Experiments in Heat Transfer Under Conditions of
Oscillating Pressure and Flow

by
Peter D. L. Cheng
Bachelor of Science

University of California, Berkeley
(1993)

Submitted to the Department of Mechanical Engineering
in Partial Fulfillment of the Requirements for the Degree of
MASTER OF SCIENCE
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
May 1995
© Massachusetts institute of Technology, 1995. All rights reserved,

except as granted to the United States under NASA Grant No. NAG3-1076
and Martin Marietta Energy Systems Grant No. 19X-5K139C.

C Y 7\

Signature of Author R =a
Department @Mechanical Engineering
May 12, 1995

Certified by A .
/7/ 4 Professor Joseph I/ Smith, Jr.
Thesis Supervisor
e T S
Accepted by _ .

Professor Ain A. Sonin
Chairman, Departmental Graduate Committee

TAASSACHUSETTS INSTITUTE
OF TECHNOLOGY

AUG 311995

LIBRARIES



Experiments in Heat Transfer Under Conditions of
Oscillating both Pressure and Flow

by

Peter D.L. Cheng

Submitted to the Department of Mechanical Engineering on May 12, 1995,
in the partial fulfillment of the requirements for the degree of
Master of Science

Abstract

Correlations developed for steady pressure and flow to predict heat transfer are
inadequate under conditions of oscillating both pressure and flow. This has been shown
both theoretically and experimentally. Since almost every reciprocating energy conversion
machine operates in an oscillating environment, and heat transfer has a significant effect
on engine efficiency, it is imperative that mathematical correlations should be developed to
predict heat loss through the walls of components within these systems.

A large heat transfer apparatus was built in 1990 to stimulate the oscillating
environment found in Stirling engines. Later modifications to the apparatus allow more
accurate measurements of velocity, pressure, centerline temperature, wall temperature,
and heat flux. It is also capable of capturing temperature and velocity profiles across the
diameter of the test section. This work addresses the collection of baseline data under
conditions of oscillating pressure and flow by (a) investigating the disappearance of
seeding particles at a certain part of the cycle, (b) continuing the experiment for a wider
range of conditions, and (c) recording and analyzing baseline heat transfer data.

Results confirm that there exists a phase difference between centerline-wall
temperature difference and heat flux. The results further show that the phase shift
depends on both oscillating Pcelet number and compressor phase angle. Laser Doppler
Velocimeter proves to be a valuable piece of instrument in an oscillating pressure and
oscillating flow experiment.

Thesis Supervisor: Dr. Joseph L. Smith, Jr.
Title: Professors of Mechanical Engineering
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Nomenclature

Variables

Angle of incidence of a seed particle striking probe volume

Specific heat at constant pressure

Specific heat at constant volume

Distance between two adjacent fringes in probe volume

Half width of probe volume

Particle diameter

Diameter of pipe

Hydraulic Diameter

Laser Beam diameter based upon e intensity at front focusing lens

Frequency of compressors oscillations

Heat Transfer coefficient

Imaginary number = J-1

Thermal conductivity of gas

Length of probe volume

Length of the pipe between the compressors

n-th harmonic

Complex Nusselt number

Nuy; Imaginary component of complex Nusselt number, Nu,

Real component of complex Nusselt number, Nu,

Pressure

Pe, Oscillating flow Peclet number, &> D*/o

q Heat flux

Qe complex heat flux

Gn n-th harmonic of complex heat flux, g

Ip Pressure ratio, (maximum pressure per cycle)/(minimum pressure per
cycle)

r Radius

Re Reynolds number, V -D/vV

Time

Temperature

Centerline gas temperature

Wall temperature

Internal energy or velocity of flow inside a pipe

Thermophoretic velocity

Radial velocity component in a pipe

Volume

Terminal Rate of settling of a particle

Thermal diffusivity

Stoke boundary layer thickness, (2-v/w)"?
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Subscripts

=Tt ¢

Temperature difference between centerline gas temperature, T, and wall
temperature, Ty,

n-th harmonic complex temperature difference, T,

Half angle between two incident laser beams

Wavelength of laser beam or mean free path of gas molecules
Kinematics viscosity

Phase of harmonic

Pfriem’s variable

Phase lead of driven compressor over undriven compressor
Density

Angular frequency

Precipitation efficiency

Complex, Centerline
Imaginary component
n-th harmonic

Real component



Chapter 1

Introduction

1.1 Background

A large portion of energy conversion equipment that is in use is reciprocating
machinery with gas as the working fluid. In some devices such as the Stirling engine, the
working space consisting of a simply shaped clearance volume over a piston in a cylinder,
is closed. In calculating the performance of the thermodynamic cycles, the processes
within a cylinder are often assumed to be adiabatic. In fact, there is always a certain
amount of heat transfer between the gas and the cylinder wall. The heat transfer may be
undesirable and significantly degrade the actual performance of the devices. Therefore, it
is imperative that we understand the mechanism of heat transfer in such an environment.
The objective of this work is an attempt to look for more accurate heat transfer correlations

which can be then be used in the design of reciprocating engines.

The design of reciprocating engines has been based on extrapolation of
expressions which were developed for the steady pressure and steady flow conditions.
Both theories and experiments confirm that these expressions cannot correctly predict the
performance of machinery which operates under the conditions of oscillating pressure and
flow. Not only are the correlations incorrect, but also some of the parameters used in the

correlations are not applicable to the oscillating pressure and flow conditions. This can be
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understood from the fact that there always exists a phase shift between mixed-mean gas-
to-wall temperature difference and heat transfer. The steady state correlations have no

term to account for this phenomena.

In spite of the fact that these phase-shift phenomena were predicted analytically
more than 50 years ago and demonstrated experimentally about 30 years ago, finding and
use of correct correlations has not been a first priority. It is probably due to achievement
of near-optimum designs from many years of trial and error. However, it is not a cost-
effective way in view of high development costs for a new configuration. Study of the
phenomena will allow clearer understanding of the heat transfer mechanism and the
development of expressions for more accurate predictions of engine performance. There
has been a revived interest in Stirling Engine because of its attractive features: quiet
operation, non-polluting character, long life, high efficiencies for varying loads and high
power density. An experimental apparatus has been built to facilitate the study of heat

transfer under such conditions.

This thesis reports the continuing effort in attempting to predict correlations for
heat transfer with an alpha-typed Stirling Engine simulated experimental apparatus. An
alpha-typed Stirling engine uses two pistons which mutually compress the working gas in
the cold space, move it to the hot space where it is expanded and then moved back; there
is a regenerator and a heater and cooler in series with the hot and cold gas spaces. The

apparatus is capable of measuring velocity, centerline temperature, wall temperature,
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pressure, heat flux and crank angle over a wide range of experimental conditions. Since
phase shift exists between heat flux and temperature fields, the results are expressed in
terms of a complex-valued Nusselt number. The experimental results are correlated in

that form.

1.2 Stirling Engines

1.2.1 A brief History

In 1816, the Reverend Robert Stirling had invented a hot-air engine even before
thermodynamics was born. At that time, the engine satisfied the demand for a small
power plant, for steam engines were impractical in the low-power range due mainly to
excessive heat loss. However, steam engines became prominent again when the problem

was minimized. Stirling engines seemed destined for oblivion.

Just before World War II, Philips Company of the Netherlands found that in view
of the recent technological advances, it might be worthwhile to re-examine the hot-air
engine. Furthermore, there was a substantial need for a small, simple power plant for
radio transmitters and receivers. Thus, Philips started the development of the modern
version of Stirling engines. New design was able to overcome old problems (low
efficiency, inferior heat exchange rates) to achieve competitive levels of efficiency. Philips
Company also discovered that if the cycle was reversed, it turned out to be a very efficient

refrigeration plant. However, no theory of sufficient breadth and depth serving as the
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basis for designing such an engine appeared to have been published in the open literature,

albeit of the success in the production of the engines.

1.2.2 The Cycle

The Stirling engine is like any heat engine, it goes through the four basic

processes: compression, heating, expansion, and cooling (Fig. 1.1).

HEAT SOURCE EXPANSION JNET WORK
.
I
I W?RK
l
Il [HEATING], THERMAL COOLING
: REGENERATION |
| |
I A 4
| COMPRESSION HEAT SINK
It HEAT LEAK

Figure 1.1 Common Process for all Heat Engines
The operation of an idealized Stirling engine is described as follows (Fig. 1.2).
(a) Isothermal expansion process (1 - 2)

The right piston now remains stationary as the left piston continues to move down
while in contact with the hot reservoir, causing the gas to undergo an isothermal
expansion, during which heat IQyl is absorbed at the temperature 8. There is no change
in the internal energy, but an increase in the entropy of the gas.

(b) Constant-volume regenerative transfer process (2 - 3)

13



Both pistons move in opposite directions in a constant volume process. In doing so,
gas is forced through the regenerator from the hot to the cold side and gives up the same
amount of heat IQg! to the regenerator that is absorbed in (4 - 1). No net work is done, and
there is a decrease in the internal energy and entropy of the gas.

(c) Isothermal compression process (3 - 4)

While the left piston remains at the top, the right piston moves halfway up,
compressing cold gas while in contact with the cold reservoir and therefore causing heat
IQcl to leave. Work is done on the working fluid equal in magnitude to the heat rejected
from the cycle. There is no change in intemnal energy, and there is a decrease in entropy.
(d) Constant-volume regenerative transfer process (4 - 1)

The left piston moves down and the right piston up so that there is no change in
volume, but the gas is forced through the regenerator from the cold side to the hot side and
enters the left-hand side at the higher temperature ;. To accomplish this, the regenerator
supplied heat IQg! to the gas. No net work is done, and there is an increase in the entropy,

and internal energy, of the gas.

Temperature T
Pressure p

-

3

—-

Specific entropy s Specific volume v

Figure 1.2 The Ideal Cycle of Stirling Engine
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The assumptions for the idealized cycle is that (1) the gas is ideal, (2) no leakage
of gas takes place, (3) no heat is lost or gained through the cylinder walls, (4) no heat is
conducted through the regenerator, (S) there is no fiction, (6) no temperature difference
between gas and TH or TL or Ty, in regenerator, and (7) no gas volume in the

regenerator.

The above assumptions involve gross idealization of the process occurring in an
actual Stirling engine. They are not realistic enough for actual engine design calculations.
A more realistic description of the cycle called “The Schmidt Cycle” was done by Gustav
Schmidt in 1871. The full analysis can be found in Stirling Engines, 1980 pp. S0-57 by

G. Walker (28).

1.3 Demonstrations of Heat Transfer Phenomena

1.3.1 Experimental demonstration of Heat Transfer Phenomena

From the operation, we can see that the Stirling engine resembles other types of

reciprocating engines working in an oscillatory environment.

In an actual Stirling engine, heat transfer through cylinder walls is not insignificant.
During compression, work is done by the piston on the working fluid. The mixed-mean
temperature of the working fluid increases and is above the wall temperature. Newton’s
law of cooling, which is a steady-state correlation, predicts a net heat transfer out of the

fluid to the wall. However, the portion of fluid that is close to the cylinder wall has a
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temperature close to that of the cylinder wall. Consequently, the heat transfer may not be
as large as predicted by the law. Also, during initial expansion, the fluid expands at such a
rate that it does not have enough time to settle itself to a steady-state profile. The portion
of the fluid close to the cylinder wall will fall to a temperature below the cylinder-wall
temperature and hence the net heat transfer will enter the fluid. Unfortunately, Newton’s
law predicts there should still be a net heat transfer out of the fluid since the mixed-mean
temperature of the fluid remains higher than that of the cylinder wall. Worse still, there
are occasions where there is no difference between mixed-mean temperature and wall
temperature but a non-zero heat transfer. Thus, an infinite Nusselt number results. There
is a breakdown of steady-state correlations when applied to unsteady conditions. Phase
shift between temperature difference and heat transfer is inherent in oscillatory

environment.

