
NATIONAL ADVISORY COMMITTEE 

FOR AERONAUTICS 

REPORT No. 398 

INVESTIGATION OF DAMPING LIQUIDS 

FOR AIRCRAFT INSTRUMENTS-II 

By M. R. HOUSEMAN and G. H. KEULEGAN 

1931 

For sale b, tbe Superintendent or Documents, Wasbington, D. C. _ _ - - - - - - - - • • Prke 15 een t , 

https://ntrs.nasa.gov/search.jsp?R=19930091471 2020-06-17T02:43:05+00:00Z



Length ______ _ 
Time __ ______ _ 
Force _______ _ 

Symbol 

l 
t 
F 

AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric 

Unit 

meter _________________ _ 
second _____ ___________ _ 
weight of one kilogram ___ _ 

Symbol 

m 
s 

kg 

English 

Unit 

foot (or mile) ________ _ 
second (or hour) ______ _ 
weight of one pound ___ _ 

Symbol 

ft. (or mi.) 
sec. (or hr.) 
lb. 

PoweL_______ P kg/m/s ______ _____ - -_ __ _ _ _ _ ___ ___ _ horsepoweL _ _______ __ hp 
S d {km/h______ ____________ k. p. h. mi./hr._______________ m. p. h. 

pee ------- - ---------- m/s____________ __ ___ ___ m. p. s. ft./sec. _______________ f. p. s. 

2. GENERAL SYMBOLS, ETC. 

W, Weight=mg mP, Moment of 
radius of 
script). 

inertia (indicate axis of the 
gyration k, by proper sub-g, Standard acceleration of gravity = 9.80665 

m/s2 =32.1740 ft ./sec. 2 

m, Mass = W 
g 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-4 

B, 

B"" 
G, 
b, 

S2) at 15° C. and 750 mm=O.002378 c, 
(lb.-ft. - 4 sec.2). b2 

Specific weight of "standard" air, 1.2255 S' 
kg/m3 = 0.07651 Ib./ft .3• j1., 

Area. 
Wing area, etc. 
Gap. 
Span. 
Chord. 

Aspect ratio. 

Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

V, True air speed. Q, Resultant moment. 

q, 

L, 

1 
Dynamic (or impact) pressure=2PV2. 

Lift, absolute coefficient OL=:S 

n, Resultant angular velocity. 
Vl 

p- ' Reynolds Number, where l i 
j1. 

dimension. 

a linear 

D, Drag, absolute coefficient aD = ::s e. g., for a model airfoil 3 in. ehord, 100 
mi./hr. normal pressure, at 15° C., the 
corresponding number is 234,000; 

0, 

Profile drag, absolute coefficient ODO=~S 

Induced drag, absolute coefficient OD i =~S 
:t. 0 1" 

Parasite drag, absolute coefficient ODP=~S 
Cross-wind force, absolute coefficient a, 

a 

or for a model of 10 cm chord 40 mis, 
the corresponding number is 274,000. 

Center of pressure coefficient (ratio of 
distance of c. p. from leading edge to 
chord length). 

Angle of attack. 
Angle of downwash. 

OC=qB 
Resultant force. R, 

aD, Angle of attack, infinite aspect ratio. 
~, 

~fQ' Angle of setting of wings (relative to aD, 

thrust line). 
Angle of stabilizer set ting (relative to 'Y 

thrust line) . 

Angle of attack, induced. 
Angle of attack, absolute. 

(Measured from zero lift po ition.) 
Flight path angle. 
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INVESTIGATION OF DAMPING LIQUIDS FOR AIRCRAFT INSTRUMENTS-II 
By M. R. HOUSEMAN and G. H . !(EULEGAN 

SUMMARY 

Data are presented on the kinematic viscosity, in the 
temperature range - 50° to + 30° 0, of pure liquids 
and of solutions of animal oils, vegetable oils, mineral 
oils, glycerine, and ethylene glycol in va1'ious low free zing 
point solvents. It i shown that the thermal coefficient 
of kinematic visco ity as a function of the kinematic 
viscosity of the solutions of glycerine and ethylene glycol 
in alcohols is practically independent of the temperature 
and the chemical compo ition of the individual liquids. 
This is similarly true for the mineral oil group and,jor a 
limited temperature interval, for the pure animal and 
vegetable oils. 

The efficiency of /3-naphthol, hydroquinone, and 
diphenylamine to inhibit the change of visco ity of po ppy
seed and linseed oils was also investigated. 

I. INTRODUCTIO 

This investigation wa undertaken at the request 
and with the financial a i tance of the National 
Advisory ommittee for eronautic, with the object 
of finding liquids suitable for damping aircraft in tru
ments. It is an exten ion and expan ion of the work 
reported in Technical Report No. 299. (Reference 6.) 

An ideal damping liquid for aircraft instrument 
would be transparent, homogeneou, noncorro ive, 
colorless, and stable in composition. It would not 
solidify above - 50° C., it vapor pressure would be 
low, and above all, the change in visco ity with tem
peratme would be mall. While the above propertie 
were considered in choo ing the liquids to be inve ti
gated, om measmement were confined mainly to the 
kinematic viscosity (ratio of viscosity to den ity) and 
to the change of kinematic visco ity with temperature. 
The determination of the ab olute vi co itie of the e 
liquids would have required additional experiment to 
determine the change of the density of the liquid with 
temperature. Such additional data were not con id
ered essential because the resistance experienced by a 
body moving in a liquid depends upon the kinematic 
viscosity of the liquid rather than the absolute vi cosity. 

The liquids chosen for the test were olution of 
selected animal oils, vegetable oil, and mineral oils in 
m-xylene, toluene and mineral spirit, and solu tion of 
glycerine, and ethylene glycol in various alcohol . 

Data were obtained through the temperature range 
+ 30° . to - 50° C. 

The kinematic vi cosity data for the above liquids 

and solutions are shown by curves, 10gIO JIB being 
"0 

plotted against the temperature (8) of the liquid ; 110 and 
"0 are re pectively the kinematic visco ities at tem
perature 80 and 0° C. A tudy of 
the data shows that a single cmvc 
represents the th ermal coefficient of 
kinematic viscosity when plotted 
again t the kinematic visco ity of all 
of the solution of the alcohol group. 
That is, the thermal coefficient as a 
function of the kinematic vi co ity i 
practically independent of the tem
perature and of the chemical compo-
ition of liquid of thi group. This 

is also true for the mineral oil group 
and,in a limited temperatmeinterval 
for the pme animal and vegetable oil: 

The effect of everal chemical in 
inhibiting the change of vi co ity due 
to the oxidation of poppy-seed oil and 
lin eed oil, upon expo ure to air and 
light for 590 day , wa al 0 inve ti
gated. 

II. APPARATUS AND EXPERIMENTAL 
P RO ED RE 

METHOD 

The kinematic vi cosity was mea -
med by mean of vi cometer of the 

20 
em 

m 

o twald type, the de ign of which i FIGURE l.-M odified 
Ostwald type viscome-

hown in Figure 1. The viscometer ter. Tbe time is mens-

i initially filled 0 that one of the ured lor the lree surfaC6 

f f f 
of the liquid to pass 

ree ur ace 0 the liquid is at mark from .'1, to M,. Tbe 

m . The time of di charge tithe tube is initially filled 

time nece ary for the mface of the to tbe level m 

liquid to fall from mark Ml to M 2 • The volume 
Q of the liquid di charged through the capillary 
tube i then the volume of th bulb included be
tween the e mark. The important geometrical fea
tme of these vi come tel' are as follows: Fir t, the 
discharging bulb con i t of two cone and a cylinder, 
al l of the same altitude; second, the base of the 

3 
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eones, the cylindrical portion of the discharging bulb, 
and the cylindrical receiving tube are all of the same 
radius. 

THEORY AND CALIBRATION OF VISCOMlcTERS 

The theory and method of calibration of the viscom
eter have been further developed and con iderably 
simplifted over that given in the previous report. 
(R('frrcnce 6.) This i given briefly. 'Ihe discharge 
or 11 liquid through a capillary tube may be expressed 
by: 

(1) 

wl1('l'(, Q = volume of liquid in cm3 discharged in t 
econds, 

r = radiu of the capillary tube in cm, 
P = dl'ective pressure applied to the liquid to 

produce the :/low, in dynes/cm2
, 

p= density of the liquid in gram/cm 3, 

v=kin matic viscosity in c. g. s. units, 
le = the ('ITective length of the capillary in cm. 

11, rollows rrom equation (1) that 

7r'I,4Pt 
v= 8Ql eP (2) 

The effective pres ure P in general will be the sum of 
an external pres ure P e and the pressure pari ing from 
the head of the liquid in the viscometer. If we define 
P by the equation 

P = Hpg 

where II is the effective head, and p the den ity of the 
liquid, equl1tiol1 (2) will be written a 

7f'7'4gHt 
v=~ 

then if 

(3) 

The effective head H can be evaluated on the basis 
of Poiseuille's law for the 0 twald type viscometer 
with discharging and receiving bulbs of geometrically 
known forms. The effective head H, for the type of 
vi cometer used in this investigation (see fig. 1) proves 
to be of the form: 

(4) 

w11('re he i the head due to the external pre sure de
fill('rl by the relation Pe = pghe, Pe being the externally 

applied pressure, h is (1 ;) times the head of the 

liquid in the viscometer when half, by volum e, of the 
eli eharO'e has taken place, hr is the chanO'e in the level 

of the liquid in the receiving bulb or tube during the 
discharge. Here, IJ is the density of the atmosphere 
at the level of the viscometer; for our purposes, the 

factor ( 1 - ;) may be regarded as equal to unity. The 

derivation and the application of equation (4) will be 
discussed in a separate paper. 

