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Abstract

The goal of this research is to investigate bubble elimination via cyclone bubble eliminator for use in a dry sump pump system, for the specific application of hydraulic hybrid vehicles.  Air bubbles in a hydraulic system cause poorer efficiencies, pump cavitation, oil deterioration, noise generation, and oil temperature rise.  For hydraulic hybrid vehicle systems, dry sump pumps are more efficient than wet sump pumps but have the aeration issues because of the air on the opposite side of the pistons.  The fluid leaks to the air and will eventually need to be deaerated and returned to the system.

This research investigates the mechanical cyclone system for deaeration.  A bubble elimination efficiency testing apparatus (BEETA) was built to measure the efficiency of the cyclone bubble elimination device.  The BEETA system measures the amount of air in the fluid air mixture going into the bubble eliminator and then measures the quantity of air in the fluid mixture exiting the bubble eliminator, therefore allowing the determination of the bubble eliminator efficiency.  Testing results reveal that the cyclone device removes less than 95% of small bubbles (< 0.75 mm radius), which is unacceptable for a dry sump pump application.  A model was developed to explain the effects of pressure, temperature, and bubble radius on a bubble in hydraulic oil.  

Chapter 1. Introduction

Hybrid vehicles use a mixture of power sources to be more energy efficient and environmentally friendlier than conventional automotive drive systems [
,
].  Two types of hybrid technology are the electric hybrid and hydraulic hybrid.  Electric hybrid vehicles connect a generator to the engine and a battery system stores energy from the generator.  In a parallel electric hybrid, the engine and an electric motor drive the wheels.  In a series electric hybrid, the battery system powers electric motors that drive the wheels.  

Hydraulic hybrid vehicles connect a hydraulic pump to the engine that then stores energy in accumulators.  In a parallel hydraulic hybrid a hydraulic motor retrieves energy from the accumulators and assists the engine in powering the wheels.  This system uses fewer components than a series system and therefore is ideal for smaller vehicles.  In a series hydraulic hybrid a hydraulic motor completely powers the wheels.  Series systems are more energy efficient than parallel and due to hydraulics ability to transfer high power this system is ideal for heavy vehicles.  The engine in hybrid vehicles can run at an optimum speed range for better efficiency and lower emissions [1].  Regenerative breaking can be implemented to recover energy normally lost in braking [
].
Electric hybrids are currently being successfully manufactured and sold to consumers.  The electric hybrids obtain better gas mileage than conventional drive systems in city driving.  However, for large vehicles, the electric hybrids lack the efficiency at high power and cost more [
].  Hydraulic hybrid systems offer better efficiency for heavy vehicles and are more efficient at regenerative breaking than electric hybrid vehicles [
,
,
].  However, hydraulic hybrid vehicles have yet to be manufactured for general consumers because of a lack of technology and packaging problems [
].  Packaging is a serious challenge because many of the hydraulic components, especially the accumulators, are fairly large and cannot easily fit into existing vehicle dimensions.

Hydraulic hybrid propulsion systems can either use dry or wet sump pumps.  Dry sump pumps contain a series of pistons to allow for variable displacement pumping where hydraulic fluid is on one side of the piston (fluid being pumped) and air on the opposing side of the piston.  In wet sump pumps both sides contain hydraulic fluid – one side is high pressure fluid being pumped and the other is stationary low-pressure fluid.  Dry sump pumps are more efficient than wet sump pumps because the air is less viscous than the hydraulic fluid and therefore offers less resistance.  Recent testing at the US Environmental Protection Agency (EPA) shows 2.5% efficiency improvement of a dry sump pump over a wet sump pump when running at 3000 rpm and 13.8 MPa [
].  The downfall in using dry sump pumps in hydraulic hybrid vehicles is that hydraulic fluid will leak around the piston into the air side of the pump and become aerated (bubbles and dissolved gas) [9].  The aerated hydraulic fluid is then returned to the main line of the hydraulic system and can cause damage.  Bubbles in hydraulic fluid cause poorer efficiencies, pump cavitations, oil deterioration, noise generation, and oil temperature rise [
,
].  Dissolved gas is not as dangerous to the system components; however, the dissolved gas can easily form into bubbles from pressure changes in the system [
].  The aerated oil will need to be deaerated.  The dry sump pump hydraulic system with deaeration is illustrated in Figure 1.1.  The red lines indicate aerated fluid.  The black lines illustrate deaerated fluid which is able to be used in the main line of the system.  The deaeration system for a dry sump pump is the focus of this paper.  
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Figure 1.1 Dry sump pump fluid diagram
1.1 Literature Review of Hydraulic Fluid Bubble Elimination

There are several ways to remove air bubbles from fluid that have been studied in literature.  However, this subject has not been extensively studied because in traditional hydraulic systems deaeration can take place naturally in a large open to atmosphere tank by allowing amble-settling time [9].  This technique cannot work in a hydraulic hybrid vehicle because it must occupy a small volume (packaging concerns) and be lightweight.

One deaeration system that is currently being used is cyclone bubble elimination devices that rotate the oil-air mixture, which cause the air to separate from the fluid and then be pulled out [
,
].  Suzuki et al. [
,
] has studied the concept of a cyclone bubble elimination systems and outlined the theory behind and proof of non-quantitative performance.  It has been stated that cyclone bubble eliminators have difficulty removing small bubbles in viscous fluid [
]; however, no quantitative bubble removal performance was found.  

The use of a gas permeable oil impermeable membrane is an option for deaeration.  Gas can be pulled out of the fluid by creating a pressure difference across the membrane.  Membrane systems for micro-gravity conditions (where buoyancy will not allow bubbles to naturally settle out) have been developed and studied [
,
].  Membrane devices are also used in water and chemical purification processes to remove dissolved gas but not commonly used in degassing of hydraulic oil [
].  Large membrane surface area is required for the device to work which can make the device bulky thereby making it non-ideal for hydraulic hybrid vehicles [
].

Zeolite is a crystal that can trap and redirect unwanted molecules and much research has gone into these crystals [
,
].  Currently it is used in industry in a wide variety of applications; however, it has not yet been experimented in degassing of hydraulic oil [23].  Therefore, the feasibility of this concept is unknown and extensive research would need to be performed by chemical engineering researchers to determine its effectiveness.

A survey of bubble elimination methods has been conducted.  Results of the survey are summarized in Appendix A.  Based on the survey, the cyclone technology was selected due to its compact size and promising theory research [15,16].  The option of designing a cyclone bubble elimination device was explored and conclusion was made along with key EPA collaborators not to pursue this option because of it was a complex engineering task.  A GE-Totten BM-6 cyclone bubble eliminator was selected for evaluation of hydraulic fluid deaeration.

1.2 Efficiency Testing of Deaeration Devices Literature Review

Accurately determining the bubble elimination efficiency of deaeration devices is necessary to decide if a given deaeration device is acceptable to be used in a dry sump pump system.  To determine the bubble elimination efficiency of a device the amount of gas in the hydraulic fluid exiting the device must be measured.  The measurement device must be able to measure small quantities of gas in fluid and be very accurate.  This task has been accomplished by several methods in literature.

A void meter can measure the quantity of gas in a fluid and was used for experiments conducted by Suzuki et al. [15,16] and Morgan et al. [
].  The void meter works by combining a coriolis mass flow meter with a volumetric flow meter.  With these two values the density flow rate can be calculated which can then yield the percentage of air in fluid [
].  However, the void meter cannot accurately measure small bubble percentages and dissolved gas [25].  For testing a high level of accuracy is required for determining the bubble elimination efficiency.  Therefore, this is not a feasible option.

An optical probe can be used to measure the quantity of gas in a liquid.  This works by a probe being positioned inside the fluid and emitting light and then measuring the intensity of the light reflected back.  However, this option is not very accurate because air bubbles can directly strike the probe, which causes variations in the reading depending on the bubble velocity, and how wet the probe is after the bubble strikes [
].

Indirect measurement via two air mass flow meters can determine the amount of air inside the hydraulic oil.  This system uses an air mass flow meter to measure incoming air and another air mass flow meter to measure outgoing air from the bubble elimination device.  The difference in airflow then equals the amount of air in the oil by the law of conservation of mass.  Air mass flow meters are common devices used in testing but no literature was found which uses this particular system.  The accuracy of this system is dependent on the accuracy of the mass flow meters, which generally lack low flow accuracy [
].  Therefore, this system is not ideal for determining bubble elimination efficiency.

Volume measurements (via graduated cylinder) before and after air settles out of fluid can be used to determine the percentage of gas in fluid.  This technique is mentioned throughout literature [24,25].  This method offers between 97.93% and 99.99% volumetric percentage of hydraulic fluid when using the graduated cylinder sizing given in Appendix B.

Based on the review of testing methods the graduated cylinder method was chosen because of its ability to read high volumetric percentages of hydraulic fluid and its high accuracy.  This system was utilized to determine bubble removal efficiency of cyclone bubble elimination.
1.3 Goals and Objectives

The goals of this research are:

· Develop a system to measure bubble elimination

· Determine bubble removal efficiency in a cyclone device

· Understand forces that act on bubbles and dissolving process

· Model how bubble size, pressure, and temperature effect bubble removal

All of these goals lead to the overall objective of designing and developing a dry sump pump deaeration system for use in a hydraulic vehicle.

1.4 Overview of Thesis

This thesis contains five chapters which describe the work that has been completed on the dry sump pump bubble elimination for hydraulic hybrid vehicle systems project.

Chapter 2 Bubble Elimination Efficiency Testing Apparatus:  BEETA was constructed and allows for experimental testing and optimization of any style of in-line bubble eliminator.  This versatility makes it a great asset to the project.

Chapter 3 Performance Efficiency and Testing Results:  The efficiency of a cyclone bubble elimination device was tested under varying conditions.  The device failed to remove an adequate amount of small bubbles and dissolved gas.

Chapter 4 Theory of Dissolving Gas and Forces on Bubbles:  The process of dissolving gas into fluid is researched.  Also the forces on bubbles in fluid are examined along with the effects that bubble radius, pressure, and temperature have on bubbles settling out of fluid.

Chapter 5 Conclusions and Recommendations:  From testing it is concluded that the cyclone device cannot be used in a dry sump pump.  Based on this conclusion and theory studied it is recommended that settling methods that involve pressure and temperature be further researched along with the use of alternative gases in the dry sump pump.

Chapter 2. Bubble Elimination Efficiency Testing Apparatus

To allow for testing of any style of inline bubble elimination device the BEETA system was developed.  The chapter gives the overview of the BEETA system, discusses design and component selection, describes fabrication, evaluates electrical setup and data acquisition, and contains the procedure for using the BEETA system.

2.1 Overview

The BEETA system, shown in Figure 2.1 allows for the efficiency testing and pressure and flow optimization of any style of bubble elimination device.  This task is accomplished by first creating a known quantity of hydraulic fluid to air mixture.  This mixture is then sent to the bubble elimination device of choice.  The mixture that exits the bubble eliminator is then measured to determine the quantity of air inside the hydraulic fluid.  The efficiency of the bubble eliminator can then be calculated based on this information.  To allow for optimization controls exist to regulate inlet flow rate and pressure, air vent flow rate and pressure, and outgoing pressure.  This section gives an overview of the BEETA design.
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Figure 2.1 Overview of bubble elimination efficiency testing apparatus (BEETA)
2.1.1 Description of fluid flow diagram

The fluid flow diagram for the BEETA system is shown in Figure 2.2.  For easy referencing the valves are numbered V1 through V9 and will be referred to in this manner throughout the paper. 
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	Valve Number
	Purpose

	V1
	With relief valve regulates oil flow and pressure

	V2
	Regulates air flow rate

	V3
	Controls bubble eliminator vent pressure

	V4
	Controls back pressure on the outlet flow of the bubble eliminator

	V5, V6, V7
	Allows oil to dump back into fluid tank

	V8
	Fine tune adjustment of air vent flow rate

	V9
	Three way valve:  Sends hydraulic fluid to graduated cylinder or dump tank


Figure 2.2 Fluid diagram for the BEETA system

Hydraulic fluid starts in the fluid tank and is pumped through V1 when testing begins.  The pressure and flow rate of the oil is controlled by a combination of a relief valve and V1.  These valves can be adjusted accordingly with the aid of the pressure gauges.  The flow rate of the hydraulic fluid is then measured by a flow meter.  The oil then passes through a check valve where it meets with incoming air.

Air from an internal compressed air source passes through the pressure regulator and V2.  Similar to the oil side these two control devices allow for the control of both the pressure and flow rate of the air.  Pressure gauges in the system allow the operator to adjust the control devices accordingly.  The mass flow rate of the air is then measured and the air passes through a check valve and mixes with the oil.

The oil line intersects with the air line and they mix together with the help of a static mixer and a screen mixer.  The mixture then passes through clear piping and into the bubble eliminator.  The vent port of the bubble eliminator goes into a small drip tank where its pressure is controlled by V3 and V8.  V8 is a needle valve and allows for fine tuning of this more sensitive adjustment.  V7 controls the amount of vent fluid flow, which is then measured by a flow meter.  The outlet flow and pressure (back pressure on bubble eliminator) is controlled by ball V4 with the aid of a pressure gauge.  The hydraulic fluid then continues to the V9 where it goes to either the dump tank or the graduated cylinder.

The system is set up so that at the end of the testing the hydraulic fluid can be drained back into the fluid tank by V5, V6, and V7.  The drainage comes from gravity pulling the hydraulic fluid down.  Therefore, for the system to work the fluid tank had to be placed at a lower height than the graduated cylinder and the dump tank.

2.1.2 Closed loop system

It was determined that it could not be a closed loop flow system as had been performed in research by Suzuki et al. [16].  The BEETA system needed to be such that the ratio of the incoming oil-air mixture was known along with the ratio of the outgoing oil-air mixture.  This knowledge allows accurate calculation of the bubble eliminator efficiency.

2.1.3 Necessity of second dump tank

When the BEETA system first starts air needs to be flushed out of the lines before measurements can be taken and adjusting the valves takes some time.  Therefore a second dump tank is used in the design which gives the operator 4 minutes to set all the pressures and flow rates before the hydraulic fluid enters the graduated cylinder, where its percentage of air will be measured.  

2.1.4 Check valves

The two check valves prevent the reverse flow of the oil and the air.  This makes draining the system more difficult; however, it prevents back flow that can damage to the air mass flow meter.  The check valves also make the system easier to operate because the operator does not need to worry about back flow in the system.  

2.1.5 Clear tubes

The clear tubes give an early visual indication of how well the bubble eliminator is working.  The bottom tube is full of bubbles while the top tube will be virtually bubble free if the bubble elimination device is working properly.  The clear tube on the inlet of the bubble eliminator also allows for visual indication as to how well the air and hydraulic fluid are being mixed together.

2.1.6 Drip tank

The drip tank gives the oil a place to go while the operator is adjusting the vent pressure with valve 8.  The drip tank is clear so that the operator can close off valve 8 right until there is only air escaping into the drip tank.  The drip tank also gives the option of testing a semi closed loop system if V7 is left open and both the air and hydraulic fluid are allowed to escape into the drip tank.  A flow meter is specially set up to measure the quantity of hydraulic fluid leaving the drip tank for this semi-closed loop system.

2.2 BEETA Component Design and Selection

The complete list of the bill of materials is in Appendix C, D, and E.  Numerous items were purchased from various companies to fabricate the BEETA system.  The details of the major items used to construct the BEETA system will be discussed in this section.

2.2.1 Mixing air and hydraulic fluid

A 3/8” diameter 11” long stratos tube mixer was purchased from Koflo, see Figure 2.3.  This device has 21 mixing elements inside of a 3/8” pipe body.  The static mixer is made of stainless steel and has a small enough diameter to adequately throttle the air and hydraulic fluid together at higher flow rates creating an aerated mixture.
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Figure 2.3 Koflo static mixer
A screen mixer also aids in the mixing of air and hydraulic fluid.  A screen mixer was constructed using two washers, a screen, and J. B. weld.  This was then placed inside the clear tube as shown in Figure 2.4. 


[image: image6]
Figure 2.4 Screen mixer inside clear tube

2.2.2 Graduated cylinder

A graduated cylinder is necessary in the BEETA system to measure the amount of air in the outgoing hydraulic oil and air mixture.  The graduated cylinder was custom fabricated by Polyfab to given specifications, see Figure 2.5.  All the dimensions were determined by the analysis shown in Appendix B.  From these calculations it was determined that the BEETA system could be measure between 99.99% and 97.93% volumetric percentage of hydraulic fluid.


[image: image7]
Figure 2.5 Graduated cylinder full of hydraulic fluid

The tank is transparent so that air bubbles can be visually seen leaving the hydraulic fluid.  The cone shape between the bottom section and the graduated cylinder section helps air better settle out of the graduated cylinder.  The fitting on the top allows for overflow and the fitting on the bottom allows for hydraulic fluid entry and exit.

2.2.3 Hydraulic fluid tanks

To store the hydraulic oil two hydraulic fluid tanks were purchased from McMaster Carr.  The fluid tank is 30.2 L while the smaller dump tank is 11.4 L.  The large fluid tank is adequately sized so that the system will not run out of hydraulic fluid while in operation.  The smaller dump tank is sized so that in a closed loop setup the operator will have at least 4 minutes to set up all the valves and pressures before hydraulic fluid needs to enter the graduated cylinder.

2.2.4 Pressure gauges

Pressure gauges are necessary to allow the operator to be able to appropriately adjust all the valves during testing.  A total of 6 pressure gauges were purchased from McMaster Carr.  Low pressure gauges can read between 0 and 414 kPa, while the higher pressure gauges read between 0 and 690 kPa.  Corrosive resistant gauges were purchased for use with the hydraulic oil.  The gauge measuring the pressure of the hydraulic fluid exiting the bubble eliminator was purchased to have a built in flange to allow for easy installation.  The pressure regulator for the incoming air came with a built in pressure gauge.  

2.2.5 Mass flow meter

An air mass flow meter is necessary to measure the amount of air entering the deaeration device.  For this the Omega FMA-A23-10 mass flow meter was purchased.  This specific model has (1% accuracy of full scale.  This high level of accuracy will help yield more accurate measurements.  The response time is 1 second, which is relatively long; however, the test will be performed in steady state conditions so response time is not an important characteristic.  The meter is rated for up to 1700 kPa.  This is much higher than the current BEETA system configuration can obtain; however, if in the future high-pressure tests are desired the BEETA system can be reconfigured and the meter will be able to handle the pressure.  The model has a 0 to 5 volt output, to allow for the data acquisition card to electronically acquire and save data during testing.

