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SUMMARY

Heat transfer from electrically heated wires of 0.00025 em nominal
diameter to still air at room femperature has been investigated at pres-
_ sures renging from 1 to 0.0076 atmospheres. Three wires, having ratios
of length to diameter in the approximate proportion 1l:5:10, were tested
in the vertical position., Due to time limitations, only the shortest of
these was tested in a horizontal position. A check was made to determine
whether the results were influenced by the geometry of the enclosing
vessel,

For pressures at which the molecular mean free path is smaller than
the wire diameter, the results appear to satisfy a relation of a form de-
rived for free-molecule heat conduction. Small departures from this be-
havior at the higher pressures are attributed to the effects of natural
convection. The Nusselt number was found not to be uniquely related to
the product of the Grashof and Prandtl numbers, as has been proposed, for
values of this product below 10~5.

It was found that, at the lowest pressures reached, solid toundaries
located at distances of the order of 3 x 104 digmeters from the wire can-

not be considered infinitely remote.
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I. INTRODUCTION

In hot~wire anemometry, use customarily is made of King's ecuation

(Ref. 1) relating the Nusselt number and the Reynolds number,
Nu= A+ BVRe .

The constants A and B are determined by calibration, the value for A
being obtained by extrapolating test results to zero velocity. The
validity of this extrapolation comes into question at very low Reynolds
numbers, such as are encountered in boundary layer investigations. For
this reason, the limiting case of heat transfer from fine wires to still
air is of interest.

Cole and Roshko (Ref. 2), in presenting test results for heat transfer
from fine wires at very low Reynolds mumbers, extrapolate to 4T=0
results obtained at 50 < 4T < 200°C, AT being the temperature differ-
ence between the wire and the air remote from the wire. The actual be-
havior of the Nusselt number as the temperature loading tends to zero was
made 2 part of the investigation in order to check the validity of this
extrapolation.

Collis and Williams (Ref. 3) have investigated free convection of
heat from fine wires to air at atmospheric pressure. On the basis of
their experimental results, they propose a correlation between the Nusselt
number and the product of the Grashof and Prandtl numbers, extending a
similar correlation recommended by McAdams (Ref. 4). Their proposed cor-
relation covers the range 10"10 < (Gr.Pr) £ 10‘2, which ineludes the range
covered in this investigation. It is of interest, therefore, to compare

the variable-density results with those obtained at atmospheric pressure.
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Kemmard ( Ref. 5 ) derives an expression for heat transfer between
concentric cylinders under "free-molecule® conditions s utilizing the
concept of a temperature "slip" or discontinuity at the interface be-
tween solid and gase The slip is described by a characteristic length
proportional to the mean free path, and hence inversely porportional
to the densitye. It is assumed that the mean free path is small com-
pared with the rad.ius of the inner cylinder, that the slip is negli-
gible-at the outer radius, and that the thermal conductiviiy is inde-

pendent of the pressure. Kennard's expression states that

1l oy logr
B e PRk

where h = heat flux per unit area per degree temperature difference
T, Tp = imner and outer radil
g/p = slip distance
X = thermal conductivity

In tems of the Nusselt number Nu = hD/K, this becomes

1l o1logrs 4
W& " CR®

The quantity g is stated to be "at most a function of temperatursh,
From its derivation, g should be proportional to the sguare root of
the temperature of the gas in the immediate vicinity of the inner wall,
but it is also a funetion of an accommodation coefficient whose behavior
~ with temperature is not known.

In terms of the dimensionless temperature loading 8 = (Ty - T,)/T,,
the square root of the temperature near the inner wall is approximately
T,% = T,3(1 + 0) , which for small valuss of © becomes
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Twl/z = Twl/z(l +1/2 8). Since the air temperature T, was essentially
constantlduring this investigation, g(T) can be replaced by, say, $(9).

