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Abstract—An experimental facility of the general hot-wire type is described for the study of interface
heat transfer from heated metal surfaces to the surrounding gas environment with a view to probe into the
different molecular mechanisms of energy transport which are established by the suecessive reduction of
the test gas pressure. In particular, this initial effort reports the measured heat transfer rates from tungsten,
heated up to a maximum temperature of 1450°K, in nitrogen at different pressure levels in the range 0-8
to about 30 cm of mercury. The heat transfer data taken in the temperature-jump region are interpreted
in three alternative ways. The temperature-jump theory is successfully checked by computing and comparing
the thermal conductivity values obtained as a function of temperature from data taken within as well as
outside the temperature-jump region. The thermal accommodation coefficients are thus obtained for
nitrogen on a tungsten surface with an adsorbed film of mostly nitrogen in the temperature range 450°-
1450°K, and these exhibit a weak minimum or dip at about 850°K. These data will thus serve an important
engineering design need because the experimental conditions correspond to the configuration most often
encountered in practice.

NOMENCLATURE r, radial coordinate [cm];
a, radius of the tungsten wire [cm]; R, gas constant [erg/g mole deg KT;
a, constant in equation (8) [mW/m deg K; Ry resistance per unit length of the wire at
A, constant in equation (1) [(deg C)~*]; the ice temperature [ohm/cm];
b, inner radius of the column glass wall [cm]; " resistance per unit length of the wire at a
b, constant in equation (8) [mW/m {deg K)*: temperature ¢t {ohm/em];
B, constant in equation (1) [(deg C)~%]; £, temperature [deg CJ;
C, specific heat at constant volume [erg/g T, temperature [deg K];
mol deg K]; T, mean temperature of the gas [deg KJ;
7 temperature jump distance [cm]; T, linearly extrapolated gas temperature on
k, thermal conductivity of gas[mW/mdegK]; the wire surface [deg K];
k, thermal conductivity of gas at its average T wire temperature [deg K];
temperature [mW/m deg K]; T, gas temperature at L, [deg K];
2L, length of the tungsten wire [em]; T,,  gastemperature at L, [deg K];
Ly, a distance of one mean-free-path away T,,  column glass wall temperature [deg K];
from the tungsten wire [em]; w, thickness of the column glass wall [cm];
Ly, a distance of one mean-free-path away o, accommodation coefficient of the gas and
from the glass wall [em]; the solid surface.
M, molecular weight of the gas [g/mole];
P, gas pressure [cm Hg];
Qu  thermal power propagated through the INTRODUCTION
gas in the presence of jump-effect [W1]; THE XNOWLEDGE of thermal accommocation coef-
Oy, thermal power fed to the wire in the ficients (hereafter abbreviated as A.C.’s) of gases at
presence of gas [W]; metal surfaces is basic to the understanding of a wide
Qv thermal power fed to the wire in vacuum  variety of such phenomena as adsorption, catalysis,
[wl; energy transfer at an interface, thermal energy
Quxr» thermal power propagated through the relaxation, gas-surface interaction potentials, ete, The

gas which is in thermal equilibrium with
the hot-wire surface [W7],

available information on A.Cs is quite limited as
evident from the critical reviews of Vines [1], Hart-
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nett [2], and Wachman [3]. There are practically no
measurements above 500°K, and in spite of several
efforts [4-11] following the pioneer work of Devon-
shire [12], our theoretical capability has not yet
reached a state where reliable ab initio calculations
may be possible even for noble gases on well-defined
metal surfaces. Consequently, direct reliable measure-
ments of A.C.’s over an extended temperature range
will be very useful for practical engineering needs
and these will also help in an important way in the
development of a theory which may enable calcula-
tions of A.C.’s from first principles.

Here, we describe a general hot-wire type facility
appropriate for the measurement of heat transfer
rates from the metal surfaces as a function of its
temperature into gases at various pressures. In
particular, we report results for tungsten wires with
an adsorbed gas film, which is heated in steps from
450° to 1450°K in 99:9995 per cent pure nitrogen
environment in three different heat transfer hot-
wire columns. The nitrogen gas is stated to have
trace impurities of O,, H,, Ar, He and Ne which are
less than 1 part per million and of CO, and CH, which
are less than 0-5 part per million. The sample is
quoted to have no CO. The nitrogen pressure in
each case and at each temperature is varied in the
range 08 to about 30 cm of mercury. These steady
state experimental data are pooled together in con-
junction with the theory of heat transfer rate from a
heated wire in a gas in the temperature-jump region,
and the A.C.’s are computed as a function of tempera-
ture.

