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ABSTRACT

A time-averaging technique was developed to measure the unsteady and turbulent free
convection heat transfer in tall vertical enclosure using a Mach-Zehnder interferometer. The
method used a digital high speed camera to obtain the time-averaged heat transfer rates.

Optical heat transfer measurements were made in a differentially heated vertical cavity
with isothermal walls. The cavity widths (distance between the plates) were L = 12.7, 3‘2.3, 40,
and 56.2mm. The corresponding Rayleigh numbers were about 3x1 03, 5x10%, 1x1 0’ 2.7x10°,
respectively, and the enclosure aspect ratio ranged from A=18 to 76. The test fluid was air and the
temperature differential was about 15 K for all the measurements.

Finite fringe interferograms were taken with a high speed camera. Interferograms of the
fluctuating temperature field were captured for ten seconds at a frequency of 100Hz. These
images were enhanced and processed using MATLAB to measure the local time-averaged heat
transfer rate. This time-averaged heat flux was measured at many locations along the vertical
cavity walls in order to obtain the spatial average. To validate the proposed technique, the
average Nusselt number was compared to measured values and correlations from the literature. In
both laminar and turbulent flow conditions, the current measurements compared well with the

ElISherbiny correlation.
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CHAPTER 1: GENERAL REVIEW

1.1Introduction

Laser interferometry has been applied to measure and visualize the temperature fields
for a wide variety of engineering applications. Classical interferometry, using a Mach-
Zehnder interferometer (MZI) or similar instruments, and holographic interferometry
have been used in most studies so far.

A review of the recent literature (Naylor (2008)) shows that interferometry (both
classical and holographic) are currently in wide use in the heat transfer field. In recent
years, there has been a renaissance of interest in interferometry, in part because of the
rapid developments in computer modeling of heat transfer. Complex numerical models
require validation by careful experimentation. In many cases, interferometry is able to
provide temperature field visualization and in-depth local heat transfer distributions that
are ideal for the verification of numerical predictions.

Interferometry has several features that make it well suited for validation purposes.
Compared to other heat transfer measurement techniques, interferometry is non-intrusive,
providing measurements with no disturbance of the temperature or flow field. Also, since
the measurements are made using laser light, the optically measured temperature is free
from thermal inertia. So, real-time measurements can be made of transient phenomena
(e.g., turbulent flow).

In the past, interferometry has been mainly applied to laminar steady heat transfer

problems using still photography. Each snapshot recorded on a film represents the

instantaneous temperature field in the test model. Individual images can be processed to

1



calculate the convective heat transfer rates (e.g., Nusselt number and convective heat
transfer coefficients). Only a few studies have considered turbulent conditions. For
example, a study by Lockett and Collins (1986a) investigated turbulent forced convection
on a hot plate. They used high speed cinematography (i.e., film) to capture the rapid near-
wall temperature fluctuations. Kuehn and Goldstein (1978) used still photography with
long exposure times to average the temperature field and to visualize a turbulent free
convective flow. Nowadays, with the rapid developments in high speed digital cameras
(and image proéessing software), it should be much easier to perform the time-averaging
of interferograms in turbulent flows. Also, with digital imaging, it is much easier to
control key parameters, such as frame rate and exposure time.

In the current work, an experimental technique was developed to investigate turbulent
free convection heat transfer. This technique combines classical interferometry with a
high speed digital camera. This method will be ;/alidated using well-accepted
experimental data for free convection in a tall cavity, available in the open literature.
Hence, the following literature review covers three main topics: i) free convection in tall
vertical cavities, with an emphasis on experimental studies, ii) high speed digital

cinematography, and iii) digital image processing.
1.2 Literature Review

This thesis employed a high speed digital camera to measure the time-averaged local
heat transfer rate in a tall cavity. Digital images, which captured by the camera were

automatically processed using a computer program to analyze the interference fringes.



Therefore, in this section the following topics are reviewed: First, the literature related to
free convection measurements in vertical cavities is reviewed. Second, some applications
of high speed digital cinematography in heat transfer field are discussed. And finally,

studies related to digital image processing of interference fringes are reviewed.

1.2.1 Free Convection in a Tall Vertical Cavity

Natural convection and the flow regimes in tall cavities have been thoroughly
studied over the last century. Most of the studies of convection in rectangular enclosures
can be classified in three main groups: (i) cavities where the flow is due to internal heat
generation (e.g., the experiment by Almeida et al. (2008)), (ii) cavities heated from below
(e.g. Ganzorolli et al. (1995), Atul et al. (2004), Holland et al. (1975)) and (iii) those
heated from the sides. The last group is under consideration in this study, as shown in
Figure 1.1. In this configuration, one wall of the enclosure is heated to temperature T},
and other wall is cooled to temperature Tc. The enclosure is of height H, with wall
spacing L. The differential heating produces buoyancy driven flow within the enclosure.

Nusselt was the first to study natural convection in a tall, air-filled, vertical cavity
in 1909. Since then it has been studied with great interest because of its relative
simplicity and great practical importance. Several hundred relevant articles treating
different aspects of this problem can be found in the literature, which is proof of its
engineering interest. Batchelor (1954) was one of the first to characterize the key

parameters that are involved in free convection. He found that the flow conditions can be



described in terms of the average Nusselt number (Nu), Rayleigh number (Ra), Prandtl

number (Pr), and aspect ratio (A=H/L).

Cold Wall ‘ - Hot Wall
T " al la T
c lg h
Air |
k. ¢, H
P,1,pB

X
R,
L

Figure 1.1 Schematic of the vertical cavity under investigation.

The convective heat flux from the hot wall to the cold wall, ¢"” can be expressed in a

dimensionless form as a Nusselt number:

_h_ __qL
Nu=-—= P (1.1)

The Nusselt number is a function of the Rayleigh number Ra, the aspect ratio of cavity 4

bl

and the Prandtl number Pr of the fluid:
Nu = f(Ra, Pr,A) (1.2)

where,
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A=H/L (1.4)

Pr=uC Ik (1.5)

where p is the fluid density in kg/m?, g is the acceleration of gravity in m/s?, C ,1s the

fluid specific heat in J/kgK, x is the fluid viscosity in Ns/m?, v is kinematic viscosity
H/p, k is the fluid thermal conductivity in W/mK, a is thermal diffusivity k/BC,, and p =
1/Tf is the coefficient of thermal expansion in K. Ty is mean temperature of the filled
fluid (i.e., air) in K.

The natural convective mode of heat transfer is of interested to engineers and is
widely applicable in many fields. In the electronics industry, free convection is often used
to cool confined components. Electronic components have to be thermally controlled
within a specified temperature range to ensure reliable operation. Free convection is also
an important mechanism in the passive cooling of nuclear reactors, in the insulation of
ship hulls, and in a wide variety of renewable energy applications (Bairi (2008)).

One application of relevance to this thesis is the application to fenestration design.
For typical window fill gases (e.g., air, argon, krypton), the Prandt] number does not
change appreciably. It has a value of about Pr=0.71. A review of past studies (Wright
(1996)) shows that the Nusselt (Nu) is independent of aspect ratio (A) in tall cavities,
provided A>20. Therefore, in tall enclosures the Nusselt is only a function of Rayleigh
number i.e., Nu = f(Ra).

For an enclosure, the Nusselt number starts at a value of one when the Rayleigh

number is zero. This condition is called the conduction regime, which exists even when



the buoyancy driven flow is weak. Convective motion starts as soon as there is a
temperature difference (AT+ 0) between the cavity walls. The Nusselt number increases
as Rayleigh number increases and the flow strengthens. The experimental results of
ElSherbiny (1980) are shown in Figure 1.2. This figure shows that, with increasing Ra,

the Nusselt number departs from pure conduction at a Rayleigh number of about 6000.

Initially, in the laminar regime, the Nusselt number curve has a slope of about V4, 1e.,

Nu~Ra'*. In this regime, the flow is unicellular, steady, and laminar. At higher Rayleigh
number, a critical value is reached (Ra.), and the two-dimensional flow becomes
multicellular. At higher Ra, the flow becomes increasingly unsteady, chaotic, and
eventually fully turbulent. As shown in Figure 1.2, in the turbulent regime, the Nusselt
number curve has a slope of about 1/3, i.e. Nu~Ra'?. This critical Ra condition has been
predicted by numerical simulation (e.g., Lee and Korpela (1983), Korpela et al. (1982)),
theoretical analyses (e.g., Bergholz (1978)), and verified by experiments (e.g., Wright et
al. (20006)).

For enclosures with high aspect ratio, the Nusselt number depends weakly upon
aspect ratio. This can be seen in Figure 1..2. In the range of 5000<Ra<2x10*
ElSherbiny’s experimental results for A = 80 and A=110 are very similar. This is in
agreement with the theory of Raithby et al. (1977) which predicts aspect ratio
independency of Nu for high aspect ratio.

As mentioned above, there is a critical Rayleigh for the onset of multicellular
flow. Korpela et al. (1982) used the stability analysis of Bergholz (1978) to develop a

simple criterion for the critical Grashof number:

Gr, =8000(1+ ¥/,) (1.6)
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Figure 1.2 Experimental data of ElSherbiny (1980) for free convection in a tall vertical enclosure.

Using Pr=0.71 for gasses, we can express Eq. (1.6) in terms of the Rayleigh number:
Ra, =5680(1 + %1) (1.7

Convective heat transfer in a cavity has been studied extensively, and almost all
the features of the flow and heat transfer are now well understood. The flow is driven by
buoyancy forces. The fluid flows upward near the high temperature wall and downward
near the low temperature wall. At the bottom of the cavity, the cold fluid turns and starts
its ascent. Similarly, the hot rising air turns downward at the top of the cavity and

circulates around the enclosure.



Wright et al. (2006) studied the free convection of air in a tall vertical cavity with
A ~40 using flow visualization with smoke and interferometry. Also, a Mach-Zehnder
interferometer (MZI) was used for visualizing the temperature field. Their observations
are summarized in table 1.1. More details can be found in Jin’s (2000) thesis. In the
conduction regime at low Raleigh numbers (Ra=4,850 to 6,200), Wright et al. (2006)
observed the flow pattern to be a single cell. The flow was steady and laminar.
In the range Ra=6,228 to 6,819, secondary flow was observed, in pairs, in the core of the
cavity. They are long in the vertical direction and narrow in the horizontal direction, and
are sometimes referred to as “cat’s eye” cells. They co-rotate with the primary flow and
move slowly downward. For Ra = 7,300 to 8,600, the primary flow moved faster and
closer to the walls. The secondary flow became stronger. The shape of secondary cells
became closer to a wide ellipse or circle. For Ra = 9,600 to 10,500, the primary flow and
the secondary flow became unstable. The secondary cells were moving and rotating faster
and stronger. The disturbance caused the two cells in a pair of cells to move in opposite
directions, toward opposite walls. The flow movement was observed to be slightly three
dimensional (3-D). For Ra = 11,600 to 12,600, the cell movements frequently were 3-D.
The three dimensionality of the flow increases with increasing Rayleigh number. The
layer of primary flow close to the walls became thinner. The strongly rotating cells
motions often disordered the primary flow. Most cells were moving randomly without
any specific direction, although generally the trend was downward. The flow becomes 3-
D and its magnitude along the width of the plate in the cavity is still small compared to
the flow movement in the 2-D plane. For Ra = 13,600 to 17,100, the flow became more

chaotic and the magnitude of the 3-D fluctuations increased with the increase of Rayleigh



number. Randomly moving co-rotating cells are everywhere. The shape and dimension of
cells are different from those in the stable secondary flow regime. The scale of the largest
cells is as large as the cavity spacing. For Ra = 18,100 to 25,100, the flow inside the
cavity was moving faster and more vigorously chaotic and turbulent than before. The
flow is totally dominated by the 3-D movement of co-rotating cells with different length
scales. For Ra = 29,500 to 54,800, the cavity was filled with the turbulent eddies and
rotating cells. Compared to those in the secondary flow regime, some cells had a
moderate size with high momentum, and dissipated at the smallest scales.

Several empirical correlations have been proposed for free convection in tall
enclosures. ElSherbiny (1980) carried out experiments over a wide range of Rayleigh
numbers (Ra up to 108) and aspect ratios (A =5, 10, 20, 40, 80 and 1 10). The wide range
of Rayleigh numbers was achieved by changing gas density through the variation of
pressure inside the vertical rectangular cavity. Based on experiment results, EISherbiny
(1980) introduced correlations for specific values of A (i.e., A=5, 10, 20, 40, 80 and 110).

He also developed a more general design correlation, including the effect of aspect ratio:

Nu; = 0.0605 Ral/3 (1.8)
3\1/3 1.36
Nu, = (1 + (g) ) where: a = 0.104Ra%2% andb=1 + (%") (1.9)
0.272
Nus = 0.242 (%) (1.10)
Nu=max([Nuy, Nu,, Nus]) (1.11)

In this correlation, the average Nusselt number is taken as the maximum of the

three expressions, Eq. (1.8)-(1.10). The data from this experiment will be used to verify

the present work.



Table 1.1 Flow Pattern Observations of Wright et al. (2006)

Ra Observation Comment
A unicellular flow (the primary flow) exists. This unicellular
flow was slow, laminar, and stable. The flow velocity Conduction
4,850 to 6,200 | increases as Ra increases. At Ra=6200, the flow was Regime
observed to be still stable and unicellular.
6,228+ 107 to | Transition to secondary flow started to appear in the core of Re. starts
6,819+ 114 the cavity. Eq. (1.7) predicts Ra;=6376.
7,300 to 8,600 The secondary flow became stronger and less stable. Secondary
Flow
9,600 to The primary flow and the secondary flow became unstable. | Unstable
10,500 Flow
11,600 to Although the flow has become 3-D, the magnitude of flow
12,600 along the width of the plate in such a narrow cavity is still 3-D Flow
small compared to the flow movement in the 2-D plane.
13.600 to The flow became more chaotic and the magnitude of 3-D Chaotic-
17.100 fluctuations increased with the increase of Rayleigh number. | “compound
cell”
18,100 to The flow inside the cavity was moving faster and more More
25,100 vigorously, 3-D, chaotic and turbulent than before. Turbulent
29,500 to The cavity was filled with the turbulent eddies and rotating Totally
54,800 cells. Turbulent

Wright (1996) developed a new correlation for enclosure aspect ratios greater

than 40. It was designed specifically for determining the average convective heat transfer

coefficient in the center glass region of double-pane windows:

Nu=0.0673838Ra"?® if Ra>5x10*

Nu=0.028154Ra"*"** if 10* < Ra<5x10*

Nu=1+1.75967x107"° Ra****™ if Ra<10*

10

(1.12)
(1.13)

(1.14)




Shewen (1986) conducted another experiment employing a Peltier effect

technique to measure natural convection heat flux in a rectangular closed cavity with A =

40, 60 and 110. He maintained a wall temperature difference of AT = 14K and averaged

260 measurements taken over a 40 minute period. Figure 1.5 shows a comparison of the

experimental data of Shewen and ElSherbiny with the correlation of Wright (1996).

Nu
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Figure 1.5 Comparison of the average Nusselt number measurements of ElSherbiny (1980) and Shewen

(1986) with the correlation of Wright (1996).

Figure 1.6 shows a comparison of the correlations of ElSherbiny (1980) and Wright

(1996). A=50 has been used to compute the average Nusselt number in the correlation of

ElSherbiny. Wright’s correlation is independent of A. As shown in Figure 1.6, Wright’s

correlation predicts a slightly higher value of Nu than ElSherbiny’s design correlation at

Ra 2> 30,000. Before that point, they are in very good agreement.
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Figure 1.6 Comparison of the EISherbiny (A=50) and Wright correlations for a tall cavity.

Beam-averaged measurements, when a standard two-dimensional analysis
technique is applied, are not exact for a three-dimensional temperature field. Naylor and
Machin (2001) performed an analysis to determine the error in the average fluid
temperature measurement caused by temperature variations in the light beam direction.
The error has been calculated for both an ideal gas and water as the test fluid. The results
show that, for typical experimental conditions, the measurement error introduced by this
temperature variation is less than 2%, even for the most adverse temperature distribution
in the light beam direction. The results of the analysis also suggest that beam-averaged

interferometric heat transfer measurements need not be restricted to isothermal surfaces.
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For example, average heat transfer measurements could be made on a surfa;:e with a
conjugate boundary condition, with only a slight reduction in accuracy. Trias et al. (2007)
presented two- and three-dimensional direct numerical simulations of a buoyancy-driven
flow in a differentially heated air-filled (Pr=0.71) cavity of aspect ratio 4 and Rayleigh
numbers up to 10', It was concluded that two-dimensional simulations may be enough,
as a first and cheaper approach, to capture the general features of buoyancy-driven flows
in enclosed cavities at Rayleigh numbers up to 10'°. However, three-dimensional
simulations are necessary for an accurate description of the flow, especially for turbulent
statistics.

The above experimental studies are widely quoted in the literature, and represent
the most important results for natural convection heat transfer in tall vertical enclosures.
The data from these studies will be used in subsequent chapters to validate the new

experimental technique developed in the present thesis.
1.2.2  Combination of Interferometry with High Speed Cinematography

Engineers and researchers often want to record, visualize and analyze high speed
phenomena such as vibration, dynamic and transient events, e.g., turbulent flow. To get a
clear image of a fast changing process, very high speed cinematography is required. For
example, a capturing rate of 60,000 Hz has been reported for recording the interferogram
of the explosive combustion of butane gas, done -by Lockett and Collins (1986b).

In the past, researchers were often confronted with a variety of difficulties, of

which some have been overcome in the last few years, thanks to the developments in
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digital high speed cameras. The high speed camera was developed in 1929 (Cranz and
Schardin (1929)). This type of camera has been used in fluid dynamics, ballistics and
fracture mechanics. However, its application in recording dynamic interference fringe
patterns started in 1969 (Riley and Dally (1969)). Today, it is extensively used in the
automotive sector (Chen et al. (2003)), metrology (Sun et al. (2008), Riley and Dally
(1969) and Wright (1975)) and other industrial sectors.

Combining interferometry with high-speed cinematography has expanded the
application of interferometry. This combination enables the study of the temperature
fields in transient and extremely fast processes, e.g., turbulent flow (Lucic et al. (2004)).
For example, Herman et al. (1998) focused on the analysis of unsteady flow features,
rather than on temperature measurements that have been thoroughly covered in the
literature. They used Bioscan Optimas Version 4.02, a commercially available software
environment. Then they used a binary threshold technique: i) to determining the position
of the walls and the heated plates in the interferometric image, and i1) to define a suitable
coordinate system and the lines corresponding to irradiance extrema. Optimas only keeps
arecord of two intensity levels (the gray level of the brightest and darkest points along
the scan line on the image). Therefore, there is no need to keep the data for the entire
image. This data compression allows for easier analysis of the image by eliminating
unnecessary details. It also increases processing speed and reduces memory requirements.

To optimize the usage of such cameras, two parameters are to be determined: the
frequency rate (frames per second or fps) and total capture time interval. As far as thé
author has reviewed, those two parameters are sometimes reported. But, none of the

studies provide a suitable justification for their selection for a specific application. Table
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2.1 introduces a brief review of high speed photography applications using laser as a light
source for interferometry or illufnination. None of the papers in Table 1.2 provided a well
documented justification for the selected values of frame rate. Also, the author of this
thesis could not find any work that has been done using the combination of high speed
cinematography and interferometry for studying the free convection turbulent heat

transfer in the cavity.

