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ABSTRACT

An experimentel investigetion of #ingleeshielded hypersonic stagnation
temperature probes wes conducted in the GALCIT Leg Wo. 1 hypersonic wind
tucnel and in the Jet Propulsion Laborstory 12einch supersonic wind
tunnel.

By the combined use of both shield snd base heating, & probe
recovery foctor of r » 1.0 ws obtained over a range of Reynolds numbers
8t M, = 8,75 By vaing the experimental dste snd simple hest balance
equations, the probe losses, for the econditioms investigeted, were found
%0 be in the proportions

shield conduotdon lose « 15

bage condustion logs = 3

thermocouple conduction loss « 1

tharmocouple rediation loss ~ 3/100
The typlcal decresse in probe recovery fector observed for decreasing
Reynolds musber gppesrs to be related to a decresse in the base tempersture
and not to the wire condustion loss zs commonly asgunede

An optimum probe vent to entremce area ratio of A JA =~ 1/2 was
found snd is shown to be az funciion of the number of vent holes used in
the shield.

¥o aingle calibration psremeter was found thet could relste the
experimentsl racovery factors under all conditions.
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I. INTRODUCTION AND STATFPMENT OF PROBLEM

With the advent of hypersonic flight velocities, the accurate
determination of the thermodynsmic state of gases flowing at high
velocities has become increasingly important. A particularly useful
guantity is the stagnation state of the gas,

The measurement of the stagnation pressure presents no particular
problem, except at very lew Reynolds numbers and pressures, since a well
d@migﬁsd pitot tube will usually measure the pressure with sufficient
precision. Because of the well inown difficulty of measuring the local
temperature in a moving gas, one attempts, instead, to measure the local
stagnation temperature (enthalpy). The local stagnation enthalpy is
defined by the relation

h =h+ u2/2
where (h) is the local enthalpy and (u) is the gas veloocity. Stagnation
enthalpy (ho) is the value of enthalpy of the gas after it is brought to
rest in a steady adisbatic compression and allowed to come to complete
thermal equilibrium, For a calorieally and thermally perfect gas the
above relation hecomes:

2
QPTQ - ap? + /2

Together with the stagnation pressure and at least one other flow
quantity (static pressure, density, ete.) the stagnation enthalpy completely
determines the state of the gas,

Even at high Reynolds mumbers the measurement of the stagnation
temperature of a gas has proved to be not easily solved. In any real
instrument the process of bringing the ges to rest always involves heat

transfer and viscous stresses, so that the indiceted temperature is
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usually less than thé actual stagnation temperature.

Humerous experiments (Bafefenoeu 12, 32, 40) conducted with a large
variety of atagnastion temperature probes almost invariably result in an
error or correction term that varies significantly with stagnation
temperature, Mach rmumber, and Reynolds number. Thus, & probe is of only
qualitative valus unless a complete ealibration iz avallatble or a
calibration parameter can be determined., The purpose of thig investi.
gation was to develop a probe which would not reguire such extensive
calibration,

- The principal heat transfer losses in the type of probe considered
in this study are: thermocouple wire conduction end radiation, base
conduction, and radial conduction through the enclosing shield, Even by
using materials of the lowest possible thermal conductivity and optimum
geometry, it was fourd thet these losses are significant when compared to
the foreced convective heat transfer between the air ssmple and indicating
thermocouple,

Since it aeppeared unlikely that a suitable calibration parameter
could be developed that would gllow correlation of the probe recovery

factor to the desired degree under all conditions, a new approach to the

problem was teken, By elsctrically heating the shield and base of the
probe and determining their temperature by means of sdditional thermoe
couples, it was felt that the principsl probe losses could be eliminsted,
Using this approesch, it 2lso appeared that the relative importance of the
various probe losses could be determined,

Experiments using this type of probe were conducted in the GALCIT
Hypersonic Wind Tumnel at ¥ » 5,75 and in the JPL 12-inch Supersonic

Wind Tunnel at M = 2,81,



IT., FACILITIES AMD EQUIPMENT

A, Wind Tunnels

The leg No. 1 wind turmel of the GALCIT hypersonie facility 4is of
the continuous flow, closed return type, with & nominal fixed Mach mumber
of 6,0 and a test section size of 5x5 inmches, A complete deseription of
the compressor plant and the associated instrumentation may be found in
Reference 1. The reservoir pressure ranges between 10 and 90 psia with
corresponding Reynolds numbers between 25,000 and 200,000per inch, The
maximum reservoir temperature is limited to about 325°F and 15 auto-
matically controlled. Starting at a point 22 inches downstream of the
throat and extending for 4 inches the test section flow is axially
uniform on the centerline, with the flow inclination in this region less
than % 0,1 degrees,

The Jet Propulsion Laboratory 12einch supersonic wind tumel was
operated as a continuous, closed-circult tunnel for the program. Any
value of teste~section Mach mumber bétween 1.27 and &;06 may be set by
means of jacks which control the curvature of the flexible-plate nozzle,
For Mach numbers up to 2,20, the test section i3 12 inches square; and for
Mach pumbers above this value it is 12 inches wide and % inches high. .
During & given run, the air supply is meintained at 3 constant tempersture,
and normally at a dew point sufficiently low to insure that dew-point
effects on the data mre negligible, The reservolr pressure ranges
between 32 and 320 cm Hg absolute and the corresponding Reynolds numbers
are between 50,000 and 500,000 pér inch., The test section Mach number
variation is less than 2,02 and the flow inclination in this region less

than & 0,1 degrees,.



B, Instrumentation

The tunnel stagnation tesperature and the individual temperatures
of the prote being testsd were measured by identical ironeconstantan
thermocouples. The circult diagram is shown in Figure 1., & "mulle
reading® Leeds and Northrup slide wire potentiometer was employed to
read the resultant e.m.f. in the thermocouple circuit. The "null®
method can be read to about 0.0001 millivolts, or 1/300°F, for an
ironsconétantan thermocouple. Since no current flows in this system
when it is balanced, the circuit resistance does not enter into the
measurement, The reference junction was lacquered with glyptal and
inserted in & plugged glass tube filled with silicone fluid. The tube
was surrounded by ice in 2 thermos bottle. Each thermocouple was read
individually and was not commected in any way to the innnel heater
control system or to each other.

Table 2-30C in Reference & gives the thermocouple temperature limits
and‘uncertainty intervals for several common thermocouple materials,
This table indicates, for example, that the temperature error for a
gtandard iren and constantan thermocouple can vary by a8 much 88 % AOF
for a temperature range of ¢ ‘o 530°F and as much as & 3/4 percent for
temperaﬁura#ﬂup to 1400°F. Therefore, for precision temperature measure-
ment, the same materisl, off the same roll, should be used in any system
of thermccouples and,-if absolute readings are important, each thermo-
couple should be carefully calibrated., An excellent discussion of the .
above and related thermoelectric protlems is given in References & and 31,

Several of the probea’employed a2 resistance heater coil with a
circuit diagrem as shown in Figure 2., Because of the very small amount

~ of power required and excessive power line fluctuations, it was found
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nedessary 4o insert s constant voltage transformer in the supply line,
By using vacuum tube volimeters to rsad the circuit volisge and current,
it was possible to resolve the power supplied to within .01 watis,

The reserveoir pressure in Leg Yo. 1 was measured with a Tate-Emery
nitrozen balanced gave and controlled within & 0,04 psi by & Minneapolise
Honeywell Rrown clrcularechart controller. Static and stegnation
impact pressures were measured with a silicone fluid, vacuum-referenced
manometer, With this instrument, pressures can be read to the closest

0.1 om and estimated to 0,01 em of silicone fluid,
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ITI. PROBE DESCRIPTION

A, ﬁeéign Criteria

Several previous investigations of stagnation temperature probes
have shown that certain design features are desirable., Because of their
émall size and gdaptability to precision measurement, thermocouples arve
usually used as~£he senasing element in a probe. Temperature probes used
at supersonic speeds and elevated temperatures usuelly employ several
ghields around the sensing thermocouple, The shields are used to direct
the flow, minimize radiation losses, maintain known flow conditicns
around the thermocouple, and minimize heat loss from the air sample being
measured, E. Winkler of the Naval Ordnance Laboratory (Reference 40) has
demonstrated that by the proper choice of materials and design, a single-
shielded probe can be made to give & very high recovery factor, It is
also apparent that a small probe is necessary for use in boundary layer
and wake study surveys in hypersonic wind tumels,

In the use of a single shielded probe, the problem consists of
arranging the thermocouple junction within the shield so that it will
receive the maximum amount of heet from the air ssmple but lose the |
minimum amount of energy by radiation te the shield and by conduction
down the wires into the base.