The kinetic theory interpretation of the tempera-
ture-jump phenomenon as given in recent years
[13, 14] enables the calculation of A.C’s from the
experimental data under well-defined approxima-
tions. We discuss three different procedures of
treating the data and point out their relative useful-
ness. The heat transfer data obtained in the low
pressure region is particularly not appropriate at
high temperatures because of the increasing out-
gassing [15] and radiation [2]. From a practical
standpoint, after the test metal surface is prepared
as desired, the chances of altering any adsorbed film
on the wire are much larger in the low pressure
method than in the temperature-jump regime. In the
latter case the metal surface will invariably be
saturated with the gas and just from the engineering
point of view this configuration where the metal
surface is always covered with the test gas film will
more appropriately accord to the conditions en-
countered in many real situations. However, the heat
transfer rates measured in the low-pressure range can
with suitable precautions be approximated quite

closely to a pure metal surface and test gas interface,
a configuration which is more interesting from the
theoretical point of view. These are only qualitative
guides and each practical situation will need a careful
detailed individual examination. However, the exist-
ing limited experimental data do indicate that the
results of A.C.’s as obtained from the slip-flow con-
dition in the temperature-jump region and the free-
molecule flow in the low pressure region are in good
agreement with each other, Thomas and Golike [16],
Wachman [3]. We hope to shed further light on this
important point in the future as our measurements
are completed over a still extended temperature
range and to include other gases.

EXPERIMENTATION

The principal component of the experimental
arrangement is the heat transfer column shown in
Fig. 1. Three such columns of dimensions given in
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Table 1. Dimensions (cm) of the heat transfer columns and
the range of test gas pressures (cm of mercury)

Column and data set number

2L 92:13 92-80 5393
2b 0-800 0-800 0-800
2a 0-03048 0-05080 0-05080
w 0-208 0-208 0-208
P 20, 50, 11-0, 08, 11,12, 08, 1-0, 16,
20:2,and 302 14,16,31, 33,10-2 and
10-1 and 21-1 200

Table 1 are used in the present series of measurements.
The glass column wall is maintained at a constant
temperature by circulating water through the jacket
at 30-0 &+ 0-02°C from a Haake model FS constant
temperature circulator. The tungsten wire is mounted
axially in the column with a high degree of precision
and is kept taut over the entire temperature range by
providing adequate pull through a steel spring and
a soft iron weight. The column is evacuated to a
lowest pressure of 2 x 10~ 7 torr with a high vacuum
system supplied by Heracus-Engelhard Vacuum, Inc.
The column is charged with the test gas from a
connected, properly designed, glass gas handling
manifold and its pressure is measured on a mercury
manometer and cathetometer arrangement to an
accuracy of +0-001 cm. The tungsten wire is heated
to different temperatures by passing current from
three Hewlett-Packard 6274A D.C. power supplies.
The steady electric potentials are monitored on a
Hewlett-Packard model 3450A muiti-function meter
and are finally measured on a Leeds and Northrup
7556 six-dial guarded precision potentiometer and
related accessories.

The tungsten wire is also used as its own thermo-
meter. The electrical resistance of a given sample of
wire is measured at the ice point, and at the melting
points of zinc (419-51°C) and aluminum (660-37°C)
in a Leeds and Northrup 8411 fixed-temperature
facility. In this temperature range, the resistance
of the tungsten wire, R,, at a temperature of t°C is
related to its resistance at 0°C, R,, by the following
quadratic relation, Davis [17],

.= Ry(1 + At + Bt?). 1)

The wire temperature is also measured with a pyro
micro-optical pyrometer, Model M-6018, supplied
by the Pyrometer Instrument Co. of New Jersey. The
stated maximum uncertainties are within +4° in the
range 1100-1600°K. The temperatures extrapolated
on the basis of equation (1) and those determined
with the pyrometer agree with each other within
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about one per cent up to about 1600°C. We have
preferred to determine temperatures over the whole
range on the basis of equation (1). Chemically
cleaned and straightened tungsten wires, supplied by
General Electric, are used. The wires are carefully
annealed in vacuum and it is found that such a wire
has a reproducible resistance versus temperature
characteristic. This check is repeatedly made when
different series of measurements are taken over the
same specimen of wire ranging over several months.
The constants of equation (1) for an annealed wire as
determined from fixed temperature resistance
measurements are reported in Table 2.