Table 1.2 Review of some applications of high speed photography.

fps Application Laser Type reference

1000 Measuring heat transfer around steam bubbles He-Ne, 35 Ju et al. (2000)
using the holographic interferometer mW A =632.8

nm

107 Studying the interaction of a water drop with a ruby Dukhovski et al.
supersonic sphere (1985)

7000 Measuring the temperature field in combustion Liu and Feng
chamber using laser shearing interferometry (2006)

131580  Observing a test object from various directions ruby Kovalev et al.

(1983)

250 Studying the effect of buoyancy on the wakes of He-Ne, 35 Singh et al.
circular and square cylinders using schlieren mW A=632.8 (2007)
interferometry nm

1000 to  Comparing three heat transfer enhancement Herman and

2000 strategies in a grooved channel Kang (2001)

1600 Calculating convective turbulent heat transfer on Argon ion Lockett et al.
flat plate using holographic interferometry Laser 3 W (1985)

1.2.3 Digital Fringe Processing

In interferometry, when the reference beam and test beams recombine, they
produce light (constructive) and dark (destructive) regions, which are called interference
Jringes. Images of these fringes are called interferograms. F igure 1.7 shows sample
interferograms of the temperature field between the hot and cold walls with the
interferometer: (a) in the infinite fringe mode and (b) in the finite fringe mode. During

15



recombination, it is possible to adjust the angle between test beam and the reference
beam. If the angle is zero, the fringes are in the infinite mode. Otherwise, the mode is
finite. The infinite fringe images are good to visualize the temperature field, as each
fringe represents an isotherm. As shown in Figure 1.7 (b), the finite fringes bend upward
on the hot wall (right plate on the image) and bend down on the cold wall (left plate on
the image). Infinite fringe mode is sensitive to vibrations. This mode is not only easier to
set, up but is also more accurate than the infinite fringe mode. Thus, in the present work,
the finite fringe mode was used for heat transfer analysis.

To measure the heat flux on each wall of the cavity, the fringe spacing close to
the isothermal wall needs to be measured. The accuracy of the heat flux measurement
depends highly on the accuracy of fringe spacing measurement. To measure the fringe
order as accurately as possible, researchers have used several different methods. Lockett
et al. (1985) introduced a technique to analyze the fringes automatically. They used linear
regression to reduce the noise of the images. Then the images were analyzed to calculate
the Nusselt number on the heated smooth plate. They reported an oscillation frequency of
55Hz in the outer wall fringes when the Reynolds number was about 4670 in forced
convective condition. They concluded that single shots and standard video photography
are unable to reproduce any continuity of the turbulence.

Hunter and Collins (1987) developed an automatic analysis procedure for fringe
analysis using a “Binary Fringe-system” and a “Grey-scale Fringe;system”. The ultimate
aim of their work was to produce quantitative results from experimental data for

comparison with data produced theoretically using large-eddy simulation (LES).
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(@)
Figure 1.7 Interferograms of the temperature field between the hot and cold walls, near the centre region of
the enclosure in the: (a) infinite fringe mode, and (b) finite fringe mode.

Snyder (1980) developed a fast digital technique. He assumed the interference
signal as follows:

F(x,0) = (Ig + ax)[1 + cos(x + 0)] (1.15)
where x may be either a space or a time coordinate, © is the phase of the fringe pattern at
the origin, /g is amplitude of the fringe pattern, and a is the slope of the envelope. To
check the uncertainty of the proposed equation, he analyzed the computer generated
fringes.

Schemm and Vest (1983) reported a method that uses all information available in
the irradiance measurements to smooth and interpolate the phase of the fringe accurately.
They used nonlinear regression analysis to fit a function I(x) to the full irradiance field
using least squares error criteria. The following function was used:

I(x) = B(x) + E(x)cos [P(x)] (1.16)
where B(x), E(x) and P(x) are low-order polynomials.

Another digital fringe analysis method was presented by Slepicka and Cha (1995). They
defined a function, I(x), for the intensity of digitized interferogram as follows:

I(x) = B(x) + A(x)cos [P(x)] (1.17)
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where B(x), A(x), and P(x) represented background intensity, modulation amplitude, and
modulation phase, respectively. Then a nonlinear regression technique was used to
approximate the variation of measured values with the proposed model. The algebraic
model (Eq. 1.17) is nonlinear with respect to the parameters that must be found for the
best fit (i.e., B(x), A(x), and P(x)). To find the parameters, an iterative independent
estimation of each parameter was used. They concluded that this regression demonstrates
good accuracy and stable convergence even for the cases with few fringes and high noise
level. This technique, with slight modifications, was used in the present work to analyze
the digital fringes on the interferogram.

Some authors (e.g., Nugent (1985), and Yatagai et al. (1982)) introduced
techniques for fitting two dimensional fringe patterns. This technique is beyond the scope
of this thesis.

During the measurement of turbulent heat transfer in a channel, Liou et al. (1993)
found that the time-averaged analysis of the temperature profile, calculated from 50
instantaneous interferograms, provided better accuracy than a single instantaneous
interferogram. The temperature profile calculated by this time-averaged technique was
about 6% different than the numerical results, calculated using the k- e-A PDM
(preferential dissipation modification) model. In comparison, the instantaneous
temperature profile measured by holographic interferometry revealed a deviation as high
as 25%. This was the motivation for the researchers to use a time-averaged technique. It
enabled a more accurate measurement of free convection turbulent heat transfer.

Statistically, the more the number of samples, the closer the time-averaged value

will be to the actual value. On the other hand, the number of samples must be finite,
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because of time and memory limitations. Also, at some point, other sources of error will
become dominant. A time-averaged technique was used in the present work. The

strategy used to select the number of images for analysis will be discussed in Chapter 3.

1.2.4 Summary of Literature Review

The time-averaging technique has been recently used to measure turbulent convection
heat transfer. Still photography and standard video-based cinematography are not used
any longer for these types of measurements. Comprehensive research has been done to
study convective heat transfer in tall cavities. Amongst them, some researchers have
reported a few anomalous results in their heat transfer measurements (e.g., Almeida et al.,
2008). A closer look at these data shows the problem may be related to turbulent flow
conditions. Perhaps, if time averaged heat transfer measurements had been made, instead
of analyzing snapshots, they would have not faced such irregularities. Studying the
temperature field in turbulent flow needs an instrument that can take pictures of the test
model as fast as the flow changes with time. To the best of the author’s knowledge, a
time-averaged technique has not yet been used to measure turbulent convection heat

transfer in a vertical cavity.
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1.3Scope of the Current Thesis

The main object of the present thesis is to develop a time-averaging interferometric
technique to measure turbulent free convective heat transfer. Measurements will be made
in a tall vertical cavity heated and cooled from the sides. A combination of high speed
digital cinematography and laser interferometry will be used to measure the instantaneous
témperature field. The instantaneous interference patterns will be analyzed using
automated digital image processing to obtain the instantaneous and time averaged local
heat flux. This will require the development of several custom programs, using the
MATLAB Image Processing Toolbox. The effect of various experimental parameters on
the accuracy of the measurements, such as the frame capture rate and the total exposure
time, will be examined. Results will be presented for both laminar and turbulent flow
conditions. Comparisons will be made with published heat transfer results for free
convection in a tall vertical cavity, which are available in the open literature. Although a
tall vertical cavity will be used for this study, this new technique is expected to be useful

for many other heat transfer geometries.
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CHAPTER 2: EXPERIMENTAL APPARATUS

2.1 Introduction

Many optical techniques have been used in the measurement of temperature. Among
them the “index of refraction method” is used frequently in heat transfer. In this way, the
index of refraction or the spatial derivative of index of refraction is measured using an
interferogram. The reader is referred to the literature (Naylor and Duarte (1999),
Goldstein (1 970), Naylor (2003) and Naylor (2008)) for an in-depth explanation and
mathematical description of interferometry and holography.

A Mach-Zehnder interferometer (MZI), as shown in Figure 2.1, was used in the
current experiment to obtain interferograms. It was constructed by Dr. Naylor at Ryerson
University in 1994, based on Tarasuk’s design (Tarasuk (1968)). The MZI has some
advantages and disadvantages. The main advantages of the MZI are as follows:

* high quality and accurate interference because of large displacement of the test

beam from the reference beam

e full field temperature measurement that is non-intrusive

¢ real time measurement and temperature field visualization (no thermal inertia)
Some limitations of the MZI are:

* expensive and delicate optics require proper set up and careful handling

* working environment must be clean and low vibration

e test fluid has to be transparent to laser li ght
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e difficult to measure turbulent flow temperature field, because of spatial averaging

of temperature along the laser beam path

In the present work, a high speed camera was used to measure the time-averaged
temperature field of free convection in a tall vertical enclosure. This approach gives
better accuracy when applying interferometry to turbulent flows, compared to the
conventional method (using snapshots to measure the temperature field).

Experiments were done with various frame rates, using the high speed digital camera.
The results (to be presented later in this thesis) show that a frame rate of 100 Hz (fps)
gives acceptable accuracy. Also, the total capture time required to obtain a stationary
time-averaged heat flux measurement was found to be ten seconds.

This chapter describes the interferometer, the experimental model, the high speed
camera setup and other associated instrumentation. The associated instrumentation

includes the barometer, and different temperature measurement equipment.

2.2 Interferometer

Figure 2.1 shows the plan view of the Mach-Zehnder Interferometer (MZI), which
was used in this research. It was set up on an optical bench (364 kg) manufactured by
Newport Corporation with %-20 NC tapped holes spaced equally center-to-center of 17
(25.4 mm). The various optics and laser were mounted to these holes. The bench (size of
about 1.3mx3.0m) rested on eight air bags, equally spaced beneath the table, to reduce the
transmission of external vibrations. A Helium-Neon laser (10 mW He-Ne laser with

wavelength of A = 6.328 x107 m), equipped with spatial filter and beam expander, was
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used as the source of monochromatic light to produce the interferograms. The expanded
and collimated beam was separated into two equal beams after passing the beam splitter
(item #3 in Fig. 2.1). These beams have the same phase because they are produced from
same origin. One beam passes through ambient air while the other beam passes through
the experimental model (cavity). The temperature of the experimental domain, which is
different from ambient, changes the air density. This causes a change in the index of
refraction. The change of index of refraction relative to the ambient beam creates a phase
shift. This phase shift appears as constructive and destruction fringes when the two
beams recombine at the second beam splitter (item #6 in Fig. 2.1). For the MZI shown in
Figure 2.1, the final recombined beam is focused in order to be photographed by the
digital camera (item #9), usually at a 100 frame rate. The output, which is called an
interferogram, was captured digitally. To overcome the relatively low resolution of the
high speed camera, the camera was focused on a small area in the near-wall region of the
model, with dimensions 15mm x 20mm. The images from this small “window” were
transferred for image proceséing to obtain the time-dependent local heat transfer rate. The
distance between the small mirror (item #8) and camera sensor was adjusted from 46 cm
to 66 cm. This distance was adjusted in order to get sufficient resolution to measure fine

fringes, while still having reasonable image intensity.
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Figure 2.1 Plan view of a Mach-Zehnder interferometer consisting of: 1. He-Ne laser (10mW, A=632.8nm), 2&5. First
surface mirror (flatness A/10), 3&6. Beam splitter (50/50, parallelism 1 arc second, flatness 2/10), 4. Parabolic mirror

(f164™), 7. Spherical mirror (fl 24™), 8. Small flat mirror (9x9 mm?), 9. High speed digital camera

2.3 High Speed Camera

The high speed camera (model: MotionPro X3) was made by Integrated Design
Inc., USA. Figure 2.2 shows a photograph of the camera. To get the maximum possible
intensity, the lens was removed from camera and images were exposed directly on the
camera sensors. In this way, in a single session the camera was able to capture a
maximum area of approximately Ay = 20 mm by Ax = 18 mm on the experimental model.
To view the entire model, the camera’s “window” was moved within the interferometer

beam.
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Sensors

WSS

Figure 2.2 High Speed Camera, MotionPro X3.

The single exposure was used to capture the images, as shown in Figure 2.3.
Exposure and data readout are performed in parallel. The frame rate may be configured in
the software. The sensor works continuously and the camera may capture the next image
while it is still reading out the previous frame. For a given vertical region of interest
(ROI), the configured period T (the reciprocal of frames per second or fps) cannot be

smaller than the read out time (Tro).

One frame acquisition period (T)

Exposure (Texp)

I

Readout (Tro)

]
L

Figure 2.3 Single exposure timings.

The formula to compute readout is given by camera manufacturer as:
Tro =2 x Tdel + Trcc x (Nrows + Ner) / Fclk (2.1

where:
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Fclk (Internal clock): is the camera’s/sensor’s internal operating clock. For the current
camera Fy = 90.00 MHz
Nér (Extra rows): is the read out time that includes the reading of some extra rows. For
the current camera Ner = 1
Trce (Row Clocks Count): is the number of internal clock cycles that the sensor needs
to read one row of data. For the current camera Trce = 84
Tdel (Delay clocks): is the delay (pause) between read outs. The delay (in nanoseconds)
depends on the internal clock frequency and may be easily computed. For the current
camera
Tdel [ns] = 8 x 1,000,000,000 / Fclk = 88.9 ~ 89 ns
The relationship between period, read out and exposure are as followings:
Acquisition period T: T>Tro
Exposure Time Texp: 0<Texp<T

The maximum frame rate (fps) is achieved when the period is equal to the read
out time and the exposure is equal or lower than the read out time (see Figure 2.3).
The maximum frame rate at full resolution for current camera is shown in the table

below.

Table 2.1 The camera specifications (MotionPro X3).

Sensor array | Pixel size | Memory | Lens Mount | Max. Rate (fps) | Image Bit Depth

1280x1024 12 ym 4 GB CandF 1040 8 Bit Mono

Putting the current camera values into Equation (2.1), Equation 2.2 can be derived

specifically for this camera:
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Tro=0.178 + 0.93(Npwos + 1) (2.2)

Recalling fps = 1/T, the maximum frame rate can be calculated. The real
maximum frame rate is slightly lower than the value computed with the formula above.
Table 2.2 shows the maximum frame rate calculated using Equation 2.2 for different
values of Nyows. For the maximum size of image (Nyows = 1024), the maximum rate would
be 1049, which is the specification of the camera as mentioned in the above table.
Clearly, to get the highest frame rate, it is advisable to use the lowest possible of number
of rows (i.e., smallest image). This also allows for a longer total capture time, since the
memory required for each irhage is lower. The full image resolution is 1280x1024. This
corresponds to a file size at each time step of approximately 1.3 Mb. Since the on-board

RAM is 4GB, the number of full size images that can be taken is 4x10°/1310720 = 3052.

Table 2.2 Relationship between number of rows in the image and the maximum frequency (fps).
Niows Troinps  Max fps

10 10 95744
15 15 66176
20 20 50562
25 24 40909
30 29 34351
35 34 29605
40 38 26012

J 50 48 20930
100 94 10588
150 141 7087
200 188 5325
250 234 4265
300 281 3557
350 328 3051
400 374 2671
450 421 2375
1000 934 1070
1024 957 1045
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The camera’s RAM (i.e., 4 GB) controls the maximum interval of capturing
images. In the other words, the number of images is equal to the time interval in seconds
multiplied by the frame rate in fps. Another limitation for having the maximum fps is the
exposure time. As Figure 2.3 implies, exposure time cannot be greater than the period (T
= 1/fps). Maximum fps means minimum period, which limits the exposure time.
Therefore, the higher capture rates required more light intensity in order for the camera

sensor to give an acceptable image (see Fig. 2.2).

2.4 Vertical Isothermal Plate Enclosure

The encloéure used in the present experiments was assembled by Almeida (2008)
at the Ryerson Thermofluids Research lab during the summer. It consisted of two
aluminum alloy plates. Each plate had a height of 994mm, a width of 540mm, and a
thickness of 19mm. On each plate some locating pins were mounted, as shown in Fig.
2.4. These pins were used to locate the elevation (y) of the captured image. Also, these
pins were used to align the interferometer’s test beam to the enclosure.

There is a tradeoff between the width of the plate (in the light beam direction) and
refraction errors. Smaller model widths produce a lower number of fringes. However, if
the plate width is too small, then end effects (e.g. three dimensional flows) can become
important. If the plate width is too large, then refraction errors can be significant. The
selected width (W=547 mm) gives 11.7 fringes (or 1.3 °K per fringes) across the cavity

for a wall-to-wall temperature difference of AT = 15°K. Seven millimeters were added to
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the width plate (540 mm) because of the sealing layers that are added to the both sides of

the plates.
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the optical window
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Figure 2.4 Plate drawings with the locating pins on it. All dimensions are in millimeters.
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As shown in Fig. 2.5, the entire structure was placed on a movable scissors jack to
allow vertical translation of the assembly. The apparatus was lifted to allow optical
access to the desired y location. (The y is shown in F ig. 1.1. Measurements were made in
the bottom half of the enclosure over the interval 0<y<H/2). To stabilize the experimental
model, the entire structure (lifter and assembled enclosure) was supported by four legs.
Legs were also used to level the enclosure, by adjusting the height of the screws. To
make the legs turn more easily, there were Teflon pieces between floor and leveling

SCrews.

Figure 2.5 Support legs for enclosure and its lifter.

Reference can be made to Sections 2.4 and 2.5 of the Master’s thesis by Almeida
(2008) for details about the enclosure assembly. These details will not be reproduced

here.
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2.5 Barometer

The absolute room pressure was measured by a mercury barometer with a
measurement resolution of 0.1 mmHg. The pressure reading (P) was corrected for two
factors: (i) the change in local gravitational acceleration with global latitude, based on the
location of Toronto and (ii) thermal expansion of mercury, based on the room
temperature. The MATLAB routine for the pressure correction (Pressure.m) is given in

Appendix A. The corrected pressure (Pcorr) was used in all further heat transfer

calculations.

2.6. Length Calibrator

In order to relate the number of pixels between fringes to actual fringe spacing, a
length calibrator was needed. This calibrator was made by using two steel pins. The two
pins were inserted (and fixed by epoxy) into a small stand, as shown in F igure 2.6. The
distance between the tips of the pins was measured using optical microscope with an x-y
travelling stage. The micrometers on the stage had a resolution of one micron. The
distance between the tips of the pins was measured to be 0.006935 m. This value was

used later on to calculate the scale factor of the captured images (in m/pixel).
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2.7 Temperature Measurements

Temperatures were measured with three different types of instruments: 1) A high
accuracy platinum resistance thermometer was used to measure the temperature
difference between hot and cold walls, ii) Copper-constantan thermocouples were used to
measure the uniformity of the aluminum plates (walls), and iii) A glass calibration

thermometer was used to measure the room temperature.
2.7.1 Digital Platinum Resistance Thermometer

Two Platinum resistance thermometers were operated in differential mode to
provide an accurate AT=Ty-Tc. It should be noted that the plate temperatures measured
by the Platinum resistance thermometers differed from the nominal readings on the
constant temperature baths. The temperature of the constant temperature bath was
i{eratively adjusted until the desired plate-to-plate temperature difference was achieved

within +0.02 K. With the apparatus and optics prepared, the model was heated to the
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desired temperature setting. Care was taken to bring the plate to the desired temperature
due to the high thermal mass of the plates. Once steady state was reached (approximately
35 minutes), all parameters from the data acquisition system, constant temperature baths,
and ambient air properties were recorded. The temperatures of cold and hot walls were
measured using the Platinum resistance thermometer, which has a resolution of 0.01 K.

The platinum resistance thermometer is shown in Fig. 2.7.

Temperature
probe

HIGH ACCURACY
DI AL
THERMOMETER

L NULL -

£ v

Latiay sy e e
Figure 2.7 High accuracy digital platinum resistance thermometer.

2.7.2 Thermocouples

Copper-Constantan fhermocouples were used to check the temperature uniformity of the
hot and cold plates. The thermocouples were made with 24 gauge wire (AWG = 24)
using a Type T connector. The thermocouples were calibrated with a constant
temperature bath using a high precision glass calibration thermometer. They were placed
in nine holes (almost equally spaced) on the back of each plate to record the local
temperature of the plates. The largest deviation in temperature along the plate was found

to be within 0.85°K.
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2.7.3 Glass Thermometer

The ambient air temperature was recofded using the high precision glass calibration
thermometer. The measurement resolutién was 0.1 K. This thermometer was used as
calibrator for calibrating the thermocouples and for checking the heat bath temperature
readers. However, ambient temperature was not required for the heat transfer
calculations. The main reason for recording the value of the ambient temperature was to
establish the desired hot and cold wall temperatures. The hot wall was heated about 7.5K
above the ambient temperature and the cold wall was cooled about 7.5K below the
ambient temperature. Thus, the mean temperature of the optical windows was close to the
ambient temperature. This precaution reduces the optical error caused by the formation of

free convective boundary layers on the outside of the optical windows.
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CHAPTER 3: EXPERIMENTAL PROCEDURE AND COMPUTER

CODES

3.1Introduction

In this chapter, the theory used to process the interferograms for calculating the
convective heat transfer rates are described. Also, the experimental procedure, and the
image processing algorithm are described. The effects of different median-filtering and
nonlinear regression on the final results, along with image capturing parameters (i.e.,

frame rate and capturing interval), are also discussed.

