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Pool boiling heat transfer measurements from different heater sizes and shapes
were obtained in low-g (0.01 g) and high-g (1.7 g) aboard the NASA operated KC-135
aircraft. Boiling on 4 square heater arrays of different size (0.65 mm?, 2.62 mm?, 7.29
mm’, 49 mm?) was investigated. The heater arrays consist of 96 independent square
heaters that were maintained at an isothermal boundary condition using control circuitry.
A fractional factorial experimental method was designed to investigate the effects of bulk
liquid subcooling, wall superheat, gravitational level, heater size and aspect ratio, and
dissolved gas concentration on pool boiling behavior.

In high-g, pool boiling behavior was found to be consistent with classical models
for nucleate pool boiling in 1-g. For heater sizes larger than the isolated bubble departure
diameter predicted from the Fritz correlation, the transport process was dominated by the
ebullition cycle and the primary mechanisms for heat transfer were transient conduction

and microconvection to the rewetting liquid in addition to latent heat transfer. For heater

sizes smaller than this value, the boiling process is dominated by surface tension effects



which can cause the formation of a single primary bubble that does not depart the heater
surface and a strong reduction in heat transfer.

In low-g, pool boiling performance is always dominated by surface tension effects
and two mechanisms were identified to dominate heat and mass transport: 1) satellite
bubble coalescence with the primary bubble which tends to occur at lower wall
superheats and 2) thermocapillary convection at higher wall superheats and higher bulk
subcoolings. Satellite bubble coalescence was identified to be the CHF mechanism under
certain conditions. Thermocapillary convection caused a dramatic enhancement in heat
transfer at higher subcoolings and is modeled analytically. Lastly, lower dissolved gas
concentrations were found to enhance the heat transfer in low-g. At higher dissolved gas

concentrations, bubbles grow larger and dryout a larger portion of the heater surface.
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Chapter 1: State of the Art in Pool Boiling

1.1 INTRODUCTION / MOTIVATION

Studies pertaining to the influence of gravity on boiling processes have been
stimulated by two motivations. Firstly, higher accuracy predictive modeling is desired
for the design of robust, efficient, economical, and reliable space applications that utilize
the efficiency of latent heat transport. This type of modeling requires a firm
understanding of boiling mechanisms in a host of operational environments. Secondly, a
comprehensive physical understanding of the complicated boiling mechanisms is sought.

An important industrial application of heat transfer science and engineering in
recent years has been electronics thermal control. The relentless emphasis on
miniaturization is the primary driving force behind systems with dramatically higher
spatial densities. Power dissipating devices, such as computer processors, are being
designed to achieve higher computing performance while dissipating larger amounts of
power per unit area, Fig. 1.1. These trends pose significant challenges for future thermal
design that are not easily solved using contemporary thermal solutions. Boiling heat
transfer has gained considerable attention over the years due to the relatively large heat
fluxes that can be achieved at relatively small temperature differences, Fig 1.2. Two-
phase cooling systems have the ability to provide efficient, application specific,
temperature control, and these benefits have led to research efforts aimed at quantifying
boiling efficiency at the small scale and in variable gravitational environments. One of
the goals of research in this area is to determine the feasibility of applying boiling

technology in a space environment. Such efforts will provide a predictive design aid to



scientists and engineers tasked with the design, analysis, fabrication, and testing of space

based hardware that utilize two-phase transport.
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The second motivation for work in this area is centered on the desire to
understand natural physical processes in space. Many natural two phase processes occur
in space systems such as liquid droplet formation in humid environments and vapor
generation during distillation and purification. These processes and others require a basic
understanding of two-phase transport processes in order to affect reliable and robust
operation. For such processes, the design and research objectives are to understand and
predict the behavior of the system as opposed to maximizing the efficiency of the
transport process as in electronics thermal control. Other multiphase applications where
a basic understanding of the physical process is desired are: cryogenic fuel storage and
transportation, wastewater recovery, distillation systems, air revitalization, water
purification, and material processing.

The third motivation for such work focuses on the space environment itself which
creates an intriguing setting whereby complex processes on earth can be studied in a
more simplistic manner. The pool boiling process is an excellent example of this in
which the complex interaction between various boiling mechanisms can be de-coupled
and studied at a fundamental level. The various mechanisms referred to and their relative
effect on the pool boiling process will be discussed in detail throughout this thesis.

Lastly, the human desire to understand their physical environment cannot be
overlooked as a primary motivation for research in a general sense. Such work is an
intellectually stimulating endeavor providing its own benefits to those who enjoy
studying fascinating complex problems. Scientific idealism rooted in inquisitive minds
has led to a greater understanding of our relationship with our environment, technological

innovation, and provides tremendous insight into our prospects for the future.



A logical place to begin the discussion of boiling heat transfer in space is to
briefly review the extensive data that has been collected regarding the phenomenon in
higher gravitational environments. Under such conditions, the pool boiling process is
fairly well understood and the available data provides an excellent introduction into the
complexities of a low-gravity boiling environment. Along with introducing the relevant
background information, this chapter provides the context in which to begin analysis of

the microgravity boiling environment.

1.2 CLASSICAL BOILING LITERATURE REVIEW

Boiling in space is poorly understood. The costs associated with experimentation,
challenges of creating a suitable space environment, and logistical issues associated with
space transportation have hindered progress to date. The lack of progress requires one to
look elsewhere to gain insight into the particular process under investigation. In the case
of pool boiling, extensive knowledge exists regarding the 1-g condition. A review of the
state of the art in 1-g pool boiling therefore provides a number of benefits to the
researcher including; a foundation with which to begin further analysis, insight into some
of the physical mechanisms of the process, and a plethora of models with which to begin

an investigation and comparison.

1.2.1 Terrestrial Boiling

The pool boiling process is an extremely complicated one that extends into many
disciplines. The physical manifestations of the boiling process can be observed daily
from boiling of water for cooking applications to natural processes such as hot spring

evaporation. It involves the physics of heterogeneous bubble nucleation, the chemistry of



two-phase and triple phase interfaces, the thermodynamics of local heat transport, and the
hydrodynamics of two-phase flow. Boiling heat transfer has traditionally been thought of
as a combination of free convection, vapor liquid exchange, microconvection, transient
conduction, and latent heat transport. Vapor bubble dynamics associated with nucleation,
bubble growth, departure, collapse, and subsequent rewetting of the heater surface
characterize the classical ebullition cycle which constitutes the primary mechanisms of
heat transfer from a superheated wall during nucleate pool boiling in earth gravity.

Some of the early work mentioned above has laid the foundation for the classical
boiling curve and its constituent boiling regimes, Fig 1.3. At low superheats, natural
convection dominates the transport process (a-b, Fig 1.3). As the wall superheat is

increased, the process progresses through the isolated bubble regime and regime of vapor

hlnimam Heat Flux
b’ |

——— — — -

| Transition -
- Beiling Film Bailing

S . S

x

Nawral fo—y— ot
ponvectiopy I— Regime of Slugsand Columns

e

Isolated Bubble Regime

Twcall i Tsa1

Figure 1.3: Classical nucleate pool boiling curve.



slugs and columns (d-f, Fig 1.3). Eventually critical heat flux (CHF) is reached and the
measured heat flux begins to decrease as transition boiling occurs (f-g, Fig 1.3).
Eventually, the boiling process is completed dominated by film boiling (g-h, Fig 1.3).
Early studies in the field focused on the qualitative aspects of the nucleate pool
boiling process. Photographic results identified the four heat transfer regimes mentioned
above which were characterized based on the mode of vapor generation. Consider first a
heated flat surface. As the surface temperature increases, vapor structures progress
through a sequence of discrete bubbles, vapor columns, vapor mushrooms, and vapor
patches, Fig. 1.4 (Gaertner, 1965). The individual vapor structures and their various
combinations determine the mechanism of transport. Many researchers have studied
these mechanisms in isolation and collectively. A large portion of their results are from
heater sizes much larger than the capillary length scale (Eq. 1.1). The capillary length,

Ly, as shown for various fluids in Table 1, is derived from a balance between surface

tension and buoyant forces acting on a vapor bubble. This length scale is relatively small

Figure 1.4: Discrete bubble region (left), vapor mushroom (right), (Courtesy of Gaertner,
1965).

(1.1)




and many of the traditional sensors have been unable to accurately resolve heat transfer
data at the capillary length scale or smaller. In space, as the g-level goes to zero, the
capillary length scale goes toward infinity which indicates that all finite sized heaters
appear small compared to this length in space. Boiling from heaters much smaller than
the capillary length scale is less well known and is a large motivation for low-gravity

pool boiling research.

Capillary Length, L, (mm)

Fluid Low-g (0.019) 1-9 high-g (1.79)
FC-87 7.48 0.75 0.57
FC-72 7.81 0.78 0.60
R113 12.00 1.20 0.92
R22 12.08 1.21 0.93
Water 27.13 2.71 2.08

Table 1.1: Capillary length of different fluids (NIST, 2003; 3M).

1.2.1.1 Nucleate Boiling Regime. Consider the nucleate pool boiling curve in greater
detail, Fig 1.3. At low wall superheats natural convection is the dominant transport
mechanism. Natural convection is characterized by single-phase buoyancy effects with
no active nucleation sites on the heated surface. Increasing the wall superheat eventually
causes boiling incipience to occur with a resulting increase in heat transfer (labeled d in
Fig. 1.3). Many researchers have aimed to model the transport process in the nucleate
boiling regime using single bubble models. Latent heat transport as well as
microconvection is thought to contribute to a relatively high heat transfer between the
heater and working fluid. Some researchers have proposed that latent heat transfer due to
evaporation of a liquid microlayer near the three-phase contact line is the dominant
energy removal mechanism (Straub et al. 1997, Moore and Mesler 1961, Fig 1.5). In

contrast, experiments conducted by Gunther and Kreith showed that the majority of heat



Heater Microlayer

Figure 1.5: Microlayer formation beneath bubble (Courtesy of Van Carey, 1992).

transfer during subcooled nucleate pool boiling could be attributed to microconvection
during liquid rewetting of the heated surface (Gunther and Kreith, 1956). Yaddanapuddi
and Kim later confirmed these experimental findings while studying nucleate boiling
under saturated bulk conditions (Yaddanapuddi and Kim, 2001). Their results showed
that during one ebullition cycle, the majority of heat transfer occurred after the bubble
departed through transient conduction and microconvection to the rewetting liquid.
Additional studies by Zhang et. al. measured a very small amount of heat transfer through
the microlayer during the isolated bubble regime lending further support to the
microconvection theory (Zhang et. al. 2000). Considerable debate still exists regarding
the primary mechanism for heat transfer during isolated bubble growth and departure and
is the primary motivation for current work in the area.

The various isolated bubble models mentioned above provide some insight into
the parameters which tend to enhance the heat transfer during isolated bubble growth and
departure. Microconvection theory predicts an increase in time averaged heat transfer

from the heated surface if the bubble departure frequency increases. Methods aimed at



increasing the bubble departure frequency, such as electrohydrodynamic (EHD) pool
boiling, have clearly shown an increase in the attainable heat flux (DiMarco & Grassi,
1992). This technique involves applying an electric field body force which can produce
forces that induce localized fluid motions enhancing the two-phase transport process in
thermal systems. The EHD mechanisms include a Coulomb force, dielectrophoretic
force, and electrostriction force. Baboi et al., while studying boiling from a platinum
wire, observed an increase in nucleate boiling heat transfer and CHF in the presence of a
strong electric field force collinear with buoyancy (Baboi et al. 1968). They attributed
the large increase in heat transfer primarily to an increase in bubble departure frequency.
In addition, bubble growth times were diminished and departure diameter was reduced in
the presence of an electric field. Such work characterizes the importance of two critical
physical parameters of the ebullition cycle on heat transfer: the frequency of bubble
departure or surface rewetting, f, and the bubble departure diameter, Dy.

The bubble departure diameter depends directly on the forces acting on the bubble
during dynamic vapor bubble growth while attached to the heater surface. Many forces
have been shown to influence departure dynamics including: surface tension (Fy),
buoyancy (Fg), inertia of induced liquid motion (Fyy), Marangoni or thermocapillary
forces (F..), and vapor bubble coalescence (Fcg), Fig. 1.6. The magnitude and influence
of these forces have in turn been shown to be a function of many system parameters
including: bulk liquid subcooling (ATg), gravity (g), wall superheat (ATs), the
thermophysical properties of the fluid, heater geometry, surface characteristics, and
pressure.

The frequency of bubble departure depends on the time needed for the bubble to
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Figure 1.6: Forces acting on a bubble.

grow to the departure size (growth time) and the amount of time it takes after a bubble
departs for nucleation to occur (waiting time). The departure frequency in the isolated
bubble regime tends to increase with wall superheat due to the increased rate of vapor
generation producing a smaller growth time. In addition, higher wall superheats tend to
reduce the waiting time by decreasing the time needed for the rewetting liquid to reach
the superheat limit required for nucleation. It is clear from the research cited previously
that bubble departure is critical to the enhancement of heat and mass transport during the
pool boiling process. Very little work has been conducted on systems where bubble
departure is less frequent or non-existent.

As the wall superheat is increased beyond the isolated bubble regime, bubble
coalescence becomes a dominant physical occurrence characterized by the formation of

vapor columns and slugs. In this regime, metrics such as bubble departure frequency and

10



departure diameter tend to be much less useful due to turbulent vapor and liquid
interaction where isolated bubbles are no longer present. For large heaters, vapor is
generated at a high rate and at multiple locations enabling lateral and vertical bubble
coalescence to occur. This causes vapor columns to form due to Taylor instability and
the spacing between columns has been shown to be related to the capillary length scale,

Fig. 1.7.

Vapor
Columns

Heated
Surface

Figure 1.7: Vapor columns formation and the Taylor wavelength, A4 (Courtesy of Van
Carey, 1992).

Many analytical models have been developed that predict nucleate boiling
behavior throughout the isolated bubble regime and into the regime of vapor slugs and
columns in earth gravity from horizontal heaters significantly larger than Ly. An early
model developed by Fritz (1935), based on a quasistatic analytical force balance between
surface tension and buoyancy, assumes the non-dimensional Bond number to be the
governing parameter for bubble departure diameter, Eq. 1.2. This equation predicts

—p \D?
Bolt 00208 9 = |82 =2 )Di

o

(1.2)
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departure occurs at a constant Bond number for a given fluid/surface combination. A
major deficiency in this model is that it only accounts for the effects of wall superheat
and bulk subcooling through their influence on the contact angle, 6. Later correlations
[Eq. 1.3 (Rohsenhow, 1962), Eq. 1.4 (Cooper, 1984), and Eq. 1.5 (Stephan and

Abdelsalam, 1980)] provide an estimate of nucleate boiling heat transfer

3
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from relatively large heaters in earth gravity. The Rohsenow model is based on
microconvection theory in which the heat transfer is attributed to local agitation due to
liquid flowing behind the wake of departing bubbles. The equation is a modification of a
single-phase forced convection correlation using the appropriate length (bubble departure
diameter) and velocity scales. The correlation developed by Stephan and Abdelsalam is a
curve fit of available data and its accuracy varies widely depending on the operating

conditions.
1.2.1.2 Critical Heat Flux. If the wall superheat is further increased along the nucleate

pool boiling curve, Fig. 1.3, CHF will eventually occur. CHF is the maximum heat flux

that can be achieved without a significant rise in the heater wall temperature. CHF is
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perhaps the most critical design parameter for two-phase cooling systems and accurate
modeling of this phenomenon is paramount to predicting the operating range and
reliability of cooling systems.

Many mechanisms have been proposed to explain the behavior of CHF in earth
gravity. In one mechanism, a Helmholtz instability results from vapor columns that
break down to form local dry patches on the heater. The breakdown results from severe
vapor drag on rewetting liquid that is flowing in the opposite direction and causes a liquid
flow crisis to the heater surface. The Helmholtz wavelength is shown in Fig. 1.7 as As.
Zuber’s CHF model for an infinite horizontal surface assumes that vapor columns formed
by the coalescence of bubbles become Helmholtz unstable, blocking the supply of liquid

to the surface (Zuber, 1959). These vapor columns are spaced Ap apart (Eq. 1.6), Fig 1.7.

In this equation, the critical wavelength, A., is the wavelength below which a vapor layer

1/2
Ap = 272'\/5{L} =27\3LBo™""* = \/gﬂ,c

glp-p,) (16)

can be stable underneath a liquid layer. Only perturbations with a wavelength greater
than A, will grow and cause interfacial instabilities. The critical wavelength for a number
of fluids is provided in Table 1.2. The Zuber model predicts a maximum heat transfer of

the form given by Eq. 1.7. It is important to note that the gravitational dependence on

Critical Wavelength A.(mm)
Fluid Low-g (0.019) 1-g high-g (1.79)
FC-87 47.02 4.70 3.61
FC-72 49.08 4.91 3.76
R113 75.40 7.54 5.78
R22 75.92 7.59 5.82
Water 170.48 17.05 13.08

Table 1.2: Critical wavelength for different fluids.
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CHF predicted by Zuber’s model, indicates that CHF in a zero-g environment would be
zero. This prediction differs greatly from experimental findings in low-gravity which
will be presented in the next section. Furthermore, the critical wavelength increases
dramatically in low-g environments making it difficult to observe Taylor instabilities in
low-g.

Another popular model assumes CHF is governed by a hydrodynamic instability
where large vapor bubbles hovering slightly above a surface are fed by smaller vapor
columns (Haramura and Katto, 1983), Fig 1.8. This model postulates that CHF occurs if
the hovering time exceeds the time necessary to evaporate the liquid film between the
hovering bubble and the heater causing the heater to dry out. This model assumes the
Bond number to be the governing parameter controlling the development of CHF in earth

gravity and for horizontal flat plates is predicted by Eq. 1.8.

5/16
9 cur Gg(pl — P ) " _ 7t N 4, " 1 4, o Pi lip, " (1.8)
2 Y - Al ] '
pvh‘fg pv 2 ’ 3 Aw Aw Iov 16/0v

Increasing the wall superheat beyond CHF causes a decrease in boiling

performance. In the transition boiling regime (f-g, Fig 1.3), the boiling process is
increasingly dominated by dryout of the heater surface. Eventually, a local minimum in
heat transfer occurs when vapor completely covers the heater surface, commonly referred
to as the Liedenfrost point. Physically, this is the beginning of film boiling where a
stable vapor film forms between the heater surface and the surrounding bulk liquid. The

major transport mechanism in this regime is conduction and radiation exchange through
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Figure 1.8: Helmholtz instability mechanisms (Courtesy of Van Carey, 1992).

the vapor film. The transport characteristics of this regime are quite poor and therefore
operating conditions that create film boiling in two-phase cooling systems are largely

avoided by the practicing design engineer.

1.2.2 Terrestrial Pool Boiling Enhancement

At first glance, the microconvection models provide some insight into the
parameters which affect the heat transfer performance during the pool boiling process. In

addition to electrohydrodynamic and acoustic field bubble removal which focus on
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altering the bubble departure frequency and departure diameter, other system operating
parameters have been shown to dramatically influence heat transfer performance during
pool boiling in earth gravity. A commonly applied method for increasing heat transfer
performance is to cool the bulk liquid below the saturation temperature under the system
operating conditions, commonly referred to as subcooling the fluid.

The effect of bulk liquid subcooling on nucleate pool boiling heat transfer has
been of particular interest to some researchers over the years due to the enhancement in
heat transfer that can be achieved by the additional sensible energy storage mode. An
increase in subcooling is thought to provide higher heat transfer rates during the initial
rewetting process in which the cool liquid contacts the heated surface and the mechanism
for heat transfer is conduction and micro-convection. Subcooling has been
experimentally shown to influence bubble geometry as reported by Gunter and Kreith
who observed a decrease in bubble size with an increase in bulk subcooling. In addition
departing bubbles rapidly collapsed in the presence of higher subcooling (Gunter and
Kreith, 1949).

At first glance one might expect to measure an enhancement in heat transfer under
highly subcooled conditions in the nucleate boiling regime. Smaller, rapidly collapsing
bubbles provide less resistance for rewetting liquid and may increase the bubble density
on the heated surface. Despite such enhancement effects, experimental investigations
have shown subcooling to have no effect on heat transfer during nucleate boiling in earth
gravity (Forster and Grief, 1959). Such measurements may be explained by the effect of
subcooling on bubble departure frequency. As condensation is increased from the top

surface of growing bubbles that are attached to the heated surface, the bubbles tend to
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grow much more slowly, increasing the bubble growth time and reducing the liquid
rewetting frequency. In addition, higher bulk subcoolings may tend to reduce the active
site density on the heated surface. In total, subcooling effects on bubble departure
frequency, bubble size, liquid rewetting temperature, and active site population density
act to mitigate heat transfer differences compared to near saturated bulk conditions in the
nucleate pool boiling regime.

Although negligible subcooling effects have been measured during nucleate pool
boiling, it appears to significantly increase CHF. From a hydrodynamic perspective, an
increase in subcooling acts to condense the vapor generated at the heated surface
providing less resistance for bulk liquid to rewet the surface, delaying the onset of CHF
to higher wall superheats. Kutateladze postulated that CHF in subcooled boiling should
increase above similar saturated conditions by the amount of energy required to bring the
subcooled liquid to a saturated state, Eq. 1.10 (Kutateladze, 1962). Ivey and Morris
(1962) suggested C,=0.1 and n=0.75 based on available data.

QCHF,sub — 1+ CO (&J Cp (Tmt _]—;mlk)

o, 7 (1.10)

9 cHF sar 1z

1.2.3 High-g Boiling

Boiling mechanisms at higher gravity levels are not thought to differ significantly
from earth gravity. The dominant effect of higher gravity levels on boiling is the increase
in buoyancy driven flows such as bubble motion and natural convection. Most natural

convection correlations predict heat transfer of the form given by Eq. 1.11, with C and n

being empirical constants (Incropera and Dewit, 2002). Studying natural convection
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using a centrifuge at up to 1200g, Eschweiler and Benton provide a representative natural

convection heat transfer correlation given by Eq. 1.12 (Eschweiler and Benton, 1967).

_ 3
Ne =CRa’  Ra, =Gr, pr = E80L=TIE (1.11)
vo

Nu, =0.15Ra)>* 2x10" < Ra, <8x10" (1.12)

As mentioned previously, boiling is dramatically affected by the bulk liquid
conditions of the system. The increase in natural convection at higher gravity levels can
dramatically influence the bulk liquid characteristics and thus the boiling dynamics.

An increase in natural convection can delay boiling incipience or suppress boiling
completely depending on the level of liquid subcooling, the gravity level, and wall
superheat (Koerner, 1970). Studies performed by Beckman and Merte focused on the
influence of acceleration on pool boiling of water up to 100g. They found an increase in
acceleration caused a decrease in the number of active nucleation sites on the heated
surface. This was attributed to a thinning of the superheated boundary layer near the
surface as buoyancy driven flows increased (Beckman and Merte, 1965).

Some pool boiling studies performed on horizontal heaters in high-g show similar
trends to those mentioned above. Using a centrifuge, Ulucakli and Merte studied boiling
from a horizontal heater. At 10g, they observed low heat flux boiling to be independent
of subcooling for subcooling levels up 50°C. Such observations agree with the 1-g
results previously mentioned. A further increase in bulk subcooling at this g-level
suppressed boiling activity, and heat transfer was dominated by natural convection. At
high heat flux, an increase in subcooling resulted in an increase in the wall superheat (at

50°C subcooling, a 35% increase in wall superheat was measured), holding all other
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variables constant. At 100g, little effect of subcooling on wall superheat for subcooling
up to 30°C was observed and boiling was completely suppressed as the subcooling was
increased further (Ulucakli and Merte, 1990). In addition, bubble departure frequency
increased while the bubble growth rate was found to be essentially constant and
independent of acceleration. This indicates that the bubble departure diameter was
reduced at higher gravity levels and is consistent with the Fritz model.

Ulucakli and Merte used the Mikic and Rosenhow Model (Mikic and Rosenhow,
1968) as the basis for explaining why, under certain conditions, a decrease in heat
transfer at higher subcoolings and heat flux are observed compared to near saturated
conditions. This model assumes the net heat transfer from a surface can be approximated
by the sum of the boiling and natural convection components Eq. 1.13. In this equation, f

represents the mean area fraction of the heater surface not experiencing boiling. Based
" n 14
q"=q;+ [ 4 (1.13)

on this model, Ulucakli and Merte stated that the degradation of heat transfer at higher
heat flux with increased subcooling resulted from a reduction in the superheated
boundary layer thickness. This caused the suppression of some active nucleation sites
and increased the non-boiling natural convection component to overall heat transfer. The
natural convection contribution to the total heat flux began to outweigh that associated
with the active nucleation sites as the subcooling was increased further, and eventually
complete suppression of all boiling on the surface occurred (Ulucakli and Merte, 1990).
Such experimental results clearly contradict what is predicted by Kutateladze and others

and emphasizes the need for additional gravity dependent parameters in such correlations.
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The contradictory results summarized here suggest that relatively little is known
on the coupling between g-level and bulk subcooling. Current models do not accurately
account for this effect and further research is needed in order to clarify the conditions

where gravity and subcooling combine to increase or decrease the level of heat transfer.

1.2.4 Summary of Classical Boiling

In summary, nucleate boiling at scales larger than the capillary length under
terrestrial gravitational conditions are dominated by gravity effects such as buoyancy.
Buoyancy driven convection is the fundamental transport mechanism at the macroscale
and affects bubble departure characteristics and the complex interaction between vapor
and liquid flows. Heat transfer enhancement occurs in the nucleate pool boiling regime if
the bubble departure frequency is increased, bubble departure diameter decreases, active
nucleation site density increases, or any combination of these. In high-gravity, the effects
of liquid subcooling are still unclear and this has hindered the development of analytical
and numerical models in this area. Many models estimate performance based on various
physical mechanisms such as surface tension and buoyancy.

Much less experimental work has been devoted to studying the phenomena at
significantly smaller scales and at lower gravity levels where buoyancy effects are less
significant, and where the heater size is much smaller than the capillary length.
Microgravity environments provide an intriguing setting to study smaller scale boiling
activity due to the large increase in the capillary length with decreasing g-level.
Microgravity environments may also provide a more desirable setting to study heat

transfer mechanisms such as microlayer evaporation.
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In conclusion, the models presented above tend to predict a very small heat
transfer in low-g. The heat and mass transport process is expected to be much less
efficient as buoyancy driven flows become less significant. The following section

addresses this issue.

1.3 MICROGRAVITY BOILING

Although buoyancy driven flows have been shown to dominate the transport
process at higher gravity levels, relatively little is known of the boiling phenomenon in
the microgravity environment. The principle reason for this can be related to the
difficulty in creating a quality microgravity environment for long periods of time and the
relatively high costs involved in space studies.

The microgravity environment provides a setting in which some of the complex
mechanisms previously mentioned are decoupled, simplifying the physical process. As a
result, microgravity environments provide an ideal setting to study reduced gravity
effects as well as gather information about significant earth gravity mechanisms that are
typically masked by natural convection.

A strong reduction in buoyancy driven flow is thought to dramatically affect the
thermal boundary region near the heated surface. In the case of a small heater submerged
in a large pool of liquid without the presence of bubbles, the thermal boundary layer can
be modeled assuming semi-infinite solid conduction. In contrast, in earth gravity, the
boundary layer is much thinner due to rising and falling convection cells near the surface.
As a result, in low—g under constant heat flux conditions, the temperature of the heated
surface tends to rise more quickly and reach a higher temperature at steady-state. Energy

transport within the fluid is dominated by diffusion transport and the thermal boundary
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region is much larger than under comparable earth gravity conditions where advection
tends to dominate the process, Fig. 1.9. Such characteristics may explain why boiling
incipience tends to occur at lower wall superheats and lower heat fluxes in low-g. The
thermal boundary layer is much larger and therefore nucleating bubbles have more

energy within the superheated region to sustain growth.

INCREASING TIME
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Figure 1.9: Single phase thermal boundary layer development at various times.

As mentioned previously, extensive research has been conducted on heaters larger
than the capillary length while less is known of boiling on the smaller scale and at lower
gravity levels. Under low-g and microgravity conditions, the capillary length becomes
quite large, raising questions about its scaling effectiveness. Analyzing the boiling
mechanisms at the small scale in earth gravity, Bakru and Lienhard studied boiling from

small wires. Boiling curves presented in their work deviate significantly from classical
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boiling behavior in that no transitional boiling regime from nucleate boiling to film
boiling was observed, and the formation of “patchy” boiling partially covered the wire.
The Liendenfrost point and CHF were not observed in their study, leading to the
conclusion that such regimes vanish for heater sizes smaller than L/Ly, < 0.01. They
concluded that classical pool boiling behavior is observed if the heater length is of the
order Ly/Ly, > 0.15 (Bakru and Lienhard, 1972).

Keshok and Siegel were one of the first researchers to study boiling from flat
heaters. They observed that a reduction in gravity resulted in a decrease in buoyancy and
inertial forces acting on vapor bubbles caused them to grow larger and stay on the surface
longer (Keshok and Siegel, 1964). Drop tower tests performed by Susumu showed that
boiling in low-g can produce large primary bubbles that are surrounded by smaller
satellite bubbles. Susumu measured small changes in heat flux compared to normal
gravity conditions and observed occasional bubble departure which was attributed to
induced inertial effects within the liquid resulting from explosive bubble growth during
nucleation (Susumu, 1969).

DiMarco and Grassi performed additional studies of boiling on thin wires in low-
g where no remarkable effect of gravity on heat transfer was found. Although the boiling
heat transfer coefficient was largely unaffected by gravity, bubble dynamics were
strongly affected. The bubbles in low-g grew much larger than in earth gravity and
occasionally departed the wire, Fig. 1.10. The departure mechanisms in low-g were
thought to be bubble coalescence and induced liquid motion from rapidly growing
bubbles. Such results indicate the inability of the Bond number to scale both effects of

heater size and gravity level on boiling heat transfer (DiMarco and Grassi, 1999).
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Figure 1.10: Pool boiling from wires (Courtesy of DiMarco and Grassi, 1999).

Additional studies performed by Steinbichler et al. on boiling from a small hemispherical
heater and wire under microgravity conditions demonstrate that the overall heat transfer
coefficient under microgravity conditions is very similar to normal gravity. They
measured a slight enhancement in the heat transfer at saturated and slightly subcooled
conditions. This was attributed to bubble departure caused by bubble coalescence and
induced liquid motion around the vapor bubble (Steinbichler et al. 1998). All of these
results indicate that the nucleate boiling correlations mentioned previously (Eq. 1.2-1.8)
do not accurately account for the gravitational dependence on boiling in low-g.
For flat horizontal heaters, the observations indicate the formation of a primary bubble
that causes significant dryout over the heater surface. At low heat flux, some researchers
have measured a higher heat transfer compared to similar 1-g conditions (Merte et al.,
1998), Fig. 1.11. Under such conditions, bubble departure can be non-existent and
bubble dynamics associated with the classical ebullition cycle no longer occur.

Under highly subcooled conditions in low-g, it has been shown that for heater
sizes where the primary bubble does not cause total dryout, bubble coalescence on the

peripheral regions of the heater array causes similar heat transfer performance to classical
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Figure 1.11: Comparison between low-g boiling and 1-g boiling predictions (Courtesy of
Herman Merte).
1-g nucleate boiling (Kim et al. 2002).

Parametric studies dealing with the effects of fluid type on boiling in low-g have
been performed by a few researchers. Preliminary research has identified a significant
impact on heat transfer in low-g for various fluids. Oka et al. found CHF in low-g from a
flat horizontal heater in n-pentane and CFC-113 are lowered by 40 percent when
compared to earth gravity. At smaller heat flux, only a slight change was measured,
which agrees with previously mentioned measurements. Studies using water as the
working fluid showed a significantly higher deterioration (> 50%) in CHF at low-g. The

differences in performance can be attributed to the thermophysical properties of the fluids
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and in wetting characteristics on the heater surface. For organic fluids, a smaller contact
angle was measured and hemispherical bubbles shapes were observed while for water the
contact angle is much larger causing the bubbles to be nearly spherical on the surface in
low-g causing dryout to occur more rapidly (Oka et al., 1995).

Studies on boiling in low-g indicate a strong gravitational dependence on CHF.
For example, Kim et al. (2002) observed bubble coalescence to be the primary
mechanism for CHF, which differs from the hydrodynamic instability model proposed by

Zuber, Fig. 1.12. CHF in low-g was measured to be significantly smaller and occurred at

. W 5l
ATsat=40.7 °C ATsat=31.0 °C ATsat=21.3°C
(b) ATsub=25.4°C, Tbulk=30.9 °C

ATsat=37.5 ATsat=27.8 °C ATsat=18.1 °C
(c) ATsub=20.0 °C, Tbulk=39.5°C

ATsat=40.4°C ATsat=30.7 °C ATsat=21.0 °C ATsat=16.1 "C
(d) ATsub=7.0°C, Tbulk=49.6 "C

Figure 1.12: Pictures of the Boiling Process in Low Gravity at Various Superheats and
Subcoolings (Courtesy of J. Kim).

lower wall superheats compared to higher gravity boiling. They measured a gravitational
dependence on CHF shown in Fig. 1.13. This gravitational trend further emphasizes

deficiencies in Kutateladze’s CHF model (Eq. 1.10).
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Figure 1.13: Gravitational dependence on CHF (Courtesy of J. Kim).

In contrast to horizontal heater studies in low-g, Shatto and Peterson studied the
mechanisms for CHF from cylindrical heater cartridges and found that the previously
mentioned Taylor-Helmholtz instability governs the critical heat flux mechanism in low-
g for this geometry (Shatto and Peterson, 1999). Clearly, additional research is needed in
order to clarify the mechanisms responsible for CHF in low-g on different heater
geometries in addition to identifying the gravitational dependence on this critical value.
Earth gravity CHF mechanisms, such as Taylor and Helmholtz instabilities do not

accurately predict performance in low-g as measured by most researchers.
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1.3.1 Thermocapillary Convection

The absence of gravity increases the contribution of other mechanisms normally
masked by natural convection and buoyancy, such as Marangoni or thermocapillary
convection. Thermocapillary flow results from surface tension gradients along a two-
phase interface which can form due to temperature gradients, material composition, and
electrical potentials (Ostrach, 1982), Eq. 1.14. In equation 1.14, ¢ is the tangential

coordinate direction along the bubble interface.

do _00 0T 0o clc 00 0p

= + + (1.14)
dt 0T ot Oc ot O¢ Ot

Thermocapillary effects were first observed by Trefethen and McGrew where it
was shown that flow around vapor and air bubbles can be very similar. They predicted
that thermocapillary flow is the primary mechanism for boiling in low-g supplanting
ebullition cycle heat transfer mechanisms, although it should be noted that they were
unable to validate this claim (Trefethen, 1961; McGrew, 1966).

Raake and Siekmann studied temperature and velocity fields near an air bubble in
silicon oil in the presence of a uniform temperature gradient and observed strong surface
tension driven flows. They measured convective velocities near the surface of a bubble
on the order of 10~ m/s which provided an additional force preventing departure in low-
g. This additional force increased the departure size and decreased the bubble departure
frequency (Raake and Siekmann, 1989). Numerical studies performed by Kao and
Kenning (1972) on gas bubbles showed that the magnitude of thermocapillary liquid flow
is determined primarily by the Marangoni number (Ma, Eq. 1.15), the Prandtl number
(Pr), and the Biot number (Bi). They also found that the flow is very sensitive to surface

active contaminants, a small amount of which can entirely suppress the thermocapillary
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motion. In addition, most of the driving surface tension gradient develops close to the
liquid-vapor-solid interface and this driving gradient moves closer to the heater surface
for higher Marangoni numbers (Kao and Kenning, 1972).

2
anm,

or
ot

(1.15)

Ma = 1991
oT

Wang et al, used high-speed photography and laser PIV techniques to investigate
liquid jets emanating from boiling on ultrathin wires during subcooled boiling in 1-g.
Bubbles diameters were typically 0.03 mm and affected liquid velocities above the
bubble ranging from 15mm/s to 140 mm/s. Their results indicate that near the bubble,
superheated liquid near the nucleation site is drawn toward the bubble and then expelled
along its cap, Fig. 1.14. These experimental results agreed very well with 3-D numerical

simulations which predicted velocities between 20-40 mm/s above the bubble.

Figure 1.14: Suspended particle tracing during Marangoni convection, heat flux 6.0x10°
W/m?, 379 K, bulk temp 325K (Courtesy of Wang et al, 2005).

Most of the above mentioned studies (except Wang et al.) were performed in a
binary system with either gas bubbles injected into the chamber or large amounts of
dissolved gases already present. For a gas bubble on a vapor surface, it is clear that
temperature gradients can exist along the liquid-gas interface due to the lack of latent heat

transport across the interface. For pure fluids however, much debate has centered on the
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ability of the bubble’s liquid-vapor interface to maintain a temperature gradient during
phase transition. Recent studies in low-gravity show the formation of strong
thermocapillary convection under highly subcooled conditions around a vapor bubble in
systems with very low to minimal gas concentrations (nominally pure systems). As first
suggested by Straub, thermocapillary flows can form in such systems in the following
manner. In subcooled boiling, the top of a growing bubble may extend out of the
superheated boundary layer and start to condense. With evaporation occurring near the
three-phase contact line, impurities such as dissolved gas in the liquid are liberated and
carried along with vapor to the top of the bubble. The vapor subsequently condenses
while the noncondensable gases accumulate along the interface. Under steady-state
conditions, the presence of the noncondensables reduces the vapor pressure locally along
the interface and therefore the saturation temperature is decreased locally. A negative
temperature gradient along the bubble interface forms which induces a thermocapillary
motion directed from the base of the bubble to its top. A diagram of some of the key
transport mechanisms of this theory is presented in Fig. 1.15. A force balance along the
interface yields the boundary equations (Eq. 1.16-1.17). Under near saturated boiling
conditions, this theory predicts an absence of thermocapillary motion due to a nominally
constant temperature interface (Straub, 2000).

Marek and Straub found the bubble growth time to have a major effect on the
accumulation of noncondensable gases. Under saturated conditions, the bubble grows so
fast (microseconds) that no accumulation of gas inside the bubble can occur. In contrast,
under subcooled conditions where the growth time can be on the order of milliseconds,

significant gas accumulation occurs. In addition, Straub measured strong thermocapillary
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flow in systems with extremely low gas concentrations (Marek and Straub, 2001).

The strength of thermocapillary convection has been observed to alter the wall
heat transfer by changing the size of the bubble and allowing additional liquid to wet the
surface in low-gravity. Part of this thesis documents the important role this phenomenon

plays in limiting the extent to which the heater temperature can rise in the post-CHF
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regime. The complex nature of thermocapillary flows involving vapor/gas flow through
the bubble, a dynamic phase boundary, accumulation of non-condensable gases, the
dissolution of the gas in the liquid, and diffusion of gas through the liquid vapor interface

poses a tremendous challenge.

1.3.2 Summary

Although no analytical models have been developed that accurately predict
boiling behavior in microgravity, many of the research efforts to date share common
observations including:

1) The formation of a primary bubble in low-g and coalescence with smaller
bubbles seems to dominate the boiling heat transfer process. At low heat
flux, boiling performance can exceed comparable 1-g boiling.

2) Different heater geometries appear to affect bubble departure in low-g.

3) The influence of thermocapillary motion increases significantly in low-g
in the absence of natural convection. Further research is necessary in
order to quantify this effect. Current theories such as those developed by
Marek and Straub need to be investigated further.

4) Low-g environments appear to cause boiling incipience to occur at lower
wall superheats, which is attributed to a thicker superheated liquid region
in the absence of natural convection.

5) The use of the Bond number as a single scaling parameter is in serious
doubt and additional non-dimensional numbers are needed to predict

boiling behavior across different gravity levels.
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Although CHF has been researched extensively in earth gravity, strong
disagreements still exist over conditions just before CHF, the trigger mechanisms
responsible for initiating CHF, and the combined influence of system parameters on
CHF. In low-g a fundamental identification and understanding of the relevant
mechanisms is desired. The ability to both greatly increase and predict the magnitude of
CHF is of importance to high heat transfer applications in space. A summary of the

relevant low-gravity work to date is presented in Table 1.3.

33



¢t

JIOM TeIuowIddxy S-Mm0T Jo Arewwung €[ 9[qeL

39320y Buipunos - ¥s Y6il4 dljoqeled - 4d ‘Wbl 1eNqJ0 - 4O 4amo doig - 1d :aNIDI1

19A8] Ayiaeab pue

Buijoooaqns jo Juapuadapul Jajsue.} Jeay ajqqnq id
a}l||9les ‘4H D aseatoul Buijooaqns Buiseatoul wiw 2°Z X 2°Z Kewie 1ajeayolory 2194 S $00Z - 0002 1e 3o wny
Sa}IS uonesjonu
paulyoewooiw woly paAlasqo ainyedap ajqqnq ‘BIp WwW G ‘19)eay abeb ujesys ‘1ajeay je|q Jajem 4d 2002-6661 e 38 Jiyg
Buijoooqns wuw 0g = ya Joueyja uS
Aq pajoayeun ‘xnj Jeay Moj jJe Juswadueyud BIP Ww 0G ‘01l Jel} ‘@oepns juasedsuely Jajem 4d 2002-9661 ‘e 38 eyo
11040
€LL040
PaAISSqO }03))d
juoBbuesew ‘19Aej0Io1W PAaAIaSO ‘{HD padnpal ejEm
) ) SaiiAed [edynle| Z11940-21040 1a
,uw g x 0 Buijeos Q11 jeyy ‘193eay sseyb auejuad-u EL 6661-2661 YO pue aqy
) Aq paonpau ualol}a0d
%08 Aq padnpal JHD) ..t. 2194 us
Jajsueu) jeay uo jo0aya ajqeldasdde ‘ou .
Jajawelp ww g°0 "a4Ip €Ly dd 200¢ - 6661 Issel9 pue odJe|y Id
xnj
Jeay JaMO] Je JUBWAdUBYUD % Q¢ ‘Id9}eay pJemo}
a|qqnq abue| sjjladwi uoi3oaAuod Asejjidesowsay | aiayds 1addoo "eip ww gg
LA 8¢ X 61 OIS ‘49jeay jeld| usBoupu pinby | 1a | 2002 - 2661 Ie 32 auB N
BIp WW € / G} / | ‘Si9)eay Jejnoain
Jajowelp ww 9z 0 Jajeay [esraydsiwaH [ ARY]
Butjooogns (pajyeos pjob) ww gz x o ae|d e
Aqg pajoayeun ‘xnj Jeay Moj je Juswadueyud P33 PI 0Z X 0y i€l . Jeld eziy id
'pro wiwg ‘adid LY 1a
ww G0 /20 ‘@M (4% 40 100C - 9861 ‘e 39 gneng
wwl Z°ZZ X 'S uoqqll awouaysiu
92U32S3JL0I Y)M sajqqnq ab.e| ¢eexze uodql Ut
‘BIp WW gg 9deLIns |9)d1u yjoouws jey Jajem 1d 1961-1961 yooysay pue [obalg Y
AMVINNNS d31V3H ainid AN3 31vd Erl E-EEE}-]

yoaeasay buijiog Ajianeln-mo jo Alewwing




1.4 PROBLEM STATEMENT / RESEARCH OBJECTIVE

Considerable resources have been expended in recent years toward the study of
phase change phenomena in low-g environments. Particular attention has been given to
the pool boiling process which is relatively well characterized under terrestrial
conditions. Despite such efforts, relatively little is known about the mechanisms
responsible for energy, momentum, and mass transfer during the boiling process in low-g
environments, placing considerable constraints on the nature and type of designs that can
be incorporated into space based hardware. If the boiling process can be quantified and
modeled accurately, significant advances in the design and manufacture of space based
hardware can be made.

This thesis summarizes a mechanistic approach developed to identify measure,
characterize, and model the fundamental heat and mass transfer mechanisms associated
with the boiling process in space. Experimental, analytical and numerical techniques are
employed to provide further insight into the phenomenon.

This study aims to further the state of the art in low-g pool boiling by providing
accurate and reliable information for future scientists and engineers. In addition to being
a validation of previous work, the research objectives of this study include:

1. Obtain spatially resolved heat flux information
a. Develop optimized sensor for local temperature and heat flux
measurement
b. Obtain boiling data from small scale heaters (< capillary length scale)
2. Characterize boiling in the absence of ebullition cycle behavior

a. Determine applicability of 1-g models
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1. Recommend revisions to current models

. Identify scaling parameters

. Identify boiling enhancement parameters

. Validate / identify the mechanisms responsible for boiling
a. Model analytically and numerically

. Develop / recommend new mechanistic approaches where applicable
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Chapter 2: Experimental Method

2.1 INTRODUCTION

The experimental methodology was focused on measuring and characterizing the
primary mechanisms important to the pool boiling process in low-g. The mechanisms
identified through literature surveys and experimentation mentioned in the previous
chapter includes: bubble coalescence, thermocapillary convection, and interfacial
molecular kinetics. System parameters, such as bulk subcooling, wall heat flux and wall
superheat, appear to affect these mechanisms in a systematic manner. The experimental
research objective aims to identify, quantify, characterize, and model the relationships
between system operating factors and boiling mechanisms as summarized in Fig 2.1.

A brief study of the primary physical mechanisms identified above reveals a great
deal about where to begin an experimental investigation. The initial research effort was
aimed at identifying, measuring, and characterizing important factors that are thought to
influence the primary mechanisms and the phenomenon as a whole. Such factors
include; heat flux, wall superheat, bulk subcooling, pressure, and others. Experimental
factors were identified that would most dramatically influence coalescence and
thermocapillary convection in low-g. After identifying the global system factor space, a
parametric experimental investigation was performed for a selected subset of the factor
space. In some cases, the results provided the impetus for modification of the
experimental test apparatus allowing additional factors to be measured. The results were

also used to characterize the physical mechanisms and the relationship between factors
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and mechanisms, and develop quantitative models to be presented in the following
chapters.

This chapter provides a summary of the design of the experiments. It is organized
to provide a discussion of the experimental design logic, a description of the various
systems factors identified and parametrically investigated, and also to provide a rationale
for design and fabrication of the experimental apparatus used. The quantity and quality
of the experimental data to be presented in the next chapter is largely dependent on the

quality of the experimental design methodology presented below.

IDENTIFY —> MEASURE|—>|CHARACTERIZE —> MODEL

1

Figure 2.1: Block diagram of research process.

2.2 EXPERIMENTAL METHODOLOGY

The experimental methodology followed a fractional factorial approach which
provides a number of advantages over a total factorial plan. The primary advantage of
this method rests in the ability to selectively study interaction effects between factors as
opposed to a complete factorial plan which looks at interaction effects over the entire
factor space. A complete factorial design usually involves extensive experimentation
which correlates to long periods of time and large data sets that can be difficult to obtain
if significant constraints associated with cost and availability exist.

The experimental approach first aimed to identify and quantify two types of
factors; control factors and noise factors (non-controllable factors). Control factors are

variables that can be controlled in both the experiment and the physical process. Control
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factors include; wall superheat, bulk subcooling, g-level, fluid type, heater size, and
heater aspect ratio. The wall superheat is a critical parameter to study in any pool boiling
experiment due to its influence on heterogeneous bubble nucleation, vapor formation,
thermal boundary layer thickness, and liquid —vapor hydrodynamics as summarized in the
previous chapter. Bulk liquid subcooling plays a very strong role in the boiling dynamics
primarily through its influence on the thermal boundary layer and vapor liquid
hydrodynamics. The capillary length scale has been proposed as a governing length scale
for nucleate pool boiling performance and therefore an effort was made to study various
heater sizes and heater aspect ratios that were on the order of and significantly smaller
than this length. The primary objective of this effort, quantifying the pool boiling
phenomenon in low-gravity environments, necessarily identifies g-level as a parametric
variable. A complete list of the control factors studied in this experiment is shown in

Table 2.1.

Experimental factors investigated

Factor

Wall Temperature / Wall Superheat
Bulk Temperature / Bulk Subcooling
Gravity Level
Heater Size
Heater Aspect Ratio
Fluid Type

Table 2.1: Experimental factors

The design factors were chosen based on their suggested effects on the pool
boiling process as identified from the literature review. Factor operating ranges were
determined from an iterative design process that looked at experimental design capability,
NASA safety requirements, previous experimental ranges mentioned in the literature

review, and preliminary experimental results mentioned in the next chapter. For
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example, the heater array control circuitry used in this study was designed for a
maximum operating temperature which was later found to be too low to provide
information about important trends in the low-g boiling curve. As a result, redesign of
the control circuits for the heater array focused on increasing the temperature range to a
desirable limit that provided the maximum amount of information possible while
ensuring safe and reliable operation of the heater. Similar design scenarios were often
encountered throughout the duration of this effort.

Noise factors are predominately control factor uncertainties. Noise factors
naturally arise in any experiment. The primary noise factor in this experiment is the g-
level uncertainty referred to as g-jitter. Other noise factors include nucleation site
location and bubble motion. An effort is made throughout this thesis to quantify and
explain the effect of noise factors on both the control factors and the phenomena being

investigated.

2.3 PARAMETRICALLY INVESTIGATED FACTORS

2.3.1 Gravitational Environment

Gravitational effects on the pool boiling process are the primary motivation for
this study. Over the years, microgravity environments have been difficult to create due to
the technological, environmental, and economic challenges encountered. Such an
environment presents unique design, safety, and economic requirements that are not
trivial. Traditionally, drop towers, parabolic flight, sounding rocket flight, orbital flight,
and space station operation have been thought of as “microgravity” platforms although in

almost all cases, 10 g levels are not attained. Throughout this thesis the term
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“microgravity” and “low gravity” will be used interchangeably referring to a gravitational
environment (107 g) produced in parabolic flight.

As mentioned above, different means of achieving microgravity conditions exist
and the various platforms provide different levels of quality and duration of microgravity
periods. Drop towers provide microgravity conditions without having to travel into
space. A drop tower is typically a vertical shaft which provides microgravity conditions
during the free fall of the experimental package for a duration that depends on the length
of the tower. Two drop towers currently exist in the US and are operated by NASA in
Cleveland, Ohio. The major disadvantages of drop towers are the short duration of
microgravity conditions and in some cases the cost. Parabolic flight can circumvent one
of these disadvantages by providing microgravity conditions for up to 25 sec at
comparable costs. The major advantages of parabolic flight include the frequency of
experimentation, and the ability to modify the experimental package preflight, in-flight,
and post flight. The primary disadvantage is that the quality of microgravity achieved is
low, 107 g, and the duration is limited compared to other techniques such as orbital
flight.

Sounding rockets have the ability to reach 400 km during parabolic flight and can
achieve good microgravity levels (10° — 10 g) for 5 to 6 minutes. Disadvantages
include the need for recovery and high cost. Recoverable satellites provide an on-orbit
laboratory for conducting research in microgravity typically 500 km above earth in low
earth orbit. The space shuttle is a typical recoverable spacecraft that orbits the earth at
300 km and can provide microgravity conditions for up to two weeks. Last, the

international space station provides a nearly indefinite microgravity condition to
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researchers. This facility offers microgravity levels of 10 g for months or years and can
include isolation techniques for reducing the g-level even further (Thomas et al, 2000).
Unfortunately, the latter microgravity platforms mentioned above are very expensive. A
summary of the various microgravity platforms and their respective quality and duration

can be seen in Table 2.2.

Microgravity Platform Duration Gravity level
Drop tower/shafts 2-9 sec 10°—10"g
Parabolic flights (aircraft) 25 sec 10°—10"%g
Balloon-drop 60 sec 10°—1 0'3g
Sounding rocket 6 min 10°-10"g
Space shuttle > 9-11 days 10°—10"g
Space station/recoverable satellite > months 10°—1 0'69

Table 2.2: Microgravity platform characteristics (Thomas et al, 2000).

