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ABSTRACT 

Nuclear research reactors are major scientific tools used by researchers all over the word 

to produce medical isotopes, irradiated materials, as well as study nuclear processes. 

Most fuel for research reactors is in the form of plates of uranium clad in aluminum. 

Forced water flows across the plates for cooling and reaction moderation. The Global 

Threat Reduction Initiative (GTRI) is an international effort to develop an acceptable low 

enriched uranium(LEU) fuel to replace the current high enriched uranium (HEU) fuel in 

research reactors. Because HEU fuel could be used for nuclear weapons, the goal of the 

GTRI is to prevent proliferation of HEU. The fuel plates and their assemblies must be 

redesigned using LEU fuel. Also, the LEU assemblies must fit the same profile within the 

reactors as the HEU assemblies and must provide a similar neutron distribution. The 

redesigned fuel plates will be thinner and the inter-plate coolant channels will be wider. 

The fluid structure interaction (FSI) between the fuel plates and coolant needs to be 

investigated to understand the potential for channel collapse. Channel collapse occurs 

when plates deflect to the point of touching the neighboring plate significantly cutting off 

coolant supply. Fluid structure interaction experiments were carried out to validate 

numerical FSI models that will be used to design structurally stable LEU fuel plates and 

assemblies. 

Past analysis has been conducted on flat and involute plates in single and multiple plate 

assemblies with channels of equal thickness. No previous experiments have been carried 

out on a curved plate with unequal channel gaps.  
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The experimental setup consists of two stainless steel cylinders with a plate of 0.4604 

mm thickness between them to form two flow channels. The inner channel is designed at 

2.032 mm thickness and the outer channel thickness is 2.54 mm. The unequal channels 

are intended to simulate the maximum and minimum allowable channel thickness in the 

fuel assembly tolerances for the University of Missouri Research Reactor. The test plate 

is much thinner than the prototype fuel plate design in order to provide measurable 

deflections for the flow rates that are achievable in the current flow loop. 

Deflection is measured through plexiglass windows in the outer cylinder using a laser 

displacement sensor. The flow experiments showed that curved plates deflect into the 

initially larger channel and have a maximum deflection that increases at a rate greater 

than linearly with mass flow of the water. The maximum deflection measured was 

roughly 0.25 mm at a mass flow rate of 2.5 kg/s (average channel velocity of 4.4 m/s). 

When deflection is plotted against flow rate, a hysteresis is seen between subsequent sets 

of measurements throughout the experiment. The hysteresis was investigated and 

attributed to thermal expansion of the test plate due to the pump heating the circulating 

water. The experimental pressure results matched well with the numerical FSI models of 

the experimental setup. 
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CHAPTER 1: INTRODUCTION 

1.1RESEARCH OBJECTIVES 

This thesis focuses on the experimental examination of fluid structure interactions (FSI) 

involving curved fuel plates. The research detailed will aid in the design of low enriched 

uranium fuel (LEU) elements for the University of Missouri Research Reactor (MURR). 

The experiments run were not prototype tests, but rather simple effects tests to understand 

how a thin curved plate deflects in high velocity flow. 

1.2GLOBAL THREAT REDUCTION INITIATIVE 

The Global Threat Reduction Initiative (GTRI) is an international effort by the 

Department of Energy (DOE) and National Nuclear Security Administration (NNSA) to 

minimize potentially dangerous nuclear and radioactive materials at civilian cites across 

the globe [1].  One of the goals for GTRI is to remove highly enriched uranium (HEU) 

from civilian sites such as research reactors. To meet this goal, the DOE is working to 

convert research reactors in the United States to LEU fuel. The challenge is for research 

reactors to maintain the same functionality with the LEU fuel.  

1.3UNIVERSITY OF MISSOURI RESEARCH REACTOR 

The University of Missouri Research Reactor is an open pool, pressurized, light water 

reactor that runs at 10 MWth [2]. MURR is the largest university operated research 

reactor in the world and is crucial not only for nuclear research, but also its production of 

medical isotopes.  

MURR’s fuel core is made up of eight identical wedge-shaped fuel elements arranged in 

an annulus, seen in Figure 1-1 [3]. The fuel element annulus is bounded by the inner and 
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outer pressure vessel walls. Forced coolant (water) flows vertically from top to bottom 

through the elements. 

 

Figure 1-1. Top view of MURR core with fuel elements labeled one through eight.  

The current HEU fuel elements consist of 24 fuel plates. Twenty-five thin curved 

rectangular channels are formed between the plates and the inner and outer pressure 

vessels, seen in Figure 1-2 & Figure 1-3 [4]. The fuel elements are made of aluminum. 

The plates consist of UAlx aluminide cores clad in aluminum outer walls that fuel plates 

are anchored to along the edges. Each fuel plate is 1.27 mm (50 mils) thick and 647.7 mm 

(25.5 in) long.  An aluminum comb (spacer) on both ends of the plate assembly helps 

prevent channel collapse during operation. 
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Figure 1-2. MURR fuel element drawing. 

 

Figure 1-3. Cross-sectional drawing of MURR fuel element.  

1.4CONVERSION TO LEU 

MURR has been powered by HEU fuel since it came online in 1966 [2]. The power level 

needs to be maintained at 10 MWth to maintain functionality. LEU elements must be 

designed to fit the same external profile as the HEU elements. The reactor must also 

function the same and maintain consistent neutron flux levels after the fuel switch.    

Current HEU elements consist of 24 plates that are 1.27 mm (50 mils) thick and 647.7 

mm (25.5 in) long. There are 25 fluid channels formed by the plates and pressure vessels. 
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Twenty-three of the channels have an 80 mils gap with fuel plates on either side. The 

other two channels have 2.41 mm (95 mils) and 1.91 mm (75 mils) gaps formed between 

the innermost plate and the inner pressure vessel and the outermost plate and the outer 

pressure vessel respectively. The fuel meat for HEU plates is 0.508 mm (20 mils) thick 

and clad in 0.281 mm (15 mils) of aluminum on either side, seen in Figure 1-4. The fuel 

meat consists of uranium-aluminide UAlx dispersion fuel enriched to 93% of 235U and has 

a uranium density of 1.53 gU/cm3.   

 

Figure 1-4. Cross-sectional view of current HEU dispersion fuel. 

A monolithic U-10Mo foil has been proposed as the fuel meat for the LEU fuel plates. 

The U-10Mo foil is enriched to 19.75% 235U. LEU fuel plates will need to have a higher 

uranium density of 15.3 gU/cm3 to meet the same reactivity performance as HEU fuel. 

The proposed LEU fuel element has 23 total plates 647.7 mm length of which 22 have a 

1.12 mm (44 mils) thickness and the outermost plate has a thickness of 1.25 mm (49 

mils). Nineteen fuel plates have a meat thickness of 0.508 mm (20 mils) and a cladding of 

0.305 mm (12 mils). The three innermost plates have a meat thickness ranging from 
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0.2286 mm (9 mils) to 0.4064 mm (16 mils) with cladding from 0.45 mm (17.5 mils) to 

0.356 mm (14 mils) on either side. The outermost plate has a meat thickness of 0.432 mm 

(17 mils) with 0.406 mm (16 mils) of cladding. The aluminum cladding and fuel meat 

will be separated by a 0.025 mm (1 mil) Zirconium interlayer, see Figure 1-5 below. 

Twenty-four fluid channels are formed. Twenty of those channels are bounded by two 

fuel plates and the other two channels are between the inner or outer pressure vessel and a 

fuel plate. The innermost and outermost channels have a gap of 2.05 mm (80.5 mils). The 

next four innermost and next four outermost channels gaps are 2.36 mm (93 mils) with 

the remaining gaps being 2.33 mm (92 mils).  

 

Figure 1-5. Cross-sectional view of proposed LEU monolithic fuel.  

The proposed LEU fuel plates have thinner cladding around the fuel meat resulting in 

0.152 mm (6 mils) thinner overall plates. Thinner plates will be less stiff. In addition to 

being thinner and having less cladding, the LEU fuel elements will have only 23 fuel 

plates compared with the HEU elements having 24 plates. External dimensions of LEU 

and HEU are the same; therefore, fewer and thinner plates result in larger fluid channels. 
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Thinner plates and a change in structure leads to the necessity of understanding the fluid 

structure interaction between the fuel plates and the coolant. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 

2.1DISCUSSION OF PAST WORKS 

Early material test reactors such as Engineering Test Reactor used parallel fuel plate 

design similar to the one used by MURR and current research reactors such as the 

Advanced Test Reactor [5]. Parallel plate type fuel gives good neutron spreading which is 

ideal for irradiating materials [2].  Most studies on fuel plates deal with reactivity or 

thermal-hydraulic. Less publications have been dedicated to plate stability, channel 

collapse and plastic deformation of the plates. Plate and coolant FSI have remained a 

primary concern for reactors but are not as easily understood or examined.  

Beginning in 1948, Stromquist and Sisman [6] were running flow experiments on plate 

type fuel and noticed that high coolant velocities could lead to plate deformation. They 

found that the plates deformed significantly enough to have adjacent plates touch and 

channels to completely collapse. Channel collapse causes burnout of the fuel plates. 

In order to explain channel collapse, Miller developed an analytical FSI model of fuel 

plates in 1958 [7]. Miller uses Bernoulli Theorem for incompressible flows to establish a 

pressure difference across the plate. The calculations were done for flat and curved plates 

as well as three longitudinal edge boundary conditions for the flat plate and two for the 

curved. Miller used plate theory to model deflection due to pressure differences across 

the plate. The analysis was based on the assumptions that the plates were either initially 

uniformly flat or curved, elastic, and plate properties were isotropic. For the flow, Miller 

assumed identical and uniform channels, incompressible flow, and that mass flow is 

constant in every channel despite deflection. Miller concluded that there is a critical 

velocity in which the plate will fail based on fluid properties, plate properties, and 
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geometry. Critical velocity for a curved plate with fixed edges is shown in Eq. (2-1) 

through (2-4) below and the geometry Miller used is in Figure 2-1. 

 𝑉𝑐 =  [
2𝑔ℎ𝑎3𝐸𝛽1 sin5 𝛼

3𝜌𝑏4(1 − 𝜈2) (
1
6 −

sin 2𝛼
8𝛼 +

cos 2𝛼
12 )

]

1
2

, (2-1) 

 𝛽1 =
𝐴𝑅2

𝐼
𝑓2(𝛼) + 𝑓1(𝛼) (2-2) 

 𝑓1(𝛼) =
1

2 sin2 𝛼
(

𝛼

2
+

sin 2𝛼

4
) (2-3) 

 𝑓2(𝛼) = 𝑓1(𝛼) −
1

2𝛼
 (2-4) 

 

Channels are initially all the same size and have the same mass flow, but a small 

perturbation causes difference in pressure based on flow velocity which leads to 

deflection and more pressure difference. However, Miller takes into account that the 

deflection of the plate causes a pressure difference between channels, but not a flow 

redistribution. Throughout literature many researchers refer to Miller’s Critical Velocity 

or Miller’s velocity. 
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Figure 2-1. Single curved plate in a channel geometry. 

After Miller published his results in 1958, Zabriskie conducted a series of flat plate 

experiments to test Miller’s critical velocity equations [8].  Zabriskie’s experimental 

setup attempted to replicate the ideal Miller conditions with equal channel sizes and 

uniform plates. The test section’s outer walls were plexiglass and the test plates were 

between spacers. Single and multiple plate (6 to 9 plates) assemblies were tested and the 

plates in each test were made of either plexiglass or aluminum. Zabriskie expected the 

channel collapse to be sudden and catastrophic as Miller predicted, so an impact probe 

was used to record channel collapse. Zabriskie found out quickly that channel collapse 

was not sudden, and the plate deflected gradually as the flow increased; therefore, visual 

observations were used on plate deflection and collapse. He saw that the plate began to 

deflect at the leading edge and the deflection would travel down the plate as flow 
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increased. Zabriskie concluded that due to the number of variables in Miller’s Critical 

Velocity formula any small deviation from ideal conditions would have a large effect on 

the experimental results. Zabriskie did not prove nor disprove Miller’s critical velocity, 

but he showed that it’s extremely difficult to make an ideal setup and channel collapse is 

not a sudden or catastrophic event.  

A year later in 1959, Zabriskie published a second report on the plate length-to-width 

effects on critical velocity [9]. Zabriskie hypothesized that as length-to-width goes to 

infinity that plate collapse will approach Miller’s Critical Velocity. All tests were 

conducted on the same test apparatus as his previous experiment. Using flat plates made 

of plexiglass or aluminum, length-to-width ratios of 5, 10, 15, and 30 were tested. The 

results showed that longer plates go to higher velocities before. Deflection was a greater 

than linear relationship with flow velocity. Just as the previous experiments showed, 

there was no sudden channel collapse. Zabriskie found that there were no conclusive 

results on effect of length-to-width ratio.  

Groninger and Kane ran another set of flat plate experiments to help in the design for the 

Shippingport reactor in 1963 [10]. The experiment ran flow through three assemblies 

consisting of 5 plates each. Deflection was measured using embedded strain gages. Just 

as previous experiments showed deflection was greatest at inlet, static deflection 

increased with flow. Groninger and Kane found that even at low flow rates there was 

deflection and concluded deflection is a magnification of built in distortions of fuel 

plates, i.e. the imperfections of the fuel plates from manufacturing and setup cause a 

pressure difference and therefore deflection. It was also seen that plate deflection at the 

leading edge increased at a rate greater than linear with respect to flow velocity. At 
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approximately 160 % of Miller’s Critical Velocity, plate deflection was at least half of 

the channel width. Since the plates deflect in opposite directions, this deflection of half 

channel width is enough to have plates touching. When the flow was brought to 190 % 

Miller’s Velocity flutter or vibration began to occur within the elastic range.  

Smissaert conducted a set of FSI experiments in 1968 to better understand “Hydro-elastic 

Instabilities” for MTR-type fuel elements [11]. The objectives of his experiment were to 

quantify and understand static deflection, and vibration of the plate. Assemblies of 5, 9, 

and 15 flat plastic plates were tested. Smissaert imbedded strain gages into the plates 

themselves and had static pressure taps in the spacers between plates. Results showed a 

large pressure drop at the leading edge of the plate and the static pressure steadily 

decreases along the plates. The leading edge had the largest deflection as expected, but it 

was noted that the plate takes a wavy shape as it statically deflects. At 220 % of Miller’s 

Critical Velocity, flutter (large amplitude vibration) begins. Flutter starts at the leading 

edge and moves down the plate with increasing flow. Also, Flutter begins as a sinusoidal 

wave and becomes more irregular as velocity increases.  

Between 1992 and 1995, Swinson et al. published a series of papers on experiments run 

to understand fuel plate FSI for design of the Advanced Neutron Source (ANS) Reactor 

[12], [13], [14], [15]. The flow experiments were run on an assembly of six fluid 

channels with five involute plates between the channels. The involute fuel plate design 

was being used in several other research reactors at the time: HFIR, ETR, and MTR. 

Flow channels and plates were all the same thickness. For the experiments, the plates 

were made of epoxy and fitted with strain gages to measure deflection. There were also 

five pressure taps spaced axially in each flow channel. Swinson saw that as flow velocity 



12 

 

increased, the pressure difference across the plates increased. This pressure difference 

caused the deflection of the plates. Deflection along the plates occurred in longitudinal 

wave like patterns. Swinson observed that disturbances from uniform upstream flow 

caused large effects on deflection and channel flow. Swinson also noted the flow, and 

therefore deflection, was highly sensitive to the channel geometry and the tolerances 

within the assembly. There was also flutter that occurred when the flow was brought well 

above Miller’s Critical Velocity. Swinson concluded, as others before [8] & [10], that 

Miller’s theory predicts a rapid deflection, but experiments show deflection increases 

with velocity more gradually. Swinson believe that not accounting for mass flow 

redistribution between channel as plates deflect was Miller’s biggest flaw. Also, Swinson 

thought that Bernoulli’s theorem didn’t correctly predict true turbulent flow and no 

analytical models available could accurately predict the deflection of fuel plates.  

More recently, Yang et al. ran an experiment to see the vibration of flat plates in flow 

[16]. Yang’s experimented on two long flat aluminum plates. The experiment differed 

from previous fuel plate FSI test because the plates were only supported at the four 

corners instead of their long edges and the channels were larger to allow for more 

deflection. Deflection was measured at the center of the plates using a laser displacement 

sensor. The walls of the test apparatus were made of plexiglass to allow for the laser to 

pass through them. 

2.2RESEARCH AT THE UNIVERSITY OF MISSOURI 

Researchers at the University of Missouri have been conducting experiments to better 

understand FSI of fuel plates for the conversion of MURR to LEU fuel. Kennedy 

conduced flow tests on a single flat aluminum plate [17]. The experiment was novel 
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because the channels on either side of the plate were designed unequal giving the plate a 

predisposition to deflect. The channels were of unequal size to represent the case where 

the channels were at the maximum allowable tolerances for a MURR element. The outer 

walls of the test section were made of plexiglass and a laser displacement sensor on each 

channel measured deflection. As expected, the plate deflected into the larger channel due 

to the pressure differences across the plate. Kennedy agreed with previous works that 

deflection was sensitive to channel geometry and used the lasers to map the channels. It 

was discovered that the channels were not of uniform thickness. This non-uniformity 

could have large effects on flow and deflection.  

The next step in understanding the FSI of fuel plates was to experiment on a curved plate. 

The following experiments are the continuation of the work to understand FSI for 

converting MURR to LEU elements. Just as Kennedy, a single aluminum plate was tested 

between two fluid channels of unequal thicknesses. The novelty of these experiments is 

the curved plate. Previous experiments at the University of Missouri and elsewhere used 

flat plates or involute plates. Testing on a curved plate will aid in design of MURR fuel 

elements as well as other research reactors using similar fuel elements. 
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CHAPTER 3: EXPERIMENTAL SETUP 

3.1OVERVIEW OF EXPERIMENTAL SETUP 

Three systems make up the experimental setup: the flow loop, the test section, and the 

measurement and control system. As it is named, the flow loop provides a variable flow 

to a test section. The test section used is a mock-up or representation of a curved fuel 

plate in a curved rectangular flow channel. The measurement and control system 

measures flow rate, pressure, and displacement data, as well as control flow through the 

test section, and movement of the laser head.   

3.2FLOW LOOP SYSTEM 

The flow loop provides water flow through the test section at an adjustable flow rate. The 

main components of the flow loop are the pump, reservoir (tank), flow control (bypass) 

valve, test section, and piping, seen in Figure 3-1. 
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Figure 3-1. Flow Loop System. 

The flow loop splits into two parallel loops: the primary loop and secondary (bypass) 

loop, seen below in Figure 3-2. The primary loop delivers flow to the tests section and 

back to the reservoir. While, the secondary loop sends flow through the flow control 

(bypass) valve and back to the reservoir. The secondary loop acts as a bypass to the 

primary loop to control the flow rate through the test section. Both the primary and 

secondary loops draw and return water to the reservoir making a closed loop.  
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Figure 3-2. Diagram of flow loop. 

The flow path of the fluid (water) begins in the tank. When the pump is engaged, water is 

forced out of the tank through the pump. The pump is a single speed 1.5 hp MAX-E-PRO 

P6E6F-2017L pump.  After flowing through the pump, the flow splits between the 

primary and secondary loops. On the primary side, the flow goes up through a flow meter 

and then down through the tests section before returning to the tank. The flow loop is 

designed so that the test section is removable to accommodate multiple test sections.  

On the secondary side, the flow goes through the bypass valve and back into the 

reservoir. The bypass valve consists of a ball valve with an electro-pneumatic controller 

attached.  The amount of flow through the secondary loop is controlled by the bypass 

valve. By opening the valve, more flow goes through the secondary side and less of the 
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total flow goes through the test section on the primary side. Conversely, as the valve 

closes, less flow goes through the bypass loop and more through the test section. When 

the valve is completely closes, the full flow leaving the pump goes through the primary 

loop. This is the maximum achievable flow rate in the test section. 

3.3CURVED TESTS SECTION 

The test section used for these experiments is curved to resemble a plate between 

channels of a MURR fuel element assembly. The main body of the curved test section 

consists of two concentric stainless steel cylinders bolted together forming an annular 

opening. In between these cylinders, lies an aluminum plate held in place by stainless 

steel metal spacers, seen in Figure 3-3 and Figure 3-4. The spacers section off the annular 

opening into a curved rectangular channel gap for flow; while, the plate splits the gap into 

two channels. The inner channel is formed by inner cylinder and the plate. The outer 

channel is formed by the plate and outer cylinder.    
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Figure 3-3. Front (left) and side (right) views of test section. 
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Figure 3-4. Exploded view (left) and assembly (right) renderings of test section. 

Water flows through the test section from top to bottom. The flow first enters the test 

section through a box shaped inlet chamber. Then, the water flows into a single channel 

formed by the inner and outer cylinders and is subsequently split into the two channels 

formed by the test plate. After the test plate, the flow recombines into a single channel 

and continues into the exit chamber before returning to the flow loop piping. Figure 3-5 

and Figure 3-6 show the flow path through the test section.  
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Figure 3-5. Test section with flow channel highlighted. 
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Figure 3-6. Cross-sectional side view of test section with flow path highlighted. 

3.3.1INNER AND OUTER CYLINDERS 

The inner and outer cylinders are designed concentric to each other with outside 

diameters of 293.7 mm (11.563 in) and 282.5 mm (11.123 in) respectively. Both are 

made of stainless steel to prevent rusting, are 6.35 mm (¼ in) thick, and have eight static 

pressure tap locations (PT1 – PT8) drilled through them, seen in Figure 3-6 above. The 

pressure taps are evenly spaced going along the axial centerline of both the inner and 

outer channels. The outer cylinder has five curved plexiglass windows (W1 – W5). The 

plexiglass windows are 70.1 mm (2.76 in) tall and give a view of the outer fluid channel 

and the test plate. The windows are used for visual observations and displacement 
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measurements of the test plate using the laser heads. Figure 3-7 shows the leading edge of 

the test plate through the uppermost (first) plexiglass window and Figure 3-8 shows a 

partial piece of an unused plexiglass window.  

 

Figure 3-7. Test plate seen through the first window. 
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Figure 3-8. Partial piece of plexiglass window. 

 

3.3.2TEST PLATE 

A thin aluminum plate is placed between the inner and outer cylinders to simulate a fuel 

plate in a MURR element. The fluid structure interactions of this test plate are the focus 

of this thesis. The plate is secured along its longitudinal edges by compressing the 

spacers on either side of the channel, seen in Figure 3-9 below. Just as in a typical MURR 

fuel element, the test plate is 647.7 mm (25.5 in) long. The plate has an arch length (b) of 

133.33 mm (4.462 in) within the flow channel.  While the actual fuel plates are on the 

order of 1.01 mm (40 mils) to 1.27 mm (50 mils) thick, the test plate in these experiments 

is only 0.4064 mm (16 mils) thick. The plate was designed extremely thin so that flow 

induced deflection would be large enough to detect for the flow rates achievable with the 

flow loop setup. As stated previously, the purpose of these experiments is to investigate 

the FSI of thin curved fuel plate in a narrow channel. The experiments are to be used to 
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calibrate numerical FSI models that then can be used to estimate the fluid structure 

interactions of fuel plates. The test plate is made of solid 6061 aluminum. Aluminum was 

chosen for the test plate because of its ease to manufacture, resistance to corrosion in the 

presence of watery environment, and its similarity to the actual fuel plates.  

 

Figure 3-9. Cross-sectional top view of test section. 

3.3.3SPACERS 

Two aluminum spacers lie between the inner and outer cylinder on each axial edge of the 

flow channels. Bolt holes run through the length of the spacers that match up with the 

inner and outer cylinders. A slot for the test plate runs along the inner edges of the 

spacers, seen in Figure 3-4 and Figure 3-9.The test plate is held in place by compressing 

the spacers using the bolts running through the cylinders and the spacers. The thickness 

of the spacers on either side of the test plate slot determines the thickness of the flow 

channels.  
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3.3.4FLOW CHANNELS 

A single flow enters and leaves the test section. In the pre-plate (entrance) region or inlet 

plenum, the channel is bound by the inner cylinder, outer cylinder, and the spacers. The 

flow is split by the test plate into two channels forming the plated region. The inner 

channel is bounded by the plate, inner cylinder, and the spacers. The outer channel is 

bounded by the plate, the outer cylinder, and the spacers. After the plated region, the flow 

recombines into a single channel to form the exit plenum that is the same cross-sectional 

dimensions as the entrance region. The channel is bounded by the inner cylinder, the 

outer cylinder, and the spacers in the exit plenum. The entrance and exit regions of the 

channel gap are 4.98 mm (196 mils) thick by design. While in the plated region, the inner 

channel is designed to be 2.032 mm (80 mils) and the outer channel is designed to be 

2.54 mm (100 mils). The total length of the channel is 914.4 mm (36 in). The inlet 

plenum is the first 7.5 in (190.5 mm) of the channel starting from the top of the test 

section going down. The plated region is the length of the plate, which is 25.5 in (647.7 

mm). The exit plenum is 3 in (76.2 mm) long.  

