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ABSTRACT.

A steam tunnel, suitable for making experimental measurements
of the heat transfer from fine wires to a viscous compressible fluid,
was developed and constructed.

Measurementé of Nusselt numbers and recovery temperatures
were carried out using small-diameter (0.00038 to 0.00254 cm.)
tungsten wires in steam flow with Reynolds numbers ranging from
about 1 to 12 and with nominal Mach numbers of 0.5 to 1.7,

Considerable difference was found between the Nusselt numbers
for wires in subsonic and supersonic flow at corresponding Reynolds
numbers. The results could be fairly well represented by.an available
theory based on the assumption that a temperature discontinuity of
the fluid existed at the wire surface; however, they did not agree
.very well with other available data in the same range of Mach and
Reynolds numbers,

In supersonic flow, the wire recovery temperatures were found
to be consistently higher than the tunnel stagnation_temperature.

An experimental procedure for making end-léss corrections to
the heat transfer and temperature recovery tests was used and found
to give satisfactory correlation of data taken with wires ranging in
aspect ratio from 220 to 3040. Some experiments were performed
to check the validity of the simple linear theory which is usually used
to calculate end-loss corrections; the theory was found to be adequate

in the experimental range covered.
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SYMBOLS

first temperature coefficient of thermal
conductivity of metal

first temperature coefficient of heat
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aspect ratio of wire, %—LQ
second temperature coefficient of thermal
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wire diameter

fourth temperature coefficient of heat
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drop in electric potential between ends
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pressure in nozzle supply duct
pressure measured by an impact probe
facing upstream in the nozzle
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electrical resistance of a wire
electrical resistance of a wire at -
temperature 90
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gas constant (assumed to be 4.61 x 10
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n
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third temperature coefficient of resistivity
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local wire temperature

arbitrary reference temperature
temperature of wire supports

mean wire teniperature

recovery temperature, the temperature
an insulated section of wire of given size
and shape would attain if left sufficiently
long in a flow of given properties without
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Thomson coefficient of metal
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effect
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I. INTRODUCTION.

At the suggestion of Professor H. W. Liepmann, design
was commenced, in the summer of 1950, of a steam tunnel making
use of changes in the phase of the working substance. Thé tunnel
was built and used t§ investigate some problems of viscous com-
pressible flow at low Reynolds numbers. An initial r‘epo-rt of the
success of the tunnel is given in Reference 1, while a more exten-
sive report of the design philosophy, particular advantages, and
usefulness of such a tunnel is given in Reference 2.

At first, the tunnel was somewhat inconvenient to operate.
Usually it took about six hours of constant attention to pumps,
valfres and electrical controls before tests could be started. Once
the tunnel was operating satisfactorily, however, the test run
could be continued indefinitely. |

‘The flow in the nozzle, however, was not free of pressure
gradients and the Mach number of the tunnel was subject to vari-
ation if the condenser (downstream) pressure varied. These
characteristics have also been observed in other supersonic tunnels
designed to operate at low Reynolds numbers(3). The characteris-~
tics are believed to be due to alteration of the effective shape of
the nozzle due to changes in the wall boundary layers. In Reference
3 it is reported that an elaborate porous-walled nozzle was used in
an effort to control the wall boundary layer thickness. Even so,
the tests reported in Reference 3 had to be conducted in a restricted

region near the centerline of the nozzle.



In the steam tunnel the thickness of the wall boundary layers
was only abo‘ut 0.25 cm. at a point where the cross section of the
nozzle was about 2.0 x 2.0 cm. Nevertheless, the absence of
gradient-free flow at a constant Mach number made the tunnel
most attractive for ~,\;research of the sort where the conditioﬁs need
be known and cdnstaﬁt over only a small region of the test éection.

- Such a problem was the investigation of the loss; of heat from
.a small wire stretched transverse to the fluid flow. In fact,

Kovasznay and To rmarck(4)

conducted an experiment on the heat
loss from hot wires in supersonic flow using a very small tunnel
and varied the Mach number by varying the position of the“v'vivre
in a nozzle having large Mach number gradients.

The prospect of investigating the heat loss from hot wires
in a stream flow is attractive for two reasons:

First, considerable of a speculative theoretical néture»has
been written concerning the heat loss from small wires in fluid

flows of diverse character(5 through 11)' In addition, a number of

(3,4,8,12,13, 14)

experimental investigations have been made . The

general lack of agreement in experimental results has stimulated

Aa search for a correlating function (some dimensionless combination
of the variables involved in an experiment on the heat loss from
small wires) which would enable the results of exberiments to be
interpreted as consistent with some law governing heat loss. The
functions suggested as being significant usually involve the Prandtl

(12, 13)

number There has been little effort, however, to conduct

experiments in compressible fluids with Prandtl numbers different



from that of air. The Prandtl number of air at ordinary tempera-
tures is about 0.7. . Steam under the conditions found in the steam
tunnel has a Prandtl number in the vicinity of 1.0(15). Reference 16,
a table of the properties of steam issued by the National Bureau of
Standards, specifically disclaims respbnsibility for defining
Prandtl numbers for steam, but simple calculations using the
values of viscosity, specific heat, and thermal conductivity given
therein also show that the Prandtl number under the steam tunnel
conditions is near 1.0. An experimental invéstigation of heat
transfer from small wires in steam would be of interest then
because the Prandtl number of steam is different from that of air.

Second, work has been done on heat transfer from wires in
monatomic and diatomic gases, but not in triatomic gases like
-steam. All theoretical work on compressible gas flows shows a
dependence of the results on the ratio of specific heats, Y .2
number dependent on the molecular structure. Steam at the
tunnel conditions has a different Y from that of air.

A feature of the low density steam tunnel which makes it
particularly useful for the investigation of the phenomena of flow
about small wires is that small Reynolds numbers may be attained
at supersonic speeds. One of the criteria in the design of the
tunnel was that a model in supersonic flow in the steam tunnel
should have a Reynolds number approximately one hundredth of the
Reynolds number of an identical model in supersonic flow in the

transonic wind tunnel located at this laboratory. This objective of
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the design was achieved and the Reynolds number of a model with
one centimeter characteristic length can be as small as 3000 in
supersonic flow. If a wire of 0.001 centimeter diameter were
used, the Reynolds number based on this diameter would be 3.
Relations between Reynolds number and Mach number of tﬁe forms
ll%dé or RN%; are often referred to as being of significance in
deciding whether the flow phenomena under consideration can be
considered as continuum flow, slip flow, or free-molecule flow.

17)

Tsien suggested that it was reasonable to consider a flow

2
as being a continuum flow if the parameter —glé— were less than

10—4 and that it was reasonable to consider a flow as being a free-
molecule flow if the parameter 'I'M? were greater than 10. Other
authors have other opinions, but in general it is considered that
flows where -?ez is near unity are neither continuum nor free-
molecule flow. It is therefore evident that experiments concerning
the heat transfer from small wires in supersonic flow in the steam
tunnel may be conducted under flow conditions of the transition
type between continuum flow and free-molecule flow.

The general purpose of the research described in this paper
was to study the transfer of heat from small wires to a rarefied
steam flow. The successful completion of this purpose was depend-
ent upon the idgntification and correction of undesirable characteris-
tics of the equipment used and upon the development of methods of

obtaining the necessary data.

In the next section a description will be given of the steam



tunnel, the characteristics which made it unsuitable for the research
planned, and the characteristics after reconstruction.

Following the description of the tunnel will be a description of
the experimental method used to obtain the heat transfer data and a
discussion of the results of the experiment. The appehdices present
some of the considerations bearing on the experiment which were
not considered to be of sufficient general interest to v.varrant their

inclusion in the main text.
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II. THE STEAM TUNNEL.

When the steam tunnel Was first put to use for investigating
problems of viscous compressible flow, it had the appearance
pictured in fig, 1. ‘The steam used as a working fluid was supi)lied
by boiling water in the bottom of the supply chamber at an absolute
pressure of about 3 centimeters of mercury. Early in the tunnel
calibration program it was determined, irom measurements of
the power supplied to boiler and superheater, that parf of the
superheater power was being used to boil water; probably because
water was splashing up onto the superheater elements. After
installation of a baffle between the water surface and the super-
heafer, the boiler and superheater operéted more nearly as they
were intended to. The steam could be superheated to approximately
250 degrees centigrade by some electrically heated rods in the
upper'part of the supply chamber. The rods, about one half centi-
meter in diameter, were arranged in two layers and were nominally
about ten centimeters apart.

The superheated steam from the supply chamber flowed
through a convergent-divergent nozzle into a diffuser and then a
condenser. Tests could be conducted in the divergent portion of the
nozzle. An absolute pressure of about 1.2 centimeters of mercury
could be maintained in the cqndenser; the latent heat of condensation
was extracted by a refrigeration system.

During the course of the tests reported in Reference 2, a



number of interesting features of the tunnel operation were observed.

First, the water in the bottom of the supply chamber apparently
boiled violently with extremely large volume bubbles breaking the
water surface at irregular intervals. The bursting of the bubbles
caused a rocking motion of the free water surface which often
caused the water in the gage glass of the boiler to surge up and
down with an amplitude of about six inches. Explosive boiling of
this type may easily be observed in a glass flask if water is boiled
at low pressure.

Second, the heights of the liquid columns in the silicone-fluid
manometers used to determine pressures at various points of the
-tunnel system shifted up and down in an erratic manner, rﬁaking it
difficult to determine pressures accurately.

Third, the shock waves from a wedge in the supersonic flow
of the nozzle could be observed, on the schlieren system viewing
screen, to jump periodically from one inclination to another, the
inclinations differing by as much as five degrees.

