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INVESTIGATION OF THE DIMENSIONAL STABILITY OF AN
ULTRA-THIN FILM GAS/LIQUID CONTACTOR

1 INTRODUCTION

Oregon State University (OSU) and the Pacific Northwest National

Laboratory (PNNL) are currently conducting research focused on enabling the

deployment of efficient and extremely compact heat-actuated absorption heat

pumps and gas absorbers. The goal is to significantly reduce the size and mass flow

rate requirements as compared to existing absorption and desorption systems while

maintaining high rates of mass transfer. Early results have suggested that this may

be possible using ultra-thin film gas/liquid contactors [1-3]. The device uses a

permeable surface to mechanically constrain an incoming liquid solution to form a

film with an area of several square centimeters and a thickness on the order of only

100 jim. The permeable surface separates the vapor and liquid phases and can

consist of a porous membrane, a porous substrate, or a substrate with a large

number of micro-machined holes. The surface is hydrophobic, such that the effects

of surface tension in the liquid prevent it from leaving the ultra-thin film. This

configuration allows the vapor and liquid phases to be in contact over a relatively

large surface area per unit mass flow rate of liquid. When the contactor is used as

an absorber (requiring heat removal from the flow), significantly increased rates of

mass transfer from the vapor phase can be achieved. Similarly, when the device is
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used as a desorber (requiring heat input to the flow), significantly increased rates of

mass transfer from the liquid phase can be achieved. Additionally, the use of a

mechanically-constrained liquid film enables the absorption or desorption device to

operate regardless of its physical orientation.

Several aspects of the ultra-thin film contactor remain poorly understood, an

important one of which is the phenomena affecting the dimensional stability of the

liquid film. Early studies have shown that contactor performance is highly

dependent on film thickness: for a specified width and mass transfer rate, the

required contactor length decreases theoretically as the inverse square of the film

thickness [1, 2J. The potential for size reduction of absorption and desorption

systems employing such ultra-thin film gas/liquid contactors is therefore highly

dependent on the ability to reduce the liquid film thickness. However, maintaining

a uniform film thickness becomes increasingly difficult as the film thickness is

reduced. The focus of this work is on gaining an improved understanding of the

viability of using a porous contactor surface to form an ultra-thin film of uniform

thickness, and to maintain the integrity of the film thickness during operation of the

contactor.

1.1 Potential Applications of Ultra-Thin Film Contactors

An improved understanding of current capabilities to mechanically

constrain an ultra-thin liquid film with uniform thickness will significantly advance

the prospects for the commercialization of efficient and compact gas absorbers and



3

desorbers. Such miniaturized systems are in turn expected to enable the deployment

of a wide range of new devices, several examples of which are described below.

Distributed heat-actuated heat pumps for space conditioning applications.

Multiple small heat pumps could be used for distributed heating and cooling

of indoor spaces, reducing the losses associated with using central heat

pumps and large ducting networks [11.

Heat-actuated heat pump for automotive applications. The waste heat from

an automobile's exhaust could be used to power a compact, heat-actuated

air conditioning system, improving efficiency and decreasing the impact of

the air conditioner on engine performance. [11

Industrial heat-actuated heat pump. Many industrial applications could

utilize compact, heat-actuated heat pumps to provide waste heat recovery,

temperature amplification or process cooling without the use of electricity.

[1]

Human-portable cooling systems. The development of a human-portable

cooling system could immediately facilitate needed improvements in

hazardous material clothing and in suits designed to protect soldiers from

chemical and biological warfare agents [2].

Gas/liquid contactors for the chemical process industry. The

commercialization of a high-performance gas/liquid contactor would have

widespread application in the chemical industry for devices such as reactors

and separators [41.
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Carbon dioxide absorption. TeGrotenhuis et al. [3J have demonstrated that

mechanically constrained ultra-thin films can be used to attain very high

mass transfer rates in CO2 absorption applications.

1.2 Use of a Porous Membrane as the Contactor Surface

The primary goal behind the design of a contactor test section was to use a

porous membrane as the permeable surface separating the vapor and liquid phases.

A schematic of this setup is shown in Fig. 1 for both the absorber (Fig. 1-a) and

desorber (Fig. 1-b) configurations. The test section uses a thin, flexible membrane

with a highly-characterizable pore size to mechanically form and constrain a liquid

film with a thickness on the order of 100 jim. The membrane requires a stiffening

system in order to provide support over a contactor area of several square

centimeters. As such, a second design goal of the test section was to investigate the

viability of supporting the membrane using a stiffener plate made from a

commercially-available porous material. In order for this design concept to be

feasible, the material used for the stiffener plate was required to be gas-permeable

over the entire contactor surface. Furthermore, the stiffener plate material was

required to have a mean pore diameter much larger than the mean pore diameter in

the membrane material. This would reduce the resistance offered by the stiffener

plate to diffusion of the vapor phase to the gas/liquid interface.

Figure 1 depicts the ultra-thin film contactor in the absorber and desorber

configurations. When used as an absorber in an absorption heat pump cycle (Fig.
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-,
Vapor phase (low pressure)

Porous stiffener plate

Porous membrane
Liquid film (high pressure)

Quartz viewing window

Cooling water 4

Transparent polymer cover

(a)

I----------------------------------------
1

Vapor phase (low pressure)

I-leater

j Porous stiffener plate

s Porous membrane 5
Liquid film (high pressure)

Quartz viewing window

(b)

Fig. 1 Experimental setup for an ultra-thin film contactor utilizing a porous
membrane as the contactor surface. (a) Absorber and (b) desorber
configurations (solid arrows represent mass flow/transfer; dashed

arrows represent heat transfer)

1-a), a concentrated refrigerant vapor is absorbed into a liquid solution (which

comprises the thin film) of the refrigerant in an absorbent. The solution can be

composed of water and lithium bromide (LiBr) or ammonia and water, the latter of

each pair being the absorbent. The absorption of the refrigerant into the solution is

an exothermic process, so a cooling channel is used to remove the heat released as a

result of absorption. Diffusion of the refrigerant vapor across the porous stiffener

plate and membrane thus occurs against the direction of the pressure differential

existing between the high-pressure liquid and the low-pressure vapor. On the other

hand, when the contactor is used as a desorber (Fig. 1-b), the refrigerant is desorbed

from the solution. The desorption process is endothermic, with the required heat

input provided by a heater located on the back side of the porous stiffener plate.



Diffusion of the refrigerant vapor across the porous membrane and stiffener plate

thus occurs in the same direction as the pressure differential.

1.3 General Problem Statement

Using a membrane to form a liquid film with a thickness of only 100 tm

over a contactor area of several square centimeters is a difficult design task due to

the flexibility of the membrane and limitations in typical machining capabilities

which affect the dimensional accuracy of other components of the contactor.

However, even more difficult than forming an ultra-thin film is maintaining its

thickness uniformly during contactor operation. Prior to testing, several potential

causes of non-uniformity in the film thickness were identified. The first is local

deflection of the membrane into the pores of the stiffener plate. This could occur if

the pore diameter of the stiffener plate material were too large, or if oversized pores

were located at the surface of the stiffener plate. The second is global deflection of

the entire membrane and stiffener plate due to the pressure differential between the

high-pressure liquid film and the low-pressure vapor phase. The degree to which

this mode of deflection occurs is a function of the magnitude of the pressure

differential, the mechanical properties of the porous stiffener plate material, and the

ability to securely clamp the ends of the stiffener plate in the test section. Another

potential cause of global deflection of the membrane and stiffener plate is thermal

mismatch between the stiffener plate and the bulk components of the test section.

Such effects could be significant at the elevated operating temperatures
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encountered in the device. Finally, interactions between the flowing liquid film and

the membrane surface may cause the membrane to wrinkle. The ability to

accurately quantify variations in film thickness resulting from these and other

effects is required as part of an overall improved understanding of the thermal

phenomena encountered in mechanically-constrained ultra-thin films.

1.4 Specific Project Goals

In order to investigate current capabilities to form an ultra-thin liquid film

using a porous membrane as the contactor surface, and to maintain uniform

thickness under operating conditions, the following two tasks were identified.

1.4.1 Finite Element Modeling ofStiffener Deflection

The first task was to construct finite element models of the stiffener plate

used to support the porous membrane over the contactor area. Specifically, the

finite element models were used to investigate the effects of loading the stiffener

plate under the maximum pressure differential and operating temperature to be

encountered in the desorber setup. The goal was to verify the accuracy of the model

results against actual film thickness measurements. This would allow the modeling

technique developed to be used to predict the performance of design changes to the

stiffener plate.



1.4.2 Experimental Verflcation of Film Thickness

The second task was to experimentally measure the film thickness during

steady-state operation of the contactor in the desorber configuration. The test

section investigated was designed with the goal of limiting the variations in the film

thickness to 10 percent of the nominal value. This task therefore required the

development and validation testing of a film thickness measurement system

capable of characterizing variations in the film thickness on the order of 10 jim.

Specifically, this involved characterizing both the spatial uniformity of the film

thickness at a given pressure differential and steady-state operating temperature, as

well as the overall variation in film thickness due to changes in the pressure

differential and operating temperature.



2 LITERATURE REVIEW

Development of the film thickness measurement system included a review

of various non-intrusive techniques described in the prior literature for measuring

the thickness of thin liquid film flow. The following includes a summary of the

most common techniques presented in the literature. The requirements of the film

thickness measurement system are summarized, and a detailed review of three

potential measurement techniques is presented. A measurement system involving

the use of a laser triangulation sensor was selected as a result of the review.

Additional background on these sensors is provided, as well as a discussion of their

application to the current liquid film thickness measurement task. Finally, a review

of the previous literature addressing the issue of refraction in optical distance

measurements is presented.

2.1 Techniques for Measuring the Thickness of Thin Liquid Film Flow

Characterizing the thickness of thin (i.e., less than 1 mm) liquid film flow is

of importance in many applications, and several non-intrusive techniques for

measuring such films have been developed. The following is a summary of some of

the most common techniques found in the prior literature.
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2.1.1 Laser Induced Fluorescence

Driscoll et al. [5] utilized a technique known as laser induced fluorescence

(LIF) to measure the thickness of a thin liquid film flowing over the pre-filming

surface of an experimental air-blast atomizer. This technique relies on measurement

of the intensity of fluorescent radiation emitted from a solution of fluorescent dye

when it is illuminated by a laser beam. A focused argon ion laser was directed at

the free surface of the film, and the fluorescent radiation emitted from the

illuminated column was collected using a photomultiplier tube. The intensity of the

light collected was shown to be related to the column height, and was thus used to

measure the thickness of the liquid film. The technique was used to measure films

on the order of 1 mm thick, and was found to have a repeatability of better than ± 10

pm.

Kull et al. [6] used LIF to generate 2-D visualizations of fuel films on the

inside of a transparent quartz cylinder ring in a spark-ignition engine. A laser beam

was directed into one side of the quartz ring, and a charge-coupled device (CCD)

camera located opposite the laser was used to image the fluorescent radiation

emitted by the illuminated liquid film. In order to prevent fuel vapor inside the

cylinder from being illuminated as well, the laser was directed into the quartz ring

at such an angle that the beam was reflected internally at the liquid/air interface.

Quantitative results were not presented, but the authors suggest that the technique

could be calibrated to quantify the wall film thickness based on the intensity of the

light imaged.
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2.1.2 Total Internal Reflection

Shedd et al. [7] described a technique that relied on the total internal

reflection of light to measure the thickness of a flowing liquid film. hi this method,

light from a light-emitting diode (LED) was directed through a transparent wall to

the free surface of a thin liquid film of water flowing over the wall. The portion of

the light that was reflected internally generated an image on the outside of the wall

which was captured using a CCD camera connected to a personal computer (PC).

The image was processed to determine the positions of the reflected light rays,

from which the film thickness was calculated. The technique was used to measure

flowing film thicknesses on the order of 100 .im.

2.1.3 Microwave Methods

Roy et al. [8] described a technique relying on microwave absorption to

measure the thickness of a thin film of liquid water flowing down the inner surface

of a Plexiglas tube. Horizontal copper plate waveguides were used to direct

microwaves from a microwave generator through a section of the vertical Plexiglas

tube to a detector located opposite the generator. Air flowed upward through the

center of the Plexiglas tube, creating wave-like disturbances on the free surface of

the liquid film. The established rate at which water absorbs microwave power from

waves of a given frequency was used to calculate the instantaneous, local thickness

of the water film. The technique was used to measure liquid films on the order of I
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mm thick. It requires a reasonably lossy liquid (such as water), and could

presumably be used to characterize flow along flat surfaces as well.

Hurley et al. [9] described another technique in which microwaves were

used to measure the thickness of a liquid film on a large metal plate. The method

relied on the phase delay experienced by electromagnetic waves passing through a

material with a high dielectric constant (such as water). A conducting strip

supported on the underside of a Plexiglas frame was oriented above a horizontal

film of liquid water, forming a lightly-coupled resonator. A network analyzer was

used to measure the resonant frequency of the system over a range of known film

thicknesses on the order of 1 mm. Such an empirical relationship could then later

be used to determine the film thickness from a measurement of the resonant

frequency.

2.1.4 Optical Interferometry

Techniques involving optical interferometry have been widely used to

measure the thickness of thin liquid films. For example, Nozhat [10] used a He-Ne

laser to measure the thickness of a film of liquid water flowing down the inside of a

cylindrical glass tube. Reflection from the glass-water and water-air interfaces

produced an interference pattern that was imaged using both a photographic camera

and a CCD camera. The angle of incidence was varied over a known range, and the

resulting interference pattern was used to directly calculate the film thickness. The
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technique was used to measure film thicknesses on the order of 10 tm to 100 pm

with an accuracy of 4 to 8 percent.

Ohyama [11] et al. used a related technique in which a laser measured the

instantaneous thickness of transparent liquid films on the order of 10 tm to 1 mm

thick. A parallel, monochromatic beam from a He-Ne laser was passed through a

lens positioned at a distance equal to its focal length from the thin film. The

converging beam of spherical waves reflected off the front and rear surfaces of the

film and passed back through the same lens, re-transforming it into planar waves.

This image formed interference fringes on a screen, which was used to directly

calculate the film thickness. The author claims that the use of the convergent laser

beam provides the added capability of measuring films with unsteady thickness,

since the angle of incidence does not have to be varied for each measurement.

Gokhale et al. 11121 used image analyzing interferometry to study the

thickness and curvature profiles of partially-wetting condensing drops of

2-propanol on a quartz surface. The data was used to gain fundamental insight into

the phenomena of phase change, pressure gradient, and fluid flow and spreading in

a condensing drop. A sealed, quartz cuvette of square cross section containing the

test liquid was fixed to a heated copper plate, resulting in the formation of liquid

drops on the upper surface inside the cuvette. Monochromatic light from a Hg-arc

lamp was used to illuminate the cuvette through the objective of a microscope. The

pattern of interference fringes resulting from the reflection of light at the liquid-

vapor and liquid-solid interfaces were captured using a CCD camera and a data
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acquisition card. The interference patterns were then used to directly calculate the

liquid film thickness.

2.1.5 Laser Focus Displacement Meter

Fukamachi et al. [131 used a laser focus displacement meter (also known as

a laser confocal displacement meter) to measure the thickness of a film of liquid

water on the inside of transparent fluorocarbon (FEP) tubes with inner diameters of

1 to 2 mm. The laser focus displacement meter operates by using an objective lens

to focus a laser on the target surface. A tuning fork is used to move the objective

lens until the spot on the target surface appears in focus as viewed by a light-

receiving element inside the device. The final position of the objective lens can

then be used to determine the displacement of the target surface. The particular

device utilized was a commercial unit and was used to measure film thicknesses on

the order of lOto 100pm.

2.2 Selection of Liquid Film Thickness Measurement Technique

The following describes the selection process for the film thickness

measurement system. The requirements of the measurement system are outlined,

and a review of two potential measurement techniques is presented. As a result of

the study, a third measurement technique involving the use of a laser triangulation

sensor was selected. Additional background on these sensors is provided, as well as

a discussion of their application to the current liquid film thickness measurement
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task. Finally, a review of the previous literature addressing the issue of refraction in

optical distance measurements is presented.

2.2.] Measurement System Requirements

The following requirements of the measurement system were identified as

part of the selection process.

It must be capable of measuring a liquid film flowing between two surfaces:

the transparent viewing window and the opaque porous membrane.

It must be capable of measuring the film thickness of approximately 100 jim

over a contactor area of approximately 3 cm by 4 cm.

It must be a non-intrusive technique that can be utilized through the

transparent quartz viewing window (i.e., with optical access to only one

side of the film).

It must provide sufficient standoff distance between itself and the liquid

film in order to allow for the thickness of the glass viewing window

(approximately 0.75 cm).

It should be able to resolve differences in film thickness on the order of a

few microns, in order to accurately quantify variations in film thickness on

the order of 10 jim.

It should preferably be fast and easily automated for rapid data collection.

It should allow for verification that the film thickness at any given point in

space is constant in time under steady-state operating conditions. It is not
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required to be capable of measuring the entire film thickness

instantaneously.

2.2.2 Measurement Techniques Considered

Most of the film thickness measurement techniques reviewed in Section 2.1

were ruled out immediately. LIF and the microwave techniques were eliminated

because they were used to measure film thicknesses on the order 1 mm rather than

the required 100 jim. Total internal reflection was ruled out because it requires one

surface of the liquid film to be a free surface. Use of a laser focus displacement

meter was not considered further due to the high cost of the device. As such, only

laser interferometry was considered in the final selection of a measurement

technique. Other techniques not previously documented for film thickness

measurement were also investigated, including an optical depth of field technique

and laser triangulation. The optical depth of field technique is described in Section

2.2.2.2, and laser triangulation, which in the end was selected as the best

measurement option, is described in Section 2.2.3.

2.2.2.1 Laser Interferometry

The original research proposal called for the use of a dual-exposure laser

interferometry technique similar to that described by Nozhat [101. The idea behind

this approach was to use a double exposure of the deflected and undeflected

membrane, which would provide the interference patterns necessary to determine
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the membrane deflection. The primary drawback of this system is the relatively

high cost of the interferometry equipment.

2.2.2.2 Optical Depth of Field Technique

The next measurement technique considered relied on the so-called "depth

of field" parameter of a lens system. The depth of field of a given lens system is the

distance (measured along the lens axis) on either side of the plane of best focus that

the object can be moved with the image still remaining in focus [14, 15]. The idea

was to use a lens system with a sufficiently small depth of field (i.e., on the order of

a few microns) in conjunction with a motorized controller, such that the near and

far walls forming the boundaries of the liquid film could be imaged and the

distance between them determined. Imaging the liquid film side of the transparent

quartz viewing window would require that it be indicated with some kind of

marking or scoring.

In general, the depth of field of a lens system decreases with decreasing

standoff distance [14] and with increasing system magnification [15]. Several

preliminary studies of the optical depth of field technique were carried out to

determine how feasible a lens system would be that had the required depth of field

of a few microns while still maintaining a sufficient standoff distance. A suitable

imaging system was identified consisting of a high-power (50X), long standoff

distance (1.3 cm) microscope objective lens produced by Mitutoyo, an

appropriately corrected tube, and a CCD camera. According to the manufacturer's
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specifications, the objective lens has a depth of field of 0.9 jim. As such, the

measurement system could presumably be used to acquire film thickness

measurements with an accuracy on the order of a few microns. An added benefit of

this technique is that the same system used to measure the film thickness could also

be used to visually peer into the liquid film and study the various flow phenomena

occurring as the liquid flows across the porous membrane. The major drawbacks

are the inherent subjectivity of the focusing procedure used to image the film

boundaries, and the relatively large amount of time required to take several film

thickness measurements over the entire contactor area. An auto-focus routine could

be used to automate the measurement procedure, but this would significantly

increase the complexity of implementing the technique.

2.2.3 Measurement Technique Selected: Laser Triangulation

The final measurement technique considered involved the use of a laser

triangulation sensor. Laser triangulation sensors measure the distance to a target

surface by projecting a beam of laser light (typically visible laser light) onto the

surface. Reflected light from the surface is viewed at an angle by a detector

consisting of either a pixel linear array or a position-sensing detector (PSD). The

distance between the target surface and a reference plane can then be calculated

based on the location of the reflected light on the detector.

The operating principle behind laser triangulation sensors is described

below in more detail. In addition, a review of the previous literature regarding the
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accuracy of these sensors is summarized. Finally, a discussion of the use of laser

triangulation for the current film thickness measurement task is presented.

2.2.3.1 Operating Principle behind Laser Triangulation Sensors

The operating principle behind laser triangulation sensors has been widely

documented in commercial and other literature (e.g., see [16-201). A schematic ofa

typical laser triangulation sensor is shown in Fig. 2.1. A solid-state laser diode

generates a beam of visible laser light that is focused by a lens, creating a spot at

the standoff distance. The optical design controls the spot diameter, which in turn

represents the spatial lateral resolution of the sensor. This lateral resolution is larger

at the extremes of the measurement range than at the standoff distance due to the
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Fig. 2.1 Schematic diagram of a laser triangulation sensor 116-201
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beam waist formed by the focusing lens. The imaging lens collects light reflected

diffusely off the target surface and images it onto a linear array detector. As shown

in Fig. 2.1, the location of the spot on the detector depends on the location of the

target surface within the measurement range. Each element of the array generates a

voltage corresponding to the amount of light incident upon it. The precise location

of the spot on the detector is then determined by calculating the weighted centroid

of the array data, which gives the center of the spot to a fraction of a pixel. This in

turn can be used to very accurately calculate the location of the target surface.

2.2.3.2 Accuracy of Laser Triangulation

Certain characteristics of laser triangulation sensors limit the degree of

accuracy attainable with their use. These limitations arise primarily due to their

reliance on diffusely-reflected light. Three separate investigations described in the

previous literature regarding the accuracy of the laser triangulation technique are

summarized below.

Smith et al. [21] developed a simulation model of the geometrical ray optics

involved in laser triangulation. The model was used to study the measurement

errors that are introduced due to several factors including the effects of sensor-to-

surface orientation and specular reflectance patterns. For surfaces with both diffuse

and specular reflectance characteristics, the model suggested that operating the

sensor at an incline relative to the target surface such that the specular lobe was

allowed to reach the linear array detector produced significant errors. The errors
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were the result of the specular lobe biasing the intensity distribution on the

detector. The model further suggested that the magnitude of this displacement error

could be reduced by satisfying the Scheimpflug condition i.e., orienting the

planes of the target surface, imaging lens, and linear array detector such that they

all intersect at one line.

Murakami [22] described the development of a laser triangulation sensor

and a calibration system utilizing a laser interferometer. The composite system was

used to study the non-linearity errors inherit in laser triangulation sensor data.

Measurements of non-linearity errors were made for various target surfaces

including ceramics, sand-blasted stainless steel, forged iron, and rolled aluminum.

The results indicated that target surfaces with more of a Lambertian reflection

pattern resulted in reduced non-linearity errors. Conversely, target surfaces that

deviated from the diffuse reflection pattern demonstrated increased non-linearity

errors.

Dorsch et al. [23] investigated speckle noise, which arises due to the use of

a coherent laser beam to illuminate rough surfaces and which represents the

fundamental uncertainty limit in distance measurement by laser triangulation. A

minimum limit on the distance uncertainty was derived through speckle statistics

and was shown to be equal to the distance uncertainty that is predicted by

Heisenberg's uncertainty principle. Speckle noise was shown to be a function of

observation aperture, and speckle contrast in the spot image, and the angle of

triangulation.
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2.2.3.3 Application to the Current Liquid Film Thickness Measurement Task

In order to measure the liquid film thickness, the two surfaces constraining

the liquid film needed to be imaged: the front of the membrane and the back of the

quartz viewing window. However, laser triangulation is not well-suited for

measuring the distance to a transparent surface such as the back of the quartz

window. Instead, an idea was conceived to coat small, selected regions on the back

of the quartz window with a very thin opaque film, forming a grid of film thickness

measurement points. As shown in Fig. 2.2, this would allow the sensor to image

both the near side of the film (when the laser was incident upon the opaque film)

Vapor phase
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Porous stiffener plate

Porous membrane
Liquid film-

Quartz viewing windowJ
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(vapor-deposited NiCr)

Translate '

Fig. 2.2 Film thickness measurement technique utilizing a laser
triangulation sensor and vapor-deposited NiCr
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and the far side (when the laser was incident upon the membrane). The difference

between adjacent measurements to these two surfaces, once corrected for the

effects of refraction, would provide a direct measurement of the local film

thickness. Commercial vapor-deposition processes allow alloys such as nickel-

chromium (NiCr) to be deposited on quartz with film thicknesses on the order of

100 nm. Such a thin coating would be required in order to avoid affecting the flow

of liquid through the test section.

This measurement technique posed several advantages over the other

techniques considered. Commercially available laser triangulation sensors, which

currently sell for a few thousand dollars, have resolutions on the order of a fraction

of a micron and non-linearities on the order of ± 1 pm. Furthermore, a wide range

of sample rates are possible, up to as many as several thousand per second. As

such, the device can easily be incorporated into an automated measurement

procedure in which the laser spot is scanned across the target surface using a

motorized controller.

A laser triangulation sensor produced by Acuity Research, Inc. was

purchased in order to verify whether or not the technique was feasible for the given

measurement task. The particular model purchased was the high-resolution, 5 mW

version of the AR600-0 125, which uses a 670 nm red diode laser and has a

resolution of 0.32 pm and a linearity of± 0.95 pm [24]. Initial testing, also

described in Section 5.2, was conducted in order to verify that the sensor could

reliably image both the membrane surface and the NiCr-coated quartz viewing
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window. However, this testing quickly revealed that using the sensor to image the

NiCr coating, which had a mirror-like finish on the smooth quartz surface, resulted

in unreliable data. As discussed in the literature summarized in the previous

section, the primary limitation on the accuracy of laser triangulation sensors arises

due to their reliance on the diffuse component of light reflected from the target

surface. Highly specular surfaces (e.g., mirrors or polished metals) can be difficult

to measure if too little diffusely-reflected light reaches the detector.

In order to minimize this problem, a technique was developed that involved

particle-blasting selected regions of the quartz window before deposition of the

NiCr. This technique, which is described in detail in Section 5.2, produced a NiCr

coating with primarily diffuse reflection characteristics. Initial testing of this film

thickness measurement technique, which is also described in Section 5.2, verified

that the laser triangulation sensor was able to image both the NiCr and membrane

surfaces through the quartz viewing window.

Another hurdle to implementing this film thickness measurement technique

was the refraction that occurred at the various interfaces (air-quartz and quartz-

liquid) through which the laser triangulation measurements were made. This issue

is investigated and discussed in the following section.

2.3 Correcting for Refraction Effects

Implementing the proposed liquid film thickness measurement technique

involving the use of a laser triangulation sensor required a method to correct for
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refraction that occurred at the air-quartz and quartz-liquid interfaces. The previous

literature pertaining to this topic is summarized below.

2.3.1 Correcting for Refraction in Various Optical Liquid Film Thickness
Measurement Techniques

When optical techniques are used to measure the thickness of liquid films, a

correction must often be made for the effects of refraction. Such refraction may

occur at the interfaces between two transparent mediums; for example, at the free

surface of a liquid film; at the interface between the liquid and a transparent wall on

which it is formed; or between other transparent mediums involved in the

experimental setup, such as sensor windows or external enclosures.

Several previous studies have addressed this issue using analytical

corrections involving the use of Snell' s law and basic geometry. For example, in

their work with LIF, Driscoll et al. [5] used Snell's law and basic geometry to relate

the actual liquid film thickness to the length of the illuminated column (see Section

2.1.1). Shedd et al. [7], in their measurement technique that relied on total internal

reflection, developed a relationship between the position of the first fully reflected

ray and the liquid film thickness, also using Snell's law and basic geometry (see

Section 2.1.2). Fukamachi etal. [13] used the same technique to correct for the

refraction that occurred as the laser passed through the interfaces between several

transparent mediums in their work with the laser focus displacement meter (see

Section 2.1.5).
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2.3.2 Correcting for Refraction in Laser Triangulation Measurements

Past literature on the use of laser triangulation sensors for measuring the

thickness of thin liquid films is sparse or non-existent. However, attention has been

given to correcting for refraction when laser triangulation sensors are used to

measure to opaque target surfaces through interfaces between transparent mediums,

such as liquid films and transparent enclosures. As in the liquid film thickness

measurement techniques described in the previous section, SneIl's law and basic

trigonometry can be used to derive an analytical correction for such refraction.

Three example works are described below.

Fukata et al. [25] used a laser triangulation sensor to detect a change of

optical path through a liquid film constrained between a transparent glass window

and a reflective surface. The change of optical path was used as an indicator of the

concentration of the liquid forming the film, which was a solution of oil in a

refrigerant. The diffusely-reflected light was not bright enough to be detected, so

the sensor was instead mounted in an inclined position, such that the specular lobe

of the reflected light was incident on the detector as viewed through the imaging

lens. Due to this mounting configuration, the incident light and the reflected light

viewed by the detector formed the same angles with each of the various layers of

the test section. A refraction model was described that relies on Snell's law and

basic trigonometry. In the model, the reflected light viewed by the detector passed

through the center of the imaging lens. In this manner, only the location of the
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imaging lens relative to the laser diode was relevant, and the location of the

detector was excluded from consideration.

Okkerse et al. [26] used a laser triangulation sensor to measure the thickness

and surface roughness of a bioflim cultured using a falling-film biofilm reactor.

The reactor operated by allowing a nutrient solution to flow over the outside wall

of a wetted PVC tube with a diameter of 3 cm. The sample was then allowed to

drain, and a laser triangulation sensor attached to a motorized linear-track guide

was scanned vertically in order to measure the distance to the bioflim surface as a

function of vertical position along the tube. These measurements were converted to

bioflim thickness measurements by subtracting the corresponding measurements to

the clean PVC tube (before growth of the bioflim). A residual film of water over

the top of the bioflim was identified as a potential source of error, and a refraction

model using Snell's law and basic trigonometry was described that related the

resulting error to the thickness of the water film. In the refraction model, the laser

triangulation sensor was modeled simply as a point laser source and a point

detector with a known distance separating them; i.e., the details of the optics

involving the imaging lens and the linear array detector were not considered.

Another potential source of error identified by the authors was semi-transparent

biofilms, which would allow light from sub-surface layers of the biofllm to bias the

distribution of the light reaching the detector.

