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Abstract

Effects of the Electric Kelvin Force on Spray Cooling Performance
Shannon Lynnette Glaspell

Spray cooling is an efficient thermal management technique that may possibly be
improved by employing an electric Kelvin force to control the fluid motion and delay the
onset of critical heat flux. In the present study, a spray cooling apparatus consisting of a
spray chamber (housing a spray nozzle and electrically heated surface) and a flow
generating base package has been built and tested for varying nozzle-to-heater distances
and also varying electrode geometries for a range of spray conditions and electrode
voltages. The two part goal was to first determine the qualitative sensitivity of the
distance between the heated surface and nozzle exit, and second, to determine the
magnitude of the effects of the electric Kelvin force on the performance of the spray
cooling apparatus for the various electrode geometries.

An experimental nozzle-to-heater spacing comparison performance test indicated
that confined flows provide less efficient cooling than unconfined flows but are less
dependent on the nozzle-to-heater distance. An experimental and numerical study of four
cap electrode designs showed no significant effect of the electric Kelvin force on spray
cooling performance. This may have been due to the non-optimal electrode geometries
and also possibly due to the properties of the FC-72 fluid used. A redesigned electrode
configuration that has been designed using the electric field module of the multiphysics
code CFD ACE+ and the use of a different fluid, HFE-7000, showed a cooling effect of
the heated surface as well as an increase of approximately 5 % in the convection heat
transfer coefficient.
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Chapter 1: Introduction

Requirements of advancing technology are pushing the envelope of currently
available methods of removing vast amounts of heat from small areas. Spray cooling is
an efficient thermal management technique that may be improved by employing an
electric Kelvin force to control the fluid motion and delay the onset of critical heat flux.
However, spray cooling, as well as electrohydrodynamics, rely on many varying
parameters that are currently being studied (both experimentally and numerically) to
identify the key mechanisms that could advance the technology.

In the present study, a spray cooling apparatus consisting of a spray chamber
housing a spray nozzle and electrically heated surface, and a flow generating base
package has been built. It has been tested for varying electrode geometries for a range of
spray conditions. The goals of these tests were to detect a definite effect from the electric
Kelvin force on spray cooling and to define the parameters that impact performance the
most. These tests, performed at West Virginia University, were sponsored by the Air
Force Office of Scientific Research (AFOSR) in collaboration with the Air Force
Research Laboratory (AFRL) and are a continuation of a previous study by Hunnell
(2005).

The objectives of this thesis are to: review the current state of thermal
management technologies (specifically spray cooling), outline the design and
construction of the apparatus and electrodes, present data and results from the three sets
of tests performed (nozzle-to-heater spacing comparison, cap electrode performance
comparison, and Mehra electrode performance results), and discuss conclusions that can

be made from the study.



Chapter 2: Literature Review

Chapter 2 consists of a review of previous work that relates to the current study.
Topics investigated include a demonstration of the importance of advancing the area of
thermal management techniques, a comparison of methods (pool boiling, heat pipes, jet
impingement, channel flow boiling, and spray cooling), the physics and parameters that
affect spray cooling (type of fluid, nozzle parameters, surface shape, and amount of
splashing), numerical simulation studies, and the effects of electrohydrodynamics (EHD)

on heat transfer.

2.1 Importance of Advancing Thermal Management Techniques

Thermal management of emerging technologies has become a key issue in
advancing state-of-the-art designs from consumer electronics to future aircraft and space
power systems or weapon platforms, and the techniques used to cool these high power
systems must be addressed. The heat flux of a typical desktop computer processor is
almost 50 W/cm?, a super computer over 75 W/cm’, and proposed laser weapon
platforms are on the order of 200 to 1000 W/cm®. These compare to the heat flux of an
ordinary electric kitchen stove of only about 6 W/cm?® (Shedd and Pautsch, 2005 and
Mahefkey et al., 2004).

Of course there have been many proposed methods of dealing with high heat flux
cooling requirements including pool boiling, heat pipes, jet impingement, channel flow
boiling, and spray cooling. All of these rely on the physics of fluid behavior as well as
the understanding of principles related to heat transfer. While single phase techniques
have been studied, it has been shown that for high heat flux applications, methods

involving phase change are superior due to the relatively small increase in device



temperature (Mudawar, 2000). However, there is still much to be learned about the
varying parameters governing each technique. NASA, for one, has organized workshops
focusing on identifying essential research issues that have determined that “...multiphase
flow and phase change play a crucial role in many of these advanced technology
concepts” (Singh, 2003). These forums even went as far as to describe the understanding
of phase change components as “critical” (or must be resolved in order to achieve
missions) and also described the technology to enhance critical heat flux as “severely
limiting” (Motil and Singh, 2004). When discussing military aircraft power systems,
Mahefkey et al. (2004) describes thermal management and limited payload capacity as

one of the primary design challenges facing engineers.

2.2 Comparison of Thermal Management Techniques

The debate over which method of thermal management can produce the best
results is ongoing and shifts significantly based on the specific application because
“...system considerations always play a paramount role in determining the most suitable
cooling scheme” (Mudawar, 2000). Table 2.1 shows a list of some thermal management

techniques and are discussed below.



Table 2.1: Comparison of Thermal Management Techniques

Technique Mechanism Heat Flux | Temp. Disadvantages Typical
(W/em?) | (°C) Fluids
e . Orientation
Pool Boiling Evaporation Variable Gravity
Heat Pipes Evaporation <10-20 Variable Gravity R134a .
Ammonia
LOOP Heat Evaporation 10-20 Variable Gravity R134a .
Pipes Ammonia
. Delicate Surfaces Fe-72
Jet Convection . R134a
. . 100-1000 20 Uneven Heating .
Impingement | (& Evaporation) Ammonia
Flow Management
Water
FC-72
Flow Boiling Convectlop & 100-1000 20 Flow Phys1cs R134a '
Evaporation Geometries Ammonia
Water
FC-72
Spray Convection & Flow Management | R134a
Cooling Evaporation 100-1000 100 Nozzle Pressures Ammonia
Water

Pool Boiling: Pool boiling is a passive evaporative cooling technique that relies
on buoyancy forces to carry vapor bubbles away from a heated surface. Thermosyphons,
for instance, cool components with the use of pool boiling. The heated surface is
submerged in a coolant and as heat is transferred to the coolant, it boils and rises. The
vapor condenses and falls back into the coolant pool. Orientation of the heated surface
and variable gravity conditions can affect the performance of pool boiling systems
(Baysinger, 2004).

Heat Pipes: An evaporator and condenser are used to passively transport heat in a
heat pipe. These sealed vessels are partially filled with a liquid and the internal walls of
the pipe are lined with a wick (a porous medium). Heat is applied to one end of the pipe

and the liquid begins to evaporate and vapor moves to the cooler end. The vapor




condenses and is transported back to the heated side by the wick through capillary action.
Loop heat pipes are similar, but separate the vapor and liquid paths. In general, the
effectiveness of heat pipes decrease with decreasing lengths (Lasance and Simons, 2005).
Both types of heat pipes have a disadvantage in a variable gravity (hypergravity)
condition which can cancel out the capillary pressures on the wick and reduce the heat
transport performance (Gu et al., 2004).

Jet Impingement: Jet impingement uses convective cooling (and often evaporative

cooling as well), making it more effective than pool boiling alone, but does not work well
for components that are delicate due to the high velocity of the liquid impacting the
heated surface. Also, it has been shown to cool the surface unevenly (Hunnell, 2005 and
Bernardin et al., 1997).

Flow Boiling: Channel flow boiling presents problems with critical heat flux
decrease due to large vapor void ratios or dryout and decreased subcooling in the
downstream regions of the flow (Mudawar, 2000). Heat transfer augmentation devices
(HTAD) use a method of mixing the gas and liquid in a channel, such as a helical ribbon
or variable diameter section of pipe, to increase the liquid contact with the heated surface
(Parang et al., 2003) and have been proposed as a method of increasing the critical heat
flux. However, due to liquid-vapor stratification, vapor stagnation or counterflow
causing liquid blockage, and the specific geometries required, channel flow applications
are limited (Mudawar, 2000).

Spray Cooling: Spray cooling has advantages over these other methods of cooling
because it uses both evaporative cooling and forced convection as its primary

mechanisms. However, spray cooling requires flow management unlike the passive



methods discussed (pool boiling and heat pipes). Also for spray cooling, a higher nozzle
pressure drop is needed compared to jet impingement (Lasance and Simons, 2005).
When compared to channel flow, the apparatus used for spray cooling can become more
intricate and relies on more variables. Figure 2.1 is a chart comparing various thermal
management techniques and some common liquids used. Note that free convection only
techniques give the lowest heat transfer coefficients, followed by forced convection and
boiling. Spray cooling provides the largest heat transfer coefficient of between
approximately 0.75 and 8 W/ecm® °C (depending on the type of fluid). The physics and
the parameters that affect spray cooling are explained in depth within the next two
sections.

Heat Transfer Coefficient (W /cm”°C)
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Figure 2.1: Comparison of Thermal Management Techniques Using Various Fluids
(Mudawar, 2000)



2.3 The Physics of Spray Cooling

Spray cooling has been used for many applications including the quenching of
metals and the cooling of electrical components. It has great promise in the fields of
aircraft and spacecraft thermal management due to the lack of dependence on buoyancy
forces according to Tilton (1989), and has been studied in microgravity conditions.
However, later studies have revealed that some types of spray cooling (i.e. mist cooling)
can depend on buoyancy due to the low velocities of the liquid or other parameters of an
individual study. Spray cooling uses a nozzle (or array of nozzles) directed at a heated
surface. The liquid emanating from the nozzle is broken up into droplets and deposited
onto the hot surface where the droplets interact with one another and form a thin liquid
film. The liquid film has a large tangential momentum at high spray volume fluxes and
the bulk motion of the liquid film is thought to efficiently re-wet regions of local dryout.
Once this cooling process begins, three stages can be identified and are illustrated in

Figure 2.2 on a typical heat flux versus surface temperature curve for spray cooling.
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Figure 2.2:Typical Spray Cooling Heat Transfer Curve Showing 3 Regions (redrawn
from Yang, 1993)

Region A: This region from Figure 2.2, corresponds to forced convection and
evaporation due to the impinging droplets removing heat at the liquid/vapor interface.

Region B: In this region, the two-phase phenomenon is initiated as more and more
heat is transferred to the liquid film from the heated surface. The thermophysics in this
region is not clearly understood. Yang (1993) observed boiling with the subsequent
formation of ridges and then vapor bubbles on the liquid-vapor interface as shown in
Figure 2.3 and Figure 2.4. These photographs were taken from beneath the spray

impingement area through a clear heater.



Figure 2.4: Photograph of Vapor Bubbles in the Film Surface (Yang, 1993)

A schematic taken from Chow et al. (1997) illustrates the nucleation and
convection in Figure 2.5. This also shows an example of secondary nuclei studied by
Mesler and Mailen (1977) that are believed to arise from entrained vapor created by
bursting (venting) bubbles. Figure 2.6 shows some high speed video images and a

rendering that support this theory that new bubbles form from the rupturing of previous



bubbles. For spray cooling, the premature bursting of bubbles near the free surface due
to impinging drops also may cause secondary nucleation and account for the significantly
higher number of nucleation sites and higher heat transfer coefficients for thin film

boiling over pool boiling (Chow et al., 1997).
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Figure 2.5: Heat Transfer Mechanisms in Spray Cooling (Chow et al., 1997)
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Figure 2.6: High Speed Video Images and Schematic of the Evolution of New Bubbles
from the Rupture of a Previous Bubble (Mesler and Mailen, 1977)

Region C: In Figure 2.2, region C represents the critical heat flux (CHF). This
point is reached in spray cooling when the surface temperature continues to rise without
an increase in the heat flux. Hunnell (2005) states that critical heat flux can occur when
the vapor mass flux production is greater than the rate of droplets impinging on the
surface. However, other parameters can affect the on-set of critical heat flux such as the
wetting of the surface and the surface temperature. A picture of a spray cooling

experiment reaching critical heat flux is shown in Figure 2.7 (taken from Yang, 1993).
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Figure 2.7: Photograph of CHF on the Spray Cooling Surface (Yang, 1993)

A macrolayer dry-out model was originally developed by Haramura and Katto
(1983). The effect of forced convection on critical heat flux was studied for a vertical,
flat plate in an upward parallel flow as shown in Figure 2.8. In this figure, the liquid film
decreases in thickness in the direction of the flow due to evaporation. A large vapor
bubble blankets the liquid film and is fed by vapor flowing from numerous vapor stems
distributed throughout the liquid film. An analytical equation for the heat balance
between the heat flux (q) and length of the plate (I) to the density of the liquid (p;),
critical thickness of the liquid film (J.), velocity of the saturated liquid (u), and latent heat
of vaporization (Hg) was developed by Haramura and Katto (1983) and is shown in

Equation 2.1.
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Figure 2.8: Forced Convection Boiling at High Heat Fluxes with Entrainment and
Deposition of Droplets Ignored (redrawn from Haramura and Katto, 1983)

ql = po.uH (2.1)

The schematic shown in Figure 2.9, taken from Chow et al. (1997), shows an
illustration of macrolayer dry-out for spray cooling. As vapor bubbles form and combine
at the heater surface, incoming droplets or internal pressures break the bubbles and blow
away the liquid above the vapor. A macrolayer forms on the heater surface and dryout
occurs if the rate of incoming droplets is insufficient to wet the whole surface before
boiling and convection dry out the surface. Yang (1993) observed that the dryout process
occurs first at the edges of the heated surface and migrates inward as the heat flux is

increased as shown in Figure 2.10.
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Figure 2.9: Macrolayer Dry-out Model for Spray Cooling CHF (Chow et al., 1997)
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Figure 2.10: Dryout Beginning at the Edges and Receding Inward (Yang, 1993)
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2.4 The Parameters that Affect Spray Cooling

If the mechanisms causing critical heat flux become better understood, their
negative effects can be minimized and more efficient thermal management can be
achieved. Several parameters are already known to affect spray cooling, such as the type
of fluid, the nozzle parameters, the heater surface, and splashing. Research to determine
the specific effects of these and other mechanisms is ongoing.

Fluid: Air is by far the most economical and readily available cooling fluid, but
has poor thermal transport properties. Water continues to be the most effective cooling
fluid, but its high electrical conductivity excludes it from applications requiring direct
contact with electrical systems unless they are given special insulating coatings.
Dielectric fluorochemical liquids such as FC-72, HFE-7000, FC-87, etc., have inferior
thermal transport properties as compared to water, but can be substituted in these
instances (Mudawar, 2000). Figure 2.11 (taken from Mudawar, 2000) shows a
comparison of heat transfer coefficients of these three fluids for natural convection,
forced convection, and boiling. Note that the two-phase methods produce higher heat
transfer coefficients than the single-phase methods as stated above and also shown in

Figure 2.1.
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Figure 2.11: Comparison of Air, Fluorochemical Liquids, and Water for Natural
Convection, Forced Convection, and Boiling (redrawn from Mudawar, 2000)

Nozzle Parameters: The nozzles for use in spray cooling can vary greatly.

Common spray nozzles are classified as pressure atomized or gas-assisted atomized
sprays. (Other types exist such as sonic, ultrasonic, electrostatic, etc, but are not
discussed here.) Pressure sprays supply high pressure liquid through an orifice while gas-
assisted sprays introduce a high-pressure stream of air to aid in liquid breakup. Mudawar
(2000) and Chow et al. (1997) agree that gas-assisted atomized sprays provide superior
cooling performance compared to pressure sprays, but both note that the gas becomes
difficult to separate from a dielectric liquid in a closed loop system. Chow et al. (1997)
also states that pressure sprays are the most widely used method of spray generation, but

require a minimum pressure difference to atomize the liquid. This can pose a problem if
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low flow rates are desired for a specific application because a very small orifice diameter
would be required, thus increasing the likelihood of blockage.

Various nozzles also produce different spray patterns, droplet sizes, and spray
densities. Spray shapes come in full cone, hollow cone, flat, square, and many other
forms and can be chosen to meet specific heater surface geometries. The Sauter mean
diameter (or volume-surface mean diameter) is used as a measure of individual droplet
diameter within a spray. It is defined in Equation 2.2 as the ratio of the cube of the
volume mean diameter to the square of the surface mean diameter, and its value is
equivalent to the diameter of a drop having the same volume to surface ratio as the entire
spray. In a study conducted using a Phase Doppler Particle Analyzer (PDPA), the critical
heat flux was found to be greater for nozzles that produce smaller drops (Estes and
Mudawar, 1995). High density sprays, corresponding to a high volumetric flux and
therefore a high Weber number (defined in Equation 2.3 as proportional to the ratio of the
inertial forces to the surface tension forces), are defined as sprays that provide enough
impinging liquid to sustain a liquid film such that the surface remains wetted. According
to Chow et al. (1997), high density water sprays achieve a higher heat flux than low
density or dilute sprays (corresponding to a low volumetric flux and therefore a low

Weber number) with water.

(Volume Mean Diameter)’

5 22
(Surface Mean Diameter)

Sauter Mean Diameter =

B pV?D N Inertial Forces

We 2.3

o Surface Tension Forces

Figure 2.12 (taken from Estes and Mudawar, 1995) illustrates a dilute spray and a

dense spray and it can be seen that the evaporation efficiency is much higher for the
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dilute spray because the relatively low frequency of impinging droplets does not suppress
the nucleation. This explains why the volumetric flux and/or Weber number has a greater
significance over drop velocity due to the cumulative effect of multiple drop
impingements rather than the momentary, local interaction of an individual drop (Estes

and Mudawar, 1995) as demonstrated in studies conducted by Deb and Yao (1989).

Approaching
. spray drops

Impinging Boiling following
drop drop spreading

Figure 2.12: Comparison of a) Low Density, Low Weber Number and b) High Density,
High Weber Number Sprays (Estes and Mudawar, 1995)

The distance between the nozzle exit and the heated surface also has an effect on

spray cooling and critical heat flux. Critical heat flux is a maximum that occurs when the
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spray covers the full area of the heater surface (Mudawar, 2000). This condition can be
found using simple geometry and knowing the spray angle.

Another consideration is that nominally identical nozzles with the same model
numbers, from the same manufacturer often produce very different spray parameters
(Chow, 1997) and each nozzle should therefore be tested to determine the most accurate
spray data.

Heater Surface: Since nucleate boiling is a primary mechanism of spray cooling,

it is only natural that the shape of the heater surface plays a role in heat flux. Increased
surface roughness provides more potential nucleation sites and boiling at lower
superheats (Chow et al., 1997). Tilton (1989) and Sehmbey et al. (1995) both observed
increasing heat flux with increasing surface roughness. The results from Tilton (1989)
are shown in Figure 2.13, and the results from Sehmbey et al. (1995) are shown in Figure

2.14.
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Figure 2.13: Effects of Surface Roughness at the Same Flow Conditions (redrawn from
Tilton, 1989)
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Figure 2.14: Effects of Surface Roughness (Sehmbey et al., 1995)

Horacek et al. (2005) found that the wall heat flux correlated with the contact line
length and suggested that geometric structuring of the heater surface could improve the
control and magnitude of the heat flux. Silk et al. (2006) studied the effects of surface
enhancements such as embedded structures and compound extended surfaces (with the
highest CHF obtained using straight fins and porous tunnels). This study found that CHF
could be increased (with respect to a flat surface) in degassed and gassy conditions by up
to 77 % and 62 %, respectively. Figure 2.15 shows an example of the results from Silk et

al. (2006) for embedded and extended surfaces in degassed conditions.
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Figure 2.15: Heat Flux as a Function of Surface Temperature for (A) Embedded
Structures and (B) Extended Surfaces in Degassed Conditions (Silk et al., 2006)

Splashing: The splashing of droplets also plays a role in the heat transfer
characteristics of spray cooling. The liquid loss due to splashing is usually relatively low,
but Tilton (1989) shows that as the heat flux was increased, the amount of liquid
splashing also increased. Tilton attributed the splashing to an increase of bursting
bubbles in the film. Chow et al. (1997) argue that this could also be due to droplet
entrainment in the escaping vapor. This increase in splashing with an increase in heat
flux contradicted a later study by Yang (1993). Yang used an air-atomizing nozzle which
could account for the differences since the added air flow entrains droplets and can
inhibit splashing (Chow et al., 1997).

In summary, spray cooling is considered an optimal method of high-heat flux
thermal management due to its combined primary mechanisms of forced convection (due
to spray drop impingement) and nucleate boiling. Many parameters complicate the
behavior of spray cooling including the type of liquid used, the nozzle geometry and
position, surface roughness, and splashing. Better understanding of the management of

these parameters can give insight into the enhancement of the critical heat flux point.
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2.5 Numerical Simulation Studies of Spray Cooling

There have been several numerical simulation studies aimed at investigating spray
cooling characteristics. Many of these have focused on individual mechanisms present
within the complex physics of spray cooling and are therefore difficult to combine.
Selvam et al. (2005) state that a ““...focused effort to develop a comprehensive numerical
model is a prime importance to this field,” and have begun the development of models to
simulate spray cooling from the fluid discharge at the nozzle exit through the convection
of the fluid at the hot surface. Baysinger (2004) conducted a study using finite element
software to model the conduction in an experimental spray cooling apparatus to examine
the effects of volumetric flow rate, heat transfer rate, and orientation of heated surfaces
on the heat transfer coefficient. Rahman et al. (1990) developed a numerical solution
procedure for the computation of free surface, thin film flows in terrestrial and zero-
gravity environments. These types of flows are difficult to simulate using a finite-
difference method because the geometry of the free surface is not known and the profile
does not fit into Cartesian or cylindrical coordinates. Grover and Dennis (2001)
investigated the impingement of spray droplets onto a surface to specifically aid in the
advancement of automotive technologies, but the computer codes generated can be useful
in many areas involving spray cooling. An illustration of an impinging spray for a fuel
injector simulation as it contacts a surface (taken from Grover and Dennis, 2001) is

shown in Figure 2.16.
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the Liquid Phase (Dark Areas) Superimposed onto the Vapor Phase (Grover and Dennis,
2001)
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2.6 The Physics and Parameters that Affect Electrohydrodynamics

Electrohydrodynamics (EHD) is the study of the dynamics of electrical forces on
fluids. In the presence of an electrostatic field, dielectric fluids can be induced to flow
due to forces exerted by the field on the susceptible fluid. In short, the electrical energy
can be converted to kinetic energy. This phenomenon can be exploited in the case of
spray cooling to aid in removal of vapor bubbles from the heated surface and thus delay
dryout conditions and increase the critical heat flux. It is noted in Marco and Grassi
(2002) that on Earth, gravity is likely to mask the effects of other force fields (electric,
magnetic, or acoustic) and in the absence of gravity, these other force fields can be used
to create a simulated gravity to increase heat transfer.

Yagoobi and Bryan (1999) give examples where EHD would be an effective
method of increasing heat and mass transfer including the control of two-phase heat
transfer in refrigeration and process industries as well as in microgravity conditions with
few moving parts and low vibration. In these situations, EHD techniques have
advantages such as rapid control of enhancement by varying the electric field, being
simple and nonmechanical, being suitable for special environments (space), being
applicable to single and multi-phase flows, and having minimal power consumption
(Yagoobi and Bryan, 1999). Comprehensive reviews of EHD heat transfer enhancement
in liquids are given by Jones (1978) and Allen and Karayiannis (1995).

When cooling a heated surface as in spray cooling or pool boiling, EHD may
increase the liquid film motion which resupplies the coolant to the hot surface, and the

EHD forces can also break up the vapor film patches that start to form (Yagoobi and
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Bryan, 1997). Many parameters influence the heat transfer in EHD-enhanced nucleate

boiling as shown in Table 2.2.

Table 2.2: Parameters Influencing EHD-Enhanced Nucleate Boiling Heat Transfer
(redrawn from Yagoobi and Bryan, 1997)

Fluid Properties Electrical Geometrial Operating Misc.
Electrical conductivity | DC applied voltage | Electrode design Heat flux Impurities
Electrical permittivity AC applied voltage | Electrode spacing Wall superheat Oils
Surface tension Uniform field Smooth surface Saturation temp. | Additives

Thermal conductivity

Non-uniform field

Enhance surface

Latent heat Well configuration
Specific heat Tube bundle type
Viscosity

Density

The general electromagnetic body force per volume can be written as shown in

Equation 2.4 (Hughes and Young, 1966) and explained as in Gray and Kuhlman, 2006.
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The first term on the right represents the Coulomb force on free charges and can be used
to control charged spray droplets. The second is the permittivity gradient force and the

third is the electrostrictive force. These two can be rewritten as shown in Equation 2.5.

(3o (31 5] () 5007

In Equation 2.5, the first term on the right side is the electric Kelvin force. Its coefficient

(2.5)

is always positive which means it is always directed toward higher electric field regions.
The second term on the right side of Equation 2.5 is the gradient of an electric pressure

and when permittivity is proportional to density (in most cases) is zero.
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The fourth term in Equation 2.4 is the ponderomotive force which is negligible for
electrically insulating coolants such as FC-72 and HFE-7000. The fifth and sixth terms
in Equation 2.4 are known as the permeability gradient force and the magnetostrictive
force and are analogous to the second and third terms but for magnetic forces rather than
electrical. For this study, there are no magnetic fields and the spray droplets are not
being charged, so the dominating term is the electric Kelvin force.

A team of researchers (Marco and Grassi, 2002) has done extensive work on film
boiling in the presence of an externally imposed electric field. This team has performed
experiments involving a heated wire or capillary tube with orifice submerged in a liquid
in laboratory, parabolic flight, sounding rocket, and drop shaft settings. Electric fields of
up to 30 kV were applied around the heater or tube. It was concluded that the fields (g or
E) did not have a major effect on the nucleate boiling heat transfer coefficient but did
significantly change the vapor pattern by reducing bubble size and increasing detachment

frequency as can be seen in Figure 2.17. Also, CHF was increased significantly.
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Figure 2.17: Vapor Patterns under the Influence of Different Gravitational and Electric
Fields (Marco and Grassi, 2002)

The behavior of vapor bubbles in a liquid was also studied in the presence of an
electric field and Figure 2.18 shows three electric field levels (0 kV, 5 kV, and 15 kV) in
microgravity and Earth gravity. Similar trends were also seen by Kuhlman et al. (2005)

using the analogous magnetic field as shown in Figure 2.19.
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Figure 2.18: Vapor Bubble Behavior under the Influence of Different Gravitational and
Electric Fields (A) 0 kV, (B) 5 kV, (C) 15 kV (Marco and Grassi, 2002)
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Figure 2.19: Vapor Bubble Behavior in Microgravity under the Influence of (A) No
Magnetic Kelvin Force and (B) the Magnetic Kelvin Force (approximately 20 uN)
(Kuhlman et al., 2005)
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Marco and Grassi concluded that critical heat flux can be very sensitive to both
gravity and electric fields. Therefore, the study of spray cooling using
electrohydrodynamics to alter the flow pattern may prove useful in increasing the thermal

management regime.
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Chapter 3: Experimental Apparatus and Procedure

The experimental apparatus used for this study consists of a base, a spray
chamber, and a variety of electrodes as seen in Figure 3.1. The spray cooling fluids used
for the tests were FC-72 and HFE-7000. These are both fluorinert electronic liquids from
3M. FC-72 has a boiling point of 56 °C at 1 atm, a vapor pressure of 30.9 kPa, and a
thermal conductivity of 0.057 W/m°C at 25 °C. HFE-7000 has a boiling point of 34 °C
at 1 atm, a vapor pressure of 64.4 kPa, and a thermal conductivity of 0.075 W/m°C at 25
°C. Water is also used in a separate flow loop to cool the spray chamber. The entire flow
schematic can be seen in Figure 3.2. The FC-72 or HFE-7000 is pumped from a reservoir
and into the spray chamber where it impinges on a heated surface. An electrode (or
group of electrodes) is placed near the heated surface to attempt to control the motion of
the impinging fluid. Another pump removes the liquid from the chamber and passes it
through a bypass loop or heat exchanger back to the reservoir. Flowrates and pressures
are measured at points indicated in Figure 3.2. The water in the cooling loop is pumped
from a reservoir through coils that wrap around the outside of the chamber. It then passes
through a heat exchanger and back to the reservoir. Flowrates and pressures of the water
are also measured at points indicated.

This chapter details the design and construction of the experimental spray
chamber apparatus in Section 3.1 and the electrode configurations in Section 3.2. The
experimental base used for this study was designed and constructed as outlined by
Hunnell (2005), but several modifications were made to this base and are also
summarized here in Section 3.3. The procedure used to collect each set of data is also

discussed in Section 3.4.
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Figure 3.1: Spray Chamber and Base
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Figure 3.2: Schematic of Apparatus Flow Loop (modified from Kreitzer, 2006)
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3.1 Spray Chamber Configuration

The spray chamber configuration shown in Figure 3.3 was constructed from
stainless steel. This chamber houses the spray nozzle, heated surface, and electrodes and
is mounted on top of the experimental base. The main chamber area has an inner
diameter of six inches, is six inches deep, and has a wall thickness of 0.109 inches. The
open ends have fixed flanges that are eight inches in diameter with a 20-bolt-hole pattern
(tapped 5/16-24) in each for attaching 1.3-inch thick, clear, polycarbonate viewports.
Two additional ports, with rotatable flanges, are connected to the main chamber. The top
port is 2.5 inches in diameter with a 4.5-inch flange (8-bolt-hole pattern, tapped 5/16-24)
and the bottom is 1.5 inches in diameter with a 2.75-inch flange (6-bolt-hole pattern,
tapped '4-28). Four NPT ports are included on the main chamber to accommodate a
pressure transducer, thermocouple feedthrough, and flow nozzle feedthrough. The other
NPT port is extra.

The pressure transducer is an Omega PX303-200A5V (with a range of 0 to 200
psia) and fits into a ¥4” NPT port (NPT #2 in Figure 3.3); the thermocouple feedthrough
is a Conax MHC5-062-A6-V and fits into a /2 NPT port (NPT #3 in Figure 3.3). Both
of these ports are located on the same side of the chamber on the horizontal centerline.
The nozzle feedthrough fits into a »2” NPT port located opposite the pressure transducer
and thermocouple feedthrough (NPT #1 in Figure 3.3). The copper tubing leading to the
nozzle is 0.25 inch OD and the nozzle is a Spraying Systems Co. Full Jet 1/8G-PVC.
This nozzle produces a full cone spray with droplets that have the average diameter of 48
microns at 9.0 GPH of FC-72 (Yerkes, 2006). A PTFE, 90 degree pipe fitting attaches

the nozzle to the copper tubing. The additional 2 NPT port (NPT #4 in Figure 3.3) was
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sealed with a stainless steel hex head plug. Photographs of the pressure transducer,
thermocouple feedthrough, nozzle assembly, and plug attached to the chamber are shown
in Figure 3.4
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Figure 3.3: Main Spray Chamber Configuration (Dimensions in Inches)
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Figure 3.4 Chamber Side Views Showing A) Nozzle Assembly and Plug, B) Pressure
Transducer and Thermocouple Feedthrough

The 8-inch flanges on the main chamber were welded to two stainless steel
mounting plates cut with a water jet to the pattern shown in Figure 3.5. The frame of the
chamber, made from 10-inch long, 2-inch square 80/20 aluminum extrusions and
brackets, was connected to these plates with %4-20 bolts and nuts as shown in Figure 3.6.
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Figure 3.5: Stainless Steel Mounting Plate (Dimensions in Inches)



Figure 3.6: Spray Chamber with Mounting Plates and Aluminum Frame

The copper tubing used for the water cooling loop shown in Figure 3.2 was
wrapped around the main spray chamber and held into place using Masterbond
EP21ANHT epoxy baked for 40 minutes at 300 degrees F. This epoxy has an
exceptionally high thermal conductivity (22 BTU in/ft* hr F) to aid in heat transfer from
the chamber to the water coolant and also has excellent electrical insulation properties to
aid in isolating the high voltage in the chamber. Figure 3.7 shows the spray chamber

with the water cooling loop attached.
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Copper Tubing

Copper Tubing
with Epoxy

Figure 3.7: Spray Chamber with Copper Water Cooling Loop Attached

A high voltage feedthrough was chosen to fit into the 2.5-inch port on the top of
the main chamber. It is an Insulator Seal 9442012 and is shown in Figure 3.8. It is rated
to 30 kV. A pin connector, also shown in Figure 3.8, is attached to the end of feedthrough
with a crimp ring. This connector then attaches to a test electrode with a wire. The
conductor was bent and shortened slightly to fit correctly into the test chamber, and it was
also covered in heat shrink tubing. These modifications are not shown in Figure 3.8. The
other end of the high voltage feed through attaches to a high voltage power supply with

an Alden high voltage plug and receptacle that is also rated to 30 kV.

Figure 3.8: Insulator Seal High Voltage Feedthrough with Pin Connector

37



A sump was designed to fit into the 1.5-inch port on the bottom of the main
chamber to drain excess fluid and is modeled after the sump used in Baysinger et al.
(2004). This sump was originally constructed entirely of polycarbonate, but due to a
crack that developed in the plastic base, the bottom portion was reconstructed from
aluminum and the two were pinned together. A schematic of the sump dimensions is

show in Figure 3.9 and a photograph is shown in Figure 3.10.

Figure 3.9: Sump Configuration (Dimensions in Inches)
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Figure 3.10: Polycarbonate and Aluminum Sump with Pipe Fittings Attached
This sump was designed to house one of three types of pedestal heater assemblies.
The heated surface is attached to the top of the pedestal and thermocouples are embedded
within them. The first type of pedestal built by Hunnell, 2005, was used in the spacing
comparison test, and was made of glass and is shown in Figure 3.11 (before the

attachment of the TFR heater).

Figure 3.11: Spacing Comparison Pedestal Assembly with Unattached TFR

The second type was built from the same design for the cap electrode comparison
study but was made from PTFE. It has seven thermocouples embedded within it. The

dimensions for both of these pedestals (the spacing comparison glass pedestal and the cap
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electrode PTFE pedestal) and the positions of the thermocouples are shown in Figure
3.12 and Figure 3.13, respectively. Thin (approximately 1 mm) wafers were cut and
scored as shown in Figure 3.13 and recombined as indicated in Figure 3.14. These
wafers were cut in order to correctly position the thermocouples in between each of them.
The rod, wafers, and base were attached together on the PTFE pedestal by first treating
the plastic with an etching agent and then using an epoxy adhesive. A thick film resistor
(TFR) heater from Mini-Systems, Inc. was attached to the top of the pedestals with epoxy
and connected to a power supply with copper wire and EPO-TEK H20E electrically
conductive epoxy as shown in Figure 3.15. A study of the TFR heater composition is
given in Appendix A. (A Type 1 TFR with a top glass layer was used for the spacing
comparison pedestal and a Type 2 TFR without the top glass layer was used for the cap

electrode pedestal.)

== L2530 =

Figure 3.12: Cap Electrode Pedestal (Dimensions in Inches)
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Figure 3.13: Cap Electrode Pedestal Thermocouple Locations (Hunnell, 2005 and Courtesy of Mr. Richard Harris of the AFRL)
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Figure 3.14: Cap Electrode Pedestal Top Showing Attached Wafers and Thermocouple
Labels

Figure 3.15: Cap Electrode Pedestal Assembly
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Two other pedestals very similar to this cap electrode pedestal were also built as
backups. One had a Type 2 TFR (no glass layer) attached while the other had a Type 1
(glass layer). For these pedestals, no wafers were used and the rods were lengthened by 2
mm so that the total length remained the same. Five thermocouples were placed directly
under the TFR heaters in the pattern shown in Figure 3.16. Note that the location of T1 is
the same as the main cap electrode pedestal shown in Figure 3.14. The pedestals are

shown in Figure 3.17.

Figure 3.16: Backup Cap Electrode Pedestal Thermocouple Locations

Figure 3.17: Backup Cap Electrode Pedestals
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The third type of pedestal is also made of PTFE, but was modified to
accommodate the Mehra electrode design geometry described in Section 3.2. The TFR
heater is surrounded at its outer radius by 1 mm of PTFE by machining an indentation
into the top of the rod. The PTFE rod is also 1 mm shorter than the spacing comparison
or cap electrode pedestal rod. However, a piece of alumina, 2 mm thick, was glued above
the heater. This material is thermally conductive (thermal conductivity of approximately
33 W/m K), yet electrically insulating (volume resistivity greater than 10" Q cm)
allowing the TFR to heat the top surface of the pedestal while preventing electrostatic
breakdown due to the geometry of the Mehra electrodes. This pedestal has five
thermocouples embedded within it in the same arrangement as shown in Figure 3.16.
The location of T1 is below the TFR heater and is the same as the other pedestals.
However, the other thermocouples (T2 through T5) are positioned above the heater with a
thin layer of epoxy insulating them from the heater surface. Figure 3.18 shows the Mehra
electrode assembly without the alumina top and Figure 3.19 shows the full Mehra

electrode assembly.
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Figure 3.18: Top of Mehra Electrode Pedestal without 2 mm Alumina Layer

Figure 3.19: Mehra Electrode Pedestal Assembly
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Six additional thermocouples are mounted in the chamber area and their locations
are shown in Figure 3.20 and are labeled T8 through T13. An additional thermocouple,
T14, is positioned near the nozzle inlet to measure the inlet spray temperature. Note that
T11 is below the plane of the heater surface in an effort to position it further from the

electrodes to avoid electrical breakdown.

T13 Chamber Wall

T9 [_

<4— Spray Nozzle

/ Pedestal Surface
I8 —
T11
=L T12
T10 « Sump

Figure 3.20: Approximate Thermocouple Locations within the Chamber

Three bulkheads for the thermocouple, high voltage, FC-72 (or HFE-7000) and
water flow loop connections were attached to the frame of the chamber. These can be
seen in the schematic and photograph of the entire spray chamber apparatus shown in

Figure 3.21 and Figure 3.22, respectively.
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Figure 3.22: Photograph of Spray Chamber
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3.2 Electrode Configurations

Several different electrode designs were developed. The first set of designs are
shown in Figure 3.23 and Figure 3.24, are made of polycarbonate and brass, and are
modeled from the cap design from Baysinger, 2004 (shown here in Figure 3.25). The
dimensions for the designs are shown in Figure 3.26. The cap electrodes were given brief
names as shown below according to their geometries to help in quickly identifying them

and will be referred to as such.

Top Half Thick Top Half Bottom Half Full Length
Figure 3.23: ProE Renderings of Four Cap Electrode Designs

Figure 3.24: Photographs of Sides and Bottoms of Four Cap Electrode Designs with Pin
Connectors
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Figure 3.25: Cap Design from Baysinger, 2004 (Dimensions in Inches)
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Figure 3.26: Cap Electrode Design (Dimensions in Inches)

Each of the four designs has similar internal dimensions with the difference being
the size and location of the brass electrode. Design 1 (top half) has an electrode with a
thickness of 0.04 inches placed at the top half of the internal cap slope. Design 2 (thick
top half) has the electrode in the same position but with a thickness of 0.16 inches.

Design 3’s (bottom half) electrode is at the bottom half of the internal cap slope and has a
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thickness of 0.04 inches. Design 4’s (full length) electrode covers the entire internal cap
slope and has a thickness of 0.04 inches. The polycarbonate portion attaches to the sump
(described above) with a set screw in the position shown in Figure 3.27. The brass
electrode portion attaches to the high voltage feedthrough using a 0.05 inch pin and
connector (from Insulator Seal) also shown in Figure 3.27. A wire links this connector to

a similar connector on the high voltage feedthrough in the spray chamber.

42
Figure 3.27: Thick Top Half Cap Electrode Attached to Sump

The second electrode configuration consists of three copper electrodes arranged
around the surface of the pedestal. This design was developed conceptually by Mehra
(2006) using CFD-Ace+ with the design goal of achieving as large of an upwards electric
Kelvin force normal to the top pedestal surface as possible. Schematics of the nozzle
electrode, cap electrode, and pedestal electrode for this design are shown in Figure 3.28,
Figure 3.29, and Figure 3.30, respectively. A modified cap was designed and built to

accommodate the shape of the cap electrode as shown in Figure 3.31 and a plastic cover
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was also built to help prevent electrostatic breakdown between the nozzle and cap

electrodes and is shown in Figure 3.32. The arrangement of these components is shown

in Figure 3.33 and a photograph of the assembled configuration is shown in Figure 3.34.

The nozzle electrode is attached to the high voltage power supply while the cap electrode

is grounded to the chamber wall and the pedestal electrode is grounded to the TFR heater.

A
86

2

]

=

161

Figure 3.28: Nozzle Electrode Rendering and Schematic (Dimensions in Inches)
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Figure 3.30: Pedestal Electrode Rendering and Schematic (Dimensions in Inches)
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Figure 3.31: Modified Cap Rendering and Schematic (Dimensions in Inches)
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Figure 3.32: Cover Rendering and Schematic (Dimensions in Inches)
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Figure 3.33: Electrode Arrangement around Sump, Pedestal, and Nozzle Showing a Solid
Rendering (left) and Transparent View (right) of Design by Mehra (2006)

52



e I& zzljg

<— Nozzle

Cap g Electrode
Electrode H

N

Pedestal : 5
Electrode

. -

Figure 3.34: Photograph of Electrode Arrangement in the Spray Chamber

3.3 Base Configuration

The purpose of the base for this apparatus is to provide the spray chamber with
the necessary flow of the working fluid, e.g. FC-72 or HFE-7000, and the chamber
coolant fluid, water. It also houses the power supplies and data acquisition system.
Inside this frame there are series of pumps, pressure gages and transducers, heat
exchangers, filters, flow meters, and reservoirs as shown in the flow schematic in Figure
3.2 that are used to manage and measure the fluid flows. The basic setup of this base is
the same as given in Hunnell (2005) with some key modifications that have primarily
been made by Kreitzer (2006). A photograph of the current configuration is shown in

Figure 3.1 and a photograph of the original setup is shown in Figure 3.35.
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Figure 3.35: Original Base and Spray Chamber Configuration by Hunnell (2005)

The first modification made was to remove the air accumulator from the FC-72
flow loop to prevent the large loss of fluid associated with allowing the system to vent to
the atmosphere. Closing the system also helps maintain a more constant air saturation
level within the FC-72 (or HFE-7000) fluid and removes an additional variable from the
study. A bypass was added to the flow loop in order to allow proper balancing of the
nozzle and sump flow rates.

An Agilent 34970A data acquisition system was installed as explained by Kreitzer
(2006). This item was placed with the Protek 5050S DC Power Supply (which provides
adjustable power to the thick film resistor heater on the top of the pedestal) as shown in

Figure 3.36.
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Figure 3.36: Agilent Data Acquisition System Addition and Protek DC Power Supply

One final modification to the base is the addition of a high voltage power supply
from Glassman High Voltage Inc. (model number PS/EL30R01.5). This power supply
was mounted in a table top rack cabinet as shown in Figure 3.37 along with the Astron
VLS-25M DC power supply (which provides power to the pumps and pressure

transducers). It supplies up to £30 kV to the electrodes mounted in the spray chamber.

Rack

Cabinet
Glassman
High Voltage
Power Supply

Astron

Power

Supply

Figure 3.37: Glassman High Voltage Power Supply Addition Mounted in Cabinet with
Astron Power Supply
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The rotameters used to measure the flow rates of the FC-72 (or HFE-7000) and
the water that were on the original base could measure up to 12 GPH of water. These
were replaced with rotameters having a range of 0 to 20 GPH of water. Corrections were
made in calculations for the corresponding fluid in each rotameter using the density
ratios.

For safety, a discharge rod, shown in Figure 3.38, was made to attach to ground
and protect from the possibility of electric shock from the high voltages. In the case of a
portion of the apparatus becoming charged, the rod could be held at a safe distance and

used to attach the apparatus to a ground.

Figure 3.38: Electric Discharge Rod

3.4 Procedure
Two different procedures were used to take the data. The first set of data that

compares the effects of the spacing of the nozzle exit to the heater surface was obtained
before the addition of the data acquisition system as described in the previous section.
Therefore, the turn-on and operating procedure was very similar to that outlined in
Hunnell (2005). One exception to those procedures was that since the air accumulator
component was replaced with a bypass loop, the corresponding procedural steps were
altered to include adjusting the bypass valve. Also, for the spacing tests, only one flow
rate was studied (0.029 m’/hr or 7.72 GPH of FC-72) so the corresponding procedural

steps were modified to include the adjustment of the spacing between the nozzle and the
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heater. Test plans for the spacing comparison and electrode studies can be seen in
Appendix B.
Spacing Comparison Procedure

A comparison of the effects of spacing between the PVC spray nozzle exit and the
TFR heater was performed for both confined and unconfined cases. The geometry of
both cases can be seen in Figure 3.39. The first set of data recorded was for the confined
case using a straight cap from Hunnell’s (2005) study. Tests were conducted at spacings
ranging from 9 mm to 17 mm (in 2 mm increments). This range was chosen based on the
13 mm nozzle spacing configuration used previously by both the team at AFRL,
Baysinger (2004), and by Hunnell (2005). The apparatus was turned on, set to a spray
flow rate of 0.029 m*/hr (7.72 GPH) of FC-72 with no power applied to the heater (Q=0),
and allowed to run for approximately 45 minutes in order to reach steady state. The
atmospheric pressure was recorded using a mercury barometer. The pedestal, chamber,
and room temperatures, pressures, and flow rates were recorded for each spacing at
power levels of 0 W to 70 W (in 10 W increments). Data for the unconfined case was
acquired the same way, but an additional run at the 13 mm spacing was done at the end of
the tests to check repeatability for power levels from 0 W to 70 W as well as at 86.5 W.
This highest power level corresponded to a temperature of 99.3 °C at the substrate and
pedestal interface (Tjy) and was the highest temperature attainable before the temperature
cut-off activated at 100 °C. The energy equation and appropriate boundary conditions for
the pedestal used in the spacing comparison are shown in Appendix C. Data from these
tests were reduced as shown in Appendix D, along with derivations of the data reduction

equations.

57



Nozzle Exit

TFR

Pedestal

Sump 1 [
b h

Figure 3.39: Experimental Configuration of a) Confined Case and b) Unconfined Case
for Spacing Comparison Study

Cap Electrode Performance Procedure

The electrode cap tests were performed after the modifications to the base
(removal of the air accumulator and addition of a data acquisition system and high
voltage power supply) were made. Therefore, the Turn-On Checklist for the apparatus
was modified, and is shown in Table 3.1. The Operating Procedure also changed and is
shown in Table 3.2. A Turn-Off Checklist was also developed for safety reasons when

dealing with the high voltage power supply and is shown in Table 3.3.