1.3.2 Theoretical demonstration of Heat Transfer Phenomena

One of the early investigations of heat transfer within an oscillating flow was
conducted by H. Pfriem (22). He basically solved a simplified energy equation.

oT 9°T 1 oP
1.1 = —— e ———
(4.1) Lo pc, ot

In his analysis, he assumed that density was constant and the convection was

negligible. His assumption of the constant density introduced error into his simplified

solution on the order of cp versus cy. Nevertheless, he showed heat transfer under
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conditions of oscillating pressure should be out of phase with the mixed mean temperature

to wall temperature difference. His resulting complex Nusselt number equation is:

[(1 - e'm') +5 ‘I’(l +e 2 )]

(1.2) Nu,=D-¥- < >
[(1—e"w) +s-‘I’(1—e’m')]
where,
p- i@
aO
5= |2
%

_ Volume of Turbulent Core
Surface Area of Heat Transfer

For low frequency oscillations, periodic heat flux and temperature difference are in phase
whereas at high frequencies, the heat flux leads the temperature difference by 45°.
Recently, a number of research groups have successfully demonstrated that Pfriem’s

analysis was generally representative of the phenomena of oscillating heat transfer.

In 1983, K.P. Lee (17), independently made an analytic study of heat transfer with
a cyclic pressure variation by again solving 1-D energy equation, assuming negligible

convection and density variation. Lee’s equation for the complex Nusselt number is:

_ [Pe, [@+i)tanhz]
(4 M =S i wnh 77

where z=(1+i)-"1;82‘“
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o-D?
o

Pe, =

@

Lee’s results is in agreement with Pfriem’s. There is no significant phase shift at small
oscillating Peclet number, Pe,, and the phase lead of heat transfer over the temperature

difference does not exceed more than 45° at large Pe,,.

1.4 Research Objectives

Although our main goal is to look for complex number corrleations of the heat
transfer data, there have been some problems within the apparatus that needed to be
resolved first before we can believe in the reliability of the data collected. As a result, the

objectives of the research project were to:

e First, attempt to investigate the disappearance of seeding particles at a certain part of

the cycle,

e Second, continue the research for a wider range of conditions,

e Third, collect baseline data at allowable range of frequencies of the apparatus and at

phase angles: 0°, 45°, 90°, 135°, between the compressors.
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Chapter 2

Experimental Apparatus

The apparatus has gone through several phases of modifications since it was built.
Yung Ho (10) is credited for designing and building the heat transfer. Ho’s (10) work is
addressed as Phase 1 of the equipment’s development. Later on, Alexander Tziranis (27)
modified the apparatus by redesigning the test section. The modification was basically an
addition of a heat flux gage and a traversing thermocouple to the test section so that
measurement of the wall heat flux could be achieved. Tziranis’s (27) work represented
Phase 2 work. Phase 3 work on the apparatus was carried out by Charles Dean (3). He
installed a Laser Doppler Velocimeter (LDV) in the apparatus with a traversing system.
Velocity could then be obtained accurately avoiding the lengthy inaccurate velocity
calculations required before. Most of the ground work for optimizing the system was
done in Phase 1-3. William Grassmyer (8) carried out some minor modifications to
optimize the apparatus further. He reduced the noise level originating from the laser
power supply by covering it with an aluminum foil wrapped box. He was also responsible

for developing data reduction software.

2.1 Phase 1: Birth of Ho-Smith’s Heat Transfer Apparatus

In order to study further on the heat transfer under the conditions of oscillating

pressure and flow found in Stirling engine, Yung Ho (10) under Professor Joseph L.
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Smith, Jr.’s supervision in the Cryogenic Engineering Laboratory at MIT, designed and

built a dual compressor experimental apparatus to simulate the working environment of an

alpha-typed Stirling engine (Fig. 2.1).

ADASTABLE AND FIXED

CLEARANCE VOLUAES REPLACABLE TEST'SECTION FOR
FLOV. TEAPERATURE, PRESSURE
AND HEAT FLUX AEASUREAENTS

b
|

SECTION VIEV & ()
[ ]
I1STON (9
\ VALVE
BOUNCE VOLUAE PORT
COVERS
‘ ORIVEN SHEAVE
SHAFT POSITION .o
Al
P 1S TON \ PHASE ADJMUSTABLE DRIVE SHAFT
LUBR ICATOR [:; = o — % N _ -_§
\\

Figure 2.1 The Schematic of the Experimental Setup (10)
The apparatus is mainly made up of six elements: two 9-inch stroke by 11-inch bore JOY
compressors joined by a common drive shaft and with a variable phase angle ¥ between
the two compressors, a Westinghouse 25 HP DC motor that powers the outlet/inlet ports
on the head of each compressor, a three-piece 1.75-inch diameter test section centered in
the middle of the pipe connecting these two COMpressors, two variable clearance volumes
mounted to the head of each compressor to enable adjustments of the pressure ratio within

the test section, and a bounce volume pipe connecting the piston in one COmPpressor to the
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gas occupying the same space in the other compressor. The DC motor controls the RPM
of the compressor crankshaft by varying the voltage of the auto transformer. The
compressor which is connected to the motor directly is the driven compressor and the

other is the undriven compressor.

The apparatus was capable of measuring gas pressure, wall temperature, and the
crank angle of the undriven compressor, but the wall heat flux and the flow velocities had

to be calculated from the recorded data.

Ho (10) modified Kornhauser’s (12) earlier data acquisition program so as to
collect data from two eight channel Data Translation DT2801-A analog and digital I/O
boards. Data collection was triggered by a Vemitech optical shaft encoder mounted to the
undriven compressor crank shaft. Ho also wrote a data reduction program and a data

analysis program. They can be found in his 1991 thesis.

2.2 Phase 2: A traversing Thermocouple System and a Wall Heat Flux
Sensor
During 1990-1991, Alexander Tziranis (27) took over and continued the project.
He made several changes to the apparatus. The test section was modified and additional
instrumentation was installed. The 5.5-inch extension rod for a traversing thermocouple
passed through a drilled and threaded hole in the wall. A conical hole through the wall

served as an optical view window for a LDV system. A heat flux sensor was mounted on
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the inside of the Pyrex glass pipe which lined the test section. A traversing system for the
thermocouple was constructed and installed. The traversing thermocouple system

measured the gas temperature distribution across the test section as shown in Figure 2.2.

CENTER SECTION

w TEMP LASER VIEW
R?LISL : WINDOW/
AN
A « K
© © ™
4
/ 7 A—4
7,
/ HEAT “‘?ﬁAVERSlNG
PRESSURE |
TRANSDUCER gkgé THERMOCOUPLE

Figure 2.2 The Test Section of the apparatus (3)

The traversing thermocouple was manufactured by the Paul Beckman Company.
It is made up of a Type E thermocouple at the end of 0.008-inch diameter, 0.5-inch long
hollow rod mounted to the end of a 0.125-inch diameter, 5.5-inch long stainless steel
extension rod. The 0.008-inch rod separating the thermocouple junction from the 0.0125-
inch extension rod was designed to minimize flow disturbances. The base of the
thermocouple probe was mounted to a Berg model LBSC-20 ball slide. The slide is
moved by a Hurst model 4014-002 Linear Stepping Actuator. The model 20455-1 heat
flux sensor was made by RdF Corporation. The whole traversing system was mounted to

the test section by bolting it to a flat section milled into the bottom to the test section.
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Figure 2.3 Tziranis’s Thermocouple Traversing System (27)

2.3 Phase 3: Installation of a Laser Doppler Velocimeter System

Charles Dean (3), working on the project from 1992-1993, took the capability of
the apparatus a big leap further by installing a Laser Doppler Velocimeter (LDV). The
laser system and its accompanying software and hardware allow measurement of
temperature and flow velocity data across the inside diameter of the test section, wall
temperature and pressure, and compressor positions. The main use of LDV is that it can
measure velocity across the inside diameter of the test section and replaces the inaccurate

calculations for bulk velocity.

The Aerometrics laser system consists of a 300mW Omnichrome power supply for
the Argon ion laser, a fiber drive, a photodetector, a digital signal analyzer (DSA) and a
transceiver. A reference laser beam first enters the fiber drive after reflecting from the

external mirrors along its path. Within the fiber drive, it passes through a filter which only
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permits the 514 nm wavelength green light to go through and into the Bragg cell. While
the software and hardware are on, the Bragg cell splits the reference laser beam into two
beams with one of them at a frequency 40 MHz higher. The two beams strike the
prismatic thomboid and fiber optic cables after reflections from the internal mirrors inside
the fiber drive. Both beams exit out from the transceiver and intersect at a distance 250
mm in front of the transceiver. Light scattered due to moving seed particles is reflected
back through the transceiver and fiber optic cable. The scattered light then enters the
photodetector where it is transformed into the voltage signal. The signal is then registered

and processed by DSA to determine the velocity.

The laser traversing system was built to support and position the transceiver on top
of the test section. It also included a stepping motor to facilitate measurements across the
inside diameter of the test section. For further details on the traversing system, the reader

is referred to Dean’s thesis.
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Figure 2.4 Experimental Setup of Phase 3 (3)
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2.4 Phase 4: Noise Reduction and New Software Development

During Phase 3 of the experiment, there was an unexpected noise problem in most
of the instrumentation. William Grassmyer (8), working on the project at the time,
discovered that one of the main noise problems was 60 Hz noise. From his collected data,
he discovered a huge number of noise spikes appeared in his graphs. The noise level was
then minimized by installing a 192 Hz RC low pass filter. However, noise coming out
from the Omnichrome power supply contributed another source of noise problem. The
noise was fatally mistaken as the velocity data by the LDV’s signal processor. Placing the
power supply as far away as possible and covering it with an Aluminum foil wrapped box

minimized the noise to a certain extent.

After the noise problem, Grassmyer (8) also worked on developing a new data
reduction software. It is capable of smoothing and averaging the data and decomposing
the data into the harmonics with a discrete Fourier Transform. The harmonically
decomposed data can then be fed to another program to calculate the real and imaginary
components of Nusselt number, and the phase shift between heat flux and gas-wall

temperature difference.

A list of the programs can be found in Appendix A.

2.5 Instrumentation for the Heat Transfer Apparatus

There are a total of six sensors placing around the test section for measurement.
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(1) Pressure: A Kulite model XT-190 strain gage transducer was used for pressure

measurement. The range of the transducer is from 0 to 500 psi. Since pressure was
assumed to be constant throughout the test section, the sensor could be mounted at any

position along the test section.

(2) Wall Temperature: A Medthem model PTF-100-20404 resistance temperature
detector (RTD) was used for wall temperature. The gage was mounted slightly off center

but the error was found to be negligible.

(3) Centerline temperature: A Type E fast-response thermocouple custom made by the
Paul Beckman Company was used to measure centerline temperature. The main body of
the probe is housed inside a 0.125 inch, 5.5 inch long stainless steel cone. The micro-disc
thermocouple junction is located on the end of a 0.1 inch long 3 mil diameter quartz sheath
housed inside an 8 mil diameter stainless steel tube. The thermocouple was attached to a

traversing unit which allows for a temperature profile of flow to be taken.

