NASA TECHNICAL NOTE

iR

LOAN copy; RETURN ©
AFWL (Do L)
KIRTLAND AFB,N. N

NASA TN D-6748

FLIGHT-TEST RESULTS FROM

TWO TOTAL TEMPERATURE PROBES
FOR AIR-DATA MEASUREMENTS

UP TO 2014° K (3625° R)

, Sl
by Jack Nugent, Glenn M. Sakamoto, and Lannie D. f{gevbb o

) ;f:_’j Iqagliq";un%i gy “"\l
Flight Research Center o ey

Edwards, Calif. 93523 ‘5@ It ;-,/i/:;;'?! 2
C Suidf

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION - WASHINGTON, D. C. - MARCH 1972



TECH LIBRARY KAFB, NM

[ AN

0133674

71. Report NT) 2. Government Accession No.

. Recipient’s Catalog No.

| NASA TN D-6748
4. Title and Subtitle

FLIGHT-TEST RESULTS FROM TWO TOTAL TEMPERATURE PROBES
FOR AIR-DATA MEASUREMENTS UP TO 2014° K (3625° R)

. Report Date

March 1972

. Performing Organization Code

7. Autl;o;(g) S -
Jack Nugent, Glenn M, Sakamoto, and Lannie D, Webb

. Performing Organization Report No.

H-668

79. Performing Organization Name and Address

NASA Flight Research Center
P, O, Box 273
Edwards, California 93523

10.

Work Unit No.
126-61-16-00-24

1.

Contract or Grant No.

12. Sponsoring Agency Name and Address

National Aeronautics and Space Administration
Washington, D. C., 20546

13.

Type of Report and Period Covered
Technical Note

14.

Sponsoring Agency Code

71 5. Suppﬂe[’n;t‘ary .N.otes

16. AbstractW

probe was tested during several X-15 flights,

from subsonic to hypersonic speeds,

stream total temperature,

environment,
were used to estimate velocity and Mach number.

flow,

free-stream values,

An experimental temperature probe package containing a fluidic
oscillator temperature probe and a shielded thermocouple temperature
The X-15 flights pro-
vided greatly varying test conditions, including a wide range of
rapidly changing total temperatures and Mach numbers which extended

Within restricted ranges of free-stream Mach number, free-
stream unit weight flow, and local stagnation pressure, both probes
yielded ramp outputs of temperature parallel to ramp inputs of free-
Within these ranges both probes were
used to determine total temperature in the Mach 6 temperature
Because ambient temperature was known, both probes

The differences between total temperature, velocity, and Mach
number obtained from the fluidic oscillator probe and corresponding
free-stream values increased with increasing free-stream total
temperatures and decreased with increasing free-stream unit weight

Temperature, velocity, and Mach number obtained from the
shielded thermocouple probe essentially agreed with corresponding

17. Key VVord;:(Sugges}éd b;l Autho;(s))

Temperature probes
Hypersonic flight
Air-data parameters

18. Distribution Statement

Unclassified - Unlimited

19, Security Classif. {of thi's réport)

20. Security Classif. (of this page}
Unclagsified

Unclassified

21. No. of Pages

22. Price”
51 $3. 00

.For sale by the National Technical Information Service, Springfield, Virginia 22151




FLIGHT-TEST RESULTS FROM TWO TOTAL TEMPERATURE PROBES

FOR AIR-DATA MEASUREMENTS UP TO 2014° K (3625° R)

Jack Nugent, Glenn M. Sakamoto, and Lannie D. Webb
Flight Research Center

INTRODUCTION

Measuring air-data parameters is one of the difficult tasks associated with flight-test
programs on research aircraft. Flight measurements of velocity, Mach number, total tem-
perature, and other parameters are needed to plan and conduct research flights as well as
to evaluate research findings. In the X-15 program, a combination of data from onboard
sensors, ground-based radar, and meteorological soundings was used to obtain the needed
air-data parameters (ref. 1). One of the onboard sensors which proved to be particularly
useful was a shielded thermocouple probe which measured free-stream total temperature.

Interest in techniques of measuring free-stream total temperature beyond the present
capability of thermocouple probes led the NASA Flight Research Center to install a piggy-
back temperature probe package on the X-15 airplane for several flights. The experimen-
tal package contained a fluidic oscillator temperature probe and the previously tested
shielded thermocouple probe (ref. 2). These probes were exposed to the large range of
total temperature and the accompanying variations of airplane Mach number, altitude, and
angle of attack which occur over a flight range extending from subsonic to hypersonic
speeds.

