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(ABSTRACT)

A rapid-response thin-film heat flux sensor was used to measure time-resolved
unsteady heat flux in a complex junction vortex flow. This sensor, called the Heat Flux
Microsensor, was used with a hot-wire anemometer to make simultaneous measurements
of velocity and surface heat flux. The results were used to detect the relationship between
the surface heat flux and the velocity unsteadiness. The study of this three-dimensional
vortex system through time-resolved heat flux measurements is unique; as far as the
author is aware, no previously published work has demonstrated the correlation between
flow unsteadiness and its effects on the heat transfer for this phenomenon. The heat flux
unsteadiness indicative of this vortex flow is discussed as turbulence coefficients and is
calculated from both time-resolved and frequency measurements. Turbulence levels as
high as 30% were recorded from the time-resolved data and were substantiated by the
averaged power spectrum data. The development of the vortex system itself causes three

times the heat transfer of the undisturbed boundary layer.
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Nomenclature

bl boundary layer

¢ specific heat at constant pressure (J/(kg-K))
h convection coefficient (W/(m?-K))
L characteristic length (m)

Nu  Nusselt number

Pr Prandlt number

P1 position one, vortex center

P2 position two, separation point

P3 position three, attachment region
q" heat flux (W/m?2)

Re  Reynold’s number, Re = V  -L/y
RTS Resistance Temperature Sensor

St Stanton number, St = h/(p-V ‘cp) = Nu;/(Rep +Pr)
Tu turbulence coefficient

v voltage (volts)

Xi



\% velocity (m/s)

V.,  mainstream velocity (m/s)

Greek Letters

v kinematic viscosity (m?%/s)

p mass density (kg/m?)

Subscripts
hf heat flux
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X local value
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Chapter One

Introduction

When a crossflow of air encounters the blunt nose of an airfoil shaped body, the
mainstream boundary layer creates a complex three-dimensional flow occurring in the
endwall region near the base of the body. This complex flow is a vortex system that
causes very large variations in heat transfer and velocity in this region. Although
conflicting opinions exist on the total number of vortices present in the system, there is
overwhelming agreement that a dominant junction vortex, or the horseshoe vortex, does
exist and is easily detected by flow visualizations.

The horseshoe vortex forms when the mainstream boundary layer produces a
pressure gradient along the body stagnation region forcing the flow down toward the
endwall. The flow then rolls up into a horseshoe vortex, and the boundary layer separates
in front of the body. A schematic illustration of the horseshoe vortex system is given in
Fig. 1. Because of the complexity and the unsteadiness of the flow in this region--

including flow reversals-- analysis of the flow and heat transfer is difficult.



Fig. 1. The Horseshoe Vortex System 7



This turbulent flow pattern is of particular interest in many engineering situations,
such as turbomachinery blades and endwall flows, aircraft wing and other junction flows,
and ship and submarine appendage flows. A fundamental understanding of this
phemomenon will not only enable engineers to predict the heat transfer, but also enable
them to control the phemomenon.

In an effort to accomplish this objective, the Heat Flux Microsensor is used to
measure time-resolved local heat flux and characteristic frequencies at various positions
in the turbulent vortex system. Simultaneous measurements of heat flux and velocity are
recorded by the microsensor and a hot-wire anemometer, respectively. Their correlation
is measured by the coherence function. The effects of turbulence are accounted for at
specific frequencies and are discussed as turbulent coefficients. The purpose of this
research is to demonstrate that the microsensor is a viable measurement technique for this
flow situation because of its high frequency response, fast time response, and its non-
disruptive nature. The Heat Flux Microsensor gives new information about the heat flux
that exists in the vortex system, which should lead to an increased understanding of how

the system’s vortex structure affects the heat transfer.



Chapter Two

Literature Review

There are three major aspects of this review to consider: the horseshoe vortex
system, heat flux measurement, and the Heat Flux Microsensor. In the first section, the
behavior of the flow of the system and its heat transfer characteristics will be reviewed.
Different techniques for heat flux measurement and their usefulness for unsteady flow
will be mentioned in the second section. Finally, the third section will briefly discuss the

fabrication, specifications, and advantages of the Heat Flux Microsensor.

2.1 The Turbulent Vortex System

As previously mentioned, little agreement exists on the details of the structure of
the junction vortex system. According to Pierce and Tree [1], the flow system is

composed of a large, well-defined vortex on the symmetry plane and a strong, but small



counter-rotating vortex located in the corner of the floor and the leading edge of the
body. Their experiment used a two-channel laser Doppler velocimeter (LDV) system to
acquire mean velocity measurements and real-time smoke visualizations to confirm the
vortex structure. Abid and Schmitt [2] alsb recorded a similar model with laser data,
although the work was not as detailed. Eckerle and Langston [3] reported five-hole probe
measurements that showed the same two vortex model. Devenport and Simpson [4] used
a laser anemometer and a hot-wire probe to further investigate the turbulence near the
wing-body junction. Their results revealed data on the time-dependent and time-averaged
turbulence structure of the flow. Hunt, Abell, Peterka, and Woo [5] applied topology to
interpret surface flow visualization and proposed the four vortex model shown in Fig. 2.
This was confirmed experimentally by Baker [6] from an oil-flow visualization. Using
a naphthalene sublimation technique to determine variations of mass transfer, a three
vortex model was suggested by Karni and Goldstein [7]. The flow visualization and
structure results used in this research were the detailed data of Pierce and Tree [1]. The
current experiment is comprised of the same wind tunnel and airfoil shaped body as was
used to collect the detailed laser and surface data [1]. Fig. 3 shows the results of the
smoke visualizations while Figs. 4 and 5 show LDV results.

Characteristic frequencies given off by the vortex system have rarely been
examined. Devenport and Simpson [4] stated that the large turbulent stresses of the
system were associated with bimodal (double-peaked) histograms of velocity fluctuations

produced by a velocity variation that is bistable. They also hypothesized that the
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Fig. 2. Proposed Four Vortex Model [6]



Fig. 3. Smoke Visualization of Vortex System [1]
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unsteadiness is produced by fluctuations in the momentum and vorticity of fluid from

the outer part of the boundary layer, recirculating as it impinged on the leading edge of
the body. Frequencies of the large-scale unsteadiness were substantially lower than the
passage frequency of the coherent structurés in the boundary layer. Tree [8] presented
time-averaged spectra taken with a laser anemometer in the region also showing a
bimodal trend.

The heat transfer behavior of the vortex system was explored by examining other
geometry-related situations. For example, Simmons, Hager, and Diller [9] used two
rapid-response thin-film heat flux gages to measure time-resolved unsteady heat transfer
signals at a stagnation point. The Heat Flux Microsensor was one of those gages and was
used in this research as well to measure the stagnation point of the horseshoe flow. The
results indicated a direct correlation between the turbulent velocity fluctuations and heat
flux variation. An experimental study was made by Mori, Koizumi, and Nogo [10] to
clarify the heat transfer performance near the separation point of a forward facing step.
They concluded that, for turbulent boundary layers, the position of the separation point
was very close to the step and fluctuated with amplitudes about twice as large as the
height of the step. They also noted that the Reynold’s analogy did not hold at the
stagnation point, meaning that the heat fluxes at that point did not go to zero as the wall
shear stress did.

Perhaps the most useful application of this research deals with gas-turbine

technology. Improving efficiency of these turbines requires detailed local heat transfer
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and velocity measurements. Graziani, Blair, Taylor, and Mayle [11] studied the endwall
and blade surface heat transfer in a large scale cascade of blades and observed that the
vortex system greatly influenced the heat transfer in the region of the blade’s endwall
surface. Measurements were made using uniform heat flux models consisting of heated
blade and endwall asﬁemblies. It was also noted that the size of the inlet boundary layer
on the endwall has a significant effect on endwall heat transfer, yet the Stanton number
does not change significantly with thin or thick boundary layers. This was explained as
an indication of scouring of the endwall by the vortex.

A comparison of visualized turbine endwall flow patterns and measured Stanton
number distributions was made by Gaugler and Russell [12]. Flows were traced by
neutrally bouyant helium-filled soap bubbles, by smoke from oil soaked cigars, and by
permanent marker pen ink dots and synthetic wintergreen oil. These three techniques
were then compared to Stanton number contours reported by Hylton, Mihelc, Turner,
and York [13]. From this investigation it was concluded that the only obvious correlation
between the horseshoe vortex and the endwall heat transfer is near the leading edge of
the blade, where a local peak in heat transfer occurs and the vortex starts to roll up.

Stanton number was again used as a nondimensionalized local heat transfer
coefficient in the turbine passage studies of Hippensteele and Russell [14]. By using a
liquid-crystal, heater-element composite sheet on the endwall surface, Stanton number
was experimentally mapped on that surface over a range of Reynolds numbers. Figs. 6

and 7 show these heat transfer coefficient maps. For all inlet Reynolds numbers tested,
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83,000 to 397,000, the maximum Stanton numbers occurred at the leading edge region.
The horseshoe vortex could be seen at all Reynolds numbers. Lastly, their data did agree
with Gaugler and Russell [12] that the separation line of the endwall did not correlate
with the endwall heat transfer.

