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PREFACE
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1.0 INTRODUCTION

During reentry, some vehicles experience disturbances which result in a rolling
motion being imparted to the vehicle. 1t is thought that the rolling motion might skew
the transition front distribution in the altitude régime where the boundary layer on the
vehicle is transitional. Such an cffect could contribute to the dispersion and be
detrimental to the overall system performance, To investigate this effect, a test program
was conducted at the Arnold Engincering Development Center (AEDC), von Karmin Gas
Dynamics Facility (VKF), by the Space and Missiles System Organization (SAMSQ) and
the Defense Nuclear Agency (DNA). The overall objectives of the test program were to
define the shape and movement of the boundary-layer transition zone and measure the
lateral forces and moments on a spinning model undergoing boundary-layer transition.
The primary test phase was a one-degree-of-freedom spin test which was conducted to
measure extensive heat-transler rate data for mapping the boundary-layer transition front.
Measurements were also made simultancously with a Magnus balance to obtain the
resulting forces and moments. The secondary test phase was a 3-degree-of-freedom test in
which modcl motions due to preset initial conditions werc measured along with limited
heat-transfer rate measurements. Variables which were investigated were model geomctry,
mass injection at the nose, simulated ablation, angle of attack, Mach number, Reynolds
number, and spin rate.

One of the standard procedures for identifying a boundary-layer transition front is
to record the heat-transfer or local temperature distribution along the model surface. For
the stationary modecl, established lest proccdures using steady-state heat gages existed, but
for a spinning model, new techniques using transicnt heat gage mcasurements were
needed. The fast Fourier Transform technique was adapted to this purposc using three
types of heat sensors. The primary types of sensor was a thermopile Gardon gage which
is a heat flux sensor with a nominal output of 1.0 mv/Btu/(ft?sec) and a response time
of 120 milliseconds (mscc). The second type of sensor was a fast-responding (the order of
microseconds) temperature sensor (temp-sensor) which when used in conjunction with a
properly designed analog circuit produced an output which was proportional to the hcat
flux imposed on the sensor. The third type of sensor was a Schmidt-Boelter transducer
(Hy-Thcrm®) which has a responsc very similar to the Gardon gage with a nominal
output of 2.7 mv/Btu/({t?-sec).

The test program reported hercin was conducted in the AEDC-VKF Supersonic Wind
Tunnel A and Hypersonic Wind Tunnel B at Mach numbers 5 and 8, repsectively. Results
were obtaincd at free-strcam Reynolds number per foot ranging from 0.5 x 106 to 6 x
106, Model spin rate ranged from O to slightly over 6,000 deg/sec at angles of attack
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from -6 to +6 deg. Two 9-deg half-angle cone models were tested. A 15-in, base diameter
model was tested on the spin mechanism, and a 10-in. base diameter model was tested
using the AEDC-VKF 3 degrec-of-freedom (3-DOF) system.

Selected results are presented to show the usefulness of the techniques which were
developed to analyze dynamic heat-transfer measurements and to illustrate the effects of
various paramecters on the location of the boundary-layer transition front.

2.0 APPARATUS
2.1 WIND TUNNELS

The VKF Tunnels A and B are closed-circuit, continuous-flow, variable-density wind
tunnels. Each tunnel is equipped with a model injection system which allows remaoval of
the model from the test section while the tunnel remains in operation. The tunnels are
depicted in Fig. 1.

Tunncl A has a 40- by 40-in. test section and an automatically driven
flexible-plate-type nozzle which provides Mach numbers from 1.5 to 6. The tunnel
operates it maximum stagnation pressures ranging frem 29 psia at M_ = 1.5 to 200 psia
at M_ = 6. Minimum operating pressures range from about one-tenth to one-twentieth of
the maximum at each Mach number. The stagnation temperature can be varied from an
average minimum of about 540°R to a maximum of 750°R, depending on Mach number
and pressure level.

Tunne!l B has an axisymmetric contoured nozzle and a 50-in.-diam test section.
Tunnel B has two interchangeable nozzles to provide Mach numbers of 6 and 8 and
operates over a range of stagnation pressure levels from 20 to 200 psia at M_ = 6, and 50
to 900 psia at M_ = 8. Each tunnel (throat, nozzle, test section, and diffuser) is cooled
by integral, cxternal water jackets,

A complete description of these tunnels is given in Ref. 1.

2.2 MODELS

The two models were supplicd bv PDA, I[nc., and each consisted of a 9-deg
half-angle cone. Each model was fabricated with an inner structure (liner) attached to the
test mechanism (either a cylindrical or a 3-DOF gas bearing). Shells were supplied to fit
over the liner to make up the particular model aerodynamic configuration. In addition,
the nose tips could be changed to provide varous nose geometrics. Installation
photographs of the spin model in Tunnel A and the 3-DOF model in Tunnel B are shown
in Fig. 2. The cooling manifold arrangemeant for the Tunnel A installation is shown in
Fig. 3. The modcls were cooled in the tunnel test section tanks using air following each
injection into the tunnel flow.
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The shells of both models were composed of sections which comprised four general
types as shown in Fig. 4. The basic configuration for each model was a segmented,
smooth aluminum type that was instrumented. Sections of each basic shell could be
replaced with camphor (in the case of the larger spin model only, Fig, 3a), asymmetric
agluminum (Fig. 5b), or carbon phenolic frustums (Figs. 5c-¢) which were uninstrumented.
The asymmetries on the aluminum frustums were roughness strips asymmetrically
distributed around the frustum. Three types of the carbon phenolic frustums were tested.

The nose tip geometry was varied using a seclection of tips and adapters. Nose
bluntnesses from sharp to 1.50-in. radius, and geometries from hemispherical to biconic
or flat could be selected (see Fig. 6a and b). In addition, camphor nose tips (Fig. 6c)
could be used on the spin model with either camphor or aluminum frustums and on the
3-DOF model with the aluminum frustum. The mass injection nose tips (Fig. 6d} were
only uscd on the spin model. Three types of mass injection tips were available: a gaseous
jet (e.g. injection occurring through a pitoi-pressure-type port), a porous wall blunt
configuration, and a static orifice configuration (called “active trips") on a blunt nose.
Porosities of the porous wall configurations were 10, 20, or 40 u.

The nosc tip adapters could be either smooth or grooved. The smooth adapter had a
ring section which could be removed for installation of grit or sphere-type trips (see Fig.
7). There were two grooved adupters (Fig. 8). One type (called "Rectangular Grooved™)
featured grooves running along cone rays spaced every 12 deg and circumferential grooves
every 0.075 in. The second type {(called "Tollmein-Schlichtin” or T/S) had grooves
running 30 deg to the local cone ray also spaced every 12 deg around the adapter. This
arrangement created a diamond crosshatching pattern. All grooves on both adapters were
typically 0.020 in. wide and 0.015 in. deep.