Selection of the appropriate microgravity platform for this particular study was
motivated by cost, microgravity duration, ability to continually modify the test apparatus,
and logistics. The NASA operated KC-135 provided a relatively low cost and long
duration microgravity environment and allowed continual test modification during flight
operations. All experimental data to be presented were taken aboard the NASA operated
KC-135 in parabolic flight. Data presented in this paper was taken over a 6 week period
totaling 24 flights. During portions of the parabolic flight, low-g (0.01g) and high-g
(1.7g) levels are produced. A typical flight consisted of 40 parabolic maneuvers. Each
parabolic maneuver consisted of a high-g pull-up (1.7g), a low-g period of about 25 s,
followed by a high-g pullout (1.6g-1.7g), Fig. 2.2. Data acquisition for a particular wall
temperature was initiated during the transition from high-g to low-g, Fig 2.3. Data were

obtained for 90 s throughout the entire low-g period and into the high-g pullout and pull-

up.
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Figure 2.2: KC-135 flight profile (left); KC-135 in flight (right) (Courtesy of NASA).
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Figure 2.3: Gravitational profile for a typical parabola (Courtesy of J. Kim).

Experimentation aboard the KC-135 requires comprehensive design, analysis and testing

of each experimental subsystem and the overall system. Some of the design
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considerations encountered include: physical constraints such as size, weight, structural
considerations, power requirements, physiological issues, in-flight spatial constraints,
setup, and logistical design & management. A comprehensive description of the
experimental design challenges and an in-depth analysis of the experimental system is
included in Appendix A (TEDP). Logistical challenges included: apparatus testing and
preparation, transport to and from NASA facilities, loading onto the KC-135, and pre-
flight testing and qualification. Experimentation during parabolic flight is not a trivial
endeavor, requiring diligence and attention to detail surpassing the norm, Fig. 2.4.
Physiological challenges encountered during flight included disorientation, nausea,

lightheadedness, fatigue.

Figure 2.4: Pictures of the Test Environment
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The g-level was a parametrically investigated parameter having a maximum and
minimum value of 0.01g and 1.7g respectively. The majority of experimental data
obtained during flight was taken at these gravity levels. A few data points were obtained
at lunar, 0.17g, and earth gravity, 1g. A summary of the g-level range studied and the

percentage of experiments conducted at each level is shown in table 2.3.

Parameter: Gravity-Level
g-level % exp Uncertainty
0.01g 47 1079
0.3g 1 10°g
1g 5 10°g
1.79 47 10™g

Table 2.3: Gravity level parameter range
2.3.2 Fluid

Pool boiling is strongly dependent on the type of fluid undergoing phase
transition. Organic and inorganic fluids differ in both heat transfer performance and
hydrodynamic manifestations at similar operating conditions. The primary
considerations in selecting a suitable working fluid for this experiment were the
thermophysical properties and electrical properties of the fluid.

As mentioned in the introduction, direct immersion electronic cooling
applications require the use of an electrically inert working fluid. The heater array used
to initiate and sustain boiling activity in this experiment also required an electrically inert
fluid. The maximum heater array temperature studied was 100° C and in order to study
an adequately large wall superheat range, the fluid boiling point need to be between 40°
Cand 70° C. Last, the fluid needed to be non-toxic and non-flammable and satisfy

stringent safety requirements set forth by NASA for operation aboard the KC-135.
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A class of fluids which satisfied all of these conditions was the 3M fluorinert
electronic liquids. These fluids are part of a family of fully-fluorinated compounds
known as perfluorocarbons. Such liquids have been used as heat transfer media for direct
immersion cooling, automated testing, reflow soldering, etching, CVD, and more. In
addition, these fluids were selected due to their good material compatibility, low toxicity,
nonflammability, and documented working history.

The working fluid, FC-72 (CgF14), was chosen from this class of fluids primarily
based on the boiling point of the fluid at room pressure. FC-72 is a clear, colorless,
odorless, highly wetting, dielectric fluid manufactured by 3M. Its dielectric properties
and relatively low boiling point (Ts, = 56 °C, at 0.1 MPa) make it a desirable fluid for
thermal management solutions in the electronics industry. Of particular interest is the

fluid’s relatively high density, low viscosity, and low surface tension, Table 2.4.

FC-72 Properties, P = 1 atm, saturated fluid properties
Boiling Point (K) 329.15
pi (kg/m®) 1614

pv (kg/m®) 14.8

n (kg/ms) 6.40e-04
C, (J/kgK) 1097

hgg (J/kg) 83536

k; (W/mK) 0.0522
o (N/m) 0.008

B (1/K) 0.0094
MW (kg/kmole) 338
Dielectric constant 1.75

Terit (K) 451.15
solubility of water (ppm) 10
solubility of air (ml/100ml) 48

Table 2.4: FC-72 saturated fluid properties.
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Current theories on the origin of thermocapillary convection indicate that surface
active contaminants may play a significant role in the interfacial kinetics at the two-phase
interface. As a result, significant effort was made to accurately quantify the purity of the
fluid. For FC-72, two impurities are typically present: dissolved gases and the fluid

1Somers.

2.3.2.1 Dissolved Gas Measurement. A thorough distillation process was followed to
remove less volatile contaminates in the fluid. Unfortunately this process did very little
to reduce the isomer concentration within in the fluid. After distillation, the fluid was
degassed by periodically reducing the pressure inside the boiling chamber down to the
vapor pressure of FC-72 at room temperature. The air concentration in the liquid was
reduced to less than 3 ppm by repeatedly pulling a vacuum on the vapor/air mixture
above the liquid. For a given partial pressure of gas (P,) above the liquid, the dissolved
gas concentration C, (moles gas/mole liquid) in the liquid phase is given by Henry’s law
C,=H(T) P, where H(T) is Henry’s constant. For air in FC-72, H has been measured to
be 5.4x10™® mole/mole-Pa between 31 °C<T<60 °C. P, can be determined from a
measurement of the total pressure (Pt) and temperature (T,) of the gas above the liquid
after it has come to equilibrium in a sealed container from Py=P1-Pga(Tsa) Where Py, is
the saturation pressure of the liquid at the measured temperature Ty

Consider now the case where liquid and air are sealed in a container of volume V,
and that the volume of liquid containing dissolved air is V| and the volume of vapor/air is
V,. We wish to determine the number of times V, must be removed to reduce C, below a

specified value. The initial partial pressure of air above the liquid is assumed to be P, ;.
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The initial concentration of gas in the liquid is then C,;=H(T)P,;. The mass of air in the
liquid (M,,) can be shown to be:

MW

M,,=H(P, pV, MW” 2.1)
/

where MW, and MW, are the molecular weights of the liquid and air, respectively. If the
vapor and air above the liquid are removed using a vacuum pump (we will assume the
liquid volume does not change) and the chamber allowed to equilibrate, the air contained
in the liquid must come out of solution to fill this volume. The total mass of air in the

container is the sum of the air within and above the liquid:

MW, P, , MW,
H(DF,pV,~ = RTIV +HDP, PV 2.2)
/ 1

where P, ;1 1s the partial pressure of air above the liquid after the vacuum has been

applied. Rearranging equation 2.2 yields

MW
H V,——+
])aji_'-1 ~ (Dpl IMWI ~ 1
P, 7 MW, "1z 3)
RT "MW,
where
1 V, MW,

“RTHT)p, V, MW, @4

Equations 2.3 and 2.4 give the reduction in partial pressure of air above liquid due to the
removal of the air and vapor above the liquid.

As an example, assume we wish to reduce the air concentration to below 3 ppm
for liquid and air at 25°C (this corresponds to a partial pressure of air of 55 Pa), and we

have a container half filled with liquid (V,=Vi). Using the properties of FC-72 we find
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Z=1.57, so the partial pressure of air is reduced to 39% of its previous value every time a
vacuum is applied. If the initial total pressure is 101 kPa, then the vapor pressure is 36.6
kPa, and the partial pressure of air above the liquid is 64.7 kPa, resulting in an initial air
concentration in the liquid of 3500 ppm. If we wish to reduce this to below 3 ppm, we

find that a vacuum must be applied a minimum of eight times, Fig. 2.5.

C,=H(T)P, = P,=F,-P

sat

- H(T)=5.4x10"*, 31°C <T <60°C
N c, =H(P,, )0.39")=3.4938x107(0.39")
5
‘
3
2
« s
0 1 2 3 4 5 6 7 8

Ln (N - number of gas removals)

Cg (ppm)

Figure 2.5: Theoretically predicted gas concentration during degassing procedure.

High performance vacuum pumps are not needed to thoroughly degas the fluid
because the pressure in the chamber is never below the vapor pressure of the liquid.
During the degassing procedure, the pressure was measured using a high-accuracy
pressure transducer (PTG PX01C1-015A5T 15 PSIA, 0.01% FS). The accuracy of this
transducer is about 10 Pa, well below the partial pressure of air at 3 ppm concentration.
Accurate temperature measurements are also required. Near room temperature, the vapor
pressure of FC-72 changes by 3280 Pa/°C, so a 3 ppm error (55 Pa error) can result from

a temperature change of 0.016 °C. The temperature was measured with a high precision
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RTD (Techne, Inc. model WSP350 PRT with TECAL Accutemp RTD indicator, +0.001
°C). Both of the instruments were chosen such that the dissolved gas content could be
determined to levels well below 3 ppm.

In practice, the chamber pressure and temperature were measured just before
degassing, and the pressure measurements were corrected to obtain what the total
pressure would be at a reference temperature of 25°C. A vacuum pump was then
connected to the chamber and the pressure above the liquid was lowered long enough to
boil the liquid for a few seconds, ensuring that all of the vapor/air was removed. The
pressure was observed to quickly stabilize to levels below what would be expected at
C,=3 ppm after a few rounds, Fig. 2.6. Once the liquid was degassed, the pressure
around the bellows was brought up to 101 kPa—since there was no pressure differential

across the seals in the boiling chamber, gas infiltration back into the liquid was

minimized.
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Figure 2.6: Chamber pressure and gas concentration during degassing procedure.
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Gas concentrations smaller than 2x10~ have been shown to have little to no
influence on the boiling behavior in earth gravity (You, 1995). However even the
presence of small amounts of dissolved gas mat cause the formation of Marangoni
convection around vapor bubbles in subcooled, low-g environments (Straub, 2000).
Strong Marangoni convection was observed in the present study under high subcoolings

and therefore the effect of small gas concentrations is currently unknown.

2.3.2.2 Isomer Concentrations. The second fluid purity consideration analyzed was the
effect of different isomer concentrations. FC-72 was analyzed using mass spectrometry
and gas chromatography by researchers from Rutgers University (Hartman, 2004). The
results of this analysis indicate that FC-72 is made up of various isomers of the chain
CeF14. The 6 highest concentration isomers in the FC-72 sample do not have similar
boiling points at 1 atm and theoretically could introduce a temperature gradient along a
two-phase interface if accumulation along the interface occurs, Table 2.5. An effort was
made to study as pure a fluid as possible due to this effect. A purer form of FC-72 (99%
n-perflurohexane) was obtained, and the experimental results were compared to those

obtained using FC-72 (73% pure).

Substance M.W. GC Area % BP (°C)
n-perfluorohexane 338 73.2 56 C6F14
perfluoro-2-methylpentane 338 17.892 57.66 C6F14
perfluoro-3-methylpentane 338 5.954 58.37 C6F14

perfluoro-2,3-dimethylbutane
+ perfluoro-2,2-

dimethylbutane 338 1.723
perfluorocyclohexane 300 1.105 50.61
perfluoromethylcyclopentane | 300 0.126 48 C6F12

Table 2.5: Mass spectrometry results for FC-72 (Hartman, 2004).
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A decision was made early in the experimental design process to study the effect
of various factors at single pressure of 1 atm. This decision was based on NASA design
constraints and the extensive pressure vessel certification process. Significantly higher
pressures would require more robust seals for the boiling chamber as well as redundant
containment vessels. It was concluded that in order to study the effect of pressure on
boiling activity, much larger pressures than what is allowed aboard the KC-135 would
have been desired. In addition, pressure effects on nucleate pool boiling are thought to be
similar (at relatively low pressure, 1-10 atm) to bulk subcooling effects which are studied
extensively in this work. In summary, the fluid purity level was parametrically

investigated by varying the dissolved gas level and isomer content of the fluid, Table 2.6.

Parameter: Fluid

Fluid Description Description

3M commercially available FC-72, < 3 ppm
FC-72 degassed w/isomers | gas concentration, isomer concentration
(Table 2.5)

3M commercially available FC-72, < 3 ppm

FC-72 w/gas & isomers gas concentration, isomer concentration
(Table 2.5)
n-perfluorohexane (pure) 3M, < 3 ppm gas concentration, 99% pure

Table 2.6: Parametrically investigated fluids.
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2.3.3 Wall Temperature / Heat Flux Measurement

The wall superheat is perhaps the most critical parameter study in any pool
boiling experiment. Accurate measurement of the wall superheat requires an accurate
measure of both the temperature of the heater and pressure near the heater surface. As
mentioned previously, all experiments were run at nominally 1 atm and therefore heater
wall temperature was the dominant factor affecting the wall superheat. The heater
temperature was controlled using a microheater array as opposed to constant heat flux
techniques. This method allows the entire boiling curve to be quantified in a single
incremental temperature run. The complex shape of the nucleate pool boiling curve also
requires that the wall superheat be measured with sufficient resolution to provide

information about higher frequency effects.

2.3.3.1 Microheater Array. Local heat flux measurement and temperature control were
performed using an array of platinum resistance heater elements deposited on a quartz
wafer in a serpentine pattern. Each of these heater elements in the array was 0.27 mm x
0.27 mm in size, had a nominal resistance of 1000 Q, and a nominal temperature
coefficient of resistance of 0.002 °C™". The reference heater array consisted of ninety-six
individual heaters arranged in a square array approximately 2.7 mm on a side, Fig. 2.7.
The quartz heater array is mounted in a PGA socket using an epoxy adhesive and
electrical connections were made using a gold wire bonding method. This package was
then connected to a PCB board for interface with feedback electronics and data
acquisition, Fig. 2.8. Contact resistance due to the bonding method had a negligible
nominally 700 Q. The quartz substrate has a thermal conductivity of 1.5 W/mK which

limits the amount of substrate conduction. A silicon dioxide passivation layer deposited
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Figure 2.7: Representative platinum resistance heater array, each heater element = 0.27
mm X 0.27 mm (Courtesy of J. Kim).

above the etched platinum was used to provide a uniform surface free energy over the
heater. The reader is referred to Rule and Kim (1999) and Rule (1997) for additional

details. Fig. 2.9 is a cross-sectional diagram of an individual heater.

— e
L]

—

pre— ]

P ey

P —

— —

o

e [ =

—— | o -

T - [T

— - -

L] |

— = =

. = o = I —

o k —

R L ——

—

—

=8

=

I

=

[l

| o H

Figure 2.8: Heater array connected to PCB board (Courtesy of J. Kim).
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Figure 2.9: Cross-sectional view of heater array (drawing not to scale).

2.3.3.1 Feedback Control Circuit. The temperature of each heater in the array was kept
constant by a bank of 96 feedback control circuits similar to those used in hot wire
anemometry, Fig. 2.10. The control circuit operates in the following manner: The
chopper op amp is used to sense an imbalance in the wheatstone bridge, represented by
Ri, R3, R4, Rs Ry and Rpp. If an imbalance exists, the op-amp outputs a proportional
voltage to the gate of the transistor allowing additional current to flow from the 24 volt
source through the bridge. This current causes an increase in the temperature of the
heater (joule heating) with a corresponding increase in resistance. The resistance of the
heater will continue to rise until a new equilibrium state is reached corresponding to a
balance in the wheatstone bridge. The wheatstone bridge balance can be adjusted by
changing the digital potentiometer setting. This change causes current to flow through
the heater array heating it up until the bridge is once again balanced. The circuit is
designed so that very little power is dissipated across the right side of the bridge (R3, R4,
Rs are very large). Ry, Ry, R3, R4 and Rs are high tolerance metal film resistors and
change very little with temperature. This entire process occurs very quickly, in

approximately 66us, much faster than the dynamic behavior of the boiling process.

56



During data acquisition, the time-varying voltage across the heater resistance, V, in Fig.
2.10, is measured and used along with the heater resistance at the given temperature to

determine the total power dissipated by the heater to maintain it at constant temperature.

24V

Chonner

Op-Amp

o

Figure 2.10: Feedback control circuit (Courtesy of J. Kim).

RDP

L

The feedback control circuits were individually optimized to extend the
operational temperature range of each heater while simultaneously optimizing the heater
temperature resolution. An optimization model was developed based on the physical
response of the feedback circuit. The goals of the analysis included the desire to maintain
the highest fidelity in measurement and to operate the heater array with the maximum
number of operational heaters as possible. The microheater array operates most
effectively when there is a minimum temperature difference between adjacent heaters
allowing all heaters to turn on. A small temperature difference reduces lateral substrate
conduction between heaters providing a better estimate of the heat transfer due to boiling.

Lateral substrate conduction can also cause adjacent heaters to “turn off” during the
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boiling process resulting in a non-uniform isothermal boundary condition and making it
difficult to infer information about the boiling process.

As mentioned above, under certain conditions conduction between heaters
becomes significant. Such conditions occur when there is very small heat transfer above
and below the heater array. Consider first a single heater in the array that is surrounded
by other heaters that are 0.4 K higher in temperature (this value hypothetically represents

the temperature resolution of a given heater), Fig. 2.11. Under such conditions, heat will

Figure 2.11: Model of lateral conduction between heaters.

be conducted from adjacent heaters toward the center at a rate of 6 W/cm?”. The total heat
energy transferred in this case is approximately 300 uW. In order for this heater to
operate correctly, there must be a net energy removal from the heater so that power can
be supplied to the heater and measured. For this to occur, boundary conditions above and
directly below the heater must be such that they remove heat at a rate greater than 300

uW. At the bottom of the heater, a large thermal resistance due to conduction through
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the quartz substrate and convection to air exists creating a nearly adiabatic boundary
under most operational conditions. The area for heat transfer to occur above the heater is
7.29 x 10 (fora 2.7 x 2.7 mm* array). Assuming a temperature difference between the
heater and surrounding medium of 60 K, the heat transfer coefficient would have to
exceed 70 W/m’K in order to remove the 300 uW of energy being transferred from
adjacent heaters. For such a circumstance, the heater will turn off if the overall heat
transfer coefficient above the heater is less than 70 W/m’K. Many natural convection
processes at the small scale can affect heat transfer rates close to this value and therefore
in order to ensure effective heater operation under such conditions it would be desireable
to reduce the required /4 so that an additional range of boundary conditions can be
investigated. The goal of the optimization analysis was to try and reduce the temperature
difference between heaters by 50% which would result in a 50% reduction in the required
heat transfer coefficient above the heater extending the range of conditions the array can
be used to study.

The optimization analysis modeled the control circuit analytically using electrical
circuit theory. A schematic of the feedback control circuit was shown in Fig. 2.10. The
circuit is characterized by three main electronic components: resistors, an operational
amplifier, and a transistor. Resistors, represented by R, R3, R4, Rs, Ry, and the digital
potentiometer (Rpp), define a wheatstone bridge that characterizes the performance of the
control circuit as mentioned previously. Rj, R3, R4 Rs are metal film resistors with a
manufacturer specified tolerance of 1% and are rated at 0.6 Watts. High tolerance metal
film resistors are used in this application for their relative insensitivity to temperature,

high power dissipation, and commercial availability. These resistors, in addition to Rpp,
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form the set of design variables which are optimized in the analysis. Rpp is a dual digital
potentiometer consisting of two digitally controlled potentiometers manufactured by
Dallas Semiconductor. It consists of 512 resistive sections providing a resistance range
of 0 — 20 kQ. R; represents the resistance of a specific heater element. As mentioned
previously, each heater element can be modeled as an equivalent temperature dependent
resistance (R has a temperature coefficient of resistance 1000 times larger that the metal
film resistors described above). The circuit regulating op-amp, labeled “Chopper Op-
Amp” in Fig 2.10, is a high-voltage, high-performance operational amplifier. An
additional op-amp is used to measure the voltage, V,, across the heater element but does
not directly influence the performance of the control circuit. The transistor shown in Fig.
2.10 is a high current, low voltage, NPN switching transistor that is used to provide
power to the heater elements. It is important to note that the analysis presented
subsequently applies to a single heater and its respective feedback control circuit. An
analysis similar to that shown below can be performed for each heater in the array to
obtain an optimized heater array.

A single objective optimization formulation (Eq. 2.5 — 2.11) was developed
alongside a number of linear and nonlinear constraints. This set of mathematical
equations defined the optimization model that was solved using a number of methods in
Matlab. A parametric investigation was performed on a number of design parameters
providing additional information about the optimized solution. An in-depth description
of the optimization model and its solution is provided in Appendix B. In summary, the
design variables are defined as Ry, R3, R4, Rs, Rpp (see Fig. 2.10). The goal was to

optimize these variables for maximum temperature resolution of a given heater in the
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array subject to physical constraints. All design variables are approximated as

continuous variables.

Objective Function:

Single-Objective Optimization Formulation:

39R,R?
AT, = —— 2.5)
athefRS (Rs + RDP)
Subject to:
RR, -1
R3Rre/'
g ‘ +T,-T,,<0 (2.6)
a,
R, +R,
: o ——— =<0 2.7
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24
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One drawback to solving the optimization model is the time necessary to analyze
and determine the optimized resistor values for all 96 circuits. Therefore an effort was
made to use as many of the same resistors as possible. This saved a tremendous amount
of time and money as resistors could be ordered in bulk. As a result, R; was the only
resistor that was optimized for the individual circuits. Rj3, R4, and Rs were chosen based
on the analysis described above and the availability of in-house components. The final
resistor values for each feedback circuit can be found in Appendix C (Table C.1). The
heater numbering scheme is presented in Figure C.1.

The optimized heater array resulted in a 50% increase in temperature resolution
over the older design at higher operating temperatures, 100-120°C. The optimized design
has the same temperature resolution at low operating temperatures, 70°C, Fig 2.12. The

final worst case operational specifications of a heater in the entire array are a temperature
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Figure 2.12: Comparison between optimized heater temperature resolution and older
heater temperature resolution (current design).
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range of 15°C -120°C with a temperature resolution of ~ 0.21°C. Results of the
optimization analysis also identified a unique relationship between the temperature range
and temperature resolution as shown in Fig. 2.13. This figure indicates that a higher
desirable temperature range creates a larger temperature uncertainty between heaters and
very low temperature uncertainties can be created at higher operating temperatures for a

given temperature range.
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Figure 2.13: Non-dimensional optimization results.

2.3.3.2 Heater Calibration. The heater array was calibrated using a constant temperature
oven. PID temperature controllers, two thermocouples, and two thin film heaters were
used to maintain a constant temperature environment inside the oven. The heater was

allowed to equilibrate within the oven for two hours before the calibration program was
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run. The temperature of the heater array was measured using a NIST calibrated

thermocouple which was attached using Kapton high-temperature tape close to the heater

surface. Pictures of this setup are shown in Fig. 2.14.

Oven Chamber
Oven Top Plate
Heater PCB Board
Temperature

Controller

Figure 2.14: Calibration chamber (left), top view of PCB board inside oven (right).

At thermal equilibrium inside the oven, the calibration program determines the
digital potentiometer resistance setting which balances the wheatstone bridge (Fig. 2.10).
These settings, called DQ values, are written to a text file and stored on a flash disk for
future use. This process was repeated for 5°C temperature increments ranging from 65°C
to105°C. The actual measured DQ values (DQpeas), Which are the values of the
potentiometer wiper positions which corresponds to a resistance (Rpp = 39*DQ Q), agree
very well with the predicted values (DQpreq) Fig. 2.15.  Errors in the theoretical model
are due to uncertainties in feedback circuit resistance measurements and uncertainties in

the temperature reading of the heater elements.
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Figure 2.15: Comparison between measured and predicted DQ values for a

representative heater data set.

The temperature range investigated was chosen based on safety requirements,
heater reliability, and wall superheat resolution and range, Table 2.7. Based on previous
studies (Merte 1994 , Dimarco & Grassi 1999), it appears that 5°C temperature
increments provides a sufficient boiling curve resolution to measure higher-frequency
effects in low-g. Wall temperatures below 70°C were unable to sustain boiling activity
on the heated surface and were therefore of little interest. The maximum wall
temperature studied, 100°C, corresponds to a safe and reliable operational temperature
limit of the heater array and is usually beyond the temperature at which CHF occurs. At
higher heater temperatures, thermal expansion of the wire bonding metal and the
encapsulation epoxy can create strong stresses within the device, causing individual wire
bonds to detach from the bonding pads. In addition, higher heater temperatures can cause

high stresses within the quartz wafer due to thermal expansion mismatches between the
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deposited metal layers and the substrate. A more detailed analysis of the heater wall
temperature uncertainty is provided in the next section. Last, during experimentation, the
heater wall temperature was initially set to 100 - 120 °C for 1 second in order to initiate
boiling activity. This large superheat was required due to very low dissolved gas

concentrations within the boiling chamber.

Parameter: Heater Wall Temperature
Wall Temperature (°C) Uncertainty (°C)
70 0.8
75 0.8
80 0.8
85 0.8
90 0.8
95 0.8
100 0.8

Table 2.7: Heater wall temperature range parametrically investigated.

2.3.4 Heater Geometry

2.3.4.1 Heater Size. As mentioned in the literature review, heater size appears to have an
effect on the boiling performance when the size of the heater is below or near the
capillary length. In low-g, the capillary length for FC-72 is 7.8 mm and therefore an
effort was made to study boiling from scales close to and much smaller than this length.
Two heater arrays were manufactured for this purpose (7 x 7 mm® and 2.7 x 2.7 mm?).
Various heater sizes were investigated by selectively powering a number of heaters in the
96 heater arrays. As fewer heaters are powered, the spatial resolution of heat flux
measurement deteriorates and therefore the minimum size studied was a 3 x 3 array of
heaters (0.65 mm?®) and not a single heater. Four heater sizes were selected from the

entire heater size domain space providing information about higher-order heater size
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effects on the boiling performance. A summary of the square heater sizes is presented in

Table 2.8 and Fig. 2.16.
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Figure 2.16: Relative heater sizes parametrically investigated.

Parameter: Square Heater Size

Heater Array Area (mm®) | # heaters | Description | Ind. Heater Area (mm?) | Uncertainty (mm?®)
0.66 9 3 x 3 array 0.073 0.005
2.62 36 6 x 6 array 0.073 0.005
7.29 96 10 x 10 array 0.073 0.005
49.00 96 10 x 10 array 0.49 0.01

Table 2.8: Heater sizes parametrically investigated.

2.3.4.2 Heater Aspect Ratio. In low-g, primary bubbles that form from square heater
geometries tend to be highly symmetrical which may affect thermocapillary convection.
The question was raised regarding the effect of rectangular heaters shapes that potentially
could create and sustain boiling from ellipsoidal bubbles. This was achieved by
powering rectangular arrays of heaters with high aspect ratios. The goal of this
parametric investigation was to determine the extent to which stable ellipsoidal bubbles

tend to form in low-g and the effect of elongated bubble shapes on thermocapillary
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convection and heat transfer. The minimum aspect ratio investigated was a square
heater array. The maximum aspect ratio heater array studied was determined by two
considerations: the maximum length of the array (10 heaters), and the minimum desired
heat flux resolution. The latter refers to the selection of a 2 x 10 array instead ofa 1 x 10
array which provides a heat flux distribution in both orthogonal coordinate directions
instead of in one direction. From the 7 x 7 mm? heater array, five different heater aspect

ratios were investigated as shown in Fig. 2.17 and are summarized in Table. 2.9.

Figure 2.17: Heater aspect ratios investigated.
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Parameter: Heater Aspect Ratio

Aspect Ratio| Heater Area (mm®) | # heaters| Description | Ind. Heater Area (mm®) | Uncertainty (mm?®)
1:1 1.96 4 2 x 2 array 0.49 0.01
1:2 3.92 8 2 x 4 array 0.49 0.01
1:3 5.88 12 2 x 6 array 0.49 0.01
1:4 7.84 16 2 x 8 array 0.49 0.01
1:5 9.8 20 2 x 10 array 0.49 0.01

Table 2.9: Summary of heater aspect ratios investigated.
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2.3.5 Bulk Liquid Subcooling

The chamber working fluid temperature was controlled using a series of Kapton
heaters, thermistor, and temperature controller. The thermistor measures a point
temperature 5 cm above the heater array. The temperature control unit uses a PID
controller and a solid state relay to supply power to the Kapton heaters attached to the
exterior of the boiling vessel to maintain the bulk temperature at or above room
temperature. The minimum temperature investigated, approximately room temperature,
was chosen based on the desire to avoid incorporating refrigeration systems into the test
apparatus. This addition would increase the complexity of the design, introduce system
integration issues, require additional safety certification by NASA, and had the potential
to increase the size and weight of the system dramatically. The maximum bulk
temperature studied corresponds to the saturation temperature of the fluid. Table 2.10
provides a summary of the bulk fluid conditions investigated in this study. The bulk fluid
temperature was recorded twice by hand during each parabolic maneuver. The
temperature control unit maintained the subcooling temperature to within 2°C of the set

value over the course of a given flight.

Parameter: Bulk Fluid Temperature
Bulk Temperature (°C) Uncertainty (°C)
28 2
35 2
45 2
55 2

Table 2.10: Bulk fluid temperatures investigated.
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2.4 DATA ACQUISITION

The analog voltage signal measured across each individual heater, shown in the
feedback circuit Fig. 2.10 as V,, is sent to a 12 bit A/D converter (AD7892) which
connects through a serial interface to the computer module. A PCMCIA digital I/O card
takes the 12 bit digital signal and reads it into the computer. The CPU module (IDAN-
CMM686) has two serial interfaces, a parallel interface, and a keyboard connection. The
transient voltage across the heater was sampled at 250 Hz by a data acquisition system
with a maximum sample rate of 500 Hz. The data was written to a 250 Mbyte memory
flash disk for post-processing. A pressure transducer and 3-axis accelerometer were
integrated into the data acquisition system and data from these sensors were acquired at

the same frequency as the heater voltage signal.

2.5 IMAGING & PIV SYSTEM

Video images of boiling in low and high-g were taken throughout the data
acquisition process. Side view boiling images were originally taken with a CCD camera
and later with a high-speed Phantom camera capable of taking images at a rate of 10000
fps. Bottom view images of the boiling activity were recorded by a high-speed phantom
camera that was later replaced with a CCD camera. The heater array substrate is quartz
which is transparent to visible light allowing images to be taken of the bubble motion on
the heater surface from below. Light from within the boiling chamber traveled down
through the heater and was reflected at a 90 degree angle and then sensed by a
horizontally mounted bottom view camera. The images taken by the CCD cameras were
recorded on a handheld mini digital video camera and later uploaded to a computer for

further processing. The video images were synchronized with the heater voltage
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measurement using a series of light flashes (binary coding) that differed for each data
run.

Marangoni convection appears to be a dominant transport mechanism in low-g
pool boiling. This mechanism is known to strongly influence the liquid flow field around
stable vapor bubbles. Liquid velocity field measurements can be made during the
formation and growth of the primary bubble in low gravity. Particle tracking velocimetry
(PTV) as well as particle image velocimetry (PIV) techniques can be used to provide
valuable flow information. Although PIV experimental measurements are not presented
in this thesis, PIV and PTV capabilities were demonstrated during a concept verification
experiment. In this experiment, a small concentration of glass microspheres with density
similar to FC-72 were used as seeding particles in the working fluid. Individual particle
movement throughout the fluid as a function of time was tracked using high-speed
imaging. This technique provided a good estimate of the fluid velocity and vorticity at
specific points and various times. A laser was used to illuminate a plane of boiling fluid
centered directly above the heater, and the light reflected off the neutrally buoyant glass
microspheres was imaged using a high-speed camera, Fig. 2.18. From successive
images, representative velocity vectors were obtained at various times within the fluid.
Chapter 7 outlines recommendations for future work involving PIV techniques further.

A diode type class II laser manufactured by Diode Laser Concepts is used as part
of the PIV measurement system. The laser has internal electronics that provide static,
surge, and reverse polarity protection. The laser operates at 5 VDC and draws a
maximum total power of 1 mW. Included as part of the laser assembly is a lens that

converts the laser beam into a sheet of laser light at an angle of 45°. The laser
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wavelength is 635 nm. The line width is 1mm at 1 meter and the fan angle is 10°. A

picture of the assembled laser mounting system is shown in figure 2.19.
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Figure 2.18: PIV conceptual drawing.
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Figure 2.19: Laser mounting apparatus and CAD rendering.
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2.6 SYSTEM INTEGRATION

A schematic of the boiling rig used in this study is shown in Fig. 2.20. The
Pressure regulator

Compressed air C?

Ny

Stainless steel
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Viewports ] )O Not to scale

Stirrer c8= i S Fill port/vacuum

(X

\

Window
Window FC-72

Microscale heater array } j.i
Mirror CCD Camera

Figure 2.20: Test chamber schematic (Courtesy of J. Kim).

stainless steel bellows and the surrounding housing allowed the test section pressure to be
controlled. A pressure transducer rated at 200 psia was used to measure the pressure at
the heater surface. A micropump was used to break up thermal stratification within the
test chamber, while a PID temperature controller, a thermistor, and thin film heaters
attached to the boiling chamber were used to control the bulk fluid temperature as
mentioned previously. The test chamber, Fig. 2.21, was filled with nominally 3 liters of
distilled FC-72. The heater was cooled from the bottom using an air jet at ambient
temperature with a flow rate of 660 cm’/s through a 1.6 mm diameter nozzle to prevent
individual heaters from shutting off at low heat transfer levels (such as occurs when a

large bubble covers the heater). The heat flux associated with air jet cooling was
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subtracted from the heat flux signal during data reduction to determine the actual heat
transfer from the heater surface to the liquid and is discussed in greater detail in the next
chapter. Side windows and the transparent nature of the heater substrate allowed for
images to be taken of the boiling from the side and bottom. Two 29.97 Hz CCD cameras
and mini DV camcorders were used for this purpose as described above. Acceleration
data in the direction perpendicular to the floor of the aircraft was obtained using one axis
of an accelerometer (Entran EGCS3) with a sensitivity of 2.5 V/g and frequency response

of 0-90 Hz. The assembled test package is shown in Fig. 2.22 and 2.23.

Figure 2.21: 3-D boiling chamber renderings (Courtesy of J. Benton).
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Figure 2.23: Assembled test apparatus, high speed camera mounting (left), front view
(middle), side view and laser mounting (right).
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2.7 EXPERIMENTAL TEST MATRIX

As mentioned earlier a fractional factorial design approach was employed taking
into account experimental capabilities, design and safety requirements, and logistical
challenges. The fluid charging procedure for this experiment requires multiple days to
perform. Therefore only one type of fluid could be studied per flight week. The bulk
fluid temperature can take up to 2 hours to stabilize after programming the temperature
controller and therefore one set of data at a given bulk temperature was obtained per
flight. A typical flight week consists of four flights allowing different subcoolings to be
studied on successive days. A typical design matrix for a given flight is provided in Fig.

2.24. During a given flight, the g-level,
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Figure 2.24: Fractional factorial experimental test matrix.

76



heater size, and wall superheat were parametrically varied (cubic structures in figure
2.24). In this diagram heater size and heater aspect are similar parameters. The two-
dimensional figure (top right) in fig 2.24 represents a matrix of bulk subcoolings and
fluid types. For each circle in this figure, there is an associated 3-D cubic structure
defining the parametric factors. The color of the cubic vertices represents the subcooling
and the vertices line type represents the fluid type. The order in which data were
obtained on a given day at various wall superheats and heater sizes was randomized. A
summary of the all of the parametric factors investigated and their respective ranges is

shown in Table 2.11.

Experimental Factor Space
Twan (°C)| Toun (°C) | Fooay | Haize (MM?) | Hagpece (Mm?) Fluid P (kPa)
70 55 0.01-g 0.66 1:1(1.96) FC-72 (no gas) 101
75 45 0.17-g 2.62 1:2(3.92) FC-72 (pure gas)
80 35 1-g 7.29 1:3 (5.88) FC-72 (pure no-gas)
85 28 1.7-g 49.00 1:4 (7.8)
90 1:5(11.9
95
100
Total Parabolas / Week 730-160
Total Flight Weeks/Year 3-6
Parabola/Year 390-960

Table 2.11: Summary of factors parametrically investigated.

2.8 EXPERIMENTAL SUMMARY

The physical problem addressed in this study is of fundamental importance to
thermal/fluid management in microgravity. The goal of the experimental methodology
developed is to measure and characterize the various pool boiling mechanisms in low and

high gravity.
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Experimentation in low-gravity environments is a non-trivial endeavor. In
addition to the many design considerations and challenges mentioned herein, a risk
analysis is required prior to experimentation that anticipates possible problems and either
accounts for them at the design outset, or resolves the issue when it arises. In addition,
the difficulty in obtaining test time aboard the KC-135 puts further emphasis on
experimental functionality, efficiency, and the ability to continually modify the test
matrix and experimental capabilities.

The fractional factorial experimental approach employed throughout this
investigation was followed to the extent possible. At minimum, this investigation
provided a much needed basis of data upon which future work can be conducted and the
experiments conducted serve to characterize the potential for passive phase change

systems in low-g.
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Chapter 3: Data Reduction and Uncertainty Analysis

3.1 PURPOSE

The primary goal of the data reduction was to accurately quantify the amount of
heat transferred from the heater surface to the boiling fluid. A number of methods are
presented that were used to model, understand, and estimate this value. The methods
provide a significantly more accurate representation of the heat transfer due to boiling
from the microheater array than was previously available. This chapter also presents an
in-depth analysis of the uncertainty in the various factors measured. Data analysis was
performed using a Matlab routine. All data were stored as text files. All uncertainties

stated subsequently presume a 95% confidence interval.

3.2 VOLTAGE / POWER MEASUREMENT
The transient output voltage of each heater in the array, Vi, its corresponding

resistance, Ry, and area, A;, were used to quantify the transient power flux, qraw.i, supplied

to each heater element during boiling, Eq. 3.1.

qraw,i = RA (3.1)

Individual heater resistances were measured at selected temperatures during the
calibration process using a Fluke multimeter with an error of 0.4%. A typical plot of
temperature vs. resistance for seven randomly selected heaters in the 7 x 7 mm” heater
array is shown in Fig. 3.1. These measurements were used to calculate the temperature

coefficient of resistance, o, for each heater element. This value was used to evaluate
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Figure 3.1: Representative heater resistance temperature dependence (7 x 7 mm” heater
array, o. = 0.003 °C™).
heaters that performed inconsistently or exhibited large performance deviations from the
norm. For properly functioning heaters, the measured o; values agree to within + 5% of
the theoretical value (o, = 0.002 Q/Q°C, 2.7 x 2.7 mm” array), Fig. 3.2. For heater
temperatures where the resistances were not measured, Eq 3.2 was used to estimate the

resistance of the heater at the respective temperature.

R, =R

i ref i

(1+adTl) (3.2)

In this equation, dT, represents the difference between the set temperature and reference
temperature. The uncertainty in estimating the heater resistance from Eq. 3.2 is given

by Eq. 3.3, where the temperature uncertainty, uqr, temperature coefficient of resistance
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uncertainty, u,, and reference heater resistance uncertainty, urrer), are 2%, 5%, and 0.4%

respectively. The total uncertainty for R; was calculated to be 1%.
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Figure 3.2: Measured o, values for a representative set of 2.7 x 2.7 mm? heater array
heaters (o = 0.002, Kim et al. 2002).

R, " (R Y ([ or ’ (3.3)
Up = W“Rref,i + E”a + R Ugr

ref i ref i

The uncertainty associated with i was calculated from a propagation of

uncertainty analysis using Eq. 3.4. This equation assumes a first-order Taylor

w Y y? ’ % ? (3.4)
U praw,i = Huw + _mum + _R,A? Uy

expansion of the uncertainty in the independent variables in Eq. 3.1. The uncertainty in

Ry, 18 1% and the heater area was measured to within = 5%. The uncertainty in the
voltage measurement, which is primarily due uncertainties in the A/D converter chip

(Analog Devices, AD7892), are stated as = 0.11 %. Clearly the primary uncertainty in
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Qraw.i 1S due to the uncertainty in A; and was calculated to be + 5.1%. In contrast, the
uncertainty in the total heat (W) dissipated by the i heater element, Qw.i» 18 much smaller
(= 1%). A typical time resolved plot of qraw i Obtained during parabolic flight for a given

heater element is shown in Fig. 3.3.
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Figure 3.3: Time resolved voltage and heat flux for heater #15, AT = 43°C, Touk =
28°C, 96 heater array.

3.3 SUBSTRATE CONDUCTION

3.3.1 Analytical Model

The amount of heat transferred to the boiling liquid for a given heater element, g;,
was calculated by subtracting the heat flux dissipated into the quartz substrate, g, from
Qraw.i- Substrate conduction is a complicated 3-D phenomenon that is strongly influenced
by the wafer boundary conditions. A 2-D schematic of the heat transfer mechanisms
around the substrate are shown in Fig. 3.4. During a given test run, the heater

temperature and backside boundary conditions of the wafer remain constant resulting in
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steady state substrate conduction. For heaters located in the center of the array,
surrounding heaters are at approximately the same temperature and substrate conduction

is predominately 1-D. A simple 1-D steady state conduction analysis was

qi - qraw,i - qsc,vert,i - qsc,lat,i di

qsc,lat,i

Qsc,vert

quartz substrate

A

Mt imping n(\

Figure 3.4: 2-D schematic of heat transfer around the 2.7 mm micro-heater array (not to
scale).

used to model such heaters. In order to obtain an estimate of this value, the heat transfer
coefficient on the backside of the heater due to air impingement cooling was calculated.
As mentioned previously, backside cooling is provided using a circular impinging air jet
produced by forcing air through a nozzle of 1.6 mm diameter (D,) aboard the aircraft.
The cooling air flow is maintained by a compressed air bottle with flow regulation
typically set at 152 kPa (22 psia) for the 2.7 x 2.7 mm” heater array. The ambient

pressure inside the aircraft averaged 83 kPa (12 psia) during the flight profile. Martin has
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performed an extensive review of heat transfer coefficients for impinging air jets with
single round nozzles. His results are presented in a form given by Eq. 3.5 (Martin, 1997).

Nu
042
air

F(Re,r/D,)k(H,/D,,r/D,) (3.5)

In Eq. 3.5, Nu represents the average Nusselt number from the stagnation point to a radial
distance (7). The nozzle exit was positioned approximately 10 mm (H,) below the
backside of the quartz wafer and the radial distance over which an average heat transfer
coefficient was desired was 2.7 mm. Substituting these values into Eq. 3.5 yields the
following (Eq. 3.6):

r/D, =1.6875 H,/D, =625 (3.6)

For air velocities greater than Mach=0.3 (M, = 0.3), compressible effects become
significant and therefore the Reynolds number at the nozzle exit was calculated based on
compressible flow theory. For steady-state, 1-D, adiabatic, and inviscid ideal
compressible flow, an isentropic assumption can be made which reduces the energy

equation to Eq. 3.7-3.8 (Liepmann and Roshko, 1957).

Lo _q 721 2yt (3.7)
p 2

P _|P. ’ _[T. &
75 () os
As previously mentioned, the pressure ratio, p/p,, is equal to 0.545, and for air, y = 1.4.
Substituting these values into Eq. 3.7 yields, M, = 0.973. The nozzle exit temperature
and density of the airflow can be calculated from Eq. 3.8, p.= 1.21 kg/m’, T, = 15°C. At

the nozzle exit, the speed of sound is approximately 340 m/s, which gives an exit nozzle

velocity of approximately 330 m/s. The corresponding volumetric flow rate at the nozzle
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exit is 660 cm’/s. Based on these exit conditions, the exit Reynolds number was
calculated (Eq 3.9).

v,D,  330(1.6x107)
Re = <" = ~ 35000
v 15.0x10°° (3.9)

From the graphical results presented in (Martin, 1997, pg. 17, fig. 9), Eq. 3.5 can
be represented by Eq. 3.10. All of the properties of air were taken at 15°C (p = 1.21
kg/m3, v=15.03 *10° mz/s, k =0.0255 W/mK, Pr = 0.710, Incropera and Dewitt, 2002).
Further manipulation results in a heat transfer coefficient at the backside of the heater
equal to 2050 W/m?K with an air temperature of 15°C. This value represents the average

convection boundary condition at the backside of the wafer.

Nu 148(.710)2(25.5x107) w
Pr’® 8= 1.6x10°° 050 A’LZK (3.10)

Incorporating the heat transfer coefficient obtained above into the 1-D steady state
conduction model simplifies the analysis into a resistance network analogy (Fig. 3.5).

The resulting temperature at the center backside of the wafer is 65°C for a heater

Ty = 100°C

sc,i ~Ax_ -4 (mzK )
G, §RC~7—3.3><10 v

AT 85

= =10.4%
SR 8.18x10°* Aﬂz |/ %anvz

_ -4 [m?’K )
—4.88x10 ( 41,

> |-

Tair = 15°C

Figure 3.5: 1-D analytical conduction model for a middle heater (heater 1, Fig. 3.5).
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temperature of 100°C with a corresponding substrate conduction heat flux of 10.4
W/em?®. This substrate conduction heat flux applies to a center heater that is surrounded
by many other heaters at the same temperature. This value agrees very well with

experimental and numerical estimates of the substrate conduction to be presented.

3.3.2 Numerical Model

Although the substrate conduction, g, appears to be 1-D near center heaters in
the array, 2-D and 3-D effects are significant near edge and corner heaters. At edge
heaters (heater 5, Fig. 3.6), qs..i is clearly 2-D and at corner heaters (heater 6, 7, Fig. 3.6),

3-D effects are dominant. An effort was made to estimate substrate conduction from

] TRV TTR71] ||||1rl'!|\| 1SR I I

)|

T O SO M < T T 0T

Figure 3.6: Heater numbers modeled using a numerical 3-D conduction routine.

edge and corner heaters using a numerical program developed in Matlab. Under steady
state conditions, assuming no energy generation and a constant thermal conductivity, the
energy equation within the substrate simplifies to Eq. 3.11. This equation was discretized

using a central differencing finite element scheme. A 2-D schematic of the model

2 2 2
ox* oy’ oz’
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developed is shown in Fig. 3.7 (x and z coordinate planes are identical due to heater

symmetry). At symmetric boundary 1, adiabatic conditions exist. At boundary 2, the

hy = 10 W/m’K hy = 10 W/m’K
Tour =28 °C T, = 70,75, .... 105 Toui = 28 °C
% (spacif exaggerated) %
A - ———
W =0.5 mm
L=5mm

A
\ 4

h =2050 W/m’K %
T.=15°C hy = 10 W/m’K
Tb = 28 OC

Parametric Investigation: @ %@
1) Grid size
0.5 mm \@

2) Heater temperature, T}, 1.35 mm
G
.5 mm

3) Bulk liquid temperature,
Tbulk

4) Bulkheat transfer < 2
coefficient, h, O
2

h = 2050 W/m’K
T,=15°C

Figure 3.7: 2-D numerical model of substrate conduction (not to scale).
impinging air jet heat transfer coefficient obtained previously (h = 2050 W/m’K) was
used with an air temperature of 15°C. At boundary 3, the length to width ratio of the
quartz substrate is sufficiently large (L/W = 10) allowing an adiabatic assumption to be
made. At the top, boundary 4, the heaters were modeled as a continuous, infinitesimally
thick, constant temperature boundary. Last, the top right boundary (5) condition was
varied over a range of values (h, = 10-2000 W/mzK, Toux = 28°C, 55°C) due to the
presence of strong thermocapillary convection which may significantly enhance the heat
transfer in this region. For the results presented below, a natural convection boundary

with h = 10 W/m*K and Touk = 55°C was used.
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The 2-D domain was discretized using a Cartesion mesh and the resulting set of
linear algebraic equations obtained was solved using a Gauss-Siedel iterative scheme.
Convergence was assumed to occur when an energy balance on the interior nodes (one
node in from all boundaries) was < 0.001 Watts or 0.0001% of the total energy supplied

by the heaters. 2-D results are shown in Fig. 3.8.
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Figure 3.8: 2-D (x-y) non-dimensional temperature distribution within quartz substrate
(heater numbers shown in white).

A 3-D model was also developed in a manner similar to that mentioned above.
Results presented below were obtained using a 3-D mesh size of 48 x 36 x 48 nodes. A
parametric numerical investigation was performed to study the effect of grid size, heater
temperature, bulk fluid temperature, and bulk heat transfer coefficient on the steady state

temperature profile within the quartz substrate.
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Numerical results for a 96 heater array are shown below. The non-dimensional
temperature distribution for hy, = 10 W/m’K within the substrate is shown in Fig. 3.9.
Toward the middle of the heater array, the heat flux appears to be predominately 1-D and
in good agreement with the analytical results mentioned previously. For the edge heater
(heater 5) 2-D conduction effects are clearly visible. The temperature contours appear to

be nearly perpendicular at the top natural convection boundary indicating negligible heat

b) top surface temperature
profile (surface y) L 405

r -10.4

0.3

0.2

0.1

a) 3-D temperature profile along
surfaces (x-y-z)

c) bottom surface temperature
profile (surface -y)

Figure 3.9: 3-D non-dimensional temperature distribution within quartz substrate (h, =
10 W/m’K,, Tpux = 55°C, heater numbers shown in white).

transfer across this surface. Bulk liquid temperature was found to have a negligible effect
on i over the experimental bulk temperature ranges tested (Tpux = 28°C to 55 °C, h =
10 W/m’K). Near the heater corners (heater 6 and 7, Fig. 3.9), the heat transfer is clearly

3-D.
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A plot of the non-dimensional temperature distribution on the top and bottom of
the wafer is shown in Fig. 3.10. Although a large temperature gradient exists at the
corner and edge heaters in the x-direction, the heat transfer in this direction is minimal
due to the small thickness of the heater elements (1um) which results in a negligible

cross-sectional area (edge heater - 270 um? and corner heater - 540 pm?).

I |
O Wafer Backside

x  Wafer Top

1

0.8

Temperature (0)

0 ! I I ! I
0 0.5 1 1.5 2 25

x-distance [mm]
Figure 3.10: Temperature distribution on the top (y = 0) and bottom (y = 0.5 mm) of the
wafer (z= 0, hy = 10 W/m’K, Tyui = 55°C).
The continuous isothermal boundary idealized as the heater can be broken up into
24 equal size heaters of area = 0.0729 mm” (neglecting the distance between heaters).
The heat transfer from these 24 equal area sections was summed over the area of each

individual heater element and divided by 0.0729 mm? (the area of a 2.7 mm heater

90



element) to obtain an estimate of ;. The result of this calculation is shown in Fig. 3.11
for heater temperatures ranging from 65-105 °C. It should be noted that an additional
line of symmetry exists running diagonal through the heater (surface y). The heat flux
values were symmetric about this line (therefore qy; for heaters 6 and 7 are numerically
equal). The effect of mesh size on qs.; was studied using a 2-D numerical model due to
greatly reduced convergence times. These results are shown in Fig. 3.12. For mesh sizes
larger than approximately 1000 nodes (in 2-D), the effect on substrate conduction heat
flux was negligible. For the largest mesh size studied, at convergence 99% of the energy

entering the control volume from the isothermal heater surface was dissipated by the air
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X Thi 'c £
+ T, =75¢C
= 80" W
asl| ¥ Tp=80C |
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$ T =90C
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i 7 T,=105C *
& e
o
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= X’ x
|2
O
o 20| 0 .
*
+
X
15 o .
5 é | | | | |
0 1 2 3 4 5 6 7

Heater Number

Figure 3.11: Heater temperature effects on substrate conduction (h, = 10 W/m’K, Tpui =
55°C).
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jet cooling on the backside of the array. A summary of the numerical results can be

found in Table 3.1.

T T T T T T
251 + + .
P T !
O Heater #1
=< Heater #2
i * Heater #3 |
O Heater #4
+ Heater #5
&
__E_ 15+ .
é 0o o O rl O
o *
oL BB & 5 5 5
5, |
0 | | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Total Nodes

Figure 3.12: 2-D grid size effect on numerically calculated substrate conduction heat flux
(hy = 10 W/m’K, Toui = 55°C).