In general, there are two poseibilities as to the shape of the shield
for use in supersoni¢ flow. It can either be long and thin, with an
attached bow shock wave, or it can be short and blunt, with a detached’
bow shock wave, Actually, the poéition of the normal shock wave directly
in front of the probe entrance i3 determined to a large extent by the

ratio of vent to entrance arsz of the shield since the vent area controls
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the mass flow through the probe, Execess flow "spills® arcund the shié}d.
This behavier i3 clearly shown in Figure 3. A long %hin shield has the
disadvantages of considerably more surface ares and a thin sharp entrance
edge, This type of shield will allow considerable heat loss through the
shigeld and will provide length for internal boundary layer growth before
the flow reaches the thermocouple junction. Oraves end Quiel (Reference
11) found that this type of shield reduced the probe recovery factor,
while B, Winkler (Reference 40) found the prote recovery factor to be
quite insenaitive to shield design.

In the case of a shortd blunt shield, the air sample urdergoes a
more rapid expansion to a low subsonic veloeity and possible internal
flow separation due to the inherent adverse pressure gradient, If the
thickness of the internal bourdary layer becomes of the ssme order as
the internal shield radius, the effect of conduetion through the shield
will be felt by the junction, If flow separation occurs, the mixing of
cold wall flow with the venter core will reduce the temperature of the
Junetion, On the other hand, advantages of the blunt shield are its
ingensitivity to flow angle-ofeinclinetion and e shorter distance between
the entrence of the probe and the thermocouple Jjunction,

The present study wes elso concernad with very small boundary layer
probes having small internsl area., Regardless of the design of the shield
it will preobably not be possible to escape the effscts of heat transfer
thrdugh the shield, therefore it was felt a short, relatively blunt
shield should be used, This assumption appears to be verified by the
experimental data. The general type of probe tested is shown in Figure

5. It is discussed in detail in Section V.
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B, Construction

It is gpparent from the preceding discussion that the material,
finish, and size of the shield, the base, and the thermocouple are
parameters affecting the temperzture recovery of the probe, Also, for
hypersonic wind tunmel operation wp to M 9.0, at.agnation temperature
would reach 120°F, Therefore the probe had to be constructed entirely
from materials capable of continuous operation at these elevated
temperatures.

The thermocowples used throughout the probe and supply section were
0.010~ or 0,005-inch diameter iron«constantan wire with fiberglass
insulation, Two materials were used for the shield. By employing special
techniques, as discussed in Appendix E, it was possible to consiruct
shields from & zirconia-base ceramic, This type of shield was partice
ularly desirable beesuse of iis excellent tharmal shock resistance and,
az shown in ?igura 4, very low thermsl conductivity. The second material
used was 2 96 per cent silica glass {Vyeor) made by Corning Ulass Works,
Vyecor glass may be generally compared with fused quartz in propserties
and performence, Both of the materisls used have very low thermal
conductivities as compared with other materials muah'aa cermets and
metals.

fince & considersble degrse of precision was required in the
construction of the probes, special fabricaztion techniques were developed
and these techniques are discussed in detail in Appendix E, Construoction

difficulties oconstituted the biggest single problem in the entire program,
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IV, TEST PROCEDURE AND DATA REDUCTION

The probe to be tested was mounted in the wind tunnels in an
adjustable support so that the probe could be leveled and placed on
the centerline of the tunnel, -

The tunmel stagnation temperature was determined in GALCIT leg
¥o. i wind tunnel by making horisontal surveys across the tunnel 1.25
inches ahead of the throat., A small rake consisting of three shielded
thermocouples and two gtagnation pressure probes was used, Sarveya were
taken scross the tummel and the readings were corrected for a time
variation in tummel temperature se indicated by z fixed therﬁoaouplé in
the éntranae piping 2head of the turbnlence damping screens, The flow
corrected in this manner is uniform to within 1 degree Fahrenheit
across the noszzle., The variation in the pressure was negligible, The
temperature measured in the entrance piping and indiecated by a Brown
eciroular«chart controller was frem 10 to 15 degrees high at all times,

Surveys wade by R, Covey of the tempereture digtribution perpen~ -
dicular to the direction of {low in the settling chamber of the JPL 12«
inch wind tunpel indiceted a uniform tempersture distribution, Therefore
a single shielded probe was placed at the centerline of the ehapber. The
tunnel temperature was nomally measured by a probe inserted i§£o the flow
from the aide of the chamber was also read during the program; This
instrument read from 1 to 7 degrees Jow at all times as compared to the
probe mounted on the center line and depended on the length of time
the tunnel had been running., A probe mounted on the side wall of a
tunnel will almost invariably read low because of the conduction loss

from the probe into the cold wall, During a particular run each thermoe-
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gouple was read and converted to temperature reading in degrees
Fahrenheit. The actual reading was roundsd off to the nearest 0.1
degree. The particular tempersture was then used in computing a

"recovery factor” from:

T - T
rx L m-x-nm
TO - T

where the tunnel stagnation temperature, (TQ), used was the average of
the three values indicated by the reservoir rake, The free stiream static
terperature, (T), was computed from the above stegnation temperature and

the calibrated Mach number,
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Ve ‘EKPERXMEQTAL RESULTS AND AMALYSIS

Previous theoretical analyses of nrobes of this type by E. Winkler
of W,0.L. {Ref, 40) and ¥, Scadron and I, Washawsky of NACA (Ref. 32)
indicate thet 2 major proﬁe loss is the conductive heat transfer slong the
thermocouple wires into the base of the probe,
A. Base Heated Probe

To investigate ihe wire conductlon loss phencmenon a probe was built
with a small nicrome wire heater in the base es shown in Figure 5, To
meagure the temperature of the base, & second thermacouple(Tb) was
buried within the coiled heater.

For ealibration purposes a probe "recovery factor" is defined as:

Ti w T where Ti = indicated temperature
x’ B rm———————
i Ta - T TG = potual staguation temperature

T = fres stream static tewperature
4 recovery factor of Ty = 1 indicates complete adiabatic recovery of
the kinetic energy of the air flow,
If the recovery factor of the base is defined as:
Tb - T

P, B et
®oor e

then the bhase temperature and the probe indicated tempersture may be

compared in convenient dimensionless fomm,

The variation of the probe and base recovery factors as a function
of free stream Reynolds number for M, = 5.75 and tunnel stagnation
temperatures of 235 and 310°F is shown in Figure 6, The curves exhibit
the typical decrease in recovery factor as the Reynolds number iz

decressed or the stagnation temperature is incressed. The diameter of the
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probe entrance (De) was used as the characteristic length in determining

the free stream Reynolds number (Re).