2.2.1 Spin Model

The spin model (Fig. 4a) had a base diameter of 15 in. The aluminum shell
contained 30 heat-transfer gages (20 Gardon, 7 temp-sensor, and 3 Hy-Therm gages). The
shell was composed of three scctions allowing all the different types of frustums to be
tested. Adapter rings were used to fit the different frustums to the remaining sections of
the aluminum shell (see Fig. 4). The full set of nose tips and grooved nose tip adapters
were used in combination with the different types of frustums. The mass addition system
was uscd only with the instrumented aluminum shell. The mass addition system will be
discussed in Scction 2.4.6.
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2.2.2 3-DOF Model

The 3-DOF model (Fig. 4b) had a base diameter of 10 in. There were Ltwo basic
aluminum shells which contained six heat gages (either Gardon or Hy-Therm) each and a
carbon phenolic shell withowr antenna windows (Fig. 5¢). One of the aluminum shells
featured the antenna windows as detailed in Fig. 5¢. The boundary-layer trip section was
located just aft of the nose tips. Either a grooved section (Fig. 7) or a removable collar
with 3 spherical 0.078-in.-diam balls or grit roughness elements was used as a trip. The
grit was applivd to either 1 or 2 segments (180 deg apart) that were 20 deg wide. A
smooth collar for testing withoul boundary-layer trips. and a smooth mismatch collar
which caused model misalignment asymmetry were also provided. The model also
contained on board instrumentation supplied by PDA to measure three angular velocities
(rate gyroes) and six heat rates and transmit these data by telemetry to a receiving
antenna on the sting.

2.3 TEST MECHANISMS
2.3.1 Spin-Test Mechanism

The spin-test mechanism (Figs. 9 and 10) consisted of six subsystems: four
component balance. cylindrical gas bearing. turbine, disk brake, slip-ring assembly. and
nose mass addition system (not shown). The test mechanism was lurnished by PDA with
the exception of the brake system. The balance will be discussed in Section 2.4.4.

The cylindrical gas bearing provided a nearly frictionless support. The bearing
surfaces consisted of a cylindrical scetion and two end pads. The cylindrical scction
(journal) could support 500 Ib of lift or side force. The end pads could support
axial-force loads from -40 to +80 Ib with guscous nitrogen supplied at a pressure of 600
psi to the gas bearing in an atmospheric environment. Nominal air bearing gap was 0.002
in. in an unloaded state.

The turbine comprised an impeller assembly of two rows of 60 blades each and four
air jets set to impinge on the impeller blades (Fig. 10b). Air pressure was set to sustain
600 psi (total pressure) to the jets. The turbine spun the model in the positive roll
direction according to normal sign conventions. The outer edge of the turbine drum was
scribed with 72 black nonreflective lines in a radial pattern (sce Fig. 10b). and the
surface between each line was polished. This pattern was used in conjunction with light

reflective transducers. to determine roll rate and position as will be discussed in Section
2.4.5.

10
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The disk brake featured a singie cualiper brake with Micarta® pads and stainless stcel
disk. The disk was attached to the basc plate of the model, and the caliper brake was
attached to the support sting. The brake wuas operated by air at 30 to 40 psig. A foul
circuit was imbedded in each pad to verify clearance during the datla acquisition periods.

The slip-ring assembly had forty-six channels through which excitation power and
instrumentation outputs were iransferred from the spinning model to the conventional
sting wiring {pussed through the balance, see Fig. 10a). The slip ring was 1 commerically
available unit and was supplied by PDA,

A Lexan® bumper (Fig. 10a) was mounted at the base of the model (o limit the
balance deftections and provide overload protection for the balance.

2.3.2 3-DOF Test Mechanism

Details of the 3-DOF test mechanism (VKF-3.A) are shown in Fig. 11. The balance
consists of a spherical gas bearing pivot, a two-axes variable rcluctance angular transducer,
three light reflective phototransistors, 2 model release mechanism, and a model locking
device.

The spherical gas bearing (Fig. 11) provided a nearly frictionless pivot which is
desirable for dynamic stability testing at hypcrsonic speeds where it is necessury to
minimize tare damping. The bearing can permit model oscillations up to =10 deg and
unlimjted motion in roll. The gas bearing of this mechanism had a load capacity to 300
Ib of 1lift and 200 Ib of drag.

The 3-DOF test mechanism provides several methods of initiating model motions.
Models can be released from an initially pitched position with an initial yaw rate using
the displacement arm and lock. Both of these initial conditions can be varied. The three
rotating arms are usually used to lock the model before it reaches its angular limit on the
bearing. Air jetis are used to increcase or decrease model roll rate when the model is in the
locked position. These same air jets may be used to induce angular motion when the
rotating arms are retracted.

24 INSTRUMENTATION AND MEASUREMENTS
2.4.1 Tunnel Instrumentation

Tounnel A stilling chamber pressure is measured with a 15-, 60-, 150-, or a 300-psid
transducer referenced to a near vacuum. Based on periodic comparisons with secondary
standards, the accuracy (a bandwidth which includes 95 percent of the residuals, i.c.

11
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2-sigma deviation) of these transducers is estimated to be within *0.2 percent of reading
or +0.015 psi. whichever is greater. Stilling chamber temperature is measured with a
copper-constantan thermocouple with an accuracy of *+3°F based on repeat calibrations
(2-sigma deviation).

Tunnel B stilling chamber pressure is measured with a 100- or 1,000-psid transducer
referenced to a near vacuum. Based on periodic comparisons with secondary standards,
the uccuracy of the transducers is estimated 1o be within £0.1 percent of reading or
10.06 psi. whichever is greater for the 100-psid runge und *0.1 percent of reading or
+0.5 psi. whichever is greater lor the 1,000-psid range. Stilling chamber temperature
measurements are made with Chromel®-Alumel® thermocouples which have an accuracy
of £(1.5°F + 0.375 percent of rcading) based on repeat calibrations,

2.4.2 Haeat-Transfer Gages

Heat-transfer rate gages were uscd in this program to determine the location of the
boundary-layer transition fronts. Three types of gages were used; thermopile Gardon
(primary). temp-sensor with analog circuits, and Schinidt-Boelter (calted Hy-Therm). The
Gardon and temp-sensor gages were designed and fabricated by VKF, and the Hy-Therm
gages were purchased from Hy-Cal Engineering. The locations of the various gages are
shown in Figs, 12 and 13.

2.4.2.1 Thermopile Gardon Gage

Steady-state lieat-transfer-rate measurements were made with thenuopile Gardon
gages (Refs. 1 and 2) which are shown in Fig. 14a. These pages were designed, fabricated,
and calibrated by the AEDC-VKF. The Gardon gages are 0.125 in. in diameter and have a
constantan sensing foil nominally 2 mils in thickness mounted on a cylindrical copper
heat sink. The thermopile rosette on the sensing foil was formed by u vacuum-depositing
technique and consisted of alternating legs of antimony and bismuth, which provide an
excellent thermocouple sensor. In this study, the output of the thermopile Gardon gape
was nominally 1.0 mv/(Btu/ft2-sec) with 4 nominal operating temperature range of 60 to
300°t (above this temperature the gage elements begin to separate or fail). The
thermocouple rosette is used to sense the temperature difference across the gage sensing

foil, and this temperature difference is essentially proportional to the heat flux imposed
on the constantan foil.

The scnsing surface (constantan foil) of the gage was thinly coated with a black
paint having u high thermal absorptivity so that the gages could be statically calibrated
with a radiant heat source, in this case a set of quarts-iedide Iamps. The accuracy of the
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scale factors based on repeated calibrations against a secondary standard (2-sigma
deviation) was estimated to be =§ percent (Ref. 2). A set of conventional or standard
0.25-in.-diam Gardon gages acts as a facility secondary standard for the purpose of
statically calibrating all other thermopile Gardon gages. At various times, the calibration
of these secondary standurds is checked against slug calorimeters or working standards of
other independent calibration fucilitics (such as Hy-Cal Engineering or the Heat
Technology Laboratory). Dynamic heat-transler-rate measurements were also made with
these gages which had a slow response (nominally 120 msec); therefore, the gage output
had to be corrected. A calibration procedure was developed to experimentally define the
gage's dynamic response. The dynamic calibration equipment and procedure used will be
described in Section 3.1.

