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Several properties of the sysiem HClOH,0 for concentrations of HCIO, varying from 0

to 70 percent by weight have been measured from —60° to +4-75°C. These properties in-

clude density, viscosity, electrical resistivity, and freezing temperatures of the solutions.

An empirical relation between electrical resistivity, kinematic viscosity, and temperature has

been found to be of the same form as the relation which Vinal and Craig found for sulfuric-

acid solutions.

been discussed.

The properties of perchloric-acid solutions of interest for battery work have

Some measurements of electrical resistivity of solutions containing the lead

salt formed as a perchloric-acid battery discharges have been measured.

I. Some Properties of Aqueous Solutions of
Perchloric Acid

1. Introduction

A study of several properties of the system
HCIO~H,0 for concentrations of HCIO, varying
from 0 to 70 percent by weight has been made.
The density, viscosity, and electrical resistivity of
the system have been measured from —60° to
4-75° C. The freezing temperatures of some of the
solutions have also been determined. The work
was done as part of the project on perchloric-acid
and similar batteries for the Bureau of Ships, Navy
Department. Four reports! were issued as the
work progressed. These have since been declas-
sified and made available for publication.

2. Density

(a) Apparatus

Two picnometers of 7.8- and 15.5-ml capacity
were used in making the density measurements.
Each picnometer consisted of a spherical bulb and
a small-bore calibrated stem. The volumes in the
stems were respectively 0.00995 and 0.00487 ml
per division. Volumes read with a hand lens were

1 (1) Resistivity of perchloric-acid solutions from +50° t¢ —60° C. Langhorne
H. Brickwedde (May 1943). (2) Resistivity of perchloroic-acid solutions con-
taining lead perchlorate, frcm +75° to —40° C. Langhcrne H. Brickwedde
and Belen G. Pardo (August 1943). (3) Densities of perchloric-acid salu-
tions from +50° to —50° C. Langhorne H. Brickwedde and Belen G. Pardo

(January 1944). (4) Visecsity of perchloric-acid solutions from +50° to —60°
C. Langhorne H. Brickwedde and Belen G. Pardo (August 1944).
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estimated at 0.05 division and easily repeated to
0.1 division. Two observers read volumes for each
determination. A precision of 0.1 division cor-
responded to 0.01 and 0.003 percent, respectively,
of the total volume. Calibrated weights were
used and all weighings were corrected to vacuum.

The temperature of the solution in the picnom-
eter was controlled in a clear Dewar flask or a sil-
vered Dewar with a clear strip. At +50° and
+25° C water baths were used; at 0° C, an ice
and water bath; and at —25° and —50° C,
alcohol cooled by the addition of small pieces of
solid CO,. Except for the ice bath, a motor-
driven horizontal stirrer and a hand-operated
vertical stirrer were used. The baths were main-
tained at the desired temperature for 20 min before
measurements were taken. A series of five or more
tempervature and volume measurements were then
made over a period of 15 min or longer. Tempera-
ture variations of 0.2 deg C introduced uncer-
tainties in the densities of only 0.01 percent.
Except at —50° C, the temperature was easily
controlled to 0.2 deg, and the mean of a series of
measurements was probably affected less than 0.01
percent by temperature variations. At —50° C,
the temperature variations were somewhat larger
but probably affected the density values by less
than 0.05 percent. Temperatures above —30° C
were measured with calibrated mercury-in-glass
thermometers with 0.1° or 0.2° divisions. At
—50° C a calibrated toluene thermometer with
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1° divisions was used. Corrections for the ambient
temperature of the emergent stem were applied.

The composition of the solutions, expressed as
percentage of HClO; by weight, was determined
by titrating two weighed portions of each solu-
tion, except for the 45-, 50-, and 55-percent-acid
solutions. These three, together with the 40-
and 60-percent solutions, were made from the
70-percent-acid solutions by carefully weighed
successive dilutions. Since the composition of
the 40- and 60-percent solutions determined by
titration differed from the composition calculated
for the dilution by only 0.05 and 0.03 percent,
respectively, the calculated compositions for the
three intermediate solutions have been used. As
a check on the acid contents determined by
titration, the densities of the 45-, 50-, 55-, 60-,
and 70-percent solutions were measured. The
average difference between the acid contents
determined by titration and by density measure-
ments, using the values of Markham [1]? and
Smith and Goehler [2], was less than 0.03 percent
acid, except for one solution. The acid contents
as determined by titration were used in expressing
the results of the measurements.