This report presents and analyzes data from the fluidic oscillator temperature probe
and the shielded thermocouple temperature probe from four X-15 flights. Total temperature ranged
from approximately 244° K (439° R) to approximately 2014° K (3625° R), with an accompany-
ing Mach number range from approximately 0.8 to approximately 6.7. The altitude range extend-
ed from approximately 13,700 meters (45,000 feet) to approximately 81,500 meters (267,500
feet), although probe data were not obtained over this entire range. Data were obtained under
rapidly changing flow conditions because of the rapid accelerations and decelerations encountered
in the X-15 flight.

In the analysis, the total temperature measurement from each probe was compared
with free-stream total temperature. Free-stream total temperature was calculated from free-
stream velocity and ambient temperature, obtained from ground-based radar and meteor-
ological soundings. In addition, velocities and Mach numbers derived from probe temper-
atures and ambient temperatures were compared with free-stream values. Differences
between total temperature, velocity, and Mach number derived from each probe and the
corresponding free-stream parameters are shown for a range of free-stream and local flow
variables.




SYMBOLS

Physical quantities in this report are given in the International System of Units (SI) and
parenthetically in U.S. Customary Units. The measurements were made in U.S. units.
Factors relating the two systems are presented in reference 3.

a speed of sound, m/sec (ft/sec)

f frequency, Hz

g acceleration due to gravity, kg-m/N-=sec? (32.2 Ibm-ft/Ibf-sec2)
H enthalpy, J/kg (BTU/lbm)

h geometric altitude, m (ft)

J mechanical equivalent of heat, N-m/J (778 ft-Ibf/BTU)
M Mach number

p static pressure, kN/m? (Ibf/ft?)

pi stagnation pressure, kN/m? (Ibf/ft?)

T temperature, °K (°R)

t time, min or sec

A" velocity, m/sec (ft/sec)

W unit weight flow, kg/m?-sec (lbm/ft?-sec)

a angle of attack, deg

0 density, kg/m?® (lbm/ft3)

Subscripts:

b base behind temperature probe package

bn ball nose

c location close to fluidic oscillator cavity

fo fluidic oscillator

/ local conditions in front of temperature probe package
max maximum

p location close to piezoelectric pressure transducer



st shielded thermocouple
t calculated free-stream total condition

oo free-stream condition

X-15 AIRPLANES AND LOCATION OF THE TEMPERATURE PROBE PACKAGE

The X-15 rocket-powered research airplanes could be tested over a wide range of total
temperatures because they were capable of flight from subsonic to hypersonic speeds. The
data of this report were obtained from flights involving the basic X-15 (X-15-1) airplane
and an advanced version, designated the X-15-2. A photograph of the X-15-1 airplane is
shown in figure 1, and a three-view drawing is shown in figure 2. Dimensional details are
presented in reference 4. Dimensional details of the X-15-2 are presented in reference 5.

On both airplanes the temperature probe package was on top of the upper vertical fin
at the leading edge (fig. 2). In this location the package was free from vehicle boundary
layers, but was subject to shock wave impingement from shock waves generated from up-
stream portions of the airplane. Shock wave impingement would cause local flow param-
eters to deviate from free-stream values, except for local total temperature, which would
remain essentially the same as free-stream total temperature. As shown in figure 3, a
fluidic oscillator temperature probe, a shielded thermocouple temperature probe, and a pitot
tube were installed in the front portion of the package. Additional installation details are
given in reference 2.

TESTS

The X-15 was air launched from a B-52 airplane for the four flights discussed in this
report. These flights, A, B, C, and D, are listed in the following table with corresponding
maximum values of M, h, and T at which data were obtained.

Flight Airplane Mmax hmax, M () [(Tomax, °K (°R) Remarks
A X-15-2 6.7 31,000 2014 Fluidic oscillator and shielded thermo-
(102,000) (3625) couple probe data obtained during
portions of ascent.
B X-15-1 4.8 38,750 1250 Fluidic oscillator and shielded thermo-
(127,100) (2250) couple probe data obtained during
portions of ascent and descent.
C X-15-1 5.0 36,950 1310 Only shielded thermocouple probe
(121,200) (2358) data obtained during portions of
ascent and descent.
D X-15-1 5.4 32,800 1412 Only fluidic oscillator probe data ob-
(107,600) (2541) tained during portions of ascent and

descent.




The temperature probe package was first flown on the X-15-2 airplane on flight A. Data
from this flight were published in reference 2. Both probes were adversely affected near the
peak Mach number of the flight by high aerodynamic heating. The shielded thermocouple probe
failed structurally because the temperatures experienced were well over its design limit. The
fluidic oscillator probe is believed to have functioned during the high heating period; however,
the heating degraded the signal from the piezoelectric pressure transducer which measured the
probe output frequency, and about 10 to 15 seconds after peak Mach number was reached the
signal was lost. Postflight examination showed that the probe shroud was oxidized.