The Gurdon gage wall temperature measurcments (i.e., the temperaturce of the outer
edge of the constantan film) are normally made with iron-constantan thermocouples.
However, the wall temperatures were not measured in this test becuuse of the limited
number of slipring channcls and the error incurred by the slip-ring junction in the
thermocouple circuit.

24.2.2 Temp-Sensor with Analog Circuit

The temp-scnsor shown in Fig. 14b is basically a surfacc temperature measuring
device which employs a low thermal conductivity (1.845 x 10-5 Btu/(ft2-sec-"F)) epoxy
material (Stycast® 1090) as a substrate and a thin semiconductor silicon wafer (0.090 x
0.040 x 0.0005 in.) imbedded in the substrate with only one surface exposed. The
substrate is considered to be a homogeneous. one-dimensional. semi-infinite solid. The
silcon wafer has a high positive temperature coefficient of resistance of 5.0 x 103
ohms/{chms-"F). The nominal output of the sensor was 4 mv/°F for a 5-v d-c excitation.
The output of the temp-sensor is fed through a specially designed analog circuit
(described below) so that the output from this circuit is proportional to the heat flux

impinging on the temp-sensor. The useful operating or run time of this temp-sensor
analog eircuit unit is nominally 17 sce.

When utilizing temp-sensors in wind tunnel testing, it is generally desirable to
compute the incident heat flux on the gage from the temperature historv of the gage.
This process requires a numerical integration over the total temperature history in
question, which for large numbers of gages and high data sample rates can produce
time-consuming computer analysis requirements. In order to reduce the required analysis
time, an analog circuit was developed which would, in essence. perform the numerical
integration of the temperature history and produce a voltuge proportional to the incident
heat flux on the gage. Analysis of the temperature history and the algorithm required to
obtain heat flux showed that an analog circuit was needed whose gain increased at a
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10-db/frequency decade slope and whose phase shift was 45 deg. This function cannot be
exactly implemented clectronically. However, the desired response can be approximated
by staggering 20-db slopes (zero} and 20-db slopes (pole) at equal logarithmic spacings
resulting in an average 10-db slope. The closeness of the approximation to the exact
desired response is then a function of the closeness of the spacing of the circuit poles and
zeros. The circuit which was utilized is an eight-pole, eight-zero circuit with the pole/zero
spucing sct every octave. This spacing can be shown to produce the desired 10-db/decade
response to within *1 percent. The circuit covers the frequency range irom 0.07 to
2,600 He.

2,4.2.3 Hy-Therm Gages

The Hy-Therm gages were purchased from Hy-Cal Engincering, Santa Fe Springs,
CA. The guge is basically a Schmidt-Boelter transducer. Pertinent details of construction
arc shown in Fig. 14c, The output of the Hy-Therm is proportional to the heuat-transfer
rate and had a sensitivity generally of 2.7 mv/(Btu/ft2-scc).

2.4.3 Thermal Pulse Generator

A basic problem encountered in this study was the necessity of a technique to
obtain a dynamic calibration of the heat gages. The primary problem was to apply a
known short-duration {(order of millisecconds) heat flux pulse to a heat gage to determine
the gape transfer function. Several calibration systems were tested. and the system which
was selected consisted of a projection lamp with a 3,150°K filament temperature. a
high-speed shutter, and a lens to focus the radiant heat source on the gage surface. as
shown in Fig. 15. The position of the lamp and the lens relative to the guge could be
varied so that the level of the heat flux imposed on the gage surface could be varied from
1 to 20 Btu/(ft2-sec). The shutter (1-in.-diam) and the associated actuating svstems could
cycle (from closed to fully open to closed} in about 9 msee, and the calibrations were
obtained for this shutter specd. About 3 msec were needed for the shutter Lo completely
open or close. The 0.125-in.-diam heat gage was fully exposed to the heat source in less
than half a millisccond. A photocell was used to detect the actual opening and closing of
the shutter. The response time of the photocell is on the order of S0 microscconds
(usec). The input to the heat gages was defined as a purc step function beginning and
ending where the photocell output reached 20 percent of its full-scale value, The
magnitude of the heat flux step imposed on the gage was established by holding the
shutter open and measuring the heat flux with a secondary standard.

24.4 Four-Component Magnus Balance

Model forces and moments for the spin test were measured with a four-component,
moment-type, strain-gage balance designed by VKF and fabricated by PDA (Fig. 16).

14
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Three holes passed through the bulance. One of these supplied the nitrogen to the gas
bearing. and the other two provided passages for the instrumentation wiring to the
slip-ring ussembly. Small outrigger side bcams of the balance with semiconductor strain
gages were used to obtain the sensitivity required to measure small side loads while
maintaining adecquate balance stifiness tfor the larger pitch loads. When a yawing moment
is imposed on the balance, secondary bending moments are induced in the side beams.
Thus. the outrigger beams act as mechanical amplifiers, and a normal-force to side-force
capability ratio of 10 was achicved for a 500-Ib normal-force loading. Before testing,
static loads in each plane and combined static loads are applied to the balance, simulating
the range of model loads anticipated for the test. The following accuracies represent the
bands for 95 percent (2-sigma deviation) of the measured residuals, based on differences
between the applied loads and the corresponding values calculuied from the balance
calibration "equations included in the final data reduction. The range of static loads
applied and the measurement accuracies follow.

4,00-Y¥-34-076 Balance

Measurement

Design Range of Static Load

Component, Load Static Loads Accuracy
Normal Force, 1lb + 500 * 250 +0.25
Pitching Moment*, in.-1b 2,500 *1,900 *1.8
Side Force, 1b + 50 + 10 *0.02
Yawing moment*, in,-lb + 250 * 70 0,05

*About the balance forward moment bridge.

The transfer distance from the balance forward pitching moment bridge to the
mmodel moment reference location was 27.742 in. along the longitudinal axis and was
measured with an estimated precision of £0.005 in.

2.45 Tachometer and Roll Position

The rotational speed and roll position of the spin model were computed from the
clectrical pulses produced by a surface with altemating reflective and nonreflective
surfaces passing two internally mounted infrared-cmitting diodes and phototransistors (sce
Fig. 16). One transducer which was used to determinc the rotational speed worked in
conjunction with 72 alternating reflective and nonreflective surfaces fixed to the outer
cdge of the gas bearing (see Fig. 10b). The output of the transducer was fed to a
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frequency-to-voltage converter whose output is an analog signal proportional to the spin
rate of the model. The second transducer sensed a non-reflective surface only at the ¢ =
0 position and allowed the model roll position to be define with respect to time, ie., ¢ =
0 at t = 0. The roll rate accuracy is estimated to be £0.4 percent.

The inirtial roll position depends on the receipt of the roll position zero (i.e., ¢ = Q)
signal which could be in error due to the sampling rate of the data system, This error
could be a bias equal to or less than the amount calculated as

(Erroringd) = p x 5.5 x 1074 sec

The digital outputs from both transducers were recorded. In addition, the roll rate
output was sent to a standard VKF Magnus control console to allow automatic control of
the model spin rate. The desired spin rate was obtained by a comparator network which
switched the turbine off when the voltage from the frequency-to-voltage converter
equaled a pre-sct voltage on the Magnus console. This console could be set in an
automatic mode which turned the brake off, initiated the turbine, switched the turbine
off, and at the appropriate time (i.e., when the model left the tunnel centerline), reset

the brake. In addition, the brake and turbine could be manually controllad from the
console.