Goldstein and Spores [15] used the heat-mass transfer analogy to study the
complex flow in the endwall region. This was accomplished by casting naphthalene onto
a removable endwall plate in a turbine blade cascade. A detailed contour plot of the local
convection coefficient is obtained by sublimation of the naphthalene. They concluded that
the secondary flow between turbine blades can have a localized effect of up to five times
the increased convection on the passage endwall. They also confirmed the existence of
the corner vortex at the leading edge with this experiment.

Accurate knowledge of separating and recirculating flows is also valuable from
the biomedical point of view. Thum and Diller [16] studied the mass transfer of oxygen
in saline and blood on the downstream side of a backward-facing step with laminar flow
inside a tube. This study was used as an experimental model for the separating and
recirculating flows in the arterial system. Their results showed high heat transfer rates
in this downstream region, especially at the point of reattachment.

To understand the basic phenomena of this convective heat transfer, one must
know how the unsteady fluid flow affects the surface heat transfer. Although information
in steady and time-average quantities are numerous, time-resolved measurements have

only recently been used to capture the unsteady characteristics of the flow. Development
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in the experimental domain has made possible the recording of high-speed response of
the unsteady phenomena. A review of unsteady heat transfer measurement techniques

developed in the past decade has been published by Diller and Telionis [17].

2.2 Heat Flux Measurement

Most heat flux gages for measuring heat transfer between a flowing fluid and a
solid surface can be categorized into three groups: (1) the measurement of electric power
dissipated in a heater at steady state, (2) the measurement of the temperature difference
across a known thermal resistance in the surface, and (3) the measurement of the time
rate of change of thermal energy at the surface [17]. Gages from each of the categories
have been used to take limited unsteady measurements.

Monitoring the electric power necessary to maintain a heated surface temperature
as a means of convective heat transfer measurements yields accurate results for large
surface areas [18]. Unfortunately, this method falls short in terms of spatial resolution
for smaller surface areas. The time constants needed to reach thermal equilibrium for
these gages are typically minutes long; this time increment is much too slow to measure
the effects of the unsteady flow. Even when these gages are made with thin-film
resistance layers, they must be driven with a feedback control system [19]. Because the

method is no longer passive, it can only measure heat flux from the surface; heat flux

15



to the surface cannot be measured. This method would be especially disappointing in the
complex flow system currently under study.

The second and most popular category operates by measuring a temperature
difference across a known thermal resistance. This is usually accomplished by forming
a thermopile by plécing thermocouples in series across the thermal resistance. The
thickness of the sensor is dictated by the physical placement of the thermocouple
junctions. Because of this thickness, a major problem for these gages is their physically
and thermally disruptive nature when placed in the measured flow field. Fig. 8 shows a
schematic diagram of a gage as an additional layer on the measured surface. T, is the
surface temperature of the gage and T; is the surface temperature of the material being
measured. If T; is used to calculate the heat transfer coefficient, h, instead of T, a
sizeable error could occur. This difference in temperatures could also cause a change in
the thermal boundary condition, causing the heat transfer in the surface material to be
nonuniform.

Measurements of the third type involve using the thermal capacitance of the gage
and/ or model material with surface temperature measurements to infer the heat transfer
from the time-temperature histories [17]. This type of measurement is often used in
transient flows. An analytical model is used to determine what heat transfer coefficient
history is necessary to produce the observed temperature history. The resulting data

analysis is very complicated.
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2.3 The Heat Flux Microsensor

The Heat Flux Microsensor belongs in the second group of heat flux measurement
devices. Made using microfabrication techniques [20], the sensor is a thin-film gage with
several thin-film layers forming a differential thermopile across a thermal resistance
layer. The thermopile is formed by metal strips of nichrome and platinum overlapping
above and below the silicon monoxide resistance layer to form series thermocouple
junctions, as illustrated in Fig. 9. The output voltage from the thermocouples is directly
proportional to the heat flux. This signal is much preferred to the complicated analysis
needed for category three gages.

Since the gage is sputter coated directly onto the measurement surface, the total
thickness is less than 2 um. Unlike other gages that must include the thickness of the
adhesive to the overall thickness of the sensor, the Heat Flux Microsensor requires no
adhesive. Fig. 10 shows the schematic of the layered heat flux gage. Ridding the gage
of this layer also improves the heat flux reading. Because the gage is so thin, it
contributes negligible disturbance to the flow or the thermal boundary layer and has a
high frequency response. When compared to Fig. 8, it is obviously a better design when
flow disturbance is a problem. The gage only covers a surface area of 3 mm by 4 mm--

small enough to measure local values of heat flux. The Heat Flux Microsensor is

18



Lower Upper
Themocouple Thermocouple

Thermal
Resistance

Series
Connection

Lead
Connection

Fig. 9. Isometric View of Thermocouple Junctions

19



Temperature
l /Sensors

= Thermal

Resistance

5
ETTTTTTT 777777 Sistrate

Fig. 10. Schematic Cross Section of thé Heat Flux Gage

20



excellent for measuring complex unsteady flow characteristics: its response time is
approximately 20 usec [21] and its passive nature enables heat flux to be measured to and
from a surface. Fig. 11 displays a top view of the Heat Flux Microsensor.

Many improvements have been made since the microsensor’s inception. Feed-
through leads are now used to bring the signal through the substrate to measurement
instrumentation. This innovation is especially important to aerodynamic testing by
preventing additional surface disruption. Secondly, a new temperature sensor called the
resistance temperature sensor, or RTS, was developed to improve high-temperature
measurement performance. Two high-temperature flame tests were used to determine the
failure temperature of the RTS. Its calibration is discussed in Appendix C.

The Heat Flux Microsensor has proven to be valuable in a number of different
situations. Its response to an instantaneous heat source is recorded in Fig. 12. The
microsensor was also tested in an industrial drying simulation consisting of arrays of
impinging jets and measured the transient cooling process of the system (see Appendix
A). Mounted in the wall of a supersonic wind tunnel, the microsensor captured the
effects of a shock passage on the heat transfer at the wall. Fig. 13 and Fig. 14 show
typical results from these supersonic tests. The gage was additionally used to perform’
conduction tests on living tissue. The goal was to determine the effect of blood flow on
the transient conduction heat transfer between the previously cooled probe containing the
microsensor and the tissue [22].

In light of the research being presented, perhaps the most informative test

21
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situation for the microsensor was the monitoring of time-resolved heat flux and
freestream turbulence at a stagnation point [9]. By simultaneously monitoring each of the
signals, the effects of freestream turbulence on boundary layer heat transfer were
documented. Test results representing heat flux and flow velocity are shown in Figures
15 and 16. An obvious correlation existed between the heat flux and the velocity
unsteadiness. The experimental results showed a phase lag of 60, 70, and 90 degrees on
pulses of 590, 960, and 1250 Hz, respectively. These results may have included a phase
shift of 180° due to the nondirectional nature of the velocity probe used. Fig. 17 displays
the coherence function for the local values of the heat flux and velocity measurements.
This coherence level was somewhat low, attributed to the random frequency content of
the input signals due to the turbulent unsteadiness. The present research hopes to take
these results farther, performing these simultaneous measurements on the complex

turbulent vortex system.

26



46 .0

Em
(nv)

30.0

7.0

Velocity
(x48mA)

’\f\ ,\ \ .
WA
0.0 Time (msec) 8.0
o) HEAT FLUX
p.

] £ /

W Val
W A%
:).V‘ELOCITY Time (msec) e

Fig. 15. Simultaneous Heat Flux and Velocity Signals at Stagnation [9]

27



50 Averages

Velocity

T M,

Heal Flux

| B4

Frequency (kH1)

Fig. 16. Heat Flux and Velocity Power Spectra at Stagnation [9]

28




50 Averages

05

Coherence h I

Jll

L 1L,

111,

00
0.0

Frequency (xHz)

Fig. 17. Coherence of Heat Flux and Velocity at Stagnation [9]

29

.0



Chapter Three

Experimental Design and Procedure

The turbulent junction vortex system was measured using the Heat Flux
Microsensor and a hot-wire anemometer. An airfoil shaped body mounted in a low-speed
wind tunnel created the system. This chapter elaborates on the design of the tunnel test

section and describes the testing procedures used.