Table 3.1: Apparatus Turn-On Checklist

Arrange electrode configuration and attach to high voltage feedthrough in chamber
Align nozzle and secure viewports

Attach ground wire from high voltage power supply and discharge rod to ground
Plug apparatus into electrical outlet and turn on power strip

Connect high voltage plug to chamber

Connect quick disconnect tubes for FC-72 (or HFE-7000) to chamber

Assure rotameters are fully open

Check all other switches and valves for proper positioning

Turn on spray nozzle pump, sump pump, water pump, and heat exchanger fans
10 Turn on heater and high voltage power supplies

11. Turn on laptop and data acquisition

WX N R WD =
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12. Attach data acquisition to laptop and start software
Table 3.2: Operating Procedure Checklist

—

Start data acquisition and observe temperature and pressure values for steadiness
Turn knob on spray nozzle pump to set desired flowrate and observe rotameter values
for steadiness

Turn knob on heater power supply to set desired heater power

Turn knob on high voltage power supply to set desired electrode voltage

Repeat steps 2 through 4 as needed for each test condition

Stop data acquisition and save information

D

ANl

Table 3.3: Apparatus Turn-Off Checklist

Turn off data acquisition and detach from laptop

Turn off high voltage and heater power supplies

Turn off heat exchanger fans, water pump, sump pump, and spray nozzle pump
Disconnect quick disconnect tubes for FC-72 (or HFE-7000) from chamber
Disconnect high voltage plug from chamber and touch it to the tip of the discharge rod
Touch the discharge rod to the metal in the high voltage receptacle on chamber

Turn off power strip and unplug apparatus from electrical outlet

Nk W=

The maximum high voltage input limit was chosen as 6 kV for these cap
electrodes based on an electrostatic breakdown estimation for air at 1 atm pressure. In
general, the upper limit before breakdown occurs is 30 kV when there is a 1 cm distance
between the charged electrode and ground with air as the medium. There is a gap of 0.11
in for these configurations which corresponds to an expected breakdown at
approximately 8.4 kV. Choosing 6 kV as a maximum high voltage input gives a safety
factor of approximately 1.4. Also, the actual breakdown voltage is estimated to be
slightly higher than 8.4 kV since the FC-72 or HFE-7000 (which are dielectric fluids)
flow between the charged electrode and ground and insulates better than air alone.

Before the data acquisition system was connected and the electrode caps tested, a
non-operational pedestal was installed in the chamber. Each electrode was placed in the
chamber and attached to the sump with the set screw. The high voltage feedthrough was

connected to the electrode pin as shown in Figure 3.40.
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Figure 3.40: Full Length Cap Electrode inside Chamber with High Voltage Feedthrough
Attached to Electrode Pin

The spray apparatus was turned on and the high voltage power supply was
incrementally adjusted in a range from 0 kV to 6 kV. (The polarity of the high voltage
power supply was set to a negative value, but it is assumed that the sign of the polarity
would not affect the overall outcome of the tests.) The current output on the high voltage
power supply and the chamber interior were observed for signs of electrostatic
breakdown. None were observed. The PTFE pedestal was then installed and each cap
electrode was tested. Appendix B gives the full test plan for electrodes. Only one
flowrate (the highest of 0.029 m*/hr or 7.72 GPH of FC-72) was tested with each of the
cap electrodes.

The test profiles from the data acquisition system for the bottom half, thick top
half, full length, and top half electrodes with FC-72 as the working fluid are shown in
Figure 3.41 through Figure 3.44, respectively. The heater power, Q, and the
thermocouple one temperature, T1, can be read on the left primary axis and the high

voltage, HV, can be read on the right secondary axis. For each test, the TFR heater was
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tested up to near critical heat flux in 10 W increments first with no high voltage input.
The TFR heater was then brought back to 0 W and tested again in 10 W increments with
the high voltage being adjusted in 3 kV increments at each heater power setting. Note
that for the bottom half electrode (Figure 3.41), the heater power was increased to nearly
100 W while the other three tests reach only 70-75 W. This test was the first performed
and was used to help determine at what approximate heater power the onset of critical
heat flux occurred. The TFR on the PTFE pedestal unknowingly cracked at this high
power and the high voltage test occurring directly afterward produced a temperature
profile with much lower values. This test was still considered valid due to an analysis of
the heater resistance that showed the resistance remained relatively constant during the
high voltage test (although higher than before the crack developed). Also note that for
the bottom half electrode that the high voltage tests were begun at 50 W rather than at 0
W as in the other three tests. This was done because it was first assumed that any effects
would not be seen at the lower heater powers, but was then changed to include the full
range. Data from these tests were reduced as shown in Appendix D, with an error

analysis shown in Appendix E.
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Figure 3.41: Test Profile for Bottom Half Cap Electrode
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Figure 3.42: Test Profile for Thick Top Half Cap Electrode
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Figure 3.43: Test Profile for Full Length Cap Electrode
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Figure 3.44: Test Profile for Top Half Cap Electrode
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In addition to the four cap electrodes being studied with FC-72 as the working
fluid, the FC-72 flow loop was drained and replaced with HFE-7000. However, only the

full length cap electrode was tested with this fluid and the test profile is shown below in

Figure 3.45.
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Figure 3.45: Test Profile for Full Length Electrode with HFE-7000 as the Working Fluid
Mehra Electrode Performance Procedure

The Mehra electrode tests were also performed after the modifications to the base
(removal of the air accumulator and addition of a data acquisition system and high
voltage power supply) were made. The Turn-On Checklist, Operating Procedure, and
Turn-Off Checklist remained the same.

The maximum high voltage input limit was chosen as 23 kV for this electrode

configuration based on the electrostatic breakdown estimation for air at 1 atm pressure
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that for a distance of 1 cm between the charged electrode and ground, the allowable
voltage is 30 kV. For the Mehra electrode, there was an estimated a gap of 0.32 in which
corresponds to an expected breakdown at approximately 24 kV. Choosing 23 kV as a
maximum high voltage input gives a safety factor of approximately 1.0. Also, the actual
breakdown voltage is estimated to be slightly higher than 24 kV since the HFE-7000
(which is dielectric fluid) flows between the charged electrode and ground and insulates
better than air alone.

Before the data acquisition system was connected and the Mehra electrode
configuration tested, the non-operational pedestal was installed in the chamber. The
nozzle and cap electrodes were placed in the chamber and attached to the nozzle and
sump (respectively) with the set screws. The high voltage feedthrough was connected to
the electrode pin on the nozzle electrode. The ground wire from the cap electrode was
connected to the inner chamber wall using a piece of spring steel to form a press fit.

These connections are shown in Figure 3.46.

High Voltage - 5
Ay, Spring Steel

Feedthrough = y
=

Nozzle———»
Electrode
Pin
Nozzle
Electrode Ground Wire

Figure 3.46: Mehra Electrodes inside Chamber with High Voltage Feedthrough Attached
to Electrode Pin and Cap Electrode Attached to Grounded Chamber Wall
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The spray apparatus was turned on and the high voltage power supply was
incrementally adjusted in a range from 0 kV to 23 kV. (The polarity of the high voltage
power supply was again set to a negative value, but it is assumed that the sign of the
polarity would not affect the overall outcome of the tests.) The current output on the high
voltage power supply and the chamber interior were observed for signs of electrostatic
breakdown. None were observed, so the PTFE pedestal was installed and each cap
electrode was then tested up to electrode voltage inputs of 23 kV. Appendix B gives the
full test plan for the Mehra electrodes. Only one flowrate (0.014 m’/hr or 3.8 GPH of
HFE-7000) was tested.

The test profile from the data acquisition system is shown in two parts. Heater
powers of 0 to 11 W were tested first and are shown in Figure 3.47, while the test profile
for a repeat run at 11 W and also 12 W were performed on a different day and are shown
in Figure 3.48. The thermocouple one temperature, T1, can be read on the left primary
axis and the high voltage, HV, and the heater power, Q, can be read on the right
secondary axis. The TFR heater was tested up to a heater power of 12 W in 1 W
increments. The maximum of 12 W was chosen because a power level of 13 W
corresponded to a thermocouple one temperature reading of above 150 °C which
activated the temperature cutoff switch. Data from these tests were reduced as shown in

Appendix D, with an error analysis shown in Appendix E.
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Figure 3.48: Test Profile for Mehra Electrodes for 11 and 12 W
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Chapter 4: Presentation of Results and Discussion

This chapter presents the results obtained from the nozzle-to-heater spacing
performance comparison, cap electrode performance tests, and Mehra electrode
performance tests. Section 4.1 gives the results obtained for the confined and unconfined
cases for five different nozzle-exit-to-heater-surface spacings and heater powers ranging
from 0 W to 70 W. Section 4.2 presents the experimental results obtained for the four
initial cap electrode geometries for a range of a high voltage input of 0 to 6 kV and heater
powers reaching near critical heat flux. Also presented in this section are a summary of
results of a numerical simulation study (Mehra, 2006) of the predicted electric fields for
the four cap electrodes and a discussion of possible factors contributing to the
experimental and numerical results. Section 4.3 presents the experimental performance
results and a summary of the predicted electric field results for the Mehra electrode

configuration.

4.1 Spacing Comparison Test Results

For the two flow conditions (confined and unconfined flow), five different nozzle-
to-heater spacings (9 mm, 11 mm, 13 mm, 15 mm, and 17 mm) were tested at heater
powers ranging from 0 W to 70 W (and in one case 86.5 W) using a PVC nozzle at a flow
rate of 0.029 m’/hr (7.72 GPH) of FC-72, and data were recorded as described Chapter 3.
The raw data was reduced as shown in Appendix D, and the error analysis shown in
Appendix E has been used to estimate the experimental uncertainty in these results. For
the confined study, a plot of the heat flux in W/m? as a function of the difference between

the heater surface temperature, T, and the temperature at the top of the pedestal, To top, In
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degrees Celsius was created and is shown in Figure 4.1. A non-dimensional plot showing
the non-dimensional heat flux, GA (defined in Appendix D), versus the non-dimensional
temperature difference between the heater surface and the liquid film on top of the
pedestal is shown in Figure 4.2. As can be seen for each spacing, the temperature
difference increases non-linearly with heat flux. The heater surface is hottest at the 9 mm
spacing while it is coolest at the 17 mm spacing. The other spacings fall very closely
together between these, but not in ascending order as would be assumed. The
discrepancy is within experimental uncertainty in the temperature and heat flux
measurements and may be due to errors in realigning the nozzle to be concentric with the
heater for each different nozzle-to-heater spacing. (The error bars are shown on the 9
mm spacing curves below.) Also, the nozzle distance was realigned with an approximate

error of 0.5 mm.
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Figure 4.1: Heat Flux in W/m? as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Confined Case
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Figure 4.2: Non-dimensional Heat Flux as a Function of the Non-dimensional
Temperature Difference between the Surface and the Pedestal Top for the Confined Case

Plots showing the heat transfer coefficient, h, in W/m? K as a function of the heat
flux in W/m?” and the non-dimensional version (Nusselt number as a function of GA) for
the confined case are shown in Figure 4.3 and Figure 4.4, respectively. These plots show
that the heat transfer coefficient increases with heat flux. The heat transfer coefficient is
lowest for the 9 mm spacing and highest for the 17 mm spacing. The other values fall

between these two.
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Figure 4.3: Convection Heat Transfer Coefficient in W/m” K as a Function of Heat Flux
in W/m? for the Confined Case

2000 -
1800 -
1600 -
=]
= 1400 1
—09mm
1200 -
- 11mm
——13mm
1000 - —<15mm
——17mm
800 L) L) L) L) L) L]
0 25 50 75 100 125 150

GA

Figure 4.4: Nusselt Number as a Function of Non-dimensional Heat Flux for the
Confined Case

71



For the unconfined case, the plot of the heat flux in W/m® as a function of the
difference between the heater surface temperature, Ts, and the temperature at the top of
the pedestal, T.p, in degrees Celsius is shown in Figure 4.5. The corresponding non-
dimensional plot showing the non-dimensional heat flux, GA, versus the non-dimensional
temperature difference between the heater surface and the liquid film on top of the
pedestal is shown in Figure 4.6. The heater surface is hottest at 9 mm followed by the
second 13 mm spacing test values and the 11 mm spacing. The coolest heater surface
occurred at the first 13 mm spacing with the 15 and 17 mm spacing falling very closely
below. Note that for the second 13 mm spacing run, the heat flux was set to nearly
600,000 W/m® in an attempt to get closer to critical heat flux. Also note that one of the
data points for the first 13 mm spacing (corresponding to a heater power of

approximately 40 W) was removed due to a reading error in manually recording the data.
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Figure 4.5: Heat Flux in W/m? as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Unconfined Case
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Figure 4.6: Non-dimensional Heat Flux as a Function of the Non-dimensional Temperature
Difference between the Surface and the Pedestal Top for the Unconfined Case

Plots showing the heat transfer coefficient, h, in W/m? K as a function of the heat
flux in W/m?” and the non-dimensional version (Nusselt number as a function of GA) for
the unconfined case are shown in Figure 4.7 and Figure 4.8, respectively. These also
show that the heat transfer coefficient increases with heat flux. The lowest heat transfer
coefficient occurred for the 9 mm spacing and the highest occurred for the first 13 mm

spacing.
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Figure 4.7: Convection Heat Transfer Coefficient in W/m® K as a Function of Heat Flux
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Figure 4.8: Nusselt Number as a Function of Non-dimensional Heat Flux for the
Unconfined Case
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When comparing the corresponding plots for the confined and unconfined cases,
it can be seen that the curves for each spacing are much more spread out for the
unconfined case. This demonstrates that confined geometries are less dependent on the
nozzle-to-heater distance. Also, the temperature difference increases more rapidly as
heat flux is increased for the confined case. This disagrees with Hunnell (2005) who
found that there is more efficient cooling for confined geometries and attributed this to
recirculation or rebound of the spray droplets on the internal surface of the cap. The
theory that the optimal nozzle-to-heater distance can be found by calculating the spray
impact diameter from the nozzle-to-heater distance and spray cone angle is also
supported by the data from this study. It may be noted however that for the unconfined
study at a heater power of 70 W, the change between the pedestal temperature differences
from 9 mm to 13 mm (decreasing the distance from calculated optimal) was nearly five
times higher than the pedestal temperature differences from 13 mm to 17 mm (increasing
the distance from calculated optimal). The heat transfer coefficient differences at these
same distances were increased by over four times.

Also, note that for the unconfined test, a run at a spacing of 13 mm was performed
at the beginning and end of the set of data. The variability of approximately 20 %
between the two may be due to the error in realigning the spray nozzle over the heater

surface.
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4.2 Cap Electrode Test Results

The four cap electrodes described in Chapter 3 were tested at electrode voltages
of 0 kV, 3 kV and 6 kV at various heater powers. Test parameters were changed as
shown in the test profiles presented in Chapter 3. The full run from no power to near
critical heat flux at the beginning of each profile is indicated in the plots below with an
open diamond symbol. The closed symbols represent data collected at the high voltage
setting at each power level.

The first geometry tested was the bottom half electrode; this electrode design has
been presented Figure 3.23 and Figure 3.24. A full run at 0 kV with heater powers
ranging from 0 to 90 W was performed as indicated by the open diamond symbols in
Figure 4.9 and Figure 4.10. However, during this test, the TFR heater on the PTFE
pedestal unknowingly cracked, possibly due to surpassing critical heat flux. The
incremental high voltage tests (closed symbols) were performed at heater powers ranging
from 50 to 80 W after the crack developed. This data was not discarded after confirming
that the resistance of the heater was nearly constant, although larger, after the crack
formed. Figure 4.11 shows a graph of the calculated heater resistances before and after
the crack formed. This jump in resistance explains why the temperature values for the
full run at 0 kV are much higher at the same heat flux level than for the incremental high
voltage runs.

Figure 4.9 and Figure 4.10 show that there is no noticeable effect on pedestal
temperatures for the bottom half cap electrode geometry. Also, there is no effect on the
heat transfer coefficient (and therefore also Nusselt number) as shown in Figure 4.12 and

Figure 4.13. Possible reasons that no effect was observed are discussed below.
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Figure 4.9: Heat Flux in W/m” as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Bottom Half Cap Electrode
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Figure 4.10: Non-dimensional Heat Flux as a Function of the Non-dimensional Temperature
Difference between the Surface and the Pedestal Top for the Bottom Half Cap Electrode
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in W/m? for the Bottom Half Cap Electrode
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Figure 4.13: Nusselt Number as a Function of Non-dimensional Heat Flux for the Bottom
Half Cap Electrode

The second test was performed on the thick top half electrode after replacing the
cracked TFR heater. Heater powers ranging from 0 to 70 W were tested at 0, 3, and 6
kV. Figure 4.14 and Figure 4.15 show that no significant effect was seen on the pedestal
temperatures at these conditions. Figure 4.16 and Figure 4.17 also show no effects on the
heat transfer coefficient and Nusselt number, respectively. Again, possible causes for the
results are discussed below. A plot of the heater resistance versus surface temperature
was also created for this electrode and the resistance values were relatively constant for
each test ranging from 9.1 to 9.25 ). Note that the slope of the heat flux versus
temperature difference in Figure 4.14 is nearly linear as the heat flux increases, but
steepens at approximately 350,000 W/m?® as critical heat flux (CHF) is approached. It

appears that CHF occurs at a heat flux of approximately 500,000 W/m®.
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Figure 4.14: Heat Flux in W/m® as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Thick Top Half Cap Electrode
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Figure 4.15: Non-dimensional Heat Flux as a Function of the Non-dimensional Temperature
Difference between the Surface and the Pedestal Top for the Thick Top Half Cap Electrode
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Figure 4.16: Convection Heat Transfer Coefficient in W/m” K as a Function of Heat Flux
in W/m? for the Thick Top Half Cap Electrode
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Figure 4.17: Nusselt Number as a Function of Non-dimensional Heat Flux for the Thick
Top Half Cap Electrode
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The third cap electrode tested was the full length design as shown in Figure 3.23
and Figure 3.24. The full 0 kV run was performed with a heater power from 0 to 70 W,
while the incremental high voltage run was performed from 0 to 75 W in an attempt to
get closer to critical heat flux. This electrode also showed no significant effect for the
geometry and high voltage conditions, but was the most repeatable. Each series shown in
Figure 4.18 and Figure 4.19 lie almost exactly on top of one another. There is some
small variation in the heat transfer coefficient and Nusselt number as seen in Figure 4.20
and Figure 4.21 at the lower heat fluxes, but the plots still show no definite substantial
effect of the electrohydrodynamic electric Kelvin force. The heater resistances for this

electrode were very consistent for each test and ranged from 9.15 to 9.25 Q.
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Figure 4.18: Heat Flux in W/m” as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Full Length Cap Electrode
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Figure 4.19: Non-dimensional Heat Flux as a Function of the Non-dimensional Temperature
Difference between the Surface and the Pedestal Top for the Full Length Cap Electrode
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Figure 4.20: Convection Heat Transfer Coefficient in W/m” K as a Function of Heat Flux
in W/m? for the Full Length Cap Electrode
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Figure 4.21: Nusselt Number as a Function of Non-dimensional Heat Flux for the Full
Length Cap Electrode

The final cap electrode tested was the top half electrode. The heater powers
tested were similar to the test profile for the full length electrode. The full 0 kV run had
heater powers ranging from 0 to 70 W, while the incremental high voltage runs had
heater powers from 0 to 75 W. Figure 4.22 and Figure 4.23 show no effect on the
pedestal temperatures. Figure 4.24 and Figure 4.25 show no effect on the heat transfer
coefficient and Nusselt number, respectively. An error analysis was performed for the
full run at 0 kV and the error bars are shown on the plots. An explanation of the error
analysis and the actual error values can be found in Appendix E. Heater resistances for

this electrode ranged from 9.05 to 9.3 Q.
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Figure 4.22: Heat Flux in W/m” as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Top Half Cap Electrode
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Figure 4.23: Non-dimensional Heat Flux as a Function of the Non-dimensional Temperature
Difference between the Surface and the Pedestal Top for the Top Half Cap Electrode
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Figure 4.24: Convection Heat Transfer Coefficient in W/m® K as a Function of Heat Flux
in W/m® for the Top Half Cap Electrode
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Figure 4.25: Nusselt Number as a Function of Non-dimensional Heat Flux for the Top
Half Cap Electrode
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The experimental results obtained for the four cap electrodes with heat fluxes
approaching critical heat flux and voltages of up to 6 kV applied to each electrode,
showed no noticeable effect from the electric Kelvin force for any of the tests. This
result may be due to the non-optimal geometry of the electrode configurations or the
relatively low maximum allowable limit of the high voltage applied. The small distance
between the charged electrode and heater surface (ground) limited the high voltage input
and therefore the strength of the electric field. The limit of 6 kV to prevent electrostatic
breakdown may not create an electric field strong enough to produce a measurable
change in pedestal temperatures and related values due to the electric Kelvin force.

In order to investigate the cause of the negative experimental results, the cap
electrodes were simulated axisymmetrically by Mr. Deepak Mehra (Mehra, 2006) using
the CFD Acet+ multiphysics code (ESI CFD Inc., 2005) to solve the electrostatic
equations and CFD-View and Tecplot in post processing. An electrode voltage of 6 kV
was used for all of these simulations.

Figure 4.26 shows the computed electric field lines for the bottom half cap
electrode. Note that the electric field lines are perpendicular to the electrode and ground
(pedestal surface). The gap between the sump and the plastic cap in these two figures
represents the oval slots cut into the sump. Figure 4.27 shows the computed electric
potential from 0 to 6 kV for the bottom half cap electrode. For this simulation, the outer
boundary conditions were assumed to be grounded. The chamber wall is in reality
slightly further away, but the difference does not change the results inside the cap

significantly.  Also, the thermocouples, the pressure transducer, the high voltage
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feedthrough, and other movable metal pieces which could affect the electric potential are
all located beyond the outer boundary of the simulation.

Figure 4.28 and Figure 4.29 show the magnitude in Newton per kilogram of the
accelerations due to the computed electric Kelvin force in the x and y directions,
respectively (where the positive x direction is pointing down toward the heater and the
positive y direction is the radial direction from the centerline of the pedestal) for the
bottom half cap electrode. Each figure is broken into two pieces. The top represents the
computed electric Kelvin force when the entire area between the cap electrode and
pedestal is filled with FC-72 (and therefore computed assuming those cells possess the
properties of FC-72), and the bottom represents the force when only the spray cone and
area directly above the pedestal are filled with FC-72 with the other areas assumed to be
air. Since, in actuality, the amount of fluid in each area at any given time is unknown, the
electric Kelvin forces would lie somewhere between these two extremes. These figures
show that the magnitudes of the forces are small and have maximums near the pedestal
edges. Figure 4.30 shows plots of the electric Kelvin Force per unit mass in the x
direction as a function of the pedestal radius for the entire area filled with FC-72 (on top)
and only the spray cone and area above the heater surface filled with FC-72 (on bottom)
for five distances from the top of the heater surface. The thick top half cap electrode
simulations are shown in Figure 4.31 through Figure 4.35, the full length cap electrode
simulations are shown in Figure 4.36 through Figure 4.40, and the top half cap electrode

simulations are shown in Figure 4.41 through Figure 4.45. These all show similar trends.
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Figure 4.31: Electric Field Lines for Thick Top Half Cap Electrode
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Figure 4.32: Electric Potential for the Thick Top Half Cap Electrode
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Figure 4.33: Magnitude of the Electric Kelvin Force in the x-direction for the Thick Top
Half Cap Electrode
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Figure 4.34: Magnitude of the Electric Kelvin Force in the y-direction for the Thick Top
Half Cap Electrode
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Figure 4.35: Electric Kelvin Force per Mass with all FC-72 inside the cap (top) and FC-
72 only in the Spray Cone and Above the Pedestal (bottom) as a Function of the Pedestal
Radius for Five Distances from the Heater Surface for the Thick Top Half Cap Electrode
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Figure 4.37: Electric Potential for the Full Length Cap Electrode
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Figure 4.38: Magnitude of the Electric Kelvin Force in the x-direction for the Full Length

Cap Electrode
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Figure 4.39: Magnitude of the Electric Kelvin Force in the y-direction for the Full Length

Cap Electrode
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Figure 4.40: Electric Kelvin Force per Mass with all FC-72 inside the cap (top) and FC-
72 only in the Spray Cone and Above the Pedestal (bottom) as a Function of the Pedestal
Radius for Five Distances from the Heater Surface for the Full Length Cap Electrode
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Figure 4.42: Electric Potential for the Top Half Cap Electrode
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Figure 4.43: Magnitude of the Electric Kelvin Force in the x-direction for the Top Half
Cap Electrode
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Figure 4.44: Magnitude of the Electric Kelvin Force in the y-direction for the Top Half
Cap Electrode
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Figure 4.45: Electric Kelvin Force per Mass with all FC-72 inside the cap (top) and FC-
72 only in the Spray Cone and Above the Pedestal (bottom) as a Function of the Pedestal
Radius for Five Distances from the Heater Surface for the Top Half Cap Electrode
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From these simulations based on the relatively small forces that were predicted,
no significant effect from the electric Kelvin force was predicted and are all consistent
with the negative experimental results. However, these results do indicate that the full
length cap electrode produced the largest force across the greatest area of the pedestal.

Several factors could contribute to the negative results obtained from both the
experimental tests and numerical simulations. The electric Kelvin force was defined in
Chapter 2 as a force proportional to the gradient of the electric field squared (as stated
below in Equation 4.1). From this equation, it can be seen that the electric Kelvin force
can be increased by increasing the electric field (increasing the applied voltage),
increasing the gradient of the electric field (configuring the electrode geometry) or by
increasing the electric susceptibility (choosing a fluid with a higher electric susceptibility

value).
&y 2
FKelvin = (?j(’( - I)VE (4 1)

The greatest effect on the surface temperature can be achieved by aligning the
gradient of the electric field squared field lines normal to the top pedestal surface. Figure
4.46 shows the gradient of the electric field squared lines for the full length cap electrode.
These are not perpendicular to the pedestal surface, but tend to turn out radially close to

the surface.
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Figure 4.46: Gradient of the Electric Field Squared Field Lines for the Full Length Cap
Electrode

For the other three cap electrode simulations, none had gradient of the electric
field squared lines that were perpendicular to the pedestal surface. Changing the
geometry of the electrodes changes the gradient of the electric field squared lines. Also
in the simulations, the magnitudes of the electric Kelvin force in the x and y directions
were both relatively small. This could be increased by increasing the voltage applied to
the electrode. This also would require moving the electrode further from the ground to
prevent electrostatic breakdown. From the equation, choosing a fluid with a higher
electric susceptibility value would tend to increase the electric Kelvin force. FC-72 has

an electric susceptibility of 0.75, while HFE-7000 has an electric susceptibility of 6.4.
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To test the theory that HFE-7000 may increase the electric Kelvin force, the FC-
72 was drained from the apparatus and replaced with HFE-7000. The full length electrode
was then retested at a flow rate of 0.016 m’/hr (4.23 GPH) of HFE-7000 and electrode
voltages of 0, 3, and 6 kV. Figure 4.47 shows the measured heat flux as a function of the
temperature difference at the top of the pedestal and Figure 4.48 shows the non-
dimensional heat flux as a function of the non-dimensional temperature difference at the
top of the pedestal. The open symbol represents a full run from 0 to 45 W without
changing the voltages, while the closed symbols represent tests performed by increasing
the electrode voltage input at each heater power. A plot of the convection heat transfer
coefficient as a function of heat flux and a plot of the Nusselt Number as a function the

non-dimensional heat flux are shown in Figure 4.49 and Figure 4.50, respectively.
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Figure 4.47: Heat Flux in W/m® as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Full Length Cap Electrode
with HFE-7000 as the Working Fluid
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Figure 4.48: Non-dimensional Heat Flux as a Function of the Non-dimensional
Temperature Difference between the Surface and the Pedestal Top for the Full Length
Cap Electrode with HFE-7000 as the Working Fluid

15000 -
14000 -
13000 |
< 12000 -
N
£
£
= 11000 -
10000 |
——0 kV
9000 - ——0kV
=3 kV
——6 kV
8000 T T T T T T 1
0 5 10 15 20 25 30 35

Heat Flux (10* W/im?)

Figure 4.49: Convection Heat Transfer Coefficient in W/m” K as a Function of Heat Flux
in W/m? for Full Length Cap Electrode with HFE-7000 as the Working Fluid
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Figure 4.50: Nusselt Number as a Function of Non-dimensional Heat Flux for the Full
Length Cap Electrode with HFE-7000 as the Working Fluid

These plots show a slight trend of cooling the pedestal surface with a magnitude
of the temperature difference of approximately 0.5 °C and a magnitude of the heat
transfer coefficient of approximately 330 W/m’K. While this full length cap electrode
with HFE-7000 as the working fluid shows a slight trend experimentally, note that these
magnitudes are relatively small when compared to the magnitudes of the experimental

error values.
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4.3 Mehra Electrode Results

The Mehra electrode that was described in Chapter 3 (shown in Figure 3.34) was
tested both numerically (by Mr. Deepak Mehra) and experimentally in this study. The
numerical study is described in detail in Mehra’s dissertation along with a short
presentation of the results below. The electrode configuration was tested experimentally
at increasing electrode voltages up to 23 kV and also at decreasing voltages for various
heater powers up to 12 W. Data was recorded as shown in the test profiles presented in
Chapter 3.

Figure 4.51 shows the numerically calculated plot of the electric field lines with
the electrode configuration. Note that the electric field lines are all normal to the
electrode surfaces. The nozzle electrode is at 23 kV and the cap electrode, pedestal
electrode, and heater are at ground as shown in the contour plot of the electric potential in
Figure 4.52.

Figure 4.53 and Figure 4.54 show the magnitude in Newtons per kilogram of the
force per unit mass due to the computed electric Kelvin force in the x and y directions,
respectively (where just as for the cap electrodes, the positive x direction is pointing
down toward the heater and the positive y direction is the radial direction from the
centerline of the pedestal) for the Mehra electrode configuration. The plot represents the
computed electric Kelvin force when the entire area between the cap electrode and
pedestal is filled with HFE-7000 (and therefore computed assuming those cells possess
the properties of HFE-7000) and the other areas are filled with air. These figures show
that a significant upward (negative x-direction) force exists across the entire top surface

of the pedestal as well as a significant inward (negative y-direction) force at the outer
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radius of the pedestal. To quantify these magnitudes, Figure 4.55 and Figure 4.56 show
plots of the computed electric Kelvin Force per unit mass in the x-direction and y-
direction (respectively) as a function of the pedestal radius for various distances from the
top of the pedestal surface. For both the x and y directions, the magnitudes of the electric
Kelvin force per unit mass get smaller further from the pedestal surface.

As discussed in the previous section, it is optimal for the gradient of the electric
field squared lines to be normal to the pedestal surface. These calculated field lines are

shown in Figure 4.57.
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Figure 4.51: Electric Field Lines for Mehra Electrode Configuration
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Figure 4.53: Magnitude of the Electric Kelvin Force per unit Mass in the x-direction for
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Figure 4.54: Magnitude of the Electric Kelvin Force per unit Mass in the y-direction for
the Mehra Electrodes
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Figure 4.55: Electric Kelvin Force per Mass in the x-direction as a Function of the
Pedestal Radius for Three Distances from the Pedestal Surface for the Mehra Electrodes
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Figure 4.56: Electric Kelvin Force per Mass in the y-direction as a Function of the
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Figure 4.57: Gradient of the Electric Field Squared Lines for the Mehra Electrodes
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From these numerical simulations by Mr. Deepak Mehra, it was predicted that the
electric Kelvin force would produce a positive effect on the cooling efficiency of the
experimental spray cooling apparatus. The experimental tests on the Mehra electrode as
described in Chapter 3, were performed for electrode voltages of up to 23 kV and heater
powers of up to 12 W. The closed symbols in the plots below represent the portion of the
test profile where the voltages were being increased at each heater power, while the open
symbols represent the portion where the voltages were decreased. Figure 4.58 is a plot of
the heat flux as a function of the temperature difference at the top of the pedestal for
electrode voltages ranging from 0 to 23 kV. The curves begin to diverge near the higher
heat fluxes showing a cooling effect as the voltage is increased and a subsequent heating
effect as the voltage is then decreased. The area indicated in Figure 4.58 corresponds to
the enlarged view shown Figure 4.59. (The corresponding non-dimensional versions of
these plots are shown in Figure 4.60 and Figure 4.61.) It can be seen that at a heat flux of
120,700 W/m?, as the electrode voltage is increased from 0 to 23 kV, the temperature
difference at the top of the pedestal decreases by 1.91 °C. As the electrode voltage is
then decreased back to 0 kV, the temperature difference increases by 1.46 °C. Note that
the temperature difference did not increase back to the same value at the first and last 0
kV input. This could be due to a general increase in the ambient temperature during the
approximately 45 minutes it took to perform the test. The other voltages increase and
decrease almost in sequential order between these two maximums. The lower voltages of
0 and 4 kV became out of order as the voltage was being decreased (open symbols), but
this discrepancy is within experimental errors and may be due to an inadequate electrode

voltage input to produce the effect seen at higher voltages.
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Figure 4.58: Heat Flux in W/m” as a Function of the Temperature Difference between the
Surface and the Top of the Pedestal in Degrees Celsius for the Mehra Electrodes at
Voltages up to 23 kV
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Figure 4.59: Enlarged View of the Highest Heat Flux in Figure 4.58
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Figure 4.61: Enlarged View of the Highest GA in Figure 4.60
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To better view the effect of the electrode voltage input, the temperature difference
at the top of the pedestal at 0 kV, (TsTwwoplokv, Was subtracted from the temperature
difference at the top of the pedestal at each electrode voltage, (Ts-Twtop), and plotted as a
function of the electrode voltage for the various different heater powers. This plot is
shown in Figure 4.62 for the increasing electrode voltages and in Figure 4.63 for

decreasing voltages. The corresponding non-dimensional plots are shown in Figure 4.64

and Figure 4.65.
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Figure 4.62: Temperature Differences between 0 and 23 kV as a Function of Increasing
Electrode Voltages for Varying Heater Powers
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The convection heat transfer coefficients increased as the electrode voltage
increased. Figure 4.66 (and the enlarged view in Figure 4.67) indicate that at a heat flux
of 120,700 W/m?, as the electrode voltage was increased from 0 to 23 kV, the heat
transfer coefficient increased by 165 W/m’K. As the electrode voltage was then
decreased back to 0 kV, the heat transfer coefficient decreased by 128 W/m°K. The
corresponding non-dimensional plots are shown in Figure 4.68 and Figure 4.69. The heat
transfer coefficient at 0 kV, (hoxy), was subtracted from the heat transfer coefficient at
each electrode voltage, (h), and plotted as a function of the electrode voltage for the
varying heater powers. This plot is shown in Figure 4.70 for the increasing electrode
voltages and in Figure 4.71 for decreasing voltages. The corresponding non-dimensional

plots are shown in Figure 4.72 and Figure 4.73.

120



4000 -

3750 +

3500 +

3250 +

h (W/m?K)

3000 -

2750 -

(Enlarged
View
Below)

2500 \ T \ \

Heat Flux (10* W/m?)

——0 kV
—4—4 kV
——8 kV
=12 kV
—*%=16 kV
——18 kV
——20 kV
——21 kV
=22 kV
—+—23 kV
—=-22 kV
——21 kV
——20 kV
——18 kV
—><—16 kV
=12 kV
——8 kV
—2—4 kV
——0 kV
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These results indicate a significant effect on the pedestal temperature (of up to
1.91 °C) and heat transfer coefficient (of up to 165 W/m’K or 5.2 %) when at higher heat
flux and electrode voltage values with the use of the electric Kelvin force produced by
the Mehra electrode. While this effect is present at a heat flux of 12 W where the
pedestal surface temperatures did reach above the 34 °C boiling point of HFE-7000, it
can be seen from the plots and values that the spray cooling apparatus was not yet near
critical heat flux for the Mehra electrode tests. The maximum heat flux for these
experiments was limited due to the temperature cutoff that activated at 13 W. Altering
the pedestal to allow cooler operating temperatures may enable higher heat fluxes to be
reached in order to study the effects of the Mehra electrode configuration nearer to
critical heat flux. It is believed that these effects would become larger at higher heat

fluxes.
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Chapter 5: Conclusions and Recommendations

This chapter presents the conclusions drawn from the results from the current

study. Recommendations for future work are also discussed.

5.1 Conclusions

A spray cooling apparatus consisting of a spray chamber built for the present
study and a flow generating base package modified from Hunnell (2005) has been
constructed. This apparatus was employed to study the effects of the spacing between the
nozzle exit and heater surface and the effects of the electric Kelvin force for five different
electrode configurations using two different working fluids.

The first objective of this study was to experimentally determine the sensitivity of
the nozzle-to-heater distance in both confined and unconfined flows and was achieved.
The results indicated that the confined flow is less dependent on the nozzle-to-heater
spacing but is slightly less efficient at cooling the heated surface when compared to an
unconfined flow with similar flow parameters. This disagrees with Hunnell (2005), who
proposed that confined flows are more efficient due to the rebounding of spray droplets
back onto the heated surface within the confined geometry, thus providing a larger
volume of liquid to aid in heat transfer. However, relatively large variations in
performance for repeated runs indicated the significant effect on the results due to
alignment of the nozzle and heater.

The second objective was to experimentally and/or numerically show a
measurable effect of the electric Kelvin force on spray cooling performance. The first

series of experimental tests on the four cap electrodes showed no significant effect of the
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electric Kelvin force on spray cooling performance. This is believed to be due to the
non-optimal geometries and also possibly due to the properties of the FC-72 fluid used.
Numerical simulations of these electrode designs indicated that the geometries were
insufficient to produce an electric Kelvin force with a large enough magnitude and proper
direction to significantly effect the spray cooling parameters such as pedestal surface
temperature and convection heat transfer coefficient. The electrode in each of these
designs was so close to the heater surface (ground) that the maximum allowable electrode
voltage input was severely limited (to only 6 kV) in order to prevent electrostatic
breakdown. Also, the shape and placement of the electrodes produced gradient of the
electric field squared lines that were not normal to the heater surface as would be optimal.
For the full length electrode, FC-72 was first used which has a relatively small electric
susceptibility of approximately 0.75. The electric susceptibility is also proportional to the
electric Kelvin force. HFE-7000 (which has an electric susceptibility of approximately
6.4) was also used to experimentally test the full length cap electrode. These tests
showed a slight improvement in cooling efficiency, but the magnitude was below the
estimated level of the experimental errors.

The Mehra electrode test used the conclusions drawn from the cap electrode tests
to improve the results. The geometry of the electrode configuration was first optimized
using numerical simulations by Mr. Deepak Mehra and then experimentally tested for
this study using HFE-7000 at a flow rate of 0.014 m’/hr of HFE-7000. The numerical
tests indicated that the positioning and magnitudes of the electric Kelvin force per unit
mass may produce a significant effect on the spray cooling parameters of the

experimental apparatus. The calculated gradient of the electric field squared lines were
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normal to the pedestal surface. The calculated magnitudes of the accelerations
everywhere adjacent to the pedestal surface were greater than 4 N/kg in an upward
direction. The Mehra electrode experimental results showed that at a heat flux of
120,700 W/m® and electrode voltage input of 23 kV, the temperature difference at the top
of the pedestal decreased by a maximum of 1.91 °C and the heat transfer coefficient

increased by a maximum of 165 W/m’K (or 5.2%).

5.2 Recommendations

Recommendations from Hunnell (2005) were addressed in this project including
the addition of a data acquisition system and new rotameters to the experimental
apparatus. Several other recommendations were also attempted. First, a reheater was
built and installed on the experimental base just before the spray chamber in order to
have the capability of varying the subcooling. However, problems were encountered
with the installation of the PID controller for the system and time constraints prevented
its use. It is therefore recommended that the reheater be reinstalled with a new PID
controller. Decreasing the subcooling of the working fluid allows boiling to occur at a
lower flow rate and/or heat flux. Second, in the data reduction calculations, the fractional
heat loss down the pedestal was assumed to be 0.015. It was found in Baysinger (2004)
that the heat loss varied by up to 1 % from this value and was therefore included in the
error analysis for the current study. However, the value found in Baysinger (2004) was
specifically for a glass pedestal, while a PTFE pedestal was used in the electrode tests in
this study. The thermal conductivity is approximately 1.04 W/mK for glass and 0.25

W/mK for PTFE. While the difference may not be significant, it is recommended that a

128



more accurate value (of approximately 4 times less) of the heat loss down a PTFE
pedestal be used in calculations.

Another recommendation is to add a more accurate flow meter to the
experimental base. This was also attempted by purchasing and installing a Sponsler
turbine meter to be read by the data acquisition system, but problems encountered with a
large amount of noise and a lack of time to correct the problem prevented its use in the
current work.

The properties of the working fluid can be an important parameter in spray
cooling. The amount of dissolved air in the fluid may greatly affect the performance.
The dissolved air content of the FC-72 in the WVU experimental apparatus was tested by
the AFRL team and found to be approximately 22 %. The system is not pressurized and
it is assumed the dissolved air content remains relatively constant. However, it is
recommended that the dissolved air content be monitored more closely. This can be done
in several ways. First, samples could be periodically taken as was done by the AFRL
team and analyzed for changes. A second method would be to install a dissolved oxygen
meter probe. Initial tests were performed using an air calibrated YSI Inc. Model 50B
meter and 5750 BOD non-stirring probe. The instrument works by allowing oxygen (and
certain other gases) to flow across a membrane to reach a cathode sensor. This sensor
outputs current in proportion to the amount of oxygen present. Initial tests indicated that
the probe could provide a dissolved air reading in FC-72 measured in percent of
saturation or mg/L if a proper amount of movement (flow or stirring) is maintained in the
fluid. It is recommended that a newer model field meter be purchased (the 50B meter has

been discontinued), tested, and installed on the experimental base in order to monitor the
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dissolved air in the working fluid. Consideration should also be made to close the system
and create the means to vary the amount of dissolved air in the fluid. Tests should also
be performed with the dissolved oxygen meter using the HFE-7000 working fluid.

One final recommendation is that the Mehra electrode configuration be tested at
higher heat fluxes (up to critical heat flux if possible). The pedestal used in the Mehra
electrode tests could only withstand a heater power input of 12 W before the temperature
cutoff switch triggered at 150 °C. This temperature cutoff was chosen because the epoxy
used to bond the heater and alumina to the PTFE rod had a maximum operating
temperature of 177 °C. Modifying the pedestal by choosing an epoxy that is less
thermally insulating and/or has a higher operating temperature should allow higher heat
fluxes to be reached. Also reducing the thickness of the alumina layer above the heater
would allow the heat to more easily conduct to the pedestal surface to be removed by the
impinging spray. It is predicted that the cooling effect that occurred at 12 W would be

enhanced at higher heat fluxes.
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Appendix A: Thick Film Resistor (TFR) Composition and
Layer Thickness Study using Electron Microscopy

Manufacturer information regarding the layer thicknesses of the thick film
resistors (TFR) varied. These thicknesses need to be quantified in order to determine the
surface temperature using a heat conduction analysis (shown in Appendix C). In order to
determine the composition and layer thickness for the two types of thick film resistors
(TFR Type 1 and TFR Type 2), a scanning electron microscope (SEM) was employed,
and the information gathered was then compared to the manufacturer information that
was available. TFR Type 1 consists of three layers: an aluminum substrate on the
bottom, a palladium silver conductive heater layer in the middle, and a glass layer on top.
TFR Type 2 has only two layers: an aluminum substrate on the bottom and a palladium
silver conductive heater layer on top. Initial photographs at 500 and 1,000 times
magnification and initial chemical analysis of specimens that were simply broken and
then viewed with the SEM did not yield conclusive information as to the chemical
composition or thickness of each layer on either type of TFR heater. Therefore, each
piece of TFR was mounted in Buehler Sampl-Kwick fast cure acrylic epoxy and polished
in alternating directions using 120, 240, 320, 400, and 600 grit sandpaper. These samples

(shown Figure A1) were then re-examined under the SEM microscope.

TFR

Epoxy

Figure A1: Polished Samples of TFR Type 1 (left) and TFR Type 2 (right) Heaters
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TFR Type 1:

Based on manufacturer information, the first type of TFR consists of three layers.
The bottom substrate layer is made of alumina and is specified as 25 mils (634 microns)
thick. The middle layer is a conductive resistor containing palladium silver specified as
14-16 microns thick. The top layer is glass specified as 8-18 microns thick.

The results from the scanning electron microscope at a magnification of 140
(shown in Figure A2) show two distinct layers of glass and alumina along with the
surrounding epoxy. The thin conductive layer, i.e. the actual resistive material, is not
visible at this magnification. The bright white areas in the alumina in Figure A2 are from
the non-conductive alumina becoming charged by the SEM microscope while the black
area in the alumina is not charging because it is next to the conductive layer. X-ray
spectra were taken in the spots indicated in Figure A2 to confirm the composition of the
layers, and these images are shown in Figure A3. The spikes on these figures correspond
to a specific element energy level and are labeled on each figure. The small spikes at
energy levels 11 and 13 match that of nickel which is present in the epoxy. The chemical
analysis results are shown in Figure A4. From these tests at 140 times magnification, the
glass layer measures approximately 40 +5 microns thick and the alumina layer measures

approximately 650 £10 microns thick.
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Epoxy

glass layer TFR x140

Figure A2: TFR Type 1 at 140x Magnification Showing the Alumina and Glass Layers
with Surrounding Epoxy

10.0 15.0 20.0
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a) X-Ray 1 Showing Point Contains Mostly Silicon and Sulfur (with some nickel)

Al

I 1
0.0 5.0 10.0 15.0 20.¢
keV

b) X-Ray 2 Showing Point Contains Mostly Aluminum
Figure A3: TFR Type 1 X-Ray Analysis at 140x Magnification

136



gﬁl ass_l ayer TFR =14 Omap

Figure A4: TFR Type 1 Chemical Analysis at 140x Magnification Showing a) Thin layer of
Silver b) Sulfur Layer c¢) Silicon Layer d) Large Layer of Aluminum e) Composite Image

Magnifying the area between the glass layer and aluminum layer further to 1500
times magnification shows the third conductive heater layer as is shown in Figure A5. X-
ray results of the points shown in this figure are shown in Figure A6 and the chemical
analysis is shown in Figure A7. At this high magnification, the edges of the layers begin
to become rough and uneven. Also, during polishing, the materials become blended
together creating less clearly defined edges and multiple elements appear at points close
to the interface area. However, it is clear from Figure A7 that the heater layer is
primarily silver with a layer of glass to the left and a layer of alumina to the right. At this
magnification of 1500 times, the conductive layer measures approximately only 7 to 8 £3

microns thick.
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c¢) X-Ray 3 Showing Point Contains Mosﬁ; Aluminum
Figure A6: X-Ray Analysis at 1500x Magnification

138



llglas sﬁ_'l'aye r TFR_x1500

Figure A7: Chemical Analysis at 1500x Magnification Showing a) Layer of Silver b)
Layer of Sulfur ¢) Layer of Silicon d) Layer of Aluminum e) Composite Image

The conductive layer was magnified once more to 3000 times as shown in Figure
A8. X-ray results of the point indicated are shown in Figure A9 and the chemical
analysis is shown in Figure A10. This magnification confirms that the conductive layer

is approximately 7 to 8 microns thick, but decreases the error to 2 microns.