The range of the flow meter must cover the target region of volumetric air concentration between 2% and 30%.  To solve this meter was purchased to read flow rates between 0 and 15 SLM (Liters per minute at atmospheric pressure).  This allows the BEETA system to be able to achieve a wide range of volumetric air concentrations depending on what the hydraulic fluid flow rate and pressure is as shown in Figure 2.6.  This range is within the target region therefore, the maximum and minimum values shown in Figure 2.6 are ideal.
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Figure 2.6 Minimum and maximum flow meter range
2.2.6 Borrowed items and petty cash items

In order to construct the BEETA system a number of different items were borrowed from the EPA.  All of these items are specifically listed in Appendix E.  Appendix D lists the petty cash items that were purchased from various hardware stores and Radio Shack.
2.3 Fabrication

The BEETA system was fabricated in the WuMRC using the items discussed in the previous section.  Construction involved fabricating brackets to hold everything in place and routing all of the hydraulic lines.

2.3.1 Bracketry items

Bracketry items were fabricated to hold the necessary components in place.  The lower shelve was needed to hold the hydraulic pump and the 30.2 L fluid tank.  It also gives a place to mount the check valves.  The lower shelf is made up of two 6’ long 2”x4” and a 6’ long ¾” x 1’ board as shown in Figure 2.7.  


[image: image9]
Figure 2.7 Lower shelf
The clear piping, the drip tank, outflow pressure gauge, valves 3 and 4, and the bubble eliminator must be mounted elevated from the table to allow for fluid to drain out of the system.  This is accomplished using solid steel towers and a polycarbonate mounting bracket.  The towers were borrowed from the WuMRC and the polycarbonate mounting bracket was fabricated using a ban saw and drill press. 
In order to hold valves 1, 2, 5, 6, and 7 in place identical aluminum brackets shown in Figure 2.8 were made.  These brackets were fabricated using a drill press and a ban saw.  They are four inches long and have three small mounting holes on one side and one large 7/8” hole on the opposite side for mounting the valve.

[image: image10.jpg]



Figure 2.8 Valve bracket

2.3.2 Routing hydraulic lines

To allow the operator maximum space to work the BEETA system leaves as much table top surface clear as possible.  To accomplish this task the majority of the fluid lines are routed underneath the table as shown in Figure 2.9.  The clear plastic lines carry low pressure fluid while the green rubber lines carry high pressure fluid.  All of these lines are necessary to complete the fluid diagram shown earlier in Figure 2.2. 


[image: image11]
Figure 2.9 Fluid lines routed underneath BEETA system table

2.4 Electrical Setup and Data Acquisition

Flow information must be recorded during testing.  To accomplish this task two fluid flow meters and the air mass flow meter are wired such that information can be recorded to a computer during operation.  This data can then be analyzed after testing is complete.

2.4.1 Wiring schematic

The wiring configuration allows for all the meters to receive the necessary input voltage and for the signal generated to reach the data acquisition equipment.  All three meters are wired as shown in the Figure 2.10.  All the connections were soldered and heat shrunk to add durability to the system.
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Figure 2.10 Electrical wiring diagram

2.4.2 Data acquisition

Data acquisition computer equipment is necessary to read and store data during testing.  To acquire data from the meters a computer with a data acquisition card was borrowed from the WuMRC and set up next to the BEETA system.  Several Labview programs were modified to create the program that is used for acquiring and saving the data from all three meters.  The user interface of this program is shown in Figure 2.11.  When this program is run data is stored in a text file.  The information in the text file was then analyzed using the Matlab program shown in Appendix F. 


[image: image13]
Figure 2.11 User interface for data acquisition

2.5 Procedure for Use

To operate the BEETA system a series of steps must be performed.  These steps are listed below.

Step 1:  Presetting all the valves

V5, V6, and V7 must be closed.  Next the V9 must be positioned to route hydraulic fluid into the dump tank.  Valve 1 must be closed and V2 must be open.  This configuration sets it so that when the BEETA system starts only air is flowing through the system.  Valve three must be closed to help minimize the amount that the fluid tank with fill up at the beginning and V4 must be open to prevent pressure build up in the line.  V8, must be closed to make it easier to adjust when the time comes.  This starting valve configuration is shown in Table 3.

Table 1: Starting Valve Configuration

	
	Open
	Closed

	Valve Number
	V2, V4
	V1, V3, V5, V6, V7, V8


Step 2:  Start air flow

All the meters need to be turned on so that the operator can easily read the air mass flow meter.  Then using the pressure regulator and V2 the air pressure and flow rate is set to the desired value.  The operator will have as much time as required for this operation because no hydraulic fluid will be running.  

Step 3:  Start hydraulic fluid flow

Once the hydraulic pump starts the operator will have approximately 4 minuets to reach step 5 before the dump tank overflows.  The operator should be aware of the fluid height in the dump tank and must shut down the pump before overflowing occurs.  

V1 must be completely open so as not to build up too high of a pressure.  Next the hydraulic pump is turned on and fluid starts flowing.  Using V1 and the relief valve the desired oil flow rate and pressure is set.  This pressure must match the air pressure in order for bubbles to be produced.  Adjustments in the system will need to be made to ensure the airflow rate, and air pressure are at the correct values.  

Step 4:  Back pressure

V7, V3 and V8 must be adjusted so that the hydraulic fluid level in the drip tank remains constant and the pressures and flow rates are as desired.  V4 is also adjusted to help control the proper backpressure.  These valves work together to control the backpressure of the system, and the drainage fluid flow rate.

Step 5:  Begin test

Once all the pressures and flow rates are set accordingly the V9 is rotated to start filling the graduated cylinder.  The data acquisition program is also started to record the data from the three meters at the beginning. 

Step 6:  Stopping the hydraulic fluid flow

V9 is turned to stop flowing hydraulic fluid into the graduated cylinder when the fluid reaches the top of the cylinder.  V6 is opened, V2 is closed, and the hydraulic pump is turned off.  With the aid of V5 fluid is drained from the graduated cylinder until it reaches the 200 ml mark.

Step 7:  Final measurements and draining the system

The new fluid height is recorded after waiting 24 hours for the air to settle out.  This measurement along with the original fluid height yields the volumetric concentration of air that was inside the hydraulic fluid that made it through the bubble eliminator.  

To drain the system V2 through V7 must be opened.  Blowing air through the system helps oil move into the fluid tank on the lower shelve.  

Chapter 3. Performance Efficiency and Testing Results

Performance efficiency testing of cyclone bubble elimination is necessary to establish if this system is suitable for use in a dry sump pump system.  This section describes how bubble removal efficiency is calculated, the experimental procedure, results of testing, a discussion on Suzuki et al. [15] dissolved gas studies, and conclusions that can be drawn from testing.  

3.1 Bubble Removal Efficiency  

The bubble removal efficiency, denoted as Brem, is the value of most interest and was determined from data analysis using:  
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Vin_bubble and Vout_bubble denote the volumetric concentration of air, at standard temperature and pressure, entering and exiting the cyclone bubble elimination device, respectively.  Hfinal denotes the final fluid height (ml) as read by the graduated cylinder and 
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Vin_bubble is found using Eq. (3) with the volumetric flow rate of incoming air at atmospheric pressure (VIn_air) and the incoming oil flow rate (VIn_oil).  VIn_air is found using the air mass flow meter and VIn_oil is found using the incoming fluid flow meter and both are in units of L/min at standard temperature and pressure.
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Vout_bubble is found using:
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If Hfinal < 0 an exact Vout_bubble cannot be determined but a less than value can be determined for Brem (on all tables this is shown as a pink symbol) using Eq. (2). The Matlab program in Appendix F was used to collect the thousands of lines of data found from testing, and determine the average flow rate during each test.

3.2 Experimental Procedure

A total of 20 experiments were conducted to determine the Brem over a wide range operating conditions.  To accomplish this task these experiments were designed to have varying Vin_oil values, and varying differences in vent and back pressure (Pdelta) values as shown in Tables 2 and 3.  For all tests the back pressure was held at a constant 138 kPa, as recommended by GE-Totten as optimum; however, GE-Totten did not recommend an optimum vent pressure [14].

Table 2: Low Flow Rate Testing

	Vin_oil (L/min)
	Pdelta  

	1.45
	Between 0 and

 48.3 kPa

	1.47
	

	1.52
	

	1.55
	

	1.66
	

	1.70
	

	1.80
	

	2.06
	


Table 3: High Flow Rate Testing

	Pdelta  (kPa)
	Vin_oil

	0
	Between 5

and 6 L/min

	13.8
	

	27.6
	

	0
	Between 4

and 5 L/min

	13.8
	

	27.6
	

	0
	Between 3

and 4 L/min

	13.8
	

	27.6
	

	0
	Between 2

and 3 L/min

	13.8
	

	41.4
	


Pdelta, Vin_oil, and Vin_air are all interrelated in the BEETA system.  Meaning when one value changes the other two will also change making control of testing values very difficult on the BEETA system.  Lower flow rate tests vary Vin_oil between 1.45 and 2.06 L/min and allowed Pdelta to be between 0 and 48.3 kPa as shown in Table 2.  Higher flow rate tests, focused on testing three different Pdelta values and within ranges of Vin_oil as shown in Table 3.  All the data analysis takes into account only Brem; therefore, varying Vin_bubble values are accounted for in the performance analysis of the device.

3.3 Results -- Effect of Flow Rate 

Increasing the flow rate closer to 6 L/min yields a negative correlation to Brem.  This is the opposite of what GE-Totten claims should happen [14].  According to GE-Totten the optimum flow rate is 6 L/min [14].  This discrepancy occurs in the BEETA system because the bubble size and amount of dissolved gas vary depending on Vin_oil.  At high flow rates the bubbles are extremely small and there are higher concentrations of dissolved gas due to the increased pressures and increased mixing abilities of the BEETA system.  In the BEETA system the static and screen mixer increase their mixing ability at higher flow rates.  Also as the flow rate increases the pressure increases which leads to higher solubility, which intern creates a greater amount of dissolved gas in the oil.  Therefore, the higher the flow rate the smaller the bubble size and the more dissolved gas the cyclone bubble eliminator must contend with.

The BEETA system’s creation of smaller bubbles (<0.75 mm radius) and dissolved gas at high flow rates overcomes the optimum efficiency effect and therefore as the flow rate increases towards 6 L/min the Brem decreases drastically.  This effect is shown in Figure 3.1 which illustrates all the tests conducted at various Vin_oil values and various Pdelta values.  Note that the data points shown in pink illustrate that the exact value is unknown but the value lies somewhere below that point.  Figure 3.1 shows unacceptably low levels of air removal for the small bubble and dissolved gas mixture.  The maximum achievable flow rate by the BEETA system was 5.6 L/min.  The system was unable to achieve higher flow rates because of system pressure limitations.  
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Figure 3.1 Cyclone bubble elimination performance
The error was calculated using the error associated with the precision of the graduated cylinder and the deviation in the readings found in the flow meters during testing.  Exact stable conditions could not be created for the flow rates during the test.  There was some fluctuation due to the increasing pressure as the graduated cylinder filled with fluid.  To account for this slight change during each test, data was recorded at three different times (beginning of test, middle of test, and end of test).  Error was then formed based on the standard deviations between these tests.  The error bars were then placed on Figure 3.1 based on this error.

3.4 Results -- Effect of Vent Pressure

For the lower flow rates it was visibly and experimentally shown that the higher the Pdelta value the better the cyclone bubble elimination performance.  At higher flow rates the optimum Pdelta was difficult to visibly determine and experimentation showed no correlation between Brem and Pdelta.

For low oil flow rates (<3 L/min) it could be seen visually that increasing Pdelta created increased bubble removal.  This statement is also supported by experimental findings shown in Figure 3.2.
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Figure 3.2 Increasing Pdelta effect on low flow rates 

For high flow rates (>3.5 L/min) there was no correlation between Brem and Pdelta as shown in Figure 3.3.  Figure 3.3 also shows unacceptably low bubble removal efficiency (<95%) is found regardless of Pdelta choice.
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Figure 3.3 Lack of efficiency to varying Pdelta

3.5 Comparison with Suzuki et al. [15] Testing Results 

Suzuki et al. [15] testing results in SAE paper 982037 support our findings, which show that cyclone bubble eliminators are unable to remove large quantities of dissolved gas.  Published in the SAE paper is Figure 3.4.  This experiment involves oxygen being dissolved in hydraulic oil and the same mixture circulating a 16 L volume of fluid through a cyclone bubble elimination device.

[image: image22.emf]
Figure 3.4 Suzuki et al. testing results [15]

By taking Suzuki et al. [15] data and calculating the average percentage of dissolved gas removed each time the fluid passes through the device Figure 3.5 is formed.  This helps to better relate Suzuki et al. [15] data with our own.  As can be seen in Figure 3.5 the dissolved gas removal rate is less than 3% per pass through the bubble elimination device.  This proves cyclone bubble eliminators cannot remove large percentages of dissolved gas in a single pass through the device and it correlates with our findings of poor efficiency at removing dissolved gas.
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Figure 3.5 Suzuki et al. testing results reorganized [15]

3.6 Conclusions from Testing

Testing results reveal that the cyclone device removes less than 95% of small bubbles (<0.75 mm radius) and dissolved gas mixture, which is unacceptable for a dry sump pump application.  Given the limited range of the graduated cylinders testing capabilities it is impossible to determine by exactly how much the cyclone device would need to improve to make it capable of being used in a dry sump pump system.  Cyclone bubble elimination can effectively remove large bubbles but fails at removing large amounts of small bubbles and dissolved gas.

Chapter 4. Theory of Dissolving Gas and Forces on Bubbles

Understanding the theory of dissolving gas and the forces that act on bubbles helps the project understand why cyclone bubble elimination has poor bubble removal efficiency and which other bubble removal techniques can potentially have higher bubble removal efficiency.  This section will explain the theory of dissolved gas, forces which act on air bubbles, and the dependence of varying effects (bubble size, pressure, and temperature) have on bubbles naturally settling out of fluid.

4.1 Henry’s Law for Dissolved Gas

Henry’s Law, given in Eq. (5), states that the concentration (c) of gas that can be dissolved in a liquid is directly proportional through the constant of solubility (k) to the pressure exerted above the liquid (P).
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When the bubbles become finely mixed into the fluid some of the gas will directly dissolve into the fluid.  This increases the compressibility of the fluid and as pressure changes during operation the air can undissolve and form bubbles, which lead to the many problems discussed earlier [12].

The constant of solubility (k) varies depending on the solution, the gas, and the temperature.  The solubility of gases decreases with increasing temperature.  The solubility constants for different gases in hydrocarbon oil are given in Table 4.  The larger the k value the more difficult it is for the gas to dissolve into the oil.

Table 4: Constants of Solubility in Hydrocarbon Fluid [
]

	Gas being mixed into hydrocarbon oil
	Constant k at 70o F (L*atm/mol)

	H2
	266.15

	N2
	204.63

	Estimated value for Air
	186.88

	CO
	169.58

	O2
	120.14

	CH4
	55.51

	CO2
	26.445


4.1.1 Cyclone pressure effect on dissolved gas

The cyclone bubble eliminator creates an area of low pressure in the center, which decreases the solubility, thereby helps to undissolve the air from the fluid.  According to Suzuki et al. [16], cyclone bubble elimination creates a maximum pressure drop of -80 Pa (180 Pa).  By Henry’s law this will decrease the solubility of 138 kPa fluid by 0.13053 %.  This is not nearly enough to fully pull out all of the dissolved gas, and the fluid is only exposed to the reduced pressure for about 8 seconds (with a flow rate of 6 L/min).  This creates a situation where the bubble eliminator is unable to pull out any substantial portion of dissolved gas in a single pass, which supports testing results.

4.2 Forces Acting on Air Bubble

Drag, buoyancy, and forces associated with acceleration are the primary forces, which act on bubbles to help dictate their motion in fluid other than the force of the fluid flowing.  These forces can be optimized to allow bubbles to quickly relocate to a desired area where they can then be removed.

4.2.1 Drag

Drag is the force that opposes the velocity of the bubble.  This is a hindrance when trying to forcibly move a bubble to a desired location.  The drag primarily depends on the viscosity of the fluid and the bubble diameter.  Larger bubble diameters and more viscous fluid equate to greater drag forces.

Often when the bubbles are very small the drag force is much larger than the other forces that can act on it.  Therefore, the bubbles are more likely to remain in the fluid for a long time.  The drag force is responsible for the long amount of time (1 day in our experiments) for the air bubbles to settle out of the fluid.

4.2.2 Buoyancy

Buoyancy is a bubble force in the direction of the pressure gradient (towards lower pressure).  It occurs whenever a pressure gradient exists.  When gravity causes the pressure gradient the pressure acting on the bubble is not equal due to the change in depth thereby creating a situation where there is more upward force than downward force.  This effect is illustrated in Figure 4.1.




Figure 4.1 Buoyancy force on bubble
By Archimedes principle the buoyancy force is equal to the weight of the fluid displaced.  Therefore, the larger the bubble diameter the greater the buoyancy force.  Once a bubble is formed it contains a specified amount of mass (m).  The volume (V) is then dependent on the pressure (P) and temperature (T) by the ideal gas equation Eq. (6) where R is the ideal gas constant.  Therefore, by increasing the temperature and decreasing the pressure the air bubble will become larger thereby increasing the buoyancy force.
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4.2.3 Centrifugal force 

In cyclone bubble eliminators the oil is spun around in a circle.  This continual change in direction creates an centripetal acceleration that in turn creates an outward centrifugal force (Fc) as given in Eq. (7), where m is the mass of the particle, ω is angular velocity and rp is the radius of rotation perpendicular to the direction of motion. Fc pulls stronger on the denser parts of the fluid thereby forcing the bubbles towards the center of the cyclone where they can be moved out.  The drag force on the bubbles works against this process.
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4.3 Bubbles Naturally Settling out of Fluid

Deaeration can take place by allowing the buoyancy force to slowly pull air to the surface and out of the mixture.  This section explores the theory behind how bubble size, pressure, and temperature effect time needed for air to settle out of a fluid.