If energy is supplied to the small base heater until the condition

T, = Tb’ orr, =r

i is obtained, then the wire conduction loss is

b

essentially eliminated. This conclusion is considered in detail in the

following section, A typical plot of the variation of ri and rbras a

function of base power is shown in Figure 7. Although the increase in
the probe recovery factor is significant, other losses must be present

since ri and rb are both less than one,

1, Analysis of Correlation Parameters
The approximation can be made that the heat transfer along the
thermocoﬁple wire may be characterized as the case of a uniform rod

commected between identical heat sinks as shown below:

'///llu{{ﬂmmmu
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The forced convection heat transfer coefficient between the air

sample and thermocouple may be determined from the relation:

v R
-1 -V
h,, = Kw N Cosh < 9
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a8 developed in Appendix 4, The radiation heat transfer from the wire
is neglected and the condition ry= Ty is called L In the derivation
of this equation, the recovery factor (re) or the tsmpersture (Te) is
the a2ir sample tesperature and is independent of the temperature of the
heat sinks, In the actual use of the base heater in the probe, it is
impossible to decresse the temperature gradient along the therwmocouple
wires without decresaing the heat téansf@r rate botween the air semple
and the expesed end of the base; thus, the temperature of the air sample
actually chenges slightly. The recovery factor, (rﬁ} iz then the air
sample temperature in the absence of the wire and base conduction loss,
Since the factor (re) enters the heat transfer coefficient equation in
the form of a ratio, it is felt that the error ie not significant in
determining the orderwof-magnitude mumbers we are seeking, especislly
in view pf the many other assumptions already made to obtain this
equation, The heat transfer coeffieient caleulated on hhig basis i
ghown in Figure 8.

On the basis of an analysis by Scadron and Warshawsky, E, Winkler
concluded that tha probesrecovery factor should be 2 function of a parae

meter:

Y= §(ﬁ&w‘£a>

w

if the radistion error is small. The above parameiter is sctuslly a form
of the Biot number ofiten used in trensient heat {low caloulations and is
the ratio of the surfsace heat transfer coefficisnt to the thermal

resistance of the thermocouple wire when the dlameter is used as the



significant length. Therefore:
‘;( Hw
Aetuslly this parameter can be expressed in many forms such 88:

—
—

N‘)\w % C Ee'::— f’yl/s %—3
The relationship between the Nusselt number (ﬂqw), the Reynolds number
(me)’ and the Prandtl numwbers (Pr) was found by means of dimensional
analvsls (Reference 27), with the empiricsal coefficlents being determined
for the case of 2 circular cylinder in crossflow.

If the internsl Reynolds nuwber (R@w}, Prandt]l mmber (Fr), and Kg
and X are all sxpressed in terms of the stagnation temperature (T;) and

the constants are lumpad together, Winkler found that:

2 P
( “, Tri) f(T;,/’) ¥ 2 ( 7;%>

where ?w and o, are the internal static pressure and density at the
thermocouple junction,

Plots of our experimental recovery factors versus (Mo Kg/ﬁw) and
(ow/'l‘é 3/ "*} are shown in Figures ¢ and 10, The figures differ because the
actual heat transfer coefficient as shown in Figure & was vsed in
compubing (Nu,w K’gﬂfw) while the factor (pw/ng/ é") was computed from
the sssumed normel shock recovery pressure, internal Mach number, and
the saotual tunnel stagnetion temperature,

In nelther case is any correlation svident for a change in stagnation

temperature whils holding the Mach number constant. In contrast, Winkler

was able to obtein excellent correlation using either of the above para-
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meters, The Winkler dats differs in org respect, im that an increase
in stagnatioﬁ:%ﬁmperatura wap always sccompanied by an inerease in free
stroam Fech rumber which may help to explain the discrepancy between the
respective results., In an initial study, en approximate copy of the
Winkler probe was built, but the verformance fell far short of the
expected results even with the apparent advaniage of a far lower stag~
nation temperature, %This resnzt,>aa well as the data obtained bty Graves
and Quiel {Reference 11) for a similar probe is shown in Figure 32,

The parameter (Mu Kg/xw) can also be written as

. g <.
/Vu.w A = / 2 COSA ___":g_‘_—_‘_r_é_
Ko+ () Fe v

where the length over diameter ratio (L/nw) of the thermocouple wire is
a constant for a given probe; It is evident that the function will
depend ecuslly on the temperature of the probe base as well as the
indicating thermocouple temperature and the air sample temperature.

If we sketeh out & typical situation, it would sppear as shown

below: r=lo

—_—— 7 = — = = — —_— - = Ye
Ye-v,
\Pt' re-V¥y
V.(. —Yb \\~~

L3
(¢/p)

where the value (ra) is the air sample temperature discussed previously,
The wire and base conductive losses have been essentially eliminated in

the determination of (re) or (Te), so the remaining difference (1~r3) or
(To“Te) mst be the shield conduction and thermocouple wires radiation

loas (see section V<B).
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¥ow, the experimental data showm in Figure 6 indicstes that the
tomperature differonce (ri - rb) remained nearly eoﬁstant over the entire
Reynolds number range tested., OSince the wire hest transfer coefficient
A(hw) and the function (Mu, Kg/&w) are deternined by r, as well as T, and
s and the veriation of r, with Reymolds number for the two stagnation
temperatures tested is gquite Aifferent, there is little reaaén 4o expect
that any correlation of the experimentel data with either of the para-
meters ghould exist in the oresent case.

A second interesting point is brought out if we caloulate the heat

transfer rate along the thermocouple wires [rom:

_ | <4
$.=7 m 7o (1- %)thm w D (’31) p‘”}(k’e“’b)

The results, aa\$hown in Pigure 11, indicate that the heat transfer rate
ig almost constant over the range of the data., Therefore, use of the
rather vague assumpiion of z relative increase in the wire conduction
loss as compared to the convective heat transfer to explain the decrcase
in the recovery factor (ri) of the probe does not seem to describe the
actual physical phenomenon., For the data shown, the decrease in probe
recovery factor (ri) for deoreasing Reynolds number is determined by the
veriation of the base recovery factor (rb) and/or the shield conduction

losz as indicated by (re).
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. B, Base and Shield Heated Probe

In an effort to determine and eliminate the remaining probe losses
which were apparent from the base heated tests, a nichrome wire heater

was colled upon the outer surface of a second shield as shown below:

Nichrome base heater

Nichrome shield heater

Additional thermocouples, as shown in Figure 5, were attached to the

inside (Ts ) and outside (TS ) of the shield and to the stainless steel
i o]

support tube (Tt)' A recovery factor for these temperatures is defined
in ‘the same manner as for the base temperature,

Typical variation of these five temperatures as a function of the base
and shield energy supplied is shown in Figures 13 and 14. The data shown
was obtained by application of heat to the base until an approximate

matching point, Ti =T Heat was then supplied to the shield while

be
holding the power supplied to the base at a constant value, Examination
of the data leads to the following conclusions:
l. In the unheated condition, the base and outside temperatures are
tﬁe same,

2, Near-laminar temperature recovery is obtained on the surface of

the stainless tube before heating.
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3. A definite temperature gradient exists through the shield and
the temperzture difference remaing constant regardless of the
heat supplied to the probe,

A reduction in the base power s shown by the dashed lines in Figure

13. 1If the amount of heat supplied to the base end shield is adjusted

mtil Ti = Tb b Ts y the wire conduction loss, base heat loss, radistion
i

from the thermocouple wires, &nd conductive heat transfer through the
shield ere virtually eliminated. In the case shown, the thermocouples

were matched with v, = o599, r, = 555, and vy, = 1.004, which corres-
i

ponds to & temperature within one degree of the actusl stagnation
temmerature .