3.3.5INLET AND EXIT CHAMBERS 

Between the piping of the flow loop and the test section lies the inlet and exit chambers. 

Both chambers are rectangular and made of aluminum. The chambers bring the flow into 

the test section from the flow loop piping and back out of the test section to the flow loop 

piping, seen in Figure 3-5 above. They allow the flow to mix and become turbulent 

before entering the test section. The actual MURR fuel elements have an open inlet and 

exit regions before their channels as well, seen above in Figure 3-6, Figure 1-2, and 

Figure 1-3. 
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3.3.6DIFFERENCE IN DESIGN AND AS-BUILT TEST SECTION 

As often happens in experiments and manufacturing, the as-built setup does not match the 

design exactly. The same goes for the setup in these experiments. Specifically, the as-

built flow channel dimensions within the test section are not the same as designed. The 

above sections described the designed dimensions for the test section and not the 

dimensions as-build. The designed flow channels, and the test plate, so there isn’t much 

room for error in constructing the test section. The test section was assembled to be as 

close to ideal (designed dimensions) as possible; however, after assembly, it was found 

that the inner and outer cylinders are not completely parallel axially. Also, the channel 

gaps in the plated region are not axially uniform over the length of the plate. This is due 

to the cylinders not being parallel and the plate not being a linear shape along the axial 

direction. The measurement methods and measurements to determine the as-built test 

section dimensions are detailed later in Sections 5.1, and Chapter 6. Also, a drawing 

made from the assemble test section is in Appendix D. 
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Table 3-1. Design properties of test section components. 

Component Property Description 

Inner Cylinder 

Material Stainless Steel 

Length 36 inches (914.4 mm) 

Thickness ~ 0.25 inches (6.35 mm) 

Diameter 11.123 inches (282.524 mm) 

Outer Cylinder 

Material Stainless Steel 

Length 36 inches (914.4 mm) 

Thickness  0.25 inches (6.35 mm) 

Diameter 11.563 inches (293.7 mm) 

Test Plate 

Material 6061 Aluminum 

Length  25.5 inches (647.7 mm) 

Median Wetted 
Arc Length 

4.462 inches (113.335 mm) 

Thickness 16 mils (647.7 mm) 

Spacers 

Material Stainless Steel 

Length 36 inches (914.4 mm) 

Thickness 195 mils (4.953 mm) 

Inlet Chamber 

Material Stainless Steel 

Length 9.25 inches (235 mm) 

Width 9.25 inches (235 mm) 

Height 3 inches (76.2 mm) 

Outlet Chamber 

Material Stainless Steel 

Length 9.25 inches (235 mm) 

Width 9.25 inches (235 mm) 

Height 3 inches (76.2 mm) 
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3.4MEASUREMENT AND CONTROL SYSTEM 

The measurement and control system are comprised of sensors, the data acquisition 

system (DAQ), and the flow and laser positioning control. The DAQ controls and records 

the sensor outputs as well as controlling the flow rate through the test section and the 

position of the lasers. Four types of measurements can be taken by the system: flow rate, 

pressure, temperature, and displacement.  

3.4.1FLOW RATE MEASUREMENTS 

A single Omega FP7020 paddlewheel flow meter is used to measure mass flow rate 

through the test section. The flow meter is located in series with the test section in the 

primary loop, seen in Figure 3-1 and Figure 3-2. Flow goes upward across the 

paddlewheel before descending into the test section. The output of the flowmeter is a 

digital frequency sent to the DAQ. Calibration data and procedure for the flow meter can 

be found in Appendix B. 

3.4.2LASER DISPLACEMENT MEASUREMENTS 

The channel gaps are measured using a Keyence LK-G152 laser displacement head. The 

laser head contains a light emitter and receiver (sensor). The head operates by emitting a 

beam of light.  The light reflects off the object in front of the laser and hits the CCD 

(charge-coupled device) sensor. The position that the reflected light hits the CCD sensor 

is calibrated to a distance from the laser. As such, distance to objects behind transparent 

windows can also be evaluated. Further, if a transparent window partially reflects the 

laser, the reflections from the inner and outer window surfaces will be observed by the 

laser sensor giving a thickness measurement. 
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The laser head is connected to a Keyence LK-G3001 controller which outputs a DC 

voltage corresponding to the distance from the laser to an object or distance between 

transparent surfaces. The controller can output two distances as a DC voltage to the 

DAQ.  

The laser head has an operating range from 108.5 mm to 186.5 mm in front of the laser 

head. The emitted light must be at an angle of 8.5 degrees to the normal of the surface it 

is measuring. The LK-G152 is designed to measure surfaces that are nominally flat. 

The thickness of the outer flow channel can be measure with and without water in the test 

section due to the transparency of water. Change in the channel thickness with flow is 

deflection. The theory and calculations used to get channel gap thickness and deflection 

are describe in Chapter 4.  

3.4.3LASER POSITIONING 

A two-dimensional positioning system allows for precision control of the laser head 

location. The positioning system is mounted to the flow loop framework on the plexi 

window (front) side of the test section. The laser can be moved horizontally and 

vertically giving the ability to take measurements at multiple locations. Horizontal 

movement is achieved using a sled on a rail powered by stepper motor turning a belt. 

Vertical movement is possible by turning two threaded rods in unison using two more 

stepper motors.  

In addition to two-dimensional positioning, the laser can also be rotated about the 

horizontal axis. Rotation is controlled by a stepper motor. The laser must be positioned 



30 

 

within a narrow range of angles to take measurements. The laser positioning system is 

designed to achieve accurate and repeatable laser measurements.  

1.1.1 PRESSURE MEASUREMENTS 

The test section has 16 static pressure tap holes. There are eight holes in both the inner 

and outer cylinders. The holes are aligned along the axial centerlines of the inner and 

outer channels, seen in Figure 3-6 and Figure 3-7. Metal tubing was force fit into the 

pressure tap holes. The tubing was contracted by being submerged in a liquid nitrogen 

bath before being hammered into the tap holes. The metal tubes expand as they heat up 

forming a seal and holding the tubed in place. Rubber tubing is connected to the metal 

tubing sticking out of the tap holes. The other end of the tubing is connected to Omega 

PX26-030GV pressure transducers. There are 16 pressure transducers one connected to 

each pressure tap that measure gage pressure. The taps and corresponding transducers are 

labeled 1 – 8 going from top of the test section to bottom and A or B corresponding to the 

inner channel or outer channel, respectively. Locations 1 and 8 are above and below the 

platted region in the channel; while, the rest of the taps are within plated region of the 

channel.  

The pressure transducers, seen in Figure 3-1, are not at the same height; therefore, each 

will have a different hydrostatic pressure. The height of each transducer relative to the 

lowest transducer (PT8,A) was measured. The difference in height from PT8,A was used to 

calculate the hydrostatic pressure difference from PT8,A, seen in Table 3-2. Hydrostatic 

pressure is subtracted out from the pressure measurements for comparison with numerical 

models.  
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Table 3-2. Height and hydrostatic pressure of pressure transducers relative to PT8, A. 

Location 
Inner Channel (PT A) Outer Channel (PT B) 

Height (mm) 
Hydrostatic 

Pressure (kPa) 
Height (mm) 

Hydrostatic 
Pressure (kPa) 

1 609.60 -5.978 566.42 -5.543 

2 530.86 -5.192 500.38 -4.895 

3 476.25 -4.661 419.10 -4.102 

4 330.20 -3.227 330.20 -3.227 

5 266.70 -1.917 259.08 -2.537 

6 177.80 -1.737 220.98 -2.165 

7 83.82 -0.820 127.00 -1.241 

8 0.00 0.000 17.78 -0.172 

 

Having eight transducers for each channel gives an axial centerline profile for static 

pressure within the flow channels as well as the pressure drop entering and exiting the 

plated region. Previous experiments on flat plates only had taps in the plated region and 

could only measure the difference in pressure between the channels at an axial location 

[17].   

Due to time constraints, the open ends of the rubber tubes coming off the pressure taps 

were plugged to prevent leaking and no pressure measurements were taken. 

3.4.4TEMPERATURE MEASUREMENTS 

Since the flow loop is a closed configuration, the pump is constantly adding energy to the 

water flow with only natural convection from the pipping and reservoir to cool the flow. 

The temperature effects on experiments were initially unknow in experiments. In later 
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experiments (Leading edge flow test 7 and marathon experiments), a k-type 

thermocouple temperature probe was inserted into the flow tank and k-type 

thermocouples were attached to the outside of the test section. The temperature probe was 

positioned near the inlet of the pipe going into the pump from the reservoir to measure 

temp of the water supplied to the flow loop. On the test section, thermocouples were 

attached to the outer cylinder near the inlet, exit, and middle of the flow channel, seen in 

Figure 3-10. These thermocouples show the temperature of the outer cylinder during 

experiments. The thermocouples wires ran directly to the DAQ.  

 

Figure 3-10. Curved test section with thermocouples labeled. 
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3.4.5DATA ACQUISITION EQUIPMENT 

All displacement, temperature, and flow rate data are recorded using a NI cDAQ-9172 

National Instruments Data Acquisition system. The system is capable of recording output 

voltages from the laser and the pressure transducers, temperatures from the 

thermocouples, and the frequency of the paddlewheel flow meter. Additionally, the DAQ 

sends out signals to the stepper motors controlling the laser positioning and the bypass 

valve position. Pressure data was recorded using a Model 2701 Keithley Digital Multi-

Meter due to the limited number of inputs to the National Instruments DAQ. 
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CHAPTER 4: DEFLECTION MEASUREMENTS 

4.1MEASURABLE VALUES 

The goal of flow testing is to measure leading edge plate deflection as a function of flow 

rate through the test section. The laser displacement sensor measures outer channel gap 

thickness (hg ,B) to calculated plate deflection (Δhg). Channel gap thickness is the distance 

between the inside surface of the outer cylinder and the surface of the test plate. 

Deflection is the change in position of the test plate relative to its no flow position. 

Deflection is not measured directly, rather deflection is calculated as the difference 

between the outer channel gap thickness without flow and no water in the test section (hg 

,B,NW) and the outer channel gap thickness with flow (hg ,B,F) using Eq. (4-1). 

 ∆ℎ𝑔 = ℎ𝑔,𝐵,𝐹 − ℎ𝑔,𝐵,𝑁𝑊 (4-1) 

Deflection is positive when the plate is displaced into the inner channel and negative 

when displaced into the outer channel, seen in Figure 4-1. Also, from this point forward 

when it is not explicitly stated otherwise, channel gap thickness is interchangeable with 

and refers to the outer channel gap thickness. Inner channel gap thickness cannot be 

measured and therefore is not used in calculations.  
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Figure 4-1.Cross-sectional side view of test section showing deflection.  

When describing position of the test section, a global x-y-z coordinate system is used for 

consistency with literature. The test section is assumed vertical and the global y-axis is 

also vertical with up as the positive direction. The x-z plane runs through the trailing edge 

of the test plate. The z-axis is horizontal, and the positive direction is towards the inner 

cylinder with respect to the outer cylinder. The x-axis is also horizontal runs into the page 

in Figure 4-1. 

With no water in the test section, the laser displacement sensor can see three laser 

reflections from the three surfaces or interfaces when looking through a plexi window. 
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The terminology surface and interface are interchangeable in this thesis. When looking at 

the plated region, the three perceived interfaces are the outside of the plexiglass window 

(I1), the inside of the plexiglass window (I2), and the surface of the test plate (I3). Also, 

the laser can see the inner surface of the inner cylinder (I5) instead of the test plate 

surface when observing above the plate in Window One and below the plate in Window 

Five.  

The laser head can measure the distance from the laser to any of the surfaces (h1, h2, h3, 

h5). It can also measure the difference in distance between two of the surfaces, such as 

channel gap thickness (hg ,B), plexi thickness (hp), or overall channel gap thickness (hg AB). 

Figure 4-2, below, shows the values that can be measured, and interfaces detected using 

the laser displacement sensor. Interface Four is also shown but cannot be seen by the 

laser because the test plate is aluminum which is not transparent. Plexi thickness is the 

distance between the inner and outer surfaces of the plexi windows (I2 & I1). Overall 

channel gap thickness is the distance between the inner surface of outer cylinder (I2) and 

the inner surface of the inner cylinder (I5). The plate thickness (a) is assumed to be 

constant. 
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Figure 4-2. Cross-sectional side view of test section showing interfaces and measured values. 

The inner surface of the plexiglass windows and the inner surface of the outer cylinder 

are assumed flush and therefore the same interface; however, Interface One is the outside 

surface of the plexi windows which sticks out from the outer surface of the outer 

cylinder. For measurements and calculations, Interfaces One and Two are used as 

reference because the thickness of the windows will not change. The test section may 

shift slightly during operation and change position from test to test. The laser may not 

always be the same distance from the test section (h1) leading to the necessity of 

reference locations. 
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4.2LASER MEASUREMENT THEORY 

4.2.1SINGLE SURFACE MEASUREMENT 

The simplest measurement with the laser head is the distance from the laser to a single 

flat surface. The laser is angled 8.5° below the normal of the surface being measured. The 

emitted light reflects off the surface and hits the receiver on the laser head.  

A local coordinate system is sketched in Figure 4-3 illustrating ray tracing for laser 

measurements. The local coordinate system is based on the laser position in contrast to 

the global coordinate system based on the test section and standard global coordinate 

directions. Local coordinates are denoted with a “^” to differentiate them from global 

coordinates. The �̂�-axis is the horizontal direction defined as 8.5° above from the emitted 

laser beam. The origin of the �̂�-axis is the emitter on the laser head and the positive is in 

the direction of the emitted beam. The �̂�-axis is perpendicular to �̂� with the origin also 

being the emitter and positive going in the direction of the receiver from the emitter.  

 

Figure 4-3. Laser measuring distance to a single surface. 
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As stated previously, the light beam reflected off a surface hits the receiver on the laser 

head and is correlated to a distance. The point where the reflected light hits the receiver is 

related to the point where the reflected light hits the �̂�-axis. Simple geometry can be used 

to represent the laser’s correlation between the distance to a surface and location of 

incident light on the receiver. The reference distance between the light emitted and the 

reflection on the �̂�-axis (L1) is related the distance to the surface (h1) in Eq. (4-2). 

 sin 8.5° =  

1
2 𝐿1

ℎ1
 (4-2) 

Ray diagrams, such as Figure 4-4, are useful to graphically present relationship of 

distance between emitted and received light and the distance to the surface being 

measured. For standard presentation of the first quadrant in graphs, the �̂�-axis in ray 

diagrams is plotted with the positive direction being up. In reality, the positive �̂�-axis 

goes downward relative to global coordinates as seen previously in Figure 4-3. Figure 4-4 

shows the same single surface measurement as Figure 4-3 but is reflected about the �̂�- 

axis. 
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Figure 4-4. Ray diagram of an ideal single surface laser measurement. 

4.2.2INDEX OF REFRACTION CORRECTION METHOD 

Measuring values such as deflection, plexi thickness, and channel gap thickness are more 

complicated than simply measuring the distance between two interfaces due to index of 

refraction (n01, n12, n23) effects. With no water in the test section (NW), the laser can 

measure channel gap thickness directly, seen in Figure 4-5. However, when water is in 

the test section (W), the inner surface of the windows cannot be detected due to plexiglass 

and water having similar indices of refraction, see Figure 4-6. 

 



41 

 

 

Figure 4-5.Laser measurements without water in test section. 

 

Figure 4-6. Laser Measurement with water in test section. 

The ray diagrams in Figure 4-7 and Figure 4-8 show both what is physically happening 

(solid lines), but also what the laser interprets as happening (dashed lines). The laser can 

only give distances based upon where the reflected beams hit the receiver (L). The laser 

can detect surfaces through a transparent object, but the Keyence laser controller outputs 
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voltages assuming the reflected rays of light never changed mediums, i.e. index of 

refraction. Note that in this thesis for ray diagrams and laser calculations variables with a 

prime (′) indicate laser interpreted or measured values that may differ from the physical 

values.  

When there is no water in the test section, the locations of the second and third 

interpreted interfaces (I2,NW′ & I3,NW′) are distorted relative to the actual physical 

locations of those interfaces. This leads to the measured values such as plexi thickness 

(hp, NW′) to be off from the physical value (hp), seen in Figure 4-7. Interestingly, the 

measured channel gap thickness (hg,NW′) and the actual physical channel gap thickness (hg 

,NW) are the same because both interpreted Interfaces Two and Three are shifted by the 

same amount, this is proven by Eqs. (4-8) through (4-11). Recall that channel gap 

thickness (hg,) refers to the outer channel gap (hg,,B).  

 

Figure 4-7. Ray diagram for laser measurements without water in test section. 
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The interpreted plexi thickness with no-water is corrected to be the physical plexi 

thickness. The interpreted and physical reference distances for plexi glass thickness (Lp′ 

& Lp) are equal, as shown in Eq.(4-3) and Figure 4-7. 

 𝐿𝑝′ =  𝐿𝑝 (4-3) 

Equation (4-4) express the interpreted reference distance for plexi thickness as a function 

of interpreted plexi thickness and the angle between the �̂�-axis and the emitted laser beam 

(θ0). Similarly, the physical reference distance for plexi thickness is a function of the 

physical plexi thickness and the angle between the emitted ray and the normal to the 

second interface (θ120) in Eq. (4-5). 

 𝐿𝑝,NW′ =  2ℎ𝑝,𝑁𝑊′ tan 𝜃0 (4-4) 

 𝐿𝑝 =  2ℎ𝑝 tan 𝜃120 (4-5) 

By combining Eqs. (4-5), (4-4), & (4-3), physical plexi thickness can be calculated as 

 ℎ𝑝 = ℎ𝑝,𝑁𝑊′
tan 𝜃0

tan 𝜃120
 = ℎ𝑝,𝑁𝑊′ ∙ 𝐶𝐹𝑝 (4-6) 

 using the interpreted plexi thickness, which is output by the laser and a correction factor. 

The correction factor is the ratio between the tangents of θ0 and θ120 seen below. 

 𝐶𝐹𝑝 =
tan 𝜃0

tan 𝜃120
  (4-7) 
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The angle between the normal of the second interface and the emitted laser ray is 

calculated using Eq. (8-10), in Section 8.1.  

The interpreted channel gap thickness output by the laser and the physical distance are 

the same. This is due to the laser interpreted locations of the inner surface of the plexi and 

the surface of the test plate being distorted or shifted by the same amount. Both the 

reflected rays from the second and third interface go through the same thickness of plexi, 

thus have the same amount of distortion.  

Interpreted and physical channel gap thickness can be proven equal using the same 

method as the plexi thickness correction, Eqs. (4-3) through (4-7). Equation (4-8) 

expresses that the interpreted and physical channel gap reference thickness (Lg,NW′ & Lg) 

are equal. 

 𝐿𝑔,𝑁𝑊′ =  𝐿𝑔,𝑁𝑊 (4-8) 

Interpreted and physical reference distance for channel gap thickness are calculated in 

Eqs. (4-9) & (4-10).  

 𝐿𝑔,𝑁𝑊′ =  2ℎ𝑔,𝑁𝑊′ tan 𝜃0 (4-9) 

 𝐿𝑔,𝑁𝑊 =  2ℎ𝑔,𝑁𝑊 tan 𝜃0 (4-10) 

Equations (4-8), (4-9), & (4-10) are combined and solved for physical channel gap 

thickness. Physical and interpreted channel gap thickness are proven equal by Eq. (4-11). 
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 ℎ𝑔,𝑁𝑊 = ℎ𝑔,𝑁𝑊′
tan 𝜃0

tan 𝜃0
 = ℎ𝑔,𝑁𝑊′  

(4-11) 

 

With water in the test section, there is no laser beam reflection off the second interface, 

and therefore the second interface is no longer visible to the laser. Also, the interpreted 

location of the third interface (I3,W′) is distorted from the physical third interface (I3) by 

the plexi and water, seen in Figure 4-8. The measured plexi plus gap thickness (hp+g, W′) is 

altered from the physical distance.  

 

Figure 4-8. Ray diagram for laser measurements with water in test section. 

Recall from Eq. (4-1), plate deflection is the difference between outer channel gap 

thickness with and without flow. Channel gap thickness with flow can’t be directly 

measured; however, an interpreted plexi thickness plus channel gap thickness with flow 

(hp+g,F′) or water (hp+g,W′) in the test section can be measured.  

To get the physical channel gap thickness with flow (hg,F), the interpreted distance must 

be multiplied by a correction factor (CFg ,W), as in Eq. (4-12).  
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 ℎ𝑔,𝐹 = ℎ𝑔,𝐵,𝐹′ ∙ 𝐶𝐹𝑔,𝑊 (4-12) 

The interpreted channel gap thickness with flow is calculated using  

 ℎ𝑔,𝐹′ = (ℎ𝑝+𝑔,𝐹
′ − ℎ𝑝′) (4-13) 

 

by subtracting interpreted plexi glass thickness from the interpreted plexi plus channel 

gap thickness with flow. 

Filling the test section with water should not change the physical channel gap thickness, 

only the interpreted channel gap thickness (hg,W′) due to the index of refraction change in 

the channel gap. The correction factor for measured channel gap thickness is defined in 

Eq. (4-14) as the ratio of physical channel gap thickness measured with no water in the 

test section (hg,NW) and the interpreted channel gap thickness with water in the test section 

(hg,W′). 

 𝐶𝐹𝑔,𝑊 =
ℎ𝑔,𝑁𝑊

ℎ𝑔,𝑤′
 (4-14) 

The correction factor is calculated using channel gap thickness measured with water and 

no-flow in the test section. However, the correction factor is assumed applicable to 

channel gap thickness with flow as well because the index of refraction for water does 

not change between flow and no flow conditions.  
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Similar to interpreted channel gap thickness with flow, interpreted channel gap thickness 

with water in the test section is calculated by subtracting plexi thickness from plexi plus 

channel gap thickness with water in the test section in Eq. (4-15). 

 ℎ𝑔,𝑊′ = (ℎ𝑝+𝑔,𝑊
′ − ℎ𝑝′) (4-15) 

Equation (4-15) is inserted into Eq. (4-14) to calculate the correction factor below.  

 𝐶𝐹𝑔,𝑊 =
ℎ𝑔,𝑁𝑊

(ℎ𝑝+𝑔,𝑊
′ − ℎ𝑝′)

 (4-16) 

Also, Eq. (4-13) is substituted into (4-12) to calculate channel gap thickness with flow in 

Eq. (4-17). 

 ℎ𝑔,𝐹 = (ℎ𝑝+𝑔,𝐹
′ − ℎ𝑝′) ∙ 𝐶𝐹𝑔,𝑊 (4-17) 

Deflection due to flow is calculated using Eqs. (4-1), (4-16), & (4-17). Pre-Flow 

measurements of channel gap thickness and plexi thickness with no water in the test 

section, and plexi plus channel gap thickness with water in the test section must be 

measured to calculate deflection. Then these pre-flow values are used to correct plexi 

plus channel gap thickness with flow to obtain channel gap thickness with flow.  

The index of refraction correction calculations described in this section are applicable 

when the following assumptions hold: 

1. The outside and inside surface of the plexi window (I1 & I2) and the surface of 

the test plate (I3) are all flat and parallel to one another. 
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2. The angle of the emitted laser beam must be 8.5° below the normal vector of the 

interfaces. 

3. Only the test plate (I3) changes position relative to the laser with flow. The inner 

and outer surfaces of plexiglass (I1 & I2) are always stationary.  

4. The index of refraction for water does not change due to flow. 

5. The index of refraction is an isotropic property within all mediums (air, 

plexiglass, water). 

6. The index of refraction for plexi and air are known to be 1.51 and 1.0003 

respectively. 