4.3.1 Dependence on bubble size

By combining the drag force and the buoyancy force, Stokes Law given in Eq. (8) can be formed based on gravity (g), bubble radius (r) and kinematic fluid viscosity (v) to estimate the terminal bubble rise velocity (Vrise) given the bubble radius is less than 0.75 mm [
].  If the bubbles are too large the bubble shape is prone to changing which leads to oscillations and turbulence that changes the drag coefficient.
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From this equation Figure 4.2 was formed with the hydraulic fluid having a kinematic viscosity of 34 cSt as given by Mobile for their hydraulic fluid [
].  This illustrates the strong dependence bubble size has with how quickly bubbles can settle out of oil.
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Figure 4.2 Rise velocities strong dependence on bubble radius
4.3.2 Dependence on pressure above fluid

Decreasing the pressure above the fluid increases Vrise by Eq. (9) where V is the volume of the bubble and this is given by Eq. (10).
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By decreasing the pressure above the fluid the solubility decreases by Henry’s law (dissolved gas comes out) and the bubble size increase, thereby increasing the bubble rise velocity.  The bubble radius is related to the pressure by the ideal gas law given in Eq. (6).  Therefore Eq. (9) is formed by combining Eqs. (6), (8), and (10).

Figure 4.3 illustrates how decreasing the pressure helps air settle out faster.  This figure uses initial bubble conditions of a radius of 0.4 mm at 1 atm and the relationship formed by Eq. (9).  Note that Eq. (9) is only valid for bubbles with less than a 0.75 mm radius.  To maintain this validity Figure 4.3 shows only when the bubble size is between 0.4 mm and 0.75 mm.
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Figure 4.3 Low pressure bubble rise velocity effect
4.3.3 Dependence on temperature

Increasing the temperate helps to increase Vrise by Eq.(11) where A and b  are constants based on temperature dependence of oil viscocity and T the temperature.  
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Increasing the temperature decreases the viscosity of the oil and it increases the bubble radius thereby increasing the buoyancy force on the bubble.  This intern leads to an increase in Vrise.

Viscosity is related to temperature using an exponential model shown in Eq. (12) below, where A and b are constants.  Using the two sets of conditions given by Mobil [30] for their hydraulic oil A=84291 and b=0.025 given v is in cSt and T is in Kelvin.
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Combining Eq. (12) with Eq. (9) yields the relationship between temperature and bubble rising velocity given as Eq. (11).  Figure 4.4 is formed based on this equation using a bubble of 0.4 mm radius at T=40oC.  As can be seen temperature has a strong influence on Vrise.
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Figure 4.4 Temperature bubble rise velocity effect
4.4 Conclusions from Theory

The cyclone bubble eliminator can be effective at pulling out large bubbles, but is ineffective at pulling out small bubbles and dissolved gas due to the large drag forces and the lack of pressure gradient.  Changing the gas to one with a higher k, increasing the bubble radius, decreasing the pressure above the oil, and increasing the temperature would all be helpful concepts in decreasing the amount of time gas takes to settle out of the oil.
Chapter 5. Conclusions and Recommendations

Testing results reveal that the cyclone device removes less than 95% of small bubbles (<0.75 mm radius) and dissolved gas mixture, which is unacceptable for a dry sump pump application.  In the dry sump pump operation there will surely be small air bubbles and gas dissolving directly into the fluid.  Therefore, we recommend systems be tested to remove the dissolved gas and small bubbles.  There are three main ways that dissolved gas can be removed; by heating it, by changing the type of gas, and by dropping the surface pressure.  We recommend all three of these options be experimented.  

If a gas with a higher k is used instead of air in the dry sump pump it can greatly help inhibit the gases ability to mix with the fluid.  Once the gas becomes dissolved into the fluid it becomes extremely more difficult to pull out.  Therefore, by changing the gas we can help inhibit this process from occurring.

Heating the fluid can help to decrease the solubility.  Naturally from pump friction the fluid will become warm inside the dry sump pump.  Therefore, this situation will already occur to a certain extent.  However, depending on its effectiveness the temperature can be increased even more to help the solubility issue.

The pressure of the fluid can be dropped before it reenters the main line to help pull dissolved gas and small bubbles out.  The cyclone bubble eliminators are unique in that these devices can continually pass fluid through and create a pressure drop with the cyclone.  However, it cannot create a great enough pressure drop and our system does not demand a continual flow of fluid.  The dry sump leakage rate will not be constant; therefore, in order to use a cyclone device a complex system would need to be put in place to regulate a constant flow through the bubble eliminator.  A system of tanks is suggested as a solution shown in Appendix G, which will allow for fluid to be exposed to a vacuum, thereby allowing the gas to undissolve from the fluid.

I recommend that a vacuum chamber concept along with heating and alternative gases be further investigated and work on using a cyclone bubble eliminator stop for the time being.  Possibly if a large bubble problem arises the bubble eliminator can be put to use and further research can be done at that time.  But from data it is evident that the bubble eliminator cannot effectively eliminate small bubbles and dissolved gas and therefore by itself cannot be used on a dry sump pump operation.

Appendix A:  Survey Deaeration devices
 

A.1. SUMMARY 
A collection of deaeration techniques was requested by the EPA for possible use in their hydraulic hybrid systems.  Specifically, we were asked to focus on deaeration of oil coming from the lubrication side of the main dry-sump pump/motor.  After considering current and new deaeration techniques, we have compiled a list of possible deaeration concepts.  The purpose of this report is to present the researched deaeration concepts so that the trade offs of each system may be considered.  A summary list of the main advantage or disadvantage of each system is given below.  Ultimately a decision on a deaeration technique will be selected for implementation into one of the EPA’s hydraulic hybrid systems. 

	Degassing Technique 
	What to Note 

	Mechanical 
	Readily Available, Cost and Size Effective 

	Membrane 
	Large Size, Hard to Scale Up to Main Line 

	Settling Tank 
	Experimentation Required, But Feasible 

	NASA Design 
	Feasibility Unknown 

	Chemical Additive 
	Feasibility Unknown 


A.2. CONCEPTS 

Each deaeration concept is listed in the following pages.  Each concept is given its own section followed by a description, availability, size, advantages and disadvantages.  Many of these concepts will work well together as noted in each of the applicable concept description. 

A.2.1. Mechanical Degassing 
1. Description:  In a degassing pump or chamber, fluid enters the pump and is spun quickly.  The fluid is forced to the outside and entrained bubbles move to the center forming a column.  The column of gas is then expelled from the system by opening a vent valve along with applying back pressure from an orifice down-stream of the pump.  Dissolved gas can be removed from the fluid be applying a vacuum at the gas vent port. 

[image: image35.emf]
Figure A.1 Yokota’s Degassing Pump [13]

2. Availability:  Two devices are currently on the market which mechanically separate air from oil.  Yokota manufactures the degassing pump shown in Figure A.1.  Another design manufactured by G.E. Totten and Associates LLC is shown in Figure A.2.  G.E. Totten’s design is $700.00 per unit for model BM-6 [
].  Both designs work using the same basic principle described above.  In the G.E. Totten’s design the pump is located down stream of the Bubble Eliminator and the fluid is spun using the geometry of the apparatus.  The Yokota’s degassing pump incorporates the pumping work to spin the fluid.  Yokota has given a price quote of $31,000 for their smallest pump [
]. 

[image: image36.emf]
Figure A.2 G.E. Totten’s Bubble Eliminator

3. Size:  The smallest model (BM-6) is produced by G.E. Totten and Associates LCC [14].  The BM-6 has a lower limit of 1.32 gpp [31].  The pump itself is small with dimensions of 6 cm diameter and a length of 16 cm [31].  Yokota’s smallest listed pump (ASP-310) has a lower limit of 2.64 gpp [32].  The pump is larger than the BM-6 with a length of 1.041 meters and a width of .33 meters[31,32].  It should also be noted that the ASP-310 weighs 120 kilograms [32]. 

4. Advantages: 
• Proven Technology being used in many different applications. 

• Two companies currently produce these systems 

• Can be integrated into the main-line system easily 

• Gas venting problem is already solved with these systems 

• Can easily be scaled up to degas main line 

• G.E. Totten’s Design will cost us $700.00 

• Low power consumption (extra 20 psi of pressure needed for degassing) 

• Small size 

• G.E. Totten and Yokota are interested in working with us 

5. Disadvantages: 

• Expensive (Yokota’s Design is $31,000) 

• Flow rates are limited to above 5 liters per minute (1.32 gpm) 

• Companies have to custom manufacture our pumps 

• Complicated System 

• Manufacturing on our own would be difficult 

• Already Patented Technology 

A.2.2. Membrane Degassing 

1. Description:  This type of degassing uses a membrane which allows gas flow, but not liquid (much like the bladder material).  The system would be aided by a pressure difference already present after pumping and examples are shown in Figure A.3 below.

[image: image37.emf]
Figure A.3 Membrane degassers by Dainippon Ink and Chemicals Incorporated [20]

2. Availability:  There are a few companies which produce membranes which are gas permeable and liquid impermeable.  Dainippon Ink and Chemicals Incorporated and Compact Membrane Systems, Inc. are two examples of companies which have membranes for oil applications.  Compact Membrane has a membrane which would work in our application and is willing to work with people at the EPA and the University of Michigan to develop a design solution.  Dainippon Ink and Chemicals Incorporated’s model SEPAREL PF-28F will remove 50% of the dissolved gas at the 1.5 gpm flow rate we have specified [20,21].  This model is oil compatible.  The bladder material is another option for a membrane system, as we know already that it allows for gas flow.  Experimentation would need to be conducted to acquire degassing flow rates for the bladder material.  We could also investigation building our own membrane system with other membrane materials. 

3. Size:  The SEPAREL PF-28F membrane degasser described in the previous paragraph has a diameter of 10.2 cm and a length of 44 cm [21].  This membrane degasser weighs 4.3 kg [21]. 

4. Advantages: 

• Compact Membranes is interested in working with us 

• Available from Dainippon Ink and Chemicals Incorporated 

• Easily installed 

• Passive System requiring little to no energy consumption 

• Gas venting should be relatively easy as it shouldn’t contain any oil 

• Simple System 

• No moving parts 

5. Disadvantages: 
• Large Size 

• Cannot be easily scaled up for the mainline 

• Potentially expensive 

• Membrane degassers have been reported to clog 

A.2.3 Settling Tank 
1. Description:  This concept allows gas to vent itself using a pressure drop in the system.  Currently the system minimum in the main line is 60 psi.  The pump reservoir trying to be degassed is at atmosphere, or very close to it.  This pressure difference would allow much of the gas that would be present at 60 psi to disassociate from the fluid over an elapsed time or repeated cycles.  The gas would then be ready to be vented by a method yet to be determined.  An example of such a system is shown in Figure A.4.
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Figure A.4 Challenge X Team Degassing Project

2. Availability:  Manufacturing this system ourselves will not pose a problem as it is a very simple system.  A past Challenge X Team at the University of Michigan manufactured a proof of concept prototype of this type of system with success, as seen in Figure A.4. 

3. Size:  Experimentation needs to be conducted to get a size estimate.  Data is extremely limited when looking at time scales for an oil-air surface to reach equilibrium. 

4. Advantages: 

• Simple Design 

• Passive system with little to no power consumption 

• Cost Effective 

• Easy to manufacture 

• No moving parts (may be required to vent gas) 

5. Disadvantages: 

• Experimentation needed to determine size 

• A venting method needs to be determined 

• Difficult to scale up to main line 

A.2.4. Heating 
1. Description:  Heating the oil would be an enhancement which could be added to the other systems described.  As temperature increases solubility of nitrogen in oil will decrease.  This will speed up the processes, or increase the other concepts effectiveness.  For example, using a settling tank in conjunction with a boiler would guarantee that all the dissolved nitrogen which could disassociate while in the main system, was removed while in the settling tank.  The added heat could be taken from the exhaust minimizing the energy required to heat the oil. 

2. Availability:  The heating device could be manufactured by our team.  The design of which, could be borrowed from other heating devices.  AMS oil makes an ATF which is specifically made for high temperature applications [
].  This oil used with the heating elements will help limit temperature degradation. 

3. Size:  The size of the actual heating elements should be small relative to the size of the deaeration device.  The location of the deaeration device would be limited by a heating technique.  It would be necessary for the deaeration device to be near the exhaust to maximize efficiency. 

4. Advantages: 

• Enhances deaeration process (allows for more entrained bubbles to be captured) 

• Low power consumption if using exhaust heat 

• Easily integrated with other systems 

• Inexpensive to manufacture 

5. Disadvantages: 

• Limits deaeration device location 

• Adds more complexity to the system 

• Different ATF oil may be needed to meet new temperature requirements 

• High heat degrades all oils eventually 

A.2.5 Vacuum 
1. Description:  A vacuum concept has been developed by a Challenge X team at the University of Michigan and is shown in Figure A.5.  This system uses a valve attached to a main line or reservoir.  The valve opens allowing the fluid to enter into a piston chamber.  The valve closes then a vacuum is applied using the piston.  Henry’s Law dictates that dissolved gas will then disassociate from the ATF.  With some settling time the less dense gas moves to the top of the chamber where it is then ready for a venting method.  This concept was intended to monitor the amount of gas present in the fluid.  The idea of using a vacuum could be combined with a setting tank concept.  Applying a vacuum using a pump to a reservoir will increase the efficiency of a settling tank. 
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Figure A.5 Challenge X Vacuum Concept

2. Availability:  This concept would need to be manufactured by us.  The concept is simple and should not pose any manufacturing problems that could not be overcome with the machines and equipment available to our team.  The Challenge X team had some success in manufacturing a proof of concept prototype as shown in Figure A.5. 

3. Size:  This concept would be near the size of the settling tank concept.  With the limited data on time for air-oil surface equilibrium the size of these concepts is still unknown.  The reservoir in theory would be smaller than a settling tank without an applied vacuum.  Added bulk would be present in the needed vacuum pump or piston. 

4. Advantages: 

• Simple design 

• Manufactured in-house 

• Cost Effective 

• Low power consumption (vacuum pump) 

• Enhances settling tank deaeration 

5. Disadvantages: 

• Experimentation needed to determine size 

• Difficult to scale up to main line 

• A venting method needs to be determined 

A.2.6 NASA Fluid Bubble Eliminator 
1. Description:  This concept (as seen in Figure A.6) uses the same principles as G.E.  Totten’s Bubble Eliminator.  The main difference is in the gas venting method.  In the NASA design a gas permeable, liquid impermeable membrane is used to separate the gas and liquid.  This design was originally intended for “liquid flowing relatively slowly in a bioreactor system in microgravity” as stated by NASA’s website [19].  Experimentation has not been done on the feasibility of this method on Earth. 
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Figure A.6 NASA’s fluid bubble eliminator [19]

2.  Availability:  This design is patented by the Johnson Space Center.  We would need to design the system and most likely contract out the manufacturing for some parts of the deaeration device.  Material experimentation with respect to the membranes will be necessary as well as flow rate experimentation.  Flow rate experimentation is needed to find the necessary acceleration on Earth to separate entrained bubbles and liquid. 

3. Size:  The size of such a system would be dependant on flow rate experimentation.  The size will also be determined by the membrane surface area needed for gas separation from the liquid. 

4. Advantages 

• No moving parts 

• Passive system requiring little power input 

• Gas venting problem is solved in design 

5. Disadvantages 

• Complicated System 

• Difficult to manufacture 

• Experimentation needed to determine feasibility on Earth 

A.2.7 Chemical Additive 
1. Description:  A chemical additive such as Zeolite could be used to remove nitrogen and at the same time, absorb a minimal amount of ATF.  Zeolite works by allowing a fluid to pass through its crystal structure while trapping the unwanted gas. 

2. Availability:  Ralph Yang of the Chemical Engineering Department of the University of Michigan has expressed interest in working with us on this concept [23].  As of yet, little information is readily available on Zeolite in this application.  If the EPA is interested in pursuing a chemical additive solution, Ralph Yang will be our main contact in further research. 

3. Size:  Experimentation will need to be conducted to establish size of a Zeolite reservoir.  Experimentation will also need to be done to determine the amount of Zeolite needed to meet our aeration specifications. 

4. Advantages: 

• Requires little power consumption, pumping energy increases needed to pass fluid through Zeolite 

• Simple System 

• No moving parts 

• Gas venting is taken care of with removal of old Zeolite 

5. Disadvantages: 

• Experimentation needed to determine size and amount of Zeolite 

• Zeolite is expensive 

• May be difficult to scale up to main line 

• After an undetermined interval of time old Zeolite will need to be replaced with new Zeolite 

A.3 CONCLUSIONS AND RECCOMENDAIONS: 

Based on my research the mechanical degassing device is most promising.  It is available for $700.00.  It is small in size and requires little energy input.  Looking towards the future the device could be implemented into the main line. 

The disadvantages of the other systems are hindered by their development time or the ability to scale the idea up to the main line.  Membrane degassing devices are quite large, making them unrealistic to scale up to the main line.  A settling tank will require more experimentation before we know the exact size needed for our flow requirements (even more experimentation will be needed for the described enhancements).  The NASA design combines membrane and mechanical degassing, which has not been verified to work on Earth.  Chemical additives may work, but experimentation will be needed to determine its effectiveness.  For these reasons, we recommend a mechanical degassing method be purchased for further tested.  

Appendix B:  Sizing of Graduated Cylinder
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Appendix C:  Bill of Materials

	Part Needed
	Company
	Phone
	Part Number
	Qu.
	Cost (each)
	Total

	Mixer
	Koflo
	847-516-3700
	stratos part no.  3/8-21
	1
	$117.00
	$117.00

	Dump tank
	McMaster Carr
	630-833-0300
	62945K12
	1
	$146.13
	$146.13

	Fluid tank
	
	
	62945K14
	1
	$228.35
	$228.35

	measuring tank
	Polyfab
	978-657-7704
	custom made
	1
	$980.00
	$980.00

	mass flow meter
	Omega
	sales: 1-888-TC-OMEGA
	FMA-A23-10
	1
	$544.00
	$544.00

	clear fittings for PVC pipe
	McMaster Carr
	630-833-0300
	9161K53
	7
	$5.85
	$40.95

	8' clear section of PVC pipe
	
	
	49035K85
	1
	$21.28
	$21.28

	Clear PVC T
	
	
	9161K33
	1
	$9.54
	$9.54


Continued on next page.

