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Abstract

Fast-response coaxial surface junction thermocouples have been used to measure time-resolved stagnation
temperature of the Mach 6 flow produced by the University of Southern Queensland’s hypersonic wind tunnel,
TUSQ. The piston compression and the nozzle expansion of the test gas were found to be approximately
isentropic for the first 65 ms of flow. Thereafter, the stagnation temperature reduces from T =~ 560 K due
to the heat lost to the cold barrel, and this process can be modelled based on the measured barrel pressure
history to simulate the stagnation temperature in TUSQ to within 2% of the actual value for the first
150 ms of flow. By operating the thermocouples at the flow stagnation temperature, the fluctuations of the
flow stagnation temperature were investigated. A 3 — 4kHz narrowband stagnation temperature fluctuation
appearing after ¢t ~ 65 ms was measured, and found to be correlated with the transition to turbulence of the

flow in the barrel.
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1. Introduction

Stagnation temperature, and the fluctuation
thereof, can have a significant impact in many hy-
personic flow experiments [1, 2], but due to the im-
pulsive loading and short test times in many fa-
cilities, these parameters can be difficult to mea-
sure. One such facility with short duration flows
which commence and terminate rapidly is TUSQ),
a hypersonic Ludwieg tube facility with free pis-
ton compression heating [3] which is located at the
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University of Southern Queensland. TUSQ pro-
duces quasi-steady cold flows of Mach 6 air for dura-
tions of approximately 200 ms which is a sufficiently
long duration for the fundamental investigation of
hypersonic mixing, aerodynamics, boundary layer
flows, fluid-structure interactions, heat transfer and
scramjet inlet starting.

The entropy disturbance mode (also referred to
as total temperature fluctuations [4]) is tempera-
ture spottiness expressed as a percentage of the
mean stagnation temperature, 6 = (T' /Tg) -
7771 (T"/To) (¢’ /P) 1], and these disturbances are
known to generate intense acoustic waves behind
oblique shocks [5]. The interaction of oblique
shocks and the freestream entropy waves can play
an important role in boundary layer receptivity
[6]. Fluctuations of stagnation temperature are not
commonly measured in supersonic and hypersonic
ground test facilities [4]. Hot wire anemometry
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(HWA) is the most common technique for the iden-
tification of total temperature fluctuations, how-
ever wires are prone to breakage [7], especially in
flows with high dynamic pressures and/or impulsive
flow starting/terminating properties. A cone probe
fitted with atomic layer thermopile sensors have
been used in a blowdown facility to measure heat
flux fluctuations which, using complementary Pitot
pressure and direct numerical simulations (DNS)
to determine transfer functions, can be used to re-
late heat flux fluctuations to the freestream distur-
bances [8]. However, the proposed method is lim-
ited to very low Strouhal numbers for the incident
disturbances meaning the gauge must be very small
to perceive the post-shock entropy mode and there-
fore must approach a hot wire anemometer like sys-
tem for high performance. Consequently, much of

the literature for freestream flow characterisation
using HWA is limited to continuous or intermittent
flows in blowdown type facilities [2, 9, 10, 11] where
the loading of the hot wire is not impulsive.

Previous measurements of the flow stagnation
temperature in TUSQ were made using a thin wire
thermocouple in an aspirating tube device [12].
These thermocouples responded to the initiation of
flow within approximately 1 ms which was sufficient
for resolving lower frequency temperature fluctua-
tions and the results demonstrated a reduction in
the flow stagnation temperature over the flow dura-
tion. However, improvements in the bandwidth of
such stagnation temperature measurements would
be needed to resolve fluctuations that arise due to
turbulent mixing in the barrel.

Atomic layer thermopile (ALTP) sensors have a
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Figure 1: General arrangement of TUSQ.

time constant 2 to 3 times smaller than HWA which
enables measurement of fluctuations up to 1 MHz
and ALTP sensors have been used to measure fluc-
tuations of heat flux on sharp cones [4, 9]. Measure-
ments of freestream temperature fluctuations using
ALTP sensors integrated on a wedge probe have
been attempted by Wagner [13] who report a good
signal-to-noise ratio (SNR), but did not present the
data obtained because the sensitivity of ALTP sen-
sors is subject to strong uncertainties.

Thin film and coaxial surface junction thermo-
couples have been used in cold-flow hypersonic fa-
cilities with mixed success [13, 14]. Because of the
low SNR of these sensors, they are more suited to
being positioned in the stagnation region than on
the surface of inclined planes and cones, and it is
the stagnation region configuration where success-
ful measurements of heat flux have been made in
cold flows.

A coaxial surface junction thermocouple is a sim-
ple construction consisting of an annular compo-
nent and a pin which are separated by an electri-
cally insulating layer such as epoxy [15] or an ox-
ide coating [16]. The surface of the thermocouple is
scratched to form junctions using different methods
— commonly abrasive paper of different grit size or
scalpel blades are used — with thinner surface junc-
tions providing faster thermocouple response times
[15]. The method of creating the surface junction
is known to influence the effective thermophysical
properties of the gauge [17], and therefore individ-
ual thermocouple calibration is preferred. Surface
junction thermocouples are not normally designed
to reach the flow temperature; these devices are pri-
marily used to measure heat flux in transient appli-
cations and often referred to as ‘heat flux gauges’

If the heat transfer coefficient is known for a stag-
nation point heat flux gauge, the flow total temper-
ature can be determined. The stagnation point heat
transfer coeflicient can be estimated analytically, or
determined experimentally by operating the heat
flux gauge over a range of surface temperatures [14],

including thermocouple temperatures in excess of
the flow stagnation temperature. The maximum
operating temperature of epoxy-insulated surface
junction thermocouples, which is limited by the
epoxy, is well below the the stagnation tempera-
ture of TUSQ (nominally 560 K), and therefore this
method of bonding and insulation is unsuitable for
the preheated mode of operation for the measure-
ment of the time-averaged and fluctuating compo-
nents of stagnation temperature in TUSQ.

However, the surface junction thermocouples
used in the present work are a relatively new
matching-taper design relying on an oxide insu-
lating layer and are suitable for operation at high
temperatures. Previous experiments [18, 16] have
demonstrated the utility of these rugged devices
in expansion tunnel flows with durations of up to
200 ps with peak heat transfer rates in excess of
100MW m~2. The present work investigates the
application of these thermocouples in the low en-
thalpy, but long duration flows of TUSQ for the
measurement of the time-averaged and fluctuating
components of heat flux and flow stagnation tem-
perature.

2. Facility and Test Condition

The University of Southern Queensland’s Lud-
wieg tube with free piston compression heating
(TUSQ, Fig. 1) is used to generate quasi-steady
cold flows of hypersonic air for approximately
200ms [3]. Prior to firing, the facility comprises
three discrete volumes of gas: (1) the 350L high
pressure air reservoir; (2) the air in the Ludwieg
tube (or barrel); and (3) the low pressure (< 1kPa)
region within the nozzle, test section and dump
tanks. A 350g piston is positioned in the barrel
immediately downstream of the primary valve and
a light Mylar diaphragm separates the barrel and
nozzle inlet.