Table 2. Constant R, 4 and B of equation (1) for tungsten

wires
Wire diameter R, Ax10° B x10°
(mm) (mohmem™") (degC™') (degC™?)
0-3048 7903 4265 0-7651
0-5080 2901 3913 0-8260

A typical run consists in evacuating the heat
transfer column and then in determining the power
Q,, required to heat the wire of a known length to
different temperatures, T, Next, the test gas is
transferred at the desired pressure and the electrical
measurements are repeated to determine the power
Q; necessary to heat the same wire to different
temperatures in the same range. The length of the
wire is monitored on a cathetometer within +0-001
cm. The increase of gas pressure during a run is
noted on a mercury manometer, but its variation
due to changes in the wire temperature is ignored in
calculations. The maximum relative change in pres-
sure is about 12 per cent at the highest temperature
(about 1000°C) and at the lowest gas pressure (about
8 mm of mercury). Various sets of @, and @, measure-
ments are taken with wires of different lengths and
diameters and in each case at a series of gas pres-
sures, the specific values are listed in Table 1. Let us
represent the thermal power propagated through the
gas by

QT -0y = Q}r (2)

It may be pointed out that before starting a series
of measurements the heat transfer column is evacuated
and the wire is heated in steps up to the highest
temperature of 2500°K and maintained at this
temperature for several hours while the column is
still connected to the high vacuum pumping system.
The wire is then cooled slowly to the room tempera-
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ture in vacuum and the measurements of @, and Q,
at a fixed test gas pressure are resumed. We [18, 19]
have already shown by experimental and analytical
investigations that under such conditions the thermal
energy transport by convection and end effects is
negligibly small compared to Q,, and the latter are
confined over a small end region of the column.
Further, that @, determined by the difference of
Qr and Q,, will appropriately represent the net
energy transport by the test gas molecules is also
substantiated by the work of Saxena and Davis [20].

If the gas pressure in the column is such that the
mean-free-path is of the order of the wire diameter,
the impinging molecules on the wire surface under
this condition will not acquire or accommodate to
its temperature, and an appreciable temperature
discontinuity at the interface is created [21, 22]. The
effect of a similar discontinuity at the gas—glass
(cold wall) interface is relatively small on the thermal
energy transport for the geometrical configuration
under discussion and will be consistently neglected
in this work. If the extrapolated gas temperature at
the hot-wire surface at T, is T, then:

Ty ~ T, = — g(@T/or),_,. 3)

Here g is referred to as the temperature-jump dis-
tance; r, the radial coordinate; a, the radius of the
tungsten wire; and, T, the temperature. Harris [14]
developed a mean-free-path kinetic theory for the
temperature distribution in a monatomic gas close
to the hot-wire surface and derived an explicit
relation between T, and T, under well-defined
approximations. His final expression, further simpli-
fied for application to our experimental arrangement,
is:

Ty — T, = (Qu/4naLP) (xMT,2R} [2 — 0)/22]. (&)

Here, 2L is the length of the tungsten wire; P, the
test gas pressure; R, the gas constant; M, the molecu-
lar weight; and, «, the A.C, is defined as the ratio
of the actual rate of heat transfer from the wire
surface to the gas to that which would exist if gas
molecules striking the surface were re-emitted as if
from a gas in equilibrium at the surface temperature.
The relation of equation (4) is actually a polynomial
in (1/P) but the next higher term is less than 1'5
per cent of the leading first term so that discussion
of the results on the basis of this equation may be
regarded as completely satisfactory. If Q, is held
constant for a given wire, the temperature distribu-
tion in the bulk of the gas, and hence T, will be
independent of gas pressure. More explicitly, the
reason for this lies in the fact that under these con-
ditions the heat transfer from the wire is such that a

pressure dependent jump-effect is observed, while in
the rest of the annulus the continuum heat flow
condition exists. As the Fourier gas conductivity in
this pressure range is independent of its pressure the
temperature distribution in the bulk of the gas will
also remain uninfluenced. Consequently, for this
wire, a plot of T, vs 1/P for a constant value of Q,
will be linear with T, as the intercept and will have a
slope equal to (xMT/2R)*[(2 — )/20] (Q/4naL.).
Hence, a combined knowledge of the intercept and
slope will enable the determination of « as a function
of T, We have utilized this procedure which is
referred to as the constant-power method.

If the Fourier relation is integrated under the
assumption that the gas temperature at the filament
T, 1s given by equation (4), we get:

4nal  aln(bja) N 2~ a(nMTe>5 1 s
Q. KT,-T) 2P \ 2R ) (T, - T) )

Here, b is the inner radius of the glass column; k,
the thermal conductivity of the gas at its average
temperature, T. The practical use of this equation
presents additional difficulties and ambiguities.
Specifically, T, is often placed by Ty, and the identifica-
tion of k requires the knowledge of the temperature
dependence of k. Thus, if k is assumed to vary linearly
with temperature, equation (5) transforms to:

4nal aln(b/a)

Oy KTy - T,)

(2 - a)<nMTE)* KT,) 1
2P \ 2R ] KTY(T, - T,)

(6)

where T is the arithmetic mean of T,; and T,,. Thomas
and Golike [16] have given similar expressions for
the two cases when k is proportional to T* and T*.
According to equation (6), a plot of Q;;' vs P™! fora
constant value of T, — T, will be a straight line
whose intercept will give k(T), and the slope may be
analyzed in terms of a if adequate estimates of T, and
k(T,) are made. This procedure of obtaining « as a
function of T is referred to as the constant tempera-
ture difference method. Further, the replacement of
T, by T, in equation (6) is consistent with the use of
equation (4) as long as terms containing higher
powers of (1/P) than one are neglected. The latter
assumption draws support from the experiments to
be described in the next section.