The expre ion 
v=AJlt (3a) 

holds only for slow rates of flow, that is for values of t 
larger than te. The quantity te is affected by the form 
of the viscometer and must be determined experi
mentally. For higher rates of flow, that is for t smaller 
than t" experience shows that equation (3a) must be 
replaced by 

(5) 

It i to be remarked that A2 in formula (5) differs from 
Al in formula (3a). 

It is evident from the above that the calibration of a 
given viscometer involves the determination of te and 
of the constants AI, A 2, and B. In carrying out the 
calibration, the discharge time t for various values of 
H is noted for a liquid of known kinematic viscosity. 

Tl Ht. 1 d h din . 1 1 len - IS P otte as t e or ate agamst -t as t 1e 
v v 

ab ci sa. The graph thus obtained will be compo ed 
of two traight lines, one of zero lope in accordance 

with equation (3a) and another of slope !2 in accord

ance with equation (5). The intersection of the e line 

gives the value of ~t ; since v is known, te follow. 
v e 

Al and A2 are then the reciprocals of the intercepts of 
the two lines, the horizontal and the inclined, with 
the axis of the ordinates. 

In tIllS inve tigation 10 viscometers were used, all 
similar in design to the one shown in Figure 1, except 
for the diameter of the capillary tube. The calibration 
con tants of these in c. g. s . units are given in Table 1. 
The constants of the viscometers of smaller bore, that 
is Ti5, V6, and Ti7, were deternlined using the visco ity 
of water at 20° C. and 4° C. as tandards. The cali
bration of the remaining viscometer were made to 
depend on Tis, Ti6, and Ti7• 

TABLE I.-CALIBRATION CONSTANTS OF 
VISCOMETERS 

Critical 
Yiscom- time of 

etcr discbarge 

v, 
V. 
V, 
V, 
V, 
V, 
V, 
V, 
V. 
VID 

t , seconds 

50.1 
60.2 
50.2 
40.9 
27.9 
23.2 
8.7 

1. 99OXlo-' 
2. 147XIo-' 
2.130X10-' 
4.061X10-· 
1. 047XIo-' 
1. 277 X 10-' 
7.163XIo-' 
1. 334X10-! 
1. 566X10-' 
2.501Xlo-' 

2. 044Xlo-· 
2.211X1Q-· 
2.197X10-· 
4.141Xlo-· 
1. 066XIo-' 
1. 300Xlo-' 
7. a94X10-' 

B 

1. 33 X10-' 
2.182XIo-' 
1. 653X10-' 
1. 330X10-' 
1. 484X I 0-' 
1. 226XIo-' 
1. 844X10-' 

----------------- -- -------------1 
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TEMl>ERATUHE CONTHOL 

The apparatu'l used for the control of temperature 
i~ shown in Figure 3 and diagrammatically in Figme 2. 
1 t, consist of a metal box ufficiently large to contain 
Lhree vi cometers and the stirring apparatus. The 
de ign was such that if the upper surface of the box wa 
level the viscometers were held in a vertical position. 
The liquid bath carne well above the discharging bulb 
of the vi cometer. This metal box was placed within 
a wooden container sufficiently large to allow about 
one and one-half inches thiclmes of insulating material 
between the two boxe. To observe the flow of the 
liquid in the viscometers, rectangular openings of such 
ize and position as permitted the tinung marks 

eMl and M2 of fig. 1) of the vi cometer to be een were 
placed in the boxes. The opening in the metal Lox 
were covered by heavy plate glas ,properly ealed to 
Lhe box to preven L nny leakage of the baLh liquid. 
1n the openings of the outer box were placed holders 
containing i"our gla plate, separated by trips of 
insulation. This arrangem nt proved sufficient to 
allow clear vision, with but little fro ting of the gIG 
even at a bath temperature of - 50° C. 

Ethyl alcohol wa used for the bath liquid for tem
peratmes below 0° ., solid carbon dioxide being used 
to cool the liquid. For temperature above 0° C., 
watcr and ice were used. Equalization of the temper
ature wa obtained by means of an electrically driven 
agitator. The temperature was measured by a liquid
in-gla s thermometer, it bulb placed about on a level 
with thc mid-point of the capillary. The tempera
ture at thi point wa found to give witmn 0.1 ° the 
ame reading a the average of those of two thermom

eter measuring, respectively, the temperature of the 
upper and of the lower portions of the bath. 

This method of temperature control wa an improve
ment in two way over that de cribed in Technical 
Report o. 299. It enabled the temperature of the 
bath liquid to be lower d more rapidly and made 
possible 1o"wer temperatme . 

EXPERTMENTAL ERRORS 

The several somces of experimental error are the 
uncertainty in the calibration, in the observation of 
the time of flow, in the measurement of temperature, 
and in the drainage. Error in the calibration of the 
viscometer probably do not exceed 0.5 per cent. It 
is necessary to consider the errors in the measurement 
of the time of flow only for small values of the time. 
The smallest was about 10 second. To reduce the 
error in these cases, three or more measurements of 
time were made at each temperature and the a erage 
noted; for a time of flow of about 10 second, the 
values usually agreed, to witilln 0.1 second. Hence, 
it follows that in no case do errors in the mea urement 
of the time cause the visco ity determinations to be in 
error by more than 1 per cent. 

Temperature errors may arise in two ways: A tem
perature gradient may exi t along the capillary, and 
the average temperature of the bath may not be con
stant during the measurement of the time of fiow. 
Above 0° C. the temperatures at the upper and the 
lower portions of the bath did not differ by more than 
1 ° C. and efforts were made to keep the average tem
perature con tant to 0.5° C. Below 0° C. this wa 
more difficult, and then the temperature was taken as 
the average of those read immediately before and after 
the flow. In most cases the average did not differ 
from either reading by more than 1 ° centigrade. 

F, 
Felt 

FIGURE 2.-Cross section of the apparatus for controlling the temper
ature of the vlscometers aud liquids 

Considerable error due to drainage is to be expected 
with very viscous liquids. ~\.ll olutions having a mO"h 
viscosity at ordinary temperatures become extremely 
vi cou at low temperature. This being the cas, the 
accuracy of the mea urements at mgh temperatures 
exceed that of the mea m'ement at low temperature. 
If t1Q is the amount of liquid remaining on the walls 
of the di charging bulb when the meniscus of the liquid 
reache the lower timing mark the fractional error of 
the mea urement of the time of di charge of volume Q 

will be t1g if we di regard the change in effective h ad 

H. The latter will be mall compared ,,-ith t1g, since 

the effective head was about 19 em. No e timate ha, 

been made of the value of t1g. 
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Another source of error is due to the eparat.ion of 
the components of some of the liquids at low teml era
ture. In solutions of poppy-seed oil and of neat' - . 
foot oil, in xylene and in toluene, there was evidence 
of a partial separation at low temperatures. This 
separation caused the kinematic viscosity to increase 
with the length of time the solutions were kept at 
these temperatures. 

III. DESCRIPTION OF THE LIQUIDS 

The following data are available concerning the 
source and proper ties of the samples of the individual 
liquids: 

00101'- ______________ ________________ ___ Light traw. 
Odor __________________________________ Normal an imal oil. 
Oondition ______________________________ Olear. 
Specific gravity at 15.6° C ________ ______ _ 0.9232. 

aponification No _______________________ 193.8. 
Acid No _____ ________ ____________ __ ____ 4.5. 
Free acid (oleic), per cent ___________ __ ___ 2.3. 

POPPY-SEED OIL 

A samplewa purchased without pecifications from a 
wholesale dealer. Thisfrozeat- 15°C.to-l ° C. The 
kinematic vi co ity at 30° C. was 0.499 c. g. s. uni ts . 

The cbemi try divi ion furnished the following 
analysis: 

FIGURE 3.-Temperature control apparatus 

EAT'S-FOOT OIL 

The neat's-foot oil was purcha ed from Morris & 
Co. T he sample is a " wintered" product known a 
20° F. (-6 .7° C.) cold or flow-test neat's-foot oil. 
The sample froze at about - 10° C. and had a kine
matic viscosity at 30° C. of 0.632 c. g. s. units. A 
sample of the oil wa analyzed by the ch mistry divi
sion of the Bureau of tandards. Their r eport follows : 

Color _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Ligh t am bel'. 
OdoL ______________________________ Normal vegetable oi l. 
Oondition ___________________________ Olear. 

SpecifiC grav ity at 15.6° 0 ____________ 0.9253. 
aponification No __________ __________ 184.8. 

Acid No __ ____ _____ __ _______________ l.3 . 

Free acid (oleic), per cenL ____________ 0.7. 
Iodine No ______ __________ ___________ 142.9. 
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To Lhi oil 1 pel' cent, by weight of hydl'oquinone wa 
added to red uce the o)..'idatioll (Cf. section on Secular 
Variation ), and till mixture wa used a a unit in 
making up the solutions studied. Data obtained 
show that the addition of hydro quinone did not 
noticeably change the kinematic vi co ity 01' it rate 
of change with temperature. 