For the condition analysed herein (Table 1), the
test gas initially residing in the barrel is at at-



mospheric pressure and ambient temperature. A
run is initiated by opening the pneumatically actu-
ated primary valve which causes the piston to be
driven along the barrel by the flow of high pres-
sure air from the reservoir, compressing the test
gas. The pressure in the barrel is measured by a
PCB113A03 piezoelectric pressure transducer po-
sitioned 225 mm upstream of the nozzle entrance
(Fig. 2). The gradual opening of the primary
valve nearly eliminates the occurrence of compres-
sion waves during the nominally isentropic compres-
sion process [19]. Compression continues until the
pressure ruptures the diaphragm which then allows
gas to leave the barrel and accelerate through the
nozzle. The pressure in the reservoir is chosen so
the volumetric flow rate into the barrel is approx-
imately equal to the volumetric flow rate through
the nozzle. This is known as a matched condition,
where there is no net rise or fall in pressure over the
run duration [20].

Table 1: Nominal TUSQ facility operating conditions.

Test Conditions

Stagnation pressure 1 MPa
Stagnation temperature 575K
Static pressure 670 Pa

Static temperature 71K
Mach number 5.95
Unit Reynolds number ~ 7.17 x 10°m~!
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Figure 2: Schematic of Mach 6 nozzle and instrumentation
rake position.

instrumentation rake

Five Type-E coaxial surface junction thermocou-
ples were used for this research. These thermocou-
ples were mounted in a bronze housing and inter-
faced with an existing instrumentation rake which
held the thermocouples at the locations described
in Table 2. These probe locations are all within the
uniform core flow region that has been previously
identified using Pitot pressure surveys [19].

Table 2: Positions of the thermocouples.

Thermocouple ID  z (mm) r (mm)
TC2 50 40
TC4 50 20
TC6 50 0
TC10 50 20
TC13 50 40

3. Heat Flux Gauge

3.1. Design

Type-E (chromel-constantan) coaxial surface
junction thermocouples were manufactured at
USQ. The thermocouple design was a 3mm long,
3.2mm diameter chromel annulus with a 6/0 ta-
pered hole, and a matching 4.5 mm long constan-
tan pin as illustrated in Fig. 3. The constantan
pin was oxidised in a temperature controlled fur-
nace at 850°C for 2h, while the chromel annulus
was not heat treated. The thin oxide layer on the
constantan pin forms an electrically insulating layer
between the two thermocouple legs when the ther-
mocouple is assembled.

To assemble the thermocouple, the pin was
pressed into the annulus with approximately 10kg
force. During the assembly process the oxide layer
is prone to damage which can result in electrical
shorting of the two thermocouple legs. The success
rate was improved by introducing two drops of Res-
bond 907TS-Green thread sealant to the tapered
hole of the annulus immediately prior to pressing
the pin into the hole. When the assembly is pressed
together the thread sealant is dispersed ahead of),
around, and behind the pin. The increased assem-
bly success rate was attributed to a combination of
the thread sealant lubricating the components and
the thread sealant immediately penetrating and fill-
ing any small scratches of the oxide layer.

Post assembly, thermocouple wires were spot
welded to the rear of the thermocouple and the re-
sistance of the thermocouple circuit was measured.
By welding thermocouple wire, thermocouple mate-
rial is maintained up to the thermocouple amplifier
such that the thermocouple-copper junctions can
be positioned in an isothermal environment. Us-
ing a flat solid surface, such as polycarbonate, as a
backing material for the abrasive paper, the ther-
mocouple face was then scratched using paper of
increasing grit size until the resistance was in the
order of 102 or less, which indicated at least one



junction had been formed. Junctions formed with
smaller grit sizes were likely to result in faster re-
sponse thermocouples, however when it was clear a
junction was unable to be created at a particular
grit size, the next larger grit size was used. Should
large particle sizes be required to form the junc-
tions, the thermocouple response time could be im-
proved by carefully polishing the surface with fine
grit abrasive paper to reduce the depth of the junc-
tions.

For use in the hypersonic flow of TUSQ, the ther-
mocouples had to be mounted in a housing that in-
terfaced with a probe support. An existing probe
support [19] offered M5 x 0.8 threaded interfacing;
this support was also used in the present work.
To avoid the complexities of a non-uniform heat
flux distribution on a hemisphere cylinder which is
sometimes the preferred arrangement for heat flux
probes [21], a flat faced geometry was selected. In
this case, a constant heat flux is expected from the
centreline of the body up to about 0.6 R where R is
the radius of the flat nosed body [22]. For a ther-
mocouple diameter of » = 1.6 mm, the minimum
body radius of the flat nosed body was therefore
2.7mm. However, for interfacing with the M5 x 0.8
rake geometry, a bronze housing with R = 5mm
was used. A flat-nosed body was also advantageous
for the identification of the thermal effusivity of the
thermocouple using the reflected shock calibration
technique where a flat end wall is required.

Mlustrated in Fig. 3, the 10mm diameter flat
faced probe is fitted with an enamelled nichrome
resistance heating wire coil to preheat the thermo-
couple so that it can be operated at different ini-
tial temperatures which facilitates the experimental
identification of the convective heat transfer coeffi-
cient h.. The voltage output of the thermocouple
was monitored throughout the heating process to
ensure that the temperature of the thermocouple
was stable prior to a run. A second probe head ge-
ometry of 10 mm diameter without the provision
for the heating wire was also used.

3.2. Impulse Response Analysis

The unsteady conduction of heat within a solid
body is described by a linear partial differential
equation when the temperature gradients remain
sufficiently small such that the thermal properties
of the solid can be treated as constants. In a one-
dimensional semi-infinite solid the unsteady con-
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Figure 3: Design and images of the heat flux gauge.

duction of heat is described by

T 19T (x,t) 1)
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where T is the temperature, z is the spatial coordi-
nate normal to the surface, ¢ is time, and « is the
thermal diffusivity of the material.

The validity of the semi-infinite conduction as-
sumption can be investigated by calculating the ra-
tio of heat flux and temperature at a depth x to
their wall values w, which for an isotropic semi-
infinite solid, are

e (- @) - vAetatea” (2

and .
L _ erfea® (3)
Qu

where z* is the dimensionless penetration depth
r* = x/v/4at [23]. For a test duration of 200 ms,
T./Tw = 1.5% and ¢, /¢, = 3.3% for the 3 mm long
annulus; and T, /Ty, = 0.1% and ¢, /¢, = 0.4% for
the 4.5mm long pin. The temperature change of
the rear faces of the thermocouple components and
the heat flow at these faces are a small fraction of
the surface values. Therefore, for the thermocou-
ple geometry and test time used, the thermocou-
ples that form the measuring element of the heat
flux gauge can be assumed semi-infinite. This con-
clusion is validated experimentally in Section 4.2
by investigating the measured heat flux after flow
termination.