3.2 Interferograms

Referring to description of the MZI in Section 2.2., the destructive/constructive
interference pattern of the interferogram is created when the reference beam and test
beam recombine at the second beam splitter. In the infinite fringe mode, the two beams
are paralle] when they recombine. When the two beams are purposely misaligned by
adjusting the micrometer on the second beam splitter, the interferometer is in the finite
fringe mode. In this mode, the fringe pattern was adjusted to be a series of horizontal
lines when the plates were at room temperature. Infinite fringe mode was not ideal for
temperature measurement purposes because:

¢ the fringes are more sensitive to vibrations and it is difficult to get measurements

in low temperature gradient regions.
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e itis harder to set up than the finite fringe mode.

Thus, in this thesis, the finite fringe mode was always used for analysis purposes.

3.3 Interferogram Analysis

When a laser (monochromatic electromagnetic wave) propagates in the z direction, its

amplitude can be represented at any time, t, as:

A= Apsin (2’;”) (.1
where 4, is the maximum amplitude, ¢ the speed of light and A the wavelength. The
beam splitter separates the laser into two beams with equal intensity. One half is the
reference beam that recombines with the other half (test beam), which passes through the
test model. When the light beam is separated (as reference beam and test beam) and then

recombines, the total amplitude (A,) can be expressed as (Naylor (2008)):

Ai=Ay(sin (2"7“-) + sin (ZT;“ - 9)) =2A,sin (27;“ - -g) cos (g)

(3.2)
where 6 is the phase shift between the two waves, caused by the change in refractive
index of the fluid in the test model. So, if the cosine argument (8/2) is an integer product
of 7 (i.e., 6 is an integer product of 27), the condition is called constructive, and a bright
area is seen on the interferogram image. This bright line is called a constructive fringe. If
6 is an odd product of m, the condition would be destructive (A, = 0), and a dark area is
seen on the image. This dark line is called a destructive fringe (see Fig. 3.8). The phase
shift between the reference and test beams is related to the difference in the number of

waves in the two beams, and is related to fringe shift order, €, as follows:
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(3.3)
The refractive index (n) of a medium is defined as the ratio of the speed of light in a
vacuum (o) to the speed of light in the medium (c):

n = co/c = fA/fh = Ag/A (3.4)

where fj and A are the frequency and wavelength of light in a vacuum, respectively.

Substituting A from above equation into Eq. (3.3) gives:

g= %0 [fref ndz — [, ndz]= %O fow(nref —n)dz (3.5)
where w is the length of the test model in the light beam direction. So, fringe shift order
also can be defined as optical path difference between the test and the reference beam,
divided by vacuum wavelength. The refractive index of air at room temperature
(reference), Ny, is constant, but the refractive index of the fluid in the model is a function
of position and time, n(x,y, z,t). Neglecting refraction effects, and assuming that the test

fluid is an ideal gas, the Gladstone-Dale equation is applicable (Goldstein (1970)):
_ . PG
n—l+pG—1+E (3.6)
As a result, the instantaneous fringe shift, g(x,y,t), is related to the temperature field,

T(x,y,z,t), as follows:

PG 1 1
€03 ) = 3 ey =y 2 0]z = 22 (¥ (-2 SVa: @)

where P is the absolute pressure, G is the Gladstone-Dale constant, R is the gas constant,
and A, is the vacuum wavelength of the laser light source. Rather than using the ambient

temperature, it is usually more convenient to measure the fringe shift order relative to a

surface with a known temperature, Trr. In practice, Trr can be taken as either the hot or
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cold wall temperature. By definition, in Eq. (3.7) a positive fringe shift is in the direction
of increasing fluid temperature.

The beam-averaged temperature gradient normal to the measurement surface is needed to
calculate the local convective heat flux. This can be obtained by differentiating Eq.(3.7)

with respect to x, to give:
de d (PG w( 1 1 PG rw 0 1 1
_—= —{—_— —_—— = —_— —_ —_— b
7x  ox {Rao i (r,ef T) dz} Rip J0 Bx (T,e, r) d

_ PG _ 9 __Pi wia_T
~ RA,70 (0 T )d R, 70 TZade (3.8)

Applying Eq. (3.8) at the surface:

E
dox

_ PG wizr_
Io o 4z (3.9)

x=0 Ri,
where Tj is temperature distribution along the measurement surface in the light beam

direction (z). For measurements on an isothermal surface (as in the present experiment),
the surface temperature is a constant, and Eq. (3.9) can be solved for the beam-averaged

surface temperature gradient:

waT
0 ax

_ RALTZ 0¢
WPG Oxly=q

(3.10)

Because of the no slip and impermeability conditions at the surface, the heat transfer at
x=0 occurs by pure conduction. So, the instantaneous local convective heat flux from the
surface at any y-location can be expressed as:

2
dZ: s BAoT5 02 (.11

WPG  Oxly—=q

__k_ ___ waT

e =
axxo w06x

where k; is the fluid thermal conductivity, evaluated at the surface temperature. Eq.
(3.11) has been used to evaluate the instantaneous local heat flux at each time step, using

the surface fringe shift gradient measured in each interferogram. The surface fringe
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gradient normal to the measurement surface is obtained using an automated image

processing method, which is described in Section 3.3. The temperature increases from the

cold wall to the hot wall cold wall, so % Ois greater than zero on the cold wall.

x=

Algebraically, the heat transfer rate and Nusselt number are negative on the cold wall and
positive on the hot wall. In this thesis, absolute values of heat transfer rate and Nusselt
number are reported unless otherwise specified.

Measurements made using Eq. (3.11) will be referred to as instantaneous “local”
values, even though they are beam-averaged. In a three dimensional turbulent flow, the
laser averages the variations of convective heat transfer in the beam direction. So, the
heat flux expressed by Eq. (3.11) is local with respect to the y-coordinate, but beam-
averaged in the z-direction.

In an unsteady or turbulent flow, the instantaneous heat flux values can be time-averaged

as follows:

— 1t s
ay =<J,aydt : (3.12)
Using, Eq. (3.11) and Eq. (3.12), we can define the instantaneous local Nusselt number

and time-averaged local Nusselt number for the enclosure:

hyL qyL — hy L gL
Nu, =2 =—"¥- Ny, = =2 = >~ 3.13
Y kf  kp(Th-To) ' Yy kf kg (Tp=T¢) ( )

where K is the conductivity of the test fluid (air) at film temperature, i.e. (Tn + T¢)/2. The

time-averaged Nusselt number for the entire enclosure is often of most interest for design
purposes and is calculated by integrating the local values over the height of the enclosure.

The time and spatially average Nusselt number and heat transfer rate are defined as:

T H s — H—w .
Nugyg = %fo Nuy dy & Qavg = %fo qydy (3.14)

39



The trapezoid rule was used to find the approximate values of these integrals.

3.4 Experimental Set up and Procedure

To put the theoretical knowledge into practice, a set of experiments was designed.
Figure 3.1 shows the steps that were followed for each experiment chronologically. First,
the interferometer optics and the experimental model were set up using instruction A.3.1
(given in Appendix A). Second, if the camera had been moved since the last calibration,
it was calibrated again, using the instructions written in Section 3.4.2. Third, the y-value
of the measurement location was measured using the instructions written in Section 3.4.3.
Fourth, the capturing of images was started. In this process, the camera manual was
followed to adjust exposure time, number of images, frame rate (Hz) and to select the
region of interest (ROI). It is important to review the images before transferring them for
processing, because sometimes the image quality was poor. If this review revealed that
images were acceptable, they»were transferred to the MATLAB directory for image
processing. Otherwise, the source of problem was rectified (e.g., by adjusting the size of
image or exposure time) and the images capture was repeated. At the end of image
processing, the images and the results from the analysis were backed up.

In the experiments, the temperature difference between the hot and cold plates was
maintained at AT=15 +0.5 K. This temperature difference was obtained by heating the
hot wall 7.5K above room temperature and cooling the cold wall 7.5K below room
temperature. This approach was taken in order to reduce the formation of free convective

boundary layers on the outward facing surfaces of both optical windows. In this way, the
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laser beam will be subjected less to phase shift disturbance as it travels into and out of the
test cavity.

A slight change in temperature (+0.5K) causes small change in the Rayleigh number.
Therefore, in this thesis, the mean value of the Rayleigh number from all experiments for
each spacing (Ray,) is reported as representative of that spacing.

As discussed in the literature review, the conditions for transition to unsteady flow for
free convection in a tall enclosure are well known. When the Rayleigh number (Ra) is
lower than a critical value (Rac), the flow is expected to be laminar. The critical Rayleigh
number for various aspect ratios can be calculated using Eq. (1.7), Korpela et al. (1982).
Using this equation, the spacing of the cavity was designed in the way that the Rayleigh
number was less than 75% of Ra.. This criterion gave a cavity spacing of L=12.7mm and

the Rayleigh number would be 2,860.
Also, using Eq. (1.7) for A = H/L =960/12.7 = 75.6, Ra_ =5680(1 + %4)= 6,056.

So, the design value of the Rayleigh number is about 53% of critical value.
Experiment showed that the maximum Ra was 3139 (Experiments 28 and 29), and still it
is much less than the critical value.

Before heating the test model, the temperature of both isothermal plates was equal
to room temperature. At this moment, the finite fringes were set to be horizontal as
shown in Figure 3.1 (a). At the end of the experiments, i.e., when the test model has
cooled down to the room temperature again, the fringes should return to the horizontal
position, as shown in Figure 3.1 (b). In practice, the fringes were not perfectly horizontal
at the end of the experiment. This represented a small source of experimental uncertainty,

which is discussed in Appendix B. Each point on the images has a coordinate set, (x,y),
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as numbered along x and y axes. X is counted from left to right, and y is counted from
top to bottom, i.e., O(0,0) is the coordinate of a the point at the top left corner of the

images.

(a) (b)
Figure 3.1 Finite fringes (a) before heating the model and (b) after cooling down the test model back to
room temperature.

Measurements were made only in the lower half of the cavity, because of space
limitations. So, to calculate the spatial-average Nusselt number for the entire enclosure,
the temperature field was assumed to be “diagonally symmetric”. That is, the local
convective heat transfer distribution on the lower half of the hot wall is the same as the
local convective heat transfer distribution on the upper half of the cold wall. Neglecting
small differences due to the temperature dependence of the fluid properties, this is
expected to be a good approximation (Gebhart et al. (1988)). Using this approach, the
heat flux measured on both walls in the bottom half of the enclosure was used to

represent the heat flux over the full height of the enclosure.
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3.4.1 Experimental Process Map

The experiment parameters (e.g., temperature, pressure, wavelength, etc.) for all the
experiments were entered into an input file called ExperimentData. As shown in Figure
3.3, the image processing routine accessed this file and automatically read the appropriate
parameters, when the user entered the experiment number. This input data was combined
with the images from the camera in order to perform the image processing.

Image processing (step 7 in Figure 3.2) was done by successively running the files,
as shown in Figure 3.4. The names inside the boxes shown in Figure 3.4 are the names of
the MATLAB routines written by the author. These files all have extension “.m”. The
full computer code for each routine is given in Appendix A. Once the results were
tabulated, they were viewed using various types of plots.

Amongst the routines shown in Figure 3.4, “iteration.m” is the most important, since
this code extracts the fringe gradient from each image. The steps in its operation are
shown in Figure 3.5. These steps are explained comprehensively in subsequent sections.

Table 3.1 shows a typical content of the HTResult output matrix (experiment 86)
from two sample time steps (image 4 and 226). Each table is an array of 1x4 data. The

first column is the fringe spacing in number of pixels, the second column is the

instantaneous local heat transfer rate (q;,) in W/m®, the third column is the convective

heat transfer coefficient (hy) in W/m’K, and the last column is the instantaneous local

Nusselt number (Nuy). To see the content of this table, one should go inside the

experiment directory (86), and then click on picture number directory (4 or 226 in this
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example). The convective heat transfer coefficient (h) is not discussed in this thesis, but it

is calculated and saved.

1-Set up the Intarferometer (MZI)
and the experimental moedel

A

2-Take the callbration image and save It

.
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5-Quality of the images?
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.

7-Process images to calculate convective heat transfer rate |-
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(tables and plots) in back up
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Experiment parameters \

Figure 3.2 Steps in the current experiment.

Image processing

Y

Calculated results in tables and plots

Figure 3.3 Steps in the image processing.
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read » iterate Table - MakePlot, fpsStep, Stat

Figure 3.4 Steps used by the code to calculate the time-averaged convective heat transfer.
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End of the images?
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Figure 3.5 The steps followed by the routine iterate.m.

Table 3.1 Content of the HTResult matrix for two different images. The shaded area is not part of the

output file.
Image number  Fringe Spacing q; hy Nuy
4 43.04 56.04 371 5.73
226 42.79 56.37 3.73 5.77
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3.4.2 Capturing Calibration Image

All length measurements in image processing were in number of pixels. To convert
them to distance in meters, each length measured via image processing was multiplied by
a scale factor (in m/pixel). For this reason, an image of the length calibrator was taken as
soon as the camera was fixed and ready to capture the test images. To get a sharp image
of the pins, only one beam (either the reference or test) was used. The calibrator was
aligned such that the pin surface was perpendicular to beam travel direction. The
calibrator was placed just after last beam splitter (item 6 in Figure 2.1). Figure 3.6 shows
the image of calibrator that was taken as a snapshot using the MATLAB code supplied by
the camera manufacturer. (The path to this file is:
ProgramFiles/IDT/MotionProX/Matlab/SnapEx.m. This code is useful, since a snapshot
cannot be taken directly from the MotionProX software. ) The coordinates of the tips of
the pins were measured in number of pixels. The difference between the x-values of the
points was entered into the ExperimentData file (row 8 of the related experiment). The
actual distance between the pin tips was measured in meters using a microscope with a
precision x-y sliding stage, to an accuracy of one micrometer. The pin tip distance was

6.935 mm. Whenever the camera was moved, a new scale factor was calculated.

3.43 Determining the y-Value of the Measurement Location

As shown in the Figure 1.1, the y coordinate starts from zero at the bottom of the

cavity. The elevation of the captured level was measured by placing a small plastic arrow
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Figure 3.6 Image of the calibrating pins (Exp. 101).
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Figure 3.7 Measuring y-value of each level of captured image.
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on the optical window, as shown in Figure 3.7. This arrow moved up and down along the
window until it could be seen in the middle of the image. At this moment, the side of the
cavity was marked at the same level. The y-value of the mark was measured using a ruler,

and entered in to the ExperimentData file (row 14 of the related experiment).

3.5 Image Processing

Finite fringe interferograms were taken with the high speed camera at a frame rate of
llOO frames per second for ten seconds. Prior to processing, each image was rotated
slightly, if necessary, to make the measurement surface vertical. In some cases, it was
also necessary to rotate the image by a full 180°, since the image processing software
required that the measurement surface be on the left side of the image. This image was
then enhanced using 15x15 median filter, and nonlinear regression was applied to the
filtered images in order to extract the fringe gradient. The justification for these
parameters will be discussed in this section. Finally, the near-wall fringe shift gradient in
the x direction was calculated (9e/0x | x=o) for use in Eq. (3.11). Some information and
examples in this section are adopted from the help menu of MATLAB 7.7.0 (R2008b)

software.

3.5.1 Median Filter

The raw images captured by the camera contained some high frequency noise.

This noise was caused by imperfections in the optical components, diffraction fringes,
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dust on the optics, noise in the laser light source, etc. To reduce this noise, a median filter
was first applied to each image. The median filter block replaces the central intensity-
value of an m-by-n neighborhood with its median value. If the neighborhood has a center

element, the block places the median value in the centre, as illustrated in the Figure 3.8.

X

Figure 3.8 Illustration of a 3x3 median filter. The pixel intensity at pixel X is replaced
by median value of the 9 surrounding pixels.

If the neighborhood does not have an exact center, the block has a tendency

toward the upper-left corner and places the median value there, as illustrated in the Figure

3.9.

Figure 3.9 Illustration of a 4x4 median filter. The pixel intensity at pixel X is replaced
by median value of the 16 surrounding pixels.

Median filtering is a nonlinear operation often used in image processing to reduce
"salt and pepper" noise, without significantly reducing the sharpness of the image. A
median filter is effective when the goal is to reduce noise and preserve edges
simultaneously. For example, the command medfilt2(I, [m n]) performs median filtering
of the image matrix I in two dimensions. Each output pixel contains the median value in

the m-by-n neighborhood around the corresponding pixel in the input image. MATLAB’s

49 AYERSCH LuivisiSlTY LISRARY



medfilt2 command pads the image with zeros on the edges. So, the median values for
points on the edges might appear distorted.

Figure 3.10 shows the same interferogfam, before (left) and after (right) applying
median filter with m = n =15. The reduction in high frequency noise, which could cause
problems when calculating the fringe shift gradient, can be clearly seen.

Testing was done in order to select a median filter with dimensions 15x15. Figure
3.11 shows a typical set of data from horizontal intensity profile, after several different
median filters were applied to the image. It can be seen in Figure 3.11 that a 15-by15
median filter gives adequate noise reduction, without over-smoothing the intensity

profile.

b
Figure 3.10 Effect of 15x15 median filter: (a) the raw image, (b) the filtered image (Exp. 44).
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3.5.2 Image Rotation

In some cases, it was necessary to rotate the raw image prior to processing. The
raw images were rotated for two different reasons:
1) The measurement surface in the captured images was not perfectly vertical in some
cases. So, the image from the first time step was rotated to determine the required angular
correction. This angle was then entered into the iteration file manually, if applicable. The
code then automatically rotates all the images before starting fringe analysis.

2) MATLAB reads x-coordinate from left to right, i.e. the pixel line scan starts from the

. . ]
left and ends at the right. Therefore, in order to measure a—g , the plate surface was
x=0
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required to be on the left side of the image. Hence, images of the right plate (which was
hot wall in the current experiments) had to be rotated by 180 degrees before any image
processing started. This was done automatically (see the read.m file in appendix A). If
zero is entered into row seven of the ExperimentData file, this computer program does
not rotate the image. Otherwise, the program rotates the image. This step needs the
careful attention of the experimenter to enter zero or another value that is consistent with

the orientation of the wall being analyzed.

3.5.3 Inputting the Scan Line and Wall Coordinate

The computer routine needs to know the wall coordinate and start and end points
of the scan line. When the code read.m was run, the wall coordinates (w1), start and end
points (x1 and x2) were entered to the program. Figure 3.12(a) shows the image after
median filtering and rotation by 180°. The scan line and its location are shown in this

figure as well.

3.5.4 Regression

Nonlinear regression was used to extract the phase information from each pixel
intensity scan. The nonlinear regression technique of Slepicka and Cha (1995), which has
been slightly modified for the present application, has been used (Poulad and Naylor,

2009). If the temperature profile is lin€ar, the fringe intensity variation will be
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Figure 3.12 (a) Median filtered finite fringe interferogram showing the scan location, (b) the corresponding
pixel grey level profile (Exp. 44, image 0).

approximately sinusoidal. So, the measured intensity near the surface can be

approximated as follows:

Irit(x) = Iapg + Ag sin (P(x — x;) + ¢) (3.14)
where I,,, (background intensity) is the mean pixel intensity, Ay (modulation amplitude)
is the amplitude, P is the rate of change of phase, ¢ is the phase shift, and x, is the
location of the first pixel. This nonlinear function was fit to the experimental intensity
data in the near wall region. The intensity data for the first complete period closest to the
wall was used. I,z was taken to be the average intensity value over the first full period.
The three other constants (A, P and ¢) were adjusted iteratively to minimize the sum of
squares difference between Ig; and the experimental data. Once the least-squares best fit

was found, the gradient of the fringe shift order was computed from the converged value

of P, as follows:
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g =& (3.15)

dxlymg  2m
The gradient of the fringe shift calculated from Eq. (3.15) is used in Eq. (3.11) to
calculate the instantaneous local convective heat flux.

