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PERFORMANCE OF THREE HIGH~RECOVERY-FACTOR THERMOCOUFLE
PROBES FOR ROOM-TEMFERATURE OFFRATION

By Marvin D. Scadron, Clarence C. Gettelman, and
George J. Pack

SUMMARY

Thermocouple probes have been designed to measure with-small error
the total temperature of gas moving at high veloscliles. Two major
designs are presented: one is epplicable to the construction of rdkes
and the other, of which there are two verlations, can be used where
exceptional acourecy 1s desired. The probes were celibrated in two Jets;
one Jet exhausted into the atmosphere and the other into & pressure-
controlled recelver,

These probes were oapeble of measuring 95.6 percent or more of the
stagnation temperature 'at & fzee-stzeam Mach mmber of 1.0 and stagna-
tlon temperature of aboub 540° R. The probes were insensitive to mis-
alinement to flow in the yaw angle up to £30°, The error in measuring
stagnatlon tem gerature was Increased by ebout 0.1 percent for Mach
numbers above 0.3 as the alr density was reduced from 0.10 to 0.04
pound per cubic foot. The variation In recovery factor for four
probes of a glven design was very small at & given Mach mumber.

INTRODUCTION

When a temperature-sensing probe 1s inserted in & high-veloclty
gas stream, the temperature indicated is the summatlon of stetic or
free-stream temperature and some portion of the theoretical temperature
rise corresponding to the directed kinetic energy of the gas stream.
The ratio of the actusl temperature rise of the thermocouple s&bove the
free-gtream temperature to the temperature rise that would be caused by
complete adiebatic stagnation is termed "recovery factor.” The ratio
between the actual temperature Indiocetion and the true stegnation tem-
perature represents the accuracy of lndioatlon o:t‘ staegnation tempera-
ture by the thermocouple.
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The acouracy of temperature indloation is a funotion not only of
recovery factor but elso of the rate of heat flow by conduotion and
radiation from the thermocouple Junotion to the surroundings. The
design requirements for high recovery and for low heat transfer are
generally oontradlctory. A thermocouple located in & blind-end tube
with the open end facling upstream would thus insure complete stagnation
of the alr surrouniing the thermocouple. The response to a change in
outeide alr temperature wonld be extremely sluggish, however, and the
rete of heet loss by oconduction along the thermocouple wires and sup-
ports would be lerge relative to the rate of heat conduction from the
ged to the thermocouple. ’

The factors that affect the accuracy of temperature indicetion are
dependent on local flow conditions of the gas streem, but in many ther-
mocouple instellations inaccurete knowledge of these locael flow condi-
tions may meke application of flow calibrations uncertain. It is there-
fore desirable that the recovery of the thermocouple be sufficlently
high so that any variation in recovery is negligible with change in flow
conditions.

Three thermocouple designs that provide an acouracy greater than
89.5 percent of the stagnatlion temperature over the Mach number range of
0.3 to 1.0 were developed at the NACA Lewls lesboretory and are reported
herein. -The probes were evaluated at a stagnation temperature of approxi-
mately 540° R, The designs represent a compromise between the require-
ments for high recovery end for low heat transfer to the surroundings.

DESCRIPTION OF PROBES

Two of the probes Investlgated, deslgnated configurations A end B,
ere shown in figures 1(a) and 1(b), respectively. Configuration B is a
simplified design of configuration A. In each case, & thermooouple made
of 0.012-inch-dismeter calibreted wire wes placed in a diffuser-like
chamber formed by two metal shields and a portion of the support tube.
Ges entered the center slot, which wes 0.025 inch wide by 0.5 inoh long,
end the veloolty was reduced essentially to the stagnation value arocund
the thermocouple. Complete stagnation was avolded by allowing the gas
to esoape through three hleed holes at the rear of the chamber. Gas
also entered the additional chambers on each side of the thermocouple
chamber and left through bleed holes. The temperature in these ocutelde
stagnation chembers approached that in the thermooouple chamber, so as
to minimize the trensmission of heat from the thermocouple to the inside
metel shields by radlation or conduction.
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In the Investigatlon, the dlameter of the bleed holes of configure-
tion A vas varied from 0.010 to 0.040 inch, Two supports, one of Inconel
and. one of bakellite, were also investigated to.determline the effect upon
the error caused by conduction through the support. Also used with con-
flguration A were two combinations of thermocouple-wire meterial, iron-
constantan and chromel-alumel. .