Chemical analyses of these two samples of
commercial perchloric acid used in the work
showed them to be of very high purity. These
analyses are given below:

Sample identification_____ 70 to 729, of (609, of HC1O,

HCI10;4
Manufactirentatsins i General| Baker

Chemical

Co.

Percent Percent
ASSBY LAl e L i e 70.9 64
Nonvolatile matter_ _ ____ Not >0.000 Not >0.008
Chloride (G- - "o 0 Not >.001 Not >.0006
Nitrogen compounds (as .

N et GRS B o f ERi Not >.004 Notu=>1002
Sulfaties (SO} TS Not >.0056 Not >.005
Ammonia (NHjz)_________ Not >.001 Not >.0006
Heavy metals (limit

0:0006 % of ‘Ph) s ars Passed .0005
Trons(le) sed w3 es Sy 1 0.0002 .0002

Uncertainties in the composition may affect the
density values by only 0.01 percent.

2 Figures in brackets refer to literature references at the end of this paper.
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(b) Measurements

The densities of perchloric-acid solutions con-
taining 9.69, 19.72, 20.17, 40.01, 44.97, 49.95,
54.95, 60.00, and 70.02 percent of HCIO,, re-
spectively, were measured at +50°, +25° 0°,
—25°% and —50° C., the range of measurements
of some solutions being limited, however, by their
freezing points. Adjustments of the observed
density values for the small differences of temper-
ature from the even values given above were
calculated from the temperature coefficients at
each point. For each temperature the densities,
in grams per milliliter, were plotted on large
scale against the content of HCIO, (fig. 1). From
these plots the densities for every 5 percent of
HCIO; were read and smoothed by plots of the
differences. These density values are given in
table 1. The values observed for the composition
of the actual solutions are the points shown in
figure 1.

TaBLE 1. Density of perchloric-acid solutions

sDensity at—
Percentage of HCIO4

(by weight) |
+50° C | +25° C l (1o —25°C | —5°C
- — |
g/ml a/ml g/ml g/ml | g/ml
(o I B L B oy b (0.9881)| b (0.9971) | b (0.9999)|__________ (i ovi s
GRSt SR A 1.0150 | . 1,0257 | 1.0308 |-._.____._ (R o
F0 et e it i 1.0437 |  1.0560 | 1.0637 [.____.____ ) ..........
[ SR LT D O 1.0744 | 1.0882 | 1.0986 . _________ [
D AR M I 1210751 i1 1928 e S11366 1 iee 1 ‘ ,,,,,,,,,,
I e g Lt 1614a35[5 <1150600:[F A1v1740) (St e BRI
Ak ed A Wy Tl S B b S T [ oy R s
RS0 R SRR I, 152243¢1 10 24380 L E 1 0R1RV I 9770 M st
R s SR 1.2703 | 1.2908 | 1.3111 | 1.3308 | 1.3515
ORI ST O 1.3205 | 1.3428 | 1.3657 | 1.3893 | 1.4140
|

|\ RSk M T 1.3752 | 1.3999 | 1.4255 | 1.4528 | __.___.__
(i e e e 0 1.4349 |  1.4615 | 1.4897 | 1.5203 | 1.5590
(iR e e M Tl 1.4994 |  1.5275 | 1.5580 | 1.5908 | 1.6300
RS A S NI 1.5673 | 1.5963 | 1.6288 | 1.6620 | (1.696)
() AT L S R T 1.6344 | 1.6644 | 1.6087 | 1.7306 |.__.______

a The tabulated values are identical with those for the specific gravity
referred to water at 4° C.
b Values for water are from the International Critical Tables.

Since for the viscosity measurements of the
perchloric-acid solutions, densities were needed at
several temperatures in addition to those at which
the densities were measured, large-scale plots of
the data of table 1. were made of density versus
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Frcure 1. [Isotherms of the density of perchloric-acid of temperature.

solutions.