	Part Needed
	Company
	Phone
	Part Number
	Qu.
	Cost (each)
	Total

	air regulator and gauge
	McMaster Carr
	630-833-0300
	4246k61
	1
	$42.98
	$42.98

	mounting bracket
	
	
	4246K11
	1
	$5.58
	$5.58

	grade 1A air pressure gauge
	
	
	3708k21  

0-60psi
	1
	$26.32
	$26.32

	grade 1A air pressure gauge
	
	
	3708k21 

0-100psi
	1
	$26.32
	$26.32

	grade 1A oil pressure gauge
	
	
	4088K3 

0-100psi
	2
	$48.65
	$97.30

	grade 1A oil pressure gauge (flange)
	
	
	4088K7

0-60 psi
	1
	$57.07
	$57.07

	Barb fitting
	Grainger
	1-888-361-8649
	5A247
	35
	$2.05
	$71.75

	Petty cash items
	various hardware stores and Radio Shack, for details see petty cash table
	$167.96

	
	
	
	
	
	
	
	

	
	
	
	Total 
	$2,582.53


Appendix D:  Petty Cash Spent

	Company
	Date
	Item Description
	Used For
	Cost

	Ace Hardware
	10/25/2006
	box of wood screws
	Mounting screws for ball valve brackets
	4.23

	Ace Hardware
	11/2/2006
	fine sand paper
	Used to Polish bubble viewing tube
	7.37

	Ace Hardware
	11/11/2006
	Bolts, nuts, and washers
	Mounting various parts of the BEETA system
	12.49

	The Home Depot
	10/26/2006
	2 2"X4" boards of wood
	Lower shelve support
	4.18

	The Home Depot
	11/5/2006
	zip ties and hose clamps
	Mounting various parts of the BEETA system
	9.84

	The Home Depot
	11/11/2006
	2 buckets and various hose clamps
	buckets for transporting fluid, hose clamps for mounting
	24.48

	The Home Depot
	10/31/2006
	PVC glue and primer, nuts and bolts
	PVC glue and primer used to join PVC together
	12.01

	The Home Depot
	11/7/2006
	hose clamps, wood drill bit
	Wood drill bit used to drill holes in the BEETA system table
	12.54

	Carpenter Brothers
	11/16/2006
	Tubing
	Used for low pressure lines on the BEETA system
	9.22

	Harbor Freight Tools
	11/5/2006
	Teflon tape, fittings, Air hose
	Used throughout the BEETA system
	19.65

	Carpenter Brothers
	12/9/2006
	J. B. Weld
	Screen filter construction
	5.08

	Carpenter Brothers
	12/8/2006
	Electrical connectors and electrical tape
	Wiring of the BEETA system
	8.23

	Radio Shack
	12/8/2006
	AC-DC transformer and wire
	Powers fluid flow meters
	38.64

	
	
	
	
	

	
	
	
	Total
	167.96


Appendix E:  Items Borrowed from EPA
	Quantity
	Item Borrowed

	2
	Swagelock R9FFB0201B - Male Quick Disconnect

	2
	Swagelock R9GBKA005B - Female Quick Disconnect

	6
	6 1/4" Butech 2-way Valves Janus K63

	2
	1/4" Butech 3-way Valve Janus 3-K63

	1
	Parker NV400S Throttle Valve with Handle (Gray)

	1
	Deltrol CMM25B Brass Check Valve

	1
	Parker C400S Check Valve

	1
	Jayco #312 1/2" 80psi Bronze Relief Valve

	2
	Flow Technologies FT6-8AEU3-LEA-2034 Flow meters

	1
	Flow Technologies A1-5-C-V2-1-1  (991031) RF Pickoff

	1
	Flow Technologies 27-94057-110 RF Pickoff

	1
	Flow Technologies 30880-101 Magnetic Pickoff

	7
	20 Male Pipe to -16 Male JIC adapter

	1
	Delta-Power 1 hp electric motor with A-23 gear pump


	JIC #4 Fittings
	

	
	
	

	Quantity
	Type
	

	12
	90deg male-female
	

	11
	straight male-male
	

	2
	straight female-female
	

	1
	45deg male-female
	

	7
	T male-male-female
	

	3
	T all female
	

	1
	T all male
	

	2
	T male-female-male
	

	
	
	

	NPT to JIC Fittings

	
	
	

	Quantity
	Size
	Type

	3
	NPT 1/4" to JIC #4
	male-male

	4
	NPT 1/4" to JIC #4
	female-male

	4
	NPT 1/4" to JIC #4
	male-female

	2
	NPT 3/16" to JIC #4
	female-male

	2
	NPT 1/2" to JIC #6
	female-male

	2
	NPT 1/2" to JIC #8
	male-female

	7
	NPT 1" to JIC #16
	male-male

	
	
	

	JIC to JIC Conversion Fittings

	
	
	

	Quantity
	Size
	Type

	2
	JIC #6 to JIC #4
	female-male

	2
	JIC #8 to JIC #4
	female-male

	2
	JIC #8 to JIC #4
	male-male

	3
	JIC #12 to JIC #4
	female-male

	7
	JIC #16 to JIC #4
	female-male

	1
	T JIC #4
	male-male-female

	
	
	

	Barb Fittings

	
	
	

	Quantity
	Size
	Type

	16
	JIC #4 to 1" barb
	female-barb

	1
	JIC #12 to 1/4" barb
	female-barb

	1
	3/4" NPT to 1" barb
	male-barb


Appendix F:  Matlab Program for Data Collection Analysis

clear all
% Reads Data output from BEETA system
 A=textread('switchdiriction.txt');
 %Inflow fluid
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 persec=A(1,1);
 count=-1;
 k=2;
 frequency(1)=0;
 time(1)=0;
 last=1;
 for i=2:(length(A)-1)
     count=1+count;
     point=A(i,1);
    %if point is low
     if point<.1
         %if end of wavelength occurs
         if last==1
             period(k)=count;
             time(k)=time(k-1)+count*1/persec;
             count=0;
             k=k+1;
         end
         last=0;
     end
     %if point is high
     if point>4.5;
         last=1;
     end
 end
 frequency=1./(period*(1/persec));
 sum=0;
 num=0;
 for i=3:length(frequency)
     sum=frequency(i)+sum;
     num=1+num;
 end
 average_frequency=sum/num;
 frequency(1,2)=average_frequency;
 %outgoing fluid
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
 count=-1;
 k=2;
 frequency2(1)=0;
 time2(1)=0;
 last=1;
 for i=2:(length(A)-1)
     count=1+count;
     point=A(i,3);
    %if point is low
     if point<.1
         %if end of wavelength occurs
         if last==1
             period2(k)=count;
             time2(k)=time2(k-1)+count*1/persec;
             count=0;
             k=k+1;
         end
         last=0;
     end
     %if point is high
     if point>4.5;
         last=1;
     end
 end
 frequency2=1./(period2*(1/persec));
 sum=0;
 num=0;
 for i=3:length(frequency2)
     sum=frequency2(i)+sum;
     num=1+num;
 end
 average_frequency2=sum/num;
 frequency2(1,2)=average_frequency2;
  %air incoming
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
airvolt=rot90(A(:,2));
time3= 0:1/persec:(length(airvolt)-1)*(1/persec);
average_voltage=mean(airvolt);
%Solutions
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
average_voltage
average_frequency2
average_frequency
inflow_rate=average_frequency*.0097+.014
drainflow_rate=average_frequency2*.0097+.014
plot(time,frequency,time2,frequency2)
title('Hydraulic Flowmeter Data')
xlabel('Time (seconds)')
ylabel('Frequency (hz)')
legend('Inflow','Drainage flow')
figure
plot(time3,airvolt)
title('Air Flowmeter Data')
xlabel('Time (seconds)')
ylabel('Voltage (volts)')
Appendix G:  Vacuum System for Dry Sump Pump
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		166		30

		166		40

		162

		160.5

		160

		156

		156
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all data

		

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				final B%		percentage removed		Less than		Notes

		93				20		16		4		5.56		0.20		2.65		0.08		2.91				3.25%		0.14%		0.00%		0.00%		20.80%

		93				20		17		3		5.43		0.21		2.53		0.23		2.90				2.89%		0.28%		0.00%		0.00%		10.93%

		90				20		16		4		4.71		0.07		2.20		0.14		2.51		0.16		3.80%		0.82%		0.00%		0.00%		32.20%

		93				25		26		-1		4.40		0.02		2.12		0.03		2.28		0.03		3.15%		0.30%		0.00%		0.00%		18.29%

		93				20		16		4		4.14		0.07		1.88		0.03		2.26		0.076201		6.41%		0.50%		0.00%		0.00%		59.82%

		80		95		23		25		-2		3.89		0.10		1.86		0.03		2.04				7.67%		0.00%		0.00%		0.00%		66.46%

		83		100		19		19		0		3.85		0.24		1.89		0.04		1.96		0.05		5.47%		0.52%		0.00%		0.00%		52.91%

		77		100		20		16		4		3.27		0.06		1.93		0.05		1.34		0.08		10.14%		1.82%		1.34%		86.81%		74.62%

		70		90		20		17		3		2.91		0.10		1.60		0.08		1.31		0.13		12.89%		0.00%		0.00%		0.00%		80.02%		borderline

		60		80		20		14		6		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.57%		93.95%		72.50%

		70		87		20		24		-4		2.70		0.07		0.64		0.02		2.07		0.53		13.09%		0.00%		0.00%		0.00%		80.33%		delta P is off

		50		65		20		14		6		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		1.31%		89.50%		79.41%

		55		70		20		16		4		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.00%		0.00%		85.09%		high bubble percentage

		45		55		20		15		5		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.87%		91.52%		74.76%

		43		53		20		13		7		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		1.25%		91.67%		82.84%

		45		55		20		17		3		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.85%		94.70%		83.93%

		40		45		20		13		7		1.66		0.02		1.32		0.04		0.34		0.05		19.29%		4.68%		1.13%		94.13%		86.65%

		45		55		20		23		-3		1.56		0.03		0.26		0.02		1.30		0.06		3.28%		0.28%		0.00%		0.00%		21.52%

		45		55		20		15.5		4.5		1.55		0.03		1.13		0.05		0.42				1.66%		0.12%		1.81%		89.07%		-55.07%

		45		55		20		17		3		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		2.21%		87.51%		85.48%

		45		55		20		17.5		2.5		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		2.50%		86.33%		85.91%

		45		55		20		18.5		1		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.00%		0.00%		85.66%		delta P is off





low flow

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				final B%		percentage removed

		60		80		20		14		6		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.57%		93.95%

		70		87		20		24		-4		2.70		0.07		0.64		0.02		2.07		0.53		13.09%		0.00%		0.00%		0.00%		delta P is off

		50		65		20		14		6		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		1.31%		89.50%

		55		70		20		16		4		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.00%		0.00%		high bubble percentage

		45		55		20		15		5		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.87%		91.52%

		43		53		20		13		7		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		1.25%		91.67%

		45		55		20		17		3		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.85%		94.70%

		40		45		20		13		7		1.66		0.02		1.32		0.04		0.34		0.05		19.29%		4.68%		1.13%		94.13%

		45		55		20		23		-3		1.56		0.03		0.26		0.02		1.30		0.06		3.28%		0.28%		0.00%		0.00%

		45		55		20		15.5		4.5		1.55		0.03		1.13		0.05		0.42				1.66%		0.12%		1.81%		89.07%

		45		55		20		17		3		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		2.21%		87.51%

		45		55		20		17.5		2.5		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		2.50%		86.33%

		45		55		20		18.5		1		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.00%		0.00%		delta P is off
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flow rate (LPM)

Percentage of Bubbles removed
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adgf

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				incoming B% at ATM				final B%		percentage removed		less than

		93				20		20		0		5.6		0.22		2.4		0.02		3.2				3.02%		0.19		0.1970645784				0		0		86.94%

		93				20		16		27.57902916		5.56		0.20		2.65		0.08		2.91				3.25%		0.14%		0.2125769602				0.00%		0.00%		87.89%		0.00%

		93				20		18		13.78951458		5.43		0.21		2.53		0.23		2.90				2.89%		0.28%		0.188329214				0.00%		0.00%		86.33%		0.00%

		90				20		18		13.78951458		4.71		0.08		2.20		0.14		2.51		0.16		3.80%		0.82%		0.2416769172				0.00%		0.00%		89.35%		0.00%

		93				20		20		0		4.40		0.12		2.12		0.03		2.28		0.03		3.15%		0.30%		0.2058233933				0.00%		0.00%		87.49%		0.00%

		93				20		16		27.57902916		4.14		0.07		1.88		0.03		2.26		0.076201		6.41%		0.50%		0.4331227362				0.00%		0.00%		94.06%		0.00%

		80		95		20		20		0		3.89		0.10		1.86		0.03		2.04				7.67%		0.00%		0.4525026268				0.00%		0.00%		94.31%		0.00%

		83		100		20		18		13.78951458		3.85		0.24		1.89		0.04		1.96		0.05		5.47%		0.52%		0.3265518414				0.00%		0.00%		92.12%		0.00%

		77		100		20		16		27.57902916		3.27		0.11		1.93		0.05		1.34		0.08		10.14%		1.82%		0.5912390665				1.34%		97.73%				1.82%

		70		90		20		18		13.78951458		2.91		0.10		1.60		0.08		1.31		0.13		12.89%		0.00%		0.7045528769				0.00%		0.00%		96.35%		0.00%		borderline

		60		80		20		14		41.36854374		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.4216633303				0.57%		98.66%				1.10%

		70		87		20		20		0		2.70		0.07		0.64		0.02		2.07		0.53		12.09%		0.00%		0.6548654182				0.00%		0.00%		96.07%		0.00%		delta P is off

		50		65		20		14		41.36854374		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		0.4860409052				1.31%		97.30%				1.92%

		55		70		20		16		27.57902916		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.780708344				0.00%		0.00%		96.70%		0.00%		high bubble percentage

		45		55		20		15		34.47378645		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.3478061088				0.87%		97.51%				0.80%

		43		53		20		13		48.26330103		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		0.5163469852				1.25%		97.58%				0.89%

		45		55		21		15		41.36854374		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.5839131738				0.85%		98.55%				6.10%

		45		55		20		15.5		31.026407805		1.55		0.03		1.13		0.05		0.42				16.59%		0.12%		0.6090341361				1.81%		97.02%				0.12%

		45		55		20		17		20.68427187		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		0.6599037689				2.21%		96.65%				1.80%

		45		55		20		17.5		17.236893225		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		0.6842889474				2.50%		96.35%				4.95%

		45		55		20		18.5		10.342135935		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.6700790244				0.00%		0.00%		96.16%		0.00%		delta P is off
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Sheet1

		need at least 21.83 LPM @20 psi for a 50% bubble ratio at 80psi and a flow of 8 LPM

				fma-A23-14		fma-A23-13		fma-A23-12		fma-A23-11		fma-A23-10		fma-A23-9		fma-A23-8

		turndown ratio		100 to 1		100 to 1		100 to 1		100 to 1		100 to 1		100 to 1		100 to 1

		max flow (LPM @atm)		35.00		30.00		25		20		15		10		5

		min flow (LPM@atm)		0.35		0.30		0.25		0.20		0.15		0.10		0.05

		max flow at 50 psig (LPM)		7.85		6.73		5.61		4.49		3.36		2.24		1.12

		min flow at 50 psig (LPM)		0.08		0.07		0.06		0.04		0.03		0.02		0.01

		max volumetric bubble % at 4 LPM flow		66.2487%		62.7205%		58.3686%		52.8663%		45.6882%		35.9308%		21.8998%

		min volumetric bubble % at 4 LPM flow		1.9251%		1.6546%		1.3826%		1.1092%		0.8342%		0.5577%		0.2796%





Sheet2

		high end range

				fma-A23-10

		turndown ratio		100 to 1

		max flow (LPM @atm)		15

		min flow (LPM@atm)		0.15

		max flow at 40 psig (LPM)		3.98

		min flow at 40 psig (LPM)		0.04

		max volumetric bubble % at 4 LPM flow		49.8919%

		min volumetric bubble % at 4 LPM flow		0.9859%

		air pressure		max flow		max bubble % at 4 LPM		max bubble % at 3 LPM		max bubble % at 5 LPM		max bubble % at 6 LPM

