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NOMENCLATURE

The following nomenclature is used in the paper.

4,B = constents in Bquation [23}
a,b = constants in van der Waals’ equation
b’ = constant in Equation [19]
(' = Butherland constant, K (BEquatien [12]}
D = Capillary internal dinmeter, ft
D, = diffusion coeflicients, sq [t/sec
d = diameter of helix of eapillary axis, [t

E' = streamline flow correction factor independent of flow
rate

B’ = streamline flow correction factor dependent on flow rate
E = product of B/ and £
e = L71828, ..

K = apparatus dimension ratio at 0° C (wD,*/128 L V)
constant in Sutheriand equation (Equation [12])

L = length of capillary, it

L' = mean free path of molecules, ft

P = pressure, lb/sq ft absolute

Py = initial reservoir pressure, b/sq [t absolute

¥, = instantaneous final reservoir pressure, lbs/sq ft absolute
Py = steady state final reservoir pressure, 1b/sq ft absolute
AP = error in reading reservoir gage pressure, 1b/sq ft
54 = constants in equation € = p + ¢7

E = gas law constant, ft 1b/slug X °K

Re = Reynolds' Number of fow in capillary

T = absolute temperature, °I{ = 273.1 + °C
temperature, °C

Vi = volume of manometer at Py from initial level to manome-
ter valve

V2 = volume of manometer ot P; from final level to manometer
valve

Vi = hot volume of eniranee tube and half of capillary, as-
sumed at reservoir pressure and capillary temperature

V, = reservoir volume at 0° C, cu ft

V¥, = reservoir volume at reservoir temperature, cu [t

w = mass How rate, slugs/sec
z,y = constants in Bguation [3]

y' = volume or mole fraction of water vapor in moisé air
= egmpressibility factor, dimensionless

Greels Lellers:

e = mean coefficient of therma! expansion of capillary from
0°C to capillary temperature (Varies linearly for
platinum from 8.83 to 9.72 X 10-%as {, varies from 0
to 1600 C)

B = mean cocficient of thermal expansion of reserveir from

0°C to reservoir temperature (1.89 X 10-% for red brass)
4 duration of run, seconds
Aff = absolute error in duration of rua, seconds

* Columbia University, New York, N. Y.
General Electric Co., Schenectady, N. Y,
2 Pennsylvania State College, Stnie College, Pa.

i

& = viscosity, slugs/it see

@' = viscosity, micropoises

p = density, slugs/cu It
Subscripls:

¢ = of the capillary

m = of the manometer

o = at 0°C,

r = of the reserveir

¢ = abatmospheric pressure

P = at P atmoapheres absolute

IsTrRODUCTION

For calculations relating to high speed rocket flight, jet engines,
and other applications, it is desirable to know the viscosity of air,
nitrogen, water vapor, carbon dioxide and their mixtures, at high
temperatures and in the range of atrmospheric pressure. When
this worl was undertaken no values for air and nitrogen above
1100 deg C were available, nor for steam above 630 deg C.
Shortly thereafter, however, Vagilesco's determinations (25)1 for
air, nitrogen, cerbon dioxide, and argon up to about 1600 deg C
appeared.

Although many values for steam have been reported, the agree-
ment among them is poor, as shown in Fig. 1. Accordingly it was
decided to construct an apparatus suitable for relative determina-
tions up to high temperatures, to check the apparatus and Vasil-
esco’s resuits mutually by runs with nitrogen, and then to carry
out runs on steam to s high o temperature as feasible,

APPARATUS

The method selected was that of capillary efflux from a reser-
voir at low temperature. This is simpler than Vasilesco's con-
stant flow rate method, and for equal accuracy more convenient
than Boelter and Sharp’s faliing rate method employing o reservoir
ab test temperature (2), The reservoir was constructed by
silver-soldering !/-in, thick brass disks to both ends of a section
of 5'/wmin, brass pipe. By filling with water and weighing on &
large precision beam balance this was found to have a volume of
172.4 cut in, It was mounted in & box and insulated with 2 in, of
vermiculite. A copper-constanton thermocouple was attached at
the top and snother ai the bottem. An open manometer 24 in.
high made of !/4in. glass tube in an oil bath was attached to the
reservoir by means of a short 9/1-in. OD copper tube. A thermo-
couple was attached to the tube and three others dipped into the
oil bath to different levels. The maznometric fnid was dibutyl
phthalate. An atteched steel seale indiented its level. Hole 1/s
in. high-pressure Monel needle valves with deep Teflon packing
were used in the manometer line, and in the vacuum and gas line
to the reservoir.