Thui = 28 'C, h = 10 W/m’K Thui = 55 'C, h = 10 W/m’K
Th heat. | heat. | heat. | heat. | heat. | heat. | heat. | heat. | heat. | heat. | heat. | heat.
[°C] 1 2 3 4 5 6 1 2 3 4 5 6

65 6.16 625 653 743 | 1457 (2093 ] 6.16 625 6.53 743 [ 14.53 ] 21.04
70 6.78 6.87 7.19 8.18 | 16.03 [ 23.06 | 6.78 6.87 7.18 817 | 1599 | 23.18
75 739 750 784 892 | 1749 (2519 739 750 7.84 891 | 17.45] 25.32
80 801 812 849 966 | 1895|2732 8.01 812 849 9.66 | 1891 | 27.46
85 862 875 915 1041|2041 |2944 | 8.62 875 9.14 1040 | 20.37 | 29.59
920 924 937 980 11.15]21.87|31.57] 924 937 9.80 11.14|21.83]31.73
95 9.86 10.00 10.45 11.89|23.32(33.70] 9.86 10.00 1045 11.89 |23.29 | 33.87
100 | 1047 10.62 11.11 12.64|24.78 [ 35.83 | 10.47 10.62 11.10 12.63 | 24.75 | 36.01
105 | 11.09 11.25 11.76 13.38 | 26.24 [ 37.95]11.09 1125 11.76 13.37 | 26.20 | 38.14

Table 3.1: Numerical substrate conduction results, qs.; (W/cm?) (3648 nodes).
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As mentioned previously, for hy= 10 W/mzK, Twuik had a negligible effect on g ;.
During the boiling process in low-g, the heat transfer coefficient along this boundary
(boundary 5 in Fig. 3.5) can increase at higher wall superheats and bulk subcoolings due
to strong thermocapillary convection. From side view images of the boiling process
taken in low-g, thermocapillary velocities on the order of 1 cm/s were estimated. This
velocity is comparable to other experimental findings which recorded a thermocapillary
velocity on the order of 1 mm/s (Raake and Siekmann, 1989). Based on these
observations, if turbulent thermocapillary flow over boundary 5 is assumed, a well known
parallel flow correlation, given by Eq. 3.12 (Incropera and Dewitt, 2002), provides an
estimate of the average heat transfer coefficient over this

3.12
Nu, =0.037Re}” Pr'? ( )

surface, h, = 60 W/m’K. In Eq.3.12, Nuy, represents an average Nusselt number over a
length of approximately 2.5 mm. Based on numerical calculations for h, = 60 W/m’K on
boundary 5, the difference in gy (for all heaters) over a bulk temperature range of 28 —
55 °Cis < 1% (see Fig. 3.13). Even if a much larger thermocapillary flow velocity is
assumed, such as 10 cm/s, hy, = 360 W/m?K and < 9% difference between Qsc.i values
result. It can therefore be concluded that under the observed experimental conditions,
Qsc.i does not vary significantly with bulk temperature, Fig. 3.13.

In high-g, strong boiling may cause a significant increase in h, along boundary 5.
During boiling, a vapor mass flux directed away from the heater surface can cause a
strong radial inflow of liquid toward the heater from the surroundings. Under these

turbulent conditions, hy, would take a maximum value that is well below 500 W/m?K
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validating the conclusions made in the previous paragraph that Ty, has a negligible

effect on gy for all heaters over the experimental ranges encountered.
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Figure 3.13: Effect of h, and Tpyuk on qsi for middle (h-1), edge (h-5) and corner (h-6)
heaters (96 heater array, 29 x 31 x 29 grid array).
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Based on the numerical results presented, the following conclusions can be made

about substrate conduction:

1) For middle heaters ( > 2 heaters away from boundary), gs.is 1-D and not affected

by Teux With excellent agreement between analytical, numerical and experimental

results (to be presented).

2) For edge and corner heaters, qsiis 2-D and 3-D respectively. When strong

thermocapillary motion is present, Tyuk appears to have a negligible effect on g

(< 1% over the experimental ranges studied.
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3) Substrate conduction from corner and edge heaters can decrease with an increase
in hy, for Ty = 55 °C. This effect is eventually offset by higher heat transfer

across the top boundary surface for larger hy, values.

3.3.3 Experimental Results

Three different experimental methods for determining qs.; were designed and are
analyzed below. The first method, method 1, focuses on experimentally locating
relatively long time periods during which vapor totally covered a heater (such as occurs
when a large bubble causes dryout over a heater in low-g) element and attributing the
heat flux at this time to substrate conduction. The heat transfer from the heater through
the vapor is very low due to the comparatively low thermal conductivity of FC-72 vapor
with quartz (krc.72/ kq < 0.038). Assuming a vapor thermal conductivity equal to that of
the liquid, a vapor layer thickness of 0.5 mm, and a maximum temperature difference
equal to the maximum wall superheat tested (47°C), a conservative estimate of qyap= 0.5
W/cm? is obtained, Eq 3.13. This value is an order of magnitude smaller than the
numerically and analytically calculated substrate conduction values. In addition,
radiation heat transfer between the wall and the liquid is also negligible (0.016 W/cm?).
As a result, all heat transferred to the bulk liquid during times when dryout occurred was

assumed to be negligible.

, dT AT
q" =kpe_p E R kpe_p E =0.5358 V%mz (3.13)

Experimentally determined qs; values using method 1 are shown in Fig. 3.14.
Higher substrate conduction values are observed near the corner and edge heaters due to

the increased area for 2-D and 3-D conduction effects which were confirmed
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numerically. At Ty = 55°C and hy, = 10 W/mzK, there is excellent agreement between

numerically and experimentally determined gy values for a 96 heater array (Fig. 3.14 -
3.15).
Tn =70°C Tn = 80°C Tn =90°C Th =100°C

o] 5 10 15 30 35 40

20 25
sc,i [W/szl

Experimental

Numerical

Figure 3.14: Comparison of numerical and experimental (method 1)q.; for a 96 heater
array (Toui = 55°C, hy = 10 W/m°K).

At higher bulk subcoolings (Tyux = 28°C, 35°C, 45°C) the experimental method
for determining qs; appears to be flawed (Fig. 3.16). For middle and edge heaters at low
wall superheats, Tpuk appears to have a negligible effect on g i as confirmed by the
numerical results mentioned previously. In contrast, at higher wall superheats a strong
dependence on T,k is observed contradicting the numerical results which showed a <9
% increase in i from edge heaters at higher bulk subcoolings. Such observations
indicate the experimental method (method 1) for determining qs ; at higher bulk

subcoolings is inaccurate. The reason for this can best be explained by Fig. 3.17. At



2
Asc.i [W/em*]

T, [°C]
h
Figure 3.15: Comparison of numerical and experimental (method 1) gy i for middle (h-1),
edge (h-5), and corner (h-6) heaters (Tpui = 55°C, hy = 10 W/m?K).

Toui = 55°C, the primary bubble that forms in low-g causes dryout over most of the
heater array. As shown in Fig. 3.17, heaters 1 and 5 are completely covered by vapor
throughout the low-g boiling process and therefore the adiabatic assumption used to
obtain the experimental qs.; values is justified. For corner heaters (6 and 7), times do
occur when the primary bubble covers most of the heater element (> 90%) and therefore
the surface averaged condition for such heaters is also sufficiently adiabatic justifying
method 1. For Ty = 28 °C, heater 1 is also completely covered throughout the low-g
boiling process which is why there exists good agreement between experimental and
numerical values (Fig. 3.15). At higher wall temperatures, 100°C, strong thermocapillary

convection causes the primary bubble to shrink in size allowing bulk liquid rewetting of
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Figure 3.16: Comparison between analytical, numerical, and experimental g values.
Emphasis should be placed on the large deviations between the experimental and
numerical values for higher bulk subcoolings.

the edge and corner heaters (heaters 5, 6, 7, Fig. 3.17). The strong thermocapillary
motion causes the primary bubble to remain stationary and therefore corner and edge
heaters never experience adiabatic conditions above them. As a result, the heat transfer
measured during such conditions for these heaters is a combination of boiling heat
transfer to the liquid and substrate conduction and unfortunately the magnitude of each is
unknown. This results in the large deviations observed in Fig. 3.16. At Ty, = 35°C and

45°C, the primary bubble size is in between these two cases and intermediate deviations

are observed.
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Figure 3.17: Low-g boiling for extreme subcoolings tested (96 heater array, T, = 100°C).

Based on these observations a modification to the experimental method for
determining qs. was made. The new method, method 2 involved using the Ty = 55°C
Qsc.i values for edge and corner heaters (obtained using method 1) for all other bulk
temperatures. Middle heater gy j values were calculated using method 1 for all
subcoolings. This method is justified by the numerical results showing little to no effect
of bulk temperature on qs.;. The third experimental method, method 3, incorporates a
minor variation to method 2 in that all of the gy ; values obtained for Ty, = 55°C were
used as the baselines for the other bulk subcooling cases (for all heaters including interior
ones). The three different experimental methods are summarized below:

1) Method 1: qsiwas calculated from the lowest heat flux measured during low-g
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2) Method 2: qsjwas calculated from the lowest heat flux in low-g for middle
heaters and the Tyux = 55°C qi values (obtained using method 1)were used for
the corner and edge heaters.

3) Method 3: qg; was calculated using Ty, = 55°C (using method 1) experimental
baseline for all subcoolings.

The three methods described above provide a statistical error range for the qsc;
measurement. Method 2 most accurately calculates the qs.; experimentally and methods
1 and 3 provided an estimate of the experimental error in method 2. Method 2 provides
the most accurate experimental value of substrate conduction because the air jet flow rate
was set to be constant throughout a given flight week (regulator setting fixed) and
therefore the backside boundary condition remained consistent across various days
(subcoolings as mentioned in the experimental test matrix section). Therefore gsc,i
should be subcooling independent as identified from the numerical models presented
previously.

It should be noted that at very low wall temperatures (T, = 70°C,75°C) natural
convection dominates the heat transfer process and therefore no primary bubble exists
allowing qs;to be measured. Under such conditions it appears that the experimental
method of taking the lowest heat flux value during low-g appears to give good results that
agree with correlations for the magnitude of natural convection in high-g. Such results
will be presented in the next chapter.

In conclusion, estimating substrate conduction involves two methods and is based
on the magnitude of the wall superheat. For low wall superheats, method 1 and method 2

provide almost identical results. For higher wall superheats (with thermocapillary
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convection present) method 2 appears to be the most accurate experimental method for
determining substrate conduction. A complete listing of the experimental, analytical, and
numerical results can be seen in Table 3.2.

Based on the results presented above, the good agreement between analytical,
numerical, and experimental data provides an estimate of the uncertainty in the
experimentally measured substrate conduction values of +10% (largest error for a given
data point between experimental models). Performing another propagation of uncertainty
analyses yields an uncertainty in the heat flux due to boiling of £11%. The resulting
uncertainty in q; , the heat transfer from a heater to the bulk liquid, is due primarily to

uncertainties in qgc.

3.4 BOILING HEAT FLUX

Boiling heat transfer data was computed from data obtained in high-g and low-g
where the heat transfer had reached steady state over an interval of 5s to 10s where the g-
levels were within (£ 0.05g). Low-g (0.01) time periods were determined from the
accelerometer signal and confirmed by the pressure signal. Fig. 3.18 shows the typical
gravitational environment with respect to time during one parabola (taken from both the
pressure and accelerometer signals). Spatially averaged, time resolved heat transfer data

was obtained using the following equation, (Eq. 3.14):

Zn: [qraw,i (t) Y ]Ai
qtotal (t) = =
2 A

i=l1

=

(3.14)

where the subscript i denotes the heaters and # is the total number of powered heaters. A

typical gsora(?) 1s shown in Figure 3.19 and illustrates the variation in heat transfer during
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the low-g and high-g environments. The space and time averaged heat flux were

obtained using Eq. 3.15:

T
Z qtotal (t )At
j=1

qtotal ="

- (3.15)

t

where At is the time between data points and 7 is the total time over which the average

is obtained. The Matlab codes used for data reduction are given in Appendix D.
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Figure 3.18: Time resolved gravitational environment for 1 parabola aboard the KC-135,
(Courtesy of J. Kim).
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Figure 3.19: Spatially averaged, time resolved heat transfer, 96 heater array, Ty =

28°C, AT =32 °C.

3.5 ADDITIONAL PARAMETERS

Uncertainties associated with the heater wall superheat, ATy, are due to errors in

the heater temperature resolution (2 digital potentiometer settings), calibration

temperature errors, and errors in the saturation temperature of the fluid which arise from

uncertainties in the pressure measurement. Considering the worst case scenario, the

saturation temperature of the fluid, Ty, was calculated from a measurement of the time

resolved pressure at the heater surface and the saturation curve data for FC-72 (3M

Product and Contact Guide, 1995). The pressure transducer was calibrated with an

uncertainty of +0.01 atm. Incorporating this uncertainty into the saturation curve data,

the resulting uncertainty in the time resolved saturation temperature is + 0.25°C over the
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ranges tested. A propagation of uncertainty analysis of the heater wall temperature yields
an error due primarily to the uncertainty in the temperature resolution of the heater of +
0.80°C. The final uncertainty in the wall superheat is + 0.84°C.

The thermistor used to measure the fluid temperature and the RTD used to the
control the chamber sidewall temperature were calibrated in a constant temperature water
bath using a NIST traceable liquid-in-glass thermometer. Although the thermistor
measurement represents a local temperature value, it was assumed to be a representative
average temperature of the bulk fluid. The micropump adequately dissipated any thermal
gradients within the fluid between runs. For a given flight, the bulk temperature reading
never varied by more than 2 °C and therefore represents a good measure of the
uncertainty in Tpy.

The primary bubble departure frequency in high-g was determined from qyotai(t).
For example, times when a peak in heat transfer occurs in Figure 3.19 (bottom) are
thought to correspond to bulk liquid rewetting the heater surface. The number of heat
flux peaks per unit time was taken to be the average rewetting frequency. For
frequencies well below the video framing rate (29.97 Hz), the rewetting frequency as
computed in this manner agreed exactly with the average primary bubble departure
frequency obtained from the video. Therefore uncertainties in the frequency
measurement are on the order of + 1 %. Table 3.2 summarizes the uncertainties in the

experimental variables.
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Variable Uncertainty (2s)

Grotat [W/em®] + 2 W/em?
Qw,i [W] +0.46 %

e [W/em®] +1.7 W/em?®

raw,i [W/sz] +5.02 %
f [Hz] +1%

Tn [°C] +0.80 °C
Toui [°C] +2.0°C
Tsat [°C] +0.25°C
AT [°C]|  +0.84°C
ATaw [°C]|  £202°C

A [em?] +£5.0%
V; [volts] +0.11 %
R [Q] +0.4 %

Table 3.2: Summary of experimental uncertainties
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Chapter 4: Experimental High-g Boiling Results

4.1 INTRO

The experimental results of the fractional factorial experimental investigation
described in the previous chapter are presented in the chapter. Both qualitative and
quantitative descriptions of the boiling behavior under the various conditions investigated
are considered. A discussion of boiling in a high-g environment is first discussed and the
relevant physical mechanisms and models are analyzed. This is followed by a brief
description of the gravitational effects on the bubble shape and primary bubble departure
frequency. Such findings provide insight into the complexities of the low-g boiling
environment which constitutes the majority of the discussion mentioned thereafter. To
this end, detailed experimental, analytical, and numerical results are presented and

analyzed.

4.2 BOILING FROM SQUARE HEATERS

4.2.1 7 x 7 mm?, 96 Heater Array

High-g boiling curves for a 7x7 mm?® heater array are shown in Fig. 4.1. At low
wall superheats, the heat and mass transfer process is dominated by natural convection.
In this regime, the measured heat transfer is in good agreement with predictions of
natural convection heat transfer from the upper surface of a horizontal heater plate, Eq
4.1 (McAdams, 1954). At higher wall superheats, the boiling dynamics are dominated by

the ebullition cycle. As described in the introduction, this cycle is characterized by rapid

Nu, =0.54Ra;* (10 <Ra, <107) @.1)
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Figure 4.1: High-g boiling curves for a 7 x 7 mm® heater array.

bubble growth, departure, and coalescence that tend to occur in a periodic fashion. This
transport process enhances the heat transfer from the surface as the phenomenon
transitions from single phase natural convection to nucleate pool boiling. As expected,
the onset of nucleate pool boiling is characterized by a dramatic increase in the boiling
curve slope. The measured surface and time averaged nucleate boiling heat flux is in
good agreement with the Rosenhow correlation, Eq. 4.2, Css = 0.0041 (n-perfluorohexane
on quartz heater), Fig. 4.1. In Eq. 4.2, Cy is a constant that is used to fit the data and
varies depending on the surface/fluid combination.

¢ ot [glo-p,
-1y " we\ o (42)

w sat

107



Bottom view images of the boiling process in high-g are shown in Fig. 4.2. As
seen from these images, the isolated bubble departure diameter appears to be
approximately the size of an individual heater, 0.7 mm, and is consistent with that
observed for the smaller heaters. The isolated bubble departure diameter refers to the
diameter of a single growing bubble (just after departure) that is not influenced by
adjacent bubbles. In practice, an isolated bubble is difficult to create experimentally due
to multiple active nucleation sites on the heated surface and therefore the isolated bubble
departure diameter is calculated throughout this thesis using a number of models (i.e.
Fritz, 1935). The characteristic length scale, assumed to be equal to the heater length, is
7 mm. This value is larger than the isolated bubble departure diameter (0.34 -0.72 mm)
calculated from Eq. 4.3-4.5, and is approximately eleven times larger than the capillary

length scale, Eq. 1.1.

Bo’ =0.02086 (Fritz, 1935) (4.3)
Bo% = 1000 (Cole and Shulman, 1966) (4.4)
PmmHG
T o)
Bo» =C(Ja)4, Ja= —Zp’, 8o &P=P ML (Cole and Rosenhow, 1968) (4.5)
Py o

Over the entire range of wall superheats studied, no evidence of Taylor instability
was observed. This can be attributed to a number of factors. First, the highest wall
superheat investigated may not have reached the required level for the formation of vapor
jets that are predicted from Taylor Instability. Second, the heater length scale is
sufficiently small so that if vapor jets were to form, the diameter of a single jet plus the
spacing between adjacent jets would exceed the characteristic length scale of the array, as

shown in Fig. 4.3. A vapor column that forms in high-g has a diameter of approximately
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Figure 4.3: Predicted vapor column size and spacing from Taylor instability.

3.26 mm (0.5*A4) and a spacing between adjacent jets of 6.5 mm. This indicates that
only a single vapor jet would tend to form on the heated surface at higher wall superheats
as shown in Fig. 4.3. At the highest wall superheat investigated, AT, = 31 °C, the
formation of a single primary bubble began to occur and was measured to be
approximately the same size (2.8-3.5 mm) as the vapor jet diameter predicted above, Fig.
4.2. The primary bubble in high-g did not grow to cover the entire array, as was observed
for the smaller heater arrays. As will be discussed later, a single primary bubble was
observed above the heated surface at higher wall superheats for smaller heaters. If the
heater size is smaller than a vapor column diameter predicted from Taylor instability, the
boiling characteristics are qualitatively different than if the heater size is much larger than
this length scale. For the cases where the heater size is smaller than the predicted

vapor jet diameter (all heaters except the 7 x 7 mm?), a single primary bubble the size of
the heater is observed at high wall superheats. Lastly, a distinction should be made

regarding primary bubbles and individual bubbles. Firstly, the primary bubble forms due
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to bubble coalescence that results in a bubble that is much larger in size than individual
bubbles. Individual bubbles tend to feed the primary bubble and are significantly

smaller.

4.2.2 2.7 x 2.7 mm?, 96 Heater Array

High-g boiling curves for a 2.7 x 2.7 mm?” heater array are shown in Fig. 4.4. As
in the larger heater case, at low wall superheats the process is dominated by natural
convection and in agreement with correlation predictions. At higher wall superheats, the

boiling behavior is similar to that observed during nucleate boiling at normal gravity

35
A 27mm 96 Heater Array ATsub=30°C
O 2.7mm 96 Heater Array ATsub=25°C
<& 2. 7mm 96 Heater Array ATsub=16°C
30 O 2.7mm 96 Heater Array ATsub=9°C A O
McAdams NC Correlation
------- Rosenhow Correlation, Csf =0.0037 .
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Figure 4.4: High-g boiling curves for a 2.7 x 2.7 mm” heater array.

levels. At low wall superheats, boiling activity on the surface is characterized by the
formation of multiple bubbles on the heated surface. These bubbles had diameters

ranging from 0.27 mm to 0.81 mm and were similar in size to those measured for the
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larger heater. The bubbles tend to grow, depart, and merge with other bubbles on the
surface and the rate of coalescence appears to increase as the wall superheat is increased.
The measured heat transfer was found to be independent of bulk liquid subcooling as
predicted from chapter 1. The Rosenhow correlation provides a good estimation of the
data up to a wall superheat of approximately 30°C. Bottom view images of the boiling
process over the whole range of superheats and subcoolings are shown in Fig. 4.5.

The Rosenhow correlation coefficient, Cy;, which quantifies the fluid/surface
interaction effects is slightly lower (Cg; = 0.0037) than that used for the 7 x 7 mm® boiling
curve fit (Cs¢=0.0041). There may be two explanations for this. First, in the 7 x 7 mm’
case, the fluid was 99% n-perfluorohexane that was completely degassed. Data presented
for the 2.7 x 2.7 mm” array, Fig 4.4, was taken with FC-72 that had a purity slightly
higher than 70%. The slight difference in the purity of the fluid may result in different
surface fluid interaction. Second, the heater size is slightly smaller than the predicted
diameter of a vapor jet (from Taylor theory) and the qualitative differences in the boiling
behavior may explain the slight quantitative differences. Taylor instability predicts the
formation of a primary bubble in high-g that tends to cover the entire array at higher wall
superheats. The ramifications of this are discussed below.

The formation of a single primary bubble is predicted at higher wall superheats
and was experimentally validated at a wall superheat of AT, ~ 40 °C, ATq~ 9°C, Fig.
4.6. The observed size of the primary bubble is in good agreement with the Taylor
instability prediction of a vapor column diameter of approximately 3 mm, slightly larger
than the array (Fig. 4.6a). For ATg,,= 31°C and ATg= 25°C, the primary bubble that

formed at the highest wall superheat fractured into four primary bubbles (e.g., Fig. 4.7
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Figure 4.5: Time-averaged, spatially resolved heat flux maps of boiling process for
96 heater array in high-g at various AT, and Tyy.
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Figure 4.6: bottom and side view images of the boiling process in high-g showing vapor
column formation at high wall superheats, ATy, = 9°C.
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Figure 4.7: bottom and side view images of the boiling process in high-g showing the
formation of 4 primary bubbles at high wall superheats, AT, = 31°C.

(c), ATs=41°C). The mechanism for fracture is unclear but may be due to the increased
level of liquid subcooling which brings cooler liquid closer to the heated surface causing

increased condensation from the top of the primary bubble. As the primary bubble gets
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smaller, surface tension forces the bubble to fracture into four bubbles. These four
bubbles occasionally coalesce and depart the heated surface forming a single vapor jet
above the heater array.

At the highest wall superheats, a large time averaged heat transfer was measured
from the edge heaters in the array, Fig. 4.8. The measured heat flux also deviates
significantly from the Rosenhow correlation prediction. The trends in the boiling curve
data as well as the time resolved boiling heat flux indicate that the boiling activity is close
to CHF. It is clear from Fig. 4.8 that dryout of the center of the array occasionally occurs
which lowers the time averaged heat transfer. As vapor is generated and departs from the
center of the array, a strong rewetting flow from the stagnant fluid medium at the edge
heaters replenishes the departing fluid. As the primary bubble departs, the resistance of
liquid flow to the center of the array is larger than for the edge region due to the increased

rate of vapor formation and coalescence at the center of the array.

ﬂi‘_ 20 40 ’*0

W/em?

Figure 4.8: Time averaged, spatially resolved heat flux (W/cm?) from a 2.7 x 2.7 mm”
heater array in high-g, AT, = 37°C, ATgy, = 9°C.
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The time resolved heat transfer at high wall superheats from an edge heater (Fig.

4.8, heater #96) and center heater (Fig. 4.8, heater #8) is shown in Fig. 4.9. For the

interior heater, #8, complete dryout of the heater occurs periodically as indicated by the
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heat flux curve going to zero. For the corner heater, #96, smaller oscillations about the
indicating that dryout did not occur. This signal also contains higher frequency signals,

mean heat transfer were measured and the heat flux was always above 10 W/cm

indicating faster vapor bubble growth and departure in this region.

ZWIIM) XN} yesy

0.5

0.45

0.05

time (sec)

Figure 4.9: Time resolved heat transfer from two heaters in the 2.7 x 2.7 mm” heater

array in high-g, AT, = 37°C, ATgy, = 9°C.

Such trends provide information regarding the mechanisms for CHF. Firstly, at

low wall superheats, the time averaged heat transfer from the array is evenly distributed
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across the heater area, Fig. 4.10. As the wall superheat is increased, dryout of the interior
portions of the heater occur due to the increased rate of vapor generation, and as the wall
superheat is increased even further, most of the measured heat flux occurs around a small

area along the edge of the heater where rewetting liquid has less resistance to flow.
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Figure 4.10: Time resolved heat transfer from two heaters in the 2.7 x 2.7 mm” heater
array in high-g, AT, = 27°C, ATgy, = 9°C.

The Rosenhow model is not expected to predict the decrease in slope of the
boiling curve at higher wall superheats near CHF. More importantly, very little
predictive modeling is available from literature regarding CHF for heater sizes smaller
than the Taylor wavelength. The Zuber CHF model predicts a CHF value of 16 W/cm®
which is approximately 50% lower than the measured maximum heat flux, but the Zuber

model is based on mechanisms that are proposed for large heaters. Additional
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correlations used to predict CHF for finite-sized surfaces have been written in a form
given by Eq. 4.6. For an infinite, heated flat plate, the predicted CHF is 18.2 W/cm®
(L/Ly > 30), (Leinhard and Dhir, 1973) which is again significantly smaller than the
measured value. This indicates that current CHF models do not account for the boiling
performance seen from heaters with L/L, < 5.

D max L
=1 (—]
q Lb

max,Z

L= |—2 (4.6-4.8)

A
" o\p; —pP,)8
Qmax,Z = 0 1 3 lpvh/g {%}

The time and surface averaged heat transfer appears to be larger for the 2.7 x 2.7
mm” array than for the 7 x 7 mm? array across the entire range of wall superheats. This
again may be due to the differences in the purity of the fluid and/or the fact that the heater
size is smaller than the Taylor wavelength which can cause edge heat transfer to increase
dramatically.

The formation of a single vapor column and single primary bubble was observed
at higher wall superheats for the 2.7 x 2.7 mm” array. The time averaged edge heat
transfer was measured to be dramatically higher from the heater edge (250%) indicating
occasional dryout of the center of the array at higher wall superheats. The mechanism for
dryout and CHF is clear from Fig. 4.11. As the wall superheat increases, vigorous

boiling from the center of the array occasionally creates vapor at a rate greater than can
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Figure 4.11: High-g surface averaged heat transfer from interior heaters (1-64) and
exterior heaters (65-96), AT, = 9°C.

be removed from the surface. This causes occasional dryout of the interior portion of the
array reducing the time and surface averaged heat transfer. The rapid formation and
departure of vapor causes a stronger liquid flow from the edge of the array which
enhances the heat transfer in this region. It is posited that the heat transfer from the edge
region (near the edge of the primary bubble) levels off as the wall superheat is increased
further and the surface averaged heat transfer from the total array begins to decrease
indicating CHF. It is interesting to note that for AT, = 41°C and ATy, = 29°C, Fig. 4.7,
multiple primary bubbles form and the heat transfer in between bubbles is similar to the
heat transfer at the heater edge for ATy, = 9°C, Fig. 4.6. Such trends indicate the

mechanism for CHF in high-g.

119



4.2.3 1.62 x 1.62 mm?, 36 Heater Array

Boiling curves for the 36 heater array are shown in Fig. 4.12. Boiling images
over the entire range of conditions investigated are shown in Fig. 4.13. At low wall
superheats, the process is again dominated by natural convection and agrees with
predictions. Trends similar to the 2.7 x 2.7 mm? array boiling curve are observed and the
heat transfer was measured to be almost identical over the ranges investigated. See the

previous section for an in-depth discussion of the boiling dynamics on the surface.
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Figure 4.12: High-g boiling curves for a 1.62 x 1.62 mm? heater array.

Similar to the larger heater arrays, the formation of a primary bubble occurred at
higher wall superheats and this bubble periodically departed the surface allowing the

entire heater to be rewetted with liquid. Although the bulk liquid subcooling had a
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negligible effect on the surface and time averaged heat flux, the size of the primary
bubble was measurably smaller for higher subcoolings, as observed for the 96 heater
case, Fig 4.13. The formation of a primary bubble is again predicted from Taylor
instability theory at higher wall superheats because the heater size is much smaller than
Valg.

The time resolved heat flux data allowed the primary bubble departure frequency
to be measured at higher wall superheats. The departure frequency was determined from
Grorai(t), as discussed in the data reduction section. For cases in which the departure
frequency was less than 20 Hz, the measured value was corroborated by the frequency
obtained from the side view video images. Although the subcooling level was measured
to have a negligible effect on time and space averaged heat flux, increased subcooling
was shown to dramatically reduce the departure frequency of the primary bubble as
shown on Fig. 4.14. As seen in this figure, the bubble departure frequency increases by
over 100% as the bulk subcooling decreases from ATg=31°C to ATg=9°C ata
superheat of 32°C. An increase in the bulk subcooling increases condensation at the cap
of a growing primary bubble, reducing its growth rate. The longer time needed for the
bubble to reach departure size results in a decreased departure frequency, decreasing the
time-averaged heat transfer. It appears this effect is compensated by a larger heat transfer
to the rewetting fluid due to a larger temperature difference between the heater surface
and the bulk liquid at higher subcoolings (sensible heating effect). This can be seen from
Fig. 4.15 where at low subcoolings, Fig. 4.15a, a higher frequency signal is measured
indicating a higher departure frequency. At higher subcoolings, Fig. 4.15b, although the

departure frequency is reduced (as indicated from a lower frequency signal), the peaks in
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Figure 4.14: Primary bubble departure frequency in high-g for a 36 heater array (1.62 x
1.62 mm?).

the heat transfer are 20-30% higher and wider compared to the lower subcooling case.
If a peak in heat transfer in Fig. 4.15 is associated with a rewetting event (post bubble
departure) then there exists a time in which the rewetting liquid will increase to the
saturation temperature of the fluid, at which point it is assumed vapor formation occurs
which is followed by dryout of the interior heaters and low heat transfer. The total heat
required from the heater to bring the rewetting fluid up to the saturation temperature is
estimated by Eq. 4.9. Furthermore, if the heat transfer just after primary bubble departure
is approximated by a semi-infinite conduction model, the time required to heat the

rewetting fluid to the saturation temperature (given by Eq. 4.9) is estimated by Eq. 4.10.

qsens = mcp (TS‘Gf - Trewet ) (4'9)
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This equation was derived by integrating the semi-infinite conduction heat flux and
solving for the time required to sensibly heat the fluid to T, .

Considering the two cases shown in Fig. 4.15, if the rewetting temperature is
estimated to be the bulk liquid temperature and the rewetting liquid mass is assumed the
same in both cases, the estimated time required to bring the rewetting fluid up to the
saturation temperature (from Eq. 4.10) is 4.5 times longer for AT, = 30°C (Fig. 4.15b)
than for the AT, = 9°C case (Fig. 4.15a). From Fig. 4.15 it is observed that the width of
the heat flux spike in the ATy, = 30°C case is approximately four times that for the ATy,
=9°C case. This calculation supports the idea that the measured spike in heat flux may
be due to rewetting fluid on the heated surface and the primary mechanism of heat
transfer is transient conduction over this short time period. Experimental data taken by
Kim and Demiray (2004) also support this idea.

As measured for the 2.7 x 2.7 mm?” array, the edge and corner heat transfer was
measured to be much higher than the center heat transfer at higher wall superheats. This
trend again indicates the mechanism for CHF for these heater sizes, Fig. 4.16. First,
dryout of the center of the array occurs due to high rate of vapor generation. Second,
most of the time and surface averaged heat transfer eventually occurs at the edges of the

heater array as the wall superheat is increased. Also note that the primary bubble tends to
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break down into multiple primary bubbles as the subcooling is increased, Fig. 4.17. This
trend was also observed for the 2.7 x 2.7 mm? array and is again attributed to increased
condensation at the primary bubble cap as the bulk subcooling level increases reducing

the primary bubble size until surface tension acts to pull the bubble apart. Also note as
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Figure 4.16: Bottom and side view images of a 36 heater array at low subcoolings, AT
=9°C.
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Figure 4.17: Bottom and side view images of a 36 heater array at high subcoolings,
ATsub = 30°C.
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the primary bubble breaks down, interior regions of the array are wetted which can

enhance the time averaged heat transfer, Fig. 4.18.
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Figure 4.18: High-g time averaged boiling heat transfer at high bulk subcooling, ATy, =
30°C and high wall superheat, AT, = 41°C.

Based on the departure frequency shown in Fig. 4.14, an estimate of the amount
of heat transfer due to condensation can be obtained if it is assumed that the measured
heat transfer is due to a combination of three energy removal modes during the ebullition
cycle. These modes include: sensible heating of the rewetting fluid after bubble
departure (qs), latent heat transfer (q.) from the heater surface which is responsible for the
formation of a bubble of mass my, and condensation from the bubble (qc) while the
bubble is in contact with the heater surface. For the analysis that follows, these variables
were calculated in joules and the heat transfer rate was determined by summing the three
modes and then multiplying this value by the measured bubble departure frequency. The
three different modes are graphically depicted in Fig. 4.19. As mentioned above, these

heat transfer modes occur cyclically with a frequency shown in Fig. 4.14 at various
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Figure 4.19: Boiling heat transfer modes in high-g.

q.

subcoolings. A complete cycle occurs over time At which is equal to the inverse of the
measured bubble departure frequency. If these three modes are the only contributors to
the measured heat transfer, an estimate of the heat transfer due to condensation can be

obtained from Eq. 4.11. In this equation, the total sensible heat transferred to the fluid is

vabf(cpA]-;ub + hfg)

R R B B Y (4.11)
Aheat

assumed to be that required to bring the bulk fluid temperature up to the saturation
temperature. Vj, is the volume of the primary vapor bubble that is generated and f'is the
measured primary bubble departure frequency. Vy, was calculated based on the bubble
departure diameter measured just after the bubble leaves the heater surface.

As seen in Table 4.1, for pool boiling under nearly saturated bulk conditions, the
primary mode of heat transfer is latent heat while for highly subcooled bulk conditions,
condensation accounts for the majority of heat transfer from the surface. It should be
noted that these results are for cases where a distinct primary bubble forms in high-g.
Lastly, existing CHF correlations do not accurately account for the measured peak heat

transfer as discussed for the 2.7 x 2.7 mm? array.
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ATsub ATsat qs qe qmeas qc
(°C) (°C) | (Wicm2) (Wicm?2) (Wicm?) | (W/cm?)
9 38 2.83 24 26.1 ~0
28 41 2.65 6.5 29.5 20.35

Table 4.1: Condensation heat transfer at two different subcoolings.

4.2.4 0.8 x 0.8 mm?, 9 Heater Array

Boiling curves for the 9 heater array in high-g are presented in Fig. 4.20. A set of
images of boiling from the 0.81 x 0.81 mm?” array are shown in Fig. 4.21. At low wall
superheats, the images show few active nucleation sites and the process is again
dominated by natural convection. At higher superheats, the images clearly indicate the
formation of a single primary bubble surrounded very occasionally by satellite bubbles,

similar to what is observed in low-g for larger heaters. The measured heat transfer at low
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Figure 4.20: High-g boiling curves for a 0.81 x 0.81 mm?” heater array.
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Figure 4.21: Time-averaged, spatially resolved heat flux maps of boiling process
or 9 heater array in high-g at various AT, and Tyy.
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wall superheats agrees fairly well with the Rosenhow correlation but deviates
significantly at higher wall superheats AT, > 25°C. Primary bubble departure from the
heater surface was not observed except for one case (ATs=37 °C, ATg= 8 °C) in which
departure was infrequent (< 1 Hz). Surface tension clearly dominated the boiling
dynamics over the superheat and subcooling ranges investigated.

The boiling curves shown in Fig. 4.20 indicate what appear to be two distinct
boiling regimes. At low wall superheats, AT, < 25°C, multiple bubbles tend to form on
the 3 x 3 heater array and tend to coalesce with a larger primary bubble which dominates
the boiling activity, Fig. 4.21 - 4.22. As indicated by the presence of multiple bubbles on

the surface, there appears to be few active nucleation sites and vapor appears to be
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Figure 4.22: High-g boiling images from a 0.81 x 0.81 mm® heater array, AT, = 9°C.

generated at a small rate. Heat transfer in this regime appears to be due primarily to the
movement of the individual bubbles on the heated surface which tends to enhance local

mixing. At higher wall superheats, AT, > 25°C, another boiling regime appears to occur
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and is characterized by the formation of a single primary bubble on the heated surface.
Coalescence of the satellite bubbles with the primary bubble, surface tension, and
increased condensation at the cap of the bubble due to natural convection prevented the
primary bubble from reaching the size required for departure. A strong jet was observed
above the bubble indicating the presence of natural convection and/or thermocapillary
convection which served to regulate the primary bubble size by enhancing condensation
at the bubble cap. The condensing vapor flux was balanced by vapor addition from
smaller coalescing bubbles at its base. The occasional departure mentioned previously
may indicate that the bubble is close to the required isolated bubble departure diameter
for the specified operating conditions. At first glance, the primary bubble appeared to be
an isolated bubble. Further analysis showed the primary bubble has a number of
interesting characteristics. First, it appears to be fed by microscopic bubbles that form
around the edge of the array and coalesce with it, Fig. 4.23. Second, it remains relatively

stable in both size and position throughout high-g.

Primary —

bubble Microscopic
vapor
generation
and
coalescence

Figure 4.23: High-g boiling from a 0.81 x 0.81 mm? heater array. Teuk= 28°C, AT =
34°C. Colored area represents powered heaters.
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Due to the stability and size of the primary bubble on the heated surface, the
mechanism of heat transfer is not solely dominated by buoyancy driven flows but is
instead a combination of thermocapillary and natural convection. As mentioned in
Chapter 1, for small bubbles that do no depart the heated surface, experiments have
shown thermocapillary convection to be the dominant heat and mass transport
mechanism and buoyancy effects play a much smaller role (Wang et al, 2005).

From the side view images, an estimate of the force balance acting on the bubble
can be calculated. The surface tension and coalescence force that counteracts buoyancy
can be estimated based on the primary bubble size to be >3 x 10° N. This force is
calculated based on the buoyancy force acting on a bubble, F, = Apy, Vg where Vy, is
calculated from the bubble diameter measured from the bottom view images. Side view
images of the bubbles in high-g show a contact angle of approximately 90 degrees with a
resulting surface tension force of approximately 20 x 10° N. This surface tension force is
an order of magnitude larger than the buoyant force acting on the bubble and therefore
explains why the bubble remains on the heated surface.

Increased subcooling was measured to have a negligible effect on heat transfer
over the ranges tested. This tends to indicate that the thermocapillary and/or buoyancy
driven flow above and around the bubble is not strongly influenced by the level of bulk
subcooling. The heat transfer from the array at higher wall superheats appears to be the
result of a competition between increase in heat transfer associated with the satellite
bubble region and the decrease in heat transfer due to growth of the dry area under the
stable primary bubble. Further analysis of the boiling images indicates that the primary

bubble acts as a pump, bringing liquid in from the side of the heater array and pumping it
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out at the top of the vapor bubble where it is transported upward due to natural
convection and the momentum of thermocapillary flow.

The primary bubble shape and position on the heater caused local dryout over the
center of the array. The heat transfer from the heater under and outside of the primary
bubble is shown in Fig. 4.24. The presence of the primary bubble causes very large heat
transfer from the edge of the array due to presence of strong thermocapillary and/or
buoyancy driven flows toward the center of the bubble. In addition, interior heaters
(8,22-24,46, Fig. 4.24), or heaters that are >50% covered by a primary bubble appear to

reach a surfaced average CHF at relatively low superheat.
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Figure 4.24: High-g surfaced averaged boiling heat flux from representative heaters in
the 0.81 x 0.81 mm? heater array. ATgp =9°C.
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It should be noted that the heater array size is close to the predicted bubble
departure diameter from correlations and is significantly smaller than the Taylor
wavelength, lending support to the idea that boiling at such scales is not governed by the
models and methods presented in Chapter 1. The mechanisms for CHF are clearly not

Taylor and Helmbholtz instabilities as predicted from Zuber model and others.

4.3 COMPARISON OF BOILING CURVE AND HEATER SIZE RESULTS

Boiling curves for all four square heater arrays investigated in high-g are shown
in Fig. 4.25. At low wall superheats, the data is in good agreement with natural
convection correlations for a horizontal heated surface facing upward for all subcoolings
and heater sizes as mentioned previously. The fact that natural convection correlations
are in good agreement with the experimental data serves additionally to validate the
substrate conduction estimation method described in the previous chapter. At higher wall
superheats, there appears to be a negligible subcooling dependence on the heat flux over
the ranges tested for all heater sizes. This may be attributed to the fact that CHF was not
measured for all the cases studied, although it can be approximated based on the trends in
the data. These findings agree with classical boiling models, correlations, and
experimental data which show a negligible subcooling dependence in the nucleate pool
boiling regime. In addition, the data for the 1.62 x 1.62 mm? array shows the primary
bubble that tends to form at higher wall superheats in high-g departs less frequently as the
liquid subcooling increases. It is thought that a reduction in the departure frequency
would cause a reduction in the heat transfer but this effect is counteracted by larger
sensible heating to the rewetting fluid and additional condensation as discussed in detail

previously.
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Figure 4.25: High-g boiling curves for various square heater arrays.

Depending on the size of the heater, boiling in high-g appears to be defined by at
least two distinct regimes. For heater sizes smaller than the predicted isolated bubble
departure diameter, surface tension dominates the process and classical models fall short
of explaining the behavior. Under such conditions, the primary bubble that forms on the
heater surface does not depart and the transport mechanisms appear to be a combination
of thermocapillary and buoyancy driven flow. Current nucleate pool boiling correlations
used to predict the heat transfer cannot explain the differences in performance seen across

heater sizes indicating the need for new models and correlations that more effectively
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account for appropriate length scales such as the Taylor wavelength and isolated bubble
departure diameter.

Boiling from the smallest heater array is clearly surface tension dominated,
although natural convection may play a role in enhancing condensation from the bubble
cap which tends to regulate the primary bubble size. The corner and edge heat transfer
compared to the larger arrays, 36 and 96 arrays, is slightly less due to the fact that vapor
is not removed from the heated surface by bubble departure.

For heaters that are larger than the isolated departure diameter and smaller than
the vapor jet diameter predicted from Taylor instability (1.62 — 2.7 mm arrays), the heat
transfer at higher wall superheats was measured to be 100% higher than for the 0.81 x
0.81 mm” array. This enhancement is due to primary bubble departure that occurs
frequently allowing rewetting of the heated surface and an enhancement in heat transfer.

For the largest heater size investigated (7 x 7 mm®), the boiling measurements
appear to fall in between the two cases mentioned above. As indicated previously, this
may be due to the purity of the fluid and/or the given surface/fluid combination which
may act to slightly alter the heat transfer from the surface.

In summary, the data appears to show three different boiling regimes in high-g.
These regimes are directly related to the heater size relative to the bubble sizes. The
important non-dimensional length scales that govern pool boiling performance in high-g
are: the ratio of the heater length to the bubble departure diameter predicted from the
Fritz correlation, and the ratio of the heater length to the Taylor wavelength. The heater
hydraulic diameter (ratio of surface area to perimeter) may also play a significant role by

determining the relative effect of heat transfer from the edge of the heater, which has
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been shown to be dramatically enhanced under certain conditions. These length scales
were found to be equally important across gravity levels as will be discussed in the next
section.

It is hypothesized that the transition from buoyancy to surface tension dominated
boiling occurs when the bubble departure diameter (Dy) and the heater size are of the
same order. The largest bubbles observed for the 1.62 mm and 2.7 mm heater cases in
high gravity have a diameter of approximately 0.8 mm, supporting this hypothesis. In
addition, the bubble departure diameter in high-g predicted from correlations is 0.72 mm.
In summary, the three distinct boiling regimes are shown in Fig. 4.26. This figure shows

the three boiling regimes defined by the relative size of the heater to the predicted
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Figure 4.26: Boiling regime map.

departure diameter (Fritz correlation) and Taylor wavelength. If the heater length is

smaller than both of these length scales, boiling is surface tension dominated. If the
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heater is larger that both of these length scales then buoyancy dominated boiling results.

The various heater sizes investigated in this thesis are shown by the symbols in Fig. 4.26.

4.4 TRANSITION FROM HIGH TO LOW-G
4.4.1 Gravitational Effects on the Bubble Departure Diameter

The gravitational environment produced aboard the KC-135 provides a transition
from high-g to low-g over approximately five seconds. Although the transient
gravitational environment produced does not allow a steady-state boiling process to be
observed, significant information can be obtained nonetheless. Consider first the
measured primary bubble departure frequency for the 0.81 mm to 2.7 mm heater arrays
(Fig. 4.27-4.29). The departure frequency was reduced dramatically as the g-level
declined, as expected, and can be explained by the reduction in buoyant forces acting on
the bubble. It should be noted that a consistent primary bubble was not observed across
gravity levels fora 7 x 7 mm® array because the heater size was much larger than a vapor
column diameter and sufficiently high wall superheats that cause the formation of a
primary bubble in high-g were not investigated.

Looking first at the g-level dependence on the primary bubble departure
frequency for various heater sizes, as the gravity level is reduced, the primary bubble was
observed to depart less frequently, Fig. 4.27. An interesting trend can be observed from
Fig. 4.27. It appears that for the 1.62 and 2.7 mm heaters, the bubble departure frequency
is a function of the ratio of the heater length, L, to the Taylor wavelength, Ap. Best fit
curves of the data shown in Fig. 4.27 were used to calculate the data shown in Fig. 4.28.

For the few data points that can be considered, the data appears to fall along the same
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curve indicating once again the importance of the Taylor wavelength on the dynamics of

the primary bubble.
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Figure 4.27: Effect of Heater Size on primary bubble departure frequency (Tpuk = 54°C,
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Figure 4.28: Effect of the ratio of the Taylor wavelength to heater length on primary
bubble departure frequency (Touk = 54°C, Tyan = 100°C).
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The frequency of bubble departure vs. gravity level is shown in Fig. 4.29 for the
1.62 x 1.62 mm?” array at higher bulk subcoolings. A higher subcooling reduces the
bubble departure frequency for a given wall temperature, g-level, and heater size since
the size of the primary bubble decreases due to increased condensation at the top of the
vapor liquid interface.

As mentioned previously, the effect of bubble coalescence at the base of the

primary bubble is thought to significantly influence the primary bubble departure
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Figure 4.29: Effect of bulk fluid temperature and g-level on bubble departure frequency.
Data taken from a 36 heater array (1.62 x 1.62 mmz), Tyan = 95°C.

frequency. Higher wall superheats increase vapor generation from satellite nucleation
sites, increasing the rate of coalescence. The dynamic effects of the coalescence process
are thought to provide a net force that holds the bubble onto the surface, counteracting

buoyancy as shown in Fig. 4.30.
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Figure 4.30: Bubble departure frequency for 1.62 x 1.62 mm?” heater array Tyux = 55°C.

4.4.2 Gravitational Effects on Primary Bubble Size

The transition from high-g to low-g also had a dramatic effect on the primary
bubble diameter for the 0.81 x 0.81 mm? array. A plot of the gravity level vs. time with
representative bottom view images of the boiling process is shown in Fig. 4.31. Itis
interesting to note that the boiling behavior for this heater size at all gravity levels studied
is strikingly similar to what is observed in low gravity boiling for all heater sizes, Fig.
4.32. The primary bubbles in high-g were seen to be significantly smaller than those
observed in low-g for the same heater size.

This boiling is dominated by the formation of a stable primary bubble that does
not depart the heated surface. Surface tension clearly dominated the boiling process for a
9 heater array across gravity levels which indicates that if the heater size is smaller than

the bubble departure diameter, the boiling heat flux is dramatically affected.
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Figure 4.31: Bubble size vs. gravity level, AT = 38°C, Tpux = 28°C.
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Figure 4.32: Boiling on a 3 x 3 Heater Array (.8 mm x .8 mm) at 1.6 g, Tpu = 28°C,
ATg = 34°C. Colored area represents powered heaters.
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Observations showed the primary bubble (formed in high-g) increases in size as
the gravity level decreases. The increase in primary bubble diameter may be due to a
decrease in natural convection causing decreased condensation at the top of the bubble.

At equilibrium the bubble was nearly 100% larger in low-g.

4.5 HIGH-G CONCLUSIONS

In conclusion, the data presented in this section serves to validate previous work
for boiling from heater sizes larger than the isolated bubble departure diameter. In
addition, the Rosenhow correlation accurately predicts the pool boiling performance at
relatively low wall superheats. The primary mechanism for heat transfer during nucleate
pool boiling was different for various levels of subcooling. Under near saturated bulk
conditions, the majority of heat removal from the surface occurs due to sensible heating
to the rewetting fluid as well as latent heat transfer required for bubble formation. Under
high bulk subcoolings, the primary bubbles that formed tended to stay on the heated
surface longer and large heat transfer due to condensation was identified. For large
heaters, the mechanism for CHF was identified to be dryout of the interior portion of the
heater which is accompanied by a strong increase in heat transfer from the edges.

High gravity boiling on small heaters can be surface tension dominated, similar to
boiling in low gravity. Surface tension dominated boiling results in a dramatically lower
heat flux and the transition to surface tension dominated boiling is not a function of Bog
alone but depends additionally on wall superheat, bulk fluid subcooling, heater size, and

gravity level.
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Chapter S: Low-g Boiling Results

5.1 INTRO

Buoyancy was found to be the primary bubble departure mechanism at higher g-
levels. The primary effect of a reduction in the gravitational level is a reduction in the
buoyant force acting on bubbles which causes them to grow large and depart the heated
surface less frequently. Bubble departure from the heated surface was found to account
for the majority of the heat transfer during saturated pool boiling while under highly
subcooled conditions, condensation from the bubble cap was identified as the primary
heat transfer mechanism in the presence of strong buoyancy driven convection around the
primary bubble. Because the transport process is enhanced by bubble removal and
buoyancy driven convection, it can be expected that a reduction in bubble departure
frequency in addition to a reduction in buoyancy driven convection tends to reduce the
time and surface averaged heat transfer. This chapter discusses in detail the heat and
mass transport characteristics due to bubbles that do not depart the heater surface. In
low-g, bubbles tended to grow much larger than their high-g counterparts and the heat
flux in most cases were found to be dramatically reduced. Although this might be
expected at first glance, physical mechanisms not thought to be significant were found to
dominate the transport process. Extensive experimental data is presented throughout this
chapter which serves to support the many inferences made.

This chapter is organized in a similar manner to Chapter 3. Experimental results
for the square heater arrays are first presented and analyzed. The effects of bulk liquid

subcooling and wall superheat are discussed in detail for each heater size. This is
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followed by a brief discussion on the effects of boiling in low-g from heaters of larger
aspect ratio. Lastly, information is presented which identifies the effect of dissolved
gases on the boiling performance in low-g which was found to be dramatic.

Throughout this chapter, experimental data is discussed alongside analytical and
numerical models. These models are meant to facilitate understanding of the phenomena
in addition to providing a predictive capability for future design. Last, a summary of the
significant contributions of this work and design recommendations for a passive thermal
control system in space are discussed. The conclusions section discusses

recommendations for future work in this area.