Subsequent tests of the temperature probe package were made with the X-15-1 airplane,
using additional probes of the same type and improved instrumentation. Data from flights B, C,
and D were obtained from these X-15-1 flights.

Launch occurred at a free-stream Mach number of approximately 0.8 and a nominal altitude
of 13,700 meters (45,000 feet). Free-stream total temperature at launch was approximately
244° K (439° R). A flight typically consisted of a powered ascent to rocket engine burnout
followed by an unpowered descent. During the ascent, Mach number, altitude, and total tem-
perature increased rapidly. Fluidic oscillator temperature probe data were obtained during
portions of the ascent in flights A, B, and D, and shielded thermocouple temperature probe
data were obtained during portions of the ascent in flights A, B, and C. During the unpowered
descent, Mach number, altitude, and total temperature decreased steadily. In the descent, fluidic
oscillator temperature probe data were obtained during portions of flights B and D; shielded
thermocouple temperature probe data were obtained during portions of flights B and C.

During the flights, angle of attack varied from approximately 0° to approximately 20°,
but angle of sideslip was essentially zero. The small vertical tail motions experienced during
the flights are not believed to have affected the data obtained.

TEMPERATURE PROBES AND INSTRUMENTATION

Temperature

Fluidic oscillator probe.— Fluidic oscillator temperature probes are bistable fluid ampli-
fiers. They sense total temperature of the ingested air by self-oscillation, which is induced
by feeding back a portion of the output flow to modulate the input flow. The self-
induced oscillation is approximately proportional to the square root of the absolute tempera-
ture of the ingested air. Figure 4 shows details of the fluidic oscillator temperature probe
which was tested. Figure 4(a) is a photograph and figure 4(b) is a cutaway schematic of
essential design features and airflow paths. Air, essentially at local stagnation conditions,
enters the sensor inlet port, passes through the oscillator cavity, and is channeled rearward
and exhausted through the sensor exhaust port. Incoming air is also channeled between the
oscillator cavity body and the circular shroud to reduce heat loss from the oscillator cavity

to the atmosphere.

The high-frequency pressure fluctuations generated by airflow through the oscillator cavity
are propagated through the pressure signal line to the piezoelectric pressure transducer. The
relationship between frequency, f, in hertz and temperature, Tf,, in ° K (° R) is given by the
expression

Tro (° K) = 2.0713 X 1077 £2:9855 (T¢, (° R) = 3.7283 X 1077 £2:0853) (1)



This equation was obtained from calibrations discussed in references 2 and 6. Reference 6
also presents descriptive and operational details of the fluidic oscillator probe.

The vacuum pump connection shown in figure 4(b) was used to supply a laboratory vacuum
source to induce flow through the probe for ground tests and calibrations. A vacuum was not
needed for the flight tests, because, in most instances, aircraft motion provided enough pressure
differential across the probe to cause self-oscillation and generate a signal. The vacuum connec-
tion was capped during flight.

Figure 4(c) shows the components in the cooling loop, which used a mixture of water and
glycol to cool the piezoelectric pressure transducer for flight A. Spent coolant was exhausted
overboard. Also shown in figure 4(c) is the signal conditioning box, which fed the probe output
frequency from the pressure transducer to the onboard tape recorder.

A pair of chromel-alumel thermocouples measured temperatures at two locations on the fluidic
oscillator temperature probe. The approximate locations of these thermocouples are shown in
figure 4(b). The thermocouple installed near the oscillator cavity to measure the approximate
oscillator cavity temperature indicated the heat transfer from the incoming air to the oscillator
cavity walls. The thermocouple positioned near the piezoelectric transducer monitored the
approximate transducer temperature.

Shielded thermocouple probe.— Details of the shielded thermocouple probe which was tested
are shown in figures 5(a) and 5(b). The probe is uncooled. Air entering the probe is at essentially
local stagnation conditions and flows around the platinum versus platinum-10-percent-rhodium junc-
tion and through the annular paths formed by the three radiation shields. All air leaves the probe
through the air exit ports. The probe was designed to have less than 2-percent error between Mach
numbers of 3 and 5 and to be suitable for temperatures up to 1773° K (3191° R) (ref. 1).

Additional descriptive and operational details regarding the shielded thermocouple tempera-
ture probe are given in references 2 and 7.