From the other end of the reservoir a similar short line went to
the test capillary, located inside a Burrell high-temperature
Globar furnace. The capillary was made of smooth platinum

¢ Numbers in parentheses refer to the Bibliography at the end of
the paper.
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tubing with 0.008 in walls. The inlet and outlet tubes were Ly
in. ID, 9 in. Jang, had conical reducing inner ends, and extended to
about 1 in. from the center of the furnace. Between them was the
capiflary proper, approximately 0.030 in. ID and 30.4 in. long;
tightly coiled into 7.5 turns on a 1.125 in. diameter helix, with
two approach curves of similar diameter. The helix was sup-
ported on alundum rods stretehing between triple aluadum radia-
tion shields ot ench end of the furnace. Platinum-piatinum 10
per cent rhodium thermocouples were aftached at the middle and
at each end of the capillary, and at the outer ends of the inlet and
cutlet tubes. Celeulations showed that the !/pin. ID inlet tube
was long enough to heat the gas substantially to eapillary tem-
perature, and it and the outlet tube were large enough to cause
negligible pressure drop. At the downstream end of the capiliary
o small quick-neting '/-turn plug cock was employed.

BXPERIMENTAL PROCEDURE

Beforc carrying out o run with nitrogen, the furnace was heated
to temperature, the manometer valve was opened, the efflux cock
closed, sod the gas was passed into the reservoir from 2 cylinder
until & pressure near the maximum of the manometer was oly-
tained., After the manometer and all temperatures had become
constant they were recorded, and the manometer valve was
closed. The efflux cock was then rapidly opened and simul-
taneously o /i second stop-watch started. After an interval of
1 to 6 min, the eock was closed and the stop-watch simultanecusly
stopped. The manometer valve was then opened, and within a
few seconds the pressure had become constunt and all observa-
tiona were again recorded. The three capillary temperatures were
averaged with the middle one weighted double. The uverage
deviation amounting to about 4 deg C.

It ean be shown by minimizing the error in viscosity for an
zhsolute error AP in the initial and fina] manometer reading and
an sbsolute error Af in fime, that the greatest accuracy for a
given initial pressure will be obtained with runs such that

(5 255 - (=R (-328) -
m ar ) T L\B =P/ \" PP,
h! (1)

This corresponds to a decrepse during any run to about /s of the
initia} reservoir gape pressure. FHowever, sihstantiaily full
acourney is obtained in spite of moderate departures from these
conditions. Although the higher the initia] pressure the greater ia
the expected accuracy, two or three runs were usually carried out
on the same charge for eonvenience and to hnve runs at different
flow rates. Resuits at high and low rates checked well, indicati

that adiabatic cooling of the gns wes negligibie and that the kinetic

corrections applied were adequate.

Tn the runs on steam, the reservoir, manometer, and all con-
necting tubes were wrapped with asbestos and resistance wire and
heated to nhove 250 deg F to prevent condensation. The reser-
voir was first heated and evacuated, then steam admitted
from o Hask with water boiling under slight gage pressure.

Turory oF THE METHOD

Poiseuille’s law for o perfect gas in streamline flow in a tube
may be writien

On integrating from ¢ to L and {rom reservoir pressure Pr to ate
mospheric pressure P, the flow equation for varigble density is
obtained

The instantaneous value of w is given by

_d(P V) ¥V, dP/ZT)
T 4 R dff
1 1
MV' L -+ P"d <7") + E" __,.j&"_). iﬁ[ [4}
TR \Z.T, ZdP, T, dP, 4077

If the reservoir is at constant temperature, such as near roo.
temperature for nitrogen, and the compressibility factor Z i*
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unity, the Inst two terms of Bquation [4) drop out. On substifut-
*ag for w inte Bquation [3] and integrating over a run from time
‘to § and reservoir pressure Py to P, there is obtained

') _ow T, Py 5
B= esLr, T, N [(R_‘ L P (P _Pu}] """

(Pr+ Pa) (Pr— Py}

D, L, and ¥V, are not eonstant, bué functions of temperature.
Adding also, in this order, White’s correction (26) for coiling
(when Re (D/d)¥* > 11.6), Schiller's correction (18} for end
effects, and a correction for slippage (25)

_wD P,0 T, [l+3o
T o (Pet P (Pr—Pa) T \1+35L
n
(P14 P,)(Pr—P,)

[ (-G )

1 ]
_(1+7.93L)
W
1+22.4,uL
P4
=K a e 6]