W[LKINS' O IL 

Thi sample wa a mineral oil purcha ed from the 
Pioneer In trument Co ., and manufactured by the 

tandard Oil Co. TIli oil is being used a a lubricant 
on aircraft instruments and a solution with mineral 
pirits i being u ed as a damping liquid in ball-type 

inclinometers. It wa stated to have a pour point 
of - 40° C. At a temperature of - 32° . it kine
matic viscosity approached an infinite value. At 30° 
C. it had a kinematic vi co ity of 0.1 5 c. g. s. unit. 

.. SUPE HLA " CLOCK OIL 

This millerul oil was furni shed by Lil(' Aircraft 
Control Corporation with the ttLtemellt that it was 
manufactured by the tandard Oil o. of Indiana and 
had a pour point of about -20° C. It kinematic 
viscosity was 0.342 c. g. . units at 30° C. and it 
kinematic viscosity approached infinity at - 2 ° 

A solution of uperla clock oil and mineral piri t i 
being used by one manufacturer an a damping liquid 
in ball-type inclinometers. 

GLYCE UlNE (C,H, (OH)a) 

The den ity of the sample u ed wa l.244 at 25° 
According to the International Criti al T ables (Vol. 
Ill) thi density corre pond to that of a ample 
containing about 5.5 per cent water. hottner's value 
of the visco ity of glycerol , as given in the Phy ico
Chemical Tables (Vol. II), i 4 .939 poise at 26 .5° C. 
Our determination of tills quantity give 3. 2 poise. 
The considerable difference between these two value 
i undoubtedly due to the water content of the ample. 
The kinematic viscosity at 30° . was found to b 2.3 
c. g, . . units. 

ETHLYE E GLYCOL ((CH , OH) ,) 

The sample u ed is a commercial product 
the trade name " E veready Prestone. " Till sample i 
believed to be free from the antileak compound now 
being added to Prestone. Its kinematic viscosity at 
30° C. was found to be 0.107 c. g. s. unit. 

M I ERA L SPIRIT. 

Two different ample of mineral pirit were u ed. 
One ample is a petroleum product known commer

cially as Varnolene. It was used ·with Wilkin ' oil and 
with neat's-foot oil, and had a kinematic vi co ity of 
0.0112 c. g. s. units and a den ity of 0.769 gram per 
cm3 at 30° C. and infinite vi cosity at a temperature 
below - 60° C. Till ample darkened on expo ure 
to light, indicating the presence of un aturated com
POLlld . 

The other sample, known a mineral spirits o. 9, 
was manufactured by the Standard Oil Co. of Indiana. 
It wa u ed only as a solvent for Superla clock oil. 
At 30° C. its kinematic visco ity was 0.0166 c. g. s. 
units and its den ity 0.7 3 gram per cm3. Its vis
co ity approached an infinite value below - 60° C.; 
during reduction to this temperature it remained clear. 
It remained clear upon exposure to light for a period 
of more than 12 month. 

TOLUE E (CoH,CH ,) 

The sample wa manufactured by the J. T. Baker 
Chemical Co. The manufacturer's label gave the 
following: 
Specific gravity ______ _______ ______________ _ 0.87. 
Nonvolatile materiaL ______________________ 0.001 per cent. 
Boiling point ______________________________ 111° C. 

C 2-------------------------------------- None. 

The kinematic viscosity at 30° . was 0.00615 c. g. s . 
unit . The International Critical Table" (Vol. III 
and V) give fL value of 0.0062 c. g. . ulliL for Lhe 
kinematic vi co ity at. 25° C. as compared to our 
re wt of 0.00651 c. g .. units at the ame temperature. 

XYLE E (META) (C,lI.(C H,)!) 

The following data were obtained from the label of 
the con tainer : 
Molecular weight- ___________________ _____ 106.12. 

P cifie gravity _____________________________ O. 6. 
Boiling poin ______________________________ 13 °-139° C. 

At 30° C. it bad a kinematic vi co ity of 0.00670 
c. g. . unit and, at 25° ., 0.00707 c. g. s. unit, 
willI e the value at 25° ., given in the International 
Critical Table (Vol. III, 192 ,and V, 1929), i 0.00700 
c. g. s. unit. It froze at - 54 ° O. and became cloudy 
at about - 20° C. 

fETHYL ALCOHOL (CH, OH) 

The ample wa of reagent quality. The manufac
turer's label gave the following: 

eutral. 
onvolatile materiaL ______________________ 0.002 per cent. 

Chloroform (CHCI3) _______________________ 0.01 per cent. 
AId hyde _______________ ________________ 0.000 per cent. 
Empyreumatic ubstances __________________ 0.000 per cent. 
Reducing ub tances ______________________ 0.000 per cent. 
Acetone (ketone L ________ ________________ 0.000 per cent. 

pecific gravity 25°/25° C __________________ Not over 0.790. 

It wa found to have a kinematic yi co ityof 0.00667 
at 30° The International Critical Tables 01. I, 
1926) give Lhe melting point a -97. ° C. 

ETHYL ALCOHOL (C,H , OH) 

Tho alcohol u ed had a kinemati vi co ity at 30° 
of 0.0149 c. cr. . unit; at 0° . of 0.0290 c. g. s. unit. 
Comparing the e re wts ",-jth the value given for the 
visco ity in the mith onian Phy ieal Table (1927), 
we conclude that thi ample must have contained 
about 6 per cent water. 
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n-PROl>YL ALCOHOL (C.H,OH) 

The sample wa purchased from the Ea tmall 
Kodak L aboratories a of the chemically pure gr ade. 
From the InLernational Critical Table (Vols. III, 
192 , I1nd V, 1929) we obtain the following: pecifi c 
gr avi ty at 25° C., O. 060 ; kinemati vi co ity at 25° ., 
0.0245 c. g. s. units. Our value for the kinematic vis
cosity at 25° C. is 0.0244 c. g. . unit . The same 
tables (Vol. 1, 1926) give the melting point a - 127° C . 

n-B UT YL ALCOHOL (C,H .OH ) 

The sample wa purcha ed from the Ea tman 1 odak 
L aboratorie . Two grade of the chemical are avail
able; one is known a technical and has a boiling point 
of 114° to 11 ° C.; the other is the purer produc t and 
ha a boilina point of 116° to 118° C. The technical 
grade 'I-a used in the te t . 

T he den ity of the ample at 20° C. was O. 10 gr ams 
per cm3 ; it kinematic vi cosity a 30° C. was 0.0269 
c. a. s. units; a t 25° C. was 0.0304 c. g .. units. The 
International Critical T ables (Vol. III, 192 , and IV, 
1929) gives data for the ab olute vi cosi ty and densi ty 
from which we obtain the value of 0.0310 e. g. . unit 
for the kinematic viscosity at 25° 

IV_ EXPERIMENTAL RE SULTS 

KINEM ATIC VISCOSITY 

The kinematic viscosity of the following solu tion 
was determined in the temperature range + 30° to 
- 50° C : 

N t' f t'l {Mineral spirits. 
ca s- 00 0 1 -- - - T oluene. 

. {X Ylene (meta) . 
Poppy-seed oIL ___ T oluene. 

Superla clock oiL _ Mineral spirits N o. 9. 

W'lk' "1 { Mineral spirits . 
I m 0 1 - - - - - - X ylene (m eta) . 

. { MethYl alcohol. 
Glycen ne_ - -- - - - - n-Propyl alcohol. 

1 
Methyl alcohol. 
E t hyl alcohol. 

Ethylene glycoL __ P I I h I n- rop y a co 0 . 

n-Butyl alcohol. 

In mo t ca es five difIer ent concentrations of each 
weI' inve tigated, namely, 0, 25, 50, 75, and 100 per 
CC'llt of one of the componen t . 

Th e ex) erim ental data on the kinematic vi co~i ty 
of these liquids and solutions arc presented in Table II 

and in Figures 4 to 16, inclusive, logl/o being plotted 
Vo 

against temperature; Vo and Vo are, respectively, the 
kinematic viscosities at 0° and 0° C. The compo i
tion of each olution and the kinematic viscosity at 0° 
are stated in each of the figure . The data are thus 
sufficient to compute the kinematic viscosity at any 
temperature within the range_ In computing the 

ratio, ~ , the values of Vo were computed from the 
Vo 

observed values of th e tim e of flow (to) at th e tempera
ture 0, by means ei ther of formula (3a) 'or (5), depend
ing upon whether to wa larger or malleI' than te. T he 
time of discharge for 0= 0° . was not 1.1 uaIlyobserved 
but was determined graplu eally from the values of t in 
the neighborhood o[ 0° C.; similarly [or t 30' 

It will be no ted that the kinematic viscosity i 
given in " c. g. s . units," which mean that the uni ts 
u ed in the cal cul ation are the centimeter , the gram 
of mass, and th e econd. Vi cosity in poises i ob
tained by Inul tiplying the kinematic vi cosity in 
c. g. s . units by the den ity in grams per cubic centi
meter . 