5.2 HEATER SIZE EFFECTS
5.2.1 7 x 7 mm?, 96 Heater Array

Boiling curves for a 7 x 7 mm? heater array in low-g are shown in Fig. 5.1 for all
bulk liquid subcoolings. Images of the boiling process for a 7 x 7 mm” array are shown
in Fig. 5.2. At low wall superheats, the process is dominated by single phase conduction
through the liquid. This transport process is much less efficient than the natural
convection process observed in high-g at similar superheats and is the reason why a
smaller heat flux is measured. In a zero-g environment, the heat transfer from the heater
during single phase transport can be modeled at first approximation using a steady state
conduction model assuming the liquid located a distance, x, away from the heater is at
constant bulk temperature. As an example, assuming the temperature of the bulk liquid
located 1 cm away from the heater surface is at Tpyk then the resulting heat transfer due
to conduction is 0.02 W/cm?. This value is much smaller than the measured heat flux

which may be due to residual buoyancy driven fluid motion. Steady natural convection
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Figure 5.1: Boiling curves for a 7 x 7 mm” heater array in low and high-g.

that is set up in high-g may not be significantly damped out in the amount of time the g-
environment transitions from high to low-g (< 5 sec). Therefore, it is concluded that the
residual fluid motion within the system enhances the single phase heat transfer process in
low-g. In a true microgravity environment, the steady-state time and surfaced averaged
heat flux is predicted to be much smaller.

As bubble formation occurs at low wall superheats, 15°C < ATy, < 25°C, the
measured heat transfer in low-g is similar to what was measured in high-g, Fig. 5.1. This
is due to the formation of small bubbles on the heater that move around and coalesce with
other bubbles on the heater surface. Under such conditions, the nucleation site density

was relatively small, and the formation of a primary bubble was not observed and may be
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due to the fact that vapor is not generated at a sufficient rate to sustain a larger bubble on

the surface, Fig 5.3. For all of the subcooling levels investigated, condensation from the

Low-g, AT, =9°C High-g, ATy, =21°C

W/em®
Figure 5.3: Boiling in high and low-g at low wall superheats, AT, = 21°C.
bubbles was observed which regulates their size. The bubble coalescence process in low-
g mentioned above appears to have the same effect on the heat transfer as in high-g where

much smaller bubbles were observed, Fig. 5.3. As seen from Fig. 5.3, the heat transfer
appears to be evenly distributed across the heater array for both g-levels and although the
bubbles are much larger in low-g, the time and spatially averaged heat transfer is nearly
the same and independent of subcooling. It appears that the lateral bubble motion on the
surface low-g can create the same heat flux as smaller departing bubbles in high-g. In
this boiling regime which can be defined as, “isolated satellite bubble regime”, the
bubbles act as turbulence generators and their relative movement across the heater
surface allows the surrounding cooler liquid to wet the surface, enhancing the heat

transfer. In low-g at low wall superheats, the primary heat transfer mechanism appears to
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be single phase conduction to the rewetting liquid although an appreciable condensation
component may exist. This will be discussed in greater detail for the smaller heater
arrays. It is interesting to note that the Rosenhow correlation, which was shown to be a
good predictor of performance in high-g, predicts a heat transfer that is much smaller
than the measured value in low-g, Fig 5.1. It is clear from this data that such models
need to be modified to account for the pertinent mechanisms in low-g.

At higher wall superheats, the boiling curves in low-g are strongly dependent on
the level of subcooling. Consider first the lowest subcooling investigated (ATs,,=9°C).
The heat transfer increases with superheat up to 26°C, then decreases at higher
superheats. The primary bubble that formed at ATg,;= 26°C increased in size as the
superheat increased but did not grow large enough to cover the entire heater, Fig. 5.2.
The primary bubble moved around the heater surface coalescing with smaller satellite
bubbles. Primary bubble movement in low-g may be due to induced liquid motion from
the surrounding satellite bubbles and/or the significant g-jitter in all three axial directions
aboard the KC-135. G-jitter has a much larger effect on the primary bubbles that form on
the 7 mm array than on the smaller heaters. Thermocapillary effects were not observed to
be significant at this particular subcooling. CHEF is clearly indicated from the trend in the
boiling curve and measured to be approximately 7.8 W/cm? at AT, = 27°C, Fig 5.1. The
mechanism for CHF appears to be breakdown of the satellite bubble region into a single
primary bubble which tends to insulate most of the heater area.

The CHF at the highest subcooling (ATs,,=29°C and 31°C) was much higher than
for the case mentioned above. As indicated from Fig 5.1, CHF was not reached for this

particular subcooling over the range of the wall superheats measured. Coalescence with
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the primary bubble was observed to be the satellite bubble removal mechanism at all wall
superheats investigated. As the wall superheat was increased from 25°C < ATy, < 30°C,
the size of the primary bubble increases slightly causing dryout over a larger portion of
the array. This effect is counteracted by higher heat transfer around the primary bubble
due to increasingly active nucleation sites and strong coalescence that increases as the
wall superheat is increased. As the superheat is increased to 30°C, the primary bubble
size reaches a maximum, but does not cause complete dryout on the heater. The heat flux
continues to increase, however, due to a higher nucleation site density and heat transfer
around the primary bubble. As the wall superheat is increased above 30°C, the primary
bubble size decreases due to the onset of strong thermocapillary driven flows. This
allowed increased satellite bubble formation and an enhancement in heat transfer.

Further increases in superheat were accompanied by increases in thermocapillary
convection which reduced the primary bubble size and increased the overall heat transfer.
CHF was not reached since the derivative of the satellite bubble heat transfer w.r.t the

wall superheat was positive, Eq. 5.1. In this equation, q”wet refers to the average heat

oq , ©0A,, G e
— = ey 4 —dve >
oar,)” taar,) T aar,)

(5.1)

flux over the satellite bubble area, Aye.. In addition, it is assumed that the heat transfer
beneath the primary bubble is negligible. The derivatives shown in Eq. 5.1 were
calculated using a backward differencing scheme. As shown in Fig. 5.4, this value is
positive at ATg, = 30°C. A comparison between high-g and low-g boiling at high
subcooling is shown in Fig. 5.5. Clearly, the presence of the primary bubble in low-g

causes a reduction in time and surface averaged heat transfer.
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Awet=26.2 mm’

q" et (Wem?) 16.4

A, (cm?) 0.262

dA,/d(AT,) (cm’/C)|  -0.036

dq" e d(AT <. (W/em>C) 2.8

dq/d(AT..) (WIC)| 0.1432
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A

Figure 5.4: Wetted area heat transfer calculation.

ATsat=25°C ATsat=27°C ATsat=30°C ATsat=33°C
[ T P

Figure 5.5: Boiling in low and high-g, AT = 29°C. Top row corresponds to boiling in
high-g and bottom row corresponds to boiling in low-g.

At the intermediate subcooling (ATg,,=19 °C) the boiling process is again
dominated by the primary bubble. Trends similar to the high subcooling cases are
observed in both the heat flux data and the images for all heater sizes. As expected, the
primary bubble size falls between the high and low subcoolings sizes as does the

measured time and surface averaged heat flux, Fig. 5.6.
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AT,y = 9°C AT,y = 19°C AT,y = 29°C

L U L

W/em?

Figure 5.6: Bulk liquid subcooling effect in low-g pool boiling from a 7 x 7 mm? array,
ATy =32 -33°C.

5.2.2 1.62 x 1.62 mm’, 36 Heater Array and 2.7 x 2.7 mm’, 96 Heater Array

5.2.2.1 Low Subcooling. Boiling curves for the 1.62 x 1.62 mm” and 2.7 x 2.7 mm” heater
arrays are shown in Fig. 5.7. At low subcoolings (ATs, = 6°C), a large primary bubble
was observed over most of the wall superheat range investigated. At low wall superheat,
AT = 9°C, no bubbles were observed on the heated surface and the heat transfer
mechanisms were similar to those describe previously for the larger heater. At higher
wall superheats, AT, > 15°C, vapor generated at active nucleation sites coalesced into a
stable primary bubble that caused dryout over nearly all of the heater area resulting in a
very small heat transfer, Fig. 5.8-9.

Although the bubbles sizes remain nearly the same, the heat transfer from the
edge of the array, heaters 65-96, appears to reach a time and surface averaged maximum

at ATg = 30°C, Fig 5.10. This is due to two competing effects, 1). an increase in heat
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Figure 5.7: Low-g boiling curves for a 1.62 x 1.62 mm* & 2.7 x 2.7 mm” heater arrays.
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Figure 5.8: Bottom and side view time averaged low-g boiling images of a 2.7 x 2.7 mm?”

heater array at low subcooling, AT, = 6°C.
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Figure 5.9: Bottom and side view time averaged low-g boiling images ofa 1.62 x 1.62
mm? heater array at low subcooling, ATy, = 6°C.
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Figure 5.10: edge (black,#65-96) and center (gray, #1-64) boiling from a 2.7 x 2.7 mm?®
heater array at low subcooling, ATy, = 6°C .
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transfer from the wetted heaters outside the primary bubble as the wall superheat
increases, and 2). an increase in the size of the primary bubble which reduces the wetted

heat transfer area as described previously for the larger heater array.

5.2.2.2 High Subcooling. As the subcooling is increased, the low-g boiling curve takes a
dramatically different shape. At low wall superheats AT, < 13°C, the heat transfer
process is again dominated by conduction and residual buoyancy driven convection.
Consider first the 1.62 x 1.62 mm?, 36 heater array at the highest subcooling investigated,
ATgp = 29°C, Fig 5.11. At low superheats, the primary bubble is significantly smaller
than the heater size and few active nucleation sites are observed. The rapid increase in
wall heat transfer as the superheat increases to 23°C (CHF) is due to an increase in the
number of active nucleation sites as observed from the bottom view videos. These
nucleation sites produce small bubbles that tend to coalesce with the primary bubble that
forms. At CHF, the primary bubble was observed to rotate counterclockwise with a
frequency of 28 rad/sec or 4.4 Hz as shown in Fig. 5.12.

Consider first heater #8 in the 2.7 x 2.7 mm” heater array, the colored heater in
Fig. 5.12. The time resolved heat flux for this heater is shown in Fig. 5.13 a-b.
Considering the movement of the primary bubble at CHF, Fig. 5.12, it is clear from the
bottom view images that heater #8 is periodically completed covered by the primary
bubble for approximately 0.05-0.1 seconds. During such times, heat transfer is expected
to be very small. This is in good agreement with the time resolved heat flux

measurement shown in Fig 5.13b which periodically goes to zero.
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Figure 5.11: Bottom and side view time averaged low-g boiling images of a 1.62 x 1.62

mm?, 36 heater array (a) and a 96(b) heater array at high subcooling, AT, = 29°C.
Such trends indicate a number of interesting findings. First, the primary bubble
acts as a vapor reservoir that moves around the heater surface, pulling bubbles into it.
This causes a significant heat transfer in the region where coalescence occurs.
Comparing this performance to high-g, the measured time averaged heat flux appears to

be nearly identical. Therefore, it can be concluded that satellite bubble coalescence with
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Figure 5.12: Time resolved low-g boiling images at CHF, AT, =23°C, ATg, = 29°C for
a 2.7 x 2.7 mm” heater array. Colored heater corresponds to heater # 8 in the array.

the primary bubble replaces bubble departure as the primary mechanism for heat transfer
in low-g at relatively low wall superheats and high subcoolings. More importantly, it
appears that the effect of the primary bubble is similar to the heat transfer mechanism in
high-g indicating that high-g correlations may be able to predict the heat transfer in low-g
if the gravitational term is replaced by another term that accounts for primary bubble size.
It should also be noted that heat transfer from the corner of the array, heater #96 at CHF
is nearly identical to heat transfer in high-g, Fig. 5.14, indicating once again that low-g
mechanisms produce the same measurable behavior during high-g.

The CHF condition described extensively above can be analyzed further by
considering the following scenario. At any given instant in time, the heater has a
distribution of satellite bubbles on its surface as seen from Fig. 5.12. The total mass of

vapor on the surface in the form of satellite bubbles at each instant in time can be
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Figure 5.13: Time resolved boiling heat flux from Heater #8 (Fig. 5.10) at CHF, AT, =
23°C, ATgw, = 29°C. Fig. 5.10 does not correspond to the time scale in this graph.
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Figure 5.14: Time resolved heat transfer for heater #96, 2.7 mm array, at low-g CHF,
AT =23°C, AT = 29°C.

calculated by summing the volume of the bubbles, Vy,;, and multiplying by the density of
FC-72 vapor, 16.4 kg/m’. Furthermore, the amount of latent heat required to produce
such a bubble distribution on the surface can be estimated by multiplying the mass of
vapor by the latent heat of vaporization. As mentioned previously, the primary bubble
rotates in a counterclockwise direction around the surface coalescing with satellite
bubbles. After one complete counterclockwise revolution, the primary bubble has
removed all of the satellite bubbles shown in a given picture at time, t. As the primary
bubble coalesces with the satellite bubbles, it is interesting to note that the primary
bubble does not increase in size. The vapor addition to the primary bubble from satellite
bubble coalescence is balanced by condensation at the top of the primary bubble. In this

manner, the primary bubble acts as a vapor sink. Considering the above scenario, an
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estimate of the latent heat transfer from the heater surface can be obtained from Eq. 5.2.
Furthermore, a more accurate estimate of the latent heat transfer to the fluid can be
calculated by considering the above scenario for all images, Eq. 5.3, where k is total
number of pictures and n is total number of bubbles on a given picture. The analysis
described above assumes condensation from satellite bubbles to be negligible which is
justifiable by the fact that they do not grow to the size of the primary bubble and
therefore are in contact with higher temperature liquid which is possibly superheated. In
addition, the absence of buoyancy driven convection enables condensing vapor to remain
in the local vicinity of the bubble interface heating up the surrounding bulk liquid. This
idea predicts a decreasing rate of condensation as time increases due to the transient
increase in the bulk fluid temperature surrounding a bubble locally. This analysis also
neglects coalescence between adjacent satellite bubbles which increases the latent heat
transfer estimation. Performing this analysis for the image shown in Fig. 5.11 (0.21s
image), results in a heat flux estimation of 0.046 W/cmz, Table 5.1.

” p e j=
Pty Palosy g A A (Eq. 5.2-5.3)
Aheat i=1 k

It is clear from the above calculation that the amount of heat transferred to the
fluid as latent heat at CHF does not account for the amount of heat transfer measured
experimentally. In fact, the measured heat flux is 2.5 orders of magnitude higher than the
calculated value. This indicates that the majority of heat transfer at CHF in low-g is not
due to latent heat transfer but is instead due to sensible heating of the fluid that wets the
heater surface as bubbles coalesce and move around the heater. This rewetting process is

enhanced by the movement of the primary bubble on the heater surface which acts as a
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CHF Latent Heat Calculation
Bubble# | D, (mm) Vi, (m®) Qatent (J)
1 0.27 1.030E-11 1.274E-05
2 0.54 8.241E-11 1.019E-04
3 0.4 3.349E-11 4.141E-05
4 0.135 1.288E-12 1.592E-06
5 0.3 1.413E-11 1.747E-05
6 0.15 1.766E-12 2.184E-06
7 0.32 1.715E-11 2.120E-05
8 0.11 6.966E-13 8.612E-07
9 0.135 1.288E-12 1.592E-06
10 0.27 1.030E-11 1.274E-05
11 0.135 1.288E-12 1.592E-06
12 0.2 4.187E-12 5.176E-06
13 0.13 1.150E-12 1.421E-06
14 0.13 1.150E-12 1.421E-06
15 0.1 5.233E-13 6.470E-07
16 0.35 2.244E-11 2.774E-05
17 0.23 6.367E-12 7.872E-06
18 0.27 1.030E-11 1.274E-05
19 0.27 1.030E-11 1.274E-05
20 0.135 1.288E-12 1.592E-06
21 0.35 2.244E-11 2.774E-05
22 0.54 8.241E-11 1.019E-04
23 0.3 1.413E-11 1.747E-05
24 0.135 1.288E-12 1.592E-06
25 0.27 1.030E-11 1.274E-05
26 0.6 1.130E-10 1.398E-04
27 0.6 1.130E-10 1.398E-04
Fo (Hz) 4.4
Apeat (cm?)  0.069984
q" (W/cm?) 0.046

Table 5.1: Latent heat flux calculation at CHF.

single phase turbulence generator. This finding is also in agreement with the results
presented for the larger 7 mm heater array.

As the superheat is increased above CHF to 28°C, a sharp decrease in heat
transfer occurs due to increased dryout of the heater. Considering the CHF condition
described previously, if the rate of vapor addition from the satellite bubbles increases due
to an increased satellite bubble density, the condensation from the primary bubble is

unable to condense enough vapor to maintain a constant primary bubble size. Therefore
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the primary bubble tends to grow which decreases satellite bubble formation allowing the
bubble to reach a larger stable size. At this point, vapor generation is balanced by
condensation from the bubble cap which serves to regulate the primary bubble size. As
the superheat is increased above 32°C, a strong increase in thermocapillary convection
was observed from the side view video images. The mechanism for the sudden increase
in thermocapillary driven flow is currently unknown but may be due to the increased
vapor generation from the edge of the array that occurs at higher wall superheats or it
may be related to the presence of dissolved gases in the liquid, as suggested by Straub
(2001). Similar trends in the heat transfer data are observed for the lower subcooling
cases, Tpu = 35° C and Ty = 45°C, Fig. 5.15-16.

For the 2.7 mm 96 heater array, coalescence was again observed to be the primary
mechanism for CHF at higher subcoolings (similar to the 36 heater array). Although
strong thermocapillary convection was observed at high subcoolings and high superheats,
data was not obtained with sufficient superheat resolution to determine whether a local
maximum occurs after CHF (as was observed for the 36 heater array).

A comparison between boiling in high and low-g for these heater sizes is shown
in Fig. 5.17-18. As mentioned previously, correlations do not account for the nearly
identical performance at low wall superheats and do not predict the trends at higher wall
superheats during the presence of strong thermocapillary flow. At the highest superheat
and subcooling, (AT, = 43°C, ATy, = 29°C), the heat flux surpassed CHF, suggesting
that thermocapillary convection can limit the rise in heater temperature even for an

applied heat flux greater than CHF.
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Figure 5.15: Time-averaged, spatially resolved heat flux maps of boiling process
for 96 heater array in low-g at various AT, and Tyyk.
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5.2.2.3 Thermocapillary Convection. The formation of very strong thermocapillary

convection was observed at high subcoolings and high wall superheats. Fig. 5.19 plots
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Figure 5.19: time and surface averaged heat flux from the wetted area in high and low-g
Thuik = 28°C, ATgyp ranges from 29-30°C. Wetted heaters are highlighted in black.
the heat flux measured in the wetted area for both high and low-g. The wetted heaters are
those that are completely outside of the primary bubble dryout region. It is interesting to

note that the heat transfer in the wetted area in low-g is slightly larger than in high-g,
indicating that the rate of vapor generation and removal is more efficient in low-g than in
high-g. The primary bubble is able to sustain a large vapor influx from around its edges
as thermocapillary convection is increased. At certain wall superheats, ATg, = 33°C and
ATg = 37°C, the wetted area heat transfer is slightly larger in low-g than in high-g. The
time resolved heat flux plot for heater #96, corner heater, is shown in Fig. 5.20a-b. As

indicated from the heat flux trace in low-g, the corner heaters are always outside the
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(b) Time resolved boiling over one second.

Figure 5.20: 2.7 x 2.7 mm? heater, Tyay =100°C, Ty = 28°C heater #96 (corner heater).
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primary bubble area and continuously wetted with bulk liquid. As shown in Fig 5.21a,
vapor generated in this region is removed by the primary bubble allowing continuous thin
film vapor generation throughout low-g. In high-g, the corner heater is occasionally
partially covered with a bubble and this causes the heat transfer to drop dramatically, Fig

5.21b. When this bubble departs a spike in the heat transfer is measured.
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Figure 5.21: Time resolved boiling images in high-g (b) and low-g (a).
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At high wall superheats and bulk subcoolings, the presence of strong
thermocapillary convection was observed. Analyzing the wetted area in low-g further
shows a number of interesting trends. First, the effect of bulk liquid subcooling on
wetted area heat transfer is shown in Fig. 5.22. In high-g the time averaged wetted area
heat flux is independent of bulk subcooling. This agrees with the data presented in the
previous chapter which showed that subcooling had a negligible effect on the boiling heat
flux in the nucleate boiling regime and agrees with the work of other researchers
presented in Chapter 1. In low-g, a nearly linear dependence of subcooling on wetted
area heat flux is observed. This indicates that the bulk liquid subcooling in low-g
influences the thermocapillary flow as mentioned previously. The data from various

subcoolings and wall superheats is plotted in Fig. 5.23 showing that the data tends to

40
A LOW-G, 2.7 mm array
¢ HIGH-G, 2.7 mm array
35 || ¢ LOW-G, 1.62 mm array .
A HIGH-G, 1.62 mm array
95[04] 93] e2[ o1 [0 Y °
37 64| 63 62| 61| 60 59| 58 | A
66] 38 17| 36| 35[34[ 33 32| 57 87
67[39[18] 5 1615 14| 31| 56| 86
07\307 68[40[19] 6 | 1| 4 [13]30]55]85
694120 7| 2| 3 [12]29]54] 4
£ 70[42]21] 8| 9 [10[11]28]53]83
o 71|43 22 23] 24| 25| 26| 27 52| 82
; 44]45[46]47] 48] 29[ 50 51 |
= 7475 76| 77| 78] 79 ) A
x 25 .
3
TH
© A A
[} & A <&
T 20 o
A EH +« EIEAEIEYD = K
65| 37| 64| 63] 62[ 61| 60| 59 58| &8
* 66| 38| 17| 36|35 34 33| 32| 57| 87
67[39] 18] 5 16 15| 14| 31| 56 86
6840 (19 6| 1| 4 13|30 55|85
15 694120 g 2 [ 3 [12] 29 |BY o]
70[42]21] 8| 9 [10]11]28]53[83
71[ 43| 22| 23| 24 25| 26 27| 52| 82
72| 44 45| 46| 47 | 48 49 50[ 51 &1
73| 74| 75| 76| 77| 78] 79| 80
10 T T T T
10 15 20 25 30
o
ATsup (°C)

Figure 5.22: Wetted area heat flux at various subcoolings for Tyay = 90°C.
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Figure 5.23: Low-g time and surface averaged heat transfer from the wetted area for
various heater arrays and different wall superheats and subcoolings.

collapse onto a single curve indicating that the driving temperature difference for such
flows is the wall temperature minus the bulk temperature. The heat transfer coefficient
obtained from the wetted area and the wall temperature minus the bulk temperature,
which appears to be the driving temperature difference, is shown in Fig. 5.24. It can be
inferred that increased subcooling enhances the thermocapillary flow rate around the
bubble which acts to enhance the heat transfer coefficient in the wetted area.

Further information about the thermocapillary phenomenon can be obtained by
considering a number of different analytical models. An estimate of the liquid velocity
around the primary bubble during thermocapillary convection can be obtained by
considering the bubble shape and heat transfer measured. This model will be referred to

as the “latent heat transfer model”. If it is assumed that all of the measured heat flux
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Figure 5.24: Low-g time and surface averaged heat transfer coefficient from the wetted
area.

from the wetted heater area goes into latent heat transfer, the vapor generated near the
base of the bubble must condense somewhere along the primary bubble surface area, Fig.
5.25. From the bottom view images, the wetted area can be calculated by subtracting the
heater area by the primary bubble dryout area. The area for vapor condensation to occur
across the primary bubble interface is assumed to be some fraction of the total surface
area of the primary bubble, f. It is assumed that the majority of the primary bubble area
has condensation occurring across it and vapor is only generated in a small region near
the contact line. From the equations shown in Fig. 5.24, an estimate of the average liquid
velocity normal to the bubble interface can be obtained, 2.5 mm/s < vjiq < 10 mm/s.
These equations represent a simple energy balance near the heater surface and assumes

all of the measured heat transfer goes into vapor generation and a mass balance over the
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Figure 5.25: Thermocapillary convection velocity analytical model example for
following condition, 2.7 x 2.7 mm” heater array, AT = 43°C, ATqy = 29°C.
same region equates the vapor mass flux to the liquid mass flux. The calculated velocity
values provide a good analytical estimate of the minimum liquid velocity directly above

the bubble interface and is in good agreement with experimentally measured values (15
mm/s -140 mm/s, Wang et. al, 2005). During the presence of thermocapillary
convection, the actual liquid velocity above the bubble is expected to be higher than this
value due to the presence of thermocapillary stresses which provide additional impetus
for flow.

The second analytical model developed, referred to as the “sensible heating
model”, was created based on the experimental results shown in Fig. 5.23 which
identifies the bulk fluid temperature and wall temperature as the driving temperature
difference for thermocapillary flow. This model assumes the primary bubble acts as a
heat pump bringing in liquid from the bulk fluid at its base and pumping the fluid along
the two-phase interface until it is expelled at the top of the bubble in a saturated

thermodynamic state. A diagram of the model is shown in Fig. 5.26. This model
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predicts a zero liquid velocity in low-g under bulk saturated conditions which is similar to
what was observed at the lowest subcooling measured experimentally. This model
assumes the heat transfer is directly proportional to the bulk subcooling level which has

been shown to strongly influence the strength of thermocapillary convection, Fig 5.26.

q"heat (W/cm?) 12.5
A sn (cm?) 0.036
Myt (kg/s)| 1.38E-05
Viig (mm/s) 1.215

Figure 5.26: Sensible analytical model for the liquid velocity above the vapor bubble.
Example for following condition, 2.7 x 2.7 mm” heater array, AT = 43°C, ATqyp = 29°C.

5.2.3 0.8 x 0.8 mm” (9 heater array)

Images of the boiling behavior for a nine heater array are shown in Fig. 5.27.
Boiling curves for the nine heater array in low-g are presented in Fig. 5.28. At low wall
superheats, AT, < 15 °C, the transport process was dominated by single phase
conduction and convection to the bulk fluid. For the nine heater array, a primary bubble
was observed to form and cause dryout over significant portions of the heater surface.
Subcooling was found to have little effect on the size of the dry area. At low wall
superheats, the primary bubble oscillated laterally on the surface. The cause of such
oscillations is currently unknown but may be due to g-jitter aboard the aircraft. The

magnitude of oscillations decreased with increasing wall superheat and the size of the dry
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Figure 5.27: Low-g time averaged boiling images from a 0.81 x 0.81 mm” heater array.
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Figure 5.28: Low-g boiling curves for a 0.81 x 0.81 mm® heater array.
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area increased, resulting in a lower average heat flux. CHF appears to occur at very low
superheats immediately following boiling incipience. Also, in contrast to boiling from
larger heaters, the onset of thermocapillary convection was not observed. This may be
due to the heater size and amount of satellite bubble formation in addition to the size of
the primary bubble which is much smaller and therefore may not grow large enough to
grow out of the superheated liquid layer. This observation suggests that if the growing
primary bubble is within the superheated region, then the onset of thermocapillary
convection cannot occur. Furthermore, this also suggests that the superheated boundary
layer thickness is an important scaling parameter and its value relative to the heater
length appears to strongly influence thermocapillary behavior. A complete listing of the

boiling images from this array is shown in Fig 5.29.
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5.3 LOW-G HEATER SIZE EFFECTS SUMMARY

Boiling curves from all of the square heaters investigated in this study are shown
in Fig. 5.30. It appears that low-g boiling behavior on square heaters appears to be
dominated by the dynamics of the primary bubble. At low wall superheats (AT, <
18°C), boiling performance appears to be constant across gravity levels. At higher wall

superheats, boiling performance is significantly reduced in low-g. Increased subcooling

decreases
18
A LOW-G, 2.7 mm 96 Heater Array ATsub=29 °C
¢ LOW-G, 2.7 mm 96 Heater Array ATsub=23°C
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Figure 5.30: Low-g boiling curves for various heater sizes and subcoolings.

the size of the primary bubble, allowing satellite bubbles to form with a corresponding

increase in heat transfer. CHF for the intermediate sized heaters, appeared to be a result
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of the competition between increasing heat transfer associated with the satellite bubbles
and the decrease in heat transfer due to growth of the dry area under the primary bubble
as the wall superheat increases. It was shown that the primary mode of heat transfer at
CHF was single phase conduction to the rewetting fluid. Depending on the heater size,
there appears to be an initial CHF which is dominated by satellite bubble coalescence.
This is attributed to heater dryout and the reduction of bubble removal mechanisms such
as buoyancy. Increased subcooling appears to delay the reduction in boiling performance
(compared to high-g) to higher wall superheats. Thermocapillary convection may be
responsible for the post-CHF increase in heat flux observed on the two intermediate sized
heaters (2.7 mm-6x6 and 2.7 mm-10x10) at higher subcoolings. For the largest heater (7
mm-10x10), CHF was not observed at high subcoolings although the thermocapillary
mechanism was still dominant.

Multiple models were presented that predict the liquid flow velocity above the
bubble at higher wall superheats and subcoolings (post CHF). It is thought that increased
subcooling causes increased condensation at the bubble cap, resulting in a smaller bubble,
which in turn increases the temperature gradient along the surface of the bubble. This
leads to an increase in the strength of the thermocapillary convection, which brings cold
liquid to the bubble cap increasing condensation and causing the bubble to shrink even
further. The ultimate size of the primary bubble results from a balance between vapor
removal by condensation and vapor addition by evaporation at the base which is
primarily due to coalescence with the satellite bubbles.

The size of the heater appears to strongly affect the primary bubble size and onset

of thermocapillary motion through its effect on the superheated boundary layer near the
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surface. As indicated, the boiling performance for the smallest heater 0.8 x 0.8 mm” is
very different from boiling from larger heaters in low-g.

In a low-g environment, the thermal boundary layer during the initial growth of
the bubble near the heater can be modeled using a single phase axisymmetric transient
conduction model. Assuming no vapor generation, the model is shown in Fig 5.31. In
this figure, boundary 4 represents the heater which is at bulk temperature at time =0 and
then set to Ty, for 0. Boundaries two and five are constant temperature boundaries
where T = Tyux. Boundary 1 is an insulated boundary and boundary 3 is an
axisymmetric boundary. The length of boundary four relative to the length of all other
boundary is sufficiently small such that the effects of boundary 2 and 5 are negligible

over the time scales considered. The transient conduction model was developed and

5 |
: Lt = f(time i
1 2 | «= H(time) !
| y| |
! LW 4 3!
4 o3y —
L3 < >
Lheater

Figure 5.31: 2-D axisymmetric model of the thermal boundary layer near the heater
surface in low-g.

analyzed using FEMLAB. In Fig 5.31, the two pertinent length scales should be noted,

Lheater, Or the length of the heater array, and Lg,, or the superheated boundary layer
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thickness which is defined as the vertical distance away from the heater element where
the temperature of the liquid is above the saturation temperature. It should also be noted
that L, is a function of time.

Different numerical results were obtained by varying Lieater to correspond to the
actual heater lengths encountered in this experiment. Representative results obtained in
FEMLAB at a given time are shown in Fig. 5.32. In this figure a hemispherical boundary

is drawn on the contour plot which would represent the maximum size of a growing

Time=1000 Surface: Temperature Contour: Temperature Mas 10 Max: 96
a0 —
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Figure 5.32: Axisymmetric transient conduction results for a 7 mm heater at t = 1000 s.
The x and y axis represent the distance in meters, and the colors represent the
temperature, Ty = 100°C. Ty = 28°C.

bubble on the heater surface (constrained from growing larger than the heater). A
growing bubble is constrained from growing by two different mechanisms. Firstly, if the

bubble reaches a diameter the size of the heater array, it is constrained from further
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growth and secondly, the bubble may reach a height above the heater (bubble radius)
where cool liquid at the two-phase interface prevents further growth by allowing
significant condensation.

A plot of the thermal boundary layer development as a function of time is shown
in Fig. 5.33. It is significant to note that the boundary layer does not develop in a
hemispherical manner. This has profound effects for a hemispherically growing bubble

that is on the heated surface. Firstly, consider the various length scales mentioned above,

20

70

60

50

a0

Min: 27.
Figure 5.33: Time resolved boundary layer development. Colors represent temperatures
and the vertical axis represents various times.

Leat and Licater. A non-dimensional number can be defined which is the ratio of these
lengths. This value is plotted as a function of time in Fig. 5.33 for the various heater

lengths investigated experimentally. It is interesting to note that the growth of the
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superheated region is much faster for the smaller heater array than for the larger heaters.
Furthermore, it is assumed that a hemispherically growing bubble on the surface is
limited in radius by Lgs Or Lieater, Whichever is smaller. In Fig 5.34, for the smallest
heater array, Lg, is equal to Lyeater in @ much smaller time than for the larger heater arrays
which may explain why the bubbles for this array cause dryout over the heater array for
all conditions investigated. The experimentally measured bubble shapes for this heater
are shown in Fig 5.35. It is clear from the data that the bubbles that grow from a 0.8 x
0.8 mm” heater array are much less hemispherical than the bubbles observed from the
larger arrays. It can be inferred that the bubble wants to continue to grow vertically
above the heater surface but is constrained from growing laterally by the heater boundary.

This indicates that the bubble has not reached sufficient height to allow significant

A
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T 0.6 A m
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Figure 5.34: Development of the superheated boundary layer for various heaters
(numerical results obtained using FEMLAB).
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Figure 5.35: Primary bubble geometric characteristics for different heaters.

condensation to occur above the bubble. It appears that the constraining mechanism on
bubble size is not growth of the superheated boundary layer but is instead the heater
length.

For the 7 mm heater array the observation is completely the opposite. Firstly,
note that CHF was not observed experimentally for this array at high subcoolings as
opposed to the two intermediate sized heaters where CHF was defined as the breakdown
of the satellite bubbles into a single primary bubble on the heater surface. For the 7 mm
heater array, a single primary bubble was never observed to cover the entire array. This
might again be explained by Fig 5.34 which shows that for a 7 mm array, the time
required for the thermal boundary layer to grow to the size of the heater length is very
large. In other words, it appears the constraining bubble growth mechanism is the

development of the superheated boundary layer and not the heater length.
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The above model is valid for short times after nucleation where the bubble begins
to grow and remains inside the superheated region. Once the bubble reaches a stable
size, which occurs at later times, thermocapillary motion and additional mass fluxes
across the vapor bubble interface (condensation) may significantly affect the thermal and
velocity boundary layers around the bubble. For the larger heaters, strong
thermocapillary motion was observed at higher wall superheats and it is acknowledged
that the model presented is less valid. The above analysis should be used instead to
understand the growth of the boundary layer around the small heater array, 0.81 x 0.81
mm®, where liquid motion was not observed and dryout occurred under all conditions. A
more vigorous model would account for evaporation, condensation and thermocapillary
effects along a two-phase interface. In summary, it appears that the size of the primary
bubble compared to the heater size determines the heat transfer. The wall superheat,
heater size, subcooling, and the development of thermocapillary convection all impact the
size of the bubble that forms.

In conclusion, as the heater gets larger, it takes a much longer time for the thermal
boundary layer thickness, measured directly above the center of the heater, to reach a
length equal to the heater length. If the growing bubble extends out of the superheated
layer, condensation and thermocapillary effects become increasingly significant. As an
example, consider a hemispherically growing bubble. As the bubble grows, if the bubble
quickly extends out of the superheated region and begins to condense before the bubble
can reach a diameter that is equal to the heater length then the governing length scale is
the superheated boundary thickness (as is in the larger heater, 7 mm). In contrast,

consider a hemispherically growing bubble that reaches a diameter that is equal to the
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heater length and is within the superheated boundary layer. Under such conditions, the
bubbles is constrained from further lateral growth by the heater and grows vertically
within the superheated boundary layer. If the heater is completely covered by vapor, the
bubble may not extend out of the superheated region (as in the small heater case, 0.81

mm).

5.4 HEATER ASPECT RATIO EFFECTS

5.4.1 Comparisonof2x2,1.4x1.4 mm* array and Baseline Heater (1.62 x
1.62 mm?)

The 2x2 array on the 7x7mm? heater was of similar overall size (1.92 mm?) to that
used to obtain the baseline data, 1.62 x 1.62 mm? (Fig. 5.7). At low superheats (AT <
29.5°C) nucleation did not occur and the heat transfer was due to conduction and
convection to the fluid. G-jitter in the three coordinate directions during the low-g
portion of parabolic flight and undamped natural convection may have caused small scale
convection within the test chamber. Compared to the baseline boiling curve, differences
can be attributed to a lower wall superheat used to initiate boiling in the larger 7 mm case
compared to the baseline case. In those cases where nucleation did occur at low wall
superheats, a clear reduction in active nucleation sites compared to the baseline case was
observed. This may be attributed to the fact that these two heater arrays were made
approximately two years apart and the oxide deposited on the surface may not have the
same structure. The width and length of the serpentine resistance elements were also
different, perhaps leading to a different surface morphology. Lastly, the extensive
degassing process used for the larger array may have resulted in a deactivation of

nucleation sites that might have been active if a small amount of gas were present.
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An increase in superheat to 29.5°C resulted in the formation of a stable primary
bubble which caused dryout over most of the heated surface, similar to what was
observed for the baseline data at a similar superheat. Increasing the superheat to 34.7°C
increased the strength of the thermocapillary convection and reduced the primary bubble
size, allowing additional wetting of the heater edges and corners. The ratio of wetted to
heated area was measured from the images to be from the images to be 68% for the 2x2
array, and 31% for the baseline data at similar superheats. The increase in wetted area is

directly proportional to the increase in the heat transfer (roughly 50%).
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Figure 5.36: Boiling curves for various aspect ratio heaters at various bulk subcoolings.
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5.4.2 Aspect Ratio Effects

Boiling curves for heaters of various aspect ratio (2x2, 2x4, 2x6, 2x8, and 2x10
heaters powered on the 7 mm array) at three subcoolings (9°C, 19°C, and 29°C) are
shown on Fig. 5.36. Images of the boiling behavior obtained through the heater array are
shown on Fig. 5.37. In general, higher subcoolings for a given aspect ratio result in
higher overall heat transfer. The boiling behavior at various subcoolings is described
below. The heater aspect ratio was changed by varying the number of heaters powered

(2x2, 2x4, 2x6, 2x8, 2x10, and 10x10) on a 7x7 mm?® array.

5.4.2.1 Low subcooling. For all aspect ratios at low superheats (<20°C), the nucleation
site density was very low as described above. The heat transfer process is this regime is
dominated by conduction and convection to the bulk liquid. At low subcooling, the heat
flux appears to increase with increasing aspect ratio, especially at higher superheats.
Thermocapillary motion around the bubble was observed to be very weak. For example,
at AT,=31.4°C (Fig. 5.38), it can be seen that large increases in the wetted area fraction
occur as the aspect ratio increases from 2x2 to 2x6. On non-square heaters, surface
tension acts to pull the bubble away from the ends of the array, allowing liquid to
partially rewet the surface and the bubble shape becomes less spherical. As seen from the
images, the wetted area fraction increases from nearly 0% (2 x 2 array ) to 25% (2 x 6
array) and correspondingly larger increases in heat flux are observed. The wetted area
fraction increases less dramatically between 2x6 and 2x8 (25-28%) with smaller
increases in heat flux. On the 2x10 array, two large bubbles are observed, Fig. 5.38,
which may result in a nominally larger increase in wetted area and larger heat transfer. In

the absence of thermocapillary effects, larger aspect ratio heaters may enhance the heat
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transfer by allowing multiple bubbles to form on the surface increasing the wetted area.
Also, the presence of multiple bubbles allows bubble coalescence which has been shown
to account for the majority of the heat transfer in low-g near CHF. The aspect ratio can
have a dramatic effect on the heat transfer by affecting the shape of the bubble which

dictates the wetted area fraction.

Figure 5.38: Time averaged heat transfer from heaters of various aspect ratio, AT, =
9°C, ATsa = 32°C.

5.4.2.2 High Subcooling. At low superheats (<20°C), the nucleation site density was very
low as described above. At higher wall superheats, the heat transfer tends to decrease as
the aspect ratio is increased from 2x4 to 2x10. At a superheat of ~24.6°C, a single
oblong bubble is observed on the 2x4 array. This bubble moved slightly back and forth
on the surface as it merged with smaller bubbles nucleating at the ends of the array,
accounting for the higher heat transfer at the ends. As the aspect ratio increases, the

single bubble split into two bubbles (2x6 and 2x8) due to surface tension effects. On the
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2x10 array, the increased heater area allows for additional nucleation sites, but similar
heat transfer levels are observed. At high subcooling (ATs,= 29°C) the heat flux
increases slightly with aspect ratio at low superheats (<20°C). Visual observations
indicated that the nucleation site density was very low under such conditions. At higher
superheats, the heat flux decreases as the aspect ratio increases, contrary to what was
observed at low subcooling. Heat fluxes up to 30 W/cm? are seen around the three phase
bubble interface.

Bubble motion for a superheat of ~29.7°C is shown on Fig. 5.39. Boiling on the
2x4 array was the result of the interplay between thermocapillary convection and bubble
coalescence. The thermocapillary convection decreased the size of the primary bubble,
allowing additional bubbles to form. Two bubbles occasionally merged into a single
bubble at the center of the heater (which subsequently shrinks due to thermocapillary
convection) allowing new bubbles to nucleate at the ends. The large bubble then merges

with one of the growing bubbles, and the cycle repeats.

0.00s 0.07s 0.14 s 0.20s 0.27s D34s 040 s 0.47 s 0548 0.60 s
(a) 2x4 heater array
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(b) 2x8 heater array

Figure 5.39: Time lapse images for the (a) 2x4 and (b) 2x8 arrays at AT, = 29.7°C.
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To a first approximation, the trends in the high subcooling data might be due to
the increasing two dimensionality of the flow field around the heater. The 2x2 array
experiences thermocapillary convection from all four sides of the array equally, causing
the primary bubble size to shrink to its minimum value. As the aspect ratio increases,
thermocapillary convection from the ends of the array become less important, and the
bubble is cooled only on two sides.

Thermocapillary convection dominated boiling is observed at the highest
superheat (34.7°C). The size of the bubbles on all of the heaters decreases as the
superheat is increased, which is due to increased thermocapillary flow causing enhanced
condensation on the top of the bubbles. More of the heater surface is wetted by liquid,
allowing nucleation to occur. The nucleating bubbles merge with the larger bubbles,
resulting in higher heat transfer. The large bubbles on the 2x4 and 2x6 arrays were
stable, while the large bubbles on the 2x8 and 2x10 arrays occasionally merged with the
nucleating bubbles, disturbing the steady thermocapillary convection that had been

developed and decreasing the heat transfer from the edges.

5.4.2.3 Intermediate Subcooling. At the intermediate subcooling (ATg,= 19°C), the data
tends to collapse onto a single curve. This case represents a case where both

thermocapillary convection and surface tension are important.

5.4.3 Summary of Heater Aspect Ratio Effects

With varying aspect ratios, there appears to be two boiling mechanisms at play:
thermocapillary convection and surface tension. In both cases, as the wetted area
increases so does the heat transfer. At low subcooling, it appears that the heat transfer

increases due to an increase in wetted area fraction when surface tension acts to pull the
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bubble away from the heater edges at higher aspect ratios. At high subcooling,
thermocapillary convection causes the primary bubble to shrink due to increased
condensation, resulting in more wetted area.

At high wall superheats and subcoolings, boiling performance appears to decrease
with an increase in aspect ratio. Again as for the square heaters, strong thermocapillary
convection was observed even for gas concentrations in the liquid <3 ppm. The origins
for the thermocapillary convection are not known, but may be due to contaminants in the
liquid. The effect of heater aspect ratio on the boiling performance is shown in Fig. 5.40.
It is predicted that as the aspect ratio is increased above the measured values, multiple
bubbles would form on the heater surface causing the performance to be independent of

the heater aspect ratio.

20

—4— ATsub =29°C, ATsat = 35°C

— - -ATsub =19°C, ATsat =33°C
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Figure 5.40: Heater aspect ratio effects on boiling heat transfer in low-g at relatively high
wall superheats.
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5.5 DISSOLVED GAS EFFECTS

The effect of dissolved gas content was investigated during a single flight week in
October, 2003 by conducting experiments with pure fluid (n-perfluorohexane) that was
completely degassed (< 3 ppm) for two days, and then opening the boiling chamber to
allow ingassing to occur until an equilibrium gas concentration was reached at room
temperature and pressure (Cg = 3600 ppm).

The boiling performance with very small gas concentrations has been discussed in
detail throughout this chapter. All of the data previously shown was taken with a
negligible gas concentration in the working fluid. For cases where the liquid gas
concentration is very high, the boiling characteristics and performance are dramatically
different. In a gassy system, the bubbles tended to grow much larger and cause dryout
over a larger portion of the heater surface, Fig 5.41b. The reason for this may be due to
the dissolution of gas as vapor is generated near the contact line. As more and more gas
is released into the bubble, the bubble grows larger until its size has reached sufficient
surface area for gas diffusion back into the liquid, balancing the rate of gas addition near
the contact line. It is thought that the bubble that forms is predominately a gas bubble
and the partial pressure of vapor inside the bubble is quite small. Boiling curves at the
two different dissolved gas concentrations are shown in Fig 5.42. In high-g, it appears
that the dissolved gas level has little effect on the measured heat transfer or on the
qualitative boiling dynamics as observed from the side view images. Since conduction to
rewetting liquid after bubble departure was shown to be the dominate mechanism in high-
g, higher gas concentrations, although they may affect the bubble composition, do not

seem to interrupt the bubble growth and departure process.
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Figure 5.41: Time resolved boiling images from a 7 x 7 mm2 heater array at low and
high gas concentrations in the fluid a,b, AT, = 28°C.
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Figure 5.42: Boiling curves for a 7 x 7 mm” heater array for various dissolved gas
concentrations.

In low-g, at higher wall superheats a single large primary bubble forms for high gas
concentrations and the heat transfer is small and independent of wall superheat. For a
degassed fluid, the boiling performance is quite different. It appears the a thin film of
vapor is located on the heater surface post CHF and a strong liquid jet above the heater
was observed and is attributed to thermocapillary convection. It is interesting to note that
for negligible gas concentrations in low-g, CHF is 19 W/cm?” or 70% of the high-g CHF,
27 W/em®. This value is much higher than expected and is not predicted from any
contemporary correlations. The dramatic enhancement in CHF for negligible gas
concentrations is due to the dynamics of the boiling process which causes a thin vapor

region to form near the heater and strong thermocapillary convection carries the
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condensing vapor away from the heater at a high rate accounting for the large heat
transfer measured.

At the highest wall superheat investigated in low and high-g, AT, = 50-52°C,
there appears to be no difference in the boiling performance for a degassed fluid, Fig
5.43. For this particular case, the boiling regime is in the transition region and
surprisingly the boiling dynamics in high and low-g are identical. This indicates that a
degassed fluid might provide significant enhancement in heat flux at high wall superheats

and subcoolings for a passively cooled two-phase system in space.

LOW-G

W/em?

Figure 5.43: Time resolved boiling in high and low-g for a degassed fluid, C, = 3 ppm.
AT =50 — 52°C, ATy = 28°C.
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Chapter 6: Summary of Gravitational Effects on Pool Boiling

At low wall superheats, boiling performance appears to be independent of gravity
level although the heat and mass transfer mechanisms are different. In high-g, buoyancy
dominates the process which is characterized by the ebullition cycle. In low-g, satellite
bubble coalescence is responsible for the heat transfer.

At higher wall superheats, boiling performance is significantly reduced in low-g.
This is attributed to heater dryout and the reduction of bubble removal mechanisms such
as buoyancy. Increased subcooling appears to delay the reduction in boiling performance
(compared to high-g) to higher wall superheats. The heater size appears to strongly affect
thermocapillary induced heat transfer that occurs post CHF.

Surface tension dominated boiling was observed in both high and low-g under
certain conditions. In high-g, if the heater size is smaller than the isolated bubble
departure diameter predicted from the Fritz correlation then bubble departure does not
occur and the formation of a single primary bubble is observed. The transport process is
dominated by natural convection and thermocapillary transport around the primary
bubble interface. In low-g, surface tension dominated boiling occurred under all of the
conditions investigated. The absence of buoyancy means that thermocapillary convection
around the primary bubble is the dominant heat and mass transport mechanism.

It appears that the primary bubble dominates the boiling performance in low-g. If
the primary bubble grows in size to completely dryout the heater surface then low heat
transfer results. Contrastingly, the smaller the primary bubble relative to the heater
surface, the larger the heat transfer. The effect of bulk liquid subcooling was found to

have a more dramatic relative effect on heat transfer in low-g. This is attributed to the
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strong dependence of thermocapillary convection on the bulk liquid subcooling level in
low-g. Thermocapillary effects are less significant in high-g due to the presence of
buoyancy driven convection around the bubble which tends to compensate for a reduction
in thermocapillary convection at lower subcoolings.

In low-g, CHF appeared to be a result of the competition between increasing heat
transfer associated with the satellite bubble and the decrease in heat transfer due to the
growth of the dry area under the primary bubble as the wall superheat increases.

It is hypothesized that the primary bubble size in microgravity is affected by a
number of parameters including the thickness of the superheated boundary layer and the
heater length. For a growing bubble in microgravity, the bubble is constrained from
growing either vertically or laterally depending on the thickness of the superheated
boundary layer or the heater length. For smaller heaters, it appears that the heater length
determines the maximum size of the primary bubble while for larger heaters, the
superheated boundary layer thickness determines the size. If the heater size is the
dominant parameter affecting bubble size then thermocapillary convection may be very
small and low heat transfer results.

The presence of dissolved gases in the system was shown to have a dramatic
effect on boiling performance in low-g. The presence of non-condensables changes the
composition of a growing bubble. Consider a binary system of n-perfluorohexane and
nitrogen. As a bubble forms on the surface and grows, nitrogen is carried into the bubble
along with vapor. At equilibrium, the bubble reaches a size whereby vapor and gas
addition at its base is balanced by vapor and gas removal near the top of the interface.

Gas transport across the bubble interface is governed by diffusion and is directly
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proportional to the concentration gradient of gas near the bubble interface. The
equilibrium gas concentration in the bubble causes it to grow larger than it would if no
gas was present. This larger bubble causes increased dryout of the heater surface and a
reduction in heat transfer. In high-g, the composition of the bubble is less significant due
to buoyancy effects. The bubble departure size, departure frequency (and heat transfer)
are unaffected by the composition of the bubble in this case because the density of the
two components are nearly identical.

Thermocapillary flow is important due to its local transport of the hot thermal
boundary layer near the heater. It appears that the thermocapillary flow velocity near the
bubble can be approximated if the heat flux and bubble size are known. It was also
observed that during thermocapillary dominated boiling, heat transfer from the wetted
region in low-g is comparable to heat transfer in high-g under similar conditions. The
driving temperature difference for the flow was found to be the wall temperature minus
the bulk temperature.

Although very strong thermocapillary flow was observed throughout these
experiments, its origins are not known. It is believed that the thermocapillary motion
observed in these experiments is not due to dissolved gas effects as suggested by Straub
(2000) since the gas concentration was reduced to well below 3 ppm and strong liquid
jets above the bubbles were still observed. Its presence may instead be due to
contaminants in the system. Although reasonable care was taken to clean the system, it
was not possible to remove all contaminants. Contaminants may have been introduced
into the system from the O-rings used to seal the system, or the small amount of silicone

RTV used to seal the PGA containing the heater array to the bottom of the test chamber.
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Chapter 7: Contributions and Future Scope

7.1 CONTRIBUTION TO THE STATE OF THE ART

This thesis provides a much needed basis for future research concerning two-
phase flows in space. In addition to providing an in-depth discussion of the boiling
process in a variable gravity environment, this effort has identified some of the pertinent
pool boiling mechanisms in low-g including thermocapillary convection and bubble
coalescence. A comprehensive discussion of the CHF mechanisms in low-g was
presented and provides a firm groundwork for future two-phase thermal design in space.
In addition, contributions to the state of the art include:

1) Development of an optimized sensor capable of heat flux and temperature

measurement at the small scale

2) Development of analytical and numerical methods for interpreting sensor data

3) Characterization of pool boiling in the absence of ebullition cycle behavior

a. Applicability of classical models was determined

4) Identification of pertinent scaling parameters

5) Fundamental boiling mechanisms in low gravity identified and analyzed

7.2 FUTURE WORK

7.2.1 Numerical
A number of numerical investigations were presented in this thesis. Although
these models provide support for the experimental observations made, additional models

could be developed which account for: a dynamic bubble interface, energy and mass
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transport across the two-phase interface, surface tension effects near the three-phase
contact line, and the effects of multiple components in the fluid. In addition, statistical
thermodynamic modeling (molecular dynamic simulations) could serve to identify the

governing mechanisms for the onset of thermocapillary flow.