TaBLE 2. Enlarged table of densities

(Values to more significant figures for certain temperatures are given in table 1)

Density at—
Percentage of HC104 S L
+50° C [+40° C |+30° C |+25° C [+20° C |+15° C [+10°C | 0°C |—10° C |—20° C (—25° C |—30° C [—40° C |—50° C | —60° C

g/ml g/ml g/ml g/ml g/ml g/ml g/ml
0.988 | 0.992 | 0.996 | 0.997 | 0.998 [ 0.999 | 1.000
1.015 1.020 1. 024 1.026 1.027 1.028 1. 029

1.044 | 1.050 | 1.054 | 1.056 | 1.058 | 1.060 | 1.061 > i
1.074 | 1.081 | 1.086 | 1.088 | 1.091 | 1.093 | 1.095 A0 R0 (5 (0 2 26 B [, 0 PR TEREcA! WO ROl (IRt I -l DR
1.107 | 1.114|. 1.120 | 1.123 | 1.125| 1.128 | 1.131 12 1 e B U 17 (0 b 7 7 e IS | (R ST [SRTias (L MRS R B
|
1.143 | 1.150s| 1.157 | 1.160 | 1.163 | 1.166 | 1.169 1175 | 1.180 : CLAR8s) [ (L180) | se s ior sl mnBe ol or o 1 soaae
1,182 | 1.189 | 1.1965| 1.200 | 1.204 | 1.207 | 1.210 1.217 | 1.223 | 1.228; 1 ECSI ST By oy e T e e [
1.224 | 1.232 | 1.2395| 1.244 | 1.247 | 1.251 | 1.255 1.262 | 1.268: 1.275 1:278 |- 1,281 | (15286) |- scesaoc]ammvanas
1.270 | 1.278 | 1.286 | 1.291 | 1.2945| 1.298;| 1.303 1.311 | 1.318 | 1.3265 1.331 | 1.335 | 1.343
1.320 | 1.329 | 1.338 | 1.343 | 1.347 | 1.352 | 1.35 1.366 | 1.375 | 1.384 1.389 | 1.394 | 1.404 | 1.414 | _______
1.375 | 1.385| 1.395 | 1.400 | 1.405 | 1.410 | 1.415 1.425 | 1.436 | 1.447 1.453 | 1.459 | 1.472 | (1.484)|.____..
1.435 | 1.445 | 1.4565| 1.462 | 1.467 | 1.473 | 1.478 | 1.490 | 1.502 | 1.514 12520+ |» Th27 % “12B42=1 52,508 | .o 2 &
1.499 | 1.510 | 1.5215| 1.527s| 1.533 | 1.539 | 1.545 | 1.558 | 1.571 | 1.584 1.591 | 1.598 | 1.613 | 1.630 | (1.647)
1.567 | 1.578 | 1.590 | 1.596 | 1.603 | 1.609;| 1.616 1.629 | 1.643 | 1.656 1.662 | 1.669 | (1.682)| (1.696)| ... ..
1.634 | 1.645| 1.658 | 1.664 | 1.672 | 1.6785| 1.685;| 1.699 | 1.7125| 1.725 (7 T B i [ 2 e S g Poe R (Rl SR

= Values in parentheses are extrapolated and may represent solutions undercooled at the temperatures indicated.

temperature for each acid solution. From these (c) Discussion of Results

plots, shown in figure 2, the densities at inter- Some estimates of the uncertainties introduced
mediate temperatures were read. These data are  into the measurements are discussed in section I,
given in table 2. 2 (a) in connection with the description of the ap-
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paratus. For values at the experimental tem-
peratures of +50°, +425° 0° and —25°C, i.e.,
those values given in table 1 (except for the 65-
percent solution), the uncertainties are about 0.01
percent. The uncertainties at —50°C may be
as large as 0.05 percent. For the 65-percent
solution the uncertainties in the interpolated
densities may be as great as 0.1 percent at all
temperatures. This is caused by the change in