' 1y (Pt Po) (Pr Py T

(Pl'i-Pn)(P'-‘_Pn)

‘The dimensions of the capillary were such that under most con-
ditions the correction terrns were small. Schiller’s and White's
corrections in particular, which vary with flow rate, were almost
negligible and could be computed at the avernge flow rate of ench
run. However, if they are significant and vary over & run, as in

St present apparatus with nitrogen st room temperature, it is
Qrefemb e to include them in the final integration. Calling E' the

yoduct of the first and fourth correction terms in Equation [6,
-dnci E" the produet of the second and third ferms, it is readily
shown that

o w T P 4P

E=42'T, Jp, B(F—Ps)
LB Tl (P P (P P
6EP, T, | " (P + P (P.— P.)

Py 1
+ 2P, f (——— - 1) dP
P L

Pt — P2

The second integral may be evaluated and plotted against P for a
given capillary, gas, and capillary temperature. The correction
can then be applied quickiy by reading the vaiues of the integral
2t P; and P, and subtracting,

With steam, o drift in reservoir temperature and o glight varia-
tion in compressibility factor might be expected over a run, and
the complete form of Equation [4] would be required. However,

only the runs obiained at constant T, are reported herein, From
Tig. 2 (11) it is evident that we may assume
1V, =xz+v" .. ... (8]
BEquation [} becomes
A ( L ap, -
“ zr, \z. TV a RT 2 ) oo 19

”“}bstituting for w into Equation [3] and integrating

KEQT,)T,
o= / ..[10]

z Py z P
2_lf+”""" ) n+ L: u
( Pu) PP, ( P)‘

P'l + P

When a run is started, ne appreciable error occurs becsuse the
outlet tube iz &t P; instead of at P,. However, the observed
manometer pressure after the run, Py, may differ significansly
from the desired reservoir pressure, P, at the instant the run
ends. By setting up a material balance equaing the weight of the
gas under these twa conditions it is seen that P: may be com-
puted by

PV; e PV,
Py = e {11]
2300
0 -t
el
. PSIA ) \
t] ]
1o0ze — 5 ™ 73 T s
Fre. 2 Recreaocal oF TEE COMPRESSIBILITY
FacTof OF SUPRRHEATED STEAM, Z, v PRESSURE,
LB [/IN.? ABS
{For 340, 360, 380, 400, 120, and 480 deg F Caleulnted
from Keensn and Heyes (11).
ANaLysis or YasiLesco’s RESULTS
The Sutherland eguation
kT
Bo= o [12]
T+ C

generally holds for high temperntures. For instance, statistical
analysis (10) of all of Vasilesco's data above 0 deg C shows that a
T3 term in $he denominator of Equation [12] is not justifiable, Le.,
its coefficient is not significantly different from zero. This equa-~
tion is generally satisfuctory down to roem temperature or O deg
C, but Keyes {13} has shown that e third constant is necessary to
iit data down to 80 deg K.,

However, Vasilesco, employing the value of ¢ = 110.0 deg K
for nitrogen and computing k from viscosity date at 0 deg C, found
that he had to increase the value of € as temperature was raised,
in order for his results to agree with Equation [12]. He thus con-
cluded that, over his whole range sbove § deg G, C varied with
temperature. From an inspection of his plot of € vs temperature
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TABLE 1 RESULTS OF STATISTICAL ANALYSIS OF PREVIOUS HIGHEST TEMPERATURE VISCOSITY DATA
(C and & values are for Sutherlund’s Equution {12] with units of dag I and micropoises) -
Linear Regression of ¢ vs T B Tinenr Regression of (T"”’/u) va (/T
Rnn;a?, Designation Rumé::, Depsignation
Gas Reference deg C c K equation deg (o4 K equstion Reference
Nitrogen (25) 0-1420 106.9 14,002 14 2a7-1420 109,08 14.080 510}
ir (256} 0~1560 110.9 14,635 15 141580 106 .68 14,600 j113]
Argon L. 525} 0-1595 137.2 19.137 18 204-1504 135.38 10.07L [§14)]
Corbon Dioxide 25) 280-1413 219,44 15.237 i7a {10}
Oxygen 24 0-827 126.8 17.60 174
it is evident that o straight line, ¢ = p + ¢7', satisfnctorily de- L ¢ and ¢l babl . 143 X 0.6745 0.2
seribes the variztion over the whole range. But if this is so, sub- 43 per cent, and the probahle error is N7 = S per

stitution of this relation for € into Equation [12] yields

K

k T
P

Tu+o
fll
(z+ )