A comparison of the' olutions a r egard the relative 
variations of their kinematic viscositie with the tem
perature may be made thu : Select an appropriate 
value for the kinematic vi co ity at some one tempera
ture, say 30° C ., and determine for each solution the 
concentration at which its kinematic vi cosity ha tm 
value. Tm can be done by a graphical interpolation 
between the value given in Table II, 10glO )/30 being 
plotted against the concentration. From Figures 4 to 

16 determine the value of no = 10glO v o, corre ponding to 
Vo 

these concentrations and to each of a selected series of 
temperatures, including 30° C . This generally require 
interpolation. In some ca es the interpolation can be 
made directly from the figures; in others it will be more 

convenient to plot loglo V8 against the concentration for 
Vo 

each solution and for each of the elected tempera
tures, the proper values being r ead from Figure. 4 to 
16, and to u e these new curves for determining the 
values of n o for the de ired concentrations. From the 
values of n8 those of V8 can be determined by means of 

the relation Joglo Vo =n8-n30, V30 being known. T hi 
V30 

procedure may be repeated for each of the selected 
values of V3~ ' 

H aving selected a value for V30 and determined the 
corre ponding concentrations, the value of the tem
perature at wmch th e kinematic vi co ity of anyone 
olution i a tated multiple (x) of V31 may be deter

mined th u : From the proper curves o[ Figur 4 to 16 

read the value of Joglo V30 for each concentration ; in-
Vo 

crease each by 10glO x, obtaining the value of loglo X V30 , 
VO 

seck on each curve the temperature corresponding to 
Vo X Vao 

the value of loglo = 10glO - ; plot these temperature 
Vo Vo 

against the concentration, and from the curve so ob
t ained r ead the temperature corresponding to the con
centration defined by the value selected for V30 ' R e
peat for other values of x, for other solutions, and for 
other values selected for V30. 
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FIGURE 4.-EITect of temperature on the kinematic viscosity of solutions of neat's· 
foot oil (200 F.) and toluene. VI and Po are the kinematic viscosities of the liquid 
at a given temperature (designated by 8) and at 0° C. 
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FIGURE 6.-Effect of temperature on the kinematic viscosity of solutions of poppy
seed oil and xylene. P, and v, are the kinematic viscosities of the liquid at a 
given temperature (designated by 8) and at 0° C. 
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FIGUR E 5.-Effect of temperature on the kinematic viscosity of solutions of neat's· 
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FIGURE 7.-Effect of temperature on the kinematic viscosity of solutions of pOppy
seed oil and toluene. VI and y. are the kinematic viscosities of the liquid at a 
given temperature (designated by 8) and at 00 C. 
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FIGURE S.-Effect oC temperature on tbe kinematic viscosity oC soiutions oC Wil
kins' oil and xylen~. ., and •• are tbe kinematic viscosities oC tbe liquid at a 
given temperature (designated by 0) and at 0° C, 

J 'l 
vo/v; 

L Y B 

80. e- IF / ~ ,-6.0. -

/ I; 4.0 / ~ 
3.0. - /1 V/ 'i I 

1.4 

1.2 

1.0 

.8 

2.0. r- ~ ~ V 

-.8 

/.5 

~ ~ 
~ .80. 

--i ~ 
~ = .60. I 

8 ~ .50. % concenlratian 
by weighf 

C 

~ 7 _ .40.- Sup'erla Minerd Klnemafic-
clock spints VISCOSity, 

D .30. oil No.9 Vo 

V 
.c5-A,-D--IDD-o.D293 f--

- 20. B. 25 75 0.0.540. 
· C. 50.' 50. 0./23 

£ _15_0._75 __ 25_0.346_1--- · E. 10.0. I 0. 2.01 

0. 

-.2 

-.4 

-.6 

3D 20. 10. 0. -10. -20. -3D -40. -50. 
Temperature, °C 

FIGURE 1O.-Effect oC temperature on tbe kinematic viscosity oC solutions oC 
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oC tbe liquid at a given temperature (designated by 8) and at 0° C. 
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FIGURE 9.-Effect oC temperature on tbe kinematic visrosity of solu:lons oC Wil
kins' oil and mineral spirits. ., and v. are tbe kinematic viscosities oC tbe liquid 
at a given temperature (designated by 8) and at 0° C. 
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F IGURE 12.-EfTect of temperature on the kinematic viscosity of solutions of glyc, 
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FIGURE H.-Effect of temperature on the kinematic vL,cosity of solutions of ethyl, 
ene glycol and ethyl alcohol. P, and p. are the kinematic viscosities of the liquid 
at a given temperature (designated hy 8) and at 0° C. 

1.4 

1.2 

1.0 

.8 

.6 
;;.0 

"-
:;,."'.4 
o 

cj; 
o 

--J .2 

o 

- .2 

-.4 

-.6 

8 - ". 

t 
- / 

VO/Vo 

12. 0. 
10.0 

8.0 

6.0 

4.0 

3.0. 