Configuration ¢ (fig. 1(c)) was designed to measure temperature at
a point and can be easily adapted to a rake. The probe has a celibrated
iron-constantan thermooocuple wire in a round, polished, diffuser-like
chamber. This chember is surrounded by another chamber thet forms an
additional stagnation region. The ocuteide chember has bleed holes on the
slde. The inside chamber hds a bleed hole at the back of the support
shaft. The insert in the support that contains the ohambers is made of
laminated silioone plastic, which limits the operating temperature of
this probe to about 500° F,

CALIBRATION METHODS

The probes were calibrated in two air Jets (fig. 2). The p-inch-

dlameter free Jet (fig. 2(a)) exhausted into the atmosphere. Calibration
of the Jet showed that the totel pressure in the working region of the
test sectlon wes equal to stegnation tank pressure within the measuring
acouracy of a water manometer, The density at the test section 41d nob
inorease more than 17 percent from the amblient value with an inorease

in Mech mumber. Most of the investigation wes performed in this jet.

The Z%mh-diameter Jet (fig. 2(b)), which exhausted into a pressure-

controlled receiver, was used to determine the effect of a large change
in free-stream density upon the accuracy of stagnation tempersture
indication. This Jet also bad no measurable totel-pressure loss between
the point where the total pressure was measured during a run ani the
test section.

Totel temperature of the Jels was measured by thermocouples in the
low-veloolty reglons upstream of the test seotions as shown in figure 2.
The difference between total and static temperature in this region wes
less than 0.2° F and, beoause the thermocouple used for this purpose
hed g relatively high recovery, the resulbant devietion from total tem~
Perature was neglliglible, This reference probe was comnected with the
test probe in a serles-opposition ocircuit. A potenticmeter with a
sensibility of 0.002 millivolt indicated a voltage that was proportional
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to the difference between reference temperature ami tegt~probe tempera-
ture. Because only temperature differences were measured, the absolute
acouracy and the zero drift of the potentliometer did not affeot the
megm:remerrb. The total temperature 1n both tu:_rmels was approximately .
aov .

Recovery factor, in terms of the quan'bi'bies aotually measured, wes
celoulated from

T=t
recovery factor = 1 = (ﬂi)

wvhere

T total temperature, °R

t4 indicated probe temperature, OR
t static temperature, °R

For an isentroplc expansion, the difference between total and statio 'l'.em-
perature T-t was computed from '

B £
Tt = T [1-(:1/1’) 7 ]

yel statlc pressure, absolute units

where

P total pressure, absolute units
7 ratio of specific heats, teken as 1.40

It should be nobted that the difference between total and indlicated tem=-
perature is attributed entirely to veloclity effects.

The Mach nurber M was deterined from static and total pressure
at the test section, according to the relation for one-dimensional flow

of a perfect gas _ -
=1
M= ‘)El [(‘.P/p)zy— - l]

. 2002.
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RESULTS AND DISCUSSION

. The results are plotted in terms of recovery factor and the ratio of
indicated to total temperature +4/T. The ratio of indicated to total
temperature 1s more representative of the actual error in messuring tem-
perature then 1s the recovery factor.

The effect of varyling vhe bleed~hole dlameter on recovery factor
and tifT is shown In figure 3. The results show that the hole dlameter
for maximm recovery factor varies with Mesoh number. If a hole diameter
of 0.032 inches is selected, however, the indicated temperature will be
within 0.035 peroent of the meaximmm indlcated temperature at each Mach
number. .

. The effeot of substituting bakelite In place of Inoonel for the sup-
port tube l1s shown in figure 4. The probe with the low-thermal-
conduotivity bakellite support has a higher recovery than the probe with
the Inconel support. The use of bekelite as & support material, however,
will 1imit the operating-temperature range of the probe.

The effect of wire material) is shown in figure 5 for the probe with
the bakelite support. The probe with the lower-thermal-conductivity wire
(obromel-alumel) had a higher recovery than the probe with iron-
constantan wire.