		40		3.9827396254		0.4989188941		0.5703692016		0.4433769419		0.3989625869

		41		3.9109267941		0.4943702421		0.5659048215		0.4388911372		0.3946075756

		42		3.8416578108		0.489903781		0.5615097856		0.4344951923		0.3903466148

		43		3.7747998608		0.4855173031		0.5571824908		0.430186434		0.3861766905

		44		3.7102292166		0.4812086791		0.5529213827		0.4259622938		0.382094916

		45		3.6478304743		0.4769758543		0.5487249545		0.4218203034		0.3780985253

		46		3.587495865		0.4728168461		0.5445917445		0.4177580894		0.374184867

		47		3.5291246339		0.4687297402		0.5405203349		0.4137733689		0.3703513984

		48		3.4726224784		0.464712688		0.53650935		0.4098639456		0.36659568

		49		3.41790104		0.4607639036		0.5325574543		0.406027705		0.3629153699

		50		3.3648774434		0.4568816615		0.5286633519		0.4022626113		0.3593082199

		51		3.3134738772		0.4530642938		0.524825784		0.3985667034		0.3557720697

		52		3.2636172134		0.4493101877		0.5210435284		0.3949380918		0.3523048436

		53		3.2152386599		0.4456177836		0.5173153978		0.3913749549		0.3489045459

		54		3.1682734443		0.4419855728		0.5136402387		0.3878755365		0.3455692572

		55		3.122660524		0.4384120952		0.51001693		0.3844381425		0.342297131

		56		3.0783423219		0.4348959378		0.5064443822		0.3810611384		0.3390863896

		57		3.0352644836		0.4314357322		0.5029215359		0.3777429467		0.335935322

		58		2.9933756555		0.4280301535		0.4994473611		0.3744820442		0.3328422797

		59		2.9526272802		0.4246779183		0.4960208562		0.3712769599		0.3298056747

		60		2.9129734085		0.421377783		0.4926410466		0.3681262729		0.3268239761

		61		2.8743705274		0.4181285422		0.4893069843		0.3650286099		0.3238957083

		62		2.8367773999		0.4149290278		0.4860177467		0.3619826435		0.3210194477

		63		2.8001549187		0.4117781068		0.4827724359		0.3589870904		0.318193821

		64		2.7644659699		0.4086746806		0.4795701778		0.3560407091		0.3154175028

		65		2.7296753083		0.4056176834		0.4764101212		0.3531422989		0.3126892137

		66		2.6957494407		0.4026060809		0.4732914375		0.3502906977		0.310007718

		67		2.6626565185		0.3996388694		0.4702133195		0.3474847805		0.3073718221

		68		2.6303662382		0.3967150748		0.4671749806		0.3447234584		0.3047803726

		69		2.5988497484		0.393833751		0.4641756549		0.3420056764		0.3022322548

		70		2.5680795643		0.3909939792		0.4612145956		0.339330413		0.2997263908

		71		2.5380294875		0.388194867		0.4582910751		0.3366966781		0.2972617383

		72		2.5086745316		0.3854355475		0.455404384		0.334103512		0.294837289

		73		2.479990853		0.382715178		0.4525538307		0.3315499847		0.292452067

		74		2.4519556862		0.3800329397		0.449738741		0.3290351942		0.290105128

		75		2.4245472837		0.3773880363		0.446958457		0.3265582656		0.2877955577

		76		2.3977448596		0.3747796938		0.4442123372		0.3241183503		0.2855224706

		77		2.3715285371		0.3722071593		0.4414997557		0.3217146247		0.283285009

		78		2.3458792992		0.3696697004		0.438820102		0.3193462898		0.281082342

		79		2.3207789429		0.3671666046		0.4361727799		0.3170125694		0.2789136641

		80		2.296210036		0.3646971786		0.433557208		0.3147127104		0.2767781946





Sheet3

				Low End Range

						fma-A23-10

				turndown ratio		100 to 1

				max flow (LPM @atm)		15

				min flow (LPM@atm)		0.15

				max flow at 40 psig (LPM)		3.98

				min flow at 40 psig (LPM)		0.04

				max volumetric bubble % at 4 LPM flow		49.8919%

				min volumetric bubble % at 4 LPM flow		0.9859%

				air pressure		min flow L/min		max bubble % at 4 LPM		max bubble % at 3 LPM		max bubble % at 5 LPM		max bubble % at 6 LPM

		40		275.7902916		0.0398273963		0.0098586876		0.0131018611		0.0079025318		0.0065941282

		41		282.68504889		0.0391092679		0.0096826467		0.0128686613		0.007761147		0.0064759994

		42		289.57980618		0.0384165781		0.0095127824		0.0126436179		0.0076247324		0.0063620285

		43		296.47456347		0.0377479986		0.0093487753		0.0124263101		0.0074930303		0.0062519997

		44		303.36932076		0.0371022922		0.0091903275		0.0122163459		0.0073658008		0.006145712

		45		310.26407805		0.0364783047		0.0090371611		0.0120133593		0.0072428198		0.0060429779

		46		317.15883534		0.0358749587		0.0088890164		0.011817008		0.007123878		0.0059436219

		47		324.05359263		0.0352912463		0.0087456504		0.011626972		0.0070087796		0.0058474802

		48		330.94834992		0.0347262248		0.0086068355		0.0114429514		0.0068973412		0.0057543994

		49		337.84310721		0.0341790104		0.0084723584		0.0112646651		0.0067893911		0.0056642354

		50		344.7378645		0.0336487744		0.0083420189		0.0110918491		0.006684768		0.0055768534

		51		351.63262179		0.0331347388		0.008215629		0.0109242555		0.0065833204		0.0054921264

		52		358.52737908		0.0326361721		0.0080930118		0.010761651		0.0064849059		0.0054099354

		53		365.42213637		0.0321523866		0.0079740009		0.0106038162		0.0063893905		0.0053301682

		54		372.31689366		0.0316827344		0.0078584394		0.0104505442		0.0062966479		0.005252719

		55		379.21165095		0.0312266052		0.0077461796		0.01030164		0.0062065591		0.0051774883

		56		386.10640824		0.0307834232		0.0076370819		0.0101569195		0.0061190118		0.0051043821

		57		393.00116553		0.0303526448		0.0075310147		0.0100162088		0.0060339		0.0050333118

		58		399.89592282		0.0299337566		0.0074278533		0.0098793436		0.0059511234		0.0049641933

		59		406.79068011		0.0295262728		0.0073274799		0.0097461683		0.0058705872		0.0048969474

		60		413.6854374		0.0291297341		0.0072297831		0.0096165357		0.0057922018		0.004831499

		61		420.58019469		0.0287437053		0.0071346572		0.0094903062		0.0057158819		0.0047677769

		62		427.47495198		0.028367774		0.007042002		0.0093673477		0.0056415472		0.0047057139

		63		434.36970927		0.0280015492		0.0069517225		0.0092475346		0.005569121		0.0046452459

		64		441.26446656		0.0276446597		0.0068637286		0.0091307478		0.0054985309		0.0045863121

		65		448.15922385		0.0272967531		0.0067779344		0.0090168739		0.0054297079		0.004528855

		66		455.05398114		0.0269574944		0.0066942585		0.0089058054		0.0053625865		0.0044728197

		67		461.94873843		0.0266265652		0.0066126234		0.0087974399		0.0052971043		0.0044181542

		68		468.84349572		0.0263036624		0.0065329554		0.0086916798		0.005233202		0.0043648087

		69		475.73825301		0.0259884975		0.0064551842		0.0085884323		0.0051708231		0.004312736

		70		482.6330103		0.0256807956		0.0063792429		0.008487609		0.0051099138		0.0042618911

		71		489.52776759		0.0253802949		0.0063050676		0.0083891255		0.0050504227		0.0042122312

		72		496.42252488		0.0250867453		0.0062325974		0.0082929011		0.0049923009		0.0041637152

		73		503.31728217		0.0247999085		0.0061617743		0.0081988592		0.0049355017		0.0041163041

		74		510.21203946		0.0245195569		0.0060925426		0.0081069262		0.0048799804		0.0040699605

		75		517.10679675		0.0242454728		0.0060248494		0.008017032		0.0048256943		0.0040246489

		76		524.00155404		0.0239774486		0.0059586439		0.0079291096		0.0047726028		0.0039803351

		77		530.89631133		0.0237152854		0.0058938776		0.0078430947		0.0047206667		0.0039369864

		78		537.79106862		0.023458793		0.0058305041		0.007758926		0.0046698488		0.0038945718

		79		544.68582591		0.0232077894		0.0057684789		0.0076765446		0.0046201134		0.0038530614

		80		551.5805832		0.0229621004		0.0057077596		0.0075958942		0.0045714262		0.0038124265
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Minimum Achievable 
Bubble Percentage
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4 LPM liquid flow
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5 LPM liquid flow

6 LPM liquid flow
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Chart8

		3.265		5.6		0.22		0.22		0.106		0.106

		2.80769021		5.56		0.195		0.195		0.098142		0.098142

		2.05833		5.43		0.21		0.21		0.16		0.16

		1.8		4.71042087		0.08		0.08		0.12		0.12

		1.7		4.4037		0.12		0.12		0.13		0.13

		1.663257		4.1404		0.07		0.07		0.16		0.16

		1.551423		3.89117924		0.1		0.1		0.03		0.03

		1.521287		3.854196373		0.24		0.24		0.07		0.07

		1.468532		2.9116		0.100477		0.100477		0.056		0.056

				2.7045278		0.067		0.067

				1.446846		0.07394		0.07394
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all data

		

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				final B%		percentage removed		Less than		Notes

		93				20		16		4		5.56		0.20		2.65		0.08		2.91				3.25%		0.14%		0.00%		0.00%		20.80%

		93				20		17		3		5.43		0.21		2.53		0.23		2.90				2.89%		0.28%		0.00%		0.00%		10.93%

		90				20		16		4		4.71		0.07		2.20		0.14		2.51		0.16		3.80%		0.82%		0.00%		0.00%		32.20%

		93				25		26		-1		4.40		0.02		2.12		0.03		2.28		0.03		3.15%		0.30%		0.00%		0.00%		18.29%

		93				20		16		4		4.14		0.07		1.88		0.03		2.26		0.076201		6.41%		0.50%		0.00%		0.00%		59.82%

		80		95		23		25		-2		3.89		0.10		1.86		0.03		2.04				7.67%		0.00%		0.00%		0.00%		66.46%

		83		100		19		19		0		3.85		0.24		1.89		0.04		1.96		0.05		5.47%		0.52%		0.00%		0.00%		52.91%

		77		100		20		16		4		3.27		0.06		1.93		0.05		1.34		0.08		10.14%		1.82%		1.34%		86.81%		74.62%

		70		90		20		17		3		2.91		0.10		1.60		0.08		1.31		0.13		12.89%		0.00%		0.00%		0.00%		80.02%		borderline

		60		80		20		14		6		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.57%		93.95%		72.50%

		70		87		20		24		-4		2.70		0.07		0.64		0.02		2.07		0.53		13.09%		0.00%		0.00%		0.00%		80.33%		delta P is off

		50		65		20		14		6		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		1.31%		89.50%		79.41%

		55		70		20		16		4		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.00%		0.00%		85.09%		high bubble percentage

		45		55		20		15		5		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.87%		91.52%		74.76%

		43		53		20		13		7		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		1.25%		91.67%		82.84%

		45		55		20		17		3		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.85%		94.70%		83.93%

		40		45		20		13		7		1.66		0.02		1.32		0.04		0.34		0.05		19.29%		4.68%		1.13%		94.13%		86.65%

		45		55		20		23		-3		1.56		0.03		0.26		0.02		1.30		0.06		3.28%		0.28%		0.00%		0.00%		21.52%

		45		55		20		15.5		4.5		1.55		0.03		1.13		0.05		0.42				1.66%		0.12%		1.81%		89.07%		-55.07%

		45		55		20		17		3		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		2.21%		87.51%		85.48%

		45		55		20		17.5		2.5		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		2.50%		86.33%		85.91%

		45		55		20		18.5		1		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.00%		0.00%		85.66%		delta P is off





low flow

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				final B%		percentage removed

		60		80		20		14		6		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.57%		93.95%

		70		87		20		24		-4		2.70		0.07		0.64		0.02		2.07		0.53		13.09%		0.00%		0.00%		0.00%		delta P is off

		50		65		20		14		6		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		1.31%		89.50%

		55		70		20		16		4		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.00%		0.00%		high bubble percentage

		45		55		20		15		5		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.87%		91.52%

		43		53		20		13		7		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		1.25%		91.67%

		45		55		20		17		3		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.85%		94.70%

		40		45		20		13		7		1.66		0.02		1.32		0.04		0.34		0.05		19.29%		4.68%		1.13%		94.13%

		45		55		20		23		-3		1.56		0.03		0.26		0.02		1.30		0.06		3.28%		0.28%		0.00%		0.00%

		45		55		20		15.5		4.5		1.55		0.03		1.13		0.05		0.42				1.66%		0.12%		1.81%		89.07%

		45		55		20		17		3		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		2.21%		87.51%

		45		55		20		17.5		2.5		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		2.50%		86.33%

		45		55		20		18.5		1		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.00%		0.00%		delta P is off
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adgf

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				incoming B% at ATM				final B%		percentage removed		less than

		93				20		20		0		5.6		0.22		2.4		0.02		3.2				3.02%		0.19		0.1970645784				0		0		86.94%

		93				20		16		27.57902916		5.56		0.20		2.65		0.08		2.91				3.25%		0.14%		0.2125769602				0.00%		0.00%		87.89%		0.00%

		93				20		18		13.78951458		5.43		0.21		2.53		0.23		2.90				2.89%		0.28%		0.188329214				0.00%		0.00%		86.33%		0.00%

		90				20		18		13.78951458		4.71		0.08		2.20		0.14		2.51		0.16		3.80%		0.82%		0.2416769172				0.00%		0.00%		89.35%		0.00%

		93				20		20		0		4.40		0.12		2.12		0.03		2.28		0.03		3.15%		0.30%		0.2058233933				0.00%		0.00%		87.49%		0.00%

		93				20		16		27.57902916		4.14		0.07		1.88		0.03		2.26		0.076201		6.41%		0.50%		0.4331227362				0.00%		0.00%		94.06%		0.00%

		80		95		20		20		0		3.89		0.10		1.86		0.03		2.04				7.67%		0.00%		0.4525026268				0.00%		0.00%		94.31%		0.00%

		83		100		20		18		13.78951458		3.85		0.24		1.89		0.04		1.96		0.05		5.47%		0.52%		0.3265518414				0.00%		0.00%		92.12%		0.00%

		77		100		20		16		27.57902916		3.27		0.11		1.93		0.05		1.34		0.08		10.14%		1.82%		0.5912390665				1.34%		97.73%				1.82%

		70		90		20		18		13.78951458		2.91		0.10		1.60		0.08		1.31		0.13		12.89%		0.00%		0.7045528769				0.00%		0.00%		96.35%		0.00%		borderline

		60		80		20		14		41.36854374		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.4216633303				0.57%		98.66%				1.10%

		70		87		20		20		0		2.70		0.07		0.64		0.02		2.07		0.53		12.09%		0.00%		0.6548654182				0.00%		0.00%		96.07%		0.00%		delta P is off

		50		65		20		14		41.36854374		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		0.4860409052				1.31%		97.30%				1.92%

		55		70		20		16		27.57902916		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.780708344				0.00%		0.00%		96.70%		0.00%		high bubble percentage

		45		55		20		15		34.47378645		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.3478061088				0.87%		97.51%				0.80%

		43		53		20		13		48.26330103		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		0.5163469852				1.25%		97.58%				0.89%

		45		55		21		15		41.36854374		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.5839131738				0.85%		98.55%				6.10%

		45		55		20		15.5		31.026407805		1.55		0.03		1.13		0.05		0.42				16.59%		0.12%		0.6090341361				1.81%		97.02%				0.12%

		45		55		20		17		20.68427187		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		0.6599037689				2.21%		96.65%				1.80%

		45		55		20		17.5		17.236893225		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		0.6842889474				2.50%		96.35%				4.95%

		45		55		20		18.5		10.342135935		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.6700790244				0.00%		0.00%		96.16%		0.00%		delta P is off
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Sheet1

		need at least 21.83 LPM @20 psi for a 50% bubble ratio at 80psi and a flow of 8 LPM

				fma-A23-14		fma-A23-13		fma-A23-12		fma-A23-11		fma-A23-10		fma-A23-9		fma-A23-8

		turndown ratio		100 to 1		100 to 1		100 to 1		100 to 1		100 to 1		100 to 1		100 to 1

		max flow (LPM @atm)		35.00		30.00		25		20		15		10		5

		min flow (LPM@atm)		0.35		0.30		0.25		0.20		0.15		0.10		0.05

		max flow at 50 psig (LPM)		7.85		6.73		5.61		4.49		3.36		2.24		1.12

		min flow at 50 psig (LPM)		0.08		0.07		0.06		0.04		0.03		0.02		0.01

		max volumetric bubble % at 4 LPM flow		66.2487%		62.7205%		58.3686%		52.8663%		45.6882%		35.9308%		21.8998%

		min volumetric bubble % at 4 LPM flow		1.9251%		1.6546%		1.3826%		1.1092%		0.8342%		0.5577%		0.2796%





Sheet2

		high end range

				fma-A23-10

		turndown ratio		100 to 1

		max flow (LPM @atm)		15

		min flow (LPM@atm)		0.15

		max flow at 40 psig (LPM)		3.98

		min flow at 40 psig (LPM)		0.04

		max volumetric bubble % at 4 LPM flow		49.8919%

		min volumetric bubble % at 4 LPM flow		0.9859%

		air pressure		max flow		max bubble % at 4 LPM		max bubble % at 3 LPM		max bubble % at 5 LPM		max bubble % at 6 LPM

		40		3.9827396254		0.4989188941		0.5703692016		0.4433769419		0.3989625869

		41		3.9109267941		0.4943702421		0.5659048215		0.4388911372		0.3946075756

		42		3.8416578108		0.489903781		0.5615097856		0.4344951923		0.3903466148

		43		3.7747998608		0.4855173031		0.5571824908		0.430186434		0.3861766905

		44		3.7102292166		0.4812086791		0.5529213827		0.4259622938		0.382094916

		45		3.6478304743		0.4769758543		0.5487249545		0.4218203034		0.3780985253

		46		3.587495865		0.4728168461		0.5445917445		0.4177580894		0.374184867

		47		3.5291246339		0.4687297402		0.5405203349		0.4137733689		0.3703513984

		48		3.4726224784		0.464712688		0.53650935		0.4098639456		0.36659568

		49		3.41790104		0.4607639036		0.5325574543		0.406027705		0.3629153699

		50		3.3648774434		0.4568816615		0.5286633519		0.4022626113		0.3593082199

		51		3.3134738772		0.4530642938		0.524825784		0.3985667034		0.3557720697

		52		3.2636172134		0.4493101877		0.5210435284		0.3949380918		0.3523048436

		53		3.2152386599		0.4456177836		0.5173153978		0.3913749549		0.3489045459

		54		3.1682734443		0.4419855728		0.5136402387		0.3878755365		0.3455692572

		55		3.122660524		0.4384120952		0.51001693		0.3844381425		0.342297131

		56		3.0783423219		0.4348959378		0.5064443822		0.3810611384		0.3390863896

		57		3.0352644836		0.4314357322		0.5029215359		0.3777429467		0.335935322

		58		2.9933756555		0.4280301535		0.4994473611		0.3744820442		0.3328422797

		59		2.9526272802		0.4246779183		0.4960208562		0.3712769599		0.3298056747

		60		2.9129734085		0.421377783		0.4926410466		0.3681262729		0.3268239761

		61		2.8743705274		0.4181285422		0.4893069843		0.3650286099		0.3238957083

		62		2.8367773999		0.4149290278		0.4860177467		0.3619826435		0.3210194477

		63		2.8001549187		0.4117781068		0.4827724359		0.3589870904		0.318193821

		64		2.7644659699		0.4086746806		0.4795701778		0.3560407091		0.3154175028

		65		2.7296753083		0.4056176834		0.4764101212		0.3531422989		0.3126892137

		66		2.6957494407		0.4026060809		0.4732914375		0.3502906977		0.310007718

		67		2.6626565185		0.3996388694		0.4702133195		0.3474847805		0.3073718221

		68		2.6303662382		0.3967150748		0.4671749806		0.3447234584		0.3047803726

		69		2.5988497484		0.393833751		0.4641756549		0.3420056764		0.3022322548

		70		2.5680795643		0.3909939792		0.4612145956		0.339330413		0.2997263908

		71		2.5380294875		0.388194867		0.4582910751		0.3366966781		0.2972617383

		72		2.5086745316		0.3854355475		0.455404384		0.334103512		0.294837289

		73		2.479990853		0.382715178		0.4525538307		0.3315499847		0.292452067

		74		2.4519556862		0.3800329397		0.449738741		0.3290351942		0.290105128

		75		2.4245472837		0.3773880363		0.446958457		0.3265582656		0.2877955577

		76		2.3977448596		0.3747796938		0.4442123372		0.3241183503		0.2855224706

		77		2.3715285371		0.3722071593		0.4414997557		0.3217146247		0.283285009

		78		2.3458792992		0.3696697004		0.438820102		0.3193462898		0.281082342

		79		2.3207789429		0.3671666046		0.4361727799		0.3170125694		0.2789136641

		80		2.296210036		0.3646971786		0.433557208		0.3147127104		0.2767781946





Sheet3

				Low End Range

						fma-A23-10

				turndown ratio		100 to 1

				max flow (LPM @atm)		15

				min flow (LPM@atm)		0.15

				max flow at 40 psig (LPM)		3.98

				min flow at 40 psig (LPM)		0.04

				max volumetric bubble % at 4 LPM flow		49.8919%

				min volumetric bubble % at 4 LPM flow		0.9859%

				air pressure		min flow L/min		max bubble % at 4 LPM		max bubble % at 3 LPM		max bubble % at 5 LPM		max bubble % at 6 LPM