The test configuration selected for this investigation differed from
the coaxial cylinders for which Kennard's expression was derived. It was
intended to represent cylinders of finite length-to-diameter ratio in an
infinite conducting medium. For this case, the term 1/2 1og(r2/r1) in
Kennard's expression required modification. This term represents the zero-
slip condition - i.e., the solution for heat conduction in 2 homogeneous
continuum, for which V729 = 0, For the two-dimensional case of a cylind-
er of infinite length in an infinite conducting medium, no solution to the
Laplace equation is obtained for non-zero temperature difference, hecause
no steady state is ever reached. Cole and Roshko (Ref. 2) point out, how-
ever, that a solution is obtained in the three-dimensional case of 2 body
of finite aspect ratio. TFor a prolate ellipsoid of larze but finite aspect

ratio L/D, it is found that the Husselt number approaches

¥a = 2
log 2(L7D5
The solution for a cylinder of finite aspect ratio should differ only by
a constant factor from this.

With this modification, Kennard's expression may be rewritten as

2= Po
T A+ P ¢(g)

where PO/P = (dimensionless pressure)‘l, (atmospheres)™t
A= Aj log 2(1L/D)
Here, A, is & function of the geometry of the system comprising the
heated wire and the vessel in which it is contained, and @§(8) is an un-

specified function whose nature is sought in this experiment.
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The above éxpréssion takes no account of buoyant effeects due to thermal
expansioﬁ, and hence of natural convection. The effect of natural convec-
tion is to increase the Nusselt number above the value predicted on the
basis of conduction alone,

From the foregoing considerations, it is to be expected that within the
range of validity of Kennard's assumptions the test results should satisfy
a linear relation between (1/Nu) and (P,/P) if conductive heat transfer is
the dominant procése involved.

In the interest of consistency with the results of others, particular-
ly Collis and Williams (Ref. 3), Nusselt numbers have been evaluated at
the arithmetic mean of the temperatures of the wire and the air remote from
the wire. The Grashof number and Prandtl number have been evaluated at air
conditions remote from the wire. Results were not corrected for end ef-
fects due to the metallic supports, nor for the effects of radiation. The
end-effect correction is discussed under "Effect of Aspect Ratio" in Part
III. A shortage of time forced considerable curtailment of the scope of

the experimental work,



IIl. BEQUIPMENT AND METHODS

Ae Basic Arrangement

The test configuration is illustrated in Figurs 1. The hot-wire
probes were mounted above a disc of ,051" aluminum alloy sheet which was
supported near the bottoix of a Pyrex desiccator, a thick-walled glass
vessel of approximately 24 cm inside diameter fitted with a tight-sealing
cover, A rubber stopper ln the center of the cover provided access to
the interior for electrical leads, a vacuum pump comection, and a labcra-
tory thermometers Séaling was accomplished with a Dow=-Corning silicone
grease intended for hig-vacuum use, The desiccator assembly was placed
inside a psrforated metal protective enclosure as a safety precaution.

Resistance of the wire was measured with a Wheatstone bridge.

The current was determined from the voltage drop across a 0,500-~-olm
standard resistor, measured with a potentiometer. The pressure dif=-
ference from the desiccator interior 1o atmosphere was read from a
simple mercury manometer; this reading was subtracted from the local
barometric pressure, read from a mercury baromeier, to obtain the absolute
pressure in the desiccator. Air temperature within the desiccator was
measured with a high-precision mercury themometer inserted through the
stopper in the cover, The probes were mounted off the centerline of the
desiccator so that the thermometer bulb would not be directly in the
path of the column of heated air rising from the wires. A map of the
temperature field in the vicinity of a hot wire, presented by Collls amd
-~ Willlams in Reference 3, was employed in this connection,

Bes Probe Construction and Calibration

Three hot-wire probes were used in this investigation. Their basic



'characteristicé are as follows:

Yominal : _
Wire Diam. Length (Length) Resistance
Probe cm, cm, (diam.) Material ohms (20°C)
A 0,00025 0.366 1440 P+-10%Rh 132.2
B 0.00025 3.70 14600 Pt 622.7
c 0.00025 1.93 7600 Pt~109Rh 751.4

All three were made of 0.0001" nominal dismeter Wollaston wire of
the sort commonly usged in hot-wire anemometry. The wires were stretched
between the tips of No. 8 sewing needles, to which they were attached by
soldering,

In calidbration of the probes, the resistance was assumed to be a

linear function of the temperature:
R=Ry [1 4 &(T - T,)]

Time did not permit determinations of the thermal coefficient of resis-
tivity OC. The following values, currently accepted and used in the

laboratory, were accepted on faith:

Material o, (°c)-1
Pt 0.0034
Pt-109Rh 0.00166

The resistance R, was measured with the probe mounted in a low-speed
wind tunnel to assure adequate cooling of the wire. Resistance of the
wire was first measured at a current of approximately 5 millismperes.