3.1 Experimental Apparatus

The tunnel test section consists of a segmented aluminum plate completing the
bottom of the tunnel and a circular cam system that fits flush into the center of the plate.
The Heat Flux Microsensor then fits into the cam system for ease of positioning. The
segmented plate is comprised of three rectangular pieces, stepped to fit together to form
a level test section which will not trip the flow in the tunnel. Modeling clay was used to

fill the small cracks between the plate and the tunnel floor. To provide insulation between
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the pieces and also to provide some additional stability to the configuration, RTV blue
silicone gasket maker was applied to the step edges. Because of the insulation between
the pieces of the plate, only the center piece containing the cam system must be heated
before testing. Dimensions for the plate are given in Fig. 18. A hole iS dﬁlled in the
center section to position the airfoil shaped body in the flow path. The wooden body
dimensions are shown in Fig. 19. It is bolted to the bottom of the tunnel through the hole
in the center piece. In the two outside pieces holes are drilled from the bottom of the
plate to attach metal bars. These bars are tightened against the bottom of the tunnel by
screws to prevent movement of the segmented pieces from heat, settling, or a vacuum
created by the flow.

The cam system allows the Heat Flux Microsensor to be easily positioned along
the symmetric axis of the flow field [23]. It is made of two aluminum discs, 1.27 cm
(0.5 in) thick, the smaller fitting into the larger with an offset from the center of 2.22
cm (0.875 in). By rotating one or both of the pieces the microsensor is incrementally
"walked" along the symmetric line. Dimensions of the system are given in Fig. 20. A
steel collar is mounted to the smaller disc to hold the probe body containing the
microsensor in place.

Velocity measurements are taken with a single-wire hot-wire anemometer placed
directly above the Heat Flux Microsensor. It is positioned from one side of the tunnel
by a small aluminum holder attached to the tunnel floor with cyanoacrilate. The distance

between the two instruments is 1.905 cm (0.75 in).
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The wind tunnel itself is a suction-type tunnel that creates a low-speed turbulent
vortex system when the body is positioned in the flow. A two-dimensional turbulent
boundary layer, nominally 90 mm (3.54 in) thick, develops over the five meter (16.4 ft)
long floor upstream of the test section. The Reynold’s number based on length is
5,740,000. The rectangular cross section of the wind tunnel test section is 0.91 m (3.0
ft) wide by 0.61 m (2.0 ft) high. The typical freestream velocity is approximately 24.0
m/s (78.7 ft/s), fixing the Reynold’s number based on the diameter of the body to
183,000. The upstream momentum Reynold’s number is 12,500 [1].

To heat the center piece of the segmented plate to a constant and uniform
temperature, four silicone wire resistance heaters are mounted flush against the bottom
side of that piece. These flexible rubber covered heaters are used to cover the area of the
plate while still allowing for the probe body to protrude from the plate. Type-T
thermocouples are placed between the plate and the heaters to provide feedback to control
the temperature. Both the thermocouples and the heaters are held in place by fiberboard
screwed into the plate which also served to inhibit dissipation of heat. The heaters are
individually controlled by Eurotherm 810 automatic temperature controllers and
Eurotherm 831 power supplies. The probe body encasing the Heat Flux Microsensor is

also heated from the bottom of the tunnel using a 150 W band heater and a variac.
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3.2 Experimental Procedure

In preparation for testing, the cam system is carefully positioned. Test sites along
the symmetric axis are chosen by studying LDV measurements of the horseshoe vortex
reported by Pierce and Tree [1]. The Heat Flux Microsensor is then leveled and secured
in the collar. Lead wires connect the microsensor to a portable amplifier which is
monitored by a Hewlett-Packard 3562A dynamic signal analyzer. The resistance
temperature sensor (RTS) which measures the surface temperature of the microsensor is
connected by lead wires to the portable amplifier and then monitored on a Hewlett-
Packard 3468A digital multimeter. The body is then placed in the tunnel and clear
silicone sealant is applied around the bottom; this is to ensure that the flow is directed
only around the body and is not trapped under it. After these instruments are in place,
the hot-wire anemometer is positioned over the sensor and the anemometer holder is
mounted to the tunnel floor. The hot-wire is connected to a TSI IFA-100 constant
temperature anemometer which, in turn, is connected to the HP signal analyzer.

After the zero values of both the Heat Flux Microsensor and the RTS are
recorded, the Eurotherm heaters and the band heater on the probe body are allowed to
stabilize at approximately 80°C. This is accomplished by monitoring the RTS surface
temperature reading with the HP multimeter as well as monitoring the Eurotherm
controller digital displays. Noise distorting the signals is lowered by momentarily shutting

down the heaters during the data collecting 'stages. If the duration of a test is more than
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roughly a minute, the RTS temperature is allowed to rise above 80° before data
collection in an attempt to compensate for the decrease in temperature.

After this preparation, the tunnel velocity is adjusted to a test section freestream
value of approximately 24.0 m/s (78.7 ft/s). The velocity is measured with a pitot tube
inserted through the top of the test section approximately 25.4 cm (10.0 in) above the

airfoil shaped body.
3.2.1 Heat Flux and Temperature Measurement

As discussed in the experimental apparatus section, the Heat Flux Microsensor
has leads from the heat flux gage for the heat flux signal and from the RTS for the
surface temperature. These leads are connected to a portable differential amplifier.

The heat flux leads are connected to a dc amplifier detailed in Fig. 21. This
portable amplifier box is designed and constructed by Vatell. The leakage resistance,
specifically R4 and RS, takes the noise out of the circuit as well as out of the bias
amplifier which is referenced to ground. The gain applied to the signal through this
circuit is 1000. The signal is then run into the HP signal analyzer to record data. |

The RTS leads are also conﬁected to the portable battery-operated amplifier with
a circuit as shown in Fig. 22. The calibration switch, along with a null adjustment,
forces the amplifier to be zero so that there is a zero reference prior to every

measurement. When switched to the run mode, the output of the voltage divider is

37



HEAT FLUX SENSCR INFUT
HEAT FLUX SEMSCR INPUT

AGND

ka +3U Batt.

HUL

Fig. 21. Heat Flux Circuit and Amplifier

38

1 HEATAMP
[ 1- RG1

1+ ML

RG2  ONML

N

ML 51799

ML G200
—rer csee

NS+ OUT
ADE24
ACND
—
-3V Batt

C-l AMP QUTPUT

*GAIN 3ET TO 1000



D 45V Rag.

6-508
g 499K ﬁk +9V Batt. o)
G108
p i 9
RTS 1 onu fSx
SHIELDED T-PRIR CAL. RO2  ONUL f4x
INUL 8146 |
INUL 8200 {2s
REF  e5ee Lk
2ERO POT A ys- sense Lo
use oyt b1 AMP QUTPUT
ABHO ADE24
il AGND
= -9 att.

Fig. 22. RTS Circuit and Amplifier

39



approximately proportional to the RTS resistance. The noise level is reduced by using
shielded, twisted pair connections from the RTS to the amplifier and by the common-
mode rejection of the differential amplifier itself. The RTS signal is amplified by 500 and

run into the HP multimeter to monitor this data.

3.2.2 Velocity Measurement

The hot-wire anemometer is used to measure information about the velocity
characteristics of the flow at the same x-coordinate position as the Heat Flux
Microsensor. Because the single-wire anemometer cannot account for direction in the
flow, the sensor is tested in a parallel position as well as a perpendicular position to give
more information about the flow field. The unlinearized signal from the IFA-100 flow
analyzer is directed into the signal analyzer. Tests were also run with the anemometer
probe at several positions in the boundary layer for comparison purposes. The calibration

for the hot-wire is discussed in Appendix B.

3.2.3 Time-Resolved Testing

Time records were taken and filtered with a low-pass filter for valid frequencies. The
plots themselves show heat flux in voltage versus time and velocity in voltage versus

time. From these tests, average heat flux and velocity values can be determined. Average
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turbulence correlations were also calculated from the fluctuation values of the signals.

3.2.4 Power Spectra Testing

Power spectrum measurements were taken showing the output heat flux and
velocity signals in the frequency domain. The HP signal analyzer calculated the power
spectrum by multiplying the FFT of the signal by its complex conjugate. Stable mean
averaging, weighting old and new data records equally to yield the arithmetic mean, was
used. The number of averages taken was 100. From these tests, turbulence correlations
for a specific frequency were calculated. The two measurements were also compared in
coherence plots. The coherence function is an indication of the statistical valid correlation
of the frequency response measurement. Coherence is measured from zero to one, where
one indicates perfect coherence.

An ICP 302A accelerometer was attached to the Heat Flux Microsensor to
determine which frequencies in the response, if any, were due to vibrations of the

experimental set-up or the wind tunnel itself. These results are shown in Appendix D.
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Chapter Four

Results

Time-resolved heat flux and velocity measurements were taken at three positions
in the turbulent junction vortex system: position one, at the dominant vortex center;
position two, the separation point behind the dominant vortex; and position three, near
the attachment region between the vortex and the airfoil. The surface heat flux was
simultaneously monitored with the velocity at that position to observe the effects of fluid
unsteadiness. Measurements in the same region without the airfoil, or the classic
boundary layer case, were also recorded for comparison purposes.