2.4.6 Mass Addition System

The nose mass addition system (Fig. 17) was remotely fired from the Magnus
Control Console. The system (Fig. 17a} comprised a 7,500 psi rated 40-in.3 bottle,
pressure transducer, a squib-uctuated valve, a regulator, and a mass injection nose tip. The
on-board high-pressure bottle for the mass injection contained a Statham 5,000-psia

transducer (Figs. 17a and b) to monitor the entrapped pressure. The estimated accuracy
for this gage is *2 percent.

The valve (Figs. 17b and c¢) included a fill port for the high-pressure bottle and 2
normally closed flow passage. The mass flow through the valve was initiated by firing a
squib which forced a piston to shear an insert blocking the passageway. The valve was
refurbished after cach operation by disassembling, cleaning, and replacing the squib and

insert. The valve components are shown in Fig. 17c along with a photograph of a sheared
insert after a valve operation.

Three regulators were used with the system (Figs. 17a and b): 10 psia, 30 psia, and
100 psia. These regulators provided mass flow rates of 0,002, 0.005, and U.U1¥ Ibm/sec,
respectively, depending somewhat on the nose tip used.
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2.4.7 3-DOF Instrumentation

The 3-DOF instrumentation system provides a means of measuring the motion of a
model by sensing the angular position of the spherical gas bearing. Two sets {pitch and
yaw) of variable reluctanee angular transducers set at orthogonal axes on the gas bearing
housing provide continuous analog signals proportional to the angular displacements 6
and ¢ of the nonrolling axes.

The model roll position and roll velocity are measured with three light ¢mitting and
reflective light transitors. Two of the light transducers work in conjunction with
alternating reflective und nonreflective lines fixed to the outer race of the gas bearing.
One of these light transducers is out of phase {90 deg) with respect to a reflective line so
that roll dircction can be determined. The third light transducer senses a reflective line
affixed to a bracket attached to the bearing which rolls with the model. The passing of
this line over the light transducer resets the roll position counter at a predetermined zero
roll position of the model. The outputs of the light transducers are input to a
bidirectional counter which has an output corresponding to the roll position of the
model. The output of the light transducers is also fed to a fequency-to-voltage converter
which outputs an analog sighal proportional to thc roll velocity of the model. The
angular position (8, ¥, and ¢) and roll velocity (p) signals are sent to the tunnel
high-speed scanner which relays data to the VKF computer for data reduction.

3.0 TEST DESCRIPTION

3.1 DYNAMIC GAGE CALIBRATION

The Gardon gages, temp-sensors with analog circuits, and Hy-Therm gages were
statically calibrated to determine their factors (i.e., (Btu/ft?-sec)/mv). In addition
to these static calibrations, the dynamic response of these gages to a heat flux pulse was
needed so that the transfer function of the gage could be evaluated. The thermal pulse
generator used in this dynamic calibration was described in Section 2.4.3. The whole
calibration procedure was accomplished in a semiautomatic mode of operation, using a
small data acquisition computer. The shutter speed was set; the data recording system
was activated; the lamp was turned on: the shutter was activated to open and close while
the output from the photocell and guge were recorded as a function of time; and the
lamp was turned off. A data sampling rate of 7.9 x 10-¢ sec was used for the calibrations.
The data reduction program was limited to 512 data samples, which means that the
overall length of the signal recorded was 0.4 sec.
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3.2 3-DOF TELEMETRY CALIBRATION

The telemetry instrumentution channcls were calibrated periodically during the test
(initially after each configuration change) by inputting a known signal to the TM package
by means of a PDA calibration instrument and reading the ouiputs on the tunnel digital
data system.

3.3 TEST CONDITIONS

The tests were conducted at Mach numbers 5 and 8 and free-stream Reynolds
number per foot range between 0.5 x 108 and 6 x 105, A summary of the test
conditions is given below.

Qs Py X 103, V., ho’ -6
M, P,.psiz 'ro,’a psi 1bm/ft3. ft/eec Btu/lbm Re/fc x 10
5.03 42 659 1.36 1.90 2,572 160 1.8
5.04 87 675 2,79 .81 2,604 163 3.6
5.06 150 680 4.74 6.42 2,616 165 6.0
7,90 100 1,150 0.49 0.35 3,576 278 0.5
7.92 120 1,210 0.58 0.40 3,670 293 0.6
7.95 250 1,245 1.18 0.79 3,724 30 1.2
7.99 550 1,305 2,54 1.62 3,813 316 2.5
8.00 850 1,350 3.90 2.40 3,880 327 3.6

A summury showing all the configurations that were tested is presented in Table 1.
3.4 TEST PROCEDURES

The desired test conditions were established in the wind tunnel, and then the
procedures described in the following subsections were used to record the test data.

3.4.1 Spin Test Technique and Data Reduction

Model data (i.e.. force and hecat transfer) were obtained in either the pitch-pause or
continuous sweep modes.

The spin dynamic data were obtained in the pitch-pause mode at predetermined a
and p values. A preset delay was used after each spinup to allow the spin to stabilize and
turbine-induced vibrations to dampen out. Each data group for this mode comprised 600
loops taken at a preset data loop period {DLP) depending on the spin rate shown below,
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Spin Rates, p, DLP,
deg/sec sec
< 600 0.0093
600 < p < 1500 0.0047
>1500 0.0035 or 0,0023

For the dvnamic data, the model was positioned at zero angle of attack, and the
spin console settings were made for its automatic operation. The model was injected, the
brake was released. the turbine was turncd on, and the tunnel fairing doors were closed.
When the model achicved the desired spin raie, the turbine was turned off, and the data
recording sequence was initiated. As soon as the data were recorded, the brake was
manually set, and the mode! was retracted and cooled. The block diagram of the systems
used to record these data is shown in Fig. 18, and the scquence of events is outlined in
Fig. 19. During the take data sequence, the RADS program waited until roll position zero
(i.c., ¢ = 0} was indicated before initiating the actual take data cycle for the multiverter
channels.

The no spin, fixed ¢ data were obtained in the continuous sweep mode with sweep
rates of 0.5 degfscc and 1 degfscc in Tunnel A and Tunnel B, respectively. The data were
recorded at 1« DLP of 0.0093 sec until the sweep terminated.

The data were reduced by either of two techniques depending on the data type (i.e.,
static or dynamic). For the static data the raw data from the balance and heat gages were
smoothed using the ditigal Kaiser-Besscl filtering technique. Then, the smoothed force
data were corrected for first and second-order interactions and model weight effects. The

corrected data were used to calculate the coefficients (Cn, C,, Cy, C,, Xcpn /%, and
Xpr ,IIQ).

Conventional methods were used to calculate heat flux rates (Ref. 2) from the
smoothed data, and this information was normalized in the form of Stanton numbers
(referenced to the difference between tunncl stilling chamber temperature (Ty) and an
assumed model surface temperature of 540°R). This constant T, was requested by PDA
to compute Stanton number. An adjustment was made to the calculated Stanton numbers

to account for gage installation effects. This adjustment was determined in the following
manner:

1. Data were recorded at @ = 0 for the 1.5-in.-radius nose at a condition in
which a laminar boundary layer existed over the model. A fairing based on
analytical results was drawn through the experimental values, and if any

points deviated from this fairing, the results were adjusted by the
equation:

19



AEDC-TR-78-40

[Stmndjuned } KN (Slwld]usled )]

to move them near the faired curve.

2. Data were then recorded at a = Q for the sharp nose at the highest
Reynolds number so that most of the gages were in the region of a
turbulent boundary layer. A new set of Ky was then determined, as
before, for cach gage in the turbulent region. The two adjustment factors
(Ky) for each gage were then compared, to determinc an adjustment
factor that was used for that gage for all of the test results.