Recording.— The fluidic oscillator temperature probe used a quartz piezoelectric transducer to
measure the high-frequency acoustic signals generated in one of the two feedback paths of the sensor
(ref. 2). These frequencies ranged from approximately 22,000 hertz to approximately 62,000 hertz.
The diagram in figure 4(b) shows the transducer location and the pressure signal line. In flight A a
transducer was used which had a pressure range of 0.69 kN/m? (0.1 1bf/in?) to 2070 kN/m? (300
1bf/in?) and a temperature range of 5.6° K (10° R) to 534° K (961° R). In flights B, C,and D a
transducer was used which had extended temperature and pressure ranges, to 1090° K (1962° R)
and 20,700 kN/m? (3000 Ibf/in?), respectively. The frequency measurements were recorded on an
onboard tape recorder, as shown in figure 4(c). The data processing sequence used to obtain the
measured frequency following each flight is described in reference 2. On some flights, low signal-to-
noise ratio degraded the quality of the probe output signal, creating difficulties in obtaining the probe
output frequency. Equation (1) was used to obtain the temperature, T, , from the measured frequency.

The voltage outputs of the chromel-alumel thermocouples and the shielded thermocouple
temperature probe were individually combined with the voltage outputs of the reference thermo-
couples. The resulting voltages were fed directly into a 36-channel oscillograph. (Figure 5(b)
illustrates the hookup for the shielded thermocouple probe. The reference thermocouple was
installed in an electrically heated oven with a controlled temperature of approximately 343° K
(617° R). The temperature of the reference thermocouple was monitored by a bead thermistor.
The output of the thermistor was also recorded on the oscillograph. The recording system for
the shielded thermocouple probe was designed for optimum operation at Mach numbers greater



than approximately 2.0, thus its operation at lower Mach numbers was marginal.

Pressures and Free-Stream Quantities

The pitot tube shown in figure 3 measured the stagnation pressure, pj;, experienced by
both temperature probes. A static-pressure port was installed at the rear of the package
close to the discharge port of the fluidic temperature probe to measure base pressure, pyp.
These two pressures provided both the pressure drop and the pressure- ratio across the tem-
perature probe package during a flight. Both pressures were measured by 138 kN/m?

(20 1bf/in?) unbonded strain gage absolute-pressure transducers. These transducers were
installed within the temperature probe package, which permitted the use of short tubing
lengths to the sensing ports. Signals from the pressure transducers were recorded on the

oscillograph.

The hemispherical flow direction sensor (ball nose) shown at the nose of the airplane
in figure 1 was used on both airplanes. This sensor measured free-stream angle of attack,
angle of sideslip, and stagnation pressure. Free-stream Mach number, velocity, altitude, tem-
perature, and angle of attack were determined from flow-direction-sensor data, radar tracking,
meteorological soundings, and other inputs. The techniques used to obtain these parameters
are discussed in reference 1. Free-stream density, p_, was obtained from the standard altitude
table for the test altitude (ref. 8). For some of the altitude test points in this report, which
were above approximately 35,000 meters (115,000 feet), values of free-stream temperature,
T_, obtained from the meteorological soundings were not used because of large measurement
uncertainties. For these points the standard atmosphere values for the test altitude were

assumed (ref. §).
ANALYSIS

Probe Behavior

The analyses in references 6 and 9 and the specifications of reference 7 show that the trans-
fer functions of the fluidic oscillator and the shielded thermocouple probe are essentially first-
order lag functions. The major cause of the lag in both probes is the time it takes for the
sensing element to establish thermal equilibrium with the incoming air. Response of these
probes to linear or ramp inputs of temperature is a parallel ramp output which lags the ramp
input by a relatively constant time interval. The X-15 trajectories generated ramp inputs in
T; during the ascent and descent, as discussed in the RESULTS AND DISCUSSION section.
Consequently, the parallelism between T; and Tf, and between T; and Tg; was the principal
criterion used in establishing that each probe was operating properly.

Probe response was determined by comparing T, with Tf, and Ty with T in time
history plots of individual flights. Both probes responded with ramp outputs parallel to the
ramp input of T; during portions of the ascent and descent trajectories. For the fluidic
oscillator probe, high values of unit weight flow, w_, or local stagnation pressure, pj;, gener-
ally indicated flight regions of parallelism with T;. Values of w_ of approximately
30 6 kg/m?sec (6.1 £1.2 Ibm/ft%sec) appeared to be the lower limit of this occurrence.
For the shielded thermocouple probe, free-stream Mach numbers greater than approximately
2.0, together with pj; values greater than about 9.6 kN/m? (200 Ibf/ft?), generally indicated
flight regions for parallelism with T;.