The time-resolved heat flux and corresponding velocity signals for each of these
positions are shown in Figs. 23, 27, 31, and 35. The mean heat flux, the mean
convection coefficient, and the fluctuating turbulence values were calculated from the
Heat Flux Microsensor’s signal. Similarly, the mean velocity and velocity fluctuations
were calculated from the hot-wire signal. These results are presented in Table 1.

The frequency spectrum of the heat flux and velocity signals are shown in Figs.

42



24, 28, 32, and 36. Since stable averaging was performed in this frequency domain, the
coherence function was used to identify correlation between the heat flux and the
velocity. Coherence plots are displayed in Figs. 25, 29, 33, and 37. The turbulence level
at individual frequencies was examined and graphed in Figs. 26, 30, 34, and 38. Unlike
other spectrum plots, these turbulence plots give meaningful statistics at each spectral line
instead of simply showing trends. Average turbulent coefficients were calculated from
both the time-resolved and power spectra data and are presented in Table 2. For
comparison, the coherence was plotted with the hot-wire out of the boundary layer. This
plot is displayed in Fig. 39.

Initially, the frequency span was varied to pinpoint the activity of the vortex
system. From this study, it was discovered that the majority of the flow unsteadiness
occurred in the first 100 Hz. The span’s starting frequency was 5 Hz; by cutting out the
dc component of the signal, resolution was improved. The bandwidth of the span was
0.125 Hz. The number of averages was also varied to investigate the effects of spurious
data, or singular occurrences in the data not indicative of the flow. After comparison of
initial tests, data taken with more than 100 averages was redundant. All of the results

presented in this section were repeatable by duplication of the experiment.
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Table 1. Time-resolved Data for the Junction Vortex System

Time-resolved P1 P2 P3 classic
Data vortex ctr separation attachment bl

q77 (Wim?) -8568.5 -12422.9 -9927.8 -4462.2
B (Wim?«K) 214.2 2259 183.8 81.1
v (mls) 11.79 12.85 7.80 20.17
Tuy; 0.302 0.186 0.211 0.211
Tu,, 0.155 0.130 0.220 0.220

St 0.0076 0.0081 0.0066 0.0029
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Table 2. Turbulence Data for the Junction Vortex System *

Turbulence P1 P2 P3 classic

coefficients vortex ctr separation attachment bl

Tuy, (time) 0.302+0.116 | 0.186+0.104 | 0.2114+0.094 0.21140.056

Tu,, (time) 0.155+0.112 | 0.1304+0.103 [ 0.220+0.106 0.220+0.104
0.2384+0.048 | 0.166+0.033 [ 0.206+0.041 0.10040.020

Tuye (power)

Time-resolved results are + a 95% confidence interval.
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Fig. 23. Time-resolved Heat Flux and Velocity at Vortex Center
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Chapter Five

Discussion of Results

Measurements concentrated on the junction vortex because of its dominance and
importance to the flow region at the leading edge of the airfoil. The junction vortex
significantly enhances the turbulent structure which greatly complicates the flow. Since
the turbulent junction vortex system is a complex three-dimensional flow, results obtained
from its study must be carefully interpreted. Measurements were taken in both the time

and frequency domains.

5.1 Time-Resolved Measurements

Because of the turbulent activity of this region, the time-resolved signals shown
in Figs. 23, 27, 31, and 35 are mostly random; turbulent flows are characteristically

random. Although the heat flux gage and hot-wire signals are similar, there is no obvious
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correlation of heat flux and velocity unsteadiness visible from these plots. However,
similarities are evident for calculated turbulent coefficients for each of the signals
showing an equivalent turbulence magnitude (see Table 2). This agreement increases the
confidence of using the Heat Flux Microsensor as a turbulence-measuring device.

Because of the difficulty in making time-resolved heat flux measurements, the
results of the Heat Flux Microsensor are essential to providing a basic understanding of
the heat flux in the vortex system. The highest heat flux was discovered at position three,
the separation point. With the vortex moving back and forth at this point, the level of
activity is expected to be quite high, thus resulting in an area of high heat flux. In
comparison, the low heat flux of the classic boundary layer case, only 36% of the heat
flux at separation, shows how significantly the dominant vortex affects the heat transfer.
For this research, heat flux was defined as positive from the surface and negative to the
surface. Clearly, the heat flux values should be and are positive because heat is being
convected away from the surface. To further validate the microsensor as a time-resolved
heat flux device, Stanton numbers, or nondimensionalized heat transfer coefficients based
on inlet conditions, were calculated for each of the positions. These numbers were
comparable to the results of Hippensteele and Russell [14] shown in Figs. 6 and 7. For
the classic boundary layer case, an empirical value of the Nusselt number considering the
unheated starting length was calculated by the formulas [24]:

[Nux]€=0

Nu, =
[1-(¢/x)%1071/9

64



and

[Nu,l;q = 0.0296Re:”

Pr1/3

where x was measured from the leading edge of the unheated starting length, and £ was
measured from the beginning of the thermal boundary layer development. The values of
X, £, and Re, were 5.127 m, 5.0 m, and 5,740,000, respectively.

The Stanton number was then calculated from the definition:

Nuj
Re; Pr

St =

The empirical Stanton number was 0.0025, a 16.0% difference. If the unheated starting
length is not considered, the empirical Stanton number is 0.0017, a factor of 1.5 lower.
Examination of the frequency data taken by the Heat Flux Microsensor will continue to
show the gage’s capacity to measure the flow unsteadiness and its effects on the heat

transfer.

5.2 Frequency Measurements

The power spectra of the heat flux and velocity signals are shown in Figs. 24, 28,
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32, and 36. For positions one and two, heat flux and velocity have similar frequency
content. This is indicated by the shape of the power spectra and implies that both devices
are measuring the same flow pattern. Position three and the classic boundary layer case
do not follow this trend. These differences ﬁmay be attributed to the placement of the hot-
wire anemometer in the flow. Because the hot-wire is mounted at a distance above the
microsensor, at that particular point, the two devices might not be measuring the same
phenomena. While discrepancies in the frequency content are often related to propagation
errors, this type of error is unlikely in the vortex system flow because the dominant
vortex is not propagated downstream.

Additional information can be inferred from calculating the coherence of heat flux
and velocity. The coherence function indicates how well the two signals correlate, or
rather, if there is a linear relationship between them. Figs. 25, 29, 33, and 37 show
coherence functions for the four regions. While positions one and three exhibit little or
no coherence, position two and the two-dimensional case have coherence levels up to
0.4. Although this measure of correlation may seem low, the unsteadiness of the flow
creates random frequency content in each of the input signals. Lack of coherence in
positions one and three is, again, probably a function of velocity probe placement.
Another explanation for little or no coherence is random phase. If the magnitudes of the
signals are the same but the phases are not, the coherence function will not indicate any
correlation. From these observations, it is reasoned that position two documents the

“movement of the large horseshoe vortex because of its similar frequency content and
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reasonable level of coherence. Power spectrum measurements made with the hot-wire
positioned both in and out of the boundary layer show that correlation between the two
devices exists only, as expected, in the boundary layer (see Fig. 39). This result is in
agreement with Simmons, Hager, and Diller [9] who state that the interaction of the
turbulence with the boundary layer appears to be crucial to the resulting effect on the
surface transfer.

Unsteadiness of the junction vortex system is examined using both the time-
resolved and the power spectrum measurements. For the time-resolved data, the

following standard turbulence definitions were used to quantify the unsteadiness:

PN YA
Tu?f _ V(g"))

/i

q
for the heat flux, and

K2

7uhw = (‘f_)

v

for the velocity.
The time-resolved data are useful to calculate an average turbulence value, but
also include error resulting from spurious data. This matter can be rectified by obtaining

turbulence values from the averaged power spectrum measurements by the formula:
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T = ypower data

time data

This equation also follows the standard definition of turbulence. The'average of the data
for this coefficient must be extracted from the time data; an average of the power data
does not include the dc component of the signal. This component was taken from the
power data to improve resolution. By calculating these coefficients, how each frequency
band contributes to the overall turbulence can be discerned. Another problem arises in
the calculations due to the phenomena called leakage. Because the data is in discrete
form, frequency content is only recorded at the spectral lines. Since there is also content
between these lines, frequency components of this neglected content is distributed
throughout some to all of the recorded spectral values. To further complicate the process,
destructive interference occurs in the Fast Fourier Transform (FFT) of the signal
analyzer resulting from the effects of the data window. For this analysis, a 0052 Hannmg
window was us¢d and was compensated for in Figs. 26, 30, 34, and 38. Since some
frequencies have been discarded from the study, namely frequencies below 5 Hz and
above 105 Hz, some of the power of the signal has also been discarded. Thus, the
calculated total power of the spectrum is diminished. Consequently, turbulence
coefficients calculated from the frequency measurements will be slightly lower than
coefficients calculated using the time-resolved data. These discrepancies are shown in

Table 2. The best agreement in the unsteadiness measurements is in the attachment
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region. The time-resolved microsensor and hot-wire data agrees within 4%, and the
microsensor’s time-resolved and power spectrum data agrees within 2%. Since the flow
is curling downward in this region, the placement of the hot-wire anemometer was
probably not as critical to the accuracy of the measurements. Although agreement
between the microsensor and anemometer results could not be analytically predicted, they

did show correlation at certain positions, and therefore, were compared linearly.
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Chapter Six

Conclusions and Recommendations

The present investigation provides results which can be used in an effort to gain
a fundamental understanding of the flow unsteadiness and its effect on the heat transfer
of the turbulent junction vortex system. Additionally, this work provides the first

measured data of the time-resolved surface heat flux of the vortex system.

