is 
such that the mercury level is at th e contactor in 
the short arm when the equilibrium pressure cor­
responding to th e particular rate of flow throuO'h 
the capillary is reached. It is often the case th~t 
this condition is not realized durincr a sinO'le stroke 
of the inj ector. In these cases th e "'long a~m of th e 
!ll~nometer ~s shut off b efore stopping th e main 
lll]ector. vVith the manometer still closed the stroke 
of th e injector is then reversed. After th e forward 
stroke of the injector is star ted a second time th e 
manometer is again opened. In this mannel; th e 
stroke of the injector is repeated as many times as 
are nece~sary to establish eq L1 ilibrium. The reading 
of th e mICrometer h ead for this equilibrium condi tion 
is designated by Mo. This process comprises a l'Lln 
and a run numb er is assigned. Usually two or thre~ 
such runs, togeth er with a repeat observation of th e 
manometer zero, can be completed in a workinO' 
day. In this n:anner all of th e flo w data on a singl~ 
fillIng of th e Viscometer may b e ob tained in abou t 
2 weeks. 

There is no known reason for measurable varia­
tions in readings of th e manometer zero made with 
t~e. sam e fi~li~g of th e viscom~ter, and any observed 
differences lllits value are attnbuted to experimental 
error. Consequently, at th e completion of a series 
of flow tests all of the observations of Mo are averaged 
and the m ean valu e is used in calculating th e pres­
sure drop for each run. Ho,vever, the value of Mo 
will differ between different fillings of th e v iscometer 
as a result of th e d~smantling and r eassembly of the 
shor t arm for cleanmg purposes. 

When measurements are being m ade a second 
operator keeps. a continuous ch eck on the temper­
ature of the VIscometer bath and records th e th er­
mometer r eadings every 5 minutes. Occasional 
r eadings of th e temperatures of th e other baths are 
taken, to b e assured that th ey are operating properly. 
From these records th e m ean temperature in th e 
viscometer bath is judged for each period during 
which a run is being made. 
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In general, this procedure was followed, beginning 
with series II, except for the following changes: 

(a). In sel'j es II , r eadings of the manometer 
depth gage were recorded to 0.0001 in. In view of 
th e general sensitivity enco untered with the depth 
gage, togeth er with other considerations, the read­
ings in seri es III and the subsequent series were 
recorded only to the nearest 0.0005 in. 

(b). As mentioned previo usly, beginning with 
se[,ies IV, a centering disk was used with th e depth­
gage rods for restricting the possible region of con­
tact. of the tips to a central area of the m ercury 
mel1lSCus. 

(c). 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
ciated with the thermo stating of the viscometer bath. 
During th e first six series the manometer readings 
were taken matching the fluctuations in the readings 
of the microammeter in the long-arm circuit with 
those in the short arm . It was felt that in this 
manner the efl'eets of these motions in the mercury 
surfaces would be minimized. However, beginning 
with series VII, after equilibrium had been reached, 
as shown by observation made in th e above manner, 
both arms of the manometer were shu t off, and the 
stirring motor and other sources of vibration were 
stopped. Readi:ngs were then taken with t he mer­
cury surfaces quiet. The two methods of tiLking 
the readings usually yielded essentially the same 
calculated heigh t of the mercury column . Never­
theless, in a few instances differences 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 II, III, and IV 
with capillary 2.5 are given in table 16. In the 
first column th e arabic number accompanying the 
series number indicates the end of the capillary 
that was moun ted as t he lower, or entrance, end in 
the viscometer. The rates of flow Q 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 III and IV as were used in 

II, the differences in the value of Q being a conse­
quence of the different delivery rates of the injector. 
The injector was thermostated at 35° ° for series II, 
and the mean delivery rate shown in table 1 was 1.1 ed. 
For series III and IV a longer stroke of the injector 
piston was used with the injector thermostated at 
30° 0 , 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 experiment . 
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 th e data in table 16, th e values given for th e 
viscosity were calculated by means of eq 4. Thi 
equation is equivalent to 

in which 

and 

P 
Q= a + bQ, 

8 
a=--4(l+ nl')ry 

nT 

(28) 

Introducing the measured dimensions of capillary 2.5 
and th e known density of water at 20° 0, and taking 
the value of n a, 0.57, the values of 7J were obtained 
from the relation 

7J = 3.2292 X 1O- 9 X a. 

Similarly, the values of m for the capillary were 
calculated by Lhe equation 

The values of a and b were obtained from least­
squares solu tions of the straight lines represented by 
eq 28. In these solutions, Q was ass umed to be 
without er1'or, and tbe corresponding values of PIQ 
were weighted equally. These assumptions seem 

T ABLE 16. R esults of flow tests at 20° C with capillary 2.5 

Series Deviation 
num bcr- () Reynolds P P/ O a b rn P / O. from line, 
entra.nce number obser ved ~ calcu lated observed 

end - calculated 
----------

cm'/sec Dunes/em' Poise 
{ 0.072232 182 O. 225581 X 10' 3. 12301 X 10' 

} 3. 10213X 10' { 
3.12317X 10' - 1130 

U - 2 . 1284 12 324 . 403177 3. 13971 
0. 2913XIO' 0. 010017 1. 15 3. 13954 + liO 

. 19261 8 486 . 608355 3. 15835 3. 15824 + 110 

.256824 648 . 815885 3. 17683 3.17694 - 110 

{ 
. 072277 182 . 225762 3. 12357 

} 3. 10245 { 
3. 12358 - 10 

llI- 2 . 128492 324 . 403487 3. 140]7 
. 2923 . 010018 1.16 3. 14001 + 1130 

. 192739 486 . 608767 3.15850 3. 15879 - 290 

. 256985 648 . 816622 3. 17770 3. 17757 + 130 

{ 
.072277 182 .225775 . 3. 12375 

} 3. 10323 { 
3. 12433 -580 

IV- 1 . 128492 324 . 403718 3.14 197 
. 2919 . 010021 1.16 3.14074 + 1230 

. 192739 486 . 608808 3. 15872 3. 15949 - 770 

. 256985 648 . 816800 3.17840 3. 17824 + 160 

Mean values __ 3.10260 0.2918 0. 010019 11.l6 
19 



justified from the spread of the pressure data shown 
in tables 26 through 36 in appendix D , which indicate 
that the probable accuracy of PIQ is essentially 

. independent of pressure. Furthermore, the results 
of the l~peat calibrations of the injector suggest 
that 0 was always known better than the corre­
sponding equilibrium pressure, and hence 0 was taken 
as without error. 

The calculated values of PIO given in table 16 
were obtained by using eq 28 and substituting the 
values of a and b as given for each series. Tho 
deviations of the observed points from the calculated 
traight lines are also given and serve to indicate the 

constancy of m and n over the rates of flow covered. 
With series II and III the observed values of PIQ 

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 a and b between the 
three series was taken to be experimental error, and 
therefore the values of 'Y/ and m calcula ted from th e 
mean values of a 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 oLhcr 
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 a 
and b as given in the tables. 

The calculation of the viscosity by using the flow 
data with each capillary as an independent detenni­
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 calcula tions eq 9 was 
transformed somewhat. 

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

TABLE 17. R esults of flow lesls al 20° C wilh capillary 2.5a 

Series Deviatioll 
numher- Q Reynolds P P / Q.obsen'ed a b m P/ Q. calculated from line, 
entrance number ~ observed-

end calculated 

em'/sec Dynes/em2 Poise 
{ 0.096376 243 0.151899XIO 6 1. 57611 X IO 6 

} { 
1. 57633X IO 6J -220 

YIl- l . 128502 324 . 203807 1. 58602 1. 54i83XlO 6 O. 2957XIO 6 0.010012 1.17 1. 58583 + 190 
· 192753 486 . 309368 .1. 60500 1. 60483 + 170 
. 257004 648 .4 17293 1. 62368 1. 62382 - 140 

{ 
. 096376 243 . 151927 1. 57640 

} { 
1. 57654 -140 

IX- 3 . 128502 324 . 203825 1. 58616 1. 54822 .2938 . 010015 1.16 1. 58597 + 190 
· 192753 486 . 309333 1. 60482 1. 60485 -30 
. 257004 648 . 4J 7303 1. 62372 L 52373 -10 

{ 
. 096376 243 . 151915 1. 57627 

} { 
L 576Jl + 160 

X - I . 128502 324 . 203741 1. 58551 1. 54749 . 2970 . 010010 1.18 1. 58566 -150 
. 192753 486 .309305 1. 60467 1. 60474 - 70 
· 257004 648 . 417349 1. 62390 L 62382 +80 

l'vIean yalues ____ 1. 54785 . 2955 . 010012 1. 17 I 
TABLE 18. R esults of flow tests at 20° C wilh capillary 1.4 

Series Deviation 
numl>er- Q Heynolds P P/ Q. observed a b '" P / Q. calculated from line, 
entrance number ~ observed-

end calculated 

em'/see Dynes/em2 Poise 
{ 0. 033674 106 0. 239859XI06 7.12297X106 

} { 
7. 12240X IQ< +570 

V-5 . 072282 228 .516662 7.14786 7. 09913 X 10' 0. 6911XIO' 0. 010015 1.11 7. 14908 - 1220 
.096376 305 .690667 7. 16636 7. 16574 +620 
. 128502 406 . 923673 7. 18800 7. 18794 +60 

{ 
033674 106 .239831 7. 12214 

} { 
7.12234 -200 

VI-4 . 072282 228 .516787 7. 14959 7.09874 .7009 .010014 1.13 7. 14940 + 190 
.096376 305 . 690695 7.16665 7.16629 + 360 
. 128502 406 .923732 7. 18846 7. 18881 - 340 