The heat flux gauge results were analysed using
the impulse response method [24] which uses ana-
lytical models for one dimensional heat conduction
within the gauge substrate to define suitable im-
pulse response filters. In the case of a gauge op-
erating on the principle of semi-infinite one dimen-
sional heat conduction in an isotropic substrate, the
value of thermal effusivity /pck of the substrate is
required. A limitation of this analysis is that the
thermocouple is assumed to be isotropic which is
not the case. The thermal effusivity of the Type-E
thermocouple materials are within one percent of
each other, however the oxide and Resbond layers
are also present and these additional materials po-
tentially have an effect on the value of the thermal
effusivity of the thermocouple. Additionally, the
thermal contact conductance between the thermo-
couple materials cannot be considered by the ana-
lytical model. Nonetheless, a single value of thermal
effusivity for the thermocouple can be determined
experimentally via a suitable calibration technique.

3.8. Identification of Thermophysical Properties

The reflected shock calibration technique has
been used to identify the thermal effusivity of sur-
face junction thermocouples [17, 25]. To use the
reflected shock tube calibration technique, the heat
flux to the end wall containing the heat flux gauge
must determined analytically and this process re-
quires the knowledge of the properties of the gas in
the shock tube.

The shock tube at USQ, shown schematically
in Fig. 4, is capable of producing reflected shock
temperatures in the order of 500 K. For the heat
flux gauge calibration experiments, the shock tube
was initially filled with ambient air from the sur-
rounding laboratory environment. A light mylar
diaphragm separated the driver and driven sections
and the heat flux gauge was mounted on the cen-
treline of the shock tube, flush with the end wall.
Two pressure transducers, denoted PT1 and PT2
in Fig. 4, were mounted flush with the inside wall
of the shock tube to identify the shock wave prop-
agation along the shock tube. PT1 is located ap-
proximately 45 tube diameters downstream of the
diaphragm station which is normally sufficient (5-
40 tube diameters) for full shockwave formation at
a constant velocity [26]. The pressure of the driver
gas (air) was increased until the pressure differen-
tial at the diaphragm was great enough that the
diaphragm ruptured.

(PT1] [PT2]
Diaphragm " 2789 1. 1000 |
=
Driver Gas, ® Driven Gas, ©®
Th
2437 3916

Figure 4: Shock tube geometry and instrumentation posi-
tions. The inside diameter of the shock tube is 63 mm.

Immediately following the diaphragm rupture, a
shock wave is generated which propagates towards
the end wall where the heat flux gauge is mounted
(location shown in Fig. 4 as TC). The incident
shock continues to propagate downstream until it
reaches the end wall where it is reflected, and this
reflection process provides the step input required
for calculation of the thermal effusivity of the ther-
mocouple. The thermocouple acts as a heat sink
and, in theory, the surface of the thermocouple ex-
periences an instantaneous change of temperature
which, together with the properties of the gas which
was processed by the reflected shock, is used to de-
termine the thermal effusivity of the thermocouple
erC.

The thermal effusivity of the gas at the reflected
shock state, designated as state 5, is determined
through normal shock relations for a calorically im-
perfect ideal gas based on initial conditions and the
measured shock speed, w. A sudden pressure in-
crease measured by PT1 and PT2 indicates the ar-
rival of the shock wave. The pressure transducers
are separated by a known distance (1000 mm) and
the detection of the shock wave passing over the
pressure transducers (indicated on Fig. 5) is used to
determine the shock speed. The fast response of the
thermocouple enabled an additional two measure-
ments of shock speed to be obtained by measuring
the time taken for the shock to travel the 1037 mm
from PT1 to the thermocouple, and to pass from
PT2 to the thermocouple. The three shock speed
measurements determined from the pressure and
temperature signals were within 2% of the mean
value for each run, indicating a fully developed
shock wave propagating at essentially constant ve-
locity.

The temperature and pressure of state 1 are
known a priori (the ambient laboratory environ-
ment), as is the temperature of state 4 (ambient
temperature). Using the known properties and
the measured shock speed, the properties behind
the reflected shock can then be fully characterised.
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Figure 5: Raw data from a shock tube calibration of the
thermocouple. The shock wave is detected by PT1 at 1,
PT2 at 2, and by the heat flux gauge at 3.

The calibration shock speeds were from 458 ms™!

to 530ms~! and the temperatures behind the re-
flected shock were from 436 K to 520 K.

The heat flux to the end wall (w) from the gas
behind a reflected shock (5) can be found using

1

. p5k5C5 1— 9711) 1-— HZ)—H[ 2
=11 T — 4
T [ v vt 1 )

= qu/V1 ()

where 0,, = T,,/T5 and v is the power law index for
the thermal conductivity and § is the time-invariant
normalised heat flux quantity that depends only on
the gas properties behind the reflected shock [27].

The surface temperature of the thermocouple
that is flush with the end wall impulsively reaches
a constant temperature when the shock is reflected
as demonstrated in Fig. 5, and this temperature is
determined using

Tre = avm +Trc, (6)
erc

The raw voltage output of the thermocouple was
converted to temperature using the standard ninth-
order polynomial calibration [28] rather than the
nominal 68V °C~! sensitivity of a Type-E ther-
mocouple which is more than 10% greater than the
actual thermocouple sensitivity at room tempera-
ture.

3.4. Thermophysical Properties of the Gauges

Five heat flux gauges were calibrated using the
reflected shock calibration technique. For the re-

flected shock conditions used, the impulsive tem-
perature rise of the thermocouple surface ranged
from 0.282K to 0.740K. The thermal effusivity of
the heat flux gauges was calculated using Eq. 6, and
the results of 33 calibration shots are presented in
Table 3. Resurfacing of the thermocouple junctions
was often required before each calibration.

Table 3: Thermal effusivity of the thermocouples.

eTC +o
(J m—2 K—ls—0.5>
3965 + 10.8%

Gauge Junction

TC2 1200 grit

TC4 scalpel 4172 + 4.9%
TC6 1200 grit 4692 + 5.9%
TC10 2000 grit 4667 + 3.7 %
TC13 800 grit 4005 + 3.6 %
Mean - 4357 + 9.3%

The average thermal effusivity of the five
heat flux gauges across the calibration tests was
4357Jm 2K ~1's7%% which is significantly lower
than the average thermal effusivity of two thermo-
couple materials (8645Jm=2K~1s795). This re-
sult was not unexpected; a significantly lower ther-
mal effusivity for surface junction thermocouples
of similar construction has been reported elsewhere
17, 25].