It is evident that the results above 0 deg C do fit Equation [12],
but with a different value of €. Computing the values of p and ¢
by linear regression of Vasilesco's values of C va. T gives the new
values of € and K listed in Table 1. The standard deviations of
C wvalues from the regression relations were all under 2 per cent.
Linear regression of Vasilesco's results above 0 deg € was also
carried out for (T'/*/u} against (1/7), the 6 deg C points not
being included in this case because of lack of information on their
proper relative weight. With ench gas the results by his methods
T and II proved to be identical at the 85 per cent confidence level.
The values of & and C from all of his dasa by this analysis are also
given in Table 1, and may be slightly preferable for extrapolating
his resulta to higher temperatures. All of these vaiues of & are
based on 172 micropoises for air at 0 deg C, the viscosity aceepted
by Vasileseo. 1f instead, Bearden’s (1} value of 181,920 micro-
poises at 0 deg C is corrected to 0 deg C with ' = 110.9, 17206 1s
obtained, and % should accordingly be inereased by 1 part in
about 3,000,

Literature daba on oxygen were also analyzed. The only high
temperature date are by Trautz (24) and extend to 827 deg C.
The coefficients yielded by linear regression of TV1/u against
1/T, Rigden's (17) relative viscosity of oxygen to air of 1.11647 at
17 deg C, and Bearden’s shsolute value for air are also listed in
Table 1. Values ealeulated from Equations [14, 15, 16, 17n and
17b] in Table 1 are given in Table 2.

ExperivMENTAL REsunrs Wite NITROGEN

Table 3 gives the runs earried out on nitrogen above room fem-
perature. Bquation [14] was assumed to be correct, and for each
tun K wea caleulated by Eguation [6]. In the first place it is
evident that there is no trend in K with temperature. To show
this quantitatively, the relation between K and ¢ in deg C was
found by Least Squares to be: K = 3.49 X 107 — 0.69 X
101, Using the “t-test,” the coefficient of ¢ at the 05 per cent
confidence level is between +63 X 10-% and —82 X 1074
These limits, when multiplied by the highest temperatures of
Vasileseo's data give sbout 1071 for the last term of the equation,
which is thus only of the order of magnitude of =3 per cent of K.
Actually, K must be considerably mere constant than the uncer-
tainty st the 95 per cent level, and the probabie effect of the com-
plete temperature range as given by the above equation and by
comparison with Vasilesco’s runs is under 0.5 per eent. Since
Vasilesco's results and the present ones sgree closely as to the
effect of temperature, it is o rensonable presumption shat both
are relinble. This is also strong evidence that Vasilesco’s results
on the other gases are reliable, aleo thut the present apparatus is
suitable for accurate work, The percentage standard deviation
of the values of K in Table 1 about their mean, 3.486 X 10713 is

cent.

Nine additional runs carried out at 22 to 24 deg C give an
average IC of 3.468 X 10712 with a standard deviation of (.96 per
eent, These runs, which were analyzed by Equation {7], lnsted
only 60 seconds each, and it is not felt that they should slter the
previous velue of K. They would decremse its apparent de-
pendance, on temperature, however.

a

TABLE 2 VISCOSITY OF AIR, NITROGEN, ARGON, CARBON
DIOXIDE, AND OXYGEN AT ATMOSPHERIC PRESSURE

Temperature, Viscosity, micropoises

dogroes Carbon
Oxy- dioxide
C i o Alr Nitregen Argon gen
—73.1 200 —5849.46 133.1 184.0 160.5 147.1
w33, 1 230 -0.6 180.3 166.1 185.4 178.3
¢G.0 273.1 32 (172.0) 166. 3 210.5 i0L.8
25.0 68,1 77.0 184.2 177.8 226.3 205.9
26,4 300 8G.4 185.1 178.8 227.4  207.0
126.0 400 260.4 220.2 2210 285.0 258.1
226.9 300 440.4  287.8 257.8 335.8 303.2 236.8
328.9 806 610, 4 302.6 201,1 381.5 343.7 273.3
426.9 700 800. 4 334.3 321.4 £23.3 380C.8B 308.9
526.8 £00 980 4 363.5 3490.4 462,86 415.0 338.2
£#26.9 #40 1160.4 360.9 3756.5 408.2 447.8 367.5
7240.9 1000 1340.4 £16.4 4G0.¢ 532.2 477.0 395.1
826.0 1100 1520. 4 440,90 421.32 564,83 508.5 421.3
J26.6 1200 17004 4641 445. 4 504, G632.6 448.2
G76.5 1230 1700. 4 475.3 456, ¢ 60p.7 G45.6 468.2
1026.9 1300 1880. 4 186.2 466G, 5 624.1 458.¢ 470.°
1128.9 1400 W60, 4 a07. ¢ 488.7 652.1 583.2 402,
$3226.9 1300 224G, 4 527.8 508.2 670.1 607.0 514.5
1326.9 1600 20,4 547.5 525.0 705.0 630.0 535.0
1426.9 1700 2000. 4 566. 5 543.2 730.1 452.2 556.-
1476.9 1750 26400. 4 5756.7 552.0 7424 443.0 365,
1524.9 1800 2780. 4 584.9 580.7 7584.4 B673.7 576.2
1424.9 1600 2000, 4 602.4 5717 777.8 604.4 595.4
1726.9 2000 3404+ 620.1 504.4 8G0. ¢ Ti4.8 1.3
anag.8 2600 1040, 4 700.7 671.4 407,10 808.% 700.4