Wachman [13] extended the scope of the mean-
free-path theory, earlier employed in the low pressure
region, in the temperature-jump region. He assumed
that the gas molecules incident on the hot-wire
surface are at a temperature T, of the gas layer at a
distance of one mean-free-path away from the wire
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surface, L. Starting then from the relation for the
A.C. similar to that which is used for the free molecular
flow regime, viz. & = Q,/Q . he showed that for a
monatomic gas:
=\ L ~ i
2R 4naLP(T, — T,)
Quxr is the thermal power propagated through the
gas when there is no temperature-jump at the hot-wire.
It is consequently obtained by calculations based on
equations derived from the kinetic theory.
Representing the temperature dependence of k by

21
L=~
KT)=a, + bT ®)

and disregarding the small thermal accommodation
effect at the cold glass wall, TL, is obtained from the
solution of the following relation:

a 2b, b,
L, =3 1+a al, +3 T,

r arn2 ﬂ

R . __kn__
32nRI*b2*P?

(10)
and L, is a distance of one mean-free-path away from
the cold glass wall. L, and Ly are obtained on the
basis of the simple kinetic theory expressions [21]
and in conjunction with the literature data on
density and viscosity of nitrogen. We have employed

this mean-free-path method to determine a as a
function of T,

T _Lll

RESULTS

Now we present an analysis of the three sets of
data (Table 1) taken in the temperature-jump region

and the values of ¢ so determined as a function of

allQC HIC VAaiucs LOIRIINENCC &5 & I on O

temperature according to the three procedures
outlined in the previous section. In Fig. 2, the experi-
mental data of sets I, I and III are plotted in accord-
ance with equation (4). In each case T}, is seen to be
linearly dependent on 1/P for constant values of
Qp/4naL, confirming thereby at least qualitatively the

theory due to Harris [14]. T, and « computed from

the intercents and slones nf these linear nlnfc are

the intercepts and slopes of these linear plots are
given, respectively, in Table 3A and graphlcally
displayed in Fig. 4A. In Fig. 3, these three sets of
data are examined on the basis of equation (6) for
the purpose of evaluating the constant temperature
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difference method. These plots confirm the validity
of the theory and indicate that for nitrogen, at least
in the gas pressure range of 0-8-10 cm of mercury, the
temperature-jump conditions exist. The correspond-
ing range for the ratio of the tungsten wire diameter to
the mean-free-path is 25-1000. The intercepts of
these linear plots corresponding to 1/P = - 0 may be

and the

utilized to determine k as a function of T,

values so obtained are reported in Table 4. The three
sets of values are in fair agreement with each other, as
well as with the values obtained from data taken
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Table 3. a for nitrogen on nitrogen-covered tungsten as a function of temperature (°K)

(A) Constant power method, equation (4)

Set I Set 11 Set 11T
T, x T, o T, x
763 0-327 655 0-382 635 0-383
789 0-315 779 0-305 759 0-335
991 0-320 894 0-281 798 0-287
1144 0-337 1131 0324 891 0-276
(B) Constant temperature difference method, equation (6)
Set I Set II Set III
Ty * Ty x Ty x
656 0-408 443 0-495 516 0-485
778 0-354 479 0-504 643 0422
903 0315 621 0-405 781 0-342
1020 0-347 693 0-387 915 0-319
1181 0-349 773 0-352 1042 0-365
1304 0-391 852 0-319 1161 0-367
1414 0-412, 940 0-318 1278 0-395
1001 0-331 1445 0-406
1072 0-357
1142 0-364
1240 0-368
1276 0-377
(C) Mean-free-path method, equation (7)
Set I Set I1 Set 111
(P =20cmHg) (P= 1"1cm Hg) (P = 16cm Hg)
T, T,, % T, T,, o T, T, «
512 497 0-454 653 612 0-381 755 714 0-326
1048 956 0-310 850 755 0-285 923 808 0-281
1370 1276 0-370 1270 1115 0-350 1150 1015 0-301
(D) Comparison of & values obtained from different methods
Constant power Constant temperature Mean-free-path
method difference method method
Temperature eq. (4) eq. (4a) eq. (6) eq. (6a) eq.{(7) eq. (7a)
450 — - 0499 0-363 — —
550 — — 0-470 0-340 0423 0-282
650 0380 0271 0412 0-295 0-362 0-241
750 0-329 0232 0-361 0-256 0307 0205
850 0-290 0-203 0-323 0-228 0270 0-180
950 0298 0-209 0-320 0-225 0294 0-196
1050 0-324 0-228 0-345 0-244 0321 0214
1150 0-348 0-246 0-368 0-261 0344 0229
1250 - — 0-381 0271 0-368 0-245
1350 — — 0-398 0-284 0-382 0255
1450 — — 0417 0299 — —