Conventional data reduction techniques along with the adjustment factors were
combined with a Fast Fourier Transform (FFT) technique for calculating the dynamic
heat-transfer data. The procedure for analyzing transient sensor output signals which are
produced by undefined input signals are well documented (Refs, 3 and 4). Any transient
signal can be viewed in the frequency domain as a spectrum (amplitude distribution of
the real and imaginary terms us a function of frequency), and the FFT algorithm provides
the numerical procedure needed to transform digitally recorded transient data from the
time domain into the frequency domain. Brigham (Ref. 5) has suggested that the FFT, in
many respects, is analogous to using natural (or common) logarithms as a means of
substituting simple arithmetic operations such as addition and subtraction for
multiplication and division. In the frequency domain, certain numerical opcrations on a
function such as convolutions, correlations, encrgy content, and discrete digital filtering
can be performed quite simply. In particular, thec FFT can be used to determing the
response or transfer function of a linear measuring system which is defined in terms of
the distorted output of a sensor and the known calibration pulse which caused the sensor
response. A computer calculates the Fourier transforms of both the input and output
time histories, and ratios the two transforms to obtain the transfer function of the sensor
(Fig. 20). It should be noted that the Gardon gage, Hy-Therm gage, and the temp-sensor
with its analog circuit are assumed to be functioning as linear measuring systems over the
frequency range of interest in this test program.

When a transient of the sensor is recorded, the distorted output is digitized,
transformed into the frequency domain using the FFT, and multiplied by the previously
calculated sensor transfer function. This process produces a frequency-domain version of
the unknown input signal from which sensor distortion has been supposedly removed.
Transformation back into the time domain will now reproduce the unknown input signal,
free of distortion.
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A typical dynamic Gardon gage calaibration is presented in Fig. 21. The idealized
input and the gage output are presented as a function of time. The short input pulse is
required so that the higher frequencies are adequately defined. The spectrum of the gage
output shows that the signal does not contain any measurable frequency components at
frequencies greater than 100 Hz. The Fourier transforms of the input and output were

combined to produce the transfer function presented in Fig. 21b according to the
equation:

H = 1700 = rhwlsow)]

where
[ = input signal
0 = wutput signal
' = iransform
I =~ rtransfer function
t = lime, sec
f =-frequencey, liz

The amount that the various frequency components are amplified and phase-shifted is
clearly indicated. It should be noted that the 60-cycle noise in the gage output is clearly
indicated in Fig. 2la and could easily be digitally filtered. Furthermore, it is not
necessary to know the exact heat flux input in order to determine the transfer function.
Since the static scale factors are available, the magnitude term can be normalized by the

d-c or zero frequency value. The Gardon gage transfer function is well defined up to 60
Hz, and the amplification is about 40.

A typical dynamic calibration of a temp-sensor with an analog circuit is presented in
Fig. 22. The calibration procedure used is the same as that used for the Gardon gages.
For approximately the same heat flux input. the output of the temp-sensor is about
1,000 times preater than that of the Gardon gage. The greater outpurt is indicated by the

high-frequency signal content of the signal spectrum. The transfer function (Fig. 22b) is
well defined up to 320 Hz, and the amplification is about 4.

The temp-sensor is sensitive to light as well as heat. This photoelectric effect, in
conjunction with the analog circuit, produces a large spike in the gage output when the
shutter opens or closes. The effect is a very high frequency response and is not believed
to influence the transfer function in the frequency range of interest.

A dynamic calibration of a Hy-Therm gage is presented in Fig. 23. The output of
the Hy-Cal gage is about threc times that of a Gardon gage for the same heat transfer

rate. The transfer function (Fig. 23b) is well defined up to about 90 Hz where the
amplification is about 60.
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It should be noted that the data sample rate can have a considerable effect on
accurately defining the input and output signals, If they are not defined properly, the
null points (e.g., Fig. 22a) of the input and output transforms will not match, and the
transfer function will have gross errors.

The dynamic data were reduced in the manner indicated in Fig. 20 using the FFT
program and 512 data samples, and the Fourier transforms of both the input and output
calibration signals were obtained. These were then ratioed to obtain the transfer function
of the gage. This transfer function was multiplied by the Fourier transform of the
distorted data signal which was obtained during the test. This resulted in a reconstructed
input signal (or inferred the gage input) without distortion once it was transformed back
into the time domain (using the inverse transform).

The high-frequency noisc was digitally filtered from the gage data signal by setting
both the magnitude and the phuse angle of the gage transfer function to zero for selected
frequencies. Listed below are the high-frequency filtering ranges for each model spin
range.

Model Spin Rate,

P»
deg/sec Cutoff Frequency, Hz
< 700 15
<2,000 20
<5,000 70
<12,000 100

A dynamic response function for the balance was not determined. The FFT was
used prmarily as a means to filter the force data, resolve the data as a function of roll
position, and account for model dynamics such as unbalance. The frequencies were
filtered (i.e., magnitude set to zero at the specified frequencies) as shown below:

Filtered Frequencies, Hz

Model Spin, Normal Force Side Force
deg/sec and Pitching Moment and Yawing Moment
0 to 600 >4.,5 >4.5
1,300 >6.0 >6.0
3,300 >25 >11.5
4,000 >25 6 to 9.5, >11.5
6,500 >25 6 to 15, >19
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The unbalance was recorded by spinning the model while it was retracted from the
tunnel flow. The spin was set to the same rate as that of the test data. These data (called
"tank tares") were filtered and resolved as a function of roll position and then subtracted
from the test data.

The procedures used for processing the dynamic data were adapted from the work
reported in Ref, 6.

3.4.2 3-DOF Test Technique and Data Reduction

Before testing, each configuration was spun up and released near @ = 0 at
atmospheric conditions, and data were recorded from which the model unbalance could
be determined.

When the desired test conditions were established, the model was injected into the
tunnel at ¢ =0, The model was spun to an initial roll velocity which varied from -700 to

+700 deg/sec. The rotating arms were retracted, and the initial pitch and yaw conditions
were established by air jets.

QOutputs from the angular position, angular velocity, and heat rate instruments were
input to a high-speed digital converter which relayed the digital data to a disk file every
0.0052 sec. The results of pretest calibrations of the angular position instruments and
heat gages atong with calibration of the rate gyroes supplied by PDA were read into the
data reduction program as card constants. These data together with telemetry
instrumentation calibrations taken several times during the test were used to compute the

model attitude, angular velocity, and heat rates which were tabulated, plotted, and put
on digital tapes.

The final data reduction to moment coefficients will be accomplished by PDA using

the information supplied on digital tape. Representative results are presented herein to
illustrate the model motion data.

4.0 ACCURACY OF MEASUREMENTS

4.1 TEST CONDITIONS

The accuracy of the basic measurements (p, and T,) was discussed in Section 2.4.1,
Based on repeat calibrations, these errors were found to be

A_pﬂ x 100 = 0.2 percent and AT, x 100 = 0.5 percentatM_ =5

po TO

and 0.1 percent and 0.4 percent. respectively at M_ = 8,
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Uncertainties in the tunnel free-stream parameters and the model aerodynamic
cocfficients were estimated using the Taylor series method of error propagation, Eq. (1):

(A2 - (%} avy o (adle L\x,‘.)2 - (OBTF3 ,sxg)? bt (g%'— A}

where AF is the absolule uncertainty in the dependent parameter F = F(X,. X;, X3, ...
Xn) and X, is the independent paramecter (or basic measurement). AX,is the unceriainty
(error) in the independent measurcment (or variable).