2.0 

1.5 

~~~~ 
~~-= 
~ -

-

I I l ~---,.--

-----, - , , I 
'l / --

J I f---t I 
l- I / :; 
I:=--- / 

/ 1/ / L 
- J v/ V V ;.. 

/ 

- 0 ~ ~ / 
~~ V 

80 .1 
60-% concenfrahon 

· by weight I 
· 50. Eth y- Kinematic 
40.-1- lene Mefhyl viscosify,_ 

· glycol olcohol VO 

3D A. a 100. 0.0103 
· 8. 25 75 0.0187 
.25-C.-5D--50-o.D448 f-

D, 75 25 0. 10.7 
E, 100 0 .434 

- .8 30 20 10. 
10. 

0. -10. -20 -30 -40. -50 
Temperature, °C 

FIGURE 13.-Effect of temperature on the kinematic viscosity of solutions of ethyl
ene glycol and methyl alcohol. PI and p. are the kinematic viscosities of the 
liquid at a given temperature (designated by 0) and at 0° C. 
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FIGURE IS.-Effect of temperature on the kinematic viscosity of solutions of ethyl
ene glycol and o-propyl alcohol. ., and " are the kinematic viSCOSities of the 
liquid at a given temperature (designated by 8) and at 0° C. 
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The data of Table III were obtained by this method. 
In Table III the solutions have been divided into three 
groups as indicated by the braces: (a) Alcoholic solu
tions ; (b) mixtures containing mineral oils; ( c) mixtures 
containing animal or vegetable oil. It will be noticed 
that if a series of mixtures within a single group (a) 
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FIGURE 16.-Etfect of temperatme on the kinematic viSCOSity of solutions of ethyl 
ene glycol and n-butyl aicohol. ., Rnd .0 are the kinematic viscosities of tbe liqttid 
at a given temperature (designated by 0) Bod at 0° C_ 

and (b) all have the same val ue for V30, they will also all 
have essentially the same value for Vo, whatever value e 
may have within the range + 300 to - ex 0 0, where the 
value of -ex depends upon the solidifying point of the 
mixture. Less exactly, the same holds true for 
group ( c ). Furthermore, the differences between 
groups (a) and (b) are slight, while that between them 
and group (c) is large at the higher temperatures, but 
at low temperatures is small. 

TABLE n.-KINEMATIC VISCOSITY OF LIQUIDS AT 
30° C. AND 0° C. 

Temperature 30° C. 0° C. 

Per cent by weight 
Time Kine- Time Kine-

Vis- matic Vis- matio 

1 

com~ 
of viscos· com- of viscos-

eter flow, ity, eter flow, ity, sec- sec-A B No. onds c. g. s. No. onds c. g. s. 
units units 

A=neat's-foot 01\; B~toluene 

100 0 V" 24.4 0.632 V" 117.7 3.05 
75 25 V, 16.1 .1150 V. 44.8 .318 
50 50 V, 35.3 .0370 V, 69.2 .0725 
25 75 V, 33. 8 .0136 V, 55.1 .0224 

A=neat's-foot oil; B=mineral spirits 

-

100 0 I V,o 24.4 0.632 V" 117.7 3.05 
75 25 V. 23.9 .171 V. 79.4 .569 
.10 50 V, 61.1 .0640 V, 147.1 .154 
25 75 V, 63. 3 .0257 V, 122.4 .0497 

A=poppy-seed oil; B=m-xylene 

100 0 V, 69.7 0.499 V, 304.3 2.18 
75 25 V, 90.8 .116 V, 248. 2 .317 
50 50 V, 38.8 .0406 V, 76.8 .0804 
25 75 V, 74.5 .0160 V, 117.9 .0253 

A=poppy-seed oil; B=toluene 

100 0 V, 69.7 0.499 V, 
304.3 1 2.18 

75 25 V, 97.4 .102 • V, 2,,7.9 .270 
50 50 V, 33.6 .0352 V, 63.9 .0669 
25 75 V, 34.6 .0140 V, 53.7 .0218 

A=Wilkins' 01\; B=m-xylene 

100 0 V. 11.8 0.185 V. 63.8 1.00 
75 25 V, 6.1 .0421 V, 14.5 .104 
50 50 V, 17.5 .0177 V, 33.3 .0348 
25 75 V, 25.6 .0100 V, 3 .4 .0156 

A=Wilkins' oil; B=mineral spirits 

100 0 V. 11.8 1 0.185 V. 63.8 1.00 
75 25 V, 8.6 .0617 V, 26. 0 .186 
50 50 V, 21.2 . 0285 V, 9.0 .0646 
25 is V, 40.9 .0166 V, 28.9 .0303 

A=Superla clock oil; B=mineral spirits 

I 
100 0 V. 21.8 0.342 V. 128.3 2.01 

! 
75 25 V, 13.0 . 09~1 V. 22.1 .346 
50 50 V, 43.7 .0458 V, 9.2 .123 
25 75 V7 122 . .1 .0261 V, 42.3 .0540 

- -
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TABLE n.-KINEMATIC VISCOSITY OF LIQUIDS AT 
300 C. A D 00 C.-Continued 

rremperature 

Pcr cent by weight 

--------~-------I e~:;,·. 

A B 
eter 

o. 

30.° C. 

Time 
of 

flow, 
sec· 
onds 

Kine· 
matic 
viscos· 

ity, 
c. g. s. 
units 

V is· 
com
eter 
No. 

A=glycerioe; B=methyl alcohol 

100 
00 
75 
50. 
25 

0. 
10 
25 
50 
75 

V. 
V. 
V, 
V, 
V, 

151. 9 
44.6 
27.4 
38.1 
34. 5 

2.38 
. 698 
.196 
.0.399 
.0.139 

V. 
V. 
V, 
V, 
V, 

A=glycerioe; B=n·propyl alcohol 

0.° C. 

Time 
of 

Dow. 
sec· 
onds 

2,585 
495.6 
171. 7 
112.7 
64.0. 

Kine· 
matic 
viscos-

ity, 
c. g. s. 
units 

40..5 
7.76 
1.23 
.118 
_ 0.260. 

�----~----~-~--~--·- -- ----
100 
50 
25 
15 

0. 
.50. 
75 
85 

V. 
V8 
V8 
V, 

. 

152. 9 2. 38 
115.9 .14 
36. 4 .0465 
26.7 .0.341 

V. 
Vv 
V8 
V8 

2,585 
53.4 

Jl6.7 
67.8 1 

40..5 
.712 
.149 
.0.866 

A=ethyleoe glycol; D=methyl alcohol 

100 
75 
50 
25 

0. 
25 
50 
75 

14.9 1 0..10.7 
30.. 6 .0.391 
20.8 .0.213 
27.3 .0.10 

V, 
V8 
V, 
V, 

60..6 0..434 
81.5 .10.7 
42.8 .0.448 
46.0. .0.187 

I----~---~-~--~--~-~--~·---

A=ethylene glycol ; B=ethyl alcohol 

100 
75 
50 
25 

0. 
25 
50 
75 

14.9 0..10.7 
45.9 .0.586 
33.2 .0.348 
54.7 .0.222 

V, 
V, 
V, 
V, 

A=ethylene glycol ; B=n·propyl alcohol 

100 
75 
50. 
25 

o 
25 
00. 
75 

V, 
V, 
V. 
V, 

14.9 1 0..10.7 
10..4 .0.745 
3 .4 1 .0.490 
30.. 1 .0.315 

V, 
V, 

V' I V, 

A=ethylene glycol; B=n·butyl alcohol 

100 
75 
50 
25 

0. 
25 
50 
75 

V, 14.910.. 10.7 

I 
V, 11.4 .0813 
V. I 43. 6 .0557 
V, 36. 1 .0.378 

Toluene..... ...... . ... V, 
m·Xylene......... .... V, 
1\Jioeral spirits. ....... V, 
Mineral spirits 0.9.. , ., 
Mothyl alcohoL... ... V, 
Ethyl alcohoL........ V, 
n·Propyl alcohoL.. ... V, 
Il·Bnlyl alcohoL...... V, 

Solvents 

32.3 
34.8 
11. 
83.4 
18.1 
36. 9 
52.91 25.7 

0..00615 
.00670. 
.0.112 
.0.166 
.00668 
.0.149 
. 0.215 
.0.269 

V. 
V, 

\"'1 V, 

v, 
V, 
V. 
\", 
V, 
V, 
V, 
V, 

6O.c. 1 
141. 0. I 83.6 
119.7 

60.6 
34.5 

106.5 
70..9 

60.6 
3.0. 

126.1 
89.4 

44.7 
4 .6 
17.7 
72.2 
26.1 
71. 4 

113.7 
56.2 I 

0..434 
.180 
.0875 
.0486 

0..434 
.247 
.136 
.0.742 

0..434 
.272 
.161 
.0936 

0..00883 
. 00966 
.0.180 
. 0.293 
.0.10.3 
.0290 
.0162 
.05 

TABLE IlL-EFFECT OF TEMPERATURE 0 
KINEMATIC VISCOSITY 

Kinematic 
viscosity 
at 30.° C., 

c. g. s. 
units 

0..6 

.4 

.2 

. I 

.0.5 

.0.269 

.025 

.0.215 

.0166 

.0.149 

.QJl2 

.0.1 

.006;0 

.00668 

.00615 

Solutions,' per cent 
by weight 

Tomperature in °C. at which the relative 

kinematic viscosity ~ is-
v" 

j
a{88 0+12 :M •••••••• 

790+21 Pr ......•. 

{
99 N+l S ...•....•. 

c 99 N+1 T ...•.• ••.• 
95 P+5 X ..•.....•. 

a{84 0+16 M ....... . 
71 0+29 Pr ......•• 

{

92 N+8 S •••••••••• 

c ~~ ~tfl ~========= 
97 P+3 '1' ........•. 

l
a{~ g+~ ~~======== 
b 93 Su+7 S •••.....•. 

{

78 N+22 S .......•. 
c 85 N+15 T .......•. 

80. P+20 X .......•. 
87 P+13 T ..•....•. 

660+341\1 ......•. 
H 0+59 Pr. •....•. 

a 99 E+l M .. ...... . 
97 E+3 EA ......•. 
96 E+4 Pr ..•...••. 
92 E+8 B ........•• 

{

77 So+23 S .......•. 
b 87 W+13 B .•.....•. 

00 W+lO x ....... . 

{

62 +38 B •••• ••.•• 

c ~ ptN i========= 
74 P+26 '1'. ....... . 

1

54 0+461\1. .•...•. 
24 0+76 Pr ...... _. 

a 2E+18M ••....•. 
68 E+32 EA ...... . 
52 E+48 Pr ......• ·1 
44 E+56 B ......• _. 

{
53 Su+47 B ••••••••• 

b 69W+31 B ••••• •• ••1 
7 W+22 X .•...• ··I 

{

43 ·+57 S .....••• ·I 
c 58 N+42 T ••....... 

55 P+45 x···.· ····1 
59P+41 T •••••••. •. 

n·Butyl alcohoL .... .! 

j
4Q 0+60 M ........ \ 
50+95 Pr ........ . 

a 61E+39M· .······

1 
32 E+68 EA ...... . 
9 E+91 Pr •........ 

{

45 W+55 S ........ . 
b 61 \Y +39 x ....... . 

23 Bu+77 B ........ . 

{

25 N+75 B ••••••••. 
c 41 K+59T·········1 

37 P+63 X ....•.. ··1 
41 P+59T ........ . 

2 5 

20 
19 
16 
16 
13 

8 
6 

-1 
-1 
-3 

19 7 
18 4 
15 -2 
14 -4 
12 -6 
14 -3 

19 I 6 16 2 
16 I 
12 -7 
11 -10. 
10. -10 
12 -7 
16 -2 
13 -4 
14 -4 
14 -4 
12 -5 
13 -5 
17 -4 
13 -4 
14 -4 
8 -14 
7 -14 
7 -16 
8 -14 

12 -10 
10 -11 
10 -11 
9 -13 
9 -13 
9 -13 
8 -12 
8 -12 
8 -14 
4 -23 
2 -22 
1 -2-1 
2 -21 

3 -26 
6 -20 
3 -25 
5 -20 
3 -22 
3 -26 
3 -26 
2 -23 
1 -26 

-1 -30 
-4 -32 
-5 -32 
-5 -33 

n·Propyl alcohoL.... 3 -2 
Mineral spirits ·0. 9. -5 
Ethyl alcohoL....... 0. 
)Iinera l spirits....... -ll 

I 
{15 0+ 5 M. ....... -6 

a 24 E+76 M........ -8 
b 25 W+75 X........ . -12 

{

15 '+85 T......... -15 
c 12 P+88 X...... ... -19 

15 P+85 T ......•.. 1 -15 
m·Xylene .•.•...•.•. _ -21 
Methyl alcohoL .... -16 
Toluene.......... ... -20 

-33-
-33 
- -15 

-42 
-42 
-45 

'-50 
-50 

'-50 
'-50 
• -50 

10. 

0. 
-3 
-8 
-8 

-11 

-2 
-5 
-8 

-Jl 
-14 
-10 
-3 
-9 
-9 

-13 
-18 
-20 
-14 
-12 
-16 
-15 
-15 
-16 
-16 
-15 
-13 
-14 
-20 
-22 
-26 
-21 

-23 
-24 
-23 
-25 
-26 
-26 
-25 
-24 
-24 
-26 
-30 
-33 
-32 

-43 
-45 
-42 
-3t 
-37 
-43 
-37 
-38 
-3 

20 30. 

-7 -11 
-11 -15 
-9 .... _ ... 

-16 -18 

-10 -13 
-13 -17 
-9 

-20 -23 
-14 -15 
-12 -16 
-18 -22 
-17 -21 
-15 

-17 -30 
-19 -21 
-21 -27 
-25 -31 
-24 -29 
-24 -30. 
-24 -30. 
-24 -30. 
-23 -27 
-22 -27 
-23 -29 
-25 

-33 -38 
-26 -29 

-32 -37 
-36 -42 
-33 -42 
-36 -41 
-37 -43 
-38 -44 
-34 -39 
-33 -38 

I -32 
-30 

-36 

I······· · ....... . 
-41 -43 
-40. -45 

'-50 

I' -4fi 
, -55 