Lang et al. [27] described the use of a laser triangulation setup (not

necessarily a commercial laser triangulation sensor) in an electrochemical beam
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bending experiment. In such experiments, the radius of curvature of an electrode is

measured using a laser and a PSD in order to determine the stress in a thin film on

the surface. The electrode is located inside an enclosed volume that is filled with a

liquid solution, and is illuminated and viewed through a transparent window. The

incident beam is oriented perpendicular to the transparent window, and the PSD is

oriented parallel to the transparent window. The authors claimed that in many

papers reporting results based on such experimental setups, no consideration was

given to the refraction that occurred at the interfaces of the various transparent

media involved. Experimental results were not presented, but the authors presented

a model relating the position of the spot on the PSD to the curvature of the

electrode that includes the effects of the refraction occurring at the transparent

window. The thickness of the window is ignored, and the interface is modeledas

direct interface between the liquid solution and the air outside the enclosed volume.
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3 THEORETICAL ANALYSIS

Early in the design of the ultra-thin film contactor test section, analytical

modeling techniques were used to assess the effects of the stiffener plate size, test

section construction, and operating conditions on the mechanical deformation of

the stiffener plate. The analytical deflection equations used in these analyses are

described below. In a separate analysis, a theoretical approach for correcting the

readings from the laser triangulation sensor for refraction is described, and the

resulting relationships are presented.

3.1 Analytical Beam and Plate Deflection Equations

A primary design goal of the test section construction was to limit the

stiffener plate deflection to a specified amount during operation of the device at a

specified maximum pressure differential. (A complete description of the stiffener

plate design procedure is included in Chapter 4.) To accomplish this, various plate

materials and dimensions (length, width, and thickness) were considered. In

addition, several potential configurations of the stiffener plate in the test section

were investigated. These primarily involved variations in the number of supported

edges (either all four edges or the two long edges only) and variations in the

method used to secure the plate at its supported edges. To investigate these size,

material, and configuration possibilities, the stiffener plate was modeled

analytically as both a beam (two supported edges) and a plate (four supported
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edges) loaded in bending under a uniformly distributed load equal to the maximum

pressure differential to be encountered under operating conditions. In addition, the

effects of simple and clamped supports were investigated, representing the worst

and best case scenarios, respectively, for the degree to which the test section

construction achieved a clamping effect at the supported edges of the stiffener

plate. The following describes the elastic deflection equations for beams and plates

loaded in bending that were used for these analyses.

The maximum elastic deflection, Wm at the center of a beam with simple

supports at both ends and subject to a uniformly distributed load, q (units of force

per unit length), is given by [28, 29]

5qL4
Wm

384E1
(1)

where L is the length of the span, E is the elastic modulus of the beam material

and is constant, and I is the second moment of area about the neutral bending axis

and is constant. For a beam with a rectangular cross section, I is given by

I=
12

(2)

where b is the breadth of the beam and is constant, and h is the height of the beam

cross section and is constant. On the other hand, if both simple supports are

replaced by clamped supports, the maximum elastic deflection is given by [28]

qL4Wç
384E1

(3)
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Similarly, the maximum "small" elastic deflection, Wmax at the center of a

"thin" rectangular plate subject to a uniformly distributed load, p (units of force

per unit area), is given by [30]

Wm =CSF .(1_v2). (4)
Eh3

where E is the elastic modulus of the plate material and is constant, v is Poisson's

ratio of the plate material and is constant, h is the thickness of the plate material

and is constant, L1 and L2 are the length and width of the plate, respectively (with

L2 being the shorter of the two), and CSF is a constant whose value depends on

both the ratio L2 /L1 and on the types of supports at the plate edges. In the

derivation of these equations, Wmax is assumed to be much less than the plate

thickness h, and the strains and midplane slopes are assumed to be much less than

unity (the "small" deflection assumption). In addition, h is assumed to be at least

one order of magnitude less than the spans L1 and L2 (the "thin" plate assumption)

[31]. For a plate with four simply-supported edges, C is denoted by the subscript

S and is given by [30]

0.16
Cs

1+2.4(L2/L1)3
(5)

On the other hand, for a plate with four clamped edges, C is denoted by the

subscript F and is given by

0.032
CF= (6)

1 + (L2 /L1
)4
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In order to facilitate direct comparison of the deflection results obtained for

a stiffener plate with a fixed size but supported along either all four edges or the

two long edges only, it is instructive to rearrange the beam equations to depend on

the same load and length parameters as the plate equations. This can be

accomplished by replacing the parameter q (force per unit length) in Eqs. (1) and

(3) with the parameter p (force per unit area) multiplied by the appropriate beam

dimension. To model the scenario in which the stiffener plate is supported on the

two long edges (as opposed to the two short edges), the appropriate dimension is

the width, b (as opposed to the length, L).

q=pb (7)

When combined with Eqs. (2) and (7), Eqs. (1) and (3) become, respectively,

and

5 pL'
Wmax (8)

1 pLWm= (9)

In addition, the parameter L in Eqs. (8) and (9) must be replaced by the appropriate

plate span dimension. Again, since the intent is to model the scenario in which the

stiffener plate is supported on the two long edges, the shorter of the two

dimensions, L2, is the appropriate choice for this substitution. The deflection

equations for a simply-supported beam and a clamped beam then become,

respectively,
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5 pLWma (10)

(11)lVina

32 Eh3

Equations (4), (5), (6), (10), and (11) are summarized in Table 3.1 in the form of a

matrix of equations for Wiax These equations allow the deflection results obtained

for each of the four support configurations investigated to be directly compared as

the stiffener plate size (i.e., length, width, and thickness) and elastic modulus are

varied.

Table 3.1 Matrix of beam and plate deflection equations
developed for various support configurations

Two Long Edges Supported
(Beam)

All Four Edges Supported
(Plate)

Simple 5 p14 0.16
. (1 v2)Supports 32 1+2.4(L2/L1)3 Eh3

Clamped 1 p14 0.032

Supports 32E 1+(L2/L1)4 Eh3

The results obtained by applying these equations are detailed in Section 4.1.

For the general application of these equations, it is important to note that all four

equations are valid only for elastic deformation of materials with constant material
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and cross-sectional properties. it is also important to note that the plate equations

are only valid if both the "small" deflection and "thin" plate requirements are met.

The deflections involved in the present analysis easily satisfy the small deflection

requirement. However, the thin plate requirement is only approximately met, and

will demonstrate more error for the thicker stiffener plates examined.

3.2 Correcting for Refraction Effects Theoretical Method

The laser triangulation sensor operates by focusing a beam of visible laser

light onto the surface to be measured, with the beam oriented orthogonally to the

surface. The line scan camera inside the device then views at an angle the portion

of the laser light that is scattered diffusely by this surface. In the present

measurement task, the sensor must view the laser spot through various mediums

with varying optical properties: air, the transparent quartz window of the test

section, and, for the measurements to the membrane, the liquid in the ultra-thin

film. Since the camera views the laser spot at an angle, the effects of refraction

must be taken into consideration. The following describes one approach based on a

theoretical model of the ray optics involved. Similar approaches involving laser

triangulation sensors are described by Fukata et al. [25], Okkerse et al. [26], and

Lang et al. [27] (see Section 2.3.2). Related approaches involving other optical

techniques are described in [5], [7], and [13] (see Section 2.3.1).
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3.2.1 Relating the Apparent and Actual Local Film Thicknesses

The apparent local film thickness, AZapp is calculated by taking the

difference between adjacent distance measurements to the membrane surface and

the NiCr film on the quartz viewing window (Zrn and Z, respectively).

appZmn (12)

Deriving an explicit function that describes the dependence of the actual film

thickness, AZ,, on AZapp is not feasible; however, it is possible to calculate AZac,

from AZ, by solving the system of equations describing the ray optics involved.

The law of refraction from optics, more commonly known as Snell's Law,

is required to describe how a beam of light is "bent" when it passes from one

medium into another. The equation is of the form [32]

n1sinG1=n2sinG2 (13)

where n1 and n2 are the indices of refraction of mediums 1 and 2, respectively, and

01 and 02 are the respective angles formed between the incident beam in mediums

I and 2 and the normal of the plane containing the medium boundary.

Figure 3.1 schematically shows the parameters involved in this theoretical

correction for the effects of refraction. It also illustrates the effect that refraction

has on the measured film thickness, causing the laser triangulation sensor to "see"

an apparent film thickness that is less than the actual film thickness.
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The following mediums are involved in the refraction correction problem:

air;

fused quartz (used for the viewing window); and

the liquid that comprises the ultra-thin film (either aqueous LiBr solution or,

in the tests conducted in the present study, water).

XIIIA

AZ
act

Membrane surface

Fig. 3.1 Parameters involved in theoretical correction for refraction
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The refractive indices of these three mediums are denoted as nA, flQ, and L'

respectively, and are published in the previous literature (see Section 6.1.1). The

thickness of the quartz window is denoted as t2 and can be measured directly with

the test section unassembled.

The angles of incidence formed by the light received from the membrane

surface are denoted as 8mA' 9mQ' and 8mL respectively, in the three mediums. On

the other hand, the light received from the NiCr surface on the quartz viewing

window only passes through the air and the quartz; these angles of incidence are

denoted as 9nA and O, respectively, in these two mediums. The lateral distances

traversed by the light received from the membrane surface in each of the three

mediums are denoted as XmA XrnQ and XmL respectively. The lateral distances

traversed by the light received from the NiCr surface are denoted as XflA and X11Q.

respectively, in the air and the quartz. By inspection of Fig. 3.1,

LH=XmA+XmQ+XmL (14)

LH=xflA+xflQ (15)

where LH is a fixed parameter that represents the horizontal distance between the

laser beam (as it emerges from the laser diode) and the center of the imaging lens.

This parameter can be estimated by visual inspection of the laser triangulation

sensor.



38

Using the definition of the sine, the following equations can be written

describing the angles of incidence in the three mediums:

AXmA
SlfleflA=

I 2 (16),(17)5lflOmA

Xm +t XflA +tA

XmQ X,

= _______ sin 0nQ =
JXm+t

(18),(19)

XmL
= (20)slnOmL Xm+2

act

Additionally, applying Snell's Law at each of the medium interfaces yields the

following equations:

flQ5lflGmA floSiflOflA
(21),(22)

A sm6mQ A sin 9nQ

S1flOmQ

flQ srn8mL
(23)

The standoff distance, D, is the distance between the laser triangulation

sensor package and the first refraction boundary in this case, the outer surface of

the quartz viewing window. An appropriate estimate for this parameter can be

formulated by measuring the standoff distance typically required to locate the

liquid film within the sensor's measurement range. The imaging lens offset

constant, C1, is defined as the distance between the sensor window and the center

of the imaging lens. The total air gap, tA is then given by

tA=Ds+CI (24)
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The imaging lens offset constant, C1, can be determined experimentally, as

described in the following section.

The differences between the apparent and actual distances measured to the

membrane and NiCr surfaces are denoted as m and 5,, respectively. The vertical

length parameter, L, is defined as

L =tA +tQ (25)

Additionally, by observation of Fig. 3.1, the following relations are true by similar

triangles:

L,
(26)

XflA LH

tA L +act m

XmA
(27)

Finally, by defining the distance x1 as shown in Fig. 3.1, the following equations

may also be written:

tan (28)
app

__ Sn
(29)

XmA LHxl

Equations (14) through (29) present a system of 16 equations with 16

unknowns, which are summarized for reference in Table 3.2. The system relies on

the eight input parameters summarized in Table 3.3. Using this system of



equations, a corresponding value for AZact can be calculated based on an input

value for

Table 3.2 Sixteen unknowns in the system of equations describing the
theoretical correction for refraction

°mA 6mQ 6mJ. 8nA 9nQ XmA XmQ

XmL XflA XnQ tA x1

Table 3.3 Eight input parameters in the system of equations describing the
theoretical correction for refraction

AZapp hA L tQ LH C1

If the system of equations is solved over a range of values for AZ,, a

calibration curve can effectively be generated by plotting against AZapp and

fitting a curve to the data. In fact, as will be discussed further in Section 6.1 .1, the

resulting calibration curve has a constant slope i.e., the theoretical calibration

"curve" in this case is better described as a theoretical calibration "coefficient,"

CT , as given by the ratio

acl
(30)T

app
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which is essentially constant for all values of AZ. The approach used to quantify

the uncertainty associated with the results of this analysis is described in Section

3.2.3. The results for CT are discussed in Section 6.1.1.

3.2.2 Determining the Imaging Lens Offset Constant

The imaging lens offset constant, C1, can be determined experimentally

utilizing a piece of transparent material with a known thickness and index of

refraction. In this case, the fused quartz viewing window from the test section was

used. The method involves taking the difference, 5 *, between two distance

readings of the same surface with the laser triangulation sensor fixed in place: one

reading of the surface alone, and a second reading through the quartz window as it

rests on the surface. The experiment and the parameters involved are depicted in

Fig. 3.2.

The parameters A' flQ, t0, and LH retain their definitions as described in

the previous section. The lateral distances traversed by the light in the air and

quartz layers are denoted by XA * and XQ respectively. The angles of incidence

in the two mediums are denoted by °A * and * By observation and by

application of Snell's Law, the following set of five equations can be developed:

LH=xA* +XQ* (31)

S1flOA*_
XA*

(32)
V(xA*)2 +(tA*)2



*

S1fl90* =

tj(XQ) +t

Sfl 0A
*

1A
S1flOQ*

tanGA

Q

Laser diode package
i

j
Sensor

[ Linear anay detector
Laser focus lens /

/

LH I
// Imaging

CI

Quaz

kXQ*

Fig. 3.2 Parameters involved in experimental determination
of imaging lens offset constant
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(33)

(34)

(35)
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This system of five equations can be solved for XA XQ A A
* 9 * 9*andt *

where tA * is the total air gap between the quartz window and the imaging lens.

The standoff distance measured with the quartz in place is denoted as D

If D * is measured at the same time the measurement of ö * is taken, and with

tA * calculated using Eqs. (31) through (35), C1 is given by

C =t * - * (36)1 A

The parameter C1 is fixed by the sensor design, and as such can be used in the

calculations described in the previous section. The approach used to quantify the

uncertainty associated with the results of this analysis is described in the following

section. The results of the analysis are summarized in Section 6.1.1.

3.2.3 Theoretical Calibration Uncertainty Analysis

Since the system of equations used to solve for AZacj involves a large

number of variables, it is not feasible to use the general approach (involving partial

derivatives) for propagation of uncertainty. A numerical technique known as

sequential perturbation can be used to estimate the uncertainty propagation in

situations where a result has been obtained by solving a system of equations with a

large number of variables [33]. Application of this technique to the problem at hand

is described below.

The value obtained for AZact depends on the eight independent variables

summarized in Table 3.3. It is desired to arrive at a value for the theoretical
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calibration coefficient, CT, along with some associated uncertainty, UCT, that

incorporates the uncertainty associated with CT due only to its dependence on the

last seven of these variables that is, without its dependence on AZapp Then, using

a value for AZapp that has been obtained experimentally, the value of AZ, is

given by

AZact = CT AZapp (37)

and the uncertainty associated with AZacj is given by

2 2 ((U I UCT'\
j

IZapp
1 (38)

act) CT) AZapp)

The specifics of the experimental design determine Uapp and UCT takes into

account the dependence of Uaci on the uncertainties associated with the other

seven variables.

In order to determine UCT, the method of sequential perturbation can be

used to first determine UZac! for some assumed value of AZapp First, the seven

independent variables of interest must be measured and assigned some associated

uncertainty (whether through calculation or estimation). The value of AZaci is then

calculated using the nominal values of the seven independent variables of interest

(along with the assumed value for AZ app) Expressed symbolically, this is given by

AZact = f(A flQ ' tQ LH , D ,C1) (39)
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where f denotes some functional dependence of AZacj on these seven variables,

and where AZact (with no further subscripts or superscripts) denotes the nominal

value of AZ,. Next, is recalculated for each of the variables with the

variable increased by its respective uncertainty. That is,

AZactn f(A +uflA,nQ,nL,tQ,LH,Ds,Cl),

AZac!nQ =f(A'Q +uflO,nL,tQ,LH,Ds,Cl),... (40)

AZactc f(nA,nQ,nL,to,LH,Ds,CI +u1)

These values ofAZ, are denoted as (AZac, ) , where j is the index used to denote

each of the seven independent variables. Similarly, the calculations are repeated

with each of the variables decreased by their respective uncertainties, with the

results being denoted as (AZac, ) . Next, the differences b(AZac, ) and S(AZac,
)1

must be calculated, which are given by

s(Az ) = AZ AZact (4Uact j ac

S(AZact )j = AZact AZact (42)

The approximation for the uncertainty contribution from each variable is given by

the average of the absolute values of
S(AZC1 ) and 8(AZaCI )ij for that variable.

That is,

8(AZact ) I + IS(AZact );
I

8(L'XZact ) - (43)
2



Finally, the overall uncertainty contribution from the seven independent variables

of interest is given by the square root of the sum of the squares of the b(L\Zact )

values. That is,

=
±(4\Zac!j

))2 (44)
j=1

With Uact determined for the assumed value of AZapp the procedure

summarized in Eqs. (39) through (43) can be repeated (albeit in a much simpler

form) to calculate 1tCT As defined in Eq. (30), the nominal value of CT is given by

C act (45)T
AZ

where AZapp is still the value assumed in Eq. (39). The values of CT at the

extremes of the range of AZ act are given by

C AZact + UCT AZact UCT
T C = (46), (47)

AZ app AZapp

Equations (46) and (47) can each be used to calculate an approximate value for

UCT, as given by

u =CT C uc CT _CI (48), (49)

Typically, u and u are nearly equal. However, the best estimate for UCT is

given by their average.

;
UCT

2
(50)
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The entire procedure described by Eqs. (39) through (50) should be repeated using

a different value for AZ app , in order to verify that the result obtained for UCT is

essentially not dependent on the value assumed for AZapp

It should be noted that all of the independent variables listed in Eq. (39) can

either be looked up in the previous literature or measured (or approximately

measured) directly, as described in Section 3.2.1, except for C1. This parameter by

given in Eq. (36) as

C =t * D * (51)
1 A S

where D5 * is a measured parameter and tA
* is calculated by solving a system of

five equations and five unknowns. As such, the sequential perturbation method

must be applied to calculate a value for UIA. by perturbing the five independent

variables upon which it depends (LH, 5 nA flQ, and tQ). This value can in turn

be used to calculate u1, which is given by

I \2 I 2

Uc1) 1¼U,A*) +(uDS*)2 (52)

The results of this method for theoretically correcting the refraction effects

are discussed in Section 6.1.1. The results are used to verify the accuracy of an

empirical calibration method described in Section 5.5.



48

4 DESIGN EVALUATION OF THE STIFFENER PLATE

The contactor test section was designed by Jeremy Siekas and Jonathan

Thorud of the Oregon State University Department of Mechanical Engineering

under the supervision of Dr. Deborah Pence. A design evaluation of the stiffener

plate was then performed in order to predict the mechanical deformation under the

operating conditions of the contactor test section in a desorber configuration.

Analytical beam and plate models of the stiffener plate were used to estimate the

performance of various porous materials considered for the stiffener plate. A set of

finite element models were then developed in order to numerically model the

stiffener plate deflection. This chapter summarizes the methods used in the design

evaluation and the results obtained.

4.1 Evaluation of Material Selection Using Analytical Deflection Models

The anticipated worst-case operating conditions of the contactor test section

in the desorber configuration include a uniform device temperature of 80 °C (176

°F) and a pressure differential across the membrane and stiffener plate of 69 kPa

(10 psi). The goal behind the design of the stiffener plate was to have the largest

possible contact area (at least several square centimeters) while still demonstrating

the following characteristics:

a maximum deflection wm at the center of the plate of not more than 10

jim (10 percent of the nominal 100 jim film thickness);



a thickness h of not more than about 10 mm, in order to minimize the

resistance offered by the porous stiffener plate to gas diffusion; and

a mean pore diameter on the order of 10 jm (in order to minimize local

deflection of the membrane into the pores of the stiffener plate).

Several porous materials were considered as potential materials that could

be used for the stiffener plate. The materials were evaluated by estimating their

material properties and constructing analytical beam and plate deflection models, as

described below.

4.1.] Evaluation ofPorous Polymers

Initially, commercially-available porous polymers such as polyethylene

(PE), polypropylene (PP), and polytetrafluoroethylene (PTFE) were evaluated. The

benefits of using a porous polymer material for the stiffener plate include their wide

availability and their resistance to the corrosive effects of aqueous LiBr. In fact, a

large number of the other test section components were also made from polymeric

materials due to the corrosive properties of aqueous LiBr. As such, a polymer

stiffener plate would possess similar thermal expansion characteristics to the other

device components (since several polymers, including those evaluated, have similar

coefficients of thermal expansion). This was identified as an important factor in

maintaining the dimensional integrity of the device at the elevated operating

temperature.
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Material properties (namely, the elastic moduli) of these porous polymers

are not immediately available in the product literature, much less as functions of

temperature. However, for the purposes of this design evaluation, the elastic moduli

can be estimated by multiplying the nominal values by two factors one, f1,, to

account for the effect of the porosity, and another, f. to account for the elevated

operating temperature.

EOLY = E01 fr (53)

As an example, the evaluation conducted for porous PTFE is summarized below.

A review of commercial product literature revealed that porous PTFE sheets

with suitable thicknesses and mean pore diameters are available with typical void

volumes in the range of 30 to 60 percent [34-39]. Additionally, a review of the

previous literature regarding the relationship between void volume and elastic

modulus was conducted. The previous literature indicated that for several

constituent material models, a void volume between 35 and 50 percent typically

corresponds to a reduction in the elastic modulus of about 55 to 85 percent of the

nominal value, with an average of around 70 percent [40-45]. A factor off = 0.3

can therefore be used to roughly account for the effect of porosity on the nominal

elastic modulus of PTFE.

Similarly, the previous literature was consulted in order to determine an

estimate for the effect of the elevated operating temperature on the elastic modulus.

Most non-reinforced polymers (excluding ketones) for which material property
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information was available demonstrate a reduction in elastic modulus of about 50

to 70 percent of the nominal value when the specimen temperature is increased

from room temperature (23 °C) to 80 °C [461. A factor of fT = 0.4 can therefore be

used to roughly account for the effect of the elevated working temperature on the

nominal elastic modulus of PTFE.

The nominal elastic modulus for PTFE is 550 MPa (80,000 psi) [46]. Using

Eq. (53), the result for the corrected elastic modulus of porous PTFE at an

operating temperature of 80 °C is given by

ETFE =(55OMPa).(0.3).(0.4)=66MPa

The corrected value is roughly one-tenth of the nominal value, which represents a

substantial reduction in the stiffness of the material due to the porosity and elevated

operating temperature.

Figure 4.1 shows the results obtained for the maximum deflection by

modeling the stiffener as a clamped plate (i.e., clamped supports along all four

edges) using Eqs. (4) and (6). An elastic modulus of E'TFE = 66 MPa and a

Poisson's ratio of v = 0.3 are assumed as the material properties for porous PTFE

at an operating temperature of 80 °C. The results for Wm are plotted as a function

of the stiffener width L2 for several values of h, as calculated for a stiffener length

L1 of 4 cm. The plot is intended to demonstrate the dependence of Winax on the

stiffener width and thickness, given the number of supported edges, type of edge

supports, differential operating pressure, estimated material properties, and an
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Fig. 4.1 Porous PTFE model: maximum deflection for various thicknesses.
(Calculated as a function of stiffener width)

arbitrary but suitable selection for the stiffener length. This model indicates that

achieving the design goals of Wniax 10 J.tm and h 10 mm for a contactor length

of 4 cm is possible only if the contactor is fairly short (around 2.5 cm) in the width

direction.

Figure 4.2 is similar to Figure 4.1, but shows the maximum deflection

results obtained for a stiffener thickness of 10 mm by modeling the stiffener with a

variety of end conditions using Eqs. (4), (5), (6), (10), and (11). An elastic modulus

of ETFE = 66 MPa and a Poisson's ratio of v = 0.3 are assumed as the material

properties for porous PTFE at an operating temperature of 80 °C. The results for

Wmax are plotted as a function of the stiffener width L2 for several end conditions,

as calculated for a stiffener length L1 of 4 cm. The plot is intended to demonstrate
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Fig. 4.2 Porous PTFE model: maximum deflection for various end conditions.
(Calculated as a function of stiffener width)

the dependence of Wmax on the stiffener width, number of supported edges, and

type of edge supports, given the stiffener thickness, differential operating pressure,

estimated material properties, and an arbitrary but suitable selection for the stiffener

length. This model indicates that a stiffener with simply-supported edges (whether

the two long edges only or all four edges) demonstrates a deflection that is several

times the desired deflection of Wm 10 jim over the entire range of stiffener

widths considered. In other words, the model indicates that achieving the design

goals of Wm 10 jim and h 10 mm for a contactor length of 4 cm is possible

only if a strong clamping effect is achieved on at least the two long edges of the

stiffener.
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These analytical models suggest that achieving the design goals is possible

using porous PTFE as the stiffener plate material. However, using this material

presents a large design risk due to the rough approximation techniques used for the

material models, and due to the possible existence of other troublesome

circumstances that could augment the deflection (such as thermal expansion

mismatch of the contactor components). Similar results for the deflection were

obtained in the design evaluations conducted for other porous polymer materials.

4.1.2 Evaluation of Porous Aluminum Composite

The next material evaluated for use in the stiffener plate was a porous

aluminum produced by the Swiss company Portec Ltd. The material, known by the

trade name Metapor, is a composite made from aluminum granules and epoxy resin

[47]. It is gas-permeable and can be machined without losing this characteristic.

The specific version of the product evaluated was BF 100 AL, some published

specifications for which are summarized in Table 4.1 [48]. The material has a low

coefficient of thermal expansion, is rated to an operating temperature of over 100

°C, and has a suitable mean pore diameter.

As with the porous polymers, published values for the elastic modulus as a

function of temperature are not immediately available. However, unlike the

polymers, the published elastic modulus value already includes effects of porosity.

The corrected value can therefore estimated by multiplying the nominal value by a

single correction factor, IT , to account for the elevated operating temperature.
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Table 4.1 Selected properties of Metapor BF 100 AL [481

Property Value

Density 1.8 g/cm3

Elastic Modulus 9000 N/mm2

Coefficient of Thermal Expansion 30.4 x 106 °C'

Dimensional Stability 108 °C

Mean Pore Diameter 15 im

Total Porosity 15 %

E =EALfT (54)

A suitable estimate for fT can be formulated by investigating the reduction

in the elastic modulus of pure aluminum that occurs when the temperature is raised

from room temperature to 80 °C. A review of the previous literature revealed that

the elastic modulus of pure aluminum is fairly insensitive to temperature over the

range 23 to 80 °C, demonstrating a drop of only about 2 percent [49]. The corrected

elastic modulus of the porous aluminum composite is therefore taken to be

= (9.0 GPa) (0.98) = 8.8 GPa

This is only a rough approximation of the effect of the elevated operating

temperature on the elastic modulus, in that it neglects the presence of epoxy resin in

the composite (which constitutes 10 to 35 percent of the material by weight [50]).

However, for the purposes of this design evaluation it is deemed a sufficient
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estimate. Compared to the corrected elastic modulus value of 66 MPa for the PTFE,

this result (a full two orders of magnitude larger) clearly suggests that the porous

aluminum material retains a much higher degree of stiffness under the worst-case

operating conditions than the PTFE or any of the other polymer materials

evaluated.

A set of models much like those constructed for the polymer materials was

constructed for the aluminum composite. Figure 4.3 shows the results obtained for

the maximum deflection by modeling the stiffener as a clamped plate (i.e., clamped

supports along all four edges) using Eqs. (4) and (6). An elastic modulus of

EL = 8.8 GPa and a Poisson's ratio of v = 0.3 are assumed as the material

properties for the porous aluminum composite at an operating temperature of

110
0
0

8

2.0 2.5 3.0 3.5 4.0

Stiffener Width L2 [cm]

P 69 kPa (10 psi)

L1 = 4 cm

EALC = 8.8 GPa

v=0.3
Clamped Plate

himmi:3 46
Fig. 4.3 Porous aluminum model: maximum deflection for various

thicknesses. (Calculated as function of stiffener width)
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80 °C. The results for wm are plotted as a function of the stiffener width L2 for

several values of h, as calculated for a stiffener length L1 of 4 cm. The plot is

intended to demonstrate the dependence of Wm on the stiffener width and

thickness, given the number of supported edges, type of edge supports, differential

operating pressure, estimated material properties, and an arbitrary but suitable

selection for the stiffener length. This model indicates that the design goals of

Wmax 10 jim and h 10 mm for a contactor length of 4 cm would be achieved

over the entire range of stiffener widths considered. In fact, for a 4.0 cm by 3.0 cm

stiffener plate, the model suggests that the thickness could be reduced to less than 3

mm (---l/8 in) while still achieving the desired deflection of Wm 10 jim.

Figure 4.4 is similar to Figure 4.3, but shows the maximum deflection

results obtained for a stiffener thickness of 6 mm (1I4 in) by modeling the

stiffener with a variety of end conditions using Eqs. (4), (5), (6), (10), and (11). An

elastic modulus of EL = 8.8 GPa and a Poisson's ratio of v = 0.3 are assumed as

the material properties for the porous aluminum composite at an operating

temperature of 80 °C. The results for Wm are plotted as a function of the stiffener

width L2 for several end conditions, as calculated for a stiffener length L1 of 4 cm.

The plot is intended to demonstrate the dependence of Wç on the stiffener width,

number of supported edges, and type of edge supports, given the stiffener

thickness, differential operating pressure, estimated material properties, and an
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Fig. 4.4 Porous aluminum model: maximum deflection for various end
conditions. (Calculated as a function of stiffener width)

arbitrary but suitable selection for the stiffener length. This model indicates that a

porous aluminum stiffener achieves the desired deflection of Wm 10 J.tm over

the entire range of stiffener widths considered, regardless of the degree to which a

clamping effect was achieved at the edges. Moreover, the models suggest that if a

strong clamping effect is achieved on all four edges, Wm will be less than a few

microns.

These design evaluations suggest that the porous aluminum composite is

much more suitable than any of the polymers for the stiffener plate material. It

possesses stiffness characteristics that are by far superior to the commercially-

available porous polymers, thus greatly reducing the degree to which it deflects

under the worst-case operating conditions. The next step in the design evaluation
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involved constructing more-detailed computational models of the porous aluminum

stiffener plate.