7.2.2 Experimental

This thesis focused on a single fluorocarbon fluid. Additional research should be
conducted that investigates the performance of various other fluids including organic and
inorganic compounds. The selection of such fluids would have to meet the most stringent
of design specifications for testing in space. These specifications, noted earlier in this
thesis, are extensive and may require redundant safety systems and containment vessels
that could prove costly for future space experimentation.

The effect of g-jitter on bubbles is still unclear. This effect needs to be quantified
entailing experimentation aboard microgravity platforms that are more robust and
significantly more expensive than the KC-135.

The thermocapillary phenomenon is discussed throughout this thesis. Future
experimentation should focus on the origin of such flows. This would entail
measurements (temperature, pressure, velocity) near the two-phase interface.

In conclusion, while some recent studies shed light on the complex phenomena
governing pool boiling in microgravity, these studies are mostly qualitative in nature and
inconclusive at best. This effort provides a discussion of extensive experimental
measurements taken aboard the KC-135. Analytical and numerical models were also

presented which aid understanding of the phenomenon. Additional efforts are needed to
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build upon the solid foundation established and will hopefully lead to new aerospace

designs characterized by enhanced efficiency and optimized functionality.
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A.1 CHANGE PAGE

Doc. Date Process Owner Description
Version
Basic Aug, 2004 | J. Kim/C.D. Henry | TEDP submitted for KC-135 flight

Revision 1 | June, 2005 | J. Kim/C.D. Henry | ¢ Revised according to NASA TEDP
0205 requirements.

e Maximum Temperature Raised to
120 deg C

e Added PIV capability (laser)

e Integrated power supply and
monitor into a single test apparatus.

e Removed UPS and replaced with
surge suppressor

A.2 QUICK REFERENCE DATA SHEET

Principal Investigator: Jungho Kim

Contact Information: University of Maryland, Dept. of Mechanical Engineering,
College Park, MD 20742, 301-405-5437 (O), kimjh@eng.umd.edu.

Experiment Title: Pool Boiling Heat Transfer Mechanisms in Microgravity
Flight Date(s): July 2005
Overall Assembly Weight (Ibs.): Test Package (est. 256)
Assembly Dimensions (L x W x H): Test Package: 24”wide x 24" deep x 42” high,
Equipment Orientation Requests: Facing back of aircraft
Proposed Floor Mounting Strategy (Bolts/Studs or Straps): Bolts,/Studs
Gas Cylinder Requests (Type and Quantity): Air, 1 per day
Overboard Vent Requests (Yes or No): No
Power Requirement (Voltage and Current Required):
Aircraft AC Power: 110 VAC (<6.54)

Aircraft DC Power: 28VDC (<4A)

Free Float Experiment (Yes or No): No
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Flyer Names for Each Proposed Flight Day: Christopher Henry, Jonathan
Coursey, Hitoshi Sakamoto, Jungho Kim

Camera Pole or Video Support: No

A.3 FLIGHT MANIFEST
Minimum number of personnel required to operate test apparatus during flight: 2
Trained Test Operators:

1) Christopher Henry, experienced test operator having previously flown aboard the
KC-135 during: March 2004 (GRC), October 2003 (GRC), May 2003 (GRC),
July 2002 (GRC).

2) Jungho Kim (PI), PI and experienced test operator having previously flown
aboard the KC-135 during: March 2004 (GRC), October 2003 (GRC), May 2003
(GRC), July 2002 (GRC).

3) Jonathan Coursey, flew aboard KC-135 during: July 2002 (GRC)

4) Hitoshi Sakamoto, never flown aboard KC-135

A.4 EXPERIMENT BACKGROUND

Experimental Purpose

The physics of systems incorporating phase change processes needs to be better
understood in order to provide a predictive capability for design. The current work aims
to identify, measure, characterize, and model the fundamental heat transfer mechanisms

associated with the boiling process in space.

Experiment History
The experiment is a follow-up of a previous experimental system that included a
microgravity payload to study subcooled pool boiling heat transfer. This payload was

flown on a Terrier-Orion sounding rocket in December, 1999 from NASA Wallops. The
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test was considered to be very successful, with the exception of obtaining video data.

The payload was therefore repackaged to fly on the KC-135, and was flown in April,
2000 from GRC. Additional data was taken in January 2001 from JSC and May, 2001
using the same test rig, but with slight modifications. The modifications include the
addition of a PI supplied accelerometer in place of SAMS-FF, a temperature controller on
the boiling chamber to vary the liquid subcooling, the addition of high-speed digital
video, and a low-pressure air jet for cooling the bottom of the microheater array. This
system was then transferred into a flight qualified rack supplied by NASA and flown in
2002, 2003, and 2004.

In this series of tests, we have integrated the experimental system into a single test
apparatus. A Sorenson 35 volt DC power supply, and LCD monitor have been integrated
into the payload eliminating the need for an additional rack for instrumentation purposes.
This dramatically reduces the space required aboard the KC-135 during flight. In
addition, Particle Image Velocimetry (PIV) experimental capabilities have been
incorporated into the test apparatus. The goal of this technique is to provide experimental
information regarding the velocity field in the fluid around a stationary bubble in low-g
under the influence of thermocapillary convection. This is achieved by seeding the fluid
with glass microspheres and illuminating a plane of these spheres using a class II laser.
High-speed video images are then used to track the particle motion providing information
about the velocity and vorticity fields. We will be performing a series of tests to look at
the effect of heater size and thermocapillary convection on microgravity boiling heat

transfer. The effective heater size will be varied by turning on and off a different number
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of heaters in the array. This series of experiments are in direct support to a space flight

experiment (BXF/MABE) being developed by NASA Glenn.

A.5 EXPERIMENT DESCRIPTION

The experimental test apparatus aims to characterize pool boiling mechanisms in
a variable gravity environment. The experimental system uses a microheater array (2.7
mm X 2.7 mm) to measure time and spatially resolved heat flux during pool boiling. The
heaters are made up of an array of 96 individually controlled heater elements that are
maintained as an isothermal surface through the use of feedback control circuits. PIV
measurement techniques have been incorporated into the system. The experimental fluid
(n-perfluorohexane) has been seeded with glass microspheres (app. 1-10 um diameter) at
relatively small concentration levels. During the experiments, the particles become
entrained in the liquid flow field around growing bubbles and, if illuminated, reflect light
allowing high-speed cameras to track their position with time. Successive images can be
correlated using various software algorithms providing information about the velocity
and vorticity field. A plane of particles is illuminated by a class II laser directly in the
center of the boiling chamber.

Visualization of the bubbles during their growth and departure with high-speed
cameras will be correlated to periods of high heat transfer — this should lead to better
understanding of the mechanisms by which heat is transferred during boiling. Boiling
curves will be obtained at various subcooling levels under low and high gravity. The
scientific objectives of the project are:

1) Obtain microgravity data with a test package hard mounded to the floor of the

aircraft.
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2) Obtain and correlate microscale heater data with video data.
3) Obtain PIV measurements of the liquid flow field around the primary bubble.
4) Compare data and observations against existing models and develop new
mechanistic models where appropriate.
This test will be operated with the test apparatus mounted to the floor of the aircraft.
Data will be obtained regarding:
1) The time required for the heat transfer from the surface to reach a steady state
after exposure to a microgravity environment.
2) Boiling curves under various subcooled conditions, including critical heat flux.
3) Low-speed visualization of bubbles using a regular CCD camera, and high-speed
visualization using a Phantom digital camera.
4) The effect of heater size on boiling heat transfer.
5) Thermocapillary convection and its effects on heat and mass transfer in low-
gravity
The maximum temperature within the test rig will never exceed 720 °C.
Temperatures this high may occur at small areas on the heater surface (2.7 mm x 2.7 mm)
for very short periods of time (< 2 sec) in order to initiate nucleate boiling. This situation
poses minimal risk to operators because the system is hermetically sealed and
inaccessible. Three sides of the boiling chamber are inaccessible to the user and the front
side of the boiling chamber has a video camera in front of it, making unintentional

contact unlikely.
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A.6 EQUIPMENT DESCRIPTION

The experimental package consists of a single main component. This component

is a PI built sounding rocket payload mounted in a NASA supplied Vertical Equipment

Rack (VER). This component also contains a PI supplied monitor, keyboard, and DC

power supply. A photograph of the test package along with the components is shown on

Fig. A.1. The components are described in greater detail in Tables 1and 2. The total

weight of the package is approximately 256 Ib. The dimensions of the test section are

247x247x42”.

The ideal test operator location during experimentation is to sit fore or aft of the

experimental package. To satisfy the structural requirement, the VER handles must also

face fore and aft. Straps bolted to the floor of the aircraft will be used to restrain the test

operators during the microgravity maneuvers.

Table A.1: Description of components in VER.

Type Descriptio Component Description & Considerations
n
Sounding rocket payload. This contains the boiling
chamber, the high-speed camera for taking pictures from
Experimenta below, a computer, flash disk, control electronics, keyboard,
) Testrig | class II laser, and temperature readout. This structure is very
rigid, and has survived numerous vibration tests in
preparation for the sounding rocket flight. The structure was
designed to handle 50g loads in all directions.
This flight qualified frame was supplied by NASA. It bolts
Experimenta directly to the floor of the aircraft using four bolts at each
: Frame |corner. The frame will have lexan panels on each side to
prevent damage to the payload from aircraft personnel, and
will also keep any loose parts within the frame envelope.
Experimenta | DC Power | This is a Sorenson LH35-10 capable of supplying 35 V, 10
1 Supply | A.
Experimenta | Computer | This is a flat panel 15" LCD monitor. Power required: 110
| Monitor | VAC, 1.2 A.
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The experiment will not free float. The current test package (VER) will be
mounted in the same orientation. Lexan panels are attached to the each side of the VER
to prevent unintentional damage to the test rig. The lexan is 0.1 thick, and bolted to
holes in the VER. These panels are to prevent unintentional contact with the test rig by
research personnel-they are not structural.

The test fluid to be used will be either FC-72 or n-perfluorohexane, which is the
mail constituent of the FC-72. Approximately 3 liters of one of the fluids will be used.
Both fluids are completely inert at the temperatures encountered in this experiment. A
hazards analysis and MSDS’ for these fluids are included later in this report.

Equipment to be taken on-board the flight other than the main components listed
above include a pen, notepad, hand held digital video camera with power supply, a laptop
computer to acquire data from the high-speed camera, and a small digital still camera. A
list of equipment for each flight is given below:

1). VER

4). Clipboard with checklists

5). Pens (4)

6). 2 digital video cameras

7). Videotapes (4)

8). PCMCIA flash disks (2)

9). Digital still camera

10). Laptop

The VER has handles by which it can be carried onto the plane and moved about.

The VER can be handled by 2 people if necessary. The experiment can be located in any
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location aboard the aircraft that provides enough room around the experiment for 2
people. During setup and disassembly aboard the aircraft, a tool box containing various
tools will be brought aboard the aircraft if troubleshooting of the experimental system is
required. The tool box is completely inventoried and this inventory will be checked

anytime the tool box is taken off the aircraft. A clipboard, and laptop can be secured

DC Power

Frame

LLLE

|
e

o i
Rl
Test i H' B

Chamber S il | 1 e =

High Speed
Class 11 Carnra

Laser ‘ e ~—-—

Figure A.1: Photograph of modified test package (the VER) and its components.
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to the floor of the aircraft with VELCRO during flight. The remaining items will be
carried in a backpack. This backpack will be stored in storage bins provided by the
aircraft facility for takeoff and landing. During the flight, the equipment in the backpack
will be taped or velcro’d to the floor, held by hand (e.g. video cameras and pens), or

placed in pockets in the flight suits.

A.7 STRUCTURAL VERIFICATION

This report summarizes the testing that has been conducted on the VER. Included
in this report is a listing of flight load requirements, component weights, results of the
stress test, and turning moment calculations. This report concludes that the VER
structure is well within flight regulations set forth in AOD 33897, Rev A: Experiment
Design Requirements and Guideline -NASA 932 C-9B.

For the purposes of this test, the sounding rocket payload will be considered to be
an independent and structurally sound member of the VER. The sounding rocket payload
was designed to withstand 50 g loads in all directions, has undergone severe vibration
testing, and has successfully withstood rocket launch with no damage to any of the
systems. For these reasons, and since no modifications have been made to the core
payload, it will be considered a structurally sound and rigid component of the test
package, and no further analysis of the payload will be performed. The VER the test rig
is housed in was sent to us by NASA, and is flight certified. An analysis of the frame is
included in the appendix for reference. The frame we are using is actually stronger than
the analysis suggests since the basebar and original baseplate were replaced by a 24 x
24” x 1/2” aluminum plate. The new plate is much wider than originally analyzed, and is

capable of handling much higher shear loads. The sounding rocket payload is in exactly
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the same configuration it was in when it flew on the Terrier-Orion except that the VCR is
not being used. 40D 33897, Rev. A outlines five possible flight load scenarios that must
be considered in conducting a structural analysis. These five scenarios are listed in Table
A.3. The component weights are listed in Table 4. The rack capabilities, per Vertical

Equipment Rack: Structural Analysis for Use on Aircraft are summarized in Table A.5.

Scenario Load Direction
One 99 Forward
Two 39 Aft

Three 2g Lateral
Four 2g Upward
Five 69 Downward

Table A.2: Maximum Flight Loads

Table A.3: Component weights & moment arms about base

Component Weight | Component’s Center of Moment

P (Ibs) Gravity (in) arm (in‘lbs)
Test rig 146 24 3504
Frame 57 22 1254
DC quer Supply & 45 44
mounting plate 1980
High Speed Camera 5 14 20
Monitor 3 30 90
Total 256 27 6898

Table A.4: VER Rack capabilities
Allowable weight (1bs) 500
Actual Weight (Ibs) 256
Rig C.G. from floor of rack (in) 27
Rig turning moment 7071
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The philosophy behind the testing is a follows. Because both the test rig and the
VER are structurally sound, a test only needs to be performed to ensure that the
connections between the two are sound. Since stress testing on the actual test rig was
risky, a model of the test rig was built that mounts to the frame in exactly the same way
as the test rig. The exact same bolts and holes are used in both the model and test rig. A
photograph of the model is shown on Figure A.2. The model was mounted in the VER,
as shown in Figure 3. The model is bolted directly to the 1/2” thick base plate of the
VER using four 5/16” steel bolts. The top of the test rig is bolted to a 0.25” thick
aluminum plate using eight 5/16” steel bolts. The corners of this plate are attached to
existing holes on the VER using 1/4” aluminum angle using 1/4” steel bolts.

Stress testing for the forward direction (9 g) for the test rig (146 lbs.) was
performed using an Instron SRV017 machine. The model/frame was mounted as shown
in Figure 4, and model loaded at a rate of 1000 Ib/min up to 1600 lbs through the steel
pipe shown on Figure A.3. This pipe imparted the load directly to the model. The load
was held at 1600 Ibs for a few seconds. The test rig weighs no more than 150 lbs, so the
1600 Ib loading represented at least 10 g of loading. No creaking or cracking of the test
rig was observed during the test. Because the test rig is mounted in the frame
symmetrically in the forward and aft directions, the load capability in the aft direction is
similar to that in the forward direction.

Stress testing in the other directions (lateral, and upward) for the test rig (146 1bs.)
was performed by having two people (Combined weight of 325 lbs) stand on the model
close to the center of gravity of the model after the model was rotated to various

orientations. Testing in the lateral and upward directions is shown in Fig. A.5. The
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weight of the two people combined with the weight of the model resulted in a loading in
each direction that was close to 3 g.

Stress testing in the downward direction was not performed. Because the test rig
is mounted directly to the bottom of the frame (which is mounted to the floor of the
aircraft) there is nothing that can break. The center of gravity of the test rig is 27 inches
from the floor of the rack. This results in a turning moment of the test rig about the
baseplate of 6912 in-lbs (assuming a 1-g loading in the forward and aft direction). A
high speed camera and side view camera will be used in this series of tests, similar to
what was done in April 2001. As part of the TEDP for that series of flights, the camera

mounting was stress tested by placing the appropriate weights in all three directions.

Figure A.2-3: Model of test rig used for stress testing & model of test rig mounted in the
frame.
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(b)

Figure A.5: Stress testing in various directions: (a) lateral, and (b) upward.
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Stress analysis for monitor:

The 15” LCD monitor is held in place between two aluminum U-channel (1-1/4”
x 0.125”) brackets which are themselves held in place by two 1/4” bolts to the VER. The
mass of the LCD monitor and brackets is less than 4 1bs. For a 10g loading, the stress the
two bolts are subjected to can be computed to be

4x10 Ibs

[7[(0.25:41'11)2J(2 bolts)

=410 psi

which is roughly two hundred times smaller than their yield strength. Two additional
bolts on either side of the monitor prevent the monitor from sliding back and forth within
the channels. These bolts also hold a 1/8” thick lexan sheet in front of monitor to protect
it from unintended impact.

Stress analysis for power supply:

The power supply (Sorensen LH35-10) weighs 45 1bs, and is mounted onto a
6061 Al top-plate (24°x24°x1/8”) using two nylon straps (minimum 800 1b ultimate
tensile load). It is positioned on the top plate by four Al angle brackets, each of which is
bolted to the top-plate using two 1/4” bolts. The stress the bolts would experience under
a 10g load is the weight of the power supply distributed over two bolts:

45x10 Ibs

L”(O.ijz’n)zJ(z bolts)

=4600 psi

The stresses on the bolts are about seventeen times smaller than their yield strength. The

top-plate is attached to the VER using four 1/4” bolts. The mass of the top plate is 3.2

223



Ibs. The stress these bolts would experience under a 10 g load is the sum of the weight of

the power supply and the top-plate distributed over four bolts:

48x10 [bs

[”(().Zjin)ZJ@ bolts)

=2400 psi

The stresses on the bolts are about thirty times smaller than their yield strength. The top
plate was also stressed over 6g’s in the downward direction by having two people stand
on it (total weight 330 Ibs).

Stress analysis for laser mount:

The mounting apparatus for the laser consists of a laser mounting block which is
bolted to a micro-positioner (using three -1/8” bolts). The micro-positioner is bolted
(using two 1/4” diameter bolts) to a cantilever beam with a diagonal support member
(both 6061 Al). This system is then bolted to the experimental system by two 1/4” bolts,
see Figure below.

The laser mounting block, micro-positioner, and cantilever beam weighs 2 b, 4
Ib, and 1 Ib respectively. Analyzing first the mounting block, the maximum shear stress a
given 1/8” bolt would experience is 600 psi well below the yield strength (10g loading
assumed). A similar analysis at the micropositioner and cantilever levels results in a
maximum stress of 350 psi and 611 psi respectively.

The cantilever support system is designed to withstand a 6g downward loading as
shown in the figure below. Under such conditions a maximum load of 36 1b is supported.
Under such conditions the maximum stress within the support structure will occur along
the diagonal support member (400 psi, cross sectional area 0.125 in®). This number is

140 times below the yield strength limits of 6061 Al (58,000 psi).
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36 1b (Ag downward loading)

7.17

v

58°

3.75”

Figure A.6: Laser mounting system: laser mounted block (orange square), micro-
positioner (red square), cantilever support (maroon square).

A.8 ELECTRICAL LOAD ANALYSIS

An electrical schematic of the test apparatus is shown in Fig.A.7. Lists of the
components along with their electrical characteristics are listed in Table A.8 The total
current draw on the aircraft 110 VAC source is no more than 5.3A. Total power required
is less than 700 W.

A PID temperature controller is used to control the temperature of the liquid in the
boiling chamber. The output of the RTD in the boiling chamber is input to the
temperature controller. The output of the temperature controller is a 0-5 V pulse width
modulated signal to a solid state relay (SSR) that determines whether or not current flows
through the heaters surrounding the boiling chamber.

Both the sounding rocket payload (Test Apparatus) and the heaters are protected
using a slo-blo fuse rated at 10A. All wire gauges shown interior to the test apparatus are
either 16-18 gauge and are well within the load limits specified in Table 8. 14 gauge

wires are used to connect the test apparatus to the aircraft power supply.
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The wires in the test apparatus were sized according to Table 7:

Table A.5: Wire Gauges

Current (A) Wire size (Ga)
<0.25 22
<0.50 20
<1 18
<5 16
<12 14
6.4 A. 14 AWG 34 A,16 AWG
110 VAC from { ] Emergency Shutdown { ] 28 VDC from
aircraft Switch aircraft
14 AWG — — 16 AWG, 5A fuse
Test Apparatus
b
Surge /
Suppressor
34 AqD
Digital camcorders I AWG
@) 6 ¢
SSR
* o
Laptops (1) 1 AWG
16
20[AWG WG
Class II laser 2
DC < ImW 1A fuse | Temp
Cont.
High Speed Digital 16 AWG
Camera
| ~ Heaters
— 18 )G
30A
Computer Monitor I AWG
DC Power 11
Supply
4.0 A, 16 AWG,
10A fuse

Figure A.7: Electrical schematic.
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These wire sizes are more conservative than those suggested in the JSC User’s Guide.
Two mini digital video cameras will be used to record images of the boiling process.

These cameras are manufactured by Canon (model Elura).

A.9 LOAD ANALYSIS

The total current draw on the rack 28 VDC power supply no more than 4.0 A.

The total current draw on the aircraft 28 VDC source is no more than 3.4 A.

Power Source Details Load Analysis
Name: 110 VAC 2 video cameras: 0.03 Amps
Description: Aircraft 110 VAC Monitor: 1.2 Amps

High-speed camera: 0.25 Amps
Laptop: 0.15 Amps
Laser: 0.005

DC Power Supply: 1.5 Amps

Micropump: 3.0 Amps

Wire Gage: 14 Total power: 550 W

Outlet Current. 20.0 A Total current draw: 5.0 A

Power Source Details Load Analysis

Name: Aircraft 28 VDC Power Heaters for boiling chamber: 3.4 Amps
Description: 28 VDC from aircraft

Wire Gage: 14 Total power: 96 W

Outlet Current: 20.0 A Total current draw: 3.4 Amps

Table A.6: Components and their power requirements.

The master kill switch for the experiment is on the top of the VER. By depressing
this red knob, all power to the experiment is cut off. The experiment has been designed
to allow for a sudden loss of power without permanent damage to the experimental
system and automatically defaults to a safe configuration. Alternatively, power to the
VER can be turned off by turning off the power strip located at the bottom of the rig and

turning off the power to the SSR. For the payload, an alternate kill switch is on the DC
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power supply. The Micropump utilizes a 2A fuse. There is also a switch on the front that
is easily accessible to shut the pump off in an emergency. The wire size used by the

pump is regulated by the pump manufacturer.

A.10 PRESSURE VESSEL CERTIFICATION

The only chamber that experiences a pressure differential is the dome/boiling
chamber, figure 8. This chamber has been pneumatically tested to 37 psia (over night) by
pressurizing the chamber around the bellows. The pressure difference on the boiling
chamber (the chamber containing the FC-72) will be 22.4 psig (37.1 psia).

The chamber will be sealed off while the aircraft is on the ground so that the
pressure will be 14.7 psia, and all tests will be performed at this pressure. In the event of
a catastrophic decrease in cabin pressure at altitude, the pressure around the boiling

chamber could decrease to 3.5 psia. The maximum pressure differential possible during

Figure A.8: Low-pressure air cooling jet schematic (Courtesy of J. Benton).
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the flight is therefore 11.2 psig. Since this is 2 times smaller than the pressure difference
at which the chamber will be tested, the risk of the boiling chamber failing and releasing
FC-72 or normal perfluorohexane is very small. Even if the test fluid is released into the
cabin, the it poses no health risks since there are no toxicity limits below the temperatures
at which we are operating. As an added measure of protection, a pressure relief valve
(Nupro SS-RL3S4) has been installed onto the dome to relieve the pressure whenever the
dome pressure exceeds the cabin pressure by 10 psig.

The other pressure system being used on this flight is the low-pressure air
impingement nozzle. This system is shown is Figure A.8. The system consists of a K-
bottle of compressed air, a pressure regulator, a flexible hose, a needle valve, and a
nozzle. The pressure downstream of the regulator will be maintained at 5 psig or less. A
certified hose and pressure regulator to connect the K-bottle to the needle valve and

nozzle will be supplied by NASA. The nozzle exits to the cabin.

K-Bottle, Air 1 [ )
Pressure
Regulator
Needle Valve
4
116" Nozzle

Figure A.9: Low-pressure air cooling jet schematic.
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Table A.7: Pressure MAWP Relief Valve | Regulator Supplied/Built
System (psi) Setting (psi) | Setting (psi) | By

Component
1. Air K-Bottle 2200 N/A N/A GRC
2. Pressure Regulator 2200 N/A 15 Victor MF43011
3. Needle Valve 400 N/A N/A Hoke
4. Nozzle 500 N/A N/A Custom Built
Dome/boiling chamber 37 psia 10 psig N/A Custom build

A.11 LASER CERTIFICATION

A diode type class II laser manufactured by Diode Laser Concepts will be used as
part of the PIV measurement system. The laser has internal electronics that provide static,
surge, and reverse polarity protection. The laser operates at 5 VDC and draws a
maximum total power of 1 mW. Included as part of the laser assembly is a lens that
converts the laser beam into a sheet of laser light at an angle of 45°. The laser
wavelength is 635 nm. The line width is Imm @ 1 meter and the fan angle is 10°.

The laser is used to illuminate a plane of the boiling fluid, and the light reflected
off neutrally buoyant glass microspheres is imaged using a high-speed camera. Power to
the laser is controlled by a switch located on the front of the experimental test rig and will
be used only during parabolic maneuvers. The laser light is completely enclosed by the
experimental system. Black protective mats have been attached to all viewport holes on
the experimental system so that minimal laser radiation leaves the experimental chamber.
No protective eyewear is required due to the laser class and since minimal laser radiation
leaves the boiling chamber. The laser will be aligned and fixed in place prior to travel to

NASA facilities and therefore no alignment is necessary during the flight week.
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A.12 PARABOLA DETAILS AN D CREW ASSISTANCE

We will be testing with both the test apparatus and the instrumentation rack
attached to the aircraft floor for all flights. Accelerometers on the package will be used
to measure the g-levels the package experiences. Data will be taken using an on-board
data acquisition system throughout the parabolas for every other parabola. Ideally, a one
minute window will be provided prior to the start of microgravity periods after aircraft
turns for camera preparation and manual data recording. Thirty or more standard
parabolas per day are desired. No crew assistance is required to operate the test

equipment. A block diagram of the relevant procedures are shown in Fig. A.10.

IN-FLIGHT PROCEDURE PRE-FLIGHT ROUTINE

3. Power on instrumentation rack
and test rig

v v

2. Begin recording side view 2. Set bulk temperature
images to DV cam to (100s)

1. Accelerometer data acquisition

\ 4

A\ 4

A2 3. Ensure backside airside is
3. Initiate heater data acquisition operating correctly
routine (90s) l

A

. . 4. Create manifest flight manifest
4. Pause image recording and

accelerometer acquisition when
finiched

A 4

5. Connect digital video cameras to
v CCD outputs
5. Record by hand run information

to data sheets and begin second
initiation

A

A 4

6. Test accelerometer data
A4 acquisition
6. Turn on pump in turns

A

A 4

7. Test in-flight data acquisition
routine

Figure A.10: In-flight operational procedure (left), pre-flight routine (right). I have some
updated sheets of this to put in the Appendix.
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A.13 HAZARDS ANALYSIS REPORT GUIDELINES

HAZARD SOURCE CHECKLIST

Enumerate or mark N/A

N/A_
_ 5
.
N/A_
N/A_
N/A_
3

8_

N/A_
N/A_
N/A_
N/A_
N/A_
N/A_
N/A_
N/A_
_6_
_ 7
N/A_
N/A_
N/A_
N/A_
N/A_
N/A_
N/A_
4
N/A_

2
N/A_
N/A_
N/A_

Flammable/combustible material, fluid (liquid, vapor, or gas)
Toxic/noxious/corrosive/hot/cold material, fluid (liquid, vapor, or gas)
High pressure system (static or dynamic)

Evacuated container (implosion)

Frangible material

Stress corrosion susceptible material

Inadequate structural design (i.e., low safety factor)

High intensity light source (including laser)
Ionizing/electromagnetic radiation

Rotating device

Extendible/deployable/articulating experiment element (collision)
Stowage restraint failure

Stored energy device (i.e., mechanical spring under compression)
Vacuum vent failure (i.e., loss of pressure/atmosphere)

Heat transfer (habitable area over-temperature)

Over-temperature explosive rupture (including electrical battery)
High/Low touch temperature

Hardware cooling/heating loss (i.e., loss of thermal control)
Pyrotechnic/explosive device

Propulsion system (pressurized gas or liquid/solid propellant)
High acoustic noise level

Toxic off-gassing material

Mercury/mercury compound

Other JSC 11123, Section 3.8 hazardous material
Organic/microbiological (pathogenic) contamination source
Sharp corner/edge/protrusion/protuberance
Flammable/combustible material, fluid ignition source (i.e., short circuit;
under-sized wiring/fuse/circuit breaker)

High voltage (electrical shock)

High static electrical discharge producer

Software error or compute fault

Carcinogenic material

Other:

Other:
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Appendix B: Optimization of a Constant Temperature
Microheater Array Feedback Control Circuit
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B.1 PROBLEM DEFINITION

The primary goal of this optimization analysis is to maximize the temperature
resolution of the heater array while maximizing a user defined operational temperature
range. Such results serve two purposes: Firstly, the goal of experimental research is to
maintain the highest fidelity in measurement and, secondly, the microheater array
operates ideally when there is a minimum temperature difference between adjacent
heaters. A minimum temperature difference reduces lateral substrate conduction between
heaters providing a better estimate of the heat transfer due to boiling. In addition, lateral
substrate conduction can cause adjacent heaters to “turn off”” during the boiling process
which is problematic because the array no longer provides an isothermal boundary
condition locally making it difficult to infer information about the boiling process.

The control circuit mentioned previously can be modeled analytically based upon
electrical circuit theory. A single and multiobjective formulation is presented alongside a
host of linear and nonlinear constraints. This set of mathematical equations defines the
optimization formulation that is solved using a number of methods in Matlab. A
parametric investigation is performed on a number of the design parameters providing
additional information about the optimized solution.

A schematic of the feedback control circuit is shown in Fig. 2.1. The circuit is
characterized by three main electronic components: resistors, an operational amplifier,
and a transistor. Resistors, represented by R;, R3, R4, Rs Ry, and the digital potentiometer
(Rpp), define a wheatstone bridge that characterizes the performance of the control
circuit. Rj, R3, R4 Rs are metal film resistors with a manufacturer specified tolerance of

1% and are rated at 0.6 Watts. High tolerance metal film resistors are used for their
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relative insensitivity to temperature, high power dissipation, and commercial availability.
These resistors, in addition to Rpp, form the set of design variables which are optimized
in the analysis that follows. Rpp is a dual digital potentiometer consisting of two digitally
controlled potentiometers manufactured by Dallas Semiconductor. It consists of 512
resistive sections providing a resistance range of 0 — 20 kQ. Ry, represents the resistance
of a specific heater element. As mentioned previously, each heater element can be
modeled as an equivalent temperature dependent resistance (R has a temperature

coefficient of

Chopper
Op-Amp

Ry

Digital
Potentiometer

Figure B.1: Feedback Circuit Schematic

resistance 1000 times larger that the metal film resistors described above). The circuit
regulating op-amp, labeled “Chopper Op-Amp” in Fig B.1, is a high-voltage, high-

performance operational amplifier. An additional op-amp is used to measure the voltage,
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V,, across the heater element but does not directly influence the performance of the
control circuit. The transistor shown in Fig. B.1 is a high current, low voltage, NPN
switching transistor that is used to provide power to the heater elements. It is important
to note that the analysis presented subsequently applies to a single heater and its
respective feedback control circuit. Similar analysis can be performed for each heater in
the array to obtain an optimized heater array.

The control circuit operates in the following manner: The chopper op amp is used
to sense an imbalance in the wheatstone bridge, represented by R;, R3, R4, Rs Ry, and
Rpp. If an imbalance exists, the op-amp outputs a proportional voltage to the gate of the
transistor allowing additional current to flow from the 24 volt source through the bridge.
This current causes an increase in the temperature of the heater (joule heating) with a
corresponding increase in resistance. The resistance of the heater will continue to rise
until a new equilibrium state is reached corresponding to a balance in the wheatstone
bridge. This entire process occurs very quickly, in approximately 66us, and much faster
than the dynamic behavior of the heater boundary surface. Based on these functional
characteristics, the heater resistance can be controlled by controlling Rpp. During data
acquisition, the time-varying voltage across the heater resistance, V, in Fig. B.1, is
measured and used along with the heater resistance at the given temperature to determine
the total power dissipated by the heater to maintain it at constant temperature.

In summary, the design variables are defined as Ry, R3, R4, R5 Rpp (see Fig. B.1).
The optimization goal involves optimizing these variables for maximum temperature
resolution of a given heater in the array subject to constraints described subsequently.

All design variables are approximated as continuous variables.
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B.2 FORMULATION

B.2.1 Objective Function 1: Maximize Temperature Resolution

As mentioned previously, under steady state operation a balance exists in the
wheatstone bridge. Written mathematically, Eq. 1 characterizes this behavior. In Eq. 1,
Ry, is written as the dependent variable and Rpp as the independent variable as described
in the previous section. Taking the derivative of Eq. B.1 with respect to Rpp yields the

differential change in heater resistance with respect to a differential change in Rpp, Eq.

B.2.
ﬂ_ R, —~ R = RR, n R\RsRpp (B.1)
pu— h - .
R, p 4 RSRD% R, RsR; + R R,
4 (RS + RDP)
a«ifh - RRII;; —- RRR,,R, S or, - RI;Rsé’]fl},; _ RIRSRDPRﬁRDP2 (B.2)
pp \Rs+RiR,,  (RRy +R,,R,) Ry +RiR,,  (RR; +R,,R;)

Since Rpp can only be adjusted in 512 equal increments, the minimum possible
change in the digital potentiometer resistance is given as 39 €. This value also describes
the maximum resolution control of the wheatstone bridge. Substituting this value into
Eq. B.2 defines the minimum increase in heater resistance for a minimum change in Rpp,
Eq. B.3. Stated differently, Eq. 3 represents the smallest theoretical change in heater

resistance for a step change in digital potentiometer setting.

AR - RRsARy  RRR,RAR, _ 39RR;  39RRR,R,
- _
RRs+RyR,, (R,R,+R,,R,)’ RiR;+R,R,, (RR,+R,,R,) (B.3)

In addition to Eq. B.3, the heater resistance is also strongly dependent on
temperature. The temperature dependence on the resistance of the heater was measured

experimentally and is characterized by the temperature coefficient of resistance, a.
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Using this parameter, a resistance-temperature relation can be formulated, Eq. 4, where
Rrer, Th, Trer, and AT, represent some arbitrary metal reference resistance (corresponding
to the reference temperature), heater temperature, reference temperature, and change in
temperature (Ty-Trer) respectively. These additional variables are considered design
parameters and appear in the optimization formulation summary at the end of this section.
Differentiating Eq. B.4 with respect to AT, yields Eq. B.5. Equation B.5 states that a
differential change in heater temperature is proportional to the differential change in

resistance.

. =a—‘+wa = R, =R, (1+aAT) (B4)
h
R, _, oy = R dT, = dR, (B.35)

From the previous analysis, dRj, can only be controlled to a minimum value specified by
Eq. B.3. Substituting ARy, for dRy, (Eq. B.3 into Eq. B.5) yields the temperature
resolution of the heater element, Eq. 6. Equation 6 represents the minimum possible
theoretical temperature change for a step change in digital potentiometer resistance
(temperature resolution or uncertainty). Therefore, the optimization objective involves

the minimization of Eq. B.6, or in simplified form Eq. B.7.

AT, =] 39RR,  39RRR,R, |_ 39RR 1 Ry
@R,y | RiRs + RRpp  (RRy +RpR,) | @R Ry | Rs+ Ry (R +R,,) (B.6)
39R,R:?

min AT, =

(B.7)

a,R, R, (Rs +Ryp )2
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B.2.2 Objective Function 2: Maximize Temperature Range (Single

Objective Constr. 4)

The second objective considers the maximum operating temperature of the heater.
Substituting Eq. B.1 into Eq. B.4 for Ry, and setting Rpp to 20000 (the maximum
controllable potentiometer resistance), the high temperature limit is obtained, Eq. B.8.

As a constraint, Eq. B.8 states that the maximum temperature that the heater can operate
at must be greater than or equal to Thign, or the user specified high temperature limit. This
constraint is written as an inequality constraint for the single objective formulation.
Ideally, the user would like the largest possible temperature range. Therefore, Thign 1s a
design parameter and, written in standard form, this constraint is given by Eq. B.9.
Formulating Eq. B.8 as a second objective results in Eq. B.10 (note: the second objective
function shown in Eq. B.10 is transformed using the epsilon constraint method to a single

objective formulation, constraint g4, introducing design parameter Thign).

RR, 20000R, R, 1
"~ a,R,R, a,RRR, +20000a,R,R,, «a, " (B.8)
. __RR, 20000 R, R, R
: "o RR,  a,RRR, +20000a,R,R, a, 7 (B.9)
max7,,, = RiR, + 20000R, R —L+Tref (B.10)
“ " @,R,R,, a,R,R,R, +20000a,RR,, a,
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B.2.3 Inequality Constraint 1: Low Temperature Control

The lowest temperature that a given heater element can be controlled to is
determined by substituting Eq. B.1 into Eq. B.4 for Ry, and setting Rpp to zero
theoretically (experimentally this would be a very low value). Setting Rpp equal to zero
approximates the low end temperature control range. Performing this manipulation and
simplifying results in Eq. B.11 with Ty, representing the lowest controllable heater
temperature. Stating Eq. B.11 as a constraint in standard form says that the optimized
circuit design must be able to operate to atleast a temperature defined by Tiow, Eq. B.12.
Tiow 18 a user specified design parameter. Additional information regarding the
operational temperature range of the heater element is given by Eq. B.13. This equation
is for the user’s reference and is introduced later in this report and does not enter into the

optimization formulation.

T;ow = + T;ef
a, ' (B.11)
s,

R3Rref

gl : +T‘ref _T}aw < O (Blz)
a,
o7 - 20000 R, R, _ RR, 20000 (B.13)
e ST g RRR,, +200000, RR o, RyR,,, | Ry +20000

B.2.4 Inequality Constraint 2: Minimize Power Dissipation Across Right
Side of Bridge

A physical constraint that arises due to the circuit operation considers the amount

of current flow through each side of the wheatstone bridge. Ideally, the user would like
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to have the largest current flow through the heater element R,. This situation further
validates the assumption that the metal film resistors on the right side of the bridge do not
change resistance because very little current will flow through them and thus a negligible
amount of heat is generated. In addition, this allows large amounts of power to be
dissipated through the heater which can occur during times of large boundary heat flux
conditions. The larger the voltage present across the heater, the larger the range of
boundary conditions the heater can accommodate. In order to ensure that a small amount
of power is dissipated by the right side of the bridge, the resistance R3 + R4 should be
significantly higher that R; + R..r. Stated mathematically, Eq. B.14 represents this

constraint with Cpni, being the minimum value of this ratio chosen by the user.

_ R HR (B.14)

g2 : Cmin
R +R,,

B.2.5 Inequality Constraint 3: Maximum Voltage Drop Across R;

The voltage drop across R; should not be too high as to decrease the maximum
performance of the heater array. Under high heat flux conditions, the heater resistance
may require a large voltage to regulate its temperature. If the voltage drop across R is
too large, this will not occur. The voltage drop across a resistor in series with another is
represented by Eq. B.15. Defining a maximum voltage drop permissible across Ri, Vrop,

and substituting in Eq. 1 for Ry, an additional constraint is formulated, Eq. 16.

24R
Vdrop 2 %1 +Rh) (BIS)
g3 : R 24R R _Vdrop < O
1404y BsTor (B.16)
R3 R5R3 + RDPR3
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B.2.6 Inequality Constraint 5: Op-amp Sensitivity (R; Bound)

The chopper op-amp has a minimum sensitivity (voltage difference) for accurate
operation. The maximum sensitivity in the wheatstone bridge occurs when R; and Ry, are
approximately equal. If the ratio of these two resistances becomes extremely large or
small, the op amp is incapable of detecting the voltage difference and thus cannot
compensate for an imbalance in the bridge. Therefore, an additional constraint on the
system is required (Eq. B.17). Similar to equation B.14, design parameter Dy, 1s the
lowest user specified ratio of R; and R, and is dependent on the specifications of the op-
amp. This equation can be restated as the lower bound of the design variable R, Eq.

B.18.

<0 (B.17)

(B.18)
gs: R 2 RrefDmin

B.2.7 Inequality Constraints 6-11: Additional Design Variable Bounds

All design variables must be real numbers greater than or equal to zero. In
addition, R, R3, and R4 have maximum bounds specified by the design parameters
R1ubnd> R3ubnd, and Raupng respectively. Rs can be any real number greater than zero and
Rpp has a maximum value of 20,000. Equations B.19-B.24 represent additional design

variable bounds.

8¢ —&n - R <Ry O0SRy <Ry,
O0<R,<R,;.> O0SR,<oo, (B.19-B.24)
0<R,, <20000
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B.2.8 Equality Constraint 1: Define Optimized Temperature

A brief analysis of Eq.7, the optimization objective function, provides some
insight into this next constraint. Firstly, Eq. 7 is nonlinear w.r.t Rpp indicating that the
temperature resolution increases with the inverse of the quadratic of Rpp. This means
that the heater temperature resolution will increase with an increase in heater
temperature. It can be shown that the temperature uncertainty is monotonically
decreasing w.r.t Rpp for Rpp > 0, Eq. B.25. This indicates that the worst temperature

resolution always occurs for a digital potentiometer setting of zero.

o(AT,) 78RR, Ry 1 — 78RR’

ORpp B athefR3 (Rs +Rpyp )3 (Rs +Rpp )2 B a,R, R, (Rs +Rpp )3

(B.25)
ref

Since Rpp is controlled by the user and can take on 512 incremental values
between 0 and 20 k Q, a particular heater temperature, Top, 1S defined which corresponds
to the heater temperature being optimized. This constraint forces Rpp to take on a single
value corresponding to Ty and eliminates the semi-infinite behavior of this variable, Eq.
B.26. The monotonic behavior of the objective function w.r.t Rpp indicates that all
temperatures above T, will have a temperature resolution that is guaranteed to be better
than the temperature resolution at Top. This characteristic aids the user in selecting this

critical design parameter value.

R R R, R R 1
_ 1Y pp s 4+ _ Tref + Topt =0 (B.26)
@, RR, @, RRR,  + Rppa, 3R,

In summary, equality constraint 1 (Eq. B.26), reduces the optimization goal from

optimizing the temperature resolution over the entire temperature range, to optimizing a
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single heater temperature value. This constraint was formulated as such because in the
particular research context that the author is involved, excellent temperature resolution is
not required at the low temperature limit, Ty, but is instead desired over a temperature
range from Ty to Thigh. The solution therefore optimizes the temperature resolution at
Topt and because of the monotonic nature of the objective function w.r.t Rpp, all
temperatures between Top; and Thign are guaranteed to have a temperature resolution better

or equal to the temperature resolution at Top.

B.2.9 Optimization Formulation Summary

In summary, customization of the feedback control circuits is governed by an
optimization formulation that seeks to minimize the temperature resolution of a single
heater, Eq. B.6, and maximize the high temperature limit, Eq. B.10, subject to the non-
linear inequality constraints, g;-gs (Eq. B.12, B.14, B.16), non-linear equality constraint,
h; (Eq. B.26), and the design variable bounds, gs-g;; (Eq. B.18-B.24). The representative
multiobjective and single objective optimization formulations are summarized on the
following pages (note: the single objective formulation applies the epsilon constraint

method to the multiobjective formulation).

Design Variables (resistor values, see Fig 1.2):
R [2], R3[Q2], R[], Rs[Q2], Rpp[]

Design Parameters:

oy temperature coefficient of resistance of the heater [Q / Q °C]

R, reference resistance of the heater array at reference temperature [€2]

T.: reference temperature corresponding to reference resistance [°C]

Cmin: constant used to minimize power dissipated across the right side of the wheatstone
bridge

Duin:  minimize ratio defined by the operation of the chopper op-amp (see 1.2).

Thign: the highest temperature that the heater must reach [°C]

Tiw: the lowest temperature the heater must be able to operate at [°C]

Top:  the temperature being optimized [°C]
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Riupna: upper bound of R; [Q]
Riupna: upper bound of R; [Q2]

Ryupna: upper bound of Ry [Q2]
Varep: max voltage drop across R, [V]

Single-Objective Optimization Formulation:

Objective Function:

2
AT, = 39R,R; : (B.7)
athefR3 (RS + RDP)
Subject to:
RR, -1
R3Rref T T < O
& - a, Tl =i = (B.12)
R, +R,
o ———<0
g2 min Rl +Rref (B14)
24
g3 : - Vdrop < 0
( R, RiRpp j
I+—+
R, R,R,+R R, (B.16)
R R 20000R, R 1
84 high — — > +__Trefso (B.9)
a,RsR,,,  a,R;RR, . +20000,R;R, . <, :
gs — & - RrefDmin SR SR> OSSR <Ryys
0<R,<R,,.,, 0<R, <o, (B.18-24)
0<R,, <20000
h: R R, Ror R R, v L7 41 -0 (B26)

a,R,\R,, o,RRR  +R,,a,RR  «a 7 "

ref ref
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Objective Function:

max7,

Subject to:

high —

Multiobjective formulation:

(B.7)

__+Tref (BlO)

. 39R R
min AT, = — -
athqf'RS (Rs + RDP)
_RR, 20000R, R, 1
a,R\R,,  a,RR,R,, +200000,R.R,, a,

gl . ah ref “Liow (B,l2)
R.+R
: C ———2<0
gz min Rl +Rref (B14)
24
&3 — Vdmp <0
( R, RiRpp ]
1+—
R, R.R,+R,,R, (B.16)
8s — & - RDiw SR SRy 0<R; <Ry,
0<R, <R,y O0ZR; <o, (B.18-24)
0<R,, 20000
R R R.,,R R
h, - 74 P 175 +L—Tref+T0pt=0 (B.26)
kR, o,RRR, .+ R0, RR,,
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B.3 ASSUMPTIONS

The formulation derived previously incorporated a number of assumptions in
addition to assuming the ideal behavior of the op-amp and transistor. Firstly, the circuit
leads are assumed to have a zero resistance. Parasitic effects associated with inductance
and capacitance within the circuits is assumed to have a negligible effect on the circuit
performance. Design variables Rj, R3, R4, and Rs are assumed to have negligible
temperature dependence. This is a valid assumption for R3, R4, and Rs but significant
power may be dissipated through R; causing a measurable change in its resistance. A
more robust model would account for slight changes in this resistance due to joule
heating.

The heater resistance is assumed to be solely dependent on temperature. In
reality, thermal fatigue of the heater array can cause wire bond detachment, cracking of
the heater substrate, voids to form between the substrate and epoxy adhesive, and many
other problems which can lead to operational transients. This assumption defines what it
means to be an ideal heater (one that has uniform temperature and no time varying
thermal properties). The heater properties have been measured experimentally and the
heater itself has been sufficiently tested so that the ideal heater assumption is valid.

For the following analysis, all design variables are assumed to be continuous
variables. In reality, the commercial market only sells discrete resistors. It is assumed
that multiple resistors can be put together in parallel or series combinations so that,
practically speaking, the continuous assumption is valid. Theoretically, Rpp is a discrete
variable, but can be modeled as a continuous variable with little loss in modeling

accuracy.
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It should be noted that the nature of the current control circuit design allows
resistors to be removed and installed quite easily. Through hole mounted sockets are
used on printed circuit boards which eliminates the need for any additional soldering.
Therefore, optimized resistance values can be installed and modified with little effort and

the performance can be validated experimentally with relative ease.

B.4 METHODS, RESULTS, AND DISCUSSION

The presence of the nonlinear equality constraint, h;, makes it difficult to obtain
any significant insight into the problem using monotonicity analysis. Nonetheless, the
monotonic behavior w.r.t the different design variables for the temperature resolution

objective function, AT}, or Tyn, is shown for positive valued design variables, Eq. B.27-

B.30.

87-;,{)10 — 39R52 2 O

OR, a,R, R, (Rs +Rpp )2 (B.27)
Ty __ —39RE <0 (B.28)

2 2 =

OR,  a,R,R;(R;+R,,)
aTunc — 78R1R5 RDP Z O B 29
OR; athefRS (Rs +Rpp )3 (B-29)
aT;mc _ B 78R1R52 < 0
ORpy  a,R R,(Rs+R,,) (B.30)

As mentioned previously, the mulitobjective formulation was converted to a
single objective optimization problem using the epsilon constraint method. This was

achieved by introducing an additional design parameter, Thigh, Which was used to convert
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the second objective, Eq. B.10, to a constraint, g4 (Eq. B.9) which was varied over a
specified range to obtain the Pareto frontier. A representative optimum was chosen based
on user preferences and is elaborated on later in this report.

An initial point sensitivity analysis was performed to assess the affect of the
initial point on the optimization results. It was observed that the initial point strongly
affects the optimized solutions and further discussion will be provided in the next section.
A parametric investigation was performed on the design parameters Tiow, and Top and
their affect on the optimized design is presented subsequently. These design variables
were chosen to be parametrically varied because it was observed that the constraint g;
was active at the optimum and furthermore, hy, has a strong dependence on T,y. Lastly, a
custom optimization solution algorithm, based on the exterior penalty method, was
developed and used to verify the results obtained using the Matlab function, “fmincon”.
As will be shown, both methods agree very well with one another adding to the validity
of the solutions presented herein.

Before proceeding any further, it is necessary to define the different values chosen
for the design parameters. The lower bounds for design variables, R3, R4, Rs, Rpp, were
chosen to be a very small value, as shown in Table B.1, which avoids any singularity
issues associated with the objective or constraint functions. In addition, consideration
was given to avoid lower boundary values which became active constraints at the
optimized solution. Similar reasoning was applied to the upper boundary limits on the
design variables where all resistances except Rs were specified to be less than 1 MQ. Rs
can naturally tend toward infinity without degrading the performance of the circuit. The

design parameters o, Ryef, and T,.r were determined based on the physical characteristics
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of the heater array and confirmed experimentally. Cyin and Dyin were chosen from
experience, where adequate performance of the circuit has been observed. Vo, was
chosen based upon the maximum operating boundary conditions that are applied to
heater. It has been shown through experimentation that the heater can require up to 14
volts in order to accommodate large heat flux boundaries and therefore, V4.op Was to
chosen to be 10 volts (24V — 14V).