Viscosity or Stra

The results that could be located in the literature on the vis-
cosity of steam st atmospheric pressure, most of which were dis-
cussed by Hawkins (7), are plotted in Fig. 1. There is evidently o
spread of some 10 per cent, and in addition some workers found
an upward coneavity and others the commen downward con-
savity when temperasure is the abscissa, It is difficult to welgh
these resuits as to reliability, and the Least Squares straight line,
which would be ciose to the arithmetic mean line, has heen
plotted. Its equation is

i = 88.4 - 0.36L ¢

Experimental results with the present apparatus are given in
Table 4, and plotted in Fig. 3 as devistions from equatien {18].
The mean devintion of each point from the average of its group is
.64 per cent. If is seen that five to seven runs were carried out
ab or near & given temperature, sterting at 450 deg C. At this
temperaéura the perfeet gas law is followed closely enough in the
capiliary that Equation [10] is entirely adequate. The tempera-
ture was raised in 150-deg increments to 1200 deg C. Unfor-
tunately, at 1350 deg C the alundum rods yielded and the
eapillnry constant K decreased hy some 20 per cent, due to pinch-
ing at one point. Tt is planned fo repair the epparatus and ree
1500 deg C as well as obtain data below 450 deg C.

It was found that Equation {12] did not fit the steam date ve
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TABLE 3 DATA FROM HIGH TEMPERATURE RUNS ON NITROGEN

Cupillary .

. Presaures, Ib/ft? Tia fewmperature, re————Correction Termg— Appuratus
- Py~ Pa Py—Pu Ba [ mann Metal Fiow gonstant
Run no, gage gage nbs see deg C expunsion Slippage losses IS X 12
42 105,4 536.7 2106 120 36T .4 1.0 1.0014 1.001 3.47
43 5.7 30.8 2105 130 372.7 1.0:0 1.0G018 1.00% 3.580
44 30.8 17.3 2106 120 373.7 1.0:0 1.0816 1.00% 3.31
45 42,7 53.0 2106 120 4081 L.0it 1.0018 1,000 3.40
46 53.0 30.5 2105 120 A11.4 1.011 1.0018 1.000 3,48
A7 30.5 17.3 2105 120 4131.8 1.0%1 1.G018 1.000 3.64
48 8.8 83.5 21085 120 507.2 1.0314 1,0023 1.000 3.47
40 43.5 41,1 2165 120 527 .8 1.0i4 1.0022 1.000 3.47
50 41.1 6.6 2165 120 524.3 1.014 1.0622 1.000 3.4
51 8.4 64.5 2084 129 548, 5 1.0142 1,0024 1,000 3.48
B . 44,5 43.1 2080 120 549.9 1.0143 1.0024 1.000 3.52
53 43,1 28,4 2086 120 .1 1.0243 1.0024 1.000 3.561
H4 88. G5.5 2086 120 143.2 L.0i% 1.0028 1,000 3.49
b 85.5 48.2 2086 120 748.4 1.0i0 1,002% 1.000 3.8
56 +48.2 a6.40 2086 129 750.5 1.019 1.002¢ 1.000 3,50
57 98,1 76.0 2086 120 8il.1 t.022 1.0038 1.000 3.53
§8 76.0 46.2 208G 240 857.1 1.022 1.0G36 1.000 347
59 8G.0 54.7 2084 20 870.3 1.022 1,8036 1,000 3.568
a0 54.7 0.6 2084 300 873.2 1.023 1.0036 1.000 3.47
a1 06.8 48.8 2130 REE 1064.2 1,028 1.0040 1.000 3.47
62 6.6 38.4 2130 360 1006.7 1.028 1.0040 1.000 3.46
43 a8.4 2i.4 2130 Jo00 £1p2.2 1.028 1.0040 i.000 3.46