The following conclusions are made based on the results of this research:
] Time-resolved local heat flux is correlated with flow unsteadiness
in some positions of a junction vortex flow.
L] The development of the junction vortex system causes three times
as much heat transfer to occur in the boundary layer.
° The Heat Flux Microsensor is a reliable source of information
about the surface heat flux of the junction ﬂow».

® The turbulence or unsteadiness levels for the vortex system were
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as high as 0.3 or 30%. These levels were much higher than
expected.
Some correlation also exists between the local heat flux and the

flow unsteadiness in the classic boundary layer case.

The following recommendations are made for future work in the study of the

junction vortex system:

At each position of the heat flux gage, the hot-wire anemometer
should be moved vertically to pinpoint the region of the most
correlation.

To avoid problems with the single wire anemometer, such as its
uni-directional qualities and its potential for flow disturbance, more
precise velocity data could be acquired by a laser Doppler
velocimeter.

To further test the significance of the results obtained using the
Heat Flux Microsensor to identify a correlation between heat flux
and flow unsteadiness, simpler turbulent flow situations with

analytical solutions should be measured with the same technique.
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Appendix A

Jet Impingement Experiment

This appendix describes the testing of the Heat Flux Microsensor and its
precursors in an array of impinging air jets. These arrays are widely used for heating,
cooling, and drying of substrates including heat treating glass, internal cooling of gas
turbine blades, and industrial drying of paper, coatings, and textiles. A detailed
understanding of the air flow and heat transfer of the jets is essential to make these
processes more efficient. The Heat Flux Microsensor was tested in an industrial drying

simulation to further study this phenomena.

A.l Experimental Apparatus and Procedure

The Heat Flux Microsensor was mounted in a square aluminum plate, flush with

the surface, and perpendicular to the flow from a jet tube plate. The jet tube plate
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consisted of eleven circular tubes, each with a diameter of 1.59 cm (0.625 in) and a
length of 15.2 cm (6.0 in). The tube plate was mounted at the exit of the plenum of a
high-pressure blower pictured in Fig. 39. The plenum pressure was a constant 4.5 inches
of water and was measured by a static pressure tap mounted in the wall of the plenum.
A type-T thermocouple was embedded in the aluminum plate containing the sensor, also
flush with the surface, to measure the temperature of the plate near the heat flux gage.
Both the microsensor and the thermocouple data were recorded simultaneously by the HP
dynamic signal analyzer. The microsensor signal was amplified by 1000.

Initially, the plate was preheated to approximately 80°C. After the blower was
allowed to reach steady state, the flow from the jets was released onto the heated plate.
The resulting cooling process is shown in Fig. 40. The top graph depicts the temperature
decay of the thermocouple, and the bottom graph shows the simultaneous heat flux
response.

Many other heat flux gages, precursors to the Heat Flux Microsensor, were tested
by the aforementioned impingement procedure. These devices did not have feed-through
leads making an ohmic connection; instead, they relied on metal clips, tightened to make
contact with metal lead pads on the surface on the gage. The gage design is shown in
Fig. 41. Because of the impinging nature of the testing, reliable contact of the clips was
impossible. Initially, a tantalum-nichrome gage gave a very poor heat flux response.
Next, a nickel-nichrome gage responded correctly but was not reliable because of the

erratic contact of the clips. The connection problem has been solved by inserting conical
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Fig. 40. High-pressure Blower for Jet Impingement Experiment
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pins in the substrate on which the heat flux gage is sputtered. This improvement creates
more surface area for contact between the pin and the sputtered pad. Furthermore, each

pin is held in place by a pushnut which prevents movement of the pin.

A.2 Results

From these transient measurements, local heat transfer coefficients were calculated
with the Heat Flux Microsensor. These results are comparable to published thermocouple
values of 215 W/(m2-K) for the same conditions [25]. Since the coefficient can be
calculated from either plot, results from the Heat Flux Microsensor can be easily checked
against the thermocouple results of the change in stored thermal energy of the plate to
validate data. From the results shown in Table 3, the calibration factor was off by a
factor of approximately 2.5. Improved calibration tests were performed for the
microsensor used in the current work, and the results were used in the presentation of

this research.
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Table 3. Local Heat Transfer Coefficients of Jet Impingement Experiment

Heat Transfe*r h, hy
Coefficients microsensor thermocouple
Test #1 107.78 276.06
Test #2 108.49 281.50
Test #3 118.38 278.40
Average h** 111.55+7.58 278.65+9.43

*

*¥

Coefficients have units of W/(mz- K)

Results are + a 95% confidence interval.
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Appendix B

Hot-Wire Calibration

The single wire anemometer used for comparison in the preceding experiments
was calibrated by using SAS software of SAS Institute, Iic. Data were taken with a pitot
tube and the anemometer simultaneously, and velocity and voltage were recorded. The
following appendix includes the output files and a brief explanation of the criteria for
choice of the best calibration model. Plots of raw data and best calibration fit are

included in Figs. 42 and 43.

B.1 Criteria for Best Calibration Model

The standard model-building problem involves an uncertainty of what terms to
include in the model. In this particular calibration, a polynomial was tested up to x’
individually and the lower orders were also tested in combinations. After analyzing each

model, comparisons were made to choose the best model.
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The three main factors in deciding the best model choice were the root mean
square value, the R-square value, and the CP factor. The root mean square is an
estimation of the standard deviation of the error term. It is calculated as the square root
of the mean square error. The smaller the root mean square value, the better the
prediction. The R-square value is a measure between 0 and 1 that indicates the portion
of the variance that is attributed to the fit of the model, rather than the residual error. It
is calculated by dividing the sum of the squares of the model by the total sum of the
squares. Obviously, a number close to 1 is preferred. The CP factor balances the effects
of underfitting and overfitting [26]. It is calculated by dividing the sum of the squares
of the error of the model by the mean square error minus the number of independent
variables minus two times the number of parameters. A small CP factor is a good

indication of the best-fitting regression model.

B.2 Results

By examination of these factors it was determined that the X model was the best
choice. A calibration curve for this model is included in the following SAS output and
is labeled Fig. 43. For this model other information was included such as the F value and
the T test value for the model itself, and the residual error values for each data point in
the model. The F value is the ratio of variances. PROB>F is the probability that the F

value was valid by chance. The T test value tells how significant each variable is to the
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fit of the model. PROB > T similarly validates the T test.

The calibration equation for the hot-wire voltage is:

V=0.3446+0.21321°

34



MODEL SELECTION
10:30 Thursday, April 4, 1951

N = 20 Regression Models for Dependent Variable: Y
Number in R-square C(p) MSE Variables in Model

Model

1 0.99715168 33.13931 0.210232 X6

1 0.99631338 47.60162 0.272105 XS

1 0.99289809 106.52240 0.524185 X7

1 0.98825174 186.68122 0.867126 X4

1 0.985256386 238.22821 1.087658 X8

1 0.97066927 490.01445 2.164870 X3

1 0.94170346 989.73341 4.302805 X2

1 0.900832456 1695 7.319450 X

- >t > = > > > > 4 = = D -

0.99802922 19.99997 0.154018 X X7

0.99798509 20.76128 0.157466 X X8

0.99794321 21.48378 0.160739 X2 X8
0.9979216S5 21.853589 0.162424 X2 X7
0.99786276 22.87168 0.167026 X3 X8
0.99781096 23.78529 0.171074¢ X3 X7
0.99776352 24.543835 C.174626 X X6

0.99775416 24.74521 0.175513 X4 X8
0.99770271 25.63299 Q.179535 X& X7
0.98770048 25.67138 0.178709 X2 X8
C.99764445 26.63799 0.184088 X3 X6
0.99762732 26.93347 0.185426 XS X8
0.99760083 27.39050 0.187486 XS5 X7
0.99759782 27.44239 0.187731 X4 X6
0.99756015 28.09238 0.130676 XS X6
0.997507s51 29.00046 0.194789 X6 X7
0.99743C13 29.30029 0.196148 X6 X8
0.99742970 30.34295 0.200871 X4 XS5
0.99734808 31.75100 0.207249 X7 X8
0.99733918 31.90450 0.207945 X3 X5
0.99723402 33.71873 0.216163 X2 X5
0.99711837 35.71391 0.225201 X XS