For the particular boiling fluid being studied (FC-72), the saturation temperature
is 56 °C at atmospheric pressure. Of particular interest are the boiling characteristics at
temperatures higher than 70 °C. Therefore, the temperature resolution below this value is
not significant and the baseline Ty value was chosen as 70 °C. The low operational
temperature limit, T,y, was chosen to allow for adequate operation of the heater under
ambient room temperature conditions with some margin added for safety. Operation of
the heater at room temperature provides time saving diagnostic capabilities that can be
used to quickly characterize the heater prior to data acquisition. Thign was chosen based
on reliability and safety considerations (120 °C). Most industrial electronic devices are
rated to 125 °C which makes this a good temperature limit while providing a suitable
range for the superheat of the fluid during boiling to be studied. Lastly, Thign, Tiow, and
Topt were parametrically studied over a range of values shown in Table 1. The baseline,
or user preferred, case is the default design parameter vector used while varying the

parametric variables in question.
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Table B.1: Design parameter values

Baseline Parametric Study
Ry 89.4
LOWER R QO 1 |1, 20,30, 40, 50, 60, 70, 80,
BOUND i 0.000001 90, 100, 110, 120
Rs 0.000001
Rpp 0.000001
Riubna 500
UPPER E““’““ igggggg T,.: 10, 15, 20, 25, 30, 35, 40,
BOUND e , 45, 50, 55, 60, 65
Rs inf
Rpp 20000
o 0.003
l;: jji Ty 71, 75, 77.5, 80, 82.5, 85,
o m 90, 95, 100, 105, 110, 115, 120,
DIIE’IS&IRCTN D 03 130, 140,
Thign 120
Tiow 10
Topt 70
Vdrop 10

B.S SINGLE OBJECTIVE RESULTS USING “fmincon”

As mentioned above, the Matlab function, “fmincon” was used to solve the single
objective optimization formulation. This function finds the constrained minimum of a
scalar function of several variables starting at an initial point estimate. It takes a number
of input arguments including the function to be minimized, nonlinear equality and

equality constraints, variable bounds, and others.

B.5.1 Initial Point Sensitivity

After programming the single objective formulation into Matlab and solving for a

number of different initial points, it was observed that each optimized output was
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quantitatively different. After verifying the Matlab output solutions were feasible, it was
determined that a rigorous initial point sensitivity analysis was required to characterize
the outputs. The approach developed shares many similarities to Monte Carlo analysis.

The first step involved obtaining a representative set of initial points that spanned
the entire range of the variable bounds. Considering the fact that there exist 5 variables
and a low, medium, and high, value for each variable was desired, the number of
different combinations one can obtain from this set is 125. Adding additional robustness,
250 randomly distributed initial value sets were computed in Matlab (for a single design
parameter vector, ex. “Baseline”) and the optimized solution of each was determined
using “fmincon”.

The initial design points, used as an input into the “fmincon” function were
calculated by first generating a uniformly distributed random number from zero to one in
Matlab and then applying that value on a percentage basis to the design variable
bounding limits. Since the high limit bounds are so large for the design variables, a
random permutation vector between 2 and 6 was also generated at each iteration to
represent the exponent of the high limit (Ex. 102, 103, 10°, 106, 20000). This ensured that
low value combinations could be obtained in the simulation and provides a better
representation of the initial value space. This additional step enabled a more random
distribution to be obtained. The process as described above was repeated for all five
design variables until a single initial point vector was generated. An iterative process
was then used to obtain an initial point matrix with the total number of rows equal to the
total number of initial point vectors, 250 (Eq. B.31). This matrix was input into Matlab

and a solution was obtained for each initial point vector.
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The 250 optimized solutions obtained were then plotted on a histogram to observe

the distribution of objective function values, Fig. B.2. The majority of the optimized

solutions fall very close to the global minimum (lowest optimized objective value) of the

formulation. The minimum of these 250 results was then chosen as the “representative”

optimum or the design that most closely represents the global optimum for the particular

formulation. In the parametric analysis that follows, this modified Monte Carlo

procedure was conducted for each design parameter vector.

Rl,l RI,S Rl,4 RI,S Rl,dp

Ri,l Rl 3 Rz’,4 Rl 5 Ri,dp (B3 1)
_RZSO,I R250,3 R250,4 sto,s R250,dp_
i =initial point vector number
60 T T T T T I I I
- : : ; : 0r7 =
[ | Tpugn ["C1 =120
0 =0.003 Q/Q°C
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Figure B.2. Example objective function distribution for different initial points
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B.5.2 Pareto Frontier

As mentioned previously, the multiobjective formulation was converted to a
single objective problem using the epsilon constraint method. The epsilon constraint
method is an A posteriori method used to solve multiobjective optimization problems and
is of the form:

min imize f,(x)
subject to fj(x)é g, foral j=1...k j#lI

xesS

Where S is the feasible design space.

The Pareto frontier provides the solution to the multiobjective optimization
formulation in k variable space (where k is the total number of objective functions). A
decision vector x* € S is Pareto optimal if there does not exist another decision vector x
such that f; (x) less than or equal to f; (x*) for all 1 =1,... .k, and f; (x) < f; (x*) for atleast 1
index j >. In order to obtain a single optimum design from the Pareto solution set, a user
weighting method was applied to the objectives. For the particular problem under
investigation, the Pareto frontier is shown in Fig. B.3. From this graph it is clear than the
objective space in nonconvex. In addition, the constraint, g4 (epsilon constraint) was
active for all the optimal solutions obtained which helps to validate the choice of the
second objective.

Applying user preferences to Fig. B.3, a single design is chosen based on the
“baseline” design parameter vector from Table. B.1. This design has a number of
interesting characteristics as shown in Fig. B.4. In this figure, the x-axis represents the

temperature of the heater and the y-axis is the single objective function value or Tync.
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When compared to the current design, it is clear that the optimal design performs much

better at temperatures above 70 °C. It should be noted that at 70°C, a slight (< 1%)

enhancement in performance in observed. Table B.2 provides additional information

regarding the optimal and current designs and Table B.3 summarizes the Pareto results.
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Figure B.3: Pareto frontier
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Figure B.4: User specified optimal design (“baseline” design parameter values).

Table B.2: Current vs. optimal design comparison (single-objective formulation).

OPTIMUM DESIGN | CURRENT DESIGN
R, [2] 167 237
R; [kQ] 27.733 47.6
DESIGN VARIABLES R, [kQ] 47.379 57
R; [kQ] 89.786 1000000
Ry, [kQ] 9.906 10.7
OBJECTIVE
FUNCTION F 0.2127 0.2157
g, 0 0
2 -142 -175.3975
CONSTRAINTS 23 -2.08 -0.099
g4 0 -2.025
h, 1E-13 1E-13
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Table B.3: Pareto results

R, | 2464 | 474.02| 187 310 | 410 | 311 120 | 168.61| 4743 | 365 466 | 253.98
R; | 4033.1]423810| 20363 | 523110| 650 64 | 34150 | 18231 | 1780.4| 323 | 5311 479940

I%TIIN% R, 4851 70 3930 | 770 250 84 |675030] 60 | 893.9 | 11141 | 91653 | 85.912

Rs 49.8 | 6910 | 345 | 6480 [296700] 76373 | 30 810 | 457.6 | 69189 | 86592 | 56.331

Rpp | 58443 15520 | 3010 | 4590 | 7880 | 13268 | 1114 | 17738 | 4402 | 2839 | 19241 | 12020

R, 89.4 | 894 | 894 | 894 | 894 | 894 | 894 | 894 | 89.4 | 894 | 894 | 894

R; | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06

;g‘gﬁg R, | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06

Rs | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06

Rpp | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06 | 1E-06

R, 500 | 500 500 500 500 500 500 500 500 500 500 500

MATLAB R; | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06
INPUTS ESEEN?) R, | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06 | 1E+06
R; inf inf inf inf inf inf inf inf inf inf inf inf

Rpp | 20000 | 20000 | 20000 | 20000 | 20000 | 20000 | 20000 | 20000 | 20000 | 20000 | 20000 | 20000

a 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003

R | 298 | 298 | 208 | 298 | 298 | 298 | 298 298 298 298 208 | 298

Ter | 247 | 247 | 247 | 247 | 247 | 247 | 247 | 247 | 247 | 247 | 247 | 247

Cuin 20 20 20 20 20 20 20 20 20 20 20 20

DESIGN

PAR. Dyin 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Thigh 71 75 80 85 825 | 775 90 95 105 115 120 140

Tiow 10 10 10 10 10 10 10 10 10 10 10 10

Topt 70 70 70 70 70 70 70 70 70 70 70 70

Vdrop| 10 10 10 10 10 10 10 10 10 10 10 10

R, |241.78]240.13| 242 | 238 |89.898] 164 | 231 |21136| 106 |89.553| 167 | 129.61

R; 4957 | 6893 | 12628 | 17759 | 5758 | 6811 | 20035 | 28752 | 13907 | 14722 | 27733 | 22305

Df,illgN R, 5840 | 8176 | 14875 | 21243 | 18246 | 11802 | 24707 | 38750 | 37422 | 46830 | 47379 | 49021

Rs 1184 | 1820 | 3911 | 6667 | 5239 | 2857 | 8992 | 21396 | 25235 | 67567 | 89786 | 1E+11

MATLAB Rpp | 15406 | 10004 | 9912 | 1000 | 9982 | 10000 | 9640 | 11073 | 9777 | 10142 | 9906 | 9231

OUTPUT OBJ.

(GLOBAL FUNC. F1 | 0.0108 | 0.036 | 0.0669 | 0.0936 | 0.0807| 0.052 | 0.1172] 0.1393] 0.1725] 0.2006 | 0.2127] 0.2535
OPTIMUM) g1 0 0 0 0 0 0 0 0 0 0 0 0
2 0 -8 31 | =527 | -41.9 | -20.3 |-64.581]-112.52 -107.1 | -138.82| -141.62] -146.8
CONSTR.| g 0 -0.04 0 -0.09 | -4.96 | -2.15 |-0.2652|-0.7747] -4.2825| -4.979 | -2.0795| -3.3548

2 0 0 0 0 0 0 0 0 0 0 0 0

hy 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13 | 1E-13
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B.5.3 Parametric Study

Results of the parametric investigation of Tjoy are shown in Fig. B.5 and Table
B.5 (located in Appendix III). In all of the cases studied, g; was active at the optimum,
Fig. B.5. Tiow appears to have a linear affect (monotonically decreasing) on the optimized
objective function value T, over the range studied.

The second parametric investigation focused on the affect of Top. Top: has a very
interesting affect on the optimal solution as seen in Fig. B.6. For low values (near Tjow),
Tiow appears to have no effect on the optimum. At larger values, near Thigp, strong
dependence on the optimized objective function is observed. Table B.6 (Appendix III)
details the results of this parametric investigation.

Lastly, the optimization effects of Tiow, Thigh, and Top; can be represented in a non-
dimensional form combining all of effects presented in this section and the previous one.
If the non-dimensional values shown in Eqgs. B.32, B.33 are defined, and the results from
Tables B.3, B.5 and B.6 are written in terms of Eq. B.32, B.33, then Fig B.7 results.
Tabular non-dimensional results are presented in Appendix III, Table B.8. The important
observation is that the non-dimensional results collapse onto the same curve. This
indicates that if the temperature range and optimization temperature is chosen, the
optimal temperature resolution can be taken directly from the graph (although a complete
solution would have to be obtained using one of the solution methods described herein).

This provides the user with a powerful predictive means of determining the optimal

design.
_ T;)pt “Liow _ 0/ AT _ Tunc _ unc _ 0/
rnage,non T = /orange non T - = Jores (B32,B33)
high " Liow flat range

512
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The matlab code used to obtain the results presented herein is available in Appendix D.
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Figure B.7. Non-dimensional results (Par. g4, Par. g1, and Par. h; represent the results
obtained from Tables 3, 5, and 6 respectively in non-dimensional form).

B.6 EXTERIOR PENALTY METHOD

A second optimization solution method was developed based on the exterior
penalty approach. This method involves converting the constrained single objective
formulation to an unconstrained optimization problem which can then be solved using a
number of well-developed unconstrained optimization techniques. The method is
classified as a transformation method for this reason. The Penalty method considers the
transformation of the constrained formulation to unconstrained form given by Eq. B.34,
where AT}, is the objective function (Eq. B.7) and g(x) and h(x) are vectors defined in the

single objective formulation presented previously.

P(R,t)= AT, + Q(t, g(x), h(x)) (B.34)
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For small penalty terms, Matlab was unable to obtain a solution, Fig. B.8. As the
penalty term is increased above 100, the optimized solution reaches a steady value. The
entire unconstrained exterior penalty formulation can be found in Appendix II. As can be
seen in Table B.4, the optimization results obtained using this exterior penalty approach
agree very well with the results obtained in Matlab using “fmincon” (detailed results can

be found in Table B.7, Appendix III).

0.16
0.14

e embadniy

[°C]

0.08 -

T
unc

0.06 -
0.04 -

10° 10° 10

Penalty Parameter

Figure B.8. Affect of the penalty term on the unconstrained optimization results.

Table B.4. Exterior penalty and “fmincon” comparison

Topt [OC] Tunc ("fmincon") [OC] Tune EP [°C] [% DEV
71 0.0108 0.0114 5.56%
75 0.036 0.0365 1.39%
80 0.0669 0.0686 2.54%
85 0.0936 0.0947 1.18%
82.5 0.0807 0.0825 2.23%
77.5 0.052 0.0547 5.19%
95 0.1393 0.1386 0.50%
105 0.1725 0.1729 0.23%
120 0.2127 0.2129 0.09%
140 0.2535 0.2535 0.00%
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Appendix C

C.1 FINAL HEATER RESISTANCE VALUES

Card # | Circuit# | Heater# | R, (QQ) | R (Q) | R, (Q) R; (QQ) R, (QY) Rs (Q)
0 17 199 66.5 48800 26200 76800 200000
1 65 195 64.8 48800 26200 76800 200000
2 18 11 48800 26200 76800 200000
3 38 199 66.3 48800 26200 76800 200000
4 66 193 64.7 48800 26200 76800 200000
5 6 170 55.9 48800 26200 76800 200000
6 39 193 64.7 48800 26200 76800 200000
7 67 170 55.9 48800 26200 76800 200000
8 19 217 71.3 48800 26200 76800 200000
9 40 191 63.2 48800 26200 76800 200000

10 68 210 69.6 48800 26200 76800 200000
0 11 1 225 74.7 48800 26200 76800 200000
12 2 226 74.8 48800 26200 76800 200000
13 69 210 69.6 48800 26200 76800 200000
14 41 192 63.2 48800 26200 76800 200000
15 20 219 71.2 48800 26200 76800 200000
16 70 172 57.5 48800 26200 76800 200000
17 42 194 64.6 48800 26200 76800 200000
18 7 200 66.4 48800 26200 76800 200000
19 71 194 64.9 48800 26200 76800 200000
20 43 200 66.2 48800 26200 76800 200000
21 21 227 74.7 48800 26200 76800 200000
22 72 196 64.8 48800 26200 76800 200000
23 22 200 66.2 48800 26200 76800 200000
0 44 218 73 48800 26200 76800 200000
1 73 198 64.6 48800 26200 76800 200000
2 8 221 73 48800 26200 76800 200000
3 45 201 66.5 48800 26200 76800 200000
4 74 189 63.3 48800 26200 76800 200000
5 23 225 74.7 48800 26200 76800 200000
6 46 220 73 48800 26200 76800 200000
7 75 207 68 48800 26200 76800 200000
8 24 223 74.7 48800 26200 76800 200000
9 76 215 71.3 48800 26200 76800 200000
10 47 202 67.9 48800 26200 76800 200000
1 11 9 239 78.6 48800 26200 76800 200000
12 10 230 76.9 0 26200 76800 200000
13 48 202 66.2 48800 26200 76800 200000
14 77 222 73.1 48800 26200 76800 200000
15 25 224 74.9 48800 26200 76800 200000
16 78 209 69.6 48800 26200 76800 200000
17 49 221 73.1 48800 26200 76800 200000
18 26 226 74.8 48800 26200 76800 200000
19 79 192 63.1 48800 26200 76800 200000
20 50 221 73.2 48800 26200 76800 200000
21 11 223 74.9 48800 26200 76800 200000
22 80 201 66.3 48800 26200 76800 200000
23 51 222 73 48800 26200 76800 200000
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Card# | Circuit# | Heater # | R, (Q) R, () R, (Q) R; (Q) R, (Q) R;5 (QQ)
0 27 204 67.8 48800 26200 76800 200000
1 81 201 66.2 48800 26200 76800 200000
2 28 228 76.8 48800 26200 76800 200000
3 52 203 68.2 48800 26200 76800 200000
4 82 198 66.8 48800 26200 76800 200000
5 12 203 67.9 48800 26200 76800 200000
6 53 197 64.9 48800 26200 76800 200000
7 83 174 57.5 48800 26200 76800 200000
8 29 220 73 48800 26200 76800 200000
9 54 196 64.9 48800 26200 76800 200000
10 84 215 71.3 48800 26200 76800 200000

2 11 3 227 74.9 48800 26200 76800 200000
12 4 227 74.9 48800 26200 76800 200000
13 85 213 71.5 48800 26200 76800 200000
14 55 195 64.9 48800 26200 76800 200000
15 30 220 73.2 48800 26200 76800 200000
16 86 174 57.6 48800 26200 76800 200000
17 56 196 64.9 48800 26200 76800 200000
18 13 202 66.1 48800 26200 76800 200000
19 87 196 64.8 48800 26200 76800 200000
20 57 202 66.6 48800 26200 76800 200000
21 31 228 76.8 48800 26200 76800 200000
22 88 199 66.6 48800 26200 76800 200000
23 32 203 68.2 48800 26200 76800 200000
0 58 219 73.4 100065 26200 76800 200000
1 89 199 66.6 100054 26200 76800 200000
2 14 222 73.1 100110 26200 76800 200000
3 59 202 66.1 100079 26200 76800 200000
4 90 190 63.3 100053 26200 76800 200000
5 33 226 74.9 100044 26200 76800 200000
6 60 220 73.2 100064 26200 76800 200000
7 91 207 68.2 100133 26200 76800 200000
8 34 208 69.8 100051 26200 76800 200000
9 92 219 73 100007 26200 76800 200000
10 61 INF 0 100036 26200 76800 200000
3 11 15 231 76.5 100032 26200 76800 200000
12 16 230 76.6 100073 26200 76800 200000
13 62 200 100058 26200 76800 200000
14 93 220 73.1 100076 26200 76800 200000
15 35 222 73.1 100060 26200 76800 200000
16 94 207 67.8 100037 26200 76800 200000
17 63 219 73.2 99998 26200 76800 200000
18 36 225 74.7 100050 26200 76800 200000
19 95 188 61.8 100041 26200 76800 200000
20 64 200 66.3 100055 26200 76800 200000
21 5 221 73.2 100046 26200 76800 200000
22 96 196 64.9 100031 26200 76800 200000
23 37 217 71.6 100058 26200 76800 200000
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C.2 COMPRESSIBLE FLOW THEORY

For one-dimensional compressible flow, the variation of density makes the
continuity and momentum equations interdependent. Under adiabatic, inviscid, and
equilibrium conditions the field equations simplify to: Under steady conditions, the
continuity equation simplifies to:

i(/7\},4):():1/'146—'04-/)\)6_14.|_'0A@:la_p_|_l6_A.|_l@:d_’o_|_ﬂ_|_d_A
Ox ox ox ox pox Aox vox p v A

For 1-D steady compressible flow neglecting body forces terms, the momentum equation

becomes:
1 2
v@ = __a_p: vdv+d_p =0= V—+Id—p = const.
ox  pdx P 2 p

the energy equation for an ideal gas becomes:
1, 1,
h +Ev =const. = dh+vdv=0=c,dT +vdv=c,T +Ev = const.

combining the energy and momentum equations it can be shown along with the second

law of thermodynamics that:

dh—d—pzo
P
Tds :dh—d—p
P
ds z(dh—d—p]l:O:s = const.
p )T

This shows that compressible flow under the assumptions stated above is isentropic. The
speed at which waves propagate through the fluid is equal to the speed of sound. It is

related to the compressibility of the fluid by:
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o
P

For an ideal gas,

p=constp’ =a’ = »_ JRT
P

And the Mach number is used to represent compressibility effects. Combining the

momentum and continuity equations and introducing the Mach number it can be shown:

a__

v 1-M?
Therefore M = 1 only at the throat of a tube and cannot go supersonic unless the throat

diverges downstream. Combining the energy equation and substituting in for T gives

(assuming a reservoir initially with no velocity:

This can be simplified to:

2

a, T y—=1.,
="=(1+—M
a> T ( 2 )

Po =1 +7__1M2)1/(7*1)_
p 2
Po _ (1+7/__1M2)1/(7—1)_
Yo 2

because and ideal gas that is isentropic becomes:

7 7/r=1
Lz(ﬁj :[lj
p, \p, T,

P/Po must be 0.5532 in order to justify Ma = .96.

265



99¢

(owreu jooyssIOM ST oje(]) Qe dwaazIs\eIePIYSIH YV LYVAONITIONGV ILVIN\:D, LSIXd 7114 T90Xd dHL LVHL STIINOTY dALS SIHLY%

DNITOO0D4NS MTNI NHAID V 404 VILVA 40 SNNY 91 44 ATNOHS HIFHL ANV ATIAISSIDIDNS %
AALOITAS

YV AZIS YALVAH ANV ‘dNAL 1N GHL F4dHM SAITddV TINAID0dd INFIFAAIA V ‘ALIAVID HLIVA NI NIIVL SVM VLVA dHL I %
H1LVd LVHL

04 SNNY A0 YFGINNN TV.LOL dHL ‘ALVd LVHL ¥0d TINLVIAdNAL ¥1Nd dHL ‘ALVA NOILISINODV VLVA dHL SYAINA ¥dSN dHL %
‘SE1-OM dHL

@IVOdV NAMVL SVM VIVA GHL AT 'NAMVL SVM VIVA GHL SIFHM ANV ddAL J41LVAH dHL LNdNI OL ¥dSN dHL STIINOTY dALS STHL%

IdHLS  %%%%%%%%%%:%%%%%%%:%%%%% %% %% %%% %% %% %%% %% %% %%% %% %% %% %% %% % %

ALVA AAI4103dS FHL 404 YFGINNN NN HOVE HONOYHL SdOOT ANV (VLVA SE1-OM M04) VLVA SAVA ANO SHZATYNY WVIDOUd STHL%

LNdLNO TIVIEAO AVIdSIA (6 %

SINdLNO NAFIDS ALVAID (8 %

SATIA ALVIIdO¥ddY OL VIVA d1rdm (L %

XTILVIAN X014 OL ALYNALVONOD ANV SYOLIFA AWLL ANV “YALANOYITIIIV ‘TINSSTAd AZATYNY (9 %

XILVIN X014 LVAH ALVEID ANV SAT11d IXAL dOVLI0A avoT1dn (S %

SYOLDTA ONITIOM OLNI SHONVLSISTY HONTIFITY 40 XTLLVIN AN IVAId (v %

TINLVIAdNAL TIVM ALVIAITVD TVNALIV OL dWAL TIVM AAAvOTdN LIFANOD (€ %

NOLLVINIOANI JALVAH LIOdINI ANV ANVNATIA ADVLTOA LDNILSNOD (T %

SOLLSTIALDVIVHD ATl ANV NN AJLINAAI (I %

ONIMOTTIOL 9HL SV QAZTIVININNS SYSV.L IONILSIA 8 OLNI dN NISIO¥d ST INVIDOUd STHLY%
(49SN WOYA SLNdNID) SINIANOIYIANA

TVYNOILV.LIAVID SNOTAVA NI (W / 10 wwt /°7) AVIIV YALVAHOUDIN dHL WOYA VIVA YFASNVIL LVAH SAZATYNY WVIDOUd STHIL%
AAI4104dS LYINIOA A11d HL NI ANTHOVIN LNTIND dH.L

NO AFI0LS IV ANV ATLOTII0D LVINYOA IXAL OL AdVNIE WOId AALIFANOD NAAd AAVH SATIL VIVA AHL SANNSSV T4 SIHLY

*S)IUN [S 0) SOSBI[0A 13JWO0.I[IIIe pue danssdad “13)8ay 119Au0d 0) pasn st weagdoad siy I, :uondridsaq
wppxnpb :dweu weadord 1°1°q

SINVHYO0Ud NOLLONdHAY VILVA I'd

swe.a3o.ad uonezimndo pue uondnpay evjeq :( xipudddy



L9T

[ == 9z1sjeays J1
pue
m.m S=19
§ == dway y[nq jrosyo
m.OW.”@D
t == dwoy ynq jrosyo
m,m._u.Hwn—
¢ == dwey y[nq jrosjo
m.m £=1q
¢ == dwoy yInq jros[o
m.wN.Haﬁ—
Surpeal o[y 10 SuULnS 0} UONOI[S NUIW JIIAU0Y, [ == dway ynq J1
‘9 [=suniejo}
‘((s10189H 9€-GT7,  SIMBOH 91-6, ,POZATeur 2q 0} SIZIS 1918 309G, ) NUSW=0ZISIBIYT
(0{o}vss ofohvos D{o} st D10}y se {0}, 8T/ PazAeue aq 0} axmeraduwd) pinbif yjng 109[ag,)nusw—dway yjnq
sindur H-19, (Z == uosAud) J1os[d
puo
e1ep uojudg 10J duwd) ynq pue ‘dwo) [jem ‘azis 1ojeay spodwto, - (7orep’dwo 19715\ LVANOINAE\V.LVADNITIOF\dV TLVIA\:D,)PeaIs[X=sejep

LVIVANOINAg=yday
€ == UOIIAUD JIJS[d

dwoy
J[nq painseaws pue ‘dwo) [[em [BO1}AI0Y) ‘9ZIS 19)eay] [eo1)a10aY) sirodwn, ‘{(197ep‘ dwd 1 0z18\e1epIySIP\V LVADONITIO DGV ILVIN\:D,)PeaIS[X=Se)ep
10p[0J , &1BPIYSI]Y,, OF BIEP ALIM 0} IOYE] PAsnyy, “erepyysIy =ydioy
] == UOIIAUD JI
G DAsIpX(, :HLVA AAI41DddS Y04 SNNY TV.LOL ¥YA.LNH )indur=sunifejo)
‘z=oun dwady ynqi(dway ymnq)nsgiui=)sdwo) ynq
G DASIP(, TINLVIFdNAL M 1Nd YTLNT )ndur=dway ynq
{(191ep)WINUZNS = 9Jep(Z oIep)Wal = WAIUIq
‘G DAsIpi(s,’, :ALVA NOILISINOOV VLVA YALNA )indui=[aep
sindur £y1aea3ororuoy, ((§ == uosAu?) | (] == UOIIAUD)) JI
G Ddsip(, :[zH] AONANOTYA NOILLISINODV V.IVA JALNI ndur = bayy
JUSWIUOIIAUR AqQ PAI0]S ST BIEpY, ‘(ere uoyuag uyof, D-1,,S€ -, JUSWUOIAUD I3183Y[ JOI[OS,) NUSW=UOIAUD
BIEp 1089y JO 9dA} SorynuopIoy, ‘(Aerre ww /¢ (ww /7)) wnune[d,’,:od4) 103ea1 109[0S, )NUSW=10)e3Y
o10
I1e 9so[o
[ICREEIR)

%%0%%%%%%6%0%%%%%%6%0%0%%%%%6%:%0%%%%%%:%0%6%%%%%:%0%0%%%%%0%%0%%%%%6%%0%6%%%%6%0%0%%%%%%: %% % %%



89¢

Nb:(DONILLIXT INVIDOYUd)dsip
G THOXE NI dd1410ddS N9 LON SVH 4LVA NN STHL YO TINLVIAddNAL TIVA VOIINO,)dstp
(dwoy [em)ueust j1
dwopyng pue ‘0jepazIsidjeay] ojul uoneuiojul dn yeaiqoy, {(w‘g)serep=dwopyng:(wy)serep=dwd) [[em(wW‘y)seIep=ozIsIdjeay
%0%%%%%%%%6%%6%%6% %% %% %% %% %%6%%6%%6%%6%6%%%0%%0%%%6%%6%6%6%%6%6%0%%6%%%6%6%6%6%6%6%6%%6% %% %% % %% %% %
S[X WWUIAISBITBSAIINIJBIHWIUAS\uor)onpateiepsLyH\Induiqeje A sisA[euy eleANABISOI A\ SHOM\ GV TLVIA: D,
(LSIXH 114 T9DXd dHL LVHL STIINOdY d4.LS SIHL%
VHATV ¥0 021 96 1TV ‘SYAYV YALVAH 96 TTV ‘AONV.LSISTI HONTYFITI dHL LV SHNTVA %
JONV.LSISHY
96 1TV ‘AVIIV J41LVAH dHL 10 TINLVIAdNAL AINTITITT GHL SATAIDAIS HOITHM 114 AINVISISTI IINTIAITI AVOTdN%
AVIIY YALVAH 40 TINLVIAdNAL TVNLOV OL (LHFHS VIVA NO NALLINAM) TINLVIAdNAL TIVA LIFANOD%
€dALS  %%%%%%%%6%0%%6%6% % %% %%6%%6%6%%6%6%6%6%6%0%6%6%0%6%%6%0%%6%0%%6%0%%6%0% %6 %% %% % %% %%

pus
- B (qqq‘erep ‘Torepyeons=pn
©1ep OFEI[OA PLaI 0) Pasn WU, :(1x1°,'qqq‘ erep\,Isdwd) jnq‘qnqL ,‘191ep*\VLVANO.LNAL\V.LVADNITIOF\dV TLYIN\:D,)1edns=[ dweud[iy
€ == UOIIAUD JISS[d
B (Qqq‘erep,’, MBI 99°, qNqL)eons=pn
©1Ep OFEI[OA PAI 0) POSN W[ (I%1,°qqq‘ BIep, "\ WS[*\, 19", QL \erepDT\VIVADONITION\GV TLYIN\:D,)1edns=[oweud[iy
7 == UOIIAUD JI9S[d
(qqq‘erep | [ereppeons=pn
©1Ep 9FI[0A PEAT 0) POSN SWBUR[Y, (1X1°,°qqq‘erep\,Isdwd) Jnq‘q[nqL , To1ep\elepiySI\V LV AONITIOD\dV TLVIA\:D,)1eoNS=] SWeud]1y
[ == UOIIAUD JT
( Jdstp:(ayd)dstp
G DAsIpi(qqq’: NN NO DNIIOM )reons=iyd:(w)nsgiui=qqq
sunifejo): [=u Io0J
%%%%%%% %% %% %% % %% %% %% %% % %% %% %6 %% %% %% %% %% % %% % % %% % %% %% %6 % %0 %% %% % % %6 % % %% % % % % % % Y
dOOT YFGNNN NN HHL SNIDFE OSTV ANV YALY'T dAAvVOTdN 49 OL ANVN 4114 ADVLTOA HL SLONYLSNOD dALS SIHLY%
TAALS  %%%%%%%% %% %% %% %% % %% %% %% % %% %% %% %% %% % %% %% %% % %% % % %6 %% %% % % % %

pud
©)ep D 10J ojur uni sproduiiyy, “(eysprom’ S[x* AI0ISTHUNY DAUQ\V LV ADONI TIOG\GV TLYIA\:D,)PEAIS[X=Se1ep
“0UST, 99" MINq L, )1eons=aysyiom
pus
“sI0eAY9E TSI
7 == 9Z1S)eoy3 JI9S[o
“sIo1RAY9T 6,=1Y3]



69¢

(g wo) Ajureyrooun eaIe, ((() [ 5BoIe/oun eare)ueow=o10d oun Barei(gz, (5000 x(ed1e)1IbS, 7))1abs=oun eo1e

(7o) seare 10J8AYY, {(Z‘(eoxe so1 jeo)ISUdl:Z)eaIE SOI Jeoy=BoIR
Kyureyrooun 93ejuadrad 10)s15319, (001 UunI saroun unl sar)uedw=o1dd oun unr saI
(103094 sB) AJUre)I90UN 9OUB)SISAIY, ‘(g (un1 sargoun dwoy [[emoor, eydie)+g, (oun eydye,

“((1°1)eo1e sar jeoy-dwo) [[emooe)unt sa1)+7, (S 1+S00 xunt sa1), (((1¢7)eare” so1 jeay-dway [[emode),eydie+1)))ibs=oun uni sax

(dwoy woiy) 9oUL)SISAL UL [BNJOR 0} MOAU0Y, <(((1¢T)eare sa1 jeay-dway [[emode)eydie+]), (1‘(eare so1 1eay)PSud[:g)eale ST jeay=uni sal

(19p10 U1 96~ 19183Y) YOO 2Imeroduwd] 193eayoy, £6000'=oun eydes(¢‘(eare” sax jeay)yISuol:g)eate sal jeay=eyd[e

%%%%0%%%0%%%0%%%0%%%0%%%0%%%6%%%%%%6%0%%6%0%%%0%%%0%%%0%%%0%%%0%%%%%%%%%6%%%6%6%%%0%%%%% %%
(dOOT dHL AdISNI 49 A TNOHS

LI TIOJTYAHL) TINLYIAdNAL NI NIAID FHL OL ONIANOSTIU0D SHONVLSISTY dHL SAAIAOYd YOLOIA AONVISISHY dHL%

SYOLOFA VHATV ANV VAIV ‘ONVLSISHY ALVAIO%

P daLS  %%%%%%%%%%%%%6%0%%6%0%%6%0%%6%0%%%0%%%0%%%%%%:%%%0%%%6%%%6%%%6%%%6%%% %%

G DASIPI(SOILSTIALOVIVHD HONV.LSISTY HONTIFITY ONIAVOTdN)dsIp
puo
{(,SIX' ANHO[BaIBSJaIojed HuuNuN e[ J\uononparejepsy\nduiqeje|A\SISA[euy e1e (ANARISOIOIAHOM\ GV T LVIA\:D,)PEIIS[X=BaIe SoI 1B
‘dwoy [rem = dwoy [emooe
(€ == uosAud) JI3S[d
%%%%0%%%0%%%%%%%%%%0%%%0%%%%%%0%%%%%%%0%%%%%%%% %%
VLvVA LHOI'Td FINLNd 404 INHNALV.LS J1os[° LIdSNI%
puo
G DASIPI( LHOITA SE1-0 #00T LSNONV Y04 VIVA JALVIH WIN L DNIZATVYNYV,)dsip
(S[X $0 QOIS A BAIESIIJ AT JOJBO HUWWAIS\ U0 onparejepsLyO\INduqeie A\ SISA[eUy BIe (JANABISOIOTAN SIOM\G VT LVIN\:D,)PBIS[X=BaIE SoI 8oy
‘g =oun dwo) [[emooe
‘dwoy [rem = dwoy [[emooe
(((#09080 == 218P) | (+05080 == 21P) | (+0+080 == 2¥eP) | (Y0080 == 21EP)) % (T == IoIL3Y]) 79 (] == UOIIAUD)) JIOS|D
‘g =oun dwdy [[emooe
(€0/#/6) 1J2AIND UONLIQI[BIY, "7880°0-dwd) [rem, 7610 [=dwo) [emooe
(,SIX’ €00 [ WWUQAISBIBSIIFON IOJEO HUIWAIS\UononparejepsLyO\Induiqeie A\ SIsA[euy e1e qANABISOIA\IOM\G V' TLVIN\:D,)PeoIS[X=B3IE ST Jeay
((00001T > 21ep) % (0 < (S*ep)wo) %9 (T == (Z*Ep)WaI) % (000TO1 < Aep) % (T == 121.3Y) 2 (] == UOIIAUD)) JIOS[O
‘g =oun dwo) [[emooe
(20/vT/S) 1JoAIND UOLRIQITEIY, L86€ +dw) [em, 00 [=dwoy [[emooe
{(,S[x BoIRSOJOIIO)BO HUNU)R] J\UOnIONpateIepsLyD\IndurqeieA)\ SISA[euy el (ANARISOIONANSIOM\F VT L VIA\:D,)PBIS[X=BaIE SAI 18
(T == 107897 JI
G JASIPI(SOLLSIALOVIVHD HONVLSISHY AONTIIATI ONIAVOTdN,)dsIp
(g = vonAud) | (] — uomnAuo)) 1
puo




0LC

‘G Jdstp
{(SYOWYA NOILV.LNATIO YALVAH ¥0d4 LNNODIOV
OL AFIHAIOTT ANV 629€' 1 OULOVA A9 AAIAIAON ONIAL A9V ST VIVA dOVLTOA ANV JddM LHOI'TA 002 LSNONV SI SIH.L)dstp

(((+#09080 == 212P) | (+0S080 == 93eP) | (YO¥080 == 33eP) | (FOLOS0 == 93EP)) 2 (T == 191e3Y) 29 (] == UOIIAUR)) JISS[d
‘o3e)[0AMOU = dFE)[0A

1 938)[0A IBI[O

puo
$679¢€ 1 x(1°:)08e310A = ((1)109A” AUOD:)aFL}[0AMOU
001:1 =110}
JUSISJJIP SeM UOIIBIUSLIO I0JeaY
95NBI3(q I0JO3A UOISIIAUOIY, 001 66 86 L6 88 L8 98 S¢ ¥S €8 78 18 08 6L 8L
U8y LY SL YL €L L 1L 0L It ot L9 99
<9 96 S6 Y6 29 19 16 06 68 LS 9¢ S8 78 €S (49 LT 0¢
"oy LL 9L 9% St [44 9% (474 69 89 6¢
8¢ L1 ¥9 €9 €6 (43 09 6S (43 €l 0¢ 6T Cl IS I1 Y4 ¥C8
B 44 L 0¢ 61 9 LE S Se 143 14! 8¢
14 € 8T 9T €C 1C [4 I 81 9¢ €€ §3 0l 6 91 G1] =109A AUOD
Surpear 93e)[0A 10J J0}0BJ UOISIOAU0DY, 031)]0A = a3BI[0AMAU
G Jdstp

{(,.SY0YYA NOLLV.INATIO Y4LVAH 404 INNODOV
OL ATYA@IOTT ANV 629€'T OULOVA A9 AAIAIAOW ONIFL 94V SATIA VIVA dDOVITOA ANV YTAM LHOITA €002 YAGOLDO0 SI STH.L)dsp
}00M WSI[ €00T 1290300 o} J1% ((000011 > aep) 2 (0 < (Sep)walr) 29 (1 == (g'd¥ep)wal) 3 (000701 < Aep) ¥ (T == 101edY) 79 (] == UOIIAUD)) JI
‘0=[(o3ey0A)ozIS=[sq se]
[enuew 91/20v9SVA-1Dd S,Yyie] Wolj Ajurejiooun pue ejep 95e)0A%Y, (9-)v01 %8S H+o38I[0A, ZZ0000 =oUn 93.I[OAL([OWRUI[J)PLoIW[P=33.)[0A
‘G DASIP( A LNIVLIIONN ANV X014 LVAH ONILLVINDTVD,)dsip
%%%%%%%%%%%%6%0%6%%0%6%%0%%%6%0%%6%%6%6%0%6%6%0%6%6%6% %% %% %6%0%6%6%0%6%6%6% % %% %% %% %6%%6%6%%6%6%%6 %% %% %%
MOY LSYUId dHL ST HOIHM VAYV J4LVdH dHL HLIM ONOTV A4LVNALVONOD ST YHIINNN d4LVAH dHL ANV XTJLVIN X014 LVAH %
MAN YV OL A4AVS SI
VIVA YdLVAH ONILVINOTY A INO "'ddAONHY SI VLVA Y4LVAH ONILVINOTI-NON ANV dANNVIOS NHH.L SI XTILVIN dDVLTOA dH1%
JALVAH LSYUId dHL OL SANOdSHIIO0D NINNTOD LS¥Id dHL LVHL OS JOVd XIILVIN %
dOVLTOA dHL
LIFANOD OL ddSN ST HOIHM NOILONNA NOISYHANOD dHL 404 NOSVHY dHL SI SIHL dT1Id dDOVLTOA dddvVO1dN dHL 40 NINNTO0D %
LS¥UId AHL LON ST ddLVdH
LSYUId AHL F4O04dYdHL "ddONVHD SVM dNLEAS YHLVAH dHL 3SNvVOdd AdLIYdANOD d9 OL SAddN €0/0T NO¥d VIVd LHOIT14%
JLVA ANV Jd9NNN NN dAIAIDAdS 04 SATId LXAL dDVILTOA dVOT1dN1%
SdALS  %%%%%%%%%6%%%%%%%%%6%0%6%6%6%6%6%%6%%6%6%%6%0%%6%0%%6%0% % %% %% %% %% %% %% %% %




ILC

26%%%%% %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % %% % % % % % % % %% % %% % %% % % %% % %o
AOLDIA DOV AdHLOONS “FOLDIA DOV
TVNLOV YOLDIA TINSSTIAd AAHLOONS “MOLITA TINSSTIAd TVNLIV XNILVIN XN'Td LVAH “dOLITA TNIL HHL SHLYNALYINODY%
SIH.L 40 SLOTd SAVIdSIA (NOLLONNA ONIHLOONS) ASION ADNANOTYA HOIH LNO SYALTI4%
(TINSSTAd OL TVNDIS ADV.LTOA DNLLITANOD) INSSTAd dH.L SANIIAA%
NN NJAID Y04 TYNDIS JALANOYITIOIV ANV TINSSTAd HHL AZATVNV Y%
9dALS  %%%%%%%%%%%% %% % %% % %% % %% % %% % %% % %% % %% % % %% %% % %% % %% % %% % %% % % Y

o[l 0] UAPLIM 3q 0} JOJOIA PUOIISY, ‘[(s1o1B9yU0) 1P SUL ‘azZIsINRaY ‘dwopng‘dwoy [[emode] = zaumb
Uwnjod XN[J 18y M IQUINU JI9)edY 9JBUIIBOU0IY, {(xnpgb‘[s1o180qUOiIBAY BAIR]‘] )1RO=0311MbD
puo
puo
XN[J 1897 Ul Ajurelraoun 93ejuadrad e saje[nofesyy, (001 x([:)xnpgb/ ([*:)oun” xnpgb)ueow=([*:)orod oun xnfjb

(2 (oun” eore, (uni sa1z, (1)eare/ . (1)98e30a)z, ((Noun uni sa1, 'z, (uni o1/ (1)eare/ 7, (1*:)o3enon)
47y (1 )oun a3ejoa, (1)eaxe/ (1)unt sai/ (1:)o3e) oA, 7))abs=([*:)oun xn[gb

XLIjeW XN[J 18349, ‘((ryearey (ryuny sax)/ g, (1°:)eFeyoa=(l*:)xnygb
Joquinu 19jeay Sune[ngor spIoda1Yy, ‘(Neare = (Myeay earef1=(l)s1oreoyuos [+[=I
s1ayeay Sunen3al 10J BJEp SPI0dAI AJUOY, (sg0 <oop ;1

‘((1(98.1]0A) 1S US[:§7)95BI[0A ) UBIW=00]
(unx sox)yy3udf: [=I 10J
%6%%%%%%%%%%6% %% %% %% %% %% %%6% %% %6%%6%6 %% %% %% % %% %% %
JOLOVA V DONIAAYV dO DNIAOODHd VLVA LHOITA FINLNA JOd INHINALV LS J1es[o LIASNI%
puo

‘03e)JoAMdU = 95.)[0A

1 93©)JOA I8

puo
$629€ 1 4(1°:)93e310A = ((1)100A AUOD¢:)93EBI[0AMIU
001-1 =110}
JUQISIJIP SeM UOT)BIUSLIO JOJeay 9SNeddq J0JO0A
UOISISAUOIY, 001 66 86 L6 TL IL 0L 8% oy L9 99 S9 96 S6 ¥6 9 19
) 06 68 88 L8 98 SS 129 €8 8 18
08 6L 8L 8t LY SL YL €L 1374 [44 69 89 6¢ 8¢ L1 ¥9 €9
) 6 09 6S (43 LS 9¢ S8 ¥8 €S 49
LT 0¢ (4 LL 9L 9ot St [44 L 0¢ 61 9 LE S Se 143 14!
8¢S €l 0¢ 6T 4! 5 11 94 ¥C 8 144
C I 81 9¢ €€ 1§3 ¥ € 8T 9T €C 1T 91 Sl 01 6] =109A AU0D

Surpear 93e)JOA 10J J0}0B) UOISIOAUOIY, ‘o3e)joA = 98e)0AMIU



LT

(37, oMb zuoIyoILIM ) LIMII P
S\ 9IIMO)BIBD U 1JOILIM )OI LIMUWIP
N
pud
¢(,s10389YUO,,9Z151918aY, ¢ dwop[nq,, duro) [[emo0e, , Z[[9998,,7o3.I[0A, ¢, zoInssald, , zssaxd ooe,‘ owum, a1umb,‘ cusfiyoiim)aaes
() 7omImb zuayoILIm ) LIMII P
9[IJ 0} XLI)BUI BJRP )LIMY S\ 9IIMORIRD U 1JOILIM ) LIMUWI[P
I == 9oroyodn Jr
‘(ON/'SAAL o LI ALIMYIAO OL INVM NOA Od “ALVA SIHL YO SLSIXH 7114 XN'1d LVAH V,)nuow = aotoyddn
¢ == oIeas J1
(USTIJOILIM ISIXO = [OIBIS
pua
“(peur ‘qqq, xnpbz\xnpb,*\ S\ Iq", QL \e1POT\VILVADNITION IV TLVIN\:D, 1oNs=gua[jartim
(1°qqq’, xnpgbz\xngb,\S1°\,99°, MNQL\eIEPOT\VILVAONITION\ GV TLVIA\:D,)1eONS=ud[ LM
('qqq’, xnpb\xngb, \ 9481\ 9q°, NINQL\21PO\V LVADNITIO\GV TLVIA\:D,)JeoNs=Ud]JLim
7 == UOIIAUD JI9S[d
“(yeurfqqq’, xnygb\xnyb\9sdway yng‘ ynqL | 1o1ep°\ Yy \V LYADNITIOE\ V TLVIA\:D,)1eons=¢Ua[artim
(7 fqqq’, xnpgbz\xnpb\ Isdwey ynq‘ ynqr1e1ep\,‘Ydioy’\V LVADONITIOS\V TLVIA\:D,)1801s = ZUd[jorlim
(%1 ,‘qqq’, xnpb\xnpb\9sdwey ying gL 1arep’)\ Ydoy‘\vV LVADNITION\ GV TLVIA\:D, )1 EONS=Ud[JoILIm
€[] = uoxrAua jr
0 DASIPI(ATII OL VIVA XN'Td LVAH DONILIIM,)AsIp
%% %% % %% %% %% % %% %% % %% %% %% % %% %% %% % %% % % %% % % % %% %% % % % %% %% % % % %% %% % % % %% %% % % % %%
SLSIXd AQVAATY 114 GHL A1 ALIIMITAO OL SINVM SN AHL A1 SISV 0STV%
IAVIDOUd SISATYNVY JAHLONY OLNI AVOTdN YOd T V OL ¢mb ANV ALINMOLYIVA ALIAM%
LAALS  %%%%%%%%%% %% % %% %% %% % %% %% %% % %% %% % %% %% %% % %% %% %% %% % %% %% % %%

‘(11999e zadeoAa‘zamssard gssard ooe‘aumb o ‘g )ieo=oiimoreep
SPUO023S Ul W)Y, ‘(Toum 0] 1 neo = owmbaxyy,[¢-((zssexd oov)3ud)):1:0]=1own
(19998 [00] T )1eo=C[12998:((00 I :)a3.I0A[00]‘ T yeo=gaej0A (ssa1d 0oe[i0] 1 )1Bo=Cssa1d ooei(ainssaxd[(ip]‘] 1eo=goinssaord

‘{([eooenordi(giz o nordgnsi(,o3eyjoa -ooe )[aqelLi((00 1 :)aSeoanod: (4 z 7 nordqns:(ssaxd ooe)ordi(z‘zz)1oidgns
(P)opni(,(INLV) 2mssaxd,)[oqeA(amssaxd yo1di (‘7 7 nordqnsiaInsy

BIEP IOJOWOIO[I9IE SYJOOWSY, 1001°T(001¢:)o3rI[0A N 1FAR]OSS=[0008

(19313 Suryoows Y[ Ae[on-Axziiaeg e sarjdde) sarouonbaiy Y31y no s1031y9y, ‘(1001 1°ssaxd doe)yAejods=ainssaid
G JASIP:(TYNDIS AINSSTAd ADNANOTIA HOIH ONIYALTIA)dsIp

(NLV) 2assaxd remoe 03 93e)jjoA aInssard $)10AU099, STy /1o ssaxd, [=ssaxd ooe

reusis amssaxdoy, (86 :)a3ejjoa=[0A ssaxd



€LC

o3y,
189 PeqY,

pud
((000°)reay peq‘(000°p)reay peq‘(000°g)ieay peq‘(000°g)ieay peq (000 )ieay peq‘uy
P2 :dwoy yng w\, po, dwe) [[em W\ po, :SIEAY peq U\ PY, :OZIS I19Jedy U\ PY, :Ioquinu uni ,)jurids
W 1=002 10}
(SYHINNN NNY TTV) 41VA AAIAIDAdS FHL 04 SLTINSHI A0 AIVININNS%
NN HOVA JOd SLNdLNO AV IdSIA%
%%%%%% % %% %% % % % %% %6 %% %6 %% %6 %% % % % % % %% %6 %% % % % % % % % % % % %6 %% % % % %o
6 dALS  %%%%%%%%%% % %% % %% % % % % % %% %6 %% %% % % % % % %6 %% %6 %% %6 %% % % % % % % % % %% % %%

pus
oo10yodn YoIeas ¢US[IFOILIM ZUS[IJOILIM U[IJILIM ILIMOIBIED JWIL} [dW) Z[[9998 7ade)[0A gssaid ooe zainssaid [0ooe ainssaid ssaxd ooe joA™ ssaxd 1e9[od
L79 d4LS WOYUd SHTIVIIVA dVATI%

7ammb ojumb oxod oun xnyyb oun xnpb xnpb jeoy eoIe s19)EAYUO 00] 131094 AU0D 93} [0AMAU [ SQ SB OUN 9FBI[OA 9FBI[OA IBI[O
S ddLS WOUA SHTIVIIVA dVATI%

o1od oun” eare 3xou oun eaIe eare orod oun unt so1oun uni sar unt saroun eydie eyde 1eo[o
¥ ddLS NO¥A SHTAVIIVA dVATI%

pnoun dwey [[emooe dwo) [[emooe eote sor jeoy dwrop(ng dwoy [[em oz1s191edy [owreud[yy Jyd qqq Jea[o
€-C Sdd.LS WOYUd SHTIVIIVA dVATI%

“((wrg)yeay peq‘(wrL)reay peq(urg)eay peq (uwrg)eay peq (Wy)eay peq-(we)eay peq (W gpedy peq (wyyedy peq
U\, PO -oun XNjy
189U W\%, P2 :OUN BAIE U\%, PY :OUN dOUBISISAI U\ Po, :dwo) Jnq u\ poy, :dwo) [[em U\ po, :SI0JedY peq U\ Poy, :9ZIS 10)edy AI0dY) U\ Poy, :Joquinu uni )purids
‘{(o10d oun xnpyb)ueow=(wg)eoy peqorod oun eore=(w‘,)1eay peqorod oun uni sai=(w‘g)ieay peqidwopng=(wg)esay peq
‘dwoy [rem=(w‘y)1eay peqi(sioreayuo)yiSuol-ozIsIojeay=(wWg)jeay peqiozisioieay=(w‘y)ieay peqwu=(w‘[)1eay peq
%%%%0%%%0%%%0%%%0%%%0%%%%%%6%%%6%0%%6%0%%6%0%%%0%%%0%%%%%%%%%0%%%:%%%%%%6%0%%6%0%%%0%%%%% %%
dVIN X014 LVAH ANV SLNdLNO NHHIOS WVEDOUd HLVHEDY%
8 dILS  %%%%%%%0%%%%%%%%%%%%%%%%%%6%0%%6%0%%6%0%%%0%%%%%%%%%%%%6%%%6%%% %%

puo
{(,s101801UO,  PZISIoYeay, ‘| dwang, dwady [[emOIoe ‘ 7[[9098, ,7a8.1[0A, , zamssald,‘ zssaxd ooe ‘ own, aimb,‘cusqijoriim)oaes



vLT

SISATVNY T4N1Nd 404 dT1d OL SANITASVE NOILLONANOD ALVILSANS dAVS (€€ %

SYALVHH dINJOD ANV S4dLVAH

45049 Y04 TINLVIAdNAL TIVM FAVS LV NOLLONANOD ALVILSANS §S TN NO adsvd SANITASVE WL-ade dLVINDTVO (T'€ %
LIOdNI

ASIMYAHLO ‘TINLYIAdNAL NOILVINLYS VAN SI TINLVITdIANAL ¥1Nd dHL A1 SINTVA NOLLONANOD ALVILSANS dAVS (I't %
NOLLONANOD ALVILSINS ANIAYALAA (€ %