Aversge = 3,49
TABLE 4 VISCOSITY RUNS ON STEAM
Pa Pr—Pa Py—Pa
lb/aq £t Ih/aq ft lhfeq it g Tomperature, deg O B
Run no. nbs gage goge EGLS B Manometer Reservoir Capillary micrapoises

46 2101.30 90. 94 16.27 180.5 1.0024 18G5.1 206.2 452.7 244.0
47 2:102.10 99.57 10.09 240 1.0027 182.3 205.9 £54.9 242.9
48 2101.30 93.58 5.30 300 1.002: 184.3 a0z, 433.5 240.5
40 2103.42 11:4.22 6.40 300 1.0025 185.3 204.9 453.3 241.2
50 2105, 54 91.98 5.00 300 1.0028 186.1 205.8 154,90 238.6
Average 453,27 LRSIt
19 2080.28 28.12 13.1a3 120 1.0080 185.7 207 604.0 303, 4
40 2089.28 115.33 36.28 180 1.0074 184.6 207 .7 601 .4 303.1
£33 2086.45 41,10 12.95 180 1.06477 184.6 207 .5 4060.3 300.4
42 2095._18 108.28 34,64 180 1.0078 186.4 206.5 801.6 310.3
43 2000.88 118,85 35.687 180G 1,0076 186.0 207.7 $06.1 309, 4
44 2009.88 41.21 12.90 180 1.G079 185.5 207.9 462.9 200.8
Average 603,19 304.4
82 2105.90 33.03 11.73 240 1.0135 155.0 164.8 ihd.1 a75.3
83 2106.60 102.09 358.70 240 1.3 160, 9 195.2 753.4 373.5
84 2105.54 4207 14.73 240 1.0135 1624 1935 .4 758.7 360.6
85 2106.25 85.60 20.00 240 1.0133 162.2 18G.1 7611 374.%
BG 2106.25 34,40 12,32 240 1.0133 162.4 196.3 7al.d 7T
Avarnge 753.13 374.2
53 2097.78 123.72 55.86 240 1.0186 173.3 184, 900.8 £93.2
| 54 2008 .47 680,46 27.26 240 1.0187 173.8 184.% 900.3 19,2
55 2007.06 120,69 54,03 240 1.0188 173.8 184.2 901.8 i18.0
56 209764 B8.19 25.48 240 1.0180 175.6 185 0 903 .4 $24.3
57 2007 .76 103.08 46,97 40 1.0188 175.0 184 .4 900.0 123.1
58 2097 .76 51.81 23.18 240 1.0188 174.9 185.5 000.5 117 .8
Average 901.13 £21.3
21 2118.42 52.90 20,20 197.5 1.0197 153, 1 249, 1050.6 470.8
23 2089, 81 70.78 37.05 240 1.0G230 179.7 195.2 1047.7 473.1
24 2101.58 44.71 23.39 240 1.6G230 180.4 196.9 1063.7 {70, 4
a5 2118.463 104,20 54.34 240 1.0233 157.3 103.5 1054 . % 1710
77 2118.27 50.20 31.01 240 1.0233 157.2 193.7 1054, % 471.1
78 2116.88 34.23 17.85 248 1,0232 157.0 163.0 1053.0 i67.1
79 2117.92 44,75 23.28 240 1.0230 150.8 156.6 1051.8 470.7

Average 1051.47 470.
30 2100, 59 11.£.39 a6G. 42 300 1.0270 182.8 1% 1201.0 508.4
68 2:112.62 87.89 39.51 240 1.0283 1504 143.9 1206.3 518.48
70 2112.62 08,50 57.31 240 1.0280 150.6 154.3 1108.8 §520.1
71 2112.62 61.18 35,45 240 1.0280 151.:4 194.8 1194.0 509.5
7 2113.32 37.67 21.87 240 1,0276 151.7 164.0 11077 508.2
73 2110.46 95.96 55,66 240 1.0380 1533.3 196.8 1205.6 511.3
T4 2111.20 A8.06 34.30 240 1.0280 153.2 166.0 1203.7 510.9
Avernge 1201.40 512,41

closely in spite of the high temperstures, and that a third co-
efficient would be requived. Several veriations of Equation [12]
were tried which contained in the denominator an additional term
which decreased with temperature increases, but the fit was not
good. The following form was found resscnably satisfactory,
however: :