2L7Q,,ecm/W

Interface heat fransfer and thermal accommodation coefficients

#=2.0{1(3829%)

30
z °r
k- l
5 2.5~ ;v:zsﬂWx
b3 e
< 5
~ 20 C’—T—ﬂ #:30§1629-6%C)
~d
™
B} 724 0 Q4e0vsoc)
10O o0 AN WSS SN, e
o5 W & 'f’f (#=554dz66 7°c1lﬁ%\oﬁuaos5°c1
0 o) o2 03 0-4 o5
1/P, \/em
A cm R cm

o 500 250 167 125 1100 083 07

9‘0r;7r111}

@ 500 250 167 125 100 083 071
T i ! T T T

&0 e N
| gt 70+ #70 3{Lizaz5%0)
50 M
Setd 60}
a0 = Setr il
<
S0
£ 9
o g0t #e0 45143695°C)
3 faz——ar— e T
~
N 3‘0;;-07‘(2(753 4°¢l  Aros{lngecl  Aroefliss o)
Ao X S N ) ,_W
SN GIEEITN #=15550(10027%) e s |
9] L i i ) L IR 1
0 02 04 06 OB (0O 12 14 i =
) P10l 9%
172, 1/cm { ™ #:09520005 6% J
o) I i { f ! A
O 02 04 06 08 10 12 (4
{/P, i/cm

F1G. 3. Plots of 2LQ,; ' as u {unction of P! for the three sets of measurements. Constant

temperature difference method, equation {6).

0451 S
a -
0351~ -/
- -
025 I o TP Lo o C
7., deg K
080 g
a I
040§ 0 W
, et B
o0 ! L J L , I L i
7, ,deg K
F ~ !
035
@ A
o025 I 1 n i 1 L 1 1 1
400 600 800 1000 1200 1400
7,,deg K

Fi1G, 4. Variation of o with temperature: 4, constant vower method

Qn of 1340 empe

+ 1 4
B, constant temperature difference method, and C, mean-free-path
1, and

191



192 S. H. P. CueN and S. C. SAXENA

Table 4. Thermal conductivity values (mW/m deg K) of nitrogen determined from data taken in the temperature-jump region

t Set1 Set If Set III Mean high Set1 Set 11 Set 111

89 pressure value
Low pressure data and P ~20cmHg Low pressure data and
equation (6} and equation (11} equation (11)

100 306 307 297 306 306 307 296

200 368 36-8 36:1 370 366 367 360

300 421 422 403 425 42:0 421 40-1

400 472 467 457 482 470 465 455

500 5241 534 538 537 520 532 537

600 581 581 588 587 584 579 583

700 628 - 62-1 634 625 60-3 61-8

800 67-9 e — 680 677 653 654

%00 — - 72-8 725 712 70-6
1000 — — — 770 780 76:0 77-3
e - - — 812 80-5 79-1
1200 — — — 851 837 — 83-2
1300 —~ — — 88-3 885
1400 — — 927 924 —

here at higher pressures (20 cm of mercury) where
the accommodation effect is negligibly small. The
slopes of these linear plots (Fig. 3) in conjunction with
thermal conductivity data [23] are interpreted on
the basis of equation (6) to determine o I},) with the
results listed in Table 3B and graphed in Fig. 4B.
The three sets of data do lead to consistent results
thereby substantiating the constant temperature
difference procedure of « evaluation. Similarly, the
o values obtained for these three sets of data on
the basis of equation (7) are displayed in Table 3C
and Fig. 4C. In Table 3C, we also list T, correspond-
ing to each T, and the gas pressures. For each of the
three methods, the values of o obtained from the three
sets of measurements are graphically smoothed as
shown by the continuous curves of Fig. 4. o values
read from these curves at round temperatures are
tabulated in Table 3D to enable a quick comparison
of the three methods of evaluating o from data taken
in the temperature-jump region.