(AINO VLV £0/01) LI A1L4Tdd NAHL [TIND/M] 002 NVHL YALVAYD ANV 8T SI JAGINNN JALVAH AT (TT %

VLVA O-1 Al INFANOIIANA TYNOILVLIAVYED AJLINAAL (1T %

INANNOYIANA TYNOILVLIAVID AJAILNAAI (T %

SOLLSIALDVIVHD dT1d ANV NN AAILNAAI (1 %

$FFIFFITFFIFFTTFFITSISSS %

(SANITASVE NS dHL A1LVAID OL) LSIId ALVd

ANITASVE NOILVINLYS dHL AZATVNY ANV 0,2 - 07C SANIT) ANITASVE NOLLONANOD dLVILSINS dHL LV WVID0Ud STHL AdIAIAON%
$ESSSISINV LIOJNISSSSSSSS %

1STX Apeal[e SI[1f qe[Jew Y Pue PAnoAXs Uadq Apeaire sey 3opxnpb LVHL STNNSSY WVIDOUd STHL%

‘sapIIqeded [eonA[eue [euonippe sopraoad
pUE SHUIWUOIIAUD [BUONBIIARIS Y)oq ul  w-pdpxnyb,, Suisn pajea.ad ejep xngj 3edy dy) sdazAjeue weagdoad siy I, ;uondrasaq

w ANODINSLHOITA :dweu weidoid 7'I'd

((9t*:)e8e3j0A)10[dY,
((sp*:)ageyoanordey,
((T°:)e8eyj0A)101d,
((¢z*:)e8ey0A)101dy,
((zz':)e8ey0A)01dy,
(,8 10189y, €T J91BIY, 6 1018Y,)pUad| Y,
([6 T 00STT 0])srxe,
((A) 93®10A)[3q-IKY,
(Jurod eye,)1RqerxY,
(M.°(8°1)e8e310A)101d,
(.9, (gZ*:)a3®0A )301doy,
(L°(6*:)e8e30A 301dYY,
uo proyY,



SLT

(99959555 FSFSTFSSSTFSSSSFS$$$$$$$S ) dsTp
GHITELYA ANV JF9ANNN NN STHL 404 VIVA XN 14 LVAH ANIJ OL A 19V NN, dstp

as[o
($99$S$FS$SSFSFSFSFSSFSSFS$SS$S$$$$S$)ASIP(ATTNASSAIINS AAAVOTIN VIVA XN'Td LVAH gV ILVIN)LSIP
uoyewIojul Xnjj 38y peojdne, ‘(uaqy)peo|

¢==2tJl

‘(udyNsIxo =®
“(reur ‘qqq’, xnpb\xnpby gsdwey ynq'ynqr ‘1orep‘\ Yy’ \V LVADNITIOE\GV TLVIA\: D, 1edns=ud|y
(qq)nsTUI=qqq:($$$SFS$FFSSFFSSSS$SSSSSFSSSS$S$$S$SIASIPI(, :AAZATYNY 9 OL JAINNN NNY YALNH ndui—qq
‘z=oun dwoy ynqi(dway ynq)nsgiui=psdwe) ynq
G DAsIpi(, HINLYVIAdNAL M TNE JALN ndui=duwe) y[nq
{(191ep)WNUZLS = 9Jeps(Z eIep)wal = WAIUIq
G DAsIpi(s,’, :ALVA NOILISINODV VLVA YALNA )ndui=[aep
pus
LVLVANOLNAg=5doy
€ == UOIIAUD JISS[d
“eyepyySiy =ydjey
[ == UOJIAUD JI
((g == uoxAug) | (] = uoIAU2)) J1
‘{(;ere@ uoudg uyo(, \NH-1,,SE -3, JUSWUOIIAUD IBIY JOI[IS,)NUIW=UOIAUD
¢(Aerre ww /£ ¢ (W £7) wnune(d,‘,:0dA) 101801 109[0S, ) NUOW=I0)BaY
bl )
[1e 9s07o
[1e 1e9[d
%%%%% %% %% % %% %% % %% %% % %% %% %% % %% %% %% % %% %% %% % %% % % %% % %% % % %% % %% %% %% % %6 % %% %% % % % %% % % % Yo
AAZATYNY 99 OL YFGNNN NNY ANV ALVA AALLNAAI%
[dALS  %%%%%%%%%%% %% %% % %% %% %% % %% %% % %% %% %% % %% %% %% %% % %% %% %% % % % %%
%%% %% %% % %% %% %0 %% %% %% %0 %% %% %% % %% %6 % %% % %% %6 % %% % %% % % %% % %% % % %% % %6 % % % %% % %6 % %% %% % % % %% % % % %o

DNIAVS 404 LNdLNO TINDIT ATONIS ALVAID (6 %

SLNdLNO LOTd V ALVAID (8 %

4114 OL VIVA XN'1d LVAH d1rdM (L %

SADVINI XN'Td LVAH AV IdSIA ANV LVINDTVD (9 %

DNITO004NS ANV LVAHYAdNS TIVM dLVINDTVD (S %

D-HOIH ANV ALIAVIDOUDIA NI XN'Td LVAH ADOVIFAV ALVINDTIVO (TF %

NO 34 LON d'TNOHS ANV NO 94V LVHL SYdLVAH LNO YL (I't %

JAIAILNAAI ANITASVE NOLLONANOD ALVILSANS AJIAT Y04 SAXNTd LVAH ONITIOF AAATOSTY ANLL ALVINDTVD (v %



9LT

w4 [ 18 1 [(2)e8uerySiy(z)eSuerySiy] .1, 6 18 ][ (1) 1o8uetorur’(1) [aSueroru ]y, [¢ 18 1[(1)eSuerySiy‘(1)aSuerySiy] poyd:(amssaxdyord
sa3uel pauryop Jndwos Hz pue Araeidoromu jodo, uo poy:aInsy
(syurod ejep) a8uer eyep Ajaeas Y3y, 001-(ewm8ysiy)xew (s /+(dundysy)urw |=ouey 3y
Tosz-(((pumoru)ypduay:oS+( 1 )suen)dwnomu)xew () s Z+(((unorun)yi3uay: () S+( [ )SUL )oWNOIW )UIll | =73 ueIonu
‘fosz-((0s-(1)suen: 1)swnarun)xew‘ Qs z+(((0$-(1)suen): |)duwunoru)uru]= [oFueIdru
puo
puo
‘uu=(qq)suen
‘1+99=94q
0001 < (Uw)[JF1p J1
“(((T+uu)ounoTw-(UU)UWOT ) )sqe=(Uu) [ JJ1p
[-(owmoru)yISua): [=uu 10§

‘0=49
181X spot1ad K)IARISOIOI 0M) JT AJIUSPIY, (0€ < (0ST/((umort)ur-(SWHOI) Xeur))) Ji
puo
puo
Ayiaer3 ySiy ur syutod eyepos, (00T+1)=(ownIySIy: | + 3 =
((000% <1 % %((100" > (()ssa1dp)sqe) % (ssardueowr < (1)anssaid)) ju
puo
Knaes3ororu ur syurod ejepoy, (00z+D)=(Dowmoru <7 4 (=
((z000" > ((1)ssaxdp)sqe) 29 (ssaxdueaws > (1)a1nssaid)) 1
00udIJIp 21nssaid oje[noreoo, {(namssard-(1+00g)omssard=(1)ssaxdp
00Z-(omssaxd)y3uay:z=I 10§
G JASIPI(SINIOd VIVA DT ANV ALIAVIDOUDIA ONILVTINDTVD,)dsIp
G )AsIpi€000°0=(1)ssaxdp
0=X:0=I

‘{(oanssard)ueow=ssardueawr
‘((zoanssaxd)yi3uol: ¢)zoanssard=anssaid

LINANANOYIANA TVNOILLVLIAVYEO HOVA NI AdAVIdSIA ¥V SHOVIHAY XNT1d LVAH dH1%
zoInssaid ‘s1ojeaquo ‘0zisioyedy ‘dwopng ‘duwoy [[emooe ‘z[[eode ‘zageljoa ‘zssaid ooe ‘own ‘oyambey
Jurepxnpb, A9 ANIIHA SHTIVIIVA ODNIMOTIOL dHL HAVH A TNOHS 4114 9V ILVIN d4avOT1 dH1%
VLIVA LHOITA oAl INFINNOJIANA TVNOILVLIAVID AAILNAdI%
CTAALS  %%%%%%%%6%%%%%%%%%% %% %% %% %% %6%%%%6% %% %% %% %6 %% %0 %6 %% %% %% %% %% %%

puo
{(07)osned



LLT

as[o
[T 9so[o
uu y [ 1 owm3ysry ssaxdp [J1p 18910
pud
G DAsIpi((, “SLIAI'T DT Ad1DddS ndun)=o3uerysiy
‘{0 0] =zeSueot
((( SLIAIT ALIAVIDOYDIN AAIDddS,)mdur)=1o3ueromu
¢ ==109[38 JI
{(,ou, ,S9K, ¢ sywr| pauryop Jondwos oY) aYI] NOA O], )NUIW=}OJ[IS
puo
G Jdsipi([oSuerySiy])dsip:(, :[LNIOd VLVA] ADNVY VLVA D-HOIH,)dsIp
G Jdsipi([1e8uetoru])dsip:(, :[LNIOd VLVA] 9ONVY VILVA D-MOT)dsIp
as[o
G Jdsipi([e3uerySiy])dsip:(, :[LNIOd VLVA] AONVY VLVA D-HOIH,)dsip
G Jdsipi([gaBueroru [oSuesoru])dsipi(, :[LNIOd VLVA] ADONVY VLVA D-MOT)dsip
*0 < (1)zeSueonu J1
pud
(s A1aeIS-mol,‘ sy A1aeIS-y3Iy,‘,2Inssald,)puadof:(,own AIArISoId1 paynuapr 1ondwod,)opnn
‘(qurod ere(,)reqerx:(,(une)ainssaid,)oqelL([so o+(enssaid)xewr o g-(((arnssaxd)y3usf:g)amnssaxd)uru (ainssaxd)yp3usy o])sixe
(1[5 18 1(2) 198uronu(7) [ 9Buesomu]
w1 Lo 18 I I() 1e8uetorur(1) [eSueror ]y, [ 1 °8° 1 [(7)eSuerySiy‘(z)oSuerySiy]‘, -y, [ 1°8° ] [(1)eSueySiy (1 )oSuerySiy] pojd
‘(emssaxd)jord
uo pjog
am31y:[00 -(ewm3y3ry)xewr‘g L +(owmn3ysry)uru]=o3ueIysiy
{0006 00001] = sum3yS1YY,
{0=goSueItori[ )G z-(owmoru) xeuw‘ (g Z-+(swmnoru uru = 93 ueIoru
0€ > 0§ 7/((dumorur)ur-(SWnoru)Xeur) j1
pud
{(,(3) 19A9]-3,)19qeA¢(,(095) awm, )[oqex (A3 dsixex)101d oSy
‘(010zd, ((o1ozd)xewy/(1-(0o10zd)xeur/g 1)+1))s 010zd = A9[3
((enssaxd)uru-oinssoid) = oxozd
$61-057/[(emssaxd)pSuoy: 1| = dsixex

(st Ayaeis-mor,‘ sy AyiaeIs-ysiy,  2mssaid,)puddai(SLIATT LNINNOYIANT-D ATILLNIA] YJHLNJINOD)ADY
{(qurod ereq,)eqerx:(,(une)amssaid,)RqeLi([So o+(amssaxd)xewr o-(((armssaxd)p3usy:¢)amssaxd)ur (amssaxd)y3usy o])sixe
(1 [s 1°8° 1 [(2)ze8ueronur(g)zaguesorw]‘ i1, [¢ 18] [(1)zoSuerorur (1 )zaguesorw]‘ 11, [¢ 1 °8"][(7) 1oSuetoru(z) joSuesomnu]



8LT

‘ejep=ejepAWunp:(ASpUBIWUI‘OUNOIOTW UBIWIOIITWI‘(: ¢ )BIRP® | )1BO=0I01W[R}0}
00 [ s UeawoIdrw/ (UM OO - UBIWOIOTW ) =AdPUBIW U
S((:°() 1o8uetorur: (1) [oSueIonu))eiep ) Xew=xew oot ((:‘(z) [oSueromu: (] ) |95 ULIOIW B} ep ) UIU=UTWOIOTU
001 streawroxorut/ (((:4(7) 1oSuetoru: (1) [ 93URIOIW )BIBP)PIS 4 7 )=ounororus((:(z) [oSuetomu: (| ) [9SULIOIW JB)ep )UBdW=UBIWOIOIW
SOLLSIMHLOVIVHD XN'1d LVHH D1%
‘{(oanssaxd)ueowi=ssardueawr
‘(z-((:*1)erep)ySus)‘: yeyep=ainssard
‘{(ud[y)peaIwp=eIep
XNT4 LVAH D1 404 97114 VLVA AdVOT1dN1%
fz=oun dwoy [remooei(qq g)serep=dwonng/ 86 ¢ +dway [[em 700 [=dwo) [[emooe
dwopy[ng pue ‘0jepazIsidjeay] ojul uonewIojul dn yeaIqy, {(qq‘7)serep=dway [remi(qq‘])serep=9azIsiojesy
e)ep D 10§ ojul uni spoduto, — (AYSHIOM S[X AI0ISTHUNYDHAUO\V LYADNITIOD\ GV TLYIN\:D,)PeRIS[X=Se1Ep
“0US1%, 199°MINq L, 1eons=oysyiom
{(,S[x BaIESOJAI I RO UNUT B J\UononpareepsLyD\INduqejejA)\ SISA[euy e (JANARISOIOANSIOM\F VT L VIA\:D,)PBIS[X=BaIE SAI 1BdY
Sl oI\ he[d\uononp PSLIYDV Ge[IBIN\SISA] LAY IANIOM \-D.)PBals]
((7°qqq’, xnpgb\xngb\ Y31\ 99°, MMQL\RIEPOT\V LVAONITIOD\IV TLYIN\:D,)1eons=ua[y
o3uer eyep 3-19, ¢193ueroru=03uey3IIy<[000Z00S ]=128urI0TIL
puo
“sIoreOY9E ST=3T]
7 == 9z1s)eoys J1os[o
“sIeAY9 6,=IYST]
[ == 9z1syeays J1
puo
m.m S=1q
§ == dway y[nq jros|o
m.OW.HHQ
i == dwoy yInq Jros[o
m.m.—u_”HD
¢ == dwoy Y[nq Jios[o
m.m £=19
¢ == dwey ynq jrospo
m,WN.H‘.:“—
Surpear 9[13 10} SULS 0} UONOI[IS NUAW JIAUOIY, [ == dwoy ynq J1
(qQ)uspuI=qqq:(, DASIPI(, :@AZATYNY OL YFGNNN NN YALN4,)mndui=qq
‘((sI0189H 9€-GT7,  SINBOH 91-6, ,POzZATeur 2q 0} SIZIS 191891 1090, NUOW=0ZISIBIYT
(0{o}vss ofobvos {0} st D{0}vse {0} 8T/ PazAeue aq o) armyeraduwd) pinbif yjng 109[ag,)nudw—duway yjnq
%%0%0%0%%%%%6%0%0%%%%%6%0%0%6%%%%%6%0%0%%%%%6%0%0%6%%%%6%:%0%%%%%%:%0%%%% %%
I'CdALS  %%%%%%%%%6%0%%%%%%6%:%0%%%%%6%:%0%0%%%%%:%0%0%%%%%:%%0%%%%%:%%0%%%% %% %%




6LC

‘(ONVSSHAS *SNOILVINDTVD "ANOD dNS HLVINOLNV OL INVM NOA Od,)nudt=sjeuione
%0%%%%6%6%%6%6%0%6%%%0%%%0%%6%0%%6%0% %6 %% %%6%6%%6%0%6%6%0%6%6%0%6%%6%%%6%%%6%0%6%6%0%6%6%6%6 %% %% %6 %% %6%0% %6 %% %%
SANITASVE NOILDNANOD dLVILSdNS AJLLNAAI%
CdHLS  %%%%%%%%%%%%6%%6%6%0%6%6%%6%6%6%6%%6%0%%6%0%%6%0%%%0%%%6%%%6%%%6%0%6%6%0%6% %% %% %
[1 zoyuamb 1e90
‘« Jdsip
‘(oxorwrelo)dsips(, [HOIHOYDIN
NINOIDIN ‘NVANOIDIN *XN'Td LVAH VIVA LUl “4d.LVAH] AQm>O§m~M 10sb TNOLHLIM) SOddS XN'1d LVAH %HH><MOOMUH§_WM$€
G )USIp
“((+*(7)e3uey3y:(1)o3ueIySIy)erep )ur=urunysy
(YSIYOIOTW ‘UTOIO T UBIWIOIOTW (3 T Jejep‘quunu Jeay | ))eo=0I0TW[e}0}
S((:“() 198uetotur: (1) [9SueIoN)RIEp ) XRW=XeWOIOIW:((:‘(7) [oSueIoru: () [ 9SULIOIU )e}ep ) UIU=UTW OO
$((:(7) 198 ueoru: (1) [9SueIOI )BIEP )XBW = YSIYOIOIW
1001 s ey Sty (((*(7)o3ueIysiy: (1 )oSuerySIy)erep)pis, ¢)=pisysiy:((:(z)o3ueysiy: (] )oSuey3iy)ejep)ueoti=ueaury3iy
{001 sueawoxorwt/ (((:(z) 1oSuetoru: (T ) [28ULION )BIBP)PIS 4 7)=ounororu((:(z) [oSueIor: (1) [ 9SULIOIW )BJep )UBdWI=UBIWOIITW
{((Z11o998)P3uL): €)Z[[999% = Z[[ed9e:((um)yiSus]: ¢ )own = swni(:‘z)amimb = qunu jeoy(:‘ 1 )oyumb = earei(:‘(e3umb)yi3us): ¢ )oyumb = erep
SHONVY dAI4IDddS NIHLIM SOILSIIALOVIVHD XN1d LVAHY%
‘zoamb = ojumb
umb rearo
puo
puo

(1 = (Ds1o3eoyUO

{[1=(F:)zenamb

a=l

((0s1 < (r'(amamb)yp3udy: g)orimb)xew % g7 == (1°7)anamb) ji

(Cp)omamb)mp3udy: | = 110§
‘yumb = zojumb
793eyj0A gssaxd ooe zainssaid owmonu g 3o9[9s dwady yng 1890
20%%%%%%6%6%6%%6%%%%%%%%%6%%6%%6%%6%%0%%6%%0%6%0%%%6%%6%6%6%%6%6%0%6%0 %% %% %6%6%6%6%6% %% %% %% %% % %% %% %
INANANOYUIANA HOVA NI SHOVIIAYV XNTd LVAH INANILIdd dHL 40 T1V SAV1dSId OSTV d4.LS SIHL%
iISLHDITA J490LDO0 AVIIY JdLVAH WA L HHL 04 d4NDD20 AINO dTNOHS SIHL%
XTI LVIN
VIVAdHL WO A4.L9T1dd 949 OL SAddN ANV YALVAH avd SI.LINTHL [TIND/M] 002 NVHL YALVAED ANV 8T ST YHINNN YA LVAH d1%%
CTAdALS %%%%%%%%%6%%%6%0%6%6%0%6%6%6%6%6%6%%%6%0%6%6%0%%6%0%%6%6%%6%6%%%6%%%6%0%6%6%0%6 % %% %% %

pus
98eI10AR OFURIOIW Sk WS O} 9q P[NOYSY, {((:()28ueay3y: (1 )8 ueIy31y))eiep urwu=urnysry



08¢

J1p oseq ([ ojewone ¥ [ 1 189[0
puo
pue
puo
puo
{(1)zuononpuooqns = (‘N zdewr 1osb
{(Duononpuodqns = (‘N)dewr 1osb
((rhdew == (1'1)qunujeay) J1
OT-1=3 10}
01:1=F103
XTALVIN NOILODNANOD dLVALSdNS AJIAON%
pua
{(Duononpuodqns=(1)zuononpuooqns
G Jdstp
‘( “MALVAH 414104dds J0d 1'osb YA LNF,)mndui=(r)uononpuodqns
([(r)xewoxoru (1)urworonu (7)eJueIonu (])oJueIomu])srxe
(1, [(r*g)ororueroy(1°z)ororue)od ] [(g) joSuetoru( 1 ) oS ueromu] pojd
“(eseryd)opny(wnu’, :rpquiny 103edy, heons=oserqd:([{z} wo/m] XNTd LVAH D-MOT)IPqeIA
‘(LNIOd VIV)Reqerx:((1(z) 1o8ueroru:(]) [oSueloru)eyep(g) | oSuerorur (1) [oSuerorujord
‘uo proy<aingy((1°1)s103eaquo)sgiul=wnu
(0 < (1*1)s191894U0) 29 (T == SIBWOINE) JIAS[D
puo
THIEE[(Durozorw (urwoy Sy (1T )soreayuo]=(¢: 1[N zaseq
(DuruHysy = (1)zuononpuooqns
0 > (NIJIp 9seq Jiospo
{(DuroIoT=(1)Zuor}oNpuodqns
0 =< (Ng1p aseq i
G z=(1ounpuooqns:(r)uroIoru=(1)uononpuodqns
(1 == 91eWIOME) JI
(qunu jeay)yySu: [=I 10}
“0=goseq:=Il
SUTWOIDTW-UTOYSIY=}JIP 9Seq
‘uononpuodqns=guononpuodqns:(((:1)erep)Psud[‘ | )soIoz=uononpuosqns
‘dewr 108b = gdewr 10sbi(g1°01)s010z = dewr 10sb[() 08 6L 8L LL
“U9LSLYL €L OTI8 IS 0S 6% 8 LY 9 St b TLTS TS LT 9T STHYT €T TT EV 1L €8 ESSTI1 01 6
U8 ITTWOL Y8 VS 6T T €TLOT 11 69°S8SS0EEL ¥ 1961 0F89:989S 1€ #1 ST 91 S 8l
"UOE L9TL8 LS TE €€ HE€ SE9E LT 8€ 99:88 85 65 09 19 T9 €9 #9 LE S9:0 68 06 16 T6 £6 ¥6 $6 96 0]=dewr




18¢

‘{(orgdn)sixo = sTxo[Iy
puo
9[1IJ PUOIQNS 9IUAIAT SIS} PUB I sAJep JSTI|J [BUONIPPE PPE) JI9S[OY,

eur,‘(dwey [emose)nsgwnu’, durdl[em, (9ZIS101eat]) s gunu’,0z1s10)eay\)ndun puooqns\g @_Eﬁ|mo%oﬁE%Eweéiﬁwzgom/m<§<§<u.gému@_c%
sojep JySI[J UeLiq 10J duIfoseq ¢Gq peojdnoy, (£00101 == 21eP | £08001 == 2¥EP | £0L001 == 2¥EP) JIS[2

ewr (dwoy [remose)nsgunu’, duwoyj[em, (9zIs1ojeay)nsgunu’,0zsojedayndunpuooqns\gsynq L g1 ﬁhoé%Eme/ﬁéoonm/m<d<2<uemobmugm%
sayep 131y 7 Al 1o durjaseq ggg peojdnoy, (2T00TLO ==218P | TOSTLO == %P | TO60LO == 2¥eP | TOTILO == 2Iep) JrsI2

ewr (dway [remoor)nszwnu’, dwsifes, (921s191eay ) nsgnu’,9z1s 101y indunpuooqns\ [ SN L €07Z0T\repSIH\VLVAONI IOV TLVIA\: o.zsbmuo_m%
SWSIY $2-0T 1990300 10§ dul[seq g¢g peofdny, (€0€T0T == 18P | €0¥TOT == IePp) .Eww

{@!

ewr ‘(dwoy [emooe)nszunu’, dwoyjjem, (9zIs1o)edy)nsgwnu’,ozis1o)edyyndunpuosqns\¢eynq L #0£080\IEPISIHY LYAONITION\dV TLVIN\:D,edns=a[ydn

(#09080 == 218P | 05080 == 18P | $(0F080 == d1ep) JIS[d

‘oryqns = oiydn

‘(NN NOLLDNANOD LVILSINS ANITASVE dH.L SI STHL)AsIp(, Jdsip

(;gdewr gog,zoureseq ¢od,  dewr ¢od, ,[oUIdseq GG, D[Fqns)oAes

{(pewr f(dwdy [remoose)nszwnu’, dwdjem,

“+(azisrapeaynsgumnu’ azisiajesy\yndun puoaqns\ sdwsy ynq* ynqr 193ep‘\, ARy \VLVAONITIOD\d V' ILVIA\:D,)1edns=s[yqns

‘zdewr 1osb=gdewr gggizuononpuooqns=gauraseq gsgidewr 1osb=dewr ¢ggiuononpuoogns=yaurjeseq ¢sg
200 A3y SE Sajep dUI[SEq [BUONIPPE PPeY, (F0£080 == 98P | £0600T == 18P | €0TTOT == 338P | TOTTLO == 9P | TO9TLO == 9¥ep) JI
%%%% %% %% %% % % %% %% % % % %% % % % %% % % % % %% % % % %% %% % % %% %% % % %% %% % % %% % %% % % %% % % % % %% % % % %
ALVA NOLLVINLYS Y1N9 4LVIOIIOONI OL AALvVdAdN 99 OL SA9adN INAWALV.LS 41 1SV AHL (1 SHLVAdNY%
SANITASVE NOLLONANOD ALVILSINSY%
TVNOLLIAQV Y04
LIOdNT ASIMIAHLO ‘TINLVIAdNAL NOLLVINLVS IVAN ST TINLVIAdNGL T1Ng FHL 41 SINTYA NOLLONANOD ALVILSINS HAVSY%
'€ dALS  %%%%%%%%%%% % %% %% % %% %% %% % %% %% % % %% % % % % %% % % % % % %% % % %% % % % % %%

G )dstp

“((zdewr 1osb)punom)dsip:(, (@IANNOY ‘zdewr 10sb) NIN O-HOIH/M SHNTVA NOLLONANOD H1VILSENS AALVINOLNV.)dSp
‘((dew 1osb)punon)dsip:(, :(@AANNOY ‘dew 19sb) AAIALLNAAI SANTVA NOLLONANOD LVILSINS AALVINOLNY,)dsIp
‘(zoseq)dsipi(, :(NVIDOUd AJIAOW NAHL LOTV 4D D-HOIH NI ANITASVE 4dMOT AVH SYALVAH ONIMOTT0d AH.L,)dstp




8¢

HER ol
puo
S=(Frydewr Awwunp
(96 == 9z1s10183Y) | ( == ()1nS) J1
puo
T+(D)ums=(y)ums
(0 < (1-Fr)dewr Tosb) y1
puo
S1+(pms=(3)Lns
(0 < (T+'ndew 1osb) Jr
puo
T+ODams=()1mns
(0 < (Fr-ndeur 1osb) J1
puo
[=0pums
(0 < (Fr+ndew tosb)
6:¢ =l10)
6:C=110J
SYALVHH d9ddMO0d ddHLO A9 AdANNOYINS ATHLHTdNOD 4V LVHL SYHLVAH ddddMO0d AJLLNIAI%
(zg > dwapynq) J1
‘[00T 11)s010z = 1mnst| = N 189[0(Q ‘01 )seuo=ouns(Q‘Q[)sotoz=dewr Awrwnp
%%0%%%%%%6%0%6%%%%%6%0%%%%%%%:%0%%%%%%:%0%6%%%% %% %% %% %% %% % %% %% %% %% %% %% %% %% %% %% %% %%
SYALVHH ddNJ0OO ANV
SYALVHH 3504 404 HINLVIAdNAL TTVM VS LV NOILLONANOD dLVILSANS §¢ A'TNd NO ddSvd SANITASVE WL-Ade ALV INITVO%
CEdALS  %%%%%%%%6%6%%%%0%0%6%6%0%0%%%%%%%6%6%6%0% %% %6%6%6%0%%%%%%%%6%6%6 %% %% %% %% %%

79seq 9[1Jqns SIXS[IJ I8
pus

(07)asned

LSYI ALVA ANI'TASVE NOILVINLYS HHL ZATYNY ANV WVYDO¥d HL LIXd ATNOHS NOA,)dsp

(iiiiii THA QAZATYNY NA94 LON SVH VLV ANI'TASVE NOLLONANOD ALVILSINS AALVINLVS)dsip
ENE)

G Jdstp

‘(ATINASSAOONS AAAVOTIN ANIISVE 19sb NOILVINLYS)dsIp:(, Jdsip

‘dewr ¢gg = powdewr ¢gg

(erydn)peoy
(0 < sTxory) Jt




€8¢

(guononpuooqns)dsip
(G - INAWATE
YALVAH LOTIY0D OL SANOdSSTII0D LNANATA JOLOTA TINS AMVIA) JOLITA SANITASVE MAN LNdNI)ndur) = guononpuooqns
{(dwoy [remoor)dsip
{([s1o189qUOUONINpPUOIqNS])dSIp:(,
:dway [[ea pue (# 183Y) MO1 puodds (qns) molisiy) [ ANITASVE NOLLONANODENS AANIJAd YILNJNOD FHL SI SIHL)dsp
[ == Q99138 J1
‘(ou, seA S ANITASVE NOLLONANOD AALVYLSINS AAIAIAON V dAV OL INVM NOA O,)NuaW=g103[ds
¢, dewr 10sb = gdewr 10sb?; uonjonpuooqns = guononpuooqns
(ANOAQ NAd4d AQVAYTY SVH SISATYNVY GINOS STINNSSY ‘AAYISAA A1 ANITASVE NOLLONANOD ALVILSaNS AAIdAIAON JaSN%
puo
pua
puo
puo
‘(1)L dewr 108b=(1), UOTIONPUOOQNS
‘(1‘Nodewr 1osb=(1)guononpuooqns
‘(1‘Hgdewr 1osb=(1)guononpuooqns
‘Or‘Dydewr 1osb=(1);uononpuooqns
‘(O‘Ngdewr 108b=(1)gUON30NpUOOQNS
((r)qunu yeay == (3 Ndew) jr
01:1=3 103
01:1=l10¥
(qunu jeoy)yySuoy: [=I 10}
{€uonONPUOIqNS=/ UOT}ONPUOIQNS
$€UOIONPUOONS=9UOIIONPUOIQNS: CUONONPUOIGNS=GUOONPUOIGNS
{guononpuoogns=uoronpuodqns:(((:‘1)s1ereayuo)yi3us]‘ [ )S0I9Z=¢uononpuodIqns
NOLLVTIND TV DNITIOF Y04 MOVE L°9¢p ¢ dewr 10sb 300AA%

{(powdewr ggg)punoi=;dewr 10sb
{((dewr Awunp-oun), ((powdewr ¢gg)punoi)), s +(dewr Awwunp-oun), ((powdewr ¢gg)punor)+(dewr Aumunp,, gdew 1osb)=gdew 10sb
{((dewr Awunp-oun),, ((powdewr ¢gg)punol)), s +(dew Awmmp-oun), ((powdewr ggg)punor)+(dewr Awwunp,, dewr 1o0sb)=gdew 108b
{(dewr Auwrunp-oun),"((powdew ggg)punoi)+(dewr Awwunp,, gdew 10sb)=pdew 10sb
{(dewr Awrunp-oun),((powdewr ¢gg)punor)+(dewr Awunp, dewr 10sb)=¢dewr 10sb
puo

¥ (118910

puo

puo



¥8¢

AHIHILNAdAI NITASVE NOLLONANOD HLVILSINS AYHAH 404 SHXNTd LVHH DNITIOF AHATOSHY ANLL 4LVINITVI%
VdALS  %%%%%%%%%%:%%%%%%%:%0%0%%%%%0%%0%%%%%:%%0%%%%%:%%0%%%%%%:%%%%% %% %%

‘(;eare’ s1ojeoyuo,‘ dwapyng,, dwoy [[emooe,’,/ dewr 10sb, 9dewr 10sb‘ cdewr 10sb pydewr 10sb,,¢dewr 1osb,‘,zdewr 10sb dewr 10sb,
“¢ LUOIIONPUOIqNs,,QUONONPUOIQNS, , GUONONPUOIQNS,  UO0NONPUOIQNS,,UONINPUOIQNS, ¢, ZUONIONPUOIGNS,, UONONPUOINS, ‘O IJPUOIGNS )IALS
‘(gewr
((dwrdy [remooe)punon)nszwnu’, dwdy[[em, (9z1s101edy ) SgWNU’ SZISIeay\puodqns\, Jsdwsy Yng‘ qnqr ,‘131ep‘\ Yoy’ \V LVADONI TIOD\dV TLVIA\:D,)1edns
= 9[IJpuooqns
%6%0%%%%%6%%6%%6%%%6%%%%%%6%%6%%6%%6%6 %% %% %% %% %%6%%6%%6%%6%6 %% %% % %% %6%%6%%6% %% %% %% % %% %% %% %
SISATVNY 2dNLNA O 114 OL SANITASVE NOILONANOD dLVILSdNS HAVS%
CEedILS  %%%%%%%%%0%%6%0%%6%0% %6 %% %%6%%%6%%6%6%%6%6%0%6%6%0%6%6%6%%%6%0%%6%0%%6%0%%6%% %% % %

Jyo sixeqy3y srxetarenbs sixe!([¢dew{r'os} b] (AODAT ANV JANIOD §S AN ATAAIN AALVINOLNV,)(HAA,)1eq10[00(zo5ues ¢dewr 1osb)osaFewur
(¢S 0] = zo8urriom3y

JJo sixey3n sixetarenbs sixel(, dew{1’os} b) ¢S Y T1NG,)oI<(3194,)1eqI0[00¢(93URI/ dew 1osb)osaewi(/ 7y )101dqns

13 sixetarenbs sixe:(gdew {rss} b) NOILLONANOD ALVILSINS AALVINOLNY,)PN:(oA,)1eqio[od:(a8uergdewr 1osb)asagewri(9°g yordqns

JJo sixey3n srxesorenbs

sixed(,gdew{r'os} b) ADAT ANV YANIOD %S + §S ¥1Nd) ATAAIN AHLYINOLNY,)P1:(aA,)reqrojod:(aduer‘gdewr 1osb)asagewi(g 'y nordqns

13 sixetarenbs sixe:(zdew {1'ss} b) NOLLONANOD ALVILSINS AALVINOLNY,)AP1:(aA,)1eqIo[od:(aduerydewr 1osb)asaFewr: (4 1o[dqns

JJo sixeiy3n

sixetorenbs sixe:(gdew{r'as} b) (ADAT ANV YANIOD §S 1N ATAAIN AALYINOLNY,)P0: (1104 )1eqiojod:(a8uer‘cdewr 1osb)osaFewr:(¢ g yojdqns
143 sixetarenbs sixe:(;zdew {1ss} b) NOLLONANOD ALVILSANS AALVINOLNY,)AP1:(aA,)1eqIo[0d:(a8uerzdewr 19sb)osaFewr:(z gy ordqns

Jjo sixeysn sixetarenbs sixe:(NOLLONANOD ALVILSENS AALVINOLNV.)P: (oA, )1eqi0[0d (a3uer‘dewr 1osb)osaewt:([ 'y )ojdqns

‘deur10j09¢[ 0§ 0]=08ue1iomsy

dVIN NOILLODNANOD 4LVILSINS ddLVINOLNV LOTd dVINIOTOD%

3 (118910
puo
puo
puo
puo
puo
{(ryguononpuooqns = (‘Ngdewr 10sb
(Orhdewr — (rr)qunu jeay) Jr
0I-1=Y 10}
01:1=[103

(qunu jeay)ySul: [=I 10}
G JAsIpi(, Jdsip




¢8¢C

XAANI SADIANI SAe 1ea[o

puo
{S101BYUO = [[€ SIDJBOUUOSBAIE = [[B BAIEL() = SI0Jeay Inot[ [[e,] = doay saorpurip =Ind SHOIANI

QJ[10q BNXd
= QJ[10Q:J]10q BXD = /J[10G:9J[I0q BIIXd = QJ[I0Q:GJ[I0q BIXD = GJ[I0Q:HJ[I0q BNIXD = HJ[I0Q-EJ[I0q BIXA = €J[I0Q:TJ[I0q BIXD = ZI0Q:[J[I0q LNXd = [J[10q
G DAsIpi(AOOD ST STHL ‘NO ¥dM SYALVAH VILXA ON.)dsIp

aspd
{ZSI9)BAYUO = SI)BIYUO
{geale = eaIe

¢S10)BOYUO = [[€ SIdJBAUO
‘eole = [[B BOIE
pud
{(()doay soorpur)siojeayuo = (1)ZsIojeayuo
{((1)dooy soorpur)eare = (1)zgeare
((Ndoay soo1pur:)gy[roq enxa = (1)gJ[10q:((1)doay seo1pur:) J1ioq enxs = (1°:)J[10q
“((Ddeoy soorpur:)ggiroq enxa = (1:)9y[10q:((1)doay seorpurt:)gy[ioq enxa = (1:)gy[10q:((1)deay saorpur’:)pjjroq enxoe = (1)pyioq
“((Ddeoy soorpur:)gyrroq enxa = (1) gy[roq:((doay seorpurt:)g[ioq enxa = (1:)gg[roq:((1deay saorpur’:)[jroq enxoe = (1) [J[10q
(dooy soorpur)yy3us):| = 110§
S9oLjeW BIBP XN[J JBAY SUI[I0q WO SI9)BaY INO J9[OPY,
G Jdstp
‘([Oono sOIANT)3AR 10180y N0 ])dsIps((IN0 SHDIANI)SIOIBAYUO)LIOS = SI9JBAY INd
“([dH 98e10a® % 1e0y] XTILVIN VIVA WOYd AA1ATAd 34dM ANV NO TddM SYALVAH dSTHL)dsIp
((XAaNDw8ua] : (1 + dz1s1oedy - (XHANDYSUS))XHANI = dooy saorpur:((ezisioneay - (XHANDYISUS]): [)XHIANI = 19 SHOIANI
“(8ae)os = [XHANI 4]
‘uononpuodqns = Jae
‘([oz1sroreay - (s1opeayuo)y3ud[])dsip:(, :NO 94 LON A'TNOHS LVHL NO SYALVAH JO #)dsip
QZISId)edy < @HB@@QEOVSWEQ_ J
%%%%%%% %% %% %% % %% %% %% %% % %% %% %6 %% %% %% %% %% % %% % % %% % %% %% %% %% % %% % % %6 % % %% % % % % % % Y%
99 LON A'TNOHS ANV NO ¥V LVHL SY4LVAH LNO YALT1%
Iy dALS  %%%%%%%% %% %% %% %% % %% %% %% %% % %% %% %% %% % %% %% %% % %% %% %% %% % %% % %

((1¢(erep)ySus‘guononpuooqns )yewdar - vjep)|=gj1oq enxa:[(( ‘(erep)ypSuol‘, uononpuooqns)yewrdar - viep)]=/J[10q X
((1¢(erep)ySusy‘guononpuoogns)yewdar - vjep)|=9j1oq enxa:[(( ‘(erep)ypsusr‘guononpuodqns)ewrdal - e1ep)]=¢J[10q enXxo
((1¢(erep)ySus‘puononpuoogns )yewdar - vjep)|=J1oq enxa:[((1 ‘(erep)ypsusl‘guononpuodqns)iewrdal - ejep)|=cJ10q enxo
((1°(erep)yaSus)‘zuononpuoogns )jewdar - ejep)|=gjroq enxa:[((1‘(erep)ypduo‘uononpuooqns )yewdar - ejep)|=1J[10q BHXD

XN7Td LVHH DNITIOY TVLOL A4ATOSHYd HINIL%
%%%0%0%%%0%%%0%%%%%%%%%:%%%6%%%6%0%%6%0%%6%0%%%%%%%%%%%%0%%%%0%%%0%%%0%%%%%% %% % %% % %%% %%



98¢

“(8DH[10q)uedW = goAL[10q3Y3IY

“(LDOHI10q)uedw = /9AL[10G3YSIY:(9HHII0q)UBSW = 9IAR[I0QSYSIY:(OH[I0Q)UBIW = GIAL[I0GSYSIY: (1O HJI0q)UBIUW = 0AR[I0QSYSIY
“(¢DHI10q)uedW = £3AL[10G3YSIY:(ZDOHII0q)ULSW = 7oAR[I0QSYSIY:([DH[I0Q)ULW = [9AL[10G3YSIY

‘(gD N [10q)uBdW = §IAR[I0QOIOTW

{(LDN1oq)uedW = /IAB[I0QOIIIWE (9D N[I0Q)UBIW = QIAB[IOQOIIIW:(GOHN[I0Q)UBIUW = GIAR[IOGOIIIW (D) ()[I0q)UBIW = $OAR[I0QOIOTW
{(EDNI0g)uBIW = ¢IAB[IOGOIIIW:(ZD([I0Q)UBIW = ZIAB[IOQOIDIW {([DHN[IOQ)UBIW = [IAB[I0GOIOIW

YHLVAH d9¥4dMO0d AdIAE 404 DT ANV ALIAVIDOYDIN YHAO XN'1d LVAH HDVIHIAVY%
%%%%0%%%0%%%0%%%%%%0%%%:%0%%6%0%%%0%%%0%%%%%%%%%%%%:%0%%%0%%%0%%%0%%%0%%%%%%%%%:%%%:%%% %%
D-HOIH ANV ALIAVEIDOUIIN NI XN'Td LVAH ADVIHAYV dLVINDTVI%

CY daLS  %%%%%%%%%%%%% %% %% % %% %% %% % %% %% %% %% %% %6 %% %% %% %6 %% %% %% %% %% %%

“ewr eare,’/ DHII0Q = £18daY[e10) SHOTH

‘e BaIe, 9OHII0q = 91eaY[210) SHOTH W BaIe, SOHII0q = 1eay[e10) SHOTH:BW Bale, yHHII0q = #1edY[e10) SHOTH
“JeW BAIR,  ¢OHII0Q = ¢18AY[R10) SHOTH BW Bale, TOHII0q = 71eay[e10) SHOTH BW Bale, [OHII0q = [18dY[e10) SHOTH
‘(1‘(1 1DHII0q)azIs‘eare)iewdar = jewl eaIe

jewl BAIE IBJ[O

(SLLVM) YFISNVIL LVAH ONITIOE ALIAVID-HOIH AIATOSHY ANILY%

{(:(7)e8uey3Iy: (1 )o3ueIysIy)gyroq = §OH[10Q:(:(7)e8uery3y:()o3uerysiy)/J[1oq = LOH[I0q
{(:(7)e8uey3Iy:(1)o3ueIysIy)9jroq = 9OH[10q:(:(z)e8uery3y:(])o3ueIysiy)gy[roq = OH[I0q
{(:(7)e8uey3Iy:(1)o8ueIysIy)J1oq = FOHII0Q:(:(7)e8uery3y:(1)o3uerysiy)¢j[1oq = ¢OH[I0q
{(:(7)e8uey3y:(1)oSueIysIy) gyroq = ZOHI10q:(:(7)e8uery3y:(1)o3uerysiy) [3[10q = [DH[IOq
{(:(7)o8ueaySy:(1)o3ueySIy)own = HHWI}

XNTd LVAH ONITIOE ALIAVID-HOIH AIATOSTY dNILY%

‘ewr eaIe, /D[I0q = /1EIY[LI0} FMO]

‘Jewl BAIR, 9D([I0Q = 9IBIY[LI0} FMO[JBUL BAIR, GDH([I0Q = GIBAY[LIO} FMO[JBUI BAIR, D([I0q = $,1E3[8I0} FMO]
‘el BAIR, ¢DHN[I0Q = €IBIY[LI0) FMO[JBUL BAIR, 7TD([I0q = ZIEA[LI0} FMO[JBUl BAIR, [D[I0q = [IBA[LI0} IMO]
‘(1(1° 1D N1oq)ezis‘eare yewdor = jeuwr eole

(SLLVM) dAMOd ONITIOE TV.LOL ALIAVIDOIDIA AIATOSTI ANIL%

‘(-*(z)198ueIoMUL:(T) [93URIOIUI)R)IIOq = §DN10Q:(:(7) [3uRIOML () [98URIOIW) JI0q = LDN[I0q

“(+*(z) 198urI0MUL:(T) [93URIOMMI)OI0q = 9DN10Q:(:*(7) [3UBIOML () [9ZURIIM)GII0q = $DHN[IOq

‘(+*(z) 198urI0MUL:(T) [98URIOIM)J]10q = HDN[10Q:(:(7) [93URIOL () [98URIIW) €110 = £DN[I0q
‘(-*(x)198urI0MUL:(T) [98URIOIM) 710G = TON10Q:(:*(7) [98URIOIML () [95UBIOIMI) [§]I0q = [D[I0q

{((7) 198 ueIomu: (1) [o8urIoIW )W = H(owWI}

(3¥FH NI JOLDAA ANIL HAVH) XNTd LVAH ONITIOF ALIAVIDOYDIN AFATOSTE ANIL%



L8T

TOADINSINIOAV.LIVA (18 oxotur Surjoooqns yiewrdar (1°goxorur jeayradnsijem jyewdar]=1indino
‘dwopng - Hysnpes], = y3ry Surjoooqnsidwopng - 0IOIUILS ], = OIOIW FUI[00IqNS
‘Dyspes-dwoy [Jemooe=nysiy jeayiadnsiemieeg LS+HT68LL110-((((2)e3uerySiy:(1)o8ueysny)omssaid)ueaw))30], £ €6'67=DYSIYIes L.
‘ororunes  -dwoy [remose=oxorwr jeayrodnsiiemigezLs+((((7) 1o8ueromu:( ) joSuetoru)omssaid)ueoun) 301, € £6° 6 7=0I01ues |,
as[d
‘[(HOIHSINIOdVLVA (1°L°DySHy 1eaytadnsiem)ewdar OYDIASLINIOAV.LVA (1°L om0 jesyiadnsieam)iewdar]=indino
9es ] -dwoy [[emooe=0y3y jeoyradnsiiemigez LSs+(826900 -((((7)a8ueiy3y:(1)oSuerydiy)ainssord)ueowr))30] . £€6'67=IeSL
JUSWIUOIIAUL DT UIT J10/, Z
== UOIIAUD J19%96%%%0%0%%6%0%%6%0%%%0%%%0%%%0%%%0%%%%%%0%%%%%%6%%%6%%% %% %6 %% %% %% %% %% %%%%%%%%%:%%%:%%%%
DNITOOD49NS ANV LVAHIEdNS TIVM HLVINDTVO%
SdHLS  %%%%%%%%%%%%%%%0%%%%%%0%%6% %% %% %% %% %% %% %% %% %% %% %% %% %% % %% %%

‘((eare)uns)/(7°(:‘6:7)HDIH TV LOL)WNS = HOTHSINIOIV.IVA
‘((eare)uns)/(7°(:6:2)OMDINTV.LOL)WNS = OYDINSINIOIVLIVA
(SINIOd VILVA AAYND ONITIOY) SVAIY 40 INNS A9 AdIAIA ANV XN 14 LVAH AOVIFAV TIV AdV%

‘[(eorey (:°6)010Z LVINHOIH) (818, (:°g)0102 ] VINHOIH ) (8318, (L )0I0Z L VINHOIH): (8318, (:°9)0102 ] VINHOIH)
ri(eoae, (1°6)010Z L VINHOIH) (8918, (:p)010Z L VINHOIH): (81, (:°¢)010Z L VINHDIH) (8918, (:°7)010Z L VINHOIH) (:°1)0102 ] VINHOIH] = HOIHTV.LOL

[(eare, (:°6)0IZ VINOIOIIN) (8318, (:°8)0I8Z L VINOYDIIN): (818, (1L )0I0Z L VINO YDTIN) (8918, (:°9)019Z L VINOUDIIN)
ri(eare, (1°6)01Z VINO YOI (B3I, (:4)010Z L VINO YD TN (BaIR, (:°€)010Z L VINO UDIIN) (8318, (:0)010Z L VINO YOI (:‘1)019Z LVINO YDA
= OYDINTVLIOL
(SLLYMA) ¥ALVAH HOVA WO YASNVIL LVAH dOVIFAV TVIOL mbﬁ:owéx
l M .520
vﬂu

pus
pus
0 = (*No1RZ L VINOIDIN
0> (F'DLVINOYDIN J!
ﬁﬁ@
‘0 = (*Ho1z ] VINHOIH
0> (“NLVINHOIH J!
6:7="l10]

((*DILVINHOIH)YISUS[: | = I 10J
(HAILVOEAN 9V dINOS d1) SYALVAH XN'T1d LVAH ADVIIAYV GAILVOAN O¥dZ%
‘LVINHOIH = 0192 VINHDIH
LVINOYDI = 010ZLVINOUDIN
‘[8oAe[10q3YySIy:/ 0AL[10q3YSIY:9aAL[10GIYSIY: GOAR[I0QSYSIY ,0AL[10q3YSIY: £aAL[10qSYSIY: ZIAR[I0QIYSIY: [9AL[10qSYSIY sI0yedquo] = L VINHOIH
Awo\ézoﬁ_ohoﬂﬁm [ 9AR[IOQOIITUI:QIAR[IOQOIITUL: GOAR[TOQOIOIUL: {9 AR[TOQOIITUI COARIIOQOIITUI ZIOAR[IOQOIOTIU: ~o>m:opoho@5m&o§u€ou = LVINOIDIN



88¢

(L) LVINHOIH = (['N9dewr ySryjrogb

{(I'9)LVINHOIH = (1'Dgdewr y3yrogb

{('6) LVINHOIH = (‘Npdew y3iyjrogb

‘(') LVINHOIH = (N ¢dewr y3iyjrogb

{(I€) LVINHOIH = ('Nzdew ySryjrogb

(') LVINHOIH = (1N 1dew ySryjrogb

{('6) LYIWOUDIN = (1'Ngdewr moqqrogb

(') LYINOYDIN = (') dewr moqqrogb

(L) LVINOYDIN = (' N9dewr moqqrogb

{('9)LVINOUDIN = (‘Nsdew mofrogb

{(I6)LVINOUDIN = (' Npydew morrogb

‘(I'P) LVINOYIDIN = (1'Ngdewr morriogb

(') LVINOUDIN = (Nzdew mofroqb

‘(IDLVINOYDIN = (1N 1dew mofiogb

10 < ("DLVINOYDIN) % (O Ddew == (1) LVINOYDIN) 3
01 1=Y ﬁw
01:1=l10¥

(CT)LVINOIDIN)PSUS: | =1 10}
{(01°01)s019z = gdewr y3ryrrogbi(Q1°Q1)sorz = Ldewr ysiyqroqbi(o°pr)sorsz = gdewr ysryjrogb
{(01°01)s019z = gdewr y3y[roqb(Q1°Q1)so1dz = pdewr ysiyqroqbi(o°pr)sorsz = ¢dew ysryrrogbi(1°p)sorez = zdewr y3ryrogbi(01°or)soiz = jdewr y3yrogb
‘(01°01)s019z = gdewr moqrogbi(01g1)so10z = dewr mojrogbi(g1‘Q1)so1ez = 9gdewr moyrogb
‘(01°01)s019z = gdewr moqroqbi(o1°p1)s010z = pdewr moqrogb(Q1¢Q1)s010z = gdewr mofqogbi(grg1)so1oz = gdewr moyrogb:(01¢Q1)so1oz = [dewr mojqrogb
3 [ 1I83[99496%%%%%%%%% %% %% %% %% %% %% %% %6 %6 %6 %6 %6 %6 %6 %% %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %0 %6 %6 %6 %o %o %o %o % % % % % %o % % % % % % % % %o
SAOVIANL XN'1d LVAH AVTdSIA ANV ALV INDTVI%
9 dALS %% %% %% %% %% %% %% % % %% % %% %% % %% %% % %% % %% % %% % % % %% % % % %% %% % % %% % Y