Figure 3.13 shows a sample horizontal intensity scan and the resulting best fit sine
curve. This method was found to converge rapidly and was very stable. In part, this
method works well because the initial values for Ao, P and ¢ can be closely estimated
from the filtered experimental data. The initial value of parameter “A,” was taken as half
of the difference between the maximum and minimum pixel intensities, i.e., Ao~ (Imax-
Imin)/2. The initial value of P can be estimated from the locations of the mean intensity
crossings, i.e., P<21/(xp-X;). In a similar fashion, ¢ can be estimated from the slope of
the measured pixel intensity curve. If the slope at x-x;=0 is positive slope, then the initial
value is taken as ¢=0. If the slope is negative, then ¢= 7 will be a close starting guess.
The detailed computer code is given in Appendix A (regression.m file).

It should be mentioned that initially, a simpler approach was attempted. Rather
than using nonlinear regression, the fringe gradient was estimated by measuring the
spacing between adjacent constructive or destructive fringe peaks, using only the
locations of the extremum pixel values. This method was compared with the regression
method discussed above. Table 3.2 and Figures 3.14 and 3.15 show the scattering
reduction in the instantaneous local heat flux and fringe spacing data that was achieved
using regression, compared to using only the fringe peak values. As can be seen in Table
3.2, the regression technique reduced the standard deviation by 8.1% and the percent
scatter by 48.4%. The effect of regression on the time-averaged heat flux was smaller,

approximately 0.7%. In this table, scattering refers to the range of the value (heat transfer
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Figure 3.13 Comparisons of nonlinear regression and median filtered image values

(Ra=261240,A=174,y/H=

0.12, Exp. 88).

rate or Nusselt number) to the time-average of that value multiplied by 100. The

coefficient of variation (COV) is the standard deviation divided by the mean value of heat

flux (= q_;,) multiplied by 100. The COV of the data with using regression is 0.182, which

is lower than the COV of the data without using regression (0.197). That means

regression gives the more precise data.

Table 3.2 Effect of regression on the scattering in the measured instantaneous local heat flux, qy

(Ra=261240, A =17.4, y/H = 0.12, Exp. 88).
Without With
regression | regression
Time-averaged local heat flux ;1; (w/ m2) 6.90 6.85
Standard deviation of g, (W/m?) 1.36 1.25
Scattering (%) 220.9 113.9
Coefficient of variation, COV (%) 0.197 0.182
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Figure 3.14 Measured instantaneous local heat flux with and without regression (Ra = 261240, A = 17.4,
y/H =0.12, Exp. 88).

Prior to conducting any experiments, the noise level of the measurement
technique was measured. This was done by measuring the spacing of a finite fringe
pattern in an unheated enclosure (AT = 0). In this case, there was no fluid motion, so the
measured time variations in the fringe spacing were caused only by inherent noise in the
experimental technique. Figure 3.15 shows the results of these measurements. When
regression was used, the typical peak-to-peak noise level was about 3.5%. For interest,
the data was also processed using the initial method which used the fringe extremum
values to obtain the spacing. Again, it can be seen that the regression technique greatly

reduces the noise level in the measurements.
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Figure 3.15 Measurements of the fringe spacing in an unheated enclosure, with and without regression

(AT =0, Ra=0, A = 30.4, y/H = 0.5, Exp. 27).

3.6 Image Capture Parameters

Once the set up of interferometer was done and the camera was at the proper height
and at the right distance from the small mirror (item 8 in Fig. 2.1), the images were
captured. It was part of the design of the experiment to decide the frame rate and the
duration used to capture the images. This section aims to describe how those parameters

were selected.

3.6.1 Effect of Frame Rate

As mentioned in Chapter 2, the shortest possible exposure time, and hence the

highest possible frame rate, depends upon the intensity of the light striking the camera
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sensor. Even though the lens was removed from the camera in the present experiment, the
maximum possible frame rate for the present experiment was about 500 Hz. Experiments
started with a 500 Hz frame rate, and then the time-averaged Nusselt number was
calculated. To evaluate the effect of frame rate on the time-averéged Nusselt number, all
parameters (e.g., total capturing interval, exposure time and intensity of incident beam)
were held constant and the frame rate was varied. To lower the effective frame rate under
the same conditions, some images were skipped in the 500 Hz data set. The software
assigned numbers to the images successively as they were captured, i.e., 0, 1, 2, 3...
when they were captured at a frequency of 500 Hz. Thus, for an analysis that simulated a
frequency of 250 Hz, the images numbered 0, 2, 4, 6 ... were selected for analysis.
Similarly, images with numbers 0, 4, 8, 12,... were selected for analysis with a frame rate
125 Hz, and so forth. The time-averaged Nusselt nurhber calculated using the 500 Hz
data set was considered to be the most accurate and the percent difference with respect to
other frequencies was calculated based on this value.

The effect of varying the frame rate on the time-averaged local Nusselt number is
shown in Figures 3.16 and 3.17. Figure 3.16 shows the results calculated using the fringe
centre values. The results in Figure 3.17 were calculated using regression to obtain the
fringe sift gradient. Both results are for a high Rayleigh number, well into the turbulent
regime. These figures show that the Nusselt number is insensitive to the frame rate used
to capture the images. Except at a frame rate of 10Hz, the maximum change in the
Nusselt number, compared to the value at S00Hz, was less than 0.1%. To a large degree,
the low sensitivity to the frame rate is caused by the beam averaging of the temperature

fluctuations. The high frequency local fluctuations are smoothed out by the laser beam,
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as it passes along the length of the model. This is a fortunate result. Clearly, high frame

rates are not required in order to make accurate measurements of turbulent free
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convection. However, to be conservative, a frame rate of 100 Hz was used in all

subsequent experiments since there were ample computing resources available.

3.6.2 Effect of Total Capturing Time

The time interval (t) is referred to the span of the time within which the camera
captures images continuously. This time is important to calculate the running time-

averaged heat transfer rate. In the current work, the running time-average is the integral

of either N_uy or g from zero to time, t. Figure 3.18 illustrates the result of running
time-averaged up to 15 seconds at 500 Hz frame rate. These are sample results, at a high
Rayleigh number. It can be seen that the running time-averaged value fluctuates greatly
with time at first, and eventually the fluctuation reduces appreciably when t reaches its
optimum value. Figure 3.18 shows that the fluctuation has almost stopped by about 9
second. So, capturing images for longer than 9 second would not be useful. However, to
be on the safe side, in the current experiments, it was decided to use a total capture time
(t) of ten seconds. Based on several tests, after ten seconds, the time-averaged local heat

flux was estimated to be stationary with better than +1.0 percent.

3.7 Calculations

So far, it has been shown that a capture frequency of 100 Hz and total capture

time interval of 10 seconds were sufficient to obtain accurate measurements. All images
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89).

were captured using these settings (i.e. fps = 100 Hz and t = 10 s) unless otherwise
specified. These values were combined with the physical constants for the experimental
model, the laser wavelength, and the air properties to calculate the local instantaneous
convective heat flux. All these data were entered into a matrix called the ExperimentData
input file (see Appendix A). This matrix was used to automatically calculate the

convective heat transfer values using Equations (3.11) to (3.14).

3.7.1 Filtering the Calculated Data

Because of noise in the fringe data, at some time steps, the instantaneous heat

transfer results were calculated to be unjustifiably large or small. These data could not
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represent the actual heat transfer fluctuations and needed to be removed from the results,
prior to the calculation of the time-averaged heat flux. These data were removed using
the following procedure: Once the Table.m program was run, it extracts and tabulates the
absolute value of the contents of the HTResult tables from all image directories in a table
called Tablel. Each row of Tablel is filled with the HTResult contents in chronological
order, i.e., the n row contains the data captured at t=n/fps. The contents of Tablel were
then filtered to delete the unacceptable data, if any existed. To filter the contents of

1fi

Tablel, the mean value of each column was calculated, i.e.,ZIn

, where fis the value in
each column and n is the number of rows in the column. (Conveniently, n=1000 in the
present experiments). Also, the standard deviation of the data of that column was
calculated. Then a factor, m, was defined as four times the standard deviation. Knowing
that all data were positive in Tablel, any data that were either bigger than (1+m) or less
than (1-m) times the mean value were replaced by the mean. Automatically, the real time
of the captured image is added to first column of the Tablel, i.e., 0, 1/1ps, 2/fps... n/fps
where n is the number of images minus one. Table 3.3 shows the first five rows of Tablel

for a typical experiment (experiment 28). The results are for “wall A”, which was the

cold wall. This table is a matrix with dimensions 1000x5.

Table 3.3 First five rows of matrix Table! (shaded area is not part of the table (Exp. 28)).
Time (s) qy(W/mZ) h, Nu,  Fringe Spacing (Pixels)

0.00 31.03 206 1.01 65.24
0.01 29.34 1.94 0.96 69.00
0.02 29.24 1.94 0.95 69.25
0.03 28.91 1.92 094 70.03
0.04 28.91 192 094 70.03
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3.7.2 Plotting the Calculated Data

As soon as Tablel is filtered, it is possible to plot the image processing results.

The last step in Figure 3.2 shows the available code used to plot the results. Table 3.4

shows the type of the plot and application of different programs.

Table 3.4 Types and applications of the plots.

Code name Type of the plot Application Example
MakePlot.m | Time versus instantaneous heat transfer rate, fringe | Watching the noise and | Figs.3.12
| spacing and Nusselt number in three separate plots | fluctuation of the results | and 3.13
fpsStep.m Time versus time-averaged of heat transfer up to Deciding the adequacy Fig.3.16
that time of the time interval
Stat.m Mean value of heat flux plus/minus the standard Observing the Fig.3.19
deviation versus probability function distribution of the data

A typical plot obtained as a result of running stat.m is given in Figure 3.19. It
shows statistics about local transient heat transfer rate complied in column two of Tablel.
To find the probability, the number of data in each interval was divided by number of
data in column two of Tablel. Actually, Figure 3.19 is a histogram with the width of
0.250 and length of probability of having a measurement in that interval. The plot only
shows the line connecting the middle of each histogram column. It shows the statistics of
experiment 89, for which 7438 out of 7500 data (99.2%) were found in the mean + 2.5

interval. The standard deviation of data in each column (o)) is defined as

1/2

n s =11 )2
(§,_=1(xu_u,)) where n is the number of data, x; is the value in i" row of Tablel and M

n-—1
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is the mean value of the related j" column. Statistical analysis is beyond the scope of this

thesis and could be the subject of other research.
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Figure 3.19 Distributions of data for experiment 89, (Ra =2.6x10°, A =17, y/H = 0.12, hot wall).
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CHAPTER 4: PRESENTATION AND DISCUSSION OF RESULTS

4.1 Introduction

Free convection heat transfer in an air-filled vertical tall enclosure was measured.
Finite fringe interferograms were obtained using a Mach-Zehnder interferometer. Four
cavity spacings (distance between the isothermal plates) were considered:

L =12.7mm, 32.3mm, 40mm, and 56.2mm.
The corresponding enclosure aspect ratios were H/L=76, 30, 25, and 17. The
corresponding mean Rayleigh numbers were 3.05x10°, 5 x10%, 1.01 x10°, and 2.67 x10°.
These Rayleigh numbers covered the full range, from steady two-dimensional laminar
flow to strongly three-dimensional turbulent flow.

It should be noted that the temperature difference between the two isothermal
plates varied slightly as the images were captured. The Rayleigh number varied by not
more than +3% from location to location, at fixed plate spacing. The mean value of
Rayleigh number (Ray,) for all experiments with the same plate spacing is reported in this
chapter. The exact value of Ra for each experiment is reported on the bottom row of the
Experimental data table (See Appendix D). The differential temperature between the cold
(A) and hot (B) walls was kept at about 15 K during the measurements. As discussed in
Chapter 3, the pictures were captured at a frequency of 100 Hz for duration of ten second.
Local time-averaged and spatial average heat flux, as well as Nusselt numbers, were

measured using the following equations:

0
fTime-Averaged = Il(; fol f .t dt 4.1
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H (10
fSpatiaI-Avcraged = # fO fol f(y,t) dtdy 4.2)
where H is the height of the cavity and fz,t) could represent either the local Nusselt

number (Nuy) or the local heat flux (q;,) value. f, 1) is a function of elevation at which
image is taken (y) and time. Time starts from the moment of capturing the first image
(t=0s) and ends at t=10s. As shown in Figure 1.1, the y-coordinate starts from zero (at the
bottom of the enclosure) and ends at y=H. For the experiments performed at L=12.7mm,
the total height of the enclosure was H =960 mm. For all other experin;nents, H=980mm.
There was a slight variation in H because of variations in the thickness of the edge
spacers. The integraiion in Eq. (4.1) and (4.2) was performed numerically using the
trapezoidal rule.

Over one hundred and sixty thousand images at four different cavity spacings
were analyzed for this thesis. Each image showed the area of about 15mm by 20mm of
the cavity. As discussed in Chapter 3, these images were taken in finite fringe mode, with
about 12 horizontal fringes in the view.

It should be noted that only a small set of experimental results are presented in
this chapter. The bulk of the effort (and contribution) involved the development of the

image processing software, described in Chapter 3.
4.2Laminar Flow Measurements

The measurement of time varying heat transfer rates are the focus of this thesis.

However, measurements were initially made under laminar flow conditions. Under these
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conditions the local heat flux should be steady. So, fluctuations in the measured heat flux
gave an indication of the inherent noise in the measurement system.

The mean value of the Rayleigh number (Ray,) was 3049 for the laminar flow
experiment. Thirteen experiments were conducted to measure the local convective heat
transfer in the bottom half of the cavity. These experiments were numbered as: 28, 29,

and 32 to 42 inclusive.

4.2.1 Instantaneous Values

Figure 4.1 shows the time variation of the local Nusselt number near the centre of the
enclosure, under steady, laminar flow conditions. Under these flow conditions, the actual
convective heat transfer rate should not vary with time. However, it can be seen in F igure
4.1 that the results show some fluctuations. In these results, the instantaneous local

Nusselt number fluctuates within about +2.8% of mean value. The standard deviation

(SD ={/¥,(u — x;)2/(n — 1), where u was the mean value and n was the number of
data) was found to be 0.01. This noise is due to digitization, imperfections in the optics,
and/or vibration (due to location and setup). These fluctuations are always present in the
current experimental setup. Table 4.1 shows the time-average heat transfer results for
this experiment at various values of the y-coordinéte. The mean scattering value for
laminar flow is about 6.3%. It should be noted that, in turbulent flow, this high frequency

noise will be superimposed upon the actual fluctuations in heat flux.
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Figure 4.1 Instantaneous local Nu, under steady laminar flow conditions (Exp. 28, Ra =3139, A =75.6, y/H

=0.49, wall B).

4.2.2 Time-Averaged Values

Table 4.1 presents the results of calculations of all experiments for laminar flow.
The gap width for this set of experiments was 12.7 mm. The camera captured a view with
about 15 mm in the x direction. So, in this case, it was possible to capture the

interferogram of both walls simultaneously. For this reason, the two series of data share
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the same experiment number in Table 4.1. In this thesis, SD stands for standard deviation

of heat flux. Therefore, SD and ;;have the same units, W/m?.

Table 4.1 Time-average local heat transfer results for laminar steady flow at various values of the
y-coordinate (A = 75.6, Ra,, = 3049).

Y (mm) my E;(W/mz) SD (W/m?)  Scattering (%) Exp.# Wall

5 0.50 15.2 0.41 14.48 40 A
15 0.88 26.72 0.38 8.27 41 A
30 0.85 25.85 0.22 4.28 42 A
35 0.81 24.88 0.47 7.63 37 A
65 0.93 28.28 0.41 7.31 36 A
95 0.97 29.7 0.31 5.35 35 A
124 0.99 30.06 0.34 7.12 34 A
189 0.98 29.83 0.32 4.09 33 A
252 0.97 29.56 0.32 6.07 32 A
287 0.94 28.67 0.17 3.16 39 A
352 1.06 32.34 0.55 8.86 38 A
416 0.98 29.98 0.36 7.7 29 A
470 0.98 30.09' 0.83 9.08 28 A
470 1.04 31.78 0.38 5.71 28 B
416 1.04 32.03 0.17 3.54 29 B
352 1.08 33.07 0.93 10.58 38 B
287 0.97 29.71 0.4 6.99 39 B
252 1.07 32.66 0.18 2.69 32 B
189 1.02 31.16 0.35 3.87 33 B
124 1.00 30.54 0.34 5.79 34 B
95 1.00 30.44 0.33 4.5 35 B
65 0.96 29.37 0.16 3.56 36 B
35 1.00 30.7 0.28 5.56 37 B
30 1.07 32.77 0.22 4.836 42 B
15 1.05 32 0.38 6.64 41 B
5 2.02 61.4 0.87 5.69 " 40 B

Figures 4.2 illustrates the data in Table 4.1. It can be seen that over the centre
region of the enclosure, the heat transfer is conduction dominated, because the local
Nusselt number is about 1.0. However, at the bottom of the hot wall, the local Nusselt

number is about two times the value for pure conduction. Also, at the bottom of the cold
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wall, the heat transfer rate is much lower than for pure conduction. In these regions,
convection plays an important role. Air rises on the hot wall and descends on the cold
wall, producing a recirculation due to buoyancy effects. The high local heat flux at the
bottom of the hot wall is caused by the impingement of the cold air, as it turns the corner
to travel upward. That is why the convective heat transfer has its highest value at the
bottom of the hot wall. The hot wall transferred some of its heat to the cold air at this
point. The air is heated, becomes lighter, and moves upward. On the other hand, at the
bottom of the cold plate the heat flux is very low. The region of low heat flux
corresponds to the region where the air flows away from the cold wall. The convective

heat transfer on both wall are almost equal in the centre region, approximately y/H > 0.1.

a Cold Wall
1.8 1 - Hot Wall 7

1.2 A i

(X ]
[ X

Time-Averaged Nusselt number
o
[ 2]

T T T T

0.0 0.1 0.2 0.3 0.4 0.5

Distance from bottom of enclosure (y/H)

Figure 4.2 Time-averaged local Nusselt number W}, on the hot and cold walls in the conductive
regime (Ra,, = 3049).
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4.2.3 Comparison with Numerical Values

The experimental calculations for local time-averaged heat flux were compared
with a numerical solution using the FLUENT software. In the numerical solution, the
flow was assumed to be steady, laminar and two-dimensional. The comparison is shown
in Figure 4.3. To be consistent with the numerical calculations, the negative sign was
used for the heat flux on the cold wall.

It can be seen in Figure 4.3 that the results are in good agreement in the centre
portion of the cavity. However, there are significant differences, as much as 36%, in the
region of the end walls. The end walls were considered adiabatic in the numerical
solution. Practically, these walls were not adiabatic. This may be the reason that the
numerical solution predicted a higher heat flux at top of the plate than was found
experimentally. Another source of error was the uncertainty of the fringe spacing
measurements at the top corner. Due to high heat transfer flux at the top, the fringes were
fine and hard to resolve. This could be another source of error that caused some of the

departure of the experimental and analytical results.

4.2.4 Comparison with Empirical Correlations

Table 4.2 summarizes the average heat transfer results (Wa,,g) of the experiments

in laminar flow. The present measurements were compared with the empirical
correlations of ElSherbiny (1980) and Wright (1996). These correlations are widely used

in the literature and are considered to be the most accurate. At this Rayleigh number, the
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Figure 4.3 Comparison of experimental and numerical local heat flux distribution on the cold wall for
laminar flow Ra,, = 3049.

empirical correlations predict a Nusselt number slightly higher than that for pure
conduction. It can be seen in Table 4.2 that the difference between the ElSherbiny
correlation and present work is 1.16%. In the experiment, the measured value was
slightly less than for pure conduction. (Of course, since convection is present within

enclosure, the actual average Nusselt number cannot be less than 1 .0)
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Table 4.2 Comparison of spatial-averaged heat transfer results (!_Vﬂavg) with empirical correlations from the

literature.