4.2 Evaluation of Stiffener Plate Deflection Using Finite Element Models

The stiffener plate was made from the porous aluminum composite and was

further evaluated using ANSYS finite element models. These models enabled a

more precise evaluation of the stiffener plate geometry and loading conditions. The

final design selected for the stiffener plate used a nominal contactor area of 4 cm by

3 cm and a thickness of approximately 6 mm (1/4 in). The stiffener plate also had a

"lip" extending around all four edges. The lip was clamped between the adjacent

layers of the contactor test section, such that a clamping effect was achieved around

the entire perimeter of the stiffener plate. A dimensioned sketch of the stiffener

plate is included for reference in Fig. 4.5. In addition to the temperature and

pressure loads investigated in the analytical deflection models, the finite element

models also investigated the potential effects of thermal expansion mismatch

between the stiffener plate and the other components of the test section. Two

models were primarily investigated: (1) a simple model utilizing shell elements,

and (2) a more complicated 3-D model using tetrahedral elements. A schematic of

the basic loading configuration is shown in Fig. 4.6. The material properties and

loading conditions common to both models are summarized in Table 4.2.
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Fig. 4.5 Approximate dimensions of stiffener plate.
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Fig. 4.6 Basic loading configuration for finite element models

4.2.1 Finite Element Model Using Shell Elements

The first finite element model used four-node elastic shell elements, with

the stiffener plate modeled as two areas: one for the 4 cm by 3 cm contactor area,

and a second area for the lip. Thicknesses of 6.2 mm and 2.8 mm were assigned to



61

Table 4.2 Material properties and loading conditions for finite element models

Property / Condition Value

Elastic modulus 8.8 x i09 Pa

Poisson's ratio 0.3

Coefficient of thermal expansion 30 x 106 oCl

Reference temperature 23 °C

Operating temperature 80 °C

Pressure differential 69 x Pa

Mesh size 0.0015m

the contactor and lip areas, respectively. A displacement constraint in the direction

normal to the stiffener plate was applied to the lip area. The model was then further

constrained using various combinations of lateral displacement constraints, which

were applied to the lines bounding the two areas. The intent was to simulate the

effects of constrained thermal expansion of the stiffener plate due to thermal

expansion mismatch between the stiffener plate and the clamping structure.

Depending on the exact construction of the test section, such a mismatch could

cause certain surfaces of the lip geometry to be more tightly clamped than others.

For each of the constraint configurations investigated, a pressure of 69 kPa was

applied to the 4 cm by 3 cm contactor area, and a temperature of 80 °C was applied

to the entire model.
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The basic loading configuration shown in Fig. 4.6 was first investigated,

followed by the various configurations of lateral displacement constraints. The net

deflection variation over the contactor area i.e., the maximum height difference

between the edges and the center of the stiffener plate was taken to be the best

measure of the expected non-uniformity in the film thickness caused by deflection

of the stiffener plate. The results obtained for the net deflection variation over the

contactor area for each of the various clamping configurations investigated are

summarized in Table 4.3. As an example, the graphical results obtained for the

basic loading configuration are shown in Fig. 4.7. A complete compilation of the

graphical results obtained for each of the loading configurations is included in

Appendix A.

Table 4.3 Summary of results for the shell finite element model

Clamping Configuration Schematic
Net Deflection Variation

Over Contactor Area

Free lateral elongation r- 0.9 j.tm(basic loading configuration)

Lip clamped laterally
L

0.9 pm

Contactor area clamped laterally 0.9 tm

Fully clamped I 0.9 jim
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Fig. 4.7 Shell model stiffener deflection: free lateral elongation

For the shell models, each of the clamping configurations resulted in a net

deflection variation of 0.9 Jtm over the 4 cm by 3 cm contactor area. This result is

essentially identical to that predicted by the analytical solution for a clamped plate

of thickness 6 mm (see Fig. 4.3). This indicates that the shell modeling technique is

not able to capture the effects of constrained thermal expansion of the stiffener. A

run of the model without the applied temperature resulted in a net deflection

variation over the contactor area of 0.9 jim, confirming this observation. In order to
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further evaluate the effects of thermal expansion mismatch, an alternative modeling

technique was required.

4.2.2 Finite Element Model Using Tetrahedral Elements

The second finite element model utilized 1 0-node tetrahedral elements. This

model fully captured the 3-D geometry of the stiffener plate shown in Fig. 4.5. A

displacement constraint in the direction normal to the stiffener plate was applied to

the top of the lip area. As with the shell model, the tetrahedral model was then

further constrained using various combinations of lateral displacement constraints,

which were applied to the sides of the lip, the sides of the contactor area, and the

bottom of the lip. All displacement constraints were applied to areas, and only in

the direction normal to each area (i.e., only contact forces were considered, and not

friction forces). For each of the constraint configurations investigated, a pressure of

69 kPa was applied to the 4 cm by 3 cm contactor surface, and a temperature of 80

was applied to the entire model.

The basic loading configuration shown in Fig. 4.6 was first investigated,

followed by the various configurations of lateral displacement constraints. As with

the shell element model, the net deflection variation over the contactor area was

taken to be the best measure of the expected non-uniformity in the film thickness

caused by deflection of the stiffener plate. For the tetrahedral model, this was

calculated as the maximum height difference between the edges and the center of

the membrane side of the stiffener plate. The results obtained for the net deflection
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variation over the contactor area for each of the various clamping configurations

investigated are summarized in Table 4.4. As an example, the graphical results

obtained for the basic loading configuration are shown in Fig. 4.8. A complete

compilation of the graphical results obtained for each of the loading configurations

is included in Appendix B.

Table 4.4 Summary of results for the tetrahedral finite element model

Clamping Configuration Schematic
Net Deflection Variation

Over Contactor Area

Free lateral elongation
1.3 jm(basic loading configuration) L.......

Lip clamped laterally
L....... (deflection into channel)

Contactor area clamped laterally 17 tm

Fully clamped 2.3 .tm
(deflection into channel)

Free lateral elongation
1.3 tmwith lip thickness clamped

Lip clamped laterally 52 pm
with lip thickness clamped (deflection into channel)

Contactor area clamped laterally
16 tmwith lip thickness clamped

Fully clamped 5.8 pm
with lip thickness clamped (deflection into channel)
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Fig. 4.8 Tetrahedral model stiffener deflection: free lateral elongation

Unlike the shell models, the tetrahedral models demonstrated a wide

variation in the results for the net deflection variation over the contactor area. The

net deflection variation was at a minimum (1.3 jim) for the two cases when no

lateral constraints were applied. This suggests that constrained thermal expansion

of the stiffener plate is indeed an undesirable condition, as it causes the stiffener

plate to deflect and deform more than it would otherwise. Interestingly, in each of

the four cases where lateral constraints were applied around the lip, the direction of

the stiffener plate deflection was opposite the direction of the applied pressure (i.e.,
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toward the membrane). This suggests that if the lateral clamping arOund the lip of

the stiffener were strong enough, the effects of thermal expansion would overcome

those of the 69 kPa pressure on the stiffener plate, and the stiffener would

effectively collapse in on the liquid film. This negative deflection was most severe

in the two cases where lateral constraints were applied around the lip but not

around the contactor area (44 pm and 52 pm).

However, it should be noted that these finite element models are all

simulating a worst-case scenario in which the other major components of the test

section (which comprise the clamping structure for the stiffener plate) have a

thermal expansion coefficient of essentially zero. In reality, the thermal expansion

coefficient of the porous aluminum composite is relatively low compared to that of

Delrin, from which the other major components of the device were made. As such,

the rest of the test section has not only a higher coefficient of thermal expansion,

but also a lower modulus of elasticity. When the device heats up to the operating

temperature of 80 °C, it is unlikely that the rest of the device will impart much of a

lateral clamping effect around the edges of the stiffener plate. The models that most

likely provide an accurate estimation of the stiffener plate deflection are the shell

and tetrahedral models loaded under the basic loading configuration (no lateral

clamping). These models predict net deflection variations of 0.9 and 1.3 tim,

respectively, over the contactor area, both of which are well in line with the

deflection of 0.8 tm predicted by the analytical clamped plate model (see Fig. 4.3).
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The results of the design evaluation described in this chapter suggest that

deflection of the stiffener plate will not contribute significantly to any observed

non-uniformities in the liquid film thickness. The second task of this investigation

was to perform actual experimental measurements of the liquid film thickness

during operation of the test section in the desorber setup. The details of this

experimental work are outlined in the following chapter.



5 EXPERIMENTAL METHOD

A primary goal of this investigation was to experimentally measure the

thickness of the liquid film during steady-state operation of the test section in the

desorber configuration. This required the development and validation testing of a

film thickness measurement system capable of characterizing variations in the film

thickness on the order of 10 tim. Specifically, the goal was to characterize both the

spatial uniformity of the film thickness at a given pressure differential and steady-

state operating temperature, as well as the overall variation in film thickness due to

changes in the pressure differential and operating temperature.

The following sections describe the experimental procedure in detail,

including the experimental setup, fabrication methods, and data collection

procedure. An empirical calibration technique is presented that was used to correct

for the effects of refraction. Finally, the method of data reduction and uncertainty

analysis is described.

5.1 Ultra-Thin Film Contactor Experimental Setup

The following sections provide a brief description of the desorption flow

setup and a detailed description of the test section. The flow setup and test section

were designed, constructed, and operated by Jeremy Siekas and Jonathan Thorud of

the Oregon State University Department of Mechanical Engineering under the
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direction of Dr. Deborah Pence. A description of the film thickness measurement

setup, which was separate from the flow setup, is also included.

5.1.1 Desorption Flow Setup

A detailed schematic of the desorption flow setup is shown in Fig. 5.1. The

system was designed to withstand the use of aqueous LiBr as the working fluid, but

the present tests were conducted using only water. The water essentially flowed

from the supply tank through the test section and ended up in a reservoir tank.

Several heaters located before, within, and after the test section were used to heat

the water. A vacuum was drawn in the vapor collection tank, creating the required

pressure differential between the liquid and the vapor.

In the present experiment, pressure readings were taken using the pressure

transducers located in the liquid stream at the inlet (jniet) and in the vapor plenum

(Pvapor) of the test section. Temperature readings were taken using the

thermocouples located in the liquid stream at the inlet of the test section ( Thq.in), °fl

the stiffener plate near the inlet ( Tpiate in)' and on the stiffener plate near the outlet

(Tpiateouj) Mass flow rate readings were taken using the bubble flow meter (in).

5.1.2 Ultra-Thin Film Contactor Test Section

A schematic of the test section is shown in Fig. 5.2, along with a listing of

the primary components of the device. The bulk of the device was comprised of
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Fig. 5.1 Desorption flow setup. (Courtesy of Jonathan Thorud of the
Oregon State University Department of Mechanical Engineering)
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Fig. 5.2 Components of the ultra-thin film contactor test section

three plates (shown in gray in Fig. 5.2) that were machined from Delrin. The front

cover plate housed the quartz viewing window, which was sealed in place using a

liquid silicone gasket material. The middle plate housed the porous aluminum

stiffener plate, which was heated using a small, cylindrically-shaped wire resistance
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heater. The middle plate also housed a frame which in turn held the heater in place.

In addition, the heater protruded into a blind hole drilled into the back of the

stiffener plate. The heater frame, which was also made from theporous aluminum

composite material, was designed to provide sufficient support to the heater while

covering only a minimal area of the back of the stiffener plate, in order to avoid

hindering the flow of vapor through the stiffener plate. The front cover plate and

the middle plate were bolted to the base plate using eight large fasteners. Several

smaller fasteners were used to attach a small back cover to the base plate, forming

the vapor plenum. Pressure taps and thermocouples were located as shown in Fig.

5.2.

The construction of the actual channel is shown in greater detail in Fig. 5.3.

For the contactor surface, the device used a porous PTFE membrane with a

thickness of 65 p.m and a mean pore diameter of 0.45 p.m. The membrane was

attached to a polypropylene mesh backing, the two having a combined thickness of

roughly 130 p.m (the membrane was produced this way by the manufacturer). The

membrane (with mesh backing) was attached to the middle plate, mesh-backing-

side to the plate, by applying an adhesive around its four edges. A silicone

elastomer shim with a nominal thickness of 250 p.m was compressed between the

membrane and the front cover plate and quartz window. A polycarbonate shim with

a thickness of 250 p.m containing a large rectangular cutout that fit around the

membrane and silicone elastomer shim was clamped between the middle plate and

the front cover plate. In this manner, the amount of compression in the silicone
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Fig. 5.3 Channel construction detail

elastomer shim was determined by the difference in thickness between the 250 jtm

polycarbonate shim and the 130 pm membrane with mesh backing. Theoretically,

this difference of 120 Jim was the compressed thickness of the silicone elastomer

shim, as well as the nominal thickness of the ultra-thin film. The silicone elastomer
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shim contained a cutout that was used to form the sides of the channel, constraining

the liquid film laterally. Liquid flowed into the channel through a small

(approximately 1/16-inch diameter) inlet passing through the base plate, middle

plate, and membrane. It then flowed through the channel, being constrained above

and below by the membrane and quartz window and on the sides by the edges of

the silicone elastomer shim. Finally, it flowed out of the channel through a small

outlet passing through the membrane, middle plate, and base plate (similar to the

inlet).

5.1.3 Film Thickness Measurement Setup

A laser triangulation sensor produced by Acuity Research, Inc. was used to

measure the thickness of the flowing ultra-thin film. The particular model used was

the high-resolution version of the AR600-O 125. A schematic of the film thickness

measurement setup is shown in Fig. 5.4. The laser triangulation sensor was

mounted on a pair of motorized stages produced by Sigma Koki Co., Ltd. of Japan

(sold in the U.S. by the affiliate OptoSigma Corporation). The stages were oriented

in the lateral X - and Y -directions (parallel to the liquid film) and were controlled

using a Mark-202, a two-axis controller also produced by Sigma Koki. The

controller was in turn connected through a serial port to a PC running LabVIEW

6.1. This enabled accurate positioning of the laser spot to within a few microns

over the entire 4 cm by 3 cm liquid film. The motorized stages, which provided

movement in the lateral directions, were mounted to a manual stage oriented in the
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Z -direction (normal to the liquid film). This enabled the motorized stages and laser

triangulation sensor to be manually positioned near the ultra-thin film contactor for

measurement of the liquid film thickness. The same PC used to communicate with

the stage controller was used to communicate with the laser triangulation sensor,

which was also connected through a serial port.

In order to verify the liquid film thickness, the laser triangulation sensor

was used to measure the distances to the two surfaces constraining the liquid film

the back side of the quartz viewing window and the front side of the porous PTFE

membrane. Measuring to the membrane surface was accomplished by directing the

laser beam through the transparent quartz viewing window and liquid film directly
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onto the membrane. Measuring to the back side of the quartz window was

accomplished by directing the laser beam onto small NiCr-coated regions on the

backside of the quartz viewing window. The process developed for creating the

NiCr-coated regions is described in the following section.

5.2 Technique for NiCr Vapor Deposition on Quartz Window

Using the laser triangulation sensor to measure the distance to the back of

the transparent quartz viewing window required the development of a technique to

coat the quartz with a thin layer of opaque material. The coating was required to

meet the following criteria:

it had to be opaque (or semi-opaque) when wetted;

it had to exhibit primarily a diffuse (as opposed to specular) reflectance

pattern when viewed through the front side of the quartz window, in order

to scatter the laser light;

it had to preserve the flatness of the quartz surface, in order to both maintain

the dimensions of the channel and not interfere with the flowing liquid film;

it had to be durable enough to withstand prolonged exposure to flowing,

aqueous LiBr solution at a temperature of 80 °C; and

it had to be applied only on select, well-defined regions of the quartz

window, so that sufficient optical access to the membrane surface was

maintained.
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By trial and error, a technique was developed that utilized a two-step method in

which selected regions of the quartz window were first particle-blasted and then

coated with a layer of vapor-deposited NiCr.

For the particle-blasting procedure, the quartz window was masked with a

photochemical-etched stencil made from copper shim stock with a thickness of 127

tm (0.005 in). The stencil defined a shadow mask of the regions to be covered with

the coating process. A technical drawing of the stencil used is included for

reference in Appendix C. The stencil was attached using stainless steel fasteners to

an aluminum frame that was designed to fit snugly around the 4 cm by 3 cm region

of the quartz window. This allowed for accurate, repeatable positioning of the

entire stencil assembly on the quartz window. Once positioned, the weight of the

frame held the copper stencil firmly in place against the quartz window. In

addition, the stencil assembly was fastened to the quartz window using clear tape,

so that the entire unit could be handled during particle-blasting. The masked quartz

window was then particle-blasted using a miniature air-abrasive blast system and

600 grit (16 jim average particle diameter) silicon carbide abrasive. The miniature

blast system was operated using argon at approximately 550 kPa (80 psi), which

generates a particle velocity in the vicinity of 300 m/s (1000 ft/s) according to the

product literature [51]. The blast stream was moved along the unmasked regions at

a speed of about 5 cm/s, and each unmasked region received approximately 10

passes with the blast stream.
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After particle-blasting, the quartz window was thoroughly scrubbed with a

solution of Liqui-Nox and de-ionized water. The quartz window was then rinsed

with de-ionized water and wiped clean with methyl alcohol. The old stencil, which

was damaged by the particle-blasting process, was removed from the aluminum

frame. The frame and fasteners were scrubbed with the solution of Liqui-Nox and

water to remove the residual silicon carbide particles. A new, identical stencil was

then attached to the aluminum frame, and the entire stencil assembly was

repositioned on the quartz window. The stencil assembly was held to the quartz

window using clear tape, but care was taken to keep a distance of at least several

millimeters between the tape and the quartz surfaces not covered by the stencil.

This was due to the fact that during the NiCr vapor deposition process, some tapes

tended to outgas, causing the metal to adhere poorly to the quartz surface.

The NiCr vapor deposition process was performed using a Veeco thermal

evaporator. The machine operates by running a current through an alumina-coated

boat in which the metal stock is placed. The current causes the boat, the stock, and

the inside of the machine to be heated. The metal melts and forms a small ball in

the middle of the boat, and then begins to vaporize as the temperature is raised

beyond the evaporation temperature of the metal. The current level controls the rate

at which the metal melts, which in turn controls the rate of deposition. The entire

process is performed in a vacuum, and the shadow-masked part is held above the

boat, with the surface to receive the deposition facing downward. As the metal

evaporates, it is transported upward to the target (in this case, the quartz window
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with stencil) in near free molecular flow having a Lambertian distribution. A

nearby quartz crystal also receives the deposition, causing its mass to increase. The

resulting change in the resonant frequency of the crystal is used to monitor the

deposition thickness and rate. A shutter initially covers the part until the desired

deposition rate is reached. The shutter then remains open until the desired

deposition thickness is achieved.

A variety of process parameters were tested until a combination was found

that resulted in a suitable coating of metal on the particle-blasted quartz surface.

The finalized process parameters included the following:

1. 80/20 blend NiCr used as stock (evaporation temperature of 1285 °C);

2. a deposition thickness of 1000 A;

3. a current of around 300 A, generating a deposition rate of 5000Ais; and

4. a vacuum level of 1.3 x iO4 Pa (1 x 106 Torr).

The quality of the metal coating achieved seemed to be most sensitive to the

deposition rate and vacuum level parameters. Other process parameters that did not

produce desirable results included the following: higher rates of deposition (12,000

and 15,000 L's); weaker vacuum levels (4.7 x iO4 Pa {3.5 x 106 Torr]); and thicker

coatings (2000 A).

Tests were conducted to see if either the particle-blasting or metal vapor

deposition processes alone would produce an adequate surface on the quartz

window for the laser triangulation sensor to measure, but neither process produced

suitable results. Particle-blasted quartz surfaces produced with grit sizes of 320 and
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600 (36 and 16 tm average particle diameter, respectively) were adequately opaque

for the sensor to read when dry, but when wetted the transparency returned and the

sensor was not able to detect them. On the other hand, when the NiCr was vapor-

deposited directly onto quartz samples without particle-blasting, the finish was so

mirror-like that most of the laser was reflected directly back up into the laser

triangulation sensor (rather than being scattered diffusely). This caused the signal

received from these surfaces to be unreliable.

5.3 Film Thickness Data Collection Procedure

This section provides details about the procedure used to collect film

thickness data during operation of the desorber flow setup. Initial steps included

locating the ultra-thin film within the laser triangulation sensor's measurement

range and aligning the laser spot with the pattern of NiCr-coated regions on the

quartz viewing window. A description of the LabVIEW Virtual Instrument (VI)

used to collect the film thickness data is included, along with the procedure used to

reduce the data and estimate the uncertainty associated with the results.

5.3.1 Locating the Film in the Laser Triangulation Sensor's Range

The first task that had to be accomplished was locating the ultra-thin liquid

film in the range of the laser triangulation sensor. This was accomplished simply by

adjusting the manual Z -axis stage (see Fig. 5.4) until it was apparent that the data

being collected from sensor was in fact coming from the two surfaces of interest
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(the membrane and the NiCr-coated regions on the back of the quartz viewing

window). A digital display box connected to the serial output of the laser

triangulation sensor was used to quickly examine the distance data being received,

greatly simplifying this process. Once the film was located approximately near the

center of the sensor's usable range, the Z -axis stage was locked down and

remained stationary during the remainder of the data collection procedure.

The sensor was designed to have a nominal range of 0.125 inches, located at

a distance of 0.500 to 0.625 inches away from the sensor package. However, the

effects of viewing the membrane and NiCr-coated regions through the 1/4-inch-

thick quartz window significantly changed the location and size of the sensor's

usable range. Refraction caused the sensor's range to be located more than 0.500-

0.625 inches away from the sensor package, which was beneficial as it provided

much-needed additional clearance between the sensor and the front cover of the test

section. On the other hand, the sensor's usable range was reduced from the nominal

0.125 inches due to the presence of the front surface of the quartz window. When

the sensor was moved in too close to the test section, the front surface of the quartz

would (either by secondary reflection or some other means) confuse the sensor,

causing it to output erroneous data and effectively cutting off the near end of its

range. These effects did not present a major problem, other than making it

somewhat more difficult to initially locate the liquid film within the sensor's range.
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5.3.2 Zeroing the Laser Spot on the Pattern of NICr-Coated Regions

The program that was used to collect film thickness data is the Lab VIEW

VI Acquire_Thickness Data.vi, which is described in detail in Appendix D. The VI

requires the coordinates of the centers of the NiCr-coated regions to be entered in

spreadsheet form. Since the masks used to make the pattern of NiCr-coated regions

were manufactured using a precision photochemical-etching process, the distances

between NiCr-coated regions were simply given by the drawings used for

manufacture (see Appendix C). However, before these distances were of any use,

the location of the laser spot relative to the pattern of NiCr-coated regions had to be

determined. This was accomplished by manually centering the laser spot on the

lower-left NiCr-coated region and zeroing the stage controller at that location

(manual operation of the stage controller involved the use ofajoystick to modify a

series of operating parameters that were described in detail in the user's manual).

This established the X and Y coordinates of the center of the first NiCr-coated

region as (0, 0), and the coordinates of the centers of the other NiCr-coated regions

were then simply entered based on the dimensions used in the manufacturing

drawing.

Several trial runs of the program were then executed to determine if the film

thickness data was being collected successfully. Poor data would result if the laser

spot was not accurately zeroed on the first NiCr-coated region; e.g., the distance

readings from the laser triangulation sensor would be essentially constant rather

than varying between some high and low value (corresponding to the membrane
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and NiCr surfaces, respectively). This dependence on the location of the laser spot

relative to the pattern of NiCr-coated regions was a disadvantage of the data

collection technique employed.

5.3.3 Achieving Steady-State Operation ofthe Desorber Flow Setup

With the laser spot zeroed on the first NiCr-coated region, the desorber flow

setup was allowed to run for a sufficient length of time to achieve steady-state

operation. The flow setup was determined to be operating at steady-state when the

following conditions were met:

no large bubbles were trapped in the channel;

the three temperatures that were being monitored ( T,,, Tpiate in' and

Tpia,e out) were within about 10°C of each other and were remaining

relatively constant;

the level of the vacuum drawn in the vapor plenum (as indicated by the

gauge on the pump itself) was remaining relatively constant; and

consecutive readings from the mass flow meter were remaining relatively

constant.

5.3.4 Other Data Collection Parameters

The laser triangulation sensor was manually set to a sampling rate of 40

baud (manually adjusting the operating parameters of the laser triangulation sensor
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involved the use of a series of codes described in the user's manual, which were

entered using a button and an indicator light on the device).

The stage controller was manually set to operate the motorized stages at a

speed of 10 mm/s and to accelerate (and decelerate) at a rate of 2 mm/s/s (manual

operation of the stage controller involved the use of a joystick to modify a series of

operating parameters that were described in detail in the user's manual).

5.3.5 Using Lab VIE Wto Acquire Film Thickness Data

With the laser spot zeroed on the first NiCr-coated region and with steady-

state operation of the flow setup achieved, film thickness data was collected using

the Lab VIEW VI Acquire_Thickness_Data.vi, which is described in detail in

Appendix D. The VI is used to perform the following tasks:

send commands to the controller for operating the motorized stages;

collect X and Y stage coordinates from the controller;

collect distance readings (Z -values) from the laser triangulation sensor;

collect voltage readings from the pressure transducers located at the channel

inlet (,niet [V}) and in the vapor plenum (Pvapor [V]) of the test section; and

collect frequency readings from the bubble flow meter (iii
[1})

Temperatures that were monitored (1iq , Tpiaiein and Tpiate were displayed using

a digital display unit and recorded by hand. The highest and lowest values observed

during film thickness data collection were recorded for each set.
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The following describes the procedure used by the VI to acquire the film

thickness data. A flowchart of the procedure is shown in Fig. 5.5.

1. The VI begins by prompting the user to input a spreadsheet file containing

the coordinates of the centers of the regions coated with NiCr on the quartz

viewing window. The VI then commands the stage controller to move to

each NiCr-coated region in a successive fashion.

2. At each NiCr-coated region, the VI begins by recording the voltage

readings from the pressure transducers and the frequency reading from the

bubble flow meter.

3. The VI then performs a film thickness data collection routine on both the

leading and trailing edges of the NiCr-coated region. During this routine, n

pairs of measurement groups are collected, a pair being defined as adjacent

groups of N readings on the membrane and NiCr. Descriptions of the

parameters that control this data collection routine, as well as a listing of the

settings used for this experiment, are summarized in Table 5.1. A full listing

of parameters that must be entered before executing the VI is included in

Appendix D.

4. After the film thickness data has been collected at each NiCr-coated region,

the VI returns the stages to the origin (where the laser spot was zeroed at the

first NiCr-coated region, as described in Section 5.3.2). As such, the laser

spot did not need to be re-zeroed after each set of data was collected. This

allowed for the collection of data to be rapidly repeated after changing the
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I & group of N=5 on NiCr) I

I Collect
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Repeat film thickness data
collection routine for trailing edge

Repeat for each of the 28 N1Cr-coated regions

4 I Return to first NiCr I

Prompt for film thickness
data spreadsheet

6
Prompt for pressure & mass
flow rate data spreadsheet

Fig. 5.5 Flowchart of procedure used by Acquire_ThicknessData.vi

flow conditions and reestablishing steady-state flow. Collection of each data

set required approximately 10 minutes.



88

Table 5.1 Parameters used for Acquire_Thickness_Data.vi

Parameter Description Value
Used

Number of film thickness measurements to record
on each of the edges (leading and trailing) of each
NiCr-coated region. Each film thickness

10
measurement consists of a "pair" (two groups) of
readings: one group on the membrane, and one
group on the NiCr.

Number of data points per group (i.e., number of

N individual distance readings to record from the
5

laser triangulation sensor each time it dwells on
either the membrane or the NiCr).

NiCr width Width (in microns) in the X -direction of the NiCr-
800.

coated regions.

Distance (in microns) in the X -direction by which
the stage moves beyond the nominal edge of the
NiCr-coated regions (either further onto the NiCr

edge clear dist from the edge, or further off the NiCr away from 350
the edge) when taking measurement groups. This
clearance distance is included so that edge effects
do not affect the data.

Distance (in microns) in the Y -direction over
vert length which the total number of measurement pairs (n) is 500

spaced.

5. Once finished collecting data, the VT prompts the user to select the name of

the spreadsheet file under which to save the film thickness data. The film

thickness data is saved in columns of X, Y, Z, and o values (one row for

each group of measurements), where each group of measurements consisted

of N readings from the stage controller and the laser triangulation sensor
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for the surface being measured (either the membrane or the NiCr). The

values for X, Y, and Z are calculated as the group average for each, given

by

X,Y,Z=I(x,Y,z)1 (55)

where X and Y are the horizontal and vertical stage coordinates,

respectively, as received from the stage controller, and Z is the distance

reading received from the laser triangulation sensor for each individual

measurement. In addition, the standard deviation of the readings from the

laser triangulation sensor, o, is calculated as

Z (56)

where Z is the average value of for the group as calculated using Eq. (55).

A total of n pairs of measurement groups are recorded along each edge

(leading and trailing) of each NiCr-coated region, with each pair of

measurement groups consisting of one group of N measurements on the

membrane and an adjacent group of N measurements on the NiCr.

6. Finally, the VI prompts the user to select the name of the spreadsheet file

under which to save the voltage and frequency data corresponding to the

inlet pressure, vapor pressure, and mass flow rate measurements. The data

is not converted, but is saved in columns of
inlet

[V}, 1vapor [V], and

th [1] values (one row per set of measurements).



Reduction of the film thickness data is described in the following section.

Results of the analysis are described in Sections 6.2 and 6.3.

5.4 Film Thickness Data Reduction and Uncertainty Analysis

As described previously by Eq. (12), the apparent local film thickness

value, AZapp for each pair of measurement groups is given by the difference

between the Z -values for each group.

app = Zm Zn (57)

(The subscripts m and n denote the membrane and NiCr surfaces, respectively.)

The standard deviations can be combined by calculating the square root of the sum

of their squares.

app =
)2
+ (o- n

)2
(58)

Next, the average value for /Zapp can be calculated for the set of n pairs of

measurement groups.