(4) Crank and phase angle between Compressors: The crank angle readings were

registered with a Vemitech Model VOE-023 optical encoder. The encoder pulsed 1200
times for each revolution with a reset at the end of each cycle. The encoder was located
on the side with the DC motor. The phase angle between compressors was set by first
rotating the undriven piston to bottom dead center. Once both pistons were at the bottom
dead center, the driven piston was then rotated to the desired phase by counting the

number of encoder pulses. Each encoder count corresponds to 0.3°.
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(5) Wall Heat Flux: heat flux was measured by RdF Corporation model 20455-1 heat
flux sensor. This sensor gave a direct measurement of heat flux through the walls. The
sensor consists of two thermocouples sandwiching an 0.0005 inch substrate. The heat
flux can be directly calculated from the voltage difference of the two thermocouples. The
sensor was found to have a response of at least 8.0 Hz with a manufactured specified
response of 50 Hz. The signal from the heat flux gage was amplified 10,000 times by
cascading two 100-gain amplifiers. The first amplifier was an Analog Device 288J which
was used to control the DC offset. The amplified signal was then filtered by a 192 Hz RC

low pass filter and fed into an Analog Device AD624 precision amplifier.

(6) Velocity: Velocity measurements were taken with the Aerometrics Laser Doppler
Velocimeter (LDV). Its general usage has been discussed in the Phase 3 development.
Further explanation of the use of LDV will be discussed in the next chapter. The LDV
transceiver is fastened on a traversing system which allows velocity profiles of the flow to

be taken.
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Chapter 3

Laser Doppler Velocimetry

Nowadays, the laser is an extremely popular tool in all sorts of measurement
applications. One of the most widely used applications is found in velocity measurement
in fluid flow. The laser is particularly useful to researchers in this area mainly due to its
non obstructive nature of measurement. Other measurement techniques for fluid flow
such as pitot tube, turbine meter, etc. have their limitations and drawbacks because each
unavoidably lies within its own wake whenever the flow reverses. As a result, accurate
measurement is not possible. Hot-wire anemometer is not suitable even though it is
capable of responding to the rapidly fluctuating velocities. The hot-film anemometer is
susceptible to probe interference and does not discriminate between flow directions. In
addition, the hot-film anemometer will respond directly to the very large pressure and
temperature oscillations present in the measurements. Laser measurement techniques are
ahead of other techniques because of their ease of use and preciseness. This technique is
also powerful in regards to its capability of working in either 1-D, or 2-D, or 3-D flow
fields. In general, principles of laser measurement technique are similar in most Laser
Doppler Velocimetry systems, and the following description on its functionality suffices to

give anyone a general idea of how to work with such a piece of equipment.

3.1 Aerometrics Laser Doppler Velocimeter System
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In chapter 2, there has been a brief introduction to the operation of the Laser
Doppler Velocimeter. In this chapter, we will describe the functions of each piece of the

system in more detail.

3.2 External Mirrors

The external steering mirrors direct and guide the reference beam from the output
of the laser generator into the fiber drive. For optimum performance, the laser beam
diameter entering the fiber drive must be between 1.0 mm and 1.5 mm. The top screws
allow the beam to be tilted or moved up and down as a whole by turning either one or both
respectively. Likewise, the bottom two screws on the external mirrors allow lateral tilting
or displacement of the beam. Accurate and careful steering of the beam with these screws

is necessary for aligning the laser system properly.

3.3 Fiber Drive

As the reference beam leaves the mirrors and enters into the fiber drive, it passes
through two ports. The first port that the beam passes has a filter which separates all
wavelengths but the 514 nm green light. The power of the laser beam is about 100 mW
after passing through the ports. The function of the second port is to help orient the beam

correctly when it strikes the Bragg cells.

3.3.1 Bragg Cells
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‘When the reference laser beam, out from the air-cooled 300 mW Argon ion laser
generator, enters the fiber drive, it goes through two ports before striking the hole of an
acousto-optic modulator or the Bragg cell. Inside the cell, the beam is split into two of
equal intensity. It is important to note here that the software and hardware should be on at
that time; otherwise, only one beam is observed to strike the thomboid. ‘One of the beams
called the first order beam has its frequency shifted higher by 40 MHz. The zero order
beam remains unchanged in frequency. The frequency difference between the original
beam and the shifted beam is due to the frequency of the acoustic waves generated by a

piezoelectric transducer travelling within the cell at a speed V.
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Figure 3.1 Beam Split and Frequency Shift inside Bragg Cell (TSI, 1992)

3.3.2 Rhomboid and Fiber Optic Couplers

Each laser beam coming out of the Bragg cell is reflected by the internal mirors

and then strikes one of the faces of the thomboid. The rhomboid then separates and
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directs the beams to the couplers. Each coupler has two knobs attached on the side and
two lenses inside. The pair of knobs on each coupler enable two-dimensional adjustments
of the lens position. The knobs are adjusted so that the intensity and the power of each
beam can be adjusted to maximum. At the same time, the knobs should be adjusted so
that the power of one beam is close to that of the other. There is also a silver knurled nut
on each coupler that joins a yellow optical fiber. The nut can be loosened. Within the nut,

there is a silver cylinder which can be turned to position the polarization of the beam.

3.3.3 The Transceiver

Upon leaving the couplers, the beams then travels to the transceiver via a optical
cable. The 50 mm fiber optic transceiver probe is an optical system that contains both
transmitting and receiving components in a single package. It uses a series of optical
fibers and lenses to transmit laser light. A transmitting lens is housed inside to focus and
cross the beams in front of the transceiver. The volume formed by the intersecting beams

defines the measurement volume of the probe called the probe volume.

Figure 3.2 Probe Volume
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3.1 d, = ing of frin

(3.1 Ay (spacing of fringes)

(3.2) d,= ﬂ (width of probe volume)

(3.3) | =G (length of probe volume)
' " tank P

where, F = the focal length of the transmitting lens
D_, =the diameter of the focused beam

A =the wavelength of the laser
k¥  =the half-angle between the beams

The transceiver is connected to photodetector unit for the processing of light scattered

from seed particles.

3.3.4 Seeding Particles

The important factor in the ability of the laser to measure the velocity of a flow
field is the presence of seeding particles. The particles, preferably of size on the order of
0.1 to 2 um in diameter, are used to seed the flow. They are moving at the same velocity
as the flow. When a particle happens to enter the ellipsoidal shaped probe volume, the

fringes within the volume is disturbed. It causes a modulation of light intensity at a

frequency of:
2u-cos(B)-sin(%
34 fp= (A )
A
where, B = angle of incidence of a seed particle striking the probe volume,

o. = the angle between the beams
u = particle velocity.
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Figure 3.3 Interference of Fringe Patten
The light scattered by this particle is collected back through the same optical lens in the
transceiver and picked up by a photodetector. The photodetector transforms the optical
signal into the electrical equivalence. The signal is passed to signal processing software

which determines the velocity u of the particle from the frequency of the reflected light:
d
(3.5) u=_tL= d-f,

where t is the time to cross two adjacent fringes and f;, is the Doppler shift frequency of

the light scattered by the particle.
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The way that LDV is able to measure both positive and negative velocities can be
understood as follows. In an oscillating flow environment, a particle’s frequency differs
based upon whether the particle is moving in the direction of the fringes in the probe
volume or not. If it is moving in the same direction as that of fringes, it will have a
frequency equal to f,-fgs. If it is moving in the opposite direction, it will have a frequency

of fyHin.

3.3.5 Doppler Signal Analyzer (DSA) System

The DSA system is composed of several components: DSA’s electronics, a high
speed array processor, a computer interface card, and its own software. The DSA system
analyzes and processes the signals received from the photodetector in a frequency domain.
It can process Doppler frequency up to 150 MHz. A Fast Fourier Transform (FFT)
algorithm is used to estimate the frequency of a sample. A Fourier Transform Burst
Detector (FTBD) is loaded when acquiring data to help detect and concentrate the signal

processing on the center of the burst to minimize noise processing.

34



Chapter 4
Seeding Methods

As mentioned in the last chapter, the flow field must be seeded before the laser can
register or “see” signals from the particles and therefore determine the quantities
(pressure, heat flux, centerline temperature and wall temperature) of the flow. There have

been several seeding techniques.

4.1 Oil Smoke Generator

Much thought was given on how the test section could be seeded during Phase 3.
Mineral oil smoke drops were chosen to be the seeding particles. The rationale for this
choice is that mineral oil has a low vapor pressure. As a result of the low vapor pressure,
the fine liquid droplets were assumed not to evaporate easily in the oscillating
environment. Besides, the liquid drops are non-corrosive, have a non-clouding character

and a size that is ideal to the specification of the seeding particles.

Seeding was done by pumping mineral oil by the Venturi effect into the burn
chamber. The oil was heated and the droplets that were generated were then injected to

saturate the whole test section. The entire setup for seeding is depicted in Fig. 4.1.

This seeding method proved to be ineffective because the oil droplets unexpectedly
evaporated at the high pressure part of the cycle. Thus, the laser was unable to detect any

droplets passing through the probe volume. Data could only be taken at the low pressure

35



part of the cycle. This phenomenon has been investigated for its cause at some length.
But not much of it could be uncovered or explained at this time. In the end, alternative

seeding method was deemed necessary.

t SMOKE TO
CYLINDER |

SMOKE TO
CYLINDER 2

Figure 4.1 Mineral Oil Smoke Generator (3)

4.2 Alcohol Talcum Atomizer

Since there was a problem with fluid seed particles (mineral oil and propylene
glycol), a new radical approach to seeding was proposed during Phase 4. Solid seed
particles were tried instead of the previous “obvious” choices. The idea was to look for a
solid substance which could be suspended in a volatile solvent. When the solvent
evaporated, the solid particles would be floating in the flow field. Talcum powder was

used because of its suitable size and its ease of suspension in alcohol. The alcohol would
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evaporate quickly, leaving the Talcum powder floating in the test section. The setup used

to perform the task is depicted in Fig. 4.2.

Alr Inlet
Nozzle \J\/l/
§ Fill Hole
V. /:
Capillary T
Tube  ~_ .
: Reservoir

Figure 4.2 Alcohol-Talcum powder Atomizer (8)
Compressed air was blown through the nozzle so that the Talcum-alcohol mixture was

then sucked up through the capillary tube by Venturi effect. The atomized mixture was

injected into the test section.

The seeding method was once again not very successful though it was a very
sound idea. The condensation of alcohol at the low pressure part of the cycle somehow

blurred the visibility of the Talcum powder and hence velocity of that part of the cycle

could not be measured.

4.3 Direct Injection of Talcum Powder
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After a long investigation, a conclusion was that the evaporation effect was
unavoidable if any form of liquid was injected into the system. The higher the vapor
pressure, the greater the effect. As a consequence, only Talcum powder was injected into
the test section. A funnel was filled with Talcum powder. There was a fine grain filter
placed above the narrow opening of the funnel to only allow selected size of powder to be
sucked into the test section. The seeding valve was closed off after a few cycles of
suction. Disappearance of seed particles still occurred at the high pressure part of the
cycle. Although further investigation is needed, use of highly reflected solid particles

seems promising.