7. The angle of the emitted laser beam can be measured with respect to the normal 

of the interfaces. 

8. Inside surface of plexi window and inside surface of outer cylinder are assumed 

flush 

Assumption one and three are the most critical to the index of refraction method. 

However, the nature of measurements is that no surfaces are perfectly flat and parallel to 

each other and the test section may move on a small-scale due to flow forces. The issue 

becomes how much deviation from the ideal can be allowed without having major effects 

on calculated results. The index of refraction measurement method worked well during 

previous flat plate experiments using the same flow loop and testing apparatus [17].  

Assumption two has some flexibility. The laser’s idea operating conditions call for an 

angle (θ0) of 8.5°; though, as long at the angle is close enough to 8.5° that the reflected 

light still hits the receiver the index of refraction method is acceptable. The angle would 

need to be quantified for exact plexi thickness correction calculations.  
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Deflection is measured by the difference between the plexi glass and the test plate. For 

Eq. (4-1) to be valid, assumption three must hold. The inner and outer surfaces of the 

plexi are assumed stationary and used at the reference location to calculate deflection. 

Assumptions six and seven only apply to the calculation of the angle between the normal 

vector for interface two and emitted light. Thus, assumption six and seven affect the 

correction for plexi thickness only.  

4.3INDIVIDUAL SURFACE MEASUREMENTS 

During later experiments for this project, displacement measurements switch from 

outputting the difference between surfaces (ℎ𝑔,𝑁𝑊, ℎ𝑝,𝑁𝑊, etc.) and began outputting the 

distance from the laser to the individual surfaces: h1, h2,NW′, h3,NW′, h3,W′, h3,F′. Measuring 

individual surfaces gives more information during the test. For instance, if the test section 

moved during the test, the distance to the outer surface of the plexi (h1) would change. 

The index of refraction correction method of Section 4.2.2 to calculate deflection would 

still hold. The distances from the laser to the surfaces can be subtracted from each other 

to get the values needed to calculate deflection. 

Plexi thickness with no-water is calculated by subtracting the distance from the laser to 

the outer surface of the plexi (h1) from the distance to the inner plexi surface (h2,NW′) in 

Eq. (4-18). 

 ℎ𝑝,𝑁𝑊′ =  ℎ2,𝑁𝑊′ − ℎ1  (4-18) 
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Channel gap thickness with no-water is calculated in Eq. (4-19) as the difference between 

the distance to the test plate surface (h3,NW′) and the distance to the inner plexi surface 

(h2,NW′). 

 ℎ𝑔,𝑁𝑊 =  ℎ3,𝑁𝑊′ − ℎ2,𝑁𝑊′  (4-19) 

 

Plexi plus channel gap thickness for no-flow, water, and flow conditions is the difference 

between the outer plexi surface and the test plate surface (h3,NW′, h3,W′, h3,F′,), seen in Eqs. 

(4-20) through (4-22). 

 ℎ𝑝+𝑔,𝑁𝑊′ =  ℎ3,𝑁𝑊′ − ℎ1  (4-20) 

 ℎ𝑝+𝑔,𝑊′ =  ℎ3,𝑊′ − ℎ1  (4-21) 

 ℎ𝑝+𝑔,𝐹′ =  ℎ3,𝐹′ − ℎ1  (4-22) 

 

4.4CURVED SURFACE MEASUREMENTS 

Plexiglass windows permit for displacement measurements using the laser inside the test 

section. The windows are curved to match the contour of the outer cylinder. In order to 

take displacement measurements through the windows, the laser beam must be oriented 

normal to the surface of the window. When the laser beam is not normal to the window, it 

will be reflected away from the receiver on the laser head. 



51 

 

The laser is mounted on a two-dimensional Cartesian Coordinate system, detailed in 

Section 3.4.3. The path of the laser cannot match the curvature of the window. At this 

time, the only laser measurements possible are along the axial centerline of the plate 

where the laser is normal to the windows’ surface, seen in Figure 4-9. 

 

Figure 4-9. Side of test section to highlight curvature (left) and front of test section with axial centerline 

(right). 

4.5SETUP OF LASER MEASUREMENTS 

Curved plexiglass windows present a challenge for laser measurements because the laser 

beam must hit normal to the surface discussed in Section 4.4. With the current two-
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dimensional laser positioning system, the only locations where measurements can be 

taken is along the axial centerline seen in Figure 4-9.  The axial centerline is defined by 

the center of the leading and trailing edges. The laser must be positioned to measure at 

the center of the plate. 

The laser is first set to an angle of 8.5° below horizontal by rotating the stepper motor 

controlling laser angle and measuring the angle using a digital level. The center of the 

plate in any window is found by moving the laser vertically until the laser is at the 

desired height. Then the laser is moved horizontally until it hits the vertical edge of the 

window. The plexiglass windows all have a width of 120.42 mm, so the laser is then 

moved 60.21 mm horizontally to the center of the plate. The horizontal window 

dimensions are seen in Figure 4-10 and a flow chart for measuring at the center of the 

plate is seen in Figure 4-11. 

 

Figure 4-10. Window edge and center of plate. 
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Figure 4-11. Process Flow Chart for setup of laser measurements. 
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CHAPTER 5: EXPERIMENTAL PROCEDURES 

5.1CHANNEL GAP PROFILE 

The dimensions of the assembled (as-built) test section were determined before flow 

experiments were run. Specifically, outer channel gap thickness (hg,B,) and the overall 

channel gap thickness (hg,AB,) were measured too define the as-built channel gap profile 

along the axial centerline of the test plate for use in numerical FSI models.  

Measurements designated as ‘Initial’ were taken before any flow experiments were 

conducted. 

5.1.1MECHANICAL DEPTH MEASUREMENTS 

Mechanical measurements were the first determination of the as-build channel gap 

geometry and were used to corroborate later laser measurements. Mechanical 

measurements were taken through the eight pressure tap holes on the outer cylinder 

before the metal tubing was inserted into them. The pressure tap holes are approximately 

1/8th of an inch (3.175 mm) in diameter and lie along the axial centerline of the channel 

and the plate. There was no way to directly measure the channel gap thickness using the 

holes because the inner surface of the outer cylinder couldn’t be used as reference. 

However, the distance from the test plate surface to the outside surface of the outer 

cylinder could be measured and the outer cylinder thickness could be subtracted from the 

measurement to get channel gap thickness, seen in Figure 5-1. The thickness of the outer 

cylinder is assumed a constant 6.35 mm (¼ in) thick due to the high precision machining, 

and smooth inner and outer surfaces.  



55 

 

 

Figure 5-1. Mechanical outer channel gap thickness measurement through Pressure Taps Two through Six. 

Six pressure taps lie in the plated region of the channel gap (PT2 through PT7) giving six 

axial centerline channel gap thickness measurements. Pressure tap locations are shown 

previously in Figure 3-6. Two pressure taps lie outside of the plated region (PT1 and PT8) 

allowing for two overall channel gap thickness measurements along the axial centerline. 

Overall channel gap thickness measurements are taken by measuring from the outside of 

the outer cylinder to the inner surface of the inner cylinder, which forms the inner flow 

channel boundary, seen below in Figure 5-2.  
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Figure 5-2. Mechanical overall channel gap thickness measurement through Pressure Taps One and Eight. 

The first set of mechanical measurements were conducted using a thin metal rod that fit 

in through the tap holes, seen in Figure 5-3. The rod was inserted into the pressure tap 

hole until it hit a surface (test plate or inner cylinder). The distance from the outside 

surface of the outer cylinder to the surface in the flow channel was marked on the rod. 

The rod was removed from the pressure tap hole and the marked distance was measured 

using a caliper. This process was used on all eight pressure tap holes. Three individuals 

or operators took measurements in this manner to give repeatability in the measurements. 

Operators One and Two repeated the measurements to give multiple measurement trials. 

The number on mechanical measurement trials for each operator is shown in Table 5-1. 
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Figure 5-3. Rod and caliper used for mechanical depth measurements. 

In addition to the rod measurements, a depth micrometer with a stylus thin enough to fit 

through the tap holes, seen in Figure 5-4, was obtained and used to repeat the 

measurements with more accuracy. The refence surface of the depth micrometer was 

placed flush to the outer surface of the outer cylinder with the rod inserted into the tap 

hole. Then the rod was extended until it reached a surface and the depth measurement 

was recorded. The depth micrometer measurements were taken for all eight holes and the 

process repeated three times.  

Table 5-1. Number of measurement trials for each mechanical as-built channel gap thickness data series. 

Data Series 
Operator 1 – 

Rod and 
Caliper 

Operator 2 – 
Rod and 
Caliper 

Operator 3 – 
Rod and 
Caliper 

Depth 
Micrometer 

Number of 
Trials 

3 2 1 3 

 

The mechanical depth measurements using the rod and caliper, or the depth micrometer 

assume the surface being measured (test plate, or inner cylinder) are rigged. This is not an 
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issue with the overall channel gap thickness measurements because the inner cylinder is 

thick and rigged. However, the test plate is thin and the force from the mechanical depth 

measurements could have deflected the plate during outer channel gap measurements. 

Plate deflection was a concern during measurements and the operators attempted were 

cautious.  

 

Figure 5-4. Depth micrometer used for mechanical depth measurements. 

 

Inner channel gap measurements could not be taken through the pressure tap holes. The 

outer surface of the inner cylinder was not machined smooth and therefore the thickness 

of the inner cylinder was not exactly known. Also, the outer surface of the inner cylinder 

is concave, and the depth micrometer could not fit flush to the surface.  

5.1.2LASER CHANNEL MAPPING 

Axial profiles of channel gap thickness were measured using the laser positioning system. 

An array of measurements was taken in incremental steps along the axial centerline 

running from the center of the leading to trailing edges of the test plate. The result was a 
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higher resolution channel gap thickness profile in the window regions compared to the 

six mechanical channel gap thickness measurements taken.  

5.1.2.1LASER CHANNEL MAPPING SETUP AND PROCEDURE 

The laser is setup using the process described in Section 4.5. Following the same process, 

the center of the trailing edge of the plate is found and input to the mapping program. 

Then the laser is moved up to the leading edge and the center is found using the same 

method. 

The axial mapping program is run starting at the center of the leading edge. The laser 

moves down along the axial centerline from the leading to trailing edge taking 1000 

channel gap thickness measurements at 1650 Hz sampling frequency every five 

millimeters. For every vertical increment down, the laser moves a small horizontal 

increment to stay on the axial centerline that was defined. The horizontal increments are 

necessary because the axial centerline of the plate is not parallel to the vertical 

movements of the positioning system. The axial mapping process measures channel gap 

thickness at every five millimeters increment regardless of location; therefore, many of 

the measurement are at meaningless locations because there is no window to see through.  

The channel gap thickness profile was mapped five times before any water entered the 

test section. Then the channel gap was again mapped at the beginning of each of the four 

flow maps.  

5.1.2.2POST-PROCESSING OF LASER CHANNEL MAPPING DATA 

The data from each channel mapping is run through a post-processing program that filters 

the array of measurements by location. The vertical and horizontal position of each 
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measurement location is contained in the data from the mapping program and the vertical 

location of each window is known. The sets of data in the array at locations not within a 

window are removed. 

The mean of each remaining location in the array is calculated from the 1000 

measurements taken. The mean of each location is passed through a high and low pass 

filters based on a range of values for channel gap thickness, seen in Table 5-2. The range 

is meant to represent reasonable values and not be constricting. Means of locations within 

windows may be filtered out because the location was on a screw or near a bolt holing the 

window, or because there was some debris, deposit, or water on the window. The values 

that passed the filter and are located within a window are reported.  

Table 5-2. Acceptable mean measurement ranges for mapping location filter. 

Measured Value 
Maximum  Minimum  

(mm) (mils) (mm) (mils) 

hg ,NW 3 118.1 0.5 19.7 

hp ,NW′ 10 393.7 7 275.6 

hp+g ,NW′ 17 669.3 7 275.6 

hp+g ,W/F′ 10.5 413.4 8.6 338.6 

h1 130.5 5,137 117.5 4626 

h2 ,NW′ 137.5 5,413 117.5 4626 

h3 ,NW′ 137.5 5,413 117.5 4626 

h2 ,W′ and h2 ,F′ 137.5 5,413 117.5 4626 
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5.2FLOW MAPPING 

Flow mapping consists of a series of pre-flow maps to get the required values for 

calculating deflection and plexi plus channel gap thickness maps with flow through the 

test section. For each map with flow, the flow rate through the test section is held 

constant as the laser takes an array of measurements along the axial centerline. Flow 

mapping runs result in the channel gap thickness and deflection profiles for the flow rate.  

Flow mapping experiments were the first tests with flow in the test section. There was a 

high confidence in the repeatability of the measurement locations along the axial 

centerline of the plate due to the precision of the stepper motors controlling positioning. 

A series of four flow mappings were conducted.  

5.2.1FLOW MAPPING SETUP AND PRE-FLOW PROCEDURE 

The flow tests begin by filling the reservoir with water using the hose and filtration 

system seen in Figure 3-1. The water is initially contained within the flow loop and 

reservoir and not allowed to flow into the test section.  

Using the same laser setup and method as in channel mapping in Section 4.5 and Section 

5.1.2.1, the center of the plate is found at both the leading and trailing edges of the plate. 

The laser was positioned at the center of the leading edge of the plate to begin all 

mapping runs.  

The vertical increment for mapping was set to five millimeters and 1000 displacement 

measurements were taken at each location. The sampling rate was set to 1650 Hz.  

Before the test section was filled with water, pre-flow no-water mappings of plexi 

thickness (hp,NW′), and channel gap thickness (hg,NW) or plexi plus channel thickness 
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(hp+g,NW′) were run. Recall from Chapter 4, (′) on a variable denotes that the value 

measured by the laser is altered relative to the physical value by index of refraction 

effects, and the measurement channel gap thickness with no-water (hg,NW) was proven to 

be un-altered. The pump was then turned on long enough to fill the test section with 

water and bleed out any air in the system. With the pump off and the section filled, pre-

flow water mapping of plexi plus channel thickness (hp+g ,W′) was executed.   

After each mapping run in flow mapping experiments, the laser was returned to the same 

starting location at the center of the leading edge so that the mapping would go through 

the same locations for each run. 

5.2.2FLOW MAPPING FLOW MEASUREMENTS PROCEDURE 

The bypass valve is set to its fully open position (0 % closed) and the pump is engaged. 

The valve is closed slowly to the desired position. After flow is adjusted, the mapping 

program is engaged to measure the plexi plus channel gap thickness with flow (hp+g,F′). 

After the mapping is run, the laser is returned to the starting position at the leading edge. 

The process is then repeated, either keeping the same flow rate or closing the valve to 

achieve a higher flow rate. The mapping process is executed again for the new run. This 

is repeated until all prescribed flow mapping runs are completed. Due to the unknown 

amount of deflection that would occur with the thin 0.4064 (16 mil) plate, flow rates were 

kept low during flow mapping experiments. The bypass valve is slowly adjusted back to 

its most open position. Finally, the pump turned off to end flow measurements process. 

5.2.3FLOW MAPPING POST-FLOW PROCEDURE 

A post-flow mapping of plexi plus channel thickness is taken in one experiment before 

the test section is drained. Valves on the test section are opened and the water drains. 
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Post-flow mappings give an idea if the test section and test plate returned to their pre-

flow positions after flow deflected the plate. The experiment is complete after the test 

section is drained and post flow mapping concludes. 

5.2.4FLOW MAPPING EXPERIMENTS  

Four flow mapping experiments were performed each conducting several mapping runs 

with flow. A summary of the flow mapping experiments is in Table 5-3 below. The first 

flow mapping experiment was conducted over the course of two days. One pre-flow no-

water mapping was completed to measure channel gap thickness and plexi thickness. 

Two pre-flow with water mappings were run both measuring plexi plus channel gap 

thickness. Four flow mappings were completed with the valve completely open (0 % 

closed) and one flow mapping was run with the valve 5 % closed. The flow mappings 

measured plexi plus channel gap thickness.  

The second flow mapping experiment was completed in a single day. It started with three 

no-water mappings measuring both channel gap thickness and plexi thickness. There 

were two pre-flow water mappings measuring plexi plus channel gap thickness. With the 

pump on, the valve was set to 5 % closed and two mappings were run to measure plexi 

plus channel gap thickness.  

The third flow mapping experiment was executed the day after the second mapping. The 

experiment began with one no-water mapping of plexi thickness and channel gap 

thickness and one mapping of plexi plus channel gap thickness with water. Once the 

pump was engaged, three mappings were run with the valve 5 % closed and one with the 

valve 10 % close. Flow mappings measured plexi plus channel gap thickness.  
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The fourth flow mapping experiment measure the distance to individual surfaces instead 

of the difference between surface positions like the previous three flow mapping 

experiments. Measuring individual interfaces gives more information on the position of 

the test section and how each surface may move with flow or between runs. Two pre-

flow no-water mappings were run. One measured the distance from the laser to the 

outside of the plexi (h1) and distance to the inside of the plexi (h2,NW′). The other 

measured the distance to the outside of the plexi and the distance to the test plate surface 

(h3,NW′). One pre-flow mapping with water was conducted to measure hp+g,W′ by 

measuring the distance to the outside of the plexiglass (h1) and to the test plate surface 

(h2,W′). Four flow mappings were taken at valve positions of zero %, 12 %, 14 %, and 16 

%. The flow mappings measured the distance to the outside of the plexi and to the plate 

surface (h2,F′). Before the test section was drained, a single post-flow with water mapping 

was conducted measuring the distance to the outside of the plexi and the distance to the 

test plate surface.  

Table 5-3 summarizes the pre-flow mapping runs, mapping runs with flow, and the post-

flow mapping runs for the four flow mapping experiments. The value(s) measured during 

pre/post-flow along with the number of mappings (Reps) is also stated. For flow mapping 

runs, the position of the valve (percent closed), number of mappings at each valve 

position, and value(s) measured is specified. 
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Table 5-3. Flow Mapping Experiments Summary. 

Experiment 
Pre-Flow Mapping 

Runs 
Flow Mapping Runs 

Post-Flow Mapping 
Runs 

 Type Reps Value 
Valve 

Position 
Reps Value Type Reps Value 

Flow Map 
Experiment 

1 

NW 1 
hg ,NW 
hp ,NW′ 

0 % 4 
hp+g 

,F′ 
N/A 

W 2 
hp+g 

,W′ 
5 % 1 

Flow Map 
Experiment 

2 

NW 3 
hg ,NW 
hp ,NW′ 

5 % 2 
hp+g 

,F′ 
N/A 

W 2 
hp+g 

,W′ 

Flow Map 
Experiment 

3 

NW 1 
hg ,NW 
hp ,NW′ 

5 % 3 
hp+g 

,F′ 
N/A 

W 1 
hp+g 

,W′ 
10 % 1 

Flow Map 
Experiment 

4 

NW 2 

h1 

h2 

,NW′/ 

h3 ,NW′ 

0 % 1 
h1 

 h3,F′ 
   

12 %  1  
W 1 

h1 
h3 , W′ 

W 1 
h1 

h3 , W′ 

14 % 1  

16 % 1     

 

5.2.5POST-PROCESSING OF FLOW MAPPING DATA 

Flow mapping data is run through post-processing to determine locations with acceptable 

data across the mapping runs of each experiment. At each measurement location, no less 

than one of each of the pre-flow values (hg ,NW, hp ,NW′ or hp+g ,NW′, and hp+g ,W′) must be 

determined acceptable to calculate deflection, as seen in Chapter 4. Each pre-flow 

mapping and mapping with flow during an experiment are filtered for acceptable 

locations based on the method described in Section 5.1.2.2 using the range of reasonable 
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values for a measurement in Table 5-2. The arrays of acceptable locations from each of 

the pre-flow mappings are compared to each other. Locations without one or more of 

each pre-flow value are eliminated. The resulting array of locations is used to calculate 

deflection and channel gap thickness with flow for each mapping run with flow and any 

post-flow mappings conducted.  

5.3LEADING EDGE FLOW EXPERIMENTS 

Leading edge (LE) flow experiments use the laser to measure a single location near the 

center of the leading edge of the test plate. The location of the laser does not change 

between experimental runs of different flow velocities. Flow mapping results showed 

questionable channel gap thickness and deflection profiles; therefore, leading edge flow 

tests were conducted to simplify the experimental process. Single location measurements 

took away any uncertainty from any slight changes that may have occurred between 

mapping runs due to automated motor positioning of the laser head. Leading edge tests 

hold the flow rate at one location for a longer amount of time to see if there are any 

dynamic responses and allow for quicker adjustments between flow rates. For flow 

mapping, the flow rate couldn’t be adjusted until the entire map was complete. This 

meant there was significant time before the laser measured the same location again. For 

leading edge tests, the flow can be increased immediately following the previous 

measurement and the next test begun with high confidence that the laser is at the exact 

same location and no dynamic responses were missed. 

Leading edge flow experiments set out to quantify the maximum deflection (leading edge 

deflection) as a function of flow rate. The center of the leading edge is assumed to have 
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maximum deflection based on past experiments [8], [9], [10], [11], & [17]. Seven LE 

flow experiments were conducted and reported in this thesis.  

5.3.1LEADING EDGE FLOW EXPERIMENTS SETUP AND PRE-FLOW 

PROCEDURE 

Leading edge flow experiments begin by filling the reservoir for the flow loop. The water 

is initially contained within the reservoir and loop piping to keen the test section dry for 

no-water measurements.  

The location being measured is one millimeter below the leading edge at the center of the 

plate. The leading edge cannot be directly measured because it is not a flat surface 

conducive for the laser beam reflection. The process described in Section 4.5 is used to 

position the laser one millimeter below the leading edge at the center of the plate. The 

laser is kept at this position throughout every run in a flow experiment. 

Leading Edge Tests begin by measuring the pre-flow values. All the tests measured the 

distances to individual surfaces instead of distances between surfaces. With no water in 

the test section, the distance to the outside of the plexi (h1) and to the inside of the plexi 

(h2,NW′) is measured to calculate plexi thickness (hp,NW′), and the distance to the outside of 

the plexi (h1) and the distance to the test plate (h3,NW′) is measured to calculate plexi plus 

channel gap thickness (hp+g,NW′). The bypass valve is opened, and the pump engaged to 

fill the test section with water. Any air in the test section is bled out. The distance to the 

outside of the plexi (h1) and the distance to test plate surface (h3,W′) is measured with 

water to calculate plexi plus channel gap thickness with water (hp+g,NW′). All 

measurements are sampled at a rate of 50 Hz. 
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5.3.2LEADING EDGE FLOW MEASUREMENTS PROCEDURE 

The bypass valve is still set to the completely open position and the pump is engaged. 

After adjusting the valve or engaging the pump, approximately one minute is allowed to 

pass before measurements are taken so that the flow is steady. The first measurement run 

is executed at the lowest flow rate. The laser measures plexi plus channel gap thickness 

with flow (hp+g,F′) through the test section. Measurement runs sample for roughly two 

minutes. After measurements are taken, the valve position is changed to the next 

prescribe flow rate, one minute passes, and then another measurement run is taken. This 

process is repeated until all desired measurements are taken. The valve is returned to its 

fully open position and the pump is powered down.  

5.3.3LEADING EDGE POST-FLOW PROCEDURE 

Post-flow measurements are taken after the pump is shut down. While there is still water 

in the test section, plexi plus channel gap is measured. The test section is drained and 

allowed to dry out. Channel gap thickness with no-water is measured after the test section 

has drained. The post-flow measurements can be used to determine if the test section and 

test plate returned to their pre-flow positions after testing.  

5.3.4LEADING EDGE EXPERIMENTS 

A total of seven leading edge flow experiments were conducted. Each of the pre-flow 

measurements values was measured twice. Repeated pre-flow measurement values were 

combined to find the average value. All seven LE tests took at least two post flow 

measurements with water. Leading Edge Tests Five and Seven took three post flow with 

water measurements. Post flow measurements were averaged together and used to 

calculate a post flow channel gap thickness with water.  
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 Leading Edge Flow Tests One, Two, and Three incrementally increased the flow 

between runs until the max prescribed flow for that test was reached for a set of upscale 

flow measurements, then pump was shut off, and post-flow measurements were taken. 

Test One took upscale flow measurements from increasing increments of valve at zero 

percent closed to 36 % closed. Tests Two and Three took upscale flow measurements at 

increasing increments from zero percent closed to 33 % closed.  