The current was then decreased, causing a decrease in the resistance. The
process was continued until further decrease in current caused no detect-
able change in the observed resistance, as measured with the Wheatstone

bridge. This limiting value was recorded as Ry (total), the total includ-
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ing the leads and the standard resistor :m series with the hot wire. The
air 'bemi)erature in the tunnel was read from the same thermometer as used
~in the desiccator. The combined resistance of the leads and the standard
resistor wvas measured separately by soldering the leads together at the
ends connecting to the _probe. The same leads were used in calibration and
in subsequent testing.

From the information thus obtained, straight-line plots of total re-
sistance versus temperature were prepared for the three probes. Wire

temperatures based on resistance were read from these curves.

C. Probe Installation

The thermometer employed in the desiccator required a2 75mm immersion
length and had necessarily to be situated virtually on the centerline of
the desiccator. In order to keep the hot wire reasonably remote from the
thermometer bulb and also from the desiccator wall and the aluminum moun-—
ting disc, & compromise geometry wes selected. The wires wefe mounted
approximately 7.9 cm from the vertical well, or 4.0 cm from the center-
line. The vertical distance from the bulb tip to the mounting disc was
12.7 cm; the probes were installed with their midpoints just half this
distance above the disc. The configuration is shown in Figure 1.

It was thought that under this arrangement all solid surfaces were
sufficiently remote from the wire to be considered infinitely distant,
so that the shape of the bounding surface would have no effect on the
heat transfer. As a check on the validity of this assumption, Probe B
was tested in the vertical position with and without & surrounding
coaxlal glass cylinder of 4.75 cm inside radius, 12,7 cm in length,
reaching just to the tip of the thermometer bulb. The bulb was just

outside the upper edge of the cylinder.
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D. Hethod

The investigation was intended to determine the effects on the Nusselt

number of the following parameters:

1.
2.
3.
L,

5.

Temperature loading

Air density

Length-to~diameter ratio of the wire
Orientation of the wire with respect to gravity

Geometry of the bounding surface

Since the wire dismeter cancels out of the expression for the Nusselt

nurber, the diameter was not varied. ¥or the same reason, no effort was

made to check the actual wire diameter against the nominal size given hy

the manufacturer. A 10% error in the assumed size of the wire would re-

sult in a 149 error in the logarithm of the Grashof number, but this error

would be constant for each probde.

As originally contemplated, the program of investigation called for

testing three or more probes, each with a different ratio of length to

diameter, under the following conditions:

ll

Temperature loadings up to 100°C (temperature difference between

wire and air), with particular emphasis on the behavior of the Wusselt

number ag the temperature difference tends to zero.

2.

Pressure variation, by factors of 2, from one atmosphere down to

the lowest attainable with the availsble pump.

3.
b,

Horizontal and vertical orientations.

Some systematic variation in geometry of the bounding surfaces.

Shortage of time forced some curtailment of these aims. The lower

limit on pressure (about 5.8 mm Hg abs.) was imposed by limitations in

measurement with the mercury manometer; time did not permit the refinement
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of the apparstus nécessany for high vacua. The fine wire of Prohe B was
inadvert;ntly parted during installation in the horizontal position, at
a time when the supply of that particular wire size was temporarily ex-
hausted. Here again, shortage of time prevented the testing of Probe B
in the horizonfal position. Probe C was tested to check an apparent dis-
continuity in the data from Prohe B. Data were itsken only to the extent
necessary for this purpose.

In performing the testing at a given pressure, readings commenced
with the measurement of resistance at the minimum available current (all
variable resistance fully in). This resistance usually was found to cor-
respond to a wire temperature only a few tenths of a degree above the
observed air temperature. The corresponding current was then determined
by balancing the potentiometer, which was connected to read the volismge
drop across the standard resistor. The resistance setting of the Wheat-
stone bridge was then increased by a convenient increment, and the current
adjusted to bring the bridge into balance. The new value of the current
vas detérmined after balancing the potentiometer as bvefore. The process
was repeated until the resistance corresponding to the maximum desired
temperature loading was obtained. It usually proved necessary to re-~check
the balance of the bhridge circuit after reading the potentiometer, and
vice versa. This often led to & very tedious process of checking back and
forth in an effort to balance both circuits simultaneously.