I fl

AZ app L(IZapp)i (59)
n 1=1

The actual local film thickness, AZacj for the set is then given by

AZact = CT,E AZ app (60)

where CTE is the calibration coefficient (either derived theoretically, CT, or

measured empirically, CE) used to correct for the effects of refraction (see Sections
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3.2 and 5.5). Finally, the horizontal and vertical coordinates for the set can be

calculated by taking the average X and Y values, respectively, for the entire set.

(61)
i=1

The uncertainty associated with AZac, can be estimated using a modified

form of multiple-measurement uncertainty analysis described by Figliola et al. {33}.

In this method, the uncertainty is composed of bias and precision error components,

just as in a standard uncertainty analysis of a measured quantity. Namely,

= fB + (t95% p)2 (62)

where R is the measured quantity of interest, B is the bias error in the individual

measurements of R, and the product t?795% P is the precision error at a 95%

confidence interval if n measurements of R are taken. In a typical uncertainty

analysis, where R is a quantity that is measured directly n times, P is simply

equal to aR . However, if R is not measured directly, but is calculated from

averaged values (which themselves have associated standard deviations) of other,

directly-measured quantities, then P has two components. The first component,

P, incorporates the effect of the data scatter in the n calculated values of R. The

second component, F2, incorporates the effect of the data scatter within the

measured quantities from which R is calculated. These components are given by

(63)



P2 (64)

where a is the standard deviation of the n calculated values of R, (az)
1=1

is the RMS value of the ii standard deviations associated with the n individual

5R values, and In N is the total number of degrees of freedom for the system.

These components can be combined to give P as

pJp2p2 (65)

This method of estimating UR typically results in values that are substantially lower

than if P were taken to be °R (that is, if the set of R values were treated simply

as a quantity that had been measured directly n times, with a standard deviation of

Equations (63) through (65) can be applied to calculate the value of P for

LIZ app. In order to calculate U using Eq. (62), an estimate of the bias error is

required. Since one film thickness measurement requires a minimum of two

readings from the laser triangulation sensor, the bias error associated with AZ app is

given by combining the bias errors from two laser readings as the square root of the

sum of the squares. This gives

Bapp =tj2Biaser (66)

With a value for u known, Uac, can be calculated using the equation
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2 ( 2 (

I
Uc1 UCTE I

+
U_ app

(67)
AZactJ CTE J app)

The uncertainties associated with and Y can be calculated simply by

applying Eq. (62) directly to the entire set of values used to calculate each (sinceX

and are calculated by directly averaging all the X and Y values for each set,

and the individual values from which the averages are calculated are essentially

taken to have standard deviations of zero). The bias error in the stage coordinates

returned by the controller can be ignored, since its effect on the resulting

uncertainty value is insignificant compared to the effect of the spatial scatter in the

pooi of values used. In other words,

= o_x,Y (68)

Reduction of the film thickness data was accomplished using the Lab VIEW

VI Analyze_Thickness_Data.vi, which is described in detail in Appendix E.

Descriptions of the parameters that must be entered (using the front panel) before

executing the VI, as well as a listing of the settings used for this analysis, are

summarized in Table 5.2. The results of the analysis are described in Section 6.3.

As a final step, an overall characterization of the film thickness, AZ, can be

made for each set of flow conditions investigated by calculating the spatially-

averaged value of all local film thickness values, given by

= Iv
(AZ1, ) (69)

k



Table 5.2 Parameters used for Analyze_Thickness_Data.vi

Parameter Description Value
Used

Number of film thickness measurements to record
on each of the edges (leading and trailing) of each
NiCr-coated region. Each film thickness

10measurement consists of a "pair" (two groups) of
readings: one group on the membrane, and one
group on the NiCr.

Number of data points per group (i.e., number of

N individual distance readings recorded from the laser
triangulation sensor each time it dwells on either
the membrane or the NiCr).

max var from Maximum allowed variation (in microns) of the
. .

individual film thickness values in each set from 30mean
the mean value of the set.

bias error per Bias error (in microns) associated with each
.

laser reading reading from the laser triangulation sensor (taken 1.34
from the manufacturer s specifications).

calibration The calibration coefficient required to correct the

coe film thickness values for the effects of refraction. 1.499
Determined either by empirical or analytical means.

calibration Uncertainty associated with the calibration
0 019coeff uncert coefficient value.

Offset (in microns) in the X -direction from the

xoffset lower left corner of the channel to the origin of the
2912. . .

stages at the time of data collection (typically the
center of the first NiCr-coated region).

x offset uncert Uncertainty of the X -offset value. 150

Offset (in microns) in the Y -direction from the

yoffset lower left corner of the channel to the origin of the
. . . 4750stages at the time of data collection (typically the

center of the first NiCr-coated region).

y offset uncert Uncertainty of the Y-offset value. 150
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where k is the total number of local film thickness measurements. The uncertainty

associated with this value, u, can be calculated by applying the modified

multiple-measurement uncertainty analysis technique, using the individual u01

values in place of the required values. This yields a conservative estimate

for u, since the values are roughly twice as large as the related 0act

values.

Temperature, pressure differential, and mass flow rate data was recorded in

order to provide some level of information about the flow conditions for each data

set collected. The test section temperature, T0ve is calculated as the average of the

six temperatures (high and low values for Tijqin Tpiate , and Tpiate out) recorded for

each set.

6

Tave_7 (70)

The effective pressure differential for each data set is given by the difference

between the average values of
ln/Ct and vapor

AP = n1et apor (71)

Finally, the mass flow rate through the test section is simply given by the average

of the mass flow rate values recorded for each data set.

th=th (72)

The calibration equations used to convert the readings from the pressure

transducers from units of volts to pressure are given in Section 6.2. The calibration



equation used to convert the readings from the bubble flow meter from units of

frequency to mass flow rate is also given in Section 6.2. Uncertainty analyses were

not performed on these quantities, as inspection of the raw data reveals that data

scatter was minimal, and because they are used as reference values only.

5.5 Correcting for Refraction Effects Empirical Method

As described previously in Section 3.2, the laser triangulation sensor

operates by focusing a beam of visible laser light onto the surface to be measured,

with the beam oriented orthogonally to the surface. The line scan camera inside the

device then views at an angle the portion of the laser light that is scattered diffusely

by this surface. In the present measurement task, the sensor must view the laser

spot through various media with varying optical properties: air, the transparent

quartz window of the test section, and, for the measurements to the membrane, the

liquid in the ultra-thin film. Since the camera views the laser spot at an angle, the

effects of refraction must be taken into consideration.

In addition to the theoretical approach outlined in Section 3.2, the following

describes a second approach for compensating for refraction based purely on an

empirical method. The idea is to fill a series of channels of known depths with the

working fluid of interest (in this case, water), and to measure their depths through a

layer of quartz of thickness equal to that of the quartz window. The ratio of the

apparent channel depths to the actual channels can then be calculated, and a

calibration curve can be developed.
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5.5.1 Calibration Data Collection Procedure

The calibration channels were formed by using a 0.125-inch end mill to cut

10 channels, each of different depths, into a white Delrin block. A sketch of the

calibration block is shown in Fig. 5.5. The channels varied in depth from 0.002

inches (50 tm) for the shallowest channel, to 0.020 inches (500 jtm) for the deepest

channel, in roughly 0.002-inch (50 jtm) increments.

The first step in the calibration procedure was to verify the actual depths of

the 10 channels. The calibration block was mounted in the vertical position shown

in Fig. 5.5 on a large, optics-grade vertical stage. The laser spot was aligned about

midway down the left edge of the 50 Jtm channel, and the block was marked using

a pen to denote this location as the starting point. The Lab VIEW VI

Acquire Calib Data.vi, which is described in detail in Appendix F, was then used

to collect the channel depth data. This VI is basically a simplified version of

7080 jm (0.279 in)

50 100 150 200 250

300 350 400 450 500

Fig. 5.6 Sketch of calibration block. Nominal
channel depths are shown in microns
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Acquire Thickness Data.vi, whose use is described in Section 5.4 and Appendix

D. The basic differences between the two VIs are as follows:

Acquire Calib Data.vi does not contain any functionality for collecting

measurements from the pressure transducers or the bubble flow meter; and

Acquire_CalibData.vi is not programmed to record a leading-edge

measurement and a trailing-edge measurement for each set of coordinates.

This was accomplished by simply (a) removing the additional sequence

frames that generate the second (trailing-edge) measurement after the first

(leading-edge) measurement has been taken at each measurement location;

and (b) setting the value of the parameter "NiCr width" to a constant value

of zero. (The control is removed from the Vi's front panel.)

The following describes the procedure used by the VIto acquire the channel depth

data. A flowchart of the procedure is shown in Fig. 5.7.

1. The VI begins by prompting the user to input a spreadsheet file containing

the coordinates of the desired measurement locations. (The coordinates used

essentially constituted a list of 10 points, one on the left edge of each

channel, and were based on the known, approximate dimensions of the

calibration block.) The VI then commands the stage controller to move to

each measurement location in a successive fashion.

2. At each measurement location, the VI performs a channel depth data

collection routine. During this routine, n pairs of measurement groups are

collected, a pair being defined as adjacent groups of N readings on both the
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Fig. 5.7 Flowchart of procedure used by Acquire_Calib_Data.vi

bottom of the channel and the front surface of the block. Descriptions of the

parameters that control this data collection routine, as well as a listing of the

settings used for this experiment, are summarized in Table 5.3. A full listing

of parameters that must be entered before executing the VI is included in

Appendix F.

3. After the channel depth data has been collected at each measurement

location, the VI returns the stages to the origin (the laser spot was zeroed at
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the first measurement location). As such, the laser spot did not need to be

re-zeroed after each set of data was collected. This allowed for the

collection of data to be rapidly repeated after changing the standoff distance

between the sensor and the quartz window, as described below.

4. Once finished collecting data, the VI prompts the user to select the name of

the spreadsheet file under which to save the channel depth data. The

channel depth data is saved in columns ofX, Y, Z, and o values (one

row for each group of measurements), where each group of measurements

consisted of N readings from the stage controller and the laser

triangulation sensor for the surface being measured (either the bottom of

each channel or the front surface of the calibration block). The values for

X, Y, and Z are calculated as the group average for each, as given by Eq.

(55), and the value for is calculated as given by Eq. (56). (It should be

noted that the X and Y data recorded here is not used in any subsequent

analysis. It is only recorded due to the fact that Acquire_Calib_Data.vi is a

simplified version of Acquire_Thickness_Data.vi, which is described in

Section 5.3.5 and Appendix D.) A total of n pairs of measurement groups

are recorded at each measurement location (i.e., for each channel), with

each pair of measurement groups consisting of one group of N

measurements on the bottom surface of one of the ten channels, and an

adjacent group of N measurements on the front surface of the calibration

block.
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Table 5.3 Parameters used for Acquire_Calib_Data.vi

Parameter Description Value
Used

Number of film thickness measurements to record
on the edge of each calibration channel. Each film
thickness measurement consists of a "pair" (two

30
groups) of readings: one group on the bottom of the
channel and an adjacent group on the front surface
of the channel block.

Number of data points per group (i.e., number of
individual distance readings to record from the

N laser triangulation sensor each time it dwells on 5

either the bottom of a channel or on the front
surface of the channel block).

Distance (in microns) in the X -direction by which
the stage moves beyond the nominal edge of each

edge clear dist calibration channel (either further over the channel
. . 450or further away from it) when taking measurement

groups. This clearance distance is included so that
edge effects do not affect the data.

Distance (in microns) in the Y -direction over
vert length which the total number of measurement pairs (n) is 232

spaced.

Five sets of dry channel depth data were taken, each with different distances

between the laser triangulation sensor package and the front surface of the

calibration block. This was done so that the dependence of the empirical calibration

coefficient, CE, on the location of the surface of interest within the sensor's

measurement range (in addition to the dependence on AZapp) could be investigated.

The data sets were taken with the sensor reading average distances, Zdape of
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roughly 600, 1100, 1600, 2100, and 2600 tm (where the overall range of the sensor

is 0.125 inches, or 3175 tm). The value for Zdave was computed simply by taking

the average of all distance readings from the laser triangulation sensor for a given

execution of Acquire_Calib Data.vi. (It should be noted here that the laser

triangulation sensor is produced by the manufacturer with zero set at the near end

of its measurement range. The values returned are not the actual distances from the

sensor package to the surface of interest.)

The second step in the calibration procedure was to measure the depths of

the same channels when filled with the working fluid of interest (in this case,

water) and while viewing them through a piece of fused quartz with a thickness

equal to that of the quartz viewing window. This was accomplished by using a

pipette to fill the channels with water, positioning an exact replica of the actual

quartz viewing window over the channels, and sealing it in place on the calibration

block using a liquid silicone gasket material. The silicone gasket also served to seal

the water in the channels, which would otherwise dry up very quickly due to the

extreme thinness of the film being constrained within each channel. The calibration

block was repositioned on the vertical stage, and the laser spot was aligned on the

mark denoting the previous starting point. The VI Acquire_Calib_Data.vi was

again used to collect the channel depth data, again taking five data sets with Zq

values of roughly 600, 1100, 1600, 2100, and 2600 tm.

Reduction of the empirical calibration data is described in the following

section. Results of the analysis are described in Section 6.1.2.
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5.5.2 Empirical Calibration Data Reduction and Uncertainty Analysis

The empirical calibration data can be analyzed in much the same manner as

that described for the film thickness data in Section 5.4. Rewriting Eqs. (57)

through (59) for both the dry configuration of the calibration block (denoted by the

subscript d) and the configuration with the quartz window and water-filled

channels (denoted by the subscript q) gives

AZdq = Zbojdq Zfopd (73)

= + (a (74)

L\Zd,q = -'_>(4Zdq )j (75)
n

where Zbojdq is the average distance reading for a group of N measurements to

the bottom of a channel, Z,opd is the average distance reading for a group of N

measurements to the top of a channel (i.e., the front surface of the calibration

block), AZdq is the local channel depth calculated from adjacent groups of

measurements to the bottom and top of a channel, and AZd,q is the average channel

depth calculated using n pairs of measurement groups taken for a channel.

Equations (73) through (75) are applied identically for both the dry configuration of

the calibration block data and for the configuration with the quartz window and

water-filled channels. The empirical calibration coefficient, CE, for each set of

measurements (that is, each pair of AZd and AZq values for a given channel, at a
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given location within the laser triangulation sensor's measurement range) is then

given by

(76)
AZq

This data requires further reduction, which is described in Section 6.1.2.

The uncertainty analysis can also be performed in a manner similar to that

described in Section 5.4. Rewriting Eqs. (63) and (64), the precision error

components are given by

crz d,q (77)
.Jn

(78)i=1

which can be combined using Eq. (65). The precision error, P, is then combined

with the bias error, B, using Eq. (62), with B given by an expression similar to

Eq. (66).

Reduction of the empirical calibration data was accomplished in part using

the LabVIEW VI Analyze CalibData.vi, which is described in detail in Appendix

G. Descriptions of the parameters that must be entered (using the front panel)

before executing the VI, as well as a listing of the settings used for this analysis, are

summarized in Table 5.4. The results of the analysis, along with the method used to

extract a value for CE from the data, are described in Section 6.1.2.



105

Table 5.4 Parameters used for Analyze_Calib_Data.vi

Parameter Description Value
Used

Number of film thickness measurements to record
on the edge of each calibration channel. Each film
thickness measurement consists of a "pair" (two

30n
groups) of readings: one group on the bottom of the
channel and an adjacent group on the front surface
of the channel block.

Number of data points per group (i.e., number of
individual distance readings recorded from the laser

N triangulation sensor each time it dwells on either 5

the bottom of a channel or on the front surface of
the channel block).

max var from Maximum allowed variation (in microns) of the
. .

individual channel depth values in each set from the 30mean
mean channel depth of the set.

bias error per Bias error (in microns) associated with each
. .

laser reading reading from the laser triangulation sensor (taken
.

1.34
from the manufacturer s specifications).
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6 RESULTS AND DISCUSSION

This chapter describes the results of the data collection and reduction

outlined in Chapter 5. Results of the theoretical and empirical calibration

techniques are presented and compared for accuracy. Graphical results are shown

for several example film thickness data sets, and discussions of trends in the data

are included.

6.1 Theoretical and Empirical Calibration Methods

The following sections summarize the results obtained for the theoretical

and empirical calibration coefficients, CT and CE, which were described in

Sections 3.2 and 5.5, respectively. An overall discussion of the two calibration

techniques is also provided.

6.1.1 Theoretical Calibration Coefficient Results

Developing the theoretical calibration curve began with the experiment

described in Section 3.2.2 for determining C1, which in turn required

measurements of tQ D *, and 8 * The raw data, reduction, and uncertainty

analyses for tQ D and 8* are summarized in Appendices I, J, and K,

respectively. The results of these measurements were

tQ = 6.287 ± 0.022 mm
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D * = 16.104±0.204 mm

* 2.756 ± 0.035 mm

Determining C1 also required calculation of tA
*, which was performed using the

Mathcad worksheet shown in Appendix L to solve the system of five equations

given by Eqs. (31) through (35). The uncertainty associated with this value, U,A*,

was calculated using the sequential perturbation method described in Section 3.2.3.

The results of this analysis are summarized in Appendix M. In addition to tQ and

*, the parameters A' flQ, and LH were required in order to perform the

calculations for tA * and UtA*. The values used for these parameters were

= 1.00± 0.00 [32, 52]

flQ = 1.46 ± 0.01 [32, 53]

LH =25±2mm

The length LH could only be approximated, due to the fact that the imaging lens

was only partially visible through the laser triangulation sensor window; as such, a

relatively large uncertainty was assigned to this value. Finally, the results obtained

for C1 using Eq. (36) were

C1 =6.456±2.344 mm

With C1 known, the value of AZ
act

could be calculated given a value for

AZapp This was performed using the Mathcad worksheet shown in Appendix N to

solve the system of 16 equations given by Eqs. (14) through (29). In addition to tQ
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A' flQ, LH, and C1, the parameters D and L were required in order to perform

the calculation for AZac, The values used for these parameters were

D 16.1±0.5mm

= 1.33 ± 0.01 [32, 52]

The standoff distance D was estimated based on the clearance typically required

between the laser triangulation sensor and the test section in order to locate the

ultra-thin film within the sensor's measurement range. The calculation of AZ

was performed for several values of AZ, over the range 0 to 200 tm. The results

for AZact were plotted against AZapp to generate the calibration curve shown in

Fig. 6.1. A linear regression revealed that the relationship between AZact and

AZ, is in fact linear, with the theoretical calibration coefficient, CT, equal to the

slope of the line. The uncertainty associated with this value, UCT, was calculated

using the sequential perturbation method described in Section 3.2.3. The results of

this analysis are summarized in Appendix 0. The final result for C was

CT = 1.501 0.043

This result is compared in Section 6.1.3 to that obtained using the empirical

approach, which is presented in the following section.
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Fig. 6.1 Calibration curve generated using theoretical model

6.1.2 Empfrical Calibration Coefficient Results

The empirical calibration data was collected using AcquireCalib_Data.vi,

as described in Section 5.5.1 and Appendix F. After being reduced in part using

Analyze_Calib_Data.vi, as described in Section 5.5.2 and Appendix G, the data

was in the form of a value for AZd and a value for LZq, along with their

associated uncertainties, for each set of measurements. A set of measurements was

collected for each one of the 10 calibration channels (a) using both the dry
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configuration of the calibration block and the configuration with the quartz window

and water-filled channels, and (b) at each one of five given locations, Zjq

within the laser triangulation sensor's measurement range.

Using Eq. (76), a value for CE was calculated for each set of

measurements. The resulting values for CE are listed in Appendix P. This

extensive set of calculations allowed for an investigation of the dependence of CE

on both the apparent thickness of the liquid film (AZq in this case, or AZapp in the

case of the test section) and the approximate location of the liquid film within the

sensor's measurement range (Zdq a'e
These two parameters were identified as

possibly having a strong effect on CE based on a study of the ray optics involved,

which is described in Section 3.2. The values were organized into a 10 x 5 matrix

of CE values corresponding to the 10 average values of L\Zq and the five average

values of Zdq This matrix is shown for reference in Appendix P. However, a

thorough examination of the data revealed that no strong dependence of CE on

either AZq or Zdq exists. (The dependence may in fact exist, but if so, it was "in

the noise" of this experiment that is, the data scatter in the CE values was too

large to detect the dependence.)

As such, a single value for CE was calculated by simply ignoring the

various conditions under which it was measured and taking the average of all 50

values computed in the 10 x 5 matrix. The uncertainty certainty associated with this
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value was calculated by applying the modified multiple-measurement uncertainty

analysis technique described in Section 5.4, and using the 50 cF values in place of

the required CE values. (This was considered a conservative estimate for the

overall uncertainty associated with CE, since the u E values are roughly twice as

large as the related 0CE values would be.) The details of these calculations are

summarized in Appendix P. The final result for CE was

CE = 1.499±0.019

This result is compared in the following section to that obtained using the

theoretical approach, which is described in Section 6.1.1.

6.1.3 Comparison of Calibration Methods

Clearly, the agreement between the results for C and CE is remarkable,

lending confidence to the accuracy of the two values. The fact that these two

separate calibration techniques produced such similar results indicates that the

refraction occurring when the laser triangulation sensor is used to measure the film

thickness through the quartz viewing window is well characterized. The fact that no

noticeable dependence of CE on AZq was found to exist is not surprising, given

how little the value of CT changed over the entire range of AZapp values

investigated (see Appendix 0). Despite the agreement between the results, some

observations can be made regarding the limitations of the techniques.
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The primary weakness of the theOretical method is the inherent difficulty in

obtaining values for all of the length parameters involved in the triangulation

calculations. Specifically, the uncertainty associated with the horizontal length

parameter, LH, is by far the largest contributor to the uncertainty associated with

C1, as revealed by inspection of the sequential perturbation analysis results

summarized in Appendix M. The uncertainties of these two parameters are in turn

the largest contributors to UCT, as revealed by inspection of the sequential

perturbation analysis results summarized in Appendix 0. Interestingly, the next

largest contributor to Uc.T is the uncertainty associated with the index of refraction

of the working fluid (in this case, water). The reason that
L has such a large effect

on CT is that of the two distance measurements required to compute the local film

thickness (Zm and Zn), only one of them is affected by L (Zm) as shown in Fig.

3.1. Refraction occurring at the air-quartz interface affects both measurements,

which causes to be much less sensitive to the indices of refraction of these

media.

The primary weakness of the empirical technique was the relatively low-

quality of the calibration block used. More precise results could likely be obtained

if a set of calibration channels were produced using some sort of precision

machining process that left the surfaces of the channel polished and extremely

smooth, in order to minimize the data scatter caused simply by surface roughness

and imperfections, which was notable. In addition, the design of the calibration
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block should incorporate some method of securely clamping the quartz in place, in

order to ensure the uniformity of the thicknesses of the liquid films being

constrained between the components.

6.2 Temperature, Pressure Differential, and Mass Flow Rate Results

Temperature, pressure differential, and mass flow rate data were recorded as

described in Section 5.3. The test section temperature, Ta,,e , was calculated for each

data set using Eq. (70). Averages were calculated for each data set for the readings

from the two pressure transducers and the bubble flow meter, and were converted

to units of pressure and mass flow rate, respectively, using the following calibration

equations:

[psig] = 2.9608 [V]+1.5432

apor {psig] = 2.9463 [V]+1.6305

iii [g 1mm] [s] 0.999567645 0.00012 1646
10000

(The calibration equations were developed by Jeremy Siekas of the Oregon State

University Department of Mechanical Engineering.) The effective pressure

differential, AP, and the average mass flow rate through the test section, th , were

then calculated for each data set using Eqs. (71) and (72), respectively. The raw

data for each set of flow conditions investigated is tabulated in Appendix Q. The

results of the data reduction are summarized in Table 6.1, with AP values shown in

units of both kPa and psi. Uncertainty analyses were not performed on these
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quantities, as they are used primarily for reference purposes, and inspection of the

raw data reveals that data scatter was minimal.

Table 6.1 Summary of steady-state flow conditions investigated

Data
Set No.

Tave

[°CJ [kPa] [psij
th

[g/minj

1 23.3 43.4 6.30 0.02

2 23.5 43.3 6.29 4.65

3 23.4 43.3 6.29 0.02

4 24.0 43.7 6.34 4.53

5 68.3 43.8 6.35 5.16

6 70.9 39.4 5.71 5.46

7 72.8 29.8 4.33 4.99

8 73.7 15.9 2.31 4.11

9 70.2 71.5 10.4 4.43

10 51.1 43.4 6.30 4.64

11 32.8 43.4 6.30 4.86

6.3 Selected Film Thickness Results

Film thickness data was collected in the order shown for each of the 11

combinations of flow conditions listed in Table 6.1. The data was collected using

Acquire Thickness Data.vi, as described in detail in Section 5.3 and Appendix D.
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The raw film thickness data was then reduced using AnalyzeThickness_Data.vi,

as described in Section 5.4 and Appendix E. The 11 sets of reduced film thickness

data are tabulated for reference in Appendix R. Each data set consists of 56 data

points one for the leading edge and one for the trailing edge of each of the 28

NiCr-coated regions on the quartz viewing window. In addition, a spatially-

averaged value for the film thickness, AZ, was calculated for each of the II data

sets using Eq. (69). The uniformity of each film thickness was characterized by

calculating u using the modified multiple-measurement uncertainty analysis

technique described in Section 5.4. The results for AZ and are summarized in

Appendix R along with the tabulated reduced data for each of the 11 data sets.

A series of plots was generated for each of the II data sets using OriginLab

plotting software. The plots were generated by converting each data set to matrix

form using the Origin Lab option "Random XYZ Gridding." The parameters used

for this procedure are summarized for reference in Table 6.2. This generated a

matrix of film thickness values representing a surface fit for the data, with spacing

between the matrix data points of roughly 2.0 mm in the X -direction and roughly

2.2 mm in the Y -direction. The following sections present the graphical results for

several example data sets representing a variety of flow conditions of interest. Plots

of additional data sets are compiled in Appendix S.
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Table 6.2 OriginLab parameters used for converting film
thickness data to matrix form

Parameter Value Used

Gridding Method Correlation

No. Columns 21

No. Rows 11

Search Radius 2

Smoothness 0.3

6.3.1 Room Temperature with No Flow

Data set no. I was collected at room temperature with zero flow through the

test section. The pressure differential was roughly 43 kPa (6.3 psi), which was

regarded as a typical setting required for operation of the device as a desorber.

These conditions essentially represented a nominal check of the construction of the

test section, before extensive testing had occurred. A 3-D surface plot of the film

thickness data is shown in Fig. 6.2 and a contour plot is shown in Fig. 6.3. The

plots suggest that the nominal film thickness was somewhat larger than the

expected value of 120 tm (based on the channel construction described in Section

5.2.2). This observation is evident in the result for the average film thickness,

which was

: =153.8±4.2prn
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Fig. 6.2 Data set no. 1: 3-D surface plot of film thickness

The plots also reveal that the film was initially quite uniform in thickness more

so, in fact, than for any of the data sets collected subsequently.

Figure 6.4 shows three profiles of the 3-D surface fit, each of which is aligned

with one of the three rows of NiCr-coated regions on the quartz viewing window.

The graphs show error bars representing the uncertainties associated with
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the and AZac, values, allowing the surface fit generated by OriginLab and the

actual film thickness data to be directly compared. (No profiles plots are shown that

allow for the uncertainties associated with the Y values to be considered in this

comparison. However, it suffices to note that for all data sets, the values were

roughly half as a large as the corresponding u values.) The profile plots reveal that
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Fig. 6.4 Data set no. 1: comparison of surface fit to experimental data
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for this data set, the quality of the surface fit obtained was very high, as the surface

is fairly smooth and lies within the uncertainty ranges of all 56 data points.

6.3.2 Room Temperature

Data set no. 2 was collected at room temperature with a mass flow rate

through the test section of roughly 4.7 g/min (where mass flow rates within the

range of 4.0 to 5.5 g/min were regarded as a level typically required for operation

of the device as a desorber). The pressure differential was near the nominal setting

of 43 kPa (6.3 psi). These flow conditions essentially represented a check of the

test section operation before ramping up to the required temperature of around 70

"C. A 3-D surface plot of the film thickness data is shown in Fig. 6.5 and a contour

plot is shown in Fig. 6.6. The plots suggest that when flow was applied, the

downstream end of the membrane tended to collapse toward the quartz window.

This result was initially considered a malfunction of the film thickness

measurement system, not of the ultra-thin film. Subsequent testing, however,

suggested otherwise. Data set no. 3 was collected under conditions similar to that of

data set no. 1, and the thickness and uniformity of the film seemed to rebound. Data

set no. 4 was then collected under conditions similar to that of data set no. 2, and

the downstream end of the membrane again collapsed. (Plots of data set nos. 3 and

4 are included in Appendices S. 1 and S.2, respectively.)

Figure 6.7 shows three graphs comparing profiles plots of the 3-D surface

fit to the actual film thickness data. The profile plots reveal that for this data set, the
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Fig. 6.5 Data set no. 2: 3-D surface plot of film thickness

quality of the surface fit obtained was moderate. The surface is smooth but lies

outside the uncertainty ranges of four of the data points.

6.3.3 Operating Temperature

Data set no. 5 was collected at an elevated operating temperature of roughly

68 C (where temperatures within the range of 65 to 75 C were regarded as a level
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typically required for operation of the device as a desorber). The pressure

differential was near the nominal setting of 43 kPa (6.3 psi) and the mass flow rate

was within the nominal range of 4.0 to 5.5 glmin. These flow conditions essentially

represented a first check of the test section running at operating temperature. A 3-D

surface plot of the film thickness data is shown in Fig. 6.8 and a contour plot is

shown in Fig. 6.9. The plots suggest that when the test section was ramped up to
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operating temperature, the downstream end of the film thickened severely. This

observation is consistent with the result for the average film thickness, which was

AZ 172.2±5.9iim

It is unclear whether this thickening of the downstream end of the film was due to a

flaw in the test section construction or other phenomena; in any case, it was
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observed in nearly every subsequent data set collected (see, for example, the results

for data set nos. 9 and 11 in Sections 6.3.5 and 6.3.6, respectively).