{ 
. 033674 106 .239866 7. 12318 

} { 
7. 12330 - 120 

VIII- 4 . 072282 228 .516874 7. 15080 7, 09965 . 7023 . 010015 1. 13 7. 15041 +390 
. 096376 305 .690736 7.16708 7.16733 - 250 
. 128502 406 .923917 7. 18990 7. 18990 0 

Mean values ____ 7. 09917 . 6981 . 010015 1.12 
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TABLE 19. R esults of flow tests at 20° C with capillary L~a 
~ 

Series D C\'iat ion 
Jlumlx'r- Q R eynolds P P / Q, observed from linc, 
e ntrance number a b ~ m P / Q, calculated observed-

end calculated 
---

em3/see D ynes/em ' P oise 
106 0. 1l9681 X IO 6 3. 5.)411 X IO 6 3. 55468 X )0 6 -570 { 0, 033674 

} { XI- 4 . 072282 228 . 25898) 3.58292 3. 53065X I0 6 
3.58223 + 690 

. 096376 305 . 34695) 3.59996 0, il36 X10 6 0. 010015 1.15 3,59942 + 540 

. 128502 406 . 465395 3. 62169 

. 033674 106 . 119687 3,55429 

{ } XTI-4 . 072282 228 . 258938 3,58233 3, 53066 , 096376 305 . 346882 3.59925 
. 128502 406 . 465379 3.62157 

l\1ean valucs __ __ 3.53066 

Q is better than an observed value. Hence, the 
best values of the pressure drops through the capil­
laries for substitution in eq 9 will be those obtained 
from the calculated values ofP/Q. Toillustratc this 
treatment, any parti cular value of Q may be chosen 
that is within the raLes of flow common to the data 
on both capillaries in the pair. The values of a and 
b appropriate to the longer capillary are substituted 
in eq 28 , and the value of P/Q is calculated for the 
particular rate of flow chosen . Multiplying this 
value of P/Q by Q give the value of P I, the pressure 
drop through the capillary. In a similar manner 
the value of Pz is calculated for the shorter capillary 
at the same rate of flow. These values of the pres-
ure drops corresponding to the rate of flow Q in each 

capillary are then substituted in eq 9, together with 
the capillary dimens ions a nd the mean valu es of m 
as determined for the two capillaries. The identical 
results are obtained more simply, however, by a 
calculation using the intercepts for tbe two capil­
laries. 

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

7r [ al1'f- a21'~ ] 
1') =8' (l) - l2) + (11)1' ) -1121'2) , 

(29) 

in which a) is the intercept in eq 28 for the longer 
capillary, and a2 is the intercept for the shorter. 
~s before, if 1'1 and 1'2 do not differ greatly, the quan­
tity (11)1'1 - n 21'2) may be neglected. 

The values of the measured qualltities 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 
tabl e 21. These two calculations res ult 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 tha t the quantity (n11'1 - 1121'2) may be 
neglected. 

In add ition, calculations were made pairing capil­
lary 2.5 with 1.4a and 1.4 with 2.5a. These resu lts 
are also given in table 21. The value of 0.57 was 
used for both 111 and 112. The magnitude of the 
quantity (1111'1 - 1121'2) is small in comparison with 
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3. 62235 - 660 

{ 
3.55456 -270 

. 7096 3. 58195 +380 . 01001 5 1.14 3. 59905 + 200 
3.62185 -280 

-------
. 7116 . 010015 1.15 

TABL E: 20. Quantities used in the calculation oJ the viscosity, 
by means oJ equation 29 

Capillary a aT' I 0.57r 

-----
em on 

2.5 3. 10260 X 106 1. 24374 4 . 736 0,014 
2 5a 1. 5'l785 0,62032 24. 316 .01·1 

1.4 7.09917 1. 15319 45,208 . Oll 
1. 4u 3.53066 0,57476 22. 525 . 011 

T A RLI': 21. Yalues oJ the viscosity 1) , calculated .from the data 
for pairs oj capillaries 

P ail' ~ at 20° C 

Poise 
2.5 ancl 2.5a ____________ __ 0. 010022 
1.4 a nd 1.4a ___________ ___ . 010014 

2,5 a nd 1.4u ______________ . 010022 
1.4 ancl 2,5a ______________ . 016018 

~ at 20° C 
mean 
values 

Poise 

} 0. 010018 

} . 010020 

em em 

{ 24. 420 0,000 
22. 683 . 000 

{ 26,2 11 +. 003 
20,892 -.003 

(l1- l2) in each case, and therefore Lh e calculaLion 
arc not seriously affected by uncertainties in n] and 
112. 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 individu al f!'tctors, i t i 
difficul t to evalua te the final resul t in terms of the 
estimated accuracy of each factor. It is believed that 
the error in each contribu ting measurement was 
reduced to 1 part in 10,000, 01' better, except pOl'hap 
in the measurement of the equilibrium pressures les 
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 of eq 29 
probably represents the most reliable treatment of 
the data, because uncertainties in the magnitude of 
the constant 11 are minimized. The values given in 
table 21 for the results with the capillary pair 



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 1.4 + 2.5a, 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 ± 0.000002 , 

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 0.01 0012 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 
arne data and assuming n = O for all four capillaries, 

the following values result: 

Capillary 

2.5 _________________________________ _ 
2.5a ________________________________ _ 
1.4 _________________________________ _ 
1.4a ____________ ____ ________________ _ 

O. 010022 
. 010018 
. 010017 
. 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 = O results in better over-all agreement in the cal­
culated values of th e viscosity, the measurements are 
so insensitive for the evaluation of n, t hat no accurate 
conclusions may be reached as to its magnitude. I t 
is per tinent, however, to no te that the results of the 
calculations with eq 29 given in table 21 are not 
significantly changed by taking n = O. For n = O 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+ 2.5a is reduced to 
0 .010017. Thus the mean value remains the same, 
but the standard deviation of the mean is increased 
to ± 0.000003. In consideration of this uncertainty 
in the value of n, the best result obtained from the 
data is 

1'/20 = 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 H ersey [15] and H ersey and 
Zimmer [16]. Their equations were expected to 
yield either too high or too Iow 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 equatioils 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. H ence, for the purpose of 
calculating the viscosity, it is no t 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 cer tain assumptions are made with regard 
to the distribution of temperatures in the capillaries, 
it is 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 subj ect to criticism, and 
therefore no good agreement is to be expected. The 
three most recen t careful determinations were made 
by Thorpe and Rodger [17], Hosking [18], and Bing­
ham and White [19]. Their results at 20° Care 
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. 

T ABLE 22 . Viscosity of water at 20° C by other investigators 

In vcst igator 
I 

~20 I '" n 
---

Poise 
'fhorpe and Rodger (1894) ... . .......... 0. 010015 1.00 0 
Hosking (l909) ......... ~ ............... . 01006 1. 158 1. 64 
Bingham and White (1912) ............. . 01005 1. 12 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 tha t 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 constan t n, and hence assumed 
that n = O. 

In Hosking'S work neither the value of m nor n 
may be regarded as determined. He evaluated m 
for bo th directions of flow through each of four 
capillaries and obtained results varying from 1.128 
to 1.216, with a mean of 1.158. H e then recalcu­
lated some of his earlier r esults obtained with other 
capillaries, taking m = 1.158 and n = 1.64 and arrived 
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at 1] 20= 0.01006 as the best resul t 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 as umed for the capillary in which the determi­
nation of the viscositJ of water was made. 

In view of the uncertainties in all three of Lhese 
determinations the lack of agreement with the 
present determina tion is no t significant. 

6 .3 . Application in Practical Viscometry 

One aim in tllis investigation was to obtain a value 
for the absolute viscosity of water at 20° C tbat 
could be used as a standard in practical viscometry. 
Accordingly , beginning on July 1, 1952, the National 
Bureau of Standards is planning to usc the value 
of 0 .01002 poise for the absolute viscosity of water 
at 20° Cas tbe basis for tbe calibration of viscometers 
and standard sample oils. It 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 und er the par­
ticular conditions of these experiments. In Lbis 
connection, various factors must be considered . 

(a) Purity oj the water with respect to deuterium 
oxide . At 20° C, D20 is about 1.245 times as viscous 
as H 20 [21], and consequently th e 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-wid e sources is only a few parts per 
million. This variation is not great eno ugh to affect 
the viscosity by as much as 0 .01 percen t [23]. 

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

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

(d) Change oj viscosity with rate oj 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 varJ 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 bet\veen the viscosity of water measured at 
a rate of shear of 0.013 reciprocal second and that 
measured at 5,000 to 10,000 r eciprocal seconds. 

The au thors ack:l1owledge 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 t he work of Beattie, et al. [12], and using the r elat ion 
1 ml = 1.000027 cm3, 

D R g , o.c = 13.59546 g/ml , or 13.59509 g/ cm3. 
A lso, 

D H ", 2o.c = 13.54589 g/cm3. 

The values of (3 for use in eq 20 were ca lculated from 
'Beattie's res ults and found to be as follows in the ranges in 
-which they were used : 

T emperat ure range (3 

°C 
19 through 24 _________________ ___ 180.9 X 10- 6 
25 through 32 _______ _______ ______ 181.0 

8.2. Resistivity of Mercury 

From t he I CT va lue of 9.40766 X 10-' international 
'ohm-mm, and converting, using the relation 1 in ternational 
ohm = 1.000495 absol'ut.e ohms, 

po= 9.41232 X 10- 4 absolute ohm-mm. 