The sequence of test configurations was as follows:

1. Probe A, horizontal

2. Probe B, vertical

3. Probe B, vertical, with surrounding cylinder

4, Probe A, vertical

5. Probe C, vertical
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Starting with Probe B, vertical, the practice was adopted of increas-

ing the temperature loading as described above, up to the maximum, and

then decreasing it stepwise back to the minimum-current limit as a check

“on repeatability of results.

E.

Accuracy

1. Pressure.

Thé errors in pressure measurement were independent of the magni-
tﬁde of the pressure measured, and so the percent error is inversely
proportional to the pressure, The principal source of error lay in
the reading of the U-tube manometer, in which the two levels were read
against a meter stick. W¥o mirror, hairline, or other reading aid was
fitted to the manometer. Under the circumstances, the estimstion of
tenths of & millimeter in the height of the mercury meniscus is surely
subject to an error of at least 10.1 mm, and quite probably more. For
the difference in level hetween the two columns (recuiring two inde~
pendent readings), an error of tO.B mm might reasonably be expected.

In reading the mercury barometer, some difficulty waé experienc-
ed in judging the exact point at which contact was made between the
pointer in the well and the surface of the mercury. The values of the
ambient barometric pressure recorded were averages of repeated read-
ings, including in every case at least three settings of the pointer
in the reservoir and three or four readings of the column height for
each such setting. Fven so, it is considered likely that the barom-
etric pressure might be in error by £0.1 om Rg.

The total error in the absolute pressure is thus estimated to
be ib.h mm Hg. At a pressure of one atmosphere, this is only'ib.OS%,

which is negligible for the purposes of this investigation. However,
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at 5.8 mm Hg abs. (the lowest pressure for which results are reported)

the error amounts to about £94%,

2. Temperature.

The thermometer, with scale graduations of 0.2°C, could be read
with ease to the nearest tenth of a degree, and it always read very
nearly the ambient temperature in the room, Of its total scale range
from -16 to +-110°G, only the portion in the immediate neighborhood
of 20°C was utilized., The thermometer readings, then, are considered
to be in error by no more than't0.05°C, neglecting instrument error
(which should be constant over the small range involved).

The possible error in the wire temperature as determined from the

calibration curve includes the effects of errors in Ro, T., and the

o

coefficient OC, as well as errors in plotting and reasding the calibra~

tion curves, G. T. Skinner, in Reference 6, reports variations of

the order of 1% in the observed coefficient X for platinum wire of

the type.used in Probe B. Thus a systematic error of 1% is to be ex-

- pected in the slope of the calibration curve for each probe, resulting

in a 1% error in the temperature loading, consistent for each prode.
Random errors in the readings for any given run are estimated to

be equivalent to an error of £0.2° in the temperature loading, at

least for Probes B and C and for the tests of Probe A in the vertical

position. The earlier runs (Probe A, horizontal) show considerably

more scatter than this., This error would result in a scatter in the

Nusselt number inversely proportional to the temperature loading

( ¥24 at 10° ), in addition to that due to the use of & slide rule in

datg reduction.
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3. Resistance.

Tﬁe effect of random srror in the resistance measurement is in-
cluded in the estimate abdve, since an error in resistance is equiv-
alent to an error in temperature loading. At low values of current
the sensitivity of the bridge circult decressed, so that errors of
-0.1 ohm could have occurred in Bb. At higher currents, correspond-
ing to higher temperature losadings, erratic fluctuations in the gal-
vanometer reading made it difficult to balance the bridge and the
potentiometer simﬁltaneously. The effect of this unsteady behavior
on the resistance and ultimately on the Nusselt number is best Judged
by the degrse of scatter in the date at the higher temperature load-
ings (say, above 20°),