The accuracy (based on 2-sigma deviation) of the basic tunnel parameters (p, and
Ty} {see Section 2.4.1) and the 2-sigma deviation in Mach number determined from tcst
scction flow calibrations were used to estimate uncertaintics in the other free-stream
propertics using Eq. (1). The computed uncertainties in the tunnel free-stream conditions
arc summarized in the following table:

Test Condition Uncertainty (*), percent

M Re /ft x 107 M q, o, v, h_ Re /ft
5.03 1.8 0.5 2.0 1.9 0.3 0.5 1.4
5.04 3.6 0.5 2.0 1.9 0.3 0.5 1.4
5.06 6.0 0.5 2.0 1.9 0.3 0.5 1.4
7.90 0.5 0.4 1.8 1.8 0.2 0.4 1.2
7.92 0.6 0.4 1.8 1.8 0.2 0.4 1.2
7.95 1.2 0.4 1.8 1.8 0.2 0.4 1.2
7.99 2.5 0.3 1.4 1.3 0.2 0.4 1.0
8.00 3.6 0.3 1.4 1.3 0.2 0.4 1.0

4.2 SPIN TEST DATA

The accuracy of the static heat-transfer data reduced in the form of Stanton number
cannot be accurately determined because of the unknown wall temperature. The data
reduction of the dynamic data is further complicated by the transfer function and FFT
data reduction technique. However. for the heat-transfer rate (q), the accuracy is
estimated to be x5 percent for the Gardon gages. Therefore, the test results should be
used only to identify transition front location and not for establishing absolute levels.
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The balance accuracies (Section 2.4.4) were combined with uncertainties in the
tunnel parameters, using the Taylor series method of error propagation, to estimate the
uncertainty of the aerodynamic coefficients, and these are presented below:

M

(-

5.03
5.04
5.06
7.92
7.95
8.00

Static Data (b = 0) Uncertainty (%)
at Maximum Measured Coefficient Value

Re /ft

x 10-6 CN Cm CY Cn
1.8 0.004 0.0027 0. 00041 0. 00021
3.6 0.004 0.0027 0. 00040 0. 00020
6.0 0.004 0.0026 0. 00040 0. 00020
0.6 0.004 0.0028 0. 00041 0. 00021
1.2 0,004 0.0025 0. 00037 0. 00019
3.6 0.003 0.0015 0. 00027 0.00014

The basic precision of the aerodynamic cocfficients was also computed using only the
balance uncertainty along with the nominal test conditions, using the assumption that the
free-stream flow nonuniformity is a bias type of uncertainty which is constant for all test
runs. These valucs, therefore. represent the data repeatability expected and are especially
useful for detailed discrimination purposes in parametric model studies.

Static Data (b = 0) Repeatability ()
Measured Coefficient Value

Re_/ft
Yo X 106 CN Cm CY 1 Cn
I
5.013 1.8 0.0010 0. 0006 0. 00008 '0, 00005
5.04 3.6 0.0005 0.0003 0. 00004 b.00002
5.06 6.0 0.0003 0.0020 0. 00002 6.00001
7.92 0.6 0.00290 0.0010 0. 00020 0. 00010
7.95 1.2 0.0010 0. 0007 0. 00010 0. 00006
8.00 3.6 0.0010 0.0002 0. 00003 0. 00002

For the dynamic data, there are insufficient means to determine the uncertainties in the
force results. The transfer function for the balance was not determined, and the effect of
support-induced acceleration forces could not be properly analyzed.
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Measurement of the tunnel modelsupport system attitude in pitch is accurate within
*0.05 deg based on repeat calibrations. Model attitude corrections were made for balance
and sting deflections under air load, and the accuracy of the final model mcan angle of
attack is cstimated to be *0.07 deg. The accuracy of the model roll angle (¢) is
estimated to be in the range from -0.3 to -3.3 deg as discussed in Section 2.4.5 with a
roll rate accuracy of 0.4 percent.

4.3 3-DOF TEST DATA

The & and ¥ data are presented in the tunncl axis system. A summary of the data
uncertainties is given below:

0, 0,10 deg
b 12 deg

[.\" |_\., 17 £1 percent
Model unbalance 10.075 in-lb
Tilt of Principal <0.018 deg

Inerlia Axis

5.0 RESULTS AND DISCUSSION

Typical data from the heat-transfer-rate gages arc shown in Fig. 24. The uncorrected
St_ is shown for reference with its frequency spectrum. It is seen, by comparing the
uncorrected St_ in Figs. 24a and b, that the signal is greatly attenuated by the increasing
spin. The transfer function was applied to both signals (see Section 3.4) to generate the
corrected St_ (plotted versus time and ¢ in cach of the figures). Note that this correction
brings Figs. 24a and b into very closc agreement.

The responsc of the temp-sensor and Hy-Therm gages arc shown by the plots in
Figs. 24¢ and d. At this spin, it is easily seen that the temp-sensor has a much better
response than the Hy-Therm (compare the uncorrected St values), The temp-sensor time
limitation (Section 2.4.2) and some unexplained noise problems with those gages made
the data much less dependable than that of the Gardon gages. Therefore, the results
presented. henceforth, will be Jimited to the Gurdon gage data which have been corrected
for dynamic response. Sufficicnt data were obtained with the temp-sensors to substantiate
the Gardon gage results at the high spin rates.

The Stanton number data in Fig. 24 show an asymmetry about the ¢ = 180 deg
position. Analysis of data from other adjacent gages for several spin levels indicate a
randomness in this asymmetry. Some gages might have the peaks and valleys shifted to

26



AEDC-TR-78-40

the right of the 180-deg position, whereas adjacent gages might have the curves shifted to
the left of the 180-deg position. It is assumed that if the asymmetry were due to spin all
the gages would show a shift in the same direction. An explanation of this asymmetry is
provided by analyzing the data rcduction procedures (sec Fig. 20), At a spin on the order
of 6,000 degfsec, the Gardon gage results would have been phase shifted [see Fig. 21b]
approximately 115 deg by the FFT data reduction procedure. The asymmetry in Fig, 24b
is approximately 16 deg at this spin level, a relatively small value compared to the phase
shift. Therefore. it is concluded that the asymmetry is not due to the spin but due to the
phase angle incorporated in the data reduction.

The heat-transfer-rate distributions along the model are shown in Figs. 25 and 26 for
the two Mach numbers. There is no significant effect of spin on the distributions in the
turbulent (Fig. 25a), laminar (Fig. 25b), or transitional (Fig. 26¢) flow regimes. The
theoretical results show good agrecment with the data.

The agreement between static heat transfer and dynamic heat transfer is further
illustrated by Fig. 27. The model was held fixed at scveral roll positions, and the model
was swept from -6 to +6 deg angle of attack to obtain the static data shown at a = 3 deg
by the circles. There is good agreement between the static and dynamic results. The static
data served to confirm such characteristics as the dip at ¢ = 180 at x/2 = 0.609 in the
dynamic results caused by the transitional nature of the boundary layer on the lee side of
the model.

The behavior of the heat-transfer rate around the model at the instrumented
locations is shown in Fig. 28 for r,/ry, = 0.042 at M_ = 8, p = 402 degfsec, Re_J/ft = 3.6
x 105, and @ = 3 deg. These data show transition beginning at x/2 = 0.461 on the
leeward side (p = 180 deg) and between x/€ = 0.609 and 0.700 on the windward side (¢
= (). At the base of the model, the flow appears to be fully turbulent completely around
the model.