-51 
-51 
-56 
-47 
-47 
-4 

, -55 
t -55 
, -55 
t -55 
• -50 -51 

-50 
-3R , -39 
-40 =13 I·:=~·· .:.=~ .. 
-47 
-4 
-52 

'-50 
, -45 
'-65 
• -55 
'-50 
, -55 

• -50 .••.•.. _ 
• -50 ....•.•. 

• -55 ..•...•. 

'13=n·13otyl alcohol, E=e,hylene gIYCOI,I<: .1. = ethyl qlcohol, O=glycerine, 
M=me~hyl alcohol, N=nc:lt's·root oil, P=poppy -eeo oil, Pr=n·Propyl alCOhol, 
B=mineral spirits, Su= uperh clOCk oil, 'f=Loluene, W=Wilkins' oil, and X= 
m·Xylene. 

, Indicates that the temperature is lower thm that given. 
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E CULAR VARIATIO S 

Certain oil , notably poppy- eed and lin eed, oxidize 
comparatively rapidly when expo ed to the air, and this 
oxidation is accompanied by a progre ive increase in 
the kinematic viscosity. The addition of small 
amounts of certain sub tance , such as ,B-napthol, 
hydro quinone, and diphenylamine, called an tioxi
dants, are known to retard the oxidation in many 
cases. Conseq uently it eemed desirable to study 
the secular variation in the kinematic vi cosity of 
solutions of the e oils containing a mall amount of 
antioxidant. H ydroquinone i insoluble in linseed 
oil (reference 4), but an be di olved in poppy- eed 
oil by first di olving it in ether , adding that solution 
to the oil, and then removing the ether by heating to 
about 60° The other two antioxidan t can be 
mixed readily with either oil. 

One per cent of antioxidant wa added to the oil, 
and the mixture wa dissoI ved in m-xylene in various 
proportions. 

About 100 cm.3 of each solu tion wa kept for 590 
days in a bottle open to the ail' and exposed to day
light, but protected from du t. The liquid were not 
agitated . The kinematic vi co ity of each of the 
solutions was mea ured at interval during the ex
po me. As a certain amount of the :x.'Ylene evaporated 
during the exposure, the weight of each of t be solutions 
containing x'Ylene wa brougbt up to it original weight 
by the addi tion of xylene before determining tbe kine
matic viscosity. This pro edm e doe not take account 
of the change in weigh t through ox-i.dation, but the 
err r so in troduced in the vi cosity measurement is 
in all probability small in omparison with tbe effect 
due to oxidation . 

The quotients of the kinematic vi cosity of each of 
these olut.ions after variou in tervals of time divided 
by it initial value are given in Table IV. I t i evident 
that in all ca e the kinematic viscosity changes more 
lowly a t t he beginning than at the end of the expo nre. 

Owing to the induction period, tbe same i tru e of 
the oxidation. (Cf. section on Oxidation. ) It i also 
evident that only for the olution of poppy- eed oil 
containing hydroquinone i the vi co i ty sufficiently 
con tant for practical pmposes. The color of the 
poppy- eed oil solutions was initially a light amber; 
during exposure it changed to a deep red brown, making 
the solution un atisfactory when high vi ibility i 
required . 

Analyses of the mi..,ture of poppy-seed oil and 
hydro quinone that had been exposed for 590 day and 
of the lmtreated oil that had been stored in a closed, 
opaque con tainer were made by the chemi try divi ion. 
The iodine number for the unexposed sample was 
found to be 142.9 ; that for the expo ed ample 141.0 ; the 
acid content for the lInexpo cd was 1.3 per cen t, for 
the expo ed 1. per cen t. The e val lies indicate that 
the o:xidation wa mall . This comparison i jll tified 

since Lewkowitsch (reference 5) states that an oil 
protected from moisture and light is stable. 

TABLE IV.- CHA GE OF KINEMATIC VISCOSITY WITH 
TIME OF LIQUIDS CO TAl ING ANTIOXIDANTS 

Relativ~ kinematic viscosity 

Liquids Time (days) 

-0-1 9S 385 590 

Solutions with fJ-naphthol 

Linseed oil, 100 per cent; xylene, 0 per cent ______ 1.00 1. 15 1.72 4.22 
Linseed oil, 75 per cent, xylene, 25 per cenL _____ 1. 00 1. 25 1. 72 3. 45 
Linseed oil, 50 per cent; xylene, 50 per cent ______ I 1. 00 11. 47 

3.33 10. 30 
Poppy-seed oil, 100 per cent; xylene,O per cen L_ 1. 00 1.17 1. 49 2.06 
Poppy-seed oil, 75 per cent; xylene, 25 per cenL _ 1. 00 1.1 4.43 6. 
Poppy-seed oil, 50 per cent; xylene, 50 per ccnL_

I
1. 00 1.03 3.72 6. 16 

olutions with hvdroq¥inone 

1 1. 01 Poppy-seed oil, 100 per cent; xylene, 0 per cenL_ 1.00 1. 07 1.14 
Poppy-seed oil, 75 per cent; xylene, 25 per cenL_ 1.00 1. 01 1. 02 1. 07 
Poppy-seed oil, 50 per cent; xylene,50 per cenL_ 1.00 .994 . 970 1. 05 

Solutions with diphenylamine 

Linseed oil, 100 per cent; xylene, 0 per cenL ____ 1.00 1.09 1. 73 2.39 
Linseed oil, 75 per cent; xylene, 25 per cont _____ _ 1 1. 00 .97 2. ~9 3.49 
Linseed oil, 50 per cent; xylene, 50 prr cent ______ 1. 00 1. 28 3.58 9.94 
Poppy-secd oil, 100 per cent; xylene, 0 per cenL_ 1. 00 1.00 1. 27 1. 95 
Poppy-se d oi l, 75 per cent; xylene, 25 per cenL_ 1. 00 I. 23 2.62 6.10 
POPPl--seed oil, 50 per cent; xylene, 50 per cenL_ 1. 00 1.29 7.06 9. 28 

I 

THERMAL COEFFICIENT 

The thermal coefficient R of the kinematic visco ity 
defined by expression (7) 

R =l dJl 
JI de 

which j eq ui yalen t to ( ) 

d Jlo 
R= de loge ;" 

(7) 

Cd 

That is, for each point of the curve of Figure 4 to 
16 , R is the product of the slope of the curve at that 
point multiplied by 2.303 , the factor required to 
convert common to Japierian logarithm 

R-JI RELATION 

The slopes at the points corresponding to various 
temperatures were determined graphically. When R 
was plotted ao-ainst e the points did not deviate from a 
smooth curve by more than 2 per cent. Values of 
10glO R were plotted against associated values of 10g1o JI. 

lt was found that all points so dehrmined for the 
alcoholic solutions (of glycerine and ethylene glycol) 
Ii closely along a single mooth surve. Figure 17 and 
GE of Figure 19 show this curve for values determined 
at 0° and 30° C. Value for temperatures from 0° 
to - 40° C. fall on this ame curve_ The e values were 
not included in the figUTe. 

The point determined for the mineral oil group at 
0° and 30° . lie along a econd smooth curve. (GM 

of figs. 1 and 19.) For temperature below 0° C. 
the ClU've for this group of liquids shifts to the right ; 
that i , R increase with decrease in temperature. 
Curve CD of Figure 1 gives its position for - 40° C. 
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The points determined for the animal and vegetable 
oils, including those derived from data given in the 

mithsonian Physical Tables (1927), for soya-bean 
oil at 30° C., olive oil at 10°,15°,20°,30°, and 40° C., 
and castor oil at 15°, 30°, and 40° C. lie along a third 
curve; and tho e for m-xylene, toluene, and mineral 
spirits at + 30° C., 0° and - 15° C. lie along a fourth 
curve differing but little from GM . (Fig . 19. ) The 
points for the 50-50 solutions of animal and vegetable 
oils are much more scattered, but sugge t a curve that 
is flatter than any of the others. Excepting these solu
tion , the individual points do not ordinarily depart 
from the curve by more than 10 per cent in R, an 
amount that is negligible for all practical purposes. 

Thus within an error of 10 per cent in R, there is, 
for the range 30° to - 40° C., for each of the groups 
of sub tance -(a) the alcohol group and (e) the sol
vent m-:-..-ylene, toluene, and mineral spirits-- and 
for the range 30° to 0° ., for each of the groups
(b) mineral oils group and (d) the pure animal and 
vegetable oils-a definite relation between R and II; 

a relation which is independent both of the chemical 
constituent of the various substances and olutions 

10.0 

9.8 

9.6 

9.4 

... 
~9.0 
~ 
a 
::::"8.8 

8.6 

8.4 

8.2 

8.0 

r-aoe 30'C SOlut;~f r--
I- 0-'-0 I- Glycermein V-
I- I, _ methyl alcohol. 9 0 

Y L::; I-Glycerine in~1:. r--
ethyl alcohol. r-

<l I> Glycer ine in 
n-propyl It-
olcohol.~ -+ X Ethylene ° 
91YCOl lnj r--
methyl -alcohol. ju-

.1 
r--r--

I- +/ 

I ~ 
Ffa r--r--0 .~ 

It ' 
I), 

" '" -- -
/~ "'J ~Efhylene 

tJ 
glycol in -

ethyl alcohol 

.P 
t> 21 [7 Efhylene -

I glycal m n-_ 
x / 1 propyl alcohol. 

'I a ~ Efhylene -
glycol In n::....,-

V byty{ alcrohpl. 

8.0 8.2 8.4 8.6 8.8 
(L09,0 R) + 10 

FlCll' HE 17.-Hrlatioll of tho th nnal coefficiont R of kinematic viscosity aud the 
kiucmatic d scosity " for the alcohol group of liquids. R is the relative change 
in kincmatic viscosity pcr dcgree t"Elotigrade and" is in c. g. s . units 

included in each group and also of the temperature. 
That is, within the limitation tated, the complete 
curve showino- the relation between II and (J can be 
con truct d for any of the liquid when its value of 1I 

i known at any temperature; or, in other words, for 

a given group, all solutions that have the same value of 
1I at anyone temperature will also have the same value 
at any other common temperature. This may also 
be seen by in pection of Table III. For the mineral 
oil group in the range of temperature from 0° to - 40° C. 

10.0. 

9.8 

9.6 

9.4 

'2 92 
... 
~9.0 
~ 
a 
::::"8.8 

8.6 

8.4 