0.99687162 39.387094 0.244485 X3 X4

NRRNRNMMDRNRNRNONNNRNRDRONNNNNNRNDNNNDRONNDRN

0.99647530 46.80828 0.275458 X2 X4
0.99600748 54.87911 0.312018 X X4
0.99538259 65.65962 0.360853 X2 X3
0.99435789 83.33779 0.440934 X X3
0.99211615 122.01221 0.616127 X X2
3 0.99875306 9.51226 0.103540 X X2 X3
3 0.99862488 11.72365 0.114183 X X2 X4
3 Q0.99853002 13.36010 0.122060 X X3 X4
3 0.99848123 14.20186 0.126111 X X2 XS
3 0.99844578 14.81342 0.1290S5 X2 X3 X4
3 0.99840271 15.55653 0.132631 X X3 X5
3 0.99832691 16.86427 0.138926 X2 X3 X5
3 0.99832449 16.90589 0.139126 X X2 X6
3 0.99832183 16.95520 0.139363 X X4 XS
3 0.99826796 17.8812S8 0.143820 X X3 X6
3 0.99824642 18.25282 0.145609 X2 X4 X5
3 0.99821232 18.84109 0.148440 X X4 X6
3 0.99820369 18.99002 0.149157 X2 X3 X6
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MODEL SELECTION
10:30 Thursday, April 4, 1991

Number in R-square c(p) MSE Variables in Model
Model

0.99816990 19.57291 0.151962 X3 X4 XS
0.99815890 19.76273 0.152876 X XS X6

0.99815797 19.77875 0.1529S3 X X2 X7

0.99814449 20.01137 0.154073 X2 X4 X6
0.399812861 20.28529 0.155391 X X3 X7

0.99810259 20.73417 0.157552 X X4 X7

0.99808806 20.98488 0.158758 X2 X5 X8
0.99808052 21.11495 0.159384 X X5 X7

0.99807872 21.14595 0.159533 X2 X3 X7
0.99807728 21.17073 0.159653 X3 X4 X8
0.99806268 21.42273 0.160866 X X6 X7

0.99804386 21.74738 0.162428 X2 X4 X7
0.99803935 21.82514 0.162802 X X7 X8

0.99802108 22.14045 0.164320 X X6 X8

0.99801847 22.18544 0.164537 X3 X5 X6
0.99801338 22.27328 0.164959 X2 X5 X7.
0.99800585 22.40308 0.165584 X XS X8

0.997399445 22.59%77 0.166531 X X4 X8

0.99798771 22.71611 0.167091 X2 X& X7
0.99798758 22.71833 0.167101 X3 X& X7
0.99798744 22.7207Q 0.167113 X X3 X8

0.9979850% 22.76128 0.167308 X X2 X8

0.99795440 23.29074 0.169856 X2 X3 X8
0.98795219 23.3289%4 0.170040 X4 XS X6
0.99795078 23.35321 0.170157 X2 X7 X8
0.99794878 23.38770 0.170323 X3 X5 X7
0.99794629 23.43061 0.170530 X2 X4 X8
0.99794485 23.45383 0.170641 X2 X6 X8
0.99794325 23.48314 0.170783 X2 X5 X8
0.99791543 23.96308 0.173092 X3 Xs X7
0.99790222 24.19098 0.174189 X3 X4 X8
0.99738868 24.42446 0.175313 X4 X5 X7
0.99788443 24.49795 0.175667 X3 XS X8
0.99787226 24.70784 0.176677 X3 X6 X8
0.99786528 24.82822 0.177256 X3 X7 X8
0.99784805 25.12551 0.178687 X& X6 X7
0.99783117 25.41664 0.180089 X4 X5 X8
0.99780524 25.86404 0.182242 X4 X5 X8
0.99778721 26.17518 0.183739 X5 Xs X7
C.99778552 26.20431 0.183880 X4 X7 X8
0.99774545 26.89552 0.1872C7 XS X6 X8
0.99771341 27.44829 0.189867 X5 X7 X8
0.99765002 28.54191 0.195131 X6 X7 X8

uuuuuumuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

4 0.99918044 4.13905 0.072589 X X2 X3 X4
4 0.99917214 4.28226 0.073324 X X2 X3 XS
4 0.99916729 4.36595 0.073754¢ X X2 X3 X7
4 0.99916627 4.38358 0.073844 X X2 X3 X8
% 0.99916491 4.40697 0.073964 X X2 X4 XS
L) 0.99916286 4.44242 0.074146 X X2 X4 X7
4 0.99916215 4.45459 0.074209 X X2 X4 X8
4 0.99916192 4%.458S53 0.074229 X X2 X3 X6
4 0.99916157 4.46463 0.074260 X X2 X4 X6
4 0.99916143 4.46697 0.074272 X2 X3 X4 XS5
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MODEL SELECTION
1C0:30 Thursday, April 4, 1991

Number in R-square C({p)- MSE Variables in Model
Model
4 0.99916108 4.47314 0.074304 X X2 X5 X7
4 0.99916103 4.47392 0.074308 X X3 X4 X5
4 0.99916098 4.47488 0.074313 X X2 X5 X6
4 0.99918075 4.47868 0.074333 X X3 X4 X6
4 0.99915999 4.49188 0.074400 X X3 X4 X7
4 0.99915975 4.49607 0.074422 X X3 X5 X6
4 0.99915974 4.49621 0.074423 X X2 XS X8
4 0.999153%42 4.50177 0.074451 X2 X3 X4 X6
4 0.99915921 4.50538 0.074470 X X3 X4 X8
4 0.999158%8 4.50922 0.074489 X X2 Xs X7
4 0.99915878 4.51309 0.074509 X2 X3 X4 X7
4 0.99915855 4.51663 0.074527 X X3 X5 X7
4 0.99915813 4.52391 0.074565 X X4 XS X6
4 0.95915792 4.52761 0.074584 X2 X3 X5 X6
4 0.99915756 4.53378 0.074615 X X2 X6 X8
4 0.99915736 4.53732 0.074634 X2 X3 X4 X8
4 0.99915728 4.53866 0.074840 X X3 XS X8
4 0.99915676 4.54755 0.074686 X X3 X5 X7
4 0.99515645 4.55296 0.074714 X X4 X5 X7
4 0.99915642 4.55340 0.074716 X2 X3 XS X7
4 0.99915572 4.56559 0.074779 X2 X4 XS5 X5
4 0.99915535 4.57200 0.074812 X X2 X7 X8
% 0.99915476 4.58214 0.0748564 X X3 X6 X8
4 0.99915456 4.58557 0.C74881 X X4 X5 X8
2 0.99915446 4.58731 0.074830 X2 X3 X5 X8
4 0.999154C0 4.59525 0.074931 X X4 X6 X7
4 0.99915376 4.59937 0.074952 X2 X3 X6 X7
4 0.99915346 4.60458 0.074979 X2 X4 X5 X7
4 0.99915270 4.61771 0.075046 X3 X4 XS X6
4 0.99915160 4.63656 0.075143 X X3 X7 X8
4 0.99915132 4.64146 0.075168 X X4 X6 X8
4 0.99915107 4.64584 0.075191 X2 X3 X6 X8
4 0.99915083 4.64997 0.075212 X2 X4 X5 X8
4 0.99915064 4.65314 0.075228 X X5 X8 X7
4 0.99915020 4.668079 0.075267 X2 X4 X6 X7
4 0.99914873 4.66893 0.075309 X3 X4 X5 X7
4 0.99914744 4.70837 0.075512 X X4 X7 X8
4 0.99914719 4.71264 0.075534 X XS X6 X8
4 0.99914716 4.71323 0.075537 X2 X3 X7 X8
4 0.99914671 4.72096 0.075576 X2 X4 X6 X8
4 0.99914626 4£.72870 0.075616 X3 X4 XS X8
4 0.99914583 4.73442, 0.075645 X2 XS X6 X7
4 0.99914555 4.74096 0.075679 X3 X4 X6 X7
4 0.99914248 4.79393 0.075951 X X5 X7 X8
4 0.99914190 4.80402 0.076003 X2 X4 X7 X8
& 0.99914153 4.81027 0.076035 X2 XS5 X6 X8
L) 0.99914111 4.81753 0.076072 X3 X4 X6 X8
4 0.99914021 4.83310 0.076152 X3 XS X6 X7
4 0.99913674 4.89298 0.076460 X X6 X7 X8
4 0.99913569 4.91109 0.076553 X2 X5 X7 X8
4 0.99913521 4.91937 0.0765395 X3 X4 X7 X8
4 0.99913470 4.92817 0.076640 X3 X5 X6 X8
4 0.99913338 4.95093 0.076757 X& XS5 X6 X7
4 0.99912856 5.03411 0.077184 X2 X6 X7 X8
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MCDEL SELECTION
10:30 Thursday, April 4, 1991