Reference A N Uapg Ra,,
EISherbiny Experiment 40 1.030 3293
ElSherbiny Experiment 110 1.010 3303
EISherbiny Experiment 80 1.000 3238
ElSherbiny Correlation 75.6 1.009 3049
Wright Correlation 75.6 1.018 3049
Present Work 75.6 0.998 3049

4.3 Turbulent Flow Measurements

Successful experimental results in laminar flow were a good motivation to measure
convective heat transfer under turbulent conditions. Measurements were made for three
different cavity widths (and aspect ratios). The sizes, number of experiments at each size
and corresponding Ray, are summarized in Table 4.3. Each experiment corresponds to a
single local heat flux measurement at a specific y/H location, except near the corners. The
Rayleigh number range of these measurements is well into the turbulent regime. As
mentioned in the literature review, Wright et al. (2006) have shown experimentally that

unsteady secondary flows exist in a tall enclosure for Ra>9.6x10°.

Table 4.3 Size, aspect ratio, mean Rayleigh number and number of experiments used for turbulent flow

conditions.
L (mm)  Aspect Ratio Ra, Number of Experiments
32.3 30.34 5x10° 26
40 24.5 1.0x10° 20
56.2 17.44 2.7x10° 24

It should be noted that the number of local coefficients is more than the number of

experiments because two measurements were made from each image near the corners of
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the enclosure. At each camera position, the height of the “window” seen by the camera

was about 20 mm. In the corner region of the enclosure, two local heat transfer
coefficients were calculated from one sequence of images. In this way, measurements

were made at a location of 5 mm and 15 mm from the bottom of the enclosure.
4.3.1 Instantaneous Local Heat Transfer Results

Figures 4.5 and 4.4 show the transient value of the local Nusselt number in the
middle of the cavity. Figure 4.4 shows the results at Ra=5.04x10* and Figure 4.5 shows
the results at Ra = 9.80x10". It can be seen that the local heat transfer fluctuates by as
much as 25.5 and 30 percent of the mean value of Nusselt number, respectively. In
general, it was found that the range of the fluctuation increased as the Rayleigh number
increased. This is consistent with the development of stronger turbulent eddies that higher

Rayleigh numbers.

3.0 T T T T T T T T T

2.5 E

2.0 A 5
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15 T T T T T T T T T

Time (s)
Figure 4.4 Instantaneous Nu, at the middle of the cavity (Exp 67, Ra =5.04x10", A =30.3, y/H=0.5).
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As shown in Figure 4.6 the convective heat transfer is higher at the top of the cold
plate than the middle of the plate. It is interesting to note the level of turbulent fluctuation
in these results. Near the corner, the range of the turbulent fluctuations is lower and of
higher frequency than in the middle of the enclosure. The proximity of the enclosure wall

reduces the level of turbulence in this region.

36 T T T T T
34 A .
32 - .

30 - *

26 - —
24 4 P . 2

22 . , .

Instantaneous heat flux, W/m?

20 4 .

18 T T 1 T
0 i 2 3 4 5 6

Time (s)
Figure 4.5 Instantaneous heat flux at the middle of the cavity (Exp 68, Ra =9.80x10%, A =24.5, y/H =

0.49).

In rare cases, the image processing algorithm failed, and it was not possible to
process the entire ten seconds of data. An example is shown in Figure 4.7. It can be seen

that the convective heat flux became unjustifiably high after three seconds. One possible
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reason was excessive vibration, which was intermittent. This case was rarely found, and,
whenever it was found, the analysis was manually terminated. In these cases, the time

averaged heat flux was calculated using the data up the time of failure.
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- Exp.67,y/H=0.5 Ra=50394
354 | Exp. 44, y/H = 0.01, Hot wall, Ra = 49182

Instantaneous Nusselt number, Nuy

Time (s)
Figure 4.6 Comparison of instantaneous Nu, at the top and middle of the cavity.

4.3.2 Time-Averaged Heat Transfer Results

Figures 4.8 to 4.10show the time-averaged local Nusselt number distributions on
the enclosure walls. These figures show that the local heat flux increases as the y
increases on cold wall. On the hot wall, the convective heat flux has a maximum value
near the lower edge and decreases up the wall. Near the middle of the cavity, both walls

have approximately the same convective heat transfer. This is expected, because of the
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Figure 4.7 Instantaneous heat flux (Exp. 86, Ra =97226, A =24.5, y/H = 0.99).

“diagonal symmetry” of the temperature field. This trend was the same as for the
laminar flow convective heat transfer. The local convective heat flux (q”y) is very low at
the bottom of the cold plate. The full results are tabulated in Appendix D.

The spatial average values of Nusselt numbers were compared with the
ElSherbiny correlation, as shown in Table 4.4. The largest difference between present
measurements and the EISherbiny correlation was about 13.8%. The current

measurements are consistently lower than the predictions from the correlation.

77



5.6

5.0

4.5

4.0

1

3.5

1

3.0

2.5

2.0

1.5

Time-Averaged Nusselt number

1.0

0.5

0.0

A

Cold Wall
Hot Wall

»e

0.0

T T

0.1 0.2

0.3

0.4

Distance from bottom of enclosure (y/H)

0.5

Figure 4.8 Time-averaged local Nusselt number (ﬁﬂy) distribution on the enclosure walls (Ra,, = 5x10%).
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Figure 4.9 Time-averaged local Nusselt number (Wy) distribution on the enclosure walls (Ra,, = 10°).
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Figure 4.10 Time-averaged local Nusselt number (Nﬂy) distribution on the enclosure walls (Ra,, = 2.7x10%)

Table 4.4 Comparison of spatial-averaged Nusselt number with the ElSherbiny correlation (1980).

-N_uavg
Ra,, A Present Work ElSherbiny correlation | %difference
5x10* 30.3 2.09 2.38 12.2
10° 24.5 2.72 2.98 8.7
2.7x10° 17.4 3.46 4.02 13.8

4.3.3 Running Time-Averaged Heat Transfer Results

In any fluctuating phenomena, a time-averaging technique is used to report the
average value of the fluctuating identity over the time. This technique was also used here
to report the convective heat transfer values over time. Figure 4.11 shows the

instantaneous and running time-averaged values of instantaneous local heat transfer on
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the same graph. The running time average value at time t is the average value from time
zero to t. Despite transient fluctuation, it can be seen in Figure 4.11 that the time-

averaged plot is almost a horizontal line after five second.
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Figure 4.11 Instantaneous and Running time-averaged heat flux (Exp. 88, Ra =2.6x10°, A =174,y/H=
0.12).

To get the idea of uncertainty due to the running time averaging after ten seconds,
three experiments were conducted, each with a duration of 20 seconds. Three sets of
measurements were made at precisely the same location (experiments 144, 145 and 146).
Then each experiment was divided into two experiments (the first 10 seconds were called

144a, 145a and 146a and the last 10 seconds were called 144b, 145b and 146b. The

running time-averaged heat fluxes of these six experiments were calculated. The results,
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as tabulated on Table 4.5, showed about £2.2% (0.4 W/m?) uncertainty (Taylor and

Kuyatt (1994)).

Table 4.5. The running time-averaged heat flux, which was measured at the same location with
capturing time intervals of 10 and 20 seconds.

Heat flux (W/m?) Heat flux (W/m?)

for t = 10 seconds for t =20 seconds

20.43,19.70, 19.60 | 20.29, 20.10, 19.95

Running time-averaged heat flux 20.16, 20.49, 2031

The mean heat flux 20.11 20.11

Standard deviation 0.38 0.17

Figures 4.13 and 4.12 show the graph of running time average measurements. For
better clarification, in Figure 4.13, the interval between 2 and 18 was broken off. It can
be seen in Figure 4.13 that, had the experiments been conducted with a 20 second capture

interval, this source of uncertainty could have been reduced to about +£0.8%.

4.4 Final Results

Figure 4.14 shows the comparison of the spatial average Nusselt number from the
present work with the experimental data of ElSherbiny (1980). The ElSherbiny
correlation is shown as a solid line. For laminar flow in the conduction regime, the
present work is in good agreement with the ElSherbiny results. In turbulent flow, the

present technique produced slightly lower Nusselt numbers than ElSherbiny’s results.

81



N
(6]
-4

NA
E 244 Exp 144a 9
S \ — — —  Exp145a
X 23, ———— Exp146a .
c v ] m—_———— Exp 144b
.g 22 \\ ceeccccccce Exp 145b |
¢ "\ . N SN e —  Exp 146b
7 21 —/\‘“ / i
o : /e SR
N
< - '.' . — —_— T — =
g 19 - ./.7-4:"“\_//‘-/ |
= s
o 18 - / -
-E °
S 1747 / -
14 ./
v
16 L L B L B ) L B ) L A L B L B ) LN B LB B | L B
0 1 2 3 E 5 6 7 8 9 10

Time (s)

Figure 4.12 Six times measurements of running time-averaged heat flux of the same location for t = 10s
(Ra=2.8x10°, A =17.3, y/H = 0.27).
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One possible reason for the slightly low results has been identified. To measure
convective heat transfer in this thesis, the fringe spacing was measured. It was the basis
for calculating the heat flux and Nusselt number. Near the surface, the fringe intensity
data tends to be noisy, in part because of diffraction fringes caused by the surface. So, to
have less noisy fringe intensity data, the measurements were not done at the surface.
Measurements were taken bit further from the wall. In this region, the convection heat
transfer is slightly lower than at the surface. In the future, to rectify this problem, the
measurements should be done as close as possible to the walls. However, to get closer to
the wall, better regression and image enhancement techniques will be needed to reduce

the noise effectively.
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Figure 4.14 Comparison of present work results with ElSherbiny experiments and his design
correlation.
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4.5 Recent Improvements to the Experimental Method

Over the course of the research done for this thesis, the experimental procedure and

the image analysis methods were constantly being improved. This section describes

some very recent improvements, and presents a small sample of improved results.

Because of time constraints, it was not practical to repeat all of the experiments with

these improved methods.

Another set of experiments was conducted for the most turbulent conditions inside

the cavity (the highest Rayleigh number). To improve the implementation of the

experiments the following changes were made:

1.

Two new regressions were developed: i) reglow.m was developed to
measure the heat flux in low heat transfer locations (i.e., lower regions of the
cold wall) and ii) regression8.m was developed to measure the heat transfer
as close as possible to the walls.

The camera was mounted on a precision x-y-z positioning, shown in Figure
4.15. The camera could be translated in all three axes with resolution of 0.1
mm. This unit allowed the y-location of the measurements to be determined
more accurately.

The data filtering of the calculated instantaneous heat flux values (Section
3.6.1) was changed. In the new filtering method, the time-average of the
previous measurements was calculated. The next measurement was checked

with the previous time-averaged measurements. If the current measurement
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was either bigger than 1.5 or lower than 0.5 times of the average it was
replaced with the average.

4. The method used to filter the images (Section 3.5.1) was changed. Rather
than using a constant kernel for the median filter of 15x15, the size of the
median filter varied with the fringe spacing. It was found that the suitable
size for the median filter kernel was the fringe spacing (expressed in number
of pixels) divided by 6. This number was then rounded to the nearest odd
integer.

5. Prior to heating the model, the optics were adjusted to give four finite fringes
in the output. This was reduced from ten fringes in order to decrease the

" uncertainty of the measurements, as will be discussed in Appendix B.

6. The fluorescent lights were turned off during the image capturing. It was
found, after running most of the tests that darkening the test room
significantly reduced the noise in the images. Also, the noise in the image
caused by the electrical interference seemed to be reduced.

Figure 4.16 shows the running time-averaged and instantaneous heat flux for one set
of improved results. As a result of the improvements, the instantaneous plots have much
lower noise levels. Compared Figure 4.17 with the old results given in Figure 4.12, it can
be seen that the high frequency noise has been greatly reduced. The new plot is much
smoother. Most of the fluctuations are due to the actual heat flux changes caused by

turbulence.
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Figure 4.15 The new camera holder equipped with micrometers in x, y and z direction.

Figure 4.17 shows the time-averaged Nusselt number variation over the hot and cold

wall surfaces. These improved results are much closer to the experimental data in the

literature. The spatial averaging of these data produces N—uavg = 3.92, which is only 2.3%

lower than the prediction from the ElSherbiny correlation.
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Figure 4.17 Time-averaged local Nusselt number (N_uy) distribution on the enclosure walls (Ra,, =
2.85x10%).
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

A time-averaging technique was used to measure the turbulent convective heat
transfer rates in a tall vertical cavity. The local heat transfer rates were measured at four
wall spacings. More than 146 sets of experiments were conducted. Each set of
experiments was composed of at least 1000 interferograms. The main conclusions of this

research are summarized below:

e A high speed camera can be used iﬁ conjunction with a Mach-Zehnder
interferometer to successfully measure turbulent free convective heat transfer. It
has been shown that the time-averaged heat transfer rate can be measured by
analyzing a sequence of interferograms using an automated image processing
technique.

e For the convection problem considered in this thesis, it has been shown that an
image capture frequency of 100Hz with a total capture time of about ten seconds
is sufficient to obtain an accurate time-averaged heat flux. Of course, for different
test geometries and experimental conditions this requirement will likely change.

e Measurements of the spatial average Nusselt number in the enclosure were found
to compare well with results from the literature. However, in general,

measurements using the current technique were slightly lower than the accepted

88



values in the literature. Some of the reasons for these low measurements have
been identified and corrected.

e To get accurate local heat transfer coefficients in turbulent conditions, it is
important that the fringe gradient measurement be made as close to the surface as
possible. This is more critical than in laminar flow, because, in turbulent
conditions, the temperature gradient decreases faster with increasing distance

from the surface.

5.2 Recommendations

The following recommendations are made for future research:

* For any new application, it is recommended that the first step be the determination
of the required capture frequency and time interval. The procedures for doing this
are outlines in this thesis.

¢ In future work, a stepping motor or micrometer should be used to measure the
exact y-value of each experiment. This could be automated and automatically fed

- to the experiment data file. This improvement has already been partly
implemented.

* To have better accuracy, the finite fringe spacing (d) in the unheated model
should be adjusted as large as possible e.g., 4 or 5 fringes in each image.

¢ Care should be taken to turn off any electrical lights that produce noise on the

captured images. The test room should be dark during the capturing.
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* This project could be carried out by a team. Besides the mechanical engineer, the

expertise of a statistician and image processing specialist is needed.
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APPENDIX A: DEVELOPED COMPUTER PROGRAMS

| Al Introduction

All of the MATLAB routines that were developed as part of this thesis, along
with instructions, are gathered in this appendix. They are categorized as: (i) image
processing, and (ii) calculation codes. Most of the image processing codes were reserved
words in MATLAB software, but calculation codes use the equations derived or extracted
from textbooks or references. These codes were combined together to measure free

convective heat transfer in the cavity.

A2 Images Processing and Calculation Codes

A2.1 Pressure.m

Application: This file gets the room pressure and temperature in mmHg and degree centigrade
respectively, and calculates corrected pressure. Corrections are based on Toronto latitude and
mercury expansion due to the room temperature.

Code:

function [Pcorr] = Pressure (P, T)
Plat = -0.000234;
PMult (18) = -0.002932;
PMult (19) = -0.003094;
PMult (20) = -0.003256;
PMult (21) = -0.003418;
PMult (22) = -0.003580;
PMult (23) = -0.003743;
PMult (24) = -0.003905;
PMult (25) = -0.004012;
Tl = round(T);

T2 = Tl +1;

Ptemp = P+(T - T2)/(T1 - TZ)*(PMult(Tl)—PMult(TZ))+PMult(T2)+Plat;
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Pcorr = Ptemp*133.32239;

end
Process: .
' ExperimentData file
{
f i
pressure. Corrected Pressure in Pascal
. Room Temperature and Pressure B m i
i f
A @

A2.2 regression.m

Application: This file gets the line scan profile and calculates spacing between fringes in pixel.

Code:

function spacing = regression(cx, cy, c)
ln=[cx,cy,cl;
N=length(1ln);
% Extracts the averaqe intensity for entire scan length
avI=mean(c);
Find the mean intensity crossings
Initialize ccocunters
xings=0;
xi=[1;
for i=1:N-1
if In(i,3)<avI && 1ln(i+l,3)>avI
xings=xings+1;
x1i(xings)=i;
end
if In(i,3)>avI && 1ln(i+1,3)<avI
xings=xings+1;
xi(xings)=i;
end
end
LExtract data for
for i=xi(1):xi(3)
J=i-x1i(1)+1;
period(j,1)=1n(i,1);
period(j,2)=1n(i,3);

end

Compute revised mean intensity based on cne pericd of fringe data
Avgnew=mean (period) ;
%

Extracts the average intensitv

-- the mean wvq of column 2
avI=Avgnew (2) ;

% Initial guesses for regression paramaters
P=(2*pi) /(x1i(3)-xi(1));

P1=P;

Pold=0.0;

% phase angle

i)
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if period(1l,2)<period(2,2)
phi=0.0;
end
if period (1, 2)>period(2,2)
phi=3.1415;
end
¥ Estimate Amplitude
Imax=max (period) ;
Imin=min (period);
A=(Imax(2)-Imin(2))/2.0;
M=length(period) ;
¥FOuter/Outer Regression Loop {F and phi}
count3=0;
stop3=0;
while stop3==0 && count3<100
% This is the cuter for loop for phi regression
stop=0;
countl=0;
dEold=0;
while stop==0 && countl<7000
% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end
% Increment the phase angle and recompute the sum sq.
{Ephi)
dphi=0.0005;
phi2=phi+dphi;
Ephi=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,l)—period(l,l))+phi2);
Diff2=(Ifit-period(k,2))"2.;
Ephi=Ephi+Diff2;
end
% Store the old value of didphi (for sign change test)

dEdphi=(Ephi-Ebase) /dphi;

if dEdphi > 0
phi=phi-dphi;

end

if dEdphi < 0
phi=phi+dphi;

end

if dEold<0 && dEdphi>0
stop=1;

end

if dEold>0 && dEdphi<0
stop=1;

end

countl=countl+1;

dEold=dEdphi;

% end of ou

o
% start




stop=0;

count2=0;

dEold=0;

while stop==0 && count2<1500

Compute the baseline sum sguare error

Ebase=0.0;
for k=1:M

(Ebasa)

Ifit=avI+A*sin(P* (period(k,1l)-period(1,1))+phi);

Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;

end

dP=P1/1000.;

P2=P+dP;

EP=0.0;

for k=1:M

Ifit=avI+A*sin(P2*(period(k,l)—period(l,l))+phi);

Diff2=(Ifit-period(k,2))"2.;
EP=EP+Diff2;
end

dEdP= (EP-Ebase) /dP;
if dEdP > 0
P=P-dP;
end
if dEdP < 0
P=P+dP;
end
b
if dEold<0 && dEdP>0
stop=1;
end
if dEold>0 && dEdP<O
stop=1;
end
count2=count2+1;
dEold=dEdP;
end
% end of P regression loop
count3=count3+1;
deltaP=abs (P-Pold);
if deltaP<=dP
stop3=1;
end
Pold=P;
end

spacing=2*3.14159/P;

£
Process: i
mscand.m
%
i . 1 regressi
ﬁ Line scan profile ¥ o
i . - g E IF

i

@
-4
¢

Fringe spacing in pixel (sp)



A2.3 read.m

Application: This file brings up the first image to measure the wall, start and end points of
scanning, wl, x1 and x2, respectively. The image would be rotated 180 degree if wall B is
subjected to measurement. The median filter of 5 is used on this image. Extension of the images

is considered as TIF.
Code:

clc

clear

tic
load EzperimentData

expnum = input ('Enter expaeriment rumber

AB = ExperimentData(7,expnum);
if AB==0
phi = 0;
else
phi = 180;
end
S = ExperimentData (8, expnum) ;
N=1;
Pd=.006935;
fps = ExperimentData(Z,expnum);
i=0;
s=num2str (i, '306.0f");

J = imread(['Exp',intZstr(fps),'/Imgh',s,'.TIF'])

I=medfilt2(J, [5 5]);
I=imrotate(I,phi,'bilinear');
imtool (I);

toc

Process:

ExperimentData file

&

g [’

i
First image of the experiment } q

¥

—

read.m
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A2.4 Rayleigh.m

Application: This file gets the data from ExperimentData file and calculates Rayleigh number for
each experiment. It saves the result in 15" row of the ExperimentData file.