Thug, the simultaneous heating of the shield and base would appear
to 2llow the probe to obtein a recovery fasctor of 1.0 and to be maintained
at this figure by the proper smount and ratio of enerzy supplied by the
base and shleld heaters,

The veriation of indicated probe recovery factor (ri) and base
recovery factor (rﬁ) over the Reynolds number range in the unheated, base
heated and shield heated eonditians is compared with resulits of the base
heated probe in Figure 15. The oblong symbels indicale the degree to which

the condition r = r, was obtained by menual adjustment of the two-

i
heater-power-supply Variaecs, The decrease in the unheated recovery factors

4 “ Ty

can probably be attributed 16 an inerease in conduction losses throuwgh
the shield due to the nichrome wire and cement arcund the ocutside sufface.
Also, in this case it was not possible to coat the shield with platinum

or gold, sc the radiation losses were incresased slightly.
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1. Probe Loss Ratios

By using the five experimental values obtsined above, it was
possible to obtain order-of-magnitude numbers of the various probe
losses by meang of simple heat balance equations derived in the Appendix,

a8, Themocouple Wire Conduction loss

The themocouple-wire conduction heat transfer was introduced in
the preceding section in analyzing the results obtained with a base
heated probe. The actusl loss, in the form of a ratio (qwfg), is
shown in Figure 11 for the base heated probe and in Figure 16 for the
base arnd shield heated probe.

The actusl mass and energy flow rates were calculated from:

/ .
W= 0.003705 (&) 2 ( Ax Cp Lb/Sec
7)o Vas )R = /
and E = 4.0 x0°w cp 7o Btu/Sec

where CD = vgnt orifice discharge ccefficient.

Since the pressure ratio across the vent orifice (?/?é } is always
far velow the ecritieal value, & sonic throat exists in the vent psssage.
Experimental results of A, Veir {Reference gé) indicate an expression ofi

CD = ] - 0,656 Bv

for the orifice discharge coefficient under sonic conditions,
For either probey the loss ration (QW/E) increases with a2 decrease
in the free siream Ré}nolds number because of a decrease in the probe

energy flow rate (%), while the actual loss (qw) remaing virtually constant,
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b. Rase Conduction Loss
If we consider the bese heat transfer rate as 2 case of a long red
protruding from a heat source (Apvendix C), a heat belance between the

free stresm eir flow around the supnort tube snd the tube itself can be

writtens
2
- K& D Yy — V.
h € tz Sy b
4'(415) e = Yar
vwhere:

h = {ilm heat transfer coefficlient between the tube and aire
stresm boundary layer,

ry = vrecovery factor of the tube at a distance L, from bese or
hest source, |

r » adiabatic surface temperature recovery factor,
r, = base recovery factor

Since the boundary layer around the tube is probably laminar at the

high Mach mmber tesied, an adiabatic recovery factor Top ™ 0.85 vas

t
assumed,

A heat transfer rate can then be found from:
%b: it'::_zzl\j Ktl‘\ths T;(/*%)(Vb"?tf)

The loss ratio (qb/E} is also shown in Pipure 16. In general, the value
of this r&tio is approximstely 3 times that of the wire conduction loss
and shows the same general ingrease with decreasing Reynolds rnumbers ag

{q,/%).
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¢, Thermocouple Radiation Loss
If the thermocowple radiation loss may be characterized as a case of
diffuse reflection from the surfaces of o concentric cylinders heated
by the flow of a noneradiating gas, the relation is given in Appendix B

ass

where:

s

£y /
L 4 Sw ’.
& w 5.9‘4’ & P

in which:

SW and 58 are the surface areaalof the wire and shield
i

<fw and.és are the emissivities of the above surfaces
i

r, and r, are the recovery factors of these surfaces

i 1

is the Boltzman constant = 3,337 x 10'15 Btu/sec 1n2 (°R)4
This heat transfer rate was caloulated and ewpressed in loss ratio form
in Figure 16, The value is a very small and roughly 3 parts in a

mndred of the thermocouple eonduction logs ratio,



d. Shield Conduction Loss
By sebting wp & local heat balance between the inner and the outer
surfaces of the shield at the point where the surfice recovery f&ctars
were reasured and determining the local convective heat transfer coefficient
of the imer surfaecs, sn estimate of the constant in the internal heat

trensfer - Reynolds mumber relationship:

3/

(/V“)_&. - Cf,{ Prysl/ﬁ:)

S

can be found (Reference 27), If this expressien is applied over ithe
whole exial lengéh of the internal shield coniour and the inside surface
temperature 1z assured to vary linearly from the value of Tﬁ at the
entrance to the indicated velue at & distance X then the shield

i
conduction heat transfer may be found from the relation:

e
g.‘)r: 0477;//—;—?)/(34 (/Va),,zﬂ?(d?(
wheres
(/—\ yé«.’){.ccq/
Xs .

<

ol =

The velue of (qgﬁ) was found by numerical integration ueing Simpson's
rule and the relstion:

Dy = 0.20 )7 14 x*
for the internal shicld contour (The complete derivation is given in
Amg@ﬁdix D). The loss ratio (qu) is shown in Pigure 16. The value of
Qe is very high and, in faet, is about three times the sum of the other

losges. Since the result could be expected to be correct to at least an



order mf magnitude, there is a clear indication that the shield
conduction loss must play an important role in affecting the indicated
recovery factor of 2 small shielded prove. This result also seems to be
borne out by the results ohiained by hsabing the shield.

The combined probe losses are shown in Pigure 16 as {QT/E).

e. Effect of Bsse and Shielding Heating en Probe Losses
If, for a particular flow condition, we &ssume that the convective
reat transfer coefficients of the base (h ) and internal shield surface

(hg ) do net change as the result of heating the base or the shield, the
i

variation in the various prbbea losses as a funotion of the heat energy
supplied may be cslculated. This ecaleulatlion has been carried out for
the experimental date in Figure 13 and the results are shown in Figures 17
and 18, Negative values of the loss ratios indicete that the direction of
the normal heat transfer has been reversed, From Figure 18 it is evident
that the losses must be reduced to 2 very small percentage of the internasl

heat flow value to obitein a recovery factor of r, = 1.0,

i
C. Effect of Shield Vent Area
The general principle underlying the use of a number of small vent
holes in the shield is to provide a continuous replacement of the air
’ample being measured; otherwise, the vearious probe heat flux losses would
continuougly deerease the temperature of the sample until & low equilibrium
rvalue iz reached., To 4insure the meximum forced convective heat transfer
to the indicating thermocouple Junction and internal probe surfaces, the
largest possible wvent area should be used since the mess or energy flow
rete is proporiional %o this parameter. Tre upper limit of this area is
at a point at which the internal boundary lsyer over the thermocouple

Junction decresses the recovery factor (ri). The relationship between
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the total vent ares (Av) and the internal shield area (A.P} at the thermo=
couple junction also determines the Mach number at this point, For
exapple, in the case of the base and shielded heated prove, the area ratio,
Ap/ﬁe = 37,50, gives zn internal Mach number of My = 00,0155, or atout
20 ft/sec for the conditions tested, if the internal-shield-boundary
layer buildup is neglected.
1. Vent Area Variation

Sinece it is difficult to estimete the optimum area retio to use in
the design of a prﬁbe, a series of runs was made using the base heated
probe in the JPL 12«inch éug@rsamic wind tunnel and in GALCIT Leg Yo. 1.
The veriation in the vent area was agcomplished by drilling oversize holes
in the Vycor glase shield, plugging the holes with Adweld cement and
progressively drilling out the cement., The number of vent holes was held
constant at 4 and the resulis are shown in Flgures 19 and 22, Vslues of
the indicated vecovery factor (ri) and base reeévery factor (rb) are
shown and also the condition when 1:i = rb. The data indicates &n optimum
value of sbout Av/Aa:x:O.éa at ¥, = 5,75 and Av/heﬁt 0.40 at M., =2,81,
A slight shift to & lower vslue of (ﬁv/ﬁe) iz observed when the base and
wire»nsﬁductiom lossesz are eliminated b making Ty ® Ty These data agree
fairly well with those obtained by Goldstein and Scherrer (Reference 12)
for ¥ = 1.5 with 2 similar L-vent hole probe, but disagree with the
optimum value of &vjkﬁ » 0,20 found by Winkler for a 2-vent hole probe at
Hw4,%, |