		40		275.7902916		0.0398273963		0.0098586876		0.0131018611		0.0079025318		0.0065941282

		41		282.68504889		0.0391092679		0.0096826467		0.0128686613		0.007761147		0.0064759994

		42		289.57980618		0.0384165781		0.0095127824		0.0126436179		0.0076247324		0.0063620285

		43		296.47456347		0.0377479986		0.0093487753		0.0124263101		0.0074930303		0.0062519997

		44		303.36932076		0.0371022922		0.0091903275		0.0122163459		0.0073658008		0.006145712

		45		310.26407805		0.0364783047		0.0090371611		0.0120133593		0.0072428198		0.0060429779

		46		317.15883534		0.0358749587		0.0088890164		0.011817008		0.007123878		0.0059436219

		47		324.05359263		0.0352912463		0.0087456504		0.011626972		0.0070087796		0.0058474802

		48		330.94834992		0.0347262248		0.0086068355		0.0114429514		0.0068973412		0.0057543994

		49		337.84310721		0.0341790104		0.0084723584		0.0112646651		0.0067893911		0.0056642354

		50		344.7378645		0.0336487744		0.0083420189		0.0110918491		0.006684768		0.0055768534

		51		351.63262179		0.0331347388		0.008215629		0.0109242555		0.0065833204		0.0054921264

		52		358.52737908		0.0326361721		0.0080930118		0.010761651		0.0064849059		0.0054099354

		53		365.42213637		0.0321523866		0.0079740009		0.0106038162		0.0063893905		0.0053301682

		54		372.31689366		0.0316827344		0.0078584394		0.0104505442		0.0062966479		0.005252719

		55		379.21165095		0.0312266052		0.0077461796		0.01030164		0.0062065591		0.0051774883

		56		386.10640824		0.0307834232		0.0076370819		0.0101569195		0.0061190118		0.0051043821

		57		393.00116553		0.0303526448		0.0075310147		0.0100162088		0.0060339		0.0050333118

		58		399.89592282		0.0299337566		0.0074278533		0.0098793436		0.0059511234		0.0049641933

		59		406.79068011		0.0295262728		0.0073274799		0.0097461683		0.0058705872		0.0048969474

		60		413.6854374		0.0291297341		0.0072297831		0.0096165357		0.0057922018		0.004831499

		61		420.58019469		0.0287437053		0.0071346572		0.0094903062		0.0057158819		0.0047677769

		62		427.47495198		0.028367774		0.007042002		0.0093673477		0.0056415472		0.0047057139

		63		434.36970927		0.0280015492		0.0069517225		0.0092475346		0.005569121		0.0046452459

		64		441.26446656		0.0276446597		0.0068637286		0.0091307478		0.0054985309		0.0045863121

		65		448.15922385		0.0272967531		0.0067779344		0.0090168739		0.0054297079		0.004528855

		66		455.05398114		0.0269574944		0.0066942585		0.0089058054		0.0053625865		0.0044728197

		67		461.94873843		0.0266265652		0.0066126234		0.0087974399		0.0052971043		0.0044181542

		68		468.84349572		0.0263036624		0.0065329554		0.0086916798		0.005233202		0.0043648087

		69		475.73825301		0.0259884975		0.0064551842		0.0085884323		0.0051708231		0.004312736

		70		482.6330103		0.0256807956		0.0063792429		0.008487609		0.0051099138		0.0042618911

		71		489.52776759		0.0253802949		0.0063050676		0.0083891255		0.0050504227		0.0042122312

		72		496.42252488		0.0250867453		0.0062325974		0.0082929011		0.0049923009		0.0041637152

		73		503.31728217		0.0247999085		0.0061617743		0.0081988592		0.0049355017		0.0041163041

		74		510.21203946		0.0245195569		0.0060925426		0.0081069262		0.0048799804		0.0040699605

		75		517.10679675		0.0242454728		0.0060248494		0.008017032		0.0048256943		0.0040246489

		76		524.00155404		0.0239774486		0.0059586439		0.0079291096		0.0047726028		0.0039803351

		77		530.89631133		0.0237152854		0.0058938776		0.0078430947		0.0047206667		0.0039369864

		78		537.79106862		0.023458793		0.0058305041		0.007758926		0.0046698488		0.0038945718

		79		544.68582591		0.0232077894		0.0057684789		0.0076765446		0.0046201134		0.0038530614

		80		551.5805832		0.0229621004		0.0057077596		0.0075958942		0.0045714262		0.0038124265
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Bubble Percentage
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0.4728168461

0.5445917445
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0.374184867

0.4687297402

0.5405203349

0.4137733689

0.3703513984

0.464712688
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0.36659568
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0.4764101212
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0.4702133195
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0.3022322548
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Maximum Achievable 
Bubble Percentage
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Bubble Removal Efficiency
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several days

		height		time

		200		0

		194		7

		184		10

		175		13

		171		16
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		160
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all data

		

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				final B%		percentage removed		Less than		Notes

		93				20		16		4		5.56		0.20		2.65		0.08		2.91				3.25%		0.14%		0.00%		0.00%		20.80%

		93				20		17		3		5.43		0.21		2.53		0.23		2.90				2.89%		0.28%		0.00%		0.00%		10.93%

		90				20		16		4		4.71		0.07		2.20		0.14		2.51		0.16		3.80%		0.82%		0.00%		0.00%		32.20%

		93				25		26		-1		4.40		0.02		2.12		0.03		2.28		0.03		3.15%		0.30%		0.00%		0.00%		18.29%

		93				20		16		4		4.14		0.07		1.88		0.03		2.26		0.076201		6.41%		0.50%		0.00%		0.00%		59.82%

		80		95		23		25		-2		3.89		0.10		1.86		0.03		2.04				7.67%		0.00%		0.00%		0.00%		66.46%

		83		100		19		19		0		3.85		0.24		1.89		0.04		1.96		0.05		5.47%		0.52%		0.00%		0.00%		52.91%

		77		100		20		16		4		3.27		0.06		1.93		0.05		1.34		0.08		10.14%		1.82%		1.34%		86.81%		74.62%

		70		90		20		17		3		2.91		0.10		1.60		0.08		1.31		0.13		12.89%		0.00%		0.00%		0.00%		80.02%		borderline

		60		80		20		14		6		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.57%		93.95%		72.50%

		70		87		20		24		-4		2.70		0.07		0.64		0.02		2.07		0.53		13.09%		0.00%		0.00%		0.00%		80.33%		delta P is off

		50		65		20		14		6		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		1.31%		89.50%		79.41%

		55		70		20		16		4		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.00%		0.00%		85.09%		high bubble percentage

		45		55		20		15		5		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.87%		91.52%		74.76%

		43		53		20		13		7		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		1.25%		91.67%		82.84%

		45		55		20		17		3		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.85%		94.70%		83.93%

		40		45		20		13		7		1.66		0.02		1.32		0.04		0.34		0.05		19.29%		4.68%		1.13%		94.13%		86.65%

		45		55		20		23		-3		1.56		0.03		0.26		0.02		1.30		0.06		3.28%		0.28%		0.00%		0.00%		21.52%

		45		55		20		15.5		4.5		1.55		0.03		1.13		0.05		0.42				1.66%		0.12%		1.81%		89.07%		-55.07%

		45		55		20		17		3		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		2.21%		87.51%		85.48%

		45		55		20		17.5		2.5		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		2.50%		86.33%		85.91%

		45		55		20		18.5		1		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.00%		0.00%		85.66%		delta P is off





low flow

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				final B%		percentage removed

		60		80		20		14		6		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.57%		93.95%

		70		87		20		24		-4		2.70		0.07		0.64		0.02		2.07		0.53		13.09%		0.00%		0.00%		0.00%		delta P is off

		50		65		20		14		6		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		1.31%		89.50%

		55		70		20		16		4		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.00%		0.00%		high bubble percentage

		45		55		20		15		5		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.87%		91.52%

		43		53		20		13		7		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		1.25%		91.67%

		45		55		20		17		3		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.85%		94.70%

		40		45		20		13		7		1.66		0.02		1.32		0.04		0.34		0.05		19.29%		4.68%		1.13%		94.13%

		45		55		20		23		-3		1.56		0.03		0.26		0.02		1.30		0.06		3.28%		0.28%		0.00%		0.00%

		45		55		20		15.5		4.5		1.55		0.03		1.13		0.05		0.42				1.66%		0.12%		1.81%		89.07%

		45		55		20		17		3		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		2.21%		87.51%

		45		55		20		17.5		2.5		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		2.50%		86.33%

		45		55		20		18.5		1		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.00%		0.00%		delta P is off
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all flow data
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flow rate (LPM)
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adgf

		air pressure		fluid pressure		ouflow pressure		vent pressure		difference in vent and outflow		flow in				drain				Fluid flow out				incoming B%				incoming B% at ATM				final B%		percentage removed		less than

		93				20		20		0		5.6		0.22		2.4		0.02		3.2				3.02%		0.19		0.1970645784				0		0		86.94%

		93				20		16		27.57902916		5.56		0.20		2.65		0.08		2.91				3.25%		0.14%		0.2125769602				0.00%		0.00%		87.89%		0.00%

		93				20		18		13.78951458		5.43		0.21		2.53		0.23		2.90				2.89%		0.28%		0.188329214				0.00%		0.00%		86.33%		0.00%

		90				20		18		13.78951458		4.71		0.08		2.20		0.14		2.51		0.16		3.80%		0.82%		0.2416769172				0.00%		0.00%		89.35%		0.00%

		93				20		20		0		4.40		0.12		2.12		0.03		2.28		0.03		3.15%		0.30%		0.2058233933				0.00%		0.00%		87.49%		0.00%

		93				20		16		27.57902916		4.14		0.07		1.88		0.03		2.26		0.076201		6.41%		0.50%		0.4331227362				0.00%		0.00%		94.06%		0.00%

		80		95		20		20		0		3.89		0.10		1.86		0.03		2.04				7.67%		0.00%		0.4525026268				0.00%		0.00%		94.31%		0.00%

		83		100		20		18		13.78951458		3.85		0.24		1.89		0.04		1.96		0.05		5.47%		0.52%		0.3265518414				0.00%		0.00%		92.12%		0.00%

		77		100		20		16		27.57902916		3.27		0.11		1.93		0.05		1.34		0.08		10.14%		1.82%		0.5912390665				1.34%		97.73%				1.82%

		70		90		20		18		13.78951458		2.91		0.10		1.60		0.08		1.31		0.13		12.89%		0.00%		0.7045528769				0.00%		0.00%		96.35%		0.00%		borderline

		60		80		20		14		41.36854374		2.81		0.10		1.92		0.04		0.89		0.11		9.36%		1.10%		0.4216633303				0.57%		98.66%				1.10%

		70		87		20		20		0		2.70		0.07		0.64		0.02		2.07		0.53		12.09%		0.00%		0.6548654182				0.00%		0.00%		96.07%		0.00%		delta P is off

		50		65		20		14		41.36854374		2.06		0.16		1.52		0.17		0.54		0.23		12.50%		1.92%		0.4860409052				1.31%		97.30%				1.92%

		55		70		20		16		27.57902916		2.04		0.07		1.36		0.04		0.68		0.08		17.26%		0.00%		0.780708344				0.00%		0.00%		96.70%		0.00%		high bubble percentage

		45		55		20		15		34.47378645		1.80		0.12		1.30		0.12		0.50				10.20%		0.80%		0.3478061088				0.87%		97.51%				0.80%

		43		53		20		13		48.26330103		1.70		0.13		1.36		0.12		0.34		0.12		15.00%		0.89%		0.5163469852				1.25%		97.58%				0.89%

		45		55		21		15		41.36854374		1.66		0.16		1.43		0.16		0.23		0.05		16.02%		6.10%		0.5839131738				0.85%		98.55%				6.10%

		45		55		20		15.5		31.026407805		1.55		0.03		1.13		0.05		0.42				16.59%		0.12%		0.6090341361				1.81%		97.02%				0.12%

		45		55		20		17		20.68427187		1.52		0.07		0.97		0.06		0.55		0.10		17.73%		1.80%		0.6599037689				2.21%		96.65%				1.80%

		45		55		20		17.5		17.236893225		1.47		0.06		1.00		0.06		0.47		0.09		18.27%		4.95%		0.6842889474				2.50%		96.35%				4.95%

		45		55		20		18.5		10.342135935		1.45		0.07		0.74		0.05		0.71		0.09		17.95%		0.87%		0.6700790244				0.00%		0.00%		96.16%		0.00%		delta P is off





adgf

		0		0		0.22		0.22		0.106		0.106

		0		0		0.195		0.195		0.098142		0.098142

		0		0		0.21		0.21		0.16		0.16

		0		0		0.08		0.08		0.12		0.12

		0		0		0.12		0.12		0.13		0.13

		0		0		0.07		0.07		0.16		0.16

		0		0		0.1		0.1		0.03		0.03

		0		0		0.24		0.24		0.07		0.07

		0		0		0.100477		0.100477		0.056		0.056

				0		0.067		0.067

				0		0.07394		0.07394
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Different in Outflow and Vent Pressure (kPa)
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Sheet1

		Changing ratio of DO		Percentage of dissovled oxygen		Time [min]

		1		7.55%		0

		0.85		6.42%		10

		0.76		5.74%		15

		0.74		5.59%		20

		pass		time		incoming bubble %		outgoing bubble %		% bubbles removed that pass

		0		0.00				7.55%

		1		1.33				7.5000

		2		2.67

		3		4.00

		4		5.33

		5		6.67

		6		8.00

		7		9.33				6.42%		2.00%		7.55% to 6.42%

		8		10.67				3.7500

		9		12.00

		10		13.33

		11		14.67				5.74%		2.82%		6.42% to 5.74%

		12		16.00				3.7500

		13		17.33

		14		18.67

		15		20.00				5.59%		0.70%		5.74% to 5.59%
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rise vs size

		viscocity (mm^2/s)		34

		viscocity (m^2/s)		0.000034

		g		9.8

		raduis (m)		varies

		radius (m)		radius (mm)		V (m/s)		V (cm/s)