Flow Tests Four and Five incrementally increased the flow between runs until the 

maximum flow prescribed for that test and then incrementally deceased the flow back 

down to the minimum flow rate for one upscale and one downscale set of measurements. 

The pump was shut off and post flow measurements were taken. Both tests took 

measurements from a minimum valve position of zero percent closed to a maximum of 

33 % closed and then back down to zero. 

The LE Flow Tests Six and Seven incrementally increased the flow between runs until 

the maximum flow for that test was reached, then incrementally decreased back to the 

minimum flow rate, and repeated the process by increasing the flow to a maximum and 

back down until the minimum flow for two upscale and two downscale sets of flow 

measurements. The pump was shut off and post flow measurements were taken. The 

maximum for LE Test Six and Seven was 33 % closure of the bypass valve and the 

minimum was zero percent closed.  

5.3.5POST-PROCESSING OF LEADING EDGE EXPERIMENTS 

Post-processing of LE Flow Experiments consists of filtering the data based on a range of 

values similar to post-processing for flow mapping. Each measurement run takes many 

samples in roughly two minutes. Every sample is passed through high and low pass filters 
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based on a reasonable range for the type of value measured, seen in Table 5-4. The ranges 

are set to eliminate outliers that are not physically possible. The data is filtered before 

being used for calculations.  

Table 5-4. Acceptable measurement ranges for single location flow mapping instantaneous lase data filter. 

 

  

Measured Value 
Maximum  Minimum  

(mm) (mils) (mm) (mils) 

hg ,NW 3 118.1 0.5 19.7 

hp ,NW′ 10 393.7 7 275.6 

hp+g ,NW′ 17 669.3 7 275.6 

hp+g ,W/F′ 10.5 413.4 8.6 338.6 

h1 130.5 5138 117.5 4626 

h2 ,NW′ 137.5 5413 117.5 4626 

h3 ,NW′ 135.5 5334 117.5 4626 

h2 ,W/F′ 135.5 5334 117.5 4626 
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CHAPTER 6: AS-BUILT CHANNEL GAP PROFILE RESULTS & DISCUSSION 

6.1INITIAL AS-BUILT CHANNEL GAP PROFILES 

6.1.1MECHANICAL AS-BUILT CHANNEL GAP PROFILES 

Mechanical channel gap measurements were taken through the pressure tap holes in the 

outer cylinder of the test section. A set of mechanical measurements was conducted by 

three operators using a caliper and metal rod. Later, a depth micrometer was used to 

measure the channel gap thickness. The results for channel gap thickness measured in the 

plated region (PT2 through PT7) is in Figure 6-1. 

 

Figure 6-1. Initial as-built mechanical measurements outer channel gap thickness centerline profiles. 

The data points for the operator one, operator two, and depth micrometer series in Figure 

6-1 are averages of multiple measurements taken at those locations and the error bars on 

those data sets represent a 95 % confidence interval about the mean. Operator three only 
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took one set of data and therefore did not have enough information for confidence 

intervals. The number of trials run for each data series is previously stated in Table 5-1. 

In addition to the measurements in the plated region, overall channel gap thickness 

measurements were taken through PT1 and PT8 corresponding to the inlet and outlet 

plenum regions. All three operators with a rod and caliper, and the depth micrometer took 

overall channel gap thickness measurements. Table 6-1 through Table 6-4 present the 

statistical results on outer channel gap thickness and overall channel gap thickness for the 

mechanical measurement data series. Only one trial of measurements was taken by 

operator three using a rod and caliper; therefore, statistical values are not possible. The 

data measured by operator three is given in Table 6-3. 

Table 6-1. Operator One mechanical as-build channel gap measurement summary using a rod and caliper. 

Pressure 
Tap Hole 

Distance above the 
Trailing Edge 

Operator 1 – Rod and Caliper 

Mean Standard Deviation 

(inches) (mm) (mils) (mm) (mils) (mm) 

Overall Channel Thickness – Inlet and Outlet Plenums 

8 27.63 701.70 220.67 5.60 12.58 0.32 

1 -2.01 -51.00 215.33 5.47 5.51 0.14 

Outer Channel Thickness – Plated Region 

7 23.38 593.75 92.33 2.35 12.42 0.32 

6 19.13 485.80 70.00 1.78 14.00 0.36 

5 14.88 377.85 58.00 1.47 6.56 0.17 

4 10.63 269.90 62.67 1.59 5.69 0.14 

3 6.38 161.95 55.33 1.41 8.50 0.22 

2 2.13 54.00 40.67 1.03 11.59 0.29 
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Table 6-2. Operator Two mechanical as-build channel gap measurement summary using a rod and caliper. 

Pressure 
Tap Hole 

Distance above the 
Trailing Edge 

Operator 2 – Rod and Caliper 

Mean Standard Deviation 

(inches) (mm) (mils) (mm) (mils) (mm) 

Overall Channel Thickness – Inlet and Outlet Plenums 

8 27.63 701.70 217.50 5.52 10.61 0.27 

1 -2.01 -51.00 217.00 5.51 4.24 0.11 

Outer Channel Thickness – Plated Region 

7 23.38 593.75 89.50 2.27 14.85 0.38 

6 19.13 485.80 86.50 2.20 6.36 0.16 

5 14.88 377.85 68.00 1.73 21.21 0.54 

4 10.63 269.90 68.00 1.73 11.31 0.29 

3 6.38 161.95 52.00 1.32 4.24 0.11 

2 2.13 54.00 40.00 1.02 5.66 0.14 

 

Table 6-3. Operator Three mechanical as-build channel gap measurements using a rod and caliper. 

Pressure 
Tap Hole 

Distance above the 
Trailing Edge 

Operator 3 – Rod and Caliper 

Measurements 

(inches) (mm) (mils) (mm) 

Overall Channel Thickness – Inlet and Outlet Plenums 

8 27.63 701.70 230.00 5.84 

1 -2.01 -51.00 220.00 5.59 

Outer Channel Thickness – Plated Region 

7 23.38 593.75 86.00 2.18 

6 19.13 485.80 85.00 2.16 

5 14.88 377.85 61.00 1.55 

4 10.63 269.90 61.00 1.55 

3 6.38 161.95 49.00 1.24 

2 2.13 54.00 37.00 0.94 
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Table 6-4. Mechanical as-build channel gap measurements using a depth micrometer. 

Pressure 
Tap Hole 

Distance above the 
Trailing Edge 

Depth Micrometer 

Mean Standard Deviation 

(inches) (mm) (mils) (mm) (mils) (mm) 

Overall Channel Thickness – Inlet and Outlet Plenums 

8 27.63 701.70 222.00 5.64 1.73 0.04 

1 -2.01 -51.00 210.67 5.35 1.15 0.03 

Outer Channel Thickness – Plated Region 

7 23.38 593.75 88.00 2.24 1.00 0.03 

6 19.13 485.80 73.00 1.85 1.00 0.03 

5 14.88 377.85 60.67 1.54 1.53 0.04 

4 10.63 269.90 54.00 1.37 1.00 0.03 

3 6.38 161.95 49.00 1.24 1.73 0.04 

2 2.13 54.00 38.67 0.98 2.52 0.06 

 

The axial centerline profile based on depth micrometer measurements is plotted Figure 

6-2. The geometry values and surfaces are labeled giving a scaled representation of the 

channel with the test plate. The location of the outer surface of the test plate is defined 

using the outer channel gap thickness measurements with the inner surface of the outer 

cylinder as reference. The inner surface of the test plate is located 0.4064 mm (16 mils) 

from the outer surface of the test plate using the assumption of a constant plate thickness 

(a). The location of the inner surface of the inner cylinder is defined using the two overall 

channel gap thickness measurement locations with inner surface of outer cylinder as 

reference. The dashed lines in Figure 6-2 represent approximated surfaces between 

measurements. Measurement locations are noted by solid markers. The leading and 

trailing edge locations of the test plate are extrapolated using the slope of the nearest two 
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points to the respective edges. The same method was used to extrapolate the ends of the 

overall channel. Extrapolated points are noted by hollow markers. 

 

Figure 6-2. As-built axial centerline channel geometry based on depth micrometer measurements. 

Mechanical measurements of the outer channel gap thickness showed that the as-built 

channel was not axial uniform as designed and differed from the designed outer channel 

gap thickness of 2.032 mm (80 mils). The outer channel gap thickness increased from 

trailing to leading edge in all the mechanical channel measurements. Overall channel 

thickness was only measured at two locations, but it also differed from the designed 

overall channel of 4.98 mm (196 mm) and had an increase in thickness from the trailing 

to the leading edge.  
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Measurements from operators one through three using a metal rod and caliper showed 

less repeatability and therefore higher uncertainties than that of depth micrometer 

measurements. This is expected as depth micrometer measurements were highly 

repeatable.  

The mechanical channel measurements assumed that the thickness of the outer cylinder is 

a uniform 6.35 mm (¼ in) thick. The outer cylinder was precision machined, but any non-

uniformity would cause a bias error in the measurements. Another possible source for 

error is the angle at which the depth micrometer is held to the surface of the cylinder for 

measurements. The base of the micrometer should be flush and tangent with the surface 

for an ideal measurement. 

6.1.2INITIAL AS-BUILT NO-WATER LASER CHANNEL GAP PROFILES 

The laser displacement sensor and positioning system were used to map the initial as-

built outer channel gap thickness profile along the axial centerline of the plate. Five outer 

channel gap profile mappings were conducted prior to any flow running through the test 

section. The intimal as-built channel maps are plotted individually in Figure 6-3 through 

Figure 6-7 and together in Figure 6-8 along with the Depth Micrometer measurements for 

comparison. Channel mapping data points shown are means of the 1000 samples taken at 

that location. Locations were filtered using method described in Section 5.1.2.2. 
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Figure 6-3. First initial as-built laser map of channel gap thickness profile.  

 

Figure 6-4. Second initial as-built laser map of channel gap thickness profile.  
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Figure 6-5. Third initial as-built laser map of channel gap thickness profile.  

 

Figure 6-6. Fourth initial as-built laser map of channel gap thickness profile. 
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Figure 6-7. Fifth initial as-built laser map of channel gap thickness profile.  

 

Figure 6-8. Summary plot of initial as-built laser maps of channel gap thickness profile. 
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Uncertainty about the mean of the outer channel gap thickness data points was assessed 

to create 95 % confidence intervals; however, the uncertainty is too small to discern on 

plots. The uncertainty calculations are described in Appendix A. The maximum and 

minimum uncertainty about the mean for each initial as-built profile is reported in Table 

6-5. 

Table 6-5. Minimum and maximum uncertainties about the mean values for initial as-built outer channel 

gap profiles. 

Initial Profile 1 2 3 4 5 

Maximum Uncertainty 
about Mean (mm) 

0.0005 0.0004 0.0009 0.0018 0.0004 

Minimum Uncertainty on 
Mean (mm) 

0.0002 0.0002 0.0002 0.0002 0.0002 

 

Initial as-built laser mappings were aimed at giving a higher spatial resolution axial 

profile of the channel gap thickness. The overall axial channel gap thickness profile from 

the initial laser mapping matched that of the depth micrometer measurements. However, 

the channel gap thickness from initial channel mappings showed an unrealistically high 

slope within each window creating an almost stair step profile. Assuming the depth 

micrometer measurements are accurate, the laser mapping profiles within each window 

are expected to fall roughly along the same profile. 

A few possibilities could cause the high slope within each window of the initial laser 

mapping. The initial channel thickness profiles showed high repeatability in the 

measurement ruling out the possibility of one bad mapping. One possibility is that the 

laser is measuring accurately and the plexi windows are set in the outer cylinder in such a 

way that the inside of the window is not flush with the inside surface of the outer 
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cylinder. This would explain the channel gap thickness to be greater than expected at one 

end and smaller than expected at the other end of the window forming the stair step 

profile.  

Another possibility is that one or both plexi window surfaces are not parallel to the 

surfaces of the outer cylinder causing the laser beam to change its reflection angles 

relative to the laser. This could cause the laser to interpret the channel thickness 

differently than expected in the index of refraction correction method.  

The laser displacement sensor is held at an angle of 8.5° below horizontal by a stepper 

motor. This stepper motor heats up due to the electrical current running through it. This 

increasing temperature throughout the mapping could cause the laser angle to change 

altering the laser measurements.  

6.2FLOW MAPPING EXPERIMENTS PRE-FLOW NO-WATER LASER 

CHANNEL GAP PROFILES  

In addition to the initial as-built channel mappings, each flow mapping experiment began 

by mapping the outer channel gap thickness with no-water in the test section. Figure 6-9 

through Figure 6-12 plot the pre-flow no-water profile from each flow mapping 

experiment. Figure 6-13 has a summary plot with all the pre-flow no-water profiles from 

the flow mapping experiments. The mechanical measurements using the depth 

micrometer and the first initial as-build profile are plotted in the figures as well for 

comparison. The data points are means of the 1000 samples taken at that location. 

Locations were filtered using method from pre-flow mapping runs in flow mapping 

experiments described in Section 5.2.5. 
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Figure 6-9. First flow mapping experiment pre-flow no-water channel gap profile. 

 

Figure 6-10. Second flow mapping experiment pre-flow no-water channel gap profile. 
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Figure 6-11. Third flow mapping experiment pre-flow no-water channel gap profile. 

 

Figure 6-12. Fourth flow mapping experiment pre-flow no-water channel gap profile. 
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Figure 6-13. Summary of flow mapping experiments pre-flow no-water channel gap profiles. 

Uncertainty about the mean of the outer channel gap thickness data points in the flow 

mapping experiments was assessed to create 95 % confidence intervals; however, the 

uncertainty is too small to discern on plots. The uncertainty calculations for flow 

mapping experiments are also detailed in Appendix A. The maximum and minimum 

uncertainty about the mean for each flow mapping experiment pre-flow no-water outer 

channel gap thickness profile is in Table 6-6. 

Table 6-6. Minimum and Maximum uncertainties about the mean values for flow mapping experiments 

pre-flow no-water outer channel gap profiles. 

Flow Mapping Experiment 1 2 3 4 

Maximum Uncertainty about 
Mean (mm) 

0.00032 0.00581 0.00140 0.00082 

Minimum Uncertainty on 
Mean (mm) 

0.00025 0.00015 0.00025 0.00059 
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Pre-flow no-water outer channel gap mapping runs were conducted at the beginning of all 

four flow mapping experiments. Surprisingly, the flow mapping experiments pre-flow 

no-water profiles did not directly match up with the initial as-built channel profiles. The 

initial as-built channel gap profile maps were highly repeatable and expected to match up 

well with the pre-flow no-water profiles from flow mapping experiments. The channel 

gap thickness profile for pre-flow no-water flow mapping experiment profiles seem to be 

almost rotated about a point on the plate with respect to the initial as-built maps. The 

channel gap thickness in window one at the leading edge is smaller in pre-flow no-water 

from flow mapping experiments. For the rest of the windows, the pre-flow no-water 

channel gap thickness is greater than that of initial as-built and the difference gets larger 

approaching the trailing edge of the plate. The flow experiments pre-flow no-water outer 

channel gap profiles showed high repeatability between each other. 

The outer channel gap thickness measurements near the trailing edge of the plate varied 

more than any other location between the initial as-built measurements and the pre-flow 

no-water measurement from flow experiments. The change was on the order of 0.5 mm. 

The change could be caused by the plate shifting to a new position due to flow or there 

could have been a measurement issue in window five. There was some mineral buildup 

on the inside of the plexi in window five. The true position of the plate near the trailing 

edge could be investigate after all flow experiments on the test section conclude by 

repeating mechanical depth measurements through the pressure tap holes. 

There was an issue recording data in window two, 565.15 mm to 514.35 mm from the 

trailing edge. The channel gap thickness output was either never within a realistic range 

or the laser output no signal. There was some moisture in the test section from previous 
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flow tests during some of the pre-flow no-water mapping runs and there was buildup of 

minerals from the water the inner surface of the windows. These could have led to a bad 

signal from window two. 

A possible cause for the shift in channel gap thickness would be that after flow was run 

through the test section, the test plate shifted position slightly due to force of the flow and 

came to rest at a new stable position. This new position would be what’s measured in the 

pre-flow no-water flow mapping experiment profiles.  

Another cause could be that the test section itself shifted to a new resting during a flow 

experiment.  This shifted position would not cause an actual change in the channel gap 

thickness but could cause a change in how the laser beam travels through the plexi 

windows. This could cause the beam to hit the sensor differently causing the laser to 

output a different position. The effect could be different along the length of the plate as 

well. 

  



87 

 

CHAPTER 7: FLOW TEST RESULTS & DISCUSSION  

7.1FLOW MAPPING EXPERIMENTS 

Four flow mapping experiments were conducted after the initial as-built channel 

mappings. Each flow mapping experiment was comprised of pre-flow mapping runs, and 

mapping runs with flow. The specific mapping runs conducted during each flow mapping 

experiment are listed in Table 5-3. The outer channel gap thickness flow profiles from 

each flow mapping experiment are below in Figure 7-1 through Figure 7-4. The pre-flow 

no-water mapping profile for each flow mapping experiment is plotted as well. The data 

points are the mean of the 1000 measurements taken at each location. Locations were 

filtered using the method in Section 5.2.5. Each data series corresponds to a mapping run 

with flow or the pre-flow no-water profile. The mapping runs with flow are label with the 

mean mass flow rate through the test section during that run. The position of the bypass 

valve (percent closed) with the nth time a mapping run was executed at that valve 

position is also given in parenthesis.  

A post-flow mapping with water was taken after the pump was shut off in flow mapping 

experiment four seen in Figure 7-4. The post-flow outer channel gap thickness with water 

was calculated using the same method as that for outer channel gap thickness with flow 

described in Section 4.2.2.  
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Figure 7-1. First flow mapping experiment axial profile of outer channel gap thickness. 

 

Figure 7-2. Second flow mapping experiment axial profile of outer channel gap thickness. 
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Figure 7-3. Third flow mapping experiment axial profile of outer channel gap thickness. 

 

Figure 7-4. Fourth flow mapping experiment axial profile of outer channel gap thickness. 
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Uncertainty about the mean of the outer channel gap thickness data points was assessed 

to create 95 % confidence intervals; however, the uncertainty is too small to discern on 

the plots. The uncertainty calculations are described in Appendix A. The maximum and 

minimum uncertainty about the mean outer channel gap thickness for each flow mapping 

experiment is in Table 7-1. 

Table 7-1. Minimum and maximum uncertainties about the mean values for flow mapping experiments 

outer channel gap profiles with flow. 

Flow Mapping Experiment 1 2 3 4 

Maximum Uncertainty about 
Mean (mm) 

0.0013 0.0561 0.0048 0.0017 

Minimum Uncertainty on 
Mean (mm) 

0.0008 0.0007 0.0007 0.0011 

 

Deflection profiles for each mapping run with flow during the flow mapping experiments 

were calculated by subtracting pre-flow no-water outer channel gap thickness profile 

from the calculated outer channel gap thickness profiles with flow. The same was done to 

calculate post-flow deflection in flow mapping experiment four. The axial centerline 

profiles for plate deflection are plotted in Figure 7-5 through Figure 7-8.  

Again, data points are the mean deflection value at each location for a mapping run 

during the experiment and the uncertainty is too small to be seen in the plots. Table 7-2 

contains the minimum and maximum uncertainty about the mean deflection for each flow 

mapping experiment. The uncertainty is calculated using the methods in Appendix A and 

represents a 95 % confidence interval about the mean.  
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Figure 7-5. First flow mapping experiment axial profile of plate deflection.  

 

Figure 7-6. Second flow mapping experiment axial profile of plate deflection. 
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Figure 7-7. Third flow mapping experiment axial profile of plate deflection. 

 

Figure 7-8. Fourth flow mapping experiment axial profile of plate deflection. 
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Table 7-2. Minimum and maximum uncertainties about the mean values for flow mapping experiments 

plate deflection profile with flow. 

Flow Mapping Experiment 1 2 3 4 

Maximum Uncertainty about 
Mean (mm) 

0.0014 0.0561 0.0049 0.0019 

Minimum Uncertainty on 
Mean (mm) 

0.0009 0.0007 0.0007 0.0013 

 

Uncertainty about the mean mass flow rate for each mapping run with flow during flow 

mapping experiments is in Table 7-3. Uncertainty is a roughly 95 % confidence interval 

about the mean calculated using the method in Appendix A. Uncertainty for mass flow 

rate is broken into a positive and a negative uncertainty interval. This is due to the 

paddlewheel flow meter calibration uncertainty also in Appendix A. 

 In addition to statistical values for mass flow rate, statistical values for average channel 

velocity are given as well. Average channel velocity is the volumetric flow rate divided 

by the average channel area of both channels in the plated region. Average channel 

velocity calculation is in Appendix C. 

Flow mapping and initial as-built channel mapping used a sampling rate of 1650 Hz on 

laser measurements. 1650 Hz was the default for the equipment. There was a concern that 

this sampling frequency was too high, so for subsequent experiments the laser sampling 

was set to 50 Hz to be below the 60 Hz power line frequency. The effect of sampling 

frequency on laser measurement data was not thoroughly investigated.  
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Table 7-3. Statistical flow values for flow mapping experiments. 

Flow Mapping 
Run 

Mean Uncertainty + Uncertainty - 

(kg/s) (m/s) (kg/s) (m/s) (kg/s) (m/s) 

Flow Mapping Experiment 1 

0 % -r1 1.259 2.192 0.106 0.184 0.101 0.177 

0 % - r2 1.283 2.234 0.105 0.184 0.101 0.176 

0 % - r3 1.281 2.230 0.105 0.184 0.101 0.176 

0 % - r4 1.279 2.226 0.105 0.183 0.101 0.176 

5 % - r1 1.315 2.289 0.105 0.182 0.100 0.175 

Flow Mapping Experiment 2 

5 % - r1 1.269 2.210 0.105 0.183 0.101 0.176 

5 % - r2 1.302 2.268 0.105 2.268 0.100 0.175 

Flow Mapping Experiment 3 

5 % - r1 1.300 2.265 0.105 0.183 0.101 0.176 

5 % - r2 1.312 2.285 0.105 0.183 0.101 0.175 

5 % - r3 1.310 2.282 0.104 0.181 0.100 0.173 

10 % - r1 1.393 2.426 0.103 0.180 0.099 0.173 

Flow Mapping Experiment 4 

0 % - r1 1.294 2.254 0.126 0.219 0.122 0.213 

12 % - r1 1.361 2.370 0.103 0.180 0.099 0.173 

14 % - r1 1.434 2.498 0.118 0.205 0.114 0.199 

16 % - r1 1.492 2.598 0.105 0.184 0.102 0.177 

 

Outer channel gap thickness with flow generally followed the same profile as the pre-

flow no-water channel gap thickness even with some deflection. Maximum deflection 

occurred in window one near the leading edge of the plate in flow mapping experiments 

one, three and four, which is expected. Deflection was generally positive meaning the 

plate was deflecting into the larger channel, but all the flow mappings were run at 
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relatively low flow rates. Theoretically, deflection should go into the larger channel to 

equal the channel sizes and the mass flow through each. When the deflection wasn’t 

positive, like in flow map four it occurred near the edges of windows which could have 

affected the measurements.  

Deflection profiles did not show consistency between maps at similar flow rates and did 

not show a clear deflection profile along the length of the plate. Also, the data from 

window two, near the leading edge in window one, and window five was filtered out in 

most tests due to non-realistic values. These inconsistencies brought into question the 

conclusions that could be drawn from the data. Some of the issues with non-measurable 

locations could be due to water on the inner surface of the plexi windows during pre-flow 

no-water measurements or mineral build up on the inner surface of the plexi glass.  

A possible cause of issues of laser mapping measurements is that the test section may be 

slightly tilted with respect to the vertical path of the laser. As the laser moves down 

across the test section, the distance between the laser and the test section would increase 

or decrees. The change in distance coupled with the laser not being at the correct angle 

with respect to the windows could cause the laser measurements to be distorted. This 

possible issue is investigated further in Chapter 8 and 9 along with some other possible 

effects on laser measurements.  

7.2LEADING EDGE FLOW TESTS 

The inconsistencies and measurement issues from flow mapping experiments lead to the 

transition to single location measurements, where there would be less variables and 

change during the flow tests. The most interesting data location is near the leading edge 

because maximum deflection should occur there [8], [9], [10], [11], & [17], and that area 
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was not consistently measured in flow mapping experiments. The same location was 

measured every time and the only changing variable is flow rate during a single location 

flow test.  