EXPERIMENTAL VERIFICATION OF THE
TEMPERATURE-JUMP THEORY

Since the above calculations of A.C.s from the
experimental data are based on the theory for the
temperature-jump region, it is logical to ensure the
correctness of the latter. Some evidence in support
of this theory is already seen in the above two sections.
Thus, we found that the qualitative requirement of
theory for the pressure depéndence of @ is sub-
stantiated by our measurements. We also checked
the theory quantitatively, on the basis of equation (6)
by computing k as a function of T, with good success.
We report now the results of an additional quantita-
tive check of the temperature-jump theory as given

by equation (5). This procedure is more general and
covers a wider temperature range than the one based
on equation (6).

‘T'he least-square analysis of the experimental data
according to equation (5) leads to values of @, as a
function of T}, for a constant T, and corresponding
to 1/P = 0. A curve of Q, vs Ty is then generated
for each of the three sets of data and k is computed
from the following relation [20, 23]:

In (b/a) [%]

11
4nLl | dT, an

KTy) =

Conductivity values thus obtained for the three
sets of data over the entire temperature range are
reported in the second half of Table 4 and these are in
good agreement amongst each other, as well as with
the mean values obtained from the measurements
taken at a gas pressure of around 20 cm of mercury
{outside the temperature-jump region) and equation
(11). This check should be regarded both as com-
prehensive as well as conclusive for the experimental
confirmation of the «mperature-jump theory. In
this background, the determination of A.C.’s accord-
ing to the procedures described above must be
regarded as based on a physical model which seems
to assimilate at least all the essential features of heat
transfer characterizing the temperature-jump region.

DISCUSSION
The A.C’s values determined here are time in-
dependent as these are obtained from the steady
state measurements when the wire surface is sup-
posedly saturated or at least well-covered with the
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gas for most of the test conditions. Figure 4 clearly
shows that all the three sets of data lead to a very
consistent set of & values for a definite procedure,
so that the geometry of the columns or the pressure
range of measurements does not play any crucial
role as long as these are properly chosen.

However, the three different methods of treatment
of data taken in the temperature-jump region do
lead to o« values which are only in fair agreement
with each other. Several comments may be made to
understand the trends explicitly clear in these sets
of a values. The correctness of equation (4), the
constant power method, is implicit in equation (6),
the constant temperature difference method. The
fact that a values as obtained by equation (6) are
systematically greater than equation (4) then implies
that the net effect of approximations made in de-
veloping the constant temperature difference method
amounts to an overestimation of «. It will appear that
a careful determination of « may have to improve
upon several of the approximations made in deriving
equation (6). It is noted that part of this discrepancy
in o values results because of the replacement of T, in
equation (6) by Ty Further, both these methods
employ the data of either Q,, or T,, at various P and
lead to « values as a function of Tj,. In contrast the
mean-free-path method generates o values as a
function of temperature at a constant gas pressure.
It is for this reason that in Table 3C, the indication of
P is essential unlike in Tables 3A and 3B. Further,
though the practice has been to refer the a values
thus determined to T;, we feel that a more appro-
priate choice is T,. This will also bring in line a
complete analogy between the mean-free-path and
low pressure method. Both are based on the same
physical model of the heat transfer at the wire surface.
It may be remarked that if we qualitatively apply
this correction to the « values obtained from equation
(7), which are already smaller than the values obtained
from the two other methods, these will get further
reduced. The net result would be that the agreement
of a values generated from equation (7) with those
obtained from equations (4) and (6) will become
worse than is evident in Table 3D. This should not
be regarded at the present time as providing enough
basis for the proper assessment of the mean-free-
path method. We would like to emphasize the relative
trends in the o values as obtained according to the
three methods. It may be pointed out that for both
the constant temperature difference and the mean-free-
path methods, the adequate knowledge of the tem-
perature dependence of k on temperature is essential
for a evaluation.

We checked the mean-free-path method by the
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computation of a as a function of temperature at
six different pressures (0-8, 1-05, 1-23, 1-43, 1-60 and
312 cm of Hg) from our data of Set II and found
these values to be in good agreement with each other.
This evidence will strongly substantiate the validity
of the mean-free-path method. We feel that if such a
check is confirmed by our more detailed measure-
ments in progress, the basis of the mean-free-path
method will be quite strongly founded. Conversely,
these calculations also reveal that the surface of
tungsten-nitrogen interface remains substantially
unaltered as the nitrogen pressure is changed and
that in o we are referring to a reproducible interface
property.