The equation of Jaeger and von Steinwehr [25], 

Pe= Po (1+ 889.15 X 10- 6// + O.99360 X 1O- f //2), 

is used to calcula te the resistivity at other t emperatures. 

8.3. Density of Water 

The den sity of water at 20° C, used in the calculation of t he 
pressure drop through a capil lary from the height of m ercury 
in the manometer, was calculated from the properties of 
water as given by Dorsey [26] . H e gives the value of 
'0 .9982336 g/m l , or 0.998207 g/cm3 (1 ml = 1.000027 cm3), for 
t he density of air-free water at 20°C and a press ure of 1 atm. 
From Dorsey's table 92, the corresponding val ue for water 
saturated with air is 0.998206 g/ cm3. 

The press ure on t he water, and therefore its density, varies 
t hroughout the viscometer and manometer system , and also 
varies with the height of m ercury in t he manometer . In 
appendix D the calculations of t he pressure drops were 1'Pade 
on t he basis of a m ean val ue for the density of water . This 
mean was calculated on t he basis of a m ean press ure of 1.25 
atm on the water in the apparatus. The density at t his 
pressure was calcu lated from t he data given in t able 105 of 
D orsey's book and found to be 0.99822 g/cm3. 

The use of t his m ean value of the den sity instead of t he 
actual densities for each condition will in no case introduce 
an error greater than 2 parts per mi llion in the calculation of 
t he pressure drop through the capillary. 

8 .4. Acceleration of Gravity 

The value used for t he acceleration of gravity is 980.080 
cm/sec2, absolute gravity, Dryden redu ction . T his value is 
based upon accurate measurem ents [27] made on the same 
fioor of t he building in whi ch t he 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 determinat ion 
of t he interval of lengt h between that rod and t he longest 
gage rod. The result is expressed as a correction to the 
nominal lengt h of t he interval. 

The rods were ca librated with Hoke gage blocks in a room 
where the temperat ure was contro ll ed close to 20° C. A 
shallow glass dish about 10 cm in diam eter and containing 
mercury was placed on a leveled surface p late. A steel plate 
with a %-in.-diameter hole was supported above t he di sh on 
parallel bars whi ch res ted on t he surface plate . Hoke gage 
blocks, wrung together in s ui table combinations, were placed 
verticall y on t he ground surface of t his plate, and the microm ­
eter depth gage was seated on top of t he gage blocks. The 
gage rods were clamped successive ly in the dept h gage, 
passing through t h e hol es in the gage blocks and steel plate 
to make co nt act with t he surface of m ercurv in t he dish . 
Contact was indicated by t he same electric circuit as t hat 
employed in the manometer. 

In this way t he in tervals between t he longest Tod and each 
of the others were determined on various occasio ns, with the 
res ults as given i n table 23. After the first t wo ca librations, 
on ly the rods that covered t he parti cular heights used in t he 
tests were fur ther calibrated . 

T ABLE 23. Calibration of gage rods 

[The values given are corrpctions to the nominal lengths of the intervals in tcn 
thousand ths of an inchl 

D ate of calibration 

Rod Nomi· 
nal in- Jan. Mar. Dec. Jnne Feb. Jan. Apr. Oct. 
tcrval 1940 1941 1941 1947 1948 1949 1949 1949 

1'11 . 
50 0 0 0 0 0 0 0 0 
47 3 + 183 +li7 ~ -- - - -- .--.-.- ------- ------- -------46 4 + 103 +98 +94 ---.-.- .----.- ------- +59 +135 

45 5 -34 -41 - 44 ------- ------- -75 -78 
44 6 +42 +35 +28 -4 +3 +3 
43 7 +48 +41 +38 +30 +29 + 11 +11 
42 8 +34 +2G ------- ------- + 13 +29 +33 +25 
41 9 +2 -6 ------- ----- -- -22 -34 -35 

40 10 +5 -3 +5 ------- +6 -9 -9 -12 
39 11 -33 -41 - 41 .------ -44 -48 -48 -53 
38 12 +47 +39 .------ ------- +18 +6 +6 
37 13 -28 -32 -33 -43 - 41 -44 -41 -47 
36 14 0 -9 -12 ------- -6 -8 -17 

35 15 -36 -45 - 43 ------- -48 -50 -57 -61 
34 16 +21 +11 ------- -----.- -2 -4 0 
33 17 +75 +68 +67 ------- +48 +41 +42 
32 18 +51 +44 ----- -- ------- + 16 +8 + 12 
31 19 - 44 -51 -53 -54 -61 -65 -66 

30 20 +38 +31 ------- ------- + 12 +7 + 10 
29 21 +43 +35 ------- ------- +25 +17 +19 
28 22 +27 +21 ------ - ------- +4 +9 + 11 
27 23 -62 -69 -70 ------- -93 -99 -96 
26 24 -227 -235 ------- ------- -246 -256 -255 

25 25 - 159 -167 ------- ------- - 188 -196 -190 
24 26 -182 -191 -195 -195 -207 -219 -215 
23 27 -81 -93 ------- ------- - 109 -121 -115 
22 28 +222 +212 ------- ------- +205 +191 + 19.1 
21 29 -33 -43 ------- ------- ------- -59 -46 

The rods were numbered according to t heir no minal le ngt hs 
in inches. The second column gives t he nominal difference 
in length between each r od and rod 50, which was t he one 
used in obtaining t he manometer zero. The corrections 
given for each rod are corrections to t he nominal lengt h of 
the corresponding interval in inches. In all of the cali-
brat ions, measurements wit h each rod were repeated at least 
once, and t he corrections entered in the table are mean 
values. Repeated measurements on a g ive n rod showed 
agreement within 0.0002 in. in almost all cases. 

It was not possible to attribute the changes in the lengths 
to a nyone cause. In ge neral, the changes were in t he 
direction of the intervals shortening with time, bu t the mag-
nitudes of the changes were not proportional to the interval 
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lengths and t he refore were not ex plained by uniform shrink­
age of t he rods. It is probable that growth and shrinkage 
of the rods, toge!'he r with possible electrolytic weat· of the 
tip, were al l 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 val ues 
at a ll time when £low meas urements were being made. 

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

For determining t he mean radii of t he capillaries by t he 
gravimetric method, t he quantities of mercury from the 
fillings of t he capillaries were weighed in small glass-stoppered 
bottles. 

In the weighings co ncerned with capillaries 2.5 and 1.4a, 
t hree bottles, 3, 6 and 25, were used. Bottles 3 and 6 were 
used in t he weighing of the mercury, and bo t tle 25 was 
weighed each time as a blank. The weighi ll g procedu l'e 
was desig ned to determ ine t he effects, if any, of possible 
variations in the s mface condition of the glass upon the 
constancy of weight of the bottles. The t lu ee bottles were 
first weighed empty, and the mercury was t ra nsferred fl'om 
t he capiIJary to bottle 3 and weighed. It was the n t rans­
ferred to bottle 6 and weighed . After t his, the mercury 
was discarded, and bottle 6 was \ye ighed again empty. 
Before each weighing t he bottles were held in s team momen­
tarily to condense moisture of the surface so as to d iss ipate 
any electrostat ic charges. The bottle caps were loosened 
and replaced. Then t he bottles were placed in t he bala nce 
an d weighed after about 5 minutes. 

The results of the weighin gs of the empty bottles are given 
in table 24. Th e weighings show s mall erratic changes, and 

TAELE 24. 11Iass of weighing bottles, empty 

13ottlc-
Rela tive 
humidity Date 

25 

Percent mo my my 

18 2199.037 229 1. 281 2'101. 13.5 
2199. 038 2291. 278 2401. 134 1/17/50 

17 { --~~~~~ ~:~-- 2291. 2R3 2101. 135 
2291. 282 ------------

1/17/50 

31 ( --.--------- 2291. 290 2401. 147 
l - -- -- - ------ 2291. 287 ----- - - - ----

1/18/50 

18 { - - ~~~~~~:~-- 2291. 289 2401. 146 
2291. 291 ------------

1/19/50 

15 { 2190.049 2291. 294 2401. 151 
2t99. 040 2291. 294 ------------

1/20/50 

3S { - - =~:~ ~~~: - - 2291. 295 2401. 151 
2291. 302 ----- --- ----

1/23/50 

40 { 2199.062 2291. 298 2401.156 
-- - - - - --- - - - 2291. 302 ----- - --- - - -

1/24/50 

48 { --:~:~~~~~-- 2291. 299 2401.153 
22g1. 301 ------- - -- - -

1/25/50 

44 { --~:~~~ ~~~ - - 2291. 300 2401. 156 
2291. 300 ---- ---- - - --

1/26/50 

27 { -- ~:~~~ ~~~-- 2291. 300 2401. 164 
2291. 299 ------------

1/27/50 

1/27/50 22 { --:~~~~ ~~~-- 2291. 297 2401. 163 
2291. 306 - - --- - ------

e vidence a de fi ni te over-all gain in weight of all three bott les 
du rin g the period of t heir use. T he gai n in weight of bottles 
3 a nd 6 is pt"obably not attributable to residues left by the 
m ercury sam ples, as bottle 25 s howed the same increase. 

In the co urse of the weighings, the r elative humidity in the 
room where the weighings were made was varied t hrough the 
wide range given in the table. Apparently the weighings 
were not affected by t hese variations. 
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The re ults of !'he two weighings of each ample of mercurj" 
are given in table 25. Sampl es A to E wel'e from repeat 
fi ll ings of capi ll a ry 2.5a ; F to J were fron1. capillary 1.4a. 
The agreement between the two weighings of each sample is. 
better t han 0.01 mg in all cases. The mean val ues of t hese 
duplicate weighings are given in table 10 and were used in t he 
calcu lations. Considering a ll sources of errO l', it is probable 
that these mean values are within 0.01 mg of !,he t rue masses 
of t he samples. 