The distribution along the top-ray of the model for the continuous sweep static data
is illustrated in Fig. 29. At angles of attack less than approximately -4 deg (gages on
windward side). the boundary layer is turbulent at the most forward gage. Conyersely at
a = 0, the boundary layer begins to transition near the pase. Transition begins on the
leeward side (i.c., @ > 3 deg) at x/R = 0.461. Also shown in Fig. 29 is the effect of
ablation on the heat-transfer rate and boundary-layer transition. For the extent of
camphor surface of this test, the ablation delayed transition for -6 < a < -3 deg as noted
at x/ = 0.609 and 0.700.
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Heat-transfer-rate results for nose bluntness ratios (ratio of nose radius-to-base
radius) of 0.042 spherical, and 0.042 biconic, 0.12 spherical, and 0.20 spherical are
presented in the following figures. The end of transition (as defined in Figs. 25 and 26) is
plotted for the various spin rates and angles of attack in Figs. 30 through 32. The scatter
in the data is within onc gage location upstream or downstream of the data fairing for
the transition location.

In Fig. 30, for r,/r, = 0.042, there is a slight asymmetry at a = 1.2 deg which does
not appear in the @ = O or higher angle of attack data. In addition, the distribution at a
= 0 is symmetric but shows a region at 90 deg and 270 deg where transition is farther
aft. Transition at @ = 6 deg on the leeward side is ahead of the first gage and is,
therefore, indetermine. The transition front distributions for the more blunt
configurations (see Figs. 31 and 32) are very similar, The end of transition at @ = O is
uniform for each configuration. For r,/ry = 0.12 at a = 1.2 deg (Fig. 31), there is again a
slight asymmetry in the front which does not appear at the other angles of attack. It
should be noted that in all three figures (i.e., 30 through 32) therc is no evident elfect of
spin on the transition front location. In Figures 30 and 31, data werc available at 45-deg
intervals from static-type pitch series which aprees within onc gage location with the
dynamic-type spin data.

In Figs. 33 through 37, the end of transition is shown located on a foldout of the
cone for various angles of attack and nose configurations. In gencral, the maps are
svmmetric and represent wide ranges of spin as noted in each figure. No measurable
effect of spin on the end of boundary-layer transition could be detected. Note that the
shape of the transition front is sensitive to nose gcometry, Mach number, Reynolds
number. and angle of attack. That is, increasing the nose bluntness and Mach number
moved the transition rearward: increasing the Reynolds number moved transition forward.
Angle of attack effects werc geometry dependent.

Representative force data are shown in Figs. 38 and 39 to illustratc the dynamic
data reduction (see Section 3.4.1). The reduced data without filtering and tare
corrections for Cy and C, are typified by the two plots in Fig. 38. The data show large
frequency content and a non-zero level. These force data were filtered and corrected for
tank tares (sce Secction 3.4.1) routinely. The quality of the reduced data are shown in
Fig. 39 for the same group of data shown in Fig. 38. There is good agreement between
the normal-force and pitching-moment coefficients (Fig, 39a) from the static and
dynamic results. In Fig. 39b, the tank tarc shows the same non-zero level exhibited in the
uncorrected Cy and C,; (Fig. 38). The reduced aerodynamic data shows a negligible Cy
and C, level at these test conditions.
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Representative force data arc shown in Fig. 40 for various spin and static groups.
Static Newtonian theory shows good agreement with these data. In all respects, the
aerodynamic normal force and moments are unaffected by spin.

In two cases, a side force was measured that was periodic for the spinning model.
Both cases were groups where the same camphor nose tip was used. Close examination of
pretest and posttest photographs show a small metal shaving (see Fig. 6c and Fig. 41)
imbedded in the nose approximately 4 in. from the tip. A plot of the pitching-moment,
side-force, and yawing-moment data are shown in Fig. 42 for a typical set of data
obtained with this nose tip. These latter data are presented to confirm the confidence
that the balance could resolve rather small forces and moments on the order of the stated
uncertainties in Section 4.2.

All the force data analyzed from this test showed no measurable effect of spin.
Collaboration of this conclusion was evidenced by the lack of any spin effect on the
boundary-layer transition front.

Motion plots from the 3-DOF test are iliustrated in Figs. 43 and 44 for a sharp cone
with and without trips (i.e., turbulent and laminar boundary layers, respectively). Two

spin rates for each configuration arc shown. Analysis of the motion data will be made by
PDA.

6.0 SUMMARY

In summary, the data from this program indicate no effect of spin on the measured
force and moment data. In addition, the heat-transfer-rate data shows no skewing of the
boundary-layer transition front due to the model spin.

The test data showed that increasing the nose bluntness and Mach number moved
the end of boundary-layer transition rearward on the model. As expected, increasing the
Reynolds number moved transition forward. The effects of angle of attack on the
distribution of the end of transition was dependent on the nose geometry,

The comparisons between the static and dynamic heat-transfer and force data results
confirm that the spin technique is a practical and valuable technique for making transient
aerodynamic measurcments. The FFT technique provides a useful analysis tool to extract
data from the Gardon gage using the transfer function when the Gardon gage is used for
measuring transient signals. Continuous sweep heat-transfer-rate data provides useful data
for determing transition locations.
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a. Spin mode! in Tunnel A
Figure 2. Photographs of model installations.
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b. 3-DOF model in Tunnel B
Figure 2. Concluded.
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Figure 4. Model detaifs.
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B
a. Photograph of camphor frustum

(typical pretest photograph)
Figure 5. Frustum details.
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b. Photograph of asymmetric aluminum frustums
Figure 5. Continued.
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Figure 5. Continued.
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b. Steel noses
Figure 6. Continued.
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Figure 6. Continued.
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Figure 6. Concluded.
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Figure 12,

Instrumentation locations on spin model.
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Figure 13. Instrumentation locations on 3-DOF model.
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Figure 16. Four-component magnus balance 4.00-Y-34-076.
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Figure 17. Concluded.
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Figure 18. Instrumentation block diagram.
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Figure 19. Dynamic data acquisition block diagram.
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Figure 27. Circumferential heat-transfer rate comparison between
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Figure 38. Unfiltered aerodynamic coefficients without tare correction.
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Table 1. Test Summary

Nose Frustum M Ro_ £t x 106 Type Dt Type

Configuration Configuration “« Trips Static Spin 3-DOF
Sharp Aluminum 3 1.8 None —_ X —_—
5 3.6 X X —

5 6.0 X —_— —

8 0.6 —_— X X

1.2 X X X

3.6 X X —_—

312 /3 s el -

3.6 Grooves —_— X |

Rect,

3.6 {Grooves - X —

0.6 3-Ball=* —_— ——— X

2.4 J-Ball* —_— ~—— X

0.6 Grit A —_— _ X

1.2 X — X

2.4 — — X

3.6 _— —_— X

0.6 Grit B m—— —_— X

1.2 —_— o X

2.4 —_— — X

3.6 — — X

Ruskey Pup 0.6 None — — X

1.2 — X X

2.4 — — X

3.8 — —_— X

Antenna Window 0.6 —_ m—— X

No, 1 1.2 —_— —_— X

(Note 1) 3.6 —_— — X

0.100-1n, R, Aluminum 5 3.6 X —_— —_—

Nose, A 8 0.6 —_— _ X

{Fig. 3) 1.2 —_— X X

2.4 J— J— X

3.8 —_— X —

2.4 3-Ball — —— X

2.4 Grit A —_— — X

3.6 Grit A — — X

Antenna Window 1.2 Nane - I X

Mo .1 36 N X

(Note 1) * one. - -

*Grit Descrlption:
Type Trips
A No, 30 grit on a 20-deg segment.