Conductivs
Heater —__

X-ray 1 <

10 microns
iglass layer TFR_x3000

Figure A8: TFR Type 1 at 3000x Magnification Showing the Conductive Heater Layer
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Figure A9: X-Ray Analysis at 3000x Magnification Showing Point mostly Silver

glas S_layer_TFR_ 3000ma

Figure A10: Chemical Analysis at 3000x Magnification Showing a) Layer of Silver b)
Layer of Sulfur c¢) Layer of Silicon d) Layer of Aluminum e) Composite Image

From the tests performed on TFR Type 1, the composition and layer thicknesses
were determined. The bottom layer was found to contain aluminum and was 650 +10
microns thick. The middle layer was found to contain silver (which is highly conductive)
and was between 7 and 8 *2 microns thick. The top layer was found to contain sulfur
and silicon (two main components of glass) and was 40 +5 microns thick. A schematic

of these results are shown in Figure A11.
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Glass: 40 +5 microns

Heater: 7-8 +2 microns

Alumina: 650 10 microns

Figure A11: TFR Type 1 Schematic of Experimental Results (not to scale)

When compared to the manufacturer’s information, the agreement of results
varies for each layer. The bottom alumina substrate layer (found to be 650 £10 microns
thick) compared very well to the manufacturer’s given thickness of 634 microns.
Because the values compared well and because the magnification to view the alumina
layer was relatively low, the thickness to be used in data reduction calculations is 634
+10 microns. The middle conductive heater layer was found to be 7 to 8 +2 microns
which is only half of the given thickness of 14-16 microns. However, because the
thickness was found at a very high magnification, the conductive heater layer thickness is
assumed to be 8 +2 microns for calculations. The top glass layer differed the most as it
was found to be 40 +5 microns and the manufacturer gave a thickness of 8-18 microns.
Because of the high magnification and because the manufacturer stated that sometimes
two layers of glass are attached, a glass layer thickness of 40 £5 microns will be used. To
help confirm the final results, a dial caliper was also used to measure the entire thickness
of the piece and was found to be approximately 686 microns (0.0270 in). This compares
well to the total calculated thickness (634 microns, plus 8 microns, plus 40 microns,
equals 682 microns) of 682 microns (0.0269 in). A summary of the TFR Type 1

thicknesses is shown in Table Al.
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Table Al: TFR Type 1 Thicknesses

Layer Manufacturer | Experimental Values to be used in
Values Values Analysis
Glass 8-18 microns 40 5 microns 40 5 microns
Conductive Heater | 14-16 microns | 7 - 8 +2 microns 8 +2 microns
Alumina Substrate 634 microns 650 10 microns 634 +10 microns
TFR Type 2:

Based on manufacturer information, the second type of TFR consists of two
layers. The bottom substrate layer is made of alumina and the second layer is a
conductive resistor containing palladium silver. The layer thicknesses were not given.
The layer of glass that was on the Type 1 TFR is not present. The results from the
scanning electron microscope at a magnification of 150 times (shown in Figure A12)
show the alumina layer along with the surrounding epoxy. The thin conductive layer is
not visible at this magnification. As with the TFR Type 1 heater, the bright white areas
in the alumina are from the non-conductive alumina becoming charged by the SEM
microscope while the black area in the alumina is not charging because it is next to the
conductive layer. X-rays were taken in the spots indicated to confirm the composition of
the layers and are shown in Figure A13. The chemical analysis results are shown in
Figure Al14. Nickel was included in this chemical analysis but only appeared in the
epoxy. At this 150 times magnification, the alumina layer measures approximately 630

+10 microns in thickness.
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Figure A12: TFR Type 2 at 150x Magnification Showing the Alumina Layer
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Figure A13: X-Ray Analysis at 150x Magnification
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Figure A14: Chemical Analysis at 150x Magnification Showing a) Silver Throughout b)
Layer of Sulfur ¢) Layer of Silicon d) Layer of Aluminum e) Nickel f) Composite Image

Magnifying the edge with the conductive layer to 1000 times magnification shows
the very ragged edges between layers and also between the epoxy and the sample as seen
in Figure A15. This could be due to polishing. X-rays were taken at the points indicated
to help in determining where each layer lies and are shown in Figure A16. X-ray 1 and 3
show several different elements indicating that those points are near the interface. X-ray
2 is clearly in the alumina layer. The chemical analysis is shown in Figure A17. At this

magnification the conductive layer is measured to be approximately 15-20 +5 microns.
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Figure A15: TFR Type 2 at 1000x Magnification Showing the Conductive Layer
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Figure A16: X-Ray Analysis at 1000x Magnification

145



no_glaé S_la'yer_TFR_x 100

Figure A17: Chemical Analysis at 150 Magnification Showing a) Silver Throughout b)
Layer of Sulfur ¢) Layer of Silicon d) Layer of Aluminum e) Composite Image

From the tests performed on the TFR Type 2, the composition and layer
thicknesses were determined. The bottom layer was found to contain aluminum and was
630 +10 microns thick. The top layer was found to contain silver, sulfur, and silicon (and
is assumed to be the conductive heater) and was 15-20 =5 microns thick. A schematic of
these results are shown in Figure A18. No information was given by the manufacturer

for the thickness of each layer and therefore cannot be compared.

Heater: 15-20 +5 microns

Alumina; 630 10 microns

Figure A18: TFR Type 2 Schematic of Experimental Results (not to scale)
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For data reduction calculation purposes, the alumina layer is assumed to have the
same given thickness as the Type 1 TFR of 634 £10 microns. The conductive heater is
assumed to have a thickness of 20 £5 microns. A dial caliper was used to measure the
entire thickness of the piece, and it was found to be approximately 660 microns (0.0260
in). This agrees very well with the total calculated thickness (634 microns, plus 20
microns, equals 654 microns) of 654 microns (0.0257 in). A summary of the TFR Type 2

thicknesses is shown in Table A2.

Table A2: TFR Type 2 Thicknesses

Layer Manufacturer | Experimental Values to be used in
Values Values Analysis
Conductive Heater | None given | 15-20 +5 microns 20 %5 microns
Alumina Substrate None given 630 +10 microns 634 +10 microns
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Appendix B: Test Plans for Spacing Comparison and
Electrode Performance Studies

Spacing
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_| Confined

ow

10 W

20 W

S50 W

60 W

70 W

ow

10 W

20 W

50 W

60 W

70 W

ow

10W

20 W

50 W

60 W

70 W

ow

10 W

20 W

50 W

60 W

70 W

ow

_|Unconﬁned

10 W

20W

50 W

60 W

70 W

ow

10 W

20 W

11 mm

50 W

60 W

0 W

ow

10 W

20W

50 W

60 W

70 W

13 mm

oW 10 W 20W W 50 W 60

15 mm

ow 10 W 20 W 50 W 60 W

17 mm

ow 10 W 20 W 50 W 60 W

13 mm #2

f

70 W

70 W

70 W

0w 10W 20W 30W 40 W 50 W 60 W 70W

Figure B1: Spacing Comparison Test Plan at 0.029 m’/hr (7.72 GPH) FC-72
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Cap Electrodes

oW

0kvV ][ 3kv ][ 6kV
10 W
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30 W
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70 W

0kv ][ 3kv ][ 6kV

Figure B2: Cap Electrode Test Plan at 0.029 m*/hr (7.72 GPH) of FC-72 and 0.016 m’/hr
(4.23 GPH) of HFE-7000
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Mehra
Electrodes

[ |
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Figure B3: Mehra Electrode Test Plan at 0.014 m’/hr (3.8 GPH) of HFE-7000
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Appendix C: Derivation and Solutions of Energy
Equations for the TFR Pedestals

This appendix shows the derivation of the energy equations needed to solve the
heat conduction and convection problem associated with the layers of the different TFR
pedestals. The pedestal used for the spacing comparison consisted of a glass rod with a
Type 1 TFR (with a glass layer). The pedestal used for the Mehra electrode tests
consisted of a PTFE rod with a Type 2 TFR (no glass layer) and 2 mm of alumina above
the heater. The conduction and convection problem for these two pedestals were
modeled similarly and are shown in the first section below. The pedestal used for the cap
electrode tests consisted of a PTFE rod with a Type 2 TFR (no glass layer) and is shown

in the second section below.

C1: Spacing Comparison and Mehra Pedestals

Energy Equation Derivation for Each Layer
The energy equation for a one-dimensional, steady state, circular layer with

insulated sides as shown below in Figure C1 can be found as follows.
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q. +%dzjd/1

Figure C1: Energy Equation Derivation Schematic for the Spacing Comparison and
Mehra Pedestals
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The net heat flow into the system is found by subtracting the heat flow out of the
system from the heat flow into the system and including the internal heat generation rate

per unit volume, g, as shown in Equation C1. Simplifying yields Equation C2.

dq =q.dA —(qz + %. dz |dA+ gdAdz (Cl)
dt Oz

dQ 0q

== 4 C2
a e ° (2

Using Fourier’s Law in the z-direction as shown in Equation C3, assuming steady
state as shown in Equation C4, and using a constant thermal conductivity reduces the

equation to the energy equation needed to solve for the temperature distribution in the

heater layer, Equation C5.

oT
.=k )
d
al 4
o’'T g
0= oz’ +; (©3)

For the glass and substrate layers on the spacing comparison pedestal and for the

substrate and alumina layer on the Mehra pedestal, there is no internal heat generation

and the equation reduces further as shown in Equation Cé.

o°’T (C6)

Boundary Conditions Defined for Each Layer

The boundary conditions between each layer come from Fourier’s Law which is

given in the z-direction as shown in Equation C7.
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dT
=—k— C7
q. pa C7)

Solving for the heat flux and taking into account how the z-direction is defined for each
of the three layers (shown in Figure C2) produces five of the six boundary conditions.
The notation of gr and ¢; are also introduced as shown in Equations C8 and C9 to
describe the amount of heat moving up and down the pedestal, respectively, from the
bottom of the heater, where f is the heater conduction loss fraction.

g, =01 (C8)

4, = fq (C9)

The sixth boundary condition is at the top surface of the glass (or alumina) layer
and includes convection. The heat flux at this point can be written as shown in Equation
C10.

g=hT, -T,) (C10)
This equation and Fourier’s Law can be related to produce the final boundary condition at

the top surface of the glass (or alumina) and is shown in Equation C11.

LAy (11
dz k ~ k

The geometry definitions, governing equations and, boundary conditions for the spacing

comparison and Mehra pedestal geometries are shown below in Figure C2.
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dT glass / alumina h h

+—-T =—T,
dZ glass | alumina k k
fas /I\ glaSS/alumina Hglass/alumina
dTglass / alumina _ qL T
dZ glass | alumina k
dTi __ qr
T thtr k
Zhtr /I\ Hpr heater
l dThtr — (]_L
tht/ k
drvub — —q L
dZ sub k l
Zsub \l/ substrate Hyu
deub _ —q L l
dzsub k
® Tint
pedestal

d2
dz

T

glass | alumina

dzThtr +g
2,k
thl
dszub _0
dz .° -

glass | alumina

2

g

k

0

Figure C2: Respective Geometry, Equations, and Boundary Conditions for Each Layer of
the Spacing Comparison and Mehra Pedestals

Solutions for Each Layer

Glass/Alumina Layer: The governing equation for the glass/alumina layer was found

from Equation C6 above and includes no internal heat generation. The first boundary

condition was found from Equation C11 above and includes a constant temperature
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condition and convection at the top of the pedestal going in the positive z direction. The
second boundary condition was found from Equation C7 above and involves one-
dimensional heat conduction at the glass/alumina and heater interface in the positive z
direction. Contact resistances were neglected. These equations can be used to produce
the temperature distribution solution in the glass/alumina layer, Equation C12.

Governing Equation

d’T 4
glass/alummza +§ =0 (C6)
dz k

glass | alumina

Boundary Conditions

dT : h h

glass | alumina _
d + k Ts = k T:)o s 2= Hglass/alumina (Cl 1)

z glass | alumina glass | alumina glass | alumina

dT . _

glass | alumina q L _

= » Zglass/alumina — 0 (C7)
dZ glass | alumina glass | alumina
Solution

Tglass/alumma (Z) = ki z+ T(Z

=0) (C12)

glass | alumina
glass | alumina

Heater Layer: The governing equation for the heater layer was found from Equation C5
above and includes the internal heat generation produced by the resistor. The first
boundary condition was found from Equation C7 above and involves one-dimensional
heat conduction at the glass/alumina and heater interface in the positive z direction. The
second boundary condition was also found from Equation C7 and involves one-

dimensional heat conduction at the heater and substrate interface in the negative z
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direction. Contact resistances were neglected. These equations can be used to produce
the temperature distribution solution in the heater layer, Equation C13.

Governing Equation

. (C5)

Boundary Conditions

T, —q;

?,W = k. » Z htr— Hper (C7)
AT _ 9 4 =0 (C7)
dz,, k,,
Solution
T, (2)=—5 2 2+ 9L 2 17(z, =0) (C13)
” "

Substrate Layer: The governing equation for the substrate layer was found from
Equation C6 above and includes no internal heat generation. The boundary conditions at
the heater and substrate and also the substrate and pedestal interfaces are identical and
were found from Equation C7 above and involve one-dimensional heat conduction in the
positive z direction. Contact resistances were neglected. These equations can be used to
produce the temperature distribution solution in the substrate layer, Equation C14.

Governing Equation

d’T,
sub + 5 — 0 (C6)

2
dzsuh k sub
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Boundary Condition

T —
d—sub = 9. s Z sub— 0& Hgub (C7)
dzsub ksub
Solution
Tmb (Z) = %Zmb + T(qub = O) (C14)

sub
Since the temperatures at the layer interfaces are equal (i.e. the temperature at the
bottom of the glass/alumina equals the temperature at the top of the heater, the
temperature at the bottom of the heater equals the temperature at the top of the substrate,
and the temperature at the bottom of the substrate equals the temperature at the top of the
pedestal), the solutions can be combined to relate the surface temperature to the

temperature measured at the top of the pedestal, Tiy, as shown in Equation C15.

2
T _ - QTHglass/alumina + - thtr + qLHhtr + qLHsub

N +T.
k 2k k k

nt

(C15)

glass | alumina htr htr sub

C2: Cap Electrode Pedestal

Energy Equation Derivation for Each Layer
The energy equation for a one-dimensional, steady state, circular layer with

insulated sides as shown below in Figure C3 can be found as follows.

0z

q. +%dzjdA

Figure C3: Energy Equation Derivation Schematic for the Cap Electrode Pedestal
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The net heat flow into the system is found by subtracting the heat flow out of the
system from the heat flow into the system and including the internal heat generation rate

per unit volume, g, as shown in Equation C16. Simplifying yields Equation C17.

dq _ qsz—(qz + - 4 )44+ gadd: (C16)
dt 0z
@9 __%. ., (C17)

dt oz

Using Fourier’s Law in the z-direction as shown in Equation C18, assuming
steady state as shown in Equation C19, and using a constant thermal conductivity reduces

the equation to the energy equation needed to solve for the temperature distribution in the

heater layer, Equation C20.

g =k (1)

% 0 (C19)
o’'T g

0="7+% (C20)

For the substrate layer on the cap electrode pedestal, there is no internal heat

generation and the equation reduces further as shown in Equation C21.

2
or (C21)
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Boundary Conditions Defined for Each Layer
The boundary conditions between each layer come from Fourier’s Law which is
given in the z-direction as shown in Equation C22.

g. kL (c22)
dz

Solving for the heat flux and taking into account how the z-direction is defined for each
of the two layers (shown in Figure C4) produces three of the four boundary conditions.
The notation of g7 and ¢, are also shown in Equations C23 and C24 to describe the
amount of heat moving up and down the pedestal, respectively, from the bottom of the

heater, where f is the heater conduction loss fraction.
g, == f)a (C23)
q,=Jq (C24)
The fourth boundary condition is at the top surface of the heater layer and
includes convection. The heat flux at this point can be written as shown in Equation C25.
g=hT, -T,) (C25)
This equation and Fourier’s Law can be related to produce the final boundary condition at

the top surface of the heater and is shown in Equation C26.

ar hy by .
dz k ° k

The geometry definitions, governing equations and, boundary conditions for the cap

electrode pedestal geometry are shown below in Figure C4.
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dZ htr k ’ k
d’T,
Zhir /I\ Hye heater ’”2’ + g _ 0
dzhtr k
l dly, _ 4.
dZ htr k
dTmb — - qL
dz, k l
2
Zsub \l/ substrate Hauw d—T‘“z” =0
dzsub
deub — - qL l
dz, k
® Tint
pedestal

Figure C4: Respective Geometry, Equations, and Boundary Conditions for Each Layer of
the Cap Electrode Study Pedestals

Solutions for Each Layer

Heater Layer: The governing equation for the heater layer was found from Equation
C20 above and includes the internal heat generation produced by the resistor. The first
boundary condition was found from Equation C26 and involves convection at the heater
surface. The second boundary condition was found from Equation C22 above and
involves one-dimensional heat conduction at the heater and substrate interface in the
positive z direction. Contact resistances were neglected. These equations can be used to

produce the temperature distribution solution in the heater layer, Equation C28.
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Governing Equation

2
T, & _ (C20)
dzh[r kh[i‘

Boundary Conditions

dT,
hir + h 7—; = h TOO s Z htr— Hhtr (C26)

thtr khtr khtr

T,
A _ 40 e =0 (C22)
thtr khtr

Solution
-8 2, 49

1, (z)=—22z, +—2z,+T(z,, =0 C28

htr( ) Zkhtr htr kh” htr ( h ) ( )

Substrate Layer: The governing equation for the substrate layer was found from
Equation C21 above and includes no internal heat generation. The boundary conditions
at the heater and substrate and also the substrate and pedestal interfaces are identical and
were found from Equation C22 above and involve one-dimensional heat conduction in
the positive z direction. Contact resistances were neglected. These equations can be used
to produce the temperature distribution solution in the substrate layer, Equation C29.

Governing Equation

wb 4 & (C21)

Boundary Condition

dT . —
Dow "9 5 =0 & Hup (C22)
dzsub

sub
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Solution

];ub(z) = _QL Zsub +T(Z

sub

=0) (C29)

sub

Since the temperatures at the layer interfaces are equal (i.e. the temperature at the
bottom of the heater equals the temperature at the top of the substrate, and the
temperature at the bottom of the substrate equals the temperature at the top of the
pedestal), the solutions can be combined to relate the surface temperature to the

temperature measured at the top of the pedestal, Tiy, as shown in Equation C30.

2
T — _thtr + qLHhtr + qLHsub

i +T.
2k, Lo k

int

(C30)

sub
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Appendix D: Raw Data and Data Reduction

This appendix explains the data reduction procedure for the three studies
conducted, presents the raw data obtained, and presents the tables of reduced data.
Although the data reduction steps were very similar for each, the procedure of collecting
data varied. Chapter 3 explains the procedure of each test in detail. The resulting tables
show the heat fluxes, subcooling, convection heat transfer coefficients, Nusselt numbers,
etc., for the spacing comparison, cap electrode study, and Mehra electrode study. An

error analysis is presented in Appendix E.

Data Reduction Explanation

Saturation temperatures, Ty, of the FC-72 (or HFE-7000) at each power level
were found based on the recorded chamber pressures. A saturation temperature data table
based on pressure was given by the manufacturer and the values were interpolated. The
heat flux, q, was calculated by dividing the power levels by the estimated heater surface
area. For the pedestals used for the spacing comparison and cap electrodes, this area was
measured to be 1.47 cm” (which omits the pedestal area covered by the silver conductive
epoxy and the regions of the pedestal without any TFR heater present). For the Mehra
electrode pedestal this area was measured to be 0.982 cm”. The surface temperature (Ts)
was found by deriving an equation from the energy equation to relate the surface
temperature to the interface temperature (Tiy) as shown in Appendix C. The relation
found for the spacing comparison is shown in Equation DI, the relation for the cap
electrode study is shown in Equation D2, and the relation for the Mehra electrode study is

shown in Equation D3. In these equations, q is the heat flux in the respective direction, H
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is the thickness of the layer, k is the thermal conductivity of the layer, and g is the
volumetric heat generation within the heater material which lies between the top glass

layer and the lower alumina substrate.

- qTH - g]{htr2 + QLHhtr + QLHsub

T,=— +T, (D1)
k glass 2 k htr khtr ksub
~gH,’ qH H
]; — &g htr + qL htr + qL sub + Tint (Dz)
2khtr khtr ksub
- Ha umina - H ? H H
]; _ QT I + g htr + QL htr + QL sub + Tvim (D3)
k 2k k k

alumina htr htr sub

The properties of the TFR layers were assumed to be constant and are shown in Table
DI1. The thicknesses of each layer of the TFR were found in Appendix A. The alumina
also was assumed to have constant properties with a thickness of 2 +0.1 mm and a

thermal conductivity of 33 W/mK.

Table D1: Thicknesses and Thermal Conductivity of TFR Layers

TFR Type1 | TFR Type 2
Layer H (micz"(l))ns) H (mici’,gns) k (W/mK)
Glass 40 £5 - 1.04
Heater 812 20 £5 1.04
Substrate 634 10 634 10 27

Next, the average of thermocouples 10 and 11 was used to find the fluid
temperature at the side of the pedestal entering the sump (T wan) and the average of
thermocouples 11 and 14 was used to find the average fluid temperature at the top of the
pedestal (T« p). The locations of these thermocouples can be seen in Figure 3.20.

Subcooling temperature levels at two locations were found by first finding the

difference between the saturation temperature and the temperature at the side of the
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pedestal (Ts-Too wan), and second finding the difference between the saturation

temperature and the top of the pedestal (Tu-Ts top)-
A program called f-chart was used to define the properties of the FC-72 fluid.
The program provided a table of thermal conductivities at specified temperatures. The

data was graphed and is shown in Figure D1 along with a linear curve fit to the data.

0.060

0.055 -
__0.050 -
X
£
£
* 0.045 -

y = -1.17E-04x + 9.07E-02
R?=1.00E+00
0.040 -
0-035 T T T T T T T T 1
250 275 300 325 350 375 400 425 450 475

T(K)
Figure D1: Plot of Thermal Conductivity vs. Temperature from the F-chart Program Data

Based on the linear curve fit of the thermal conductivity of FC-72 versus
temperature obtained from the f-chart program, the thermal conductivity of the fluid at
the top of the pedestal was found as in Equation D4 where Kqjope 15 -1.17E-04 and Kintercept
is 9.07E-02.

T, +k (D4)

kﬂuid = ks[ape owotop intercept

The thermal conductivity of the HFE-7000 fluid was found from a thermal
conductivity versus temperature equation given by the manufacturer similar to Equation

D4 Where kslope iS ‘1 .96E'O4 al'ld kintercept iS 7.98E'02.
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Next, to find the convective heat transfer coefficient, h, the boundary condition at

the top of the pedestal, shown in Equation D5 (and also shown in Appendix C) was used.

:(;IZJT’)Q) (D5)

From this, the Nusselt number was defined as shown in Equation D6.

Ny — hb

(D6)

Sluid

Finally, the non-dimensional heat flux parameter GA was defined as in Equation D7.

Ga=—_1=/0 (D7)
ﬂb(rvat - Toowall )khtr

For plotting purposes, the difference between the surface temperature and the temperature
at the top of the pedestal (Ts-Twwp) Was calculated. The non-dimensional form, (0s-Oxtop),
was also found by dividing this by Tsu-Toowal.

For the spacing comparison, the values obtained when each instrument was read
were simply used in the subsequent data reduction. For the electrode studies, the data
acquisition read values each fraction of a second. Therefore, for each test condition,
values over the period of approximately one minute, while the experimental conditions
(heater power, spray flow rate, electrode voltage, etc.) were all held constant, were
averaged to obtain a single value for use in data reduction. A similar method was used

for the Mehra electrode study, but values were averaged over a period of thirty seconds.

Spacing Comparison Raw Data and Data Reduction Tables

Raw data for the confined case of the spacing comparison is shown in Table D2

through Table D16. Similar tables for the unconfined case is shown in Table D17
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through Table D34. Table D35 through Table D45 show the reduced data for the

confined and unconfined flows at each spacing.

Table D2: Power, Flow Rates, and Pressure Data for Confined 9 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 | Sump | Water | Sump | Nozzle | Chamber | Tuthill | InRes | Water
# W GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.26 9.07 12.00 13.28 21.51 13.28 22.81 15.01 15.31
2 0.00 9.26 9.07 12.00 13.23 21.51 14.91 22.81 15.01 15.31
3 10.03 9.27 9.07 12.00 13.32 21.56 14.91 22.81 15.01 15.31
4 20.02 9.27 9.07 12.00 13.32 21.61 15.01 22.81 15.01 15.31
5 29.89 9.27 9.08 12.00 13.23 21.71 15.01 23.06 15.01 15.31
6 39.93 9.27 9.08 12.00 13.32 21.81 15.06 23.06 15.01 15.31
7 49.85 9.28 9.08 12.00 13.32 21.91 15.21 2331 15.01 15.31
8 59.89 9.28 9.09 12.00 13.52 21.91 15.31 23.31 15.01 15.31
9 70.07 9.28 9.28 12.00 13.57 22.06 15.51 23.31 14.91 15.31
Table D3: Room and Pedestal Temperatures for Confined 9 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS5 T6
# W °C °C °C °C °C °C °C
1 0.00 26.10 29.98 29.43 29.44 29.43 29.47 29.29
2 0.00 26.10 29.98 29.43 29.34 29.33 29.47 29.19
3 10.03 26.10 40.81 37.03 33.74 34.01 35.85 33.95
4 20.02 26.10 51.29 44.63 37.93 38.60 42.23 38.72
5 29.89 26.20 61.36 51.73 42.13 43.18 48.21 43.38
6 39.93 26.30 70.69 58.23 46.22 47.36 53.79 47.85
7 49.85 26.40 79.21 64.13 50.12 51.35 58.98 52.02
8 59.89 26.50 86.63 69.13 53.41 54.83 63.37 55.29
9 70.07 26.40 93.25 73.33 55.81 57.52 67.05 57.87
Table D4: Chamber Temperatures for Confined 9 mm Spacing
Sample Q TS T9 T10 T11 T12 T13 T14
# W °C °C °C °C °C °C °C
1 0.00 27.71 28.74 29.38 29.25 29.26 28.06 29.38
2 0.00 27.67 28.55 29.38 29.25 29.16 28.06 29.38
3 10.03 27.67 28.55 30.08 29.75 30.05 27.96 29.48
4 20.02 27.77 28.65 30.87 30.44 31.04 27.96 29.48
5 29.89 27.77 28.74 31.87 31.23 32.14 29.45 29.48
6 39.93 27.87 28.94 32.96 32.02 33.43 28.06 29.48
7 49.85 28.07 29.14 34.05 3291 34.42 28.26 29.58
8 59.89 28.17 29.44 35.04 34.00 36.01 28.26 29.58
9 70.07 28.26 29.64 36.14 35.29 37.30 28.26 29.58
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Table D5: Power, Flow Rates, and Pressure Data for Confined 11 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 Sump Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.23 | 21.81 14.91 23.06 15.11 15.21
2 0.00 9.20 9.01 12.00 1323 | 21.71 14.91 23.06 15.11 15.21
3 10.03 9.20 9.01 12.00 1323 | 21.71 14.91 23.06 15.11 15.21
4 19.89 9.20 9.01 12.00 1332 | 21.71 15.01 23.06 15.11 15.21
5 30.08 9.20 9.01 12.00 1332 | 2191 15.06 23.06 15.11 15.21
6 40.15 9.20 9.01 12.00 1332 | 22.01 15.21 2331 15.11 15.21
7 50.09 9.20 9.01 12.00 1347 | 22.11 15.31 23.31 15.11 15.21
8 59.89 9.20 9.01 12.00 13.62 | 22.11 15.41 23.31 15.11 15.21
9 70.07 9.20 9.20 12.00 13.77 | 22.21 15.56 23.56 15.11 15.31
Table D6: Room and Pedestal Temperatures for Confined 11 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS T6
# w °C °C °C °C °C °C °C
1 0.00 25.90 29.48 28.83 28.85 28.83 28.97 28.69
2 0.00 25.90 29.48 28.93 28.94 28.93 28.97 28.79
3 10.03 25.90 39.61 35.93 32.94 33.32 34.85 33.36
4 19.89 25.90 49.23 43.03 36.83 37.30 40.63 37.43
5 30.08 25.90 58.81 49.83 40.83 41.48 46.42 41.79
6 40.15 26.00 67.88 56.13 44.72 45.47 51.80 46.06
7 50.09 26.00 76.05 61.73 48.32 49.16 56.59 49.83
8 59.89 26.00 83.32 66.53 51.41 52.54 60.97 53.11
9 70.07 26.00 90.04 71.03 54.01 55.33 64.76 55.99
Table D7: Chamber Temperatures for Confined 11 mm Spacing
Sample Q T8 T9 T10 T11 T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 27.97 28.15 28.79 28.76 28.76 27.86 28.98
2 0.00 27.97 28.05 28.79 28.85 28.76 27.86 28.98
3 10.03 28.46 28.15 29.68 29.55 29.65 27.86 29.08
4 19.89 28.76 28.65 30.48 30.14 30.65 27.86 28.98
5 30.08 29.16 29.14 31.47 30.93 31.74 27.96 29.08
6 40.15 29.16 29.74 32.36 31.73 32.83 28.06 29.18
7 50.09 28.96 30.33 33.46 32.62 33.92 28.16 29.18
8 59.89 28.96 30.92 33.95 33.41 35.02 28.16 29.18
9 70.07 29.06 31.52 34.75 34.30 36.31 28.16 29.18
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Table D8: Power, Flow Rates, and Pressure Data for Confined 13 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 Sump | Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.13 21.51 14.81 22.81 15.11 15.21
2 0.00 9.20 9.01 12.00 13.13 21.51 14.81 22.81 15.11 15.21
3 10.03 9.20 9.01 12.00 13.13 21.56 14.91 22.81 15.11 15.21
4 19.89 9.20 9.01 12.00 13.18 21.71 15.01 22.81 15.11 15.21
5 29.89 9.20 9.01 12.00 1332 | 21.71 15.06 23.06 15.11 15.21
6 39.93 9.20 9.01 12.00 13.32 21.81 15.21 23.06 15.11 15.21
7 50.06 9.20 9.01 12.00 1352 | 21091 15.31 2331 15.11 15.21
8 60.12 9.20 9.01 12.00 13.67 | 22.01 15.41 2331 15.11 15.21
9 70.07 9.20 9.20 12.00 13.77 | 22.06 15.51 2331 15.11 15.21
Table D9: Room and Pedestal Temperatures for Confined 13 mm Spacing

Sample Q Room Temp T1 T2 T3 T4 TS5 T6

# A °C °C °C °C °C °C °C

1 0.00 25.60 28.88 28.33 28.25 28.34 28.37 28.20

2 0.00 25.60 28.98 28.33 28.35 28.34 28.37 28.20

3 10.03 25.60 39.20 35.63 32.54 32.82 34.35 32.86

4 19.89 25.60 49.03 42.63 36.43 36.90 40.23 36.93

5 29.89 25.60 58.56 49.33 40.43 40.99 45.92 41.10

6 39.93 25.60 67.78 55.83 44.32 45.07 51.40 4537

7 50.06 25.70 76.00 61.53 48.02 48.96 56.29 49.34

8 60.12 25.70 83.62 66.63 51.51 52.54 60.77 52.71

9 70.07 25.70 90.44 71.13 54.21 55.33 64.76 55.59

Table D10: Chamber Temperatures for Confined 13 mm Spacing

Sample Q T8 T9 T10 T11 T12 T13 T14

# w °C °C °C °C °C °C °C

1 0.00 27.37 27.55 28.19 28.16 28.16 27.56 28.39

2 0.00 27.37 27.55 28.29 28.26 28.16 27.56 28.49

3 10.03 28.07 27.95 29.09 29.15 29.16 27.76 28.59

4 19.89 28.66 28.45 29.88 29.84 30.15 27.76 28.49

5 29.89 29.16 28.84 30.77 30.74 31.24 27.76 28.49

6 39.93 29.66 29.34 31.67 31.63 32.34 27.76 28.49

7 50.06 30.06 29.83 32.56 32.52 33.43 27.96 28.59

8 60.12 30.36 30.43 33.55 33.41 34.62 28.06 28.69

9 70.07 30.36 31.02 34.25 34.50 3591 28.06 28.79
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Table D11: Power, Flow Rates, and Pressure Data for Confined 15 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 | Sump | Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 1323 | 21.56 14.91 22.81 14.81 15.31
2 0.00 9.20 9.01 12.00 13.13 21.51 14.91 22.81 14.81 15.31
3 10.03 9.20 9.01 12.00 13.08 | 21.61 14.91 22.81 14.81 15.31
4 19.89 9.20 9.01 12.00 13.13 | 21.61 15.01 22.81 14.81 15.31
5 29.89 9.20 9.01 12.00 1323 | 21.71 15.11 23.06 14.81 15.31
6 39.93 9.20 9.01 12.00 13.32 21.71 15.11 23.06 14.81 15.31
7 49.85 9.20 9.01 12.00 1332 | 21.81 15.31 23.06 14.81 15.31
8 59.89 9.20 9.01 12.00 13.52 | 2191 15.41 23.06 14.81 15.31
9 70.07 9.20 9.20 12.00 13.67 | 22.01 15.51 23.31 14.81 15.31
Table D12: Room and Pedestal Temperatures for Confined 15 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS T6
# w °C °C °C °C °C °C °C
1 0.00 26.40 30.18 29.63 29.54 29.63 29.66 29.49
2 0.00 26.30 30.28 29.73 29.64 29.63 29.66 29.49
3 10.03 26.30 40.41 37.03 33.74 34.11 35.85 34.15
4 19.89 26.30 50.38 44.23 37.53 38.50 41.93 38.72
5 29.89 26.20 60.16 51.53 41.83 42.98 48.01 43.48
6 39.93 26.10 69.29 57.83 45.62 47.16 53.49 47.85
7 49.85 26.20 77.26 63.53 49.32 51.10 58.48 51.72
8 59.89 26.20 84.78 68.43 52.51 54.44 62.77 54.80
9 70.07 26.20 91.29 72.63 54.91 56.93 66.36 57.08
Table D13: Chamber Temperatures for Confined 15 mm Spacing
Sample Q T8 T9 T10 T11 T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 28.76 28.74 29.38 29.55 29.36 28.85 29.98
2 0.00 28.76 28.74 29.48 29.55 29.36 28.75 29.98
3 10.03 28.96 29.04 30.08 30.04 30.25 28.95 29.98
4 19.89 29.76 29.44 30.68 30.64 31.24 29.15 30.18
5 29.89 30.46 30.13 31.37 31.43 32.53 29.25 29.98
6 39.93 30.76 30.53 32.26 32.32 33.73 29.25 29.98
7 49.85 30.86 30.92 33.06 33.11 34.72 29.25 29.98
8 59.89 31.15 31.42 33.95 33.80 36.21 29.25 29.98
9 70.07 31.85 32.11 34.55 34.50 37.70 29.25 29.98
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Table D14: Power, Flow Rates, and Pressure Data for Confined 17 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 Sump Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 1298 | 21.11 14.71 22.81 14.81 15.31
2 0.00 9.20 9.01 12.00 1298 | 21.11 14.71 22.56 14.81 15.31
3 10.03 9.20 9.01 12.00 1298 | 21.21 14.81 22.56 14.81 15.31
4 20.02 9.20 9.01 12.00 1298 | 21.21 14.91 22.56 14.81 15.31
5 29.89 9.20 9.01 12.00 13.13 21.31 14.91 22.56 14.81 15.31
6 39.93 9.20 9.01 12.00 1328 | 21.31 15.01 22.56 14.81 15.31
7 49.85 9.20 9.01 12.00 13.32 21.41 15.11 22.81 14.81 15.31
8 59.89 9.20 9.01 12.00 1337 | 21.51 15.21 22.81 14.81 15.31
9 69.78 9.20 9.20 12.00 13.57 | 2191 15.41 23.31 14.81 15.31
Table D15: Room and Pedestal Temperatures for Confined 17 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS T6
# w °C °C °C °C °C °C °C
1 0.00 26.20 30.08 29.53 29.54 29.53 29.57 29.39
2 0.00 26.10 29.98 29.53 29.54 29.53 29.57 29.39
3 10.03 26.00 39.81 35.53 32.64 32.42 34.35 32.76
4 20.02 26.00 49.43 41.43 35.54 35.21 39.14 36.04
5 29.89 26.00 58.86 47.43 38.58 38.20 43.92 39.51
6 39.93 26.00 67.68 53.03 41.63 41.09 48.51 42.89
7 49.85 25.90 76.30 58.63 44.92 44.07 53.20 46.26
8 59.89 25.90 83.72 63.33 47.62 46.67 57.28 49.34
9 69.78 25.90 90.44 67.83 50.22 49.16 61.07 52.02
Table D16: Chamber Temperatures for Confined 17 mm Spacing
Sample Q T8 T9 T10 T11 T12 T13 T14
# W °C °C °C °C °C °C °C
1 0.00 28.76 28.84 29.38 29.35 29.36 29.05 29.98
2 0.00 28.76 28.84 29.38 29.35 29.26 28.95 29.98
3 10.03 28.96 29.14 30.08 30.14 30.05 29.15 29.88
4 20.02 29.46 29.54 30.87 30.93 30.85 29.45 29.88
5 29.89 29.96 30.03 31.77 31.82 31.84 29.55 29.88
6 39.93 30.46 30.43 32.46 32.72 32.73 29.65 29.78
7 49.85 31.45 31.12 33.46 33.80 33.73 29.75 29.68
8 59.89 32.15 31.72 34.15 34.84 34.72 29.84 29.58
9 69.78 32.75 32.41 35.04 35.93 35.71 29.84 29.58
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Table D17: Power, Flow Rates, and Pressure Data for Unconfined 9 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 Sump | Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.81 22.05 15.40 23.30 17.10 15.10
2 0.00 9.20 9.01 12.00 13.81 21.90 15.40 23.30 17.10 15.10
3 10.03 9.20 9.01 12.00 13.81 21.90 15.40 23.30 17.10 15.10
4 20.02 9.20 9.01 12.00 13.86 22.10 15.50 23.30 17.10 15.10
5 29.89 9.20 9.01 12.00 13.86 22.10 15.50 23.30 17.10 15.10
6 39.93 9.20 9.01 12.00 14.06 22.20 15.70 23.30 17.10 15.10
7 50.06 9.20 9.01 12.00 14.20 22.30 15.80 23.55 17.10 15.10
8 59.89 9.20 9.01 12.00 14.30 22.40 15.90 23.80 17.10 15.10
9 70.03 9.20 9.20 12.00 14.30 22.50 16.10 23.80 17.10 15.10
Table D18: Room and Pedestal Temperatures for Unconfined 9 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS T6
# w °C °C °C °C °C °C °C
1 0.00 25.10 29.08 28.53 28.55 28.53 28.62 28.39
2 0.00 25.10 29.08 28.53 28.55 28.53 28.57 28.39
3 10.03 25.10 39.81 35.63 32.54 32.82 34.55 32.86
4 20.02 25.10 50.23 42.73 36.43 36.80 40.33 37.13
5 29.89 25.10 60.21 49.63 40.53 40.99 46.12 41.50
6 39.93 25.10 69.79 56.13 44.62 45.07 51.60 4591
7 50.06 25.10 78.61 61.83 48.32 48.76 56.49 49.74
8 59.89 25.10 86.23 67.03 51.71 52.14 61.07 53.16
9 70.03 25.10 93.05 71.68 54.81 55.23 65.16 56.14
Table D19: Chamber Temperatures for Unconfined 9 mm Spacing
Sample Q T8 T9 T10 T11 T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 28.07 28.20 28.29 28.46 28.36 28.26 28.09
2 0.00 27.87 28.05 28.29 28.46 28.26 28.16 28.19
3 10.03 28.07 28.25 28.99 28.95 28.76 28.35 28.24
4 20.02 28.36 28.65 29.78 29.45 29.36 28.75 28.19
5 29.89 28.66 29.14 30.68 30.04 29.95 29.05 28.19
6 39.93 29.46 29.64 31.57 31.03 30.85 29.55 28.19
7 50.06 29.76 30.03 32.36 31.73 31.54 30.04 28.19
8 59.89 30.56 30.83 33.36 3291 32.34 30.64 28.19
9 70.03 31.25 3142 33.85 34.20 33.33 30.64 28.19
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Table D20: Power, Flow Rates, and Pressure Data for Unconfined 11 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 Sump Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.91 22.40 15.50 23.80 17.10 15.10
2 0.00 9.20 9.01 12.00 13.86 | 22.10 15.40 23.55 17.10 15.10
3 10.03 9.20 9.01 12.00 13.96 | 22.20 15.50 23.55 17.10 15.10
4 20.02 9.20 9.01 12.00 1396 | 22.10 15.55 23.55 17.10 15.10
5 29.89 9.20 9.01 12.00 14.06 22.30 15.70 23.80 17.10 15.10
6 39.93 9.20 9.01 12.00 1420 | 22.40 15.80 23.80 17.10 15.10
7 50.06 9.20 9.01 12.00 1430 | 22.50 15.90 23.80 17.10 15.10
8 59.89 9.20 9.01 12.00 1430 | 22.55 16.05 23.80 17.10 15.10
9 70.03 9.20 9.20 12.00 14.50 22.60 16.20 23.80 17.10 15.10
Table D21: Room and Pedestal Temperatures for Unconfined 11 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS5 T6
# w °C °C °C °C °C °C °C
1 0.00 24.90 28.88 28.33 28.25 28.24 28.37 28.20
2 0.00 24.90 28.83 28.33 28.25 28.24 28.32 28.20
3 10.03 24.90 38.35 34.93 32.04 32.32 33.95 32.36
4 20.02 25.00 47.68 41.73 35.59 36.16 39.64 36.53
5 29.89 25.10 56.65 48.23 39.38 40.19 45.02 40.60
6 39.93 25.10 65.53 54.53 43.33 44.17 50.40 44.72
7 50.06 25.00 73.90 60.33 47.12 47.76 55.49 48.74
8 59.89 25.00 81.42 65.43 50.52 51.25 59.88 52.22
9 70.03 25.10 88.44 70.33 53.31 54.44 64.06 55.39
Table D22: Chamber Temperatures for Unconfined 11 mm Spacing
Sample Q T8 T9 T10 T11 T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 27.67 27.85 27.99 28.16 28.06 27.86 27.99
2 0.00 27.57 27.65 27.89 28.16 27.87 27.76 28.04
3 10.03 27.87 27.95 28.54 28.76 28.46 28.06 27.99
4 20.02 28.17 28.40 29.28 29.35 29.06 28.45 28.09
5 29.89 28.76 29.04 30.08 29.94 29.65 28.95 28.09
6 39.93 29.36 29.54 31.07 30.74 30.45 29.55 28.09
7 50.06 29.76 30.13 31.87 31.43 31.24 29.94 28.09
8 59.89 30.36 30.92 32.76 32.32 32.04 30.64 28.09
9 70.03 31.40 31.42 33.46 33.11 32.93 30.64 28.19
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Table D23: Power, Flow Rates, and Pressure Data for Unconfined 13 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 Sump Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.86 22.30 15.30 23.80 16.90 15.10
2 0.00 9.20 9.01 12.00 13.81 22.10 15.30 23.30 17.00 15.10
3 10.03 9.20 9.01 12.00 13.86 | 2220 15.40 23.30 17.00 15.10
4 20.02 9.20 9.01 12.00 13.96 | 22.30 15.50 23.55 17.00 15.10
5 29.89 9.20 9.01 12.00 14.01 22.40 15.55 23.55 17.00 15.10
6 39.93 9.20 9.01 12.00 14.15 | 22.50 15.70 23.80 17.00 15.10
7 50.06 9.20 9.01 12.00 1420 | 22.70 15.90 23.80 17.10 15.10
8 59.89 9.20 9.01 12.00 1450 | 22.80 16.00 24.05 17.10 15.10
9 70.03 9.20 9.20 12.00 14.60 23.00 16.20 24.30 17.10 15.10
Table D24: Room and Pedestal Temperatures for Unconfined 13 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS5 T6
# w °C °C °C °C °C °C °C
1 0.00 24.70 27.97 27.33 27.25 27.34 27.37 27.20
2 0.00 24.70 27.97 27.43 27.35 27.34 27.37 27.30
3 10.03 24.80 36.50 33.63 30.94 31.32 32.86 31.47
4 20.02 24.80 27.77 40.13 34.34 35.11 38.34 35.54
5 29.89 24.80 53.34 46.13 37.83 38.89 43.62 39.41
6 39.93 24.90 61.36 52.18 4143 42.68 48.81 43.53
7 50.06 24.90 70.99 57.83 45.02 46.32 53.69 47.45
8 59.89 24.90 76.71 63.13 48.42 50.00 58.38 51.27
9 70.03 25.00 83.82 68.13 51.66 53.19 62.67 54.40
Table D25: Chamber Temperatures for Unconfined 13 mm Spacing
Sample Q T8 T9 T10 T11 T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 26.57 26.66 27.10 27.37 26.97 26.77 27.39
2 0.00 26.57 26.76 27.10 27.27 26.97 26.77 27.39
3 10.03 26.97 27.16 27.80 28.06 27.67 27.26 27.39
4 20.02 27.57 27.75 28.59 28.85 28.36 27.86 27.59
5 29.89 28.26 28.35 29.24 29.55 29.06 28.45 27.59
6 39.93 28.86 28.94 30.08 30.44 29.85 28.95 27.69
7 50.06 29.56 29.64 30.87 35.09 30.65 29.65 27.79
8 59.89 30.56 30.33 31.67 32.02 31.44 30.24 27.79
9 70.03 31.25 31.02 32.56 32.77 32.43 30.24 27.79
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Table D26: Power, Flow Rates, and Pressure Data for Unconfined 15 mm Spacing

Flow Rates (GPH of H,0) Pressures
Sample Q FC-72 Sump | Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# W GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.22 | 21.60 14.90 22.80 17.10 15.10
2 0.00 9.20 9.01 12.00 1327 | 21.60 14.80 22.80 16.90 15.10
3 10.03 9.20 9.01 12.00 1332 | 21.60 14.90 22.70 16.70 15.10
4 20.02 9.20 9.01 12.00 1337 | 21.70 15.00 22.80 16.70 15.10
5 29.89 9.20 9.01 12.00 13.57 | 21.80 15.10 23.05 16.70 15.10
6 39.93 9.20 9.01 12.00 13.71 21.90 15.30 23.30 16.70 15.10
7 50.06 9.20 9.01 12.00 13.81 22.00 15.50 23.30 16.70 15.17
8 60.12 9.20 9.01 12.00 13.91 22.20 15.60 23.30 16.70 15.10
9 70.03 9.20 9.20 12.00 14.11 22.20 15.80 23.55 16.70 15.10
Table D27: Room and Pedestal Temperatures for Unconfined 15 mm Spacing
Sample Q Room Temp T1 T2 T3 T4 TS5 T6
# w °C °C °C °C °C °C °C
1 0.00 25.10 29.18 28.63 28.65 28.63 28.67 28.49
2 0.00 25.20 29.13 28.63 28.55 28.53 28.67 28.39
3 10.03 25.20 37.90 34.73 31.94 32.12 33.75 32.26
4 20.02 25.30 46.62 40.93 35.24 35.51 39.04 35.94
5 29.89 25.30 55.10 46.93 38.68 39.09 44.02 39.81
6 39.93 25.30 63.52 52.93 42.18 42.68 49.11 43.68
7 50.06 25.40 71.44 58.63 45.62 46.27 53.99 47.45
8 60.12 25.40 78.96 63.73 48.92 49.35 58.28 50.83
9 70.03 25.50 85.83 68.43 51.76 52.34 62.37 53.85
Table D28: Chamber Temperatures for Unconfined 15 mm Spacing
Sample Q T8 T9 T10 T11 T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 28.17 28.25 28.49 28.56 28.36 28.35 28.29
2 0.00 27.97 28.05 28.39 28.46 28.26 28.16 28.39
3 10.03 28.07 28.45 28.89 29.25 28.86 28.55 28.29
4 20.02 28.56 28.94 29.68 29.94 29.45 29.05 28.39
5 29.89 29.16 29.44 30.18 30.74 50.02 29.45 28.39
6 39.93 29.76 30.03 30.87 31.63 30.94 29.94 28.39
7 50.06 30.66 30.63 31.67 32.42 31.74 30.54 28.29
8 60.12 31.55 31.42 32.56 33.41 32.53 31.23 28.39
9 70.03 32.25 32.02 33.46 34.10 3243 31.23 28.49
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Table D29: Power, Flow Rates, and Pressure Data for Unconfined 17 mm Spacing