The reflected shock tube calibration also allows
the identification of the response time of the heat
flux gauges. TC2 had a higher variability of thermal
effusivity than the other thermocouples. The rise
time was defined as the time taken for the change
of the thermocouple voltage to reach 63% (1 —1/e)
of the step change. It is important to note that the
amplitude of the step change of voltage is a function
of the thermal effusivity of the thermocouple, not
its rise time. Thermocouple TC6 had a rise time of
approximately 3 ps, while the four other thermocou-
ples consistently had rise times of less than 2 ps [29)].
No trend relating the junction formation method to
the thermocouple rise time was identified.

4. Data Analysis

4.1. Data Acquisition and Signal Conditioning

The data acquisition system at TUSQ, which uses
16-bit National Instruments PXI-6123 and PXIe-
6124 multifunction I/O modules was used for this
research. The sample rate for initial experiments
was 2 MHz, but after analysis of these first results,
the sample rate was revised to 50 kHz.



The thermocouple voltage signals were amplified
using an in-house designed two-stage thermocouple
amplifier with a bandwidth of 500 kHz. Stage 1 is a
fixed DC gain of 100 (—3 dB at 500 kHz) and stage 2
an AC coupled stage (—3 dB at 3 Hz) with selectable
gain as shown in Fig. 6. The amplifier was powered
using a battery source so not to introduce noise
from the mains power supply.

Stage 1 Stage 2

AC
Filter

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

S1

Figure 6: Two stage thermocouple amplifier schematic.

The maximum voltage signal that could be out-
put by the amplifier is 5V which for a Type-E ther-
mocouple limits the maximum allowable DC ampli-
fier gain to 200 if the thermocouples are pre-heated
to the stagnation temperature of the Mach 6 flow.
By using the AC coupled option for the second stage
of the amplifier, the signal resolution can be im-
proved significantly. However, the low-frequency
components which are attenuated by the AC filter
dominate the signal. By recording both a relatively
low gain DC signal and a higher gain AC coupled
signal it is possible to reconstruct the thermocou-
ple signal with appropriately amplified higher fre-
quency components.

The amplified thermocouple signal was found to
contain a large amount of electromagnetic inter-
ference from a variety of sources (e.g. AM ra-
dio) which entered the circuit via the thermocou-
ple junctions, and this interference was spread over
a large number of narrow frequency bands. A
40 kHz lowpass filter was included, however signif-
icant baseline noise was still present, thus digital
signal filtering was used.

Simple Butterworth filtering was found to be
inadequate, and a stationary wavelet transform
(SWT) filtering technique implemented. Both the
amplifier output stages were filtered using a second-
order level 6 symlet wavelet which, and an example
of this filtering for a DC coupled signal is shown in
Fig. 7. A thermocouple of 1ps response time can
be treated as having a 1 MHz bandwidth. When a
signal from this thermocouple is processed by the
second-order level 6 symlet wavelet, the effective
bandwidth is reduced to 16 kHz.

A DC offset existed in the amplifier circuit, and
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Figure 7: Conditioning of an amplified thermocouple (TC6,
T; = 368.8 K) signal for TUSQ Run 817 (Table 1) using SWT
filtering.

therefore to correctly determine the electromotive
force (emf) generated by the thermocouple, the DC
offset introduced during the amplification stage had
to be removed. The DC offset for S; was identified
by performing a cold calibration at a known tem-
perature prior to the preheating of the thermocou-
ple. The emf of the thermocouple as measured from
S1 was found using

i _ Sl,cold
G G

where S} coiq is the signal from the cold reference
and emfg (T ,0q) is the known emf of a Type-E ther-
mocouple at T = T,o14.

The emf as measured from S5 is

S
Gi+Gy Gi1+Gy

where subscript p indicates pre-flow data and over-
line indicates a mean value. The results of Eq. 7
and Eq. 8 are shown in Fig. 8 for a representative
experiment illustrating the process for transforma-
tion of the AC coupled signal to a true DC level.

A correction signal, analogous to the portion of
the signal attenuated by the AC filter, can be iden-
tified by first calculating emfg, —emfg,, and then
low-pass filtering to remove the high frequency dif-
ference signal. A suitable digital low-pass filter
cutoff frequency is high enough to reconstruct the
mean shape and level of emfg, but low enough that
the transformation process does not lose significant
low frequency fluctuation content. Through an it-
erative process, a 50 Hz cutoff frequency was found
to be suitable for this work.

emfg, =

+ eme(Tcold) (7)

emfg, =
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Figure 8: Transformation of an AC coupled signal to a DC
signal level. Data of TC4 obtained from Run 818.

An interesting feature to note from Fig. 8 is that,
for about the first 60 ms of flow, the raw thermo-
couple data has identified the reflected expansion
waves that reflect off the piston and propagate into
the test flow. This demonstrates that the SWT fil-
tering technique preserved the sharp changes of the
raw thermocouple voltage and therefore retained a
large amount of physical flow data.

4.2. Heat Fluz

Following the reconstruction of the thermocou-
ple signal, the thermocouple emf was used to de-
termine the temperature of the thermocouple junc-
tions. Three thermocouples were mounted in hous-
ings that were wrapped with nichrome heating wire
and two were not fitted with any heating wire.
Despite there being no heating control for two of
the thermocouples, thermal conduction through the
rake resulted in a moderate temperature rise when
neighbouring thermocouples were heated.

The heat flux (¢) was calculated from the mea-
sured thermocouple temperature history (7') us-
ing the impulse response filtering technique [24]
with the mean values of epc from Table 3. The
change of the thermocouple temperature for three
runs at different pre-heat temperatures is shown in
Fig. 9a, and the heat flux for these data shown in
Fig. 9b. Large non-repeatable spikes in the tem-
perature data are evident in Fig. 9a. Similar ef-
fects were observed in earlier Pitot pressure surveys

[19] and has been attributed to the effects of small
particulates which contaminate the measurement of
the flow, so are omitted from Fig. 9b.
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Figure 9: Thermocouple temperature and the identified heat
flux calculated using the method described by Oldfield [24]

for three runs using TC10 which operated at three different
temperatures.

The heat flux for the first several tens of mil-
liseconds for Run 819 was slightly positive while for
this time period the heat flux was slightly nega-
tive for Run 820. This indicates that, if the flow
conditions in the two runs were identical, the stag-
nation temperature for the first 60 ms was bound
between 556.2 K and 570.6 K. As shown in Fig. 9b,
the measured heat flux immediately returns to zero
upon flow termination at about ¢ = 210 ms, indi-
cating that the semi-infinite solid assumption is ap-
propriate. After the initial return to ¢ = 0 kW m =2
upon flow termination there are small oscillations
of heat flux which trend away from zero. This is
because the heat transfer gauge is subject to pres-



sure wave disturbances as the test section pressure
equilibrates with the dump tank.

4.8. Identification of the Heat Transfer Coefficient
and Stagnation Temperature

The transient heat flux (¢) identified by the sur-
face junction thermocouples can be described by

9)

where h, is the heat transfer coefficient, Ty the stag-
nation temperature, and T}, the temperature of the
thermocouple face. If the heat transfer coefficient
of the thermocouple probe is known or can be ap-
proximated with reasonable accuracy, the flow total
temperature can be estimated using single measure-
ments of thermocouple temperature and transient
heat flux.