Fourth, in the measurement of Mach number, which could
be determined from pressure readings by two independent methods,
it was found that the two methods gave results differving by as much
as 0.2 Mach number.

Fifth, it was found that the resistance of an 'ordinary hot-wire
anemometer could not be measured with the instruments ordinarily
used for this purpose because of the large and rapid shifts in the
apparent resistance.

The combination of the conditions observed made the tunnel an



unsatisfactory environment in which to attempt measurements of
the heat transfer from small wires.

It was believed that all of the conditions observed were direct
consequences of the explosive nature of the boiling process. Conse-
quently, the tunnel was redesigned and rebuilt to eliminate the unde-
sirable. effects of the explosive boiling by greatly increasing the
boiler operating pressure. The rebuilt tunnel, which is shown in
fig. 2, made use of most of the components of the original tunnel.
Water could be boiled at slightly above atmospheric pressure in the
bottom of the steam generator, the heat being supplied by seven
electric immersion heaters controlled by an autotransformer. The
‘pressure was regulated by a valve designed to keep the pressure
between 1. 000 and 1.0044 atmospheres. Water droplets from the
boiling process were removed from the steam by a filter consisting
.of a 10 cm. thick batt of glass wool held between perforéxted aluminum
plé.tes. The filtered steam was superheated by passage through a
bank of three electric heaters consisting of flat spirals of Nichrome
wire on Transite supports and incorporating baffle plates designed
to cause turbulent mixing. After superheatiﬁg, the steam was
allowed to expand through a needle-type valve into a 20 cm. diameter
duct. The duct was obstructed by a baffle plate and a series of five
spaced screens of successively smaller mesh ‘.siz‘e. (2, 4, 12, 30,
80 wires per inch). The pressure and temperature of the steam
emerging from the last screen could be measured using appropriate
instruments. The steam thus prepared was the supply steam for

the convergent-divergent nozzle which was the test section of the



tunnel. The pressure could be regulated by adjusting the needle
valve and the temperatﬁre could be regulated by adjusting an auto-
transformer controlling the electric energy supplied to the super-
heafer.

The other parts of the tunnel were not different from those
of 'the original tunnel.

The noz zle, constructed of brass with two ﬂexibl_e aluminum
walls, numerous pressure taps, and access holes, is shown together
with the probe traversing mechanism in fig. 3. Two sliding plate
valves are provided so that the test section could be isolated from
the rest of the tunnel. In this way the test section could be opened
‘to permit changes of the model to be made without admittix;g é.ir
to the condenser or the rest of the tunnel. After a model change
the test section could be quickly evacuated and testing resumed.

Downstream of the test section was a diffuser, a duct of 97 cm.
lehg.th with two walls parallel and two walls diverging by 5 d’egr,ees .
Under typical tunnel operating conditions (supply section pressure
30 mm. Hg, Mach number 1.7) the pressure recovery in the
diffuser was only about 2 mm. of Hg., that is, “the :con‘d.verise'r
pres sure would only be about 2 mm. of Hg. greater fhan the test
section static pressure.

The condenser was connected to the diffuser by 12.5 cm.
diameter pipe a;nd a conical transition piece. The condenser was
a steel tank 61 cm. in diameter and 90 cm. tall with two refrige-
rant evaporators in the upper portion of the tank. | Freon-l12

refrigerant was supplied to the evaporators by a cbmpressor driven
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by a 3.7 kilowatt electric motor. Heat was rejected to water
provided by a pump, cooling tower, and storage tank system used
by other equipment of the laboratory.

The rebuilt tunnel lacked the faults of the original tunnel
for the following reasons: Boiling was carried out at atmospheric
pressure, thus eliminating the pressure fluctuations formerly
caused by the explosive boiling at low pressure. Thelsteam was
superheated at atmospheric pressure in three stages with thorough
mixing between stages. The steam was further mixed by expanding
it through a needle valve and a series of baffles and screens so that
it would have only very small scale temperature and velocity fluctu-
ations before being admitted to the nozzle.

When the rebuilt tunnel was to be operated, approximately
the following procedure was followed: With the pressure in boiler
and condenser equal, water was transferred by gravity from the
condenser to the boiler until there was an adequate supply in the
boiler for a run of the expected duration. The needie valve separa-
ting the supply duct from the steam generator was closed and the
portion of the tunnel downstream of the valve. was evacuated. The
pressure could be lowered, in about an hour, to about 5 cm. of
mercury using a single small aspirator. At the same time that the
downstream portion of the tunnel was being evacuafed, the tempera-
ture of the condenser was being lowered by operating the refrigerator
and the temperature of the water in the steam generator was being
raised to the boiling point. The condenser pressure was further

lowered using a pair of positive displacement mechanical vacuum
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pumps connected in parallel. The pumps were protected from
water vapor by a water trap consisting of some Pyrex glass tubes
immersed in a bath of pulverized solid carbon dioxide and liquid
metilyl cellusov. After the condenser pressure had been lqwered
to the saturation pressure of water at condenser temperature and
after the steam generator had been ejecting steam to the atmos-
phere through the pressure regulating valve for sevefal minutes,
the needle valve could be opened and flow established in the nozzle.
Usually the tunnel was allowed to operate for about an hour before
commencing experimental measurements in order to assure that
steady conditions had been reached.

The range of operating conditions which could be covered
was approximately as follows: Supply section pressure between
-18 mm. Hg. and 30 mmm. Hg. if the flow in the test section was to
be supersonic, 10 mm. Hg. to 30 mm. Hg. if the flow in the test
section was to be subsonic. Supply section temperature between
140 and 325 degrees centigrade if the test section M'ach number
was: 1.7 and between 98 and 290 degrees centigrade if the Mach
number was:. 0.5. The limits of the range of operating conditions
.arose in the following manners: Maximum supply séction pressure
was the maximum pressure which could conveniently read on the
manometers used. So long as the pressures to bé read were 30
mm. Hg. or lower, no water would condense in the manometer
system, provided that the ambient temperature in the vicinity of
the manometers was: 30 degrees centigrade or higher.

The minimum supply section pressure was determined by the
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condenser pressure. In order to operate the tunnel with a given
test section Mach number, the supply section pressure must be in
some definite ratio to the condenser pressure. In rebuilding the
tunnel two vacuum pumps rather than one were use.d in order to
keep condenser pressure as low as possible. Actually thefe would
be no permanent need for vacuum pumps if the tunnel were perfectly
sealed, but the use of cast off machinery and rnateriais in the
tunnel construction resulted in a structure with some leakage. In
the original tunnel the leakage was sufficient that a Cenco Hyper-
vac-20 pump was unable to lower the condenser pressure to less
than about 12 mm. mercury. In the rebuilt tunnel most of the
pumping capacity was needed to remove gases which apparently
entered the system with the supply steam. Two vacuum pumps
were sufficient to lower the condenser pressure to about 5 mm.

of mercury if the mass flow of steam through the tunnel-was small.
The ratio of supply pressure to condenser pressure which was
necessary to run the tunnel with test section Mach number 1.7

was about 2.5; hence, if the condenser pressure was. 7 mm. Hg.,
the supply pressure would have to be 18 mm. Hg. or more in order
to maintain supersonic flow at Mach number 1.7 in the test section.
When the tunnel was run with subsonic flow in the test section the
flow was stabilized and isolated from disturbanceé in the diffuser
by an orifice at which the flow would reach Mach number 1.0 imme-
diately downstream of the test section. In order to insure that the
flow reach Mach number one at this orifice the supply pressure was

maintained at twice the condenser pressure.
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If tests were being conducted at Mach number 1.7, the supply
section temperature was limited to a maximum of 325 degrees
centigrade by the power which could be supplied to the superheaters
and.to a minimum of 140 degrees centigrade by the requirement
that the steam not become saturated in the test section. If the
tests were to be subsonic, the maximum temperature, 290 degrees
centigrade, was also determined by the power which éould be
supplied to the superheaters and the minimum temperature, 98
degrees centigrade, wés determined by the temperature of the
steam generated at atmospheric pressure. In each case the
temperature of the steam leaving the superheater was higher
than that measured at the supply section. This would be a direct
result of the removal of heat from the flow by the needle valve,
duct walls, baffle, and screens which the flow must éass before
reaching the supply section. The loss in flow temperat\ire between
superheaters and supply section was dependent on the mass flowing
through the tunnel and the temperature of the flow after the super-
heaters. In some tests where no energy was supplied to the super-
heaters, the losses were enough to lower thé temperaturé from that
of saturated steam at atmosphez;ic pressure (99 + degrees centigrade)
to about 98 degrees centigrade at the supply section.

The response of the tunnel supply section texﬁperature to a
sudden change in the power supplied to the superheater was quite
slow; approximately five minutes would elapse before any change
in supply section temperature could be detected aﬁd about an hour

would elapse before the temperature would again be steady if the
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controls were left alone. Once these characteristics were known
it was'possible to make supply section temperature changes of the
order of 60 degrees centigrade in about 20 minutes by proper
manipulation of the autotransformer controlling the power supplied
to the superheaters.