Seven leading edge (LE) flow tests were run after flow mapping experiments. Leading 

edge flow tests were measured just below the center of the leading edge of the plate. 

Outer channel gap thickness was measured at the beginning of each LE flow test during 

the pre-flow no-water measurements. Channel gap thickness with flow was calculated at 

each flow rate run from the plexi plus channel gap thickness measurement. Plexi plus 

channel gap thickness with water was also measured after the flow was shut off to see if 

the plate returned to its pre-flow position. Pre-flow no-water, flow, and post-flow with 

water channel gap thicknesses are shown in Figure 7-9 through Figure 7-15. Data points 

are the mean outer channel gap thickness at a constant flow rate.  

Leading edge flow tests four and five ran an upscale set of incremental flow 

measurements and then a downscale set of incremental flow measurements, seen in 

Figure 7-12 and Figure 7-13. Flow tests six and seven in Figure 7-14 and Figure 7-15 ran 

an upscale set of flow measurements, a downscale set, and then repeated by running a 

second upscale and downscale set. The flow is increased between measurement runs in 

upscale sets of flow measurements, and the flow is decreased downscale in downscale. 

Upscale data points have solid markers and downscale have hollow markers. Leading 

edge tests one through three in Figure 7-9 through Figure 7-11 did not have a downscale 

set of flow rates run; however, the tests ended by shutting off the flow and taking post-

flow measurements. The post-flow measurements are also displayed with a hollow 
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marker. Arrows were added to the plots to show the order in which the sets of flow 

measurements were taken.  

Horizontal error bars are displayed on the plots representing a 95 % CI about the mean of 

the steady state flow rate measurements taken during a flow measurement run. The error 

on channel gap thickness calculations was too small to be discerned on the plots. The 

maximum and minimum error about the mean outer channel gap thickness for each of the 

LE flow test is in Table 7-4. Statistical calculations are in Appendix A. 

Table 7-4. Minimum and maximum uncertainties about the mean outer channel gap thickness from leading 

edge flow test. 

Flow Mapping 
Experiment 

1 2 3 4 5 6 7 

Maximum 
Uncertainty about 

Mean (mm) 
0.0008 0.0005 0.0006 0.0005 0.0006 0.0010 0.0012 

Minimum 
Uncertainty on 

Mean (mm) 
0.0007 0.0004 0.0004 0.0004 0.0004 0.0007 0.0006 
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Figure 7-9. Outer channel gap thickness from leading edge flow test 1. 

 

Figure 7-10. Outer channel gap thickness from leading edge flow test 2. 
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Figure 7-11. Outer channel gap thickness from leading edge flow test 3. 

 

Figure 7-12. Outer channel gap thickness from leading edge flow test 4. 



100 

 

 

Figure 7-13. Outer channel gap thickness from leading edge flow test 5. 

 

Figure 7-14. Outer channel gap thickness from leading edge flow test 6. 
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Figure 7-15. Outer channel gap thickness from leading edge flow test 7. 

One discrepancy between LE tests was with the channel gap thickness taken with no-

water. This pre-flow channel gap thickness before deflection for each test varied from 2.3 

mm to 2.4 mm. The angle that the lasers were set at could be slightly different causing a 

different pre-flow no-water channel gap thickness reading. Setting the laser angle was 

thought to be relatively repeatable. A digital level was held at the same location on the 

laser and the stepper motors used to move the laser until it was at the correct angle (8.5 ° 

below horizontal). Human error setting the level on the laser could cause the differences 

between measurements.  

Deflection was calculated by subtracting the pre-flow no-water outer channel gap 

thickness from the flow and post-flow outer channel gap thicknesses. Mean deflection for 

each LE flow test is in Figure 7-16 through Figure 7-22. Horizontal error bars for 
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deflection plots are the same as the ones in the outer channel gap thickness plots. 

Uncertainty about the mean deflection is again too small for the plots. The maximum and 

minimum uncertainty about the mean deflection for each LE flow test is in Table 7-5. 

Table 7-5. Minimum and maximum uncertainties about the mean outer channel gap thickness from leading 

edge flow test. 

Flow Mapping 
Experiment 

1 2 3 4 5 6 7 

Maximum 
Uncertainty about 

Mean (mm) 
0.0009 0.0005 0.0006 0.0005 0.0006 0.0011 0.0012 

Minimum 
Uncertainty on 

Mean (mm) 
0.0008 0.0005 0.0004 0.0004 0.0004 0.0008 0.0007 

 

 

Figure 7-16. Test plate deflection from leading edge flow test 1. 
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Figure 7-17. Test plate deflection from leading edge flow test 2. 

 

Figure 7-18. Test plate deflection from leading edge flow test 3. 
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Figure 7-19. Test plate deflection from leading edge flow test 4. 

 

Figure 7-20. Test plate deflection from leading edge flow test 5. 
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Figure 7-21. Test plate deflection from leading edge flow test 6. 

 

Figure 7-22. Test plate deflection from leading edge flow test 7. 
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Leading edge flow tests showed a clear trend of deflection at a rate greater than linear 

with respect to mass flow rate that wasn’t seen in the flow mapping experiments. During 

the first upscale set of measurements for all LE tests, the maximum deflection reached 

was almost 0.22 mm. Considering that the test plate is designed at only 0.4064 mm thick, 

a max deflection of 0.22 mm is greater than half of the plate thickness. Deflection 

followed a similar trend in the first upscale measurement set in all LE flow tests. A 

hysteresis was seen in subsequent sets of upscale and downscale sets of all but one LE 

flow test. Leading edge test seven didn’t show a hysteresis in the upscale and downscale 

sets of measurements after the first set. 

Channel gap thickness and deflection from LE Flow tests three through six are plotted 

together for comparison in Figure 7-23 and Figure 7-24, respectively. The pre-flow 

channel gap thickness and the post-flow channel gap thickness vary between LE flow 

test. However, the deflection trends are relatively consistent. The first upscale set of 

measurements in LE test six are slightly lower than the rest of the LE tests. The 

measurements still follow a similar curve and end up close to the same values as the other 

LE tests as the experiment continued.  
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Figure 7-23. Outer channel gap thickness comparison of leading edge flow tests 3 through 6.  

 

Figure 7-24. Plate deflection comparison of leading edge flow tests 3 through 6. 
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Statistical values for mass flow rate and corresponding average channel velocity are in 

Table 7-6 through Table 7-12. The mean and positive and negative uncertainty (U+, U-) 

bands about the mean are calculated using the methods in Appendix A. 

Table 7-6. Statistical flow rate values for Leading Edge Flow Test 1. 

LE Flow 
Test Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

0 % – Up 1.281 0.230 0.228 2.231 0.400 0.397 

10 % – Up 1.405 0.339 0.338 2.446 0.590 0.588 

20 % – Up 1.611 0.245 0.244 2.806 0.427 0.424 

25 % – Up 1.805 0.210 0.209 3.143 0.366 0.363 

30 % – Up 2.037 0.109 0.106 3.548 0.189 0.185 

33 % – Up 2.284 0.202 0.201 3.978 0.352 0.350 

36 % – Up 2.531 0.225 0.225 4.407 0.392 0.391 

 

Table 7-7. Statistical flow rate values for Leading Edge Flow Test 2. 

LE Flow 
Test Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

0 % – Up 1.293 0.247 0.246 2.251 0.431 0.428 

10 % – Up 1.376 0.116 0.112 2.395 0.201 0.195 

20 % – Up 1.680 0.114 0.111 2.926 0.198 0.193 

24 % – 
Up. 

1.884 0.122 0.119 3.280 0.212 0.208 

27 % – Up 2.118 0.234 0.233 3.689 0.408 0.406 

30 % – 
Up. 

2.267 0.109 0.107 3.948 0.190 0.186 

33 % – Up 2.436 0.100 0.098 4.242 0.174 0.171 
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Table 7-8. Statistical flow rate values for Leading Edge Flow Test 3. 

LE Flow 
Test Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

0 % – Up 1.284 0.232 0.230 2.236 0.404 0.400 

10 % – Up 1.415 0.208 0.206 2.463 0.363 0.359 

20 % – Up 1.733 0.332 0.331 3.018 0.578 0.576 

24 % – 
Up. 

1.896 0.123 0.120 3.301 0.214 0.210 

27 % – Up 2.065 0.114 0.112 3.595 0.199 0.195 

30 % – 
Up. 

2.245 0.111 0.109 3.910 0.194 0.190 

33 % – Up 2.532 0.294 0.294 4.409 0.513 0.512 
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Table 7-9. Statistical flow rate values for Leading Edge Flow Test 4. 

LE Flow Test 
Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

0 % – Up 1.275 0.128 0.124 2.221 0.222 0.216 

10 % – Up 1.446 0.369 0.368 2.518 0.643 0.641 

20 % – Up 1.679 0.120 0.118 2.923 0.210 0.205 

22.5 % – Up 1.850 0.234 0.232 3.222 0.407 0.405 

25 % – Up 1.946 0.119 0.117 3.389 0.207 0.203 

27.5 % – Up 2.102 0.247 0.246 3.661 0.429 0.428 

30 % – Up 2.279 0.114 0.112 3.968 0.199 0.196 

33 % – Up 2.487 0.241 0.240 4.331 0.419 0.418 

30 % – Down 2.462 0.190 0.189 4.288 0.330 0.329 

27.5 % – 
Down 

2.423 0.305 0.305 4.220 0.531 0.530 

25 % – Down 2.163 0.242 0.241 3.766 0.422 0.420 

22.5 % – 
Down 

2.108 0.211 0.210 3.671 0.367 0.365 

20 % – Down 1.895 0.269 0.268 3.299 0.468 0.466 

10 % – Down 1.547 0.317 0.315 2.694 0.551 0.549 

0 % – Down 1.297 0.119 0.115 2.258 0.207 0.201 
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Table 7-10. Statistical flow rate values for Leading Edge Flow Test 5. 

LE Flow Test 
Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

0 % – Up 1.267 0.119 0.115 2.207 0.207 0.200 

10 % – Up 1.425 0.313 0.311 2.481 0.544 0.542 

20 % – Up 1.720 0.399 0.398 2.995 0.695 0.693 

22.5 % – Up 1.793 0.117 0.115 3.123 0.204 0.200 

25 % – Up 1.968 0.116 0.114 3.426 0.202 0.198 

27.5 % – Up 2.068 0.114 0.112 3.601 0.199 0.195 

30 % – Up 2.237 0.109 0.107 3.895 0.190 0.187 

33 % – Up 2.476 0.234 0.233 4.311 0.407 0.406 

30 % – Down 2.477 0.208 0.208 4.313 0.363 0.362 

27.5 % – 
Down 

2.412 0.114 0.112 4.200 0.198 0.195 

25 % – Down 2.150 0.116 0.114 3.743 0.203 0.199 

22.5 % – 
Down 

2.078 0.225 0.224 3.619 0.392 0.390 

20 % – Down 1.881 0.107 0.104 3.275 0.186 0.181 

10 % – Down 1.522 0.290 0.289 2.650 0.505 0.503 

0 % – Down 1.335 0.263 0.262 2.325 0.458 0.456 

 

Table 7-11. Statistical flow rate values for Leading Edge Flow Test 6. 

LE Flow Test 
Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

0 % – Up 1.330 0.425 0.424 2.317 0.740 0.738 

10 % – Up 1.422 0.388 0.387 2.477 0.675 0.673 

20 % – Up 1.663 0.122 0.119 2.895 0.213 0.208 

22.5 % – Up 1.766 0.117 0.115 3.075 0.204 0.200 

25 % – Up 2.020 0.435 0.435 3.518 0.758 0.757 

27.5 % – Up 2.066 0.120 0.118 3.598 0.208 0.205 
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LE Flow Test 
Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

30 % – Up 2.258 0.113 0.111 3.933 0.197 0.194 

33 % – Up 2.441 0.109 0.107 4.251 0.190 0.187 

30 % – Down 2.480 0.223 0.222 4.319 0.389 0.387 

27.5 % – 
Down 

2.305 0.303 0.302 4.013 0.528 0.526 

25 % – Down 2.193 0.272 0.271 3.818 0.473 0.472 

22.5 % – 
Down 

2.036 0.120 0.118 3.546 0.208 0.205 

20 % – Down 1.871 0.113 0.111 3.258 0.197 0.193 

10 % – Down 1.551 0.443 0.442 2.700 0.771 0.769 

0 % – Down 1.269 0.118 0.114 2.210 0.205 0.198 

10 % – Up 1.385 0.215 0.213 2.412 0.374 0.371 

20 % – Up 1.715 0.325 0.324 2.986 0.566 0.564 

22.5 % – Up 1.804 0.114 0.111 3.141 0.199 0.194 

25 % – Up 1.984 0.290 0.290 3.455 0.506 0.504 

27.5 % – Up 2.148 0.232 0.231 3.740 0.405 0.403 

30 % – Up 2.283 0.204 0.203 3.976 0.356 0.354 

33 % – Up 2.565 0.443 0.443 4.467 0.771 0.771 

30 % – Down 2.503 0.232 0.231 4.358 0.404 0.403 

27.5 % – 
Down 

2.395 0.112 0.111 4.171 0.195 0.192 

25 % – Down 2.132 0.111 0.108 3.713 0.192 0.189 

22.5 % – 
Down 

2.104 0.121 0.119 3.664 0.211 0.207 

20 % – Down 1.872 0.117 0.115 3.260 0.204 0.200 

10 % – Down 1.451 0.117 0.114 2.527 0.204 0.198 

0 % – Down 1.280 0.116 0.112 2.229 0.203 0.196 
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Table 7-12. Statistical flow rate values for Leading Edge Flow Test 7. 

LE Flow Test 
Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

0 % – Up 1.248 0.124 0.120 2.174 0.216 0.210 

10 % – Up 1.373 0.220 0.218 2.391 0.383 0.380 

20 % – Up 1.662 0.121 0.118 2.894 0.210 0.205 

22.5 % – Up 1.773 0.191 0.189 3.088 0.332 0.329 

25 % – Up 1.925 0.120 0.117 3.353 0.208 0.204 

27.5 % – Up 2.053 0.116 0.114 3.575 0.202 0.198 

30 % – Up 2.225 0.116 0.114 3.874 0.202 0.198 

33 % – Up 2.419 0.115 0.113 4.212 0.200 0.197 

30 % – Down 2.402 0.114 0.113 4.182 0.199 0.196 

27.5 % – 
Down 

2.371 0.116 0.114 4.128 0.202 0.199 

25 % – Down 2.129 0.113 0.111 3.707 0.197 0.194 

22.5 % – 
Down 

2.009 0.238 0.237 3.498 0.414 0.412 

20 % – Down 1.856 0.116 0.113 3.232 0.202 0.198 

10 % – Down 1.502 0.304 0.302 2.615 0.529 0.526 

0 % – Down 1.254 0.127 0.123 2.184 0.220 0.214 

10 % – Up 1.365 0.120 0.116 2.376 0.209 0.203 

20 % – Up 1.660 0.124 0.121 2.891 0.215 0.210 

22.5 % – Up 1.767 0.125 0.122 3.076 0.218 0.213 

25 % – Up 1.897 0.111 0.108 3.304 0.193 0.188 

27.5 % – Up 2.044 0.118 0.116 3.559 0.206 0.202 

30 % – Up 2.263 0.291 0.290 3.941 0.507 0.506 

33 % – Up 2.409 0.114 0.113 4.195 0.199 0.196 

30 % – Down 2.412 0.115 0.114 4.201 0.201 0.198 

27.5 % – 
Down 

2.405 0.117 0.115 4.188 0.203 0.201 

25 % – Down 2.156 0.175 0.174 3.755 0.305 0.302 

22.5 % – 
Down 

2.003 0.113 0.111 3.487 0.197 0.193 
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LE Flow Test 
Run 

Mass Flow Rate (kg/s) Average Channel Velocity (m/s) 

Mean U + U - Mean U + U - 

20 % – Down 1.868 0.118 0.116 3.254 0.206 0.202 

10 % – Down 1.468 0.119 0.116 2.556 0.207 0.201 

0 % – Down 1.278 0.206 0.204 2.226 0.359 0.356 

 

Deflection data showed a hysteresis between upscale and downscale sets of flow 

measurement runs. In LE tests four and five, the flow was incrementally increased to a 

maximum value by changing the bypass valve position. After reaching the maximum, the 

flow rate was decreased by returning to the same valve positions to take measurements. 

The deflection vs mass flow curve showed a shift to higher deflections on the downscale 

measurements. The deflection measured in the downscale flow measurements was greater 

for the same valve position. The mean mass flow rate for downscale measurements was 

also slightly greater than that of the upscale at the same valve positions.  

Flow test six and seven were run by increasing the flow, decreasing the flow and 

repeating for a second set of upscale and downscale measurements before shutting off 

flow. The purpose for the second set of repeated upscale and downscale measurements 

was to determine if the hysteresis seen in LE tests four and five was due to downscale 

measurements or if the hysteresis increased with flow experiment run time. The 

hysteresis continued for each subsequent set of flow measurements independent of 

upscale or downscale; therefore, the cause could be attributed to some time based effect.  

The hysteresis could be caused by the thermal expansion of the test section and the test 

plate. The flow loop is a closed loop meaning water is recycled through the system and 

back to the reservoir by the pump. The pump is constantly adding thermal and kinetic 
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energy to the system and the flow is only cooled by natural convection. This heating of 

the water due to the pump was previously thought to be negligible. If the water is heated 

during the flow tests, then the plate and the test section could thermally expand enough to 

affect the measurement results. The expansion could cause a measurable plate deflection 

and increase outer channel gap thickness. Since the pump is running constantly and 

adding heat to the water during flow tests, then the deflection due to thermal expansion 

would continue to increase throughout the experiment just as seen in the hysteresis of 

deflection.  

The test section could shift position or rotate (tilt) with flow. So as the flow increased, the 

test section could shift from its no-flow position. When the flow was decreased, the test 

section may not go back to its no-flow position causing the hysteresis. The test section 

may take time to return to its pre-flow position after the experiment or may not entirely 

go back in place as seen in the post-flow measurements.  

The stepper motors holding the laser at the set angle are thought to be steady. However, if 

this angle did change during the experiments, it could cause a change in measurements. 

The stepper motors controlling angle could be affected by ambient temperature in the 

room or the motor temperature. The motors also heat up during operation. If the laser 

angle changed during the flow tests, then this could cause the hysteresis.  

The plate itself may have some memory causing the hysteresis. Once the force from the 

flow that cause the plate to deflect is decreased, the plate may not fully return to its 

previous value. It may take time for the plate to fully return to its pre-flow position.  
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The test section could shift positions during the flow tests due to the force of the flow or 

heating and cooling by the flow or the ambient temperature in the room. This could cause 

a thermal expansion or contraction that moves the test section and test plate causing 

differences between no-flow channel measurements. This shift due to force of flow or 

temperature could relax after flow tests. The test section during flow experiments taken 

closer to the end of a previous flow experiment could have not relaxed back to the pre-

flow position.   
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CHAPTER 8: ANGLED SURFACES INVESTIGATION 

The as-built setup setups of fuel plate experiments never exactly match the design, as 

already shown in the initial as-built channel gap measurements as well as flat fuel plate 

experiments in this lab, [17], and fuel plate experiments elsewhere, [10] - [15]. Designed 

dimensions in the flow channel are on the order of 0.4 mm to 2.5 mm (16 mils to 100 

mils); therefore, seemingly small changes from the designed setup cause the flow channel 

to look significantly different. This leads to the questions of whether all surfaces are flat 

and parallel, and how deviating from the ideal setup affects measurements and 

calculations. Laser measurements and calculations have assumed that the laser angle is 

always at 8.5° below horizontal and all surfaces being measured are flat and parallel to 

each other (assumptions one and two of index of refraction corrections). Deviations from 

these can cause laser displacement measurements to be shifted from the actual 

dimensions. 

8.1 ANGLED SURFACES MEASUREMENT GEOMETRY 

Geometry is defined for both the physical (actual) geometry and the measured (laser 

interpreted) geometry, so that they can be compared. Recall, the laser displacement 

sensor assumes that all interfaces are parallel, and the laser is at an angle of 8.5° to the 

normal of the interfaces. For these calculations, variables or symbols with a prime (’) are 

laser interpreted values, variables and symbols without a prime are physical dimensions. 

Variables and symbols with a hat (ˆ) are defined in the lasers coordinate system and 

those without a hat are defined in the global coordinate system. Note: the global 

vertical axis is also considered as interface zero (I0). All angles are labeled in Figure 8-1 
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depicting the physical geometry values of the test section and laser in the laser’s 

coordinate system.   

 

Figure 8-1. Ray diagram of laser measurements with angled surfaces. 

Angle zero is always 8.5° shown in Eq. (8-1). The laser coordinate system is defined by 

the positive �̂� -axis being 8.5° below the emitted laser beam. 

 𝜃000 =  𝜃0 ≡ 8.5° (8-1) 

All angles are derived using the physical properties of the measured system and simple 

optical laws [18]: when light reflects off a plane surface, the angles of incident are equal 

when measuring with reference to the normal of the surface, and Snell’s law for light 

bending through mediums of different index of refraction. The variables affecting the 

angles between the laser beam and interfaces are the angles of the interfaces relative to 

the normal of the �̂� -axis (�̂�1, �̂�2, �̂�3) and the index of refraction between the laser and 
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interface one (n01), interface one and interface two (n12), and interface two and interface 

three (n23).  

Table 8-1 below provides the equations for all angles seen in Figure 8-1. 

Table 8-1.Equation for laser measurement angles. 

Angle Equation Eq. (#) 

𝜃010 𝜃010 = 𝜃0 + �̂�1 (8-2) 

𝜃101 𝜃101 = 𝜃111 + �̂�1  = 𝜃0 + 2�̂�1 (8-3) 

𝜃102 𝜃102 =  𝜃112 + �̂�1 (8-4) 

𝜃103 𝜃103 = 𝜃113 + �̂�1 (8-5) 

𝜃110 𝜃110 =  sin−1(
𝑛01

𝑛12
 sin 𝜃010) (8-6) 

𝜃111 𝜃111 =  𝜃010 = 𝜃0 + �̂�1 (8-7) 

𝜃112 𝜃112 = sin−1(
𝑛12

𝑛01
 sin 𝜃212) (8-8) 

𝜃113 𝜃113 = sin−1(
𝑛12

𝑛01
 sin 𝜃213) (8-9) 

𝜃120 𝜃120 =  𝜃110 − �̂�1 + �̂�2 (8-10) 

𝜃212 𝜃212 = 𝜃222 − �̂�1 + �̂�2 = 𝜃110 − 2�̂�1 + 2�̂�2 (8-11) 

𝜃213 𝜃213 = 𝜃223 − �̂�1 + �̂�2  (8-12) 

𝜃220 𝜃220 = sin−1(
𝑛12

𝑛23
 sin 𝜃120)  (8-13) 

𝜃222 𝜃222 = 𝜃120 =  𝜃110 − �̂�1 + �̂�2 (8-14) 

𝜃223 𝜃223 =  sin−1(
𝑛23

𝑛12
 sin 𝜃323) (8-15) 

𝜃230 𝜃230 =  𝜃220 − �̂�2 + �̂�3 (8-16) 

𝜃323 𝜃323 =  𝜃333 − �̂�2 + �̂�3 = 𝜃220 − 2�̂�2 + 2�̂�3  (8-17) 

𝜃333 𝜃333 = 𝜃230 =  𝜃220 − �̂�2 + �̂�3 (8-18) 
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The key to comparing and relating the laser measurements with the physical dimensions 

of the test section is finding a common value in both. This common value is the 

reference length along the laser’s vertical axis (�̂�-axis). The emitted beam reflects from 

each of the surfaces and returns to the laser’s sensor creating physical reference 

distance (�̂�1, �̂�2, �̂�3) between the emitted and received light for each reflection of the 

beam. These reference distances are the only information that the laser uses to 

interpret the distance from the laser to the surface(s) in front of it. Therefore, the 

reference distances for the laser interpreted geometry (�̂�1′, �̂�2′, �̂�3′) are the same as the 

physical reference distances, expressed in Eq. (8-19) through (8-21). 