Theoretically speaking, the method based on
equation (4) is preferable but this procedure reduces
the temperature range for o determined from the same
initial data in comparison to the two other methods.
We must, however, recall that all these three pro-
cedures for a determination are valid only for a
monatomic gas and consequently their use for
nitrogen constitutes an overall approximation for
the analysis procedure. We propose to undertake
measurements on rare gases to shed light on this
limitation and also follow up this work on poly-
atomic molecules to examine whether or not suf-
ficiently different A.C. values are needed for the
translational, rotational and vibrational modes [1].
However, if for the present we assume that the
translational and internal degrees of freedom of a
polyatomic gas are in equilibrium with each other,
i.e. no relaxation effect, and further that a single A.C.
can be employed for both translational and internal
modes we get relatively simple expressions correspond-
ing to equations (4), (6) and (7) which are as follows:

Ty — T, = (Qy/4naLP) (M T,/2R)*

x [4R/2C, + R [2 — ¥)/2¢]  (4a)
dral  aln(bja) + 2-a <7rMTe>*
0, KkT)(T,—-T,) 2aP \ 2R
4R KT, 1
ac, +RKD T, -1T) &
and
+ 3
o= <ﬂ) ( iR ) QuT:, (7a)
2R} \2C, + R/ 4naLP(T, — T,)
where
1. = (i) (3 o 7)one
Ln ~\1282R/ \2C, + R/bLP
1 RMQ}, ]
2 [4Tw TR PR + 2G| (0
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and C, is the specific heat of the gas at constant
volume. For nitrogen we may assume C,, as equal to
(5/2)R and the values of « then obtained for the three
procedures according to equations (4a), (6a) and
(7a) are also reported in Table 3D. It will be noticed
that these values are about 70 per cent of the values
given by the expressions for a monatomic gas, i.e.
equations (4), (6} and (7). It needs to be emphasized
that the qualitative nature of the temperature depen-
dence of a remains completely undisturbed whether
one assumes that the internal degrees of freedom of
the gas molecules are frozen or not. This is an im-
portant result emerging from our present data.

A.C.s values for nitrogen on tungsten are reported
by Wachman [24] for filament temperatures in the
range 344-516°K in the low pressure range as a
function of pressure. Measurements at still higher
temperatures are not available to the best of our
knowledge. Present results and those of Wachman
[24] are in good agreement with each other over the
narrow overlapping temperature range. Roach and
Thomas [15] reported A.C’s for helium, neon and
argon from data taken in the temperature-jump
region up to a maximum temperature of T, = 795°K.
Their conclusions concerning the relative use of the
three procedures of equations (4), (6) and (7), are the
same as elaborated above on the basis of current
measurements. The qualitative dependence of « on
T as revealed by our measurements, Fig. 4, is to be
noted as this suggests the presence of a minimum.
However, this is not unique to nitrogen on tungsten
only, and a similar trend is found in the data for
helium on tungsten. Simple classical theories could
be adjusted to reproduce such a dependence for
helium on tungsten [4, 6, 7]. On the other hand, more
detailed but primitive calculations [8-11] which
include only some of the salient features of this
complicated heat transfer process fail to reproduce
even the qualitative temperature dependence of
A.C. The art of theoretical manipulation has to go a
long way before reliable wide range A.C. calculations
will be possible. In this context the experimental
efforts such as described here or that of Hanson [25]
to determine A.C. employing a shock-tube become
particularly promising both for engineering needs
and to help develop a reliable base for the ab initio
calculations in the near future.
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COEFFICIENTS DE TRANSFERT THERMIQUE ET D'ACCOMMODATION THERMIQUE
INTERFACIAUX: FIL DE TUNGSTENE CHAUFFE DANS DE L'AZOTE

Résumé—On décrit un montage du type général a fil chaud réalisé pour étudier le transfert thermique inter-
facial entre les surfaces métalliques et un gaz environnant. ll s’agit d’analyser les différents mécanismes
moléculaires de transport d’énergie qui s’établissent lors de la réduction progressive de la pression du gaz.
En particulier on rapporte les flux thermiques mesurés pour le tungsténe chauffé jusqu’a 1450 K dans de
'azote a des pressions variant entre 0,8 et 30 cm de mercure. Les mesures faites dans la région du saut de
température sont interprétées selon trois voies. La théorie du saut de température est éprouvée avec succes
en calculant la conductivité thermique et en la comparant avec les valeurs obtenues en fonction de la tempé-
rature a partir des mesures qui correspondent aussi bien a la région du saut de température qu’a la région
externe. Les coefficients d’accommodation thermique sont ainsi obtenus pour 'azote sur une surface de
tungsténe avec un film adsorbé d’azote, pour un domaine de température compris entre 450 et 1450 K. Ces
résultats rendront service aux ingénieurs parce que les conditions expérimentales correspondent a celles qui
sont fréquemment rencontrées en pratique.