TABLE 25 . Mass of samples of 1IWl'CW'y j1-om fillings of 
capillm'ies 2.5a and 1.4a 

Sample 

A ______________________ ____________ _ 
B _______________ _____ ______________ _ 
C _________________________ __ _______ _ 
D __ _______ ____________ ______ ______ _ 
E _________________________ _________ _ 

F ________ . _________________________ _ 
G __________________________________ _ 
]-1. ________________________________ _ 
L _________________________________ _ 
J ______________________________ . ___ _ 

Datp 

1/17/50 
1/ 18/50 
1J19/50 
1/20/50 
1/23/50 

1/24/50 
1/25/50 
1/26/50 
1/27/.00 
1/27/50 

'''cighed in bottlc-

3 

mg 
654.303 
654. 490 
654. 185 
654.638 
654 . 329 

3S6.252 
386.016 
386.099 
386.2t4 
386. 056 

my 
6.54. 307 
654.485 
654.190 
654. 643 
654.324 

386.258 
386. 013 
386.099 
386.221 
386. 047 

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

Tables 26 to 36 give t he observations made in the 11 series 
of flow meas urem ents and the detailed calcu lations of the 
pressure drops. The values of Q give n in co lumn 3 of these 
tables were calcu lated by the r elation 

. gra ms me l'cury 1 
Q= speed of dnveshaf t X t fd' I ft X D--- ' urn 0 nve S la . H.,200 C 

The speeds of t he drive shaft in revolut ions per second we l'e 
calculated from t he moto l' speed an d the ratio of the gears 
used in each case. The rate of deli very of t he inj ector in 
grams per t urn of t he drive shaf t was taken appropria!'ely 
from table 1, 3, 0 1' 5. The value used for the den sity of 
mercury at 20° C is 13.59546 g(cm3 (see appendix A) . 

The gage-rod co rrections given in append ix B were plo!,ted 
as a function of t ime, and t he co rrections en!'e red in column 5 
were taken from these eUI·ves. 

Each observation of the manometer zero is ente red i n the 
lowel' part of the tables. The mean of the observations in a 
particular series was used in the computation of the press ures 
for that series. 

Values of l'VIQ, t he micrometer depth-gage head readin gs 
under the flow conditions, arc given in column 6. In column 
7, A= mean l'Vlo - l'VIQ • 

The differe ntial heights of mercury in t he manometer are 
given in column 8. These are computed by t he relation 

ho= A+ intenial + rod cOlTection, 

in which the interval is t he nominal d ifference in length 
between the rod and rod 50. 

The difference between the actual tempera t ure of each run 
and 20° C is entered in column 9. On the basis of t hese 
temperature differe nces, the conections to ho enterecl in column 
11 were computed by using 0.0025 %(0.001 deg C for t he 
chan ge in t he viscosity of water with temperature at tem­
peratures close to 20° C [4]. The sig n of each co rrection is 
s uch t hat h2o = ho+ L'lh , in which h20 is the h eig ht of mercury 
for a co rrespond ing run at 20° C. Expansions or co ntractio ns 
in t he duralumin frame, gage rods, mercury in t he manometer, 
etc. were computed and found to be completely negligible for 
these small temperature differences. 

The mean val ue of h20 for each rate of Aow is given in 
column 12, and t he standard deviation of the mean is given 
in column 13. 



---------------------------------------------------------------------------------------------------,y~------------------

The press ure drops in dynes per square centimeter were 
calculated from the mean values of h,o and entered in column 
14. The calculations were made using the relation 

P2o = 2.540005 X gX (D H g - D w)20· cX h,o, 

in which 2.540005 is the factor fot' converting inches to 
ce ntimeters [30]. Substituting for g and (Dng- Dwh o· c 
their values from appendix A, 

P2o= 3.12363 X 10' X h2o• 

As was mentioned in the description of the manometer, 
t he values of P,o given in column 14 include the pressure drop 
through the side tube connecti ng the exit chamber with the 
long arm of the manometer . Values of this press ure drop, 
which is equal to the second term on t he right hand side in 
eq 16, are given in column 15. This correction was applied 
to P20 yielding t he press ure drops across t he capillary alone, 
which are entered i n column 16. Standard deviations in 
dynes per quare centimeter are entered in column 17. 

1 2 3 4 5 6 

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

Gage Gage· 
Date Run Q rod cor· MQ rod rection 

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

em'/see in. in. 
8/4/41 2 0.072232 43 + 0. 0040 0. 6294 
8/5/41 3 . 072232 43 +.0040 . 6275 
8/8/41 11 .072232 43 +. 0040 . 6276 

9/26/41 15 . 072232 43 +.0040 . 6195 
10/3/41 19 .072232 43 +. 0040 . 6180 
10/9/41 22 . 072232 43 +.0040 . 6155 

10/27/41 25 . 172232 43 +. 0040 . 6165 
10/28/41 28 . 072232 43 +. 0040 . 6166 
10/29/41 29 . 072232 43 +.0040 . 6166 

8/4/41 4 . 128412 37 - . 0032 . 9375 
8/6/41 5 . 128412 37 -. 0032 . 9366 

9/30/41 16 . 128412 37 -. 0032 . 9246 
10/1/41 18 . 128412 37 -. 0032 . 9248 
10/8/41 21 . 128412 37 - . 0032 . 9240 

10/28/41 26 . 128412 37 -. 0032 . 9246 
10/29/41 30 • J28412 37 -. 0032 . 9260 

8/4/41 1 .192618 31 -.0052 . 3671 
8/6/41 6 . 192618 31 - .0052 . 3620 
8/6/41 8 . 192618 31 -. 0052 .3635 
8/7/41 9 . 192618 31 - .0052 . 3660 
8/8/41 13 . 192618 31 -. 0052 . 3675 

10/3/41 20 . 192618 31 -. 0052 . 3502 
10/10/41 23 . 192618 31 -. 0052 . 3518 
10/28/41 27 . 192618 31 -. 0052 . 3544 

11/3/41 31 . 192618 31 -. 0052 . 3510 

8/6/41 7 . 256824 24 -. 0193 . 7110 
8/7/41 10 .256824 24 -. 0193 . 7102 
8/8/41 14 . 256824 24 -. 0193 . 7060 

9/30/41 17 . 256824 24 -. 0193 . 6958 
10/10/41 24 .256824 24 -.0193 . 6930 

T ABLE 26. Series II , capillary 2.5 
[Calcula tion of the pressure drops] 

7 8 9 10 11 12 13 
----------- ---- ----- ---- -----

Stand· 
h 2O , a rd dev i· A ,,, AO A~ h20 meanS ation of 

the illean 

-----------------------
in. in . ·C in . in . in. in . 

+ 0.2141 7. 2181 0. 000 0. 0000 7. 2181 
+ .2160 7. 2200 +. 009 +.0016 7. 2216 
+. 2159 7. 2199 +.007 +.0013 7. 2212 
+. 2164 7.2204 +. 004 +.0007 7.2211 
+. 2179 7. 2219 -. 005 -. 0009 7.2210 7. 2218 ± 6X IQ-' 
+. 2204 7. 2244 -. 006 -. 0011 7.2233 
+.2194 7. 2234 +.002 + . 0004 7. 2238 
+. 2193 7.2233 -. 002 -. 0004 7. 2229 
+ . 2193 7. 2233 . 000 . 0000 7. 2233 

-. 0940 12.9028 +. 013 +. 0042 12.9070 

)" 00" 

-. 0931 12. 9037 +. 001 +. 0003 12.9040 
-. 0887 12. 9081 +. 004 + . OOJ3 12. 9094 
-. 0889 12.9079 . 000 . 0000 12. 9079 ± 9 
-. 0881 12. 9087 . 000 . 0000 12. 9087 
-. 0887 12.9081 +. 001 +. 0003 12. 0084 
-. 0901 12.9067 .000 . 0000 12. 9067 

+. 4764 19.4712 -. 002 -. 0010 19.4702 
+. 4815 19.4763 -. 001 -. 0005 19.4758 
+.4800 19.4748 +. 003 +. 0015 J9.4763 
+.4775 19. 4723 -. 004 -. 0019 19.4704 
+ . 4760 19.4708 + . OJ5 +. 0073 19.4781 19. 4760 ± 12 
+.4857 19.4805 -.005 -. 0024 19. 4781 
+. 4841 19.4789 +. 001 +. 0005 19.4794 
+. 4815 19.4763 . 000 . 0000 19.4763 
+. 4849 19. 4797 . 000 . 0000 19. 4797 

+. 1325 26. 1132 . 000 . 0000 26. 1132 

}26. 1199 
+.1333 26. 1140 + . 001 +. 0007 26.1147 
+. 1375 26. JJ82 + . 006 + . 0039 26. 122J ±30 
+. 1401 26. 1208 +. 006 +. 0039 26. 1247 
+. 1429 26. 1236 +.002 +. 0013 26. 1249 

Observations of M~o, August 1941 data 

D ate ________ ._ ....... _ .... ____ ... ___________________ 8/4 8/4 8/5 8/5 8/6 
rrime ________________________________________________ a. m. p.m . a. m . p . m . a. m . 
frIo __ • _____ •••••••••.• _. _ .. _ ....... ____ •••• _______ . __ 0.8433 0.8433 0. 8432 0. 8432 0. 8434 

M ean value = 0.8435. Standard deviat ion of t be mean=±O.OOOl 

14 

P 20 

Dynes/em' 

0. 225582XIQIl 

. 403179 

. 608358 

. 815889 

8/7 
a. m. 