Code:

load EzperimentData

for xx = 1:110
P = ExperimentData (12, xx);
Tinf = ExperimentData (11, xx);
'Th = ExperimentData (10, xx) ;
Tc = ExperimentData (9, xx);
w = ExperimentData (3, xx) ;

$function [Ra] = Ravleigh (P, Tinf, Th, T, w)
R = 287;m=0;n=0;0=0;1 = 0;
dT = Th-Tc;

Tf = ((Th+Tc)/2)+273.15;
beta = 1/Tf;

g = 9.806;

L = w/1000;

kf = ThermalConductivity(Tf);
mu = DynamicViscosity(Tf);

cp = SpecificHeat (Tf);

Pcorr = Pressure (P, Tinf);

rho = Pcorr/ (R*Tf);

ExperimentData (15, xx) = g*beta* (dT) *L"3*rho”2*cp/ (mu*kf) ;
end

Process:

¢

ExperimentData file

_ i Rayleigh number
§ 1

B . . H Rayleigh.
' Data in each experiment column '— . m g
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A2.5 Table.m

Application: This file gathers data from HTResult table. Data with the value of bigger than
(14m)*Q and less than (1-m)*Q are filtered. Where, m is defined in Section 3.7. Then all data are
arranged in new table (Tablel) to be used for further analysis. This table is saved in experiment
directory and goes to FTable file for next process.

Code:

cle

clear

load ExperimentData

Xx= input ('Enter experiment number )i

nn = ExperimentData (6, xx) ;
fps = ExperimentData (2, xx) ;
t = 1/fps;
for i =0:nn-1
load(['Exp',intZstr(fps),'/',int2str(i),'/HTResult'])
Tablel (i+1,1) = t*i;
Tablel (i+1,2) = abs (HTResult (1,2))
Tablel (i+1,4) abs(HTResult(l 4));
3))
1))

Tablel (i+1, 3) abs (HTResult (
Tablel (i+1,5) abs (HTResult (
$Tablel (i+1,5) = HTResult (1 9)

.
’

.
’

end

Q = mean(Tablel(:,2));
H = mean(Tablel(:,3));
NU = mean (Tablel(:, 4)
m = 4*std(Tablel(:,2)
nm = 4*std(Table1(. 4
hm = 4*std(Tablel(:,3

for kk=1:nn
if (Tablel(kk,2)>(l+m)*Q | Tablel(kk,2)<(1—m)*Q)
Tablel (kk,2)= Q ;save(['Exp',intZstr(fps), '/ImNu+l'], 'kk') ;end
if (Tablel (kk, 3)>(1+hm) *H | Tablel (kk, 3)<(1-hm) *H)
Tablel (kk,3) = H;end

if (Tablel(kk,4)>(1+nm)*NU | Tablel(kk,4)<(l—nm)*NU)
Tablel (kk,4) = NU;
end
end
save(['Exp',intZStr(fps), '/Tablel'], 'Tablel!)
FTable;

Process:

e

. ExperimentData file

% l
%‘,
|

; | Table. 4
HTResult files |~ _ Tablem - Flablem

R,
-

BT,
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A2.6 MakePlots.m

Application: This file gets data from tables Tableland FTablel to plot the time versus heat flux,

Nusselt number and fringe spacing in three different plots.

Code:

load ExperimentData

expnum = input ('Ente mperiment number [1 2 3 ... 1: 'Y
fps = ExperlmentData(Z expnum) AB = ExperimentData (7, expnum) ;
load(['Exp',int2str (fps), '/° lel'])

load(['Exp',int2str (fps), '/F 1 i
X = FTablel(1,2);

y = FTablel(1,4);

Z FTablel (3,2);

sd = FTablel(2,2);

[nn mm] = size (Tablel);

time = Tablel(:,1);

gflux = Tablel(:,2);

Nu = Tablel(:,4);

h = Tablel(:,3);

sp Tablel(:,5);

Pt = plot(time,gflux, '-');

set (Pt, 'LineWidth', 1)

xlabel ('Time in “P*‘rq )

ylabel ('Heat Flux (W/M"Z)")
title(sprintf (' Number of the pi
value of g"=%g, The average Nu =
*g', nn, expnum,X,y,z,sd,AB))
legend('g""');figure

plot (time,Nu, '-o")

xlabel ('Time in Second')

ylabel ('Nu')

legend('Nusselt Number' ) ;s figure
Pt = plot(time,sp,'-");

set (Pt, 'LineWis
xlabel ('Ti
ylabel ('E il
legend('Spacing');

1)

]

Lures =%g,

tg,S5ca t“ezzi

Process:

ExperimentData file

{

' Tablel & FTables | — MakePlotsm | 3 bl
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A2.7 fpsStep.m

Application: This file takes the running time average of data in Table] using trapezoidal rule.
Each time step is the reciprocal of frequency of capturing pictures (t = 1/fps). The average of each
run is saved in XTablel table and average of each column in XTablel is saved in SXTable. Both
tables are saved in experiment directory.

Code:

clc
clear
Eic
load ExperimentData
Xx= input ('Enter experiment number Y3
nn = ExperimentData (6, xx) ;
fps = ExperimentData (2, xx) ;
load(['Exp',intZstr(fps),'/Tablel’]);
for mm = 2:nn
for i =1:mm
XTablel (i, 1)
XTablel (i, 2)
XTablel (i, 4)
XTablel (i, 3)
end
[Nht Mht]=size (XTablel);
t = XTablel(:,1);
q = XTablel(:,2);
h XTablel(:,3);
Nu = XTablel(:,4);
gf trapz(t,q)/(XTablel (Nht, 1))
hf trapz(t,h)/(XTablel (Nht, 1)) ;
Nuf = trapz (t,Nu)/ (XTablel (Nht, 1)) ;
SXTable (mm-1,1) = XTablel (Nht, 1) ;

Tablel (i,1);
Tablel (i, 2);
Tablel (i, 4);
Tablel (i, 3);

I

’

SXTable (mm-1,2) = qf;
SXTable (mm-1,3) = hf;
SXTable (mm-1,4) = Nuf;

end

save(['Exp',int2str (fps), '/SXTable'], 'SXTable"')
save(['Exp',int2str(fps), '/XTablel'],'XTablel')

Process:

»
R ettt

ExperimentData file

L

Tablel table f » fpsStep.m .; XTableland SXTable tables

&

Y 3
St
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A2.8 stat.m

A.2.8 Filename: stat.m

Application: This file takes the data from Table1 and count the number of data between mean

value and +2.5¢ in each interval of 0.25c. Standard deviation is ¢ =

1000

i=1

(’Cm'xi)2
1000

where x,, is

the mean value of instantaneous calculations. Finally it plots standard deviation versus
number of data

Code:

load ExperimentData

XxX= input ('Enter erperiment number
ExperimentData (6, xx) ;
ExperimentData (2, xx)
load(['Exp',int2str (fps),

0;m=0;1=0;0=0;2z=0;nm=0; mm=0;1lm=0; om=0; zm=0;

nn =
fps =

n =

’
v

AB

l)’.

ExperimentData (7, xx) ;

/Tabliel], 'Talklel")

nl = 0;ml=0;11=0;01=0;2z1=0;nml1=0; mml=0;1lml=0;0oml=0; zml=0;

q = mean (Tablel(:,2));
zig = std(Tablel(:,2));

for iii =

if Tablel(iii,2)<g+.25*zig && Tablel(iii,2)>g

n

1

:nn

n+l;

elseif Tablel(iii,2)<qg+.5*zig && Tablel (iii,2)>g+.25*zig

m

m +1;

elseif Tablel(iii,2)<g+.75*zig && Tablel (iii, 2)>g+.5*zig

1

1+1;

elseif Tablel(iii,2)<g+zig && Tablel (iii, 2)>g+.75*zig

O

o+1;

elseif Tablel(iii,2)<qg+l.25*zig && Tablel (iii, 2)>g+zig

z
elseif
nm
elseif
mm
elseif
1m
elseif
om
elseif
zm
elseif
nl
elseif
ml
elseif
11
elseif
ol
elseif
z1
elseif
nm

1

z+1;

Tablel(iii,2)<g+l.5*zig && Tablel (iii,2)>g+1.25%zig

= nm+1;

Tablel(iii,2)<q+1.75*zig && Tablel(iii,2)>q+l.5%zig

= mm+1;

Tablel (iii, 2)<g+2*zig && Tablel(iii,2)>qg+1.75*zig

= 1m+1;

Tablel (iii, 2)<q+2.25%*zig && Tablel(iii,2)>g+2*zig

= om+1;

Tablel (iii, 2)<g+2.5*%zig && Tablel (iii,2)>q+2.25*%zig

= zm+1;

Tablel (iii, 2)<q && Tablel(iii,2)>g-.25*zig

= nl+1;

Tablel(iii,2)<g-.25*%zig && Tablel(iii, 2)>g-.5*zig

= ml +1;

Tablel (iii, 2)<qg-.5*zig && Tablel (iii, 2)>g-.75*zig

= 11+1;

Tablel (iii, 2)<g-.75*zig && Tablel (iii, 2)>g-zig

= ol+1;

Tablel (iii, 2)<qg-zig && Tablel(iii,2)>g-1.25*zig

= z1+1;

Tablel(iii, 2)<g-1.25*zig && Tablel(iii, 2)>g-1.5*zig

= nml+1;

elseif Tablel(iii,2)<g-1.5*zig && Tablel (iii, 2)>g-1.75%zig
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mml = mml+1;
elseif Tablel(iii,2)<q-1.75*zig && Tablel(iii,2)>q—2*zig
Iml = 1ml+1;
elseif Tablel (iii,2)<qg-2*zig &s& Tablel(iii, 2)>g-2.25%*zig
oml = oml+1;
elseif Tablel(iii,2)<q—2.25*zig && Tablel(iii,2)>g-2.5*zig
zml = zml+1;
end
end
time = [-2.5 -2.25 -2 -1.75 -1.5 -1.25 -1 -.75 -.5 -.25 .25 .5 .75 1
1.25 1.5 1.75 2 2.25 2.5];
gflux= [zml oml 1ml mml nm1l z1 0l 11mlnlnmlo z nm mm Im om zm];
ftime = [-2.85 -2 -1 1 2 2.5];
tgflux= [oml+zml zl+nml+mml+lml ni+ml+ll+ol n4m+l+o z+nmtbmm+lm om+zm] ;
Pt = plot (time, gflux, '-"');
set (Pt, 'LineWidth', 1)
grid
xlabel ('Standard Deviation')
ylabel ('Nunber of data')
X = n+m+l+o+z+nm+mm+lm+om+zm+nl+m1+l1+ol+z1+nm1+mm1+lml+om1+zml;
title(sprintf('The distribution of g-value for %g pictures out of g
specinens for exp mant #%g;Wall %g', X,nn,xx,AB))
faxis([0,20,-33,-: )
legend('Distribution of q"');

Process:
' ExperimentData file
4 % f s‘%
i i | :
i Tablel table > stat.m —> One plot i
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A2.9 Nusselt.m

Application: This is a function that takes Ra and A and calculate EISherbiny Acorrelation, 1980,
(Nu); Bairi correlation, 2008, (Nul); Nader (Nu2) and Wright, 1996, (Nu3) correlation.

Code:

function [Nu Nul Nu2 Nu3] = Nusselt (Ra,A)
if (A == 5 && Ra<10"8)

aa .193*Ra".25;

bb = 1+(1800/Ra)"1.289;

Nu = max([(1+(aa/bb)"3)~.33333,.0605*Ra”.33333]);
elseif (A == 10 && Ra<9.7*1076)

Nu = max ([ (1+(.125*Ra".28)"9)"~(1/9),.061*Ra".33333]);
elseif (A == 20 && Ra<2*10"6)

Nu = (1+(.064*Ra”.33333)76.5)"(1/6.5);

elseif (A == 40 && Ra<2*1075)

Nu = (1+4(.0303*Ra”.402)711)"(1/11);
elseif (A == 80 && Ra<3*1074)

Nu = (1+(.0227*Ra”~.438)718)~(1/18);
elseif (A == 110 && Ra<1.2*10%4)

Nu = (1+(.0607*Ra”~.33333)718)"(1/18);
else

Nul = .0605* Ra”~.33333;

a = .104*Ra”.293;

b=1+ (6310/Ra)"1.36;

Nu2 = (1l+(a/b)"3)".33333;
Nu3 = .242* (Ra/RA)".272;
Nu = max([Nul,Nu2,Nu3]);
end
tfor Ra between 1000 and 10710 Ref.$ (Bairi)
if (Ra>1000 && Ra<10710&& A==1)
Nul = .15*Ra”~.29;
else
Nul = 0;
end
¢ for Ra between 50,000 and 1076 Ref.11 (Nader)

if (Ra>50000 && Ra<1l076 && A==9)
Nu2 = .178*Ra”.252;

else
Nu2 = 0;
end
% Wright new correlation [76)

if (Ra<1076&& A>=40)
if Ra>50000
Nu3 = 0.0673838*Ra”~.3333;
elseif (Ra>10000 && Ra<= 50000)
Nu3 = 0.028154*Ra~.4134;

else
Nu3 = 1+ (1.75967*107(-10))*Ra”2.2984755;
end
else
Nu3 = 0;

end

102



A2.10 iterate.m

Application: This is the main file that brings up all images from each directory to measure the q”,
Nu and h. This file feeds mscan.m with median filtered (using 15 by 15 matrix) images and save
measured parameters in SaveScale file. If images were taken on wall B they would be rotated 180
degree before being fed to mscans too.

Code:

tic
load ExperimentData
fps = ExperimentData (2, expnum) ;

SaveScale

nm = input ('Would you like to see the scan?(enter 1 or any) Yes=1 &
No=any number ')

if nm ==

n = input('How many (less than 20) directories would you like to
make?') ;
else
n = ExperimentData (6, expnum) ;
end
n=n-1;
for imgnum=0:n
s=num2str (imgnum, '$%$06.0f");
J=imread(['Exp',intZStr(fps),'/',intZStr(imgnum),'/imgA',s,
'.TIF']));
I=medfilt2(J, [15 15]);
I=imrotate(I,phi,‘bilinear');

All images from each directory

mscanb
end
toc
Process:
| ExperimentData |
L 3 &
% . .
i : | Median filtered images and
¢ iterate.m

SaveScale file
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A2.11 regression8.m

Application: This function acts the same as the regression.m does. This version of the routine is
improved in the way that it selects the closest possible points to the wall each time.

Code:

% This function receives the line intensity matrix [cx,cy,c]
% and fits a sine curve to the data using nonlinear regression.
% The function returns the unscaled fringe spacing, corresponding to a
% shift of one fringe order (e.g. constructive peak to constructive
peak
% OR destructive peak to destructive peak) .
%
%This function is an improvement over regression5, in that the average
%intensity is adjusted (avI) to get the best fit. This turns out to
tmake no difference to the calculated value of P, in most cases.
%
function spacing = regression8 (cx, cy, c)
In=[cx,cy,c];
N=length(ln);
% Extracts the average intensity for entire scan length
avI=mean|(c) ;
% Find the mean intensity crossings
% Initialize counters
xings=0;
®i=[]1;
$
for i=1:N-1
if 1In(i,3)<avI && ln(i+1,3)>avI
xings=xings+1;
x1i(xings)=i;
end
if In(i,3)>avI && 1n(i+1,3)<avI
xings=xings+1;
xi(xings)=i;
end
end
%Extract data for one period
xend=xi(3)-xi(1)+3;
for i=1l:xend
period(i,1)=1n(i,1);
period(i,2)=1n(i, 3);
end
%
% Compute revised mean intensity based on one period of fringe data
Avgnew=mean (period) ;
% Extracts the average intensity -- the mean value of column 2
avI=Avgnew(2) ;
% Initial guesses for regression parameters
P=(2*pi)/(xi(3)-xi(1));
P1l=P;
Pold=0.0;
% Initial Phase Angle
cl=xi(1);
clpl=xi(1)+1;
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if period(cl, 2)<period(clpl, 2)
phi=0.0;
end
if period(cl,2)>period(clpl, 2)
phi=3.1415;
end
% Initial Estimate of Amplitude
Imax=max (period) ;
Imin=min (period) ;
A=(Imax(2)-Imin(2))/2.0;
M=length (period) ;
%
%0uter/Outer Regression Loop (P and phi)
count3=0;
stop3=0;
while stop3==0 && count3<100
% This is the outer for loop for phi regression
stop=0;
countl=0;
dEold=0;
while stop==0 && countl<7000
% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end
$
% Increment the phase angle and recompute the sum sg. ‘error (Ephi)
dphi=0.0005;
phi2=phi+dphi;
Ephi=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,l)—period(l,l))+phi2);
Diff2=(Ifit-period(k,2))"2.;
Ephi=Ephi+Diff2;
end

% Store the old value of dEdphi (for sign change test)
dEdphi= (Ephi-Ebase) /dphi;

if dEdphi > 0
phi=phi-dphi;

" end

if dEdphi < 0
phi=phi+dphi;

end .

if dEold<0 && dEdphi>0

stop=1;

end )

if dEold>0 && dEdphi<0

stop=1;

end

countl=countl+l;

dEold=dEdphi;

end
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% end of outer for loop for regression of phi

3

% start of outer loop for regression of P

stop=0;

count2=0;

dEold=0;

while stop==0 && count2<1500

% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end

%

% Increment the phase angle and recompute the sum sq. error (Ephi)
dP=P1/1000.;
P2=P+dP;
EP=0.0;
for k=1:M
Ifit=avI+A*sin(P2*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit-period(k,2))"2.;
EP=EP+Diff2;
end
%
dEdP=(EP-Ebase) /dP;
if dEdP > 0
P=P-dP;
end
if dEdP < 0
P=P+dP;
end

if dEold<0 && dEdP>0
stop=1;
end
if dEold>0 && JEdP<O0
stop=1;
end
count2=count2+1;
dEold=dEdP;
end
% end of P regression loop
% Start of loop for regression of Iav
stop=0;
countavI=0;
dEold=0;
while stop==0 && countavI<50
% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end
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% Increment the avI and recompute the sum sqg. error (EavlI)
davI=A/500.;
avI2=avI+davl;
EavI=0.0;
for k=1:M
Ifit=avI2+A*sin(P*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit—period(k,2))“2.;
EavI=EavI+Diff2;
end
%
dEdavI=(EavI-Ebase) /davl;
if dEdavI > 0
avIi=avI-davl;
end
if dEdavI < 0
avIi=avI+davl;
end

if dEold<0 && dEdavI>0
stop=1;
end
if dEold>0 && dEdavI<O0
stop=1;
end
countavI=countavI+1;
dEold=dEdavI;
end
% end of avl regression loop
count3=count3+1;
deltaP=abs (P-Pold);
if deltaP<=dp
stop3=1;
end
Pold=P;
% outer "while"” end statement
end
spacing=2*3.14159/P;
end
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A2.12 reglow.m

Application: This function acts the same as the regression.m does. This version of the routine
was improved to measure the low heat transfer region.

Code:

This function receives the line intensity matrix [cx,cy,c]

and fits a sine curve to the data using nonlinear regression.

The function returns the unscaled fringe spacing, corresponding to a
shift of one fringe order (e.g. constructive peak to constructive

O
jo1]
=

OR destructive peak to destructive peak) .

This function is an improvement over regression and regression8,
in that the average intensity is adjusted (avI) and amplitude (A)
get adjusted for the best fit. This turns out to

make no difference to the calculated value of P, in most cases.

THIS FUNCTION IS FOR LOW HEAT TRANSFER REGIONS.

The entire line scan from pl to p2 is used. (This is because there is
not enough pixel data to get the three mean crossings and estimate
the fringe pitch automatically.) So pick it carefully!

The scan, pl to p2, should cover about one period of

intensity data. The approx fringe Pitch SP, in pixels, in an input.
SP is needed for a first guess for P in the regression.