An analytical model exists for estimating the
heat transfer coefficient which requires knowledge
of flow parameters. In the stagnation region of a
flat nosed axisymmetric body in hypersonic flow,
the heat transfer coefficient can be approximated
analytically by

he = 0.763Pr; %% \/p. o K

0.1

Pw Hw

X Cpavg (10)
(Peﬂe) pats

q = hc (TO - ﬂu)

where Pr is the Prandtl number, p is density, p is
the absolute viscosity, K is the local velocity gra-
dient, cp avg is the average of the specific heats cp e
and c¢p ., and the subscripts e and w denote the
conditions at the edge of the boundary layer and
wall respectively [30]. The local velocity gradient
K at the stagnation point in not known precisely
but is approximated as 0.3us/D [30] so there is a
some uncertainty in the analytical value of h.

Under the assumption of isentropic compres-
sion and expansion within the TUSQ facility
with the freestream Mach number of 5.95, h, ~
206Wm 2K~! for a 10mm diameter flat-faced
probe operated at T; = 300 K. Given the unquan-
tified uncertainties in the stagnation point velocity
gradient a more reliable method for determining the
heat transfer coefficient and flow stagnation tem-
perature is desirable.

By operating nominally identical gauges at dif-
ferent temperatures for nominally identical runs,
different transient heat fluxes are measured. The
convective heat transfer coeflicient is only a weak
function of the surface temperature (72:9%34) and
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flow total temperature (73-2°%%), and therefore h..
can be assumed constant to within the accuracy of
the heat flux measurements as

n

Tw,n = 7hc

+Ton (11)
where n is the n*® run and since Twn and ¢y, are
known and h. assumed constant, with data from
thermocouples at different temperatures, a linear
regression analysis can be performed to determine
h. and Tj.

For each run, the thermocouple temperature and
the heat flux data for window lengths 10 ms at mul-
tiple stages throughout the run were analysed us-
ing a linear regression. A sample of the data pro-
duced from this process is shown in Fig. 10 with
the regression line for TC10 also included. For cold
operation there was significant spread in the data
which resulted in a poor linear regression, but the
data does show a trend similar to the regression for
TC10. This apparent co-linearity indicates that any
changes in thermal effusivity at elevated operating
temperatures was not significant.

The heat transfer coefficient tended to increase
slightly with the run duration which is predicted
by Eq. 10 as the Mach number decreases, but were
always within 5% of the mean h. for the gauge
[19]. These changes were small and well within the
uncertainty of heat transfer measurements, there-
fore a single mean heat transfer coefficient was de-
duced for each gauge. Thermocouple TC2 was
found to electrically short to the probe housing
in a heated mode of operation, while TC6 and
TC13 were not fitted with heating wire. There-
fore, h. could only be experimentally identified as
he = 229Wm2K™! and h, = 232Wm2K™!
for TC4 and TC10 respectively. Since the re-
maining probes were the same geometry as TC4
and TC10, a convective heat transfer coefficient of
he = 230 Wm 2 K~! was assumed for these gauges.
This is 12% more than predicted by Eq. 10, suggest-
ing that the approximation (described as an edu-
cated guess by White [30]) of K = 0.3uc/D was
reasonable, but that significant errors will arise if
the analytical model was used. A zero heat flux
case exists when the thermocouple operating tem-
perature matches the flow stagnation temperature;
this case is shown on Fig. 10 at T,, = Ty ~ 560 K.
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Figure 10: Identification of h. using experimental data for

5ms <t < 15ms.

5. Results

5.1. Temporally Resolved Stagnation Temperature
For each experiment, the temporally resolved
stagnation temperature T was calculated using

To=--+T,

" (12)

with h. applied for each gauge defined from the
method in Section 4.3

The stagnation temperature which was identi-
fied for each run was low-pass filtered at 1kHz
using a 256 point Blackman-Harris window. The
1 kHz bandwidth was sufficiently high to resolve rel-
atively high frequency events, such as those associ-
ated with reflections of the expansion wave off the
piston propagating into the test flow.

The stagnation temperature data at each posi-
tion for every run was temporally aligned such that
flow onset occurred at ¢ = 0ms. This signal align-
ment enabled identification of the mean stagnation
temperature across all TUSQ runs at every time
step and each thermocouple. The mean level com-
parison is shown in Fig. 11 for ¢ < 30ms.

For ¢ < 10ms, the stagnation temperature cal-
culated using data from thermocouples operated
without preheating tended to exceed the value of
the stagnation temperature calculated by isentropic
compression of the test gas. This behaviour was not
observed when using preheated thermocouples, and
for ¢ > 10ms the heated and preheated thermo-
couples produce similar results. For ¢ < 10ms, the
preheated thermocouples (TC4, TC10) were found
to resolve the flow stagnation temperature better
than the cold thermocouples (TC6, TC13).
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Figure 11: Comparison of flow stagnation temperature for
0 < t < 30ms measured by four thermocouples. Dashed
lines indicate one standard deviation of stagnation temper-
ature from the mean for all measurements using that ther-
mocouple.

The initial overshoot behaviour of the cold ther-
mocouples is the period of greatest variance be-
tween runs, but the standard deviation of stag-
nation temperature from 8 to 30 ms is consistent
for cold and heated thermocouples. For this pe-
riod of flow across all runs, the standard deviation
of the stagnation temperature was 1.58 % for both
TC4 and TC10, while the standard deviation of
the cold thermocouples, TC6 and TC13, was 1.96 %
and 1.97 % respectively. The lower ru ¢/h. term of
Eq. 12 and the uncertainties associated therewith
smaller.

The stagnation temperature of the hypersonic
flow as identified using f. = 1kHz and the data
from TC10 is shown in Fig. 12, illustrating good
run-to-run repeatability. The mean flow line ter-
minates at the end of the run with the shortest
flow duration (approximately 206 ms). The pre-flow



data (¢ < Oms) represents the initial temperature
of the thermocouple and also shows the baseline
noise level of the measurements, which varied be-
tween runs.
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Figure 12: Stagnation temperature traces identified using
TC10 over the full duration of the flow for f < 1kHz. The
time averaged line terminates at the end of the run with the
shortest flow duration. Dashed lines indicate pre-flow data
and represent the initial temperature of the thermocouple.

Using TC10, the average stagnation temperature
for each run in the first 10ms of flow is between
the preheat temperatures for Run 819 (556.2K)
and Run 820 (570.6 K). This is consistent with the
results presented in Fig. 9a where the thermocou-
ple temperature increased by a small amount for
Run 819 and dropped slightly during Run 820 for
0 < t < 10ms which corresponded to a slightly
positive and slightly negative heat flux for Runs
819 and 820 respectively (Fig. 9b). Therefore, the
flow stagnation temperature immediately following
diaphragm rupture can be confidently stated as be-
ing in the range 556.2 to 570.6 K, which is just
below the isentropic stagnation temperature (570
to 580 K).