Configuration B is a simplified design aimed toward reducing con~
struotlon time and affording ease of insertion into a test unit. Because
of the all Inconel construction, the probe can be used et elevated tem-

- peratures. This probe was designed using the information obtained wilth

configuration A. Figure 6 shows the recovery factor and 'bilT of four
probes of oconfiguration B, Probes of thls confilguration Indlcate at least
99,8 percent of the stagnation temperature at a Mach mumber of 1,0. In
the oonstruction of probes of a given design, slight variations in sizes
and positloning of perts will normelly ocour. From figure 6, the effeoct
of comstructional variations emong four probes +t4/T 1is seen to be emell
at any Mach number.

The effect of misalinement in yaw between the probe and the sir-
stream of the free Jet 1s shown in figure 7. The ratio t4/T 1s inde-

pendent of yaw angle at a constant Mach mumber of 0.52 up to £30° end
decreases from 99.91 percent to approximately 99.7 percent at a yaw
angle of 140°,

In normal use, this probe wlll be subJjected to a large range of
freo-stream densities and velocitles. The effect of free-stream denalty
upon t4/T and recovery factor of the probe is shown in figure 8. These
date were obtalned in the pressure-controlled Jot. The free-stream
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density was mainteined constent at 0.10 and 0.04 pound per oublc foot,
and the Mach mumber was varied from 0.3 to 0.8. Hlgher recovery was
cbtalned &t the higher demsity. The ratic of 'bi/‘I is ebout O.1l-percent
lower for the lower-density as compered to the higher-density data.

The recovery factor end +1/T ocalibration of two probes of con-
figuration C are shown in figure 9. The data wexre taken in the free
Jet. One of the probes indicated 99.66 percent of the stagnation
temperature at a Mach number of 0.9. -

"The effeot of misalinement in yeaw between this probe and the air-
gtream of the free Jet 1s shown in figure 10. The ratlo 'bi/T is inde=-

pendent of yaw angle up to +30° at a Mach mumber of 0.88.

SUMMARY OF RESULIS

Three stagnating-type thermocouple probes were investigated in high-
velocity alrstreams. When the total temperatures of the airstreems were
ebout 80° F, 1t was found that:

l. For configurations A end B:

(a) The thermocouple probee indicated 99.8 percent or more of the
stegnation temperature at a Mach number of 1.0.

(b) Slight variations in construction of probes of a given design
hed & small effeot upon the ratio of indicated to total temperature.

(o) The thermocouple probe was insensitive to misalinement to flow
in the yaw angle up to +30° at & Mach rumber of 0.52.

() The ratio of indicated to total temperature was reduced about
0.l percent for Mach numbers above 0.3 as the air demslity wes reduoced
from 0,10 to 0,04 pound per cubic foot.

2. A probe designed to measure temperature at a point indicated
99.66 percent of the stagnation temperature at a Mach number of 0.9.

Lewis Flight Propulsion Labaratory,
.National Advisory Committee for Aeronautlcs,
Olevelend, Ohlo.
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Figure 3. - Effect of bleed-hole dlameter on recovery factor
and ratio of indicated temperature to total tenperature of
chromel -glumel thermocouple probe with metal support in
free jJet. Configuration A.

A



-
3

&

Recovery factor

Total temperature

8

) 'o‘ﬁy percent

¥ O

Indicated temperature

8
(0]

-NACA RM E501292

o

—D_—_D—_— | ™ 4
o —o———C_—o_ \® umn © 4 ma &
D."Q'/
Support
material
O Inconel
0O Bakelite
Ncu\\kn —f-0~O— 0t
0, fo)
Ol
Ot Q)
M .6 .8 1.0

Mach number
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probe in free jet. Conflguration A.

200¢



2002

NACA RY ES0T29

Indicated temperature

Total temperature

percent

t;y oR

Récovery factor

oR’

_

1.00
o .-
.96
Thermocouple wire
O Iron-constantan
O Chromel-alumel
100.0 e —
' U {0
——t——P
”.8
. A .6 .8 1.0

Mach number

Figure 5. - Effect of thermocouple-wire material
on recovery factor and ratio of indicated
temperature to total temperature of two thermo-
couple probes with bakelite support in free Jet. -

Configuration A.
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Figure 6. - Agreement of four similar chromel- -
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factor and ratio of indicated témperature to
total temperature in free Jet. Configuration B,
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Figure 9. - Comparison of recovery factor and
ratio of indicated temperature to total temperature
for two iron-constanten thermocouple probes in
free Jet. Configuration C.
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