0. 8437 

Observations of frIo, September , October, and November 1941 data' 

Date __ .. ____ .... __ ... __ . __ .. 9/26 9/26 9/29 9/29 9/30 9/30 10/1 10/3 
Time __ . __ .. ______ ._ .• _______ a. m . p.m . a. m . p.m . a. m. p . 111. a. m. a. m. 
M o ___ •• _ .. ___ • _. __ .. _______ • 0.8374 0.8349 0.8357 0.8364 0. 8355 0. 8323 0. 8354 0.8369 

D ate __ .. _ ............ __ . __ ._ 10/9 10/9 10/10 10/10 10/27 10/27 10/28 10/28 
'l~ ime _____ ___________________ a. m . p. m . a.m . p . m . a .m. p . m . a. m. p . m . 
M o ___ . ............ __ • ___ _ ._. 0.8359 0.8361 0.8361 0.8359 0. 8351 0.8364 0.8360 0. 8360 

Mean value = 0.8359 . Standard deviation of the rnean =±0.0002 

15 16 17 

Correc· Stand-

tion for ard de· 
P \'iaLion side tube of the 

m ean 

D ynes/ Dynes/ 
em' Dynes/em' cm2 

-0. 000001 0.225581X106 ± 19 

-. 000002 . 403177 ± 28 

-. 000003 . 608355 ±37 

-. 000004 .815885 ± 94 

8/7 8/8 8/8 
p . m . a. m. p. m . 

0. 8440 0.8438 0. 8438 

10/3 10/8 10/8 
p . m . a. m. p.m . 

0.8372 0. 8362 0.8363 

10/29 10/29 11/3 
a. m . p. rn . a.m. 

0.8358 0.8359 0.8367 

• Following the August m easurements certain shims were removed from under t he surface plate on wbich the depth gage was mounted . H ence , th ese data a re 
expected to be different from t he A ugust data. 
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1 2 3 4 5 6 
-----------------

Gage-
])a te HWl Q Gage rod cor- k[Q rod fcct.ion 

------------- --
cml/sec in. in . 

10/29/47 1 0.072277 43 + 0.0029 0. 4600 
10/30/47 2 . 0722i7 43 +.0029 . 4600 
10/3 1/47 7 . 0722/i 43 +. 0029 . 4615 
10/31 /47 8 . 0722/i 43 +. 0029 . 4605 
10/3 1/47 9 . 0722/i 43 +.0029 . 46:10 
10/31/47 10 . 072277 43 +. 0029 . 4620 
H / 5/47 21 . 072277 43 +. 0029 . 4705 
H/ 5/47 22 .072277 43 +.0029 . 4670 
11/ 7/47 23 .072277 43 +. 0029 . 4620 
11/ 7/47 24 . 072277 43 +. 0029 . 46 15 

11/ 5/47 17 · 128492 37 -. 0042 . 7670 
11/ 5/47 18 · 128492 37 -.0042 . 7640 
11 / 5/47 19 · 128492 37 -.0042 . 765.5 
11/ 5/47 20 · 128492 37 -. 00'12 . 7645 
H / 7/47 25 · 128492 37 -.0042 . 7665 

11 /3/47 13 · 192739 31 -. 0060 . 1910 
11/ 1/47 \4 · 192739 31 -. 0060 . 1915 
11/ 4/47 15 · 192739 31 -. 0060 . 1895 
11/ 4/47 16 · 192739 31 -. 0060 . 1875 

10/30/47 3 . 256985 24 -.0205 . 5270 
10/30/47 4 · 256985 24 -. 020b .5260 
10/30/47 5 . 256985 24 -. 0205 . 5220 
10/30/47 6 · 256985 24 - . 0205 .5225 
11/ 3/47 11 . 256985 24 -. 0205 .5260 
11/ 3m 12 · 2b6985 24 -.0205 . 5235 

TABLE 27. Series 1 n , capillm'Y 2.5 
[Calcula tion of the pressurr drops] 

7 8 9 10 11 12 13 
------------------~-

Stand-
a h. .0.9 .o.~ Ii 20 

h 2O, arcl devi-
meanb ation of 

t be mean 

------------------
in. in. °C in. in. in. in. 

+0. 2275 7. 2304 -0. 00 1 -0. 0002 7. 2302 
+.2275 7.2304 . 000 . 0000 7.2304 
+.2260 7. 2289 -. 003 -.0005 7.2284 
+ . 2270 7.2299 -. 001 -. 0002 7. 2297 
+.2245 7.2274 +.009 +.00 16 7.2200 7.2276 ± 12X lO-' + . 2255 7.2284 +. 003 +.0005 7. 2239 
+ . 2170 7.2199 -. 006 -.OO Ll 7. 2188 
+.2205 7.2234 -. 006 -. 0011 7. 222:1 
+.2255 7.2284 +. 005 +.0009 7. 2293 
+.2260 7.2289 . 000 . 0000 7. 2239 

-. 0795 12.9163 -. 002 -.0006 12. 9157 

112.91n 
-. 0765 12.9193 -.002 -. 0006 12. 9187 
-.0780 12.9178 -.004 -. 00 13 12. 9165 ±6 
-. 0/i0 12. 9188 -.005 -. 001 6 12.9172 
-.0790 12.9168 +.005 +.00 16 12.9184 

+. 4965 19. 4905 +. 001 +. 0005 19.4910 

}19. 4892 
+.4960 19. 4900 -.007 -. 0034 19. 4866 ± 12 +. 4980 19. 4920 -. 007 -. 0034 19. 4886 
+.5000 19.4940 - . 007 -. 0034 19.4906 

+ . 1605 26. 1400 .000 . 0000 26. 1400 
+. 1615 26.1410 -.001 - . 0007 26.1<103 
+. 1655 26.1450 . 000 . 0000 26. 1450 26. 1435 ± 12 +.1650 26.14·45 . 000 .0000 26.1445 
+. 1615 26. 1410 +.006 +. 0039 26. 1449 
+. 1640 26. 1435 +. 004 +.0026 26. 1461 

. 
o bscf\7 ations or J.Vfo 

14 15 16 17 

-------~-- ---
Stand-

Correc- ard de-
p" tion fo r P viation 

side tube of the 
mean 
---

Dynes/ Dyn es/ 
Dynes/em' em' Dynes/em' cm2 

O. 225763 X 10 ' - 0.000001 O. 225762 X to , ±37 

. 403'189 -.000002 . 4034 7 ± 19 

.608770 -.000003 . 608767 ±37 

.816626 - . 000004 .816622 ±37 

D ate _______ 
'rimc ______ 

JO/29/47 10/29/47 lOi 30/<J7 10/30/47 10/3 1/47 10/31 /47 11/ 3/47 J 1/ 3/47 11/ 4/47 11/ 5/47 11 / 5/47 11 / 7/47 11/ 7/47 
a. lll . Mo _________ 0. 6890 

1 2 3 
---------

1 at.e Run Q 

---------
em'/see 

12/ 18/47 1 0. 072277 
12/ 18/47 2 . 072277 
12/22/47 5 . 072277 
12/22/47 6 . 072277 
12/26/47 15 . 072277 
12/26/47 16 . 072277 
12/29/47 17 . 072277 

12/26/47 13 . 128492 
12/26/47 14 . 128492 
12/29/47 J8 · 128492 
12/29/47 19 · 128492 

12/23/47 9 · 192739 
12/23/47 10 · 192739 
12/24/47 11 · 192739 
12/21/47 12 . 192739 

12/19/47 3 . 256985 
12/19/47 4 . 256985 
12/23/47 7 . 256985 
12/23/47 8 .256985 

R~tL 12/ 18/47 12/18/47 
llme._ a. rn . p . rn . 
M o ____ 0. 6870 0.6870 

p. m. a. m. p. m. a. 11I . p.m. a. m . p. m. a. m. 
0. 6870 0.6885 0. 6890 0.6880 0.6870 0.6870 0. 6865 0.6870 

4 5 
-----

Gage Gage-
rod rod cor-

reetion 

----
in. 

43 +0. 0029 
43 . 0029 
43 . 0029 
43 . 0029 
43 . 0029 
43 . 0029 
43 . 0029 

37 -. 0042 
37 -. 0042 
37 -. 0042 
37 - . 0042 

31 -.0060 
31 - . 0060 
31 -. 0060 
31 - . 0060 

24 -. 0205 
24 - . 0205 
24 -. 0205 
24 - .0205 

12/19/47 
a. m. 
0.6870 

6 
--

. I!g 

--
in . 

0. 4655 
. 4645 
. 4665 
. 4655 
. 4620 
. 4620 
. 4620 

. 7620 

. 7620 

. 7590 

. 7590 

. 1955 

. 1990 

. 1920 

. 1880 

.5220 

.5210 

.5210 

.5190 

Mea n vallle=0.6875. Standard deviation of mean =±0.0003 

T ABLE 28. Series I V , capillary 2 .5 
[Calculation of the pressure drops] 

7 8 9 10 11 12 13 

---------------------
Stand-

h2O, ard de vi-a h • .o.e a~ h" a tio" of means 
the mean 

---------------------
in. in. °C in . in. in. in. 