The.pressure measurements necessary to establish the Mach
and Reynolds numbers of the flow in the test section were made
using U-tube manometers. Because of the small differences (at
Mach number 1.7, if the supply section pressure ~was: 50 mm. of
Hg., the minimum pressure would be the static pressure in the
.test section, 6.2 mm. of Hg.) it was desirable to use a low density
fluid in the manometers designed to read differenc:es in preésure
between various points in the tunnel. A manometer having six
tubes and a common reservoir filled with Dow Corning silicone
fluid of nominal density 0.94 gram/cm. 3 was used. The manometer
tubes, about 0.3 cm. inside diameter and 30 cm. long were provided
with scales divided in millimeters and the height of the liquid
columns were easily readable to an accuracy of + 1/2 millimeter.
Differences between the pressures at various points in the tunnel
therefore could be read with an accuracy of + 0.1 millimeters of
mercury. The pressures at various points in the tunnel were
compared, using the silicone fluid manometers, to the pressure
in the condenser, an ideal reference since this pressure was not
‘subject to rapid fluctuations and the reference pressufe prevailed

3).

The absolute pressure in the condenser was determined (by

in a relatively large volume (1.5 x 105 cm.
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-w:wparison to the vapor pressure of mercury) using a U-tube mer-
cury manometer which could be read with an accuracy of + 0.2 mm.
of mercury.

When tests were being conducted pressures were determined
in the supply section, in the condenser, at two points on the nozzle
walls, and on impact and static pressure probes in the immediate
vicinity of the model being tested. Mach number could bé deter-
mined from the supply section pressure and static pressure using

the isentropic flow equation

X
&=(+l:_'_ 3)"" 1
2 =(1+ - W)

The Mach number could also be determined from the impact and

static pressures using the Rayleigh formula.

! ¥
ﬂ:(_Z_.LME_I:.l);:T (li_‘Mz)H‘ 2)
Ps  hd ¥+ 2

When fhe value 1.33 was used for the ratio of specific heats, 7,
the Mach numbers as determined from the two expressions above
were found in every case to be in agreement within 0.05 Mach
pumber. These results are quite different from the results ob-
tained in the original steam tunnel where the Mach numbers calcu-
lated using the two above expressions usually diffgred by about 0.2
Mach number and neither method gave Mach numbers which consis -
tently agreed with Mach numbers determined by optical methods.

The temperature in the supply section was determined from
the reading of a calibrated thermocouple. The hot junctinn of the

0.013 cm. diameter copper and Advance wires was cantilevered
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out into the flow of the duct about 1.25 cm. from a supporting struc-
ture of ceramic tubing. A traversing mechanism was provided so
that measurements of the flow temperature could be made on a line
extending from one wall to the centerline of the duct. The thermo-
couple wires were carried through pressure seals to the exterior
of the tunnel and to a cold junction in a melting ice bath. The
thermoelectric potential was measured using a Leeds ana Northrup
K-2 potentiometer and galvanometer. Calibration of the thermo-
couple in the range between 100 and 300 degfees centigfade was
made in a bath of molten wax by comparison to the readings of a
mercury-in-glass 3-inch-immersion thermometer. Surveys of
the flow temperature under various tunnel operating conditions
showed that the temperature indicated by the thermocouple was
constant within + 1. 5 degrees centigrade over the portions of the
duct farther than 1.6 cm. from the duct wall.

Some preliminary tests were made to determine the general
suitability of the tunnel flow for the work planned, a study of the
steady state heat transfer from fine wires. For this purpose a
hot-wire probe constructed of 0.0013 cm. diameter tungsten wire
about 0.7 cm. long was mounted on a traversing mechanism and
was used to explore the flow under various tunnel operating con-
ditions. The hot wire current was adjusted to give a mean wire
temperature about 100 degrees centigrade above the tunnel supply
section temperature, the output signal was connected to an ampli-
fier and the amplified signal observed on an oscilloscope. When

the test section flow was supersonic no signal was observed with
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the probe either upstream or downstream of the throat except in
the nozzle wall boundary layer. When the flow in the test section
of the same nozzle was supersonic no signals were observed when
the probe was upstream of the throat, but large signals were

observed when the probe was downstream of the throat.
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II1. PROCEDURE OF THE INVESTIGATION OF THE LOSS

OF HEAT FROM A WIRE.

The loss of heat from a wire immersed in a fluid flowing nor-
mal to the wire axis was first investigated by L. V. King(6) in 1914.
King not only performed experiments, but also gave theoretical
methods for predicting the heat loss and suggested the useful appli-
cation of the knowledge, the hot-wire anemometer.

The usefulness of the hot-wire anemorb.eter depeﬁds on the
understanding of a number of physical phenomena. The measure-
able quantities involved are: the physical dimensions of the wire,
the electrical resistance of the wire, and the electric current passing
through the wire. From these quantities, some information about
the temperature, velocity, or density of the fluid passing the wire
is.to be determined. In the simplest application of the hot wire
anemometer, the measurement of fluctuations of velocity in an
airflow with small velocity, the instrument is used as a calibrated
device. A given current is passed through a given hot-wire anemo-
meter; the electric resistance of the wire is determined as a function
of velocity by placing the wire in an airstream whose velocity may be
varied and measured by some other instrument. Thereafter the velo-
city of similar flows may be deduced from the resistance of the
calibrated hot-wire anemometer. The simple relation of resistance
to velocity obtained in the case mentioned is a consequence of being
able to neglect density and temperature changes in the flow. If a

ot-wire anemometer is to be used in flows where densify and tem-
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perature are not constant, the deduction of useful information from
the readings of current and resistance of the wire depend on the
understanding of a large number of physical relationships.

The relation between wire electric resistance and temperature
should be known. From the wire total resistance the mean wire
temperature may be deduced. From the electric resistance and
current the power being dissapated by the wire may be calculated.
How the heat transfer from a wire of known temperature varies
with flow velocity, density, viscosity, therrﬁal conducti.vity, and
temperature should be known. Then if the length, diameter, and
thermal conductivity of the wire and the temperature of the supports
to which it is attached are known and the ways in which these quan-
tities affect the power conducted to the supporting structure are
known, there is hope of using the hot-wire anemometer for finding
out something of the properties of the flow passing the wire.

Typical of the experiments which have been pérformed is the
study reported by Kovasznay and Tormarck(4). The resistances of
tungsten wires of small diameter were determined at various tem-
peratures. Then fhe hot-wire anemometers were placed in a super-
sonic air-flow of known characteristics and the relation between
power supplied to the wire and wire resistance was determined.

The heat flow from the wire to the stream was taken to be nearly
equal to the power supplied to the wire; a small correction factor
based on the theory presented by L. V. King(é) in 1914 was used
to account for the flow of heat to the wire supports. The wire mean

temperature could be related to the wire resistance and the recovery
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temperature was taken to be that temperature associated with the
resistance of the wire when the heating current was vanishingly
small. The data obtained in this fashion was collected for flows
with various Mach and Reynolds numbers and for various wire
temperatures.

It became evident after some preliminary tests that the
method outlined above, which was followed in the experiments of
Kovasznay and Tormarck(4), could not be used in the steam tunnel.
The apparent wire recovery temperature was found to be much
lower than the tunnel supply section temperature and in some
cases even lower than the calculated flow temperature. This
behavior was evidently an effect of the wire support temperatures
being much lower than the tunnel supply section temperature. The
uncertainty as to the true value of the recovery temperature resulted
in an uncertainty in the Nusselt number, the two quantit.ies being

connected by the expression

Ei — End loss

U= 2 kLB 6) ?
where Nu = Nusselt number

Ei = power supplied to wire

k = thermal conductivity of gas

o
l

half length of wire

wire mean temperature

Om
O

To eliminate the uncertainties in recovery temperature and

wire recovery temperature

Nusselt number, it was decided to build an apparatus whereby the
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wire support temperature could be varied and measured at will.
The principle involved is that the flow of heat from the wire to the
supports would be zero if the gradients of wire temperature along
the wire axis were zero where the wire joins the supports.. Hence,
if the support temperature were adjusted to be equal to the mean
wire temperature, then the flow of heat to the wire su_pports should
be small and the mean wire temperature should be very ﬂearly the
temperature the wire would assume in the absence of supports.

The method of heating supports to eliminate the flow of heat from
model to supports was used in the experiments of Stalder, Goodwin,

(3)

and Creager , a study of heat transfer in a very rarefied gas
stream. It should be evident that if the gas flowing by the wire
has a very small Reynolds number, the Nusselt number will also
be small and the exchange of heat between wire and stream might
be small compared to the exchange of heat between the wire model
and it.é supporting structure unless special precautions were taken.
The small Reynolds numbers prevailing in the steam tunnel and in
the tunnel used in the experiments reported in Reference 3 necessi-
tated the special precaution that the support temperature be adjus-
table in order that the quantity to be measured, heat exchange
between model and flow, not be small compared to the heat exchange
between model and supports.

The wires to be tested in the steam tunnel were supported
by the model holder shown in fig. 4. The wires were attached by
spot welding to two wedge-shaped stainless steel members projecting

from the sidewalls of the tunnel. The stainless steel members were
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heated by Nichrome wire resistance elements imbedded in the
steel in the fashion of an ordinary electric soldering iron, but
were electrically insulated from the sidewalls by Transite spacers.
Eac;h supporting member had two leads to supply heating current,
a lead for supplying hot-wire current, two thermocoupile leads for
measuring support emperature, and a lead for measuring the electric
potential of the end of the hot wire. All leads were cérried through
the side cover plates on pins insulated and pressure sealed by
synthetic rubber O-rings. Heating currents for the two supports
were individually controlled by autotransformers.
The resistivity as a function of temperature of the wire to
be used in the tests was determined by testing samples about 6 cm.
long in a molten wax bath. The samples were cut from rolls of
wire considered to be homogeneous in diameter over a large length
by reason of weight per unit length tests, and were attached to heavy
copper electrodes. A Nichrome wire heating element drawing alterna-
ting current power from an autotransformer heated. the bath and a
small propeller driven by an electric motor also controlled by an
autotransformer stirred the bath. Temperafures were determined
by a 3-inch-immersion mercury-in-glass thermometer; for the
tests the temperatures ranged between 90 and 310 degrees centigrade.
The results of the resistivity as function of femperature tests
were similar to those found by other investigators. The values of
the first temperature coefficient of resistivity was found to be con-
siderably lower than values listed in handbooks. A typical calibra-

tion is shown in fig. 5.
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The thermocouple used to determine the temperature of the
steam’ in the supply section of the tunnel and the thermocouples
attached to the heated supports for the wire models were also
checked in the calibration bath.