Flow Rates (GPH of H,0) Pressures

Sample Q FC-72 Sump Water Sump Nozzle | Chamber | Tuthill | In Res | Water
# w GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.37 21.70 15.00 23.05 16.70 15.20
2 0.00 9.20 9.01 12.00 13.37 21.70 15.00 23.05 16.70 15.20
3 10.03 9.20 9.01 12.00 13.37 21.70 15.05 22.80 16.60 15.20
4 20.02 9.20 9.01 12.00 13.47 21.70 15.10 22.80 16.60 15.20
5 29.89 9.20 9.01 12.00 13.61 21.80 15.30 23.05 16.60 15.20
6 39.93 9.20 9.01 12.00 13.71 21.90 15.40 23.30 16.60 15.20
7 50.06 9.20 9.01 12.00 13.76 22.00 15.50 23.30 16.60 15.20
8 59.89 9.20 9.01 12.00 13.91 22.10 15.70 23.30 16.60 15.20
9 70.03 9.20 9.20 12.00 14.11 22.40 15.90 23.80 16.60 15.20

Table D30: Room and Pedestal Temperatures for Unconfined 17 mm Spacing

Sample Q Room Temp T1 T2 T3 T4 TS5 T6
# w °C °C °C °C °C °C °C
1 0.00 25.50 29.48 28.93 28.94 28.93 28.97 28.79
2 0.00 25.40 29.48 28.93 28.94 28.83 28.97 28.74
3 10.03 25.40 38.40 35.23 32.29 32.42 34.15 32.66
4 20.02 25.40 47.18 41.38 35.34 35.81 39.34 36.14
5 29.89 25.40 55.80 47.53 38.73 39.29 44.52 39.91
6 39.93 25.40 64.17 53.53 42.03 42.78 49.56 43.53
7 50.06 25.40 72.24 59.23 45.32 46.07 54.39 47.25
8 59.89 25.40 79.66 64.33 48.52 49.30 58.78 50.63
9 70.03 25.40 86.58 69.03 51.26 52.14 62.87 53.46

Table D31: Chamber Temperatures for Unconfined 17 mm Spacing
Sample | Q T8 T9 T10 T11 T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 | 28.56 28.55 28.84 28.85 28.76 28.75 28.54
2 0.00 | 2846 28.45 28.79 28.76 28.66 28.55 28.59
3 10.03 | 28.56 28.74 29.28 29.45 29.16 28.85 28.59
4 2002 | 29.16 29.14 29.88 30.14 29.75 29.00 28.59
5 29.89 | 29.71 29.64 30.48 30.93 3035 29.65 28.49
6 39.93 | 3031 30.23 31.27 31.87 30.99 30.24 28.49
7 50.06 | 30.91 30.73 31.92 32.62 31.84 30.84 28.59
8 59.89 | 31.65 31.42 32.66 33.56 32.53 31.58 28.59
9 70.03 | 3235 32.11 33.46 34.15 33.43 31.58 28.59
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Table D32: Power, Flow Rates, and Pressure Data for Unconfined 13 mm #2 Spacing

Flow Rates (GPH of H,0) Pressures

Sample Q FC-72 | Sump | Water | Sump | Nozzle | Chamber | Tuthill | In Res | Water
# W GPH GPH GPH psia psia psia psia psia psia
1 0.00 9.20 9.01 12.00 13.12 21.60 14.80 23.05 16.60 15.20
2 0.00 9.20 9.01 12.00 13.17 21.60 14.70 22.80 16.50 15.20
3 10.03 9.20 9.01 12.00 13.22 21.55 14.90 22.80 16.50 15.20
4 20.02 9.20 9.01 12.00 13.27 21.70 14.90 22.80 16.40 15.20
5 29.89 9.20 9.01 12.00 13.37 21.70 15.05 23.05 16.40 15.20
6 39.93 9.20 9.01 12.00 13.52 21.80 15.20 23.05 16.40 15.20
7 50.06 9.20 9.01 12.00 13.61 21.90 15.30 23.30 16.40 15.20
8 59.89 9.20 9.01 12.00 13.76 22.00 15.50 23.30 16.40 15.20
9 70.03 9.20 9.20 12.00 13.86 22.10 15.60 23.30 16.40 15.20
10 86.50 9.20 9.01 12.00 14.11 22.30 15.90 23.55 16.40 15.20

Table D33: Room and Pedestal Temperatures for Unconfined 13 mm #2 Spacing

Sample Q Room Temp T1 T2 T3 T4 TS T6
# w °C °C °C °C °C °C °C
1 0.00 25.40 29.58 29.03 29.04 29.03 29.07 28.89
2 0.00 25.40 29.58 29.03 29.04 28.93 29.07 28.79
3 10.03 25.40 39.20 35.63 32.74 32.82 3435 32.86
4 20.02 25.50 48.73 42.13 36.24 36.50 39.83 36.68
5 29.89 25.50 57.90 48.63 40.03 40.29 45.22 40.70
6 39.93 25.50 66.68 54.73 43.82 44.07 50.45 44.67
7 50.06 25.50 75.10 60.53 47.47 47.76 55.29 48.59
8 59.89 25.50 82.42 65.53 50.72 51.05 59.68 51.82
9 70.03 25.60 89.44 70.23 53.56 54.04 63.76 54.80
10 86.50 25.50 99.37 76.63 56.86 57.82 69.25 58.07

Table D34: Chamber Temperatures for Unconfined 13 mm #2 Spacing
Sample | Q T8 T9 T10 T T12 T13 T14
# w °C °C °C °C °C °C °C
1 0.00 | 2851 28.69 28.79 28.90 28.86 28.75 28.69
2 0.00 | 2836 28.55 28.79 28.85 28.76 28.65 28.69
3 10.03 | 28.56 28.84 29.43 29.55 29.16 28.95 28.59
4 20.02 | 28.96 29.24 30.18 30.24 29.85 29.35 28.59
5 29.89 | 29.46 29.69 30.68 31.03 30.45 29.75 28.59
6 39.93 | 29.96 30.23 31.57 31.87 31.24 30.34 28.59
7 50.06 | 30.71 30.83 32.26 32.81 32.04 30.84 28.69
8 59.89 | 3155 31.52 3291 33.61 32.83 31.48 28.59
9 70.03 | 3225 3221 33.85 34.65 33.63 32.08 28.69
10 86.50 | 33.55 33.40 34.99 36.68 34.72 33.12 28.69
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Table D35: Reduced Data for Confined 9 mm Spacing

sample Tsac Q q4 ATy AT ATglass T Teowan Tcotop Trt,st(m ’Ir{: :;" TT;ZE Kiuia h ei;p Nu GA
# °C w V\ll;)mz °C °C °C °C °C °C °C °C °C n‘l’t/]/( II‘IYIQ -—- --- -—-
1 57.06 0.00 0.00 0.00 0.00 0.00 29.98 | 29.32 | 29.32 0.66 | 24.32 | 2432 | 0.055 0 0.03 0 0
2 57.06 10.03 0.00 0.00 0.00 0.00 2998 | 29.32 | 29.32 0.66 | 27.74 | 27.74 | 0.055 0 0.02 0 0
3 57.27 | 20.02 6.82 0.02 -0.18 -2.58 38.06 | 29.91 29.61 8.45 | 27.14 | 27.44 | 0.055 7951 0.31 1150 14
4 5727 | 29.89 13.62 0.05 -0.37 -5.16 45.81 30.66 | 29.96 | 15.85 | 26.61 | 27.31 | 0.055 8465 0.60 1225 28
5 57.37 | 39.93 20.33 0.07 -0.55 -7.70 53.18 31.55 30.36 | 22.83 | 25.72 | 26.91 | 0.055 8774 0.89 1271 44
6 57.69 | 49.85 27.16 0.10 -0.73 -10.29 | 59.76 | 32.49 30.75 | 29.01 | 24.88 | 26.62 | 0.055 9223 1.17 1337 60
7 57.90 | 59.89 33.91 0.12 -0.91 -12.85 | 65.57 | 33.48 31.25 | 34.32 | 24.20 | 26.44 | 0.055 9733 1.42 1413 78
8 58.32 70.07 | 40.74 0.14 -1.10 | -1543 | 70.24 | 34.52 31.79 | 38.45 | 23.37 | 26.10 | 0.055 10437 1.65 1517 97
9 57.06 0.00 47.67 0.17 -1.29 | -18.06 | 74.07 | 35.71 3244 | 41.64 | 22.60 | 25.88 | 0.055 11276 1.84 1641 117

Table D36: Reduced Data for Confined 11 mm Spacing

sample Tsac Q q4 ATy ATy ATglass T, Teowan Tootop Ttigp ’I:I;os :;“ :::;D Kiuia h ei;p Nu GA
# °C w V\ll;)mz °C °C °C °C °C °C °C °C °C n‘:]I/( II‘IYI/( - -— -—-
1 57.06 0.00 0.00 0.00 0.00 0.00 29.48 28.77 28.87 0.61 | 28.28 | 28.19 | 0.055 0 0.02 0 0
2 57.06 0.00 0.00 0.00 0.00 0.00 29.48 28.82 28.92 0.56 | 28.23 | 28.14 | 0.055 0 0.02 0 0
3 57.06 10.03 6.82 0.02 -0.18 -2.58 36.86 29.61 29.32 7.55 | 27.44 | 27.74 | 0.055 8905 0.27 1287 14
4 57.27 19.89 13.53 0.05 -0.36 -5.13 43.79 30.31 29.56 | 14.23 | 26.96 | 27.70 | 0.055 9369 0.53 1355 28
5 57.37 | 30.08 20.46 0.07 -0.55 -7.75 50.58 31.20 30.01 | 20.57 | 26.17 | 27.36 | 0.055 9800 0.79 1419 43
6 57.69 | 40.15 27.31 0.10 -0.74 | -10.35 | 56.90 32.04 | 30.45 | 26.44 | 25.64 | 27.23 | 0.055 10174 1.03 1474 59
7 57.90 50.09 34.08 0.12 -0.92 | -12.91 62.34 33.04 | 3090 | 31.44 | 24.86 | 27.00 | 0.055 10675 1.26 1548 76
8 58.11 59.89 40.74 0.14 -1.10 | -15.43 | 66.93 33.68 31.30 | 35.64 | 24.43 | 26.81 | 0.055 11261 1.46 1635 92
9 58.42 70.07 47.67 0.17 -1.29 | -18.06 | 70.87 34.52 31.74 | 39.12 | 23.90 | 26.68 | 0.055 12001 1.64 1744 110
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Table D37: Reduced Data for Confined 13 mm Spacing

sample Tsat Q q4 ATy AT ATglz\ss T Teowan Tootop Tristop vIE :vtall TT::p Kuia h ei;p Nu GA
# °C w “1]/0m2 °C °C °C °C °C °C °C °C °C /H‘IYK /H‘IYK -—- -—- ---
1 56.85 0.00 0.00 0.00 0.00 0.00 28.88 28.18 28.27 0.60 | 28.67 | 28.57 | 0.055 0 0.02 0 0
2 56.85 0.00 0.00 0.00 0.00 0.00 28.98 28.28 28.37 0.60 | 28.57 | 28.47 | 0.055 0 0.02 0 0
3 57.06 10.03 6.82 0.02 -0.18 -2.58 36.46 29.12 28.87 7.59 | 27.94 | 28.19 | 0.055 8851 0.27 1278 14
4 57.27 19.89 13.53 0.05 -0.36 -5.13 43.59 29.86 29.17 | 14.42 | 27.40 | 28.10 | 0.055 9241 0.53 1335 27
5 57.37 29.89 20.33 0.07 -0.55 -7.70 50.38 30.75 29.61 | 20.77 | 26.62 | 27.76 | 0.055 9646 0.78 1395 42
6 57.69 39.93 27.16 0.10 -0.73 -10.29 | 56.85 31.65 30.06 | 26.80 | 26.04 | 27.63 | 0.055 9984 1.03 1445 58
7 57.90 50.06 34.05 0.12 -0.92 -12.90 | 62.30 32.54 30.55 | 31.75 | 25.36 | 27.34 | 0.055 10564 1.25 1531 74
8 58.11 60.12 40.90 0.14 -1.10 -15.49 | 67.17 33.48 31.05 | 36.13 | 24.62 | 27.06 | 0.055 11151 1.47 1618 92
9 58.32 70.07 47.67 0.17 -1.29 -18.06 | 71.27 34.37 31.64 | 39.63 | 23.94 | 26.67 | 0.055 11849 1.66 1721 110
Table D38: Reduced Data for Confined 15 mm Spacing
sample Tsat Q q4 ATy, ATy ATglass Ts Teowan Tcotop TZiQE ’I:I;os :;“ :::;D Kuia h ei;p Nu GA
# °C W V;/Omz °C °C °C °C °C °C °C °C °C /II‘IYK /II‘IYK -—- --- -—-
1 57.06 0.00 0.00 0.00 0.00 0.00 30.18 | 2947 | 29.76 0.42 | 27.59 | 27.29 | 0.055 0 0.02 0 0
2 57.06 0.00 0.00 0.00 0.00 0.00 30.28 | 29.52 | 29.76 0.52 | 27.54 | 27.29 | 0.055 0 0.02 0 0
3 57.06 10.03 6.82 0.02 -0.18 -2.58 37.66 | 30.06 | 30.01 7.65 | 26.99 | 27.04 | 0.055 8781 0.28 1271 14
4 57.27 19.89 13.53 0.05 -0.36 -5.13 4494 | 30.66 | 30.41 | 14.53 | 26.61 | 26.86 | 0.055 9170 0.55 1329 28
5 57.48 | 29.89 20.33 0.07 -0.55 -7.70 51.98 31.40 | 30.70 | 21.28 | 26.08 | 26.77 | 0.055 9414 0.82 1365 43
6 57.48 | 39.93 27.16 0.10 -0.73 -10.29 | 58.36 | 32.29 | 31.15 | 27.21 | 25.18 | 26.33 | 0.055 9833 1.08 1427 60
7 57.90 | 49.85 33.91 0.12 -0.91 -12.85 | 63.61 33.08 31.55 | 32.07 | 24.81 | 26.35 | 0.055 10417 | 1.29 1513 76
8 58.11 59.89 | 40.74 0.14 -1.10 | -15.43 | 68.39 | 33.88 31.89 | 36.49 | 24.23 | 26.21 | 0.055 10996 1.51 1598 93
9 58.32 | 70.07 | 47.67 0.17 -1.29 | -18.06 | 72.12 | 34.52 | 32.24 | 39.88 | 23.79 | 26.08 | 0.055 11773 1.68 1712 111
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Table D39: Reduced Data for Confined 17 mm Spacing

sample Tsat Q q4 ATy ATy ATglz\ss Ts Teowan Tootop Trt,st(m ’Ir{: :;" :::;D Kiuia h ei;p Nu GA
# °C W V;?mz °C °C °C °C °C °C °C °C °C I:VIQ I:YI/(
1 56.64 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 30.08 | 2937 | 29.66 | 042 | 27.27 | 26.97 | 0.055 0 0.02 0 0
2 56.64 | 0.00 | 000 | 0.00 | 000 | 0.00 | 2998 | 2937 | 29.66 | 0.31 | 27.27 | 26.97 | 0.055 0 0.01 0 0
3 56.85 | 10.03 | 6.82 | 0.02 | -0.18 | -2.58 | 37.06 | 30.11 | 30.01 | 7.05 | 26.74 | 26.83 | 0.055 | 9530 | 0.26 | 1380 14
4 57.06 | 20.02 | 13.62 | 0.05 | -037 | -5.16 | 43.95 | 30.90 | 30.41 | 13.55 | 26.15 | 26.65 | 0.055 | 9903 | 0.52 | 1435 29
5 57.06 | 29.89 | 2033 | 0.07 | -0.55 | -7.70 | 50.68 | 31.80 | 30.85 | 19.82 | 2526 | 26.20 | 0.055 | 10104 | 0.78 | 1465 | 45
6 5727 | 39.93 | 27.16 | 0.10 | -0.73 | -10.29 | 56.75 | 32.59 | 31.25 | 25.51 | 24.68 | 26.02 | 0.055 | 10490 | 1.03 | 1522 | 61
7 5748 | 49.85 | 3391 | 0.12 | -091 | -12.85 | 62.66 | 33.63 | 31.74 | 30.92 | 23.85 | 25.73 | 0.055 | 10804 | 1.30 | 1570 | 79
8 5769 | 59.89 | 40.74 | 0.14 | -1.10 | -15.43 | 67.33 | 34.50 | 32.21 [ 35.12 | 23.19 | 2547 | 0.055 | 11426 | 1.51 | 1662 | 97
9 58.11 | 69.78 | 4747 | 017 | -1.28 | -17.98 | 71.34 | 35.49 | 32.76 | 38.59 | 22.62 | 2535 | 0.055 | 12118 | 1.71 | 1764 | 116

Table D40: Reduced Data for Unconfined 9 mm Spacing

sample Tsac Q q4 ATy, AT ATglass T Teowan thop Tristop 'IT:::“ TT:i:p Kuia h 92;9 Nu GA
# °C W “l,?mz °C °C °C °C °C °C °C °C °C n‘1VI/< H‘IYIQ
1 58.11 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 29.08 | 2837 | 2827 | 0.80 | 29.73 | 29.83 | 0.055 0 0.03 0 0
2 58.11 | 0.00 | 0.00 | 000 | 0.00 | 000 | 29.08 | 2837 | 2832 | 0.75 | 29.73 | 29.78 | 0.055 0 0.03 0 0
3 58.11 | 10.03 | 6.82 | 0.02 | -0.18 | -2.58 | 37.06 | 28.97 | 28.60 | 847 | 29.14 | 29.51 | 0.055 | 7936 | 0.29 | 1145 | 13
4 5832 | 20.02 | 13.62 | 0.05 | -037 | -5.16 | 44.76 | 29.61 | 28.82 | 1594 | 28.70 | 29.50 | 0.055 | 8417 | 0.56 | 1215 | 26
5 5832 | 29.89 | 2033 | 0.07 | -055 | -7.70 | 52.03 | 30.36 | 29.11 | 22.92 | 27.96 | 29.20 | 0.055 | 8741 | 0.82 | 1263 | 40
6 58.74 | 39.93 | 27.16 | 0.10 | -0.73 | -10.29 | 58.86 | 31.30 | 29.61 | 29.25 | 27.43 | 29.13 | 0.055 | 9147 | 1.07 | 1323 | 55
7 58.95 | 50.06 | 34.05 | 0.12 | -0.92 | -12.90 | 64.91 | 32.04 | 29.96 | 34.95 | 26.90 | 28.99 | 0.055 | 9596 | 130 | 1389 | 70
8 59.16 | 59.89 | 40.74 | 0.14 | -1.10 | -1543 | 69.84 | 33.13 | 30.55 | 39.29 | 26.02 | 28.60 | 0.055 | 10214 | 1.51 | 1480 | 87
9 59.58 | 70.03 | 47.64 | 0.17 | -128 | -18.05 | 73.89 | 34.03 | 31.19 | 42.69 | 25.55 | 28.38 | 0.055 | 10991 | 1.67 | 1595 | 103
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Table D41: Reduced Data for Unconfined 11 mm Spacing

sample Tsat Q q4 ATy ATy ATglass T Teowan Tootop Trt,st(m ’I:I;os :;“ :::;D Kiuia h ei;p Nu GA
# °C w \‘17/0m2 °C °C °C °C °C °C °C °C °C n‘:YIQ n‘l)y]/( - - -
1 58.32 0.00 0.00 0.00 0.00 0.00 28.88 28.08 28.07 0.80 | 30.24 | 30.24 | 0.055 0 0.03 0 0
2 58.11 0.00 0.00 0.00 0.00 0.00 28.83 | 28.03 | 28.10 | 0.73 | 30.08 | 30.01 | 0.055 0 0.02 0 0
3 58.32 10.03 6.82 0.02 -0.18 -2.58 35.61 28.65 | 28.37 | 7.24 | 29.67 | 29.94 | 0.055 9286 0.24 | 1340 13
4 58.42 20.02 13.62 0.05 -0.37 -5.16 42.20 29.32 28.72 | 13.48 | 29.10 | 29.70 | 0.055 9952 0.46 1437 26
5 58.74 | 29.89 | 20.33 0.07 -0.55 -7.70 48.47 | 30.01 29.02 | 19.46 | 28.72 | 29.72 | 0.055 10295 | 0.68 | 1487 39
6 58.95 | 3993 | 27.16 0.10 -0.73 | -10.29 | 54.60 | 30.90 | 29.41 | 25.19 | 28.04 | 29.53 | 0.055 10622 | 0.90 | 1536 54
7 59.16 | 50.06 | 34.05 0.12 -0.92 | -12.90 | 60.20 | 31.65 | 29.76 | 30.44 | 27.51 | 29.40 | 0.055 11019 | 1.11 | 1594 69
8 59.47 | 59.89 | 40.74 0.14 -1.10 | -15.43 | 65.03 | 32.54 | 30.20 | 34.82 | 26.93 | 29.27 | 0.055 11524 | 1.29 | 1669 84
9 59.79 70.03 47.64 0.17 -1.28 -18.05 69.27 33.28 30.65 | 38.62 | 26.50 | 29.14 | 0.055 12149 1.46 1761 100
Table D42: Reduced Data for Unconfined 13 mm Spacing
Ts' Tsat' Tsat'
sample Tsat Q q ATsub AThtr ATglass Ts T“"wall Tootop T T T kﬂuid h es'ewlnp Nu GA
- otop cowall ootop
" c | w V;/Omz oc | °«c | °c | °c | cc | cc|c°c|c°c|-c n‘:vll( rr‘1¥1/<
1 57.90 0.00 0.00 0.00 0.00 0.00 2797 | 27.23 | 27.38 | 0.59 | 30.66 | 30.52 | 0.056 0 0.02 0 0
2 57.90 0.00 0.00 0.00 0.00 0.00 2797 | 27.19 | 27.33 | 0.64 | 30.71 | 30.57 | 0.056 0 0.02 0 0
3 58.11 10.03 6.82 0.02 -0.18 -2.58 33.75 | 2793 | 27.73 | 6.03 | 30.18 | 30.38 | 0.056 11150 0.20 1606 13
4 58.32 20.02 13.62 -—- -—- -—- -—- -—- -—- -—- -—- -—- - -—- -—- -—- -
5 58.42 | 29.89 | 20.33 0.07 -0.55 -7.70 45.16 | 29.39 | 28.57 | 16.59 | 29.03 | 29.85 | 0.055 12071 0.57 1742 39
6 58.74 | 39.93 | 27.16 0.10 -0.73 | -10.29 | 50.44 | 30.26 | 29.06 | 21.37 | 28.48 | 29.67 | 0.055 12518 0.75 1808 53
7 59.16 50.06 34.05 0.12 -0.92 -12.90 | 57.29 32.98 31.44 | 25.85 | 26.17 | 27.71 | 0.055 12975 0.99 1884 72
8 59.37 | 59.89 | 40.74 0.14 -1.10 | -1543 | 60.32 | 31.85 | 2991 | 3041 | 27.52 | 29.46 | 0.055 13197 1.11 1910 82
9 59.79 | 70.03 | 47.64 0.17 -1.28 | -18.05 | 64.66 | 32.66 | 30.28 | 34.38 | 27.12 | 29.51 | 0.055 13647 1.27 1977 97
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Table D43: Reduced Data for Unconfined 15 mm Spacing

sample Tsat Q q4 ATy, ATy ATglass Ts Teowan Tootop Tzstop ’Ir{: :;" TT;ZE Kiuia h ei;p Nu GA
# °C w “lllomz °C °C °C °C °C °C °C °C °C IIYI/( n‘l’;;/( -—- -—- ---
1 57.06 0.00 0.00 0.00 0.00 0.00 29.18 28.52 28.42 0.76 | 28.53 | 28.63 | 0.055 0 0.03 0 0
2 56.85 0.00 0.00 0.00 0.00 0.00 29.13 28.42 | 28.42 0.71 28.42 | 28.42 | 0.055 0 0.02 0 0
3 57.06 10.03 6.82 0.02 -0.18 -2.58 35.16 | 29.07 | 28.77 6.39 | 27.99 | 28.29 | 0.055 10519 | 0.23 1519 14
4 57.27 20.02 13.62 0.05 -0.37 -5.16 41.15 29.81 29.16 | 11.98 | 27.45 | 28.10 | 0.055 11197 | 0.44 1618 27
5 57.48 29.89 20.33 0.07 -0.55 -7.70 46.92 30.46 29.56 | 17.36 | 27.02 | 27.91 | 0.055 11541 0.64 1669 42
6 57.90 | 39.93 27.16 0.10 -0.73 -10.29 | 52.59 31.25 30.01 | 22.59 | 26.65 | 27.89 | 0.055 11845 | 0.85 1715 56
7 58.32 50.06 34.05 0.12 -0.92 | -12.90 | 57.74 32.04 30.35 | 27.39 | 26.27 | 27.96 | 0.055 12246 1.04 1774 72
8 58.53 60.12 40.90 0.14 -1.10 | -1549 | 62.51 32.99 30.90 | 31.61 | 25.54 | 27.63 | 0.055 12742 1.24 1848 89
9 58.95 70.03 47.64 0.17 -1.28 -18.05 | 66.67 33.78 31.29 | 35.37 | 25.17 | 27.65 | 0.055 13266 1.41 1926 105

Table D44: Reduced Data for Unconfined 17 mm Spacing

sample Tsat Q q4 ATy ATy ATglass T, Teowan Tootop TZiQE TT:::“ ’:::_:)p Kuia h 92;9 Nu GA
# °C W “lllomz °C °C °C °C °C °C °C °C °C IIYI/( II‘IYI/( --- --- -—-
1 57.27 0.00 0.00 0.00 0.00 0.00 29.48 | 28.85 | 28.70 0.78 | 28.42 | 28.57 | 0.055 0 0.03 0 0
2 57.27 0.00 0.00 0.00 0.00 0.00 2048 | 28.77 | 28.67 0.81 | 28.49 | 28.60 | 0.055 0 0.03 0 0
3 57.37 10.03 6.82 0.02 -0.18 -2.58 35.66 | 29.37 | 29.02 6.64 | 28.00 | 28.35 | 0.055 10118 | 0.24 1462 13
4 57.48 | 20.02 13.62 0.05 -0.37 -5.16 41.70 | 30.01 29.36 | 12.33 | 27.46 | 28.11 | 0.055 10877 | 0.45 1572 27
5 57.90 | 29.89 20.33 0.07 -0.55 -7.70 47.62 | 30.70 | 29.71 | 1791 | 27.19 | 28.19 | 0.055 11184 | 0.66 1618 41
6 58.11 39.93 27.16 0.10 -0.73 -10.29 | 53.24 | 31.57 | 30.18 | 23.06 | 26.53 | 27.93 | 0.055 11600 | 0.87 1680 57
7 58.32 | 50.06 34.05 0.12 -0.92 | -12.90 | 58.54 | 32.27 | 30.60 | 27.94 | 26.05 | 27.71 | 0.055 12004 1.07 1740 72
8 58.74 | 59.89 | 40.74 0.14 -1.10 | -1543 | 63.27 | 33.11 31.07 | 32.20 | 25.63 | 27.66 | 0.055 12462 1.26 1808 88
9 59.16 | 70.03 47.64 0.17 -1.28 | -18.05 | 67.42 | 33.80 | 31.37 | 36.05 | 25.35 | 27.79 | 0.055 13017 1.42 1890 104
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Table D45:

Reduced Data for Unconfined 13 mm #2 Spacing

Sample Tsat Q q ATsub AThtr ATglass Ts T""w::ll Tootop TTS- ’ITsat' ;‘sat' kfluid h ees' Nu GA
. cotop cowall cotop wotop

# °C W V;/Omz °C °C °C °C °C °C °C °C °C n‘ZI/( I:;;Q - - -
1 56.85 0.00 0.00 0.00 0.00 0.00 29.58 | 28.85 | 28.79 | 0.78 | 28.00 | 28.05 | 0.055 0 0.03 0 0
2 56.64 0.00 0.00 0.00 0.00 0.00 29.58 | 28.82 | 28.77 | 0.81 | 27.81 | 27.87 | 0.055 0 0.03 0 0
3 57.06 | 10.03 6.82 0.02 -0.18 -2.58 | 3646 | 2949 | 29.07 | 7.39 | 27.57 | 27.99 | 0.055 9088 0.27 | 1313 14
4 57.06 | 20.02 | 13.62 0.05 -0.37 -5.16 | 43.25 | 30.21 | 2941 | 13.84 | 26.85 | 27.64 | 0.055 9694 0.52 | 1402 28
5 57.37 | 29.89 | 20.33 0.07 -0.55 -7.70 49.72 | 30.85 | 29.81 | 19.92 | 26.52 | 27.56 | 0.055 10057 | 0.75 | 1455 42
6 57.69 | 39.93 | 27.16 0.10 -0.73 | -10.29 | 55.75 | 31.72 | 30.23 | 25.52 | 25.96 | 27.46 | 0.055 | 10483 | 0.98 | 1518 58
7 57.90 | 50.06 | 34.05 0.12 -0.92 | -12.90 | 61.40 | 32.54 | 30.75 | 30.65 | 25.36 | 27.15 | 0.055 10943 | 1.21 | 1587 74
8 58.32 | 59.89 | 40.74 0.14 -1.10 | -1543 | 66.03 | 33.26 | 31.10 | 34.93 | 25.06 | 27.22 | 0.055 11487 | 1.39 | 1667 90
9 58.53 | 70.03 | 47.64 0.17 -1.28 | -18.05 | 70.28 | 34.25 | 31.67 | 38.61 | 24.28 | 26.86 | 0.055 12153 | 1.59 | 1765 109
10 59.16 | 86.50 | 58.84 0.21 -1.59 | -22.29 | 75.70 | 35.84 | 32.68 | 43.01 | 23.32 | 26.47 | 0.055 13474 | 1.84 | 1962 140
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Cap Electrode Averaged Raw Data and Data Reduction Tables

acquisition system each fraction of a second and is therefore left out of this appendix.
The single numbers used in data reduction for each test condition using FC-72 are shown
in Table D46 through Table D57 and were found by averaging a one minute steady state
portion of the raw data. Tests of the full length electrode with HFE-7000 as the working
fluid are shown in Table D58 through Table D60. Table D61 through Table D72 show

the data reduction values for the electrode study using FC-72 at each high voltage level.

The raw data for the cap electrode study consisted of values read by the data

Table D73 through Table D75 show the reduced data values for the HFE-7000 test.

Table D46: Averaged Heater and Pressure Raw Data for Bottom Half Electrode

Heater Voltage

Heater Voltage

HY Q after before Heater | Chamber Nozzle
precision resistor precision resistor Current | Pressure | Pressure

kV w Volts Volts Amps psia psia
0 0.00 0.00 0.00 0.00 13.61 21.96
0 10.02 9.79 9.89 1.01 13.68 22.08
0 20.04 13.80 13.95 1.44 13.78 22.22
0 30.00 16.88 17.05 1.76 13.87 22.34
0 40.04 19.49 19.70 2.03 13.95 22.45
0 50.07 21.79 22.02 2.27 14.07 22.50
0 59.98 23.83 24.08 2.49 14.15 22.43
0 70.12 25.75 26.01 2.70 14.24 22.54
0 80.02 27.52 27.81 2.88 14.36 22.67
0 89.88 29.21 29.52 3.04 14.47 22.68
0 0.00 0.00 0.00 0.00 14.06 22.42
0 50.09 21.96 22.19 2.26 14.10 22.35
3 50.18 21.96 22.18 14.11 22.37 2.26
6 50.15 21.96 22.19 14.13 22.38 2.26
0 60.02 24.03 24.28 2.47 14.19 22.43
3 60.05 24.03 24.28 14.22 22.46 2.47
6 60.05 24.03 24.28 14.24 22.48 2.47
0 70.00 25.96 26.23 2.67 14.34 22.57
3 69.96 25.96 26.23 14.36 22.59 2.67
6 69.93 25.96 26.23 14.38 22.62 2.67
0 79.88 27.76 28.05 2.85 14.44 22.68
3 79.84 27.76 28.05 14.46 22.69 2.85
6 79.83 27.76 28.05 14.48 22.70 2.85
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Table D47: Averaged Pedestal Temperature Raw Data for Bottom Half Electrode

HV Q T1 T2 T3 T4 T5 T6 T7
W °C °C °C °C °C °C °C
0.00 | 23.23|22.82 | 22.85 | 22.85 | 23.02 | 23.07 | 24.03
10.02 | 30.32 | 26.23 | 24.88 | 25.64 | 24.67 | 25.08 | 24.58
20.04 | 37.38 | 30.25 | 27.24 | 29.64 | 26.89 | 27.57 | 25.69
30.00 | 44.19 | 33.87 | 29.40 | 32.89 | 28.77 | 29.70 | 26.68
40.04 | 50.46 | 37.02 | 31.38 | 35.39 | 30.29 | 31.41 | 27.47
50.07 | 55.93 | 40.69 | 33.71 | 38.78 | 32.37 | 33.48 | 28.88
59.98 | 59.70 | 43.40 | 35.65 | 41.17 | 33.98 | 35.17 | 30.21
70.12 | 62.49 | 45.50 | 37.26 | 43.02 | 35.29 | 36.66 | 31.32
80.02 | 65.22 | 47.44 | 38.77 | 44.84 | 36.57 | 38.16 | 32.54
89.88 | 68.00 | 49.18 | 39.91 | 46.54 | 37.64 | 39.59 | 33.70
0.00 | 2540 | 27.13 | 25.54 | 30.66 | 27.20 | 26.91 | 29.09
50.09 | 52.18 | 40.49 | 34.05 | 38.82 | 32.96 | 34.17 | 29.53
50.18 | 52.38 | 40.82 | 34.26 | 39.38 | 33.27 | 34.43 | 30.07
50.15 | 52.45 | 40.97 | 34.38 | 39.61 | 33.42 | 34.56 | 30.42
60.02 | 55.58 | 42.75 | 35.72 | 40.50 | 34.25 | 35.52 | 30.94
60.05 | 55.70 | 42.97 | 35.86 | 40.80 | 34.43 | 35.67 | 31.25
60.05 | 55.77 | 43.08 | 35.94 | 40.92 | 34.49 | 35.72 | 31.44
70.00 | 58.25 | 44.65 | 37.25 | 42.05 | 35.46 | 36.89 | 32.30
69.96 | 58.28 | 44.73 | 37.29 | 42.18 | 35.55 | 36.98 | 32.49
69.93 | 58.28 | 44.78 | 37.34 | 42.26 | 35.61 | 37.04 | 32.63
79.88 | 60.69 | 46.06 | 38.42 | 43.12 | 36.34 | 38.03 | 33.11
79.84 | 60.79 | 46.23 | 38.52 | 43.37 | 36.47 | 38.14 | 33.37
79.83 | 60.86 | 46.35 | 38.62 | 43.51 | 36.58 | 38.25 | 33.52
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Table D48: Averaged Chamber Temperature Raw Data for Bottom Half Electrode

HV Q Amb T8 T9 T10 | T11 | T12 | T14
W °C °C °C °C °C °C °C
0.00 20.83 | 21.92 | 21.69 | 23.24 | 22.88 | 21.83 | 22.07
10.02 | 20.96 | 22.30 | 22.23 | 24.15 | 23.54 | 22.21 | 22.11

20.04 | 20.89 | 22.81 | 22.63 | 25.20 | 24.28 | 22.73 | 22.17

30.00 | 20.94 | 23.32 | 23.06 | 26.23 | 24.99 | 23.24 | 22.20

40.04 | 20.93 | 23.78 | 23.41 | 27.24 | 25.70 | 23.71 | 22.22

50.07 | 21.00 | 24.34 | 23.80 | 28.45 | 26.58 | 24.25 | 22.27

59.98 | 20.99 | 25.05 | 24.24 | 29.68 | 27.50 | 24.95 | 22.33

70.12 | 21.19 | 25.69 | 24.67 | 30.85 | 28.46 | 25.61 | 22.38

80.02 | 21.26 | 26.47 | 25.19 | 32.08 | 29.52 | 26.35 | 22.48

89.88 | 21.38 | 27.11 | 25.55 | 32.88 | 30.81 | 27.19 | 22.57
0.00 21.33 | 23.75 | 23.92 | 24.70 | 24.19 | 26.91 | 22.71

50.09 | 21.41 | 25.17 | 24.76 | 29.17 | 27.34 | 34.17 | 22.82

50.18 | 21.42 | 25.26 | 24.81 | 29.25 | 27.40 | 25.36 | 22.82

50.15 | 21.57 | 25.30 | 24.83 | 29.32 | 27.48 | 25.36 | 22.85

60.02 | 21.54 | 25.68 | 25.05 | 30.25 | 28.14 | 35.52 | 22.83

60.05 | 21.60 | 25.80 | 25.10 | 30.28 | 28.16 | 25.90 | 22.78

60.05 | 21.53 | 25.85 | 25.15 | 30.28 | 28.18 | 25.90 | 22.74

70.00 | 21.50 | 26.40 | 25.44 | 31.41 | 29.09 | 36.89 | 22.83

69.96 | 21.72 | 26.46 | 25.50 | 31.47 | 29.12 | 26.55 | 22.86

69.93 | 21.36 | 26.49 | 25.54 | 31.50 | 29.16 | 26.55 | 22.87

79.88 | 21.38 | 26.94 | 25.75 | 32.47 | 29.98 | 38.03 | 22.90

79.84 | 21.58 | 27.03 | 25.80 | 32.54 | 30.03 | 27.12 | 22.91

79.83 | 21.38 | 27.07 | 25.86 | 32.58 | 30.10 | 27.12 | 22.90

-
<

QW OS|INWIQ QW IQ|IONW oI ||| eo|@

186



Table D49: Averaged Heater and Pressure Raw Data for Thick Top Half Electrode

Heater Voltage

Heater Voltage

HV Q after before Heater | Chamber Nozzle
precision resistor precision resistor Current | Pressure | Pressure
kV W Volts Volts Amps psia psia
0 0.00 0.00 0.00 13.89 22.37 0.00
0 10.01 9.57 9.68 13.93 22.46 1.03
0 20.09 13.50 13.65 14.00 22.57 1.47
0 30.03 16.50 16.68 14.09 22.68 1.80
0 40.09 19.11 19.32 14.19 22.81 2.07
0 50.06 21.33 21.56 14.32 22.96 2.32
0 60.07 23.38 23.63 14.44 23.10 2.54
0 70.19 25.22 25.49 14.56 23.24 2.75
0 0.00 0.00 0.00 0.00 14.02 22.41
3 0.00 0.00 0.00 0.00 13.97 22.37
6 0.00 0.00 0.00 0.00 13.94 22.35
0 10.02 9.50 9.61 1.04 13.97 22.37
3 10.02 9.50 9.61 1.04 13.96 22.38
6 10.02 9.50 9.61 1.04 13.96 22.37
0 20.11 13.47 13.61 1.48 14.03 22.43
3 20.12 13.46 13.61 1.48 14.04 22.40
6 20.13 13.46 13.61 1.48 14.06 22.33
0 30.00 16.45 16.63 1.80 14.14 22.39
3 30.01 16.45 16.63 1.80 14.17 22.41
6 30.01 16.45 16.63 1.80 14.18 22.44
0 40.00 19.01 19.22 2.08 14.25 22.50
3 40.00 19.01 19.21 2.08 14.28 22.53
6 40.02 19.01 19.21 2.08 14.29 22.55
0 50.00 21.29 21.52 2.32 14.37 22.62
3 50.01 21.29 21.52 2.32 14.40 22.65
6 50.01 21.29 21.52 2.32 14.42 22.66
0 60.07 23.34 23.59 2.55 14.50 22.74
3 60.09 23.34 23.59 2.55 14.52 22.76
6 60.08 23.34 23.59 2.55 14.54 22.79
0 70.32 25.18 25.46 2.76 14.62 22.86
3 70.20 25.18 25.46 2.76 14.64 22.87
6 70.14 25.18 25.46 2.75 14.65 22.90
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Table D50: Averaged Pedestal Temperature Raw Data for Thick Top Half Electrode

HV Q T1 T2 T3 T4 T5 T6 T7
\u4 °C °C °C °C °C °C °C

0.00 | 24.93 | 24.56 | 24.57 | 24.59 | 24.76 | 24.79 | 25.88
10.01 | 31.87 | 28.04 | 26.78 | 27.51 | 26.72 | 27.08 | 26.48
20.09 | 38.71 | 31.67 | 29.06 | 30.79 | 28.87 | 29.53 | 27.39
30.03 | 45.40 | 35.33 | 31.38 | 34.37 | 31.12 | 32.04 | 28.44
40.09 | 51.71 | 38.83 | 33.58 | 37.69 | 33.23 | 34.32 | 29.52
50.06 | 57.38 | 42.23 | 35.79 | 40.85 | 35.31 | 36.47 | 30.86
60.07 | 60.75 | 44.71 | 37.53 | 43.16 | 37.00 | 38.37 | 32.10
70.19 | 63.15 | 46.60 | 38.96 | 45.01 | 38.42 | 40.13 | 33.26
0.00 | 2592 | 25.62 | 25.57 | 25.73 | 25.74 | 25.72 | 27.12
0.00 | 2592 | 25.58 | 25.54 | 25.63 | 25.69 | 25.67 | 26.85
0.00 | 2590 | 25.53 | 25.52 | 25.55 | 25.64 | 25.63 | 26.74
10.02 | 32.79 | 28.81 | 27.57 | 28.24 | 27.45 | 27.79 | 27.20
10.02 | 32.87 | 29.22 | 27.79 | 29.02 | 27.82 | 28.12 | 27.48
10.02 | 32.89 | 29.32 | 27.84 | 29.22 | 27.92 | 28.20 | 27.64
20.11 | 39.80 | 32.62 | 29.92 | 31.97 | 29.75 | 30.38 | 28.28
20.12 | 40.03 | 33.19 | 30.35 | 32.80 | 30.20 | 30.77 | 28.65
20.13 | 40.43 | 34.10 | 31.35 | 33.05 | 30.53 | 30.89 | 29.05
30.00 | 47.12 | 37.80 | 33.94 | 35.87 | 32.53 | 33.08 | 29.88
30.01 | 47.22 | 38.19 | 34.16 | 36.55 | 32.89 | 33.39 | 30.24
30.01 | 47.29 | 38.31 | 34.25 | 36.72 | 32.99 | 33.46 | 30.44
40.00 | 53.51 | 41.55 | 36.58 | 38.97 | 34.68 | 35.37 | 31.08
40.00 | 53.62 | 42.04 | 36.89 | 39.80 | 35.13 | 35.74 | 31.51
40.02 | 53.66 | 42.16 | 36.96 | 40.01 | 35.24 | 35.83 | 31.74
50.00 | 58.61 | 44.96 | 39.09 | 42.02 | 36.80 | 37.57 | 32.45
50.01 | 58.62 | 45.28 | 39.29 | 42.57 | 37.12 | 37.84 | 32.83
50.01 | 58.66 | 45.37 | 39.35 | 42.72 | 37.20 | 37.91 | 33.04
60.07 | 61.55 | 47.44 | 41.12 | 44.42 | 38.58 | 39.56 | 33.76
60.09 | 61.58 | 47.64 | 41.26 | 44.78 | 38.79 | 39.73 | 34.08
60.08 | 61.62 | 47.73 | 41.33 | 4491 | 38.89 | 39.82 | 34.26
70.32 | 63.92 | 49.45 | 42.89 | 46.37 | 40.12 | 41.30 | 34.99
70.20 | 63.91 | 49.60 | 43.01 | 46.64 | 40.29 | 41.44 | 35.25
70.14 | 63.91 | 49.64 | 43.03 | 46.75 | 40.37 | 41.54 | 35.39
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Table D51: Averaged Chamber Temperature Raw Data for Thick Top Half Electrode

HV Q Amb T8 T9 T10 | T11 | T12 | T14
W °C °C °C °C °C °C °C
0.00 | 22.46 | 23.64 | 23.42 | 25.00 | 24.60 | 23.55 | 23.93
10.01 | 22.57 | 24.11 | 24.00 | 25.92 | 25.12 | 23.92 | 23.93
20.09 | 22.78 | 24.57 | 24.29 | 26.96 | 25.73 | 24.30 | 23.99
30.03 | 22.79 | 25.09 | 24.64 | 28.02 | 26.28 | 24.78 | 24.01
40.09 | 22.94 | 25.67 | 25.15 | 29.06 | 26.85 | 25.30 | 23.99
50.06 | 22.98 | 26.39 | 25.76 | 30.13 | 27.54 | 25.90 | 24.00
60.07 | 22.98 | 27.08 | 26.35 | 31.30 | 28.32 | 26.51 | 24.13
70.19 | 22.93 | 27.75 | 26.84 | 32.43 | 29.10 | 27.12 | 24.21
0.00 | 23.19 | 24.74 | 24.64 | 25.67 | 25.32 | 24.75 | 24.37
0.00 | 23.11 | 24.70 | 24.60 | 25.63 | 25.29 | 24.69 | 24.38
0.00 | 23.19 | 24.68 | 24.56 | 25.62 | 25.28 | 24.65 | 24.39
10.02 | 23.37 | 24.97 | 24.96 | 26.54 | 25.76 | 24.85 | 24.42
10.02 | 23.32 | 25.05 | 25.02 | 26.56 | 25.78 | 24.88 | 24.42
10.02 | 23.17 | 25.07 | 25.03 | 26.58 | 25.79 | 24.90 | 24.44
20.11 | 23.30 | 25.40 | 25.20 | 27.55 | 26.32 | 25.17 | 24.43
20.12 | 23.06 | 25.45 | 25.22 | 27.61 | 26.49 | 25.22 | 2445
20.13 | 23.13 | 25.46 | 25.30 | 27.61 | 26.82 | 25.31 | 24.46
30.00 | 23.35 | 25.84 | 25.62 | 28.63 | 27.56 | 25.63 | 24.47
30.01 | 23.20 | 25.94 | 25.71 | 28.70 | 27.63 | 25.70 | 24.48
30.01 | 23.34 | 25.99 | 25.74 | 28.74 | 27.67 | 25.75 | 24.49
40.00 | 23.30 | 26.35 | 25.94 | 29.77 | 28.44 | 26.09 | 24.53
40.00 | 23.33 | 26.49 | 26.05 | 29.87 | 28.52 | 26.18 | 24.55
40.02 | 23.25 | 26.55 | 26.09 | 29.91 | 28.57 | 26.25 | 24.56
50.00 | 23.28 | 27.03 | 26.42 | 30.92 | 29.37 | 26.69 | 24.59
50.01 | 23.38 | 27.16 | 26.50 | 31.02 | 29.46 | 26.80 | 24.61
50.01 | 23.37 | 27.21 | 26.56 | 31.06 | 29.51 | 26.83 | 24.62
60.07 | 23.39 | 27.71 | 26.90 | 32.09 | 30.40 | 27.26 | 24.65
60.09 | 23.60 | 27.83 | 27.00 | 32.18 | 30.48 | 27.37 | 24.67
60.08 | 23.60 | 27.90 | 27.07 | 32.25 | 30.56 | 27.44 | 24.69
70.32 | 23.64 | 28.48 | 27.42 | 33.30 | 31.55 | 27.92 | 24.72
70.20 | 23.60 | 28.61 | 27.53 | 33.36 | 31.61 | 28.02 | 24.74
70.14 | 23.37 | 28.67 | 27.60 | 33.42 | 31.67 | 28.08 | 24.76
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Table D52: Averaged Heater and Pressure Raw Data for Full Length Electrode