Before running these function you need to enter e.g. SP=512

in the command window, where approx SP is the fringe spacing in
pixels.

O O 00 I OO O OO N N I OO N N AN N T K K e o©

$
function spacing = reglow(cx,cy, c, SP)
P=2*3.14/SP;
In=[cx,cy,c];
N=length(1ln);
% Extracts the average intensity for entire scan length
avl=mean(c) ;
% Find the mean intensity crossings
% Initialize counters
xings=0;
xi=[];
%
for i=1:N-1
if 1n(i,3)<avI && 1ln(i+1,3)>avI
xings=xings+1;
xi(xings)=i;
end
if In(i,3)>avI && ln(i+1,3)<avI
xings=xings+1;
xi (xings)=i;
end
end
% Use all the data from the scan
for i=1:N
period(i,1)=1ln(i,1);
period(i,2)=1n(i, 3);
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end
%
% Compute revised mean intensity based on one period of fringe data
Avgnew=mean (period) ;
% Extracts the average intensity -- the mean value of column 2
avI=Avgnew (2) ;
P1=P;
Pold=0.0;
cl=xi(1);
clpl=xi(1l)+1;
phi=3.14/2.0;
% Initial Phase Angle
if period(1,2)<period(3,2)
phi=0.0;
end
if period(1,2)>period(3,2)
phi=3.1415;
end
% Initial Estimate of Amplitude
Imax=max (period) ;
Imin=min (period) ;
A=(Imax(2)-Imin(2))/2.0;
M=length (period) ;
%
tOuter/Outer Regression Loop (P and phi)
count3=0;
stop3=0;
while stop3==0 && count3<100
% This is the outer for loop for phi regression -
stop=0;
countl=0;
dEold=0;
while stop==0 && countl1<7000
% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,1)—period(1,1))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end
$
% Increment the phase angle and recompute the sum sq. error (Ephi)
dphi=0.0005;
phi2=phi+dphi;
Ephi=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,l)—period(l,l))+phi2);
Diff2=(Ifit-period(k,2))"2.;
Ephi=Ephi+Diff2;
end

% Store the old value of dEdphi (for sign change test)
dEdphi=(Ephi-Ebase) /dphi;

if dEdphi > 0

phi=phi-dphi;
end
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if dEdphi < 0
phi=phi+dphi;
end
if dEold<0 && dEdphi>0
stop=1;
end
if dEold>0 && dEdphi<0
stop=1;
end
countl=countl+1;
dEold=dEdphi;
end
% end of outer for loop for regression of phi
%
% start of outer loop for regression of P
stop=0;
count2=0;
dEold=0;
while stop==0 && count2<1500
% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin (P* (period(k,1l)-period(1,1))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end

%
% Increment the phase angle and recompute the sum sq. error (Ephi)
dP=P1/1000.;
P2=P+dP;
EP=0.0;
for k=1:M ,
Ifit=avI+A*sin(P2*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit-period(k,2))"2.;
EP=EP+Diff2;
end
%
dEdP= (EP-Ebase) /dP;
if dEdP > 0
P=pP-dP;
end
if dEdP < 0
P=P+dP;
end

if dEold<0 && dEdP>0

stop=1;
end
if dEold>0 && dEdP<O0
stop=1;
end
count2=count2+1;
dEold=dEdP;

end

% end of P regression loop

% Start of loop for regression of Iav
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stop=0;
countavI=0;
dEold=0;
while stop==0 && countavI<50
% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin (P* (period(k,1l)-period(1,1))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end
%
% Increment the avI and recompute the sum sqg. error (EavI)
davI=A/500.;
avI2=avI+davl;
EavI=0.0;
for k=1:M
Ifit=avI2+A*sin(P* (period(k,1)-period(1,1))+phi);
Diff2=(Ifit-period(k,2))"2.;
EavI=EavI+Diff2;
end
%
dEdavI=(EavI-Ebase) /davl;
if dEdavI > 0
avi=avI-davl;
end
if dEdavI < 0
avli=avI+davl;

end

%
if dEold<0 && dEdavI>0
stop=1;
end
if dEold>0 && dEdavI<O0
stop=1;
end
countavI=countavI+l;
dEold=dEdavI;

end

% end of avI regression loop

%

% Start of loop for regression of A

stop=0;

countA=0;

dEold=0;

while stop==0 && countA<50

% Compute the baseline sum square error (Ebase)
Ebase=0.0;
for k=1:M
Ifit=avI+A*sin(P*(period(k,1)—period(l,1))+phi);
Diff2=(Ifit-period(k,2))"2.;
Ebase=Ebase+Diff2;
end

%

% Increment the A and recompute the sum sq. error (EA)

dA=A/250.;

A2=LA+dA;
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EA=0.0;
for k=1:M
Ifit=avI+A2*sin(P*(period(k,l)—period(l,l))+phi);
Diff2=(Ifit-period(k,2))"2.;
EA=EA+Diff2;

end
%
dEdA= (EA-Ebase) /dA;
if dEdA > 0
A=A-dA;
end
if dEdA < O
A=RA+dA;
end
%
if dEold<0 && dEdA>0
stop=1;
end
if dEold>0 && dEdA<O
stop=1;
end
countA=countA+1;
dEold=dEdA;
end
% end of A regression loop
%

count3=count3+1;
deltaP=abs (P-Pold) ;
if deltaP<=dP
stop3=1;
end
Pold=P;
% outer "while" end statement
end
spacing=2*3.14159/P;
end
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APPENDIX B: EXPERIMENTAL UNCERTAINTY ANALYSIS

B1 Introduction

Like all measurements, the current time-averaging technique has a degree of
uncertainty. It includes uncertainty due to digitization and the optics of the Mach-
Zehnder Interferometry (MZI). Digitization is related to pixel size of the high speed
camera, which is 12 micron in the present work. The MZI has a degree of uncertainty
from a variety of sources too. A detailed description of probable sources of error can be

found in Machin’s thesis (1997).

All uncertainty results were done on the finite fringe mode for the experiment
number 69. This experiment was done in the middle of the cavity with a plate spacing of
L =40 mm, a plate-to-plate temperature difference of AT = 15 K, and a pressure P = 755
mmHg, and a mean fringe spacing (d) of 107 pixel (1.6 mm). This case was chosen
because it represents a typical set of experimental parameters and offers a range of

variables to investigate the errors of the measurements.

As mentioned in Chapter 3, the fringes were set in a horizontal position and in
finite mode while the model was unheated and the plates were at room temperature.
When the plates were heated/cooled, these fringes bent upward in the region close to hot
plate and bent downward in areas close to cold plate. The accuracy of these fringe shifts

can be affected by any misalignment of the optics. This misalignment, as shown in
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Figure 3.1, would create an artificial fringe gradient in the x-direction, resulting in a
fringe shift error. Figure B.1 shows a sketch of the fringe misalignment. The degree of

misalignment has been exaggerated for illustration purposes.

Isothermal Wall

Figure B1 Sketch of the misaligned finite fringes.

Referring to geometry shown in Figure B1 and recalling that “d” is the finite

fringe spacing in the y-direction:
y=xtan® and y/d=¢ (B.1)
€ =X tan(0)/d (B.2)

where ¢ is fringe shift, x is the x-coordinate of measuring point, and 0 is

misalignment. Taking the partial derivative of the Eq. B.2 with respect to x gives:
d¢/ 0x =tan 0/d (B.3)

To simplify the analysis, the fringe shift gradient ( d¢/ 9x) has been renamed F. So, Eq.

B.3 becomes:
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F =tan 6/d (B.4)

The experimental uncertainty was determined by using Law of Propagation of
Uncertainty or the method of Kline and McClintock (1953). Also, NIST (National
Institute of Standard and Technology) guideline (Taylor and Kuyatt, 1994) was used to
measure Type A of uncertainty. It is assumed that all the uncertainties have the same
probability of occurring. Given the result D is a function of n independent variables, x;,

X2y Xgunsy Xy Then:
D = D(x5,x5,%3, ..., x5) (B.5)

And letting Up be the uncertainty of D and Uy, Uy, Us,...,U, be the uncertainty of

the independent variables, then the uncertainty of D can be expressed as follows:

Up = [(5";’—1 Ul)2 + (:—i uz)2 T Un)2]1/2 (B.6)

Oxp
Using above equation to find the uncertainty of F:

1/2 1/2

[Guee) + (20" @)

Up = [(é(t_iie—) Utan())z + ('Z_Z Ud)z]

The uncertainties of d and tang were estimated to be Ug=0.3mm and U gy =
0.04, respectively. Another sources of uncertainty in F came from the noise and optical
imperfections. The noise level was calculated and reported in Section 4.2.1. It was 2.8%,_
which is 0.84 m™. The optical imperfection uncertainty was estimated about 5%, which is

1.5 m™.These values were added to the result of Equation B.7 and the result was found to

be +4.81m™.
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B2 Uncertainty in the Local Convective Heat Flux

From Section 3.3, Eq. 3.11 was used to calculate the local instantaneous heat

transfer rate:

" R 2o TZ 0¢

q =—k R, T?
S wPG ox x=0

WPG

= —kg

(B.8)

Using the description in section B.1, an expression for the error in the local

convective heat flux can be determined. Applying Eq. B.8 and Eq. B.6 gives:

O ORI C O R R

The following equations are the expressions for the various partial derivatives in

Eq. B.9:

3q" _ ksTERAF

20 TER1 (B.10)
% _ Eﬁ—? (B.11)
ai" _ 2ksTsRAF (B.12)v
0T WPG

aqr _ ksTZRAF (B.13)

ow wz2pG

Using Equations B.10 through B.13 with the uncertainties listed in Table B1, and
the experimental parameters discussed in Sec. B1, the experimental error was determined.
The uncertainty in the local convective heat flux was found to be approximately +0.75%.
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A summary of the uncertainties and the propagated errors are shown in Table B1.

Table B1 The uncertainty of the parameters associated with a typical measurement (for a =22.27

W/m?).
Measured identity Tool used Uncertainty ? U, (W/m?)
Xn
Pressure, Up Barometer +26.6 Pa +0.000022
Plate Temperature, Ur, Platinum resistance | 0.3 K +0.00017
thermometer

Optical length of plate U,, | Micrometer +0.005 m +0.00078
Fringe shift gradient, Uy | MATLAB +4.81m™ +0.17

The uncertainty due to the capturing time (ten seconds) affects the total
uncertainty of the experiment independently. Assuming that 67% is the chance that all
time-averaged values lay between maximum and minimum values, the uncertainty can be
estimated to be 2.2%. Data are provided in Section 4.3.3. Also, experiments 143 and 137
were set up to check the reproducibility. All parameters (e.g., location, temperatures)
were fixed, but time. The time-averaged heat flux from these two experiments was 0.21%

different.

Considering 5% uncertainty due to optical imperfection (Type B) and 2.2%
statistical uncertainty (Type A), the combined uncertainty was measured using the law of
propagation of uncertainty (square root of the sum-of-the squares or “RSS” method).

Based on the “RSS” method, the uncertainty due to the time averaging was 5.5%.
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APPENDIX C: SAMPLE CALCULATIONS

A sample calculation is done for the finite fringe interferogram for the case of the
largest wall spacing of L = 56.2 mm and camera distance of 23 inches (Experiment 16),
plate to plate temperature difference of AT = 15.09 °K. A summary of the parameters

used for the calculation is shown in Table C1.

Table C1 Given data

Parameter Value
Gladstone-Dale constant, G 0.226 x10” m’/kg
Wavelength of He-Ne laster, A, 6.328x 10" m
Gas Constant, R 287 J/kg'K
Ambient pressure, P 101720 Pa
Cold wall temperature (A), T, 288.67 K
Hot wall temperature (B), T, 303.76 K

Length of model in light beam direction, W 0.547 m

Average gap between isothermal walls, L 0.0562 m
Pin distance, real size 0.006935m
Pin distance, on the image 560 pixels

C1 Air Properties

Film temperature, T

1 .
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b

= ~(288.67 + 303.76) = 296.215 K

Volumetric expansion coefficient,

~ 296215
B =0.0034 1/,
Density, p

Using the ideal gas law:

101720

P =387 x 296.215

p = 1.1965 kg/m3
Dynamic viscosity, p at Ty
Using Touloukian and Makita (1975) evaluated at the film temperature:
p=1835%x10"kg/m-s

Thermal conductivity using the surface and film temperatures (T, = 288.67 K & Tj =

296.22 K), ks & ki,

Using Touloukian and Makita (1975) evaluated at cold wall temperature:
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ks =0.0253W/m-K & ks =0.0259W/m - K
Specific heat, cp
Using Touloukian and Makita (1975) evaluated at the film temperature:

cp = 10062 J/kg - K

C2 Cavity Properties

Aspect ratio, A
Using average gap between isothermal surfaces, L:
A =H/L =980/56.2 =17.44

Rayleigh number, Ra:

p’L’'gC,ATS

Ra= =269310

C3 Heat Flux

Scale Factor, SF

Following instruction number001,

pin distance in meter

" pindistance in pixel

_ 0006935

SE 560

= 1.23 x 107> m/pixel
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The image processing software determined the fringe peaks in units of pixel.

Mean value of fringe spacing was 180 pixels:

dx =180 * 1.23 x 105 =0.0022 m

Fringe shift difference, de = 1

Fringe gradient, de/dx

The fringe gradient was determined by assuming linear interpolation:

de _ Ag
ax x=0 - Ax
de _ 1
Oxly—o  0.0022
de
— =454m™1
ox x=0

Local convective heat flux, q;,

« _ ksR2A,TZ0e
T = WPG  9xly—g

w 5
002535 287kgLK* 6.328x 10~7 m » (288.67K)?

== 454m=1
0.547 m » 101720 Pa * 0.000226 m3/kg * 454m

gy = — 13.83 W/m?
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C4 Nusselt Number

R -2 0.0562m . 188
Y 7 kg (Th-Tc) 0.0259W/m-K (15.09) )
CS: Fringe Shift along Test Model
m3
o 10172 Pa*0.0002267-+0.547m , %
Ae=22(2-1)= , ke ( = )=11.73
RAp \T, Tp 288.67K 30376 K

= =7
287kgK*6.328 X107/ m

AT/Ag = 15/11.73 = 1.3 K/fringe
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APPENDIX D: SELECTED TABULAR DATA

D1 Introduction

In this appendix, only time-averaged and input tables are listed. It is not possible
to present all the tables here, because of space limitations. All instantaneous values were
saved on a DVD. It is available in the Thermofluids Research Lab. Wall A and B refer to
the cold wall and hot wall respectively. Finally, the content of the ExperimentData file is

presented.
D2 Time-Averaged Values

Table D1 Time-averaged value in each level (A =30.3, Ra,, = 5x10%)

Y (mm) N, q-; (W/m?) SD(W/m’)  Scattering (%) Exp.# Wall
3 .0.:035 . 416 Dlen B 3. A
15 0.35 4.16 1.6 ¢ T TRRIN 43 A
20 0.32 38 0.58 5 T RAb R A
35 0.63 7.59 0.76 e 47 A
50 0.65 7.88 1.21 ‘ @ i 50 A
60 0.93 11.2 3.86 996 51 A
10 157 17 1.46 i S4iETA
90 1.32 16 1.46 36.2 : 54 A
100 1297 164 Ll e ST A
110  1.29 15.4 1.1 334 57 A
170 152 18.3 182 " AR 58 A
260 1.77 213 2.47 49 61 A
340: . 225 26.7 2.17 449 . 62 A
400 2.16 25.8 2.56 77.9 65 A

2 A855...2.18 261 3.13 e LR 66 A
485  2.17 25.8 2.33 51 67 B
400 245 29.2 3927 A9 Ea B
340 223 26.5 3.65 55.2 63 B
260 © 1.86 223 1.33 2983 600" B
170 2.00 23.9 1.08 20.49 59 B
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Y (mm) Nu, q_;(w/mz) SD(W/m®)  Scattering (%) Exp.# Wall

10 2.72 327 1 15.82 56 B
100 2.82 33.9 1.57 21.32 55 B
S0 T3 T s 2.95 33.59 53 B
70 317 38.2 0.84 11.25 52 B
600 343 416 WEs o anisi i 52 B
50  3.16 38.1 0.51 7.74 49 B
vl mhhae il 0.58 5.68 s B
20  5.08 61.1 1.27 9.64 45 B
150478 57.3 1.14 10.63 44 B
5 5.50 66.3 0.72 6.6 44 B

Table D2 Time-averaged value in each level (A = 24.5, Ra,, = 10°)
Y (mm) N, q—; (W/m?) SD(W/m®) Scattering (%) Exp.# Wall

500 1421366 105 . 60 87 A
15 142  13.66 1.05 60 87 A
30 1267 1378 38.59 31.58 84 A
50 126 1228 3859 31.58 84 A
90 . 115 = 1123 1.05 4138 83 A
120 136  13.26 5.27 513 80 A
180 186  18.06 16 4237 79 A
250 225 2191 1.8 37.23 76 A
2300 283 @ 2758 9.97 328 75 A
350 264 2577 3.08 54.45 72 A
LA007012,500 1124350 L1220 IIIS6 TS T g A
480 291 2829 9.98 243 68 A
480 274  26.65 a9 e g e TR
400 262 2557 2.59 51.92 70 B
350 285 7 2781 249 14137 73 B
300 2.64 25.7 2.93 46.19 74 B
250297 - 2877 7.3 0l og5T 17k B
180 2.88  28.03 1.81 39 78 B
120 358 3497 129:° 3854 81 B
9 446 4232 6.66 112.7 82 B
50. :: 5.07. 4950 113 9.95 85 B
30 536 5242 0.77 8.19 85 B
15 .58 5677 0697.: - 597 86~ B
5 6.57 64.2 1.16 11.55 86 B
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Table D3 Time-averaged value in each level (A = 17.4, Ra,, = 2.7x10%)

Y(mm) Nu, " (wim? SD(W/m’) Scattering (%) Exp.# Wall

ES 0860 6113 b 1787 91 A
15 086 6.113 7.19 1787 91 A
.30 0.9 6.26 4235 003024 92 A
50 09 626 4.23 302.4 2 A
210009 6261 423 L3024 95 A
9 093 647 2.6 268 9% A
12074099 i'685 1.24 114 i
140 129 896 3.98 235 9 A
1801507 71044 2.6 452 s
250 202  14.09 2.69 376 16 A
3007 387 1901 1.69 52.15 {035 R
350 338  23.52 2.96 71.9 103 A
3107 13117 2158 3.65 Fi19 060 A
480 361 25 115 19 107 A
480 364  25.19 fpld il T SRR e
410 344 2385 2.94 101.8 105 B
350073987 72768 354 TEEEITS 04 n
300 345  23.95 2.45 50.28 101 B
250 396 = 2752 1.55 36.17 00 B
180 437  30.33 2.09 88.8 14 B
140 524 3638 1.69 e OfRIER
120 592 4116 1.06 15.54 89 B
9 663  46.02 4,65 PELIE T ey
70 689  47.82 16 1331 94 B
507 764 15057: 131 Vel s B
30 825 5722 2.188 19.28 93 B
B E{o sk %13 17.26 0Ty
5 878  60.79 3.3 20.11 9 B
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Table D4 Time-averaged Nusselt number in different y-coordinate for recent improved experiments (A =
17.3, Ra, = 2.9x10%)
y/H Wy Exp# Wall
0.005 0.41 127
0.01 0.50 127
0.02:. 0,67 @ 128
- 0.04 1.02 129
0.05. 1.05- 130
0.06 1.26 131
008 1.39 132
0.09 1.44 133
0.10 1.63 134
012 1.64 135
0.13.. 1.60 ¢ 136
0.19 219 140
024 253 141
030 3.12 142
037, 359 1150
0.43 3.87 114
0.50 4.15 111
0.005 6.29 126
0.01 10.19. 126
0.02 938 125
- 0,04 934 124
- 0.05 857 123
006 767 122
0.08 7.69 121
0.09 624 120
0.10 557 119
012 ~534 118
0.13 541 117
2019 42900139
0.24 474 138
030 424 137
037 434 116
5043 1 3708001130
0.50 4.16 112

SRR R RSP SN S PR S P P S PN P
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D2 Content of ExperimentData File

Table D5 Contents of ExperimentData file, shaded column is added for more clarification. It is not part of the input fi

le.