An approximately constant stagnation tempera-
ture between diaphragm rupture and the arrival of
the first wave reflected off the piston at approx-
imately 12.5ms was expected because the nozzle
supply pressure remained constant during this pe-
riod, and a constant stagnation temperature during
this period of flow was confirmed experimentally.

Figure 12 shows that, for TC10, there were
six runs where the initial probe temperature was
450K < T, < 580K which resulted in T, =~ Tp
for different periods of flow, and the regions where
this is true are the periods of flow where stag-
nation temperature fluctuations can be analysed.
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Additionally, the stagnation temperature identified
when T, =~ Ty are the periods of smallest measure-
ment uncertainty as the effects of changes of effec-
tive thermocouple effusivity, and the uncertainty of
the heat transfer coefficient are minimised.

As shown on Fig. 12, the stagnation tempera-
ture is approximately constant for the first 65 ms
of flow (period 1), followed by a period of cool-
ing by about 50K over the next 40 ms (period 2).
For 105 < t < 165ms the stagnation temper-
ature is again approximately constant (period 3).
When t > 165ms (period 4) the rate of cooling
increases until a sudden drop in stagnation temper-
ature down to approximately 420 K. This sudden
drop in stagnation temperature takes less than 2 ms
and begins at a time 177 < t < 187 ms, depending
on the run.

To investigate if any of these changes in stagna-
tion temperature can be attributed to events iden-
tified from the analysis of the stagnation pressure, a
comparison of representative barrel and Pitot pres-
sure traces and the mean stagnation temperature
identified using each of the thermocouples is shown
in Fig. 13. Since the barrel pressure measurement
is spatially separated from the Pitot pressure and
thermocouple measurements, a small time shift is
applied to the barrel pressure signal to properly
align the pressure and temperature signals. The an-
notations (i), (ii) and (iii) were identified from the
barrel and Pitot pressure measurements, and these
features are discussed in detail in [19]. The stag-
nation temperature is spatially uniform across the
core flow, at least to the accuracy of transient heat
flux measurements. The stagnation temperature in
the vicinity of TC13 appears to be slightly cooler
than that of the other probes for 40 < ¢t < 80 ms,
however it is observed to agree well with measure-
ments from the other locations for the remaining
test time.

Stagnation temperature measurements were able
to resolve the effects associated with the interac-
tion of expansion waves and the piston (feature i,
Fig. 13), with the first four wave reflections clearly
visible on all of the mean traces. Later reflections
are less evident on the mean traces because the tem-
poral misalignment of these events becomes more
significant as time increases.

Feature (ii), the reflected expansion wave that
has travelled to the upstream end of the barrel re-
turning to the nozzle inlet, occurs during a period
of reducing stagnation temperature. However the
start of cooling event (I) leads the arrival of (ii) by
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Figure 13: Barrel pressure, centreline Pitot pressure and
the mean stagnation temperature, annotated with pressure
events originating in the barrel. (i)- the first four reflected
expansion waves off the piston; (ii)- the reflected expansion
wave that has travelled to the upstream end of the barrel
returning to the nozzle inlet; (iii)- reflected expansion wave
(ii) returns to the nozzle inlet end of the barrel for the sec-
ond time. Two changes in the stagnation temperature have
been annotated: (I) the start of the first cooling event, and
(IT) the start of a second cooling event. Pressure data from
Run 500 [19].

approximately 18 ms, and the rate of cooling after
its arrival does not change. Therefore the cooling
from 70 to 110 ms is not attributed to feature (ii).

Feature (iii), the reflected expansion wave (ii) re-
turning to the nozzle inlet end of the barrel for the
second time, occurs after the sudden reduction in
stagnation temperature that begins at ¢ = 162 ms,
annotated (II) on Fig. 13. Therefore the sudden
cooling event towards the end of hypersonic flow is
not driven by the second reflected expansion wave
(feature (iii)). Instead, the source of this sudden
cooling and the lower stagnation temperature flow
that occurs after the cooling is a result of cold vor-
tical flow propagating ahead of the piston. Similar
results were measured in TUSQ in an earlier study
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[12] and an unstable vortical structure is known
to propagate ahead of the piston in similar piston
driven facilities [31, 20].

Such vortical structures are known to adversely
affect flow stagnation temperatures for the final 15
to 20% of the flow duration for barrels of large 1/d
(Z 100) [31]. This vortex contains the tube bound-
ary layer gas which has been scraped from the wall
and therefore has a lower thermal energy content
due to heat lost to the cold barrel walls.

5.2. Comparison to Simulation

A simulation tool to calculate the stagnation
temperature in TUSQ based on the measured pres-
sure in the barrel was developed by Widodo [12].
The simulation uses a thermodynamic model for the
compression process based on the measured pres-
sure history and engineering correlations for the
heat loss from the test gas to the cold barrel walls
during the compression and nozzle discharge pro-
cesses. The heat transfer correlation based on a
flat plate boundary layer was shown superior to the
fully-developed pipe flow correlation [12].

A limitation of the original implementation is
that the pressure in the barrel is assumed to be
constant throughout the duration of flow discharge
through the nozzle. This limitation was overcome
in the present work by scaling the simulated stag-
nation temperature by the relative isentropic vari-
ations expected due to pressure-induced changes
within the flow discharge period. In the original
simulation code, laminar to turbulent transition of
the flat plate boundary layer was assumed to oc-
cur in the range 0.2 x 105 < Re < 2 x 10°.
However, when used in this research, this range re-
sults in an early reduction of the stagnation tem-
perature so the transition range was revised to
1 x10° < Re < 2x 10% The simulated stagna-
tion temperature is compared to the experimentally
measured stagnation temperature in Fig. 14.

With the time varying pressure effects now in-
cluded in the simulation, the level of agreement be-
tween the flat plate model and experimental data
is exceptional for the first 150 ms, remaining within
2% of the experimental value. This error remains
less than 5% at t = 170ms, and increases to ap-
proximately 20 % when the cold vortices ahead of
the piston are discharged through the nozzle.