TaBLe 3. Differences between smoothed
observed values of densities

(table 1) and

Percentage of (smoothed —observed) at—
HCIO; (by
weight) +50° C | 4+25° C 0° C —25° C | —50° C
g/ml g/ml g/ml g/ml g/ml
2 [ S T I —0.0001 050000 [F=0::0001" ] Fc ST By e
. 0000 . 0000 SLLLY I AR N el el
—. 0001 —. 0002 —.0004 | —0.0002 | _____.
.| EOER N T 4. 0005 —+. 0004 . 0002 —. 0003 | —0.0004
AL BIERS G bR S0 L0000 [ —.0001 | —.0002 | +.0002 | +.0004
{7 { S B S e +.0003 —. 0002 —. 0005 =20002:1+Raa0ns
—. 0008 . 0000 . 0000 L0000 | —.0001
+-. 0002 . 0000 . 0000 .0000 | +.0002
. 0000 . 0000 20000 | +.000L | _i..__
Mean._._________ 0.00022| 0.0001 9| 0.0001 4| 0.0001 4 0.0003
Deviation, %,_____ 0.017 0.00 7 0.012 1 0.01¢ 0.01 ¢

slope of the density-composition curves between
60- and 70-percent of HCIO,.

The smoothed wvalues (table 1) are compared
in table 3 with the observed values. The mean
deviations between the smoothed and observed
values are only 0.01 to 0.02 percent.

Density values at intermediate temperatures
needed for the viscosity measurements are given
in table 2. These values were read from curves
(reproduced in fig. 2) which justified the recording
of four significant figures. The values are prob-
ably reliable to about 0.1 percent. The permissible
uncertainty in density values for the calculation
of the viscosity data is greater than 0.1 percent.

Several workers have previously reported a few
values for densities of perchloric acid solutions at
several temperatures. Their data, or values
interpolated from their data, are compared in
table 4 with our measurements. The mean
deviations between the our values and the more
recent ones, those of Markham [1] and of Smith
and Goehler [2] at +25° and +30° C, are 0.01 and
0.02 percent. The deviations of our data from
the older values, those of van Emster [3] at +15°
and van Wyk [4] at +50° C, are somewhat larger,
0.05 and 0.2 percent, respectively. Except for the
data of van Wyk, the agreement of the values is
satisfactory.

TasLE 4. Comparison of NBS density values with previous determinations

+50° C | +30° C +25° C 115°C
Percentage of HOIO, | i ! rork. | g | SR 5 | Smith e o
v weight van NBS— | Mark- | NBS— and Mark- | NBS— | and < | ' NBS—
gQIZSS) Wyk[4]| van (}9388) ham [1]| Mark- | Goeh- ()1191288) ham [1] | Mark- | Goeh- (\19%; | L‘z;‘}%} |~ van
(1906) » | Wyk (1941) ham ler [2] (1941) ham ler [2] | (1907) '« | Emster
(1931) (1931) | ‘
|
g/ml | g/ml g/ml g/ml | g/ml g/ml | g/ml ‘ g/ml
________ 1.0257 | =1.0257 | 0.0000 1.028 1. 028 { 0. 000
________ 1. 0560 1.0559 | 4. 0001 |__ 1.060 | 1.060 ! 000
,,,,,, 1.0882 | =1.0883 | —.0001 |__ 1.093 | 1.093 | .000
,,,,,,,, 1.1228 1.1228 . 0000 1.128 1.128 ‘ 000
1.1600 | =1.1599 | 4-.0001 |._______ 1. 166 1.166 ‘ . 000
1. 2002 1.2000 | 4. 0002 1.207 1.206 | +.001
1.2436 | a1.2435 | +.0001 |- 1. 251 1. 251 . 000
1. 2908 1.2907 | +.0001 |._______ 1.299 1.299 . 000
1. 3428 1534261 . 0008 {2 - 5 - 1.352 1.352 . 000
1. 3999 1. 3994 1.410 1.409 | +.001
1. 4615 1. 4613 1.473 1.472 | +.001
1. 5275 1. 5277 1. 539 1. 539 . 000
1. 5963 1. 5963 1. 609 1.607 | +.002
150044 7| s s T 1. 678 1.673 | +.005
Mean deviation (algebraic)..___| .. ____|._____... b e L R S Fear L1, DT e S e B R RSO  Arp B B e e A e e D007,
|
Mean deviation (arithmetic) .. _|________[________ 003 5] = Ra Tt batioe s H0003% S > AE e e SN O S o 000 5s| S e |5 et S . 0007
Percent-arithmeties s - vweis sl e e S e O B ER R {1 /4T poiRaner el PR SSE N htee {1 EFS e S e e S G .05

a Values are interpolated from those given by authors.
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(d) Summary

Values for the density of perchloric-acid solu-
tions at intervals of 5-percent composition by
weight from 0 to 70 percent (except for 65% acid)
are given at +50°, 425° 0°, and —25° C 1n
table 1 with an uncertainty of about 0.01 percent.
The values at —50° C and all values for 65-per-
cent acid are given with an uncertainty of about
0.05 and 0.1%, respectively.