Wires cut from the calibrated samples were cleaned in ben-
zene and mounted on the stainless steel supports by spot welding.

A commercial apparatus which furnished the welding curfent by
discharging capacitors was used. The wire mounting operation was
carried out under a binocular microscope, the wires being manipu-
lated with tweezers and bits of wax, but otherwise no special equip-
ment was found to be necessary for this work. After mounting the
wir_e was again cleaned, its length measured, and its electrical
resistance at room temperature measured.

To determine the resistance at room temperature, the poten-
tial drop across the hot wire and the potential drop across a one-ohm
resistor carrying the heating current were recorded for heating cur-
rents ranging from 0.5 to 10.0 milliamperes. A graph of the calcu-
lated resistance as a function of heating current was plotted and the
resulting straight line was extrapolated to determine the resistance
to be expected if there were no current.

Heating current for the hot wire was furnished by a series of
storage batteries with a nominal potential of 36 volts. The current,
adjusted by four on-off switches capable of changing the current by
ten approximately equal steps, was read approximately by a milli-
ameter and more exactly by reading the potential drop across a one-

ohm resistor carring the current. A diagram of the circuit is shown
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in fig. 6.

’i‘he calibrated wire and model support system were installed
in the test section and the tunnel started according to the method
outlined in Section II.

After the tunnél operating pressures and temperatures were
steady, the temperature of the hot-wire was raised and lowered
by adjusting the heating current for the wire. The hot wire current,
potential drop across the wire, and temperatures of the supply sec-
tion and wire supports were recorded, along with the pfessure
readings necessary to determine the tunnel flow conditions. Next,
the temperature of the wire supports was changed by adjusting the
current supplied for support heating and the wire temperature was
again raised and lowered by adjusting the wire current.

After the data had been gathered for a number of different
support temperatures, the tunnel flow conditions would be changed.
Usually the amount of power supplied to the superhéaters was adjusted,
thereby changing the tunnel supply section temperature. An hour
would be allowed to elapse before commencing the data recording
in order to assure that the new tunnel operating conditions would

be steady.



-25.

IV. OPERATIONS PERFORMED TO REDUCE THE RAW

DATA TO USEFUL FORM.

1. Flow Data,

The Mach number was calculated from readings of the static
pressure and supply pressure using the isentropic flow relation
given previously as expression (1). As a check the Mach number
in supersonic flow was also calculated from the impact pressure
and static pressure using the Rayleigh formula given pfeviously in
expression (2).

The stagnation temperature, |, , was measured by a thermo-
couple in the supply duct.

Isenfropic flow equations were then applied to calculate con-

ditions in the test section.

T Y=l yq2
-2 = |+ LM\ 4
T 2 ‘ )

The knowledge of pressure and temperature at a point is

sufficient to determine the density through the perfect gas relation

P '
3 RT (5)

The viscosity and heat conductivity are functions of tempera-
ture; the curves used in reducing the data are those given in fig. 7.
There is considerable disagreement between various experimental
investigatinns of these two properties of steam so the results of
the investigation are given in tabular form in sufficient detail that

the final data may be recalculated using other viscosity and heat
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conductivity curves if so desired.
The flow velocity may be determined through the two expres-

sions

v =[yRT o

Having established density, velocity, and viscosity, the Reynolds

number may be calculated.

ALE | e
)J.

The expressions listed above are sufficient to determine the

il

Re

well-known flow parameters. As other parameters are mentioned
in discussion of results they will be defined. o

2. Wire Data.

The current through the potential drop across the wire model
‘was: measured. Thus the power dissipated by the wire could be

calculated.
H=Ei - (9)

The resistance of the wire was calculated

Yy = ‘%" (10)

The mean temperature of the wire may be deduced from the
total resistance. The resistance as function of temperature might

be represented v ,
r=r°[|+ oc(9m~9°)] ', (11)

where Yo is the resistance of the wire at temperature 90’ and the mean
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temperature is

L
O = QI“Q f; Bdx (12)

A limitation on the validity of this representation is given in Appen-
dix I.

Therefore, a suitable value of Qo was chosen and values of
(Qm" 90) were established from (11). The values of (@m— 90) were
corrected for drift in the stagnation temperature during a run ac-

cording to the expression

A(G-6,)= AT, (13)
A further correction to (Qm“ 90) was that due to end tempera-

ture drif’

366,
(9 9) 3(9 9) 8(9.’-[;) (14}

The partial derivative was evaluated by observing the mean
temperature of the wire at several end temperatureé.

After the drift corrections had been applied to (em—' 90\) , the
values Qm were plotted as abscissae and the values of H were plotted
as ordinates on a graph similar to fig, 8.

The power dissipated as a function of mean wire temperature is
shown for a number of end temperatures. It was assumed that there
would be no end loss if the mean wire temperature were equal to the
end temperature. Thus, in fig. 8, the locus of points where mean
wire temperature and end temperature are equal is considered to
show the variation of power dissipated with variation in the mean

wire temperature considering that there is no flow of heat out of the
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ends of the wire.
The slope of the '""no-end-loss' line in fig. 8 may be related

to the Nusselt number

Nu = (15)

| ( 2 H )

2mlk \ 20m/no end loss
for a small range of temperature near the recovery temperature.
The intersection of the "no-end-loss" line with the zero power line
determines the recovery temperature of the wire, the temperature

that the wire would assume if there were no end loss and no heating

current.
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V. RESULTS.

1. Temperature Recovery.

The results of the temperature recovery and heat transfer
tests are summarized in Table I. Listed are the diameter and
aspect ratio of the wire, Mach number, Reynolds number based on
the wire diameter and free flow properties, Knudsen.number, stag-
nation pressure, tunnel supply section or stagnation temperature,
wire recovery temperature, Nusselt number, and the symbol used
to represent the data on the Figures. Subsonic data will be repre-
sented by crosses and supersonic data by points enclosed by simple
geometric figures.

It may be noted that in supersonic flow the wire recovery
temperature was consistently higher than the stagnation temperature
of the tunnel, while in subsonic flow the recovery tempe.rature was
sqattered with most points below the stagnation temperature.

Consider some possible explanations for the dbserved results.

First, consider that the results might be a consequence of the
experimental method used. The thermocoupie used to méasure the
supply section or stagnation temperature loses heat by conduction
to the exterior of the tunnel and therefore reads low. If this were
an important consideration, the results should be strongly influenced
by the difference between stagnation and room ambient temperatures;
however, fig. 9 testing this possible error source, shows no signifi-
cant effect. Hence it is supposed that the high apparent recovery

temperatures are not caused by an error in measuring stagnation
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temperature.

It is also possible that the data reduction method, a graphi-
cal method of making end corrections, may be in error. In the
diséus sion of end correction methods in Appendix II it will be shown
(Expressions (39) and (42) of Appendix II) that the importance of

tanh PR

end corrections is a functi‘on of a parameter( PL ) which may
be approximated by . Infig. 10, the discrepancy

R| KN
between stagnatinn and recovery temperatures is shown as a function
of the end correction parameter. Inasmuch as the tunnelﬂoperating
conditions could not be varied over a very wide range, the spread
tanh PA

Pl l) is almost entirely due to variation of aspect

ratio. It may be surmised then that the graphical end correction

in values of (

procedure adequately correlates the recovery temperatures taken
with wires of small aspect ratio ( 74 £ AR 910).

The scatter in the data of figs. 9 and 10 is considei‘able, but
doés not obscure the large difference between the results obtained
in subsonic and supersonic flow. Since the observeé results may
not be readﬂy shown to be consequences of obvious possible faults
in experimental technique, some other explaﬁation must bé sought.

Wire recovery temperatures greater than tunnel stagnation
temperatures have been obtained befdre in experiments"in rarefied

(3 and 8), The experiments mentioned covered a

supersonic flow
wide range of Knudsen numbers (on the order of from 0.025 to 40)
in attempts to establish the boundaries of the slip flow and free-mole-

cule flow regimes. Among the conclusions reached in Reference 3

were: (a). The temperature recovery factor for cylinders in high-
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speed rarefied gas flow is primarily dependent on Knudsen number.
(b). The recovery temperature is greater than tunnel stagnation
temperature for Knudsen numbers greater than 0.2. (c). Fully
developed free-molecule flow occurs for Knudsen numbers ‘-of about
2 and higher, a concvlusion reached upon observing the agreement
between the experimental recovery temperatures and the free-
molecule theory predictions for recovery temperature.