, LTz
# - e + T + brTﬁ ................ [19]

Rewriting it as follows:
VAR S

,u’_!;w*”k_§~ 3

the best values of ¢/k,k and b’ /k were found by multipie regression
of all of the individuai points as (T°/*/p’) against T and T2 The

KA

260 166 68 760 004a I final equation obtained is
"F16.3 Pracenracr Deviation oF THE ViscosiTy or STEAM 39,37 T/
AT ATMOSPHERIC PRESSURE BY VARIOUS AUTHORS oM THE po= —————————— | e [21)

SrnaterT Live Rerarton BEquarron 18] T 3315 — T + 0.001158 T*



6 GENERAL DISCUSSION ON HEAT TRANSFER

for 4’ in micropoises and T in deg I, The estimate of error of
Equeation [2] is 3.1 micropoises at the 95 per cent confdence level,
Recommended viscosity values are given in Table 4, Egusation
{22} being used above its intersection at 570 deg C with Equstion
[18f, and the lstter at lower temperatures.

A comparison of some of the other published results with
Fquation [18] is slso given in Fig. 3. At low temperatures, the
new data seem to agree in slope with Timroth's and with Schouga-
yew's results, but lie some 6 per cent below Timroth's. The high
tempernture concavity, however, agrees with that of Hawkins
(Fig. 1). If this spparatus should show a point of inflection below
600 deg C with lower temperature runs, discrepancies in slope of
the earlier date would be partially reconciled, It isnoted that the
simple linear relation of Bquation [18] differs from practically all
of the available experimental data by less than 4 per cent over the
range of 100 to 1300 deg C. This accuracy is adequate for most
applicationa.

CorrecTioN oF ViscosiTy T0 LOowER PRESSURES

Approximate methods are available for correstion to lower
pressures, as encountered in the upper atmosphere, and to zero
pressure, & frequent reference pressure. Steam values may be
readily corrected by Keyes' formula (12), which gives

ply = p', = L51L (1 — P)— 00050 (1 — P2)....[22]

for micropoises and atomospheres, Thus, the zero pressure vis-
cosity s found to be 1.5 micropoises lower than that ai afmos-
pheric pressure.

For the other gases the method deseribed by Othmer and Jose-
fowitz (16} was employed. This is based on the iscthermal rela-
tionship

logp = Aloglap + P/p) + B = A log (RT 4 Pb - ab P2/R*T)
+ B..{23}

where a and b are constants in van der Wasl's equation of state
and A is obtained (16} from high pressure viscosity dnta. The
carrection equadions obtained for nitrogen, in terms of P in at-
mospheres and ¢ in deg C, are as follows:

(2} P down to (.2 atmospheres and ¢ from 20 to 900 deg C:

(Ho/ty) = 100212 4 (0.00000922 log ¢ — 0.0000279)P
— 0.0007 log ¢. . [24]

{b) P below 0.2 atmospheres and ¢ from 20 to 500 deg C:

(ua/1,) = 1.00292 -+ (0.0000411 log ¢ - 0.000111}P
— (.001 log ¢, . {25]

{e) P below 0.2 stmospheres and ¢ from 500 to 900 deg C:
(#./1,) = 1.0029 — 0.000000200 ¢, ........ [26]

Above 900 deg C the correction is trivial. The correction from
atmospheric to zero pressure is obtained by subtracting 0.3
micropoises between 0 and 50 deg C, 0.2 micropoises between 50
and 300 deg, and 0.1 micropoise between 300 and 8300 deg C. The
same correction may be used for the other permanent gases in
Table 2, though the ¢aleulated corrections wre slightly smaller,

Viscosity or Morst Amr

It is frequently desired to obtain an approximate estimate of
the viscosity of a hinary gaseous mixture, However, thecretical
equations for this purpose are very complicated {6). Empirical
interpolation eguations such as Trautz’s {23) need data for several
compositions, and others, such as Buddenberg and Wilke's {5) re-
quire additional physical properties. The simplest, formulas, such
as Mann’s (15), only need the moelecular weight, but are likely to
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be less sccurate. For instance, Mann’s would show no change in
viscosity on mixing ammonis and ethylene at 12 deg C, at whi-'
temperature the pure components have the same viscosi
Actually a 4-per cent ineresse occurs,