 �̂�1  ≡  �̂�1′ (8-19) 

 �̂�2  ≡  �̂�2′ (8-20) 

 �̂�3  ≡  �̂�3′ (8-21) 

The laser interpreted distances to each surface (ℎ̂1′, ℎ̂2′, ℎ̂3′) are related to the 

reference distances in Eq. (8-22) through (8-24) by simple trigonometry/geometry.  

 

1
2 �̂�1′

ℎ̂1′
=  tan 𝜃0 (8-22) 

 

1
2 �̂�2′

ℎ̂2′
=  tan 𝜃0 (8-23) 
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1
2 �̂�3′

ℎ̂3′
=  tan 𝜃0 (8-24) 

 

The reference distance for each surface is calculated as functions of the physical 

dimensions. For the first surface, seen in Figure 8-2, the emitted light reflects off the 

outside of the plexiglass windows and back to the sensor. The laser falsely interprets the 

location of the interface because the surface is not parallel with the �̂�-axis.  

 

Figure 8-2. Ray diagram for laser measurement of angled first surface. 

Equations (8-25) expresses the first reference distance as a function of the physical 

distance from the laser to the outside of the plexi. 
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 �̂�1 = ℎ̂1 tan 𝜃0 + ℎ̂1 tan 𝜃101 = 𝑓(ℎ̂1, �̂�1) (8-25) 

 

The remaining light that wasn’t reflected to the sensor passes through interface one and 

is bent by passing into a new medium (n12), seen in Figure 8-3. The light beam then 

reflects off interface two (inside surface of plexi), passes through interface one a second 

time being bent in the opposite direction, and finally hits the sensor. The second 

interface reported by the laser is not in the same location as its physical location. The 

reference distance for the second interface is affected by the index of refraction change. 

This difference is compounded by interfaces one and two being angled with respect to 

the �̂�-axis and because the light is not bent to the same magnitude each pass through 

interface one if the inside and outside surfaces of the plexi are not parallel.  

 

Figure 8-3. Ray diagram for laser measurement of angled second surface. 
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The reference distance for the second surface is broken down in Eq. (8-26) into three 

parts (�̂�𝑎, �̂�𝑏, �̂�𝑐) to simplify calculations.  

 �̂�2 = �̂�𝑎 + �̂�𝑏 + �̂�𝑐 (8-26) 

 

Reference distance “a” is the vertical distance from the �̂�-axis to the point where the 

emitted beam intersects the first axis: 

 �̂�𝑎 =  ℎ̂1 tan 𝜃0. (8-27) 

 

Reference distance “b” is the vertical distance between the points where the emitted 

beam and the beam reflected off the second interface intersects the first interface: 

 �̂�𝑏 = (ℎ̂2 − ℎ̂1) 
sin(2𝜃120) cos �̂�1

cos(𝜃110 − �̂�1) cos(𝜃212)
. (8-28) 

 

Reference distance “c” is the vertical distance between the points where the beam 

reflected off the second interface intersects the first interface and the senor on the 

laser: 

 �̂�𝑐 = [ℎ̂1 + (ℎ̂2 − ℎ̂1) 
sin(2𝜃120) sin �̂�1

cos(𝜃110−�̂�1) cos(𝜃212)
] ∙ tan 𝜃102.  (8-29) 
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Equation (8-30) combines Eqs. (8-27), (8-28), and (8-29) using Eq. (8-26) and simplifies 

to determine the reference distance for the second interface. 

 

�̂�2 =  ℎ̂1 tan 𝜃0 + (ℎ̂2 − ℎ̂1) 
sin(2𝜃120) cos �̂�1

cos(𝜃110−�̂�1) cos(𝜃212)
  

+ [ℎ̂1 + (ℎ̂2 − ℎ̂1) 
sin(2𝜃120) sin �̂�1

cos(𝜃110−�̂�1) cos(𝜃212)
] ∙ tan 𝜃102  

 

 

 

�̂�2 =  ℎ̂1(tan 𝜃0 + tan 𝜃102) 

+ (ℎ̂2 − ℎ̂1) 
sin(2𝜃120)

cos(𝜃110−�̂�1) cos(𝜃212)
(cos �̂�1 +

sin �̂�1 tan 𝜃102)  

= 𝑓(ℎ̂1, ℎ̂2, �̂�1, �̂�2, 𝑛01, 𝑛12) 

(8-30) 

 

The third reference distance seen by the laser is created by the light reflected off the 

test plate, seen in Figure 8-4 below. The laser beam passes through the first interface, is 

bent, and intersects the second interface. Some of the light is reflected towards the 

sensor and the other part passes through the second interface. Then the light reflects 

off the test plate and passes back through the first and second interface being bent each 

time and intersects the laser sensor. The location which the light hits the sensor 

(reference distance) is affected by the angles of each of the three surfaces and the index 

of refraction for the mediums it passes though. The index of refraction effect on the 

light is amplified because the light is not bent by the same magnitude each time it 

passes through an interface if the interfaces are not all parallel.  



125 

 

 

Figure 8-4. Ray diagram for laser measurement of angled second surface. 

In Eq. (8-31), the reference distance for the third surface is broken into five smaller 

distances (�̂�𝑑, �̂�𝑒, �̂�𝑓, �̂�𝑔, �̂�ℎ,) that are more straightforward to calculate. 

 �̂�3 = �̂�𝑑 + �̂�𝑒 + �̂�𝑓 + �̂�𝑔 + �̂�ℎ (8-31) 

 

Reference distance “d” is the same as reference distance “a”: 

 �̂�𝑑 = �̂�𝑎 =  ℎ̂1 tan 𝜃0. (8-32) 

 

Reference distance “e” is the vertical distance between the points where the emitted 

light intersects the first and second interfaces: 
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 �̂�𝑒 =  (ℎ̂2 − ℎ̂1) tan(𝜃110 − �̂�1). (8-33) 

 

Reference distance “f” is the vertical distance between the emitted beam and the beam 

reflected off interface three passing through interface two: 

 �̂�𝑓 =  (ℎ̂3 − ℎ̂2)
sin(2𝜃230) cos �̂�2

cos(𝜃220 − �̂�1) cos 𝜃323

. (8-34) 

 

Reference distance “g” is the vertical distance between the points where the laser beam 

reflected from interface three intersect interfaces one and two: 

 

 

�̂�𝑔 =   [(ℎ̂2 − ℎ̂1)(1 − tan(𝜃110 − �̂�1) tan �̂�1) 

+(ℎ̂3 − ℎ̂2)
sin(2𝜃230) cos �̂�2

cos(𝜃220 − �̂�1) cos 𝜃323

(tan �̂�2 − tan �̂�1)] 

∙
sin(𝜃223 + �̂�2) cos �̂�1

cos 𝜃213
. 

(8-35) 

 

Reference distance “h” is the vertical distance between the intersections of the laser 

sensor and interface one by the light reflected from interface three: 
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�̂�ℎ =  [ℎ̂1 + (ℎ̂2 − ℎ̂1) tan(𝜃110 − �̂�1) tan �̂�1 

+(ℎ̂3 − ℎ̂2)
sin(2𝜃230) cos �̂�2

cos(𝜃220 − �̂�1) cos 𝜃323

tan �̂�1] ∙ tan 𝜃103 
(8-36) 

 

Combining the parts, Eqs. (8-32) through (8-36), of the reference distance for the third 

interface yields 

 

�̂�3 =  ℎ̂1 tan 𝜃0 + (ℎ̂2 − ℎ̂1) tan(𝜃110 − �̂�1) 

+(ℎ̂3 − ℎ̂2)
sin(2𝜃230) cos �̂�2

cos(𝜃220 − �̂�1) cos 𝜃323

 

+[(ℎ̂2 − ℎ̂1)(1 − tan(𝜃110 − 𝜙1) tan 𝜙1) 

+(ℎ̂3 − ℎ̂2)
sin(2𝜃230) cos �̂�2

cos(𝜃220 − �̂�1) cos 𝜃323

(tan �̂�2 − tan �̂�1)] 

∙
sin(𝜃223 + �̂�2) cos �̂�1

cos 𝜃213
 

+[ℎ̂1 + (ℎ̂2 − ℎ̂1) tan(𝜃110 − �̂�1) tan �̂�1 

+(ℎ̂3 − ℎ̂2)
sin(2𝜃230) cos �̂�2

cos(𝜃220 − 𝜙1) cos 𝜃323
tan �̂�1] ∙ tan 𝜃103, 

 

 

which can be simplified to  
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�̂�3 = ℎ̂1{tan 𝜃0 + tan 𝜃103} 

+(ℎ̂2 − ℎ̂1) {
sin(𝜃223 + �̂�2) cos �̂�1

cos 𝜃213
 

+ tan(𝜃110 − �̂�1) [1 −
sin(𝜃223 + 𝜙2) sin �̂�1

cos 𝜃213
+ tan �̂�1 tan 𝜃103]} 

(ℎ̂3 − ℎ̂2) {
sin(2𝜃230) cos �̂�2

cos(𝜃220 − �̂�1) cos 𝜃323

 

[1 + (tan �̂�2 − tan �̂�1)
sin(𝜃223 + �̂�2) cos �̂�1

cos 𝜃213
+ tan �̂�1 tan 𝜃103]} 

= 𝑓(ℎ̂1, ℎ̂2, ℎ̂3, �̂�1, �̂�2, �̂�3, 𝑛01, 𝑛12, 𝑛23). 

(8-37) 

 

Equations (8-19) through (8-37) above are all calculated in the laser’s coordinate 

system. These values are valid as the actual physical values if the laser’s coordinate 

system and the global coordinate system match (i.e. the laser is angled 8.5° below the 

global horizontal axis). If the laser is at any other angle with the axis, seen in Figure 8-5, 

the values in the local laser coordinates are translated to the global coordinates.  



129 

 

 

Figure 8-5. Ray diagram of laser measurements with angled surfaces in global coordinate system. 

The angle at which the laser’s horizontal axis (�̂�-axis) is rotated relative to the global 

horizontal axis (z-axis) is γ with counterclockwise being positive. Adding the laser axis 

angle to the angle of each interface gives the angle of each interface relative to the 

laser’s coordinates in Eqs. (8-38), (8-39), and (8-40). 

 �̂�1 = 𝜙1 + 𝛾 (8-38) 

 �̂�2 = 𝜙2 + 𝛾 (8-39) 

 �̂�3 = 𝜙3 + 𝛾 (8-40) 
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The horizontal distance to each surface in the laser’s and global coordinate system are 

related to each other using γ in Eq. (8-41). 

 
ℎ1

ℎ̂1

=
ℎ2

ℎ̂2

=
ℎ2

ℎ̂2

=
cos(𝜃0 + 𝛾)

cos 𝜃0
= Γ (8-41) 

 

8.2LASER MEASUREMENTS SENSITIVITY STUDIES 

A set of three sensitivity studies were conducted to see how geometric changes from the 

ideal setup affect laser measurements and calculation of deflection. In these sensitivity 

studies, one or more physical dimension is changed while holding the rest of the 

geometry at the ideal as-built conditions. Study one varied the angle of the entire test 

section, study two varied the angle of a plexi glass window, and study three varied the 

angle of the laser so that the angle between the laser’s axis and the global axis varied.  

The sensitivity studies were conducted using the relations between the physical system 

and the laser output in Section 8.1. Equations (8-1) through (8-41) are used to define the 

physical geometry of physical system being measured and calculate what the laser would 

interpret and output as distances to the surfaces for a given physical geometry. After 

calculating the laser output for a geometry, the outputs were used to calculate outer 

channel gap thickness with no-water using Eq. (4-19) and deflection using the index of 

refraction correction method, Eq. (4-1) through Eq. (4-17).  

Ideal as-built conditions for the sensitivity study were created by rounded averaged 

distances between interfaces from LE tests for ideal physical dimensions. The angles are 

ideal meaning interfaces are vertical and parallel. The laser’s horizontal axis aligns with 
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the global horizontal axis. The ideal conditions for the sensitivity studies is given in 

Table 8-2 below. 

Table 8-2. Ideal As-Build Dimension for Laser Measurement Sensitivity Studies. 

Variable Value 

h1 124.38 mm, 4896.85 mils 

hp 12.05 mm, 474.41 mils 

hg 2.35 mm, 92.52 mils 

φ1 0° 

φ2 0° 

φ3 0° 

n01 1.0003 

n12 1.51 

n23, NW 1.0003 

n23, W 1.51 

 

The distance from the laser to the test section was also varied from 122.38 mm to 126.38 

mm in each sensitivity study to understand if the position of the test section relative to the 

laser has an additional effect on the laser output with a changing physical dimension. 

Also, deflections of 0 mm, 0.04 mm (1.57 mils), and 0.08 mm (3.15 mils) are imposed 

onto the plate by shifting the third interface (test plate surface) away from the laser by the 

given values. Imposed deflections show the changing physical dimensions effect on 

deflection measurements and calculations as deflection increases.  
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8.2.1SENSITIVITY STUDY 1 – TEST SECTION ANGLE 

Sensitivity study one varied the angle of the entire test section to show how any shift in 

the test section between experiments would affect results. Interfaces one, two, and three 

were all parallel and their angles (φ1, φ2, and φ3) were varied from -0.5° to 0.5°. 

Outer channel gap thickness as output by the laser changed at a linear rate of 0.2701 

mm/° (10.6 mils/°) as the angle of the test section varied, seen in Figure 8-6.  

 

Figure 8-6. Sensitivity Study 1 – Channel Gap Thickness vs Test Section Angle. 

The position of the test section relative to the laser did not influence the output channel 

gap thickness as the test section angle varied.  
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 When there is no imposed deflection, the calculated deflection does not vary with the test 

section angle or position of the test section in Figure 8-7. No variation is expected with 

zero imposed deflection because essentially channel gap thickness with water is being 

subtracted from itself.  

 

Figure 8-7. Sensitivity Study 1 – Deflection vs Test Section Angle with no imposed deflection. 

With an imposed deflection of 0.04 m, calculated deflection varies linearly at a rate of 

0.0049 mm/° (0.2 mils/°) with test section angle. Position of the test section does not 

influence the deflection calculation in Figure 8-8.  
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Figure 8-8. Sensitivity Study 1 – Deflection vs Test Section Angle with 0.04 mm imposed deflection. 

Calculated deflection varied linearly at a rate of 0.0097 mm/° (0.4 mils/°) with the angle 

of the test section when there was an imposed deflection of 0.08 mm. Again, the position 

of the test section didn’t influence deflection calculations.  

The angle of the test section does not have a large effect on the measured deflections in 

experiments. Maximum deflection in the LE flow experiments was on the order of 0.2 

mm. Even if the test section was at an angle that was one degree from vertical, the effect 

on deflection calculations would be an order of magnitude smaller than the measured 

deflection. As long as the angle of the test section was constant throughout an 

experiment, it would have little effect on the measured deflection. 
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Figure 8-9. Sensitivity Study 1 – Deflection vs Test Section Angle with 0.08 mm imposed deflection. 

Test section angle has a larger influence on channel gap thickness measurements than 

deflection measurements. However, the angle of the test section is assumed to be within a 

tenth of a degree or two of vertical, meaning it would likely not have a substantial effect 

on channel gap thickness measurement.  

The position of the test section does not impact channel gap thickness or deflection 

measurement when the test section is angled. 

8.2.2SENSITIVITY STUDY 2 – PLEXI WINDOW ANGLE 

Sensitivity study two varied the angle of the plexi glass window to see how the angle of 

the window affected laser measurements. Interfaces one and two were kept parallel to 
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each other and their angles (φ1 and φ2) varied from -0.5° to 0.5°. Interface three was kept 

vertical. 

Outer channel gap thickness as output by the laser decreased linearly with respect to the 

angle of the plexi at a rate ranging from -15.56 mm/° (-612.6 mils/°) to -16.04 mm/° (-

631.5 mils/°) for distances to the test section from 122.38 mm to 126.38 mm, seen in 

Figure 8-10. 

 

Figure 8-10. Sensitivity Study 2 – Channel Gap Thickness vs Plexi Window Angle. 

Slope of the relation between gap thickness and plexi angle increases slightly in 

magnitude as the test section moves away from the laser.  
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Calculated deflection does not vary with plexi angle when there is no imposed deflection. 

Figure 8-11 shows a few points of deviation from zero; however, on closer inspection 

these values are on the order of 10-15 m. These points were checked in calculations and 

found to be a purely numeric result due to rounding. Test section position doesn’t affect 

deflection calculation. 

 

Figure 8-11. Sensitivity Study 2 – Deflection vs Plexi Window Angle with no imposed deflection. 

With an imposed deflection of 0.04 mm, the calculated deflection varies with plexi angle 

in a somewhat hyperbolic form in Figure 8-12 with a vertical asymptote somewhere 

between 0.5° and 0.1° and a horizontal asymptote between 0.01 mm and 0.02 mm. 

Position of the test section has little influence on the calculated deflection.  
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Figure 8-12. Sensitivity Study 2 – Deflection vs Plexi Window Angle with 0.04 mm imposed deflection. 

The calculated deflection varies with plexi angle in a somewhat hyperbolic form with an 

imposed deflection of 0.08 mm in Figure 8-13. Again, a vertical asymptote is between 

0.5° and 0.1°. A horizontal asymptote lies somewhere between 0.04 mm and 0.03 mm. 

Position of the test section has little influence on the calculated deflection.  

The angle of the plexi windows could impact the deflection measurements in 

experiments. If the angle of the plexi is near the vertical asymptote, then the effect is on 

the deflection data could be large, but there is no reason to believe this is the case by 

looking at flow results.  If the angle of the plexi is away from the asymptote, then the 

deflection is altered by a constant shift in value regardless of plexi angle. This shift does 
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increase with deflection which could cause the deflection to be under reported from 

experiments.  

 

Figure 8-13. Sensitivity Study 2 – Deflection vs Plexi Window Angle with 0.08 mm imposed deflection. 

The angle of the plexi window has a significant influence on channel gap measurements 

with now water. The value output by the laser would differ seriously from the physical 

value with a small change in plexi angle. Yet, channel gap thickness measurement from 

the lasers were close to that of the depth micrometer leading to the conclusion that the 

windows angle is not significant enough to have much influence on channel gap 

measurements.  
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8.2.3SENSITIVITY STUDY 3 – LASER AXIS ANGLE 

Sensitivity study three varied the laser axis angle to see the impact on channel gap 

thickness and deflection. The laser is always at 8.5° from its horizontal axis by definition, 

but laser axis angle (γ) is varied from -0.5° to 0.5°. 

Outer channel gap thickness output by the laser changes at a positive linear rate of 0.2763 

mm/° (10.9 mils/°) as laser axis angle varied, seen in Figure 8-14. Position of the test 

section didn’t influence the channel gap thickness when the laser axis angle is varied. 

 

Figure 8-14. Sensitivity Study 3 – Channel Gap Thickness vs Laser Axis Angle. 
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Just as for the previous two studies with no imposed deflection, calculated deflection 

didn’t vary with laser axis angle or distance from the laser to the test section in Figure 

8-15.  

 

Figure 8-15.Sensitivity Study 3 – Deflection vs Laser Axis Angle with no imposed deflection. 

With an imposed deflection of 0.04 mm, calculated deflection increased linearly with 

laser axis angle at a rate of 0.005 mm/° (0.2 mils/°), seen in Figure 8-16. The change in 

deflection with laser axis angle was constant for all test section positions.  
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Figure 8-16.Sensitivity Study 3 – Deflection vs Laser Axis Angle with 0.04 mm imposed deflection. 

Calculated deflection varied at a positive linear rate of 0.009 mm/° (0.4 mils/°) with laser 

angle when a deflection of 0.08 mm is imposed. Figure 8-17 shows that test section 

position relative to the laser does not impact deflection. 

 The angle of the laser’s axis measured from the global axis does not have a considerable 

effect on measured deflection. The change in deflection is an order of magnitude smaller 

than the measure deflection in LE flow experiments. Laser angle effects on deflection can 

be treated as negligible.  

 Channel gap thickness measurements were impacted by laser axis angle more than 

deflection measurement. The angle of the laser is assumed to vary by +/- 0.1°, which 
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would lead to a change of +/- 0.0276 mm between experiments. This is again much 

smaller than the actual measured value in experiments and can be taken as negligible. 

 

Figure 8-17.Sensitivity Study 3 – Deflection vs Laser Axis Angle with 0.08 mm imposed deflection. 

Position of the test section didn’t influence the channel gap or deflection measurements 

with a varying laser axis angle.  

The results for study three were almost identical to that of study one. Changing the angle 

of the entire test section is basically the same as changing the laser axis angle.  

8.3ANGLED SURFACES CORRECTIONS 

The final progression in the angle surfaces investigation is to use the relationship between 

the physical geometry and the laser interpreted geometry to develop a correction for laser 

measurements. Equations (8-19), (8-20), and (8-21) define the reference distance for the 
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physical geometry and the laser interpreted geometry as equal. The strategy is to use this 

relation to solve for the physical distance to each surface as a function of the laser output 

distance.  

The reference distances for the distance to the first interface are set equal by inserting Eq. 

(8-25) and Eq. (8-22) into equation (8-19): 

  ℎ̂1 tan 𝜃0 + ℎ̂1 tan 𝜃101 = 2ℎ̂1′ tan 𝜃0. (8-42) 

 

Equation (8-42) is solved for ℎ̂1 to get 

  ℎ̂1 =
2ℎ̂1′ tan 𝜃0

tan 𝜃0 + tan 𝜃101
. (8-43) 

 

Next, the physical distance in the laser’s coordinates is converted to the distance in global 

coordinates by inserting Eq. (8-41) into Eq. (8-43) to get Eq. (8-44). 

 

 ℎ1 =
2ℎ̂1′ tan 𝜃0

tan 𝜃0+tan 𝜃101

cos(𝜃0+𝛾)

cos 𝜃0
=

2ℎ̂1′ tan 𝜃0

tan 𝜃0+tan 𝜃101
Γ  

= 𝑓(ℎ̂1′, 𝛾, 𝜙1) 
(8-44) 

 

The physical distance from the laser to the first interface is expressed as a function of the 

distance to the first interface output by the lasers, the angle of the laser’s axis, and the 

angle of the first surface in Eq. (8-44).  



145 

 

The distances to the second and third surfaces can be calculated using the same method. 

The physical reference distance and the laser interpreted reference distance are set equal 

for the second and third interfaces by inserting Eqs. (8-30) and (8-23) into Eq. (8-20) to 

get Eq. (8-45) for the second interface, and Eqs. (8-37) and (8-24) into Eq. (8-21) to get 

Eq. (8-46) for the third surface.  

 
ℎ̂2 =  

2ℎ̂2′ tan 𝜃0+ℎ̂1(tan 𝜃0+tan 𝜃102)
sin(2𝜃120)

cos(𝜃110−�̂�1) cos(𝜃212)
(cos �̂�1+sin �̂�1tan 𝜃102)

+ ℎ̂1  
(8-45) 

 

ℎ̂3 = (2ℎ̂2′ tan 𝜃0 + ℎ̂1{tan 𝜃0 + tan 𝜃103} + (ℎ̂2 −

ℎ̂1) {
sin(𝜃223+�̂�2) cos �̂�1

cos 𝜃213
+ tan(𝜃110 − �̂�1) [1 −

sin(𝜃223+𝜙2) sin �̂�1

cos 𝜃213
+ tan �̂�1 tan 𝜃103]})  

∙ {
sin(2𝜃230) cos �̂�2

cos(𝜃220−�̂�1) cos 𝜃323
[1 + (tan �̂�2 −

tan �̂�1)
sin(𝜃223+�̂�2) cos �̂�1

cos 𝜃213
+ tan �̂�1 tan 𝜃103]}

−1

+ ℎ̂2  

(8-46) 

 

The physical distance to the second and third surface can be changed to be in global 

coordinates by inserting Eq. (8-41) into equations (8-45) and (8-46) to get 

 

ℎ2 =  
2ℎ̂2′ tan 𝜃0Γ+ℎ1(tan 𝜃0+tan 𝜃102)
sin(2𝜃120)

cos(𝜃110−�̂�1) cos(𝜃212)
(cos �̂�1+sin �̂�1tan 𝜃102)

+ ℎ1  

= 𝑓(ℎ1, ℎ̂2′, 𝛾, 𝜙1, 𝜙2, 𝑛01, 𝑛12), 

(8-47) 

and 
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ℎ3 = (2ℎ̂3′ tan 𝜃0 Γ + ℎ1{tan 𝜃0 + tan 𝜃103} +

(ℎ2 − ℎ1) {
sin(𝜃223+�̂�2) cos �̂�1

cos 𝜃213
+ tan(𝜃110 − �̂�1) [1 −

sin(𝜃223+𝜙2) sin �̂�1

cos 𝜃213
+ tan �̂�1 tan 𝜃103]})  

∙ {
sin(2𝜃230) cos �̂�2

cos(𝜃220−�̂�1) cos 𝜃323
[1 + (tan �̂�2 −

tan �̂�1)
sin(𝜃223+�̂�2) cos �̂�1

cos 𝜃213
+ tan �̂�1 tan 𝜃103]}

−1

+ ℎ2  

= 𝑓(ℎ1, ℎ2, ℎ̂3′, 𝛾, 𝜙1, 𝜙2, 𝜙3, 𝑛01, 𝑛12, 𝑛23). 