Judged on the basis of the conclusions of Reference 3, all
the data taken in supersonic flow should have shown rec;)very tem-
perature higher than tunnel stagnation temperature. Table I shows
that the Knudsen number of the data ranged from 0.218 to 0.822
in supersonic flow and from 0.072 to 0.720 in subsonic flow.
(Knudsen number is the ratio of mean-free molecular path to the
wire diameter. It is described in Reference 3 as being nearly

Ty M

> .ﬁg in a rarefied perfect gas.) Using the method described
in Reference 8, calculations were made of the expec:ted recovery
temperatures of wires in a free-molecule flow of a gas with triatomic
molecules. The results of the calculation are shoWn in fig. 11. The
experimental data is shown plotted against Knudsen number in fig. 12
along with some of the theoretical values taken from fig. 11. The
loci of the supersonic data points are such that a straight line
connecting ._le_i =1.0 at KNn=0.2 and the free-molecule flow theory
prediction foro-@l.'at Kn= 2.0 passes reasonably close to the experimental
points. In subsoonic flow, however, the majority of the data points

in the transition region are far from what might be expected from

free-molecule flow theory.
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The results of the recovery temperature tests may be summa-
rized as follows:

Recovery temperatures in supersonic flow were consistently
greafer than tunnel stagnation temperature. Recovery temperatures
in subsonic flow ranged from near tunnel stagnation temperature to
ab(;ut four percevnt bélow stagnation temperature for the ranyge of
Knudsen numbers from 0.1 to 0.7.

2. Heat Transfer.

The results of the heat transfer tests are presented in Table I
in the form of Nusselt numbers. The Nusselt number is usually
plotted against the square root of the Reynolds number; fig. 14
shows this relationship. A well defined spread between thé _déta
taken in subsonic and supersonic flow is -evident.

The graphical end correction procedure was apparently suffi-
cient to collect all data except that taken with a wire of aspect ratio.
74‘int0' a single scatter band. It is not surprising that the m‘ethod
did not work very well on the wire of aspect ratio 74. The end
correction for this wire under steam tunnel conditipns is about
the same as would be necessary on a similaf wire of aspéct ratio
74 in atmospheric air at 0° centigrade and 10 meters' per second
velocity. Of the power supplied for heating such a wire, approxima-
tely 24 percent was found to be conducted to the wire supports when
the heated supports were maintained at wire recovery temperature.

If an experiment be conducted in supersonic flow the density,
pressure, velocity, temperature, viscosity, and heat conductivity
may vary greatly from point to point in the flow field. Hence, dimen-

sionless ratios such as Reynolds numbers and Nusselt numbers could
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be constructed which would take account of the fluid properties pre-
vailing at diverse points of the flow. Kovasznay and Tormarck(4)
chose to define Reynolds number and Nusselt number in the special

fashions given,

_ pvd
Re‘o~— }Lo (16)

_ H
NWe= \ 71(8.-6,)

(17)

(the subscript '"o' signifies conditions prevailing in the tunnel supply
duct) because these definitions would be useful when the information
on heat loss was eventually applied to the investigation of supersonic
turbulence. This representation has been used since by other in-

(3 and 13). Fig. 14

vestigators in the presentation of their data
shows the data of fig. 13 replotted using the definitions of expres-
sions (16) and {17). Whereas Kovasznay and Tormarck found that
these special definitions would correlate their data taken over a
range of Mach numbers from 1.16 to 2.03, fig. 14 shows that the
subsonic data i;s not collected into a single line with the supersonic
data by using these particular special definitions, a ﬁ]:mding in agree-
ment with the results of Spangenberg(13).

It would be advantageous to find a method of presenting the
results of heat transfer experiments which would collect into a
single line the data taken in subsonic and supersonic flow since
hot wires are most probably going to be used to explore such mixed
flows as occur in boundary layers and around bluff bodies.

(12)

It has been suggested by Stine that the test results at sub-
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sonic and supersonic Mach numbers could be collected into a single
line if Nusselt number were plotted as a function of Knudsen number;
fig. 15 shows the data of Table I plotted with Nusselt number as a
function of Knudsen number. It may be noted that there remains
a well defined spread between the data taken in subsonic and super-
sonic flow, contrary to the finding of Stine. The data taken here,
however, agrees very well with that taken by Spangenberg(B’ fig. 15).
In order to demonstrate the relation between the data taken
here and that taken by some other investigators, fig. 16 is presented.
Data from References 3, 4, and 13 are shown using the parameters
of Kovasznay and Tormarck, Expressions 16 and 17. At Rew: 60
there are shown three sets of data with a scatter of Nusselt number
from 2.1to 3.9, a ratio of 1.8. The largest Nusselt humbers were
obtained by Kovasznay and Tormarck and the smallest were obtained
by Stalder, Goodwin, and Creager. The paper by Staldé-r, Goodwin,
and Creager(3) discusses this discrepancy at some _1ength. At first
it was believed that the discrepancy might be due to some tunnel
blocking phenomenon in the tests by Stalder, Goodwin, and Creager
since a large model (0.126" dia.) was tested in a fairly small jet.
The model was retested in the tunnel at the University of California
(Berkeley) which had a larger space available for testing than the
tunnel at Ames Aeronautical Laboratories and the results confirmed
the results of the Ames tests. It was suggested in Reference 3 that
the discrepancy between the results reported in References 3 and 4
might be due to a difference in the turbulence levels in the streams

of the tunnels used, possibly arising from the radically different
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density levels in the tunnels.

The data obtained here may likewise be compared to that
obtajned by Stalder, Goodwin and Creager; at Rem= 10 in super-
sonic flow the spread of Nusselt numbers is from 0.60 to 1. 25,

a ratio of 2.1, with the data of Stalder, Goodwin, and Creaéer

again being at the low end of the scatter range. If the reason for
the discrepancy between the results of the tests reported -in Refer-
ences 3 and 4 were due to differences in the turbulence levels of

the tunnels used, a similar set of circumstances could ac.count for
the discrepancy between the results reported here and those re-
ported in Reference 3. It should be noted that, of the tunnels
mentioned, only those at Ames Aeronautical Laboratories and

at the University of California (Berkeley) did not have screens in
the supply duct upstream of the test section. Note also the range

of Reynolds numbers ( Rem based on a 1 cm. characteriétic length)
which could be obtained in the various tunnels; 145, 000 to 273,000
in the tunnel used by Kovasznay and Tormarck; 1,100 to 2, 600 in
the tunnel used here; and 60 to 210 in the tunnel used by Stalder,
Goodwin, and Creager. It is plausible, as suggested_by-Reference 3,
t;hat the discrepancy in results of heat transfer tests conducted at
identical Mach and Reynolds numbers in two different tunnels could
be due to some difference in the tunnel flow characteristics such

as turbulence level. It is plausible because the large variations

in structure and operating conditions in the various tunnels considered
could be the cause of differences in the turbulence level and because
of the fact that turbulence is known to greatly influence the heat

transfer from heated objects in low speed flow. In facf, a method
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of evaluating turbulence levels in jets was worked out by Loiziansky
and Schwab(lg) which made use of the influence of turbulence on

the heat transfer from small spheres operating at less-than-critical
Reynolds numbers.

The value of the results of the experiments would be enhanced
if it could be shown that the results are consistent with some theory.
A number of theories were examined but the only one éonsidered
applicable over the range of conditions covered by the experiment

(9)

was that of Sauer and Drake This theory may be used to predict
the effect of Mach number changes on the Nusselt numbers for small
wires provided that the Nusselt numbers for the wires are <known

in incompressible flow. Briefly, the work consisted of solutions

to a steady, two-dimensional, simplified energy equation for the
heat transferred from a circular cylinder to a non-viscous, incom-
pressible fluid under two sets of boundary conditions. First, a
solution was found for continuum-type boundary condition; the tem-
perature of the fluid adjacent to the cylinder surface was assumed

to equal the cylinder temperature, and the solution was made to
match experimental data for continuum flow by adjustment of one
arbitrary constant. Next, a solution was found with a slip-flow
temperature-jump boundary condition of the type found by Smoluchov-
ski; the difference between the temperature of the .cylinder surface
and the temperature of the fluid adjacent to the cylinder surface was
assumed to be proportional to the temperature gradient in the fluid

adjacent to the cylinder surface. The arbitrary constant which was

found to make continuum theory agree with experimental results
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was used in the slip-flow theory, and a chart of Nusselt numbers
as functions of Reynolds number for various Mach numbers was
constructed. Air was used as a working fluid in the calculations
by Drake and Sauer, but the results may easily be converted to
apply for steam. The results of the calculations are shown in fig.
13 along with the experimental data. It may be seen that there is
fair agreement both as to trends in the data and in actual location
of the data points.

Some results of free-molecule flow theory have also been
plotted in fig. 13. The Nusselt number in a free-molecule steam
flow was calculated using the methods outlined by Oppenheim(m).

It may be seen that the free-molecule flow theory agrees reasonably
weli with the slip flow theory in the region where both should be
applicable. The limits of free-molecule flow theory as suggested
in Reference 3 are also shown in fig. 13.

The results of the heat transfer tests may be summarized as
follows:

a. Nusselt numbers in subsonic flow near Mach number 0.5
were found to be considerably larger than the Nusselt
numbers at corresponding Reynolds numbers in super-
sonic flow near Mach number 1.7.

b. A good approximation to the results obtained as furnished
by the theory of Drake and Sauer(g).

c. The Nusselt numbers obtained were considerably larger

than those obtained at corresponding Reynolds numbers by

Stalder, Goodwin, and Creager(3) but were in fair agreement
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with those obtained by Spangenbergu?’).

3. End Corrections.

In fig. 8 a typical set of the data taken to determine recovery
temperature and heat transfer is presented. The differenc:es be-
tween the slope of the '"no end loss line" and the slopes of the
recorded data lines must be accounted for by end loss.