8.2 

8.0 

O· 30' --<fa'e Solullonsl ~ 0 ' 0 I- petrolotur 
In xylene. 

-[7 !i --I- Transformer 
Oil In XYlenrl Ci, <l I> Recoil oil. 

+ X r-\l-Superla _'#-r clock 01/ in x 

mmer:b splrils '--
No.9. 1 r--"'J ~ 9 Wilkins' oiif 
mmm. 

D-
lJ-~plrifs. °V II 

a Cf Wilkins,/, 6 

oi/in Q 0 

xylene·r/ / 

+ ~ / 

7 / 
~V ~ 
/ / 

I/~ If 
I D 

x 
j .() / 

/ 
'f, 

Mj 
V 

80 82 84 86 8.8 
( L0910 R ) + 10 

F IGUHE I .-Relation of tbermal coefficient R of kinematic viscosity and t h e kine
matic \' iscos ity "for the mineral oil group of liquids. R is the relative change 
in kin matie \-iscosity per degree centigrade and " is in c. g. s. units 

the fact that at any particular temperature R is a 
function only of II lead to the ame conclu ion that 
all olution of this group having the arne value of 
II at anyone temperature will al 0 have the ame value 
at any other common temperature. 

From the CUlTe f Figur 19 it i eyident that at 
temperatures above 0° C. th yalue of R for a given 
kinematic vi c . ity i mallest for the pure animal and 
vegetable oils group (cl ) , and that for olution of 
mineral oils group (b), it i ome\\'hat Ie than for the 
alcoholic olution group (a). For some of the pure 
animal and veo-etabl oil R remain Ie than for 
olu tion of O-J"OUps a and b eyen when the temperature 

ha been reduced to - 15° C. 

R - O RELATIO 

The variation of R with the temperature (J is hown 
by ypical cur e in Figure 20 to 23. Tho e of Figure 
20 are typical of solution of the alcohol group (a); 
those of Figure 21, of the mineral oil group (b); tho e 
of FigUTe 22, of olution of animal and yegetable oil 
in m-xylene, toluene, Or in mineral spirits; and in Figure 
23 are several curves pertaining to the three groups, 
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the liquids being so chosen that for each of the curves 
A, B, and C , and also for each of the curves D , E , and 
F, the kinematic viscosity at 30° C. is the same. 

All these curve are, as should be expected, ehar
acterized by a rapid increase in R as the solidification 

11.2 

_0
1 

p)e a~/ma~ anJ vebeta11e Ls. i-~~0-50 solulions of animal oils 
and vegetable oils In xylene 
and toluene. 1 1 1 0} 

_X Xylene. toluene and mmeral 0 

10.8 

splnts. cV 
/ 

10.4 

~ 
10.O 

I 
+ olf : G 

c / : 

I' 
++ + . . 
" 
. 

" " + " +, ' 
9.2 

+ ++l# .-
";,/1-+ + 

+ + + , , , , , , 
8.8 

,. " , 
+ 

, 

-/, ' " , 

,~; .' 
- 7" ~~:~/ 
'J/ ," E 

8.4 

8.0 

~ V 8.2 8.4 8.6 B.8 9. o 
(Log,o R) + 10 

FIGURE 19.-Relation 01 tbe thermal coefficient R 01 kinematic 
viscosity and the kinematic visCOSity II for the an ima l oil and 
vegetable oil group 01 liquids. R is tbe relative change in 
kinematic viscosit y per degree centigrade and. is in c. g. s. units. 
The range o{ temperatures represented is [rom 0° to 40° C. {or 
tbe pure oils and Irom - 150 to +30° C . lor the soilltions and 
solvents. The dotted line a E is lor the nleohol group Irom 
Figure 17, a iII lor tho mineral oil grollp Irom Figure 18 

point is approached, but the chanO'e in slope of the 
curves i particularly abrupt in the ca e of solu tiOllS of 
the animal and vegetable oil (fig. 22 and 23, curve F ) 
which, when pure, solidify_not far below 0° C. The 
temperature at which this abrupt change occur m ay 
be called a cri tical temperatu re (Oe) . Though , of 
course, raLhel' indermite, it varies quite regularly with 
th e concentraLion of the solu tion. In Figure 22, th e 
several value of Oe lie in the neighborhood of the 
points E , F , G , H . B elow that temperature the olu
tion becomes more or less opaque, indicating the 
separation of "omething from the olution. That this 
change i progressive i hown by the gradual increa e 
in the kinematic visco i ty at con tant Lemperature, the 
rate of change depending upon the temperature. 

V. SELECTION OF LIQUIDS 

KI EMATlC VISCOSITY 

IDEAL REQmREME TS 

In so far as the kinematic viscosity i concerned, 
that damping liquid is the best for a given aircraft use 

which has a suitable value of V$O and for which 100' ~ 
VSO 

remains the smalle t throughout the temperature range 
+ 30° to - 30° or - 40° C. 

The mo t suitable value for V30 will depend upon 
the m echanical characteristics of the particular in tru
ment with which the liquid is to be used. It deter
mination lie beyond the scope of thi paper. 

From expression ( ), (9) follows at once 

Ve 1'0 loge -= RdO=nl 
V30 30 

(9) 

where n[ i the area inclosed by the axi of tempera
ture, the ordinates at 30° and 0°, and some one of 
such curve as are given in Figures 20 to 23. ince 
the numerical value of R increases as the temperature 
decreases, the requirement that n[ hall be as small as 
possible for a given value of V30 demand that th 
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other liquids 01 the aleobol group 

(0, R ) curve shall be reasonably flat throughout the 
range 30° to 0° , and that R b e mall at 30° C.; that i , 
that R be reasonably small th.Toughout the range. 
But it ha b een hown (Cf. ection on Thermal Co
efficient, that within a giv ·n group (a, b , d, e, and, 
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less exactly, c)T.the value of R for a wide range of 
temperature is very closely determined by the value 
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,-iscosity of Wilkins' oil-mine .. al spirits solutions. R is the relative cbange in 
kinematic viscosity per degree centigrade. Similar curves are obtained for tbe 
other liquids of the mineral oil group 

of II alone; hence all member of the group that have 
the same value for 1130 will have nearly the same value 
of nl' The choice, therefore, 1'e ts between the groups 
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vegetable oil solutions 

rather than between the individual members of a 
group, although the small differences between the 
latter, as illustrated in Table III and in Figure 23, may 

under certain conditions be worth considering. The 
values of R for the various groups have already been 
compared. 

SPECIFIED KI EMATIC VISCOSITY 

The concentrations of mixtures having a specified 
kinematic viscosity at 30° C. may be found from 
Table III, which also gives an indication of the way 
II varies with the temperature . 

In order to find the concentrations of mixtures 
having a specified kinematic viscosity at some specified 
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FIGURE 23.-Curves sbowing tbe variation in tbe eaect of temperature on tbe 
tbermal coefficient R of kinematic viSCOSity of two groups of liquids tbe kine
matic viscosity of whicb istbe same at 30° C. Tbe later quantity is 0.107 c. g. s. 
units for curves A. B. and C and 0.185 c. g. s. units for curves D. E. and F. R 
is tbe relative cbange in kinematic viscosity per degree centigrade . 

temperature other than 30° C, proceed thus. From 
the appropriate figure (17, 1 , or 19), depending upon 
the group of mixtures in which you are interested, find 
the value of R corresponding to the specified value of 
II. With this value of R and the pecified temperature 
enter that figure (20, 21, or 22) in which is given data 
for a liquid of your group and, by interpolation, 
determine the concentration. Then from Table II or 
Table III determine the value of 1130 for the concentra
tion of this special mixture, and then from the same 
tables find the concentrations of other mixtures for 
which 1130 ha the arne value. (f. ection on Ex
perimental Results.) These, having all the same 
value at 30° C., will all have practically the same 
value (that pecified) at the pecified temperature. 
1£ the specified temperature i below 0° C., R hould 
be determined from Figure 1 by interpolation. 

SPECIFIED CONCE TRATIO 

The value of 110 for a solution of specified concen
tration can often be obtained by interpolation be-
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tween the value of Table III. In other case ob
tain the appripriate value of lIo from Table II and the 

. I ~ f F ' . appropnate no = OglO - rom lIgures 4 to 16, m ter-
lIo 

polat~ng in each ca e, as may be nece ary. Then lIO 

i determined by means of (10) 

(10) 

OTHER FACTORS 

Besides the kinematic vi co ity, to which the pre -
ent investigation ha been mainly restricted, other 
factors must be con idered in choosing a damping 
liquid . These factors may in orne ca es be of 'uf
ficient importance to cause the rejection of a liquid 
that would be ideal from the standpoint of it lcine
matic viscosity alone. Thus, olution of glycerine 
and of ethylene glycol are relatively unsuitable for 
instrument that have to be sealed by means of gas
kets, but are quite suitable for those using an all
glas container. 

In the following paragraph orne of the more im
pOl' tant of these factor are considered, in many cases 
together with their pertinence to the solu tions studied 
in this work. 

TRANSPARENC Y 

It is known that the lighter mineral oil products 
will darken in time upon exposure to light if unsatu