6



In addition to the parallelism criterion for the fluidic oscillator probe, before using the
probe test data (ref. 6), it was also necessary to establish that airflow through the probe
was choked. This criterion was established by using the data in figure 6, a plot of
T - Tg,) from flights B and D against the ratio py)/p, for w_ greater than approximately
49 kg/m2-sec (10 lbm/ft?-sec). As pij/py decreases below values from 3.0 to 4.5, {Ty - Tl
becomes large despite the fact that w_ is high. The large increase in T; - Tg, is attributed
to the unchoking of the probe airflow at the exit of the oscillator cavity. Evidence of
unchoking occurred at free-stream Mach numbers below approximately 0.8 to 1.2; above
M_ = 1.2, the probe was always choked.

During the descent in flights B and D, sharp pressure spikes in p;; were noted in the
time history plots. These pressure spikes were attributed to the impingement on the
temperature probe package of shock waves originating from upstream portions of the airplane.
Reference 10 discusses similar impingement on the underside of the X-15-2 airplane. Tem-
perature probe data obtained during shock wave impingement generally did not satisfy the
parallelism criterion.

Calculated Parameters

In addition to the measured parameters discussed in the TEMPERATURE PROBES
AND INSTRUMENTATION section, parameters were needed to analyze and interpret data
from the two total temperature probes. Calculated free-stream total temperature, T,, was
obtained by means of the energy equation:

V2
Ho = H, + 52 (2)

in which H_ was obtained from the measured or assumed value of T_ and the tables of
reference 11. After H; was calculated from equation (2), reference 11 was used to obtain
T;.
The quantities Vg, and Vg were calculated from the following equations:
Vo = [(Hfo - Hm)ng]I/Z (3)
Vg = [(Hge ~ H)2gJ]'? (4)

The quantities Hy, and H, were calculated from reference 11 by using the measured values
of Tg and T,. The quantities Mg, and My were calculated from the following equations:

Mg, = Viola, )
Mgt = Vla, (6)
Unit weight flow was calculated from the expression
w_ = pV_ (7)
The thermal analysis of reference 6 shows that a high heat transfer rate from the in-
coming air to the oscillator cavity improves the response and accuracy of the fluidic oscil-

lator probe. For a probe of a given size, the analysis indicates a high heat transfer rate
if airflow through the probe and the heat transfer coefficient are high. It was not




possible to calculate the actual airflow through the probe or the heat transfer coefficient with
certainty from the available measurements. However, w_ is an approximate measure of the
actual heating effect of the unit airflow passing through the probe. This statement follows
from the close agreement of flight values of pj,, and pj;; an example of this agreement is
presented later. Consequently, w_ was used to analyze data from the fluidic oscillator probe.

ERRORS

The estimated errors in measured and calculated parameters are as follows:

Parameter Estimated error
f +200 Hz
M, +0.05 (ref. 1)
V.. *15 m/sec (x50 ft/sec) (ref. 1)
h £150 m to *300 m (+5S00 ft to *1000 ft) (ref. 1)
Dibn +0.41 kN/m? (8.5 1bf/ft?)
T, +0.7° K (#1.3° R) (ref. 1)
a +0.25°
W +0.88 kg/m?-sec (+0.18 lbm/ft?-sec)
DiJ +1.4 kN/m? (£30 Ibf/ft?)
Pip *1.4 kN/m? (£30 Ibf/ft?)
T, +6° K (£11° R)
T, +6° K (£11° R)
Vio 39 m/sec (30 ft/sec)
Vit +9 m/sec (£30 ft/sec)
Mg, +0.03
Mg +0.03

These estimated errors include instrument errors, reading errors, and calculation errors.
The several errors were combined in a root-sum-square technique to obtain the listed errors.
Figure 7 presents the variation of the estimated errors in Ty, Tf,, and Ty as a function of
T,. Errors in Tg and Ty change only slightly as Ty increases over the test range. The
estimated error in T, shows a steady increase as T, increases. This results primarily from the
+15 m/sec (50 ft/sec) error in V_, with little effect of the error in T_ of #0.7° K (£1.3° R)

8




(eq. (2)).

RESULTS AND DISCUSSION

Time Histories

Figure 8 is a time history of the measured and calculated parameters for flight A, representing
the rocket-powered ascent portion of the flight. In figure 8(a), a rapid buildup in free-stream Mach
number to 6.7 and altitude to 31,000 meters (102,000 feet) is shown along with accompanying
changes in angle of attack, a, and ambient temperature, T_. Figure 8(a) also shows flow-
direction-sensor stagnation pressure, pjp,, and unit weight flow, w_, which show similar varia-
tions. Total temperatures, Ty, Tg,, and Tg, are shown in figure 8(b). The fluidic oscillator
probe shows parallelism with the ramp variation of T; for most of the powered portion of
the flight. The shielded thermocouple probe begins to show parallelism with T; about 1.4 min-
utes after launch and continues to the end of the powered portion of the flight. The beginning

of parallelism in the data is associated with operation above approximately M_ = 2.0.