The end loss usually is calculated by assuming sorﬁe differen-
tial equation for the distribution of temperature along the wire,
solving the equation, calculating the temperature gradients at the
ends of the wire, and computing what power would be conducted
from the wire to the supports if the temperature gradients calcu-
lated were correct.

As has been demonstrated by Reference 19, the inclusion
of the '"non-linear'" terms in the differential equation alters the
calculated distribution of temperature along the wire and hence
also alters the end correction calculated using the equation.

That end loss corrections are necessary in this experimental
investigation of the heat loss from wires is demonstrated by inspection
of the data shown in fig. 17. This figure shows both the uncorrected
Nusselt numbers and corrected Nusselt numbers as function of
Reynolds number for wires in supersonic flow. As would be expected,
the apparent (uncorrected) Nusselt number is greatly affected by the
length of the wire. It may be seen that the scatter of data is less for
the corrected data than for the uncorrected data and that the end loss
corrections are appreciable even for the longest of the wires.

It may also be demonstrated that end corrections are necessary
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if a wire is to be used as a temperature measuring device. The mean
temperature as determined from the resistance of a wire placed in the
stream may be expected to depend on the temperature of the wire sup-
ports and on the length-to-diameter ratio of the wire. Fig. 18 shows
the difference between apparent (uncorrected) recovery temperature
and recovery temperature as determined from the method discussed
previously plotted as a function of the difference betwéen support
temperature and recovery temperature.

Having established that end corrections to both the recovery
temperature and heat transfer measurements were important to the
investigations carried out here, an attempt was made to de‘rive useful
methods of calculating end corrections. This study is reported in
Appendix II. The significant results of the study were as follows:

a. A fairly simple differential equation describing the balance
of heat flow in and out of a fine wire was described and its
solutions were used to predict some of the features of the
operation of hot wires which could be cheéked by the experi-
rhents.

b. The predictions of the simple end é:orrection theory were
found to agree fairly well with the experiments in the case
of the variations of mean wire temperature with variations
of supporting structure temperature and‘ with variations in
the heating current supplied to the wire.

c. Two more complex forms of the differential equation des-
cribing the heat balance of the wire were investigated but

found not to be enough advantage in predicting behavior of
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hot wires under the restricted range of conditions covered
by the experiments to warrant the added complexity in-

volved in their usage.
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VI. CONCLUSIONS.

A steam tunnel suitable for making experimental measurements
of the heat transfer from fine wires to a viscous compressible fluid
was developed and constructed.

Measurements of Nusselt numbers and recovery temperatures
were carried out using fine wires in steam flow with Reynolds numbers
ranging from about 1 to 12 and with nominal Mach numbers of 0.5 and
1.7. |

In supersonic flow, the wire recovery temperature was found
to be consistently higher than the tunnel stagnation temperature.

Considerable difference was found between the _Nusselt numbers
for wires in subsonic and supersonic flow at corresponding ,Reynolds
numbers. The results could be well represented by an available
theory; however, they did not agree very well with other available
data in the same range of Mach and Reynolds numbers.

An experimental procedure for making end-loss corrections
to the heat transfer and temperature recovery tests was used and
found to give satisfactory correlation of data taken with wires ranging
in aspect ratio from 220 to 3040. Some experiments were performed
to check the validity of the simple linear theory which is usualiy
used to calculate end-loss corrections; the theory was found to be

adequate in the experimental range covered.
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APPENDIX I.
RELATION OF THE RESISTANCE OF A WIRE TO ITS

TEMPERATURE.

Consider a metallic material, the resistivity of which may

be suitably related to the temperature by an expression of the form,
2 3 ]
o=a, || +a(0-8) + BO-G,7+ C(6-6,F +... (18)

where the ""0'" subscript specifies some arbitrary reference tem-
perature.
In the International Critical Tables(zo) the values of ¢, B s C
for tungsten are listed as

oL =5.238 x 10-3/degree centigrade

B
g

for a range from - 80° C to 3300° C, B°=Oocentigrade. If the tem-

1

0.70 x 10'6/ (degree centigrade)2 '

0.062 x 10-9/ (degree centigrade)3

perature is presumed to be a function of the linear dimension of the

wire, then, to terms of order (§-0,)3
r = 2o, + oy (0-Q)ax+ By (0-0)dx+ Lo, (O-6,)ax
-LEx4L
But 2fc, =Y, so

_i-qg-a)] +Al6-05] +clo-67]

mean

Assuming (9‘ 90) = 100 at all points on the wire then -E -1 =
o
1

5.238 x107 + 7.0 x 102 + 6.2 x 10-5 and the mean(6 ".Q,) would be
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determined within 1.4 percent by ignoring the higher order de-
pendence of resistivity on temperature even in this extreme case.
Thus it may be seen that it is sufficiently accurate to consider

that

A R

provided that I, is chosen such that (9"‘\‘ 90) is never larger than,

say, 50 degrees centigrade.



-47 -

APPENDIX II.
A STUDY OF THE THERMAL INTERACTION BETWEEN A HEATED

WIRE AND ITS SUPPORTING STRUCTURE.

A study of the equilibrium of energy flowing in and out of a
section of a wire will be made. The method to be followed is some-
what like that of Reference 21.

A. Heat Conducted Along the Wire.

Consider a wire immersed in a gas flowing normal to the wire
axis. For a portion of the wire of length Ax , one end of which is
at wire length coordinate X , the outflows of heat from the ends of

the element are

‘e 00 g K OB o Ak A,
X

dx dx
where K = thermal conductivity of the metal
W = cross sectional area of the wire

0
&

When the expressions above are written, the assumptions that the

temperature of the wire

some arbitrary reference temperature

n

temperature is constant across any cross section of the wire and

the shape and cross-sectional area of the wire are constant through-
out its length are included. The argument usually presented in support
of the former assumption is that the thermal conductivity of metal

is so large compared to the thermal conductivity of gases that no

large temperature gradients may be supported in the metal due to

the uneven transfer of small amounts of heat to the gas at the metal-
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gas boundary. The assumption of uniform wire shape and cross-
sectional area will be discussed below. The thermal conductivity

of the metal may be represented as being dependent on temperature.

K= Ko[! + a(0-8s) + blO-6F +..... ] (20

The net outflow of heat per second from the element by conduction

along the wire then is

W d(KE) AX | (21)
dx ‘

B. Heat Transferred to the Fluid Stream and Surroundings.

The amount of heat transferred to the fluid stream and sﬁr-
roundings is assumed to be a function of the fluid flow parameters,
the shape and cross-sectional area of the wire, the wire and fluid
temperatures, the temperature of the surroundings, and the length
element. |

The heat lost to the stream and surroundings may be written

function (Flow Parameters, Shape, Size, Temperatures)=0 (22)

Restrictive assumptions as to the form of this functional de-
pendence usually are’made to simplify the mathematical treatment
of the problem. Among the assumptions are: That the dependence
of heat loss on the flow parameters is the same at all points along
the length of the wire, the shape and cross sectional area are con-
stant along the length of the wire, the heat loss is linearly dependent
on the element length, and the heat loss depends on the elevation of
wire temperature above some equilibrium temperature. With the

wire immersed in a given flow, the heat transferred in unit time to
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fluid stream and surroundings might be represented as

[AG-60 + BIO-6) + C(6-6, +DB-8)%..] Ax @23

An examination of the assumptions mentioned will be made..

The flow parameters together with the shape of the wire deter-
mine the details of the flow about the wire; the laminar or turbulent
character of the flow, the presence or absence of wakes, eddies,
and shock waves, and the velocity, density, pressure, and tempera-

ture distributions in the vicinity of the wire. Anything WBich altered
the local details of the flow would be presumed to invalidate the
assumption that the dependence of heat loss on flow parametere was
independent of position elong the length of the wire. In particular,
the assumption would be invalid if the character of the flow were
found to depend on the wire temperature. Also, the assumption
would be expected to be invalid in those regions of the wire where
the presence of the supportihg structure would alter:the character
of the flow through the action of boundary layers or shock waves.
Both possibilebobjections to the assumption usually are disposed

of by manhandling. Since little is known of the character of the

fiow about very small wires, either the effect wire temperature
might have on the character may be ignored, or the experiment

may be conducted so that the variation of temperature along the wire
is small. Experiments usually are conducted so that the bulk of

the wire is outside the region affected by the wire ‘supporting Lo
structure.

Microscopic examination of small wires by optical methods
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have not revealed much information about the uniformity of the
wire diameter or the surface conditions. Electron microscope
pictures of 0.00038 cm. diameter tungsten wire are described
in Reference 4 as revealing that the surface conditions are 'sur-
prisingly good". The assumption of uniform surface conditions
and diameter must be based on an argument that the wire size
and shape should change very little along a short length of wire
cut from a very long continuous wire.

The assumption that the heat loss is linearly depehdent on
the element length has in effect been challenged in Reference 24
for wires in certain flow conditions. Without this assumption,
howgver, a differential equation, expressing the balance of heat
flow in and out of an element of the wire, whose solution expresses
the distribution of temperature along the length of the wire, could
not be written. The justification for making the assumption lies
in the ‘results ; the solution of the differential eq_uation may be used
to predict certain features of the behavior of hot-wires under vary-
ing conditions. That the predictions agree in some measure with
experimentally observed results is justification for making the
assumption but not proof that the assumption is correct.