Figure 6.10 shows three graphs comparing profile plots of the 3-D surface

fit to the actual film thickness data. The profile plots reveal that for this data set, the

quality of the surface fit obtained was moderate. The surface is fairly smooth but

lies outside the uncertainty ranges of two of the data points.
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6.3.4 Operating Temperature with Reduced Pressure D(fferential

Data set no. 8 was collected at an elevated operating temperature of roughly

74 °C and a reduced pressure differential of roughly 16 kPa (2.3 psi). The mass

flow rate was within the nominal range of 4.0 to 5.5 g/min. These flow conditions

essentially represented a check of the effect of a sharp decrease in the pressure

differential across the membrane. A 3-D surface plot of the film thickness data is

shown in Fig. 6.11 and a contour plot is shown in Fig. 6.12. The plots reveal a

marked non-uniformity in the film thickness. These results suggest that when the

pressure differential was too low, the effects of the interaction between the

membrane and the flowing liquid film tended to dominate, and the film became

unstable.

Figure 6.13 shows three graphs comparing profiles plots of the 3-D surface

fit to the actual film thickness data. The profile plots reveal that for this data set, the

quality of the surface fit obtained was poor, as the surface lies outside the

uncertainty ranges of nine of the data points. This result is not entirely unexpected,

however, considering the variation of the film thickness data.

6.3.5 Operating Temperature with Elevated Pressure Differential

Data set no. 9 was collected at an elevated operating temperature of roughly

70 °C and an elevated pressure differential of roughly 72 kPa (10 psi). The mass

flow rate was within the nominal range of 4.0 to 5.5 glmin. These flow conditions

essentially represented a check of the effect of a sharp increase in the pressure
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Fig. 6.11 Data set no. 8: 3-D surface plot of film thickness

differential across the membrane. A 3-D surface plot of the film thickness data is

shown in Fig. 6.14 and a contour plot is shown in Fig. 6.15. The plots suggest that

when the pressure differential was increased, the entire film tended to thicken. This

observation is consistent with the result for the average film thickness, which was

=189.6±7.6 pm
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This thickening may have been at least partly attributable to the fact that at

increased pressure differentials, the PTFE membrane could visibly be seen to

deflect into the mesh structure of the polypropylene backing over the entire

contactor area. (At lower pressure differentials, this deflection was observed over

some of the contactor area, but not over its entirety.) Notably, these results exhibit

the same thickening of the downstream end of the film observed in data set no. 5

(see Section 6.3.3).
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Figure 6.16 shows three graphs comparing profiles plots of the 3-D surface

fit to the actual film thickness data. The profile plots reveal that for this data set, the

quality of the surface fit obtained was high, as the surface is fairly smooth and lies

outside the uncertainty range of only one data point.
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6.3.6 Room Temperature after Extended High-Temperature Run
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Data set no. 11 was collected at about 33 C (near room temperature) and at

the nominal pressure differential of 43 kPa (6.3 psi). The mass flow rate was within

the nominal range of 4.0 to 5.5 glmin. These flow conditions essentially

represented a check of the effect of returning the test section to "cold flow"

conditions after an extended run at elevated temperatures. A 3-D surface plot of the

film thickness data is shown in Fig. 6.17 and a contour plot is shown in Fig. 6.18.
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Fig. 6.16 Data set no. 9: comparison of surface fit to experimental data
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Fig. 6.17 Data set no. 11: 3-D surface plot of film thickness

The plots suggest that when the temperature was decreased, the entire film tended

to decrease in thickness from the levels observed at higher temperatures (see, for

example, the results for data set no. 9 in the previous section). This observation is

consistent with the result for the average film thickness, which was

= l68.7±5.4im
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Interestingly, the downstream end of the membrane did not appear to collapse as

had occurred in previous cold flow tests (see, for example, the results for data set

no. 2 in Section 6.3.2). Furthermore, the film thickness did not return entirely to the

nominal thickness of roughly 154 jim observed in data set no. 1. This appeared to

be due at least in part to the membrane receiving somewhat of a "permanent press"

during the extended run at elevated temperature and pressure. These results once
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again exhibit a thickening of the downstream end of the film, as was observed in

data set nos. 5 and 9 (see Section 6.3.3 and 6.3.5, respectively).

Figure 6.19 shows three graphs comparing profiles plots of the 3-D surface

fit to the actual film thickness data. The profile plots reveal that for this data set, the

quality of the surface fit obtained was high. The profile plots reveal that for this

data set, the quality of the surface fit obtained was high, as the surface is very

smooth and lies outside the uncertainty range of only one data point.
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7 CONCLUSIONS

The following sections contain general comments on the film thickness

measurement technique developed and the results obtained with its use. Additional

comments are included regarding the performance and construction of the

experimental test section and membrane stiffening system. Finally, suggestions are

offered for the direction of future research.

7.1 Film Thickness Measurement System

The primary requirements guiding the design of the film thickness

measurement technique were twofold. The first requirement was to be able to

characterize the spatial uniformity of the liquid film for a given set of operating

conditions. The second requirement was to be able to characterize the overall

variation in film thickness due to changes in the pressure differential and operating

temperature. The results discussed in Section 6.3 suggest that use of the laser

triangulation sensor was a success in these two respects. Much was learned about

the performance and behavior of the membrane and liquid film under a variety of

operating conditions.

Early in the measurement technique selection process, a target capability of

10 jim was identified as the level of variations in film thickness to be detected. The

results obtained using the laser triangulation sensor suggest that this goal was

roughly met. However, there was considerably more noise in the film thickness
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data than was expected based on the manufacturer's specifications that the device

has a resolution of 0.32 jim and a linearity of± 0.95 jim [24]. It is likely that much

of this noise was the result of a slight texture in the membrane's shape cause by the

polypropylene backing to which it was attached. Furthermore, some level of data

scatter seemed to be present in distance readings taken with the sensor regardless of

how smooth or polished the surface of interest was. This result suggested that

calculating spatial averages of readings taken with the device represented the

optimal method of implementing its capabilities.

A drawback of the film thickness measurement technique developed here

was its sensitivity to aligning the laser spot on the pattern of NiCr-coated regions

on the quartz viewing window, as described in Section 5.3.2. This procedure was

tedious and required several test runs of the measurement system to ensure that the

data being collected was valid. Accurately locating the laser spot on the first NiCr-

coated region was complicated by the fact that the operator's visual access to a

direct line-of-sight view of the laser spot was obstructed by the measurement

system itself

Another drawback is that the laser triangulation sensor has a very well-

defined measurement range, which limits the distance away from the liquid film

that it can be positioned. (Fortunately, refraction at the interface between the air

and the quartz viewing window has the effect of increasing the actually standoff

distance between the liquid film and the sensor.) This limits the ability of the

measurement technique to be applied to other experimental ultra-thin film contactor
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devices. Such limitations, however, are not limited to the use of laser triangulation,

as similar constraints can exist in other optical diagnostic techniques.

A primary success of this project was the ability to account for the effects of

refraction through multiple interfaces. The results obtained using the theoretical

and empirical calibration methods were nearly identical and bolstered the

confidence with which the measurement technique could be employed.

7.2 Film Thickness Results

Use of the film thickness measurement technique generated much

information regarding the performance and behavior of the ultra-thin liquid film.

The results suggest that changes in pressure differential and operating temperature

had a clear effect on the spatial uniformity of the film thickness, as the data

indicated the occurrence of several interesting events. Under cold flow conditions

and nominal pressure differentials, the liquid film was observed to collapse toward

the quartz viewing window. At elevated temperatures, the downstream end of the

film was observed to thicken, perhaps due to thermal mismatch between the test

section components. At reduced pressure differentials, the film was observed to

become unstable. The presence of these effects underscores the importance of

gaining an improved understanding of the phenomena encountered in

mechanically-constrained ultra-thin films.
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7.3 Test Section Construction and Stiffener Plate Performance

The test section investigated was designed with the goal of limiting the

variations in the film thickness to 10 percent of the nominal value. The results of

this project suggest that this goal was not achieved, as variations were typically on

the order of 20 to 30 percent or more of the spatially-averaged film thickness value.

Initially, the results of data set no. 1 appeared promising, but the thickening of the

film at the downstream end observed in subsequent data sets was much too

pronounced for this goal to be met. Whether this systematic non-uniformity in the

film thickness was due to a flaw in the test section construction or the presence of

some other phenomenon such as thermal mismatch between the bulk components

of the device remains unclear, but a mechanical explanation seems plausible.

However, the thickening did not appear to be due to a global deflection of

the stiffener plate caused by the pressure differential and elevated operating

temperature. If this had been the cause, the film thickening would be expected to

occur near the middle of the contactor area, not at one of the ends. The elimination

of stiffener plate deflection as a cause for film thickening is further supported by

the results of the extensive analytical and finite element modeling described in

Chapter 4.

In any case, using a membrane to form and constrain a liquid film with a

thickness on the order of 100 urn over a contactor area of several square

centimeters proved to be a difficult design task, as was expected from the outset of

the project.
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7.4 Suggestions for Future Research

Much work lies ahead in the pursuit of an improved understanding of the

phenomena affecting the dimensional stability of mechanically-constrained ultra-

thin liquid films. Furthering present capabilities to form such films will

significantly advance the prospects for the commercialization of a wide range of

new devices and technologies.

An immediate step that could be taken is to repeat the procedure developed

in the present investigation using a finer grid of NiCr-coated regions on the quartz

viewing window. Several additional regions could be added to the current grid

while still allowing sufficient optical access to the membrane. In addition, the

lateral dimensions could likely be reduced while still achieving satisfactory results,

which would further enable the refinement of the grid of measurement locations.

The measurement system could be used to investigate the film thickness in

a flow setup that utilized aqueous LiBr as the working fluid, which is an important

step in developing working applications of the ultra-thin film contactor technology.

Sufficient information exists on the optical properties of aqueous LiBr to

implement the theoretical calibration method developed in the present investigation

(the empirical calibration method could of course be used as well) [54].

Additionally, the measurement system could be used to investigate the film

thickness of a device operating as an absorber (provided the design of the device

resulted in a required standoff distance between the device and the sensor package

that was consistent with the measurement range of the sensor). It would be very
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interesting to see if reversing the direction of diffusion across the membrane had

any adverse effects on the dimensional stability of the liquid film.

Alternative methods of stiffening the membrane could be investigated. The

porous aluminum stiffener plate used in this study resulted in essentially zero

global deflection of the membrane and stiffener plate in the direction of the

pressure differential. However, different materials or stiffener plate designs (or

different stiffening systems altogether) may increase the likelihood of global

deflection. In such cases, the use of finite element modeling techniques become

much more important as a means to predict the impact of design changes on the

spatial uniformity of the film thickness.

On the other hand, global deflection of the membrane in the direction of the

liquid film could present a problem if low pressure differentials are used or if a

contactor is successfully operated as an absorber. In such cases, one avenue to

explore is to use a rib structure, oriented parallel to the flow direction, between the

membrane and the quartz window. This would effectively result in the creation of

several channels, each only a few millimeters wide, rather than one large channel.

The contactor would compress the membrane to the top of the rib structure and

global deflection in the direction of the liquid film would essentially be eliminated.

Other designs are, of course, possible for this type of configuration.

Finally, an ultimate goal would be to develop a functional relationship

between the thickness and spatial uniformity of mechanically-constrained ultra-thin

films and operating conditions such as temperature, pressure differential, and mass
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flow rate. This would in turn likely require the development of contactor devices

that effectively minimize variability associated with device design, such as

deflection and thermal mismatch due to mechanical and thermal loading. Such a

body of information would almost certainly improve the chances of successfully

deploying ultra-thin film contactors in commercial applications.
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Appendix A Stiffener Deflection Results for Shell Finite-Element Model
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Fig. A.! Shell model stiffener deflection: free lateral elongation
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Fig. A.2 Shell model stiffener deflection: lip clamped laterally
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Fig. A.3 Shell model stiffener deflection: contactor area clamped laterally
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Appendix B Stiffener Deflection Results for Tetrahedral Finite Element
Model
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Fig. B.1 Tetrahedral model stiffener deflection: free lateral elongation
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Fig. B.2 Tetrahedral model stiffener deflection: lip clamped laterally
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Fig. B.6 Tetrahedral model stiffener deflection: lip clamped laterally
with lip thickness clamped
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STEP=1
SUB =1
TIME=1
tJY (A)
RSYS=0
1i'1X =.511E-04
SMN =-.132E-04
SMX =.232E-04

AN
JUL 17 2003

15:03:53
PLOT NO. 1

-. 1-O4 -. S1-OS 297c-OS 11i-O4 19m-4
-, 916E-OS -. Q7E-OS 7O1-O5 15iE-1 2S-O4

1-4tet: S0L1D187 / GPa, 0.3 / 69 kPa / 80 C / cont h

Fig. B.7 Tetrahedral model stiffener deflection: contactor area clamped
laterally with lip thickness clamped



NOD?L SOLUTION

STEP=l
SUB =1
TThiE=l
UY (A3)
FYS=0
ii1'4X =.201E-04
SIVIN =-.2015-04
SIv.IX =.586E-05
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JUL 17 2003
15:08:08

PLOT NO. 1

-.2OiB-t4 -. It4-c4 -. -.280E-05 .297-Q5

NODAL SOLUTION

STEP=l
SUB =1
TIME=1
UY (A)
RSYs=0
rv1x =.201E-04
SMN =-.2015-04
SIVD< =.586E-05

UUL 17 2003
15:08:08

PLOT No. 1

-.2OIE--O4 -.143E-04 -.$57e-OS -.280E-O5 .297E-O5
-. 17-O4 -. 11S-D4 -. 569-O5 . 852-O7 . 586B-OS

1-4_tet: SOLID187 / 8.8 (Pa, 0.3 / 69 kPa / 80 C / full clamp, h clamp

Fig. B.8 Tetrahedral model stiffener deflection: fully clamped
with lip thickness clamped
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Appendix C Technical Drawings of Quartz Window Stencil
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Appendix D Data Collection Routine for Film Thickness Data

This appendix contains supplemental information on

Acquire_Thickness_Data.vi, which is the Lab VIEW VI that was used to collect

film thickness data. The VI is used to perform the following tasks:

send commands to the controller for operating the motorized stages;

collect X and Y stage coordinates from the controller;

collect distance readings (Z -values) from the laser triangulation sensor;

collect voltage readings from the pressure transducers located at the channel

inlet (P, [V}) and in the vapor plenum (1vapor [V]) of the test section; and

collect frequency readings from the bubble flow meter (iii
[1])

The film thickness data collected with this VI was reduced using

Analyze_Thickness Data.vi, which is described in Appendix E.

D.1 Overview of Acquire_Thickness_Data.vi

The VI begins by prompting the user to input a spreadsheet file containing

the coordinates of the centers of the regions coated with NiCr on the quartz viewing

window. The VI then commands the stage controller to move to each NiCr-coated

region in a successive fashion. At each NiCr-coated region, the VI begins by

recording the voltage readings from the pressure transducers located at the inlet and

in the vapor plenum of the test section. It also records the frequency reading from

the bubble flow meter. It then performs a film thickness data collection routine on
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both the leading and trailing edges of the NiCr-coated region. During this routine,

n pairs of measurement groups (a pair being defined as adjacent groups of N

readings each on the membrane and NiCr) are collected along both the leading and

trailing edge of each NiCr-coated region. This procedure for recording inlet

pressure, vapor pressure, mass flow rate, and film thickness data is repeated at each

NiCr-coated region.

After the film thickness data has been collected at each NiCr-coated region,

the VI returns the stages to the starting location and outputs two spreadsheets. The

first spreadsheet contains the unreduced film thickness data in columns of X, Y,

Z, and cr7. values (one row for each group of measurements; see Section 5.3.5).

The second spreadsheet has three columns containing the voltage and frequency

readings for
1inieg' 1vapor' and th . The user is prompted to select names under which

to save these two spreadsheet files.

Below are figures showing the front panel and block diagram of

Acquire_Thickness Data.vi. The block diagram contains comments providing

additional details on the structure of the program. A list of the sub VIs utilized by

the program is included in Table D. 1.
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Fig. D.1 Front panel of Acquire_Thickness_Data.vi
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Fig. D.2 Block diagram of Acquire_Thickness_Data.vi



Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)
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Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)
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Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)
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Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)
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Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)



Fig. D.2 Block diagram of Acquire_Th ickness_Data.vi (continued)
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Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)



Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)
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Fig. D.2 Block diagram of AcquireThickness_Data.vi (continued)
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Fig. D.2 Block diagram of Acquire_Thickness_Data.vi (continued)
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Table D.l SubVIs required for Acquire_Thickness_Data.vi

Icon Name of VI Location of Description

Read From Spreadsheet File.vi Lab VIEW 6.1 library

curr-
enI current coords.vi Section H.1
coord.

VISA

VISA Configure Serial Port Lab VIEW 6.1 library

Write to Spreadsheet File.vi Lab VIEW 6.1 library

iceJ Move.vi Section H.4

GoTo.vi Section H.8

iacq

acqdiffdata.vi Section H.9
a

Al Acquire Waveforms.vi Lab VIEW 6.1 library

Al Acquire Waveforms (waveform).vi Lab VIEW 6.1 library

Std Deviation and Variance.vi Lab VIEW 6.1 library

FEQ
Measure Frequency.vi Lab VIEW 6.1 library

D.2 Using AcquireThickness_Data.vi

Table D.2 summarizes the parameters that must be selected/entered by the

user before running Acquire Thickness_Data.vi. These parameters may be

controlled using the Acquire Thickness Data.vi front panel, as shown in Fig. D. 1.
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Table D.2 Parameters for Acquire_Thickness_Data.vi

Parameter Description Default
Value

Stage Port COM port to which the stage controller is
0 (COM1)connected.

Laser Port COM port to which the laser triangulation sensor is
COM2connected.

Factor by which to divide coordinates received

Factor from the stage controller. (Value of 2.00 is required
2.00.

to correct a problem with the Mark-202. For the
CSG-600R, a value of 1.00 is required.)

Number of film thickness measurements to record
on each of the edges (leading and trailing) of each
NiCr-coated region. Each film thickness

10measurement consists of a "pair" (two groups) of
readings: one group on the membrane, and one
group on the NiCr.

Number of data points per group (i.e., number of

N individual distance readings to record from the
5laser triangulation sensor each time it dwells on

either the membrane or the NiCr).

NiCr width Width (in microns) in the X -direction of the NiCr-
800.

coated regions.

Distance (in microns) in the X -direction by which
the stage moves beyond the nominal edge of the
NiCr-coated regions (either further onto the NiCr

edge clear dist from the edge, or further off the NiCr away from 350
the edge) when taking measurement groups. This
clearance distance is included so that edge effects
do not affect the data.

Distance (in microns) in the Y -direction over
vert length which the total number of measurement pairs (n) is 500

spaced.
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Appendix E Data Reduction Routine for Film Thickness Data

This appendix contains supplemental information on

Analyze Thickness Data.vi, which is the Lab VIEW VI that was used to reduce the

film thickness data. The film thickness data was collected using

Acquire_Thickness_Data.vi, which is described in Appendix D.

E.l Overview of AnalyzeThickness_Data.vi

The VI begins by prompting the user to input a spreadsheet file containing

the unreduced film thickness data in columns of X, Y, Z, and cr values (one

row for each group of measurements). The VI then sorts the groups of data into sets

according to the number of pairs of measurement groups, n , that were collected

along each edge (both leading and trailing) of the NiCr-coated regions. Within each

set of measurements, the VI sorts the groups into adjacent pairs and calculates the

corresponding film thickness value, AZapp for each pair. Then, within each set, the

VI discards any values of AZapp that differ from the mean of the set by more than a

specified value. If any values of AZapp are discarded, the VI reduces the value of n

accordingly for that set.

The VI then calculates for each set of measurements, and performs

the modified multiple-measurement uncertainty analysis described in Section 5.4.

The AZapp values are then corrected using the calibration coefficient. Pooled-
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average values for the X and Y coordinates are calculated for each set using the

X and Y coordinates of all 1Zapp values that were not discarded. The average X

and Y values are then converted from microns to millimeters (for plotting

purposes) and are adjusted for the offset values between the location of the first

NiCr region and the lower left corner of the channel. The film thickness data is then

written in columns of X, us,, Y, ui,, Z, and u values (one row per

measurement location) to a spreadsheet file with the same name as the input

spreadsheet file, but with the suffix "analyzed" appended to the end.

Below are figures showing the front panel and block diagram of

Analyze Thickness Data.vi. The block diagram contains comments providing

additional details on the structure of the program. A list of the sub VIs utilized by

the program is included in Table E. 1.
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Fig. E.1 Front panel of Analyze_Thickness_Data.vi
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Fig. E.2 Block diagram of Analyze_Thickness_Data.vi oc



Fig. E.2 Block diagram of Analyze_Thickness_Data.vi (continued)
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Fig. E.2 Block diagram of Analyze_Thickness_Data.vi (continued)



Examines the film thickness values within each set of measurements, and
discards measurement pairs whose film thickness values differ from the
mean of the set by more than a specified amount.

Fig. E.2 Block diagram of Analyze_Thickness_Data.vi (continued)
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Calculates the mean x value within each set and combines the x uncertainties. Repeats For
y values, Calculates the mean film thickness value (dz) within each set, along with the
associated uncertainty

buffer :3

r0
w £1-

h nJ:: h n..J:. h I7LJ: k ILJ

w 2rj L4 4irtl I[2LSer

Fig. E.2 Block diagram of Analyze_Thickness_Data.vi (continued)
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Corrects x and y values using offset distances, and converts values from microns to millimeters.
Corrects dz values using calibration coefficient. Appends corrected x, y, and d values to the
final data array, along with the associated uncertainties.

!udzldz I

corrected dz
I

EIIII.I1..i

offset

Fig. E.2 Block diagram of Analyze_Thickness_Data.vi (continued)



192

Clears buffers. I

j

Fig. E.2 Block diagram of Analyze_Thickness_Data.vi (continued)
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Fig. E.2 Block diagram of Analyze_Thickness_Data.vi (continued) 'C
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Table E.1 SubVIs required for Analyze Thickness Data.vi

Icon Name of VI Location of Description

Read From Spreadsheet File.vi Lab VIEW 6.1 library

Std Deviation and Variance.vi Lab VIEW 6.1 library

mult
meas mult meas uncert.vi Section H. 15uncer

!stde
to St dev to uncert.vi Section H.16
uncer

I1root sum squares.vi Section H.14- -

Mean
Mean.vi Lab VIEW 6.1 library

Write To Spreadsheet File.vi Lab VIEW 6.1 library

E.2 Using AnalyzeThickness_Data.vi

Table E.2 summarizes the parameters that must be selected/entered by the

user before running Analyze_Thickness_Data.vi. These parameters may be

controlled using the Analyze_Thickness_Data.vi front panel, as shown in Fig. E. 1.
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Table E.2 Parameters for Analyze_Thickness_Data.vi

Parameter Description Default
Value

Number of film thickness measurements recorded
on each of the edges (leading and trailing) of each
NiCr-coated region. Each film thickness

10measurement consists of a "pair" (two groups) of
readings: one group on the membrane, and one
group on the NiCr.

Number of data points per group (i.e., number of

N individual distance readings recorded from the laser
triangulation sensor each time it dwells on either
the membrane or the NiCr).

max var from Maximum allowed variation (in microns) of the
. .

individual film thickness values in each set from 30me an
the mean value of the set.

bias error per Bias error (in microns) associated with each

laser reading reading from the laser triangulation sensor (taken 1.34
from the manufacturer s specifications).

calibration The calibration coefficient required to correct the

coe film thickness values for the effects of refraction. 1.499
Determined either by empirical or analytical means.

calibration Uncertainty associated with the calibration
0 019coeffuncert coefficient value.

Offset (in microns) in the X -direction from the

xoffset lower left corner of the channel to the origin of the
. 2912. .

stages at the time of data collection (typically the
center of the first NiCr-coated region).

x offset uncert Uncertainty of the X -offset value. 150

Offset (in microns) in the Y -direction from the

yoffset lower left corner of the channel to the origin of the
. . . 4750stages at the time of data collection (typically the

center of the first NiCr-coated region).

y offset uncert Uncertainty of the Y -offset value. 150
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Appendix F Data Collection Routine for Empirical Calibration Data

This appendix contains supplemental information on

Acquire_Calib_Data.vi, which is the LabVIEW VI that was used to collect the

empirical calibration data. The VT is used to perform the following tasks:

send commands to the controller for operating the motorized stages;

collect X and Y stage coordinates from the controller; and

collect distance readings (Z -values) from the laser triangulation sensor.

The VI is a modified version of Acquire_Thickness_Data.vi, which is described in

Appendix D. The calibration data collected with Acquire_Calib_Data.vi was

reduced in part using Analyze_Calib Data.vi, which is described in Appendix G.

F. 1 Overview of Acquire_Calib_Data.vi

The VI begins by prompting the user to input a spreadsheet file containing

the coordinates of the edges of the calibration channels. The VI then commands the

stage controller to move to the coordinates of each edge location in a successive

fashion. At each location, the VI performs a channel depth data collection routine.

During this routine, n pairs of measurement groups (a pair being defined as

adjacent groups of readings on bottom of the channel and on the top surface of the

channel block) are collected along the edge of the calibration channel.

After the data collection routine has been performed on each of the

calibration channels, the VI returns the stages to the starting location. It then
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outputs a spreadsheet containing the unreduced channel depth data in columns of

X, Y, Z, and o. values (one row for each group of measurements; see Section

5.6.1). (It should be noted that the X and Y data recorded here is not used in any

subsequent analysis. It is only recorded due to the fact that Acquire_Calib_Data.vi

is a simplified version of Acquire_Thickness_Data.vi, which is described in

Appendix D.) The user is prompted to select name under which to save this

spreadsheet file.

Below are figures showing the front panel and block diagram of

Acquire_Calib_Data.vi. The block diagram contains comments providing

additional details on the structure of theprogram. A list of the sub VIs utilized by

the program is included in Table F.1.
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Fig. F.2 Block diagram of Acquire_Calib_Data.vi (continued)
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Fig. F.2 Block diagram of Acquire_Calib_Data.vi (continued)
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Table F.1 SubVIs required for Acquire_CalibData.vi

Icon Name of VI Location of Description

Read From Spreadsheet File.vi Lab VIEW 6.1 library

curr-
ert current coords.vi Section H. 1
coord.

tIs1

VISA Configure Serial Port Lab VIEW 6.1 library

Write to Spreadsheet File.vi Lab VIEW 6.1 library

LricJI1 Move.vi Section H.4

GoTo.vi Section H.8

acq

11 acqdiffdata.vi Section H.9

F.2 Using Acquire_Calib_Data.vi

Table F.2 summarizes the parameters that must be selected/entered by the

user before running Acquire Calib Data.vi. These parameters may be controlled

using the Acquire Calib Data.vi front panel, as shown in Fig. F. I.
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Table F.2 Parameters for Acquire_Calib_Data.vi

Parameter Description
Default
Value

Stage Port
COM port to which the stage controller is

0 (COM1)
connected.

Laser Port COM port to which the laser triangulation sensor is COM2
connected.

Factor by which to divide coordinates received

Factor from the stage controller. (Value of 2.00 is required 2.00.

to correct a problem with the Mark-202. For the
CSG-600R, a value of 1.00 is required.)

Number of film thickness measurements to record
on the edge of each calibration channel. Each film
thickness measurement consists of a "pair" (two

30
groups) of readings: one group on the bottom of the
channel and an adjacent group on the front surface
of the channel block.

Number of data points per group (i.e., number of
individual distance readings to record from the

N laser triangulation sensor each time it dwells on 5

either the bottom of a channel or on the front
surface of the channel block).

Distance (in microns) in the X -direction by which
the stage moves beyond the nominal edge of each

edge clear dist calibration channel (either further over the channel
. . 450

or further away from it) when taking measurement
groups. This clearance distance is included so that
edge effects do not affect the data.

Distance (in microns) in the Y -direction over
vert length which the total number of measurement pairs (n) is 232

spaced.
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Appendix G Data Reduction Routine for Empirical Calibration Data

This appendix contains supplemental information on

Analyze Calib Data.vi, which is the Lab VIEW VI that was used to reduce the

empirical calibration data. The VI is a modified version of Analyze_Calib_Data.vi,

which is described in Appendix E. The calibration data reduced using

Analyze_CalibData.vi was collected using Acquire_Calib_Data.vi, which is

described in Appendix F.

G.1 Overview of Analyze_Calib_Data.vi

The VI begins by prompting the user to input a spreadsheet file containing

the unreduced channel depth data in columns of X, Y, Z, and o values (one

row for each group of measurements). The VI then sorts the groups of data into sets

according to the number of pairs of measurement groups, n, that were collected

along the edge of each calibration channel. Within each set of measurements, the

VI sorts the groups into adjacent pairs and calculates the corresponding channel

depth value for each pair. (It should be noted that the X and Y data collected by

Acquire Calib Data.vi is not used in this analysis. It is only included in the data

sorting due to the fact that Acquire Calib Data.vi is a simplified version of

Acquire Thickness Data.vi, which is described in Appendix D.) Then, within each

set, the VI discards any channel depth values that differ from the mean of the set by
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more than a specified value. If any channel depth values are discarded, the VI

reduces the value of n accordingly for that set.

Finally, the VI calculates the average channel depth value for each set of

measurements, and performs the modified multiple-measurement uncertainty

analysis described in Section 5.4. The average depths values, along with their

associated uncertainties, are written to a spreadsheet file with the same name as the

input spreadsheet file, but with the suffix "analyzed" appended to the end.

Below are figures showing the front panel and block diagram of

Analyze_Calib_Data.vi. The block diagram contains comments providing

additional details on the structure of the program. A list of the sub VIs utilized by

the program is included in Table G. 1.
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Fig. G.1 Front panel of Analyze_Calib_Data.vi
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Fig. G.2 Block diagram of Analyze_Calib_Data.vi (continued)



214

Analyzes completed set,

Fig. G.2 Block diagram of Analyze_Calib_Data.vi (contin tied)
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Fig. G.2 Block diagram of Analyze_Calib_Data.vi (continued)
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Calculates the mean film thickness value within each set along with the associated
uncertainty, Appends mean values and associated uncertainties to the final data array.