		0.000001		0.001		0.0000000071		0.0000007117

		0.000011		0.011		0.0000008611		0.0000861147

		0.000021		0.021		0.0000031386		0.0003138562

		0.000031		0.031		0.0000068394		0.0006839361

		0.000041		0.041		0.0000119635		0.0011963544

		0.000051		0.051		0.0000185111		0.0018511111

		0.000061		0.061		0.0000264821		0.0026482062

		0.000071		0.071		0.0000358764		0.0035876398

		0.000081		0.081		0.0000466941		0.0046694118

		0.000091		0.091		0.0000589352		0.0058935221

		0.000101		0.101		0.0000725997		0.007259971

		0.000111		0.111		0.0000876876		0.0087687582

		0.000121		0.121		0.0001041988		0.0104198838

		0.000131		0.131		0.0001221335		0.0122133479

		0.000141		0.141		0.0001414915		0.0141491503

		0.000151		0.151		0.0001622729		0.0162272912

		0.000161		0.161		0.0001844777		0.0184477705

		0.000171		0.171		0.0002081059		0.0208105882

		0.000181		0.181		0.0002331574		0.0233157444

		0.000191		0.191		0.0002596324		0.0259632389

		0.000201		0.201		0.0002875307		0.0287530719

		0.000211		0.211		0.0003168524		0.0316852433

		0.000221		0.221		0.0003475975		0.0347597531

		0.000231		0.231		0.000379766		0.0379766013

		0.000241		0.241		0.0004133579		0.0413357879

		0.000251		0.251		0.0004483731		0.044837313

		0.000261		0.261		0.0004848118		0.0484811765

		0.000271		0.271		0.0005226738		0.0522673784

		0.000281		0.281		0.0005619592		0.0561959187

		0.000291		0.291		0.000602668		0.0602667974

		0.000301		0.301		0.0006448001		0.0644800145

		0.000311		0.311		0.0006883557		0.0688355701

		0.000321		0.321		0.0007333346		0.0733334641

		0.000331		0.331		0.000779737		0.0779736964

		0.000341		0.341		0.0008275627		0.0827562672

		0.000351		0.351		0.0008768118		0.0876811765

		0.000361		0.361		0.0009274842		0.0927484241

		0.000371		0.371		0.0009795801		0.0979580102

		0.000381		0.381		0.0010330993		0.1033099346

		0.000391		0.391		0.001088042		0.1088041975

		0.0004		0.4		0.0011387073		0.1138707335

		0.00041		0.41		0.0011963544		0.1196354394

		0.00042		0.42		0.0012554248		0.1255424837

		0.00043		0.43		0.0013159187		0.1315918664

		0.00044		0.44		0.0013778359		0.1377835875

		0.00045		0.45		0.0014411765		0.1441176471

		0.00046		0.46		0.0015059405		0.150594045

		0.00047		0.47		0.0015721278		0.1572127814

		0.00048		0.48		0.0016397386		0.1639738562

		0.00049		0.49		0.0017087727		0.1708772694

		0.0005		0.5		0.0017792302		0.1779230211

		0.00051		0.51		0.0018511111		0.1851111111

		0.00052		0.52		0.0019244154		0.1924415396

		0.00053		0.53		0.0019991431		0.1999143065

		0.00054		0.54		0.0020752941		0.2075294118

		0.00055		0.55		0.0021528686		0.2152868555

		0.00056		0.56		0.0022318664		0.2231866376

		0.00057		0.57		0.0023122876		0.2312287582

		0.00058		0.58		0.0023941322		0.2394132171

		0.00059		0.59		0.0024774001		0.2477400145

		0.0006		0.6		0.0025620915		0.2562091503

		0.00061		0.61		0.0026482062		0.2648206245

		0.00062		0.62		0.0027357444		0.2735744372

		0.00063		0.63		0.0028247059		0.2824705882

		0.00064		0.64		0.0029150908		0.2915090777

		0.00065		0.65		0.0030068991		0.3006899056

		0.00066		0.66		0.0031001307		0.3100130719

		0.00067		0.67		0.0031947858		0.3194785766

		0.00068		0.68		0.0032908642		0.3290864198

		0.00069		0.69		0.003388366		0.3388366013

		0.0007		0.7		0.0034872912		0.3487291213

		0.00071		0.71		0.0035876398		0.3587639797

		0.00072		0.72		0.0036894118		0.3689411765

		0.00073		0.73		0.0037926071		0.3792607117

		0.00074		0.74		0.0038972259		0.3897225853

		0.00075		0.75		0.004003268		0.4003267974

		0.00076		0.76		0.0041107335		0.4110733479

		0.00077		0.77		0.0042196224		0.4219622367

		0.00078		0.78		0.0043299346		0.4329934641

		0.00079		0.79		0.0044416703		0.4441670298

		0.0008		0.8		0.0045548293		0.4554829339

		0.00081		0.81		0.0046694118		0.4669411765

		0.00082		0.82		0.0047854176		0.4785417574

		0.00083		0.83		0.0049028468		0.4902846768

		0.00084		0.84		0.0050216993		0.5021699346

		0.00085		0.85		0.0051419753		0.5141975309

		0.00086		0.86		0.0052636747		0.5263674655

		0.00087		0.87		0.0053867974		0.5386797386

		0.00088		0.88		0.0055113435		0.55113435

		0.00089		0.89		0.005637313		0.5637312999

		0.0009		0.9		0.0057647059		0.5764705882

		0.00091		0.91		0.0058935221		0.589352215

		0.00092		0.92		0.0060237618		0.6023761801

		0.00093		0.93		0.0061554248		0.6155424837

		0.00094		0.94		0.0062885113		0.6288511256

		0.00095		0.95		0.0064230211		0.642302106

		0.00096		0.96		0.0065589542		0.6558954248

		0.00097		0.97		0.0066963108		0.6696310821

		0.00098		0.98		0.0068350908		0.6835090777

		0.00099		0.99		0.0069752941		0.6975294118
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Sheet2

		mRT/pi		0

		radius (m)		radius (mm)		V (m/s)		V (cm/s)		P (atm)

		0.0004		0.4		0.0011387073		0.1138707335		1

						0.0011463625		0.1146362546		0.99

						0.0011541477		0.1154147728		0.98

						0.0011620664		0.1162066447		0.97

						0.0011701224		0.1170122408		0.96

						0.0011783195		0.1178319454		0.95

						0.0011866616		0.1186661582		0.94

						0.0011951529		0.1195152944		0.93

						0.0012037979		0.1203797859		0.92

						0.0012126008		0.1212600817		0.91

						0.0012215665		0.1221566493		0.9

						0.0012306998		0.1230699754		0.89

						0.0012400057		0.1240005667		0.88

						0.0012494895		0.1249489516		0.87

						0.0012591568		0.1259156806		0.86

						0.0012690133		0.1269013282		0.85

						0.0012790649		0.1279064938		0.84

						0.001289318		0.1289318032		0.83

						0.0012997791		0.1299779101		0.82

						0.001310455		0.131045498		0.81

						0.0013213528		0.1321352812		0.8

						0.0013324801		0.1332480076		0.79

						0.0013438446		0.1343844597		0.78

						0.0013554546		0.1355454576		0.77

						0.0013673186		0.1367318605		0.76

						0.0013794457		0.1379445698		0.75

						0.0013918453		0.1391845314		0.74

						0.0014045274		0.1404527385		0.73

						0.0014175023		0.1417502349		0.72

						0.0014307812		0.143078118		0.71

						0.0014443754		0.1444375428		0.7

						0.0014582973		0.1458297253		0.69

						0.0014725595		0.147255947		0.68

						0.0014871756		0.1487175594		0.67

						0.0015021599		0.1502159889		0.66

						0.0015175274		0.151752742		0.65

						0.0015332941		0.1533294115		0.64

						0.0015494768		0.1549476825		0.63

						0.0015660934		0.1566093397		0.62

						0.0015831627		0.1583162745		0.61

						0.0016007049		0.1600704937		0.6

						0.0016187413		0.1618741286		0.59

						0.0016372944		0.1637294448		0.58

						0.0016563885		0.1656388529		0.57

						0.0016760492		0.1676049214		0.56

						0.0016963039		0.1696303892		0.55

						0.0017171818		0.1717181805		0.54

						0.0017387142		0.1738714216		0.53

						0.0017609346		0.1760934582		0.52

						0.0017838788		0.1783878758		0.51

						0.0018075852		0.1807585221		0.5

						0.0018320953		0.1832095317		0.49

						0.0018574535		0.1857453541		0.48

						0.0018837078		0.1883707844		0.47

						0.00191091		0.1910909988		0.46

						0.0019391159		0.1939115936		0.45

						0.0019683863		0.19683863		0.44

						0.0019987868		0.1998786838		0.43

						0.002030389		0.2030389028		0.42

						0.0020632707		0.2063270713		0.41

						0.0020975168		0.2097516845		0.4

						0.0021332203		0.2133220327		0.39

						0.002170483		0.2170482992		0.38

						0.0022094167		0.2209416716		0.37

						0.0022501447		0.2250144719		0.36

						0.0022928031		0.2292803073		0.35

						0.0023375425		0.2337542452		0.34

						0.0023845302		0.2384530187		0.33

						0.0024339527		0.2433952691		0.32

						0.0024860183		0.2486018306		0.31

						0.0025409607		0.2540960701		0.3

						0.0025990429		0.2599042929		0.29

						0.0026605623		0.2660562286		0.28

						0.0027258562		0.2725856204		0.27

						0.0027953094		0.2795309407		0.26

						0.0028693627		0.2869362682		0.25

						0.0029485237		0.2948523705		0.24

						0.0030333805		0.3033380524		0.23

						0.0031246185		0.3124618484		0.22

						0.0032230417		0.3223041679		0.21

						0.0033296004		0.3329600446		0.2

						0.003445427		0.3445426985		0.19

						0.0035718821		0.3571882095		0.18

						0.0037106173		0.3710617347		0.17

						0.0038636591		0.3863659062		0.16

						0.0040335237		0.403352369		0.15

						0.0042233794		0.4223379371		0.14

						0.0044372771		0.4437277094		0.13

						0.0046804896		0.468048963		0.12

						0.0049600227		0.4960022668		0.11

						0.0052854112		0.528541125		0.1

						0.0056700094		0.5670009394		0.09

						0.0061331765		0.613317646		0.08

						0.0067041969		0.6704196857		0.07

						0.0074298142		0.7429814163		0.06

						0.0083900674		0.8390067378		0.05

						0.0097358108		0.9735810764		0.04

						0.0117940948		1.1794094818		0.03

						0.0154546362		1.5454636248		0.02

						0.0245327058		2.4532705839		0.01

						0.0263178523		2.6317852292		0.009

						0.0284676834		2.846768337		0.008

						0.0311181253		3.1118125268		0.007

						0.0344861425		3.4486142454		0.006

						0.0389432431		3.8943243056		0.005

						0.0451896305		4.5189630528		0.004
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Sheet3

		A		84291

		b		0.025

		C		0.0000074678

		radius (m)		radius (mm)		V (m/s)		V (cm/s)		T (K)		T(c)								313		34

		0.0004		0.4		0.0011387073		0.1138707335												373		7.6

						0.0011387073		0.1138707335		313		40

						0.0006089691		0.0608969065		290		17

						0.0006258197		0.0625819735		291		18

						0.0006431316		0.0643131613		292		19

						0.0006609172		0.0660917217		293		20

						0.0006791894		0.0679189403		294		21

						0.0006979614		0.0697961371		295		22

						0.0007172467		0.0717246678		296		23

						0.0007370592		0.0737059248		297		24

						0.0007574134		0.0757413378		298		25

						0.0007783238		0.0778323751		299		26

						0.0007998054		0.0799805445		300		27

						0.0008218739		0.0821873944		301		28

						0.0008445452		0.0844545151		302		29

						0.0008678354		0.0867835393		303		30

						0.0008917614		0.0891761442		304		31

						0.0009163405		0.0916340517		305		32

						0.0009415903		0.0941590301		306		33

						0.000967529		0.0967528955		307		34

						0.0009941751		0.0994175128		308		35

						0.001021548		0.1021547969		309		36

						0.0010496671		0.1049667143		310		37

						0.0010785528		0.1078552844		311		38

						0.0011082258		0.110822581		312		39

						0.0011387073		0.1138707335		313		40

						0.0011700193		0.1170019286		314		41

						0.0012021841		0.1202184118		315		42

						0.0012352249		0.123522489		316		43

						0.0012691653		0.126916528		317		44

						0.0013040296		0.1304029601		318		45

						0.0013398428		0.1339842822		319		46

						0.0013766306		0.1376630581		320		47

						0.0014144192		0.1414419204		321		48

						0.0014532357		0.1453235726		322		49

						0.0014931079		0.1493107906		323		50

						0.0015340642		0.1534064249		324		51

						0.001576134		0.1576134027		325		52

						0.0016193473		0.1619347293		326		53

						0.0016637349		0.1663734913		327		54

						0.0017093286		0.1709328575		328		55

						0.0017561608		0.1756160823		329		56

						0.0018042651		0.1804265069		330		57

						0.0018536756		0.1853675625		331		58

						0.0019044277		0.1904427721		332		59

						0.0019565575		0.1956557533		333		60

						0.0020101022		0.2010102208		334		61

						0.0020650999		0.2065099886		335		62

						0.0021215897		0.2121589733		336		63

						0.002179612		0.2179611962		337		64

						0.0022392079		0.2239207866		338		65

						0.0023004198		0.2300419843		339		66

						0.0023632914		0.2363291428		340		67

						0.0024278673		0.2427867322		341		68

						0.0024941934		0.2494193424		342		69

						0.0025623169		0.2562316862		343		70

						0.002632286		0.2632286026		344		71

						0.0027041506		0.2704150603		345		72

						0.0027779616		0.2777961611		346		73

						0.0028537714		0.2853771431		347		74

						0.0029316338		0.2931633848		348		75

						0.0030116041		0.3011604089		349		76

						0.0030937389		0.3093738855		350		77

						0.0031780964		0.3178096367		351		78

						0.0032647364		0.3264736404		352		79

						0.0033537203		0.3353720343		353		80

						0.0034451112		0.3445111204		354		81

						0.0035389737		0.3538973694		355		82

						0.0036353742		0.3635374248		356		83

						0.0037343811		0.3734381079		357		84

						0.0038360642		0.3836064224		358		85

						0.0039404956		0.3940495595		359		86

						0.004047749		0.4047749022		360		87

						0.0041579003		0.4157900312		361		88

						0.0042710273		0.4271027297		362		89

						0.0043872099		0.438720989		363		90

						0.0045065301		0.4506530139		364		91

						0.0046290723		0.4629072285		365		92

						0.0047549228		0.4754922818		366		93

						0.0048841705		0.4884170541		367		94

						0.0050169066		0.5016906627		368		95

						0.0051532247		0.5153224685		369		96

						0.0052932208		0.5293220825		370		97

						0.0054369937		0.5436993722		371		98

						0.0055846447		0.5584644687		372		99

						0.0057362777		0.5736277734		373		100

						0.0058919997		0.5891999655		374		101

						0.0060519201		0.6051920093		375		102

						0.0062161516		0.6216151616		376		103

						0.0063848098		0.6384809798		377		104

						0.0065580133		0.6558013294		378		105

						0.0067358839		0.6735883928		379		106

						0.0069185468		0.6918546773		380		107

						0.0071061302		0.7106130237		381		108

						0.0072987662		0.7298766157		382		109

						0.0074965899		0.7496589881		383		110

						0.0076997404		0.7699740371		384		111

						0.0079083603		0.7908360292		385		112

						0.0081225961		0.8122596113		386		113

						0.0083425982		0.834259821		387		114

						0.008568521		0.8568520965		388		115

						0.0088005229		0.8800522877		389		116

						0.0090387667		0.9038766668		390		117

						0.0092834194		0.9283419397		391		118

						0.0095346526		0.9534652576		392		119

						0.0097926423		0.9792642285		393		120

						0.0100575693		1.0057569295		394		121

						0.0103296192		1.0329619195		395		122

						0.0106089825		1.0608982515		396		123

						0.0108958549		1.0895854861		397		124

						0.011190437		1.1190437049		398		125

						0.0114929352		1.1492935241		399		126

						0.0118035611		1.180356109		400		127
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rise vs size

		viscocity (mm^2/s)		34

		viscocity (m^2/s)		0.000034

		g		9.8

		raduis (m)		varies

		radius (m)		radius (mm)		V (m/s)		V (cm/s)

		0.000001		0.001		0.0000000071		0.0000007117

		0.000011		0.011		0.0000008611		0.0000861147

		0.000021		0.021		0.0000031386		0.0003138562

		0.000031		0.031		0.0000068394		0.0006839361

		0.000041		0.041		0.0000119635		0.0011963544

		0.000051		0.051		0.0000185111		0.0018511111

		0.000061		0.061		0.0000264821		0.0026482062

		0.000071		0.071		0.0000358764		0.0035876398

		0.000081		0.081		0.0000466941		0.0046694118

		0.000091		0.091		0.0000589352		0.0058935221

		0.000101		0.101		0.0000725997		0.007259971

		0.000111		0.111		0.0000876876		0.0087687582

		0.000121		0.121		0.0001041988		0.0104198838

		0.000131		0.131		0.0001221335		0.0122133479

		0.000141		0.141		0.0001414915		0.0141491503

		0.000151		0.151		0.0001622729		0.0162272912

		0.000161		0.161		0.0001844777		0.0184477705

		0.000171		0.171		0.0002081059		0.0208105882

		0.000181		0.181		0.0002331574		0.0233157444

		0.000191		0.191		0.0002596324		0.0259632389

		0.000201		0.201		0.0002875307		0.0287530719

		0.000211		0.211		0.0003168524		0.0316852433

		0.000221		0.221		0.0003475975		0.0347597531

		0.000231		0.231		0.000379766		0.0379766013

		0.000241		0.241		0.0004133579		0.0413357879

		0.000251		0.251		0.0004483731		0.044837313

		0.000261		0.261		0.0004848118		0.0484811765

		0.000271		0.271		0.0005226738		0.0522673784

		0.000281		0.281		0.0005619592		0.0561959187

		0.000291		0.291		0.000602668		0.0602667974

		0.000301		0.301		0.0006448001		0.0644800145

		0.000311		0.311		0.0006883557		0.0688355701

		0.000321		0.321		0.0007333346		0.0733334641

		0.000331		0.331		0.000779737		0.0779736964

		0.000341		0.341		0.0008275627		0.0827562672

		0.000351		0.351		0.0008768118		0.0876811765

		0.000361		0.361		0.0009274842		0.0927484241

		0.000371		0.371		0.0009795801		0.0979580102

		0.000381		0.381		0.0010330993		0.1033099346

		0.000391		0.391		0.001088042		0.1088041975

		0.0004		0.4		0.0011387073		0.1138707335

		0.00041		0.41		0.0011963544		0.1196354394

		0.00042		0.42		0.0012554248		0.1255424837

		0.00043		0.43		0.0013159187		0.1315918664

		0.00044		0.44		0.0013778359		0.1377835875

		0.00045		0.45		0.0014411765		0.1441176471

		0.00046		0.46		0.0015059405		0.150594045

		0.00047		0.47		0.0015721278		0.1572127814

		0.00048		0.48		0.0016397386		0.1639738562

		0.00049		0.49		0.0017087727		0.1708772694

		0.0005		0.5		0.0017792302		0.1779230211

		0.00051		0.51		0.0018511111		0.1851111111

		0.00052		0.52		0.0019244154		0.1924415396

		0.00053		0.53		0.0019991431		0.1999143065

		0.00054		0.54		0.0020752941		0.2075294118

		0.00055		0.55		0.0021528686		0.2152868555

		0.00056		0.56		0.0022318664		0.2231866376

		0.00057		0.57		0.0023122876		0.2312287582

		0.00058		0.58		0.0023941322		0.2394132171

		0.00059		0.59		0.0024774001		0.2477400145

		0.0006		0.6		0.0025620915		0.2562091503

		0.00061		0.61		0.0026482062		0.2648206245

		0.00062		0.62		0.0027357444		0.2735744372

		0.00063		0.63		0.0028247059		0.2824705882

		0.00064		0.64		0.0029150908		0.2915090777

		0.00065		0.65		0.0030068991		0.3006899056

		0.00066		0.66		0.0031001307		0.3100130719

		0.00067		0.67		0.0031947858		0.3194785766

		0.00068		0.68		0.0032908642		0.3290864198

		0.00069		0.69		0.003388366		0.3388366013

		0.0007		0.7		0.0034872912		0.3487291213

		0.00071		0.71		0.0035876398		0.3587639797

		0.00072		0.72		0.0036894118		0.3689411765

		0.00073		0.73		0.0037926071		0.3792607117

		0.00074		0.74		0.0038972259		0.3897225853

		0.00075		0.75		0.004003268		0.4003267974

		0.00076		0.76		0.0041107335		0.4110733479

		0.00077		0.77		0.0042196224		0.4219622367

		0.00078		0.78		0.0043299346		0.4329934641

		0.00079		0.79		0.0044416703		0.4441670298

		0.0008		0.8		0.0045548293		0.4554829339

		0.00081		0.81		0.0046694118		0.4669411765

		0.00082		0.82		0.0047854176		0.4785417574

		0.00083		0.83		0.0049028468		0.4902846768

		0.00084		0.84		0.0050216993		0.5021699346

		0.00085		0.85		0.0051419753		0.5141975309

		0.00086		0.86		0.0052636747		0.5263674655

		0.00087		0.87		0.0053867974		0.5386797386

		0.00088		0.88		0.0055113435		0.55113435

		0.00089		0.89		0.005637313		0.5637312999

		0.0009		0.9		0.0057647059		0.5764705882

		0.00091		0.91		0.0058935221		0.589352215

		0.00092		0.92		0.0060237618		0.6023761801

		0.00093		0.93		0.0061554248		0.6155424837

		0.00094		0.94		0.0062885113		0.6288511256

		0.00095		0.95		0.0064230211		0.642302106

		0.00096		0.96		0.0065589542		0.6558954248

		0.00097		0.97		0.0066963108		0.6696310821

		0.00098		0.98		0.0068350908		0.6835090777

		0.00099		0.99		0.0069752941		0.6975294118
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		mRT/pi		0

		radius (m)		radius (mm)		V (m/s)		V (cm/s)		P (atm)