4.4 Possibilities to Alternatives of Seeding Particles

An investigation of the phenomenon has been launched in the hope that the
mysterious problem of the disappearance of the seeding could be solved. After reviewing
several descriptions of the phenomenon by many researchers and the trials of many
different types of seeding particles and the ways to seed the flow, the general conclusion
was; whenever the seeding particles are discharged into the flow, there always seems to be
a disappearance of seeding particles in the working fluid. Moreover, it occurs with all
types of seeding particles that were tried, although to different extents. The search for a
more suitable type of solid particles, which we once thought promising, did not lead to a
solution of the seeding problem. It was deemed necessary to carry out a much more

careful investigation of the mechanism underlying the seeding problem.
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4.5 An Investigation into the Disappearance of Seeding Particles

A new approach to the problem has been tried by reversing the phase angle
between the compressors. Before, all experiments were carried out in such a way that the
phase angle of the driven compressor always led that of the undriven compressor. By
reversing the phase angle, we would like to investigate if the roles were exchanged.
Previously, the particles were seen during the low pressure part of the cycle as the air
moved out of the driven compressor. With the phase angle reversed, the particles would

be seen at a different part of the cycle.
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Figure 4.3 Velocity data taken at +90° compressor phase angle for a full cycle
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Figure 4.4 Velocity data taken at -90° compressor phase angle for a full cycle
As shown on the graphs above, one measurement was performed at phase angle
+90° as previous runs and the other was at phase angle -90°. It is obvious that the first
graph has most of the data points shown at a certain part of the cycle while the second one
has a more or less evenly distribution of data points. From above, we may suspect that the
disappearance of seeding particles is due to the asymmetry of the apparatus when it was
first built. It may be likely that as the asymmetry is found, the mystery that has been

recurring would be solved.
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4.6 A Check of Leakage in Compressors

In order to investigate the asymmetry, the compressors were first checked to
determine if they were to the problem. The test elbow section of each compressor was
first detached from the test section. The opening of the test elbow was closed off with a
plastic plate and See-shaped clamps. Sealing compound was applied to make certain that
there was no possibility for gas to escape. Then, the pressure transducer was removed
from the test section and inserted into the top of the compressor. Data was then taken and

graphs were plotted.

The pressure graphs of each compressor show very smooth curves. There is not
any sign of significant leakage. Furthermore, the pressure ratio determined to be 1.8 is

close to the supposed value of 2.0. Therefore, it was concluded that the disappearance

was still unaccounted for.
8.00

.
¢ Joe 600 908 1268
ENCODER coun

Figure 4.5 Pressure Data of Driven Compressor for a full cycle
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Figure 4.6 Pressure Data of Undriven Compressor for a full cycle

4.7 Other Possibilities

4.7.1 Impaction Effect

Impaction is a phenomenon in which an aerosol jet, issuing from a nozzle,
impinges on a plate, and the particles are deposited on it because of their inertia. Since the
energy of adhesion of spherical particles to a plane surface is roughly proportional to their
diameter and their kinetic energy is proportional to the third power of the diameter and to
the square of the velocity, the “critical” particle velocity, above which the particles
rebound from impact with the plate, is inversely proportional to their size. From some

published data in Fundamentals of Aerosol Science, (24, pp. 29-31), the critical velocity is
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around a few tens of meters per second for solid particles of size of the order ipm. In
view of our case, the radial flow speed, which causes the seeding particles to collide to the
wall is well below the “critical” particle velocity. The deposition efficiency should never
come close to 35% which is the maximum, according to the book data. Thus, it cannot
provide a sufficient mechanism to account for the phenomenon. Moreover, continuous
feeding of seeding particles has been tried but it did not reduce the disappearance

appreciably.

4.7.2 Precipitation of Aerosols

Fuchs (6), between 1956 and 1960 published numerous work on the mechanics of
aerosols. A part of his work concerns the settling of particles from an aerosol in laminar
flow along a horizontal tube of such a small cross-section that vertical convection currents
in it are either absent or at least have a velocity that is small compared with the settling
rate of the particles. This is relevant to our case as the inner diameter of the test section
(1.75 inches) is small enough to neglect vertical convection effect. For a circular tube

with viscous flow, the velocity distribution is given by the formula

— r2
4.1) U=2.U-|1- ra
where, r =distance from the axis of the tube

R =inner radius of the tube
U = average value of the parabolic flow profile.

Then the precipitation efficiency, 3 in a circular tube is

4.2) 3=;t2—-(2u 1- u% +sin"(p% )— u% 1- u% )
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3V.L

where, =iz

8RU
For a frequency of 1 Hz, R=0.0445m, L=3m, U =18m/s, and V=0.014cmy/s, p is found to
be 0.0004. Substituting the value in (4.2) gives the precipitation efficiency of less than
0.1%. Almost all of the seeding particles stay in the flow. Even if we take convective

diffusion into consideration, calculations show that settling of particles of size between 0.5

and 2 um takes hours before significant disappearance of particles is observed.

The vertical distribution of dust in horizontal turbulent flow was investigated by
Dawes and Slack (6) who blew the dust particles through a pipe. They then measured the
concentrations within the pipe at different levels above the bottom of the tube. For
particles of size < 8um, they found the concentration was practically constant throughout

the whole cross-section. Not much is found on the wall.

In view of the above, precipitation of seeding particles under the action of gravity

and convection in either laminar or turbulent flow does not provide us an explanation.

4.7.3 Thermophoresis

Thermophoresis is particle transport in a temperature gradient. The molecules on
the warmer side will move faster, striking the particles more often and also causing greater
momentum exchange each time a particle collision occurs. The net force pushes the

particles from the warmer area and result in precipitation of the particle on a cold surface.



This may cause the area close to the a hot surface to be free of particles and, under certain

conditions, appears as a dark space.

For a particle in the Free Molecule Regime, characterized by 2A/d;>>1 (A and d,
are mean free path of gas molecules and particles diameter), the thermophoretic velocity

ur and thermal force Fr may be correlated in terms of the thermal dimensionless group Th

u T
(4.3) Th=-—
v
dx
3nu,2d
(4.4) F = _%_e_ (_Th.iT_)
pT dx

where C is the Cunningham factor, a correction factor required since the gas no longer

behaves as a continuum and is estimated from an equation due to Davies,

~110-L
4.5) C= 1+3—7‘[1.257+0.400e( 2*)}.

14

dT/dx is the temperature gradient in the direction of flow. Experiments show that the

value of Th falls in the neighborhood of 0.5.

Relative importance of thermophoresis may be obtained by estimating ur in the
case of a particle of size 0.1um in diameter in air of temperature of 80°C and P=1.5 atm.
From (4.3), ur is about (5.01 x 10" dT/dx) cm/sec where dT/dx is in °C/cm. It is evident
that unless the temperature gradient is very high, say of the order of 1000°C/cm or more,

the thermal velocity will not be large enough to be significant. In most situations where
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the temperature gradient is much less than 1000°C/cm, Fr is not important in comparison

with other forces acting.

4.7.4 Diffusiophoresis

If a gas is a mixture of two kinds of molecules A and B such that there is a
difference in concentration between two points, the process of gaseous diffusion will take
place according to Fick’s Law. If the molecules of B are heavier than A, then small
particles (2A/d,>>1) suspended in the gas will be subjected to bombardment by a greater
proportion of B on one side than the other. The particles will take on a net motion in the

same direction as the diffusion of B. This process is called diffusiophoresis.

The effect is most significant in the case where the gas (A) is saturated with water
vapor (B) surrounded by water droplets as small particles collectors, or known as

condensation and evaporation effect. The particle takes on a velocity,

‘\/m D, o
(4.6) u, = 5 1 s
nafm, +ngfm, n, ox

where, m, or mg = mass of gas molecule or water vapor,
n, or ng = number of gas molecules or water vapor per cms,
D = diffusion coefficient
X is positive away from the droplet surface.

Condensation of vapor on the liquid would contribute to capture (dng/0x > 0), evaporation
of liquid would oppose capture (dng/dx < 0). It might first appear not to be too relevant to
our case here. Nevertheless, it gives us an upper limit of how important the effect is. For

the gas at 65 °C saturated with water vapor and wall of the test section is covered with
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water droplets of temperature about 50 °C, the calculation on small parﬁcle capture
efficiency for particles of size of 1um by Prem and Pilat is less than a few percent. The
smaller the difference, the lower the capture efficiency would be. In the case of the gas
temperature being lower than the droplet temperature, the small particles were driven

away from the evaporating surface, and the capture efficiency was close to zero.

Again, even though the effect is stronger than that of thermophoresis, it is still far

from enough to establish itself as a significant account to what we observed.

4.8 Conclusion of the Investigation

When running the experiments in reverse phase angles (i.e. undriven compressor
leads driven compressor) and by constant cleaning of the test section, collection of data
points throughout the whole cycle was relatively more successful. This is still not too

successful in absolute term.
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Chapter 5

Analysis and Experimental Results

There are many mechanical, electrical or thermal systems behaving in much
similar a manner to one another. For example, a damped harmonic oscillator is the direct
mechanical analog of RLC circuit in an electrical system. Since both systems share
precisely the same mathematical form, analysis and experiments on one system can be
inferred to those of the other. In this example, the lump of mass takes the role of an
inductor in an electrical system, the damping “dash pot” is the resistance and the spring

plays the role of the capacitor.

5.1 Complex Nusselt Number Model

There also exists a very similar analogy between thermal and electrical systems. In
order to develop a means of correlating heat flux to determine the complex-valued Nusselt
number and phase shift between heat flux and AT, we might be able to gain some insights
from an a.c. circuit. In an a.c. circuit, voltage and current (V and I) are in general out of
phase. A complex quantity called phasor was introduced to represent them. And they are
held together by another complex quantity, Z impedance (V = Z-I). Returning to our case,
heat flux takes the role of current, while temperature difference (AT = T -Tw) plays the
role of voltage. The heat transfer coefficient is the reciprocal of impedance or the
admittance. Since impedance and admittance is frequency dependent, we can infer that

the heat transfer coefficient will not only be complex-valued, but will also assume different
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values for different harmonics of the flow. The complex form for Newton’s law of

convection is:
5.1) . =X Nu AT
[4 Dh (4 c
Rearranging gives:
D, ¢
5 .2 Nu = =k _dc
(5.2) U= AT

The complex heat flux and the complex temperature difference between the bulk gas
temperature and the wall temperature (real, assumed to be uniform and constant) are

expressed in the following forms.
X i(2mar—,, )
(5.3) Q=D g, e
n=0

(g > O denotes heat transfer to the wall)

N .
(5.4) AT, =Ty T, =Y AT, 'Cron)
n=0
where for each harmonic;
9o, _ ,-¢P % g )
(5.5) he, =—2- =12 = n_ g et

T AT, AT, %) AT,
Gns Ggns AT, and ¢7, are obtained by harmonic decomposition of our measurements. We

can then solve for each harmonic of the complex heat transfer coefficient, ke .

G ; :
(56) = oa{b, ) +i sl )
Each component of complex Nusselt Number can be obtained from the relationship:
5.7 Nu; = % ]
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Finally, substituting (5.6) into (5.7) gives
(5.8) N %-[—%-aﬂ(% —%)”f}:'ﬁ“(% -¢r.)]
= Nug(n)- £

where, |Nu, (n) = % : Z‘%’:— and, Ad, =0, —¢r,

Ad, can be positive as well as negative. A positive A¢, simply indicates that the phase of
heat flux leads that of temperature difference and a negative value means the opposite.
The above analysis and equations were first made and derived by Smith and Yagyu
(1991). The magnitude of each harmonic and its associated phase angle can then be
determined by running the programs “SMOOTHY6.FOR” and “NUC3.FOR”. The first
program performs a discrete Fourier Transform on the data and breaks it up into its
harmonics, whereas the second program takes the decomposed data and calculates the

Complex Nusselt Numbers and the corresponding phase shifts for the first five harmonics.

5.2 Experimental Procedure

Before starting to collect the baseline data, the computer, the LDV system, and the
amplifiers for the instrumentation were tumed on for a thirty minute warm-up period.
This warm-up period was necessary to give time for the amplifiers to settle down and the

laser to attain its maximum power.
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Each instrument was checked for proper calibration after the warm-up period. The
resistance temperature device (RTD) measuring the wall temperature was first calibrated
against an alcohol thermometer. From the RTD calibration equation RTD voltage was
solved. The potentiometer associated with the amplifier for the RTD was adjusted so that

the output voltage (measured with a multimeter) was the same as the solved voltage.