rated compounds are present. Two ample of min
eral pirit were u ed in thi work. One darkened in 
color so as to become nearly opaque; the other re
mained clear in color after over 12 mon th ' exposure, 
a good portion of the time in unligh t. 

HOMOGENEITY 

In selectmg the solution to be tudied in thi work, 
con iderable weight was given to the miscibili t of 
their constituents at low temperatures. The kine
matic viscosity wa~ measured only of those mixtures 
which remained homogeneous solutions down to 
- 10° C . 

Tho e solu tion of O'lycerine and of ethylene gl col 
of which the kinematic visco ity was mea med re
mained miscible from + 30° to - 50° C. 0 )' until 
freezing occurred. This wa also true for the olu
tions of mineral oil in mineral spIrit , but not for the 
solutions of mineral oil in toluene or in xylene, which 
howed a gradual crystallization of the olvent at low 

temperature. As the temperatme was lowered the 
animal oil and the veO'etable oil solution all howed 

a gradual eparation and freezing of some of the com
ponents of the oil, the amount of separation at any 
temperature being dependent on the length of time it 
wa kept at that temperature. 

The following solu tions were miscible at room 
temperature, but separation took place at a tempera-

ture above -10° C., and no determination of the 
viscosity was made: 

jn-prOPYI alcohol. 
eat's-foot oil in _ _ n-butyl alcohol. 

acetone . 

j n-propyl alcohol. 
P oppy-seed oil in __ n-butyl alcohol. 

acetone . 

{

acetone . 
Glycerine ilL __ ___ toluene. 

n-butyl alcohol. 

CO HHOSIO 

In order that a liquid may be atisfactory a a 
.damping liquid it must not corrode metals with which 
it may come in contact. The corrosion is usually due 
to acids pre ent in the liquid . In general, both 
animal and vegetable oil contain acids, which in
crea e in amount with age if the oils are exposed to the 
air and light. The factors affecting the change in 
acid content are di ussed in connection with ox'ida
tion in another paragraph. It wa found that bra 
was corroded in a few hours by a mixture of neat' -
foot oil and x'Ylene though neither the neat's-foot oil 
nor the xylene alone caused corrosion. Steel balls 
corroded when sealed in glass tubes nearly filled with 
this solution. Evidently the xylene acted as a ca
talyst and ha tened the formation of acid. 

VAPOH PRESS URE 

In choo ing a damping liquid to be used in open 
containers con ideration hould be given to it vapor 
pre sure; other factors being equal, the liquid with 
the lowest vapor pre sure will evaporate the lowest. 

OXIDATION A D A TIOXlDA T 

The unsaturated fatty oils, of which poppy- eed 
oil and linseed oil are typical, are subject to oxidation 
upon exposure to the air, with an accompanying in-
rease in viscosity and acidity. The unsaturated 

fatty oil i primarily oxidized into a peroxide 

( := g~ := g) which i decompo ed by heat into alde

hydes which are further transformed into acid by the 
absorption of oxygen. (Reference 1.) 

The oxidation u ually shows two stages-the in
duction or incubation period, d1.lring which the rate 
of oxidation is very low, and a second stage in which 
the rate is much more rapid. Several factors influence 
the duration of the first stage. Yamaguchi (reference 
2) in hi report of the action of antioxidants in the 
oxidation of unsaturated fatty oils, u ing olive oil and 
ca tor oil, give data which indicate that the logarithm 
of the period of induction i nearly linear with the 
temperature. The rate of oxidation i affected by 
light, moisture, increase in oX'Ygen concentration, 
temperature, cataly ts, acid, electrolytes, and is 
usually accompanied by a darkening, a change in 
color, in odor, and in taste, the appearance of waxe , 
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hardening, and other changes in physical and chemi
cal properties. (Reference 3.) 

The determination of both the decrease in the iodine 
value and the increase in the acid content appears to 
be the best method for measuring the r ate of o:h.'idation. 
The iodine value i a measure of the amount of double 
bonds present in the unsaturated compounds. (R ef
m·ence 1. ) The primary oxidation into the peroxide 
re ults in a decrease in the iodine value. The decom
position products ab orb oxygen and form acids, with 
a resul tant increase in acid content. 

The addition of an inhibi tor or antioxidant to the 
oil retards the rate of oxidation, or even stay it for a 
period. From the re ults of Yamaguchi there appear 
to be two kinds of inhibitors. (R eferences 2 and 7. ) 
He finds diphenylhydrazine and hydroquinone inhibit 
oxidation in such a way as to increase the induction 
period by an amount which depends both on the 
amount of antio:h.idant used and the temperature of the 
oil. After this period, oxidation proceeds a if no 
antioxidant were present. This leads to the con
clusion that the e antioxidant , diphenylhydrazine 
and hydro quinone, mu t be entirely absent from the 
oil before the oxidation can tart and that the presence 
of even a very small amount of them can inhibit 
the oxidation very effectively. Yamaguchi found 
hydro quinone to have an inhibitory power superior to 
that of the other. A mere trace of hydro quinone i 
sufficient to lengthen the period of induction greatly. 

The inhibitive action of a-naph thylamine and diphe
nylamine is different in that they do not alter the 
period of induction but do lower the rate of oxidation 
considerably. The lowered rate of oxidation grad
ually increases with time until i t finally become that 
of the untreated oil . 

In the present work it was found that the addition of 
one per cent of hydroquinone to am-xylene olu tion of 
poppy-seed oil inhibits its oxidation to such an extent 
that its viscosity changed only a few per cent in the 
course of 590 days. (See Table IV. ) 

VI. CONCLUSIONS 

In choosing a damping liquid for use in aircraft 
instruments the following fac tors must be consid ered in 
addition to the proper value of the kinematic viscosity: 
(a) Useful temperature range, (b) transparency, (c) ho
mogeneity, (d) corrosion, (e) vapor pre sure, and (f) 
chemical stability. In this inve tigationdata were se
cured principally on the kinematic viscosity of selected 
liquids and solutions in the range - 50° to + 30° O. 
The range of temperature in which a given liquid maybe 
useful is thus determined . Data on the other factor 
were obtained only incidentally except that the effect of 
certain antioxidants on the kinematic vi cosity of solu
tions of poppy-seed oil and of linseed oil were investi
gated. One, hydroquinone, was found to be effective. 

The results on kinC:'matic viscosi ty may be summa
rized as follows: 

o 

(1) For each of the alcohol and mineral oil groups of 
the lIquids tested, a single curve represents the rela
tion of the thermal coefficien t of kinematic viscosity 
to the kinematic viscosity. (Figs. 17 and 18. ) This 
relation is independent of the composition of the 
individual lIquids and mixtures and, within the range 
+ 30° to 0° O. for the mineral oil group, and + 30° 
to - 40° O. for the alcohol group, of the temperature 
of the liquid. This relation is also true for the group 
of pure animal and vegetable oils within the range 30° 
to 0° O. 

(2) For the three groups of liquids tested no one liquid 
or solution in a particular group had a thermal coeffi
cient at a gIven kinematic viscosity which varied more 
than 10 per cen t from that defined by the curve for the 
group. 

(3) At the higher temperatures the pure animal and 
veo-etable oils have, relatively, the smallest thermal 
coefficient of kinematic viscosity. The coefficient of 
the mineral oil group is less than that of the alcohol 
group bu t the difference is light. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel LiJi.ear to axis) Sym- Sym- Positive Designa- Sym- (compo-Designation bol symbol Designation bol direction tion bol nentalong Angular 

LongitudinAL _ X X rolling _____ L 
LateraL _______ Y Y pitching ____ M 
NormaL ______ Z Z yawing _____ N 

Absolute coefficients of moment 
L M N 

0 1= qbS Om= qcS On= qbS 

axis) 

Y---4 Z roll ______ q, u p 
Z--> X pitch _____ 8 v q 
X--> Y yaw _____ if; w r 

Angle of set of control surface (relative to neu
tral position), o. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

D, Diameter. 
P, Power, absolute coefficient Op= pnfD6' 

p, Geometric pitch. 
p/D, Pitch ratio. 

Os, \!pV
5 

V' Inflow velocity. Speed power coefficient= Pnz• , 
V., Slipstream velocity. 'Y/, Efficiency. 

T, Thrust, absolute coefficient OT= pnfD4 n, Revolutions per second, r. p. s. 

Effective helix angle = tan-l (2:) 
Torque, absolute coefficient OQ= ~D6 

<1>, 

Q, pn 

5. NUMERICAL RELATIONS 

1 hp = 76.04 kg/m/s = 550 lb./ft./sec. 
1 kg/m/s = 0.01315 hp 
1 mi./hr. =0.44704 m/s 
1 m/s = 2.23693 mi./hr. 

1 lb. = 0.4535924277 kg. 
1 kg=2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m=3.2808333 ft. 