Figure 9 is a time history of flight B. Figure 9(a) shows that a peak altitude of approxi-
mately 67,500 meters (221,500 feet) was reached and that a Mach number of approximately
4.8 to 5.0 was maintained during the middle portion of the flight. The accompanying changes
in angle of attack are also shown. Angles of attack near 20° were reached during the descent.

Measured stagnation pressures, pi,, and pi, base pressure, pp, and calculated unit mass
flow, w_, are also presented in figure 9(a). Simultaneous relative peaks in Pipn» Pi, and vi/m
are reached in both the ascent and descent portions of the flight, whereas all quantities decrease
to near zero at an altitude above approximately 60,000 meters (197,000 feet). The sharp
pressure spikes in pj; between 4.0 minutes and 4.5 minutes after launch are attributed to
shock wave impingement during the high angle of attack portion of the descent maneuver.

Figure 9(b) presents measured and calculated temperatures for flight B. Standard atmos-
pheric values of T_ were used during the middle portion of the flight when the altitude was
too high for meteorological soundings to be made. Variations in T, resemble the variations
in M_ shown in figure 9(a) and are considered to be ramp variations. During the middle por-
tion of the flight, Ts; shows extremely poor agreement with T; whereas the fluidic oscillator
showed no output between about 1 minute 10 seconds and 4 minutes after launch because
of near-zero values of pressure, pj;, and flow, w_. During ascent, parallelism between the T,
and Ty, traces and the oscillator cavity temperature, T, is closely associated with high values
of w_ or pj;. The relationship between the three temperatures is similar during descent after
the period of shock wave impingement.

For the shielded thermocouple probe, Ty and T, remain parallel and agree closely at
high values of pj;, as suggested in reference 7. However, Ty and T are not parallel at low
free-stream Mach numbers at the beginning of the ascent and at the end of the descent.

These results are similar to those noted in flight A and are believed to be caused primarily

by the limitations of the probe recording system mentioned previously. Both probes are
affected by shock wave impingement in the period between 4.0 minutes and 4.5 minutes after
launch.

Time histories such as those in figures 8 and 9 provide insight regarding relationships
between test variables. For example, p;,, and pi; showed close agreement for flights B, C,



and D. The flow variables most affecting the fluidic oscillator temperature probe appeared to
be T:, W, pij, and pp. The flow variables most affecting the shielded thermocouple temper-
ature probe appeared to be T; and p;;. The quantities M_, T_, and h_ affected both probes

indirectly, through effects on T, w_, and pj;. Angle of attack appeared to have no effect on

oo

the probes except when it combined with high free-stream Mach number to cause shock wave
impingement during descent.

For Mach numbers between 1.2 and 6.7 and unit mass flow equal to or greater than
30 +6 kg/m?-sec (6.1 *1.2 lbm/ft?-sec), the fluidic oscillator probe temperature, Ts,, was
parallel to ramp changes in total temperature, Tt. For Mach numbers between approximately
2.0 and 6.7 and local stagnation pressure greater than 9.6 kN/m? (200 Ibf/ft?), the shielded
thermocouple probe temperature, Ty, was also parallel to ramp changes in total temperature.

Fluidic Oscillator Probe

In figures 10 to 16, air-data parameters Tf,, Vo, and Mg, obtained from the fluidic os-
cillator probe are plotted as functions of the free-stream parameters Ty, w_, V_, and M_. Data
are presented for both ascending and descending flight and include variations in M_, h_, and
a. Figure 10 shows the variation of Tf, with Ty for approximately constant values of w_.
Values of w_ increase uniformly from 30 6 kg/mZ2-sec (6.1 #1.2 Ibm/ftZsec) in figure 10(a)
to 114 +6 kg/m?-sec (23.4 +1.2 lbm/ft?-sec) in figure 10(h). The data are faired linearly in
figures 10(b) to 10(h). The data fairing in figure 10(a) is quasi-linear because of the low
value of unit weight flow 30 +6 kg/m2-sec (6.1 *1.2 lbm/ft%sec), which is only marginal for
establishing good probe operation. In each part of figure 10, the faired lines show increasing
departure from the line of perfect agreement with increasing Ty. This departure is considered
to be fluidic oscillator probe error and is related to both w_ and T;. Thus, the data indicate
that the error increases with T; for a given w_ and decreases with increase in vi/m for a given T;.