95 Troon(°C)+32
- 131333

5.9 Ve

The Kulite high pressure transducer (0-500 psia or 0-3400 kPa) was zeroed to
read zero gage pressure at ambient conditions. The output voltage from the pressure
transducer’s amplifier was converted to psi with the following polynomial calibrated from
dead weight pressure meter:

(5.10) P = (2.595278)V? + (60.612839)V +335.12574

where V is the output voltage. Due to the -9 volts offset given by the amplifier’s 200 gain,
the potentiometer was adjusted to read -9 volts on the multimeter. Output voltages were

then converted to absolute pressures [kPa] by the following equation.

(5.11) P=|p_+ P,.,(14.696psia) ( 6.895kPa
e " 2992 Hg/atm 1psia

The ambient pressure reading Pp,, was read off from an analog barometer above the

power switch.

The RdF heat flux sensor was set to 0.0 volts. The amplifier gain setting was
recorded on the data sheet. Since the heat flux readings varied greatly between runs, the

amplifier was set at 10,000 for adequate resolution. As a result of such a high
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amplifications, the sensor could collect 60 Hz background noise within the laboratory.

Thus, it had to be grounded to minimize the noise.

The Beckman Type E traversing thermocouple was calibrated with an alcohol
thermometer. The corresponding voltage was found from the following equation through
backsolving.

(5.11) T, = (-5767x107°)* + (54809x10°° + (<02210 * + (17.0225)

V is again the output voltage of the instrument measured after amplification by a
multimeter. For all baseline measurements, the thermocouple was positioned at the center
of the cross-section of the test section. And the centerline temperature could be safely

approximated as the mixed mean temperature as a consequence of the turbulent flow.

We then come to the LDV system. The beams intensity were checked with an
optical power meter. The power meter, with the attenuator button on, should be set to the
wavelength of the beams (514 nm). The intensity could be balanced by turning the carrier
knob. Their intensity must be within 1 mW of each other in order to function properly.
Furthermore, each beam needs to have a minimum of 10 mW in intensity. If these
requirements are not met, the fiber optic couplers have to be adjusted to the desired value.
Lastly, each beam and its reflected beam should be positioned so that they hit the top apex

of the glass window and must lie in a vertical plane.

We then move on to set the phase angle, v, between the driven and the undriven

wheels of the compressors. The bolts on the shrink disks at the driven compressor side
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can be loosened to de-couple the two wheels. The undriven wheel was tumed to bottom
dead center. The encoder installed on the driven wheel was used to register its position.
On the computer screen, the ALT-F2 menu of the DSA software was used to monitor the
position. Each increment in encoder count amounts to 0.3° of crank angle. Zero Encoder
count corresponds to bottom dead center of the driven compressor; a count of 300 sets the
phase angle to be 90° and so on. The desired phase angle can be obtained by rotating the
wheel and monitoring the reading on the screen. Finally, the two wheels were coupled

again by tightening the bolts on the shrink disc.

Lastly, the d.c. motor, driving the compressors was tumed on. Initial runs were
performed to check for the correct pressure. The ratio can be corrected to approximately
2.0 by adjusting the two dead volumes on each compressors. Whenever an adjustment on
one variable dead volume is made, an equal adjustment on the other one must be made,

too. Itis important that the dead volumes be the same on both compressors.

Then, the system was ready to take data. During data acquisition, the oscilloscope
had to be on. One trace on the oscilloscope showed the signal from OUT BNC of the
Doppler Signal Analyzer and the other trace was from the ANALOG BURST
DETECTORS. Fuzzy bursts could be seen from the first output. The threshold in F3
page could be monitored to filter out noise; every time a burst reached over that level, a 5-
Volt “up” signal could be observed from the Analog Burst Detectors on the oscilloscope.

This line also means that the DSA could register and process the “up” signal. The data
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was collected in two separate runs due to insufficient channels on the A/D converter. The
first run collected both the pressure and the heat flux; the second one collected the
centerline and the wall temperatures. The frequency could be varied by simply varying the
voltage of the auto transformer supplying power to drive motor. The belt setting could be
adjusted to either high or low speed belt settings. The low belt setting allowed the motor
to drive the system from 0.08 to 0.98 Hz, whereas the high belt setting let the frequency

take a value between 1.5 and 8.25 Hz.

Between each data collection at different frequencies, the apparatus had to be
allowed at least five minutes to let the system settle to steady state condition. Once all the
data was collected over the entire range of the system, the phase angle between the

compressors was changed to the next value for another data collection.

5.3 Experimental Results

As aresult of the difficulties in the seeding of the flow, it was impossible to collect
sufficient good LDV data to generate useful fluid velocity distribution. However, other
baseline experimental data (Appendix B) were collected at compressors phase angle
settings of W=0°, 45°, 90°, 135°. From full data set graphs (Fig 5.1-5.8), there is a clear
indication that phase shift exists between heat flux and the temperature difference at all
four phase angles. The phase shift is obvious at two separated frequencies. At low
frequencies or oscillating Peclet number Pe,, (Fig 5.1, 5.3, 5.5, 5.7), the temperature

difference leads heat flux. This phase shift between temperature difference and heat flux
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is reduced and reach zero difference for increasing Pe,. Eventually, heat flux will lead
temperature as Pe,, is further increased (Fig 5.2, 5.4, 5.6, 5.8). This finding is consistent

to that of Grassmyer in 1994.

Results were achieved for each harmonic by decomposing the variables into their
harmonics. The graph of magnitude of the first harmonic complex Nusselt number, or
[Nyl at each phase angle (Fig 5.9), shows that the amplitude of the first harmonic
generally increases with Pe, Moreover, the curve is shifted up, by advancing the
compressors phase angle. These results are consistent and serve as an extension to
Grassmyer’s findings. However, there is an aspect which does not quite agree with his
finding; the values, INu.;l never rise as high as the 700 level. They stay between 0 and
350. As for magnitude of the second harmonic complex Nu, [Nu,l, similar trends were
discovered. Again, it is consistent with what the previous experimenter discovered, but

the values are twice as large as before.

As we come to the first harmonic phase shift (Fig 5.11), first harmonic
temperature difference leads that of heat flux. This phase lead is then reduced to zero and
becomes negative. The magnitudes correlated quite well with Peclet number for all of the
compressors phase angle in general, except at zero degree, with a small amount of noise at
the higher frequency range. The scatter at zero degrees may result from the relatively low
heat flux and temperature difference for the whole experiment range. Under that

condition, noise, very likely picked up from the amplifiers with high gain values, may be
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comparable to the values of heat flux and temperature difference. This noise can add
unexpected distortion to phase shift value. Phase shift is more susceptible to noise than
the magnitude of the Nusselt number. This can be understood in a sense that the noise
amplitude is rather small and averaged out to zero. However, phase can be changed in an
unknown fashion by noise, composing of high frequencies, at different phases. As a
result, higher harmonics are more likely to be affected. As for the second harmonic phase
shift (Fig 5.12), it is even more prone to noise problem. There is scatter in the plots which
is more prominent at high frequency. Overall, no clear indication of trend was observed.
However, at frequencies where noise effect is not as strong, the trends are consistent with
those found by Grassmyer (8); the phase shift between heat flux and temperature

difference decreases with Peclet number.

5.4 Complex Nusselt Number Correlations

A least square method was used to find the best fit to the experimental data. For a

system of equations,
(5.12) Ax=B
since x may not always be a unique solution, a least error solution could

then be found by multiplying both side by AT and solving the resulting system of
equation.
(5.13) ATAx=A"B
Both linear and quadratic fits were found.

Y=0°:
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INuyl=1.7092Pe ,;+34.2970;  INu;l=-0.0003Pe>+1.7540Pe;+32.8079
INu,=5.0872Pe,,-37.7158;  [Nu,l=0.0153Pe,2+2.4766Pe,+49.0491

Y=45°:
INu,l=1.5730Pe,+67.4800; INu,|=0.0006Pe2+1.4705Pe+70.8085
[Nu,l=4.5764Pe ,+55.8685; INu,l=0.0584Pe ,2-4.7917Pe,+359.6373

¥=90°:
INu,|=2.0409Pe ,+82.9371;  INu,|=-0.0156Pe,,’+4.7323Pe ,~11.7598
INu,l=7.1143Pe-97.6706;  [Nu,l=-0.0109Pe,,>+9.0022Pe -164.0972

Y=135°

INu,|=2.2635Pe,+129.1648; INu,l=-0.0113Pe,*+4.1709Pe +63.5478
INu,l=6.0737Pe,,-19.5431;  INu,l=0.0358Pe,,>+0.0028Pe,+189.3086
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Peclet Number=28.0 phase angle=45
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Figure 5.3 Full Data set at Pe,=28.0, ¥=45°
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Peclet Number=31.8 phase angle=90
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Figure 5.5 Full Data set at Pe,=31.8, ¥=90°

Peclet Number=60.4 phase angle=90

5150

;g/-uoo _//-\

3 50 o

=

%'50 ¥ ] T T T T '

g 0 90 180 270 360

Crank Angle (deg)
Figure 5.6 Full Data set at Pe,,=60.4, ¥=90°

60

— Pressure
e=msDelta T
—— Heat Flux

—— Pressure
e=mm Delta T
—— Heat Flux



Peclet Number=30.0 phase angle=135
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Chapter 6

Conclusion

6.1 Summary of the Study

These experiments of collecting baseline data have confirmed the existence of
phase shift between heat flux and temperature difference under the oscillatory conditions
which show that Newton’s law of convection has to modified. The model of complex
Nusselt number serves as a means to describe and predict heat transfer as a result of this

phenomenon. The most significant findings are as follows.

1) The experiments clearly display the phase shift phenomenon between heat flux and AT
for a gas under conditions of oscillating pressure and flow. The phase shift is a
function of Pe,, and compressors phase angle, V.

2) First and second harmonic complex Nusselt numbers indicate a somewhat linear
relationship with Pe,,. Also, they have a linear relationship with compressors phase
angle, ¥. First and second harmonic phase shift show a similar linear trend with Pe,,
and with compressors phase angle, '¥'.

3) Consistent results were obtained with the previous findings. The results were
extended to compressors phase angles of 90° and 135°. Disagreement with Dean’s

result was repeated and confirmed.



4) The use of Talcum powder is not an effective choice as seeding particles for LDV
system under oscillating conditions. Successful data acquisition is rare and, frequent
cleaning of test section is needed to ensure this rare rate of success.

5) Noise in all instrumentation is still a major problem and a threat to the ultimate

reliability of the data acquired.

6.2 Recommendations for Future Work

Even though the whole apparatus has gone through several phases of

modifications. There is still room for improvement.

¢ A study should be carried out as to why data points could be taken for most parts of
the cycle at reverse phase angles but not vice versa. A much more careful
investigation of the compressors would be helpful.

¢ Noise problem still exists and should be further minimized as much as possible. It
remains a threat to the accuracy of the correlation obtained.