Clears buffers

er1

Fig. G.2 Block diagram of Analyze_Calib_Data.vi (continued)
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Table G.1 SubVIs required for Analyze_Calib_Data.vi

Icon Name of VI Location of Description

Read From Spreadsheet FiIe.vi Lab VIEW 6.1 library

root

?ar
root_sum_squares.vi Section H. 14

Mean
Mean.vi Lab VIEW 6.1 library

Write To Spreadsheet File.vi Lab VIEW 6.1 library

mult
meas

.

mult meas uncert.vi Section H.15
uncer

G.2 Using Analyze_Calib_Data.vi

Table G.2 summarizes the parameters that must be selected/entered by the

user before running Analyze_Calib_Data.vi. These parameters may be controlled

using the Analyze_CalibData.vi front panel, as shown in Fig. G. 1.
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Table G.2 Parameters for Analyze_Calib_Data.vi

Parameter Description Default
Value

Number of film thickness measurements recorded
on the edge of each calibration channel. Each film
thickness measurement consists of a "pair" (two

30groups) of readings: one group on the bottom of the
channel and an adjacent group on the front surface
of the channel block.

Number of data points per group (i.e., number of
individual distance readings recorded from the laser

N triangulation sensor each time it dwells on either 5

the bottom of a channel or on the front surface of
the channel block).

max var from Maximum allowed variation (in microns) of the
. .

individual channel depth values in each set from the 30mean
mean channel depth of the set.

bias error per Bias error (in microns) associated with each
. .

laser reading reading from the laser triangulation sensor (taken
.

1.34
from the manufacturer's specifications).
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Appendix H SubVIs

This appendix contains summaries of the various sub Vis used by the four

VIs described in Appendices D through G that are not part of the standard

LabVIEW 6.1 library of VIs. In cases where the subVls are not written by the

author, proper acknowledgement is given accordingly.

H.! current_coords.vi

This VI is a modified version of WaitString.vi (see Section H.6).

WaitString.vi is provided with the Mark-202 two-axis controller, which is produced

by Sigma Koki Co., Ltd. of Japan.

x
Stage Port -lent I,-- V

Fig. H. 1 Connector pane of current coords.vi



PDrtf

Fig. H.2 Block diagram of current_coords.vi



ra, .fl

Fig. H.2 Block diagram of current coords.vi (continued)

N-.)

N-.)

N-.)



Fig. H.2 Block diagram of current coords.vi (continued)
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Table H.1 SubVIs required for current_coords.vi

Icon Name of VI Location of Description

Serial Port Write.vi Lab VIEW 6.1 library

Simple Error Handler.vi Lab VIEW 6.1 library

SERIAL

E
READ

Serial Read With Timeout.vi Section H.2

ClearBuff.vi Section H.3

H.2 Serial Read With Timeout.vi

This VI is provided with the Mark-202 two-axis controller, which is

produced by Sigma Koki Co., Ltd. of Japan.

Port Number SERIAL Serial Read
Timeout Limit 119 Timeout

bytes to Read READ .................

Error Out

Fig. H.3 Connector pane of Serial Read With Timeout.vi



Fig. H.4 Block diagram of Serial Read With Timeout.vi



Error t liyte t eral Port
No Aciton Taken for Read.

Fig. H.4 Block diagram of Serial Read With Tiineout.vi (continued)
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Table H.2 SubVIs required for Serial Read With Timeout.vi

Icon Name of VI Location of Description

Bytes At Serial Port.vi Lab ViEW 6.1 library

Serial Port Read.vi Lab VIEW 6.1 library

Simple Error Handler.vi Lab VIEW 6.1 library

H.3 ClearBuff.vi

This VI is provided with the Mark-202 two-axis controller, which is

produced by Sigma Koki Co., Ltd. of Japan.

Clear String Read
PortNumber

OK Done

Fig. H.5 Connector pane of ClearBuff.vi

lear Serial Buffer I

Fig. H.6 Block diagram of ClearBuff.vi
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Table H.3 SubVIs required for ClearBuff.vi

Icon Name of VI Location of Description

Bytes At Serial Port.vi Lab VIEW 6.1 library

Serial Port Read.vi Lab VIEW 6.1 library

H.4 Move.vi

This VI is provided with the Mark-202 two-axis controller, which is

produced by Sigma Koki Co., Ltd. of Japan.

Port Number String Received- jti.cij

Direction r4 OK Done

Pulse Number i

Fig. H.7 Connector pane of Move.vi



AxIs Number I

omrrnd Sri1

Fig. 11.8 Block diagram of Move.vi

3K DcneI

t"J
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Table H.4 SubVIs required for Move.vi

Icon Name of VI Location of Description

L2intJ Cmd G OK.vi Section H.5

WaitReady.vi Section H.7

H.5 Cmd_G_OK.vi

This Vi is provided with the Mark-202 two-axis controller, which is

produced by Sigma Koki Co., Ltd. of Japan.

Received String 1PortNumber
Qin. Received String2

Command String LReceived String3
OK Done

Fig. 11.9 Connector pane of Cmd_G_OK.vi



oithkgiber

p_mmnd 5trinJ
ved St1nq2

onrid

ceive OKI

Fig. H.1O Block diagram of Cmd_G_OK.vi
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Table 11.5 SubVIs required for Cmd_G_OK.vi

Icon Name of VI Location of Description

LairI WaitString.vi Section H.6

WaitReady.vi Section H.7

H.6 WaitString.vi

This VI is provided with the Mark-202 two-axis controller, which is

produced by Sigma Koki Co., Ltd. of Japan.

PortNumber String Received
¶rin d''

OK Done
String o Receive

Fig. H.11 Connector pane of WaitString.vi



PotNurnb&j

I_______
P4dd 2 I3yteI

ISrnpIe Error Han ier.VL1 trin to e.ce,ve

Fig. 11.12 Block diagram of WaitString.vi
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Table H.6 SubVIs required for WaitString.vi

Icon Name of VI Location of Description

Serial Port Write.vi Lab VIEW 6.1 library

Simple Error Handler.vi Lab VIEW 6.1 library

SERIAL

au
READ

Serial Read With Timeout.vi Section H.2

ClearBuff.vi Section H.3

H.7 WaitReady.vi

This VI is provided with the Mark-202 two-axis controller, which is

produced by Sigma Koki Co., Ltd. of Japan.

String Received
PortNumber

OK Done

Fig. H.13 Connector pane of WaitReady.vi



Fig. H.14 Block diagram of WaitReady.vi
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Table H.7 SubVIs required for WaitReady.vi

Icon Name of VI Location of Description

Serial Port Write.vi LabVIEW 6.1 library

Simple Error Handler.vi Lab VIEW 6.1 library

SERIAL

E
READ

Serial Read With Timeout.vi Section H.2

ClearBuff.vi Section H.3

H.8 GoTo.vi

r'' 5tatus
Stage Port Gob Final X

FinalY
V Command Error

Limit Sensor

Fig. H.15 Connector pane of GoTo.vi
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Fig. H.16 Block diagram of GoTo.vi
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Reads the coordinates at the point where the stages stop which
should match the indicated Gob coordintates.

[Stacie Port
I ______

curr-
9nal xJ

coord.
inal V

Fig. H.16 Block diagram of GoTo.vi (continued)
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Table H.8 SubVIs required for GoTo.vi

Icon Name of VI Location of Description

curr-
ent current coords.vi Section H.1
coord.

IticJ Move.vi Section H.4

H.9 acq_diff_data.vi

vert length
N

Stage Port acq
Laser Port difl x, y, , 52

edge clear dist data z data
Factor

n

Fig. H.17 Connector pane of acq_diff_data.vi



oro1i

Fig. H.18 Block diagram of acq_diffdata.vi



Fig. H.18 Block diagram of acq diff data.vi (continued)
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IMoves either right or left by twice the clearance distance,
I

Moves up for the next pair of groups, unless it's on the final iteration
of the outer FOR-loop AND the second iteration of the inner FOR-loop.

Fig. H.18 Block diagram of acq_diff_data.vi (continued)
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Fig. H.18 Block diagram of acq_diff_data.vi (continued)

Table H.9 SubVIs required for acq_diff_data.vi

Icon Name of VI Location of Description

dwell scan.vi Section H.1O

curr-
ent current coords.vi Section H.1
coord.

VISA Configure Serial Port Lab VIEW 6.1 library

Std Deviation and Variance.vi Lab VIEW 6.1 library

Move.vi Section H.4

H. 10 dwell_scan.vi

This VI was written with the assistance of Thomas Herron of the Oregon

State University Department of Mechanical Engineering.
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Laser Port

No. laser data points to re
Laser Data

Fig. H.19 Connector pane of dwell_scan.vi

Initializes serial port connection and declares required variables.
I

Baud Rate 9600

Point count

Fig H.20 Block diagram of dwell_scan.vi
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Error

Error occurred
reading Bytes at
Serial Port

Fig. 11.20 Block diagram of dwell_scan.vi (continued)
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Table H.1O SubVIs required for dwell_scan.vi

Icon Name of VI Location of Description

Line
Read line read.vi Section H. 11

Laser clear laser_port.vi Section H.12

VJS!1

VISA Configure Serial Port Lab VIEW 6.1 library

H.11 line_read.vi

This VI was written with the assistance of Thomas Herron of the Oregon

State University Department of Mechanical Engineering.

VISA resource name Line dup VISA resource name
Timeout Read error out

error in (no error) L read buffer
Data Point Count (in) Data Point Count (out)

Fig. H.21 Connector pane of line_read.vi



regured vriabITJ

Court rns
trt Trn

L

Fig. 11.22 Block diagram of line_read.vi



edsthtersfromtheseriporturda e feed corst character eadj

Read &y cbrter rrivig at the eriai portirl urtil a 1ne feed constant character t read. If
no chatacte are found at the enat port. thete at Port

Incremen the
poCtountbyL

Po Count (in)1

7*it

Count (out)l

Fig. H.22 Block diagram of line_read.vi (continued)

00
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Fig. H.22 Block diagram of line_read.vi (continued)

H.12 clearjaser_port.vi

This VI was written with the assistance of Thomas Herron of the Oregon

State University Department of Mechanical Engineering.

Laser Port dup VISA resource name
Timeout error out

Fig. H.23 Connector pane of clear_laser_port.vi



Fig. H.24 Block diagram of clear_laser_port.vi



Read

e&1s dt Froffi srI port, dernt the port of ny old date. Thn checks to se th.t H di hs heen deared by
eedin the poft C second time. If no characters &e found at the port the Umeout condition k checked, U characters

lare found at the po't continues reading untl a line feed constant' character Is read.

Irtstr

ytesetPort

Fig. H.24 Block diagram of clear_laser_port.vi (continued)

VISA
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Fig. H.24 Block diagram of ciear_laser_port.vi (continued)

H.13 Measure Frequency.vi

This VI was written by Jeremy Siekas of the Oregon State University

Department of Mechanical Engineering.

devicerH frequency (hertz)
counter rJJ1JlnrLI

trigger mode
measure specs

Fig. H.25 Connector pane of Measure Frequency.vi



event

ate ad Sourcecontds -e
ocated off the the left of the
rant contro' panel. They &e

den for the chosen
ouriter The q.te coctrth
o the çt ccnter are
hown.

i.i,I
Gate Specilcation Source Spedficalictn

Gate 5pecificaton

Fig. H.26 Block diagram of Measure Frequency.vi

reqiiency (het)I

ulse width (secj

t'J

w
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Table H.11 SubVIs required for Measure Frequency.vi

Icon Name of VI Location of Description

Adjacent Counters.vi Lab VIEW 6.1 library

Counter Group Config.vi Lab VIEW 6.1 library

Co.*I

Counter Control.vi Lab VIEW 6.1 library

Simple Error Handler.vi Lab VIEW 6.1 library

Counter Get Attribute.vi Lab VIEW 6.1 library

PJIe

Set Pulse Specs.vi Lab VIEW 6.1 library

PuIe

Calc Measure Frequency Specs.vi Lab VIEW 6.1 library

Counter Gate (STC).vi Lab VIEW 6.1 library

Counter Source (STC).vi Lab VIEW 6.1 library

Counter Gate (STC).ctl Lab VIEW 6.1 library

Counter Source (STC).ctl Lab VIEW 6.1 library

H.14 root_sum_squares.vi

x1fl
sum R5S

x2 -squar

Fig. H.27 Connector pane of root_sum_squares.vi
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Fig. H.28 Block diagram of root_sum_squares.vi

H.15 mult_measuncert.vi

array ol means mean mean
array of si devs luricef----- tP uncertainty

Fig. H.29 Connector pane of mult_meas_uncert.vi

Fig. H.30 Block diagram of mult_meas_uncert.vi
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Table H.12 SubVIs required for mult_meas_uncert.vi

Icon Name of VI Location of Description

a Std Deviation and Variance.vi Lab VIEW 6.1 library

st mv T Distribution.vi Lab VIEW 6.1 library

¶
RIIS

RMS.vi LabVIEW 6.1 library

I1root sum squares.vi Section H.14

H.16 st_dev_to_uncert.vi

standard deviation _Jdj
uncertainty

point count 1nce

Fig. H.31 Connector pane of st_dev_to_nncert.vi

jncertaintyI

Fig. H.32 Block diagram of st_dev_to_uncert.vi
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Table H.13 SubVIs required for st_dev_to_uncert.vi

Icon Name of VI Location of Description

mv T Distribution.vi Lab VIEW 6.1 library
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Appendix I Reduction of Thickness Data for Unassembled Quartz Window

Quartz Window Thickness t0

lindex t0

[mm]
1 6.29
2 6.30
3 6.27
4 6.27
5 6.28
6 6.28
7 6.29
8 6.30
9 6.30
10 6.30
11 6.29
12 6.30
13 6.28
14 6.30
15 6.29
16 6.29
17 6.28
18 6.27
19 6.28
20 6.28
21 6.30
22 6.29
23 6.28
24 6.28
25 6.29

Precision Error

tQ

[mmj
N tN195% Ut0 PISC

[mm]
0.010 25 2.064 0.0211

Bias Error
(from diriltal calioers)

resolution u tQ bias

[mm] [mm]
0.01 0.005

tQ - Mean Value & Total Uncertainty
t0 Uto

[mm] [mml
6.287 0.022
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Appendix J Reduction of Standoff Data for Unassembled Quartz Window

Quartz Standoff Distance D

iindex D5*j

[mm]
1 16.12
2 16.22
3 16.04
4 15.95
5 16.16
6 16.22
7 16.03
8 16.07
9 16.18
10 16.05

Precision Error
ODs*

[mm]
N tN.495% UDs*prec

[mm]
0.090 10 2.262 0.204

Bias Error
(from digital calipers)

resolution U Ds bias

[mm] [mm]
0.01 0.005

Ds* - Mean Value & Total Uncertainty
I-. *
US UDS*

[mm] [mm]
16.104 0204
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Appendix K Reduction of Refraction Data for Unassembled Quartz Window

Actual Distance Z1

(as viewed without quartz)

iindex Z1

[mml
1 3.0981
2 3.1079
3 3.1030
4 3.1141
5 3.0970
6 3.1080
7 3.1001
8 3.1066
9 3.1084
10 3.1148

Precision Error

zi
L [mm]

N tN195% Uziprec

[mm]

[
0.0062 10 2.262 0.0140

Bias Error
(from laser triangulation sensor)
resolution

[mm]
accuracy

[mm]
U Z 1 bias

[mm]
0.0003 0.0013 0.0013

Z1 - Mean Value & Total Uncertainty
Z1 Ui

[mm] [mm]
3.1058 0.0140

Apparent Distance Z2

(as viewed through quartz)

iindex Z2,

[mm]
1 0.3469
2 0.3638
3 0.3496
4 0.3328
5 0.3235
6 0.3394
7 0.3555
8 0.3615
9 0.3659
10 0.3601

Precision Error

0Z2
[mm]

N tN195% Uz2pras

[mm]
0.0143 10 2.262 0.0322

Bias Error
(from laser triangulation sensor)

resolution
[mm]

accuracy
[mm]

u Z 2 bias

[mm]
0.0003 0.0013 0.0013

Z2 - Mean Value & Total Uncertainty

Z2 U2
[mm] [mm]

0.3499 0.0323

Change in Z Due to Refraction by Quartz * - Nominal Value & Total Uncertainty
6*

[mm]
u8*

[mm]
2.756 0.035
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Appendix L Refraction Model of Unassembled Quartz Window

PARAMETERS

LH := 25000

star 2756

GUESS VALUES

9Astar :=1.3

EQUATIONS

Given

1

flQ := 1.46 tQ := 6287

0Q_star .9 : 20000 XQstar 5000 tAstar : 1700(

XA_star + XQ star = L11

sin(oS)

_star
tan(OA star)

tQ

SOLUTION

XA star
sin(9A star) =

1 2 2
,j + tAstar

sin(OQ star)
XQstar

I 2 2

4
SQ_star + tQ

Soin Find(OA star' 0Q_star , XA star' XQ_star , tAstar)

0.764

0.494

Soin = 2.162x

3.383x

2.256x io)

6A_star := So1n00 XAstar := So1n20 tA_star So1n40

0Qstar So1n10 XQstar So1n30
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0 0

Quartz act := 'kstar tQ

LH tAstar + tQ)

( o star
Quartz_app :=

'Q_star tQ )

(0 tQ
Quartz

L11 tQ)

2 1O4

Quartz actY

Quartz_app_Y

Quartz_Y
110

0

Quartz act X := Quartz_act 0

Quartz actY := Quartz_act

Quartz_app_X := Quartz_app

Quartz_app_Y := Quartz_app

QuartzX := Quartz 0

QuartzY Quartz

5000 i1o4 210 2.510
Quartz_act_X, Quartz_app_X , Quartz_X

Fig. L Refraction through the unassembled quartz window
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Appendix M Uncertainty Analysis of Air Gap and Calculation of Imaging
Lens Offset Constant

Air Gap tA* - Nominal Value
(calculated using Mathcad model)

tA*

[jim]
tA*

[mm]
22560 22.560

Sequential Perturbation
(using Mathcad model)

index x units xj u xj x (tA*)i

[jim]
(tA*)j+

[jim]
(t)
[jim]

(t*)1*
[jim]

ö (t')
[jim]

L H [jim] 25000 2000 23000 27000 20480 24650 -2080 2090 2085
2 jj. 2756 35 2721 2791 23340 21830 780 -730 755
3 n 1.00 0.00 1.00 1.00 22560 22560 0 0 0
4 fl0 1.46 0.01 1.45 1.47 21870 23280 -690 720 705
5 tQ TT 6287 22 6265 6309 22370 22760 -190 200 195

tA * - Total Uncertainty
UtA* ut

[jim] [mm]
2335 2.335

Imaging Lens Offset Constant C1 - Nominal Value & Total Uncertainty
Cl

[mm]
UCI

[mm]
6.456 2.344



PARAMETERS

AZapp := 100

D := 16100

GUESS VALUES

Appendix N Refraction Model of Test Section

L11 =25000 "A 1

C1 =6456 flQ := 1.46

0:1.3 9mQ :=-1.0

15000 4800

LV := 28000 tA 17000

:=6000 :=6000

EQUATIONS

Given

sin(OmA)
'nA

I 2 2'A +tA

sin(OmQ)=
XmQ

1 2 2J)Q +tQ

sin(OmL) =
'cmL

______________

+ act.neg

sin(O,) = '2 2
-J'nA +tA

sin(9nQ) 12 2JXnQ +tQ

tA Lv+AZact6
XmA L11

OmL:1.0

cmL:=lOO

LZact.neg := 300

x := 250

9, :=1.3

XnA 15000

L.Zact =300

LH 'rnA + + 'L

L11 = X + XnQ

tA = D + C1

Ly tA + tQ

xl
tan(OmA) =

app

LZact
I

ExZact.neg

264

1.33

tQ := 6287

0nQ :=l.0

:= 4800

nQ sin(Om)

"A sin(OmQ)

"L Sifl(OmQ)

flQ sin(GmL)

flQ sin(OpA)

"A sin(OnQ)

tA Ly
'A LH

tA Ly
nA LH X
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SOLUTION

Soin := Find(OmA, OmQ,OmL,XmA, 1Q,X L,OnA,OnQ,iA,)Q,LV,tA,m,n,X1 ,Lzactneg,AZact)

9mA So1n00 0mA = 0.762 xnQ := So1n90 'nQ = 3.384x 1O3

9mQ := SoIn1
0 0mQ 0.493 Ly So1n100 Ly = 2.884x 10

0mL := So1n20 9mL = 0.546 tA := So1n110 tA = 2.256x

,A:=Soln30 A=2.IS3X :=Soln120 =2.807x 1O

Q:=SoIn40 Q=3.375X 1O3 :=SoIn130 =2.756x 10

L:=Soln50 XmL9I.25 xi :=So1n140 xi = 95.469

:= So1n60 0flA = 0.764 bZact.neg: So1n150 Zact.neg 150.208

9nQ So1n70 0nQ = 0.494 AZact So1n160 EZact = 150.208

A:=Soin80 XnA2.162X 10

0 0

iZact
I IMemb act := Memb act X Memb act

mL + )Q AZact + tQ
I

L
L11 act + Ly)

(1)MembacLY := Membact

(o act

NiCract := Zact + tQ
I

NiCractX := NiCract>

L11 iZact + LV) NiCractY := NiCr_act(1>

(Memb app MembappX := Memb app
LHA Ly+Zact_tA)

(i)MembappY Membapp

0 Zact +
NiCrapp := NiCr_app_X NiC r app

L A Ly + AZact tA)
(i)NiCrappY := NiCrapp

Liquid
1 0 AZact'
I LiquidX Liquki°
(\ L11 LZact)

1)LiquidY := Liquid
(o AZact+tQ

Quartz := Quartz_X Quartz(0)
L11 LZact+tQ)

QuartzY := Quartz(1>
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2.5-1O

MembactY
2 .1

NiCractY

Memb_app_Y

NiCr_appY

Liquid_Y
4

1 10
Quartz_Y

0

5000

0 5000 1.510 210 2.510
.0, Memb_actX, NiCr act X, Memb_appX , NiCr_app_X ,Liquid X, Quartz_X L H

Fig. N.1 Refraction through the layers of the test section



7000°°°

6000

5000

Memb_actY

NiCr_actY 4000

Memb_app_Y

NiCr_app_Y

Liquid_Y
3000

Quartz_Y

2000

1000

00
0 1000 2000 3000 4000 5000

Memb_act_X, NiCr actX, Memb_app_X NiCr_app_X , Liquid_X, Quartz_X 5000
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Fig. N.2 Enhanced view of refraction through the layers of the test section
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Appendix 0 Uncertainty Analysis of Theoretical Calibration Coefficient

Apparent Film Thickness AZ app

(typical value from data)

AZ app

[im1
100.00

Theoretically-Corrected Film Thickness AZ act Theoretical Calibration Coefficient
(calculated using Mathcad worksheet)

AZact
I CT

[tm1
I

150.211 1.502

Sequential Perturbation
(usinq Mathcad worksheet)

index x units xj U1 X X (AZ act)

[urn]

(AZ act)
i

[urn]

ö (AZ act)
i

[urn]

(AZ act)j

[lAm]

ö (AZ act)

[urn]

1 LH [umI 25000 2000 23000 27000 147.39 153.29 -2.82 3.08 2.95
2 C1 [lAm] 6456 2344 4112 8800 153.27 147.83 3.06 -2.38 2.72
3 D5 [urn] 16100 500 15600 16600 150.80 149.65 0.59 -0.56 0.58
4 n, 1.00 0.00 1.00 1.00 150.21 150.21 0.00 0.00 (1.00

5 no 1.46 0.01 1.45 147 150.17 150.25 -0.04 0.04 .04

6 n 1.33 0.01 1.32 1.34 148.66 151.75 -1.55 1.54 1.55
7 tQ [lAm] 6287 22 6266 6309 150.25 150.17 0.04 -0.04 0.04

Theoretically-Corrected Film Thickness Total Uncertainty
U AZapp

turn)

4.34

C1 Uncertainty Calculation
- +

AZ act 145.87 154.55

CT 1.459 1.545

UCT 0.043 0.043

C1 - Total Uncertainty
u

0.043
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The results of the same calculations are repeated below for a much smaller

and a much larger value of AZapp These calculations are performed in order to

verify that the value arrived at for UCT is essentially not dependent on the value of

I.\Zapp

Apparent Film Thickness AZ app

(typical value from data)
AZ app

[tim]
10.00

Theoretically-Corrected Film Thickness AZ act Theoretical Calibration Coefficient
(calculated using Mathcad worksheet)

AZact CT
film]
15.03 1.503

Sequential Perturbation
(using Mathcad worksheet)

j index x1 units x1 U XJ (AZact)j

film]
(AZact)j

film]
(AZact)j

film]
(AZact)j

film]
(AZact)j

[jim]
I L [jiml 25000 2000 23000 27000 14.75 15.34 -0.28 0.31 0.30
2 C1 EJImI 6456 2344 4112 8800 15.34 14.79 0.31 -0.24 0.28
3 D [jim] 16100 500 15600 16600 15.09 14.98 0.06 -0.05 0.05
4 n 1.00 0.00 1.00 1.00 15.03 15.03 0.00 0.00 0.00
5 n0 1.46 0.01 1.45 147 15.03 15.04 0.00 0.01 0.00
6 L 1.33 0.01 1.32 1.34 14.88 15.19 -0.15 0.16 0.15
7 t [jut] 6287 22 6265 6309 15.04 15.03 0.01 0.00 0.00

Theoretically-Corrected Film Thickness Total Uncertainty
U IZ app

[jim]
0.44

CT Uncertainty Calculation
- +

AZ act 14.59 15.47

CT 1.459 1.547

0.044 0.044

C1 - Total Uncertainty
UcT

0.044
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Apparent Film Thickness AZ app

(typical value from data)

AZ app

[imj
500.00

Theoretically-Corrected Film Thickness AZ act Theoretical Calibration Coefficient
(calculated using Mathcad worksheet)

AZact
[ Cr

[imJ
I

748.38 1.497

Sequential Perturbation
(usin Mathcad worksheefl

index x units x1 u1 x x (AZ act)j
[jim]

(AZ act) j
[jim]

(AZ act)

[jim]
(AZ act) j
[jim]

(AZ act)!
[j.tm]

1 LH [jim] 25000 2000 23000 27000 734.71 763.35 -13.67 14.97 14.32
2 C [jim] 6456 2344 4112 8800 762.91 737.06 14.53 -11.32 12.93
3 D [liml 16100 500 15600 16600 751.17 745.73 2.79 -2.65 2.72
4 n 1.00 0.00 .00 .00 748.38 748.38 0.00 0.00 0.00
5 u 1.46 0.01 .45 .47 748.19 748.57 -0.19 0.19 0.19
6 nL 1.33 0.01 .32 .34 740.71 756.03 -7.67 7.65 7.66
7 to [jim] 6287 22 6265 6309 748.56 748.19 0.18 -0.19 0.18

Theoretically-Corrected Film Thickness Total Uncertainty
u app

[jim]
20.93

CT Uncertainty Calculation
- +

AZ act 727.45 769.31

Ci 1.455 1.539

uci 0.042 0.042

CT - Total Uncertainty

[
r0.042
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Appendix P Reduction and Uncertainty Analysis of Empirical Calibration
Coefficient Data

Empirical Calibration Data & Calculation of C

Ch Inne
Dry Channel Data Quartzl\Nater Channel Data Calib. Coeff.