This relationship is shown again in figure 11, a plot of Ty - Ty¢, against T, for approx-
imately constant values of w_. The data were obtained from figure 10. The quantity
T - T¢, varies linearly with T; for all values of w_ except 30 *6 kg/m?-sec (6.1 £1.2 lbm/ft?-sec).
The figure indicates that low values of T; - Tf, can be obtained if w_ can be kept high.
For example, at T, = 1200° K (2160° R) for w_ = 90 6 kg/m2-sec (18.4 *1.2 lbm/ft?sec),
T: - Tro = 30° K (54° R).

A convenient way to present the test data to show the effect of w_ is to plot the fractional

error, T—t—_—Tf—O, against w_, as shown in figure 12. Data were obtained from figure 11 by

Tt
averaging the computed values of F&_T_th for several temperatures on each of the w_ curves.

In this plot all the test data are included in a single curve. As expected, the fractional error
becomes small asymptotically with increasing weight flow. Fractional errors are approximately
0.02 or less for w_ greater than approximately 90 kg/m?sec (18.4 1bm/ft?sec).

The parametric analyses for velocity, V¢,, and Mach number, M¢,, were performed sim-
ilarly to the analysis for Ty, because V¢, and My, were calculated from Tg,. The results
of the analyses are similar to the results obtained from Ty, in illustrating the effect of w_
on errors. For the prescribed w_ ranges, Vg, varied from 200 m/sec to 2100 m/sec (650 ft/sec

to 6900 ft/sec), and My, ranged from 1.2 to 6.7.
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Figure 13, a companion figure of figure 11, is a plot of V_ - Vg, against V_ and figure

— Vfo

14, a companion figure of figure 12, is a plot of V°°V— against w_. Figures 15 and 16

show the Mach number errors and are companion figurez of figures 11 and 12, respectively.

Figures 14 and 16 show the asymptotic relation of Ve, {, Vio ana M 1;1 Mfo with the unit

weight flow that was shown by T‘”—}h in figure 12. ” ”

Shielded Thermocouple Probe

The shielded thermocouple probe temperature, Ty, and the calculated real gas total temperature,
Ty, data are compared in figure 17. The data represent conditions of M greater than approximately
2.0 and pjy; greater than approximately 9.6 kN/m? (200 1bf/ft?). The temperature range extends from
about 375° K (675° R) to the maximum temperature tested, 2014° K (3625° R), which was well in
excess of the probe design temperature of 1773° K (3191° R). The bulk of the data extends from
about 375° K (675° R) to about 1300° K (2340° R), with a corresponding Mach number variation
from 2.0 to approximately 5.0. Data above 1300° K (2340° R) are limited to those obtained from
flight A. Data at temperatures below 1300° K (2340° R) are on both sides of the perfect agreement
line and show randomness. Although more data above 1300° K (2340° R) would be desirable, agree-
ment between T, and T is considered to be good over the temperature range shown.

The data of figure 17 are plotted as [Ty - Tl versus T, in figure 18. The sum of the estimated
measurement error in Ty and the calculated error in T, is shown as a dashed line. Most of the data
points fall randomly below the dashed line and above zero error, indicating that the values of
Ty = Ts¢| are due primarily to measurement errors. The data points above the dashed line
are believed to be caused by measurement errors in excess of those estimated. Figures 17 and 18
show that Ty is essentially equal to T, over the temperature range covered.

In figures 19 and 20 Vy; is plotted against V_ and M;y; is plotted against M_, respectively, sim-
ilar to the manner in which the temperature data are shown in figure 17. Agreement between the
parameters in both figures is good.

In figures 21 and 22, respectively, [Vy, - V_| is plotted against V_ and Mgy - M_| is plotted
against M_. Figures 19 to 22 indicate that, essentially, V; equals V_ and Mg, equals M_ over the
test ranges shown.

Comparison of Air-Data Parameters for Both Probes

Air-data parameters derived from the two probes are compared in figure 23 on a Mach
number-altitude background to indicate how they might be used on future vehicles. In this
figure, probe-derived parameters are ratioed to corresponding radar-derived parameters. This
procedure makes the radar-derived parameters, Ty, V_, and M_, standards for comparing both
probes. The ratios shown can be used as correction factors to correct the probe-derived
parameters to radar-derived parameters. In figure 23(a), both probe measurements are ratioed
to Ty, in figure 23(b), to V_, and in figure 23(c), to M_..

For the fluidic oscillator probe the ratios, which were obtained from figures 12, 14, and
T - Tro V. - Vo
. T 7 - )
are uniquely related to w_ in these figures. Therefore, lines of constant w_ plotted

16, are shown for six constant values. The fractional errors , and

M, - Mg,

M

00
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on a Mach number-altitude background can be labeled as Tt]? Tfo, VW\; Vfo, and Mw—h;ME,

t oo o0

or with slight manipulation as :{.‘—i" %9, and %ﬂ-’ .” Ratios from 0.98 to 0.88 are shown;
values below 0.88 are considered to be unreliable. The ratio curves are plotted from M_ = 1.2,
the upper limit for the onset of choked flow through the probe, to M_ = 6.7, the Mach num-
ber test limit. Extending the curves over the entire Mach number range in figure 23 is equiv-
alent to linearly extrapolating the w_ curves in figures 11, 13, and 15 over the entire test
range of the abcissa. This extrapolation is believed to be valid.