Gross error in the bridge resistance is suspected in the case of
Probe B. The Nusselt numbers showed a sharp discontinuity in a range
of bridge settings between 638 and 650 ohms at all pressures. There
is no cbnsistency to the corresponding reedings of the potentiometer.
- The bridge was checked against & decade resistance box in 2-ohm incre-
ments from 600 to 680 ohms; its readings were perfectly consistent
over the range. Probe C, half the length of Probe B and of a differ—
ent resistance, was constructed and tested with great care over 2
range of temperature loadings bracketing the apparent discontinuity.
The Nusselt number was found to be smooth and continuous over the
range. It was concluded that the discontinulties were the result of
temporary or intermittent malfunctioning of the bridge circuit, and
the corresponding data points were rejected at being grossly in error.
They have been omitted from Figure 6.

The effect of random errors in resistance measurement (i.e., in
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balencing of the bridge) on the input I?R can be neglected, since

errors of the order of 0.1 ohm are beyond slide-rule accuracy for

the resistances employed.

b, Potentiometer.

The accuracy of the potentiometer exceeded the requirements of

this investigation. Its contribution to scatter in ths test results

can be neglected.
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III. RESULTS AND DISCUSSION

‘A, Effect of Pressure

Data were taken at the discrete values of pressure listed in the fol-
lowing table. The air temperature remote from the wire was essentially
room temperature, 294'f 44 K, The table also lists the corresponding
values of the molecular mean free path and its ratio to the wire diameter.
The mean free patﬁ for air at 15°C and 760 mm Hg abs was obtained from

p. 149 of Reference 5.

Nominal Actual Pmm (m.f.p.)
Preggure Pregsure 760 Mean ¥ree wire diam.

(atm.) mm Hg abs Path, cm.

1 743 L 2 .980 6.67 x 10~6 0.027
1/2 372 490 1.33 x 1075 0.053
/b 186 .245 2.67 x 1677 0.11
1/8 93 .123 5.31 x 1075 0.21
1/16 16.5 .0612 1.07 x 107% 0.43
1/32 23.3 .0306 2.14 x 107% 0.86
1/64 11.6 .0153 4.27 x 10-4 1.7
1/128 5.8 .0076 8.6 x 10°% 3.k

Plots of (1/¥u) vs. (P,/P) for constant temperature loadings are pre-
sented in Figures 2 and 3. The relation (1/Nu) = A + (P,/P) §(8) indicates
that straight-line plots should be obtained. This is seen to be reason~
ably true of Probe A (L/D = 1440) in both horizontal and vertical positions
for pressures above ebout 0.02 atmospheres (PO/P = 50). At lower pres-
sures, the curves are concave upward, indicating that the heat transfer is

less than that predicted by Kennard's expression.
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The slopes of the curves, B (1/%u)/ 3 (P,/P), give the values of the
functio; #(8), while their intercepts on the ordinate axis give the mag-
nitude of the quantity A. |

The curves for Probe B (L/D = 14,600) exhibit unusual behavior. In
the absence of the vertical glass cylinder which was lafér placed around
the wire, the curve of (1/fu) vs. (P,/P) bresks sharply upward in the
neighborhood of 1/64 atmosphere, indiecasting an abrupt decrease in heat
transfer, With the c¢ylinder in place, the resulting curve is more nearly
linear than that for Probe A, which was not tested with the cylinder. It
is plain that the nature of the relation between Nusselt number and density
is profoundly influenced by the boundary geometry when the density is low.

The curves for Probe B with and without the surrounding cylinder sre
complicated by inflection points in the neighborhood of 0.05 atm. (PO/P =
20). The approximation of these curves by straight lines of (1/¥u) vs.
(PO/P) in the pressure range sbove 0.05 atm. is thus likely to yield mis-
leading vélues of the slopes, although the intercepts of the curves on
the ordinate axis can be obtained with reasonable accuracy.