¢ If funding allows, a pair of improved version optical couplers should be purchased to
facilitate the alignment of the laser. The existing ones are unstable and loose after

years of service.
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Appendix A

A.1 Data Smoothing and Fourier Decomposition Program, “SMOOTHY6”

c .
C *
C This program takes the raw data and breaks it up into *
C it's harmonics. This output of this program is used *
C by NUC1 which determines the complex Nusselt Number. *
C By William A. Grassmyer *
C %
C
CHARACTER¥*32 INPUT,DI

CHARACTER*12 CH,DV,CR1,CR2
CHARACTER AUTO*3,RUN*2,0UT*7,VOLT*3,FL*4,PH*3,ZY*1

DIMENSION V(4000),T(4000),EX1(4000),EX2(4000),KEN(4000),CH(2),
*VN(4000), TN(4000),EX1N(4000),EX2N(4000), KENN(4000),EN(4000),
*XSIN(200),XCOS(200),A(20),B(20),A1(20),B1(20),A2(20),B2(20)
*1C(50),XX(20),V1(361),CX1(361),CX2(361),XV(361),XC1(361),
*XC2(361),VT(361)

WRITE(*,*)INPUT BAROMETRIC PRESSURE(IN. HG):'
READ(*,*) BARO
WRITE(*,*)

83 WRITE(*,14)

14 FORMAT(/,5X,COMBINE TWO FILES?.,/,9X,'1) NO',/,9X,'2) YES'.)
READ(*,*) LF
IF(LF.NE.1.AND.LF.NE.2) GOTO 83

WRITE(*,%)
WRITE(*,*)INPUT THE VOLTAGE OF RUN(EX 050):'
READ(*,'(A3)) VOLT

WRITE(*,*)
WRITE(*,*)'INPUT BELT SETTING(EX HIGH OR LOWB)'
READ(*,'(A4)") FL
WRITE(*,®
OUT=VOLT//FL
WRITE(*,*) OUT
C  WRITE(**'INPUT NAME OF OUTPUT FILE(EX 0500200):"
C READ(*,517) OUT
517 FORMAT(AT)

WRITE(*,*)
WRITE(*,*) PHASE ANGLE (EX. 045):'

READ(*,(A3)) PH
WRITE(*,*) 'PHASE ANGLE (EX 45.):'
READ(*,'(F6.2)"y PHI



WRITE(*,*) HEAT FLUX AMPLIFICATION:'
READ(*,*) HFA

WRITE(*,*) 'OTHER INFO ON DATA (32 CHARACTER MAX):'

READ(*,511) DI
511 FORMAT(A32)

OPEN(UNIT=7,FILE='C\NCOER\//PH//\//OUT/f .COF',

*STATUS="UNKNOWN')
OPEN(UNIT=9,FILE="C\CYCLE\//PH//\//OUT// .DAT",

*STATUS="UNKNOWN)

DO 377 MF=1,LF
999 WRITE(*,*)'INPUT NUMBER OF TEST DIRECTORY (EX 003)'

READ(*,'(A3)") AUTO
IF(AUTO .LE.'") GOTO 999

518 FORMAT(A1l)
WRITE(*,%)

WRITE(*,*)INPUT RUN NUMBER OF FILE (EX 07):
READ(*,'(A2)) RUN

WRITE(*,%)
OPEN(UNIT=3,FILE='C\DSAADSADATA\EXPNAMENTEST //AUTO//
*//RUN'//RUN//\DSARAW.TXT',STATUS='OLD

READ(3,%)

WRITE(*,*)’C\RAWNT'//AUTO//R'//RUN// RAW'

OPEN(UNIT=21,FILE='"C\RAW\T"//AUTO//R'//RUN// RAW',
*STATUS="UNKNOWN)

2 FORMATY(/,/,5X, ENTER THE CORRECT #:',/,10X,'1) PRESSURE,
*/,10X,'2) HEAT FLUX'/,10X,'3) TEMP THERMOCOUPLE',/,10X
+'4) TEMP RTD'/,10X,'5) NO CALIBRATION)

WRITE(*,2)
WRITE(*,3)

3 FORMAT(/,5X, FOR EXT INPUT #2:)
READ(*,*) KX1

4 FORMAT(/,5X,FOR EXT INPUT #3:)
WRITE(*,4)
READ(*,*) KX2

19 FORMAT(5F14.6)

C
C THEDATA IS READ IN IN LINE 5. *
C NP=NUMBER OF POINTS OF RAW DATA, EX1&EX2= EXTERNAL INPUTS *

C V=VELOCITY, EN= ENCODER POSITION,T= TIME *
C
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NP=1
C349 FORMAT(E15.6E4,2X,E15.6E4,2X,E15.6E4,2X,E15.6E4,2X E15.6E4)
C 349 FORMAT(F9.6,2X,F11.6,2X,F9.6,2X,F9.6,2X,F9.6)

C 5 READ(3,349,END=8) V(NP),EN(NP),EX1(NP),EX2(NP),T(NP)
5 READ(3,* END=8) V(NP),EN(NP),EX 1(NP),EX2(NP),T(NP)
C WRITE(21,19) V(NP),EN(NP),EX1(NP),EX2(NP), T(NP)
WRITE(*,19) V(NP),EN(NP),EX1(NP),EX2(NP)
C PAUSE
NP=NP+1
GOTO 5

8 NP=NP-1

DO 88 I=1,NP
88 KEN(D=EN(®)

NOP=NP

C
C SUBROUTINE SMOOTH EXAMINES THE VELOCITY DATA AND REJECTS ANY *
C EXTRANEOUS VELOCITY READINGS. THIS WAS DONE BECAUSE THE LDV *
C SYSTEM SOMETIMES READS RANDOM NOISE AS A DOPPLER BURST  *

c .

CALL SMOOTH(V.EX1,EX2,T . KEN,NP,VN,TN,EXIN,EX2N,KENN)

C DO27I=1,NP

C 27 WRITE(*,*) KENN(I), VN(I)
C PTO=NOP-NP

C  WRITE(*,*) PTO,NP

C PAUSE

C
C THE NEXT GROUP OF LINES DETERMINES HOW MANY CYCLES OF *
C DATA WERE TAKEN. THIS WAS DONE BY DETERMINING WERE THE *
C ENCODER RESETS. IF LESS THAN ONE CYCLE OF DATA WAS TAKEN *
C THE PROGRAM KICKS OUT AND DISPLAYS AN ERROR MESSAGE. *
C THE PERIOD OF ROTATION, PERA, IS ALSO DETERMINED. *

C

JT=0
DO 20 IT=2,NP
IF KEN(IT)+10.LT.KEN(IT-1)) THEN
JT=IT+1
ICTD)=IT
ENDIF
20 CONTINUE

IFJT.GE.2) GOTO 474

IFJT.EQ.1) THEN
DO 59 I=IC(1),NP

68



IF(KEN(2).LE KEN(D)) THEN
PERA=T(I)-T(2)
GOTO 889
ENDIF
59 CONTINUE
ENDIF
WRITE(*,*) 'ERROR: ONE FULL PERIOD OF DATA WAS NOT TAKEN'
GOTO 701

474 PS=0
DO 63 I=2,JT
N=ICJT-1)
2=IC(JT)
PER=T(12)-T(11)

63 PS=PS+PER
PERA=PS/REAL(JT-1)

889 CONTINUE
C ¥
C SUBROUTINE SORT TAKES THE DATA SETS AND SORTS ITBY THE *
C ENCODER POSITION. *
C

WRITE(*,*) LEAVE ME ALONE DAMMIT! IM SORTING'
CALL SORT(V,EX1,EX2,NP,T, KEN)

C
C INORDER TO PERFORM A FOURIER DECOMPOSITION THE DATA HAD TO *
C BE ARRANGED AT EQUAL TIME INTERVALS. SUBROUTINE GROUP *

C TAKES THE DATA AND SEPARATES IT INTO 7.5 DEGREE WINDOWS, *

C THE AVERAGE VALUE OF EACH WINDOW IS THEN DETERMINED. IF *

C THERE IS NO DATA IN A PARTICULAR WINDOW, AN AVERAGE VALUE *
C IS INTERPOLATED FROM THE DATA WINDOWS ON EACH SIDE *

C ¥

CALL GROUP(NP,V.EX1,EX2,T,KEN,NW,VN,EXIN,EX2N,TN,KENN)

SUBROUTINE CONVRT CONVERTS THE DATA FROM VOLTS TOITS  *
ITS RESPECTIVE UNITS. *

QONOQ

CALL CONVRT(KX1,KX2NW,EX1IN,EX2N,CH,BARQ,HFA)

C
C SUBROUTINE FORIER TAKES THE AVERAGED DATA AND DECOMPOQOSES *
C IT INTO IS HARMONICS. M= THE NUMBER OF HARMONICS *
C
M=5
TIME=1200

LLX=0
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FRQ=1./PERA
CALL FORIER(NW,M,TIME, VN,KENN,A0,A,B,XSIN,XCOS,LLX,FRQ)

IF (KX1EQ.2) THEN
LLX=1
ENDIF

CALL FORIER(NW,M,TIME,EX 1N,KENN,A01,A1,B1,XSIN,XCOS,LLX,FRQ)
LLX=0
IF (KX2EQ.2) THEN
LLX=1
ENDIF

CALL FORIER(NW ,M,TIME,EX2N,KENN,A02,A2,B2,XSIN,XCOS,LLX,FRQ)

C
C THE VOLUME WAS THEN CALCUALTED FOR EVERY 7.5 DEGREES  *

DO 118 I=1,NW
POS=REAL(KENN())/1200.
PI=3.1415927
RAD=2*PI*POS
VL=PI*11.**2./8.%(30.4+9.%(1.+COS(RAD))-SQRT(
* (9.¥COS(RAD))**2+819.))
VR=PI*11.**2,/8.%(30.49.%(1.4+COS(RAD-PHI))-SQRT(
* (9.*COS(RAD-PHI))**2+819.))
VTS=371.21+(2.00*16.84)
VEDV=(2.%726.)*1.6387*10.**(-5)
VADV=0.
VIDV=VFDV+VADV
118 VT{M=(VL+VR+VTS)*1.6387*10.*¥*(-5)+VIDV

C .
C RESULTS WERE THEN OUTPUTTED TO 2 DIFFERENT FILES. THE .COF *

C FILES CONTAIN ALL THE COEFICIANTS FOR THE DECOMPOSED *

C HARMONICS AND THE FREQUENCY OF ROTAION OF THE SYSTEM. THIS *
C FILE IS USED BY THE PROGRAM NUC1. THE DAT FILES CONTAINS *

C DATA FOR EACH 7.5 DEGREE WINDOW USING THE HARMONICS. *

C

C okokd OUTPUT TO .COF FILES

716 FORMAT(/,/,5X,DIRECTORY = AUTO',A1,"\RUN',A2,)
WRITE(7,716) AUTO,RUN
IF(MF.EQ.1) THEN
WRITE(7,717) VOLT,FL,PH,VTDV,BARO,DI
ENDIF
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717 FORMAT(5X,'VOLTAGE =',A6,/,5X,FLOW POSN ='A6,/,5X,
*PHASE ANGLE=",A6,/,5X,DEAD VOLUME= 'F75,/,5X,
*BARO PRESS ="F7.3,/5X,NOTE ='A32)

WRITE(7,555) CH(1),CH(2)

555 FORMATY(/,/,25X,FOURIER COEFFICIENTS'/,/,2X, HARMONIC',8X,
*VELOCITY',10X,A12,10X,A12,/,/,16X,'A",7X,'B',12X,'A",8X,'B',
*12X,'A',8X,'B")

I=0
WRITE(7,566) 1,A0,A01,A02
566 FORMAT(4X,12,6X F7.3,13X,F8.3,14X,F8.3)

DO 700 I=1,M
700 WRITE(7,699) LAD),B(D),A1(I),B1(I),A2(I),B2(T)

699 FORMAT(®4X,12,6X,F7.3,2X F7.3,4X,F8.3,2X F8.3,4X F8.3,2X,F8.3)

WRITE(7,577) PERA
577 FORMATY(/,5X,PERIOD="F7 .4, SEC')

C OUTPUT TO .DAT FILE ok

DO 12 I=1,NW

POS=REAL(KENN())/1200.