For the shielded thermocouple probe, the ratios % = 1.0, % = 1.0, an —ﬁit =1.0
extend over a bounded region of the Mach number-altitude background (figs. 23(a), 23(b), and
23(c)). The Mach number limits extend from about 2 to 6. The lower boundary line corre-
sponds to pj; = 152 kN/m? (3175 Ibf/ft?); the test limit for p;j; occurred on flight C at
M_ = 4.2. The upper boundary line corresponds to pj; = 9.6 kN/m? (200 1bf/ft?); the test
limit for p;; occurred on flight B at M_ = 4.4. The lower limit line and the upper limit line
were both extrapolated to M_ = 6 and M_ = 2 from the test limit points. Accordingly, these
lines may not represent the actual operational limits of the probe. In this region all correc-

- o or Tst oo, Vst o Mst _
tion factors are unity, or T, 1.0, V. 1.0, and M. 1.0.

Comparison of the correction factors for the two probes shows that both probes are suitable for
measuring temperature in the Mach 6 temperature environment and that the shielded thermocouple
probe has a wider altitude capability than the fluidic oscillator probe. At M_ = 6 the fluidic oscillator
probe is limited to an altitude of about 29,000 meters (95,000 feet), whereas the shielded thermo-
couple probe can be used to slightly greater than 42,000 meters (138,000 feet). The structural integ-
rity of the fluidic oscillator probe provides it with a wider Mach number capability than that of the
shielded thermocouple probe. Below M_ = 2, the shielded thermocouple probe operation becomes
marginal because of the design limitations of the probe and the recording system. The fluidic oscilla-
tor probe can be used to M_ = 1.2. The correction factor curves for the fluidic oscillator probe show

only gradual changes and are easily applied over the ranges covered.

Future use of the fluidic oscillator probe is suggested for Mach numbers from approxi-
mately 1.2 to greater than 6. Future use of the shielded thermocouple probe is suggested for
Mach numbers up to 6. These suggestions are only for the configurations tested. Versions
of the present fluidic oscillator probe with redesigned oscillator cavities and cooling systems
appear to have applications for higher temperatures and Mach numbers (ref. 12).

CONCLUSIONS

A fluidic oscillator temperature probe and a shielded thermocouple temperature probe
were tested on the X-15 airplane over a rapidly changing environment which included flight
at Mach 6.7 and a total temperature that reached 2014° K (3625° R). The following con-

clusions were reached:

1. Both probes were suitable for measuring temperature in the Mach 6 temperature
environment; the fluidic oscillator probe appeared to have a capability for Mach num-
bers somewhat in excess of 6.

12



2. For Mach numbers between 1.2 and 6.7 and free-stream unit weight flow equal to

or greater than 30 6 kg/mZ?-sec (6.1 1.2 lbm/ft?-sec), the fluidic oscillator probe tem-
perature was parallel to ramp changes in total temperature. Under these conditions, the
probe error increased with increasing total temperature and decreasing unit weight flow.
Differences between probe-determined velocity and radar-determined velocity increased
with increasing velocity and decreasing weight flow. Differences between probe-determined
Mach number and radar-determined Mach number increased with increasing Mach number
and decreasing weight flow.

3. For Mach numbers between approximately 2.0 and 6.7 and local stagnation pressure
greater than 9.6 kN/m? (200 1bf/ft?), the shielded thermocouple probe temperature was
parallel to ramp changes in total temperature. Under these conditions the shielded
thermocouple probe temperature and total temperature agreed and probe-determined
velocity and Mach number agreed with radar-determined velocity and Mach number.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., December 10, 1971.
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Figure 4, Continued.

20

Radiation heat
shroud

Sensor exhaust port

|

Base pressure
probe

\\

/Piezoelectric

transducer

_

Vacuum pump
connection

(ground use only)

(Drawing not to scale; cooling lines not shown, )



Fluidic probe

—

Vacuum pump connection
[ (ground use only)

Electrical signal line Cooling exhaust line

Water and glycol mixture

Fluidic probe signal
conditioning box Pressurized

nitrogen

Tape
Power in recorder

Time code
generator

(c) Schematic diagram of cooling and frequency recording systems,

Figure 4, Concluded,
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