Probe C (L/D = 7600) was tested only at pressures of 1 and 1/4 atmos-
pheres, and only in the vertical position. All that can be said of it
from the standpoint of pressure effect is that the slope o (1/Nu)/Q (Py/P)
in the neighborhood of one atmosphere is intermediate between those of
Probes A and B (as might be expected from its intermediate aspect ratio).
The ordinate intercept for this probe at 4T = 10°C occurs at 1/¥u = 3,55,
aprroximately (3.40 at 47 = 80°C). In the absence of further informe-
tion, it cannot be said whether Probe C exhibits the inflection and the

sharp upward break shown by Probe B.
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B. Effect of Temperature Loading

Nuséelt numbers are presented plotted against the temperature loading
_(temperature difference between wire and air) for constant values of pres-
sure in Figures 4 through 7. Data are missing for Probe B (without cyl-
inder) at temperature loadings above about 16°C, for pressures of 1 atm,
and 1/4 atm,; those curves have been extrapolated on the basis of the cor-
responding curves for Probes A and C, proportionslity being maintained
in the rate of chénge of Nusselt number with temperature. The curves have
been faired acrose the gaps sapparently caused by a defect in the bridge
circuit.

The Nusselt number 1ls observed to bresk sharply downward as the tem-
perature loading tends to zero, the break occurring in the viecinity of
AT= 10°C, Thus extrapolation of the curves from higher temperature load-
ings down to AT = 0 does not appear warranted.

Tor temperature loadings in excess of 100C, the slopes ONu/O 6
are seen t0 increase with pressure. Zero slope occurs at around 1/8
atmosphere; at higher pressures, positive slopes are observed, and at low-
er pressures, negative slopes. The slopes appear to tend to infinity as
the temperature loading approaches zero.

From the curves of (1/Nu) vs. (PO/P) and from the information above,
some statements can be made regarding the function #(8). TFor Probe A,
within the range of linearity of (1/N¥u) vs. (P,/P) and for temperature
loadings above 10°C, the measured slopes 3 (1/¥u)/d (P,/P) exhibit a
linear variation with the temperature loading. Since these slopes are
equal to the function $#(8), this implies that $(8) = a, + @a; & within this
range. In the case of Probe A, the following numerical values are obtain-

ed:
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Horizontal: #(e) = 0.060 + 0.059 @

Vertical: ¢(8) = 0.062 + 0.076 &

By differentiation of the expression

L = A +(P,/P) P(8)
Nu

one obtains

O¥u . _ (P/Po)"b
08 (AL + ¢9)°
Po

which is inherently negative for positive values of b. Positive values

of b are observed for all three probes., However, it has been remarked
that at pressures well within the range of validity of the above expres-
sion, the slopes are observed to change from negative to positive as the
pressure increases, This discrepancy is attriduted to the effect of natur-
al convection, which increases with increasing density and temperature
loading.

In order to fit the obsgerved behavior of Nusselt number with tempera-
ture loading below 10°C, the function ¢(Q) mist be modified by the addi-
tion of a term in 8~1, This causes the Nusselt number to vanish and its
slope to become infinite as 8 — 0. For Prote A, the data indicate a
coefficient of approximately 0.002 for this term, which results in a
negligible correction to the Nusselt number at T >10°C.

It can be seen from Figures 1 and 2 that the ordinate intercepts of
(1/¥u) vs. (PO/P), and hence the values of the quantity A in the conduc-
tion equation, are not entirely independent of the temperature losding,
although the variation is slight, The tendency for the Nusselt number to
increase with temperature loading is considered a natural convection effect.

An effect of boundary geometry on the slope ONu/38 is apparent in

Pigure 5, where Nusselt numbers for Probe B with and without its surround-
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ing glass cyliﬁder are compared. The effect disappears as the tempera-
ture loéding is increased; at the higher loadings, the curves with and
without the cylinder tend to become parallel.
Summarizing the effects of temperature and of pressure, it may be
said that the data appear consistent (at pressurees above about 0.02 atm.)
with the relation

1l = Do
= A+P g(e)

in which #(8) = a_1€‘1-+ 8y + 818 (a; > 0). The coefficients a;
appear relatively insensitlve to aspect ratio and sre not greatly affected

by orientation. The term A is affected only slightly by 8.

C. Effect of Aspect Ratio

The data as presented have not heen corrected for end effects. The
needle tips to which the hot wires are soldered are massive compared with
the wires themselves. They thus act as heat sinks at the ends of the
wires. The wire temperatures measured are mean temperatures averaged over
the length of the wire; the actual temperature distribution along the wire
was shown by King (Ref. 1) to be approximately a hyperbolic cosins. This
causes the measured Nusselt numbers 1o exceed the true values. Kovésznay
and Tormarck, in Reference 7, outline a linearized method for computing
the required correction. This must be applied before the effects of aspect
ratio can be discussed.