TIM=POS*PERA

ViD= CURV(POS,A0,A,B,M,XX)

CX1(I)= CURV(POS,A01,A1,B1,M,XX)
12 CX2(I)= CURV(POS,A02,A2,B2,M,XX)

IF(LF.EQ.1) GOTO 323

Cioridekdokk xxCOMBINING TWO RUNS

IF(MF.EQ.1) THEN
CR1=CH(1)
CR2=CH(2)
XPER=PERA
DO 43 I=1,NW
XVD=V1()
XC1(@)=CX1(l)
43 XC2AD=CX2D)
ELSE
WRITE(9,61) CR1,CR2,CH(1),CH(2)
61 FORMAT(4X,DEGS',1X, TIME5X, VEL' 2X,'VOL' 4X,
* A9,1X,A9,4X,A9,1X,A9,/)

PERM=(XPER+PERA)/2.
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=0

DEG=0.

TIM=0
VA=(XV(NW)+V1(NW))/2.

WRITE(9,89) DEG,TIM, VA, VT(NW),XC1(NW),XC2(NW),CX1(NW),CX2(NW)
DO 47 I=1,NW
POS=REALKENN(I))/1200.
DEG=POS*360.
TIM=POS*PERM
VA=XV({D+V1D)/2.
47  WRITE(9,89) DEG,TIM,VA, VT(D),XC1(I),XC2(I),CX 1(I),CX2()
ENDIF
89 FORMAT(2X,F5.1,F7.3,F8.3,F8.4,F10.4,F13.1,2F10.4)

GOTO 377
Cisiokciciiolokrkioiok JUST ONE FILE

323 WRITE(9,921) CH(1),CH(2)
921 FORMAT(1X,ENC POS',9X,'TIME,9X,'VELOCITY",7X,A12
*3X,A12,)

TIM=0
1=0
WRITE(9,422) I, TIM,VI(NW),CX1(NW),CX2(NW)
DO 324 I=1,NW
POS=REAL(KENN())/1200.
TIM=POS*PERA
324 WRITE(9,422) KENND),TIM, V1(D,CX1(D,CX2(D)

422 FORMAT(2X,I5,4F15.4)
377 CONTINUE
701 WRITE(*,485)
485 FORMAT(/,/,5X, WANT TO RUN AGAIN?/,9X,'1) YES'/,9X,'2) NO',))
READ(**) NNN
IF(NNN.EQ.1) GOTO 83

END

C SUBROUTINES START HERE ek ok
SUBROUTINE SMOOTH(V,EX1,EX2,T,KEN,NP,VN,TN,EX1N,EX2N,KENN)

DIMENSION V(NP),T(NP),EX1(NP),EX2(NP),KEN(NP), VN(NP),TN(NP)
* EX1N(NP),EX2N(NP),KENN(NP)

IN=NP/10.

NC=-9
KC=0
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DO 25 K=1,IN-1
NC=NC+10
VS=0.

DV=0.

DO 35 L=NC,NC+9
35 VS= VS+V(.)
VA=VS/10.

DO 45 L=NC,NC+9
45 DV=DV+(V(L)-VA)**2
SIG3=(ABS(1./9.¥DV))**5*2,

DO 54 L=NC,NC+9

DEV= ABS(VA-V(L))

IF (DEV.LT.SIG3) THEN
KC=KC+1
VNEKC)=V(L)
TNEKC)=T(L)
EXINKC)=EX1(L)
EX2N(KC=EX2(L)
KENNKC)=KEN(L)

ENDIF

54 CONTINUE
25 CONTINUE

DO 99 KK=1,KC
V(EKK)=VN(KK)
TEK)=TNEKK)
EX1(KK)=EX1N(KK)
EX2(KK)=EX2N(KK)

99 KEN(KK)=KENN(KK)

NP=KC

RETURN

END

SUBROUTINE SORT (F1,F2,F3,NP,F4,KEN)
DIMENSION F1(NP),F2(NP),F3(NP),F4(NP),KEN(NP)

IS=NP/2

100 DO 10 J=1,IS
DO 20 I=J,NP-IS
=]
NT=KEN(+IS)
T1=F1(I+IS)
=F2(1+IS)
T3=F3(I+IS)
T4=F4(I+1S)

30 IF (K.GE.J) THEN
IF(NT.GE.KEN(K)) GO TO 60
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KEN(K+IS)=KEN(K)
F1(K+IS) =F1(K)
F2(K+IS) =F2(K)
F3(K+IS) =F3(K)
F4(K+IS) =F4(K)
K=K-IS
GOTO 30

ENDIF

60 KEN(K+IS)=NT
F1(K+IS)=T1
F2(K+IS)=T2
F3(K+IS)=T3
FA(K+IS)=T4
K=K-IS

20 CONTINUE

10 CONTINUE

1S=IS/2

IF(IS.GE.1) GOTO 100
RETURN

END

SUBROUTINE GROUP(NP,F1,F2,F3,F4 KEN,NW,FIN,F2N,F3N,FAN,KENN)
DIMENSION F1(NP),F2(NP),F3(NP),F4(NP), KEN(NP),F1N(NP/5)
* F2N(NP/5),F3N(NP/5),FAN(NP/5), KENN(NP/5)

NF=0
LL=0
=0

LW=25
NW=1200/LW
IP=LW/2

75 T=II+1
IF(KEN(II).LE.IP) THEN
GOTO 75
ENDIF
=II-1

DO 60 LL=1,NW-1
F1S=0

F25=0

F358=0

F4S=0

J=0

40 IP=IP+LW
30 II=II+1

IF(II.GT.NP) GOTO 67
IF (KEN({I).LE.IP) THEN
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J=J+1
GOTO 30
ELSE
IF(J.EQ.0) THEN
NF=NF-+1
KENN(.L)=IP-LW/2

GOTO 60
ENDIF
ENDIF

67 II=II-1
IT=II-J+1

DO 80 K=IT,II
F1S=F1S+F1(K)
F2S=F2S+F2(K)
F3S=F3S+F3(K)

80 F4S=F4S+F4(K)

FIN(LL)=F1S/REAL(J)
F2N(LL)=F2S/REAL())
F3N(LL)=F3S/REAL(J)
F4AN(LL)=F4S/REAL(J)
KENN(LL)=IP-LW/2

IF(NF.GT.0) THEN
IB=LL-NF
IF(IB EQ.0) THEN
WRITE(*,*))DATA TOO SPARCE'

ENDIF

SLP1=(FIN(LL)-F1N(IB-1))/REAL(LW)/REAL(NF+1)
SLP2=(F2N(LL)-F2N(IB-1))/REAL(LW)/REAL(NF+1)
SLP3=(F3N(LL)-F3N(IB-1))/REAL(LW)/REAL(NF+1)
SLP4=(F4N(LL)-FAN(IB-1))/REAL(LW)/REAL(NF+1)

DO 90 K=IB,LL-1
FIN(K)=FIN(K-1)+SLP1*REAL(LW)
F2N(K)=F2N(K-1)+SLP2*REAL(LW)
F3N(K)=F3N(K-1)+SLP3*REAL(LW)

90 FAN(K)=F4N(K-1)+SLP4*REAL(LW)
NF=0

ENDIF

60 CONTINUE

1J=0
F1S=0
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F2S8=0
F3S8=0
F4S=0

KENN(NW)=1200

DO 111 NN=1,NP

IF (KEN(NN).LE.LW/2.0R KEN(NN).GE.1200-LW/2) THEN
F1S=F1S+F1(NN)
F2S=F2S+F2(NN)
F3S=F3S+F3(NN)
F4S=F4S+F4(NN)
JI=1+1

ENDIF

111 CONTINUE

FIN(NW)=F1S/REAL(T)
F2N(NW)=F2S/REAL(T)
F3N(NW)=F3S/REAL(J)
FAN(NW)=F4S/REAL(J])

RETURN
END

SUBROUTINE FORIER(N,M,TIME, X,KT,AZERO,A,B XSIN,XCOS,LLX,FRQ)
DIMENSION X(N),KT(N),A(M),B(M),XSIN(N),XCOS(N)
PI=3.1416
SUMZ=0.0
DO 100 I=1,N
100 SUMZ=SUMZ+X(J)
AZERO=SUMZ/REAL(N)
DO 300 II=1,M
SUMS=0.0
SUMC=0.0
DO 200 I=1,N
THETA=2*PI*REAL(KT(I))*REAL(I)/TIME
XCOS(D=X()*COS(THETA)
XSIN(D=X(D)*SIN(THETA)
SUMS=SUMS+XSIN(T)
SUMC=SUMC+XCOS()
200 CONTINUE
A(ID)=2.*SUMC/REAL(N)
B(ID=2.*SUMS/REAL(N)

C
C LLX=1 MEANS THAT HEAT FLUX DATA IS BEING DECOMPOSED. THIS *
C HEAT FLUX DATA NEEDS TO BE ADJUSTED DUE TO THERC FILTER *

C THAT WAS CONNECTED TO THE AMPLIFIER. THE FILTER HAS A TIME *
C CONSTANT, FRC, OF 200 HZ. PHASE AND AMPLITUDE WERE ADJUSTED *
C ACCORDINGLY. *

C

IF (LLX.EQ.1) THEN
FRC=200
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FRQ=REAL(N)*FRQ

ZO=SQRT(A(I)**2+B(I)**2)

PO= ATAN(B(II)/A(ID)

IF (A(T).LT.0..AND.B(I).GT.0.) THEN
PO=PO+PI

ENDIF

IF (A(I).LT.0..AND.B(II).LT.0.) THEN
PO=PO-PI
ENDIF

ZI= SQRT(1.+ (FRQ/FRC)**2)*Z0O
PPI= PO+ ATAN(FRQ/FRC)
A(ID=ZI*COS(PPI)
B(ID= ZI*SIN(PPD

ENDIF

300 CONTINUE
RETURN
END

SUBROUTINE CONVRT(KX1,KX2,NW,EX1,EX2,CH,BARO,HFA)
DIMENSION EX1(NW),EX2(NW),CH(2)
CHARACTER*12 CH

JI=1
GOTO (10,20,30,40) KX1

CH@J)='VOLTS'
GOTO 100

5 =2
GOTO (10,20,30,40) KX2

CH(J)="VOLTS'
GOTO 100

10 CH(IJ)="PRESSURE'

CC=335.12574+BAR0*14.696/29.92
DO 15 I=1,NW
IFJ1.EQ.2) THEN
EX2(D= (2.59528*ABS(EX2(I))**2.460.61284*EX2(I)+CC)*6.895
ELSE
EX1(D= (2.59528*ABS(EX1(I))**2.460.61284*EX1(I)+CC)*6.895
ENDIF
15 CONTINUE
GOTO 100

20 CH(J))=HEAT FLUX'
DO 25 I=1,NW
IFJJ.EQ.2) THEN
EX2(D=(-1./(.201*10.**(-6)))*EX2()*(3.154/HFA)
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ELSE
EX1(D=(-1./.201¥10.%%(-6)))EX1()*(3.154/HFA)
ENDIF
25 CONTINUE
GOTO 100

30 CH(JJ)="TEMP (THRM)'
DO 35 I=1,NW
IF(JJ.EQ.2) THEN
EX2(D)= EX2(1)*17.022525+EX2(D)**2%(-.2209724)+
*  EX2(D)**3%(5.48093E-3)+ EX2(I) **4*(-5.76699E-5)
ELSE
EX1(D)= EX1(I)*17.022525+EX 1()**2%(-.2209724)+
*  EX1(I)**3%(5.48093E-3)+ EX1(I)**4*(-5.76699E-5)
ENDIF
35 CONTINUE
GOTO 100

40 CH(JJ)="TEMP (RTD)'
DO 45 I=1,NW
IF(JJ.EQ.2) THEN
EX2(1)=5./9.%(13.13337*EX2(I))-160./9.
ELSE
EX1(D=5./9.%(13.13337*EX1(I))-160./9.
ENDIF