LZd
[jim]

Ud
[jimi

Zdve
[jim]

LZq
[jim]

Uq
[jim]

Zqve
[jim]

CE UCE

1 46.64 2.352

649

31.76 5.695

582

1.469 0.274
2 92.04 2.509 61.10 4.494 1.506 0.118
3 154.13 3.004 100.90 5.752 1.527 0.092
4 210.89 3.069 137.23 4.343 1.537 0.054
5 237.59 2.499 153.33 5.475 1.550 0.058
6 285.02 4.123 194.16 5.185 1.468 0.045
7 355.40 3.371 226.62 5.233 1.568 0.039
8 384.03 2.769 255.58 6.173 1.503 0.038
9 445.72 3.385 304.95 4.553 1.462 0.024

10 489.73 3.759 324.60 6.427 1.509 0.032
1 45.32 2.363

1147

27.26 4.502

1091

1.663 0.288
2 92.96 2.811 57.96 4.840 1.604 0.142
3 155.18 2.528 103.29 3.853 1.502 0.061
4 209.53 3.368 141.30 4.478 1.483 0.053
5 237.98 2.236 151.50 5.145 1.571 0.055
6 281.34 3.674 189.52 4.925 1.485 0.043
7 351.63 3.713 243.08 4.266 1.447 0.030
8 381.30 2.582 261.20 5.362 1.460 0.032
9 444.44 3.410 299.72 4.536 1.483 0.025
10 486.59 3.313 323.35 4.946 1.505 0.025
1 44.71 2.592

1653

29.06 3.193

1592

1.539 0.191
2 93.07 2.775 58.07 4.236 1.603 0.126
3 155.14 2.398 104.54 3.490 1.484 0.055
4 207.07 3.942 139.09 4.501 1.489 0.056
5 235.82 2.304 153.58 4.311 1.536 0.046
6 279.87 3.392 188.33 4.231 1.486 0.038
7 349.78 3.689 242.07 4.369 1.445 0.030
8 379.37 2.503 258.42 5.777 1.468 0.034
9 443.69 3.661 301.68 3.864 1.471 0.022
10 483.52 2.935 324.37 4.895 1.491 0.024
1 42.41 2.605

2151

30.93 2.662

2100

1.371 0.145
2 90.41 3.211 56.26 3.037 1.607 0.104
3 154.45 2.228 98.37 3.607 1.570 0.062
4 205.96 4.279 135.73 3.825 1.517 0.053
5 236.05 2.479 156.95 3.580 1.504 0.038
6 278.70 3.474 191.82 3.350 1.453 0.031
7 349.07 3.636 238.69 3.878 1.462 0.028
8 380.29 2.432 259.41 4.224 1.466 0.026
9 441.35 3.944 299.01 2.892 1.476 0.019

10 479.34 2.880 325.72 3.758 1.472 0.019
1 42.03 2.525

2648

31.86 2.913

2599

1.319 0.144
2 90.87 3.447 60.44 3.009 1.503 0.094
3 155.11 2.343 101.40 3.050 1.530 0.051
4 203.89 4.322 138.77 3.320 1.469 0.047
5 234.68 2.728 155.99 3.382 1.504 0.037
6 279.92 3.496 188.66 2.797 1.484 0.029
7 349.13 3.709 238.32 2.925 1.465 0.024
8 382.32 2.660 258.62 3.212 1.478 0.021
9 441.88 3.586 295.77 2.838 1.494 0.019
10 479.79 2.779 323.47 3.130 1.483 0.017
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Matrix of C E Values

Average Value of Z ave [.tm]
616 1119 1623 2126 2624

Average
Value of
AZq

[jim]

(Analogous
tOAZapp)

30.17 1.469 1.663 1..539 1.371 =1.319
58.77 1.506 1.604 1.603 1.607
101.70 1.527 =1.502 =1.484 1.570

_1.503
1.530

138.42 1.537 1.483 1.489 1.517 1.469
154.27 1.550 1.571 1.536 1.504 1.504
190.50 1.468 1.485 1.486 1.453
237.75 1.568 =1.447 =1.445 =1.462

_1.484

258.64 1.503 1.460 1.468 1.466

_1.465
1.478

300.23 1.462 1.483 1.471 1.476 1.494
324.30 1.509 1.505 1.491 1.472 =1.483

C E - Mean Value & Total Uncertainty

CE n N P1 P2 P tfl195% UCE

1.499 50 5 0.0080 0.0055 0.0097 2.010 0.019
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Appendix Q Reduction of Temperature, Pressure Differential, and Mass
Flow Rate Data Sets

Data Set No. I

Pressure & Mass Flow Rate Data

inlet

[V}

vapor

[V]

m dot

[s11

0.520 2.695 0
0.522 2.694 18
0.520 2.693 44
0.521 2.692 46
0.520 2.692 0
0.520 2.691 20
0.520 2.690 18

0.520 2.691 108

0.521 2.690 32
0.520 2.689 38
0.520 2.690 38
0.521 2.689 12

0.521 2.690 2

0.520 2.690 0
0.522 2.689 6
0.520 2.689 34
0.521 2.687 108
0.521 2.688 8
0.520 2.689 72
0.520 2.688 6
0.521 2.688 90
0.520 2.688 32
0.520 2.688 20
0.520 2.687 56
0.520 2.688 0

0.520 2.688 66
0.520 2.686 24
0.520 2.686 156

Temperature Data
T liq in

[°C]

T plate in

[°C]

T plate out

[°C]

Low N/A * 23.2 23.4
High N/A * 23.2 23.4

* Not recorded

Mean Values

inlet ave

[Vi

vapor ave

[V

m dot ave
[Sh]

ave

LOG]

0.520 2.689 38 23.3

Converted Values

inlet ave

[psig]
vapor ave

[psig]
m dot ave

[g/min]
0. 0024 -6.2935 0.02

Differential Pressure Calculation
LP
[psi]

LW
[kPaJ

6.296 43.4

Final Values

[kPa]
mdata

[g/minj
Tave

[°C]
43.4 0.02 23.3



Data Set No. 2

Pressure & Mass Flow Rate Data Temperature Data
inlet vapor

[V}

m dot

[&h]

0.520 2.685 10072
0.521 2.685 9578

0.520 2.685 9098

0.521 2.686 9100

0.521 2.685 9244
0.519 2.686 9094
0.521 2.686 9212

0.521 2.687 9292

0.520 2.687 9326

0.521 2.687 9166

0.520 2.684 9102
0.521 2.686 9140

0.521 2.686 9384

0.520 2.687 9512

0.520 2.687 9632

0.520 2.686 9390
0.521 2.686 9380

0.521 2.686 9480
0.521 2.686 9552

0.521 2.686 9550

0.521 2.686 9560
0.520 2.686 9534
0.520 2.686 9560
0.521 2.686 8940
0.521 2.686 8942

0.521 2.686 8856

0.521 2.687 8980

0.520 2.687 8944

274

T
liq in

[°CJ

T plete in

[°CJ

I plate out

[°CJ

Low N/A *
23.5 23.5

High N/A *
23.5 23.6

* Not recorded

Mean Values

inlet ave

[V]

vapor ave

[V}

m dot ave

[s1]

T ave

[°CJ

0.521 2.686 9308 23.5

Converted Values

inlet ave

[psig]
vapor ave

[psigj
m dot ave

[g/min]
0.0019 -6.2834 4.65

Differential Pressure Calculation
LP

[psil [kPaJ

6.285 43.3

Final Values

[kPa]
mdetave

[g/min]
Tave

[°C]

43.3 4.65 23.5



Data Set No. 3

Pressure & Mass Flow Rate Data

inlet

[VJ

vapor

M
m dot
[&h]

0.521 2.687 108
0.520 2.687 0
0.520 2.687 90
0.520 2.686 112
0.521 2.687 38
0.520 2.687 62
0.520 2.687 4

0.520 2.687 14

0.521 2.687 42
0.521 2.685 46
0.520 2.687 126
0.521 2.687 52

0.521 2.686 132
0.521 2.687 52
0.520 2.687 20
0.520 2.687 80
0.521 2.686 0
0.520 2.686 50
0.521 2.686 50
0.520 2.686 0
0.521 2.686 14
0.520 2.686 48
0.520 2.685 0
0.520 2.685 44
0.521 2.686 50
0.521 2.686 0
0.520 2.685 40
0.520 2.686 30

275

Temnerature Data
I liq in

[°C]

T plate in

[°C1

Tplate Out

[°CI
Low N/A * 23.3 23.4
High N/A * 23.3 23.5

* Not recorded

Mean Values

inlet ave

[V]

vapor ave

[VI
m dot ave

[s1J

1 ave ]

[OCJJ
0.520 2.686 47 23.4

]

Converted Values

inlet ave

[psig]

P vapor ave

[psig]
m dot ave

[g/min]
0.0023 -6.2842 0.02

Differential Pressure Calculation
LP
[psi] [kPal

6.287 43.3

Final Values
L\P

[kPaJ

mdotave

[g/minj
Tave

[°CJ

43.3 0.02 23.4



Data Set No. 4

Pressure & Mass Flow Rate Data Temperature Data

inlet

[V]
vapor

[V]

m dot

[shJ

0.521 2.698 9256
0.520 2.699 8870
0.520 2.700 9250
0.521 2.701 9140
0.520 2.701 8938
0.521 2.701 9252
0.520 2.701 8970

0.520 2.703 9252

0.520 2.703 9088
0.520 2.703 8976
0.520 2.702 8996
0.520 2.702 8986

0.520 2.702 9068
0.520 2.702 9212
0.520 2.702 8958
0.520 2.704 8932
0.520 2.702 9092
0.521 2.703 9158
0.520 2.704 9202
0.520 2.704 9070
0.520 2.704 9128
0.520 2.703 9222
0.520 2.705 8944
0.520 2.705 9148
0.520 2.707 8946

0.520 2.707 8880
0.520 2.706 8856
0.520 2.705 8962

276

T liq in

[°C1

T plate in

[°C]

T plate out

[°C1

Low N/A* 24.0 24.0
High N/A* 24.0 24.0

* Not recorded

Mean Values

Fintetave
I

[VJ

vaporave

[\f]
mdotave

[s_1]

Tave

[°C1

[0.52o 2.703 9063 24.0

Converted Values

inlet ave

[psigj
vapor ave

[psigj
m dot ave

[g/min]
0.0032 -6.3328 4.53

Differential Pressure Calculation

[psi]
AP

[kPaJ

6.336 43.7

Final Values
AP

[kPa]
mdotave

[g/min}
Tave

[°CJ

43.7 4.53 24.0



Data Set No. 5

Pressure & Mass Flow Rate Data Temperature Data
inlet

M
vapor

[V]

m dot

[shl

0.522 2.710 10274
0.523 2.710 10200
0.523 2.710 10342
0.522 2.710 10632
0.522 2.710 10544
0.522 2.709 10544
0.522 2.709 10338

0.522 2.708 9928

0.522 2.709 10250
0.522 2.710 10498
0.522 2.710 10516
0.522 2.711 10442

0.522 2.710 10494
0.522 2.710 10416
0.522 2.710 10462
0.522 2.710 10450
0.522 2.710 10162
0.522 2.710 10116
0.522 2.710 10518
0.522 2.710 10332
0.522 2.710 10376
0.522 2.710 10424
0.522 2.710 10166
0.522 2.710 9774
0.522 2.710 10352

0.523 2.710 10020
0.522 2.711 10274
0.523 2.711 10506

277

I liq in

[°C]

I plate in

[°CJ

I plate out

[°C]

Low 69.3 71.6 60.3
High 70.3 74.6 63.4

Mean Values

inlet ave

[VI

vapor ave

[V]

m dot ave

[s_il

I ave

[°C

0.522 2.710 10334 68.3

Converted Values

inlet ave

[psig]
vapor ave

[psigj
m dot ave

[g/min]
-0.0028 -6.3538 5.16

Differential Pressure Calculation
LP
[psil

LP
[kPal

6.351 43.8

Final Values

[kPaI [g/minj
Tave

[°C]

43.8 5.16 68.3



Data Set No. 6

Pressure & Mass Flow Rate Data Temperature Data
inlet

[VJ

vapor

[V]

m dot

[s1]

0.522 2.493 11238
0.522 2.492 11092
0.522 2.492 11288
0.522 2.492 10814
0.522 2.492 10980
0.522 2.492 11082
0.522 2.492 11078

0.522 2.493 11212

0.522 2.492 10692
0.522 2.492 10802
0.522 2.491 10506
0.522 2.491 11018

0.522 2.491 10730
0.522 2.490 10838
0.522 2.490 10796
0.522 2.491 10756
0.522 2.492 11036
0.522 2.492 10858
0.522 2.492 10856
0.522 2.493 10722
0.522 2.493 10894
0.522 2.494 11006
0.521 2.494 10974
0.522 2.494 10898
0.522 2.494 10822

0.522 2.494 10774
0.522 2.494 10880
0.522 2.494 11120

278

T liq in

[°C]

T plate in

[°C]

T plate out

[°C]
Low 69.2 76.3 65.8
High 70.1 77.0 67.0

Mean Values

inlet ave

[\J]
vapor ave

[VJ

m dot ave
[sh]

T ave

[°C]

0.522 2.492 10920 70.9

Converted Values

inlet ave

[psig]

P vapor ave

[psig]
m dot ave

[g/minj
-0.0022 -5.7127 5.46

Differential Pressure Calculation
LP
[psi] [kPaI

5.710 39.4

Final Values

IAP
I

[kPaj
mdotave

[g/min]
Tave

[°C]

F 39.4 5.46 70.9



Data Set No. 7

Pressure & Mass Flow Rate Data Temperature Data
inlet

[v1

vapor

M
m dot

[&hI

0.522 2.021 10682
0.522 2.022 10828

0.522 2.022 10900

0.521 2.022 10344

0.522 2.022 10786

0.522 2.023 10886

0.522 2.022 11092

0.522 2.023 11006

0.522 2.023 11022

0.522 2.023 10680

0.522 2.023 10432
0.522 2.023 9984

0.522 2.023 9480

0.522 2.023 9286

0.522 2.023 9258

0.522 2.023 9648
0.522 2.023 9490

0.522 2.023 9544
0.521 2.024 9386

0.522 2.024 9294

0.522 2.025 9372
0.522 2.024 9464
0.522 2.025 9426

0.522 2.024 9690
0.522 2.025 9418

0.522 2.025 9624

0.522 2.025 9440

0.522 2.025 9274

279

T iq in

[°C}

T plate in

[°C]

T plate out

[°CJ

Low 69.7 77.5 68.7

High 72.7 78.5 69.7

Mean Values

inlet ave

[VJ

vapor ave

[V]

m dot ave
[1J

T ave

[°C]

0.522 2.023 9991 72.8

Converted Values

inlet ave

[psig]
vapor ave

[psig]
m dot ave

[g/min]
-0.0021 -4.3308 4.99

Differential Pressure Calculation

[psi] [kPa]
4.329 29.8

Final Values
AP

[kPa}
mdotave

[g/min]
Tave

[°C]

29.8 4.99 72.8



Data Set No. 8

Pressure & Mass Flow Rate Data Temperature Data
inlet

[V]
vapor m dot

[shJ

0.522 1.324 8194
0.522 1.323 8118
0.523 1.324 8390
0.523 1.325 8044
0.522 1.326 8036
0.523 1.327 8046
0.522 1.329 8120

0.523 1.329 8348

0.523 1.330 7950
0.523 1.331 8166
0.523 1.332 8030
0.523 1.333 8112

0.523 1.334 8006
0.523 1.334 8094
0.523 1.339 8082
0.523 1.341 8194
0.523 1.345 8214
0.522 1.345 8162
0.522 1.347 8394
0.522 1.347 8224
0.523 1.348 8346
0.522 1.349 8674
0.523 1.349 8476
0.523 1.350 8518
0.523 1.351 8320
0.523 1.352 8544
0.523 1.353 8176
0.523 1.354 8198

280

T liq in

[°CJ

T plate in

[°C]

I plate out

[°C]
Low 68.3 78.7 72.1
High 71.2 79.1 72.5

Mean Values

inlet ave vapor ave

[VI
m dot ave

[sd]

T ave

bc]

0.523 1.338 8221 73.7

Converted Values

inlet ave

[psig]
vapor ave

[psig]
m dot ave

[g/min]
-0.0045 -2.3124 4.11

Differential Pressure Calculation
LW
[psi]

LW
[kPaJ

2.308 15.9

Final Values
LP

[kPa]
m dot ave

[g/min]
T ave

[°C]
15.9 4.11 73.7



Data Set No. 9

Pressure & Mass Flow Rate Data Temperature Data
inlet

M
vapor

[VI

m dot

[s1J

0.523 4.023 8772
0.523 4.035 9242
0.523 4.043 8868
0.523 4.051 8742
0.523 4.057 9038
0.523 4.062 9042
0.523 4.066 8944

0.523 4.070 8816

0.523 4.074 8684
0.523 4.077 8928
0.523 4.080 8690
0.523 4.082 8958

0.523 4.083 9292
0.523 4.084 9100
0.523 4.085 8952
0.523 4.086 8638
0.523 4.086 8804
0.523 4.086 8744
0.522 4.086 8926
0.523 4.086 8958
0.523 4.085 8842
0.523 4.085 8874
0.523 4.085 8742
0.523 4.085 9134
0.523 4.085 8642

0.523 4.084 8604
0.523 4.083 8266
0.524 4.083 8712

281

T liq in

[°C]

T plate in

[°C]

T plate out

[OC]__J

Low 69.5 74.7 65.6_I
High 70.3 74.9 65.9

1

Mean Values

inlet ave

IV]

vapor ave

[V]
m dot ave

[sq]
ave

0.523 4.074 8856 70.2

Converted Values

inlet ave

[psig]

P vapor ave

[psig]
m dot ave

[g/min]
-0.0053 -10.3733 4.43

Differential Pressure Calculation

[psi]
LP

[kPa]
10.368 71.5

Final Values

[kPa]
mdotave

[g/min]
Tave

1°C]

71.5 4.43 70.2



Data Set No. 10

Pressure & Mass Flow Rate Data Temperature Data

inlet

[VI

vapor

[VI

m dot

0.523 2.697 8898
0.523 2.697 8974
0.523 2.696 9018
0.523 2.694 8790
0.523 2.693 8970
0.523 2.692 8906
0.523 2.692 9180

0.523 2.692 9456

0.523 2.692 9492
0.523 2.692 8856
0.523 2.692 9514
0.523 2.692 9292

0.523 2.692 8888
0.523 2.692 9096
0.523 2.692 9404
0.523 2.692 9420
0.523 2.692 9624
0.523 2.693 9504
0.523 2.692 9708
0.523 2.693 9566
0.523 2.692 9500
0.523 2.693 9346
0.523 2.692 9578
0.523 2.692 9322
0.523 2.692 9256

0.523 2.692 9198
0.523 2.692 9596
0.523 2.692 9530

282

T liq in

[°CJ

I plate in

[°C}

T plate out

[°C]

Low 48.8 50.3 49.3
High 48.9 55.2 54.3

Mean Values

inlet ave

[V]

vapor ave

[V]

m dot ave
[s_h

ave

[°C]

0.523 2.693 9282 51.1

Converted Values

inlet ave

[psig]
vapor ave

[psig}
m dot ave

[g/min]
-0.0053 -6.3030 4.64

Differential Pressure Calculation

[psi]
LP
[kPa]

6.298 43.4

Final Values
L\P

[kPaJ

mdotave

[g/min]
Tave

[°C]

43.4 4.64 51.1



Data Set No. 11

Pressure & Mass Flow Rate Data Temperature Data
inlet

[V]

vapor

[VI

m dot
[shI

0.523 2.693 1526
0.523 2.693 7512
0.522 2.692 12466
0.522 2.692 10100
0.522 2.692 9968
0.522 2.692 10126
0.523 2.692 10268

0.523 2.692 10110

0.522 2.692 9656
0.523 2.692 9924
0.523 2.692 10390
0.523 2.692 10980

0.523 2.692 10494
0.523 2.692 10192
0.523 2.692 10196
0.523 2.691 10006
0.523 2.692 10024
0.523 2.692 9924
0.522 2.692 9958
0.523 2.691 9580
0.523 2.691 9768
0.522 2.691 9936
0.523 2.691 9928
0.523 2.691 9862
0.523 2.691 9922

0.523 2.691 9964
0.523 2.691 9784
0.523 2.691 9624

283

T liq in

[°C}

T plate in

[°C1

T plate out

1°C]

Low 25.9 33.1 35.6
High 26.7 36.3 39.4

Mean Values

inlet ave

[V]

vapor ave

[VJ

m dot ave
[shl

ave

[°C}
0.523 2.692 9721 32.8

Converted Values

inlet ave

[psig]
vapor ave

[psig]j
J

m dot ave

[glmin]
-0.0046 -6.3001

J
4.86

Differential Pressure Calculation
LP

[psi) [kPa)
6.296 43.4

Final Values

[kPa]
mdotave

[g/minj
Tave

[°C]
43.4 4.86 32.8
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Appendix R Reduced Film Thickness Data Sets
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Data Set No. 1
i index X

[mm]

U)(1

[mml [mml

Uyj

[mml

LZ

Iim1

u

[iiml

1 2.512 0.766 4.752 0.377 152.8 9.3
3.312 0.766 4.752 0.377 169.6 15.5_2_

3 5.932 0.766 4.752 0.377 138.0 14.2
4 6.732 0.774 4.774 0.368 150.8 17.0

9.352 0.766 4.752 0.377 141.1 12.4
6 10.152 0.774 4.749 0.397 151.9 20.3
7 12.772 0.774 4.774 0.368 134.6 12.0
8 13.572 0.774 4.774 0.368 136.3 14.6
9 16.192 0.774 4.736 0.383 152.3 11.4
10 16.992 0.766 4.752 0.377 142.3 10.5
11 19.612 0.774 4.780 0.348 143.4 10.1
12 20.412 0.774 4.780 0.348 133.2 10.6
13 23.032 0.766 4.752 0.377 129.8 15.7
14 23.832 0.774 4.743 0.392 152.1 15.2
15 26.452 0.774 4.774 0.368 155.4 12.2
16 27.252 0.766 4.752 0.377 145.6 15.5
17 29.872 0.785 4.731 0.406 165.8 14.4
18 30.672 0.766 4.752 0.377 156.0 12.7
19 33.292 0.774 4.730 0.368 172.7 15.1
20 34.092 0.766 4.752 0.377 156.9 14.2
21 36.712 0.766 4.752 0.377 170.5 18.3
22 37.512 0.774 4.774 0.368 168.8 9.6
23 36.712 0.766 15.002 0.377 171.0 12.0
24 37.512 0.774 15.024 0.368 163.4 11.3
25 29.872 0.766 15.002 0.377 141.5 13.5
26 30.672 0.774 15.024 0.368 151.7 10.4
27 23.032 0.774 15.005 0.397 125.6 11.7
28 23.832 0.774 14.980 0.368 126.7 9.6
29 16.192 0.766 15.002 0.377 143.0 13.9
30 16.992 0.774 15.011 0.392 140.0 16.5
31 9.352 0.766 15.002 0.377 139.0 10.2
32 10.152 0.766 15.002 0.377 136.3 11.7
33 2.512 0.766 15.002 0.377 14.4.0 14.4
34 3.312 0.766 15.002 0.377 129.2 11.1
35 2.512 0.774 25.261 0.392 163.7 12.8
36 3.312 0.785 25.294 0.368 146.9 12.0
37 5.932 0.774 25.249 0.397 165.8 10.7
38 6.732 0.774 25.274 0.368 166.1 8.1
39 9.352 0.766 25.252 0.377 144.7 13.3
40 10.152 0.766 25.252 0.377 140.2 11.5
41 12.772 0.766 25.252 0.377 155.5 16.3
42 13.572 0.785 25.238 0.358 165.1 14.1
43 16.192 0.766 25.252 0.377 150.1 10.8
44 16.992 0.766 25.252 0.377 147.4 16.6
45 19.612 0.766 25.252 0.377 162.0 10.6
46 20.412 0.766 25.252 0.377 167.0 13.2
47 23.032 0.766 25.252 0.377 160.7 11.4
48 23.832 0.766 25.252 0.377 163.2 10.0
49 26.452 0.774 25.230 0.368 158.8 14.2
50 27.252 0.766 25.252 0.377 161.8 14.2
51 29.872 0.766 25.252 0.377 170.0 13.8
52 30.672 0.774 25.274 0.368 178.4 14.5
53 33.292 0.766 25.252 0.377 168.7 14.5
54 34.092 0.774 25.280 0.348 186.9 11.9
55 36.712 0.774 25.249 0.397 172.3 14.1
56 37.512 0.766 25.252 0.377 187.5 17.8

- Mean Value & Total Uncertainty
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Data Set No. 2
i index X

mmI mm1
Y
mmI

uy

Irnml

LZ

m1

uz
[ini

1 2.512 0.766 4.752 0.377 141.8 11.7
2 3.312 0.766 4.752 0.377 152.4 12.3
3 5.932 0.766 4.752 0.377 128.9 9.0
4 6.732 0.774 4.768 0.383 134.8 11.2
5 9.352 0.766 4.752 0.377 122.8 9.7
6 10.152 0.774 4.749 0.397 139.8 16.3
7 12.772 0.766 4.752 0.377 120.2 10.8
8 13.572 0.774 4.774 0.368 116.1 9.3
9 16.192 0.766 4.752 0.377 129.8 10.7

10 16.992 0.766 4.752 0.377 125.5 12.6
11 19.612 0.766 4.752 0.377 133.0 12.1
12 20.412 0.766 4.752 0.377 116.5 9.3
13 23.032 0.766 4.752 0.377 105.7 11.4
14 23.832 0.774 4.780 0.348 128.8 15.9
15 26.452 0.766 4.752 0.377 136.0 14.3
16 27.252 0.766 4.752 0.377 118.6 10.3
17 29.872 0.774 4.736 0.383 102.0 11.6
18 30.672 0.766 4.752 0.377 81.6 11.1
19 33.292 0.766 4.752 0.377 61.5 8.9
20 34.092 0.774 4.730 0.368 38.4 12.2
21 36.712 0.766 4.752 0.377 21.9 12.1
22 37.512 0.766 4.752 0.377 20.5 10.6
23 36.712 0.766 15.002 0.377 25.3 13.4
24 37.512 0.766 15.002 0.377 18.5 9.2
25 29.872 0.774 14.974 0.348 66.2 9.2
26 30.672 0.774 15.024 0.368 66.3 9.0
27 23.032 0.766 15.002 0.377 105.3 12.1
28 23.832 0.774 14.980 0.368 90.8 13.5
29 16.192 0.766 15.002 0.377 112.1 16.6
30 16.992 0.766 15.002 0.377 108.3 11.7
31 9.352 0.766 15.002 0.377 105.0 12.9
32 10.152 0.766 15.002 0.377 111.4 11.6
33 2.512 0.766 15.002 0.377 115.6 13.1
34 3.312 0.766 15.002 0.377 102.5 11.9
35 2.512 0.774 25.261 0.392 143.2 9.7
36 3.312 0.766 25.252 0.377 135.1 14.0
37 5.932 0.785 25.273 0.392 137.5 11.1
38 6.732 0.774 25.274 0.368 146.2 11.2
39 9.352 0.766 25.252 0.377 129.4 13.7
40 10.152 0.774 25.249 0.397 117.4 6.1
41 12.772 0.766 25.252 0.377 133.7 9.7
42 13.572 0.774 25.249 0.397 136.9 16.0
43 16.192 0.766 25.252 0.377 127.1 10.3
44 16.992 0.766 25.252 0.377 127.0 12.5
45 19.612 0.766 25.252 0.377 144.0 12.9
46 20.412 0.766 25.252 0.377 132.0 13.2
47 23.032 0.766 25.252 0.377 118.5 11.4
48 23.832 0.766 25.252 0.377 97.9 15.2
49 26.452 0.766 25.252 0.377 72.2 14.7
50 27.252 0.766 25.252 0.377 46.7 13.0
51 29.872 0.766 25.252 0.377 35.8 13.1
52 30.672 0.766 25.252 0.377 22.3 15.4
53 33.292 0.774 25.249 0.397 22.6 11.4
54 34.092 0.774 25.280 0.348 28.1 13.3
55 36.712 0.766 25.252 0.377 19.4 9.8
56 37.512 0.766 25.252 0.377 21.2 12.3

AZ - Mean Value & Total
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Data Set No. 3
index X

[mm]
u

[mm]

Y
[mm]

Uy

[mm]

AZ

[jim]

UiZ

[jim]

1 2.512 0.766 4.752 0.377 143.5 8.3
2 3.312 0.766 4.752 0.377 157.7 16.9
3 5.932 0.766 4.752 0.377 136.4 13.1
4 6.732 0.766 4.752 0.377 139.9 12.7
5 9.352 0.766 4.752 0.377 135.2 10.3
6 10.152 0.766 4.752 0.377 150.9 17.2
7 12.772 0.766 4.752 0.377 133.8 16.1
8 13.572 0.774 4.774 0.368 133.9 14.8
9 16.192 0.774 4.736 0.383 145.6 14.5

10 16.992 0.766 4.752 0.377 133.7 14.1
11 19.612 0.766 4.752 0.377 131.9 11.3
12 20.412 0.766 4.752 0.377 126.0 9.6
13 23.032 0.766 4.752 0.377 118.5 17.1
14 23.832 0.766 4.752 0.377 131.6 16.5
15 26.452 0.766 4.752 0.377 149.0 12.6
16 27.252 0.766 4.752 0.377 137.4 12.6
17 29.872 0.785 4.731 0.406 150.1 12.6
18 30.672 0.766 4.752 0.377 153.7 9.9
19 33.292 0.785 4.710 0.368 141.0 11.6
20 34.092 0.766 4.752 0.377 154.4 14.3
21 36.712 0.774 4.736 0.383 159.3 18.1
22 37.512 0.766 4.752 0.377 162.2 8.5
23 36.712 0.766 15.002 0.377 158.4 16.2
24 37.512 0.766 15.002 0.377 155.2 13.8
25 29.872 0.774 14.974 0.348 129.1 10.9
26 30.672 0.774 15.024 0.368 141.2 6.2
27 23.032 0.774 15.005 0.397 104.6 15.3
28 23.832 0.774 14.980 0.368 101.5 9.6
29 16.192 0.766 15.002 0.377 125.8 13.1
30 16.992 0.766 15.002 0.377 129.7 10.4
31 9.352 0.766 15.002 0.377 122.6 9.9
32 10.152 0.766 15.002 0.377 125.7 12.7
33 2.512 0.774 14.999 0.397 117.9 10.8
34 3.312 0.766 15.002 0.377 109.0 13.4
35 2.512 0.799 25.200 0.341 153.9 13.5
36 3.312 0.774 25.274 0.368 136.1 10.5
37 5.932 0.766 25.252 0.377 158.4 14.3
38 6.732 0.774 25.274 0.368 160.9 12.0
39 9.352 0.766 25.252 0.377 135.9 13.2
40 10.152 0.766 25.252 0.377 128.9 9.9
41 12.772 0.766 25.252 0.377 147.6 9.3
42 13.572 0.766 25.252 0.377 156.0 13.0
43 16.192 0.766 25.252 0.377 135.3 9.4
44 16.992 0.774 25.268 0.383 141.7 13.6
45 19.612 0.766 25.252 0.377 153.9 10.6
46 20.412 0.766 25.252 0.377 154.2 14.2
47 23.032 0.766 25.252 0.377 153.8 10.5
48 23.832 0.766 25.252 0.377 150.6 8.2
49 26.452 0.766 25.252 0.377 158.9 12.1
50 27.252 0.766 25.252 0.377 157.1 14.5
51 29.872 0.766 25.252 0.377 159.7 13.8
52 30.672 0.766 25.252 0.377 177.7 15.5
53 33.292 0.766 25.252 0.377 164.5 14.1
54 34.092 0.774 25.280 0.348 177.5 14.0
55 36.712 0.766 25.252 0.377 171.1 12.5
56 37.512 0.766 25.252 0.377 189.2 14.0

AZ - Mean Value & Total Uncertainty
AZ n N P1 P2 P t.1,95% UiZ

144.1 56 10 2.39 0.54 2.45 2.004 4.9
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Data Set No.4
index

-
X

[mm]
u

[mm]
Y

[mm]
uy

[mm]

L.Z

[urn]
u

[uim]
1 2512 0.766 4.752 0.377 138.1 9.1
2 3.312 0.766 4.752 0.377 149.7 10.4
3 5.932 0.766 4.752 0.377 122.9 9.4

6.732 0.766 4.752 0.377 138.5 7.4_4
9.352 0.766 4.752 0.377 116.2 11.9

10.152 0.766 4.752 0.377 137.5 12.2
12.772 0.766 4.752 0.377 123.2 12.9_7_
13.572 0.774 4.774 0.368 116.1 12.4_8_