(8-48) 

 

Equation (8-47) express the physical distance to the second interface in the global 

coordinate system as a function of the physical distance from the laser to the first surface, 

the laser output distance to the second interface, the laser axis angle, the angle of the first 

and second interfaces, and the index of refraction between the laser and the first interface 

and the first and second interfaces. Physical distance to the third interface in the global 

coordinate system is expressed as a function of the physical distance from the laser to the 

first and second surface, the laser output distance to the third interface, the laser axis 

angle, the angle of the first, second, and third interfaces, and the index of refraction 

between the laser and the first interface, the first and second interfaces, and the second 

and third interfaces in Eq. (8-48).  

Equations (8-44), (8-48), and (8-47) correct the laser output distances to the physical 

distances in global coordinates, but each equation has more than one unknow. In Eq. 

(8-44), ℎ̂1
′  is known because it is output by the laser and γ is set when the laser is 

positioned using a digital level to start and experiment leaving two unknowns: h1 and φ1. 
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The solution is to make a second equation with the same two unknowns by taking a 

measurement of the distance from the laser to the first surface at two different laser axis 

angles. The physical dimensions do not change, but the values interpreted by the laser 

and in the laser’s coordinates do change, giving two separate equations with the same two 

physical unknowns. Laser axis angle one is γ(1) and laser axis angle two is γ(2). Values 

using the first laser axis angle (case 1) are denoted with a “(1)” and using the second laser 

axis angle (case 2) a “(2)”. The angles calculated in Eqs. (8-2) through (8-18) will be 

different for each case because the surface angles in laser coordinates are dependent upon 

the laser axis angle in Eqs. (8-38), (8-39), and (8-40). Physical distance to the first 

interface is calculated in Eq. (8-49) for case one and Eq. (8-50) for case two.  

 

ℎ1 =
2ℎ̂1′(1) tan 𝜃0

tan 𝜃0 + tan 𝜃101
 (1)

Γ(1) 

= 𝑓(ℎ̂1′(1), 𝛾(1), 𝜙1) 

(8-49) 

 

ℎ1 =
2ℎ̂1′(2) tan 𝜃0

tan 𝜃0 + tan 𝜃101
 (2)

Γ(2) 

= 𝑓(ℎ̂1′(2), 𝛾(2), 𝜙1) 

(8-50) 

 

Equations (8-49) and (8-50) are set equal to get  

 
2ℎ̂1′(1) tan 𝜃0

tan 𝜃0 + tan 𝜃101
 (1)

Γ(1) =
2ℎ̂1′(2) tan 𝜃0

tan 𝜃0 + tan 𝜃101
 (2)

Γ(2),  

 

which is set equal to zero to become 
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0 =
2ℎ̂1′(1) tan 𝜃0

2ℎ̂1′(2) tan 𝜃0

Γ(1)

Γ(2)
−

tan 𝜃0 + tan 𝜃101
 (1)

tan 𝜃0 + tan 𝜃101
 (2)

 

= 𝑓(ℎ̂1′(1), ℎ̂1′(2), 𝛾(1), 𝛾(2), 𝜙1). 

(8-51) 

 

Equation (8-51) has one unknown, φ1, which can be solved for numerically. The angle of 

the first interface is then substituted into either Eq. (8-49) or (8-50) to get the physical 

distance from the laser to the first interface.  

Once φ1 and h1 are known, there are only two unknowns, φ2 and h2, in Eq. (8-47). The 

second surface is measured at two different laser axis angles to get the equations  

 

ℎ2 =  
2ℎ̂2′(1) tan 𝜃0Γ(1)+ℎ1(tan 𝜃0+tan 𝜃101

 (1)
)

sin(2𝜃120
 (1)

)

cos(𝜃110
 (1)

−�̂�1
(1)

) cos 𝜃212
 (1) (cos �̂�1

(1)
+sin �̂�1

(1)
tan 𝜃101

 (1)
)

+ ℎ1  

= 𝑓(ℎ1, ℎ̂2′(1), 𝛾(1), 𝜙1, 𝜙2, 𝑛01, 𝑛12), 

(8-52) 

and 

 

ℎ2 =  
2ℎ̂2′(2) tan 𝜃0Γ(2)+ℎ1(tan 𝜃0+tan 𝜃101

 (2)
)

sin(2𝜃120
 (2)

)

cos(𝜃110
 (2)

−�̂�1
(2)

) cos 𝜃212
 (2) (cos �̂�1

(2)
+sin �̂�1

(2)
tan 𝜃101

 (2)
)

+ ℎ1  

= 𝑓(ℎ1, ℎ̂2′(2), 𝛾(2), 𝜙1, 𝜙2, 𝑛01, 𝑛12). 

(8-53) 

 

Combining Eqs. (8-52) and (8-53) and solving for zero gives the expression 
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0 =  
2ℎ̂2′(1) tan 𝜃0Γ(1)+ℎ1(tan 𝜃0+tan 𝜃101

 (1)
)

2ℎ̂2′(2) tan 𝜃0Γ(2)+ℎ1(tan 𝜃0+tan 𝜃101
 (2)

)
−

sin(2𝜃120
 (1)

)

cos(𝜃110
 (1)

−�̂�1
(1)

) cos 𝜃212
 (1) (cos �̂�1

(1)
+sin �̂�1

(1)
tan 𝜃101

 (1)
)

sin(2𝜃120
 (2)

)

cos(𝜃110
 (2)

−�̂�1
(2)

) cos 𝜃212
 (2) (cos �̂�1

(2)
+sin �̂�1

(2)
tan 𝜃101

 (2)
)

  

= 𝑓(ℎ1, ℎ̂2′(1), ℎ̂2′(2), 𝛾(1), 𝛾(2), 𝜙1, 𝜙2, 𝑛01, 𝑛12). 

(8-54) 

 

If the indexes of refraction are known or assumed, then Eq. (8-54) can be solved 

numerically for φ2 which is the only unknown. The angle of the second interface can be 

substituted back into Eq. (8-52) or (8-53) to get the physical distance to the second 

interface.  

Equations (8-55) and (8-56) are formed by measuring the distance to the third surface at 

two laser axis angles and have two unknowns: φ3 and h3. The indexes of refraction are 

assumed. The distance to and angle of the first and second interface are found first. 

 

ℎ3 = (2ℎ̂3′(1) tan 𝜃0 Γ(1) + ℎ1{tan 𝜃0 + tan 𝜃103
 (1)

} +

(ℎ2 − ℎ1) {
sin(𝜃223

 (1)
+�̂�2

(1)
) cos �̂�1

(1)

cos 𝜃213
 (1) + tan(𝜃110

 (1)
− �̂�1

(1)
) [1 −

sin(𝜃223
 (1)

+�̂�2
(1)

) sin �̂�1
(1)

cos 𝜃213
 (1) + tan �̂�1

(1)
tan 𝜃103

 (1)
]})  

∙ {
sin(2𝜃230

 (1)
) cos �̂�2

(1)

cos(𝜃220
 (1)

−�̂�1
(1)

) cos 𝜃323
 (1) [1 + (tan �̂�2

(1)
−

tan �̂�1
(1)

)
sin(𝜃223

 (1)
+�̂�2

(1)
) cos �̂�1

(1)

cos 𝜃213
 (1) + tan �̂�1

(1)
tan 𝜃103

 (1)
]}

−1

+

ℎ2  

= 𝑓(ℎ1, ℎ2, ℎ̂3′(1), 𝛾(1), 𝜙1, 𝜙2, 𝜙3, 𝑛01, 𝑛12, 𝑛23) 

(8-55) 
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ℎ3 = (2ℎ̂3′(2) tan 𝜃0 Γ(2) + ℎ1{tan 𝜃0 + tan 𝜃103
 (2)

} +

(ℎ2 − ℎ1) {
sin(𝜃223

 (2)
+�̂�2

(2)
) cos �̂�1

(2)

cos 𝜃213
 (2) + tan(𝜃110

 (2)
− �̂�1

(2)
) [1 −

sin(𝜃223
 (2)

+�̂�2
(2)

) sin �̂�1
(2)

cos 𝜃213
 (2) + tan �̂�1

(2)
tan 𝜃103

 (2)
]})  

∙ {
sin(2𝜃230

 (2)
) cos �̂�2

(2)

cos(𝜃220
 (2)

−�̂�1
(2)

) cos 𝜃323
 (1) [1 + (tan �̂�2

(2)
−

tan �̂�1
(2)

)
sin(𝜃223

 (2)
+�̂�2

(2)
) cos �̂�1

(2)

cos 𝜃213
 (2) + tan �̂�1

(2)
tan 𝜃103

 (2)
]}

−1

+

ℎ2  

= 𝑓(ℎ1, ℎ2, ℎ̂3′(2), 𝛾(2), 𝜙1, 𝜙2, 𝜙3, 𝑛01, 𝑛12, 𝑛23) 

(8-56) 

 

Setting Eqs. (8-55) and (8-56) equal gives Eq. (8-57), which has one unknown. The angle 

of the third interface can be solved for numerically and inserted into either Eq. (8-55) or 

(8-56) to calculate the distance to the third interface.  

To use the angled surfaces correction in flow experiments, the distance to the first, 

second and third interfaces with no-water are measured at an axis angle (γ) slightly 

greater or less than zero degrees and an axis angle of zero degrees.  If the first axis angle 

is too far from zero, then the location being measured could have different dimensions 

than the zero degree axis angle measurements. With water in the test section, the process 

should be repeated measuring the distance to the first and third surfaces at zero and 

slightly above or below zero. At each flow rate, the distance to the first and third surfaces 

can be measured at just zero axis angle or at two axis angles as before. Measuring at one 

axis angle would assume the test section or plexi window do not shift with flow relative 

to the no-flow with water measurements.  
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0 = [(2ℎ̂3′(1) tan 𝜃0 Γ(1) + ℎ1{tan 𝜃0 + tan 𝜃103
 (1)

} +

(ℎ2 − ℎ1) {
sin(𝜃223

 (1)
+�̂�2

(1)
) cos �̂�1

(1)

cos 𝜃213
 (1) + tan(𝜃110

 (1)
− �̂�1

(1)
) [1 −

sin(𝜃223
 (1)

+�̂�2
(1)

) sin �̂�1
(1)

cos 𝜃213
 (1) + tan �̂�1

(1)
tan 𝜃103

 (1)
]})  

/ (2ℎ̂3′(1) tan 𝜃0 Γ(2) + ℎ1{tan 𝜃0 + tan 𝜃103
 (2)

} +

(ℎ2 − ℎ1) {
sin(𝜃223

 (2)
+�̂�2

(2)
) cos �̂�1

(2)

cos 𝜃213
 (2) + tan(𝜃110

 (2)
− �̂�1

(2)
) [1 −

sin(𝜃223
 (2)

+�̂�2
(2)

) sin �̂�1
(2)

cos 𝜃213
 (2) + tan �̂�1

(2)
tan 𝜃103

 (2)
]})]  

/ [{
sin(2𝜃230

 (1)
) cos �̂�2

(1)

cos(𝜃220
 (1)

−�̂�1
(1)

) cos 𝜃323
 (1) [1 + (tan �̂�2

(1)
−

tan �̂�1
(1)

)
sin(𝜃223

 (1)
+�̂�2

(1)
) cos �̂�1

(1)

cos 𝜃213
 (1) + tan �̂�1

(1)
tan 𝜃103

 (1)
]}  

/ {
sin(2𝜃230

 (2)
) cos �̂�2

(2)

cos(𝜃220
 (2)

−�̂�1
(2)

) cos 𝜃323
 (1) [1 + (tan �̂�2

(2)
−

tan �̂�1
(2)

)
sin(𝜃223

 (2)
+�̂�2

(2)
) cos �̂�1

(2)

cos 𝜃213
 (2) + tan �̂�1

(2)
tan 𝜃103

 (2)
]}]  

= 𝑓(ℎ1, ℎ2, ℎ̂3′(1), ℎ̂3′(2), 𝛾(1), 𝛾(2), 𝜙1, 𝜙2, 𝜙3, 𝑛01, 𝑛12, 𝑛23) 

(8-57) 

 

When there is water in the test section, the inside of the plexi is not visible to the laser 

because the index of refraction for water and plexi are similar. For deflection 

calculations, the plexi thickness measured with no-water is subtracted from the plexi-plus 

channel gap measured with water or flow to get channel gap thickness. Then channel gap 

thickness with no-water will be subtracted from the channel gap with flow or water.  

The angle surfaces correction method assumes to know the indexes of refraction between 

each interface. If the actual indexes of refraction are different, then this could cause the 
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calculations to be wrong. Measurements at two axis angles will change the measurement 

location. The locations are assumed to have the same physical dimensions, but could 

differ.  

8.4FUTURE INVESTIGATIONS 

Future steps can be taken to better understand the laser measurement processes and 

quantify the as-built flow channel dimensions. The laser measurements sensitivity studies 

should be repeated as experiments on a laser calibration cell. A laser calibration cell 

would consist of a flat piece of plexiglass secured to a flat piece of metal, preferably Al, 

with a gap between the plexi and the metal. The gap between the plexi and metal would 

simulate the channel gap in the test section. The calibration cell would be precision 

machined so there is a high confidence in the dimensions. Because the dimensions are 

known, the sensitivity studies could then be repeated and compared with the analytical 

sensitivity studies in Section 8.2 for validation. The gap between the plexi and the metal 

could be made adjustable to simulate plate deflection.  

The calibration cell could also be used to validate the angled surfaces corrections from 

Section 8.3. The calibration cell could be set to an angle and measurements from the laser 

to each of the three surfaces taken (outside and inside of plexi, and metal surface) at two 

laser angles. The corrections could then be applied to the measurements and compared 

with the physical dimensions of the calibration cell.  

As-built outer channel gap thickness axial profile mapping can be repeated using the 

validated angled surfaces corrections. The mappings can be modified to repeat 

measurements of the distance from the laser to the three surfaces in front of it at two 

slightly different angles for every mapping location.  The data could then be corrected to 
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generate a more accurate as-built axial profile of channel gap thickness. The data would 

also show if the plexi windows were at an angle with respect to the test section or laser. 

Also, the data would give better insight to the plexi windows position in the test section 

relative to the inner surface of the outer cylinder. 
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CHAPTER 9: ADDITIONAL INVESTIGATIONS 

A series of additional investigations were conducted following the flow test results to 

better understand and explain the reported data and the mechanisms affecting it. The 

main objective of the additional investigations is to explain the hysteresis in the leading-

edge deflection data. Investigations also help explain the differences between no-water 

channel gaps for the leading edge tests and the differences between the preliminary laser 

channel mappings and the physical channel measurements. The effect of the position and 

angle of the laser and surfaces being measured, the stability of the laser measurements, 

and the effect temperature has on measurement are examined. 

9.1LASER MEASUREMENT STABILITY 

Laser stability was investigated to see if it could be a cause of the hysteresis in deflection 

data. All experiments were run under the assumptions that the laser axis angle was 

constant, and the test section was completely stationary. Data from the LE flow tests was 

looked at to determine if the test section was stationary during flow test. Marathon test 

were run to see if the position of the lasers and test section held constant at ambient 

conditions.  

9.1.1TEST SECTION MOVEMENT WITH FLOW 

The distance from the laser to the test sections was measured in every pre-flow, flow, and 

post flow run during LE flow tests to see the position of the test section during flow 

experiment. LE Flow Tests Four and Five have pre-flow runs with no-water and water, a 

single upscale set and downscale set of flow measurements, and post-flow runs with 

water. LE Flow Tests Six and Seven have both pre-flow and post-flow runs with no-

water and water and have two upscale and downscale measurement sets with flow. 
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Distance from the laser to the outside of the plexi window vs time at is plotted in Figure 

9-1 and Figure 9-2.  

LE Flow Tests Four through Seven show similar trends. After the pump fills the test 

section, the position is further from the laser. The test section moves back closer to the 

laser as flow starts and continues to move towards the laser as flow increases. The test 

section moves away from the laser as flow decreases. When the pump is shut off, the test 

section moves back away from the laser. Then closer to the laser, when the test section is 

drained. The post-flow positions of the test section don’t completely return to the pre-

flow positions. Post-flow positions are closer to the laser than before.  

 

Figure 9-1. Distance to outside of plexi window vs time – Leading Edge Flow Tests Four and Five. 
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Figure 9-2. Distance to outside of plexi window vs time – Leading Edge Flow Tests Six and Seven. 

Distance from the laser to the test section vs mass flow rate for LE Flow Tests Four and 

Five are plotted in Figure 9-3 and Six and Seven are in Figure 9-4. The position of the 

test section moves in a linear fashion with the flow rate for each LE test. Within each 

flow test, the increasing and decreasing sets of runs align, except for the first increasing 

set of runs in LE Test Seven.  
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Figure 9-3. Distance to the outside of the plexi vs flow rate – Leading Edge Flow Tests Four and Five. 

 

Figure 9-4. Distance to the outside of the plexi vs flow rate – Leading Edge Flow Tests Six and Seven. 

The hysteresis seen in the deflection data is not seen in the movement of the test section 

with flow. The first increasing set of runs in LE Test Seven are separate from the others, 

which is similar to the deflection trend in Figure 7-22.  
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The position of the test section was measured just below the leading edge of the plate. 

The test section could be moving as a whole, rotating, or the laser could be moving or 

rotating with flow. However, there is no apparent correlation between the test section’s 

position during flow tests and the deflection and Sensitivity Studies One and Three show 

that the test section or laser moving should not have much effect on deflection. 

9.1.2MARATHON EXPERIMENTS 

A set of three marathon experiments were conducted to demine the stability of laser 

displacement measurements. The marathon experiments measured the distance to the 

outside of the plexi windows from two lasers, one near the leading edge of the plate in 

window one (Laser Two) and one near the trailing edge of the plate in window five 

(Laser One). The lasers were angled at 8.5° below horizonal and set to measure the two 

locations and for 24 to 48 hours. The steadiness or lack of steadiness of the data with a 

stationary system shows the reliably of laser displacement measurements.  

Thermocouples were also used in the marathon experiments to measure any temperature 

changes. A thermocouple probe (TC1) was positioned above the test section during all 

three experiments. Marathon Experiments Two and Three had additional thermocouples 

attached near the top, middle, and bottom of the test section (TC2 -TC4), and attached to 

the top of the motors controlling angle for Laser One (TC5) and Laser Two (TC6), seen in 

Figure 9-5.  
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Figure 9-5. Test Section with Marathon Test setup. 

Marathon Tests One and Two ran for approximately 24 hours. Distance to the test section 

vs time, temperatures vs time, and distance to the test section vs temperature for test one 

is in Figure 9-6 through Figure 9-10. Marathon test two results are in Figure 9-11, 

through Figure 9-15. Marathon Test Three ran for 48 hours. Distance to the test section is 

in Figure 9-16 and Figure 9-17, temperatures vs time is in Figure 9-18, and distance to 

the test section vs temperature is in Figure 9-19 and Figure 9-20.  
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Figure 9-6. Distance to the plexi vs time - Laser One, Marathon Test One. 

 

Figure 9-7. Distance to the plexi vs time - Laser Two, Marathon Test One. 
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Figure 9-8. Room Temperature vs time - Marathon Test One. 

 

Figure 9-9. Distance to the plexi vs room temperature - Laser One, Marathon Test One. 
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Figure 9-10. Distance to the plexi vs room temperature - Laser Two, Marathon Test One. 

 

Figure 9-11. Distance to the plexi vs time - Laser One, Marathon Test Two. 
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Figure 9-12. Distance to the plexi vs time - Laser Two, Marathon Test Two. 

 

Figure 9-13. Temperatures vs time - Laser One, Marathon Test Two. 
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Figure 9-14. Distance to the plexi vs room temperature - Laser One, Marathon Test Two. 

 

Figure 9-15. Distance to the plexi vs room temperature - Laser Two, Marathon Test Two. 
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Figure 9-16. Distance to the plexi vs time - Laser One, Marathon Test Three. 

 

Figure 9-17. Distance to the plexi vs time - Laser Two, Marathon Test Three. 
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Figure 9-18. Temperatures vs time - Laser One, Marathon Test Three. 

 

Figure 9-19. Distance to the plexi vs room temperature - Laser One, Marathon Test Three. 
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Figure 9-20. Distance to the plexi vs room temperature - Laser Two, Marathon Test Three. 
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test section, and laser motors were not constant over the duration of the three tests; 
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change at a somewhat linear rate with temperature; however, the data in all three tests 
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20 21 22 23 24 25 26
124.44

124.46

124.48

124.5

124.52

124.54

124.56

124.58

124.6

124.62

Marathon Test 3 - Laser 2 (Bottom)
Distance to Outside of Plexi vs Ambient Temperature

Temperature( 
o
C)

D
is

ta
n
c
e

 t
o
 O

u
ts

id
e

 o
f 

P
le

xi
 (

m
m

)



168 

 

Room temperature rose by four degrees and then returned to ambient in tests two and 

rose twice during test three. Room temp dropped by a degree and then returned to 

ambient in test one. Temperature drops and rises in the experiments were found to 

correspond to the building’s HVAC cycle. The HVAC system would power down to save 

energy at night, and come back on in the morning. During the day, the HVAC kept a 

constant temperature in the building leading to a constant room temperature and constant 

laser measurements. Temperature of the test section and motors followed the same trend 

as the room temperature.  

Marathon tests revealed that changes of only a few degrees Celsius would have effects on 

laser measurements. The changing temperature in the room could have cause the test 

section to thermally expand, the framework the laser is anchored on to thermally expand, 

or the laser motors to change position as they heated and cooled.   

9.2TEMPERATURE EFFECTS 

The pump driving the flow continually adds kinetic and thermal energy to the flow loop 

system. The flow loop is a closed system and doesn’t have any forced heat exchange. 

Heat added to the system by the pump causes the water to increase temperature. Some 

natural convection will occur from the open reservoir and the piping but not a significant 

amount. Flow experiments have operated under the assumption that the heat added to the 

system is negligible.  

Water temperature was measured near the inlet to the pump in the reservoir using a 

thermocouple temperature probe during LE Test Seven to see if there was a significant 

increase. Figure 9-21 shows the water temperature increased steadily by approximately 

six degrees Celsius at a rate of 0.061 °C/min while the pump was engaged. The pre-flow 
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measurements show a small increase in temperature between no-water and water 

measurements because the pump is used to fill the test section. Post-flow measurements 

had a slight decreasing trend due to natural convection cooling the water.  

 

Figure 9-21. Water temperature during Leading Edge Flow Test 7. 

The six degrees increase in water temperature over the flow test was greater than 

expected. Rivers  created a Finite Element Analysis (FEA) model to estimate deflection 

of the plate due to thermal expansion [19]. The axial edges of the plate were clamped, 

and the temperature was increased by seven degrees Celsius. The plate was modeled as 

aluminum (Al) having a coefficient of thermal expansion (CTE) of 22.2e-6 /°C. The 

model showed the leading edge of the plate deflecting into the inner channel (positive 

deflection) at a linear rate of 0.01361 mm/°C.  

Deflection data in LE Test Seven is corrected for thermal expansion by assuming the 

plate temperature equals the average water temperature during a measurement run. The 

temperature increase from the no-flow with water measurements to a deflection run is 
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multiplied by the rate of thermal expansion for an Al plate to get the deflection due to 

thermal expansion. The deflection due to thermal expansion is subtracted from the 

calculated deflection for each measurement run. Deflection corrected for thermal 

expansion is plotted in Figure 9-22. 

 

Figure 9-22. Test plate deflection for Leading Edge Flow Test 7 corrected for Al thermal expansion. 