HV Q Heate:‘ft\e/ :ltage Heatgzﬁ\)’;)eltage Heater | Chamber Nozzle
precision resistor precision resistor Current | Pressure | Pressure

kV W Volts Volts Amps psia psia
0 0.00 0.00 0.00 0.00 14.34 22.64
0 10.09 9.59 9.69 1.04 14.36 22.74
0 20.10 13.53 13.68 1.47 14.42 22.78
0 30.05 16.54 16.72 1.80 14.48 22.78
0 39.99 19.08 19.29 2.07 14.56 22.85
0 50.02 21.34 21.57 2.32 14.64 22.94
0 60.00 23.34 23.60 2.54 14.74 23.04
0 70.04 25.20 25.47 2.75 14.84 23.13
0 0.00 0.00 0.00 0.00 14.31 22.56
3 0.00 0.00 0.00 0.00 14.28 22.56
6 0.00 0.00 0.00 0.00 14.26 22.55
0 10.03 9.56 9.67 1.04 14.30 22.58
3 10.03 9.56 9.67 1.04 14.31 22.59
6 10.03 9.56 9.67 1.04 14.31 22.61
0 19.98 13.50 13.65 1.46 14.37 22.66
3 19.98 13.50 13.65 1.46 14.38 22.67
6 19.99 13.50 13.65 1.46 14.40 22.69
0 30.04 16.55 16.73 1.80 14.46 22.75
3 30.05 16.55 16.73 1.80 14.48 22.77
6 30.05 16.55 16.73 1.80 14.49 22.78
0 39.98 19.08 19.29 2.07 14.56 22.84
3 39.98 19.08 19.29 2.07 14.58 22.83
6 39.98 19.08 19.29 2.07 14.60 22.87
0 49.98 21.27 21.51 2.32 14.66 22.95
3 49.80 21.28 21.51 2.32 14.69 22.96
6 49.78 21.28 21.51 2.31 14.70 22.97
0 60.05 23.35 23.60 2.54 14.77 23.03
3 60.07 23.35 23.60 2.55 14.80 23.03
6 60.05 23.35 23.60 2.54 14.81 23.03
0 69.99 25.19 25.47 2.75 14.89 23.10
3 70.06 25.19 25.47 2.75 14.91 23.13
6 70.10 25.19 25.47 2.75 14.93 23.15
0 75.07 26.07 26.35 2.85 14.97 23.17
3 75.20 26.06 26.35 2.85 14.98 23.19
6 75.16 26.07 26.35 2.85 14.99 23.20
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Table D53: Averaged Pedestal Temperature Raw Data for Full Length Electrode

HV Q T1 T2 T3 T4 TS T6 T7
W °C °C °C °C °C °C °C
0.00 | 26.44 | 26.07 | 26.06 | 26.10 | 26.19 | 26.19 | 27.24
10.09 | 34.10 | 30.10 | 28.94 | 28.73 | 28.08 | 28.25 | 28.04

20.10 | 41.76 | 34.49 | 32.02 | 32.06 | 30.30 | 30.58 | 29.16

30.05 | 49.10 | 38.89 | 35.08 | 35.59 | 32.66 | 33.00 | 30.40

39.99 | 55.56 | 42.89 | 37.94 | 38.92 | 34.88 | 35.29 | 31.65

50.02 | 60.13 | 46.18 | 40.44 | 41.84 | 36.90 | 37.37 | 32.93

60.00 | 62.86 | 48.56 | 42.47 | 44.06 | 38.56 | 39.17 | 34.17

70.04 | 65.07 | 50.47 | 44.26 | 45.94 | 40.06 | 40.92 | 35.35
0.00 | 26.75 | 26.41 | 26.34 | 26.46 | 26.49 | 26.48 | 27.76
0.00 | 26.75 | 26.39 | 26.34 | 26.42 | 26.47 | 26.47 | 27.65
0.00 |26.72 | 26.35 | 26.30 | 26.36 | 26.43 | 26.42 | 27.53
10.03 | 34.30 | 30.33 | 29.17 | 28.93 | 28.30 | 28.47 | 28.24
10.03 | 34.39 | 30.77 | 29.39 | 29.68 | 28.65 | 28.76 | 28.54
10.03 | 34.38 | 30.85 | 29.43 | 29.88 | 28.74 | 28.83 | 28.69
19.98 | 41.92 | 34.92 | 32.33 | 32.71 | 30.72 | 30.96 | 29.57
19.98 | 42.01 | 35.28 | 32.56 | 33.35 | 31.07 | 31.27 | 29.95
19.99 | 42.04 | 3538 | 32.61 | 33.53 | 31.16 | 31.34 | 30.12

30.04 | 49.29 | 39.41 | 35.48 | 36.40 | 33.19 | 33.51 | 31.02

30.05 | 49.38 | 39.72 | 35.66 | 36.95 | 33.48 | 33.75 | 31.35

30.05 | 49.43 | 39.85 | 35.76 | 37.15 | 33.61 | 33.86 | 31.59

39.98 | 55.78 | 43.39 | 38.35 | 39.68 | 35.44 | 35.84 | 32.35

39.98 | 55.89 | 43.73 | 38.58 | 40.27 | 35.76 | 36.12 | 32.76

39.98 | 55.86 | 43.81 | 38.63 | 40.42 | 35.85 | 36.20 | 32.94

49.98 | 60.40 | 46.60 | 40.88 | 42.38 | 37.40 | 37.85 | 33.68

49.80 | 60.30 | 46.85 | 41.02 | 42.92 | 37.69 | 38.13 | 34.04

49.78 | 60.35 | 46.98 | 41.12 | 43.11 | 37.82 | 38.26 | 34.27

60.05 | 63.04 | 48.96 | 42.93 | 44.66 | 39.11 | 39.75 | 34.91

60.07 | 63.13 | 49.28 | 43.16 | 45.16 | 39.43 | 40.05 | 35.32

60.05 | 63.00 | 49.31 | 43.16 | 45.24 | 39.43 | 40.02 | 35.49

69.99 | 65.23 | 51.07 | 44.88 | 46.81 | 40.81 | 41.62 | 36.32

70.06 | 65.25 | 51.19 | 44.95 | 47.04 | 40.95 | 41.76 | 36.57

70.10 | 65.32 | 51.29 | 45.04 | 47.15 | 41.03 | 41.82 | 36.71

75.07 | 66.42 | 52.10 | 45.82 | 47.85 | 41.66 | 42.57 | 37.12

75.20 | 66.48 | 52.21 | 45.91 | 48.00 | 41.74 | 42.64 | 37.26

75.16 | 66.52 | 52.28 | 45.98 | 48.07 | 41.81 | 42.70 | 37.37
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Table D54: Averaged Chamber Temperature Raw Data for Full Length Electrode

HV Q Amb T8 T9 T10 | T11 | T12 | T14
W °C °C °C °C °C °C °C
0.00 | 23.40 | 24.89 | 24.77 | 26.41 | 25.95 | 24.85 | 25.40
10.09 | 23.67 | 25.28 | 25.23 | 27.33 | 26.67 | 25.13 | 25.34
20.10 | 23.46 | 25.71 | 25.42 | 28.35 | 27.44 | 25.46 | 25.32
30.05 | 23.59 | 26.15 | 25.65 | 29.38 | 28.23 | 25.79 | 25.27
39.99 | 23.60 | 26.71 | 25.98 | 30.45 | 29.06 | 26.21 | 25.23
50.02 | 23.68 | 27.32 | 26.38 | 31.55 | 29.96 | 26.68 | 25.19
60.00 | 23.55 | 27.94 | 26.72 | 32.68 | 30.91 | 27.12 | 25.18
70.04 | 23.70 | 28.62 | 27.06 | 33.83 | 31.96 | 27.62 | 25.21
0.00 | 23.57 | 25.32 | 25.24 | 26.54 | 26.14 | 25.31 | 25.24
0.00 | 23.47 | 25.35 | 25.29 | 26.54 | 26.15 | 25.31 | 25.29
0.00 | 23.62 | 25.26 | 25.19 | 26.49 | 26.11 | 25.23 | 25.26
10.03 | 23.81 | 25.61 | 25.60 | 27.45 | 26.85 | 25.46 | 25.31
10.03 | 23.49 | 25.66 | 25.59 | 27.44 | 26.83 | 25.47 | 25.26
10.03 | 23.60 | 25.74 | 25.70 | 27.45 | 26.85 | 25.52 | 25.27
19.98 | 23.70 | 26.04 | 25.74 | 28.42 | 27.55 | 25.76 | 25.25
19.98 | 23.68 | 26.13 | 25.80 | 28.53 | 27.65 | 25.82 | 25.32
19.99 | 23.81 | 26.15 | 25.82 | 28.52 | 27.67 | 25.84 | 25.29
30.04 | 23.98 | 26.60 | 26.09 | 29.59 | 28.46 | 26.20 | 25.33
30.05 | 23.83 | 26.67 | 26.15 | 29.62 | 28.49 | 26.24 | 25.30
30.05 | 23.78 | 26.75 | 26.23 | 29.70 | 28.59 | 26.33 | 25.36
39.98 | 23.84 | 27.15 | 26.46 | 30.70 | 29.33 | 26.64 | 25.33
39.98 | 23.77 | 27.32 | 26.61 | 30.83 | 29.48 | 26.77 | 25.39
39.98 | 23.84 | 27.35 | 26.65 | 30.83 | 29.50 | 26.80 | 25.38
4998 | 23.81 | 27.82 | 26.96 | 31.92 | 30.34 | 27.19 | 25.44
49.80 | 23.79 | 27.95 | 27.03 | 31.99 | 30.37 | 27.25 | 25.43
49.78 | 23.82 | 28.75 | 27.51 | 33.28 | 31.64 | 27.90 | 25.52
60.05 | 23.86 | 28.49 | 27.33 | 33.10 | 31.37 | 27.69 | 25.46
60.07 | 23.95 | 28.71 | 27.50 | 33.25 | 31.50 | 27.83 | 25.51
60.05 | 23.98 | 28.04 | 27.14 | 32.05 | 30.49 | 27.36 | 25.48
69.99 | 24.09 | 29.43 | 27.85 | 34.38 | 32.57 | 28.37 | 25.58
70.06 | 23.98 | 29.53 | 27.93 | 34.46 | 32.63 | 28.46 | 25.59
70.10 | 24.15 | 29.61 | 28.02 | 34.50 | 32.74 | 28.55 | 25.63
75.07 | 24.14 | 29.98 | 28.20 | 35.05 | 33.25 | 28.83 | 25.69
75.20 | 24.09 | 30.01 | 28.24 | 35.11 | 33.30 | 28.88 | 25.69
75.16 | 24.10 | 30.12 | 28.35 | 35.15 | 33.41 | 28.97 | 25.72
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Table D55: Averaged Heater and Pressure Raw Data for Top Half Electrode

Heater Voltage

Heater Voltage

HV Q after before Heater | Chamber Nozzle
precision resistor | precision resistor Current | Pressure | Pressure

kV W Volts Volts Amps psia psia
0 0.00 0.00 0.00 0.00 13.81 22.10
0 10.07 9.62 9.73 1.04 13.85 21.97
0 20.09 13.59 13.74 1.46 13.90 22.04
0 30.11 16.60 16.78 1.79 13.98 22.14
0 40.10 19.10 19.31 2.08 14.08 22.26
0 50.01 21.29 21.53 2.32 14.18 22.39
0 60.09 23.29 23.55 2.55 14.29 22.52
0 70.01 25.12 25.40 2.76 14.39 22.65
0 0.00 0.00 0.00 0.00 14.08 22.49
3 0.00 0.00 0.00 0.00 14.07 22.52
6 0.00 0.00 0.00 0.00 14.06 22.55
0 10.03 9.48 9.59 1.05 14.11 22.61
3 10.04 9.48 9.59 1.05 14.13 22.64
6 10.04 9.48 9.59 1.05 14.14 22.69
0 19.99 13.39 13.54 1.48 14.22 22.78
3 20.00 13.39 13.54 1.48 14.24 22.83
6 20.01 13.39 13.54 1.48 14.27 22.88
0 30.06 16.43 16.61 1.81 14.35 22.98
3 30.07 16.43 16.62 1.81 14.37 23.02
6 30.08 16.43 16.62 1.81 14.40 23.06
0 40.01 18.97 19.18 2.09 14.48 23.16
3 40.01 18.97 19.18 2.09 14.51 23.18
6 40.02 18.97 19.18 2.09 14.54 23.21
0 50.00 21.21 21.45 2.33 14.60 23.25
3 50.01 21.21 21.45 2.33 14.64 23.36
6 50.06 21.21 21.45 2.33 14.67 23.39
0 60.07 23.25 23.50 2.56 14.74 23.46
3 60.09 23.25 23.50 2.56 14.76 23.50
6 60.12 23.25 23.50 2.56 14.79 23.55
0 70.03 25.10 25.37 2.76 14.86 23.60
3 70.04 25.10 25.37 2.76 14.89 23.65
6 70.06 25.10 25.37 2.76 14.90 23.66
0 75.00 25.97 26.25 2.86 14.94 23.70
3 75.02 25.97 26.25 2.86 14.95 23.66
6 74.99 25.97 26.25 2.86 14.94 23.63
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Table D56: Averaged Pedestal Temperature Raw Data for Top Half Electrode

HV Q T1 T2 T3 T4 T5 T6 T7
W °C °C °C °C °C °C °C
0.00 |22.45|21.92 | 2197 | 21.96 | 22.14 | 22.18 | 23.12
10.07 | 30.42 | 26.23 | 25.10 | 24.84 | 24.23 | 24.44 | 24.06

20.09 | 38.16 | 30.08 | 27.90 | 27.39 | 26.08 | 26.45 | 25.03

30.11 | 45.89 | 35.27 | 31.51 | 31.81 | 28.96 | 29.34 | 26.75

40.10 | 52.61 | 39.59 | 34.57 | 35.47 | 31.42 | 31.86 | 28.32

50.01 | 57.87 | 43.16 | 37.28 | 38.55 | 33.58 | 34.11 | 29.72

60.09 | 61.00 | 45.85 | 39.55 | 41.10 | 35.45 | 36.08 | 31.05

70.01 | 63.36 | 47.97 | 41.47 | 43.10 | 36.99 | 37.83 | 32.29
0.00 | 23.57 | 23.42 | 23.29 | 23.77 | 23.59 | 23.57 | 25.34
0.00 | 23.60 | 23.30 | 23.26 | 23.46 | 23.47 | 23.47 | 24.87
0.00 | 23.67 | 23.30 | 23.29 | 23.38 | 23.46 | 23.48 | 24.66
10.03 | 31.44 | 27.23 | 26.15 | 25.76 | 25.25 | 25.43 | 25.28
10.04 | 31.57 | 27.81 | 26.49 | 26.71 | 25.75 | 25.86 | 25.68
10.04 | 31.60 | 27.94 | 26.56 | 26.95 | 25.87 | 25.96 | 25.86
19.99 | 39.10 | 31.76 | 29.33 | 29.29 | 27.62 | 27.88 | 26.65

20.00 | 39.24 | 32.39 | 29.69 | 30.33 | 28.16 | 28.35 | 27.14

20.01 | 39.27 | 32.55 | 29.80 | 30.62 | 28.33 | 28.48 | 27.38

30.06 | 46.52 | 36.39 | 32.58 | 33.19 | 30.19 | 30.51 | 28.22

30.07 | 46.65 | 36.89 | 32.87 | 34.01 | 30.64 | 30.89 | 28.67

30.08 | 46.66 | 37.00 | 32.95 | 34.25 | 30.79 | 31.01 | 28.91

40.01 | 53.04 | 40.50 | 35.51 | 36.66 | 32.57 | 32.97 | 29.70

40.01 | 53.20 | 40.96 | 35.81 | 37.40 | 32.98 | 33.31 | 30.14

40.02 | 53.30 | 41.13 | 35.94 | 37.63 | 33.15 | 33.44 | 30.38

50.00 | 58.62 | 44.22 | 38.26 | 39.89 | 34.75 | 35.21 | 31.18

50.01 | 58.63 | 44.53 | 38.50 | 40.44 | 35.13 | 35.54 | 31.58

50.06 | 58.70 | 44.67 | 38.63 | 40.65 | 35.30 | 35.68 | 31.80

60.07 | 61.86 | 46.84 | 40.54 | 42.28 | 36.63 | 37.21 | 32.46

60.09 | 61.93 | 47.21 | 40.77 | 42.87 | 36.97 | 37.50 | 32.89

60.12 | 61.98 | 47.33 | 40.87 | 43.04 | 37.10 | 37.59 | 33.11

70.03 | 64.29 | 49.08 | 42.53 | 44.43 | 38.29 | 39.08 | 33.78

70.04 | 64.35 | 49.33 | 42.70 | 44.88 | 38.56 | 39.31 | 34.16

70.06 | 64.38 | 49.42 | 42.77 | 44.99 | 38.64 | 39.34 | 34.33

75.00 | 65.44 | 50.19 | 43.50 | 45.63 | 39.18 | 40.05 | 34.66

75.02 | 65.55 | 50.30 | 43.54 | 45.81 | 39.23 | 40.08 | 34.84

74.99 | 65.65 | 50.37 | 43.54 | 45.70 | 39.03 | 39.87 | 35.16
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Table D57: Averaged Chamber Temperature Raw Data for Top Half Electrode

HV Q Amb T8 T9 T10 | T11 | T12 | T14
\u4 °C °C °C °C °C °C °C
0.00 19.90 | 21.12 | 20.90 | 22.36 | 21.90 | 21.00 | 21.34
10.07 | 20.03 | 21.54 | 21.42 | 23.44 | 22.75 | 21.37 | 21.43
20.09 | 20.11 | 21.93 | 21.61 | 24.49 | 23.55 | 21.70 | 21.48
30.11 | 20.24 | 22.58 | 22.08 | 25.74 | 24.52 | 22.21 | 21.55
40.10 | 20.38 | 23.21 | 22.52 | 26.97 | 25.51 | 22.71 | 21.61
50.01 | 20.45 | 23.93 | 23.02 | 28.22 | 26.54 | 23.26 | 21.67
60.09 | 20.58 | 24.64 | 23.49 | 29.46 | 27.66 | 23.79 | 21.72
70.01 | 20.69 | 25.39 | 23.98 | 30.66 | 28.80 | 24.34 | 21.77
0.00 20.96 | 22.37 | 22.24 | 23.40 | 23.00 | 22.38 | 21.98
0.00 21.03 | 22.37 | 22.23 | 23.41 | 23.02 | 22.39 | 22.05
0.00 21.09 | 22.42 | 22.27 | 23.45 | 23.08 | 22.42 | 22.11
10.03 | 21.14 | 22.67 | 22.60 | 24.41 | 23.85 | 22.60 | 22.21
10.04 | 21.20 | 22.78 | 22.65 | 24.52 | 23.94 | 22.66 | 22.27
10.04 | 21.25 | 22.88 | 22.79 | 24.54 | 23.96 | 22.74 | 22.31
19.99 | 21.32 | 23.22 | 22.99 | 25.54 | 24.74 | 23.03 | 22.37
20.00 | 21.37 | 23.38 | 23.14 | 25.65 | 24.82 | 23.13 | 22.43
20.01 | 21.44 | 2345 | 23.23 | 25.71 | 24.89 | 23.19 | 22.48
30.06 | 21.51 | 23.84 | 23.50 | 26.75 | 25.67 | 23.52 | 22.50
30.07 | 21.55 | 23.99 | 23.60 | 26.85 | 25.76 | 23.61 | 22.53
30.08 | 21.59 | 24.05 | 23.69 | 26.93 | 25.83 | 23.67 | 22.56
40.01 | 21.67 | 24.46 | 23.98 | 28.02 | 26.69 | 24.04 | 22.64
40.01 | 21.71 | 24.63 | 24.09 | 28.13 | 26.78 | 24.16 | 22.68
40.02 | 21.74 | 24.72 | 24.17 | 28.23 | 26.90 | 24.24 | 22.72
50.00 | 21.81 | 25.20 | 24.48 | 29.34 | 27.85 | 24.63 | 22.76
50.01 | 21.85 | 2536 | 24.66 | 29.41 | 27.84 | 24.75 | 22.79
50.06 | 21.91 | 25.44 | 24.75 | 29.51 | 27.96 | 24.82 | 22.84
60.07 | 21.96 | 25.92 | 25.12 | 30.57 | 28.86 | 25.22 | 22.91
60.09 | 21.99 | 26.12 | 25.28 | 30.70 | 28.97 | 25.35 | 22.94
60.12 | 22.03 | 26.20 | 25.35 | 30.78 | 29.09 | 25.41 | 22.98
70.03 | 22.08 | 26.71 | 25.73 | 31.83 | 30.03 | 25.79 | 23.04
70.04 | 22.10 | 26.88 | 25.82 | 31.94 | 30.14 | 2591 | 23.10
70.06 | 22.13 | 26.96 | 25.89 | 31.97 | 30.24 | 25.98 | 23.10
75.00 | 22.18 | 27.23 | 26.14 | 32.45 | 30.66 | 26.21 | 23.10
75.02 | 22.21 | 27.34 | 26.21 | 32.48 | 30.82 | 26.30 | 23.11
74.99 | 22.24 | 27.43 | 25.80 | 32.64 | 31.09 | 26.36 | 23.19
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Table D58: Averaged Heater and Pressure Raw Data for Full Length Electrode with

HFE-7000
Heater Voltage Heater Voltage
HV Q after g before 8 Heater | Chamber
precision resistor | precision resistor Current | Pressure
kV w Volts Volts Amps psia
0 0 0.00 0.00 0.00 17.23
0 10.01 9.82 9.82 1.02 17.48
0 19.96 13.96 13.96 1.43 17.73
0 29.93 17.10 17.10 1.75 17.90
0 39.87 19.74 19.74 2.02 18.06
0 44.58 20.83 20.83 2.14 18.14
0 0 0.00 0.00 0.00 17.44
3 0 0.00 0.00 0.00 17.35
6 0 0.00 0.00 0.00 17.28
0 9.908 9.81 9.81 1.01 17.32
3 9.908 9.81 9.81 1.01 17.30
6 9.908 9.81 9.81 1.01 17.27
0 19.88 13.90 13.90 1.43 17.35
3 19.88 13.90 13.90 1.43 17.34
6 19.88 13.90 13.90 1.43 17.34
0 29.84 17.05 17.05 1.75 17.43
3 29.84 17.05 17.05 1.75 17.44
6 29.84 17.05 17.05 1.75 17.45
0 39.71 19.66 19.66 2.02 17.54
3 39.71 19.66 19.66 2.02 17.55
6 39.71 19.66 19.66 2.02 17.57
0 44.78 20.83 20.83 2.15 17.61
3 44.78 20.83 20.83 2.15 17.62
6 44.78 20.83 20.83 2.15 17.64
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Table D59: Averaged Pedestal Temperature Raw Data for Full Length Electrode with

HFE-7000
HV Q T1 T2 T3 T4 T5 T6 T7
kV W °C °C °C °C °C °C °C
0 23.49 | 2299 | 23.03 | 23.01 | 23.18 | 23.21 | 24.27

10.01 | 30.20 | 26.53 | 25.36 | 25.96 | 25.28 | 25.51 | 25.03
19.96 | 37.27 | 30.47 | 27.90 | 29.51 | 27.69 | 28.00 | 26.24
29.93 | 43.78 | 33.97 | 30.18 | 32.44 | 29.75 | 30.16 | 27.19
39.87 | 47.56 | 36.57 | 32.02 | 34.76 | 31.49 | 32.01 | 28.15
4458 | 48.74 | 37.63 | 32.84 | 35.88 | 32.36 | 32.92 | 28.93

0 2426 | 2431 | 24.05 | 24.88 | 24.43 | 2435 | 26.05

0 24.17 | 2390 | 23.82 | 24.13 | 24.04 | 24.02 | 25.51

0 24.09 | 23.76 | 23.75 | 23.89 | 23.93 | 23.94 | 25.28
9908 | 31.02 | 27.11 | 25.86 | 2644 | 25.72 | 2590 | 25.64
9.908 | 31.08 | 27.30 | 25.96 | 26.78 | 25.89 | 26.03 | 25.79
9.908 | 30.94 | 27.24 | 25.89 | 26.73 | 25.83 | 25.80 | 25.82
19.88 | 37.97 | 30.67 | 28.09 | 29.42 | 27.74 | 28.06 | 26.39
19.88 | 38.02 | 30.94 | 28.22 | 29.90 | 27.96 | 2822 | 26.60
19.88 | 37.81 | 30.85 | 28.12 | 29.79 | 27.86 | 27.77 | 26.69
29.84 | 44.18 | 34.25 | 30.39 | 32.65 | 29.94 | 3032 | 27.42
29.84 | 44.19 | 3442 | 30.48 | 3298 | 30.10 | 3045 | 27.64
29.84 | 44.04 | 3427 | 3032 | 32776 | 29.92 | 29.75 | 27.71
39.71 | 47.52 | 36.72 | 32.19 | 34.97 | 31.70 | 32.19 | 28.47
39.71 | 4743 | 36.77 | 32.20 | 35.11 | 31.76 | 32.21 | 28.66
39.71 | 47.27 | 36.53 | 31.97 | 34.75 | 31.49 | 31.29 | 28.70
4478 | 48.50 | 37.69 | 32.99 | 3595 | 32.53 | 33.05 | 29.17
4478 | 48.50 | 37.72 | 33.00 | 36.02 | 32.55 | 33.03 | 29.31
4478 | 48.32 | 37.45 | 32.73 | 35.60 | 32.23 | 32.03 | 29.32
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Table D60: Averaged Chamber Temperature Raw Data for Full Length Electrode with

HFE-7000
HV Q Amb T8 T9 T10 T11 T12 T14
kV W °C °C °C °C °C °C °C
0 23.22 | 23.30 | 22.96 | 23.52 | 23.11 | 23.49 | 23.63

10.01 | 23.35 | 23.73 | 23.54 | 24.35 | 23.95 | 23.88 | 23.72
19.96 | 23.38 | 24.35 | 24.00 | 25.22 | 24.83 | 24.36 | 23.85
29.93 | 23.69 | 24.95 | 24.50 | 26.05 | 25.68 | 24.81 | 23.95
39.87 | 23.51 | 25.61 | 25.05 | 26.88 | 26.58 | 25.32 | 23.94
44.58 | 23.29 | 2599 | 2538 | 2742 | 27.14 | 25.64 | 23.95
0 23.28 | 24.14 | 23.94 | 24.26 | 23.85 | 24.34 | 23.96
9.908 | 23.30 | 24.16 | 24.05 | 24.75 | 24.37 | 24.32 | 23.89
19.88 | 23.21 | 24.56 | 24.29 | 2543 | 25.05 | 24.58 | 23.88
29.84 | 2335 | 25.16 | 24.80 | 26.26 | 25.91 | 25.00 | 23.93
39.71 | 23.40 | 25.80 | 25.30 | 27.18 | 26.90 | 25.49 | 24.01
4478 | 23.55 | 26.27 | 25.73 | 27.78 | 27.52 | 25.88 | 24.14
23.25 | 23.94 | 23.77 | 24.17 | 23.76 | 24.21 | 23.93
9.908 | 23.38 | 24.23 | 24.09 | 24.83 | 2443 | 2433 | 23.92
19.88 | 23.27 | 24.69 | 2439 | 25.51 | 25.12 | 24.63 | 23.87
29.84 | 23.33 | 25.32 | 2490 | 26.41 | 26.05 | 25.05 | 23.96
39.71 | 23.43 | 2599 | 2545 | 27.32 | 27.02 | 25.56 | 24.04
4478 | 23.80 | 26.47 | 25.86 | 27.93 | 27.65 | 25.95 | 24.16
0 23.24 | 23.89 | 23.72 | 24.19 | 23.82 | 24.15 | 23.95
9.908 | 23.21 | 2428 | 24.12 | 24.79 | 24.58 | 24.32 | 23.88
19.88 | 23.27 | 24.79 | 24.43 | 2550 | 25.44 | 24.66 | 23.89
29.84 | 2338 | 25.44 | 2494 | 26.34 | 26.46 | 25.09 | 23.98
39.71 | 23.45 | 26.14 | 25.57 | 27.19 | 27.50 | 25.63 | 24.07
4478 | 23.63 | 26.61 | 26.09 | 27.76 | 28.14 | 26.03 | 24.20
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Table D61: Reduced Data for Bottom Half Electrode 0 kV Runs

HY | T | Q | a4 |[ATw| AT | T | Tow | Towp | o5 |22 | 0™ | Kna | B |00 | Nu | GA
T cotop cowall ootop
C | W |gmt| €| ¢ | e | e | e | e e | e | Wl Y|
0 | 5435 | 000 | 000 | 000 | 000 | 2323 | 23.06 | 2247 | 075 | 3129 | 31.87 | 0056 | 0 | 002 | 000 | 000
0 | 5447 | 1002 | 682 | 002 | -046 | 29.88 | 23.85 | 22.82 | 7.06 | 3063 | 3165 | 0.056 | 9516 | 023 | 1356.86 | 1233
0 | 5468 | 2004 | 13.63 | 005 | -092 | 3651 | 2474 | 2322 | 1329 | 2004 | 3146 | 0.056 | 10104 | 044 | 144193 | 2522
0 | 5487 | 30.00 | 2041 | 007 | -138 | 42.89 | 2561 | 23.60 | 1929 | 2926 | 31.27 | 0.056 | 10423 | 066 | 1488.67 | 38.64
0 | 5504 | 40.04 | 2724 | 0.10 | -1.84 | 4872 | 2647 | 23.96 | 2476 | 28.57 | 31.08 | 0.056 | 10836 | 087 | 1548.85 | 5282
0 | 5529 | 5007 | 34.06 | 0.12 | -2.30 | 5376 | 27.51 | 2443 | 2933 | 27.78 | 30.87 | 0.056 | 11439 | 1.06 | 1636.64 | 67.93
0 | 5548 | 5098 | 40.80 | 0.14 | -2.75 | 57.09 | 28.59 | 24.92 | 32.18 | 26.89 | 30.57 | 0.056 | 12490 | 120 | 178877 | 8405
0 | 5567 | 70.12 | 47.70 | 017 | 322 | 5945 | 2065 | 2542 | 3403 | 26.02 | 30.25 | 0.056 | 13809 | 131 | 1979.73 | 101.57
0 | 5592 | 80.02 | 5443 | 0.19 | -3.67 | 61.74 | 30.80 | 2600 | 3574 | 2513 | 29.92 | 0.056 | 15002 | 142 | 215348 | 120.02
0 | 5613 | 8988 | 61.14 | 022 | -4.12 | 6409 | 31.84 | 2669 | 3739 | 2429 | 2944 | 0.056 | 16105 | 1.54 | 2315.17 | 139.46
0 | 5527 | 000 | 000 | 000 | 000 | 2540 | 2445 | 2345 | 1.95 | 3082 | 31.82 | 0.056 | 0 | 006 | 000 | 0.00
0 | 5538 | 50.09 | 3408 | 0.12 | 230 | 5001 | 2826 | 2508 | 2493 | 27.12 | 30.30 | 0.056 | 13465 | 092 | 1929.06 | 69.60
0 | 5554 | 60.02 | 40.83 | 0.14 | 275 | 5297 | 2020 | 2548 | 2748 | 2635 | 30.06 | 0.056 | 14634 | 104 | 209834 | 8585
0 | 5586 | 7000 | 47.62 | 0.17 | -321 | 5521 | 3025 | 2596 | 2925 | 25.61 | 29.90 | 0.056 | 16038 | L.14 | 2302.01 | 103.01
0 | 5609 | 79.88 | 5434 | 0.19 | -3.66 | 5721 | 3123 | 2644 | 30.77 | 2486 | 29.65 | 0.056 | 1739 | 124 | 249942 | 121.09
Table D62: Reduced Data for Bottom Half Electrode 3 kV Run
HY | Tu | Q | @ [ATw| ATwe | T | Toar | Tuwp | o5 |0 [ 0™ | Kaia | B[00y | Nu | GA
Z wotop cowall awotop
c | W |gralcc| e | e | e | e | e | e e | MO W —

3 | 5540 | 5018 | 3413 | 0.12 | 230 | 5020 | 2833 | 25.11 | 2509 | 27.07 | 3029 | 0.056 | 13399 | 093 | 191982 | 69.85
3 | 5561 | 60.05 | 4085 | 0.14 | 275 | 53.09 | 2922 | 2547 | 27.62 | 2639 | 30.14 | 0.056 | 14569 | 105 | 208897 | 85.75
3 | 5590 | 69.96 | 4759 | 017 | -321 | 5524 | 3029 | 2599 | 29.25 | 2561 | 29.91 | 0.056 | 16029 | 114 | 2300.76 | 102.96
3 | 56.13 | 79.84 | 5431 | 019 | -3.66 | 5732 | 3128 | 2647 | 30.85 | 24.85 | 29.66 | 0.056 | 17338 | 124 | 249125 | 121.08
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Table D63: Reduced Data for Bottom Half Electrode 6 kV Run

HY | Ta | Q | @ |ATw | ATw | T | T | Tow | o5 |22 [ 0™ | Koo | B[00 | Nu | GA
T ootop cowall sotop
C | W [gnal| C | cc | cc | e | e | e | e | e | M| W —
6 | 5542 | 50.15 | 34.12 | 0.12 | -2.30 | 50.27 | 2840 | 25.17 | 25.10 | 27.02 | 3025 | 0.056 | 13389 | 0.93 | 191848 | 69.95
6 | 5567 | 60.05 | 40.85 | 0.14 | 275 | 53.16 | 2923 | 2546 | 27.70 | 26.44 | 30.21 | 0.056 | 14525 | 1.05 | 2082.64 | 8560
6 | 5594 | 69.93 | 47.57 | 0.17 | 321 | 5524 | 3033 | 26.02 | 2923 | 2561 | 29.93 | 0.056 | 16032 | 1.14 | 2301.42 | 102.91
6 | 56.15 | 79.83 | 5431 | 0.19 | -3.66 | 57.39 | 3134 | 2650 | 30.89 | 24.81 | 29.65 | 0.056 | 17320 | 124 | 2488.85 | 121.26
Table D64: Reduced Data for Thick Top Half Electrode 0 kV Runs
HY | Tuo | Q | a4 [ATw| AT | T | T | Tow | o5 |22 [ 0™ | K | B[00 | Nu | GA
4 ootop cowall sotop
C | W |gmr| C| | ¢ | e | e | e e | e | W V| -
0 | 5491 | 000 | 000 | 0.00 | 000 | 2493 | 2480 | 2427 | 0.66 | 30.11 | 30.65 | 0056 | 0 | 002 | 000 | 0.00
0 | 5502 | 1001 | 681 | 002 | -046 | 3143 | 2552 | 2453 | 691 | 2950 | 3049 | 0.056 | 9717 | 023 | 139058 | 12.79
0 | 5517 | 2009 | 13.67 | 005 | -0.92 | 37.84 | 2634 | 24.86 | 12.98 | 28.82 | 3031 | 0.056 | 10374 | 045 | 148557 | 2627
0 | 5533 | 30.03 | 2043 | 007 | -138 | 4410 | 27.15 | 2515 | 1895 | 28.18 | 30.19 | 0.056 | 10617 | 067 | 152130 | 40.15
0 | 5554 | 40.09 | 2727 | 010 | -1.84 | 49.97 | 27.95 | 2542 | 2454 | 27.59 | 30.12 | 0.056 | 10945 | 089 | 1569.20 | 54.76
0 | 5582 | 50.06 | 34.05 | 012 | 230 | 5520 | 2883 | 25.77 | 2943 | 26.98 | 30.05 | 0.056 | 11396 | 109 | 163501 | 69.91
0 | 5607 | 60.07 | 40.87 | 0.14 | -2.76 | 58.13 | 29.81 | 2623 | 31.91 | 2626 | 20.84 | 0.056 | 12615 | 122 | 181173 | 862l
0 | 5632 | 70.19 | 47.75 | 017 | 322 | 60.10 | 30.76 | 26.65 | 3345 | 2556 | 29.67 | 0.056 | 14061 | 131 | 2021.17 | 10349
0 | 5521 | 000 | 000 | 0.00 | 000 | 2592 | 2550 | 2484 | 1.08 | 29.71 | 30.36 | 0056 | 0 | 004 | 000 | 0.00
0 | 5508 | 10.02 | 682 | 002 | -046 | 3236 | 2615 | 2509 | 7.7 | 28.93 | 29.99 | 0.056 | 9237 | 025 | 132344 | 13.05
0 | 5521 | 20.11 | 13.68 | 005 | -092 | 3893 | 2694 | 2538 | 1355 | 2827 | 29.83 | 0.056 | 9946 | 048 | 142583 | 268I
0 | 5546 | 30.00 | 20.41 | 007 | -138 | 4581 | 28.09 | 2601 | 19.80 | 27.37 | 29.45 | 0.056 | 10156 | 072 | 1457.82 | 41.32
0 | 5567 | 40.00 | 2721 | 0.10 | -1.83 | 5177 | 29.10 | 2649 | 2528 | 2657 | 29.18 | 0.056 | 10601 | 095 | 152327 | 56.74
0 | 5594 | 5000 | 34.02 | 0.12 | 209 | 5643 | 30.15 | 26.98 | 29.45 | 25.80 | 28.96 | 0.056 | 11377 | L14 | 163645 | 73.05
0 | 56.19 | 60.07 | 40.86 | 0.14 | -2.75 | 58.94 | 3125 | 27.52 | 3142 | 2495 | 28.67 | 0.056 | 12812 | 126 | 184501 | 90.74
0 | 5645 | 7032 | 47.83 | 017 | -3.22 | 60.86 | 3243 | 28.14 | 3272 | 24.02 | 2831 | 0.055 | 14400 | 136 | 207628 | 11032
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Table D65: Reduced Data for Thick Top Half Electrode 3 kV Run

HY | Tao | Q | @ |ATw | AT | T | Tow | Tew | o5 | 220 [ 3% | Kna | B[00 | Nu | GA
. wtop cowall cotop
c | W [gralc | c| ¢ | cc|cc|cc|oc|oec| MW~
3] 5508 | 000 | 000 | 000 | 000 | 2592 | 2546 | 2483 | 108 | 29.62 | 3025 | 0056 | 0 | 004 | 000 | 000
3 | 5508 | 10.02 | 682 | 002 | 046 | 3244 | 26.17 | 25.10 | 734 | 2891 | 29.98 | 0056 | 9153 | 025 | 1311.40 | 13.06
3 | 5525 | 20.12 | 13.68 | 005 | 092 | 39.16 | 27.05 | 2547 | 13.69 | 28.20 | 29.78 | 0.056 | 9848 | 049 | 1412.01 | 26.88
3 | 5550 | 3001 | 2042 | 007 | -138 | 4592 | 28.16 | 2605 | 19.86 | 27.34 | 29.45 | 0056 | 10123 | 073 | 145329 | 41.37
3 | 5573 | 40.00 | 2721 | 010 | -1.83 | 51.88 | 29.19 | 2654 | 2535 | 26.54 | 2920 | 0056 | 10576 | 096 | 1519.78 | 56.80
3 | 5598 | 5001 | 34.02 | 012 | 229 | 5645 | 3024 | 27.03 | 2941 | 2575 | 28.95 | 0056 | 11392 | 1.14 | 1638.76 | 73.20
3 | 5624 | 60.09 | 40.88 | 0.14 | 276 | 58.97 | 3133 | 27.57 | 31.39 | 2491 | 28.66 | 0056 | 12827 | 126 | 1847.32 | 90.92
3 | 5649 | 7020 | 47.75 | 017 | 322 | 60.86 | 32.49 | 28.18 | 32.68 | 24.00 | 2831 | 0055 | 14393 | 136 | 207544 | 11021
Table D66: Reduced Data for Thick Top Half Electrode 6 kV Run
HY | Tao | Q | @ |ATw | AT | T | Tow | Taw | o5 | 220 [ 3% | Kua | B [ 0B | Nu | GA
. wtop cowall cotop
c | W [gra|lc | c|c| cc|cc|cc|oc|ec| MW~

6 | 5502 | 0.00 | 000 | 0.00 | 000 | 2590 | 2545 | 2483 | 1.06 | 29.57 | 30.19 | 0056 | 0 | 004 | 000 | 000
6 | 5508 | 1002 | 682 | 002 | -046 | 3245 | 2619 | 25.11 | 7.33 | 28.89 | 29.97 | 0.056 | 9157 | 025 | 131193 | 13.07
6 | 5529 | 20.13 | 13.69 | 0.05 | 092 | 39.55 | 2722 | 25.64 | 1391 | 28.08 | 29.65 | 0.056 | 9698 | 050 | 139099 | 27.02
6 | 5554 | 3001 | 2041 | 007 | -138 | 4599 | 2821 | 26.08 | 19.90 | 27.34 | 29.46 | 0.056 | 10102 | 073 | 145036 | 4137
6 | 5577 | 40.02 | 2723 | 010 | -1.84 | 51.92 | 2924 | 2657 | 2536 | 2653 | 2921 | 0.056 | 10575 | 096 | 1519.82 | 56.84
6 | 56.03 | 5001 | 34.02 | 012 | 229 | 5648 | 3028 | 27.06 | 2942 | 2574 | 28.96 | 0.056 | 11392 | 1.14 | 1638.86 | 73.21
6 | 5628 | 60.08 | 40.87 | 014 | 276 | 59.01 | 3140 | 27.63 | 3138 | 24.87 | 28.65 | 0.056 | 12828 | 126 | 1847.65 | 91.02
6 | 5653 | 70.14 | 47.72 | 017 | 322 | 60.86 | 32.54 | 2821 | 32.65 | 23.99 | 2832 | 0.055 | 14397 | 136 | 2076.16 | 110.19
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Table D67: Reduced Data for Full Length Electrode 0 kV Runs

HY | Ta | Q @ [ AT | AT | T | T | Taw | o5 [0 [ 0™ | Ko | B | 0By | Nu | GA
ootop cowall cotop
o«c | w [100wm| °c | °c | °c | °c |- |°c|c°c|°cc|WV|W
m-K m--K

0 | 5588 | 0.00 000 | 0.00 | 0.00 | 2644 | 26.18 | 25.68 | 0.76 | 29.70 | 3020 | 0.056 | 0 003 | 000 | 000
0 | 5592 | 1009 | 686 | 0.02 | -046 | 33.66 | 27.00 | 26.00 | 7.66 | 28.92 | 29.92 | 0.056 | 8828 | 026 | 1267.17 | 13.14
0 | 5605 | 20.10 | 13.67 | 005 | -0.92 | 40.88 | 27.89 | 2638 | 14.50 | 28.15 | 29.67 | 0.056 | 9287 | 052 | 1334.11 | 26.90
0 | 56.17 | 3005 | 2045 | 0.07 | -138 | 47.80 | 28.81 | 26.75 | 21.05 | 27.37 | 2942 | 0.056 | 9569 | 077 | 1375.70 | 41.38
0 | 5632 | 39.99 | 2721 | 0.10 | -1.83 | 53.82 | 29.75 | 27.14 | 26.68 | 26,57 | 29.18 | 0.056 | 10045 | 1.00 | 144538 | 56.72
0 | 5651 | 50.02 | 3403 | 0.12 | 229 | 57.95 | 30.75 | 27.58 | 30.38 | 25.76 | 28.93 | 0.056 | 11034 | 1.18 | 1589.15 | 73.19
0 | 5672 | 60.00 | 4082 | 0.14 | 275 | 6025 | 31.80 | 28.05 | 32.21 | 24.92 | 28.67 | 0.055 | 12482 | 129 | 1799.49 | 90.72
0 | 5693 | 7004 | 4764 | 017 | 321 | 6202 | 3290 | 28.59 | 33.44 | 24.03 | 28.34 | 0.055 | 14034 | 139 | 202547 | 109.81
0 | 5580 | 0.00 000 | 0.00 | 0.00 | 2675 | 2634 | 2569 | 1.05 | 2945 | 30.10 | 0.056 | 0 004 | 000 | 000
0 | 5577 | 1003 | 682 | 002 | -046 | 33.86 | 27.15 | 26.08 | 7.79 | 28.63 | 29.70 | 0.056 | 8630 | 027 | 1238.99 | 13.20
0 | 5592 | 1998 | 1359 | 005 | 092 | 41.05 | 27.99 | 2640 | 14.64 | 27.93 | 29.52 | 0.056 | 9142 | 052 | 131338 | 26.95
0 | 56.13 | 3004 | 2044 | 007 | -138 | 47.99 | 29.03 | 2690 | 21.09 | 27.10 | 29.24 | 0.056 | 9543 | 0.78 | 137245 | 41.77
0 | 5634 | 3908 | 2720 | 0.10 | -1.83 | 54.04 | 3002 | 27.33 | 26.71 | 26.33 | 29.01 | 0.056 | 10031 | 1.01 | 144397 | 57.23
0 | 5655 | 4908 | 3400 | 012 | 220 | 5823 | 3113 | 27.89 | 3034 | 2542 | 28.66 | 0.056 | 11038 | 1.19 | 1590.65 | 74.08
0 | 5678 | 60.05 | 4085 | 0.14 | 2.75 | 6043 | 3224 | 2842 | 32.01 | 24.55 | 28.37 | 0.055 | 12571 | 130 | 1813.67 | 92.19
0 | 57.03 | 6999 | 4761 | 017 | 321 | 62.19 | 3347 | 29.07 | 33.12 | 23.56 | 27.96 | 0.055 | 14161 | 141 | 204591 | 111.94
0 | 5720 | 7507 | 5107 | 0.8 | -3.44 | 63.15 | 34.15 | 2947 | 33.69 | 23.05 | 27.73 | 0.055 | 14932 | 146 | 2159.13 | 122.71
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Table D68: Reduced Data for Full Length Electrode 3 kV Run

HY | Ta | Q @ [ AT | AT | T | T | Taw | o5 [0 [ 0™ | Ko | B | 0By | Nu | GA
ootop cowall cotop
«c | w |[100wmt| °c | °c| °c | °c | c°c|c°c|e°c]|°>c| VM W
m-K m-K
3 55.75 0.00 0.00 0.00 0.00 26.75 26.35 25.72 1.03 29.41 | 30.04 | 0.056 0 0.03 0.00 0.00
3 55.80 10.03 6.82 0.02 | -0.46 | 33.95 27.14 | 26.05 791 28.66 | 29.75 | 0.056 8502 0.28 1220.49 13.19
3 55.96 19.98 13.60 0.05 -0.92 | 41.14 | 28.09 | 26.49 | 14.65 | 27.87 | 29.48 | 0.056 9139 0.53 1313.24 27.02
3 56.17 | 30.05 20.44 0.07 | -1.38 | 48.07 | 29.05 | 26.89 | 21.18 | 27.12 | 29.28 | 0.056 9507 0.78 1367.22 41.75
3 56.38 | 39.98 27.20 0.10 | -1.83 | 54.15 30.15 | 27.44 | 26.72 | 26.23 | 28.95 | 0.056 10027 1.02 1443.71 57.44
3 56.59 | 49.80 33.88 0.12 | -2.28 | 58.13 31.18 | 27.90 | 30.23 | 25.41 | 28.69 | 0.056 11038 1.19 1590.76 73.84
3 56.82 | 60.07 40.86 0.14 | -2.75 | 60.52 | 32.37 | 28.51 | 32.01 | 24.45 | 28.32 | 0.055 12573 1.31 1814.34 92.58
3 57.08 | 70.06 47.66 0.17 | -3.21 62.21 33.55 29.11 | 33.09 | 23.53 | 27.96 | 0.055 14186 1.41 2049.73 112.21
3 57.22 | 75.20 51.15 0.18 | -3.45 | 63.21 3420 | 29.49 | 33.72 | 23.02 | 27.73 | 0.055 14942 1.46 2160.62 123.09
Table D69: Reduced Data for Full Length Electrode 6 kV Run
Ts' Tsat' Tsat'
HV Tsat Q q ATsub AThtr Ts Toowall Tootop T T T kfluid h es'eootop Nu GA
otop cowall cotop
«c | w |10twm?| °c | °c | c || c°c|c°c|c°cc|e°«c| V| W
m-K m~-K
6 55.69 0.00 0.00 0.00 0.00 26.72 | 2630 | 25.68 1.04 | 29.39 | 30.01 | 0.056 0 0.04 0.00 0.00
6 55.80 10.03 6.82 0.02 | -0.46 | 33.95 | 27.15 | 26.06 7.89 | 28.65 | 29.74 | 0.056 8524 0.28 1223.71 13.20
6 55.98 19.99 13.60 0.05 | -092 | 41.17 | 28.10 | 2648 | 14.69 | 27.89 | 29.51 | 0.056 9116 0.53 1309.81 27.01
6 56.19 | 30.05 20.44 0.07 | -1.38 | 48.12 | 29.14 | 26.97 | 21.15 | 27.05 | 29.22 | 0.056 9522 0.78 1369.64 41.87
6 56.40 | 39.98 27.20 0.10 | -1.83 | 54.13 | 30.17 | 27.44 | 26.69 | 26.24 | 28.96 | 0.056 10040 1.02 1445.49 57.43
6 56.64 | 49.78 33.87 0.12 | -2.28 | 58.19 | 31.27 | 27.98 | 30.21 | 25.37 | 28.65 | 0.056 11043 1.19 1591.71 73.96
6 56.87 | 60.05 40.85 0.14 | -2.75 | 60.39 | 32.46 | 28.58 | 31.81 | 24.41 | 28.29 | 0.055 12648 1.30 1825.47 92.71
6 57.12 | 70.10 47.69 0.17 | -3.21 62.27 | 33.62 | 29.19 | 33.08 | 23.50 | 27.93 | 0.055 14198 1.41 2051.71 112.42
6 57.24 | 75.16 51.13 0.18 | -345 | 63.25 | 34.28 | 29.57 | 33.69 | 22.96 | 27.68 | 0.055 14950 1.47 2162.12 123.34
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Table D70: Reduced Data for Top Half Electrode 0 kV Runs