‘G Jdsip
“(pmdmo)dsip:(1ndino)dstp:(,(zwo/m)
XNT1d LVAH DOVIAAV HOIH (80[2q) (zwo/m) XNTd LVAH dDVIFAY MOT [D] DNITO0D4NS JI1Nd (D) LVAHIAdNS TTVM.)dsIp
H dsipé(azisioreary)dsip
‘(, 949 ATNOHS
dZIS YALVAH,)ds1p((s1oreayuo)p3ua))dsip:(, :4ZIS YALVAH TVNLOV)AsPp <, DAsipi(qqq)dsip:(, qAGNNN NNY)dsip
G )dstp
G )dstp
“([dwopynq*DySiyres | ‘ororunes | ‘dwey [jemooe])dsip(, :dJINAL N1NE (D-HOIH) dNAL LVS (D-MOT) dNAL LVS “(O) dWAL TTIVM,)dsIp
pus
[HOIHSINIOdV.LVA (1°8°ys1y Surjoooqns)jewrdar (1°g°Oy3ry 1edytadnsyjem yewdar] = zindino




68¢

pus
G DAsIp(ATId OL VIVA DNIAVS SI JOTIH,)dsIp
ENE
G Jdsipi(uepy)dsipi(, :0L ATTINASSAIINS NALLIIM SVM VIVA)dsip
[ <18 J1
{(UQTIy)ISIXD = 189}
“(,8¥110Q BNX?,,/J[I0q BNIXD,',9J[10Q BIIXD,",GI[I0Q BIIXD,"pI[I0Q BIXD,,CJ[I0q BIXD,',ZJ[I0q BIXJ,,[J[I0Q BIXD,
. 8DHI10q,",LOHII0q, 9DHIIq, $OHII0Q, ", ¥DHII0q, , € DHI, ,ZOHII0q, , IDHII0q,,8D NI, ,LONII04,,.9DNI10q, ,$ DI, #OHNII0Q, . £DNIIOQ,
DN, 1O N[0, dmssaxd, \OH
owm, ", HNAWn,  HOTHSINIOdVLVA, OIDINSINIOIV LV, 01omu jedyrednsyiem, ,0ysiy jeayradnsijen,’ gdew moyjiogb,’, dew mofprogb,‘ gdewr moyjiogb,

,gdewr moqqrogb,‘ pdewr mojrrogb,’,¢dewr moqqrogb,‘,zdewr mojprogb,’, ydewr moyjrogb,‘ gdewr ysiyqrogb,’, dewr ysiyprogb,‘9dewr ysiyjrogb,’,gdewr ysiyjroqb,

. doay sooTpur[[e SI10JedYUO, [[E BAIL, IO SHOIANI,' SIo1edy Jnd, s1areaquo,’ pdeur ysiyogb,, cdewr ysSyjrogb,’,zdew ysSryyrogb,’,jdew ysryjrogb,
- pzis1oyeay,’ durapying,’ eare,  dwoy [emooe,’, LVINHOTH, . LYIOIDIAL 1109, L1109, 9110, SFI10q, " pI[10q, , J110Q,, ZII10q,", [ J110, ‘US[1J)oAES

pud
‘(Jewr,‘qqQ‘,unt djensqns\puodqns\, WY3[°\,19q°, AMQL\eIpO\VLVADNITIOD\d V' TLVIA\:D,)1edns=ud[1j
e Jdsip
‘(yewr,‘qqq’, xngb\xngyb\ Y3\ 19, MQL\eRPOT\VLVAONI TIOD\dV TLVIA\:D,)eons=ud]y

ENE)
‘G Jdsip
(evep)dsipi(;:HLV A, )dsIp

(e

ur,((dwoey [emose)punonnsgumnu’, dwdiem, (azisiopeay)nsgwnu’\ JH IO\, Isdwa) ynq ynqr , 1o3ep‘\, gdey‘ \vV LV AONITIOD\d V TLVIA\:D,)1edns=uo[iy

€ == UOIIAUD | | == UOIIAUD JI
%%%%6%0%%0%6%%6%0%6%0%6%0%%0%%0%%0%6%0%6%0%%0%6%0%%0%6%0%%0%%0%6%0%%0%6%0%%0%6%0%%0%%0%%0%%0%%%6%0%%%%%:%0% %% % %%
dT1d OL VLVA XN'1d LVHAH d1TdM%

LdALS  %%%%%%%0%%%%0%%%%0%%%%%%0%%0%%0%%%%0%%0%%%:%0%%%%0%%%%0%%%%%:%% %% % %%

puo
pus
pud
pus
{('6) LVHOIH = (1‘Dgdew ysiyrogb
{(I'8) LVINHOIH = (‘) ,dew ySryjrogb



06¢

JJo sixey3n sixetorenbs sixed((8391,8 dVIN AATAIAOIN,)ILonSs)I[I<( 3194, )1eqI0[00¢ (93ueI‘gdewr y3yjiogb)osaewr:(g°z y)101dqnsyy,

3o sixeqysn sixetorenbs sixe:((£ 391, dewr{1‘os} b) ¢S Y T1Ng,)1eo1S)3pN:(1194,)1eqI0[09(a8uer‘/ dewr y3iyrogb)osadewi(, 7y )101dqns,

1y3n sixesarenbs sixed((939[°,zdew{1‘os} b),)1eons)oni(11o4,)reqrojoo(a8uer‘gdewr ysiyrogb)osodewni(9zy)1o1dgnso,

JJo sixey3n sixetarenbs sixeoy,

“((¢8or° gdew{r*os} b)

4D ANV JANAYOD %ST + SS AN ATAAIN AALVINOLNY,)1edns)opn: (oA, )reqrofod:(aduer gdewr ysiyjrogb)osagewr:(g g y)ioidqnse,
1y3n sixe‘orenbs sixed((39°, zdew{1‘os}  b),1eons)opn:(11o4,)reqrojoo(aduerydewr ysiyrogb)osodewri(y 7y )101dqns,

JJo sixey3n sixeorenbs srxeoy

“((¢39r°,cdew{r'os} b)

(@DAT ANV JANIO0D §S A1NE) ATAAIN AALVINOLNY,)1edns)apn: (oA, )reqiofod:(aduer gdew ysiyjrogb)osagewr:(¢ g y)iojdqnsy,

1y3n sixe‘orenbs sixed((z39[°, zdew{1‘os} b),1eons)opn:(1oa,)reqrojoo(aduer‘gdewr ysyrogb)osodewri(z gy )1o1dqns,

JJo sixey3n sixeorenbs stxed((139[YSIY [I1)1801S)9[IN: (1194, )IeqIo[0of(a8uer‘ [dewr y3iyrogb)osodewi(| z‘y)101dqnsoy,

{((dwoy [remoor)nsgwnu’

= dwoy [1em,(yS1y Surjoooqns)nszgwnu’,: = [00qns, (OY3y jeayrodnsiiem)nsgwnu’: = dns [fem :XNTd ONITIOT D HOIH,)1eonus = ysiy (e,
((((g'8)andno)nszwnu’, = JH V'S,)1eons = 8391:(((¢'L)gmdmo)nszwnu’, = JH VS, 1eons = £39[:(((¢'9)pndno)nszgwmnu’, = JH V'S,)1ed1s = 939]%,
((((g's)pmdmo)nszunu’, = JH VS, 1eans = ¢39[:(((¢y)pndino)nszunu’, = JH V'S,)1eons = $80[:(((¢ ¢)zindmo)nszumu’, = JH v'S,)1e01s = ¢39[%,
‘(((¢'pondino)nsgunu’, = JH VS)eons = z3914(((¢°1)zndino)nszwnu’, = JH VS,)1eons = [39[‘deurojoos[(g 0]=o3ueiioin3yo,

‘go sixeqysdn srxesorenbs sixe!((8391°,8 dVIN AAIIIAOIN,)1e1S)apN:(1194,)Ieqloj0o(aSuer‘gdewr mof[rogb)osodewri(g‘z‘y)1o1dqnsoy,

‘go sixeqysdn srxesorenbs sixe((£ 301, dewr{1°0s} b) ¢¢ TN F,)1eons)aN (1104, )1eqiojodi(a3uer‘, dewr mojrogb)osadewr(, ‘zy)nordqnse,

9u3n sixetarenbs sixe((9391¢,zdewr{1°'os} ~ b),)1eons)enn (1104, )ieqrojodi(euer‘gdewr mojrogb)osagewni(9¢z ynordqnse,

{go sixeqysn srxetorenbs sixeo,

“((8ar" gdew {108} ")

4009 ANV JANI0D %S + S§ A1N9) ATAAIN dA.LVINOLNVY,)Ieons)apn:( oA, )1eqiofod:(afuergdewr mo[jiogb)osagewt:(g g yyordqnso,
9ysn sixetarenbs sixe!((1,39]°,zdew {1°0s}  b),)1eons)onn (1104, )reqrojodi(d8uei‘ydewr mojrogb)osadewni(yz ) nordgnse,

(o sixeysn sixecorenbs sixeo,

“((¢391 gdewr{r'os} b) (ADAA ANV YANIOD §S 1NE) ATAAIN AALVINOLNY,)1eo1s)d[31(110A,)1eq1o0]0d:(s5uer cdewr mofjrogb)osaSewr:(¢ g y)ioidqnse,
9u3n srxesorenbs sixes((z391¢,gdew{1‘os} b),)1e0ms)oNN(;1194,)18qI0]00:(9FuI‘7Zdew mo[[roqb)osadewr:(zzynordqnsey,

o sxedysn sixearenbs sixed((1391‘mo] [13)1801S )N (1194, )1BqI0[00¢(9Fue1‘ [dew mo[[roqb)osadewri(1zy nordqnsey,

{((dwoy [[emoor)nsgwnu’ ¢

= dwoy [Jem,‘(o101IU FUI[00OqNS)NSTWNU: = [009qns, (o101l Jeayradns[jem)nszunu’,: = dns [[em XN Td ONITIOT D-MOT)IeONS = MO[ 1%,
((((¢'9) pIndno)nszwnu’, = JH VS, heons = g391:(((¢°L) pndino)nszunu’, = JH v'§,)1eons = £30]:(((¢°9) [indimo)nszgwnu’, = JH V'S,)1e01s = 932]%,
((((g'g)pdmo)nszwnu’, = JH VS, 1edns = ¢391:(((¢'y) pndino)nszunu’, — JH V'S,)1eons = 391:(((¢"¢) [indmo)nsgwnu’, = JH V'S,)1e0ns = ¢39]%,
‘(g ndino)nszwnu’, = JH VS,)1eons = 7391:(((¢°1) 1indino)nszgwnu’, = JH vS,)1eons = 139[‘dewrio[osi[(z (]=o3ueIramsiye,
%%0%%%%%%6%0%%%%%%:%0%6%%%%%%:%0%%%%%%:%0%%%% %% %% % %% %% %% %% % %% %0 %% %% %% %% %% %% %% %% % %%
(SAVIN XN'Td LVEH) ONISSTD0Ud LSOd%

8 dALS  %%%%%%%%6%0%0%%%%%6%0%0%0%%%%%6%0%0%%%%%6%:%0%6%%%%%:%0%0%%%%%:%%%%% %% %% %



16¢

9%%%0%%%%%%6%0%0%%%%%%6%0%6%%%%%6%%0%%% %% %% %%%%%%:% %% %% %%

%%0%0%0%%%%0%0%0%0%%%%%6%0%0%6%%%%6%0%0%0%%%%6%0%0%0%%%%%6%0%0%6%%%%:%:%0%%%%%6%:%0%0%%%%%:%%0%%%%%:%%%%% %% %% %

01 4918

6 d4.LS

SYALVAH ddIdIDddS IWOdA ODNITIOT AdOVITAYV dDVAINSY%
%%%%%%%6%%%0%6%%6%%6%%6% %% %% %% % %6%6%6%6%6%6%6%%6% %% % %% %% %6%6%6%%6% %% %%
%6%%%%%%%%6%%6%%6%%6%%6%%0%%%%%6%%6%6%6%%6%%6% %% %% %% %% %6%6%%6%%6% %% % %% %%
HIAOW AHATOSHA AINIL%
%6%%%%%%6%%%%6%%6% %% %% %% %0%6%%6%%6%%6%%6%6%6% %% %% %% %% % %6% %% %% %% % %% %%
JJo sixeysn sixesarenbs sixe!(\] ANODINS LNV.)oP1R(1104,)1eqIoj0d¢(o3ue1‘ [dewr mo[[rogb)osagewn

‘(o1 0]=98uerioms3y

3o sixeysn sixetarenbs sixed(,gdewr{r‘os} b, )opni(1104,)1eqro100¢(o8ue1‘gdewr 1osb)osaSewni(z1 ¢ y)101dqns

1o sixeysn sixetarenbs sixed(,cdewr{1‘os}” b,)opni(1104,)1eqr0100¢(o3ueI‘gdewr 10sb)osagewri(g ¢y nordqns

3o sixeqysn sixetarenbs sixed(,¢dewr{1‘os} b,)opni(1104,)1eqroj00i(o8uer‘cdewr 1osb)osagewri(9 ¢y nordgns

JJo sixety3n sixetarenbs sixe!(,] ANODINS LNV.)2P1R:(MoA,)1eqrojodi(e8uei‘dewr 1osb)osoFews(¢ ¢ y)101dqns
‘dewro09:[ ()9 (]=98ue1

JJo stxey3n sixecorenbs sixe:((839])1e0ns)onni(1194,)1eq10[00¢ (FuR1‘gdewr y3iyrogb)osadewi(] ¢y nordqns
JJo s1xey3n srxesorenbs sixe

((g391)1eons)anIné(1a4,)Ieqrojoo(a3uer‘gdewr yJryrogb)osagewni(g ¢y nordqns

JJo sixey3n sixe‘orenbs sixe

‘((¢3o1°(yS1y” Surjoooqns)nsgwnu‘,)qns I,)1eo1s)apn (1A, )1eqrojoo(aguer‘cdewr ysyrogb)osadewni(g gy nordqns

‘o sixeysn sixesarenbs sixe((1391YS1Y [313)38005)a[I1) (1104, )1eqIoj0d¢ (o8 ueI‘ [dewr ySiyrogb)osagewri(z ¢y nordqns

“((DySry esyradnsiiem)nsgwnu’ )dns, :0 HOTH,)eons = y3rq im
(((g'g)gmdmo)nszwnu’, = JHV'S,1edns = 8391:(((¢‘9)zimdno)nszwnu’, = JHV'S,1edns = 939]

(((g')pmdmo)nszumu’, = JHYS(1edns = ¢391:(((¢ p)zmdino)nszwnu’, = JHV'S,1edns = $391:(((¢*¢)gmdino)nszwnu’, = JHVS,1edns = ¢39]

((((g')gmdmo)nsgunu’, = JHV'S,1eons = g39[:(((¢ 1)gindmo)nsgwnu’, = JHV'S,)1edns = [39]
o sixeysn srxecorenbs sixe((839])1801s)9[IN(1194,)IeqI0[00:(d8urI‘gdewr mof[rogb)osadewri((1 ¢y nojdgns

‘330 srxey3n sixeorenbs sixe((¢391(dwoy [[emoor)nsgwnu,<)[[em I, )1eons)apn (1A, )reqiojodi(aduer‘gdewr mofjrogb)osoFew(, ¢y )nordqns
‘3o sxey3n sixeorenbs stxe((¢391°(0I0T FUI[00OqNS)HSTWNU',)qNS T, )1BONS )N ( 1194, )1eqI0[0d¢ (95 uer‘cdewr mofrogb)osadew(y¢cy)1o1dqns
‘o stxey3n sixeorenbs stxed((1391°mo] [31)1801S)o[IN (1194, )1BqI0[00: (3 ue1‘ [dew mof[rogb)asadewi(] ¢y )1o1dqns

‘{((oxorr jeoyradns[em)nsgunu )dns |, :0H- O, )18oNS = MO[ 31}
((((¢'9) pndno)yszwnu’, = JHV'S,)1eons = 839[:(((¢°9) (indino)nszwnu’, = JHVS,)1eoNs = 939]

((((g'9) pndno)nsgumu’, = JHV'S,pedns = ¢39[:(((¢'y) [indino)nszwnu’, = JHV'S, edns = $391:(((¢*¢) indino)nsgwnu’, = JHV'S,eons = ¢39]
‘(g ndmno)nszunu’, = JHVS(,)1eons = z391:(((¢ 1) 1mdmo)nsgwnu’, = JHVS(,)1eons = [3o1idewr1ojoof[(9 g]=o8ueriomsy
%% %% % %% %% %% % %% %% % %% %% %% %% % %% %% % %% %% %% % % % %% %% % %% %% %% % % % %% %% % %% %% %% % % % %% %

6 d4.LS

ONILNTId 404 HdNOIA TVNIA%
%%0%0%%%%%6%0%0%0%%%%6%6%0%0%%%%%6%%0%%%%%:%:%0%0%%%%6%:%%0%%%%%:%:%%%%% %% %%



c6¢

pud

pus

T = dABSXdpUI
189295==(1)SI191BYUO JI
(s191e0qUO)PPSUL]: [=I 10J
{((*SOILSIALOVYEVHD A4S OL JAGNNN YALVAH LNdNI)eonsyndur = yeayoas

== [92107]d J[IYyM
‘(LIX4, SAA SYALVAH TVNAIAIANI 4ZATVNV,)NUSW = [39107d
3 [11eap0
%%%%%% % %%%%%% % %% %% %% % % %% %% %% % %% %% % % % % % %% %% % % %% %% % % % %% %% % % % % %% % % % % % %% % % %
ONITIOF AIATOSTI ANLL JALVAH TVNAIAIANI%
ITdALS  %%%%%%%%%%%%% % %%%% %% % %% %% %% % %% %% %% % %% %% %% % %% %% % % % %% %% % %

pus
9s00yd MOTLOLO 101b easewns [ 1 18910
((LIXAS SHA ADOVIIAV dDVAINS NIV.LEO OL SYALVAH AAdISHd ZATYNY,)UsW = 7ao10yd

«, Jdsipi(mor3aekerdsip)dsips(dsipgmor)dsip
‘(ST :/(esooyo)nsgwnu’,: ‘SYALVHAH YOI D-MOT NI YHASNVYIL LVHH HOVITAV)1eons = dsip3mo]
«, Ddsip{(HO1HSARAR[dSIp)dsips(dsip3y3ry)dsip

“( :SI :/‘(esooyo)nszunu’: ‘SYHLVAH YOI D-HOIH NI YHISNVYL LVHH DVITAV,)1eons = dsipSysiy
‘(earewns)wns/ (M O TLOLO)wns = mo[3aeAe[dsip
‘(eorewmns)wns/(30jb)uns = gO[Hg3AeAR[dSIP
pud
pua
pud
T =Y
“(Dgaaeioqootur(Neare = (HMOTLOLO
“(Nganeroq3ysry,(Neare = (poib
‘(Deare = (3)eorewins
(Dqunu eay = (1)es0oyo J1
(qunu jeay)yp3ual:| = [10]
(esooyo)y3Suol: | = 110§
G DASIPI( 1 XNTd HDOVIHIAY ADVAANS NIVLEO OL YALVAH AadISad AJd1DddS, ndur = asooyd
[ == 72101 [IyM
=9
‘(LIXA SHA TDOVIAAY dOVLINS NIVLIO OL SYALVAH dFdISHd HZATYNV,)nudur = N%ao%
A [11eopd




€6¢

(05 T+(1)98uRIySIy: 0 7+(1)25ULIYS I )1AYoasXN[JIeaY[10q = YSIYWO0Z
(205 z+(1) 198urIoTW: () 7+( T ) [ 98 URIOIW )JBIYIISXN[JIBAY[I0] = MO[WO0Z

AONANOHS VIVd D-HOIH%
‘o3

LOTd NI WNOOZ%%%

(moxrrey3in, g-+((1°:)reayaasxnjpieay[ioq)xew (s z/(00y-+( 1 )oSuerysiy) yixa)

(mourregay\, g+((1°:)reayaasxnpieayioq)xew‘ (s /(00 y-+( 1)a8ueIySiy) xa1:(;D-HOTH, S+((1°: )reayoasxnppeayjioq)xewr 0 z/(00y-+(1)28uerysiy) xo)
(D-MOT, s+((1:)yeayeasxnipieayroq)xewr s z/(00Z+( 1 )oSuey3iy))ixe): (1xay3Iyc+((] “: yeayeasxnipeay[roq)xewr s z/(0+(1)28uerysiy) 1xo)
{(1durySiy)nszwnu = 3xy3Iy

(xo1mO°g+((T°: )reayaasxneay1oq)xeww‘ (s z/(07+(1) [9SURIOM) 1x)

(TdurySry)nszgwnu = 1xaySry

{(3%91MO[)1BONIS = XAIMO]

(1durmop)nszgwnu = 3X93Mo|

U92I9S Ul 1x93 ooe[dey,

uo proy:(,:m, (1 )uysy(z*:)unpysrypoyd

[(1°z°05T/()e8urrySiyrewdarwrjmor] = wipysiy

uo proy:(,:m, (1 )unysy(z*:)unpysuypoyd

(1 0sz/(1)°8urIySiy pewdaruwrmor] = wiysiy

uo ploy:(;:m, (1) zwrmor (z':)zurmor)iord

[(1°2(057/(2) 198uetomu) pewdarwrijmo] = guwimo]

uo proy:(,:a, (1) zurjmor(z*:)zurmor yord

(7' (0sT/(1) ToSueIOM) )rewdorwimor] = ZWIMOL:[ €-+((T°:)1BaYa9sXN[J1LaY[I0q)XBUL()] = WI[MO]
sagues 3-y31y pue 3-mof jo1de,o,04,

uo poy:(,-m, (1°:)3aey31y‘(z*:)3aeydry)rord

uo proy(,-m,(1¢:)3aemor‘(z‘:)3aemor pord

‘losz/28uerydiy gdurySiy]= Saeysiy

‘[1durySry:durySy] = zdurySiy:[((oaesxopur(z)eSuerysiy:()oSuerysiy)gyroq)uesw] = durydy
‘losz/ 198ueIonuzdurmor] = Saemo]

[ 1durmor [dumor] = zdurmor [ ((eaesxapur‘(z) 1o3uetorur: ([ ) [aSueIonu)cjjroq)ueswt] = [durmoj
sonjea 3ae joyde,o04

uo pjoy

(ordin)epm:((reayess)nszwnu *, YFGINAN YTLVAH,)1eons =101din:(({z},wo/p) xnj 1eay,)[oqe[&A*(,(09s) duwn,)[oqerx
([S+((1*:)reayaasxnypreayioq)xew ( 0S7/(e1ep)3ua] o])srxe

(14 yeayoasxnpeayroq (g :)reayaasxngyeayroq)iord:ormsy

[0ST/1 4 [(erep)pSuor: 1] (9aLSXOPUI‘:)€J[10q] = JLOYIISXN[IBAY[I0q

xn[J yeay urfroq jordey,



144

(o 20°(17:)3aRySIy ourx)101d
‘[osz/98uery31y zdury3iy]= 3aey3Iy
‘[1duryy:durySny] = zdurySry:[((oaesxopur’(z)e3uerysiy:()o8uerydiy)cyoq)ueaw] = durysiy
‘uo proy:(,-3,°(1°:)ySiyuoozxexpord
‘(Z‘1)ySiquooz-(Z*:)ySIquiooz = xex
$(:°0S 1+(1)28uery31y: 0 z+( 1 )oSueIyS31y)1eoyoasxn[jeay[10q = YII ooz
[0ST/ 1+ [(erep)pSuay: [](aaesxapur‘:)gf[10q] = 1eaya3sxXnjIeay|ioq:amsgy

puo
pus
T = dABSXdpUI
189Y99S==(T1)SI0)BoqUO JI
(s19189qUO)PSUI[: [=I 10
“((*SOILSIALOVIVHD d4S OL YIGNNN YALVAH mpoue [NINL)Ieons)indut = 1eoyass

uo pjoy

uo proy:(,0:3,(1:)3aeysry‘suryx)ord

L [((xex)pSuoap)xex] = aurx

‘[0s7/°8uerySiy zdurySiy]= SaeySiy

‘[1durySry: 1 durySiy] = gdurySiy:[((eaesxapur’(z)eSuerySiy:()oSueysny)gyroq)uesur] = [durySiy
({2} vuo/p) xnjy yeay,)jaqeli((99s) awn,)joqe[x:(o[din)opiy,

uo proys(,-y,(1°:)ySiquoozexex)joyd=0

(L1 )moruoozexex )10[d=HY,

(T 1)UBIqWo0z-(z*:)YSIWo0Z = Xex

‘(06 1+(1)98ueay31y: o z-+(1 )28 ueIy31y )1eayaasxnjieay[1oq = y3yuooz
dONHNOdS V.1vVd D-HDIHY

‘oIn31y

sanjea 3ae jord pue 3-y3iy jorde,e,0,

JBIYIISXN[JIBIY[I0Q JABSXIPUI I JBI[IY/,
‘((aaesxopur‘:)¢HH[10q)101d om31yo,,

‘((aaesxopur‘:)¢nnrroq)od:omsigoy,

([e+((1°:)reoy0asXN[JIRIY[I0Q)XEW () 0ST+(T)oBURIYSIY (])STXRY,

(T WPIARUIT, D)ISSI(T PP AU, H)IoS

(({z} o/ M) xnjg 189y, )[oqe]A:((99s) owm, )joqerx-(1ordin)opn

W30 sIxe:(D-HOTH, \D-MOT)Pudda:(-3, (1 *:)ysquooz xex)ojd=0:uo ploy:(;:3,(1*:)mo[wooz xex)10jd=H
{(Z°1)ysiquooz-(z*:)y3quooz = xex



S6¢C

B 9 =(Dx

"L'YT =321 1°86T =J°1 1:€00°0 = vydye
021 = HOIHL® WNINLIO%

LOTd NOSTIVINOD IONVE%

uo pusi(D{o}, 0L =

{ado} L D{o}y o1 = {mor} L¢0={uu} @0z = {uru} D D{o}, LvT = {Jo1} L eSowQ\ 86T = {Jo1} ¥ D1{0},eowQ)\ / eSow(Q\ £00°0 = eydye\,)puddo]
‘(Jonuo1] ojored dANR[QONNIAL)ONNY,([D10} ] {oun} I dzrwrur)[qel&

([e0 0 0¥ 1 oLDstxei([D{o}, ] {uSry} L ozrwrxen,)[aqex:(,03,fqo ‘ysiy [ )ojdemsy

[9S1°0 TLI0 ¥ET0 SEST0 LTIT0 900T°0 STLI'0 €6£1°0 TLIT'0 TSO'0 L0800 9€£60°0 6990°0 9€0°0 8010°0] = [qoL

L00T OTT 0T OF1 0TI STT SOT S606 SLLSTSS808 SLILI=udy L

LOTd ¥ALLNOY¥A O19¥Vd HOIH.L%

)

I1e 9so[o
ITe 18910

(qepe) uoneziundo za

pua
(LIXA \SAASYALVAH TVNAIAIANT ZA TVNVY,)USW = [301070

({2} v/ ) xngy 189y, )[9qe[A*(,(098) owm,)[qeX Y3 sixe! (DAY D-HOIH, D-HOIH,)Pua3d]
W31 s1xei(96# ‘OAV D-HOIH, 96# ‘O-HOIH, ‘DAY O-HDIH. D-HOIH,)PUd39[%,



96¢

uo pudi(D{0}, 0L = {MO[} L‘°Dio}y

0TI = {Y3} L0 = {uw} 07 = {umu} D010}, L'v7 = {Jo1} L, B3PWO\ 867 = {Jo1} ¥,'D10} 35w\ / BI3WO\ £00°0 = eyd[e),)pudda]
‘(Jonuox] 0jored dAAIqONINIA )N, ([D 10} ] {oun} 1,)[eqelk

([sz0 0 sT1 sTDsxei([D{o}] {mor} L)eqerx:(,03, fqordo] )ord:ansy

91200 60L0°0 LLTI'O TOLI'O 9861°0 LTITO SPITO SYITO SPITO SITO SvITol=[qoL

ozt o011 o001 06 08 0L 09 0 oy 0€ 0zl =1dog,
1do] ooweIe gy,

uo pudi(,D{0}, 0L = 3do} L D{o},

0TI = {ysiy} L°¢0 = {unw} @07 = {umw} D010}, LvT = 1§21} L, eSoWO\ 86T = 1321} ¥."\D10},e3owQ)\ / B3OW(Q\ 00’0 = eydie\,)puddo]
‘(Jonuorg 03ored 2ABR[qonMIAL)RINY ([0}, ] {oun} 1)1oqed

([e'0 0 0L sDsxes([D1o}] {mor} L)oqerxi(,03, [qoL morL)o[d a3y

€L0T0  LIT'0 89TI'0 S9ET'0 €9vI°0 19SI°0 8S9I'0 LSLI'0O €S81°0 S61°0 €v0T0 LTITO0]=[qoL

[s9 09 99 0¢ 97 ()% 93 0¢ 4 0T Sl 01] =mo[L,
MO OLIjouIeIR Y,

‘{(udrso uonmn)),‘ udrsoq pazrund(),)pusde)

(-, ‘zsuos ] ‘zoSuer 1 ord

Jo1 T+eydye/1-(or 1 (7)xxeqdie,dp +JoT 1,(T)Xx(1)Xxudie)/ ()X (1)Xxdp Y+(o1 1 (7)X,eqde)/(€)X,(1)X+ = goSuer J,
(v (dp F+(H)X))/dp F~(dp J+1)X)/ x((2)x:JoT Leydie)/(#)X(1)X46€ = TSUSS],

[0 80T ¥T6LS 6L181 #'68] =X

NOILNTOS NOISAA INTYIND OL AIVINOI%

uo pjoy

‘([¢'0 ST°0 (e8uer I )xew (aSuer 1 )urw])stxes([D{o},] -oun axmeradwo I )oqe[Li([D{0}] armerodwa ] 10180, )[9qeX (-, ‘Suas] ‘@3uer 1 )jord
Jor L+eydre/1-(or 1(7)x,eydie,dp Y-rjor 1,(0)X4(p)Xseydie)/ (1)Xa(1)Xedp d+(Gor 1u(2)x,eydie)/(€)x,(1)X+ = o5uer I,

(v dp d+(p)x)/dp d-(dp d+(1)%)/ Ds((2)x:Jo1 Leydie) /()X (1)X46€ = SUSL

‘om3y

‘[ooooz:951:0] = dp ¥

‘9868 = ()X

‘6LELY = ()X

€eLLT = (X



L6T

puo
puo
((1-00000)x(Fwnupuer+ [ = (F)ooA x
s=I[x
puo
(1-((€)odx2), 0 1)« (Frywnupuest 1 = (F)ooa ox
p==[J1
puo
(1-((2)odx0),0 1) (Funupuer+ | = ()94 (x
¢==1Ix
puo
(1-((Dodx2), 0 1)« (Frywnupuert | = (Fr)ooa ox
=1y
pus
(U @,Jor 1-puqn 1Y)y (Fwnupuerurar q,Jor 1= ([1)29a ox
[=="I
‘1+(g)urodpuer = odxa
((1%:)umupuer)y3us): | =1 10J
((:*wmupuern)yduar: | = [ 10
{(S‘0S1)puel = wnupuel
INIOd TVILINI ANINYH1dd OL ddSN SYHIINNAN WOANVY HLVIANED%
NOILVHYD INIOd TVILINI%

B _ 001 =Y3 L

9001 = Puqn’ 9,01 = puqn ¢¥:00s = puqn 1y
‘01 =domp AlgL=1do 1

107 =MO[ Li¢"=umu (o7 ="umr )

!PT =301 L'86T =J°I 17000 = eydye
NOLLINIZAd YALANVIVd NOISHA%

J[9:[[e 9SO[I:[[e Jed[d
SLTNSHY NOLLNTOS NOILVZINILLAO NO LNIOd TVILINI 40 LOd44d HHL AdNLS OL ddSN%

WYPLIOF[Y UONN[OS UOdUIW,] :dweu welsold ['7d

SINVYOO0Ud NOILVZINILJO T°d



86¢

=T
‘(D99 ox = (:*Dprur
{(:‘Dyuoour] = (:‘Muoourpdo
{(:‘Dpuoourjuou = (:‘Mydojuosuruou
‘(:‘1)reausisoq = (:‘Mdorea
{(Naanoalqo], = (Hswnumndo
0 < (12anoalqog, J1
(eAnalqo 1 )yiSuay: =1 10§
=T
(11000
SNOILLNTOS O¥dZ 1LNO JdL 4%

pud
pud
pua
bap = (‘rpuoour:) = (:‘ryuoduruousfqo], = (:1)9A1399[qo 1 X = (:‘1)1BAUSISIQ
((9-v01 > ((T)baD)sqe) 9% ((9-,01 > ((1)baD)sqe)) J1
((0=>{1ED) 2w (0=> (D) ® (0=> (D) ® (0=> (D)D) 3
AdIASILVS 4V SINIVILSNOD A1 AINO XTI LVIAN NI SLTNSHI HAVS%
((Duszumu)dsip:(JIGNNN NOILYYd.L1)dsip
‘(dorp” Ado [‘mol LYSIy Lumu qumu HJor JJor reydiex)uryuoNsal] = [ban D]
SHNTVA INIVILSNOD ddZINILJO LNd.LNO%
oﬁo
“(dorp A%do 1mop LySiy purr gurw HFer pJer reydpe'suondo’uruoNsarL, ‘puqn puq I [I (1 [1°0x pdosary, Juoouruy=[lqo1 x]
0T~V OT UYL 0T~-vO T UODIO L, 000E FIXBIN, 000 ¢ S[eagqunxey, pesumndo = suondo
‘[0000Z Jur puqn” 3 puqn £y puqn 1y] = puqn
[9-v01 9-,0T 9-,0T 90T U ,Jor 1] =puq]
WNINILJO ¥04 HAT0S%

{(:1)99A X = (X
INIOd TVILINI YDId%

((1%:)09A" 0X)|BUL]: | = 1 10J
NOLLVZIANILJO gV TLVIN NN ANV TVILINI%

11900
pus



66¢

X J89[0
NOILNTOS WNINILJO TvdOTO LOTd%

G Jdsip

{((:rom)uoourpdo)dsipi(Ordo)dsipi(:9doyuoourpydo = Hado

‘(IVANIT-NON LSON ¢ WNINILJO @ SHNTVA LNIVILSNOD ALI'TVNOH,)dsip

‘G Jdsip
{((:‘a0m)dojuoourjuou)dsip(DTNIdo)dsipi(:9dondojuoourjuou = HN3do

‘(IVANIT-NON LSO @ (dOMAA ‘NIAD ‘MOTL) WNILIO @ SANTVA INIVILSNOD ALITVNOANI)IsIp
« Jdsip

(dndsip:(:ydoprur = g1:((:*xom)dorea)dsip:([Aqido])dsip

‘(INIOd NOISAd TVILINI “IVANIT-NON LSO * SHTIVIIVA NDISAA WNNILLJO.)dsIp

‘G Jdsip

{(doxpa)dsip

(((DA@Io4 () A@AOHT) A@HoL (1) AQ1do)/(S) Ao, (1) AQrdo-HZ) Ao/ () AQrdo+1)/7 = doipa
{(:9dondorea = A(do

(((dOYAA) ANTVA JAILDArd0 ANODAS,)dsip

N TVA GALLDAL0O ANODIS ANINIALdAd%

INIOd OLTIVd%

‘((om)swnwmndo)dsipé(1pur)dsipé(swnundo)uru = [3do‘Tpur]

‘(IVANIINON LSO @ : (oun]) AN TVA NOLLONNA GALLDATI0 WNWILLIO TVHOT1D,)dsip

« Jdsip

NOILNTOS WNWNINIIN dH.L ANINIALAA%

{((p*: ndorea)urur = [10mSI0M]
NOILNTOS YVANIT-NON LSO 404 A00T1%

uo pus:({o}, 0L = {1do} L' D{o}y

01 = {mo} L'¢'0={umu} q'0c={uru} D 0{o}, LT = {Jo1} L e3owQ\ 867 = {Jo1} ¥, "D{0} 3w\ / e3owQ\ £00°0 = eydye,3o1)pusso|y,
((uSy p)nszumu’, = [5{o},] {ySiy} 1)reons = 39|

‘((dosp A)nsgunu’, = [syjoa]{doip}~ A 1eons = 397%,

‘uo pu3i(,LIANISUSS JUIO] [BIIUT, )oY, ((sordwes (103 (0S7) Aouonbai],)[oqe[Ak

“([0] {oun} " 1 pezrundQ,)joqerx:(o¢ swunumdoysiy:am3iy

SNOILNTOS WNNILJO 40 WVIDOLSIHY

pud
pud



00¢

([(9)dr1‘(s) Aapdo])dstp

(TVILINI dp LdO dpy,)dsip

He Jdsip
{((p)dDdstpi((y) Aqrdo)dsip

(TVLLINI $¥ ‘LdO $¥.)dsip

‘G Jdsip
([(e)d1(g)Ardo])dsip

(TVLLINI ¥ ‘LdO td,)dsip

‘G Jdsip
([(Dd1 () Aqrdo])dsip

(TVILINI €4 ‘1dO €d,)dstp

‘G )dsip
([(Dd1(1)Aqrdo])dsip

(TVILINI 1Y ‘LdO 1d,)dsip

‘([8°0 0 (¢oSuer 1 )xew (¢oSuer [ )urui])sixe

uo pudi(NOISHA YVANIINON LSOW, 'NDISHA INTIIND NOISHA AIZINILIO,)Pud3a]

‘(- gsuas] ‘goSuer | )ord

Jar L+eydre/1-(gar 1,(2)xeudre,dp g+301 Lu(0)¥u(p)Xx2udie)/ ()X (1% dp ¥+F0T 1.(T)Xx2ydle)/(€)X,(1)X+ = a8uer |
{((zv (dp g+(H)x)/dp g-(dp g+(1)%)/ D (D)X Ieydie)/($)Xy(1)X46€ = ¢SUSSL

‘(:‘qom)dorea = x

uo an

NOILLNTOS IVANIT-NON LSON%

‘(-q,‘zsues ] ‘goguer 1 ord

JOI L+eyqdre/[-(ar 1,(2)Xxeydie,dp g1 1u(0)Xu(1)XsBUdIR)/ ()X ()X dP +(0T 1(2)X2Yd[®)/(€) X (1 )X+ = TITuer |
(v (dp g+F)x)/dp H-(dp Y+(1)%)/ Ds((D)Xsdor Iyde)/($)X4(1)X46€ = TSUISL

[0 0000¥ 00SLE 0019¢ LTT] =X

uo Eos

NOILLNTOS NOISHA INTHIND OL HIVINOID%

‘([s'0 0 (98uer J)xew (o3uer [ )urw])sixe:(,[D] -oun armerodwa ], )[oqe[Ai([D] oSuey axmerodwa ], )[oqexs(,-1,‘suas] ‘o3uer 1 )jord
Jor L+eydre/1-(ar 1,(2)xeudre,dp g+301 1(T)¥u(p)Xx2ud[e)/ (1) Xs(1)Xdp ¥+F0T 1.(T)X2ydle)/(€)X,(1)X+ = o3uer
{((zv'(dp g+H)x)/dp ¥-(dp F+H)X)/ D s((2)xsFoT Ieydie)/(1)X(1)Xx6¢ = SUsS L,

‘Ado = x

10000Z:6€:0] = dp y¥‘em3y



10€

(e (1 fqo L)3gtp) wgp)Apriduts (1Y (190 L)331p) )33 p) AFrfduuts] = ssay
(pead)Anaad
[((dpy‘lqo)g3mp))Aprduurs‘(((s g [qo 1 )3¥1p))AFrduurs
(e lqowp) Aduns (14 [qo1)33tp))Aydunts] = perd
{((TAAPa+6 W)/ AP -(dPa+SW)/ 1) (€U 3T Ieyd[e)/S s [ x6€ = [QOoL
Jor xeyde dpy 6 €Y 1Y SwiAs
JAILDALFO 40 INAIAVID DI'TOINAS ANIA%
J[9:[[e 9SO[O<[e Jed[d
HOVOUddV ALTVNAd JOIIaLXd%

‘T (([(puan - 9) 0] xew) , dit

= A(eg-(9-)v0 D) 0] xew)  dit-

" A([($9-(9-) 0 1) 0] xew)  dit-

(PN $I-W) 0] xewn) . dit

=2 (([(dpg-(9-)v0 1) 0] xew) , dar

=2 (([(0000Z-dp¥) 0] xew),, A+

e A((Fa-(9-)v0 1) 0] xew)  dit

o A([(Pugn -1 a) 0] xew)  dit

g A([(Puan Ta- 1) 0D xewn) . dit

T ([(Tg-um ot 1) ] xew), di

= A([(doap A-((€ 5 dPE+ xS W)/APY 5 SY+EA/HA+1)/42) 0] xew) . dit

(G 1+ T)/(P+e) -t D)) ol xewn), dit

o ([(mor 1-3er Leydie/(1-(R1 1, ©3)/P ¥« 1)) 0])xew)  dit

zA(USY LHer L-eqdie/1+30T 1 £ «Yd[B0000T+HPY L €4S T5BYd[R)/S ¥ [ 00002~ 1 £ «2Yd[R)/H 5 1) 0] ) xew) . dit-

730 130X L-eydie/ [+(JOT 1 £ 4 BYd[e, dPI+HIOT 1y €4S+ BUA[R)/S s [ W5 dPU-(FOT 1, £+ BYA[R)/H 5 1) 5 A1+
“(AAPIHS D) £ £ JOX Teyd[e)/7, S [ 6€ = [qQO 1.

‘(S)x =dpy

()x =6y

(o)x =9y

(Dx=¢d

(Dx=19

(pugnSAPUaNPAPUIN I PugN Y ‘drdorp A9do 1 'mol LYy Lune quiw )Far 1Far reqdiex)INNINAJLXH = [qo] uonouny
NOLLONNA FALLDALF0 AANIVILSNOINNY

WPLIOF[Y A)eUd] JOLIIXY :dweu weagdord 7'7°d



0¢

(1-00000)«(FDunupuer | = ()94 (X
s==I[x
puo
(1-((£)0dxa),0 D) (FDwmupUELLT = (F1)90A (X
p==[J1
puo
(1-((Q)odxe), 0 1) (Fumnupuer+ | = ()94 (x
=[x
puo
(1-((odx2), 0 1)« (Frywnupuelt 1 = (Fr)ooa ox
==
puo
“(ur @,gor 1-puqn 1Y) «(Fwnupueru (@,Jor 1= ()94 X
1=="I3
‘1+(g)wrodpuer = odxd
((1)wmnupuer)ypSus): | = 1 10§
(C:1)wnupuer)ypdusl:| = [ 10§
{(S°001)puel = wnupuel
INIOd TVILINI GNINYALAd OL ddSN SYHINNN WOANVYE HLVIINID%
NOILVHYD LNIOd TVILINI%

(0005 T I9IXBIAL 00002  STeaqunxe, 1eswndo = suondo

Lv0T 9901 SvOT #v0T 0001 00T OT T I'] = 103085

0v1 =ysy L

101 = PuqNSA9.01 = PUGNHI9.01 = PU9GNEI:00S = PuqN 1y
‘01 =doip AlgL=1do 1

01 =MO[ L€' =Uumu (Ji07 = U D

ILYT =391 L1'867 =JoI 1i¢00°0 = eydle

NOILLINIAAd JALANV IV NOISHA%

([((dpy*((dpyg‘fqo1)331p))33tp)AFriduurs (Y ((dpy [qo 1)1y 1p) jyip A duurs
(e ((dpylqo L)ggtp))pgtp)Agrdurs (1Y ((dpy‘fqo 1)131p) yip ) A duurs
[:((dpy (¥ fqo )3tp) 3P Aprrdurs (S (S ¥ [q0 L)3FTp) )3Fip) Ayrpduus
(g (s fqoL)ggtp) patp)Agridwrs (1Y (S [q0 L)1) )3Fip) Aprfduuts
“((dpy (g fqoL)3tp) 3P Agridwrs (¢ (£ (90 L)3F1p) J3Fip ) Aprpduuts
(e (g fao LFp)pp) Aduws (1 (€ [qo L)iFp))3tp ) Ayrrdurrs
“H((dp (1 fqo L)y tp) 3yt Aridurs (S (1Y [qo L)1 1p) 33ip At duuts



€0¢

‘(:r'Dyuoour] = (:puoourpydo
‘(:‘rDHyuoosurjuou = (:¥pdojuoourjuou
‘(rhreaudisog = (:‘y)1dorea
‘(1'DoAnoafqo] = (ur)oy
‘{(rf)panoalqo], = (o)swnundo
0 < (rDeAndalqog, jr
(7)ssowr: | =110}

101:T = [0

{(0A1)93[q01,)9z1S = ssow

=ty =3

(11000

SNOILLNTOS O¥dZ LNO JdL 4%

puo
puo
pus
puo
‘bop = (:*Fryuoouré) = (*Fruoouruousfqo], = (:‘[1)oAn09[qo 1 X = (:‘[1)IeAUSISOQ
((9-v01 > ((1)b2D)sqe)) J1
(0= 10D) % (0=>(€)D) 2 (0 => (0)D) ® (0 => (NI )1
AAIASILYS ¥V SINIVILSNOD dI ATNO XI-ILVIN NI SLTASHY HAVS%
([(Dnsgumu’(n)nszumu])dsip:(YTIGNNN NOILLVIALL)dsIp
{(dorp” A9do™ 1‘mof 1Y4SIy Luru qur H)Jar 1 Jo1 r‘eqdiex)urquoNsali] = [ban D]
HAIASILVS 3V SINIVILSNOD AI 4dS OL ADdHD%

(PugN Sy ‘PuNHAPUgNEY puqn 1Y ‘drdorp A9do pmof LySry pumu qur HJor [Jar reydpe‘suondo’ox ONNANADLXH,)ounuruy = [[qo1 x]
(n1030e) = di
{(:Doan gx = ox
1 =I0)
LINIOd TVILINI AD1d%
((1¢:)90A gx)ya3u9y: 1 = (105
(10308])y3SUDl: | = 110§

11000
pus
pus
puo



v0¢

(dDdstp:(:9doyprur = g1:((:“1om)rdorea)dsip:([ Aqrdo])dsip
‘(INIOd NOISHd TVILINI “dVANIT-NON LSO ‘ SHTIVIIVA NDISAA EDE_EO_W%%
¢ dst
‘ mao%é%%
(((DA@HoL () A@AO+H(T) A@Ho4 (1) AQ1do)/(S) Ao, () AQrdo-HZ) AQdo/ () AQdo+1)/47 = doipa
{(:9dondorea = A(pdo
{((dO¥AA) ANTVA FAILDAr90 ANODHS,)dsp
ANTVA ALLDA90 ANODAS ANINIFLIA%
INIOd OLTIVdY%
‘{((aom)swmnwmndo)dstps(1pur)dsipé(swnundo)uru = [3do‘Tpur]
‘(IVANI'INON LSO @ :(ounl) N TVA zoﬁwzam HALLOArd0 WNNILJIO q<m©qo_wmm€
HE& Jdsip
NOILLNTOS WNNININ HL ANINIILIA%

{((p*: ndorea)urur = [10m“)SI0M]
NOILNTOS YVANIT-NON LSO d04d A00T1%

uo pus:({o}, 0L = {1do} L' D{o}y
01 = {moy} L¢'0={umu} q'0c={uu} D 0{o}, LT ={Jo1} L eFoWQ\ 867 = {Jo1} ¥, D{0} 3w\ / 3w\ £00°0 = eydye\,3o))puase|y,
((uSy p)nsgumu’, = [5{o},] {ySiy} 1)reons = 39|
{((dosp A)nsgunu’, = [syjoa]{doip}~ A )1eons = 397%,
‘uo pugi(,L1ANISUOS JUIO] [BIIUT,)a1INNY, ((sordwes 8103 ()G7) Aouonbai],)[oqe[Ak
‘(,[D] {oun} 1 poziund,)oqerx:(o¢ sumundo)siyomsiy
SNOILLNTOS WNINILJO 40 WVIDO.LSTHY
‘uo pusd
‘([D{o}v] {oun} 1)1oqeAi(I30weIRd A)fRUdd,)[oqR X (0, diswunwndo‘10)oe))x3ouasiamsiy
diswnumdo
pua
puo
=
w YD B[O
‘(oyo)urr = (Ndisunumndo
I == (,9Y0,STX3 J1
puo
puo
AW = W =
(')A ox = (- prur



S0¢

(TVLLINI ¥ ‘LdO td.)dsip

‘G )dsip
([(Dd1 () Aqrdo])dsip

(JTVILINI €4 ‘1dO €d,)dstp

He dsip
([(Dd1 (1) Aqrdo])dsip

(TVLLINI 1 ‘LdO 1d,)dsip

‘([8°0 0 (¢oSuer 1 )xew (¢oSuer [ )urui])sixe

uo pusi(NOISHA YVANIINON LSO, NOISHA LNTIIND, 'NOISHA AAZINLLIO,)Pud33]

‘(- gsuas]‘goSuer | )ord

Jar L+eydre/1-(Jar 1,(2)x,eudre,dp g+301 Lu(0)¥u(p)X2ude)/ (1) Xs(1)¥dp ¥+F0T 14(7)Xx2ydle)/(€)%,(1)X+ = ¢a8uer |
((Tv(dp g+(H)x))/dp d-(dp g+(1)X)/ D((2)XJoT 1,8qde) /(1) X, (1)X6€ = €SUIST

‘{(:q0m)dorea = x

uo poy

NOLLNTOS ¥VANIT-NON LSON%

‘(-q,‘zsues ] ‘goguer 1 ord

JOI L+eyqdre/[-(ar 1,(2)Xxeydie,dp g-HJd1 1u(0)Xu(1)Xs2UdIR)/ ()X ()X dP +(0T 1(2)X2Yd®)/(€)X(1)X+ = ToTuer |
(2w (dp g+H)x))/dp d-(dp d+(1)X)/ D((2D)XJoT 1yeqde) /()X (1)X6€ = TSUIST

‘[0 0000t 00SLE 0019T LTT] =X

uo poy

NOILLN'TOS NOISAA INTYIND OL TIVdINOI%

‘([s'0 0 (98uer J)xew (o3uer [ )urw])sixe:(,[D] -oun armerodwa ], )[oqe[Ai([D] oSuey axmerodwa ], )[oqex (-1, ‘suas] ‘o3uer 1 )jord
Jor L+eydre/1-(ar 1,(2)xeudre,dp g+301 1(T)¥u(p)X2ud[e)/ (1) Xs(1)Xdp ¥+F0T 1.(T)X2ydle)/(€)X,(1)X+ = o3uer
(v (dp F+(1)X))/dp H~(dp d+(1)X)/ ((2)X:JoT Teydie)/(1)X(1)X46€ = SUST,

‘Ao = X

“[0000z:6¢€:0] = dp y-om3y

X I83]0

NOILNTOS WNAILLIO TVEOTD LOTd%

. )dsip
{((:r0m )3uoourpdo)dsipé(prdo)dsipi(:9doyuoourpdo = Hado

‘(IVANIT-NON LSON : WNINILIO @ SHNTVA INIVILSNOD ALITVNOH,)dsp

MA. .va:u

{((:‘a0mndojuoourjuou)dsip(HTN3do)dsipi(: 9dopdojuoourjuou = HTN3do

‘(AVANIT-NON LSON @ (dOYAA ‘NIND ‘MOTL) WNNILIO ® SANTVA INIVILSNOD ALITYNOANI,)dsip
mﬁ. ,vgmﬂu




90¢

([(s)d1°(s)Ado])dsip

(TVLLINI dp{ *LdO dpy,)dsip

e Jdsip
{((p)dDdstpi((y) Aqrdo)dsip

(TVLLINI $¥ *LdO $¥.)dsip

‘G Ddsip
([(e)d1(g)Aardo])dsip





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