WARMEUBERGANG UND THERMISCHE AKKOMODATIONSKOEFFIZIENTEN:
BEHEIZTER WOLFRAMDRAHT IN EINER STICKSTOFFATMOSPHARE

Zusammenfassung—Es wird eine experimentelle Anordnung des allgemeinen Heizdraht-Typs beschrieben.
Diese dient zur Untersuchung des Wirmeiibergangs von einer beheizten Metalloberfliche in die umgebende
Gasatmosphire. Dabei sollen die verschiedenen molekularen Energietransportmechanismen erforscht
werden, die sich bei allmahlicher Erniedrigung des Gasdruckes einstellen. Speziell berichtet dieser Beitrag
iiber den Wirmeiibergang von Wolfram, das bis zu Temperaturen von 1450K aufgeheizt wurde, an
Stickstoff bei verschiedenen Driicken im Bereich von 8 bis etwa 300 mm Hg. Die Wirmeiibergangsdaten,
gewonnen im Bereich des Temperatursprunges, werden auf drei verschiedenen Wegen interpretiert. Die
Theorie des Temperatursprunges wurde erfolgreich erprobt durch Berechnung und Vergleich der Verte der
Wirmeleitung als Funktion der Temperatur, wobei diese Werte durch Daten innerhalb und ausserhalb des
Termperatursprung-Bereiches gewonnen wurden. Die thermischen Akkomodationskoeffizienten fiir
Stickstoff an eine Wolframoberfliche mit einem adsorbierten Film, bestehend hauptsichlich aus Stickstoff,
wurden im Temperaturbereich von 450-1450K ermittelt und ergeben ein schwaches Minimum bei etwa
850 K. Diese Daten werden einem Mangel bei ingenieurmissigen Berechnungen abhelfen, weil die Bedi-
ngungen der durchgefiihrten Experimente der in der Praxis meist auftretenden Konfiguration entsprechen,

KO2®OUUUEHT IMEPEHOCA TEIIJIA U TEINJOBON AKKOMOOAIIMN HA
INTOBEPXHOCTHU PA3JEJIA ®A3:
HATPETAA BOJIbBO®PAMOBASA NITPOBOJIOKA B CPEIE A30TA

AHHOTaNMA—ONNCHBAETCA KOHCTPYKIMA Npubopa THna OGBIYHOrO MPOBOJOYHOIO TEPMO-
aHeMOMeTpa, KOTODHI MCHOJB3YETCH IJIA M3Yy4YeHHdA HpOIlecca MepeHoca Temila Ha IpaHue
pasgena $a3 OT HArpeTHIX METALINYECKUX MOBEPXHOCTEH B OKpPY/KAOINYI0 Ta30BYy0 CpeRy
C I€JBI0 BHIACHEHNA Pa3IWYHBIX MOJEKYIADHBIX MEXAaHH3MOB IE€pPEHOCA DHEPTHH, KOTOpHIE
3alal0TCA NYTeM MOCJefA0BATENbHOrO CHUMKEHUA NABJIEHHA rasa. I3 4acTHOCTH, M3MepEHH!
CKOpPOCTH IIepeHoca TenJa oT Bojb({paMa, HArpeToro A0 MAKCUMAIbHON TeMueparypul 1450°K,
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K a30Ty B nuanasoHe gasiennit or 0,8 no 30 cv pr. cr. [JaHHbe 110 TeNI00OMeHY, N0dyYeHHbE
B 001acTH CKA4YKA TEMIIEPATYpHl, O0GBACHAKTCA TpeMA pa3nuuHbiMK criocoGamu. Teopus
TEMIIEPATYPHOI'0 CKAYKa HPOBEPAIIACH C OMOIIHI0 MEMIMHHOTO CUeTa U CPaBHEHMEM 3HAYeHHH
TEMJIONPOBONHOCTH, HONYYEHHHIX KAK QYHKIMA TeMIEpaTyphl U3 JAHHBIX, 3AMEPEHHBIX KAk
B mpefenax, Tak U 33 I[pefesaMM o0OJACTH TeMIEpAaTYPHOTO cKauyka. Taxkum crmocobou
HOJIy4eHbl 3HAYEHUA KOPPPULMEHTA TeIIOBON AKKOMOZALMM 1A a30Ta HA I[OBEPXHOCTH
BOJIB(pPaMOBON IPOBOJIOKH ¢ afcOpOUpPOBAHHOMN MIIEHKON, COCTOAIEH, B OCHOBHOM, 3 a30Ta
B AuamazoHe Temneparyp 450°-1450°K, wkoTophle CBHIETEIBLCTBYIOT O TOM, YT0 IPHMEDPHO
npu 850°K umeer Mecto crabuit MuHUMYM Man npoBan. Takum ofpasoM, aTH faHHEE 6YIyT
BAKHBI JUIA WMHKEHEPHHIX PACueTOR, TIOTOMY UTO YCJHOBHA DKCIEPUMEHTA COOTBETCTBYIOT
roHQUIrypanuaM, Hanfosee 4acTO BCTPEYAIIMMCA HA TPAKTHKE.