I we make use of the equations for the thermocouple conduction loss,
previously discussed in part 4, we may calculate the convective heat
transfer coefficient (hw) as & function of the vent area, or the mass

flow within the probe, The results are shown in Figures 20 and 23,
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In this case, the coefficient actually seems to correlate fairly well
with the probe recovery factor extept at values ofﬁv/ﬁe approaching

1.0, where internal boundary layer build-up on the thermocouple junetion
will tend to decrease the recovery factor, The Mach number at this point
is ~ 0.0,

Since tha value of hw is related to the Winkler correlation para-
meter (Wu Kg/K,u) bty the constant ration (D /K ) 1t is epparent that
the data would correlate as well with the paremeter. For a similar
variation in vent hole area at M = 4.9 for a 2-vent-hole prove, Winkler's
data did not correlate with the above parameter.

The aetual ﬁﬁérmaoouple heat transfer rate was slsc determined and
was plotted versus the area ratio kv/ﬁé in Figures 21 and 24, As
expected, the maximum conduction loss occurs at the point of maximum
probe temperature recovery, but the value inoresses as the free stream
Reynolds nunber decreases becsuse of the decrease in base recovery
temperature, The loss ratio (qw/E) was also determined and did’not
change appreciably for the two Mach numbers and stagnation temperatures
investigated. An interesting schlieren photograph of the flow distribution
around the probe at the two extremes of areca ratio, (Av/Ae) = 0 and 1.0,
ig shown in Figure 3.

2, Varistion in Number of Shield Vent Holes

At the conclusion of the above investigation it became apparent that
the sctusl number of vent holes must enter into the determinstion of the
optimum vent to entrance ares ratio., Using the seme base hested probe,
the investigation was partially repeated for ihe same arvea ratio st M, =
2.81, but with 1 and 2 vent holes instsad of 4. The results ere shown in

Pigures 25 and 26, In the casze of the single-vent-hole probe, the
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optimum area ratic decreased to about Av/he =« .25 and did not change for
the 2 vent holes, although the maximum recovery factor decreesed, In the
case of the heated base, the recovery factor increased only slightly, but
the optimum area ratio decreased to about AV/Ae = ,15 for the single vent
hole and to Avfﬁa = ,30 for the 2-vent hole shield, The advantage of a
probe with several vent holes appears %o be reldated to the more syme-
metrical flow distribution of the air sample, as indiecated by the
increased base recovery factor, The corresponding incresse in the area
ratio to obtain optimum conditions can probably be related to a decrease
in the vent ares orifice discharge coefficient for the very small holes
required.

o, Ramp Probe

Previous date clearly indicate the desirability of maintaining a
high level of pressure or density of the air sample arcund the thermoe
couple junction., In an effort to improve the stagnation pressure recovery
of the base heated probe, a two-shock, external-compression~inlet type of
shield was built as shown in Figure 27. Such a probe would have the added
advantage of baing able to obtsin values in the boundary layer close to a
wall and vet be relativelyllarg@. By changing the asngle of attack of the
prote in the tunnel, the resulis 8howﬁ in Figure 2B were obtained. The
pressure recovery data were obtained with a probe using the same shield
bgt replacing the base heater and base thermocouple with a pressure load.
Because of the viscous 1ip effects around the ramp and inlet (0.05 inz),
it was necessary to use an angle of attack of almost 10 degrees bpefore
the normal shock pressure ratio could be obtained, Actually, because of

a malfunction in the tunnel reservoir pressure measuring device, these
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data could be in error by 28 much 288 2 .01 {n the pressure ratio. Note
that the maximum temperature arml pressure regoveries ococur zb different
angles of attsck. The overall effect is to improve the recovery factor,
as compared ic the normsl shoek type of shield,

The probe wes also used to make the first measurements of the
thickness of the thermal boundary layer along the floor of ths test
gsection in the GALCIT Leg No. 1. These resulis are shown in Figures 29 .
and 30, One obssrves that the base recovery factor follows the relative
change in stagnstion temperature., Although the recovery factor is
inereassed by the use of the hese hester, almost the same relative profile
is observed, The value of 3 is the thickness, in inches, of the thermal
boundary layer., The profile at the low Heynolds number has the geﬁeral

shape of the adiabatic stagnation temperature distribution 0r>(bT75?)y,5 0.

B, Miscellsneous Probes

In the course of the investigaztion, 8 number of other probes were
tuilt. The performance of these probes, &5 shown in Figure 32, is come
pared with that of the base heated prove (#1) previously discussed,

1. Probe #2 is an exasct copy of the base heated probe without
the hegter. 4&lso, & change in the junction wae rmade from a
eylindsr in cross-flow to & thin flat plate perpendicular to
the flow. Performence of the probe was less satisfactory
than for probve #1,

2. A probe (#3), of the pgensral design of the base heated probve,
was tuilt with a base and shield of ceramic, except that thg
lengthe of the shield snd thermocouple wires were increased
to allow a wire length over diamter ratic (L/D) of 100 {Figure
31). A thin cost of seramic cement was baked on the exposed

wire to strengthen the probe. The increase in L/D tended to
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bso

5.

28

decrease the slope of the recovery factor, but the overall
performance decreased,

An approximate copy of the N.0.L. probe (#4) developed by

E. Winklar wss built from sketches in her report, Ferformance
of the probe was less than the two previously discussed.

A very small unheated boundary-layer-type probe (#5), as

shown in Figure 32, was build, The performance of the probe
is low, but seems to fall in line with the data obtained for
the base heated probe in the unheated condition,

Data obtained by Winkler at N,0.L. and Graves and Quiel

(Reference 11) in GALCIT lLeg No. 1 are shown for comparison,
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VI, SUMMARY AND CONCLUSIONS

The results of the experimental stagnation tempersture probe

investigation indicste the following:

1.

2,

3.

bo

The use of a heated base probe to eliminate wire conduction
loss and base heat transfer increases the performancs of a
probe significantly, but the recovery factor will remain
less than 1.0,
Correlstion of the data for two different stagnétion
temperatures at & Mach number of 5,75 by use of the parameter
(ta Kg/Kw) as suggested by X, Winkler was unsuccessful, the
parsmeter does not appear to adequately deseribe the actusl
physicsl phenomenon with suffictent accuracy for general use,
The typical decrease in recovery factor observed as the
Reynolds number is decreased eppesars to be related 4o a
decrease in the base temperature and not to the wire cone
duction loss as commonly essumed,
The use of a combined base and shield heated probe allows a
recovery factor of r = 1.0 to be obtained, since all of the
gignificant probe losses can be eliminated.
By using experimental data obitained for the base and shield
heated probe, probe losses in terms of a percent of the probe
energy flow rate were determined, The losses increase with
dacr@aéing Reynolds number or increasing stagnation temperaw
ture, These losses are roughly in the following propertions:
Shield Conduction Loss -~ 15
Base Conductioﬁ lLoss ~ 3
Thermocouple Conduction Loss « 1
Thermocouple Radiation Loss - 3/100
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6. An optimam ratio of vent to entrance area was found to be
AV/ZAa e :50 for a probe with 4 vent holes. The optimum
vent to eétrance area ratio was found tolbe a function of
the mmber of vent holes used, with a larger number being
more deszirable.
7. The use of a probe with an inlet ramp aliéwa megsurements of
the thermal boundary leyer to be made close to the wall with
2 relatively large probe,
Consiruction of several very small, single heated probes capable
of a constant recovery factor of » & 1.0, for use in the Jet Propulsion
Laboratory new 2l-inch hypersonic wind tunnel, is underway at the present
time, A serve system will be used to automatically ecntfel the ensrgy

supolied by the heater,
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APPENDIX A