Number in R-square c(p) MSE Variables in Model
Mogdel

4 0.99912753 5.05183 0.077275 X3 X5 X7 X8

-3 0.99912658 5.06828 0.077360 X4 X5 X6 X8

4 0.99911876 5.20313 0.078052 X3 X6 X7 X8

) 0.99911788 5.21829 0.078130 X4 XS X7 X8

) 0.99910721 5.40250 0.079075 X4 X6 X7 X8

4 0.99909379 5.63397 0.080264 XS5 X6 X7 X8

S 0.99917099 6.30207 0.078671 X X2 X3 X7 X8
5 0.99916937 6.33003 0.078824 X X2 X3 XS5 X8
5 0.99916754 6.36154 0.078998 X X2 X4 XS X7
5 0.99916347 6.43177 0.079384 X X2 X4 X7 X8
S 0.99916324 6.43576 0.079406 X X2 X4 XS X8
5 0.99916310 6.43815 0.079419 X2 X3 X4 XS X7
S 0.99916239 6.45044 0.079487 X2 X3 X4 X5 X8
H 0.99916201 6.45696 0.079523 X X2 X3 X6 X8
5 0.99916196 6.45797 0.079528 X X2 X3 X& X7
5 0.99916185 6.45805 0.079529 X X2 X3 X4 X5
5 0.99916193 6.45848 0.079531 X X2 X3 XS5 X6
s 0.99916173 6.46130 0.079550 X X2 X4 X5 X8&
S 0.99916160 6.46417 0.079562 X X2 X4 X5 X7
s 0.99916157 6.46460 0.079565 X X2 X4 X6 X8
5 0.99916135 6.46842 0.079586 X X3 X4 X5 X6
S 0.99916132 6.46887 0.079588 X X2 X5 X7 X8
5 0.99916125 6.47020 0.079535 X X2 X5 X6 X7
5 0.99916113 6.47213 0.079606 X X2 XS X6 X8
5 0.99916107 6.47316 0.079612 X X3 X4 XS5 X7
5 0.99916104 6.47371 0.079615 X X3 X4 X6 X7
s 0.59916104 6.47378 0.079615 X X3 X4 XS X8
s 0.99916093 6.47571 0.079626 X X3 X2 X6 X8
5 0.99316079 6.47802 0.079638 X2 X3 X4 XS5 X6
5 0.99916059 6.48149 0.079657 X X3 X5 X6 X7
5 0.99916048 6.48344 0.079668 X2 X3 X4 X7 X8
5 0.99916047 6.48358 0.079669 X X3 X4 X7 X8
5 0.99916038 6.48511 0.079677 X X3 X5 X6 X8
S 0.99916030 6.48656 0.079685 X X2 X6 X7 X8
S 0.99916030 6.48657 0.079685 X2 X3 X4 X5 X7
5 0.99916008 6.49027 0.0798706 X2 X3 X4 X6 X8
5 0.99915993 6.49298 0.079721 X X4 XS X6 X7
5 0.99915983 6.49467 0.079730 X X3 X5 X7 X8
5 0.99915974 6.49624 0.079739 X2 X3 XS X6 X7
s 0.99915961 6.49837 0.07975@ X X4 XS X6 X8
S 0.99915942 6.50167 0.079768 X2 X3 XS X6 X8
5 0.99915932 6.50347 C.079778 X X3 X6 X7 X8
5 0.99915917 6.50604 0.079792 X2 X3 X5 X7 X8
5 0.99915898 6.50830 0.079810 X X4 X5 X7 X8
S 0.99915895 6.50978 0.079813 X2 X4 X5 X6 X7
S 0.99915853 6.51712 0.079853 X2 X4 X5 X6 X8
5 0.99915831 6.52092 0.079874 X X4 X6 X7 X8
5 0.99915811 6.52429 0.079893 X2 X3 X6 X7 X8
S Q.99915794 6.52729 0.079909 X3 X4 XS X6 X7
5 0.99915784 6.52889 0.079918 X2 X4 XS5 X7 X8
5 0.99915739% 6.53674 0.079961 X3 X4 XS X5 X8
5 0.89915727 6.53877 0.079973 X XS X6 X7 X8
5 0.99915695 6.54427 0.080003 X2 X4 X6 X7 X8
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MODEL SELECTION
10:52 Thursday, April 4, 1991

Model: MODEL1
Dependent Variable: Y

Analysis of Variance

Sum of Mean
Source DF Squares Square E Value Prob>F
Model 1 1196.81155 1196.81155 163.512 0.0001
Error 18 131.74914 7.31940
C Total 19 1328.56070
Root MSE 2.70544 R-squarse 0.3008
Dep Mean 16.08550 Adj R-sg 0.8953
c.vV. 16.81911
Parameter Estimates
Parameter Standard T for HO:
Variable DF Estimate Error Parameter=0 Prob > |T]
INTERCEP 1 -27.312729 3.44737673 -7.923 0.0001
X 1 22.273206 - 1.74183685 12.787 0.0001
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MODEL SELECTION
10:52 Thursday, April 4, 1991

Partial Regression Residual Plot
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Fig. 43. Unlinearized Hot-wire Data
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MODEL SELECTION
10:52 Thursday, April 4, 1991

Mcdel: MODELL
Dependent Variable: Y

Analysis of Variance

Sum of Mean

Source DF Squares Square F Value Prob>F
Model 1 1324.77853 1324.77653 6301.512 0.0001
Error 18 3.78417 0.21023
C Total 19 1328.56070
Root MSE 0.45851 R-square 0.9972
Dep Mean 16.08550 Adj R-sq 0.9970
c.v. 2.85045
Parameter Estimates
Parameter Standard T for HO: )
Variable DF Estimate Error Parameter=0 Prob > |T|
INTERCEP 1 0.344639 0.22322961 1.544 0.1400
X6 1 0.213227 0.00268608 79.382 0.0C0o1
Variance
Variable DF Inflation

INTERCEP 1 0.0000000c
X6 1 1.00000000
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MODEL SELECTION
10:52 Thursday, April 4, 1991

Partial Regression Residual Plot
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Fig. 44. Linearized Hot-wire Calibration Curve
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Appendix C

Temperature Sensor Calibration

The RTS temperature sensor on the Heat Flux Microsensor was calibrated with
a standard type-K thermocouple. First, the circuit was zeroed and the room temperature
RTS resistance was measured. The RTS and the thermocouple were then placed in close
thermal contact with each other in a temperature-controlled oven with low thermal
gradients. Output measurements were taken for a series of steady-state temperatures up
to 200°C. The results of this calibration, shown in Fig. 44, indicate that there is a linear

relationship between voltage and temperature.
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Appendix D

Accelerometer Data

An ICP 302A accelerometer was used in this experiment to determine which
frequencies in the response were due to vibrations of the apparatus and the wind tunnel
rather than due to the vortex system itself. Comparisons were made to the Heat Flux
Microsensor and the hot-wire anemometer with and without the airfoil shaped body in
the flow path. The accelerometer output was recorded by the signal analyzer.

The results of these tests were significant. The anemometer did not seem to be
affected by any apparatus or tunnel vibration. Coherence for both of these cases was less
than 0.1. On the other hand, tunﬁel vibrations greatly contributed to the response seen
by the Heat Flux Microsensor. Both the motor speed of 29 Hz and the shaft speed of 17
Hz are present in the power spectrum tests. The shaft speed had the higher coherence of

almost 0.3, probably due to a fan imbalance. The following plots confirmed these results.

98



X=33 H=z
Ya=21 . L2496pvVva2

POWER_ SPEC1 100AV
50.0

P

Ce UL O S T W A .

0.0
H=z HEAT FLUX 105
Yb=6411.734nNnV2
POWER SPECZ2 100AYV
5.0
s |
rms
ve i
| §
| A

S Hz ACCEL
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Appendix E

Data Processing Codes

The following Matlab code was used to process data taken from the HP signal
analyzer. Matlab calculated the values for Tables 1 and 2, excluding the Stanton number.
The turbulence level heat flux plots in Figs. 26, 30, 34, and 38 were also created in

Matlab.
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clg

clear cl

eval([’load ’,namet])

ubar = mean(cl)

ubarabs = abs (ubar)

gbar = ubarabs* (1358.696) *1le3
deltaT = input (‘What is delta T 2/)
hbar = gbar/deltaT

Q_f = abs((std(cl)*sgrt(2)))*1358.696*1e3
qdivg = Q_£f/qgbar

H_fl = Q_f/deltaT

uprimeabs = abs(cl-ubar);

usquare = sum(uprimeabs.*uprimeabs)
usquave = usquare/ (length(cl)-1)
squave = sqgrt{usquave)

Tu = squave/ubarabs;

Tut (i+2) = std(cl)/ubarabs;

clear cl

eval([’load ’,namef])

under = sum{cl);

Tup (1i+2) = sqrt (under)/ubarabs;

clg

clear c2

eval ([fload /,namet])

ubar = mean{c2);

vbar .344639+.213227* (ubar) "6
clin .344639+.213227*(c2) ."6;
vdivv = 2*std(clin) *sqrt(2) /vbar
uprime = clin-vbar;

usquare = sum(uprime.*uprime)
usquave = usquare/ {length(c2)-1)
squave = sqrt (usquave)

Tu(i+l) = squave/vbar;

Tut (i+1) = std(clin) /vbar;

(']

clear c2
clear clin

$eval([’load ’,namef])

$under = sum(c2);
%Tup {i+1) = sqgrt (under)/ubar;
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temp

diary staced
for 1 = 0:2:24,

end
Tut
Tup

8

2%i+1
namet
namef
chanl
i

2*1+3
namet
namef
chan2

= fils(2*i+2,
= fils(2*i+1,

fils(2*i+4,
fils(2*i+3,

.