The end~effect correction clearly is greatest for the shortest wire.

It is found alse to increase as the density of the surrounding air de-
creases, this variation being implicit in an inverse dependence on the
square root of the measured Nusselt number. For the shortest wire (Probe A,
L/D = 144D) at the lowest pressure (1/128 atm.), the correction is approxi-

mately 109 it changes only slightly with the temperature loading over



the range involved; For the same wire at atmospheric pressure, the cor-

rection is approximately 5%.. For Probe C (L/D = 7600) at atmospheric

pressure the correction is 2%.

For Probe B (L/D = 14,600) at one atmos~

phere, the correction is negligible; at 1/128 atmosphers, the measured

Nusselt number for the probe without the surrounding cylinder is high by

L%, These corrections have the effect of increasing the nonlinearity of

the plots of (1/Fu) vs. (PO/P).

Data are avallable for three values of the length~to-~diameter ratio

of the wire, but only for wires oriented verticelly.

The solution for the prolate ellipsoid indicates that the zero-slip

term A in the conduction equation might be expected to vary as log 2(L/D)

This term is given by the intercepts of the curves (1/Nu) vs. (P,/P) on

the ordinate axis, P,/P = 0.

Agreement of the test data with predictions

based on proportionaslity between (1/Nu) and log 2(L/D) is shown in the

following table, in which Probe A has been chosen arbitrarily as the basis

for comparison.

The curves for 10°C temperature loading (vertical posi-

tion) were selected in order to minimize natural-convection effects. The

measured intercepts are corrected for end effects before the comparison

is made.
(I/Nu)o (l/Hu)° (1/Nu)O
Probe L/D log 2(L/D) Measured Corrected | Predicted
A 1,440 7.96 2.85 3.00 -
. C 7,600 9.64 3.55 3.62 3.62
B 14,600 10.27 3.80 3.80 3.86

Although the intercepts, being obtained by extrapolation, are subject

to some uncertainty, these results certainly ars not inconsistent with a

relation of the form

A= A, log 2(L/D)
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in which A, may be a function of orientation and of boundary geometry.

D. Effecf of Orientétion
‘ Data are available only for Probe A in beth horizontal and vertical
positions. TFor thié wire the Nusselt numbers are about 6% lower in the
vertical position than in the horizontal position., No consistent varis-
tion in thie ratio with either pressure or temperature loading is apparent
from_the plot of Figure 5. The curves for horizontal and vertical orienta-
tions at each value of the pressure tested appear sensibly parallel.

The coefficients a, and a; in the function g(e) = 8, + 818 show some

change with orientation of the wire:

Position ag 2;_
Horizontal 0.060 0.059
Vertieal 0.062 0.076

E. Effect of Boundary Geometry
Boundary geometry was varied only for Probde B in the vertical position.

The glass cylinder placed around the probe in this test formed a "chimmey",
resting flush against the mounting plate at the bottom and open at the top.
It was intended to yield only a cuslitative answer to the question of
whether boundaries situated at distances of the order of 3 x 10 wire dia~
meters from the probe could be considered infinitely remote. They can not.
At pressures of the order of an stmospvhere (say, down to 0.05 atm,)
the presence of the surrounding cylinder was found to decrease the Nusselt
number, and hence the heat transfer rate. The meximum decrease, 119, was
noted at one atmosphere and a temperature loading of 10°C. At pressures
below 0.05 atmosphere, the presence of the cylinder increases the heat

transfer rate by a factor that increases rapidly with decreasing pressure.
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.At the lowest pressure vlotted (roughly 1/128 atm,) the Nusselt numbers
with and without the surrounding cylinder bear a ratio of over 7:1.
Plotted as (1/Nu) vs. (P,/P) the curve for Probe B with surrounding
cylinder is more nearly 1inear‘than any of the other data, The remarkable
behavior of the curve for the same probe without the cylinder has been
mentioned previously. This emphasizes the profound effect of boundary
geometry on the heat transfer from cylinders of high aspect ratio to sir
at low density. It suggests further the desirability of systematic varia-
tion of a simplified boundary geometry, such as coaxlial cylinders, in any