HY | Ta | Q ¢ [ AT [ AT | T | Tow | Taw | o5 (0™ | 0™ | Ko | B | 0B | Nu | GA
ootop cowall ootop
o 4 2 o ) o o o o o ) W/ W/
C W 10" W/m C C C C C C C C mK | m-K - - ===

0 54.75 0.00 0.00 0.00 | 0.00 | 22.45 | 22.13 | 21.62 | 0.83 | 32.61 | 33.12 | 0.056 0 0.03 0.00 0.00
0 54.83 | 10.07 6.85 0.02 | -0.46 | 2998 | 23.09 | 22.09 | 7.89 | 31.74 | 32.74 | 0.056 8557 0.25 1218.34 11.96
0 54.96 | 20.09 13.67 0.05 | -0.92 | 37.29 | 24.02 | 22.52 | 14.77 | 30.93 | 32.44 | 0.056 | 9112 0.48 1298.53 24.47
0 55.12 | 30.11 20.48 0.07 | -1.38 | 44.58 | 25.13 | 23.03 | 21.55 | 29.99 | 32.09 | 0.056 | 9363 0.72 1335.70 | 37.83
0 55.31 | 40.10 27.28 0.10 | -1.84 | 50.87 | 26.24 | 23.56 | 27.31 | 29.07 | 31.75 | 0.056 | 9837 0.94 1404.88 51.97
0 55.52 | 50.01 34.02 0.12 | -2.29 | 55.70 | 27.38 | 24.10 | 31.60 | 28.14 | 31.42 | 0.056 | 10606 1.12 1516.44 | 66.97
0 55.75 | 60.09 40.88 0.14 | -2.76 | 58.39 | 28.56 | 24.69 | 33.70 | 27.19 | 31.06 | 0.056 | 11948 1.24 1710.43 83.28
0 55.98 | 70.01 47.62 0.17 | -3.21 | 60.31 | 29.73 | 25.28 | 35.03 | 26.26 | 30.70 | 0.056 | 13392 1.33 1919.40 | 100.48
0 55.31 0.00 0.00 0.00 | 0.00 | 23.57 | 23.20 | 22.49 | 1.08 | 32.11 | 32.82 | 0.056 0 0.03 0.00 0.00
0 55.40 | 10.03 6.82 0.02 | -0.46 | 31.00 | 24.13 | 23.03 | 7.98 | 31.27 | 32.37 | 0.056 8427 0.26 1202.10 12.09
0 55.61 | 19.99 13.60 0.05 | -0.92 | 3824 | 25.14 | 23.56 | 14.68 | 30.46 | 32.05 | 0.056 | 9126 0.48 1303.31 24.73
0 55.88 | 30.06 20.45 0.07 | -1.38 | 45.22 | 26.21 | 24.09 | 21.13 | 29.67 | 31.79 | 0.056 | 9534 0.71 1363.06 | 38.18
0 56.15 | 40.01 27.21 0.10 | -1.83 | 51.30 | 27.35 | 24.66 | 26.64 | 28.80 | 31.49 | 0.056 | 10064 0.92 1440.58 52.35
0 56.43 | 50.00 34.01 0.12 | -2.29 | 56.45 | 28.59 | 2530 | 31.14 | 27.83 | 31.12 | 0.056 | 10757 1.12 1541.87 | 67.69
0 56.70 | 60.07 40.87 0.14 | -2.76 | 59.25 | 29.72 | 25.88 | 33.37 | 26.98 | 30.81 | 0.056 | 12064 1.24 1731.32 83.91
0 56.97 | 70.03 47.64 0.17 | -3.21 | 61.24 | 3093 | 26.53 | 34.71 | 26.04 | 30.44 | 0.056 | 13520 1.33 194292 | 101.33
0 57.14 | 75.00 51.02 0.18 | -3.44 | 62.19 | 31.55 | 26.88 | 35.31 | 25.59 | 30.26 | 0.056 | 14233 1.38 2046.80 | 110.45
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Table D71: Reduced Data for Top Half Electrode 3 kV Run

HY | Tu | Q @ | AT | ATwe | T | T | Taw | 0 |0 [ 2 Knie | b |08, | Nu | GA
ootop cowall cotop
o o o o o [+ o [+ o W/ W/

C W | 10*Wm® | °C C C C C C C C | Kk | mk

3 | 5529 | 0.00 0.00 0.00 | 0.00 | 23.60 | 2322 | 2253 | 1.07 | 32.08 | 32.76 | 0.056 0 0.03 0.00 0.00
3 | 5542 | 10.04 6.83 0.02 | -046 | 31.14 | 24.23 | 23.10 | 8.03 | 31.19 | 32.31 | 0.056 | 8372 | 026 | 119450 | 12.13
3 | 55.67 | 2000 | 13.61 0.05 | -0.92 | 3837 | 2523 | 23.62 | 14.75 | 30.44 | 32.05 | 0.056 | 9088 | 048 | 1298.01 | 24.76
3 | 5594 | 3007 | 2046 | 0.07 | -1.38 | 4534 | 2631 | 24.15 | 21.19 | 29.63 | 31.80 | 0.056 | 9508 | 0.72 | 1359.58 | 38.24
3 | 5624 | 4001 | 2722 | 010 | -1.83 | 51.46 | 27.46 | 24.73 | 26.73 | 28.78 | 31.50 | 0.056 | 10030 | 0.93 | 143587 | 5239
3 | 5649 | 50.01 | 34.02 | 0.2 | -2.29 | 56.46 | 28.62 | 2531 | 31.14 | 27.87 | 31.17 | 0.056 | 10761 | 1.12 | 1542.51 | 67.64
3 | 5676 | 60.09 | 40.88 | 0.14 | -2.76 | 5932 | 29.83 | 25.96 | 33.36 | 26.93 | 30.81 | 0.056 | 12069 | 124 | 1732.34 | 84.10
3 | 5701 | 7004 | 4765 | 017 | -3.21 | 6130 | 31.04 | 26.62 | 34.68 | 25.97 | 30.39 | 0.056 | 13532 | 134 | 1945.04 | 101.62
3 | 5716 | 7502 | 51.04 | 018 | -3.44 | 6229 | 31.65 | 26.96 | 3533 | 25.51 | 30.20 | 0.056 | 14231 | 138 | 2046.87 | 110.83

Table D72: Reduced Data for Top Half Electrode 6 kV Run
HY | Tu | Q ¢ AT | AT | To | T | Town | o5 |2 | 2 | Knia | B | 0By | Nu | GA
otop cowall cotop
o o o o o o o o o W/ W/

C W | 10°Wm® | °C C C C C C C C | wKk | mx | —

6 | 5529 | 0.00 0.00 0.00 | 0.00 | 23.67 | 23.26 | 22.59 | 1.07 | 32.03 | 32.70 | 0.056 0 0.03 0.00 0.00
6 | 55.44 | 10.04 6.83 0.02 | -046 | 31.17 | 24.25 | 23.14 | 8.03 | 31.19 | 3230 | 0.056 | 8379 | 026 | 119559 | 12.13
6 | 5571 | 20.01 13.61 0.05 | -0.92 | 38.40 | 2530 | 23.68 | 14.72 | 30.41 | 32.03 | 0.056 | 9107 | 048 | 130087 | 24.79
6 | 5598 | 3008 | 2046 | 007 | -1.38 | 4535 | 26.38 | 2420 | 21.15 | 29.61 | 31.79 | 0.056 | 9527 | 0.71 | 136239 | 3828
6 | 5628 | 4002 | 2722 | 010 | -1.84 | 51.56 | 27.56 | 24.81 | 26.75 | 28.72 | 31.47 | 0.056 | 10023 | 093 | 143522 | 52.52
6 | 5655 | 5006 | 3405 | 012 | -2.30 | 56.52 | 28.73 | 2540 | 31.13 | 27.82 | 31.15 | 0.056 | 10776 | 1.12 | 154491 | 67.81
6 | 5682 | 60.12 | 4090 | 0.14 | -2.76 | 5937 | 29.93 | 26.03 | 33.34 | 26.89 | 30.79 | 0.056 | 12084 | 124 | 1734.64 | 84.24
6 | 57.06 | 7006 | 4766 | 017 | -3.21 | 61.34 | 31.10 | 26.67 | 34.67 | 2595 | 3038 | 0.056 | 13541 | 134 | 1946.52 | 101.73
6 | 57.14 | 7499 | 5101 | 0.18 | -3.44 | 62.40 | 31.87 | 27.14 | 3525 | 25.27 | 30.00 | 0.056 | 14254 | 1.40 | 2050.95 | 111.83

205




Table D73: Reduced Data for Full Length Electrode 0 kV Runs with HFE-7000
HV Tsat Q q ATsub AThtr Ts Toowall Tootnp TTS- : e ; e kﬂuid h es'eootop Nll GA
ootop cowall cotop
o 4 2 o o o ) o o o o W/ W/
C w 10° W/m C C C C C C C C m-K m-K -—- -—- -—
0 39.5 0.00 0.00 0.00 0.00 2349 | 2332 | 2337 0.11 16.23 | 16.17 | 0.075 0 0.01 0.00 0.00
0 39.5 10.01 6.81 0.02 | -046 | 29.77 | 24.15 | 23.84 5.93 1540 | 15.71 | 0.075 11311 0.39 1206.56 24.51
0 39.5 19.96 13.58 0.05 | -0.92 | 3640 | 25.02 | 2434 | 12.06 | 14.52 | 15.21 | 0.075 11093 0.83 1183.24 51.79
0 39.5 | 29.93 20.36 0.07 | -1.37 | 4248 | 25.87 | 24.81 | 17.67 | 13.68 | 14.73 | 0.075 11348 1.29 1210.50 82.42
0 39.5 | 39.87 27.12 0.10 | -1.83 | 45.83 | 26.73 | 25.26 | 20.57 | 12.82 | 14.29 | 0.075 12990 1.60 1385.58 117.19
0 39.5 | 44.58 30.32 0.11 -2.04 | 46.80 | 27.28 | 25.55 | 21.25 | 12.27 | 14.00 | 0.075 14054 1.73 1499.09 136.95
0 39.5 0.00 0.00 0.00 0.00 2426 | 24.05 | 23.90 0.36 1549 | 15.64 | 0.075 0 0.02 0.00 0.00
0 39.5 9.91 6.74 0.02 | -0.45 | 30.59 | 24.56 | 24.13 6.46 14.99 | 1542 | 0.075 10276 0.43 1096.08 2491
0 39.5 19.88 13.53 0.05 | -091 | 37.10 | 2524 | 2447 | 12.64 | 1430 | 15.08 | 0.075 10543 0.88 1124.60 52.38
0 39.5 | 29.84 20.30 0.07 | -1.37 | 42.88 | 26.08 | 2492 | 1796 | 13.46 | 14.63 | 0.075 11130 1.33 1187.24 83.51
0 39.5 | 39.71 27.01 0.10 | -1.82 | 45.79 | 27.04 | 2546 | 20.34 | 12.51 | 14.09 | 0.075 13084 1.63 1395.66 119.63
0 39.5 | 44.78 30.46 0.11 -2.05 | 46.55 | 27.65 | 2583 | 20.72 | 11.90 | 13.72 | 0.075 14480 1.74 1544.56 141.82
Table D74: Reduced Data for Full Length Electrode 3 kV Run with HFE-7000
HV | T Q q ATgp | AToe | Ts | Towan | Tootop TTS' TT e ; O Kyig h 8-8ctop Nu GA
ootop cowall sotop
o 4 2 o o ) ) o ) o ) W/ W/
C | W |10°'Wm’| °C C C C C C C C | x|l k| —

3 39.5 0.00 0.00 0.00 0.00 24.17 | 23.97 | 23.84 0.32 15.58 | 15.70 | 0.075 0 0.02 0.00 0.00
3 39.5 9.91 6.74 0.02 | -0.45 | 30.65 | 24.63 | 24.17 6.48 14.92 | 1538 | 0.075 10252 0.43 1093.56 25.03
3 39.5 19.88 13.53 0.05 | -0.91 37.16 | 2532 | 24.49 | 12.66 | 14.23 | 15.06 | 0.075 10522 0.89 1122.30 52.65
3 39.5 | 29.84 20.30 0.07 | -1.37 | 4290 | 26.23 | 25.01 | 17.89 | 13.32 | 14.54 | 0.075 11176 1.34 1192.09 84.42
3 39.5 | 39.71 27.01 0.10 | -1.82 | 45.70 | 27.17 | 25.53 | 20.17 | 12.38 | 14.02 | 0.075 13190 1.63 1406.93 120.88
3 39.5 | 44.78 30.46 0.11 -2.05 | 46.56 | 27.79 | 25.90 | 20.65 | 11.76 | 13.64 | 0.075 14529 1.76 1549.73 143.49
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Table D75: Reduced Data for Full Length Electrode 6 kV Run with HFE-7000

HY | Tu | Q Q| AT | ATwe | To | T | Tow | o5 | [ ™ | k| b | 08 | Nu | GA
ootop cowall sotop
o o o o o o o o o W/ W/
C W 10* W/m? C C C C C C C C R

6 | 395 | 0.00 0.00 0.00 | 0.00 | 24.09 | 24.00 | 23.89 | 021 | 15.55 | 15.66 | 0.075 0 0.01 0.00 0.00
6 | 395 | 991 6.74 0.02 | -0.45 | 30.51 | 24.68 | 2423 | 6.28 | 14.86 | 1532 | 0.075 | 10572 | 042 | 1127.67 | 25.12
6 | 39.5 | 19.88 13.53 0.05 | -0.91 | 36.95 | 25.47 | 24.67 | 12.28 | 14.07 | 14.88 | 0.075 | 10852 | 0.87 | 1157.56 | 53.24
6 | 39.5 | 29.84 20.30 0.07 | -1.37 | 42.74 | 26.40 | 2522 | 17.53 | 13.15 | 1433 | 0.075 | 11409 | 133 | 121696 | 85.51
6 | 39.5 | 39.71 27.01 0.10 | -1.82 | 4555 | 2735 | 2578 | 19.76 | 12.20 | 13.76 | 0.075 | 13464 | 1.62 | 143621 | 122.65
6 | 395 | 44.78 30.46 0.11 | -2.05 | 46.38 | 27.95 | 26.17 | 2021 | 11.60 | 13.38 | 0.075 | 14849 | 1.74 | 1583.87 | 145.49
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Mehra Electrode Averaged Raw Data and Data Reduction Tables

The raw data for the Mehra electrode study consisted of values read by the data
acquisition system each fraction of a second and is therefore left out of this appendix.
The single numbers that were used in data reduction for each test condition are shown in
Table D76 through Table D89 and were found by averaging a thirty second steady state
portion of the raw data. Table D90 through Table D102 show the data reduction values

for the electrode study at each high voltage level.
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Table D76: Averaged Raw Data for Mehra Electrode at 0 W

Heater Heater
HV | Q Vglf;%e \l;(::lft;gee gf:‘rt:; . g‘r‘:s‘?::: Amb T1 T2 T3 T4 T5 T8 T9 | T10 | T11 | T12 | T14

precision precision

resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
0.00 0.00 0.00 0.00 14.50 20.86 | 21.87 | 2141 | 2148 | 2149 | 21.62 | 21.23 | 20.83 | 22.00 | 21.56 | 2138 | 22.03
0.00 0.00 0.00 0.00 14.50 2112 | 21.88 | 2144 | 21.50 | 21.51 | 21.64 | 21.26 | 20.86 | 22.02 | 21.58 | 21.42 | 22.06
0.00 0.00 0.00 0.00 14.51 2097 | 21.94 | 2148 | 21.53 | 21.54 | 21.67 | 21.31 | 20.89 | 22.07 | 21.63 | 21.48 | 22.08
12 | 0.00 0.00 0.00 0.00 14.52 2094 | 22.01 | 21.56 | 21.60 | 21.62 | 21.74 | 21.34 | 20.86 | 22.15 | 21.71 | 21.52 | 22.11
16 | 0.00 0.00 0.00 0.00 14.53 2105 | 22.05 | 21.58 | 21.63 | 21.63 | 21.76 | 21.39 | 20.89 | 22.15 | 21.72 | 21.56 | 22.10
18 | 0.00 0.00 0.00 0.00 14.55 2124 | 22.09 | 21.65 | 21.69 | 21.70 | 21.83 | 21.46 | 20.98 | 2224 | 21.81 | 21.61 | 22.15
20 | 0.00 0.00 0.00 0.00 14.56 2112 | 2215 | 21.67 | 21.69 | 21.71 | 21.83 | 21.54 | 21.06 | 22.23 | 21.80 | 21.69 | 22.15
21 | 0.00 0.00 0.00 0.00 14.57 2149 | 2221 | 2176 | 2178 | 21.80 | 21.92 | 21.61 | 21.14 | 22.31 | 21.89 | 21.75 | 2220
22 | 0.00 0.00 0.00 0.00 14.59 2139 | 2220 | 2175 | 2178 | 21.80 | 21.92 | 21.62 | 21.16 | 22.33 | 2190 | 21.77 | 2222
23 | 0.00 0.00 0.00 0.00 14.59 2144 | 2225 | 21.80 | 21.83 | 21.84 | 21.97 | 21.68 | 21.24 | 22.38 | 21.95 | 21.83 | 22.23
22 | 0.00 0.00 0.00 0.00 14.60 2152 | 2224 | 2179 | 21.82 | 21.84 | 21.97 | 21.71 | 21.25 | 22.39 | 21.96 | 21.86 | 22.25
21 | 0.00 0.00 0.00 0.00 14.60 2169 | 2228 | 21.85 | 21.88 | 21.90 | 22.03 | 21.76 | 21.29 | 22.46 | 22.03 | 21.91 | 2232
20 | 0.00 0.00 0.00 0.00 14.59 2137 | 2224 | 2178 | 2179 | 21.81 | 21.94 | 21.82 | 21.33 | 22.34 | 2192 | 21.96 | 2224
18 | 0.00 0.00 0.00 0.00 14.58 2132 | 2223 | 2178 | 21.80 | 21.81 | 21.94 | 21.81 | 21.36 | 22.32 | 2191 | 21.93 | 2226
16 | 0.00 0.00 0.00 0.00 14.58 2160 | 22.30 | 21.88 | 21.89 | 21.91 | 22.03 | 21.77 | 21.33 | 2242 | 22.00 | 2191 | 2231
12 | 0.00 0.00 0.00 0.00 14.58 2161 | 22.34 | 2190 | 21.91 | 21.93 | 22.05 | 21.85 | 21.40 | 22.41 | 22.00 | 22.00 | 22.30
0.00 0.00 0.00 0.00 14.58 2154 | 2233 | 21.89 | 21.90 | 21.91 | 22.03 | 21.88 | 21.41 | 22.41 | 21.99 | 22.05 | 2232
0.00 0.00 0.00 0.00 14.57 2131 | 2231 | 21.86 | 21.87 | 21.89 | 22.00 | 21.92 | 21.43 | 22.36 | 21.95 | 22.06 | 2230
0.00 0.00 0.00 0.00 14.56 2159 | 22.33 | 21.89 | 21.89 | 21.91 | 22.02 | 21.91 | 21.48 | 22.37 | 21.96 | 22.04 | 2231
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Table D77: Averaged Raw Data for Mehra Electrode at 1 W

Heater Voltage | Heater Voltage
HV | Q pr:cf::iro . p?:i?sriin Cf:lerart:; . glr‘:s';‘::: Amb T1 T2 T3 T4 T5 T8 T9 TI0 | T11 | T12 | TI4
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
0.98 2.98 2.98 0.33 14.55 21.40 33.61 | 27.54 | 24.76 | 25.71 | 2445 | 21.81 | 21.49 | 2256 | 22.15 | 21.99 | 22.35
0.98 2.98 2.98 0.33 14.56 21.56 33.62 | 27.52 | 24.72 | 25.67 | 2439 | 21.86 | 21.50 | 22.49 | 22.08 | 22.03 | 22.28
0.98 2.98 2.98 0.33 14.55 21.27 33.55 | 2746 | 24.66 | 25.61 | 2433 | 21.88 | 21.51 | 2243 | 22.01 | 22.03 | 22.24
12 | 0.98 2.98 2.98 0.33 14.56 21.25 3355 | 27.48 | 24.68 | 25.63 | 24.35 | 21.84 | 21.51 | 22.44 | 22.03 | 21.98 | 22.23
16 | 0.98 2.98 2.98 0.33 14.56 21.28 3355 | 27.48 | 24.68 | 25.62 | 24.33 | 21.83 | 21.54 | 22.40 | 22.00 | 21.96 | 22.17
18 | 0.98 2.98 2.98 0.33 14.56 21.23 3354 | 2747 | 24.68 | 25.62 | 2433 | 21.80 | 21.53 | 22.43 | 22.02 | 21.95 | 22.18
20 | 0.98 2.98 2.98 0.33 14.55 21.08 3351 | 27.43 | 24.64 | 2558 | 2429 | 21.77 | 21.53 | 2239 | 21.99 | 21.92 | 22.16
21 | 098 2.98 2.98 0.33 14.54 21.33 33.51 | 2745 | 24.67 | 25.60 | 2431 | 21.70 | 21.49 | 22.40 | 22.01 | 21.85 | 22.17
22 | 098 2.98 2.98 0.33 14.54 21.17 3355 | 27.48 | 24.70 | 25.63 | 24.33 | 21.67 | 21.44 | 22.42 | 22.04 | 21.83 | 22.15
23 | 0.98 2.98 2.98 0.33 14.55 21.48 3355 | 27.48 | 24.70 | 25.64 | 24.34 | 21.73 | 21.48 | 22.46 | 22.08 | 21.93 | 22.17
22 | 098 2.98 2.98 0.33 14.55 20.99 3351 | 27.44 | 24.65 | 25.58 | 2429 | 21.80 | 21.53 | 22.40 | 22.01 | 21.93 | 22.14
21 | 098 2.98 2.98 0.33 14.54 21.31 33.54 | 2745 | 24.66 | 25.59 | 2430 | 21.76 | 21.49 | 22.40 | 22.01 | 21.92 | 22.15
20 | 0.98 2.98 2.98 0.33 14.54 21.51 33.60 | 27.56 | 24.77 | 25.69 | 2441 | 21.74 | 2147 | 2249 | 22.12 | 2191 | 22.22
18 | 0.98 2.98 2.98 0.33 14.54 21.05 33.53 | 27.47 | 24.67 | 25.60 | 2431 | 21.76 | 21.48 | 22.40 | 22.00 | 21.93 | 22.16
16 | 0.98 2.98 2.98 0.33 14.53 21.45 3354 | 27.51 | 24.70 | 25.63 | 2436 | 21.78 | 21.50 | 22.43 | 22.05 | 21.94 | 22.21
12 | 0.98 2.98 2.98 0.33 14.53 21.36 3356 | 27.51 | 24.70 | 25.63 | 24.35 | 21.83 | 21.53 | 22.41 | 22.03 | 22.00 | 22.22
0.98 2.98 2.98 0.33 14.52 21.63 33.59 | 27.53 | 2472 | 25.65 | 2437 | 21.79 | 2147 | 22.42 | 22.05 | 21.97 | 22.27
0.98 2.98 2.98 0.33 14.52 21.32 33.60 | 27.52 | 24.70 | 25.62 | 24.34 | 21.83 | 21.51 | 2239 | 22.01 | 22.04 | 22.23
0.98 2.98 2.98 0.33 14.52 21.56 33.63 | 27.56 | 24.73 | 25.65 | 24.37 | 21.88 | 21.53 | 2238 | 22.02 | 22.07 | 22.23
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Table D78: Averaged Raw Data for Mehra Electrode at 2 W

Heater Voltage Heater Voltage
HV | Q pr:cf::iro . p'::ﬁ‘i’:izn c}{frart:;t f,lr‘:s’;‘l‘l’:: Amb | T1 | T2 | T3 | T4 | T5 | T8 | T9 | T10 | TI1 | TI2 | TI14
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
2.05 4.27 4.27 0.48 14.54 21.38 45.59 | 33.70 | 27.95 | 29.82 | 2695 | 21.88 | 21.54 | 22.55 | 22.22 | 22.05 | 22.28
2.05 4.27 4.27 0.48 14.54 21.11 45.63 | 33.71 | 2795 | 29.84 | 2695 | 21.95 | 21.62 | 22.60 | 22.24 | 22.13 | 22.31
2.05 4.27 4.27 0.48 14.39 21.55 45.69 | 33.81 | 28.04 | 29.90 | 27.05 | 21.93 | 21.53 | 22.69 | 22.30 | 22.12 | 22.34
12 | 2.05 4.27 4.27 0.48 14.43 21.43 45.67 | 33.81 | 28.05 | 2991 | 27.05 | 22.02 | 21.61 | 22.71 | 22.31 | 22.17 | 22.33
16 | 2.05 4.27 4.27 0.48 14.46 21.36 45.62 | 33.78 | 28.03 | 29.88 | 27.03 | 22.07 | 21.69 | 22.70 | 22.31 | 22.17 | 22.34
18 | 2.05 4.27 4.27 0.48 14.47 21.46 45.64 | 33.82 | 28.09 | 29.93 | 27.09 | 21.97 | 21.63 | 22.79 | 22.41 | 22.10 | 22.40
20 | 2.05 4.27 4.27 0.48 14.48 21.51 45.69 | 33.83 | 28.10 | 29.95 | 27.08 | 22.04 | 21.71 | 22.79 | 22.41 | 22.17 | 22.37
21 | 2.05 4.27 4.27 0.48 14.49 21.49 45.66 | 33.81 | 28.09 | 29.93 | 27.08 | 22.02 | 21.67 | 22.83 | 22.45 | 22.17 | 22.43
22 | 2.05 4.27 4.27 0.48 14.49 21.53 4570 | 33.85 | 28.13 | 29.98 | 27.12 | 22.09 | 21.76 | 22.88 | 22.50 | 22.22 | 22.43
23 | 2.05 4.27 4.27 0.48 14.50 21.53 4575 | 33.89 | 28.16 | 30.01 | 27.15 | 22.09 | 21.75 | 2291 | 22.53 | 22.22 | 22.44
22 | 2.05 4.27 4.27 0.48 14.51 21.32 4573 | 33.85 | 28.12 | 29.96 | 27.10 | 22.12 | 21.79 | 22.87 | 22.48 | 22.21 | 22.42
21 | 2.05 4.27 4.27 0.48 14.50 21.24 45.68 | 33.80 | 28.06 | 29.89 | 27.05 | 22.08 | 21.79 | 22.79 | 22.41 | 22.16 | 22.37
20 | 2.05 4.27 4.27 0.48 14.49 21.42 45774 | 33.88 | 28.12 | 29.95 | 27.11 | 22.05 | 21.80 | 22.82 | 22.44 | 22.15 | 22.39
18 | 2.05 4.27 4.27 0.48 14.48 21.52 4575 | 33.88 | 28.11 | 29.94 | 27.11 | 22.02 | 21.77 | 22.82 | 22.44 | 22.16 | 22.43
16 | 2.05 4.27 4.27 0.48 14.48 21.10 45.68 | 33.79 | 28.00 | 29.84 | 27.01 | 22.04 | 21.76 | 22.71 | 22.31 | 22.17 | 22.35
12 | 2.05 427 4.27 0.48 14.47 21.33 4574 | 33.84 | 28.03 | 29.87 | 27.05 | 21.98 | 21.69 | 22.73 | 22.33 | 22.12 | 22.40
2.05 4.27 4.27 0.48 14.47 21.62 4580 | 33.86 | 28.04 | 29.88 | 27.06 | 22.06 | 21.78 | 22.72 | 22.33 | 22.18 | 22.39
2.05 4.27 4.27 0.48 14.46 21.45 45.82 | 33.86 | 28.04 | 29.87 | 27.05 | 22.02 | 21.71 | 22.71 | 2231 | 22.17 | 22.38
2.05 4.27 4.27 0.48 14.46 21.43 45.84 | 33.88 | 28.07 | 29.89 | 27.06 | 22.11 | 21.81 | 22.72 | 2232 | 22.22 | 22.36
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Table D79: Averaged Raw Data for Mehra Electrode at 3 W

Heater Voltage | Heater Voltage
HV | Q pr:cf::iro . p'r’ii‘i’:iin cHue:}t:;:t f,lr‘:s‘;‘ll::er Amb Tl T2 T3 T4 T5 T8 T9 T10 T11 T12 T14
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
2.99 5.16 5.16 0.58 0.72 21.22 56.66 | 39.44 | 31.01 | 33.61 | 29.26 | 22.07 | 21.81 | 22.75 22.35 22.19 22.26
4 2.99 5.16 5.16 0.58 0.72 21.24 56.68 | 39.46 | 31.03 | 33.65 | 29.32 | 22.03 | 21.79 | 22.82 22.41 22.15 22.34
2.99 5.16 5.16 0.58 0.72 21.55 56.67 | 39.45 | 31.02 | 33.64 | 29.33 | 22.02 | 21.77 | 22.81 22.41 22.16 22.34
12 2.99 5.16 5.16 0.58 0.72 21.47 56.57 | 39.39 | 30.98 | 33.59 | 29.29 | 22.00 | 21.73 | 22.79 22.38 22.15 22.32
16 2.99 5.16 5.16 0.58 0.72 21.22 56.57 | 39.41 | 31.02 | 33.62 | 29.32 | 22.11 | 21.85 | 22.84 22.44 22.22 22.32
18 2.99 5.16 5.16 0.58 0.72 21.33 56.57 | 39.40 | 31.01 | 33.61 | 29.31 | 22.07 | 21.81 | 22.84 22.45 22.19 22.32
20 2.99 5.16 5.16 0.58 0.72 21.48 56.55 | 39.39 | 31.00 | 33.59 | 29.30 | 22.06 | 21.79 | 22.87 22.48 22.18 22.34
21 2.99 5.16 5.16 0.58 0.72 21.43 56.56 | 39.41 | 31.05 | 33.64 | 29.36 | 22.07 | 21.81 | 22.97 22.58 22.17 22.39
22 2.99 5.16 5.16 0.58 0.72 20.83 56.56 | 39.38 | 31.01 | 33.59 | 29.30 | 22.07 | 21.82 | 22.90 22.52 22.13 22.30
23 2.99 5.16 5.16 0.58 0.72 21.22 56.56 | 39.40 | 31.01 | 33.60 | 29.30 | 22.09 | 21.87 | 22.92 22.54 22.18 22.32
22 2.99 5.16 5.16 0.58 0.72 21.29 56.58 | 39.41 | 31.02 | 33.61 | 29.32 | 22.04 | 21.83 | 2291 22.54 22.11 22.32
21 2.99 5.16 5.16 0.58 0.72 21.37 56.61 | 39.41 | 31.00 | 33.58 | 29.31 | 21.99 | 21.77 | 22.86 22.48 22.10 22.30
20 2.99 5.16 5.16 0.58 0.72 21.24 56.58 | 39.37 | 30.95 | 33.53 | 29.26 | 21.96 | 21.75 | 22.83 22.45 22.07 22.28
18 2.99 5.16 5.16 0.58 0.72 21.30 56.62 | 39.42 | 31.00 | 33.57 | 29.32 | 21.99 | 21.77 | 22.86 22.48 22.12 22.33
16 2.99 5.16 5.16 0.58 0.72 21.31 56.61 | 39.38 | 30.95 | 33.54 | 29.29 | 22.06 | 21.85 | 22.81 22.41 22.18 22.31
12 2.99 5.16 5.16 0.58 0.72 21.19 56.69 | 39.41 | 30.94 | 33.53 | 29.29 | 22.01 | 21.76 | 22.74 22.34 22.15 22.25
2.99 5.16 5.16 0.58 0.72 21.41 56.75 | 39.44 | 3095 | 33.56 | 29.32 | 21.98 | 21.74 | 22.79 22.39 22.11 22.34
2.99 5.16 5.16 0.58 0.72 21.39 56.79 | 39.45 | 30.96 | 33.56 | 29.32 | 2197 | 21.72 | 22.80 22.39 22.10 22.32
2.99 5.16 5.16 0.58 0.72 21.36 56.81 | 39.44 | 30.93 | 33.52 | 29.28 | 22.08 | 21.83 | 22.75 22.34 22.19 22.26
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Table D80: Averaged Raw Data for Mehra Electrode at 4 W

Heater Voltage | Heater Voltage
HV | Q pr:g:iro . pl:‘:::?:if)n C}ffr“‘rt:;t (l';'r‘:s’;‘l:’:: Amb T1 T2 T3 T4 T5 T8 T9 TI0 | T11 | T12 | T4
resistor resistor

kv W Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
3.98 5.95 5.95 0.67 0.72 21.28 68.13 | 4532 | 34.10 | 3742 | 31.73 | 22.03 | 21.78 | 2290 | 22.51 22.17 | 22.27
3.98 5.95 5.95 0.67 0.72 21.29 68.14 | 4531 34.08 | 3742 | 31.74 | 22.02 | 21.75 | 2293 | 22.53 | 22.16 | 2231
3.98 5.95 5.95 0.67 0.72 21.37 68.06 | 45.24 | 34.01 37.35 | 31.69 | 22.02 | 21.77 | 22.87 | 22.48 | 22.16 | 22.31
12 3.98 5.95 5.95 0.67 0.72 21.24 67.97 | 45.21 34.02 | 3734 | 31.70 | 22.02 | 21.78 | 22.89 | 22.49 | 22.15 | 22.29
16 3.98 5.95 5.95 0.67 0.72 21.16 67.90 | 45.18 | 33.99 | 37.31 31.66 | 22.08 | 21.89 | 22.89 | 22.50 | 22.19 | 22.27
18 3.98 5.95 5.95 0.67 0.72 21.25 67.96 | 45.23 | 34.05 | 37.37 | 31.71 22.02 | 21.83 | 2298 | 22.60 | 22.14 | 2232
20 3.98 5.95 5.95 0.67 0.72 21.21 67.95 | 45.21 34.04 | 3736 | 31.71 22.03 | 21.82 | 23.02 | 22.64 | 22.15 | 2231
21 3.98 5.95 5.95 0.67 0.72 21.07 6791 | 45.15 | 3398 | 37.31 31.65 | 22.03 | 21.82 | 2298 | 22.61 22.12 | 22.27
22 3.98 5.95 5.95 0.67 0.72 20.89 67.89 | 45.15 | 3398 | 37.31 31.64 | 22.07 | 21.88 | 23.00 | 22.63 | 22.14 | 22.29
23 3.98 5.95 5.95 0.67 0.72 21.44 68.00 | 4526 | 34.08 | 37.42 | 31.74 | 22.02 | 21.81 23.09 | 2272 | 22.12 | 2235
22 3.98 5.95 5.95 0.67 0.72 21.32 67.96 | 4520 | 34.03 | 37.35 | 31.69 | 22.03 | 21.82 | 23.03 | 22.66 | 22.13 | 22.32
21 3.98 5.95 5.95 0.67 0.72 21.11 67.96 | 4520 | 34.01 37.33 | 31.69 | 22.10 | 21.90 | 23.01 22.63 | 22.18 | 22.29
20 3.98 5.95 5.95 0.67 0.72 21.43 68.03 | 4526 | 34.05 | 37.37 | 31.74 | 22.06 | 21.85 | 23.04 | 22.66 | 22.18 | 22.34
18 3.98 5.95 5.95 0.67 0.72 21.17 68.07 | 4529 | 34.04 | 3736 | 31.74 | 22.08 | 21.84 | 2298 | 22.60 | 22.22 | 22.32
16 3.98 5.95 5.95 0.67 0.72 20.98 68.09 | 45.28 | 34.01 3734 | 31.72 | 22.06 | 21.82 | 2293 | 22.54 | 22.19 | 22.29
12 3.98 5.94 5.94 0.67 0.72 21.27 68.17 | 4533 | 34.03 | 37.37 | 31.77 | 22.03 | 21.81 22.94 | 22.55 | 22.17 | 22.35
3.98 5.94 5.94 0.67 0.72 21.30 68.27 | 4535 | 34.01 37.35 | 31.76 | 22.09 | 21.82 | 2292 | 22.52 | 2222 | 2233
4 3.98 5.94 5.94 0.67 0.72 21.45 68.35 | 4542 | 34.04 | 37.39 | 31.79 | 22.08 | 21.79 | 2295 | 22.56 | 22.20 | 22.34
3.98 5.94 5.94 0.67 0.72 21.14 68.35 | 4540 | 34.02 | 37.36 | 31.77 | 22.15 | 21.87 | 2297 | 22.55 | 22.27 | 2237
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Table D81: Averaged Raw Data for Mehra Electrode at 5 W

Heater Voltage | Heater Voltage
HV | Q pr:g:;) . p';sz‘i’sri‘;n C}ffr“‘rt:;t f,‘r‘:s‘:lll’:: Amb | TI T2 T3 T4 T5 T8 T | TI0 | TN | T1I2 | T4
resistor resistor

kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
491 6.64 6.64 0.74 0.72 20.70 79.33 51.22 | 37.14 | 41.13 | 34.12 | 22.00 | 21.77 | 23.08 | 22.67 | 22.15 | 22.34
4 491 6.64 6.64 0.74 0.72 21.10 79.28 | 51.22 | 37.09 | 41.12 | 34.10 | 22.09 | 21.86 | 23.03 | 22.63 22.22 | 22.30
8 491 6.64 6.64 0.74 0.72 21.08 79.15 51.14 | 36.97 | 40.99 | 34.00 | 22.03 | 21.82 | 2290 | 22.52 | 22.14 | 22.25
12 491 6.64 6.64 0.74 0.72 21.26 79.10 | 51.18 | 37.04 | 41.05 | 34.08 | 21.98 | 21.82 | 22.99 | 22.60 | 22.12 | 22.29
16 491 6.64 6.64 0.74 0.72 21.30 79.03 51.15 | 37.05 | 41.07 | 34.09 | 21.99 | 21.78 | 23.09 | 22.70 | 22.16 | 22.32
18 491 6.64 6.64 0.74 0.72 21.37 79.03 51.17 | 37.05 | 41.07 | 34.11 22.02 | 21.79 | 23.14 | 22.76 | 22.16 | 22.36
20 491 6.64 6.64 0.74 0.72 21.18 79.00 | 51.11 37.02 | 41.05 | 34.07 | 22.04 | 21.78 | 23.17 | 22.79 | 22.19 | 22.34
21 491 6.64 6.64 0.74 0.72 20.98 78.73 51.05 | 36.96 | 41.02 | 34.02 | 22.06 | 21.77 | 23.16 | 22.78 | 22.19 | 22.33
22 491 6.64 6.64 0.74 0.72 21.16 78.64 | 51.05 | 36.94 | 41.01 34.01 22.05 | 21.78 | 23.16 | 22.79 | 22.18 | 22.35
23 491 6.64 6.64 0.74 0.72 21.17 78.68 | 51.10 | 36.97 | 41.06 | 34.05 | 22.06 | 21.81 23.21 22.84 | 22.18 | 22.36
22 491 6.64 6.64 0.74 0.72 21.00 78.65 51.07 | 36.93 | 41.01 34.01 22.07 | 21.83 23.17 | 22.80 | 22.20 | 22.34
21 491 6.64 6.64 0.74 0.72 21.03 7872 | 51.12 | 36.95 | 41.03 | 34.04 | 22.07 | 21.83 | 23.18 | 22.80 | 22.19 | 22.34
20 491 6.64 6.64 0.74 0.72 21.26 7876 | 51.17 | 36.97 | 41.04 | 34.08 | 22.07 | 21.82 | 23.18 | 22.80 | 22.20 | 22.39
18 491 6.64 6.64 0.74 0.72 20.99 78.83 51.26 | 37.02 | 41.08 | 34.14 | 22.07 | 21.80 | 23.21 22.82 | 22.20 | 2243
16 491 6.64 6.64 0.74 0.72 21.34 78.86 | 51.32 | 37.03 | 41.12 | 34.17 | 22.06 | 21.78 | 23.20 | 22.81 2220 | 22.45
12 491 6.64 6.64 0.74 0.72 21.51 79.00 | 51.40 | 37.06 | 41.14 | 34.21 22.12 | 21.84 | 23.17 | 22.77 | 22.26 | 2245
8 491 6.64 6.64 0.74 0.72 21.53 79.13 51.48 | 37.08 | 41.18 | 34.24 | 22.18 | 21.89 | 23.16 | 22.77 | 22.30 | 22.44
4 491 6.64 6.64 0.74 0.72 21.04 79.17 | 5148 | 37.06 | 41.16 | 34.21 2220 | 21.89 | 23.14 | 22.74 | 2232 | 22.41
0 491 6.64 6.64 0.74 0.72 21.37 79.20 | 51.55 | 37.12 | 41.20 | 34.27 | 22.15 | 21.83 | 23.23 | 22.83 | 22.27 | 22.51

214




Table D82: Averaged Raw Data for Mehra Electrode at 6 W

Heater Voltage | Heater Voltage
HV | Q pr:cf::iro . p';:g.’:iin cHue:}t:;:t f,'r‘:s';‘:’:: Amb Tl T2 T3 T4 T5 T8 T9 T10 T11 T12 T14
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
6.04 7.37 7.37 0.82 0.72 21.35 90.86 | 58.90 | 40.94 | 45.60 | 37.11 | 22.17 | 21.96 | 23.37 22.96 22.31 22.50
6.04 7.37 7.37 0.82 0.73 21.50 90.79 | 5895 | 4091 | 4560 | 37.11 | 22.15 | 21.88 | 23.37 22.96 22.32 22.47
6.04 7.37 7.37 0.82 0.73 21.41 90.62 | 58.93 | 40.90 | 45.57 | 37.11 | 22.29 | 22.00 | 23.34 22.95 22.45 22.47
12 6.04 7.37 7.37 0.82 0.73 21.29 90.45 | 5891 | 40.88 | 45.53 | 37.10 | 22.30 | 22.00 | 23.38 22.98 22.44 22.50
16 6.04 7.37 7.37 0.82 0.73 21.46 90.25 | 58.87 | 40.96 | 4553 | 37.10 | 22.29 | 22.02 | 23.40 23.02 22.39 22.49
18 6.04 7.37 7.37 0.82 0.73 21.48 90.16 | 58.81 | 40.86 | 45.48 | 37.08 | 2230 | 22.06 | 23.48 23.10 22.40 22.53
20 6.04 7.37 7.37 0.82 0.73 21.47 90.09 | 58.73 | 40.84 | 45.47 | 37.05 | 22.30 | 22.07 | 23.50 23.13 22.37 22.51
21 6.04 7.37 7.37 0.82 0.73 21.51 89.99 | 58.68 | 40.83 | 45.43 | 37.00 | 22.29 | 22.06 | 23.48 23.12 22.36 22.50
22 6.04 7.37 7.37 0.82 0.73 21.35 89.90 | 58.65 | 40.81 | 45.44 | 37.01 | 22.27 | 22.03 | 23.54 23.17 22.31 22.53
23 6.04 7.37 7.37 0.82 0.73 21.41 89.87 | 58.66 | 40.78 | 45.44 | 37.00 | 22.30 | 22.06 | 23.55 23.18 22.34 22.54
22 6.04 7.37 7.37 0.82 0.73 21.43 89.83 | 58.66 | 40.78 | 45.42 | 37.01 | 22.28 | 22.05 | 23.55 23.18 22.32 22.54
21 6.04 7.37 7.37 0.82 0.73 21.42 89.82 | 58.68 | 40.76 | 4542 | 37.01 | 22.29 | 22.06 | 23.53 23.16 22.33 22.52
20 6.04 7.37 7.37 0.82 0.73 21.38 89.85 | 58.75 | 40.78 | 45.43 | 37.04 | 22.28 | 22.05 | 23.52 23.15 22.37 22.52
18 6.04 7.37 7.37 0.82 0.73 21.26 89.91 | 58.81 | 40.78 | 45.42 | 37.05 | 22.35 | 22.12 | 2343 23.06 22.45 22.49
16 6.04 7.37 7.37 0.82 0.73 21.30 89.93 | 58.90 | 40.80 | 45.47 | 37.09 | 22.37 | 22.15 | 23.42 23.03 22.49 22.49
12 6.04 7.37 7.37 0.82 0.73 21.40 90.00 | 58.99 | 40.78 | 45.44 | 37.09 | 2235 | 22.13 | 23.36 22.96 22.48 22.47
6.04 7.37 7.37 0.82 0.73 21.42 90.13 | 59.07 | 40.77 | 45.46 | 37.10 | 22.31 22.08 | 23.34 22.95 22.42 22.47
6.04 7.37 7.37 0.82 0.73 21.60 90.17 | 59.14 | 40.79 | 45.48 | 37.13 | 2234 | 22.10 | 23.40 23.00 22.45 22.49
6.04 7.37 7.37 0.82 0.72 21.55 90.16 | 59.16 | 40.80 | 45.45 | 37.11 | 22.27 | 22.01 | 23.40 22.99 22.40 22.50
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Table D83: Averaged Raw Data for Mehra Electrode at 7 W