Three events that cause large changes of the stag-
nation temperature were identified (Fig. 14):
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Figure 14: Comparison of the experimentally measured and
simulated stagnation temperature for Run 819.

i) a reduction in stagnation temperature, the
onset of which is associated with the barrel
boundary layer transitioning according to the
model;

ii) a point where the heat lost to the barrel can

be modelled using a turbulent flat plate corre-

lation; and

a time when cold vortical flow propagating
ahead of the piston is expelled through the noz-
zle.

iii)

The experimental data was compared to the tem-
perature calculated from the measured barrel pres-
sure using isentropic flow relations, and four periods
of flow were be identified:

(1) for t = Oms to feature (i), a quasi-steady pe-
riod of flow where Ty is approximately 98 % of
the isentropic stagnation temperature;

from feature (i) to (ii), where Ty reduces at a
rate of approximately 1100 Ks™1;

from feature (ii) to (iii), a second period of
quasi-steady flow, albeit where Ty reduces
slowly; and

from feature (iii) to the end of nozzle flow,
where the cold vortices propagating ahead of
the piston are expelled through the nozzle
causing a large and sudden drop of stagnation
temperature.
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5.8. Fluctuations of Stagnation Temperature
The heat transfer coefficient for convective heat
transfer to the stagnation point of an axisymmetric
body in a high speed flow can be expressed in a
non-dimensional form as:
KD
Nu = 0.763 Pr’* Re?® €01 () (13)
Uso
where Nu and Re are the Nusselt number and
Reynolds number respectively, and both are refer-
enced to the probe diameter, Pr the Prandtl num-

ber at the edge of the boundary layer, C=22fv and

Pele
K= fg;e is the local velocity gradient at the stagna-

tion point.

In cases where Pitot pressure measurements are
available, the heat transfer coefficient can be ex-
pressed as a function of Pitot pressure as:

|06 ¢0-1 T \"** [KD
o 5] e ()
%,_/
(a) (b)
(14)

where (a) terms represent the probe surface tem-
perature and free stream total temperature effects,
and (b) terms represent the Mach number effects
[32]. The term K D/us = 0.3 is an approximation
for M > 5 [30] for the case of a flat faced cylindrical
probe. The sensitivity of h. to the freestream Mach
number in the present work can be determined by
analysing Mach number dependent terms in Eq. 14
for the range 5.85 < M < 5.95 [19]. It is found
that the freestream Mach number term changes the
heat transfer coefficient by <0.1%. Therefore, the
convective heat transfer coefficient is largely inde-
pendent from the Mach number so the changes of
the heat transfer coefficient resulting from the Mach
number effect term can be neglected.

The relationship between the convective heat
transfer coefficient and the probe surface and total
temperature effects can be investigated by using the
power law approximations for thermal conductivity
and viscosity to show that

kg'G C().l
PO

0.2028
Te

& 70,0334 (15)
w

If the probe is operated at an essentially constant

surface temperature, the heat transfer coefficient

can be then expressed as

/ 0.2028
=cC Ppt Te

(16)



where ¢ is the constant of proportionality. The
convective heat transfer coefficient can now be ex-
pressed in terms of time averaged (e.g. h.) and
fluctuating components (e.g. h.) as

0.2028

he =Py + P)"" (Te +T)) (17)

which, via series expansion is

|4l <1+05P/t)(1+02028T6/) (18)
he P ' T

c pt e

when the second-order and higher terms are ne-
glected. Since the product of Py,/Pp; and T7/T.
is a small contributor to Eq. 18, this term can be
neglected and therefore,
h! P! T!
= =052 + 0.2028 =

hc pt e

(19)

The heat flux can be expressed as time averaged
and fluctuating components as

G¢=he(Te —Ty) + hl,(Te = T) + he (T, — T},)

q/

.

(20)
and therefore,
he

T; - T,
he T.-Ty,

21
T 7 (21)

ql

7
Substituting Eq. 19 into Eq. 21, and considering
that for a gauge operated at essentially constant
temperature T/, < T,

./ Te T’ P’
1= ( + 0.2028) 05 (22)
q

Te - Tw e Ppt
The ratio 7?;1"
ated for the case of an unheated thermocouple
at the beginning of the run, where the stagna-
tion temperature is at its maximum. In this case,

T?T +0.2028 ~ 2.25, meaning the fluctuations in
the measured heat flux are at least 4.5 times more
sensitive to relative fluctuations in total tempera-
ture than to relative fluctuations in Pitot pressure.
The heat flux is measured at the stagnation point,
and since the stagnation temperature across a nor-
mal shock does not change, the flow temperature at
the edge of the boundary layer T, is therefore the
flow stagnation temperature Tp. In a case where
T, = 510K and Ty = 560K, the relative fluctu-

ations of heat flux are 22 times more sensitive to

is at a minimum when evalu-
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fluctuations in total temperature than to relative
fluctuations in Pitot pressure. Therefore, it is de-
sirable to operate a thermocouple as close to the
flow stagnation temperature as possible to accu-
rately determine stagnation temperature fluctua-
tions. However when a thermocouple is operated
at T, = Ty, Eq. 22 is undefined since %’ — 00 and
_To_
To—Ty
specifying thermocouple operation when T,, # Tj.

Instead, for the case of T\, = Ty, the fluctuating
component of heat flux is

— o0. Therefore, Eq. 22 is only suitable for

2!

Q

= he (T; — T,,)

(23)

L)

from Eq. 20. The magnitude of fluctuations of sur-
face temperature for a surface junction thermocou-
ple is related to the magnitude of heat flux fluctu-
ation in the frequency domain by

(vavoer)

where w is the angular frequency, w = 27 f, and
v/ pck is the thermal effusivity of the thermocouple.
Equation 24 can be written as

Tl
@]

(24)

Tol
T

=y Vo pck +1 (25)

by using Eq. 23. Substituting h. = 230 Wm™2 and
Vpck = 4350 m—2 K575 Eq. 25 indicates the
fluctuations in stagnation temperature are more
significant than those of wall temperature by a fac-
tor of 100 at 4 Hz, and this ratio increases with
increasing frequency. Thus, when T}, is neglected
relative to T, from Eq. 23

./

q

T ==
0 T,

(26)
which is in a form that can be used to identify fluc-
tuations of stagnation temperature when T, ~ Tj.

Numerous regions of data were identified where
the thermocouples were operated at approximately
the stagnation temperature of the flow. To get the
best estimates of stagnation temperature fluctua-
tions, only regions where Ty = T, = 15 K tempera-
ture were investigated. Due to the high baseline
noise level in the measured thermocouple signal
[29], the stagnation temperature fluctuation data
was filtered using a Blackman-Harris window func-
tion with an effective low-pass filter cutoff frequency



of 3kHz. The data was then high-pass filtered at
4 Hz to isolate the fluctuations of stagnation tem-
perature.

Four periods of flow where Ty = T, £ 15K are
shown in Fig. 15, with these data belonging to peri-
ods 1 to 3 of Fig. 12. Fig. 15a shows the stagnation
temperature fluctuations during period 1. During
this period of flow the stagnation temperature fluc-
tuations caused by the first two reflected expansion
waves off the piston are visible at ¢ ~ 12.5ms and
t ~ 24.5ms.

The flow cooling experienced during period 2 is
well represented by a laminar-turbulent flat plate
transition, and the fluctuations of stagnation tem-
perature during this period are shown in Fig. 15b.
No reflected expansion waves are immediately ev-
ident, but the fluctuations of stagnation tempera-
ture exhibit a strong degree of periodicity with a
period of approximately 250 ps.