The assumption that the heat loss depends on the elevation
of the wire temperature above some equilibrium temperature is
related to the concept of recovery temperature. If a section of
wire carrying no current could be insulated so that no heat could
flow out the ends of the section by conduction along the wire, then

the section would assume a temperature such that the net outflow
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of heat from the element would be zero. This temperature is
assumed to be a function of the flow parameters and the shape of
the wire. That the heat loss depends on the elevation of wire
temperature above equilibrium temperature is a well estab}ished
concept. The definition of Nusselt number emphasizés this idea.
(Nusselt number is defined in Expression 3). It has bgen found
by many investigators that the dependence of heat loss on >the tem-
perature elevation is not linear, for example see References 4,
12, and 13. Reference 19 develops equations for the teni‘perature
distribution along a wire under the assumption that second order
dependence of heat loss on temperature elevation must be considered.
If fourth order terms are retained, the radiation losses may be
included in the equations.

C. Heat Generated by Electrical Means.

The wire is assumed to be heated by an electric current. The
resistance of the wire per unit length is assumed to be a function of

temperature.

o =cu [1+alf-6) + B1O-6)+... ) @4

The Joule heat developed in an element by the passage of a current

is

i*o, [ | +a(8-66) + ,8(9—90)2+._..] (25)

In addition, heat is liberated or absorbed according to the Thomson

effect. The heat absorbed per unit time is

a0
9+a-'x- AX

i)\de—:ix%;@Ax | (26)
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A = Thomson coefficient, positive when heat is absorbed
as current flows in the direction of decreasing tem-

perature

A=), [‘ +9(8-6X+ €(6-6,) + ..... ] e

D. The Heat Balance Equation.
The steady state net heat outflow from an element of the wire

must be zero. This is expressed by the differential equation

2o [V+a(5-0)+ BLO-6)+...]
2o [1 + 90 -6) g(e—eon...} i
- [A(6-6) + BIB-6,) +

+wk, I +a(6-6) +b(9 -6+ ]

+ wK, [d + 2b(6-6) + (dg)

E. A Simplified Linear Heat Balance Equation.

(28)

The differential equation developed above is qlu.ite complex;
however, it can be shown that simpler forms of the equat.ion may be
usefully applied in an experimental inve stigation of :a finite length
hot wire.

Assume then that the resistivity of the metal is a linear function
of temperature, the Thomson effect is negligible, the heat lost to
the stream is a linear function of temperature, and that the thermal
conductivity of the metal is not a function of temperature. A simpli-

fied linear differential equation then may be written

1+ 40-6)-a6-0)-@-0)+ Kn $F=0
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The solution of this equation with the boundary condition 6 = 9'

at X =i0, is

9*90=Q2'§'O*S“b‘ﬂ {Q“z"(e\‘ec:)] . (30)

P< cosh PI |P
where
A-ilood . (31)
p?= 8- 0% :
Kw :
Q- %0, +AWGE8) (32)
- Km |

and 9! is the temperature of the wire supports. The solution may
be related to the resistance of the wire, a quantity which may be

measured in an experiment, by the expression

r:GJ{) +d(9~9.,ﬂdx=ro+o(r%2 ’rathl[ ~(6- 9} (33)
~L

The portion of Expression (33) enclosed between braces may be

recognized according to Expression (12) as the mean value of ( 9—90);

(6,6 = $o— BPLI G, —(g-0)

Pl B4

. Subject to the assumptions on which the linearized theory is
based, the temperature of the wire is constant along the wire and
equal to the end temperature if the end and wire mean temperatures

are equal, for from Expression (34), if (Q-— 903 = (Bm- Qo) then

(6 6)=(6:6;) = —%a (35)

and from (30)

0-6,= £ )
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for - « X £ 0 . Furthermore, the wire temperature obtained
under these conditions is equal to that which would be attained by
an element of the wire thermaliy insulated from the other eleme‘nts
for if in the linear differential equation (29) it is assumed that the
section of wire under consideration be thermally insulated from the

rest of the wire, then

izo-o [l + d(e‘go)]"A [(6‘90)"(9r—90)_j =0 | (37)
and

+ A(Qr— Ho) :Q_
A-i%q, « P®

The value of {§J defined by (38) will be designated Qe .

12
(0-0)= —= (38)

It is to be concluded, then, that subject to the assumptions ofv
the linear theory, no heat flows from the wire to the supports if the
inean temperature and the support temperature are eq_ué]_.. An iden-
tical conclusion may be reached without including all the resfrictive
assumptions of the linear theory. |

In order to illustrate that the linear differential equation des-
cribes fairly accurately the balance of heat in a finite length hot
wire, the linear theory will be used to calculate some effects which
may also be determined by experiment.

It is important to know how the wire mean temperature varies
when end temperature is varied if the wire is to be used as a tem-
perature measuring device. The partial derivative of wire mean
temperature with end temperature may be obtained directly from

Expression (34)
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d (em_ao) — tanh PJ (39)

e ————— e

26,-6) Pl
It miay be seen from the definition of Nusselt number, (3), and the

discussion leading to the linear equatinn, (29), that
Nu = A (40)
K -

If the heating current is adjusted so that i20‘°6¥_ is small in com-

parison to A , then it may be seen from Expression (31) that

PL = AR| Nu —E— (41)

If, in addition, P#230 then tanh PL= 1.0 and

2 (68 . _ |

3 (6~ 8) ;Rm (42)
In Expressions (35) to (38) it was shown that(8, 6) ana (0,-8)
would be equal to each other at some value (G,—8,).

Therefore

_ tanh PL
( Qm_ ee) - (9|"63) Pl

(43)

From Expression (38) 98= Hr if 1=0 ; hence

(6,-6) = (§-) 140FL (44)

applies provided i=0 .

The validity of Expression (44) has been tested by plotting the
predicted values of (Gm“‘ er) against the experin?ental values as shown
in fig. 19. It may be noted that there is fair agreement of the theore-

tical values with the experimental values but that there is considerable
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scatter. The unequal scattering of points on either side of the line
of true agreement indicates that the theory tends to overestimate
somewhat. Many of the points (the equilateral triangles with apices
upward) on the fringes of the scatter pattern were obtained from
tests of a 0.00127 cm. diameter wire of aspect ratio 910 in super-
sonic flow. It is not known why the results of the tests made with
this wire were more erratic than the results of the tests .made
with other wires.

The linear theory may also be used to predict what part of
the power supplied is lost to the supports by conduction from the
ends of the wire. Expression (30) may be differentiated to deter-

mine the temperature gradients at the ends of the wire.

di6-8) _ sinhPx | Q (4. ]
g = Pm [Tﬁ (6,-6,) (45)
At x=+Q

-‘_‘.(%‘79—0— =% Ptanh Pn[%g— 0- 90)] | (46)

The power loss from the two ends of the wire is therefore
End loss = 2K Ptanh PR [%z—(9~90)] (47)

In an experiment, however, an easily measured quantity is the partial

derivative of power supplied with respect to wire mean temperature,
2 (%)
3 (6,4,

is related to the quantity A by Expression (40) and to (izr—End 'OSS)

(See fig. 8.) Inasmuch as the Nusselt number

by (3), then
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2 (48)
2 (') _opg 4 a(;ndeio)ss)
5 (0,5 6) 2 (0n-0,

and it would be convenient to know the variation - of end loss with

wire mean temperature. From Expressions (34) and (47)

3(End loss)
o(6,~ 6,
: (49)
g ( P +2o(&) (mg} P.l) g‘[%i'(Qreoﬂ[se 4Pt h\g}i PL]
2KwP
PX+aQY/, _tanhPh), a 25¢_ tanhPL
( = X‘ “pL )+ ‘yl (6- @][Sed' P-"0 ]
Under the special conditions that = and the reference

temperature is chosen equal to recovery temperature (Qr‘- 90) the

expression simplifies to

3 (End loss)
3 (6.-0)

2AL | P 5006 sech? po+ 1nEE Pﬁ]} (49a)

tanh PL
%‘f—* 26,6, [sech?py - tanh L]

b~

This prediction of the linear theory has also been checked
again st values obtained from the experiment; the results are shown
in fig. 20.

Inspection of fig. 20 reveals that fhe points are grouped on

the plot. The horizontal character of the grouping of data points
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taken with one diameter and aspect ratio indicates that the experi-
3(End loss)

3(8,-G,)

predicted by the linear theory. This is probably due to experimen-

mental values of tend to vary more widely than the values

tal error. Plots, of which fig. 8 is representative, were used to
AEnd loss)
CCRICN!

was to measure the difference between the slope of the no-end-loss

determine the experimental values of The procedure

line and the slope of a curve faired through the data points; hence,

3 (End {oss) i
3(Bn—6,)

quite large. In an effort to reduce scatter, the slopes of the lines

the probable error in the experimental value of

faired through the data points of a series of plots similar to fig. 8

were determined by the mathematical procedure of finding that

line for which the sum of the squares of the distances of the data

points from the line was a minimum. The scatter of the experi-
3 (End |

mental values of M_S_) was about the same whether the data

was faired by eye or faired statistically.

The extent to which the linear theory is able to correctly pre-

dict the behavior of hot wires may be further examined by splitting
2 (End loss)
o (Bm'eo)

The partial derivatives of Expressions (34) and (47) with respect

into two parts.

to current squared may be divided to give Expression (49)

3 (End loss)
3 (End loss) _ 3 (i?)
9 (Gm"'eo) 9 (em" 90)
2 (%
3 (6 B
But a((E'nzd) loss)and a“’““‘—"(:?)eo may be easily determined from the
experimental data, mg ((9"‘;9") directly and mg((EQC)i loss) through Expression
i [

(50) obtained from (48) and (19).
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3(End loss) 5 7.2(078)
S e 305

The predictions of the simple theory for these two quantities are

‘ a(6m~90) — GCo
3 (i2) KwP?