Densities arrived at by graphical interpolation
for a number of additional temperatures are given
in table 2 with an uncertainty of about 0.1 percent.

3. Viscosity

(a) Apparatus

The perchloric-acid solutions and the means of
controling and measuring temperatures were the
same as for the density work.

The viscometers were the Fenske modification
of the Ostwald type, as shown in figure 3. Three
different instruments (sizes 50, 100, and 200)
were used because of the wide variation in viscos-
ity of the perchloric-acid solutions between +50°
and —60° C. The instruments were calibrated by
members of the staff of the Lubrication Section
of this Bureau. Because of the high precision
of the perchloric-acid measurements made with
viscometers 50/74 and 100/81, special attention
was given to calibrating these instruments by
flow tests with water and aqueous solutions of

sulfuric acid. Viscometer 200/284 was cali-
brated by flow tests with oils of known
viscosity. These calibrations were for:

1. Viscometer 50/74, a calibration curve relating
7t to 1/E2.

9. Viscometer 100/81, #'=0.01592t—0.638/t.

3. Viscometer 200/284, n' =0.09076¢.

n’ is the kinematic viscosity of the liquid and ¢
is the corrected time of flow in seconds.

In all cases corrections were made to the ob-
served time of flow to compensate for the effect of
the difference between the surface tension of the

perchloric-acid solution and the calibrating liquid, -

and for the effect of thermal expansion for tem-
peratures other than the calibration temperature.
Since surface tensions for perchloric acid solutions
are not known, values were estimated from sul-

Aqueous Solutions of Perchloric Acid
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FiGure 3. Fenske modification of Ostwald type viscometer.

furic acid solutions. This was sufficiently accurate
because the compensations for surface-tension
differences are small.

Times of flow of the acid solutions through the
viscometers were measured with a calibrated
stopwatch. They ranged from 1.5 to 45 min.

All values of viscosity have been referred to the
most probable value for the absolute viscosity of
water at 20° C as given by Coe and Godfrey [5].
This value, 70 at 200 ¢ 18 1.002 centipoises.

(b) Measurements

Carefully standardized solutions, containing
from 10 to 70 percent of HCIO, (referred to in
section I, 2, a) were investigated at +25° C and
at 10-deg intervals from +50° C to the freezing
point of the solution. The kinematic viscosities
were calculated and large scale plots were used to
get values for even temperatures and even com-
positions.

The absolute viscosities were calculated for each
experimental point by using densities interpolated
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from table 2. Large scale plots were again made
to get values for even temperatures and composi-
tions. The smoothed values from these plots and
the absolute viscosities corresponding to the
smoothed kinematic data were found to be in good

TABLE 5.

agreement. The mean difference between the 138
pairs of values gotten from the two graphical
treatments was less than 0.1 percent. The mean
values are given in table 5 and the corresponding
kinematic viscosities in table 6.

Absolute viscosity of perchloric-acid solutions

Based on absolute viscosity of water at 20° C=1.002 centipoises

Absolute viscosity, centipoises, at—
Percentage of HC104 (by
weight)
+50°C | 40°C | 30°C | 25°C | 20°C | 10°C | 0°C | —10°C | —20° C | —30° C | —40° C | —50° C | —60° C

(1) A e S SR Ry 0. 547 0.653 0. 798 0. 890 1.002 1. 306 1.786 P25 R INTRE Ly CE P P PSR il (N o oI A (S S
. 557 . 662 . 803 . 894 1. 004 1. 287 1.743 AT o ke Al e sl SR e e
. 569 .675 .813 .901 1.010 1. 280 1.714 2407 UL Arsa e s S, 2 e A e lse e
. 586 . 692 .829 .913 1.022 1. 286 701 VR T eSS N e PRI Sl S N S P DR
.610 715 .853 . 937 1.043 1.307 1.707 DR i P PR I [ SRR R s Saste
. 641 . 750 . 890 .974 1. 080 1.347 | 1.745 2353l e e s e | eset e e S e
. 684 . 794 . 940 1. 031 1.139 1.413 1.815 2.434 A B e | Rt [ e o
. 744 . 859 1.013 1.108 1. 223 1. 514 1.925 2.572 SHGA b e e P R
.822 . 950 1.118 1. 224 1.345 1. 670 2.113 2.814 3.928 5. 887 9. 670 18. 21 1 _____
940 1.080 1.274 1. 395 1. 534 1. 900 2.426 3.244 4. 582 7.139 11. 96 232413 S| PR
1. 099 1.271 1. 507 1. 650 1.821 2. 268 2.914 3.962 [a(5.732) 9. 084 16. 22 PR Ay e A S
1.329 1. 548 1.837 2.022 2.237 2.819 3.677 5.104 7.570 11.99 24.24 69.4 | _____