Experiment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Number

Frames/s 200 100 500 100 50 30 50 30 100 200 500 300 30 100 100 100
Spacing (mm) 40 40| 40 40| 40| 40 40| 40| 40| 40| 40| 40| 40| 56.2] 56.2| 562
Exposure (us) | 4997 2820 | 1997 | 2824 | 2823 | 2823 | 1585 | 1120 | 1583 1583 | 1583 | 1583 518 | 4094 | 4094 | 4094
Camera 18 18 18 18 18 18 18 18 18 18 18 18 18 23 23 23
Distance

(inch)

Number of 3272 1200 | 3272 | 1200 600 400 | 1600 | 1000 | 2000 | 4929 | 6117 | 5018 50 | 1000 | 1000 | 1000
pictures

Wall_ing 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Pin Distance 478 470 470 480 480 480 450 450 470 450 450 450 458 560 560 560
(pixel)

T.(°C) 15.72 | 15.72 | 15.72 | 15.72 | 15.72 | 15.72 11.6 116 | 11.6 (1161 |11.63| 11.6| 15.48| 1552 | 15.52 | 15.52
Tw(°C) 30.09 | 30.09 | 30.09 | 30.09 | 30.09 | 30.09 | 31.64 | 31.64 | 31.64 | 31.65 31.66 | 31.66 | 30.56 | 30.61 | 30.61 | 30.61
Room Temp. 21.1 21.11-21.11 -21.171-°21.1° 211 216 | 21.6| 216| 215 216| 216 23 23 23 23
(°C)

Pressure 758.1 | 758.1|758.1| 758.1| 758.1 | 758.1 749 749 | 749 | 749 | 749 | 749 |7536| 763| 763| 763
(mmHg)

Date 6.11 6.11| 6.11| 6.11| 6.11| 6.11 6.16 | 6.16 | 6.16 | 6.16 | 6.16 | 6.16 | 6.23 | 101 10.1| 10.1
(mm.dd) :

y (mm) 490 490 | 490 | 490 | 490| 490 | 490 | 490| 490| 490| 490| 490| 490 800 | 180 | 250
y/H 0.50 0.50| 0.50| 0.50| 050 0.50| 0.50| 0.50| 0.50 0.50| 0.50| 0.50( 0.50| 0.18| 0.18| 0.26
Ra 91512 91512 91512 91512 91512 91512 | 127104 127104 | 127104 | 127084 | 126991 | 127211 94727 | 269310 | 269310 | 269310
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Experiment | 17 18 19 20- 21 22 23 24 25 26 27 28 29 30 3l 32
Number NA

Frames/s 500 200 100 100 100 100 100 200 200 100 100 100 100 100 100
Spacing 40 40 40 40 | 12.7 | 12.7 | 12.7 323 32.3 323 127 127 | 12.7 | 127 | 12.7
(mm)

Exposure 1997 2941 | 4160 | 5997 | 5877 | 5877 | 4152 | 3533 | 3533 | 4152 | 2493 | 3518 | 3517 | 3517 | 3515
(us)

Camera 26 26 26 26 23 23| 18.5 18 18 18 18 18 18 18 18
Distance

(inch)

Number of 9746 9000 | 4500 | 3000 | 2000 | 2000 | 2000 | 2500 | 2500 | 1000 | 1500 | 1600 | 1000 | 1000 | 1000
pictures

Walling 0 0 1 1 0 1 0 1 0 1 5 4 5 4 1
Pin 620 640 670 660 576 576 468 458 458 471 464 464 460 460 447
Distance

(pixel)

T(2€) 15.72 15.73 | 15.72 | 15.71 | 15.37 | 15.37 | 15.45 | 15.48 | 15.48 21.2 | 15.38 | 15.38 | 15.45 | 15.45 | 15.44
T (°C) 30.55 | 30.54 | 30.52 | 30.52 | 30.44 | 30.44 | 30.4| 30.56 | 30.56 | 21.22 | 30.47 | 30.47 | 30.49 | 30.49 | 30.46
Room 23.1 23 22.7 227 | 225 | 225 22.7 23 23 22 23 23| 234 | 234 228
Temp. (°C)

Pressure 760 | 756.4 | 749.5 | 749.2 | 754.2 | 754.2 | 751.8 | 753.6 | 753.6 761 766 766 754 753 746
(mmHg)

Date 6.24 6.25 6.28 6.29 7.2 72 7.8 7.21 7.21 823 | 9.10| 9.10| 9.13 | 9.13| 9.14
(mm.dd)

y (mm) 490 490 490 490 480 480 480 490 490 490 490 490 510 560 610
y/H 0.50 0.50 0.50 0.50| 0.50| 0.50| 0.50 0.50 0.50 050| 049 | 051| 053 | 058 | 0.64
Ra 94576 | 93555 | 91816 | 91811 | 3040 | 3040 | 2996 | 49877 | 49877 0| 3139 | 3139 | 3029 | 3021 | 2962
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46

Experiment 33 34 35 36 37 38 39 40 41 42 43 44 45 47 48 49

Number |

Frames/s 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Spacing 12.7 12.7 | 12.7 12.7 12.7 | 127 127 12.7| 12.7 12.7 32.3 32.3 32.3 32.3 32.3 32.3 323

(mm)

:Exp)osure 3515 | 2458 | 2458 | 2458 | 2458 | 2458 3993 | 2899 | 2899 | 4099 | 4096 | 4096 | 4096 | 2896 | 4096 4096 | 4096
us

Camera 18 18 18 18 18 18 18 18 18 18 19 19 19 19 19 19 19

Distance

(inch)

Number of | 1000 | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000 | 1000 | 1000 13| 1000 | 1000 | 1000 978 | 1000 | 1000

pictures

Walling 1 1 1 1 1 1 1 0 2 0 0 1 1 0 0 1 0

Pin 447 446 446 446 446 440 449 468 468 468 460 460 470 470 470 470 475

Distance

(pixel)

T:(%C) 15.45 | 15.47 | 15.47 | 15.46 | 15.45 | 15.44 | 15.47 15.51 | 15.46 | 15.48 | 15.53 | 15.52 | 15.57 | 15.57 | 15.56 | 15.56 | 15.56

Th (°C) 30.46 | 30.45 | 30.45 | 30.46 | 30.48 | 30.48 | 30.48 | 30.47 30.46 | 30.48 | 30.57 | 30.58 30.6 30.6 | 30.62 | 30.62 | 30.63

Room 23| 233 | 23.3]| 233 23.3 23 23| 235 23 23 22.7 22.7 23 23 23 23 23

Temp. (°C)

Pressure 746 | 761.8 | 761.8 | 761.8 | 761.8 763 763 750 749 | 749.5 749 749 | 748.4 | 748.4 749 749 749

(mmHg) ‘

Date 9.14| 9.15| 9.15| 9.15| 9.15| 9.19] 9.19| 930 9.30| 9.30 10.1 10.1 10.1 10.1 10.1 10.1 10.4

(mm.dd)

y (mm) 660 | 760 | 810| 860| 910| 610 660 5| 945 30 5 975 960 20 40 930 60

y/H 069 0.79| 084 | 090| 095| 0.64| 0.69| 0.01 0.98 | 0.03 0.01 0.99 0.98 0.02 0.04 0.95 0.06

Ra 2960 | 3080 | 3080 | 3085 | 3091 | 3103 | 3096 | 2980 2982 | 2985 | 49116 | 49182 | 48978 | 48978 | 49151 | 49151 | 49180
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Experiment 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66
Number

Frames/s 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Spacing 323 | 323| 323 | 323 | 323 323| 323| 323 323 32.3| 32.3| 323 323| 323| 323]| 323| 323
(mm)

Exposure 4096 | 4096 | 4096 | 5792 | 5792 | 5792 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094
(us)

Camera 19 19 19 19 19 19 19 19 19 19 19 19 23 23 23 23 23
Distance

(inch)

Number of | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000
pictures

Walling 0 0 1 1 0 1 1 0 0 1 1 0 0 1 1 0 0
Pin 475 470 470 480 480 480 470 470 470 470 470 470 560 560 560 560 560
Distance

(pixels)

Te(9C) 15.56 | 15.58 | 15.58 | 15.59 | 15.59 | 15.6 | 15.64 | 15.63 | 15.61 | 15.61 | 15.61 | 15.61 | 15.73 | 15.73 | 15.71 | 15.71 | 15.62
Th(°C) 30.63 | 30.63 | 30.63 | 30.64 | 30.64 | 30.62 | 30.62 | 30.62 | 30.59 | 30.59 | 30.59 | 30.59 | 30.59 | 30.59 | 30.6| 30.6| 30.58
Room 23 23 23| 23.2| 23.2| 23.2| 23.5] 235 23 23 23 23 23 23 23 23| 22.7
Temp. (°C) |
Pressure 749 749 749 756 756 756 758 758 | 762.5 | 762.5 | 762.5 | 762.5 768 768 768 768 761
(mmHg)

Date 10.4 10.4 10.4 | 10.5 10.5 10.5 10.5 10.5| 106| 10.6| 106 | 10.6|10.11 | 10.11 | 10.11| 10.11 | 10.14
(mm.dd) ' '

y (mm) 60 70 910 900 90 890 880 100 170 810 720 260 310 670 600 380 490
y/H 006| 007| 093| 092| 0.09| 091| 090| 0.10| 0.17| 0.83| 0.73| 0.27| 032| 068| 061| 0.32| 0.50
Ra 49180 | 49107 | 49107 | 50021 | 50021 | 49925 | 50041 | 50078 | 50660 | 50660 | 50660 | 50660 | 50934 | 50934 | 51041 | 51041 | 50394
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Experiment | 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82
Number

Frames/s 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Spacing 32.3 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40
(mm)

Exposure 4094 4094 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094
(us)

Camera 23 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19
Distance

(inch)

Number of | 1000 1000 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000
pictures

Walling 1 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1

Pin 560 473 473 475 475 475 475 475 475 475 475 475 475 475 475 475
Distance

(pixel)

Te(9€) 15.62 | 15.57 | 15.57 | 15.59 | 15.58 | 15.58 | 15.58 | 15.58 | 15.58 15.59 | 15.59 | 15.59 | 15.59 | 15.55 | 15.55 | 15.55
Th(°C) 30.58 | 30.6 30.6 | 30.67 | 30.66 | 30.66 | 30.66 | 30.66 | 30.66 30.63 | 30.63 | 30.63 | 30.63 | 30.67 | 30.67 | 30.67
Room 22.7 23 23 235 | 235 | 235 |235 |235 |235 23.8 | 23.8 [23.8 |23.8 |23.5 |23.5 |235
Temp. (°C)

Pressure 761 768 768 768 768 768 768 768 768 768 768 768 768 763 763 763
(mmHg)

Date 10.14 | 10.7 10.7 |10.6 |10.6 | 106 |10.6 | 10.6 | 10.6 10.7 | 10.7 |10.7 |10.7 |10.7 |10.7 | 10.7
(mm.dd)

y (mm) 490 485 495 580 400 350 630 680 300 250 730 800 180 120 860 890
y/H 0.50 049 | 051 059 041| 036 0.64| 0.69 031| 0.26| 0.74| 0.82| 0.18| 0.12| 0.88| 0.91
Ra 50394 | 97956 | 97956 | 98213 | 98228 | 98228 | 98228 | 98228 | 98228 | 97983 | 97983 | 97983 | 97983 | 97226 | 97226 | 97226
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Experiment 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97
Number

Frames/s 100 | 100| 100| 100 | 100 100 500 100 100 100 100 100 100 100 100
Spacing 40 40 40 40 40| 56.2| 56.2| 56.2| 56.2| 56.2| 56.2| 56.2| 562| 56.2| 562
(mm)

Exposure 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094 | 4094
(us)

Camera 19 19 19 19 19 19 19 23 23 23 23 23 23 23 23
Distance

(inch)

Numberof | 478 | 1000 | 1000 | 300 | 1000 | 1000 | 7500 | 1000| 1000| 1000| 1000| 1000| 1000| 1000| 1000
pictures

Walling 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1
Pin 475 | 475| 475| 475| 475 478 478 560 560 560 560 560 560 560 560
Distance

(pixel)

T.(°C) 15.55 | 15.55 | 15.55 | 15.55 | 15.55 | 15.55| 1555| 15.6| 15.6| 15.6| 1557 | 1557 | 1557 | 1557 | 15.57
T (°C) 30.67 | 30.67 | 30.67 | 30.67 | 30.67 | 30.67 | 30.67 | 30.65| 30.65| 30.65| 30.65| 30.65| 30.65| 30.65| 30.65
Room 235| 235 235| 235| 235| 23.8| 238| 235| 235| 235 235| 235| 235| 235| 235
Temp. (°C)

Pressure 763 | 763 | 763| 763| 763 751 751 755 755 755 755 755 755 755 755
(mmHg)

Date 107 | 10.7| 107 | 107| 10.7| 10.8| 108| 109| 109| 109| 109 109]| 101| 101] 101
(mm.dd)

y (mm) 90 50 ( 930| 970 10 120 610 505 15 40 530 550 60 90 580
y/H 009| 005 095| 099| 001 012| 062| 052| 002| 004| 054| 056| 006| 009| 0.59
Ra 97226 | 97226 | 97226 | 97226 | 97226 | 261240 | 261240 | 262747 | 262747 | 262747 | 263332 | 263332 | 263332 | 263332 | 263332
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Experiment 98 99 100 101 102 103 104 105 106 107 108 109 110
Number

Frames/s 100 100 100 100 100 100 100 100 100 100 100 100 100
Spacing 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2
(mm)

Exposure 4094 4094 4094 4094 4094 4094 4094 4094 4094 4094 4094 4094 4094
(ps)

Camera 23 23 23 23 23 23 23 19 19 19 19 23 23
Distance

(inch)

Number of 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
pictures

Walling 1 0 1 1 0 0 1 1 0 0 1 1 0
Pin 560 560 560 560 560 560 560 465 465 465 465 560 560
Distance

(pixel)

T.{%C) 15.57 15.57 15.52 15.51 15.51 15.51 15.51 15.54 15.54 15.54 15.54 15.55 15.55
Th (°C) 30.65 30.65 30.61 30.62 30.62 30.62 30.62 30.6 30.6 30.6 30.6 30.61 30.61
Room 23,5 235 23 235 235 235 2355 23 23 23 23 23 23
Temp. (°C) '

Pressure 755 755 763 763 763 763 763 769 769 769 769 768 768
(mmHg)

Date 10.1 10.1 10.1 10.11 10.11 10.11 10.1 10.11 10.11 10.11 10.11 10.11 10.11
(mm.dd) :

Y (mm) 630 140 740 790 300 360 850 900 410 470 470 470 470
y/H 0.64 0.14 0.76 0.81 0.31 0.37 0.87 0.92 0.42 0.48 0.48 0.48 0.48
Ra 263332 | 263332 | 269310 | 269667 | 269667 | 269667 269667 | 272997 | 272997 |272997 | 272997 272245 | 272245
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APPENDIX E: INSTRUCTIONS

The following instructions are helpful to conduct the safe and effective

experiments.

E1 Interferometer Set up Procedure

Instruction: Experimental Procedure for interferometer (see figure 2.1)
Scope: Thermo fluid Research Lab. (EPH 440)

Level table
Check laser alignment and collimation
00 Make sure the reflection of mirror 3 is uniform without any finite fringes (this is done my
moving the laser forward or backward).
[0 Check that all the mirrors are alignment relative to the incident laser beam.
Prepare model
[J Adjust and record the level of the cavity that is under investigation
[J place optical windows
[0 move model close enough to connect thermocouples
0] record which thermocouples are in use
Place unheated model in the test beam (between mirrors 5 and 6)

Block the reference beam (between mirrors 2 and 3) and align the test model using the plumb bob
and level.

Place a white card in front of mirror 7 and adjust mirror 5 by aligning the leveling pins on the
output.

Unblock reference beam and obtain interference by ‘near and far field focusing’.
L1 Place a pointed object between mirrors 4 and 3 (object 1), and another object between
mirrors 6 and 7 (object 2).

Adjust mirror 2 until the two shadows of object 1 appear as a single shadow in the output
of mirror 7.

Adjust mirror 6 until the two shadows of object 2 appear as a single shadow in the output
of mirror 7.

Repeat 6b and 6¢ until both objects are have solid shadows.

oo o 0O

Carefully adjust mirror 6 until interference fringes appear on the output of mirror 7.
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Adjust mirror 8 so that it appears slightly off center in the output (note: do not want the mirror 8
in the window cavity).
Adjust mirror 8 so that the output is parallel to the ground.
[0 Measure height of mirror 8.
O Measure height of the mirror 8 shadow on the output on the wall.
[J Adjust mirror 7 so that the focal point of the mirror 7 output is hitting mirror 8 (should
show up as a red point)
L] Adjust mirror 8 so that the shadow height is equal to the actual height of the mirror.
Place camera to be inline of mirror 8 output.
[J Adjust the camera’s height, pitch, yaw, and position on the floor.
Connect the camera to the computer.
Turn off the laser a place a light source at the midsection of the test model.
Focus the camera to the light source (This is done so that the camera is focused at the center of
the test model)
Turn on the laser, and obtain desired interference pattern on the monitor. Adjust fringes such that
they are parallel to the horizontal grid on the monitor (recommended to use approximately 10 -12
fringes).
Heat the model to desired settings (adjust constant temperature baths and DC power supply).
Follow the calibration instruction to get the scale factor.
Take pictures
L] Adjust the fps, exposure, ROI (if applicable) and record the pictures
[J NEVER use the full capacity of camera memory
Process pictures
[J Take a back up of the pictures
O Process the picture using Matlab codes :
* Run MMFile.m to make directories and move the pictures from back up
device to each directory
* Run the read.m to feed the scan line (x1 and x2), wall location (w1) and pin
distance (sl and s2) if applicable
®* Run iterate.m to find the optimum filtering and then scan all pictures. In the
end each picture directory would have a file (HTResult) that contains q”, h
and Nu of the picture.
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E2 Calibration Instruction

Scope: Thermo fluid Research Lab. (EPH 440)
Instruments: MotionPro X3 High speed camera; interferometer system; fixed pins

1. Measure the distance between the fixed pins using any accurate optical devices (as much
accurate as possible) and take a note of it (=Pd). It is = 0.006935 m for current tool (Figure 2.5).

2. Start calibration just before capturing the experiment pictures

3. Open’ MotionPro X Studio’ software and adjust ROI if applicable

4. Whenever the optimum condition is set up and pin line is perpendicular to beam direction,
block the reference beam

5. Change the condition of the camera from ‘live’ to stop

6. Open the Matlab software and make sure it is in the “C:\Program
Files\IDT\MotionProX\Matlab” directory

7. Open up the file “SnapEx.m” and run it

8. The picture would be popped up. Click on “Data Cursor” and then select each pin tip and note
the x-value of the points, successively

9. Subtract the x-value pixels (=S), then divide Pd to S (Pd/S) to get scale factor

10. Save the snapshot appropriately (it could have the name of the experiment number and close
Matlab and start capturing experiment pictures

1'1. Transfer scale factor to experiment log or ExperimentData file ASAP

E3 ExperimentData File Preparation

ExperimentData input file contents, which must be entered carefully before experiment starts:
Row 1: experiment number

Row 2: frame per second (fps) of the captured picture in Hz

Row 3: size of the cavity that beam passes through it in mm

Row 4: Exposure time in micro second

Row 5: camera distance from small mirror in inch

Row 6: Number of pictures

Row 7: walling; 0 means wall A is exposed; otherwise it is wall B

Row 8: pin distance in pixel (it depends on camera distance from small mirror)
Row 9: Temperature of wall A in degree centigrade

Row 10: Temperature of wall B in degree centigrade

Row 11: Ambient Temperature in degree centigrade

Row 12: uncorrected pressure in mmHg

Row 13: Date of the experiment in mm/dd format (the year is 2008)

Row 14: level of the captured image from the bottom of cavity in mm

Row 15: Rayleigh number of the experiment calculated by Rayleigh.m file.
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