)
)
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im= 0

ans = 1

namet =pl9%£226
namef =pl19£225

ubar = -0.0064
ubarabs = 0.0064
gbar = 8.6351e+003
What is delta T ?
deltaT = 45

hbar = 193.2245

Q £ = 3.7680e+003
gdivg = 0.4334
H fl = 83.7341

usguare = 0.0078%
usquave = 3.8455e-006
squave = 0.0020

i= 0

ans = 3

namet =pl9%h226
namef =plSh225

vbar = 3.8752
vdivv = 0.4946
usquare = 945.8959
usquave = 0.4621
squave = 0.6798
i= 2

ans = 5

namet =plhf226
namef =plft225

ubar = -0.0063
ubarabs = 0.0063
gbar = 8.5685e+003
What is delta T ?
deltaT = 40

hbar = 214.2131

Q £ = 3.6575e+003
qdivg = 0.4269

H_fl = 91.4386
usquare = 0.0074
usquave = 3.6233e-006
squave = 0.0019

i= 2

ans = 7

namet =plhh226
namef =plht225

vbar = 11.7899
vdivv = 0.4389
usquare = 6.8798e+003
usquave = 3.3609
squave = 1..8333

i= 4

ans = 9

namet =hp2£34

namef =hp2p34

ubar = -0.0098
ubarabs = 0.0098
gbar = 1.3255e+004
What is delta T ?
deltaT = 56

hbar = 236.6946

Q f = 2.6703e+003
qdivg = 0.2015

H fl = 47.6846

usquare = 0.0040

usquave = 1.9313e-006
squave = 0.0014

i= 4

ans = 11

namet =hp2h34

namef =hp2s34

vbar = 3.5795
vdivv = 0.4074
usquare = 546.2595
usquave = 0.2669
squave = 0.5166

i= 6

ans = 13

namet =fp2h34

namef =pp2h34

ubar = -0.0091
ubarabs = 0.0091
gbar = 1.2423e+004
What is delta T ?
deltaT = S5

hbar = 225.8717

Q f= 3.2712e+003

gdivg = 0.2633

H fl = 59.4773
usquare = 0.0059
usquave = 2.8984e-006
squave = 0.0017

i= 6

ans = 15

namet =hhp2h34
namef =sp2h34

vbar = 12.8469

vdivv = 0.3684
usquare = 5.7507e+003
usquave = 2.8093
squave = 1.6761

i= 8

ans = 17

namet =p3h9£37
namef =p3h9p37
ubar = -0.0067

110



ubarabs = 0.0067
gbar = 9.1335e+003
What is delta T 2

deltaT = 56

hbar = 163.0980

Q f= 3.0819%e+003
gdivg = 0.3374

H fl = 55.0336
usquare = 0.0053
usquave = 2.5725e-006
squave = 0.00186

is= 8

ans = 13
namet =p3h9t37
namef =p3h9s37

vbar = 5.5667
vdivv = 0.6200
usquare 3.0787e+003

usquave 1.5040
squave = 1.2264

i= 10

ans = 21

namet =p3h£37

namef =p3hp37

ubar = -0.0073
ubarabs = 0.0073
gbar = 9.9278e+003
What is delta T ?
deltaT = 54

hbar = 183.8472
Q_ f = 2.9604e+003

gdivg = 0.2982

E_ fl = 54.8227
usquare = 0.0049
usquave = 2.3737e-006
squave = 0.0015

i= 10

ans = 23

namet =p3ht37
namef =p3hs37
vbar = 7.8049

vdivv = 0.6223
usquare = 6.0989e+003
usquave = 2.9794
squave = 1.7261

is= 12

ans = 25

namet =p3hf37

namef =rp3hp37

ubar = -0.0073
ubarabs = 0.0073
gbar = 9.9278e+003
What is delta T ?

deltaT = 56

hbar = 177.2813

Q f = 2.9604e+003
gdivg = 0.2982

Hfl = 52.8648
usquare = 0.0049
usquave = 2.3737e-006
squave = 0.0015

i= 12

ans = 27
namet =p3ht37
namef =rp3hs37

vbar = 7.8049
vdivv = 0.6223
usquare = 6.0989%e+003
usquave = 2.9794
squave = 1.7261

i= 14

ans = 29

namet =£2d0321
namef =p2d0321

ubar = -0.0033
ubarabs = 0.0033
gbar = 4.4622e+003
What is delta T ?
deltaT = 55

hbar = 81.1305
Q_f = 1.8510e+003

qdivg = 0.4148

H fl = 33.6542
usquare = 0.0019
usquave = 9.2796e-007

squave = 9.6331e-004

i= 14

ans = 31
namet =t2d0321
namef =s2d0321
vbar = 20.1700

vdivv = 0.2388
usquare = 5.9419e+003
usquave = 2.9027
squave = 1.7037

i= 16

ans = 33

namet =£2d9321

namef =p2d9321

ubar = -0.0029

ubarabs = 0.0029
gbar = 3.8858e+003
What is delta T ?
deltaT = 55

hbar = 70.6507
Q_f = 1.5437e+003
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qdivg = 0.3973

H fl = 28.0669
usquare = 0.0013
usquave = 6.4542e-007
squave = 8.0338e-004

i = 16

ans = 35

namet =t2d9321
namef =s2d9321

vbar = 4.4075
vdivv = 0.1940
usquare = 187.1678
usquave = 0.0914
squave = 0.3024

i= 18

ans = 37

namet =fh6w048
namef =ph6w948

ubar = -0.0022
ubarabs = 0.0022
gbar = 2.9738e+003
What is delta T ?

deltaT = 55

hbar = 54.0695

Q f = 1.4388e+003
qdivg = 0.4838

H fl = 26.1596
usquare = 0.0011
usquave = 5.6068e-007

squave = 7.4878e-004

is= 18

ans = 39
namet =théw0438
namef =shé6w9%48

vbar = 5.1477
vdivv = 0.0100
usquare = 0.6732
usquave = 3.2888e-004
squave = 0.0181

i= 20

ans = 41

namet =fhéw48

namef =phéw048

ubar = -0.0021
ubarabs = 0.0021
gbar = 2.8107e+003
What is delta T ?
deltaT = 55

hbar = 51.1035

Q £ = 1.3852e+003
qdivg = 0.4928
H fl = 25.1852
usgquare = 0.0011

usquave = 5.1969%9e-007
squave = 7,2089e-004

i= 20

ans = 43

namet =théw48

namef =sh6w048
vbar = 28.1146
vdivv = 0.0094
usquare = 18.0392
usquave = 0.0088
squave = 0.0939

is= 22

ans = 45

namet =fhw(48

namef =rphw(48

ubar = -0.0030
ubarabs = 0.003¢
gbar = 4.0635e+003
What is delta T ?

deltaT = 55

hbar = 73.8825

Q f = 1.5182e+003
qdivg = 0.3736

H fl = 27.6028
usquare = 0.0013
usquave = 6.2425e-007

squave ‘= 7.900%e-004

i= 22

ans = 47
namet =thw048
namef =rshw(048

vbar = 21.5530
vdivv = 0.2405
usquare = 6.8860e+003
usquave = 3.3640

squave = 1.8341

i= 24

ans = 49

namet =fhw948

namef =phw948

ubar = -0.0023
ubarabs = 0.0023
gbar = 3.1266e+003
What is delta T ?

deltaT = 55

hbar = 56.8479

Q £f = 1.5031e+003
gdivg = 0.4807

H fl = 27.3284
usquare = 0.0013
usquave = 6.1190e-007

squave = 7.8224e-004
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i= 24

ans = 51

namet =thw9348

namef =shw948

vbar = 4.5357
vdivv = 0.1894
usquare = 189.0447
usquave = 0.0924
squave = 0.3039

Tut = Columns 1 through 7

0.1749 0.3064 0.1552 0.3018
Columns 8 through 14

0.1862 0.2192 0.2386 0.2200
Columns 15 through 21

0.0844 0.2933 0.0686 0.2809
Columns 22 through 26

0.3485 0.0850 0.2642 0.08670
Tup =
Columns 1 through 7

0 0.2220 0 0.237¢9

Columns 8 through 14
0.1659 0 0.0872

Columns 15 through 21

0 0.1613 0 0.1809
Columns 22 through 26

0.2114 0 0.1452
fl diary off
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