		0.0004		0.4		0.0011387073		0.1138707335		1

						0.0011463625		0.1146362546		0.99

						0.0011541477		0.1154147728		0.98

						0.0011620664		0.1162066447		0.97

						0.0011701224		0.1170122408		0.96

						0.0011783195		0.1178319454		0.95

						0.0011866616		0.1186661582		0.94

						0.0011951529		0.1195152944		0.93

						0.0012037979		0.1203797859		0.92

						0.0012126008		0.1212600817		0.91

						0.0012215665		0.1221566493		0.9

						0.0012306998		0.1230699754		0.89

						0.0012400057		0.1240005667		0.88

						0.0012494895		0.1249489516		0.87

						0.0012591568		0.1259156806		0.86

						0.0012690133		0.1269013282		0.85

						0.0012790649		0.1279064938		0.84

						0.001289318		0.1289318032		0.83

						0.0012997791		0.1299779101		0.82

						0.001310455		0.131045498		0.81

						0.0013213528		0.1321352812		0.8

						0.0013324801		0.1332480076		0.79

						0.0013438446		0.1343844597		0.78

						0.0013554546		0.1355454576		0.77

						0.0013673186		0.1367318605		0.76

						0.0013794457		0.1379445698		0.75

						0.0013918453		0.1391845314		0.74

						0.0014045274		0.1404527385		0.73

						0.0014175023		0.1417502349		0.72

						0.0014307812		0.143078118		0.71

						0.0014443754		0.1444375428		0.7

						0.0014582973		0.1458297253		0.69

						0.0014725595		0.147255947		0.68

						0.0014871756		0.1487175594		0.67

						0.0015021599		0.1502159889		0.66

						0.0015175274		0.151752742		0.65

						0.0015332941		0.1533294115		0.64

						0.0015494768		0.1549476825		0.63

						0.0015660934		0.1566093397		0.62

						0.0015831627		0.1583162745		0.61

						0.0016007049		0.1600704937		0.6

						0.0016187413		0.1618741286		0.59

						0.0016372944		0.1637294448		0.58

						0.0016563885		0.1656388529		0.57

						0.0016760492		0.1676049214		0.56

						0.0016963039		0.1696303892		0.55

						0.0017171818		0.1717181805		0.54

						0.0017387142		0.1738714216		0.53

						0.0017609346		0.1760934582		0.52

						0.0017838788		0.1783878758		0.51

						0.0018075852		0.1807585221		0.5

						0.0018320953		0.1832095317		0.49

						0.0018574535		0.1857453541		0.48

						0.0018837078		0.1883707844		0.47
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						0.0020975168		0.2097516845		0.4
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						0.0022094167		0.2209416716		0.37

						0.0022501447		0.2250144719		0.36

						0.0022928031		0.2292803073		0.35

						0.0023375425		0.2337542452		0.34

						0.0023845302		0.2384530187		0.33

						0.0024339527		0.2433952691		0.32

						0.0024860183		0.2486018306		0.31

						0.0025409607		0.2540960701		0.3

						0.0025990429		0.2599042929		0.29

						0.0026605623		0.2660562286		0.28

						0.0027258562		0.2725856204		0.27

						0.0027953094		0.2795309407		0.26

						0.0028693627		0.2869362682		0.25

						0.0029485237		0.2948523705		0.24

						0.0030333805		0.3033380524		0.23

						0.0031246185		0.3124618484		0.22

						0.0032230417		0.3223041679		0.21

						0.0033296004		0.3329600446		0.2

						0.003445427		0.3445426985		0.19

						0.0035718821		0.3571882095		0.18

						0.0037106173		0.3710617347		0.17

						0.0038636591		0.3863659062		0.16

						0.0040335237		0.403352369		0.15

						0.0042233794		0.4223379371		0.14

						0.0044372771		0.4437277094		0.13

						0.0046804896		0.468048963		0.12

						0.0049600227		0.4960022668		0.11

						0.0052854112		0.528541125		0.1

						0.0056700094		0.5670009394		0.09

						0.0061331765		0.613317646		0.08

						0.0067041969		0.6704196857		0.07

						0.0074298142		0.7429814163		0.06

						0.0083900674		0.8390067378		0.05

						0.0097358108		0.9735810764		0.04

						0.0117940948		1.1794094818		0.03

						0.0154546362		1.5454636248		0.02

						0.0245327058		2.4532705839		0.01

						0.0263178523		2.6317852292		0.009

						0.0284676834		2.846768337		0.008

						0.0311181253		3.1118125268		0.007
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		A		84291

		b		0.025

		C		0.0000074678

		radius (m)		radius (mm)		V (m/s)		V (cm/s)		T (K)		T(c)								313		34

		0.0004		0.4		0.0011387073		0.1138707335												373		7.6

						0.0011387073		0.1138707335		313		40

						0.0006089691		0.0608969065		290		17

						0.0006258197		0.0625819735		291		18

						0.0006431316		0.0643131613		292		19

						0.0006609172		0.0660917217		293		20

						0.0006791894		0.0679189403		294		21

						0.0006979614		0.0697961371		295		22

						0.0007172467		0.0717246678		296		23

						0.0007370592		0.0737059248		297		24

						0.0007574134		0.0757413378		298		25

						0.0007783238		0.0778323751		299		26

						0.0007998054		0.0799805445		300		27

						0.0008218739		0.0821873944		301		28

						0.0008445452		0.0844545151		302		29

						0.0008678354		0.0867835393		303		30

						0.0008917614		0.0891761442		304		31

						0.0009163405		0.0916340517		305		32

						0.0009415903		0.0941590301		306		33

						0.000967529		0.0967528955		307		34

						0.0009941751		0.0994175128		308		35

						0.001021548		0.1021547969		309		36

						0.0010496671		0.1049667143		310		37

						0.0010785528		0.1078552844		311		38

						0.0011082258		0.110822581		312		39

						0.0011387073		0.1138707335		313		40

						0.0011700193		0.1170019286		314		41

						0.0012021841		0.1202184118		315		42

						0.0012352249		0.123522489		316		43

						0.0012691653		0.126916528		317		44

						0.0013040296		0.1304029601		318		45

						0.0013398428		0.1339842822		319		46

						0.0013766306		0.1376630581		320		47

						0.0014144192		0.1414419204		321		48

						0.0014532357		0.1453235726		322		49

						0.0014931079		0.1493107906		323		50

						0.0015340642		0.1534064249		324		51

						0.001576134		0.1576134027		325		52

						0.0016193473		0.1619347293		326		53

						0.0016637349		0.1663734913		327		54

						0.0017093286		0.1709328575		328		55

						0.0017561608		0.1756160823		329		56

						0.0018042651		0.1804265069		330		57

						0.0018536756		0.1853675625		331		58

						0.0019044277		0.1904427721		332		59

						0.0019565575		0.1956557533		333		60

						0.0020101022		0.2010102208		334		61

						0.0020650999		0.2065099886		335		62

						0.0021215897		0.2121589733		336		63

						0.002179612		0.2179611962		337		64

						0.0022392079		0.2239207866		338		65

						0.0023004198		0.2300419843		339		66

						0.0023632914		0.2363291428		340		67

						0.0024278673		0.2427867322		341		68

						0.0024941934		0.2494193424		342		69

						0.0025623169		0.2562316862		343		70

						0.002632286		0.2632286026		344		71

						0.0027041506		0.2704150603		345		72

						0.0027779616		0.2777961611		346		73

						0.0028537714		0.2853771431		347		74

						0.0029316338		0.2931633848		348		75

						0.0030116041		0.3011604089		349		76

						0.0030937389		0.3093738855		350		77

						0.0031780964		0.3178096367		351		78

						0.0032647364		0.3264736404		352		79

						0.0033537203		0.3353720343		353		80

						0.0034451112		0.3445111204		354		81

						0.0035389737		0.3538973694		355		82

						0.0036353742		0.3635374248		356		83

						0.0037343811		0.3734381079		357		84

						0.0038360642		0.3836064224		358		85

						0.0039404956		0.3940495595		359		86

						0.004047749		0.4047749022		360		87

						0.0041579003		0.4157900312		361		88

						0.0042710273		0.4271027297		362		89

						0.0043872099		0.438720989		363		90

						0.0045065301		0.4506530139		364		91

						0.0046290723		0.4629072285		365		92

						0.0047549228		0.4754922818		366		93

						0.0048841705		0.4884170541		367		94

						0.0050169066		0.5016906627		368		95

						0.0051532247		0.5153224685		369		96

						0.0052932208		0.5293220825		370		97

						0.0054369937		0.5436993722		371		98

						0.0055846447		0.5584644687		372		99

						0.0057362777		0.5736277734		373		100

						0.0058919997		0.5891999655		374		101

						0.0060519201		0.6051920093		375		102

						0.0062161516		0.6216151616		376		103

						0.0063848098		0.6384809798		377		104

						0.0065580133		0.6558013294		378		105

						0.0067358839		0.6735883928		379		106

						0.0069185468		0.6918546773		380		107

						0.0071061302		0.7106130237		381		108

						0.0072987662		0.7298766157		382		109

						0.0074965899		0.7496589881		383		110

						0.0076997404		0.7699740371		384		111

						0.0079083603		0.7908360292		385		112

						0.0081225961		0.8122596113		386		113

						0.0083425982		0.834259821		387		114

						0.008568521		0.8568520965		388		115

						0.0088005229		0.8800522877		389		116

						0.0090387667		0.9038766668		390		117

						0.0092834194		0.9283419397		391		118

						0.0095346526		0.9534652576		392		119

						0.0097926423		0.9792642285		393		120

						0.0100575693		1.0057569295		394		121

						0.0103296192		1.0329619195		395		122

						0.0106089825		1.0608982515		396		123

						0.0108958549		1.0895854861		397		124

						0.011190437		1.1190437049		398		125

						0.0114929352		1.1492935241		399		126

						0.0118035611		1.180356109		400		127
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rise vs size

		viscocity (mm^2/s)		34

		viscocity (m^2/s)		0.000034

		g		9.8

		raduis (m)		varies

		radius (m)		radius (mm)		V (m/s)		V (cm/s)

		0.000001		0.001		0.0000000071		0.0000007117

		0.000011		0.011		0.0000008611		0.0000861147

		0.000021		0.021		0.0000031386		0.0003138562

		0.000031		0.031		0.0000068394		0.0006839361

		0.000041		0.041		0.0000119635		0.0011963544

		0.000051		0.051		0.0000185111		0.0018511111

		0.000061		0.061		0.0000264821		0.0026482062

		0.000071		0.071		0.0000358764		0.0035876398

		0.000081		0.081		0.0000466941		0.0046694118

		0.000091		0.091		0.0000589352		0.0058935221

		0.000101		0.101		0.0000725997		0.007259971

		0.000111		0.111		0.0000876876		0.0087687582

		0.000121		0.121		0.0001041988		0.0104198838

		0.000131		0.131		0.0001221335		0.0122133479

		0.000141		0.141		0.0001414915		0.0141491503

		0.000151		0.151		0.0001622729		0.0162272912

		0.000161		0.161		0.0001844777		0.0184477705

		0.000171		0.171		0.0002081059		0.0208105882

		0.000181		0.181		0.0002331574		0.0233157444

		0.000191		0.191		0.0002596324		0.0259632389

		0.000201		0.201		0.0002875307		0.0287530719

		0.000211		0.211		0.0003168524		0.0316852433

		0.000221		0.221		0.0003475975		0.0347597531

		0.000231		0.231		0.000379766		0.0379766013

		0.000241		0.241		0.0004133579		0.0413357879

		0.000251		0.251		0.0004483731		0.044837313

		0.000261		0.261		0.0004848118		0.0484811765

		0.000271		0.271		0.0005226738		0.0522673784

		0.000281		0.281		0.0005619592		0.0561959187

		0.000291		0.291		0.000602668		0.0602667974

		0.000301		0.301		0.0006448001		0.0644800145

		0.000311		0.311		0.0006883557		0.0688355701

		0.000321		0.321		0.0007333346		0.0733334641

		0.000331		0.331		0.000779737		0.0779736964

		0.000341		0.341		0.0008275627		0.0827562672

		0.000351		0.351		0.0008768118		0.0876811765

		0.000361		0.361		0.0009274842		0.0927484241

		0.000371		0.371		0.0009795801		0.0979580102

		0.000381		0.381		0.0010330993		0.1033099346

		0.000391		0.391		0.001088042		0.1088041975

		0.0004		0.4		0.0011387073		0.1138707335

		0.00041		0.41		0.0011963544		0.1196354394

		0.00042		0.42		0.0012554248		0.1255424837

		0.00043		0.43		0.0013159187		0.1315918664

		0.00044		0.44		0.0013778359		0.1377835875

		0.00045		0.45		0.0014411765		0.1441176471

		0.00046		0.46		0.0015059405		0.150594045

		0.00047		0.47		0.0015721278		0.1572127814

		0.00048		0.48		0.0016397386		0.1639738562

		0.00049		0.49		0.0017087727		0.1708772694

		0.0005		0.5		0.0017792302		0.1779230211

		0.00051		0.51		0.0018511111		0.1851111111

		0.00052		0.52		0.0019244154		0.1924415396

		0.00053		0.53		0.0019991431		0.1999143065

		0.00054		0.54		0.0020752941		0.2075294118

		0.00055		0.55		0.0021528686		0.2152868555

		0.00056		0.56		0.0022318664		0.2231866376

		0.00057		0.57		0.0023122876		0.2312287582

		0.00058		0.58		0.0023941322		0.2394132171

		0.00059		0.59		0.0024774001		0.2477400145

		0.0006		0.6		0.0025620915		0.2562091503

		0.00061		0.61		0.0026482062		0.2648206245

		0.00062		0.62		0.0027357444		0.2735744372

		0.00063		0.63		0.0028247059		0.2824705882

		0.00064		0.64		0.0029150908		0.2915090777

		0.00065		0.65		0.0030068991		0.3006899056

		0.00066		0.66		0.0031001307		0.3100130719

		0.00067		0.67		0.0031947858		0.3194785766

		0.00068		0.68		0.0032908642		0.3290864198

		0.00069		0.69		0.003388366		0.3388366013

		0.0007		0.7		0.0034872912		0.3487291213

		0.00071		0.71		0.0035876398		0.3587639797

		0.00072		0.72		0.0036894118		0.3689411765

		0.00073		0.73		0.0037926071		0.3792607117

		0.00074		0.74		0.0038972259		0.3897225853

		0.00075		0.75		0.004003268		0.4003267974

		0.00076		0.76		0.0041107335		0.4110733479

		0.00077		0.77		0.0042196224		0.4219622367

		0.00078		0.78		0.0043299346		0.4329934641

		0.00079		0.79		0.0044416703		0.4441670298

		0.0008		0.8		0.0045548293		0.4554829339

		0.00081		0.81		0.0046694118		0.4669411765

		0.00082		0.82		0.0047854176		0.4785417574

		0.00083		0.83		0.0049028468		0.4902846768

		0.00084		0.84		0.0050216993		0.5021699346

		0.00085		0.85		0.0051419753		0.5141975309

		0.00086		0.86		0.0052636747		0.5263674655

		0.00087		0.87		0.0053867974		0.5386797386

		0.00088		0.88		0.0055113435		0.55113435

		0.00089		0.89		0.005637313		0.5637312999

		0.0009		0.9		0.0057647059		0.5764705882

		0.00091		0.91		0.0058935221		0.589352215

		0.00092		0.92		0.0060237618		0.6023761801

		0.00093		0.93		0.0061554248		0.6155424837

		0.00094		0.94		0.0062885113		0.6288511256

		0.00095		0.95		0.0064230211		0.642302106

		0.00096		0.96		0.0065589542		0.6558954248

		0.00097		0.97		0.0066963108		0.6696310821

		0.00098		0.98		0.0068350908		0.6835090777

		0.00099		0.99		0.0069752941		0.6975294118
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		mRT/pi		0

		radius (m)		radius (mm)		V (m/s)		V (cm/s)		P (atm)

		0.0004		0.4		0.0011387073		0.1138707335		1

						0.0011463625		0.1146362546		0.99

						0.0011541477		0.1154147728		0.98

						0.0011620664		0.1162066447		0.97

						0.0011701224		0.1170122408		0.96

						0.0011783195		0.1178319454		0.95

						0.0011866616		0.1186661582		0.94

						0.0011951529		0.1195152944		0.93

						0.0012037979		0.1203797859		0.92

						0.0012126008		0.1212600817		0.91

						0.0012215665		0.1221566493		0.9

						0.0012306998		0.1230699754		0.89

						0.0012400057		0.1240005667		0.88

						0.0012494895		0.1249489516		0.87

						0.0012591568		0.1259156806		0.86

						0.0012690133		0.1269013282		0.85

						0.0012790649		0.1279064938		0.84

						0.001289318		0.1289318032		0.83

						0.0012997791		0.1299779101		0.82
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