B No, 30 grit an two, 20-deg segnents,

[ No,
3-Ball

20 grit on a 20-deg segment.
Three spherical balls of 0.078—in.
Diameter on 20-deg =egnent.
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Table 1. Continued

AEDC-TR-7840

bBata Type
Nose Frustum —6 Type
Configuration Configuration W Re /1t x 10 Trips Static Spin 3-DOF
0.315~1n. R. Aluminum 5 1.8 None — X —
Nose, B 3 3.8 X X -
5 8.0 X X —
8 0.6 —_— —_— X
1.2 X X X
I 2.4 _— - X
3.6 X X —
5 1.8 T/8 X - —
5 3.6 Grooves _— X _—
a 1.2 — X —
8 3.6 ‘ _— X —
5 3.6 Rect. _— X —_—
8 3.8 Grooves —— X —
0.6 3-Ball —_— —_— X
1.2 —_— J— X
2.4 1 B —_— X
3.8 — —_— X
2.4 Grit A [ —_— X
3.8 Grit A —_— —_— X
2.4 Grit C —_— —_— X
3.8 6rit C —_— —— X
Huskey Pup .6 None —_— — X
Huskey Pup 2.4 —_— [—— X
Huskey Pup 3.8 —_— —_— X
Antenna Window 1.2 _ ¥ x
No. 1 1.6 — X X
{Note 1) -
Antenna Window
pax Yindow) 1.2 = h= X
Ablated C. P. 1.2 _— —_— X
Camphor 3.6 — X —
ASYM
Aluminum 0.6 —_— X —_—
Yo, 2
Flat Smooth, E Aluminum 5 3.6 —— 'S o
5 a.0 —_— X _—
| j g 1.2 = | x =
8 3.6 —— X —
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Table 1. Continued

Nese Frustumn " Re LIt x 10—5 Type Datn Type
Configuration Configuralion o Trips QLatic Spin 2—DOF
Flat Smocth, F Aluminum 5 1.8 None —_— X —_—

5 3.6 X X —_
5 6.0 X X ——
8 1.2 —_— X —
8 3.6 X X . —_—
Flat Rough. F 5 6.0 —_— X —_—
8 1.2 — X —
8 3.6 —_— X —_—

T/5
5 3.8 {Grnovss} = X -
5 3.6 Rect. —_ X —_—
8 1.2 Grooves —_— X —_—
Flat Noteh, G 8 0.6 None —_— o X
1.2 —_— —_— X
2.4 —_— —_ X
3.8 — —_ X
Flat Notch, H 5 6.0 —_— X —_—
8 0.6 —_— —_ X
1.2 —_— X X
l 2.4 J— JR— X
3.8 — X X
Huskey Pup — X —
Husgkey Pup l —_— X —
Biconie, I Aluninum 5 — X ——
5 6.0 —_— X —_—
8 1.2 —_— X X
B8 2.4 —_— —_— X
B 3.6 —_— X X

T/8
2 Groaves X -
Rect. — X _

Grooves

0,875-1n. R., C 1.8 None —_ X ——
3.8 .4 X ——
6.0 X X -—
8 1.2 —_— X —_—
1.8 X X —_—
Huskey Pup 1.2 — X —_—
Huskey Pup 3.8 —_— X —
Camphar 3.6 — X —_—
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Table 1. Concluded

AEDC-TR-78-40

Nome Frostum X Rey/ft X 10—6 Typa Dath Type
Contiguration Configuration L] Trips Static Spin 3_DOF
1,500-in, R,, D Aluminum 5 1.8 None _— X —_—

5 3.6 X X —

5 6.0 X X —_—

8 0.6 — X J—

1.2 X X —_—

3,6 X JE—— ——

0.315-1n, R., X X —
Camphor Camphor —_— X —
0.875-4o. R,, Aluminum _— b4 —_—
Camphor Camphor —_— X —_—
Active Trip Alumipum 0,6 X X —_—
(Flg. 17) 0.8 —— X —_—
{Note 2) 1.2 b3 X —
(0.6 X X —

Gaseous Jat SO.B X X —_—
Nose Tip '1.2 X X —_——
(3.8 X X —_—

Porous Tip 0.6 X —_— —
(Note 3) 1.2 1 b3 X —

Notes: 1. Various parts (fillers, etc.) were removed from antenna windows during these tests.
2. All pass injection was run with varicus pressure regulators.

3. Poroaity of nose tips was varied.
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H(D)
ho
hy
I(f)
I(t)

l\I J)' 'IIZ

M
M.
M=o

Minrur

MouTrur

NOMENCLATURE
Complex number constants. a + jb
Pitching-moment coefficient, pitching moment/g S
Normal-force coefficient. normal foree/q,S
Yawing-moment coefficient, yawing moment/q,_S¢
Side-force coefTicient, side force/q_S

Data loop period, i.c.. time required to read 1 loop of data (all multiverter
channels). sec

General function

Frequency, Hz

Transfer function. H({) = T[I(t)}/T10(t}|

Tunnel stilling chamber enthalpy, Btu/lbm

Specific enthalpy of gas at wall temperature, 540°F
Input signal to gage in frequency domain, () = T{I{t)]
Input signal to gage in Llime domain

Moments of inertia for 3-DOF model

Adjustment constants for heat-transfer gages

Model length, 47.353 in. for spin model and 31.423 in. for 3-DOF modecl
Magnitude of sign:al.\/n_3_+l3_2

Magnitude of transfer function

Magnitude of transfer function at £ =0

Magnitude of transform of input signal

Magnitude of transform of output signul
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M Free-stream Mach number

O('f) Output signal of gape in frequency domain, O(F) = TjO(t))

o(t) Output signal of gage in time domain

P Spin of model, deg/sec

P, Free-stream static pressure, psia

Po Tunnel stilling chamber pressure. psia

q Heat-transfer rate, Btu/f12-sec

q., Frec-stream dynamic pressure. psia

Re /ft Free-strcam Reynolds number per ft

Tp Base radius of model, in.

Tn Nose radius, in.

S Reference (base)} arca of model. 176.175 in.2 for spin model. 78.540 in.2
for 3-DOF model '

ST, Stanton number, q/p_V_(h, - hy)

T, Free-stream static temperature, °R

T, Tunnel stilling chamber temperature. °R

T ] Fast Fourier Transform (I'FT) of function in brackets

T Wall temperature. °R

t Time, sec

Ve Free-strcam velovity. ftfsec

X;-X3,X,  Function variable
Xepy /e Center of pressure in piteh plane, Xepn /€ = G, /Cn

Xepy /2 Center ol pressure in yaw plane, Xepy 7€ = C,iCy
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Xmrp Moment reference center, about nose
X Distunce along mode! axis measured from vertual apex of nosec. in.
Xt, End of boundary layer transition measured from virtual apex of sharp cone,

in.

a Model angle of uttack (body fixed axes), deg
i Angle of sideslip (body fixed axes), deg
AF Frror in function F

Ap, Frror in p,. psta

AX] Lirror in variable X

0 Angle of pitch, (tunnel tixed axes), deg
P.. Free-stream density. lbm/ft3

o Angle of roll. deg

W Angle ol yaw (tunnel fixed axes), deg
w Frequency of spin - p/360. Hz
SUBSCRIPTS

adjusted Data adjusted for heat gage installation

unadjusted  Data as reduced from FFT or static program without any installation
uadjustments
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