THERMOCOUPLE CONDUCTIVE HEAT TRANSFER

A, General Equations
Consider the case of a uniform rod connected between two identical

heat sinks as shown below (Reference 16):

RN ~

< 77 I7 T I I T T I I I IZ 77 %
‘\"X"" ]] X=L le‘]
! |

- ] xfé

i TSI T T T T
l |
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i 6
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If we neglect cross-sectional temperature differences as compared with
the axial temperature distribution, we may use the elementary one-

dimensional conduction heat transfer equation:

Lo o7
T TRNASC (A-/0>

Then, for an element of the rod between x and x + dx, and steady-state

heat flow
ld‘ga
%2-‘—3 :‘—@/?
o x
%1 = &, +C/6~3
2
o 477 2
- Soe T M TenTo CA=1.1)
where 2 b C
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in which

K = thermal conductivity of the rod material

& = rod cross-sectional area

T = temperature of the rod
T = environment temperature at the surface of the rod

C = circumference of the rod

h = surface or film heat transfer coefficient between the rod and

the environment

q = heat transfer per unit time

If we assume n» is a constant, we have the standard form of an
ordinary, second-order linear differential equation with constant

coefficients., The general solution of this equation is:

(72-7)= ¢, &7+ ca & (A-/3)

where C1 and 02 are constants of integration,

Applying the boundary conditionms:
7=7y or(7e-7) = (7¢-73) o7 X=0 and x=2c

and a condition of no axial heat flow at x = L or:

d7 _ o

= a7’ xX=L
adx

gives a solution:

( ~74 QL -x
(72 =7 = 62(_ [ ‘ )+C j (A-1.%)

(r+¢e”
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We are interested in the temperature of the rod at x=, =«

(75‘71')=(7«':“72>——2‘”" - 7=-73

Cosh (m4i)

(A-1.5)

Utilizing equation (A - 1.0) and the condition of symmetry around the

center of the rod, we may calculate the total heat transfer from:

X=24

br =R g = /’C4O(7\:—7)a/4<

which has a solution of:

me —ms
c - &
%7 = ch — .. (7C"72)
et

+ &

or

T:zm[fah/’(’l/—/ﬁ/j'/L](Tc—Té) (,4_/,'4)

B, Specific Solution
An application of the general equations may be made in the

following manner:

. /// i /llll{llﬂmlluumnm.
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In the actual case, the rod is a thermocouple cbnsisting of a loop
of two dissimilar wires armd the heat sink is the holder or base of the
probe,

We define:
L = exposed length of one wire

D = diameter of wire
T, = dindicated thermocouple junction temperature

Tb = temperature of the base and of the thermocouple wires at
Junction with the base,

T = thermocouple junction temperature in absence of wire
conduction loss.

The thermocouple junction temperature is then related to the wire

convective heat transfer coefficient by equation (A-1,5):

(72 - T > - (7E -7s)

Cosh r\J—ﬁ—;’Cz L
Kw Aw

Solving for the wire heat transfer coefficient

P
_ K e =V
e A é o Tl (e

where Te’ Tb, and Ti are expressed in dimensionless recovery factor form,

T - T To = Free stream stagnation temperature

T = Free stream static temperature
and Dw is the diameter of the thermocouple wire with (L/Dw) the ratio of
the exposed length of a single wire to its diameter. The thermocouple

wire thermal conductivity (Kw) is taken as the mean of the values of the
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two dissimilar metals, In a similar manner, the total conductivity heat

transfer is given by:

— 3 w
6= TR AE)feon [ ()l (um

(A"/18>
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APPENDIX B
THFRMOCOUPLE RADIATION HEAT TRANSFER
A, General Equations
Consider the case of two concentric cylinders heated by the flow

of a nonradiating gas whose surfaces reflect diffusely (Reference 9).

L7 777777 77 7777 77 77T 7T 7773 (S)

| VD \ouh o, <. i ¥ . i, TV " WO Y S, e . e, e, L;‘ X (‘1/)

W77 7777 77 7777777 7777 7777}

If we define:
B = total (emitted plus reflected) radiative flux leaving
cylinder (W) per unit time and surface area.

B. = total radiative flux leaving the inside of cylinder (S)
per unit time and surface area.

S = cylinder (W) surface area.
S = cylinder (S) surface area.
F = geometric shape factor (surface a views surface b)

e = emitted radiation flux per unit time and surface area
a = gahsorption coefficient
The total radiative flux from cylinder (W) is then S,B, and from
eylinder (S) the flux is S Bge Now, only part of the flux from (S)
actually impinges on (W) in the amount F S_B

SW “s8°
Since the shape factors between the two surfaces are related by:

Su Fk‘l—j = 55 ’c.;’—w
and (W) is completely surrounded by (S), therefore

Fuw-s=1 and Fosoy = é_‘v_.
s
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Then the net radiative heat flow from (W) is the difference between the

radiat ion arriving and leaving:

% Sw = S, (3.,—35>

The total radiative flux from (W) consists of emitted and reflected
radiat ions
o= cuw + (1-x) Bs
In the case of cylinder (S), the total radiation leaving consists of
emitted radiation, reflected radiation from (W), and reflected radiation
from (S):

3" = €4 + (7- xs) F,s-wgw + (/~¥5)(/‘F5.-w> g,s

Solving the previous three equations for q:

X5 Cuw — %, Cs

z = o Sw
s * -;;—' (x.v-a(wo(5>

From the basic definition of the Stefan-~Boltzman law,

and Kirchhoff's law,
e=KC6
or
£ - -
-, xX = &£

where e, = total emitted black body radiation for the same temperature

as
<" = Stefan-Boltzman constant

€ = emissivity of surface of cylinder
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Then we can write the radiation heat flux q as:

%E: gjw: \\l éw—5 -gw (qu—c*) (g"//O)
where
e 3 /
w-s
zL + S (,L._C) (6-01)
W 5S4 Es
qR = net radiation flux from (W) per unit time

B. Specific Solution

In applying the general equations to the problem of radiation heat

transfer from a shielded thermocouple wire as shown Below:

34
,’//IIII..-. - ‘ \ T s
/; / / / SESSS e I Ay o vvvv vs t
i “§&§3ﬁé@5 s \ o= =S
l | \" f = B A K R EERRR ':_:_”l/.’_'””l”[_:‘. //'
L ; | “ =
AN PR -
m “""}}'j',"-'!"-"'""' . Top
o : View

Ty

the following assumptions were made:

1., Radiation heat transferrthrough the open end of the shield
and the thermocouple wires is neglected.