+0. 2230 7.2259 +0. 006 +O.oo Ll 7. 2270 

1,= +.2240 7.2269 +. 004 ,..0007 7.2276 
+.2220 7. 2249 + . 002 +.0004 7. 2253 
+.2230 7. 2259 + . 003 +. 0005 7.2264 ±8 X 10"" 
+.2265 7.2294 +. 001 +. 0002 7. 2296 
+.2265 7.2294 +. 002 +. 0004 7. 2298 
+.2265 7. 2294 +. 004 +.0007 7. 2301 

-. 0735 12. 9223 +.003 +.0010 12.9233 

}12. 9247 
-. 0735 12.9223 +. 004 +. 0013 12. 9236 ±9 -.0705 12. 9253 +.002 + . 0006 12. 9259 
-. 0705 12. 9253 + . 002 + .0006 12.9259 

+.4930 19. 4870 +.004 + . 0020 19. 4890 

}19. 4905 
+. 4895 19. 4835 +. 005 +.0024 19.4859 ± 22 +. 4965 19. 4905 + . 002 +.0010 19.4915 
+ . 5005 19. 4945 +. 002 +. 0010 19. 4955 

+. 1665 26. 1460 +. 002 +. 0013 26. 1473 

}26. 1492 
+. 1675 26. 1470 +. 002 + . 001 3 26. 1483 ± 10 + . 1675 26. 1470 +. 004 + . 0026 26.1496 
+. 1695 26. 1490 + . 004 +.0026 26. 1516 

Observations .of Mo 

12/22/47 12/22/47 12/23/47 12/24/47 12/24/47 
a. m . p .m. a. m . a. m. p . m . 
0.6900 0. 6895 0.6900 0. 6890 0. 6910 

M ean value=0.6885. Standa rd deviation of m ean = ±0.0003 
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a. l11. p.m . a. m. p. m. 
0.6870 0. 6870 0. 6870 0.6875 

14 15 16 17 

------- ---
Corree- Stand -

Lion lor 
ard de-

POD side tube 
p viation 

01 t he 
mean 

---- ---
Dynes/ Dynes/ 

])ynes/cm' em' Dynes/em' cm2 

O.225776X10' -0.000001 O. 225775XI0 , ± 23 

. 403720 -.000002 . 403718 ±28 

.608811 - . 000003 .608808 ±69 

.816804 -. 000004 .816800 ±31 

12/26/47 12/26/47 12/29/47 12/29/47 
a. m. p . m . a.m. p .m . 

0.6880 0. 6880 0.6870 0.6880 



1 
-----

Dale 

----

3/3/49 
3/4/49 
3/4/49 

3/2/49 
3/2/49 
3/3/49 
3/4/49 

3/2/49 
3/3/49 
3/4/49 

3/2/49 
3/3/49 
3/4/49 

1 
----

Dale 

----

3/28/49 
3/30/49 
3/31/49 

3/28/49 
3/30/49 
3/31/49 

3/30/49 
3/30/49 
3/31/49 

3/30/49 
3/31/49 
3/31/49 

TABLE 29. Series VII, capillary 2.5a 

[Calculation of the pressure drops] 

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

--------------------------- ------
Stand· Gage· 

Run 0 Gage rod cor· MQ tJ. h , tJ.8 tJ.h h20 h 2O, a rd devi· 
rod rection means alion of 

lhemean 

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

em'/sec in. in . in. in . °c in. in. in . in. 
10 0.096376 45 -0. 0075 0. 8090 -0.1319 4. 8606 0.000 0.0000 4. 8606 

} 4. 8f130 13 . 096376 45 - .0075 .8060 -. 1289 4. 8636 . 000 . 0000 4. 863/) ± 1-1 X 10'"' 
17 . 096376 4.; -. 0075 . 8050 -. 1279 4. 8646 +.001 + . 0001 4.8647 

5 . 128502 44 +. 0003 . 1525 + . 5246 6. 5249 +.001 + . 0002 6.5251 

} 6.5248 
8 . 128502 44 +. 0003 . 1530 +.5241 6.5244 . 000 . 0000 6.5244 ±3 9 . 128,;02 44 +. 0003 . 1525 + . 5246 6. 5249 +.001 +. 0002 6.5251 

14 . 128502 44 + . 0003 . 1530 +. 5241 6.5244 
. 0001 

. 0000 6.5244 

6 . 192753 40 -. 0009 .7715 - .0944 9. 9047 -. 001 -. 0002 9.9045 
} 9. 9043 II . 192753 40 -.0009 .7725 -.0954 9.9037 . 000 . 0000 9.9037 ±3 

15 . 192753 40 -. 0009 . 7715 -. 0944 9.9047 . 000 . 0000 9.9047 

1~ 1 
. 257004

1 

37 - . 004; 1 ' 31~5 1 +.36361 13.3594 
.000

1 

. 0000 13.3594 
} 13. 3595 . 257004 37 - . OOL .3105 

+. 36 16
1 

13.3574 -. 00 1 - . 0003 13.3571 ± 14 
16 . 257004 37 - . 0042 .3 L10 +.3661 13.3619 . 000 . 0000 13.3619 

~ ~ 

------

Run Q 

------
ems/sec 

6 0. 096376 
8 . 096376 

14 . 096376 

7 . 128502 
9 . 128502 

15 . 128502 

10 . 1927.53 
12 . 192753 
16 . 192753 

II .257004 
13 . 257004 
17 . 257004 

4 
--

Gage 
rod 

--

Observations of Mo 

Date ____________ 3/2/49 3/2/49 3/3/49 3/3/49 3/4/49 
'l'ime ___________ s. m . p. lll . a. m. p . m . a. m. 
Mo ______________ 0.6785 0.6780 0.6775 0.6765 0.6770 

Mean=0.6771. Standard deviation of t he mean= ±0.0005 

TABLE 30. Series I X, capillw'y 2.5a 

[Calcnlation of the pressure drops] 

I 

5 6 7 S 9 10 II 12 13 
--- -- --------- ---------

Stand· Gage-
rod cor- MQ tJ. h, tJ.9 tJ.~ h 20 

h2O, ard devi-
rection mean s a tion of 

the mean 

---- ---------_._------

in. in. in . in. °c in. in. in. in . 
45 -0.0075 0.8570 - 0. 1300 4. 8625 0. 000 0. 0000 4.8625 

} 4. 8639 45 -. 0075 . 8560 -. 1290 4.8635 +.001 + . 000 1 4.8636 ± 10X IO-4 
45 -. 0075 . 8540 -. 1270 4.8655 . 000 . 0000 4.8655 

44 +.0003 . 2020 +. 5250 6.5253 . 000 . 0000 6.5253 
} 6.5254 ±4 44 +.0003 . 2025 +.5245 0. 5248 . 000 . 0000 6.5248 

44 +.0003 . 2015 +. 5255 6.5258 +.001 + . 0002 6. 5260 

40 -.0009 .8250 -. 0980 9.9011 . 000 . 0000 9.9011 
} 9. 9032 40 -.0009 .8220 -.0950 9.9041 . 000 .0000 9.904 1 ± 12 

40 -. 0009 .8220 -. 0950 9.9041 +.001 +. 0002 9.9043 

37 -. 0042 . 3640 + .3630 13.3588 . 000 . 0000 13.3588 
}13. 3598( 9 37 -. 0042 . 3635 +. 3635 13.3593 . 000 . 0000 13.3593 

37 -. 0042 . 3615 +. 3655 13.3613 . 000 . 0000 13. 3613 

Observations of llIo 

~~te ____________ 3/28/49 3/28/49 3/30/49 3/30/49 3/31/49 
'llme ____________ a.m. p .m . a.m. p.m. a.m . 
Mo ______________ 0. 7290 0. 7275 O. 7260 0. 7270 0. 7255 

M ean value=0.7270. Standard deviation of mean=±0.0005 
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L4 15 I 16 17 

----- .. 
Stand· 

Correc· ard de· 
P20 tion for P viation 

Side tubc of the 
mean 

Dynes/ Dynes/ 
Dynes/em2 em2 Dynes/em2 cm2 

0.151902X 106 - 0. 000003 0. 151899X106 ± 44 

.2038L1 -. 000004 .203807 ± 9 

.309374 -.000006 .309368 ± 9 

. 41i301 -. 000008 . 417293 ± 44 

3/4M 
p. m . 
0.6750 

14 15 16 17 

Stand-
Correc- ard de· 

P20 tion fo r P viation 
side tube of the 

mean 
-------------

Dyn es/ Dynes/ 
Dynes/e m' em:! Dyne.l/em' cm2 

0. 151930X lO ' - 0.000003 O. 151927X I0 ' ±31 

. 203829 -. 000004 . 203825 ± 12 

.309339 -. 000006 . 309333 ±38 

. 417311 -. 000008 . 417303 ± 28 

I 

3/3 1/49 
p.m. 

0. 7270 



> 

) 
I , 

1 2 3 4 5 

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

Gage-Gage 
D a te Run 0 rod rod cor· 

rection 

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

em'/see in. 
8/12/ 49 1 0. 096376 45 -0_0078 
8/ 12/ 49 5 096376 45 - _0078 
8/ 15/ 49 7 . 096376 45 -.0078 
8/16/ 49 12 . 096376 45 -. 0078 

8/12/40, 2 . 128502 44 +.0003 
8/12/49 6 . 128502 44 +.0003 
8/15/49 8 . 128502 44 +.0003 
8/IG/49 13 . 128502 44 + . 0003 

8/12/49 3 . 192753 40 -.0012 
8/ 15/49 9 . 192752 40 -. 0012 
8/ 15/49 II . 192753 40 - . 0012 
8/16/49 14 . 192753 40 -. 00 12 

8/12/49 4 . 257004 37 -. 0047 
8/15/49 10 . 257004 37 -. 0047 
8/16/49 15 . 257004 37 - .0047 

Date _____ .. _____ 8/12/49 8/ 12/49 
'rime ____ _____ ___ a. m. p. Ill , 
111 ... ______ _____ 0.8355 0.8345 

I 2 3 4 5 

Gage-Gage 
D ate Run 0 rod eor-rod fcction 

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

in . 