To investigate the possibility of a simple approximate graphi
correction that could be applied to linearly interpoiated viscosi-
ties, Fig. 4 was prepared for severa] convenient binary systems
with a wide range of molecular weight ratios. It is seen that the
farther from unity the molecular weight ratio of the pure com-
ponents and possibly the closer to unity the viscosity ratio, the
larger is the fraction by which the viseosity of the mixture exceeds
that interpelated from the components. The peak of the excess
viscosity plot also shifts toward the component of lower molecular
weight. Considerable ranges of temperature are seen not to
affect the correction appreciably, as in $he nitrogen-hydrogen and
carbon monoxide-hydrogen systems, While a high accuracy
could not be expected in estimating a correction for a binary sys-
tem from these curves, it seems lileely that the result would not be
off by more than several per cent, which is adequate relinbility for
most eases. A penerslized curve or equation correlating these
and ather binary system data would seem desirable before applica-
tion of these curves zs a general method.

T
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Fra. 4 Deviatiox FroM InrerroLatep Viscostry ror Biwany Gas
Mixrunes

{First number following the symbols of the gases is their maleceular
weight ratie. Second number_ is the viscosity ratio of heavier over
fighter gos.)

Tor the system air (considered as a single gas)—water vapor,
the molecular weight ratio, 1.7, approximates that of ethylene-
ammonis, 1.65, so the curve of the lattar pair seems indicated for
predicting the viscosity of moist alr. As an illustration, the cor-
rection to be added to the viscosify of air to give that of air con-
taining 5 per cent of moisture by volume has been computed by
this method and listed in Tabie 5. The same correction has been
recently obteined by calculation from assumed force laws
between molecules by Hirschfelder(%). InTabled, the discrepancy
hetween these two methods s seen to range from 0 o 1 per cent.
Thus, the much simpler msthod using the ethane-ammonis eurve
in Fig. 5 seems udequate for other moisture coatenis in most
eppications, particularly since Hirschfelder’s simple foree law
sssumptions can't sgree entirely with the actual facts (13). Upto
55 per cent of moisture by volume the correction of Fig, 4 ia given
within 0.001 by the expression D.{}S'\/y’(i — "), where ¢’ is the
volume fraction of water vapor.

The other recent method for computing the viscosity of gae
mixtures which seems most relizble is that of Buddenberg a
Wilke (5). Taldng the diffusion coeficient for air and water vapor
as 0,239 sq em/sec ot 8 deg C, ideal gas Inw values of density, a
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TABLE & VISCOBITY OF ATMOSPHERIC PRESSURE STEAM

With Caorrection to Be Added to the Viseesity of Dry Air to Yield That of
Alr With 5 Moles Per Cent of Moisture

: Steam  Moist air Moist uir Moist nir
Jcemperitura micro- Fig, 4 Hirgehielder (9) Buddenberg (53
Neg Deg F po13es per cent per cend par eent
2.0 32 83.4 —1.1 -1.2 —0.4
5.0 77 97 .4
25.9 30,4 98.1 -0.8 -1.0
126.9¢  260.4  131.2 ~0.5 ~0.5
208, 9 440. 4 170.3 —0.2 ~=0.3
326,94  620.4  206.4 0.0 0.0
426.9  800.4 42,5
5268.9 480.4 278.6 +0.4 -+0.2
626.¢ 1160.4  3i7.0
728.0 1340.4 358,414 +0.8 +0.4
828,9 1520.4 497.2
#26.¢ 1700.4  432.6 +1.3 +0.3
876,45 1790.4  440.1
1026.0 I88D.4  464.6
1136.%  2080.4 491.0 +1.6G +0.6 +3.2
1206.G  2240.4  517.4
13960 2480.4 5384 1.5 +0.6 +3.0
1428.9 2600.4 45635.5
14768, 2690.+¢  §563.0
1828.9 2780.4 570.9
1626.9 20060.4 582.7
1728.9 3140.4 502.1% 1.4 0.8 +2.8
anag g 4040.4  (BEL.T)

viscosities from Table 2 for air and Table 5, for water vapor, the
values of {p/Dyp) of 0.586 and 0.489 are obtsined for air and
water vapor, reapectively. Assuming them independent of tem-
perature and substituting intec Buddenberg and Wilke's formals,
air with 5 per cent moisture is cbtained as having & viscosity of
(Hateam /13.87) -+ { ftasr/1.0427), or the per cent devintion from the
vigcosity of air 18 7.2 tateans/ ftair) — 4.16. These values have been
included in Teble 5 for comparison. In view of the much better
agreement between the two previous methods, it would seem thet
Buddenberg and Wilke's is less relinble for this system, at least st
low moisture contents. :
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