9 16.192 0.766 4.752 0.377 134.7 10.6
10 16.992 0.766 4.752 0.377 117.6 12.2
11 19.612 0.766 4.752 0.377 123.5 14.7
12 20.412 0.766 4.752 0.377 115.6 8.1
13 23.032 0.785 4.752 0.364 106.2 13.8
14 23.832 0.766 4.752 0.377 124.0 12.0
15 26.452 0.774 4.774 0.368 130.2 16.8
16 27.252 0.766 4.752 0.377 129.1 13.1
17 29.872 0.774 4.730 0.368 127.3 14.5
18 30.672 0.766 4.752 0.377 130.6 12.3
19 33.292 0.774 4.736 0.383 120.1 8.6
20 34.092 0.774 4.730 0.368 132.0 10.7
21 36.712 0.766 4.752 0.377 129.6 14.6
22 37.512 0.766 4.752 0.377 125.4 14.8
23 36.712 0.766 15.002 0.377 34.1 11.4
24 37.512 0.774 15.030 0.348 27.1 8.2
25 29.872 0.766 15.002 0.377 102.3 12.2
26 30.672 0.774 15.024 0.368 101.8 10.1
27 23.032 0.766 15.002 0.377 90.7 14.0
28 23.832 0.766 15.002 0.377 95.0 11.5
29 16.192 0.766 15.002 0.377 100.7 11.6
30 16.992 0.766 15.002 0.377 104.5 14.4
31 9.352 0.766 15.002 0.377 99.7 12.1
32 10.152 0.766 15.002 0.377 110.4 12.0
33 2.512 0.766 15.002 0.377 111.3 14.8
34 3.312 0.774 15.024 0.368 97.5 14.8
35 2.512 0.774 25.261 0.392 142.5 8.1
36 3.312 0.766 25.252 0.377 124.7 11.4
37 5.932 0.774 25.249 0.397 143.6 15.3
38 6.732 0.774 25.274 0.368 139.2 10.1
39 9.352 0.785 25.273 0.392 125.6 11.2
40 10.152 0.774 25.249 0.397 111.8 12.7
41 12.772 0.766 25.252 0.377 127.9 8.6
42 13.572 0.785 25.217 0.367 132.1 12.7
43 16.192 0.766 25.252 0.377 126.5 8.5
44 16.992 0.774 25.255 0.397 128.4 12.8
45 19.612 0.774 25.224 0.3.48 147.0 14.8
46 20.412 0.766 25.252 0.377 141.5 17.0
47 23.032 0.766 25.252 0.377 139.4 13.7
48 23.832 0.766 25.252 0.377 141.2 10.6
49 26.452 0.766 25.252 0.377 130.0 16.9
50 27.252 0.766 25.252 0.377 120.1 14.4
51 29.872 0.766 25.252 0.377 115.7 11.8
52 30.672 0.766 25.252 0.377 120.4 15.7
53 33.292 0.774 25.280 0.348 112.1 15.1
54 34.092 0.774 25.236 0.383 99.8 15.9
55 36.712 0.766 25.252 0.377 80.5 14.0
56 37.512 0.766 25.252 0.377 81.5 12.2

b.Z - Mean Value & Total Uncertainty

n N Pl P2 P t.j,g5% UAZ

117.8 56 10 3.12 0.53 3.17 2.004 6.4
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Data Set No. 5

index X

[mm]
tjx

[mm]
Y

[mm]
Uy

[mm]

AZ

[jim]
uz
[jim]-

1 2.512 0.774 4.761 0.392 147.0 17.2
3.312 0.774 4.749 0.397 157.9 9.6-

3 5.932 0.799 4.764 0.407 137.1 8.3
6.732 0.799 4.756 0.402 145.1 11.7
9.352 0.774 4.780 0.348 132.8 12.7

10.152 0.785 4.717 0.382 170.7 16.1
7 12.772 0.774 4.768 0.383 138.6 14.8

13.572 0.774 4.768 0.383 154.1 16.0_8
9 16.192 0.785 4.759 0.342 154.5 20.4
10 16.992 0.774 4.730 0.368 153.9 14.4
11 19.612 0.785 4.766 0.358 163.0 17.0
12 20.412 0.766 4.752 0.377 154.0 11.3
13 23.032 0.774 4.743 0.392 156.3 15.4
14 23.832 0.785 4.759 0.417 166.7 14.6
15 26.452 0.766 4.752 0.377 169.3 13.7
16 27.252 0.774 4.724 0.348 175.8 15.8
17 29.872 0.774 4.743 0.392 181.9 14.8
18 30.672 0.774 4.724 0.348 204.0 14.5
19 33.292 0.774 4.724 0.348 194.8 11.5
20 34.092 0.799 4.748 0.360 200.1 13.1
21 36.712 0.785 4.738 0.388 210.3 16.0
22 37.512 0.766 4.752 0.377 210.0 13.8
23 36.712 0.766 15.002 0.377 185.2 13.5
24 37.512 0.774 14.999 0.397 178.7 15.7
25 29.872 0.774 15.030 0.348 164.0 12.7
26 30.672 0.766 15.002 0.377 174.4 14.3
27 23.032 0.766 15.002 0.377 154.8 10.6
28 23.832 0.774 14.974 0.348 147.5 20.4
29 16.192 0.766 15.002 0.377 141.5 11.5
30 16.992 0.799 14.998 0.402 156.6 24.7
31 9.352 0.799 14.982 0.370 141.4 16.0
32 10.152 0.785 15.044 0.358 142.0 16.1
33 2.512 0.785 15.023 0.367 139.5 16.4
34 3.312 0.774 14.993 0.392 123.0 16.4
35 2.512 0.766 25.252 0.377 156.9 9.3
36 3.312 0.774 25.268 0.383 146.9 18.3
37 5.932 0.785 25.217 0.367 166.0 20.1
38 6.732 0.774 25.261 0.392 153.3 15.2
39 9.352 0.785 25.252 0.422 145.6 15.2
40 10.152 0.774 25.243 0.392 136.0 15.0
41 12.772 0.766 25.252 0.377 159.1 15.2
42 13.572 0.766 25.252 0.377 168.2 15.8
43 16.192 0.774 25.249 0.397 157.1 11.3
44 16.992 0.774 25.224 0.348 155.7 17.9
45 19.612 766 25.252 0.377 164.6 17.5
46 20.412 0.774 25.261 0.392 167.8 14.9
47 23.032 0.774 25.224 0.348 181.5 11.3
48 23.832 0.774 25.243 0.392 179.2 10.2
49 26.452 0.766 25.252 0.377 166.7 11.3
50 27.252 0.774 25.243 0.392 173.8 15.8
51 29.872 0.785 25.231 0.406 185.3 11.6
52 30.672 0.774 25.230 0.368 201.2 17.4
53 33.292 0.766 25.252 0.377 197.0 13.7
54 34.092 0.766 25.252 0.377 211.2 12.5
55 36.712 0.774 25.230 0.368 205.6 17.6
56 37.512 0.785 25.210 0.368 212.6 17.6

AZ - Mean Value & Total
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Data Set No. 6

lindex X
[mm]

u

[mm]

Y
[mm] [mm]

AZ

[mJ
u

[im1

1 2.512 0.774 4.768 0.383 153.6 16.5
3.312 0.799 4.708 0.384 162.9 16.8_2_

3 5.932 0.774 4.724 0.348 151.0 14.8
4 6.732 0.774 4.761 0.392 152.7 12.1
5 9.352 0.766 4.752 0.377 140.3 14.7

10.152 0.766 4.752 0.377 169.2 15.1_6_
7 12.772 0.766 4.752 0.377 158.9 14.9

13.572 0.766 4.752 0.377 166.2 18.3
16.192 0.785 4.752 0.320 168.1 15.5

10 16.992 0.766 4.752 0.377 154.4 14.1
11 19.612 0.785 4.752 0.320 165.1 20.6
12 20.412 0.774 4.724 0.348 164.3 12.9
13 23.032 0.785 4.745 0.379 185.3 15.8
14 23.832 0.785 4.717 0.367 170.1 16.8
15 26.452 0.766 4.752 0.377 180.4 17.7
16 27.252 0.799 4.732 0.358 184.3 15.0
17 29.872 0.799 4.740 0.449 185.2 13.2
18 30.672 0.774 4.724 0.348 207.8 13.9
19 33.292 0.774 4.768 0.383 201.8 15.1
20 34.092 0.766 4.752 0.377 211.8 14.2
21 36.712 0.785 4.738 0.388 217.5 9.4
22 37.512 0.766 4.752 0.377 211.3 17.1
23 36.712 0.774 15.005 0.397 186.7 17.0
24 37.512 0.774 14.999 0.397 173.3 15.0
25 29.872 0.818 15.039 0.311 173.9 23.1
26 30.672 0.785 15.016 0.417 195.5 18.1
27 23.032 0.774 14.999 0.397 154.5 9.4
28 23.832 0.799 15.054 0.390 176.5 22.8
29 16.192 0.766 15.002 0.377 138.1 10.5
30 16.992 0.774 15.005 0.397 145.0 11.9
31 9.352 0.785 15.002 0.394 149.4 17.2
32 10.152 0.774 14.993 0.392 132.4 12.5
33 2.512 0.774 15.024 0.368 140.2 11.0
34 3.312 0.785 15.002 0.320 136.3 12.6
35 2.512 0.785 25.266 0.358 157.2 10.4
36 3.312 0.785 25.259 0.417 162.3 20.1
37 5.932 0.774 25.249 0.397 159.5 17.8
38 6.732 0.774 25.255 0.397 166.0 10.1
39 9.352 0.774 25.249 0.397 153.8 13.1
40 10.152 0.766 25.252 0.377 143.2 15.9
41 12.772 0.774 25.243 0.392 167.1 19.0
42 13.572 0.766 25.252 0.377 171.7 11.6
43 16.192 0.774 25.249 0.397 172.5 18.5
44 16.992 0.766 25.252 0.377 158.0 9.9
45 19.612 0.766 25.252 0.377 169.3 15.0
46 20.412 0.785 25.266 0.417 174.4 15.5
47 23.032 0.774 25.224 0.348 181.4 13.9
48 23.832 0.766 25.252 0.377 180.3 16.0
49 26.452 0.766 25.252 0.377 175.7 12.2
50 27.252 0.766 25.252 0.377 182.9 19.2
51 29.872 0.785 25.252 0.394 184.8 20.1
52 30.672 0.785 25.294 0.358 202.5 16.8
53 33.292 0.766 25.252 0.377 198.0 18.6
54 34.092 0.785 25.252 0.394 203.0 14.2
55 36.712 0.774 25.224 0.348 208.2 14.3
56 37.512 0.774 25.230 0.368 205.3 16.0

AZ - Mean Value & Total Uncertainty
AZ n N P1 P2 P tfl1,95% UAZ

172.2 56 10 2.88 0.66 2.95 2.004 5.9
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Data Set No. 7

iindex X
[mm]

U

[mm]

Y
[mm]

uy

[mm]

AZ

[im]

UAZ

[Rm]

1 2.512 0.774 4.761 0.392 144.9 15.1

2 3.312 0.785 4.710 0.358 177.0 14.9

3 5.932 0.774 4.768 0.383 142.1 14.8

4 6.732 0.774 4.761 0.392 148.5 12.0

5 9.352 0.785 4.745 0.342 140.8 12.7

6 10.152 0.774 4.730 0.368 177.2 14.3

7 12.772 0.785 4.703 0.342 176.9 9.7

8 13.572 0.785 4.801 0.342 151.6 24.0

9 16.192 0.766 4.752 0.377 171.5 14.1

10 16.992 0.766 4.752 0.377 150.5 16.1

11 19.612 0.766 4.752 0.377 173.5 17.7

12 20.412 0.799 4.732 0.358 183.4 18.5

13 23.032 0.774 4.730 0.368 192.5 15.4

14 23.832 0.766 4.752 0.377 170.7 10.5

15 26.452 0.774 4.755 0.397 182.4 12.6

16 27.252 0.774 4.768 0.383 181.8 15.8

17 29.872 0.766 4.752 0.377 190.1 16.5

18 30.672 0.766 4.752 0.377 206.3 17.3

19 33.292 0.785 4.745 0.379 213.3 16.9

20 34.092 0.785 4.745 0.417 209.7 13.1

21 36.712 0.785 4.738 0.388 221.2 10.5

22 37.512 0.774 4.730 0.368 223.7 12.8

23 36.712 0.774 15.005 0.397 194.1 11.9

24 37.512 0.774 14.999 0.397 181.5 15.3

25 29.872 0.848 15.008 0.290 176.2 30.3

26 30.672 0.766 15.002 0.377 191.9 18.8

27 23.032 0.774 15.024 0.368 169.3 11.8

28 23.832 0.774 15.018 0.383 178.2 16.8

29 16.192 0.766 15.002 0.377 154.7 13.4

30 16.992 0.774 15.005 0.397 150.1 10.0

31 9.352 0.766 15.002 0.377 161.0 15.3

32 10.152 0.766 15.002 0.377 145.4 10.8

33 2.512 0.766 15.002 0.377 140.3 14.9

34 3.312 0.774 14.974 0.348 131.0 13.5

35 2.512 0.774 25.255 0.397 167.8 18.7

36 3.312 0.799 25.288 0.382 151.9 22.8

37 5.932 0.766 25.252 0.377 151.5 15.4

38 6.732 0.774 25.255 0.397 163.4 11.8

39 9.352 0.774 25.249 0.397 166.2 11.1

40 10.152 0.774 25.230 0.368 154.3 9.6

41 12.772 0.774 25.249 0.397 162.7 16.2

42 13.572 0.766 25.252 0.377 177.2 18.0

43 16.192 0.799 25.264 0.418 171.6 9.8

44 16.992 0.785 25.259 0.342 168.5 12.4

45 19.612 0.785 25.238 0.388 181.6 16.1

46 20.412 0.766 25.252 0.377 169.1 16.7

47 23.032 0.785 25.231 0.367 187.3 22.3

48 23.832 0.766 25.252 0.377 182.8 15.2

49 26.452 0.766 25.252 0.377 172.5 9.2

50 27.252 0.785 25.259 0.417 190.1 15.2

51 29.872 0.774 25.236 0.383 190.8 17.6

52 30.672 0.785 25.280 0.399 186.5 15.7

53 33.292 0.774 25.255 0.397 194.7 12.0

54 34.092 0.785 25.252 0.394 205.3 14.1

55 36.712 0.766 25.252 0.377 210.1 16.3

56 37.512 0.766 25.252 0.377 214.5 15.6

- Mean Value & Total
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Data Set No. 8

lindex X

[mm] [mm]
Y

[mml
Uy

[mml

AZ

[tm]
UZ
[rim]

1 2.512 0.774 4.761 0.392 139.8 9.8
2 3.312 0.774 4.730 0.368 151.5 15.5
3 5.932 0.774 4.768 0.383 125.4 11.3
4 6.732 0.766 4.752 0.377 125.0 10.5
5 9.352 0.766 4.752 0.377 132.5 8.1
6 10.152 0.774 4.736 0.383 134.7 11.9
7 12.772 0.766 4.752 0.377 142.8 15.0
8 13.572 0.799 4.748 0.341 141.0 20.3
9 16.192 0.766 4.752 0.377 150.4 12.0
10 16.992 0.766 4.752 0.377 133.9 12.0
11 19.612 0.774 4.780 0.348 149.7 14.6
12 20.412 0.766 4.752 0.377 152.7 12.6
13 23.032 0.766 4.752 0.377 171.7 13.9
14 23.832 0.785 4.773 0.406 143.7 17.2
15 26.452 0.774 4.755 0.397 145.7 16.6
16 27.252 0.766 4.752 0.377 147.3 16.0
17 29.872 0.785 4.745 0.417 136.2 15.9
18 30.672 0.774 4.768 0.383 122.7 15.9
19 33.292 0.818 4.808 0.370 96.7 27.6
20 34.092 0.774 4.743 0.392 46.5 16.9
21 36.712 0.785 4.717 0.382 54.7 13.1
22 37.512 0.766 4.752 0.377 38.9 12.7
23 36.712 0.774 15.005 0.397 15.7 10.4
24 37.512 0.774 15.030 0.348 20.7 9.7
25 29.872 0.774 15.005 0.397 28.8 12.7
26 30.672 0.766 15.002 0.377 39.6 10.3
27 23.032 0.766 15.002 0.377 88.6 10.8
28 23.832 0.785 15.009 0.404 60.8 18.4
29 16.192 0.774 15.005 0.397 113.2 16.4
30 16.992 0.766 15.002 0.377 128.0 9.2
31 9.352 0.766 15.002 0.377 116.9 13.7
32 10.152 0.766 15.002 0.377 117.1 15.8
33 2.512 0.766 15.002 0.377 114.6 14.1
34 3.312 0.785 14.967 0.367 111.4 11.0
35 2.512 0.774 25.261 0.392 106.1 18.3
36 3.312 0.785 25.259 0.417 61.6 24.2
37 5.932 0.766 25.252 0.377 32.8 13.3
38 6.732 0.774 25.255 0.397 18.3 11.9
39 9.352 0.774 25.249 0.397 23.4 6.2
40 10.152 0.766 25.252 0.377 19.4 7.5
41 12.772 0.785 25.273 0.392 49.3 14.6
42 13.572 0.785 25.224 0.399 44.6 11.9
43 16.192 0.766 25.252 0.377 67.5 12.9
44 16.992 0.774 25.261 0.392 92.5 18.5
45 19.612 0.774 25.280 0.348 133.2 16.3
46 20.412 0.785 25.231 0.367 109.0 20.6
47 23.032 0.766 25.252 0.377 102.8 19.1
48 23.832 0.766 25.252 0.377 95.1 13.4
49 26.452 0.766 25.252 0.377 54.6 11.4
50 27.252 0.785 25.280 0.369 66.2 17.8
51 29.872 0.774 25.249 0.397 32.9 19.4
52 30.672 0.774 25.261 0.392 30.4 15.4
53 33.292 0.766 25.252 0.377 18.3 8.6
54 34.092 0.774 25.268 0.383 17.6 11.1
55 36.712 0.766 25.252 0.377 18.6 11.6
56 37.512 0.766 25.252 0.377 19.9 8.5

AZ - Mean Value & Total UncertaintyIn N P1 P2 P t0.1,95% UZ
L88.4 56 10 6.56 0.62 6.58 2.004 13.2
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Data Set No. 9

i index X

mm1 mm1

Y

tmml nm1

AZ

I-1
UZ

1 2.512 0.774 4.724 0.348 177.3 21.1
2 3.312 0.785 4.724 0.369 182.1 19.1
3 5.932 0.774 4.724 0.348 166.8 18.7
4 6.732 0.774 4.761 0.392 149.7 19.2
5 9.352 0.774 4.780 0.348 154.9 12.4
6 10.152 0.799 4.732 0.416 181.0 21.1
7 12.772 0.774 4.724 0.348 177.6 11.1
8 13.572 0.774 4.780 0.348 171.2 13.7
9 16.192 0.774 4.780 0.348 169.9 16.3

10 16.992 0.785 4.773 0.367 162.8 17.4
11 19.612 0.799 4.732 0.318 190.1 17.2
12 20.412 0.818 4.687 0.295 196.9 14.6
13 23.032 0.774 4.730 0.368 211.4 14.5
14 23.832 0.774 4.761 0.392 180.9 17.1
15 26.452 0.766 4.752 0.377 207.9 16.4
16 27.252 0.774 4.724 0.348 207.0 12.4
17 29.872 0.766 4.752 0.377 213.0 13.2
18 30.672 0.774 4.724 0.348 233.7 12.9
19 33.292 0.785 4.745 0.379 227.6 19.1
20 34.092 0.774 4.743 0.392 225.2 16.7
21 36.712 0.785 4.738 0.388 243.6 14.5
22 37.512 0.774 4.724 0.348 256.3 18.1
23 36.712 0.774 14.980 0.368 217.4 17.9
24 37.512 0.774 15.024 0.368 224.7 19.0
25 29.872 0.818 15.067 0.362 199.0 21.0
26 30.672 0.774 14.980 0.368 214.7 21.6
27 23.032 0.799 15.062 0.341 180.7 15.6
28 23.832 0.774 15.024 0.368 199.1 16.8
29 16.192 0.799 14.998 0.360 165.8 8.8
30 16.992 0.774 15.005 0.397 168.2 14.0
31 9.352 0.766 15.002 0.377 163.4 14.1
32 10.152 0.766 15.002 0.377 146.7 10.5
33 2.512 0.766 15.002 0.377 145.1 11.8
34 3.312 0.774 14.974 0.348 130.5 10.3
35 2.512 0.774 25.280 0.348 155.6 15.2
36 3.312 0.785 25.259 0.417 161.4 18.5
37 5.932 0.766 25.252 0.377 153.4 9.5
38 6.732 0.774 25.255 0.397 166.7 14.3
39 9.352 0.785 25.252 0.422 158.5 10.2
40 10.152 0.774 25.230 0.368 166.3 10.0
41 12.772 0.774 25.268 0.383 172.0 18.9
42 13.572 0.774 25.236 0.383 198.8 18.0
43 16.192 0.785 25.266 0.388 191.7 17.4
44 16.992 0.774 25.280 0.348 176.4 10.3
45 19.612 0.774 25.230 0.368 200.3 12.1
46 20.412 0.785 25.231 0.367 180.4 8.5
47 23.032 0.774 25.280 0.348 190.9 14.5
48 23.832 0.774 25.236 0.383 198.3 12.1
49 26.452 0.766 25.252 0.377 192.9 14.9
50 27.252 0.766 25.252 0.377 208.8 20.5
51 29.872 0.785 25.238 0.407 215.0 17.1
52 30.672 0.785 25.280 0.399 194.5 13.0
53 33.292 0.774 25.243 0.392 225.1 15.9
54 34.092 0.774 25.268 0.383 211.8 13.9
55 36.712 0.774 25.230 0.368 228.9 16.5
56 37.512 0.766 25.252 0.377 227.8 19.0

AZ - Mean Value & Total Uncertainty
AZ n N Pi P2 P t1g5% Uz

189.6 56 10 3.73 0.66 3.79 2.004 7.6
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Data Set No. 10
I index X

[mm]

u

[mm]

Y

[mm] [mm]

AZ

[tim] him]

2.512 0.785 4.759 0.417 157.9 19.5_1_
3.312 0.799 4.708 0.384 167.3 22.7_2

3 5.932 0.774 4.768 0.383 149.8 16.2
4 6.732 0.774 4.761 0.392 159.9 18.0
5 9.352 0.766 4.752 0.377 149.8 12.7
6 10.152 0.799 4.708 0.407 183.0 13.1
7 12.772 0.799 4.708 0.366 170.4 11.8
8 13.572 0.785 4.794 0.368 156.8 18.5
9 16.192 0.785 4.759 0.342 175.4 15.1
10 16.992 0.766 4.752 0.377 154.4 19.8
11 19.612 0.774 4.780 0.348 164.7 13.5
12 20.412 0.799 4.716 0.318 180.5 10.8
13 23.032 0.774 4.768 0.383 184.6 16.0
14 23.832 0.766 4.752 0.377 174.2 16.5
15 26.452 0.785 4.731 0.392 193.5 13.2
16 27.252 0.774 4.724 0.348 190.0 13.7
17 29.872 0.774 4.749 0.397 189.1 13.6
18 30.672 0.774 4.730 0.368 209.7 15.5
19 33.292 0.785 4.738 0.358 218.3 15.0
20 34.092 0.766 4.752 0.377 223.2 16.6
21 36.712 0.774 4.730 0.368 230.4 12.9
22 37.512 0.766 4.752 0.377 221.3 17.9
23 36.712 0.774 15.030 0.348 210.2 18.8
24 37.512 0.774 14.999 0.397 183.1 18.7
25 29.872 0.785 15.037 0.367 189.1 21.5
26 30.672 0.785 15.002 0.364 199.8 20.4
27 23.032 0.785 15.009 0.417 172.8 16.8
28 23.832 0.785 14.995 0.342 177.8 21.6
29 16.192 0.766 15.002 0.377 155.1 10.4
30 16.992 0.774 15.005 0.397 158.1 13.0
31 9.352 0.799 15.030 0.385 155.8 17.9
32 10.152 0.766 15.002 0.377 147.8 12.9
33 2.512 0.766 15.002 0.377 144.3 9.6
34 3.312 0.774 15.011 0.392 127.6 11.5
35 2.512 0.774 25.261 0.392 141.7 11.7
36 3.312 0.766 25.252 0.377 157.9 14.3
37 5.932 0.785 25.280 0.369 156.3 22.3
38 6.732 0.766 25.252 0.377 157.6 15.4
39 9.352 0.766 25.252 0.377 156.7 17.8
40 10.152 0.774 25.268 0.383 135.3 15.8
41 12.772 0.774 25.224 0.348 158.3 12.1
42 13.572 0.774 25.280 0.348 165.3 12.8
43 16.192 0.766 25.252 0.377 167.4 14.8
44 16.992 0.766 25.252 0.377 168.3 11.1
45 19.612 0.785 25.238 0.388 169.4 16.8
46 20.412 0.766 25.252 0.377 179.3 15.2
47 23.032 0.785 25.231 0.367 192.8 17.4
48 23.832 0.766 25.252 0.377 175.6 14.4
49 26.452 0.766 25.252 0.377 178.1 12.3
50 27.252 0.774 25.243 0.392 180.0 16.5
51 29.872 0.785 25.231 0.406 192.4 13.1
52 30.672 0.766 25.252 0.377 198.5 12.7
53 33.292 0.766 25.252 0.377 196.1 15.9
54 34.092 0.766 25.252 0.377 207.8 11.2
55 36.712 0.785 25.203 0.342 191.9 16.9
56 37.512 0.774 25.243 0.392 215.6 20.5

b.Z - Mean Value & Total Uncertai
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Data Set No. 11
index X

[mm]
u

[mm]
Y

[mm]
Uy

[mm]

LZ

[nm]
Uz
[im]

1 2.512 0.774 4.724 0.348 166.3 16.6
2 3.312 0.766 4.752 0.377 164.7 13.3
3 5.932 0.774 4.755 0.397 146.7 19.3
4 6.732 0.785 4.794 0.358 150.6 19.3
5 9.352 0.766 4.752 0.377 144.0 12.3
6 10.152 0.766 4.752 0.377 172.4 11.8
7 12.772 0.774 4.736 0.383 159.7 17.0

13.572 0.774 4.768 0.383 152.6 13.1-
16.192 0.785 4.759 0.342 163.7 14.2

10 16.992 0.785 4.787 0.382 137.6 12.7
11 19.612 0.774 4.780 0.348 171.6 15.8
12 20.412 0.774 4.724 0.348 158.5 14.9
13 23.032 0.766 4.752 0.377 156.9 19.1
14 23.832 0.799 4.708 0.366 184.6 10.1
15 26.452 0.766 4.752 0.377 170.0 13.3
16 27.252 0.774 4.724 0.348 183.5 17.2
17 29.872 0.766 4.752 0.377 186.2 17.7
18 30.672 0.799 4.724 0.292 203.4 7.6
19 33.292 0.785 4.738 0.358 202.9 17.1
20 34.092 0.766 4.752 0.377 209.9 17.1
21 36.712 0.766 4.752 0.377 199.1 15.7
22 37.512 0.774 4.724 0.348 204.1 14.8
23 36.712 0.766 15.002 0.377 195.5 12.5
24 37.512 0.774 15.030 0.348 180.0 13.9
25 29.872 0.774 15.030 0.348 177.6 18.4
26 30.672 0.766 15.002 0.377 191.5 16.6
27 23.032 0.766 15.002 0.377 168.3 14.0
28 23.832 0.799 15.062 0.341 185.3 23.1
29 16.192 0.774 14.980 0.368 156.9 11.8
30 16.992 0.785 14.988 0.407 157.2 13.2
31 9.352 0.785 14.960 0.368 133.8 15.5
32 10.152 0.774 14.980 0.368 150.6 16.2
33 2.512 0.785 15.016 0.358 150.4 14.5
34 3.312 0.774 15.018 0.383 126.3 12.8
35 2.512 0.766 25.252 0.377 137.6 11.4
36 3.312 0.774 25.261 0.392 147.3 11.4
37 5.932 0.766 25.252 0.377 157.2 13.9
38 6.732 0.766 25.252 0.377 156.9 11.2
39 9.352 0.766 25.252 0.377 152.2 11.3
40 10.152 0.774 25.243 0.392 142.4 10.1
41 12.772 0.766 25.252 0.377 159.4 12.8
42 13.572 0.766 25.252 0.377 154.6 12.3
43 16.192 0.766 25.252 0.377 150.3 10.1
44 16.992 0.774 25.224 0.348 161.8 11.5
45 19.612 0.774 25.261 0.392 172.3 11.9
46 20.412 0.785 25.273 0.392 177.8 15.4
47 23.032 0.766 25.252 0.377 168.1 10.5
48 23.832 0.774 25.243 0.392 179.4 13.1
49 26.452 0.766 25.252 0.377 171.7 16.7
50 27.252 0.766 25.252 0.377 165.7 11.3
51 29.872 0.785 25.238 0.407 180.7 13.6
52 30.672 0.774 25.236 0.383 193.2 10.7
53 33.292 0.774 25.243 0.392 186.7 10.8
54 34.092 0.774 25.274 0.368 188.9 10.8
55 36.712 0.766 25.252 0.377 183.6 9.6
56 37.512 0.766 25.252 0.377 194.3 14.3

- Mean Value & Total Uncertainty

[ n N P1 P2 P tfl1,95%

F 168.7 56 10 2.65 0.60 2.72 2.004 5.4



Appendix S Additional Graphs of Reduced Film Thickness Data Sets

S.1 Data SetNo.3
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I ave = 23.4 °C
AP =43.3kPa
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Fig. S.! Data set no. 3: 3-D surface plot of film thickness



30

25

20

E

4J

c
L..

0
0oi0
>-

5

[ii

70

160

140\
;)) /iso

0 5 10 15 20 25 30 35 4[
I ) X-Coordinate [mm]
Flow
Direction I ave = 23.4 C

LP 43.3kFa
mdot =0.02g/min

Fig. S.2 Data set no. 3: contour plot of film thickness
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Fig. S.3 Data set no. 3: comparison of surface fit to experimental data



S.2 Data Set No. 4
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Fig. S.4 Data set no. 4: 3-D surface plot of film thickness
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Fig. S.5 Data set no. 4: contour plot of film thickness
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Fig. S.6 Data set no. 4: comparison of surface fit to experimental data



S.3 Data Set No. 6
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Fig. S.7 Data set no. 6: 3-D surface plot of film thickness
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Fig. S.8 Data set no. 6: contour ptot of film thickness
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Fig. S.9 Data set no. 6: comparison of surface fit to experimental data



S.4 Data Set No. 7
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Fig. S.1O Data set no. 7: 3-D surface plot of film thickness
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Fig. S.11 Data set no. 7: contour plot of film thickness
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Fig. S.12 Data set no. 7: comparison of surface fit to experimental data



S.5 Data Set No. 10
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Fig. S.13 Data set no. 10: 3-D surface plot of film thickness
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Fig. S.14 Data set no. 10: contour plot of film thickness
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Fig. S.15 Data set no. 10: comparison of surface fit to experimental data