45 CONTINUE

100 IF (JJ.EQ.1) GOTO 5
RETURN
END

FUNCTION CURV(POS,A0,A,B,M,X)
DIMENSION A(M),B(M),X(M)
CURV=0

DO 20 I=1,M

XM=AT)*COS(REAL(I)*(6.263185*POS))
* + B(D*SIN(REAL(1)*(6.263185*POS))

20 CURV=CURV+X(D)
CURV=CURV+A0
RETURN
CONTINUE
END
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A.2 Complex Nusselt Number and Phase Shift Program, “NUC3”

C*
C

C THIS PROGRAM USES THE *.COF GENERATED BY SMOOTHY.FOR AND

%
%*

C DETERMINES THE COMPLEX NUSSELT NUMBER AND THE CORRESPONDING*

C PHASE SHIFT BETWEEN HEAT FLUX AND GAS-WALL TEMPERATURE

C DIFFERENCE FOR THE FIRST FIVE HARMONICS.
C By William A. Grassmyer
c
C

%*

*
*
*

DIMENSION V(4000),P(4000),Q(4000),TC(4000),TW (4000),DT(4000)
* DTC(4000),DTW(4000),DDT(4000),A(50),B(50),A1(50),B1(50),
*A2(50),B2(50),A3(50),B3(50),A4(50),B4(50),AV1(50),AV2(50),
*BV1(50),BV2(50),XX(50),X(50),A5(50),B5(50),ZQ(50),ZT(50),
*ZH(50),PQ(50),PT(50),DP(50),DPD(50),CNUR(50),CNUI(50)

CHARACTER OUT*7,VOLT*3,FL*4,PH*3,D*12

83 M=2
CP=1005.
DEN=1.141
DK=.0280

PI=3.14159
DH=.04445
QB=-1000000.
QS=1000000.
TB=-100000.
TS=100000.
DTB=-100000.
DTS=10000.

WRITE(*,*)

WRITE(*,*)INPUT THE VOLTAGE OF RUN(EX 050):'

READ(*'(A3)) VOLT

WRITE(*,*)

WRITE(*,*)INPUT HIGH OR LOWB:'
READ(*,'(A4)) FL

WRITE(*,*)

OUT=VOLT//FL

WRITE(*,*) OUT

517 FORMAT(A7)

WRITE(*,*)
WRITE(*,*) PHASE ANGLE (EX. 045):'

READ(*,'(A3)") PH
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OPEN(UNIT=8,FILE="a\COEF\//PH//\//OUT// .COF,
*STATUS="UNKNOWN)

OPEN(UNIT=94,FILE="a:\NUC\//PH//\//OUT// NUC',
*STATUS="UNKNOWN)

READQ, (LLLLLLLLLLLLLID Y
READ(8,*) JJ,AV10,A01,A02
WRITE(*,*) JJ,AV10,A01,A02
DO 301=1,2
30 READ(8.*) JTI,AV1(D,BV1(D,A1(D),B1(I),A2(1),B2(I)
READ(8,*)
READ(8,*)
READ(8,*)

READ(8,%)
READ(8,'(A12,F7.4)) D,P1

READQ, (LLLLLLLLLD)

READ(8,*) 1J,AV20,A03,A04

DO 40 I=1,5
40 READ (8,*) 1J,AV2(1),BVX(D),A3(D),B3(I),A4(I),B4(I)

READ(8,*)
READ(8,'(A12,F7.4)) D,P2

A0=(AV10+AV20)/2.

DO 50 I=1,M
A05=A03-A04
A5(D=A3(D-A4)
B5(I)=B3(I)-B4(I)

AM=(AVID+AV2(D)/2.
50 BM=BVUD+BV2(ID)/2.

PERA=(P1+P2)/2.
W=1/PERA
PEW=0.
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DO 12 1=1,1800
POS=REAL()/1800.
TIM=POS*PERA

V(D= CURV(POS,A0,A,B,M,XX)
P(I)= CURV(POS,A01,A1,B1,M,XX)
Q@)= CURV(POS,A02,A2,B2,M,XX)
TC(I)= CURV(POS,A03,A3,B3,M,XX)
TW(D= CURV(POS,A04,A4,B4,M,XX)
DTM=TCOH-TW(D)

IF(TC(I).GT.TB) THEN
TB=TC()
ENDIF

IF(TC().LT.TS) THEN
TS=TC()
ENDIF

IF(Q().GT.QB) THEN
QB=Q(D
MQ=I

ENDIF

IF(Q(D).LT.QS) THEN
QS=Q)

NQ=I

ENDIF

IF(DT().GT.DTB) THEN
DTB=DT(])
MDT=I

ENDIF

IF(OTJ).LT.DTS) THEN
DTS=DT(])
NDT=I

ENDIF

12 CONTINUE

QMAX=REAL(MQ)/1800.*360.
QMIN=REAL(NQ)/1800.%360.
DTMX=REAL(MDT)/1800.*360.
DTMN=REAL(NDT)/1800.*360.
PSMX=DTMX-QMAX
PSMN=DTMN-QMIN
PEW=PEW/1800.

REW=W*DH**2/4./(1.566%10.%*(-5))
PR=.7
PEW=REW*PR
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WRITE®%4,(/.)))

WRITE(94,*)FREQ= "W

WRITE(94,*)PEW ="'PEW

WRITE(94,25) QB,QMAX,QS,QMIN,DTB,DTMX,DTS,DTMN
WRITE(94,26) PSMX,PSMN

25 FORMAT{,2X,'QMAX =F9.3,' AT 'F6.2,' DEG',/,2X,'QMIN =,
*F9.3," AT ',F6.2,' DEG'/,2X,DTMAX="F9.3,' AT ',F6.2,' DEG'
*/2X, DTMIN="F9.3,' AT ' F6.2,' DEG)

26 FORMAT(/,/,2X,PHASE SHIFT(MAX)="F7.2,/,2X,
*PHASE SHIFT(MIN)="F7.2)

Coksikk kol kA RMONIC ANALYSIS OF Q AND DT skdokoksdeokokskokesdkeok skokok ok ok ook

WRITE(94,*) HARMONIC PS(DEG) NUr NUi NUC
DO 70 I=1.M

IF(A5(I).EQ.0.) THEN
A5(D)= 1%10.%%(-4)
WRITE(94,*)'ERROR'

ENDIF

ZQ(D= SQRT(A2()**2+B2(I)**2)

PQ(D= ATAN(B2(D)/A2())

IF(A2(D).LT.0..AND.B2(I).GT.0.) THEN
PQM=PQ(I)+P1

ENDIF

IF(A2(I).LT.0..AND.B2(I).LT.0.) THEN
PQ(DH=PQ(D)-PL

ENDIF

ZT(@= SQRT(AS5(D)**2+B5(1)**2)
PT(D)= ATAN(B5(D/A5(D))

IF(A5(I).LT.0..AND.B5(I).GT.0.) THEN
PT(M=PT(D)+P1

ENDIF

IF(A5(I).LT.0..AND.B5(I).LT.0.) THEN
PT(D)=PT(D)-FI

ENDIF

DP(D= (PQ(D-PT(I))
IF(DP(I).LT.-P) THEN

DP(I)=2.*PI+DP(I)
ENDIF
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IF(DP(I).GT.PI) THEN
DP(I)=DP(I)-2.*PI
ENDIF

ZH(D)=ZQ()/ZT(1)*DH/DK
CNUR(D= ZH(I)*COS(DP())
CNUI(D=ZH(I)*SIN(DP(D)
DPD(1)=360./(2.*PI)*DP(I)

70 WRITE(94,33) 1L,DPD(I),CNUR®),CNUII),ZH()

33 FORMAT(6X,12,4F10.3)

701 WRITE(*,485)

485 FORMAT(/,/,5X, WANT TO RUN AGAIN?,/,9X,'1) YES',/,9X,2) NO'.))
READ(*,*) NNN
IF(NNN.EQ.1) GOTO 83

END

C*** 0 skok

FUNCTION CURV(POS,A0,A,B,M,X)
DIMENSION A(M),B(M),X(M)
PI=3.141593

CURV=0

DO 20 I=1.M

X(M=AD*COS(REALD*2*PI*POS))
* + B(ID*SIN(REALI)*(2*PI*POS))

20 CURV=CURV+X(D)
CURV=CURV+A0
RETURN
END

FUNCTION DCRV(POS,A0,A,B,M,DX,W)
DIMENSION A(M),B(M),DX(M)
PI=3.141593

DCRV=0

DO 20 I=1,M

DX(I)= -A)*REAL(I)*2.*PI*W*SIN(REAL(I)*(2.*PI*POS))+
* B(D*REAL(D*2.*PI*W*COS(REAL(I)*(2.*PI*POS))

20 DCRV=DCRV+DX(I)

RETURN
END
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Appendix B

Baseline Data

Run# | ¥ Freq. Pe, rp Nu.(1%) | A® Nu, AD
(Hz) a | @9 | @9

TOO3R10 [ 0 12 267 | 1.73 798 | 777 | 1026 | -66.0

TOO01R45

TOO3R11| 0 2.8 625 | 172 | 1173 | -61.5 | 3390 | -424

TOO1R47

TOO3R12 | 0 33 722 | 174 | 1915 | -66.1 | 289.1 | -68.7

TOO1R49

TOO3R13 | 0 4.9 1078 175 | 2070 | -770 | 4319 | -523

TOOIR51

TOO3R14 | 0 60 | 1316] 178 | 2496 | 552 | 6474 | -65.4

TO01R53

TOO3R15 | 0 6.8 1377 174 | 2810 | -75.0 | 7032 | -66.9

TO01R55

TOO3R16 | 45 1.3 280 | 165 | 1095 | 295 | 2636 | -4438

TOO1RS7

TOO3R17 | 45 2.8 612 | 1.69 | 1613 | -115 | 3107 | -104

TO01R59

TOO3R18 | 45 34 745 | 1.69 | 1999 | -83 | 301.0 | -21.2

TO01R61

TO03R20 | 45 4.6 98.1 | 1.68 | 2146 74 | 4978 | 256

TO01R63

TOO3R24 | 45 54 1197 170 | 2314 | 114 | 5157 | -507

TO01R65

TOO3R26 | 45 5.9 1295 171 | 2920 72 | 7850 | -995
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TOO1R67

TOO3R28 | 90 1.4 31.8 1.50 117.2 -20.3 129.5 -63.8
TOO1R69
TOO3R29 | 90 2.7 60.4 1.46 224.4 -17.4 3294 -24.3
TOO1R71
TOO3R30 | 90 3.6 80.3 1.46 277.8 -0.3 426.2 -12.3
TOO1R73
TOO3R31 | 90 4.9 108.7 | 1.50 308.0 -10.7 739.7 -96.9
TOO1R75
TOO3R32 | 90 53 117.7 | 1.58 318.4 332 778.4 -76.1
TOO1R77
TOO3R33 | 90 6.4 1413 | 1.63 3543 42.1 853.9 -22.5
TOO1R79
TOO3R34 | 135 1.4 30.0 1.14 175.8 -24.4 218.5 -87.5
TOO1R81
TOO3R35 | 135 2.7 58.7 1.14 284.7 -5.0 286.3 -33.6
TOO1R&3
TOO3R36 | 135 34 74.8 1.14 292.5 9.7 450.7 -14.5
TOO1RS8S
TOO1R86 | 135 4.6 98.1 1.15 376.2 11.6 517.8 -39.7
TOO1R87
TOO1R88 | 135 55 121.7 | 1.14 397.8 4.7 674.6 -23.6
TOO1R89
TOO1R90 | 135 6.2 1374 | 120 426.6 30.5 897.4 -15.7

TOO1R91
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