Fig. 15c shows a segment of flow period 3 where
the mean stagnation temperature is nominally con-
stant and the heat transfer to the walls of the barrel
is in agreement with the turbulent flat plate model.
There appears to be some fluctuations with a pe-
riod of approximately 500ps. A later segment of
flow period 3 is shown in Fig. 15d where a strong
periodicity is evident.

The root-mean-square stagnation temperature
fluctuations were 8.5 K, 10.7K, 11.9K, and 12.6 K
for Fig. 15a to Fig. 15d respectively. However the
baseline RMS noise level was in the order of 5K
with the signal-to-noise ratio ranging from 1.3 to 2.4
depending on the run. Therefore, the amplitude of
the stagnation temperature fluctuations identified
must be viewed with some caution.

Periodicity was identified in Fig. 7.18, and these
fluctuations can be investigated using the power
spectral density method. For this analysis only the
relative magnitude of stagnation temperature fluc-
tuations was of interest, and therefore to achieve
the highest frequency resolution the 1 kHz low-pass
filter was not implemented.

The baseline noise level was identified using a rep-
resentative segment of data from prior to the flow
onset. For frequencies above 5kHz, the magnitude
of stagnation temperature fluctuations was not suf-
ficiently above the baseline noise level, and there-
fore the power spectral density (PSD) estimates
shown in Fig. 16 are in the 0 — 5kHz frequency
band only.

No strong narrowband spectral content was iden-
tified in Fig. 16a, which is consistent with the Pitot
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Figure 15: Stagnation temperature fluctuations during four
30 ms periods of flow where T, = Tp £ 15K and 4Hz < f <
3kHz. Dashed lines indicate data outside this window.

pressure fluctuations for the same time period [19].
Figure 7.20b exhibits a very strong spectral fea-
ture at 3.5 — 4kHz. This feature was previously
identified via a Pitot pressure survey and it was
speculated to be approximately consistent with the
return of the reflected expansion wave [19], shown
as (ii) on Fig. 13. However, the start of this fea-
ture led the arrival of this reflected expansion wave
by approximately 10 ms to 20 ms. The high ampli-
tude 3.5 — 4kHz spectral content is not evident in
Fig. 16¢, but is visible again in Fig. 16d.

The onset of the 3.5 — 4 kHz spectral content was
analysed using PSD estimates of 20 ms periods of
flow. This spectral content was not present before
t = 70ms, however when windowed to the 60ms
to 80 ms period of flow, a peak at 3.5 — 4kHz was
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Figure 16: PSD estimates of the stagnation temperature fluc-
tuations for the data presented in Fig. 15.

clearly visible. This suggests the onset of the 3.5 —
4 kHz spectral content occurs at 70 ms to 80 ms, and
it is at about this time the heat transfer from the
test gas in the barrel to the cold barrel walls was
found to agree with flat plate transition from lami-
nar to turbulent flow (Fig. 14). Therefore, the 3.5 —
4 kHz fluctuations of temperature and pressure that
are present in the test flow for ¢ 2 70ms could be
caused by the transition of the boundary layer of
the test gas in the barrel from laminar to turbu-
lent, not the reflected expansion wave as previously
speculated [19].

As the present analysis cannot be used to in-
fer the pre-shock (freestream) disturbance environ-
ment, the results are left as stagnation tempera-
ture fluctuations and not decomposed to the acous-
tic, entropy and vorticity mode. Further experi-
mental work, likely via alternative intrusive or op-
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tical methods, is required to confirm if the 3.5 —
4kHz disturbances are the result of transition of
the boundary layer of the test gas in the barrel from
laminar to turbulent.

The cooling effects that are caused by the pis-
ton compression process of the nozzle supply gas,
and the fluctuations of total temperature which ap-
pear to also originate in the barrel, may also be
present in other piston driven facilities or other fa-
cilities where heat transfer between the test gas
and pipework can be significant. However, as there
are a range of fundamentally different types of test
facilities, strong conclusions about other facilities
cannot be made. Instead, individual facility opera-
tors should investigate the stagnation temperature,
and the fluctuations thereof, produced in their fa-
cility. Spurious peaks of unknown origin have been
reported at 9.4kHz at a Mach 10 condition and
40kHz at a Mach 14 condition in the AEDC9 fa-
cility [33, 34], which could potentially be related to
thermal disturbances in the nozzle supply region.

6. Conclusion

In this research, coaxial surface junction ther-
mocouples with an oxide-insulated matching taper
construction were used as transient heat flux gauges
within blunt, cylindrical probes for the measure-
ment of the flow stagnation temperature in a low
enthalpy hypersonic wind tunnel with a flow dura-
tion of around 200ms. The surface junction ther-
mocouple construction allowed the gauges to be
electrically heated to temperatures well above what
is possible with the common epoxy insulating and
bonding methods for construction. By operating
these gauges at elevated temperatures, it was pos-
sible to measure the convective heat transfer coef-
ficient for the probe arrangement.

The time averaged stagnation temperature of the
flow produced by the Mach 6 nozzle of TUSQ was
determined from measurements of the stagnation
point heat flux. The experimental data was com-
pared to the temperature calculated from the mea-
sured barrel pressure on the assumption of isen-
tropic conditions, and four periods of flow were
identified:

(1) for t < 65ms where Tj is approximately the
isentropic stagnation temperature;

(2) for 65ms < t < 105ms where T reduces at a
rate of approximately 1100 Ks™1;



(3) for 105ms < t < 165ms which is a period
of nominally constant stagnation temperature;
and

for t > 165ms where the cold vortices that
propagate ahead of the piston are expelled
through the nozzle, resulting in a large sudden
reduction of stagnation temperature.

(4)

The measured stagnation temperature was also
compared to thermodynamic simulations based on
the measured pressure history and empirical corre-
lations for the barrel heat transfer. The simulated
results are within 2% of the experimental data for
t = 0 — 150 ms, increasing to 5% at t = 170 ms. For
t > 170ms, cold vortices that propagate ahead of
the piston which are not modelled in the simulation
increase the error of the simulation to 20%.

Root-mean-square stagnation temperature fluc-
tuations were evaluated for f = 4Hz — 5kHz. RMS
fluctuations of stagnation temperature, (T()/To,
were observed to increase throughout the flow pe-
riod, from approximately 1.5% at the start of a
run to 2.4% at the end of a run. However, be-
cause there was a large amount of scatter (ap-
proximately +0.5%) in the stagnation temperature
fluctuation results, there remains significant un-
certainty in these magnitudes. The onset of the
3 — 4kHz disturbance was consistent with the on-
set identified by the Pitot pressure fluctuations re-
ported elsewhere and appears to be initiated by flow
transition in the barrel.

Surface junction thermocouples are frequently re-
garded as relatively low SNR devices that are not
well suited to measurements in low enthalpy hyper-
sonic flows. The results reported herein have con-
clusively demonstrated the capability to measure
transient heat flux in one such flow with stagnation
point heat flux values on the order of 10kW m—2,
and the measurement of the wind tunnel stagnation
temperature which varies over the 200 ms duration
of the flow.
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