2. Radiative interchange between the two dissimilar wires of the
thermocouple is negligible.

3. Radiative interchange between the thermocouple wires and the
shield with the base is neglected.

L. The entire exposed length of the thermocouple wire and the
inside surface of the shield are assumed to be at a uniform

temperature of Ti and Ts respectively.

i
If we express Ti and Ts in dimensionless recovery factor form,
i
: = t ab i t
T~ .7 where To Free stream stagnation temperature

76 -7 T = Free stream static temperature
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and make the further assumption that:

77\'_7- :trﬂ
7o -7 7>

we may write the expression for the radiation heat transfer between the

thermocouple wires and the inside surface of the shield as:

* <
Fe= YV &4y 5. 7o (v -nl) (8 -12)
where:
Ews = (6-13)
_——-— +__m
X é />
in whichs
Sw = exposed surface area of thermocouple
= A7 ;a:-(bew)
SS = inside surface area of shield
i
és = emissivity of inside surface of shield
i

&« = mean emissivity of the two dissimilar metals used in the
thermocouple
Using the above result, a thermocouple radiation heat iransfer coefficient

may be defined as:

be = | (B-14
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APPENDIX C
BASE CONDUCTIVE HEAT TRANSFER
A, General Equations

Let us consider the general case of the heat transfer from a rod

protruding from a heat source as shown below (Reference 16):

7e 7.
Hear < \;‘

fo;rc 4 ? ID
6 ,____JQL____4
— x

If we again neglect any radial temperature differences in the rod

and consider the heat flow in an element dx of the rod, we obtain, as in
Appendix A:

d*7
X - mz'(T»x"re.) where mim AE
o x? < A
which has the solution
mx ~m X
(T%—TCD = C, & + Ca2 €

If the rod is very long in comparison with its diameter, we may use the

boundary conditions:

)

T‘,,(:Tb or (Tox-7-e> (7-6‘7-2) a7 x =0

}
\)

Tx = 72 ov (Tq('r-re)"'

dS5 X > e

Therefore

(7x-%) = (7% ~Te) =

Solving the above equation for the surface heat transfer coefficient

K D y 76 ~7=
e S SR (c-hop




where:
X = thermal conductivity of the rod
D = diameter of rod
T = temperature of heat source

Te = extefnal environment temperature

Since the heat flow along the rod by conduction must be balanced

by convention from the surface of the rod to the environment, we may
write: od7 -
g:—KA;,"“/ :]/}C(T—&)c/’)(
’X¢=o o

then

g::—KAZim(Q—C)erZ =Nhewa (7T-7) (e-1.12

x=o

B. Specific Application
We may apply our general solution to the supporting tube of a

temperature probe in the following manner:

——JIIIIIIIIIIIII/I '- S,
—\\\\l\\\\\\“",_....i pd
, 0.0 0.0. 4
lllllllllllll

4%@22?7€/'1“’

Since the air around the tube is moving at a high speed, we shall

assume an air surface temperature (Ta ) equal to that obtained under
t

adiabatic flow conditions. The surface to air convective heat transfer

coefficient can then be obtained from:

He DPe Vp — R
h = ————— /}7 —_—— ~/
t +(Lp)* K~ K G

Ke = KbAb+KMr4M
At
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where:
Kb = thermal conductivity of the thermocouple base holder

Kh = thermal conductivity of the metal support tube

and Ab and At are the cross-sectional areas of the base and metal tube
respectively, in which Ab + An = At.

The heat transfer rate can then be expressed as:

Be= Z o[ hehe 82 7o) ( Fotee) (13

The above heat transfer rate can then be used to obtain a surface

or film heat transfer coefficient of the base:

P2
Ab: @t

7058 7o (1-F ) (re-ts)

(¢ -7.9)
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APPENDIX D

SHIELD CONDUCTIVE HEAT TRANSFER

A, General Equations

The heat flow through flow through a body of circular cross section
in which the direction of the flow is at all points radial and perpendicular
to the axis is easily found from the basic, Fourier steady-state-thermal-
conduction equation,

y /T 7T 77777 77)

- - A
'X, x g Sd%

2777 7* 7 777 /7

%2

If the thermal conductivity is considered constant, and

2 d K37 L (R
flame e
or
g= - K sms (72-77)
n (*vz,)

If we use a mean value for the surface area (Sm), we can write:

p (72-7)
%~— o m (%-%,)
Then
Sz ZAZI = (35275 (7 -7
/n (55, &= — 2

(%) (x,-%,)
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B. Specific Application
For the single shielded type of stagnation temperature probe
considered, a local conductive shield heat rate can be determined from

the general equation as shown below:

-,-ff—/llllllllllllllﬁ.

—\\\\x\\\\\'w.%" A

=-_°-:-.=.'-:-:-f.‘='-:«-:t.1.- .
\ Illllllllllllll l

Yk I_“. ‘tls

%o Xe
where:

Tsi = inside shield temperature

o = outside shield temperature
Ts = thickness of shield
T/T - £ (M )

o

Ks = ghield thermal conductivity

and Toy and g, are again the temperatures denoted in dimensionless
recovery factor form.

For steady state, and ignoring the insignificant radiation effect
from the exposed thermocouple wires, a heat balance must exist between the
conductive heat flow through the shield and the convective heat transfer

from the flow within the shield to the inside shield surface.
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We can then write

dgs /o 5,

7:(:-%) (/-H,‘->

/l

/)54' (D "‘/l/)
where:

hsi = local inside shield convective heat transfer coefficient
r = local inside shield recovery factor

S = jinside surface shield area == S
8y m

Since the Mach number of the flow within the shield is usually very low,
the surface adiabatic recovery factor is assumed equal to one.

Using the above convective heat transfer coefficient, we may define
a local internal Nusselts mumber

/V“ .= AI" 3\/54’
A3

where:

Kg-ﬂ%) = air themal conductivity

Xq = distance from the entrance of the probe to
i
location of T  measurement

i

In forced convective heat transfer, the Nusselts number is related to

the flow Reynolds mumber by an equation of the form

a b
Vo), = Cs; P (Red,.
where:
AL
Pr = Prandtl number = C':r
s
Re = Reynolds mumber = £uk
e
C = experimental constant



For the heating or cooling of a fluid inside of a tube, Reference 27
indicates that an equation;

VZ 4
(/VQ)ZC - C;{. Py 3 (Ee“)s"# (0"‘/:2)

should apply, where Re’ is a Reynolds number determined using the
stagnation temperature for the evaluation of the gas density and
viscosity, and with the characteristic length, Xsi. Reference 32
indicates a better correlation of heat transfer data using the above
definition of the Reynolds number,

If the temperature gradient through a point on the shield is known

or can be estimated, the constant Cs can be determined. Using this
"

constant and assuming the Reynolds number (Re):i to vary only with the
distance from the shield entrance, we may estimate a Nusselts number
for any point on the shield.

5o er) " (e~ %
(/V“)yc = CS,(' P (Re )54. [___:{___2‘;)] (D—-_/:S)
I’

where: (é"-c’)'x (Ke~xD

(/\/u)x = ———K—_;_\" (D—/14)

in which, x, = distance from base to entrance of shield where x is
measured from the base of the probe as shown in the sketch,
The form of the equation requires the forced donvective he at transfer
coefficient to go to zero at the entrance to the shield,
The actual mean temperature of the shield is determined not only by
the inside forced convection but also by the axial heat transfer along
the shield itself, This is in turn affected by the heat transfer by

radiation to the cool wind tunnel walls and by convection to the external
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boundary layer from the outer surface of the shield. As a first
approximation to this complex situation, we shall assume that the
inside shield temperature varies linearly from a value of To at the
probe entrance to the value T, as measured at a point X ; from the

i
entrance., We may then write:

(- )j‘,>% - & (“c"‘)

where
o = ( (= X5 )x,,,_’

x, (»-15)

P

The total shield convective heat transfer can then be determined from:

Xe Xe
= o =
ZEsr {w Zs Jé’o Chse ) (7:)(/—%)(/- B, o 5.
or
Bsr = <77 (,- L -
° /72)/61 (/Va),( on/”{ (o-4¢)

where Dx = function of the geometry of the shield,



APPERDIX B
FABRICATION TECHNICUE

s originslly conceived, the resesrch progrem envisionsd aeperabion
of the stagnation temperature probe zt high supersonic speeds,
K= 6 to 9y and stagnetion tempsratures of 200 to 1200°%9, Operstion at
these clevated temperatures presented a severe materisl and fabrication
probleme In genersl, the problem wes met by the use of gless, quarts,
and cersmic meterials snd ceremic bosze cenents.