6 
--

MQ 

--

in . 
0.9635 

. 9650 

. 9650 

. 9640 

.3125 

.3130 

. 3115 

. 3155 

. 9335 

. 9330 

. 9310 

. 9310 

.4700 

. '1700 

. '1685 

TABLE 31. Sel'ies Y, capillary 2.5a 

[Calculation or tbe pressure drops] 

7 8 9 10 Jl 12 13 
------------------

Stand-
h2O, a rd de vi-a h, ao ah h20 means ation of 

the mea.n 

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

in. in. °C in . in. in . in. 
-0. 1280 4. 8642 0. 000 0.0000 4.8642 

} 4. 8635 -. 1295 4.8627 +. 006 +.0007 4. 8634 ±3X10- ' - . 1295 4.8627 . 000 . 0000 4.8627 
- . 1285 4. 8637 .000 . 0000 4.8637 

+.5230 6.5233 . 000 . 0000 6.5233 

} 6.5227 +.5225 6.5228 . 000 . 0000 6. 5228 ± 9 +.5240 6, 5243 . 000 . 0000 6.5243 
+ . 5200 6. 5203 . 000 . 0000 6.5203 

- . 0980 9. 9008 +.001 +. 0002 9. 9010 

} 9. 9023 -.0975 9. 9013 . 000 . 0000 9.9013 ±8 -. 0955 9. 9033 . 000 . 0000 9. 9033 
- . 0955 9. 9033 +. 001 +. 0002 9.9035 

+. 3655 13.3608 . 000 . 0000 13.3608 
}1 3.3613 +.36551 13.3608 . 000 . 0000 13.3608 ±8 

+.3670 13. 3623 . 000 . 0000 13.3623 

Observat ions or lv/. 

8/15/49 8/15/49 8/16/49 8/16/49 8/16/49 
Noon a. Ill . p. m . a . m. p. m . 

0.8335 0.8300 0.8355 0.8360 0.8375 

Mea l1 =0.8355. Stand ard dc, iuLioll 01 the mean =±0.0004. 

TABLE 32. S eries V , capillary 1.4 
[Calculation 01 the pressure d rops] 

6 _ 7 1_8 9 _ 10 I_ll 1_12 1 13 

Stand-
h 2O, ard dc vi-

MQ a I" ao a~ h" means aLion or 
the m ean 

-------------------- ---
in . in. in. °C in. in. in. in. ern'/sec 

12/20/48 5 0. 033674 <12 + 0. 0029 O. 9090 - 0. 3225 7.6804 + 0. 002 + 0.0004 7. 6808 } 
~: ~~ 7. 6789 ± 13X l0- ' 12/20/48 6 .033674 42 _0029 . 9105 -. 3230 7. 6799 +.003 +. 0006 

12/21/48 8 .033674 42 . 0029 . 9125 - . 3250 7. 6779 +.003 + . 0006 
12/22/48 13 . 033674 42 _0029 . 9150 - . 3275 7. 6754 +. 002 +.0004 

1:: :~: I I 12/23/48 14 .072282 34 -. 0002 . 0460 + . 5415 16. 5-113 +.004 + . 0016 
12/23/48 15 . 072282 34 -.0002 . 0480 + . 5395 16.5393 +.002 +.0008 16. 54011}16. 5405 ± 14 
12/28/48 17 . 072282 34 - _0002 .0495 + . 5380 16. 5378 +. 002 +. 0008 

: ::1) 12/20/48 7 .096376 28 +.0010 . 4780 +. 1095 22. 1105 +.001 +.0006 
12/21 /48 9 . 096376 28 . 0010 . 4755 +. 1120 22. 1130 +. 002 +.0011 ~U6~~ 22. ]J 11 ± ll 
12/28/48 18 . 096376 28 . 0010 . 4800 +. 1075 22. 1085 +.002 +. 0011 
12/28/48 19 . 096376 28 . 0010 . 4800 +. 1075 22. 1085 +.002 + . 0011 22. 1096 

12/21 /48 10 . 128502 21 -_ 0059 . 0110 +.5765 29. 5706 + . 004 +.0080 29. 5736 1 
} 

12/21 /48 II . 128502 21 -_ 0059 .0125 +.5750 29.5691 +.002 + . 0015 ~: ~~g~ 1 29. 570r U 12/22/48 12 . 128502 21 - . 0059 . 01 30 +.5745 29. 5686 +. 002 + . 0015 
12/23/48 16 . 128502 21 -.0059 . 01 50 +.5725 29. 5666 +. 002 +. 0015 29. 5681 

Observations of M . 

Date ______ ______ 12/20/48 12/21/48 12/21/48 12/22/48 12/22/48 12/23/48 
'ri rne ______ ___ __ p. m. a.m. p.m. a.m. p. m. a. Ill. 
M. _________ .. ___ 0.5850 0. 5865 0.5875 0.5845 0.5890 0. 5865 

Mean va1ne=0.5875. Standard dev iation or mean = ± 0.0009 

29 

J4 15 16 17 

Stand-
Corrcc~ ard de-

Pzo Lion lor P viation 
sid e tube 01 th e 

mean 
-----

Dynes/ Dy,,,./ 
Dynes/em2 emz Dynes/em' em:? 

0. 151918X IO' -0.000003 0. 15191 5X10' ± 9 

. 203745 -. 000004 .203741 ± 27 

.309311 -. 000006 . 309305 ± 25 

. '11 7357 -. 000008 . 417349 ± 24 

I<l 15 16 17 

Corree- Sta nd-
t ion for ard de-

p zo P viation Side t u be 01 the 
mean 

---------------
Dynes/ Dynes/ 

Dynes/ern2 cm2 Dynes/em2 cmz 

0. 230860 X I0' - 0. 000001 0. 239859X IO' ± 41 

.51G664 -.000002 .516662 ± 44 

. 690669 -. 000002 .690667 ±34 

. 923676 -. 000003 . 923673 ±34 

12/23/48 12/28/48 12/28/48 
p. m. a. m. p. m . 
0.5895 0. 5875 0.5915 



1 2 3 

- --------

Date RUIl Q 

- - - -----
em'/sec 

2/7/49 1 0. 033674 
2/9/49 3 . 033674 

2/10/49 7 .033674 

2/9/49 4 .072282 
2/10/49 8 . 072282 
2/11 /49 10 .072282 

2/9/49 5 .096376 
2/10/49 9 . 096376 
2/11/49 11 .096376 

2/7/49 2 .128502 
2/9/49 6 . 128502 

2/11/49 12 . 128502 

1 2 3 
----- ----

Date Run Q 

--------

cm'/sec 
3/10/49 1 0. 033674 
3/11/49 4 . 033674 
3/15/49 10 . 033674 

3/10/49 2 . 072282 
3/11/49 5 . 072282 
3/14/49 6 .072282 

3/10/49 31 .096376 
3/14/49 7 . 096376 
3/ J5/49 II . 096376 

3/14/49 8 . 128502 
3/14/49 9 . 128502 
3/15/49 12 . 128502 

'--~-' - -~-. --------~-----------;L..________ 

4 5 6 
-- - - - --

Gage Gage 
rod rod cor- MQ 

Toction 

-------
in. in. 

43 + 0.0011 0.0005 
43 + .0011 . 0005 
43 + . 0011 . 0010 

34 -. 0002 . 1350 
34 - . 0002 . 1320 
34 - . 0002 .1315 

28 + . 0010 .5670 
28 + . 0010 . 5665 
28 +. 0010 . 5660 

21 -.0059 . 1015 
21 -. 0059 . 0995 
21 - . 0059 . 0970 

TABLE 33. Series VI, capillary 1.4 
[Calculation of the pressure drops] 

7 8 9 lO 11 12 13 
- -- - - - ------ - -----

Stand· 
h 2O, ard devi· .:1 h , .:18 .:1h hOD means alion of 

the mean 

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

in . in. °C in. in . in . in. 
+0.6770 7.6781 0. 000 0. 0000 7. 6781 

}7. 6780 + . 6770 7. 678J + . 001 +. 0002 7.6783 ±2X JO-' 
+ . 6765 7. 6776 .000 . 0000 7. 6776 

+ . 5425 16.5423 .000 . 0000 16.5423 
}16.5445 +.5455 16.5453 . 000 . 0000 16.5453 ±13 

+ . 5460 16.5458 .000 . 0000 16. 5458 

+ .1105 22.1115 .000 . 0000 22.1115 
}22.1120 + . 1110 22. 1120 .000 . 0000 22. 1120 ±3 

+ . 1115 22. 1125 . 000 .0000 22.1125 

+.5760 29.5701 . 000 . 0000 29.5701 
}29.5725 + . 5780 29.5721 + . 001 + . 0007 29. 5728 ±14 

+.5805 29.5746 .000 .0000 29.5746 

Obscrvatiom of M o 

I 
14 

p" 

Dynes/em' 

0. 239832X l0' 

.516789 

. 690697 

.923735 

D a tL .......... 2/7/49 2/9/49 2/9/49 2/10/49 2/10/49 2/11 /49 2/11/49 
rrirne ___________ a. m . a. m. p. m . a. m. p . m . a. m. p.m. 
Mo .............. 0.6760 0.6755 0.6780 0.6785 0.6785 0.6765 0.6795 