Heater Voltage | Heater Voltage
HV | Q pr:cf::iro . p'::ﬁ‘i’srifm cHue:}t:;:t f,lr‘:s‘;‘ll::er Amb T1 T2 T3 T4 T5 T8 T9 TI0 | T11 | T12 | TIi4
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
7.01 8.01 8.01 0.88 0.73 21.39 99.56 | 66.27 | 44.56 | 49.68 | 3991 | 2233 | 22.11 | 23.59 | 23.19 | 2245 | 22.53
7.01 8.01 8.01 0.88 0.73 21.51 99.37 | 66.19 | 44.41 | 49.58 | 39.81 | 22.29 | 22.08 | 23.48 | 23.08 | 2242 | 22.50
7.01 8.01 8.01 0.88 0.73 21.62 99.21 | 66.23 | 44.46 | 49.61 | 39.88 | 22.30 | 22.11 | 23.52 | 23.14 | 22.43 | 22.54
12 | 7.01 8.01 8.01 0.88 0.73 21.76 99.03 | 66.18 | 44.47 | 49.63 | 39.92 | 2231 | 22.09 | 23.62 | 23.22 | 2249 | 22.60
16 | 7.01 8.01 8.01 0.88 0.73 21.66 98.82 | 66.08 | 44.43 | 49.59 | 39.85 | 2236 | 22.14 | 23.59 | 23.22 | 22.50 | 22.55
18 | 7.01 8.01 8.01 0.88 0.73 21.76 98.66 | 6593 | 44.44 | 49.61 | 39.87 | 2233 | 22.11 | 23.68 | 23.31 | 2248 | 22.60
20 | 7.01 8.01 8.01 0.88 0.73 21.63 98.49 | 65.79 | 4436 | 49.55 | 39.81 | 2237 | 22.14 | 23.72 | 23.36 | 22.51 | 22.62
21 | 7.01 8.01 8.01 0.88 0.73 21.75 98.46 | 65.77 | 4432 | 49.54 | 39.80 | 22.38 | 22.14 | 23.77 | 23.40 | 2249 | 22.63
22 | 7.01 8.01 8.01 0.88 0.73 21.66 98.34 | 65.70 | 44.30 | 49.53 | 39.75 | 22.42 | 22.18 | 23.72 | 23.35 | 22.52 | 22.61
23 | 7.01 8.01 8.01 0.88 0.73 21.73 98.40 | 65.79 | 44.28 | 49.61 | 39.80 | 22.42 | 22.20 | 23.76 | 23.40 | 22.54 | 22.63
22 | 7.01 8.01 8.01 0.88 0.73 21.74 98.32 | 65.76 | 44.15 | 49.59 | 39.82 | 22.43 | 22.20 | 23.81 | 23.44 | 22.50 | 22.69
21 | 7.01 8.01 8.01 0.88 0.73 21.74 9831 | 65.77 | 44.06 | 49.55 | 39.80 | 22.50 | 22.29 | 23.77 | 23.40 | 22.55 | 22.66
20 | 7.01 8.01 8.01 0.88 0.73 21.46 98.38 | 65.84 | 44.10 | 49.61 | 39.87 | 22.50 | 22.29 | 23.78 | 23.42 | 22.60 | 22.65
18 | 7.01 8.01 8.01 0.88 0.73 21.64 98.45 | 6595 | 44.06 | 49.60 | 39.88 | 22.45 | 22.22 | 23.69 | 23.33 | 22.57 | 22.64
16 | 7.01 8.01 8.01 0.88 0.73 21.89 98.54 | 66.10 | 44.16 | 49.73 | 40.02 | 22.47 | 22.23 | 23.79 | 23.41 | 22.61 | 22.75
12 | 7.01 8.01 8.01 0.88 0.73 21.73 98.72 | 66.28 | 44.16 | 49.75 | 40.06 | 22.53 | 22.28 | 23.73 | 23.34 | 22.70 | 22.70
7.01 8.01 8.01 0.88 0.73 21.63 98.81 | 66.35 | 44.12 | 49.75 | 40.06 | 22.56 | 22.28 | 23.71 | 23.32 | 22.70 | 22.71
7.01 8.01 8.01 0.88 0.73 21.57 98.89 | 66.40 | 44.10 | 49.77 | 40.06 | 22.57 | 22.28 | 23.73 | 23.33 | 22.69 | 22.71
7.01 8.01 8.01 0.88 0.73 21.71 98.93 | 66.45 | 44.14 | 49.78 | 40.08 | 22.51 | 22.21 | 23.75 | 23.35 | 22.66 | 22.73
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Table D84: Averaged Raw Data for Mehra Electrode at 8 W

Heater Voltage | Heater Voltage
HV | Q pr:g:;) . p';sz‘i’sri‘;n C}ffr“‘rt:;t f,‘r‘:s‘;‘lll’:: Amb T1 T2 T3 T4 T5 TS T9 TI0 | TI1 | T12 | T14
resistor resistor
kv w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
8.00 8.60 8.60 0.93 0.73 21.56 109.18 73.57 48.05 54.01 43.10 22.55 22.27 23.98 23.58 | 22.70 | 22.80
8.00 8.60 8.60 0.93 0.73 21.85 109.08 73.52 47.92 53.99 43.08 22.60 22.31 23.96 23.56 | 22.74 | 22.80
8.00 8.60 8.60 0.93 0.73 21.87 108.94 75.05 47.88 53.91 43.06 22.68 22.38 23.92 23.54 | 22.81 22.78
12 8.00 8.60 8.60 0.93 0.73 21.97 108.88 75.21 47.96 53.97 43,13 22.65 22.37 23.96 23.57 | 22.81 22.81
16 7.92 8.60 8.60 0.92 0.73 21.38 108.75 69.60 47.93 53.95 43.08 22.69 22.42 23.96 23.59 | 22.81 22.77
18 791 8.60 8.60 0.92 0.73 21.81 108.55 69.24 47.81 53.88 43.02 22.62 22.40 24.03 23.67 | 22.75 | 22.81
20 791 8.60 8.60 0.92 0.73 21.69 108.44 69.08 47.81 53.89 43.02 22.63 22.40 24.13 23.76 | 22.77 | 22.86
21 791 8.60 8.60 0.92 0.73 21.70 108.32 68.97 47.80 53.88 43.00 22.62 22.39 24.16 23.79 | 22.79 | 22.87
22 791 8.60 8.60 0.92 0.73 21.45 108.23 68.92 47.74 53.85 42.95 22.64 22.40 24.13 23.75 | 22.80 | 22.85
23 7.91 8.60 8.60 0.92 0.73 21.71 108.17 68.89 47.68 53.88 42.95 22.67 22.43 24.15 23.77 | 22.80 | 22.85
22 7.96 8.60 8.60 0.93 0.73 21.71 108.09 68.84 47.81 53.89 42.98 22.72 22.47 24.12 23.75 | 22.75 | 22.82
21 791 8.60 8.60 0.92 0.73 21.65 108.01 68.82 47.86 53.78 42.93 22.73 22.51 24.09 23.73 | 22.75 | 22.82
20 791 8.60 8.60 0.92 0.73 21.63 108.02 68.85 47.97 53.81 42.98 22.72 22.49 24.07 23.72 | 22.77 | 22.81
18 7.91 8.60 8.60 0.92 0.73 21.83 108.12 69.02 47.96 53.83 43.05 22.66 22.42 24.09 23.73 | 22.79 | 22.88
16 7.91 8.60 8.60 0.92 0.73 21.70 108.24 69.21 47.99 53.87 43.08 22.64 22.42 24.04 23.66 | 22.79 | 22.89
12 791 8.60 8.60 0.92 0.73 21.90 108.37 69.35 48.02 53.88 43.13 22.63 22.39 24.02 23.63 22.80 | 22.89
791 8.60 8.60 0.92 0.73 21.72 108.46 69.51 48.00 53.87 43.11 22.65 22.41 23.97 23.59 | 22.81 22.88
7.92 8.61 8.61 0.92 0.73 21.60 108.58 69.60 48.03 53.93 43.13 22.64 22.40 23.98 23.58 | 22.77 | 22.87
7.92 8.61 8.61 0.92 0.73 21.79 108.68 69.70 48.12 53.94 43.17 22.60 22.37 24.04 23.63 | 22.73 | 22.90
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Table D85: Averaged Raw Data for Mehra Electrode at 9 W

Heater Voltage | Heater Voltage
HV | Q pr:cf;:iro . p‘r’:g’:i‘:m C}{f:‘rt:;t f,lr‘:s‘;‘l'::er Amb TI1 2 | 13 | T4 | TS | T8 | O | TIO | TI1 | TI2 | T4
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
8.93 9.30 9.30 0.96 0.73 21.52 118.68 | 7493 | 51.96 | 59.20 | 46.12 | 22.53 | 2233 | 24.12 | 23.71 | 22.68 | 22.83
8.92 9.30 9.30 0.96 0.73 21.65 118.31 | 74.72 | 51.76 | 59.12 | 46.05 | 22.55 | 2236 | 24.09 | 23.68 | 22.70 | 22.83
8.92 9.30 9.30 0.96 0.73 21.54 118.19 | 74.62 | 51.63 | 59.12 | 46.03 | 22.54 | 22.35 | 24.04 | 23.65 | 22.70 | 22.79
12 | 8.92 9.30 9.30 0.96 0.73 21.53 11791 | 74.50 | 51.59 | 59.11 | 46.01 | 22.53 | 2235 | 24.06 | 23.66 | 22.72 | 22.80
16 | 8.92 9.30 9.30 0.96 0.73 21.58 117.51 | 7432 | 51.44 | 59.02 | 4593 | 22.55 | 2239 | 24.09 | 23.71 | 22.72 | 22.76
18 | 8.92 9.30 9.30 0.96 0.73 21.59 117.23 | 74.08 | 51.34 | 58.96 | 4588 | 22.60 | 22.43 | 24.17 | 23.81 | 22.74 | 22.80
20 | 8.92 9.30 9.30 0.96 0.73 21.65 116.84 | 73.63 | 51.10 | 58.81 | 45.71 | 22.55 | 2238 | 24.15 | 23.80 | 22.67 | 22.75
21 | 8.92 9.30 9.30 0.96 0.73 21.63 116.61 | 73.49 | 50.98 | 58.71 | 45.64 | 22.56 | 22.38 | 24.14 | 23.78 | 22.68 | 22.73
22 | 8.92 9.30 9.30 0.96 0.73 21.59 116.55 | 73.41 | 5097 | 58.75 | 45.65 | 22.57 | 2238 | 24.19 | 23.82 | 22.68 | 22.77
23 | 8.92 9.30 9.30 0.96 0.73 21.62 116.45 | 7335 | 50.90 | 58.75 | 45.62 | 22.56 | 2238 | 24.17 | 23.79 | 22.67 | 22.74
22 | 8.92 9.30 9.30 0.96 0.73 21.58 116.42 | 7329 | 50.84 | 58.70 | 45.56 | 22.57 | 22.40 | 24.08 | 23.71 | 22.63 | 22.69
21 | 8.92 9.30 9.30 0.96 0.72 21.61 116.36 | 73.20 | 50.84 | 58.70 | 45.59 | 22.49 | 22.33 | 24.11 | 23.74 | 22.54 | 22.73
20 | 8.92 9.30 9.30 0.96 0.72 21.52 116.45 | 73.09 | 50.83 | 58.76 | 45.61 | 22.51 | 22.37 | 24.09 | 23.73 | 22.62 | 22.72
18 | 8.92 9.30 9.30 0.96 0.72 2143 116.55 | 73.17 | 50.88 | 58.80 | 45.68 | 22.53 | 22.38 | 24.04 | 23.67 | 22.63 | 22.69
16 | 8.92 9.30 9.30 0.96 0.72 21.40 116.53 | 73.46 | 50.78 | 58.71 | 45.65 | 22.48 | 2232 | 2398 | 23.60 | 22.62 | 22.67
12 | 8.83 9.30 9.30 0.95 0.72 21.56 116.68 | 74.14 | 50.78 | 58.67 | 45.70 | 22.46 | 2235 | 23.92 | 23.53 | 22.61 | 22.66
8.83 9.30 9.30 0.95 0.72 21.61 116.72 | 7420 | 50.78 | 58.69 | 45.70 | 22.40 | 22.26 | 2391 | 23.52 | 22.54 | 22.68
8.86 9.32 9.32 0.95 0.72 21.69 117.14 | 7448 | 50.87 | 58.83 | 45.74 | 22.43 | 2229 | 23.89 | 2349 | 22.58 | 22.63
8.90 9.37 9.37 0.95 0.72 21.31 118.05 | 75.01 | 51.29 | 59.22 | 4597 | 22.46 | 2228 | 23.89 | 2349 | 22.59 | 22.62
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Table D86: Averaged Raw Data for Mehra Electrode at 10 W

Heater Voltage | Heater Voltage
HV | Q pr:g:iro . p?':z?;ifm gfrart:;t (l’;'r‘js';‘l'l’r"er Amb T1 T2 T3 T4 T5 T8 T9 TIO | T11 | T12 | T4
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
10.07 9.97 9.97 1.01 0.72 21.10 128.41 81.34 | 56.56 | 64.20 | 49.61 2236 | 2222 | 24.09 | 23.70 | 22.50 | 22.64
9.97 9.97 9.97 1.00 0.72 21.48 127.37 | 79.70 | 56.31 64.20 | 49.54 | 2243 | 22.31 24.07 | 23.68 | 22.57 | 22.64
10.07 9.97 9.97 1.01 0.72 21.59 127.27 | 78.11 55.95 64.06 | 49.53 | 22.39 | 2225 | 24.05 | 23.68 | 22.56 | 22.65
12 10.06 9.96 9.96 1.01 0.72 21.64 12696 | 77.88 | 55.87 | 63.89 | 49.53 | 22.40 | 22.26 | 24.08 | 23.69 | 22.62 | 22.65
16 10.09 9.99 9.99 1.01 0.72 21.69 126.70 | 77.33 | 55.67 | 64.01 49.51 2244 | 2230 | 24.13 | 23.78 | 22.61 22.67
18 10.10 10.00 10.00 1.01 0.72 21.40 126.14 | 7593 | 55.61 64.09 | 49.44 | 2245 | 2229 | 24.17 | 23.83 22.60 | 22.65
20 10.00 10.00 10.00 1.00 0.72 21.60 12534 | 7493 | 5536 | 63.94 | 49.27 | 2245 | 2225 | 24.21 23.87 | 22.55 | 22.67
21 9.99 9.99 9.99 1.00 0.72 21.23 125.01 74.85 | 55.14 | 63.80 | 49.14 | 22.44 | 2224 | 2420 | 23.84 | 22.58 | 22.63
22 9.99 9.99 9.99 1.00 0.72 20.90 124.62 | 75.07 | 55.13 63.85 | 49.11 2245 | 2228 | 24.16 | 23.80 | 22.55 | 22.58
23 9.99 9.99 9.99 1.00 0.72 21.24 124.37 | 74.97 | 5497 | 63.78 | 49.04 | 22.36 | 22.19 | 24.18 | 23.81 22.50 | 22.59
22 9.99 9.99 9.99 1.00 0.72 21.08 124.66 | 75.55 | 55.26 | 63.53 | 49.07 | 2239 | 22.24 | 24.11 23.76 | 22.52 | 22.55
21 9.99 9.99 9.99 1.00 0.72 21.00 124.62 75.58 | 55.19 | 63.51 49.05 | 2235 | 22.22 | 24.11 23.76 | 22.44 | 22.52
20 10.01 10.01 10.01 1.00 0.72 20.88 124.74 | 76.03 | 5520 | 63.57 | 49.10 | 2238 | 22.25 | 24.06 | 23.72 | 22.51 22.49
18 10.01 10.01 10.01 1.00 0.72 21.04 124.98 77.64 | 5522 | 63.61 49.19 | 2235 | 22.25 | 24.01 23.68 | 22.49 | 22.50
16 10.04 10.04 10.04 1.00 0.72 21.00 125.47 | 79.33 | 55.33 63.86 | 49.36 | 22.33 | 2222 | 2397 | 23.62 | 22.50 | 22.49
12 10.06 10.06 10.06 1.00 0.72 21.32 126.30 | 80.35 | 55.77 | 64.10 | 49.60 | 22.31 2220 | 23.92 | 23.54 | 22.50 | 22.49
10.06 10.06 10.06 1.00 0.72 21.13 126.40 | 80.50 | 55.66 | 64.13 | 49.61 2228 | 22.15 | 2391 23.56 | 22.46 | 22.50
10.09 10.09 10.09 1.00 0.72 20.90 126.74 | 80.40 | 55.61 64.27 | 49.62 | 22.31 22.19 | 23.84 | 2347 | 2247 | 22.42
10.11 10.11 10.11 1.00 0.72 20.98 127.38 81.13 | 56.07 | 64.40 | 49.82 | 22.22 | 22.10 | 23.88 | 23.50 | 22.38 | 22.44
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Table D87: Averaged Raw Data for Mehra Electrode at 11 W (first)

Heater Voltage | Heater Voltage
HV | Q pr:g:;) . p';zz‘i’:i‘;n C}ffr“‘rt:;t f,‘r‘:s‘;‘lll’:: Amb T1 T2 T3 T4 T5 T8 T9 TI0 | T1I1 | T12 | T14
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
10.96 10.54 10.54 1.04 0.72 20.92 135.01 85.54 | 5822 | 67.56 | 52.42 | 22.09 | 22.00 | 23.78 | 23.39 | 2225 | 22.23
10.95 10.53 10.53 1.04 0.72 20.79 134.93 85.55 58.70 | 67.50 | 52.54 | 22.08 | 22.01 23.77 | 23.41 2224 | 22.21
10.95 10.53 10.53 1.04 0.71 20.94 133.75 84.61 58.33 | 67.52 | 52.32 | 22.08 | 22.01 23.68 | 23.34 | 2225 | 22.18
12 11.00 10.57 10.57 1.04 0.71 20.82 133.03 83.52 | 58.34 | 67.49 | 52.14 | 22.01 21.97 | 23.62 | 23.26 | 2220 | 22.11
16 11.03 10.61 10.61 1.04 0.71 20.64 132.24 | 82.46 | 58.91 67.60 | 52.00 | 21.94 | 21.88 | 23.58 | 23.24 | 22.12 | 22.04
18 10.90 10.58 10.58 1.03 0.71 20.90 131.17 80.92 | 58.81 67.45 51.81 21.81 21.76 | 23.63 23.32 | 21.99 | 22.03
20 10.91 10.59 10.59 1.03 0.71 20.78 130.45 80.35 58.58 | 67.36 | 51.60 | 21.82 | 21.76 | 23.68 | 23.36 | 22.03 22.01
21 10.92 10.60 10.60 1.03 0.71 20.74 130.04 | 79.69 | 5835 | 67.05 51.35 | 21.85 | 21.78 | 23.64 | 23.30 | 22.06 | 21.97
22 10.93 10.61 10.61 1.03 0.71 20.52 129.74 79.26 58.01 66.88 51.11 21.70 21.67 23.53 23.17 21.90 21.91
23 10.93 10.61 10.61 1.03 0.71 20.85 130.00 | 79.24 | 5794 | 66.89 | 51.10 | 21.73 | 21.65 | 23.66 | 23.29 | 21.97 | 2197
22 11.02 10.70 10.70 1.03 0.71 20.24 130.48 | 79.90 | 58.31 67.00 | 51.23 | 21.73 21.62 | 2347 | 23.13 | 21.92 | 21.85
21 10.93 10.71 10.71 1.02 0.71 20.33 130.51 79.76 | 58.19 | 67.23 51.21 21.61 21.54 | 23.45 | 23.13 | 21.80 | 21.83
20 10.93 10.71 10.71 1.02 0.71 20.72 131.04 | 80.10 | 58.21 67.23 5133 | 21.53 | 2148 | 23.46 | 23.15 | 21.72 | 21.81
18 10.93 10.72 10.72 1.02 0.71 20.08 130.85 80.25 | 58.17 | 67.37 | 51.27 | 21.54 | 2145 | 23.30 | 2298 | 21.74 | 21.74
16 10.99 10.77 10.77 1.02 0.71 20.12 131.25 81.31 58.53 | 67.75 51.43 | 21.40 | 21.36 | 23.20 | 22.86 | 21.60 | 21.72
12 11.06 10.84 10.84 1.02 0.71 20.71 133.26 82.72 | 59.46 | 6838 | 52.07 | 21.40 | 21.41 2330 | 2295 | 21.62 | 21.81
11.08 10.86 10.86 1.02 0.71 20.75 133.47 82.68 | 59.71 68.59 | 52.18 | 21.48 | 2145 | 23.27 | 2294 | 21.69 | 21.77
11.10 10.88 10.89 1.02 0.71 20.26 133.14 | 82.60 | 59.68 | 68.69 | 52.05 | 21.52 | 21.47 | 23.17 | 22.82 | 21.70 | 21.68
10.98 10.76 10.76 1.02 0.71 20.04 133.34 | 82.59 | 60.35 | 68.32 | 52.24 | 2146 | 21.42 | 23.16 | 22.79 | 21.62 | 21.65
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Table D88: Averaged Raw Data for Mehra Electrode at 11 W (second)

Heater Voltage | Heater Voltage
HV | Q pr:cf::iro . p'f::i‘i’:izn c[iiart:;t g‘r‘:s‘;‘l'l’:g Amb T1 2 | 13 | T4 | 5 | 8 | TO | TIO | TI1 | TI2 | TI14
resistor resistor
kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
11.00 10.68 10.68 1.03 0.72 19.71 127.25 | 76.17 | 59.65 | 68.69 | 50.41 | 20.13 | 19.78 | 22.04 | 21.70 | 20.31 | 19.78
11.01 10.69 10.69 1.03 0.72 20.08 127.00 | 76.66 | 59.86 | 67.61 | 50.53 | 20.29 | 19.93 | 22.14 | 21.77 | 20.45 | 19.93
10.99 10.67 10.67 1.03 0.72 19.84 127.04 | 76.36 | 58.81 | 66.71 | 50.35 | 20.43 | 20.00 | 22.14 | 21.75 | 20.63 | 20.00
12 | 10.88 10.67 10.67 1.02 0.73 20.20 126.43 | 75.65 | 5829 | 66.32 | 50.20 | 20.44 | 20.08 | 22.22 | 21.88 | 20.53 | 20.08
16 | 10.88 10.67 10.67 1.02 0.73 20.35 126.07 | 7498 | 57.92 | 66.15 | 50.05 | 20.48 | 20.16 | 22.31 | 21.98 | 20.59 | 20.16
18 | 10.79 10.68 10.68 1.01 0.73 20.32 124.79 | 74.03 | 57.49 | 65.67 | 49.74 | 20.60 | 20.23 | 22.39 | 22.05 | 20.79 | 20.23
20 | 10.85 10.63 10.63 1.02 0.73 20.07 125.94 | 7436 | 56.95 | 64.77 | 49.50 | 20.72 | 20.37 | 22.46 | 22.28 | 20.86 | 20.37
21 10.84 10.63 10.63 1.02 0.73 20.33 12557 | 74.14 | 56.75 | 64.68 | 49.43 | 20.75 | 20.43 | 22.62 | 22.47 | 21.03 | 2043
22 | 10.87 10.65 10.65 1.02 0.73 20.10 125.65 | 74.46 | 56.74 | 64.80 | 49.44 | 20.83 | 20.48 | 22.61 | 22.50 | 21.12 | 2048
23 | 10.88 10.67 10.67 1.02 0.73 20.37 125.99 | 74.50 | 56.83 | 64.86 | 49.58 | 20.85 | 20.47 | 22.74 | 22.77 | 21.17 | 2047
22 | 10.89 10.68 10.68 1.02 0.73 20.34 125.99 | 7424 | 56.76 | 64.85 | 49.56 | 20.80 | 20.37 | 22.72 | 22.53 | 21.06 | 20.37
21 10.92 10.70 10.70 1.02 0.73 20.78 126.40 | 74.53 | 56.92 | 64.97 | 49.74 | 20.80 | 20.37 | 22.84 | 22.59 | 21.08 | 20.37
20 | 10.94 10.72 10.72 1.02 0.73 20.62 126.82 | 75.07 | 56.94 | 65.08 | 49.87 | 20.99 | 20.51 | 22.85 | 22.60 | 21.22 | 20.51
18 | 10.98 10.76 10.76 1.02 0.73 20.32 127.51 | 75.59 | 57.29 | 65.31 | 50.07 | 21.04 | 20.57 | 22.74 | 22.44 | 21.24 | 20.57
16 | 1091 10.80 10.80 1.01 0.73 20.39 127.47 | 76.34 | 57.74 | 65.66 | 50.33 | 21.04 | 20.62 | 22.76 | 2245 | 21.22 | 20.62
12 | 1091 10.80 10.80 1.01 0.73 20.56 12793 | 77.77 | 58.13 | 6547 | 50.60 | 21.00 | 20.61 | 22.74 | 22.38 | 21.21 | 20.61
10.92 10.82 10.82 1.01 0.73 20.93 127.89 | 77.88 | 58.14 | 65.69 | 50.72 | 20.99 | 20.60 | 22.94 | 22.55 | 21.24 | 20.60
11.00 10.89 10.89 1.01 0.73 21.07 128.82 | 78.57 | 58.69 | 66.16 | 51.02 | 21.09 | 20.61 | 23.06 | 22.63 | 21.37 | 20.61
10.98 10.87 10.87 1.01 0.73 20.87 128.36 | 78.33 | 58.44 | 65.93 | 5091 | 21.20 | 20.65 | 23.01 | 22.68 | 21.46 | 20.65
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Table D89: Averaged Raw Data for Mehra Electrode at 12 W

Heater Voltage | Heater Voltage
HV| Q pr:cf::iro . p'r’ii‘i’:iin cHue:}t:;:t f,lr‘:s‘;‘ll::er Amb Tl T2 T3 T4 T5 T8 T9 TI0 | T11 | TI12 | T14
resistor resistor

kV w Volts Volts Amps psia °C °C °C °C °C °C °C °C °C °C °C °C
0 12.07 11.39 11.39 1.06 0.74 21.03 | 13942 | 8571 | 63.52 | 70.32 | 54.59 | 21.57 | 2091 | 23.48 | 23.12 | 22.00 | 21.81
4 11.96 11.39 11.39 1.05 0.74 21.22 | 139.15 | 8540 | 6290 | 70.32 | 54.49 | 21.62 | 20.96 | 23.50 | 23.15 | 22.01 | 21.89
11.96 11.39 11.39 1.05 0.74 21.32 | 139.00 | 85.15 | 62.67 | 70.44 | 54.50 | 21.67 | 21.02 | 23.46 | 23.12 | 22.00 | 21.93
12 | 11.96 11.39 11.39 1.05 0.74 2145 | 139.16 | 84.85 | 62.66 | 70.29 | 54.55 | 21.71 | 21.05 | 23.47 | 23.15 | 22.02 | 21.99
16 | 11.96 11.39 11.39 1.05 0.74 21.26 | 137.92 | 8323 | 62.29 | 70.23 | 54.25 | 21.84 | 21.15 | 23.57 | 23.27 | 22.14 | 22.01
18 | 11.96 11.39 11.39 1.05 0.74 21.52 | 137.25 | 82.79 | 62.04 | 69.92 | 5423 | 21.82 | 21.14 | 23.69 | 23.41 | 2221 | 22.08
20 | 11.85 11.39 11.39 1.04 0.74 21.33 | 136.49 | 82.04 | 61.62 | 69.79 | 5390 | 21.84 | 21.18 | 23.78 | 23.56 | 22.47 | 22.12
21 11.85 11.39 11.39 1.04 0.74 21.49 | 13634 | 81.90 | 61.51 | 69.81 | 53.90 | 21.89 | 21.23 | 23.89 | 23.63 | 2240 | 22.18
22 | 11.96 11.39 11.39 1.05 0.74 21.23 | 137.15 | 82.88 | 61.70 | 69.44 | 54.03 | 21.92 | 21.30 | 24.00 | 23.62 | 22.32 | 22.16
23 11.96 11.39 11.39 1.05 0.74 21.34 | 137.78 | 82.79 | 61.56 | 69.80 | 53.60 | 21.96 | 21.37 | 24.05 | 23.85 | 22.12 | 22.25
22 11.96 11.39 11.39 1.05 0.74 21.56 | 137.69 | 82.87 | 61.65 | 69.83 | 53.63 | 21.99 | 21.41 | 24.11 | 23.77 | 22.16 | 22.31
21 11.85 11.39 11.39 1.04 0.74 21.46 | 137.20 | 82.58 | 61.58 | 69.84 | 53.49 | 22.03 | 21.44 | 24.02 | 23.73 | 2234 | 22.26
20 | 11.85 11.39 11.39 1.04 0.74 21.42 | 13690 | 8236 | 61.52 | 69.97 | 53.48 | 22.06 | 21.47 | 23.97 | 23.71 | 2235 | 22.28
18 | 11.85 11.39 11.39 1.04 0.74 21.57 | 138.15 | 82.86 | 61.38 | 70.48 | 53.63 | 22.09 | 21.50 | 24.00 | 23.70 | 22.29 | 22.34
16 | 11.85 11.39 11.39 1.04 0.74 2147 | 138.39 | 83.52 | 61.65 | 70.70 | 53.81 | 22.13 | 21.54 | 2391 | 23.62 | 22.38 | 22.30
12 11.96 11.39 11.39 1.05 0.74 21.44 | 139.61 | 85.90 | 6220 | 70.59 | 54.13 | 22.12 | 21.56 | 23.90 | 23.57 | 22.36 | 22.34
11.85 11.39 11.39 1.04 0.74 21.50 | 139.52 | 85.92 | 62.07 | 70.65 | 54.10 | 22.13 | 21.60 | 24.00 | 23.62 | 22.39 | 22.35
4 11.85 11.39 11.39 1.04 0.74 21.35 | 13942 | 85.63 | 62.05 | 70.67 | 54.00 | 22.14 | 21.62 | 24.00 | 23.59 | 22.40 | 22.37
0 11.85 11.39 11.39 1.04 0.74 21.80 | 139.24 | 8550 | 62.10 | 70.75 | 54.04 | 22.07 | 21.55 | 24.04 | 23.73 | 22.33 | 22.49
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Table D90: Reduced Data for Mehra Electrode at 0 W

T2 thru TS

T,

Tsal'

Tsal'

6~

HV Tout Q q Average AT atumina T, Teowan Totop Tooy, Towy | Towmn Tow, Knuia h Oy Nu | GA
kV °C w 10* W/m? °C °C °C °C °C K °C °C °C W/m-K Wﬁ“z'
0 36.36 | 0.00 0.00 21.50 0.00 21.50 21.78 21.79 20494 | 029 | 1458 14.56 0.076 0 -0.02 0 0.00
4 36.36 | 0.00 0.00 21.52 0.00 21.52 21.80 21.82 29497 | -030 | 14.56 14.54 0.076 0 -0.02 0 0.00
36.38 0.00 0.00 21.56 0.00 21.56 21.85 21.86 29501 | -0.30 | 14.52 14.52 0.076 0 -0.02 0 0.00
12 36.39 0.00 0.00 21.63 0.00 21.63 21.93 21.91 295.06 | -0.28 | 14.47 14.49 0.076 0 -0.02 0 0.00
16 36.39 0.00 0.00 21.65 0.00 21.65 21.93 21.91 295.06 | -0.26 | 14.46 14.48 0.076 0 -0.02 0 0.00
18 36.43 0.00 0.00 21.72 0.00 21.72 22.03 21.98 295.13 | -027 | 14.41 14.45 0.075 0 -0.02 0 0.00
20 36.45 0.00 0.00 21.72 0.00 21.72 22.02 21.97 295.12 | 025 | 1443 14.48 0.075 0 -0.02 0 0.00
21 36.49 | 0.00 0.00 21.82 0.00 21.82 22.10 22.05 29520 | -0.23 | 1439 14.44 0.075 0 -0.02 0 0.00
22 36.51 0.00 0.00 21.81 0.00 21.81 22.11 22.06 29521 | -024 | 1439 14.45 0.075 0 -0.02 0 0.00
23 36.52 0.00 0.00 21.86 0.00 21.86 22.17 22.09 20524 | 023 | 1436 14.43 0.075 0 -0.02 0 0.00
22 36.52 0.00 0.00 21.85 0.00 21.85 22.17 22.11 29526 | -0.25 | 14.35 14.42 0.075 0 -0.02 0 0.00
21 36.52 0.00 0.00 21.92 0.00 21.92 22.25 22.18 29533 | -026 | 14.28 14.35 0.075 0 -0.02 0 0.00
20 36.52 0.00 0.00 21.83 0.00 21.83 22.13 22.08 29523 | 025 | 1440 | 1445 0.075 0 -0.02 0 0.00
18 36.51 0.00 0.00 21.83 0.00 21.83 22.12 22.08 29523 | -0.25 | 1439 14.42 0.075 0 -0.02 0 0.00
16 36.49 0.00 0.00 21.93 0.00 21.93 22.21 22.16 20531 | -0.23 | 14.27 14.33 0.075 0 -0.02 0 0.00
12 36.49 0.00 0.00 21.95 0.00 21.95 22.20 22.15 29530 | -020 | 1428 14.34 0.075 0 -0.01 0 0.00
36.49 | 0.00 0.00 21.93 0.00 21.93 22.20 22.16 29531 | 022 | 14.29 14.33 0.075 0 -0.02 0 0.00
3649 | 0.00 0.00 21.90 0.00 21.90 22.16 22.12 29527 | 022 | 1433 14.37 0.075 0 -0.02 0 0.00
36.47 0.00 0.00 21.93 0.00 21.93 22.17 22.14 29529 | -0.21 1430 | 14.33 0.075 0 -0.01 0 0.00
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Table D91: Reduced Data for Mehra Electrode at 1 W

T2 thru Te Ty Tor 0,-
HV Toat Q q T5 AT atumina T, Teowan Totop Toog, .. oo T Knuia h o Nu GA
Average P P P

kV °C w 10* W/m® °C °C °C °C °C K °C °C °C W/m-K Wﬁ“z'
0 36.45 0.98 0.67 25.62 0.00 25.62 22.36 22.25 295.40 3.36 14.09 14.20 0.075 1961 0.24 208 | 2.63
4 36.45 0.98 0.67 25.57 0.00 25.57 22.29 22.18 295.33 3.40 14.16 14.27 0.075 1943 0.24 206 | 2.62
36.45 0.98 0.67 25.52 0.00 25.52 22.22 22.12 29527 3.39 14.23 14.33 0.075 1945 0.24 206 | 261

12 36.45 0.98 0.67 25.54 0.00 25.54 2224 22.13 295.28 3.41 14.21 14.32 0.075 1937 0.24 205 | 261
16 | 36.45 0.98 0.67 25.53 0.00 25.53 22.20 22.08 295.23 3.45 14.25 14.37 0.075 1914 0.24 203 | 2.60
18 36.45 0.98 0.67 25.52 0.00 25.52 22.23 22.10 295.25 3.42 14.22 14.35 0.075 1929 0.24 205 | 2.61
20 36.43 0.98 0.67 25.48 0.00 25.48 22.19 22.07 295.22 3.41 14.24 14.36 0.075 1933 0.24 205 | 2.60
21 36.41 0.98 0.67 25.51 0.00 25.51 2221 22.09 295.24 3.42 14.21 14.32 0.075 1931 0.24 205 | 261
22 36.43 0.98 0.67 25.53 0.00 25.53 22.23 22.09 295.24 3.44 14.20 14.34 0.075 1918 0.24 203 | 261
23 36.43 0.98 0.67 25.54 0.00 25.54 2227 22.13 295.28 3.41 14.16 14.31 0.075 1933 0.24 205 | 2.62
22 36.43 0.98 0.67 25.49 0.00 25.49 22.20 22.08 295.23 3.41 14.23 14.35 0.075 1934 0.24 205 | 2.61
21 36.43 0.98 0.67 25.50 0.00 25.50 2221 22.08 295.23 3.42 14.23 14.35 0.075 1929 0.24 204 | 261
20 36.43 0.98 0.67 25.61 0.00 25.61 22.30 22.17 295.32 3.44 14.13 14.26 0.075 1919 0.24 203 | 2.63
18 36.41 0.98 0.67 25.51 0.00 25.51 22.20 22.08 295.23 3.43 14.21 14.33 0.075 1924 0.24 204 | 261
16 | 36.39 0.98 0.67 25.55 0.00 25.55 2224 22.13 295.28 3.42 14.15 14.26 0.075 1931 0.24 205 | 2.62
12 36.39 0.98 0.67 25.55 0.00 25.55 22.22 22.12 295.27 3.42 14.18 14.27 0.075 1927 0.24 204 | 2.62
36.38 0.98 0.67 25.57 0.00 25.57 22.24 22.16 29531 3.41 14.14 14.22 0.075 1935 0.24 205 | 2.62
36.38 0.98 0.67 25.54 0.00 25.54 22.20 22.12 295.27 343 14.18 14.26 0.075 1925 0.24 204 | 2.62
36.38 0.98 0.67 25.58 0.00 25.58 22.20 22.13 295.28 345 14.18 14.25 0.075 1912 0.24 203 | 2.62

224




Table D92: Reduced Data for Mehra Electrode at 2 W

T2 thru
HV Tsat Q q TS AT ajumina T, Towan Totop Tootgy, T-Teotop Tae-Towan | Tsae-Teotop Kiiuia h 05-Ocstop Nu GA
Average

kV °C w “1,/0[:12 °C °C °C °C °C K °C °C °C W/m-K W;;nz_ - - -
0 36.41 2.05 1.39 29.61 0.00 29.61 22.39 22.25 295.40 7.35 14.02 14.16 0.075 1867 0.52 198 5.51

4 36.43 2.05 1.39 29.61 0.00 29.61 22.42 22.27 295.42 7.34 14.01 14.16 0.075 1871 0.52 198 5.51

36.13 2.05 1.39 29.70 0.00 29.70 22.49 22.32 295.47 7.38 13.64 13.81 0.075 1861 0.54 197 5.66

12 36.21 2.05 1.39 29.71 0.00 29.71 22.51 22.32 295.47 7.38 13.70 13.88 0.075 1860 0.54 197 5.64
16 36.26 2.05 1.39 29.68 0.00 29.68 22.51 22.33 295.48 7.36 13.76 13.94 0.075 1866 0.53 198 5.61
18 36.30 2.05 1.39 29.73 0.00 29.73 22.60 22.40 295.55 7.33 13.70 13.90 0.075 1873 0.53 199 5.63
20 36.32 2.05 1.39 29.74 0.00 29.74 22.60 22.39 295.54 7.35 13.72 13.93 0.075 1867 0.54 198 5.63
21 36.32 2.05 1.39 29.72 0.00 29.72 22.64 22.44 295.59 7.29 13.68 13.88 0.075 1884 0.53 200 5.64
22 36.34 2.05 1.39 29.77 0.00 29.77 22.69 22.47 295.62 7.30 13.65 13.87 0.075 1879 0.54 199 5.66
23 36.36 2.05 1.39 29.80 0.00 29.80 22.72 22.48 295.63 7.32 13.64 13.87 0.075 1875 0.54 199 5.66
22 36.36 2.05 1.39 29.76 0.00 29.76 22.68 22.45 295.60 7.31 13.68 13.91 0.075 1878 0.53 199 5.64
21 36.34 2.05 1.39 29.70 0.00 29.70 22.60 22.39 295.54 7.31 13.74 13.95 0.075 1878 0.53 199 5.62
20 36.32 2.05 1.39 29.76 0.00 29.76 22.63 22.41 295.56 7.35 13.69 13.91 0.075 1868 0.54 198 5.64
18 36.32 2.05 1.39 29.76 0.00 29.76 22.63 22.43 295.58 7.33 13.69 13.89 0.075 1874 0.54 199 5.64
16 36.30 2.05 1.39 29.66 0.00 29.66 22.51 22.33 295.48 7.33 13.79 13.97 0.075 1874 0.53 199 5.60
12 36.30 2.05 1.39 29.70 0.00 29.70 22.53 22.36 295.51 7.34 13.77 13.94 0.075 1871 0.53 198 5.60
36.28 2.05 1.39 29.71 0.00 29.71 22.52 22.36 295.51 7.35 13.76 13.93 0.075 1867 0.53 198 5.61

36.28 2.05 1.39 29.71 0.00 29.71 22.51 22.35 295.50 7.36 13.77 13.93 0.075 1865 0.53 198 5.61

36.26 2.05 1.39 29.73 0.00 29.73 22.52 22.34 295.49 7.39 13.75 13.92 0.075 1859 0.54 197 5.62
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Table D93: Reduced Data for Mehra Electrode at 3 W

T2 thru
HV Tat Q q TS AT ajumina T, Towan Totop Toog, T-Totop Toe-Towan | Tsat-Teotop Kfia h 05-0cotop Nu GA
Average

kV °C W “1,/0[:12 °C °C °C °C °C K °C °C °C W/m-K Wﬁnz- - - -
0 36.28 2.99 2.04 33.33 0.00 33.33 22.55 22.30 295.45 11.03 13.74 13.98 0.075 1820 0.80 193 8.22

4 36.28 2.99 2.04 33.36 0.00 33.36 22.61 22.37 295.52 10.99 13.67 13.91 0.075 1826 0.80 194 8.26

36.28 2.99 2.04 33.36 0.00 33.36 22.61 22.37 295.52 10.99 13.68 13.91 0.075 1826 0.80 194 8.25

12 36.30 2.99 2.04 33.31 0.00 33.31 22.58 22.35 295.50 10.96 13.72 13.95 0.075 1830 0.80 194 8.23
16 36.32 2.99 2.04 33.34 0.00 33.34 22.64 22.38 295.53 10.96 13.68 13.94 0.075 1830 0.80 194 8.25
18 36.32 2.99 2.04 33.33 0.00 33.33 22.64 22.38 295.53 10.95 13.68 13.94 0.075 1833 0.80 194 8.25
20 36.32 2.99 2.04 33.32 0.00 33.32 22.68 22.41 295.56 10.91 13.64 13.91 0.075 1839 0.80 195 8.27
21 36.34 2.99 2.04 33.36 0.00 33.36 22.78 22.49 295.64 10.87 13.56 13.85 0.075 1845 0.80 196 8.32
22 36.34 2.99 2.04 33.32 0.00 33.32 22.71 22.41 295.56 10.91 13.63 13.93 0.075 1839 0.80 195 8.28
23 36.34 2.99 2.04 33.33 0.00 33.33 22.73 22.43 295.58 10.90 13.61 13.91 0.075 1840 0.80 195 8.29
22 36.34 2.99 2.04 33.34 0.00 33.34 22.73 22.43 295.58 10.91 13.61 13.91 0.075 1839 0.80 195 8.29
21 36.32 2.99 2.04 33.32 0.00 33.32 22.67 22.39 295.54 10.93 13.65 13.93 0.075 1835 0.80 195 8.27
20 36.32 2.99 2.04 33.28 0.00 33.28 22.64 22.36 295.51 10.92 13.68 13.96 0.075 1838 0.80 195 8.25
18 36.32 2.99 2.04 33.33 0.00 33.33 22.67 22.40 295.55 10.92 13.65 13.92 0.075 1836 0.80 195 8.27
16 36.30 2.99 2.04 33.29 0.00 33.29 22.61 22.36 295.51 10.93 13.69 13.94 0.075 1835 0.80 195 8.24
12 36.28 2.99 2.04 33.29 0.00 33.29 22.54 22.30 295.45 10.99 13.74 13.98 0.075 1825 0.80 194 8.21
36.28 2.99 2.04 33.32 0.00 33.32 22.59 22.37 295.52 10.95 13.69 13.92 0.075 1832 0.80 194 8.24

36.26 2.99 2.04 33.32 0.00 33.32 22.59 22.36 295.51 10.96 13.67 13.91 0.075 1830 0.80 194 8.25

36.26 2.99 2.04 33.29 0.00 33.29 22.54 22.30 295.45 10.99 13.72 13.96 0.075 1825 0.80 194 8.22
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Table D94: Reduced Data for Mehra Electrode at 4 W

T2 thru
HV Tsat Q q TS AT ajumina T, Towan Totop Toog, T-Totop Tat-Towan | Tsae-Totop Kfia h 05-cotop Nu GA
Average

kV °C w “1,/0[:12 °C °C °C °C °C K °C °C °C W/m-K Wﬁnz- - - -
0 36.26 3.98 2.71 37.14 0.00 37.14 22.71 22.39 295.54 14.75 13.56 13.87 0.075 1810 1.09 192 11.07
4 36.28 3.98 2.71 37.14 0.00 37.14 22.73 22.42 295.57 14.72 13.55 13.87 0.075 1813 1.09 192 11.08
36.28 3.98 2.71 37.07 0.00 37.07 22.67 22.39 295.54 14.68 13.61 13.89 0.075 1818 1.08 193 11.03
12 36.28 3.98 2.71 37.07 0.00 37.07 22.69 22.39 295.54 14.67 13.59 13.89 0.075 1819 1.08 193 11.05
16 36.30 3.98 2.71 37.04 0.00 37.04 22.70 22.38 295.53 14.65 13.60 13.92 0.075 1822 1.08 193 11.04
18 36.30 3.98 2.71 37.09 0.00 37.09 22.79 22.46 295.61 14.63 13.52 13.84 0.075 1824 1.08 194 11.11
20 36.32 3.98 2.71 37.08 0.00 37.08 22.83 22.48 295.63 14.60 13.49 13.84 0.075 1828 1.08 194 11.13
21 36.32 3.98 2.71 37.02 0.00 37.02 22.80 22.44 295.59 14.58 13.52 13.88 0.075 1831 1.08 194 11.10
22 36.32 3.98 2.71 37.02 0.00 37.02 22.82 22.46 295.61 14.56 13.50 13.86 0.075 1834 1.08 195 11.12
23 36.32 3.98 2.71 37.13 0.00 37.13 22.90 22.53 295.68 14.59 13.42 13.79 0.075 1829 1.09 194 11.19
22 36.32 3.98 2.71 37.07 0.00 37.07 22.85 22.49 295.64 14.58 13.47 13.83 0.075 1831 1.08 194 11.14
21 36.32 3.98 2.71 37.06 0.00 37.06 22.82 22.46 295.61 14.60 13.50 13.86 0.075 1828 1.08 194 11.12
20 36.32 3.98 2.71 37.10 0.00 37.10 22.85 22.50 295.65 14.60 13.47 13.82 0.075 1828 1.08 194 11.14
18 36.32 3.98 2.71 37.11 0.00 37.11 22.79 22.46 295.61 14.65 13.53 13.86 0.075 1822 1.08 193 11.10
16 36.30 3.98 2.71 37.09 0.00 37.09 22.74 22.42 295.57 14.67 13.56 13.88 0.075 1819 1.08 193 11.07
12 36.28 3.98 2.71 37.13 0.00 37.13 22.74 22.45 295.60 14.68 13.54 13.84 0.075 1818 1.08 193 11.09
36.28 3.98 2.71 37.12 0.00 37.12 22.72 22.43 295.58 14.69 13.56 13.86 0.075 1817 1.08 193 11.07
36.28 3.98 2.71 37.16 0.00 37.16 22.75 22.45 295.60 14.72 13.53 13.84 0.075 1814 1.09 192 11.10
36.28 3.98 2.71 37.14 0.00 37.14 22.76 22.46 295.61 14.68 13.52 13.82 0.075 1818 1.09 193 11.10
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Table D95:

Reduced Data for Mehra Electrode at 5 W

T2 thru
HV Tsat Q q TS AT ajumina T, Towan Totop Toog, T-Totop Tat-Towan | Tsae-Totop Kfia h 05-cotop Nu GA
Average

kV °C w “1,/0[:12 °C °C °C °C °C K °C °C °C W/m-K Wﬁnz- - - -
0 36.28 491 3.34 40.90 0.00 40.90 22.87 22.50 295.65 18.40 13.41 13.78 0.075 1789 1.37 190 13.80
4 36.28 491 3.34 40.88 0.00 40.88 22.83 22.47 295.62 18.42 13.45 13.82 0.075 1787 1.37 190 13.76
36.28 491 3.34 40.78 0.00 40.78 22.71 22.39 295.54 18.39 13.57 13.90 0.075 1789 1.35 190 13.64
12 36.28 491 3.34 40.84 0.00 40.84 22.80 22.45 295.60 18.39 13.48 13.84 0.075 1789 1.36 190 13.73
16 36.28 491 3.34 40.84 0.00 40.84 22.89 22.51 295.66 18.33 13.39 13.77 0.075 1795 1.37 190 13.82
18 36.30 491 3.34 40.85 0.00 40.85 22.95 22.56 295.71 18.29 13.35 13.74 0.075 1799 1.37 191 13.86
20 36.30 491 3.34 40.81 0.00 40.81 22.98 22.57 295.72 18.25 13.32 13.74 0.075 1803 1.37 191 13.89
21 36.30 491 3.34 40.76 0.00 40.76 22.97 22.56 295.71 18.21 13.33 13.75 0.075 1807 1.37 192 13.88
22 36.30 491 3.34 40.75 0.00 40.75 22.98 22.57 295.72 18.18 13.32 13.73 0.075 1810 1.36 192 13.89
23 36.30 491 3.34 40.80 0.00 40.80 23.03 22.60 295.75 18.20 13.27 13.70 0.075 1808 1.37 192 13.94
22 36.30 491 3.34 40.76 0.00 40.75 22.99 22.57 295.72 18.18 13.32 13.73 0.075 1810 1.37 192 13.90
21 36.32 491 3.34 40.79 0.00 40.79 22.99 22.57 295.72 18.21 13.33 13.75 0.075 1807 1.37 192 13.88
20 36.32 491 3.34 40.82 0.00 40.82 22.99 22.59 295.74 18.22 13.33 13.72 0.075 1806 1.37 192 13.89
18 36.32 491 3.34 40.88 0.00 40.88 23.01 22.63 295.78 18.25 13.31 13.69 0.075 1803 1.37 191 13.91
16 36.32 491 3.34 40.91 0.00 4091 23.01 22.63 295.78 18.28 13.31 13.69 0.075 1800 1.37 191 13.90
12 36.32 491 3.34 40.95 0.00 40.95 22.97 22.61 295.76 18.34 13.35 13.71 0.075 1794 1.37 190 13.86
36.32 491 3.34 40.99 0.00 40.99 22.96 22.61 295.76 18.39 13.36 13.71 0.075 1789 1.38 190 13.85
36.32 491 3.34 40.98 0.00 40.98 22.94 22.58 295.73 18.40 13.38 13.74 0.075 1788 1.38 190 13.83
36.32 491 3.34 41.04 0.00 41.04 23.03 22.67 295.82 18.37 13.29 13.65 0.075 1791 1.38 190 13.92
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Table D96: Reduced Data for Mehra Electrode at 6 W

T2 thru
HV Tat Q q TS AT alumina T Towan Totop Toogy T-Totop Toe-Towan | Tsat-Teotop Kfia h 05-0cotop Nu GA
Average

kV °C W “1,/01;2 °C °C °C °C °C K °C °C °C W/m-K W;;nz- - - -
0 36.34 6.04 4.11 45.64 0.00 45.64 23.16 22.73 295.88 2291 13.17 13.61 0.075 1767 1.74 188 17.28
4 36.36 6.04 4.11 45.65 0.00 45.64 23.17 22.72 295.87 22.93 13.19 13.64 0.075 1766 1.74 187 17.26
36.36 6.04 4.11 45.63 0.00 45.63 23.15 22.71 295.86 2291 13.21 13.64 0.075 1767 1.73 188 17.24
12 36.38 6.04 4.11 45.60 0.00 45.60 23.18 22.74 295.89 22.87 13.20 13.64 0.075 1770 1.73 188 17.25
16 36.41 6.04 4.11 45.61 0.00 45.61 23.21 22.75 295.90 22.86 13.21 13.66 0.075 1771 1.73 188 17.24
18 36.41 6.04 4.11 45.56 0.00 45.56 23.29 22.82 295.97 22.74 13.12 13.59 0.075 1780 1.73 189 17.35
20 36.43 6.04 4.11 45.52 0.00 45.52 23.32 22.82 295.97 22.70 13.11 13.61 0.075 1783 1.73 189 17.36
21 36.43 6.04 4.11 45.49 0.00 45.49 23.30 22.81 295.96 22.68 13.13 13.62 0.075 1785 1.73 190 17.34
22 36.43 6.04 4.11 45.48 0.00 45.48 23.36 22.85 296.00 22.63 13.07 13.58 0.075 1789 1.73 190 17.41
23 36.43 6.04 4.11 45.47 0.00 45.47 23.36 22.86 296.01 22.61 13.07 13.57 0.075 1790 1.73 190 17.42
22 36.41 6.04 4.11 45.47 0.00 45.47 23.36 22.86 296.01 22.61 13.05 13.55 0.075 1790 1.73 190 17.45
21 36.41 6.04 4.11 45.47 0.00 45.47 23.35 22.84 295.99 22.62 13.07 13.57 0.075 1789 1.73 190 17.42
20 36.39 6.04 4.11 45.50 0.00 45.50 23.33 22.83 295.98 22.67 13.06 13.56 0.075 1786 1.74 190 17.43
18 36.39 6.04 4.11 45.51 0.00 45.51 23.25 22.77 295.92 22.74 13.15 13.62 0.075 1780 1.73 189 17.31
16 36.39 6.04 4.11 45.56 0.00 45.56 23.23 22.76 29591 22.80 13.17 13.64 0.075 1775 1.73 188 17.29
12 36.38 6.04 4.11 45.57 0.00 45.57 23.16 22.71 295.86 22.86 13.22 13.66 0.075 1770 1.73 188 17.22
36.36 6.04 4.11 45.60 0.00 45.60 23.14 22.71 295.86 22.89 13.21 13.65 0.075 1768 1.73 188 17.23
36.36 6.04 4.11 45.64 0.00 45.64 23.20 22.74 295.89 22.89 13.16 13.61 0.075 1768 1.74 188 17.30
36.34 6.04 4.11 45.63 0.00 45.63 23.19 22.75 295.90 22.88 13.14 13.59 0.075 1769 1.74 188 17.32
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Table D97: Reduced Data for Mehra Electrode at 7 W

T2 thru
HV Tat Q q TS AT alumina T Towan Totop Toogy T-Totop Toe-Towan | Tsat-Teotop Kfia h 05-0cotop Nu GA
Average

kV °C W “1,/01;2 °C °C °C °C °C K °C °C °C W/m-K Wi;nz- - - -
0 36.36 7.01 4.77 50.10 0.00 50.10 23.39 22.86 296.01 27.24 12.97 13.50 0.075 1723 2.10 183 20.36
4 36.36 7.01 4.77 50.00 0.00 50.00 23.28 22.79 295.94 27.21 13.08 13.57 0.075 1726 2.08 183 20.19
36.36 7.01 4.77 50.04 0.00 50.04 23.33 22.84 295.99 27.20 13.03 13.52 0.075 1726 2.09 183 20.27
12 36.38 7.01 4.77 50.05 0.00 50.05 23.42 2291 296.06 27.14 12.96 13.47 0.075 1730 2.09 184 20.37
16 36.39 7.01 4.77 49.99 0.00 49.99 23.41 22.89 296.04 27.10 12.99 13.51 0.075 1732 2.09 184 20.33
18 36.41 7.01 4.77 49.96 0.00 49.96 23.50 22.96 296.11 27.00 12.92 13.45 0.075 1739 2.09 185 20.44
20 36.41 7.01 4.77 49.88 0.00 49.88 23.54 22.99 296.14 26.89 12.87 13.43 0.075 1746 2.09 186 20.51
21 36.41 7.01 4.77 49.86 0.00 49.86 23.58 23.02 296.17 26.84 12.83 13.40 0.075 1749 2.09 186 20.58
22 36.43 7.01 4.77 49.82 0.00 49.82 23.53 22.98 296.13 26.84 12.90 13.45 0.075 1749 2.08 186 20.47
23 36.41 7.01 4.77 49.87 0.00 49.87 23.58 23.01 296.16 26.85 12.83 13.40 0.075 1748 2.09 186 20.57
22 36.41 7.01 4.77 49.83 0.00 49.83 23.62 23.06 296.21 26.77 12.79 13.35 0.075 1754 2.09 186 20.64
21 36.41 7.01 4.77 49.80 0.00 49.79 23.59 23.03 296.18 26.76 12.83 13.38 0.075 1754 2.09 186 20.58
20 36.41 7.01 4.77 49.85 0.00 49.85 23.60 23.04 296.19 26.82 12.81 13.38 0.075 1751 2.09 186 20.61
18 36.41 7.01 4.77 49.87 0.00 49.87 23.51 22.99 296.14 26.88 12.90 13.42 0.075 1746 2.08 186 20.47
16 36.41 7.01 4.77 50.00 0.00 50.00 23.60 23.08 296.23 26.92 12.82 13.33 0.075 1744 2.10 185 20.60
12 36.41 7.01 4.77 50.06 0.00 50.06 23.53 23.02 296.17 27.04 12.88 13.39 0.075 1736 2.10 184 20.50
36.41 7.01 4.77 50.07 0.00 50.07 23.51 23.02 296.17 27.05 12.90 13.40 0.075 1735 2.10 184 20.47
36.41 7.01 4.77 50.08 0.00 50.08 23.53 23.02 296.17 27.06 12.88 13.39 0.075 1735 2.10 184 20.50
36.41 7.01 4.77 50.11 0.00 50.11 23.55 23.04 296.19 27.07 12.87 13.37 0.075 1734 2.10 184 20.52
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Table D98: Reduced Data for Mehra Electrode at 8 W

T2 thru
HV Taat Q q TS AT ajumina T, Towan Totop Toogy T-Totop Toat-Towan | Tsat-Tootop Kuia h 05-cotop Nu GA
Average

kV °C w “1,/0[:12 °C °C °C °C °C K °C °C °C W/m-K Wﬁnz- - - -
0 36.41 8.00 5.44 54.68 0.00 54.68 23.78 23.19 296.34 31.49 12.63 13.22 0.075 1701 2.49 181 23.85
4 36.41 8.00 5.44 54.63 0.00 54.63 23.76 23.18 296.33 31.45 12.65 13.24 0.075 1704 2.49 181 23.81
36.43 8.00 5.44 54.98 0.00 54.98 23.73 23.16 296.31 31.82 12.70 13.27 0.075 1684 2.51 179 | 23.73
12 36.43 8.00 5.44 55.06 0.00 55.06 23.77 23.19 296.34 31.87 12.67 13.24 0.075 1681 2.52 179 | 23.80
16 36.47 7.92 5.38 53.64 0.00 53.64 23.78 23.18 296.33 30.46 12.69 13.29 0.075 1741 2.40 185 | 23.51
18 36.47 7.91 5.38 53.49 0.00 53.49 23.85 23.24 296.39 30.25 12.62 13.23 0.075 1753 2.40 186 | 23.64
20 36.47 7.91 5.38 53.45 0.00 53.45 23.95 23.31 296.46 30.14 12.52 13.16 0.075 1760 241 187 | 23.82
21 36.49 7.91 5.38 53.41 0.00 53.41 23.97 23.33 296.48 30.08 12.51 13.16 0.075 1763 2.40 187 | 23.83
22 36.47 7.91 5.38 53.36 0.00 53.36 23.94 23.30 296.45 30.06 12.53 13.16 0.075 1764 2.40 188 | 23.81
23 36.47 7.91 5.38 53.35 0.00 53.35 23.96 23.31 296.46 30.04 12.51 13.16 0.075 1765 2.40 188 | 23.84
22 36.47 7.96 541 53.38 0.00 53.38 23.94 23.28 296.43 30.10 12.53 13.18 0.075 1772 2.40 188 | 23.93
21 36.47 7.91 5.38 53.35 0.00 53.35 2391 23.28 296.43 30.07 12.56 13.19 0.075 1763 2.39 187 | 23.75
20 36.45 7.91 5.38 53.40 0.00 53.40 23.89 23.26 296.41 30.14 12.56 13.19 0.075 1759 2.40 187 | 23.75
18 36.45 7.91 5.38 53.46 0.00 53.46 23.91 23.30 296.45 30.16 12.54 13.15 0.075 1758 2.40 187 | 23.78
16 36.43 7.91 5.38 53.54 0.00 53.54 23.85 23.28 296.43 30.26 12.58 13.16 0.075 1752 241 186 | 23.70
12 36.41 7.91 5.38 53.59 0.00 53.59 23.83 23.26 296.41 30.34 12.59 13.15 0.075 1748 241 186 | 23.69
36.41 7.91 5.38 53.62 0.00 53.62 23.78 23.23 296.38 30.39 12.63 13.18 0.075 1745 2.41 186 | 23.61
36.39 7.92 5.39 53.67 0.00 53.67 23.78 23.22 296.37 30.45 12.62 13.17 0.075 1744 241 185 | 23.67
36.39 7.92 5.39 53.73 0.00 53.73 23.83 23.27 296.42 30.47 12.56 13.13 0.075 1743 243 185 | 23.77
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Table D99: Reduced Data for Mehra Electrode at 9 W

T2 thru
HV Taat Q q TS AT ajumina T, Towan Totop Toogy T-Totop Toat-Towan | Tsat-Tootop Kuia h 05-cotop Nu GA
Average

kV °C w “1,/0[:12 °C °C °C °C °C K °C °C °C W/m-K Wﬁnz- - - -
0 36.38 8.93 6.08 58.05 0.00 58.05 23.92 23.27 296.42 34.78 12.46 13.10 0.075 1721 2.79 183 | 27.02
4 36.38 8.92 6.07 57.91 0.00 57.91 23.89 23.26 296.41 34.65 12.49 13.12 0.075 1726 2.77 183 | 26.93
36.38 8.92 6.07 57.85 0.00 57.85 23.85 23.22 296.37 34.62 12.53 13.15 0.075 1727 2.76 184 | 26.84
12 36.38 8.92 6.07 57.80 0.00 57.80 23.86 23.23 296.38 34.57 12.52 13.15 0.075 1729 2.76 184 | 26.86
16 36.39 8.92 6.07 57.68 0.00 57.68 23.90 23.24 296.39 34.44 12.49 13.16 0.075 1736 2.76 185 | 26.92
18 36.39 8.92 6.07 57.57 0.00 57.56 23.99 23.30 296.45 34.26 12.40 13.09 0.075 1745 2.76 186 | 27.11
20 36.39 8.92 6.07 57.31 0.00 57.31 23.97 23.27 296.42 34.04 12.42 13.12 0.075 1757 2.74 187 | 27.08
21 36.39 8.92 6.07 57.21 0.00 57.21 23.96 23.26 296.41 33.95 12.43 13.14 0.075 1761 2.73 187 | 27.05
22 36.38 8.92 6.07 57.20 0.00 57.20 24.00 23.29 296.44 33.90 12.37 13.08 0.075 1764 2.74 188 | 27.18
23 36.38 8.92 6.07 57.15 0.00 57.15 23.98 23.26 296.41 33.89 12.40 13.11 0.075 1764 2.73 188 | 27.13
22 36.36 8.92 6.07 57.10 0.00 57.10 23.89 23.20 296.35 33.90 12.46 13.16 0.075 1764 2.72 188 | 26.98
21 36.34 8.92 6.07 57.08 0.00 57.08 23.92 23.24 296.39 33.85 12.42 13.10 0.075 1767 2.73 188 | 27.08
20 36.32 8.92 6.07 57.07 0.00 57.07 2391 23.22 296.37 33.84 12.41 13.09 0.075 1767 2.73 188 | 27.10
18 36.30 8.92 6.07 57.13 0.00 57.13 23.86 23.18 296.33 33.95 12.45 13.12 0.075 1761 2.73 187 | 27.02
16 36.28 8.92 6.07 57.15 0.00 57.15 23.79 23.14 296.29 34.01 12.49 13.15 0.075 1758 2.72 187 | 2691
12 36.26 8.83 6.01 57.32 0.00 57.32 23.73 23.10 296.25 34.23 12.54 13.17 0.075 1729 2.73 184 | 26.55
36.25 8.83 6.01 57.34 0.00 57.34 23.71 23.10 296.25 34.24 12.53 13.15 0.075 1729 2.73 184 | 26.56
36.23 8.86 6.03 57.48 0.00 57.48 23.69 23.06 296.21 34.42 12.54 13.16 0.075 1725 2.75 183 | 26.63
36.23 8.90 6.06 57.87 0.00 57.87 23.69 23.05 296.20 34.82 12.54 13.17 0.075 1713 2.78 182 | 26.76
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Table D100: Reduced Data for Mehra Electrode at 10 W

T2 thru
HV Taat Q q TS AT ajumina T, Towan Totop Toogy T-Totop Toat-Towan | Tsat-Tootop Kuia h 05-cotop Nu GA
Average

kV °C w “1,/0[:12 °C °C °C °C °C K °C °C °C W/m-K Wﬁnz- - - -
0 36.23 | 10.07 6.85 62.92 0.00 62.92 23.90 23.17 296.32 39.75 12.33 13.06 0.075 1698 3.22 180 | 30.78
4 36.21 9.97 6.78 62.44 0.00 62.44 23.88 23.16 296.31 39.28 12.33 13.05 0.075 1701 3.18 181 30.47
36.23 | 10.07 6.85 61.91 0.00 61.91 23.86 23.17 296.32 38.75 12.36 13.06 0.075 1742 3.13 185 | 30.71
12 36.25 | 10.06 6.84 61.79 0.00 61.79 23.88 23.17 296.32 38.62 12.36 13.08 0.075 1745 3.12 185 | 30.65
16 36.25 | 10.09 6.87 61.63 0.00 61.63 23.96 23.22 296.37 38.40 12.29 13.02 0.075 1761 3.12 187 | 30.95
18 36.26 | 10.10 6.87 61.27 0.00 61.27 24.00 23.24 296.39 38.03 12.26 13.02 0.075 1780 3.10 189 | 31.05
20 36.26 | 10.00 6.80 60.88 0.00 60.88 24.04 23.27 296.42 37.61 12.22 12.99 0.075 1781 3.08 189 | 30.82
21 36.26 9.99 6.80 60.73 0.00 60.73 24.02 23.23 296.38 37.50 12.24 13.03 0.075 1786 3.06 190 | 30.76
22 36.25 9.99 6.80 60.79 0.00 60.79 23.98 23.19 296.34 37.60 12.26 13.05 0.075 1781 3.07 189 | 30.70
23 36.23 9.99 6.80 60.69 0.00 60.69 23.99 23.20 296.35 37.49 12.23 13.03 0.075 1786 3.06 190 | 30.79
22 36.21 9.99 6.80 60.85 0.00 60.85 23.94 23.16 296.31 37.70 12.27 13.05 0.075 1776 3.07 189 | 30.68
21 36.21 9.99 6.80 60.83 0.00 60.83 23.93 23.14 296.29 37.69 12.28 13.07 0.075 1777 3.07 189 | 30.68
20 36.19 | 10.01 6.81 60.98 0.00 60.98 23.89 23.11 296.26 37.87 12.30 13.08 0.075 1772 3.08 188 | 30.69
18 36.15 | 10.01 6.81 61.41 0.00 61.41 23.84 23.09 296.24 38.33 12.31 13.07 0.075 1751 3.11 186 | 30.66
16 36.15 | 10.04 6.83 61.97 0.00 61.97 23.79 23.05 296.20 38.92 12.36 13.10 0.075 1729 3.15 184 | 30.62
12 36.13 | 10.06 6.84 62.45 0.00 62.45 23.73 23.02 296.17 39.44 12.41 13.12 0.075 1709 3.18 182 | 30.55
36.13 | 10.06 6.84 62.48 0.00 62.48 23.73 23.03 296.18 39.45 12.40 13.10 0.075 1708 3.18 182 | 30.56
36.13 | 10.09 6.86 62.47 0.00 62.47 23.66 22.94 296.09 39.53 12.48 13.19 0.075 1710 3.17 182 | 3047
36.10 | 10.11 6.88 62.86 0.00 62.86 23.69 22.97 296.12 39.89 12.41 13.13 0.075 1698 321 180 | 30.71
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Table D101: Reduced Data for Mehra Electrode at 11 W (averaged)

T2 thru
Hv Tiat Q q TS ATumina Ts Teowan Totop Toop T-Totop Tsat-Teowan Tsat-Teotop Kiuia h es'ecomp Nu GA
Average

kV °C W “1//01:12 °C °C °C °C °C K °C °C °C W/m-K W;;nz- -— -— -—
0 36.10 10.98 7.47 64.83 0.00 64.83 22.73 21.98 295.13 42.85 13.37 14.11 0.075 1716.57 3.22 182 31.09
4 36.10 10.98 7.47 64.87 0.00 64.87 22.77 22.03 295.18 42.84 13.33 14.07 0.075 1717.99 3.23 182 31.20
36.13 10.97 7.47 64.38 0.00 64.38 22.73 22.00 295.15 42.37 13.40 14.13 0.075 1735.73 3.18 184 31.01
12 36.17 10.94 7.44 63.99 0.00 63.99 22.74 22.03 295.18 41.97 13.43 14.14 0.075 1747.00 3.14 185 30.86
16 36.17 10.96 7.45 63.76 0.00 63.76 22.78 22.04 295.19 41.72 13.39 14.13 0.075 1760.46 3.13 187 30.99
18 36.14 10.84 7.38 63.24 0.00 63.24 22.85 22.09 295.24 41.15 13.29 14.05 0.075 1765.92 3.12 187 30.90
20 36.21 10.88 7.40 62.94 0.00 62.93 22.95 22.16 295.31 40.78 13.26 14.05 0.075 1788.44 3.10 190 31.08
21 36.21 10.88 7.40 62.68 0.00 62.68 23.01 22.21 295.36 40.47 13.20 14.00 0.075 1802.31 3.08 191 31.19
22 36.18 10.90 7.41 62.59 0.00 62.59 22.95 22.16 295.31 40.42 13.22 14.02 0.075 1806.92 3.07 192 31.17
23 36.17 10.91 7.42 62.62 0.00 62.62 23.12 22.30 295.45 40.32 13.05 13.87 0.075 1812.96 3.10 192 31.59
22 36.17 10.96 7.45 62.73 0.00 62.73 22.96 22.17 295.32 40.56 13.20 14.00 0.075 1811.27 3.09 192 31.38
21 36.16 10.92 7.43 62.82 0.00 62.82 23.00 22.21 295.36 40.61 13.16 13.95 0.075 1803.07 3.10 191 31.37
20 36.16 10.93 7.44 62.98 0.00 62.98 23.02 22.22 295.37 40.76 13.14 13.94 0.075 1798.11 3.12 191 31.44
18 36.16 10.96 7.45 63.17 0.00 63.17 22.87 22.11 295.26 41.06 13.29 14.05 0.075 1788.92 3.10 190 31.15
16 36.12 10.95 7.45 63.64 0.00 63.64 22.82 22.08 295.23 41.55 13.30 14.04 0.075 1766.18 3.14 187 31.10
12 36.10 10.98 7.47 64.32 0.00 64.32 22.84 22.12 295.27 42.21 13.26 13.98 0.075 1744.45 3.20 185 31.33
36.13 11.00 7.48 64.45 0.00 64.45 22.92 22.18 295.33 42.27 13.21 13.95 0.075 1745.26 3.21 185 31.48
36.15 11.05 7.52 64.68 0.00 64.68 22.92 22.15 295.30 42.53 13.23 14.00 0.075 1742.23 3.22 185 31.55
36.15 10.98 7.47 64.64 0.00 64.64 2291 22.16 295.31 42.48 13.24 13.99 0.075 1733.36 3.22 184 31.31
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Table D102: Reduced Data for Mehra Electrode at 12 W

T2 thru
HV Toat Q q TS AT ajumina T, Towan Totop Tootgy, T-Totop Tae-Towan | Tsat-Tootop Kuia h 05-0cotop Nu GA
Average

kV °C W “1,2;2 °C °C °C °C °C K °C °C °C W/m-K Wi;nz- - - -
0 36.75 12.07 8.21 68.54 0.00 68.54 23.30 22.46 295.61 46.07 13.45 14.28 0.075 1755 343 186 33.82
4 36.78 11.96 8.14 68.28 0.00 68.28 23.33 22.52 295.67 45.76 13.46 14.26 0.075 1752 3.40 186 33.51
36.78 11.96 8.14 68.19 0.00 68.19 23.29 22.52 295.67 45.66 13.50 14.26 0.075 1755 3.38 186 33.40
12 36.82 11.96 8.14 68.09 0.00 68.09 23.31 22.57 295.72 45.52 13.51 14.25 0.075 1761 3.37 187 33.37
16 36.84 11.96 8.14 67.50 0.00 67.50 23.42 22.64 295.79 44.86 13.42 14.20 0.075 1787 3.34 190 33.60
18 36.82 11.96 8.14 67.25 0.00 67.24 23.55 22.74 295.89 44.50 13.27 14.08 0.075 1801 3.35 191 33.97
20 36.80 11.85 8.06 66.84 0.00 66.84 23.67 22.84 295.99 44.00 13.13 13.96 0.075 1805 3.35 192 34.01
21 36.80 11.85 8.06 66.78 0.00 66.78 23.76 22.90 296.05 43.88 13.04 13.90 0.075 1810 3.37 192 34.25
22 36.80 11.96 8.14 67.01 0.00 67.01 23.81 22.89 296.04 44.12 12.99 13.91 0.075 1817 3.40 193 34.71
23 36.84 11.96 8.14 66.94 0.00 66.94 23.95 23.05 296.20 43.89 12.89 13.79 0.075 1826 3.41 194 34.98
22 36.86 11.96 8.14 66.99 0.00 66.99 23.94 23.04 296.19 43.95 12.92 13.81 0.075 1824 3.40 194 34.90
21 36.86 11.85 8.06 66.87 0.00 66.87 23.87 22.99 296.14 43.88 12.98 13.86 0.075 1809 3.38 192 34.39
20 36.87 11.85 8.06 66.83 0.00 66.83 23.84 23.00 296.15 43.83 13.03 13.88 0.075 1811 3.36 192 34.26
18 36.89 11.85 8.06 67.09 0.00 67.08 23.85 23.02 296.17 44.06 13.04 13.87 0.075 1802 3.38 191 34.23
16 36.89 11.85 8.06 67.42 0.00 67.42 23.77 22.96 296.11 44.46 13.13 13.93 0.075 1786 3.39 190 34.01
12 36.89 11.96 8.14 68.20 0.00 68.20 23.74 22.96 296.11 45.25 13.16 13.94 0.075 1772 3.44 188 34.27
36.89 11.85 8.06 68.19 0.00 68.18 23.81 22.99 296.14 45.20 13.08 13.91 0.075 1757 3.45 187 34.13
36.89 11.85 8.06 68.09 0.00 68.09 23.80 22.98 296.13 45.11 13.09 13.91 0.075 1760 3.44 187 34.10
36.89 11.85 8.06 68.10 0.00 68.10 23.89 23.11 296.26 44.99 13.01 13.78 0.075 1765 3.46 188 34.33
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Appendix E: Error Analysis

An error analysis was also performed for the three studies. It was based on the
initial specified or estimated accuracy of each measurement device and calculated based
on the propagation of those errors through the data reduction equations. Since the
spacing study was performed before the modifications were made to the apparatus as
discussed in Chapter 3, the error analysis for the spacing comparison study is slightly
different than for the two electrode studies.

These differences are explained below.

Actual computed error values for the three studies are also given.

Error Analysis Explanation
Table E1 shows a list of the equipment used in calculating values and their

respective errors found from manufacturer’s information or from estimating the accuracy.
The errors shown for the electrode studies include the measurement error as well as the

conversion error from the data acquisition system where applicable.

Table E1: Equipment and Errors Used in Spacing Comparison and Electrode Studies

Measurement Error
Spacing Cap Mehra
Chamber Pressure Gauge +1%FS -—- -—-
Chamber Pressure Transducer --- +0.25 % FS +0.25 % FS
TFR Voltage Input (LED) + 0.2% +2 digits — + 0.2% +2 digits
TFR Voltage Input (data acq.) - +0.0026 V -
TFR Current Input (LED) + 1% +3 digits --- + 1% +3 digits
Precision Resistor -—- 2E10-5 Q ---
TFR Width + 0.0051 cm +0.0051 cm +0.0051 cm
TFR Length +0.015 cm +0.015 cm +0.015 cm
Thermocouples (calibrated) +0.1°C - -
Thermocouples (uncalibrated) --- +0.61 °C +0.61 °C
2 mm Alumina Layer Thickness --- - + 0.1 mm
TFR Glass Layer Thickness + 5 microns --- ---
TFR Heater Layer Thickness + 20 microns + 2 microns + 2 microns
TFR Substrate Layer Thickness + 10 microns + 10 microns + 10 microns
Heat Fraction Lost Down Pedestal +0.01 + 0.01 +0.01
Rotameters 3% 3% 5%
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The error saturation temperature, Tsy, was found from the error of the chamber
pressure. For the spacing comparison this was read directly from the chamber pressure
gauge. The maximum and minimum chamber pressures were calculated from the
specified percent error for the gauge. The corresponding saturation temperatures were
then retrieved from a table of T, versus Py and the values were averaged. For the cap
electrode and Mehra electrode studies, the chamber pressure was found from the pressure
transducer. The data acquisition system accuracy was found to be very small (= 0.00026
psia) compared to the accuracy of the transducer itself and was therefore ignored. The
maximum and minimum chamber pressures were then calculated from the specified
percent error for the transducer.

The error of the power input, Q, to the TFR heater was found based on the
specified error in the input voltage and current data. For the spacing comparison and
Mehra electrode study, these values were read directly from the LED display. For the
cap electrode studies, the voltage was read from the heater power supply by the data
acquisition system and the reading error was given by the manufacturer. The current was
calculated by dividing the voltage difference across a precision resistor by the resistance.
The current error was found from the voltage error given and the accuracy of the
precision resistor. The corresponding error in the heat flux, q, was found from the heater
power and the estimated TFR surface area (not including the silver conductive epoxy). A
manufacturer’s specification of 1.2573 = 0.0051 cm was given for the width of both types
of TFR heaters, and the lengths of the TFR used for the spacing and cap electrode studies

(not including the silver conductive epoxy) were estimated to be 1.175 £ .015 cm based
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on measurements using a scale. This gives a TFR surface area of 1.47 + 0.025 cm”. The
area of the TFR for the Mehra electrode study was found to be 0.982 + 0.025 cm”.

For the spacing comparison, the interface temperature, Tiy, the pedestal wall
temperature, Towai, and the pedestal top temperature, T.wp, wWere simply based on
thermocouple readings. The manufacturer specified that the thermocouples used had an
accuracy of 1.0 °C, but after calibrating them for the spacing comparison using precision
mercury thermometers with a reading error of = 0.05 °C in a water bath, the accuracies
were assumed to be 0.1 °C. Different pedestals were used for the cap and Mehra
electrode studies, and the thermocouples embedded within them were not calibrated.
However, calibration data from the thermocouples used in the spacing comparison and
others used by AFRL showed that these thermocouples were all accurate to at least + 0.5
°C and therefore the uncalibrated thermocouples in the pedestals used for the electrode
studies were assumed to be accurate to £ 0.5 °C as well. The data acquisition system
error of £ 0.11 °C for the thermocouples was added to this to give the overall
thermocouple error of + 0.61 °C.

The temperature differences across the TFR glass (for the spacing comparison
only), conductive heater, and substrate layers were found based on the heat fraction lost
down the pedestal, heat flux, thickness of each of these layers, and thermal conductivity
of each layer. The heat lost down the pedestal was assumed to be 0.015 £+ 0.01 from
values obtained by Baysinger (2005). The error for the thickness of each layer was
estimated from scanning electron microscope images. (See Appendix A for more

discussion.) The thermal conductivities of each layer were assumed constant with no

238



error. The surface temperature, T, error was found by adding the temperature errors of
each layer and the error of the interface temperature, Tiy.

The thermal conductivity of the FC-72 fluid, kg, is based on information from a
program called f-chart that gave a plot of fluid temperature versus thermal conductivity.
The thermal conductivity of the HFE-7000 fluid is based on manufacturer’s information.
Therefore, the errors of the thermal conductivities of the two fluids were found from the
thermocouple error.

The convection heat transfer coefficient was found from the heat fraction lost
down the pedestal, the heat flux, and the difference in surface temperature and pedestal
top temperature. The fraction of heat lost down the pedestal was again assumed to be
0.015+0.01.

For the Nusselt number and GA error calculations, the pedestal radius, b, was

assumed constant with no error.

Spacing Comparison Error Analysis

Table E2 and Table E3 show the errors calculated for the confined case at a
nozzle-to-heater distance of 9 mm in units and in percentages, respectively. Table E4 and
Table E5 show the errors calculated for the unconfined case also at a nozzle-to-heater
distance of 9 mm in units and in percentages, respectively. Errors for the other spacings
for both cases were assumed to be very similar and were therefore not calculated

individually.
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Table E2: Error Values for Confined 9 mm Spacing with Respective Units

Sample Tiat Q q Ts Toowan Tostop T-Tootop Toar-Toowan Tsat-Tostop Kiiuia h 05-Ouotop GA
# °C W 10° .| °C °C °C °C °C °C W/m-K | W/m’-K
W/m
1 0.31 0.00 0.00 0.10 0.10 0.10 0.20 041 0.41 1.2E-05 0.00 0.01 0.00 0.00
2 0.31 0.00 0.00 0.10 0.10 0.10 0.20 041 041 1.2E-05 0.00 0.01 0.00 0.00
3 031 0.12 0.20 0.15 0.10 0.10 0.25 041 0.41 1.2E-05 320.75 0.01 46.64 | 0.52
4 0.31 0.24 0.40 0.21 0.10 0.10 0.31 041 0.41 1.2E-05 251.28 0.02 36.63 1.08
5 0.31 0.36 0.59 0.26 0.10 0.10 0.36 041 0.41 1.2E-05 228.79 0.03 3341 1.68
6 0.31 0.48 0.79 0.32 0.10 0.10 0.42 041 041 1.2E-05 226.61 0.04 33.14 | 2.36
7 031 0.61 0.99 0.37 0.10 0.10 0.47 041 0.41 1.2E-05 232.81 0.04 34.09 | 3.06
8 0.31 0.72 1.19 0.43 0.10 0.10 0.53 041 0.41 1.2E-05 249.12 0.05 36.52 3.86
9 0.31 0.85 1.39 0.48 0.10 0.10 0.58 041 0.41 1.2E-05 272.37 0.06 3998 | 4.75
Table E3: Error Values for Confined 9 mm Spacing in Percentages
Sample Tat Q T Toowan Teotop T-Totop Tar-Toowan Tat~Tootop Kiuia h 05-Ootop Nu GA
# % % % % % % % % % % % %
1 0.59 - 0.33 0.34 0.34 - 1.71 1.71 0.02 - - - -
2 0.55 --- 0.33 0.34 0.34 --- 1.50 1.50 0.02 --- - --- ---
3 0.55 1.22 | 293 | 041 0.33 0.34 3.01 1.53 1.51 0.02 4.03 4.54 4,06 | 3.77
4 0.55 1.22 | 292 | 0.46 0.33 0.33 1.95 1.56 1.52 0.02 2.97 3.51 299 | 3.79
5 0.55 1.21 292 | 0.50 0.32 0.33 1.59 1.61 1.54 0.02 2.61 3.21 2.63 3.84
6 0.55 1.21 291 0.53 0.31 0.33 1.44 1.67 1.56 0.02 2.46 3.11 248 | 3.90
7 0.55 122 | 292 | 0.57 0.30 0.32 1.38 1.71 1.57 0.02 2.39 3.09 241 395
8 0.54 1.21 291 0.61 0.29 0.31 1.37 1.78 1.59 0.02 2.39 3.15 2.41 4.00
9 0.54 1.21 291 0.65 0.28 0.31 1.40 1.84 1.60 0.02 2.42 3.24 244 | 4.06
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Table E4: Error Values for Unconfined 9 mm Spacing with Respective Units

Sample Tsat Q q Ts Toowall Tootup Ts'Tcotop Tsat'Twwall Tsat'Tootop kﬂuid h es'eootup Nu GA
# °C | W 10 2| °C °C °C °C °C °C W/m-K | W/m*-K
W/m
1 0.31 | 0.00 0.00 0.10 0.10 0.10 0.20 0.41 0.41 1.2E-05 0.00 0.01 0.00 0.00
2 0.31 | 0.00 0.00 0.10 0.10 0.10 0.20 0.41 0.41 1.2E-05 0.00 0.01 0.00 0.00
3 0.31 | 0.12 0.20 0.15 0.10 0.10 0.25 0.41 0.41 1.2E-05 319.70 0.01 46.38 | 0.48
4 0.31 | 0.24 0.40 0.21 0.10 0.10 0.31 0.41 0.41 1.2E-05 248.94 0.02 36.20 | 0.97
5 0.31 | 0.36 0.59 0.26 0.10 0.10 0.36 0.41 0.41 1.2E-05 227.37 0.03 33.12 | 1.50
6 0.31 | 0.48 0.79 0.32 0.10 0.10 0.42 0.41 0.41 1.2E-05 223.67 0.03 32.63 | 2.05
7 0.31 | 0.61 0.99 0.37 0.10 0.10 0.47 0.41 0.41 1.2E-05 227.45 0.04 33.22 | 2.64
8 0.31 0.72 1.19 0.43 0.10 0.10 0.53 0.41 0.41 1.2E-05 240.79 0.04 35.21 3.31
9 0.31 | 0.85 1.39 0.48 0.10 0.10 0.58 0.41 0.41 1.2E-05 261.63 0.05 3831 | 3.98
Table ES5: Error Values for Unconfined 9 mm Spacing in Percentages
Sample Tsat Q q TS Toowall Tootop Ts'Tootop Tsat'Toowall Tsat'Tootop kfluid h es'eor.vtop Nu GA
# % % % % % % % % % % % % % %
1 0.54 - - 0.34 0.35 0.35 24.87 1.40 1.39 0.02 - 26.27 -—- -—-
2 0.54 - - 0.34 0.35 0.35 26.51 1.40 1.39 0.02 --- 2791 - -
3 0.54 | 1.22 | 293 | 0.42 0.35 0.35 3.01 1.42 1.41 0.02 | 4.03 4.43 4.05 | 3.67
4 0.54 | 1.22 | 292 | 047 0.34 0.35 1.94 1.45 1.41 0.02 | 2.96 3.39 298 | 3.68
5 0.54 | 1.21 | 292 | 0.51 0.33 0.34 1.59 1.48 1.42 0.02 | 2.60 3.07 2.62 | 3.71
6 0.54 | 1.21 | 291 | 0.54 0.32 0.34 1.43 1.51 1.42 0.02 | 245 2.94 247 | 3.74
7 0.53 | 1.21 | 291 | 0.58 0.31 0.33 1.35 1.54 1.43 0.02 | 237 2.90 239 | 3.77
8 0.53 | 1.21 | 291 | 0.61 0.30 0.33 1.34 1.59 1.45 0.02 | 2.36 2.94 2.38 | 3.82
9 0.53 | 1.21 | 291 | 0.65 0.29 0.32 1.36 1.62 1.46 0.02 | 2.38 2.99 240 | 3.85
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Cap Electrode Error Analysis

Table E6 and Table E7 show the errors calculated for the top half electrode in
units and in percentages, respectively. Errors for the other cap electrode geometries were
assumed to be very similar and were therefore not calculated individually. The error
analysis for this study is slightly different than for the spacing comparison. First, the
thermocouples on the PTFE pedestal used were not calibrated. Second, the data
acquisition system was installed and the heater power setting was read by the computer.
Also the chamber pressure was read by the data acquisition system from the output of the

chamber pressure transducer.

242



Table E6: Error Values for Top Half Cap Electrode with Respective Units at 0 kV

HV | T I Q q Ts | Towan | Tetop | ToTetop | TsarToowan | Tsar-Tootop Kiuia h 0s-Ootop | Nu GA
KV | °C A W 10° , | °C °C °C °C °C °C W/m-K | W/m’-K
W/m
0 1.05 | 0.026 | 0.00 0.00 0.61 0.61 0.61 1.22 1.66 1.66 7.1E-05 0.00 0.04 0.00 0.00
0 1.05 | 0.026 | 0.25 0.29 0.64 0.61 0.61 1.25 1.66 1.66 7.1E-05 1485.51 0.05 213.05 | 1.05
0 1.05 | 0.026 | 0.36 0.48 0.68 0.61 0.61 1.29 1.66 1.66 7.1E-05 894 .43 0.07 129.11 | 2.01
0 1.05 | 0.026 | 0.44 0.65 0.71 0.61 0.61 1.32 1.66 1.66 7.1E-05 672.71 0.08 97.66 | 3.04
0 1.05 | 0.026 | 0.51 0.81 0.75 0.61 0.61 1.36 1.66 1.66 7.1E-05 590.38 0.10 86.10 | 4.17
0 1.05 | 0.026 | 0.57 0.97 0.78 0.61 0.61 1.39 1.66 1.66 7.1E-05 576.01 0.12 8429 | 541
0 1.05 | 0.027 | 0.62 1.12 0.82 0.61 0.61 1.43 1.66 1.66 7.1E-05 628.21 0.13 92.11 6.82
0 1.05 | 0.027 | 0.67 1.27 0.85 0.61 0.61 1.46 1.66 1.66 7.1E-05 695.51 0.14 102.14 | 8.37
Table E7: Error Values for Top Half Cap Electrode in Percentages at 0 kV
HV | T I Q q T, | Towatl | Tatop | TeTetop | ToaeToowall | Tsat-Tootop | Kiuia h | 0:0.0 | Nu | GA
kV % % % % % % % % % % % % % % %

0 1.92 --- --- --- 2.72 2.76 2.82 --- 5.09 5.01 0.13 --- --- --- ---

0 1.91 253 | 2.53 | 423 | 2.15 2.64 2.76 15.91 5.23 5.07 0.13 17.36 21.19 17.49 | 8.80

0 1.91 1.80 1.80 | 3.50 1.82 2.54 2.71 8.73 5.37 5.12 0.13 9.82 14.13 9.94 8.20

0 1.90 1.47 1.47 | 3.17 1.60 2.43 2.65 6.14 5.53 5.17 0.13 7.18 11.71 7.31 8.04

0 1.90 1.27 1.27 | 2.97 1.47 2.32 2.59 4.97 5.71 523 0.13 6.00 10.71 6.13 8.02

0 1.89 1.14 1.14 | 2.84 1.40 223 2.53 4.40 5.90 5.28 0.13 543 10.34 5.56 8.08

0 1.88 1.04 1.04 | 2.74 1.40 2.14 2.47 4.23 6.10 5.34 0.13 5.26 10.38 5.39 8.19

0 1.88 | 0.96 | 0.96 | 2.66 1.41 2.05 241 4.17 6.32 5.41 0.13 5.19 10.53 5.32 8.33
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Mehra Electrode Error Analysis

Table E8 and Table E9 show the errors calculated for the Mehra electrodes in
units and in percentages, respectively. The error analysis for this study is very similar to
the cap electrode comparison. However, the heater power error was calculated
differently. Although the data acquisition system was installed, the output reading of the
heater power was not working correctly as the data was being taken and was therefore

read from the LED display as in the spacing comparison tests.
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Table E8: Error Values for Mehra Electrode with Respective Units at 23 kV

HV | T I Q q T Towatl | Totop | TsTotop | TsatrToowanl | Tsar-Tootop Kuia h 04-Octop Nu GA
KV | °C A W 10° . | °C °C °C °C °C °C W/m-K | W/m?-K
W/m

23 | 093 | 0.030 | 0.00 | 0.00 | 0.61 | 0.61 | 0.61 1.22 1.54 1.54 1.20E-04 0.00 0.08 0.00 | 0.00
23 | 093 | 0030 | 0.09 | 0.12 | 062 | 061 | 0.61 1.23 1.54 1.54 1.20E-04 | 1931.11 0.11 | 20531 | 0.56
23 | 093 | 0030 | 0.13 | 0.18 | 0.62 | 0.61 | 061 1.23 1.54 1.54 1.20E-04 | 751.93 0.14 80.36 | 1.07
23 | 093 [ 0.030 | 0.16 | 024 | 063 | 0.61 | 0.61 1.24 1.54 1.54 1.20E-04 | 494.23 0.17 5299 | 1.48
23 | 093 | 0030 | 018 | 029 | 0.64 | 0.61 | 061 1.25 1.54 1.54 1.20E-04 | 373.53 020 | 40.19 | 1.93
23 | 093 | 0.030 | 020 | 033 | 0.64 | 0.61 | 0.61 1.25 1.54 1.54 1.20E-04 | 301.52 0.23 32.55 | 2.37
23 | 093 | 0.030 | 022 | 038 | 0.65 | 0.61 | 061 1.26 1.54 1.54 1.20E-04 | 246.43 0.27 2671 | 2.91
23 | 093 | 0.030 | 024 | 043 | 066 | 0.61 | 0.61 1.27 1.54 1.54 1.20E-04 | 206.57 0.31 2247 | 3.44
23 | 093 | 0030 | 026 | 047 | 066 | 0.61 | 061 1.27 1.54 1.54 1.20E-04 | 191.14 036 | 20.86 | 4.02
23 | 093 | 0030 | 028 | 052 | 0.67 | 0.61 | 0.61 1.28 1.54 1.54 1.20E-04 | 173.61 0.39 18.99 | 4.57
23 | 093 | 0.030 | 030 | 057 | 0.68 | 0.61 | 0.61 1.29 1.54 1.54 1.20E-04 | 163.37 0.44 1791 | 522
23 | 094 | 003 | 032 | 061 | 068 | 061 | 0.61 1.29 1.55 1.55 1.20E-04 | 157.97 0.42 17.30 | 5.10
23 | 0.92 | 0030 | 034 | 066 | 069 | 0.61 | 061 1.30 1.53 1.53 1.20E-04 | 149.76 0.44 16.47 | 5.59
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Table E9: Error Values for Mehra Electrode in Percentages at 23 kV

HV [ Ty [ 1 [ Q [ @ [ T | Towan | Towp | TTurop | ToueTomar | ToarToowp | Kouia | h | 6By | Nu | GA
kV % % % % % % % % % % % % % % %
23 2.54 --- --- --- 2.79 2.75 2.76 --- 10.70 10.65 0.16 --- --- --- ---
23 2.55 9.09 | 9.18 11.73 2.47 2.74 2.76 43.57 10.87 10.76 0.16 55.04 55.09 55.20 | 21.32
23 2.56 | 6.25 | 6.31 8.86 2.18 2.69 2.71 20.30 11.30 11.11 0.16 | 22.23 32.01 22.39 18.87
23 2.56 | 5.17 | 5.22 7.77 2.00 2.68 2.72 13.65 11.33 11.08 0.16 14.95 25.30 15.11 17.80
23 2.57 | 448 | 4.52 7.07 1.83 2.66 2.71 10.24 11.49 11.19 0.16 11.38 22.03 11.54 | 17.26
23 2.57 | 405 | 4.09 6.64 1.70 2.65 2.70 8.23 11.62 11.26 0.16 9.31 20.13 9.47 16.96
23 2.55 | 3.66 | 3.69 6.24 1.56 2.61 2.67 6.65 11.78 11.34 0.16 7.70 18.69 7.86 16.72
23 2.55 | 343 | 3.46 6.01 1.44 2.59 2.65 5.61 12.00 11.49 0.16 6.64 17.86 6.80 16.72
23 2.54 | 326 | 3.29 5.84 1.36 2.55 2.62 5.04 12.29 11.69 0.16 6.07 17.60 6.23 16.86
23 2.56 | 3.13 3.15 5.70 1.29 2.54 2.62 4.49 12.43 11.75 0.16 5.52 17.19 5.68 16.86
23 2.58 | 3.00 | 3.03 5.58 1.24 2.54 2.63 4.09 12.63 11.86 0.16 5.12 16.99 5.28 16.94
23 259 | 293 | 2.95 5.50 1.22 2.64 2.74 3.84 11.85 11.15 0.16 4.86 16.01 5.02 16.14
23 249 | 2.86 | 2.88 5.43 1.16 2.55 2.65 3.55 11.85 11.08 0.16 4.57 15.62 4.73 15.98
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