1. 646 1.928 2. 296 2. 532 2.813 3. 560 4.713 6. 700 9. 962 16. 25 34. 7 90. 95 345
2.076 2. 440 2.913 3.211 3. 560 4.523 5. 969 8.40 12.37 19FB8 ISR Ss Sl P ddr R Ta S T T
2. 639 3.094 3. 692 4. 060 4. 504 5. 675 7.333 9.92 14.19 2T O RIES | P | R | e

» Value interpolated from curve.

TaBLE 6. Kinematic viscosity of perchloric-acid solutions -
Kinematic viscosity, centistokes, at—
Percentage of HC104 (by i
weight)
+50°C | 40°C | 30°C | 25°C | 20°C | 10°C | 0°C | —10°C | —20°C | —30° C | —40° C | —50° C | —60° C

(| o A R P L J R bt 0. 554 0. 658 0. 801 0.893 1. 004 1.306 | 1.786 D5 | IR ST | Sl Sy CHISE Sho sl
. 549 . 649 .784 .871 0.978 1. 251 1. 691 P17 1) SEH AR B sl (0] oot Lo S SR G 5 S s
. 545 . 643 S . 853 . 955 1. 206 1.611 21252 Y Ba a2 |0 s S NS Ok e R e
. 546 . 640 . 763 . 8395 . 937 1.174 1. 548 2:1300 7 ch Ters e wlh e SRRt NI A e e
. 551 . 642 . 762 . 834 . 927 1. 156 1. 503 20043 =g Ltie i | e Lotes Soe 2T WA T
. 561 . 652 . 769 . 840 .929 1.152 1.485 004 e st TOlTE ATl O A S Ly e
. 579 . 668 . 786 . 859 . 946 1.168 1.491 1.990 2788 e SRR ] e el
. 608 . 697 . 8175 . 891 . 981 1. 206 1. 525 2.028 DR R ] TS S e e SR
. 647 . 743 . 869 . 948 1. 039 1.282 1. 612 2.135 2. 961 4.410 7.20 A8.47 ] sl
12 .813 . 952 1. 039 1.139 1. 401 1.776 2.359 3.311 5.121 8.52 46.36 4 2.
. 799 .918 1. 080 1.178 1. 296 1. 603 2.045 2.759 |=2(3.961) | 6.226 a HRD) 220 At s SR e
. 926 1.071 1. 261 1.383 1. 525 1. 907 2. 468 3.398 5. 000 7.852 15.72 24555 A8l s e

1. 098 1.277 1. 509 1. 6575 1.835 2.304 3.025 4.265 6. 289 10.17 21. 51 55.8 209
1.325 1. 546 1.832 2.012 2.221 2. 7 3. 664 5.11 7.47 11.91 et LA S S
1.615 1.881 2.227 2. 440 2. 694 3.367 4.316 5.79 8.227 12785 [ ot TR (B

a Value interpolated from curve.

The relation of the viscosity to temperature is
shown by graphs of the observed points for each
solution in figure 4. The viscosity rises with de-
creasing temperature for all solutions. The rise
is especially rapid at low temperatures for the
solutions of higcher HCIO, content.
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‘tent are shown in figure 5.

The isotherms relating viscosity to HCIO, con-
In general, the vis-
cosity rises as the HCIO; content of the solution
increases. This rise is especially rapid at the
lower temperatures and for the more concentrated
solutions. At temperatures below +20° C, how-
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ever, there are minima in the curves between 5
and 20 percent of HCIO,. A redetermination of
some points, in some cases with a different vis-
cometer, has definitely established the existence
of minima in this region.