Mcan=0.6775. Standarcl deviation of the mean=±0.OOO6 

TABLE 34. Series VIII, capillary 1.4 

[ Calculation of the pressure drops] 

4 5 6 7 8 9 10 11 12 13 14 
---------- --------------

Stand· 
Gage Gage· 

h 2O, ard clevi· 
rod rod cor- M Q .:1 h , .:10 .:1h h20 means ali on of p" 

rection the m oan 

-------------------------
in. in. in. in. °C in. tn. in. in . Dynes/em' 

43 +0. 0011 0. 1005 +0.6754 7. 6765 +0.001 +0.0002 7. 6767 } 
43 .0011 .0970 +.6779 7.6790 + . 001 + . 0002 7.6792 7. 6791 ±14XIO-' 0.239867XI06 
43 . 00ll .0955 + . 6804 7. 6815 .000 . 0000 7. 6815 

34 =: ~g~ . 2290 +. 5469 16.5467 . 000 .0000 16. 54671} 
34 . 2275 + . 5484 16.5482 +.001 + . 0004 16. 5486 16 5473 ± 8 . 516876 
34 -. 0002 . 2290 + . 5469 16.5467 .000 . 0000 

16. 5467
1 

28 +. 0010 . 6650 + . 1109 22.11J9 +. 001 +.0006 22. 1125 
28 . 0010 . 6630 + . 1129 22. 1139 + . 001 +.0006 22. 1145 }22. L133 ± 8 . 690738 
28 . 0010 . 6635 + . 1124 22. 1134 -. 001 -. 0006 

: ::::11 21 - . 0046 . 1935 + . 5824 29.5778 +. 001 +. 0007 

I 
21 . 0046 . 1935 + . 5824

1
29. 5778 +. 001 + . 0007 29.5785 29. 5784 ± 2 .923920 

21 .0046 . 1925 +. 5834 29. 5788 -.001 -. 0007 29.5781 

Observations of M o 

15 
---

Correc· 
lion for 

side tube 

Dynes/ 
cm' 

- 0. 000001 

- .000002 

-.000002 

-. 000003 

15 

Corree· 
tion for 

Side tube 

Dynes/ 
crn2 

-0.000001 

-. 000002 

-. 000002 

-. 000003 

Date ....... _ ... 3/10/49 3/11/49 3/ 11/49 3/14/49 3/14/49 3/15/49 3/15/49 
Time ___________ a. ITI . a. m. p . m. a. ITI . p. rn . a. m . p. m . 
M o ............. 0. 7755 O. 7780 0. 7765 0. 7745 0. 7750 0. 7745 0. 7770 

Mean value=0.7i59. Standard deviation of mean=±0.0005 

30 

16 

p 

Dynes/cm' 

O. 239831 X I0' 

.516787 

. 690695 

.923732 

16 

p 

--- -
Dynes/em'/. 

0.239866XIO' 

. 516874 

. 690736 

. 923917 

• ... 

17 

Stand· 
ard de· 
viation 
of tbe 
mean 

Dynes/ 
em' 

± 6 

± 41 

± 9 

±45 

1 
17 j 

Stand-
ard de· 
viation 
of tbe 
mean 

- - -
Dynes/ 

cm' 

± 45 

±23 

± 24 

± 5 

) 



... 

1 

), 

> 

TABLE 35. Series X l , capillary 1.4a 

[Calcu lation of the pressure drops] 

__ 1 ____ 2 ___ 3 __ 4 5 _ 6_1 __ 7_ 8 9 __ 1O_1 __ 1l ___ 12 ___ 1_3 __ 1 __ ~1_4 ____ 1_5 ____ 1O __ 1 __ 17_ 

Gage Gage· 
l)ale Run Q rod rod cor- jlI a A h , A9 

rection 

em'/see in . in . in. in. °C 
9/14/49 1 0. 033674 47 + 0. 0135 0.0830 +0. 8176 3.83 11 0. 000 

Stand· 
h2o, a rd devi· Ah 11. 20 means ation of 

tbe mean 

in. in . in. in. 
0. 0000 3.8311 

P 20 

Dynes/em' 

Corree-
tion for 
side tube 

Dynes/ 
em' 

p 

Dynes/em' 

Stand· 
a rd de· 
viation 
of the 
mean 

Dynes/ 
em' 

9/15/49 5 . 033674 47 + 0135 . 0810 +.8196 3.83n . 000 . 0000 3.8:33 1 }3.8315 ± lO X I0-' O. 1l9682X106 -0. 000001 0. 119G8 IX I06 ±3 1 
9/15/49 9 .033674 

9/14/49 2 . 072282 
9/ 15/49 6 . 072282 
9/ 15/49 10 . 072282 

9/ 14/49 3 . 096376 
9/15/49 7 . 096376 
9/ 15/49 II .096376 

9/14/49 4 . 128502 
9/ 15/49 8 . 12S502 
9/15/19 12 . 128502 

1 2 :3 
---------

n ale RlUl Q 

---------

cm3/.~e r. 
9/26/49 1 0. 033674 
9/26/49 5 . 033674 
9/27/49 9 .033674 

9/26/49 2 .072282 
9/27/49 6 . 072282 
9/27/49 10 .072282 

9/26/49 3 . 096376 
9/27/49 7 . 096376 
9/27/49 11 . 096376 

9/26/49 4 . 128502 
9/27/49 8 . 128502 
9/27/49 121 . 128502 

47 +. 0135 . 0840 

42 + 0025 . 6105 
42 +0025 .6125 
42 + 0025 .6130 

39 -. 0053 . 7855 
39 -. 0053 . 7875 
39 -. 0053 . 7905 

35 -. 0061 . 9940 
35 -.0061 .9950 
35 -. 0061 .9965 

4 5 6 
----- --

Gage Garre-
rod rod cor- l' l{ Q 

rection 

-------
in . in. 

+.8166 3.8301 +001 +. 0001 3.8302 

+.2901 8. 2926 
+.2881 8. 2906 
+.2876 8.2901 

± 9 
. 000 . 0000 8.2926 

}8.29 11 . 000 . 0000 8. 2906 
. 000 . OOOD 8.2901 

+ 1151 I I. 1098 
+ 1131 I I. 1078 . 000 . 0000 11 . 1078 11. 1074 ± 13 

-. 002 -. 0006 lL1092} 

+. 1101 11. 1048 +. 00 1 + 0003 11.1051 

-. 0934 14.9005 
-. 0944 14.8995 .000 . 0000 14 .8995 14 .8993 ±6 

-. 001 -.0004 14. 900 1 } 

-. 0959 14.8980 + 001 +.0004 14.898'11 

Observations of JlI o 

R ate ........ _ ... 9/ 14/49 
June __________ a. Ill . 

M o .............. 0.9000 

9/14/49 
p. m. 

0.9005 

9/15/49 
a. m. 

0.9005 

9/15/49 
p. l11 . 

0. 9015 

11e»n = 0.9OO6. Standar" deviatio I of the m ean =±0.0003. 

TABLE 36. Series X II , capillary 1..4a 

[Calcula tion of the pressure drops] 

7 8 9 10 Jl 12 13 
------------------

Stand· 
h 2O, arc! devi· A I" tJ.O A'. hzo means al ion of 

the moan 

------ ---------
in. in. °C in . in. in. in . 

.2,)8983 

.346954 

. 465399 

11 

p zo 

Dynes/cm2 

47 + 0. 0135 O. 0860 + 0.8186 3.8321 0.000 0.0000 3.8321 } 
47 . 0135 . 0860 +8186 3. 8321 . 000 . 0000 3. 8321 3. 8317 ± 4 X 10- ' O. 119G88X J 0 6 
47 . 0135 . 0870 +.8176 3.831 I -. 001 - . 0001 3. 8310 

42 +. 0025 . 6180 +. 2866 8.2891 . 000 . 0000 8. 28m I} 
42 . 0025 . 6175 +. 2871 8.2896 . 000 . 0000 8. 2896 8. 2897 ±3 . 258940 
42 . 0025 .6170 +. 2876 8.2891 +.001 +.0002 8.2903 

39 -. 0053 . 7945 +. 1101 11. 1048 . 000 . 0000 11. I0481} 
39 - . 0053 . 7945 +. 1101 11. 1048 . 000 . 0000 11. 1048 11 . 1052 ± 3 . 346885 
39 -. 0053 . 7935 +. 1111 11. 1058 +. 001 +. 0003 11. 1061 

35 -. 0061 1. 0000 -.0954

1

14.8985 . 000 . 0000 14. 89851} 
35 - . 0061 . 9990 -. 0945 14. 89U5 . 000 . 0000 14. 8995 14. 8988 ±3 . 465383 
35 -.006t 1. 0000 -. 0954 14.8985 . 000 . 0000 14. 8985

1 

Observations of JlIo 

Date ............ 9/26/49 9/26/49 9/27/49 9/27/49 
Timo ____________ a. m . p. m . a. m. p . tn . 
JvI, ............ .. 0. 9050 0. 9035 0. 9055 0. 9045 

M ean value= 0.9046. Standard de via tion of mean =±0.0005 

VVA SHIN GTON, February 16, 1951. 

31 

-. 000002 .258981 ±28 

-. 000003 .346951 ± 41 

-.000004
1 

. 465395 ± 19 

15 16 17 

---
Stand· 

Correr· a rd de· 
tion for P viaLion 

Side tube of th e 
mean 
---

Dynes/ Dyne.~/ 
cm2 Dynes/em' cm2 

-0. 000001 0. 1l9687X IO 6 ± 14 

-. 000002 . 258938 ±8 

-. 000003 .346882 ± 10 

-.000004 . 465379 ±8 

I 
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