subsequent invegtigation of the problem,

F., Correlation with the Grashof Number

McAdams, (Ref. 4), presents a compilation of data from many sources
on natural convection from horizontal cylinders. 1In presenting the data,
the MNusselt number is correlated with the product of the Grashof free-

convection parameter and the Prandtl number. The former is defined as
3
Gr = D 22 47

where /<3= coefficient of thermal expansion

= 1/T for ideal gas

The Prandtl number is defined as Pr = Sgéﬁ

The information is plotted in logarithmic coordinstes and covers a range
of logyqy(Gr - Pr) from -5 to +9, The correlation is quite good. Co-
ordinates are given for a "recommended” curve extending down as far as
1og10(Gr » Pr) = b,

Collis and Williams (Ref. 3) present a similar plot for infinitely

long wires, extending down to loglo(Gr « Pr) = =10. On the basis of their
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test results, they.propose a singlé—valued correlation between the Musselt
number and the product of the Grashof and Prandtl numbers, for use at low
velues of the latter. They have faired their curve st its upper end into
that recommended by McAdams, in the neighborhood of log(Gr . Pr) = O.
.Their tests were performed at atmospheric pressure. Nusselt numbers were
based on the arithmetic mean of the temperatures of the wire and of the
air remote from the wire. The Grashof and Prandtl numbers were evaluated
st the conditions remote from the wire.

Probe A has been gelected for purposes of comparison with the dimen-
sionless correlations proposed by Collis and Williams (Ref. 3). Although
the wire was comparatively short (L/D = 1440), it was the only one tested
in the horizontal position. The resulting plot is presented in Figure 7.
The values of 1og10(Gr . Pr) extend from around -5 to somewhat below -10.
The Nusselt number has been evaluamted at the arithmetic mean temperature
and the CGrashof and Prandtl numbers at the temperature remote from the wire,
Thus the only differences between these results and those of Collis and
Williams (Ref. 3) should be those due to finite aspect ratio and to vari-
able density.

Below logy,(Gr » Pr) = -5, the data for Probe A fan out into a family
of curves, a separate curve being obtained for each value of the tempera—
ture loading. The shapes of these curves bear no apparent relation to the
correlation vproposed by Collis and Williams (Ref. 3). It appears, then,
that the value of the Fusselt number corresponding to a given Grashof num-
ber (the Prandtl number may be considered constant) depends on the manner
in which the Grashof number is achieved, and hence that the two parsmeters
are not uniquely related in this range. On the other hand, the fact that

the separate curves tend to merge into a single curve near 1oglo(Gr . Pr)=



-5 may indicate that a unique relationship exists sbove this value. This
cannot be concluded deﬁhitely from these data becsuse loglo(Gr . Pr)= -

occurred only at a pressure of one atmosphere,
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Potentiometer:

Galvénometer:
Sfandard Qell:
Bt'd. Resistor:
Thermometer:

Hg Manometer:
Resistance Box:
Vacuum Pump:

Wollaston Wire:
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EQUIPMENT LIST

Shalleross Kelvin-Wheatstone Bridge, Model 638-2,

Serial No, 8725
Leeds & Northrup Wo. 7552, Serial No. 1055661

Leeds & Northrup Catalogue Yo. 2420-B, Serial Yo.
30415

Eppley lLsboratory, Inc., Catalogue Yo. 100,
Serial ¥o. 378365 (1.01894 v.)

Shallcross Mfg. Co., 1 Int. ohm - 0.02% (two in
parallel)

Cenco 19245B Extreme Precision, -10 to  110°C,
1/5° gradustions

Of local fabrication
Gray Instrument Co. ¥o. 8320
Cenco Megavac (1/2 HP Craftsmen motor)

Sigmund Cohn Mfg. Co.
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INSTALLATION OF PROBE
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WITH AND WITHOUT SURROUNDING CYLINDER
| (L/D =14,600)

CORRELATION PLOT FOR PROBE'B’' (VERTICAL)
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PROBE 'B' VERTICAL WITH AND WITHOUT SURROUNDING CYLINDER

L/D = 14,600
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