Several of the probe shields were mede of "Vycor®, which is a
96 per cent silice glsss mede by the Corning Glass Workss The charscterw
istics of this glsss and seversl other meteriels used are presented in
Table 1. Since the Vycor, ag purchesed, ‘C?.ld noi hove the desired
~ thickness or internsl diameter, it wss necessery to have the tube drawn
to the correct dimenaions. This process wes performed by the Te He Gmar
Company of Claremont, California.

A carbon mendrel, sccurately mechined to the desired shield internal
contour, wis inserted in the drawm tubing and the open end drawn down
to a narrow tip and sesled off. The other end of the tubing was
comeocted {6 a vacuum puw. St&rting 8t the tip, the tube wue hested
until it collapsed arovnd the msndrel. Upon cooling, the mandrel could
ugually be removed without diffieuity. This portion of the work was
performed by Mre Fred Wild, the CIT compus glzssblower. The tip end
external surface were then cut, ground, and polished to the desired
dimensions. This operation proved to be & very difficult step snd was
parfarmd by the Hindrum Precision Products Company of Cucemonge, California.
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The smell vent-holes in the shield were ground in the shield by
mesms of small stainless tubing with a dlamond lapping compound
Grade No. 45 with a grit size of 323 mesh vsing water ss & lubricants
The tip of the stainless tubing was smnesled before use. |

Considersble study wes slso nede of the uvse of a zirconia base
ceramle 23 @ ghield meterial. In this cease, the meterial wes spreyed
on to & polished stainless ateel mandrel of the internsl shield contour.
The procese used wes that of the Metellizing Zogineering Co., and
involved their Thermo Spray Cum snd Thermo Spray Powder Nos 201. The
hot materisl is spreyed on in Qm continuous operstion, until the
spproximete thicknese is obtained. In our case this thicknsss was
+025 inchess The large difference in the coefficient of thermal expansion
between the two msteriels usually allowed the two to be sepsrated when
cooleds If the shisld stuok to the mandrel, liquid sir wes used to
cool the siazinless materisl and the shield wes tapped off. BSince the
ceramle i quite soft at this state the went holes, tip, =nd externsl
surfece were drilled and hand ground. The finel operation was to coat
the shield with o gless glaze (Frit PB 7425003 FeP.K.«l003 Boric fcid-l0)
similar to that used on fine china mede by the Be Fo Woagner Cos The
glaze weg diluted with weter, peinted on, 2nd fired =t lﬁﬁ@%. The
cerende meterial was, in the end, found to be much essler to work with
than the glnss ond has the advantsge ﬁhat it can be formed into almost any
contour since the mendrel cem, if necessary, be etched sway with acide

The bese of the probe wes wmede of fused gilice (quartz) frowm thick
well tubing purchased fyom the fmersil Compenye. 7The outside diameter end
exposed end were grownd and polished by the Mindrum Companye

Ag a fingl step, the entire shield snd exposed end of the bese were
painted with either Liquid Bright FPlatimunm #05ex or Liquid Bright Gold HNo. 4942
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and fired et & tempereture of 1180°F, The pletimum was found to adbere
better end termish less than the gold.

The smell hester elements used in two of the probes were mede from
0.003-inch nichrome ¥V wiree In the cose of the base hester, the wire
wes carefully colled around 2 smell glesa tube and then costed with
high tempersture vernigh« The base and indlcating thermocouples were
stripped of the fibergless insulsetion and in turn cemented arcund a still
smaller gless tube with the vernishe This tube wes then positioned
and cemented with & filler type cement (either No. 29 Sauevelsen or
technical "BE® copper cement) into the hester selement tube, which wes in
turn  cemented into the quartz base.

The nichrome wire wes cemented onto the shield by positioning the
shield vartically. The loose coils were held onto the shield with tiny
pieces of mesking tape snd, while working towerds the tip, esch coil
wes cemented into position with No. 185 2dweld coment. This eémaut will
disintegrate 2t terperstures over about 600%F, but it has since been
found thet i? the wires con be held in position, the gless glese acis
g8 & very effective high tempereture cements

The indicsting thermocouple wos nade by butt welding the iron md
constantan wire snd then hend f£iling and polishing the junction until
it wee again roupd snd invisible to the neked eye.

The success of the various techniques discusged sbove cen be
attributed completely to the skill sund persistence of !ire Ceo fo Bartsch
snd Mr. Howard MeDonsld of the feronsuticel Meachine Shop who were able
to menufscture the probes to & high degree of accurscy.

A 1ist of nemes and addresses of suprliers of essential items is

given below:



Precision Drawn Glass and Quarts

Te He Carner Coe
177 South Alexander 2venue
Clzremont, California

Mindrum Precision Products
8024 Archibeld Pvenue
Cucamonge, Celifornia

Fused Ouarts

Amersil Company, Ince
685 Ramsey ’venue
Hillside, New Jersey

Vycor Glass

Braun Chenicel Company
© 1363 South Bonnde Beach Ylace
Log ingeles 54, Californie

Corning (Gless YWorks
Technicel Products Mvision
Corning, New York

Steinless Tubing

Tubesales
2211 Tubswey :
Log ingeles 22, Cslifornis

Thermocouple Wire

Leeds end HWorthrup Company
5111 Vig Corona Avenue
Los Angeles 22, Californis

Angue-Canpbell, Ince.
L7 South 3oto Strest
Los ‘ngeles 58, Celifornia

Tharme Electric Company
s/o 3 Re Drown Company
12544 Prehwood Strest

© Van Nuys, Colifornia

Vary ¥ine Wire
Sfgmund Cohn Corps

121 South Columbus Avemw
e Vernon, Hew York



Ceramic Costed YWire
Sequoia Wire and Cable Coe

2201 Bay Road
Redwood City, California

Hi Temp. Wire Corp.
1200 Shanes Drive
West Berry, Long Island
Neow York

Ceramie Cements

Ve V=B Amps Conpany
Fyemont, Ohio

Sasuerisen Cements Company
Pittsburgh 15, Penne

Hichrome Wi

Driver -~ Herris Congpany
Harrison, New Jersay

Cersmic Sprays
Yetallizing Fngineering Co.
Weatbury, Long Island
New York

(leps Glaze
Be Fo Wagner Co.
186 ¥e Vernon Ave.
Pagadens, California

Gold and Platimum

Henoviz Chemicsl and 1fge Coe
Bagt Yewark, Ne Jo

Es Is Du Pont

Electrochemicel Department

wilmington, Delaware
tdweld Cement

Miracle fdhesives Corp.
Hew York 22, New York



Physical Property
Softening Point

Havimun Operating
Tesperature

Melting Point
Density {gm/amg)
Porosity (percent)
Coeff, of Expansion

Dielectric ganstant
at 207 ©

Thermal Conduetivity

f]

o2

YYCOR
Mo J7900

1500%¢

500%¢

2,18
o
8.0x10” /o
3.8

]

See Figure 4.

Properties of Probe Materials

Fuged
uarte

1600-1700°C
1000%¢

2,20

ﬁ.sx}.a“”/ac
3.8

Zirceonia
Ceramic

-

4600° 7
5.2 t0 5.3
6 to 10
6431070 7



L1
08
«20
.25
1,05
025
.16
23
.06

932

TABLE II

Physicsal Properties and Parameters of

Bame and Shield Heated Probe

inches

inches

inches

inches

inches

inches

inches

inches

D, = 0.20 { 1-16x°

6.25

«120 in

6.0

000029

000021
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