The inflections of the low-temperature isotherms
at the higher acid compositions are interesting.
The shapes of the curves suggest that the viscosi-
ties may go through maxima for solutions of com-
positions higher than those with which we worked.
Even for a temperature as high as +50° C, van
Wyk has reported a maximum in viscosity for a
composition of about 80 percent of HCIO, by
weight. van Wyk’s data showing the maximum
are given in table 7 [6].

(c) Accuracy

The experimental determinations plotted in
figure 4 are the averages of repeated measure-
ments; usually from three to six discharges were
made for each point. Smooth curves were passed
through the 95 experimental points except for
two cases (70-percent solution at +30° and —30°
C), where the deviations of the plotted points
from the curve are about 0.3 percent. Graphical
treatments of the data both as kinematic viscosi-
ties and as absolute viscosities were carried out.
The mean of the differences between the absolute
viscosities arrived at in these two ways was less
than 0.1 percent over the whole range of tem-

TaBLE 7. Comparison of NBS values with determination of van Wyk

Absolute viscosity, centipoises, at—
Percentage of HCIO4 (by weight) | §R00aC +20° C
|
NBS van Wyk | NBS—van NBS van Wyk | NBS—van
(1948) (1906) Wyk (1948) 1906) | Wyk
0. 610 0. 605 0. 005 1.043 1.042 L -+40.001
. 641 . 637 . 004 1. 080 1. 082 —. 002
. 684 . 680 . 004 1.139 1.141 —. 002
. 744 .735 . 009 1.223 1. 226 —. 003
. 822 . 810 012 1.345 1. 348 —. 003
940 .912 .028 1. 534 1. 522 +.012
1. 099 1. 064 035 1.821 1. 787 +.034
1. 329 1.292 . 037 2.237 2.188 +. 049
1. 646 1. 605 . 041 2.813 2.735 +.078
2.076 1.997 .079 3. 560 3.435 +.125
2. 639 2. 550 . 089 4. 504 4.363 +. 141
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Ficure 5.

peratures and solutions. The maximum differ-
ence for any point was only 0.7 percent.

The measurements are subject to systematic
errors from several sources. Attempts were made
to eliminate systematic errors introduced by un-
certainties in the constants of the viscometers.
The No. 50 and No. 100 viscometers were cali-
brated with water and sulfuric-acid solutions.
Three perchloric-acid solutions were measured at
the ice point with each of these instruments.
These measurements differed by less than 0.3
percent. Uncertainties in estimating the time
compensations for differences in temperature and
surface tension are less than 0.1 percent

Systematic errors in determining the composi-
tion of the solutions have been avoided as far as
possible by checking the results of the weight
titrations by measurements of the specific gravity.
Except for one solution, differences in the compo-
sition as determined by the two methods would
affect the viscosity by less than 0.1 percent.
All the measurements have been calculated on the
compositions determined by titration. Mean var-
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iations of duplicate titrations affect the viscosity
by only 0.04 percent.

Accidental errors in measuring the temperature
of the solutions were minimized by repetitions of
the discharges. Usually from three to six repeated
discharges were made at each temperature. From
the higher temperatures through —30° C, mercury-
in-glass thermometers with 0.1° or 0.2° divisions
were used. The estimated uncertainty is +0.02°
or +0.07 percent or less above —1° C; and some-
what larger at —10°, —20°, and —30°C, probably
approaching +0.1° C or 40.5 percent in viscosity.
At —40°, —50°, and —60° C, spirit thermometers
of 1° C divisions were used. In this range the
uncertainty is probably +0.1 or -£0.2° C, corre-
sponding to an uncertainty of as much as 2 or 3
percent in viscosity.

Errors in timing the discharges were also mini-
mized by repeating the experiments. KEstimates
of the magnitude of these errors can be gotten
from the variations in measurements at the ice
point where variations of the temperature are
negligible. In only three of the nine measure-
ments at 0° C was the variation as great as 0.1
sec for repeated runs. Therefore, we may say
that accidental errors of timing even the fastest
discharges were less than 0.1 percent. Instru-
mental errors introduced from the calibration of
the watch were of the same order of magnitude.

The NBS density values used in computing the
absolute viscosities were uncertain by about 0.1
percent or less.