The deflection vs mass flow rate curve shows much less of a hysteresis after applying a 

correction for thermal expansion. The post-flow corrected deflection is almost zero 

showing that most of the hysteresis is caused by thermal expansion in the test plate.  

Flow Tests Four, Five, and Six can also be corrected for thermal expansion despite not 

measuring water temperature. Water temperature increased linearly with time when the 

pump was engaged; therefore, water temperature is estimated for each run based on the 

average time after the pre-flow water measurements. The thermal expansion and 
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corrected deflection is calculated using the same method as for LE Test Seven using the 

estimated temperatures. The post flow measurement temperature is assumed the same as 

the temperature for the last flow run. Figure 9-23, Figure 9-24, and Figure 9-25 plot the 

deflection corrected for thermal expansion for LE Flow Tests Four, Five, and Six.  

 

Figure 9-23. Test plate deflection for Leading Edge Flow Test 4 corrected for Al thermal expansion.  
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Figure 9-24. Test plate deflection for Leading Edge Flow Test 5 corrected for Al thermal expansion. 

 

Figure 9-25. Test plate deflection for Leading Edge Flow Test 6 corrected for Al thermal expansion. 
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Corrected deflection for LE Flow Tests Four, Five, and Six also collapse the hysteresis to 

almost a single deflection vs flow rate cure. Thermal expansion can be attributed as the 

main cause of the hysteresis seen in deflection data.  

9.3FUTURE INVESTIGATIONS 

The next steps for understanding the hysteresis and the thermal expansion should include 

further sampling of temperature in the flow loop and test section, additional thermal 

expansion experiments, and adding a head exchanger to the flow loop. The temperature 

measurements taken during LE flow test seven only measured the water temperature in 

the inlet to the pump from the reservoir. Thermocouples were added to the outside of the 

test section for marathon experiments. Temperature sensors should be added as close to 

the test section as possible in the flow loop to more accurately estimate temperature in the 

test section. A thermocouple could be added to the flow loop immediately before and 

after the test section. Ideally, a temperature sensor could be attached to the test plate and 

the inner surfaces of the test section cylinders in the channel. This would be difficult 

because the test section is already assembled and not designed to accommodate 

temperature sensors. Sensors in the channel would also affect the flow through the test 

section.  

Thermal expansion of the plate could be experimentally investigated. A flow experiment 

could be run over a longer duration with a constant flow rate. The laser displacement 

sensor could measure the deflection of the plate with time as the water in the system 

heated up. The water temperature could be measure with the existing thermocouple in the 

reservoir. The any deflection of the plate after the flow rate is set could be attributed to 
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thermal expansion. The experimental results could then be used to validate models of 

thermal expansion.   

The heat added to the flow by the pump could be mitigated by the addition of a heat 

exchanger. A properly sized heat exchanger could keep the flow at a constant 

temperature. The LE flow experiments would be re-run to determine if the hysteresis was 

still present in deflection data when running multiple upscale and downscale sets of 

measurements.  
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CHAPTER 10: CONCLUSIONS AND FUTURE WORK 

10.1CONCLUSIONS 

Past experiments into the FSI of nuclear fuel plate assemblies used flat or involute plates 

and attempted to have equal channel thickness on either side of the fuel plate. The single 

curved plate assembly used in these experiments had un-equal channel thickness to 

represent the possibility of unequal channels that are allowable within a fuel assembly’s 

tolerances. 

Mechanical measurement of outer channel gap thickness through the pressure tap holes 

were the first measurements of the as-built geometry taken on the curved test section. 

Depth micrometer measurements proved repeatable and were used as the physical as-

built dimensions of the test section. The as-built flow channels were non-uniform in the 

axial direction and differed slightly from the designed values. The overall channel 

thickness decreased in size from the inlet to the outlet of the test section. The outer flow 

channel also decreased in size from the leading to trailing edge of the test plate.  

Ideal test section dimensions on such a fine scale proved to be difficult to assemble. 

Many other fuel assembly research projects had difficulty matching designed dimensions 

as well [10] - [15], [17]. Actual fuel assemblies have thicker plates than in this 

experiment but will still face similar challenges in matching ideal dimension. 

Laser displacement measurements were used to form an axial centerline profile of outer 

channel gap thickness along the test plate. Initial as-built laser mappings of the outer 

channel thickness showed a profile that was roughly the same as the depth micrometer, 

but the slope within each plexi window was steeper than that of the depth micrometer 
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profile. Laser sensitivity studies presented the possibility that an angled test section or 

plexi windows relative to global vertical could cause the increased slope within each 

window. If the windows were at an angel with respect to the test section and not flush to 

the inner surface of the outer cylinder, then the laser mapping results may be accurately 

depicting the outer channel gap profile. Further study on the position of the plexi widows 

is needed.  

A series of four flow mapping experiments were conducted to express axial deflection 

profiles with flow. Mass flow rates from 1.25 kg/s to 1.5 kg/s were tested. Flow mapping 

results were inconsistent and had no clear trend of deflection with flow rate as expected. 

The profiles generally did not give the complete picture of the plate as many locations 

were missing due to measurement issues. The Marathon Tests showed that the laser 

measurements have some variability in them and are affected by the laboratory 

environment. The flow mapping experiments were only taken at low flow rates leading to 

small deflections that could have been overshadowed by the general variability in the 

laser measurement data. Also, the flow mappings were over a longer duration, which lead 

to the water heating up as the laser moved along the plate. Measurements towards the top 

and the bottom of the plate during a single mapping run with flow had different water and 

plate temperatures due to the time between the measurements. Water temperature 

increased between mapping runs with flow as well changing the amount of deflection on 

the plate. Due to the inconsistencies of the flow maps, higher flow rates weren’t mapped, 

and the focus shifted to single location measurements near the leading edge of the plate.  

Near the center of the leading edge of the test plate was chosen for single location 

measurements because the maximum deflection of a plate with axial flow should occur at 
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that location according to past experiments [8], [9], [10], [11], & [17]. Leading edge flow 

tests showed a clear correlation between mass flow rate and plate deflection. Deflection 

increased at a rate greater than linear as the flow increased which agreed with past 

experiments [9], [10], and [17]. Rivers ran numerical FSI models of the as-built channel 

geometry based on the depth micrometer mechanical measurements [20]. Rivers also 

predicted maximum deflection at the center of the leading edge. In the numerical models, 

the test plate deflected into the large channel with increasing flow. The plate deflection 

versus mass flow rate curve from experimental data and numerical data were similar, 

seen in Figure 10-1. The two numerical model results are for azimuthally constant 

channels and Rivers’s as-built geometries one and two (AB -1, AB – 2). 

 

Figure 10-1. Comparison of deflection data from Leading Edge Flow Test Six corrected for thermal 

expansion and Rivers’s numerical FSI models using Azimuthally Constant Channels and As-Built 

geometries 1 and 2. 
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Leading Edge Flow Tests Four through Seven had upscale sets of flow measurements, 

where the flow incrementally increased between measurements, and downscale sets of 

flow measurements, where the flow rate incrementally decreased between measurements. 

Each subsequent set of measurements showed a hysteresis in deflection relative to the 

previous set of measurements. The hysteresis was found to most likely be a product of the 

pump continually adding heat to the closed flow loop causing the water and test plate to 

increase temperature. The temperature increase in the test plate caused thermal expansion 

of the plate and therefore additional deflection as the experiment progressed. By 

estimating the deflection of the plate based on the water temperature, the hysteresis in 

deflection data was collapsed showing mostly singular curves of deflection versus mass 

flow rate. 

10.2FUTURE WORK 

Future work should be done with this project to quantify the as-built channel dimensions, 

conduct additional flow tests, and further explain the hysteresis. Once testing on the 

curved test section is complete, the pressure taps can be removed, and depth micrometer 

measurements can be taken through the tap holes again. These measurements will show if 

the plate has shifted during flow testing or the extent of any plastic deformation if the 

flow was increased until plate failure or channel collapse. Also, a method for physically 

measuring channel gap thickness through the top of the test section could be developed. 

This would allow for azimuthal measurements and measurement in areas with windows 

to determine if the plexiglass windows are angled.  

Experimental laser measurement sensitivity studies should be conducted using a laser 

calibration cell. The experimental studies can be compared with the analytical sensitivity 
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studies to validate the angled laser measurement calculations. The calibration cell can 

also be used to validate the angled surfaces correction method.  

Additional LE test and channel mappings should be run using the angled surfaces 

correction method. These would improve the accuracy of the deflection results and the 

definition of the as-built geometry.  

Thermocouples were added to the test section along the outer channel after flow testing 

completed. Additional flow tests with these temperature sensors could help in modeling 

the expansion of the test section. Also, adding a temperature sensor in the flow closer to 

the test section would give more insight into test plate temperature during test.  

Flow tests could be conducted at a constant flow rate. The temperature of the flow would 

increase as time passed but the force from the flow on the test plate would not increase. 

The deflection due to thermal expansion could be experimentally quantified this way. 

To experimentally quantify thermal expansion of the plate, flow tests can be run holding 

the flow at the lowest flow rate for a duration of time to see the deflection increase with 

time and water temperature.  

A heat exchanger should be added to the flow loop to control water temperature. With a 

constant water temperature, the LE flow test could be repeated to determine plate 

deflection due to the flow alone. If there is no hysteresis in the deflection results with a 

constant temperature, then the hysteresis could be confidently contributed to increasing 

water temperature.  

The pressure taps during flow experiments were plugged due to time constraints. The taps 

should be connected to transducers to measure pressure in the flow channels. The taps 
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will allow for axial pressure profiles of the inner and outer channels, and the overall 

channel before and after the plate. The pressure profiles can be used to estimate 

deflection to compare with measured deflection. Also, the pressure drop due to rapid 

contraction and expansion across the leading and trailing edge of the plate can be studied.  

The FEA model for thermal expansion created by Rivers only modeled the test plate with 

fixed edges. The entire flow channel could be modeled to improve the thermal expansion 

correction of deflection.  

The maximum flow rates during LE tests were roughly half the achievable flow with the 

setup. Additional flow tests at higher flow rates should be conducted to the deflection 

curve.  Experiments should continue to increase the flow rate in small increments. 

Eventually, the flow rate may be high enough to cause plastic deformation of buckling of 

the plate. Before deformation inducing flow rates, single location flow tests should be run 

along the plate at locations other than the leading edge to get an axial profile of plate 

deflection.  
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APPENDIX A: UNCERTAINTY CALCULATIONS 

Uncertainty calculated in this section and reported in this thesis represents a 95 % 

confidence interval about the mean value. Uncertainty calculations only consider the 

precision error on the data and not the accuracy error (bias error). Only the scatter from 

the data is used to calculate error or uncertainty on each measurement and the equipment 

and measurement process error are not quantified.  

A.1 PLATE DEFLECTION UNCERTAINTY CALCULATIONS 

Deflection is calculated using a set of pre-flow measurement, and a flow measurement 

from the laser displacement sensor using Eqs. (4-16), (4-17), and (4-1). Outer channel 

gap thickness (hg, NW) and plexi thickness (hp, NW′) are measured pre-flow with no-water. 

Plexi plus channel thickness (hp+g, NW′) is measured pre-flow with water. The pre-flow 

values are used to calculate a correction factor (CFg,W). The correction factor is used to 

correct the plexi plus channel gap thickness (hp+g, F′) measurements taken when there is 

flow to get channel gap thickness with flow (hg, F′). Channel gap thickness pre-flow no-

water is subtracted from channel gap thickness with flow to get deflection (Δhg). Recall, 

values with a (′) are laser interpreted values that are altered in relation to the physical 

values. 

Each of the pre-flow and the flow measurement taken is comprised of a number of 

samples. These samples are used to calculate a mean (�̅�) and sample standard deviation 

(𝑆�̅�) about the mean using the methods described in Mandel [21]. Uncertainty (𝑈�̅�) about 

the mean for each measurement is calculated from the sample standard deviation and 

propagated through the deflection calculations. 
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The uncertainty for the channel gap thickness correction factor (𝑈𝐶𝐹̅̅ ̅̅ 𝑔,𝑊
) is calculated in  

 

𝑈𝐶𝐹̅̅ ̅̅ 𝑔,𝑊
 =

√(
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ𝑔 ,𝑁𝑊
 𝑈ℎ̅𝑔 ,𝑁𝑊

)
2

+ (
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ′
𝑝+𝑔 ,𝑊

 𝑈ℎ̅′𝑝+𝑔 ,𝑊
)

2

+ (
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ′
𝑝 ,𝑁𝑊

 𝑈ℎ̅′
𝑝 ,𝑁𝑊

)
2

  
(A-1) 

 

using the uncertainty for channel gap thickness with no-water (𝑈ℎ̅𝑔 ,𝑁𝑊
), plexi plus 

channel thickness with water (𝑈ℎ̅′𝑝+𝑔 ,𝑊
), and plexi thickness (𝑈ℎ̅′𝑝 ,𝑁𝑊

), and using the 

partial derivatives of the channel gap thickness correction factor with respect to channel 

gap thickness with no-water (
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ𝑔 ,𝑁𝑊
), plexi plus channel thickness with water (

𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ′𝑝+𝑔 ,𝑊
), 

and plexi thickness (
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ′𝑝 ,𝑁𝑊
). The partial derivatives are calculated in Eqs. (A-2) through 

(A-4) below. 

 
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ𝑔 ,𝑁𝑊
 =

1

(ℎ̅𝑝𝑔,𝑊
′ − ℎ̅′𝑝)

 (A-2) 

 

 
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ′𝑝+𝑔 ,𝑊
=

−ℎ̅𝑔,𝑁𝑊

(ℎ̅𝑝+𝑔,𝑊
′ − ℎ̅′𝑝)

2 (A-3) 

 

 
𝜕 𝐶𝐹𝑔,𝑊

𝜕 ℎ′𝑝 ,𝑁𝑊
=

ℎ̅𝑔,𝑁𝑊

(ℎ̅𝑝+𝑔,𝑊
′ − ℎ̅′𝑝)

2 (A-4) 
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Uncertainty for channel gap thickness with flow is calculated in Eq. (A-5) by means of 

the uncertainty for plexi plus channel thickness with flow (𝑈ℎ̅′𝑝+𝑔,𝐹
), plexi thickness 

(𝑈ℎ̅′𝑝 ,𝑁𝑊
), and the channel gap thickness correction factor (𝑈𝐶𝐹̅̅ ̅̅ 𝑔,𝑊

) along with the partial 

derivatives of channel gap thickness with flow with respect to plexi plus channel 

thickness with flow (
𝜕ℎ𝑔,𝐹

𝜕ℎ′𝑝+𝑔,𝐹
),  plexi thickness (

𝜕ℎ𝑔,𝐹

𝜕ℎ′𝑝,𝑁𝑊
), and the channel gap thickness 

correction factor (
𝜕ℎ𝑔,𝐹

𝜕𝐶𝐹𝑔,𝑊
). 

 

𝑈 ℎ̅𝑔,𝐹
=

√(
𝜕ℎ𝑔,𝐹

𝜕ℎ′𝑝+𝑔,𝐹
𝑈ℎ̅′𝑝+𝑔,𝐹

)
2

+ (
𝜕ℎ𝑔,𝐹

𝜕ℎ′𝑝,𝑁𝑊
𝑈ℎ̅′𝑝 ,𝑁𝑊

)
2

(
𝜕ℎ𝑔,𝐹

𝜕𝐶𝐹𝑔,𝑊
𝑈𝐶𝐹̅̅ ̅̅ 𝑔,𝑊

)
2

  
(A-5) 

 

The partial derivatives used in Eq. (A-5) are calculated in Eqs. (A-6) through (A-8) 

below. 

 
𝜕ℎ𝑔,𝐹

𝜕ℎ′𝑝+𝑔,𝐹
= 𝐶𝐹𝑔,𝑊 (A-6) 

 

 
𝜕ℎ𝑔,𝐹

𝜕ℎ′𝑝,𝑁𝑊
= −𝐶𝐹𝑔,𝑊 (A-7) 

 

 
𝜕ℎ𝑔,𝐹

𝜕𝐶𝐹𝑔,𝑊
= ℎ̅𝑝+𝑔,𝐹

′ − ℎ̅′𝑝 (A-8) 

 



184 

 

The uncertainty for plate deflection is the combination of the uncertainty for channel gap 

thickness with no-water in the test section (𝑈ℎ̅𝑔 ,𝑁𝑊
) and the uncertainty of channel gap 

thickness with flow in the test section (𝑈ℎ̅𝑔 ,𝐹
) in Eq. (A-9). 

 𝑈∆̅ℎ̅𝑔
= √𝑈ℎ̅𝑔 ,𝐹

2 + 𝑈ℎ̅𝑔 ,𝑁𝑊

2 (A-9) 

 

Some flow mapping and leading edge flow tests take repetitive pre-flow measurement. 

The means of the repeated pre-flow values are averaged. The uncertainties (𝑈�̅�𝑖
) of the 

repeated pre-flow values are combined using  

 𝑈�̅� = √(
1

𝑛
𝑈�̅�1

)
2

+ (
1

𝑛
𝑈�̅�2

)
2

+ ⋯ + (
1

𝑛
𝑈�̅�𝑛

)
2

, (A-10) 

 

where n is the number of repetitive measurements. 

Uncertainty for flow mapping experiments is calculated for each individual measurement 

location. One thousand samples are taken for each pre-flow, and flow measurement at 

each location. The mean and uncertainty for each measurement at a location is found and 

used to calculate the deflection uncertainty.  

Leading edge flow tests sample pre-flow and flow values for around two minutes. The 

mean and uncertainty are found for each pre-flow and flow measurement and then used to 

calculate the mean and uncertainty on deflection. 
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A.2 MASS FLOW RATE UNCERTAINTY CALCULATIONS 

During each flow measurement, the frequency output of the paddlewheel flow meter is 

sampled. The mean frequency and sample standard deviation about the mean frequency 

are calculated. Frequency is converted to mass flow rate via the paddlewheel flow meter 

calibration in Appendix B. The uncertainty about the mean mass flow rate (𝑈�̅̇�) has two 

inputs: the uncertainty about the mean frequency measurement (𝑈�̅�) and the uncertainty 

from the flow meter calibration (𝑈𝐶𝑎𝑙.). Confidence intervals about the calibration line are 

quantified as a hyperbola defined by Mandel [21], seen in Figure B-1. The abscissa of the 

intersection of the mean frequency value with the upper and lower confidence intervals 

gives the upper and lower confidence interval values due to the calibration on the mean 

mass flow rate. The mean mass flow rate is then subtracted from the confidence intervals 

to get the positive (𝑈𝐶𝑎𝑙
+) and negative (𝑈𝐶𝑎𝑙

−) uncertain about the mean mass flow rate 

due to the calibration.  

The positive and negative calibration uncertainties are combined with the uncertainty on 

the mean frequency using Eqn. (A-11) and (A-12) to get the positive and negative 

uncertainty about the mean mass flow rate (𝑈�̅̇�
+, 𝑈�̅̇�

− ). 

 𝑈�̅̇�
+ = √𝑈�̅�

2 + (𝑈𝐶𝑎𝑙
+)

2
  (A-11) 

 

 𝑈�̅̇�
− = √𝑈�̅�

2 + (𝑈𝐶𝑎𝑙
−)2  (A-12) 
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APPENDIX B: FLOW METER CALIBRATION 

The Omega FP7001A Paddlewheel Flow Meter outputs a frequency that is read by the 

DAQ. The flow loop was adjusted so that instead of pumping the water from the reservoir 

through the test section and back, the water was pumped out of the reservoir into a large 

tank on a scale. The scale output the weight to the DAQ as well. The pump would be 

engaged with the bypass valve set to a desired value. The tank would fill while the DAQ 

recorded frequency and mass. Once the tank filled then the pump would be shut off. The 

tank was emptied, and a new valve position was run. The procedure was repeated 19 

times. The mass flow rate for each test was calculated as the slope from the mass vs time 

data. The mean frequency vs mass flow rate was plotted to get the calibration curve seen 

in Figure B-1. 
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Figure B-1. Omega FP7001A Paddlewheel Flow Meter calibration with 95 % confidence bands. 

The slope of the calibration line is 2.055 Hz/kg/s and the intercept is 0.0988 kg/s. The 

band one either side of the calibration line represent a 95 % confidence interval as 

defined by Mandel [21].   
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APPENDIX C: AVERAGE CHANNEL FLOW VELOCITY CALCULATION 

Nuclear industry and research reactors often use flow velocity to quantify the flow rate 

through nuclear fuel plates. Average channel flow velocity (Vave) was calculated for the 

as-built test section geometry. Average channel flow velocity is the velocity of the water 

flowing through the average area (Aave) of both the inner and outer channels combined, 

seen in Eq. C-1. Density is assumed to be a constant 997 kg/m3. 

 𝑉𝑎𝑣𝑒 =
�̇�

𝜌𝐴𝑎𝑣𝑒
 (C-1) 

 

 The area is average by dividing the total volume of the inner and outer channel in the 

plated region (V) by the length of the plate (Lp) in Eq. (C-2). 

 𝐴𝑎𝑣𝑒 =
𝑉

𝐿𝑝
 (C-2) 

 

Equation (C-2) is inserted into Eq. (C-1) to get 

 𝑉𝑎𝑣𝑒 =
�̇�𝐿𝑝

𝜌𝑉
 (C-3) 

 

as a function of mass flow rate measured by the flow meter, the known length of the 

plated region, the assumed water density and the combined channel gap volume in the 

plated region.  
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Because the channels are curved, cylindrical coordinates are used to calculate combined 

channel volume. The origin of the cylindrical coordinate axis is the center of the 

cylinders at the trailing edge. The geometry defined in cylindrical coordinates is in Fig. 

C-1.  

 

Figure C-1. Top view of test section with cylindrical coordinates. 

The as-built geometry from the depth micrometer measurements define the axial profile 

of the test section seen in Fig. C-2. The general equation for cylindrical volume, Eq. (C-

4), is the basis for the combined volume calculations. 

 𝑉 = ∭ 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧 (C-5) 

 

The combined flow channel volume is broken down into the volume of the outer channel 

(VB) and the inner channel (VA) in Eq. (C-5).  
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 𝑉 = 𝑉𝐵 + 𝑉𝐴 (C-5) 

 

  

Figure C-2. Axial profile of test section in cylindrical coordinates.  

The volume of the outer channel is calculated using the radius of the inner (rB) and outer 

(RB) surface of the outer channel. The as-build geometry is not axial uniform, so the radii 

will change with vertical position, except the outer surface of the outer channel. The outer 

surface of the outer channel is the outer cylinder which is assumed to be uniform in the 

axial direction. The channel profile is assumed to be azimuthally uniform as well. The 

radiuses are inserted into Eq. (C-4) to get 
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 𝑉𝐵)𝜃 =  ∫ ∫ ∫ 𝑟(𝑦)𝑑𝑟 𝑑𝜃 𝑑𝑦
𝑅𝐵

𝑟𝐵

2𝛼

0

,
𝐿𝑝

0

 (C-6) 

 

which is simplified to 

 𝑉𝐵)𝜃 =  𝛼 [𝑅𝐵
2𝐿𝑝 − ∫ 𝑟𝐵

2(𝑦)𝑑𝑦
𝐿𝑝

0

]. (C-7) 

 

The inner flow channel volume is calculated using Eq. (C-4) and the inner (rA) and outer 

(RA) radius of the inner channel to get  

 𝑉𝐴)𝜃 =  ∫ ∫ ∫ 𝑟(𝑦)𝑑𝑟 𝑑𝜃 𝑑𝑦
𝑅𝐴

𝑟𝐴

2𝛼

0

,
𝐿𝑝

0

 (C-8) 

 

which simplifies to 

 𝑉𝐴)𝜃 =  𝛼 [∫ 𝑅𝐴
2(𝑦)𝑑𝑦

𝐿𝑝

0

− ∫ 𝑟𝐴
2(𝑦)𝑑𝑦

𝐿𝑝

0

]. (C-9) 

 

Eq. (C-7) and (C-9) are solve using the as built dimensions and a wetted arc (2α) of 

roughly 45°. The outer channel volume is 116,382 mm2, and the inner channel volume is 

256,736 mm2. The combined channel volume is 373,119 mm3. Mass flow rate is inserted 

into Eq. (C-2) using the combined channel volume, length of the plate, and assume 

density to calculate average channel volume. 
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APPENDIX D: AS-BUILT PLATE DRAWING 

 

Figure D-1. As-built drawing of plate and channel after assembly. 
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