P2+0Q)/,_ tamh PLY , «fQ _(pg_ ia_h___HP_l] (51)
{( 5 )( o1 ) Z[PZ (8, Qo)tI[sechZPH =] }

3(End loss) _
N 20,8 X

{(Tﬂghlpl)(_ngga) —%C. [-%2-(9,‘9,] ):s ch*Pg + ’rag)hlpl]} k52)

In the case that 1=0 and 90 is set equal to 9,- the expressions are

simplified to

' a(em—'ea)
™ i
| ' (51a)
%{l ’@.gb[E!l_.\. (6,-6,) (~sech2 PL + erdglpl)}
3 (End loss)
> (12) o (52a)

tanh Pl o 2 tanh PL
20}2{ o[ 2(0 6,) (sech*Py + 3 )}
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These two expressions have been used to calculate the

theoretical values which are plotted for comparison with the experi-
3 (gm_’ 90)
3 (i2)

lated using (51a) agree very well with the experimental values. The

3 (End loss)

agreement between theoretical and experimental values of 2 (i2)

mental values in figs. 21 and 22. The values of calcu-

is fair, but the plotted points of fig. 22 are quite scattered; again,
probably due to the inaccuracy of determining end loslses'from the
experimental dé.ta.

F. Other Forms of the Heat Balance Equation.

In an attempt to find a theory which would give better agree-
ment with experiment than the simple linear theory two other forms
of the heat balance equation were considered.

In the discussion of assumptions under part B of this section
»it was noted that several investigators had concluded that the heat
lost to the stream was dependent on the second power ofA the tempera-
ture elevation as well as the first power. Assume then, that the
resistivity of the metal is a linear function of temperature, | the
Thomson effect is negligible, the heat lost to the stream is a
quadratic function of temperature elevation, and the thermal con-
ductivity of the metal is not a function of temperature. Expression

(28) then is reduced to

Kw -3—2)% +(6-6,) [izo;,o( -A + 2B(H-0,) —B(O—Qo)]

Yo, + A(G-0) —B(8-8,)% =0 ©2)

A first integral of this expression was obtained and suitable boundary

conditions introduced so that expression (54) could be obtained.
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~3(End loss) O 2(6:-6))
3(7?) 0 W [A-5B06:6)]

(54)

The value of B which may be deduced from the experiment

of Kovasznay and Tormarck(4) is

(55)

where Qr is in degrees Kelvin.

d(End loss)| . _

. 2 ’ using Expressions
; 3 (i ) i=0
(54) and (55) were found to differ from those calculated using expres-

Calculations of the values of

sion (52a) by less than two percent in every case. The small
difference in the results obtained by the two methods does not indi-
cate that the more elaborate method is not useful. The small
difference might be due to the fact that the experiments were deli-
berately arranged to eliminate the dependence of heat transfer

on the secoﬁd power of the temperature difference as an important
factor in the experiments. The mean wire temperature was limited
to vary over temperature ranges of several hundred degrees and
hence the dependence of heat transfer on the temperature difference
was found to be an important factor.

A study was also made of a simplified heat balance equation
in which account was taken of the variation of thermal conductivity
of the metal with temperature.

The equation may be treated by the same method as was

Expression (53). Using the equation
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K, [1+a(6-6) ‘c“—z—fz]«t(e—@o) (oo 4]

‘ 2 (56)
+ '120‘0 +A(6-6,) + wa K(%—% =0

it is possible to obtain

2 (Endoss)| - 200 I-H0-0)-26-6)+ 26:002)  5m)

oA i (e - Fal6-6)

This expression may be compared to Expressions {52a) and (54)
obtained from the two other simplified forms of the heat balance
equation,

For the purposes of calculation, a value of - 1.0 x 10'4 per
degree centigrade was assumed for the coefficient "a'". This value
is listed in Reference 20 and is designated as applicable for a
range of temperature from 0 to 100 degrees centigrade.

Calculations of _g_((%TZY%_IQS_S) using Expression (57) were
made for comparison to the experimentally determined values of
this quantity. In each case the result obtained using Expression (57)
differed from the result obtained using Expression (52a) by less
than one percent.

G. Discussion of End Corrections.

Part A of the text above has been written in an attempt to

demonstrate that an acceptable method of making end corrections
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was vital to the success of the particular experiments which are
described in this paper. It was shown that both the apparent Nusselt
number and the apparent recovery temperature were considerably
inﬂﬁ.enced by end effects. In other experiments there has not been
much emphasis placed on the fact that the apparent recbvefy tem-
pefature could be influenced by end effects. The reason for this
lack of emphasis is probably that the experiments in slupe’rsonic

flow are interpreted in the same light as those in subsonic flow.

In a typical hot wire experiment in subsonic flow both the wire
recovery temperature and the wire support temperatures would

be found to be equal to the stagnation temperature of the.ﬂow, -
hence there would be no reason to question whether or not the
measured recovery temperature was correct. In sup'ersdnic flow

it is not necessarily true that either the wire recovery temperature
<;_»r the wire support temperatures be equal to the stagnatﬁ'.on tempera-
ture. From examination of Expressions (31), (32), (33), and (40)
above it may be seen that the Nusselt number cannot. be accurately
determined from measurable data ( i , r , { , d ) unless both
the support temperature ( 9, ) and recovery femperature ( Gr ) are
known; that is to say, the Expressions represent relationships be-
tween three unknowns. With a little care the value of the support
temperature could be measured or estimated q;uité accurately and,
if any prior knowledge of Nusselt number were available, say from
other experiments, the three expressions could be used to determine
fairly accurately the true wire recovery temperatﬁre.

To illustrate the procedure outlined, sample‘calculations showing
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the magnitude of the end corrections to be applied to recovery
temperature measurements are made for two typical cases.

Assume a hot-wire with 0.00076 cm. diameter and aspect
ratio 500 is operated in an airflow of Mach number J3 and 3
which are issuing from a reservoir with a pressure of one atmos-
phere and a temperature of 20° centigrade. Assume that the
supports for the hot wire are conical-pointed needles and -tha.t the
‘needles are enclosed by laminar boundary layers. Also, assume
the following properties for air:

Yy =1.40

R =2.87 x10® &8 o
gram C

fl

and that the wire is of tungsten with thermal conductivity of

1.60 watts

cm C

The results of the calculations are listed below.
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Reservoir Test Section
Mach number (M) o 1.73 3.00
Pressure, dynf (p) 1.013x% 106 1.96 x10°  2.75 x 10%
cm :
Temperature 0Kelvin (T) 293 183 105
Density, g_m%‘_ (P) 1.21 x 1072 3.73x10°% 9.24 x 107>
cm
Flow velocity, -—o (V) 4.70 x 0%  6.15 x 10%
'  sec ’ "
Viscosity, S5X2m (}L) 2.25 x 1074 1.21x10°%  7.21x107°
cm sec
Thermal conductivit (k) 2.47 x 10-4 1.66 x 10'4 9.70 x 10'5
y
watt
cm®C

Reynolds number (Re) 110 60
Nusselt number estimated 5.25 4,42

from Kovasznay's work (NU)
PL 11.65 . 8.20
Recovery temperature of (9 )

supports, = Kelvin | 276 264
Apparent recovery tempera- 293 ‘ 293

ture (assumed), © Kelvin (Gm)
True recovery temperature 1.6 . 4.0

minus apparent recovery ~
temperature, °c (QY gm)
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The pressure and temperature in the reservoir were assumed.
The density was calculated from (5). Pressure and temperature
in the test section were calculated for the two assumed Mach numbers
from expressions (1) and (4) and density in the test section égain
calculated from (5). .‘The velocity of flow was calculated from (6)
and (7) and tabulated values of viscosity were used so that Reynolds
numbers could be calculated from (8). Having determined the
Reynolds number, the Nusselt number was estimated us_ing the
findings of Kovasznay and Tormarck(4) as a basis. The.quantity
was estimated from expression (41) assuming that the heating
current for the wire was zero. Assume that the conical-needle

wire supportis attain a temperature such that

e\“‘T . l
TO—T - Pr- (58)

an expression verified by the experiments of Eber(zz). For the
sake of the calculations assume that the apparent recovery tempera-
ture Gm was equal to the tunnel stagnation temperature.

From expression (44) it may be seen that
. Gx0,
(B, - Om) = o) (59)

Under the influence of all the agsumptions made the value of (9{‘ 6..,)
has been calculated from expression (59).

The values found do not seem large in comparison to such
temperature differences as (To"T); however, the magnitude could
be important in the case that an accurate determination of the reco-

very temperature of wires was a principal object of an experimental
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investigation. A simple experimental technique such as was used by

Kovasznay and Tormarck (the ends of the wire were heavily copper

plated leaving only a small unplated section of the wire in the middle)

could be used to eliminate most of the error calculated above.

The conclusions to be drawn from the studies of end losses are

as follows:

a.

In the experiment conducted, end losses were of such
importance that neither Nusselt numbers nor recovery
temperatures could be determined without special pre-
cautions.

A simple linear theory for the steady-state heat balance

.of an electrically heated wire is sufficient to predict some

of the manifestations of end losses, such as the variation

in apparent recovery temperature with variation in support
temperature.

Under the circumstances of the experiment, a main feature
of which was that the wire temperature was varied only

over a relatively small range of about 50 degrees centigrade,
there was nothing to be gained by using either of two more
complex end correction procedures which were investigated.
End corrections to the recovery temperature could be im-
portant in a critical investigation of recovery temperature

of fine wires in supersonic flow.
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