In conclusion, the uncertainty of all values
given in tables 5 and 6 is

1. For 0° to 450° C, less than 0.5 percent.
2. For —10° to —30° C, 0.5 to 1.0 percent.
3. At —40° C, about 2 percent.

4. At —50° and —60° C, about 3 percent.

(d) Comparison with Previous Determinations

In the range of special interest for the present
work, 1. e. at the lower temperatures, no data were
available in the literature. There were, however,
some viscosity measurements at +50° and +20°
C made in 1906 by van Wyk [6].

In table 7, values interpolated graphically from
van Wyk’s data are compared with our data.
For the more dilute solutions, the data are in
good agreement, but the differences increase as
the concentration increases. At 70 percent of
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HCIO,, our measurements differ from van Wyk’s
by 3 percent. This difference is greater than the
estimated uncertainty, but probably not greater
than the uncertainty of the earlier work.

In table 7 are also given some of van Wyk’s
measurements for solutions above 70 percent.
These are included to show that the curves of
viscosity versus composition go through maxima
at high compositions. The present data, which
cover the range up to 70 percent of HCIO4 show
inflections at the lower temperatures and suggest
the existence of maxima.

4. Electrical Resistivity

(a) Apparatus

The electrical bridge used was especially suited
to measurements of electrolytic resistances. The
authors are indebted to F. Wenner, formerly of
this Bureau, for his assistance in planning the
bridge. It consisted of two equal ratio arms
having resistances of 10 ohms. The third arm
was a decade resistance box with 0.1-ohm steps in
the last dial. Between this and the fourth arm,
i. e., the cell arm, there was a slide wire by means
of which continuous resistance settings could be
made. After each balance of the bridge with the
cell, a high-precision noninductive decade resistor
was substituted directly for the cell. This sub-
stitution method of determining the cell resistance
eliminated errors from several sources. The
potential applied to the bridge was 0.5 v at 1,000
cycles per second. The heating effect of the cur-
rent was negligible, as shown by the fact that the
change in resistance of the cell was less than 0.05
percent after a continuous flow of the current
through the cell for % hr. Ordinarily a measure-
ment was completed within a minute or two after
the bridge circuit was closed.

The detector circuit consisted of a vacuum-tube
booster amplifier and telephones. The telephone
detector circuit was coupled to the bridge circuit
by a small mutual inductor which permitted
balancing any out-of-phase component of potential
difference in the bridge. Resistance measure-
ments could be repeated to 0.01 percent except
for the highest values, where the precision was
0.04 percent.

Two conductivity cells having, respectively,
cell-constants of 73.45, and 17.66, at 25° C were
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employed. A Parker solution of 76.627;, ¢ of
purified potassium chloride per kilogram of dis-
tilled water was used for determining the con-
stants. The difference in resistivity of several
perchloric-acid solutions measured with both cells
was in each case less than the estimated experi-
mental error from other sources.

The temperature was controlled by immersing
the cell in a Dewar flask containing an alcohol or
water bath. The flask was covered with two layers
of cork and was provided with a stirrer.

For each resistance measurement the tempera-
ture of the cell was measured by two liquid-in-glass
thermometers with their bulbs placed close to
the center of the conductivity cell. The tempera-
tures were read through a telescope, and correc-
tions for scale readings and for emergent-stem
temperatures were applied to the readings. For
temperatures above —38° C mercury thermom-
eters graduated to 0.1° or 0.2° C were used.
For temperatures below —38° C, toluene ther-
mometers graduated in centigrade degrees, and
mercury-thallium-alloy thermometers graduated
to 0.5° F (about 0.3° C) were used. The solutions
were the same as those for the density and viscosity
measurements.

(b) Experimental Results

The resistance of each solution was measured
at 10-deg intervals from +450° C down to the
freezing temperature of the solution. Each solu-
tion was measured at each temperature from two
to eight times. The individual observations were
plotted on large scales, and the weighted mean
values were determined. Resistivities, calculated
from the mean resistances, were then plotted with
respect to temperature for each solution. Resis-
tivities at 10-deg intervals, with the addition of
values for +15° and 425° C, were read from the
curves. By using these resistivity values, iso-
thermal curves for resistivity have been plotted
against percentage composition of acid. These
curves are shown in figure 6.

Table 8 gives the complete results of our meas-
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